
���������
	��
��������	����
�����
���������
����	������
��������� �����!���
��	����
���
�"��	#�����
�����%$&���'$&()	#�"�)�

$+*-,/.102,4365/798:*-398<;=7=>=?A@�?A3CBD*-EF?G7�H
I-5/7J��7=>�@K?L*6B�	C8DM-N#7=?A7=,
�&?G.2?POQ5/7�H
R-SFT-UVS/WFW/SFX4Y=Z�Y9SVS/UVS/[

�&\�	����"���]	�$^����	����<�_���"�`���)	���ab�
�%�
�
$&(�Y=ZcT-[V���d�����
�e�)aJ�<�)��������	�af�

$&(gZhS-[/SJijaf��$k$&(gZh[/S/le�
�d�����
�<��	#���
���m���naJ�<�)��������	�af�
��01@KBK>=*-,po#q�>=?GBr?GE4st?G@�o-[/[/S43C.uq�[/U/[/[v�<ZcT-[-[

��3CBD*-EF?G7bsw?ABr8D5#>x*LNyZh[V>=?A.25/z=z�,9*LN/?G@vi�Z-{to�{+S/*�{+S-s|{wS6}-{+Y9*�{~Y/s|{tT-*�{tT6s�{tW9leBr5/E�*-.2.1?�8D?A.18K?).10236?
Ev�-?);�7=>=?G@<st?G>=M/EFEF?G.2Br?G7�q

Z



�����������
	��
��M/BK7�027=,=H���
���

��
���
 �

�����������
	��
��M/BK7�027=,=H���
 ��

��
 ��
��

$~5/@K3C.2*-@K017=,=H

��z=z=,9*LN-? Z/H
0jqd�]qcab?G>)?G7)*LN#Br8D*-7=>)?G7�O *-398D5/@�� oeBr8DM-@K@K?�EF?G.1.25/E >=?k8K5
7=?G>=?A@KB�8D?�. *->�7=027=,-?G7=?k?A7=7)E ?A.2.25-E >�?G7
M-N-?G@KB�8D?)5/,��9N/?G@�*LN >=?�8K5F7�?G>=?A@KBr8K?-{ts=.201@e*-s�BK5/.1;�8K8rN/?G@r>=02?A7f*LN 3C@r?AO 8D?A7=?)E ?A.2.25-Eg>�?�8K5V7=?G>=?A@KB�8D?
?G7JO *-398D5/@)Z��/o EF027=>=@r?�?G7=7xEF?G.1.25/E >=?G7fM-N/?A@KBr8K?v5/,��9N/?G@�*LNb>�?)8K5 7=?A>=?G@rBr8D?6q<�&*6>=7=027�,/?G@<E ?A>
.201398<OQ5-@r8D?A,/7bOQ@K*-Br8KM-8D?A@��9N-?G@D*67=>=@K?6{�. *6>=7=027�,/?G@
EF?G>fEF5-8KBD*68r8<OQ5-@r8D?A,/7b8K02. 8D@K?A3C3-?G@��9N/?G@K*-7=>=@r?-q���*
E! *V>�?);�.20236?�3C@D*6O 8K3-5/EFzw5-7=?G798D?A7=?)s=.20wBK5/E N#02B�8
0�OQM/.2,-?G7=>=?#"=,/;=@GH

q

q −q

1

21/2

020uq$�4q���;�7=398D?G@�0|*LN�B�8:*-7�>&%('fOQ@D*4. *6>=7=027�,/?G7�)v5/,V*LN#Br8D*-7=>
%+*�OQ@D*]. *->=7�027=,/?A7-,�).�~*-@ zw5-8K?G7=Br0 *-.

/102/3'�4�/5*�0 )
Y7698;:<%=' ,

)
Y7698;:>%+*

�? *�@=��*-3CBK?A7b?A@�%('A0B%+*d{~5/,V>=?A@KEF?G>A/10 [?0m3-5/7=B�8:*-798Gq
02010jq$��qC��?G@KBr5/E�D BK3 *-.�NFEe@K?)?A8<3-5-7=BK?A@rN6*68D0 NC8<OQ?A.18G{=E! *4N#0G�~*

HJIKD�0 [

o



$~?G. 8D?A8
0�*-.18K?G@K7=*68D0 N�� 5/z=z�O �#.2.1?G@�>=?A7=7=?)sw?P8D017=,/?G.1BK?A7�H

HJI�� @��@�0���
�
��� i	� @wl ,
�� �� �

i�� @wl�0 [ , [�0 [

��.1.2?�>�?�8K@K?)*-7=>�@K?�5/z=z=,-018K8K?�OQ;=7=3CB
�r5-7=?G7=?)?G@
013#36?�@K5-8D*-B
�r5/7�BrOQ@K01?-q
01Ntq���qh$~5/@�>=?P8dOQM/@KB�8D?�E! *�>=?P8&?G.2?A398D@K01BK36?�OQ?A.18K?A8�NFEe@K?
.2013�7C;=.1./027=7�?
0-E ?P8:*-.1. ��.2*-,/?P8Lq9��?P8&027=7=?As Ee@K?A@
3-5-7=Br8D*-7984zt5-8D?A7=BK02*-. / { �CN#01.23-?P8v;�8D?G.1;=3C3-?A@v,/@K*6O�Z-q ��01>=?G@r? E! *&/ NFEe@K? 3-5/798K027C;=?G@r.201,={ �CN#01.23-?P8
;�8K?G.2;�3#36?G@ s  *->=?�S]5/,)Y=q
��@D*6O�o)Br8K?GEFE ?A@�s=@D*�H$��?A8 ?G.2?A398D@K01BK36?�OQ?G. 8D?P8 s�.202@�EF027=B�8
0t>�02?G.1?G398D@r023C;=E
EF?G>pB�8DM/@rBr8ezt?G@rE 0 8K8K01N#018K?A8L{C*6.18DB  *]EF?G.1.25/E [)5/,��~q��k8K8K?G@KBr5/E��10 ,#H�/ 0 ,�� / ��� @d{�st?A8��#@e>=?P8
*68.�=?G.17=027=,-?G7 iQ0 *-s�BK5/.1;�8K8rN/?G@r>=0 l�z  *bOQ;=7�3#B��r5/7=?A7�/ i @wl)E! *JNFEe@r? E 017=>=@K?FEF?G.2.15/E [f5-,�� ?A7=7
EF?G.2.15/EgS�� 5/,VY��~q
Ntq4�vq���?G@�?A@�>=?A8�N-?G.�5hN/?A@K3-5-E EF?G.102,  * @K?A,/7=? ;�8�>�?A8)?G.1?G398D@r02BK36?4OQ?G. 8D?A8�z� * � ��*-3CBK?G7y?A3#Brz=.201BK0 8K8Lq
��7=3C.2?A@K?�?G@
>=?P8��9N#02B
?A7b017=7=BK?A@<*68�N#0�E! * �~*Jiu*LN B��#E EF?A8K@K02,-@K;=7=7�?G@:l

�pi � 0 [9l 0 [
5/,biQOQ5-@K>=0�.2*-7=,-8
;�7=7~* BK?A@�>=?P8K8K?);�8�Br5/E ?A7bz=;�7=398D. *6>=7=027�, W��vl

� i ��� ���! Pl 0 W��
Y7698;: �#"

�e*-@r?�� 5/,�� B�8D?GEFEF?G@
E ?A>p*68$�pi [9l�0 [�{#E ?A7=B s=*-@K?�� Br8K?GEFE ?A@ EF?G> >=?G7 Br02B�8D?�st?A8K027=,-?G.2Br?G7�q
$~;=7=3CB
�r5-7=?G7b0 � s=.102@�S��%�& �/o;698;: �&' 7  *-@ � s=.102@ Br8D5-@<0�OQ5-@ �=5/.1>p8D01.(� 5/,) hq

��z=z=,9*LN-?4o�H
0jq��4q=� *-@�8D023C.1?G@eEF?G>J. *->�7=027=, )v5/,��~*-Br8K02, ��?A8+* z� *6N#02@K36?GB�*LN ?G7J3C@D*6O 8]i �d5-@K?G798-,G3C@D*6O 8K?G7+l

. 0B)7D 4 )/* I�0
7� *-@�>�?G7�3-5/EFEF?G@�027�7 0�5/EF@  *->=?P8�EF?G>�?G.1?G398D@r02BK3FOQ?G. 8 D 5/, E *-,/7�?A8KOQ?A.18+0 q���?�z~*6@r8D013C.2?G7�?�BK5/E
023C36?]*LN#s=M-�-?GBA{wz� * N�01@K36?GB<023C3-?)*LN 3C@K?PO 8D?G@A{~BK.1023p* 8

[?0 )�i	� :1�� 432#4 :5�@KI6�� l 0B)=i7��: ,82#4 : l#��
BK5-E ,/02@

2 0 � :
4�: 0

Zh[:99Zh[<;
T-[=99Zh[ * ; 0'o:9/Zh[�>
E �6B 0'o-[/[�3CE �6B

S



020uq �]q$�<?G@F36*67 N#0<s�@K;=36? *68 3#@K*6O 8D?A7 z� * ?G7 @r?A8r8 B�8D@KM-EFOQM/@r?G7=>�?b.1?G>=?A@ i B�8D@rM/E��+{e.2?A7=,/>=?���{
@K?P8D7=017=,V,/018r8eN/?A>���l OQ@D* ?P8�;�7=01OQ5/@rEv8�E *-,/7=?P8KOQ?A.18+0 ?G@

. 0���� I�0
��?G>=?A@Ks=0 8D?A7b0�Y=q�39N6*->=@K*-798vi 09@ � �!z=. *-7�?A8L{~EF?G>�@	� [ 5/, ��
 [/l 36*67bst?GBr3#@r01N-?GB
N/?G>

���20���� ��

BK.1023 *68
. 0
��� 4 i/�� I �� l 0
��� 4 �@

��?G>=?A@Ks=0 8D?A7b0&o�q�39N6*->=@K*-798vi @ 
 [�{ � � [9l 3 *-7Jsw?ABK3C@K0 N/?GB
N/?A>
����01,���� ��

BK.1023 *68
. 0 ,���� 4 i/�� I �� l 0 ,���� 4 �@

��. 8DB  *V?A@
>=?A8<3C@D*6O 8Kz~*-@�7=@�Z�BK5-E ?G@
@K01398D02,�q
02010jq$��q+$ M/@eN#0�BK3C@K;�@<;�8�z Ee@K?)S �=*-@�3C@K?A8KBK?A7f?G7�8D568:*-.�EF5-8DB�8:*-7�>J.1023

������� 0���4�� Z� 4 Z���
*��
0 S o �

�&5-8:*-.|Br8D@rM/E s=.102@e>=* ������� 0 /������� 0 o /S��
BK.1023 *68
Br8K@KM/E , �r?G7�7=5/E z Ee@K?vo s�.202@

� " 0 Zo ������� 0 /
S��

iu��013-?�Br8K5/@�Br8K@KM/E , �r?G7�7=5/E z Ee@r?]oV5/,FS�q l
�k8K8K?G@<*68
z Ee@r?vS ?G@
Br3#@r;=>=>b;�8L{~?A@e8D5-8D*-.�EF5-8DB�8:*-7=>J0�3C@K?P8DBr?G7f.1023

��4���0'o��
5/, 8D568:*-.�B�8D@rM/Eb{�BK5/E 7� *Fs=.102@e.1023FBr8K@KM/EFE ?A7 , �r?A7=7=5/E s  *->=?�z Ee@r? Z�5/, o�{=s�.202@

/
o��
Y



	#8K@KM/EFE ?A7v, �r?G7=7�5/E%z Ee@K?
o<?G@k*6.18DB  *�B�8DM/@r@K?e?P8K8D?A@k*68 z Ee@K?eS�?G@^BK3C@K;=>�>F;�8Lq$��?A@KEF?G>4?A@ ;�8rN#023C.2?P8
?��w?G398�0�z Ee@K*�{3/ � 0
� � " {~5/,/B  * s=.1018r8�Br8KM/@K@r?-{~5/,Vz Ee@r?vo .1�#Br?G@
Br8K?G@K36?G@r?-q
01Ntq��]q~�!OQM/.2,/?��)*-;�BKB��~.15hNpOQ5/@�E *-,/7=?P8KOQ?G. 8D?P8�BK3 *-.�N#0d*-.1.18D01>��~*

H 9 0 0 [
ab?A>f*-7�>=@K?�5/@r>�{~E *6,/7=?A8rOQ?G. 8D?A8e?G@
>=01N-?G@r,/?G7=B�OQ@K0 8K8Lq
$~?G. 8D?A8
0|�m?A@
023C3-?�>=0 N/?G@r,/?G7�BrOQ@K0 8K8GH

H 9/� @��@�0 �
� @ � @
0 ���0 [

��.1.2?�>�?�8K@K?)*-7=>�@K?�OQ?G. 8D?G7�?)5-z=z�O �#.2.1?G@
��*-;=BrB��~.25hN OQ5/@+0 q
Ntq ��q��� *6@�.2?G>�?G@KBr.2M-�CO *p?A@)z� * N-?G0��	�
�J0kE *-,/7=?P8KOQ?G. 8D?P8L{�M/36?G@�>=?A7 E *-,/7=?P8D01BK3-?��=;=3CBK?G7�
�� 5/EV�
BK.1;�8K8K?A8)*LN Br.2M-�CO * .2017=?(Ee@�8�E ?A> 8D02>�?G7�� H�
���i��rl#0 ��� i�� 0g365/7=B�8Lq lPqV��>=?P8K8K?V8K02>=Br@K5/EFEF?A8�s�.202@
027�>=;=BK?A@r8<?GEFB
0�BK.1M-�CO * .2023

/ 0 , ��
����� 0 ,:�
�� *6@�.1?G>=?A@KBK.1M-�CO *F?A@�z� *VN-?G0��������
��� � E *-,/7=?P8KOQ?G. 8D?P8]i >�N#B�?P8K8K?G@�* 8���?G.2?)BK.1M-�CO *F?A@�365/EFE ?P8�017=7J0
OQ?G. 8D?P8
5/,VE ?A7=B
>=?G7J?G@�OQ;=.1.2Br8K?G7=>�02, 027�7=?�0�OQ?G. 8D?A8:lP{=?A@!
�� 0"
�#%$'&�0%3-5/7�Br8:*67C8G{+5/,V>~*Fs�.202@

/ 01, ��
����� 0 [

�� *6@�.2?G>�?G@KBr.2M-�CO * ?G@
z� * N/?A0)(+*d*LN OQ?A.18D?P8L{=?A@,
���i��rl�0-

#%$'& , �.� {~5/,V027=>=;�BK?G@�8<?GEFB<s�.202@

/ 0 , ��
����� 024 �

��@D*6Ot7=@�S�Br8K?GEFE ?A@�E ?A>V>=?A8r8D?-qk$+5-@r8D?A,/7=?P8�z  *�/'O *6Br8D.1?G,/,-?GB�EF?G>F��?G71,/�9.25hNtqk�? *�N/?G0~017=7V0�OQ?G. 8D?P8
M/36?G@0�~;=3CBK?A7x, �r?A7=7=5/E Br.2M-�CO *V027=7J0�z=.2*-7=?A8Gq $~5/@� *VE 568KN#02@r3-?�>=?A8r8D?6{wE! * >=?A8�027=>�;=BK?A@K?GB�?G7J?GEFB
EF?G>p@r?A8D7�027=,]E 5-8 3C.25/3C3 *�{#BK.1023V*68 ,/?G7�?G@K?A@r8�B�8D@rM/E 0wBr.2M-�CO *]Br3 *-zw?A@ ?P8eE *-,/7=?P8KOQ?G. 8 ;�8�*LNFz=. *-7�?A8Lq
�? *�N-?G0�;�8]*LNxOQ?A.18D?P8�s=.201@�>=?P8]5-EvN/?A7=>�8LH���* EF027=36?G@1�~;=3CBr?G7`017=7 0�z=. *67=?A8G{&5-,�OQ5-@& *JEF5-8rN�01@K36?
>=?P8K8D?6{~027=>�;=BK?A@K?GB
?A7J?AE B�EF?G> @r?A8K7=027=, EF?G>�3C.25-3#3 *�{�BK.1023 *68
,/?G7�?G@K?A@r8
B�8D@KM-E 0�Br.2M-�CO *4BK3 *-zt?G@�?P8
E *-,/7=?P8KOQ?G. 8�017=7f0^z=. *67=?A8G{w0&?A8�OQ5-@KBKM-3Jz� *  * EF5-8KN#02@r3-?]>=?G7=7�?4@K?A>=;=3CB
�r5/7�?G7�q)�^5-BK018K01N / 0&,/@K*6O
S
8D01.2B�N-*6@K?G@e*-.18KB  *32rEF5-8�3C.25/3C3 *54=q

T



�����������
	��
�#l��&*6>=7=027�,/Br8K?A8K8 �=?A8K?G7��^i��/l N6*-@r02?G@r?G@�@r;=7=>�8<@K017=,/?A7bBr5/E N#02B�8
0�OQM/.2,/?A7=>=?#"~,-;=@GH

θ

λ(θ)

(0,−R)(0,R)

(R,0)

(−R,0)

(R,0)λ0

−λ0

0 π 2π

��?A8p?G@ N-?G.�5-z=z=. *6,-8 OQ@K* "~,/;=@r?G7 *68 @K027�,/?G7 ?A@p.2013-?bEv�/? 7=?A,9*68K01NC8p.2*->=?A8 0�N-?G7=B�8D@K? �~*6.1N#z=. *67
i @ 
 [9l Br5/E >=?A7b?A@<zt5/Br018D0 NC8
. *->=?P8�0G�=M-�#@r?��=*-.1N#z=.2*-7�{=Br.2023 *68�8D568:*-.�.2*->=7=017=, z� * @K017=,/?A7bE! *4s=.20
� 0 [ q
��?A8r8D?�O  *-@eN#0�BK?A.1N#BD*6,-8<5/,/B  *4N-?G>  * st?GB�8D?GEFEF?%�_?G3CBKz=.102Br018K8GH

� 0���� �
	50����&i��/l �6�
��0�� : ��� "��: }A5/B��=�
�?0 [
��?G@r?A8r8D?G@
Br36*6.�N�0&*-@r,/;=EF?G798D?A@K?�OQ5/@
*68�D i [5�:[5� � l 01,�����i � l �@&{~>�N#B�*68
>=?A8<?A.2?G398K@K02Br3-?�OQ?G. 8D?A8�OQ@K*
@K017=,/?A7Jz� * � ��*-3CBK?A7fzt?G3-?A@
0�7=?G,9* 8D01N�@=��@r?A8D7�027=,=q
�d* 5/BKB�OQM/@rBr8<BK?�z� * @ � ��z�. *-7=?P8LH

−λ0 dl λ0 dl

x

z
dE+

dE−

(θ=0)(θ=π)

��0�Br?G@<*68
Br;=E EF?G7b*LN s=01>=@D*-,-?G7=?�8K02.|OQ?A.18D?P8�OQ@D* >=?�8D5V.2*->=7=017=,/BK?A.2?AE ?A7C8K?G7=?
� )=i [9l 0�� : �
	

z� * zt5/BK0 8D01N�@=�"*-3CBr?)5-,
� )=i 6&l 0 ,��C: �
	

z� * 7=?A,9*68D0 N�@=�"*63#Br?�s=.201@e?G7�N/?A3C8K5/@<0�7=?G,/*68D0 N�@=��@r?A8D7�027=,=q
��01>=?G@r?43 *-7xN#0kBK? z� *ps=02>=@K*-,/?P8�OQ@D* Y . *->=7�027=,/Br?G.1?GEF?G798D?A@�0 zt5/Br02B
�r5-7=?G@Vi @ � � lP{�i @ �(, � l {�i , @ � � l
5/,bi , @ �(, � l H

W



x

y

(x,y)

(x,−y)

(−x,y)

(−x,−y)

��N/?A7=Br8K@K?��~*-.1N#z=.2*-74?A@k. *->�7=027=,-?G747=?A,9*68K01Ntqk$~?G. 8Ds=01>=@D*6,/?G7=? z  * � ��*-3CBK?G7VOQ@D*�?A.2?AE ?A7C8K?G7=?�0�i , @ � � l
5/,)i ,�@ �(, � l|s=.201@�>=?G@�OQ5/@�N/?A398D5/@r?G@dE ?A>�@K?A8K7=027�, �	�
� � � */. *->�7=027=,-BK?G.1?GEF?G798D?A7=?-qd�3�=M-�#@K?��~*6.1N#z=. *67
?G@�.2*->=7=017=,/?A7xzw5-BK018K01Ntq ��*ps=.102@�OQ?A.18Ks=02>=@K*-,/?A7=?vz� * � �"*-3CBK?A7 OQ@K*p?G.1?GEF?G798D?A7=? 0
i @ � � l
5/, i @ �(, � l
N/?A398D5/@r?G@<E ?A>J@r?A8K7=027=,������ *�������. *->�7=027=,-BK?G.1?GEF?G798D?A7=?-q���"~,/;�@K?G7�N#02Br?GB<s~*-@K?�z=@r5/�r?G3CB��r5/7=?G7b05@ � �
z=.2*-7=?A8G{cBK5/E s=.102@�.10236?�Br8D5-@dOQ5-@�>=0 *-,-5/7~*-. 8�E 568DBD* 8K8D?�?A.2?AE ?A7C8K?G@Aqkab?A>4*-7�>=@K?�5/@r>�{ � ��3-5-E zt5/7=?A7C8K?G7
*LN OQ?A.18D?P8pE! * OQ5/@rBrN#027=7�?-q ��01>=?G@r?xBK?A@pN�0�*68p>=?x8K5`?G.1?GEF?G798D?A7=? 0 i @ � � lF5/, i ,�@ �(, � l ,/02@ � �
3-5-E zt5/7=?A7C8K?G@�Br5/E ?A@�.2013-?�B�8D5/@r?�E ?A7 E 568DBD* 8K8e@r?A8r8D?A8e>=?�8D01.2BrN6*-@r?G7=>�?�OQ@D*4?A.2?AE ?A7C8K?G7=?�0ki @ �(, � l
5/,bi , @ � � lPq���.18DB  * E! * 5/,/B  * � �!3-5/EFzw5-7=?G798D?A7 OQ5/@KB�N�017=7=?6q
	�*-E]8D.201,/? .2*->=7=017=,/Br?G.2?AE ?A798D?G@]s=02>�@D*-@4EF?G> 7=?A,9*68K01N @=��3-5-E zt5/7=?A7C8G{ B  *y*-.18 0e*-.18vs=.201@]OQ?G. 8D?P8Vz  *
� ��*-3CBK?G7b@K?P8K8D?P8<. *-7=,-B , �@&q
iu�<7=>=?A@�OQ5/@K;�8KBK?P8D7=017=, *LN *68�3-5/7�Br8:*67C8K?G7 �C:�?A@�zt5/BK0 8D01Ntq)ab?A> 7=?G,/*68D0 N � :�BK3C01O 8K?G@�Br?G. N�BK*-,-8�*6.2.2?
OQ?G. 8KN-?G398D5/@r?G@
@K?P8D7=017=,={=Br.2013p*68
>=?P8
8D5-8D*-.2?�OQ?A.18D?P8
zw?A3-?A@�0�zt5/Br018D0 N�@=�!@K?P8D7=017=,=q l

 Ple��N#Br8D*-7=>=?A7bOQ@D* � ��*-3CBK?A7b8D01.�*-.1.2?�z=;�7=398D?G7�?]z� *V@K017=,/?A7J?A@
.20236?�Br8K5/@GH
%�0 � � " 4 � "

	 ��
 ��� (�* *�
5�����5�'��� *LN s=01>=@D*6,/?A8
8D01.t>�?A8e?A.2?A3C8K@K01BK3-?�OQ?G.18K?A8
OQ@D*)?G7 2rs=;�?Gs=0 8 4 �
	G0�� �
�v*LN �=?A7=,/?G@e*hN
N#027=36?G.1?G7 �biQBK5/E 5/z=z=. ��B�8
0�5/z=z=,/*hN-?A8K?G3CBr8K?G7+l H

�&� i��/l�0 �#�10 � �^i��/l � �
	Y7698;:&i � " 4 � " l 0 � : � }G5/B � � �6�
�
Y7698;:^i � " 4 � " l

�k8K8K?G@KBr5/E }A5/B �p?G@�7=?A,9*68K01NfOQ5-@ 6 �/o 
 � 
 S;6 �/o�{G�~*6@�N�0 BD*68r8�z  *�*-s=BK5-.2;�8r8KN/?A@K>=0 8D?A,/7 OQ5/@& *pO  *
*-s=Br5/.2;�8K8KN-?G@r>=02?A7 *LN � Dxq �&z�;=7=398 ��l&5cN-?G@rsw?PN�01Br8K?<N#0=5/BrB�5/E_*68�*-.1.2? ?A.2?AE ?A7C8K?G@�*LNv@K027�,/?G7 s=01>=@D*6@
EF?G>3���'���5* ��
 @=��365/E zt5/7=?A798<8K02.tOQ?G.18K?A8G{~>�N#B�EF?G>�
��5� � � OQ5/@r8K?G,/7�qk��0�E! * >=?A@rOQ5/@
s~*6@K?�z~*-BrBK?)z  *
*68<>=?A7fBr8KM/@K@r?G.1BK?G7JBK5-E 8D02.|BK.2;�8K8<BK3 *-.d02798K?G,/@r?G@K?AB
5/z=zf013C3-?)BK3C01O 8K?G@�OQ5/@r8K?G,/7J7� *-@ � ,  *-@
EF?G.1.25/E [
5/, o;6�q

R



��@K5/�r?A3CB
�r5/7=?A7x*LN �&�n7=?G>J09@ � ��z=.2*-7=?A8�i >�N#B
3-5/EFzt5/7=?G798K?G7x*LN � D 09@ � �!z=. *-7�?A8 l
s=.201@GH

i	�&�vl ����0 �#�`}A5/B�� 0 �&� �
� � " 4 � "

+y2

z

α

dE

dExy

r=(x2 )
1/2

α

z

R

(z2 + R 2 )1/2

��?G@r7=?GB�8�8K@K?A7=,/?G@
N#0dz=@K5/�r?A3CB
�r5/7=?A7 *LN i	�&�vl ����7=?A>fz� * @=�"*63#Br?G7 iQBK5/E�*6.18DB  * s=.201@�i >=?A7f7=?A,9*68K01N/?Ll
@=��365/EFzw5/7�?G798D?A7x*LN � D�lPH

�&��� 0_i	�&�4l ��� � }A5/B � �

x

y

θ
θ
dE xy

dE x

��* �~*-@eN#0�O  *68r8
?A8<;�8K8K@r�#3C3pOQ5/@+�&� �)Br5/E ?G@
?A7JOQ;=7�3#B��r5/7x*LNpN#017=3-?A.2?G7 ��H
�&��� 0 i7�&�4l ��� � }A5/B � �

0 �&� �
� � " 4 � " � }A5/B � �

0 � : � }G5/B � � �6�
�
Y7698;:^i � " 4 � " l �

� � " 4 � " � }A5/B � �
0 �C: � "
Y7698;:^i � " 4 � " l ;�� " }A5/B " � �
�

�



��?A@
3#;�7=7=?�N�0�8K@r�#,-8<BK.1M-�COQ?�*-s=Br5/.2;�8r8KN-?G@K>�018D?A,/7�OQ5/@K>=0|}G5/B " � *-.1.18K02>p?A@<zt5/Br018D0 Ntq
�&5-8:*-. @=��3-5-E zt5/7=?A7C8�*LNpOQ?A.18D?P8
z  * � �"*-3CBr?G7�{+5/,V>=?A@KEF?G>�8D5-8D*-.18eOQ?A.18
z� * � ��*-3CBK?A7fs=.102@GH

���#i � l 0 � �&��� 0 � : � "
Y7698;:&i � " 4 � " l ;�� " � "��: }A5/B " � �
�

0 �C: � "
Y+698;: i � " 4 � " l ;�� "

�����
"��
:

� �
o 4
Z
Y Br027<o ���

0 �C: � "
Y+698;: i � " 4 � " l ;�� " 9(6

0 � : � "
Y+8+:^i � " 4�� " l ;�� "

� l �<N#02B � � �4{~3 *-7 N#0�BK?A8r8D? � " 4 � "�� � " q���?A8
?G.1?G398D@r02Br3-?�OQ?G.18K?A8
s=.102@e>=* 8K02.17 Ee@KEF?A8�.1023

����i � l � � : � "
Y78;: � ; 0 �Y+698;: � ;

>=?A@
N#0G�~*6@<BK*68K8
017=7�>=?A8<5/z�z=,/018r8D?�;�8r8D@���3C36?A8�OQ5-@�@K027�,/?G7=B�>�02zt5/.2EF5/EF?G798L{ � 0 6 � : � " q$~?G. 8D?A8 O *6.2.2?A@4*-. 8DB  * *hN`BK5/E ?A7 5hN-?G@F*LN�B�8:*-7�>=?G7 5/z=z �=M6��> 0e8D@r?G>/�r? i	� 0 S lP{�?P8 @r?GBr;=.18D*68VBK5/E
N#0 �~*6@]NFEe@r8 st5/@�8D? 0 s  *->=? z  *x@K?A,/7=?AM-N#027=,x5-,xz  *bOQ5/@r?G.1?GBK7�027=,=q ��*->�>=?p@K017=,/?A7 �~*68r8 ?G7 7=?A8r8D5
. *6>=7=027�,]OQ5/@rBK3 �r?G.1.202,)OQ@D*v7C;=.1.j{#E! * 8K8D?�N�0w0|B�8D5/@�*LN#Br8D*-7=>
�~*vO  *68r8e?P8eOQ?G. 8ez=@r5/zw5-@KB
�r5-7~*-.18 E ?A> Z�� � " {
?A8r8D?A@KBK5-E >=?A8�>=*�?ABKBr?G7=Br02?G. 8��~*->=>=? Br?A8r8];�8�BK5/E ?G7 z=;=7=398D.2*->=7=017=,=qv$+?A.18K?A8�OQ@K*p?G7 >=02zt5/.j{wE ?A>
7C;=.2. 7=?A8r8D5J. *->=7�027=,={|E! *p5/z�z=. *-,68�O *-.2.1? *LN ����
�
 ��� ��?A7=7 OQ?A.18K?A8�OQ@D* ?A7 z�;=7=398D.2*->=7=017=,={�?A8r8D?A@KBK5-E
N/?A398D5/@rs=02>=@K*-,/?P8 OQ@D*x>=?A7 7=?A,9*68K01N/? 5-, >=?G7 zt5/BK0 8D01N-?��~*-. N�>�?G.2?A7 *LN`>=01zw5/.1?G7`>�?G.1N#01B 36*67=BK?A.2.2?A@K?A@
�9N/?A@D*-7=>�@K?-H ��?G7J7=?A,9*68D0 N/? �~*6.1N#>=?G.1?G7�s=01>=@D*-@�EF?G>�?P8�OQ?G.18
@r?A8r8D?A8��	�
� � � *|@K027�,/?G7�{�>=?G7Jzw5-BK018K01N-?
�~*-. N#>=?G.1?G7�s=02>�@D*-@�EF?G>�?A8
OQ?A.18
@K?P8K8K?A8 ����� * ������@K027�,/?G7�q
��?G@rE ?A>�{=5/,V;�8K?G7b>=?A8D*-. �r?A@r8�3 �r?G7�7=BK3 *-zJ8D02.�� �#i � lP{~E! * ?G7J3C;=7=7=?)3-5/7�3#.1;=>=?A@K?)E ?A>b* 8���� o�q
��7�*-7=7=?A7 BD*-3F?G@ *68e@r?G7 �5�	� ��� 
���� � 
��5� � ��
 
 ��*LN >=?A8 5/z=z=,/0 8K8K?�;�8r8D@r�#3C3-?P8�OQ5/@ ���#i � l ,/01@ >=01@K?A3C8K?
�9N6*��yE! * NFEe@K?6He��.2?A3C8K@K01BK3p>=01zw5-.2EF5/E ?A798 � �=*-@G{~OQ@D*VBK017b>�? "~7=01B
�r5/7|{t?A7 �=?P8D?G7-� E i .2*->=7=017=, I.2?A7=,/>=?LlPq���.2?A398D@K01BK3 OQ?A.18
Br36*6.�N Ee@r?]z� * OQ5-@KEF?G7 2r. *6>=7=027�,CX;8;: I .2?A7=,/>=? " 4=q�$ M/.1,/?G.102,]E! *�� 0 S�q

U



�����������
	��
�#l]	#zw?A7=7=027�,/BK3C02.1>=?G7 BKM/@r,/?G@��=?A@)OQ5/@)*68)N#0��~*-@)BD*-EFE ?Vzt5-8D?A7=BK02*-.1OQ5-@KBK3 �r?A.2.�/ :v5hN/?A@4*-.1.2? >=?V8D@r?
z~*-@K*-.2.1?G.1.2? 2r,/@K?A7=?G7�?�4 0|3#@r?A8KBK?G7|q ��?A@KEF?G>
�~*-@�N#0�>=02@r?G398D?

� � 0 / :�
OQ@D*F�#�=EFB�.25hNtq
�&5-8:*-.|E 5-8KBr8D*-7=>J0�,/@K?A7=?G7�8D01.9�=M-�#@r?)s�.202@

� ; 0 � 4 � Z� 4 Z���
*��
0 S o �

i >�N�B � 365/s=.1?A8)0�BK?A@K02?FEF?G>y?G7 z~*-@D*6.2.2?A.2.13-5/s=.1027=, *LN � 5/, ��l qp	#8K@KM/EFEF?G7y0�>=?G7�7=? ,-@K?G7�?G7 ?A@
>=?A@rOQ5/@ � ; 0 / :� ; 0 o / :S��
	$ * 8D01. � " {�Br5/E 3 *-7=Br3 �r? N/5/.1>�8D?yEF?GB�8A�=5#>=?As=@r�-{�E ?A7 Br5/E ?G,/?A798D.201, ?G@J>=?G7 ?G7=3C.2?ABr8K?-H �<;=.2..2013-?ABr8D@rM/E , �r?G7�7=5/E ?A7b365/7=>=?A7=BD*68K5/@G{ � " 0 [
��?G@rE ?A> �~*-@�N#0 �=?G.1.2?A@�023C3-?V7=5#?VBKzt?G7=7�027=,/B�O *-.2.^5hN/?G@)EF5-8DB�8:*-7=>�?G7 �g0�>�?G7 E 01>�8D?A@KBr8K? ,/@K?A7=?G7|{
BK.1023v*68��=?G.1?�>=?G7Fz� *68K@r�#398D?
BKzt?G7�7=027=,-?G7�/ :�E! *�8K02.2B�N6*-@K?eBrzw?A7=7=017=,/BrO *6.2.2?P8�5hN/?A@
3 *-z=*-BK0 8:*-7=Br?G7�qk$+@K*
>=? "~7=02B��r5/7=?A7f*LN 3 *-z~*6BK018D*-7=B�OQM/.1,/?G@e>=*

� 0��./ :

 Pl
�k8r8D?G@
8D01.23-5-s=.2017=,�*LNFBKzt?G7=7=017=,/Br3#01.2>=?A7 N-?G> � 0 []s�.202@�B�8D@rM/E EF?G7�?�0+,/@r?G7fZ<5/,vS);=EF02>�>=?G.1s~*-@r8
.2013 �=?G7 ��5/.2>=B�N#02B � �v5-,�� ; BK5-E st?GBr8K?GEv840ez=;=7=398)�#lPq ��@K?A7=?G7 0 EF02>�8D?G7 N�01. 01E 01>=.2?A@r8D01> O  *x?G78D01>=BD*LN �=?A7=,/02, Br8D@rM/E � " i��rl q���0��~*-@�7=M6�9*-398D01, BD*-EFEF?vBK0 8D;~*6B
�r5/7xBr5/E�N�0 Br8D;�>=?G@�8D? 0^OQ5-@K?G.1?GBr7=027��,/?A7=?-{
7=?GEF.201,x5/z=z�. *->=017=, *LN`365/7=>=?A7=BD* 8D5/@V0e?A7 ?A7=3-?A. �����!3#@r?A8KBVN-?G> 8D01.23-5-s=.2017=,x*LN`365/7=B�8:*-798
BKzt?G7�7=027=,-BK3C02.1>=?�/C:
N/?A> � 0 [�H

V0

I3

R

C

I  (t)0

I1
Q(t)

I2   (t) = 
dQ
dt

Zh[



��?G7f?G7=?ABr8D?4OQ5-@KBK3 �r?A.2.2?A7fOQ@D* >=?A8�N#0^, �r5/@r>=?)0^OQ5/@r?G.2?ABK7=017=,/?A7=?v?A@�*68�N#0��~*-@�8K5p?G3CB�8D@D*p,-@K?G7�?G@�>=?A@
>=?P8],  *-@�3-5/7�Br8:*67C8K? B�8D@rM/E EF?G@ � ��5-, � ; q ��?A8�st?A8��#@)*68)BKzt?G7=7�027=,/Br3C02.2>�?G7yE! * .1?AN/?A@K?V?G7 Br8K@KM/E� :hi��rleBK5/E 023C3-?�?G@
.1023F>=?G7bBK5/E ,  *-@�0�EF02>�8K?G@KB�8D?�,/@r?G7�{~EF?G7J>=?A@K02EF5-8

� :ci��rl�0
� �94�� " i	�rlG4�� ;
��?A8r8D? �=*-@k027�,/?G7 st?A8��#>=7=017=,�OQ5/@ ������,-@K?G7�?G7�q�	#zw?A7=7=027�,/BK3C02.1>=?G7 .1?AN-?G@K?A@�B  *�Ev�-?�Br8K@KM/E_BK5/E �=?G.1?
3C@K?P8DBK?A7 2�OQ5/@r. *-7=,-?G@ 4�q���?G7 ?G@)E ?A>`*-7�>=@K? 5/@K> 023C3-?F?G7`.1?AN-?G@D*67=>=M/@v*hNy365/7=B�8:*-798 B�8D@KM-Eb{&E ?A7
>=?A@K02EF5-8 
 � � 
�* �5�
* 
��
���
�
�	���-q
�? *68D@��#3C8pBKzt?G7=7=017=, / :p5hN/?A@p,/@r?G7 oyE! *yN Ee@r?x.2013`BK;�E EF?G7 *hN BKzt?G7�7=027=,-BrO *-.1.2?G7�?J5hN-?G@p3 *-z~*c�
BK0 8:*-7�BK?G7|{3/�� 06�?� �V{~5/,VE 5-8KBr8D*-7=>=?A7�{3/��
0
� � " 0
�=�&�.�<� � H

/C: 0 �
�
4�� �&�� �

i ��.18K?G@K7=*68D0 N#8GHV	�;=EFEF?G7`*LN *-.1.2?VBKzt?G7=7�027=,/B�O *-.2.�@r;=7=>�8v>=?G7`.1;=3C3-?A>=? BK.1M-�CO *bE! *�NFEe@K? .2023 7C;=.1.j{
, /C: 4��.� � 4 �=�&�?����� 0 [�q l ��?A7=7=?]Z/q�5/@K>�?G7=B 027 �=5-E 5/,-?G7=?<>=0 �w?G@r?G7=Br0 *-.1.201,/7=027�,/?G7 �~*6@
N#0t.2M/B�8
0�OQ5/@r?G.2?ABK7=017=,/?A7=?-q
ab?A>b017=018K0 *-.1sw?P8D017=,/?G.1BK?A7 i ,-018K8e0�5/z=z=,9*LN-?A8D?A3CBr8D?A7+l � iu[/l 0 [F?A@�.2M/Br7=027�,/?G7

� i��rl�0 �?/ :��PZ�,�� *
	 � ���
�

BK5-E ,/02@ Br8D@rM/EFE ?A7 � " i��rl�0 �&�
��� 0

/C:� � *
	 � ���
��?G@rE ?A>�BK?G@�N#0&*68
Br8K@KM/EFEF?G7�;=EF02>=>=?A.2s~*6@r8e?P8K8K?G@�8D01.23-5-s=.2017=, *LN&/ :�s=.102@

� " iu[/l 0 /C:�
5/,V?A8r8D?A@<.2*-7=,48K02> i���� � l � " i�� l 0 [
��* 3 *-7 N�0�@r?G,/7�?];�8�8K5-8:*6.�Br8K@KM/E .1?AN-?G@r8�*LN Brzw?A7=7=027�,/BK3C02.1>=?G7J;=EF02>=>�?G.2s=*-@r8�?P8K8K?G@�8D01.23-5-s=.2017=,={

� :ci [9l�0�� �G4�� " iu[/lG4�� ; 0 / :� 4 / :� 4 o / :S�� 0 � /C:
S��

5/,V?A8r8D?A@<.2*-7=,48K02>�{

� :hi�� l 0
� �G4 � " i�� lG4�� ; 0 / :� 4 [�4 o / :S�� 0 T / :S��
Z/Z



$~5/@ ��5/.2>=?P8�BK5-E BK3C;=.1.2?�sw?ABr8K?GEFE ?AB<s�.202@
OQM/.2,-?G.201,
� :ci�� l� : i [9l 0 T�

��5/EFE ?A7C8D*-@ Z/H���?P8K8K?G@r8K?G7=3CBr5/E���?A8D?A7=Bv3C.2*-@K?V.1�#B�027�7=BK?A@�N#0�3 *-7=Br3 �r? *68)>=?P8)?G,/?A7C8K.201,J013C3-?VN-*6@
7=M/>�N/?G7�>=02,�EF?G>4*-.2.C>=?A7=7=?e@r?G,/7=017=,/?A7vOQ5/@  *
O *-Br8K.2?A,/,/? � " iu[/ld5/, � " i�� lPqk$~5/@&>=?P8 OQM/@rBr8D?6H � " i�� l�0[ �~*-@eN#0d*-.1.2?G@r?G>=?�0�z=;=7=398 �#l�i 7C;=.2.|.20236?GB�8D@KM-E , �r?G7=7=5-E 3-5/7�>=?G7=BK*68D5-@:lPq
$~5/@�>=?P8<*-7=>=@r?-H ��?A8
?A@
,/0 8K8
0+5/z=z=,9*LN-?A8D?A3CBr8D?A7J*68 B�8:*-@�8D.2*->=7=017=,/?G7Fz� *)3-5/7=>�?G7=BK*68D5/@r?G7 ?A@$� iu[9l�0 [�q���EF02>=>�?G.2s=*-@r8�?P8K8D?A@
8D01.2365/s=.2017=,V*LNA/C:�E! *V>=?G@�OQ5/@��=?G.1?]Brzw?A7=7=027�,/BrO *-.1.2?P8�5hN-?G@ ������,-@K?G7�?G7fO *-.1.2?�5hN/?A@�EF5-8DB�8:*-7�>=?G7	�4{
EF?G> >=?G7 OQM/.1,/?p*68 � " iu[9l�0 / : ���4q i ��0eE! *-�~* 
 � �
* �	�
(������ � �p. *->�7=027=,��VH �
N�01B�� , �r5-@K>=?p?P8
BKz�@D*-7=,FOQ@D*F[F8K02.�?A7f?G7�>=?G.102,VN/?G@r>=0&0%� 0'[VN#02.2.1?�>=?P8�st?A8��J;=?A7=>=?G.102,FBr8K@KM/E � " 0 �&�.������0 � 0 [�{
�9N#02.236?A8� *-zt?G7Cs~*-@�8<?G@�;=E4;�.202,�q l4��@K5-s=.2?AE BK5-.1N/?A>��
��5/EFE ?A7C8D*-@ o�H��<N#02BFN#0�7� * OQM-@KBr8 
�
 � �k@K?A,/7=?6{<365/EFE ?A@FN#0�013C3-?x;�8K?G7=5-E  * "~7=7=?x.1M/BK7�027=,/?A7
z� *f>�0 �w?G@K?A7=BK02*-.2.102,/7�027=,/?A7xOQ5/@ � i��rl q �<?G@43 *-7`?A7 ,  *JOQ@K*-E z  * iQE 017=Br8:l�?P84z~*-@];=.2013-? E! *68K?G@Aqb�
OQ5/@r?G.2?ABK7=017=,/?A7=?�BK3C@K?PN�N�0�5-E .201,/7=017=,/?G7p8K02.tOQ5/@KEF?G7

�&�
��, �?/C: 0 ,

Z��� ���
BK5-E N/?A>f02798K?G,/@K*-B
�r5/7�z� *Vst?G,/,/?�Br02>=?A@
,9*LN

.17�i	�2, �./ : l�01, ���� 4 .17 �
>=?A@ .27+�'?G@f?G7%02798D?A,/@D*6B
�r5/7=Br3-5/7�Br8:*67C8yBr5/E E! * O *-B�8D.1?G,/,/?ABfN/?A> �/�r?G.1z%*hN 027�018D02*-.2st?A8K027=,-?G.2Br?G7
� iu[9l 0 [�qg��3#Brzw5-7=?G@r027=,'i ?G.1.2?A@��9N-* >=?A8J7� * �=?P8D?G@Dl�z� * st?G,/,-? Br02>=?A@�5/, *->=>=01B
�r5/7 *LN �./ :
z� * st?G,/,/?�Br02>=?A@<,-02@eB  *

� 0 �?/ :$4 � � *
	 � � �
� @r;=3 *LN Br8D*-@r8Ksw?P8D017=,/?G.1BK?A7b,/01@

� iu[9l�0 [.0��./ :$4 � 99Z
>�N#B�� 01, �?/C:hq���?A7J8K02>=BK*LNF��?G7=,/01,/?�. *6>=7=027�,/?G7�z� * 3-5-7=>=?G7�BD*68K5/@K?A7x?G@eOQM/.1,/?G.102,

� i��rl�0 �?/ :��PZ�,�� *
	 � ���
�

��7 *-. 8D?G@r7~*68K01N�OQ@K*-EF,9*-7=,/BrE! * 8D?-{cBr5/E%36*67=BK3 �r? .102,/7�?G@dE ?A@dz  * 2r5/z�z=BK3C@K0 O 8D?A7 4�OQ@K*<E *68D?AE * 8D023C3C;=7��
>=?A@rN#02Br7=027=,-?G7�{~?A@<Br5/E OQM/.1,/?G@AH

Zco



��M/BK7�027=,/?A7f*LN .102,/7�027=,/?A7
�#�
��� 4

Z��� � 0 /C:�
3 *-7JBK3C@K0 N/?GB<z� *4OQ5/@rE ?A7

� 06��� 4 ���
>=?A@ ���v?A@�.2M/Br7=027�, *LN >�?G7&�=5/EF5/,/?G7�?�.202,-7=027=,-?G7

�&���
��� 4 Z��� ���#0 [

5/, ���F?A@�?G7yB  *-3 *-. 8�z~*-@�8D013#;�. Ee@K.1M/BK7�027=,pBr5/E E! * NFEe@K?Vz=@K5-zw5/@rB
�r5/7=*-.kEF?G> >=?P8 2�027 �=5-E 5/,-?G7=?�4
.2?A>=>=?P8�z� *���M-�#@K?�BK01>=?-H

��� 0�� / :�
��7=7=Br?A8r8D027�,FO *-B�8D.1?G,/,/?A@�3-5/7�Br8:*67C8K?G7���H

�&���
��� 4 �&���

��� 4 Z��� ��� 4 Z��� ��� 0 /C:�
	
Z��� ��� 0 /C:�

	
Z��� � / :� 0 /C:�
	 � 0 ���
	 ��� 0 �./ :

��01>=?G@r?�N/?A8vi�
 lvN#0&*68
>=?A7 �=5-E 5/,-?G7=?�.1M/BK7=017=,/?A7JE! *4NFEe@K?�?G7J?G3CBKzt5/7=?A798D0 *6.1OQ;=7=3CB��r5/7�{+>�N#B
��� 0 � �
� 	

BK5-E N/?A>f027�7=BK?P8K8D017=,V,/02@
��� � � 	 4 Z��� � � � 	 0 [

>�N#B��K01,)Z������Vq
��7=>=?G.102, O *-B�8D.2?A,/,/?AB � OQ@D* Br8D*-@r8Ksw?P8D027�,/?G.1BK?G7 � iu[9l�0 [�H
� iu[9l�0 ���#i [9lG4 ���#iu[9l 0 �
4 �?/C: 0 [

	 � 0 , �./ :
BK5-E ,/02@

� i��rl�0 ���#i	�rl 4 ��� 0 �?/C: � Z ,�� *
	 � ��� �

ZhS



�����������
	��

�#l)�&5-8:*6. B�8D@KM-E 0 .2?A>=?G@r?G7 "~7�7=?G@vN#0
N/?G>1 *b02798D?A,/@K?A@K? B�8D@rM/Ev8D?P8K8 �=?A8K?G7�� 5hN-?G@v8rN/?G@r@KBr7=018r8D?A8 *hN
.2?A>=?G@r?G7�H

� 0 � � 9 ���J0 ��� 9 �	�
0 � "��


�� : �
�

 � :
� i %/l %=� %=�
�

0 o;6 � : � �: � %#, % "� � � % 0'o�6 � : �����
�
:
� % "
o ,

%/;
S�� �

0 o;6 � : � � "o , � "S �
0 6
S � : � "

�
?A8D7�027=,/?A7 z  * E *-,-7=?A8rOQ?G.18K?A8 0 OQ@D*`?G7 . *67=,={<@K?A8r8�Br8K@KM/EVOQM/@K?A7=>=?y.2?A>=?G@ iQE ?A> Br�#.2017=>=?G@rBr�#E �
EF?A8D@r02Br3 B�8D@KM-Ev8D?P8K8>��?A8���l
s=.201@ 5hN/?A@D*-. 8e8:*67=,/?G798K02?G. 8e8D01.wBr02@r3#.1?G@e365/7=Br?G798D@r02BK36?�E ?A>J.1?G>=?A@K?A7=B�Br�#E �
EF?A8D@r0 *-3CBr?Ji BK?A798D?G@K*-3CBK?LlPq aJ?G> *-7=>=@r?F5-@K>�{�OQ?G. 8D.1027/�r?A7=?]OQ5/@ 0 s=.201@�7=?A8r8D5/z�z Br.20236? 3-5/7�BK?G798K@K02Br3-?
BK01@K3C.2?A@GqV��"=,/;=@K?A7 7�?G>=?A7�OQ5/@)?G@ 0 8D?A,/7=?P8]017=7 0�>=? "~@K?Vz=;=7�3C8K?G7=? z  *
�=?G7 ��5/.2>=B�N#02B�zw5-BK018K01Nf5/,
7=?A,9*68D0 N @=��*-3CBK?)5/, � ��*-3CBK?-H

B1B2

x

y

RdI1

dI2

dd

B

(I ut av planet)

� "~,/;=@r?G7 ?A@p>=?A8p5/,/B  * N�01Br8��9N-5/@K>~*67 8D5 Br�#EFE ?P8D@r02BK3 st?G.102,/,/?A7=>=? 2rBr8K@KM/EF?G.1?GEF?G798D?A@ 4 � � �F5/,
� � " 8D01.2BD*6E EF?G7 ,/01@e?A8�E *-,/7=?P8KOQ?G. 8+�&0 � 4 �#0 " z  *V>=?G7bE ?A.2.25-E .102,/,/?A7=>=?<Br�#EFE ?P8D@K02*-3CBK?A7`i �=?G@AH@=�"*63#Br?G7+l)E ?A>`7=?AN#798D? 8:*-7=,-?G798D01?G.2.1?V@K?A8K7=027�,=qf$^M/.2,/?A.201,JE! *�>=?A848K5-8:*6.2? OQ?G. 8D?A8v5/,/B  * �~*f?A7`BK.1023
@K?P8D7=017=,=q ��?P8K8K?�Br�#EFE ?P8D@r0 *-@r,/;=EF?G798D?P8 N#02.+, �r?G.1>=?�.10236?�s=@K*vs� *->�?�027�7=?�0t5/,v;�8D?G7�OQ5/@ .1?G>=?A@K?G7|{�BK.1023
*68
>=?P8K8K?]s=.102@ @K?A8K7=027�,/?G7Jz  *�0 ��
5����� � *uq

ZLY



i	�<?G@�N6*-@ >�?A8!� 
 
 ��z� *-3C@r?AN#> E ?A> ?A7pBK.10234B��#E EF?A8K@K0 *6@K,/;=EF?G798D*-B
�r5/7|qk$ 01@K?�8:*-7�,/?G798D01?G.1.2?eN/?A398D5/@r?G@
09"~,/;�@K?G7J?G@<*-. 8�BK5-E BK3 *-.�8K02.|OQ5/@� *Fst?GB�N-*6@K?�5/z=z=,/*hN-?G7�q l
 Pleab?A>�8D*-7=,/?A798D02?A.2. 0 5hN-?G@D*6.18L{�5/,�4 0 � 0 � 3#;�7�*hN �=?A7=,/01,V*hN *LN#Br8:*67=>=?G7�OQ@D*].2?G>�?G@K?A7=BeBr?G798D?A@��*-3CBK?6{w?A@
>=?A8�7~*68K;=@K.102,  * N/?G.1,/? 2K*-EFzw?A@K?A3#;�@rN/?A@ 4 BK5/E Br02@K3C.1?G@
E ?A>b@K*->=01;=B %�{~365/7=BK?A798D@K01BK36?4E ?A>
.2?A>=?G@r?G7�q���E zt?G@r?GB
.25hNp,-02@e>~*

� 0 9 ��� 0 �5: �����
	 4pi %-l 9co;6G% 0 �5: �wi %-l

>=?A@��wi %-lV?A@ B�8D@KM-E EF?G7 BK5/E z~*-BrBK?G@r?G@p017=7=?A7�OQ5/@fi >�N#BGHyBr5/E ?A@ 5/EFBK.1;�8K8K?A8 *LN�l BK01@K3-?A.2?A7 E ?A>
@D*6>=02;=B %#H

�|i %/l 0 � 
: � i %�� l %	�#� %��&9 o;6
0 o;6 � : � 
: � % � , i % � l "� � � % � 0'o;6 � : �����




:
� i % � l "
o , i % � l ;S�� �

0 6 � : % " �CZ , o+%S�� �
��?A8r8D?eE! *�, �r?G.2>�? OQ5/@$%�
 �4q ��*-@^N�0�?G7 BK01@K36?G.=EF?G> @K*->=02;�B$% � �4{/N#02.
�
��� �&Br8K@KM/EFE ?A7 0�.1?G>=?A@K?G7|{

�wi % � ��l�0 6 S � : � " �
NFEe@K?)5/EFBK.2;�8K8D?P8
*LN >=?A7fBK01@K3C;=. Ee@K?�*-EFzw?A@K?A3#;�@rN/?A7�q
af*-,-7=?A8rOQ?G.18K?A8
s=.102@�*6.18DB  *

4 i %/l 0�� �
"
�9: � : %ei�Z , o+%7�-S���l %�
 ��9: � : � " �6W7% % � �

	�3C02BrBK?6H

R

B(r)

r

ZcT



af*-3CBr02E *-.|N/?A@K>=0�OQ5/@+4 �~*6@
N#0�>=?A@
>=?G7J>=?G@r01N-?G@r8K?-{ �&4 ��� %#{�OQ5/@rBrN#027=7�?G@GH
�
� %

� % , o+% "S�� � 0_Z , Y7%S�� 0 [ 	 %�0 S��Y
�����������
	��
af*-,-7=?A8rOQ?G.18K?A8 4 i %/���rl OQ@K* >=?A7 @r?A8K8K?bB�8D@rM/EFOQM-@K?G7�>=?b.1?G>=?A@K?A7 @K?ABK;=. 8D?A@K?G@F0�?G7 E *6,/7=?A8K02Br3 �~;=3CB

���i	�rlJ027�7=?G7�OQ5-@b>=?A7'@K?A398:*-7=,-;=. Ee@r? .2?A>=?G@rBK.1M-�CO *�q�0 0 @ � �!z=. *67=?A8 iQOQ5/@Jzw5-BK018K01N-? @d{�>�N#Bx>=?A@
Br8K@KM/EFBK.1M-�CO *`?G@ z=.2*-BKBr?G@�8 l��~*-@ @r?A8D7�027=, .2*-7=,/B zt5/BK0 8D0 N � �"*-3CBr?-{<>�N#Bb017=7 0�z=.2*-7=?A8Gq $ .2*68D?A7=5/@��
E *-.2?A7F8K02.+Br8K@KM/EFBK.1M-�CO *]?G@ 5/,/B  *v?G7 N-?G398D5-@e0 � ��@r?A8K7=027=,�{9BK.2013V*68e>�?A8es�.202@�?A7=3-?A.18� *]sw?ABr8D?AE EF?�>�?G7
E *-,/7=?P8D02Br3-? �~;=3CBr?G7�H


���i	�rl 0 � 0 9 ���J0 � 4 9 �	�

0 � " � ' "��� � " � �
�|i	�rl
@ � � @

0 � �wi��rl ��� .27�ijo�� 4 o��#l , .17<o����
0 � �wi��rl � .17 ��4 ��

��?A@ �~*-@vN#0es�@K;=398)�	� 0 � � @d{�>�N#B �+*68D?A?G.1?GEF?G798D?A@4E ?A> �=M-�#>=? � 5-,xs=@K?A>=>=? � @ iQ?A8r8D?G@rBK5/E
4�023C3-? *LNF��?G7=,/?A@v*LN � lPq���?ABKBr;�8D?A7 �~*-@�N#0�s=@r;=3984*68)0$@ � �!z=. *67=?A8)?G@ @!0 %
0g*LN�B�8:*-7�>=?G7 OQ@K*
.2?A>=?G@r?G7=B
Br?G798D?A@D*-3CBK?6qe��7=>=;�BK?G@�8�?A.2?A3C8K@K5/EF5-8K5/@K01BK3FBKzt?G7=7=017=,F0�.2?A>=?G@rBK.2M6�#O * s=.102@

� i��rl 01, ��
����� 0 , � � .17 ��4 �� � �
���

ab?A>b>=?A7f5/z�z=,/018r8D? �wi	�rl �=*-@eN#0
� �
��� 0 ,
	 � :+Br027�	 �

BK.1023 *68
� i	�rl 0 � � .27 ��4 �� 	 � :~BK027�	 � 0 � :tBr027�	 �

ab?A>b5/z�z=,/018r8D?�8D*-.2. N/?G@r>=02?A@es=.102@ �5� � � �	* ( ����� � :
.1023
� : 0'o:99Zh[ *
� 9h[�� [/U=9h.27 [
� [�Z 4 [�� [/U[�� [�Z 99Zh[ ' 9 o-[�0 � � S=99Zh[ * ;

��?A@�?A@�*-.1.2?�0279N/5-.1N/?A@r8K?4Br8KM/@K@r?G.2Br?G@�0k	��j�!?G7 ��?A8D?A@G{�B  * � :�E! *F7=M/>�N-?G7=>�02,-N#02B�3-5/EFE ?);�8�0^?A7 �=?A8K?G7
N/5-.18Lq���.18KB  *�H

� i	�rl 0 � :~Br027�	 �$0 � � S)EV� Br027�	 �

ZhW


