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Massive stars are rare
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~1% of stars are
massive



Massive stars are rare but they dominate the energy budget

Fraction of Stars with Mass M .

of the Milky Way and other star-forming galaxies
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Massive stars are the 1% of the Universe.




| Ste_llar feedback from masSwe stars '|s ene of the
. uncer tamtles in star and galaxy formation.

-«..‘\, (e.g., Lopez+2011 2014 Rpsen+2014)
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Massive star formation is [likely] a scaled up version of low-
mass star formation

Infrared dark cloud (IRDC) G28.53
e 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

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



Stellar feedback can |imit accretion onto massive stars

Formation of massive stars Is a competition between

.
gravity and (direct+indirect) radiation pressure |
Gravitational Force: Radiative Force: ¢
GM., % Ly YA
farav(r) = - frad = (L4 forap)| v
grav

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

Larson & Starrfield 1971, Kahn 1974, Yorke 1979, Yorke+1995, Wolfire &
Cassinelli 1986, 1987; Yorke & Bodenheimer 1999, Krumholz+2009

Radiation halts isotropic accretion when fedd z 1 for Mx=20 Mo



...but stars with masses well in excess of this l[imit exist

30 Doradus in the LMC
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How do these very massive stars form??



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



Modeling radiation pressure in star formation simulations

Hybrid Adaptive Ray-Moment Method (HARM?2):
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Direct radiation pressure Dust-reprocessed radiation pressure Rosen+2017

X ,_,,_.J
= B R Lo oR &=
log g (Trradiation [ergs ')

Absorption of (multi-frequency) stellar radiation field:

107 p .
Radiative Transfer Luminosity absorbed F ——  Weingariner & Draine (2001) i, = 5.4
Equation along ray: (TJ_:dej dl).' + + Blackbody Weighted Binned Qpacity
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Energy and momentum deposition:

b, fem? g7

Erad, ray

Rosen+2016
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ORION solves RHD equations and evolves accreting
Lagrangian sink particles on adaptive grids

RHD equations describe conservation of:

(pv)

Star particles updated via:
dM: :
el M
dx; P
it~ M.
i _ Ve
pr T 4y ¢+p'u

J 3?) = =V (pvv)=-VP—-pVei— AEg
Momentum: | . —
-+ Z Iprad:i - piWi(x —x;)|
% = =V :|(pe+ P)v|—pv -V — kgpp(dmB — cER)
2
Energy: A ( e 1) v Vg ( B ) A(L)
KOR Mip
| Z Ermas — SW (X X))
OEy, cA , ,
o1 = V- (HoRpVLR) I Kgpp (4773 CLR)
(] [ J ‘ 1
Radiation A(zhﬂ_l)v.VEn_v' (& {QVER)
Energy: KoR 2
() v

Both fluid density and particles
contribute to gravity:

Vip = dnG [p — Z M;d(x — xi)]

Klein+1999, Mignone+2012 (Hydro); Krumholz+2004 (Lagrangian sink particles), Offner+2009 (protostellar evolution model);

Truelove+1998 (self-gravity); Krumholz+2007, Shestakov & Offner 2008, Rosen+2017 (Radiation)



Formation of a massive stellar system from the collapse of a
subvirial turbulent pre-stellar core with radiative feedback

-13
t = 0.00 tg M, =000 M. —
Initial
Conditions:

. . Mecore=150 Mg

Reore=0.1 pcC
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Top panel: (40,000 AU x 40,000 AU)
Bottom panel: (8,000 AU x 8,000 AU)



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

N, =3004 M, M, —411C M

Rosen+2016
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High accretion rates and infalling filaments provide sufficient ram

pressure to overcome radiation pressure.

Radiation pressure barrier is no longer a barrier!




In agreement, Rayleigh Taylor Instabilities (RTI)
have been observed in massive star formation.

DEC (J2000;
-50:06:00.0 58.0

02.4

Kumar 2013 B Krumholz+2009

RT filaments mean length ~2000 AU,
mean width ~500 AU



Also, a “handful” of disks have been found
around young O-stars

(2000)
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Johnston+2015

Criteria for Disk:

1) CH3CN emission (dense gas)
perpendicular to SiIO emission
(shocks produced by outflows)

2) Velocity increases with decreasing
distance to star.
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However, there are other feedback mechanisms also at play
in massive star formation.

Collimated Outflows:

0 Lewv-mass

Mechanical force (M_ year ' km s™)
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Source luminosity (L) Ba”y 2016

Disk mediated accreting massive
stars have magnetically launchead
collimated bipolar outflows like
low-mass stars.

Dec. (J2000)
| |

Parsec scale jets from a
massive star in the LMC (HH-1177)
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Powerful jets from accreting stars can drive wide angle molecular
outflows from star-forming cores and eject core material
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Bipolar outflows are ubiquitous in massive star formation
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Momentum feedback from outflows > momentum feedback from
radiation, whereas radiation dominates energy injection.



Collimated Outflows add mass, momentum, and energy to gas
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Formation of a massive stellar system from the collapse of a ~virial
turbulent pre-stellar core with radiative and outflow feedback

M, = 0:00 M. 10°*3 Initial
Conditions:
41014
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410" __
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simulation with same Initial
conditions, but no outflows
(radiation pressure
feedback only).

Rosen+(in prep)

Top panel: (40,000 AU x 40,000 AU)
Bottom panel: (8,000 AU x 8,000 AU)



Momentum injection by outflows efficiently ejects material
from massive star-forming cores at late times.

Radiation

Only
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Outflows+radiation pressure very efficient at ejecting material
away from the (lower-mass) star than radiation pressure alone.

M, =44.74 Mo
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When only radiation pressure is considered, the radiation dominated bubbles can
become radiative Rayleigh Taylor (RT) unstable.

Momentum injection from outflows are necessary to eject material from core.
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Shock heating by outflows and energy deposited by stellar
radiation heats gas.

Radiation Radiation Radiation Radiation
Only +Outflows Only +Outflows
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...but RT instabilities are less prominent when outflows are
included.

Radiation Radiation Radiation Radiation
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Outflows punch holes in ISM along the star’s polar directions,
thereby reducing the development of RT instabilities.



Disks are crucial to massive star formation, especially at late

times.

t=0.80 ts
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Disk is destroyed by dynamical effects (accretion of companions,

filaments) but It re-emerges.



Feedback causes accretion rate onto massive star to decrease
at late times (t =0.7 tf)
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Fragmentation into companions is reduced when radiative heating is

enhanced (e.g., no outflows case). Rosen+(in prep)



Reduced accretion rate onto primary is due to radiative heating and momentum
injection by outflows, effectively making the core unbound at late times.

Core properties vs. time
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Rosen+(in prep)

Momentum feedback from outflows are more efficient than radiation to unbind
star-forming cores (volume-weighted).



Reduced accretion rate onto primary is due to radiative heating and momentum
injection by outflows, effectively making the core unbound at late times.

Core properties vs. Mx
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Rapid increase in A for Radiation+Outflows case likely due to outflows break out.



Outflows drive out entrained gas, increasing overall (volume-
weighted) velocity dispersion

Radiation Only
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Outflow structure and molecular gas entrainment from
momentum injection by protostellar jets
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Accretion from turbulent accretion pushes star around,
widening the opening angles of the entrained materia
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Did | solve all of massive star formation?




Important elements are still missing

Magnetic Fields

Hil reglon
RCW 36

Fissel+2016

R136 in the LMC (NASA)

(How) Does feedback set the
upper mass limit of the IMF?

NASA (Artist rendition)

.. Stay tuned.



Summary

New hybrid radiative transter method, HARM?2,

models direct and dust-reprocessed radiation fields
for RHD simulations
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Performed 3D RHD simulations of the formation of
massive stellar systems from the collapse of turbulent

massive pre-stellar cores with radiative and outflow
feedback.

M* = 3353 M@

M, Mg yr
-

Inclusion of feedback by outflows in addition to
radiation pressure:

* Reduces accretion rate unto massive star, Lo TR T
significantly reducing stellar mass growth. |
* Ejects jet and entrained material from core.

* Causes core to become unbound.
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