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Accretion Disks
Some Examples
o Accretion Disks around Black Holes
o Active Galactic Nuclei (smBH)
o Galactic Disks
o Protoplanetary Disks
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Ang. Mom. Transport & Mass Accretion

 If Ang. Mom. conserved:
Q = Q)(2)?

o Centrifugal force at r
rQ? = roﬂg(%")3

e Gravity at r:
GM (02
= ()

GM/r?
Loy Qo
Central@
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0

o If roﬂz (;M/r2
= rﬂz > GM/r2
o Mass does NOT accrete.

(Rayleigh Criterion)



Turbulence in Accretion Disks

Turbulence = Macroscopic (effective) Viscosity
o Qutward Transport of Angular Momentum
o Inward Accretion of Matters

Exchange fluid elements by
‘’stirring with a spoon’’

A\
o



MHD in an Accretion Disk

Suzuki & Inutsuka 2014



Magneto-Rotational Instability (MRI)
—linear analyses—

Balbus & Hawley 1991
%4V (pv) =
(B-v)B

1
B+lvp+ L) -E22 +va =0
aB—Vx(va 7V x B)
p% = —pV-v+ LIV x Bf?

e axisymmetric perturbation: « exp(—iwt + ik,r +ik;z)
e Gravity by a central star V@ ~ (G ,0, i”z)
e Assuming By = (0,0, By), ideal MHD (m=0),

& incompressive (k,0v, + k;0v, = 0)

Dispersion relatlon

a)4—(20 k2+l<2 z)(u +v k4+(l< QZ)vA ﬁ—O

whereK ep|cycle frequen’cy( Q for Kepler rotatlon)

VA = Bzo/ \dnp



MRI —Dispersion Relation—

Sano & Miyama 1999

T T T
Ideal MHD — 4
0.8F Ry =10 -----

S(w/N)
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o Always unstable for the weak B (8 = 8;—2” >1)

« The growth rate ~ Q71



Magneto-Rotational Instability (MRI)

A fluid element
moves outward

\

’ (Connection
f through B-field)

>
The Fluid element
rotates faster

than A.M1 conservation

<
Center

Centrifugal F. > Gravity
(Unstable)

Unstable under
o Weak B-fields
e (inner-fast) Differential Rotation
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Hawley, Gammie, & Balbus 1995
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MHD in Cartesian Shearing Box (CaSB)

Local Cartesian coordinate with co-rotating with Q.
(neglect curvature)

® x=r—ry;y e ¢-direction

Basic equations for Keplerian rotation (¢ = \/GM/r3)

0

2 +V-(pv) =

B = —le(p+ B (B V)B" +2Q9py +3Q0x

ay 1 (B V)B ;

a_ty = Vy(p T Y —-2Qqv, Hawley, Gammie, & Balbus 1995
vy (B- V)Bz

- _1 2 o
a5 = Vp+g; )+ = - Q2 %?% @
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® x=r—ry;y e ¢-direction

® Basic equations for Keplerian rotation (¢ = \/GM/r3)

%4V (pv) =
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% = IVy(p (B4V)BY —2Qqp, Hawley, Gammie, & Balbus 1995
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MHD in Cartesian Shearing Box (CaSB)

® |[ocal Cartesian coordinate with co-rotating with Q.
(neglect curvature)

® x=r—ry;y e ¢-direction

® Basic equations for Keplerian rotation (¢ = \/GM/r3)
%4V (pv) =

‘%‘ =-1 SVx(p +£ (B V)B" +2Q00, + 392

wy 1 (B V)By

> = Vy(p = —2Qqgv, Hawley, Gammie, & Balbus 1995
(B-v)B;

o
a”t= lvz( + 5 )+ e —ng %?% %
"’B_Vx(va 7V x B)

ot

V:-B=0
® An Isothermal Equation of State g&%y @
° Steady state solution 7/ J
= (0, By, B;) & v = (0,-3Qx,0)

* p=poexp(-z*/H?) (H* = 2¢2/Q)):
hydrostatic equilibrium




Cartesian Shearing Box Simulations

Hawley et al. 1995; Matsumoto & Tajima 1995; ...

B 4

Suzuki & Inutsuka 2009




Applications of CaSB

e PIC simulation in CaSB
Torbit=0.31 ,¢I\T1;689 © ;‘w=6.$9

100
103 102 1071 100 10!
&/me2

Hoshino 2013; 2015; Shirakawa & Hoshino 2014

e MHD + non-thermal particles «imura+ 2016
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Some Disadvantages of CaSB

o Neglect the Curvature

o Symmetry to the +x direction
The central star can be located B
on either left or right side

e No Gas Accretion
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A New Aproach

o Break the Symmetry

e Introduce the Curvature
=> can handle the net accretion ?

= Let’s try “Cylindrical Shearing Box (CySB)”

Cylindrical Shearing Box
F=10" pox R Tx R
! (Credit: Takeru K. Suzuki)

."":\m
Lo
E‘;?,lm’ a0
>
/
/
AN . /
(1 \_\/\J
L N - _ T
g <00

Time=8.42rotation



Cylindrical Shearing Box (CySB)

Cylindrical Shearing Box
4=10" px R\, T x R'*

(Credit: Tokeru K. Suzuki)




Cylindrical Shearing Box (CySB)
Key : Boundary Condition at R
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Cylindrical Shearing Box (CySB)
Key : Boundary Condition at R

Cylindrical Shearing Box
F=10" px R\ T x R

(Credit: Tokeru K. Suzuki)

Time= 8.42rofation

Radial Boundary Condition
& Conservation Laws
of Mass+Momentum+(Energy)+B
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Equations

Mass:

3P+ R1OR(pvRR) +Dp(-++) + 3y (-++) = 0
Momentum— R:

d¢(pvr) + R~ Or(p02 R) +++- = 0
Momentum— ¢ (Angular Momentum):
3¢(pvsR) + Orl(pvRvy + BRBy [4m)R* ] +++- = 0
Momentum-— z:

0:(pv,) + R_laR(pvszR) +eee=0
Induction eq.— ¢

0tBy = 07(-++) —Ir(vgBy —vyBR)
Induction eq.— z

8B, = R™'Og[(v;Br —vrB)R] = g(-+)
V-B=0

R~ '0r(BRR)+ R~ 104By+08,B, =0



Cylindrical Shearing Condition

Cylindrical Shearing Box
g=104 px R, T ox R
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Cylindrical Shearing Condition

ARz, ¢ % AQeqta 2)

e Shear: A(R+,¢,2) =
_Qeq,+

where AQeq = Qeq,-

Cyllndncal Sheurlng Box
" bt Takenu K. suzikd

_Time=8.42rotatiol



Cylindrical Shearing Condition

e Shear: A(Ri,¢,Z) = A(R;,¢ + Ageqt92)
where AQeq = Qeq,— — Qeg,+

o Conserved quantities, A, at R— & R,

Cylindrical Shearing Box
B=10" px R, Tox R71?

PURR

pvi R

(pvRv¢ + B¢BR/47I')R2
PURV;R

vRB¢ - v¢BR

(vzBr —vRrB)R

BRrR




Cylindrical Shearing Box (CySB)



Cylindrical Shearing Box (CySB)



Time Evolution
(Bz0 = 10%, T oc R™1/2 initial p o« R71)

(Lg,Lg,L;) = (0.4,7/6,0.1) ~(4H,4H,H) resolved by (256,256,64)
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Angular Momentum Flows
Under the steady-state condition:

BiR [R2 (vaRQeq +pvR60¢ - BRB¢/471')] =0
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Accretion & B, Advection
2 (RB;) = 2[R (v;Br —vgrB.)]
= (vr,B,) = (R(vrB;—v;BR))/{RB;)
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0.5

-0.2

average 50—200 rotation
Initial Condition

snapshot at 125 rotation

_ 50-200 rotation

,,,,, Initial Condition

0.9 1

Zonal Flow

| a long-lived p bump

Johansen+ 2009
e Physical ?
e Numerical Artifact ?
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