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HOW OUTFLOWS AND RADIATIVE FEEDBACK LIMIT ACCRETION ONTO MASSIVE STARS
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Massive star formation is [likely] a scaled up version of low-
mass star formation

Infrared dark cloud (IRDC) G28.53

* |IRDCs can fragment into dense,
massive clumps which then
fragment into massive pre-stellar
cores.

* Massive pre-stellar cores are
supported by turbulent pressure

PTurb =>> PTh

e Observations suggest massive
cores have Qi <1
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(e.g., Pillai+2011, Lu+2015, Zhang+2015, Ohashi+2015)



Isotropic accretion leads to the radiation pressure barrier
problem in massive star formation

Formation of massive stars Is a competition between P
gravity and (direct+indirect) radiation pressure

Gravitational Force: Radiative Force:
L .
GM.,>. _ * {
fgrav (?") — o frad 47‘(‘7“26 (1 T ftrap) Y ) J

L, oc M?

L 3 !
edd — - 1 —° 1 ra -
feaa = 7.7 x 1077 (1 + f; p><M*>®(1ng2>

Radiation halts isotropic accretion when fedd 2 1
for Mx=20 Mg

(e.g., Larson & Starrfield 1971, Kahn 1974, Yorke 1979, Yorke+1995, Wolfire & Cassinelli 1986, 1987; Yorke & Bodenheimer 1999)



Modeling massive star formation
requires multi-dimensional
radiation-hydrodynamic
simulations



Modeling radiation pressure in (massive) star formation simulations

Hybrid Adaptive Ray-Moment Method (HARM?2):
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Absorption of (multi-frequency) stellar radiation field:

Radiative Transfer Luminosity absorbed | Weingariner & Draine (2001) #, = 5.5
Equation along ray: (Tj=dej dl): + + Blackbody Weightaed Binned Qpacity
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Overcoming the radiation pressure barrier
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(3,000 AU)2

Mass delivered to star via infalling dense filaments, radiative
Rayleigh Taylor (RT) instabilities, and disk accretion.

High accretion rates and infalling filaments provide sufficient
ram pressure to overcome radiation pressure.




Overcoming the radiation pressure barrier
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(3,000 AU)2

Mass delivered to star via infalling dense filaments, radiative
Rayleigh Taylor (RT) instabilities, and disk accretion.

High accretion rates and infalling filaments provide sufficient
ram pressure to overcome radiation pressure.



Collimated bipolar outflows are ubiquitous in (low-mass and)
high-mass star formation
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Powertful jets from accreting stars can drive wide angle molecular
outflows from star-forming cores and eject core material



Massive star formation with

o Initial
radiative and outtlow feedback conditions:
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Top panel: (40,000 AU x 40,000 AU) Rosen-+(in prep)
Bottom panel: (8,000 AU x 8,000 AU)
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Outflows punch holes in ISM along the star’s polar directions allowing
radiation to escape, thereby reducing the development of RT instabilities.
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M, [M, yrY

Outflows+radiation pressure efficient at ejecting material away
from the star than radiation pressure alone.
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Disks are crucial to massive star formation,
especially at late times.
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Outflows drive out entrained gas, eventually unbinding the core
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Feedback from outflows allows radiation to escape, thereby
reducing radiative heating.



..BUT WAIT! What about magnetic fields?
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Observations suggest that dense molecular gas has up~2 (supercritical).

Magnetic pressure will slow down collapse and reduce fragmentation.



Massive star formation with B-fields

and radiative and outflow feedback
M, = 0.00 M.

Top panel: (40,000 AU x 40,000 AU) Rosen+(in prep)
Bottom panel: (8,000 AU x 8,000 AU)
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Magnetic braking removes angular momentum resulting in a smaller
disk. Fragmentation is highly suppressed.
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Inclusion of magnetic fields reduces final stellar mass by ~20% @ t=0.9 t¢



Entrained molecular outflows are collimated, but have wider
opening angles when magnetic fields are included
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Entrained molecular outflows are collimated, but have wider
opening angles when magnetic fields are included
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Entrained molecular outflows are collimated, but have wider
opening angles when magnetic fields are included
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...but how does this

compare to observations?



Entrained molecular outflows are collimated, but have wider
opening angles when magnetic fields are included

Radiation+Outflows

M. =9.12 Mg M. =18.44 My M. =30.63 Mg M. =32.72 Mg

> .:g.‘

t=10.40 t t=0.60 t t=0.75 t

t=0.81 tff

M. =9.12 Mg M. =18.43 My M. =32.71 Mg

o | o

t=0.43 tff t=0.65 tff t=1.17 tff

Radiation+Outflows+B Rosen+(in prep

...but how does this

compare to observations?

-10?

Urx > 0 kms™

bwing Entrained Gas [g cm™2]

ALMA SiO (3-2)

Courtesy of Crystal Brogan



Summary

Performed 3D R(M)HD simulations of the formation of massive
stellar systems from the collapse of turbulent massive pre-stellar
cores with radiative and outflow feedback.

M. =33.53 Mg
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M, [Mgyr~

Inclusion of feedback by outflows in addition to radiation

pressure: MR

* Reduces effective mass growth by ~10% than radiation
alone.

x Ejects jet and entrained material from core, results in
unbinding core.




Summary

Performed 3D R(M)HD simulations of the formation of massive
stellar systems from the collapse of turbulent massive pre-stellar
cores with radiative and outflow feedback.
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Inclusion of feedback by outflows in addition to radiation

pressure: MR

* Reduces effective mass growth by ~10% than radiation '
alone.

x Ejects jet and entrained material from core, results in
unbinding core.

M. =32.72 Mo

Inclusion of magnetic fields in MSF:
* Slows down the growth of massive stars

* Inhibits formation of companions via turbulent
fragmentation.

* |_eads to wider collimated molecular outflows.
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