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Most Promising Gas
Accretion Mechanism:

Magnetorotational
Instability (MRI)
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Ionization & MRI

® Protoplanetary disks
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Ionization & MRI

® Protoplanetary disks

Py Y
Radionuclide

Weakly ionized = MRI = Accretion
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Aim
To understand accretion rate of CPDs...

Investigate accretion rate due to MRI

Accretion mechanism = MRI

= Estimate sizes of MRI-active regions
(Fujii, Okuzumi & Inutsuka, 2011)

= Accretion stress, o, can be derived
(Okuzumi & Hirose, 2011)



Method



Surface Density

* Diffusion equation of disk with infall
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* Diffusion equation of disk with infall
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Surface Density

* Diffusion equation of disk with infall

o 190 0 / 1
B rar(&“ 5 (7 ”2))”_

Mass infall, f, from PPD

/// "
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Planet Viscous diffusion



H: scale height of disk

Surdee DeﬂSi'l'y Cs: sound speed

« Diffusion equation of disk with infall y=ach

o 190 0 / 1
B rar(&“ 5 (7 ”2))”_

Mass infall, f, from PPD

/77 e

m———)

Planet Viscous diffusion



Settings

4 Mass infall rate onto CPD (Tanigawa et al. 2012)

f=13x107 (g2 ) (%) gem 257!

2 ,: surface density of PPD, r: radius of CPD, Rj: Jupiter radius
for r < 20R; (=0.01AU), f(r>20RJ)=0

4 Ionization model (Fujii et al. 2011)

e jonization source
CRs, X-rays, Radionuclide

e dust-to-gas mass ratio: fyg=10-2



Condition of MRI Growth

MRI-active region -

Rem > 1 (Re.: Magnetic Reynolds number)

and

H>A _ (=21v, /Q)

max

H: scale height of disk
Amax:wave length of most unstable mode

Va,: Alfven velocity (z component)
Q: Keplerian frequency



Ionization degree & MRI

MRI-active : Re_ > 1

fU2 V. Alfven velocity (z component)
Az e .
E,em — N : Magnetic diffusion coefficient
77@ Q: Keplerian frequency

T 1/2 1 o _1 X,. Ionization degree
n =234 1 K Lo CIN S T: Temperature

(Blaes & Balbus 1994) Calculate! (Fuijii et al. 2011)



Chemical Reaction Network

* Neutral gas is ionized
by ionization source

 Ions and electrons are
captured by grains

 Balance of these
reactions determines
the ionization degree

Complicated
=Difficult to calculate

Neutral gas
& @

onization
Electrons / \

Rec.
— € m—— e T
_|_

Capture\ l |0”S
_|_

_|_
Dust grains

Cosmic rays




/e : electron I

M : metal ion

Basic Equations

d : dust grains

Z: '
Z charge of grains )

dn

dl\gﬁ = (Nn — AN+ NN+ Te — EZ: kar+a(Z)na(Z)na+
dne

7 — Cnn — QN[N+ Ne — ; ked(Z>nd(Z)ne
dn(cih(fZ> = —kym+a(Z)na(Z)ny+ — kea(Z)na(Z)ne

+ kyv+a(Z — Dng(Z — Dnyg+ + kea(Z 4+ Dng(Z + 1)ne

an+, Kud(Z): Rate coefficients

1Z| is large = So many equations ! G : Tonization rate

Solve quickly and accurately = Fujii + (2011)



Results
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Infall rate f: 100%

Re>1&H>A__ = MRI-active region
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Infall rate f: 100%

Re>1&H>A__ = MRI-active region
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f: 100%, B =10°

Re>1&H>A__ = MRI-active region
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f: 100%, B =10°

Re>1&H>A__ = MRI-active region
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f: XlO'S, B =104
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Surface density (f: x10-°)

10° 3 | | | | | | |
10
X
5
N
10™ 3
10-2— |l\l|\ ‘l‘ | |ji | |
5 10 15 20 25 30 35 40

Radius [R4]



Surface density (f: x10-°)
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( . . . . ™\
Satellite formation timescale (Lissauer & Stewrt 1993; Ward 1996)

107yr =) ¥ ~ 0.1g cm ™ ?
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Surface density (f: x10-°)
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Why so little MRI?

2 2 c.: sound speed
v 2¢ s

Re,, = 22 ~ =5 n: magnetic diffusivity
77Q 775@ B : plasma beta

Q: Keplerian frequency

Protoplanetary disk@5AU Circumplanetary disk@15R;



Why so little MRI?

2 2 c.: sound speed
v 2¢ s

Re,, = 22 ~ =5 n: magnetic diffusivity
77Q 775&2 B : plasma beta

Q: Keplerian frequency

Protoplanetary disk@5AU Circumplanetary disk@15R;
Xo=4x101° X.=3x1071°



Why so little MRI?

2

v
Re,, = —2Z ~

iy

Protoplanetary disk@5AU
X,=4x10-10

Q=2x10"8s"!

202 c.: sound speed
S N : magnetic diffusivity

nﬁﬂ 5 : plasma beta

Q: Keplerian frequency

Circumplanetary disk@15R;
X,=3x10-10

Q=1x107>s"!



Why so little MRI?

2 2 c.: sound speed
v 2C ;

Re,, = —22 ~ 5 n: magnetic diffusivity
77Q 775@ B : plasma beta

Q: Keplerian frequency

Protoplanetary disk@5AU Circumplanetary disk@15R;
Xo=4x1071° X.=3x1071°

Q=2x108s! 4 (Q=1x105s"!

3 orders of magnitude!
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Gravitational Instability

Toomre parameter /pressure
Rotation
C, . Sound speed

cs ()
Q -

G : Gravitational constant
WGZ 2: Surface density
1<Q<?2

= spiral arms

_—.

= effective viscosity <)

et = exp (Q) —

Takahashi et al. (2013)



BN REZZER LU TCHEE

Mass infall, f, from PPD

ey, o

o ()

Viscous diffusion

mass infall rate

— > _ _
f=13x10 3(143 gim_2) (%) gcm s !
(Tanigawa et al. 2012)

2. ,: surface density of PPD, Rj: Jupiter radius

23 _ 10 2 0 1 calculate
% ;E (37“ or (T VE)) T f surface density



BN REZZER LU TCHEE

Mass infall, f, from PPD

ey, o

o ()

Viscous diffusion

mass infall rate

— > _ _
f=13x10 3(143 gim_2) (%) gcm s !
(Tanigawa et al. 2012)

2. ,: surface density of PPD, Rj: Jupiter radius

Y =0 CsH

23 _ 10 2 0 1 calculate
% ;E (Sr or (T VE)) T f surface density



EBEH

Surface density evolution of CPD
with Gravitational Instability (GI)

1010 - - - — -
6.0el11s

igens
9.5e10s
10° \

GI turned on

> [g/lem?]

10° +

1 10
r[Ry]



Viscous Heating

Gravitational energy = Heating Ar

GM,M

r2

Ar = 20T*(2nrAr)

0 : Stefan-Boltzmann constant

PERSRNE /4
- (GMp M)

drors

| If mid-plane temperature
mid-plane fempemmlr/i exceed 1000K, thermal
T _ (1 L 3_7) T _ionization kicked on MRI |
c 8 V1S

k=5cm?/g 160 < T < 1350

T: optical depth  + ~ k)]
K =10"%cm2/g T > 1350K (Pollack et al. 1994)

K : opasity
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Surface density evolution with thermal ionization

102 ; ; S—
1
/ r Ryl
thermal ionization: ongr=0.01

M =3mvY x TZ/Q

steady state:

> o Q)T ocr— /2

TIK]

mid-plane temperature
easily exceed 1000K

50000 —

10000

1000

N.B. opacity at 1000K (x=5cm?/g) is used

T x (M/r3)1/421/4 oc r2/6

10
r[Ry]
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