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OCW�V QAKCR`W d KlILGSRHf`B`@CZ fi@CBHQ d m fi[CQ"	 d G�~�VXQ3B V I1~ {|Q I1vNQABiILMLQ3O W�Kcf d R`W�V 	CG�Q�MNQ d V Q fiB`W�Q3R G�WYTLQ
R(	C[CQ3BHQ3RSILKCO B d OCR3q
hSQ vNQABHfi[9Q3GYQAR`RA�SM d�d O f`[CQ d B`WYQAR3�gW�K R(	CW�f`Q d m_I,	�	CB d 49W�V I fiW d KCRPILB`Q IL{CG�Q f d W�KcfiQ3B(	CB`Q f Q54 �

	>Q3BHWYVXQ3Kcf\ILG OlIUf\I 
5@lILG�W�fiIUfiWwvNQ3Gw~ ILKCO �Ud B 
�@CILKcfiW�fiIUfiWwvNQAG�~N��IUKCO%[lI1vNQPfi[CQXILO9vUILKcfiILMNQ d m V IUT �
W�KCM 	CB`QAOCWYZ fiW d KCRgj�[CQAB`Q Q04 WYRkfiWYK9M Q042	|QAB`W�V QAK5fiILG�I,	�	CILBiIUf`@CR�ILKCO V IUfiQAB`WJIUGYR [CI7vLQ_GYWYVXW�fiIUfiW d KCRAq
��[lI f�[lILR {|QAQ3K fi[9QeMN@CW�OCWYKCM 	CB`W�KCZ3W 	CGYQEWYK d @CB RHfi@9OCWYQAR � f d WYKcfiQAB
	CBHQAf�Q542	|QAB`WYVXQ3KcfiILG|BHQ3RH@CG�f`R
ILK9O V ILTLQ 	9B`Q3O9WYZAf`W d K9Rgf d MN@CWYO9Qem<@CBHf`[CQ3B�Q042	>Q3BHWYVXQ3Kcf\ILG RHfi@9OCWYQAR3q
� d VXQ3KcfiW d K�R d V Q.Q049ILV 	CG�Q3R � � K Z\[lI,	 fiQ3B � ��j Q [lI1vLQ d { f\ILW�KCQ3O R`W�V 	9GYQ ILKCILG�~5fiW�Z I,	 �

	CB d 49W�V I fiQ Q042	CB`QAR`RHW d KCRem d B Q��|Q3Z fiWwvNQ W�K5f`Q3B`ILZAf`W d K 	 d f`Q3KcfiWYILGYR d mrI Rk~ RkfiQAV d m d K9Q V ILZ3B d W d K
ILK9O"I%Z\[lILB`MLQ3O�	9GJILKlIUBPj ILG�G q 	�K9Q d mSfi[CQAR`Q Q042	CB`QAR`RHW d KCR WYRXR`[ d j�K f d IUMNB`QAQ BHQ3V ILB`T IL{9G�~
j Q3G�G j�W�f`[�Q042	>Q3B`W�V QAKcf\ILG V Q3ILR`@CBHQ3VXQ3KcfiR @9R`WYK9M^fi[CQ � � � � o � d f\IUG W�K5f`Q3BHKlILG BHQ��lQAZAf`W d K�VXW �
ZAB d RHZ d 	c~9sEfiQAZ\[CKCW 
�@9QLq 
 Q fi[CQAK^j QAKcfem<@CBHf`[CQ3BEf d 	CB d v�WYOCQ WYK I Rk~ RkfiQAV IUf`WYZ jgI1~N�|B`QAMNW d K9RSW�K
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fi[CQ BHQ3G�QAvUILKcf 	lILB`ILV Q fiQAB�R
	lILZAQ j�[CQ3BHQXQ3ILZ\[�I,	�	CB d 4 W�V IUf`Q ILKlIUG�~5fiW�Z6	 d fiQAK5f`WJILG Z1ILK%{>Q @CR`QAO
WYK.Q3RkfiW�V IUf`WYKCM fi[CQ_Q049ILZ fSj ILG�G ��Z d GYG d WYOXWYKcfiQABiILZ fiW d K 	 d fiQ3Kcf`WJILGpq
��[CQEj d BHT 	CB`QAR`Q3Kcf`Q3O W�K Z\[lI�	9fiQAB �9�cZ3ILK {>Q�@CR`QAO f d W�K5f`Q3B(	CB`Q f IUK Q54/	>Q3BHWYVXQ3Kcf\IUG d {CR`QABHvUI �

fiW d K.{5~ y�QARiI1vUILV d�d Bkfi[c~ ��� ��& 
 �  � �Cj�[9Q3B`Q RHfiIL{CG�Q V ILZAB d W d KCR�WYK R`@9R
	>Q3KCRHW d K R`@COCO9Q3KCGw~�	 d 	
@�	 ILKCO.MNQAf�f`BiI,	�	>Q3O IUf�f`[CQ ILWYB � j IUfiQAB�WYKcfiQABHm0ILZAQLq
� BH~�RHfiILGYG�WY?1I fiW d K d m V ILZAB d W d KCRrIUf fi[CQ ILWYB � j IUfiQAB W�K5f`Q3Bkm0ILZ3QEj�W�fi[ I R`@�	/	 d BkfiW�KCM RH@C{CRHf`BiIUf`QL�

RHf`@COCWYQAO W�K�Z\[lI�	9fiQAB �C��jgIUR d BHWYMNW�KlILG�G�~ V d fiW�vUIUf`Q3O {c~ ILK Q54/	>Q3BHWYVXQ3Kcf d K f j d�� OCWYVXQ3KCRHW d KCILG
	CB d fiQ3W�K ZABH~�RHfiILGYG�WY?3IUfiW d K WYK ILK W�KcfiQ3Bkm0ILZ3Q {>QAf j Q3Q3K f`[CQ 	CB d f`Q3W�K R d GY@9f`W d K�ILK9O ILK d 4�~�MNQAK
IUfiV d R(	C[CQ3BHQL�Ej�W�fi[ VXQ3BHZ3@CBk~ ILR f`[CQ%R`@�	/	 d BkfiW�KCM�R`@C{9RHfiB`IUfiQ 
 � #��pq 	e@CB BHQ3R`@9G�fiRA� [ d j QAvLQ3B3�
R`[ d j Q3O fi[lIUfXI�ZAQ3BHfiILWYK�ZAGJILRHR d mSOCWYQAGYQ3Z fiBHWYZ V IUfiQAB`WYILG d fi[CQAB fi[lILK�f`[lIUf f d j�[CW�Z\[ VXQ3BHZ3@CBk~
{|QAG d K9MNR�R`[ d @CGYO.V ILTLQ I {|Q f`f`Q3B�R`@�	/	 d BkfiW�KCMPR`@C{CRkfiB`IUfiQ WYK.V ILZ3B d W d K9RgZ3Bk~ Rkf\ILG�GYW�?1IUf`W d K q

����� ��� � � � ��� � � � � � ��� ��� � ���

� K fi[CW�R�R`Q3Z fiW d K j Q d @9f`GYW�KCQSf`[CQevUILB`W d @CRgRkfi@COCW�Q3R 	CBHQ3R`QAKcfiQ3O WYK f`[CQ_B`Q3V ILW�KCWYKCM Z\[lI,	9f`Q3BHR3q�
 Q
MNW�vLQeILK d vLQ3Bkv W�QAj d m fi[9Q d { � QAZAfiWwvNQAR3�CVXQAf`[ d O9R @CRHQ3O ILKCO BHQ3RH@CG�f`R d {9fiILWYKCQAO W�K Q1ILZ\[ Z\[CI,	9fiQAB3q
�
m<QAj�MNQAKCQ3B`ILGeB`QAV IUB`T5R ILBHQ�KCQ3ZAQ3R`R`ILBH~ � DFILZ\[ Z\[lI,	 fiQ3B�	CB d ZAQ3QAOCR j�W�f`[ ILK WYKcfiB d OC@9ZAfiW d K
j�[CWYZ\[�RHQAf`Refi[CQ 	9B d {CG�Q3V d mFfi[9Q f d 	9WYZ IUKCO%I R`[ d BHf�BHQAv�WYQ j d K�W�f3q � K%I,	/	|QAKCOCW 4 f d Z3GJIUB`W�mn~
	 d WYKcfiRFV ILOCQ�WYK I Z\[CI,	9fiQAB I�	�	|Q3ILB`R IUfFfi[9QSQAKCO d m|fi[lI f Z\[CI,	9fiQAB3q ��[CQSV Q3ILKCW�KCM d m I_RH~�V { d G
R`[ d @CGYO {>Q f\IUTLQ3KPm<B d V
WwfiR O9Q�-lKCWwfiW d K � ZAG d RHQ3G�~ B`QAGJIUf`Q3O Rk~ V { d G�R�V I7~ B`Q�	CB`QAR`QAK5frZ d V 	9GYQAf`Q3Gw~
@CKCBHQ3GJI fiQ3O 
5@lIUK5f`W�f`WYQ3RA�CILR�Z3ILK {>QeR`QAQ3K OCWYBHQ3ZAf`G�~Xm<B d V f`[CQ�GYW�RHf d m�R d VXQeRH~�V { d G�R�	CB d v�WYO9Q3O.WYK
}�q/4 W q �SGYR d 	9B d v�WYOCQAO W�R�IPG�WYRkf d m IL{C{CBHQAv�WJIUf`W d K9R o }�qlW 4Cs q
��[CQ V ILWYK%RHf`@COCW�Q3R ILBHQ 	9B`Q3RHQ3KcfiQAO WYK Z\[CI,	9fiQAB`RP� f d ! ��j�[CW�GYQXWYK�Z\[lI,	9f`Q3B  ��j Q MNW�vLQ I

{CB`W�QAm�R`@CVXV ILBH~ d m�f`[CQ_B`QAR`@CGwfiREILKCO ILK d @9f`G d�d T d K f`[CQ_R`@C{ � QAZAf`REm d Bgm<@9BHfi[9Q3B�RHf`@COCWYQAR3q
� [lI,	9f`Q3B �%OCQ1IUGYRPj�W�fi[ fi[CQ Q3G�Q3Z fiB`W�Z O d @C{CG�Q � GYI1~NQ3BPm d BHZ3Q {|Q f j QAQ3K I�Z\[CILB`MNQAO"Z d GYG d WYOlILG

R
	C[9Q3B`Q ILKCO I Z\[lIUB`MNQAO d B_@CKCZ\[CILB`MNQAO�OCW�Q3GYQAZAf`B`WYZ�	CGYILKlILBej ILG�G q � d WYKcfiB d OC@9Z3Q fi[CQ 	CB d {CGYQAV
ILKCO f d @9KCZ d vNQAB fi[9Q^{lILRHWYZ 	C[c~�R`WYZAR WYKcv d G�vLQ3O � f`[CQ^Q0� QAZAf`W�vNQ jgIUGYG �5Z d G�G d W�O1	 d fiQ3Kcf`WJILG�RPf`[lIUf
d KCQ d {9f\IUWYKCR WYK G�WYKCQ3ILB`W�?3QAO } � fi[9Q d Bk~ W�R -lBHRHf B`QAv�W�QAj Q3O q ��[CQ^WYV 	 d Bkf\ILKcfXTLQ ~"Z d KCZ3Q�	9fiR
WYK fi[CW�R Z d KcfiQ54 f ILB`Q � Z\[lILBHMNQ^BHQ3K d B`V ILGYW�?1IUf`W d K ��Z d K/-lK9Q3VXQ3Kcf Q0� QAZAfiRA��Z\[lILB`MLQ3O"W�K5f`Q3Bkm0ILZ3QAR3�
ILKCO WYV ILMNQ � Z\[lILBHMNQ�Q��|Q3Z fiRSOC@CQ_f d f`[CQ OCWYQAGYQ3Z fiBHWYZ�OCW�R`Z d K5f`WYK5@CWwf ~.IUf�fi[CQ_j ILGYGpq���fiILBHf`WYKCM m<B d V
fi[CQ 	 d f`Q3KcfiWYILGYRrOCQAB`W�vLQ3O W�K GYW�KCQ1IUBrf`[CQ d Bk~N�9I,	�	CB d 4 W�V IUf`QSj ILGYG ��Z d GYG d WYO 	 d fiQAK5f`WJILG�R IUB`Q O9Q3B`WwvNQAO
fi[lI fXILB`Q vUILG�WYO�ILG�R d W�K�fi[CQ 	lIUBiILVXQAf`Q3B B`QAMNWYVXQ j�[CQAB`Q fi[9Q K d K � GYWYK9Q1ILBHW�f ~ d mEfi[CQ.} d WYRHR d K �
� d Gwfi?3V ILKCK Q�
5@lIUfiW d K {>Q3Z d V QAR W�V 	 d Bkf\ILKcf1q ��[CQ%BiIUKCMNQ d m_vUILGYW�OCW�f ~ d m_fi[9Q3R`Q"	 d fiQAKcfiWJIUGYR
WYR�Rk~ RkfiQAV IUf`WYZ3ILGYGw~^W�K5vLQ3RkfiWYMNIUfiQAO�{c~�Z d V 	CILB`W�KCM fi[CQAV
j�W�f`["	 d f`Q3KcfiWYILGYR�{CILR`QAO d K�f`[CQPQ049ILZAf
K5@CV QAB`W�Z1ILGNR d GY@ fiW d Kef d fi[CQr} � Q

5@lIUf`W d K q���[CQFWYV 	 d BHfiILKcf 	lILB`ILV Q fiQAB`R d m�fi[CQFZ3ILGYZA@CGJIUf`W d KeILB`Q
fi[CQ RiILGwf�Z d Kcf`Q3Kcf d m�fi[CQ Q3GYQAZAf`B d Gw~�f`QeR d GY@9f`W d K �5fi[9Q�Z d G�G d W�OlILGlR
	9[CQ3BHQ�BiILOCW�@CR3�CILKCO fi[9QeR`@CBkm0ILZ3Q
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Z\[lIUB`MNQ OCQ3K9R`W�f`WYQAR d K { d fi[ fi[CQ.j ILGYG�ILK9O fi[9Q Z d GYG d WYO q ��[9Q Z\[lI�	9fiQAB Z3G d R`QARXj�Wwfi[ I RH[ d Bkf
BHQ 	 d BHf d mFIUK d 	 fiWYZ3ILG Q042	>Q3BHWYVXQ3KcfSf`[lIUfE[lILRE{>Q3Q3K#	|QABHm d BHV QAO f d VXQ1ILRH@CB`Q_fi[9Q I,	/	CB d 4 WYV IUfiQ
j ILGYG ��Z d GYG d WYO 	 d f`Q3KcfiWYILGYR�W�KcvNQ3RkfiW�McIUfiQAO.[CQ3BHQLq
� [lI,	 fiQ3B �%WYR IUK Q54 f`Q3KCRHW d K d mEfi[CQ j d B`T WYK Z\[lI,	9f`Q3B � q �EQ3B`Q f`[CQ.WYKcfiQABHm0ILZAWJILGrjgILG�GgWYR

R(	|QAZ3W -CQ3O ILREILK.@CKCZ\[lILBHMNQ3O ILW�B � j IUf`Q3B�WYKcf`Q3BHm0IUZ3Qej�[CW�Z\[ Z3ILK.{|Q 	>Q3KCQ fiBiI fiQ3O {c~ fi[9Q Z d GYG d WYOCILG
	lIUBHfiW�Z3G�QLq ��fiW�GYG j�W�f`[CWYK fi[CQ m<B`ILVXQAj d B`T d mFG�WYKCQ3ILBEILKCO�K d K � GYW�KCQ1IUBS} � f`[CQ d Bk~N�>j Q Rkfi@CO ~^fi[9Q
Q0� QAZAfiWwvNQSWYKcfiQABiILZ fiW d K d m I RHWYKCMNG�Q�Z\[lILB`MLQ3O Z d GYG d WYOlIUG9R
	9[CQ3BHQeWYK ILK I 
�@9Q d @CR Q3GYQAZAf`B d Gw~�f`WYZ�R d GY@ �
f`W d K j�Wwfi[ f`[CQ_ILW�B � j IUf`Q3B W�KcfiQ3Bkm0ILZ3QUq ��[CQ�Q��|Q3Z fiR d m�vUILBk~ W�KCM f`[CQeRiIUG�f�Z d KCZ3QAKcfiBiI fiW d K.ILKCO fi[9Q
Z d GYG d WYOlIUGNR`@CBkm0ILZ3Q Z\[lILB`MLQ OCQAKCR`Wwf ~ d K fi[CQ Q��|Q3ZAf`W�vLQgWYKcfiQABiILZ fiW d K ILBHQ W�K5vLQ3RkfiWYMNIUfiQAO �Lj�W�f`[ ISv�W�QAj
f d @CKCOCQAB`Rkf\ILKCO9WYKCM�R d V Q�	C[c~ RHWYZ3ILG/	C[9Q3K d VXQ3KCI9�Lj�[CW�Z\[ WYKCZAGY@COCQ Q3G�Q3ZAf`B d Rkf\IUf`WYZ ILOCR d B
	9f`W d K IUKCO
f`BiI,	�	9WYKCM IUfSf`[CQ IUWYB � jgI fiQ3B�W�K5f`Q3Bkm0ILZ3QUq � Q3RH@CG�f`R R`[ d j
ILK Q3G�Q3ZAf`B d Rkf\IUf`WYZ O d @C{9GYQ � GJI1~NQABS{CILB`BHWYQ3B
ILMNILWYKCRkfFfi[CQEZ d G�G d W�OPI,	�	CB d ILZ\[CW�KCM_fi[CQSWYKcfiQABHm0ILZAQLq���[CW�R {CILB`BHWYQ3BFZ3ILK {>QSG d j QAB`Q3O Z d K9R`WYO9Q3BiIU{CG�~
{c~ WYKCZAB`Q1IUR`WYK9M fi[CQ RiILGwfgZ d KCZ3QAK5f`BiIUf`W d K d m fi[CQeRH@CR
	>Q3K9R`W d K q �gf�[CWYML[ Q3K d @CMN[.ILO9OCQ3O.RiIUG�f1�5fi[9Q
Z\[lIUB`MNQAO�Z d GYG d WYO R`[ d @9GYO%{|QPIU{CGYQ f d RH@COCOCQAKCG�~ 	 d 	%@�	 IUf�f`[CQPILW�B � j IUf`Q3BeRH@CBHm0ILZAQL��ILK%Q��|Q3Z f
j�[CW�Z\[P[lILR�ILZ fi@lIUGYG�~ {>Q3QAK d {CR`QABHvNQAO W�K B`QAZ3Q3KcfrQ042	>Q3BHWYVXQ3KcfiRAq���[CQ�B`QAGYQ vLIUKCZ3Q d mlf`[CQ�B`QAR`@CGwfiR�f d
d f`[CQ3B�Q542	|QAB`WYVXQ3KcfiILG d {CRHQ3BkvLI fiW d KCR�WYR�IUGYR d O9WYR`ZA@CR`RHQ3O �>ILK9O.j Q_Q3V 	C[lILRHWY?AQefi[CQ_Z3G d R`QeILKlILG d ML~
{>QAf j Q3QAK f`[CQ3	9B d {CG�Q3V Z d KCR`W�OCQ3BHQ3O�[CQAB`Q ILK9O fi[CQ Z3GYILR`RHWYZ1IUG�	9B d {CG�Q3V d m�f`[CQ W�K5f`Q3B`ILZAf`W d K d m
f j d Z d GYG d WYO9RgWYK.IP{C@CG�T R`@9R
	>Q3KCRHW d K q
� K�Z\[lI,	 fiQ3B �9��j Q Rkfi@CO9~�f j d�� OCW�V QAKCR`W d KlILGFRH~�RkfiQ3VXR d mEV ILZ3B d W d K9R f`BiI,	�	>Q3O I f fi[9Q WYK �

f`Q3BHm0IUZ3Q_{|Q f j QAQ3K�IUWYB�ILKCO ILK I�
5@CQ d @CRSQAGYQAZAfiB d G�~5f`Q�R d G�@9fiW d K �CW�K.f`[CQ 	CB`QAR`QAKCZ3Q d m�IPOCWYQAGYQAZAfiBHWYZ
RH@C{CRHf`BiIUf`Q_I,	�	CB d ILZ\[CW�KCM f`[CQ�ILW�B � jgIUf`Q3B WYKcfiQABHm0ILZAQSm<B d V f`[CQ j IUfiQABgR`W�OCQLq�
 d BHT�W�KCM j�Wwfi[CW�K fi[9Q
G�WYKCQ3ILB b � f`[CQ d Bk~N� j QPWYKcvNQARHfiW�McIUf`Q [ d j fi[9Q V W�Z3B d W d K � I1vNQ3B`ILMNQAO WYKcfiQABiILZ fiW d K*	 d fiQ3Kcf`WJILG�{>Q �
f j Q3QAK fi[CQEV IUZ3B d W d KCR�W�R I�� QAZAfiQAO {c~Pfi[CQ 	CBHQ3R`QAKCZ3Q d m f`[CQ OCW�Q3G�Q3ZAf`B`W�Z�R`@C{CRkfiB`IUfiQUq uER`W�KCM f`[CQ3RHQ
	 d fiQAKcfiWJIUGYR�WYK I d KCQ � Z d V 	 d KCQ3Kcf�� � RHWYV @CGYIUfiW d K �Lj QSm<@9BHfi[9Q3BrRHfi@9O9~ fi[CQSRHf`B`@CZ fi@CB`ILG Z\[lILKCMNQAR
ILK9O 	C[lILRHQ�{|QA[lI1v W d @CB d m�f`[CQ � b Z d GYG d WYOlIUG>Rk~�RHfiQAV�WYK B`Q3R(	 d KCR`Q�f d f`[CQ 	 d R`WwfiW d K d m f`[CQ�R`@C{ �
RkfiBiI fiQ_B`QAGJIUf`W�vNQef d fi[CQ ILWYB � j IUfiQABgWYKcf`Q3BHm0IUZ3QLq ��[CQ R`Z d 	>Q d m�WYKcvLQ3RHf`WYMcI fiW d K Z d vNQAB`RSf j d Z3GJIUR`R`QAR
d m|Z d GYG d WYOlILG 	lIUBHfiW�Z3G�Q3R3�LKlILVXQ3G�~ [CWYML[CG�~ Z\[lILBHMNQ3O�	lILBkfiW�Z3GYQAR d m fiQAKCR d m KCILK d VXQAf`Q3B`R�B`ILOCW�@CR o QUq MCq
GYIUfiQ54 	lILBHf`WYZAGYQ7s �5ILKCO 	lILBHf`WYZAGYQ3R d m I_m<Q j KlILK d VXQAf`Q3BHR B`ILOCWY@9R Z3ILB`Bk~ W�KCM B`Q3GYIUfiWwvNQAG�~ RHV ILG�GlK5@CV �
{>Q3BHR d m f d fiILG�Z\[lIUB`MNQ o QUq MCq 	CB d fiQ3W�KCR\s q }�B d {CWYK9M f`[CQP{ d K9O � d BHWYQAK5fiIUfiW d KlILG d B`O9Q3B�	lILBiIUV Q fiQ3B
��� ILR I m<@CKCZ fiW d K d m�f`[CQ � b 	lILBHf`WYZAGYQ_R`@CBkm0ILZ3Q m<BiILZ fiW d K ��������� IUKCO^fi[9Q ILWYB � j IUfiQAB � RH@C{CRkfiBiI fiQ �
j IUfiQAB R`Q�	lILB`IUfiW d K OCW�RHfiILKCZ3Q � � d @CB RHWYV @9GJIUf`W d KCR_RH[ d j�f`[lIUf RHfiBH@CZAf`@CBiIUG m d BHV IUf`W d K9R I f fi[9Q
ILW�B � jgIUf`Q3BgW�KcfiQ3Bkm0ILZ3Q_IUB`Q�RHf`B d K9MNG�~ WYK/�l@9Q3KCZAQ3O {5~ fi[CQ 	CBHQ3R`QAKCZ3Q ILKCO f`[CQ_OCWYQAGYQ3Z fiBHWYZ KCIUfi@CBHQ d m
f`[CQPR`@�	�	 d BkfiWYK9M RH@C{CRHf`BiIUf`QLq3�2	>Q3Z3W -lZ1IUGYG�~L� d @CB 
 � ��� ����� ��� 	C[lILRHQ O9WJILMNB`ILVXReB`Q vNQ1IUGFf`[lIUf_fi[9Q
f`BiILKCRHW�f`W d K m<B d V
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Effective interaction: A charged

colloid with an interfacial wall
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j d B`T5R_B`Q3GYIUfiQAO�f d fi[CQ 	9B`Q3RHQ3Kcf R`@C{ � QAZAf WYKCZAGY@CO9Q RHf`@COCWYQAR d m f`[CQ WYKcf`Q3BiIUZAfiW d K%ILKCO%RkfiB`@9ZAfi@9BiILG
	CB d 	|QABHfiW�Q3R d m W�KcfiQ3Bkm0ILZ3WYILG�Z d G�G d W�OlILG�R`@CR(	|QAKCR`W d KCR 
 � � ! ! ; !  N� � � j ILG�G � W�KCOC@CZAQ3O GYI1~NQ3BHWYKCM W�K�Z d G �
G d W�OlILG�[lILBHO � R(	C[CQAB`Q MNGYILR`RHQ3R 
  � �p� ILK9O�R`@�	>Q3B � Z d�d G�Q3O Z d GYG d WYOlIUG R`@CR(	|QAKCR`W d KCR 
  c���pq ��[CQ3BHQPILB`Q
RHf`@COCWYQAR d K WYV ILMNQ � Z\[lILBHMNQ_Q��|Q3Z fiR d K^Z d G�G d W�OlILG ZABH~�RHfiILG d B`OCQAB`WYK9M 
 � � ! � ! ! � #��p�lfi[CQ [5@CMNQ -CQ3GYO
d m GYW 	9WYO � 	9B d f`Q3WYK WYKcfiQABiILZ fiW d K � RHQ3Q�m d B.WYKCRkf\ILK9Z3Q 
 �2� � � ILKCO j d B`T5R d K Z d GYG d WYOlIUGeILMNMLB`Q3MNI �
fiW d K 
 ����� �9f j d�� OCWYVXQ3KCRHW d KCILG Z3Bk~�RHf\IUGYGYW�?1IUf`W d K ILKCO V QAG�fiW�KCM 
 � � ! �  ���I��|Q3ZAf`Q3O WYK.R d VXQAj I1~�RS{c~
WYKcfiQABHm0ILZAWJILG>jgIUGYGYRAq
��[CQ 	CB d Z3QAOC@CB`QE[CQAB`Q�WYR�f d R d G�vLQgfi[CQE} � Q

5@lIUf`W d KPK5@CVXQ3B`W�Z1ILG�G�~_f d OCQ fiQAB`VXWYKCQgf`[CQ�V Q3ILK �

-lQ3G�O QAGYQAZAfiB d RHfiIUfiW�Z 	 d f`Q3KcfiWYILG ILKCO ��m<B d V W�f3�Nfi[CQEQ��|Q3Z fiW�vLQ W�K5f`Q3B`ILZAf`W d K 	 d fiQ3Kcf`WJILGl{>QAf j Q3QAK fi[CQ
Z d G�G d W�O ILK9O.f`[CQ�jgIUGYG q 
 Q�Z d V 	CILB`Qef`[CQ�K5@CV QAB`W�Z1ILG�G�~ OCQAf`Q3B`VXWYK9Q3O�	 d fiQ3Kcf`WJILG�R j�W�f`[ I,	�	CB d 4 �
WYV IUfiQ ILKlIUG�~5fiW�Z1ILG�	 d fiQ3Kcf`WJILG�R d { f\ILW�KCQ3O�f`[CB d @9MN[�GYW�KCQ1ILBHWY?AQ3O�IUKCO�Z d BHB`QAZAfiW d KCR f d GYW�KCQ1ILBHWY?AQ3O
} � Q�
5@lIUfiW d KCRA� ILK9O Z\[9Q3Z\T RH~�RHf`Q3V IUfiW�Z1ILG�G�~ WYK�j�[lI f�	lILBiIUV Q fiQ3B BHQ3MNW�V QAR fi[9Q3R`Q�	 d fiQAKcfiWJIUGYR
Z1ILK�{>Q @CRHQ3O q � ILBHKCWYQ ILKCO�Z d�� j d B`TUQ3BHR o R`QAQ QLq MCq � QAm<R 
  �� �  %��JsS[lI1vLQ V ILO9Q R`W�V W�GJILB�Rkfi@COCW�Q3R
d K�fi[9Q WYKcfiQABiILZ fiW d KCR {>QAf j Q3QAK f j d R`WYVXWYGYILB d B OCW�R`RHWYVXWYGJIUB�R
	C[CQAB`QAR W�K fi[CQ {C@CGYT�Q3G�Q3ZAf`B d Gw~5fiQ
R d G�@9fiW d K � W�KCZ3G�@COCWYK9M B`Q3ZAQ3KcfiGw~ 
  #��rI R
	C[CQAB`Q ILKCO�I 	CGYIUfiQUq�� K�V d RHf d m fi[9Q3R`QXRHf`@COCW�Q3R3��fi[9QA~
[lI1vNQ Z d V 	CILB`QAO�B`Q3RH@CG�f`R d {9fiILWYK9Q3O {c~ K5@CVXQ3BHWYZ3ILG�R d GY@ fiW d K d m�fi[9Q } � Q

5@lIUf`W d K j�Wwfi[ fi[ d R`Q
m<B d V�I�	�	CB d 4 WYV IUf`Q V d OCQ3G�R3�lQLq MCqgf`[CQ G�WYKCQ3ILB�R`@�	>Q3B(	 d R`W�f`W d K I,	�	9B d 4 WYV IUfiW d K �9f`[CQ b QAB � ILMN@9WYK
V Q fi[ d O �CQ fiZUq�
 ILBHR`?A~�KCRHT5W ILK9O �SOlILVXZ3? ~ T 
  ; �p�lILG�R d fiBHQ1IUf`WYKCM f j d O9WYR`RHWYVXWYGYILB R(	C[CQAB`Q3RSILKCO
R
	C[9Q3B`Q � j ILGYG|WYKcfiQABiILZ fiW d K � [CI7vLQ�M d KCQ I RHf`Q 	 m<@CBkfi[CQABgWYK fi[CQAWYB K5@CVXQ3BHWYZ3ILG|RHZ\[CQ3VXQL� f d W�KCZ3G�@COCQ
fi[CQEQ3G�Q3Z fiB`W�Z�-lQ3G�O OCW�RHf`B`WY{9@9fiW d KCR�j�W�f`[CWYK f`[CQ 	CILBHf`WYZ3G�Q3RFILK9O j ILGYGCj�[CW�Z\[ ILBHQ�@CR`@lIUGYG�~ KCQ3MNG�Q3Z fiQ3O
WYK�V d Rkf RHf`@COCWYQAR WYKCZAGY@CO9WYKCM fi[CQ.	9B`Q3RHQ3Kcf d KCQUq � [CIUf`fiILZ\[lILB � Q3Q.ILKCO D�G�WYVXQ3GYQAZ\[ 
 #L� � @CR`QAO I
V Q fi[ d O"fi[CIUf fi[9QA~ BHQAm<Q3BHB`QAO f d ILR R`@9BHm0ILZAQ�Q3GYQAV QAKcf.WYKcfiQAMNBiIUf`W d K f d OCQ fiQ3BHV W�KCQ^f`[CQ vUILK �
OCQ3B � 
 INILG�R�ILKCO%Q3G�Q3Z fiB d RHf\I fiWYZ O d @C{CG�Q � GJI1~NQABeWYKcfiQABiILZ fiW d K�{|Q f j QAQ3K I R
	C[CQAB`Q ILKCO%ILK%W�K/-lKCWwfiQ
	CGJI fiQL��Rkf\ILBkfiWYK9M m<B d V
fi[9QXj Q3G�G � T5K d j�K�Q3KCQAB`ML~ d m WYKcfiQABiILZ fiW d K {>QAf j Q3QAK�f j d WYK/-CKCW�f`Q 	CILBiILG �
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G�Q3G 	CGJI fiQ3RAq ��[CQ3W�B VXQAf`[ d O ��j�[CW�Z\[�{lILRHWYZ3ILGYGw~�WYKcfiQAMNBiI fiQ3R_fi[9Q � IUf � 	CGYIUfiQPW�K5f`Q3B`ILZAf`W d K Q3KCQAB`ML~
	>Q3B�@CKCWwfSILB`Q3I d vNQAB I�	CGYILKlILB 	CB d � Q3Z fiQAO�ILB`Q3I d K f`[CQ 	lILBHf`WYZAGYQ�R`@9BHm0ILZAQL�>R`Q3QAV R�f d ILMNBHQ3Q�j Q3GYG
j�Wwfi[ I K�@9V QAB`WYZ3ILG R d GY@9f`W d K d m�f`[CQ 	CB d {9GYQ3V�ILKCO WYV 	CB d vLQ3R d K fi[9Q Z d KcvNQAK5f`W d KCILG b Q3B � IUMN@CWYK
VXQAf`[ d O q
� K f`[CQSf`[CB`QAQSRkfi@CO9WYQ3R 
  # !  ; ! #L���p�cfi[CQS} � Q

5@lI fiW d K [lIUR {>Q3QAK R d GwvNQAO WYKPfi[9QSR(	C[CQ3BHQ � j ILG�G

MNQ d VXQAfiBk~�ILK9O Z d V 	lILB`QAO f d I,	�	CB d 4 W�V IUf`Q V d OCQAGYR f`[lIUfXILBHQ d mnfiQAK f`[CQ3VXR`QAG�vLQ3RP{lILRHQ3O d K
K5@CVXQ3BHWYZ1IUG>R d GY@ fiW d KCR3q���[9Q 	C[CW�G d R d 	C[c~X[CQ3BHQ W�R R d V Q j�[lIUf OCW �|Q3BHQ3Kcf�� j Q d { f\ILW�K GYQAR`R R d 	C[9WYR �
f`WYZ1I fiQ3O IUKlILG�~5f`WYZ1IUG
	 d fiQAKcfiWJIUGYR3��RHWYVXWYGYILB f d fi[ d R`Q f d {>Q m d @CK9O IUGYB`Q3ILO9~�WYK�ZAGJILRHR`WYZ3ILG { d�d T5R
d K Z d GYG d WYO ��QUq M9q�{5~ �FQ3BHj QA~ IUKCO 	 vLQ3B`{>Q3QAT 
 � � �Fj�[CWYZ\[ [lI1vNQ [ d j QAvNQABXf`[CQ ILO9vUILKcf\IUMNQ d m
{>Q3W�KCM V d BHQ [lIUKCO9~.m d BEQ042	|QAB`W�V QAK5fiILGYW�RHf`RSIUREf`[CQA~^ILB`Q d m 	9@CB`QAG�~ ILKlIUG�~5fiW�Z1ILG m d BHV q���[CWYRA�|W�K
Z d K � @CKCZ fiW d K�j�Wwfi[�f`[CQ m0IUZAf fi[lIUf j Q [lI1vNQ RH~�RHf`Q3V IUfiW�Z1ILG�G�~�Q54/	9G d BHQ3O�f`[CQ B`ILKCMNQ d mgvUILG�WYOCWwf ~
d m�f`[CQ3RHQ 	 d f`Q3KcfiWYILGYRA� RH[ d @CG�O V IUTLQefi[9WYRgRkfi@CO9~ @CR`Q m<@CG 	CBHWYV ILB`W�G�~ f d fi[ d R`Qej�[ d KCQAQ3O I�
5@CWYZ\T
QARHfiW�V I fiQ d m f`[CQSj ILGYG ��Z d GYG d WYO W�K5f`Q3B`ILZAf`W d KXQ3KCQAB`ML~ {C@9f K d f fi[CQE{>Q3RHfgILZ3ZA@CBiIUZA~ 	 d RHR`W�{CGYQUq�� K �
d f`[CQ3B m<Q1IUf`@CB`Q d m f`[CQ�RHf`@CO9~ [CQ3BHQ�WYR f`[lIUf j Q_Q3V 	C[lILRHWY?AQ fi[CQ B d G�Q 	CGJI1~LQ3O {c~ W�V ILMLQ � Z\[CILB`MNQAR3q
� d Kcf`BiILBk~ f d d f`[CQ3B�Rkfi@CO9WYQ3RA�Cj Q_[lI1vLQ_fiILTLQAK^IUZ3Z d @CKcf d m�f`[CQ3W�B�Z d Kcf`B`WY{9@9fiW d K f d f`[CQ�Q��|Q3Z fiW�vLQ
j ILGYG ��Z d GYG d WYO%WYKcfiQABiILZ fiW d K1	 d fiQAK5f`WJILGp� j�[CW�Z\[ BHQ3RH@CG�f`R WYK I K d K � ?AQ3B d W�KcfiQ3B`ILZAf`W d K QAvNQAK j�[9Q3K
f`[CQ�jgILG�G WYR�@9KCZ\[lILBHMNQ3O q
��[CQ�KCQ54�f�R`QAZAfiW d K o RHQ3ZUq � qt�NsrW�R OCQ v d f`Q3O f d f`[CQ m d BHV @CGYIUfiW d K d m fi[CQ�} � { d @CKCOCILBH~XvUILGY@CQ

	CB d {CG�Q3V o � �e} seIUKCO�Z3GYILB`Wwmn~ W�KCM f`[CQ Z d KCZ3Q�	9f d m �tQ0� QAZAf`W�vNQ W�KcfiQ3B`ILZAf`W d K9R��wq���[9WYReW�R m d GYG d j QAO
{c~�RHQ3ZLqr��q �^j�[CQAB`Q I OCQ f\ILW�GYQ3O�O9WYR`ZA@CR`RHW d K d mERkfi@COCW�Q3R d K�f`[CQ.Q��|Q3ZAf`W�vLQ jgILG�G ��Z d GYG d WYO WYKcf`Q3B �
ILZ fiW d K�{lILRHQ3O d K�fi[CQPGYW�KCQ1IUB`WY?AQ3O�} � fi[9Q d Bk~�WYR�V ILOCQUq } d fiQ3Kcf`WJILG�R d {9f\IUWYKCQAO�{5~ K d K � GYWYK9Q1ILB
Z d B`BHQ3ZAf`W d K9R�f d fi[CQ$& # ��� ��� � Q0� QAZAf`W�vNQ 	 d f`Q3KcfiWYILGYR�IUB`Q 	CBHQ3R`QAKcfiQ3O WYK R`QAZLq � q��C�5ILKCO f`[CQ3W�B�BiILKCMLQ d m
vUILG�WYOCWwf ~ OCW�R`ZA@CR`RHQ3O�WYK R`QAZLq|� q"! q���[CQ Z\[lI,	 fiQ3BSZ3G d R`QAREj�Wwfi[ IX{CBHWYQ m�OCW�R`Z3@9R`R`W d K d K fi[9Q � � � �
Q54/	>Q3BHWYVXQ3Kcf o RHQ3ZLq>��q" cs q

� ��� � � � � � � �
� � �,��� �
	 ��� � � � � � �,� �


�Q Z d KCR`W�OCQ3B I Z\[CILB`MNQAO R
	9[CQ3BHWYZ1IUG|Z d GYG d WYO W�K fi[9QSv�WYZAWYKCWwf ~ d m�I�	CGJILKCILBFWYKcfiQABHm0ILZAQS{>QAf j Q3QAK.ILK
QAGYQ3Z fiB d G�~5fiQ R d G�@9fiW d K ILK9OPI OCWYQAGYQAZAfiBHWYZ R`@C{CRkfiB`IUfiQUq��gf�fi[CW�R W�K5f`Q3Bkm0ILZ3QU�Lfi[CQAB`Q�Z3ILK {|QgILOCOCWwfiW d KlILG
Rkf\IUf`WYZ�R`@9BHm0ILZAQ Z\[lIUB`MNQAR3q���[CQ QAGYQAZAfiB d G�~5f`Q W�R�ILR`RH@CVXQ3O f d {|Q_@CK5{ d @CKCOCQAO � fi[lIUf�W�R3�Cf`[CQ3BHQ W�REI
BHQ3R`QABHv d WYB d m Q3G�Q3Z fiB d G�~5fiQEW d K9R Z d @�	CG�Q3O f d fi[9Q RH~�RkfiQ3V �CR d fi[9Q K5@CV {>Q3B d m W d KCR W�KXf`[CQ Rk~ RkfiQAV
Z3ILK vUILBH~Lq ��[CQ f`[CQ3BHV d O9~�KlILVXWYZFvUILB`WYIL{CG�Q3R�f`[lIUf�ILB`Q�-249QAOPILB`Q fi[5@CR ��fi[CQ fiQ3V 	>Q3BiI fi@CBHQ ' �Lfi[9Q
Z\[CQAV W�Z1ILG 	 d f`Q3KcfiWYILG d m�fi[CQ_R`ILG�f�W d KCR � � �lILKCO.fi[9Q_v d GY@9V Q d m�fi[CQ_Rk~ RkfiQAV 7 q ��[CQ QAKCR`QAV {CG�Q
f`[lIUf j Q j d B`T W�K WYR fi[9Q3K f`[CQ%MNBiIUKCO � Z3ILK d K9WYZ1IUG Q3K9R`Q3V {CGYQ%j�W�f`[ f`[CQ%MNBiIUKCO 	 d f`Q3KcfiWYILG  
{>Q3W�KCM fi[CQ BHQ3G�QAvUILKcf�fi[CQAB`V d O ~ KCILV W�Z6	 d fiQAKcfiWJIUG q���[CQ 	CB`W�KCZ3W 	lILG 
�@9Q3RHf`W d K�f`[lIUf_MN@CW�OCQ3Ref`[CWYR
Rkfi@CO9~�WYR � [ d j�O d Q3R f`[CQ MLBiILKCO 	 d f`Q3KcfiWYILG d mgf`[CQ j�[ d G�Q Rk~�RHfiQAV OCQ�	|QAKCO d K f`[CQ O9WYRHfiILKCZAQ
��d m�fi[9Q Z3QAKcfiB`Q d m�fi[CQ Z d GYG d WYOCILG 	lILBkfiWYZAGYQ_m<B d V#f`[CQ WYKcf`Q3BHm0IUZ3Q j ILGYG�� ��[9WYRSm<@9KCZAf`W d K Z3ILK�{>Q
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B`QAMcILB`O9Q3O ILR f`[CQ Q��|Q3Z fiW�vLQ jgIUGYG �5Z d G�G d W�O W�K5f`Q3B`ILZAf`W d K 	 d f`Q3KcfiWYILG 
 # � ! #N� �pq ��[9Q RHfiB`IUfiQAML~ [9Q3B`Q
m d B Z3ILGYZA@CGJI fiWYK9MXf`[CQ Q0� QAZAfiWwvNQ 	 d fiQAKcfiWJIUG�W�R3� o Wns�f d R d G�vLQ fi[9Q VXQ1ILK � -lQ3G�O�} � Q

5@lI fiW d K m d B I
-/4 Q3O j ILGYG ��Z d G�G d W�O OCWYRkf\ILK9Z3Q � f d OCQ fiQAB`VXWYKCQEfi[CQeQAGYQAZAfiB d RHfiIUfiW�Z VXQ1ILK � -lQAGYO.	 d fiQAKcfiWJIUG ���CILKCO
o W�Wnse@CR`Q fi[CW�R6	 d fiQAK5f`WJILGFf d QAvUILGY@CIUfiQXfi[CQ MLBiILKCO 	 d f`Q3KcfiWYILG q � Q 	>Q1IUf`WYKCM fi[CW�R6	CB d ZAQ3OC@CBHQ m d B
vUILBH~�WYK9M � �9j Q_fi[CQAK d { f\ILW�K.f`[CQ_Q��|Q3Z fiW�vLQ_WYKcfiQABiILZ fiW d K 	 d f`Q3KcfiWYILG ILR�I m<@CKCZ fiW d K d m � q
��[CQ Z d GYG d WYOCILGLR(	C[CQ3BHQ d m BiIUOCWY@CR � {>Q1ILBHR�) KCQAMcIUf`W�vNQrR`@9BHm0ILZAQ Z\[lIUB`MNQAR3�Uj�[9WYGYQ�f`[CQFZ d K/-CKCWYKCM

jgIUGYG5[lILR�IER`@CBkm0ILZ3Q Z\[lILB`MLQgOCQ3K9R`W�f ~ d m 	 � � � q���[CQAR`Q�Z\[lILBHMNQ3RA�Nj�[CWYZ\[ ILB`Q ��� � +L�LWYK Z d Kcf`BiILRkf�f d
fi[CQ
� � 
,#%& ��RiILGwf d B�Z d @CKcfiQAB`W d KCR�W d KCR o<d m>R`ZAB`Q3QAKCWYK9M�Z d KCRkf\ILKcf
$ s �LQ3KcfiQAB�fi[CQ 	CB d {CG�Q3V)fi[CB d @CMN[
fi[CQ { d @CKCOlIUBH~.Z d KCOCW�f`W d K9R3q
��Q f @9RSZ3ILGYG f`[CQ { d @CK9OlILBH~.MLW�vNQAK {c~.fi[9Q �  �PWYKcf`Q3BHm0IUZ3WJIUG jgILG�G
� ��� �Sf`[CQ%R`@CBkm0ILZ3Q d m fi[9Q Z d GYG d WYO 	lILBkfiWYZAGYQ � � � �Sf`[CQ%B`Q3MLW d K d m_f`[CQ%Q3GYQAZAf`B d Gw~�f`Q�R d G�@9fiW d K
{|Q f j QAQ3K f`[CQPf j d R`@CBkm0ILZ3QAR � ��IUKCO�f`[CQPKCQ3McI fiW�vLQ ��� �.[lILGwm � R(	lILZ3Q ��� � RHQ3Q z WYMCq � q � q �gf
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	 M(
������j*��>/7$08��� B��.W���+��/�' �h��$� � !$&��8 $@4G�C*3���+I&�
�����1�@%38 ���&8W�!2?���p�!%?���=8W�>��% �� ��#�<�+��$� �.��+�:�+$� �2W�+��$�%
$�4 8W���� ��#�<�+�����E��$�%3������%&� �F^��78W�=�X�C�@%3�������dA5�d.746��$�/U�7�+2��3���+�C�
���J$�4B8��!�# !�F� �+���=�J��$�%3������%�� ��� K

� � � j Q fi[CQAK�B`Q�
�@9WYB`Q fi[CQ K d B`V ILG�Z d V 	 d KCQ3Kcf d m�fi[CQ QAGYQAZAfiBHWYZ�-lQ3G�O^f d {>Q W�OCQ3KcfiW�Z1ILG�f d fi[CQ
Z d G�G d W�OlILGUR`@CBkm0ILZ3Q Z\[lILB`MLQ OCQAKCR`Wwf ~ � �  ) # �%� � � o fi[CQrZ d KCRHfiILKcf � Z\[CILB`MNQ { d @CKCOlILBk~ Z d KCO9W�fiW d K s �
j�[CWYG�Q�IUf � ��� j QEV @CRHfrOCQAV IUKCO fi[lIUfFf`[CQ�K d B`V ILG Z d V 	 d KCQ3Kcf d m>fi[CQEQ3G�Q3ZAf`B`W�Z�OCWYR(	CGJILZAQ3VXQ3Kcf
-lQ3G�O � @9V 	CR_{c~�fi[9Q IUV d @9K5f �%� ! � � � � q 
 W�fi[�f`[CQ { d @CK9OlILBH~ Z d KCO9W�fiW d K IUf � � � ��j QX[lI1vNQ
ILR`RH@CVXQ3O o m d B RHWYV 	CGYW�Z3Wwf ~Cs�f`[lIUfrfi[CQSOCWYQAGYQAZAfiBHWYZEZ d K9RHf\IUK5f d m f`[CQ Z d GYG d WYOPWYRFvUILKCW�R`[CW�KCMNG�~ R`V ILGYGpq
� K^IUOCOCW�f`W d K � j Q IUR`R`@9V Q�fi[CIUf�fi[CQ 	 d fiQAK5f`WJILG|vLIUKCWYRH[CQ3REIUf�W�K/-lKCWwf ~Nq
��[CQe} � Q

5@lIUf`W d K �5Q�
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Interaction and phase behaviour of 2D

systems of macroions at an air-water
interface
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�³���0 2zZ��� ~2{®|�uwz��0|X�XzB{w �|�u�~�©¼|Xuwz°�D|X|��X��xB|Xv ¡�z¦�"{w� �0zZ­w¢w� �Xv�¡2z�vo{�|�zB�X­;���8|�v xZ�oz´©6~2�0xZzB�Î�"|�­w�o���2«
µ�uwz²vo{�|�zB����x>|�v ~2{y�hz>|YtmzBzZ{�­;���0|XvoxB�ozZ�Ù�"|���vo�a§Ptm�"|�zB�Ùvo{�|XzZ�0©G�"xZz²���0z� �~(¡�zZ�0{wzZ�®��� �Gv³���³�"|XzZ�X���
x���­�vo�o�o���0��©6~2�0xZzZ�Ù½M¾�¾.ÉD§X¾(Á�ÀDÂ4¤m�Gvov³�¸zZ� zZxB|X�X~2�8|��"|Xvox�©6~2�0xZzZ�Ù½M¾.Á3/�¾.Ô /�Å�Á3/Z¾(ÁK¾ZÂf©6~2�ªx�u;�"�X 2zB�°xZ~��o�o~�vo�w�B¤
�Gv vov·�¸���� 2{�zB|�v x�©6~2�0xZzB�¥½M¾.Á2Á(§X¾(Á"�"ÂV©6~2�È|�uwzÙxZ���Xz»~�©��»�" 2{wzB|Xvox�­;���0|XvoxB�ozZ�B¤l��{��®�Gv ¡��W|�uwz��Xuw~2�8|0§
����{� 2zZ��¡��"{K§Y�wzB�8§ ¬ �2�"�o�W©6~2�XxBzZ�B« ¬ z�uwzZ�0z»xZ~�{wxZzB{�|X���"|XzÙz>�KxB�o¢w�0v ¡2zB� ��~2{�|�uwz��XzBxZ~2{w� |Y��­	z»~�©
vo{�|�zB�X­;�"�0|�v xZ� z¥©6~��XxZz"« ¬ u�vo�oz¥|�u�zÎ�³�"�0|�|Ytm~°|Y��­	zZ�Ù~"©�©6~2�XxBzZ��x���{ �	zÎ�X�"©6zZ��� vo 2{w~��XzZ��vo{ |�uwz
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�8�K�8|�zB��¢�{w�wzZ�Vvo{�¡�zZ�0|Xvo ��D|�vo~�{&¤��ªtd~2�X��~�©&xZ��¢�|Xvo~2{¨vo�`v {�~2�0�wzZ�`�0zZ ����0�wvo{� È|Xuwz�x���­wv �o�o���0�¹©6~2�XxBzZ�Z«
µ�uwzV�»�"vo{ªx���¢��XzV~�©�|Xuwz`�³�"|XzZ���"��x���­wv �o�o���0��©6~2�0xZzZ�*vo��|Xuwzd��zB©6~2�0�»�"|Xvo~2{W~"©K|Xuwzd� voº�¢wv �W�X¢w�8©G��xZz"¤

t�uwv x�uÎv �n�0¢w­w­	~2�XzB�Î|�~��hzªØ �"|nvo{¥|�uwz¹���w�0zZ{wxBzr~�©i|�uwzÈ­;���8|�voxB�ozB�Z«,µ�uwz¹�³���0 2zZ�,|Xuwzrv {�|�zZ�8©G��xZvo���
�wz>©6~2�X���"|Xvo~2{ xB�XzZ�"|�zB�®��� |Xuwz´­;���8|�v xZ�oz"¤,|�uwz´�8|��0~2{w 2zB�Ù|�uwz´xZ��­wvo� �³���8� vo{�|�zB����x>|�vo~�{ �hz>|YtmzBzZ{
|XuwzZ��«�)\zZ{wxBzV|Xuwz`~2�Xv  2vo{¸~�©K|Xuwvo�&©6~��XxZz`v ��zZ�X�0zZ{�|�vo���o���¸|Xuwz`­;���0|XvoxB�ozitdzZv  2u�|�« )\~.tmz>¡2zZ�B¤2x��"­wvo� �³���8�
©6~2�0xZzB�lx���{r­hzB�X�Xv �0|izB¡2zB{¼©6~2�i­w���0|XvoxZ� zZ�*~�©;¡"��{wv �Xuwv {w n�0voÕBz,��{w�¼tdzZv  2u�|�¤Dt�uwzZ{¨­;���8|�v xZ�ozB�Z¤Dvo{w�8|�zZ���
~�©d�	zZvo{� Ù©6�XzZzB� �¯Øw~��"|�v {w w¤��"�Xz�­;���8|�vo���o���=v ����zZ�0�XzB� �Gvo����zZ�X�0vo~2{Îx���­wv �o�o���0�¥©6~2�0xZzZ����vo{��Ù|�uwv {
� voº�¢wvo���³����zZ�¸~�{´���0¢w�w�0|X���"|Xz¥½¿¾(Á2ÐDÂ4«nµ�u�z¼�wzB©6~��X���"|�v ~2{¥~�©f|�uwz¹�ov º�¢�vo���X¢w�8©G��xZz¼v {=|Xuwvo�\x����0z¼vo�
�0zZ�³�D|�zZ�=|�~»|XuwzrtdzB|X|Xvo{w ±­��X~2­	zZ�8|�vozB�¸~�©f|Xuwz¼­;�"�0|�v xZ� z¹�0¢w�0©G��xBz�¤�v4«@zÈ|�~»|Xuwz¼­	~2�Xv�|�vo~�{Î~�©`xB~2{�|���x>|
� vo{wz´�"{w������ 2{�v |�¢��wz¯~�©¹xZ~2{�|���xB|=��{w ��oz�¤n���"|XuwzZ�Ù|Xu;��{}|�~N 2�X�.¡�v�|Y�2« )nv �;���o �~"§��Cn� ¡"���XzBÕÎ�"{w�
xB~(td~2�0Í�zZ�0�=½M¾(Á&Q"Âmuw�.¡�z�¤Vuw~.tmz>¡2zB�Z¤V�Xuw~.t�{£|�u;�D|¼©6~2�¹|Xuwz±�Xv ÕZzB�¼~�©\�³�"|Xz>�¦­;���8|�v xZ�ozB�rxB~2����~2{w���
v {�¡�zZ�8|�vo 2�"|�zB�¦v {²|Xuwz��ov |XzZ�X�"|�¢w�0z¥�G­w���0|XvoxZ� z��wv³�"��z>|�zZ�0� 9 ¾ 6$�Ù�E¤��³�"|XzZ���"�lx���­�vo�o�o���0�¥©6~2�0xZzB�¹xZ��{
�	z¯{wzB 2�ozBxB|�zB�&« C¸{w�yv {e|�u�z´vo 2{w~�����{wxBzÎ~�©È�"{��e�X­	zZxBv �;x¯tdzB|0|�vo{�  ­w�X~�­hzB�0|�v zZ�»tdz´x��"{}���o�0~
v  2{w~2�0z�|Xuwz\vo����zB�X�Xv ~2{¨x���­�vo�o�o���0�È©6~2�0xZzZ�dvo{¨|�uwv �d�8|�¢w�K�2« ¬ zB|X|Xvo{w  �"�wz>§7tmz>|X|Xvo{w Èz#�hzZx>|��,�"�Xzn���o�0~
zB�X�XzB{�|�v³�"��vo{£�XzB�w¢wxBvo{w ´|�u�z¥|X~�|��"�,x�u;���0 2z±~2{£|�uwz¥v {�|XzZ�8©G��xZvo���d­w���0|XvoxZ� zÙ�XzB�³�"|Xv ¡�zÙ|�~´v |X�¼¡"���o¢wz
v {e|�uwz´��¢w�oÍ �w¢wz¯|X~ ­;���8|�v³�"�nzE��­	~2�0v |�v ~2{e|X~ |�uwz´� ~(t ­	~2�o���Xv Õ����wv �ov�|Y� u;����©ª�X­;�"xZz  |�u�z²��vo�
�6x�u;��­�|XzZ�\Ô��>«

¬ z=�;{;�"�o� �N�0zZ�����XÍ |Xu;�"|»~2{wzÎ~"©�|�uwz=­h~"|�zZ{�|Xv³��� ��v {�¡2zZ�8|�v  ��"|�zB� vo{Ò½M¾�¾.Ô"Â�©6~2�»�8|��0¢wxB|X¢w�����
��{w��� ���Xv ��vo{wxB�o¢w��z`|Xu;�"|T�wzB�Xv�¡2zZ�¹��� $mu;��{w n��{w� )n~2{�z�½¿¾(Á2ÇDÂ�©6~2�T­;���0|XvoxB�ozZ���X��{w��t�v x�uwzZ�¹�hz>|YtmzBzZ{
|Ytd~»�wv zZ� zZxB|X�Xv x�t,��� �o�¹�G�X��{w��t�v x�uÎ 2zB~2��zB|��8���>«�ÃKv ��v �³���d�0|X¢w�wvozB�n~�{=�8|��X¢�xB|�¢��XzZ�nxZ~2�0�XzB�X­	~2{w�wv {w 
|X~��8���0|�zB����vo{N�X��{w��t�v x�ue 2zB~2��z>|��8�N���	~2¢w{w�&¤V�XzBz=z"«@ �«\½M¾(Á"É /�¾(Á�Å.Â4« µ�u�z=�X��{w��t�v x�u��8�K�8|�zB�
|Xuw~2¢w 2u£¡�zZ�0�N�0vo��vo�o���Z¤Ovo���X¢���|����£�wv �hzZ�0zZ{�|�©6�X~�� |�u�z��0xZzB{;���Xv ~²~�©¸­w���0|XvoxZ� zZ�r|X����­�­hzB�e�"|���{
v {�|XzZ�8©G��xZz"¤�z�«  w«`��v �8§7t,�"|XzZ�¸�6t�uwzB�XzW�"�w�wv |Xvo~2{w���;�wvo­	~2� z>§Y��vo­	~2�oz�v {�|XzZ�X��xB|Xvo~2{�­w�³�����,�r�0~2�oz��`v {»|�u�z
¡�voxBvo{wv�|Y�»~"©f���XzBxZ~2{w�=�X¢w���0|��X�"|�z"¤ z�«  w«f 2�³�"�X�Z¤;��zB|����7¤Kz�«Æ|�« x�«

� ��� ����% � � � �"! �	�

¬ z�uwzZ�0z�t�vo�Xu�|X~Wx���� xZ¢w�o�"|�zm|Xuwz�zZ� zZx>|��X~��0|��D|�voxmvo{�|�zB����x>|�vo~�{�­h~�|XzZ{�|�vo����~"©	|Ytd~È­h~2v {�|0§Y����xB�X~2v ~2{w�
���wvo�8|���{wxBz ����­;�"�0|�¤	z��"x�u¯x����0�0��vo{� Ù��|X~�|����T{�¢w�¼�	zZ�B¤&� zZ� zZ��zZ{�|����8��x�u;���X �zZ��72¤ |��X��­w­	zZ�´�"|
|Xuwz¨vo{�|�zB�0©G��xBz¼©6~2�X��zZ�²���²�± ����0zZ~2¢w�ª­wuw���Xz=�4�"vo���\~�©m��vozZ� zZx>|��Xv x¼xZ~�{w�0|���{�| = �¨�6�XzZ �vo~2{£¾(���"{w�
��{NzB�ozZx>|��0~2� ��|�z±�0~2�o¢K|�vo~�{ ~�©n�wvozB�ozZx>|��0voxÙxB~2{w�0|���{�| = � �6�XzB 2vo~2{ Á��>¤V�XzZz *iv  w«i��« ¾��G���>« �nzE�K|¨tdz
v {�|X�X~��w¢wxBzn�W�0¢w�w�0|X���"|Xzn~"©&�wv zZ�ozBxB|X�XvoxmxZ~2{w�8|���{�|F= * �6�XzB 2vo~2{�Ô��i�0¢wx�u�|Xu;�"|`|�u�z\zB�ozBxB|��0~2� ��|Xz\xB~2¢w� �
�	zZxB~2��z=�¦º�¢;�"�Xv�§aÁ�Ä �;�o��~�©n|�uwv x�Í�{wzZ�0� � �Y*iv  w«f�w«�¾��G�;�X�>« )nzZ{�xZz=tdzÎuw�.¡�z=|Xuw�XzBzÎ�wv �0|�v {wxB|
�0zZ 2v ~2{w�m�0zZ�0¢w� |Xvo{w ¹vo{�|Ytd~�vo{�|XzZ�0©G�"xZzZ�#(�|�u�z�= �@9B= � vo{�|�zB�0©G��xBzntdzW�Xu;��� �hv �wzZ{�|Xv ©·�����m|Xuwz��"vo�8§7t,�D|�zZ�
~2�ª�"vo�8§P�X~2� ¢�|�v ~2{�vo{�|�zB�0©G��xBz�¤T��{w�´|Xuwz = � 9B= * vo{�|XzZ�0©G�"xZz¼tdz��0zB©6zB��|�~�����|�u�z��X¢w�w�8|��X�"|�zE§Ptm�"|�zB�¹~2�
�0¢w�w�0|X���"|Xz>§P�X~2� ¢�|�v ~2{¹v {�|�zZ�8©G��xZz"¤Dt�u�zZ�XzV�X¢��w�0|X���"|Xzmx��"{¹�	zm�"{��ª���"|XzZ�Xvo���;�6vo{wxB�o¢w��vo{w \��� �X~\��vo�T�"{w�
tm�"|�zB���dt�v�|�uw~2¢K|���{��Ù��~2�wv �oz�~2�,�8|��"|Xvoxnx�u;���X �zZ�Z«dÌ�{w����|Xuwz�zZ� zZx>|��X~�� ��|�z¨�6�XzB 2vo~2{±Á2�dvo�m���o� ~.tmzB�
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� ���	� ' ��� � 0 .F� �����-�# � �<� "/
���� � . ��� " � )20 �D���D � " � .
¬ v |Xuwvo{°|Xuwz�Ä ) |�u�zZ~2�8�2¤`|�uwz±zB�ozZx>|��0~2�0|��"|�v xÙ­h~"|�zZ{�|Xv³���%4 �D|¨�´­h~2�0v |Xvo~2{ � �w¢wz±|X~²�²­	~2v {�|8§
�X~2¢��XxZzW�87��o~�x��"|XzZ�»�"| � ? v {�|Xuwzn¡�voxBvo{wv�|Y�¨~�©�|Ytd~�­;�����"�o�ozB�;�XzB��vM§Yvo{K�;{wv |Xz��X�³�"�w�m�0zZ­;���X�"|�zB�±���»�
�wvo�8|���{�xZz�� ��� ~2{w ¼|�u�zª¡�zZ�8|�voxZ���T�D�Kvo�B¤)O¨x���{��hzª 2v�¡2zB{=���Ù|Xuwzª�wv �hzZ�0zZ{�|�vo���&zZº�¢;�D|�vo~�{&¤

� � 4,� � / � ? �`� 	 �E 4,� � / � ? �iÏ ���T�87= E � � � Ï � ? ��/ �G�w«�¾(�

t�uwzZ�0zD	 E �"!O� ¾ /EÁ3/�Ô��lvo�`|�uwznvo{�¡2zB�X�Xz¸�XxZ�0zZzB{wvo{w r�ozZ{� �|�u�vo{»�0zZ 2v ~2{#!i~�©���vozZ� zZx>|��Xv x�xZ~2{w�8|���{�|�= E «×fº�¢w�"|�v ~2{¦�G�w«�¾(�mx��"{=�	zª�Xz>§Pz>�K­w�0zZ�X�0zZ�Î©6~���xZ~2{�¡2zB{wvozB{wxZzr��� (
� �%$8= E�"�*�87 � ½ � � Ï 	 �E Â � � � / � ? �V� Ï � � � Ï � ? ��/ �G�w«?Á2�

t�uwzZ�0z � � 7'&F9�� �%$ v �ª|Xuwz�{w~2�X����� voÕZzB�²zZ�ozBxB|X�X~2�8|��"|Xvox�­	~�|�zB{�|Xv³���4«»×i�K­w�0zZ�X�0vo{w ÎzZº «d�G�w«?Á2��vo{
xB���ov {w�w�0vox��"�$xZ~�~2�0�wvo{;�D|�zZ�#( � � � �YG /RO��>¤wt�u�zZ�Xz
G¸� I K � L MK� ¤wtmzªu;��¡2z

� �%$�= E���T�87 � � � �
� G � L

� �
� O � ÏN	 �E � � �QG /!G ? /2O /RO ? �f� Ï � �QG\ÏNG ? � � �YOªÏVO ? �EÊ �G�w«@Ô��

¬ zd|���Í"z,|�uwz *;~2¢��XvozB�*|X����{��0©6~2�0� �+*iµ\�O~�© zBº	«;�G�w«@Ô��Tt�v�|�u¼�0zZ�0­hzBxB|f|�~�|Xuwz,xB~K~2�0�wvo{w�"|�zV¡��"�Xv³�"�w�oz"¤
Gª|X~�~2�K|���v { (

� �%$�= E���T�87 � � Ï\Í � L � �
� O � Ï 	 �E � 3� �6Í�/RO /RO ? �f� Ï � �YOªÏ O ? �az � E)(�*,+ /

� �-$�= E���*��7 � � � �
� O � Ï}�6Í � L 	 �E � � 3� �6Í�/RO /RO ? �V� Ï � �YOÈÏVO ? �!/ �G�w« ���
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t�uwzB�Xzªtmzªu;��¡�z¹­w¢K|�� ? ��À�t�v�|�uw~�¢�|��o~2�0��~�©i �zZ{wzB����� v |Y�2«
¬ z\xZ��{�t��Xv�|�z�zZº «	�6�w«@���O©6~2�f~2¢w�fzZ���X� vozZ�O�wzZ�0xZ�0vo�	zZ����~��wzZ���0���0|XzZ� t�uwzB�Xz�tmz\���0�X¢w��z�|�u;�"|

�0zZ 2v ~2{w��¾n��{w��ÔªxB~2{�|���v {¨{w~¹x�uw���X 2zB�Z¤�v7« z�« 	 �`� 	 * � À�¤��XzB 2vo~2{�ÁWxZ~�{�|���vo{��`tm�"|XzZ�ft�v |Xu��0~2��z
�;{�v |�z¼����~�¢w{�|W~�©d��~2��vo�ozÈ��voxZ�0~2vo~�{w�¸~�©V�0xZ�XzBzZ{wv {w ¥xZ~2{��0|��"{�|
	 � � 	&«r¶Y{´|�uwz¼|Xuw�XzBz¨�XzZ �vo~2{w�
tdz¹{�~(t u;��¡2z (

� �%$8= �
�"�*�87 � � � �

� O � Ï£Í � � 3� �6Í</2O /RO ? �f� Ï � �YOªÏ O ? ��( O 9eÀ
� �%$�= ����*�87 � � �;�

� O � Ï}�6Í � L 	 � � � 3� �6Í</2O /RO ? �f� Ï � �YOªÏ O ? ��( À 9 O 9 � �G��«_Ð2�
� �%$8= *
�"�*�87 � � � �

� O � Ï£Í � � 3� �6Í</2O /RO ? �f� Ï � �YOªÏ O ? ��( O & �

µ�uwz´�0~2�o¢K|�vo~�{�|�~ |Xuwz¯�0zB|¥~�©ªzBº��¦�6�w«_Ð���x��"{yxZ~2{�¡2zB{wvozB{�|�� �e�hz´zE�K­w�XzB�X�XzB��v { |�zB�X���»~�©ª|�u�z
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