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Mars

Jupiter

Saturn

Uranus

Neptune

Phobos
Metis
Adrastea
Amalthea
Pan

Atlas
Prometheus
Pandora
Epimetheus
Janus
Cordelia
Ophelia
Bianca
Cresside
Naiad
Thalassa
Despina

Galatea

94
95
88
70
78
80
83
99
97
79
86
94
98
72
75
78
79

9376
128000
129000
181366
133584
137670
139380
141720
151410
151460

49751
53763
59166
61767
48227
50075
52526
61953

0.01510
0.00020
0.00150
0.00319
0.00001
0.00120
0.00220
0.00420
0.00980
0.00680
0.00026
0.00992
0.00092
0.00036
0.00040
0.00020
0.00020
0.00004

1.0930
0.0600
0.0300
0.3740
0.0001
0.0030
0.0080
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NASA Mariners 4,5 and 6
Mars Express
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NASA Mariner 9

Viking Orbiters 1 and 2 [VO

Soviet Phobos 88 i , 2

NASA Mars Global Sur ~

NASA Mars Odyssey C 1 ‘

ESA Mars Express (st | .l 'y

NASA Mars Reconnais L il TEE—

NASA Mars Atmosphere and C E ‘ L : ,, perating” ?“Er‘ September 12, 1997
ESA ExoMars (Still operating) Qo b &

ISRO Mars Orbiter Mission (stlll"b rating [V ] '
55—, m—ri p — M g

Viking Landers 1 and 2 June 19, 1976
Mars Pathfinder
Mars Exploration Rover Spirit and Opportunity (still operating)

——

Mars Surface laboratory Curiosity (still operating) —

Mariner 9
November 13, 1971

~
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Viking Orbiter D EfR T — X

Viking mission @ B /Y
1. NEDSHREEROERG

. ORBITER SCIENCE PLATFORM
2. KE3RME & KX Dcharactarigation ‘ |
3. NEDEGIEE oSy, RO e

THERMAL MAPPER _/,y,/.f'" e — LOUVERS
(INFRARED RADIOMETER) b

) : o [
e \ N\ [=— TV CAMERA
- \\ /> L NN | . ELECTRONICS

HIGH RES’OLUTION
TELESCOPES

ATMOSPHERIC o4 s
WATER DETECTOR —
(INFRARED SPECTROMETER)

Viking Orbiter Camera: Visual-Imaging System

Viking B R CERHBERE DR WL 7 + K X DB
[B|{RID : 244A03

CHERGE (F/\) 2921837 m/pixel
ERERIERE (X)) :3.120062 m/pixel



Deimos D & AR L [H| 1R

B ¢ Viking 2 orbiter
B{RES : vo2_423b61, vo2_423b62, vo2_423b63
FRIREE © ~1m/pixel

DEIMOS




Viking ¥ & D i £ D —E

Phobos

c ATAv T Z—J L —X — [Asphaug and Melosh 1993;
Fujiwara, 1989]

- Space weathering[Thomas, 1979; Simonelli et al., 1998]

« JIL— 7 EEIEN B EE & [Thomas et al., 1979]

Deimos
- B D 7:'JMEEE[Thomas, 1979]
- FAAI D K Z 75 ZEHB [ Thomas, 1989]
* Streamers[Thomas and Veverka, 1980; Thomas et al., 1996]

Phobos D #1718 & Deimos £ Ek|E 45 T % Viking data
HYH I

D O)fﬁj_[g:E'_OD 7L —X— %ﬁﬁ?&%ﬁ}g Liiﬁ'ﬂ;{ﬁhomas
and Veverka 1980]
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Phobos 2

Phobos 2 IZIEEDRF THEEN TR TL X -7
hWEELRIMBZ5Z /-

» 7R ADEIEE 1 1.91£0.1 g/cm3

[Avanesov et al., 1991; Murchie and Erard 1996]

- BH 7 —BERORE
[Murchie et al., 1991; Avanesov et al., 1991; Murchie and Erard 1996]

TJARAICIEFNIIZy hEFLNI b
EREEN DR H D

DIHIICREITTITE
>STIELEE DT
SE—-—DEEIYDOFHEAL
>YEFIEDE

ARy MILHC, DENERE|IZLITWA Z &
H D IHIE S DR HL

1 Vis.
1.0 NIR

N a » ey » 0.9
Y \ W L os

Avanesov et al., 1991

Stickney ejecta dominated
by blulsh (maflc?) material

"Reddish gray" *

surface layer

Bluer (maflc?)
materlal

Shallow "mature" Redder material
regolith




P Mars Global Surveyor
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Mars Global Surveyor D1t ERMI 72 AR & R =

image 55103

-9 m
® 85 m
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image 50103

10 0 -10 -20
longitude
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[Thomas et al., 2000]
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PSP_007769_9010_IRB,

ESP_012065_9000_COLOR

HiRISE (MRO)

PSP_007769_9015_IRB

ESP_012068_9000_COLORS5

fi

Thomas et al., 2011
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Basilevsky et al., 2014



Mars Express

High Resolution Stereo Camera

Direction
+18.9°
+15.0°
+12.8°

+2.4°
0.0°

2.4°

Channel
Stereo 1
Near Infrared
Photometry 1
Green

Nadir

Blue
Photometry 2
Red

Stereo 2

A (nm)

675 = 90
970 * 45
675 = 90
530 *+ 45
675 = 90

440 * 45

675 T 90

750 * 20

675




Digital
Unit

HRSC
Camera

Head

Frame
Structure

SRC
Telescope

h5851.0002_sr2

h5851_0003_sr2 h5851_0004_sr2

BESTO 7+ R XADORSBREERR



Phobos & Deimos D EANHY 75 |HH

9,377 23,460
7.66 30.3
0.0151 0.0003

1.093 0.93

MEERLEDT—4
Synchronous Synchronous Characteristics of Phobos and Deimos
26.06%x22.80x18.28 [1] 15.0x12.2x10.4 [2] [1] Willner et al. (2014).
1860 + 13 [1] 1490 + 190 (3] [2] Thomas (1993).
3-8 x 103 2x103 [3] Mass from Jacobson (2010), volume from
11.39 5.56 Thomas (1993).
21.5 16.5 [4] Simonelli et al. (1998).
0.071 £ 0.012 [4] 0.069 = 0.007 [5] [5] Thomas et al. (1996).

BT DOT—&

A: B ITHER D EGR ExoMars

B: 1 7 —[E|{& Mars Orbiter Mission (MOM)

C: RMEEE Mars Odyssey TEMIS

D: XA @ Z MGS TES [Duxbury et al., 2014 PSS]
(CNIERIAE TR WA CD ELERD 7=8)




B{RT — X
BIEREORWVWHDIE, VO, MGS, MEX, MRO

Phobos Deimos

Karachevtseva et al., 2014 (2% . Hirata, 2017

(1)~ (4)MEX and VO, &k MGS, 7~ MRO. Area 1: VO ~ 1 m/pixel 1.2% of the total surface area
(1) (3—-6 m/pixel), (2) (6-10 m/pixel), (3) (1020 m/pixel), Area 2: MRO 20 m/pixel 33.5%
(4) (20-40 m/pixel), #&: 2 m/pixel, 7~: 6 m/pixel. Area 3:VO 43 m/pixel 50.4%

High-resolution spacecraft image data of Phobos

1971-1972
1976-1980
1989
1998
2004-
2008




TJTH+HRAETAERAD I L —X— BT A5 B DEIE

T+ RADERIL—KX—IRXT4 v I =_—2 L —%—:9.4km
TAERADERRIZIL—X—3T#)LT—ILY L —&—:3km
HL<IZ, FAOEH : ~10 km

THARRAET A ERAODEEEIRITIZERIL T, 7 VX LIZHHT
AL —2—FF, XT7—U > JHZERATDE, 7+4HFADHES EH VLI
N
R AEE
WEs (&) : 35EF
Thomas and Veverka 1977, 1980,

ATA YT Z—0L—XR—DFEK Schmedemann et al. 2014.
EREIn  42EF Salamuniccar et al. (2014) ,

HIER @ 26(BF Hirata 2017
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e RILZ —DHY A4 ZHEENTMVCHEE IZ/NKED
LD B TREARTRIILE —E~100 m

e 7ARADmMY A XDRILE —DEEEA
NEODEZE T Tv I X% L\Tﬂﬁ\b%ﬁ?%
Y1000 ERRETH DL EMEINT NS, X
74/7——HL HARILE —DNRT (7T
Kb, ATA4v 7 Z—FFEFICHELD
75\%) L 4175 Uy - '

Thomas et al., 2000
Basilevsky et al., 2013
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The hypotheses of the origin of blue units

180° 150° 120° 90° 60° 30° 0° 330° 300° 270° 240° 210° 180°

90’y

90°

+ 60°

B 30°

0°

2

! 60°

-90°

180" 150° 120° 90° 60° 30° 0° 330° 300° 270° 240° 210° 180°

Blue unit of the east to Stickney

1.

2.

Ejecta emplacement of Stickney
(Thomas, 1998)

Landslide inside Stickney
(Shingareva and Kuzmin 2001)

Internal heterogeneous structure
(e.g., Basilevsky et al. 2014)




The hypotheses of the origin of blue units

180° 150° 120° 90° 60° 30° 0° 330° 300° 270° 240° 210° 180°

90° 90°

2Nn°

a5 40 :_I l | I T 171 | .I T 1 | T 171 | ]{
- Low V detail R=3.04R, 1
90 20 - =
180° 150° 120° 90° 60° 30° 0° 330° 0 f__ _“E
—20 |- 3
. . - | O
Blue unit of the east to Stickney a0 | ‘ =
1 1 I | I I | | I . | | 7
1. Ejecta emplacement of Stickney 100 50 0 _50
(Thomas, 1998) Longitude

curtain from Stickney traveling at low velocity would re-impact at the
location where the blue unit is found to the east of Stickney if the orbital semi-major axis
was (and the spin rate were slower than today).




Blue unit of the east to Stickney
1.

2.

The hypotheses of the origin of blue units

180° 150° 120° 90°
90’y

60° 30° 0° 330° 300° 270° 240° 210° 180°
90°

+ 60°

-90°
180° 150° 120° 90°

Ejecta emplacement of Stickney
(Thomas, 1998)

Landslide inside Stickney
(Shingareva and Kuzmin 2001)

Internal heterogeneous structure
(e.g., Basilevsky et al. 2014)

B 30°

-90°
60° 30° 0° 330° 300° 270° 240° 210° 180°

Blue unit of the southwest region

of Stickney 7

(Thomas 1998)

The orbital semi-major axis was 3-3.4 Mars
radii ?




Dynamic height around Stickney crater

Anti-Mars Leading Sub-Mars Trailing Anti-Mars
Meridian hemisphere Meridian hemisphere Meridian

20 7 AR E
White areas = Blue units | ' NEgpE ek

The dynamic height (H) of the southwestern
of Stickney crater is relatively low in all cases




Dynamic height around Stickney crater

Anti-Mars Leading Sub-Mars Trailing Anti-Mars
Meridian hemisphere Meridian hemisphere Meridian

These origins of two blue units may be different






Method of numerical simulations with the shape model

Using three-body simulations and a shape model of Phobos, we investigate the regions
where launched particles from Limtoc crater collide again with the shape model.

Initial conditions of Phobos are as follows: TZ

B Shape model: Gaskell shape model (Gaskell, 2011) o (0,vp,0) 74\/

B The orbit of Phobos: Circle and inclination (zero) > >
B The range of the orbital radius: 2.77, 3.54, 4.43 R,, Phobos R | X

Initial conditions of the particles:

B Set at equal intervals on the circle in increments
of 1 degree, for a total of 360 particles

M Initial particle launch angle from the horizontal

plain (8), is set to either 35.4, 45°

B The magnitude of relative velocity of particles to
Phobos varies from 3 to 7 m/s in 1 m/s
increments

Limtoc crater




Results: (Leading - Sub-Mars hemisphere)

Launching angle

35.4°

Leading

2.77 3.54 443 R,

Sub-Mars 45°




Results: (Northern and Southern hemisphere)

3.54 Ru

|
\
|
\
\
\
|
|
1
\
|
(

17 N —
-15-10-5 0 5 10 15 -15-10-5 0 5 10 15 -15-10-5 0 5 10 15
km km km

3.54 Ru 443 Ru

J

15 —
15105 0 5 1015 15105 0 5 10 15 -15-10-5 0 5 10 15
km km km




Results: (Northern and Southern hemisphere)

Southern hemisphere

Northern hemisphere

Comparison of observed Blue Unit distribution (a, c) with results of three-body
simulations shown on the shape model (b, d). In both the northern and southern
hemispheres, the observed blue unit region is consistent with the result of the
simulations.



The origin of blue units on Phobos

The formational process of blue unit could be contributed to not only Stickney but also
Limtoc impacts.

180° 150° 120° 90° 60° 30° 330" 300" 270° 240° 210° 180°

T= .>. "
| Stickney ejecta

57 o

180° 150° 120° 90° 60° 30° O° 330° 300° 270° 240° 210° 180°
VINIR Ratio
| — [ B
06 0.8 09 1.0 1.1 1.2 1.4 1.6
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2. 0> 2 8—7OMNMUNIEEXELH B /NKIK

AYa2A—7DO=#F

. Gorbital Mass a b ¢ xda,0b, dc by = ¢
Satellite. Y 109 ™™ ) m) Gem) (km) (km)

Pan 133,584 0.495+0.075 142 +13 174 10.4 2.0,1.3,0.84 0.60 191 |127| 091 045 0.41+015 0.92+0.32

Perit P
(gm™)  (gem™)

ca ag (km) alag p/Pait

Daphnis 136,504 0.0084 + 0.0012 3.9+0.8 4.5 43| 3.1 0.8 0.8, 0.9 0.69 4.9 3.2| 093 0.42 0.34+0.21 0.80=+0.50
Atlas 137,670 0.66 = 0.06 15.1+14 20.9(18.1| 8.9 1.4, 25,08 0.43 21.6 14.4) 097 041 046010 1.12=+0.24
Prometheus 139,380 15.67 + 0.20 431+ 2.7 3.2,3.2, 2.0 0.46 419 105 0.40 0.47 =0.065 1.18 = 0.17
Pandora 141,720 13.56 = 0.23 403 + 2.2 51.6 39.8 320 1.8, 2.1, 29 0.62 61.0 40.7 085 0.38 0.50+0.085 1.32 +0.23
Epimetheus 151,410 53.07 = 0.14 56.7 £ 1.9 58.0 58.7 53.2 25,3.2,0.8 0.92 102.7 68.4 057 031 0.69+013 2.25+042
Janus 151,460 188.91 = 0.50 89.6 + 2.0 97.4 96.9 76.2 2.9, 622,12 0.78 157.4 105 0.62 031 0.63 =£0.063 2.03 +0.21
Methone 194,440 — 1.6 +06 -— — - 0.6 - - - - 0.15 -

Anthe 197,700 - ~1 - - - - - - - 0.14 -

Pallene 212,280 - 22+03 26 2.2 18 04,03,0. - - 0.11

Telesto 294,710 - 124 + 0.4 15.7 11.7 104 0.6, 0.3, 0. - - 0.04

Calypso 294,710 10.6 = 0.7 15.0 115 7 3, 2.3, 0. 0.04

Polydeuces 377,200 1.3+04 15 1.2 10 0.6 04,0. 0.02

Helene 377,420 165+ 0.6 19.4 18,5 123 0.2, 1.0, 1. 0.02

Parco et al., 2007

Pan, Daphnis, Altas, © L CTPrometheush’ A > 2 0 —7HHHT
W5, NI, BZBEHRT AR FAZTN O DRKIZHEIET 5
MMBETH D EEZ BT LB (Charnoz et al., 2007)

INEXE DBennub £ D W' H L 1178 L (Scheeres et al., 2016)

T ARRDEFREAAL 2 0—THhHTWEDIE. YWED
HEDADH>T=D. 7AHARANNEICEB-Z O 20—
THINZLK BTl ENEZ NS,

N2 20—7ONAICERFEDL B D/NRIEIEDH S

Pan
Daphnis
Atlas
Prometheus

Pandora

Phobos

Roche Lobe at Bennu

BENHIBEEEZF>TWIRETHRT S, TEDEE

Roche Lobe attached to the

minimum energy equilibrium point
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7 AR OESS

KG-#EK-A D L 52, BWIHEEERAT 23 >0OYE0ES) =ik - M@= 3EMEE WS, 3 ODEDYAEDE
ENMED 2EDEIICEEAERITIAWIIENIWIGED, 31REDEEZE X 2MBEXFIR3EMESE LS,
FFICHBE ODDOEDLY ZMESNT 52 D0OKELNLDABRNZ S TH+IT/NESWVERADOBEEFHZE X HHERAIL
F&HIE=AEEE L, 770 aRA Yy b ELKIENE 5 DOFEEENFEET LT AL NTWLNS,

NE-7+ HFARICEWTHUNLFAZIT 2ENFIL. 7 4+ 7H X %ZRHA[RER 9 5 FHEE)
&9 % & MR 31AM & (restricted three-body problem (CR3BP)) & 75 V) . El#ExT AL b FEAE
RTLULTD X D 25T Z b [Thomas 1993],

: y
.i‘—2n5)=nz(x+d—%d)—GM("+d)_iU

R 3, /4\
R
.. . GMy 0 M e
y+2nx=ny——=-—U = gems==t==c x "
’ 4 R’ ay :—— d > )
GM 3 Planet
. _ Z -y

= R? az Sateliite

nDEZ: aUAFY NOEZEZ : BEINEE GM/ROER : NEDHW N

ZZT, CORTHFLELTWIKNFISEEHT 2L aVFVNN0ERDHDENT D &

_n? m [} n*y? oM
J—z[x+d Md]+2+R U.

ElA, INIFVIAEESLERLURT Yy vILEME TN, TRILXF—PEHEIZREFL
AL



CR3BP & HCW D LEER

S XX EDCRIBPICH T BERD DEEHIER L. x=y=2=0 TR T 5 &
i —2ny — 3n*r = u,

Y+ 2nx = u,

54+ nlz = U,

E B, ZDHFEIIZHIl Clohessy Wiltshire (HCW) & LIFT L3,
INzERTHE

C = %wz (3)(2 - :3) + U(r) — %UE

w: 7 A RRXDARE

Elnb, 7HARRFKEDENINREZLLE S 5 & CR3BPEHCWDERZE 1F0.1%LL T D 72
O, THT LVl TH B,



7 A HRhAD

FNOETIIEOBREI2UBUTICRD Z EAMbN TS

OREFAFEBHER % A\ 5 (Scheeres K 1 Z D FEK)
U= ﬂZ( . J Z[CM cosmA+ S, sinmAlP, (sing).
QRET VEMBERRICH T TRHER A BIZZOFH)

N l
U = GpAvZ—_.

i=1 ];'

OMRET N EBE—FE
—Gp[ZZr ngng 1L er-ﬁFﬁE-rFa)F}
faces edges faces

@QERIFIFIEFRLHERE D EH, QIFETILETORENETRKEL,
CNIFEKEBANERERTIE 74 R ADELRFERE D FLCEDHB &N
TERWZ EIZHRERT S (Brillouin sphere DIEFRFE)

T DZEMKE L TEHE (Werner and Scheeres, 1997)

=B 1z@% D> LK E L TEIT L 7=,

7 # 7R R % 285448(E D TE = T571481E
D=ZAFEOZEE (NE% 1602854{I

DHEEE) (ZDE]
U= GApZ—

Latitude (°)

—30
-60
-90

-3
—60

-90
1

L —_— ] 183 73 o N

OB NG DENTF,
TARAD &S BARBFIRORETIE, 7+ R RBBICLDZEHBORDAIFRELHITTIE
% (Shi et al, 2012),
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BEET—X I, BFRDOIRIE. 2 XROEBBHGHREHD HKFE S
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IRIBOBEIZIRC R >TWAh B, NEESEHIBERELTEEE XV FERHDZIET
ZDBEHFIRFDIRIBDED 5> NEBEE G TR LA ?



528 1) H B D I M@ D

Observed amplitude Reference
-0.8*£0.3 Duxbury 1991
-0.78£0.4 Seidelmann et al., 2007
-1.24 £0.15 Willner et al., 2010
-1.09 £0.09 Oberst et al., 2014
-1.14*0.03 Burmeister et al., 2018

Al ET BB

Burmeister et al 2018

Shape model type Modeled amplitude

Ellipsoid -1.15 a=13.03km, b=11.40km, ¢=9.14 km
Duxbury -0.9 Duxbury, 1991

Thomas model (1989) -1.06 We calculate 6 using the model

Willner model (2010) -1.1 Willner et al., 2010

Gaskell model (2015) -1.07 We calculate 6 using the model

Ernst model (2018) -1.07 We calculate 0 using the model

_ Ly~ g = _2%¢_
I, 1_1/3)’
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