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Outflow	during	star	formation

Bpresent-day,	Our	galaxy
◦ Observation	examples
DWu+2004;	Zhang+2005E
->	Theoretical	study	
->	Outflow	contributes	to	
the	star	formation

BExcepting	present-day,	Our	galaxy
◦ Not	observation
->	Theoretical	study	is	not	performed

Velusamy+2007
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The	factor	of	changing	star	forming	
environment

Star	forming	
environment

Transition

Metallicity Star	forming	activity
DIonization	rateE

HIGH HIGH

LOW LOW

Cooling	efficiency ↗
Coupling	between	
magnetic	field	and	gas

Cooling	efficiency ↘
Coupling	between	
magnetic	field	and	gas

↗

↘



Ionization	rate	ζ
BRadioactivity
◦ Short-lived	REs
◦ Long-lived	REs

BCosmic	raysDCRE

⇣ = ⇣
CR

+ ⇣
RE,short + ⇣

RE,long

⇣
RE,long = 1.4⇥ 10�22 s�1

⇣ Z

Z
sun

⌘

Cζ Environments

0 Primordial	(w/o	ionization	either	by	CR	or	short-lived	REs)

0.01 100	times	smaller	ionization	rate	than	the	local	value

1 Our	galaxy	DCR intensity : ζ CR,0=1 x 10-19 s-1 E

10 Starburst	galaxies

⇣CR = C⇣⇣CR,0exp

⇣
�⇢RJ

�

⌘

⇣
RE,short = 7.6⇥ 10�19 s�1C⇣

λFattenuation	length	(λ = 96 g cm-2)
RJFJeans	length

RJ =

s
⇡kBT

Gµmp⇢



ModelDInitial	conditionsE
◦ Assumption	of	different	environments
->metallicityDZ/ZsunE � ionization	parameterDCζE

◦ Bonner-Ebert	sphere

◦Magnetic	fieldF

B for	coping	with	

◦ RotationF

Z/Zsun = 0, 10�7, 10�6, 10�5, 10�4, 10�3, 10�2, 10�1, 1

Z/Zsun = 0, 10�7, 10�6, 10�5, 10�4, 10�3, 10�2, 10�1, 1

C⇣ = 0, 0.01, 1, 10

µ ⌘
⇣ M/�

(M/�)cri

⌘

µ = 100

!(⌘ ⌦0t↵) = 10�4

B



36 parameters	� 4



Basic	equations

� Ideal
 Ohmic dissipationDODE
! Ambipolar diffusionDADE
" non-Ideal	(OD	and	AD)

Calculation	of	chemical	evolution	during	
collapsing	cloud
( $thermal	evolution)
->	1-zone calculation Nakano+2002

⌘AD, ⌘OD

3	dimensional	non-Ideal	MHD nested	grid	code
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results

Cζ = 1,  Z/Zsun = 1

Coupled	zone Coupled	zone

γ� 4/3 
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Primordial First	galaxy

Present-day Starburst	galaxy

White	shadow�γ� 4/3 Black	shadow	:	coupled	region
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ModelDInitial	conditionsE
◦ Assumption	of	different	environments
->metallicityDZ/ZsunE � ionization	parameterDCζE

◦ Bonner-Ebert	sphere

◦Magnetic	fieldF

B for	coping	with	

◦ RotationF µ ⌘
⇣ M/�

(M/�)cri

⌘

B

C⇣ = 0, 0.01, 1, 10

Z/Zsun = 0, 10�5, 10�4, 10�3, 10�2, 10�1, 1

�

µ = 3

!(⌘ ⌦0t↵) = 0.1



Initial	parameters



Basic	equations

Calculation	of	chemical	evolution	
during	collapsing	cloud
( $thermal	evolution)
->	1-zone calculation Nakano+2002

⌘AD, ⌘OD

3	dimensional	non-Ideal	MHD nested	grid	code
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Cc = 1, Z/Zsun = 1
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results outflow

Cζ = 1,  Z/Zsun = 1



Cc = 1, Z/Zsun = 0
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Outflow�

outflow

Black	shadow	:	coupled	region
White	shadow�γ� 4/3 
Purple	line :	critical	magnetic	flux
Black	line	:	magnetic	evolution



Summary

BWith	non-Ideal	MHD	simulation,
“Estimation	of	dissipation”	and	“Whether	outflow	is	
driven	or	not”	in	different	environments	(Metallicity	
&	Ionization	rate)	
->	By	different	environments,	

whether	Outflow	is	driven	or	not
->	star	formation	is	different	depending	on	
environments


