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4.3. Ring Structure Formation in Protoplanetary Disks ~ == L

| . | KFEBNFLREM
Observations of protoplanetary disks show that ring structures

form at a radius of about (100 _AU.J We evaluate the most

O
unstable wavelength and the growth timescale of the instability AI_ MAO) 7 l/ Z - IJ

at a radius of 100 AU for the case of a 1 My central star, a

temperature of 28 K, and a dust stopping time fop = fsop, crit = I ) —X d) 1 jj ﬁ DJ\ J:

1.3 x 107'Q~!. We assume the case Q = 3, corresponding to a

= — - e |
marginally gravitationally stable disk, a high dust-to-gas mass HIJ ‘ ~ |_ | H' Ji ,ﬁ&
ratio, € = 0.1, and « = 4 x 10~*. These parameters correspond

to n = 107>. Then, the most unstable wavelength is about ) — | ﬁ

13 AUJ and the growth timescale is about 2 x 10* yr. These results A 7 ) - Jﬂ_Il-d) ’E
are consistent with observation because the disk lifetime is about ﬁ % =St ﬂ

10° yr and the observed ring width is a few tens of AU. The dust | 4

radius that corresponds to a stopping time 7y, = 0.13Q7" in
this disk is about 4 mm.




Many Theory Papers on HL-Tau!

Takahashi & Sl 2014: “Prediction from SGI”
Zhang+2015: “Dust Growth”

Okuzumi+2015: “Dust Growth/Destruction and Migration”
Kanagawa+2015: “Gaps by Planets”

Dipierro+2015: “SPH Simulation of Planets”

Jin+2016: “Gaps by Planets”

and possibly more!

Focus on SGI In this talk!
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HL Tau
' (b) 1.3 mm (B6)

HD 163296

O, »

100au
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50au

C——
Andrews et al. 2016

180au

C——
Isella et al. 2016

HL Tau TW Hya HD 163296
Age <1-2Myr ~10 Myr 5 Myr
Mass of Central Star ~ 1.3 Msun ~ 0.8 Msun ~ 2.3 Maun

# of Rings 7 bright rings 5 gaps 3 gaps




Resistive MHD Calc. from Mole. Cloud Core

N
o

Protoilanetary

,/]' Disk

. (J
i
D7 i
iy
P i
(444
(1
(44

.
b

Dynamlcal T|me Scale, Too ShortI

Sl, Machida, & Matsumoto (2010) ApJ 718, L58 < 50 AU »
Many Papers by Machida et al.




What Mechanism for Rings?

Possible Mechanism
« Variety of Secular (Grav.) Instabilities (SGIs)

— Ward 2000, Youdin 2011, Michikoshi, Kokubo, & SI 2012
Timescale should be >10%>yr! <> T =1Myr

€\arious Types of Dissipation
1) Turbulent Viscosity (o)

2) Friction between Gas and Dust

SGI for 2-Component System

Takahashi & SI (2014) ApJ 794, 55
Takahashi & SI (2016) AJ 152, 184




SGI for 2-Component System

7)) ¥ :surface density
Gras — + V. (Zu) =0, _ o )
ot U -velocity
u; du;\ 0% ) GM., ] :gravitational
Z( o Wk 3-1“;.:) = %ax Eaxr_ (‘1’ T ) potential
— u; ou; du, 2 du C 4-sound speed
(2, 2, 0]

9% :
E‘FV(E{[U): DV Eq

Jdv GM,
2d (— + (v - V)u) = —cgvzd =24V ('ﬁb — )
ot r

¥4 :surface density
:velocity
V2 = 47G(S + $q) (- preoay
self = 4mG(X + Xg)0(2), D : dust diffusivity

Poisson eq.



SGI for 2-Component System
¥\

Qo = \/GM/r A
Axisymmetric, ]

7o T‘[‘ ,Ll hearing sheet (local)

approximation
>x PP

0
Background : o, 22g0 = const,
Ugo = Vzo = 0,
Kepler rotation
Uyo = Vyo = \/GM /(1o + x) — Qo(ro + )
= (—3/2)Qox  (ro>>x)

Perturbations : o exp|nt + ikzx]
n — —1w :growth rate



SGI for 2-Component System

—21w0Ys + 1kYg0u, = 0,

—iwdu, — 2Q0u, = —C?Z — 1k0Dyerr + 00 - )7
ZO tstop
() ov, — 0
—Zw5uy -+ —57113; — 6( vy uy)7
2 tstop
— w0 + thkeXgov, = 0,
—iwov, — 2Q0v, = —cﬁz—d — th0Dgyr + - - :
EZO tstop
Q) o, — O
—iUJ6Uy —+ —6U3; — uy Uy?
2 tstop
1 Unstable Mode ()
. 5q)self — ——(52 -+ 52(1)
among 6 different 14

dynamical modes



SGI for 2-Component System (o=10"%)

+ Effects of Turbulent Diffusion and Finite Disk Thickness

top =102, 0=10"4, Q=Qc/(7G ) =3, £=0.1

a few mm . .
,,,,,,,,,,,,,,,,,,, Ring Formation
0.02} t  ~2x10%r
- Dispersion Relation 13 AUy
0.01 Axisymmetric Modes @100AU
S |
T 0.00~s— :
[0 ; |
= ~0.01-| Stabilized! '
cf. Youdin 2011
-0.02t 7

-

0 2 4 6 8 10| ®A0AE
. EDEE

Takahashi & SI (2014) ApJ 794,55  kH

Origin for a=10—* (Okuzumi & SI 2015, ApJ 800, 47; Mori & Okuzumi 2016)



Recommended Parameters in 2014
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4.3. Ring Structure Formation in Protoplanetary Disks

Observations of protoplanetary disks show that ring structures G rOWth TI m escal c

form at a radius of about 100 AU. We evaluate the most| — 2)(104 r
unstable wavelength and the growth timescale of the instability | ~— y

at a radius of 100 AU for the case of a 1 My central star, a
temperature of 28 K., and a dust stopping time Zop = Zstop, crit = t < t

1.3 x 1071Q~!. We assume the case Q = 3, corresponding to a grow
marginally gravitationally stable disk, a high dust-to-gas mass
ratio, € = 0.1, and « = 4 x 10~*. These parameters correspond
to n = 107>. Then, the most unstable Wa\gelength is about
13 AUJ and the growth timescale is about 2 x 10” yr. These results - P
are consistent with observation because the disk lifetime is about I deal for H L Tau ]
10° yr and the observed ring width is a few tens of AU. The dust
radius that corresponds to a stopping time 7y, = 0.13Q7" in
this disk is about 4 mm.

migrat




From Observation of HL-Tau

Exponentially Cut-Off Disk (Kwon+2015)

Tr) =30 (20 [ILAU])O.GS K]

e 0.2 T 1.8 i
Za (r) =051 (80AU) =P [_ (80AU) ] 5 &

Power-Law Disk (Kataoka+2015) T_%O(_ " )U'B[K]

—0.3

g cm

Za (r) = 4.15 (LZU)

a < 3x10* (e.g., Pinte+2015)



Case for HL-Tau with a¢=3x10"*

Efficient 10'°

SGl

10
10°
107

dust radius (cm)

10°

Growth timescale (yr)

10°

0.1 1 10%

0.01 0.1
Takahashi & SI

_ (arXiv:1604.05450)
SGl for Dust Size,a=2mm &

Dust-to-Gas Ratio, € < 0.03

dust-to-gas mass ratio



SGI: Dependence on Turbulent Mixing

a =3x1074(r/100AU)? Lower Turbulent Mixing

101? Exponlentiall cutcl)ff —_— a :3 X 1 0_4(r/1 OOAU)3
iﬂé 106: '.I
S
o — : ______
R [AU]
SGl only in AT
Outer Region! SGI in whole disk!

Takahashi & Sl (arXiv:1604.05450)



KEEBHNAETEM (Secular GD IELRFZLERFE (L 2

Takahashi & Inutsuka (2016)

O BRI DR, Secular GIIZEB) VT FEMHL TauTEE S5

O DU REMOEISHRENAERE
O KYFMGEBITICIIRESENDE

iy 7 Rk 23
ZE R
iRz —
i B
FERTEEAEDEHB

BT E (- &> TSecular GID

e R E T SR

RiEE AT S



MEFTEE

Secular GIQFUEE D EEE
O peEBEAABOREERHLIYMGYREL
0 EE=8% [CLX>THE
— MUEREDEFEICLoTSecular GIBAMEHEND

— AT
RREMEAEFHEE BN DS H
v Lagrange meshjx vV RO EEBRET AL
R 53 12k BB R E R RROHE

v Symplecticik
BT Sk B EERLEZ [

K4
]




Symplectic method for fluid dynamics

Formulation based on the action principle

-

~
d (or\ _or . |
1 \ 9z 9y ”""‘} Eq. of Motion
y
3'5'2 P :Densit
b L
2 U : Specific internal density
N-1 72 o N Pt P
L = (mz~|—1/2 ?y) — Zmzuz Pitq
1=1 1=1
, T it1
Mit1/2 = (mi +mit1)/ m; : Mass defined at i—th cell
Miy1/2%i+172 = —(Piv1 — Pi)  : Eq. of motion of Cell




Test of new symplectic scheme

Propagation of plane wave Slightly unstable GI mode (Q=0.99

(x10)  Relative error in total energy Perturbed surface density

1.0 101!
I Green line: Linear Growth
0.8 AR Black circles: Simulation
' 102°
0.65 f
103k
0.4+ H
104 ¢
0.2!
" ARARN d o o
0 2 4 6 8 10 20 40 60 80 100 120 140

Time [Period] Time [/Q]

A

The amplitude keeps constant in much longer calculation.




Basic equations

Eg,Ed mZE
Gas v o RE
82 v (E u) _0 tstop . & A D stopping time
Ot
ou G M, Ya(v—u)
Ve (E + (u - V) ) = —c2VE, — 5,V (CI) - ) + .
Dust
034
5t V (Edv) =0
M., > —
Ed(a—”ﬂv \% ):—cgvzd—zdv(':b— G )+ a(u—v)
5 T tstgp

Poisson eq. v2p — 472G (3g + Xq) 6(2)




S

A REMEDIEREER

-JERRICETE(): # AR & D ELER

SRR ET R (2): KBHrEEL




SER TS LR TR AT O LB

L&E%”m—m
ZERELE DS

102
Black c.ircle:.Simulation C 834/ T 4= 03 <IN SIEEIKE
_ 10" Green line: Linear Growth § |
ﬁ" t,;m}-_.!f! = (1.01 &
5101 ca=0le C HROEEE LR HIEM
= —> HROEBTE RNV %
21077 | Dust  oeeeee™™
T
mw10_2 - —
" o B DR 7
RRIEMD RS ?
107 e

0 10 20 30' 40 50 60 70 80 90 (x109)
0




SER TS LR TR AT O LB

FANDEEEZELEDHEE

LTOR#MEZRAVTA AN EERE 102
HEALZE T4y T A Black circle: Simulation

Green line: Linear Growth
10" [ Red line: Fitting Function

flit)=alt. —t)77, t=tngm

o |
= - RKEE ﬂ 100
t. = t.ngec) ; BRIERRZ A

by

10
BOlFREEDEIEFRT )
£
~ _ 102 — — £
t=t. X CHRIERRLT=&REL. 00 05 10 15 20 25 30 35 40
O ZAHWT “FRRIERZI" 2 EE T 5: tnsci

de = 0X4(t = t) /Ea 0




SER TS LR TR AT O LB

B/ q

1.0

08 |
0.6 |
04 |
02 |

[T#Eﬂﬁ#a—————fhhhﬁmﬂ}__ﬁ__m
i3 5 U |
1072 107 10° 10! 102

t!—:.tn]:-ﬂ

f(t) = alt.

d gD stopping timelZX 9 HKTFE
—> [FEAELTLY

_t}—q

Bah 1 &L -G R DFER - IE AR

BHRETER: tr ~ 1/ Cpa
O—RXE: Ag o~ caf G pd
FALOEEZE:

g~ pdA] o~ Ced 4/ .lf"ﬁfﬂ'

s Ygoxtn

Note: IRETIXIABDEHAIZL->TEHEEHD
gghond —> EREFEEEDEF




S

A REMEDIEREER

-JERRCETE(): # AT & D ELER

SRR ET R (2): KBHrEE L

A

BE2EHDYI=2F TriEDMEEFIL
RIZEIBAFT RNV DL




KEBNTFREREDKRBHGE

CUDTRE & T ET

time = 0.000e+00 [yr]
1071 |
= G
k0 i
Ei . as
[,Ej 10
A 'Dust
107"
[
Ry
=1}
(11072
10_3- I I I I
90 100 110 120 130 140

R EH LD FEEE [au]

SANMBBIGEIOT DK —> BEE

HEORE
hLEEE M, = 1M,
Ed,g/Eg,ﬂ = 0.1, C.—j/ﬂs =0.1
BEEARECTARE
(Q=3 @r =100 au)

FARHAX: 3mm
_> tStOpQ : 023

Yo/ 2ao 100EXETHE
(68g/Zg0 ~0.1)

RRANH AL T 10D
FARN) =R/

= NN RICKDWRER AL




S

ENAREREDFERERER:VTET

a0 FREEILDLIE
|
= ]
|—3| 135| — ~ § |
S, -
T — = LR .
§ 130! | —— %ﬂ' “‘.“
2 — = i
: — "..l
'ﬁ_ 125: E _— 4
120! I J
0.0 1.0 2.0 3.0 4.0 5.0

BFRE [10%yr]




Y

ENAREREDFERERER:VTET

HAEHE [ jkep(1au) ]

3.2 3.6 4.0 4.4 4.8
BFRE [10%yr]




VOTZBTDAN=ZX Ls

) S BENEEEHICE O TERHESNDET

J\

st L pE BB LI - &ﬁ%ﬂ-‘ﬁk_ﬂ - S AN
2“52?’? = T EH<T B o H DEBENSTBA
Fr F,, Frv

R R /\.Rif : n Ro




VOTZBTDAN=ZX Ls

REL: HADHEHEDREILO

2
P ANES A Ur gy . Ca Ozd 0P
t:\-_'.l:ﬂ-]j EERF R E._-j or or
a)AYS

VAU AFETZDLBET ST —> EZTIEROKXTARMILICHEATHEDS

o 2 88s 0P
tﬁmp_ X4 Or or

2
LS B E D 89D _ciaOha 0% _
Eq oOr or X ‘
LT E DRSS
b =G, 4+ Dy
Ve 5"‘1?]1

“stop ST E R D— RS




VOTZBTDAN=ZX Ls

VS EEDEEE NI TEESNEET

130.5 ' ' ' '
Orange: Model with Coriolis force L] ﬂiﬁgjtﬁ:Eﬁ-)l,
= | Yellow: Model without Coriolis force | X
& 130 Black: Simulation o HRADENERARDZRE =0
o L
+;"':"JJ_E129.5' o P . L
S °© FRALDENEARORE Vr: #mERE
= 129'7
Eﬂg © FRNEHADEEREE L
£ 1285 KepleriREDZE dvg dudi/h
128}

1.0 20 3.0 4.0 50
BFfE [10%yr]

VIV DBEEND—/KRESD + FANZ(THEIEARDEER = 0
ad
Hmp% (-5 UV DEEEND— RS

o DBECEANTHERAICSISEONECETET

Up = =1

3




FAR) O RNTOMEERER R

MIVTDETEEIXIESSEZF105 — 10 au/yr

(2) FEREAEDHBRIACHRALATNC10)) T RSN T

FRAMHRALERENEFRDRYIMEELIET TS
(Nakagawa et al. 1986)

BNEEMBTY RN EENEE

Dashed: O yr

FUORERE " VOO ERTRE ? - Solid: 48427 yr
@F AR o
T
G é 11 'Il.rI |l o
ARANTREENTREESBRETNE 7 0l

0 40 80 120

aFfﬁ ﬂ:/hjz ﬁ 75\ Bﬁl‘&,h\g ﬂ'ﬁﬁ‘z ' :%E? %) Distance from the Central Star [au]




Preliminary result
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