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Protostellar Collapse Phase

: ¥ = . ‘> b 7 - \7 { "-- i 2 / x <
. . ES— . ; = - 3 . -_l
‘ - = i) i e |

-~ -

Machida et al. (2006-2011), Banerjee & Pudritz (2006), Hennebelle & Fromang (

-

2008)

Outflows & Jets are Natural By-Products!
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1. AEF=MRE

JR 15 2 (Protostar):

h. = 2. R%~ (1011cm)?/(10°s) ~ 101" cm?/s
oFEIT:

Neore = OVeore Reore ~ 0-1km/s x10t7cm ~ 102 cm?/s

= h.~10%h

2. MR EIRE
235 2 (Protostar): ®. ~ B.R.2 ~ kGx(10cm)?
ﬁj\?;f;:l? (I)COFG - BCOFG I:QCOI’G2 - 1OMGX(1Ol7cm)2
> ©.~104d,,

core
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RHD: Temperature Evolution at Center
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Chen et al. (2010) ApJ 715, 1344
Pineda et al. (2011) ApJ 743, 201
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History of lonization Degree

Because of uncertainty of dust grain properties, we
have parameterized resistivity.

«——— Coupled ————><——Decoupled —— «—Coupled—
1022l 4 {108
_ 110%
(/)]
NE 1018
S, 110
cung
g} |3
10'4F _
Machida, Sl,
i 10-2 & Matsumoto
(2007) Ap]
10° 101 1018 101° 10"

log n [cm™]

Changing resistivity results in different morphology of outflows.
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Weakly lonized Gas

— Low density...
Ambipolar Diffusion

— Intermediate...

Hall Current Effect

— High density...
Ohmic Dissipation

log T [K]

e.g., Nakano, Mouchouvias,
Wardle, etc.

log eta {cm2.~‘s]

g
\

X

E COYIELDZEL

N

41

lonized

- 1 - 1 - L ..

T L
eta

Number Density, n[/cc]

Reynolds Number



& —EZ[E- Outflow driven from the first

The evolution of the Outflow around the first core
»This animation start after the first core is formed at n~101° cm-3

core

Model for
(o, )=1, 0.3

Grid level L =12 (Side on view)

P ., ] | '/
, | !
| :.
| |
| ]
|

=gl x]!

Grid level L =12 (Top on view)

p Isothermal Phase diabatic Phas Second Collapse & :
4—me
o

/

Gas Temperature

__Log n (cm?)

1& 15” 1%“

™ 0 7

l Spacial Scale (AU)
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S 2% Jet driven from the protostar

The evolution of the Jet around the protostar

»This animation start before the protostar is formed at n~10*°cm= © (o 4)=1, 0.003

Gas Temperature

p 5 Isothermal Phase ; ﬂ'abatic Phasa ISocond Collage& |

Model for

;0!!

Protostar Formation &
Jet Driving Phase

“‘ ],

16 ~ Log n (cm~)
1015 -

| 1‘@!8 acial Scale (AU)
1 &.1 i



BREN AN =X LDEL

Magnetocentrifugally
driven Wind

Magnetic Pressure
driven Wind

Strong B Weak B

Wide Opening Angle

Narrow Opening Angle

outflow around first core
B,~B,=B,

jet around protostar
B, << B,

Good Collimation!
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Formation of Planetary Mass
Companions In Protoplanetary Disk

A R Egs® |1 0(0planetary Disk|

..........
.....

........

............

N s Protostar|

. i) o 1o SRR LY tn\'-...4

e~ - SRR TR =, ST T -  ~ »~0.1 Mg,
~....,.;,,v,.1_‘. by

e PR R %

.....

.............

IEEREEIN SRS SIS Protoplanet

SeRGSEaowe. »M~8 M,

SEEEEEES iR »Rqep~10-20 AU

Machida, SI, Matsumoto (2009)



Resistive MHD Calc. 7 FEaT7 M oEEA

Protoi)lanetary

\‘_sk
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CARLAL A A A A AN

b

AR A A A AN

SLALA A A A AN

e N2t

. TS %m\
B A

Protostar
(sink radius)

Sl, Machida, & Matsumoto (2010) ApJ 718, L58 < 50 AT »




Formation & Evolution of Discs

Further Evolution of Protostars
= Accretion of Gas from the envelope &
Gas Accretion through the Discs

Early Phase
Rapid Gas Accretion due to
Gravitational Torque of
‘m=2" Spiral Mode

Later Phase

Slow Accretion due to Magnetorotational Instability
Velikhov 1959, Chandrasekhar 1961, Balbus & Hawley 1991




Global Disk Simulation

log(density)

-1.0 0.0
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NEROAFARTE

§ oc gitkzrot) Kk =2m/)

n=0 DiZE D7 EXEFZRN

o* — o[ K2+2(k-Vy)? ] +

(kv )2 [ (kvp)2+R dQ2/dR ] =0

Balbus & Hawley 1991
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| R — N o LR ~=32
AL EMDAHD=_X LDFE AR ER
X IXEMAEETIL FEBNBRIDNANERLRTRE
IFREH: K=(kv,y)? DIFRTZOOEEEDHES

R
d? ¢<J
X—20y=-xR - K, X wd

dR
V+20x=-K.y

S o' -0’ (K2 + 2K, )+ Ks[KS+ R

If K=(k v,)?, this is equiv. to
0* — 02 K24+2(k'vy)? ] +

Balbus & Hawley (1998) Rev. Mod. Phys. 70, 1




B4 X [A] BR A % TE 1 OD A

IHAEMHDTIX m= O(Em*ﬁ'f‘) K=0DE—F
_ _vA(vA/Q)/n
SR | Ideal MHD ——

0.8 Bk E &= Ry = 10 --—-- 7
Omax ~ (3/4) Qyeper S N
P EEIAR A PANDE =E S | )

RS IR E %M
Kinematic Dynamold £ | /
,%K 0.2

0 [y '...‘;\_ ...................
kmax ~ Va/Q 0 0{5 i “ 1{5 l 2
=>»inverse cascade kovas/ BN
9 E_I_ﬁ .—%-—. ': (i$E Sano & Miyama (1999) ApJ 515, 776







Parameters - ]

The System is Characterized by Two Parameters

1. Plasma [3: Strength of the Uniform Vertical Fields

P

.Hinir. — %

2. Magnetic Reynolds Number: The Efficiency of Magnetic

Dissipation Lundquist ]
Number
VL vao(vao/S2)
m Ui

van = Bo /47 po ¢ Alfvén velocity
van/5? : Most unstable wavelength of MRI

-Hm,init -




[ MHD Simulations including Ohmic Dissipation ]

A Keplerian Disk + Uniform Vertical Fields 5,

\/} " ‘ On the Flame
C/ o Rotating with Local

Angular Velocity {2

Local Approximation: ‘
Box < Disk Thickness //
Density p,, Pressure I,

Magnetic Diffusivity 7 are Uniform
Boundary Conditions: Periodic |

Size: (z,9.2) =
(0.5H,2H,0.5H) ~ (2H,8H,2H)

= (64, 256,64): Grid Number
2nd-order Godunov Method + MoC CT
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Sano, SI & Miyama (1998) ApJ 506, L57

B,=3200,R_=05




X FR2DEtE

HSLA/LAH R, HAAENGE

BEAZEDOBEERBBAIRIZDEFEIRIES
FEY <8 K3 5. (Channel Flow® &)

B,=3200,R_ =15

FTiME = 00.0

P/ Po

R0

1.0

)

0.0

=04 4.2 0.¢ .2 a.4
z/H




2D Axisymmetric Calculation

RI\/I > 1 __L__A S
simple growth of the most | e
unstable mode [ S
= Channel Flow... indefinite
growth of B
A
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HERZEIE DT Rey, > 1

BATFLEEE—FDHEEEKE
= channel flow M FZE
= reconnection [Z& 5
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Rey, > 1

RAINAIRD IR ILF—HEA1L
TEHEAMI R E=HER)IRI32 1D#EYIRL
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Fluctuation vs Dissipation

r= H;v WW}%}W

Thermal Energy

C;—lgzﬂlip V(%v2+u+%+w]+§}-d_ﬂlzgﬂ LHWE[ V0V, -

Hawley et al. 1995

Poynting Flux
y J Stress Tensm
B:B, dI

oC —

A dt

o, () (] (58] 2 )

where ( ) denotes time-average, and (( >> denotes time- and spatial- average.

Note that (v, )=(dv,)=(B;)=(B,)=0. Sano & SI, ApJ 561, L179, 2001

M o Wiy = PVROV, —

Saturation Value of ((B?)) = Dissipation Rate ~ 0.03Q ((B?))
SI & Sano (2005) ApJL 628, L155
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CHARACTERISTIC RATIOS IN MRI TURBULENCE

Quantity Average
((=ByB,/47)) [ {{B?/8T)) ceeeeeeeeeeeeeeeeeeenne. 0.467 + 0.040
<< —B.B 1;/47*))/(([)1”:::5%;)) ------------------------------- 5.19 £ 0.67
((BZ)) J{U{BZ)) coeeereeeeeeeeeeeeeeeeeeeeeeeee e 3.35 £ 0.28
L0 23— 23.7 + 4.0
((V2)) JLU2)Y e 2.62 £+ 0.48
((B02)) /{02)) corescrrsmeseessresessssoesne 2.15 + 034
<<5Ekin>>/<<Emag>> ------------------------------------------- 0.326 = 0.036

Sano, Sl, Turner, & Stone (2004) ApJ 605, 321

B.B./41t > pVv.0V
M XY PVx y Reynolds
axwell Stress
Stress
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Sano, Sl, Turner, & Stone (2004)
ApJ 605, 321 1
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Discussion 1: Saturation Level?
((pVXSVy - BXBy/47c)) = ((Wryﬁ))g,at (n, Bz,init, P,L,...)cc {B2)

In the case with Net B,

e Re < 1...Strong Dependence on Resistivity = 2D evolution
Sano, Sl, & Miyama, ApJ 506, L57, 1998

e Re_ > 1... recurrence of Channel Flow & Reconnection

Sano, SI, Turner & Stone (2004)
<<Wr¢>>sat = VAz,init P I—zQ (Pgas /Pc)1/6 --°Why?



Discussion 2: Saturation Level?

Lesur & Longaretti (2007),
Using Spectral Met

(B2)gar ¢ (

where Magnetic Prandtl

Re >1
nod for Incompressible Fluid

Pr)°, 6=0.25-0.5

number is Pr = V viscosity /77 resistivity

=» Importance of Turbulent Reconnection?

v, viscosity T
=» Size of Smallest

Lazarian & Vishniac (1999)

Eddy T

= Turbulent Reconnection Rate 4

= Saturation Level T

ALMDEREEFER?




Global Disk Simulation

log(density)

-1.0 0.0
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after 210 rotations

15 2 25 3 35 4

1
1

-05 0 05
-05 0 05

Powerful MHD Wind from Disk

just like Solar Wind
Suzuki & SI (2009) ApJ 691, L49

~4 -35 =3 =25 -2 ~15 -1
-4 =35 -3 -25 -2 -1.5 -1

|
O
tn



ARREDZEAZRTAT7AIL

.| J

t=Z00—300rot

Distance from Midplane, Z

Blandford & Peyne

g’IJ\/T?deg fé)%*ﬁ 7Th Suzuki & S (20.(;9.)"Ap\] 691, L4
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1. AEF=MRE

JR 15 2 (Protostar):

h. = 2. R%~ (1011cm)?/(10°s) ~ 101" cm?/s
oFEIT:

Neore = OVeore Reore ~ 0-1km/s x10t7cm ~ 102 cm?/s

= h.~10%h

2. TR ol RE
JR 15 2 (Protostar): @. ~ B.R.2 ~ kGx(10cm)?

core

PFEAT Pgore ~ Beore Reore” ~ 10uGx(101cm)?
9 (D* ~ 10-4 (Dcore
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= Kinematic Dynamoi2 (LA & ]

OfiEM b tm AR EEEITRGS
= THJ)LFX—0O inverse cascade
@iz D kKT T S

Re, < 1...#EERIELR

Re_ > 1... recurrence of Channel Flow & Reconnection
OI»‘MI/iF FNEIRREIZIEEnE0
Of2FIREETDEINRINILY (o<(B,B, ) DX WRTFE ?
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