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Contraction of Magnetized
Rotating Clouds and
Outflows
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Taurus Molecular Cloud BCo
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13CO map of Taurus molecular cloud observed by Nagoya 4m radio telescope.

Star Formation in Molecular Cloud
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C180 integrated intensity map of HLC2 in Taurus molecular cloud.
This shows the molecular cloud consists of many molecular cores.



Cores with/without Protostars H13CO

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

Molecular Cloud - Cloud Cores  pynamical Contraction of Core

q
1 Starless Cores

Main-sequence Stars I*otostars

Pre-main-sequence Star
(T Tau. Stars)  ~107yr ~10°yr

~10"yr IR Sources
Opt, Near IR Sources



Spherical Collapse

Gas (B =0, Q) =0) contracting under the self-gravity
Larson (1969)
e isothermal y= 1 p<p,=10%® gcm-?

/ryn-away Collapse Temp-density relation of IS gas.
v'first collapse (Tohline 1982)

* adiabatic y=7/5 p, <p< py= 5.6 10¢ g e
cm3

v'first core

v outflow

v fragmentation
» H, dissociation y= 1.1 pg <p< p.= 2.0
103g cm3

v'second collapse

First Collapse

b
4
|
2

log Te [K]

1 o e

cf. Masunaga & Inutsuka (2000)




Runaway Collapse

_|3

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.
0500 ><10 S

o443 X 10133

(3) Only a central part

: - contracts.

T T ! |Og r

This is called

Fi1c. 1. The wariation with time of the density distribution in the collapsing cloud (CGS iz n
units). The curves are labelled with the times in units of 1619 5 since the beginning of the fuhaway 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. _
Tomisaka (1998) ApJ 502, L163-L167



Initial Condition Numerical Method

—¢ @D > =

periodic s =
boundary L=1
\ Zz¥
L=2

axisymmetric p perturbation

nonaxisymmetric p perturbation



The coarsest grid Nested 4-times finer grid
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Nested 28-times finer grid

ALOS LB rotavi

(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.

ET% DUvT
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Angular Momentum Redistribution in

Dynamical Collapse
Tomisaka (2000) ApJ 528 L41-L44

outflows driven by magnetic fields:

— The angular momentum is transferred

Mass I
ang Mo, [ ©

effectively from the disk to the outflow.

f 10 % of inflowing mass is outflowed with
naving 99.9% of angular momentum, |. woul
pe reduced to 1073 |,

Inflow — star Outflow

Out;/ow




Angular Momentum Problem

Specific Angular Momentum of a New-born Star

2 -1
j. ® 6x10% R. P cm’s™
2R, ) \ 10day

Orbital Angular Momentum of a Binary System

1/2 1 1
i z4><1019( o )1/2 M) emes JC'. - J*.
" 100AU Mg Jcl >> Jbin

Specific Angular Momenturg of a Parent Cloud Core

i z5><1021(ij (4k 91 _1jcm23'1
ms™pc

0.1pc
-2 - 2 -1
M
R = GJM z0.0GpC( : ) (—J R >> R

Centrifugal Radius
5x10%cm*s™

Tomisaka 2000 ApJL 528 L41--L44



Angular Momentum Problem

Angular Momentum Distribution

(1) Mass measured from M(p> p,)= J odV

the center

P> pP1
(2) Angular B
momentum in M(p> p,) L(,O > 101) — I,OFV¢dV
P>pP1

(3) Specific Angular J(< |\/|) — L(p > /01)
momentum distribution M (,0 > /01)




Run-away Collapse Angular Momentum Transfer
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Molecular Outflow
18°02' 00" |

L1551 IRS5 &  of s

182 10" L |'55i

—_— 12 km-s!

=== L5 km-5"

8(1950)

18°00" |-

17250" =

.1.2(,:_“_.;_\];1_)0\ s
Vo=l

7% (coy

i
S R
| \ Yok
m Lt 1A Rrg T
% :
5
s %
9 N,
L3

L I

. " " = -
4h2gm 300 4" zg™ 4hza™ 30"
o | 1950)

4hzgm

Snell, Loren, &Plambeck 1980

™ r= 1= [ J T4

H 13 CO +
Saito, Kawabe,
Kitamura&Sunada

1996
Optical Jets

1400AU =10

400 Ei
10 arcsec

E Two Jets

U Subaru Telesc
o

CISCO (J, K"

June 10, 1999



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 a0 LA L N L L B S B ) I B

| - .

b i

# Companions in bsf® Coas | __

Sample # Tarpets  completeness region (%) S5 | .

Z [ ]

Total 6 22 47 2 ]

Oph-Sco 21 : 9+12  _F >=a i

Tau-Aur 43 16 37+9 - 4 e e -

- 17 Feef-- ‘ \\I | 1

WTTS 22 8 36=13 o[- T AL |15 - ]

CTTS 42 14 31349 - ~ ll ....... ]
<M 32 13 4111 't LA T
M1 g 32 9 \ 2849 F _] M

- o all | i 1 i i | | | i l"'u"' e

4 & 18
we p @y Orbital period
Fig. 7. Period distribution in the complete nearby G-dwarf sample, without (dashed line)

and with (continuous line} correction for detection biases. A Gaussian-like curve is rep-
resented whose parameters are given in the text

"The complete sample, discussed in Sec. 5.1, includes all observati
sensitive to the “completeness region,” i.e., that revealed all companion
stars within the projected linear separation range 16 to 252 AU and
within the magnitude difference range 0 to 2.0 mag.

*The restricted binary star frequency (bsf) incorporates only companion
stars within the completeness region, and 15 therefore a lower limit to the

true binary star frequency in the separation range 16 to 252 AU. None- 1 —_
theless, it is useful for comparisons of various groups of T Tauri stars, AK<2mag G au SSIan arou nd 180yr

which are discossed in the sections listed in Column 5. D M 2 1
If completely surveyed, uquennoy & Mayor 200

hed ~AN0A 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 Liu etal. 2003
» Herbig/AeBe 68+11% e I e
(SSB) (Baines et al. 06 ey acin e
» similarto T Tau 2 fau .>Oph
(2) may be deferent between PMS SRR , |
and MS. Trapezium

) Narrow wind obs.

g | o
| LI ! I LI | L L] LI I '| LB | L] r L] |1 LI I i ] \:\\\\ ‘ |
¥ 8o ] o348, =1
B L (b) -I L \} |
g 60 - —e— 1 Tau 7 i e
E I T Tauri Stars :I : 'N2024 i
L 40 | . 4 _ o
2 Solar lype Main ) 0. local density |
o Seauence Stars DMOL - iy oo G
ot msS oded o/ S
2L e O 1 o 1. Binary fraction is a decreasing
|:||.[| Lol e g Mgy Ih gl ole v g by gl s T 5 ds .

-2 1 0o 1 2 3 4 5 function of local stellar density
Log Projected Linear Separation (AU) Ghez et al 1993



3D MHD Simulation of Rotating Magnetized Cloud

Collapse

Model and Numerical Method

« Assume barotropic eq. state.

Machida, Tomisaka, Matsumoto 04

Machida, M.,H., Tomisaka, 05
Machida, M. Tomisaka, H. 05

— mimicing the result of 1D RHD (eg. Masunaga'l tsl.\(IJREZ(-)rCSJ isaka, 06

p = Csp + Cspcrit (Io/pcrit)”5

oe {C 2p .o (P Py
Kp”5 (P> Pesit)

* ldeal MHD

.

a—B+V><(V><B):O,
ot

Ap=4rGp

"

10

N, =9x10 cm’
. "% M s 2nd Coge

- |
- ]
° .
-20 I -15 : -10 -5 >‘
Logyy Iog P

Te‘nggj&sity relation of IS gas.
(Tohline 1982)



Numerical Method (cont.)

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

Pism ~10°cM™ oo core ~ 10"cm”
Lisw ~0.1pc Lonp core ~ 10%cm \E

* “Nested Grid” Technique

— Coarser grid: covers global structure i
— Finer grid: small-scale structure near the center 4 A
o # of cells:128(x) x 128(y) X 32(z) X 17 (level) L=1

e equivalent to simulations
with~1.5 x 10?° grids at the center. \ s

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

AX < A, 14=[(47Gp)"*Ic.]/4

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




An isothermal cylindrical cloud

Initial Condition

— In hydrostatic balance

(StodolkiewicZ) ——

) 15
zih

Parameters:

*Q/IB/l

1/2.

— B-field strength and angular
rotation speed: A4,

o=

B:. /4r
Cs2 Poc

0 =Q(47Gp,,) "

|

—=~105 [AU]

ull plal.anaubew

9



(A 0, ®)=(0.2, 1, 0.5)

Model with strong

magnetic field an
high rotation spee

—

Only after the sufficiently
thin disk is formed, the
non-axisymmetric
perturbation can grow

~Side view

x=0 plane

. Pole-on view
z=0 plane




Typical Model Bl =
a, ®)=(0.01, 0.01, 0.5) 8 [

=) e = = -
- - B e
RS - 6 P
- l R : "
- B 5 - w e - a4
v al) o CRTRETMEEE &
. B s L
...fI 3 i _.1-.,..'; o A
o e ST b LI
o w d T i e - w A ? ' e
4 ORI v
5 N, L. Ko
3 a7 1 He o -
e PR AT Foboi= = = 2= N "
S s e omoEE R [ PN~
R i

(A

m2?

. Pole-on view
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Model with weak
magnetic field and
high rotation speed

Side view

x=0 plane




This corresponds
S to strong B-field
& slow rotation.

—~
¢

Disk -->
Spherical core

Core Model
(A, o, ®)=(0.01, 1, 0.1)

m2?

R, - b J =
i Y . D, R W e rp it T 1
. s s 4 @ 4w s T F 1R 7ML L I A I T T T T . A Pt
’ ; w aod A R T T T T T T S W '
A ' R R R R R e T N R R R LR I N ]
L w T T W o - ' TR B T T I
3 ' ' TR EEEEERE ' ' ' '
T T T | P B R A . bRk fd e ]
' ' ' ' . ' " ' i ' a . ' CRRL T e R

In this model, the non- [EEEEEEEEEEEEEETEISEEES
axisymmetry hardly grojSssses
Core continues to contr o







B-Q Fqu-Spin Relation Machida et al. 2005a,b
--Evolutionary Path-- B, (SWCSPC )1/2 —QC/<47TGpC >1/2

/

Support deficient.
=» Spherical collapse.

U

QJ(4rnGp, )Y

Magnetic braking
B, /p2’® ~ const
Q. /p° N\, J-loss
B./Q2,

B,./(8nc2p, )Y



B-Q2 Flux-Spin Relation

--Evolutionary Path-- g (87TC32pC )1’2 _Qc/<47TGpc )1/2

Support sufficient
=>»Disk formation
B, ~ const
(), =~ const P/
—->move left-down

-

Ol p;* o< Byl pg* o< p,
=>Radial collapse
B. /o, ~ const €frozen-in

Q2. /o, >~ const €conserve J

o,/ p;'? =~ const eself-grav. disk

—>move slightly

o

N
d =
~~
O
oR
O
R
q—
=
&
G

S

Magnetic braking
B./Q,
T Bzc/(87.ccszpc)1/2




B-Q2 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’ 94
ZC 2 _l_ 2 -
(0.36)°8nc.p, (0.2)"4nGp,
There exists a balance between B-field,
centrifugal force, thermal pressure and gravity.

—1 empirical




1

. We know both the evolutionary path and

fragmentation condition g,,>3 or Q/(4nGp,)1/2>0.2.
2. This gives a diagnosis of a cloud: fragments in the

\

Small symbo
Adiabatic core

|

0.1
BZC / (8TEC52pC) v

\__adiabatic stage or remains single ? Yy
o= 0.001 0.01 0.1 1

r — ~ ' Vertical Collapse Region O OO -

For the adiabatic ) O O 2 8 08 § ]
core to fragment, = P o * M e

® ]
it must rotate fast ! * 30 R g: tf $® & DA
enough. D s TXE ey X

\ ) * ¢+ g’

r LA Ll ] % X X At X X
Large symbols 7z o . :
initial states € 0~ x x Nl x  x

Ny B El nc X106 cm-3
Fragmentation 50 E % X X 5 xx
’ i +
No fragmentation Sphgr(.cal Collapse Reg 1.
\ J N Evolutionary
0.01x x xR e T
initial n. = 5x10° cm’® 1




rTo Fragment )
1
Q Gl/2 B _ _ C
0> e ~ 3x10 7yr 1,uGl 3 —
B, 2 °c, 190ms
\ y
[ Prestellar core L1544 )

~0.09kms*@r = 15000AU Ohashi et al (1999)
=, ~1.3x10 °yr™

~0.14kms*@r = 7000AU Williams et al (1999)
=, ~4.2x10 °yr*

B, ~+11+2uG Zeeman splitting  Crutcher & Troland (2000)
Q)\(\

= &N (1.2—3.8)><10‘7yr G’ 1
B @‘&‘

0 y

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




Misaligned case

Machida, et al. (2006) ApJ. 645, 1227-1245

B =Bn,., 2 =Q-n

cp — disk cp disk
i

0.01

- wC00

. (4nGp,)"*

)1/2
T

4x10° AU 5x10° AU

]
Pc
&

=13 1=4,216x10°yr n =55x10'" cm®  (d} 1=16 t=4.217x10%yr n=2.5x10"

w45

+ n=5x10"%em™)
FO n=10" fem™)
O n=10* {em?)
L A =10 e
= jrilial ar disk

formation eooc

;',/(47&(3

-
=5
T

-—_—

0.0 o 0.1 B.,/(8rc, )" 1
2 1/2
Bcp/(BTCCs pc)

a =0.01, w=0.01 Evolution is understood by the spin-flux relation.



Effect of Magnetic Fields
Misaligned Rotators: B'WJ

Matsumoto & Tomisaka 2004 Astrophysical Journal, 616, 266-282

 Promotion of disk formation 1
— A pseudo-disk extending 4
perpendicular to B is formed. >
1

 Transfer the angular momentum if the“cloud
=» discourages disk formation

— () perp. to B is promptly removed. dl
— Q) parallel to B is transferred by magnetic
torque.--- magnetic braking

« Gravitational torque, Magnetic torque, Hydrody( €2
Torque

« Affect how Fragmentation Occurs



Alignment of Outflow and Magnetic Field
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Recent observations (1/2):
B-fields, optical jets, and disks In
Taurus o

Taurus-Auriga region | magnetic fields
X N | . inferred from

polarized dust
emission.

30—

<4—p Direction of
optical jets

[qv]
o
T | T

. (2000)

Direction of disk
normal

Dec

20— — —

L1551-|R55/$

| | | | 1 | | | | | | | | | | | | | | | 1 | |
5.0 48 4.6 4.4 4.2 4.0
Menard & Duchene (2004) k.4 (2000)




Angular Momentum

* Mechanism: %

. (— Magnetic braking (disk -> magnetic torque -> redistributon\of |
Magnetic F :
along one magnetic field line)
< _ .
— Molecular outflow ejected after the core formed. magneto-
~ centrifugal wind mechanism (disk -> magnetic torque -> wind
escape from the system)

— Mechanical (pressure and gravitational) torque

Torque

e 3D MHD simulation (Dorfi 1982)

— shows that component of J perpendicular to B is largely
removed In the isothermal run-away collapse phase.

e |s a disk perpendicular to B or J?
— Disk perpendicular to B is formed.




Aligned Rotator Initial state Misaligned Rotator

J J

Spherical cloud

M =1.7M,. =4M_,

a, =05 226"*M _

=002 o

» Disk perpendicular to not J but B-field (!) is formed.
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Disk, B Field and Rotation in Different Scales (Final state)

=

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




Convergence

1. Loci of local B, local .
J., disk normal SSE /N\q
vector n_ are plotted N
viewing from the
direction of global J,
(z-axis).

2. Precession or
oscillation appears.

3. Finally, they 3
converges to one

direction. ] r% \ \\

Explanatlon of precession.

(a) B-Field changes its direction owing to
the rotation.

(b) Angular rotation vector inclines toward

_ B-vector by the magnetic braking. )

4. Angle between Bc
and Bg is ~30 deg.



Case of large 6 (angle between J; and B()

0=70 deg and 0=80 deq

4 )
Local B, J., and disk

normal direction are

converged!!

L

B-Field removes
the perpendicular
component of J to

y [deg]

\B' J
[6~35 deg between )
B. and B, )

Perpendicular rotator)

a _ _ )
Even in this case,

the outflow is
ejected in the

st il direction of B-field.
x [AU] k /

8, =-0.0[deg]

y-z[AL],




Magnetic Braking and
Angular Momentum of p >0.1p,,.,

e Angular
momentum Is
effectively
transferred by
the magnetic
braking.

e Especially
model of 0 =
90deg, J Is
effectively
removed from
the central par : : 16 14

log p [g em™]

Amb. Diff?



Reconstruction of Polarization vectors
at 5000 AU scale (B, = 82.8uG).,-

Matsumoto et al. 2006 ApJ. 637, L105 By=18.6uG
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f 2000 4000 -4000 -2000 0 2000 4000
x [AU] x [AU]

JLE {& Green : mean direction of polarization vector
Red : direction of the outflow (50AU scale B)
Colors: column density

Three-dimensional structure

Tree-dimensional angle between magnetic field
and outflow is 12.4 deg.

e outflow is well aligned with the polarization vector.



Reconstruction of Polarization vectors
at 5000 AU scale (B, = 50.1uG) r4s

B,=7.42uG
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Green : mean direction of polarization vector
Red : direction of the outflow
Colors: column density

Three-dimensional angle between magnetic field
and outflow is 53.5 deg.

The alignment depends on the line of sight



Directions of B, 2, and disk normal
vectors: variation In scale.

WF45
VIE4S B,=7.42uG
B,=18.6uG
60—
(H) T
T,
'|I- I P - . |

o i - . \ -dlll -3;? - I.'

'.;- '-.IIIIIIII :_S_E}__ﬁ___x- y v
1'&)1 AU III - >
: e ”‘T;I‘ | ~ 0l _—®,,=53.5 deg.
o ATORDOAL" 20 o Fic. 15.

X [deg]

Radial distribution of the mean magnetic field (solid fine), mean
angular momentum (doeted ine), and normal vector of the disk (dashed [ine)

d.,~.=12.4 deg in the final stage of model WF43.
3D . .



Can we infer the central magnetic
field near future? ... by ALMA?

WF45
By=7.42uG

Yes, we can resolve the magnetic fields around the protostar.
The outflow traces the direction of magnetic field at the cloud center.
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Summary

e Fragmentation of Aligned Rotator
— A critical Q to B ratio for the cloud to fragment
Q Gl/2 -1
: > 1/2
B, 2°°C,
* Non-aligned Rotator

— Local B, J., disk normal n_ directions are
converged each other in the dynamical
contraction.

— Local B, has an angle with B, ~ 30-35deg if
0<80 deg.

~3x107yriuG| —
TH [19Oms1




e Rotation-dominant:

Direction of the Disk

Machida, et al. (2006) ApJ. 645, 1227-1245
L

_disk | J

e Magnetic-dominant:

—disk | B

e Boundary Is given

0.001 J.01

0.1

%
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N

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.

e Disk

Is formed either by J or B depending

on the dominant force: J or B.

e Misa
fits o
misa

igned weak field initial configuration
nservations of outflow-global B

ignment.



Evolution of a Rotating First Core

Saigo & Tomisaka (2006, ApJ, 645, 381-394)
Saigo, Matsumoto, Tomisaka (2007, in prep.)

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

the first core. ‘]corqs First Collapse |
Fragmentation develops quickly in £ 4f "~ . Pg p>v

a hydrostatic state (first core) = af y -«
rather than in a contracting 38 o1 econd Collapse
circumstance (runaway phase) 1 /pA\, r=1.10
Fragmentation in a first core may et T N

5 10 15 20
bring binary or multiple stars. o, B
log pe [CM™]

<binaries are more popular than asunaga & Inutsuka (2000)
single stars.

ldeal MHD should be reconsidered.



Hydrostatic Equilibrium

« Hydrostatic Axisymmetric Configuration for Barotropic Gas

(prQZ,O,O)—VP—przo, pz{Klp
Koo o (P> Pyis)

Ay =4rGp

e Angular Momentum Distribution

N

715

o (0= Pgs)

f

density

'

— same as a uniform-density sphere with rigid-body rotation dissociation
— total mass Mcore and total ang. mom. J_ .. /s
: 5( J M (R
iM(R) = 2| Jee |1y [q M)
2 M core L M core

J

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

— toun I\e/|r§?é‘?1’thFPéee)vo_ltlﬂgﬁ of first core

(10(:’ I\/Icore) — ‘]core



Examples of Hydrostatic
Configuration
Q" M/

Density p -::m'3

11-10-4 8 -7 6

() 1= 0.0 day B) .00 day
T T T T LJ " L

1.0 1.0

05 05f
Eﬂ | gﬂ.ﬂ
Naosk ™ 0.5

1.0 1.0f 1.0

N0 06 00 08 10 10 05 00 05 1.0 10 05 00 O5 10
ro[AU] r [AU) 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 cm?(right), and masses as 2.77 X 103! (left),
3.45 x 103! (middle), and 4.97 x 103! g (right).



Mass-Density Relation (QQ=0)

« Below PS PO, mass increases with central density O, .
Pg. =5x10°°gem”

3

— Mass is prop. to Jeans mass

3/2 —1/2 1/10
M, cTp " ocp
(Chandrasekhar 1949)

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

w=0.06 0.04 Cl.ﬁ 2 0.016 0.015
I 1 1 1 Ll

1 Lt

1032

T/|W|
0.35mM

0.30

(9

0.25

MOOI'E

0.20

0.15
0.012

0.10

- Above p=afew p, mass

decreases due to soft EOS. LN = D
— Further accretion destabilizes o7 0 g0 0 o g7 107
the cloud and drives dynamical contraction (2nd collapse).

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

0.05
0.00

g
=




Hydrodynamical Simulation

e 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 op/p=10%

 Numerical method
— HD nested grid
— barotropic EOS



Non-rotating model

1. Unless the cloud is
much more massive
than the B-E mass, the
first core evolves to
follow a path expected
by quasi-hydrostatic
evolution.

2. Maximum mass of a first
core is small ~0.01M,.

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

i ' I : I
M| (®=0.0) — M=1.1Mgg
C(Q re - = Low Temperaturf
: v 50% amplitude
32 |— : i
10 = M=3 Mgg
o | — M=8Mgg
& [ - :
= |
» :
w L
0 .
= 5
@ -
O i
E‘j - mMax.mass . 2nd col lapse
o = — :
L :
M =8M :
10 PM=11~-3)Mgg
VA | |

10_12 tralo_lo 1“O_§_ 010_6 /OC

(5K}



Mass-Density Relation (Q>0)

® rotation rate of parent cloud
= Mi(«/ECS/G)

3

Pg. =5x10°°gem”

a2 w=0.06 0.04 Cl.ﬁ ALY 0.016 0.015
10 T T T T T T

® »<0.015 Fm.m,,[ P /W
- 0.35m

®similar to non-rot. case. = | A° 030

® 0.25

® second collapse E 020

0.15

’ - 0-012&10

. 2 0.05

. (D>O_015 0T ', . . ﬁlzoﬁml . 0.00

® Mass increases much Poo (9m™)

® well belowp, < o4



First, the 1st core

Rotating Cloud (©=0.05)

M

Increases Its mass

(upwardly in M,-p, plane). = |
follows a hydrostatic

evolution path.

disk.

Then, the first core begins
to contract (rightward in the

plane)

appeatr.

Core+disk continues to

contract.

Shape: round spherical

MODI'E

MWass of First Core

This phase, spiral arms

J is transferred outwardly.

103

core

ormega=0.05
s iaauil L
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nh—mnl—l—rrmnmmml—mnr
Mcore (AS100)

=== Mcore (AL030)

— Mcore (ASOO8) “t4 |ﬁ Ilzlelolol}llrlllllllllll
Central core of the 1st core — central high density core My ; (AL030)
1032 ®=0.06 0.04 0.03 0.016 0.015

Begins 2nd collapse .
after arrived at the unstable
region. o

=

)
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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 )

* T/|W]increases with mass
accretion.

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

— Angular momentum is transferred
outwardly.

— This may stabilize the disk again.

w=006 004 0.
10%2 — . .

B Fra.m:l[

(9

MOOI'E

103"

Pg. =5x10°°gem”

I
ZZ 0.016 0.015
I 1 Ll

g
=

& L L L L L
10" 101° 10° 108 107 10® 10°
P (gem)

3
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0.35mM
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0.012

0.10
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Fragmentation

» In a fast rotating cloud, | ==
fragmentation (more _ | | {8l |
than 2 fragments) is =~ | “x
observed in the 1st & |
core. g

+ This occurs after nore e |
axisymmetric = | - Sk e
iInstabllity Is triggered. . — =8 Mae

. o o e e

- | Central Density pe [9 crn'3]



Typical Rotation Rate

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

Q= (0.3-2)x10"rad yr™
O3 24 _0.06-04
T =£ j =~ 2x10°yr

32Gp |
* NL,H* cores (~ 2 10°cm3) Caselli et al.

(2002)

Q= (0.5-6)x10°rad yr™

3, 1/2 —_— »=0.04-0.5
Ty = ~8x10*yr
32Gp




Luminosity of the First Core L=-%«__9w g, +E,)

3D simulation

1.000 o E
- |lw=0 1.000
second collapse
0 1
= o100 47 0.100
s :
- 1%
> 1=
£ IZ
e 0.010
= 0010 . . .
- 0.1 Lifetime of 1st corelis
- *==notshort! -,
— o = 0.03
—  ©=005 0.001
—  ©=0.10
0.001 s g SO T O O | | . |
0 500 1000 1500 2000 2500 3000
i tyr) .

: : : N
L is a decreasing functlon of .

M ~2x10°M yr
L~ (3-5)x10°L,

dt dt

Quasi-static evolution

®=0.012 ,second collapse

w=0.015

—0.016

0.020

0.030

Mref = 1.0 X 1072 Moo, yr '

0.040

1000 2000 3000 4000 5000

t (=)

L

Absolute value L and timescale are obtained

afterM isgiven. Lc M toc M

|




Mass Accretion Rate

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

 Much higher than

that expected for
SIS.

Mg yr ]
3

Mass Accretion Rate M

105

M =11IM,_

(Whitwor
jon  (Huntes

egee

L}

1977)

0=00
= 0.03
= 0.05

=0.10

th & Summers 1985)




Summary of 2nd Part

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, (®=0.015).

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.



