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Outline of Part 1

A Basi

¢ Problems of Star Formation

A 1st Collapse C 1st Core

2nd
A Outf
Pro

Collapse C 2nd Core=Protostar
ows VsS. Jets

perties & Driving Mechanism

A Formation of Magnetized PPD and

Fragmentation
Dead Zone and Envelope Dispersal

Focus on Formation of Single Stars




Basic Problems in Star Formation

1. Angular Momentum Problem:
Protostar:
. = WER2~ (10Mem)/(10°s) ~ 10 céls
Molecular Cloud:
Neore = VegreReore ~ 0.1km/s3 10t em ~ 10 cné/s

C h.~10%h
When?

core

2. Magnetic Flux Problem
Protostar: F.~ B. R? ~ kG3 (10*cmYy
Molecular Cloud: F .. ~ B.yeRoord ~ 10mG3 (10t'cmY
C F.~10%F e



Selt-Gravitational Collapse

Homologous Collapse RunAway Collapse
P" r9, C& rol -
r° 1R3, M=const.
o1 (1/r)dP/dR”™ CH/R
! GM/IRR ™ 1R
o/ Fg” R4

-Qrit: 4/3
if g<4/3 C unstable

(g° 1 in Molecular Clouds
ty ~ (Gr)9°C RunAway




Rotating RurAway Collapse

Isothermal RumAway Collapse
Wy~ (Gr)t'! 2

el r Wi orr 7 1?

st pGrrzie,” rr 7 12
-/ Fg=const. <1 @center
C SelfSimilar Collapse

core (att), 02(1)_)

Log(Surface Density)

Narita, Miyama, Hayashi 1984
See also

Norman, Wilson, Burton 1980
No Run-Away Collapse if g > 1.| TomisakaBasy Matsumoto, etc

q..=1 ... Isothermal

Saigo, Matsumoto & Hanawa 2000




Convergence to Selimilar Solution’%

Isothermal Rotating Rway Collapse SelfSimilar Collapse

Convergence of Timmlution without Dissipation?
Same Protostars with Same Disks?
Unique Initial Condition of Planet Formation?
Answer:
Isothermal (Barotropic) Hydrodynamics is Hamiltonian.

L =(1/2yVv?—-re
CLi ouTheoremme 6 s

Conserved Phase Space DendiyGonvergence
C Convergence in Region of Vanishing Volume & Mass



Evolution from Molecular Cloud Core to Protostar
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Temperature Evolution at Center

: I | I I | I | I I | I I I I | I I | I | I i

s |- [ qq=1.1< g =4/3 =

‘- / Second

E C Core 7]

I; 3 [— it = 715 [ﬁd Collapse I__

ks, - .

_ Effective Ratio l

2 — of Specific Heats / Dissociation 0; l

B =5 -

i St E, = 4.48eV | -

j First Colla I i " l

’ pse First Core _

- (Larson 1969) 1

dense / I I l I I I I I I I l I I I T
core: -15 -10 = 0
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= MasunagaMiyama,& S| 1998,ApJ495, 369;Masunaga & S| 2000, AkB1, 350
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Tomida et al. 201ApJ 763, 1

See alscCommercort& Hennebelle



e.g., Nakano,Mouchouvias

Effect of Non-ldeal MHD

Weakly lonized Gas
ILow densi t y

log T [K]

Ambipolar Diffusion
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Wardle, Tassis Galli, é
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Evolution of lonization Degree

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

+«——— Coupled > < Decoupled ——— «—Coupled —
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T 1e
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o
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log n [em™®]

Machida, Sl, & Matsumoto (200ApJ 670, 1198



Stage 1: Outflow driven from the first core

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

Grid level L =12 (Side on view)

1= ]

Model for
(a, w)=1, 0.3

_Grid level L =12 (Top on view)

Second Collapse &

i ' Isothermal Phase l ﬁdiabatic Phasi b2

Qutflow Drivin

Gas Temperature
| | | | Log n(cm?)
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Same as in Tomisaka2002




Stage 3: Jet driven from the protostar

The evolution of the Jet around the protostar

_ o _ Model for
( This animation start before the protostar is formed at n~10'° cm= | (5 w)=1, 0.003
Grid level L =21 (Side on view) |

B l Isothermal Phase | ﬁdiabatic Phasi Second Collapse &

" Core Formation Phase

Protostar Formation &
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Difference in Driving Mechanism

Magnetocentrifugally
driven Wind

Magnetic Pressure
driven Wind

%eak B

Narrow Opening Angle

=1

Strong B

Wide Opening Angle

outflow around first core
B,°B,° B

jet around protostar
Bz << Bf

only at launching region,
not in distant region

Machida, Sl, & Matsumoto (2008) AjsJ6, 1088



Summary of Machida et al.
Stiffening of EoS C 2 different flows (outflow/jet)

jet (high velocity)

outflow (low velocity)

U Outflow driven by the first
core has wide opening angle
and slow speed.

U Jet driven by the protostar
has well-collimated structure
and high speed.

accretion

Velocities = Escape Speeds from circumstellar disk
the first core & protostar. Machida, SI, Matsumoto (2008)J 676, 1088

N\ protostar
% (second core)

Observational Proof C Velusamy, T, et al. 2007 ApJ 668, L159,
Velusamy, T. et al. 2011 ApJ 741, 60



How About SPH?

(c)N=6x10" Godunov SPH:
SI (2009 JCP179, 238

Godunov SPH for

ldeal MHD:
lwasaki & Sl (2011) MN
418, 1668

Godunov SPH for

Resistive MHD:
Tsukamoto, lwasaki & Sl
(arXiv:1305.4436)

See also Bate & Pric

lwasaki 2013]




Magnetic flux

Magnetic Flux Loss

Magnetic flux largely removed from First Core

when n =102~ 106cm?  C B=KkGor less

o - . WD — 310

+ (b)Magnetic flux to critical mass ratio 1

against the central density ,

B 9 Ideal MHD

wm.___m.‘1.‘=-"--u—u-g-.‘l

= =10

(o, @, Ng)= ]

u (1,0.01, 1) M29 107
-----(1,0.01,0) M30 : Resistive MHD
- - -.(1,0.05,1) M31

I (1, 0.05, 0) M32 1407

Ohmic  SNe——""_ _ __.-. 3
! S Lo q_dlsg;ll:;tm?.h ‘: ~ #:- - Lo ﬁ
10° 10" 5 10" 10%
n. [cm™]

Machida, Sl, & Matsumoto (2007) AeJ0, 1198



Sufficient Flux Loss?

Machida, Sl, & Matsumot(008)
B ~ kGaussin standard modehof

protostar
l resistivity |

my guess:
Turbulent Diffusion in Convection on Hagakhi
C DecreasefB inT-TaurPhasekGC G?

For Turbulent Diffusion,lsearian &Vishniac(1999)



Formation& Gravitational
Evolutionof Disks




Formation of a Protostar

&/ Outflow
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Machida et al. (2002012), Banerjee &udritz(2006),Hennebellest al. (2008),
Duffin & Pudritz(2011),Commercoret al. (2011), Tomida et al. (2011)

Outflows & Jets are Natural By-Products!




Formationof PlanetaryMass
Companionsn Protoplanetaryisk

Protoplanetary Disk|

Protostar |
1~0.1 Mg,

Protoplanet
0 M~8 M,
Ry, 10-20 AU

R s e O I 4

100

0
x_[AU]

Machida, SI, Matsumoto (2009)



Resistive MHD Calc. from Mole. Cloud Cor

R\ VR
: Protoilanetary

| R XWEAA0:
. \ . L ‘

Prototar‘

CAA A A A A AAN NN
CALA A A A A AN

)

Sl, Machida, & Matsumoto (2010) Agd8, L58 < =5 AD >



End of Formation Phase
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End of Formatlon Phase

(a) A2|muthal velocﬂy : 103—( )Dlsk radlus W
normalized by the Kepler velocity " —— Model 1 (3=1, Resistive MHD) -

[ = Model 3 {}=3, Resistive MHD)
- = Model 4 (}=1, Ideal MHD)
=== Model 5 (j}=Infinity)
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Formation of Protoplanetary Disk

L
' :
I\/Idisk: M.=0 : I\/ldisk< I\/Ienv : I\/Idisk> I\/Ienv
' |
|
|
|
L ~1, | Ryisk
(54
3 :
?,,( :
10°AU
2 |
3 : |
10°AU : dead zone |
: |
! |
1 | t
t=1

Inutsuka (2012PTEP 2012, 01A307

Formation of
First Core




Formation of Protoplanetary Disk

2\ t=t.

Cloud core :
Gas collapsing phase Gas accretion phase

101
To M.S.

O
= Isothrmal _
— Collapse (First core) Circumstellar disk
7p. 2l eSO T T T T T y
W 10 Gravitationally
g Unstable
103 > R .
" Planet Formation by G.I. " |Planet Formation ber.A.
l 2 | }
~—(10%-10° First core Protostar _103.105 .
(10%10°) Formation Formation 10°-10 time [yr]

Sl, Machida, & Matsumoto (2010) AFa8, L58



fragmentation
T T T T

Evolution of
Stellar Mass & ¢
Disk Mass =
Local Criterion for N "ﬁagnfqtaﬁm' "
Gravitational Instability: © \Qm .
Qr kC/(pGS) ' S '#
0.01- A Have | |

700 . . 10
Ly 1000

Sl, Machida, & Matsumoto (2010) AgJ8, L58



Can planets cool and collapse?

if cooling make g, < 4/3C Gravitational Collapse
Energy that should be radiated

([ ()
-\ Pd Pd ]

v —1 \ pp
Resultant Luminosity

AE RV RV A
)=—~w~15x10" : | | L
=Ty w1 (10%) (10”( )( Al )<1O5Pd) O

ww Planet at T=T, } 9 4
R, 1,
L
(1m) (i)

2 4 —1
Lp — 47TRPUSBTP = 1.9 x 10 02cm 10K

Cooling with T=K0C Collapse by %th 1@ yr
LumInOSIty ~ q)']’/; Sl, Machida, & Matsumoto (2010) AFd8, L58

©



2D Modeling byVorobyov& Basu 2006

smooth mode burst mode residud accrdion
18'3 F 1 + T+ v 1 v v T T—T T T/ T T —T T T T T T T T T 3

FU Ori eruptions
o le4 ¢ / :
'S - Solution to
g o5 L . Luminosity
= E Problem?
P [
E 1e-6 ?
c
o I
"@ 1e-7 3
S - flickering
T g8 L
/)] =
w
© i
E 1e-9 3

leefo b -4+ . ® . . 0w R
0.0 0.1 0.2 0.3 0.4 0.5

Time (Myr)

2D Simulationsof Infinitesimally ThinDisk
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dM/dt M, yr']
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T | T T T
= — 1st gen. planet
——2nd gen. planet

——4th gen. planet

—7th gen. planet
—=28th gen. planet

- — <»Planet formation point

-40

-20

Orbital Radius [AU]

Orbits of Planets & Their Fates

2 r 7T 7T T T TrTr 71T T T -
10 C O Planet formation epoch ]
i X Planet infalling epoch ]
2 4 5 o 1
8 4
'\ 3 V\ 7, 9
10k W
S R R :
|
1T

2000 4000 6000 8000 8 10000

tc [yr]

Multiple Episodes of
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Machida, SI& Matsumoto (2011) ApJ
729, 42



Final Outcome?

——— — — , te=9755.03 [yr] log n [cm3]
| 200§ i
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100
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Machida, SK Matsumoto (2011) ApJ29, 42



Ang. Mom. ummary Of Part 1

Problem

7 .
AOutflowfrom First Corel&tsfrom Protostar

I Ang. Mom. & Mag. F|UW Mag Flux Problem }

ADisk Emergeshread Zonand Both Expand Togeth

ADisk Grows Rapidly dfiepersal of Envelb
ATheFirst CorbecomePRrotoplanetary Disk
C Mgy>M.in disk formation phase

0[S

C Successive Formation of Plardtay Object:

AEpisodic Accretion and Planet Falling
C Outburst éfrotostelldruminosity

Summarized inutsuka(2012)PTEP 2012, 01A307



Non-ideal MHD, Stability, and Dissipation in Protoplanetary Disks

The Formation and[Evqution]of Protoplanetary
Disks: The Critical Effects of Non-lIdeal MHD

Part 2

\ Shu-ichiro Inutsuka (Nagoya Univ)
r Takeru Suzuki (Nagoya Univ)

® =.|  Satoshi Okuzumi (Tokyo Tech)
'3¥ 1 Takayoshi Sano (Osaka Univ)

Special Focus on Net B, Case
with Ohmic Dissipation

~/" ." » - 3 ~ 4

August 4, 2014 @NBI in Copenhagen



Early Phase

Rapid Gas Accretion due to Gravitaeiss==Eas
Torque of fim=20 JEEHIES

s Se L <

Typicallp > 0.1

| ater Phase

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

Remarkable Difference from Protostellar Collaps
Rotationally Supported, &> 10°t;, !
C Need for Good Codes and Theories




Basic Energetics 1

Lynden-Bell & Pringle 1974

specific angular momentum:
h=rv;
specific energy:
e=v2/2 4= () 2+ y(r)
total energy:
E=me+me W
total angular momemtum: O O >R
H=mh,+m,h, my

Transfer angular momentum (dh) between 1 & 2.
dH =mdh,+ m,dh,=0
dE=m, (ueluh) dh, + m, (ueluh) dh,
=mydhy(W;- W,) <0 for dh, <0
l.e., Outward transfer of angular momentum should be unstable.



Basic Energetics 2

Lynden-Bell & Pringle 1974
Next, transfer mass & angular mom. 4

dM=dm,+ dm,=0 h
dH =d(m hy) + d(m,h,) =0
dE=d(m e) + d(m, &)

=dm{ (e;—h, W) —(e,—h, W) } W
+d(mhy) (W, - W) © © "R
where my m,
d(e—hW/dr=d(- v,/ 2y )ldr=-rv, dW/dr >0
Thus, (e,—h;W) —(e,—h, W) < 0
dE<O for dm >0 andd(mh,) <0
Mass Inward Ang Mom Outward

Important only in rotationally supported case!
How to transfer of Angular Momentum and Mass?



Basic Eq. apw.w):o

ot
dv | 1 B 1 (= \®
-V |P+ o |-——|B-V|B+V®=0
dt pV +87r 471'p( V) TV
OB
—_ —
—Vx(?}x B)z'nVZB
ot
ds 7 =\
pTa—E(VXB No Cooling!
where,
d/dt :
b .



Weak Magnetic Field Lirmagnete R()tati()na|

Central T VY T VR

~ sar -+ Instability with
°1 Vertical Mag Flux

Local Linear Analysis
, with Bousinesq approx.
- d” el(kz+wt) = k=2pl/,

s if(_; A oular Morbant Dispersion Relation in Ideal
\ nguiar iviomentu
) \j Transfer N}IHD (h :)CEase
Wh- Wl 2+kka)?]
T (kW[ kVR)2HRAWHAR]

o
Balbus & Hawley 1991



Simple Explanation for Instabllity
Equivalent Model with a Spring!

Connect two bodies
|

with a spring K=(kv,)?.

wt- 2 W= - xR— K¢ X
dR

W 2W¥=- K.y

- wh- WZ(/(Z +2KS)+ KS%(S+ R
¢
IfK=(kv,)? this Iis equiv. to

W= WA 2HkKv )2 ] + Balbus & Hawley 1998,
(k'VA)2 [ k\(A)Z +R d\NZ/dR] — 0 Rev. Mod. Physr0, 1




Basics of MRI

k=0 aX|symmetr|cm— Omode
In Ideal MHD Rm VW) T
Linear Growth Rate: ol " ldeal MHD —
“[ growth B =10 -----

W ax0 (3/4)WKepIer

Exponential Growth froff|
Small Field

—————
rate - ~
-
/’ ~
-, ~ O~
v ~ .
/ hY

Supported System

0 ".
Imax 2p Va/WkepIer — T

) 0 0.5 1 1.5 2
YNl nver se Cavsetuabé.en

_ _ Sano & Miyama 1999, Ap3l5, 776
Lucky for Simulations




Non-Linear Stage of MRI

 Hawley & Balbus (1991)

 Hawley, Gammie & Balbus (1995, 1996)
e Matsumoto & Tajima (1995)

e Brandenburg et al. (1995)

e Balbus & Hawley (1998) Rev. Mod. Phy&A), 1
Sorry for not citilng

Analytical Efforts:
 Pessah+(2007), Pessah (20Mi$hniac( 2 0 0 9
e Okuzumi +(2014), Takeu



GlobalDisk Simulation by T. Suzuki

n global simulations!
Focus on local simulations!

log(density)

-4.0 -3.0 -2.0 -1.0 0.0




[ MHD Simulations including Ohmic Dissipation |

A Keplerian Disk + Uniform Vertical Fields [,

T On the Flame

q_—__‘—-—_
i W Sl Rotating with Local
—— e,

——yl

— ] .

Angular Velocity £}

[ Local Apprmﬁmatiun:]
Box < Disk Thickness /{
Density p,, Pressure [,

Magnetic Diffusivity n are Uniform :
Boundary Conditions: Periodic

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

= (64, 256,64): Grid Number
ex.) Sano+2004:2nd-order Godunov Method + MoC-CT




2D Axisymmetric Calculation

Magnetic Raynolds Number: Ry, < 1
AUni formly Randomo Tur
Y h-Dependent Saturation Level (Sano et al. 1998)

b= 3200,R_ = 0.5

=4 —4.2 0.¢ 2.2 0.4
z/H




2D Axisymmetric Calculation

Magnetic Raynolds Number: Ry, > 1
simple growth of the most unstable mode
Y ChannelFlowé i ndefinite gr

b= 3200,R. = 1.5




2D Axisymmetric Calculation

|

Rl\/l > 1 ‘_“lt—x
simple growth of the most | @
unstable mode T

Y Channel Flowé i ndef i

growth of B




3D Calculations
Re, > 1

Exponential
Growth of Most
Unstable Mode

Y channel flow
Y dissipation due
to reconnection

Sano Sl
Turner,& Stone
2004, ApJe05, 321



Nonlinear TimeEvolution

When Rg, > 1,

Spicky Feature in Time Evolution of Energy
= Recurrence of Exponential Growth and Magnetic Reconnection
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Fluctuation vs Dissipation

g 2 5B° g
G 1f ﬁ’%vz ¢ o Gy

e ¢ o Enegy&) U Hawley et al. 1995
dG, _e_ - al P 0- 28— .3 a BB &
1 RBA VeV U+ pySHdAT =L WH M vg —L g df
dt ngﬁ 895 r J"'Q’"Uu 2 I’Cyz(;:ﬂxﬁ 4 4,02

P ing Fl

oynting Fiux [ Stress Ten%

|f saturated<,<&>>: << B >> 0, then <d—>G %<ﬂ:>> §=—<<\va o, —BRBf >>
it i dt t 2 40

Where( > denotes time-average , a(néd)} ades time- and spatial- average.

Note that(v,)=(av,) %B;) &B,) G. Sano & Sl (2001) Ap361, L179

Saturation Value of aB28 ¥ Dissipation Rate © 0.03WaB2d &
Sl & Sano (2005) ApJk28, L155
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Powerful Quast eady

after 210 rotations

Z

Powerful MHD Windfrom Disk

just like Solar Wind
Suzuki & SI (2009) Ap&#H91, L49
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Powerful QuasiSteady Disk Wind
e N S . Pv/@oﬂm

—_—- - =5x10 10 0 10 5x10

—EH.'WEI -
rd ———BJ_

{ e e (p +,Odv=}v

b
§':‘" . "I“.:. —-—--p¥ o Suzuki & Sl (2009) Ap&91, L49

o= 2 * Suzuki, Muto, & S| (2010) Ap3d18, 1289
Distance from Midplane, Z




Inner Hole Creation and Dispersal

i T s . ti =0 j
EE\ . me 5

r(AU)
Distance fronCentralStar

Dispersal Timescale a few Myr
for typical disk models in Ideal MHD

Suzuki, Muto, & SI (2009) ApJd18, 1289



Transport of Vertical Flux?

Vertical magnetic flux should leak outward!

Evolution of
Vertical Flux
by T. Suzuki

Preliminary!




Std Model of Protoplanetary Disks

s.(n) =1.7 16f, & § 9
C U = CIm
1
ar o
T(1)=280 g — ¢ K
(; -
1 1
: & & 2 &m
C.(r)©° 105 a I = =
(") Sav 2 28B4 Is

r(r,z)° 1.4 310° fg o G

C
- -1 o ~
> Ar ® ab, @ a2c’ o
(0) 9] (0)

B(r)o 19fS ﬁ e
clAU =



lonization Degreen PP Disks

neutral gas + ionized gag S e SO ARR AR
+dust grains o A
cosmic rayonization _ 2 i/ L=1 o gff
Y resistivity =< -
) Unstable Region
NCl assical o S
Sano et al. 2000, ABH3, 486 S
Glassgold et al. 2000, PPIV /, Dead Zone \
Fromang et al. 2002, MB29, 18 00"/ 1'0 2'0 i

Salmeron & Wardle 2003, MRB45, 992, etc.
r [AU]

The site of planet formation H Igh|y Uncertain

But this depends on dust grain properties.



Dependence on
Density and

lonization Source
Resistivity:

h=cl(4p s) = 2-1F (T)¥?/ x,
Magnetic Reynolds Number: =

Re,, = Vv, hW° CH/b h

= (10/b) (x/1013) (H/0.1AV)

b= (2C2)Iv 2

Required Electron lonization:

X, ~ 1013

w/ grain-surface reactions (T=100K,d1=0.2,d2=0.02)

Relative Abundance

A0 b NN ]

log(n(X)/n_H)




lonization Degree Required for MR

resistivity: h = /(4p s) = 2-1CF (T)Y?/ x,

Re,, = v,/ AW= (10/6) (x/10*3) (H/0.1AU) > 1
Required Electron lonization: x, ~ 1013

Scaling Relation in High Density Redimizust grains

For x,~ 1013, 10'<n,/z., < 109
X, ° 3:10(z/n,)
.e., (x./1013) ° (3-109(z/ 1017s1) (10cm3/n,,)

requires an ionization process 30,000 times higher
than the standard cosmic rays rate z-,=101"/s.

For n,=10%m3, n,z 360 cm3st
IS It possible?




Feedbackrom MRI Turbulence

MRI

=

MHD Turbulence

NRW} / ‘

lonization

Thermalization
Y Radiation

Energy Budget for Sustaining lonization

The ratig .. of energy required for the ionization to the el
avallable in the MRI driven turbulence,

f

ionize QOnize

z n, / [dE/dH]

= 0.03 (ny /20%cm®)? - (2pyr/W)- (6G/B)?-(e/ 13.6V)
Is sufficiently small.

S| & Sano (2005) ApJk28, L155
Muranushi, Okuzumi & Sl (201z



Thermal lonization ?

Saturation State of MRI driven Turbulencé plésgia
Magnetic Energy < Thermal Energy of Gas
Magnetic dissipation do@sesult in thermal ionization.

NB.

AMagnetic Reconnection with Rg, > 1 ?
What is the mechanism of saturation?

Athermal ionization of Alkali metal @1000K
(see, eg., Umebayashi 1983)

Vd

Y not promising




Microphysics (1)

Electric Curredisj=cB3 BY j° cB/(4pL)
j=Seqny Y eqny?f]
We can estimate the average velocities of charged speci

yo B 4B 608U a0°cmi® 68 10" cm® g-)km/s
© 4 Len % : Ee[ 889 N, gge :
f...cB 4B 6 093xU agd°cm® 6 1@ cm’
v + ° - iZf + k /f
M 2 Len,, M &G O % QSEU_ n, 9 Z‘e)ﬂw r?

The electron bulk velocity Is surprizingly large !

Inutsuka & Sano (2005) ApJ28, L155



Microphysics (2)
electrowlistribution functio(p) in weakly ionized plasma

very small change of e at each collision with H, because
m/M < 36701« 1Y Fokker-Planck approx. for eor p.

Ho g o LW pZBch+“f 8+ Nv | f (t, p.gi)- f(t, p.g)lds
t up  piup T Wp=

LetE = Ee,, f =1f,(p)+ f,(p)cos@), Druyvesteyn 1930
a 3e° Q /m eEl [m
fo(p) = AexpR —— f.(p)=06 — fo, gl .
c 179 = m,
=043eel M, v, =0.807 [ S‘e”l84 Y  £=0534MV,°
m, m,¢cM =+

Electronhave large velocity dispersforiO eV  inutsuka & Sano (2005) ApJi28
This Is expected to provide sufficient ionization.




Simulation of MRI with Discharge

fo=1f=102% P=100 —— f,.=107f=10"7 P=100 ——
x 1000 -~ x d 1000 ——- -
5 ;xl ' T T 5 7 5' T TooTor T T
N3 - 3
= ""‘---.._::_ e ?‘\Ec\.:{“” < T— — == i
o2 sz i D2 P~ e
1 < 1 "
0.1 1 10 0.1 1 10
radius (AU) radius (AU)
f;=102f,=1 Pp=100 —— f.=10"f,=10° P=100 ——
> d 1000 - - > d 1000 ———-
4 \‘ . 4 xﬂ::%‘-h :
T T
] 3 ]3 IS
E —— E S
O 2 S = NCW o 2
o 1 \‘ ~ Qo 1 NeA
™
(S R S 0 =
0.1 1 10 0.1 1 10
radius (AU) radius (AU)

Muranushi, Okuzumi & SI (2012) Ap®0, 56 Wait for Talk by Okuzumi!



Turbulent Mixing of lonization

In region witlo dust graijjixecombinatidrappens inas
phase dx/dt =z -5 B XN = z—-0 nx*
where 0=S b (X/X,)
Time evolution of ionization degree can be solved as
Xo () 1= X, gt + 1014/ @ O 1) n, (10%em3)(t/1yr).

l.e.,within an eddy twver time-(Lyr @Au), the ionization
degree keeps the level 6f 1013,

Thusthe ionized region penetiateshe neutral region by tf
turbulent motions and homogenize the ionization.

Y the most of the region in the protoplanetary disk
will be sufficiently ionized.

S| & Sano (2005) ApJb28, L155
See also ligner & Nelson (2006), Turner




Summary

Results of 3D Resistive MHD Calculation
When Magnetic Reynolds Number Re_  >1
Exponential Growth from very small B

AGrowth Rate = ( 4 / iBdep@ndent on B Field Strength
cf. Kinematic Dynamo

A)\maximumgmwth becomes larger as B becomes greater.
C Inverse Cascade of Energy
Satur ated St aEqemditon Ener gy
Classified by Re
* Re < 1é quasi-steady saturation similar to 2D results
* Re > 1€ recurrence of Channel Flow & Reconnection

Fluctuation-Dissipation Relation
Energy Dissipation Rafe p \® Y- BXBy/ 4 1
A Mass Accretion Rate




To Do List

Saturation Lewvelvith Net Vertical Flux

Vertical & Radial Stratific&tigBlobal Simulation
Disk Winds

Driven even in Local Simulati@&u z u ki , é

Magnet&entrifugally Driven only in Global Simt
Nonldeal MHD Effects in Disks

NonLi near Ohms 6 L &vOkuguml

Hall Terr@ War d1 e, é

Ambipolar DiffusonGr es s el , Bal
Magnetic Flux Loss from Disks!

Transport Mass inward, Angular Momentum Ou

Flux OQutwar@ Who?




