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The	transition	of	star	formation

FIRST	STAR

pIMF	composed	predominantly	
of	high	mass	stars	(Abel+	02;	
Bromm+	02;	O’Shea	&	Norman	
07;	Yoshida+	08;	Hosokawa+	11)	

PRESENT-DAY	STAR

pIMF	composed	predominantly	of	
low	mass	stars	(Kroupa 2002;	
Chabrier 2003)	

transition

This	transition	Zcri is	10-6 - 10-3 Zsun ?
(e.g.,	Bromm+	01;	Bromm &	Loeb	03;	
Omukai+	05,	10;	Santoro	&	Shull	06;	
Frebel+	07;	Dopcke+	11;	Schneider+	06,	12)

Where	is	the	transition?



Outflow	during	star	formation

�present-day,	Our	galaxy
◦ Observation	examples
�Wu+2004;	Zhang+2005�
->	Theoretical	study	
->	Outflow	contributes	to	
the	star	formation

Velusamy+2007



Models
INITIAL	CONDITIONS

◦ 28	clouds	have	each	critical	Bonner-
Ebert	density	profiles

Ionization	parameter	

Metallicity

◦ Magnetic	field	strength	B0
(B is	adjusted	such	that	µ0 = 3)

◦ rotation

BASIC	EQUATIONS
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Ω0:	initial	angular	velocity

tff:	free-fall	time

10-1

Z/Z� = 0, 10�5, 10�4, 10�3, 10�2, 10�1, 1
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Ionization	rate	ζ
�Radioactivity
◦ Short-lived	REs
◦ Long-lived	REs

�Cosmic	rays�CR�

⇣ = ⇣
CR

+ ⇣
RE,short + ⇣

RE,long

⇣
RE,long = 1.4⇥ 10�22 s�1

⇣ Z

Z
sun

⌘

Cζ Environments

0 Purely	primordial	environment,	no	ionization	source	is	included

0.01 Low-metallicity	environment,	weak	ionization	sources	exist

1 Nearby	star-forming	environment,	the	ionization	intensity	is	the	same	as	in	
nearby	star-forming	regions	�ζ CR,0=1 x 10-17 s-1 �

10 Starburst	galaxy	environment:	many	(or	strong)	ionization	sources exist	

⇣CR = C⇣⇣CR,0exp

⇣
�⇢RJ

�

⌘

⇣
RE,short = 7.6⇥ 10�19 s�1C⇣

λ�attenuation	length	(λ = 96 g cm-2)
RJ�Jeans	length

RJ =

s
⇡kBT

Gµmp⇢
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Initial	parameters



Result:	star	formation

Lower	metallicity	star	formation
(has	Z/Zsun <	10-3)

Present-day	star	formation
(has	Z/Zsun ~	1)

First	star
(Z/Zsun =0)

Lower	metallicity	star
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Mass-to-flux	ratio	evolution:	Comparison	of	metallicities

present-day	(Cζ=1)

Definition

approximation	of	the	mass-to-flux	ratio

Case	of	disk-like	collapse

µ ⇡ M

BL2
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Adopting	γ ~ 1,	 µ / ⇢0
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Z/Zsun� 10-5
->	μ value	is	high
(the	magnetic	dissipation	becomes)	
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(b) Cζ = 0.01

100

101

106 108 1010 1012 1014 1016

(c) Cζ = 1

μ

nc [cm-3]
106 108 1010 1012 1014 1016
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Mass-to-flux	ratio	evolution:	Comparison	of	metallicities

When	the	cloud	has	parameter	of	
Cζ =	0,	ionization	sources	do	not	
exist.	
->	As	dust	increases	even	slightly,	a	
very	small	amount	of	dusts	make	
the	gas	resistive.	



Driving	or	not	outflow	in	different	environments	

Cζ
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Magnetic	field	evolution	on	the	nc −	B	plane	

magnetic	Reynolds	number

magnetic	field	is	coupled	to	the	gas	(Rm >	1)

critical	magnetic	field	strength

polytropic index	

quasi-hydrostatic	core	can	be	formed	(γ >	4/3)

simulation	result
Bc:	central	magnetic	field	strength	
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Magnetic	field	evolution	on	the	nc −	B	plane	

Outflow	driving	conditions

�The	adiabatic	core	form
�Long	duration	of	the	core
� The	coupling	between	
magnetic	field	and	gas	is	better	



Angular	momentum	transfer
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Formation	of	non-axisymmetric	
structure	of	first	core	scale
->	Angular	momentum	is	transported	
by	gravity	torque

Angular	momentum	is
transported	by	outflow

  
 

 

  
 

 

  
 

 

  
 
 

t = 320335.45[yr]  nc = 1.47e+13[cm-3]

50 au



Summary

�In	the	present	conditions(µ0 = 3, ω0=10-1),	outflow	
does	not	drive	in	the	metallicity	range	Z/Zsun < 10-3

expect Cζ = 1, 10
�For	the	case	in	which	Cζ = 0 and	lower	metallicities,	
star	formation	process	is	quite	different.	
�The	transition	of	star	formation	exist	at	Z~10-4-10-3	
Zsun.



Result:	star	formation

Lower	metallicity	star	formation
(has	Z/Zsun <	10-3)

Present-day	star	formation
(has	Z/Zsun ~	1)

First	star
(Z/Zsun =0)

Lower	metallicity	star

-0.10 -0.05 0.00 0.05 0.10
x [AU]

-0.10

-0.05

0.00

0.05

0.10

y [
AU

]

 = 22.75

  
 

 

  
 

 

  
  

log n[cm-3]

17 18 19 20 21

-0.5 0.0 0.5
x [AU]

-0.5

0.0

0.5
y [

AU
]

 = 21.68

  
 

 

  
 

 

  
  

log n[cm-3]

17 18 19 20 21

Single	star												
(or	Massive	close	binary)

Multiple	stars

���
����


