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13CO map of Taurus molecular cloud observed by Nagoya 4m radio telescope.




L. = 170.000° Integrated Intensity (K km/s)
B.& . 1F 0002 Taurus C180 x10

i_enter

20,0

210.0

200.0

B. Offset (arcmin.)

190.0

18DD | 1 1 L= 1 1 1 1 1 1
2800 2600 2400 2200 2000
L. Otfset (arcmin.)

C'80 integrated intensity map of HLC2 in Taurus molecular cloud.
This shows the molecular cloud consists of many molecular cores.
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(prestellar core)

H13CO integrated intensity map of prestellar (left) and protostellar (right)
cores in Taurus molecular cloud observed by Nobayama 45m radio
telescope



Star Formation of ~M,,, stars
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Spherical Collapse

Gas (B =0, QQ = Q) contracting under the self-gravity
Larson (1969)

e isothermal y= 1 p<<p,=1013 g cm3

Temp-density relation of IS gas.
(Tohline 1982)

 adiabatic y=7/5 p, <p<< ps= 5.6 108 g
cm-3

e H, dissociation y= 1.1 pg <p< p.= 2.0
103g cm3

cf. Masunaga & Inutsuka (2000)



Runaway Collapse

First core Isothermal spherical

collapse shows:

(1) Convergence to
a power-law structure

p(r)ocr?

(2) Increase of central
density in a finite time.

- Q443 ><1013S

(3) Only a central part
contracts.

logr

This is called

Fic. 1. The variation with time of the density distribution in the collapsing cloud (CGS “ ”
units). The curves are labelled with the times in units of 1619 5 since the beginning of the AEIERYEY) CO”apse'
collapse. Note that the density distribution closely approaches the form pocr—2,

Larson 1969, MNRAS, 145,271




How about a Rotating Magnetized Cloud?

1. In case with B and Q, a runaway contracting disk Is
made. As a consequence,
(a) A flat first core is born.
(b) Outflow is driven by a twisted B-field and a
rotating disk.
(c) B-field transfers the angular momentum from the
contracting disk to the envelope.

3. Star formation process is controlled by the rotation
speed of the first core.
(a) A slow rotator evolves similarly to the B=Q=0
cloud.
(b) A first core with Q in a finite range,
(c) A fast rotator fragments, which leads to binary
formation.



Initial Condition Numerical Method
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The coarsest grid
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Nested 28-times finer grid

(1)Just after the central
density exceeds p,
(first core formation),
outflow begins to blow.

(2) In this case, gas Is
accelerated by the
magnetocentrifugal wind
mechanism.

(3) 10% of gas in mass
IS ejected with almost all
the angular momentum.




Angular Momentum
Redistribution in Dynamical

Collapse
@ In outflows driven by magnetic fields:

— The angular momentum Iis transferred
effectively from the disk to the outflow.

— If 10 % of inflowing mass is outflowed with
naving 99.9% of angular momentum, |. Wouléé//g
pe reduced to 103 . Utfloy,
J

Inflow — star Outflow
Mass B

ang Mo,




Angular Momentum Problem

Specific Angular Momentum of a New-born Star

2 -1
j. ~6x10™ & P cm’s?
. 2 10day
Orbital Angular Momentdm of a Binafy System

1/2 M vz
me~4><1019( R j E—) cm’s*

100AU

Specific Angular omentulry faParent CI
i, ©5¢10% ibz 1
ms pC

Centrifugal Radius

j? |
— ~ 0.06pC
R. & p(

5x10%cm?s

Tomisaka 2000 ApJL 528 L41--L44
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Angular Momentum Distribution

(1) Mass measured from M(p @pl) Zjv

the center

PEPy
(2) Angular
momentum in M(p ®p,) L(p @p 1) ZFV¢dV
PPy

(3) Specific Angular i(EM) © L(p @p,)
momentum distribution M ( 0 @pl)

|



Run-away Collapse Angular Momentum Transfer

High-density region = Specific
Is formed by gases “Angular
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Entrainment vs 2 outflows

BOWSHOCK
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Binary: To understand Star Formation,
study BINARY FORMATION.

Binary fraction is high. Period distribution of nearby binaries

TABLE 6. Multiplicity of T Taur stars in the complete samp "' 7 7 7 77 TR R S, T T T L TR TR . TR ' J
q) .
. . e
# Companions in bsf® s | _|
Sample # Targets  completeness region (%) m i) E J
Z | |
Total 64 22 =T il ® .:
| = ]
Oph-Sco 21 6 2912 il ‘, | | | |
Tap-Aur 43 16 379 I : | r
i [ [ ] ] |
WTTS 22 8 3613 0 [ [ienugtulia ] = - .
CTTS 42 14 3349 | g { | | ; | ]
5 [ it | . !
A<M 32 13 4111 i } ligiad | i N
M 32 9 2849 F | | |
fi |F | | I I I - I T —
} . 4 [ + 18
"The complete sample, discussed in Sec. 5.1, includes all observationy log P (days) Ol’blta| penOd
sensitive to the “completeness region,’ i.e., that revealed all companion Fig. 7. Perind distribution in the complete mearhy G-dwarf sample, without jdashed line)
stars within the projected linear separation range 16 to 252 AU and and with [contimesus ling) correction for detection biases. A Gaussian-like curve & rep
within the magnitude difference range 0 to 2.0 mag. resenled whose parameters ane given in the iex

*The restricted binary star frequency (bsf) incorporates only companion
stars within the completeness region, and is therefore a lower limit to the

true binary star frequency in the separation range 16 to 252 AU, None- 1 d —_
thclc&s: it is useful for comparisons of various groups of T Tauri stars, AK<2mag G a.u SS I a.n aro u n 1 80y

which are discussed in the sections listed in Column 5. 2
if completely surveyed, buguennoy & Mayor 2001

A N0/ Ghez et al 1993




Binary Fraction This suggests binary/multiple systems are formed in

early phase.
(1) may depend on the mass of (3) may depend on the local
the stars stellar density . .. 5003
» Herbig/AeBe 68+ 11% e
(5SB) (Baines etal. 06) o that for fikd Sars.
» similarto T Tau 2

(2) may be deferent between PMS
and MS.

(b)
1T Tau

T Tauri Stars

N2024

Solar Type Main
Sequence Stars DMO1

MSS

local density |
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f Binary fraction is a decreasint

1z 3 function of local stellar densit
Log Projected Linear Separation (AU) GheZ et al 1993




3D MHD Simulation of Rotating Magnetized Cloud

Collapse
Machida, Tomisaka, Matsumoto 04
Model and Numerical Method Machida, M.,H., Tomisaka, 05
@ Assume barotropic eq. state. Machida, M. Tomisaka, H. 05
— mimicing the result of 1D RHD (eg. Masunl\éllaglful%%‘té\(ljkg?a-& llsaka, -
p = CSZIO + Cszlocrit (p/pcrit )7/5 ncrit n 5X1oj-ocm_3

pz CSZIO K (pgpcrit)
Ko™K (0> po)

A |an| MHD
a_ . f—
o +V-(pv) =0,

p(Z—Z+V-VVj =-Vp—pVo,

-

Temp-density relation of IS gas.
9B L Vx(vxB)=0, (Tohline 1982)
ot

Ag =4rGp



Numerical Method (cont.)

@ Non-homologous Collapse
— Dynamic ranges of size and density scales are huge.

Piaw - 10°CM”®  Pop core - 10"'cm”

Loy O.1pC Lo core - 107 Cm Nested grid

@ “Nested Grid” Technique

— Coarser grid: covers global structure
— Finer grid: small-scale structure near the centex 4 '
@ # of cells 128(x)x 128(y)x 32(z)x 17 (level) L=1

M@ equivalent to simulations
with  1.5x 102 grids at the center.

New Finer Grid is Generated to Guarantee the Jeans
Condition (Truelove et al. 1997)
— To achieve physically correct answer:

AX< A1 4=[(47Gp)"?Ic]/ 4

— Simulations continues till the “Jeans Condition” is violated at the deepest | —17
level of grid (17th Level).




Initial Condition

magnetit field lin
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. Pole-on view

Side view

Typical Model

=(0.01, 0.01, 0.5)

(Amz! (X, O‘))
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Bar Fragmentation [+~ | Ring Fragmentation [ i —*

|
|
k
I
]

Non-Fragmentation ;= —==-wsf  Non-Fragmentation
Ao0OL 4ol o041 A=001, =01, o=01




B-Q Flux-Spin Relation  wachiaeta. 2002,
(8uczr.) - w /(4 Gr)"

0= 001 i ;*_I

--Evolutionary Path--

e
Support deficient.
=>» Spherical collapse.
B, r’® B.R’°= const
W, r?®  WR?= const

C C
Il N
—
chlri'/z BC/I_;I:.IZ rél:./6 E’
W,/B,; const )
=
q—
N’
5 5 \Q
Magnetic braking ® 7
BC//’fB - const ] n=5x10%fersiThitial - .
e * n=5x10*
W./re"]  J-loss o N5

B, /Wc 7 n=5x10°

”

o
/(87sz pc)”2




B-Q2 Flux-Spin Relation

Support sufficient

=» Disk formation
B : const -7

C

W.: const ¢

c

—->move left-down
W./r¥? B [rY?
=>»Radial collapse
B./s.; const €frozen-in

: const €conserve J

s 1 r?; const €self-grav. disk

—>move slightly

Magnetic braking
B./W.Z

s N=5x10° [cm°]: initial
o N=5x10"
o I’1C:5X:|.06

v/

BZC/(8TCCSZPC) 1z




B-Q Flux-Spin Relation

--Evolutionary Path--

In the isothermal run-away collapse,
contraction proceeds self-similarly or solution
converges to a family of self-similar solutions.

All the models converge to a line as
B’ W

< + c =1 empirical
(0.36)°8pcir, (0.2)°4pGr,
There exists a balance between B-field,

centrifugal force, thermal pressure and gravity.




1. We know both the evolutionary path and
fragmentation condition g,,>3 or Q/(4nGp,)1/?>0.2.

2. This gives a diagnosis of a cloud: fragments in the

adiabatic stage or remains single ?
a= OOO] OO] O] |1

For the adiabatic
core to fragment,
It must rotate fast

Large symbols
Initial states

itionary
path

IRy Viagnetic fleld suppresses the fragmentatlon
Adiabatic core gL NoFramenton | VR P N

0.01 0.1 1

B,/ (8mcp.)"?



To Fragment D
1/2 a
Mos &3 107yt — S
B 2°°C 190ms
[ Prestellar core L1544 2
v, ; 0.09kms'@r = 15000AU  Ohashi et al (1999)
W,; 1.3 10 °yr*

V, ; 0.14kms*@r = 7000AU Williams et al (1999)
W,; 4.2 10 °yr*
B,; +11 2mG zeeman splitting  Crutcher & Troland (2000)

WO . -/ -1 -1 ’§
—: (1.2- 3.8) 10 'yrnG N
B O
: N y

‘Measurement both Q and B at the same density
 =>» future forecast!




Alignment of Outflow and Magnetic Field

ChH 244

0 (7 IRAS 16293-2422
i | ° o T

COsE e
\ E' 'I'J'l'l\

E'D-'.I |"I]

\ 5 E\a\' | 1800AU

Decl. (1950) -24° 22

COswniea =

- . d Outflow
A. A. (1850) 160 2gm '

Magnetic field

Crecl. (10850} 18°01°

Polarization of
thermal dust

emission map
SCUBA 850um

A. A {1950) O4h 28m
Tamura et al
(1995) 1mm radio polarization
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0 /(4nGp,)"*

SF

— 3 Dol
4x10* AU ox10* AU -
~ 3
13 1=4.216x10° yr n =55x10"0 cm® () 1=16 t=4.217x10° yr n -25x10" cQ =

jl(%-fI-S

+ n,=5x10"em?)
FO n=10" fem™)
O n=10" em?)
L & =108 fam™)
= inilial ar disk

B

¥

1

N

oo/ (4G

R VN0 72 lON0il Evolution is understood by the spin-flux relation.



Direction of the Disk

@ Rotation-dominant:
—disk M J

@ Magnetic-dominant:
~disk® B

@ Boundary Is given




Disk, B Field and Rotation in Different Scales (Final state)

A

Initial'B| \ |

-

Disk oriantation, local B,
and local J change their
directions according to
the scale.

Matsumoto & T. 2004




Summary for Part 1

@ Magnetic field (B) and angular momentum
(J) play cooperatively a role to form e.g.
outflows.

@ B reduces the power of J to form
fragmentation.

@ Disk Is formed either by J or B depending
on the dominant force: J or B.



B |

Evolution of a Rotating First Core

Saigo & Tomisaka (2006, ApJ, 645, 381-394)
Saigo, Matsumoto, Tomisaka (2006, in prep.)

| have showed that B-field Temp-density relation of IS gas.
controls the angular momentum Of gea20iine. 1982)

the first core. 5 [First Collapse
Fragmentation develops quickly in Y Pg >

a hydrostatic state (first core) : :
rather than in a contracting | £econd Collapse
circumstance (runaway phase) e /v =110
Fragmentation in a first core may T —

. . | | I rs. 10 10
bring binary or multiple stars 0g p, [om”

<binaries are more popular than Masunaga & Inutsuka
single stars.

@ Ideal MHD should be reconsidered.



Hydrostatic Equilibrium

@ Hydrostatic Axisymmetric Configuration for Barotropic Gas

(prQZ,O,O)—VP—PV’,V:O, pz{Klpr K (p < pys)

Ay =4rGp

@ Angular Momentum Distribution

Ko Ko (0> pys)

f

— same as a uniform-density sphere with rigid-body rotation dissociation

— total mass Mcore and total ang. mom. J_,.

(M (R) = 5( Jome ] 4 1_[1_ M (R)j

2\ M M

core core

N

density

'

J

@ Self-consistent Field Method (SCF) Hachisu(1986), Tohline, Durisen

— to un(dl\e/|r§?é?1’d\]tﬁ’éee)vo_lt)1ﬂgﬁ of first core
(/Oc’ Mcore) — ‘]core



Examples of Hydrostatic
Configuration
QL M/Z

(8) 1-0.0 day

10 05 00 0.5
r [AU]

Three models have the same central density p.=4p.., but different
angular momenta as 2.25 x 104 (left), 4.18 x 104° (middle),

and 9.99 x 104 g cm2 (right), and masses as 2.77 x 103! (left),
3.45 x 103! (middle), and 4.97 x 1031 g (right).



Mass-Density Relation (2 =0)

™ Below PO < O,. mass increases with central density ..
Py =5x10°gemS

— Mass is prop. to Jeans mass

312 -1/2 1/10
M, cTp "o p
(Chandrasekhar 1949)

— Mass accretion drives the core
from lower-left to upper-right.

m Above p>afew p; mass
decreases due to soft EOS. N & HI I I
— Further accretion destabilizes 10t 107 10t 10®
the cloud and drives dynamical contract

B Maximum mass of the 1st core is 0.01 M.




Hydrodynamical Simulation

@ run-away (1st collapse)—> 1st core

— 1st core grows by mass accretion from contracting
envelope.

@ |nitial Condition
— Bonnor-Ebert sphere (+ envelope (R~50,000AU))
— n.~10*H,cm3, T=10K
— Rotation ®=Qt;=0~0.3
— Increase the BE density by 1.1~8 times
— Perturbations m=2 and m=3 6p/p=10%

@ Numerical method

— HD nested grid
— barotropic EOS



Non-rotating cloud

Pas = 5x10°gem™

W density p.<pgs,Mcl
INcreases with Pe- 1032, =006 004 083 (02 0016 0015
— Jeans mass
M OCTS/Zp_llzocplllo
J

— Evolution is driven by
accretion.

@ At p>2pys SOft EOS makes
Mcl decrease.

— dynamical contraction (2nd
collapse)

M maximum mass of a 1st T 101 10° 10° 107 10°

3

core is equal to ~0.01 M., Peo (gem™)




Non-rotating model

1. Unless the cloud is (@ =0. — M=1.1Mge
. = = Low Temperaturp (5K)
much more massive | o] 500 it
than the B-E mass, the 10 — M=3Mge
first core evolves to 0 T M=8MgE
follow a path expected =
by quq5|-hydrostat|c 8
evolution. S § 5
E max.mass 2nd col lapse
2. Maximum mass of a first “ ] Mm=sm,

core is small ~0.01M.

3. Quasi-static evolution
gives a good agreement
with HD result.




Mass-Density Relation (2> 0)

@ rotation rate of parent cloud
' =5x10"° &
W= Mi (\/ECS/ G) TR

A »<0.015
— similar to non-rot. case.
— second collapse

M »>0.015
— Mass Iincreases much
well below 0. = 044




@ First, the 1st core

Increases Its mass
(upwardly in M -p. plane).
— follows a hydrostatic
evolution path.

— Shape: round spherical
disk.

@ Then, the first core begins
to contract (rightward in the
plane)

— This phase, spiral arms

Massof Firsi Core Moy

appear. Iaﬂ.:'.n I.-':-'l-.I-“'lrrr.:'nl-.--l
— Jis transferred outwardly.

. . i Ty — m]”"" -
m Core+disk continues to i_f a1 ]|
contract. o i

== B0 L"“.'ilu;ng.;- lipes)




Comparison with previous
simulations

M Bate (1998) _
— SPH simulation Bate 1998
— ®=0.08 @ =0.0
— spiral = transfer J - \
M Matsumoto, Hanawa [
(2003)

— Nested Grid Eulerian
Hydrodynamics
— ®=0.03
@ spiral
— ®=0.05
@ spiral
@ fragmentation




Nonaxisymmetric instability

@ Rotational-to-gravitational energy
ratio: T/|W|
— A polytropic disk with T/|W|>0.27
(y=5/3) is dynamically unstable under
wide range of conditions (y=5/3:

Pickett et al. 1996; y=7/5, 9/5, 5/3
Imamura et al. 2000 )

Py =5x10°gemS

@ T/|W] increases with mass
accretion.

W After T/|W| exceeds the critical
value,
— nonaxisymmetric instability grows.

— Angular momentum is transferred
outwardly.

— This may stabilize the disk again.




Rotating Cloud (»=0.05)

l Py =5x10°gem™

@ Evolution depends

N é(m = 0. 05)
on the initial mass. M M_/(;l.l: IM,
— M~MBE o .:

AFollow $ |
quaS|hydrostat|c E M Z8M__
evolution E

. S — M=1iMee |
e M>>MBE u*gj —— L;;J%T:rn:f;;jg:re (9K
A evolution depends — M=3Mpgg

— M=8Mgg

on its initial condltlon.



fragmentation (more SIS () Sk N .
than 2 fragments) is RPN —-

observed in the 1st E
core. 3| 4 < 1™

m This occurs after nong e |
axisymmetric < - e
instability is triggeredias — M=suge

B | 1o 100 109 108

Central Density pe [gcm™]




Typical Rotation Rate

@ NH, cores (n~3 10%cm=) Goodman et al
(1993)

Q; (0.3-2)x10°rad yr™

rp=| =2 | 2x10°yr
32Gp |
@ N,H* cores (~ 2 10°cm™) Caselli et al.

(2002)
Q; (0.5-6)x10°rad yr™

3 1/2
7o =| —— | : 8x10%r
32Gp

—p @ ; 0.06-0.4

—_ @ ; 0.04-0.5




Luminosity of the First Core L=-%=«_ 9w.g_ +E,)

ot
dt d
3D simulation Quasi-static evolution

w=0

second|collapse + ©=0.012 ,second collapse

[Lo]

LbOI o
8
T

2
)]
g 0.030
= 0010 ) ; . )
g ] Lifetime of 1st corelis
3 0.1 | ; 0.040
"==notshort! ,_,0
— 008 | coor . Mez 10X Mo v
—  © =010 '

| 1000 2000 3000 4000 5000

L [ Moo=
2500 3000 ) [yr]

II_\&S a decreasing function of w. Absolute value L and timescale are obtained
~2x10°M _yr- after Mk is given. L oc Mt t oc MR

L ~(3-5)x107%L,



Mass Accretion Rate

@ Mass accretion
rate IS between
the LP solution
and a SH disk
solution.

@ Much higher than
that expected for
SINY

]
@
g
]
o
c
2
-—
b
—
Q)
o
<
W
w
]
=

1500 2000
t [yr]




0.016 0.015
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Summary

@™ The evolution of a 1st core is well described with the
guasi-static evolution.

@ Slow (or no) rotation model exhibits the second collapse
(0<0.015).

— Maximum mass of the 1st core ~0.02 M, (0=0.015).

@ Rotating cloud with ®>0.015, the 1st core contracts
slowly.

— After T/|W|>0.27, a dynamical nonaxisymmetric instability grows
and spiral pattern appears.

— Gravitational torque transfers the angular momentum outwardly.
— The 1st core contracts further.

@ In a rotating cloud with ©>0.1, we found the
fragmentation of the 1st core.
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