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*QMi2Mib

A AMi`Q/m+iBQM R
R h?2 *viQ+?`QK2 S98y JQMQ@Qtv;2M�b2 avbi2K k

RXR h?2 *viQ+?`QK2 S98y JQMQ@Qtv;2M�b2
avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k

RXk >mK�M L�.S>@*viQ+?`QK2 S98y `2/m+i�b2 X X X X X X X X X X X X X 8
RXkXR 6mM+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
RXkXk ai`m+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
RXkXj h?2 1H2+i`QM h`�Mb72` J2+?�MBbK Q7 *S_ X X X X X X X X X X X 3
RXkX9 .QK�BM JQiBQMb X X X X X X X X X X X X X X X X X X X X X X X X X Ry
RXkX8 h?2 EBM2iB+b Q7 *S_Ƕb _2/m+i�b2 �+iBpBiv X X X X X X X X X X X R9
RXkXe *S_ *QKTH2t 6Q`K�iBQM X X X X X X X X X X X X X X X X X X X X R8

k aK�HH@�M;H2 a+�ii2`BM; Rd
kXR aQm`+2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3

kXRXR s@`�vb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
kXRXk L2mi`QMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN

kXk AMbi`mK2Mi�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
kXj "�bB+ a+�ii2`BM; h?2Q`v X X X X X X X X X X X X X X X X X X X X X X X X X k9

kXjXR 1H�biB+ a+�ii2`BM; X X X X X X X X X X X X X X X X X X X X X X X X X k9
kXjXk _2bQHmiBQM �M/ *QMi`�bi X X X X X X X X X X X X X X X X X X X X X k8

kX9 a�La BM "BQHQ;v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ke
kX9XR �TTHB+�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X ke
kX9Xk a+�ii2`BM; G2M;i? .2MbBiv X X X X X X X X X X X X X X X X X X X X ke
kX9Xj JQH2+mH�` q2B;?i .2i2`KBM�iBQM X X X X X X X X X X X X X X X X kd
kX9X9 *QMi`�bi o�`B�iBQM X X X X X X X X X X X X X X X X X X X X X X X X k3

kX8 a�a .�i� �M�HvbBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN
kX8XR h?2 :mBMB2` SHQi X X X X X X X X X X X X X X X X X X X X X X X X X kN
kX8Xk h?2 SQ`Q/ SHQi X X X X X X X X X X X X X X X X X X X X X X X X X X jy
kX8Xj h?2 E`�iFv SHQi X X X X X X X X X X X X X X X X X X X X X X X X X jy
kX8X9 h?2 .Bbi�M+2 .Bbi`B#miBQM 6mM+iBQM X X X X X X X X X X X X X X X jR
kX8X8 JQ/2HHBM; a�a .�i� X X X X X X X X X X X X X X X X X X X X X X X jk

AA _2bmHib j8
j Sm`B}+�iBQM �M/ *?�`�+i2`Bb�iBQM Q7 *viQ+?`QK2 S98y _2/m+i�b2 je

jXR 1tT`2bbBQM �M/ Sm`B}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X je
jXk Sm`Biv X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j3

jXkXR a.a@S�:1 �M�HvbBb X X X X X X X X X X X X X X X X X X X X X X X j3
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jXkXk lo@oBbB#H2 aT2+i`QT?QiQK2i`v �M�HvbBb X X X X X X X X X X X X j3
jXkXj J�bb aT2+i`QK2i`v X X X X X X X X X X X X X X X X X X X X X X X X 9y
jXkX9 *S_ Jmi�Mib X X X X X X X X X X X X X X X X X X X X X X X X X X X 9y

jXj �+iBpBiv X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jXjXR ai2�/v@ai�i2 EBM2iB+b �M�HvbBb X X X X X X X X X X X X X X X X X 9R
jXjXk aiQTT2/@6HQr EBM2iB+b �M�HvbBb X X X X X X X X X X X X X X X X X 9R

jX9 amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k

9 P`+?2bi`�i2/ .QK�BM JQiBQMb Q7 *viQ+?`QK2 S98y _2/m+i�b2 9e
9XR a�KTH2 S`2T�`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e

9XRXR _2/Qt hBi`�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X 9e
9XRXk a�La a�KTH2 S`2T�`�iBQM �M/ J2�bm`2K2Mi X X X X X X X X X 93
9XRXj aiQTT2/@~Qr X X X X X X X X X X X X X X X X X X X X X X X X X X X 93

9Xk _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 93
9XkXR 1z2+ib Q7 _2/Qt ai�i2 QM *S_ *QM7Q`K�iBQM X X X X X X X X X 93
9XkXk 1z2+ib Q7 AQMB+ ai`2M;i? QM .QK�BM JQiBQM �M/ *�i�HvbBb X X 89

9Xj .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey
9XjXR h?2 L�im`2 Q7 i?2 *QM7Q`K�iBQM�H 1[mBHB#`BmK X X X X X X X X ey
9XjXk _2H�iBQM iQ i?2 *�i�HviB+ *v+H2 X X X X X X X X X X X X X X X X X ey
9XjXj ai`m+im`�H h`B;;2`b 7Q` .QK�BM JQp2K2Mi X X X X X X X X X X X eR

9X9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9

8 � ai`m+im`2 Q7 i?2 *S_@*viQ+?`QK2 + *QKTH2t BM aQHmiBQM e8
8XR a�KTH2 S`2T�`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee

8XRXR *QMi`�bi J�i+? SQBMi .2i2`KBM�iBQM X X X X X X X X X X X X X X ee
8Xk _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee

8XkXR *?�`�+i2`Bb�iBQM Q7 *S_ Ed81f_d31f_Ry3Z X X X X X X X X X ee
8XkXk ai`m+im`2 Q7 i?2 *QKTH2t "2ir22M *S_ Ed91f_d31f_Ry3Z

�M/ *viQ+?`QK2 + X X X X X X X X X X X X X X X X X X X X X X X X dk
8XkXj 6mHH *QKTH2t _B;B/@"Q/v JQ/2HHBM; X X X X X X X X X X X X X X de

8Xj .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d3
8X9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dN

e � hBK2@_2bQHp2/ aim/v Q7 i?2 .QK�BM JQiBQMb Q7 *viQ+?QK2
S98y _2/m+i�b2 lbBM; SmKT@S`Q#2 s@`�v a+�ii2`BM; 3y
eXR hBK2@_2bQHp2/ s@`�v a+�ii2`BM; X X X X X X X X X X X X X X X X X X X X X 3y

eXRXR 1�`HB2` qQ`F X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
eXRXk A.yN X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R

eXk 1tT2`BK2Mi�H a2imT �M/ a�KTH2 S`2T�`�iBQM X X X X X X X X X X X X X X 3j
eXj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j
eX9 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d
eX8 6mim`2 qQ`F �M/ *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X 3d

d amKK�`v �M/ 6mim`2 qQ`F 3N
dXR amKK�`v Q7 J�BM *QM+HmbBQMb X X X X X X X X X X X X X X X X X X X X X X 3N
dXk 6mim`2 qQ`F X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
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AAA �TT2M/B+2b Nk
� J�i2`B�Hb �M/ J2i?Q/b Nj

�XR _2+QK#BM�Mi .L� h2+?MB[m2b X X X X X X X X X X X X X X X X X X X X X Nj
�XRXR 1X +QHB 1tT`2bbBQM o2+iQ`b X X X X X X X X X X X X X X X X X X X X Nj
�XRXk h`�Mb7Q`K�iBQM BMiQ *QKT2i2Mi 1X +QHB *2HHb X X X X X X X X X X N9
�XRXj AbQH�iBQM Q7 .L� X X X X X X X X X X X X X X X X X X X X X X X X X N8

�Xk S`Qi2BM 1tT`2bbBQM �M/ Sm`B}+�iBQM X X X X X X X X X X X X X X X X X X X N8
�XkXR >mK�M L@i2`KBM�H h`mM+�i2/ *S_ X X X X X X X X X X X X X X X N8
�XkXk .2mi2`�i2/ S`Qi2BM 1tT`2bbBQM �M/ Sm`B}+�iBQM X X X X X X X X N3
�XkXj J�i2`B�Hb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9

�Xj �M�HvbBb �M/ *?�`�+i2`Bb�iBQM X X X X X X X X X X X X X X X X X X X X X X Ry8
�XjXR a.a@S�:1 X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry8
�XjXk lo@oBbB#H2 �#bQ`TiBQM aT2+i`Qb+QTv X X X X X X X X X X X X X X Ry8
�XjXj *viQ+?`QK2 + _2/m+iBQM �bb�vb X X X X X X X X X X X X X X X X Rye

�X9 aiQTT2/@6HQr EBM2iB+b X X X X X X X X X X X X X X X X X X X X X X X X X X Rye
�X8 aK�HH@�M;H2 a+�ii2`BM; X X X X X X X X X X X X X X X X X X X X X X X X X X Ryd

�X8XR a�La .�i� *QHH2+iBQM �M/ _QmiBM2 �M�HvbBb X X X X X X X X X X Ryd

" amTTH2K2Mi�`v 6B;m`2b RyN

"B#HBQ;`�T?v RRk

Ao Sm#HB+�iBQMb �M/ GBbi Q7 �+iBpBiB2b Rkd
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GBbi Q7 6B;m`2b

RXR a+?2K�iB+ Q7 i?2 +viQ+?`QK2 S98y +�i�HviB+ +v+H2X X X X X X X X X X X X j
RXk a+?2K�iB+ Q7 i?2 +H�bb AA KB+`QbQK�H +viQ+?`QK2 S98y KQMQ@Qtv;2M�b2

bvbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
RXj *`vbi�H bi`m+im`2 Q7 *S_ X X X X X X X X X X X X X X X X X X X X X X X X X e
RX9 *`vbi�HHQ;`�T?B+ bi`m+im`2b Q7 /B~�pBM `2/m+i�b2b �M/ Q7 i?2B` �M+2b@

iQ` T`Qi2BMbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RX8 *?2KB+�H bi`m+im`2 Q7 i?2 BbQ�HHQt�xBM2 `BM; Q7 ~�pBM BM �HH `2/Qt bi�i2bX N
RXe S`QTQb2/ +�i�HviB+ +v+H2 Q7 *S_ X X X X X X X X X X X X X X X X X X X X X RR

kXR a+?2K�iB+ Q7 i?2 AGG .kk a�La /Bz`�+iQK2i2` X X X X X X X X X X X X ky
kXk a+?2K�iB+ Q7 i?2 1a_6 "JkN a�sa #2�KHBM2 X X X X X X X X X X X X X kR
kXj *QKT�`BbQM Q7 `2H�iBp2 b+�ii2`BM; H2M;i?b 7Q` s@`�vb �M/ M2mi`QMb Q7

� 72r 2H2K2Mib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kd
kX9 .B�;`�K iQ /2KQMbi`�i2 i?2 2tT2`BK2Mi�H 2z2+ib Q7 #mz2` +QMi`�bi

p�`B�iBQM Q7 � T`Qi2BM@.L� +QKTH2t BM bQHmiBQM (R)X X X X X X X X X X X k3
kX8 :`�T?B+�H `2T`2b2Mi�iBQM Q7 ivTB+�H E`�iFv THQib X X X X X X X X X X X X jR

jXR :2H }Hi`�iBQM 2HmiBQM +?`QK�iQ;`�K X X X X X X X X X X X X X X X X X X X j3
jXk *S_ Tm`B}+�iBQM ;2H X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jXj lo@pBbB#H2 �#bQ`#�M+2 bT2+i`mK Q7 i?2 ~�pBM `2;BQM Q7 7mHHv QtB/Bb2/

*S_ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN
jX9 �KBMQ �+B/ b2[m2M+2 �M/ K�bb bT2+i`QK2i`v �M�HvbBb Q7 ?mK�M L�.S>@

+viQ+?`QK2 S98y `2/m+i�b2 X X X X X X X X X X X X X X X X X X X X X X X 9y
jX8 6mHH lo@pBbB#H2 bT2+i`�H +?�M;2b Q#b2`p2/ �7i2` KBtBM; *S_ rBi? �

bBM;H2 KQH�` 2[mBp�H2Mi Q7 L�.S> BM � biQTT2/@~Qr bvbi2K X X X X X 9j
jXe 6mHH lo@pBbB#H2 bT2+i`�H +?�M;2b Q7 i?2 ~�pBM �#bQ`#�M+2 `2;BQM Q7

7mHHv QtB/Bb2/ *S_ �7i2` KBtBM; rBi? � Ryt KQH�` 2t+2bb Q7 L�.S>
BM � biQTT2/@~Qr bvbi2K X X X X X X X X X X X X X X X X X X X X X X X X X 99

jXd aT2+i`�H +?�M;2b Qp2` iBK2 �i 83yMK Q7 7mHHv QtB/Bb2/ *S_ KBt2/
rBi? � Ryt KQH�` 2t+2bb Q7 L�.S> X X X X X X X X X X X X X X X X X X X 98

9XR Pp2`H�v2/ bT2+i`� 7`QK � *S_ `2/Qt iBi`�iBQM mbBM; /Bi?BQMBi2 X X X X 9d
9Xk a�La *m`p2b �M/ :mBMB2` THQib 7`QK *S_ BM /Bz2`2Mi `2/Qt bi�i2b X 8y
9Xj 6m`i?2` �M�HvbBb Q7 i?2 a�La /�i� +QHH2+i2/ QM *S_ BM /Bz2`2Mi `2/Qt

bi�i2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
9X9 �M�HvbBb Q7 a�La /�i� BM i2`Kb Q7 KmHiBTH2 bi�i2bX X X X X X X X X X X 88
9X8 6m`i?2` �M�HvbBb Q7 i?2 a�La /�i� +QHH2+i2/ QM *S_ �i /Bz2`2Mi BQMB+

bi`2M;i?bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e
9Xe SHQi Q7 FQ#b Q7 +viQ+?`QK2 + im`MQp2` #v *S_ �i /Bz2`2Mi b�Hi +QM@

+2Mi`�iBQMbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d

pBB



9Xd a�La +m`p2b �M/ :mBMB2` THQib 7`QK *S_ �i /Bz2`2Mi BQMB+ bi`2M;i?b 83
9X3 lT/�i2/ +�i�HviB+ +v+H2 Q7 *S_ X X X X X X X X X X X X X X X X X X X X X ek
9XN � +HQb2@mT Q7 i?2 +QKT�+i +`vbi�H bi`m+im`2 (k) Q7 *S_ BHHmbi`�iBM;

i?2 T`QtBKBiv Q7 ae3y iQ LRd3 �M/ .kRk X X X X X X X X X X X X X X X X ej

8XR *QMi`�bi K�i+? TQBMi /2i2`KBM�iBQM THQib X X X X X X X X X X X X X X X ed
8Xk aiQTT2/@~Qr #m`bi FBM2iB+b Q7 Ed81f_d31f_Ry3Z X X X X X X X X X X e3
8Xj *S_ �M/ +vi + b+�ii2`BM; +m`p2b X X X X X X X X X X X X X X X X X X X X eN
8X9 �# BMBiBQ b+�ii2`BM; 2Mp2HQT2b �M/ P (r) THQib 7`QK rBH/@ivT2 �M/

Kmi�Mi *S_ a�La /�i� X X X X X X X X X X X X X X X X X X X X X X X X X dy
8X8 k@ai�i2 JmHiB6Qsa }ib Q7 *S_ Ed81f_d31f_Ry3Z X X X X X X X X X X dk
8Xe *S_@+vi + +QKTH2t b+�ii2`BM; +m`p2b X X X X X X X X X X X X X X X X X X d9
8Xd �# BMBiBQ b+�ii2`BM; 2Mp2HQT2b rBi? bmT2`BKTQb2/ �iQKB+ `2bQHmiBQM

KQ/2Hb- �M/ P (r) THQib 7Q` �HH +QKTH2t b+�ii2`BM; +m`p2b X X X X X X X dd
8X3 aBM;H2 #2bi@}i KQ/2H Q7 i?2 *S_@+vi + +QKTH2t X X X X X X X X X X X X d3

eXR a+?2K�iB+ Q7 i?2 1a_6 A.yN TmKT@T`Q#2 #2�KHBM2 2tT2`BK2Mi ?mi+? 3k
eXk a�sa +m`p2 Q7 +vi + K2�m`2/ QM "JkN X X X X X X X X X X X X X X X X X 39
eXj a�sa +m`p2 Q7 *S_ K2�m`2/ QM "JkN X X X X X X X X X X X X X X X X X 39
eX9 *viQ+?`QK2 + `�/B�iBQM /�K�;2 i2bi /Bz2`2M+2 +m`p2bX X X X X X X X X 38
eX8 *S_ Y *viQ+?`QK2 + KBtBM; /Bz2`2M+2 +m`p2bX X X X X X X X X X X X X 3e

�XR SH�bKB/ K�T Q7 i?2 T*akk *S_ 2tT`2bbBQM p2+iQ` X X X X X X X X X X X N9
�Xk Z a2T?�`Qb2 6SG* 2HmiBQM +?`QK�iQ;`�K X X X X X X X X X X X X X X X Nd
�Xj �;�` TH�i2b 7`QK i?2 b+`22MBM; T`Q+2/m`2 Q7 i?2 i`�MbTQbBiBQM T`QiQ+QH NN
�X9 >v/`Q;2M�i2/ KBMBK�H K2/BmK 2tT`2bbBQM �M/ bQHm#BHBiv bim/v X X X Ryy
�X8 S?QiQ;`�T? Q7 i?2 62`K2Mi2` �TT�`�imb BM mb2 X X X X X X X X X X X X RyR
�Xe 62`K2Mi2` _2bmHib :2H X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk
�Xd 62`K2Mi2` h`�+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryj

"XR .kk 6Hmt �i a�KTH2 SQbBiBQM X X X X X X X X X X X X X X X X X X X X X X RyN
"Xk A.yN AMi2MbBiv �b � 7mM+iBQM Q7 s@`�v 2M2`;v X X X X X X X X X X X X X X RRy
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GBbi Q7 h�#H2b

kXR hvTB+�H bT2+B}+�iBQMb Q7 irQ 2t�KTH2 a�a BMbi`mK2Mib mbBM; M2m@
i`QMb U.kkV �M/ s@`�vb U"JkNV X X X X X X X X X X X X X X X X X X X X X kj

kXk h?2 TQr2` H�rb �M/ �bbQ+B�i2/ +?�`�+i2`BbiB+ b?�T2b �b /2}M2/ BM
SQ`Q/Ƕb H�rX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy

jXR EBM2iB+ T�`�K2i2`b Q7 rBH/@ivT2 �M/ Kmi�Mi *S_ X X X X X X X X X X X 9R

9XR aBx2 T�`�K2i2`b /2`Bp2/ 7`QK i?2 a�La /�i� 7Q` /Bz2`2Mi `2/Qt bi�i2b
Q7 *S_ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8y

9Xk �M�HvbBb Q7 *S_ a�La `2/Qt /�i� BM i2`Kb Q7 irQ@bi�i2 KQ/2Hb X X X 8j
9Xj aBx2 S�`�K2i2`b /2`Bp2/ 7`QK a�La /�i� 7Q` *S_ rBi? +�`vBM; b�Hi

+QM+2Mi`�iBQMb BM i?2 #mz2` bQHmiBQM X X X X X X X X X X X X X X X X X X 8d
9X9 JmHiB6Qsa �M�HvbBb Q7 *S_ a�La /�i� �i /Bz2`2Mi b�Hi +QM+2Mi`�@

iBQMb BM i2`Kb Q7 irQ@bi�i2 KQ/2Hb X X X X X X X X X X X X X X X X X X X X 8N

8XR aBx2 T�`�K2i2`b /2`Bp2/ 7`QK i?2 a�La /�i� 7Q` i?2 rBH/@ivT2 �M/
Ed81f_d31f_Ry3Z Kmi�Mi *S_ X X X X X X X X X X X X X X X X X X X X dR

8Xk �M�HvbBb Q7 *S_ rBH/@ivT2 �M/ Ed81f_d31f_Ry3Z Kmi�Mi *S_ BM
i2`Kb Q7 irQ@bi�i2 KQ/2Hb X X X X X X X X X X X X X X X X X X X X X X X X dR

8Xj aBx2 T�`�K2i2`b /2`Bp2/ 7`QK a�La /�i� Q7 *S_ Kmi�Mib �M/ +QK@
TH2t /�i� �i /Bz2`2Mi K�i+? Qmi TQBMib X X X X X X X X X X X X X X X X X d8

�XR Ry mL aQHmiBQMb 7Q` S`2T�`BM; :2Hb 7Q` h`Bb@;Hv+BM2 a.a@S�:1X X X X Ry8
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GBbi Q7 �##`2pB�iBQMb
*?2KB+�Hb �M/ bQHmiBQMb

"1a @ L-L@"BbUk@?v/`Qtv2i?vHV@k@�KBMQ2i?�M2bmH7QMB+ �+B/

*P @ *�`#QM KQMQtB/2

ASh: @ AbQT`QTvH β@.@R@i?BQ;�H�+iQTv`�MQbB/2

G" @ GvbQ;2Mv #`Qi? U;`Qri? K2/BmKV

a.a @ aQ/BmK /Q/2+vH bmH7�i2

h" @ h2``B}+ #`Qi? U;`Qri? K2/BmKV

h`Bb @ i`BbU?v/`QtvK2i?vHV�KBMQK2i?�M2

1MxvK2b �M/ *Q@2MxvK2b
*uSfS98y @ *viQ+?`QK2 S98y

+bT� @ *QH/@b?Q+F T`Qi2BM �

*vi + @ *viQ+?`QK2 +

6�. @ 6H�pBM �/2MBM2 /BMm+H2QiB/2

6JL @ 6H�pBM KQMQMm+H2QiB/2

L�.SU>V @ U_2/m+2/V MB+QiBM�KB/2 �/2MBM2 /BMm+H2QiB/2 T?QbT?�i2

L�.U>V @ U_2/m+2/V MB+QiBM�KB/2 �/2MBM2 /BMm+H2QiB/2

h2+?MB[m2b
*`vQ@1J @ *`vQ@2H2+i`QM KB+`Qb+QTv

6SG* @ 6�bi T`Qi2BM HB[mB/ +?`QK�iQ;`�T?v

6_1h @ 6ƺ`bi2` `2bQM�M+2 2M2`;v i`�Mb72` Q` ~mQ`2b+2M+2 `2bQM�M+2 2M2`;v
i`�Mb72`

J�.G.A@hP6 @ J�i`Bt �bbBbi2/ H�b2` /2bQ`TiBQM BQMBb�iBQM@iBK2 Q7 ~B;?i

LJ_ @ Lm+H2�` K�;M2iB+ `2bQM�M+2

SJ6 @ S2TiB/2 K�bb }M;2`T`BMiBM;

a�a @ aK�HH@�M;H2 b+�ii2`BM;

a�La @ aK�HH@�M;H2 M2mi`QM b+�ii2`BM;

a�sa @ aK�HH@�M;H2 s@`�v b+�ii2`BM;

a.a@S�:1 @ aQ/BmK /Q/2+vH bmHT?�i2 TQHv�+`vH�KB/2 ;2H 2H2+i`QT?Q`2bBb

t



lo@pBbB#H2 @ lHi`�pBQH2i@pBbB#H2

q�sa @ qB/2@�M;H2 s@`�v b+�ii2`BM;

s61G @ s@`�v 7`22@2H2+i`QM H�b2`

�KBMQ �+B/b
: @ :Hv+BM2 @:Hv- S @ S`QHBM2 @S`Q

� @ �H�MBM2 @ �H�- o @ o�HBM2 @ o�H

G @ G2m+BM2 @ G2m- A @ AbQH2m+BM2 @ AH2

J @ J2i?BQMBM2 @ J2i- * @ *vbi2BM2 @ *vb

6 @ S?2MvH�H�MBM2 @ S?2- u @ hv`QbBM2 @ hv`

q @ h`vTiQT?�M @ h`T- > @ >BbiB/BM2 @ >Bb

E @ GvbBM2 @ Gvb- _ @ �`;BMBM2 @ �`;

Z @ :Hmi�KBM2 @ :HM- L @ �bT�`�;BM2 @ �bM

1 @ :Hmi�KB+ �+B/ @ :Hm- . @ �bT�`iB+ �+B/ @ �bT

a @ a2`BM2 @ a2`- h @ h?`2QMBM2@ h?`

JBb+2HH�M2Qmb
�XlX @ �#bQ`#�M+2 mMBib

.L� @ .2Qtv`B#QMm+H2B+ �+B/

1h @ 1H2+i`QM i`�Mb72`

PX.X @ PTiB+�H /2MbBiv

S." @ S`Qi2BM /�i� #�MF

SL�*G @ S`Qi2BM �M/ Lm+H2B+ �+B/ *?2KBbi`v G�#Q`�iQ`v UlMBp2`bBiv Q7
G2B+2bi2`V

_SJ @ _2pQHmiBQMb T2` KBMmi2
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S�`i A

AMi`Q/m+iBQM

R



*?�Ti2` R

h?2 *viQ+?`QK2 S98y
JQMQ@Qtv;2M�b2 avbi2K

h?Bb +?�Ti2` BMi`Q/m+2b i?2 #BQHQ;B+�H #�+F;`QmM/ Q7 i?2 +viQ+?`QK2 S98y bvbi2K
BM ;2M2`�H- 7QHHQr2/ #v � KQ`2 /2i�BH2/ HQQF �i i?2 bT2+B}+ T`Qi2BM BM i?2 bvbi2K
i?�i 7Q`Kb i?2 #�bBb Q7 i?Bb rQ`FX h?2 S98y bvbi2K Bb � p2`v BKTQ`i�Mi �M/ r2HH
bim/B2/ �bT2+i Q7 #BQ+?2KBbi`v #mi MQM2i?2H2bb i?2`2 �`2 bB;MB}+�Mi ;�Tb BM +m``2Mi
FMQrH2/;2c i?Bb Bb � `2bmHi Q7 +viQ+?`QK2 S98y Bib2H7 #2BM; i?2 +2Mi`2 Q7 KQbi bim/B2b
rBi? i?2 `2H�i2/ 2MxvK2b QM i?2 T2`BT?2`v `2+2BpBM; H2bb �ii2MiBQMX � bm#bi�MiB�H
HBi2`�im`2 `2pB2r Bb T`2b2Mi2/ r?2`2 i?2 KQbi BKTQ`i�Mi `2+2Mi rQ`F Bb ?B;?HB;?i2/X

RXR h?2 *viQ+?`QK2 S98y JQMQ@Qtv;2M�b2
avbi2K

h?2 +viQ+?`QK2 S98y KQMQ@Qtv;2M�b2 bvbi2K Bb 2bb2MiB�H 7Q` � `�M;2 Q7 #BQ+?2KB+�H
`2�+iBQMb �M/ Bb 7QmM/ i?`Qm;?Qmi �HH /QK�BMb Q7 HB72X h?2 /Bp2`bBiv Q7 K2i�#QHB+
7mM+iBQMb Q7 i?2 m#B[mBiQmb +viQ+?`QK2 S98y 2MxvK2b U*uSb Q` S98ybV BM 2mF�`v@
Qi2b BM+Hm/2b ?Q`KQM2 K2i�#QHBbK �M/ #BQbvMi?2bBb- t2MQ#BQiB+ +�i�#QHBbK �M/ 7�iiv
�+B/ ?v/`QtvH�iBQM (j)X AM ?mK�Mb i?2`2 �`2 8d /Bz2`2Mi S98yb K�Mv Q7 r?B+? �`2
`2bTQMbB#H2 7Q` 2bb2MiB�H bi2Tb BM i?2 K2i�#QHBbK Q7 �`QmM/ N8W Q7 T`2b+`BTiBQM /`m;b
�b r2HH �b � p2`v H�`;2 T`QTQ`iBQM Q7 Qi?2` 2tQ;2MQmb +QKTQmM/b �M/ iQtBMb r?B+?
�HQM2 M2+2bbBi�i2b � i?Q`Qm;? mM/2`bi�M/BM; Q7 i?Bb bvbi2K �M/ Bib +QKTQM2MibX �T@
T`QtBK�i2Hv kj Q7 i?2 S98y ;2M2b BM ?mK�Mb �`2 `2bTQMbB#H2 7Q` /`m; �M/ bi2`QB/
K2i�#QHBbK r?BHbi �`QmM/ d �`2 7Q` bi2`QB/ #BQbvMi?2bBbX .2p2HQTK2Mib BM `2+2Mi
/2+�/2b `2;�`/BM; i?2 BKTQ`i�M+2 Q7 FMQrBM; i?2 #BQ�p�BH�#BHBiv- K2i�#QHBbK �M/
iQtB+Biv T`Q#H2Kb �b 2�`Hv �b TQbbB#H2 BM i?2 /`m; /2p2HQTK2Mi T`Q+2bb ?�b 7m`i?2`
?B;?HB;?i2/ i?2 M22/ iQ mM/2`bi�M/ S98yb �M/ Bib �bbQ+B�i2/ bvbi2K �b � r?QH2X Ai
Bb i?Qm;?i i?�i i?2b2 2MxvK2b #2+�K2 2bb2MiB�H BM i?2 #BQbT?2`2 /m2 iQ i?2 M22/ iQ
K2i�#QHBb2 iQtB+ +?2KB+�Hb T`2b2Mi BM i?2 2MpB`QMK2Mi �b Q`;�MBbKb #2+�K2 KQ`2

k



+QKTH2t (9) �M/ KQH2+mH�` Qtv;2M KQ`2 `2�/BHv �p�BH�#H2X
h?2 BMBiB�H /Bb+Qp2`v Q7 S98yb r�b K�/2 BM RN83 BM `�i HBp2` KB+`QbQK2b (8)X

S98yb 72�im`2 � ?2K2 +Q7�+iQ` �b i?2 +�i�HviB+ +2Mi`2 �M/ �`2 i?2`27Q`2 `272``2/ iQ
�b ?2K2 T`Qi2BMbX h?2 T`Qi2BMb r2`2 7QmM/ iQ 2t?B#Bi p2`v bT2+B}+ �M/ mMmbm�H
bT2+i`�H T`QT2`iB2b r?B+? �`2 `2~2+i2/ BM i?2B` M�K2X h?2 T`Qi2BMb �`2 +2HHmH�`
U+viQV- +QHQm`2/ U+?`QK2V- �`2 � M�im`�H +QHQm` Q` TB;K2Mi USV �M/ �#bQ`# �i 98y
nm r?2M BM � +QKTH2t rBi? *P U98yV (e)X �b 2MxvK2b i?�i +�``v Qmi QtB/�iBQM
`2�+iBQMb i?2 S98yb `2[mB`2 � bmTTHv Q7 2H2+i`QMb bQ i?�i i?2v K�v +�``v Qmi i?2
`2�+iBQMb BM i?2B` +�i�HviB+ +v+H2- i?Bb Bb b?QrM BM 6B;m`2 RXRX P7 T�`iB+mH�` MQi2 BM
i?2 +�i�HviB+ +v+H2 Bb i?2 /2HBp2`v Q7 2H2+i`QMb BM irQ BM/BpB/m�H bi2Tb- `�i?2` i?�M
#Qi? �i i?2 b�K2 iBK2 �b QM2 rQmH/ 2tT2+i 7`QK i?2 T?vbBQHQ;B+�H irQ@2H2+i`QM /QMQ`
MB+QiBM�KB/2 �/2MBM2 /BMm+H2QiB/2 T?QbT?�i2 UL�.S>VX

FeV=O

FeIII-O2 
-

FeIII-H2O

FeIII

FeIIFeIII-O2
2-

ROH

[6]

[5b]

[4]

[1]

[2]

[3]

e-
O2

HR

HR

HR

HR

HR

2H+

H2O e-

FeII-CO
CO

(lmax = 450 nm)

RH
H2OH2O

[5a]

[7]

6B;m`2 RXR, a+?2K�iB+ Q7 i?2 +viQ+?`QK2 S98y +�i�HviB+ +v+H2 (d)X h?2 bi2Tb H�#2HH2/
rBi? MmK#2`b �`2 �b 7QHHQrb, URV h?2 2MxvK2 BM i?2 `2biBM; bi�i2 �b HQr@bTBM 72``B+X
UkV h?2 2MxvK2 BM ?B;?@bTBM +QM};m`�iBQM rBi? T2`im`#2/ r�i2` +QQ`/BM�iBQMX UjV
.2HBp2`v Q7 i?2 }`bi 2H2+i`QM H2�/BM; iQ `2/m+iBQM iQ � 72``Qmb bi�i2- #BM/BM; Q7 *P
�i i?Bb bi�;2 H2�/b iQ i?2 �TT2�`�M+2 Q7 i?2 bB;M�im`2 98y nm �#bQ`#�M+2 T2�FX U9V
"BM/BM; Q7 Qtv;2M H2�/BM; iQ �M Qtv@S98y +QKTH2tX U8�V 6m`i?2` `2/m+iBQM 7`QK
� b2+QM/ 2H2+i`QM i`�Mb72` �M/ 7Q`K�iBQM Q7 � T2`QtQ@72``B+ BMi2`K2/B�i2X U8#V h?2
7Q`K�iBQM Q7 ?v/`QT2`QtQ@72``B+ BMi2`K2/B�i2X UeV *QKTQmM/ A �M/ r�i2` 7Q`K2/
�b � `2bmHi Q7 T`QiQM�iBQM Q7 i?2 /Bbi�H Qtv;2M �M/ ?v/`QHvbBb Q7 i?2 P@P #QM/X
UdV h?2 }M�H T`Q/m+i 7Q`K�iBQM i?`Qm;? Qtv;2M i`�Mb72` 7`QK ?2K2 iQ bm#bi`�i2-
`2;2M2`�iBM; i?2 72``B+ ?2K2X

j



h?2 Qp2`�HH `2�+iBQM +�i�Hvb2/ #v S98yb Bb

RH+O2 + 2H+ + 2 e− −−→ ROH+ H2O

r?2`2 _> Bb i?2 bm#bi`�i2 �M/ _P> Bb i?2 QtB/Bb2/ T`Q/m+iX h?2 �iQKb Q7
i?2 bBM;H2 Qtv;2M KQH2+mH2 �`2 /Bbi`B#mi2/ #2ir22M i?2 bm#bi`�i2 �M/ r�i2` BM i?2
T`Q/m+ib Q7 i?2 KQMQ@Qtv;2M�iBQM `2�+iBQMX �HH Q7 i?2 `2�+iBQMb +�i�Hvb2/ #v S98yb
�`2 2bb2MiB�HHv Qtv;2M BMb2`iBQM #mi i?2`2 Bb bQK2 p�`B2iv BM i?2 }M�H Qmi+QK2 Q7
i?2 `2�+iBQMX AM �//BiBQM iQ ?v/`QtvH�iBQM Q7 mM�+iBp�i2/ +�`#QM +2Mi`2b S98yb �`2
+�T�#H2 Q7 2TQtB/�iBQM Q7 QH2}Mb- i?2 �//BiBQM Q7 Qtv;2M iQ ?2i2`Q�iQKb bm+? �b
bmH7m`- i?2 /2�HFvH�iBQM Q7 �KBM2b �M/ i?2 7Q`K�iBQM �M/ #`2�FBM; Q7 +�`#QM@+�`#QM
#QM/bX bQK2 Q7 i?2b2 `2�+iBQMb �`2 Q7 T�`iB+mH�` BMi2`2bi BM ?mK�M ?2�Hi? �M/ /Bb2�b2
bm+? �b i?2 P@/2K2i?vH�iBQM i?�i Q++m`b BM i?2 +QMp2`bBQM Q7 +Q/2BM2 BMiQ KQ`T?BM2X

h?2 #BQ+?2KBbi`v Q7 S98y +�i�Hvb2/ `2�+iBQMb rBHH MQi #2 /2b+`B#2/ BM 7m`i?2`
/2i�BH #mi � /Bb+mbbBQM Q7 i?2 irQ K�DQ` +H�bb2b Q7 S98y KQMQ@Qtv;2M�b2 bvbi2Kb Bb
BKTQ`i�MiX h?2`2 �`2 irQ K�DQ` ivT2b Q7 S98y KQMQ@Qtv;2M�b2 bvbi2Kb i?�i ?�p2
bi`BFBM; /Bz2`2M+2b- i?2b2 �`2 FMQrM �b +H�bb A �M/ +H�bb AAX

*H�bb A S98y bvbi2Kb �`2 7QmM/ BM i?2 BMM2` KBiQ+?QM/`B�H K2K#`�M2b Q7 2mF�`v@
Qi2b- �M/ BM KQbi #�+i2`B�X AM i?Bb bvbi2K i?2 2H2+i`QMb �`2 i`�Mb72``2/ 7`QK L�.S>
iQ S98yb pB� irQ BMi2`K2/B�i2 T`Qi2BMbc � ~�pBM �/2MBM2 /BMm+H2�QiB/2 U6�.V +QM@
i�BMBM; 72``2/QtBM `2/m+i�b2 �M/ 72``2/QtBM U�M B`QM@bmH7m` T`Qi2BMVX

*H�bb AA S98y bvbi2Kb �`2 7QmM/ QM i?2 Qmi2` 7�+2 Q7 i?2 2M/QTH�bKB+ `2iB+mHmK Q7
2mF�`vQi2bX AM i?Bb +�b2 i?2 2H2+i`QM /QM�iBQM iQ S98yb Bb T`QpB/2/ #v � bBM;H2 2H2+@
i`QM i`�Mb72` T�`iM2` FMQrM �b L�.S>@+viQ+?`QK2 S98y `2/m+i�b2 U*S_VX *S_
`2+2Bp2b irQ 2H2+i`QMb 7`QK i?2 Q#HB;�iQ`v irQ@2H2+i`QM /QMQ` L�.S> Q` L�.> pB�
� ?v/`B/2 i`�Mb72` #27Q`2 T�bbBM; i?2K BM BM/BpB/m�H bi2Tb BM i?2 +�i�HviB+ +v+H2 iQ
S98yb (3)X � ;2M2`�H b+?2K�iB+ 7Q` i?2 Q`;�MBb�iBQM Q7 +H�bb AA S98y bvbi2Kb BM i?2
K2K#`�M2 Bb b?QrM BM 6B;m`2 RXkX

*S_ Bb BM/B+�i2/ BM v2HHQr rBi? i?2 irQ T`BK�`v 7mM+iBQM�H /QK�BMb BM/B+�i2/
�b 6�. U~�pBM �/2MBM2 /BMm+H2�QiB/2V �M/ 6JL U~�pBM KQMQMm+H2QiB/2VX �b Bb
+H2�` BM i?2 /B�;`�K- #Qi? T`Qi2BMb �`2 K2K#`�M2 #QmM/ �M/ 72�im`2 � ?v/`QT?Q#B+
i`�MbK2K#`�M2 �M+?Q` /QK�BM r?B+? bi�#BHBb2b i?2 T`Qi2BM �i i?2 K2K#`�M2 bm`@
7�+2 �M/ Bb mM/2`biQQ/ iQ 7�+BHBi�i2 T`Qi2BM@T`Qi2BM BMi2`�+iBQMbX h?2 S98y Bb i?2
i2`KBM�H QtB/�b2 BM i?2 2H2+i`QM i`�Mb72` +?�BM r?2`2 �+iBp�iBQM Q7 KQH2+mH�` Qtv;2M
i�F2b TH�+2X h?2 T`Qi2BMb b?QrM �`2 mbm�HHv 2tT`2bb2/ BM/BpB/m�HHv #mi b2H7@bm{+B2Mi
?v#`B/ KQMQ@Qtv;2M�b2 bvbi2Kb bm+? �b S98y "Jj US98y Ryk�RV Q7 "�+BHHmb K2;�@
i2`BmK ?�p2 2pQHp2/ i?`Qm;? i?2 7mbBQM Q7 S98y �M/ *S_ ;2M2b (N)X

9



6B;m`2 RXk, a+?2K�iB+ Q7 i?2 +viQ+?`QK2 S98y KQMQ@Qtv;2M�b2 bvbi2KX AM/B+�i2/
BM v2HHQr �`2 i?2 irQ T`BK�`v 7mM+iBQM�H /QK�BMb Q7 *S_ �M/ BM `2/ Bb i?2 +2Mi`�H
S98y 2MxvK2X _2�+iBQMb �`2 BM/B+�i2/ #v �``QrbX

RXk >mK�M L�.S>@*viQ+?`QK2 S98y `2/m+i�b2

RXkXR 6mM+iBQM
�b K2MiBQM2/ BM i?2 T`2+2/BM; b2+iBQM- i?2 T`BK�`v 7mM+iBQM *S_ Bb i?2 K2K#`�M2@
#QmM/ 2H2+i`QM i`�Mb72` T�`iM2` Q7 S98y 2MxvK2b- �7i2` r?B+? Bi Bb M�K2/X >Qr@
2p2`- Bi �HbQ ?�b b2p2`�H Qi?2` T?vbBQHQ;B+�H T�`iM2`b BM+Hm/BM; ?2K2 Qtv;2M�b2 (Ry)-
+viQ+?`QK2 b5 (RR) �M/ b[m�H2M2 KQMQ@Qtv;2M�b2 (Rk)X h?2`2 �`2 � MmK#2` Q7 MQM@
T?vbBQHQ;B+�H �++2TiQ`b r?B+? *S_ +�M �HbQ `2/m+2 bm+? �b +viQ+?`QK2 + U+vi +Vc
i?Bb ?�b #22M ?2�pBHv mb2/ 7Q` +?�`�+i2`Bb�iBQM Q7 i?2 2MxvK2 (Rj- R9) �M/ bm+? mb2
rBHH #2 /2b+`B#2/ BM H�i2` +?�Ti2`bX *S_ Bb �+iBp2 #Qi? BM i?2 K2K#`�M2 �M/ r?2M
BM i?2 7Q`K Q7 � bQHm#H2 +QMbi`m+i BM r?B+? i?2 K2K#`�M2 �M+?Q`BM; `2;BQM Bb MQ
HQM;2` T`2b2Mic i?Qm;? Bi b?QmH/ #2 MQi2/ i?�i �+iBpBiv iQr�`/b S98yb bT2+B}+�HHv Bb
/BKBMBb?2/ BM bQHmiBQM- bm;;2biBM; i?�i i?2 T`2b2M+2 Q7 i?2 K2K#`�M2 Bb +`BiB+�H 7Q`
7�+BHBi�iBM; i?2 7Q`K�iBQM Q7 �+iBp2 +QKTH2t2b Q7 S98y �M/ *S_ (N- j)X

RXkXk ai`m+im`2
*S_ Bb � K2K#`�M2 #QmM/- dd F.� T`Qi2BM 7QmM/ T`BK�`BHv QM i?2 bm`7�+2 Q7 i?2
2M/QTH�bKB+ `2iB+mHmKX *S_ +�M #2 BbQH�i2/ 7`QK i?2 K2K#`�M2 Q7 i?2 2M/QTH�bKB+
`2iB+mHmK #v HBKBi2/ T`Qi2QHvbBb rBi? bi2�TbBM Q` i`vTbBMX h?Bb `2H2�b2b � dk kDa

*@i2`KBM�H ?v/`QT?BHB+ bQHm#H2 2MxvK2 i?�i Bb BM+�T�#H2 Q7 `2/m+BM; S98yb #mi Bb
�#H2 iQ QtB/Bb2 L�.S> �M/ T�bb 2H2+i`QMb QMiQ Qi?2` bQHm#H2 �++2TiQ`b- bm+? �b +vi
+X
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6B;m`2 RXj, *`vbi�H bi`m+im`2 Q7 *S_X h?2 6JL@#BM/BM; /QK�BM Uv2HHQrV- 6�.@
#BM/BM; /QK�BM U;`22MV �M/ i?2 HBMF2` /QK�BM U/�`F #Hm2V �M/ ~2tB#H2 ?BM;2
`2;BQM UK�;2Mi�V �`2 b?QrM BM � +�`iQQM `2T`2b2Mi�iBQMX h?2 +Q``2bTQM/BM; ~�pBM
+Q7�+iQ`b U`2/V �M/ L�.S> UHB;?i #Hm2V �`2 b?QrM �b HBM2bX

*S_ +QMbBbib Q7 7Qm` /QK�BMb- i?2 bi`m+im`2 �M/ Q`;�MBb�iBQM Q7 r?B+? r2`2 }`bi
7mHHv +?�`�+i2`Bb2/ #v s@`�v +`vbi�HHQ;`�T?v Q7 i?2 `�i 2MxvK2 BM RNNd #v q�M; 2i
�HX (R8)X h?2 +`vbi�H bi`m+im`2b i?�i ?�p2 #22M Q#i�BM2/ iQ /�i2 �`2 Q7 � bQHm#H2
i`mM+�i2/ 7Q`K Q7 i?2 2MxvK2 BM r?B+? i?2 L@i2`KBM�H i`�MbK2K#`�M2 �M+?Q`BM;
/QK�BM Bb MQi 2tT`2bb2/X 6B;m`2 RXj b?Qrb � KQ`2 `2+2Mi bi`m+im`2 US." A., jZ1kV
Q#i�BM2/ 7`QK i?2 ?mK�M 2MxvK2 (k)c i?2 /QK�BMb `2p2�H2/ BM i?2 bi`m+im`2 �`2,
�M 6�.@ �M/ L�.S>@ #BM/BM; /QK�BM U;`22MV- �M 6JL@#BM/BM; /QK�BM Uv2HHQrV-
�M/ � HBMF2` /QK�BM U#Hm2VX �//BiBQM�HHv- i?2 +Q7�+iQ`b �`2 b?QrM �b HBM2 bi`m+im`2b,
6�. �M/ 6JL U`2/- BM i?2B` `2bT2+iBp2 #BM/BM; /QK�BMbV �M/ L�.S> U+v�MVX P7
T�`iB+mH�` MQi2 BM 6B;m`2 RXj Bb i?2 HQQT UK�;2Mi�V +QMM2+iBM; i?2 6JL@#BM/BM;
/QK�BM iQ i?2 HBMF2` `2;BQMX h?Bb ?B;?Hv ~2tB#H2 HQQT r�b MQi +H2�`Hv `2bQHp2/ BM

e



2Bi?2` i?2 `�i Q` ?mK�M s@`�v +`vbi�H bi`m+im`2b Q7 i?2 2MxvK2c BM i?Bb };m`2 Bi r�b
}HH2/ BM mbBM; i?2 KBMBK�H 2H2+i`QM /2MbBiv i?�i r�b T`2b2MiX

S2`?�Tb i?2 KQbi bi`BFBM; 72�im`2 Q7 *S_ Bb i?2 T`2b2M+2 Q7 i?2 /B~�pBM `2/Qt
+2Mi`2 r?B+? ?�b #22M i?2 7Q+mb Q7 K�Mv bim/B2b �M/ Bb `2bTQMbB#H2 7Q` i?2 +�i�HviB+
�+iBpBiv Q7 i?2 2MxvK2 (Re- Rd- R3- RN- ky)X *S_ Bb BM 7�+i � K2K#2` Q7 � 7�KBHv Q7
/B~�pBM `2/m+i�b2b i?�i ?�p2 #22M Q7 bB;MB}+�Mi #BQHQ;B+�H BMi2`2bi �M/ � MmK#2` Q7
`2pB2rb MQr 2tBbi i?�i /Bb+mbb i?2B` BKTQ`i�M+2 (kR- kk- RN)X h?2 bi`m+im`2 Q7 *S_
`2p2�Hb i?�i i?2 iB;?iHv #QmM/ ~�pBM +Q7�+iQ`b �`2 p2`v +HQb2 iQ QM2 �MQi?2`- rBi?
QMHv �`QmM/ 9 ³ 2/;2@iQ@2/;2 /Bbi�M+2 #2ir22M i?2B` `2bT2+iBp2 BbQ�HHQt�xBM2 `BM;bX
h?Bb /Bbi�M+2 rQmH/ T2`KBi p2`v `�TB/ 2H2+i`QM i`�Mb72` #2ir22M i?2 irQ ~�pBMb #mi
i?2 +QM7Q`K�iBQM rQmH/ #2 p2`v `2bi`B+iBM; 7Q` �++2bb Q7 2H2+i`QM i`�Mb72` T�`iM2`b iQ
i?2 +�i�HviB+ +2Mi`2X Ai Bb rB/2Hv �++2Ti2/ i?�i i?2 ~2tB#H2 ?BM;2 �M/ HBMF2` /QK�BM
�`2 `2bTQMbB#H2 7Q` i?2 `2TQbBiBQMBM; �M/ bi�#BHBbBM; Q7 i?2 6JL /QK�BM BM Q`/2` iQ
7�+BHBi�i2 BMi2`KQH2+mH�` 2H2+i`QM i`�Mb72`X AM �//BiBQM iQ i?2 +`vbi�H bi`m+im`2b Q7
*S_ i?2- bi`m+im`2 Q7 i?2 BbQH�i2/ 6JL /QK�BM ?�b #22M /2i2`KBM2/ #v LJ_ �M/
s@`�v +`vbi�HHQ;`�T?v (kj)X

h?2 +�i�HviB+ /QK�BMb Q7 *S_ b?�`2 � ;`2�i /2�H Q7 bi`m+im`�H ?QKQHQ;v rBi?
#�+i2`B�H ~�pQ/QtBMb U6JL #BM/BM; /QK�BMV (k9) �M/ 72``2/QtBM `2/m+i�b2
U6�.fL�.S> #BM/BM; /QK�BMV (k8) Ĝ ?BMiBM; �i i?2 2pQHmiBQM�`v T`2/2+2bbQ`b Q7
*S_X hrQ Qi?2` ?mK�M /B~�pBM T`Qi2BMb ?�p2 #22M B/2MiB}2/ �M/ bim/B2/ iQ �
bm#bi�MiB�H /2;`22 r?B+? 72�im`2 ?QKQHQ;b Q7 *S_- i?2b2 �`2 MBi`B+ QtB/2 bvMi?�b2
ULPaV (ke) �M/ K2i?BQMBM2 bvMi?�b2 `2/m+i�b2 (kd)X 6B;m`2 RX9 BHHmbi`�i2b i?2 bi`m+@
im`�H bBKBH�`Biv #2ir22M *S_- �MQi?2` /B~�pBM `2/m+i�b2 �M/ i?2 2pQHmiBQM�`v T`2@
/2+2bbQ`bX

a b c

6B;m`2 RX9, *`vbi�HHQ;`�T?B+ bi`m+im`2b Q7 /B~�pBM `2/m+i�b2b �M/ Q7 i?2B` �M+2biQ`
T`Qi2BMbX h?2 /QK�BMb Q7 2�+? bi`m+im`2 �`2 +QHQm`2/ �b BM 6B;m`2 RXj bQ i?�i i?2 +Q`@
`2bTQM/BM; /QK�BM BM 2�+? T`Qi2BM +�M #2 B/2MiB}2/X U�V ai`m+im`2b Q7 � ~�pQ/QtBM
US." A., jES�V �M/ � 72``2/QtBM `2/m+i�b2 US." A., koL>VX U#V h?2 bi`m+im`2
Q7 `�i LPa US." A., RhGGVX U+V h?2 bi`m+im`2 Q7 ?mK�M *S_ US." A., jZ1kVX

d



RXkXj h?2 1H2+i`QM h`�Mb72` J2+?�MBbK Q7 *S_
�b K2MiBQM2/ BM i?2 T`2pBQmb b2+iBQM- T2`?�Tb i?2 KQbi bB;MB}+�Mi 72�im`2 Q7 *S_
7Q` Bib +�i�HviB+ 7mM+iBQM Bb i?2 T`2b2M+2 Q7 irQ ~�pBM KQH2+mH2b �b iB;?iHv #QmM/
+Q7�+iQ`bX h?2b2 KQH2+mH2b �`2 +?�`�+i2`Bb2/ #v i?2B` �#BHBiv iQ 2M;�;2 BM R@ �M/ k@
2H2+i`QM `2/Qt +?2KBbi`v �M/ `2K�BM `2H�iBp2Hv bi�#H2 �b `�/B+�HbX AM *S_ i?2v �`2
i?2 2bb2MiB�H BMi2`K2/B�i2 #2ir22M L�.S> �M/ i?2 ?2K2 B`QM +2Mi`2 Q7 S98ybX

aim/B2b iQ /2i2`KBM2 i?2 FBM2iB+ T`QT2`iB2b �b r2HH �b i?2 T�i?r�v Q7 2H2+i`QMb
i?`Qm;? *S_ ?�p2 #22M +�``B2/ Qmi 2ti2MbBp2Hv mbBM; �bb�vb- T`2@bi2�/v bi�i2 �M/
biQTT2/@~Qr FBM2iB+b- �M/ TQi2MiBQK2i`v (j- k3- kN- jy)X 1�`HB2` bim/B2b r2`2 �#H2
iQ 2bi�#HBb? i?�i i?2 ;2M2`�H 2H2+i`QM T�i?r�v Bb L�.S> iQ 6�. i?2M /Bbi`B#miBQM
#2ir22M 6�.f6JL �M/ }M�HHv iQ i?2 S98yǶb ?2K2 B`QM (jR- jk- R3- jj- j9)X Ai Bb i?2
`2/m+iBQM TQi2MiB�Hb Q7 i?2 ~�pBMb i?�i ?�p2 #22M /2i2`KBM2/ iQ T`BK�`BHv ;Qp2`M
i?2 2H2+i`QM ~Qr BM *S_ (kk- j8)X h?2 KB/TQBMi TQi2MiB�Hb Q7 i?2 ~�pBM +Q7�+iQ`b
r2`2 /2i2`KBM2/ #v �M�2`Q#B+ `2/Qt iBi`�iBQMb Q7 i?2 BbQH�i2/ /QK�BMb �M/ i?2 r?QH2
2MxvK2X h?2 `2/Qt TQi2MiB�Hb Q7 i?2 BbQH�i2/ /QK�BMb �M/ Q7 i?2 r?QH2 T`Qi2BM r2`2
7QmM/ iQ #2 p2`v bBKBH�`X h?2 T`2+Bb2 p�Hm2b /2i2`KBM2/ #v JmM`Q 2i �HX r2`2,

Ç 6�. /QK�BM E1 (QtB/Bx2/fb2KB[mBMQM2) 4 @k3e ± e mV-
E2 (b2KB[mBMQM2f`2/m+2/) 4 @jdR ± d Ko

Ç 6JL /QK�BM E1 4 @9j ± d mV- E2 4 @k3y ± 3 mV

�M/ i?2 bQHm#H2 /B~�pBM `2/m+i�b2

Ç E1 (6JL) 4 @ee ± 3 mV- E2 (6JL) 4 @keN ± Ry mVc
E1 (6�.) 4 @k3j ± 8 mV- E2 (6�.) 4 @j3k ± 3 mVX

h?2b2 p�Hm2b +H2�`Hv �HHQr 7Q` i?2 2bi�#HBb?2/ 2H2+i`QM T�i?r�v 7`QK L�.S>
?v/`B/2 i`�Mb72` iQ 6�. iQ 6JL iQ S98y #mi /Q2b MQi ?2HT iQ 2Hm+B/�i2 i?2 T`2+Bb2
K2+?�MBbK Q7 2H2+i`QM i`�Mb72` #2ir22M i?2 ~�pBMbX 6B;m`2 RX8 b?Qrb i?2 +?2KB+�H
bi`m+im`2b Q7 i?2 TQbbB#H2 QtB/�iBQM bi�i2b Q7 i?2 ~�pBM KQH2+mH2X h?2 ~�pBM +Q@
7�+iQ`b +�M 2tBbi �b i?2 QtB/Bb2/ 7Q`K- i?2 QM2@2H2+i`QM `2/m+2/ b2KB[mBMQM2- �M/
irQ@2H2+i`QM 7mHHv `2/m+2/ ?v/`Q[mBMQM2 7Q`KbX "Qi? Q7 i?2b2 7Q`Kb +�M 2tBbi 7`22
BM bQHmiBQM �b 2Bi?2` i?2 M2mi`�H Q` �MBQMB+ 7Q`KbX AKTQ`i�MiHv- BM i?2 T?vbBQHQ;B+�H
T> `�M;2 #2ir22M eX8 �M/ 3X8 #Qi? b2KB[mBMQM2b �`2 7QmM/ BM i?2 M2mi`�H #Hm2 7Q`KX
h?2 7mHHv `2/m+2/ 7Q`Kb �`2 `272``2/ iQ �b 6JL>k �M/ 6�.>kX h?2 QtB/�iBQM �M/
T`QiQM�iBQM bi�i2b Q7 *S_ +�M 2�bBHv #2 /BbiBM;mBb?2/ BM i?2 H�#Q`�iQ`v /m2 iQ i?2
/BbiBM+i pBbB#H2 �#bQ`TiBQM bT2+i`mK Q7 2�+? bT2+B2b (R3- Re)X h?2b2 bT2+i`� ?�p2
#22M BMp�Hm�#H2 7Q` � `�M;2 Q7 bim/B2b +�``B2/ Qmi QM i?2 i?2 +�i�HviB+ K2+?�MBbK
Q7 *S_ bBM+2 Bib BMBiB�H /Bb+Qp2`vX PtB/Bb2/ ~�pBMb ?�p2 � #`Q�/ �#bQ`TiBQM K�t@
BK� �i 98y �M/ j3y nm- rBi? i?2 p�Hm2 �i 98y nm +QKKQMHv #2BM; mb2/ 7Q` i?2

3



/2i2`KBM�iBQM Q7 T`Qi2BM +QM+2Mi`�iBQM BM bQHmiBQM �++Q`/BM; iQ i?2 ~�pBM +QMi2Mi
U�bbmKBM; � biQB+?BQK2i`B+ [m�MiBiv Q7 ~�pBMVX h?2 +QK#BM�iBQM Q7 �#bQ`TiBQM �i
i?2b2 r�p2H2M;i? Bb `2bTQMbB#H2 7Q` i?2 /BbiBM+iBp2 v2HHQr +QHQm` Q7 i?2 T`Qi2BMX h?2
bT2+i`� Q7 M2mi`�H #Hm2 b2KB[mBMQM2b 72�im`2 � #`Q�/ �#bQ`#�M+2 #2ir22M 8yy �M/
dyy nmX h?Qm;? #Qi? Q7 i?2 ~�pBMb �`2 �#H2 iQ 7Q`K b2KB[mBMQM2b Bi b?QmH/ #2
MQi2/ i?�i r?BH2 i?2 6JL>• Bb �B` bi�#H2 i?2 6�.>• Bb MQiX h?Bb Bb KQbi HBF2Hv iQ
#2 � � `2bmHi Q7 i?2 bi�#BHBbBM; 2z2+i Q7 � ?v/`Q;2M #QM/ #2ir22M L8 Q7 i?2 6JL
�M/ i?2 K�BM +�`#QMvH ;`QmT Q7 � +QMb2`p2/ ;Hv+BM2 `2bB/2 BM � M2�`#v HQQT U:HvR9R
BM `�i *S_V (je)X
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Anionic (red) semiquinone Anionic hydroquinone

Neutral (blue) semiquinone Neutral hydroquinone

Oxidised

H+ H+

e-, H+

e-

e-, H+

e-, H+

6B;m`2 RX8, *?2KB+�H bi`m+im`2 Q7 i?2 BbQ�HHQt�xBM2 `BM; Q7 ~�pBM BM �HH `2/Qt bi�i2bX
h?2 QtB/Bb2/ KQH2+mH2 �#bQ`#b BM i?2 pBbB#H2 bT2+i`mK iQ �TT2�` v2HHQr r?BHbi i?2
?v/`Q[mBMQM2b �TT2�` � p2`v T�H2 ;`2vfv2HHQrX h?2 irQ b2KB[mBMQM2 +QM};m`�iBQMb
�TT2�` +QHQm`2/ �b H�#2HH2/X

1�`Hv bim/B2b ?�/ +QM+Hm/2/ i?�i i?2 T?vbBQHQ;B+�H `2/m+iBQM Q7 *S_ #2;BMb rBi?
i?2 +QKTH2i2 `2/m+iBQM Q7 i?2 6�. iQ i?2 ?v/`Q[mBMQM2 7Q`K UL�.SY−6�.>k−6JLV
#v K2�Mb Q7 � ?v/`B/2 i`�Mb72` 7`QK 2MxvK2 #QmM/ L�.S> +Q7�+iQ`X h?Bb Bb 7QH@
HQr2/ #v i`�Mb72` Q7 2H2+i`QMb QM2 �i � iBK2 iQ i?2 6JL vB2H/BM; i?2 6JL ?v/`Q@
[mBMQM2 bT2+B2b U6JL>kVX h?2 2H2+i`QMb �`2 }M�HHv T�bb2/ b2[m2MiB�HHv iQ S98yb
�i BM/BpB/m�H bi2Tb BM i?2 +�i�HviB+ +v+H2X h?Bb b2T�`�iBQM Q7 i?2 irQ 2H2+i`QMb Bb
� +`m+B�H 7mM+iBQM Q7 *S_ �M/ Bb �HKQbi +2`i�BMHv i?2 2pQHmiBQM�`v `2�bQM 7Q` i?2
T`2b2M+2 Q7 irQ ~�pBM KQH2+mH2bX h?2 bvbi2K Bb MQi 2MiB`2Hv i?Bb bBKTH2- bBM+2 Bi Bb
bi`QM;Hv bmbT2+i2/ i?�i i?2 `2/Qt bi�i2b Q7 i?2 ~�pBMb 2tBbi BM 2[mBHB#`BmKX 6Q` 2t@
�KTH2- i?2 irQ 2H2+i`QM `2/m+2/ bT2+B2b UL�.SY−6�.>k−6JLV �HKQbi +2`i�BMHv
2tBbib BM � KBtim`2 Q7 T`2/QKBM�MiHv 6�.−6JL>k �M/ 6�.>•−6JL>• #�b2/ QM
bT2+i`Qb+QTB+ }M/BM;b (j8- jk)X "`2MM2` 2i �HX r2`2 �#H2 iQ T`QTQb2 T`QTQ`iBQMb Q7
i?2 2MxvK2 BM 2�+? Q7 i?2 bi�i2b r?B+? r�b 7QmM/ iQ p�`v rBi? i?2 T> Q7 i?2 #mz2`
bQHmiBQM- r?2`2 �i HQr T> p�Hm2b i?2 L�.SY−6�.>k−6JL Bb 7�pQm`2/ �M/ �i

N



?B;? T> KQ`2 Q7 i?2 6�.>•−6JL>• Bb T`2b2Mi (jd)X
Ai ?�b #22M T`QTQb2/ i?�i /m`BM; +�i�HvbBb i?2 ~�pBMb 2tBbi BM 2H2+i`QM +QM};m@

`�iBQMb Q7 R@j@k@R Q` k@9@j@kc r?2`2 i?2 MmK#2`b `2T`2b2Mi i?2 MmK#2` Q7 �//BiBQM�H
2H2+i`QMb #2vQM/ i?2 QtB/Bb2/ 7Q`K (jy- j3- kk)X h?2 R@j@k@R +QM};m`�iBQM r�b 2t@
T2+i2/ iQ #2 i?2 KQ`2 T?vbBQHQ;B+�HHv `2H2p�Mi #2+�mb2 i?2 `2/m+iBQM TQi2MiB�Hb Q7
i?2 ~�pBMb �HHQr i?2b2 bi�i2b iQ #2 `2�+?2/ KQ`2 2�bBHv rBi? L�.S>- �M/ i?2 �B`@
bi�#BHBiv Q7 i?2 b2KB[mBMQM2 7Q`KX *S_ ?�b #22M b?QrM iQ #2 bi�#H2 BM �B` �b �
R@2H2+i`QM `2/m+2/ bT2+B2b U6JL>•V �M/ Q7i2M Tm`B}2b 7`QK 1b+?2`B+?B� +QHB U1X
+QHBV BM i?Bb 7Q`KX JQ`2 `2+2Mi `2b2�`+? ?�b �HbQ T`QTQb2/ � y@k@R@y +QM};m`�iBQM
r?B+? �bbmK2b i?�i i?2 +v+H2 �Hr�vb #2;BMb �M/ 2M/b rBi? 7mHHv QtB/Bb2/ ~�pBMb
(kk- jN)X �Hi?Qm;? i?2 9@2H2+i`QM `2/m+2/ bT2+B2b ?�b #22M b?QrM iQ 7Q`K- Bi Bb MQi
;2M2`�HHv +QMbB/2`2/ T?vbBQHQ;B+�HHv `2H2p�Mi �b Bi `2[mB`2b BM+m#�iBQM rBi? � bB;MB}@
+�Mi KQH�` 2t+2bb Q7 L�.S> 7Q` b2p2`�H ?Qm`b BM Q`/2` iQ 7Q`Kc Q` �Hi2`M�iBp2Hv i?2
mb2 Q7 � Km+? bi`QM;2` MQM@T?vbBQHQ;B+�H `2/m+BM; �;2Mi (kk)X

AM +QKT�`BbQM iQ S98yb- i?2`2 Bb � bB;MB}+�MiHv H2bb +QKTH2i2 mM/2`bi�M/BM;
Q7 i?2 +�i�HviB+ +v+H2 Q7 *S_X h?Bb Bb T�`iHv /m2 iQ 72r2` +QKT`2?2MbBp2 bim/B2b
#mi �HbQ /m2 iQ i?2 /B{+mHiv Q7 7QHHQrBM; i?2 KmHiBim/2 Q7 TQbbB#H2 `2/Qt bi�i2b-
2H2+i`QM i`�Mb72`b �M/ +QM7Q`K�iBQMb i?�i �`2 HBF2Hv iQ 2tBbi i?`Qm;?Qmi i?2 +v+H2X
� `2+2MiHv T`QTQb2/ +�i�HviB+ +v+H2- �HQM; rBi? T`2/B+i2/ +QM7Q`K�iBQMb Q7 *S_ Bb
b?QrM BM 6B;m`2 RXe (9y)X .�i� T`2b2Mi2/ BM i?2 b�K2 bim/v bm;;2bi2/ i?�i /QK�BM
`2Q`;�MBb�iBQM Q7 *S_ +�M #2 i`B;;2`2/ #v i?2 /2HBp2`v Q7 2H2+i`QMbX

RXkX9 .QK�BM JQiBQMb
h?2 +QM+2Ti Q7 �M 2M2`;v H�M/b+�T2 BM 7QH/2/ T`Qi2BMb M2+2bbBi�i2b i?�i T`Qi2BMb 2t@
Bbi �b �M 2[mBHB#`BmK TQTmH�iBQM Q7 +QM7Q`K�iBQM�H bi�i2b (9j- 99)X AMi2`+QMp2`bBQMb
#2ir22M i?2b2 bi�i2b �`2 FMQrM iQ #2 Q7 7mM/�K2Mi�H BKTQ`i�M+2 iQ i?2 #BQHQ;B+�H
7mM+iBQM Q7 i?2 2MxvK2 #mi `2K�BM BM+QKTH2i2Hv mM/2`biQQ/ (98- 9e)X h?2 BMi2`M�H
KQiBQMb Q7 T`Qi2BMb +�M `�M;2 7`QK #QM/ pB#`�iBQMb- i?`Qm;? HQ+�HBb2/ HQQT KQp2@
K2Mib iQ H�`;2@b+�H2 /QK�BM KQiBQMb (9d- 93- kd- 9N- 8y- 8R)X h?2 iBK2 b+�H2 +�M �HbQ
`�M;2 ;`2�iHv 7`QK 72KiQb2+QM/b 7Q` i?2 bK�HH2bi KQiBQMb iQ KB+`Qb2+QM/b �M/ 2p2M
b2+QM/b 7Q` H�`;2`@b+�H2 KQiBQMbX � bK�HH b2H2+iBQM 7`QK i?`Qm;?Qmi i?2 `�M;2b ?�b
�H`2�/v #22M bim/B2/- BM+Hm/BM; HQ+�H HQQT KQiBQMb �M/ H�`;2` b+�H2 /QK�BM KQp2@
K2Mib (8k)X h?2 BKTQ`i�M+2 Q7 i?2 H�ii2` Bb T�`iB+mH�`Hv +H2�` BM T`Qi2BMb BMpQHp2/ BM
2H2+i`QM i`�Mb72` U1hV T�i?r�vb- bvbi2Kb i?�i 72�im`2 /QK�BM KQiBQMb BMi`BMbB+ iQ
i?2B` 7mM+iBQMX

1h T`Qi2BMb- bm+? �b *S_- �`2 ivTB+�HHv �bbQ+B�i2/ BM H�`;2 �M/ /vM�KB+ +QK@
TH2t2b �M/ � bBM;H2 T`Qi2BM Q7i2M +QMi�BMb KmHiBTH2 `2/Qt +2Mi`2bX AM bm+? bvbi2Kb-
/QK�BM KQiBQM Bb `2[mB`2/ iQ T`QpB/2 �++2bb 7Q` i?2 T`Qi2BM �M/ +Q7�+iQ`bX Ai ?�b
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CPROX CPROX-NADPH CPR2e--NADPH+

CPR2e-CPR1e-

P450

P450

e-

e-

[1] [2]

[3]

[4]

6B;m`2 RXe, S`QTQb2/ +�i�HviB+ +v+H2 Q7 *S_X JQ/2Hb Q7 i?2 T`2/B+i2/ +QM7Q`K�iBQM�H
bi�i2 Q7 i?2 KQH2+mH2 �`2 /2i�BH2/ BM i?2 `2H2p�Mi bi2TbX URV L�.S> #BM/b iQ i?2
QtB/Bb2/ 7Q`K Q7 i?2 2MxvK2 r?B+? Bb T`2/QKBM�MiHv BM i?2 +HQb2/ +QM7Q`K�iBQMX
UkV h?2 ~�pBMb �`2 `2/m+2/ pB� � ?v/`B/2 i`�Mb72` �7i2` KQp2K2Mi Q7 h`Tedd iQ
�HHQr �++2bb iQ i?2 BbQ�HHQt�xBM2 `BM; 7Q` i?2 MB+QiBM�KB/2 `BM; �M/ i?2 2H2+i`QMb
�`2 /Bbi`B#mi2/ �++Q`/BM;Hv #2ir22M i?2 irQ UBMi2`~�pBM 2H2+i`QM i`�Mb72`VX L�.SY

`2K�BMb #QmM/ �M/ *S_ K�BMi�BMb � KQ`2 +QKT�+i +QM7Q`K�iBQMX UjV L�.SY

Bb `2H2�b2/ �M/ *S_ T`Q+22/b iQ �/QTi � KQ`2 2ti2M/2/ +QM7Q`K�iBQM �M/ �i i?Bb
bi�;2 i?2 L�.S> #BM/BM; bBi2 #2+QK2b bi2`B+�HHv ?BM/2`2/ #v � HQQT KQp2K2Mi
�i �bTejkX U9V *S_ T`Q+22/b iQ BMi2`�+i rBi? 2H2+i`QM i`�Mb72` T�`iM2`b r?BHbi
BM �M 2ti2M/2/ +QM7Q`K�iBQM �M/ mM/2`;Q BMi2`KQH2+mH�` 2H2+i`QM i`�Mb72` #27Q`2
`2im`MBM; iQ i?2 QtB/Bb2/ bi�i2 BM bi2T RX 6B;m`2 �/QTi2/ 7`QK >m�M; 2i �HX (9y)-
r?2`2 i?2 6�.@#BM/BM; �M/ HBMF2` /QK�BM �`2 +QHQm`2/ #Hm2 �M/ i?2 6JL@#BM/BM;
/QK�BM Bb BM ;`22M- rBi? �//BiBQM�H BM7Q`K�iBQM 7`QK >m##�`/ 2i �HX (9R) �M/ sB�
2i �HX(9k)

#22M BKTHB2/ i?�i H�`;2 b+�H2 /QK�BM KQiBQMb +QmH/ #2 `2bTQMbB#H2 7Q` HBKBiBM; i?2
`�i2 Q7 bm+? `2�+iBQMb iQ i?2 KBHHBb2+QM/ iBK2b+�H2 r?B+? Bb K�Mv Q`/2`b Q7 K�;MB@
im/2 bHQr2` i?�M i?2 BMi`BMbB+ 2H2+i`QM i`�Mb72` `�i2 (8j- 89- 88- 8e)X h?2 BKTQ`i�M+2
Q7 H�`;2 b+�H2 BMi`�@ �M/ BMi2`@KQH2+mH�` T`Qi2BM /vM�KB+b BM `2;mH�iBM; #BQHQ;B+�H
2H2+i`QM i`�Mb72` Bb #2;BMMBM; iQ #2 `2+Q;MBb2/ #mi � /2i�BH2/ +?�`�+i2`Bb�iBQM Bb �M
mM`2bQHp2/ T`Q#H2KX h?2 Bbbm2 Bb 2t�;;2`�i2/ #v i?2 2tT2`BK2Mi�H /B{+mHiB2b i?�i
�`Bb2 �b � `2bmHi Q7 KQbi Q7 i?2 bvbi2Kb BMpQHpBM; K2K#`�M2 #QmM/ T`Qi2BMbX

RR



�M BKTQ`i�Mi 7�KBHv Q7 1h T`Qi2BMb r?B+? /2T2M/b QM /QK�BM KQp2K2Mi BM i?Bb
r�v Bb i?�i Q7 i?2 /B~�pBM `2/m+i�b2b- r?B+? BM+Hm/2b *S_- K�KK�HB�M MBi`B+ QtB/2
bvMi?�b2 ULPaV- i?2 +�M+2`@`2H�i2/ MQp2H `2/m+i�b2 �M/ K2i?BQMBM2 bvMi?�b2 `2/m+@
i�b2- �b r2HH �b i?2 #�+i2`B�H T`Qi2BMb bmH}i2 `2/m+i�b2 �M/ S98y "JjX h?2b2 2M@
xvK2b UQ` i?2B` `2/m+i�b2 +QKTQM2MibV ?�p2 /QK�BMb BM +QKKQM, �M 6JL@#BM/BM;
/QK�BM- `2H�i2/ iQ ~�pQ/QtBMb- �M 6�.@ �M/ L�.S>@#BM/BM; /QK�BM- `2H�i2/ iQ
72``2/QtBMf~�pQ/QtBM `2/m+i�b2b- �M/ � ǵHBMF2`Ƕ /QK�BM- r?B+? K�v b2`p2 iQ TQbB@
iBQM i?2 Qi?2` irQ /QK�BMbX h?2 6JL /QK�BM Bb +QMM2+i2/ iQ i?2 HBMF2` �M/ 6�.
/QK�BMb i?`Qm;? � ?B;?Hv ~2tB#H2 ǵ?BM;2ǶX AM �HH i?2 K2K#2`b Q7 i?Bb 7�KBHv i?2
1h T�i?r�v BMpQHp2b i?2 b2[m2M+2 L�.S>→6�.→6JL→ �++2TiQ`- �M/ KQ@
iBQM Q7 i?2 6JL@#BM/BM; /QK�BM ?�b #22M BM72``2/ iQ �HHQr Bi iQ �++2Ti 2H2+i`QMb
7`QK i?2 6�. �M/ /2HBp2` i?2K iQ i?2 �++2TiQ`X h?2 +`vbi�H bi`m+im`2b Q7 p�`BQmb
*S_ KQH2+mH2b BM+Hm/BM; 7`QK `�i (R8)- ?mK�M (k) �M/ v2�bi (8d) `2p2�H � /Bbi�M+2
Q7 �`QmM/ 9 ³ #2ir22M i?2 irQ ~�pBM +Q7�+iQ`bX h?Bb rQmH/ p2`v 2�bBHv T2`KBi BM@
i`�KQH2+mH�` 2H2+i`QM i`�Mb72` #2ir22M i?2 irQ #mi �++2bb iQ i?2 +�i�HviB+ +2Mi`2 7Q`
Qi?2` KQH2+mH2b rQmH/ #2 b2p2`2Hv ?BM/2`2/X

aim/B2b BMiQ i?2 `�i2 Q7 BMi2`~�pBM 2H2+i`QM i`�Mb72` ?�p2 `2p2�H2/ `�i2b BM i?2
`2;BQM Q7 jy@ey s−1 (83- 8N)X h?Bb Bb bB;MB}+�MiHv HQr2` i?�M i?�i Q7 i?2 BMi`BMbB+
2H2+i`QM i`�Mb72` `�i2 r?B+? Bb T`2/B+i2/ iQ #2 BM i?2 `2;BQM Q7 Ry10 s−1 #�b2/ QM i?2
b2T�`�iBQM /Bbi�M+2 #2ir22M i?2 irQ +Q7�+iQ`b BM i?2 +`vbi�H bi`m+im`2X Ai Bb #2HB2p2/
i?�i i?2 T`Q+2bb K�v #2 +QM7Q`K�iBQM�HHv ;�i2/c +`vbi�H bi`m+im`2b 2tBbi b?QrBM;
*S_ #Qi? BM � KQ`2 +QKT�+i �M/ � KQ`2 2ti2M/2/ b?�T2 r?B+? T`QpB/2b 7m`i?2`
2pB/2M+2 i?�i i?2 H�`;2 b+�H2 KQiBQMb BM i?2 T`2/B+i2/ `2H�iBp2 Q`B2Mi�iBQMb Q7 i?2
/QK�BMb �`2 TQbbB#H2 (ey- 9k)X

Ai ?�b T`2pBQmbHv #22M 2bi�#HBb?2/ i?�i *S_ �++2Tib irQ 2H2+i`QMb 7`QK i?2
Q#HB;�iQ`v T?vbBQHQ;B+�H /QMQ` L�.S> r?B+? �`2 i?2M /Bbi`B#mi2/ #2ir22M i?2 irQ
~�pBMb- `2bmHiBM; BM � KBtim`2 Q7 6�.f6JL>k �M/ 6�.•f6JL• (jN- ky- k3- 83- jj)X
qBi? i?2 L�.SY biBHH #QmM/ i?2 +QM7Q`K�iBQM Bb ?�b #22M T`QTQb2/ iQ #2 KQ`2
+QKT�+i BM Q`/2` iQ T`QpB/2 i?2 +Q``2+i �``�M;2K2Mi 7Q` BMi2`~�pBM 2H2+i`QM i`�Mb72`X
lTQM /BbbQ+B�iBQM Q7 L�.SY Bi ?�b #22M TQbimH�i2/ i?�i i?2 bi`m+im`2 rBHH �/QTi
� KQ`2 2ti2M/2/ 7Q`K r?2`2 �++2bb iQ i?2 6JL Bb �p�BH�#H2 iQ S98yb Q` �MQi?2`
`2H2p�Mi 2H2+i`QM �++2TiQ`X h?2b2 +?�M;2b �M/ i?2B` T`2/B+i2/ Q++m`�M+2 /m`BM; i?2
+�i�HviB+ +v+H2 �`2 /2i�BH2/ BM 6B;m`2 RXeX

_2+2Mi aim/B2b QM *S_

� MmK#2` Q7 `2+2Mi bim/B2b r?B+? ?�p2 �ii2KTi2/ iQ 2Hm+B/�i2 i?2 M�im`2 �M/ +�mb2b
Q7 i?2 /QK�BM KQiBQM i?�i *S_ mM/2`;Q2b r?2M +�``vBM; Qmi Bib 7mM+iBQM rBHH MQr
#2 /Bb+mbb2/X h?2 KQbi /B`2+i 2pB/2M+2 7Q` /QK�BM KQiBQMb +QK2b 7`QK +`vbi�H
bi`m+im`2b Q7 Kmi�Mib i?�i +`vbi�HHBb2 BM KQ`2 QT2M +QM7Q`K�iBQMb- �b K2MiBQM2/
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#`B2~v �#Qp2X h?2b2 +`vbi�H bi`m+im`2b 72�im`2/ *S_ rBi? � /Bbi�M+2 #2ir22M i?2
+Q7�+iQ`b `�M;BM; 7`QK jy iQ ey ³X >Qr2p2`- i?2 HBKBi�iBQM Q7 i?Bb 2pB/2M+2 Bb i?�i
i?2 r�v i?2 KQH2+mH2 +`vbi�HHBb2b Bb MQi M2+2bb�`BHv BM/B+�iBp2 Q7 ?Qr Bi #2?�p2b BM
Bib M�iBp2 2MpB`QMK2Mi r?2M �M+?Q`2/ iQ � K2K#`�M2X h?2b2 Kmi�Mib �HbQ bmz2`2/
7`QK Q`/2`b Q7 K�;MBim/2 HQr2` +�i�HviB+ `�i2 7Q` i?2 `2/m+iBQM Q7 +viQ+?`QK2 +
�M/ S98y- Q` BM bQK2 +�b2b- HQbi i?2 �+iBpBiv �HiQ;2i?2` (ey)c i?Bb ?B;?HB;?ib i?2
BKTQ`i�M+2 Q7 � /vM�KB+ bvbi2K �M/ ?Qr i?2 2MxvK2 Kmbi ?�p2 i?2 ~2tB#BHBiv iQ
`2im`M iQ i?2 +HQb2/ +QM7Q`K�iBQM BM Q`/2` iQ mM/2`;Q BMi2`~�pBM 2H2+i`QM i`�Mb72`
/m`BM; +�i�HvbBbX

�Hi?Qm;? H2bb B/2�H i?�M bim/B2b BM i?2 K2K#`�M2 Bi Bb �++2Ti2/ i?�i bQHmiBQM
bim/B2b �`2 �#H2 iQ ;Bp2 � KQ`2 �++m`�i2 BMi2`T`2i�iBQM Q7 i?2 +QM7Q`K�iBQM�H #2@
?�pBQm` Q7 i?2 KQH2+mH2 i?�M BM +`vbi�HHBM2 7Q`KX h?2 }`bi irQ K�DQ` bim/B2b BM
bQHmiBQM mb2/ 2H2+i`QM /Qm#H2 `2bQM�M+2 K2i?Q/b BM i?2 +�b2 Q7 >�v 2i �HX (eR) �M/
� +QK#BM�iBQM Q7 Mm+H2�` K�;M2iB+ `2bQM�M+2 ULJ_V �M/ bK�HH@�M;H2 s@`�v b+�i@
i2`BM; Ua�saV BM i?2 +�b2 Q7 1HHBb 2i �HX (ek)X "Qi? Q7 i?2b2 bim/B2b `2p2�H2/ i?�i
i?2 QtB/Bb2/ 7Q`K Q7 ?mK�M *S_ 2tBbib BM bQHmiBQM �b � KBtim`2 Q7 irQ Q` KQ`2
+QM7Q`K�iBQMbX �i H2�bi QM2 Q7 i?2 +QM7Q`K�iBQMb r�b +QMbBbi2Mi rBi? i?2 Tm#@
HBb?2/ +`vbi�H bi`m+im`2 Q7 i?2 rBH/@ivT2 �b � ǵ+HQb2/Ƕ +QM7Q`K�iBQM �M/ i?2 Qi?2`
#2BM; �M ǵQT2MǶ +QM7Q`K�iBQM r?B+? +QmH/ #2 +QKT�`2/ iQ i?Qb2 +`vbi�H bi`m+im`2b
T`2pBQmbHv K2MiBQM2/ T`2pBQmbHv BM >�K/�M2 2i �HX Q` i?2Q`2iB+�H KQ/2HbX "Qi?
bim/B2b �HbQ Q#b2`p2/ � b?B7i BM i?2 +QM7Q`K�iBQM�H 2[mBHB#`BmK mTQM `2/m+iBQM Q7
i?2 ~�pBM +Q7�+iQ`b #v L�.S>X AM +�b2b r?2`2 i?2 Mm+H2QiB/2 r�b biBHH 7QmM/ *S_
7�pQm`2/ � bQK2r?�i H2bb QT2M +QM7Q`K�iBQMX � 7m`i?2` bim/v #v >m�M; 2i �HX (9y)
�ii2KTi2/ iQ T`2b2Mi � KQ`2 +QKTH2i2 mM/2`bi�M/BM; Q7 i?2 +QM7Q`K�iBQM�H 2[mBHB#@
`BmK #v mbBM; � ;`2�i2` `�M;2 Q7 `2/m+BM; �;2Mib �M/ `2/Qt bi�i2bX AKTQ`i�MiHv �
bK�HH BMp2biB;�iBQM mbBM; bK�HH@�M;H2 M2mi`QM b+�ii2`BM; Ua�LaV r�b +�``B2/ Qmi BM
�M 2zQ`i iQ +B`+mKp2Mi i?2 T?QiQ`2/m+iBp2 2z2+i Q7 s@`�vb QM i?2 `2/Qt bi�i2 Q7 i?2
~�pBMb r?B+? rQmH/ HBF2Hv H2�/ iQ �M �K#B;mQmb `2bmHi r?2M bim/vBM; i?2 QtB/Bb2/
7Q`KX h?Bb BMp2biB;�iBQM `2bmHi2/ BM i?2 T`QTQb�H Q7 � +�i�HviB+ +v+H2 �MMQi�i2/ rBi?
TQbbB#H2 +QM7Q`K�iBQM�H bi�i2b BM 2�+? bi2T U6B;m`2 RXeVX

� bim/v +�``B2/ Qmi BM kyRR #v sB� 2i �HX (9k) r�b �#H2 iQ /2KQMbi`�i2 i?2 BKTQ`@
i�M+2 Q7 /QK�BM KQiBQM iQ +�i�HvbBb BM � KQ`2 /B`2+i r�v #v 2M;BM22`BM; � /BbmH}/2
+`Qbb@HBMF #2ir22M � `2bB/m2 BM i?2 6JL /QK�BM �M/ �MQi?2` BM i?2 6�. /QK�BMX
h?2 +`Qbb@HBMF b2p2`2Hv `2/m+2/ i?2 ~2tB#BHBiv Q7 i?2 KQH2+mH2 #v HQ+FBM; i?2 irQ
/QK�BMb iQ;2i?2` �M/ b2p2`2Hv `2/m+BM; i?2 `�i2 Q7 BMi2`~�pBM 2H2+i`QM i`�Mb72` �M/
2H2+i`QM i`�Mb72` iQ T�`iM2` 2MxvK2b UQp2` NyW `2/m+iBQMVX am#b2[m2Mi `2/m+iBQM Q7
i?2 /BbmH}/2 +`Qbb@HBMFb `2biQ`2/ i?2 +�i�HviB+ �+iBpBiv iQ MQ`K�H p�Hm2bX h?Bb BMp2b@
iB;�iBQM �HbQ T`2b2Mi2/ +`vbi�H bi`m+im`2b Q7 i?2 +`Qbb@HBMF2/ 2MxvK2 H�+FBM; #QmM/
L�.SYc Bi Bb BMi2`2biBM; iQ MQi2 i?�i i?2 ~�pBM +Q7�+iQ`b r2`2 BM +HQb2 T`QtBKBiv
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#mi `Qi�i2/ rBi? `2bT2+i iQ 2�+? Qi?2` +QKT�`2/ iQ i?2 rBH/ivT2 r?B+? Bb HBF2Hv �
`2�bQM 7Q` i?2 HQr2` BMi2`~�pBM 2H2+i`QM i`�Mb72`X

hrQ bim/B2b (ej- R9) 7Q+mbbBM; QM i?2 mb2 Q7 ~mQ`2b+2M+2 `2bQM�M+2 2M2`;v i`�Mb72`
U6_1hV �M/ biQTT2/ ~Qr K2i?Q/b ?�p2 +Q``2H�i2/ i?2 QT2M �M/ +HQb2/ bi�i2b Q7
*S_ rBi? bi2Tb BM i?2 +�i�HviB+ +v+H2X h?Bb rQ`F 7m`i?2` bmTTQ`i2/ i?2 B/2� Q7
L�.S> #BM/BM; �M/ `2/m+iBQM Q7 i?2 ~�pBMb T`Q/m+BM; � H2bb 2ti2M/2/ +QM7Q`K�iBQM
�M/ i?2 bm#b2[m2Mi `2H2�b2 Q7 L�.SY `2bmHiBM; BM � ;`2�i2` T`QTQ`iBQM Q7 KQH2+mH2b
BM i?2 QT2M +QM7Q`K�iBQMX �i T`2b2Mi i?2`2 Bb � bm#bi�MiB�H /2;`22 Q7 BM+QMbBbi2M+v
�KQM;bi `2b2�`+? BMiQ i?Bb �`2� 2bT2+B�HHv +QM+2`MBM; i?2 +QM7Q`K�iBQM i?�i *S_
�/QTib BM i?2 7mHHv QtB/Bb2/ bi�i2X

6BM�HHv- HBKBi2/ 2zQ`ib ?�p2 #22M K�/2 iQ bim/v i?2 #2?�pBQm` Q7 *S_ U�M/
S98ybV BM i?2 K2K#`�M2 #v mbBM; M�MQ/Bb+ i2+?MQHQ;v (e9- e8- ee- ed)X L�MQ/Bb+b
�`2 bK�HH /Bb+@b?�T2/ TB2+2b Q7 K2K#`�M2 i?�i �`2 F2Ti BM b?�T2 �M/ bi�#H2 i?�MFb
iQ � b+�zQH/ T`Qi2BM �`QmM/ i?2 2/;2X J2K#`�M2 T`Qi2BMb +�M i?2M #2 BMi2;`�i2/
BMiQ i?2 M�MQ/Bb+b- TQi2MiB�HHv rBi? T`2+Bb2 +QMi`QH Qp2` biQB+?BQK2i`v- �M/ i?2M
K2�bm`2/X � bim/v i?�i mb2/ aQ`;?mK #B+QHQ` *S_ BMi2;`�i2/ BMiQ M�MQ/Bb+b r?B+?
r2`2 i?2M bm#b2[m2MiHv /2TQbBi2/ QM iQ � bm`7�+2 �M/ K2�bm`2/ rBi? M2mi`QM `2@
~2+iBpBiv vB2H/2/ HBKBi2/ HQr `2bQHmiBQM /�i� Q7 +?�M;2b i�FBM; TH�+2 (e3)X >Qr2p2`-
i?Bb /2KQMbi`�i2/ i?�i i?2 BMi2;`�iBQM Q7 *S_b BMiQ bm+? K2K#`�M2b r�b pB�#H2
�M/ i?�i i?2 mb2 Q7 M2mi`QMb +�M `2M/2` i?2 K2K#`�M2 2tT2`BK2Mi�HHv BMpBbB#H2 iQ
�HHQr i?2 M�MQ/Bb+ iQ #2?�p2 �b � bi2�Hi? +�``B2` 2Bi?2` BM bQHmiBQM Q` r?2M /2TQbBi2/
(eN- dy)X � /2i�BH2/ /2b+`BTiBQM Q7 i?2 �TTHB+�iBQM Q7 M2mi`QM b+�ii2`BM; iQ i?2 bim/v
Q7 #BQHQ;B+�H bvbi2Kb Bb T`QpB/2/ BM *?�Ti2` kX

AM bmKK�`v- +m``2Mi `2b2�`+? ;2M2`�HHv �;`22b i?�i i?2 KQH2+mH2 �/QTib � KQ`2
+QKT�+i +QM7Q`K�iBQM BM i?2 QtB/Bb2/ 7Q`K �M/ mTQM #BM/BM; Q7 L�.SU>V iQ 2M�#H2
BMi`�KQH2+mH�` 2H2+i`QM i`�Mb72` #mi `2/m+iBQM Q7 i?2 ~�pBMb �M/ `2H2�b2 Q7 L�.SY

Tmb?2b i?2 +QM7Q`K�iBQM�H 2[mBHB#`BmK iQ � KQ`2 QT2M bi�i2 iQ 7�+BHBi�i2 2H2+i`QM
i`�Mb72` iQ S98ybX Ai Bb ?B;?Hv T`Q#�#H2 i?�i bm+? +?�M;2b �HbQ Q++m` BM Qi?2` K2K@
#2`b Q7 i?2 /B~�pBM `2/m+i�b2 7�KBHv #mi i?2`2 Bb +m``2MiHv HBiiH2 2pB/2M+2 7Q` i?BbX
.2i�BHb Q7 i?2 K2+?�MBbK Q7 /QK�BM KQiBQM �b r2HH �b � T`2+Bb2 [m�MiB}+�iBQM Q7 i?2
2ti2Mi Q7 KQp2K2Mi ?�b �HbQ MQi v2i #22M /2i2`KBM2/- Bi Bb mMFMQrM r?2i?2` i?2
KQiBQMb �`2 biQ+?�biB+ Q` B7 i?2v �`2 bi`B+iHv +QMi`QHH2/ �M/ +QMbBbi2Mi i?`Qm;?Qmi
i?2 7mM+iBQM�H +v+H2 Q7 i?2 2MxvK2X

RXkX8 h?2 EBM2iB+b Q7 *S_Ƕb _2/m+i�b2 �+iBpBiv
� /2i�BH2/ mM/2`bi�M/BM; Q7 i?2 FBM2iB+b Q7 *S_Ƕb +�i�HviB+ �+iBpBiv Bb ?B;?Hv +QKTH2@
K2Mi�`v iQ �Mv bi`m+im`�H bim/v bBM+2 #Qi? 7�+iQ`b �`2 +H2�`Hv `2H�i2/- rBi? /QK�BM
`2�``�M;2K2Mi Q7 *S_ 2tT2+i2/ iQ TH�v � bB;MB}+�Mi `2;mH�iQ`v `QH2X h?2 7mM/�@
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K2Mi�H 2MxvK�iB+ T`QT2`iB2b Q7 *S_ ?�p2 #22M 2bi�#HBb?2/ HQM; �;Q- �b /Bb+mbb2/
BM a2+iBQM RXkXjX- #mi 72r �ii2KTib ?�p2 #22M K�/2 iQ HBMF i?Bb iQ /QK�BM KQiBQMbX
h?2 bi`m+im`�H +?�M;2b i?�i i?2 KQH2+mH2 mM/2`;Q2b 7�+BHBi�i2 �M/ HBKBi i?2 +�i�HviB+
�+iBpBiv �M/ i?2`27Q`2 �z2+i i?2 FBM2iB+ `�i2 Q7 i?2 T`Qi2BMX ai`m+im`�H +?�M;2b �M/
FBM2iB+ +?�M;2b b?QmH/ i?2`27Q`2 #2 BMi`BMbB+�HHv HBMF2/ �M/ � kyR9 bim/v #v >�[m2
2i �HX ?B;?HB;?ib i?Bb (dR)X h?Bb bim/v miBHBb2/ i?2 TQr2` Q7 biQTT2/ ~Qr iQ +�``v
Qmi K2�bm`2K2Mib Q7 `2�+iBQMb BM i?2 KBHHBb2+QM/ iBK2b+�H2 #v `�TB/Hv KBtBM; T`2@
`2/m+2/ *S_ U�KQM;bi Qi?2` /B~�pBM `2/m+i�b2bV rBi? +viQ+?`QK2 + �M/ Q#b2`pBM;
i?2 7Q`K�iBQM Q7 i?2 `2/m+2/ bT2+B2b Q7 i?2 +viQ+?`QK2 Qp2` iBK2X 6`QK i?2 bT2+i`�H
+?�M;2b i?2`2 �`2 irQ p2`v /BbiBM+i bi2Tb r?B+? �TT2�`2/- BMBiB�HHv � p2`v `�TB/ ǵ#m`bi
T?�b2Ƕ r?2`2 T`2bmK�#Hv i?2 T`2@`2/m+2/ *S_ Bb �#H2 iQ `2�+i rBi? i?2 +viQ+?`QK2
+ #27Q`2 i?2 `�i2 bHQrb /QrM iQ � Km+? bHQr2` bi�i2 7Q` � HQM;2` T2`BQ/ Q7 iBK2- �i
r?B+? TQBMi i?2 +�i�HviB+ �+iBpBiv Bb KQbi HBF2Hv HBKBi2/ #v /QK�BM KQp2K2Mib �M/
BMi2`~�pBM 2H2+i`QM i`�Mb72` bi2TbX h?Bb b2`p2b iQ ?B;?HB;?i ?Qr /QK�BM KQiBQMb �`2
�M BKTQ`i�Mi +QMi`QH 7Q` +�i�HviB+ `�i2 �M/ b2`p2 i?`Qm;?Qmi i?2 +�i�HviB+ +v+H2 Q7
i?2 2MxvK2X

RXkXe *S_ *QKTH2t 6Q`K�iBQM
h?2 7Q`K�iBQM Q7 +�i�HviB+�HHv �+iBp2 +QKTH2t2b Bb 2bb2MiB�H 7Q` i?2 7mM+iBQM Q7 *S_
#mi i?2`2 Bb +m``2MiHv p2`v HBiiH2 /�i� i?�i 2M�#H2b i?2 +?�`�+i2`Bb�iBQM Q7 bm+? +QK@
TH2t2bX h?Bb /B{+mHiv KQbiHv �`Bb2b �b � `2bmHi Q7 i?2 +?�HH2M;2b Q7 +`vbi�HHBbBM;
~2tB#H2 K2K#`�M2 T`Qi2BMb �M/ i?2 `2Hm+i�M+2 Q7 *S_ iQ BMi2`�+i rBi? S98yb BM
bQHmiBQMX hQ /�i2 i?2`2 ?�b #22M QMHv QM2 bim/v vB2H/BM; �iQKB+ `2bQHmiBQM Q7 �
+QKTH2t #2ir22M *S_ �M/ �M 2H2+i`QM i`�Mb72` T�`iM2`c BM i?Bb +�b2 ?2K2 Qtv;2@
M�b2 (dk)X AM i?Bb bim/v #v am;Bb?BK� 2i �HX � bQHm#H2 Kmi�Mi 7Q`K Q7 *S_ r�b mb2/
r?B+? r�b T`2pBQmbHv +`vbi�HHBb2/ #v >�K/�M2 2i �HX (ey) U� 7Qm`@`2bB/m2 /2H2iBQM
Kmi�Mi `272``2/ iQ �b ∆h:11V �M/ r�b 7QmM/ iQ �/QTi � KQ`2 QT2M +QM7Q`K�iBQM
BM +`vbi�H 7Q`KX h?2 �p2`�;2 `2bQHmiBQM 7Q` i?Bb +QKTH2t bi`m+im`2 r�b 9Xj ³ r?B+?
r�b �HKQbi +2`i�BMHv HBKBi2/ #v i?2 TQQ`Hv `2bQHp2/ 6JL /QK�BM Q7 *S_ r?B+?
bm;;2bi2/ i?�i Bib Q`B2Mi�iBQM p�`B2/ 7`QK KQH2+mH2 iQ KQH2+mH2 Km+? KQ`2 i?�M
�Mv Qi?2` T�`i Q7 i?2 +QKTH2tX h?Bb 7m`i?2` bmTTQ`ib i?2 B/2� i?�i KQp2K2Mi Q7 i?2
6JL /QK�BM `2H�iBp2 iQ Qi?2` T�`ib Q7 i?2 2MxvK2 Bb 2bb2MiB�H 7Q` +QKTH2t 7Q`K�iBQM
�M/ i?2`27Q`2 +�i�HviB+ 7mM+iBQMX � KQ`2 bB;MB}+�Mi /Bb+mbbBQM Q7 +QKTH2t 7Q`K�iBQM
#2ir22M *S_ �M/ �M 2H2+i`QM i`�Mb72` Bb ;Bp2M BM *?�Ti2` 8X

h?Bb bim/v Bb T`BK�`BHv �BK2/ iQ ;�BM � 7m`i?2` mM/2`bi�M/BM; Q7 i?2 /QK�BM
KQiBQMb i?�i *S_ mM/2`;Q2b #Qi? �b � 7mM+iBQM Q7 `2/Qt bi�i2 �M/ #mz2` +QM/BiBQMb
�b r2HH �b mTQM 7Q`K�iBQM Q7 � +QKTH2t rBi? �M 2H2+i`QM i`�Mb72` T�`iM2`X h?2b2
+?�M;2b �`2 bim/B2/ Qp2` p�`BQmb iBK2b+�H2bX � KQ`2 /2i�BH2/ bmKK�`v Q7 i?2 �BKb
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Bb ;Bp2M �i i?2 2M/ Q7 i?2 7QHHQrBM; +?�Ti2`- r?B+? rBHH b2`p2 �b �M BMi`Q/m+iBQM iQ
i?2 T`BK�`v i2+?MB[m2 mb2/ i?`Qm;?Qmi i?Bb bim/vX

Re



*?�Ti2` k

aK�HH@�M;H2 a+�ii2`BM;

�b i?2 T`BM+BT�H �M�HviB+�H i2+?MB[m2 i?�i �TT2�`b i?`Qm;?Qmi i?Bb rQ`F- i?Bb +?�Ti2`
rBHH #2 /2/B+�i2/ iQ BMi`Q/m+BM; i?2 +QM+2Ti Q7 `�/B�iBQM b+�ii2`BM; �M/ BM T�`iB+@
mH�` i?2 mMB[m2 �TTHB+�iBQMb Q7 bK�HH@�M;H2 b+�ii2`BM; Ua�aV iQ bim/vBM; #BQHQ;B+�H
bvbi2KbX "Qi? bK�HH@�M;H2 s@`�v b+�ii2`BM; Ua�saV �M/ bK�HH@�M;H2 M2mi`QM b+�i@
i2`BM; Ua�LaV rBHH #2 /2b+`B#2/X "2;BMMBM; rBi? �M BMi`Q/m+iBQM iQ i?2 bQm`+2b Q7
`�/B�iBQM �M/ i?2 BMbi`mK2Mib i?�i ?�`M2bb i?2B` TQr2`- i?2 +?�Ti2` rBHH T`Q;`2bb
BMiQ � /Bb+mbbBQM Q7 i?2 7mM/�K2Mi�H K�i?2K�iB+�H i?2Q`v �M/ }MBb? rBi? `QmiBM2
r�vb BM r?B+? i?2 /�i� +�M #2 �M�Hvb2/ BM Q`/2` iQ /2KQMbi`�i2 i?2 `2bmHib r?B+?
+�M #2 Q#i�BM2/X

"Qi? s@`�v �M/ M2mi`QM b+�ii2`BM; 2tT2`BK2Mib �`2 +QM+2Tim�HHv i?2 b�K2 �M/
+�M #2 2tTH�BM2/ i?`Qm;? i?2 b�K2 K�i?2K�iB+�H 7Q`K�HBbK �M/ i?2`27Q`2- r?2`2
TQbbB#H2- Bi +�M #2 �bbmK2/ i?�i �Mv /2b+`BTiBQM �TTHB2b iQ #Qi? mMH2bb Qi?2`rBb2
bi�i2/X s@`�vb �M/ M2mi`QMb �`2 b+�ii2`2/ #v i?2 �iQKb BM � b�KTH2c i?2 T`BK�`v
/Bz2`2M+2 #2BM; i?�i s@`�vb BMi2`�+i rBi? i?2 2H2+i`QM /2MbBiv �M/ M2mi`QMb rBi? i?2
Mm+H2B Q7 �iQKbX h?Bb K2�Mb i?�i mMB[m2 2tT2`BK2Mib +�M #2 +�``B2/ Qmi /2T2M/BM;
QM i?2 ivT2 Q7 `�/B�iBQM mb2/- i?2 M�im`2 Q7 i?2 b�KTH2 �M/ i?2 /Bz2`2Mi bQm`+2b
�p�BH�#H2X a+�ii2`2/ `�/B�iBQM +�M 2Bi?2` #2 +Q?2`2Mi BM M�im`2- r?2`2 i?2 r�p2b �`2
BM@T?�b2 �M/ T`Q/m+2 � ?B;?2` �KTHBim/2 r�p2 i?`Qm;? +QMbi`m+iBp2 BMi2`72`2M+2-
Q` BM+Q?2`2Mi r?B+? Bb mMr�Mi2/ /2bi`m+iBp2 BMi2`72`2M+2 �M/ ivTB+�HHv bm#i`�+i2/
7`QK i?2 2tT2`BK2Mi�H /�i�X AM bi`m+im`�H bim/B2b 2H�biB+ b+�ii2`BM; UBX2X r?2`2 MQ
+?�M;2 BM 2M2`;v Q7 i?2 b+�ii2`2/ `�/B�iBQM i�F2b TH�+2V Bb ivTB+�HHv K2�bm`2/X Ai
Bb #2+QKBM; BM+`2�bBM;Hv +QKKQM iQ +�``v Qmi BM2H�biB+ Q` bQ@+�HH2/ [m�bB@2H�biB+
b+�ii2`BM; 2tT2`BK2Mib BM Q`/2` iQ bim/v i?2 /vM�KB+b Q7 #BQHQ;B+�H bvbi2Kb (dj- d9)-
#mi �i T`2b2Mi i?Bb Bb � p2`v MB+?2 i2+?MB[m2 7Q` i?Bb Tm`TQb2 bQ 7m`i?2` /2b+`BTiBQMb
rBHH #2 QKBii2/ 7`QK i?Bb +?�Ti2`X

h?Bb +?�Ti2` Bb 7QHHQr2/ BKK2/B�i2Hv #v i?2 �BKb Q7 i?Bb i?2bBb BM+Hm/BM; i?2 F2v
#BQHQ;B+�H [m2biBQMb- b?QrBM; ?Qr i?2 i2+?MB[m2b BMi`Q/m+2/ ?2`2 rBHH #2 +`BiB+�H 7Q`
Q#i�BMBM; i?2 M2+2bb�`v `2bmHibX

Rd



kXR aQm`+2b

kXRXR s@`�vb
h?2 KQbi +QKKQM H�`;2@b+�H2 bQm`+2 Q7 ?B;?@~mt 2tT2`BK2Mi�H s@`�vb Bb i?2 `�/B�@
iBQM bvM+?`Qi`QMc i?2b2 7�+BHBiB2b �`2 7QmM/ �+`Qbb i?2 ;HQ#2X h?2v �`2 +v+HB+ T�`iB+H2
�++2H2`�iQ`b r?B+? �++2H2`�i2 2H2+i`QMb iQ bm+? �M 2M2`;v i?�i i?2v 2KBi HB;?i �i i?2
s@`�v r�p2H2M;i? mTQM � +?�M;2 Q7 /B`2+iBQMX h?2 #�bB+ QT2`�iBM; T`BM+BTH2 Bb i?�i
2H2+i`QMb �`2 T`Q/m+2/ BM #mM+?2b #v �M 2H2+i`QM ;mM BM � HBM2�` T�`iB+H2 �++2H2`�@
iQ` U�HbQ FMQrM �b � HBM�+V r?B+? rQ`Fb BM � K�MM2` bBKBH�` iQ � +�i?Q/2 `�v im#2X
h?2b2 #mM+?2b Q7 2H2+i`QMb �`2 i?2M �++2H2`�i2/ BM � bK�HH #QQbi2` bvM+?`Qi`QM r?B+?
}HHb i?2 bQ@+�HH2/ biQ`�;2 `BM;c � HQM; im#2 K�BMi�BM2/ �i � p2`v HQr T`2bbm`2 i?2
T�i? Q7 r?B+? /2b+`B#2b � TQHv;QMX h?2 2H2+i`QMb +�M i?2M +B`+H2 7Q` ?Qm`b +HQb2 iQ
i?2 bT22/ Q7 HB;?i BM i?2 biQ`�;2 `BM; r?2`2 �i 2�+? +Q`M2` Q7 i?2 TQHv;QM i?2v T�bb
i?`Qm;? K�;M2ib r?B+? +?�M;2 i?2 /B`2+iBQM Q7 i?2 2H2+i`QMb U2z2+iBp2Hv bi22`BM;
i?2KV �M/ +�mb2 i?2 2KBbbBQM Q7 s@`�v HB;?iX h?2 HB;?i Bb i?2M /B`2+i2/ iQr�`/b �M/
miBHBb2/ QM BMbi`mK2Mib �i 2tT2`BK2Mi�H bi�iBQMb FMQrM �b #2�KHBM2b �7i2` bT2+B}+
b?�TBM; U2X;X r�p2H2M;i? b2H2+iBQM- +QHHBK�iBQM �M/ 7Q+mbbBM;VX h?2 2M2`;v HQbi 7`QK
i?2 2H2+i`QMb /m`BM; 2KBbbBQM Bb `2TH2MBb?2/ i?`Qm;? i?2 mb2 Q7 `�/BQ 7`2[m2M+v U_6V
+�pBiB2b �`QmM/ i?2 biQ`�;2 `BM; r?B+? T`Q/m+2 �M 2H2+i`QK�;M2iB+ }2H/X

h?2 }`bi ivT2 Q7 +QKKQMHv 7QmM/ K�;M2i Bb i?2 #2M/BM; K�;M2i r?B+? Bb HQ+�i2/
�i BMi2`p�Hb �`QmM/ i?2 biQ`�;2 `BM; BM Q`/2` iQ K�BMi�BM i?2 +Q``2+i /B`2+iBQM Q7 i?2
2H2+i`QM #2�K �M/ mTQM /QBM; bQ +�mb2 s@`�v HB;?i iQ #2 2KBii2/ i�M;2MiB�HHv iQ i?2
TH�M2 Q7 i?2 BM+B/2Mi 2H2+i`QM #2�KX h?Bb 2KBii2/ HB;?i i2M/b iQ +Qp2` � #`Q�/ bT2+@
i`mK Q7 r�p2H2M;i?b �M/ Bb MQi p2`v 7Q+mbb2/ Q` #`BHHB�MiX lM/mH�iQ`b- �HbQ FMQrM
�b BMb2`iBQM /2pB+2b- �`2 i?2 Qi?2` +QKKQM K�;M2i ivT2 r?B+? 7mM+iBQM #v +�mbBM;
i?2 2H2+i`QM #2�K iQ �/QTi � r�pv Q` mM/mH�iBM; i`�D2+iQ`vX �i 2�+? mM/mH�iBQM i?2
#2�K 2KBib HB;?i r?B+? Qp2`H�Tb �M/ BMi2`72`2b rBi? 2�+? +QMb2+miBp2 2KBbbBQM �M/
T`Q/m+2b � p2`v 7Q+mbb2/ �M/ #`BHHB�Mi #2�KX h?2b2 K�;M2ib �`2 ivTB+�HHv 7QmM/ �i
#2�KHBM2b r?2`2 � KQ`2 BMi2Mb2 bQm`+2 Q7 s@`�vb �`2 `2[mB`2/ 7Q` i?2 2tT2`BK2Mib-
7Q` 2t�KTH2 iBK2@`2bQHp2/ bim/B2bX

h?2`2 MQr 2tBbi b2p2`�H 2t�KTH2b Q7 KQ/2`M ?B;?@#`BHHB�M+2 j`/ ;2M2`�iBQM U;`2�i2`
i?�M 1018 T?QiQMb s−1 mm−2 mrad−2V bvM+?`Qi`QM HB;?i bQm`+2b BM+Hm/BM; i?2 �/@
p�M+2/ S?QiQM aQm`+2 U�Sa- *?B+�;Q- la�V �M/ i?2 1m`QT2�M avM+?`Qi`QM _�/B@
�iBQM 6�+BHBiv U1a_6- :`2MQ#H2- 6`�M+2VX h?Bb H2p2H Q7 #`BHHB�M+2 Bb K�Mv Q`/2`b Q7
K�;MBim/2 ;`2�i2` i?�M +QMp2MiBQM�H s@`�v im#2b- Bb KQ`2 ?B;?Hv +QHHBK�i2/- KQ`2
imM�#H2 �M/ Bb TmHb2/X JQ`2Qp2`- i?2 iBK2@bi`m+im`2 Q7 i?2 #2�K- BM TmHb2b- +�M #2
2tTHQBi2/ 7Q` bT2+B}+ iBK2@`2bQHp2/ bim/B2bX h?2b2 7�+BHBiB2b �`2 +QMbi�MiHv #2BM; BK@
T`Qp2/ �M/ mT;`�/2/ iQ T`QpB/2 2p2M KQ`2 #`BHHB�Mi s@`�v #2�Kb- #mi rBHH bQQM K22i
bi`QM; +QKT2iBiBQM 7`QK s@`�v 7`22@2H2+i`QM H�b2` bQm`+2b Us61GV (d8- de- dd- d3)X

R3



s61G bQm`+2b �`2 �#H2 iQ T`Q/m+2 s@`�v TmHb2b rBi? H�b2` T`QT2`iB2b �M/ Km+?
?B;?2` #`BHHB�M+2 i?�M +QMp2MiBQM�H bvM+?`Qi`QMb rBi? i?2 TQi2MiB�H iQ KBiB;�i2 i?2
`�/B�iBQM /�K�;2 Q7i2M 2tT2`B2M+2/ #27Q`2 bm{+B2Mi /�i� Bb +QHH2+i2/X

kXRXk L2mi`QMb
L2mi`QM bQm`+2b �`2 Km+? H2bb +QKKQM i?�M i?Qb2 7Q` s@`�vb- T`BK�`BHv /m2 iQ i?2
?B;?2` +Qbib Q7 K�i2`B�Hb- HQr2` /2K�M/ �M/ HQM;2` K2�bm`2K2Mi iBK2bX �i H�`;2
b+�H2 7�+BHBiB2b M2mi`QMb �`2 T`Q/m+2/ BM QM2 Q7 irQ r�vb- 2Bi?2` i?`Qm;? Mm+H2�`
}bbBQM BM � `2�+iQ` Q` i?`Qm;? bT�HH�iBQMX

>B;?@TQr2` `2�+iQ`@#�b2/ M2mi`QM bQm`+2b �`2 #�b2/ QM i?2 Mm+H2�` }bbBQM +?�BM
`2�+iBQM Q7 � }bbBH2 2H2K2Mi- ivTB+�HHv kj8lX h?2b2 bQm`+2b +�M #2 2Bi?2` +QMiBMmQmb
HBF2 i?2 AMbiBimi G�m2@G�M;2pBM UAGG- :`2MQ#H2- 6`�M+2V Q` K2+?�MB+�HHv TmHb2/ HBF2
�i A"_k U.m#M�- _mbbB�VX �M 2t�KTH2 Q7 i?2 Mm+H2�` `2�+iBQM Q7 kj8l Bb

1
0n + 235

92U −−→ [23692U]
85%−−→ 139

56Ba +
94
36Kr + 3 1

0n

r?2`2 M Bb � M2mi`QM �M/ i?2 T`Q/m+ib �`2 �M 2t�KTH2 Q7 QM2 TQbbB#H2 Qmi+QK2c
Q7 MQi2 Bb i?2 j M2mi`QMb r?B+? T`QKQi2 i?2 bmbi�BM2/ +?�BM `2�+iBQMX h?2 `2K�BMBM;
R8W Q7 M2mi`QM �#bQ`TiBQM `2bmHib BM `�/B�iBp2 +�Tim`2

1
0n + 235

92U −−→ [23692U]
15%−−→ 236

92U+ γ

r?2`2 i?2 T`Q/m+ib �`2 i?2 +QKTQmM/ Mm+H2mb kje
Nkl �M/ ;�KK� `�/B�iBQM �b �

`2bmHi Q7 i?2 �#bQ`#2/ M2mi`QM /2+�vBM; iQ Bib ;`QmM/ bi�i2X h?2 M2mi`QM #2�Kb
�`2 i?2M ;mB/2/ i?2 i?2 #2�KHBM2b �M/ i?2M b?�T2/- mbBM; +QHHBK�iQ`b- r�p2H2M;i?
b2H2+iQ`b �M/ /Bz2`2Mi bBx2/ bHBib #27Q`2 #2BM; mb2/ iQ T`Q#2 b�KTH2bX aBM+2 M2m@
i`QMb �`2 M2mi`�H T�`iB+H2b i?2v +�MMQi #2 bi22`2/ Q` �++2HH2`�i2/ bQ i?2`2 Bb MQ r�v
Q7 /B`2+iBM; Q` biQ`BM; i?2K �M/ i?2M rBHH 2p2Mim�HHv #2 �z2+i2/ #v ;`�pBiv r?2M
i`�p2HHBM; Qp2` HQM; /Bbi�M+2bX � ;`2�i /2�H Q7 M2mi`QM ~mt Bb HQbi /m`BM; i?2 BMBiB�H
bi�;2b Q7 T`Q/m+iBQM �M/ ;mB/BM;X

aT�HH�iBQM bQm`+2b- QM i?2 Qi?2` ?�M/- rQ`F #v i�`;2iBM; ?B;? 2M2`;v T`QiQMb
7`QK � T`QiQM �++2H2`�iQ` �i � ?2�pv K2i�H i�`;2i Ubm+? �b i�Mi�HmK- HB[mB/ K2`+m`v
Q` imM;bi2MV iQ T`Q/m+2 2t+Bi2/ Mm+H2�` bi�i2bX h?2b2 i?2M /2+�v i?`Qm;? bT�HH�@
iBQM 2KBiiBM; M2mi`QMb- γ@`�vb �M/ M2mi`BMQb rBi?Qmi BMBiB�iBM; � +?�BM `2�+iBQMX
1t�KTH2b BM+Hm/2 i?2 +QMiBMmQmb bQm`+2 �i aALZ UoBHHB;2M- arBix2`H�M/V �M/ KQ`2
+QKKQM TmHb2/ bQm`+2b �i AaAa UPt7Q`/- lEV �M/ aLa UP�F _B/;2- la�VX � M2r
bT�HH�iBQM bQm`+2 r?B+? rBHH T`QpB/2 i?2 ?B;?2bi ~mt BM i?2 rQ`H/ Bb +m``2MiHv BM
/2p2HQTK2Mi BM ar2/2M �M/ Bb FMQrM �b i?2 1m`QT2�M aT�HH�iBQM aQm`+2 U1aaVX
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kXk AMbi`mK2Mi�iBQM
aBM+2 i?2 i?2Q`v #2?BM/ a�sa �M/ a�La Bb bQ bBKBH�` BiǶb MQ bm`T`Bb2 i?�i i?2
`2bT2+iBp2 BMbi`mK2Mi�iBQM �HbQ b?�`2b � ;`2�i /2�H Q7 bBKBH�`BivX AM i?Bb b2+iBQM i?2
a�La /Bz`�+iQK2i2` .kk �i i?2 AGG rBHH #2 mb2/ �b � KQ/2H 7Q` /2b+`B#BM; i?2 #�bB+
QT2`�iBM; T`BM+BTH2 Q7 � a�La BMbi`mK2Mi �M/ "JkN �i i?2 1a_6 rBHH #2 mb2/ �b
�M 2t�KTH2 Q7 � #�bB+ a�sa BMbi`mK2Mi BM Q`/2` iQ +QKT�`2 �M/ +QMi`�bi i?2 irQX
h?2b2 #2�KHBM2b �`2 p2`v ivTB+�H BM i?2B` H�vQmi �M/ /2i�BHb Q7 � KQ`2 mMmbm�H a�sa
#2�KHBM2 rBHH #2 T`2b2Mi2/ H�i2` BM i?2 `2H2p�Mi 2tT2`BK2Mi�H +?�Ti2`X

AGG .kk

6B;m`2 kXR, a+?2K�iB+ Q7 i?2 AGG .kk a�La .Bz`�+iQK2i2`X AM/B+�i2/ #v � `2/ HBM2
Bb i?2 M2mi`QM #2�K �M/ � KQ`2 /2i�BH2/ bi`m+im`2 Q7 i?2 /B�T?`�;Kb �M/ +QHHBK�iBQM
�bb2K#Hv �`2 b?QrM BM i?2 HQr2` KB//H2 �M/ H27i Q7 i?2 };m`2X

h?2 a�La /Bz`�+iQK2i2` �i .kk (dN) #2�KHBM2 �i i?2 AGG Bb � bi�i2@Q7@i?2 �`i
2t�KTH2 Q7 Bib FBM/ rBi? i?2 ?B;?2bi ~mt �i i?2 b�KTH2 BM i?2 r�p2H2M;i? `�M;2 Q7 yX9
iQ KQ`2 i?�M 9 nmX h?Bb Bb KQbiHv i?�MFb iQ i?2 #`BHHB�Mi +QH/@M2mi`QM bQm`+2 i?�i
i?2 BMbi`mK2Mi Bb 72/ #v 7`QK i?2 AGGǶb `2�+iQ`- � bQT?BbiB+�i2/ p2HQ+Biv b2H2+iQ` rBi?
� b?Q`i `QiQ` H2M;i? �M/ ?B;? i`�MbKBbbBQM- � H�`;2 #2�K +`Qbb@b2+iBQM �M/ � b?Q`i2bi
b�KTH2@iQ@/2i2+iQ` /Bbi�M+2 Q7 RX9 mX AM �//BiBQM iQ i?Bb- .kk 72�im`2b i?2 rQ`H/Ƕb
H�`;2bi j>2 KmHiB/2i2+iQ` rBi? �M �+iBp2 �`2� Q7 R mkX h?2 /2i2+iQ` Bb bBim�i2/ BM
� ky m HQM; 2p�+m�i2/ im#2 T`QpB/BM; b�KTH2@iQ@/2i2+iQ` /Bbi�M+2b `�M;BM; 7`QK
RX9 iQ RdXe m i?mb +Qp2`BM; � iQi�H Z@`�M;2 Ui?2 /vM�KB+ `�M;2 Q7 i?2 BMbi`mK2Mi
BM/B+�iBM; i?2 H�`;2bi �M/ bK�HH2bi T�`iB+H2b i?�i +�M #2 K2�bm`2/V Q7 yXyyy9 iQ yX38
³−1X

ky



6B;m`2 kXR b?Qrb � b+?2K�iB+ /B�;`�K Q7 i?2 ;2M2`�H H�vQmi Q7 .kkX �7i2` T�bbBM;
i?`Qm;? i?2 K2+?�MB+�H p2HQ+Biv b2H2+iQ` UKBMBKmK r�p2H2M;i? Q7 9X8 �i ³ k3-jyy
`TKV i?2 #2�K Bb +QHHBK�i2/ i?Qm;? �M �#bQ`#2` im#2 r?B+? 2Mbm`2b i?�i i?2 2MiB`2
M2mi`QM #2�K Bb i`�p2HHBM; T�`�HH2H iQ � bT2+B}2/ /B`2+iBQM mMiBH Bi `2�+?2b i?2 b�KTH2X
�M �TT`QT`B�i2 H2p2H Q7 +QHHBK�iBQM Bb b2H2+i2/ �++Q`/BM; iQ i?2 b�KTH2- #v p�`vBM; i?2
+QHHBK�iBQM H2M;i? 7`QK RXk iQ RdXe m- r?B+? Bib2H7 +�M #2 BM � p�`BQmb 2MpB`QMK2Mib
7`QK bBKTH2 [m�`ix +mp2ii2b BM � i2KT2`�im`2 +QMi`QHH2/ ?QH/2` i?`Qm;? iQ � +�TBHH�`v
rBi? ~QrBM; b�KTH2b 7`QK � HB[mB/ +?`QK�iQ;`�T?v bvbi2K (3y)X

S2`?�Tb i?2 KQbi bB;MB}+�Mi bmT2`}+B�H /Bz2`2M+2b #2ir22M � a�sa �M/ � a�La
BMbi`mK2Mi �`2 BM i?2 /2i2+iQ`b- r?B+? BM i?2 +�b2 Q7 a�sa Bb ivTB+�HHv � T?QiQM
+QmMi2` Q` +?�`;2 +QmTH2/ /2pB+2 U**.V �M/ 7Q` M2mi`QMb Bb � j>2 /2i2+iQ`c i?Qm;?
M2r i2+?MQHQ;B2b �`2 #2BM; /2p2HQT2/ BM `2bTQMb2 iQ � ;HQ#�H b?Q`i�;2 Q7 j>2 bmTTHvX
.m2 iQ i?2 /Bz2`2Mi r�p2H2M;i?b �M/ T?vbB+�H T`QT2`iB2b Q7 M2mi`QMb i?2 BMbi`mK2Mib
i2M/ iQ #2 Km+? H�`;2` iQ �HHQr i?2 mb2 Q7 HQM; b�KTH2@iQ@/2i2+iQ` /Bbi�M+2b �M/
2p�+m�i2/ /2i2+iQ` im#2bX

1a_6 "JkN

"JkN Bb � #2M/BM; K�;M2i a�sa #2�KHBM2 �i i?2 1a_6 r?B+? Bb /2/B+�i2/ iQ i?2
K2�bm`2K2Mi Q7 #BQHQ;B+�H K�+`QKQH2+mH2b BM bQHmiBQMX AM i?2 +�b2 Q7 "JkN i?2
K�tBKmK /2i2+iQ` /Bbi�M+2 Bb kX3ed m vB2/BM; � Z@`�M;2 Q7 yXyyk8 iQ yX8 ³−1X

6B;m`2 kXk b?Qrb � b+?2K�iB+ Q7 i?2 #2�KHBM2X � MQM@bi�M/�`/ �//BiBQM iQ i?Bb
a�sa #2�KHBM2 Bb i?2 BM bBim 6SG* bvbi2K r?B+? ?�b i?2 bB;MB}+�Mi p�Hm2 Q7 2Mbm`@
BM; b�KTH2 KQMQ/BbT2`bBiv- �M �#bQHmi2 `2[mB`2K2Mi 7Q` �# BMBiBQ b?�T2 `2+QMbi`m+@
iBQMb Q7 i?2 T�`iB+H2X h?2 ?2HBmK }HH2/ ~B;?i im#2 BM #2ir22M i?2 b�KTH2 �M/ i?2
/2i2+iQ` ?2HTb iQ `2/m+2 i?2 �KQmMi Q7 �ii2Mm�iBQM Q7 s@`�vb #v �B` b+�ii2`BM; bBM+2
i?2 #2�KHBM2 /Q2b MQi ?�p2 �M 2p�+m�i2/ K2i�H ~B;?i im#2 �b a�La BMbi`mK2Mib

6B;m`2 kXk, a+?2K�iB+ Q7 i?2 1a_6 "JkN a�sa #2�KHBM2X q?2`2 a*f>SGa Bb �
b�KTH2 +?�M;2`f?B;? T2`7Q`K�M+2 HB[mB/ +?`QK�iQ;`�T?v b�KTH2 2MpB`QMK2Mi (3R)X

kR



ivTB+�HHv /Qc i?Bb `2/m+2b +Qbi #mi HBKBib K�tBKmK b�KTH2@iQ@/2i2+iQ` /Bbi�M+2b
vB2H/BM; HQr2` Z@`�M;2bX hvTB+�HHv HQM;2` Z@`�M;2b QM a�La BMbi`mK2Mib K2�Mb
i?�i H�`;2` bi`m+im`2b +�M #2 K2�bm`2/ rBi? M2mi`QMb r?B+? �`2 H2bb `2�/BHv �ii2M@
m�i2/ #v ;�b KQH2+mH2b- K2�MBM; i?�i � `2�bQM�#Hv r2HH 2p�+m�i2/ /2i2+iQ` im#2 Bb
2MQm;? 7Q` b�KTH2@iQ@/2i2+iQ` /Bbi�M+2b Q7 i2Mb Q7 K2i2`bX h?2 ivTB+�H bT2+B}+�iBQMb
Q7 #Qi? .kk �M/ "JkN �`2 bmKK�`Bb2/ BM h�#H2 kXRX

� ;`2�i �/p�Mi�;2 Q7 s@`�vb Qp2` M2mi`QMb Bb i?2 p2`v b?Q`i /�i� �+[mBbBiBQM iBK2b
i?�MFb iQ i?2 ?B;?2` ~mt Q7 i?2 bQm`+2 r?B+? Bb K�Mv Q`/2`b Q7 K�;MBim/2 ;`2�i2`
i?�M �Mv M2mi`QM bQm`+2X h?Bb 2M�#H2b � ;`2�i2` `�M;2 Q7 b�KTH2b �M/ +QM/BiBQMb iQ
#2 K2�bm`2/ rBi?BM i?2 �HHQ+�i2/ 2tT2`BK2Mi�H iBK2 @ i?Bb Bb T�`iB+mH�`Hv BKTQ`i�Mi
BM ?B;? /2K�M/ mb2` 7�+BHBiB2bX s@`�v #2�KHBM2b �HbQ T`Q/m+2 /�i� rBi? � Km+? #2ii2`
bB;M�H@iQ@MQBb2 `�iBQ i?�M M2mi`QMb- i?�MFb iQ #Qi? i?2 ?B;?2` ~mt- M�``Qr2` #2�K
�M/ H2bb b+�ii2`BM; 7`QK i?2 #mz2`X h?2 #`Q�/ #2�K BM M2mi`QM 7�+BHBiB2b Bb M2+2bb�`v
iQ Q#i�BM � ?B;? 2MQm;? ~mt �M/ iQ MQi r�bi2 M2mi`QMb #mi H2�/b iQ #`Q�/2MBM; Q7 i?2
bB;M�HX AM Q`/2` iQ Qzb2i i?2 H�`;2 BM+Q?2`2Mi b+�ii2`BM; 7`QK i?2 #mz2` BM M2mi`QM
bQHmiBQM 2tT2`BK2Mib QM2 +�M BM+`2�b2 i?2 +QMi`�bi #2ir22M i?2 b�KTH2 �M/ bQHp2Mi
#v mbBM; .kP `�i?2` i?�M >kP r?B+? �HHQrb i?2 bB;M�H iQ #2 bm#i`�+i2/ KQ`2 2�bBHvX
JQ`2 BKTQ`i�MiHv- i?2 +QMi`�bi Q7 i?2 b�KTH2 +�M #2 imM2/ iQ /BbiBM;mBb? +QKTQM2Mib
Q7 � +QKTH2t T�`iB+H2 r?B+? Bb ;2M2`�HHv �++2Ti2/ iQ #2 i?2 KQbi +QKKQM `2�bQM 7Q`
mbBM; M2mi`QMb `�i?2` i?�M s@`�vb BM a�a 2tT2`BK2Mib- /2b+`B#2/ BM KQ`2 /2i�BH BM
a2+iBQMb kX9Xk �M/ kX9X9X � }M�H �M/ p2`v BKTQ`i�Mi +QKT�`BbQM #2ir22M i?2 irQ Bb
i?2 2z2+i Q7 s@`�v `�/B�iBQM 2tTQbm`2 QM i?2 b�KTH2c i?Bb ?�b #22M T�`i Q7 �M/ i?2
bm#D2+i Q7 � H�`;2 MmK#2` Q7 bim/B2b 2bT2+B�HHv BM #BQHQ;B+�H �M/ bQ7i K�ii2` }2H/b
r?2`2 i?2 b�KTH2b �`2 Q7i2M KQ`2 bmb+2TiB#H2 iQ i?2b2 2z2+ib r?B+? +�M 2�bBHv bF2r
i?2 `2bmHib Q7 �M 2tT2`BK2Mi (3k- 3j- 39- 38- 3e)X L2mi`QMb �`2 � p2`v bQ7i 7Q`K Q7
MQM@BQMBbBM; `�/B�iBQM r?B+? ?�p2 HBiiH2 iQ MQ 2z2+i QM KQbi b�KTH2bX hvTB+�HHv i?2
rQ`bi 2z2+i Bb �+iBp�iBQM pB� M2mi`QM +�Tim`2 Q7 +2`i�BM KQH2+mH2b bm+? �b b�Hi BM
� #mz2` bQHmiBQM #mi i?Bb Bb `�`2X s@`�vb QM i?2 Qi?2` ?�M/ �`2 � 7Q`K Q7 bi`QM;Hv
BQMBbBM; `�/B�iBQM i?�i KQbi +QKKQMHv 7Q`K `�/B+�Hb BM 7`QK i?2 bQHp2Mi r?B+? H2�/b
iQ `�/B�iBQM /�K�;2 Q7 � b�KTH2 r?B+? +QmH/ `2M/2` Bi mMmb�#H2 �7i2` 2p2M p2`v b?Q`i
2tTQbm`2bX *2`i�BM ivT2b Q7 T?QiQb2MiBiBp2 #BQHQ;B+�H KQH2+mH2b bm+? �b i?Qb2 rBi?
K2i�H +2Mi`2b �`2 2bT2+B�HHv b2MbBiBp2 iQ /B`2+i `�/B�iBQM /�K�;2 (3d)X

kk



AMbi`mK2Mi JQMQ+?`QK�iQ` *QHHBK�iQ` 6HB;?i hm#2 .2i2+iQ` Z@_�M;2 6Hmt "2�K *`Qbb a2+iBQM
.kk o2HQ+Biv b2H2+iQ` �#bQ`#2` im#2 o�+mmK U/2i2+iQ` BMbB/2V j>2 im#2b yXyyy9 iQ yX38 ³−1

108 M2mi`QMb b−1 88yyy t 9yyyy µm
"JkN .Qm#H2 KmHiBH�v2` hQ`QB/�H KB``Q` >2HBmK U/2i2+iQ` QmibB/2V **. yXyyk8 iQ yX8 ³−1

1012 T?QiQMb b−1 dyy t dyy µm

h�#H2 kXR, hvTB+�H bT2+B}+�iBQMb Q7 irQ 2t�KTH2 a�a BMbi`mK2Mib mbBM; M2mi`QMb U.kkV �M/ s@`�vb U"JkNV

kj



kXj "�bB+ a+�ii2`BM; h?2Q`v

kXjXR 1H�biB+ a+�ii2`BM;
6Q` i?2 Tm`TQb2b Q7 i?Bb /2b+`BTiBQM #Qi? s@`�v T?QiQMb �M/ M2mi`QMb �`2 +QMbB/@
2`2/ iQ #2 `�/B�iBQM r�p2b r?B+? ?�p2 i?2 �bbQ+B�i2/ [m�MimK K2+?�MB+�H T`QT2`@
iB2bX a+�ii2`BM; i2+?MB[m2b mbBM; M2mi`QMb �M/ s@`�vb ?�p2 #22M mb2/ 7Q` /2+�/2b
iQ T`QpB/2 BM7Q`K�iBQM QM i?2 bT�iB�H �``�M;2K2Mi Q7 �iQKb �M/ KQH2+mH2bX JQbi
?B;? `2bQHmiBQM bi`m+im`2b i?`Qm;?Qmi ?BbiQ`v ?�p2 #22M /2i2`KBM2/ mbBM; s@`�v
/Bz`�+iBQM pB� "`�;;Ƕb H�r

λ = 2d sin θ/2 UkXRV

r?2`2 λ Bb i?2 r�p2H2M;i? �M/ θ Bb i?2 �M;H2 (33)X >Qr2p2`- i?Bb H�r /Q2b MQi �TTHv
iQ MQM +`vbi�HHBM2 K�i2`B�Hb bBM+2 d- i?2 /Bbi�M+2 #2ir22M +`vbi�HHQ;`�T?B+ TH�M2b Bb
BM/2i2`KBM�i2 BM � bQHmiBQMX h?2 HQr2` H2p2H Q7 Q`/2` T`2b2Mi ?�b H2�/ iQ mb2 Q7 i?2
i2`K b+�ii2`BM;- `�i?2` i?�M /Bz`�+iBQM- 7Q` bQHmiBQM 2tT2`BK2MibX

q?2M `�/B�iBQM T�bb2b #v � Mm+H2mb Q` Bib 2H2+i`QM /2MbBiv QM2 Q7 b2p2`�H 2p2Mib
K�v Q++m`X Ai +�M T�bb rBi?Qmi �Mv BMi2`�+iBQM- #2 �#bQ`#2/- Q` mM/2`;Q b+�ii2`BM;
r?B+? +�M #2 2Bi?2` +Q?2`2Mi Q` BM+Q?2`2MiX 1H�biB+ b+�ii2`BM; Bb +�mb2/ #v i?2 BMi2`@
72`2M+2 Q7 r�p2b 2KBii2/ #v BM/BpB/m�H b+�ii2`2`b rBi?BM i?2 b+�ii2`BM; pQHmK2- r?2`2
i?2v- bm+? �b � ?QKQ;2M2Qmb KBt Q7 T`Qi2BM KQH2+mH2b- ?�p2 +Q``2H�i2/ TQbBiBQMb BM
bT�+2X h?2 /B`2+iBQM Q7 i?2 BM+B/2Mi r�p2 p2+iQ` Bb +?�M;2/ #mi FBM2iB+ 2M2`;v Bb +QM@
b2`p2/X AM 2H�biB+ b+�ii2`BM; 2tT2`BK2Mib i?2 BM+Q?2`2Mi b+�ii2`BM; 7`QK i?2 b�KTH2
Bb BMi2`T`2i2/ �b #�+F;`QmM/ MQBb2 �M/ Bb bm#i`�+i2/ 7`QK i?2 }M�H /�i�b2iX

�++Q`/BM; i?2 i?2 "Q`M �TT`QtBK�iBQM- i?Bb b+�ii2`BM; T`Q+2bb Bb /2b+`B#2/ #v �
6Qm`B2` i`�Mb7Q`K�iBQM r?B+? ;Bp2b � `2+BT`Q+Biv #2ir22M i?2 /BK2MbBQMb Q7 i?2 b+�i@
i2`2`- K2�MBM; i?�i i?2 H�`;2` i?2 `2�H bBx2- i?2 bK�HH2` i?2 `2+BT`Q+�H bBx2X h?2`27Q`2
bK�HH /BK2MbBQMb- bm+? �b BM/BpB/m�H Mm+H2B rBHH b+�ii2` �i H�`;2 �M;H2b Q` b+�ii2`BM;
p2+iQ`b UBM `2+BT`Q+�H bT�+2- FMQrM �b Z@p�Hm2bV �M/ p2`v H�`;2 /BK2MbBQMb- bm+? �b
� r?QH2 T`Qi2BM rBHH b+�ii2` �i bK�HH Z@p�Hm2bX

h?2 b+�ii2`BM; T`Q+2bb BMpQHp2b � i`�MbH�iBQM 7`QK i?2 `2�H bT�+2 Q7 i?2 +QQ`/B@
M�i2b iQ i?2 `2+BT`Q+�H bT�+2 Q7 i?2 b+�ii2`BM; p2+iQ`- Z

Q = 4π sin θ/λ UkXkV

h?Bb vB2H/b � b+�ii2`BM; +m`p2 Q7 b+�ii2`2/ BMi2MbBiv UAV �b � 7mM+iBQM Q7 i?2
b+�ii2`BM; p2+iQ`- FMQrM �b I(Q)X �++Q`/BM; iQ

I(Q) = P (Q)S(Q) UkXjV

r?2`2#v I(Q) Bb BMi`BMbB+�HHv `2H�i2/ iQ i?2 7Q`K 7�+iQ` UP (Q)V- i?2 �KTHBim/2
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Q7 � r�p2 b+�ii2`2/ #v �M BbQH�i2/ �iQK- �M/ i?2 bi`m+im`2 7�+iQ` US(Q)V #2BM;
i?2 BMi2MbBiv Q7 b+�ii2`2/ `�/B�iBQM T2` b+�ii2`BM; mMBiX h?2b2 i2`Kb rBHH MQi #2
/2b+`B#2/ BM 7m`i?2` /2i�BH #mi BM 2bb2M+2 i?2 7Q`K 7�+iQ` /2b+`B#2b i?2 b+�ii2`BM;
rBi?BM T�`iB+H2b �M/ i?2 bi`m+im`2 7�+iQ` /2b+`B#2b i?2 b+�ii2`BM; i?�i �`Bb2b 7`QK
i?2 Kmim�H BMi2`�+iBQMb Q7 T�`iB+H2bX

kXjXk _2bQHmiBQM �M/ *QMi`�bi
Ai Bb BKTQ`i�Mi iQ MQi2 i?�i T2`?�Tb i?2 ;`2�i2bi HBKBi�iBQM Q7 a�a Bb i?�i i?2
`2bQHmiBQMfBM7Q`K�iBQM +QMi2Mi BM � b+�ii2`BM; T�ii2`M Bb � `2bmHi Q7 `�M/QKHv TQbB@
iBQM2/ T�`iB+H2b BM bQHmiBQMX h?2`27Q`2 QM2 +�M QMHv BM+`2�b2 i?2 MQKBM�H `2bQHmiBQM
Q7 i?2 b+�ii2`BM; T�ii2`M- MQi Q7 i?2 BM/BpB/m�H b+�ii2`2`X Ai Bb i2+?MB+�HHv TQbbB#H2
iQ K2�bm`2 bQHmiBQMb �i ?B;?2` `2bQHmiBQM Ui?2Q`2iB+�HHv �b ?B;? �b k ³V- mbm�HHv
i?Qm;? rB/2@�M;H2 s@`�v b+�ii2`BM; Uq�saV r?2`2 BM7Q`K�iBQM �i H�`;2 Z@p�Hm2b Bb
Q#i�BM2/- #mi 2p2M rBi? q�sa Bi Bb MQi TQbbB#H2 iQ mMB[m2Hv `2+QMbi`m+i BM/BpB/m�H
bi`m+im`�H KQ/2HbX

� }M�H BKTQ`i�Mi +QM+2Ti i?�i rBHH #2 #`B2~v BMi`Q/m+2/ ?2`2 Bb i?�i Q7 +QMi`�biX
�b r�b K2MiBQM2/ �i i?2 #2;BMMBM; Q7 i?Bb b2+iBQM- s@`�vb BMi2`�+i rBi? i?2 2H2+i`QM
/2MbBiv Q7 � b�KTH2 �M/ 7Q` M2mi`QMb Bi Bb i?2 Mm+H2BX h?2 +QMi`�bi Bb /2}M2/ �b i?2
/Bz2`2M+2 BM b+�ii2`BM; TQr2` #2ir22M i?2 b+�ii2`BM; T�`iB+H2 �M/ i?2 bm``QmM/BM;
bQHmiBQMX AM i?2 +�b2 Q7 s@`�vb i?2 2H2+i`QM /2MbBiv Q7 i?2 bQHmiBQM +�M #2 KQ/B}2/
i?`Qm;? i?2 �//BiBQM Q7 Q7 bK�HH KQH2+mH2b bm+? �b b�Hib Q` bm;�`b #mi ivTB+�HHv i?2`2
Bb bm{+B2Mi +QMi`�bi �H`2�/v #2ir22M � T`Qi2BM Q` .L� �M/ >kP i?�i MQ 7m`i?2`
bi2Tb �`2 M2+2bb�`vX 6Q` 2t�KTH2 i?2 2H2+i`QM /2MbBiv Q7 i?2 �p2`�;2 T`Qi2BM Bb
4.20×102 2 nm−3 �M/ Tm`2 >kP Bb 3.34×102 2 nm−3- ;BpBM; � +QMi`�bi Q7 0.85×102

2 nm−3X
AM i?2 +�b2 Q7 M2mi`QMb � H�`;2 +QMi`�bi +�M 2�bBHv #2 Q#i�BM2/ #v mbBM; � .kP

#�b2/ #mz2` bQHmiBQM �M/ � ?v/`Q;2M�i2/ b+�ii2`2`X h?2 HBKBi2/ ~mt �i i?2 b�KTH2
BM M2mi`QM 2tT2`BK2Mib K2�M i?�i 2M?�M+BM; i?2 +QMi`�bi Bb M2+2bb�`v iQ Q#i�BM �
bB;M�H Q7 bm{+B2Mi bi�iBbiB+�H [m�HBivX h?2 +Q?2`2Mi b+�ii2`BM; H2M;i? Q7 ?v/`Q;2M Bb
−3.74×10−12 cm r?2`2�b 7Q` /2mi2`BmK Bi Bb 6.67×10−14 cm- i?2`27Q`2 i?2 +QMi`�bi
+�M #2 +?�M;2/ bB;MB}+�MiHv #v 2t+?�M;BM; i?2 /2mi2`BmK +QMi2Mi BM i?2 �[m2Qmb
bQHmiBQM Q` i?2 /BbbQHp2/ K�+`QKQH2+mH2X h?2`2 �`2 Qi?2` BKTQ`i�Mi r�vb BM r?B+?
i?Bb T?2MQK2MQM +�M #2 2tTHQBi2/ r?B+? rBHH #2 /2b+`B#2/ BM i?2 M2ti b2+iBQM r?2`2
i?2 bT2+B}+ �TTHB+�iBQM Q7 a�La BM #BQHQ;v rBHH #2 /Bb+mbb2/X
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kX9 a�La BM "BQHQ;v

kX9XR �TTHB+�iBQMb
h?2 mMB[m2 /�i� i?�i +�M #2 Q#i�BM2/ 7`QK a�La Q7 #BQHQ;B+�H K�+`QKQH2+mH2b BM
bQHmiBQM Bb r2HH 2bi�#HBb?2/ #mi MQi rB/2Hv mb2/ /m2 iQ i?2 bT2+B�HBbi H�`;2 b+�H2
7�+BHBiB2b i?�i �`2 M22/2/ BM Q`/2` iQ T`Q/m+2 M2mi`QMbX �b /Bb+mbb2/ T`2pBQmbHv-
�++2bb iQ bK�HH2` Z@p�Hm2b Bb M2+2bb�`v 7Q` bim/vBM; H�`;2 /BK2MbBQMb Q7 b+�ii2`2`b BM
bQHmiBQM �M/ i?2`27Q`2 bK�HH@�M;H2 M2mi`QM b+�ii2`BM; Bb T2`72+iHv bmBi2/ iQ bim/vBM;
i?2 b?�T2b �M/ bBx2b Q7 #BQHQ;B+�H K�+`QKQH2+mH2bX

6Q` i?2 KQbi T�`i- i?2 mb2 �M/ �M�HvbBb Q7 a�sa /�i� 7`QK #BQHQ;B+�H bvbi2Kb
Bb +QM+2Tim�HHv i?2 b�K2 �b 7Q` M2mi`QMbX >Qr2p2` i?2`2 Bb � mMB[m2 72�im`2 Q7
M2mi`QMb r?B+? Bb i?2 �#BHBiv iQ /BbiBM;mBb? #2ir22M BbQiQT2b Q7 ?v/`Q;2M UT`QiBmK
�M/ /2mi2`BmKV �M/ i?2`27Q`2 2Hm+B/�i2 �//BiBQM�H bi`m+im`�H BM7Q`K�iBQMX

_2+2Mi /2+�/2b ?�p2 b22M � H�`;2 BM+`2�b2 BM i?2 TQTmH�`Biv Q7 bim/vBM; #BQHQ;B+�H
bvbi2Kb mbBM; a�a bm+? i?�i � ;2M2`�HBb2/ `Q�/K�T Bb MQr ;2M2`�HHv �++2Ti2/ 7Q`
?Qr bm+? BMp2biB;�iBQMb b?QmH/ #2 +�``B2/ Qmi (3N- Ny)X h?2 ivTB+�H K�BM TQBMib BM
i?2 T`Q+2/m`2 �`2 �b 7QHHQrb,

Ç S`2HBKBM�`v +?�`�+i2`Bb�iBQM @ Tm`Biv- +QM+2Mi`�iBQM- KQMQ/BbT2`bBiv- K�i+?2/
bQHp2Mi

Ç aK�HH@�M;H2 b+�ii2`BM;

Ç .�i� p�HB/�iBQM @ AMBiB�H BMbT2+iBQM- `�/B�iBQM /�K�;2- +QM+2Mi`�iBQM 2z2+ib-
bi�M/�`/b

Ç JQ/2HHBM; @ ?B;?@`2bQHmiBQM p�HB/�iBQM- KmHiB@/QK�BM KQ/2HHBM;- bm#mMBi
KQ/2HHBM;- ~2tB#BHBiv

Ç �//BiBQM�H BM7Q`K�iBQM @ �iQKB+ KQ/2Hb- /Bbi�M+2 `2bi`�BMib- bvKK2i`v-
/BbQ`/2`

kX9Xk a+�ii2`BM; G2M;i? .2MbBiv
h?2 b+�ii2`BM; H2M;i? /2MbBiv UaG.V Bb � K2�bm`2 Q7 i?2 b+�ii2`BM; TQr2` Q7 � K�i2@
`B�HX AM � M2mi`QM b+�ii2`BM; 2tT2`BK2Mi i?2 b+�ii2`BM; H2M;i?b Q7 BM/BpB/m�H �iQKb
�`2 #�b2/ QM i?2 T?vbB+�H /2MbBiv Q7 i?2 Mm+H2B- r?2`2�b 7Q` s@`�vb i?2 b+�ii2`BM;
TQr2` Bb 2[mBp�H2Mi iQ i?2 MmK#2` Q7 2H2+i`QMbX h?2b2 p�Hm2b 7Q` M2mi`QMb �`2 /B7@
}+mHi iQ T`2/B+i i?2Q`2iB+�HHv �M/ �`2 i?2`27Q`2 /2i2`KBM2/ 2tT2`BK2Mi�HHvX 6B;m`2
kXj ;Bp2b � pBbm�H `2T`2b2Mi�iBQM Q7 i?2 b+�ii2`BM; H2M;i?b Q7 � 72r /Bz2`2Mi �iQKb
7Q` #Qi? s@`�v �M/ M2mi`QMbX h?2 /Bz2`2M+2 #2ir22M ?v/`Q;2M �M/ Bib BbQiQT2 /2m@
i2`BmK �`2 T�`iB+mH�`Hv +H2�` BM i?2 +�b2 Q7 M2mi`QMbX

ke



h?2 aG. Q7 � KQH2+mH2 +�M #2 +�H+mH�i2/ 7`QK i?2 BM/BpB/m�H b+�ii2`BM; H2M;i?
Q7 i?2 �iQKb BM i?2 KQH2+mH2- bT2+B}+�HHv

SLD =

∑N
i=1 bi
Vm

UkX9V

r?2`2 i?2 bmK Q7 i?2 b+�ii2`BM; H2M;i?b bi 7`QK N �iQKb Bb /BpB/2/ #v Vm- i?2
KQH2+mH�` pQHmK2- Bib b2H7 /2i2`KBM2/ #v

Vm =
M

ρNA
UkX8V

r?2`2 M Bb i?2 KQH2+mH�` r2B;?i- ρ Bb i?2 #mHF /2MbBiv Q7 i?2 KQH2+mH2 �M/ NA

Bb i?2 �pQ;�/`Q +QMbi�MiX

Neutrons

X-rays

Fe Ca S Si Al Mg O D H

6B;m`2 kXj, *QKT�`BbQM Q7 `2H�iBp2 b+�ii2`BM; H2M;i?b 7Q` s@`�vb �M/ M2mi`QMb Q7 �
72r 2H2K2MibX h?2 bB;MB}+�Mi /Bz2`2M+2 #2ir22M i?2 M2mi`QM b+�ii2`BM; H2M;i? Q7
/2mi2`BmK �M/ ?v/`Q;2M U;`22MV Bb ?B;?HB;?i2/X

kX9Xj JQH2+mH�` q2B;?i .2i2`KBM�iBQM
h?2 KQH2+mH�` r2B;?i Q7 b+�ii2`2`b +�M #2 /2i2`KBM2/ 7`QK a�a /�i� �M/ � MmK#2`
Q7 BKTQ`i�Mi Tm#HB+�iBQMb ?�p2 b?QrM ?Qr Bi +�M #2 +�H+mH�i2/- 2p2M rBi?Qmi FMQrH@
2/;2 Q7 �#bQHmi2 BMi2MbBiv �M/ +QMi`�bi 7�+iQ`b (NR- Nk- Nj)X h?Bb Bb � p2`v p�Hm�#H2
iQQH 7Q` p�HB/�iBQM Q7 i?2 b+�ii2`BM; +m`p2 �M/ i?2 b�KTH2X AM i?2 +�b2 Q7 a�La
i?2 KQbi +QKKQMHv mb2/ 7Q`KmH� 7Q` i?2 /2i2`KBM�iBQM Q7 i?2 KQH2+mH�` r2B;?i Q7
#BQHQ;B+�H K�+`QKQH2+mH2b BM bQHmiBQM Bb

I(0) = M × c× (SLDM − SLDS)2

ρ2 ×NA
UkXeV

r?2`2 I(0) Bb i?2 b+�ii2`BM; BMi2MbBiv 2ti`�TQH�i2/ iQ y@�M;H2 �M/ c Bb i?2 +QM@
+2Mi`�iBQM Q7 i?2 b+�ii2`2`X AM a�La Bi Bb 2bT2+B�HHv BKTQ`i�Mi iQ +QMbB/2` i?2 aG.b
Q7 i?2 KQH2+mH2 �M/ #mz2`- /2MQi2/ #v SLDM �M/ SLDS `2bT2+iBp2Hv- 7Q` 2t�KTH2

kd



r?2M i�FBM; K2�bm`2K2Mib �i /Bz2`2Mi >kP,.kP `�iBQb BM i?2 #mz2`X h?2 K�`;BMb
Q7 2``Q` URy @ kyW QM i?2 KQH2+mH�` r2B;?iV 7Q` i?2b2 +�H+mH�iBQMb �`2 ivTB+�HHv p2`v
HQr B7 i?2 b+�ii2`2` Bb p2`v ?QKQ;2M2Qmb BM bBx2 �M/ Bb K�BMHv � `2bmHi Q7 2``Q` BM
+QM+2Mi`�iBQM /2i2`KBM�iBQM UivTB+�HHv RyW 7Q` bT2+i`Qb+QTB+ K2i?Q/bVX

� MmK#2` Q7 Qi?2` K2i?Q/b iQ /2i2`KBM2 KQH2+mH�` r2B;?i ?�p2 #22M /2p2HQT2/
Qp2` i?2 v2�`b mbBM; SQ`Q/ pQHmK2- /mKKv �iQK KQ/2Hb �M/ T`Qi2BM bi�M/�`/bX
h?2b2 K2i?Q/b rBHH #2 /2b+`B#2/ BM KQ`2 /2i�BH H�i2`X

kX9X9 *QMi`�bi o�`B�iBQM
6`QK 1[m�iBQM kXe QM2 +�M b22 i?�i i?2 b+�ii2`BM; BMi2MbBiv Bb /B`2+iHv `2H�i2/ iQ
i?2 b[m�`2 Q7 i?2 +QMi`�bi- r?B+? Bb /2}M2/ �b i?2 /Bz2`2M+2 BM aG. #2ir22M i?2
b+�ii2`2` �M/ i?2 bQHp2MiX hvTB+�HHv � ?v/`Q;2M�i2/ T`Qi2BM rBHH #2 K2�bm`2/ BM �
RyyW .kP #�b2/ bQHp2Mi BM Q`/2` iQ T`QpB/2 K�tBKmK b+�ii2`BM; bB;M�HX h?2 H�`;2
/Bz2`2M+2 BM b+�ii2`BM; H2M;i? #2ir22M ?v/`Q;2M �M/ /2mi2`BmK +�M #2 2tTHQBi2/
i?`Qm;? � i2+?MB[m2 +�HH2/ +QMi`�bi p�`B�iBQMX "v �/DmbiBM; i?2 >kP,.kP `�iBQ Q7
i?2 #mz2` Bib aG. +�M #2 �/Dmbi2/ iQ K�i+? i?�i Q7 QM2 Q7 i?2 b+�ii2`2`bX AM i?2
+�b2 Q7 KmHiBT`Qi2BM +QKTH2t2b b2H2+iBp2 /2mi2`BmK H�#2HHBM; Q7 � T`Qi2BM +QKTQM2Mi
Q7 i?2 +QKTH2t �HHQrb i?2 b2H2+iBp2 �Hi2`�iBQM Q7 i?�i +QKTQM2MiǶb aG. (N9)X lM/2`
+2`i�BM +QM/BiBQMb- /2i2`KBM2/ 2tT2`BK2Mi�HHv- i?2 b+�ii2`BM; /2MbBiv Q7 i?2 bQHp2Mi
rBHH K�i+? i?�i Q7 QM2 +QKTQM2Mi- `2M/2`BM; Bi 2tT2`BK2Mi�HHv BMpBbB#H2X *QMi`�bi
p�`B�iBQM +�M i?2`27Q`2 bT2+B}+�HHv ?B;?HB;?i QM2 Q` �MQi?2` K2K#2` Q7 i?2 +QK@
TH2tX 6B;m`2 kX9 Qz2`b � pBbm�H `2T`2b2Mi�iBQM Q7 bQHp2Mi p�`B�iBQM BM i?2 bim/v Q7 �
#BQHQ;B+�H K�+`QKQH2+mH2b BM � +QKTH2tX

AM i?Bb BMbi�M+2 �i yW .kP i?2 T`Qi2BM �M/ i?2 .L� K2K#2`b #Qi? ?�p2 bT2+B}+
+QMi`�bi iQ i?2 bQHp2Mi aG. bQ i?2 `2bmHiBM; +m`p2 rBHH `2T`2b2Mi i?2 7mHH +QKTH2tX
PM+2 i?2 .kP +QMi2Mi `2�+?2b 9kW i?2 +QMi`B#miBQM Q7 i?2 T`Qi2BM iQ i?2 +Q?2`2Mi

Protein/DNA	
complex

Protein	match	
point

DNA	match	
point

6B;m`2 kX9, .B�;`�K iQ /2KQMbi`�i2 i?2 2tT2`BK2Mi�H 2z2+ib Q7 #mz2` +QMi`�bi p�`B@
�iBQM Q7 � T`Qi2BM@.L� +QKTH2t BM bQHmiBQM (R)X

k3



b+�ii2`BM; Bb �HKQbi x2`Q- i?2`27Q`2 K�i+?BM; Bi Qmi- bQ i?�i i?2 `2bmHiBM; +m`p2
`2T`2b2Mib QMHv i?2 +QKTH2t2/ .L�X AM+`2�bBM; i?2 .kP +QMi2Mi Q7 i?2 #mz2` iQ
eRW `2M/2`b i?2 +QKTH2t2/ .L� K�i+?2/ Qmi �M/ 2tT2`BK2Mi�HHv BMpBbB#H2 �HHQrBM;
i?2 T`Qi2BM �HQM2 iQ #2 K2�bm`2/ (N8)X �b � `2bmHi i?2 TQbBiBQM �M/ bi`m+im`2 Q7
2�+? K2K#2` Q7 i?2 +QKTH2t Bb �p�BH�#H2X "v +QMi`�bi- BM a�sa i?2b2 KQH2+mH2b
+QKTQb2/ Q7 bBKBH�`Hv HB;?i �iQKb rQmH/ ?�p2 �TT`QtBK�i2Hv i?2 b�K2 aG. �M/
QMHv i?2 bi`m+im`2 Q7 i?2 7mHH +QKTH2t rQmH/ #2 K2�bm`2/X

kX8 a�a .�i� �M�HvbBb
>2`2 �M Qp2`pB2r Q7 bQK2 Q7 i?2 BM7Q`K�iBQM i?�i +�M #2 Q#i�BM2/ 7`QK a�a /�i� Bb
T`QpB/2/X h?2 +QM+2Tib T`2b2Mi2/ ?2`2 �TTHv ;2M2`�HHv iQ #Qi? a�sa �M/ a�LaX �7@
i2` +QHH2+iBQM- a�a /�i� �`2 `2/m+2/ U`�/B�H �p2`�;BM;V- K2`;2/ U+m`p2b +QHH2+i2/ �i
KmHiBTH2 /2i2+iQ` /Bbi�M+2bV �M/ bm#i`�+i2/ U#mz2`f#�+F;`QmM/ bm#i`�+iBQMVc i?2b2
bi�;2b Q7 /�i� i`2�iK2Mi rBHH #2 /Bb+mbb2/ BM KQ`2 /2i�BH BM i?2 K2i?Q/b b2+iBQMbX
6QHHQrBM; i?Bb- i?2 KQbi +QKKQM T`Q+2/m`2 Bb iQ T`Q/m+2 � b2`B2b Q7 bi�M/�`/ THQib
Q7 i?2 `2+BT`Q+�H bT�+2 /�i� r?B+? vB2H/ � MmK#2` Q7 BKTQ`i�Mi `2bmHib bi`�B;?i �r�vX
h?Bb �HHQrb � p2`v `�TB/ /2i2`KBM�iBQM Q7 i?2 [m�HBiv Q7 i?2 /�i� �b r2HH �b � MmK#2`
Q7 #�bB+ T�`�K2i2`b 7`QK i?2 b+�ii2`BM; T�`iB+H2b BM i?2 bQHmiBQMX h?2 /�i� �`2 i?2M
ivTB+�HHv +QMp2`i2/ BMiQ `2�H@bT�+2 7Q` �//BiBQM�H �M�HvbBb �M/ KQ/2HHBM;X

kX8XR h?2 :mBMB2` SHQi
h?2 :mBMB2` THQi Bb � `2T`2b2Mi�iBQM Q7 i?2 HQr@Z `2;BQM Q7 i?2 b+�ii2`BM; +m`p2
(Ne)X h?Bb THQi �HHQrb i?2 /2i2`KBM�iBQM Q7 i?2 `�/Bmb Q7 ;v`�iBQM URgV #v THQiiBM;
ln[I(Q)] vs Q2 mbBM; i?2 :mBMB2` �TT`QtBK�iBQMX h?2 2tT�MbBQM Q7 i?2 2[m�iBQM Bb

I(Q) = I0 exp

(−Q2R2
g

3

)
UkXdV

ln[I(Q)] = ln[I0]−
Q2R2

g

3
UkX3V

J�i?2K�iB+�HHv- i?2 `�/Bmb Q7 ;v`�iBQM Bb i?2 /Bbi`B#miBQM Q7 T�`ib Q7 �M Q#D2+i
�`QmM/ �M �tBb Q` +2Mi`2 Q7 K�bb #mi BM i?Bb +�b2 Bi Bb #2BM; mb2/ �b i?2 2z2+iBp2
bBx2 Q7 i?2 b+�ii2`BM; T�`iB+H2 r?B+? Bb BM/2T2M/2Mi Q7 i?2 �#bQHmi2 BMi2MbBiv �i x2`Q
�M;H2- I0 �M/ Q7 �Mv bT2+B}+ KQ/2HX h?2`2 �`2 b2p2`�H 7�+iQ`b i?�i �`2 FMQr iQ ;Bp2
mMr�Mi2/ BM~m2M+2 QM i?2 `�/Bmb Q7 ;v`�iBQM- M�K2Hv TQHv/BbT2`bBiv- BMbi`mK2Mi�H
bK2�`BM; �M/ BMi2`@T�`iB+H2 2z2+ibX h?Bb T�`�K2i2` T`QpB/2b � #�bB+ +?2+F QM i?2
KQMQ/BbT2`bBiv �M/ p�HB/�iBQM Q7 i?2 2tT2+i2/ bBx2 Q7 i?2 b�KTH2X >Qr2p2`- i?Bb T�@
`�K2i2` +�M �HbQ #2 BM/2T2M/2MiHv Q#i�BM2/ #v mbBM; i?2 +QM+2Ti Q7 i?2 T�B`@/Bbi�M+2

kN



/Bbi`B#miBQM 7mM+iBQM US..6V �HbQ FMQrM �b i?2 /Bbi�M+2 /Bbi`B#miBQM 7mM+iBQM Q`
P (r)- /Bb+mbb2/ BM a2+iBQM kX8X9X P (r) Bb /2i2`KBM2/ mbBM; /�i� i?�i ?�b #22M +QM@
p2`i2/ iQ `2�H bT�+2- �b QTTQb2/ iQ i?2 `2+BT`Q+�H bT�+2 Q7 Rg �M/ Bb Q7i2M +QMbB/2`2/
iQ #2 KQ`2 `2HB�#H2X

AKTQ`i�MiHv- i?Bb 2[m�iBQM �HHQrb i?2 /2i2`KBM�iBQM Q7 i?2 7Q`r�`/ b+�ii2`BM;
BMi2MbBiv UAUyVV r?B+? Bb �M 2ti`�TQH�iBQM Q7 i?2 HBM2�` :mBMB2` THQi iQ i?2 p2`iB+�H
�tBb r?B+? rBHH vB2H/ � i?2Q`2iB+�H b+�ii2`BM; BMi2MbBiv �i y@�M;H2c �M BKTQ`i�Mi 7�+iQ`
BM 1[m�iBQM kXe 7Q` KQH2+mH�` r2B;?i /2i2`KBM�iBQMX

kX8Xk h?2 SQ`Q/ SHQi
h?2 SQ`Q/ `2;BQM +Q``2bTQM/b iQ � T`Q#2/ `�M;2 bK�HH2` i?�M i?2 b+�ii2`BM; Q#@
D2+ib bQ i?�i i?2 b+�ii2`BM; `�/B�iBQM Bb T`Q#BM; i?2 HQ+�H bi`m+im`2 Q7 i?2 T�`iB+H2X
h?2 SQ`Q/ THQi- log(I) vs log(Q)- vB2H/b BM7Q`K�iBQM �#Qmi i?2 bQ@+�HH2/ ǵ7`�+i�H
/BK2MbBQMǶ Q7 i?2 b+�ii2`BM; Q#D2+ib (Ne)X �i ?B;?@Z QM2 +�M �TT`QtBK�i2 rBi?

I(Q) =
A

Qn
+B UkXNV

Q`
log[I(Q)− B] = log(A)− n log(Q) UkXRyV

� SQ`Q/ bHQT2 n = 1 Bb Q#i�BM2/ 7Q` b+�ii2`BM; 7`QK `B;B/ `Q/bc � bHQT2 n = 4

`2T`2b2Mib � bKQQi? bm`7�+2 7Q` i?2 b+�ii2`BM; T�`iB+H2c r?2`2�b � bHQT2 M #2ir22M j
�M/ 9 +?�`�+i2`Bb2b `Qm;? BMi2`7�+2b Q7 7`�+i�H /BK2MbBQMb . rBi? n = 6−DX i?Bb Bb
+�HH2/ � bm`7�+2 7`�+i�HX

AM T`BM+BTH2- i?2 THQi Bb �#H2 iQ BM7Q`K QM i?2 ;2M2`�H j. b?�T2 Q7 i?2 �p2`�;2
b+�ii2`BM; T�`iB+H2 BM i?2 bQHmiBQM �b r2HH �b QM i?2 ~2tB#BHBivX

SQr2` H�r *?�`�+i2`BbiB+ b?�T2
Q−4 aT?2`B+�H Up2`v ;HQ#mH�`V
Q−3 h?BM +B`+mH�` /BbF
Q−2 :�mbbB�M +?�BM U`�M/QK +QBHV
Q−1 h?BM `Q/

h�#H2 kXk, h?2 TQr2` H�rb �M/ �bbQ+B�i2/ +?�`�+i2`BbiB+ b?�T2b �b /2}M2/ BM SQ`Q/Ƕb
H�rX

kX8Xj h?2 E`�iFv SHQi
E`�iFv THQib 2KT?�bBb2 /2pB�iBQM 7`QK i?2 ?B;?@Z #2?�pBQm` Q7 i?2 b+�ii2`BM; BMi2M@
bBiv AUZVX h?2 �bvKTiQiB+ #2?�pBQm` Q7 i?2 /2+�v Q7 i?2 b+�ii2`BM; BMi2MbBiv BM i?2
SQ`Q/ `2;BQM +�M #2 mb2/ iQ /2b+`B#2 i?2 b?�T2 Q7 i?2 b�KTH2- �++Q`/BM; iQ SQ`Q/Ƕb
H�r Ui�#H2 kXRV (Ne)

jy



0

Q

Q
2 (
I)

Globular protein

Unfolded protein

Multidomain protein with 
flexible linker

Partially flexible protein
Multidomain protein

6B;m`2 kX8, :`�T?B+�H `2T`2b2Mi�iBQM Q7 ivTB+�H E`�iFv THQibX 1t�KTH2b Q7 /Bz2`2MiHv
b?�T2/ T`Qi2BMb �`2 b?QrM BM /Bz2`2Mi +QHQm`b rBi? �TT`QT`B�i2 H�#2HbX

h?2 E`�iFv THQi Q7 I(Q) × Q2 pb Q +�M i?2`27Q`2 T`QpB/2 BM7Q`K�iBQM QM i?2
;HQ#mH�`Biv �M/ ~2tB#BHBiv Q7 i?2 T�`iB+H2 BM bQHmiBQMX h?Bb Bb T�`iB+mH�`Hv mb27mH BM i?2
+�b2 Q7 #BQHQ;B+�H bvbi2Kb r?2`2 i?2 M�im`2 Q7 i?2 T`Qi2BMǶb 7QH/BM; Q` i?2 ~2tB#BHBiv
Q7 KmHiB/QK�BM T`Qi2BMb +�M #2 [mB+FHv 2t�KBM2/ #v Q#b2`pBM; i?2 b?�T2 Q7 i?2
+m`p2X A7 i?2 T`Qi2BM Bb mM7QH/2/ Q` ?�b T`QMQmM+2/ ~2tB#BHBiv i?2M i?2 +m`p2 rBHH
M2p2` +QMp2`;2 iQ i?2 ?Q`BxQMi�H �tBbX �Hi?Qm;? T2`?�Tb i?2 }`bi [m�HBi�iBp2 THQi iQ
�M�Hvb2 i?2 ;HQ#mH�`Biv �M/ ~2tB#BHBiv Q7 i?2 b+�ii2`2`- Bi Bb MQi i?2 QMHv QM2X JQ`2
`2+2MiHv i?2 SQ`Q/@.2#v2 THQi ?�b #2+QK2 TQTmH�` 7Q` i?2 b�K2 ivT2b Q7 [m�HBi�iBp2
�M�HvbBb �b T�`i Q7 i?2 /�i� p�HB/�iBQM T`Q+2bb (Nd)- i?Bb Bb /Bb+mbb2/ H�i2` BM *?�Ti2`
9 r?2`2 Bi Bb �TTHB2/ iQ 2tT2`BK2Mi�H /�i�X

kX8X9 h?2 .Bbi�M+2 .Bbi`B#miBQM 6mM+iBQM
6Q` K�Mv 7m`i?2` �M�Hvb2b Bi #2+QK2b /2bB`�#H2 iQ rQ`F BM `2�H bT�+2 `�i?2` i?�M i?2
`2+BT`Q+�H bT�+2 Q7 i?2 2�`HB2` THQib �M/ i?2`27Q`2 � 6Qm`B2` i`�Mb7Q`K�iBQM Q7 i?2
b+�ii2`BM; +m`p2 UI(Q)V Q7 i?2 b+�ii2`BM; T�`iB+H2 Bb BMi`Q/m+2/ BM Q`/2` iQ T`Q/m+2
� `2�H@bT�+2 /Bbi�M+2 /Bbi`B#miBQM 7mM+iBQMX � bm#bi�MiB�H /B{+mHiv �`Bb2b BM i?�i

jR



P (r) +�MMQi #2 /2i2`KBM2/ /B`2+iHv #2+�mb2 AUZV Bb MQi FMQrM Qp2` i?2 7mHH BMi2`p�H
0 ≤ Q ≤ ∞ �M/ #2+�mb2 Bi +�M QMHv #2 Q#b2`p2/ rBi? bi�iBbiB+�H �M/ bvbi2K�iB+
2``Q`bX h?2 ǵBM/B`2+i 6Qm`B2` i`�Mb7Q`KǶ r�b i?2`27Q`2 BMi`Q/m+2/ #v :H�ii2` BM RNdd
�b

I(q) = 4πVo

∫ Dmax

0

P (r)
sin(Qr)

Qr
dr UkXRRV

r?2`2 Vo Bb i?2 pQHmK2 Q7 i?2 b+�ii2`2` (N3)X h?2 BMi2;`�H Bb +�``B2/ Qmi iQ � p�Hm2
FMQrM �b Dmax- r?B+? Bb /2}M2/ �b i?2 K�tBKmK bBx2 Q7 �Mv b+�ii2`BM; T�`iB+H2 BM
i?2 bQHmiBQMX Dmax Bb +?Qb2M iQ Q#i�BM i?2 #2bi }i iQ i?2 AUZV pb Z /�i� rBi? � _g

i?�i �;`22b r2HH rBi? i?�i 7QmM/ mbBM; i?2 :mBMB2` �TT`QtBK�iBQM U2[m�iBQM kXRVX
P (r) �HQM2 Bb mb27mH 7Q` /2i2`KBMBM; � p2`v ;2M2`�H b?�T2 Q7 i?2 b+�ii2`2`- Km+?
HBF2 � SQ`Q/ THQi- #mi 7m`i?2` �M�HvbBb mbBM; i?Bb 7mM+iBQM Bb `2[mB`2/ BM Q`/2` iQ
KQ/2H bi`m+im`2bX h?2 P (r) THQi +�M #2 2bb2MiB�HHv bmKK�`Bb2/ �b � /Bbi`B#miBQM Q7
BMi2`@�iQKB+ /Bbi�M+2b BM i?2 �p2`�;2 b+�ii2`BM; T�`iB+H2 BM i?2 bQHmiBQMX Rg p�Hm2b
+�M �HbQ #2 Q#i�BM2/ 7`QK i?2b2 `2�H bT�+2 THQib �M/ �`2 mbm�HHv KQ`2 �++m`�i2 i?�M
i?Qb2 7`QK i?2 :mBMB2` �M�HvbBb #2+�mb2 i?2v �`2 H2bb BM~m2M+2/ #v BMi2`@T�`iB+H2
BMi2`�+iBQMbX h?2 `2H�iBQMb?BT #2ir22M P (r) �M/ Rg Bb `2p2�H2/ BM

R2
g =

∫ Dmax

0 r2p(r)dr

2
∫ Dmax

0 p(r)dr
UkXRkV

kX8X8 JQ/2HHBM; a�a .�i�
�# AMBiBQ a?�T2 .2i2`KBM�iBQM

S`Q/m+iBQM Q7 KQ/2Hb 7`QK i?2 b+�ii2`BM; /�i� �HQM2 rBi? MQ �//BiBQM�H 2ti2`M�H
+�p2�ib Q` BMTmi Bb FMQrM �b �# BMBiBQ KQ/2HHBM; (NN)X 6Q` a�a /�i� i?2 KQbi
+QKKQM �# BMBiBQ KQ/2Hb �`2 T`Q/m+2/ i?Qm;? � K2i?Q/ +�HH2/ #2�/ KQ/2HHBM;-
r?2`2 KQ/2Hb Q` ǵ2Mp2HQT2bǶ �`2 #mBHi mT 7`QK ?vTQi?2iB+�H bT?2`B+�H +QKTQM2Mib
i?�i BM i?2 2M/ T`Q/m+2 � KQ/2H i?�i `2T`2b2Mib i?2 `2�H@bT�+2 /�i� BMTmiX

�Hi?Qm;? #�b2/ QM bQT?BbiB+�i2/ K�i?2K�iB+�H +QM+2Tib i?2 #�bB+ B/2� Q7 �M
�miQK�i2/ T`Q+2/m`2 iQ `2+QMbi`m+i HQr@`2bQHmiBQM KQH2+mH�` 2Mp2HQT2b T`QTQb2/
#v aim?`K�MM +�M #2 /2b+`B#2/ [m�HBi�iBp2Hv (Ryy)X �M BMBiB�H bQHp2Mi b2�`+? pQHmK2
/2}M2/ #v i?2 Dmax Bb }HH2/ rBi? i?2Q`2iB+�H #2�/b i?�i �`2 `�M/QKHv KQ/B}2/ BM
b?�T2 UbBKmH�i2/ �MM2�HBM;V mMiBH i?2 2tT2`BK2Mi�H /�i� Bb }iX h?2 +?QB+2 Q7 i?2
b?�T2 Q7 i?2 b2�`+? pQHmK2 Bb H27i iQ i?2 +QKTmi2` iQ /2i2`KBM2- #�b2/ QM i?2 BMTmiX

"v Bib p2`v M�im`2 a�a /�i� QMHv �HHQrb 7Q` HQr@`2bQHmiBQM b?�T2 /2i2`KBM�iBQM
i?2`27Q`2 �Mv K2�MBM;7mH �# BMiBQ KQ/2H b?QmH/ T`QpB/2 QMHv � Qp2`�HH b?�T2 Q7
i?2 �p2`�;2 b+�ii2`BM; T�`iB+H2 BM bQHmiBQMX h?2 bQ7ir�`2 b?QmH/ mbm�HHv #2 `mM 7Q`
KmHiBTH2 Bi2`�iBQMb �M/ i?2M �p2`�;2/ BM Q`/2` iQ HBKBi i?2 Qp2`@}iiBM; Q7 bK�HH2`

jk



bi`m+im`�H 72�im`2b i?�i K�v #2 bi�iBbiB+�HHv mMHBF2HvX �MQi?2` bB;MB}+�Mi r2�FM2bb
Q7 �# BMBiBQ KQ/2HHBM; Bb i?2 �K#B;mBiv 7`QK i?2 7�+i i?�i b2p2`�H b?�T2b �`2 �#H2 iQ
vB2H/ i?2 b�K2 b+�ii2`BM; +m`p2 bQ +�miBQM b?QmH/ #2 2t2`+Bb2/X

_B;B/ "Q/v JQ/2HHBM;

� KQ`2 `2+2Mi �M/ bQT?BbiB+�H 7Q`K Q7 KQ/2HHBM; r?B+? Bb biBHH /2p2HQTBM; Bb i?�i
Q7 `B;B/ #Q/v KQ/2HHBM; Q` � T`BQ`B KQ/2HHBM;X h?Bb Bb r?2`2 T`2@2tBbiBM; �iQKB+
`2bQHmiBQM bi`m+im`2b UT`BQ` FMQrH2/;2 7`QK s@`�v +`vbi�HHQ;`�T?v 7Q` 2t�KTH2V Q`
KQ/2Hb /BpB/2/ BMiQ /QK�BMb �ii�+?2/ #v ~2tB#H2 HBMF2`b �`2 mb2/ iQ }i iQ i?2 /�i�X
JQH2+mH�` /vM�KB+b bBKmH�iBQMb +�M #2 #2 +�``B2/ Qmi QM i?2 KQ/2Hb �M/ i?2M i?2
`2bmHib }i #�+F iQ i?2 a�a /�i� (RyR- Ryk- Ryj- Ry9- Ry8- Rye)X h?Bb ivT2 Q7 �M�HvbBb
72�im`2b ?2�pBHv BM i?Bb i?2bBb �M/ i?2 bT2+B}+ �TTHB+�iBQMb Q7 Bi rBHH #2 /2b+`B#2/ BM
Km+? ;`2�i2` /2i�BH BM i?2 `2bmHib b2+iBQMX

jj



�BKb �M/ P#D2+iBp2b

h?2 T`BK�`v �BK Q7 i?Bb `2b2�`+? T`QD2+i r�b iQ T`Q#2 i?2 /QK�BM KQp2K2Mib BM
i?2 +�i�HviB+ +v+H2 Q7 +viQ+?`QK2 S98y `2/m+i�b2X h?2 Q#D2+iBp2 r�b iQ B/2MiB7v
r?B+? 7�+iQ`b BM~m2M+2 i?2 +QM7Q`K�iBQM�H +?�M;2b �M/ +?�`�+i2`Bb2 �M/ [m�MiB7v
i?2 2z2+ib �M/ +?�M;2b �i � H2p2H #2vQM/ i?�i r?B+? ?�b #22M �+?B2p2/ T`2pBQmbHvX
�M �//BiBQM�H �BK r�b iQ /2i2`KBM2 i?2 bi`m+im`2 Q7 i?2 +QKTH2t #2ir22M *S_ �M/
+viQ+?`QK2 + BM bQHmiBQMX

h?Bb i?2bBb ?�b #22M /BpB/2/ BM iQ i?`22 b2+iBQMbX h?2 T`2b2Mi b2+iBQM ?�b +Qp2`2/
i?2 #BQHQ;B+�H #�+F;`QmM/ Q7 i?2 S98y KQMQ@Qtv;2M�b2 bvbi2K BM ;2M2`�H �M/ *S_
bT2+B}+�HHv- �b r2HH �b i?2 i?2Q`v #2?BM/ �M/ � /2i�BH2/ BMi`Q/m+iBQM iQ bK�HH@�M;H2
b+�ii2`BM;X � #`Q�/ `�M;2 Q7 Tm#HBb?2/ 2tT2`BK2Mi�H }M/BM;b `2H�i2/ iQ i?2 rQ`F
T`2b2Mi2/ BM i?Bb i?2bBb ?�b #22M /2b+`B#2/ r?B+? b2ib i?2 b+2M2 �M/ b?Qrb ?Qr i?2
T`BK�`v [m2biBQM i?�i i?Bb i?2bBb b22Fb iQ �Mbr2` �`Qb2X

S�`i irQ +Qp2`b i?2 2tT2`BK2Mi�H b2+iBQM r?2`2 2�+? K�DQ` 2tT2`BK2Mi Bb T`2@
b2Mi2/ BM Bib QrM +?�Ti2`X "2;BMMBM; rBi? *?�Ti2` j QM 2tT`2bbBQM- Tm`B}+�iBQM
�M/ +?�`�+i2`Bb�iBQM Q7 � +�i�HviB+�HHv �+iBp2 T`Qi2BM �M/ 7QHHQr2/ #v i?`22 7m`i?2`
+?�Ti2`b #�b2/ T`BK�`BHv QM BMp2biB;�iBQMb mbBM; a�La �M/ a�saX h?2 }`bi a�La
BMp2biB;�iBQM- /2b+`B#2/ BM *?�Ti2` 9- +Qp2`b i?2 � bim/v Q7 ?v/`Q;2M�i2/ *S_ BM
bQHmiBQM BM /Bz2`2Mi `2/Qt bi�i2b �M/ +QM/BiBQMbX *?�Ti2` 8 /2i�BHb � bim/v Q7 *S_
BM � +QKTH2t rBi? +viQ+?`QK2 + BM bQHmiBQM- r?2`2 /2mi2`�iBQM �M/ +QMi`�bi K�i+?@
BM; a�La Bb 2KTHQv2/X 6BM�HHv *?�Ti2` e /2i�BHb � iBK2@`2bQHp2/ a�sa 2tT2`BK2Mi
2tTH�BMBM; ?Qr � biQTT2/@~Qr b2imT r�b +QKKBbbBQM2/ QM �M mMmbm�H �M/ p2`b�iBH2
#2�KHBM2 �i � bvM+?`Qi`QM �M/ mb2/ iQ i�F2 K2�bm`2K2Mib QM *S_ �M/ +vi + QM
i?2 KBHHBb2+QM/ iBK2 b+�H2X h?Bb b2+iBQM 2M/b rBi? � b?Q`i +?�Ti2` QM i?2 Qp2`�HH
}M/BM;b Q7 i?2 BMp2biB;�iBQMb �b r2HH �b +QM+HmbBQMb r?B+? +�M #2 /`�rM �M/ B/2�b
7Q` 7mim`2 rQ`FX

h?2 i?B`/ �M/ }M�H T�`i- �M �TT2M/Bt- BM+Hm/2b �HH Q7 i?2 /2i�BH2/ K�i2`B�Hb �M/
K2i?Q/b b2+iBQMb `2H2p�Mi iQ i?2 rQ`F +�``B2/ Qmi �HQM; rBi? bmTTH2K2Mi�`v };m`2bX
Sm#HB+�iBQMb �M/ �//BiBQM�H �+iBpBiB2b i?�i /B`2+iHv `2bmHi2/ 7`QK i?2 rQ`F BM i?Bb
T`QD2+i �`2 BM+Hm/2/ �7i2` i?2 #B#HBQ;`�T?vX

j9



S�`i AA

_2bmHib

j8



*?�Ti2` j

Sm`B}+�iBQM �M/ *?�`�+i2`Bb�iBQM
Q7 *viQ+?`QK2 S98y _2/m+i�b2

h?Bb +?�Ti2` /2b+`B#2b i?2 2tT`2bbBQM- Tm`B}+�iBQM �M/ +?�`�+i2`Bb�iBQM Q7 i?2 bQHm#H2
*S_ +QMbi`m+ib mb2/ i?`Qm;?Qmi i?Bb rQ`FX � bQHm#H2 7Q`K Q7 *S_ r�b 2tT`2bb2/
r?B+? 72�im`2b � +�X dXR kDa `2/m+iBQM BM KQH2+mH�` r2B;?i 7`QK i?2 `2KQp�H Q7 i?2
L@i2`KBM�H K2K#`�M2 #BM/BM; /QK�BM 7`QK i?2 b2[m2M+2X h?Bb ?B;?Hv ?v/`QT?Q#B+
`2;BQM Bb `2bTQMbB#H2 7Q` �M+?Q`BM; �M/ bi�#BHBbBM; i?2 2MxvK2 BM i?2 K2K#`�M2X
AM 2�`HB2` bim/B2b (Ryd) i?Bb /QK�BM r�b 7QmM/ iQ #2 `2bTQMbB#H2 7Q` i?2 BMbi�#BH@
BivfBMbQHm#BHBiv Q7 7mHH H2M;i? ?mK�M *S_ BM bQHmiBQMc i?2 i`mM+�iBQM r�b 7QmM/
iQ bQHp2 i?2 T`Q#H2K �M/ �HHQr i?2 T`Qi2BM iQ K�BMi�BM Bib 7mM+iBQMX h`mM+�iBQM
`2KQp2b i?2 �#BHBiv 7Q` *S_ iQ BMi2;`�i2 BMiQ � K2K#`�M2 �M/ �HbQ BMi2`�+i rBi?
+viQ+?`QK2 S98y 2MxvK2b (N- j)X 6Q` i?Bb `2�bQM �M �Hi2`M�iBp2 `2/Qt T�`iM2`- +v@
iQ+?`QK2 +- Bb �/QTi2/ 7Q` bQHmiBQM 2MxvK�iB+ bim/B2b- �HHQrBM; /2i2`KBM�iBQM Q7
FBM2iB+ T�`�K2i2`bX *S_ vB2H/ r�b +?�`�+i2`Bb2/ mbBM; � MmK#2` Q7 K2i?Q/b /2@
i�BH2/ BM i?Bb +?�Ti2` �M/ i?2 T`Qi2BMǶb Tm`Biv �M/ �+iBpBiv r2`2 mM�K#B;mQmbHv
+QM}`K2/X 1MxvK�iB+ +QKT2i2M+2 Q7 *S_ r�b /2KQMbi`�i2/ mbBM; `2/Qt iBi`�iBQMb
�M/ bi2�/v bi�i2 FBM2iB+b r?B+? r2`2 �HbQ M2+2bb�`v T`2T�`�iQ`v bi2Tb 7Q` 7m`i?2`
2tT2`BK2Mi�iBQMX .2i�BH2/ K2i?Q/b 7Q` �HH Q7 i?2 i?2 i2+?MB[m2b /Bb+mbb2/ rBi?BM
i?Bb +?�Ti2`- �b r2HH �b /2i�BHb Q7 i?2 K�i2`B�Hb- +�M #2 7QmM/ BM i?2 K�i2`B�Hb �M/
K2i?Q/b +?�Ti2`- �TT2M/Bt �XkXRX

jXR 1tT`2bbBQM �M/ Sm`B}+�iBQM
>mK�M *S_ r�b 2tT`2bb2/ BM 1X +QHB "GkR ah�_X h?2b2 +2HHb r2`2 b2H2+i2/ 7Q` i?2B`
?B;? H2p2H Q7 2tT`2bbBQM Q7 MQM@iQtB+ `2+QK#BM�Mi T`Qi2BMbX h?2 *S_ 2tT`2bbBQM +QM@
bi`m+i Bb +QMi�BM2/ BM i?2 T*akk p2+iQ` r?B+? Bb #�b2/ QM i?2 #�+F#QM2 Q7 T1hkk#
(Ry3- 9y)c i?2 .L� 7Q` i?2 *S_ BMb2`i r�b T`QpB/2/ #v S`Q72bbQ` _QH�M/ qQH7 UlMB@

je



p2`bBiv Q7 .mM/22V- �M/ +HQM2/ BMiQ i?2 p2+iQ` #v .`X C�+[m2HBM2 1HHBb UlMBp2`bBiv Q7
G2B+2bi2`VX h?Bb 2tT`2bbBQM p2+iQ` bT2+B}+�HHv 2tTHQBib i?2 +QH/ b?Q+F T`Qi2BM U+bT�V
T`QKQi2` b2[m2M+2 r?B+? Bb QM2 Q7 b2p2`�H +QH/ b?Q+F T`Qi2BMb i?�i �`2 bB;MB}+�MiHv
mT`2;mH�i2/ r?2M i?2 #�+i2`B� �`2 bm#D2+i2/ iQ � /2+`2�b2 BM i2KT2`�im`2 bB;MB}@
+�MiHv #2HQr i?2 B/2�H ;`Qri? +QM/BiBQMX h?2 T?2MQK2MQM Bb 2tTHQBi2/ BM i?2 T*akk
p2+iQ` iQ `2KQp2 i?2 M22/ 7Q` ivTB+�H BbQT`QTvH β@.@R@i?BQ;�H�+iQTv`�MQbB/2 UASh:V
i`B;;2`2/ i`�Mb+`BTiBQM Q7 i?2 H�+ QT2`QM iQ BM/m+2 2tT`2bbBQMX GQr i2KT2`�im`2 2t@
T`2bbBQM Bb �HbQ #2M2}+B�H 7Q` i?2 bi�#BHBiv Q7 i?2 2MxvK2 TQbi@2tT`2bbBQM �M/ 7Q`
HBKBiBM; ;`Qri? Q7 #�+i2`B� /m`BM; i?2 2tT`2bbBQM T?�b2X a22 i?2 �TT2M/Bt �XRXR
7Q` /2i�BHb T`QiQ+QHb �M/ � K�T Q7 i?2 2tT`2bbBQM p2+iQ`X h2``B}+ #`Qi? Uh"V ;`Qri?
K2/BmK r�b b2H2+i2/ iQ T`QpB/2 � ?B;? H2p2H Q7 ;`Qri? �M/ 2tT`2bbBQM BM i?2 +2HH
+mHim`2bX

Ai r�b +�H+mH�i2/ i?�i *S_ rQmH/ +�``v � bi`QM; Qp2`�HH M2;�iBp2 +?�`;2 Q7 @kyXk
(RyN) �i T> dX3 X 6Q` i?Bb `2�bQM- � Z a2T?�`Qb2 �MBQMB+ 2t+?�M;2 +QHmKM r�b mb2/
7Q` i?2 }`bi bi�;2 Q7 Tm`B}+�iBQM U7m`i?2` /2i�BHb +�M #2 7QmM/ BM �TT2M/Bt �XkXR
rBi? �M 2t�KTH2 2HmiBQM i`�+2 BM };m`2VX 1HmiBQM Q7 i?2 T`Qi2BM #v �M L�*H ;`�/B2Mi
BM+`2�bBM; 7`QK y iQ RyyW- r?2`2 i?2 T`Qi2BM #2;�M iQ 2Hmi2 �i �`QmM/ kyW Q7 R J
L�*HX h?Bb r�b 7QHHQr2/ mbBM; i?2 �#bQ`#�M+2 bT2+i`QT?QiQK2i2` }ii2/ iQ i?2 7�bi
T`Qi2BM HB[mB/ +?`QK�iQ;`�T?v U6SG*V 2[mBTK2Mic �Hi?Qm;? #Qi? i?2 k3y MK �M/
98y MK bB;M�H r2`2 7QHHQr2/- i?2 ?B;? H2p2Hb Q7 BKTm`BiB2b �i i?Bb bi�;2 K�/2 i?2
KQ`2 mMB[m2 98y MK �#bQ`#�M+2 Q7 *S_ i?2 KQbi BM7Q`K�iBp2X

h?2 ?B;?Hv bT2+B}+ L�.S> #BM/BM; bBi2 BM *S_ r�b 2tTHQBi2/ #v � kǶ8Ƕ@�.S
a2T?�`Qb2 �{MBiv +QHmKM iQ 7m`i?2` Tm`B7v i?2 T`Qi2BMX h?2 ivTB+�H 2HmiBQM 7`QK i?Bb
T�`iB+mH�` +QHmKM #v kǶ@�JS r�b �pQB/2/ /m2 iQ i?2 /B{+mHiv Q7 `2KQpBM; Bi 7`QK
i?2 2Hm2Mi �7i2`r�`/b �M/ i?2 bi`QM; 2z2+ib i?�i Bi ?�b QM i?2 2MxvK2Ƕb �+iBpBiv
�7i2` Tm`B}+�iBQM /m2 iQ i?2 B``2p2`bB#H2 #BM/BM; (ky- RRy)X �7i2` i?Bb +QHmKM i?2
T`Qi2BM b�KTH2 r�b �HKQbi +QKTH2i2Hv Tm`2 �M/ i?Bb +�M #2 b22M BM i?2 a.a@S�:1
;2H /2b+`B#2/ BM i?2 7QHHQrBM; b2+iBQM �M/ b22M BM 6B;m`2 jXk r?B+? r�b K�/2 mbBM;
� b�KTH2 7`QK i?Bb bi�;2 Q7 i?2 Tm`B}+�iBQMX

J�Mv Q7 i?2 TH�MM2/ 2tT2`BK2Mib 7Q` *S_ BM i?Bb rQ`F `2[mB`2/ �++m`�i2 +QM@
+2Mi`�iBQM /2i2`KBM�iBQM Q7 +�i�HviB+�HHv �+iBp2 T`Qi2BM �M/ � ?B;?Hv KQMQ/BbT2`b2
bvbi2KX 6Q` i?Bb `2�bQM bBx2 2t+HmbBQM +?`QK�iQ;`�T?v r�b mb2/ iQ 2Mbm`2 i?�i �Mv
�;;`2;�i2b r2`2 b2T�`�i2/ 7`QK i?2 bQHmiBQMc i?Bb bi2T �HbQ T`QpB/2/ i?2 �//BiBQM�H
#2M2}i Q7 #2BM; � r�v iQ 2+QMQKB+�HHv #mz2` 2t+?�M;2 i?2 2MxvK2 BMiQ � /2mi2`BmK@
#�b2/ #mz2` r?2M M22/2/ 7Q` a�La 2tT2`BK2MibX �M 2t�KTH2 +?`QK�iQ;`�K 7`QK
i?Bb 6SG* +QHmKM Bb b?QrM BM 6B;m`2 jXR- r?2`2 � bm#bi�MiB�H K�BM T2�F Bb +H2�`Hv
`2bQHp2/ r?BHbi bQK2 ?2�pB2` T�`iB+H2b r2`2 b2T�`�i2/- vB2H/BM; � ?B;?Hv KQMQ/Bb@
T2`b2 }M�H b�KTH2X
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6B;m`2 jXR, :2H }Hi`�iBQM 2HmiBQM +?`QK�iQ;`�KX amT2`/2t kyy +QHmKM `mM �i RX8
mLmin−1X 6`�+iBQMb 7`QK i?2 K�BM T2�F URj@R8 mL r2`2 +QHH2+i2/XV

jXk Sm`Biv

jXkXR a.a@S�:1 �M�HvbBb
a.a@S�:1 r�b mb2/ i?`Qm;?Qmi i?2 Tm`B}+�iBQM T`Q+2bb iQ KQMBiQ` i?2 T`2b2M+2
Q7 i?2 T`Qi2BM BM r�b?2bf2Hm2Mib �M/ iQ �bb2bb i?2 }M�H Tm`BivX "v i?2 2M/ Q7 i?2
Tm`B}+�iBQM T`Q+2bb QMHv QM2 bB;MB}+�Mi #�M/ Q7 i?2 +Q``2+i bBx2 U+�X dy kDaV r�b
pBbB#H2 BM i?2 ;2Hb r?B+? BM/B+�i2/ i?�i MQ Qi?2` T`Qi2BMb Q` +QMi�KBM�Mib r2`2
T`2b2Mi BM i?2 T`2T�`�iBQMX 6B;m`2 jXk b?Qrb �M 2t�KTH2 Q7 � ;2H 7`QK � bm++2bb7mH
Tm`B}+�iBQM Q7 rBH/@ivT2 *S_X AKTm`BiB2b r2`2 KBMBK�H �M/ ivTB+�HHv Q7 Km+? HQr2`
KQH2+mH�` r2B;?i i?�M *S_X

jXkXk lo@oBbB#H2 aT2+i`QT?QiQK2i`v �M�HvbBb
lo@pBbB#H2 �#bQ`TiBQM bT2+i`QT?QiQK2i`v r�b mb2/ iQ +?�`�+i2`Bb2 i?2 T`Qi2BM BM
i2`Kb Q7 ~�pBM +QMi2Mi �b r2HH �b i?2 `2/Qt bi�i2 Q7 i?2 ~�pBMb i?2Kb2Hp2bX 6mHHv Qt@
B/Bb2/ *S_ U~�pBMbV ?�/ �M �#bQ`TiBQM bT2+i`mK �b b?QrM BM 6B;m`2 jXjX J�tBK� �i
j3y �M/ 98y MK �`2 Q#b2`p2/ rBi? i?2 T2�F �i 98y MK ?�pBM; �TT`QtBK�i2Hv YR8W
�l i?�M i?2 QM2 �i j3y MKX AM i?2 +�b2 Q7 6B;m`2 jXj i?2`2 r�b MQ MQiB+2�#H2 �#@
bQ`#�M+2 �#Qp2 i?2 #�b2HBM2 H2p2H �i 83y@eyy MK bm;;2biBM; � 7mHHv QtB/Bb2/ 2MxvK2
rBi? MQ #Hm2 b2KB[mBMQM2 T`2b2M+2 (Rd- R3)X *S_ ivTB+�HHv Tm`B}2/ BM � H�`;2 T`Q@
TQ`iBQM �b i?2 �B`@bi�#H2 R@2H2+i`QM `2/m+2/ b2KB[mBMQM2X AM Q`/2` iQ T`2p2Mi i?Bb-
� HQr +QM+2Mi`�iBQM Q7 TQi�bbBmK 72``B+v�MB/2 r�b ~Qr2/ i?`Qm;? i?2 kǶ8Ƕ@�.S +QH@
mKM r?BHbi i?2 *S_ r�b #QmM/ BM Q`/2` iQ 7mHHv QtB/Bb2 BiX �7i2` Tm`B}+�iBQM i?2
7mHHv QtB/Bb2/ T`Qi2BM `2K�BM2/ bi�#H2 /m`BM; HQM; i2`K biQ`�;2X
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6B;m`2 jXk, *S_ Tm`B}+�iBQM ;2HX G�M2 R, Sm`2 *S_ b�KTH2 �7i2` 2HmiBQM 7`QK kǶ8Ƕ@
�.S a2T?�`Qb2 +QHmKM BM � H�i2 bi�;2 Q7 Tm`B}+�iBQMX G�M2 k, JQH2+mH�` r2B;?i
K�`F2`X JQH2+mH�` r2B;?i BM F.� Bb BM/B+�i2/ #v i?2 H�#2Hb BM #H�+F QM i?2 `B;?i
?�M/ bB/2X
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6B;m`2 jXj, lo@pBbB#H2 �#bQ`#�M+2 bT2+i`mK Q7 i?2 ~�pBM `2;BQM Q7 7mHHv QtB/Bb2/
*S_X h?2 b�KTH2 +QM+2Mi`�iBQM r�b �TT`QtBK�i2Hv 98 µJ BM Ryy mJ "1a �i T>
dXyX

jN



jXkXj J�bb aT2+i`QK2i`v
J�bb bT2+i`QK2i`v UJ�G.A@hP6V +QK#BM2/ rBi? T2TiB/2 K�bb }M;2`T`BMiBM; USJ6V
r�b mb2/ iQ +QM}`K i?2 T`2b2M+2 Q7 L@i2`KBM�H i`mM+�i2/ *S_X h?2 �KBMQ �+B/ b2@
[m2M+2 Q7 7mHH@H2M;i? ?mK�M *S_ 7`QK i?2 lMBS`Qi /�i�#�b2 U2Mi`v, SRe9j8V Bb
b?QrM BM };m`2 jX9 (RRR)X h?2 `2bB/m2b ?B;?HB;?i2/ BM ;`22M �`2 i?2 K�i+?BM; 7`�;@
K2Mib 7`QK i?2 K�bb bT2+i`QK2i`B+ �M�HvbBbX h?Bb T`Q/m+2/ �M �#Qp2 �p2`�;2 b+Q`2
7Q` � /�i�#�b2 b2�`+? Q7 7`�;K2Mib r?B+? r�b bmT2`BQ` iQ i?�i Q7 i?2 "a� bi�M/�`/
i?�i r�b +QKTH2i2/ BM T�`�HH2HX >B;?HB;?i2/ BM `2/ Bb i?2 ∼dXR kDa L@i2`KBM�H K2K@
#`�M2 #BM/BM; `2;BQM r?B+? r�b i`mM+�i2/ 7`QK i?2 +QMbi`m+i #2BM; +?�`�+i2`Bb2/
�M/ Bb i?2`27Q`2 MQi 2tT2+i2/ iQ #2 T`2b2Mi BM i?2 �M�HvbBbX

R J:.a>o.haahoa1�o�11oaG6aJh.JAG6aGAo:GGhuq6G6_EEE11

8R oS16hEAZhGhaao_1aa6o1EJEEh:_LAAo6u:aZh:h�116�L_GaE

RyR .�>_u:J_:Ja�.S11u.G�.GaaGS1A.L�Goo6*J�hu:1:.Sh.L�Z

R8R .6u.qGZ1h.o.Ga:oE6�o6:G:LEhu1>6L�J:Euo.E_G1ZG:�Z_A

kyR 61G:G:...:LG11.6Ahq_1Z6qS�o*1>6:o1�h:11aaA_Zu1Goo>

k8R h.A.��EouJ:1J:_GEau1LZESS6.�ELS6G��ohhL_EGLZ:h1_>G

jyR J>G1G.Aa.aEA_u1a:.>o�ouS�L.a�GoLZG:EAG:�.G.ooJaGLL

j8R G.11aLEE>S6S*Shau_h�GhuuG.AhLSS_hLoGu1G�Zu�a1Sa1Z1

9yR GG_EJ�aaa:1:E1GuGaqoo1�__>AG�AGZ.*SaG_SSA.>G*1GGS_

98R GZ�_uuaA�aaaEo>SLao>A*�ooo1u1hE�:_ALE:o�hLqG_�E1S�

8yR :1L::_�GoSJ6o_EaZ6_GS6E�hhSoAJo:S:h:o�S6A:6AZ1_�qG

88R _ZZ:E1o:1hGGuu:*__a.1.uGu_11G�Z6>_.:�GhZGLo�6a_1Za

eyR >EouoZ>GGEZ._1>GqEGA1::�>Auo*:.�_LJ�_.oZLh6u.Ao�1G

e8R :�J1>�Z�o.uAEEGJhE:_uaG.oqa

6B;m`2 jX9, �KBMQ �+B/ b2[m2M+2 �M/ K�bb bT2+i`QK2i`v �M�HvbBb Q7 ?mK�M L�.S>@
+viQ+?`QK2 S98y `2/m+i�b2X AM `2/ Bb i?2 i`mM+�i2/ L@i2`KBM�H K2K#`�M2 �M+?Q`
`2;BQM r?B+? Bb MQi T`2b2Mi BM i?2 bQHm#H2 +QMbi`m+i r?B+? r�b �M�Hvb2/X AM ;`22M
�`2 i?2 7`�;K2Mib i?�i r2`2 B/2MiB}2/ 7`QK i?2 �M�HvbBb �M/ BM #Hm2 �`2 i?2 MQM@
B/2MiB}2/ `2bB/m2b i?�i r2`2 T`2b2Mi BM i?2 +QMbi`m+iX

jXkX9 *S_ Jmi�Mib
AM �//BiBQM iQ i?2 rBH/@ivT2 T`Qi2BM- irQ Kmi�Mib Q7 T�`iB+mH�` `2H2p�M+2 iQ 2tT2`B@
K2Mib BM i?Bb bim/v r2`2 b2H2+i2/ iQ +?�`�+i2`Bb2 bBKmHi�M2QmbHv- i?2b2 Kmi�Mib ?�/
#22M bim/B2/ iQ � HBKBi2/ 2ti2Mi BM T`2pBQmb rQ`F (9y)X h?2 }`bi Bb okjjSf1kj9S-
BMpQHpBM; irQ `2bB/m2b i?�i �`2 HQ+�i2/ �i i?2 #2;BMMBM; Q7 i?2 ~2tB#H2 ǵ?BM;2Ƕ `2;BQMX

9y



h?2 Qi?2` Kmi�Mi- Ed81f_d3Zf_Ry3Z- Bb � +?�`;2 `2p2`b�H Kmi�iBQM BM `2bB/m2b
HQ+�i2/ BM i?2 6JL /QK�BM r?B+? 7Q`K b�Hi #`B/;2b iQ TQbBiBp2Hv +?�`;2/ `2bB/m2b
BM i?2 HBMF2` /QK�BMX AM T`2HBKBM�`v a�sa 2tT2`BK2Mib #Qi? Kmi�Mib b?Qr2/ BM@
+`2�b2/ _g p�Hm2b `2H�iBp2 iQ i?2 rBH/@ivT2 (9y)- #mi /2i�BH2/ FBM2iB+ �M/ +QM7Q`K�@
iBQM�H �M�HvbBb 7Q`Kb T�`i Q7 i?2 +m``2Mi T`QD2+iX h?2 Kmi�Mib #2?�p2/ B/2MiB+�HHv
/m`BM; Tm`B}+�iBQM �M/ B/2MiB}+�iBQM �T�`i 7`QK 2HmiBM; �i � bHB;?iHv /Bz2`2Mi b�Hi
+QM+2Mi`�iBQM 7`QK i?2 Z a2T?�`Qb2 BQM 2t+?�M;2 +QHmKMX

jXj �+iBpBiv

jXjXR ai2�/v@ai�i2 EBM2iB+b �M�HvbBb
ai2�/v bi�i2 FBM2iB+b Q7 *S_ �M/ Kmi�Mib i?2`2Q7 (9y) r2`2 +�``B2/ Qmi iQ /2i2`KBM2
i?2 [m�HBiv �M/ �+iBpBiv Q7 i?2 Tm`B}2/ T`Qi2BMbX EBM2iB+ T�`�K2i2`b r2`2 /2i2`KBM2/
�M/ +QKT�`2/ �;�BMbi `272`2M+2 p�Hm2b 7Q` i?2 T`Qi2BMb mM/2` i?2 b�K2 +QM/BiBQMbX
�HH T`Qi2BMb r2`2 7QmM/ iQ #2 FBM2iB+�HHv �+iBp2 `2/m+BM; +vi + BM bQHmiBQMX

a�KTH2 KJ UµJV k+�i Us−1V
qBH/ivT2 j ± yX9 R9 ± RXy

okjjSf1kj9S Re ± yXe ke ± yX9
Ed81f_d31f_Ry3Z @ je ± yXe

h�#H2 jXR, EBM2iB+ T�`�K2i2`b Q7 rBH/@ivT2 �M/ Kmi�Mi *S_X �bb�vb r2`2 +�``B2/
Qmi �b /2b+`B#2/ BM �TT2M/Bt �XjXjX �TT�`2Mi KJ �M/ k+�i p�Hm2b 7Q` +viQ+?`QK2
+ `2/m+iBQM K2�bm`2/ �i k9 ◦C rBi? 8y µJ L�.S> �M/ p�`B�#H2 +viQ+?`QK2 +
+QM+2Mi`�iBQMb BM Ryy mJ "1a T> dXy #mz2`X

h�#H2 jXR b?Qrb i?2 FBM2iB+ T�`�K2i2`b i?�i ?�p2 #22M /2i2`KBM2/ 7Q` i?2 T`Qi2BM
b�KTH2bX h?2b2 +Q``2H�i2 p2`v r2HH iQ i?Qb2 7`QK T`2pBQmb bim/B2b QM i?2 Kmi�Mib
T`2b2Mi2/ �#Qp2 r?B+? �`2 #2HB2p2/ iQ 7�pQm` i?2 QT2M +QM7Q`K�iBQM �M/ ?�p2 MQiB+2@
�#Hv ?B;?2` +�i�HviB+ `�i2 +QMbi�Mib �M/ Km+? HQr2` KJ 7Q` +viQ+?`QK2 + (RRk- 9y)X
h?2 KJ p�Hm2b 7Q` i?2 Kmi�Mib �`2 bQ HQr i?�i Bi Bb T`�+iB+�HHv BKTQbbB#H2 iQ Q#i�BM
�M �++m`�i2 p�Hm2 rBi?Qmi rQ`FBM; BM i?2 KBHHBb2+QM/ iBK2b+�H2X h?Bb /�i� 7m`i?2`
bm;;2bib � +Q``2H�iBQM #2ir22M �M BM+`2�b2 BM 2ti2M/2/ +QM7Q`K�iBQM �M/ �M BM+`2�b2
BM i?2 `�i2 Q7 +viQ+?`QK2 + `2/m+iBQM Ĝ /2KQMbi`�iBM; i?�i +QM7Q`K�iBQM TH�vb �
`QH2 BM i?2 +�i�HviB+ +v+H2X

jXjXk aiQTT2/@6HQr EBM2iB+b �M�HvbBb
aiQTT2/@~Qr r�b mb2/ iQ 7m`i?2` +?�`�+i2`Bb2 i?2 FBM2iB+b �M/ `2/Qt #2?�pBQm` #2@
vQM/ r?�i rQmH/ #2 TQbbB#H2 #v Qi?2` �p�BH�#H2 i2+?MB[m2b i?�MFb iQ �++m`�i2 �M/
i?Q`Qm;? KBtBM; +QmTH2/ rBi? 7�bi iBK2b+�H2bX � MmK#2` Q7 2tT2`BK2Mib- b2p2`�H Q7

9R



r?B+? rBHH #2 /2b+`B#2/ i?`Qm;?Qmi i?Bb i?2bBb- r2`2 mM/2`i�F2M rBi? i?2 �bbBbi�M+2
Q7 .`X C�brB` "�b`�M UlMBp2`bBiv Q7 G2B+2bi2`V- iQ Q#b2`p2 *S_ BM p�`BQmb `2/Qt
bi�i2b mbBM; /Bz2`2Mi `2/m+BM; �;2Mib �M/ i?2M `2�+iBM; i?2 `2/m+2/ *S_ rBi? i?2
2H2+i`QM �++2TiQ` +vi +X h?2b2 2tT2`BK2Mib 7QHHQr QM rBi? B/2�b T`2b2Mi2/ BM T`2@
pBQmb bim/B2b QM i?2 rBH/@ivT2 T`Qi2BM (83- RRj- dR)X 6B`biHv- `2/m+iBQM Q7 *S_ #v
biQB+?BQK2i`B+ L�.S> �M/ L�.>- Q#b2`pBM; i?2 +?�M;2b bT2+B}+�HHv �i 83y MK
�M/ 98y MKX h?2b2 `2�+iBQMb- bQK2 Q7 r?B+? rBHH #2 /2b+`B#2/ ?2`2- ?�/ #22M +?�`@
�+i2`Bb2/ T`2pBQmbHv (j8) #mi r2`2 +�``B2/ Qmi �;�BM BM Q`/2` iQ /2KQMbi`�i2 i?2
+QKT2i2M+2 Q7 i?2 2MxvK2 BM �/QTiBM; i?2 M2+2bb�`v `2/Qt bi�i2bX

6B;m`2 jX8 b?Qrb i?2 7mHH bT2+i`mK Q7 /�i� +QHH2+i2/ �7i2` i?2 �//BiBQM Q7 QM2
KQH�` 2[mBp�H2Mi Q7 L�.S>X h?Bb b?QmH/ #2 2MQm;? iQ Q#i�BM i?2 }`bi bi�;2 Q7 i?2 k@
2H2+i`QM `2/m+2/ 2[mBHB#`BmK r?2`2 *S_ rBHH T`2/QKBM�MiHv 2tBbi �b 6�.−6JL>k

�M/ 6�.>•−6JL>•X h?Bb r�b i?2M `2T2�i2/ rBi? Ry KQH�` 2[mBp�H2Mib Q7 L�.S>
Qp2` i?2 b�K2 iBK2b+�H2- i?2 bT2+i`mK Bb b?QrM BM 6B;m`2 jXeX AM i?Bb BMbi�M+2 i?2`2
Bb � 7�` KQ`2 bB;MB}+�Mi /2+`2�b2 BM i?2 �#bQ`#�M+2 �i 98y MK �M/ bB;MB}+�MiHv KQ`2
�+iBpBiv �i 83y MKX AM #Qi? b2ib Q7 bT2+i`� i?2 +?�M;2b Q#b2`p2/ r2`2 BM �;`22K2Mi
rBi? 2�`HB2` rQ`F �M/ i?2 }M�H bT2+i`� +H2�`Hv `2b2K#H2/ i?Qb2 Q7 i?2 T`2/B+i2/ }M�H
`2/Qt bi�i2X � /2+`2�b2 r�b b22M BM i?2 j8y �M/ 98y nm T2�Fb r?BHbi �i 83y nm i?2
+?�M;2b �`2 H2bb +H2�`X oB2rBM; �#bQ`#�M+2 �;�BMbi iBK2 �i 83y nm QMHv- BM 6B;m`2
jXd- `2p2�Hb �M BM+`2�b2 BM �#bQ`#�M+2 rBi? i?2 �//BiBQM Q7 i?2 }`bi 2H2+i`QM- `2~2+iBM;
i?2 7Q`K�iBQM Q7 i?2 b2KB[mBMQM2 bT2+B2b 7QHHQr2/ #v � bHB;?i /2+`2�b2 BM �#bQ`#�M+2
�b i?2 b2+QM/ 2H2+i`QM 2Mi2`b r?2`2 i?2 2[mBHB#`BmK 7�pQm`b i?2 6JL ?v/`Q[mBMQM2X
6BM�HHv � KQ`2 bi2�/v BM+`2�b2 Qp2` iBK2 Bb Q#b2`p2/ r?B+? `2~2+ib 2Bi?2` � bHQr b?B7i
BM i?2 2[mBHB#`BmK iQ �M �b@v2i mM+?�`�+i2`Bb2/ bT2+B2b Q` T?QiQ`2/m+iBQM BM/m+2/ #v
i?2 T?QiQ/BQ/2 �``�vX h?2b2 `2bmHib �`2 BM �;`22K2Mi rBi? bBKBH�` rQ`F Tm#HBb?2/
#v qQHi?2`b 2i �HX (8k)X 6m`i?2` i2bib r?2`2 *S_ r�b 2t�KBM2/ �;�BMbi #mz2` QMHv
b?Qr2/ bB;MB}+�Mi T?QiQ`2/m+iBQM 2z2+ib #2;BMMBM; �7i2` �`QmM/ 8 sX

6QHHQrBM; i?Bb- T`2@`2/m+2/ *S_ r�b KBt2/ rBi? QtB/Bb2/ +viQ+?`QK2 + iQ Q#@
b2`p2 bT2+i`�H +?�M;2b 7Q` i?Bb �bb�v `2�+iBQMX h?2 Q#b2`p2/ `�i2 Q7 `2�+iBQM r�b
98 s−1 r?B+? Bb �HKQbi 2t�+iHv /Qm#H2 i?�i `272`2M+2/ BM � T`2pBQmb bim/v r?B+?
r�b +�``B2/ Qmi �i �TT`QtBK�i2Hv ?�H7 i?2 i2KT2`�im`2 (dR)X h?2b2 +viQ+?`QK2 +
`2/m+iBQM �bb�vb 7Q`K � bB;MB}+�Mi T�`i Q7 i?2 K�DQ` BMp2biB;�iBQM BM i?2 7QHHQrBM;
+?�Ti2` �M/ 7Q` i?�i `2�bQM � /2i�BH2/ /2b+`BTiBQM �M/ �M�HvbBb Q7 i?2 �bb�v +�M #2
7QmM/ i?2`2X

jX9 amKK�`v
h?2 rQ`F T`2b2Mi2/ BM i?Bb +?�Ti2` r�b bm++2bb7mH BM 2tT`2bbBM;- Tm`B7vBM; �M/ +?�`@
�+i2`BbBM; ?B;?Hv Tm`2 �M/ +�i�HviB+�HHv �+iBp2 b�KTH2b Q7 *S_ �M/ `2bT2+iBp2 Km@
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Wavelength / nm

6B;m`2 jX8, 6mHH lo@pBbB#H2 bT2+i`�H +?�M;2b Q#b2`p2/ �7i2` KBtBM; *S_ rBi? � bBM;H2
KQH�` 2[mBp�H2Mi Q7 L�.S> BM � biQTT2/@~Qr bvbi2KX *S_ �i �TT`QtBK�i2Hv R3
µJ r�b KBt2/ rBi? �M 2[m�H pQHmK2 Q7 R3y µJ L�.S> BM Ryy mJ "1a �i T> dXyX
Pp2` � T2`BQ/ Q7 Ry s 9yy bT2+i`� r2`2 `2+Q`/2/ �M/ �`2 b?QrM QM i?2 b�K2 THQi-
2�+? i`�+2 `2T`2b2MiBM; � bBM;H2 K2�bm`2K2MiX h?2 iBK2 TQBMib �`2 +QHQm` +Q/2/
7Q` `2�/�#BHBiv 7`QK `2/ i?`Qm;? iQ `2/ �M/ i?2 /B`2+iBQM Q7 bT2+i`�H +?�M;2b �`2
BM/B+�i2/ #v i?2 �``QrX

i�MibX h?2b2 b�KTH2b r2`2 +QM}`K2/ iQ #2 Q7 � ?B;? 2MQm;? bi�M/�`/ 7Q` � p�`B2iv
Q7 7m`i?2` bim/B2b BM+Hm/BM; a�a 2tT2`BK2MibX �Hi?Qm;? b2p2`�H �bT2+ib Q7 i?2 `2/Qt
#2?�pBQm` �`2 biBHH �b v2i mM+?�`�+i2`Bb2/- i?Bb Bb #2vQM/ i?2 b+QT2 Q7 i?Bb rQ`F �M/
i?2 2tT2`BK2Mib /2b+`B#2/ ?2`2�7i2` rBHH #2 rBi?BM i?2 7`�K2rQ`F Q7 i?2 �++2Ti2/
#2?�pBQm` Q7 i?2 2MxvK2X
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6B;m`2 jXe, 6mHH lo@pBbB#H2 bT2+i`�H +?�M;2b Q7 i?2 ~�pBM �#bQ`#�M+2 `2;BQM Q7 7mHHv
QtB/Bb2/ *S_ �7i2` KBtBM; rBi? � Ryt KQH�` 2t+2bb Q7 L�.S> BM � biQTT2/@~Qr
bvbi2KX *S_ �i �TT`QtBK�i2Hv R3 µJ r�b KBt2/ rBi? �M 2[m�H pQHmK2 Q7 R3y
µ/Molar L�.S> BM Ryy mJ "1a �i T> dXyX Pp2` � T2`BQ/ Q7 Ry s 9yy bT2+i`�
r2`2 `2+Q`/2/ �M/ �`2 b?QrM QM i?2 b�K2 THQi- 2�+? i`�+2 `2T`2b2MiBM; � bBM;H2
K2�bm`2K2MiX h?2 iBK2 TQBMib �`2 +QHQm` +Q/2/ 7Q` `2�/�#BHBiv 7`QK `2/ i?`Qm;? iQ
`2/ �M/ i?2 /B`2+iBQM Q7 bT2+i`�H +?�M;2b �`2 BM/B+�i2/ #v i?2 �``QrX h?2 bi`QM;2`
i?�M 2tT2+i2/ �#bQ`#�M+2 �i j8y nm Bb +�mb2/ #v i?2 ?B;? +QM+2Mi`�iBQM Q7 L�.S>
r?B+? �#bQ`#b BM i?Bb `2;BQMX
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6B;m`2 jXd, aT2+i`�H +?�M;2b Qp2` iBK2 �i 83yMK Q7 7mHHv QtB/Bb2/ *S_ KBt2/ rBi?
� Ryt KQH�` 2t+2bb Q7 L�.S>X *S_ �i �TT`QtBK�i2Hv R3 µJ r�b KBt2/ rBi? �M
2[m�H pQHmK2 Q7 R3y µ/Molar L�.S> BM Ryy mJ "1a �i T> dXyX h?2 ?Q`BxQMi�H
�tBb Bb THQii2/ BM � HQ;�`Bi?KB+ b+�H2 iQ 2t�;;2`�i2 �M/ BKT`Qp2 +H�`Biv BM i?2 `2;BQM
#2HQr R sX
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*?�Ti2` 9

P`+?2bi`�i2/ .QK�BM JQiBQMb Q7
*viQ+?`QK2 S98y _2/m+i�b2

h?Bb +?�Ti2` T`2b2Mib i?2 mb2 Q7 a�La �M/ biQTT2/@~Qr FBM2iB+b 7Q` T`Q#BM; i?2
H�`;2@b+�H2 b?�T2 +?�M;2b Q7 *S_X h?2b2 +?�M;2b �`Bb2 �b � 7mM+iBQM Q7 Bib +?�M;2 BM
T`2+Bb2Hv +QMi`QHH2/ `2/Qt bi�i2 �M/ #mz2` +QM/BiBQMb- +mHKBM�iBM; BM i?2 /2}MBiBQM
Q7 � +QM7Q`K�iBQM�H 2[mBHB#`BmKX .�i� �`2 T`2b2Mi2/ r?B+? bmTTQ`i i?2 B/2� i?�i
/QK�BM KQiBQMb �`2 BMi`BMbB+�HHv HBMF2/ iQ i?2 +�i�HviB+ �+iBpBiv Q7 i?2 T`Qi2BM �M/
7�+BHBi�i2 /Bz2`2Mi bi�;2b Q7 Bib +�i�HviB+ +v+H2X "v mbBM; a�La `�i?2` i?�M a�sa
mM�K#B;mQmb +QMi`QH Q7 i?2 `2/Qt bi�i2 Q7 i?2 2MxvK2 Bb TQbbB#H2- r?2`2 i?2`2 �`2
MQ Bbbm2b �bbQ+B�i2/ rBi? `2/m+iBQM Q7 i?2 ~�pBMb #v s@`�v@BM/m+2/ T?QiQ@2H2+i`QMbX

h?2 FBM2iB+b Q7 i?2 `2/m+iBQM Q7 +viQ+?`QK2 + #v *S_ ?�p2 #22M bim/B2/ 2ti2M@
bBp2Hv #mi BM i?Bb rQ`F Bi ?�b #22M mb2/ iQ +QKTH2K2Mi i?2 a�La /�i� #v b?QrBM;
?Qr i?2 b?�T2 +?�M;2b i?�i �`2 Q#b2`p2/ +�M #2 /B`2+iHv HBMF2/ iQ i?2 +�i�HviB+
�+iBpBiv Q7 i?2 2MxvK2 QM KBHHBb2+QM/ iBK2b+�H2bX

9XR a�KTH2 S`2T�`�iBQM

9XRXR _2/Qt hBi`�iBQMb
AM Q`/2` iQ bim/v i?2 T`Qi2BM BM /Bz2`2Mi `2/Qt bi�i2b rBi?Qmi �K#B;mBiv- i?2 `2�+@
iBQMb Kmbi #2 +�``B2/ Qmi BM �M Qtv;2M 7`22 2MpB`QMK2Mi bBM+2 *S_ Bb r2HH FMQrM iQ
�miQ@QtB/Bb2 BM �B` (j8)X h?2 T`QiQ+QH 7Q` +�``vBM; Qmi `2/Qt iBi`�iBQMb QM *S_ Bb r2HH
2bi�#HBb?2/ mbBM; p�`BQmb `2/m+BM; �M/ QtB/BbBM; �;2Mib �M/ i?2`27Q`2 i?2 bT2+i`�H
+?�M;2b i?�i Q++m` �`2 bi`�B;?i7Q`r�`/ iQ B/2MiB7v (j3)X

�HH `2/Qt iBi`�iBQMb r2`2 +�``B2/ Qmi BM �M Qtv;2M@7`22 2MpB`QK2Mi rBi?BM � "2HH2
h2+?MQHQ;B2b UlEV �M�2`Q#B+ ;HQp2 #Qt �HQM; rBi? � C�b+Q o@ejy bT2+i`QT?QiQK2i2`
�M/ bQHmiBQMb BM FBM2iB+b #mz2` Ub22 �TT2M/Bt jXjVX h?2 ;HQp2#Qt r�b Tm`;2/ rBi?
MBi`Q;2M #27Q`2 mb2 �M/ i?2 Qtv;2M +QMi2Mi r�b K2�bm`2/ iQ #2 IRy TTK �i �HH

9e



300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength / nm

Ab
so

rb
an

ce Dithionite 2e-
Dithionite 1e-
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Oxidised

6B;m`2 9XR, Pp2`H�B/ bT2+i`� 7`QK � *S_ U9y µJV `2/Qt iBi`�iBQM mbBM; /Bi?BQMBi2X
h?2 iBi`�iBQM r�b +�``B2/ Qmi �b /2b+`B#2/ Ub22 i2tiV �M/ i?2 +QHQm`2/ bT2+i`� BM/B@
+�i2 b�KTH2b i?�i r2`2 +QHH2+i2/ 7Q` a�La K2�bm`2K2MiX .Bi?BQMBi2 +QM+2Mi`�iBQM
r�b /2i2`KBM2/ mbBM; lo@pBbB#H2 bT2+i`QT?QiQK2i`v �M/ i?2 KQH�` 2tiBM+iBQM +Q@
2{+B2Mi Q7 ϵ315nm 4 3Xy9 mJ−1 cm−1 �M/ iBi`�i2/ biQB+?BQK2i`B+�HHv BMiQ i?2 *S_
bQHmiBQMX

iBK2bX �Mv H�`;2b pQHmK2b Q7 b�KTH2 r2`2 /2;�bb2/ i?Q`Qm;?Hv #v #m##HBM; MBi`Q;2M
i?`Qm;? i?2 bQHmiBQM 7Q` �i H2�bi R hX � bQHmiBQM Q7 7mHHv QtB/Bb2/ *S_ U8y µJV r�b
mb2/- �HQM; rBi? 2Bi?2` bQ/BmK /Bi?BQMBi2 Uϵ315nm 4 3Xy9 mJ−1 cm−1V Q` L�.S>
�b � `2/m+BM; �;2MiX aiQ+Fb Q7 R mJ �M/ Ry mJ r2`2 K�/2 Q7 i?2 `2/m+BM;
�;2Mib- BM i?2 b�K2 #mz2` bQHmiBQM �b i?2 T`Qi2BM b�KTH2X amBi�#H2 iBi`2b Q7 i?2
`2/m+BM; �;2Mi r2`2 T`Q;`2bbBp2Hv �//2/ iQ i?2 T`Qi2BM b�KTH2 i�FBM; � lo@pBbB#H2
�#bQ`#�M+2 b+�M Ujyy@dyy nmV �7i2` 2�+? iBi`�iBQM- �HHQrBM;X a2H2+i2/ bT2+i`� 7`QK
� ivTB+�H `2/Qt iBi`�iBQM +�M #2 b22M BM 6B;m`2 9XR r?B+? BM/B+�i2b b�KTH2b i?�i
r2`2 i�F2M rBi? +QHQm`2/ i`�+2bX aiQB+?BQK2i`v Q7 i?2 `2/m+BM; �;2Mi iQ *S_ r�b
+�H+mH�i2/ BM �/p�M+2 iQ T2`KBi ;QQ/ 2biBK�iBQM Q7 r?2M bT2+i`�H +?�M;2b rQmH/ #2
HBF2Hv iQ Q++m` /m`BM; i?2 iBi`�iBQMbX h?2 `2/m+BM; �;2Mi r�b �//2/ BM � bB;MB}+�Mi
2t+2bb iQ 2Mbm`2 7mHH `2/m+iBQM �M/ MQ 7m`i?2` bT2+i`�H +?�M;2bX �HH b�KTH2b r2`2
b2�H2/ BM �B`@iB;?i +2HHb 7Q` /B`2+i K2�bm`2K2Mi �M/ �//BiBQM�HHv BM �M �B`iB;?i im#2
7Q` i`�MbTQ`i�iBQMX a�KTH2b r2`2 biQ`2/ �i 8 ◦C �M/ K2�bm`2/ rBi?BM 93 ?Qm`b Q7
T`2T�`�iBQMX
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9XRXk a�La a�KTH2 S`2T�`�iBQM �M/ J2�bm`2K2Mi
�HH bQHmiBQM M2mi`QM b+�ii2`BM; �M/ biQTT2/@~Qr bim/B2b r2`2 +�``B2/ Qmi BM Ryy KJ
"1a- T> dXy- �i Ry ◦CX h?2 }M�H b�KTH2b r2`2 Q7 � +QM+2Mi`�iBQM Q7 R@8 mgmL−1

�M/ biQ`2/ �i 8 ◦C #27Q`2 #2BM; K2�bm`2/ Q` 7m`i?2` Tm`B}2/ mbBM; bBx2 2t+HmbBQM
+?`QK�iQ;`�T?v UamT2`/2t kyy- :1 >2�Hi?+�`2 GB72 a+B2M+2b- la�V �i i?2 a�La
#2�KHBM2 #27Q`2 K2�bm`2K2MiX J2�bm`2K2Mib r2`2 i�F2M mbBM; � bi�M/�`/ T`QiQ+QH
7Q` AGG .kk r?B+? Bb /2b+`B#2/ BM /2i�BH BM b2+iBQM 3X8XRX � r�p2H2M;i? Q7 e ³ ±RyW
r�b b2H2+i2/ �b � +QKT`QKBb2 #2ir22M i?2 K�tBKmK ~mt U?B;?2bi �i 9X8 ³ �M/
HQr2bi �i k8 ³V �M/ i?2 �p�BH�#H2 Z@`�M;2X � ?B;?2` r�p2H2M;i? +�M �HHQr bK�HH2`
Z@p�Hm2b �i HQM; /2i2+iQ` /Bbi�M+2b #mi i?�i Bb MQi M2+2bb�`v 7Q` *S_ bBM+2 i?2
:mBMB2` `2;BQM +�M �H`2�/v #2 `2bQHp2/ �i 8Xe m b�KTH2@iQ@/2i2+iQ` /Bbi�M+2 �i e ³X
h?2 RyW #�M/rB/i? r�b b2H2+i2/ iQ T`QpB/2 bm{+B2Mi ~mt �i i?2 b�KTH2 �i i?2 +Qbi
Q7 bQK2 Z@`2bQHmiBQM U� bQ@+�HH2/ ǵTBMF #2�KǶVX

9XRXj aiQTT2/@~Qr
h?2 ;2M2`�H biQTT2/@~Qr b2imT �M/ K2i?Q/QHQ;v r�b mb2/ �b /2b+`B#2/ BM �TT2M/Bt
�X9X "m`bi@T?�b2 FBM2iB+b Q7 i?2 `2/m+iBQM Q7 +vi + #v 7mHHv `2/m+2/ *S_ r�b bim/B2/
mM/2` �M�2`Q#B+ +QM/BiBQMb �i RyXy ◦CX � T`2@`2/m+2/ *S_ bQHmiBQM +QMi�BMBM; Ry
µJ *S_ �M/ kyy µJ L�.S> r�b BM+m#�i2/ 7Q` 8 min BM �M�2`Q#B+ +QM/BiBQMb
#27Q`2 i�FBM; K2�bm`2K2MibX h?2 `2/m+2/ T`Qi2BM bQHmiBQM r�b `�TB/Hv KBt2/ rBi?
�M 2[m�H pQHmK2 Q7 Ryy µJ +viQ+?`QK2 + URyt 2t+2bbV BM i?2 k µL ~Qr +2HH �M/
i?2 +?�M;2 BM �#bQ`#�M+2 �i 88y nm r�b `2+Q`/2/X � iQi�H Q7 kyyy /�i� TQBMib
r2`2 K2�bm`2/ Qp2` � iBK2 T2`BQ/ Q7 R s BM Q`/2` iQ 2Mbm`2 i?�i i?2 #m`bi T?�b2
�M/ i?2 i`�MbBiBQM iQ i?2 bHQr2` bi2�/v@bi�i2 T?�b2 r2`2 Q#b2`p2/X AM Q`/2` iQ
T`QpB/2 �M BMBiB�H `2�/BM; 7Q` �550 BM i?2 �#b2M+2 Q7 `2/m+iBQM- i?2 +vi + bQHmiBQM
r�b �HbQ KBt2/ rBi? i?2 #mz2` bQHmiBQM QMHv �M/ � #�b2HBM2 K2�bm`2K2Mi i�F2MX AM
2tT2`BK2Mib r?2`2 i?2 +QM/BiBQMb r2`2 p�`B2/- 7Q` 2t�KTH2 +?�M;BM; BQMB+ bi`2M;i?-
i?2 b�Hi +QM+2Mi`�iBQM r�b +?�M;2/ BM #Qi? `2�;2Mi bv`BM;2b iQ �pQB/ �Mv KBtBM;
Bbbm2bX h?2 /�i� r2`2 �M�Hvb2/ #v }iiBM; iQ i?2 �TT`QT`B�i2 KQ/2H mbBM; S`Q@.�i�
as bQ7ir�`2 U�TTHB2/ S?QiQT?vbB+b- lEVX

9Xk _2bmHib

9XkXR 1z2+ib Q7 _2/Qt ai�i2 QM *S_ *QM7Q`K�iBQM
� `�M;2 Q7 b�KTH2b r�b +?Qb2M 7Q` a�La K2�bm`2K2Mi 2M+QKT�bbBM; i?2 p�`BQmb
TQbbB#H2 `2/Qt bi�i2b Q7 i?2 ~�pBM +Q7�+iQ`b BM *S_ BM Q`/2` iQ bBKmH�i2 i?2 /Bz2`2Mi
bi�;2b Q7 i?2 +�i�HviB+ +v+H2X h?2 b�KTH2b �`2 bmKK�`Bb2/ BM h�#H2 9XR r?B+? BM@
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+Hm/2b i?2 `�/BB Q7 ;v`�iBQM- _g �M/ i?2 K�tBKmK /BK2MbBQMb- .max 7Q` 2�+? bi�i2X
6B;m`2 9Xj b?Qrb � b2H2+iBQM Q7 +m`p2b +QHH2+i2/ QM i?2 a�La /Bz`�+iQK2i2` �b r2HH
�b i?2 �bbQ+B�i2/ :mBMB2` THQibX h?2 ?B;?Hv HBM2�` :mBMB2` THQib +H2�`Hv BM/B+�i2
KQMQ/BbT2`b2 b�KTH2b r?B+? r�b Q`B;BM�HHv � /B{+mHiv bBM+2 2�`HB2` b�KTH2b r2`2
MQi Tm`B}2/ mbBM; bBx2 2t+HmbBQM +?`QK�iQ;`�T?v BM i?2 }M�H bi�;2 Q7 Tm`B}+�iBQMX
� H�`;2 Z@`�M;2 r�b +QHH2+i2/ BM Q`/2` iQ T2`KBi �M�HvbBb Q7 #Qi? i?2 H�`;2` �M/
bK�HH2` b+�H2 72�im`2 Q7 i?2 KQH2+mH2b BM bQHmiBQMX 6B;m`2 9Xj U� �M/ #V BHHmbi`�i2b
i?2 P (`) BMi`�T�`iB+H2 /Bbi�M+2 /Bbi`B#miBQM 7mM+iBQM /2`Bp2/ 7`QK i?2 a�La /�i� �b
r2HH �b i?2 .�JJA6 b+�ii2`BM; 2Mp2HQT2b BM U+ �M/ /V /2`Bp2/ 7`QK �M QtB/Bb2/ �M/
� `2/m+2/ b�KTH2X

AM Q`/2` iQ b2T�`�i2 i?2 2z2+ib Q7 +Q2MxvK2 #BM/BM; 7`QK `2/m+iBQM #Qi? /Bi?BQM@
Bi2 �M/ L�.S> r2`2 mb2/ �b `2/m+BM; �;2MibX Ai Bb +H2�` 7`QK #Qi? h�#H2 9XR �M/
6B;m`2 9Xj i?�i +Q2MxvK2 #BM/BM; ?�b � bm#bi�MiB�H BM~m2M+2 QM i?2 �p2`�;2 bBx2 Q7
i?2 KQH2+mH2 BM bQHmiBQMX lTQM `2/m+iBQM i?2`2 Bb � +H2�` BM+`2�b2 BM i?2 T`2b2M+2
Q7 KQ`2 2ti2M/2/ KQH2+mH2 BM bQHmiBQMX h?Bb Bb 2pB/2M+2/ #v i?2 BM+`2�b2/ _g �M/
.max p�Hm2b /2`Bp2/ 7`QK i?2 :mBMB2` �TT`QtBK�iBQM �M/ i?2 P (`) THQib U� pBbB#H2
i�BH �TT2�`b QM i?2 +m`p2b �i QM i?2 ?Q`BxQMi�H �t2bVX h?2 H�`;2bi 2z2+i Bb b22M BM i?2
`2/m+iBQM iQ i?2 k2− H2p2H #v /Bi?BQMBi2 r?B+? +Q``2bTQM/b iQ i?2 *S_2e− rBi?Qmi
L�.S> #QmM/ BMi2`K2/B�i2 BM i?2 +�i�HviB+ +v+H2X

"v +QMi`�bi- `2/m+iBQM iQ i?2 k@2H2+i`QM H2p2H #v L�.S> r?B+? +Q``2bTQM/b iQ
�M L�.SY #QmM/ BMi2`K2/B�i2- ?�b � bK�HH2` 2z2+i QM i?2 bBx2 Q7 i?2 KQH2+mH2X �M
�HKQbi B/2MiB+�H 2z2+i Bb Q#b2`p2/ r?2M i?2 2MxvK2 Bb `2/m+2/ iQ i?2 k@2H2+i`QM H2p2H
#v /Bi?BQMBi2 �M/ i?2M #QmM/ iQ L�.SY K�Mm�HHv b?QrBM; i?�i +Q2MxvK2 #BM/BM;
K�F2b i?2 `2/m+2/ 2MxvK2 KQ`2 +QKT�+iX GQr `2bQHmiBQM �# BMBiBQ KQ/2Hb Q7 i?2
KQH2+mH2 �`2 T`2b2Mi2/ BM 6B;m`2 9Xj+ UQtB/Bb2/V �M/ / U`2/m+2/VX AM i?2 `2/m+2/
KQ/2H i?2`2 Bb � +H2�` 2ti2MbBQM T`2b2Mi r?B+? Bb HBF2Hv iQ #2 +�mb2/ #v i?2 KQp2K2Mi
Q7 i?2 6JL /QK�BM �r�v 7`QK i?2 TQbBiBQM i?�i Bi Q++mTB2b BM i?2 QtB/Bb2/ 7Q`K
�M/ +`vbi�H bi`m+im`2X

_B;B/@"Q/v JQ/2HHBM;

h?2 `2bmHib T`2b2Mi2/ BM h�#H2 9XR �M/ 6B;m`2b 9Xk �M/ 9Xj `2T`2b2Mi i?2 �p2`�;2
b+�ii2`BM; T�`iB+H2 BM bQHmiBQM r?B+? Bb mM/2`biQQ/ iQ #2 � +QM7Q`K�iBQM�H 2Mb2K#H2X
AM pB2r Q7 2pB/2M+2 i?�i *S_ 2tBbib �b � KBtim`2 �M �ii2KTi ?�b #22M K�/2 iQ
/2+QMpQHmi2 i?2 /�i� �M/ Q#i�BM � }i Q7 i?2 /�i� iQ `B;B/ #Q/v KQ/2HbX "2+�mb2
Q7 i?2 HBKBi2/ BM7Q`K�iBQM +QMi2Mi Q7 a�La +m`p2b ǵQp2`@T�`�K2i`Bb�iBQMǶ Bb HBKBi2/
#v 2tTHQ`BM; i?2 TQbbB#BHBiv Q7 }iiBM; Dmbi irQ bi�i2b iQ i?2 /�i� �b r2HH �b � H�`;2
TQQH Qp2` Ry-yyy Q` KQ`2 bi`m+im`2bX h?Bb r�b �+?B2p2/ #v mbBM; � KQ/B}+�iBQM Q7
i?2 bQ7ir�`2 JmHiB6Qtb (RR9) r?2`2 � b2H2+i2/ MmK#2` Q7 KQ/2Hb r2`2 ;2M2`�i2/ �M/
i?2M 2Mb2K#H2b Q7 p�`vBM; bBx2 7`QK � bBM;H2 KQ/2H mT iQ 9 Q` KQ`2 KQ/2Hb r�b }i iQ
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a�KTH2 aBx2 S�`�K2i2`b
_g U³V .max U³V

PtB/Bb2/ k9Xd ± yXR dR
.Bi?BQMBi2 R2− kdXe ± yXe 39
.Bi?BQMBi2 k2− k3Xe ± yX9 Ny
.Bi?BQMBi2 j2− kdXe ± yX8 N9
.Bi?BQMBi2 92− kdXe ± yX8 3N

.Bi?BQMBi2 k2− Y L�.S+ keX3 ± yX9 dN
L�.S> R 2[mBpX Uk2−V kdXR ± yX9 d3

L�.S> 2t+2bb keXN ± yXj 39

h�#H2 9XR, aBx2 T�`�K2i2`b /2`Bp2/ 7`QK i?2 a�La /�i� 7Q` /Bz2`2Mi `2/Qt bi�i2b
Q7 *S_X a?QrBM; `�/BB Q7 ;v`�iBQM U_gV �M/ K�tBKmK /BK2MbBQMb U.maxVX 1``Q`b
r2`2 BM i?2 `�M;2 Q7 ± R@k ³ 7Q` .max p�Hm2b �M/ r2`2 `�i2/ �b ǵ;QQ/Ƕ }ib mbBM;
:LPJ BM S`BKmb UT�`i Q7 i?2 �ha�a bmBi2- b22 �TT2M/Bt �X8XRVX
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6B;m`2 9Xk, a�La *m`p2b �M/ :mBMB2` THQib 7`QK *S_ �i /Bz2`2Mi `2/Qt bi�i2b
�`#Bi`�`BHv /BbTH�+2/ �HQM; i?2 p2`iB+�H �tBb 7Q` +H�`BivX h?2 mTT2` THQi b?Qrb i?2
a�La +m`p2b �M/ i?2 HQr2` THQib b?Qrb � b2H2+iBQM Q7 :mBMB2` THQib iQ /2KQMbi`�i2
HBM2�`BivX a�KTH2b r2`2 K2�bm`2/ �i � +QM+2Mi`�iBQM Q7 j mgmL−1 BM Ryy mJ "1a
T. dXy �i Ry ◦C URyyW .kP #mz2`VX
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6B;m`2 9Xj, 6m`i?2` �M�HvbBb Q7 i?2 a�La /�i� +QHH2+i2/ QM *S_ BM /Bz2`2Mi `2/Qt
bi�i2bX U� �M/ #V h?2 P (`) THQib /2`Bp2/ 7`QK i?2 b+�ii2`BM; /�i�X U+V �M �# BMBiBQ
KQ/2H 7`QK i?2 QtB/Bb2/ /�i�X U/V �M �# BMBiBQ KQ/2H 7`QK i?2 /Bi?BQMBi2 k@2H2+i`QM
`2/m+2/ /�i�X

i?2 /�i�X h?2 KQ/2Hb r2`2 ;2M2`�i2/ #v bT2+B7vBM; � ~2tB#H2 `2;BQM- BM i?Bb +�b2 i?2
ǵ?BM;2Ƕ `2bB/m2b HBMFBM; i?2 6JL@#BM/BM; iQ i?2 `2bi Q7 *S_ UbT2+B}+�HHv `2bB/m2b
:k9y- 1k9R- 1k9k- ak9j- ak99 �M/ Ak98V- �M/ T`Q+22/BM; iQ +�H+mH�i2 i?2 i?2Q`2iB+�H
a�La +m`p2b 7Q` i?2b2 KQ/2Hb mbBM; i?2 bQ7ir�`2 *_uaPL (RR8)X

6B;m`2 9X9 U�@+V b?Qrb i?�i i?2 2Mb2K#H2 T`2b2Mi BM i?2 b+�ii2`BM; +m`p2 Bb #2bi
/2b+`B#2/ #v � irQ bi�i2 KQ/2H b2H2+i2/ 7`QK � H�`;2 TQQH Q7 +QM7Q`K�iBQMb bBM+2
;QBM; #2vQM/ i?Bb iQ KQ`2 bi�i2b T`QpB/2b MQ +H2�` #2M2}i iQ i?2 [m�HBiv Q7 i?2
}iX 6QHHQrBM; i?Bb- �M 2zQ`i r�b K�/2 iQ }i i?2 /�i� iQ bT2+B}+ bi`m+im`�H KQ/2Hb
r?2`2 i?2 +QKT�+i bi�i2 r�b `2T`2b2Mi2/ #v i?2 +`vbi�H bi`m+im`2 Q7 bQHm#H2 UL@
i`mM+�i2/V ?mK�M *S_ (k) rBi? � +�H+mH�i2/ _g p�Hm2 Q7 k9X33 ³ U*_uaPLVX hQ
`2T`2b2Mi � KQ`2 2ti2M/2/ bi�i2- irQ KQ/2Hb r2`2 b2H2+i2/, UBV 7`QK >m�M; 2i �HX
#�b2/ QM LJ_ �M/ a�sa Q7 rBH/@ivT2 *S_- �M/ UBBV 7`QK >�K/�M2 2i �HX r?B+?
Bb � +`vbi�H bi`m+im`2 Q7 i?2 ∆h:11 Kmi�Mi Q7 *S_ rBi? � /2H2iBQM BM i?2 ~2tB#H2
?BM;2X JQH2+mH2 � BM i?2 ∆h:11 +`vbi�H bi`m+im`2 r�b b2H2+i2/ r?B+? ?�b i?2 6JL
/QK�BM `Qi�i2/ �r�v 7`QK i?2 6�. �M/ HBMF2` /QK�BMb �M/ vB2H/b � +�H+mH�i2/ _g

p�Hm2 Q7 keXNR ³X �M�HvbBb mbBM; 2Bi?2` Q7 i?2b2 KQ/2Hb 7Q` i?2 2ti2M/2/ bi�i2- r?BH2
�HHQrBM; i?2 `�iBQMb Q7 +QKT�+i �M/ 2ti2M/2/ bi�i2b iQ p�`v- ;�p2 `2�bQM�#H2 }ib iQ
�HH Q7 i?2 b+�ii2`BM; +m`p2b bim/B2/X 1t�KTH2b �`2 b?QrM BM 6B;m`2 9X9 U/@;VX

a�La /�i� 7`QK i?2 QtB/Bb2/ 2MxvK2 T`Q/m+2/ � }i iQ i?2 /�i� BM r?B+? i?2

8R



+QKT�+i KQ/2H /QKBM�i2b rBi? NyW 2tBbiBM; BM i?2 +HQb2/ +QM7Q`K�iBQM `2;�`/H2bb
Q7 r?B+? KQ/2H Bb b2H2+i2/ iQ `2T`2b2Mi �M 2ti2M/2/ +QM7Q`K�iBQMX A7 i?Bb b2�`+? Bb
2ti2M/2/ iQ Ry-yyy /Bz2`2Mi bi`m+im`2b i?2 }i Bb biBHH N9W Q7 � +QKT�+i +QM7Q`K�iBQMX
h?2 +m`p2 7Q` i?2 QtB/Bb2/ 2MxvK2 ?�b �M 2t+2HH2Mi }i iQ i?2 i?2Q`2iB+�H a�La +m`p2
7Q` i?2 +HQb2/ +`vbi�H bi`m+im`2 U+�H+m�Hi2/ _g Q7 k9XdyV �HQM2 ;BpBM; � χ2 p�Hm2 Q7
RX3dX h�#H2 9Xk bmKK�`Bb2b i?2 T`QTQ`iBQMb BM 2�+? bi�i2 7Q` irQ /Bz2`2Mi KQ/2Hb
�b r2HH �b i?2 ;QQ/M2bb Q7 }i p�Hm2bX

8k



a�KTH2 hrQ@bi�i2 JQ/2Hb
*`vbi�H Y >m�M; 2i �HX KQ/2H *`vbi�H Y ∆h:11 Kmi�Mi KQ/2H
fcompact fextended χ2 fcompact fextended χ2

PtB/Bb2/ yXNy yXRy RXe9 yXNy yXRy RXd8
.Bi?BQMBi2 R2− yXed yXjj jXRk yX93 yX8k RXNN
.Bi?BQMBi2 k2− yXeR yXjN jXkd yX8e yX99 RX3R
.Bi?BQMBi2 j2− yXeN yXjR kXk8 yX8N yX9R RX3d
.Bi?BQMBi2 92− yXee yXj9 kXe9 yX89 yX9e kXyj

.Bi?BQMBi2 k2− Y L�.S+ yXdy yXjy kX88 yX8N yX9R kXkR
L�.S> R 2[mBpX Uk2−V yXeN yXjR kXd9 yX88 yX98 RXNN

L�.S> 2t+2bb yXee yXj9 jXyd yX9d yX8j RXey

h�#H2 9Xk, �M�HvbBb Q7 *S_ a�La `2/Qt /�i� BM i2`Kb Q7 irQ@bi�i2 KQ/2HbX h?2 KQ/2Hb mb2/ iQ �M�Hvb2 i?2 b+�ii2`BM; /�i� BM i2`Kb Q7
� irQ@bi�i2 2[mBHB#`BmK �`2 /2b+`B#2/ BM i?2 i2tiX AM #Qi? +�b2b i?2 +QKT�+i bi�i2 Bb /2b+`B#2/ #v i?2 +`vbi�H bi`m+im`2 Q7 QtB/Bb2/ *S_
(k)c i?2 2ti2M/2/ bi`m+im`2 Bb /2b+`B#2/ 2Bi?2` #v i?2 KQ/2H Q7 >m�M; 2i �HX (9y) Q` #v i?2 bi`m+im`2 Q7 i?2 ∆h:11 Kmi�Mi (ey)X h?2
;QQ/M2bb@Q7@}i iQ i?2 b+�ii2`BM; +m`p2 Bb ;Bp2M #v i?2 χ2 bi�iBbiB+X

8j



�M�HvbBb Q7 i?2 a�La /�i� BM i2`Kb Q7 i?2b2 irQ@bi�i2 KQ/2Hb b?Qrb i?�i i?2
BM+`2�b2 BM _g �M/ .max QM `2/m+iBQM +�M #2 �++QmMi2/ 7Q` BM i2`Kb Q7 �M BM+`2�b2
BM i?2 TQTmH�iBQM Q7 KQH2+mH2b BM KQ`2 2ti2M/2/ bi�i2X h?Bb Bb T`2b2Mi BM �HH Q7
i?2 `2/m+2/ bi�i2b bim/B2b rBi? bQK2 bm#bi�MiB�H /Bz2`2M+2b #2ir22M i?2KX AM i?2
/Bi?BQMBi2 k2− `2/m+2/ bi�i2 +�X 9yW Q7 i?2 KQH2+mH2 Bb +�H+mH�i2/ iQ #2 BM i?2
2ti2M/2/ +QM7Q`K�iBQMX h?Bb Bb i`m2 r?B+?2p2` KQ/2H Bb mb2/ 7Q` i?2 2ti2M/2/ bi�i2
i?Qm;? i?2 KQ/2H Q7 >�K/�M2 2i �HX (ey) ;Bp2b � #2ii2` }i iQ i?2 b+�ii2`BM; +m`p2
�i ?B;? Z@p�Hm2b- ?Qr2p2` i?2 `2bQHmiBQM Q7 i?2 a�La /�i� /Q2b MQi �HHQr /2}MBi2
/Bz2`2MiB�iBQM #2ir22M i?2 irQ KQ/2HbX h?2 ?B;? Z@p�Hm2b /2b+`B#2 i?2 bK�HH2`
/2i�BHb Q7 i?2 KQ/2H bm+? �b BM/BpB/m�H /QK�BM Q`B2Mi�iBQM �M/ bQ i?Bb K�v bm;;2bi
i?�i i?2 6JL /QK�BM Bb Q`B2Mi2/ /Bz2`2MiHv- 7Q` 2t�KTH2 bBM+2 i?2 2tT2`BK2Mi�H
BMi2MbBiv Bb H2bb bi22T i?�M i?2 KQ/2H BMi2MbBiv �i ?B;? Z@p�Hm2b U6B;m`2 9X9 2 �M/ ;V
Bi +QmH/ bm;;2bi i?�i i?2 6JL /QK�BM Bb MQi �b 7�` Qmi �b i?2 >m�M; 2i �HX KQ/2H
K�v bm;;2biX _2/m+iBQM iQ i?2 b�K2 H2p2H mbBM; L�.S> `�i?2` i?�M /Bi?BQMBi2 ?�b
� H2bb bB;MB}+�Mi 2z2+i r?2M /2b+`B#BM; i?2 2ti2M/2/ bi�i2 mbBM; i?2 >m�M; 2i �HX
KQ/2H #mi MQi r?2M mbBM; i?�i Q7 >�K/�M2 2i �HXX

9XkXk 1z2+ib Q7 AQMB+ ai`2M;i? QM .QK�BM JQiBQM �M/ *�i�H@
vbBb

AM �//BiBQM iQ bim/vBM; i?2 2z2+i Q7 `2/Qt bi�i2- i?2 BQMB+ bi`2M;i? Q7 i?2 #mz2`
r�b �HbQ +QMi`QHH2/X �M BM+`2�b2 BM i?2 BQMB+ bi`2M;i? �z2+ib i?2 `�i2 Q7 i?2 *S_
+�i�Hvb2/ `2/m+iBQM Q7 S98yb Q` Q7 +viQ+?`QK2 + (9y- RRe- jy- RRd)- H2�/BM; iQ �M
BM+`2�b2 BM +�i�HviB+ `�i2- k+�i �M/ BM i?2 JB+?�2HBb@J2Mi2M +QMbi�Mi KJ- 7Q` +vi +X
EBM2iB+ i`�+2b 7`QK `�TB/ KBtBM; 2tT2`BK2Mib Q7 T`2@`2/m+2/ *S_ BM �M 2t+2bb Q7
L�.S>- �M/ +vi + ?�p2 �H`2�/v #22M b?QrM iQ 72�im`2 � p2`v `�TB/ #m`bi T?�b2 mTQM
BMBiB�H KBtBM; 7QHHQr2/ #v � bHQr2` bi2�/v bi�i2 T?�b2 (dR)X h?2 `�TB/ #m`bi T?�b2
Bb � `2bmHi Q7 i?2 T`2@`2/m+2/ *S_ #2BM; T`2/QKBM�MiHv BM �M QT2M +QM7Q`K�iBQM
i?�i Bb `2�/v iQ `2�+i BKK2/B�i2Hv mTQM #BM/BM; iQ +viQ+?`QK2 +X PM+2 i?2b2 BMBiB�H
`2/m+2/ KQH2+mH2b ?�p2 `2�+i2/ i?2v Kmbi i?2M BMi2`�+i rBi? L�.S> �;�BM �M/
mM/2`;Q /QK�BM `2Q`;�MBb�iBQM iQ +�``v Qmi i?2 M2+2bb�`v BMi`�KQH2+mH�` 2H2+i`QM
i`�Mb72`bc i?2`27Q`2 i?2 /QK�BM KQiBQMb #2;BM iQ HBKBi i?2 `�i2 Q7 `2�+iBQM r?B+? Bb
`2~2+i2/ BM i?2 i`�MbBiBQM iQ � bHQr2` +�i�HviB+ `�i2X

6B;m`2 9X8� b?Qrb FBM2iB+ i`�+2b Q7 +vi + `2/m+iBQM �i /Bz2`2Mi b�Hi +QM+2Mi`�iBQMbc
i?2 BMBiB�H #m`bi T?�b2 7QHHQr2/ #v � i`�MbBiBQM iQ � bHQr2` bi2�/v@bi�i2 T?�b2 HBKBi2/
#v /QK�BM KQiBQMb �M/ �//BiBQM�H 2H2+i`QM i`�Mb72` bi2Tb Bb +H2�`Hv T`2b2MiX �i HQr
b�Hi- kRW `2/m+iBQM Q7 +viQ+?`QK2 + i�F2b TH�+2 rBi?BM i?2 k ms /2�/@iBK2 Q7 i?2
BMbi`mK2Mi- �M/ i?Bb Bb BM `2�bQM�#H2 �;`22K2Mi rBi? i?2 �M�HvbBb Q7 i?2 a�La `2bmHib
Q#i�BM2/ BM i?2 T`2b2M+2 Q7 2t+2bb L�.S> mbBM; i?2 KQ/2H Q7 >m�M; 2i �HX 7Q` i?2
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6B;m`2 9X9, �M�HvbBb Q7 a�La /�i� BM i2`Kb Q7 KmHiBTH2 bi�i2bX U�@+V 6Bib iQ i?2
b+�ii2`BM; +m`p2 7Q` *S_ `2/m+2/ iQ i?2 k2− H2p2H rBi? /Bi?BQMBi2 mbBM; QM2- irQ Q`
i?`22 bi�i2b U7`QK � Ry-yyy +QM7Q`K�iBQM TQQHV `2bT2+iBp2HvX 6Bib iQ i?2 b+�ii2`BM;
+m`p2 7Q` *S_ `2/m+2/ iQ i?2 k2− H2p2H rBi? /Bi?BQMBi2 mbBM; � irQ@bi�i2 KQ/2Hc
i?2 2ti2M/2/ bi�i2 r�b `2T`2b2Mi2/ #v- U/V i?2 KQ/2H Q7 >�K/�M2 2i �HX Q`- U2V i?2
KQ/2H Q7 >m�M; 2i �HXc BM #Qi? +�b2b i?2 +`vbi�H bi`m+im`2 r�b mb2/ �b � KQ/2H 7Q` i?2
+QKT�+i bi�i2X 6Bib iQ i?2 b+�ii2`BM; +m`p2 7Q` *S_ `2/m+2/ iQ i?2 k2− H2p2H rBi?
L�.S> mbBM; � irQ@bi�i2 KQ/2Hc i?2 2ti2M/2/ bi�i2 r�b `2T`2b2Mi2/ #v- U7V i?2
KQ/2H Q7 >�K/�M2 2i �HX Q`- U;V i?2 KQ/2H Q7 >m�M; 2i �HXc BM #Qi? +�b2b i?2 +`vbi�H
bi`m+im`2 r�b mb2/ �b � KQ/2H 7Q` i?2 +QKT�+i bi�i2X AM �HH +�b2b i?2 ;QQ/M2bb@Q7@}i
Bb BM/B+�i2/ #v i?2 χ2 p�Hm2X
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6B;m`2 9X8, 6m`i?2` �M�HvbBb Q7 i?2 a�La /�i� +QHH2+i2/ QM *S_ �i /Bz2`2Mi BQMB+
bi`2M;i?X U�V aiQTT2/@~Qr i`�+2b b?QrBM; i?2 `2/m+iBQM Q7 +vi + QM `�TB/ KBtBM;
Q7 *S_ T`2@`2/m+2/ rBi? L�.S> �M/ +viQ+?`QK2 +- �i p�`BQmb +QM+2Mi`�iBQMb Q7
�//2/ b�Hic i?2 T2`+2Mi�;2 Q7 � bBM;H2 im`MQp2` r?B+? Q++m``2/ rBi?BM i?2 k ms
/2�/iBK2 Q7 i?2 BMbi`mK2Mi Bb THQii2/ �b � 7mM+iBQM Q7 L�*H +QM+2Mi`�iBQM BM U#VX
U+V S�B`rBb2 /Bbi�M+2 /Bbi`B#miBQM 7mM+iBQMb /2`Bp2/ 7`QK i?2 a�La /�i� �i /Bz2`2Mi
b�Hi +QM+2Mi`�iBQMb- b?QrBM; i?�i BM+`2�bBM; i?2 b�Hi +QM+2Mi`�iBQM H2�/b iQ � KQ`2
2ti2M/2/ +QM7Q`K�iBQM- BM [m�HBi�iBp2 �;`22K2Mi rBi? a�sa bim/B2b (9y- RRd)X U/V
SQ`Q/@.2#v2 THQib- b?QrBM; BM+`2�b2/ ~2tB#BHBiv Q7 *S_ �i ≥ yXe mol dm−3 L�*HX

2ti2M/2/ +QM7Q`K�iBQM Uh�#H2 9XkVX �b i?2 b�Hi +QM+2Mi`�iBQM Bb BM+`2�b2/- i?2`2 Bb
� +H2�` BM+`2�b2 BM i?2 7`�+iBQM Q7 i?2 }`bi im`MQp2` Q7 `2/m+iBQM i�FBM; TH�+2 BM i?2
#m`bi T?�b2X PM �//BiBQM Q7 yXR J L�*H i?2`2 Bb �M BM+`2�b2 BM i?2 7`�+iBQM Q7 i?2
`2/m+iBQM i�FBM; TH�+2 BM i?2 /2�/ iBK2 iQ �TT`QtBK�i2Hv 98WX h?Bb +QMiBMm2b iQ
BM+`2�b2 mT iQ � K�tBKmK Q7 �`QmM/ eyW rBi? RXy J L�*HX qBi? RX8 J L�*H
i?2`2 r�b � bHB;?i /2+`2�b2 r?B+? Bb HBF2Hv /m2 iQ � /2i`BK2Mi�H 2z2+i +�mb2/ #v
2t+2bbBp2 b�Hi r?B+? Bb FMQrM iQ +�mb2 mM7QH/BM; BM T`Qi2BMb r?2M T`2b2Mi BM ?B;?
+QM+2Mi`�iBQMbX �i �TT`QtBK�i2Hv 8y ms �7i2` KBtBM; i?2 `�i2 Q7 +vi + `2/m+iBQM
/2+`2�b2b iQ i?2 bi2�/v@bi�i2 `�i2- r?B+? Bb �HbQ +H2�`Hv �z2+i2/ #v �//2/ b�Hi- }`bi
BM+`2�bBM; �b i?2 b�Hi +QM+2Mi`�iBQM Bb BM+`2�b2/- `2�+?BM; � K�tBKmK �i yX8 J
L�*H �M/ i?2M /2+`2�bBM; �b i?2 b�Hi +QM+2Mi`�iBQM Bb 7m`i?2` BM+`2�b2/- i?Bb Bb BM
�;`22K2Mi rBi? 2�`HB2` /�i� (RRd)X h?Bb i`2M/ BM Q#b2`p2/ kQ#b Bb BHHmbi`�i2/ BM 6B;m`2
9XeX

h?2 a�La /�i� Q#i�BM2/ mM/2` +QM/BiBQMb Q7 /2}M2/ `2/Qt bi�i2 b?Qr ?Qr
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6B;m`2 9Xe, SHQi Q7 FQ#b Q7 +viQ+?`QK2 + im`MQp2` #v *S_ �i /Bz2`2Mi b�Hi +QM+2M@
i`�iBQMbX

_g �M/ .max BM+`2�b2 rBi? BM+`2�bBM; b�Hi +QM+2Mi`�iBQM Uh�#H2 9XjVX � ;`�/m�H
BM+`2�b2 Bb b22M mT iQ yX8 J L�*H rBi? � K�`F2/ BM+`2�b2 i?2`2�7i2`X SQ`Q/@.2#v2
THQib (RR3- Nd) Q7 i?2 b+�ii2`BM; /�i� b?QrM BM 6B;m`2 9 U/V `2p2�Hb i?�i i?2`2 Bb
�M BM+`2�b2 BM i?2 ~2tB#BHBiv Q7 *S_ mTQM �//BiBQM Q7 b�Hi �M/ i?2M #2vQM/ yX8 J
L�*H i?2 +m`p2 #2;BMb iQ i�F2 QM � b?�T2 BM/B+�iBM; �M 2ti`2K2Hv ~2tB#H2fmM7QH/BM;
T`Qi2BM r?2`2 MQ TH�i2�m Bb b22M �7i2` i?2 BMBiB�H bi22T +m`p2X

�//2/ L�*H UJV aBx2 S�`�K2i2`b
_g U³V .max U³V

y k9Xd ± yXR dR
yXR kdXe ± yXR 3y
yXk k3Xe ± yXk 3R
yX8 kdXe ± yXR NR
yXe kdXe ± yXk Ne
RXy keX3 ± yj RRN
RX8 kdXR ± yX9 RkR

h�#H2 9Xj, aBx2 S�`�K2i2`b /2`Bp2/ 7`QK a�La /�i� 7Q` *S_ rBi? p�`vBM; b�Hi
+QM+2Mi`�iBQMb BM i?2 #mz2` bQHmiBQMX a?QrBM; `�/BB Q7 ;v`�iBQM U_gV �M/ K�tBKmK
/BK2MbBQMb U.maxVX �HH .max p�Hm2b- /2i2`KBM2/ 7`QK SU`V THQib mbBM; :LPJ BM
S`BKmb �b T�`i Q7 i?2 �ha�a bmBi2- r2`2 `�i2/ �b ǳ;QQ/Ǵ UyX3V }ib Q` #2ii2`X �HH
2``Q`b Ik ³X

_B;B/@"Q/v JQ/2HHBM;

�b � `2bmHi Q7 i?2 TQi2MiB�HHv mM7QH/2/ M�im`2 Q7 i?2 T`Qi2BM �i ?B;? b�Hi +QM+2Mi`�@
iBQMb i?2 `B;B/@#Q/v KQ/2HHBM; 7Q` i?Bb /�i�b2i r�b HBKBi2/ iQ i?2 y@yX8 J `�M;2X h?2
/�i� r2`2 �M�Hvb2/ BM i2`Kb Q7 irQ@bi�i2 2[mBHB#`BmK �b rBi? i?2 `2/Qt bi�i2 /�i�X
h?2 }iiBM; T�`�K2i2`b �`2 ;Bp2M BM i?2 +�TiBQM Q7 h�#H2 9X9c i?2 T`QTQ`iBQM Q7 i?2
2ti2M/2/ +QM7Q`K�iBQM BM+`2�b2b rBi? b�Hi +QM+2Mi`�iBQM rBi?BM i?Bb `�M;2 �M/ �;�BM
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6B;m`2 9Xd, a�La *m`p2b �M/ :mBMB2` THQib 7`QK *S_ �i /Bz2`2Mi BQMB+ bi`2M;i?b
�`#Bi`�`BHv /BbTH�+2/ �HQM; i?2 p2`iB+�H �tBb 7Q` +H�`BivX h?2 mTT2` THQi b?Qrb i?2
a�La +m`p2b �M/ i?2 HQr2` THQib b?Qrb � b2H2+iBQM Q7 :mBMB2` THQib iQ /2KQMbi`�i2
HBM2�`BivX a�KTH2b r2`2 K2�bm`2/ �i � +QM+2Mi`�iBQM Q7 j mgmL−1 BM Ryy mJ "1a
T. dXy �i Ry ◦C URyyW .kP #mz2`VX

#Qi? KQ/2Hb 7Q` i?2 2ti2M/2/ bi�i2 ;Bp2 2bb2MiB�HHv i?2 b�K2 `2bmHibX h?mb i?2 a�La
/�i� b?Qr i?�i i?2 T`QTQ`iBQM Q7 i?2 2ti2M/2/ +QM7Q`K�iBQM BM+`2�b2b rBi? BM+`2�b@
BM; BQMB+ bi`2M;i? �M/ +QKT�`BbQM rBi? i?2 biQTT2/@~Qr FBM2iB+b /�i� bm;;2bib i?�i
i?Bb +QM7Q`K�iBQM ?�b � ?B;?2` �{MBiv 7Q` +viQ+?`QK2 + `2/m+iBQM i?�M /Q2b i?2
+QKT�+i +QM7Q`K�iBQMX h?2b2 `2bmHib �HbQ bm;;2bi i?�i BQMB+ BMi2`�+iBQMb �`2 BKTQ`@
i�Mi BM i?2 bi�#BHBiv Q7 i?2 T`Qi2BM 2bT2+B�HHv BM K�BMi�BMBM; +2`i�BM +QM7Q`K�iBQMb
bBM+2 i?2b2 �`2 +H2�`Hv /Bbim`#2/ mTQM �Hi2`�iBQM Q7 i?2 b�Hi +QM+2Mi`�iBQMX
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�//2/ L�*H UJV hrQ@bi�i2 JQ/2Hb
*`vbi�H Y >m�M; 2i �HX KQ/2H *`vbi�H Y ∆h:11 Kmi�Mi KQ/2H
fcompact fextended χ2 fcompact fextended χ2

y yXNy yXRy RXe9 yXNy yXRy RXd8
yXR yX3e yXR9 kXkd yX39 yXRe kXjd
yXk yX38 yXR8 kXk9 yX38 yXR8 kXj3
yX8 yXdk yXk3 kXRk yXdk yXk3 kX8k
yXe Lf� Lf� Lf� Lf� Lf� Lf�
RXy Lf� Lf� Lf� Lf� Lf� Lf�
RX8 Lf� Lf� Lf� Lf� Lf� Lf�

h�#H2 9X9, JmHiB6Qsa �M�HvbBb Q7 *S_ a�La /�i� �i /Bz2`2Mi b�Hi +QM+2Mi`�iBQMb BM i2`Kb Q7 irQ@bi�i2 KQ/2HbX h?2 KQ/2Hb mb2/ iQ
�M�Hvb2 i?2 b+�ii2`BM; /�i� BM i2`Kb Q7 � irQ@bi�i2 2[mBHB#`BmK �`2 /2b+`B#2/ BM i?2 i2tiX AM #Qi? +�b2b i?2 +QKT�+i bi�i2 Bb /2b+`B#2/ #v
i?2 +`vbi�H bi`m+im`2 Q7 QtB/Bb2/ *S_c i?2 2ti2M/2/ bi`m+im`2 Bb /2b+`B#2/ 2Bi?2` #v i?2 KQ/2H Q7 >m�M; 2i �HX Q` #v i?2 bi`m+im`2 Q7 i?2
∆h:11 Kmi�MiX h?2 ;QQ/M2bb@Q7@}i iQ i?2 b+�ii2`BM; +m`p2 Bb ;Bp2M #v i?2 χ2 bi�iBbiB+X h?22 irQ@bi�i2 KQ/2Hb r2`2 MQi mb2/ iQ �M�Hvb2
i?2 /�i� 7Q` =yX8 J �//2/ b�Hi Ub22 i2tiVX

8N



9Xj .Bb+mbbBQM

9XjXR h?2 L�im`2 Q7 i?2 *QM7Q`K�iBQM�H 1[mBHB#`BmK
h?2 /�i� T`2b2Mi2/ BM i?Bb +?�Ti2` ?�p2 #22M �M�Hvb2/ 7Q` *S_ BM i2`Kb Q7 � irQ@
bi�i2 bvbi2K BM 2[mBHB#`BmK #2ir22M � +QKT�+i �M/ �M 2ti2M/2/ +QM7Q`K�iBQMX .2@
+QMpQHmiBQM Q7 i?2 /�i� BMiQ � irQ@bi�i2 bvbi2K T`QpB/2b � r�v iQ +H2�`Hv [m�MiB7v i?2
2z2+ib Q7 +?�M;BM; `2/Qt bi�i2 �M/ +QM/BiBQMb �M/ �HHQr /Bb+mbbBQM Q7 i?2 BKTQ`i�M+2
Q7 /QK�BM KQp2K2Mi BM *S_X

h?2 +`vbi�H bi`m+im`2b Q7 rBH/@ivT2 `�i- v2�bi �M/ ?mK�M *S_ (R8- k- 8d) �HH
`2p2�H � +QKT�+i +QM7Q`K�iBQM rBi? i?2 BbQ�HHQt�xBM2 `BM;b Q7 i?2 ~�pBMb TQbBiBQM2/
BM bm+? � r�v iQ 7�+BHBi�i2 BMi2`@~�pBM 1hX h?2 +`vbi�H bi`m+im`2 Q7 i?2 ?mK�M 2MxvK2
}ib iQ i?2 a�La /�i� 7Q` i?2 QtB/Bb2/ 2MxvK2 r2HH- �Hi?Qm;? i?2 /�i� Bb }i #2ii2` B7
�`QmM/ RyW Q7 �M 2ti2M/2/ bi`m+im`2 Bb BM+Hm/2/X *QKT�iB#H2 rBi? i?2 a�La /�i�
Bb `2b2�`+? 7`QK oBM+2Mi 2i �HX i?�i +QM+Hm/2/ rBi? LJ_ 2tT2`BK2Mib i?�i *S_
2tBbib N8W BM � +QKT�+i +QM7Q`K�iBQM r?2M QtB/Bb2/ (RRN)X

hrQ TQbbB#H2 bi`m+im`2b ?�p2 #22M b?QrM iQ #2 �#H2 iQ �++QmMi 7Q` i?2 a�La
/�i� rBi?BM i?2 7`�K2rQ`F Q7 � irQ@bi�i2 bvbi2KX h?Bb K�v #2 � `2bmHi Q7 i?2 HQr
`2bQHmiBQM T`QpB/2/ #v a�La /�i� Q` i?2 7�+i i?�i *S_ K�v 2tBbi BM KQ`2 i?�M
QM2 TQbbB#H2 2ti2M/2/ bi�i2 �M/ i?2`27Q`2 i?2 +m`p2 `2T`2b2Mib �M/ �p2`�;2 Q7 i?BbX
"Qi? Q7 i?2 KQ/2Hb �`2 +QMbBbi2Mi rBi? �M 2tT2`BK2Mi i?�i b?Qrb i?2 �#QHBiBQM Q7
BMi2`@/QK�BM b�Hi #`B/;2b H2�/b iQ �M BM+`2�b2 BM i?2 TQTmH�iBQM Q7 �M 2ti2M/2/
+QM7Q`K�iBQM (9y)X >2/BbQM 2i �HX T`QTQb2 i?�i i?2 QtB/Bb2/ 7Q`K Q7 i?2 2MxvK2
Bb T`2/QKBM�MiHv BM i?2 2ti2M/2/ +QM7Q`K�iBQM �M/ i?�i +Q2MxvK2 #BM/BM; �M/
1h H2�/ iQ bm++2bbBp2Hv ;`2�i2` T`QTQ`iBQMb BM i?2 +QKT�+i 7Q`K (R9)X h?Bb Bb MQi
+QMbBbi2Mi rBi? i?2 a�La /�i� T`2b2Mi2/ ?2`2 r?B+? b?Qrb i?�i i?2 QtB/Bb2/ 7Q`K
Bb �HKQbi 2MiB`2Hv BM � +QKT�+i +QM7Q`K�iBQM r?B+? Bb bmTTQ`i2/ #v LJ_ �M/ K�bb
bT2+i`QK2i`v /�i� (RRN- RRk)X � bim/v #v EQp`B;BM� 2i �HX ?�b bim/B2/ /QK�BM
KQp2K2Mi mbBM; 6_1h �M/ irQ /v2@H�#2HH2/ +vbi2BM2 `2bB/m2b r?B+? �;`22b rBi?
i?2 a�La /�i� i?�i QtB/Bb2/ *S_ 2tBbib BM � T`2/QKBM�MiHv +HQb2/ +QM7Q`K�iBQM
(Rky)X h?2 +m``2Mi /�i� �`2 KQbiHv BM 7�pQm` Q7 �M 2ti2M/2/ bi�i2 i?�i `2b2K#H2/
i?�i Q7 i?2 >m�M; 2i �HX KQ/2H ?Qr2p2` Bi b?QmH/ #2 K�/2 +H2�` i?�i a�La /�i� }i
bHB;?iHv #2ii2` iQ i?2 ∆h:11 Kmi�Mi KQ/2H r?B+? Bib2H7 Bb �#H2 iQ 7Q`K � +QKTH2t
rBi? ?2K2 Qtv;2M�b2 (dk)X

9XjXk _2H�iBQM iQ i?2 *�i�HviB+ *v+H2
h?2 +�i�HviB+ +v+H2 Q7 *S_ 7Q` �M BM pBi`Q `2�+iBQM bi�`iBM; rBi? i?2 7mHHv QtB/Bb2/
2MxvK2 Bb b?QrM BM 6B;m`2 9X3c L�.S> #BM/b iQ i?2 6�. /QK�BM r?2`2 Bi i`�Mb@
72`b � ?v/`B/2 BQM iQ i?2 L8 Q7 6�.- 7QHHQr2/ #v 1h 7`QK 6�. iQ 6JL iQ vB2H/ �

ey



[m�bB@2[mBHB#`BmK /Bbi`B#miBQM Q7 k2− `2/m+2/ bT2+B2bX �M�HvbBb Q7 2[mBHB#`BmK `2/Qt
iBi`�iBQM /�i� (jd) H2/ iQ �M 2biBK�i2 Q7 (6�.−6JL>k)f(6�.•−6JL•) 4 +�X RR-
rBi? QMHv � bK�HH �KQmMi Q7 6�.>k−6JLX AMi2`KQH2+mH�` 1h iQ +viQ+?`QK2 +
i�F2b TH�+2 7`QK 6JL>k (j)- �M/ i?2M T`Q#�#Hv 7`QK 6JL• (kk)X h?Bb `2T`2b2Mib
� y@k@R@y +v+H2 Q7 `2/Qt bi�i2b UBM i2`Kb Q7 MmK#2`b Q7 2H2+i`QMbVX Ai ?�b #22M bm;@
;2bi2/ i?�i BM pBpQ i?2 ǵ`2biBM; bi�i2Ƕ Q7 *S_ Bb � R2− `2/m+2/ U6�.−6JL•V bi�i2-
`2/m+iBQM #v L�.S> H2�/BM; iQ � j2− `2/m+2/ bi�i2 �M/ 1h iQ +viQ+?`QK2 S98y
i�FBM; TH�+2 QMHv 7`QK 6JL>k Ĝ i?�i Bb � R@j@k@R `2/Qt +v+H2 (j)X �M mM�K#B;mQmb
+?QB+2 #2ir22M i?2b2 irQ +v+H2b +�MMQi v2i #2 K�/2X

a�La �HHQrb `2H�iBQM Q7 i?2 `2bmHib QM /QK�BM KQp2K2Mib iQ i?2 +�i�HviB+ +v+H2
b2+m`2 BM i?2 FMQrH2/;2 i?�i i?2 `2/Qt bi�i2 Q7 *S_ Bb r2HH /2}M2/ BM Qm` 2tT2`@
BK2MibX h?2 QtB/Bb2/ 2MxvK2 Bb 2bb2MiB�HHv +QKTH2i2Hv BM i?2 +QKT�+i bi�i2 UE2[

+�X Nc 6B;m`2 9X3VX AM i?2 *S_ k2− L�.SY bT2+B2b- i?2 T`Q/m+i Q7 i?2 BMBiB�H
?v/`B/2 i`�Mb72`- i?2 T`QTQ`iBQM Q7 i?2 2ti2M/2/ bi�i2 Bb jyWX h?2 `2i2MiBQM Q7
� bB;MB}+�Mi TQTmH�iBQM Q7 i?2 +QKT�+i bi�i2 BM i?Bb bT2+B2b Bb +QMbBbi2Mi rBi? i?2
Q#pBQmb `2[mB`2K2Mi 7Q` � +QM7Q`K�iBQM rBi? i?2 6�. �M/ 6JL BM +HQb2 T`QtBKBiv
7Q` BMi2`~�pBM 2H2+i`QM i`�Mb72`X AM/22/- `2H�t�iBQM FBM2iB+b b?Qrb i?�i i?2 `�i2 Q7
BMi2`~�pBM 2H2+i`QM i`�Mb72` BM+`2�b2b QM #BM/BM; L�.SY (kN- 83)X PM i?2 bm#b2@
[m2Mi /BbbQ+B�iBQM Q7 L�.SY- i?2 TQTmH�iBQM Q7 i?2 2ti2M/2/ bi�i2 BM+`2�b2b iQ +�X
9yW- 7�+BHBi�iBM; 2H2+i`QM i`�Mb72` iQ +viQ+?`QK2 S98y UQ` +vi +VX

Ai b?QmH/ #2 MQi2/ i?�i i?2 HBKBi�iBQM iQ i?Bb �TT`Q�+? Bb i?2 /Bz2`2Mi iBK2 b+�H2b
i?�i 2�+? i2+?MB[m2 Bb #�b2/ QMX h?2 a�La /�i� r2`2 K2�bm`2/ �i H2�bi k9 h �7i2`
i?2 b�KTH2b r?2`2 T`2T�`2/ #v r?B+? iBK2 i?2 bT2+B2b K�v ?�p2 +?�M;2/ bQK2r?�i
7`QK i?Qb2 i?�i �`2 K2�bm`2/ BM i?2 FBM2iB+b K2�bm`2K2MibX h?Qm;? i?2 b�KTH2b
r2`2 +?2+F2/ bT2+i`Qb+QTB+�HHv #27Q`2 �M/ �7i2` K2�bm`2K2Mi i?2 +QM+2Mi`�iBQMb
r2`2 p2`v HQr �M/ i?2 +mp2ii2b M�``QrX Ai ?�b #22M Q#b2`p2/ i?�i i?2 `2/m+2/ bT2+B2b
+?�M;2b Qp2` HQM; iBK2 T2`BQ/b �b 2pB/2M+2/ BM *?�Ti2` j- 6B;m`2 jXdX aQ �Hi?Qm;?
i?2b2 bT2+B2b K�v #2 BM/B+�iBp2 Q7 p�`BQmb bi2Tb BM i?2 +�i�HviB+ +v+H2- i?2 HQM; iBK2
b+�H2b Q7 T`2T�`�iBQM �M/ K2�bm`2K2Mi K2�M i?�i i?2 +QM+HmbBQMb b?QmH/ #2 mb2/
�b � ;mB/2 iQ KQ`2 ?B;? `2bQHmiBQM Ui2KTQ`�H �M/ bi`m+im`�HV rQ`F- `�i?2` i?�M �M
�#bQHmi2 �Mbr2`X � TQi2MiB�H r�v iQ �pQB/ i?Bb rQmH/ #2 � /Qm#H2@KBtBM; biQTT2/@
~Qr bvbi2K- B/2�HHv BM �M Qtv;2M 7`22 Q` /2;�bb2/ 2MpB`QMK2Mi �ii�+?2/ /B`2+iHv iQ
� a�Lafa�sa /Bz`�+iQK2i2`X h?Bb ivT2 Q7 2tT2`BK2Mi�H b2imT Bb /Bb+mbb2/ 7m`i?2`
BM *?�Ti2` eX

9XjXj ai`m+im`�H h`B;;2`b 7Q` .QK�BM JQp2K2Mi
h?2 BMi2`�+iBQM #2ir22M i?2 6JL �M/ 6�.fHBMF2` /QK�BMb BM *S_ Bb r2�Fc MQ
BMi2`�+iBQMb #2ir22M i?2 BbQH�i2/ 6JL �M/ 6�.fHBMF2` /QK�BMb �`2 /2i2+i2/ FB@
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CPROX CPROX-NADPH CPR2e--NADP+

CPR2e-CPR1e-

Cyt c

Cyt c

e-

e-

Compact Extended
Keq = [compact]/[extended]

Keq ~ 2.3

Keq ~ 1.6Keq ~ 1.84

Keq ~ 9.0

6B;m`2 9X3, lT/�i2/ +�i�HviB+ +v+H2 Q7 *S_ b?QrBM; i?2 TQbBiBQM Q7 i?2 +QM7Q`@
K�iBQM�H 2[mBHB#`BmK 7Q` 2�+? BMi2`K2/B�i2X h?2 `2�+iBQM b?QrM Bb +viQ+?`QK2 +
`2/m+iBQM BM pBi`Q �b /Bb+mbb2/ BM i?2 i2tiX 6Q` BHHmbi`�iBp2 Tm`TQb2b- i?2 +QKT�+i
bi�i2 Bb `2T`2b2Mi2/ #v i?2 +`vbi�H bi`m+im`2 Q7 i?2 QtB/Bb2/ 2MxvK2- �M/ i?2 2t@
i2M/2/ +QM7Q`K�iBQM #v i?2 KQ/2H Q7 >m�M; 2i �HX r?2`2 i?2 6�.@#BM/BM; �M/
HBMF2` /QK�BM �`2 +QHQm`2/ #Hm2 �M/ i?2 6JL@#BM/BM; /QK�BM Bb BM ;`22MX

M2iB+�HHv- bT2+i`Qb+QTB+�HHv- Q` #v Ah* (k3- RRy) �M/ i?2 `2/Qt TQi2MiB�Hb Q7 i?2
b2T�`�i2/ /QK�BMb �`2 2bb2MiB�HHv i?2 b�K2 �b i?Qb2 Q7 i?2 BMi�+i 2MxvK2X h?mb
QMHv bK�HH +?�M;2b BM BMi2`�+iBQMb �+`Qbb i?2 BMi2`7�+2 rQmH/ #2 `2[mB`2/ iQ T2`im`#
i?2 +QM7Q`K�iBQM�H 2[mBHB#`BmKX

AM *S_ 6JL L8 Bb TQbBiBQM2/ bQ i?�i Bi KB;?i 7Q`K � ?v/`Q;2M #QM/ iQ i?2
T2TiB/2 L> Q7 :R99 r?2M i?2 ~�pBM Bb QtB/Bx2/ �M/ iQ i?2 +�`#QMvH Q7 i?Bb `2bB/m2
r?2M i?2 ~�pBM Bb T`QiQM�i2/ BM i?2 `2/m+2/ bi�i2bX � `2Q`B2Mi�iBQM Q7 i?Bb T2TiB/2
#QM/ rQmH/ i?mb #2 `2[mB`2/ QM 7Q`K�iBQM Q7 i?2 M2mi`�H b2KB[mBMQM2 �M/ T`QiQM�@
iBQM �i L8X h?2`2 Bb ;QQ/ 2pB/2M+2 7Q` i?Bb BM bi`m+im`2b Q7 ~�pQ/QtBMb (RkR- Rkk)
�M/ BM i?2 `2+2Mi +QKT�`BbQM Q7 i?2 bi`m+im`2b Q7 QtB/Bb2/ �M/ `2/m+2/ `�i *S_ rBi?
kǶ@�JS #QmM/ (je)X h?Bb ǵT2TiB/2 ~BTǶ Bb �++QKT�MB2/ #v +?�M;2b BM i?2 M2B;?#Qm`@
BM; `2bB/m2b- MQi�#Hv uR9j �M/ 1R98- i?2 H�ii2` #2BM; BM i?2 BMi2`@/QK�BM BMi2`7�+2X
�Hi?Qm;? i?2 2MxvK2 r�b `2/m+2/ BM T`27Q`K2/ +`vbi�Hb- TQbbB#Hv BM?B#BiBM; /Q@
K�BM KQp2K2Mi- i?2`2 Bb � +H2�` +?�M;2 BM i?2 `2H�iBp2 TQbBiBQM Q7 i?2 /QK�BMb QM
`2/m+iBQM BM QM2 Q7 i?2 irQ KQH2+mH2b BM i?2 �bvKK2i`B+ mMBiX

ek



*Q2MxvK2 #BM/BM; �TT2�`b iQ #2 � irQ@bi2T T`Q+2bb (9k- je), 6B`bi i?2 kǶ8Ƕ@
�.S T�`i #BM/b- i?2M @ �bbQ+B�i2/ rBi? � /BbTH�+2K2Mi Q7 qedN r?B+? Bb bi�+F2/
�;�BMbi i?2 BbQ�HHQt�xBM2 `BM; Q7 6�. @ i?2 MB+QiBM�KB/2 KQp2b BMiQ TH�+2 M2ti iQ i?2
6�.X AM i?2 bi`m+im`2 Q7 i?2 qedNfae3y /2H2iBQM Kmi�Mi (9R) i?2`2 Bb � /BbQ`/2`2/
6JL /QK�BM BM QM2 KQH2+mH2 Q7 i?2 �bvKK2i`B+ mMBi- bm;;2biBM; BMpQHp2K2Mi Q7
i?2b2 `2bB/m2b BM /2i2`KBMBM; i?2 `2H�iBp2 Q`B2Mi�iBQM Q7 i?2 /QK�BMbX AM/22/- BM i?2
bi`m+im`2 Q7 i?2 ?mK�M 2MxvK2 i?2`2 �`2 r�i2`@K2/B�i2/ ?v/`Q;2M@#QM/b #2ir22M
i?2 *β@P> Q7 ae3y �M/ LRd3 �M/ .kRk BM i?2 6JL /QK�BM U6B;m`2 9XNV (k)X h?2`2
Bb � ?v/`Q;2M #QM/ #2ir22M i?2 #�+F#QM2 Q7 qedN �M/ i?�i Q7 .ej9- BM � ~2tB#H2
HQQT +QKT`BbBM; `2bB/m2b :ejj@Lejdc _eje BM i?Bb HQQT ?v/`Q;2M@#QM/b iQ hR3y BM
i?2 6JL /QK�BMX h?Bb HQQT Bb +HQb2 iQ i?2 �/2MBM2 `BM; Q7 i?2 #QmM/ +Q2MxvK2-
�M/ BM i?2 bi`m+im`2b Q7 i?2 /BbmHT?B/2 +`Qbb@HBMF2/ Kmi�Mi Bi KQp2b QM L�.SY

#BM/BM;c Kmi�;2M2bBb bim/B2b bmTTQ`i � `QH2 7Q` i?Bb HQQT BM +Q2MxvK2 #BM/BM; �M/
~�pBM `2/m+iBQMX Ai Bb i?mb HBF2Hv i?�i � +QM+2`i2/ KQp2K2Mi Q7 qedNfae3y �M/ i?2
:ejj@Lejd HQQT QM +Q2MxvK2 #BM/BM; rBHH �z2+i i?2 /QK�BM BMi2`7�+2 �M/ �Hi2` i?2
2[mBHB#`BmK #2ir22M i?2 +QKT�+i �M/ 2ti2M/2/ bi�i2bX

Ai Bb T2`?�Tb KQbi +QM+2Bp�#H2 i?�i +Q7�+iQ` #BM/BM; Bb i?2 T`BK�`v BMBiB�iQ` Q7
/QK�BM KQiBQM Q` mMHQ+FBM; Q7 i?2 +QM7Q`K�iBQM�H ~2tB#BHBiv Q7 i?2 T`Qi2BMX h?Bb
+QmH/ #2 i2bi2/ 7m`i?2` mbBM; L�.S>9 U`2[mB`2b � b?Q`i bvMi?2bBb T`Q+2/m`2V r?B+?
#BM/b iQ i?2 2MxvK2 2t�+iHv �b L�.S> /Q2b #mi Bb `2/Qt BM�+iBp2X

6B;m`2 9XN, � +HQb2@mT Q7 i?2 +QKT�+i +`vbi�H bi`m+im`2 Q7 *S_ BHHmbi`�iBM; i?2
T`QtBKBiv Q7 ae3y iQ LRd3 �M/ .kRkX ae3y Bb b?QrM �b biB+Fb UTm`TH2V �b T�`i Q7
i?2 6JL@#BM/BM; /QK�BM U;`22MV r?BHbi LRd3 �M/ .kRk �`2 b?QrM �b biB+Fb U`2/V
BM i?2 6JL@#BM/BM; /QK�BM Uv2HHQrVX h?2 HBMF2` /QK�BM Bb b?Qr BM #Hm2X

ej



9X9 *QM+HmbBQM
AM *S_- Bi Bb +H2�` i?�i T`Qi2BM /vM�KB+b- �M/ bT2+B}+�HHv /QK�BM KQiBQMb- �`2
BMpQHp2/ BM 2Mbm`BM; T`Q/m+iBp2 2H2+i`QMB+ +QmTHBM; #2ir22M i?2 ~�pBM +Q7�+iQ`b �M/
#2ir22M i?2K �M/ i?2 2H2+i`QM �++2TiQ` T`Qi2BMX h?2 +QM7Q`K�iBQM�H b2�`+? `2[mB`2/
iQ `2�+? i?2b2 T`Q/m+iBp2 +QM};m`�iBQMb +�M HBKBi i?2 `�i2 Q7 1hX Ai +�M #2 b?QrM
i?�i BM i?2 +�b2 Q7 *S_ i?Bb b2�`+? +�M #2 �/2[m�i2Hv /2b+`B#2/ #v � irQ@bi�i2
2[mBHB#`BmKX 6Q` i?2 }`bi iBK2- i?2 +QM7Q`K�iBQM�H 2[mBHB#`BmK ?�b #22M `2H�i2/
/B`2+iHv iQ i?2 +�i�HviB+ +v+H2- b?QrBM; Bib TQbBiBQM BM F2v BMi2`K2/B�i2 bi2TbX
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*?�Ti2` 8

� ai`m+im`2 Q7 i?2
*S_@*viQ+?`QK2 + *QKTH2t BM
aQHmiBQM

*QKTH2t2b #2ir22M 2H2+i`QM i`�Mb72` T`Qi2BMb `2[mB`2- QM i?2 QM2 ?�M/- bm{+B2Mi
bT2+B}+Biv Q7 i?2 BMi2`�+iBQM iQ �HHQr 7Q` `�TB/ �M/ b2H2+iBp2 2H2+i`QM i`�Mb72`- �M/-
QM i?2 Qi?2` ?�M/- � 7�bi im`MQp2` Q7 i?2 +QKTH2tX h?2 +QKTH2t2b 7Q`K2/ #v i?2b2
T`Qi2BMb �`2 i?2`27Q`2 Q7i2M `2H�iBp2Hv r2�F �M/ i`�MbB2Mi (Rkj- Rk9)X h?Bb ;2M2`�HHv
K�F2b i?2 +QKTH2t2b /B{+mHi iQ +`vbi�HHBx2- �Hi?Qm;? bQK2 bm+? i`�MbB2Mi +QKTH2t2b
?�p2 bm++2bb7mHHv #22M bim/B2/ #v LJ_ (Rk8- Rke- Rkd- Rk3- RkN)X

h?2 BMi2`�+iBQM #2ir22M *S_ �M/ +viQ+?`QK2 + U+vi +V Bb QM2 i?�i ?�b HQM; #22M
2tTHQBi2/c *S_ r�b Q`B;BM�HHv +?�`�+i2`Bb2/ BM i?2 RN8yb �b � +vi+ `2/m+i�b2 #27Q`2
Bi r�b /Bb+Qp2`2/ iQ #2 i?2 2H2+i`QM i`�Mb72` T�`iM2` Q7 +viQ+?`QK2b S98y (Rjy- N)X
AM i?2 HBp2` 2M/QTH�bKB+ `2iB+mHmK- +viQ+?`QK2 S98yb �`2 T`2b2Mi BM 2t+2bb Qp2`
*S_- rBi? � KQH�` `�iBQ Q7 +viQ+?`QK2 S98y,*S_ �b ?B;? �b ky,R- bQ i?�i 2H2+i`QM
i`�Mb72` Kmbi Q++m` BM i`�MbB2Mi +QKTH2t2b- r?Qb2 HB72iBK2 ?�b #22M 2biBK�i2/ �i
kyy ms (RjR)X �b /Bb+mbb2/ BM i?2 BMi`Q/m+iBQM BM a2+iBQM RXR- i?2 irQ 2H2+i`QMb �`2
/QM�i2/ QM2 �i � iBK2 �i irQ /BbiBM+i bi2Tb BM i?2 +viQ+?`QK2 S98y `2�+iBQM +v+H2
(Rjk- kk)- �M/ Bi Bb TQbbB#H2 i?�i i?2 +QKTH2t /BbbQ+B�i2b #2ir22M i?2b2 irQ 2H2+i`QM
i`�Mb72` bi2Tb (RjR)X h?2 KQbi +QKKQM mb2 Q7 i?Bb BMi2`�+iBQM Bb BM i?2 7Q`K Q7 +vi +
`2/m+iBQM �bb�vb iQ i2bi i?2 +�i�HviB+ �+iBpBiv Q7 *S_ BM bQHmiBQM (Rj)X h?2 T`BK�`v
`2�bQM 7Q` i?2 mb2 Q7 +vi + �b � bm``Q;�i2 2H2+i`QM �++2TiQ` Bb #2+�mb2 *S_ rBHH MQi
+�i�Hvb2 i?2 `2/m+iBQM Q7 S98yb BM bQHmiBQM- QMHv r?2M #Qi? 2MxvK2b �`2 K2K#`�M2
#QmM/X

q?BH2 +vi + Bb mMHBF2Hv iQ #2 � T?vbBQHQ;B+�H `2/Qt T�`iM2` Q7 *S_- i?2 2H2+@
i`QM i`�Mb72` `2�+iBQM #2ir22M *S_ �M/ +vi + ?�b +QMiBMm2/ iQ #2 rB/2Hv mb2/ �b �
bi�M/�`/ KQ/2H iQ +?�`�+i2`Bx2 i?2 �+iBpBiv Q7 *S_ �M/ Bi Bb HBF2Hv i?�i i?2 #BM/BM;

e8



bBi2b QM *S_ 7Q` +vi + �M/ +viQ+?`QK2 S98y �`2 �i H2�bi bm#bi�MiB�HHv Qp2`H�TTBM;
(Rjj- Rj9)X _2+2MiHv- q�bF2HH �M/ _�K�KQQ`i?v 2i �HX (j3) ?�p2 mb2/ LJ_ i2+?@
MB[m2b iQ;2i?2` rBi? KQH2+mH�` /Q+FBM; iQ bim/v +QKTH2t 7Q`K�iBQM #2ir22M +vi +
�M/ i?2 BbQH�i2/ 6JL@#BM/BM; /QK�BM Q7 *S_- `2p2�HBM; irQ TQbbB#H2 `2H�iBp2 Q`B2M@
i�iBQMb Q7 i?2 T`Qi2BMb BM i?2 +QKTH2tX AM i?2 rQ`F T`2b2Mi2/ BM i?Bb +?�Ti2`- a�La
Bb mb2/ iQ /2i2`KBM2 i?2 HQr@`2bQHmiBQM bi`m+im`2 Q7 i?2 +QKTH2t #2ir22M +vi + �M/
*S_ H�+FBM; QMHv i?2 L@i2`KBM�H K2K#`�M2@#BM/BM; b2[m2M+2c iQ 7�+BHBi�i2 i?Bb- i?2
Ed81f_d31f_Ry3Z Kmi�Mi Q7 *S_ Bb mb2/- r?B+? ?�b � bm#bi�MiB�HHv HQr2` EJ 7Q`
+vi + i?�M /Q2b i?2 rBH/@ivT2 2MxvK2 (9y)X �//BiBQM�HHv- i?2 TQr2`7mH +�T�#BHBiB2b
Q7 /2mi2`�iBQM �M/ +QMi`�bi K�i+?BM; BM a�La iQ bim/v i?2 T`Qi2BM@T`Qi2BM +QKTH2t
rBHH #2 2KTHQv2/X

8XR a�KTH2 S`2T�`�iBQM
.2mi2`�i2/ *S_ r�b T`2T�`2/ �b /2b+`B#2/ BM �TT2M/Bt �kXk BM i?2 .@H�# �i i?2
AGG BM :`2MQ#H2- rBi? bm#bi�MiB�H bmTTQ`i T`QpB/2/ #v .`X CmHB2ii2 .2pQbX h?2
T`Qi2BM r�b /2mi2`�i2/ iQ � K�i+?@Qmi T2`+2Mi�;2 Q7 38W iQ �HHQr #Qi? +QKTQM2Mib
Q7 i?2 +QKTH2t iQ #2 K2�bm`2/ BM/BpB/m�HHv r?BHbi #Qi? 2tBbiBM; BM � +QKTH2t BM
bQHmiBQMX

8XRXR *QMi`�bi J�i+? SQBMi .2i2`KBM�iBQM
"27Q`2 K�i+?@Qmi K2�bm`2K2Mib +�M #2 K�/2 i?2 TQBMi �i r?B+? 2�+? T`Qi2BM +QM@
i`B#mi2b i?2 b�K2 �KQmMi Q7 +Q?2`2Mi b+�ii2`BM; �b i?2 #mz2` bQHmiBQM Kmbi #2 /2@
i2`KBM2/X �i i?Bb T`2+Bb2 TQBMi i?2 b�KTH2 Bb 2tT2`BK2Mi�HHv BMpBbB#H2 �M/ MQ HQM;2`
+QMi`B#mi2b iQ i?2 b+�ii2`BM; BMi2MbBiv �M/ Bb bm#i`�+i2/ �HQM; rBi? i?2 #mz2`X a�K@
TH2b Q7 /2mi2`�i2/ *S_ U/@*S_V �M/ +vi + r2`2 T`2T�`2/ rBi? /Bz2`2Mi T2`+2Mi�;2b
Q7 .kP T`2b2Mi BM i?2 #mz2` bQHmiBQM �M/ i?2M K2�bm`2K2Mib i�F2M mMiBH i?2 7Q`r�`/
b+�ii2`BM; BMi2MbBiv UAUZ4yVV #2+�K2 x2`QX h?Bb Bb BHHmbi`�i2/ BM 6B;m`2 8XR r?2`2
i?2 /Bz2`2Mi .kP +QMi2Mib vB2H/ /Bz2`2Mi AUyV p�Hm2b r?B+? T`Q/m+2 � HBM2�` THQiX
h?2 TQBMi �i r?B+? i?2 HBM2 +`Qbb2b i?2 ?Q`BxQMi�H �tBb Bb i?2 K�i+?@Qmi TQBMi r?B+?
r�b �HbQ +QM}`K2/ 2tT2`BK2Mi�HHvX

8Xk _2bmHib

8XkXR *?�`�+i2`Bb�iBQM Q7 *S_ Ed81f_d31f_Ry3Z
h?2 ?B;?2` �{MBiv Q7 Ed81f_d31f_Ry3Z 7Q` +vi + ?�/ �H`2�/v #22M 2bi�#HBb?2/
#v >m�M; 2i �HX (9y)- r?2`2 � 8@7QH/ /2+`2�b2 Q7 i?2 EJ �M/ � /Qm#HBM; Q7 i?2 k+�i

ee
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6B;m`2 8XR, *QMi`�bi K�i+? TQBMi /2i2`KBM�iBQM THQibX U�V Ab 7Q` +vi + �M/ U#V Bb
7Q` /2mi2`�i2/ *S_X

7Q` i?2 `2/m+iBQM Q7 +vi + r�b Q#b2`p2/X AM i?Bb Kmi�Mi irQ b�Hi #`B/;2b #2HB2p2/ iQ
bi�#BHBb2 i?2 +QKT�+i +QM7Q`K�iBQM U/2i2`KBM2/ 7`QK i?2 s@`�v +`vbi�H bi`m+im`2V
r2`2 �#QHBb?2/X aQK2 2pB/2M+2 7`QK a�sa r�b �HbQ T`2b2Mi2/ BM i?Bb bim/v r?B+?
bm;;2bi2/ i?2 KQH2+mH2 7�pQm`2/ � KQ`2 QT2M +QM}`K�iBQM BM bQHmiBQM- i?Qm;? i?2
+QM+HmbBQMb 7`QK i?2b2 2tT2`BK2Mib r2`2 T�`iB�HHv +HQm/2/ /m2 iQ i?2 s@`�v BM/m+2/
T?QiQ`2/m+iBQM 2z2+ib i?�i r2`2 Q#b2`p2/X AM i?Bb BMp2biB;�iBQM Bi r�b 2bi�#HBb?2/
mbBM; a�La i?�i i?Bb Bb BM/22/ i?2 +�b2 �M/ rBHH #2 /2b+`B#2/ BM KQ`2 /2i�BH BM
i?2 7QHHQrBM; b2+iBQMX liBHBbBM; i?2 b�K2 biQTT2/@~Qr K2i?Q/QHQ;v �b /2b+`B#2/
7Q` i?2 T`2pBQmb 2tT2`BK2Mi�H +?�Ti2`- i?2 M�im`2 Q7 i?2 #m`bi T?�b2 FBM2iB+b r�b
bim/B2/ r?B+? r�b }`bi /2KQMbi`�i2/ #v >�[m2 2iX �HX (\ )X Ai r�b Q#b2`p2/
i?�i i?2 Kmi�Mi ?�/ bB;MB}+�MiHv KQ`2 Q7 i?2 #m`bi T?�b2 KBbbBM; U3yWV rBi?BM i?2
/2�/iBK2 Q7 i?2 BMbi`mK2Mi i?�M i?2 rBH/@ivT2 UkyWV r?B+? bm;;2bi2/ i?�i KQ`2 Q7
i?2 KQH2+mH2 r�b T`2b2Mi BM i?2 QT2M +QM7Q`K�iBQM r?2M `2/m+2/ �M/ `2�/v iQ `2�+i
BKK2/B�i2Hv mTQM KBtBM;X 6B;m`2 8Xk b?Qrb � FBM2iB+b i`�+2 7`QK i?Bb 2tT2`BK2Mi-
r?2`2 �TT`QtBK�i2Hv irB+2 �b Km+? Q7 i?2 #m`bi T?�b2 Bb KBbbBM; BM i?2 Kmi�Mi
+QKT�`2/ iQ i?2 rBH/@ivT2- �M/ �HKQbi i?2 2MiB`2 }`bi im`MQp2` Q7 i?2 +vi + BM i?2
`2�+iBQM Bb +QKTH2i2/X

h?2 }`bi a�La +m`p2b iQ #2 +QHH2+i2/ r2`2 Q7 i?2 Kmi�Mi �HQM2 BM bQHmiBQM BM
Q`/2` iQ 7m`i?2` +QM}`K � ;`2�i2` T`2b2M+2 Q7 �M 2ti2M/2/ +QM7Q`K�iBQMX h?2b2 �`2
b?QrM BM 6B;m`2 8Xj �HQM; rBi? i?2 rBH/@ivT2 T`Qi2BM �M/ +vi + �HQM2 BM bQHmiBQMX
h?2 bBx2 T�`�K2i2`b /2`Bp2/ 7`QK i?2b2 +m`p2b +�M #2 7QmM/ BM h�#H2 8XRX h?2 _g

�M/ .max p�Hm2b 7Q` i?2 Kmi�Mi *S_ �HQM2 BM bQHmiBQM �`2 �i H2�bi R ³ ;`2�i2` i?�M
i?Qb2 i?�i r2`2 7QmM/ 7Q` i?2 rBH/@ivT2 ?2`2 �M/ �HbQ i?Qb2 K2�bm`2K2Mib BM i?2
T`2+2/BM; +?�Ti2`X 6B;m`2 8X9 b?Qrb i?2 �# BMBiBQ b+�ii2`BM; 2Mp2HQT2b ;2M2`�i2/
mbBM; .�JJA6X h?2b2 �HQM; rBi? i?2 bBx2 T�`�K2i2`b +H2�`Hv BM/B+�i2 � bHB;?iHv
KQ`2 2ti2M/2/ �p2`�;2 bi`m+im`2 7Q` i?2 Kmi�Mi i?�M 7Q` i?2 rBH/@ivT2 T`Qi2BM BM

ed
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6B;m`2 8Xk, aiQTT2/@~Qr #m`bi FBM2iB+b Q7 rBH/@ivT2 *S_ UQ`�M;2V �M/
Ed81f_d31f_Ry3Z U#Hm2V- rBi? i?2 +vi + #�b2HBM2 U`2/V �HbQ b?QrMX h?2 ?Q`@
BxQMi�H #H�+F HBM2 QM i?2 THQi `2T`2b2Mib i?2 �#bQ`#�M+2 �i r?B+? i?2 }`bi im`MQp2`
Q7 +vi + Bb +QKTH2i2/X h?2 �bb�v r�b +�``B2/ Qmi BM Ryy mJ "1a T> dXy #mz2`
�M/ i?2 K2i?Q/QHQ;v r�b �b /2b+`B#2/ BM i?2 2tT2`BK2Mi�H b2+iBQM Q7 i?2 �TT2M/BtX
h?2 /2�/ iBK2 Q7 i?2 BMbi`mK2Mi r�b k msX a�im`�iBM; +viQ+?`QK2 + +QM+2Mi`�iBQMb
r2`2 mb2/ iQ `2KQp2 i?2 FBM2iB+ /2T2M/2M+2 QM i?Bb bm#bi`�i2 �M/ T`Q/m+2 Tb2m/Q
}`bi@Q`/2` +QM/BiBQMbX

i?2 QtB/Bb2/ bi�i2- rBi? � pBbB#H2 ǵ+H27iǶ `2bQHp2/ BM i?2 Kmi�Mi 2Mp2HQT2 r?B+? r�b
?B;?Hv `2T2�i�#H2 BM 2Mp2HQT2 ;2M2`�iBQMX 6Q` i?2 rBH/@ivT2 KQ/2H i?2 +QKT�+i
+`vbi�H bi`m+im`2 (k) r�b bmT2`BKTQb2/ �M/ 7Q` i?2 Kmi�Mi U7Q` r?B+? i?2`2 Bb MQ
+`vbi�H bi`m+im`2 �p�BH�#H2V � bBM;H2 #2bi }i KQ/2H 7`QK JmHiB6Qsa (RR9) `B;B/ #Q/v
KQ/2HHBM; r�b b2H2+i2/ 7`QK � TQQH Q7 Ry-yyy bi`m+im`2bX

e3
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6B;m`2 8Xj, *S_ �M/ +vi + b+�ii2`BM; +m`p2bX U�V qBH/@ivT2 *S_- U#V ?@*S_
Ed81f_d31f_Ry3Z- U+V /@*S_ Ed81f_d31f_Ry3Z �M/ U/V +vi +X :mBMB2` THQib
�`2 b?QrM �b BMb2ibX *QM/BiBQMb r2`2 R8 ◦C- Ryy mmol dm−3 "1a T> dXy #mz2`
K�/2 mT rBi? 2Bi?2` .kP U7Q` ?v/`Q;2M�i2/ T`Qi2BMV Q` >kP U/2mi2`�i2/ T`Qi2BMV
�b �TT`QT`B�i2X

eN
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6B;m`2 8X9, �# BMBiBQ b+�ii2`BM; 2Mp2HQT2b �M/ P (r) THQib 7`QK rBH/@ivT2 �M/ Kmi�Mi
*S_ a�La /�i�X q?2`2 U�V Bb i?2 rBH/@ivT2 �M/ U#V Bb Ed81f_d31f_Ry3Z Kmi�MiX
"Qi? 2Mp2HQT2b ?�p2 �M �iQKB+ `2bQHmiBQM KQ/2H bmT2`BKTQb2/- 7Q` U�V Bi Bb i?2
+`vbi�H bi`m+im`2 Q7 i?2 +QKT�+i +QM7Q`K�iBQM (k) �M/ BM U#V Bi Bb i?2 bBM;H2 #2bi }i
KQ/2H b2H2+i2/ #v JmHiB6Qsa (RR9) r?2`2 i?2 6�.@#BM/BM; �M/ HBMF2` /QK�BM �`2
+QHQm`2/ #Hm2 �M/ i?2 6JL@#BM/BM; /QK�BM Bb BM ;`22MX h?2 KQ/2Hb �`2 `Qi�i2/
Nyê�#Qmi i?2 �tBb �b BM/B+�i2/ #v i?2 �``QrX

dy



a�KTH2 aBx2 S�`�K2i2`b
_g U³V .max U³V

qBH/ivT2 k9Xd ± yXR dR
Ed81f_d31f_Ry3Z Kmi�Mi k8X8 ± yXk dj

h�#H2 8XR, aBx2 T�`�K2i2`b /2`Bp2/ 7`QK i?2 a�La /�i� 7Q` i?2 rBH/@ivT2 �M/ Ed81f_d31f_Ry3Z Kmi�Mi *S_X a?QrBM; `�/BB Q7 ;v`�iBQM
U_gV �M/ K�tBKmK /BK2MbBQMb U.maxVX 1``Q`b r2`2 BM i?2 `�M;2 Q7 ± R@k ³ 7Q` .max p�Hm2b �M/ r2`2 `�i2/ �b ǵ;QQ/Ƕ }ib mbBM; :LPJ
BM S`BKmb UT�`i Q7 i?2 �ha�a bmBi2- b22 �TT2M/Bt �X8XRXVX

a�KTH2 hrQ@bi�i2 JQ/2Hb
*`vbi�H Y >m�M; 2i �HX KQ/2H *`vbi�H Y ∆h:11 Kmi�Mi KQ/2H
fcompact fextended χ2 fcompact fextended χ2

qBH/ivT2 RXyy yXyy RXkd RXyy yXyy RXk8
Ed81f_d31f_Ry3Z Kmi�Mi yX39 yXRe RX3k yXed yXjj RXky

h�#H2 8Xk, �M�HvbBb Q7 *S_ rBH/@ivT2 �M/ Ed81f_d31f_Ry3Z Kmi�Mi *S_ BM i2`Kb Q7 irQ@bi�i2 KQ/2HbX h?2 KQ/2Hb mb2/ iQ �M�Hvb2
i?2 b+�ii2`BM; /�i� BM i2`Kb Q7 � irQ@bi�i2 2[mBHB#`BmK �`2 /2b+`B#2/ BM i?2 i2tiX AM #Qi? +�b2b i?2 +QKT�+i bi�i2 Bb /2b+`B#2/ #v i?2
+`vbi�H bi`m+im`2 Q7 QtB/Bb2/ *S_ (k)c i?2 2ti2M/2/ bi`m+im`2 Bb /2b+`B#2/ 2Bi?2` #v i?2 KQ/2H Q7 >m�M; 2i �HX (9y) Q` #v i?2 bi`m+im`2 Q7
i?2 ∆h:11 Kmi�Mi (ey)X h?2 ;QQ/M2bb@Q7@}i iQ i?2 b+�ii2`BM; +m`p2 Bb ;Bp2M #v i?2 χ2 bi�iBbiB+X

dR
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6B;m`2 8X8, k@ai�i2 JmHiB6Qsa }ib Q7 *S_ Ed81f_d31f_Ry3Z iQ U�V i?2 >m�M;
2i �HX KQ/2H �M/ U#V i?2 ∆h:11 KQ/2HX h?2 ;QQ/M2bb Q7 }i 7Q` i?2b2 KQ/2Hb Bb
T`2b2Mi2/ BM h�#H2 8XkX

AM pB2r Q7 i?2 2pB/2M+2 i?�i *S_ 2tBbib �b �M 2[mBHB#`BmK #2ir22M � +QKT�+i �M/
�M 2ti2M/2/ +QM7Q`K�iBQM i?2 /�i� r2`2 �M�Hvb2/ mbBM; JmHiB6Qsa BM i?2 K�MM2`
/2b+`B#2/ BM i?2 T`2+2/BM; +?�Ti2`X "`B2~v- i?2 +`vbi�H bi`m+im`2 (k) r�b mb2/ iQ
/2b+`B#2 i?2 +QKT�+i +QM7Q`K�iBQM �M/ 2Bi?2` i?2 >m�M; 2i �HX (9y) Q` ∆h:11
KQ/2H (ey) r�b mb2/ iQ `2T`2b2Mi i?2 2ti2M/2/ bi�i2X �M�HvbBb mbBM; 2Bi?2` Q7 i?2b2
KQ/2Hb 7Q` i?2 2ti2M/2/ bi�i2 vB2H/2/ b�iBb7�+iQ`v }ib Uχ2 < 2V iQ i?2 b+�ii2`BM;
+m`p2b U6B;m`2 8X8VX �i H�`;2` Z@p�Hm2b- BM i?2 rB/2` b+�ii2`BM; `2;BQM- i?2 }i Bb
bQK2r?�i #2ii2`- 2p2M #v 2v2- 7Q` i?2 ∆h:11 KQ/2H r?B+? K�v bm;;2bi i?�i i?2
bK�HH2` /2i�BHb bm+? �b i?2 T`2+Bb2 TQbBiBQM �M/ Q`B2Mi�iBQM Q7 i?2 6JL /QK�BM K�v
#2 #2ii2` `2~2+i2/ #v i?Bb bi`m+im`2X

6Q` i?2 rBH/@ivT2 2MxvK2- i?2 b+�ii2`BM; +m`p2 Bb }i #2bi #v i?2 +QKT�+i +`vb@
i�H bi`m+im`2 rBi? QMHv Ry W Q7 �M 2ti2M/2/ bi`m+im`2X 6Q` i?2 Kmi�Mi- QM i?2
Qi?2` ?�M/- � ;QQ/ }i `2[mB`2b BM+HmbBQM Q7 � bB;MB}+�MiHv ;`2�i2` T`QTQ`iBQM Q7 �M
2ti2M/2/ +QM7Q`K�iBQMX 1Bi?2` Q7 i?2 irQ KQ/2Hb 7Q` i?2 2ti2M/2/ bi�i2 +�M ;Bp2
� b�iBb7�+iQ`v }i- �Hi?Qm;? /2T2M/BM; QM i?2 KQ/2H +?Qb2M- i?2 7`�+iBQM Q7 i?2 2t@
i2M/2/ +QM7Q`K�iBQM +�M p�`v 7`QK ReW iQ jjW Uh�#H2 8XkVX q2 +QM+Hm/2- i?2`27Q`2-
i?�i i?2 �#QHBiBQM BM i?2 Kmi�Mi *S_ Q7 irQ b�Hi #`B/;2b bi�#BHBbBM; i?2 +QKT�+i
+QM7Q`K�iBQM /Q2b BM/22/ H2�/ iQ �M BM+`2�b2 BM i?2 T`QTQ`iBQM Q7 i?2 2ti2M/2/- +vi
+ `2�+iBp2 +QM7Q`K�iBQM- �M/ i?�i i?Bb BM im`M H2�/b iQ �M BM+`2�b2 BM i?2 �KTHBim/2
Q7 i?2 #m`bi T?�b2 Q7 i?2 `2/m+iBQM Q7 +vi +X

8XkXk ai`m+im`2 Q7 i?2 *QKTH2t "2ir22M
*S_ Ed91f_d31f_Ry3Z �M/ *viQ+?`QK2 +

h?2 +QKTH2t r�b �M�Hvb2/ mbBM; a�La �M/ i?2 `2bmHiBM; b+�ii2`BM; +m`p2b �`2 b?QrM
#2HQr BM 6B;m`2 8XeX �HH +m`p2b K2�bm`2/ r2`2 Q7 bmBi�#H2 bi�iBbiB+�H [m�HBiv 7Q`
7m`i?2` �M�HvbBb- BM+Hm/BM; �# BMBiBQ KQ/2HHBM;X �b � `2bmHi Q7 bBx2 2t+HmbBQM +?`Q@

dk



K�iQ;`�T?v #2BM; +�``B2/ Qmi BKK2/B�i2Hv #27Q`2 b�KTH2 K2�bm`2K2Mi 7Q` 7m`i?2`
Tm`B}+�iBQM �M/ BbQH�iBQM Q7 i?2 +QKTH2t i?2`2 r�b MQ �;;`2;�iBQM T`2b2Mi BM �Mv
Q7 i?2 +m`p2b �M/ � p2`v HQM; �M/ +H2�` :mBMB2` `2;BQM r�b `2bQHp2/X h?2 `2bT2+@
iBp2 :mBMB2` THQib Q7 2�+? b+�ii2`BM; +m`p2 �`2 b?QrM �b BMb2ibX h?2 QMHv +m`p2 Q7
bm#bi�MiB�HHv HQr2` bi�iBbiB+�H [m�HBiv Bb i?�i �i i?2 /@*S_ K�i+? Qmi TQBMi r?2`2
QMHv +vi + Bb 2tT2`BK2Mi�HHv pBbB#H2c i?2 HQr +QM+2Mi`�iBQM Q7 +vi +- bK�HH bBx2 Q7 i?2
T�`iB+H2 �M/ HQr +QMi`�bi H2/ iQ � MQBbv +m`p2 r?B+? MQM2i?2H2bb +H2�`Hv `2T`2b2Mi2/
+vi +- +QM}`K2/ #v � +�H+mH�iBQM Q7 i?2 KQH2+mH�` r2B;?i 7`QK i?2 b+�ii2`BM; /�i�X
h?2 ?v/`Q/vM�KB+ T�`�K2i2`b �M/ +�H+mH�i2/ KQH2+mH�` K�bb2b /2`Bp2/ 7`QK i?2b2
+m`p2b �`2 b?QrM BM h�#H2 8Xj �M/ i?2 b+�ii2`BM; 2Mp2HQT2b �M/ `2bT2+iBp2 P (r) THQib
�`2 b?QrM BM 6B;m`2 8XdX

J�i+?BM; Qmi i?2 +vi + #v +�``vBM; Qmi i?2 2tT2`BK2Mi BM 9jW .kP ;Bp2b �
.max p�Hm2 i?2 b�K2 �b i?�i Q#i�BM2/ 7Q` i?2 *S_ Kmi�Mi �HQM2- r?BH2 K�i+?BM;
Qmi i?2 *S_ Kmi�Mi BM RyyW .kP ;Bp2b i?2 2tT2+i2/ bK�HH p�Hm2b 7Q` _g �M/
.max +Q``2bTQM/BM; iQ +vi +X h?2 AUyV p�Hm2b �`2 �b 2tT2+i2/ 7Q` i?2 KQMQK2`B+
T`Qi2BMb �i i?2B` `2bT2+iBp2 +QM+2Mi`�iBQMbX *QKT�`BbQM Q7 i?2 #2�/@KQ/2H �# BMBiBQ
2Mp2HQT2b /2`Bp2/ 7`QK i?2 b+�ii2`BM; +m`p2b Q7 i?2 7mHH +QKTH2t �M/ Q7 i?2 +vi +
K�i+?2/@Qmi +QKTH2t �HHQrb mb iQ Q#i�BM �M BMBiB�H TB+im`2 Q7 i?2 HQ+�iBQM Q7 +vi +
rBi?BM i?2 +QKTH2t U6B;m`2 8Xd�VX amT2`BKTQbBM; 2Bi?2` �iQKB+ `2bQHmiBQM KQ/2Hb
7`QK FMQrM +`vbi�H bi`m+im`2b Q` ?vTQi?2iB+�H KQ/2Hb QM iQ i?2b2 2Mp2HQT2b T2`KBib
pBbm�H +QM}`K�iBQM Q7 i?2 }i Q7 i?2 /�i� iQ i?2 KQH2+mH2b BM [m2biBQMX h?2 +vi
+ K�i+?@Qmi KQ/2H U6B;m`2 8Xd#V r�b � bBM;H2 #2bi }i KQ/2H T`Q/m+2/ mbBM; i?2
+`vbi�H bi`m+im`2 Q7 *S_ bm#D2+i2/ iQ � `�M/QK +QM7Q`K�iBQM�H BM JmHiB6QsaX h?2
*S_ K�i+?2/@Qmi KQ/2H U6B;m`2 8Xd+V- `2p2�HBM; QMHv +vi +- r�b T`Q/m+2/ mbBM; i?2
?Q`b2 ?2�`i +vi + +`vbi�H bi`m+im`2 (Rj8)X

dj
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6B;m`2 8Xe, *S_@+vi + +QKTH2t b+�ii2`BM; +m`p2bX U�V h?2 7mHH +QKTH2t UdyW .kPV-
U#V +vi + K�i+? Qmi �M/ U+V /@*S_ Ed81f_d31f_Ry3Z K�i+? QmiX *QM/BiBQMb r2`2
R8 ◦C- Ryy mmol dm−3 "1a T> dXy #mz2` K�/2 mT rBi? i?2 �TT`QT`B�i2 .kPW iQ
�+?B2p2 i?2 M2+2bb�`v +QMi`�bi �b BM/B+�i2/ BM T�`2Mi?2b2bX

d9



a�KTH2 _g U³V U:mBMB2`V _g U³V UP (r)V .max U³V AUZ4yV *�H+mH�i2/ Jr UkDaV
/@*S_ Ed81f_d31f_Ry3Z Jmi�Mi �HQM2 k8Xk ± yXk k8X3 dk yX8k ± yXyykj dj
?@*S_ Ed81f_d31f_Ry3Z Jmi�Mi �HQM2 k8Xy ± yXk k8XR8 dk yXR8 ± yXyyyd3 d9

6mHH *QKTH2t UdyW .kPV keXj ± yX3 keXN dd yXy8 ± yXyyy3k 3R
*vi + K�i+?2/ Qmi U9jW .kPV keXy ± yXj keXR dk yXjR ± yXyyR3 eN

*S_ Kmi�Mi K�i+?2/ Qmi URyyW .kPV RRX8 ± RXR RRXj j3 yXyy8R ± yXyyyk Rk
*vi + �HQM2 RkXk ± yXR RRXy j8 yXyN9 ± yXyyyj RR

h�#H2 8Xj, aBx2 T�`�K2i2`b /2`Bp2/ 7`QK a�La /�i� Q7 *S_ Kmi�Mib �M/ +QKTH2t /�i� �i /Bz2`2Mi K�i+? Qmi TQBMibX a?QrBM; `�/BB Q7
;v`�iBQM U_gV �M/ K�tBKmK /BK2MbBQMb U.maxVX 1``Q`b r2`2 BM i?2 `�M;2 Q7 ± R@k ³ 7Q` .max p�Hm2b �M/ r2`2 `�i2/ �b ǵ;QQ/Ƕ }ib mbBM;
:LPJ BM S`BKmb UT�`i Q7 i?2 �ha�a bmBi2- b22 �TT2M/Bt b2+iBQM 3X8XRVX Jr p�Hm2b r2`2 +�H+mH�i2/ 7`QK 2tT2`BK2Mi�H AUyV p�Hm2b �M/
T`Qi2BM +QM+2Mi`�iBQMb 2biBK�i2/ bT2+i`QT?QiQK2i`B+�HHvX

d8



8XkXj 6mHH *QKTH2t _B;B/@"Q/v JQ/2HHBM;
hQ Q#i�BM � KQ/2H 7Q` i?2 7mHH +QKTH2t Ub?QrM BM 6B;m`2 8Xd� �M/ BM KQ`2 /2i�BH
BM 6B;m`2 8X3V i?2 /Q+FBM; bQ7ir�`2 >�..P*E r�b mb2/ iQ;2i?2` rBi? �iQKB+
`2bQHmiBQM /�i� �p�BH�#H2 QM i?2 BMi2`�+iBQMb Q7 i?2 +QKTH2tX �M BM+`2�b2 BM BQMB+
bi`2M;i? +�mb2b � bm#bi�MiB�H BM+`2�b2 BM i?2 EJ Q7 *S_ 7Q` +vi + (9y- Rje)- BM/B+�iBM;
i?�i 2H2+i`Qbi�iB+ BMi2`�+iBQMb �`2 HBF2Hv iQ #2 BKTQ`i�Mi BM i?2 7Q`K�iBQM Q7 i?2
+QKTH2tX ERj Q7 +vi + +�M #2 +`Qbb@HBMF2/ iQ QM2 Q7 i?2 +�`#QtvH ;`QmTb 7`QK irQ
�+B/B+ +Hmbi2`b QM i?2 6JL@#BM/BM; /QK�BM Q7 *S_- .kyd@.ky3@.kyN �M/ 1kRj@
1kR9@.kR8 �M/ bBi2@/B`2+i2/ Kmi�;2M2bBb (Rjd- Rj3) bmTTQ`ib i?2 BMpQHp2K2Mi Q7
i?2 1kRj@1kR9@.kR8 +Hmbi2` BM i?2 BMi2`7�+2X >m�M; 2i �HX (j3) ?�p2 `2+2MiHv mb2/
+?�M;2b BM LJ_ +?2KB+�H b?B7ib iQ bim/v i?2 BMi2`�+iBQMb #2ir22M i?2 BbQH�i2/ 6JL
/QK�BM Q7 `�i *S_ �M/ +vi +- H2�/BM; iQ irQ TQbbB#H2 KQ/2Hb 7Q` i?Bb +QKTH2tX
liBHBbBM; i?2 /�i� 7`QK i?2b2 bim/B2b BM +QK#BM�iBQM rBi? i?2 a�La /�i�- � KQ/2H
7Q` i?2 +QKTH2t ?�b #22M T`Q/m+2/ mbBM; i?2 >�..P*E r2#b2`p2` (RjN)X � H�`;2
MmK#2` Q7 KQ/2Hb r2`2 BMBiB�HHv T`Q/m+2/ �M/ i?2 KQ/2H rBi? i?2 HQr2bi /Q+FBM;
2M2`;B2b U2H2+i`Qbi�iB+b- /2bQHp�iBQM- p�M /2` q��Hb �M/ `2bi`�BMibV r�b +?Qb2M �b
i?2 bi�`iBM; TQBMi 7Q` 7m`i?2` `B;B/ #Q/v KQ/2HHBM;X h?Bb vB2H/2/ � KQ/2H r?2`2
i?2 ?2K2 +Q7�+iQ` BM +vi + r�b rBi?BM � /Bbi�M+2 UI9 ³V Q7 i?2 6JL r?B+? rQmH/
`2�/BHv �HHQr BMi2`KQH2+mH�` 2H2+i`QM i`�Mb72`X h?2 HQr@`2bQHmiBQM M�im`2 Q7 a�La
K2�Mb i?�i i?2 HBKBiBM; 7�+iQ` BM +QMbi`m+iBM; i?2 KQ/2H Bb i?2 b+�ii2`BM; /�i�c Bi
Bb +H2�` i?�i � KQ/2H BM+Q`TQ`�iBM; #Qi? i?2 *S_ Kmi�Mi �M/ +vi + }ib i?2 /�i�
#2ii2` i?�M QM2 BMpQHpBM; i?2 *S_ Kmi�Mi �HQM2X

AM i?2 KQ/2H Q7 i?2 *S_@+vi + +QKTH2t- i?2 6JL@#BM/BM; /QK�BM Q7 *S_ �M/
+vi + r2`2 i`2�i2/ �b � bBM;H2 `B;B/ #Q/v- bQ i?�i i?2 +QMi�+i BMi2`7�+2 #2ir22M i?2K
r�b K�BMi�BM2/- �M/ QMHv i?Bb `B;B/ #Q/v- +QMM2+i2/ iQ i?2 `2bi Q7 *S_ #v i?2 ~2tB#H2
?BM;2- r�b �HHQr2/ iQ KQp2 BM i?2 JQMi2@*�`HQ +QM7Q`K�iBQM b2�`+?X *QM7Q`K�iBQM�H
QTiBKBb�iBQM Q7 i?2 bi�`iBM; KQ/2H r�b +�``B2/ Qmi mbBM; bQ7ir�`2 7`QK i?2 AJS
UAMi2;`�iBp2 JQ/2HHBM; SH�i7Q`KV bmBi2 (R9y) �M/ i?2 �ha�a bmBi2X � TQQH Q7 Ry-yyy
+QM7Q`K�iBQM�H b�KTH2b r�b +`2�i2/ mbBM; i?2 __h U`�TB/Hv 2tTHQ`BM; `�M/QK i`22V
b�KTHBM; iQQH- r?B+? r�b T`QpB/2/ rBi? i?2 bi�`iBM; S." bi`m+im`2 Q7 i?2 +QKTH2t
�M/ � b2H2+iBQM Q7 ~2tB#H2 `2bB/m2b Ui?2 ǵ?BM;2Ƕ `2bB/m2b HBMFBM; i?2 6JL@#BM/BM; iQ
i?2 `2bi Q7 *S_- bT2+B}+�HHv :k9y- 1k9R- 1k9k- ak9j- ak99 �M/ Ak98V HBMFBM; i?2
6JL@#BM/BM; iQ i?2 `2bi Q7 *S_- r?B+? `2bB/m2b 2t�+iHvVX h?2Q`2iB+�H b+�ii2`BM;
+m`p2b r2`2 +�H+mH�i2/ 7Q` 2�+? Q7 i?2 b�KTH2/ +QM7Q`K�iBQMb mbBM; *_uaPL (RR8)X
� bBM;H2 #2bi }i KQ/2H iQ i?2 2tT2`BK2Mi�H /�i� r�b /2i2`KBM2/ mbBM; JmHiB6Qsa
(RR9) BM T�`iB�H KQ/2- r?2`2 T`2@+QKTmi2/ b+�ii2`BM; BMi2MbBiB2b r2`2 mb2/X
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6B;m`2 8Xd, �# BMBiBQ b+�ii2`BM; 2Mp2HQT2b rBi? bmT2`BKTQb2/ �iQKB+ `2bQHmiBQM KQ/@
2Hb- �M/ P (r) THQib 7Q` �HH +QKTH2t b+�ii2`BM; +m`p2bX U�V Bb i?2 7mHH +QKTH2t- U#V
Bb i?2 +QKTH2t rBi? +vi+ K�i+?2/ Qmi �M/ U+V Bb i?2 +QKTH2t rBi? *S_ K�i+?2/
Qmi r?2`2 i?2 6�.@#BM/BM; �M/ HBMF2` /QK�BM �`2 +QHQm`2/ #Hm2- i?2 6JL@#BM/BM;
/QK�BM Bb BM ;`22M �M/ +vi + Bb BM/B+�i2/ BM `2/X U�V �M/ U#V �`2 `Qi�i2/ R3yê r?BH2
U+V Bb `Qi�i2/ NyêX

dd



6B;m`2 8X3, aBM;H2 #2bi@}i KQ/2H Q7 i?2 *S_@+vi + +QKTH2t r?2`2 i?2 6�.@#BM/BM;
�M/ HBMF2` /QK�BM �`2 +QHQm`2/ #Hm2 �M/ i?2 6JL@#BM/BM; /QK�BM Bb BM ;`22MX h?2
?2K2 +Q7�+iQ` Q7 +vi + �M/ i?2 6JL +Q7�+iQ` Q7 *S_ ?�p2 #22M BM+Hm/2/ �b biB+F
KQ/2Hb UK�;2Mi�V iQ BM/B+�i2 i?2B` T`QtBKBivX h?2 KQ/2H Bb `Qi�i2/ Nyê �#Qmi i?2
�tBb �b BM/B+�i2/ #v i?2 �``QrX

8Xj .Bb+mbbBQM
� ?B;?@`2bQHmiBQM bi`m+im`2 �+?B2p2/ mbBM; s@`�v +`vbi�HHQ;`�T?v r�b Tm#HBb?2/ #v
am;Bb?BK� 2i �HX (dk) Q7 � +QKTH2t #2ir22M � *S_ Kmi�Mi �M/ ?2K2 Qtv;2M�b2c
Bi Bb i?2`27Q`2 BKTQ`i�Mi iQ +QKT�`2 i?Bb bi`m+im`2 rBi? i?2 QM2 T`QTQb2/ BM i?Bb
rQ`F bBM+2 i?2`2 �`2 � MmK#2` Q7 MQi�#H2 bBKBH�`BiB2bX h?2 KQbi bi`BFBM; Bb i?2
+QKT�+i M�im`2 Q7 i?2 +QKTH2t BM #Qi? +�b2bX *QKT�`2/ iQ i?2 KQ/2H Q7 >m�M;
2i �HX (9y) i?2`2 rQmH/ ?�p2 iQ #2 bB;MB}+�Mi +QKT�+iBQM Q7 i?2 irQ *S_ ~�pBM
/QK�BMb `2H�iBp2 iQ 2�+? Qi?2` BM Q`/2` iQ �/QTi i?2 QM2 T`2b2Mi BM 2Bi?2` Q7 i?2
irQ +QKTH2t KQ/2HbX am;Bb?BK� 2i �HX +QKT�`2 i?2 +QM7Q`K�iBQM Q7 i?2B` *S_ iQ
i?2 bK�HH2bi +QM7Q`K�iBQM T`2b2Mi BM i?2 mMBi +2HH Q7 i?2 +`vbi�H bi`m+im`2 Q7 i?2
∆h:11 Kmi�Mi (ey) r?B+? Bib2H7 r�b �HbQ mb2/ BM i?2B` +QKTH2tX � MmK#2` Q7
BMi2`�+iBQMb #2ir22M `2bB/m2b BM ?2K2 Qtv;2M�b2 �M/ /QK�BMb Q7 *S_ #2bB/2b i?2
6JL@#BM/BM; /QK�BM K�v +QMi`B#mi2 iQ i?2 bi�#BHBiv Q7 i?2 +QKTH2tX h?Bb K�v �HbQ
#2 i`m2 7Q` +vi + i?Qm;? i?Qb2 `2bB/m2b �`2 HBF2Hv iQ #2 /Bz2`2Mi /m2 iQ i?2 Km+?
bK�HH2` bBx2 Q7 +vi + U+�X Rk kDaV +QKT�`2/ iQ ?2K2 Qtv;2M�b2 U+�X jy kDaVX h?2
6JL@#BM/BM; /QK�BM �M/ ?2K2 Qtv;2M�b2 +QKTQM2Mib Q7 i?2 +`vbi�H bi`m+im`2 r2`2
`2bQHp2/ +QKT�`�iBp2Hv TQQ`Hv iQ i?2 `2bi Q7 i?2 *S_ KQH2+mH2- bm;;2biBM; � H2p2H Q7
~2tB#BHBiv �M/ /vM�KB+b iQ i?Bb `2;BQMX h?Bb +QmH/ K2�M i?�i i?2 T`2+Bb2 M�im`2 Q7
i?2 +QKTH2t2b 7Q`K2/ +QmH/ p�`v 7`QK KQH2+mH2 iQ KQH2+mH2 r?B+? Bb MQi bm`T`BbBM;
+QMbB/2`BM; i?2 /vM�KB+b �M/ ~2tB#BHBiv i?�i +QmH/ #2 �zQ`/2/ #v i?2 bi`m+im`2X
h?Bb /vM�KB+ `2;BQM H2/ iQ �M Qp2`�HH `2bQHmiBQM Q7 9Xj ³ r?B+? Bb `2H�iBp2Hv HQr 7Q`
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� KQ/2`M s@`�v +`vbi�H bi`m+im`2 /2i2`KBM2/ mbBM; bvM+?`Qi`QM `�/B�iBQMX

8X9 *QM+HmbBQM
a�La H�+Fb i?2 `2bQHmiBQM �M/ BM7Q`K�iBQM iQ #2 �#H2 iQ `2bQHp2 i?2 Q`B2Mi�iBQM Q7
+vi + �M/ i?2 /QK�BMb Q7 i?2 *S_ Kmi�Mi BM i?2 +QKTH2t BM T`2+Bb2 �iQKB+ /2i�BHX
>Qr2p2`- i?2 KQ/2H Q#i�BM2/ BM i?Bb rQ`F #v +QK#BMBM; ;HQ#�H a�La BM7Q`K�iBQM
�M/ �iQKB+ H2p2H BM7Q`K�iBQM U6B;m`2 8X3V BM/B+�i2b � +QKT�+i bi`m+im`2 rBi? 2ti2M@
bBp2 BMi2`@/QK�BM +QMi�+ib �M/ � MmK#2` Q7 bB;MB}+�Mi 72�im`2bX h?2`2 �`2 b2p2`�H
BMi2`KQH2+mH�` TQH�` bB/2+?�BM@bB/2+?�BM Q` bB/2+?�BM@#�+F#QM2 BMi2`�+iBQMb #2ir22M
+vi + U`2bB/m2b kR- kj- k8 �M/ kdV �M/ `2bB/m2b ked- ke3- k3y �M/ j8N BM i?2 6�.
/QK�BM Q7 i?2 *S_ Kmi�Mi- b?QrBM; i?�i i?2 BMi2`T`Qi2BM BMi2`7�+2 Bb MQi HBKBi2/ iQ
i?2 6JL /QK�BM Q7 i?2 `2/m+i�b2X h?2 +QM7Q`K�iBQM Q7 i?2 *S_ Kmi�Mi BM i?2 +QK@
TH2t Bb � `2H�iBp2Hv 2ti2M/2/ QM2- +QKT�`2/ iQ i?2 rBH/ivT2 +`vbi�H bi`m+im`2 U6B;m`2
RXjV- bm+? i?�i i?2 BbQ�HHQt�xBM2 `BM;b Q7 i?2 6�. �M/ 6JL +Q7�+iQ`b �`2 b2T�`�i2/
#v �TT`QtBK�i2Hv jy ³X PM i?2 Qi?2` ?�M/- i?2 /Bbi�M+2 #2ir22M i?2 6JL BbQ�HHQt@
�xBM2 `BM; �M/ i?2 ?2K2 Q7 +vi + Bb IRy ³X h?Bb b?Qrb i?�i i?2 +QKTH2t /2b+`B#2/
?2`2 Bb QM2 r?B+? Bb +QKT2i2Mi 7Q` BMi2`T`Qi2BM 2H2+i`QM i`�Mb72` #2ir22M i?2 6JL
�M/ i?2 ?�2K Q7 +vi +- #mi MQi 7Q` BMi`�T`Qi2BM 2H2+i`QM i`�Mb72` #2ir22M 6�. �M/
6JL- /2KQMbi`�iBM; i?�i /QK�BM KQp2K2Mi Bb `2[mB`2/ #2ir22M i?2 BMi`�KQH2+mH�`
�M/ i?2 BMi2`KQH2+mH�` 2H2+i`QM i`�Mb72` bi2Tb BM i?2 *S_ K2+?�MBbKX
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*?�Ti2` e

� hBK2@_2bQHp2/ aim/v Q7 i?2
.QK�BM JQiBQMb Q7 *viQ+?QK2
S98y _2/m+i�b2 lbBM;
SmKT@S`Q#2 s@`�v a+�ii2`BM;

lT iQ i?Bb TQBMi i?2 a�a bim/B2b T`2b2Mi2/ ?�p2 #22M Q7 bi�iB+ bQHmiBQM b�KTH2b
K2�bm`2/ Qp2` HQM; T2`BQ/b �i KmHiBTH2 /2i2+iQ` /Bbi�M+2b BM Q`/2` iQ Q#i�BM � bi`QM;
bB;M�H iQ MQBb2 `�iBQ �M/ � #`Q�/ Z@`�M;2X >Qr2p2`- `2+Q`/BM; �M �p2`�;2 Q7 i?2
2MxvK2 BM bQHmiBQM T`QpB/2b p2`v HBiiH2 BM7Q`K�iBQM QM i?2 /vM�KB+b Q7 i?2 bvbi2K
�M/ MQ BM7Q`K�iBQM QM i?2 iBK2b+�H2 Q7 i?2 +?�M;2b i?�i i�F2 TH�+2X

h?Bb +?�Ti2` T`2b2Mib � bim/v mbBM; iBK2@`2bQHp2/ a�sa r?2`2 � biQTT2/@~Qr
bvbi2K }ii2/ BM bBim iQ � a�sa #2�KHBM2 iQ bim/v i?2 b?�T2 +?�M;2b i?�i *S_
mM/2`;Q2b rBi? `2bT2+i iQ iBK2X h?Bb Bb i?2 }`bi FMQrM 2t�KTH2 Q7 i?Bb ivT2 Q7
2tT2`BK2Mi rBi? *S_X PMHv � `�/B�iBQM bvM+?`Qi`QM r�b �#H2 iQ T`QpB/2 i?2 ~mt
�M/ i?2`27Q`2 i2KTQ`�H �M/ bT�iB�H `2bQHmiBQM M22/2/ 7Q` a�sa K2�bm`2K2Mib �i i?2
M2+2bb�`v iBK2 b+�H2bX h?2 +QKKBbbBQMBM; Q7 � biQTT2/@~Qr /2pB+2 iQ 2M�#H2 `�TB/
KBtBM; QM � #2�KHBM2- �b r2HH �b T`Qi2BM K2�bm`2K2Mib- �`2 /2b+`B#2/X

eXR hBK2@_2bQHp2/ s@`�v a+�ii2`BM;
AM 2bb2M+2- iBK2@`2bQHp2/ s@`�v b+�ii2`BM; Bb i?2 +�Tim`BM; Q7 a�safq�sa T�ii2`Mb
Qp2` p2`v b?Q`i iBK2b+�H2 U�b HQr �b TB+Qb2+QM/bV BM Q`/2` iQ #mBH/ mT � TB+im`2 Q7
+?�M;2b i?�i Q++m` BM � KQH2+mH2 Qp2` iBK2X h?2b2 T�ii2`Mb �`2 ivTB+�HHv `2+Q`/2/
�i H�`;2` Z@p�Hm2b- i?2 `2�bQMb 7Q` r?B+? rBHH #2+QK2 +H2�` BM i?2 /2b+`BTiBQM Q7 i?2
BMbi`mK2MiX

h?2 #�bB+ T`BM+BTH2 Q7 � TmKT@T`Q#2 2tT2`BK2Mi Bb iQ }`bi ǵTmKTǶ i?2 b�KTH2-

3y



rBi? 7Q` 2t�KTH2 � H�b2`- iQ BMBiB�i2 i?2 `2�+iBQM BM � ?B;?Hv +QMi`QHH2/ K�MM2`
7QHHQr2/ #v � ǵT`Q#2Ƕ r?B+? BM i?Bb +�b2 Bb i?2 s@`�v #2�KX G�b2`b T2M2i`�i2 i?2
b�KTH2 �M/ BMi2`�+i rBi? i?2 r?QH2 b�KTH2 �HKQbi BMbi�Mi�M2QmbHv 2Mbm`BM; i?�i
i?2 bi�`i Q7 i?2 `2�+iBQM Bb ?QKQ;2M2Qmb- i?2 r�p2H2M;i? Bb �HbQ ?B;?Hv imM�#H2X
h2KTQ`�H 2pQHmiBQM Q7 i?2 `2�+iBQM Bb i?2M i`�+F2/ #v �/DmbiBM; i?2 /2H�v #2ir22M
i?2 H�b2` TmHb2 �M/ s@`�v TmHb2X 6Q` KQbi TmKT@T`Q#2 2tT2`BK2Mib kyyy TmHb2b 7`QK
i?2 bvM+?`Qi`QM T`QpB/2 bm{+B2Mi ~mt �M/ `2bQHmiBQM r?B+? �``Bp2 Ryy ps �7i2` i?2
H�b2`X �Hi?Qm;? H�b2`b �`2 MQi i?2 QMHv r�v iQ BMBiB�i2 i?2 `2�+iBQM- 7Q` i?2 `2�bQMb
K2MiBQM2/ ?2`2 i?2v �`2 i?2 KQbi +QKKQMX

eXRXR 1�`HB2` qQ`F
>BbiQ`B+�HHv- TmKT@T`Q#2 a�sa ?�b #22M KQbi ?2�pBHv mb2/ BM bK�HH@KQH2+mH2 +?2K@
Bbi`v �M/ bQHB/ bi�i2 T?vbB+b �M/ p2`v ?B;? BKT�+i `2b2�`+? Bb MQr T`Q/m+2/ BM
i?2b2 }2H/b (R9R- R9k- R9j)X Pp2` i?2 H�bi 72r v2�`b i?2 i2+?MB[m2 ?�b #22M ;�BMBM;
TQTmH�`Biv BM i?2 bim/v Q7 #BQHQ;B+�H KQH2+mH2b #Qi? BM bQHmiBQM �M/ BM +`vbi�HHBM2
7Q`Kb �Hi?Qm;? `2H�iBp2Hv HBiiH2 rQ`F ?�/ #22M Tm#HBb?2/ BM i?Bb }2H/ mMiBH `2+2MiHv
(R99- R98- d8- R9e- R9d- R93)X

h?Bb Bb MQi i?2 }`bi bim/v i?�i ?�b �ii2KTi2/ iQ 2Hm+B/�i2 i?2 iBK2b+�H2b Q7
/B~�pBM `2/m+i�b2 7mM+iBQM �M/ +2`i�BMHv MQi i?2 }`bi �ii2KTi iQ mb2 TmKT@T`Q#2
K2�bm`2K2MibX � bim/v Tm#HBb?2/ #v >2v2b 2i �HX BM kyyN mb2/ H�b2` 2t+Bi�iBQM BM
+QK#BM�iBQM rBi? � +?`QKQT?Q`2 iQ `2/m+2 i?2 ~�pBM +Q7�+iQ`b Q7 MBi`B+ QtB/2 bvM@
i?�b2 �M/ 7QHHQr i?2 bm#b2[m2Mi +?�M;2b mbBM; �#bQ`#�M+2 bT2+i`Qb+QTv (R9N)X h?2
+?`QKQT?Q`2 BM [m2biBQM r�b i?BQm`2/QTv`2M2@j-e-3@i`BbmH7QM�i2 UhlSaV r?B+? r�b
b?QrM BM 2�`HB2` bim/B2b iQ �#bQ`# HB;?i �i �`QmM/ j88 nm �M/ #2 +�T�#H2 Q7 2H2+i`QM
i`�Mb72` 7`QK � T?QiQ2t+Bi2/ bi�i2 iQ `2/m+i�b2 /QK�BMb Q7 T`Qi2BMb HQ+�i2/ BM +HQb2
T`QtBKBiv (R8y- R8R)X 6Q` i?Bb `2�bQM- i?2 hlSa KQH2+mH2 Kmbi #2 2Bi?2` +Qp�H2MiHv
#QmM/ iQ i?2 T`Qi2BM bi`m+im`2 Q` KBt2/ BM bQHmiBQM BM ?B;? +QM+2Mi`�iBQM- #Qi? Q7
r?B+? r2`2 7QmM/ iQ #2 2z2+iBp2X h?Bb TB2+2 Q7 rQ`F +QM+Hm/2/ i?�i hlSa- +QmTH2/
rBi? H�b2` 2t+Bi�iBQM- +�M /B`2+iHv `2/m+2 i?2 ~�pBMb �HHQrBM; i?2 bm#b2[m2Mi FBM2iB+
T`Q+2bb2b bm+? �b BMi2`~�pBM 2H2+i`QM i`�Mb72` iQ #2 bim/B2/ KQ`2 i`�MbT�`2MiHvX

eXRXk A.yN
AMb2`iBQM .2pB+2 yN UA.yNV- HQ+�i2/ �i i?2 1a_6- Bb �M 2t�KTH2 Q7 � TmKT@T`Q#2
#2�KHBM2 i?�i Bb /2bB;M2/ 7Q` i?2 K2�bm`2K2Mi Q7 mHi`�7�bi +?�M;2b BM +QM/2Mb2/
K�ii2`X h?2 T`2b2M+2 Q7 � ?B;?@bT22/ +?QTT2` �HHQrb 2ti`2K2Hv b?Q`i TmHb2b U/QrM
iQ TB+Qb2+QM/bV Q7 s@`�vb iQ #2 b2H2+i2/ BM Q`/2` iQ K2�bm`2 p2`v 7�bi +?�M;2b BM
i?2 b�KTH2X h?Bb ?B;?Hv p2`b�iBH2 #2�KHBM2 Bb +�T�#H2 Q7 +�``vBM; Qmi i?2 7QHHQrBM;
ivT2b Q7 K2�bm`2K2Mi BM � iBK2@`2bQHp2/ K�MM2`,
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Ç s@`�v /Bz`�iBQM

Ç aK�HH@�M;H2 s@`�v b+�ii2`BM;

Ç qB/2@�M;H2 s@`�v b+�ii2`BM;

Ç G�m2 /Bz`�+iBQM

Ç :`�xBM; BM+B/2M+2 /Bz`�+iBQM

q?2M +QM};m`2/ 7Q` a�sa- i?2 #2�KHBM2 QT2`�i2b QM � p2`v bBKBH�` #�bB+ T`BM+B@
TH2 iQ i?�i Q7 � bi�M/�`/ a�sa #2�KHBM2 U7Q` 2t�KTH2 "JkN- /2b+`B#2/ BM *?�Ti2`
kVX � /B�;`�K b?QrBM; i?2 #�bB+ H�vQmi Q7 i?2 #2�KHBM2 Bb b?QrM BM 6B;m`2 eXRX

AM Q`/2` iQ KBMBKBb2 �B` b+�ii2`BM; 7`QK i?2 /B`2+i #2�K- i?Bb BMbi`mK2Mi 72�im`2b
�M ?2HBmK }HH2/ ~B;?i im#2X >2HBmK- ?�pBM; � Km+? HQr2` b+�ii2`BM; +`Qbb b2+iBQM
i?�M �B`- rBHH �ii2Mm�i2 i?2 #2�K iQ � Km+? HQr2` 2ti2Mi- i?2`27Q`2 K�tBKBbBM;
i?2 MmK#2` Q7 T?QiQMb r?B+? �`2 2p2Mim�HHv K2�bm`2/X h?Bb- +QmTH2/ rBi? i?2
2ti`2K2Hv ?B;? ~mt Q7 �M BMb2`iBQM /2pB+2 #2�KHBM2 Bb r?�i �HHQrb i?2 #2�KHBM2 iQ
#2 bQ p2`b�iBH2 �M/ +�``v Qmi K2�bm`2K2Mib rBi? bm+? b?Q`i 2tTQbm`2 iBK2bX � b2i
Q7 7�bi b?mii2`b �M/ � `Qi�iBp2 +?QTT2` �`2 2KTHQv2/ iQ 2ti`�+i s@`�v TmHb2b Q` TmHb2
i`�BMb i?�i �`2 bmBi�#H2 7Q` i?2 /2bB`2/ iBK2b+�H2b Q7 i?2 /vM�KB+ `2�+iBQMX

Wall (53.52 m 
from source)

Wire monitor Millisecond chopper

High-speed chopper

Pipe Diffractometer (goniometer and microscope)

Detector (CCD)

6B;m`2 eXR, a+?2K�iB+ Q7 i?2 1a_6 A.yN TmKT@T`Q#2 #2�KHBM2 2tT2`BK2Mi ?mi+?X
h?2 /B`2+iBQM Q7 i?2 s@`�v #2�K Bb BM/B+�i2/ #v i?2 �``Qr QM i?2 H27i r?B+? �``Bp2b
?2`2 �7i2` T�bbBM; i?`Qm;? i?2 #2�K7Q`KBM; 2H2K2Mib Ub?mii2`b- bHBib- KB``Q`b �M/
KQMQ+?`QK�iQ`VX
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eXk 1tT2`BK2Mi�H a2imT �M/ a�KTH2 S`2T�`�iBQM
"27Q`2 i?2 bi�`i Q7 i?Bb BMp2biB;�iBQM � #`�M/@M2r biQTT2/@~Qr bvbi2K r�b BMbi�HH2/
�i i?2 b�KTH2 TQbBiBQM QM i?2 #2�KHBM2 r?B+? r�b Q`;�MBb2/ �M/ Qp2`b22M #v .`X
J�`iBM S2/2`b2M- i?2 #2�KHBM2 HQ+�H +QMi�+iX AM Q`/2` iQ /2KQMbi`�i2 i?2 7mM+iBQM@
�HBiv Q7 biQTT2/@~Qr b2imT �M/ T`Qp2 i?2 +QM+2Ti Bb pB�#H2 7Q` 7mim`2 2tT2`BK2Mib
� MmK#2` Q7 FMQrM `2�+iBQMb r2`2 TH�MM2/ iQ #2 +�``B2/ QmiX S`BM+BT�HHv- i?2b2
r2`2 i?2 KBtBM; Q7 � bQHmiBQM Q7 *S_ rBi? � ?B;? BQMB+ bi`2M;i? bQHmiBQM- �M/ i?2
7Q`K�iBQM Q7 i?2 +QKTH2t #2ir22M *S_ �M/ +vi +X h?2 biQTT2/ ~Qr 2tT2`BK2Mi�H
b2imT 7Q` i?2b2 `2�+iBQMb r�b- BM T`BM+BTH2- 2t�+iHv �b /2b+`B#2/ BM *?�Ti2` 9 �M/
�TT2M/Bt �X9 rBi? i?2 QMHv K�DQ` /Bz2`2M+2 #2BM; i?�i a�safq�sa- `�i?2` i?�M
�#bQ`TiBQM bT2+i`Qb+QTv r�b mb2/ iQ T`Q#2 i?2 +?�M;2bX a+�ii2`BM; BM i?2 q�sa
`2;BQM Bb bm#bi�MiB�HHv r2�F2` #mi +�M #2 p2`v `B+? BM 72�im`2b- i?2 /QrMbB/2 Q7 i?Bb
Bb i?�i i?2 /�i� +�M #2 p2`v ?�`/ iQ BMi2`T`2i �i i?Bb H2p2H- 2bT2+B�HHv r?2M i?2
#2?�pBQm` Q7 i?2 bvbi2K �i ;`2�i2` H2p2Hb Q7 /2i�BH Bb mMFMQrMX h?2 +�TBHH�`v BM i?2
KBtBM; +2HH Q7 i?2 biQTT2/@~Qr r�b +�`27mHHv �HB;M2/ rBi? i?2 s@`�v #2�K BM Q`/2`
iQ K2�bm`2 i?2 +2Mi`2 Q7 i?2 +�TBHH�`v �i � TBMi r?2`2 i?2 bQHmiBQMb r2`2 7mHHv KBt2/X
h?2 +QKTH2t 7Q`K�iBQM r�b +�``B2/ Qmi rBi?Qmi �Mv `2/m+BM; �;2Mi BM Q`/2` iQ HBKBi
i?2 BMi2`�+iBQMbfb?�T2 +?�M;2b i�FBM; TH�+2 BM i?2 KBtim`2- i?2`27Q`2 bBKTHB7vBM;
i?2 BMi2`T`2i�iBQM Q7 i?2 /�i�X

� K�tBKmK Z@`�M;2 Q7 yXyk @ kXd8 ³−1 r�b Q#i�BM2/ 7`QK � b�KTH2@iQ@/2i2+iQ`
/Bbi�M+2 Q7 9y cmX s@`�v 2M2`;v Q7 R3 keV U± 8W- TBMF #2�KV r�b b2H2+i2/ iQ ;Bp2
T`QpB/2 � bm{+B2Mi ~mt Q7 s@`�vbX A.yN Bb +�T�#H2 Q7 � #`Q�/ 2M2`;v `�M;2c b2H2+iBM;
� ?B;?2` 2M2`;v rQmH/ ?�p2 `2bmHi2/ BM ?�`/2` s@`�vb `2bmHiBM; BM H2bb �#bQ`TiBQM
#v i?2 b�KTH2 �M/ `2H�iBp2Hv KQ`2 KQ`2 2H�biB+ b+�ii2`BM;- i?Qm;? #Qi? /2+`2�b2 BM
i?2B` �#bQHmi2 p�Hm2bX AM+`2�bBM; 2M2`;v �HbQ #`BM;b b2p2`2Hv `2/m+2/ ~mtc i?2 KQbi
B/2�H p�Hm2 7Q` K�tBKmK ~mt rQmH/ #2 Rk keV #mi A.yN Bb MQi +�T�#H2 Q7 i?�i- �
HBKBi�iBQM Q7 i?2 mM/mH�iQ` �i i?Bb #2�KHBM2 UBHHmbi`�i2/ #v 6B;m`2 "Xk BM �TT2M/Bt
"VX

eXj _2bmHib
S`2HBKBM�`v a�sa +m`p2b r2`2 K2�bm`2/ QM "JkN U/2b+`B#2/ BM *?�Ti2` k- a2+iBQM
kXkV- �HbQ �i i?2 1a_6- BM Q`/2` iQ b?Qr i?�i i?2 b�KTH2b r2`2 MQi 2bT2+B�HHv bmb+2T@
iB#H2 iQ s@`�v `�/B�iBQM /�K�;2 �M/ r2`2 Q7 bmBi�#H2 [m�HBivX h?2 +m`p2b T`Q/m+2/
r2`2 Q7 � ;QQ/ [m�HBiv �M/ b?Qr2/ ?B;?Hv KQMQ/BbT2`b2 b�KTH2b Q7 +vi + U6B;m`2
eXkV �M/ *S_ U6B;m`2 eXjVX
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0.001 0.01 0.1 1
0.01
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g(

I)

6B;m`2 eXk, a�sa +m`p2 Q7 +vi + K2�m`2/ QM "JkN �i � +QM+2Mi`�iBQM Q7 jy mgmL−1

rBi? �M 2tTQbm`2 iBK2 Q7 Ry s BM Ryy mJ "1a T> dXy �i Ry ◦CX

0.001 0.01 0.1 1
0.001

0.01

0.1

1

10

100

log(Q) / Å-1

lo
g(

I)

6B;m`2 eXj, a�sa +m`p2 Q7 *S_ K2�m`2/ QM "JkN �i � +QM+2Mi`�iBQM Q7 8 mgmL−1

rBi? �M 2tTQbm`2 iBK2 Q7 Ry s BM Ryy mJ "1a T> dXy �i Ry ◦CX
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h?2 }`bi K2�bm`2K2Mib i�F2M QM A.yN �7i2` bm++2bb7mHHv +QKTH2iBM; i?2 biQTT2/@
~Qr b2imT r2`2 Q7 +vi + �HQM2 BM bQHmiBQM iQ +?2+F 7Q` `�/B�iBQM /�K�;2X 6B;m`2 eX9
b?Qrb bm++2bbBp2 7`�K2b- /Bz2`2M+2 +m`p2b `2H�iBp2 iQ i?2 `272`2M+2 b+�ii2`BM; T�ii2`M
�i iBK2 x2`Q- i�F2M /m`BM; TmHb2/ 2tTQbm`2b r?2`2 iBK2 /2H�vb Q7 y @ k88y ms r2`2
b2H+i2/- rBi? BMi2`p�Hb Q7 8y msX � bB;MB}+�Mi �KQmMi Q7 #�+F;`QmM/ r�b T`2b2Mi
BM i?2 HQr@Z #�+F;`QmM/ r?B+? H2/ iQ ?2�pBHv /BbiQ`i2/ /�i� BM i?Bb `2;BQMX aQK2
+?�M;2b BM i?2 b+�ii2`BM; T�ii2`M �`2 T`2b2Mi- KQbi HBF2Hv +�mb2/ #v `�/B�iBQM /�K�;2
BM i?2 7Q`K Q7 ?2�iBM; i?2 bQHmiBQM #v �#bQ`TiBQM Q7 s@`�vbX "27Q`2 i?2 M2ti i2bib- �
M2r +�TBHH�`v r�b }ii2/ iQ i?2 biQTT2/@~Qr /2pB+2 �M/ `2�HB;M2/ iQ �bb2bb r?�i2p2`
r�b +�mbBM; i?2 mM/2bB`�#H2 #�+F;`QmM/X

0.6

0.8

-0.2

-0.4

0.2

0.0

0.4

10-2 1010-3

Q / Å-1

dI
(Q

)

6B;m`2 eX9, *viQ+?`QK2 + `�/B�iBQM /�K�;2 i2bi /Bz2`2M+2 +m`p2bX h?2 T`Q;`2bbBQM
Q7 7`�K2b `2�/ Qmi 7`QK i?2 /2i2+iQ` �`2 +QHQm`2/ �b BM/B+�i2/ BM i?2 H2;2M/ T`Q@
;`2bbBM; BM +QHQm` 7`QK Tm`TH2 iQ HB;?i ;`22MX h?2 THQi b?Qrb i?2 b+�ii2`BM; p2+iQ`-
Z- QM i?2 ?Q`BxQMi�H �tBb �M/ i?2 +?�M;2 BM b+�ii2`BM; BMi2MbBiv 7`QK iBK2 4 y QM
i?2 p2`iB+�H �tBbX

h?2 M2ti K2�bm`2K2Mib r2`2 Q7 KBtBM; *S_ �M/ +vi + �b T`2pBQmbHv /2b+`B#2/X
h?2 KBtBM; Q7 i?2b2 irQ bQHmiBQMb T`Q/m+2/ #m##H2b r?B+? H2/ iQ KQ`2 mM/2bB`�#H2
MQBb2 BM i?2 HQr@Z `2;BQM QM bQK2 Q7 i?2 /Bz2`2M+2 +m`p2bX o2`v bi`QM; +?�M;2b
T`2b2Mi BM i?2 bK�HH@ �M/ rB/2@�M;H2 b+�ii2`BM; `2;BQMb bm;;2bi i?�i i?Bb K�v #2 `�@
/B�iBQM /�K�;2 iQ i?2 b�KTH2 BM i?2 7Q`K Q7 �;;`2;�iBQM �M/ ?2�iBM; Q7 i?2 bQHmiBQM-
�Hi?Qm;? i?2 i`2M/ Bb 2ti`2K2Hv bvbi2K�iB+ �b BHHmbi`�i2/ BM 6B;m`2 eX8 U�M 2t�KTH2
rBi?Qmi �Mv BMi2`72`2M+2 7`QK #m##H2 7Q`K�iBQMVX h?Bb ?vTQi?2bBb r�b +QM}`K2/
#v KBtBM; *S_ rBi? #mz2` �HQM2 iQ /BHmi2 �M/ i?2M `2/m+BM; i?2 ~mtX h?2 b�K2
2z2+i r�b b22M rBi? /BHmiBQM r?B+? r�b i?2M �ii2Mm�i2/ #v `2/m+BM; i?2 s@`�v ~mtX
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h?2 M�im`2 Q7 i?2 `�/B�iBQM /�K�;2 Bb BMi2`2biBM; BM Bib2H7 #mi i?2 HQr [m�HBiv Q7
i?2 a�sa `2;BQM K2�Mb i?�i Bi Bi /B{+mHi iQ BMi2`T`2i i?2 T`2+Bb2 M�im`2 Q7 i?2
bT2+B2b #2BM; 7Q`K2/X Ai �TT2�`b i?�i H�`;2 bi`m+im`2b �`2 7Q`KBM; rBi?BM ?mM/`2/b
Q7 KBHHBb2+QM/b �M/ i?2M `�TB/Hv `2H�tBM; mT iQ �`QmM/ 3 s r?2M K2�bm`2K2Mib r2`2
biQTT2/X

0.00
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)

6B;m`2 eX8, *S_ Y *viQ+?`QK2 + KBtBM; /Bz2`2M+2 +m`p2bX h?2 T`Q;`2bbBQM Q7
7`�K2b `2�/ Qmi 7`QK i?2 /2i2+iQ` �`2 +QHQm`2/ �b BM/B+�i2/ BM i?2 H2;2M/- T`Q;`2bbBM;
BM +QHQm` 7`QK Tm`TH2 iQ HB;?i ;`22MX h?2 THQi b?Qrb i?2 b+�ii2`BM; p2+iQ`- Z- QM i?2
?Q`BxQMi�H �tBb �M/ i?2 +?�M;2 BM b+�ii2`BM; BMi2MbBiv 7`QK iBK2 4 y QM i?2 p2`iB+�H
�tBbX

h?2 }M�H /�i� +QHH2+i2/ r�b i?2 KBtBM; Q7 *S_ rBi? � bQHmiBQM Q7 9 J L�*H iQ
/2i2`KBM2 i?2 2z2+i Q7 � +?�M;2 BM BQMB+ bi`2M;i? Q7 i?2 bQHmiBQMX _�/B�iBQM /�K�;2
r�b �HbQ T`2b2Mi BM i?2b2 b�KTH2b #mi � KQ`2 bB;MB}+�Mi Bbbm2 r�b KBtBM;X JBtBM;
�M/ /BHmiBQM Q7 i?2 b�Hi bQHmiBQM r�b iQQ bHQr iQ #2 �#H2 iQ i�F2 `2HB�#H2 K2�bm`2K2Mib
QM b?Q`i iBK2b+�H2b �M/ i?2 KBtBM; r�b 2ti`2K2Hv BM?QKQ;2M2Qmb h?Bb r�b MQi �M
Bbbm2 BM 2�`HB2` a�a 2tT2`BK2Mib bBM+2 i?2 b�KTH2b r2`2 bi�iB+ �M/ �p2`�;2b Qp2`
HQM; T2`BQ/b Q7 iBK2 bQ TQQ` BMBiB�H KBtBM; r�b Q7 MQ +QMb2[m2M+2X �//BiBQM�HHv- BM
2�`HB2` biQTT2/@~Qr 2tT2`BK2Mib #Qi? Q7 i?2 b�KTH2b r2`2 T`2T�`2/ rBi? i?2 b�K2
+QM+2Mi`�iBQM Q7 b�Hi BM Q`/2` iQ HBKBi �Mv �/p2`b2 2z2+ib 7`QK /BHmiBQM #mi i?Bb r�b
MQi TQbbB#H2 /m`BM; i?2 +Qm`b2 Q7 i?Bb 2tT2`BK2MiX h?2 /BHmiBQM �TT2�`2/ iQ T`Q/m+2
bQK2 ?2�i +m``2Mib BM i?2 bQHmiBQM �M/ H�`;2 #m##H2bX
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eX9 .Bb+mbbBQM
h?2`2 r2`2 HBKBi�iBQMb Q7 i?2 #2�KHBM2 i?�i H2/ iQ bB;MB}+�Mi /B{+mHiB2b BM +QHH2+iBM;
?B;? [m�HBiv /�i� 7Q` i?Bb BMp2biB;�iBQMX h?Bb r�b i?2 }`bi �ii2KTi iQ +QHH2+i biQTT2/@
~Qr iBK2@`2bQHp2/ /�i� QM � bQHmiBQM Q7 #BQHQ;B+�H K�+`QKQH2+mH2b QM A.yN bQ i?2
b2imT Bb BM Bib BM7�M+v �M/ MQi QTiBKBb2/ BM �Mv r�vX h?2 b�KTH2 r�b T`Q#2/
rBi? rBi? s@`�vb i?�i r2`2 iQQ bQ7i �M/ i?2`27Q`2 � ?B;? T`QTQ`iBQM Q7 #2�K r�b
�#bQ`#2/ #v i?2 b�KTH2 �M/ i?2 #mz2` bQHmiBQM- H2�/BM; iQ ?2�iBM; �M/ /�K�;2 iQ
i?2 K�+`QKQH2+mH2bX .m2 iQ i?2 M�im`2 Q7 i?2 mM/mH�iQ` b2imT- BM+`2�bBM; i?2 2M2`;v
Q7 i?2 s@`�vb rQmH/ ?�p2 H2/ iQ � bB;MB}+�Mi /2+`2�b2 BM i?2 ~mt r?B+? rQmH/ ?�p2
#22M mM�++2Ti�#H2 QM i?2b2 iBK2b+�H2b �M/ i?2 +QM+2Mi`�iBQM Q7 T`Qi2BM mb2/ r?B+?
r�b BM i?2 `2;BQM Q7 Ry mgmL−1X

Ai r�b /B{+mHi iQ BMi2`T`2i i?2 T`2+Bb2 M�im`2 Q7 i?2 `�/B�iBQM /�K�;2 iQ i?2
HBKBi2/ a�sa +�T�#BHBiv Q7 i?2 #2�KHBM2X A.yN /Q2b MQi ?�p2 �M 2p�+m�i2/ /2i2+iQ`
im#2- QMHv � ?2HBmK ~B;?i im#2X h?Bb K2�Mb i?�i i?2`2 Bb � bB;MB}+�Mi HBKBi�iBQM
BM i?2 K�tBKmK /2i2+iQ` /Bbi�M+2 �p�BH�#H2 �M/ KQ`2 #�+F;`QmM/ MQBb2 T`2b2Mi
BM b�KTH2b i?�i �`2 �i � HQr2` +QM+2Mi`�iBQMX h?Bb +QmH/ ?�p2 #22M �HH2pB�i2/ #v
bi�#BHBbBM; b�KTH2b �i ?B;?2` +QM+2Mi`�iBQM #mi BM i?2 +QM/BiBQMb ;Bp2M URyy mJ
"1a T> dXy- k8 ◦CV *S_ ?�b � i2M/2M+v iQ �;;`2;�i2 #2vQM/ Ry mgmL−1X

6BM�HHv- �M BKT`Qp2K2Mi iQ i?2 KBtBM; b2imT +QmH/ ?�p2 `2/m+2/ bQK2 Q7 i?2
T`Q#H2Kb Q7 BM?QKQ;2M2Biv �M/ #m##H2 7Q`K�iBQM �M/ �HHQr2/ KQ`2 `2HB�#H2 K2�@
bm`2K2Mib �i i?2 #2;BMMBM; Q7 i?2 BMi2`�+iBQMbX h?Bb ivT2 Q7 b2imT ?�b T`Qp2M bm+@
+2bb7mH QM #2�KHBM2b i?�i �`2 #2ii2` bmBi2/ iQ rQ`FBM; rBi? bQHmiBQMb Q7 b2MbBiBp2
#BQHQ;B+�H KQH2+mH2bX 1t�KTH2b Q7 i?Bb ?�p2 #22M /Bb+mbb2/ BM i?2 BMi`Q/m+iBQM iQ
i?Bb +?�Ti2`X

eX8 6mim`2 qQ`F �M/ *QM+HmbBQM
hlSa r�b T`2T�`2/ 7Q` i?Bb 2tT2`BK2Mi #mi iBK2 +QMbi`�BMib �M/ +QKKBiK2Mi iQ
i?2 biQTT2/@~Qr b2imT �i i?2 #2�KHBM2 K2�Mi i?�i Bi r�b MQi TQbbB#H2 iQ brBi+? iQ
H�b2`b rBi?BM i?2 �HHQ+�i2/ #2�KiBK2X h?Bb 2tT2`BK2Mi rQmH/ ?�p2 #22M +�``B2/ Qmi
BM i?2 K�MM2` T`2pBQmbHv /2b+`B#2/ (R9N) #mi mbBM; s@`�vb `�i?2` i?�M lo@pBbB#H2
HB;?i iQ T`Q#2 i?2 +?�M;2b iQ i?2 KQH2+mH2X Ai b?QmH/ �HbQ #2 MQi2/ i?�i i?2 bi`B+i
b�KTH2 `2[mB`2K2Mib Q7 a�safq�sa 2tT2`BK2Mib +QKT�`2/ iQ QTiB+�H bT2+i`Qb+QTv
K�v H2�/ iQ /B{+mHiB2bX hQ Q#i�BM ;QQ/ b+�ii2`BM; /�i� i?2 T`Qi2BM +QM+2Mi`�iBQMb
;2M2`�HHv M22/ iQ #2 Q`/2`b Q7 K�;MBim/2 ;`2�i2` i?�M BM QTiB+�H bT2+i`Qb+QTv- i?Bb
rQmH/ K2�M i?�i Qi?2` `2�;2Mib r?B+? M22/ iQ #2 BM 2[mBKQH�` `�iBQb Q` BM 2t+2bb
Kmbi �HbQ #2 �p�BH�#H2 BM Km+? ;`2�i2` [m�MiBiB2bX hlSa Bb ivTB+�HHv T`Q/m+2/ BM
i?2 KB+`Q;`�K@KBHHB;`�K `�M;2 r?B+? K�v b2`BQmbHv HBKBi i?2 K�tBKmK T`Qi2BM
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+QM+2Mi`�iBQM �M/ i?2 BM�#BHBiv iQ `2+v+H2 b�KTH2b �7i2` s@`�v 2tTQbm`2 K2�Mb i?�i
`2T2�i K2�bm`2K2Mib K�v MQi #2 TQbbB#H2X

�//BiBQM�HHv- i?2 mb2 Q7 L�.S> iQ `2/m+2 i?2 2MxvK2 �M/ bim/v i?2 T`2+Bb2 `�i2
�M/ bi`m+im`�H M�im`2 r�b TH�MM2/X qBi? i?2 mb2 Q7 q�sa Bi K�v #2 TQbbB#H2 iQ
`2bQHp2 i?2 Q`B2Mi�iBQM Q7 i?2 /QK�BMb `2H�iBp2 iQ QM2 �MQi?2` �M/ i?2 T`2+Bb2 2ti2Mi
iQ r?B+? i?2v KQp2X qBi? � 7mM+iBQMBM; �M/ 7mHHv bvM+?`QMBb2/ biQTT2/@~Qr b2imT
7m`i?2` QTiBKBb�iBQM Q7 i?2 #2�KHBM2 +�M MQr i�F2 TH�+2 iQ BKT`Qp2 /�i� +QHH2+iBQM
7`QK b2MbBiBp2 #BQHQ;B+�H b�KTH2bX
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*?�Ti2` d

amKK�`v �M/ 6mim`2 qQ`F

dXR amKK�`v Q7 J�BM *QM+HmbBQMb
� MmK#2` Q7 bB;MB}+�Mi +QM+HmbBQMb ?�p2 #22M `2�+?2/ 7`QK i?2 BMi2`T`2i�iBQM Q7
i?2 /�i� T`2b2Mi2/ BM i?Bb i?2bBbX h?2v +�M #2 bmKK�`Bb2/ �b 7QHHQrb,

Ç h?2 BMi`BMbB+ HBMF #2ir22M i?2 `2/Qt bi�i2 Q7 *S_ �M/ Bib +QM7Q`K�iBQM�H
2[mBHB#`BmK BM bQHmiBQM ?�b #22M +?�`�+i2`Bb2/ �M/ [m�MiB}2/ BM *?�Ti2` 9X

Ç h?2 mM/2`bi�M/BM; Q7 ?Qr #mz2` +QM/BiBQMb �z2+i i?2 +QM7Q`K�iBQM�H 2[mBHB#@
`BmK ?�b #22M 2t�KBM2/- �HbQ BM *?�Ti2` 9X

Ç � HQr@`2bQHmiBQM bi`m+im`2 ?�b #22M /2i2`KBM2/ 7Q` i?2 +QKTH2t #2ir22M *S_
�M/ +viQ+?`QK2 + BM bQHmiBQM- `2p2�HBM; i?2 +QKT�+i M�im`2 Q7 i?2 +QKTH2t-
BM *?�Ti2` 8X

Ç hBK2@`2bQHp2/ K2�bm`2K2Mib Q7 i?2 H�`;2 b+�H2 KQiBQMb Q7 *S_ #Qi? mTQM
`2/m+iBQM �M/ r?2M +QKTH2t 7Q`K�iBQM rBi? +viQ+?`QK2 + i�F2b TH�+2 ?�p2
#22M K�/2X �Hi?Qm;? i?2 2tT2`BK2Mi r�b +QKTH2i2/ rBi? HBKBi2/ bm++2bb- i?2
7QmM/�iBQMb 7Q` 7m`i?2` rQ`F mbBM; i?2 b�K2 i2+?MB[m2b ?�p2 #22M 2bi�#HBb?2/
BM *?�Ti2` eX

h?2b2 }M/BM;b ?�p2 bB;MB}+�MiHv 7m`i?2`2/ i?2 mM/2`bi�M/BM; Q7 i?2 #2?�pBQm`
Q7 *S_ BM bQHmiBQM �M/ 2bi�#HBb?2/ r�vb BM r?B+? Qi?2` ~2tB#H2 T`Qi2BMb- 2bT2+B�HHv
K2K#2`b Q7 i?2 /B~�pBM `2/Qt 7�KBHv +�M #2 bim/B2/X �//BiBQM�HHv- i?2 TQr2` Q7
M2mi`QMb 7Q` bim/vBM; b2MbBiBp2 K�+`QKQH2+mH�` +QKTH2t2b ?�b #22M /2KQMbi`�i2/
�M/- /2bTBi2 i?2 HQr2` `2bQHmiBQM Q7 i?Bb i2+?MB[m2- r?2M mb2/ BM +QMDmM+iBQM rBi?
Qi?2` r2HH 2bi�#HBb?2/ i2+?MB[m2b +�M vB2H/ bi`QM; +QM+HmbBQMbX
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dXk 6mim`2 qQ`F
.2bTBi2 i?2 7�+i i?�i *S_ ?�b #22M bim/B2/ 7Q` Qp2` 8y v2�`b- i?�MFb iQ +QMbi�MiHv
2pQHpBM; i2+?MB[m2b i?2`2 `2K�BMb Km+? iQ H2�`M �#Qmi i?2 #2?�pBQm` Q7 i?Bb 7�b+B@
M�iBM; 2MxvK2X AM T�`iB+mH�` � MmK#2` Q7 BM+QKTH2i2 �M/ TH�MM2/ bim/B2b `2K�BM
�b � `2bmHi Q7 i?Bb rQ`F QM *S_X �HH Q7 i?2 bim/B2b T`2b2Mi2/ BM i?Bb i?2bBb ?�p2 #22M
+�``B2/ Qmi rBi? i?2 T`Qi2BMb BM bQHmiBQM r?B+?- #2bB/2b +vi +- Bb MQi i?2B` M�iBp2
2MpB`QMK2MiX �//BiBQM�HHv +vi + Bb MQi � T?vbBQHQ;B+�H 2H2+i`QM i`�Mb72` T�`iM2` �M/
2ti2MbBp2 bim/B2b Q7 i?2 +QKTH2t #2ir22M *S_ �M/ S98yb ?�p2 v2i iQ #2 Tm#HBb?2/
rBi? bm++2bbX h?2 mb2 Q7 `2+QMbiBimi2/ HBTQbQK2b Q` M�MQ/Bb+b �`2 �i T`2b2Mi i?2 KQbi
T`QKBbBM; +�M/B/�i2b +QK#BM2/ rBi? a�a iQ bim/v i?2 M�iBp2 7mHH@H2M;i? T`Qi2BM �M/
+QKTH2t- bQK2 T`2HBKBM�`v bim/B2b ?�p2 �H`2�/v #22M +�``B2/ Qmi (e9- e3- R8k)X Ai
+QmH/ #2 TQbbB#H2 iQ mb2 i?2 TQr2` Q7 a�La iQ +QMi`�bi K�i+? i?2 M�MQ/Bb+b Qmi
`2M/2`BM; i?2K 2tT2`BK2Mi�HHv BMpBbB#H2 r?BHbi ;�i?2`BM; b+�ii2`BM; /�i� Q7 i?2 7mHH
+QKTH2tX �b �M �Hi2`M�iBp2 iQ a�a- i?2 i2+?MB[m2 Q7 M2mi`QM `2~2+iBpBiv +QmH/ #2
2KTHQv2/ iQ bim/v i?2 +QKTH2t BM � i`�/BiBQM�H HBTB/ #BH�v2` QM � bmTTQ`i bm`7�+2X
h?Bb i2+?MB[m2 `2HB2b QM i?2 ?B;? T2M2i`�iBM; TQr2` Q7 M2mi`QMb iQ �M�Hvb2 i?2 M�im`2
�M/ /2Ti?b Q7 2�+? H�v2` r?2M � ?B;?Hv +QHHBK�i2/ #2�K Bb `2~2+i2/ Qz i?2 bm`7�+2
Q7 i?2 b�KTH2X �b /Bb+mbb2/ �i i?2 2M/ Q7 *?�Ti2` e- i?2`2 Bb biBHH � HQi Q7 TQi2MiB�H
iQ H2�`M �#Qmi *S_ mbBM; iBK2@`2bQHp2/ `�/B�iBQM b+�ii2`BM; BM bQHmiBQM QM+2 i?2
2tT2`BK2Mi�H b2imT ?�b #22M QTiBKBb2/ bm{+B2MiHvX h?Bb +�M #2 �+?B2p2/ mbBM; i?2
`�TB/ KBtBM; b2imT /Bb+mbb2/ BM i?2 +?�Ti2` Q` �M 2H2+i`QM /QM�iBM; +?`QKQT?Q`2-
bm+? �b hlSa- +QmTH2/ rBi? H�bi 2t+Bi�iBQM r?B+? r�b MQi �ii2KTi2/ /m2 iQ iBK2
+QMbi`�BMibX

"2bB/2b HQr@`2bQHmiBQM bi`m+im`�H bim/B2b i?2`2 Bb biBHH Km+? iQ H2�`M �#Qmi i?2
/vM�KB+b *S_ �M/ i?2 S98y bvbi2KX h?Bb +QmH/ #2 �+?B2p2/ i?`Qm;? i?2 mb2 Q7
[m�bB@2H�biB+ M2mi`QM b+�ii2`BM;X h?Bb i2+?MB[m2 Bb bHQrHv #2+QKBM; KQ`2 TQTmH�` 7Q`
i?2 bim/v Q7 #BQHQ;B+�H bvbi2Kb �M/ rQ`Fb #v �M�HvbBM; i?2 #`Q�/2MBM; Q7 BM+B/2Mi
M2mi`QM #2�K �b � `2bmHi Q7 /vM�KB+b BM i?2 bvbi2K �M/ ?v/`�iBQM Q7 i?2 T`Qi2BM
UBM +QMi`�bi iQ � +`vbi�H rBi? MQ /BzmbBQM i?�i bTHBib i?2 #2�K BMiQ /BbiBM+i 2H�biB+
�M/ BM2H�biB+ HBM2bV (dj- d9)X

6BM�HHv- Bi Bb HBF2Hv i?�i *S_ rQmH/ K�F2 �M 2t+2HH2Mi +�M/B/�i2 7Q` i?2 i2+?MB[m2
Q7 +`vQ@2H2+i`QM KB+`Qb+QTv U+`vQ@1JVX lMHBF2 i`�/BiBQM�H s@`�v +`vbi�HHQ;`�T?v i?Bb
i2+?MB[m2 /Q2b MQi `2Hv QM ?QKQ;2M2Qmb- ?B;?@[m�HBiv +`vbi�H 7Q`K�iBQM �M/ i?2`2@
7Q`2 T2`KBib bim/v Q7 KQH2+mH2b i?�i �`2 MQiQ`BQmbHv /B{+mHi iQ +`vbi�HHBb2- BM i?2B`
M�iBp2 2MpB`QMK2Mi (R8j)X h?2 M�im`2 Q7 i?2 i2+?MB[m2 rQmH/ �HHQr i?2 bi`m+im`2
Q7 KQH2+mH2b BM p�`BQmb /Bz2`2Mi +QM7Q`K�iBQMb iQ #2 �M�Hvb2/ �M/ i?2M 2Mb2K#H2
K2i?Q/b +QmH/ #2 mb2/ iQ �M�Hvb2 i?2 +QM7Q`K�iBQM�H 2[mBHB#`BmK #�b2/ QM �M �p@
2`�;2 bi`m+im`2- Q` bBM;H2 KQH2+mH2b �i � HQr2` `2bQHmiBQM- bBKBH�` iQ i?�i Q7 a�La
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Q` a�saX h?2 +m``2Mi K�DQ` HBKBi�iBQM Q7 i?2 i2+?MB[m2 Bb i?2 KBMBKmK bBx2 Q7
i?2 KQH2+mH2- rBi? �++2Ti�#H2 �iQKB+ `2bQHmiBQM UI8 ³V QMHv #2BM; �+?B2p2/ rBi?
KQH2+mH�` r2B;?ib Q7 ?mM/`2/b Q7 FBHQ/�HiQMb �i i?2 iBK2 Q7 r`BiBM;- #mi i?Bb Bb #2BM;
+QMbi�MiHv /BKBMBb?2/ �b i?2 i2+?MB[m2 /2p2HQTb (R89- R88)X

NR



S�`i AAA

�TT2M/B+2b

Nk



�TT2M/Bt �

J�i2`B�Hb �M/ J2i?Q/b

AM i?Bb �TT2M/Bt i?2 `QmiBM2 K2i?Q/b i?�i �`2 `2HB2/ QM i?`Qm;?Qmi i?Bb rQ`F �`2
T`2b2Mi2/X h?2b2 K2i?Q/b �`2 ;2M2`�HHv �++2Ti2/ iQ #2 bi�M/�`/ T`QiQ+QHb �M/ �`2
i?2`27Q`2 MQi mMB[m2 iQ �Mv Q7 i?2 BMp2biB;�iBQMb T`2b2Mi2/ 2�`HB2`X �Mv �bT2+ib Q7
b�KTH2 T`2T�`�iBQM Q` BMbi`mK2Mi i?�i �`2 bT2+B}+ Q` mMB[m2 iQ +2`i�BM 2tT2`BK2Mib
�`2 /Bb+mbb2/ BM KQ`2 /2i�BH BM i?2 `2H2p�Mi `2bmHib +?�Ti2`X h?2 }`bi b2+iBQM- �XR-
/2b+`B#2b i?2 #�bB+ .L� i2+?MB[m2b- 7QHHQr2/ #v �Xk r?2`2 2tT`2bbBQM �M/ Tm`B}@
+�iBQM Q7 *S_ #Qi? ?v/`Q;2M�i2/ �M/ /2mi2`�i2/ Bb /2b+`B#2/X 6QHHQrBM; i?Bb Bb �
b2+iBQM QM `QmiBM2 �M�HvbBb �M/ +?�`�+i2`Bb�iBQM �b +QKTHBK2Mi�`v i2+?MB[m2b- �XjX
h?2 }M�H b2+iBQMb �X9 �M/ �X8 ;Bp2 � /2i�BH2/ Qp2`pB2r Q7 i?2 `QmiBM2 K2i?Q/QHQ;v
7Q` biQTT2/@~Qr �M/ a�La UQM .kkV `2bT2+iBp2HvX

�XR _2+QK#BM�Mi .L� h2+?MB[m2b

�XRXR 1X +QHB 1tT`2bbBQM o2+iQ`b
h?2 ;2M2b 7Q` ?mK�M }#`Q#H�bi *S_ H�+FBM; i?2 L@i2`KBM�H K2K#`�M2@�M+?Q`BM;
`2;BQM U�M/ �bbQ+B�i2/ Kmi�MibV ?�/ #22M +HQM2/ #v .`X C�+FB2 1HHBb UlMBp2`bBiv
Q7 G2B+2bi2`V BM iQ i?2 +QH/@b?Q+F T*akk p2+iQ` U6B;m`2 �XRV r?B+? Bb #�b2/ QM i?2
#�+F#QM2 Q7 T1hkk# (Ry3)X h?2 +.L� 7Q` *S_ ?�/ #22M BMb2`i2/ BMiQ i?2 KmHiBTH2
+HQMBM; bBi2 #2ir22M i?2 `2bi`B+iBQM 2MxvK2b s?QA �M/ L/2AX h?2 TH�bKB/ 72�im`2b
i?2 �KTB+BHHBM `2bBbi�M+2 ;2M2 �M/ Bb mM/2` +QH/@b?Q+F T`Qi2BM � U+bT�V i`�Mb+`BTiBQM
+QMi`QHX q?2M 2tTQb2/ iQ � HQr i2KT2`�im`2 +QH/ b?Q+F- jd ◦C ;`Qri? T?�b2 7QHHQr2/
#v R8 ◦C 2tT`2bbBQM T?�b2- 2tT`2bbBQM Bb i`B;;2`2/ /m2 iQ i?2 mT`2;mH�iBQM Q7 +bT�X
�M 2tT`2bbBQM p2+iQ` rBi?Qmi i?2 +Q/BM; b2[m2M+2 7Q` �Mv 7Q`K Q7 �{MBiv i�; BM
i?2 �KBMQ �+B/ b2[m2M+2 r�b b2H2+i2/X *H2�p�;2 Q7 � i�; i�F2b iBK2- `2/m+2b vB2H/
�M/ �M mM+H2�p�#H2 i�; K�v `2bmHi BM �Mv MmK#2` Q7 BMi2`72`2M+2b rBi? bi`m+im`�H Q`
FBM2iB+ bim/B2bX

.L� r�b +HQM2/ BMiQ TH�bKB/ p2+iQ`b �M/ b2[m2M+2/ #v i?2 lMBp2`bBiv Q7 G2@
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B+2bi2` S`Qi2BM �M/ Lm+H2B+ �+B/ *?2KBbi`v G�#Q`�iQ`v USL�*GVX a2[m2M+BM;- �HbQ
+�``B2/ Qmi #v SL�*G- r�b T2`7Q`K2/ QM �HH TH�bKB/ b�KTH2b �7i2` T`2T�`�iBQMc
BMi2`M�H T`BK2`b #�b2/ QM i?2 *S_ BMb2`i b2[m2M+2 r2`2 mb2/ U7Qm` 7Q`r�`/ T`BK2`b
�M/ QM2 `2p2`b2- /2i�BH2/ BM �TT2M/Bt "- amTTH2K2Mi�`v 6B;m`2bVX

BssHII(6625)  
EcoRV(6590)  

HpaI(6534)  

PshAI(6195)  

FspAI(5958)  
PpuMI(5930)  

BsaBI*(5742)  

BstZ17I(5168)  

PciI(4935)  

PvuI(3678)  
ScaI(3566)  

NsiI  (48)

BspDI - ClaI  (171)
MluI  (232)

NdeI  (595)

AarI - BfuAI - BspMI  (2248)

NheI  (2449)
BmtI  (2453)
BamHI  (2459)
EcoRI  (2465)
SalI  (2478)
HindIII  (2484)

NotI  (2491)

DraIII  (2906)

PsiI  (3031)

pCS22-sCPR
6833 bp

6B;m`2 �XR, SH�bKB/ K�T Q7 i?2 T*akk *S_ 2tT`2bbBQM p2+iQ`X AM/B+�i2/ �`QmM/
i?2 +B`+mK72`2M+2 �`2 i?2 `2bi`B+iBQM 2MxvK2b UQmibB/2V �M/ MmK#2` Q7 #�b2@T�B`b
UBM+`2K2Mib Q7 Ryyy- QM i?2 BMbB/2VX h?2 +bT� T`QKQi2` b2[m2M+2 Bb BM/B+�i2/ BM
Tm`TH2 �M/ i?2 Q`B;BM Q7 `2THB+�iBQM BM v2HHQrX

�XRXk h`�Mb7Q`K�iBQM BMiQ *QKT2i2Mi 1X +QHB *2HHb
� Ryy µL �HB[mQi Q7 +QKT2i2Mi 1X +QHB hPSRy +2HHb BM � R mL 1TT2M/Q`7 im#2 r�b
i?�r2/ QM B+2X R µL Q7 TH�bKB/ .L� r�b �//2/ iQ i?2 +2HH �HB[mQi r?B+? r�b H27i
QM B+2 7Q` jy minX h?2 +2HHb �M/ .L� r2`2 i?2M ?2�i b?Q+F2/ iQ 9k ◦C 7Q` 8y sX h?2
KBtim`2 r�b i?2M `2im`M2/ iQ B+2 �;�BM 7Q` � 7m`i?2` k minX Ryy µL Q7 ktuh ;`Qri?
K2/BmK r�b i?2M �//2/ iQ i?2 im#2 r?B+? r�b b?�F2` BM+m#�i2/ 7Q` ey min �i jd
◦CX h?2 +2HHb r2`2 i?2M TBT2ii2/ �M/ bi`2�F2/ QMiQ �M G"amp �;�` TH�i2 +QMi�BMBM;
�KTB+BHHBM URyy µgmL−1V r?B+? r�b BM+m#�i2/ Qp2`MB;?i �i jd ◦C 7Q` ;`Qri? Q7
#�+i2`B�H +2HH +QHQMB2bX
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�XRXj AbQH�iBQM Q7 .L�
� bBM;H2 +QHQMv Q7 hPSRy +2HHb +QMi�BMBM; T*akk *S_ .L� r�b TB+F2/ 7`QK �M
G"amp �;�` TH�i2 iQ BMQ+mH�i2 8 mL Q7 G"amp ;`Qri? K2/BmK r?B+? r�b ;`QrM �i
jd ◦C iQ �M P.600 Q7 RX h?2 8 mL +mHim`2 r�b i?2M ?�`p2bi2/ 7Q` .L� 7QHHQrBM;
i?2 T`QiQ+QH Q7 i?2 ZB�;2M J�tB S`2T TH�bKB/ T`2T�`�iBQM FBiX

�Xk S`Qi2BM 1tT`2bbBQM �M/ Sm`B}+�iBQM

�XkXR >mK�M L@i2`KBM�H h`mM+�i2/ *S_
T*akk TH�bKB/ +QMi�BMBM; *S_ .L� r�b i`�Mb7Q`K2/ BMiQ 1X +QHB "GkR ah�_
+2HHb 7Q` 2tT`2bbBQM Ub22 �TT2M/Bt �XRXk 7Q` � KQ`2 /2i�BH2/ T`Q+2/m`2VX G"amp �;�`
TH�i2b r2`2 bi`2�F2/ rBi? i?2 i`�Mb7Q`K2/ "GkR ah�_ +2HHb �M/ BM+m#�i2/ Qp2`MB;?i
�i jd ◦CX

1tT`2bbBQM BM h" J2/BmK

1tT`2bbBQM Q7 *S_ BM h" r�b /2p2HQT2/ iQ T`QpB/2 K�tBKmK vB2H/ Q7 i?2 T`Qi2BMX
� bBM;H2 +QHQMv Q7 "GkR ah�_ i`�Mb7Q`K2/ rBi? i?2 T*akk *S_ p2+iQ` r�b TB+F2/
7`QK �M G"amp �;�` TH�i2 �M/ BM+m#�i2/ BM �miQ+H�p2/ G" K2/BmK U8 mLV +QMi�BMBM;
�KTB+BHHBM URyy µgmL−1V Qp2`MB;?iX � ;Hv+2`QH biQ+F U8yWV r�b K�/2 7`QK i?2
Qp2`MB;?i ;`Qri? Q7 i?2 +2HHb BM 8yy µL �HB[mQib �M/ biQ`2/ �i @3y ◦CX � b+`�TBM;
Ubi2`BH2 TBT2ii2 iBTV Q7 i?2 ;Hv+2`QH biQ+F +2HHb Q` bBM;H2 +QHQMv 7`QK 7`2b?Hv bi`2�F2/
G"amp �;�` TH�i2 r�b mb2/ iQ BMQ+mH�i2 � ~�bF +QMi�BMBM; G" K2/BmK Uk8y mLV
+QMi�BMBM; �KTB+BHHBM URyy µgmL−1V r?B+? r�b BM+m#�i2/ Qp2`MB;?i �i jd ◦C iQ 7Q`K
� bi�`i2` +mHim`2X h?2 bi�`i2` +mHim`2 U8 mLV r�b mb2/ iQ BMQ+mH�i2 i?2 `2[mB`2/
�KQmMi Q7 h" K2/BmK ~�bFb U8yy mLV +QMi�BMBM; �KTB+BHHBM URyy µgmL−1V 7Q`
;`Qri? �M/ 2tT`2bbBQMX h?2b2 ~�bFb r2`2 b?�F2M UR3y _SJV �i jd ◦C mMiBH i?2 P.
Q7 i?2 +2HH +mHim`2 `2�+?2/ � p�Hm2 #2ir22M yXe �M/ yX3 �i eyy nmX �i i?Bb TQBMi i?2
2tT`2bbBQM r�b BM/m+2/ #v KQpBM; i?2 ~�bFb BMiQ � T`2@+?BHH2/ BM+m#�iQ` �i R8 ◦C iQ
+QH/ b?Q+F i?2 +2HHb 7Q` k9 hX *2HH +mHim`2b r2`2 T2HH2i2/ #v +2Mi`B7m;�iBQM �i 8yyy
_SJ �M/ 9 ◦C 7Q` ?�H7 �M ?Qm` #27Q`2 #2BM; KQp2/ BKK2/B�i2Hv iQ biQ`�;2X S2HH2ib
r2`2 2Bi?2` biQ`2/ �i @3y ◦C Q` BKK2/B�i2Hv T`Q+2bb2/ �++Q`/BM; iQ i?2 BbQH�iBQM �M/
Tm`B}+�iBQM T`Q+2/m`2X

aQHm#BHBiv aim/v

"27Q`2 #2;BMMBM; H�`;2 b+�H2 Tm`B}+�iBQM i?2 bQHm#BHBiv Q7 i?2 T`Qi2BM r�b i2bi2/X �
bK�HH �KQmMi Q7 BM/m+2/ +2HH T2HH2i r�b `2bmbT2M/2/ BM � KBMBKmK Q7 #mz2` URyy
mJ- T> dX3VX *2HH HvbBb r�b �+?B2p2/ #v #2�/ KBHHBM; mbBM; � pQHmK2 Q7 8yy µL Q7
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;H�bb #2�/b rBi? � /B�K2i2` Q7 yXR mJ Ua+B2MiB}+ AM/mbi`B2b AM+XVX h?2 bmbT2MbBQMb
r2`2 b?�F2M BM � +2HH /Bb`mTiQ` 7Q` 8 minX �M �HB[mQi rBi? � pQHmK2 Q7 8y µL r�b
i�F2M 7`QK i?2 b�KTH2 �M/ +2Mi`B7m;2/ �i R9-yyy _SJ 7Q` k minX

"Qi? i?2 T`2+BTBi�i2 �M/ i?2 bmT2`M�i�Mi r2`2 +QHH2+i2/ �M 2�+? b�KTH2 `mM
QM �M a.a@S�:1 ;2HX � /2i�BH2/ T`QiQ+QH 7Q` a.a@S�:1 +�M #2 7QmM/ H�i2` BM
�TT2M/Bt �XjXRX

AbQH�iBQM �M/ Sm`B}+�iBQM

*S_ BbQH�iBQM �M/ Tm`B}+�iBQM r�b +�``B2/ Qmi rBi? bHB;?i KQ/B}+�iBQMb Q7 Tm#HBb?2/
K2i?Q/b (9y)X h?2 T2HH2ib r2`2 `2bmbT2M/2/ BM � KBMBKmK Q7 HvbBb #mz2` URyy mJ
h`Bb- T> dX3- HvbQxvK2 Ryy µgmL−1- +�X jy mL Q7 #mz2` T2` HBi`2 Q7 +mHim`2V �M/
i?2M bQMB+�i2/ QM B+2 7Q` Ry t jy b2+QM/ BMi2`p�Hb mMiBH i?2 bmbT2MbBQM im`M2/ /�`F
;`2v BM +QHQm` �M/ #2+�K2 H2bb pBb+QmbX h?2 bmbT2MbBQM r�b +2Mi`B7m;2/ �i ky-8yy
_SJ 7Q` R h �i 9 ◦C �7i2` bQMB+�iBQM �M/ i?2 bmT2`M�i�Mi +`m/2 U+2HH@7`22V 2ti`�+i
r�b +QHH2+i2/ �M/ F2Ti QM B+2X h?2 +`m/2 2ti`�+i r�b i?2M HQ�/2/ /B`2+iHv QMiQ � Z
a2T?�`Qb2 BQM@2t+?�M;2 +QHmKM r?B+? r�b T`2 2[mBHB#`�i2/ rBi? r�b? #mz2` URyy
mJ h`Bb- T> dX3VX �7i2` � i?Q`Qm;? r�b? Q7 �i H2�bi k +QHmKM pQHmK2b Q7 r�b?
#mz2`- i?2 T`Qi2BM r�b 2Hmi2/ rBi? � b�Hi ;`�/B2Mi Uy@R J L�*H BM r�b? #mz2`VX
.m`BM; 2HmiBQM i?2 QTiB+�H �#bQ`#�M+2 r�b KQMBiQ`2/ �i r�p2H2M;i?b Q7 k3y nm �M/
98y nm iQ +QM}`K T`Qi2BM �M/ ~�pBM T`2b2M+2 `2bT2+iBp2HvX h?2 #2bi v2HHQrf;`22M
7`�+iBQMb 7`QK Z a2T?�`Qb2 2HmiBQM Ub22 2t�KTH2 2HmiBQM i`�+2 BM 6B;m`2 �Xk- *S_
T`2b2M+2 BM 7`�+iBQMb *k @ *9 +QM}`K2/ rBi? a.a@S�:1V r2`2 i?2M HQ�/2/ /B`2+iHv
QMiQ � kǶ8Ƕ@�.S a2T?�`Qb2 +QHmKM r?B+? r�b T`2 2[mBHB#`�i2/ rBi? r�b? #mz2`X
�7i2` � k +QHmKM pQHmK2 r�b?- ?�H7 � +QHmKM pQHmK2 Q7 QtB/�iBQM #mz2` URyy mJ
h`Bb- T> dX3- Ryy mJ TQi�bbBmK 72``B+v�MB/2V r�b r�b?2/ Qp2` i?2 #QmM/ T`Qi2BM
iQ 2Mbm`2 i?2 ~�pBM +Q7�+iQ`b Q7 i?2 2MxvK2 r2`2 BM i?2 7mHHv QtB/Bb2/ bi�i2X h?2
+QHmKM rBi? QtB/Bb2/ *S_ #QmM/ r�b i?2M r�b?2/ QM+2 KQ`2 #27Q`2 #2BM; 2Hmi2/
bHQrHv rBi? 2HmiBQM #mz2` UkyW ;Hv+2`QH BM >kP- T> dVX h?2 Tm`2 T`Qi2BM r�b
2Hmi2/ mbBM; � kyW ;Hv+2`QH bQHmiBQM `�i?2` i?�M kǶ@�JS BM Q`/2` iQ �pQB/ mM/2bB`2/
T2`bBbi2Mi #BM/BM; Q7 i?2 kǶ@�JSX � }M�H bi�;2 Q7 Tm`B}+�iBQM BM+Hm/2/ i?2 mb2 Q7
bBx2 2t+HmbBQM HB[mB/ +?`QK�iQ;`�T?v UamT2`/2t kyy AM+`2�b2 +QHmKM- :1 >2�Hi?+�`2
GB72 a+B2M+2bV BM Q`/2` iQ BbQH�i2 i?2 Tm`2Hv KQMQK2`B+ 7Q`K Q7 i?2 T`Qi2BMX h?2
T`Qi2BM +QM+2Mi`�iBQM r�b +�H+mH�i2/ mbBM; � KQH�` 2tiBM+iBQM +Q2{+B2Mi Q7 ϵ450nm
4 kk-yyy J−1 cm−1X h?2 }M�H 2Hm2Mi r�b BKK2/B�i2Hv #mz2` 2t+?�M;2/ BMiQ Ryy
mJ h`Bb- T> dX3 7Q` `27`B;2`�iQ` biQ`�;2 Q` FBM2iB+b #mz2` URyy mJ "1a- T> dV
7Q` 2tT2`BK2Mi�H rQ`F �b `2[mB`2/X :Hv+2`QH biQ+Fb mbBM; 8yW rfp Q7 ;Hv+2`QH r2`2
K�/2 7Q` HQM; i2`K biQ`�;2 �i @ky ◦CX
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6B;m`2 �Xk, Z a2T?�`Qb2 6SG* 2HmiBQM +?`QK�iQ;`�K `mM �i j mLmin−1X h`�+2b b?QrM �`2 i?2 �#bQ`TiBQM `2�/BM; �i k3y nm U/�`F
#Hm2V- i?2 �#bQ`TiBQM `2�/BM; �i 98y nm U`2/V- i?2W Q7 R J L�*H U;`22MV �M/ i?2 +QM/m+iBpBiv Q7 i?2 bQHmiBQM K2�bm`2/ BM bB2K2Mb T2`
K2i`2 UHB;?i #Hm2VX h?2 p2`iB+�H �tBb +Q``2bTQM/b iQ i?2 �#bQ`�#�M+2 Q7 i?2 k3y nmX h?2 7`�+iBQMb �`2 H�#2HH2/ QM i?2 +?`QK�iQ;`�K BM
`2/- Q7 r?B+? 7`�+iBQMb *k iQ *9 r2`2 +QHH2+i2/ �M/ TQQH2/ 7Q` 7m`i?2` Tm`B}+�iBQM BM i?Bb BMbi�M+2X
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�XkXk .2mi2`�i2/ S`Qi2BM 1tT`2bbBQM �M/ Sm`B}+�iBQM
� KQ/B}2/ T`QiQ+QH �M/ bQK2 �//BiBQM�H T`Q+2/m`2b r2`2 M2+2bb�`v 7Q` i?2 T`Q/m+@
iBQM Q7 /2mi2`�i2/ bQHm#H2 *S_ BM i?2 .@H�# �i i?2 AGG BM :`2MQ#H2- 6`�M+2X h?2
Tm`B}+�iBQM T`QiQ+QH 7Q` /2mi2`�i2/ b�KTH2b r�b i?2 b�K2 �b 7Q` ?v/`Q;2M�i2/X

h`�MbTQbBiBQM

h?2 T*akk p2+iQ` #�b2/ +QMbi`m+i r�b �/�Ti2/ 7Q` 72`K2Mi2` ;`Qri? #v brBi+?BM;
i?2 �MiB#BQiB+ `2bBbi�M+2 7`QK �KTB+BHHBM iQ F�M�Kv+BM pB� � i`�MbTQbBiBQM `2�+iBQM
mbBM; i?2 1w@hM8hJ hdfE�L@k S`QKQi2` AMb2`iBQM EBi U1TB+2Mi`2- la�VX �HH +QK@
TQM2Mib 7`QK i?2 FBi 7Q` +�``vBM; Qmi i?2 i`�MbTQbBiBQM `2�+iBQM r2`2 KBt2/ BM �
bBM;H2 1TT2M/Q`7 im#2,

Ç 1w@hM8hJ Ryt `2�+iBQM #mz2` UR µLV

Ç h�`;2i .L� UyXk µgV

Ç h`�MbTQbQM UR µLV

Ç h`�MbTQb�b2 UR µLV

Ç J�F2 mT iQ Ry µL iQi�H pQHmK2 rBi? /BbiBHH2/ r�i2`

h?2 `2�+iBQM KBtim`2 r�b BM+m#�i2/ Ujd ◦C 7Q` k hVX h?2 `2�+iBQM KBtim`2 r�b
i?�M +2Mi`B7m;2/ 7Q` URy s �i K�tBKmK bT22/V BM � #2M+?@iQT +2Mi`B7m;2 #27Q`2
�//BM; biQ+F biQT bQHmiBQM UR µLVX h?2 bQHmiBQM r�b i?2M F2Ti QM B+2 mMiBH #27Q`2
i`�Mb7Q`K2/ BMiQ 1X +QHB hPSRy +2HHb mbBM; i?2 T`QiQ+QH /2b+`B#2/ �#Qp2X

h?2 i`�Mb7Q`K2/ +2HHb r2`2 i?2M b+`22M2/ 7Q` bm++2bb7mH i`�MbTQbBiBQM r?B+? BM@
pQHp2/ TH�iBM; +2HHb QMiQ �M G"kan �;�` TH�i2 iQ ;`Qr F�M�Kv+BM `2bBbi�Mi +QHQMB2bX
AM/BpB/m�H +QHQMB2b 7`QK i?2 F�M�Kv+BM TH�i2 r2`2 i?2M TH�i2/ Qmi QM �M G"amp

�M/ �M G"kan mbBM; +Q``2bTQM/BM; MmK#2`b QM � ;`B/ �M/ b2�`+?BM; 7Q` +2HHb r?B+?
?�/ HQbi �KTB+BHHBM #mi bBKmHi�M2QmbHv ;�BM2/ F�M�Kv+BM `2bBbi�M+2- 2Mbm`BM; i?2
i`�MbTQbBiBQM `2�+iBQM ?�/ i�F2M TH�+2 QM i?2 +Q``2+i T�`i Q7 i?2 TH�bKB/ .L�X �
bBM;H2 +QHQMv r�b QM+2 �;�BM TB+F2/ 7`QK i?2b2 TH�i2b �M/ /Qm#H2 +?2+F2/ QM irQ
}M�H G"amp �M/ G"kan �;�` TH�i2bX h?2 irQ }M�H bi2Tb �`2 BHHmbi`�i2/ #2HQr BM 6B;@
m`2 �XjX am++2bb7mH +2HHb r2`2 i?�M mb2/ 7Q` 7m`i?2` .L� BbQH�iBQM �M/ b2[m2M+BM;
BM Q`/2` iQ p2`B7v BMi2;`Biv Q7 i?2 *S_ ;2M2X

>v/`Q;2M�i2/ JBMBK�H J2/BmK �/�Ti�iBQM

1tT`2bbBQM �M/ bQHm#BHBiv bim/B2b r2`2 +�``B2/ Qmi �b #27Q`2 mbBM; ?v/`Q;2M�i2/
KBMBK�H K2/BmK �b i?2 }`bi bi�;2 Q7 �/�Ti�iBQM iQ ;`Qri? BM ?�`b?2` +QM/BiBQMbX �
bBM;H2 +QHQMv r�b mb2/ iQ BMQ+mH�i2 R8 mL Q7 ?v/`Q;2M�i2/ }Hi2` bi2`BHBb2/ KBMBK�H
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6B;m`2 �Xj, �;�` TH�i2b 7`QK i?2 b+`22MBM; T`Q+2/m`2 Q7 i?2 i`�MbTQbBiBQM T`QiQ+QHX
h?2 H27i TH�i2b �`2 � H�`;2 b2H2+iBQM Q7 bBM;H2 +QHQMB2b TB+F2/ 7`QK i?2 BMBiB�H G"kan

TH�i2X h?2 `B;?i TH�i2b �`2 7`QK i?2 }M�H +QM}`K�iBQM Q7 M2r `2bBbi�M+2 �M/ HQbb Q7
7Q`K2` `2bBbi�M+2 ;2M2

K2/BmK Ub22 K�i2`B�Hb b2+iBQM- �TT2M/Bt �XkXjV +QMi�BMBM; � }M�H F�M�Kv+BM Ujy
µgmL−1VX h?2 bi�`i2` +mHim`2 r�b BM+m#�i2/ Ujd ◦C- RNy _SJ b?�FBM;V 7Q` k9
?Qm`b mMiBH i?2 PX.X `2�+?2/ R@RX8 �XlX- BM/B+�iBM; � bHQr2` ;`Qri? `�i2 i?�M BM
`B+? K2/BmKX �7i2` j9 ?Qm`b 7`QK i?2 bi�`i Q7 i?2 BM+m#�iBQM �i jd ◦C R mL Q7
+mHim`2 r�b 2ti`�+i2/ �M/ � Ry 7QH/ /BHmiBQM BM F�M�Kv+BM +QMi�BMBM; ?v/`Q;2M�i2/
KBMBK�H K2/BmK r�b K�/2X h?2 /BHmi2/ +mHim`2 r�b BM+m#�i2/ �i jd ◦C 7Q` Re h

�M/ `2�+?2/ �M PX.X Q7 �`QmM/ jXe �XlX h?`22 �HB[mQib r2`2 2ti`�+i2/ 7`QK i?2
+mHim`2X 1�+? �HB[mQi r�b /BHmi2/ BM F�M�Kv+BM +QMi�BMBM; KBMBK�H K2/BmK iQ
Q#i�BM �M PX.X Q7 yXk �XlX h?2 i?`22 +mHim`2b r2`2 BM+m#�i2/ �i jd ◦C 7Q` b2p2`�H
?Qm`bX 1tT`2bbBQM r�b BM/m+2/ #v `2/m+BM; i?2 i2KT2`�im`2 Q7 i?2 BM+m#�iQ` iQ R8
Q` Re ◦C r?2M i?2 PX.X `2�+?2/ � p�Hm2 #2ir22M yXe �M/ yXN �XlX � i2KT2`�im`2 Q7
ky ◦C r�b �HbQ i2bi2/ iQ +QM}`K 2tT`2bbBQM �i bHB;?iHv ?B;?2` i2KT2`�im`2b BM +�b2
Bi r�b M2+2bb�`v BM H�i2` bi2Tb /m2 iQ 2[mBTK2Mi HBKBi�iBQMbX h?Bb T`Q+2/m`2 r�b
`2T2�i2/ irQ 7m`i?2` iBK2b BM Q`/2` iQ 2Mbm`2 ;QQ/ �/�Ti�iBQM Q7 i?2 +2HHb #27Q`2
i�FBM; �M �HB[mQi Q7 mMBM/m+2/ +2HH �b � ;Hv+2`QH biQ+F biQ`2/ BM 8yW ;Hv+2`QH �i @3y
◦CX 1tT`2bbBQM �M/ bQHm#BHBiv bim/B2b r2`2 +�``B2/ Qmi �b /2b+`B#2/ BM �kXR �M/ i?2
`2bmHib �`2 b?QrM BM 6B;m`2 �X9X

.2mi2`�i2/ JBMBK�H J2/BmK �/�Ti�iBQM �M/ aQHm#BHBiv aim/v

6QHHQrBM; �/�Ti�iBQM 7Q` ?v/`Q;2M�i2/ KBMBK�H K2/BmK � bBKBH�` T`Q+2/m`2 r�b +�`@
`B2/ Qmi mbBM; 38W .kP /2mi2`�i2/ KBMBK�H K2/BmKX .2mi2`�i2/ KBMBK�H K2/BmK
r�b T`2T�`2/- #2BM; �M�HQ;Qmb iQ ?v/`Q;2M�i2/ KBMBK�H K2/BmK 2t+2Ti 7Q` i?2 mb2
Q7 .kP `�i?2` i?�M >kPX AM;`2/B2Mib Q7 i?2 K2/BmK- BM+Hm/BM; i?2 �MiB#BQiB+ r2`2
MQi /2mi2`�i2/X h?Bb vB2H/2/ � K2/BmK i?�i rQmH/ T`Q/m+2 �M 38W /2mi2`�i2/
T`Qi2BM bmBi�#H2 7Q` +QMi`�bi K�i+?BM;X

>v/`Q;2M�i2/ KBMBK�H K2/BmK +mHim`2 UR mLV r�b /BHmi2/ iQ R8 mL BM F�M�Kv+BM
+QMi�BMBM; /2mi2`�i2/ KBMBK�H K2/BmK �M/ BM+m#�i2/ �i jd ◦C 7Q` k9 ?Qm`b mMiBH
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6B;m`2 �X9, >v/`Q;2M�i2/ KBMBK�H K2/BmK 2tT`2bbBQM �M/ bQHm#BHBiv bim/vX G�M2b
R �M/ k, a?Qr i?2 iQi�H HvbBb Q7 irQ BM/m+2/ >@KBMBK�H K2/BmK 2tT`2bbBQMbX G�M2
j, �M mMBM/m+2/ >@KBMBK�H K2/BmK b�KTH2X G�M2 9, JQH2+mH�` r2B;?i K�`F2`X
G�M2 8 @ 3, aQHm#BHBiv i`B�H bmT2`M�i�Mi �M/ T2HH2i Q7 b�KTH2b BM/m+2/ �i R8 ◦C BM
G"X G�M2 N @ Rk, aQHm#BHBiv i`B�H bmT2`M�i�Mi �M/ T2HH2i Q7 b�KTH2b BM/m+2/ �i Re
◦C BM >@KBMBK�H K2/BmKX G�M2 Rj �M/ R9, aQHm#BHBiv i`B�H bmT2`M�i�Mi �M/ T2HH2i
Q7 MQM@i`�MbTQb2/ *S_ b�KTH2b BM/m+2/ �i R8 ◦C BM G"X JQH2+mH�` r2B;?i BM F.�
Bb BM/B+�i2/ #v i?2 H�#2Hb BM #H�+F QM i?2 `B;?i ?�M/ bB/2X

i?2 PX.X `2�+?2/ � p�Hm2 Q7 j @ jX8 �XlX h?2 `2bmHiBM; +mHim`2 UR mLV r�b �//2/ iQ
� }M�H pQHmK2 Q7 R8 mL BM F�M�Kv+BM +QMi�BMBM; /2mi2`�i2/ KBMBK�H K2/BmK �M/
BM+m#�i2/ �i jd ◦C 7Q` k9 ?Qm`b mMiBH i?2 PX.X `2�+?2/ � p�Hm2 Q7 j @ jX8 �XlX

6Qm` �HB[mQib Q7 R mL 2�+? r2`2 /BHmi2/ BM F�M�Kv+BM +QMi�BMBM; /2mi2`�i2/
KBMBK�H K2/BmK iQ }M�H PX.X Q7 �#Qmi yXk �XlX h?2 7Qm` b�KTH2b r2`2 BM+m#�i2/
�i jd ◦C mMiBH i?2 PX.X `2�+?2/ � p�Hm2 #2ir22M yXe �M/ yX3 �XlX 1tT`2bbBQM r�b
BM/m+2/ #v `2/m+BM; i?2 i2KT2`�im`2 Q7 i?2 BM+m#�iQ` iQ Re ◦C �M/ ky ◦C iQ +QM}`K
i?�i #Qi? i2KT2`�im`2b r2`2 biBHH 2z2+iBp2X 1tT`2bbBQM r�b +�``B2/ Qmi �i Re ◦C �M/
ky ◦CX h?2 a.a@S�:1 b�KTH2b r2`2 T`2T�`2/ �b /2b+`B#2/ BM �TT2M/Bt �XjXR �M/
�M�Hvb2/ �b /2b+`B#2/ BM i?2 T`2pBQmb bm#b2+iBQMX AM/m+iBQM �i ky ◦C vB2H/2/ i?2
H�`;2bi �KQmMi Q7 T`Qi2BM BM i?2 bQHm#H2 7`�+iBQMX h?Bb T`Q+2/m`2 r�b `2T2�i2/ 7Q` �
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7m`i?2` j /BHmiBQM �M/ ;`Qri? bi2Tb iQ 2Mbm`2 7mHH �/�Ti�iBQM iQ ;`Qri? BM /2mi2`�i2/
KBMBK�H K2/BmKX

62`K2Mi2` :`Qri? �M/ 1tT`2bbBQM

h?2 mb2 Q7 � 72`K2Mi2` `�i?2` i?�M KQ`2 ivTB+�H ;`Qri? BM H�`;2 ~�bFb r�b KQiBp�i2/
#v i?2 M22/ iQ ;`Qr � ?B;? +2HH /2MbBiv rBi? � KBMBK�H mb2 Q7 K�i2`B�Hb /m2 iQ i?2
?B;? +Qbi Q7 .kPX h?Bb rQmH/ �HbQ HBKBi 2tTQbm`2 iQ ?v/`Q;2M bBM+2 Qtv;2M Bb
bmTTHB2/ iQ i?2 +mHim`2 i?Qm;?i � /`v �B` HBM2X � G�#7Q`b kXj G "BQ`2�iQ` UAM7Q`b-
6`�M+2V r�b mb2/ U6B;m`2 �X8V �HHQrBM; p2`v T`2+Bb2 +QMi`QH Q7 +QM/BiBQMb i?`Qm;?
i?2 mb2 Q7 /B`2+i 722/BM; TmKTb �M/ p�`BQmb T`Q#2bX

6B;m`2 �X8, S?QiQ;`�T? Q7 i?2 62`K2Mi2` �TT�`�imb BM mb2X h?2 BMbmH�i2/ U/Qm#H2
;H�bb H�v2`V 72`K2Mi2` p2bb2H Bb b?QrM BM i?2 #QiiQK H27i rBi? 72`K2Mi�iBQM BM T`Q;`2bb
�M/ i?2 biB``2` KQiQ` Bb pBbB#H2 KQmMi2/ iQ i?2 iQT Q7 i?2 p2bb2H U;`2vVX h?2 H�#2HH2/
722/BM; TmKTb �`2 BM i?2 iQT `B;?i Q7 i?2 �TT�`�imb rBi? i?2 S* 7Q` /B`2+i +QMi`QH
�M/ KQMBiQ`BM; #2?BM/X

h?2 Pk T`2bbm`2 BM i?2 K2/BmK r�b K2�bm`2/ i?`Qm;?Qmi i?2 T`Q+2/m`2 �b
`2TQ`i2/ BM 6B;m`2 �XdX h2KT2`�im`2 �M/ T> r2`2 KQMBiQ`2/ /m`BM; i?2 T`Q+2bbX
h?2 PX.X r�b K2�bm`2/ K�Mm�HHv i?`Qm;?Qmi i?2 T`Q+2/m`2- #v 2ti`�+iBM; bK�HH
b�KTH2b Q7 +mHim`2- �M/ Bb b?QrM BM #H�+F BM 6B;m`2 �XdX 62`K2Mi�iBQM r�b +�``B2/
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Qmi �i jy ◦C rBi? biB``BM;X hQ K�BMi�BM i?2 +Q``2+i T> UdXyV �M L�P> TmKT r�b mb2/
bmTTHvBM; 9W L�P> iQ i?2 +mHim`2 r?2M i?2 T> p�Hm2 r�b `2TQ`i2/ #2HQr � i?`2b?QH/
p�Hm2X .m`BM; i?2 }`bi R9 h 7`QK i?2 bi�`i Q7 72`K2Mi�iBQM i?2 Qtv;2M +QMi2Mi
/2+`2�b2/ /m2 iQ #�+i2`B� ;`Qri?X �7i2` je h i?2 Qtv;2M H2p2H BM+`2�b2/ bB;MB}+�MiHv
/m2 iQ /2+`2�bBM; #�+i2`B� ;`Qri? `�i2X h?2 +mHim`2 r�b i?2M 72/ i?`Qm;? � 722/BM;
TmKT �b b?QrM #v i?2 `2/ +m`p2 BM };m`2 3Xe T`QpB/BM; 722/BM; K2/BmK r?Qb2
+QKTQbBiBQM Bb /2b+`B#2/ BM i?2 K�i2`B�Hb b2+iBQMX 1tT`2bbBQM r�b BM/m+2/ r?2M
i?2 QTiB+�H /2MbBiv `2�+?2/ i?2 p�Hm2 Q7 R3 �XlX h?2 i2KT2`�im`2 r�b ;`�/m�HHv
/2+`2�b2/ iQ RN ◦CX kk h �7i2` BM/m+iBQM i?2 +2HHb r2`2 ?�`p2bi2/ #v +2Mi`B7m;�iBQM
U98yy _SJ �M/ 9 ◦C- R8 minX � iQi�H Q7 e8 g Q7 +2HH T�bi2 r�b Q#i�BM2/ 7`QK
RXd G }M�H +mHim`2 pQHmK2- i?Bb r�b 7`Qx2M �M/ biQ`2/ �i @3y ◦CX h?2 }M�H vB2H/ Q7
/2mi2`�i2/ *S_ r�b �TT`QtBK�i2Hv Rky mgX �M a.a@S�:1 ;2H r�b K�/2 iQ +QM}`K
i?2 2tT`2bbBQM �M/ Bb b?Qr BM 6B;m`2 �Xe r?2`2 #�M/b �i i?2 +Q``2+i KQH2+mH�` r2B;?i
7Q` *S_ �`2 +H2�`Hv pBbB#H2X

6B;m`2 �Xe, 62`K2Mi2` _2bmHib :2HX G�M2 R, lMBM/m+2/ b�KTH2b 7`QK i?2 72`K2Mi2`-
BKK2/B�i2Hv #27Q`2 BM/m+iBQM G�M2b k �M/ j, AM/m+2/ b�KTH2b �7i2` jX8 �M/ N ?Qm`b
`2bT2+iBp2HvX G�M2 9, 6BM�H BM/m+2/ b�KTH2 #27Q`2 +2HH ?�`p2biBM;X G�M2 8 �M/
e, aQHm#BHBiv i`B�H bmT2`M�i�Mi �M/ T2HH2i Q7 b�KTH2b BM/m+2/ �i RN ◦CX G�M2 d ,
JQH2+mH�` r2B;?i K�`F2`X G�M2 3, aQHm#BHBiv i`B�H bmT2`M�i�Mi Q7 *S_ b�KTH2
BM/m+2/ �i R8 ◦C BM G" 7Q` `272`2M+2X JQH2+mH�` r2B;?i BM F.� Bb BM/B+�i2/ #v i?2
H�#2Hb BM #H�+F QM i?2 `B;?i ?�M/ bB/2X
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Temp °C38,00 0,00
Base_Pump ml800,0 0,0
Feed_Pump ml3000 0

pO2 %100,0 0,0
OD 30,00 0,00
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6B;m`2 �Xd, 62`K2Mi2` h`�+2X h?2 ?Q`BxQMi�H �tBb b?Qrb iBK2 BM /�vb- ?Qm`b �M/
KBMmi2b- i?2 p2`iB+�H �tBb b?Qrb PX.X *QM/BiBQMb KQMBiQ`2/ �b T2` i?2 +QHQm`2/ HBM2b
/2i�BH2/ BM i?2 H2;2M/ AM/B+�i2/ BM i?2 i2ti #m##H2b �`2 i?2 iBK2 TQBMib �M/ p�Hm2b
�i r?B+? � K�Mm�H PX.X `2�/BM; r�b i�F2MX
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�XkXj J�i2`B�Hb
�HH +?2KB+�Hb �M/ K2/B� mb2/ r2`2 Q7 i?2 ?B;?2bi �M�HviB+�H ;`�/2 �M/ r2`2 MQi Tm@
`B}2/ �Mv 7m`i?2` mMH2bb Qi?2`rBb2 bi�i2/X *?2KB+�Hb 7Q` bQHmiBQMb r2`2 T`QpB/2/ #v
6Bb?2` *?2KB+�Hb- aB;K� �H/`B+? �M/ J2H7Q`/ H�#Q`�iQ`B2bX >Q`b2 ?2�`i +viQ+?`QK2
+ 7Q` FBM2iB+b �M/ a�a 2tT2`BK2Mib r�b Tm`+?�b2/ 7`QK aB;K� �H/`B+?X q�i2` r�b
/Qm#Hv /2BQMBb2/ pB� �M 1H;� Sm`2G�# PTiBQM U.oj8V r?B+? mb2/ H�# /2BQMBb2/ r�i2`
�b Bib bmTTHvX �HH KQH2+mH�` #BQHQ;v �M/ KB+`Q#BQHQ;v r�b +�``B2/ Qmi mM/2` �b2TiB+
+QM/BiBQMbX h?2 T> Q7 bQHmiBQMb r�b K2�bm`2/ mbBM; � >�MM� T> K2i2`X 6SG*
+QHmKM +?`QK�iQ;`�T?v r�b +�``B2/ Qmi mbBM; �M �Eh� Sm`B}2` RyyX lo@pBbB#H2
bT2+i`QT?QiQK2i`v r�b +�``B2/ Qmi mbBM; � S2`FBM@1HK2` G�K#/� 9yX �//BiBQM�H
bT2+B}+ 2[mBTK2Mi Bb /2b+`B#2/ rBi?BM i?2 `2H2p�Mi bm#b2+iBQM Q7 i?Bb +?�Ti2`X �HH
#mz2` bQHmiBQMb r2`2 }Hi2`2/ BKK2/B�i2Hv #27Q`2 mb2 7Q` #Qi? Tm`B}+�iBQM Tm`TQb2b
Q` K2�bm`2K2MibX

J�i2`B�Hb 7Q` i?2 2tT`2bbBQM �M/ K2�bm`2K2Mi Q7 *S_

Ç G"@�;�` K2/BmK @ ky g Q7 G" HQr b�Hi TQr/2` UJ2H7Q`/V- R8 g Q7 �;�` �M/
k g Q7 ;Hm+Qb2 K�/2 mT iQ R L rBi? /BbiBHH2/ r�i2`X h?2 bQHmiBQM r�b bi2`BHBx2/
BM �M �miQ+H�p2X

Ç GvbQ;2Mv #`Qi? UG"V K2/BmK @ ky g Q7 G" HQr b�Hi TQr/2` UJ2H7Q`/V �M/
k g Q7 ;Hm+Qb2 K�/2 mT iQ R L rBi? /2BQMBx2/ r�i2`X h?2 bQHmiBQM r�b bi2`BHBx2/
BM �M �miQ+H�p2X

Ç h2``B}+ #`Qi? Uh"V K2/BmK @ Rk g Q7 i`vTiQM2- k9 g Q7 v2�bi 2ti`�+i- 9
mL Q7 ;Hv+2`QH K�/2 mT iQ Nyy mL rBi? /BbiBHH2/ r�i2`X h?2 bQHmiBQM r�b
bi2`BHBb2/ BM �M �miQ+H�p2 #27Q`2 �//BM; Ryy mL Q7 � bi2`BH2 bQHmiBQM Q7 yXRd J
E>kSP9- yXdk J Ek>SP9X

Ç EBM2iB+bfa�La #mz2` @ Ryy mJ "1a- T> dXyX aQHmiBQM r�b K�/2 mT mbBM;
>kP- .kP Q` � KBtim`2 Q7 #Qi? �b �TT`QT`B�i2X

J�i2`B�Hb 7Q` i?2 /2mi2`�iBQM Q7 *S_

Ç JBMBK�H K2/BmK @ AM R HBi`2, eX3e g UL>9VkaP9- RX8e g E>kSP9- eX93 g

L�k>SP9 · k >kP- yX9N g UL>9Vk−>−+Bi`�i2- 8 g ;Hv+2`QH- R mL J;aP9 R J-
R mL K2i�H b�Hib bQHmiBQMX >kP #�b2/ bQHmiBQM r�b bi2`BHBb2/ BM �M �miQ+H�p2-
.kP #�b2/ bQHmiBQM r�b bi2`BHBb2/ #v }Hi`�iBQMX

Ç J2i�H b�Hib bQHmiBQM @ yX8 g L−1 *�*Hk · k >kP- ReXd g L−1 62*Hj · e >kP- yXR3
g L−1 wMaP9 · d >kP- yXRe g L−1 *maP9 · 8 >kP- yXR8 g L−1 JMaP9 · 9 >kP- yXR3
g L−1 *Q*Hk · e >kP- kyXR g L−1 L�−1.h�X
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Ç L�P. 9W @ Ny mL Q7 .kP- Ry mL L�P. BM .kP Ry J biQ+FX ai2`BHBb2/ #v
}Hi`�iBQMX

Ç 622/BM; K2/BmK @ jy g ;Hv+2`QH- k8y mL /2mi2`�i2/ KBMBK�H K2/BmKX ai2`@
BHBb2/ #v }Hi`�iBQMX

�Xj �M�HvbBb �M/ *?�`�+i2`Bb�iBQM

�XjXR a.a@S�:1
hQ 7QHHQr i?2 T`Q;`2bb Q7 *S_ Tm`B}+�iBQM �M/ iQ �bbBbi rBi? +QM}`K�iBQM Q7 Tm`Biv
a.a@S�:1 �M�Hvb2b r2`2 +�``B2/ Qmi mbBM; � JBMB S`Qi2�M h2i`� avbi2K U"BQ@_�.-
*�HB7Q`MB�- la�V b2i �i R8y VX .Bb+QMiBMmQmb TQHv�+`vH�KB/2 ;2Hb URyWV +QMi�BMBM;
yXRW a.a �M/ TQHv�+`vH�KB/2 bi�+FBM; ;2H U8WV r2`2 mb2/X � "BQ@_�/ ;2H bvbi2K
rBi? yXd8 mm ;2H i?B+FM2bb r�b mb2/X a�KTH2b r2`2 T`2T�`2/ #v �//BM; �M 2[m�H
pQHmK2 Q7 b�KTH2 �M/ b�KTH2 #mz2` URyy mJ h`Bb@>*H- T> eX3- 9W a.a- kyW rfp
;Hv+2`QH- yXyykW #`QKQT?2MQH #Hm2- k8 mJ .hhV i?2M #QBH2/ 7Q` 8 minX h?2 ;2Hb
r2`2 `mM BM a.a `mMMBM; #mz2` Uk8 mJ h`Bb@>*H- RNk mJ ;Hv+2`BM2- yX8W rfp
a.aV �i R3y V mMiBH i?2 /v2 7`QMi `2�+?2/ i?2 2M/ Q7 i?2 ;2HX

:2Hb r2`2 bQ�F2/ BM bi�BM UjyW rfp K2i?�MQH- RkW rfp i`B+?HQ`Q�+2iB+ �+B/-
yXyRW *QQK�bbB2 "Hm2- RyW rfp bmHT?Qb�HB+vHB+ �+B/V 7Q` R h #27Q`2 `�TB/ /2bi�BMBM;
mbBM; j@9 Bi2`�iBQMb Q7 b?�FBM; BM 7`2b? KB+`Qr�p2 ?2�i2/ /BbiBHH2/ r�i2` iQ �++2H2`�i2
i?2 T`Q+2bbX 6Q` � 7mHH /2bi�BM i?2 ;2Hb r2`2 H27i iQ b?�F2 BM /BbiBHH2/ r�i2` Qp2`MB;?iX

J�i2`B�Hb 7Q` a.a@S�:1

aQHmiBQM *QKTQM2Mib RyW _2bQHpBM; :2H UmLV 8W ai�+FBM; :2H UmLV
>kP 9Xy eX3

jyW �+`vH�KB/2 KBt jXj RXd
RXy J h`Bb UT> eX3V kX8 RXk8

RyW a.a yXR yXR
RyW �KKQMBmK T2`bmH7�i2 yXR yXR

h1J1. yXyy9 yXyR

h�#H2 �XR, Ry mL aQHmiBQMb 7Q` S`2T�`BM; :2Hb 7Q` h`Bb@;Hv+BM2 a.a@S�:1X

�XjXk lo@oBbB#H2 �#bQ`TiBQM aT2+i`Qb+QTv
lHi`�pBQH2i@pBbB#H2 Ulo@pBbB#H2V �#bQ`TiBQM bT2+i`� r2`2 mb2/ iQ +QM}`K i?2 T`2b2M+2
Q7 i?2 T`Qi2BM �M/ `2bT2+iBp2 ~�pBMb BM i?2 7mHHv QtB/Bb2/ bi�i2 BKK2/B�i2Hv �7i2`
Tm`B}+�iBQMX h?2 vB2H/ Q7 T`Qi2BM r�b �HbQ [m�MiB}2/ mbBM; i?2 2tiBM+iBQM +Q2{+B2Mi,
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ϵ450nm 4 kk-yyy J−1 cm−1V (9y)X h?Bb K2�bm`2b i?2 QtB/Bb2/ ~�pBM +QMi2Mi `�i?2`
i?�M i?2 T`Qi2BM #mi Bb +QMbB/2`2/ � p2`v �++m`�i2 K2i?Q/ rBi? � 7mHHv QtB/Bb2/
b�KTH2 Q7 *S_X h?2 2tiBM+iBQM +Q2{+B2Mi 7Q` i?2 T`Qi2BM �i k3y nm r�b 2biBK�i2/
iQ #2 ϵ280nm 4 39-yyy J−1 cm−1 (RyN) #�b2/ QM i?2 �KBMQ �+B/ b2[m2M+2X

�XjXj *viQ+?`QK2 + _2/m+iBQM �bb�vb
�bb�vb r2`2 +�``B2/ Qmi ;2M2`�HHv �++Q`/BM; iQ � Tm#HBb?2/ T`QiQ+QH (Rj)X S`Qi2BM
r�b #mz2` 2t+?�M;2/ BMiQ FBM2iB+b #mz2` URyyKJ "1a- T> dV �M/ i?2 +QM+2Mi`�iBQM
r�b /2i2`KBM2/ #v lo@pBbB#H2 bT2+i`Qb+QTvX aiQ+F bQHmiBQMb Q7 L�.S> Uϵ340nm
4 ekky J−1 cm−1V �M/ ?Q`b2 ?2�`i +viQ+?`QK2 + Uϵ480nm 4 Rye-yyy J−1 cm−1V
r2`2 K�/2X �HH biQ+Fb �M/ bm#b2[m2Mi /BHmiBQMb r2`2 F2Ti QM B+2 BM 7QBH r`�TT2/
1TT2M/Q`7 im#2bX h?2 bT2+i`QT?QiQK2i2` r�b #H�MF2/ �i 88y nm rBi? � KBtim`2
Q7 *S_ �M/ +viQ+?`QK2 + Ub�im`�iBM;V BM i?2 FBM2iB+b #mz2` r?B+? r�b �HHQr2/
iQ bi�#BHBb2 7Q` R minX L�.S> U8y µJV r�b �//2/- 7QHHQr2/ #v `�TB/ �;Bi�iBQM
�M/ i?2M K2�bm`2K2Mi Q7 �#bQ`#�M+2 +?�M;2 �i 8yy nmX h?2 bHQT2 Q7 i?2 +m`p2
r�b K2�bm`2/ 7Q` b2p2`�H `2T2�ib �M/ i?2 +�i�HviB+ `�i2 +QMbi�Mi mM/2` b�im`�iBM;
+QM/BiBQMb r�b /2i2`KBM2/ mbBM;

(
∆Abs

19000

)
÷ [*S_] = k+�i U�XRV

r?2`2 RNyyy Bb i?2 KQH�` 2tiBM+iBQM +Q2{+B2Mi 7Q` i?2 7Q`K�iBQM Q7 `2/m+2/
+viQ+?`QK2 + �i 88y nmX

6Q` JB+?�2HBb@J2Mi2M FBM2iB+ T�`�K2i2` /2i2`KBM�iBQM UKJ
+viQ+?`QK2+ �M/ VmaxV

i?2 +QM+2Mi`�iBQM Q7 +viQ+?`QK2 + r�b p�`B2/ r?BHbi i?�i Q7 *S_ U8 µJV �M/
L�.S> U8y µJV `2K�BM2/ +QMbi�MiX h?Bb T`Q/m+2/ � ?vT2`#QHB+ +m`p2 r?B+? r�b
�M�Hvb2/ mbBM; � MQMHBM2�` `2;`2bbBQM mbBM; i?2 KQ/2H

Y = Vmax ×X ÷ (KJ +X) U�XkV

r?2`2 Vmax Bb i?2 K�tBKmK `�i2 �+?B2p2/ #v i?2 bvbi2K �i b�im`�iBM; bm#bi`�i2
+QM+2Mi`�iBQM �M/ KJ- i?2 JB+?�2HBb +QMbi�Mi Bb i?2 bm#bi`�i2 +QM+2Mi`�iBQM �i
r?B+? i?2 `�i2 Bb ?�H7 Q7 VmaxX

�X9 aiQTT2/@6HQr EBM2iB+b
�HH FBM2iB+ 2tT2`BK2Mib r2`2 +�``B2/ Qmi �i `QQK i2KT2`�im`2 U�TT`Qt k8 ◦C- mMH2bb
Qi?2`rBb2 bT2+B}2/V mbBM; �M asXR3 Jo@_ biQTT2/@~Qr bT2+i`QT?QiQK2i2` U�TTHB2/
S?QiQT?vbB+b- lEV rBi? � /2�/ iBK2 Q7 +�X R msX � T?QiQ/BQ/2 �``�v r�b mb2/ BM
Q`/2` iQ T`QpB/2 i?2 7mHH bT2+i`mK Q7 lo@pBbB#H2 r�p2H2M;i?b �i i?2 b�K2 iBK2X h?2

Rye



b�KTH2@?�M/HBM; mMBi Q7 i?2 biQTT2/ ~Qr BMbi`mK2Mi r�b +QMi�BM2/ rBi?BM � +mb@
iQKBx2/ ;HQp2#Qt U"2HH2 h2+?MQHQ;v- lEVX EBM2iB+b #mz2` URyy mJ "1a T> dV r�b
K�/2 �M�2`Q#B+ #v #m##HBM; MBi`Q;2M ;�b 7Q` +�X k h T`BQ` iQ TH�+BM; BM i?2 �M�2`Q#B+
;HQp2#QtX _2�;2Mi bQHmiBQMb r2`2 K�/2 mT BM bK�HH pQHmK2b UIRX8 mLV QmibB/2 i?2
;HQp2#Qt #mi �HHQr2/ iQ 2[mBHB#`�i2 7Q` �i H2�bi �M ?Qm` BMbB/2 i?2 ;HQp2#Qt iQ 2Mbm`2
`2KQp�H Q7 `2bB/m�H /BbbQHp2/ Qtv;2MX �M�2`Q#B+ b�KTH2b r2`2 BMi`Q/m+2/ BMiQ i?2
b�KTH2 bv`BM;2b �M/ �HHQr2/ iQ 2[mBHB#`�i2 7Q` 8 min r?2`2 M2+2bb�`v U7Q` 2t�KTH2
BM i?2 +�b2 Q7 L�.S> �M/ *S_ BM i?2 b�K2 bv`BM;2VX h?2 bvbi2K r�b +H2�M2/
#v /`BpBM; irQ b�KTH2b i?`Qm;? i?2 Q#b2`p�iBQM +2HH #27Q`2 i�FBM; �Mv `2+Q`/BM;bX
AM bBM;H2 KBt KQ/2- i?2 2[mBTK2Mi QT2`�i2b #v KBtBM; �M/ i?2`27Q`2 /BHmiBM; irQ
b�KTH2b BM 2[m�H pQHmK2- i?2`27Q`2 ?�HpBM; i?2 bi�`iBM; +QM+2Mi`�iBQMX �#bQ`#�M+2
K2�bm`2K2Mib �`2 K�/2 Qp2` � b2i iBK2 T2`BQ/ mT iQ Ryyy s �M/ � bT2+i`mK +�M
#2 i�F2M 2p2`v KBHHBb2+QM/ B7 `2[mB`2/c i?Bb r�b p�`B2/ /2T2M/BM; QM i?2 iBK2b+�H2
mb2/X h?2 2MiB`2 lo@pBbB#H2 bT2+i`mK r�b `2+Q`/2/ BM 2�+? K2�bm`2K2Mi #mi bBM;H2
r�p2H2M;i? /�i� r2`2 Q#i�BM2/ 7`QK i?2b2 `2�/BM;b r?2`2 M2+2bb�`vX EBM2iB+ �M/
K2+?�MBbiB+ T�`�K2i2`b r2`2 +�H+mH�i2/ 7`QK i?2 /�i� Q#i�BM2/ rBi? KQbi �M�HvbBb
+�``B2/ Qmi mbBM; i?2 S`Q@.�i� as bQ7ir�`2 T�+F�;2 U�TTHB2/ S?QiQT?vbB+b- lEVX

�X8 aK�HH@�M;H2 a+�ii2`BM;
h?2 T`2/QKBM�Mi a�a i2+?MB[m2 T`2b2Mi2/ BM i?Bb i?2bBb Bb a�La �M/ i?2`27Q`2 �
/2i�BH2/ ;2M2`B+ T`QiQ+QH 7Q` a�La K2�bm`2K2Mib QM bQHmiBQM *S_ QM AGG .kk Bb
;Bp2M #2HQrX aT2+B}+ �bT2+ib Q7 b�KTH2 T`2T�`�iBQM i?�i �`2 mMB[m2 7Q` � T�`iB+mH�`
2tT2`BK2Mi �`2 /2b+`B#2/ BM i?2 `2H2p�Mi `2bmHib +?�Ti2`X

�X8XR a�La .�i� *QHH2+iBQM �M/ _QmiBM2 �M�HvbBb
a�La K2�bm`2K2Mib r2`2 +�``B2/ Qmi QM i?2 .kk #2�KHBM2- i?2 ?B;?@~mt M2mi`QM
/Bz`�+iQK2i2` �i i?2 AMbiBimi G�m2@G�M;2pBM- :`2MQ#H2- 6`�M+2X 1�+? T`Qi2BM b�K@
TH2 Q7 k@8 mgmL−1 BM �M �TT`QT`B�i2 >kP@ Q` .kP@#�b2/ #mz2` r�b K2�bm`2/ BM
� R mm T�i? H2M;i? bmT`�bBH [m�`ix +mp2ii2 U>2HHK�V 7Q` � iQi�H Q7 R h BM Q`/2` iQ
;�i?2` /�i� rBi? � bmBi�#Hv ?B;? bi�iBbiB+�H T`2+BbBQMX .�i� r2`2 `2+Q`/2/ �i irQ
+QHHBK�iBQM H2M;i?b U8Xe m �M/ kX3 mV �M/ `2bT2+iBp2 b�KTH2@iQ@/2i2+iQ` /Bbi�M+2b
U8Xe m �M/ RX9 mV BM Q`/2` iQ T`QpB/2 � 7mHH `�M;2 Q7 KQK2MimK i`�Mb72`- Z- 7`QK
i?2 :mBMB2` `2;BQM Q7 i?2 KQMQK2` iQ i?2 bQHp2Mi H2p2H Q7 BM+Q?2`2Mi b+�ii2`BM;X h?2
k@/BK2MbBQM�H j>2 /2i2+iQ` r�b TQbBiBQM2/ �i /Bz2`2Mi /Bbi�M+2b 7`QK i?2 b�KTH2
�M/ Qz@+2Mi`2/ rBi? `2;�`/ iQ /B`2+i #2�K BM Q`/2` iQ T`QpB/2 � mb�#H2 Z@`�M;2 Q7
yXyyR @ yX8 ³−1- r?2`2 Q = 4π sin θ/λ rBi? 2θ �M/ λ i?2 r�p2H2M;i? Ue ³ ±RyW
BM Qm` K2�bm`2K2MibVX h?2 `�r b+�ii2`BM; /�i� r2`2 `2/m+2/ mbBM; i?2 bQ7ir�`2

Ryd



:_�aS- r?B+? BM+Hm/2/ i?B+FM2bb �M/ i`�MbKBbbBQM b+�HBM;- 2KTiv +2HH �M/ #HQ+F2/
#2�K bm#i`�+iBQMb- +�HB#`�iBQM iQ �#bQHmi2 BMi2MbBiv mbBM; BM+B/2Mi ~mt K2�bm`2/ �i
b�KTH2 TQbBiBQM �M/ �xBKmi?�H �p2`�;BM; i?2M K2`;2/ iQ T`Q/m+2 i?2 7mHH b+�ii2`BM;
+m`p2bX "mz2` bm#i`�+iBQM �M/ MQ`K�HBb�iBQM 7Q` +QM+2Mi`�iBQM �b �TT`QT`B�i2 r�b
+�``B2/ Qmi mbBM; L*L_ a�La `2/m+iBQM K�+`Qb ULBbi *2Mi`2 7Q` L2mi`QM _2b2�`+?-
J�`vH�M/- la�V 7Q` i?2 A:P_T`Q bQ7ir�`2 T�+F�;2 (R8e)X

q?2`2 M2+2bb�`v- +QMi`�bi K�i+? TQBMib r2`2 2biBK�i2/ #v /2i2`KBMBM; �M/ THQi@
iBM; i?2 I(Q=0)

1/2 p�Hm2b Q7 T`Qi2BM b�KTH2b �i p�`BQmb .kP,>kP `�iBQb r?BH2 K�BM@
i�BMBM; � +QMbi�Mi T`Qi2BM +QM+2Mi`�iBQMX h?2 HBM2�` i`2M/ r�b i?2M mb2/ iQ 2biBK�i2
i?2 .kP,>kP `�iBQ �i r?B+? i?2 T`Qi2BM MQ HQM;2` +QMi`B#mi2/ �Mv +Q?2`2Mi b+�ii2`@
BM; UBX2X i?2 t@�tBb BMi2`+2TiVX h?Bb 2biBK�i2 r�b i?2M i2bi2/ �M/ +QM}`K2/ #27Q`2
T`Q+22/BM; rBi? +QMi`�bi K�i+? a�La K2�bm`2K2Mib QM i?2 T`Qi2BM +QKTH2tX

AMBiB�H /�i� T`Q+2bbBM; �M/ �M�HvbBb r2`2 +�``B2/ Qmi mbBM; T`Q;`�Kb 7`QK i?2 �h@
a�a bmBi2 (R8d)X .2i2`KBM�iBQM Q7 bBx2 T�`�K2i2`b r�b T2`7Q`K2/ mbBM; S_AJla
(R83)X _; r�b /2i2`KBM2/ mbBM; i?2 :mBMB2` �TT`QtBK�iBQM �M/ 7`QK P (r) THQibc
.max �M/ P (r) r2`2 +�H+mH�i2/ mbBM; :LPJ (R8N)X h?2 S`BKmb .Bbi�M+2 .Bbi`B@
#miBQM qBx�`/ ;�p2 p�Hm2b Q7 �i H2�bi ddW 7Q` i?2 [m�HBiv Q7 P (r) 7Q` i?2 /Bz2`2Mi
b�KTH2b- r?2`2 p�Hm2b Qp2` dyW BM/B+�i2 � ǳ;QQ/Ǵ bQHmiBQMX JQ/2H@BM/2T2M/2Mi
�# BMBiBQ KQH2+mH�` 2Mp2HQT2b r2`2 ;2M2`�i2/ mbBM; .�JJA6 (Rey)X 6B7i22M BM/2@
T2M/2Mi .�JJA6 `mMb r2`2 �p2`�;2/ mbBM; .�J�o1_ (NN) iQ Q#i�BM � ivTB+�H
KQH2+mH�` b?�T2 �M/ }Hi2`2/ mbBM; .�J6AGh iQ T`Q/m+2 � `2}M2/ KQ/2H `2p2�HBM;
QMHv i?2 KQbi +QKKQM bi`m+im`�H 72�im`2bX >B;? `2bQHmiBQM KQ/2Hb r2`2 bmT2`BK@
TQb2/ QM iQ HQr `2bQHmiBQM /mKKv �iQK KQ/2Hb mbBM; alS�GJ (Ry9) �b T�`i Q7 i?2
a�aTv (Ryk) THm;BM 7Q` SvJQHX

_B;B/ #Q/v KQ/2HHBM; r�b +�``B2/ Qmi mbBM; bQ7ir�`2 7`QK i?2 AJS UAMi2;`�iBp2
JQ/2HHBM; SH�i7Q`KV bmBi2 (R9y) �M/ i?2 �ha�a bmBi2X � TQQH Q7 Ry-yyy +QM7Q`K�@
iBQM�H b�KTH2b r�b +`2�i2/ mbBM; i?2 __h U`�TB/Hv 2tTHQ`BM; `�M/QK i`22V b�KTHBM;
iQQH- r?B+? r�b T`QpB/2/ rBi? � S." bi`m+im`2 �M/ � b2H2+iBQM Q7 ~2tB#H2 `2bB/m2bX
h?2Q`2iB+�H b+�ii2`BM; +m`p2b r2`2 +�H+mH�i2/ 7Q` 2�+? Q7 i?2 b�KTH2/ +QM7Q`K�@
iBQMb mbBM; *_uaPL (RR8)X � bBM;H2 #2bi }i KQ/2H iQ i?2 2tT2`BK2Mi�H /�i� r�b
/2i2`KBM2/ mbBM; JmHiB6Qsa (RR9) BM T�`iB�H KQ/2- r?2`2 T`2+QKTmi2/ b+�ii2`BM;
BMi2MbBiB2b r2`2 mb2/X �Hi2`M�iBp2Hv � }t2/ MmK#2` Q7 FMQrM KQ/2Hb r2`2 mb2/-
`�i?2` i?�M � H�`;2 TQQH- iQ bmBi i?2 BMp2biB;�iBQMX

Ry3
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6B;m`2 "Xk, A.yN AMi2MbBiv �b � 7mM+iBQM Q7 s@`�v 2M2`;vX AM i?Bb +�b2 i?2 lRd
mM/mH�iQ` Bb BM TH�+2 r?2`2 i?2 ;�T #2ir22M 2�+? }t2/ /BTQH2 K�;M2i Bb Rd mm
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>mK�M L�.S>@*viQ+?`QK2 S98y _2/m+i�b2 a2[m2M+BM; S`BK2`b

GBbi2/ �`2 i?2 b2[m2M+BM; T`BK2`b mb2/ 7Q` i?2 i`mM+i�i2/ *S_ +QMbi`m+i T`2b2Mi2/
BM i?Bb rQ`F r?B+? r�b +HQM2/ BM iQ i?2 T*akk TH�bKB/X

*S_ 7Q`r�`/ R @ iii+i;+�i;;++�++i�

*S_ 7Q`r�`/ k @ +�++i;;��ii;;�+�i+i+

*S_ 7Q`r�`/ j @ ii;i;;�;i�+;�;�++��;

*S_ 7Q`r�`/ 9 @ ;;i;;�+i�+�i+��;���+

*S_ `2p2`b2 R @ ;��;i;+i+;�;;i+ii;i

RRR



"B#HBQ;`�T?v

(R) *v JX C2z`B2b- J2HBbb� �X :`�2r2`i- *H2K2Mi 1X "H�M+?2i- .�pB/ "X G�M;H2v-
�M/`2r 1X q?Bii2M- �M/ .KBi`B AX ap2`;mMX S`2T�`BM; KQMQ/BbT2`b2 K�+`Q@
KQH2+mH�` b�KTH2b 7Q` bm++2bb7mH #BQHQ;B+�H bK�HH@�M;H2 t@`�v �M/ M2mi`QM@
b+�ii2`BM; 2tT2`BK2MibX L�iX S`QiQ+QHb- RRURRV,kRkkĜkR8j- kyReX

(k) *X sB�- aX SX S�M/�- *X *X J�`Q?MB+- SX J�`i�b2F- "X aX J�bi2`b- �M/ CX CX EBKX
ai`m+im`�H #�bBb 7Q` ?mK�M M�/T?@+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 /2}+B2M+vX
S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- Ry3UjjV,Rj93eĜNR- kyRRX
AaaL RyNR@e9Ny U1H2+i`QMB+V yykd@39k9 UGBMFBM;VX

(j) EBK CXCXSX q�bF2HH- GX *viQ+?`QK2b S98y, ai`m+im`2- 6mM+iBQM �M/ J2+?�@
MBbKX aT`BM;2`- GQM/QM- kyR8X

(9) .X6X G2rBbX *viQ+?`QK2b S98y, ai`m+im`2- 6mM+iBQM �M/ J2+?�MBbKX aT`BM;2`-
RNNeX

(8) JX EHBM;2M#2`;X SB;K2Mib Q7 `�i HBp2` KB+`QbQK2bX �`+?Bp2b Q7 #BQ+?2KBbi`v
�M/ #BQT?vbB+b- d8UkV,jdeĜ3e- RN83X AaaL yyyj@N3eRX

(e) hX PKm`� �M/ _X a�iQX h?2 +�`#QM KQMQtB/2@#BM/BM; TB;K2Mi Q7 HBp2` KB@
+`QbQK2bX BX 2pB/2M+2 7Q` Bib ?2KQT`Qi2BM M�im`2X h?2 CQm`M�H Q7 #BQHQ;B+�H
+?2KBbi`v- kjN,kjdyĜ3- RNe9X AaaL yykR@Nk83X

(d) AX :X .2MBbQp- hX JX J�F`Bb- aX :X aHB;�`- �M/ AX a+?HB+?iBM;X ai`m+im`2 �M/
+?2KBbi`v Q7 +viQ+?`QK2 T98yX *?2K _2p- Ry8UeV,kk8jĜdd- kyy8X AaaL yyyN@
kee8 US`BMiV yyyN@kee8X

(3) a+`miiQM LXaX JmM`Q �XqX :miB2``2x �X _Q#2`ib@:X*XEX qQH7 *X_X S�BM2-
JXCXAX *viQ+?`QK2b S98y, ai`m+im`2- 6mM+iBQM �M/ J2+?�MBbKX RNNeX

(N) uX u�bmFQ+?B �M/ "X aX aX J�bi2`bX aQK2 T`QT2`iB2b Q7 � /2i2`;2Mi@bQHm#BHBx2/
M�/T?@+viQ+?`QK2 + U+viQ+?`QK2@T@98yV `2/m+i�b2 Tm`B}2/ #v #BQbT2+B}+
�{MBiv +?`QK�iQ;`�T?`QK2 T@98yV `2/m+i�b2 Tm`B}2/ #v #BQbT2+B}+ �{MBiv
+?`QK�iQ;`�T?vX CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k8RURdV,8jjdĜ8j99- RNdeX
AaaL yykR@Nk83X

(Ry) "X �X a+?�+i2`- 1X "X L2HbQM- "X aX aX J�bi2`b- �M/ >X aX J�`p2`X AK@
KmMQ+?2KB+�H 2pB/2M+2 7Q` �M �bbQ+B�iBQM Q7 ?2K2 Qtv;2M�b2 rBi? KB+`QbQK�H
2H2+i`QM@i`�MbTQ`i bvbi2KX CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k9dURRV,jeyRĜ
jeyj- RNdkX AaaL yykR@Nk83X

RRk



(RR) 6X SX :m2M;2`B+?X _2/m+iBQM Q7 +viQ+?`QK2 #8 #v M�/T?@+viQ+?`QK2 T98y `2@
/m+i�b2X �`+? "BQ+?2K "BQT?vb- 99yUkV,ky9ĜRR- kyy8X AaaL yyyj@N3eR US`BMiV
yyyj@N3eRX

(Rk) hX PMQ- EX h�F�?�b?B- aX P/�MB- >X EQMMQ- �M/ uX AK�BX Sm`B}+�iBQM Q7
b[m�H2M2 2TQtB/�b2 7`QK `�i HBp2` KB+`QbQK2bX "BQ+?2KB+�H �M/ "BQT?vbB+�H
_2b2�`+? *QKKmMB+�iBQMb- NeURV,8kkĜ8k3- RN3yX AaaL yyye@kNRsX

(Rj) 6X S2i2` :m2M;2`B+?- J�`i?� oX J�`iBM- *?`Bbi�H .X aQ?H- �M/ ZB�M *?2M;X
J2�bm`2K2Mi Q7 +viQ+?`QK2 T98y �M/ M�/T?@+viQ+?`QK2 T98y `2/m+i�b2X L�iX
S`QiQ+QHb- 9UNV,Rk98ĜRk8R- kyyNX AaaL Rd89@kR3NX

(R9) hX JX >2/BbQM- aX >�v- �M/ LX aX a+`miiQMX _2�H iBK2 �M�HvbBb Q7 +QM7Q`K�@
iBQM�H +QMi`QH BM 2H2+i`QM i`�Mb72` `2�+iBQMb Q7 ?mK�M +viQ+?`QK2 T98y `2/m+@
i�b2 rBi? +viQ+?`QK2 +X 61"a CQm`M�H- kyR8X AaaL Rd9k@9e83 U1H2+i`QMB+V
Rd9k@9e9s UGBMFBM;VX

(R8) JBM; q�M;- .�pB/ GX _Q#2`ib- _Qb2K�`v S�b+?F2- h?QK�b JX a?2�- "2iiB2
am2 aBH2` J�bi2`b- �M/ CmM;@C� SX EBKX h?`22@/BK2MbBQM�H bi`m+im`2 Q7 M�/T?Ĝ
+viQ+?`QK2 T98y `2/m+i�b2, S`QiQivT2 7Q` 7KM@ �M/ 7�/@+QMi�BMBM;g2MxvK2bX
S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- N9UReV,39RRĜ39Re- RNNdX

(Re) hX Av�M�;B- *X qX sB�- �M/ CX CX SX EBKX L�/T?@+viQ+?`QK2 T98y QtB/Q`2@
/m+i�b2, S`QiQivTB+ K2K#2` Q7 i?2 /B~�pBM `2/m+i�b2 7�KBHvX �`+?Bp2b Q7
"BQ+?2KBbi`v �M/ "BQT?vbB+b- 8k3URV,dkĜ3N- kyRkX AaaL yyyj@N3eRX

(Rd) hX Av�M�;B- LX J�FBMQ- �M/ >X aX J�bQMX _2/Qt T`QT2`iB2b Q7 `2/m+2/ MB+QiB@
M�KB/2 �/2MBM2@/BMm+H2QiB/2 T?QbT?�i2@+viQ+?`QK2 T@98y �M/ `2/m+2/ MB+QiB@
M�KB/2 �/2MBM2 /BMm+H2QiB/2@+viQ+?`QK2 #8 `2/m+i�b2bX "BQ+?2KBbi`v- RjU3V,
RdyRĜRdRy- RNd9X AaaL yyye@kNeyX

(R3) hX Av�M�;B �M/ >X aX J�bQMX aQK2 T`QT2`iB2b Q7 ?2T�iB+ `2/m+2/ MB+QiBM�KB/2
�/2MBM2@/BMm+H2QiB/2 T?QbT?�i2 @ +viQ+?`QK2@+ `2/m+i�b2X "BQ+?2KBbi`v- Rk
URkV,kkNdĜkjy3- RNdjX AaaL yyye@kNeyX

(RN) hX a2M/�- JX a2M/�- aX EBKm`�- �M/ hX Ab?B/�X _2/Qt +QMi`QH Q7 T`Qi2BM
+QM7Q`K�iBQM BM ~�pQT`Qi2BMbX �MiBQtB/�Mib �M/ _2/Qt aB;M�HBM;- RRUdV,Rd9RĜ
Rdee- kyyNX AaaL R8kj@y3e9X

(ky) �X :miB2``2x- �X :`mM�m- JX S�BM2- �X qX JmM`Q- *X _X qQH7- :X *X EX
_Q#2`ib- �M/ LX aX a+`miiQMX 1H2+i`QM i`�Mb72` BM ?mK�M +viQ+?`QK2 T98y
`2/m+i�b2X "BQ+?2KB+�H aQ+B2iv h`�Mb�+iBQMb- jR,9NdĜ8yR- kyyjX AaaL yjyy@
8RkdX

(kR) GX �B;`�BM- 6X 6�i2KB- PX 6`�M+2b- 1X G2b+QT- �M/ :X h`m�MX .vM�KB+ +QMi`QH
Q7 2H2+i`QM i`�Mb72`b BM /B~�pBM `2/m+i�b2bX AMi2`M�iBQM�H CQm`M�H Q7 JQH2+mH�`
a+B2M+2b- RjURRV,R8yRkĜR8y9R- kyRkX AaaL R9kk@yyedX

(kk) JX "X Jm`�i�HB2p- _X 62v2`2Bb2M- �M/ �X q�HF2`X 1H2+i`QM i`�Mb72` #v /B~�pBM
`2/m+i�b2bX "BQ+?BKB+� 1i "BQT?vbB+� �+i�@S`Qi2BMb �M/ S`Qi2QKB+b- ReN3URV,
RĜke- kyy9X AaaL R8dy@NejNX

RRj



(kj) uX oX :`BMFQp�- AX :X .2MBbQp- �M/ aX :X aHB;�`X 6mM+iBQM�H `2+QMbiBimiBQM
Q7 KQMQK2`B+ +vTj�9 rBi? KmHiBTH2 +viQ+?`QK2 T98y `2/m+i�b2 KQH2+mH2b BM
M�MQ/Bb+bX "BQ+?2KB+�H �M/ "BQT?vbB+�H _2b2�`+? *QKKmMB+�iBQMb- jN3UkV,
RN9ĜRN3- kyRyX AaaL yyye@kNRsX

(k9) EX .X q�i2MT�m- GX *X aB2F2`- �M/ GX >X C2Mb2MX "BM/BM; Q7 `B#Q~�pBM@8Ƕ@
T?QbT?�i2 BM � ~�pQT`Qi2BM @ ~�pQ/QtBM �i kXy@� `2bQHmiBQMX S`Q+22/BM;b Q7 i?2
L�iBQM�H �+�/2Kv Q7 a+B2M+2b- dyURkV,j38dĜj3ey- RNdjX AaaL yykd@39k9X

(k8) SX �X E�`THmb- JX CX .�MB2Hb- �M/ CX _X >2``BQiiX �iQKB+@bi`m+im`2 Q7
72``2/QtBM@M�/TY `2/m+i�b2 @ T`QiQivT2 7Q` � bi`m+im`�HHv MQp2H ~�pQ2MxvK2
7�KBHvX a+B2M+2- k8RU9N3NV,eyĜee- RNNRX AaaL yyje@3yd8X

(ke) .X CX aim2?`- CX h2D2`Q- �M/ JX JX >�[m2X ai`m+im`�H �M/ K2+?�MBbiB+ �bT2+ib
Q7 ~�pQT`Qi2BMb, 2H2+i`QM i`�Mb72` i?`Qm;? i?2 MBi`B+ QtB/2 bvMi?�b2 ~�pQT`Q@
i2BM /QK�BMX 61"a CQm`M�H- kdeUR8V,jN8NĜjNd9- kyyNX AaaL Rd9k@9e9sX

(kd) EX _X qQHi?2`b- sX .X GQm- >X aX hQQ;QQ/- .X G2vb- �M/ LX aX a+`miiQMX J2+?@
�MBbK Q7 +Q2MxvK2 #BM/BM; iQ ?mK�M K2i?BQMBM2 bvMi?�b2 `2/m+i�b2 `2p2�H2/
i?`Qm;? i?2 +`vbi�H bi`m+im`2 Q7 i?2 7M`@HBF2 KQ/mH2 �M/ BbQi?2`K�H iBi`�iBQM
+�HQ`BK2i`vX "BQ+?2KBbi`v- 9eU9kV,RR3jjĜRR399- kyydX AaaL yyye@kNeyX

(k3) �H/Q :miB2``2x- Gm@umM GB�M- *X _QH�M/ qQH7- LB;2H aX a+`miiQM- �M/ :Q`/QM
*X EX _Q#2`ibX aiQTT2/@~Qr FBM2iB+ bim/B2b Q7 ~�pBM `2/m+iBQM BM ?mK�M
+viQ+?`QK2 T98y `2/m+i�b2 �M/ Bib +QKTQM2Mi /QK�BMbÞX "BQ+?2KBbi`v- 9y
UdV,RNe9ĜRNd8- kyyRX AaaL yyye@kNeyX

(kN) �H/Q :miB2``2x- �M/`2r qX JmM`Q- �H2t :`mM�m- *X _QH�M/ qQH7- LB;2H aX
a+`miiQM- �M/ :Q`/QM *X EX _Q#2`ibX AMi2`~�pBM 2H2+i`QM i`�Mb72` BM ?mK�M
+viQ+?`QK2 T98y `2/m+i�b2 Bb 2M?�M+2/ #v +Q2MxvK2 #BM/BM;X `2H�t�iBQM FB@
M2iB+ bim/B2b rBi? +Q2MxvK2 �M�HQ;m2bX 1m`QT2�M CQm`M�H Q7 "BQ+?2KBbi`v-
kdyURkV,keRkĜkekR- kyyjX AaaL yyR9@kN8e R9jk@RyjjX

(jy) .X aX a2K �M/ *X "X E�bT2`X 1z2+i Q7 BQMB+@bi`2M;i? QM i?2 FBM2iB+ K2+?�MBbK
�M/ `2H�iBp2 `�i2 HBKBi�iBQM Q7 bi2Tb BM i?2 KQ/2H M�/T?@+viQ+?`QK2 T98y Qt@
B/Q`2/m+i�b2 `2�+iBQM rBi? +viQ+?`QK2@+X "BQ+?2KBbi`v- j9UjNV,Rkde3ĜRkdd9-
RNN8X AaaL yyye@kNeyX

(jR) CX GX o2`KBHBQM- .X SX "�HHQm- oX J�bb2v- �M/ JX CX *QQMX a2T�`�i2 `QH2b
7Q` 7KM �M/ 7�/ BM +�i�HvbBb #v HBp2` KB+`QbQK�H M�/T?@+viQ+?`QK2 T@98y
`2/m+i�b2X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k8eURV,keeĜkdd- RN3RX AaaL yykR@
Nk83X

(jk) CX GX o2`KBHBQM �M/ JX CX *QQMX A/2MiB}+�iBQM Q7 i?2 ?B;? �M/ HQr TQi2MiB�H
~�pBMb Q7 HBp2` KB+`QbQK�H M�/T?@+viQ+?`QK2 T@98y `2/m+i�b2X CQm`M�H Q7
"BQHQ;B+�H *?2KBbi`v- k8jUk9V,33RkĜ33RN- RNd3X AaaL yykR@Nk83X

(jj) �X EX "?�ii�+?�`vv�- CX CX GBTF�- GX q�bF2HH- �M/ :X hQHHBMX G�b2` ~�b? T?Q@
iQHvbBb bim/B2b Q7 i?2 `2/m+iBQM FBM2iB+b Q7 M�/T?,+viQ+?`QK2 T@98y `2/m+i�b2X
"BQ+?2KBbi`v- jyUjV,d8NĜe8- RNNRX AaaL yyye@kNey US`BMiV yyye@kNeyX

RR9



(j9) �X qX JmM`Q- aX .�z- CX _X *Q;;BMb- CX :X GBM/b�v- �M/ aX EX *?�TK�MX
S`Q#BM; 2H2+i`QM i`�Mb72` BM ~�pQ+viQ+?`QK2 T@98y #Kj �M/ Bib +QKTQM2Mi
/QK�BMbX 1m`QT2�M CQm`M�H Q7 "BQ+?2KBbi`v- kjNUkV,9yjĜ9yN- RNNeX AaaL
yyR9@kN8eX

(j8) �X qX JmM`Q- JX �X LQ#H2- GX _Q#H2/Q- aX LX .�z- �M/ aX EX *?�TK�MX .2i2`@
KBM�iBQM Q7 i?2 `2/Qt T`QT2`iB2b Q7 ?mK�M M�/T?@+viQ+?`QK2 T98y `2/m+i�b2X
"BQ+?2KBbi`v- 9yUdV,RN8eĜRNej- kyyRX AaaL yyye@kNeyX

(je) 6`22#Q`M _r2`2- *?m�Mrm sB�- a�M;+?QmH AK- JQ?�KK�/ J�?7mxmH >�[m2-
.2MMBb CX aim2?`- Gm+v q�bF2HH- �M/ CmM;@C� SX EBKX Jmi�Mib Q7 +v@
iQ+?`QK2 T98y `2/m+i�b2 H�+FBM; 2Bi?2` ;Hv@R9R Q` ;Hv@R9j /2bi�#BHBx2 Bib 7KM
b2KB[mBMQM2X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- kyReX

(jd) aX "`2MM2`- aX >�v- �X qX JmM`Q- �M/ LX aX a+`miiQMX AMi2`@~�pBM 2H2+i`QM
i`�Mb72` BM +viQ+?`QK2 T98y `2/m+i�b2 @ 2z2+ib Q7 bQHp2Mi �M/ T? B/2MiB7v
?B//2M +QKTH2tBiv BM K2+?�MBbKX 61"a CQm`M�H- kd8UR3V,989yĜ988d- kyy3X
AaaL Rd9k@9e9sX

(j3) _X >m�M;- JX w?�M;- 6X _r2`2- GX q�bF2HH- �M/ �X _�K�KQQ`i?vX EBM2iB+
�M/ bi`m+im`�H +?�`�+i2`Bx�iBQM Q7 i?2 BMi2`�+iBQM #2ir22M i?2 7KM #BM/BM;
/QK�BM Q7 +viQ+?`QK2 T98y `2/m+i�b2 �M/ +viQ+?`QK2 +X CQm`M�H Q7 "BQHQ;B+�H
*?2KBbi`v- kyR9X AaaL yykR@Nk83 Ry3j@j8RsX

(jN) JX "X Jm`�i�HB2p �M/ _X 62v2`2Bb2MX J2+?�MBbK Q7 +viQ+?`QK2 T98y `2/m+i�b2
7`QK i?2 ?Qmb2 ~v, 2pB/2M+2 7Q` �M 7KM b2KB[mBMQM2 �b 2H2+i`QM /QMQ`X 61"a
G2ii2`b- 98jUR@kV,kyRĜky9- RNNNX AaaL yyR9@8dNjX

(9y) qX *X >m�M;- CX 1HHBb- SX *X JQQ/v- 1X GX _�p2M- �M/ :X *X _Q#2`ibX _2/Qt@
HBMF2/ /QK�BM KQp2K2Mib BM i?2 +�i�HviB+ +v+H2 Q7 +viQ+?`QK2 T98y `2/m+i�b2X
ai`m+im`2- kRUNV,R83RĜN- kyRjX AaaL R3d3@9R3e U1H2+i`QMB+V yNeN@kRke UGBMF@
BM;VX

(9R) SX �X >m##�`/- �X GX a?2M- _X S�b+?F2- *X "X E�bT2`- �M/ CX CX SX EBKX L�/T?@
+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 @ bi`m+im`�H #�bBb 7Q` ?v/`B/2 �M/ 2H2+i`QM
i`�Mb72`X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- kdeUjRV,kNRejĜkNRdy- kyyRX AaaL
yykR@Nk83X

(9k) *X sB�- .X >�K/�M2- �X GX a?2M- oX *?QB- *X "X E�bT2`- LX JX S2�`H-
>X w?�M;- aX *X AK- GX q�bF2HH- �M/ CX CX EBKX *QM7Q`K�iBQM�H +?�M;2b
Q7 M�/T?@+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 �`2 2bb2MiB�H 7Q` +�i�HvbBb �M/ +Q@
7�+iQ` #BM/BM;X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k3eUR3V,Rek9eĜey- kyRRX AaaL
Ry3j@j8Rs U1H2+i`QMB+V yykR@Nk83 UGBMFBM;VX

(9j) >X 6`�m2M72H/2`- aX :X aHB;�`- �M/ SX :X qQHvM2bX h?2 2M2`;v H�M/b+�T2b �M/
KQiBQMb Q7 T`Qi2BMbX a+B2M+2- k89U8yj3V,R8N3ĜReyj- RNNRX AaaL yyje@3yd8X

(99) aX CX "2MFQpB+- :X :X >�KK2b- �M/ aX >�KK2b@a+?Bz2`X 6`22@2M2`;v H�M/b+�T2
Q7 2MxvK2 +�i�HvbBbX "BQ+?2KBbi`v- 9dURRV,jjRdĜkR- kyy3X AaaL yyye@kNey
US`BMiV yyye@kNeyX

RR8



(98) 1X wX 1Bb2MK2bb2`- PX JBHH2i- qX G�#2BFQpbFv- .X JX EQ`x?M2p- JX qQH7@q�ix-
.X �X "Qb+Q- CX CX aF�HB+Fv- GX 1X E�v- �M/ .X E2`MX AMi`BMbB+ /vM�KB+b Q7 �M
2MxvK2 mM/2`HB2b +�i�HvbBbX L�im`2- 9j3Udye9V,RRdĜRkR- kyy8X AaaL yyk3@y3jeX

(9e) EX �X >2MxH2`@qBH/K�M- oX h?�B- JX G2B- JX Pii- JX qQH7@q�ix- hX 62MM-
1X SQx?�`bFB- JX �X qBHbQM- :X �X S2ibFQ- JX E�`THmb- *X :X >m#M2`- �M/
.X E2`MX AMi`BMbB+ KQiBQMb �HQM; �M 2MxvK�iB+ `2�+iBQM i`�D2+iQ`vX L�im`2-
98yUdRdRV,3j3ĜlRj- kyydX AaaL yyk3@y3jeX

(9d) .X .X "Q2?`- _X LmbbBMQp- �M/ SX 1X q`B;?iX h?2 `QH2 Q7 /vM�KB+ +QM7Q`K�@
iBQM�H 2Mb2K#H2b BM #BQKQH2+mH�` `2+Q;MBiBQMX L�im`2 *?2KB+�H "BQHQ;v- 8URRV,
d3NĜdNe- kyyNX AaaL R88k@998yX

(93) :X uX ZB �M/ aX >�vr�`/X .�i�#�b2 Q7 HB;�M/@BM/m+2/ /QK�BM KQp2K2Mib BM
2MxvK2bX "K+ ai`m+im`�H "BQHQ;v- N,N- kyyNX AaaL R9dR@kkjdX

(9N) GX w2``�/- �X J2`HB- :X 6X a+?`Q/2`- �X o�`;�- 1X :`�+x2`- SX S2`MQi-
�X _QmM/- JX o�b- �M/ JX qX "QrH2`X � bT`BM;@HQ�/2/ `2H2�b2 K2+?�MBbK
`2;mH�i2b /QK�BM KQp2K2Mi �M/ +�i�HvbBb BM T?QbT?Q;Hv+2`�i2 FBM�b2X CQm`M�H
Q7 "BQHQ;B+�H *?2KBbi`v- k3eUReV,R9y9yĜR9y93- kyRRX AaaL yykR@Nk83X

(8y) .X h�vHQ`- :X *�rH2v- �M/ aX >�vr�`/X Zm�MiBi�iBp2 K2i?Q/ 7Q` i?2 �bbB;M@
K2Mi Q7 ?BM;2 �M/ b?2�` K2+?�MBbK BM T`Qi2BM /QK�BM KQp2K2MibX "BQBM7Q`@
K�iB+b- jyUkkV,jR3NĜjRNe- kyR9X AaaL Rjed@93yjX

(8R) 1HBb2 .2H�7Q`;2- aB;`B/ JBHH2b- :mBHH�mK2 "QmpB;MB2b- .2MBb "QmpB2`- ai2T?�M2
"QBpBM- LB+QH� a�HpB- .�KB2M J�m`BM- �MM2 J�`i2H- �/�K _QmM/- 1/r�`/ �X
G2KF2- J�H2M2 _BM;FDǠ#BM; C2Mb2M- .�``2M CX >�`i- �M/ J�`iBM "H�+FH2/;2X
G�`;2@b+�H2 +QM7Q`K�iBQM�H /vM�KB+b +QMi`QH ?8MR BM~m2Mx� TQHvK2`�b2 T#k
#BM/BM; iQ BKTQ`iBM �X CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv- kyR8X AaaL
yyyk@d3ejX

(8k) EX _X qQHi?2`b- *X G2pv- LX aX a+`miiQM- �M/ .X G2vbX G�`;2@b+�H2 /QK�BM
/vM�KB+b �M/ �/2MQbvH+Q#�H�KBM `2Q`B2Mi�iBQM Q`+?2bi`�i2 `�/B+�H +�i�HvbBb BM
Q`MBi?BM2 9-8@�KBMQKmi�b2X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k38UR3V,RjN9kĜ
RjN8y- kyRyX AaaL yykR@Nk83X

(8j) 1HBb�#2i? .�``Qmx2i- *?`BbiQT?2` *X JQb2`- SX G2bHB2 .miiQM- �M/ 62pxB .�H@
/�HX G�`;2 b+�H2 /QK�BM KQp2K2Mi BM +viQ+?`QK2 #+R, � M2r /2pB+2 7Q`
2H2+i`QM i`�Mb72` BM T`Qi2BMbX h`2M/b BM "BQ+?2KB+�H a+B2M+2b- keUdV,998Ĝ98R-
kyyRX AaaL yNe3@yyy9X

(89) EX .�Mv�H- .X J�vr2�i?2`- .X _X .2�M- GX *X a2272H/i- �M/ "X JX >QzK�MX
*QM7Q`K�iBQM�H ;�iBM; Q7 2H2+i`QM i`�Mb72` 7`QK i?2 MBi`Q;2M�b2 72 T`Qi2BM
iQ KQ72 T`Qi2BMX C �K *?2K aQ+- RjkUkyV,e3N9Ĝ8- kyRyX AaaL R8ky@8Rke
U1H2+i`QMB+V yyyk@d3ej UGBMFBM;VX

(88) oX GX .�pB/bQMX S`Qi2BM +QMi`QH Q7 i`m2- ;�i2/- �M/ +QmTH2/ 2H2+i`QM i`�Mb72`
`2�+iBQMbX �++QmMib Q7 *?2KB+�H _2b2�`+?- 9RUeV,djyĜ3- kyy3X AaaL R8ky@93N3
U1H2+i`QMB+V yyyR@939k UGBMFBM;VX

RRe



(8e) >X aX hQQ;QQ/- .X G2vb- �M/ LX aX a+`miiQMX .vM�KB+b /`BpBM; 7mM+iBQM @ M2r
BMbB;?ib 7`QK 2H2+i`QM i`�Mb72``BM; ~�pQT`Qi2BMb �M/ T�`iM2` +QKTH2t2bX 61"a
CQm`M�H- kd9UkRV,893RĜ88y9- kyydX AaaL Rd9k@9e9sX

(8d) .�pB/ *X G�K#- uQmM;+?�M; EBK- GBm/KBH� oX u2`K�HBibF�v�- o�H2`v LX u2`@
K�HBibFv- :�HBM� AX G2T2b?2p�- ai2p2M GX E2HHv- JB+?�2H _X q�i2`K�M- �M/
G�`Bbb� JX SQ/mbiX � b2+QM/ 7KM #BM/BM; bBi2 BM v2�bi M�/T?@+viQ+?`QK2
T98y `2/m+i�b2 bm;;2bib � K2+?�MBbK Q7 2H2+i`QM i`�Mb72` #v /B~�pBM `2/m+@
i�b2bX ai`m+im`2- R9URV,8RĜeRX AaaL yNeN@kRkeX

(83) �X :miB2``2x- JX S�BM2- *X _X qQH7- LX aX a+`miiQM- �M/ :X *X EX _Q#2`ibX
_2H�t�iBQM FBM2iB+b Q7 +viQ+?`QK2 T98y `2/m+i�b2, AMi2`M�H 2H2+i`QM i`�Mb@
72` Bb HBKBi2/ #v +QM7Q`K�iBQM�H +?�M;2 �M/ `2;mH�i2/ #v +Q2MxvK2 #BM/BM;X
"BQ+?2KBbi`v- 9RUR9V,9ekeĜ9ejd- kyykX AaaL yyye@kNeyX

(8N) �X EX "?�ii�+?�`vv�- CX EX >#BF#BF2v- :X hQHHBM- �M/ GX q�bF2HHX AMp2biB@
;�iBQM Q7 i?2 `�i2 HBKBiBM; bi2T 7Q` 2H2+i`QM i`�Mb72` 7`QK M�/T?,+viQ+?`QK2
T98y `2/m+i�b2 iQ +viQ+?`QK2 #8, � H�b2` ~�b?@T?QiQHvbBb bim/vX �`+?Bp2b Q7
"BQ+?2KBbi`v �M/ "BQT?vbB+b- jRyUkV,jR3Ĝjk9- RNN9X AaaL yyyj@N3eRX

(ey) .X >�K/�M2- *X qX sB�- aX *X AK- >X JX w?�M;- CX CX SX EBK- �M/ GX q�bF2HHX
ai`m+im`2 �M/ 7mM+iBQM Q7 �M M�/T?@+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 BM �M
QT2M +QM7Q`K�iBQM +�T�#H2 Q7 `2/m+BM; +viQ+?`QK2 T98yX CQm`M�H Q7 "BQHQ;B+�H
*?2KBbi`v- k39URdV,RRjd9ĜRRj39- kyyNX AaaL yykR@Nk83X

(eR) aX >�v- aX "`2MM2`- "X E?�`�- �X JX ZmBMM- aX 1X CX _B;#v- �M/ LX aX a+`miiQMX
L�im`2 Q7 i?2 2M2`;v H�M/b+�T2 7Q` ;�i2/ 2H2+i`QM i`�Mb72` BM � /vM�KB+ `2/Qt
T`Qi2BMX CQm`M�H Q7 i?2 �K2`B+�M *?2KB+�H aQ+B2iv- RjkUk3V,Ndj3ĜNd98- kyRyX
AaaL yyyk@d3ejX

(ek) CX 1HHBb- �X :miB2``2x- AX GX "�`bmFQp- qX *X >m�M;- CX :X :`QbbK�MM- �M/
:X *X _Q#2`ibX .QK�BM KQiBQM BM +viQ+?`QK2 T98y `2/m+i�b2, +QM7Q`K�@
iBQM�H 2[mBHB#`B� `2p2�H2/ #v MK` �M/ bK�HH@�M;H2 t@`�v b+�ii2`BM;X CQm`M�H Q7
"BQHQ;B+�H *?2KBbi`v- k39U8kV,jeek3Ĝjd- kyyNX AaaL Ry3j@j8Rs U1H2+i`QMB+V
yykR@Nk83 UGBMFBM;VX

(ej) *X _X Sm/M2v- "X E?�`�- GX PX CQ?�MMBbb2M- �M/ LX aX a+`miiQMX *QmTH2/
KQiBQMb /B`2+i 2H2+i`QMb �HQM; ?mK�M KB+`QbQK�H T98y +?�BMbX SHQb "BQHQ;v-
NURkV,Ry- kyRRX AaaL R899@NRdjX

(e9) �X L�i?- qX JX �iFBMb- �M/ aX :X aHB;�`X �TTHB+�iBQMb Q7 T?QbT?QHBTB/ #BH�v2`
M�MQ/Bb+b BM i?2 bim/v Q7 K2K#`�M2b �M/ K2K#`�M2 T`Qi2BMbX "BQ+?2KBbi`v-
9eU3V,ky8NĜeN- kyydX AaaL yyye@kNey US`BMiV yyye@kNeyX

(e8) hX >X "�v#m`i �M/ aX :X aHB;�`X aBM;H2@KQH2+mH2 ?2B;?i K2�bm`2K2Mib QM
KB+`QbQK�H +viQ+?`QK2 T98y BM M�MQK2i2`@b+�H2 T?QbT?QHBTB/ #BH�v2` /BbFbX
S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- NNURyV,edk8Ĝedjy- kyykX
AaaL yykd@39k9X

(ee) hX >X "�v#m`i �M/ aX :X aHB;�`X J2K#`�M2 T`Qi2BM �bb2K#Hv BMiQ M�MQ/Bb+bX
61"a G2ii2`b- 839UNV,RdkRĜd- kyRyX AaaL yyR9@8dNjX
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(ed) AX :X .2MBbQp �M/ aX :X aHB;�`X *viQ+?`QK2b T98y BM M�MQ/Bb+bX "BQ+?BKB+�
2i "BQT?vbB+� �+i�- R3R9URV,kkjĜN- kyRRX AaaL yyye@jyyk US`BMiV yyye@jyykX

(e3) JX q�/b�i2`- hX G�m`b2M- �X aBM;?�- LX aX >�ix�FBb- .X ai�KQm- _X "�`F2`-
EX JQ`i2Mb2M- _X 62B/2M?�MbǶH- "X GX JQHH2`- �M/ JX *�`/2M�bX JQMBiQ`BM;
b?B7ib BM i?2 +QM7Q`K�iBQM 2[mBHB#`BmK Q7 i?2 K2K#`�M2 T`Qi2BM +viQ+?`QK2
T98y `2/m+i�b2 UTQ`V BM M�MQ/Bb+bX CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- k3dU9RV,
j98NeĜeyj- kyRkX AaaL Ry3j@j8Rs U1H2+i`QMB+V yykR@Nk83 UGBMFBM;VX

(eN) JX q�/b�i2`- _X "�`F2`- EX JQ`i2Mb2M- _X 62B/2M?�MbǶH- �M/ JX *�`/2M�bX
1z2+i Q7 T?QbT?QHBTB/ +QKTQbBiBQM �M/ T?�b2 QM M�MQ/Bb+ }HKb �i i?2 bQHB/@
HB[mB/ BMi2`7�+2 �b bim/B2/ #v M2mi`QM `2~2+iBpBivX G�M;KmB`- kNUNV,k3dRĜk33y-
kyRjX AaaL yd9j@d9ejX

(dy) aX J�`B+- LX aF�`@:BbHBM;2- aX JB/i;��`/- JX "X h?v;2b2M- CX a+?BHH2`- >X 6`B2H@
BM;?�mb- JX JQmHBM- JX >�2`iH2BM- oX hX 6Q`bvi?- hX :X SQKQ`bFB- �M/ GX �`@
H2i?X ai2�Hi? +�``B2`b 7Q` HQr@`2bQHmiBQM bi`m+im`2 /2i2`KBM�iBQM Q7 K2K#`�M2
T`Qi2BMb BM bQHmiBQMX �+i� *`vbi�HHQ;`�T?B+� . "BQHQ;B+�H *`vbi�HHQ;`�T?v- dy
USi kV,jRdĜk3- kyR9X AaaL yNyd@999NX

(dR) JQ?�KK�/ JX >�[m2- J2FFB "�v�+?Qm- C2bmb h2D2`Q- *H�B`2 hX E2MM2v-
L�r JX S2�`H- a�M;@*?QmH AK- Gm+v q�bF2HH- �M/ .2MMBb CX aim2?`X .Bb@
iBM+i +QM7Q`K�iBQM�H #2?�pBQ`b Q7 7Qm` K�KK�HB�M /m�H@~�pBM `2/m+i�b2b U+v@
iQ+?`QK2 T98y `2/m+i�b2- K2i?BQMBM2 bvMi?�b2 `2/m+i�b2- M2m`QM�H MBi`B+ QtB/2
bvMi?�b2- 2M/Qi?2HB�H MBi`B+ QtB/2 bvMi?�b2V /2i2`KBM2 i?2B` mMB[m2 +�i�HviB+
T`Q}H2bX 61"a CQm`M�H- R,RĜRe- kyR9X AaaL Rd9k@9e83X

(dk) JX am;Bb?BK�- >X a�iQ- uX >B;�b?BKQiQ- CX >�`�/�- EX q�/�- EX 6mFmv�K�-
�M/ JX LQ;m+?BX ai`m+im`�H #�bBb 7Q` i?2 2H2+i`QM i`�Mb72` 7`QK �M QT2M 7Q`K
Q7 M�/T?@+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 iQ ?2K2 Qtv;2M�b2X S`Q+22/BM;b Q7
i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- RRRUdV,k8k9Ĝk8kN- kyR9X AaaL yykd@39k9X

(dj) .X LB+F2Hb CƘ- >X PǶL2BHH- GX >QM;- JX hv�;B- :X 1?H2`b- EX GX q2Bbb- ZX w?�M;-
wX uB- 1X J�KQMiQp- *X aKBi? CƘ- �M/ SX aQFQHQp �ƘX .vM�KB+b Q7 T`Qi2BM
�M/ Bib ?v/`�iBQM r�i2`, L2mi`QM b+�ii2`BM; bim/B2b QM 7mHHv /2mi2`�i2/ ;7TX
"BQT?vbB+�H CQm`M�H- RyjUdV,R8eeĜd8- kyRkX AaaL yyye@j9N8 US`BMiVX

(d9) JX :`BK�H/Q- 6X _QQb2M@_mM;2- LX C�H�`pQ- JX w�KTQMB- 6X w�MBMB- JX >2M@
MB;- 6X w?�M;- 6X a+?`2B#2`- �M/ hX a2v/2HX >B;?@`2bQHmiBQM M2mi`QM bT2+@
i`Qb+QTv QM T`Qi2BM bQHmiBQM b�KTH2b- pQHmK2 3j Q7 1SC q2# Q7 *QM72`2M+2bX
1 . S a+B2M+2b- *2/2t �- kyR8X Aa"L kRyy@yR9sX

(d8) .�pB/ �`MHmM/- GBM/� *X CQ?�MbbQM- *2+BHB� qB+Fbi`�M/- �MiQM "�`iv-
:�`i? CX qBHHB�Kb- 1`BF J�HK2`#2`;- C�M .�pB/bbQM- .2bTBM� JBH�i?B�M�FB-
.�MB2H SX .2SQMi2- _Q#2`i GX a?Q2K�M- .BM;DB2 q�M;- .�MB2H C�K2b- :2`;2Hv
E�iQM�- a2#�biB�M q2bi2M?Qz- h?QK�b �X q?Bi2- �M/`2r �[mBH�- a�/B�
"�`B- S2i2` "2`Mib2M- JBF2 "Q;�M- hBK "`�M/i p�M .`B2H- _X "`m+2 .Q�F-
E�bT2` aFQp ED�2`- J�ii?B�b 6`�MF- _�BKmM/ 6`QKK2- AM;Q :`QiDQ?�MM-
_Q#2`i >2MMBM;- J�`F aX >mMi2`- _B+?�`/ �X EB`B�M- A`BM� EQb?2H2p�- *?`BbiQ@
T?2` EmTBix- J2M;MBM; GB�M;- �M/`2r oX J�`iBM- J�`iBM J22/QK LB2Hb2M-
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J�`+ J2bb2`b+?KB/i- JX J�`pBM a2B#2`i- C2MMB2 aDQ?�KM- 6`�M+2b+Q ai2H@
H�iQ- lr2 q2B2`bi�HH- L�/B� �X w�ib2TBM- CQ?M *X >X aT2M+2- S2i`� 6`QKK2-
AHK2 a+?HB+?iBM;- a2#�biB2M "Qmi2i- :2``Bi :`Q2M?Q7- >2M`v LX *?�TK�M- �M/
_B+?�`/ L2mix2X oBbm�HBxBM; � T`Qi2BM [m�F2 rBi? iBK2@`2bQHp2/ t@`�v b+�ii2`@
BM; �i � 7`22@2H2+i`QM H�b2`X L�im`2 J2i?Q/b- RRUNV,NkjĜNke- kyR9X

(de) hX _X JX "�`2M/b- GX 6Qm+�`- aX "Qi?�- _X "X .Q�F- _X GX a?Q2K�M- EX L�bb-
CX 1X EQ;HBM- :X CX qBHHB�Kb- aX "Qmi2i- JX J2bb2`b+?KB/i- �M/ AX a+?HB+?iBM;X
.2 MQpQ T`Qi2BM +`vbi�H bi`m+im`2 /2i2`KBM�iBQM 7`QK t@`�v 7`22@2H2+i`QM H�b2`
/�i�X L�im`2- 8y8Ud93kV,k99ĜY- kyR9X AaaL yyk3@y3jeX

(dd) :X EX 62H/ �M/ JX 6`�MFX 1M�#HBM; K2K#`�M2 T`Qi2BM bi`m+im`2 �M/ /vM�KB+b
rBi? t@`�v 7`22 2H2+i`QM H�b2`bX *m``2Mi PTBMBQM BM ai`m+im`�H "BQHQ;v- kd,eNĜ
d3- kyR9X AaaL yN8N@99ysX

(d3) CX >�iiM2- LX 1+?QHb- _X h`�M- CX E2`M- _X CX :BH/2�- �X aX "`2rbi2`- _X �HQMbQ@
JQ`B- *X :HQ+FM2`- CX >2HHKB+?- >X G�FbKQMQ- _X :X aB2``�- "X G�bb�HH2@E�Bb2`-
�X G�KT2- :X >�M- aX :mH- .X .B6BQ`2- .X JBH�i?B�M�FB- �X _X 6`v- �X JB�?@
M�?`B- qX 1X q?Bi2- .X qX a+?�72`- JX JX a2B#2`i- CX 1X EQ;HBM- .X aQF�`�b-
hX *X q2M;- CX a2HH#2`;- JX CX G�iBK2`b- SX :H�ix2H- SX >X wr�`i- _X qX
:`Qbb2@EmMbiH2p2- JX CX "Q;�M- JX J2bb2`b+?KB/i- :X CX qBHHB�Kb- aX "Qmi2i-
CX J2bbBM;2`- �X wQmMB- CX u�MQ- lX "2`;K�MM- oX EX u�+?�M/`�- SX .X �/�Kb-
�M/ LX EX a�mi2`X �++m`�i2 K�+`QKQH2+mH�` bi`m+im`2b mbBM; KBMBK�H K2�@
bm`2K2Mib 7`QK t@`�v 7`22@2H2+i`QM H�b2`bX L�im`2 J2i?Q/b- RRU8V,898Ĝ893-
kyR9X AaaL R893@dyNRX

(dN) kyReX l_G ?iiTb,ffrrrXBHHX2mfXXXfBMbi`mK2Mibf/kkX

(3y) �b?H2v CQ`/�M- J�`F C�+[m2b- *�i?2`BM2 J2``B+F- CmHB2ii2 .2pQb- oX h`2pQ`
6Q`bvi?- GBQM2H SQ`+�`- �M/ �MM2 J�`i2HX a2+@b�Mb, bBx2 2t+HmbBQM +?`QK�iQ;@
`�T?v +QK#BM2/ BM bBim rBi? bK�HH@�M;H2 M2mi`QM b+�ii2`BM;i?Bb �`iB+H2 rBHH
7Q`K T�`i Q7 � pB`im�H bT2+B�H Bbbm2 Q7 i?2 DQm`M�H- T`2b2MiBM; bQK2 ?B;?HB;?ib
Q7 i?2 Rei? BMi2`M�iBQM�H +QM72`2M+2 QM bK�HH@�M;H2 b+�ii2`BM; Ub�bkyR8VX CQm`@
M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v- 9NUeV- kyReX AaaL Reyy@8dedX

(3R) S2i`� S2`MQi- �/�K _QmM/- _�v "�``2ii- �H2D�M/`Q .2 J�`B� �MiQHBMQb-
�H2t�M/`2 :Q##Q- 1HbT2i? :Q`/QM- CmHB2M >m2i- C2`ƬK2 EB2z2`- J�`BQ
G2MiBMB- Jm`B2H J�ii2M2i- *?`BbiB�M JQ`�r2- *?`BbiQT? Jm2HH2`@.B2+FK�MM-
ai�z�M P?HbbQM- q2`M2` a+?KB/- CQ?M am``- S�b+�H h?2p2M2�m- GQmBx� w2`@
`�/- �M/ a2�M J+ar22M2vX lT;`�/2/ 2b`7 #KkN #2�KHBM2 7Q` b�tb QM K�+`Q@
KQH2+mH2b BM bQHmiBQMX CQm`M�H Q7 avM+?`Qi`QM _�/B�iBQM- kyUSi 9V,eeyĜee9-
kyRjX AaaL yNyN@y9N8 Reyy@8dd8X

(3k) JX *X *Q`#2ii- JX CX G�iBK2`- hX GX SQmHQb- AX 6X a2p`BQmFQp�- EX PX >Q/;@
bQM- �M/ "X >2/K�MX S?QiQ`2/m+iBQM Q7 i?2 �+iBp2 bBi2 Q7 i?2 K2i�HHQT`Qi2BM
TmiB/�`2/QtBM #v bvM+?`Qi`QM `�/B�iBQMX �+i� *`vbi�HHQ;`�T?B+� . "BQHQ;B+�H
*`vbi�HHQ;`�T?v- ejUSi NV,N8RĜey- kyydX AaaL yNyd@999N US`BMiV yNyd@999N
UGBMFBM;VX

(3j) 1X 6X :�`K�M �M/ JX q2BFX _�/B�iBQM /�K�;2 iQ #BQHQ;B+�H K�+`QKQH2+mH2b,
bQK2 �Mbr2`b �M/ KQ`2 [m2biBQMbX CQm`M�H Q7 avM+?`Qi`QM _�/B�iBQM- ky,RĜe-
kyRjX AaaL yNyN@y9N8X
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(39) aX SX J2Bb#m`;2`- JX q�`F2MiBM- >X *?2M- CX "X >QTFBMb- _X 1X :BHHBH�M-
GX SQHH�+F- �M/ _X 1X h?Q`M2X "`2�FBM; i?2 `�/B�iBQM /�K�;2 HBKBi rBi? +`vQ@
b�tbX "BQT?vbB+�H CQm`M�H- Ry9URV,kkdĜje- kyRjX AaaL R89k@yy3e U1H2+i`QMB+V
yyye@j9N8 UGBMFBM;VX

(38) _X GX Pr2M- 1X _m/BMQ@SBM2`�- �M/ 1X 6X :�`K�MX 1tT2`BK2Mi�H /2i2`KBM�@
iBQM Q7 i?2 `�/B�iBQM /Qb2 HBKBi 7Q` +`vQ+QQH2/ T`Qi2BM +`vbi�HbX S`Q+22/BM;b Q7
i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- RyjURjV,9NRkĜ9NRd- kyyeX AaaL yykd@39k9X

(3e) PX "X w2H/BM- aX "`Q+F?�mb2`- CX "`2K`B/;2- CX JX >QHiQM- �M/ 1X 6X :�`K�MX
S`2/B+iBM; i?2 t@`�v HB72iBK2 Q7 T`Qi2BM +`vbi�HbX S`Q+22/BM;b Q7 i?2 L�iBQM�H
�+�/2Kv Q7 a+B2M+2b- RRyU8RV,ky88RĜky88e- kyRjX AaaL yykd@39k9X

(3d) >X SX >2`bH2i? �M/ EX EX �M/2`bbQMX >Qr /Bz2`2Mi QtB/�iBQM bi�i2b Q7 +`vb@
i�HHBM2 KvQ;HQ#BM �`2 BM~m2M+2/ #v t@`�vbX "BQ+?BKB+� 2i "BQT?vbB+� �+i�-
R3R9UeV,d38ĜNe- kyRRX AaaL yyye@jyyk US`BMiV yyye@jyyk UGBMFBM;VX

(33) qX >X "`�;; �M/ qX GX "`�;;X h?2 `2~2+iBQM Q7 t@`�vb #v +`vbi�HbX S`Q+22/BM;b
Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b �- 33Uey8V,9k3- RNRjX

(3N) .X �X C�+[m2b �M/ CX h`2r?2HH�X aK�HH@�M;H2 b+�ii2`BM; 7Q` bi`m+im`�H #BQHQ;vĜ
2tT�M/BM; i?2 7`QMiB2` r?BH2 �pQB/BM; i?2 TBi7�HHbX S`Qi2BM a+B- RNU9V,e9kĜ8d-
kyRyX AaaL R9eN@3Nes U1H2+i`QMB+V yNeR@3je3 UGBMFBM;VX

(Ny) .X �X C�+[m2b- CX JX :mbb- .X AX ap2`;mM- �M/ CX h`2r?2HH�X Sm#HB+�iBQM ;mB/2@
HBM2b 7Q` bi`m+im`�H KQ/2HHBM; Q7 bK�HH@�M;H2 b+�ii2`BM; /�i� 7`QK #BQKQH2+mH2b
BM bQHmiBQMX �+i� *`vbi�HHQ;`�T?B+� . "BQHQ;B+�H *`vbi�HHQ;`�T?v- e3USi eV,
ekyĜe- kyRkX AaaL RjNN@yy9d U1H2+i`QMB+V yNyd@999N UGBMFBM;VX

(NR) "Xc C�+`QiX h?2 bim/v Q7 #BQHQ;B+�H bi`m+im`2b #v M2mi`QM b+�ii2`BM; 7`QK
bQHmiBQMX _2TQ`ib QM S`Q;`2bb BM S?vbB+b- jeUejV,NRRĜN8j- RNdeX

(Nk) "2`M�`/ C�+`Qi �M/ :Bmb2TT2 w�++�BX .2i2`KBM�iBQM Q7 KQH2+mH�` r2B;?i #v
M2mi`QM b+�ii2`BM;X "BQTQHvK2`b- kyURRV,k9RjĜk9ke- RN3RX AaaL RyNd@yk3kX

(Nj) _X SX _�K#Q �M/ CX �X h�BM2`X �++m`�i2 �bb2bbK2Mi Q7 K�bb- KQ/2Hb �M/
`2bQHmiBQM #v bK�HH@�M;H2 b+�ii2`BM;X L�im`2- 9NeUd99eV,9ddĜ3R- kyRjX AaaL
R9de@9e3d U1H2+i`QMB+V yyk3@y3je UGBMFBM;VX

(N9) JX >�2`iH2BM- JX JQmHBM- CX JX .2pQb- oX G�mt- PX .mMM2- �M/ oX hX 6Q`bvi?X
"BQKQH2+mH�` /2mi2`�iBQM 7Q` M2mi`QM bi`m+im`�H #BQHQ;v �M/ /vM�KB+bX J2i?@
Q/b 1MxvKQH- 8ee,RRjĜ8d- kyReX AaaL yyde@e3dNX

(N8) JB+?�2H >�2`iH2BM- J�`iBM2 JQmHBM- CmHB2ii2 JX .2pQb- o�H2`B2 G�mt- P`H�
.mMM2- �M/ oX h`2pQ` 6Q`bvi?X *?�Ti2` 6Bp2 @ "BQKQH2+mH�` .2mi2`�iBQM 7Q`
L2mi`QM ai`m+im`�H "BQHQ;v �M/ .vM�KB+b- pQHmK2 oQHmK2 8ee- T�;2b RRjĜR8dX
�+�/2KB+ S`2bb- kyReX Aa"L yyde@e3dNX

(Ne) �X :mBMB2` �M/ :X 6Qm`M2iX aK�HH �M;H2 b+�ii2`BM; Q7 t@`�vbX �X ;mBMB2` �M/ ;X
7Qm`M2iX i`�MbH�i2/ #v +X #X rBHbQM �M/ rBi? � #B#HBQ;`�T?B+�H �TT2M/Bt #v FX
HX vm/QrBi+?X rBH2v- M2r vQ`F- RN88X ke3 TTX CQm`M�H Q7 SQHvK2` a+B2M+2- RN
UNjV,8N9Ĝ8N9- RN8eX AaaL R89k@ekj3X
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(Nd) _X SX _�K#Q �M/ CX �X h�BM2`X *?�`�+i2`BxBM; ~2tB#H2 �M/ BMi`BMbB+�HHv
mMbi`m+im`2/ #BQHQ;B+�H K�+`QKQH2+mH2b #v b�b mbBM; i?2 TQ`Q/@/2#v2 H�rX
"BQTQHvK2`b- N8U3V,88NĜdR- kyRRX AaaL yyye@j8k8 US`BMiV yyye@j8k8X

(N3) PX :H�ii2`X � M2r K2i?Q/ 7Q` i?2 2p�Hm�iBQM Q7 bK�HH@�M;H2 b+�ii2`BM; /�i�X
CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v- RyU8V,9R8Ĝ9kR- RNddX AaaL yykR@33N3X

(NN) oH�/BKB` oX oQHFQp �M/ .KBi`B AX ap2`;mMX lMB[m2M2bb Q7 �# BMBiBQ b?�T2
/2i2`KBM�iBQM BM bK�HH@�M;H2 b+�ii2`BM;X CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v-
jeUj S�`i RV,3eyĜ3e9- kyyjX AaaL yykR@33N3X

(Ryy) .X AX ap2`;mM �M/ >X "X aim?`K�MMX L2r /2p2HQTK2Mib BM /B`2+i b?�T2 /2i2`@
KBM�iBQM 7`QK bK�HH@�M;H2 b+�ii2`BM;X RX i?2Q`v �M/ KQ/2H +�H+mH�iBQMbX �+i�
*`vbi�HHQ;`�T?B+� a2+iBQM �- 9dUeV,djeĜd99- RNNRX AaaL yRy3@dedjX

(RyR) :X h`B�- >X .X hX J2`i2Mb- JX E�+?�H�- �M/ .X AX ap2`;mMX �/p�M+2/ 2Mb2K#H2
KQ/2HHBM; Q7 ~2tB#H2 K�+`QKQH2+mH2b mbBM; t@`�v bQHmiBQM b+�ii2`BM;X Am+`D- k,
kydĜkRd- kyR8X AaaL ky8k@k8k8X

(Ryk) �X S�MDFQpB+? �M/ .X AX ap2`;mMX a�bTv, � TvKQH THm;BM 7Q` K�MBTmH�iBQM
�M/ `2}M2K2Mi Q7 ?v#`B/ KQ/2Hb �;�BMbi bK�HH �M;H2 t@`�v b+�ii2`BM; /�i�X
"BQBM7Q`K�iB+b- jkURjV,kyekĜ9- kyReX AaaL Rjed@93yjX

(Ryj) JX S2HBF�M- :X GX >m`�- �M/ JX >�KK2HX ai`m+im`2 �M/ ~2tB#BHBiv rBi?BM
T`Qi2BMb �b B/2MiB}2/ i?`Qm;? bK�HH �M;H2 t@`�v b+�ii2`BM;X :2M2`�H S?vbBQHQ;v
�M/ "BQT?vbB+b- k3UkV,Rd9ĜR3N- kyyNX AaaL ykjR@833kX

(Ry9) S2i` oX EQM�`2p- J�tBK oX S2iQmF?Qp- �M/ .KBi`B AX ap2`;mMX _�TB/ �m@
iQK�i2/ bmT2`TQbBiBQM Q7 b?�T2b �M/ K�+`QKQH2+mH�` KQ/2Hb mbBM; bT?2`B+�H
?�`KQMB+bX CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v- 9NUjV,N8jĜNey- kyReX AaaL
Reyy@8dedX

(Ry8) JX oX S2iQmF?Qp �M/ .X AX ap2`;mMX �M�HvbBb Q7 t@`�v �M/ M2mi`QM b+�ii2`BM;
7`QK #BQK�+`QKQH2+mH�` bQHmiBQMbX *m``2Mi PTBMBQM BM ai`m+im`�H "BQHQ;v- Rd
U8V,8ekĜ8dR- kyydX AaaL yN8N@99ysX

(Rye) .X a+?M2B/K�M@.m?QpMv- JX >�KK2H- �M/ �X a�HBX 6Qtb, � r2# b2`p2` 7Q`
`�TB/ +QKTmi�iBQM �M/ }iiBM; Q7 b�tb T`Q}H2bX Lm+H2B+ �+B/b _2b2�`+?- j3,
q89yĜq899- kyRyX AaaL yjy8@Ry93X

(Ryd) �X :miB2``2x- PX .Q2?`- JX S�BM2- *X _X qQH7- LX aX a+`miiQM- �M/ :X *X EX
_Q#2`ibX h`T@ede 7�+BHBi�i2b MB+QiBM�KB/2 +Q2MxvK2 2t+?�M;2 BM i?2 `2/m+iBp2
?�H7@`2�+iBQM Q7 ?mK�M +viQ+?`QK2 T98y `2/m+i�b2, S`QT2`iB2b Q7 i?2 bQHm#H2
rede` �M/ rede� Kmi�Mi `2/m+i�b2bX "BQ+?2KBbi`v- jNU8RV,R8NNyĜR8NNN- kyyyX
AaaL yyye@kNeyX

(Ry3) JX JmD�+B+- EX qX *QQT2`- �M/ 6X "�M2vtX *QH/@BM/m+B#H2 +HQMBM; p2+iQ`b
7Q` HQr@i2KT2`�im`2 T`Qi2BM 2tT`2bbBQM BM 2b+?2`B+?B� +QHB, �TTHB+�iBQM iQ i?2
T`Q/m+iBQM Q7 � iQtB+ �M/ T`Qi2QHviB+�HHv b2MbBiBp2 7mbBQM T`Qi2BMX :2M2- kj3
UkV,jk8Ĝjjk- RNNNX AaaL yjd3@RRRNX

(RyN) kyRjX l_G ?iiT,ffT`Qi+�H+XbQm`+27Q`;2XM2ifX

RkR



(RRy) �H2t :`mM�m- J�`F CX S�BM2- CQ?M 1X G�/#m`v- �M/ �H/Q :miB2``2xX :HQ#�H
2z2+ib Q7 i?2 2M2`;2iB+b Q7 +Q2MxvK2 #BM/BM;,g M�/T? +QMi`QHb i?2 T`Qi2BM BM@
i2`�+iBQM T`QT2`iB2b Q7 ?mK�M +viQ+?`QK2 T98y `2/m+i�b2ÞX "BQ+?2KBbi`v- 98
U8V,R9kRĜR9j9- kyyeX AaaL yyye@kNeyX

(RRR) lMBT`Qi, � ?m# 7Q` T`Qi2BM BM7Q`K�iBQMX Lm+H2B+ �+B/b _2b- 9jU.�i�#�b2 Bbbm2V,
.ky9ĜRk- kyR8X AaaL yjy8@Ry93X

(RRk) JX C2MM2`- CX 1HHBb- qX *X >m�M;- 1X GX _�p2M- :X *X EX _Q#2`ib- �M/ LX CX
PH/?�KX .2i2+iBQM Q7 � T`Qi2BM +QM7Q`K�iBQM�H 2[mBHB#`BmK #v 2H2+i`QbT`�v
BQMBb�iBQM@BQM KQ#BHBiv@K�bb bT2+i`QK2i`vX �M;2r�M/i2 *?2KB2@AMi2`M�iBQM�H
1/BiBQM- 8yUjeV,3kNRĜ3kN9- kyRRX AaaL R9jj@d38RX

(RRj) �X :`mM�m- EX :2`�FB- CX :X :`QbbK�MM- �M/ �X :miB2``2xX *QM7Q`K�iBQM�H
/vM�KB+b �M/ i?2 2M2`;2iB+b Q7 T`Qi2BMĜHB;�M/ BMi2`�+iBQMb, `QH2 Q7 BMi2`/QK�BM
HQQT BM ?mK�M +viQ+?`QK2 T98y `2/m+i�b2X "BQ+?2KBbi`v- 9eUk3V,3k99Ĝ88-
kyydX AaaL yyye@kNey US`BMiV yyye@kNey UGBMFBM;VX

(RR9) .X a+?M2B/K�M@.m?QpMv- JX >�KK2H- CX �X h�BM2`- �M/ �X a�HBX 6Qtb- 7Qtb@
/Q+F �M/ KmHiB7Qtb, aBM;H2@bi�i2 �M/ KmHiB@bi�i2 bi`m+im`�H KQ/2HBM; Q7 T`Q@
i2BMb �M/ i?2B` +QKTH2t2b #�b2/ QM b�tb T`Q}H2bX Lm+H2B+ �+B/b _2b- 99UqRV,
q9k9ĜN- kyReX AaaL yjy8@Ry93X

(RR8) .X AX ap2`;mM- aX _B+?�`/- JX >X EQ+?- wX a�v2`b- aX EmT`BM- �M/ :X w�++�BX
S`Qi2BM ?v/`�iBQM BM bQHmiBQM, 2tT2`BK2Mi�H Q#b2`p�iBQM #v t@`�v �M/ M2mi`QM
b+�ii2`BM;X S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv Q7 a+B2M+2b- N8U8V,kkedĜdk-
RNN3X AaaL yykd@39k9 US`BMiV yykd@39k9X

(RRe) >X >X C�M;- �X SX C�K�F?�M/B- aX wX amHHBp�M- *X >X umM- SX 6X >QHH2M#2`;-
�M/ :X SX JBHH2`X "2i� b?22i k@�HT?� ?2HBt + HQQT Q7 +viQ+?`QK2 T98y `2/m+i�b2
b2`p2b �b � /Q+FBM; bBi2 7Q` `2/Qt T�`iM2`bX "BQ+?BKB+� 1i "BQT?vbB+� �+i�@
S`Qi2BMb �M/ S`Qi2QKB+b- R3y9UeV,Rk38ĜRkNj- kyRyX AaaL R8dy@NejNX

(RRd) P`B�M2 6`�M+2b- 6�i�M2? 6�i2KB- .2MBb SQKTQM- 1`B+ :mBii2i- *?`BbiBM�
aBxmM- C�pB2` Sû`2x- 1r2M G2b+QT- �M/ :BHH2b h`m�MX � r2HH@#�H�M+2/ T`2@
2tBbiBM; 2[mBHB#`BmK ;Qp2`Mb 2H2+i`QM ~mt 2{+B2M+v Q7 � KmHiB/QK�BM /B~�pBM
`2/m+i�b2X "BQT?vbB+�H CQm`M�H- Ry3UeV,R8kdĜR8je- kyR8X AaaL yyyej9N8X

(RR3) JX >�KK2HX o�HB/�iBQM Q7 K�+`QKQH2+mH�` ~2tB#BHBiv BM bQHmiBQM #v bK�HH@
�M;H2 t@`�v b+�ii2`BM; Ub�tbVX 1m` "BQT?vbB+�H CQm`M�H- 9RURyV,d3NĜNN- kyRkX
AaaL yRd8@d8dRX

(RRN) "X oBM+2Mi- LX JQ`2HH2i- 6X 6�i2KB- GX �B;`�BM- :X h`m�M- 1X :mBii2i- �M/
1X G2b+QTX h?2 +HQb2/ �M/ +QKT�+i /QK�BM Q`;�MBx�iBQM Q7 i?2 dy@F/� ?mK�M
+viQ+?`QK2 T98y `2/m+i�b2 BM Bib QtB/Bx2/ bi�i2 �b `2p2�H2/ #v MK`X CQm`M�H
Q7 JQH2+mH�` "BQHQ;v- 9kyU9@8V,kNeĜjyN- kyRkX AaaL yykk@k3jeX

(Rky) 1HBx�p2i� �X EQp`B;BM�- "`B�M S�ii2M;�H2- *?m�Mrm sB�- �x�K�i _X :�HB@
�F?K2iQp- CB2` >m�M;- CmM;@C� SX EBK- �M/ 1p;2MBB GX EQp`B;BMX *QM7Q`K�@
iBQM�H bi�i2b Q7 +viQ+?`QK2 T98y QtB/Q`2/m+i�b2 2p�Hm�i2/ #v 7ƺ`bi2` `2bQM�M+2
2M2`;v i`�Mb72` mbBM; mHi`�7�bi i`�MbB2Mi �#bQ`TiBQM bT2+i`Qb+QTvX "BQ+?2K@
Bbi`v- kyReX AaaL yyye@kNeyX

Rkk



(RkR) JX GX Gm/rB;- EX �X S�ii`B/;2- �X GX J2ix;2`- JX JX .BtQM- JX 1`2M- uX *X
62M;- �M/ _X SX ar2MbQMX *QMi`QH Q7 QtB/�iBQM@`2/m+iBQM TQi2MiB�Hb BM ~�pQ@
/QtBM 7`QK +HQbi`B/BmK #2BD2`BM+FBB, h?2 `QH2 Q7 +QM7Q`K�iBQM +?�M;2bX "BQ@
+?2KBbi`v- jeUeV,Rk8NĜRk3y- RNNdX AaaL yyye@kNeyX

(Rkk) .X JX >QQp2`- *X GX .`2MM�M- �X GX J2ix;2`- *X Pb#Q`M2- *X >X q2#2`- EX �X
S�ii`B/;2- �M/ JX GX Gm/rB;X *QKT�`BbQMb Q7 rBH/@ivT2 �M/ Kmi�Mi ~�pQ/Qt@
BMb 7`QK �M�+vbiBb MB/mH�MbX bi`m+im`�H /2i2`KBM�Mib Q7 i?2 `2/Qt TQi2MiB�HbX
CQm`M�H Q7 JQH2+mH�` "BQHQ;v- kN9UjV,dk8Ĝd9j- RNNNX AaaL yykk@k3jeX

(Rkj) ZX "�b?B`- aX a+�Mm- �M/ JX l##BMFX .vM�KB+b BM 2H2+i`QM i`�Mb72` T`Qi2BM
+QKTH2t2bX 61"a CQm`M�H- kd3UNV,RjNRĜ9yy- kyRRX AaaL Rd9k@9e83 U1H2+@
i`QMB+V Rd9k@9e9s UGBMFBM;VX

(Rk9) CX a+?BH/2` �M/ JX l##BMFX 6Q`K�iBQM Q7 i`�MbB2Mi T`Qi2BM +QKTH2t2bX *m``2Mi
PTBMBQM BM ai`m+im`�H "BQHQ;v- kjUeV,NRRĜ3- kyRjX AaaL R3dN@yjjs U1H2+i`QMB+V
yN8N@99ys UGBMFBM;VX

(Rk8) aX �?mD�- LX C�?`- aX *X AK- aX oBp2F�M�M/�M- LX SQTQpv+?- aX oX G2 *H�B`-
_X >m�M;- _X aQQM;- CX sm- EX u�K�KQiQ- _X SX L�M;�- �X "`B/;2b-
GX q�bF2HH- �M/ �X _�K�KQQ`i?vX � KQ/2H Q7 i?2 K2K#`�M2@#QmM/ +v@
iQ+?`QK2 #8@+viQ+?`QK2 T98y +QKTH2t 7`QK MK` �M/ Kmi�;2M2bBb /�i�X CQm`@
M�H Q7 "BQHQ;B+�H *?2KBbi`v- k33UjyV,kky3yĜN8- kyRjX AaaL yykR@Nk83X

(Rke) CX �X qQ``�HH- uX GBm- SX "X *`QrH2v- CX JX LQ+2F- "X JX >QzK�M- �M/ JX l#@
#BMFX JvQ;HQ#BM �M/ +viQ+?`QK2 #8, � Mm+H2�` K�;M2iB+ `2bQM�M+2 bim/v Q7 �
?B;?Hv /vM�KB+ T`Qi2BM +QKTH2tX "BQ+?2KBbi`v- 9RUjNV,RRdkRĜjy- kyykX AaaL
yyye@kNey US`BMiV yyye@kNeyX

(Rkd) aX .22T- aX *X AK- 1X _X wmB/2`r2;- �M/ GX q�bF2HHX *?�`�+i2`Bx�iBQM �M/
+�H+mH�iBQM Q7 � +viQ+?`QK2 +@+viQ+?`QK2 #8 +QKTH2t mbBM; MK` /�i�X "BQ@
+?2KBbi`v- 99UjRV,Rye89Ĝe3- kyy8X AaaL yyye@kNey US`BMiV yyye@kNeyX

(Rk3) �X LX oQHFQpX ai`m+im`2 �M/ 7mM+iBQM Q7 i`�MbB2Mi 2M+QmMi2`b Q7 `2/Qt T`Q@
i2BMbX �++QmMib Q7 *?2KB+�H _2b2�`+?- 93URkV,jyjeĜ9j- kyR8X AaaL R8ky@93N3
U1H2+i`QMB+V yyyR@939k UGBMFBM;VX

(RkN) �X LX oQHFQp- CX �X qQ``�HH- 1X >QHixK�MM- �M/ JX l##BMFX aQHmiBQM bi`m+im`2
�M/ /vM�KB+b Q7 i?2 +QKTH2t #2ir22M +viQ+?`QK2 + �M/ +viQ+?`QK2 + T2`Qt@
B/�b2 /2i2`KBM2/ #v T�`�K�;M2iB+ MK`X S`Q+22/BM;b Q7 i?2 L�iBQM�H �+�/2Kv
Q7 a+B2M+2b- RyjU8yV,R3N98Ĝ8y- kyyeX AaaL yykd@39k9 US`BMiV yykd@39k9X

(Rjy) "X GX >Q`2+F2`X h`BT?QbT?QTv`B/BM2 Mm+H2QiB/2@+viQ+?`QK2 + `2/m+i�b2 BM HBp2`X
CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- R3j,8NjĜey8- RN8yX

(RjR) uX 6�`QQ[ �M/ :X *X _Q#2`ibX EBM2iB+b Q7 2H2+i`QM i`�Mb72` #2ir22M M�/T?@
+viQ+?`QK2 T98y `2/m+i�b2 �M/ +viQ+?`QK2 T98y j�9X "BQ+?2K C- 9jkUjV,
938ĜNj- kyRyX AaaL R9dy@3dk3 U1H2+i`QMB+V yke9@eykR UGBMFBM;VX

(Rjk) .2MBbQp AX a+?HB+?iBM; AX J�F`Bb- hXJX �M/ aX:X aHB;�`X �+iBp�iBQM Q7 KQH2+mH�`
Qtv;2M #v +viQ+?`QK2 S98y- T�;2b R9NĜR3kX EHmr2` �+�/2KB+ f SH2MmK- L2r
uQ`F- j`/X 2/BiBQM- kyy8X

Rkj



(Rjj) .X _X .�pv/Qp- "X oX .�`QpbFv- AX _X .2/BMbFv- AX SX E�M�2p�- :X AX "�+?@
K�MQp�- oX JX "HBMQp- �M/ �X AX �`+?�FQpX *viQ+?`QK2 + U72kYV �b � +QKT2iB@
iBp2 BM?B#BiQ` Q7 M�/T?@/2T2M/2Mi `2/m+iBQM Q7 +viQ+?`QK2 T98y HKk, HQ+�iBM;
T`Qi2BM@T`Qi2BM BMi2`�+iBQM bBi2b BM KB+`QbQK�H 2H2+i`QM +�``B2`bX �`+? "BQ+?2K
"BQT?vb- kNdUkV,jy9ĜRj- RNNkX AaaL yyyj@N3eR US`BMiV yyyj@N3eRX

(Rj9) SX SX h�K#m`BMB �M/ CX "X a+?2MFK�MX .Bz2`2M+2b BM i?2 K2+?�MBbK Q7
7mM+iBQM�H BMi2`�+iBQM #2ir22M M�/T?@+viQ+?`QK2 T@98y `2/m+i�b2 �M/ Bib `2@
/Qt T�`iM2`bX JQH2+mH�` S?�`K�+QHQ;v- jyUkV,Rd3Ĝ38- RN3eX AaaL yyke@3N8s
US`BMiV yyke@3N8tX

(Rj8) :X qX "mb?M2HH- :X oX GQmB2- �M/ :X .X "`�v2`X >B;?@`2bQHmiBQM i?`22@
/BK2MbBQM�H bi`m+im`2 Q7 ?Q`b2 ?2�`i +viQ+?`QK2 +X CQm`M�H Q7 JQH2+mH�`
"BQHQ;v- kR9UkV,838ĜN8- RNNyX AaaL yykk@k3je US`BMiV yykk@k3jeX

(Rje) C�K�F?�M/B �XSX amHHBp�M aXwX umM *X@>X >QHH2M#2`; SX6X JBHH2` :XSX C�M;-
>X@>X "2i� b?22i kĜ�HT?� ?2HBt + HQQT Q7 +viQ+?`QK2 T98y `2/m+i�b2 b2`p2b
�b � /Q+FBM; bBi2 7Q` `2/Qt T�`iM2`bX "BQ+?BKB+� 2i "BQT?vbB+� �+i�- R3y9UeV,
Rk38ĜNj- kyRyX

(Rjd) �X GX a?2M �M/ *X "X E�bT2`X _QH2 Q7 �+B/B+ `2bB/m2b BM i?2 BMi2`�+iBQM
Q7 M�/T?@+viQ+?`QK2 T98y QtB/Q`2/m+i�b2 rBi? +viQ+?`QK2 T98y �M/ +v@
iQ+?`QK2 +X CQm`M�H Q7 "BQHQ;B+�H *?2KBbi`v- kdyU9eV,kd9d8Ĝ3y- RNN8X

(Rj3) ZX w?�Q- aX JQ/B- :X aKBi?- JX S�BM2- SX .X J+.QM�;?- *X _X qQH7- .X h2r-
GX uX GB�M- :X *X EX _Q#2`ib- �M/ >X SX *X .`B2bb2MX *`vbi�H bi`m+im`2 Q7 i?2
7KM@#BM/BM; /QK�BM Q7 ?mK�M +viQ+?`QK2 T98y `2/m+i�b2 �i RXNj �M;bi`QK
`2bQHmiBQMX S`Qi2BM a+B2M+2- 3UkV,kN3Ĝjye- RNNNX AaaL yNeR@3je3X

(RjN) :X *X SX p�M wmM/2`i- CX SX :X GX JX _Q/`B;m2b- JX h`2HH2i- *X a+?KBix- SX GX
E�bi`BiBb- 1X E�`�+�- �X aX CX J2H[mBQM/- JX p�M .BDF- aX CX /2 o`B2b- �M/
�X JX CX CX "QMpBMX h?2 ?�//Q+FkXk r2# b2`p2`, lb2`@7`B2M/Hv BMi2;`�iBp2
KQ/2HBM; Q7 #BQKQH2+mH�` +QKTH2t2bX CQm`M�H Q7 JQH2+mH�` "BQHQ;v- 9k3U9V,
dkyĜdk8- kyReX AaaL yykk@k3jeX

(R9y) .X _mbb2H- EX G�bF2`- "X q2##- CX o2H�x[m2x@Jm`B2H- 1X hDBQ2- .X a+?M2B/K�M@
.m?QpMv- "X S2i2`bQM- �M/ �X a�HBX SmiiBM; i?2 TB2+2b iQ;2i?2`, AMi2;`�iBp2
KQ/2HBM; TH�i7Q`K bQ7ir�`2 7Q` bi`m+im`2 /2i2`KBM�iBQM Q7 K�+`QKQH2+mH�`
�bb2K#HB2bX SHQb "BQHQ;v- RyURV,8- kyRkX AaaL R898@d338X

(R9R) >X A?22- JX GQ`2M+- hX EX EBK- ZX uX EQM;- JX *�KK�`�i�- CX >X G22-
aX "`�iQb- �M/ JX qmHzX lHi`�7�bi t@`�v /Bz`�+iBQM Q7 i`�MbB2Mi KQH2+mH�`
bi`m+im`2b BM bQHmiBQMX a+B2M+2- jyNU8dj3V,Rkkj- kyy8X

(R9k) hX _2mb+?- .X .X J�B- JX Pbi2`?Qz- .X E?�F?mHBM- JX qmHz- �M/ hX a�H/BiiX
LQM2[mBHB#`BmK +QHH2+iBp2 /vM�KB+b BM T?QiQ2t+Bi2/ HBTB/ KmHiBH�v2`b #v iBK2
`2bQHp2/ /Bzmb2 t@`�v b+�ii2`BM;X S?vbB+�H _2pB2r G2ii2`b- RRRUkeV,ke3RyR-
kyRjX

(R9j) JX a�M/2`- JX >2`xQ;- CX g1 Sm/2HH- JX "�`;?22`- LX q2BMF�m7- JX S2/2`b2M-
:X L2r#v- CX a2HHK�MM- CX a+?r�`xFQT7- oX "2bb2- oX go h2KMQp- �M/ SX :��HX

Rk9



aT�iBQi2KTQ`�H +Q?2`2Mi +QMi`QH Q7 i?2`K�H 2t+Bi�iBQMb BM bQHB/bX S?vbB+�H
_2pB2r G2ii2`b- RRNUdV,yd8NyR- kyRdX

(R99) J�`+Q *�KK�`�i�- J�ii2Q G2p�MiBMQ- 6`B2/`B+? a+?Qii2- S?BHBT �X �M}M`m/-
6`B2/2`BF2 1r�H/- CmM;Fr2QM *?QB- �MiQMBQ *mT�M2- JB+?�2H qmHz- �M/ >v@
Qi+?2`H A?22X h`�+FBM; i?2 bi`m+im`�H /vM�KB+b Q7 T`Qi2BMb BM bQHmiBQM mbBM;
iBK2@`2bQHp2/ rB/2@�M;H2 t@`�v b+�ii2`BM;X L�im`2 J2i?Q/b- 8URyV,33RĜ33e-
kyy3X

(R98) 1`BF J�HK2`#2`;- wB�/ PK`�M- CQ+?2MƘa >m#- sm2r2M GB- :2`;2Hv E�@
iQM�- a2#�biB�M q2bi2M?Qz- GBM/�Ƙ* CQ?�MbbQM- J�;Mmb �M/2`bbQM- J�`+Q
*�KK�`�i�- JB+?�2H qmHz- .�pB/ p�MƘ/2`ƘaTQ2H- C�M .�pB/bbQM- �H2t�M/`2
aT2+?i- �M/ _B+?�`/ L2mix2X hBK2@`2bQHp2/ r�tb `2p2�Hb �++2H2`�i2/ +QM@
7Q`K�iBQM�H +?�M;2b BM BQ/Q`2iBM�H@bm#biBimi2/ T`Qi2Q`?Q/QTbBMX "BQT?vbB+�H
CQm`M�H- RyRUeV,Rj98ĜRj8j- kyRRX AaaL yyye@j9N8X

(R9e) CQM; :QQ EBK- h�2 qm EBK- C2QM;?Q EBK- �M/ >vQi+?2`H A?22X S`Qi2BM bi`m+@
im`�H /vM�KB+b `2p2�H2/ #v iBK2@`2bQHp2/ t@`�v bQHmiBQM b+�ii2`BM;X �++QmMib
Q7 *?2KB+�H _2b2�`+?- 93U3V,kkyyĜkky3- kyR8X AaaL yyyR@939kX

(R9d) �MM2K�`B2 "X qƺ?`B- :2`;2Hv E�iQM�- GBM/� *X CQ?�MbbQM- 1K2HB2 6`Bix- 1`BF
J�HK2`#2`;- J�;Mmb �M/2`bbQM- CQM�i?�M oBM+2Mi- J�iiB�b 1FHmM/- J�`+Q
*�KK�`�i�- JB+?�2H qmHz- C�M .�pB/bbQM- :2``Bi :`Q2M?Q7- �M/ _B+?�`/
L2mix2X GB;?i@BM/m+2/ bi`m+im`�H +?�M;2b BM � T?QiQbvMi?2iB+ `2�+iBQM +2Mi2`
+�m;?i #v H�m2 /Bz`�+iBQMX a+B2M+2- jk3U8Nd3V,ejy- kyRyX

(R93) PbF�` "2`MibbQM- _�HT? SX .B2Mbi?m#2`- J�ii?BDb _X S�MK�M- �H2t�M/2` "Dƺ`@
HBM;- �b?H2v CX >m;?2b- GûQ+�/B2 >2M`v- ai2T?�M LB2#HBM;- :2KK� L2r#v-
J�`B�MM2 GB2#B- �M/`2�b J2Mx2H- _Q#2`i >2MMBM;- A`BM� EQb?2H2p�- �M/`2�b
Jƺ;HB+?- �M/ a2#�biB�M q2bi2M?QzX hBK2@`2bQHp2/ t@`�v bQHmiBQM b+�ii2`BM;
`2p2�Hb i?2 bi`m+im`�H T?QiQ�+iBp�iBQM Q7 � HB;?i@Qtv;2M@pQHi�;2 T?QiQ`2+2TiQ`X
ai`m+im`2- k8UeV,NjjĜNj3X2j- kyRdX AaaL yNeN@kRkeX

(R9N) .2``2M CX >2v2b- �MM2@J�`B2 ZmBMM- S�mH JX *mHHBb- JB+?�2H G22- �M/`2r qX
JmM`Q- �M/ LB;2H aX a+`miiQMX AMi2`M�H 2H2+i`QM i`�Mb72` BM KmHiB@bBi2 `2/Qt
2MxvK2b Bb �++2bb2/ #v H�b2` 2t+Bi�iBQM Q7 i?BQm`2/QTv`2M2@j-e-3@i`BbmH7QM�i2
UimTbVX *?2KB+�H *QKKmMB+�iBQMb- UNV,RRk9ĜRRke- kyyNX AaaL Rj8N@dj98X

(R8y) �X EQiHv�`- LX "Q`QpQF- JX >�x�MB- AX axmM/B- �M/ PX 1BM�`b/QiiB`X S?Q@
iQBM/m+2/ BMi`�+QKTH2t 2H2+i`QM i`�Mb72` #2ir22M +viQ+?`QK2 + QtB/�b2 �M/
imTb@KQ/B}2/ +viQ+?`QK2 +X 1m`QT2�M CQm`M�H Q7 "BQ+?2KBbi`v- kedUR3V,83y8Ĝ
83yN- kyyyX AaaL yyR9@kN8eX

(R8R) �H2t�M/2` "X EQiHv�`- L�i�HB� "Q`QpQF- �M/ JB`QM >�x�MBX lb2 Q7 i?BQm`2@
/QTv`2M2i`BbmH7QM�i2 T?QiQ+?2KBbi`v 7Q` /`BpBM; 2H2+i`QM i`�Mb72` `2�+iBQMb BM
�[m2Qmb bQHmiBQMbX "BQ+?2KBbi`v- jeU8yV,R83kjĜR83kd- RNNdX AaaL yyye@kNeyX

(R8k) EX *X GBm- CX JX sX >m;?2b- aX >�v- �M/ LX aX a+`miiQMX GBp2` KB+`QbQK�H
HBTB/ 2M?�M+2b i?2 �+iBpBiv �M/ `2/Qt +QmTHBM; Q7 +QHQ+�HBx2/ +viQ+?`QK2 T98y
`2/m+i�b2@+viQ+?`QK2 T98y j�9 BM M�MQ/Bb+bX 61"a CQm`M�H- k39UR9V,kjykĜ
kjRN- kyRdX AaaL Rd9k@9e9tX

Rk8



(R8j) q2`M2` EɃ?H#`�M/iX *`vQ@2K 2Mi2`b � M2r 2`�X 2GB72- j,2yjed3- kyR9X AaaL
ky8y@y39sX

(R89) *QbK� .2HHBb�MiBX � #�``B2`@#`2�FBM; `2bQHmiBQMX L�im`2 ai`m+im`�H �M/ JQH2+@
mH�` "BQHQ;v- kkU8V,jeRĜjeR- kyR8X AaaL R898@NNNjX

(R88) "�bBH CX :`2#2`- h?B >Q�M; .mQM; L;mv2M- CB2 6�M;- S�p2H oX �7QMBM2-
S�mH .X �/�Kb- �M/ 1p� LQ;�H2bX h?2 +`vQ@2H2+i`QM KB+`Qb+QTv bi`m+im`2
Q7 ?mK�M i`�Mb+`BTiBQM 7�+iQ` BB?X L�im`2- 89NUdedkV,9R9Ĝ9Rd- kyRdX AaaL
yyk3@y3jeX

(R8e) ai2p2M EHBM2X _2/m+iBQM �M/ �M�HvbBb Q7 b�Mb �M/ mb�Mb /�i� mbBM; B;Q` T`QX
CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v- jNUeV,3N8ĜNyy- kyyeX AaaL yykR@33N3X

(R8d) J�tBK oX S2iQmF?Qp- .�MB2H 6`�MF2- �H2t�M/2` oX a?FmK�iQp- :B�M+�`HQ
h`B�- �H2t2v :X EBF?M2v- JB+?�H :�D/�- *?`BbiB�M :Q`#�- >�v/vM .X hX
J2`i2Mb- S2i` oX EQM�`2p- �M/ .KBi`B AX ap2`;mMX L2r /2p2HQTK2Mib BM i?2
�ib�b T`Q;`�K T�+F�;2 7Q` bK�HH@�M;H2 b+�ii2`BM; /�i� �M�HvbBbX CQm`M�H Q7
�TTHB2/ *`vbi�HHQ;`�T?v- 98UkV,j9kĜj8y- kyRkX AaaL yykR@33N3X

(R83) S2i` oX EQM�`2p- oH�/BKB` oX oQHFQp- �MM� oX aQFQHQp�- JB+?2H >X CX EQ+?-
�M/ .KBi`B AX ap2`;mMX S`BKmb, � rBM/Qrb T+@#�b2/ bvbi2K 7Q` bK�HH@�M;H2
b+�ii2`BM; /�i� �M�HvbBbX CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�T?v- jeU8V,RkddĜRk3k-
kyyjX AaaL yykR@33N3X

(R8N) .X ap2`;mMX .2i2`KBM�iBQM Q7 i?2 `2;mH�`Bx�iBQM T�`�K2i2` BM BM/B`2+i@
i`�Mb7Q`K K2i?Q/b mbBM; T2`+2Tim�H +`Bi2`B�X CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;`�@
T?v- k8U9V,9N8Ĝ8yj- RNNkX AaaL yykR@33N3X

(Rey) .�MB2H 6`�MF2 �M/ .KBi`B AX ap2`;mMX .�KKB7- � T`Q;`�K 7Q` `�TB/ �#@BMBiBQ
b?�T2 /2i2`KBM�iBQM BM bK�HH@�M;H2 b+�ii2`BM;X CQm`M�H Q7 �TTHB2/ *`vbi�HHQ;@
`�T?v- 9kUkV,j9kĜj9e- kyyNX AaaL yykR@33N3X
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Orchestrated Domain Movement 
in Catalysis by Cytochrome P450 
Reductase
Samuel L. Freeman  1,2, Anne Martel  2, Emma L. Raven1 & Gordon C. K. Roberts3

NADPH-cytochrome P450 reductase is a multi-domain redox enzyme which is a key component 
of the P450 mono-oxygenase drug-metabolizing system. We report studies of the conformational 
equilibrium of this enzyme using small-angle neutron scattering, under conditions where we are able 
to control the redox state of the enzyme precisely. Different redox states have a profound effect on 
domain orientation in the enzyme and we analyse the data in terms of a two-state equilibrium between 
compact and extended conformations. The effects of ionic strength show that the presence of a greater 
proportion of the extended form leads to an enhanced ability to transfer electrons to cytochrome c. 
Domain motion is intrinsically linked to the functionality of the enzyme, and we can define the position 
of the conformational equilibrium for individual steps in the catalytic cycle.

The concept of an energy landscape for a folded protein requires that proteins exist as an equilibrium population 
of conformational states. Interconversions between these states are of fundamental importance to biological func-
tion1–4, but remain incompletely understood. Internal motions in proteins range from bond vibrations through 
local loop movements to large-scale domain motion and occur across an extremely wide range of time scales 
(femtoseconds to seconds). The choreography of local loop motions in the catalytic cycle has been studied in 
some enzymes5–8, but in other instances much larger-scale movements of whole domains are important9–11. This 
is particularly true in electron transfer pathways; electron transfer (ET) is generally carried out by proteins asso-
ciated in large dynamic complexes, and in such systems domain motion can be required to provide access for the 
protein partner(s) to the redox centre(s)12–15.

An important family of ET proteins which depends on domain movement in this way is that of the diflavin 
reductases16, which includes cytochrome P450 reductase (CPR; Fig. 1)17–19, mammalian nitric oxide synthase 
(NOS)20, 21, the cancer-related novel reductase 122, and methionine synthase reductase23, 24, as well as the bacterial 
proteins sulfite reductase25 and CYP BM326. These enzymes (or their reductase components) have three domains: 
an FMN-binding domain, related to flavodoxins, an FAD- and NADPH-binding domain, related to ferredoxin/
flavodoxin reductases, and a ‘linker’ domain, which may serve to position the other two domains. The FMN 
domain is connected to the linker and FAD domains through a highly flexible ‘hinge’. In all the members of this 
family the ET pathway involves the sequence NADPH → FAD → FMN → acceptor, and there is good evidence 
from mutagenesis and kinetic experiments for motion of the FMN-binding domain to allow it to accept electrons 
from the FAD and deliver them to the acceptor18, 20, 21, 27–29.

CPR is located on the endoplasmic reticulum where it is a key component of the P450 mono-oxygenase sys-
tem which plays a central role in drug metabolism18, and in the biosynthesis of secondary metabolites in plants30. 
In man, polymorphisms or mutations in CPR can lead to changes in drug metabolism31, 32, and to disordered 
steroidogenesis and skeletal malformations33, 34. The conformation of truncated soluble CPR seen by X-ray crys-
tallography17, 19 (Fig. 1) is well suited for rapid electron transfer from FAD to FMN, as the two isoalloxazine rings 
are ~4 Å apart. However, ET between the FAD and FMN co-factors is in fact relatively slow (10–60 s−1)27, 28, 35, 36, 
suggesting that the interflavin ET is ‘gated’. Furthermore, in the CPR conformation seen in the crystal it is difficult 
to see how cytochrome P450 (or cytochrome c, widely used as a surrogate redox partner for studies in solution) 
could approach close enough to the FMN for ET to occur16, 18.

1Department of Chemistry and Leicester Institute of Structural and Chemical Biology, University of Leicester, Henry 
�e��come �ui��in�ǡ �ancaster �oa�ǡ �eicesterǡ ��1 7��ǡ ��. ͸Institut �aue-�an�e�inǡ 71 a�enue �es �art�rsǡ 38000ǡ 

reno��eǡ 	rance. 3Department of �o�ecu�ar Ƭ �e�� �io�o�� an� �eicester Institute of �tructura� an� ��emica� 
�io�o��ǡ �ni�ersit� of �eicesterǡ �enr� �e��come �ui��in�ǡ �ancaster �oa�ǡ �eicesterǡ ��1 7��ǡ ��. �orrespon�ence 
an� re�uests for materia�s s�ou�� �e a��resse� to �.�.�. ȋemai�: emma.ra�en̻�e.ac.u�Ȍ or 
.�.�.�. ȋemai�: �cr̻
�e.ac.u�)

Received: 17 May 2017

Accepted: 31 July 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-1467-5282
http://orcid.org/0000-0002-1232-8519
mailto:emma.raven@le.ac.uk
mailto:gcr@le.ac.uk
mailto:gcr@le.ac.uk


www.nature.com/scientificreports/

2Scientific RepoRts | 7: 9741  | DOI:10.1038/s41598-017-09840-8

There is thus evidence for the existence of domain motion in CPR and for its importance in catalysis16, 18, 28, 37, 38,  
but it remains to be established precisely where in the reaction cycle it occurs. To address this question we exam-
ine the conformational equilibrium of CPR in solution using small-angle neutron scattering (SANS) and transient 
kinetics. The power of solution scattering in studying domain organisation in proteins is well established; by using 
SANS rather than SAXS we are able to control the redox state of the enzyme precisely without the problems asso-
ciated with reduction of the flavins by X-ray-induced photo-electrons37. These experiments allow us to relate the 
domain movement to individual steps in the catalytic cycle of the enzyme.

Results
Effects of redox state on CPR conformation. Figure 2a,b shows the intraparticle distance distribution 
function, P(r), derived from the neutron scattering (SANS) curves, for each state of the enzyme studied, while 
Table 1 summarises the radii of gyration, Rg, and the maximum dimensions, Dmax, for each state. (The scattering 
curves and the derived Guinier plots are shown in the Supplementary Material; Supplementary Figure 2).

To separate the effects of coenzyme binding and of flavin reduction, we studied the effects of reduction of 
CPR by dithionite as well as by NADPH. It is clear from Fig. 2 and Table 1 that reduction of CPR with dithionite 
leads to an elongation of the average shape of the enzyme, with increases in the observed Rg and Dmax and the 
appearance of a clear ‘tail’ on the distance distribution function. This is true for all the levels of reduction studied, 
with significant differences between a number of the reduced species. The largest effect in terms of Rg is seen for 
reduction by dithionite to the 2-electron level, corresponding to the CPR2e− intermediate in the catalytic cycle 
(see Fig. 5 below). By contrast, reduction to the 2-electron level with NADPH, corresponding to the CPR2e– 
NADP+ intermediate, has a smaller effect on the shape of the enzyme; essentially the same results are obtained 
for NADPH-reduced CPR and for dithionite-reduced CPR with bound NADP+, showing that coenzyme binding 
makes the reduced enzyme more compact. These changes in shape on reduction and on coenzyme binding are 
illustrated in Fig. 2c,d by ab initio low-resolution models calculated from the scattering curves.

The results presented in Fig. 2 and Table 1 are averages over the conformational ensemble of the enzyme and 
the models in Fig. 2c,d do not necessarily represent single conformations. In view of the evidence cited above that 
CPR exists in solution as a mixture of conformational states, we have investigated whether the SANS data are bet-
ter explained by such mixtures. Because of the limited information content of scattering curves and the danger of 
‘over-parameterisation’, we adopt a parsimonious approach, exploring the possibility that just two conformations 
could fit the data adequately. Using a modification of the program MultiFoXS39, 40, a pool of 10,000 conformations 
of CPR was generated and MultiFoXS was used to select from this the single conformation or the mixture of 2, 3, …  
conformations which best fit the SANS data. Figure 3a–c shows that a mixture of 2 conformations was able to fit 
the scattering curve for 2e–-reduced CPR much better than a single conformation, while little improvement in fit 
was obtained by using a mixture of 3 conformations.

We next attempted to fit the data by using specific structural models. The compact state was represented by 
the crystal structure of soluble (N-terminally truncated) oxidised human CPR19; the Rg value calculated from 
this structure using CRYSON41 is 24.88 Å. To represent the more extended state we used either the model we 
described earlier37 (calculated Rg 30.36 Å), which was based on NMR and SAXS data on wild-type CPR, or the 
crystal structure of the ∆TGEE mutant of CPR, which has a deletion in the flexible hinge42 (PDB 3ES9); in 

Figure 1. Crystal structure of human CPR in the oxidised state19; the FMN-binding domain is in green, the 
FAD-binding and linker domains in blue and the cofactors are shown as orange sticks.
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molecule A of the crystal structure of the mutant the FMN domain has rotated away from the linker and FAD 
domains so as to expose the FMN to the solvent (calculated Rg 26.91 Å). Analysis using either of these models 
for the extended state, while allowing the ratio of compact to extended states to vary, gave reasonable fits to the 
scattering curves for all the samples studied (Fig. 3d–g; Table 1).

The SANS data for the oxidised enzyme indicated that this is almost wholly in a conformation corresponding 
to the crystal structure of the truncated enzyme19; this single conformation fits the scattering curve with a χ2 

Figure 2. Structural information from SANS data on the different redox states of CPR. (a,b) Pairwise distance 
distribution functions; (a) samples reduced with dithionite; (b) samples reduced with NADPH. The longer 
‘tail’ on the distribution functions for the reduced states as compared to the oxidised state demonstrates a more 
extended average conformation. (c,d) ab initio envelopes calculated using DAMMIF from the scattering curves 
of (c) oxidised CPR and (d) CPR reduced to the 2e− level with dithionite; in (c and d) the lower envelopes have 
been rotated 90° about the horizontal axis.

Sample

Hydrodynamic 
parameters Two-state Modelsa

Rg, Å Dmax
b, Å

Crystal structure + Huang 
et al. model

Crystal structure + ∆TGEE 
mutant model

fcompact
c fextended

d χ2 fcompact
c fextended

d χ2

Oxidised 24.7 ± 0.1 71 0.90 0.10 1.64 0.90 0.10 1.75
Dithionite 1e−-reduced 27.6 ± 0.6 84 0.67 0.33 3.12 0.48 0.52 1.99
Dithionite 2e−-reduced 28.6 ± 0.4 90 0.61 0.39 3.27 0.56 0.44 1.81
Dithionite 3e−-reduced 27.6 ± 0.5 94 0.69 0.31 2.25 0.59 0.41 1.87
Dithionite 4e−-reduced 27.6 ± 0.5 89 0.66 0.34 2.64 0.54 0.46 2.03
Dithionite  
2e−-reduced + NADP+ 26.8 ± 0.4 79 0.70 0.30 2.55 0.59 0.41 2.21

NADPH 1 equiv.  
(2e−-reduced) 27.1 ± 0.4 78 0.69 0.31 2.74 0.55 0.45 1.99

NADPH excess 26.9 ± 0.3 84 0.66 0.34 3.07 0.47 0.53 1.60

Table 1. SANS data for different redox states of CPR; Derived hydrodynamic parameters and analysis in terms 
of two-state models. aThe models used to analyse the scattering data in terms of a two-state equilibrium are 
described in the text. In both cases the compact state is described by the crystal structure of oxidised CPR; the 
extended structure is described either by the model of Huang et al.37 or by the structure of the ∆TGEE mutant42. 
The goodness-of-fit to the scattering curve is given by the χ2 statistic. bAll Dmax values, determined from P(r) 
fits using GNOM in Primus, as part of the ATSAS suite were rated as “good” (0.8) fits or better. All errors < 2 Å. 
cFraction of the compact conformation. dFraction of the extended conformation.
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value of 1.87, and the experimental estimate of Rg is close to that calculated from the crystal structure: 24.7 (±0.1) 
vs. 24.88 Å. Introduction of a second conformation produces only a marginal increase in the goodness-of-fit; 
using the specific structural models for the extended state described above leads to a fit with 90% of the compact 
state and 10% of the extended state, giving χ2 values of 1.75 and 1.64 (Table 1). Even using a pool of 10,000 con-
formations, the MultiFoXS fit shows a population of 94% of a compact conformation closely similar to the crystal 
structure.

Analysis of the SANS data in terms of these two-state models shows that the increase in Rg and Dmax on reduc-
tion can be accounted for by an increase in the population of the extended state (Table 1); this is observed in all 
the different reduced states studied, but there are some significant differences between them. In the dithionite 
2e−-reduced state ~40% of the enzyme is calculated to be in the extended conformation. This is true whichever 
model is used for the extended state; the model of Hamdane et al.42 gives a somewhat better fit to the scattering 
curve at high q values, but the resolution of the SANS data does not allow us to distinguish definitively between 
these two models. Reduction to the same level with NADPH rather than dithionite has a significantly smaller effect 
when describing the extended state by the model of Huang et al.37 but not when using that of Hamdane et al.42.  
This difference was also noted above in terms of the average shape of the enzyme.

Effects of ionic strength on domain motion and catalysis. Increasing ionic strength affects the rates 
of CPR-catalyzed reduction of P450s or of cyt c37, 43–45, leading to an increase in catalytic rate, kcat, and in the 
Michaelis-Menten constant, KM, for cyt c. Kinetic traces from rapid-mixing experiments at different salt con-
centrations are shown in Fig. 4a. Haque et al.46 have shown that rapid mixing of CPR (pre-reduced by excess 
NADPH) with cyt c leads to a burst of cyt c reduction by those CPR molecules which are in a reactive (‘open’ or 
‘extended’) state, followed by a slower reduction of cyt c by those CPR molecules that exist in a cyt c unreactive 
(‘closed’ or ‘compact’) conformation and which need to change to the ‘open’ conformation in order in interact 
with cyt c. At low salt 21% reduction of cyt c takes place within the 2ms dead-time (Fig. 4b), and this is in reason-
able agreement with the analysis of the SANS results obtained in the presence of excess NADPH, using the model 
of Huang et al.37 for the extended conformation (Table 1).

As the salt concentration is increased, there is a clear increase in the fraction of the reduction taking place in 
the burst phase; on addition of 0.1 M NaCl, there is an increase in the fraction of reduction in the dead time to 
~45%. Further increase in salt concentration leads to modest further increases in the fraction of reduction in the 
dead time, to ~60% at 1.5 M. Thus the kinetic results with CPR reduced by excess NADPH suggest that the frac-
tion of the extended conformation is increased by the addition of salt. Some 50ms after mixing, the rate of cyt c 
reduction decreases to the steady-state rate, which is also clearly affected by added salt, first increasing as the salt 
concentration is increased, reaching a maximum at ~0.5 M NaCl, and then decreasing as the salt concentration is 
further increased (Supplementary Figure 3).

SANS data (Fig. 4c, Supplementary Figure 4) obtained under conditions of defined redox state show that Rg 
and Dmax increased with increasing salt concentration (Table 2), with a gradual increase in Rg and Dmax up to 0.5 M 
added NaCl and a considerably more marked increase thereafter. Porod-Debye plots47, 48 of the scattering data 
(Fig. 4d) indicate that there is a marked increase in the flexibility of CPR at salt concentrations of 0.6 M and above, 
raising the possibility of partial unfolding of the enzyme at these high salt concentrations. Analysis of the data in 
terms of a two-state equilibrium between compact and extended conformations was therefore restricted to data 
between zero and 0.5 M added salt. The fitting parameters are given in Table 2; the proportion of the extended 
conformation increases with salt concentration within this range, and again both models for the extended sate 
give essentially the same results. Thus, the SANS data show that the proportion of the extended conformation 
increases with increasing ionic strength, and comparison with the stopped-flow kinetic data suggests that this 
conformation has higher activity for cyt c reduction than does the compact conformation.

Discussion
The solution scattering data presented here provide unambiguous evidence that the movement of domains of 
CPR relative to one another is affected by redox state of the flavins and by coenzyme binding. In turn, perturba-
tion of the conformational equilibrium affects the ET to cytochrome c. Together, these experiments demonstrate 
orchestrated domain movements in the catalytic cycle of CPR.

The nature of the conformational equilibrium. The most parsimonious description of CPR in solution 
is a two-state equilibrium between compact & extended conformations, the two states being similar for all the 
states of CPR studied, and this provides a good framework within which to discuss the importance of domain 
movement in CPR.

The crystal structures of wild-type rat, yeast and human CPR17, 19, 49 all show a compact conformation, with the 
isoalloxazine rings of FAD and FMN in close proximity as would be required for inter-flavin ET. The crystal struc-
ture of the human enzyme accounts for the SANS data on oxidised CPR in solution reasonably well, although 
the data are fit slightly better if ~10% of an extended model is included. Consistent with the present SANS data, 
Vincent et al.50 concluded from NMR experiments that oxidised CPR is 95% in the compact state.

Two structural models of the extended state37, 42 can account for the SANS data within the framework of a 
two-state model. Both these models for the extended state are consistent with the observation that two mutants 
in which the inter-domain salt bridges K75-E354 and R78-D352 (residue numbering throughout corresponds 
to that for the human enzyme used in our earlier work)37 seen in the compact conformation are abolished show 
an increased population of the extended conformation37, 51, since in both models these pairs of residues are dis-
tant from one another. Scrutton’s laboratory has used FRET measurements between dyes attached to the natu-
rally occurring cysteine residues in the FMN and FAD domains to study domain movement38. The results were 
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discussed in terms of a model in which the compact (‘closed’) form of the enzyme corresponds to the crystal 
structure and the extended (‘open’) form to the structure of the ∆TGEE mutant42; the positions of the cysteines 
are such that the transition to this extended form would lead to an increase in the FRET signal38. Hedison et al. 
propose that the oxidised form of the enzyme is predominantly in the extended conformation and that coenzyme 
binding and ET lead to successively greater proportions of the compact form38. This is not consistent with the 
SANS results presented here, which show clearly that the oxidised enzyme is almost wholly in the compact state; 
the same conclusion has been reached by NMR50 and mass spectrometry51. However, these FRET experiments 
are entirely consistent with the structural experiments if the model for the extended state is taken to be that of 
Huang et al.37, since in this model the FRET signal between the dye-labelled cysteine residues would be expected 
to decrease as the proportion of the extended form increased. Recently, Kovrigina et al.52 have studied the domain 
movement by measuring FRET between dyes attached to two specifically engineered cysteines; consistent with 
our present results, they concluded that oxidised CPR is in a compact conformation. The NMR and FRET results 
thus lead to a slight preference for the model of Huang et al.37 for the extended state. However, it should be 
emphasised that the model based on the ∆TGEE mutant fits the SANS data slightly better, and this mutant forms 
a stable complex with heme oxygenase53.

Relation to the catalytic cycle. The catalytic cycle of CPR for an in vitro reaction starting with the fully 
oxidised enzyme is shown in Fig. 5; NADPH binds to the FAD domain where it transfers a hydride ion to the N5 of 
FAD, followed by ET from FAD to FMN to yield a quasi-equilibrium distribution of 2e−-reduced species. Analysis 
of equilibrium redox titration data54 led to an approximate estimate of [FAD-FMNH2]/[FAD•-FMN•]~11, with 
only a small amount of FADH2-FMN. Intermolecular ET to cyt c takes place from FMNH2

18, and then probably 
from FMN•55. This represents a 0-2-1-0 cycle of redox states (in terms of numbers of electrons). It has been sug-
gested that in vivo the ‘resting state’ of CPR is a 1e−-reduced (FAD-FMN•) state, reduction by NADPH leading to 
a 3e−-reduced state and ET to cytochrome P450 taking place only from FMNH2 – that is a 1-3-2-1 redox cycle18. 
An unambiguous choice between these two cycles cannot yet be made.

Figure 3. Analysis of SANS data in terms of multiple states. (a–c) Fits to the scattering curve for CPR reduced 
to the 2e− level with dithionite using one, two or three states (from a 10,000 conformation pool) respectively. 
(d,e) Fits to the scattering curve for CPR reduced to the 2e− level with dithionite using a two-state model; the 
extended state was represented by, (d) the model of Hamdane et al.42 or, (e) the model of Huang et al.37; in both 
cases the crystal structure was used as a model for the compact state. (f,g) Fits to the scattering curve for CPR 
reduced to the 2e− level with NADPH using a two-state model; the extended state was represented by (f) the 
model of Hamdane et al.42 or (g) the model of Huang et al.37; in both cases the crystal structure was used as a 
model for the compact state. In all cases the goodness-of-fit is indicated by the χ2 value.
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SANS allows us to relate our results on domain movements to the catalytic cycle secure in the knowledge that 
the redox state of CPR is well defined in our experiments. The oxidised enzyme is essentially completely in the 
compact state (Keq ~9; Fig. 5). In the CPR 2e− - NADP+ species, the product of the initial hydride transfer, the 
proportion of the extended state is ~30%. The retention of a significant population of the compact state in this 
species is consistent with the obvious requirement for a conformation with the FAD and FMN in close proximity 
for interflavin electron transfer. Indeed, relaxation kinetics shows that the rate of interflavin electron transfer 
increases on binding NADP+ 27, 28. On the subsequent dissociation of NADP+, the population of the extended 
state increases to ~40%, facilitating electron transfer to cytochrome P450 (or cyt c).

Figure 4. Effects of salt concentration on the kinetics of ET by CPR and on its conformation. (a) Stopped-
flow traces showing the reduction of cytochrome c on rapid mixing of CPR pre-reduced with NADPH and 
cytochrome c, at various concentrations of added salt; the percentage of a single turnover which occurred within 
the 2ms deadtime of the instrument is plotted as a function of salt in (b). (c) Pairwise distance distribution 
functions derived from the SANS data at different salt concentrations, showing that increasing the salt 
concentration leads to a more extended conformation, in qualitative agreement with SAXS studies37, 45. (d) 
Porod-Debye plots, showing increased flexibility of CPR at ≥0.6 M NaCl.

Added 
NaCl, M

Hydrodynamic 
parameters Two-state Modelsa

Rg, Å Dmax
b, Å

Crystal structure + Huang  
et al. model

Crystal structure + ∆TGEE 
mutant model

fcompact
c fextended

d χ2 fcompact
c fextended

d χ2

0 24.7 ± 0.1 71 0.90 0.10 1.64 0.90 0.10 1.75
0.1 25.8 ± 0.1 80 0.86 0.14 2.27 0.84 0.16 2.37
0.2 25.9 ± 0.2 81 0.85 0.15 2.24 0.85 0.15 2.38
0.5 26.6 ± 0.1 91 0.72 0.28 2.12 0.72 0.28 2.52
0.6 27.4 ± 0.2 96
1.0 30.3 ± 0.3 119
1.5 31.6 ± 0.4 121

Table 2. SANS data for CPR at different salt concentrations; Derived hydrodynamic parameters and analysis in 
terms of two-state models. aThe models used to analyse the scattering data in terms of a two-state equilibrium 
are described in the text. In both cases the compact state is described by the crystal structure of oxidised CPR; 
the extended structure is described either by the model of Huang et al.37 or by the structure of the ∆TGEE 
mutant42. The goodness-of-fit to the scattering curve is given by the χ2 statistic. The two-state models were 
not used to analyse the data for >0.5 M added salt; see text. bAll Dmax values, determined from P(r) fits using 
GNOM in Primus, as part of the ATSAS suite, were rated as “good” (0.8) fits or better. All errors < 2 Å. bFraction 
of the compact conformation. cFraction of the extended conformation.
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Structural triggers for domain movement. The interaction between the FMN and FAD/linker domains 
in CPR is weak; no interactions between the isolated FMN and FAD/linker domains are detected kinetically, spec-
troscopically, or by ITC56, 57 and the redox potentials of the separated domains are essentially the same as those 
of the intact enzyme58. Thus only small changes in interactions across the interface would be required to perturb 
the conformational equilibrium.

In CPR FMN N5 is positioned so that it might form a hydrogen bond to the peptide NH of G144 when the 
flavin is oxidized and to the carbonyl of this residue when the flavin is protonated in the reduced states. A reori-
entation of this peptide bond would thus be required on formation of the neutral semiquinone and protonation 
at N5. There is good evidence for this in structures of flavodoxins59–61 and in the recent comparison of the struc-
tures of oxidised and reduced rat CPR with 2′-AMP bound62. This ‘peptide flip’ is accompanied by changes in 
the neighbouring residues, notably Y143 and E145, the latter being in the inter-domain interface. Although the 
enzyme was reduced in preformed crystals62, possibly inhibiting domain movement, there is a clear change in the 
relative position of the domains on reduction in one of the two molecules in the asymmetric unit. As we noted37, 
the electron density map of the X-ray structure of human CPR19 supports the same role for G144 in the human 
enzyme; density can clearly be seen that shows this peptide bond in two positions.

Coenzyme binding appears to be a two-step process18, 29, 63, 64: first the 2′5′-ADP part binds, then – associated 
with a displacement of W679 which is stacked against the isoalloxazine ring of FAD – the nicotinamide moves 
into place next to the FAD. In the structure of the W679/S680 deletion mutant65 there is a disordered FMN 
domain in one molecule of the asymmetric unit, suggesting involvement of these residues in determining the 
relative orientation of the domains. Indeed, in the structure of the human enzyme there are water-mediated 
hydrogen-bonds between the Cβ-OH of S680 and N178 and D212 in the FMN domain19. There is a hydrogen 
bond between the backbone of W679 and that of D634, in a flexible loop comprising residues G633-N637; R636 
in this loop hydrogen-bonds to T180 in the FMN domain. This loop is close to the adenine ring of the bound 
coenzyme, and in the structures of the disulphide cross-linked mutant29 it moves on NADP+ binding; mutagene-
sis studies support a role for this loop in coenzyme binding and flavin reduction64. It is thus likely that a concerted 
movement of W679/S680 and the G633-N637 loop on coenzyme binding will affect the domain interface and 
alter the equilibrium between the compact and extended states.

Conclusion
It is clear that in CPR protein dynamics, and specifically domain motions, are involved in ensuring productive 
electronic coupling between the flavin cofactors and between them and the electron acceptor protein. The confor-
mational search required to reach these productive configurations can limit the rate of ET28. We have now shown 
that in the case of CPR this search can be adequately described by a two-state equilibrium. We have for the first 
time been able to link this conformational equilibrium to the reaction cycle of the enzyme, describing its position 
in each of the key intermediate states.

Figure 5. Catalytic cycle of CPR, showing the position of the conformational equilibrium for each 
intermediate. The reaction shown is cytochrome c reduction in vitro, as discussed in the text. For illustrative 
purposes, the compact state is represented by the crystal structure of the oxidised enzyme19, and the extended 
conformation by the model of Huang et al.37.
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Materials
NADPH, NADP + , dithionite, potassium ferricyanide and horse heart cytochrome c were purchased from 
Sigma-Aldrich. All other chemicals were of analytical grade.

Protein Expression and Purification. The gene for human fibroblast CPR lacking the N-terminal 
membrane-anchoring region (a kind gift from Professor C.R. Wolf, University of Dundee) was expressed in 
Escherichia coli BL21 STAR cells using the pCS22 (cold-shock) plasmid construct66. Cells were grown to the 
mid-log phase in TB medium at 37 °C prior to induction by reducing the growth temperature to 15 °C to exploit 
the cold-shock promoter. CPR was purified as described previously56, 66, with modifications. The purification 
involved use of a 2′5′-ADP affinity column; the pure protein was eluted using a 20% glycerol solution rather than 
2′-AMP in order to avoid undesired persistent binding of the 2′-AMP. A final stage of purification included the 
use of size exclusion liquid chromatography in order to isolate the purely monomeric form of the protein, essen-
tial in small angle scattering experiments. The protein concentration was calculated using a molar extinction 
coefficient of ε450 = 22,000 M−1cm−1.

Cytochrome c Reduction Assays. Steady-state cytochrome c reduction assays following absorbance 
change at 550 nm were carried out in 100 mM BES [N,N-bis(2-hydroxyethyl)-2-amino-ethane sulfonic acid], pH 
7.0, with 50 µM cytochrome c and 50 µM NADPH at 25 °C. Burst-phase kinetics of the reduction of cytochrome c 
by fully reduced CPR was studied by stopped-flow under anaerobic conditions at 10 °C. The stopped-flow appa-
ratus (Applied Photophysics, UK) was placed inside a glovebox (Belle Technology, UK) in an atmosphere with an 
oxygen content of 5 ppm or less. All transient kinetics studies were carried out in 100 mM BES pH 7.0 buffer. A 
solution containing 10 µM CPR and 200 µM NADPH was incubated for 5 minutes in anaerobic conditions before 
starting any measurements. The reduced protein solution was rapidly mixed with an equal volume of 100 µM 
cytochrome c in the 2 µL flow cell and the change in absorbance at 550 nm after the 2 ms dead-time of the instru-
ment was recorded. 2000 data points were measured over a time period of 1 s in order to ensure that the full burst 
phase, as well as the transition to the slow steady-state phase was observed. In order to provide an initial reading 
for A550 in the absence of reduction, the cytochrome c solution was also mixed with the buffer solution only.

Redox Titrations. The spectrophotometric recording of the reduction of CPR with sodium dithionite or 
NADPH was carried out at 25 °C using a Jasco V-730 spectrophotometer in a glovebox (Belle Technology, UK) 
in a nitrogen atmosphere with < 5ppm oxygen. All samples were in 100 mM BES, pH 7.0, buffer. All solutions 
were purged in a nitrogen atmosphere before introduction to the glovebox and then incubated for 4–6 hours on 
ice before continuing. The reducing agent titrants were prepared inside the glovebox using degassed buffer and 
their concentration determined using ε315 = 8040 M−1 cm−1 and ε340 = 6220 M−1 cm−1 for sodium dithionite and 
NADPH respectively. The redox titrations were carried out as previously described67. A small aliquot of the reduc-
ing agent solution was added to the protein solution and the spectrum was recorded after a period of equilibration 
(Supplementary Figure 1). The titrants were added stoichiometrically, recording the exact molar ratios of the 
reagents before ending the titrations once the 4-electron-reduced state or other relevant end-point was reached. 
Once the protein solution was determined to be at the desired redox state a 200 µL aliquot was taken and sealed 
inside a necked quartz SANS cuvette with a rubber O-ring cap and air-tight film. Samples were checked spectro-
scopically after the SANS measurements to confirm that the redox state remained unaltered.

Solution Scattering Data Collection and Analysis. SANS measurements were carried out on D22, the 
high-flux neutron diffractometer at the Institut Laue-Langevin, Grenoble, France. The data collection parameters 
are given in Supplementary Table 1. Each CPR sample of 2–4 mg/mL in 100 mM BES, pH 7.0, was measured in a 
1 mm path length quartz cuvette at 10 °C for a total of 1 hr in order to gather data with a suitably high statistical 
precision. Alternatively, the instrument was set up in on-line FPLC mode where the sample was loaded on to a 
size exclusion column (GE Healthcare Life Sciences, Superdex 200 Increase 10/300 GL) and SANS measurements 
were taken after the void volume68. In this case the flow rate on the FPLC (Knauer LC, Germany) was set to 
0.3 mL/min and SANS measurements were taken throughout the whole protein elution time with a frame dura-
tion of 60 s in a custom made quartz flow-cell (Hellma Analytics, Germany) with a 1 mm path length.

Data were recorded at two collimation lengths (5.6 m and 2.8 m) and respective sample-to-detector distances 
(5.6 m and 1.4 m) in order to provide a full q range from the Guinier region of the monomer to the solvent. The 
2-dimensional 3He detector was positioned at different distances from the sample with an off-centered direct 
beam in order to provide a q-range of 0.01–0.6 Å−1, where q = 4π sin θ/λ and 2θ is the scattering angle at a 
wavelength of 6 Å ± 10%. The raw scattering data were reduced using the instrument specific software GRASP69, 
merged to produce the full scattering curves and buffer subtracted and normalised for concentration as appro-
priate using NIST SANS reduction macros in IGOR pro70. Where samples were found to show small amounts of 
unavoidable aggregation, the scattering curves were fit to the Beaucage model71 to ensure that their influence on 
the Guinier region was negligible.

Initial data processing and analysis were carried out using programs from the ATSAS suite72. Determination of 
hydrodynamic parameters was performed using PRIMUS73, where Rg was determined using the Guinier approx-
imation, and Dmax and P(r) were calculated using GNOM74. Model-independent ab initio molecular envelopes 
were generated using DAMMIF75. Fifteen independent DAMMIF runs were averaged using DAMAVER76 to 
obtain a typical molecular shape and filtered using DAMFILT to produce a refined model revealing only the most 
common structural features.

Rigid body modelling was carried out using software from the IMP (Integrative Modelling Platform) suite77 and 
the ATSAS suite. Either a pool of specific structural models, as discussed in the text, or a pool of 10,000 conforma-
tional samples created using the RRT (rapidly exploring random tree) sampling tool provided with a PDB structure 
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and a selection of flexible residues, were used. For the specific structural models, the compact state was represented 
by the crystal structure of soluble (N-terminally truncated) oxidised human CPR19; the Rg value calculated from this 
structure using CRYSON41 is 24.88 Å. To represent the more extended state we used either the model we described 
earlier37 (calculated Rg 30.36 Å), which was based on NMR and SAXS data on wild-type CPR, or the crystal struc-
ture of the ∆TGEE mutant of CPR42 (PDB 3ES9). In the crystals of this mutant, which has a deletion in the flexible 
hinge42, there are three molecules in the asymmetric unit, in each of which the FMN domain has moved relative to 
the linker and FAD domains. In molecule A the position of the FMN domain is well-defined and can be seen to have 
rotated away from the linker and FAD domains in such a way as to expose the FMN to the solvent, with a distance 
between the two isoalloxazine rings of ~29 Å; we have used molecule A as a model for the extended state (calculated 
Rg 26.91 Å).Theoretical scattering curves were calculated for each of the sampled conformations using CRYSON41. 
A best fit model to the experimental data was determined using MultiFoXS40 in partial mode where precomputed 
scattering intensities were used. For most fits the maximum q-value was set at 0.2 Å−1 due to the levels of experimen-
tal noise present in the high-q data. The best-scoring models comprising one or more states from the pool provided 
were identified by using the χ2 value describing the goodness-of-fit to the experimental data.
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SUPPLEMENTARY MATERIAL 
  



Supplementary Table 1 – SANS Parameters 

Data Collection  

Instrument ILL D22 

Wavelength (Å) 6 (r 10%) 

Q range (Å-1) 0.01 – 0.6 

Total exposure time (min) 60 

Temperature (K) 283 

Concentration range (mg ml-1) 1 – 5 

Structural parameters a  

I(0) (cm-1) (from P(r)) 0.151 

I(0) (cm-1) (from Guinier) 0.15 r 0.00044 

Rg (Å) (from P(r)) 24.69 r 0.13 

Rg (Å) (from Guinier) 24.71 r 0.12 

Dmax (Å) 70.33 

Porod volume estimate (Å3) 62221 

Molecular mass  

Molecular mass Mr, from I(0) 68,800 

Calculated monomeric Mr 69,585 

Software employed  

Primary data reduction GRASP(1) 

Data processing 
NIST SANS reduction 
macros(2) 
GNOM/PRIMUS(3, 4) 

Ab initio analysis, validation & averaging DAMMIF/DAMAVER(5, 6) 

Rigid-body modelling MultiFoXS / rrt_sample(7, 8) 

Computation of model intensities CRYSON(9) 

a Reported for the oxidised enzyme at 2 mg ml-1 



Supplementary Figures 

 

Supplementary Figure 1 

Superimposed optical spectra of CPR on incremental anaerobic titration with dithionite. Coloured lines indicate samples used for 
SANS measurements of defined redox states. 

 

 



Supplementary Figure 2. 

SANS scattering curves (a) and 
Guinier plots (b) for CPR in 
different defined redox states. 
In both cases the different curves 
have been displaced vertically for 
clarity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure 3. 

Steady-state rate of reduction of cytochrome c by NADPH-
reduced CPR as a function of added salt concentration. The 
increase with salt concentration up to ~0.5M added salt, followed by 
a decrease at higher concentration is consistent with earlier 
reports(10, 11). 

 

 

 

 

 

 

 

 

 

 

 

  



Supplementary Figure 4. 

SANS scattering curves (a) and Guinier plots (b) 
for CPR at different concentrations of added salt. 
In both cases the different curves have been displaced 
vertically for clarity.
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Abstract 

Electron transfer in all living organisms requires formation of complexes between the 

proteins involved. The function of these complexes requires specificity of the interaction 

to allow for selective electron transfer but also a fast turnover of the complex and they 

are therefore often transient in nature, making them more difficult to study. We have 

used small-angle neutron scattering with contrast matching to determine the structure of 

the electron transfer complex between cytochrome P450 reductase (CPR) and 

cytochrome c, the first structure of a complex between CPR and an electron transfer 

partner. This structure shows that the interprotein interface includes residues from both 

the FMN- and FAD-binding domains of CPR. The FMN is close to the haem of 

cytochrome c but distant from the FAD, indicating that domain movement is required 

between the electron transfer steps in the catalytic cycle of CPR. 
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