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H1ETIE, AIEOEEEZFN LTS, £, KBR/NREOHE L /R
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XV INRIEOEBEAL - (L OB A BT H Z LR TE D EEZ BN
%o /INRIERE TIT KA L LT mst U FOMREEE R LFEL, K
KFRHOHIGI AL RIT LED, T, HEs L—F — 2O\ Tl Ea—L
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BROREERREREIZHEAT 5 ITIEA 5 TH 5, /DNRIK L TO KRB EZ2H]
RING- 2 DRI 72012, LIV R@EEIEE U 72 B2 H)~ D KI5 FE 1 22
IZOWTHRD ZENBEETH IR, ZHE T TERAERICHT 5
Homst A —F—TORFEEHB EIERILZLIGC FTITONLZLDTHDL, 2. /M
REORmMEBEINIHER & SEXTRHUNTH D720, /IRIKETOER S L—X —
YA XZWET HLOITITT V—F — A XOBENKGFEEZND Z EDBMLET
bHb, T T, AFROBINTIA)Y N REREREEZHET 22 & QIKEERE
BTCOI V—F =P A AOEINMEGEERDHZ L, Thb,

B2 ETIE, # EEBRTHEONTEDRIET — & & Bl N RIR R ORL T
JE DR F VA XL ERMBEORGRERD Z LT, IREEBEEEHTE L, R
72 DRI YA AR R 2 b DRI T2 W THITIC 2R OWE 217V, 3L
WAL DT — Z I 2 CTARFIE TR R IET — 4 £ LD 2 LT, Hixr
B IRREHC I DRITR) & BB ORE G, hirMAcx7 7Ty
— VA EMENR Y B D "R OGS B 2 T, O BRE AN T, /b
RERFmE OB JEICERIT DERPBP LR TV A AOEZREZENENHEE LT, /D



BB Ttokawa Tl. smooth terrain (K& mm—cm H 1 X) TOFKEDZE[RR
X, 77T AT VAN Lz L& 0.56—0.87 O®iFH, #5030 BEET) %
WH L72 & & 0.36—0.55 OFAPHICHIFI TE 7=, Flo, MEEORYRE R LR 1
YA XOBBREHRAND Z & T, ERPLR VA X2 NENHEE LT, /%
J2 Eros & Ryugu., ‘K25 Phobos & Deimos DEMEMET — & & ¢ L IZ2Z8fRK L
BL YA ROHEEZITo 72,

# 3 ETIL, MIKE~DIREEEHRERLILE N T TITH> 2 LITED, 7
— X —HA XOEIMEFEZSGT-, 1GLUTORENZHE T 5% MEE %L
BEL, BEH23020-1G, MHLEHED 1-4.6 ms” O THERE~DEZEHE
BRAEITo Tz, 138 A EOERITEAERSIE T(10° Pa) TITo72h, KROEE
ZRDTZOICHET (TPa) ThIiT-7-, 7Pa FTo SUS HiL - =R E
BRCHEbN s L—F —EEDOE AN, BWENROESEEHEZE TH LN
TeE A L IZE =& L7z, — T, FERKE T To SUS Bl - i
FOVSUS L « 7T A B — XEERI D FEER T b V- MK 7Pa FTO
BIEAFEL D b, ZRVFXF =R —VU U7 X0 b5hotc, RREDE
BARNDMIN e FERE LT, —EOEEELES 27ms', 1G) TK
FUE%E 0.6 - 10° Pa OFIPH CA(L S, SUS AL &2 WA k) L CRE S,
REIED 10 Pa £ THATDHIZHONT, 7 L—F—EREIIWAR L, n 27—
U I RGEICET 2 R oc B oHEAEA L, MihER RN L—F
—EAEDORKIERFEZ IO TRE N EROMBR LI 5 & EERKET
D FEBR TG B A7 B MEAFPE DS BE T 0 il 8 O S - K ENE &3
VME & 7o Te, RRUEDORBEEET 5 &, REEEZE TOE KGN L FmiF
FEEZR CTOEIEEMEMFIE KT D Z EBNbhroTz,

TV T, IKHEEEBRCHOLNT Y L—& —V A X% @l EROFE R & b
Lz, BERKETOH T AWM « WEEROREREZBIE T D7 L—F —H A X
ICHAR U2, BT O EEERTHEONIA T —) VA& 1RE %K
L7z —J7. SUS AL « SR TH V7 L—F —H A X%, H T AFHEIOHE R X
Db/hELTeole, ZORENG, BEERTHEONTEAT—Y 7N, B
JE T CHUL SRR DB A 1 ITEWGE . 28R m s ORI & 5
ATZ5L0S ZEBHLMNTRS T2,

7 L— & —HRDRKZFEIEIEIZOWT, REBRTH SN iR L& &k
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L RDHIENDL, AT OERO N LY REWT L—F —EREORIE
RAEMEZ RS Z &, 102 Pa LA F Tl Epstein HICHE - 72 HEFLAS BRI 22 0 | ki
FIFEBLENLD bH/hE< 25720 10°Pa LA T L—Z —HAEDK
SUIERAFMEDR T 72D 2 & 2 L7z,

BEEZE T THAH/NRIERATDI L—F =V A XeBE 2572012, EHD
PEREER A 7 L —F —HERICG A DB OWTHEE L, BEREZETT
DY L—F—EET, WEEEMA L7 L — 7 —EEORR & NHEEM & KA
JEOBGRII72BARN O AL D Z ENTE D, WEBEEADHEKRIZE > T, #&E
HZETTO7 L= —EAIEERKJET D7 L—F —EHAEDK) 0.8 FFREL
RHZENbhol,
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ODNTEATr—Y  JHINEHTE D2 b, mEEREROLITHETED
Ni=Ar—1 > 7 ]% H T, Itokawa @ smooth terrain _E T X415 k7 L
— 2 —EAZ RS o7, Itokawa REITEFREZE T TH LD, WS 0 IZIE
PNEREEER A DR D22 G Z IV Te, fids. Itokawa @ smooth terrain | CTE
Bl —4mORVE—DORHEEZRIC L > TR IND K7 L—F —EEIT,
PRATHE Hayabusa 2MS7- R BB OB TE 5 dimple ERAOHIP L HirDH Z
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NV —DIRREE R L > TR INT R L—F —Th L Al gett & 3k
T2,
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1.1 KR/ RIK

KIGRITITREZ T2/ NRIRDIAFAE U /RO B L KRG RIME KK (Trans
Neptunian Objects: TNO ) 72 ERZFET L5, /IEE O K43 13/ B2 | O #luE
IZAFAET D0, — /N I THIERBLE IC T WVEE A & 0 . 240D O RIRITHIER
/%2 (Near Earth Asteroid: NEA) & FEITIL D, BREIZHATH A XD/ S
WZNBO/NRIKIE, RIFAHORER EA Iz, b LIEEIRE R 5
REFEI SN T80 | S EDEER NN S W, 2D Z &0 6 /NRIKITIR IG5 D)
DIFRERFEL TND EEZ BND, /INERER EDIRFERIKIT, BIEOREZTE
R LT EICOWTEIRES 2 F 0300 L2 VR,

1.1.1  /NRIRGEE

HiER EOPImSEIZ LD/ NREOBH & LT, & <1 H OB E AR S
ITHOITEIZN KA, 1980) . X 10 AT DITIRARIC X 2 BEEE R T
LRI, FFEORIKIZK L TEZL OFEMRT =2 B3 G6NnD X5l ko
720 1960 FARIZIE Apollo X v ¥ 2 <0 Lunar X v ¥ 3 2LV H~OBEERE
WEEED , BIEICED E TEL OBEBEEICL > TAIZOW TN TE 7,

1990 U7 T A NAIZ K D/INEE ORI OBM DS Galileo FREMIZ L - T
1T, /AL 951 Gaspra & /N 243 Ida O & fRAG FE B8 3% B 17z (Veverka
et al., 1994; Belton et al., 1994), Gaspra |5 D V4 7em %2 & DO ANHA R %
Hh, FHEEAOEAL L TV A TEDLNLTEY  BHlELREALIN TN D,
Ida ITHIEWIBRZ & DRIE T, Gaspra & [RARIEHIENTFEET S, 2000 £4R02
IZHRAHE NEAR shoemaker (3/N32 253 Matilde & 433 Eros DEEEZ1TV, KR
Eros O JEEBLANI T A F « L—V—@EEF - 200 X #56EH 72 & oLz
X V2T — 2 % 1725 L7=(Veverka et al., 2000), Matilde D% % 1300200



kgm? LEE OEABEE (3000kgm™) & HARNTIEFIT/NHES <, KT 50%
EETHREIND, ZOZ EnE Matilde 137 7R WEEE RSO LB 2 B,
FEERI L—F =P EEEET DI b %f?ﬂi‘ﬁﬁﬁ%éhf%iﬁb\ Z&
b RIKDEHZERFETH D Z & 23K 5, Eros 1ZEHEAE 19 km & HIBRIT 5/
%E?imkﬁ@f%?%@\%ﬁi%<@7v~&~:%bhfméoit
Eros FFAOHIZ L LT L —F —DIEERIC b3 Wiz SHERE L 72 (R B
W) MEN I TV D, PRAER Hayabusa (37N 25143 Itokawa ~ DRl 72 R AL
ATV, KB YIOF TV H— X w3 &) & 72 (Fujiwara et al.,
2006), Itokawa (X DD REBMABTDL S ST L RBIREZ L TEBY, £-FKiHm
DRNVE—=DEINETTAUNANVRIETHDL EEZLNLTWD, FHk
Itokawa 2 [ O =G LB B | RIEHTE ORFEDH 6T > 72,

ATl BEEAM Rosetta |2 1 0 /SR 2867 Steins & /N2 27 Lutetia @D
7 T A A BB G D IU(Keller et al., 2010; Sierks et al., 2011), Dawn X v 3
IZ X0/ IERE 4 Vesta OFEMI 72 PR 23 T o410 7= (Russell et al., 2012), Lutetia < M
RUNSETHY  ZHITRREO a7 0AEERY) THhD EEBEZ LN TV D, Vesta
FEERSK) 530 km ODEKRZ/PEKETH Y NEIZMEL TS LB BbD,
Vesta (3 V B/ 1253 ﬁéhIﬁDEE@E%?%é&%%%hfméoﬁﬁ
21X Rheasilvia 7 L — 4 — (jH4% 460km ) <° Veneneia 77 L — 4 — ([H£% 395km)
72 EOERBHINIFIEL ., HV \f@ﬁ/ VL7 L—Z =3 fafn LT\ b, Fo, bk
BUANDO/NRIEE LT, HREDOEEAED Stardust Comet Sample Return X v & 3 >
X Deep Impact X v 2 =3 2, Rosetta X v ¥ = |2 Ko T{THIL TV % (Brownlee et
al., 2006; A’Hearn et al., 2005; Goesmann et al., 2015), ZI7E T3 EAHE Hayabusa 2
IZ &> T/PKAE 162173 Ryugu ORAED, PREHE OSIRIS-Rex (2 X - T/hek2
101955 Bennu DOERAEDTHON TS, £lo, KEHEOEREL IOV 7Y

— 2 Ft# (Martian Moons eXploration: MMX) X° bk & -7 #f/N2 2 D PR A G|

(Lucymissoin) , T2 /L ET « 77 A aBRENLOY T X —FHE 72
ENBRI STV D

1.1.2  /NRIKFR IR AE

IR 72 EO/NRIERFR T I L T Y R LRI DRI K 5 TIAL



BN TWo, £/EEORKIEGOF] & L T/NEE Eros ORI A X 1.1
\Z7”" 7, Bros ORMITIZIZL DT L—F—LHRVE =D FIEL, FHigmE
WL I3 RABIZL > TRIEIZEDNLTND, LI Y AEIEFITEZLIT LY i
L7EREMEOHEEIZ L > TSN D BN TWDS, 7 L—F—7bD
B (22 =27 %) O 955 RIKOFARELLT O b O RIEmIZ HEFRET
Lo MHEENRRKRZ WD, DED A ADRKENVRETHLIIEHEET LI -
7 HZDENFIIRENTEASH, LAY RJFDIE S NIREY A DM, RIKTE AT
ROREPME, TR T T v 7 AR LIl LD EEZXBND, — 5T, FHIROE
YA M5 TRV Z =3I L, Gl S AL —ORIERIZ L -
T Eros DX 9N T Y RERAERKSINTZDDE Lit7e (Delboetal., 2014),
ZEOBPN =P RERIEICBE L, £OY A X3 m 255010 m 12Kk 5,
INHDORNVE =37 L—F =R OBREOKRENRRTH o5 L. BRI
DE M DR OE R NHRTHLIGER B L NS, 1.2 13/ 2
Itokawa DR MIEHRTEDN, 2% < DRV F —FIET 5, Ttokawa [ RERIR )N E 22
WEE - RICHEERB LERIE (ST AL AR 2250 TEY . BEHOR
W —TZ DOERDOEITAER S IO E L7y,
INFETHRESNIPERIZRAENHEEICEZ D7 L—F =TTV
753\ Itokawa TlL 7 L — & =8I O/NRIRIZEHASTH R 1ZEALED T L—
— X AR BRTE o7, KD RIED T V—F —H% 1 XHE5A (Size
Frequency Distributions: SFDs) 23R E B/ LA LN TEY | #HRO—HIZX 1.3
|77 9 (Marchi et al., 2015), X 13137 L—FX—HEEL 7 L —% —H A XDH
RERL TR, REROFF{TEREINATVD, K 13 LY, 7L —F—%Z
Itokawa & Vesta OF WA BRVT “Bafn” LTWAH Z Enbrd, 7 1—4
—SFDs ZXIC LT, 26 O/NEREDEBFERDHEE S 41TV 5 (Chapman,
2002; Marchi etal., 2015 72 &), F£7=. Itokawa TIZEZL 1I0m LA FD 7 L—& —¥K
DTN 3D (K 1.3¢) . [REROMEA S Eros DFEERND S LT EN (X
1.3a), Itokawa =° Eros TO/NS WA XD 7 L—F =¥ DR Z 1%, LLFOER &
LT (WEZEREIRENC L 5/h7 L —% — Dk Q)R — DI L 5
HRT XL F—DOHHE (Armoring) G)NE WY A XDOWERRIKD T T > 7 A D
R, e EnEFond, Fil LEBERIZENENTE L TWLHTEA )M, EH
7R BEIRNIE L EREN 72 A 9 &5 2 53TV D (Marchi etal., 2015), ZEAH NEAR



Shoemaker |2 X % Eros RO @G EEIE NG, 7 L —F2—NEmToOLr I Y
ZDRHBENPBIE SN TEY | ZIUTEERERE O ZE) S Lty E2Emphik
IRENOFE L LT, Eros &4 L 72 KIK T O IRE OFEM 72 7w & 273
BT TV E LT T V& W TR 5410 TV % (Richardson et al., 2004, 2005),
£o, WRBVEIRENT/ N L—Z — DK LM T, LI U AEORES
JEE S &k 27, /IRERE T TR ZA2HEEICLD, LI U AEBOEK
RONEK - IRE - JEEDRY RIS Z & T, BIEOREORIIREI K S 17z
EEZBND,

LY AgORA-Y A X & ZERBIIEE LM TH 5, Fl 213K E DS
ROBEMEIL N OO L, FTERERBETEKRSNDZ L—F —
A K2 H 2% 5 % 5 (Housen and Holsapple, 2011; Giittler et al. 2012), /NR{K L
Y 2O GFEMRERIE, TR I v a X TRLATA LAY X
BT 21 TH D, HIERICRBIRONATZREN D L T U AR 71 XRZE/R

BORNE S v, PEZERERIT 51% & HEE S 47z (Mitchell et al., 1974),

EERAEICR G T, xR TOBRIT — 2 1/ REREO L T Y 2Ok
TP A RARZERDFENINY L7225, FlxIX, FRIMEORDEIZ L > TR S h
7o /N DB I3 H OBVMBMERN SO MEW N E R L, ZHAUIRENA A D
LLIFVIY AL > TEDLDNTWD N E S 2 Z 7R 7 (Lebofsky et al., 1978 72
) o MR ORI AL, 500 um LLF OJRFFHORL - A ZAOREW &
ATV Dk U T2 BEA DR EALFE iR & [REROTIR %2 L TV % (Zellner et al.,
1977), #i B L—2—8OT — % % FHVWTHEE S v - BRI/ N2 o
FT < DNV 7 ZERRFRIL 51 + 14% T H (Magri et al., 2001), EZFIZ K 2 A
BOCRSS RO LR OMERIL, LI U ADZERRER T A XBERLTND
EBEZHNTED, SHEUNKEIL 40~80%DKHE D/ IV 7 ZERFEE 4D L HEE
STV 5 (Hapke, 1986; Domingue et al., 2002),



1.1. Eros OFRHEE(JHU/NASA), FHIZENL IV 22X > TEDN, 25
DI L—B =R =T D,

1.2. /IR Ttokawa DK H ER(JAXA), £ < DRV F—BNHAEL T\ 5,



Cumulative Number of Craters (km)
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1.3. Bz 7/ RETD Y L— & —SFDs (Marchietal., 2015 O %51 M), K
D7y MEIJ L—2 —OHN D=0 O RFEEE A E 7 L — % —EHED
BfRAR L TW\D, BAOEMBIIRRAREM L~V EZ R LT Y | &)
1 (Gault, 1970; Melosh, 1989)® 10% & xfjix L TV %, (a) Eros DHEZ & D7 L
— X —SFDs, (b) Gaspra, Lutetia, Vesta D47V i3l (Marcia units) , Mathilde,
Ida ®7 L — % —SFDs, (c)Itokawa, Vesta D5\ VHi3E (Marcia units) & 5V il
(Rheasilvia units) . Steins @27 L— % —SFDs,



1.2 KR RIKTOEE 7 V—2 ) T

E2e s L— & — | LEERRERE CEBENICFET 2HETHY, Zhbn
IFREZEMMN O OREOEHEFRRIZEVIERINTCLDOTH D, HEEE
I —fRAC I km s 22528 10 km s oI KON, il 2 0E A -#ER R TIEE
Y% 13 km s (Bottke et al., 2000), mﬁéﬁf FEH)HE 5 km s (Bottke et al.,
1994) ClE2Ed 5, 7 L—X —H A ZILER 100km 22 5 X 95 RE KL 0N
%\:7D/%42®v47m7v~&~ifﬁﬁﬁé(&mwmhwn%
REDGE, 7 L—F =P A ADRREOERITET LI )R REVWT L—F —
HIFET D,

7 L— 4 — DI FRIIE R ERBE Y S 2 b —a TR Tk Tl
ROENTET, EHEEPIEMICEZE L T D, ()EMEE Q) I HI BB GYE IE B
PO Z -8 D EEZ B TWD (Melosh, 1989), EZ2RIMERIZEZET D &,
PRl CHE A U T BRI S 22K L AR OB TG T 5, 2 OFRICHEZE Rl
PHIEREIC LV ER SN D (EMEM) . EREO@EEIC & b 72> TEIWE
A THRENL L, HE &ﬁ@@ﬁﬁmkmbm%umLéﬂzﬂ% H R A JEAS:
T D, 5l & T, HZERIROFE £ T L= 8T B Rk T U CAids
AU R RIRIAGEE LT R 2B 0T 5 X IsRE LT, ZofA#E
W DIRFRIZ K o> TR DRI S D ERIRFIC, B EHE D~ VB ER R T
[ ETHT B, WEPERRIK B~ S, BoAMD I (&7 L—
—) DR IS FRAIEM), RS s L—F —IIRIKOE ) OFEE=
T, BOBEEARRET A7 8 L TUBRNE LT 5 (IBIEERE), FEFICEEE T

@?@T’%T“ X, 7 L= =B DI Dm0 B OUSEL - 2858 - fHER e
ENE Y, RIFOMERENIZEB W TEEZREE 2 F 727 (O’Keefe and

Ahrens, 1977), F£ 70, R DTUL - 2HET 20 A5 H A B AL (Tyburczy
et al,, 1990), KK EDKRL KK DI H E e el 2 K7z L7 ATREMED B 5
(Lange and Ahrens, 1982),

7 L— 2 —DBRIZITR 2 2FEERH Y . BEEPN/NS W L—F—TBbA
BITHHM Y L— 2 —LIHEN D, A ANRREL D L7 L—F —KPFHIZ
0. FTHRESLLZEHY T Vo TEREA AN L OIIZRY . ZbiX
B L — 5 — LTINS (Pike 1976), #HEY L—2 —I3F, ER&E T OBDA

7



My L—4— (BB L—4—) DEINCLVAE, ZRT5ZLICk04T
TmEEZLNTWSD, By L—F =887 L — % —~ERBT 504 XX
FEHEMEOIR/NTRES I, BHIDNNSWRIKIZEEBET L7 L—F—H A

RIREL 2D, flE LT, AOHE TIXER 15-20 km FREE CTHMiZ L— & —
INOEMEY L— % —|ZBET D,

Hom st LU N OMGEEE R A FET 5, mEREFERE TR INTZ L—F —»
SO O H B, RIBOPLHGEE 28 2 5 & OIXFHEZERITRHE S b 28,
BLHGEELLT O b O REICHEZET 5, B OFEZEC X > THi7Z IS AL
SN2/ Lb—F—% TR L—F— LIS, PBRESERLR EO/NKIKL T
A TR =2 =PRSS DB, 28T/ N RO B LT & 72
Dicsh, FEFIARE L 2N Z 5, ) 213/ 433 Eros OJfid HIEEE 1 10
m/s B, /N 25143 Itokawa DO HIRE L 017 ms T RRE TH 5, —IRAYZR
B2 G - RIRF O E % KIF T, #2013 ltokawa 75 1 DO 2> VR
JEHEFE L TS HUEkIZIE, dimple &I D AL E— (BBE) Z{Eo 72w
BANDFIET DN, ZOMBIE IKRI L—F—L LT INTZREEND D
(Saito et al., 2006; Nakamura et al., 2008), £7-. XEf# A Phobos EiZi
groove & IS < & <IENDIENZEAFIET 525, T 4L Phobos | Tl
KDY L—H—"Th D Stickney 7 L —HF =S SN2 DO RNV E—nREK
W EEEEND, B LIEANTY Y FT5 2 8 TEHEOEIIED KR S8 )
A & 2 (Wilson and Head, 2015), $£7-. — k7 L— ¥ — X EEE/E 22 TR
éﬂ?ﬁ*ﬂ(ﬁ L—& — L ORI LoD, 7 L—F— A XBHFE AR O
RICHEEEZRIFTT LW RELH D,

V‘Jé[ﬁﬁf@ﬁ@jﬁﬂ% HLORKTIEZ L—F —FRH & & bITEE - B b I, #%
b LIRERT 2, —FH, WENSEIRORG Z b 2RV RIE Ty R I &
ARSI ND, BERREEROEE 7 L—F — TR ENLHIEE TORKER
H COERBLOEROFLFRE LW 2D,

HET L—F2 = b3 DIFREFAWMD Z N TED, 7 Lb—F—H% A
ANBIE7 b= =27 =V 7Rl A5 2 & THEZERO Y A XM 45
PRI TE D, 7 L—F—BIRNGITRBOWME (RELZERE) 2HETED
GEnd 5, MEAENIEFITERWERE TIIBHM O NNZ —ITmY BAET 5
Z & )25 (Gault and Wedekind, 1978), B1%2 S L7t D /35— 2 9 B 1Ei5E )5 1)



RAEEHKNCTEDLEAERD D, T2, 7 L—F—OEFHAT 5 Z & T Hulk
TOI L—F—FENMGOND, TRk X - TH OB H Ik D44
R TR ZRlE L xfnT ik 7 L ——Fnn, 7 L —F—RE
EAERHEARDBRERI GO N T WD, ZORREHWDS Z & T, 7 L—F —ERENR
bOho TWHHIKOREFREHET HZENTE, ZOHEEI L—F—4F
¥ L MRS (Hartmann, 1970), 7 L— & —8 5 L iR O BEFR2 B I, HiEkil
BRI CONREKOE DR E L ZMD Z ENTE D, £, 7 b—F—H% A
ZIAPE S AT DE AR DY A X5 HETH 2L b TE 5,

13 7 Lb—F—Y A XX r—1 THI

7 b= =Y X LIRS (FRRE, FH - RO ) ORERA D
ML, 11 BT KD k2 RIEHREHF DL LN TE D, LanL, HREIE
HEFIHHRBRTHY | %<®N7%~?ﬁ@%’%bofwé DAY 4
7 L= =Y A X — RV T THEE T S 72i2id, A7 — U 7RI &1
NTOMERDH DL, T TIE AT =V T EMHEIND IR H b TnWg 7
V=S =Y A XA =Y TR T D, n A0 — VU o ZIRIRITIRMT 2l iz
A=V 7 RHIT, 25 - BREEROR R A2 ILICHEE S TE 7= (Holsapple,
1993; Housen and Holsapple, 2011 72 &),

7 L—F—KFE V%, BOILCEE a, BOEEE v, HOILE LU OB 6, &
pr. BERIORE Y, EAOMEE gl ko TkEL EEX D, BHE, ES, FHO
3OEMNIRRTLE T HE . FFHDTHOD/NRT A—H NG 4 DSOS R T
BEOSHIENTE, ENOLOMICEBBEGEROL LT H L,

peV (ga Y pﬂ
— = —, = 1.1
m v? 'pw? 6 11

ERTIENTED mITHWAEE : m=4n5,d’3), £7=. (1.1) XND 4 >0
BRI AZ LD X 51tk T,
peV

7 =Ty (1.2)
ga



ptvz = T3 (14‘)

p
§=n4um

ZIZTC, mpld s b—F =R, m 3 E S (b L <ITHEBEEEE) | mgld
BALTREL | m (IHUSA LB L & TN D,

T, 7 L—F—OERITEID /T XA —HF a, v, 6, DZNEIEBNALAT
TLHDOTIEHRLS, INOLEREIELH DL —D2D/NRXTA—=F|EFT LT &N
HMHNTWD, TNER-EEEC LY, LT Xy icRIN5,

C=av;#6," (1.6)
T TCubvidZHTh b, BEmMITIIuDEI130 523D OFME LV, u=
130 L &7 L—F—H A XFHIOEEBEITKF L GEBNERT—V 7)), u
=230 & TEH TRV F—IKFT D (R VT =R 7=V 7)), £, v
HEHERA ) 7 LI RAX =27 — 1 U7 TIRIBDOEE & D05, &%
BREIC I3 A S T Cv=048725 Z L3 E1 50T 5 (Housen and
Holsapple, 2011),
FAEEBCEEANTDH L, 7 L—F —{KFEVIT
V=F(Cp.Y g9) (1.7)
ERIIN, BODNRTA=ZDOEUREZRY | 2 DOMNR IR TEE S H I &
MTE D, 2O0WHTTEOFIE LT, LLFD 28Y OEERT,

2+

3u 3v-1 == -
EK(Y Y P\ _ ) ga (e () (1.8)
m \p;v;2 5y vi2\ Y 5y '

3u 6v—2-p 2 2V
b gy () T | Y oaym (p) L
m viz 6 B ptviz Uiz Sp '

p

JL—H—JERICBWTEDLD bWEREDORZEN Y RENE X (FREX
Bltk) . (1.8)RDATERKIT /R D DT,

Su 1-3v
peV pevi®\ % [ pe
— — 1.10
m < Y > ( 6p> (10

EREND, BRITEEMND &

10



=K —37# 1-3v 1 11
Ty = R4T3 Ty (1.11)

EFEIND, —J. BEIDLENOZENHSRENE X (FEEIR) |
(1.9NDOEIEEIT /2 D DT,

3 2+u—6v

u
174 —5 2+u
P’ o (ﬂ) 2+tp (%) (1.12)

m v;? »

LRI, BROEEMND L.

_3u 2+u—6v
T[V = K27T2 2+ﬂ7‘[4 2+p (113)

LEIND (K & KITER.,
F72. (1L10)1L.12)X0BRE 7 L— 2 — £ R B L — 2 R m &
HAWTET & 0 SRk T,

Pt 1/3 I —u/2 13
T[R = (E) R = Kl 77:3 7T4 3 (114)

) SERICTIE,

p 4 2tp-6v
g = (E)1/3R =K, m, 2+km, 3C+H  (1.15)

EENENRIND (K& KIIER) ., BEKLK R u, v OfEIE, HEZ7EFEERIC
Ko TREWLBEIZOWTRO BN TWD, il LT, u DI, WEROY;
B 041, KX&ER., AAEMOLE 055 THDHZ & NEIH LTV 5 (Holsapple,
1993 72 &),

ZIZT, EOZDA1SKELLTO L HITET,

T < m,~%m,p ,(1.15)
QL15)XKDO_RZa b piF. uvEHWTLUTOL I ITEREIND,
a=pu/(2+p) (1.16)

B=Q+pu—6v)/32+uw. (117

1.4 fHZ25285k

REH T Z 2 W RBR LIRS 5720, ZHE TEEZ S OFEEERITH

11



TEL, filE L TENIER COEELERE LI-mERE~OmE 7 L—4 Y
V7RSO, TR SR C OB S A R LTS A~ OE R E . S L — 2 U T
FBR7e ERka R T T T TE e, £, mEEEICB N TS ms!' LT
DA FEEZEIZER D . B2 A F 230 km s7! O @l FE B 22 926k & TRk~ T
bbH, T T, ARUFFRICEIE LR e LT, B HHES) T TOMLEIER
AL IR TOMEZE Y L — X — TR EREFIT D,

1.4.1 BEIEFEHEICOW TR E 27 L — & —FEBR

INRIRFRWE I NE I BREE CThH 5 72® (Eros T3 10° G, Itokawa TlX 107
GRE) . /IRIKLVTY A L TOMEEY L—F —H A X %B 2 HBTE7 L—X
— YA XOEIKAFNEZ TN D T E PRI TH D, THEND mIEE TEHN
W2y L—& —H A XN 2 5B OWNTHRATZARIT W 20vH Y | (KE
I, b L < 1T E P TEAKAMEDS 5 71T % (Gault and Wedekind,
1977; Cintala et al., 1989; Schmidt and Housen, 1987, Takagi et al., 2007),

Gault and Wedekind (1977)Tl&, % FEEE & EMTEIXRE AW TR 220>
LENINEEZ 0.07-1G OFPHTE(L I, HEIEHE 0.4 8.0 km s DOHiPH T
ERERMNM T, BEEEN 6.64kms! TED L &, 7 L—¥ —HRILE
FINMEE D-0.165 FIZHHIT 5 LW O R 272 (a=0.165, 1 =040), F7-,
Cintala et al. (1989)Cl%, HL22EE D AT % W T ARE ) EBR M T /0o, E)
#iPH 0.05-0.59 G, HEHIPH 65 — 130 m s D544 T polymineralic blasting sand ~~
DEEEBRMTONTZ, ERERIL 7 27—V v 720 TEIIN, 1 DO
g@mﬂZOMMW4B$kW5%%%ﬁKO;hdIWMmM%®MMGWﬂT

BONTAEL D HORNZ N, KENTIT—HLTEY, B 10ms” O
l?%%*ﬁﬁkﬂ%@%ﬁ%ﬁé?%é EMbholz, —H, mmmam
(2007) Tik, % TEAHWT 10°G L FOMUNE ) T CHEZEFERP I To -, I
PR & T A B — XAEHIZ 45 - 360 ms™ O EFIH CHEZEERZITo72 & 2 A,
SNz L—2 —EAEIZ1G T EM/NEA T TIZTEVDR AN o7z,
Z ORERIE, Gault and Wedekind (1977)<° Cintala et al. (1989)“(“?% LT RER &1
H7p %, Takagietal. (2007)“67 L— 2 —EHARIZEIMREER R b2 » 7B
LT, MUNENREICLVBREROREDOZENEH TE R o2 &

12



MNEZHNDD, FELWERIZOW TR LS o Ty, £z, mE/IFT
DU L—2—JEakFEERF] & LT, Schmidt and Housen(1987) Cldiz LNk e & H
VT 1-400 G O = E D TRMER I~ D185 2R E I OSHE P 1.55-5.16 km
sT CHEZEERNITONIZ, ZIDDEBROFERND a=0.17 (u = 0.41)DFEFRN
54, Z T Gault and Wedekind (1977)<° Cintala et al. (1989) DX & /) B T15
LI E MK EICE VSR TH S,

1.42 K C OBy RLIR~ O 22 525k

K% TORKME OS2I km s 2258010 km s OFEEE TR D | H2%E
7 L— 2 — OO E R E A 5 X 29, — T, NEESERE R Eo/NKIR
ETERI —F =R S L DB, B T/ N RO R LT & 72 %
7o, Bom s DU OIRHEBZENE 2 5, B 2 13/ KR 433Eros CEBJEAR 19
km) OBLHEEEEITH 10 m s, /N 25143Ttokawa CEYJERE 330 m) O i H
FEI3017ms! Th 5, IR S F I/ N RIEOREMIB I EL 52155,
#1213 Ttokawa O dimple HifZ<° K 22 Phobos FIZ R 5415 groove HIFZ 1T 7K
1728722 T AR S Au7= [ REME DS & 5 (Saito et al., 2006; Nakamura et al., 2008; Wilson
and Head, 2015), 7=, 7 L —X =W U T 4 VT ORI IR I L—HF— & —IK
JL—2—%HRT 5 LT LW, TV L— & — o XA

ZRIET, ZD XD T/ NRIE ETO IR E RN G2 DB BT 5720
LAY 2% AE LI ~OEEEHEZZICOW TS Z ENEHEETH 5,

7 L—&—H A BT 55 m s OB T OB ERE~DOEEERITZ N E
TZ% <1741 TV> % (Uehara et al., 2003; Walsh et al., 2003 72 &), Dowling and
Dowling (2013) T, £Rkx 72 K& ICWME DAL 2 iHHEAYIZ 0.24 - 257 m DE S
#%@Téﬁﬁv F—ERERE LI E 2 A, EIEHEE 2.2 - 7.0 m s O
T, 7 b— & —EZIIHEZET XL —(ZHHI L7 (a=1/4, u=1/3) . Ueharaetal.
(N%)Wmmamem@f%%%ﬁ% XL THAIAZHBEEFSIETWDD,
T A EOIREEHANTIL Y L—F —EHREPEET R LT —IHHT 25—,
e EORMBEMNTIZZ L—F —BERIIZ A LX =R —V 7 LD /A
b EVIHIFERNENZENSELN TS, 22T, KEHEEZE L Ol E LT,

13



H ~ s O S A L S - FEBR O — B &3 5, Yamamoto et al.,
(2017)1X 1 G T CH#E 0.7 -6 km s~ OFAPH TR ~DEZEEERZITV, a=0.17
W=04D)%EHFTWND, T OMEIE, (KEHEEEHEZE CREEHALO & X5 LN
(a=1/4, u=1/3) LT84 %5, ZOZ &ix, KEHEE - P~@mEEk T, 71—
B —H A ROBEERGENEN —F LN Z L E2RLTWD, 70, P~ T
BEoilz a (=0.17) OfEE, B2 L 37236 (Gault and Wedekind, 1977 72
E) THLNT o DIELIFZIE—EL TV D,

143 ZOMOIKES) - UNES T COEZEER., WEE~0E ANFEER

7 L— 2 — R ERUSMI B IRES) - UNET) T TOMEFERITIZL L Eh
TU %, Brissetetal. (2018) Tid, MLZEEPLA~N—A T v MLZ HW/NETT
TO—HOIEEFEEROBRICOVWTEEDOON TS, ZTNHDERT
X, 102G BIN10*GLLFOE T T, 0.01 —2.3 ms"! OB EEHFH CHAZER~
DEZEERPT DI, BHILOBRIEK Y PV = 7 ZIZOWNWTHBEIN TV D, 10
2G TIEHALOBKQE Y TR Z 59, 10*G UL F Ttk REEZ > TEL |
F10PGLUTOHEN 102G LHRTZV =7 XENEL 2D Z ERHESN
Wb,

Murdoch et al. (2017) TlE, % F2EE %2 VT 0.02 - 0.1 G ORE J#iPH TOEE
AR ~O IO B AKERDITHOIL T\ D, BZEHE DS 0.02 0.4 m s OREHE
HZ2TH Y | HR 10 cm OHALUZITIHEEFFDNH Y 1T 6 TNWDH 2 &b, 1
ZERF D I RNNRECE AR, BARS R ENBEI N TS, iR, BAES
(ISR D — 7, EAIEE KT LW Edbonotz, £,
BALOBERIR U ITBIE S e o T,

—7.1G FTOBER~DOE AZEER L L T, Katsuragi and Durian (2013) Ci3tk~
TR EE DRI AL L ORI AL 2 B 70 5 TR A & & D ETH I O By IR
FICHBE FSE, mEEET AN AT TEAOKRTERE Uiz, Rl & 8 AR
S ORI BT EE LR L0 B X DIEFIZFE L, Bl &
ORI Lo TEANEE DR — 1 U 7RI 5T-, fEF, BEANESIHERN O
NI A O IEHED —1 RlZ, B EEROEELLD 12 FRlZ, EHIREED 2/3

14



e\ LT,
1.5 &0y

[T O 2 AR B~ OB 2B > IR S 18 5 7351215 B
%%ﬁ@%@ﬂﬁﬁ%%ﬁ%éo::TigﬁﬁiTWO%%%ﬁ_%ﬁéﬁﬁ
[ZOW TSR T 5,

1.5.1 FHER « 22K LR

BIA-DNHERR L7 & S ORISR SN L R Z O T 5, K1 D FEHHE
FEAEWERTIRED —2 & LT, BEBLERRNET O5ND, K DEE % p,.
*ﬁfﬂiﬁ@/\/V?&.r%pbmkk'@‘ék EZEﬁ#(pibJ:U\ B‘?#p iU\—F@JZO
xIhd,

Pbulk
=— 1.1
s (L18)

p=1-22%k (119
Pp

B O FHRES U IXZERBIL, RV A XORL 794 X054, bRk &
FRa R BRIZ L > TRE SN D, KiFJEOZERERIT, R &R+ 1 8]
O EHORESOBBRNPEEL WD EEZ NS, EOPRFEIILY
HLRENEZ R FITENCIY BE LT R BRI/ NS 2D, —T7,
HOXD BRI RENE | B IPR IS K VRO 72 Y & TR
ERBIIRE L A0 b, i FMZIE 5I8ED e LTI 7T AT — LR
%ﬁ$ﬁ WRARNE 172 EVFAE L, E8T 2R 89 LOMEEZZEZ D728
[CET2 )] T HERDN ) B0 R BB )72 E O AFET D, RIS
DB ERE LT27 7 T NI — VAT Fy DT AR E L TFORITRT
(Perko et al., 2001),

AS?

Fv = @T, (120)
Z 2T, Ao~ —iE$(Hamaker, 1937), r TR 288, QITWAES T8, ¢

15



IIMEDFRBOES, SIZZ7 V—2 ) xR EET, 7V —2U R R ST Qe
TRIN, FED OOV I ERTHIETH DL, K TONEEEE L=V
V=2 U xRt S ENEORMREZK 1.4 12”77, #ER ETO S 0.1 BRETH

., FHZER (BEEZET) TlXl &5,

JKR HEEGIC & - Tl &N 2 B Ok~ 1) % LA T D224 (Johnson et
al., 1971),

3
Fkr = smyr (1.21)

ZIT, yIERET RNV F—ERT,
Wiz, R BB 0T LR E LT ORITRT,

Fron = 6my¢,  (1.22)
ZIT, (EBERIENA YRS TH D, RSV EIIE, FELIZb2roTH
59, M2A DR FRIOBEMERE TCOMBENICH D EEXLNTND
(Heim et al. 1999) , £ 4R ap (ZLL FTORX TR SIS,

1

ao=={(idégll)(F*4—3nyr+~¢(3nyr)2+—6nyrF*)F L (1.23)
Z :?\ 1% 0i2]\97yytt\ E @iJV:/7$\ F*&i%%ﬁﬁ>ﬁo{@]< 7'7’(&;50
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10 = T
T=u Temperature (deg K)

=

0.9
LER |
0.7 |
0.6
0.5

0.4

Surface Cleanliness, §

0.3 - Lunar Soil
Quartz and Obsidian ————

0.2 Enstatite and Olivine ------

0.1

0.0
1E-15 1E-13 1E-11 1E-9 1E-7 1E-5 1E-3 1E1 1E+1 1E+3 1B+

Partial Pressure (Pa)

1.4 KoTOFEEZEE LV — U xRS EOEORF% (Perko et al.,
2001 O Fig. 6 #5|/)
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1.52 ZEf & NEEE A

R IAKETHERG 2 I3RS, HEFROETTIZ L » TIRE 2B T 5,
R OMAENTUTRNIE, &5 A TRIIIAN D, T 0L & OKY-m & #Hm o
AEEZREA LN, BEADKE SITIE—RITR RSB L TR D | Bk
BRI X0 S ABATZIRORLA DT, LD REWELEMAZ D, ZEMA LU
TR E LT, WEEEBANU T ORIZER SN D, KT b < EAMNG
TosWBIEREIE N ZoyZ W T T OB TRIND & &, 0,2 NEEA & 5,

0s =0y +tanf,. X oy (1.24)
Z I T, gplXEE S EREHTN D, WEEEEMA DR & S L EMA &[RRI TR
MERLTWLEEZONTEY, KEMLIEWVMEZ LD Z EBRMbNATND,

A EEZE T COMREDONTEEAIIEERTE T X TRELS 2D E
MHPEIZ L > TRENT-(Perko et al., 2001), HEEZE F TOWNEREEMA N KX
IRDH DX, RAREINET KUK F DB K> ThFRIN B3RS 5
7O Thbd, HhalmiRIZBITD 27V —2 U xRS & NEEEE M OS5 DR
f%(Perko et al., 2001) % [X] 1.5 |2/~ 7,
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i
L)
2

Leganid: . 'rllr
1 = Enatalite Samnd

2 = Lunar Sl

3 = Quaetz S5and

4 = Engiatia Powdar
5 = Qliving Powdar
& = Ceartz Powdar
T = Obarhan Fowder

3
¥

—
b

Additional Angle of Internal Friction, &g (deg)

\

[+ -
R oA 0.2 3.3 0.4 0.8 [LL] 7 0.8 49 1.0
Surface Cleanliness, S

1.5. 7 V= U xR S & NEREEE A D5y O BAfR(Perko et al., 2011 @
Fig. 11 Z51f), B2 TEW (XFo 3 Off) OFE, EEKRKE FES=0.1)
EHARTHEEZE F(S=1.0) TITWNEREEEA 13K 13° AT 5,
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1.6 A4f5tm Bl

INRIBIZERR A Z T2 EEWRN/NE L KREBRVBIOFERDI RSN TN D
EZEZDLITWD, /INKRIEREORLAJEORLA P A ARLZEFRER T RIRE D
GrERCBMBEME 2 R E L, HERHEIC b A 52 5720 MRIKEREIZRB W TE
TR Lo TN D, £, /J\?iﬁiﬁﬁ@@ﬁﬂ L— & =06 RIEERE DY)
PO, REFRREZHET D LI L 0, INRIKROBGEAL - 822 JE{I:ODJ_
BAEBMTHZLENTEDEEZLND, _%L%O)fﬁili%ﬁ:?%ét ENVINPRIN
KBIZBITLDWEDSDENR, LI U R F~OMH226H %a@fiﬁqﬂhﬂ%’(dbé

AINRRFR N TIFHE km st DL EOmEEE 27200 Tk <. IR E 22N E
ZOBE. Bm st LN DRSS S AT D, ZD KD R TIRAIRESE S £ 72
%fﬂii%ﬁ@ﬂﬁﬁ/ IR RITT, ZD LD /N RIE BT RIS )N 5

LRBELBMRT 501, LI U ZAEZEE LT A~OKEEH 222D\ T
FRDZENEETH D, HIRERICKTT 28 m st A4 — & — T ORI fE i 22 52
BRI E &< 72 & TW% (Uehara et al., 2003; Walshet al.,2003 72 &) 73,
INHDOERITLIGC TTITbNbDTH D, £, /INRIKOFK I E )T HIER &
ARTH/NTH D120, /INRIKETOEZE S L—F —H A X2 HET HT20DIC
X7 V= =Y A ROBEINMERGEEENMD ZERMETHDH, 7 —F—H A X
D IR A 2 AT T2 IR ] 3l 2 25 & % 23 (Gault and Wedekind, 1977;
Schmidt and Housen, 1987; Cintala et al.,1989) . Z 4L & (& H ~ &3 E 565 m s™! to
6.6 km s TITONI-EEERTH S,

Z T TARIGED BRI, Q)N RIERBE#HEEZHET 52 &, QREEEZET
DY L= =Y A XOEIKEEZMD L, TH D, 2 HE T, M EER
THOLNTZEDRIE T — & % A U CNRISE R ORL 8 OB+ A X L 22
BREBEORRE Gz, 5 3 ETIE, MIRE~OREEEEERAKE ) T TIT9
LIk, =S =V A XOENREEEGT, F 4 ETIEINOOFER
EELD, MAEICEmEIT o712,

20



lara sl 2 =r
INRERBLIY ADHFY A X EEFEEDE
%

ZOFEIIUTFORAER SN X ONER LOBMORE & BLEITE S TR I TN D,
Kiuchi M. and Nakamura A.M. (2014). Relationship between regolith particle size and porosity
on small bodies. Icarus 239, 291-293.

Kiuchi M. and Nakamura A.M. (2014). Corrigendum to “Relationship between regolith particle

size and porosity on small bodies”. Icarus 248, 221.

2.1 HHY

RBiAJE DZERRZRIIRLA Y A X ERLAH A X072 EIKFT D, £72. 25
PILF A NEED OMEZEEE I HAKTFT D (Tieser et al., 2010), FawND “F
VW FRIERRBORI A Z v B IREMT D 2 & Ty ZERRITEA TS
(Sakai and Nakamura, 2005; Omura and Nakamura, 2017 72 &), Yuetal. (2003) T
(X, RLF VA XD 2 BAEIR O RB O 22RO PERE R O . KAV A

& ZERRER DRI 72 BRI R ST, R EAOFPHIL 0.01 - 1000 pm ThH
V. FRZERRIIT T GRY REREOR T THESINZ LD TH S,
fade, R P A A NSWVIE EZERRITIRE LS R D WO BEREGZ, £z,

P OIIR N EE D & ERBOEBREZ R LT,

N AR E’J B RERETOERBLE X OB A X2 HETHZ LT
bhH, TDIWIT, FPTHAY A ARKLA TR KL DZEFRIT 52 5 5%

%&étw‘wamgmaﬁwbhkf—&:mK HL72 DRIA-P A AR
TR % b OhL A2 WO I ZERBOREZ1T>72, £ LT, PIESNT
T—REFE LD, ERRERFEOBBREAEELLZ, 22 THLINZERE
NERBERmERE (EHIEESR TR L) [T 52 & T, /IRERE
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TORLF A XL ZERBPORMREZ G-, I HIC, LRROEGRE L ITY X EDOE
fri8 25 /L (Gundlach and Blum, 2013) L fiAAHH S Z & T, NEREERETO
i A XL EBREEZNENHEE LT,

22 HIEFIE

FT. R FHEREBORLFEEIES D, A v 20F 500 um D550 &
2 AW TERBIHL T2 9o < Y EHE S (K 2.1), FaslxMRER T,
BN 27mm, HEIN 15mm O L O % FN722, —EOHIE CTIIRIRERDOE
AL IOEL 80mm, ES 15mm ORLEZE V-, HERE L 2R 138
MEHTTVEY, BBRNOKFBOEE EHRBZHET S Z LT, “BV
FERBTOERKRLF N Lz, B Es (e b E Tolh
) 13X 20 mm THEIEZAT 7225, % Fim S OB 2~ 72 100 mm & 200
mm ChZNFNREEIToT2. £o. TXTORIEILZRE T TITo 7,

BB T ERRELOFEE L b - A X, BE, R RRICOWTE LD
TbDER2IVIRT, ETBEBECRY LSRR TFOFELZX 2212,
K5O L— — a0 A E 2L E  (SHIMAZU SALD-3000S) (2 Xk - T
WE S TRV A XA %K 2.3 12RT, R OERICIE, BEEHES 2
50 %272 DR ERDEZ AWz, RFTBIRIET U A RORAFHATR
T, ok IZERIZIRTH 5,
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m N/ &
o
c0
R
° U
..... M‘Inﬂ

X 2.1. ZEFREMIE 5 1E

2.1, MIRREEOYME

BOTERE KT

v [um] kg m_3] K- T2IR

VRN AN 194 2645 AFRA
WAL =X 12 2500 527N
HZ8H 7 A B — X (K25)2 55¢ 250°) 527N
HiZ72 55 2 — X (K37) 2 45° 380 % 527N
H22H 7 A B — X (iIM16K)? 20° 460° 527N
1225 A £ — X (iM30K) 2 18° 6003 527N
TIAT va 4.8 19504 527N

D (Omura and Nakamura, 2018)
D ZY—x AV ¥ SRRSO L4

D RY =T AV ¥ NSO B X v oK

Y H AR S R — A= DI TR 1950 kg m3 DL L L fidlish Ty, 22T
1% 1950 kg m3 DA% V=,
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22. EFBAMEEIC L DRI OILKIEE ()2 U s NRLF (b)) 7 A —
RRiF-(C)PZEN T A =X 2ki+ ()7 T4 T v 2hi+
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100
—E— SUBHUE
—— HSRE—X
—— FEHSRAE—X4
80 [ —g—7547v0a 1
>
e 60 7
R
g
e 40 }
B
20 }
0 1

107 100 10° 10’ 102 10°

B2 T ml

X 2.3. BRiFORiAY A X440
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23 FER L

BB O ZZRRRORPERE R A2 K 2.3 18T, Kt & s D PNEED [ D EEEEN
KL OFREEEITHEBEL 5252 ENBZX N0, K23 ITRT LI ICHER
B @A 27mm & 80 mm CTZEFRITIXIFEA EBLN A LN/ oT2, T D
ZEDD, REEAN27mm T, BaORE INERPITEL H 2 TR
W2 EDMER SN, TR hZZESEGE, B TRINKRELS DL
ZERARA NS < IroTe, TRV, FEHRLAF YA X3 um OAFEX A N EE T E
SE LS H T ER TR LA R & RO R 2 7~ L CTU D (Teiser et al.,
2011), AHFIE TITFEWVFRERIE COEREBZFIND Z ENHTH L2, %
T S23 20 mm TOFRERZHWD,

#* 2.3, ZERRERAERR

go To Zof R Tolgh
B4 =27 mm ¢=80 mm =27 mm ¢=27 mm
h=20 mm h=20 mm h=100 mm h=200 mm
YUY UR 0.44+0.01 - - _
HIFAE—=X 0.50+0.01 - - _

K25 0.54+0.02 - - -

K37 0.52+0.01 - - -
iM16K 0.62+0.2 - - _
iM30K 0.64+0.02 - - _

TI7AT v 0.70+0.03 0.69+0.02 0.64+0.02 0.61+0.01
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B 2.4 IR R & ZERR OB A R~ T, X 2.4 121%, ABFETRIE L7
Bz, @A TRIE SH T EREIOR RS 7 e v R LT 5, L
FEDT —H 1%, FHELOFIAN 2.9—55 um OEEELT L 2 F(Yu et al., 1997),
SEAAIE AR DOFF S 50— 545 pm D H T A B — X (Wakeman, 1975), FHJEEE 1.5
um @ 3 U Fk7F-(Blum and Schapler, 2004), “F¥JELED 3 um OFFHIZH H Y
J1kif-(Teiser et al., 2011) & Z L ZE ARV FTEDRIE CZER L L WE L2 HDTH
%, Blum and Schapler (2004) THW b7z U I ki~ & Wakeman (1975) TH W
O T A — XL, 7 VX ) & Teiseretal. (2011) THW LT
U BRI AHATEIRTH %, 24 X0 R A XN NE EZERRER M
REL o TWAEPMN A TEND, ZHUX, KM F &R 1 EICix7= o
KENFOREIOBEBHPEEL VDL EEZLND, K251ITRanbE)
W2, B A ANRKRENEE, DEVENPRTFRIADLD BRENVEE, R T
FENCEDFRE LT 20 ZREINSLS R D, —F, BifhAd XM
WeE DFEVENLY BRFMANKENE & R ITR R L kLT
DER Y TR L, ZERBIIREL 2D, 2O LD, ZERERIIIRAH
ERT T EICIZTE B EIDH Re=Fil Fe 0B L TNWL Z ENREX LD,
Z 2T, RpIIARY R — L IETHL % (Scheers et al. 2010),
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SupysE

..
® HoE-X
09 | ® hEHSAE-X |
® JSArvia
= @ AmMFIL=F (Yuetal, 1997)
08} B = U+ (Blum and Schlapler, 2004
B = Uh¥F (Teiser et al., 2011)
® NS AE—A(Wakeman, 1975)
B 07k ey |
ﬂi‘ ad .
BH o6} -
qiﬁ
.W
0.5F . .
0
,vg.:
04 - ".. n
0 1 2 3 4
10 10 10 10 10

FIFE [ um]
2.4, Ki1-£E L Z2RRER O %

Re2>1 2> F) Rp<1 (FKF)

O

BN 22 e\

2.5. K71 EIID Re &R+ O FEEEARFE D B AR DA
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Yu et al. (2003) Tld, RFINTHEEE S (B FIZHRIEA A LT &
XIS T)) ERIBEDORESITHD EELTWD, 50
WA T IRERAE ) O BIR Tl KRG IR 7188 r D-0.54 FIZHHIT 5, L
D LARBFEIZ B W ONRIE~DICH ZE 2 D88, BEEZE T O/NRIER EEREE
ICIRZEB N 2T 5 DIX5 b LL 72, D7, AR TR &
LTI 7T NA T =LA F, S L TERD D BEE) Fon Z18ET 5, R0 E
B L IL, At LR R SR - RE AR D Z ST L THE NI L - T
BT 21 ThHD, FiIZiZeb< 1E LTHESRIIOFET D0, /IRIKE
TIE7 7 TN T — )V R TJREED ) BEE ) D7 3§ 8 ) L 0 6 K E U (Scheeres
et al., 2010),

KT ET DN FORBEEEER LT 7 T NT—)LAF] Fy 1X(1.20) X0
BTREND, WESTHRQELT, 22T O A A EE 1.32x10m
WD, JKR BERIZ Lo TR SR FRINIZA 2RO TR I D,
SiO, DN T —TEEL A=6.3x102°]  (Israclachvili,1991) & §=1 % (1.20)=UiZfA
T5HE, FE/r= 0075 Nm' 3G 6015, CEMED SiO, DR i = /LF—I21%
&2 2 2%, RIZy=0.0186 J m? (Heim et al., 1999) % (1.21)=IZRAT 2 & |
Figr/T = 0.088235 b5, ZOfEIE, (1.20)0 645 S E(F,/r = 0.075
Nm)EY H0RREVEE R D,

JKR PRER DERDN O BRI B S F O B2 BRE LI 7 A A3(1.22)RD
%T%éﬂéoxﬁnfi\%ﬁ%ﬁ@ﬁéﬁﬂ%?ﬁ%wkﬁuf%ékﬁ
ET Do BB aplX(1.23) TR I DA, AWFFE TITRL T OFF KT IXIE
FINS W, AN DIXT 5 ) FPHIEHET 5, 2oL &, B30 BEEY)
(TR r D 2B JICHHIL, 77T AT — VAN (riZHA) L0 HAE
WA KA 70 D, FE o, R OEME TOME NP OEFEN Y RS %
FENTHIZ SR & 7= WFZE (Krijt et al., 2014)7> 53 H S LD HRAN 0 BEER ) & ki 1148
23 P2 Z D> TV D,

(1200 XB L VU2 XK EHANTCETCORFT =X DT 7 TN T— LA L
MRS 0 BB Z5H LTz, N~ —EH A, ATV vy, YU TERELL
T, YU BH R, HITAE—X, WEHT T A=A, TI7A47T v akif
(ARWF7E) & 2V B Ki(Blum and Schapler, 2004; Teiser et al., 2011), #J7 A &' —
A (Wakeman, 1975)I21% SiO, DIETH 5 4=6.3x102T, v=0.17. E=7.3x10'"Pa

29



R BT L X I ALOs DfE 4 =14x102°] | v=0.23, E=40x10""Pa

% F\ 7z (Israelachvili, 1992; Kendall et al., 1987; Spinner, 1962; Burnham et al.,

1990; Kamigaito and Kamiya, 1998), 7 U —> U x AL Si%, X 1.4 LV RE

L. FEHERSUE T CHRIE L 7o AR5 THW =30 S W@ 7 L < F(Yu et al,,
1997)8 L OV 7 A & — X(Wakeman, 1975)I21% S=0.1 %, /L F CHIE S iz
U BRLAIIEENENRE SN RKIEEZZE LT, $=033 (10 Pa, Blum
and Schapler, 2004) & S=0.5 (1 Pa, Teiser et al., 2011)% 7z, FHE THW =&
BtOWMAEIZER 24 IZF L DT,
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#24. KR OFHBEIZH W T=ERL 1 O WAl

) NID—EH YOURE REIFILF— H)—2UR
el HFER [um] RPUU v
A[J] [Pa] y [3/m?] AL S
KBk 194 6.3x10%0 Y 0.172 7.3x10%2 0.0186% 0.1
HSRE—X 12 6.3x10%0Y 0172 7.3x10%°2 0.0186% 0.1
FEHSRAE—X 18—55 6.3x10%0 D 0172 7.3x10%°2 0.0186% 0.1
I2AT v akF 4.8 6.3x10%0 D 0172 7.3x10%2 0.0186% 0.1
BT LT
2.9—55 14x1020Y 0.23% 40x10°3) 0.0419 0.1
(Yuetal., 1997)
D) hRF
15 6.3x1020Y 0.172 7.3x10%2 0.0186% 0.33
(Blum and Schapler, 2004)
D) HIRLF
3 6.3x10%0 9 0.172 7.3x10%°2 0.0186% 0.5
(Teiser et al., 2011)
AZRAE—X
50—545 6.3x10%0D 0.172 7.3x10%°2 0.0186% 0.1

(Wakeman, 1975)

1) Israelachvili (1992)

2) Spinner (1962)

3) Kamigaito and Kamiya (1998)
4) Heim et al. (1999)

5) Burnham et al. (1990)
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T 7 T NT VA LIS Y B ) DR E S & LR R A K] 2.6 120K
9, X 2.6 T, SiOkIFDOEZE T TOZNENDOR I 1E2RLTEBY, 7
7T NI VAT OTF RN BT LD b RELSRoTWD Z &Aoo
5y EBLLOR N EMEATRENL, MFOFEREBICE > TERD LH
A2 DOID, RT3 < HEFE L7 WIRIB 25 2. 2 & . L7 D FereiR g I 3okz 7 )
NEBEIDHRFOREZICL > THRESND, REVIEFIZREWNE E (X, KL
FRFIE LTS <, FERBELPRESVIREE 2D (K25 OEMDK), Z 0%
By BTIXT7 7 o TNV = LV AFERIC K> THER Y 2T 5 L TIETX 5,
—J7. ReDTDRELL VS, RIFITENCL > THEE L, KT/ sL
2% (K25 0EMOM), ZD& &, RAROAR=ZANDRNZD, 77
THNT =)V AFEE LD R L9 LR EH) Z TRV RIEIA TN &
TETE D,

KN 7 7 o TN =V A NERBELIEGED T 7 T VT — VA ]k
HIJDL Rr L ZERRR E ORREZX 2.7l T, ZOKIY . SRR
ThHOHEFT VI TRV Y Y RIZERIRKL - TH D H 7 A —AR0H%E7)
AE—XL D EWEREEZ LS TND LI D, ENENORL K TO
INODT—=EDT 4T 4 T & T2, T4 vT 47D, ST
(Yuetal,, 2003) CHW O LA FOEOXZEAH L7z,

p=po+ (1—polexp(—mRs™"),  (2.5)

Z 2T, plEZERRFE, po,m,n (TERERT, AR TIL, po1T1F0.36 ZmH L
720 X 2.7(0)I21X In[-In{(p-pa)/(1-po)} 1 & InRr DEAfRZR L THH ., TN 6D
BEHAFETRINDZLEZRLTWD, T 2T, BRIRKF T m=2.651+0.072,

n=0.175+0.007, ANEAFERRIF TlX m=2.040+0.164, n=0.177+0.013 =45

oo 74T 427 DORERNOABANTCIRRLT OT7 D ERIRKLF X 0 b w226
FabOI LIRS, ZIULIE TR ) & B DT HRL AR A A HA
RFMFEHES IS W LE2RLTWD,

[FIERIC . RLFNTHERAN 0 BRI ) 2 A8 L7236 DR Y BEER ) L ) D I
Rp & ZERRFR E OB A 2.8, E£7o. X 2.8(0)I In[-In{(p-po)/(1-po)}] &
InRr DEAREZ RT, 74 v T 4 7 ORER, EEOMEIZERIRBF T m=6.131+
0.354, n=0.154+0.006, NHHITERKLT Tl m =4.296 + 0.652, n=0.153 +
0.012 =137,
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2.4 /INRIRFHEEREE DA

2.4.1 ZERRER LRI RO R

ZOETIE, 23 B THELNLERE/ N RERmEBE~EHT 52T, b
2 REORLR L ERBEOBMRZRD D, KRN 7T AT — LA
NERBETHHAE, 2.1) REQHRXEMAGDLEDLZ LT, UTOXNRELN
2o

p=po+(1—p&en{—m( 5 )ﬂ} (2.6)

64mN2pgr?

ZZT. p TR, gl ZENIMEEEZRT, Fio, R FRINICHERD Y EE

BHEZEETHHE. 23)24HNEQHXEMAEDLELZ LT, UTFOAN
Bohd,

952 (om(1-v?)y*\3
P =Po+ (1 —po)exp {—m [% (T) l

} 2.7)

R.6O)AB L OQRNDNUTITENMEEN G ENTWDHD, 2 25 E )
FEAERATDHZ ET, ZTOES) FTOERE LR EROBRGBNREOND, K
WFFE T, INREREOENINEL LS LNV 3V AR OWHEEE(2.6)H L <
FRIDXIRAT L E T, VIV REOERELZHEE LI, EBm & n OfE
X, 23 BECABAEIREL 7 ORERE 7 4 v T 4 7 LTHREMEREHWS,
T, T2 TOERRITENFERETOZERELR L TBY, ZITZERRE
D FIREZEW®T 5,

/IR 25143Ttokawa D LT Y ZRF-OWYMHE L LT, N~ I —EEIZIT Si0:
D A=63x102], 7 U —2 U X AIZITEEEZE FOME S=1 MW, #
THIT S INEFBIF - 72520 5 | Ttokawa (3 LL4-LL6 iz > K7 A k&
T 2 R > Z L3> T b Z & )y (Nakamura et al., 2011), i 7%
IZIZLL 2> K A b DfEp = 3220 kgm™ (Consolmagno et al., 2008) % FH\ 7=,
Itokawa X1 COESJIEE 1L, Ttokawa DE & & P -2 (Fujiwara et al., 2006)
MNOBEH LU 8.71x10° ms? Z4E LT, I HOMEQR.6O)FUTMAL THDS
HU7= Ttokawa & TOZERR Lok 7P OBREZ X 2.9(a)i2, 2.7)UTRAL T
BoNTBERZ K 2.9,
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[FERRIZ, /NS 433Eros, /ISR 162173Ryugu, ‘K f 52 Phobos, KIEfFTA
Deimos, H DA CTHAEZITo7z, RTOFHEIZEBWT, 4, S, BLU QD
{13 tokawa D& & Al CiEZ Uz, Bros O L = U AR BT, S A
X7 MO L6 2 KT A b & O E(zenberg et al., 2003)/2 5, L 2> KT A
N p = 3360 kg m™(Consolmagno et al., 2008) = A L. T/ ICIT g=
6x107° m s (Veverka et al., 1999)% FV 7=, Ryugu ® L 3 U ZK -EE 21X, CM
a2 KT 4 NEFEp =2250 kg m™ (Consolmagno et al., 2008) % 1 H L 7=, Ryugu
RIMOESINEEIL, HREERITOSS 2 OFHIIT — #7056 1.1 -1.5x10" m s2 D
FPHICH Y, 22T 1310 ms? & L7z (FH M ZEmre Bl s itE s — A= —
CHEEILY ; URL :
http://www.jaxa.jp/projects/sat/hayabusa2/pdf/20180905_hayabusa2.pdf) , “FHJH-1%
DO HETE fE(Hasegawa et al., 2008) & /N2 & 253Mathilde D3V 7 #1300 kg m
(Yeomans et al., 1997) %48 E 35 Z & THEE L7l g =2x10" ms? 2 H L 7=,
Phobos & Deimos DR EIZIX CM 22 KT A MNEEp = 2250 kg m™
(Consolmagno et al., 2008)72*5/3:_ U, BT RAE & & RIREHE
(Thomas, 198N HEHE L7 fE %, £ L4 g=58x10"ms?, g=3. 1><10'4 m s
M L7z, ALY AORFEEIZIZp =3110 kg m™ (Michell et al., 1974), &
jijnaJ“ % g=1.622 ms? &3 ff L7z,
3 OIS RIKTOZERRER &R EREORER A 2.9 (2T, RFRIZ
7 /wvvwvxﬁ ZuEH L7 R2 X 2.9(a), #5230 BEE) 2 F L 726 2R
229 OICRT, TNHDORERKTLHE, 77 T AT — VALY bR
N BN PRLA DOFRIBIZH S GEDHTRFRE LT W 03005, Ttokawa
FMEIZIE Muses Sea & FEIZIU D M7 VBT 8D & 72 5 HiJik (smooth terrain) 73
HY, SVA=FIADEEVF A— YA XORIAN D5 2 L NFK I E G
MBI LN >TND, 77T —)L A& L12K 2.9(a) D BAFR D>
Z ORI B DZERREIL 0.56—0.87 DHFIPFATH DL Z L RHEETE D, —H,
3@:7}» 0EEE T 2w L72X 2.9b) DB B X, 221X 0.36—0.55 OFiPH &
%, S LT, MENBD L — ‘H%%{E'J?% HHEE X415 Ttokawa 3= [ D22
BRR1% 0.53%01910 T 5 H3(Ostro et al., 2004), = OHEEEOFOME (0.53) (T4
MR TT7 7 T AT — VR )% W THEE L7 FIRIE0.56) % L < 13HEDS 0 EE#R
1% HWTHERE L7z BIRIEO.55)IEV, 7272 L, b—4& —&BLHlI3 Itokawa
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BIROVZERRAE L L TEY . A — MLV A XORNVZ —SEAET D i

(rough terrain) % & O7-ZERETHH Z LITHEENLETH D,

TR yYaryTELNTERIALaTREILD, AL I U ZX0RE ML D
S 0—15 cm OFiPH T O LRI F4801E 20 — 65 um, FHIZERRFEF 0.51 &0
I IERE T3S 5TV D (Mitchell et al., 1974), X 2.9(a) TD H OfEFEN G,
FLORL TR OFIPH TIFZERRIL 0.7 08 DFPHTHDH Z L 2R LTEY, =
AUTEREREOR R LV b RE WV, —J7, K290b)L 0 5530 BEES) %2 v
THEE SN D A ERBOZERROHIL 04047 TH Y, JIE I 7=ZERRIC
VTV, HIE S ZEBR=RITE£m D 15 cm OTES £ TO 2 7Bk o 22 [ R
ThHY., EEINTHLO0E LR,
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28. IEIFERNREREOL TV AJFOZERFE LR EROBER, ()7
7T NT = A ) e, (RN 0 BT & W T2 56
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242 BMRERETTILEDOHLEDLEIZL DR FV A4 A L OZEREBOHEE

Gundlach and Blum (2013) Cl3/NRIKOEENET — % L L T ADBRER T
THNERNT, IRIEL I Y ADRL YA ADRHEE I N TN D, BMRESR (X
BWEMEr Z VTR T XS icRkREn D,

I—vZ
A= (28)

ZIT, ROV L, CIIRL OB EEZRT, R EHEIL =
lp LEFRSIND, BZETFTCTOMERBORRERIIIBEE T ZHNTLUTDO LD
|22 S 41 % (Gundlach and Blum 2013),

A, @) = R E(@)x + 8oeTie, =27 (29)

QROXDOEWOFE TR - D72 ) R H L Trb A EDIEELR LR L Tk
D, BEREEEREMEIN D, IR OBMREE | r (r)IE R o8l o
P E(@)TRLTF DER Y OGRS 216 A 5 2 D858, x I1FRLFIRIR
KAV A XD BEEMIET D5 E KT, 22T, nn(r)Thi R
(Chan and Tien, 1973; Sakatani et al., 2012) % L <342 T X > TRIE S
(Gundlach and Blum, 2012), &(@)II DI TE S5 (Gundlach and Blum,
2012; Sirono, 2014), (2.9)zZND A O F —IHI Tk O Z2f1 & s L v izb 5
BORERLZERLTEY, BABERLEEIND, olIAT 772 - BV~
VERL IR (22T EE) . edTRBRANICIE ST E R (e = 1.34
£0.0)EENENRLTND, QYR EQHRXEMAAFLEDLZ LT, LLTOD
BN Eo D,

I—-2
(1-p)pC

@ﬂﬁiﬁﬁ@Fﬁﬁ%#&ﬂ:Eiw@%@kbfﬁémé ExERLTW

%o BUBMEDOMED DU, QHRZMABDOETLH Z LT, KA L 22/
ReTNTNHET DL LN TE D,

0% ERHWT, /hEAERyugu & K2 2 Phobos & Deimos® L =Y A
R PRR E ERMBELZENENAE L 572, 2RO DOREDOSEMETIE, 2.71)XD
FE N E IR TEATE 2138/ (BRI OBRE LY & iE
FHZ KD BYRE D ELHY) . Eros & RyuguDaHEITIE, TSR CE Lo b

”Oqf(p)x-+80£T3e1——;r . (2.10)
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B RIEOEIENMET — 2 & BRI O 2 iR L 2 V) 72 (Gundlach and Blum
2013), Eros TIII =150+ 50 m2K's% T=252K Ofi%. RyuguTlx I' =
500 £250 Jm?K s T=277K OfE%x fH\ 7=, F£7=. Phobos TIEI' =500+
250 JIm?K's%3, T=277K. Deimos TIEI' =500+250 J m2K's0 T=277K%
A L= (Lunine et al., 1982), 7=, ki OE L LT, ErosiZiIAE
BB OfEE (500 T kg! K'Y, RyugulliZRFEE 2> FT7 A4 FOfE (560 Tkg! K
). Phobos & Deimos!Z |ZCronstad and LumpkinfEf1 DfE (560 J kg!' K1) &
72(Opeli et al., 2010),

Ty T IVT VAT RN O B S 2 v LTz & 2D, Eros,
Ryugu. Phobos, Deimos® L ='U & J& D ZEER Lok B DHET & £2.5127%
T, HEOBET, BEMEOREHRENSELZLOTHD, TNENDRT
[ 7772 B R SAUTRL A ERITII R E 72 E W T 72 < Eros TlX1.8—3.4x 107
m, RyuguTIl32.1—4.3x 102 m, Phobos T/¥1.8—3.1x 10° m, DeimosTiL1.9—
33x10°mTh-o7-, ZOZ b, BT — 2 PR A XOHEEIZRE W E
ERIZLTWVWD EFE XD, ARUFE TR LIV 2IE, Je1THFE(Gundlach
and Blum, 2013) CHEE SR FHR EIRIF—& Lz, —, ZERRICEHL T
. BWHT AR L > TRERICRKEWEWRAE L, 77T VU —)b
A F1% T35 . Eros TIX0.667%,00s. RyuguT1%0.631%) ;. Phobos Tl
0.627005 04 Deimos TlE0.647005 04 & N 9 EmWZERRER A & A — 7, )y 0 BEELS
ZHAWD L ErosTIH0.367%24, RyuguTl30.36%00, Phobos Tl30.37% 44,
Deimos Cl30.370%2 0 & W I IRWVERREE L 57z, EEEORLFIZARHAIIRTH

. ERIRBLAIZHE AR TR D ICE D FHIZ SIS WEB X 5 & s b BB
ﬁ%%mf%méhﬁ SRRII FRETH D, 7o, 77T AVY— VA%
BRI e DZERFIT ERETHV, EERO/NRIEEE OZERRITENEILD
HEEOMICH L L PHRIND,

bhig e LT, b— & — B THEE S 4172 ErosZ 11 D 22 B #130.4779%0 0 16
(Magri et al., 2001), TEZFAZ K B KGR O RO A LR O HEE S v/ Z2p =
1£0.7—0.8 (Domingue et al., 2002) TH 5, ZILEID TIETHEE S 7= 2B
%, BHCHW OB O (BB : 13 em, JRZMER @ ~10 um, AIHR
Y055 um), TRDLLZORETHRMTE2EXRmMMOOLOES L LAY XD5h
EH B OFEEDOBRIZHE L TWD0nE, Lk, 2F0 ., LuEEDE N
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BEGRIZ L ABLHT — 2 /R o ERIT LY KRBT < OFERFEL KL T
BO, REOFNIDKREWZERELZRLTWD, —FH, BOES CTIERE X
DH/NIWEREEZ LS E AR LTS, /INRIKEH TITEINBNTH D
L3 Y A@OFKEIL X DEEOREIT/ NI WG L, E2E0E24 00
BRI X DEBE T e ARGFIE LGS, ZNODEE T A& LT
Y AJEOERERIT, KL OFfEe LI AL TNEL<RD, T2
THEE L7/ N RIROREIRAEIL, PRAMRITC5S 212 L D RyuguD PR X K B Al
EREEHE MMX) [ZXoTHLNERDTEAD,

palsy

#£2.6 HRIEO LTV RJgOZEME LR RO HEEM

72 B2 [m] ZERR AR W78 [m]
K 77 TV — )L RS HAN V) R )
Eros 0.66%0% o5 (1.818,0) x 10°  0.36™%20¢  (3.4725,0) x 107
Ryugu 0.631010, (2'1+3.1_1'6) x 1072 0.361002 ¢, (4'3+4.0_2'3) x 1072
Phobos 0.62095 o4 (1.814,3) x 107 0370, (3.1"2%6) x 107
Deimos 0.641005 o, (1'9+1.4_1'4) x 1073 0.3770:02 1, (3‘3+2.1_1'6) x 1073
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FIE
MAEB~DEEEGRETHEAEINLGIL—2—
YA XDENKEFMSE

ZOFETU T OEM P OFRILDONFIZEASNTHR S LT\ 5D,
Kiuchi, M. et al. (2018) Experimental study on gravitational and atmospheric effects on crater size
formed by low-velocity impacts into granular media. Journal of Geophysical Research: Planets.

(revised)

31 HAY

7 L= =Y A AOEIHRAEIE, P~mnd I 10 ms™ — %X kms™) Tl
INETIZELNTWDR, IRIK ETOMZEES A2 RS 2 72 DI IR E
WMCOBEINMEFMEZMD Z ENEETH DL, AWUFEO HIIEL, $im s OKEE
FHETOI L—F—H A AOENMEFEMEZTHRDLZ L ThD, ZDOHIZ, IKE
DB A B CE DIE AR L, 02 -1 G OENEHA CTHAENIC T -4.6 m
st OMRFEFIFH CTHEZE Y L —F — B FEBRZ 1T o 7o, AR EE T 22 R 1l £ AT
(Uehara et al., 2003; Walsh et al., 2003; Dowling and Dowling, 2013)i% K& T (10° Pa)
TITONA TS Z LD, RO TZOFH 2 DEERDITE A EITRKT TITo 72
WL PN RERAEIZIEZE T THDLZLE2BEL, —HOERIIBET (7Pa) TH
ITolz, fER. RATEHIET T L—4 —ER & EIMRGFEIGEVRH 729,
KRR G-Z DB DIC DI KRRTEEZE 2 TRy 72 25 (CRKE @ 0.6 -
10°Pa, fHZEHE :v=27ms', EHIMEE : g=1G) Z17o7, ERERE D
& Ttokawa E TS ILD IR 7 L—X —HEZE%Z REDH U | dimple #1JE & DLt
WAEIToT-, £/, 3EPTHWEEHEZR 1ICE LD,
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F 313 FEFTHNLEY X K

R D B b L— R

™2 : Bk LE T

s D BRI

R DU L— R

pt BNV D R

m - SARES

g L H T INEE

a i S e

Vi D EZEHR

5 L SR

o p e T AT 4RI A—=4 ((1.157)F, (3.6)7)
C i e A

UV LT A T AT NT A—=F (L))
Vcontainer BRI AR DV T R

g AR RO RN E

I L ERR AR DO T B

Torater Al s AN A

D D U L— X —E

t L TEZE S D ORI R ]

7,0 LT A T AT NT A—H ((3.3)R)
T D HAS L REE

P VN

Or L NI R

Me L EV J ARTEE

Ve L TV 7 RS

e N VS e

n LSRR DR

Pygas : /ﬁ{$%£

Co BRI

M D RARD TR

Rgas SRR TE K

T IR

X L E R D O RREE

Ci, Hi L T4 T 4T RTA—=% ((3.9)FH)
k’ LR~ U E
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N R e

lgas

F i SVE A VAs ol Nl b G SR % /1WA
c K NRESTS

d, k : (3.12)NDEHK

Dp - SANERE
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3.2 ERRJjik

AHFFETIE, KENBREZ BT 572 OICEMEIZRE AV -% FEE 25
F LT, K3LIZEREEOHRNKEZ, K32 IZEREBEOFEAEZRT, 20
R TR TE DA E DO FIRIZ0IGREETHY . AHFETIL02-1
G DHEHTENEZLIL ST, 1FEAEDOERIIRKAT (10°Pa) TiT-7=
N, KRROMWPEZEFRDI2012, —HOEBRITFHEFLMIEAT(ISAS) D B2
Yoo (FmE2m) ZHWCOHEIETF (7Pa) Thiroiz, HEMNAZITYAIEE
20cm. EE 10cm OHSER S W=y, HSERTRN BN - %I T E AL 20 cm.
X5 cm OHFEREGZ AWz, MAREHIAER AR SHIE S BE L, B A
BT HIETREZ DI LI, ENRRI2BOEMAICEL > TEES N
TRV, EEAZF7ICT2 2L TR&HIIE T T 5, Fanld 3 HOEMMEILR
THADINBRBOETTHI T, BeaNOEERNT 022 HJIIHHEIZ 16
E0/hEL 7%, ERMEIZRIIHNCEDLT —ED I TH -RA D, Efaf
HITNRDT) LIEARGRRROREEZME T2 L T, HEREHZa fa—L
THIENTES, EMBEEFRICIE, ra—X7 U o 74o NWS 0.2-1-
R. NWS 0.6 -2-R ® “F¥EOHR G 2 H\ N, (ERO515E 0 i+ 1.93N &
588N T, [FROESIZEHITL mTHD,

TR 37> 5 BB IR | LR AR IS [ S AV I I K- CRAAI L 7=,
DHEEFHT X » TEHl S NIRRT — % O —#l% [} 3.3 1277, X 3.3
DEIITHEEREN ETFLTWD01E, BREHKROEGTORELEZ LR
%o BEmDIEBOWBEL /NS T5720, Fivt EMBEITRORI Iz L8
DFRM 25 E Lz, ERITERENRMEIMATIGC TTHhIiTol, ZDLE
BERE ZR IR A CHEE SN TRIE THR A T o 72, HAIT ROV “F v
FATERBE SN, VLA RIZROATT oo EX R U BNKFEIZE »EHD
ZLET, AL T T A2 TS, Ty bHEBE T LIz
(X, EMEITRICHD INRPOE T HE LEICHEE L, 7 L—4—2F
REND, BEOWTHEEI7T0cm U EHY | HTFTEESKOES (Fvii
i) TZ2mURER-STND,
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3.2 [REFEREEDE

i

48



BHLICIZ SUS Bk (EE 8mm, A 7.9gem™®) &, T REK (EL 8 mm,
BEE25gem®) O 2 EA VW, £0. K3LICEIND L YT, EHKLS
FHEICRE SN S EZRE L CEEED A 712X 0 EEORR 2R LT,
L O ZGHE | L@ T A 7 OEROLL O X S ICRE Lz, £9°, 1
Kan LEORIC SOOI ZRE LTz, BaN EHOMEICHDL EE (DFD
TAZIZENEE) o0 BHIMOHBHIRE S Ax. KXHIZESEN T HO
MEICHDEE (WATbEWEE) TEMMOERI NSRRI D, 6
MU DR ONLE & sy SN O BENR O EEEORIfRE D = & T,
BOILNEZE L - B OB IR OAME DO & S 21572, HasDE S OALE & Eig Lo
H ENR 0 BB O BGR 0 —1 & [X] 3.4 1TRd, FRALEZEHE O R Ea 7% TR E
Veontainer 1, Zan D% FHEEEl Z AW T FoXTEEND,

Veontainer = /29’1 (3.1)
ZIZT, QUEBERMOE TINEE CTH D, FERIC, MHEERFOBALOE THE %
THHE (HADOBZEILT v X0 OEEAE TOR T 2»oiET2Z&n
TE D, EZSHEX, REBOE FHE L HALOIE FHEOMRHHE & L TRD

BND, ZOFEOHENSERHRDLTD, THERELTH ) —HBOEEED
AT X5 TKFEF M DN E IR LERHEZRE LA, SEOF
ECRD - EIGEHE DREZEIX 020ms LN ThH o 7o, REBRTHIT NSO
{5 2> B AL OB IR E 2 R D 2o 2B & Ui, BRI EZ22 3 5
BMIEHONUOMETLZ ENEL L, MO OERED A T THEZE A
ERET D EDBE Lo Te D Th D, AR CTOME S EFPHIL 1.0 - 4.6
ms!tThoT,

ERE L LT, U Y R CEERIAES 140 um, R 725 2.645 g cm™3)
EHTAE =X (CEHIRIFL 420 um, KL FHEFE 25gem™S) o “FREA V-,
BEICHRET RS v 73T, B<E T2 L TREAZELIZLTE
D HEHR W FRIERAE S U TR AR LT, Baehi 7 v a VI TFT5
ETER I V= —DANA T, 7 L—F —EZRX LMD O EEE
HAZOBBNOHE L, 22T, 7 b —F¥—ERTV AERZHE LT,
X 35@ICEHE N A TICLVRE SN L—F —ERREDO A v 7 3
v Mg, 7o, X 35022206 ORFEE & RET 57 L—F —ELE
DORRERT, 2 TOERRIZBWNT, 7 L—¥ —HEHERDOREIT 0.1s LINIZHKD
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ST, ZIZT, 7 b —Z —REEHE Teraer (ZEA T OFE THEE S 415 (Melosh,
1989),

Terater~/D/g ~ (3.2)
BlE LT, ks L—Z —EN 30 mm TEEAI ) D1 E /178 0.25 G D
BA. B2 D Teraer =018 720, ZIUIAFEBROFER L IZIE KT D, 1
G FTY L—4 —aRHZ - ERTH, BN TRML b DBk
EEBAERDEAN T D 2 & STV D (Yamamoto et al., 2017), ASE
BRSO FRFNZ 04s L ETHDL Z Enn, BT v a VI TFT5
ANCZ L= =R S NKD > T0D Z DR TECWD, EhEEbS
HIEROFE LW A R 3.2 17T,

FROEBNZZELSELERIIMA, —EOERRELES) (v= 27ms™,
g=1G) T, RREZBLEE T L—F —ERFEREIT->7-, ERITHHF K
FOEFI0em, =S 45em DEZEF ¢ NN TIT o7z, F ¥ - SHITERIIC
1Pa LI FE CTHZEAF1X 30 0Ll EZDIREEAMERF L7, 225 LT
U AEEAL, 1-10°Pa OFFHAOFRMKEEEo 7o, FEH) & BILIZIE EREDSE
BRCHWEb D LR LYY 4 KE SUS ERE V-, BOLITEMA LT v ¥
IRV BHRE TS, EOARICITEL 20em, &3 5em O MRS a %2 Hu
oo ZZT, RIEGTRRTMERBEBLLT VLS, BB A v aileo T
HBEmmE RN (AyvathA X45um) , RREEZZLSEEROFELD
FEBRSEM AR 33T, £72. 2 TOEROEINEE & KEED KM% X
RLTEb D& 3.6 IR T,
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¥ 04

034 _
0.2

E-pad)ib

0 005 01 015 02 025 03
EThoDFEEEFRE [s]

X 3.3. IEEEFH OB T —% O—HF] (g=0.45G),

90

B ENfEI D EERE [pix]

0O 10 20 30 40 50 60
HEE@EA LD EERE [om]

3.4, HEBRNOIERIA RO H FIH O B & A O R 2> b O B O BIFR
D—Fl, FERRIIRE I N2 >0 BHIMOERX, FaRomm S 0344%
Lo TEREEET AN AT TR SIVIZEBENOIRREN 72 5, K0S
ATEEINTND & E O bz KR L, %Eﬁi))%?ﬁﬁ@ﬁﬁ%ﬁ
2RO, BB 2 D DFRREDN R E < 2 21 F ERE T T MICALET D
DT, BEENDOAHROR SIS <o TS, Z I THLNIZBR)
5. HOLAEZE L7ZBRO Mg o B EIM ORREED & A gs Om S ONLEHEE T
SR
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40

(a) Ejecta curtai{' ,g ” ‘ (b) | | _
E‘E 30F 1 % {{ f % } ]
| st ##m % i -
Ejecta curtain /Cratcr n{ .(l,\ 5 f{{ } } } o
2 15 { % 0576
° ?J © 027G ]
i s cepromanse s gsyoomnausssagps

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

EEA D DEFfEFEIB [s]

(135(@) 7/ L—F—liEfEDO A v 7 a v b (SUS AL, ~ VU i
NEERY, vi =24ms! | 027G . v a v FF 2 3—S850.25High-04) . 722
DO ORGBIFZ t L35, t=0.04s: HREZK T =7 X D—T 2V NE
% S N2 50 B RV FRRICIE DN > TV D, t=014s: 7 L—Z— 1 AR T
Vx I A =T UNICRLBND, t=014s, t=0.30s: 7 L—X —HRILE
BIZR ST, t=014s T L—HF —[ TR EINKD->TWND Z ERDo
%o (0) FEZEN D ORIEIFRE] & 7 L — X2 —E D BIA(SS1.00High-42,
$S0.50High-02 and SS0.25High-06), =AY #R D% FHRFHIX 0.4s LA ETH

D, —HF7 L—F—EROKEIZ01s UNIZKED-oTWAZ ERbind,
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* 32, H)BALSHIZEROSKM

fET e

el B @ 1 b @I?rflg’; #H) [G] KRE [Pa]
SS1.00High Sus YUAH R 1.40-4.50 1 105
SS0.50High Sus YUBH R 1.21-390 050+0.05 10°
SS0.25High Sus YUBH R 1.36-307 0.25+0.02 105
SG1.00High SuUS HI7AE—X  1.40-4.60 1 10°
SG0.54High Sus W7 AE—X  100-418  0.54+0.05 10°
GS1.00High HZ7 A T UHhH K 1.40-4.43 1 10°
GS0.36High  #Z7Ax v UHHo K 238-362  0.36+0.01 10°
GS0.20High ~ #Z7 A v UHH oK 279-351  0.20+0.01 10°
SS1.00Low SUS YUY K 1.40-450 1
SS0.56Low SUS YU A¥ K 310-3.20 056 +0.03
SS0.33Low SUS YU AY K 310-3.20 0.33+0.004 7

a) SUS B & T T AIOBEEILENEI 7.9gem3 & 25gem 3, HALERIX
47C 8 mm,
b) M fEi% %% GS0.20High D5HE DA H L, GS0.20High LAS 0> F2k T A3 1
ReszwfH L7z,

#*33. RRUEZZ(LSETFBROKMN

. ! . WoEE  E) REJE

Stk AL iy el 6] Pl

2R SUS I AYR 2.70 1 0.6 - 10°
~Y A SUS YUY R 2.70 1 102 - 10°
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KRE [Pa]

| il

10° _ B SUS-SYBYUER
3 SUS - HSRE—X
A HSZ -YhYF

0 02 04 06 03
ENINERE [G]

3.6. £ TCOEBRIZEIT 5 EIEE & KKEDSM:
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3.3 fk

B DE/JTFTOr b—F —HELEHEEEOGREZM 3.7 1277, X3.7()
1% SUS Bz v U By FIERICEZE S TR EZRLTWAN, 16 FTE
a7 v—2—k b, IKESHTFTTERINTES L—F—DF BRI 6
BERENKE, X3.70). ©IFZFNEN SUS HiLEH T A —RXIERIZ, HT
AREALE U A FEMICEZE SR TH D, X 3.7() & RO E S
DEBNRTEND, THODOREENS, BARHHALL L <ITEAMOEE T
b, KENF T L—F—HEBKEL D EBbhote, R/ REEH
WT, 7 L— X —EROEZEERFERS L OENMREEZ 2T T O
TRDOT,

DouxvYg® (3.3)
BERFMNTOT 4T 4 VIR TA—=Fy L5 DfEERICE LD D, (3.3)

Eax A=V 7 ORERT 115)KEkb L, UToXEHES,

D xv2%g™® (3.3%)
DFEV, ylE2a, dlTa bt ENENLIST DH, TPa FTSUSHIEZT Y ¥

REER B82S S W72 & & OEIMEAFM: 6 OfEI£0.18+£0.01 TH Y, Z OfEIEE
BTS2 IR TG B VT B RAFME(S = 0.165) & TV M & & 5 (Gault and
Wedekind, 1977), £7z. HEMRIEN: y OENEIMEEM § DEOK 2 5 TH
. ZHUIEI) AL THEINLBEBRTH D, ZORERIL. RROZEND I
TE25,aE, RHEEEE TORERIPRMEEDNBBEERE L —HTLL 0 T L&
ERLTWD, —J, K& FTOSUS HALERR CHE LN EIMKGFME X, &~
U B FiE)C 0224001, /5 AL —XIERT021+001HY, 7Pa F T
BONTERFEEL D bRVRFEEZ R LT, 2. 2RO OfHIZ= R LF
— A= I TOEIMRGENE0.25 LD L0050, IRHORRNSL, KA
DN L——H f X2 — ) TR BEERIT L TWD I ERNbnd,
7 AHMERKF T Y Y FERICHEZE ST & & OFEIMRFNE  OfE
13016+0.01 TH Y, ZAUTEEHEERORR LTV, Fo, BWEKENEy D
fE1£ 051001 THY, ZHITTFNALF—A7r—1 7 TOEEKFEN () =
05) 123V, KK FTOH T AWHI TOMEMIENEIT 1 G T CTOEEEEER D
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W EMFIEORE R & — 3 5 (Uehara et al., 2003; Walsh et al., 2003), 7 7 Ag#AL &
BILOFEFROEN T, RHEERETIEZ L—F —P A XA —1 TR L
BRI OB EIE T HZ 2R LTV D,

37(@) &Y., 7Pa F TSN L—F —HRIZ., K& FTHEEkEINTZ
JL—HF—HEID HLREXL o TWDH I Enbrd, ZOMFE™IE, BEos
L— & = A ZDORKEERFE AR ERTH LN R E —HT D
(Schultz, 1992, Suzuki et al., 2013), Schultz (1992) Tix, 10°7>% 10° Pa O#iPH T
TR 1 - 6 km st CMAIEMI ST 2 @22 IR 21T~ 7=, F7=. Suzukietal.
(2013)Cix, 500 75 10° Pa DO #EPH Tl EHEFH 240 m st THMAZERIIZ XT3 5 1#
R AAT o7z, X 38 ITAMIE CHZEHE L H)—&E (v=27ms?, 1G) D
FHETHELNEY L= —EHR L RGUEDOBMREZ RS, fitiho 7 L —& —ERER
X, EHERKIE T (10°Pa) TOZ L—F —HETHEILLZETEL T
5, K38 XV, 10°Pamnb 102PalljfiET HIZON T L —F —ERNIHE
IZEER L TR, 102Pa LL F Tl KD EAITESNI/R> TS, $Pa FT
FEREN-7 L—X—ERIT10°Pa FOM 135 THY . Z O, KESH
FERTOTPa T CORFELE T2 (M37@)ZH) . 10?2 225 10°Pa O#iFH
TRERICED T4 v T 47 %8ITI & NEDEITZERDYE T-0.045 +
0.006, ~VU 7 ADHFAET-0.041 £0.004 Z15H7-, T 5 OMEITREZEOHPEANT
—#3 5, /2. 105 102PaDHEFATT 4 v T 4 LV T BT EETDRED
fEIE2550T-0.012 £ 0.001 72> 72, mEHEEBRTILZ L—Z — (K RKED
—0.23 (2 Lb L (Schultz, 1992), 3.8 (217 L—H —{kfE L 7 L — X — B
DR RKZENT Lo TE LW EARGE L 72356 O mnd B2 325 0 = -0.077
FERADEBR TR L TWD, RFFROHEE IR THONIERIL, mEEHE
BrRO#EF(Schultz, 1992) L 0 HFEVMEE . DF D BV RKEKFETH D Z &0
bbb, iz, 2FHEOKIE (EKEANV U L) OFSRIL, BREOFHNIZE
IFoTWAD,
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40

30 o SST.00High €0
B 1
@ : ®) B ©

—e—550.50High ]
40|  —e—S50.25High e 50 30 +
= = SS1.00Low | F e #eel 1
E * 550.56Low E E, =
[ 30 ® SS0.33Low b [
: ¥ ¥
T T T -
A A ] Y ;
S 20 S 5 R —=—(GS1.00High
===SG1.00High 2 (GS0.36High
——SG0.50High ° GS0.20High
10
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
HEEE [ms'] BEEE [ms] HREE(m s ]

X 3.7 (@), (b), (c) 7 L —& —ER L @EIGHE DOBfR, 2 TORTHFOEMRIL, 7
—HEREFILLD T 4T 4T LTRERZ R LTS (@) SUS HILZE U 74
v FEERICE 22 S 7= #E B(SS1.00High, SS0.50High, SS0.25High, SS1.00Low,
SS0.56Low, and SS0.33Low), HiZZ DM, LB, O RMTENEN L

G. 050+0.05G, 0.25+0.02 G DEEERTE T TOMRE R L TNDH, BikE DN
B, OLE, Lo REZEnEn 16, 056+0.03G, 0.327 £0.004G D 7 Pa
TTOREZRL TS, (b)SUSHHILZE T T A B — XFEHYI T E2E X H 7= ff R
(SG1.00High, and SG0.54High), PUfg & ALD T R UFZENEN 1G, 054+0.05G G
DIEHERZIE F TORREZ R LTS, (€) T AWHIE U AW R EZE
& 72 H(GS1.00High, GS0.36High and GS0.20High), MU, =f. LD U RLiT
FNEIN1G, 036+£0.01G, 0.20+0.01 G DIEHERSKE F TORREZRL TV D,
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X
T
SRR R
A
o
S
R>
m I o« TR :
09l ° 2V Ly NN
—1@% -0.077
08 .. T TR AN TTTT B AW T AT
107" 10 o0 108 100 10 10

RK&IE [Pa]

X 3.8. 7 L—& —HELKRKJEDORR, 7 L —F —ERIMFEERKIET
(10°Pa) TOZ L—X —HAZATHIKILL T D, FEDOMUMA LIREDID
VURNMIENTETNEREANY VA TORREEZRL TS, BRADERIT
Schulz (1992) DX Z FEDEAR L & L I TV D (KRXSH)
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#£ 34 BFEEBRFMIBITE T 4 v T 4 T /XT A —FDIE

e

o (1+e¢)

2a (1+e)

o(l+e) —¢

SS1.00High
$S0.50High
$S0.25High

0.41+0.01

0.22+0.01

0.20+0.01

0.47£0.03

0.014

0.40

0.16

SG1.00High
SGO0.54High

0.37+0.01

0.21+0.01

0.19+0.01

0.44 £0.03

0.007

0.37

0.15

GS1.00High
GS0.36High
GS0.20High

0.51+0.01

0.16 +0.01

0.23+0.01

0.56 £0.04

0.025

0.46

0.19

SS1.00Low
SS0.56Low
SS0.33Low

0.36 +0.01

0.18 +0.01

(0.18)?

0.44

0.006

0.36

)y L IDEMNBEHE LT (6=0) ,
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3.4.1 [ EEE TO Y L—F —HEEOEIKIENE

KENERTHONTMEREZ s A —V 72 HWTER L, KKJEDE
Bh BRI D012, B1)ROBBRICKGEICET 2 Bk cEE N2 72, B
JEREE mp 1XLA T D X 5 125 &35 (Schultz, 1992; Cintala et al., 1989),

P [ga\H/2tH
T[p = E(;) (34)

SFHEGR T, 7 L= 2 —0OR S A7 —LiZaw;2/ga)M @ LR Z L RT
& % (Holsapple and Schmidt, 1987), (3.4):\Dm,id. KxEL 7 L—F —R %
HLORI TOFKEDLLE LTERSND, FIMERKE W& &, B
AL 7 V— & =¥ I LT O L itk D,

—&
mp « T, 0P, 8 = m,m (O, B (ﬁ) (3.5)

R E AN TRGAEE LS E L& DFERQ=1G,v=27msHic kv, 10°-
10° Pa O#H T L— & —HAIIKKED-0.045 FIZIFIT 5 &5 FER S
DINTTZD, mp DXEDIE 12 0.045 A L7z, H39@a)i%x. KX FTENL
AL SH T E RO R EZQBL RO TEL TS, /N _FEIZLD 74 vT
4TI LS TEEnOREDME a (1+e)TFK 34 ICELDTND, £72. «
(1+e) DE % (1.16): D a (ITARAT D Z & Tu DIEEET=, FEH, SSHigh Tu=
0.47 +0.03, SGHigh T x=0.44 +0.03, GSHigh T x=056+0.04 %%37=,
SSHigh & SGHigh T? u OfEIL, HYEERY~D =5 E2<(e.g., Gault and
Wedekind, 1977; Schmidt and Housen, 1987) C15 54172 u ~ 0.4 & 20 AN T—2K
TLHLZENDLND,
uPfEE v=04 2QINRICRAT L2 E T ORX pOHEESZ, KR
KECcoOpOEEFEILICELED D, (1.3). 34). BHXEMAGDLELZ L
T, 7 b— ¥ —HROWEKRFMES X OEDEFEITLL ToRRICRSND,

D « p;20(+8) g-a(i+e)+e (3 6).
HINEE DR E [F—a (1+e)te TR I 4L, SUS AL - > U ¥ NEROGE
T-0.16, SUS#iHL « T A B — IR DLET-015, A7 A - > U ¥
¥ FEEROEAT019 £ %, 2D OMEIZARE 7] T T o S5 (Gault
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and Wedekind, 1977) T 5 L 7= N DR & OfE 0.165 [ZITVWMETH D, K
DEBAERT D &, EERKE T TOEEEERTEO N EKFEM L
W TR O N BEIMEAEII R EDCE BT 5 2 LR aniz, —7F,

za(1+g)*@%é;hza HEERAFIEIL, SUS BHAL « > U v REEROGE T

0.40, SUS L « T A — X DGHE T 037, HT7 AN - U BH K

EHIOBET 046 L 725, T D OBEERAENEIL S5 B 925k (Housen and

Holsapple, 2011 72 &) T B 2 K AFME 0.34 K0 3RV, KRIZ, U7 AL

TEOLNZ 046 TR VX —R 7 — 1 o 7 TORBERFM 0.5 IZITVMHE L 725

TW5d,
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(a)

T/ P/pga)®
(%]

—=—SSHigh
——SGHigh
——GSHigh
l I
10 107 10 10"
nﬁ
[ T :
3
=< 10 =+ 2
B B
e T
B B
o SGHigh
O GSHigh 0 SGHigh
0 4 SSLow O GSHigh +
10" L —I!uuwu and 'I lolsapple ((Z(ll 1) 4 1F 4 SSLow
® Gault and Wedekind (1977) 0.9 —Housen and Holsapple (2011)
— - 08 1 1 -
w 10" 10 10 1wt 107 10 107 10” 10"
b T,

3.9.(a) EAEXEERTE T TEILIETERTO m & 7wl (Plpga) * DS
tho HODWMAD Y ARNL SUS BiMLZ U 7752 RERRICHEZE ST
B (SSHigh), FREDID T R/LIT SUS BHZ H T A B — KA |2 28 &
755 (SGHigh), BEADNAD Y VR IVIEH T AEALE > U A3 RER
(T2 S 75 H(GSHigh) # Z L EHUR LT D, I OERILT — 4 %
REFETT 4 v T 47 LIEREREZRT, (b)m & mwrlnd? DR, Rl R
BOMA DY RVITENEIRRERSKE T T SUS #iiLA T T A B — XHE
FIC 722 S 7= B (SGHigh) & 5 ABiALE & U 4> REERIC 48 S 7=
FER(GSHigh)Z /R L TW 5D, #kaD =AY 2 7R/VX 7 Pa F T SUS #ALZ
U B FEERIC 2SS 7 fE (SSLow) 2 L T\ B, FEHER ST FC
BONTEERMERTIL, 7 L—Z2—EIZ1BELEZHNTNS, B
28, D E AR T EE R T8 S 7= 2 7 — 1 2 Hil(Housen and Holsapple,
2011) 2R EE I E THME L T b, RO IUA D 2 23 /L 1T Gault and
Wedekind (1977) & ik T OARE /) EBROFER 2R LTV 5 (c) X 3.4(b)
DARHEIR A JER L= b D,
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342 FIREFEETO R —1) 7RI E O

B4 3.9(b)I1c, AREBOFER L EATHREOSBEEFEROFEREL B LT D%
Y, Ko v 7 Bo#EIE Housen and Holsapple (2011) T & AL 7= WbFE A2 &t
THA—Y U THIZRLTEY ., %7z Gault and Wedekind (1977) DIKE /1 T
TOEEEFEBEORREL 72y FLTW5A, 727 L. Housen and Holsapple
(2011) DA — VU » ZHNE, KEHEIRE THMFE L= b DEER L T 5, [X3.9(b)
£, u DEND ma ODRE BOEEES Z LT, WAL LN OEE O ELE
LI TRLTWD, F/z, AKFEBE Gault and Wedekind (1977) DfEF1x U
LERERIE L7455 7228, Housen and Holsapple (2011) CIEAZA D K i L ~L
THESNZZ b—F—HEEZHN TS Z b, 135752 LT AR
PEITHAT LTV 5 (Housen and Holsapple, 2011), & 512, JeATHFZE O i d FE 325k
TRUE T TIToTnD 2 &b, REROIEERKE T Tl Rk,
LTk, 7V —¥—HRZ1BHFLEERE ey FLTWD, Zihud, %
Pa FCOZ L—F—HERLRATTDOY L—F—HEDHNK 135 ThoT-
=HThsn B3E|ESM) , KM3.9(c)ik. X 3.4b)DIKHEDHEIKZIIRK L7 b
DTHDH, ORI, KEBROTT AHH « U B W FEEH)(GSHigh)d 7
L—F—H% A X%, @EERO R r—1 o FRIEAREE I E COME L 7R &
FE—ELTWD, ZORRIE, SREHEOR T —I o ZAIR BE T2
BEHL S AR DB FE LAY 1ITi WA, Bom st ORHEE 22 b T 55 2
ExERLTWD, —F, SUS AL « > U 4y REER DRSS E IR D R 7
— VTR TFRINDG 7 L—F—F A XL FES TS, @@L
T L= =Y A XAP/NESL 7208l E LT, HMAOBARINEZEL TS
Db LR, T2 T, SUSHALE > U U8 FEEROEELIL 5.3 Th
. HIRINEY Y FEROEEIT LT Thb, HALDMEI R
WA, LD REWEELLDO L& LD IHEWVEANE Z % (Kadono and Fujiwara,
2005; Okamoto et al., 2013 72 &), IEWEAIZL 57 L—X —EHEOWI L, B
AN L > THEZRVF—PNHEEINDT2D, b L ATRHNE O MR 03HL 72
52 LT, MBEPEWGEIZERTY L—2 — DB N A0 57280, 72
EOMHANEZBND,
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BEWEIC LD 7 b—F —BHRERORL D H £7-X3.9C)6 R TEND,
SUS i, « T A —XRETO /7 L —F —EE L SUS L - U I FEE
HTHOY L—H—ERO I Ir, DFFHN 10°-102 0D & % 158-1.70 L 725, 1%
D NEREEERA 0, DFEIRVIZ L B 7 L— & —F A R~ BB )N e i 22 F2 B
(Uehara et al., 2003), =il 22 DOEfES < = L —3 = “(Prieur et al., 2017) T%
NENHROENTND, 16 FTOREEER TIL, 7 L—F —ERIL tan (6) D-
0.5 (2 b L 7= (Uehara et al., 2003),

D o« tan®, %>, (3.7)

AAFGE I, WIEPEEERA O R DM L CTREE 7 L— % — IR 21T
5T & T, 7 b—F—ERONTEBRAKMEE LS, EWEIZIZENZZE
b TEBRTHW Y Y RET T AE—XDOMIZ, roundish sand (FL
KON IR DR, #F A SO, Kk, A HWe, HALIZIXER 8
mm @ SUS EkZ v, RKKET THHEFSESZ & T1-4.6mst O T
T, EMYEOWNEEEEMIT, ) Y RidEAWRERE2ITH> 2 & T
HEE LTeDy, ZOMOWEITZEAZRE L, ZEMA & NEEEADIZITEL
WEARGE L, ZEADORIENM 2 NEEEMA & B 2 To, FARRWE O NS A
3 3510 RT, SUS B Tldmgldm, DFI-0.20 |ICHHIT 2 Z L0 e (F
3.4) | mpl m, 00 L tan(@) DR E T oy b L2 b O &K 3.10 1T, T Of
BRIV,

TR /1,020 o tang, 063004, (3.8)
15T, WSS O X OfE-0.56 (%, Ueharaet al. (2003) C45 5 417-fE-0.5
LV HRORKREVN, RESITE R STV RWNWZ bbb,

Fo. RIJUEDNEREEMIC G- 2 2B 2D 5720, YU RED
AWk %Z 50 Pa T & 10°Pa FTIT9H 2 & T, ENENDOKRKEF TONES
FEE A 2 JE Lo, JIEHEE LT, K311@ISTRT L 9 ITkkx 2B I OO
BLY E2EHBAETHWTESRICANDSZ ETY Y Iy RBlZhnsEAW )
AL ST, 50Pa & 10°Pa F CONEREEMITZN TN 37.5°+1.3° &
383°+0.8°TH Y (X311(b)) . KRRIEDEEIIR OGN oTe, HEINT
VU Y ROWNEREEELA & . Ueharaetal. (2003) T/RENT-H T A E—Xg D
NEBEEE A DE (24°) B L OELUYROBURN D H T A — X8Ry & U B
VRO L—F —ERLEFHELZEZA, 13 Thotz, ZOMELY b
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JL—R—EEBRNOELNTER)E 158 -1.70 DFN KXW, ZOERKIZH
WTITEEL <1y o TR,
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# 3.5 FARHI D NEREEE A

EMYE PR REERA or
JUhYUR ~140 pm 37°
HSRE—X ~500 pm 24°
roundish sand ~500 pm 31°

TFAMEEHEH ~500 um 40°
K ~4 mm 32°
18 ~500 um 30°
\\\\ .
~
0.6 | \‘~\ g
~
< ]
= -
|°N 0.5 \‘\\

= ~
N %,

» B s

=4 . o ~ 3

04} YIAYUE éﬁ \g
o A J2AE—A 0" o \\\
o roundish sand . ~
o A ER
B
[m]

0.3 =

0.3 0.4 0.5 06 07 0809 1
tan 6 :

X 3.10. NSRS L 7 L— X —H A4 D%, P ORBRITETOT—4
D7 4T 4 THREREZRLTND,
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2500 T
(b)
2000 |-

1500 |

1000 |

BABRIG A [Pa)

=10’ Pa -
-=-50 Pa

500 |

0

0 500 1000 1500 2000 2500 3000
FEEILA [Pa]

311 (FEZETF v SN TONTEEA OPEEEOEAK, Tokb Y
ITEZEZSI < ANCEBAICL > TEEINTEY . BIERICERAZ S 7
235 2 & TRHZNICE T 5, MR, IEEIZIT 6 < EAM) B EIn+
Do AWM LEWVEIZET D&, TL—RE[ETHN5, PO
BT, WORiF%Z2 99T <M 727 —7%2/RL 0D (okiffEs 7L
— FBEIOLBEOHEMEZLTZD), (b) KiFEIZiEzo < EAWS IO L
EVME & EEIS S OBR, EAROMIE D tan (0) &=,
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343 U7 ZRiIZiET2 6 < KA

3.8 ™ 10 - 10° Pa DFAPH T, ARFEFRAER D ATHISE DHE S (Schultz, 1992) &
DBEE RS 2o TNDZ e ZUAT L7720, MHNEFO=Y =7 k11T
Z72 6 RGBILOEEBIZOWNWTE 2o, =V =7 ZRFIZiFT7 6 < RRDIK
P EBE LI EE REXIILL T oRIcR SN S,

dve _
PT

Z 2Ty Mey Ve, dv./dt, Te. 5. pgas,s Cold. TNEIVRLFHEH &, B8,
RLFIMEEE . KL, KURDREMER, K[URERE, iR x £+, 20°C 7
©10°Pa FCOZER EANY 7 LAOREMESR n 1L E 4 1.82 x 107 Pa, 1.96 X
10°Pa TH D (BERMER, 2013) . KL pgas i3 pgas = PM/RyasT &R S L,
ZZ TP, M, Rgs. TIEZENENKREE, KUEDO T8, [UKEE., RETH
%o (B9XNOAWH I & 5 "X Z N Z UMM S BRI A £ L Tn
5o PR Cp=05 EHE LT & &, EMHERET &R HEERPTO i
PM1,v,/24nRyosTE R END, =V =7 ZRTHEIX, =V =7 ZHED R
— U ZHIEY, LLFO X 5123 S 415 (Housen and Holsapple, 2011),

1 2
— (61aneve + ECDnrengaSve ) (3.9)

—(+w)
f,% = (R) C, {( o) Hl} Y (3.10)
ZZTC, X ERIIWEANOLOHREL 7 L—F PR EETNENREL, CL L H
X7 AT AT NRT A= THD, ZIC, AT AWNEENIEE S &
TRATIIFRORER LD . 7 L—%—V LMt (/R ~1) T D,/ [gRIZ 0.76 TH %
(Tsujido etal, 2015 DI 9 £ V), ZDOFREREY | RKFEBRFMHFT(vi=2.7mst, R=
1I5mm)IZBIT D7 L—%—1 AMHETOTY = 7 2k T3 0.29 m s FREE
ERELOND, ZORFEETOY Y BV R f(re=70 pm)IZ1372 5 < *ﬁ
FHEPIORE S %X 3.12 1277, 10°Pa F COMEMERPT & R RBL O X
K/ T0.06, ~VUTATO0007 THY ., MHEIINXEHN THD Z LB DND,
AREBRIIBNTEREANY VAT L—F—HRIZEDB R LR NST20
I, BEMEBIA XERITH D | EREANY U LAORMERNITVMETE 5722 &2
HRThHDHEEZOND, HEE LT, Lok +EE (029ms?) 1%, FEE
DY L—F—V LMPETORFIRE & B2 D REMEDN & D, AWFSE ClLhi 13
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FEOHREIZBWT, 7 L—F—£FRICV AEEEZRA LN, BT T
KA L -IUZ 7 L—F —ER%2fHE L TEY (Housen and Holsapple, 2011;
Tsujido et al, 2015). F£7=. HHE(~0.2 km ™) T OEZEFER Dk 5 % (K5 5k
WA LT a, (8.10): &V, xR 23E U & & sl v, 1 R EE 22 0 5 3
HEEEZR LD b RELS D (FHEFmEO LN L—F —FERRNPKREL
H729) o BHEENRREWVEEZ Y =7 R 121372 6 < REIEPUTI R <
2%, 3.8 T, AEIEEES D AT RS mnd LI D SEATHFFE D fE SR (Schultz,
1992) L 0 A 3R 2o TV DL DIE, RXIEFLO K E S D1V EK 22 D7)
H LA,

¥ 3.8 ™ 10%- 10° Pa DFIFA TR LD, WD NI L —F —HEDO KGR
PRI, CREPEIRBLZ 0 TR T E RV, R s BRI REEITKE L
RWNIPD Th D, BHERPUIRKEIEET 208, Bl U7z X O ISR &
Db ta/hEnWied, 7 L—Z—EEE ’526%@“id\éb\f:“%5o Lo,
AREBRTHWIZEERNTIR R YA A 0HiE b, FHEE 140 um LV ¢
XD RKRENT A X (Amm LhE) ORi+%2 6o, MMx T, E2EEAT O
HIGR R ORL 3 EEIL 7 L—& — U MBEEORFEE LD E REWVITT TH S,
IO XD RGA . R b EMERPUIRE <20 | ¥.3.8 D 10%- 10° Pa
DHIFATRONDIBED V7 L —F —EHR~OEEZ KT LGS,

[UEG T OEE B HATRIIU FTOXTREND,

k'T
42mrgas?P '

T, ke rgslIFENENRILY v U ERERER Y TR EET, 7 X vk
/%IO.S)L/?;3 be 73001 LV KREWE &, =V =7 XK 1D OIGIEEE
e \ﬁé‘&bé(Takahashi 2003), AZEBRSME (T=20°C) Tix, KKJED 7 x 10° Pa
IR (2850 rgas=15%x101"m) & L<IiT10*Pall F (U oA :1.3x10710
m)f% i%bhﬁ@éoﬁéﬂ%bhtmh%fi\ﬁﬁﬁﬁi%?@ﬂ
TRINDLIZT AL A ANHES,

A= (3.11)

F=— . fpgascre v, , (3.12)

Z T, FEclIEnENIRP) & KRIRDEE# % F 9 (Epstein, 1924), T =20°C
TOETHIL, 22K T344ms'. ~UATI008ms! 5 (FE4ER, 2013) .
(3.12): T XN BT IE 10? Pa LA FCIIRL 1 1 ACiZ72 5 < Ei(m.g) L Y
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b1/ hEL D, K312 LV, 102Pall F CII RGP UII= T A% £ VHIIZ
HEH DT, 10% Pa DZER TORLAHEE ve =0.29 m s DRI 121572 5 < KEIEHT
E1G F TR 1O ENDOLIZUTO XSRS D,

34J§”~"“S"Te”e<01c) (3.12°)

meg
BN L CREHPIOEEN /NS b 2 EIX. K38 Trand kol
102 Pa LLF TV L—& —EHEDOKRKERIFHEDESNZ > TnDHZ L L —
T 5,
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1 I I 1
r — T (air) 1
10—4 [ =m=== ET&#&;‘E(EII’) 3
r B
FE == Epstein8l (air)
- { —— Bt HHe) -
J =ene- B (He) ==
'E' [ == Epsteinfl| (He) L=~ 1
=107 == -
3 P
R =r ’- ;- - -!
18 10" ==
[’: " - =" }
= =
-12 e et 3
107F e L
;r ---. - -'-‘.-- E
-14 F -_-- ---- :
10 L--_-' __-_--' -!
;r_"--- i
10716 , ;

10° 10’ 102 10° 10* 10°
RRIE [Pa]

3.12. RXUE ERLFITIET2 b < SREU OBfR, KB 70um O U 7

o RRIF23E 029 m s T N 556 0ER L~ U LD %

FNENRLTWA,
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344 IEHIONEBEEEf DR

INRIRRHTOI L—2 U U 73— &S EZ T (<10 Pa) Tt = 5, #
2SN T ORI O NEEEA XA THE TRIE S L, BEERKIET (10°
Pa) LHERTRKEL 72D Z A RE /= (Perkoetal., 2001), L2>L., ABFIET
I% 10°Pa T & 50 Pa F CHEBEEER A DOEWIBIER SN -T2 (322 ES
BE) . ZAUE, 50Pa FTIIfIEDTNIEE ALY BRIONIRDN-T2T201EA
R

Z 2 TlE. BT T L (Perko et al., 2001) D D IZHEEZE R T E S
MY RIS Z &2 BET D, MEEE T TERSND 7 L—F —EREIL,
BLA)XTEININERMA L 7 L — X —HEOBRE ., WEERMA L RKRE
D EfR(Perko et al., 2001)x W THEE T2 Z &3 T& 5, filk LT, IEHIWE
DRLF-EREDS 100 pm OEERD OGE | R EZE T T O N EEA IR ER L
TEHA_TH I #HRTD (K15 . FEERKETTOVY ¥ ROWNE
FEEF 37 NEmEZE T TB0° I KRINDGE, BlkEIns s L—%—H
BIZENREH WD & HEHERKE FIZHATH 20%0 5, AREBRTIL,
¥Pa FCIERESNZY L—X —ERIIEERKKIETOR 1B HETHY (KK
B’HLOWAZ L D) | FRGIEPUTEL Pa DL TILIZIER A 72 (K3.3)
REIEFLOWA & WHEERA O R OZEZW HEET 5L, BEEZE T TO
7 L—Z —EAIIAEERKE T O 1.08 f5(1.35x0.8) L 2V, HFE Y KEAE
AN
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3.5 Itokawa @ dimple HiJZ~? )& H

Itokawa |ZITCSR I I v g T L0 EHEEA S, RIS FEMICBIZ
iz, ltokawa D %ﬁﬂ?&f;u{?ﬁ% . ltokawa IO EHERA S L7
INER R & tl:f*‘féﬂf%@#%@%%/) ZEMALNE 5Tz, Itokawa DFE 1T K
EL BT TZOOHIBIZ T H Z EMNTE D, — Dl rough terrain & FEEANL S
%< DRV —DNHIET HHIZ T, b 9 —-2id smooth terrain & FEIE 2 LLBg )
FA R85 HiJE C & 2 (Saito et al., 2006; Yano et al., 2006), Itokawa
EDr7 V=2 —F, WOIRE AR Y AaRFoZ EAVRHET, E72EE 10
MUTO7 L—&—3F & AL L7V (Hirataetal., 2009), Z/uHD 7 L—
2 —DFHEIT Itokawa OFEEREE (UNET), REWHIREZ R OFKm, "L 4
—BOFE, EREEREE L) NEBL TW\D I ENE 2 5TV 5 (Hirata
etal., 2009), JNx T, Itokawa K D BERERVVEFE & LT, K313 1TR-T X9
IZ. smooth terrain (Sagamihara <> Muses Sea) _E(Z dimple & FEIZIL 5 NERIZ AR
W =S D /NS WEHHIENAET D2 & ThH D, 20 dimple #JE DKL
& LT, ltokawa EDO—R 7 L—H =MD SN TR —DFKE~DIK
T C O FE-E Z2(Saito et al., 2006; Nakamura et al., 2008)<°, fEZ%5hiE JREN I X
RV — Dk IiA Fx(Hirata et al., 2009) 23R S LTV D,

RNV —DOGHEREZ2IZ LV dimple %4 XD )7 L— 2 —RNEE SIS D
IE S INEMEDD DT, AFFEOIREEE LR O R %2 b & 1T Itokawa
TR SIND k7 L—X—HREREHE LT,
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Muses Sea

T 1

dimples

3.13. Ttokawa 2 [ @ dimple #1JE D4, Dimple NERIZ I
A= YA XORNVE —PNAFET 5D, (Image ID :
ST 2474731509)
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ERIZ DR L &2 — )3 Itokawa O il HIEHEE 0.17 m st LR 33 -C smooth terrain (2
W22 2582 ME Lz, RinEBR IV, dimple (G325 AL & — o #UAHY
YA R FT1—4mEETH S, Itokawa DE & & ¥4 X U (Fujiwara et al.,
2006), FmiDOEIEEIZIL 8.71 x 10°ms? &\ H fii & v 7=, smooth terrain
DRI DRIV A XNEIV A=A bHEUTF A— M A XOHFHITH
(Yanoetal, 2006), Z ® & = ki) & EHIJOBARD HHEE S 415 smooth
terrain 8 DO ZERERIL, 0.56—0.87 (7 7 VT AU —L A 1% H LI25E) |
H L <I1%036—0.55 (ENVEENAZ#EH LESEE) 705 (K29@). (b
M) o OBBEITIRKEWEREEZEF> TOD00E LIRS, dimple 4 SR
DRSO L =) A Jg I3l IR E) 72 & Ofe T LY & ST 5 aTRENEN
BZ2ONDHTD, 22T LAY R JEOZERRERIIARNSE O AR L E 22 KR T H

WA D2 %404%ﬁmbto%ﬁ%i@&éﬂﬁ%%otﬁﬂﬁ
Itokawa (I LL4-LL6 il =1 KT A b LU A RS> Z L b TS 2
& 7> (Nakamura et al., 2011), B FHEIZIZLL 22 R 7 A4 R OfEp = 3220 kgm™
3 (Consolmagno et al., 2008)% /=, F7o, LI U ABOZEFEN 04 D L X
vﬁUXE®Nw7%WMA%2mmGk&é

WY L— X —HREHEET AR, £ Itokawa L TORILF—DE AR
SEMMTOMLEND S, REEED ST dimple NEL DRV Z— TR Z— |
ENEEH LT\ 5, ARBFFE T ORGSR TITHLE AR S THE L TWh2eh
STl RV Z—E AR % Katsuragi and Durian (2013) CTrs S 7= 1% 5r Al &
HAWTHEE T 5, WMRIEAERS ORBRANILLITO X S IcfShd,

2d _ 2mg 2mvi2—2mgd1—kd12)
T=1+00 w( P T (3.13)

T, WEZ o= EBAERL, £ di & kIZENETNUTORETERS
ns,

di/D, = (0.25/tand,)(6,/p)  (3.14)

1/2

kD,/mg = 12tan9r(p/6p) (3.15)

ZZC. D, IFHALER AT, Itokawa F i TOSRM(3.13), (3.14). (3.15)=ic
TNENRATHZ LT, RV —DOEANRINPHEETE 5, Itokawa O L =
U A JEOWNEEEEA DOIEIT N G20 20, 22 TIEARERTHW-V U B4
v RIE O N EEE A (0, = 37°) 2 L 2 U AEOWNEEEM L L IRE L, i
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R A= AP A ZXORNVE—=DFEEDDDEARS TRV Z —EED 0.2 )
LlfELRed ZeMEES N, TDHE. AAVZ—I3 R L—F —DJE)
5 L —EIEBH S NAE D, ORI, REEBENOLBIEIND
dimple WESD RNV Z — DR E A TH D, Fio. HBEBIOEAEZRICK
DRI DT 2 T AF2E0 5 | Itokawa D 7R LV 2 — D [EEE D B ATE & A3
HEE X4 TV 5 (Nakamura et al., 2013),

ltokawa > ZR 7 L —F —ZHEET D701, UL R OB 2 B JE
LT, KREBROTZ AHADORRZEMT 5 ENWLTWD, ZORERIE
Housen and Holsapple (2011) 7z A — VU > 7 & FE—H L TWH 72 (¥
39 )ZR) | T ATV T EMWEE, L, BEEZ T TONG
B OMREZZ/ LT, 7 L—F—HERIT08 20T (344 ESH)

HEE STz IR b— & —EHRE RV —ERE TR LT b O & ek
DOER A 3.14 |1Z-F,  Itokawa DZ M B4~ HBIZE S 5 dimple [EA LA
TORNE—EHEOK 2HEND AFBFRETHY . K314 FORATRINTE
SN EROHMZRLTWD, ZOMRLY, A— LA XORLE =)
Itokawa @ it HHEE FE DL T DMK E #2245 2 & T, dimple MBS NED Z &
DHON5,

AWFFRORE S FERTIL, 7 L —F —EROBEIMEAFMEL 0.20—1 G D#ipH
THRLNTELDTH D, L., EEEO/NRIEE RO EIINEE I/ TH
%o AWFFEOARE J1 325 T D IV B MK NE S T THEA TE 50
ErmiTbnrbriewn, £, UNED T TIZL Y ZARFORFE IR ET) &
e _RTHEAR C X 2 ATEEMEAY B U (Scheeres et al., 2010; Nagaashi et al., 2018), 2
L—4 —H A XK LT LY RRTOEFE I ORENZENC/2D0E L
R, XoT, MUNETFTTOZ L—F —H A XEHET HT-OITITE TR
I L TR SEUR DR L e DML Z ENEETHY , SHOBETH
Do

76



JL—4—EE / RILT—ERE

— R —EE
----- RILT—EE

1
4 m

0.1 0.17
BZEEE [ms]

X 3.14. HEESNTZ R L—F —HRBRERNVA —EEXTHEELLZLD &
EZOHEE ORR, RV —EAICIT1Im & 4m O _fEEA AV~ Itokawa @
B R L 0.17 ms™ Th 5, IREDOEIEIIR I bBLE Sz dimple &

FEO#FIPHZ 7~ L T D,

7



lrh-4:!'l:

FEH

INRERBE CTOREEFBE TR IND T L—F —F A XZ{_D7D, K
WFETIL, K77 & ERBEORRZ /N REREERREICHEHA T 5 2 & T/HhXRE
KEL ITY ZAORIAYA X & ZZBOBGREZHETE LT, it/ﬁéﬁ?f@%m
JE DR EE LR AT S 2 & T, REE oy L— ¥ —HEROEIKL
WE2B/l, TNENORRIZONWTUTIZE LD D,

INRAEREB LI ADHFH A XEEMEOE R

BIR DRIAY A AR TR T b DR & W T 2 IZZEBRBORNE 21T >
2o FLTIE5n 0 ERFEAWT BV mERETHRE S, hirEoE&E
ERRENDEREEZRH LT, JATHIETH D Yuetal. (2003) THbILIZT —

BTN Z TARMGE TG B e T — 2 £ L, xR REEHZ BT D8
T & ERBORRAE ST, KiFRIIZIXT 7 T VT — /L 2T EHEH D EE
BHO HEOGEEE 272, 2L ORABINIR 254 2 KK D fH 5
DTORBEEE LT VR EeZN i Lz, EREERE S &1, ZER)
Fo, RN ER AT EDOK RrOBEBRELL FTOE TR LT,

p =po+ (1 —polexp(—mRp™")

BN 7 7 o T AT — VA N & L2856, BRIRRL T m =2.651 +
0.072, n=0.175+0.007, AEATZRKF TIL m=2.040+0.164, n=0.177 +
0.013 2137, £7-. KiFMCHEEN Y BN ZE L2856, BRIRKL T m
=6.131+0.354, n=0.154+0.006, A~HATEIRKLF TlL m=4.296 +0.652, n=
0.153+£0.012 21537, ELLOHEIZEBWNTEH, RNHRATEZIRL 7O 7 N ERIR KL
F RO bEWERBEEOZ ENDNoT,
ERICIFEIINEENE N TED . Itokawa, Ryugu, Eros. Ceres. HF M
DEIMEEZRAT D Z LT, FRIEREOZERR LR FEEORRE ZN
FNET. KT T7 7 o F AT — )V 2 120 Ui R L a0y 0 B &
WHA LR AT 2. 770 F AT — L2 ) 10 HEEN Y BEE ) )R+
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DFEIZN L GHED TN, R BIIFHE LT W L3 b7z, Ttokawa D
FEH XV | smooth terrain  CKiFE mm~cm V1 X) TOEBEDZERRIL, 77 v
TN =)V AN &M LTz & & 0.56—0.87 O, #5230 BB &2 Lz &
X 0.36—0.55 OFLPH & HFI T 7=,

Fo. ERROETAREMEEOBRERET L (BUsER LRI A XD
R ZHABHhED 2 LT, ERELR A X2 Eh#ME Lic, /h
A Fros & Ryugu, ‘K22 Phobos & Deimos OEVEMET — % % ¢, L (T 2R
ERLTFY A ZADOHEEZAT 272, 77 T NYT = A )% =856 Eros T3z
P=R72% 0.660% 005, FIT-H-A223(1.8"18.10) X103 m, Ryugu TIEZZFRFEA 0.637010.
007 BTN (2.17116) x102 m, Phobos TIZZEMHEAY 0.6270% 504, K 72

PEHY(1.8"14.13) x10° m, Deimos CTIIZEFFEDY 0.64%0% g0a, KL T 4% 75>(1 9*14, )
x103m & RS iz, — 5., B30 BEE )2 V2354, Eros TIHZEME
23 0.36%0%2 001, KL A3(3.4720.20) 103 m, Ryugu TIXZER=R 0.361002
om#ﬁ%ﬂﬁ>MW%@ﬂ0m Phobos CIELZERSRAS 0.377000 g0 i 72

PE3(3.1720%16) x10° m, Deimos TILXZE[RE )Y 0.377002, M?#éﬁ)(BB*Z'l-Le)
x103m & AAEd b,

N OYIEFHEL U E— FTIRET H 2 &1d, HEERIZ L 2RENLD
Yo7 TR EOFTHERZFHTLRICAN THL, L., KOk
IADIRNG G ABFFE TR SV BRITE I TE RN RN D KIZE

WRIZOWTHARD Z LIS ROMETH D, Tz, ITEOEBRIMIE T
. R FRINZIESAARH D . IKR BEa 2 JE12 L 72k 1-fE ) (Johnson et al.,
197) X0 B/ EVMEEZ & D LWV RIEERDEHNTIE Y (Nagaashi etal.,

2018) | WHT AR FRINORBELAMELEEZ NS,

MAB~NDEEREFETEEIND Y L—2—H 14 XDEAHKEFH
IGLUTORENZFE TS % MEELZR/EL, E23020-1G6, HEZEH
FE2N 1 -4.6 ms OFPH CTHIKE ~DERERAIT o717, 1FL A EDOERITIEYE
REET(10°Pa) TITo72D, KRRDOEELZHARDLI2DIZHIET (TPa) TH
{To7z, TPa FT®» SUS L « WIEHOEB THOLNTZI L—F —HEROES
KA, BB @R EEE TR LN EKREE S ZIET & L, —FF
T, BEHERSKE T CTO SUS AL « AMERIS OV SUS 1AL « T R B — X
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DEBRTHONT-EIMEFMEIX7Pa FTOENMRFMEL Y LB, =¥ —
A=Y 70 b5hotz, RRIEOEEAZMDMN e ERE LT, —
EOHESEEELET) 2.7ms', 1G) TKRXIEZ 0.6 - 10° Pa OFiPH TE/L S
. SUS AL ZIRERIC 3 L CEZE &7z, REJED 102 Pa £ TR T 512D
NT, 7 —F—ERIWKR LI, 7 27—V v ZIREEICET 5 R T
DIEAEA L, MERTHE LN 7 L—F —ERO KKIFMAFNEZ FV T
EHEBROMR AT 5 & EAERKE T OERTH DI EIRAFED
JEF O @ ERBR A LN BRI EVEE 2o T, RERIEDRELE
B9 5 & KR ZE T O EIMKENE & 2SO B MR EESNEIE K
THZ LR bhroT,

I, ARHEERBR TEONTZZ L—F —H o X ElEE FEBR ORE R & bl L
7= BEHERKE T OH T AN - WEHOFRERZRE T D7 L—& —H% A X
B U7 R S SEBR ©15 v A - — U > Z'Hil(Housen and Holsapple,
200 & IFE—FK L7z, —F, SUS B - iERICO 7 L—F —% A XX, HTF
AZBALDFER LD b/NE L pote, ZORENS, BEERTHEONT A —
U > ZRANE, JBUE T TR AR OBELLR 1 IEWGE, EHZEEHESE ms! O
KHEEIC LA TE D, EW0WIH ZEnbhol, BEORKEWHILTY L—
Bt A APNEL T2 B DF, HHOBANEINELS 8D LIZLHmrLF
—OHH, b L <ITREIROMRNEL 725 Z & TY b—F —OHEHIZNE D
DLW BERDTEINS,

7 L— X —HEEDRREEIEEIZON T, AERTE SN R L & E
ZEOFATHIEDOFER N R 2 BRZFAT 5720, EANEH ORI I3 2K
SEPUCHONWTELR LT, mEEEZRO TN, 7 L—F—1 AP S Ofg
ERLDREIRDZENG, FATHIROERD TN LY REWT L—F —H
BORKTEEGFMEZF>Z & 102 Pa LLF Tl Epstein BINZHE - 7 K513 ALY
2720 FFICFe b BEHED b+ 257D, 10°Pall F T L—#
—EHEORZIERGFERTL 725 Z L 23 LT,

HEEZE T ChL/INRERETD Y L—F —F A X%EZ L7201, D
NIBEEEA N L — X —BERIZGE X DB OVWTHBE Lz, BEHEE T
DI L—F—EHEIT, ERTEHEONIZNEEEA L 7 L — 7 —EHEDBEFR
(Uehara et al., 2003) & NEBEE#R M & K5KUE O BRI 72 BIfR (Perko et al., 2001)7° 5
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AL ZENTE D, NHEBRBADOHRIZZ T BEEZETTO7 L—F—
ERIIFEERFETDO 7 L—F —EHRERDOK 0.8 (FFRE L D Z & bhoTo, L
L, Bl L7e REIEHIOBD O ELZET 5 & MRMICHEEEZE T T
L= —HREFEERIIETTOZ L—F —EHRITZEALEEDLRNE WD
ZERbroT,

JE T CHAL « AEABE LY 1 IS WA M E T L &l TE 6
7oA —VU ZHINEHTE 5 Z &5, (Housen and Holsapple, 2011)D A 7 —
U > 7% AT, Itokawa @ smooth terrain T S5 2 k7 L — & —[EE
% RFE Y o7z, Ttokawa OBLHERE L 0.17 ms™ LLF D728, FEHICARE 22
TR V== S VD, Ttokawa RIEIHEFEZE T THLH72D, HEH Y
(ZIENERER M DR DB L BBV LTz, fESE. Itokawa @ smooth terrain |
THEA 1-4m ORNVF —DOREEFH LRI L > TR SN D 2R b—F —EE
I%. B Hayabusa 231372 R M4 ) H #8122 T X % dimple EELO®HIPH & EH2 5
ZENboTm, ZDZ X, Ttokawa @D dimple HFE DRRIA S, A — hH A X
DRV H — DR EE LRI L > TR I NIz 2 IR L—F —Th L etk % 3
45,

AW TR ONTZ 7 b — 2 —EROBEIMEFIET, 020 225 1 G O jHiIH
TITONEBRTH LN THD, Lo, < O/NRIEFKIIINE B
FETHo, BRI EREE 100 m DREOERmMENL10° GRRETH D, A
RTCHELONIZEIMREEN Z O L O 2N ERE THOEMTE 2008 5 0
RANThHD, Flo, WNENRETIXZZ L—F—F A Xk LTI Y RO
EENNBERTE R RN D H, A% OBEE LT, BUvNE) FToE
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K AL 7 L—F—JRFERICIIT D EBRKM L RER

o o Impa_ct Gravitatio_nal Atmospheric Gas Projectil Pr_ojectile Projec_tile Targ_et _Crater
ot Name Projectile  Target  velocity acceleration - € mass diameter  density  density  diameter
[ms"] [G] pressure [Pl WP&" o) [mm]  [kgm?] [kgm®] _[mm]
331-%01”9“' Sf):]eeer'e i!;}%a 45 1 10x10°  Air 2 8 7900 1500  27.9
SSl.%OZHigh- SFS)Leeerle i!:}%a 45 1 1.0x10°  Air 2 8 7900 1500  28.1
881-%%Hi9h- S?)Leeer'e Ssg:]%a 45 1 1.0x10°  Air 2 8 7900 1500  27.2
SSl-%aHigh- S?)Leeerle s;g:]%a 45 1 1.0x10° Air 2 8 7900 1500  29.1
881-%%High- S?)Leeer'e ig:]%a 45 1 1.0x10°  Air 2 8 7900 1500  29.2
881-%06Hi9h- S?)Leeerle s;g:]%a 2.43 1 1.0x10°  Air 2 8 7900 1500  23.6
881-%07Hi9h- s?):]eeerle i::}%a 2.46 1 1.0x10°  Air 2 8 7900 1500 221
SS1.00High- Siaeeer'e Sthea o 57 1 10x10°  Air 2 8 7900 1500 241
SS1.00High- Siaeeer'e Sthea 1 g8 1 10x10°  Air 2 8 7900 1500 216
SS1.00High- Siaeeer'e Sthea 512 1 10x10°  Air 2 8 7900 1500 213
SS1.00High- Siaeeer'e Sthea 201 1 10x10°  Air 2 8 7900 1500 202
SS1.00High- Sf)theeer'e Sthea 1 65 1 10x10°  Air 2 8 7900 1500 199
SS1.00High- sf)Leeerle Sthea 1 45 1 10x10°  Air 2 8 7900 1500 171
SSl.OlaHigh- Sitheeile Ssgr']%a 151 1 1.0x10° Air 2 8 7900 1500 184
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SS1.00High-
15
SS1.00High-
16
SS1.00High-
17
SS1.00High-
18
SS1.00High-
19
SS1.00High-
20
SS1.00High-
21
SS1.00High-
22
SS1.00High-
23
SS1.00High-
24
SS1.00High-
25
SS1.00High-
26
SS1.00High-
27
SS1.00High-
28
SS1.00High-
29
SS1.00High-
30

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

3.69

3.7

3.73

1.4

1.4

1.4

1.4

1.98

1.98

1.98

3.13

3.13

3.13

3.43

3.43

3.43

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

28.9

25.1

25.2

17.7

20.7

21.3

21.2

23.1

21.2

21.2

23.5

24

26.3

27.4

27

25.4



SS1.00High-
31
SS1.00High-
32
SS1.00High-
33
SS1.00High-
34
SS1.00High-
35
SS1.00High-
36
SS1.00High-
37
SS1.00High-
38
SS1.00High-
39
SS1.00High-
40
SS1.00High-
41
SS1.00High-
42
SS1.00High-
43
SS1.00High-
44
SS1.00High-
45

S$S0.50High-
01

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

Silica
sand

2.43

2.43

2.43

3.96

3.96

3.96

2.43

2.43

2.43

3.43

3.43

3.43

4.2

4.2

4.2

3.05

0.50

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

23.1

24.3

22.8

27.5

27.2

28.8

23.8

26

24.4

27

26.6

28.5

30.5

30.1

28.8

30.9



$S0.50High-
02
$S0.50High-
03
$S0.50High-
04
$S0.50High-
05
$S0.50High-
06
$S0.50High-
07
$S0.50High-
08
$S0.50High-
09
$S0.50High-
10
$S0.50High-
11
$S0.50High-
12
$S0.50High-
13
$S0.50High-
14
$S0.50High-
15
S$S0.50High-
16
S$S0.50High-
17

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

3.26

3.14

3.9

3.63

3.73

3.6

1.29

1.36

1.49

2.13

1.99

1.97

2.56

2.39

2.54

3.25

0.58

0.47

0.51

0.50

0.51

0.51

0.42

0.42

0.56

0.58

0.45

0.50

0.51

0.49

0.54

0.52

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°

98

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

30.2

30.2

32.3

32.3

30.3

32.7

18.7

19.2

20.1

20.5

27.2

23

27.5

29

26.2

33.6



$S0.50High-
18
$S0.50High-
19
$S0.50High-
20
$S0.50High-
21
$S0.50High-
22
$S0.50High-
23
$S0.50High-
24
$S0.50High-
25
$S0.50High-
26
$S0.50High-
27
$S0.50High-
28
$S0.50High-
29
$S0.50High-
30
$S0.50High-
31
S$S0.50High-
32
S$S0.50High-
33

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

2.99

3.12

1.42

1.29

1.21

2.17

1.89

2.02

2.53

2.72

2.6

3.36

2.99

3.17

3.84

3.39

0.55

0.57

0.46

0.43

0.38

0.51

0.41

0.50

0.50

0.63

0.56

0.57

0.40

0.57

0.61

0.42

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

28.8

32

22.7

194

22.9

26.1

25.6

23.9

25.6

25.6

25.4

31

31.1

315

33

31.3



$S0.50High-
34
$S0.50High-
35
$S0.50High-
36
$S0.50High-
37
$S0.50High-
38
$S0.50High-
39
$S0.50High-
40
$S0.50High-
41
$S0.50High-
42
$S0.50High-
43
$S0.50High-
44
$S0.50High-
45
$S0.50High-
46
$S0.50High-
47

S$S0.25High-
01
S$S0.25High-
02

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Steel
sphere

Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

Silica
sand
Silica
sand

3.53

1.55

1.67

1.81

1.82

1.84

1.99

1.98

2.59

2.44

2.42

3.14

3.46

3.62

1.36

1.49

0.53

0.50

0.51

0.50

0.49

0.49

0.49

0.50

0.48

0.49

0.48

0.49

0.49

0.47

0.21

0.23

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°

1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

32.2

22.3

23.9

26.8

25.3

25

25

25.1

27.2

27.7

27.9

28.5

31.2

315

23.8

23.3



$S0.25High-
03
$S0.25High-
04
$S0.25High-
05
$S0.25High-
06
$S0.25High-
07
$S0.25High-
08
$S0.25High-
09
$S0.25High-
10

SG1.00High-
01
SG1.00High-
02
SG1.00High-
03
SG1.00High-
04
SG1.00High-
05
SG1.00High-
06
SG1.00High-
07
SG1.00High-
08

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads

2.1

2.39

3.07

2.86

2.39

2.82

2.78

1.8

4.6

4.6

4.6

4.6

4.6

4.6

1.4

1.4

0.25

0.27

0.24

0.26

0.27

0.30

0.26

0.25

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

24.1

30.3

34.1

31

29.8

29.8

31.7

24.8

50.5

48.4

48.7

46.1

49.4

49.7

29.9

32.4



SG1.00High-
09
SG1.00High-
10
SG1.00High-
11
SG1.00High-
12
SG1.00High-
13
SG1.00High-
14
SG1.00High-
15
SG1.00High-
16
SG1.00High-
17
SG1.00High-
18
SG1.00High-
19
SG1.00High-
20
SG1.00High-
21
SG1.00High-
22
SG1.00High-
23
SG1.00High-
24

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads

1.4

1.98

1.98

1.98

2.8

2.8

2.8

3.43

3.43

3.43

3.96

3.96

3.96

2.42

2.42

2.42

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

30.9

32.3

34.4

35

39.6

38.1

38.4

41.8

42.7

44 4

47

47.9

46.5

34.7

38.3

37.2



SG0.50High-
01
SG0.50High-
02
SG0.50High-
03
SG0.50High-
04
SGO0.50High-
05
SGO0.50High-
06
SG0.50High-
07
SG0.50High-
08
SGO0.50High-
09
SGO0.50High-
10
SGO0.50High-
11
SGO0.50High-
12
SGO0.50High-
13
SGO0.50High-
14
SGO0.50High-
15
SGO0.50High-
16

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads

3.7

3.66

4.18

3.73

3.48

3.39

1.07

1.17

1.54

1.4

1.67

1.87

1.93

2.07

2.18

0.45

0.61

0.54

0.46

0.55

0.47

0.58

0.58

0.50

0.60

0.47

0.54

0.58

0.57

0.55

0.55

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

7900

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

50.4

50.6

53.8

49.2

48.4

01.7

324

34

34.9

35

38.7

37.3

36

40.4

39.9

40.2



SG0.50High-
17
SG0.50High-
18
SG0.50High-
19
SG0.50High-
20
SGO0.50High-
21
SGO0.50High-
22
SG0.50High-
23

GS1.00High-
01
GS1.00High-
02
GS1.00High-
03
GS1.00High-
04
GS1.00High-
05
GS1.00High-
06
GS1.00High-
07
GS1.00High-
08
GS1.00High-
09

Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere
Steel
sphere

Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere

Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads
Glass
beads

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

2.04

2.68

2.83

2.63

3.4

3.28

3.08

1.40

1.40

1.40

1.98

1.98

1.98

3.13

3.13

3.13

0.48

0.58

0.58

0.57

0.56

0.54

0.55

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°

1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°
1.0x10°

1.0x10°
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Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

Air

0.69

0.69

0.69

0.69

0.69

0.69

0.69

0.69

0.69

7900

7900

7900

7900

7900

7900

7900

2560

2560

2560

2560

2560

2560

2560

2560

2560

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

1500

38.1

42.7

46.5

43.8

47.4

46.6

46.1

14.9

151

15.7

16.5

17.3

16.4

22.5

21.6

22.5



GS1.00High-
10
GS1.00High-
11
GS1.00High-
12

GS0.36High-
01
GS0.36High-
02
GS0.36High-
03
GS0.36High-
04
GS0.36High-
05
GS0.36High-
06
GS0.36High-
07

GS0.20High-
01
GS0.20High-
02
GS0.20High-
03
GS0.20High-
04
GS0.20High-
05

Glass
sphere
Glass
sphere
Glass
sphere

Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere

Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere
Glass
sphere

Silica
sand
Silica
sand
Silica
sand

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

Silica
sand
Silica
sand
Silica
sand
Silica
sand
Silica
sand

4.43

4.43

4.43
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We obtain an empirical relationship between porosity and the interparticle force of granular media based on measure-
ment data on the ground. We apply the relationship to the condition of the surface of small bodies to estimate the
porosity and the particle size of the regolith.
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1. Introduction

Planetary small bodies are covered by a particulate layer called the regolith. The
particle size and porosity of the regolith surface of small bodies are important phys-
ical properties. The responses of the surface to solar irradiation, e.g., bidirectional
reflectance and thermal inertia are dependent on the particle size and porosity.
The particle size and porosity affect the dynamic responses of the surface, such as
the cratering efficiency (Housen and Holsapple, 2011; Giittler et al., 2012).

Information on the lunar regolith was obtained by the Apollo missions. The par-
ticle size was directly measured and the mean porosity of the regolith was esti-
mated by drive core tube samples, rotary drill core samples, analysis of astronaut
footprints on the lunar surface, and so on (Mitchell et al., 1974). The mean porosity
of the lunar regolith was 51%. Observational data at various wavelengths provide
clues to the particle size or the porosity of small bodies’ surfaces. For example,
the thermal radiation of asteroids detected by infrared photometry indicates
whether the thermal inertia of the surface is high or low, and hence whether the
surface is covered by rocks or lunar-type regolith (e.g. Lebofsky et al., 1978). The
optical polarization-phase curves of asteroids have shapes similar to those of
crushed meteorites, which contain a broad mixture of particle sizes around under
500 pm (Zellner et al., 1977). The near-surface bulk porosity of asteroids has been
estimated using ground-based radar data to have a mean of 51+ 14% (Magri
et al,, 2001). The angular width of the opposition surge in optical reflectance was
interpreted in terms of the porosity and particle size distribution within the opti-
cally active portion of the regolith. S-class asteroids have been suggested to have
surface porosities ranging from 40% to 80% (Hapke, 1986; Domingue et al., 2002).

The range of porosity of the particle layer depends on the particle size and the
size distribution. The porosity is dependent on the impact velocity of dust agglom-
erates on to the surface (Teiser et al., 2011). When tapped or compressed, the poros-
ity of the particle layer decreases from its loose packing state (e.g., Sakai and
Nakamura, 2005). Here we modify an empirical relationship between porosity
and interparticle forces determined from measurement data collected on the
ground (Yu et al., 2003) and apply it to small bodies to obtain the relationship be-
tween grain size and the maximum porosity of the surface of small bodies. We then
combine this relationship with a heat conductivity model for regolith (Gundlach
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E-mail address: mkiuchi@stu.kobe-u.ac.jp (M. Kiuchi).
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and Blum, 2013) and estimate the particle size and porosity of the regolith simul-
taneously for small bodies.

2. Relationship between particle size and porosity

An empirical relationship between porosity and the ratio of the magnitudes of
the interparticle force and gravity that act on a particle was presented by Yu et al.
(2003). The porosity was measured for particles in the loose packing state, and dif-
ferent porosities were interpreted as due to differences in particle size, i.e., the
interparticle force. The interparticle force was estimated assuming that it is roughly
equivalent to the capillary force. The capillary force is the interparticle force when a
liquid is added to solid particles. They determined an empirical relationship be-
tween the capillary force and particle size of wet particles of the form r~%4 where
r is the particle radius, and applied it to the interparticle force of dry particles.
Because the capillary force is not suitable for describing the interparticle force for
particles under a high vacuum condition such as in interplanetary space, and the
van der Waals force is generally larger than the electrostatic force (Scheeres
et al,, 2010), in this study we assume that the van der Waals force is predominant
in the interparticle forces. A model formula of the van der Waals force F, in which
the effect of adsorbate molecules is taken into account by a parameter is defined as

AS?

= _r 1
4807 )

v
where A is Hamaker constant (Hamaker, 1937), r is particulate radius, Q2 is the diam-
eter of an 02 jon (=1.32 x 10'm), t is the adsorbate thickness, and S =2 is the
cleanliness ratio, which shows the smallness of the number of adsorbate molecules
(Perko et al., 2001). The cleanliness ratio S is approximately 0.1 on Earth and almost
unity in interplanetary space. Another expression of the interparticle attractive force
introduced in JKR theory (Johnson et al., 1971) is

3
Fye = 5m05m )

where 7 is surface energy. Substituting A = 6.3 x 1072 for SiO, (Israelachvili, 1992)
and S =1 into Eq. (1) gives F,/r=0.075 N m™". There is a range of values for the sur-
face energy of SiO, in the literature, but if we adopt y=0.0186] m~2 (Heim et al,,
1999) for Eq. (2), then Fyg/r = 0.088 N m~!, which is slightly larger than that above
derived from Eq. (1).
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In addition to the data on glass beads (Wakeman, 1975) and fused alumina par-
ticles (Yu et al., 1997) used in the previous study (Yu et al., 2003), two sets of liter-
ature data are used here: measurements of 1.5 pm monodispersed silica particles
(Blum and Schrapler, 2004) and silica particles with 80 wt.% between 1 and 5 pm
(Teiser et al., 2011) in evacuated conditions. The glass beads and the silica particles
were spheres, while the fused alumina particles, whose sizes bridged the gap be-
tween the size ranges of the large glass beads and the fine silica particles, were
irregular in shape. To check whether there were apparent differences due to particle
shape, we used spherical fly ash particles of average diameter 5 um and density
1950 kg m~>. The detailed size distribution of the particles was shown in a previous
study (Sakai and Nakamura, 2005). Experiments were conducted under the poured
packing condition using a funnel method under atmospheric conditions. The fly ash
particles were poured into a funnel 8 cm in diameter, through which the particles
flowed into a cylinder 4 cm in diameter. We then measured the mass and volume
of the powder in the cylinder to derive the porosity in a loose random packing state.
The height of the funnel from the cylinder was varied between 3 and 20 cm. The
porosity did not change for this range of pouring heights.

We calculated F, for all data using Eq. (1), and obtained a revised relationship
between the porosity and the ratio Ry of the magnitudes of the van der Waals force
and gravity Fg, R = ‘;—: as shown in Fig. 1a. Here, Rr is the so-called Bond number,
which can be defined as the ratio of the interparticle force to the weight of a particle
(Scheeres et al., 2010). For the calculation, we used the following values:
A=6.3x1072°] (Si0,) for silica particles, glass beads and fly ash, and
14 x 1072°] (Al,0s) for fused alumina particles (Israelachvili, 1992). We assumed
a cleanliness ratio S=0.1 for the fused alumina particles (Yu et al., 1997), glass
beads (Wakeman, 1975), and fly ash particles, S=0.33 for the silica particles of
Blum and Schrapler (2004), and S=0.5 for the silica particles of Teiser et al.
(2011). We use the median radius of particles. An empirical formula used in the pre-
vious study (Yu et al., 2003)

P =po + (1 - po) exp(—mR:") 3)

was applied to fit the data. Here p is porosity and po, m and n are constants. In Yu
et al. (2003), po is 0.4 for loose random packing, but the porosities of some of the
glass beads (Wakeman, 1975) are less than 0.4, so we assume that pg is 0.36. The
data points are fit by the empirical curve closely. Fig. 1b shows that the relationship
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Fig. 1. Porosity of granular media as a function of the ratio Rr of the magnitudes of
the van der Waals force and gravity expressed (a) in a linear form and (b) in a form
In[-In{(p — po)/(1 — po)}] versus InRg

between In[—In{(p — po)/(1 — po)}] and InR is closely represented by a linear func-
tion. We assume that the particle is spherical in shape. Substituting Eq. (1) to Eq.
(3) yields

=Po+ (1 —py)ex 7mA752’" (4)
P=DPo Po) €Xp 64n pgr?

where p is particle density and g is gravitational acceleration. We obtain different
values of m and n from those in the previous study: m=1.821+0.031 and
n=0.158 + 0.004.

3. Application to small bodies
3.1. Relationship between particle radius and porosity on the surface of small bodies

We apply Eq. (4) to the conditions on the surfaces of small bodies to derive the
relationship between particle radius and the maximum porosity, i.e., porosity in the
loose packing state. For example, in the case of Asteroid 25143 Itokawa, we adopt
A=6.3 x1072°], and S=1. Because the petrologic data of the samples returned
by the spacecraft confirmed that Itokawa has a composition similar to LL4-LL6 or-
dinary chondrites (Nakamura et al., 2011), we assume p = 3220 kg m~3, the value of
LL chondrites (Consolmagno et al., 2008). Based on its mass and mean radius
(Fujiwara et al., 2006), the gravitational acceleration of Itokawa is assumed to
8.71 x 10~> ms~2, and we obtain the relationship for the surface of Itokawa shown
in Fig. 2.

Similarly, we calculated the above relationships for near-Earth Asteroids 433
Eros and 1999JU3, a main-belt Asteroid 253 Mathilde, a dwarf planet Ceres, and
the Moon. In all cases, we assumed the values of A, S, and © were the same as those
of Itokawa. We adopted p = 3360 kg m~>, the value of L chondrites (Consolmagno
et al., 2008), based on the similarity of the reflectance data with L6 chondrite
(Izenberg et al., 2003) and g=6 x 10> ms~2 (Veverka et al., 1999) for Eros. We as-
sumed p = 2250 kg m~3, the value of CM chondrites (Consolmagno et al., 2008) for
1999]JU3, which is the target of the Japanese asteroid sample-return mission Hay-
abusa-2 (Hasegawa et al., 2008). We used g=2 x 10~* ms~2 based on the assump-
tion that its bulk density is 1300 kg m~>, the value of Asteroid 253 Mathilde
(Yeomans, 1997), and the estimated mean radius (Hasegawa et al., 2008). In
the case of Ceres, we assumed that the density of the particles on the surface
is equal to the bulk density of the body: accordingly, p=2077 kgm—
(Thomas et al., 2005) and g=3 x 10~! ms~2 based on its mass and mean radius
(Thomas et al., 2005). For the Moon, the density of regolith p=3110kgm~>
(Mitchell et al., 1974) and g =1.622 ms 2 were adopted.

The results for Eros, 1999JU3, Ceres, and the Moon are also shown in Fig. 2. This
indicates that even regolith consisting of cm-sized particles can have a porosity of
up to about 0.7. The particle size of Itokawa ranges from millimeter to centimeter in
the fine-particle, smooth-terrain region of the Muses Sea (Yano et al., 2006). Fig. 2
shows that the range of porosity would be 0.55-0.8. The porosity range estimated
from the ground-based radar observations 0.53*4%?3 (Ostro et al., 2004) overlaps the
present estimate for the smooth terrain, although it centers at a lower value. The par-
ticle size on the rough terrain of Itokawa is larger than that on the smooth terrain.
Therefore, the average porosity of the whole surface of Itokawa should be lower than
that of the smooth terrain. The mean particle radius was 20-65 um and the mean
porosity was 0.51 on the Moon in the depth range of 0-15cm (Mitchell et al.,
1974). Fig. 2 shows that the particles in the above range would have a porosity of
0.7-0.8 on the Moon. The smaller porosity on the Moon compared to the present esti-
mation could be due to a wide range of regolith particle sizes. The temperature
dependence of the interparticle attractive force is not taken into account in this study.
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Fig. 2. Porosity as a function of particle radius on the surface of small bodies.
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However, the surface energy in Eq. (2) is expected to be dependent on temperature
(Gundlach and Blum, 2012).

3.2. Simultaneous estimation of particle radius and porosity based on a heat conducting
model

Gundlach and Blum (2013) estimated the particle size of small bodies using
thermal inertia data and a heat conductivity model for the regolith. The heat con-
ductivity 7 can be expressed by thermal inertia I" as

2
A= L (5)

@pC
with the packing density ¢, defined as ¢ =1 — p, and the specific heat capacity C of
the regolith particles. The heat conductivity of a granular material with temperature
T in vacuum is given by (Gundlach and Blum, 2013)

re(r)
r

o) =i ety + 80T e 1O ®)
The first term of the right hand side is the conductive term corresponding to the heat
transported through the solid network of particles, where 7,,1(r), ¢(¢), and x are the
heat conductivity of a particle, radius of contact interface of two particles due to an
external applied force (Chan and Tien, 1973; Sakatani et al., 2012) or interparticle
attractive force (Gundlach and Blum, 2012), a factor giving structural information
on the particle chains that was shown to be represented by an exponential function
of the packing fraction (Gundlach and Blum, 2012; Sirono, 2014), and a correction
factor for the particle shape and size distribution, respectively. The second term is
the radiative term corresponding to the heat transported through the pore space
of the granular media by radiation, where g, ¢, and e, are the Stefan-Boltzmann con-
stant, the emissivity (assumed unity in the following), and an empirically deter-
mined constant (e; = 1.34 £ 0.01), respectively. Combining Eqgs. (5) and (6) yields

I’ .y re(r)
(I-ppC 7 r

which shows the thermal inertia is expressed as a function of particle radius and
porosity. Using Eqgs. (4) and (7), we can estimate the particle size and the porosity
of regolith for small bodies simultaneously.

We apply the above formula for Eros and 1999JU3 because for these objects, the
first term of the right-hand side in Eq. (7) can be neglected and the discussion be-
comes simple and straightforward. We adopt the measured thermal inertias I" and
their surface temperature T during observation used in the previous study
(Gundlach and Blum, 2013). Those values are I'=150+50]m 2K 's %3
T=252K for Eros and I" =500+ 250 ] m2 K~!s7%° T=277 K for 1999JU3. The re-
sults of the calculation are as follows: p = 0.66"%% and r=(1.8"4%) x 10> m and
p=063'%4 and r=(2.1"3%) x 1072 m for Eros and 1999JU3, respectively, where
the estimated particle radius is consistent with the previous study. The ranges of
the estimated values correspond to the error of the measured thermal inertia. If we
assume double the value for the Hamaker constant the results are as follows:
p=0.67"%% and r=(1.8"1%) x 10> m for Eros and p=0.63"%}% and r=(2.1"3%) x
1072 m for 1999JU3. These results do not show an apparent difference from the
original results. Note that, however, if the interparticle force has smaller size depen-
dence, for example, is proportional to r2/3 as indicated for rolling friction (Krijt et al.,
2014), the values of porosity would become smaller. The surface of 1999JU3 is
thought to be covered by centimeter-sized particles with a highly porous structure,
as for Itokawa. The surface porosity of Eros estimated in this study is between those
from the radar observation 0.47*%3% (Magri et al., 2001) and from the angular width
of opposition surge in optical reflectance 0.7-0.8 (Domingue et al., 2002). This ten-
dency of estimated porosity according to the wavelength of the probe electromag-
netic wave (13 cm for radio, ~10 um for infrared, and 0.55 um for optical waves)
may correspond to the vertical structure of the regolith, with the fluffiest particles
in the uppermost layer. On small bodies, gravity is low and the hydrostatic pressure
applied to the regolith is also small. However, the effect of impact compression and
seismic shaking could make the regolith compact. The porosity of regolith that expe-
rienced such processes could be smaller than that of fresh regolith at the top of the
surface.

E(p)y + 80eTe; %r )

4. Summary

We obtained an empirical relationship between porosity and the ratio of the
magnitudes of the van der Waals force and gravity based on measurement data
with a narrow particle size distribution on the ground. This relationship may be ap-
plied to the condition of the surface of small bodies to estimate the maximum
porosity and the particle size of regolith. Furthermore, by combining the above
relationship with the thermal inertia data and a heat conductivity model for the
regolith, the particle size and the porosity of regolith for small bodies can be esti-
mated simultaneously. The estimated particle size and porosity of regolith for Eros
are reasonable when we compare our results with the optical and radar observa-
tional results. Determining these physical properties remotely is useful for planning
space experiments such as sampling from the surface. If the particles have a wide

size distribution, the relationship presented in this study will not apply. Refinement
and modification of this approach are subjects for future work.
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Corrigendum

Corrigendum to “Relationship between regolith particle size @CmssMark
and porosity on small bodies” [Icarus 239 (2014) 291-293]

Masato Kiuchi *, Akiko M. Nakamura

Department of Earth and Planetary Sciences, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan

The authors regret that Kiuchi and Nakamura (2014) has been found to contain two errors related to Fig. 1. First, the silica particles used
by Teiser et al. (2011) were not spherical as described on page 292, line 6 but irregular in shape. Second, in Fig. 1(a) the values of R of
Wakeman (1975) data are smaller than the correct values by one order of magnitude. The latter error has been corrected and Fig. 1 of this
corrigendum presents the corrected version. The data of Wakeman (1975) have a different tendency from the others. The difference can be
due to non-negligible effect of particle shape on porosity in high-pacing state. The revised fitting is conducted to those except for the data
of Wakeman (1975). The relationship shown in Eq. (3) is applicable to the range of porosity larger than ~0.5. The modified values of m and
n are obtained: m=1.942 +0.168 and n =0.167 = 0.012. These values are in agreement with the previous ones within the uncertainties,
therefore none of the following discussions are affected by these corrections.
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Fig. 1. Porosity of granular media as a function of the ratio Ry of the magnitudes of the van der Waals force and gravity expressed (a) in a linear form and (b) in a form
In[~In{(p — po)/(1 — po)}] versus InR.
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Experimental study on gravitational and atmospheric effects on crater size formed by low-velocity
impacts into granular media
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Key Points:
e Weinvestigated the effects of gravity on crater diameter in low-velocity impact experiments into
granular materials.

e We found the crater size scaling law of high-velocity impact can be applied to the low-
velocity of ms?, under reduced ambient pressure.

e \We estimated secondary crater diameter on asteroid Itokawa based on the results of our
experiments.


mailto:mkiuchi06@gmail.com)

25

26
27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46

Abstract

Collisions are ubiquitous phenomena on the surface of solar system objects. When
secondary craters form on the surface of small bodies, such as asteroids and comets, the
impactors have very low velocities of several m s or less. These secondary collisions can affect
the surface topography of small bodies. Therefore, it is important to investigate low-velocity
impacts on a target simulating regolith to understand the effects of secondary collisions on the
surface of small bodies. We conducted impact experiments into granular materials with a
velocity range of 1 to 4.6 m s, under a gravity range of 0.20 to 1 G, to investigate the effects of
gravity on crater diameter. The gravitational dependence obtained under the reduced ambient
pressure almost agreed with those obtained for high-velocity impacts in previous studies.
Gravitational dependences obtained under the standard atmospheric condition roughly agreed
with the dependence obtained under the reduced pressure condition when a term of non-
dimensional atmospheric pressure was added to the scaling relationship. It was found that the
crater-size scaling law obtained for high-velocity impacts could be applied to low-velocity
impacts of several m s under the reduced ambient pressure when the density ratio of the
projectile to the target was close to unity. Finally, we applied the experimental results to estimate
the diameters of secondary craters on asteroid 25143 Itokawa and compared the diameters with
the dimple topography on Itokawa. The results support the hypothesis that dimples are formed by

low-velocity impacts of meter-sized boulders.
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1 Introduction

Collisions between planetary bodies generally occur at high-velocities ranging from
several km st to several tens of kms, which causes impact destruction and crater formation. On
the other hand, when secondary craters form on the surface of small bodies, such as asteroids and
comets, impact velocity is less than the escape velocity of the small body, so very low-velocity
collisions of several m s or less occur. For example, the escape velocities of asteroid 433 Eros,
with an average diameter of 19 km, and asteroid 25143 Itokawa, with an average diameter of 330
m, are about 10 m s and 0.17 m s, respectively. Secondary collisions can affect the surface
topography of small bodies. For example, dimples on Itokawa and grooves on the Martian
satellite Phobos may have been formed by secondary collisions (Saito et al., 2006; Nakamura et
al., 2008; Wilson and Head, 2015). Secondary craters can also affect crater-size frequency
distributions, where distinguishing secondary craters from primary craters during crater counting
is not a straightforward procedure. Therefore, it is important to investigate low-velocity impacts
on a target simulating regolith to understand the effects of secondary collisions on the surface of
small bodies.

Although a number of low-velocity impact experiments with velocities in the range of
several m st and granular targets have been conducted to investigate crater size (e.g., Uehara et
al., 2003; Walsh et al., 2003), these experiments were performed under 1 G. On the other hand,
the surfaces of small bodies are within a microgravity environment, so it is important to
understand how gravity affects crater size. A few studies have investigated the effect of gravity
on crater size for mid- to high-velocity (65 m s to 6.6 km s!) impacts: the gravitational
dependence of crater size was obtained in the low- and high-gravity range (Gault and Wedekind,
1977; Cintala et al., 1989; Schmidt and Housen, 1987). In these studies, data were compiled
using a crater-size scaling law called pi-scaling, which can be expressed by dimensionless
parameters based on the results of impact and explosion experiments (e.g., Holsapple, 1993;
Housen and Holsapple, 2011).

When the effects of atmospheric pressure are small, crater size can be expressed by the
following formula, in which gravity is dominant for crater formation:

TTp X 7T2_Q7T4ﬁ , (1)
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where 1y, m, and m, are the scaled crater radius, the gravity-scaled size, and the scaled density,
respectively and « and f are fitting parameters. The scaled crater radius, gravity-scaled size, and
scaled density can be expressed as follows:
g = R(p,/m)**  (2)

M, = ga/vi® (3)

Ty = Pt/5p (4)
where R, p;,m, g, &, Vi, and Jp are the crater radius, target material density, projectile mass,
gravitational acceleration, projectile radius, impact velocity, and projectile density, respectively.
It has been assumed that power-law scaling- laws, represented by Eq. (1), can be determined in
terms of a single combined measure of the impact source (Holsapple, 1981). The single measure
C was called the “coupling parameter” and expressed by fitting parameters x and v, as follows:

C=avi'sy. (5
The exponent values of o and g in Eg. (1) can be expressed using x« and v as in Egs. (6) and (7):

a=u/(Z+uw (6)
B=Q2+p—6v)/3(2+u).(7)

In theory, the value of x ranges from 1/3 to 2/3 (i.e., « ranges from 1/7 to 1/4). The value
of u equals 1/3 when crater size is dependent on the momentum of the projectile (i.e., momentum
scaling), whereas the value of x equals 2/3 when crater size is dependent on the kinetic energy of
the projectile (i.e., energy scaling). It is empirically known that the value of v is 0.4 under
various experimental conditions, whereas the value of v is 1/3 for energy scaling and momentum
scaling (Housen and Holsapple, 2011). Impact experiments into sand targets, with a velocity of
6.64 km s and gravity range of 0.07 to 1 G, resulted in « = 0.165 (1« = 0.40) (Gault and
Wedekind, 1977), and those into a polymineralic blasting sand target with a velocity range of 65
to 130 m s under a gravity range of 0.05 to 0.59 G, resulted in a = 0.148 (x = 0.35) (Cintala et
al., 1989). Explosion and impact experiments into sand targets with a velocity range of 1.55 to
5.16 km s under a gravity range of 1 to 400 G, resulted in o = 0.17 (« = 0.41) (Schmidt and
Housen, 1987). These results show that the gravity dependence of crater size is almost constant
within a velocity range of 65 m s to 6.64 km s*. The above values of a and . were obtained
when gravity was changed while the impact velocity was kept almost constant. As an example of
experiments in which impact velocity was changed, impact experiments into sand targets with a

velocity range of 0.7 to 6 km s under 1 G were conducted and a = 0.17 (u = 0.41) was obtained
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(Yamamoto et al., 2017). These values of a and x obtained when the impact velocity was
changed are almost equal to the values obtained when the gravity was changed in agreement with
Eq. (2).

In contrast, low-velocity experiments into granular targets with a velocity range of
several m s under 1 G showed that the crater diameter was proportional to the impact energy
(i.e., a=1/4 and u =2/3) (Dowling and Dowling, 2013), except for craters formed by dense
projectiles (Uehara et al., 2003; Walsh et al., 2003). Thus, the dependence of crater size on
impact velocity appears to be inconsistent between high- and mid-velocity and low-velocity
impact experiments.

The gravitational dependence of crater size has been obtained in the medium- and high-
impact velocity range (65 m s — 6.64 km s%); however, to understand the impact phenomena on
the surface of small bodies, it is important to understand how gravity affects crater size for low-
velocity impacts. Therefore, we conducted impact experiments into granular materials with the
velocity range of 1 to 4.6 m s under a gravity range of 0.20 to 1 G. Because previous studies in
the literature of low-velocity experiments under 1 G (Uehara et al., 2003; Walsh et al., 2003;
Dowling and Dowling, 2013) were conducted under standard atmospheric pressure (10° Pa),
most of our experiments were conducted under the same atmospheric pressure for comparison,
but we also conducted several experiments under reduced ambient pressure (7 Pa) because of the
atmosphere-less condition of small bodies. We found that the crater diameter and the
gravitational dependence under the reduced pressure were different from those under
atmospheric pressure. Therefore, we conducted supplementary experiments with an impact
velocity of 2.7 m s, under 1 G, in which the atmospheric pressure ranged from 0.6 to 10° Pa, to
determine how crater size depends on atmospheric pressure. Then, we applied the experimental
results to an estimation of diameters of secondary craters on Itokawa and compared it with the
dimple topography on Itokawa. All of the different variables defined in the manuscript are
described in Table 1.



135  Table 1. List of variables

a

C

C

Ci, Hi
Co

d, k

Dp
F

l'gas
R
Rgas
t
T

Terater
Vcontainer
Ve

Vi

X

a, p, &

Pgas
pt

: projectile radius

: sound velocity of gas

: coupling parameter

- fitting parameters in Eq. (16)

: drag coefficient

- variables in Eq. (19)

: crater diameter

: projectile diameter

: drag force against to the ejecta particle

: gravitational acceleration

: falling acceleration of the target container

: Boltzmann constant

- drop distance of the target container
: projectile mass

: mass of the ejecta particle

: mass of the gas molecule

: atmospheric pressure

- radius of the ejecta particle

: radius of the gas molecule

: crater radius

: gas constant

- elapsed time from impact

: temperature

: crater formation time

: falling velocity of the target container
: ejection velocity of the particle

: impact velocity

- distance from the impact point

- fitting parameters in Eq. (1) and (12)
: fitting parameters in Eq. (10)

: projectile density

- viscosity of gas

- internal friction angle

- fitting parameters in Eq. (5)

. gravity-scaled size

- scaled density

: scaled atmospheric pressure

: scaled crater radius

. gas density

- bulk density of the target
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Figure 1. (a) Experimental setup for impact experiments under low-gravity conditions. (b)
Crater formation process when a steel projectile impacts silica sand with impact velocity v; =
2.4 m s ! under 0.27 G (SS0.25High-04). The images were taken by a high-speed video
camera while the target container was falling. The elapsed time from impact is shown by t.
Att=0.04 s, immediately after impact, ejecta curtain formed and spread outward from the
impact point. Att=0.14 s, a crater rim can be seen inside the ejecta curtain. A comparison of
the crater rim diameter at t = 0.14 s and t = 0.30 s revealed that the crater diameter did not
increase after t = 0.14 s. (c) Crater formation time versus crater diameter during its formation
(SS1.00High-42, SS0.50High-02 and SS0.25High-06). The falling time of the target
container was at least 0.4 s, and crater growth was completed within at most 0.1 s.
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138 We developed a drop system with constant force springs to achieve simulated gravity
139  values between 0.20 and 1 G for a target material. Figure 1 (a) shows the experimental setup.
140  Most experiments were conducted under atmospheric conditions, although some shots were
141  conducted in a 2-m-tall chamber evacuated to 7 Pa at the Institute of Space and Astronautical
142 Science (ISAS), Japan, to observe the effect of the atmosphere. The granular material was
143 packed in two types of containers; at first a conical container 20 cm in diameter and 10 cm in

144  height, and then a cylindrical container 20 cm in diameter and 5 cm in height after the first one
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became overused. The top of the container was fixed by electromagnets. When the
electromagnets were turned off, the target container dropped. As the target container was hung
by springs of a constant force (NWS 0.25-1-R and NWS 0.6 -2-R; Sunco Spring. Ltd), the
simulated gravity for the target material in the container could be less than 1 G. The simulated
gravity was controlled by changing the spring force or the weight of the container. The
acceleration values were measured by an accelerometer placed at the bottom of the container. In
addition to low gravity conditions, we also conducted experiments at 1 G, in which the target
container was fixed by electromagnets. A projectile was dropped from a deck through a hole
using a horizontal electromagnetic piston. We used projectiles with different densities: stainless
steel spheres of 7.9 g cm™ and glass spheres of 2.5 g cm™3. The diameter of the projectiles was 8
mm. The impact velocities were between 1.0 and 4.6 m s, We determined the impact velocity
of the projectile from images taken through a mirror by a high-speed camera set above the
container, as shown in Fig. 1(a). We fixed two marks to the top edges of the container. When the
container was in a higher position, the parallax of the two marks in the video was greater;
conversely, when the container was in a lower position, the parallax was smaller. We developed
an empirical relationship between the vertical position (i.e., drop distance) of the container and
the parallax of the two marks in the video. The falling velocity of the container at impact time
was calculated based on the drop distance of the container:

VUcontainer = \/m (8)
where Veontainer, g', and | are falling velocity, the falling acceleration, and drop distance of the
container, respectively. Similarly, the velocity of the projectile at the time of impact could be
calculated from the total drop distance from the deck to the point of impact. The impact velocity
is the relative velocity between the container and the projectile. To examine the applicability of
this procedure, for some of the early experiments, we took simultaneous high-speed images from
the horizontal direction and measured the projectile velocity based on these images from the
side; the error in the impact velocity was confirmed to be less than 0.20 m s, As the target
material, we used silica sand of representative diameter (140 pm) and density (2.645 g cm™>) and
glass beads of representative diameter (420 pm) and density (2.5 g cm ). During the preparation
of the target material, we did not tap the container; therefore, the packing condition of the target
material was in a loose state and not compacted. We measured the crater diameter, defined as the
rim-to-rim distance during the constant diameter phase. The drop distance of the container was
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greater than 70 cm, and the height of the overall system was less than 2 m. A projectile was
dropped and then impacted the target while the target container was falling. The crater formation
process was observed with a high-speed video camera. Figure 1(b) shows the crater formation
sequence acquired using a high-speed video camera. Figure 1(c) shows the relationship between
the time after impact and the crater diameter during its formation. Crater growth was completed
within at most 0.1 s. Crater formation time Tcrater Was estimated according to the following
equation (Melosh, 1989):

Terater~yD/g - (9)
When D is 30 mm and g is 0.25 G, Tcrater = 0.1 S, which is consistent with our experimental
results. Similar results were obtained in experiments under 1 G (Yamamoto et al., 1017). The
falling time of the target container was 0.4 s or more; therefore, a crater was formed by the time
of impact of the container with the ground. The experimental conditions for the low-gravity
experiments are listed in Table 2.

In addition to the aforementioned experiments, impact experiments under various
atmospheric conditions were conducted in a chamber with a diameter of 30 cm and height of 45
cm at Kobe University. The chamber was first evacuated to 1 Pa or less and maintained at this
pressure for more than 30 min, after which the container was filled with atmosphere or helium to
1 —10* Pa. The target material was silica sand and the projectiles were stainless steel spheres,
which were the same as those described above. The projectile was dropped with an impact
velocity of 2.7 m s™* onto the target material in the cylindrical container 20 cm in diameter and 5
cm in height. The bottom of the container had a mesh structure with a mesh opening size of 45
um to allow the gas molecules to move easily between sand particles. Experimental conditions
for the low ambient pressure experiments are listed in Table 3.
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Table 2. Experimental conditions for low-gravity experiments

Conna(:nltéon Projectile? Target” Impac[::n\égll]OC|ty Gravity [G] pArterQ:uer;hFI;;(i
SS1.00High Steel Silica sand 1.40 - 4.50 1 10°
SS0.50High Steel Silica sand 1.21-3.90 0.50 £ 0.05 10°
$S0.25High Steel Silica sand 1.36 - 3.07 0.25 +0.02 10°
SG1.00High Steel Glass beads 1.40 - 4.60 1 10°
SGO0.54High Steel Glass beads 1.00 - 4.18 0.54 +0.05 10°
GS1.00High Glass Silica sand 1.40 - 4.43 1 10°
GS0.36High Glass Silica sand 2.38 - 3.62 0.36 £0.01 10°
GS0.20High Glass Silica sand 2.79 - 351 0.20 +0.01 10°
SS1.00Low Steel Silica sand 1.40 - 4.50 1 7
SS0.56Low Steel Silica sand 3.10-3.20 0.56 £ 0.03 7
SS0.33Low Steel Silica sand 3.10-3.20 0.33 £ 0.004 7

projectiles was 8 mm.

Table 3. Experimental conditions for low-vacuum experiments

b) Cylindrical container was used only in experiments of GS0.20High.

a) Densities of steel and glass are 7.9 g cm ™2 and 2.5 g cm ™2, respectively. The diameter of the all

Impact

Atmospheric

Ambient gas Projectile  Target velocity Gravity pressure
1 [C]
[ms™] [Pa]
Air Steel Silica 2.70 1 0.6 - 10°
sand
Helium Steel Silica 2.70 1 102 - 10°
sand

10
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3 Results

The diameters of craters formed under different gravitational conditions and ambient
pressures are shown in Fig. 2(a). The diameters of craters formed under lower gravity were
clearly larger than those formed under 1 G. Similar gravitational effects were observed in the
experiments with different types of projectiles and targets as shown in Fig. 2(b) and (c). We
separated the velocity dependence and the gravity dependence of crater diameter using the
different fitting parameters, y and ¢, as follows:

D xv;Yg=% . (10)
The values of y and o, determined by least squares fitting, are summarized in Table 4. By
comparing Eq. (10) with Egs. (1), (2), and (3), we obtain

D x v;2%g=% (10)
i.e., y and o correspond to 2« and a, respectively. The gravitational dependence ¢ for the steel
projectile under 7 Pa pressure was 0.18 + 0.01, which almost agrees with the result (6 = 0.165)
obtained by the high-velocity experiment (Gault and Wedekind, 1977). Moreover, twice the
value of ¢ is equal to y, as expected from Eq. (10”). This result shows that the gravitational
dependence in the low-velocity impact conditions agrees with that in the high-velocity impact
condition when the atmospheric effect can be ignored. On the other hand, the gravitational
dependences for the steel projectile under the atmospheric condition were 0.22 £ 0.01 for the
sand target and 0.21 + 0.01 for the glass bead target, which were stronger than the dependence
under 7 Pa and slightly weaker than the one in the energy scaling. These results show that the
atmosphere affects the crater-size scaling. The gravitational dependence ¢ for the glass projectile
under the atmospheric condition was 0.16 + 0.01, which is in agreement with the result of the
high-velocity experiment, whereas the velocity dependence y was 0.51 + 0.01, consistent with
the energy scaling (y = 2a = 1/2). This velocity dependence for the glass projectile is consistent
with the previous result of the low-velocity experiments conducted under 1 G (Uehara et al.,
2003; Walsh et al., 2003). The difference in the results between the steel and glass projectile
shows that the crater-size scaling of low-velocity impact depends on the density ratio of the
projectile to the target.

Figure 2(a) shows that the diameters of craters formed under low ambient pressure were

larger than those formed at 10° Pa, as reported in previous crater formation studies of granular

11
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targets under 1 G conducted with velocities from 1 to 6 km s* and atmospheric pressures
between 10° and 10° Pa (Schultz, 1992), and in those with velocities from 4.5 to 240 m st and
atmospheric pressures between 500 and 10° Pa (Suzuki et al., 2013). The diameters of craters
formed under different atmospheric pressures at 1 G with an impact velocity of 2.7 m s in this
study are shown in Figure 3, where crater diameters are normalized relative to those formed
under an atmospheric pressure of 10° Pa. The crater diameter increased as the atmospheric
pressure decreased to 102 Pa. The results of two gas types were within the error bars. The
increase in diameter due to the decrease in atmospheric pressure became more gradual below 103
Pa. The diameters of craters formed under several pascals were about 1.35 times larger than
those formed under 10° Pa; this tendency is consistent with the results of our low-gravity
experiments conducted under 7 Pa (shown in Fig. 2(a)). Power law fitting in the range between
102 and 10° Pa yielded exponent values of —0.045 £ 0.006 and —0.041 £ 0.004 for air and helium,
respectively, which were not different within the scatter of the data. A power law fit in the range
between 1 and 102 Pa yielded an exponent value of —0.012 + 0.001 for the air in this study. The
hypervelocity impacts indicated that crater volume was proportional to atmospheric pressure to
the power of —0.23 (Schultz, 1992). In Fig. 3, a line with slope of —0.077 is shown with the
assumption that the relationship between the volume and diameter of the crater does not change
with changes in atmospheric pressure. Our results showed a more gradual slope than that based

on the previous result (Schultz, 1992).

12
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Figure 2. (a), (b), and (c) Relationships between crater diameter and impact velocity. In all
figures, the lines are the power-law fit lines to the data. (a) Results for the steel projectile and
the sand target (SS1.00High, SS0.50High, SS0.25High, SS1.00Low, SS0.56Low, and
SS0.33Low). Open squares, diamonds, and circles represent the results at 1 G, 0.50 = 0.05 G,
and 0.25 + 0.02 G, respectively, under atmospheric conditions. Closed squares, diamonds,
and circles represent the results at 1 G, 0.56 £ 0.03 G, and 0.327 £ 0.004 G, respectively,
under 7 Pa. (b) Results for the steel projectile and glass beads target (SG1.00High, and
SGO0.54High). Squares and circles represent the results at 1 G and 0.54 + 0.05 G,
respectively, under atmospheric conditions. (c) Results for the glass projectile and sand
target (GS1.00High, GS0.36High and GS0.20High). Squares, triangles, and circles represent
the results at 1 G, 0.36 + 0.01 G, and 0.20 + 0.01 G, respectively, under atmospheric
conditions.
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Figure 3. Relationship between crater diameter and atmospheric pressure. Crater diameters

are normalized relative to those formed under an atmospheric pressure of 10° Pa. Blue

squares and red circles represent the results for air and helium, respectively. The straight line
was drawn based on the power-law relationship described by Schulz (1992) (see text).
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266  Table. 4. Values of fitting parameters obtained under each experimental condition

Condition name y ) a (1+¢) U S 20, (1+¢) a(l+te) — e

SS1.00High
$S0.50High 041+£001  022+£001 020+001  0.4720.03 0.014 0.40 0.16
$S0.25High

SG1.00High

: 037+001  021+£001 019+001  0.44+0.03 0.007 0.37 0.15
SG0.54High

GS1.00High
GS0.36High 051+001  0.16+001 023+001 0.56+0.04 0.025 0.46 0.19
GS0.20High

SS1.00Low
SS0.56Low 0.36 £0.01 0.18 £0.01 (0.18)* 0.44 0.006 0.36 -
SS0.33Low

267  a) The value of a inferred from the values of y and ¢ with £=0.
268
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4 Discussion
4.1 Gravitational dependence of crater size for a low-velocity impact

We organized our experimental results using pi-scaling. We added the dimensionless
term for the atmospheric pressure to Eg. (1) to consider the effect of the atmosphere. The scaled

atmospheric pressure zp can be expressed as follows:

1, = ﬁ(%)”m”. (11)
Under point source scaling, the corresponding length scale of the crater is described as
a(v;2/ga)*/ @+ (Holsapple and Schmidt, 1987). This definition of r,, is proportional to the
ambient pressure divided by the lithostatic pressure at the scale of the crater. Using the scaled
atmospheric pressure m,,, the scaled crater radius mx can be expressed as follows:

—&
Tp & T, m P, ¢ = m,~ e+, B (é) . (12)

In our experiments, in which the atmospheric pressure was changed using the air (=1 G, v =
2.7 m s1), the crater diameter was proportional to the atmospheric pressure to the power of —
0.045 in the range of 102 — 10° Pa (see the previous section), so we applied 0.045 as the exponent
value of zp, &. Figure 4(a) shows the results of our experiments in which the gravity was changed
under the atmospheric condition in the form of Eq. (12). The values of « (1+¢) of 72 obtained by
least squares fitting, are summarized in Table 4. We determined the values of x using Eq. (6). We
found x = 0.47 £ 0.03 for SSHigh; x = 0.44 + 0.03 for SGHigh and x = 0.56 + 0.04 for GSHigh.
These values of x agree with x ~ 0.4, obtained by high-velocity experiments for sand target (e.g.,
Gault and Wedekind, 1977; Schmidt and Housen, 1987), to within 2- sigma for SSHigh and
SGHigh.

By substituting the values of « and v = 0.4 into Eq. (7), we obtained the values of f of
ms. The values of f are also summarized in Table 4. According to Egs. (3), (11), and (12), the
gravitational dependence and the velocity dependence of the crater diameter are expressed as
follows:

D o p;20(1+8) g-a(i+a)+e  (13)
The exponent value of the gravity expressed by —a (1+¢)+e was —0.16 for the steel projectile and

sand target, —0.15 for the steel projectile and glass beads target, and —0.19 for the glass projectile
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and sand target. These values are close to the exponent value of the gravity (—0.165) obtained by
the high-velocity experiment (Gault and Wedekind, 1977). Considering the effect of the
atmosphere, we showed that the gravitational dependence is roughly similar between the low-
and high-velocity impacts, even under standard atmospheric conditions. On the other hand, the
exponent value on the velocity expressed by 2a (1+¢) was 0.40 for the steel projectile and sand
target, 0.37 for the steel projectile and glass beads target, and 0.46 for the glass projectile and
sand target. These velocity dependences were stronger than the value of 0.34 obtained in the
high-velocity range (e.g., Housen and Holsapple, 2011). In particular, the value for the glass

projectile (0.46) was close to that in the energy scaling (1/2).
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Figure 4. (a) Relationship between 72 and zr/ (P/pga) * for the results of our experiments
in which the gravity was changed under the standard atmospheric condition. The blue
squares represent the results for the steel projectile and sand target (SSHigh), the red
circles represent those for the steel projectile and the glass bead target (SGHigh), and the
black squares represent those for the glass projectile and the sand target (GSHigh). The
lines are the power-law fit lines to the data. (b) Relationships between 7z, and zr/zs”. The
red and black squares represent the results for the steel projectile and glass bead target and
the glass projectile and sand target, respectively, under the standard atmospheric condition
(SGHigh and GSHigh). The green triangles represent the results for the steel projectile and
sand target under 7 Pa (SSLow). We used the value of 1.35 times the crater size for the
results under the standard atmospheric conditions. The pink line represents the empirical
relationship (Housen and Holsapple, 2011) extrapolated to the low-velocity range. The
brown squares represent the results of Gault and Wedekind (1977). (c) Enlarged view of
Fig. 4(b) in the low- velocity impact region.
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4.2 Comparison with the scaling law for high-velocity impact

We compared our results with the high-velocity experiments in previous studies, as
shown in Fig. 4(b). In Fig. 4(b), the experimental results were organized considering the effect of
the density ratio of target and projectile. For comparison, the results of the high-velocity
experiments for the sand target at low gravities (Gault and Wedekind, 1977) are shown in Fig.
4(b), where the rim diameter was used. The line shown in the figure is an empirical relationship
(Housen and Holsapple, 2011), also adjusted to rim diameter. We converted their results for
apparent crater diameter to rim diameter by multiplying them by a factor of 1.3 (Housen and
Holsapple, 2011). Our results for standard atmospheric pressure were adjusted to the near-
vacuum conditions of the Gault and Wedekinds’ data (1977) by multiplying our crater diameter
by the factor of 1.35 identified above, i.e. the ratio of crater size at near-vacuum to that at
standard atmospheric condition. Figure 4(c) shows an enlarged view of Fig. 4(b) in the low-
velocity region. Our results for the glass projectile and the sand target (GSHigh) are almost on
the empirical line. This result shows that the crater-size scaling- law obtained for the high-
velocity impact can be applied to a low-velocity impact of several m s under reduced pressure
when the density ratio of the projectile to target is close to unity. The same scaling applies over
a very wide range of impact velocities. On the other hand, the results for the steel projectile and
the sand target plot below the empirical line. The smaller crater size for the denser projectile is
probably caused by the deeper penetration of the projectile. The density ratio of the projectile to
the sand target was 5.3 for the steel projectile and 1.7 for the glass projectile. A larger density
ratio leads to greater penetration depth of the projectile, as long as the projectile does not break
(e.g., Kadono and Fujiwara, 2005; Okamoto et al., 2013). The decrease of crater size may be
caused by energy consumption via projectile penetration or by insufficient crater excavation due
to the deeper source of excavation flow.

The effect of the difference in the target materials on crater size can be observed in Fig.
4(c). The ratio of crater diameter on the glass bead target to diameter on the silica sand target
was 1.58-1.70 for m, = 10~3— 1072. The difference in internal friction angle, 6, of the target
materials affects the crater size in low-velocity impacts (Uehara et al., 2003) and high-velocity
impacts (Prieur et al., 2017). Crater diameter was proportional to tan (6r) to the power of about —

0.5 in the low-velocity impact experiments at 1 G (Uehara et al., 2003):
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D o tand, %%, (14)
We measured the internal friction angle of the silica sand by shear tests conducted at atmospheric
pressures of 50 Pa and 10° Pa, and the results were 37.5° + 1.3° and 38.3° + 0.8°, respectively. In
the shear test under the evacuated condition, we used iron weights of various mass and an
electromagnet to apply shear force to the sand, as shown in Fig. 5. Using the internal friction
angle of glass beads (24°) (Uehara et al., 2003) and assuming that crater diameter is proportional
to tan (6r) to the power of —0.5, the crater diameter formed on the glass beads is about 1.3 times
that formed on the silica sand. The origin of the discrepancy between the crater diameter ratios
(1.58 —1.70 in the present study and 1.3 expected based on the previous study) is not clear and

requires further investigation.
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Figure 5. (a) Experimental setup for measurement of internal friction angle in an evacuated
chamber. A weight was held by an electromagnet before the inside of the chamber was
evacuated. After evacuation, the electromagnet was turned off, the weight landed on the
container, and shear stress was applied to the sand layer. When the shear stress reached a
critical value, the container fell. Tapes with sand particles attached are shown in the red
lines. (b) The relationship between normal stress and critical shear stress on the silica sand
layer. The inclination of the lines in the figure represents tan (6r).
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4.3 Aerodynamic drag on ejecta particles

To explain why our results showed a more gradual slope than that based on the previous
result (Schultz, 1992) in the range between 10% and 10° Pa shown in Fig. 3, we considered the
effect of aerodynamic drag on the ejecta particles in the excavation flow. Taking the
aerodynamic drag acting on ejecta particles into consideration, the equation of motion of the

particles is expressed as follows:

dve

me—<=— (61aneve + %CDnrengaSvez) (15)
where me, Ve, dv,/dt, re, i, pgas, and Cp are the mass of the particle, ejection velocity of the
particle, acceleration of the particle, radius of the particle, viscosity of the gas, density of the gas,
and drag coefficient, respectively. Viscosity # is 1.82 x 10~ Pa s for air and 1.96 x 10° Pa for
helium at 20 °C under 10° Pa (Chronological scientific tables, 2013). Gas density pgas is replaced
by pgas = PM /Ry4sT Where P, M, Rgas, and T are the gas pressure, mass of the gas molecule per
mole, gas constant, and temperature, respectively. The first and second terms on the right side of
Eqg. (15) represent the viscous drag and the inertial drag, respectively, and the ratio of the inertial
drag to the viscous drag can be expressed as PM1, v, /241Ry4sT assuming Cp = 0.5. The
velocity of the ejecta particles ve according to the scaling relationship for ejecta velocity (Housen

and Holsapple, 2011) can be represented as follows:

—(2+p)
== "a {(‘%”)5111} " e

where x and R are the distance from the impact point and crater radius, respectively, and C;and

H are fitting parameters. It was shown that v, /\/g_R in the vicinity of the crater rim (x/R ~1)
was 0.76 based on the data of cratering experiments for sand targets with glass projectiles of
~0.2 km st in impact velocity (Fig. 9 in Tsujido et al, 2015). Using this result, the velocity of a
particle ejected from the vicinity of the crater rim may be roughly estimated as ~0.29 m s™* under
our experimental conditions (vi = 2.7 m s}, R = 15 mm). In this case, the ratio of inertial drag to
viscous drag for a sand particle (re= 70 um) is 0.06 for air and 0.007 for helium at 10° Pa, and
the effect of the viscous drag is dominant. There was no marked difference in crater diameter
between the air and helium conditions, which may have been due to the similar viscosity of air

and helium. We note that above ejection velocity, 0.29 m s™%, can be different from actual
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ejection velocity from the vicinity of the crater rim by several reasons, for example, we used the
rim radius as the crater radius R, whereas the crater radius at the surface level was assumed in the
previous studies (Housen and Holsapple, 2011; Tsujido et al, 2015), and we also assumed that
the results of the mid-velocity (~0.2 km s) impact experiments represent the ejection behavior
of sand at low-velocity impact. We also note that the ejection velocity v, of high-velocity
impacts can be larger compared with low-velocity impacts when x/R is the same in Eq. (16),
because crater radius R is larger in high-velocity impacts. The aerodynamic drag acting on ejecta
particles increases with increasing ejection velocity. The more gradual slope shown in Fig. 3
compared with that based on the previous result (Schultz, 1992) may be due to the difference in
the magnitude of the aerodynamic drag.

The apparent pressure dependence of the crater diameter between 10% and 10° Pa shown
in Fig. 3 cannot be explained by the effect of the viscous drag because viscosity does not depend
on the atmospheric pressure. The effect of the inertia drag, which depends on the atmospheric
pressure, on the crater diameter should be small as discussed above. However, particles we used
have a range of size distribution and some particles have sizes much larger than 140 pm (~1
mm). In addition, the velocity of particles near the impact point should be higher than that
ejected from the vicinity of the crater rim. In this case, the inertial drag acting on particles
becomes larger and may be effective on the crater diameter at 102 — 10° Pa to the extent shown in
Fig.3.

The mean free path of gas molecules is represented by the following formula:

k'T 1 (17)

N T
where &’ and rgas are Boltzmann’s constant and the radius of the gas molecule, respectively.
When the Knudsen number 0.54/7, becomes 0.01 or greater, the flow field around particles
begins to lose viscosity (Takahashi, 2003). Under our experimental conditions (T = 20 °C, rgas =
1.5 x 107 m for nitrogen and 1.3 x 107*% m for helium), this was satisfied at an ambient
pressure of less than 7 x 10° Pa for air and 10* Pa for helium. When the flow field loses
viscosity, the drag force due to gas will follow the Epstein law and can be expressed by the
following equation:

__4m |8

F -3 ;pgascrezvea (18)
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where F and c are the drag force and the sound velocity of gas, respectively (Epstein, 1924).
Sound velocity of gas depends on ratio of specific heat and temperature, and it is 344 m s™* for air
and 1008 m s for helium at 20 °C (Chronological Scientific Tables, 2013). Because the drag
force represented by Eq. (18) is sufficiently smaller than gravity force (m,g) below 10? Pa, the
pressure dependence of the crater diameter decreases with decreasing pressure below 102 Pa.
Actually, the ratio of the gas drag force acting on a regolith particle, denoted by Egs. (18), versus

gravity force is small in the case of g = 9.81 m s

2
= \/E—pg‘“"e "¢ <0.10 (18)
T Meg

3

for air under 102 Pa and ve = 0.29 m s%. The relatively small effect of drag relative to gravity is

consistent with the weak dependence on pressure shown in Fig. 3.
4.4 The effect of the internal friction angle

Cratering on small bodies is generally under ultra-high vacuum conditions (<107° Pa).
The internal friction angle of granular materials under ultra-high vacuum conditions was
measured, and the results showed that it increased compared with atmospheric conditions, i.e.,
10° Pa (Perko et al., 2001). In addition, a theoretical model of the relationship between
atmospheric pressure and internal friction angle of various granular materials was reported.
Increases in the internal friction angle under ultra-high vacuum conditions are due to a decrease
in adsorbed molecules and enhancement of interparticle forces. However, in our measurements
internal friction angles at 50 Pa did not change compared with those at 10° Pa, as mentioned
above, probably because adsorbed molecules were not removed at 50 Pa. Here, we consider the
case of adsorbed molecules being sufficiently excluded under the ultra-high vacuum condition.
The crater diameter formed under ultra-high vacuum conditions can be estimated using the
relationship between internal friction angle and crater diameter (i.e., Eg. (14)) and the theoretical
estimation of internal friction angle (Perko et al., 2001). For example, when the target material is
quartz sand with a particle diameter of 100 pum, the crater diameter will decrease by about 20%
compared with atmospheric conditions due to the increase of internal friction angle. On the other
hand, crater diameters formed at several pascals were about 1.35 times larger than those formed

under 10° Pa due to the reduction of gas drag, and gas drag could become almost ineffective at
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440  several pascals according to the results of our experiments (Fig. 3). Considering both the

441  reduction in gas drag and the increase in internal friction angle, crater diameter under ultra-high
442 vacuum conditions is 1.08 (1.35 x 0.8) times larger than that formed under 10° Pa and may not
443 differ markedly.

444
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5 Application to dimples on Itokawa

Itokawa was explored by the Hayabusa mission, which observed its surface structure in
detail. High-resolution images revealed that the surface of Itokawa has unique features compared
with other asteroids. The surface of Itokawa can be divided into two regions: rough terrain
containing many boulders and smooth terrain covered mostly by fine materials (Saito et al.,
2006; Yano et al., 2006). As an interesting feature of the surface of Itokawa, small dimples
associated with boulders are observed on the smooth terrains of Sagamihara and Muses Sea (Fig.
6). For the origin of this structure, low-velocity impacts of boulders ejected from primary craters
(Saito et al., 2006; Nakamura et al., 2008) and subduction of boulders due to seismic shaking
(Hirata et al., 2009) were proposed. To examine whether dimple-sized craters can be formed by
the low-velocity impact of a boulder, we estimated the secondary crater diameters on Itokawa

based on the results of our low-velocity impact experiments.

T 1

dimples

Figure 6. Image of dimples on Itokawa. The dimples are
associated with boulders on the Muses Sea smooth terrain. Image
ID is ST_24747315009.
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We assumed that a spherical boulder impacts the smooth terrain at a velocity less than the
escape velocity of Itokawa, 0.17 m s. The typical sizes of boulders associated with dimples are
between 1 and 4 m, as observed from images of Itokawa. Based on the mass and mean radius of
Itokawa (Fujiwara et al., 2006), the gravitational acceleration at the surface is assumed to 8.71 x
10° m s2. The range of porosity of the uppermost regolith layer in the smooth terrain region was
estimated to be 0.55 to 0.8, based on the relationship between interparticle and gravity forces
(Kiuchi and Nakamura, 2014). On the other hand, from radar observations, the porosity of the
smooth component (particle layer) of the surface of Itokawa was estimated to be 0.5 £ 0.2 when
the surface was assumed to consist of particle layer and rocks (Ostro et al., 2004). Because only
the uppermost layer may have a large porosity and the regolith layer at the depth of the craters
(dimples) may be more compacted by processes such as seismic shaking, here we assumed that
the porosity of the regolith layer is comparable to the porosity of the target material used in our
experiments, 0.4. Because the petrologic data of the samples returned by the spacecraft
confirmed that Itokawa has a composition similar to LL4 — LL6 ordinary chondrites (Nakamura
etal., 2011), we assumed a boulder density (i.e., particle density) of 3220 kg m=, the value of LL
chondrites (Consolmagno et al., 2008). When the porosity of the regolith layer is 0.4, the bulk
density of regolith is 1932 kg m=.

It is necessary to consider the penetration depth of boulders after impacts on Itokawa.
The penetration depth can be estimated based on an empirical formula (Katsuragi and Durian,
2013);

o (EERRRS) . 09
where W(x) is the Lambert function. di and k are expressed as follows:
d,/D, = (0.25/tanb,)(8,/p) (20)
kD,/mg = 12tan8,(p/8,)"" , 1)
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where D), is projectile diameter. Substituting the parameters of the surface condition on Itokawa
into the above equations yields the penetration depth of the boulder. Although the precise value
of the internal friction angle of the regolith layer on Itokawa is not known, we assumed the
internal friction angle of silica sand (6r = 37°) used in our experiment as representative of that of
regolith layer. The penetration depth of a meter-sized boulder can be estimated to be 0.2 to 1
times the boulder diameter. When the penetration depth is 0.2 to 1 times the boulder diameter,
the boulder can be exposed partly above the floor of the secondary crater. This result is
consistent with the observation result that the boulders were exposed inside the dimple. A similar
result of penetration depth was estimated from impact and intrusion experiments in which the
resistance force of the granular material was investigated (Nakamura et al., 2013). To estimate
the secondary crater diameter on Itokawa, we used the crater-size scaling- law for the sand target
(Housen and Holsapple, 2011) shown in Fig. 4(b) and (c). Considering the increase of the
internal friction angle under the ultra-high vacuum condition, we multiplied the crater size by
0.8.

Figure 7 shows the relationship
between impact velocity and the ratio of
the crater diameter to the boulder diameter
on Itokawa. The dimple diameters
obtained from observational images are
about 2 to 4 times the boulder size, with

the range indicated by a gray band.

Additionally, secondary craters with a

Crater diameter / Boulder diameter

- =——Boulder diameter =1 m
. . 0 e Boulder diameter =4 m
diameter of 2 to 4 times that of the boulder 1 T ,
0.01 0.1 0.17

diameter formed with a lower impact
Impact velocity [m s™]
Figure 7. Relationship between impact velocity
Itokawa, 0.17 m s are shown. These and the ratio of crater diameter to boulder
diameter on Itokawa. The secondary crater
diameter on Itokawa was estimated based on our
are formed by low-velocity impacts of experimental results for glass projectiles.
Boulder diameters used for estimation were 1 m
and 4 m. The escape velocity of Itokawa is 0.17
In our experiments, the crater m sL. The gray band in the figure shows the
range of dimple diameters obtained from
observational images.

velocity than the escape velocity of

results support the hypothesis that dimples

meter-sized boulders.

diameter was dependent on the
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gravitational acceleration for the gravity range of 0.20 to 1 G. However, the surfaces of small
bodies are microgravity environments. For example, the surface gravity of a body with a
diameter of several hundred meters is about 10~ G. It is unknown whether the gravitational
dependence obtained by our experiments can be applied to microgravity environments. Under
microgravity internal particle force may not be ignored when compared with the gravitational
force (Scheeres et al., 2010; Nagaashi et al., 2018). The effects of cohesion force on crater size
and shape may dominate over the effect of gravity under microgravity. Therefore, it is necessary
to understand the boundary where the effect of cohesion exceeds the effect of gravity to estimate

crater size and shape on small bodies.

6 Conclusions

We conducted impact experiments using granular materials with a velocity range of 1 to
4.6 m s under a gravity range of 0.20 to 1 G to investigate the effects of gravity on crater
diameter. Most of our experiments were conducted under 10° Pa for comparison with low-
velocity experiments under 1 G reported in previous studies, but we also conducted several
experiments under 7 Pa according to the atmosphere-less condition of small bodies.

The gravitational dependence for the steel projectile under 7 Pa almost agreed with the
result obtained by the high-velocity experiment. On the other hand, the gravitational
dependences for the steel projectile onto the silica sand target and the glass bead target under 10
Pa were stronger than the one under 7 Pa, and slightly weaker than the dependence in the energy
scaling. We conducted supplementary experiments with an impact velocity of 2.7 m s under 1
G, in which the atmospheric pressure ranged from 0.6 to 10° Pa, to determine how crater size
depends on atmospheric pressure. The crater diameter increased as the atmospheric pressure
decreased to 10? Pa and the increase became gradual below 10? Pa. We organized our
experimental results in which the gravity was changed using the atmospheric pressure
dependence. As a result, the exponent values of gravity are close to that obtained by the high-
velocity experiment (Gault and Wedekind, 1977). Considering the effect of the atmosphere, it
was found that the gravitational dependence for the low-velocity impact was roughly consistent

with that for the high-velocity impact, even under the atmospheric condition.
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We compared our results with high-velocity experiments reported in previous studies.
Our results for the glass projectile and the sand target almost agreed with the previous high-
velocity crater-size scaling- law (Housen and Holsapple, 2011) when the atmospheric effect was
taken into account, but the crater diameter for the steel projectile and the sand target was lower
than that for the glass projectile. This result shows that the crater-size scaling- law obtained for
high-velocity impact can be applied to low-velocity impacts of several m s™ under reduced
pressure when the density ratio of the projectile to the target is close to unity. The same scaling
applies over a very wide range of impact velocities.

We considered the aerodynamic drag on the ejecta and it was found that the viscous drag
was larger than the inertial drag for the low-velocity ejecta. However, the viscosity can be lost
gradually, and below 10? Pa, the gas drag according to the Epstein law, which is smaller than the
viscous drag, becomes dominant and the pressure dependence of the crater diameter decreases
with decreasing pressure.

We also considered the effect of the internal friction angle on crater diameter, to consider
crater size under ultra-high vacuum conditions. The crater diameter formed under ultra-high
vacuum conditions can be estimated according to the relationship between the internal friction
angle and crater diameter and a theoretical estimation of the internal friction angle (Perko et al.,
2001). Considering both the reduction in gas drag and the increase in the internal friction angle,
crater diameter under ultra-high vacuum conditions may not differ markedly from crater
diameter under 10° Pa.

We estimated the secondary crater diameter on asteroid Itokawa based on the results of
our low-velocity impact experiments to examine whether the dimple-sized craters on the asteroid
could have been formed by a low-velocity impact of a boulder. Our estimation supported the
hypothesis that the dimples formed by low-velocity impacts by meter-sized boulders.
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