FORRIBMHZEIC K 5
KNERHAEIBI

REPKRF KFREFA AR FEYEFHE
ERAREH

CPSt =) —@Zoom 2022/10/07



AHDHNE

e - KB DY Z ] LTl 5 K2R

.

Hirg

Slattery et al., Icarus (1992), Kegerreis et al., ApJ (2018)

ERRPER TR EEDREIZEIL S D7

[shizawa, Sasaki & Hosono, ApJ (2019)

REERMPITIER S 7z M3 &R 5 |

Ida, Ueta, Sasaki & Ishizawa, Nature Astronomy (2020)

LW RTEEHEEES Y A D5 (?)

Kihara, Sasaki & Ida, to be submitted




Pvﬁ AMS

0 =283°

17h 14m y 1848
JUPITER SATURN UraAaNuS

Axial tilts are "Obliquity to orbit”

James O'Donoghue '
NASA / JHUAPL / SwRI imagery C thS'CSJ Sidereal days indicated




Mass (M )

1.0e-03

1.0e-04

1.0e-05 |
1.0e-06 |
1.0e-07 |
1.0e-08 |
1.0e-09 |
1.0e-10 |

1.0e-11

KRR RDREL

R e b Titania Oberon _
' Ariel Umbrlel 5 ®) O

Semi-major axis (Ry)

(C) Yuya Ishizawa



RERFRRDIERA A=A L (1)

102

10-3

105

(C) Nagoya Univ. 106

0.00 0.05 0.10 0.15 0.20
t/tg
: a b
F. (solids + gas) 10-3
& - e s
104 | . T
. pis o a ® .
. ia ¥ &
o 105 " . ¢
§ ik ‘lf '
EU) & & Li]
1001 4 :

e Jupiter A e c39 c41
| | 1077 | & s Saturn e e c20 o c64
: i L - @

r r [ e Uranus A cl7 ec60
in C 10_8 &

10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70

Canup & Ward (20006) a/R a/R
P P



RERFRRDIBRA A=A L (2)

Continuous regime (1 moon)

B 0.001 - P ———T T T ] P T Y e —— T
: : Satellltgstoft n Tidal disk | Planetary tides P
Ea o iy he- [ U i migration | migration +"
: 0.0001 F Aille 0 | e
: : Neptune XK |
| 23x107xQ(4) : ol
- 10 “xQ(A) | A oK
1e-05 - N -
£ ~ 4.4x10%Q(a) | A
Discrete regime (2 moons) -2—0‘ A : +
S \Q) 1e-06 | | -+;._;:’ P -
' : : [ | »” > %
tidaldisk  F @ ;-.—‘—4 2 . -V |
s 1e-07 | + : y
’ ’ I ' 7 et '
o - ’,';;/..j"x./ e : R
1e-08 [ Sit” I 7
. K | 1
e Pl o |
yramidal regime (many moons) - T >K |
1e-09 _._ : 4
V © ,"- g =§E | -
tidal Gk EE e i@ |_‘_|; =
0.01 0.1 1 10

Crida & Charnoz (2012)



FERRFHR TR AR 2T 5

Giant impact simulation (SPH; N=8,000) Co-accretion + giant impact concept
Morbidelli et al. (2012)

T = 0.00 HRS. T = 0.37 HRS.
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~. Collision between protoplanets 4 Satellites formation

Circum¥planetary disk Satellites

[shizawa et al. (2019)
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Method (N-body simulation) Disk models with negative gradient

Surface density of a circumplanetary disk generated by a Gl is assumed

d27'i o ZGTI’L r; —T; : : :
e Equation of motion: g2 - s — 1B to have a power-low distribution
7171
e Disk size a — Ry <a < 25Ru
e Number of disk particles : N4isk = 10,000 _ |
e Disk mass Muisk — Several times Mot (the total satellite mass)
e Collisions are moderately inelastic, and mergers e Surface density 2(a) « a9 — The power-index -q is varied as a parameter
occur if the Jacobi energy after the collision is
negative  (e.g., Kokubo et al., 2000) 1
g _ Disk1 Disk2 Disk3 Disk4 Disk5 Disk6
e Using 4th Hermite scheme and Leap Frog s z < a
. . . . § ...... Muaisk 4 Mot 3Miot 3Miot 4 Mot 3Miot 10Mtot
method for the numerical time integration S Maiske s
? ; q 215 150 195 195 30 215
Semi-major axis 2b RU

 Using FDPS for speeding up calculations

(Framework for Developing Particle Simulator ; Iwasawa et al., 2016 )

These disk models have negative gradients directly inferred from the
results of the SPH simulations (Kegerreis et al., 2018)

(C) Yuya Ishizawa
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Ishizawa et al. (2019)
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Corotation radius : the orbital radius where a satellite has an
angular velocity equal to a spin angular velocity of a planet

Q=w(a) — a=rc w
Planet

—— | —————
Orbital decay Orbital growth

rc (Corotation radius)
(Charnoz et al., 2011)

Inside Q) < w, recieving negative torque — Orbital decay

Outside @ Q) > w, recieving positive torque = Orbital growth

The corotation radius of Uranus rc ~3.3Ru

(C) Yuya Ishizawa
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e . . . . Disk
A satellite’s semi-major axis evolves according to 25 T————T—
Corotation Radius = = -
Planet Radius —
3ko, M ,G1/2R5 ~
da’S s sgn(as . Tc) 2p-*s 1% (Charnoz et al. 2011) m:) #
5 I 2. S '?U 15
k2p = 0104 (Gavrilov and Zharkov 1977 ) S
Qp = 11.000 (Tittemore and Wisdom 1989 ) g 10
=
()
7)) 5
The corotation radius of Uranus 7¢~3.3Ry =P -~ - oo
| | T T T
* |nner satellites fall into Uranus or move outward Time from the formation (year)

o Satellites in the middle merge each other

 (Quter satellites (>10RU) remain in the almost same orbits

Ishizawa et al. (2019)
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Satellites with similar mass are formed.

Uram9 . . . & /]
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Inner satellites move inward and are destroyed.

Uram9 T w & ®

2aR

Destroyed satellites form rings around Uranus.

Uran%- 8 )
|
|
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Small satellites are secondarily formed from rings

Uranus | <@l
|

Pyramidal regime (many moons)
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Protoplanets collide each other Disk evolution ‘Satellite formation

(C) Yuya Ishizawa
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@ » Viscous diffusion and radiative

cooling of the gas disk

@——_ﬂ

An impact generates a gas disk of
H/He and vaporized H20 and rock

lce condensates when Tgisk falls
bellow the freezing point of H20

A disk of ice has more mass on the
outer side

(C) Yuya Ishizawa



'EgE{LE 5L

® ViSCOSity V (Shakura & Sunyaev 1973)

20H)—1
a is a constant parameter to represent the turbulence strength v~ OJCSQ

e Local disk temperature T
Equilibrium between viscous heating and radiative cooling

- (9 GMUZgz/)l/4
8 ord

e Surface density of gas (H/He/H20) &2,

| 0, 10 | 0
Surface density evolves & 37‘1/2—(Egyr1/2) — ()
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Time =10, 102, 103, 104

Ida et al. (2020)
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Ida et al. (2020)
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Protoplanets collide each other Disk evolution Satellite formation
SPH method N-body
Slattery et al. (1992) Ida et al. (2020) [shizawa et al. (2019)

Kegerreis et al. (2018) [da et al. (2020)
Kurosaki & Inutsuka (2019) Woo et al. (2022)

Reinhardt et al. (2020)
Woo et al. (2022) (C) Yuya Ishizawa
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Table 1. Model sets of initial condition

Run  Maisk(Mu)  Tmax(T0)
1 1.02x10°% 20
2  892x107° 19.3
3  7.95x107° 18.7
4 716 x107° 18.1
5 6.51x107° 17.6
6 1.44 x 10~ 22.1
7 127 x 107 21.3
8 1.13x 107 20.6
9 1.02x10°% 20.0
10 9.29 x 107° 19.5
11 1.86x 1074 23.8
12 164 x 104 22.9
13 1.46 x 10~* 22.9
14 1.31x10°* 21.5
15 1.19 x 10~ 21.0
16 2.26 x 10~* 25.1
17 1.99x 1074 24.2
18 1.77x 1074 23.5
19 1.60 x 10~ 22.8
20 1.45x 1074 22.9
21  2.65 x 1074 26.3
22 233 x 1074 25.4
23  2.08 x 1074 24.5
24 1.87x 1074 23.8
25  1.70 x 1074 23.2

Kihara et al., to be submitted
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Averagely four large satellites are
formed and the smaller satellites
locate in the inner area and the
larger ones in the outer area.

Only one satellite is formed
around Ariel and Umbriel’s orbits.

A large satellite is robustly formed
around 13 Ru where between
Umbriel and Titania’s location.

Several satellites are formed
outside of Oberon where no
satellites have been discovered.

0.6
05
_:5: 0.4 Titania
% . + Obdron
L &
< 03}
0.2 FAri
Ariel Umbriel
L] ]
e
O.l Ll | | | | | |
1.5 10.0 12.5 15.0 17.5 20.0 22.5

Kihara et al., to be submitted
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The orbit-crossing time zhou et al. 2007) 10
TC k 10" r
log — A+ Blog [ =~ B
lyr 2.3 E o
2; |
c m 7 .
A= -2 0.27log — g 10

h My

10|
B =187+ 1.110gj\7; (16.8+ 1.21og — ) - f

U My ) h 10~

The produced satellites will be scattered with each other by
gravitational interactions via orbital crossing on a timescale
about 100 years, then move into the current orbits.

Kihara et al., to be submitted
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T T o % —>No; they havel igee di han th
(0 (0 10 10 > NoO; they have larger perigee distances than the
I Semi-major axfs[Ru] I Oberon’s orbit.
Capture ? 2. Protoplanets’ encounters to the Uranian system ?

—> Possibly; we need to estimate the probability of
such encounter events.

Produced via accretion

No satellites between 25-150Ru

Kihara et al., to be submitted
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