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Star Formation in Early Universe and Present Day

Difference of Host Clouds for Star Formation

Early Universe Present Day
Primordial Gas Cloud Present Day Gas Cloud
»No Dust grains, No Metals »Dust grains, Metals
»Cosmological Simulations »Direct Observations
»n~1034 cm3, T~200 K »n~1046 cm3T~10 K

»Very weak(?) Magnetic field » Strong Magnetic field
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@ in Thermal Evolution
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¥ [ No first adiabatic core formation . =
— o - . : Primpr'dia,, binary
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E F ] §
2 - ¢ _First adiabatic core
10 =\ formation
= 0 .- ~ Wide binary, outflow
- .~ Cloud evolution ° - - > 4
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number density log n, (cm3)

Omukai et al. (2005)

vAg ]
,v: Protostar Formation

(n~102' cm-3)
Differences are caused by cooling
processes of metals and dusts

» Primordial Composition
#He, H, H,, HD Cooling
without Dust and Metal cooling
#High temperature (T>300K)
#No adiabatic first core formation

»Present Day Composition

#Metal and Dust Cooling are effective
®Keeping low T (~10K for n< 10'%cm=3) a

¢ Adiabatic first core formation

=Two component outflows, wide binary

> n>10"cm-3, thermal evolutions
are converged, because the dust
and metal coolings becomes
ineffective



Difference in Magnetic Evolution

Primordial Clouds

»Initially Weak Magnetic Field
@ B<1029G (Ichiki etal. 2006), ~10-""G (Langar etal. 2003
also see Poster by Susa

Ideal MHD 1

» Frozen-in Condition

B iaiclous = 107 (N, /10° Cm'3)0'55 G
(Maki & Susa 2002, 2007)

v'B is always coupled with neutral gas

v'B continues to be amplified without dissipation

Contour of drift velocity normalized T
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Maki & Susa 2004
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Present Day Cloudsgesistive MHD!

»Initially Strong Magnetic Field
®B>10°%G (e.g., Crutcher 1999)

»Magnetic dissipation
v'Very low ionization degree

v'Ohmic dissipation is effective for
10" ecm3<n<10%%cm3 (Nakano et al. 2002)

»Very weak B at protostar formation:
B,~102-10° (Machida et al. 2007)
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Angular Momentum Problem

BMost serious problem in the present-day star formation
j ~ 102" cm?s-! (molecular cloud) © j~ 10" cm?s-! (Protostar)

B Conservation of J = Without J transfer, star is never born

| Host Cloud |

Spatial difference is 7 orders of mag. | Protostar |

2
>st = ch Rmc] ~ 1014g2m 06 :

p-S.
14 orders of mag. (theory) Spinning-up

rotation

C

57
*R~105 AU, n~1035 cm- :.:10 ' *R~1 Rgype N~10%2 cme

9 oders of magqg. (obs
Q. .~10"4 s (obs.) g- (obs) *Q s ~10"° s (obs)

BPresent-day solution: Protostellar Jet and Binary formation

W Primordial Solution: Pop IlI star rotates with 2, ~ 1 s ? (centrifugal barrier)
Global spiral structure? Binary (Turk, Clark at this meeting)?
or Magnetically driven Jet?




Purpose of this study

»We investigate the influence of B on the Population Ill Star formation,
parameterizing cloud’s rotation rate and magnetic field strength

»In the collapsing primordial gas clouds, B can be amplified without dissipation
(Maki & Susa 2002, 2007)

»Even if initial B is weak, the amplified B may affect the formation process of Pop.II

Basic Equations

_ Thermal Evolution of Primordial Gas Cloud

Ideal MHD egs. with self-gravity One-zone calculation /
------- Fitting fomula
( \ ol = U g
Q 104 3
{ ' X [l
e ‘." I :
©
_VP-LBx(VxB)-pVp, &
{ / ) g‘ 103 -
g \ (v X B) o -
[t i
\ " / l ( l/‘ }“~ . ; , ; , ; , ; ,
~ _ _ _ 10* 10% 10® 10'° 10'2 10'* 10'® 10'® 1020 10?2
. P=F(p) :Barotropic E.O.S modeled using one-zone calic. Number Density (cm)

Species
H, H*, H-, He, He*, He**, H,, D, D*, HD, HD*, e



Initial Settings

O Spherically Hydrostatic Core
(Bonnor-Ebert Sphere)

O m=2 density perturbation (10%)
O B//Q

O Parameters: B, and v,

(2, and B,)

»>Cloud Rotation B,=E, / E,,
B,=106-0.1

2,= 1017 - 1013 [s7] at n=103 cm3

»Magnetic Field y=E _ /E
Yo =100~ 1
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BO =10-10-10° G at n=103 cm™3

LasS

Initial Values

> 36 Models | “F:

»Central density:n=10% cm-3
» Temperature: T=250K
»B.E. Radius: 14 pc
»Mass: M4 =6 Xx10° Msun

As the initial state, 20

we mimicked results
of the cosmological
simulations

on [pc]

Z Posit
I
.
o

40 B

Brommetal. 2002 -20 -20 o 20 20
X Position [pc]




Numerical Method

3D Ideal MHD Nested Grid Method (Machida et al. 2005, 2006)
» Grid size: 128 x 128 x 128
» Grid level: | ,=31 (I : Grid Level)
» Total grid number: 128 x 128 x 128 x 31
» Grid generation: Jeans Condition

1=1: Ly, =14pc, n=103cm3 (initial) 10 orders of magnitude in spatial scale
1=31:L,,, =0.2R n=1023cm=3 (final) 20 orders of magnitude in density contrast

Ax,_,, = 0.0016 Ry,

sun?

Schematic view of Nested Grid




Bo: Mag. eng, y,.:rot eng

Results: Magnetic Field Lines

Magnetic dominated model: y, > f3,

(ﬂO! YO) = (10-4! 10-3)
Before proto-PopIllstar formation: n=103 -101° cm?-3

a)n =19x103 [em™@] =o [yr] b) n. = 4.1x107 [cm 3] t—25043844[yr] C) ne=7.0x10"%[cm™] t-25112913[yr]
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Saigo et al. 2004, Machida et al. 2008, 2009, Clark et al. 2008, Turk et al. 2009, Stacy et al. 2010




After Protostar Formation: Fragmentation

Fragmentation Rotation dominated model: ,> Y, (Bo» Yo) = (10, 10%)

(a) 1=2504863.65 [yr] Mo =1.0x10'7 [em ] (C) 1= 2504863.92 [yr] Nima = 8.7X102 [om 3] (@) =2504863.93 [yr] Nmax = 1.8x1022 [cm-?]

1Mode| with (B, Yo) = (104, 10) ==| Model with (B,, y,) = (10", 10)
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Bo: rot. eng, y,.:mag. eng




Fragmentation Condition

3 n=5.4x10° cm7

yrapid =] o
|

—

o
n
I

Fragmentation
| Models

—

o

9%
!

—
O rot. en

1| Fragmentatio
10° | ||n Models

Final States on the z=0
plane against Y, and 3,
(Results of 36 models)

Background Colors

»Blue: Fragmentation model
»Red: Non-fragmentation model
»Green: Merger model

»Gray: non-collapsing model

0 ° 2x10° 2x107

»Fragmentation occurs in model
with large B, but small y,

» Rotation promotes, but mag.
field suppresses fragmentation
(Klessen’s Talk)

»Pop II binary:
Cloud with large B, and small y,

»>Single Pop I star
Cloud with small B, and large y,

2x10° 2x10° 2x10™ >
weak B YO mag. eng strong B Po: rot. eng, v,.:mag. eng



Jet DriVing Condition Final States in 3D view
against Y and [3,

Models having (Results of 12 models)
stronger Jet

Driving Condition for Pop III Jet
> Moderate Rotation Speed

[ORapid Rotation: fragmentation,
inclined field lines, B_L Q

0Slow Rotation: B lines are not twisted

»Moderate strength of the Magnetic field

OStrong Field: Q is removed
by Magnetic Braking

OWeak B: weak Lorentz force

slow Q

0.081 AU 0.081 AU 0.16 AU >

10° 2x10° 2x107
weak B Y, mag. eng tfong B




Final Fate of Primordial Magnetized Clouds

B, (nc/10° cm®)?® [G]
10° 108 107 10°® 10°

110

Bo > Yo /
10'2c> (e} o o A/ O
PopIl binary, No Jet
s o o o A m|

O Fragmentation [ Outflow
A Both Fragmentation and Outflow

SO
X Neither Fragmentation nor Outflow //‘\
4 < No Collapse QQ
107 ¢ 0 e} (o} O O
orbital J

1 0'5c+ o o

10e.9ingle Pop I . o Po<1gq
No JetI J b.y Jet

ITIIIII T IIII T IIII T IIII T IIIIII T
107" o o o o / ]
Rotation-Dominated Cloud 1

O O O -
Single Popll, Jet -

Magnetic-Dominated Cloud"

Future evolution of PopIll
CORotation Dominated Cloud

-10"| »Massive PopII Binary, Binary B.H.

> Metal free low-mass star, and B.D. :
fragments are ejected by 3 body interaction

COMagnetic Dominated Cloud
> Vie ~ 100-1000 km/s (large mass, dM/dt)

L | |
-10 -8 -6 -4 2
10 10 10° 10 10
10° 10* 10° 10? 10
IHIII T T IIIIII T T II’III T T II’III T T II’III T T

(M/®)or

|
1

1

1416
] 1:% »Disturbance of ISM: shock, turbulence
95 »Next generation star formation
2
o
3
s
2



Bo: rot. eng, y,.:mag eng

Summary

[ To investigate the magnetic effect, we calculated the evolution of primordial
clouds until proto-PopIIl star formation (103 cm=3 < n < 1023 cm-3)

COMagnetic field and Jet driving

»Magnetic field can affect the evolution of primordial cloud when Y > 1078

B>107° G at n=103 cm=3 (primordial cloud)

B>5x10-13 G at n=0.01 cm-3 (ambient medium)

OFragmentation and binary formation (See also Tan & Blackman 2004)

»Magnetic field suppresses fragmentation, while Rotation promotes fragmentation

»Binary Pop lll star appears when , > v,

COOAngular momentum Problem
» With weak B, excess angular momentum is distributed into orbital one

» With strong B, Protostellar Jet and magnetic braking transfer J

CFurther long-term calculations are necessary to determine fates of jet and binary



