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x H20 water masers

o Massive cores

Infrared dark cloud (IRDC) G28.53

Massive star formation is [likely] a scaled up version of low-
mass star formation

• 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 
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(e.g., Pillai+2011, Tan+2013, Battersby+2014, Lu+2015, Zhang+2015, Ohashi+2015)



Formation of massive stars is a competition between 
gravity and (direct+indirect) radiation pressure
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Radiation halts isotropic accretion when fedd & 1

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

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



Modeling massive star formation 
requires multi-dimensional 
radiation-hydrodynamic 

simulations



Wise & Abel 2011 

Rosen+2017 

Hybrid Adaptive Ray-Moment Method (HARM2):

Adaptive ray-tracing 
for point sources Moment method 

for “dusty” fluid

Direct radiation pressure Dust-reprocessed radiation pressure

HARM2

Luminosity absorbed  
(𝛕j=ρdκj dl):

Energy and momentum deposition:

Radiative Transfer 
Equation along ray:

Absorption of (multi-frequency) stellar radiation field:
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Modeling radiation pressure in (massive) star formation simulations



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.
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Overcoming the radiation pressure barrier

Rosen+2016

hPramiṀ
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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.
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Overcoming the radiation pressure barrier

Rosen+2016

hPramiṀ
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…but what about other forms of stellar feedback?



Ėrad = L?

Powerful jets from accreting stars can drive wide angle molecular 
outflows from star-forming cores and eject core material

Maud+2015
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Collimated bipolar outflows are ubiquitous in (low-mass and) 
high-mass star formation



Wise & Abel 2011 

Initial 
Conditions: 
Mcore=150 M☉ 

Rcore=0.1 pc 
ρ(r)∝r -3/2 

σ1D=1.2 km s-1 

αvir ~ 1 
𝝙xmin=20 AU 
tff=42,710 yrs

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

Rosen+(in prep)

Massive star formation with  
radiative and outflow feedback

ṀOF = 0.21⇥ Ṁacc
<latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit>

vOF = 0.3⇥ vesc
<latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit>

pOF = ṀOFvOF
<latexit sha1_base64="4urTL7C6M06zNQ5V1H+jTTUOPnU=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCV2VGBN0IRUHciBXsBdphyKSZNjTJDEmmUIZ5BTe+ihsXirh15863MW0HL60/BD7+c06S8wcxo0o7zqe1sLi0vLJaWCuub2xubds7uw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HFuN4cEqloJO70KCYeRz1BQ4qRNpZvl2M/7UgOby4zeAY73Uin19mPNfxG3y45FWciOA9uDiWQq+bbH+Y2nHAiNGZIqbbrxNpLkdQUM5IVO4kiMcID1CNtgwJxorx0slEGD43ThWEkzREaTtzfEyniSo14YDo50n01Wxub/9XaiQ5PvZSKONFE4OlDYcKgjuA4HtilkmDNRgYQltT8FeI+kghrE2LRhODOrjwPjaOK61Tc2+NS9TyPowD2wQEoAxecgCq4AjVQBxjcg0fwDF6sB+vJerXepq0LVj6zB/7Iev8CAHOcew==</latexit><latexit sha1_base64="4urTL7C6M06zNQ5V1H+jTTUOPnU=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCV2VGBN0IRUHciBXsBdphyKSZNjTJDEmmUIZ5BTe+ihsXirh15863MW0HL60/BD7+c06S8wcxo0o7zqe1sLi0vLJaWCuub2xubds7uw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HFuN4cEqloJO70KCYeRz1BQ4qRNpZvl2M/7UgOby4zeAY73Uin19mPNfxG3y45FWciOA9uDiWQq+bbH+Y2nHAiNGZIqbbrxNpLkdQUM5IVO4kiMcID1CNtgwJxorx0slEGD43ThWEkzREaTtzfEyniSo14YDo50n01Wxub/9XaiQ5PvZSKONFE4OlDYcKgjuA4HtilkmDNRgYQltT8FeI+kghrE2LRhODOrjwPjaOK61Tc2+NS9TyPowD2wQEoAxecgCq4AjVQBxjcg0fwDF6sB+vJerXepq0LVj6zB/7Iev8CAHOcew==</latexit><latexit sha1_base64="4urTL7C6M06zNQ5V1H+jTTUOPnU=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCV2VGBN0IRUHciBXsBdphyKSZNjTJDEmmUIZ5BTe+ihsXirh15863MW0HL60/BD7+c06S8wcxo0o7zqe1sLi0vLJaWCuub2xubds7uw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HFuN4cEqloJO70KCYeRz1BQ4qRNpZvl2M/7UgOby4zeAY73Uin19mPNfxG3y45FWciOA9uDiWQq+bbH+Y2nHAiNGZIqbbrxNpLkdQUM5IVO4kiMcID1CNtgwJxorx0slEGD43ThWEkzREaTtzfEyniSo14YDo50n01Wxub/9XaiQ5PvZSKONFE4OlDYcKgjuA4HtilkmDNRgYQltT8FeI+kghrE2LRhODOrjwPjaOK61Tc2+NS9TyPowD2wQEoAxecgCq4AjVQBxjcg0fwDF6sB+vJerXepq0LVj6zB/7Iev8CAHOcew==</latexit><latexit sha1_base64="4urTL7C6M06zNQ5V1H+jTTUOPnU=">AAACEXicbZDLSgMxFIYzXmu9jbp0EyxCV2VGBN0IRUHciBXsBdphyKSZNjTJDEmmUIZ5BTe+ihsXirh15863MW0HL60/BD7+c06S8wcxo0o7zqe1sLi0vLJaWCuub2xubds7uw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HFuN4cEqloJO70KCYeRz1BQ4qRNpZvl2M/7UgOby4zeAY73Uin19mPNfxG3y45FWciOA9uDiWQq+bbH+Y2nHAiNGZIqbbrxNpLkdQUM5IVO4kiMcID1CNtgwJxorx0slEGD43ThWEkzREaTtzfEyniSo14YDo50n01Wxub/9XaiQ5PvZSKONFE4OlDYcKgjuA4HtilkmDNRgYQltT8FeI+kghrE2LRhODOrjwPjaOK61Tc2+NS9TyPowD2wQEoAxecgCq4AjVQBxjcg0fwDF6sB+vJerXepq0LVj6zB/7Iev8CAHOcew==</latexit>



Wise & Abel 2011 

Initial 
Conditions: 
Mcore=150 M☉ 

Rcore=0.1 pc 
ρ(r)∝r -3/2 

σ1D=1.2 km s-1 

αvir ~ 1 
𝝙xmin=20 AU 
tff=42,710 yrs

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

Rosen+(in prep)

Massive star formation with  
radiative and outflow feedback

ṀOF = 0.21⇥ Ṁacc
<latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit><latexit sha1_base64="L/yhKWfJgeX3lAKw0OwbeLur8vQ=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuQlIE3QhFQdyIFewDmhAm02k7dPJg5kYoIb/hxl9x40IRl7ryb5y2WdjWAwOHc+5j7gkSwRXY9o+xtLyyurZe2ihvbm3v7Jp7+00Vp5KyBo1FLNsBUUzwiDWAg2DtRDISBoK1guHV2G89Mql4HD3AKGFeSPoR73FKQEu+abvdGLLb3M9cGeK76xxfYNuqOtgFHjKFZ2xCae6bFduyJ8CLxClIBRWo++aXnkHTkEVABVGq49gJeBmRwKlgedlNFUsIHZI+62gaEb3WyyaX5fhYK13ci6V+EeCJ+rcjI6FSozDQlSGBgZr3xuJ/XieF3rmX8ShJgUV0uqiXCgwxHseEu1wyCmKkCaGS679iOiCSUNBhlnUIzvzJi6RZtRzbcu5PK7XLIo4SOkRH6AQ56AzV0A2qowai6Am9oDf0bjwbr8aH8TktXTKKngM0A+P7F6m5n3c=</latexit>

vOF = 0.3⇥ vesc
<latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit><latexit sha1_base64="HGELqQRrpDXiPJ4ow0IL/d+8y4s=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwFRIVdCMUBXFnBfuAJpTJ9LYdOpOEmUmhhHyAG3/FjQtF3PoB7vwbp20W2npg4HDOudy5J4g5U9pxvq3C0vLK6lpxvbSxubW9U97da6gokRTqNOKRbAVEAWch1DXTHFqxBCICDs1geD3xmyOQikXhgx7H4AvSD1mPUaKN1ClXRp3UkwLf3WT4Ejv2KfY0E6BwroOimUk5tjMFXiRuTiooR61T/vK6EU0EhJpyolTbdWLtp0RqRjlkJS9REBM6JH1oGxoSs9BPp8dk+MgoXdyLpHmhxlP190RKhFJjEZikIHqg5r2J+J/XTnTvwk9ZGCcaQjpb1Es41hGeNIO7TALVfGwIoZKZv2I6IJJQbformRLc+ZMXSePEdh3bvT+rVK/yOoroAB2iY+Sic1RFt6iG6oiiR/SMXtGb9WS9WO/WxyxasPKZffQH1ucPa8SZ9Q==</latexit>

pOF = ṀOFvOF
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Radiation Only Radiation+Outflows Radiation Only Radiation+Outflows
Eddington Ratio:Density:

Thin Density Projections:

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

(80,000 AU)2
Rosen+(in prep)/

p
v→



Rosen+(in prep)

Outflows+radiation pressure efficient at ejecting material away 
from the star than radiation pressure alone.

21% of accreted mass ejected by 
outflows  

→ only ~8% difference!

Radiation 
+Outflows
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Only



Rosen+(in prep)

Companions formed via turbulent fragmentation at early times,  
disk fragmentation at late times

N★c 
Radiation 
+Outflows

∑M★c 
Radiation 
Only 

N★c 
Radiation 
Only

∑M★c 
Radiation 
+Outflows 

←Turbulent Fragmentation →
Disk  
Frag.

(3,000 AU)2Radiation+Outflows

Radiation Only

Disks are crucial to massive star formation,  
especially at late times.



Outflows drive out entrained gas, eventually unbinding the core

Core properties vs. M★

Radiation+Outflows  
Mass-weighted

Radiation Only 
Mass-weighted Radiation+Outflows 

Volume-weighted

Radiation Only 
Volume-weighted

Rosen+(in prep)

Radiation Only

Radiation+Outflows

Feedback from outflows allows radiation to escape, thereby 
reducing radiative heating.



…BUT WAIT! What about magnetic fields?

Observations suggest that dense molecular gas has µΦ~2 
(supercritical). 

Magnetic pressure will slow down collapse and reduce fragmentation.

Crutcher+2010

µ� =
M

M�
' 2⇡

p
GM

⇡B2

µ� > 1
Supercritical

Subcritical
µ� < 1



Magnetic braking removes angular momentum resulting in a smaller 
disk. Fragmentation is highly suppressed.

Inclusion of magnetic fields reduces final stellar mass by ~20% @ t=0.9 tff

(3,000 AU)2

Radiation 
+Outflows

Radiation 
+Outflows+B

Rosen+(in prep)

µΦ=2 
Bz,init = 0.8 mG



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

Radiation+Outflows+B Rosen+(in prep)

⇢OF/⇢ & 5%



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

Radiation+Outflows+B

vr,? > 0 km s�1

Rosen+(in prep)

⇢OF/⇢ & 5%



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

Radiation+Outflows+B

vr,? > 0 km s�1

Rosen+(in prep)

…but how does this 
compare to 

observations?

⇢OF/⇢ & 5%



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

Radiation+Outflows+B

vr,? > 0 km s�1

Rosen+(in prep)

…but how does this 
compare to 

observations?
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Fast, Isotropic winds should shock heat gas yielding Tgas≿106 K,  
gas adiabatically expands reducing dM/dt

With B-fields With B-fields

(20,000 AU)2

(Turn on winds when Teff > 12.5 kK  
following Vink+2001 and Leitherer+1992)

Ṁw ⇠ 10�7 � 10�6 M� yr�1

vw > 103 km s�1

…BUT WAIT! What about fast, isotropic radiatively driven 
winds? Caution: Preliminary results …. Stay tuned!
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…BUT WAIT! What about fast, isotropic radiatively driven 
winds? Caution: Preliminary results …. Stay tuned!



(4,000 AU)2

Magnetic to Thermal Pressure

Magnetic to Ram Pressure  
(Pram= ρv2)

Preliminary results …. Stay tuned!

Magnetic pressure confines winds, reducing shock heating and 
adiabatic expansion → larger ρ and cs such that dM/dt increases.



Magnetic pressure confines winds, reducing shock heating and 
adiabatic expansion → larger ρ and cs such that dM/dt increases.

Winds+ No B

(4,000 AU)2

Preliminary results …. Stay tuned!

Winds+B

(4,000 AU)2



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.



Summary

Inclusion of feedback by outflows in addition to radiation 
pressure:  
✴ Reduces effective mass growth by ~10% than radiation 

alone. 
✴ Ejects jet and entrained material from core, results in 

unbinding core.
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Summary

Inclusion of feedback by outflows in addition to radiation 
pressure:  
✴ Reduces effective mass growth by ~10% than radiation 

alone. 
✴ Ejects jet and entrained material from core, results in 

unbinding core.

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.

Inclusion of magnetic fields in MSF:  
✴ Slows down the growth of massive stars 
✴ Significantly reduces formation of companions 

via turbulent fragmentation. 
✴ Leads to wider collimated molecular outflows. 
✴ When winds are included, leads to a positive 

(?) feedback effect (at least at early times)


