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1.0	Introduction	
&1.!7?(6/.!')(.$;%3!QO"\@!G(;='J'!J')!;F).$:.3!F6!(1.!E'/'2.).!)/'8.8$'<(!A'6'F*)'!
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J%(1!G(;='J'!%2!QDDO!'23!)*88.))<*556!$.(*$2.3!+'(.$%'5!<$;+!%()!)*$<'8.!(;!#'$(1!%2!QD"D!
a.0B0,!R'B';! .(! '50,!QD""b0!Y.+;(.! ).2)%2B! ;F).$:'(%;2)!J.$.!+'3.! ;<! (1.! ')(.$;%3!3*$%2B!
(1.!'//$;'81!'23!$.23.T:;*)!/1').)!;<!(1.!+%))%;2!%2!;$3.$!(;!/$;:%3.!%2<;$+'(%;2!<;$!(1.!
)'+/5.!)%(.!).5.8(%;2!'23!(;!/5'8.!(1.!)'+/5%2B!$.)*5()!%2!8;2(._(!J%(1 !(1.!F$;'3.$!)*$<'8.0!
L+;2B!(1.!$.+;(.!).2)%2B!;F).$:'(%;2)!J.$.!%+'B.)!'8`*%$.3!F6!(1.!L)(.$;%3!]*5(% ?F'23!
G+'B%2B!SL+.$'!aL]GSLb!'23!)/.8($'!F6!(1.!R.'$!G2<$'Y.3!7/.8($;+.(.$!aRGY7b0!!

L)(.$;%3!)*$<'8.)! '$.!*23.$)(;;3!(;!F.!8;:.$.3!F6!:'$%;*) ?)%T.3!$.B;5%(1!B$'%2)!F').3!
;2!B$;*23 ?F').3!/1;(;+.($ 6,!(1.$+'5!%2<$'$.3!;F).$:'(%;2),!'23!)/'8.8$'<(!%+'B%2B!3'('0!
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.)/.8%'556!%2!(.$+)!;<!$.B;5%(1!B$'%2!)%T.)! '23!)%T.!3%)($%F*(%;2)!'8$;))!%()!)*$<'8.!aFigure	
1b0! &1.! %+'B%2B! 3'(',! ('=.2! '(! ).:.$'5! J':.5.2B(1),! /$;:%3. )! F$;'3F'23! )/.8($'5!
%2<;$+'(%;2,!/1;(;+.($%8!;F).$:'(%;2),!'23!B.;5;B%8!%+'B.$6!'8$;))!G(;='J'c)!)*$<'8.0!&1%)!
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aC.5(;2! .(! '50,! "PPQ,! "PP\b0! ! &1.! i'5%5.;! 7;5%3! 7('(.! G+'B.$! a77Gb! 8'+.$'! %+'B.3! i')/$'!
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kOjb0! 41;(;+.($%8! ;F).$:'(%;2)! ;<! (1.! ')(.$;%3! \@@! #$;)! J.$.! ;F('%2.3! F6! (1.!
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Y;).(('! )/'8.8$'<(! <5.J! F6 ! ')(.$;%3)! QNK>! 7(.%2),! %2! QDDN,! '23! Q"! I*(.(%',! %2! QD"D0! &1.!
%+'B%2B!;F).$:'(%;2)! ;<!7(.%2)! '23!I*(.(%'!J.$.! '8`*%$.3! '(! /1').! '2B5.)! ;<!D0@Kj!e!"\"j!
'23!Dj! e!"O>j,! $.)/.8(%:.56!a7/Z*(1! .(! '50,!QD"Q[! ]'B$%2! .(! '50,!QD""[! ]');*+T'3.'! .(! '50,!
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&1.! ;//;)%(%;2! .<<.8(!%)! (1.! )($;2B! /.'=!%2!(1.!%2(.2)%(6! ;<! (1.!$.<5.8(.3!5%B1(!<$;+! '2!
;FZ.8(!;$!)*$<'8.!'$;*23!T.$;!3.B$..)!/1').!'2B5.0!G(!J')!<%$)(!;F).$:.3!%2!7'(*$2c)!$%2B)!F6!
7..5%B.$! a"NPOb!'23! %)! '5);! ;F).$:.3! ;2! (1.! ];;2! a.0B0! A'/=.! .(! '50,"PP@b0! &1.! <%$)(!
;F).$:'(%;2!;<!(1.!;//;)%( %;2!.<<.8(!;2!'2!')!')(.$;%3! J')!+'3. !%2!"POO!;2!(1.!')(.$;%3!QD!
]'))'5%'!a i.1$.5),!"POKb0!&1.$.!'$.!(J;!8;2($%F*(%2B!+.81'2%)+)!<;$!(1.!;//;)%(%;2!.<<.8([!
)1'3;J!1%3%2B!'23!8;1.$.2(!F'8=)8'((.$%2B!aA'/=.,!QD"Q' b0!&1.!)1'3;J!1%3%2B!;//;)%(%;2!
.<<.8(! a7Ag#b! %)! '! +.81'2%)+! (1'(! ;88*$)! J%(1%2! +.3%'! %2! J1%81! (1.! /'$(%85.)! '$.! +*81!
5'$B.$! (1'2! (1.! ;F).$:%2B! J':.5.2B(10! V%(1! (1.! 7Ag#! +.81'2%)+! /'$(%85.)! '23! )*$<'8. !
)($*8(*$.)! 8')(!5'$B.$!'23!5'$B.$!)1'3;J)!;2!.'81!;(1.$!')!(1.!/1').!'2B5.!%28$.').),!(1*)!
5.))! ;<! (1.! )*$<'8.! %)! %55*+%2'(.3! (;! $.<5.8(! 5%B1(0! &1.! 8;1.$.2(! F'8=)8'((.$%2B! ;//;)%(%;2!
.<<.8(! aSCg#b! %)! /$;+%2.2(! J%(1%2! +.3%'! %2! J1%81! (1.! /'$(%85.)! '$.! ;<! (1.! ;$3.$! ;<! (1.!
J':.5.2B(1! %2! )%T.! '23! 1':.! '! 1%B1! )%2B5.?)8'((.$%2B! '5F.3;0!V%(1!(1.! SCg#! +.81'2%)+!
/1;(;2)! ($':.5! (1.! )'+.! /'(1,! F*(! %2! ;//;)%(.! 3%$.8(%;2),! )*81! (1'(! (1.! /1;(;2)! '33!
8;1.$.2(56!*/;2!$.<5.8(%;20!!
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41;(;+.($6!+;3.5),! )*81! ')!A'/=.c)!+;3.5!a. 0B0!A'/=.!QD"Q'b,!1':.!F..2! '//5%.3! (;!
/1;(;+.($%8! +.')*$.+.2()! %2! '2! '((.+/(! (;! ._($'8(! (1.! /16)%8'5! 81'$'8(.$%)(%8)! ;<!
/5'2.('$6!)*$<'8.),!%285*3%2B!')(.$;%3)0!I'F;$'(;$6!'23!)%+*5'(%;2!(.)()!;<!(1.!8;$$.5'(%;2!
F.(J..2!A'/=.!+;3.5! /'$'+.(.$)!J%(1! )'+/5.! 81'$'8(.$%)(%8)!1':.! )1;J2! .:%3.28.! (1'(!
(1.! A'/=.! +;3.5! /'$'+.(.$)! 8'2! F.! `*'5%('(%:.56! $.5'(.3! (;! /16)%8'5! /$;/.$(%.) ,! (1;*B1!
`*'2(%('(%:.! 8;$$.5'(%;2)! $.+'%2! .5*)%:.! a71./'$3! '23!A.5<.2)(.%2!QDD>,!A.5<.2)(.%2! '23!
71./'$3! QD"",! 7;*81;2! .(! '50! QD""b 0!H;$!._'+/5.,! A.5<.2)(.%2! a"PNNb! '23 !71./'$3! '23!
S'+/F.55! a"PPNb!._'+%2.3! (1.! $;*B12.))! /'$'+.(.$! *)%2B! ' !8;+/*(.$! B.2.$'(.3 !$;*B1!
)*$<'8. ,! %2! J1%81! (1.6! <;*23! '!8;$$.5'(%;2!F.(J..2! (1.! '$(%<%8%'5! $;*B1! )*$<'8. ! '23! (1.!
A'/=.c)! $;*B12.))! /'$'+.(.$0 ! L! lF5%23! (.)(c! 5'F;$'(;$6! )(*36,! 1;J.:.$! )1;J.3! ;256!
`*'5%('(%:.! 8;$$.5'(%;2)! F.(J..2! )'+/5.! /$;/.$(%.)! '23! +;3.5! /'$'+.(.$! :'5*.)! J1.2!
*)%2B!(1.!+;)(!$.8.2(!:.$)%;2!;<!(1.!A'/=.!+;3.5!J%(1!'2!._/5%8%(!/;$;)%(6!(.$+!a71./'$3!
'23!A.5<.2)(.%2!QDD>,!A.5<.2)(.%2!'23!71./'$3!QD""b0! !

L2;(1.$!._'+/5. !;<!(1.!8;$$.5'(%;2!F.(J..2!+;3.5!/'$'+.(.$)!'23!$.B;5%(1!/$;/.$(%.) !
1')!F..2! )1;J2!J%(1! (1.! *).! ;<! (1.! .+/%$%8'5! (J;!/'$'+.(.$ )!;<!(1.! A.26.6 ?i$..2)(.%2!
<*28(%;2!(;!3.)8$%F.!(1.!)%2B5.?/'$(%85.!/1'). !<*28(%;20!#_/.$%+.2('5!)(*3%.)!+.')*$.3!(1.!
)%2B5.! )8'((.$%2B!<*28(%;2!<;$! /'$(%85.)! ;<!3%<<.$.2(! )($*8(*$.),! J1%81!J.$.!<%((.3!J%(1! (1.!
A.26.6 ?i$..2)(.%2!<*28(%;2!(;!3.$%:.!'!$.5'(%;2)1%/!F.(J..2!)%2B5.?/'$(%85.!/1'). !<*28(%;2!
/'$'+.(.$)!'23!B$'%2!81'$'8(.$%)(%8)!a.0B0,!]8i*%$.!'23!A'/=.,!"PPOb0!G28;$/;$'(%2B!(1.).!
+.')*$.+.2()!J%(1!'//5%8'(%;2)!(;!+*5(%/5.!);5'$!)6)(.+!F;3%.), !A'/=.!aQD"QFb!<;*23! '2!
.+/%$%8'5! $.5'(%;2)1%/!a8'55.3! (1. ! m1;8=.6! )(%8=n! $.5'(%;2)1%/b,! J1%81!8;$$.5'(.)!
A.26.6 ?i$..2)(.%2!<*28(%;2!/'$'+.(.$ !:'5*.)!J%(1!B.2.$'5!B$'%2!81'$'8(.$%)(%8)0!

! ];$.;:.$,! ; <!%+/;$('28.!'$.!+.')*$.+.2()!'8`*%$.3!J%(1%2!(1.!;//;)%(%;2!$.B%;2,!')!
(1.).! 1':.! F..2! (1.;$.(%8'556! 8;$$.5'(.3! (;! )*81! )*$<'8.! /$;/.$(%.)! ')! B$'%2! )%T.! '23!
$.B;5%(1!/;$;)%(6!aR'$'2.2!.(!'50,!QDD\[!71./'$3!'23!A.5<)(.%2,!QDD>[!7;*81;2!.(!'50,!QD""b0!
&1.!7Ag#!+.81'2%)+!aA'/=.! "PNKb!J')!%28;$/;$'(.3!%2(;! (1.!A'/=.!+;3.5!%2!%()! .'$56!
%(.$'(%;2),!F*(! (1.!SCg#!+.81'2%)+!J')!%28;$/;$'(.3! ;:.$! '!3.8'3.!5'(.$!aA'/=.!QDDQb0!
L)!J%55!F.!3%)8*)).3!%2!7.8(%;2!@,!(1.!.'$5%.$!:.$)%;2!;<!(1.!A'/=.!+;3.5!J%55!F.!$.<.$$.3!(;!
')! (1.! mS5'))%8! A'/=.! ];3.5n! '23! (1.! +;$.! $.8.2(! :.$)%;2! (1'(! %285*3.)! (1.! SCg#! '23!
'33%(%;2'5! /;$;)%(6! (.$+)! J%55! F.! $.<.$$.3! (;! ')! (1.! m];3.$2! A'/=.! ];3.5n0 !A;J.:.$,! L!
`*'2(%('(%:.!8;$$.5'(%;2!J%(1!$.B;5%(1!/$;/.$(%.)!1')!2;(!F..2!<%$+56!.)('F5%)1.3!;2!(1.!$.'5!
)*$<'8.)! ;<! ')(.$;%3)0! L//5%8'(%;2! ;<! (1.! )'+.! +;3.5! (;! 3%<<.$.2(! )*$<'8.),! J1.$.! (1.!
/$;/.$(%.)!8;*53!F.!._'+%2.3!J%(1!;(1.$!+.(1;3),!/$;:%3.)!'!+.81'2%)+!<;$!8;+/'$%);2)0 !

S5'$=! .(! '50! aQDDQb! <%(! (1.! R#LYc)! R.'$?G2<$'$.3! 7/.8($;+.(.$c)! aRG7b! /1;(;+.($%8!
;F).$:'(%;2)!*)%2B!(1.!S5'))%8!A'/=.!];3.50!&1.6!<;*23!'!3.8$.').!%2!(1.!'2B*5'$!J%3(1!;<!
(1.! ;//;)%(%;2! )*$B.! J%(1! %28$.')%2B! J':.5.2B(1,! J1%81! (1.6! %2(.$/$.(.3! (;! %23%8'(.! '!
/;))%F5.!8;2($%F*(%;2!<$;+!(1.!SCg#0!7/Z*(1!.(!'50!aQD"Qb!'//5%.3!(1.!];3.$2!A'/=.!];3.5 !
(;! (1.! /1').! 8*$:.! ;<! # ?(6/.! ')(.$;%3! 7(.%2)! J%(1! /1').! '2B5.! 8;:.$'B.! F.(J..2! D0@Kj! ?!
"\"j0!&1.%$!$.)*5()! '$.! )*BB.)(%:.! ;<! '! )*$<'8.!$.B;5%(1!J%(1! '!5'$B.! /;$;)%(6!aoN\fb! '23!
+;3.$ '(.! $;*B12.)) !aoQNjb0!A;J.:.$,!(1.!%+'B.!3'('!J')!;<!%2)*<<%8%.2(!)/'(%'5!$.);5*(%;2!
(;! $.);5:.! (1.! )*$<'8.! $.B;5%(1! '23! :.$%<6! (1.! /1;(;+.($%8'556! 3.$%:.3! /$.3%8(%;2)! ;<! %()!
/$;/.$(%.)0! !

&1%)! 3%)=?%2(.B$'(.3! )(*36! %)! F.%2B! *).3! ')! '! (.)(! 8').! <;$! ._'+%2%2B! (1.! 'F%5%(6! (;!
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Figure	1.	Images	of	Itokawa’s	surfaces	with	different	grain	sizes.	A	surface	covered	with	
coarse	gravels	(a)	st_2539437177_v	and	a	surface	covered	with	fine	pebbles	at	Muses	Sea	(b)	
st_2539437177_v.	These	image	file	names	correspond	to	the	PDS	file	names.	
!
2.	Datasets	and	data	reduction	
2.1.	AMICA	(Asteroid	Multi-band	Imaging	CAmera)	
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Table	1	AMICA	images	used	in	this	study.	
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Band	name	 	
(wavelength)	

Phase	angle	(deg)	 Number	of	images	

ul	(380	nm)	 7.7	–	23.5	 8	
b	(429	nm)	 0.7	–	36.9	 56	
v	(553	nm)	 0.7	–	30.3	 135	
w	(700	nm)	 0.7	–	20.2	 71	
x	(861	nm)	 7.7	–	8.6	 5	
p	(960	nm)	 0.7	–	36.8	 72	
!
!

!
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!
Figure	2.	Phase	angle	(a)	and	distance	(b)	during	the	rendezvous	of	Hayabusa	with	the	target	
asteroid	Itokawa.	

!
Figure	3.	Comparison	of	normalized	filter	transmittance	functions	of	the	AMICA	system	and	
the	UBVRI	system.	The	transmittance	functions	are	normalized	so	that	the	integral	of	each	
function	over	wavelength	is	unity.	
!
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Figure	4	Comparison	of	Itokawa	discrete	spectra	of	the	AMICA	system	and	the	UBVRI	system	
calculated	from	continuous	spectra	by	Lowry	et	al.	(2005).	
!
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2.2	AMICA	phase	curves	
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Figure	5a.	These	graphs	display	the	AMICA	v-band	data,	which	corresponds	in	wavelength	to	
the	 Johnson	 V-filter	 (540nm).	 The	 black,	 open	 diamonds	 denote	 the	 disk-integrated	
measurements	 extracted	 from	each	of	 the	 v-band	 images	acquired	by	Hayabusa,	where	 the	
entire	 disk	 of	 Itokawa	 is	 contained	 within	 the	 image	 frame.	 The	 black-filled	 diamonds	
represent	the	‘averaged’	data	set	extracted	from	this	data	set.	
!

! ! !
Figure	 5b.	 This	 graph	 compares	 the	 ground-based	 V-filter	 observations	 (open	 circles)	 from	
Lederer	et	al.	(2008)	with	the	averaged	AMICA	v-band	measurements	(black	diamonds).	The	
anchor	points	for	this	combined	data	set	are	marked	by	blue	circles.	
!
!
2.3.	Ground-based	observations	
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I.3.$.$! .(! '50! aQDDOb0!&1.! /$;Z.8(.3! '$.'! 8'58*5'(%;2)! '88;*2(.3! <;$! ;$%.2('(%;2)! J1.$ .,!
3*.! (;!G(;='J'c)!F% ?5;F.3! )1'/.,! /;$(%;2)! ;<! (1.! ')(.$;%3! )1'3;J.3! ;(1.$!$.B%;2)! ;2! (1.!
')(.$;%30!C.8'*).! ( 1%)! /$;Z.8(.3 !'$.'! +'3.! */! (;! oQDf!3%<<.$.28.!%2!G^H! :'5*.!<$;+! (1.!
.55%/);%3?F').3! '$.'! 8'58*5'(%;2) ,! J.! *).3! (1.! /$;Z.8( .3 ! '$.'! 8'58*5'(.3! <$;+! (1.! )1'/.!
+;3.5! (;! '88;*2(!<;$! (1. !.<<.8(! ;<!$;('(%;2'5! /1'). 0!L<(.$!8;$$.8(%2B!<;$!$;('(%;2'5! /1').,!
3'%56!':.$'B.)!J.$.! *).3!<;$!(1.!/1;(;+.($%8!/1').!8*$:. 0!&1%)!%)!(;!$.+;:.!(1.!:'$%'(%;2)! !
3*.! (;! 5;8'5!'5F.3;! 3%<<.$.28.)!'23! )1'3 ;J!8'*).3!F6!+'8$;)8;/%8!$;*B12.))! '8$;))! (1.!
)*$<'8.,! ')! )..2! %2! (1.! L]GSL! %+'B.$6 0! &1.! 8;+F%2.3! L]GSL! '23! B$;*23 ?F').3! /1').!
8*$:.),!'5;2B!J%(1!(1.!+;3.5%2B!);5*(%;2)!'$.!)1;J2!%2!Figures	7	and	80!!

	
Figure	6.	(a)	Simulated	Itokawa	image	from	the	high-resolution	shape	model	(quad512q.tab,	
HAY-A-AMICA-5-ITOKAWASHAPE-V1.0)	at	phase	angle	8.9°.	(b)	Projected	area	comparison	
based	on	the	shape	model	and	the	ellipsoid-based	model.! !

a'b! aFb!
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!
3.0	Comparison	with	Hapke’s	Model	

!
9CWYG! B$;*23?F').3! ;F).$:'(%;2)! ;<! G(;='J',! /$%;$! (;! A'6'F*)'c)! .28;*2(.$,! J.$.!

'8`*%$.3!F6!I.3.$.$!.(! '50!aQDDO,!QDDNb!'23!'2'56T.3!*)%2B!(1.!S5'))%8!A'/=.!];3.50!&1%)!
+;3.5,! B%:.2!F.5;J,!%28;$/;$'(.)!'2!;//;)%(%;2!)*$B.!3*.!(;!)1'3;J!1%3%2B!'23!'!)*$<'8. !
$;*B12.))! (.$+0! &1.! ];3.$2! A'/=.! ] ;3.5,! J1%81! %28;$/;$'(.)! '2! '33%(%;2'5! ;//;)%(%;2!
)*$B.! (.$+!3*.! (;!8;1.$.2(!F'8=)8'((.$!aA'/=.!QDDQ,!QD"Q'b! '23! /;$;)%(6!aA'/=.!QDDN,!
QD"Qb!J.$.!2;(!).5.8(.3!3*.!(;!(1.!/'*8%(6!;<!;//;)%(%;2!3'('!F.5;J!Oj!/1').,!'23!(1.! 5'(.$!
3.:.5;/+.2(!;<!(1.!+;3.50!H;$!8;+/'$%);2!/*$/;).),!J.!<%$)(!<%(!(1.!8;+F%2.3!L]GSL!'23!
B$;*23?F').3!3%)=?%2(.B$'(.3!/1').!8*$:.)!*)%2B!(1.!)'+.!+;3.5! ')!I.3.$.$!.(! '50!aQDDO,!
QDDNb!'23!(1.2! 'B'%2!J%(1!(1.!];3.$2 !A'/=.! ] ;3.5!aQD"Q' b0!&1.!3.('%5.3!3.)8$%/(%;2!;<!
(1.!+;3.5)!%)!%2!L//.23%_!L0!

! !
3.1	Modeling	Methodology!
!

C;(1! (1.! S5'))%8! '23! ];3.$2! A'/=.! +;3.5)! '$.! +'(1.+'(%8'556! 8;+/5._,! J1.$.!
81'2B.)! %2! (1.! )1'/.! ;<! (1.! 3%)=?%2(.B$'(.3! /1').! 8*$:.! 3*.! (;! :'$%'(%;2)! %2! ;2.! ;<! (1.!
+;3.5! /'$'+.(.$! :'5*.)! 8'2! F.! 2.B'(.3! ;$! +%+%8=.3! F6! 81'2B.)! %2! '! 3%<<.$.2(! +;3.5!
/'$'+.(.$! : '5*.0!H;$! ._'+/5.,! (1.! )1'3;J ?1%3%2B! '+/5%(*3.! /'$'+.(.$,!Bs0,!%<! '55;J.3! (;!
F.! B$.'(.$! (1'2! *2%(6,! 8'2! +;3%<6! (1.! +;3.5?3.$%:.3! $.<5.8('28.! F.6;23! QDj! /1').[! J.55!
;*()%3.!(1.!;//;)%(%;2!$.B%;20!&1%)!J%55!%2<5*.28.!(1.!8;$$.)/;23%2B!:'5*.)!;<!F;(1!(1.!77L!
'23!(1.!)*$<'8.!$;*B12.))!/'$'+.(.$0!92.:.256!3%)($%F*(.3!+.')*$.+.2()!;$!;F).$:'(%;2)!
'5;2B! (1.! /1').! 8*$:.! a)*81! ')! '! 5'$B.$! /.$8.2('B.! ;<! 3'('! /;%2()! '(! )+'55! (;! +%3 ?$'2B.!
/1').! '2B5.)!8;+/'$.3! (;!5'$B.! /1').! '2B5.)b!8'2!J.%B1! (1.!%2<5*.28.! ;<! ;2.! /'$'+ .(.$!
;:.$!'2;(1.$!%2!<%((%2B!(1.!)1'/.!;<!(1.!/1').!8*$:.0!G2!;$3.$!(;!+%2%+%T.!(1.!+'(1.+'(%8'5!
8;*/5%2B!F.(J..2!(1.!/'$'+.(.$)!'!)(./ ?J%).!)($'(.B6!%2!'//56%2B!(1.!+;3.5)!J')!3.$%:.30!

&1.! J':.5.2B(1)! ;$! <%5(.$)! J%(1! (1.! +;)(! 8;+/$.1.2)%:.! 8;+F%2.3! 3'('! ) .()! '$.! (1.!
CWY!<%5(.$!3'('!).()0!&1.6!%285*3.!;//;)%(%;2!+.')*$.+.2()!<$;+!L]GSL!3;J2!(;!D0KPj!'23!
B$;*23?F').3! ;F).$:'(%;2)! ;*(! (;! "QPj0! L281;$! /;%2()! J.$.! 3.<%2.3! <;$! (1.).! 3'('! ).(),!
J1.$.! +.')*$.+.2()! J.$.! ).5.8(.3! '! )%2B5.! /;%2()! '5;2B! (1.! /1').! 8*$: .! (;! 3.<%2.! (1.!
/1').!8*$:.!*2%<;$+56!%2!/1').!'2B5. ,!J%(1%2!(1.!':'%5'F5.!+.')*$.+.2() 0!&1.!<%$)(!)(./!%2!
(1.!+;3.5%2B! )($'(.B6!J')! (;!<%(! (1.!+;3.5)! (;!Z*)(! (1.! '281;$! /;%2()0!L2! ._'+/5.! ;<! (1.!
'281;$!/;%2(!).5.8(%;2!%)!)1;J2!%2!Figure	5b0!

4'$'+.(.$! :'5* .)! J.$.! <;*23! *(%5%T%2B! '! 5.')(?)`*'$.)! B$%3! ).'$81,! J1.$.! .'81!
/'$'+.(.$!J')!:'$%.3!%23./.23.2(56!'23!8;28*$$.2(560!&1.!);5*(%;2!+.(1;3;5;B6!<;55;J)!
(1;).!*).3!F6!-;+%2B*.! .(! '50!a"PP",!"PPO,!QDDQ,!QD"Db! '23!I.3.$.$! .(! '50!aQDDO,!QDDNb,!
J1.$.!(1.!:'5*.!;< !! !%)!+%2%+%T.30!! !%)!3.<%2.3!F6!!

!

! !
! !"#$% ! ! !"#$%&$'

!

!
!! !" (! !! )!

!
J1.$.! N!%)!(1.!2*+F.$!;<!3'('!/;%2(),!Y +;3.5 !%)!(1.!A'/=.!+;3.5!/$.3%8(.3!$.<5.8('28.,!'23!
Robserved! %)! (1.! +.')*$.3! $.<5.8('28.! <$;+! .%(1.$! (1.! B$;*23 ?F').3! ;F).$:'(%;2)! ;$! (1.!
3%)=?%2(.B$'(.3!$.<5.8('28.!._($'8(.3!<$;+!(1.!L]GSL!%+'B.)0!&1.!B$%3!<;$!.'81!/'$'+.(.$!
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J')!B%:.2!'2!%2%(%'5!%28$.+.2(!aB$%3!)%T.b!(;!%3.2(%<6!5;8'5!+%2%+'!%2!(1.!/'$'+.(.$!);5*(%;2!
)/'8.0!#'81!5;8'5!+%2%+*+!J')!(1.2!).'$81.3!;2!'!<%2'5!B$%3!)%T.0!#'81!5;8'5!+%2%+*+!J')!
._'+%2.3!%2!(.$+)!;<!$.5'(%:.!w!:'5*.)!F.(J..2!(1.!3%<<.$.2(!<%5(.$),!'23!(1.!3%<<.$.28.!%2!! !
:'5*.)! F.(J..2! (1.! /'$'+.(.$! );5*(%;2)! ;<! .'81! 5;8'5! +%2%+'0! &1.! );5 *(%;2)! J.$.!
)/.8($'556!8;2)($'%2.3!(;!/$;3*8.!J':.5.2B(1!3./.23.2(! w!:'5*.)!(1'(!+'(81.3!(1.! )1'/.!
;<!(1.! $.<5.8('28.!)/.8($*+!;<!G(;='J',!J%(1!(1.!8':.'(!(1'(!(1.!3%<<.$.28.!%2! ! !:'5*.!J')!
5.))!(1.2!"D ?O!J%(1!(1.!5;J.)(! ! !:'5*.0!&1.!/'$'+.(.$!).()!J%(1!(1 .!(;/!(.2!5;J.)(! ! !:'5*.)!
J.$.!)(;$.3!<;$!.'81!$*2!;<!(1.!B$%3!).'$810!&1.!.$$;$!F'$)!<;$!(1.!/'$'+.(.$)!'$.!F').3!;2!
(1.!$'2B.!;<!:'5*.)!%2!(1.!(;/!(.2!).()!;<!(1.!<%2'5!$*2!/5*)!(1.!B$%3!)%T.0!&1.!$'2B.!;<!:'5*.)!
'23!B$%3!)%T.)!<;$!.'81!/'$'+.(.$,!')!'// 5%.3!(;!(1.!'281;$!/;%2(),!'$.!B%:.2!%2!Table	20!

&1.! /'$'+.(.$! :'5*.)!3.$%:.3!<$;+!<%((%2B!(1.! '281;$!/;%2()!J.$.!(1.2!*).3! ')!%2%(%'5!
%2/*()!(;!<%((%2B!(1.!.2(%$.!3'('!).()!<;$!(1.!CWY!<%5(.$)0!&1.!:'5*.)!<;$!(1.!77L!'23!)*$<'8.!
$;*B12.))! J.$.! ).(! (;! (1;) .! <;*23! F6! <%((%2B! (1.! '281;$! /;%2()! '23! J.$.! 2;(! :'$%.30! G2!
<%((%2B!(1.!S5'))%8!A'/=.!+;3.5,!(1.!:'5*.!<;$!Bs0!J')!:'$%.3!F6!dD0DO!<$;+!(1.!'281;$!/;%2(!
);5*(%;2,! (1.! :'5*.! ;<! hs! J')! :'$%.3! F6! dD0DQ! <$;+! (1.! '281;$! /;%2(! );5*(%;2,! '23! (1.!
)%2B5.?/'$(%85.!/1'). !<*28(%;2! /'$'+.(.$)!a b!'23! cb!J.$.! :'$%.3!F6!dD0"!<$;+! (1.! '281;$!
/;%2(! );5*(%;20! &1.! )'+.! 8;2)($'%2()! J.$.! *).3! %2! (1.! '//5%8'(%;2! ;<! (1.! ];3.$2! ];3.5,!
J%(1!Bc0! '23! hc!:'$%.3! )%+%5'$56! ')!C);! '23!1),! $.)/.8(%:.560!9)%2B! (1.! 5.')(?)`*'$.)!B$%3!
3.)8$%F.3! 'F;:.,!J%(1!(1.!<%2'5!B$%3!)%T.)!5%)(.3!%2!Table	2,! (1.!F.)( ?<%(!/'$'+.(.$)!(;! (1.!
8;+F%2.3!L]GSL!'23!B$;*23 ?F').3!3'('!).(!J')!3.(.$+%2.30 !

&1.!9 ?<%5(.$,!G?<%5(.$,!'23!/?<%5(.$!3'('!J.$.!+;3.5.3!;256!J%(1!(1.!S5'))%8!A'/=.!+;3.5,!
')! (1.).! 3'('! 3;! 2;(! %285*3.! )*<<%8%.2(! /1').! '2B5.! 8;:.$'B.! (;! /$;:%3.! '! $.');2'F5.!
8;2)($'%2(!;2!'55!(1.!/'$'+.(.$)!%2!(1.!];3.$2!A'/=.!+;3.50!&1.!9 ?!'23!G?<%5(.$!3'('!).()!
3;! 2;(! 8;2('%2! ;//;)%(%;2! + .')*$.+.2()! F.5;J ! /1').! '2B5. !Kj,! '23! '$.! 8;2)($'%2.3! (;!
+.')*$.+.2()!F.5;J! /1').!'2B5.! o>Dj!'23!oN\j,!$.)/.8(%:.56!a(1*)!2;!8;2)($'%2()!;2!(1.!
<;$J'$3! )8'((.$%2B! 3%$.8(%;2b0! &1.! /?<%5(.$! 3'(',! 3.$%:.3! );5.56! <$;+! (1.! L]GSL! %+'B.),!
8;2('%2)!+.')*$.+.2()!J% (1%2!(1.!;//;)%(%;2!$.B%;2!)%+%5'$!(;!(1.!CWY!8;:.$'B.,!1;J.:.$!
5'8=)! '26! +.')*$.+.2()! F.6;23 ! /1').! '2B5. ! o@>j0! &;! <%(! (1.).! (1$..! 3'('! ).()! (1.!
<;55;J%2B! 8;2)($'%2()! J.$.! +'3.! ;2! (1.! $'2B.! ;<! :'5*.)! <;$! (1.! S5'))%8! A'/=.! +;3.5!
/'$'+.(.$)p !

¥ 77L!:'5*.)!J.$.! 8;2)($'%2.3!(;!+%+%8!(1.!)/.8($'5!$.<5.8('28.!8*$:.,! !
o (1*)!:'5*.)!<;$!(1.!9 ?<%5(.$!J.$.!5%+%(.3!(;!F.!5.))!(1'2!(1.!C?<%5(.$!:'5*.,!!
o :'5*.)!<;$!(1.!G?<%5(.$!J.$.!5%+%(.3!(;!F.!B$.'(.$!(1'2!(1.!Y?<%5(.$!:'5*.,!
o :'5*.)! <;$! (1.! / ?<%5(.$! J.$.! 5%+%(.3! (;! $'2B.! F.(J..2! (1.! W ?! '23! Y ?<%5(.$!

:'5*.) !
¥ (1.!)*$<'8.!$;*B12.))!/'$'+.(.$!J')!).(!(;!(1.!':.$'B.!:'5*.!;F('%2.3!<;$!(1.!CWY!

3'('!).()!a(1.!:'5*.)!<;$!(1.).!<%5(.$)!J.$.!.`*%:'5.2(!J%(1%2!(1.!.$$;$!F'$)b, !
¥ (1.!;//;)%(%;2!/'$'+.(.$!:'5*.!$'2B.)!J.$.!F').3!;2!(1.!$'2B .!;<!:'5*.)!;F('%2.3!

<;$!(1.!CWY!3'('!).()!)*81!(1'(p !
o (1.!Bs0!$'2B.!J')!).(!(;!(1.!C ?<%5(.$!:'5*.!;$!1%B1.$!<;$!(1.!9?<%5(.$!+;3.5%2B!
o (1.!Bs0!$'2B.!J')!).(!(;!(1.!Y ?<%5(.$!:'5*.!;$!1%B1.$!<;$!(1.!G?<%5(.$!+;3.5%2B!
o (1.! hs! ! $'2B.! J')! ).(! (;! (1.! C ?<%5(.$! :'5*.! ;$! D0D"! 1%B1.$! <;$! (1.! 9?<%5(.$!

+;3.5%2B!
o ! (1.! hs! ! $'2B.! J')! ).(! (;! (1.! Y ?<%5(.$! :'5*.! ;$! D0D"! 1%B1.$! <;$! (1.! G?<%5(.$!

+;3.5%2B!
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o (1.! Bs0!$'2B.!J')!).(!(;!(1.!Y ?<%5(.$!:'5*.!dD0"!<;$!(1.!/?<%5(.$!+;3.5%2B!a2;(!
'55;J.3!(;!._8..3!*2%(6b !

o (1.! hs!$'2B.!J')!).(!(;!(1.!Y ?<%5(.$!:'5*.!dD0DN!<;$!(1.!/?<%5(.$!+;3.5%2B!a2;(!
'55;J.3!(;!F.!F.5;J!D0Db !

¥ )8'((.$%2B! <*28(%;2! /'$'+.(.$)! J.$.! ).(! (;! dD0"! ;<! (1.! +%2%+*+! '23! +'_%+*+!
:'5*.)!<;$!F!'23!8!;:.$!(1.!CWY!);5*(%;2)0!

!
Table	2.	Least-Squares	Grid	Search	Range	and	Search	Increments	
Model	

Parameter	
Value	
Range	

Grid	Size	
(initial	–	final)	 Parameter	Description	

Classic	Hapke	Model	
w	 D!e!" ! D0DO!e!D0D"! 7%2B5.!)8'((.$%2B!'5F.3;!a77Lb!
BS0	 D!e!" ! D0"!e!D0D"! g//;)%(%;2!#<<.8(!L+/5%(*3.!

a71'3;J ?A%3%2B!a7Ag#bb!
hs	 D0DD"!e!

D0@D"!
D0DO!e!D0D"! g//;)%(%;2!#<<.8(!V%3(1!

a7Ag#b!
b	 D!e!" ! D0"!e!D0D"! 7%2B5.?/'$(%85.!/1'). !<*28(%;2!'+/5%(*3.!
c	 D!e!" ! D0"!e!D0D"! 7%2B5.?/'$(%85.!/1'). !<*28(%;2!/'$(%(%;2!

/'$'+.(.$ !
θ Dj!e!\Dj ! Oj!e!"j ! 7*$<'8.!$;*B12.))!a3.B$..)b !

Modern	Hapke	Model	
w! D!e!" ! D0Q!e!D0D"! 7%2B5.!)8'((.$%2B!'5F.3;!a77Lb!
BS0! D!e!" ! D0"!e!D0D"! g//;)%(%;2!#<<.8(!L+/5%(*3.!

a71'3;J ?A%3%2B!a7Ag#bb!
hs! D0DD"!e!

D0@D"!
D0DO!e!D0D"! g//;)%(%;2!#<<.8(!V%3(1!

a7Ag#b!
BC0! D!e!" ! D0"!e!D0D"! g//;)%(%;2!#<<.8(!L+/5%(*3.!

aS;1.$.2( ?C'8=)8'((.$!aSCg#bb!
hc! D0DD"!e!

D0@D"!
D0DO!e!D0D"! g//;)%(%;2!#<<.8(!V%3(1!

aSCg#b!
b! D!e!" ! D0Q!e!D0D"! 7%2B5.?/'$(%85.!/1'). !<*28(%;2!'+/5%(*3.!
c! D!e!" ! D0Q!e!D0D"! 7%2B5.?/'$(%85.!/1'). !<*28(%;2!/'$(%(%;2!

/'$'+.(.$ !
θ! Dj!e!\Dj ! Oj!e!"j ! 7*$<'8.!$;*B12.))!a3.B$..)b !
k	 "! e!"0O! D0Q!e!D0DQ! 4;$;)%(6!

!
&1.! 3%)=?%2(.B$'(.3! +;3.5%2B! $.)*5()! J.$.! (1.2! (.)(.3! '23! $.<%2.3! *(%5%T%2B!

3%)=?$.);5:.3!+.')*$.+.2()0!9)%2B!(1.!)1'/.!+;3.5,!(1.!)*$<'8.!;<!G(;='J'!J')!$. ?8$.'(.3!
'(! '! /1').! '2B5.! ;<! o>0Pj! /1').! '2B5., !F').3! ; 2! ;2. ! ;<! (1.! %+'B.)! '8`*%$.3! F6! L]GSL!
aH%B*$.! "Db0! &1.! $.<5.8('28.! ;<! (1.! )*$<'8.! J')! 8'58*5'(.3! *)%2B! F;(1! (1.! S5'))%8! '23!
];3.$2!A'/=.!+;3.5!:'5*.)!<;$!.'81!;<!(1.!CWY!);5*(%;2!).()0!&1.!$.<5.8('28.!:'5*.)!<$;+!
F;(1!+;3.5)! J.$.! (1.2!8;+/'$.30!G(! J')!<;*23! (1'(! J1%5.!F;(1!+;3.5)! /$;3*8.3!1%B156!
)%+%5'$!3%)=?%2(.B$'(.3!/1').!8*$:.),!(1.6!/$;3*8.3!3$')(%8'556!3%<<.$.2(!$.<5.8('28.!:'5*.)!
%2! (1.! 3%)=?$.);5:.3! 8').0! &1.! )*$<'8.! F').3! ;2! (1.! ];3.$2! A'/=.! +;3.5! :'5*.)! J')!
)%B2%<%8'2(56!F$%B1(.$!(1'2!(1.!S5'))%8!A'/=.!+;3.5!)*$<'8.0! !
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&1.! $'(%;! F.(J..2! (1.! $.<5.8('28.)! <$;+! (1.! S5'))%8! '23! ];3.$2! A'/=.! +;3.5)! J')!
8'58*5'(.3! a1.$.'<(.$! $.<.$$.3! (;! ')! (1.! mS^]! $'(%;nb !<;$!(1.! :'$%.(6! ;<!! ! , ! ,𝛼)! ;:.$! (1.!
'F;:.!)1'/.! (;!8;2)($'%2!(1.!:'5*.!;<! k0!G2!.'81!8'). ,!(1.!':.$'B.!'23!+.3%'2!:'5*.!;<!(1.!
S^]!$'(%;! ;:.$! (1.! .2(%$.! )*$<'8.!J')!%3.2(%8'5! (; !J%(1%2!D0DD"0!7%28.! (1.! ];3.$2!A'/=.!
+ ;3.5! 8;2('%2)! (1.! 5'$B.$! 2*+F.$! ;<! <$..! /'$'+.(.$),! '23! %)! (1*)! +;$.! 3%<<%8*5(! (;!
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3.2	Modeling	Results	
!
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'$.!5.))!<;$J'$3!)8'((.$%2B!(1'2!/$.3%8(.3!F6!(1.!I.3.$.$!.(!'50!aQDDNb!)(*360!
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(1%)! $.B%;2! ;<! (1.! /1').! 8*$:.0! &1%)! )(*36! )1;J)! '! )($; 2B.$,! 2'$$;J.$! /.'=! (1'2! (1.!
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Table	3.	Classic	Hapke	Model	Parameter	Values!
Classis 
Hapke 
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U (0.36 µm) B (µm) V (0.54 µm) R (0.63 µm) I (0.85 µm) p (0.96 
µm) 
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;//;)%(%;2!+.')*$.+.2()!%2!(1.!I.3.$.$!.(! '50!aQDDNb!3'('!).()0! v!&1.!:'5*.!;<!(1.!)*$<'8.!
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Table	4.	Modern	Hapke	Model	Parameter	Values	
Modern	Hapke	
Parameters	

B	Filter	
(0.44	µm)	

V	Filter	
(0.54	µm)	

R	Filter	
(0.63	µm)	

w! D0O\!d!D0D@! D0O>!d!D0D@! D0K\!d!D0D@!
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hc! D0D\!d!D0DQ! D0D\!d!D0DQ! D0D@!dD0DQ!
b! D0\Q!dD0DQ! D0@K!d!D0DQ! D0\@!dD0DQ!
c! D0>N!d!D0D@! D0KO!d!D0D\! D0KQ!d!D0DQ!
θ! \Dj!d!Qj! ! \Dj!d!@j! ! \Dj!d!@j!
=! "0"!d!D0"Q! "0"!d!D0"! ! "0D!d!D0D@!
χ! K0O\.?>! @0>P.?>! "0DQ.?K!

!
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Figure	7.	 	 These	graphs	display	the	disk-integrated	phase	curves	for	Itokawa	acquired	in	the	
B	 (440	 nm),	 V	 (540	 nm),	 and	 R	 (630	 nm)	 filters.	 	 These	 phase	 curves	 contain	 both	
ground-based	observations	 (Lederer	 et	al.	 2008),	 shown	as	open	 circles,	 and	measurements	
extracted	 from	 the	 Hayabusa	 AMICA	 images,	 shown	 as	 grey	 diamonds.	 The	 Classic	 Hapke	
Model	 results	 from	Lederer	 et	 al.	 (2008)	are	 shown	as	 a	 solid	 black	 line,	 the	Classic	Hapke	
Model	results	 from	this	study	are	shown	as	a	dashed	red	line,	and	the	Modern	Hapke	Model	
results	 from	 this	 study	 are	 shown	 as	 dashed	 blue	 line.	 The	 left	 column	 graphs	 display	 the	
entire	available	phase	curve,	 the	right	column	graphs	display	 the	opposition	region	 in	each	
filter.	
!

!
!
Figure	8.	 	 These	graphs	display	the	disk-integrated	phase	curves	for	Itokawa	acquired	in	the	
U	(360	nm),	I	(850	nm),	and	p	(960	nm)	filters.	The	U-	and	I-	filter	phase	curves	contain	both	
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ground-based	observations	 (Lederer	 et	al.	 2008),	 open	circles,	and	measurements	 extracted	
from	 the	Hayabusa	AMICA	 images,	 black	 diamonds.	 The	 p-filter	 phase	 curve	 is	 constructed	
solely	 from	 Haybusa	 AMICA	 image	 measurements.	 Each	 of	 these	 phase	 curves	 is	 modeled	
using	the	Classic	Hapke	Model.	The	Lederer	et	al.	(2008)	Classic	Hapke	Model	 is	shown	as	a	
solid	black	 line,	 the	Classic	Hapke	Model	 results	 from	this	 study	are	 shown	as	a	dashed	red	
line.	 The	 opposition	 regions	 for	 the	 AMICA	 p-band	 data	 are	 shown	 in	 more	 detail	 in	 the	
bottom	right	graph.	 Insufficient	phase	angle	coverage	prohibited	application	of	 the	Modern	
Hapke	Model	to	these	data	sets.	
!

L!`*%8=!._'+%2'(%;2!;<!(1.!$.)*5()!)1;J)!(1'(!(1.! 77L!:'5*.)!+%+%8!(1.!)/.8($'5!)1'/.!
;<! (1.! $.<5.8('28.! 3'('! a Figure	 9b,! ')! ._/.8(.3! <$;+! (1.! +;3.5%2B! 8;2)($'%2()0! 7*$<'8.!
$;*B12.))!/'$'+.(.$)!<$;+!(1.!(J;!S5'))%8!A'/=.! +;3.5)!'23!(1.!];3.$2!A'/=.!+;3.5!'55!
3%)/5'6! '!$;*B1! )*$<'8.,! J%(1! :'5*.)!2.'$! \Dj0!&1%)!%)!8;++.2)*$'(.! J%(1! (1.!B$':.5 ?5%=.!
$.B;5%(1!;F).$:.3!%2!(1.!L]GSL!%+'B.)!aFigure	1	(a)b0!!
!
!

!
Figure	9.	These	graphs	compare	the	spectral	shape	of	the	Itokawa	reflectance	spectrum	(left)	
acquired	at	7.7°	phase	with	the	spectral	shape	of	the	SSA	spectrum	(right)	from	the	modeling	
results	of	Lederer	et	al.	(2008),	black	circles,	the	Classic	Hapke	model	from	this	study,	black	
triangles,	and	the	Modern	Hapke	model	from	this	study,	open	triangles.	
	
3.3	Validation	of	the	Classic	Hapke	Model	
!

&1.! )%+*5'(.3 ! %+'B.)! 8'2 ! F.! )62(1.)%T.3! *)%2B!(1.! 3%)=?$.);5:.3! A'/=.! +;3.5!
.`*'(%;2)! J%(1!(1.!A'/=.! /'$'+.(.$)! 3.$%:.3!<$;+!(1%)! )(*36!'23!B.;+.($6!%2<;$+'(%;2 !
<$;+! (1.! +%))%;2! 74GS#! =.$2.5)0! A.$.! J.! 8;+/'$.! (1.! )%+*5'(.3! %+'B.)! F').3! ;2! (1.!
S5'))%8!A'/=.!];3.5 !'23!(1.! '8(*'5! ;F).$:.3!%+'B.)0 !Figure	10!)1;J)!(1.!$.<5.8('28.!$'(%;!
F.(J..2! (1.! )62(1.)%T.3!%+'B.)! '23! (1.! ;F).$:.3!%+'B.)! '( !(J;! 3%<<.$.2(! /1').! '2B5.),!
N0"j! '23! @D0@j0!&1.! ( J;! $%B1(! 8;5*+2)! 3%)/5'6! (1.! %55*+%2'(%;2! a%28%3.28.! '2B5.b! '23!
:%.J%2B!a.+%))%;2! '2B5.b!B.;+.($6!*).3!<;$!(1.! )%+*5'(.3!%+'B.)!F').3!;2!(1.!+;3.5%2B!
$.)*5() 0!&1. !)'+.! +;3.5! /'$'+.(.$)! '$.!*).3! ;:.$!(1.! .2(%$.!)*$<'8.,! '5(1;*B1!:'$%'(%;2)!
%2! (1.! /'$'+.(.$ !:'5*.)! '$.! ._/.8(.3! F').3! ;2! (1.! '5F.3;! :'$%'(%;2)! )..2! %2! (1.! L]GSL!
%+'B.$60!!



! QD!

Figure	 11! )1;J)! (1.! ':.$'B. ! ;<! (1.! $.<5.8('28.! $'(%;! J%(1! (1.! .$$;$! ;<! )('23'$3!
3.:%'(%;2!%2!.'81!"Dj !F%20!L$.')!%+'B.3!'(!5 '$B.!%28%3.28.!;$!.+%))%;2!'2B5.!(.23!(;!1':.!
*23.$ ?.)(%+'(.3 ! :'5*. ) ! %2! $.<5.8('28.0! &1%)! ($.23!J') ! '5);! ;F).$:.3! %2! (1.! ].$8*$6!
%+'B%2B! 3'('! '8`*%$.3!F6!(1.! ]#$8*$6! 7*$<'8.,! 7/'8.! #R:%$;2+.2(,! i#;81.+%)($6,! '23!
Y'2B%2B!a]#77#Ri#Y b!+%))%;2!a-;+%2B*.!.(!'50!QD"Kb0!V.!2;(.!(1'( !<;$!._'+/5.! '( !/1').!
'2B5.! @D0@j,! (1.! .)(%+'(%;2! <$;+! (1.! S5'))%8! A'/=.! ];3.5! )5%B1(56! ;:.$.)(%+'(.)! (1.!
$.<5.8('28.! .:.2!<;$! )+'55!%28%3.28.! '23! .+%))%;2! '2B5.!ai<@Dj! '23!e<@Djb0!&1%)! )*BB.)()!
(1'(! (1.! S5'))%8!A'/=.! ];3.5! +'6! 2;(! )*<<%8%.2(56! /$.3%8(! (1.! $.<5.8('28.!;<! (1.! '$.') !
;F).$:.3!'( !5'$B.!/1'). !'2B5.)!t@Dj0!A;J.:.$,! <;$!._'+/5.!'(!/1'). !'2B5.!N0"j,!(1.!S5'))%8!
A'/=.! ] ;3.5!J.55!3.)8$%F.)!(1.!)*$<'8.!;<!G(;='J'! J%(1%2!(1.!.$$;$!;<!"Df!<;$!i<50j! '23!
e<50j 0!G(!)1;*53!F.!2;(.3!(1'(!(1.!/1;(;+.($6! 8;$$.8(%;2!F').3!; 2!(1.! +;3.5!3.$%:.3!<$;+!
3%)=?%2(.B$'(.3!;F).$:'(%;2)! +'6! 8'*).! '$(%<%8%'5! 8;5;$!3%<<.$.28.) ! '5;2B! (1.! .3B.! ;<! '2!
;FZ.8(!J1.$.!%28%3.28.!'23!.+%))%;2!'2B5.)!'$.!5'$B.0!

!
Figure	10.	Comparison	between	the	model	reflectance	and	the	observed	reflectance:	
ST_2385578902_v	at	phase	angle	8.1°	(a)	and	ST_2442680854_v	at	phase	angle	30.3°	(b).	The	
areas	where	the	reflectance	is	underestimated	corresponds	to	places	imaged	at	larger	(>50°)	
incidence	and	emission	angle.	
!

a'b!

aFb!
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Figure	11.	The	reflectance	ratios	for	both	images	in	Figure	10	are	shown	as	functions	of	
emission	(left)	and	incidence	(right)	angles.	The	reflectance	at	small	phase	angle	(8.1°)	is	well	
predicted	within	the	error	of	10%	by	the	Classic	Hapke	Model	for	i<50°	and	e<50°.	However,	
the	reflectance	across	the	surface	imaged	at	a	larger	angle	(30.3°)	shows	that	the	places	
imaged	at	large	incidence	and	emission	angles	underestimate	and	those	imaged	at	small	
incidence	and	emission	angles	slightly	over	estimate	the	observed	reflectance.	 	
!
4.0	Geometric	and	Bond	albedos	
!

&1.! B.;+.($%8! '5F.3;,! ! ,! %)! (1.! $.<5.8('28.! )..2! '(! T.$;! /1'). ! '2B5.! $.5'(%:.! (;! '!
I'+F.$(%'2! )*$<'8.! ;<! (1.! )'+.! 8$;)) ?).8(%;2'5! '$.'! )%+%5'$56! %55*+%2'(.30! &1%)! 8'2! F.!
8'58*5'(.3!3%$.8(56!<$;+!(1.!A'/=.!.`*'(%;2)!a.0B0!A'/=.!"PN\,!QD"Q'b0!!

&1.!/1').!%2(.B$'5,! ! !!'23!C;23!'5F.3;,! 𝐴! ,!'$.!$.5'(.3!(;!(1.!B.;+.($%8!'5F.3; ,!Ap,!F6!
(1.!$.5'(%;2p!
!

! ! ! ! ! 𝓆     !Eq! ! .1)0!
!
&1.!/1').!%2(.B$'5!%)!8'58*5'(.3!<$;+!(1.!3.<%2%(%;2p!
!

! = 2 ! 𝛼 !"#$%$
!

!
!!!" (! .! ! !

!
J1.$.! ! 𝛼 ! %)! (1.! $.<5.8('28.0! 9)%2B! (1.! Y;+F.$B! +.(1;3! ;<! %2(.B$'(%;2,! (1.! /1').!
%2(.B$'5!<;$!.'81!<%5(.$!J')!8'58*5'(.3!*)%2B!F;(1!(1.!S5'))%8!'23!];3.$2!A'/=.!+;3.5)0!&1.!
S5'))%8!A'/=.!+;3.5!$.)*5()!'$.!8;+/'$.3!J%(1!(1.!I.3.$.$!.(!'50!aQDDNb!:'5*.)!%2! Table	50!
&1.!i.;+.($%8!'5F.3;!3.$%:.3!<$;+!(1.!];3.$2!A'/=.!+;3.5%2B!$.)*5()!<;$!(1.!CWY!<%5(.$)!
'$.!D0QK!dD0DQ,!D0Q>!dD0DQ,! '23!D0@Q!dD0DQ,!$.)/.8(%:.56,! '23! '$.! .`*%:'5.2(!(;! (1.!S5'))%8!
A'/=.! ] ;3.5!:'5*.)!J%(1%2!(1.!.$$;$!F'$)0!
!
Table	5.	Albedos	and	Phase	Integral	–	Classic	Hapke	Model	
Filter	 Geometric	Albedo	 Phase	Integral	 Bond	Albedo	
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Lederer	et	
al.	(2008)	

This	
study	

Lederer	et	
al.	(2008)	

This	
study	

Lederer	et	
al.	(2008)	 This	study	
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5.0	Discussion	
	
5.1	Surface	Regolith	Properties	Implied	by	the	Opposition	Effect	
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5.1.1	Transport	Mean	Free	Path	from	the	Modern	Hapke	Model	
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5.1.3	Porosity	from	the	Classic	Hapke	Model	
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Table	7.	Grain	Size	Distribution	Functions	 !
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Figure	12.	The	 relationship	between	 the	width	of	 SHOE	 ! !	 and	porosity	 from	eq.	 (5.3).	We	
chose	 realistic	parameters	 for	 Itokawa,	 𝛽 = ! ! ! ! ! ! !! = 100 ! !"" .	 The	black	 line	 shows	
the	porosity	0.77	from	the	Modern	Hapke	Model	porosity	parameter	k.! !
!
5.1.4	Cohesive	force	on	Itokawa	
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5.2	Surface	roughness	
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5.3	Single	Scattering	albedo	(SSA)	
	

&1.!)%2B5.!)8'((.$%2B!'5F.3;!a77L!;$!Jb!%)!3.<%2.3!')!𝑤 !
!

!! !
,!J1.$.!7!%)!(1.!)8'((.$%2B!

8;.<<%8%.2(! '23!K’! %)! 'F);$/(%;2! 8;.<<%8%.2(0! G(;='J'! 1')! '! )5%B1(56! 1%B1.$! 77L! :'5*.!
aD0O>dD0DOb!%2! (1.! :%)%F5.! J':.5.2B(1!$'2B.!8;+/'$.3! J%(1!#$;)!aD0\@dD0DQb,! )*BB.)(%2B!
)8'((.$%2B! '23! 2;(! 'F);$/(%;2! /5'6)! '! 5'$B.$! $;5.! %2! (1.! %2(.$'8(%;2! ;<! (1.! )*$<'8.! J%(1!
%28%3.2(!)*25%B1(0!&1.!1%B1!77L!%)!(1.;$.(%8'556!._/5'%2.3!F6!F;(1!8;+/;)%(%;2!'23!(1.!B$'%2!
)%T.!%2!]%.!)8'((.$%2B!aA'/=.,!"PP@b0!&1*),!(1.!)+'55.$!B$'%2!+.3%*+!1')!(1.!5'$B.$!:'5*.0!
A;J.:.$,!(1.!)*$<'8.!;<!G(;='J'!%)!;F).$:.3!(;!F.!+;)(56!8;:.$.3!F6!8;'$).!B$'%2)! J%(1!'!
B$':.5?5%=.! (._(*$.0!];$.;:.$,! ) ;+.! ._/.$%+.2()! )*BB.)(! (1'(! (1.! )*$<'8.! $;*B12.))! '23!
(1.! /;$;)%(6! 1':.! '! 2.B'(%:.! 8;$$.5'(%;2! J%(1! (1.! 77L! aU'')'5'%2.2,! QDD@[! 71./'$3! '23!
A.5<.2)(.%2,! QDD>b0! A;J.:.$,! ;*$! $.)*5()! 8'22;(! F.! ._/5'%2.3! F6! (1. ) . ! )*BB.) (.3!
8;$$.5'(%;2),!')!(1%)!J;*53!)*BB.)(!G(;='J'c)!$.B;5%(1!%)!8;+/$%).3!;<!)+'55.$!B$'%2),!%)!5.))!
$;*B1,!'23!5.))!/;$;*)!(1'2!#$;)c!)*$<'8.! a-;+%2B*.!.(!'50,!QDDQb0!&1.$.!'$.!(J;!'33%(%;2'5!
/;))%F%5%(%.)!(;!'88;*2(!<;$!(1%)!3%<<.$.28.p!"b!(1.!1%B1.$!77L!<;$!G(;='J'!8;+/'$.3!(;!#$;)!
)*BB.)()! (1'(! (1.! 8;'$).! B$'%2)! ;F).$:.3! %2! (1.! G(;='J'! %+'B.)! '$.! 8;:.$.3! J%(1! '! (1%2!
5'6.$!;<!<%2.!/'$(%85.),!);+.!;<!J1%81!J.$.!8;55.8(.3!F6!A'6'F*)'c)!)'+/5.!8;55.8(;$,!;$!Qb!
(1.! 1%B1.$! 77L! <;$! G(;='J'! 8;+/'$.3! (;! #$;)! 8;$$.)/;23)! (;! (1.! 8;+/;)%(%;2! '23!
'5(.$'(%;2!;<!+'(.$%'5!%().5<0!7/'8.!J.'(1.$%2B!;2!7?(6/.!')(.$;%3)!%)!'!J.55?=2;J2!/$;8.))!
(1'(!3'$=.2)!)*$<'8.!+'(.$%'5!a7')'=%!.(!'50,!"PPPb0!&1*),!(1.!3.B$..!;<!)/'8.!J.'(1.$%2B!;2!
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G(;='J'!+'6!F.!J.'=.$!(1'2!(1'(!;2!#$;)0! &1%)!%)!)*//;$(.3!F6!(1.!6;*2B!)*$<'8.!'B.!<;$!
G(;='J' ,!') !.)(%+'(.3! <$;+!(1.!8$'(.$!'B.!a&'()*+%!'23!7*B%(',!QD"Nb,!(1.!)/.8($'5!'B.)!;<!
(1.!$.(*$2.3! )'+/5.)!aC;2'5!.(!'50,!QD"Ob,!'23!(1.!$.+;(. ?).2)%2B!;F).$:'(%;2)!aU;B'!.(!'50,!
QD"Nb0!
	
5.4	Single	Particle	Scattering	Behavior	
	

&1.! (J;! /'$'+.(.$)! ;<! (1.! A.26.6 ?i$..2)(.%2! /1').!<*28(%;2) !3.$%:.3!<$;+!F;(1! (1.!
S5'))%8! '23! ];3.$2! A'/=.! +;3.5%2B! $.)*5()! <$;+! (1%)! )(*36! '$.! 5.))! <;$J'$3! )8'((.$%2B!
(1'2!(1;).!/$.3%8(.3!F6!I.3.$.$!.(!'50!aQDDNb!aFigure	13b0!C;(1!(1.!'+/5%(*3.!/'$'+.(.$! F!
'23!(1.!/'$(%(%;2!/'$'+.(.$ !8!'$.!)+'55.$!(1'2!(1;).!3.$%:.3!F6!I.3.$.$!.(!'50!aQDDNb!'23!
'$.!)%+%5'$!F.(J..2!(1.!S5'))%8!'23!];3.$2!A'/=.!+;3.5%2B!$.)*5()!a Figure	14b0!&1.$.!%)!
2;!3%)(%28(%:.!J':.5.2B(1!3./.23.28.! ;2! (1.! /'$(%85.! )8'((.$%2B!F.1':%;$!aFigures	 14	&	
15b0!R;(.! (1'(! (1.).! )8'((.$%2B! /$;/.$(%.)! '$.! ;2! (1.! +%8$;)8;/%8! 5.:.5 ,! %2(.$'8(%2B! J%(1!
)($*8(*$.)!J%(1%2!(1.!$.B;5%(1!B$'%2)0!

&1.!$.)*5(%2B!F! '23!8! /'$'+.(.$) !%+/56!(1'(! (1.! )8'((.$%2B!8.2(.$)! /$.).2(!J%(1%2!(1.!
$.B;5%(1!B$'%2)!1':.! '!1%B1.$! /$;F'F%5%(6! ;<! )8'((.$%2B!5%B1(!%2!(1.!<;$J'$3!3%$.8(%;20!&1%)!
+'6!F.!3*.!(;!.%(1.$p!"b!(1.!/1').!8*$:.)!8;2('%2!%2)*<<%8%.2(!8;:.$'B.!(;!<*556!81'$'8(.$%T.!
(1.! <;$J'$3! 3%$.8(%;2! a(1.! /1').! '2B5.! 8;:.$'B.! 3;.)! 2;(! B;! F.6;23! o"@Djb,! Qb! (1.!
)8'((.$%2B! 8.2(.$)! 1':%2B! )%+%5'$! /$;F'F%5%(%.)! <;$! 3%$.8(%2B! 5%B1(! %2! F;(1! (1.! <;$J'$3! ;$!
F'8=J'$3!)8'((.$%2B!3%$.8(%;2,!;$!@b!'!8;+F%2'(%;2!;<!(1.).!(J;!);*$8.)0!78'((.$%2B!8.2(.$)!
%285*3.! )*81! %(.+)! ')! 8$'8=),! F*FF5.),! %285*)%;2,! ;$! +%2.$'5! /1').! 81'2B.)0! &1.! )/.8($'5!
F.1':%;$! ;<! (1.! ($'2)/;$(! +.'2! <$..! /'(1! )*BB.)()! (1'(! '2! '33%(%;2'5! /$;/.$(6! <;$! (1.).!
)8'((.$%2B!8.2(.$)p!(1.6!'$.!;2!(1.!;$3.$!;<! NND!(;! "KN" !2+!'/'$( !a7.8(%;2!O0"0"b0!
!
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Figure	13.	These	graphs	display	the	single-particle	phase	function	for	the	Classic	(solid	black	
lines)	 and	Modern	 (blue	 solid	 lines)	 Hapke	modeling	 solutions	 compared	 to	 the	 scattering	
functions	derived	by	Lederer	et	al.	(2008)	(dashed	lines).	Note	that	the	single-particle	phase	
functions	from	the	Classic	and	Modern	Hapke	modeling	results	from	this	study	are	similar	in	
depicting	both	a	forward	and	a	backward	scattering	component.!
!

!
Figure	14.	The	top	figures	display	the	variability	in	the	b	and	c	parameters	of	single-particle	
phase	function	with	wavelength	for	the	Lederer	et	al.	(2008)	(black	circles),	the	Classic	Hapke	
(black	triangles),	and	the	Modern	Hapke	(open	triangles)	modeling	results	for	the	amplitude	
parameter	 (left)	 and	 the	 partition	 parameter	 (right)	 between	 forward	 and	 backward	
scattering.	 It	 is	 important	 to	 note	 that	 the	 results	 from	 this	 study	 display	 only	 modest	
variations	with	wavelength	within	the	error	bars.	Comparisons	of	the	two	models	used	in	this	
study	(bottom)	shows	that	the	parameters	are	similar.	
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Figure	15.	These	figures	compare	the	single-particle	phase	functions	from	the	Classic	Hapke	
Model	 (left)	 and	 the	 Modern	 Hapke	 model	 (right)	 for	 the	 wavelengths	 examined.	 The	
amplitude	 of	 the	 forward	 scattering	 direction	 varies	 with	 wavelength,	 but	 only	 provides	 a	
slightly	stronger	probability	of	scattering	in	the	forward	compared	to	backward	direction.!
!
5.5	Comparisons	with	other	asteroids/objects	
!

L!2*+F.$!;<! ')(.$;%3)!(1'(!1':.!F..2!:%)%(.3!F6!)/'8.8$'<(!1':.!F..2!._'+%2.3!*)%2B!
A'/=.c)!+;3.5),!/$.3;+%2'(.56!(1.!S5'))%8!A'/=.!];3.50!&1.!3.$%:.3!B.;+.($%8!'23!C;23!
'5F.3;,!'5;2B!J%(1!/1').!%2(.B$'5!:'5*.),!'$.!/$;:%3.3!%2! Table	80!!

g2.!8;+/'$%);2!(1' (!8'2!F.!+'3.!%)! '2!._'+%2'(%;2!;<!(1.!B$'%2!)%T.!3%)($%F*(%;2!'23!
/;$;)%(6! ;<! (1.%$!$.B;5%(1!F').3! ;2! (1.! ;//;)%(%;2! /'$'+.(.$)! ;<! (1.!+;3.5%2B!$.)*5(),! ;$!
J%(1! (1.! /;$;)%(6! (.$+! U! %<! (1.! 3'('! 1')! F..2! ._'+%2.3! J%(1! (1.! ];3.$2! A'/=.! +;3.50!
Table	 9!5%)()! (1.! hs! :'5*.)! '23! 8;$$.)/;23%2B! /;$;)%(6! .)(%+'(.)! <;$! '! 2*+F.$! ;<! (1.).!
;FZ.8()0! &1.! ;FZ.8()! 5%)(.3! J.$.! ._'+%2.3! J%(1! '! <;$+! ;<! (1.! S5'))%8! ];3.5,! *25.))!
;(1.$J%).! 2;(.30! &1.! /;$;)%(%.)! 5%)(.3! '$.! F').3! ;2! 𝒓𝒍 𝒓𝒔	 $'(%;)! $'2B%2B! <$;+! QDD!e!
@D,DDD0!&1.!('F5.)!3.+;2)($'(.!'!5'$B.!$'2B.!;<!/;$;)%(%.)!<;$!'!)%2B5.!;FZ.8(,!'23!'+;2B)(!
(1.!')(.$;%3)!$./$.).2(.30!&1.!/;$;)%(6!:'5*.)!5%)(.3!<;$!G(;='J'!<$;+!(1%)!)(*36!'$.!5;J.$!
(1'2!(1;).!5%)(.3!<;$!':.$'B.!7 ?(6/.!')(.$;%3)0!&1.6!'$.!.`*%:'5.2(!(;!(1;).!5%)(.3! <;$!7?(6/.!
I*(.(%',!F*(!5;J.$!(1'2!(1;).!<;$!(1.!$.+'%2%2B!7 ?(6/.)!%2!(1.!('F5.0!G2!8;+/'$%);2!(;!(1.!
S?(6/.! ')(.$;%3)! 5%)(.3! %2! (1.! ('F5.,! G(;='J'! 1')! '! 1%B1.$! /;$;)%(6! F*(! ;:.$5'/)! J%(1! (1.!
.)(%+'(.3!':.$'B.!<;$!S ?(6/.)0 !
!
Table	8.	Equivalent	V-filter	Albedo	and	Phase	Integral	Values	for	Asteroids	Visited	by	
Spacecraft	
Object	 Class	 Geometric	

Albedo	
Bond	
Albedo	

Phase	
Integral	

Source	

G(;='J' ! 7! D0Q>!dD0DQ! D0D@@!dD0DQ! D0"@!dD0DQ! &1%)!)(*36!aS5'))%8b!
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G(;='J' ! 7! D0"P!dD0DQ! D0DQDP!dD0D"! D0""!dD0D"! I.3.$.$!.(!'50 !aQDDNb!
#$;) ! 7! D0QPD!dD0DQ! D0"Q!dD0DQ! D0@P!dD0DQ! -;+%2B*.!.(!'50!aQDDQb!

i')/$' ! 7! D0Q@!dD0DK! D0"Q!dD0D@! D0\>!dD0D\! A.5<.2)(.%2!.(!'50!a"PP\b!
G3'! 7! D0QDK!dD0D@Q! D0DN"!dD0D">! D0@\!dD0DQ! A.5<.2)(.%2!.(!'50!a"PPKb!

-'8(65 ! 7! D0"PN!dD0DO! D0D>@!dD0DQ"! D0@Q!dD0D@! A.5<.2)(.%2!.(!'50!a"PPKb!
W.)(' §! W! D0@NdD0D\! D0QDdD0DQ! D0O@dD0"D! I%!.(!'50!aQD"@b!
C.22*u ! S! D0D\>!dD0"\! D0D"O!dD0DD>! D0@Q!dD0DP! &'=%$!.(!'50!aQD"Ob!
Y6*B*! S! D0D\>dD0DD@! D0D"\dD0DDQ! D0@QdD0D@! G)1%B*$;!.(!'50!aQD"\b!

]'(1%53. ! S! D0D\>!dD0DDO! D0D"@!dD0DD@! D0QN!dD0DO! S5'$=!.(!'50!a"PPPb!
I*(.(%' §! ],Sz ! D0"P\!dD0DDQ! D0D>K!dD0DDQ! D0QOO! ]');*+T'3.1!.(!'50!

aQD"Ob!
7(.%2){ ! #! D0@P!dD0DQ! D0Q\!dD0D"! D0OP!dD0D\! 7/Z*(1!.(!'50!aQD"Qb!
u!W'5*.)!'$.!+.3%'2!;<!(1;).!5%)(.3!<$;+!@!3%<<.$.2(!+;3.5),!.$$;$)!'$.!5'$B.)(!.$$;$)!5%)(.3!
<$;+! '55! :'5*.)0! | I%)(.3! :'5*.)! '$.! <;$! K@"0K! 2+,! /1').! %2(.B$'5! 8'58*5'(.3! <$;+! '5F.3;!
$.5'(%;2)1%/)!B%:.2!%2!(._(0!{ I%)(.3!:'5*.)!'$.!<;$!K@D!2+0!
!
Table	9.	Comparison	of	Derived	Regolith	Properties	

Object	 Type	 # 
(nm)	 hs	 %(%) 

& = 4 
Source	

G(;='J' ! 7! O\D! D0D\! O@0D!e!>Q0Q! ! &1%)!)(*36!
G(;='J' ! 7! O\D! D0""! ">0\!e!\D0N! ! &1%)!)(*36u!
G(;='J' ! 7! O\D! D0"\" ! "D0>!e!@"0>!! I.3.$.$!.(!'50!aQDDNb!
G(;='J' ! 7! "O>D! D0D"! NO0@!e!PQ0Q!! U%('T'(;!.(!'50!aQDDNb!
#$;) ! 7! OOD! D0DQQ! >D0O!e!N@0K!! -;+%2B*.!.(!'50!aQDDQb!
#$;) ! 7! OOD! D0D"D! NO0@!e!PQ0Q!! I%!.(!'50!aQDD\b!
]'(1%53. ! S! >DD! D0D>\! @D0P!e!O\0>!! !S5'$=!.(!'50!a"PPPb!
i')/$' ! 7! OKD! D0DK! @N0K!e!K"0@! A.5<.2)(.%2!.(!'50!

a"PP\b!
G3'! 7! OKD! D0DQD! >Q0N!e!NO0D! ! A.5<.2)(.%2!.(!'50!

a"PPKb!
C.22* ! S! OOD! D0""! ">0O!e!\D0N!! !&'=%$!.(!'50!aQD"Ob!
I*(.(%' ! 7! K\P0Q! D0D\"! OQ0@!e!>"0K! ]');*+T'3.1!.(!'50!

aQD"Ob!!
7(.%2)! #! K@D! D0DQ>! KO0Q!e!ND0Q!! 7/Z*(1!.(!'50!aQD"Qb!!
7(.%2)! #! K@D! D0DKQ! @>0\!e!KD0@!! 7/Z*(1!.(!'50!aQD"Qbu! !
L22.H$'2= ! 7! OOD! D0D"O! >N0N!e!NN0O!! A%55%.$!.(!'50!aQD""b!
W.)(' ! W! OO\! D0D>! @Q0P!e!OK0O!! I%!.(!'50!aQD"@b!
Y6*B*! S! OOD! D0DOD! \O0Q!e!KK0O!! G)1%B*$;!.(!'50!aQD"\Fb!
L:.0!7?(6/. ! 7! O\D! D0DQ! >Q0N!e!NO0D! A.5.<.2)(.%2!'23!

W.:.$='!a"PNPb!
L:.0!S?(6/. ! S! O\D! D0DQO! K>0@!e!N"0K! A.5.<.2)(.%2!'23!

W.:.$='!a"PNPb!
u];3.$2!A'/=.!];3.5 !
!
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A'/=.! aQD"QFb! 3.)8$%F.3! '! $.5'(%;2)1%/! F.(J..2! (1.! )%2B5.?/'$(%85.! /1'). ! <*28(%;2!
/'$'+.(.$)! (1'(! 8;*53! F.! 8;$$.5'(.3! J%(1! $.B;5%(1! B$'%2! /16)%8'5! /$;/.$(%.)0! &1%)!
$.5'(%;2)1%/,! ;<(.2! $.<.$$.3! (;! ')! (1.! 1;8=.6! )(%8=! $.5'(%;2,! %)! )1;J2! %2!Figure	 16! '23!
%285*3.)! (1.! $.)*5()! <$;+! (1%)! )(*36! '23! <$;+! )%+%5'$! )(*3%.)! ;<! ;(1.$! ')(.$;%3)0! &1.!
G(;='J'!$.)*5()!/5;(!%2!'!$.B%;2!81'$'8(.$%T.3!F6!/'$(%85.)!J%(1!$;*B1!)*$<'8.)!'23^;$!5;J!
3.2)%(6! ;<! %2(.$2'5! )8'((.$.$)0! &1%)! %)! %2! 8;2($')(! J%(1! (1.! ];;2c)! /'$'+. (.$) !J1%81!'$.!
5;8'(.3! %2!'!$.B%;2!;<!+;3.$'(.!3.2)%(6!;<!%2(.$2'5!)8'((.$.$)0!&1.!')(.$;%3)!(1'(!'$.!)1;J2!
%2!(1%)!3%'B$'+!J.$.!+;3.5.3!*23.$! (1.! '))*+/(%;2! ;<! '! )%2B5. ?(.$+!)8'((.$%2B!<*28(%;2,!
.`*%:'5.2(!(;!).((%2B!(1.! c!/'$'+.(.$!(;!T.$;,!(1*)!(1.6!/5; (!;<<!(1.!l1;8=.6!)(%8=c!8*$:.0!

!

!
Figure	 16.	 This	 graph	 shows	 the	 hockey	 stick	 relationship	 (Hapke,	 2012b)	 correlating	 the	
Henyey-Greenstein	 single-particle	 phase	 function	 parameters	 with	 particle	 structures	 as	
measured	in	the	laboratory	by	McGuire	and	Hapke	(1995).	Asteroids	marked	with	an	asterisk	
were	modeled	with	a	single-term	Henyey-Greenstein	phase	function	(c	=	0).	 	

!
5.6	Comparison	with	the	NIRS	data	
	

&1.! B5;F'5! /1;(;+.($%8! /$;/.$(%.)! ;<! G(;='J'c)! )*$<'8.! %2! (1.! 2.'$ ?%2<$'$.3!
J':.5.2B(1!$.B%;2!aD0NO!?!Q0"!µ+b!J')!3.$%:.3!F6!U%('T'(;! .(! '50!aQDDNb!*)%2B!3'('!<$;+!
A'6'F*)'c ) ! 2.'$ ?%2<$'$.3! )/.8($;+.(.$! aRGY7b0! &1.! RGY7! 3'('! 8;:.$)! /1').! '2B5.)!
F.(J..2!D0Qj !?!@N0\j,!J1%81!%285*3.)!(1.! ;//;)%(%;2!.<<.8(0!U%(' T'(;! .(! '50!aQDDNb!+;3.5.3!
(1.!RGY7!3'('!).(!*)%2B!(1.!S5'))%8!A'/=.!];3.50!C.8'*).!(1.!J':.5.2B(1!$'2B.!;<!(1.!RGY7!
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3'('!).(!;:.$5'/)!%2!/'$(!J%(1!(1'(!;<!(1.!L]GSL!3'('!).(,!J.!8'2!8;+/'$.!;*$!/'$'+.(.$ )!
<$;+!(1.!S5'))%8!A'/=.!];3.5!J%(1!(1.%$!$.)*5()!aTable	10b0!!

&J;!3%<<.$.2(! '//$;'81.)! J.$.! ('=.2!%2!+;3.5%2B! (1.!RGY7! '23!L]GSL!3'('! ).()0! !
&1.!3'('!(1.6!+;3.5.3,!J1%5.!B5;F'5!%2!._(.2(,!%2:;5:.3!3%)=?$.);5:.3!+.')*$.+.2()0!G2!(1.!
8').!;<!(1.!L]GSL!3'(', !J1%81!%285*3.3!);5.56!3%)=?%2(.B$'(.3!+.')*$.+.2(),!(1.!:'5*.!;<!
B0!J')!8;2)($'%2.3!(;!%()!(1.;$.(%8'5!5%+%()!3*.!(;!(1.!+'(1.+'(%8'5!8;*/5%2B!%2!/'$'+.(.$)!
(1'(! 8'2! F.! 3.8;*/5.3! %2! 3%)=?$.);5:.3! +.')*$.+.2()! F*(! 2;(! %2! 3%)= ?%2(.B$'(.30! G2!
'33%(%;2,!U%('T'(;! .(! '50!aQDDNb!81;).! (;! *).! '! )%2B5.?(.$+!A.26.6 ?i$..2)(.%2!<*28(%;2! (;!
$./$.).2(! (1.! )%2B5.?/'$(%85.! /1').!<*28(%;2,!J1.$.')! (1%)! )(*36!%28;$/;$'(.3! '! (J; ?(.$+!
<*28(%;20! &1.! :'5*.)! F.(J..2! (1.! (J;! <;$+)! ;<! (1.! )%2B5. ?/'$(%85.!/1'). ! <*28(%;2! '$.!
$.5'(.3,! )*81! (1'(! 8yD! %2! (1.! )%2B5.?(.$+! <*28(%;2! '23! (1.! )%2B5.?(.$+! /'$'+.(.$! B! %)!
.`*%:'5.2(!(;! eF!a(1.!:'5*.!5%)(.3!%2!Table	10b0!

L5(1;*B1!(1.6!*).3!(1.!3%)=?$.);5:.3!+;3.5!J%(1!(1.!3%<<.$.2(!)%2B5.?/'$(%85.!/1').!
<*28(%;2,!8;+/'$%2B!(1.!A'/=.! /'$'+.(.$)! ;<! (1.!L]GSL! '23!RGY7,! ;//;)%(%;2!)*$B.! '23!
)8'((.$%2B!81'$'8(.$%)(%8)!'$.!:.$6!)%+%5'$!%2!(.$+)!;<!B0,!h,!'23! b0!A;J.:.$,!J.!<;*23!(1'(!
(1.! 77L!3.$%:.3!<$;+! (1.!RGY7!3'('!+;3.5%2B!%)!+*81!)+'55.$! (1'2! (1'(!<$;+! (1.!L]GSL!
3'('! '2'56T.3! %2 ! (1%)! )(*360!&1.! '5%B2+.2(! ;<! RGY7! '23! L]GSL! J')! J.55! ._'+%2.3! F6!
G)1%B*$;! .(! '50! aQD"Db,! J.! 8'2! 8;+/'$.! (1.! )/.8($'! ;<! RGY7! '23! L]GSL! 3%$.8(56! J%(1!
)%+*5('2.;*)56!;F).$:.3!3'('0! V1.2!J.!8;+/'$.!(1.!)/.8($'!;<!(1.!RGY7!'23!(1.!L]GSL!'(!
(1.! )'+.! /5'8. ,! aIL&,! IgRboa?Q0"w,!QOK0"wb,! '(! (1.! )'+.! (%+. ! ;2! QDDO?P?"P,! (1.! L]GSL!
)/.8($'!%)!o"0\! (%+.)! F$%B1(.$!(1'2! (1.!RGY7!)/.8($'!aFigure	 17b0!g2.! /;))%F5.! );*$8.! ;<!
(1.!3%<<.$.28.!%2!(1.!'F);5*(.!:'5*.)!%2!(1.!)/.8($'!%)!%2!(1.!3%<<.$.2(!$.<5.8('28.!)('23'$3)!
*).3!(; !$'3%;+.($%8'556!8'5%F$'(.!.'81!%2)($*+.2(0!&1.!RGY7!8'5%F$'(%;2!%)!F').3!;2!'!5*2'$!
$.<5.8('28.! )('23'$3! '23! (1.! L]GSL! 8'5%F$'(%;2! %)! F').3! ;2! )('23'$3! )('$! ;F).$:'(%;2)0!
&1%)!._/5'%2)!(1.!+*81!5'$B.$!77L!<;$!(1.!L]GSL!/1;(;+.($60!G(!%)!2;(.3!(1'(!(1.!5'$B.$!𝜃!
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Table	10.	NIRS	and	AMICA	Photometric	Parameters	at	976	µm	and	p-filter.	

Model	Parameter	 NIRS	(976	µm)	 AMICA	(960	µm)	
J ! D0QPO!d!D0D">! D0OP!d!D0D@!
C; ! D0N>D!d!D0D"K! "0D!d!D0DQ!
1! D0D"@!d!D0DD"! D0DQ!d!D0DQ!
F! D0@OD!d!D0D"@! D0@\!d!D0DO!
8! D0D! D0O!d!D0D@!
"  QKj!d!"j! @N0@j!!

!
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Figure	17.	This	shows	the	reflectance	spectra	of	the	NIRS	and	AMICA	at	the	same	observation	
point.	 The	NIRS	 data	were	 obtained	 simultaneously	with	 AMICA	 observation	 and	 the	 error	
bars	are	acquired	by	the	standard	deviation	of	the	data.	The	AMICA	spectra	are	obtained	from	
the	 dataset:	 st_2390397770_ul,	 st_2390417026_b,	 st_2390436248_v,	 st_2390455454_w,	
st_2390474726_x,	st_2390513155_p.	
 
!

!
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Figure	18.	This	shows	the	consistency	between	SSA	of	the	AMICA	and	NIRS	with	spectra	from	
ground	observations	(Binzel	et	al.,	2001;	Lowry	et	al.,	2005).	The	NIRS	data	are	multiplied	by	
2.0	to	be	the	same	value	at	the	AMICA	p-band.	All	the	spectra	are	normalized	at	0.55	µm.	
	
5.7	Spectral	slope	dependence	on	phase	angle	
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Figure	 19.	 The	 variation	 of	 spectra	 with	 changing	 phase	 angle	 5°,	 10°,	 20°,	 30°,	 and	 40°.	
Reflectance	 (left)	 and	 reflectance	 normalized	 to	 V-band	 (right)	 are	 shown.	 The	 shorter	
wavelengths	clearly	show	the	reddening	trend.	

! 	
Figure	20.	The	slope	derived	by	the	least-square	fitting	from	the	spectra	in	Figure	19	is	shown.	
The	slope	at	phase	angle	40°	is	larger	by	a	factor	of	~2	than	that	at	phase	angle	5°.	

!
6.0	Conclusions	
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