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S`QD2Fi#�bB2`i2` lMi2``B+?i KBi S`Q#H2K2M /2b arBbb uQmM;
S?vbB+BbibǶ hQm`M�K2Mi
1`B+ :X a+?2`i2MH2B#- �HBb� JBHQ;Hv�/Qp�- 1KBHB2 >2`iB;- J�`Fmb LB2b2 mM/ .�MB2H E2HH2`
o2`2BM S`Q AuSh@*>- 2`B+Xb+?2`i2MH2B#!bvTiX+?

wmb�KK2M7�bbmM;

S`QD2Fi#�bB2`i2 lMi2``B+?ib7Q`K2M 2`H�m#2M 2BM2 p2`iB27i2 �mb2BM�M/2`b2ixmM; KBi 2BM2K h?2K�
mM/ 7ƺ`/2`M /B2 F`2�iBp2 GƺbmM;b}M/mM;X �HH2`/BM;b ? M;i /2` G2`M2`7QH; bi�`F pQM 2BM2` ;22B;M2i2M
6`�;2bi2HHmM; bQrB2 /2` "2i`2mmM; U*Q�+?BM;V �#X .B2 S`Q#H2K2 /2b arBbb uQmM; S?vbB+BbibǶ hQm`@
M�K2Mi #B2i2M 2BM2M ;22B;M2i2M �mb;�M;bTmMFi 7Ƀ` bQH+?2 lMi2``B+?ib7Q`K2M BK 6�+? S?vbBFX AM
/B2b2K �`iBF2H T` b2MiB2`2M rB` �M?�M/ 2BM2b "2BbTB2Hb- rB2 2BM bQH+?2b S`Q#H2K �M;2;�M;2M r2`/2M
F�MM- mM/ H2;2M 2BM #2bQM/2`2b �m;2MK2`F �m7 /B2 _QHH2 /2` #2i`2m2M/2M G2?`T2`bQMX wmb ixHB+?
bi2HH2M rB` /B2 /B2 AKTH2K2MiB2`mM; �M xr2B a+?mH2M pQ`- /B2 b2Bi 2BMB;2M C�?`2M 2`7QH;`2B+? �K
arBbb uQmM; S?vbB+BbibǶ hQm`M�K2Mi i2BHM2?K2MX

R 1BMH2BimM;

S`QD2Fi#�bB2`i2 lMi2``B+?ib7Q`K2M BM JALh@6 +?2`M 2`7`2m2M bB+? �m7 �HH2M "BH/mM;bbim72M r�+?b2M/2`
"2HB2#i?2BiX L2#bi /2` J�im`Bi ib�`#2Bi ?�#2M pB2H2 E�MiQM2 BM /2M H2ixi2M C�?`2M lMi2``B+?ib;27 b@
b2 �M /2M JBii2Hb+?mH2M 2BM;27Ƀ?`i- /B2 bB+? 7Ƀ` bQH+?2 S`QD2Fi2 2B;M2M FƺMM2MX :mi BKTH2K2MiB2`i-
2`H�m#2i /B2b2 lMi2``B+?ib7Q`K /2M G2`M2M/2M- bB+? Ƀ#2` H M;2`2 w2Bi p2`iB27i KBi 2BM2K h?2K� �mb@
2BM�M/2`xmb2ix2M- mM/ 7ƺ`/2`M 2BM2 oB2Hx�?H Ƀ#2`7�+?HB+?2` EQKT2i2Mx2M (RĜ8)X

�HH2`/BM;b Bbi #2B /B2b2` lMi2``B+?ib7Q`K /B2 q�?H 2BM2b ;22B;M2i2M h?2K�b #xrX 6`�;2bi2HHmM; 2Mi@
b+?2B/2M/X wm r2Bi ;27�bbi2 Q/2` xm �K#BiBQMB2`i2 S`QD2Fi2 #2`;2M /B2 :27�?`- MB2 xm 2BM2K p2`MɃM7iB;2M
�#b+?Hmbb ;2#`�+?i xm r2`/2MX �M/2`2`b2Bib b+?` MF2M xm bT2xB}b+?2 6`�;2bi2HHmM;2M /B2 E`2�iBpBi i
/2` a+?ɃH2`BMM2M mM/ a+?ɃH2` bi�`F 2BM mM/ H�m72M /2K aBMM /B2b2` lMi2``B+?ib7Q`K xmrB/2`X .2b
q2Bi2`2M Bbi /B2 _QHH2 /2` "2i`2mmM;bT2`bQM 2Mib+?2B/2M/ 7Ƀ` /2M 1`7QH; /B2b2` lMi2``B+?ib7Q`K (e)X

qB` ;H�m#2M- /�bb /�b arBbb uQmM; S?vbB+BbibǶ hQm`M�K2Mi UauShV ;22B;M2i2 6`�;2bi2HHmM;2M 7Ƀ` T`Q@
D2Fi#�bB2`i2M lMi2``B+?i BK 6�+? S?vbBF #B2i2iX C2/2b C�?` r2`/2M Rd S`Q#H2K2 p2`ƺz2MiHB+?i- r2H+?2
/2M S`QD2Fi`�?K2M FH�` �#bi2+F2M- ;H2B+?x2BiB; �#2` /2M a+?ɃH2`BMM2M mM/ a+?ɃH2` ;2Mm; 6`2B`�mK 7Ƀ`
mMi2`b+?B2/HB+?2 GƺbmM;b�Mb ix2 2BM` mKiX

AM /B2b2K �`iBF2H bi2HH2M rB` �M?�M/ 2BM2b S`Q#H2Kb /2b auSh kyRN /�`R rB2 a+?`Bii 7Ƀ` a+?`Bii 2BM2
bQH+?2 GƺbmM; 2`�`#2Bi2i r2`/2M F�MMX qB` #2;BMM2M KBi b2?` 2BM7�+?2M [m�HBi�iBp2M �`;mK2Mi2M mM/
p2`iB272M mM/ p2`72BM2`M /B2 �Mb ix2 M�+? mM/ M�+?kX

R.B2 ?B2` pQ`;2bi2HHi2 GƺbmM; rm`/2 pQM 2BM2` /�K�HB;2M a+?ɃH2`BM /2` E�MiQMbb+?mH2 wɃ`B+? LQ`/- �X JBHQ;Hv�/Qp�-
Ƀ#2` 2BM2M w2Bi`�mK pQM /`2B #Bb pB2` JQM�i2M 2`�`#2Bi2iX

k6�HHb /B2 a+?ɃH2`AMM2M J2+?�MBF UBMb#X .`2?KQK2Mi2V mM/ 1H2Fi`Q/vM�KBF UBMb#X AM/mFiBQMV BM /2` a+?mH2 MQ+?
MB+?i #2?�M/2Hi ?�#2M- bQ Bbi 2BM2 Fm`x2 1BM7Ƀ?`mM; BM /B2 h?2Q`B2 2`7Q`/2`HB+?X
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S`QD2Fi#�bB2`i2` lMi2``B+?i KBi S`Q#H2K2M /2b arBbb uQmM;
S?vbB+BbibǶ hQm`M�K2Mi
1`B+ :X a+?2`i2MH2B#- �HBb� JBHQ;Hv�/Qp�- 1KBHB2 >2`iB;- J�`Fmb LB2b2 mM/ .�MB2H E2HH2`
o2`2BM S`Q AuSh@*>- 2`B+Xb+?2`i2MH2B#!bvTiX+?

wmb�KK2M7�bbmM;

S`QD2Fi#�bB2`i2 lMi2``B+?ib7Q`K2M 2`H�m#2M 2BM2 p2`iB27i2 �mb2BM�M/2`b2ixmM; KBi 2BM2K h?2K�
mM/ 7ƺ`/2`M /B2 F`2�iBp2 GƺbmM;b}M/mM;X �HH2`/BM;b ? M;i /2` G2`M2`7QH; bi�`F pQM 2BM2` ;22B;M2i2M
6`�;2bi2HHmM; bQrB2 /2` "2i`2mmM; U*Q�+?BM;V �#X .B2 S`Q#H2K2 /2b arBbb uQmM; S?vbB+BbibǶ hQm`@
M�K2Mi #B2i2M 2BM2M ;22B;M2i2M �mb;�M;bTmMFi 7Ƀ` bQH+?2 lMi2``B+?ib7Q`K2M BK 6�+? S?vbBFX AM
/B2b2K �`iBF2H T` b2MiB2`2M rB` �M?�M/ 2BM2b "2BbTB2Hb- rB2 2BM bQH+?2b S`Q#H2K �M;2;�M;2M r2`/2M
F�MM- mM/ H2;2M 2BM #2bQM/2`2b �m;2MK2`F �m7 /B2 _QHH2 /2` #2i`2m2M/2M G2?`T2`bQMX wmb ixHB+?
bi2HH2M rB` /B2 /B2 AKTH2K2MiB2`mM; �M xr2B a+?mH2M pQ`- /B2 b2Bi 2BMB;2M C�?`2M 2`7QH;`2B+? �K
arBbb uQmM; S?vbB+BbibǶ hQm`M�K2Mi i2BHM2?K2MX

R 1BMH2BimM;

S`QD2Fi#�bB2`i2 lMi2``B+?ib7Q`K2M BM JALh@6 +?2`M 2`7`2m2M bB+? �m7 �HH2M "BH/mM;bbim72M r�+?b2M/2`
"2HB2#i?2BiX L2#bi /2` J�im`Bi ib�`#2Bi ?�#2M pB2H2 E�MiQM2 BM /2M H2ixi2M C�?`2M lMi2``B+?ib;27 b@
b2 �M /2M JBii2Hb+?mH2M 2BM;27Ƀ?`i- /B2 bB+? 7Ƀ` bQH+?2 S`QD2Fi2 2B;M2M FƺMM2MX :mi BKTH2K2MiB2`i-
2`H�m#2i /B2b2 lMi2``B+?ib7Q`K /2M G2`M2M/2M- bB+? Ƀ#2` H M;2`2 w2Bi p2`iB27i KBi 2BM2K h?2K� �mb@
2BM�M/2`xmb2ix2M- mM/ 7ƺ`/2`M 2BM2 oB2Hx�?H Ƀ#2`7�+?HB+?2` EQKT2i2Mx2M (RĜ8)X

�HH2`/BM;b Bbi #2B /B2b2` lMi2``B+?ib7Q`K /B2 q�?H 2BM2b ;22B;M2i2M h?2K�b #xrX 6`�;2bi2HHmM; 2Mi@
b+?2B/2M/X wm r2Bi ;27�bbi2 Q/2` xm �K#BiBQMB2`i2 S`QD2Fi2 #2`;2M /B2 :27�?`- MB2 xm 2BM2K p2`MɃM7iB;2M
�#b+?Hmbb ;2#`�+?i xm r2`/2MX �M/2`2`b2Bib b+?` MF2M xm bT2xB}b+?2 6`�;2bi2HHmM;2M /B2 E`2�iBpBi i
/2` a+?ɃH2`BMM2M mM/ a+?ɃH2` bi�`F 2BM mM/ H�m72M /2K aBMM /B2b2` lMi2``B+?ib7Q`K xmrB/2`X .2b
q2Bi2`2M Bbi /B2 _QHH2 /2` "2i`2mmM;bT2`bQM 2Mib+?2B/2M/ 7Ƀ` /2M 1`7QH; /B2b2` lMi2``B+?ib7Q`K (e)X

qB` ;H�m#2M- /�bb /�b arBbb uQmM; S?vbB+BbibǶ hQm`M�K2Mi UauShV ;22B;M2i2 6`�;2bi2HHmM;2M 7Ƀ` T`Q@
D2Fi#�bB2`i2M lMi2``B+?i BK 6�+? S?vbBF #B2i2iX C2/2b C�?` r2`/2M Rd S`Q#H2K2 p2`ƺz2MiHB+?i- r2H+?2
/2M S`QD2Fi`�?K2M FH�` �#bi2+F2M- ;H2B+?x2BiB; �#2` /2M a+?ɃH2`BMM2M mM/ a+?ɃH2` ;2Mm; 6`2B`�mK 7Ƀ`
mMi2`b+?B2/HB+?2 GƺbmM;b�Mb ix2 2BM` mKiX

AM /B2b2K �`iBF2H bi2HH2M rB` �M?�M/ 2BM2b S`Q#H2Kb /2b auSh kyRN /�`R rB2 a+?`Bii 7Ƀ` a+?`Bii 2BM2
bQH+?2 GƺbmM; 2`�`#2Bi2i r2`/2M F�MMX qB` #2;BMM2M KBi b2?` 2BM7�+?2M [m�HBi�iBp2M �`;mK2Mi2M mM/
p2`iB272M mM/ p2`72BM2`M /B2 �Mb ix2 M�+? mM/ M�+?kX

R.B2 ?B2` pQ`;2bi2HHi2 GƺbmM; rm`/2 pQM 2BM2` /�K�HB;2M a+?ɃH2`BM /2` E�MiQMbb+?mH2 wɃ`B+? LQ`/- �X JBHQ;Hv�/Qp�-
Ƀ#2` 2BM2M w2Bi`�mK pQM /`2B #Bb pB2` JQM�i2M 2`�`#2Bi2iX

k6�HHb /B2 a+?ɃH2`AMM2M J2+?�MBF UBMb#X .`2?KQK2Mi2V mM/ 1H2Fi`Q/vM�KBF UBMb#X AM/mFiBQMV BM /2` a+?mH2 MQ+?
MB+?i #2?�M/2Hi ?�#2M- bQ Bbi 2BM2 Fm`x2 1BM7Ƀ?`mM; BM /B2 h?2Q`B2 2`7Q`/2`HB+?X

k S`Q#H2KBMi2`T`2i�iBQM mM/ a2imT

qB` bi2HH2M 2BM auSh@S`Q#H2K pQ`- r2H+?2b BM �#;2 M/2`i2` 6Q`K ? m}; �Hb .2KQMbi`�iBQMb2tT2`B@
K2Mi T` b2MiB2`i rB`/ (d- 3)X .B2 6Q`KmHB2`mM; /2` S`Q#H2Kbi2HHmM; H�mi2i (N),

� bTBMMBM; ;v`Qb+QT2 K�/2 7`QK � +QM/m+iBM;- #mi MQM@72``QK�;M2iB+ K�i2`B�H bHQrb /QrM r?2M
TH�+2/ BM � K�;M2iB+ }2H/X AMp2biB;�i2 ?Qr i?2 /2+2H2`�iBQM /2T2M/b QM `2H2p�Mi T�`�K2i2`bX

Pz2MbB+?iHB+? #2?�M/2Hi /�b S`Q#H2K 2BM `QiB2`2M/2b :v`QbFQT �mb 2BM2K H2Bi2M/2M J�i2`B�H- r2H+?2b
�m7 :`mM/ /2` BM/mxB2`i2M qB`#2Hbi`ƺK2 �#;2#`2Kbi rB`/X .2MMQ+? bBM/ 2BMB;2 �bT2Fi2 #2rmbbi
Qz2M;2H�bb2MX .�xm ;2?ƺ`2M #2BbTB2Hbr2Bb2 /B2 6`2B?2Bib;`�/2 /2b :v`QbFQTb- /�b H2Bi2M/2 J�i2`B�H Q/2`
/B2 :2QK2i`B2 /2b J�;M2i72H/2bX wm "2;BMM #2/�`7 2b 7QH;HB+? 2BM2` AMi2`T`2i�iBQM- r2H+?2 /�MM /B`2Fi
BM /B2 :2bi�HimM; /2b 2tT2`BK2Mi2HH2M �m7#�mb 2BM~B2bbiX AK pQ`HB2;2M/2K 6�HH Bbi 2b #2BbTB2Hbr2Bb2
FH�`- /�bb 2BM :v`QbFQT KBi xr2B UqBMF2H@V6`2B?2Bib;`�/2M BM 2BM2K #2HB2#B;2M J�;M2i72H/ bQrQ?H
2tT2`BK2Mi2HH rB2 �m+? i?2Q`2iBb+? pB2H xm �MbT`m+?bpQHH 7Ƀ` 2BM JBii2Hb+?mHT`QD2Fi BbiX

qB` ?�#2M mMb �m7 /2M 6�HH 2BM2` E`2Bbb+?2B#2 KBi }tB2`i2` .`2?�+?b2 #2b+?` MFiX h`Qix /B2b2` 1BM@
b+?` MFmM; #B2i2i /B2b2 S`Q#H2Kbi2HHmM; ;2MɃ;2M/ T?vbBF�HBb+?2 �bT2Fi2- /B2 pQM /2M a+?ɃH2`AMM2M
bQrQ?H [m�HBi�iBp rB2 �m+? [m�MiBi�iBp mMi2`bm+?i r2`/2M FƺMM2MX .B2 AMi2`T`2i�iBQM /2` S`Q#H2Kbi2H@
HmM; mM/ /2` /�`�mb `2bmHiB2`2M/2 2tT2`BK2Mi2HH2 �m7#�m 2`7QH;i B/2�H2`r2Bb2 mMi2` 1BM#2xm; bQrQ?H
/2` a+?ɃH2`AMM2M rB2 �m+? /2` J2+?�MBF2`AMX

lMb2` 2tT2`BK2Mi2HH2` �m7#�m UbB2?2 �##X RV #2bi�M/ �mb 2BM2` E`2Bbb+?2B#2 KBi _�/Bmb (48.5±0.1)mm
mM/ .B+F2 (7.9±0.2)mmX lK /B2 G2Bi7 ?B;F2Bi xm p2` M/2`M- rm`/2M �HmKBMBmK@- EmT72`@ bQrB2 J2b@
bBM;b+?2B#2M p2`r2M/2iX AM /2` JBii2 /2` a+?2B#2 rm`/2 D2r2BHb 2BM FH2BM2b GQ+? ;2#Q?`i- bQ /�bb 2BM
/`2?#�`2b G�;2` 2BM;27Ƀ?`i r2`/2M FQMMi2X �M;2i`B2#2M rm`/2 /B2 a+?2B#2 KBi >BH72 2BM2` "Q?`K�b+?B@
M2X .B2 .`2?7`2[m2Mx r ?`2M/ /2b �##`2KbpQ`;�M;b FQMMi2 /�MF 2BM2` GB+?ib+?`�MF2 /B;Bi�H 2`7�bbi
r2`/2MX

.�b J�;M2i72H/ rm`/2 pQM 2BM2K xvHBM/2`7ƺ`KB;2M S2`K�M2MiK�;M2i2M KBi _�/Bmb (6.0 ± 0.1)mm
mM/ �+?b2 T�`�HH2H xm` .`2?�+?b2 /2` a+?2B#2 2`x2m;iX .2` S2`K�M2MiK�;M2i rm`/2 �m7 2BM2` a+?B2M2
�``2iB2`i- bQ /�bb bQrQ?H /2` �tB�H2 �Hb �m+? /2` `�/B�H2 �#bi�M/ xm` a+?2B#2 2BM7�+? p�`BB2`i r2`/2M
FQMMi2X

�##BH/mM; R Ĝ �MbB+?i /2b 2tT2`BK2Mi2HH2M �m7#�mb pQM /2` a2Bi2 UHBMFbV mM/ pQM Q#2M U`2+?ibVX 1BM2 H2Bi2M/2
E`2Bbb+?2B#2 rm`/2 KBi }t2` ?Q`BxQMi�H2` .`2?�+?b2 2BM;2bT�MMiX 1BM xvHBM/2`7ƺ`KB;2` S2`K�M2MiK�;M2i FQMMi2
KBi �+?b2 T�`�HH2H xm` .`2?�+?b2 �m7 2BM2` 7�?`#�`2M a+?B2M2 �``2iB2`i r2`/2M- bQ /�bb bQrQ?H /2` p2`iBF�H2
rB2 �m+? /2` `�/B�H2 �#bi�M/ xm` a+?2B#2 H2B+?i p�`BB2`i r2`/2M FQMMi2X .B2 a+?2B#2 rm`/2 pQM >�M/ Q/2`
/m`+? 2BM2 "Q?`K�b+?BM2 #2b+?H2mMB;iX .B2 .`2?72[m2Mx r ?`2M/ /2b �##`2KbpQ`;�M;b FQMMi2 KBi >BH72 2BM2`
GB+?ib+?`�MF2 /B;Bi�H 2`7�bbi r2`/2MX
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j Zm�HBi�iBp2 �M�Hvb2

�K �M7�M; /2b S`QD2Fib 2KT}2?Hi 2b bB+?- ;2K2BMb�K KBi /2M a+?ɃH2`AMM2M /B2 xm :`mM/2 HB2;2M/2M
1z2Fi2 xm /BbFmiB2`2MX AK pQ`HB2;2M/2M 6�HH 7Ƀ?`2M /`2B 1z2Fi2 xmK �##`2Kb2M /2` a+?2B#2,

RX 1BM2 ;2b+?rBM/B;F2BibmM�#? M;B;2 _2B#mM;- r2H+?2 �K /`2?#�`2M :2H2MF �m7i`BiiX

kX Gm7irB/2`bi�M/X

jX .B2 �##`2KbmM; �m7 :`mM/ /2` q2+?b2HrB`FmM; /2` BM/mxB2`i2M ai`QK/B+?i2 KBi /2K 2ti2`M2M
J�;M2i72H/X

.B2b2 /`2B 1z2Fi2 p2`m`b�+?2M D2 2BM .`2?KQK2Mi- r2H+?2 rB` 2MibT`2+?2M/ KBi MR- ML mM/ M
#2x2B+?M2M- rQ#2B /2` >�mTi7QFmb /2` 2BM;�M;b 2`r ?Mi2M 6`�;2bi2HHmM; �m7 H2ixi2`2K HB2;iX .�`�m7
�m7#�m2M/ H bbi bB+? 2BM2 GBbi2 `2H2p�Mi2` S�`�K2i2` 7Ƀ` /�b .`2?KQK2Mi M �m7bi2HH2MX 6Ƀ` mMb2`
avbi2K bBM/ /B2 rB+?iB;bi2M :`ƺbb2M

Ç G2Bi7 ?B;F2Bi /2` a+?2B#2-

Ç .`2?7`2[2mMx /2` a+?2B#2-

Ç ai `F2 /2b S2`K�M2MiK�;M2i2M-

Ç SQbBiBQM /2b S2`K�M2MiK�;M2i2M-

Ç :`ƺbb2 /2` a+?2B#2X

�m+? r2MM 2BM �FFm`�i2b [m�MiBi�iBp2b JQ/2HH xm FQKTH2t Bbi- mK pQM JBii2Hb+?ɃH2`AMM2M FQKTH2ii
b2H#bi M/B; BKTH2K2MiB2`i xm r2`/2M UbB2?2 �#b+?MBii 9XjV- FƺMM2M KBi 2BM7�+?2M �`;mK2Mi2M S`Q@
TQ`iBQM�HBi ib#2xB2?mM;2M xm /2M Q#2M �m7;2HBbi2i2M S�`�K2i2`M ;2rQMM2M r2`/2MX .B2b2 _2H�iBQM2M
bBM/ p2`bi M/HB+? 7Ƀ` a+?ɃH2`AMM2M mM/ FƺMM2M KBi 2BM T��` >BMr2Bb2M pQM B?M2M b2H#bi ?2`;2H2Bi2i
r2`/2MX AK 6QH;2M/2M rQHH2M rB` 2BM2 �mbr�?H /B2b2` _2H�iBQM2M ?2`H2Bi2MjX

�Hb 2`bi2b F�MM /B2 �#? M;B;F2Bi /2b BM/mxB2`i2M .`2?KQK2Mib pQM /2` G2Bi7 ?B;F2Bi /2b J�i2`B�Hb
/2` E`2Bbb+?2B#2 σel /BbFmiB2`i r2`/2MX �m7 :`mM/ /2b P?KǶb+?2M :2b2ix2b Bbi FH�`- /�bb /B2 BM/mxB2`i2
ai`QKbi `F2 /B`2Fi T`QTQ`iBQM�H xm` G2Bi7 ?B;F2Bi Bbi- mM/ /� /B2 GQ`2MixF`�7i /B`2Fi T`QTQ`iBQM�H xm`
ai`QKbi `F2 Bbi- ;BHi

M ∝ σel. URV

�Hb M +?bi2b #2i`�+?i2M rB` /B2 �#? M;B;F2Bi pQM M pQM /2` qBMF2H;2b+?rBM/B;F2Bi /2` a+?2B#2
ωX �m7 :`mM/ /2b 6�`�/�vǶb+?2M :2b2ix2b Bbi /B2 BM/mxB2`i2 aT�MMmM; U#xrX /�b 2H2Fi`Bb+?2 62H/V
/B`2Fi T`QTQ`iBQM�H xm` HQF�H2M x2BiHB+?2M �M/2`mM; /2b K�;M2iBb+?2M 6Hmbb2bX .B2b2 x2BiHB+?2 �M/2`mM;
FQ``2bTQM/B2`i 2BMb xm 2BMb KBi ω mM/ 7QH;HB+? Bbi �m+? /�b BM/mxB2`i2 .`2?KQK2Mi /B`2Fi T`QTQ`iBQM�H
xm ω

M ∝ ω. UkV

J�M #2�+?i2- /�bb /B2 w2Bi�#? M;B;F2Bi pQM M �mbb+?HB2bbHB+? pQM /2` r ?`2M/ /2b �##`2KbpQ`;�M;b
 M/2`M/2M qBMF2H;2b+?rBM/B;F2Bi ;22`#i rB`/X 6QH;HB+? Bbi /B2 :`ƺbb2 M/ω 7Ƀ` qBMF2H;2b+?rBM/B;F2B@
i2M mM;H2B+? LmHH x2BiHB+? FQMbi�Mi mM/ ? M;i Mm` pQM ;2QK2i`Bb+?2M :`ƺbb2M bQrB2 /2K J�;M2i72H/
�#X

.2` 1BM~mbb /2` J�;MBim/2 /2b J�;M2i72H/2b B Bbi /QTT2Hi2` L�im`X 1BM2`b2Bib bBM/ /B2 BM/mxB2`i2M
ai`ƺK2 T`QTQ`iBQM�H xm B- /� /2` K�;M2iBb+?2 6Hmbb /m`+? 2BM UKBi`QiB2`2M/2bV 6H +?2M2H2K2Mi ∆A
/2` a+?2B#2 T`QTQ`iBQM�H xm B Bbi mM/ /�?2` �m+? /B2 x2BiHB+?2 �M/2`mM; /2b K�;M2iBb+?2M 6Hmbb2b

jAM /B2b2` .BbFmbbBQM p2`r2M/2M rB` ;`ƺbbi2Mi2BHb K�F`QbFQTBb+?2 :`ƺbb2M rB2 E`�7i- ai`QK Q/2` aT�MMmM;- /� /B2b2
7Ƀ` ;2rƺ?MHB+? BK lMi2``B+?i #2bT`Q+?2M r2`/2MX �HH2`/BM;b r `2M /B2 FQ``2bTQM/B2`2M/2M KBF`QbFQTBb+?2M :`ƺbb2M rB2
E`�7i/B+?i2- ai`QK/B+?i2 Q/2` 2H2Fi`Bb+?2b 62H/ i2BHr2Bb2 ;22B;M2i2`X
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j Zm�HBi�iBp2 �M�Hvb2

�K �M7�M; /2b S`QD2Fib 2KT}2?Hi 2b bB+?- ;2K2BMb�K KBi /2M a+?ɃH2`AMM2M /B2 xm :`mM/2 HB2;2M/2M
1z2Fi2 xm /BbFmiB2`2MX AK pQ`HB2;2M/2M 6�HH 7Ƀ?`2M /`2B 1z2Fi2 xmK �##`2Kb2M /2` a+?2B#2,

RX 1BM2 ;2b+?rBM/B;F2BibmM�#? M;B;2 _2B#mM;- r2H+?2 �K /`2?#�`2M :2H2MF �m7i`BiiX

kX Gm7irB/2`bi�M/X

jX .B2 �##`2KbmM; �m7 :`mM/ /2` q2+?b2HrB`FmM; /2` BM/mxB2`i2M ai`QK/B+?i2 KBi /2K 2ti2`M2M
J�;M2i72H/X

.B2b2 /`2B 1z2Fi2 p2`m`b�+?2M D2 2BM .`2?KQK2Mi- r2H+?2 rB` 2MibT`2+?2M/ KBi MR- ML mM/ M
#2x2B+?M2M- rQ#2B /2` >�mTi7QFmb /2` 2BM;�M;b 2`r ?Mi2M 6`�;2bi2HHmM; �m7 H2ixi2`2K HB2;iX .�`�m7
�m7#�m2M/ H bbi bB+? 2BM2 GBbi2 `2H2p�Mi2` S�`�K2i2` 7Ƀ` /�b .`2?KQK2Mi M �m7bi2HH2MX 6Ƀ` mMb2`
avbi2K bBM/ /B2 rB+?iB;bi2M :`ƺbb2M

Ç G2Bi7 ?B;F2Bi /2` a+?2B#2-

Ç .`2?7`2[2mMx /2` a+?2B#2-

Ç ai `F2 /2b S2`K�M2MiK�;M2i2M-

Ç SQbBiBQM /2b S2`K�M2MiK�;M2i2M-

Ç :`ƺbb2 /2` a+?2B#2X

�m+? r2MM 2BM �FFm`�i2b [m�MiBi�iBp2b JQ/2HH xm FQKTH2t Bbi- mK pQM JBii2Hb+?ɃH2`AMM2M FQKTH2ii
b2H#bi M/B; BKTH2K2MiB2`i xm r2`/2M UbB2?2 �#b+?MBii 9XjV- FƺMM2M KBi 2BM7�+?2M �`;mK2Mi2M S`Q@
TQ`iBQM�HBi ib#2xB2?mM;2M xm /2M Q#2M �m7;2HBbi2i2M S�`�K2i2`M ;2rQMM2M r2`/2MX .B2b2 _2H�iBQM2M
bBM/ p2`bi M/HB+? 7Ƀ` a+?ɃH2`AMM2M mM/ FƺMM2M KBi 2BM T��` >BMr2Bb2M pQM B?M2M b2H#bi ?2`;2H2Bi2i
r2`/2MX AK 6QH;2M/2M rQHH2M rB` 2BM2 �mbr�?H /B2b2` _2H�iBQM2M ?2`H2Bi2MjX

�Hb 2`bi2b F�MM /B2 �#? M;B;F2Bi /2b BM/mxB2`i2M .`2?KQK2Mib pQM /2` G2Bi7 ?B;F2Bi /2b J�i2`B�Hb
/2` E`2Bbb+?2B#2 σel /BbFmiB2`i r2`/2MX �m7 :`mM/ /2b P?KǶb+?2M :2b2ix2b Bbi FH�`- /�bb /B2 BM/mxB2`i2
ai`QKbi `F2 /B`2Fi T`QTQ`iBQM�H xm` G2Bi7 ?B;F2Bi Bbi- mM/ /� /B2 GQ`2MixF`�7i /B`2Fi T`QTQ`iBQM�H xm`
ai`QKbi `F2 Bbi- ;BHi

M ∝ σel. URV

�Hb M +?bi2b #2i`�+?i2M rB` /B2 �#? M;B;F2Bi pQM M pQM /2` qBMF2H;2b+?rBM/B;F2Bi /2` a+?2B#2
ωX �m7 :`mM/ /2b 6�`�/�vǶb+?2M :2b2ix2b Bbi /B2 BM/mxB2`i2 aT�MMmM; U#xrX /�b 2H2Fi`Bb+?2 62H/V
/B`2Fi T`QTQ`iBQM�H xm` HQF�H2M x2BiHB+?2M �M/2`mM; /2b K�;M2iBb+?2M 6Hmbb2bX .B2b2 x2BiHB+?2 �M/2`mM;
FQ``2bTQM/B2`i 2BMb xm 2BMb KBi ω mM/ 7QH;HB+? Bbi �m+? /�b BM/mxB2`i2 .`2?KQK2Mi /B`2Fi T`QTQ`iBQM�H
xm ω

M ∝ ω. UkV

J�M #2�+?i2- /�bb /B2 w2Bi�#? M;B;F2Bi pQM M �mbb+?HB2bbHB+? pQM /2` r ?`2M/ /2b �##`2KbpQ`;�M;b
 M/2`M/2M qBMF2H;2b+?rBM/B;F2Bi ;22`#i rB`/X 6QH;HB+? Bbi /B2 :`ƺbb2 M/ω 7Ƀ` qBMF2H;2b+?rBM/B;F2B@
i2M mM;H2B+? LmHH x2BiHB+? FQMbi�Mi mM/ ? M;i Mm` pQM ;2QK2i`Bb+?2M :`ƺbb2M bQrB2 /2K J�;M2i72H/
�#X

.2` 1BM~mbb /2` J�;MBim/2 /2b J�;M2i72H/2b B Bbi /QTT2Hi2` L�im`X 1BM2`b2Bib bBM/ /B2 BM/mxB2`i2M
ai`ƺK2 T`QTQ`iBQM�H xm B- /� /2` K�;M2iBb+?2 6Hmbb /m`+? 2BM UKBi`QiB2`2M/2bV 6H +?2M2H2K2Mi ∆A
/2` a+?2B#2 T`QTQ`iBQM�H xm B Bbi mM/ /�?2` �m+? /B2 x2BiHB+?2 �M/2`mM; /2b K�;M2iBb+?2M 6Hmbb2b

jAM /B2b2` .BbFmbbBQM p2`r2M/2M rB` ;`ƺbbi2Mi2BHb K�F`QbFQTBb+?2 :`ƺbb2M rB2 E`�7i- ai`QK Q/2` aT�MMmM;- /� /B2b2
7Ƀ` ;2rƺ?MHB+? BK lMi2``B+?i #2bT`Q+?2M r2`/2MX �HH2`/BM;b r `2M /B2 FQ``2bTQM/B2`2M/2M KBF`QbFQTBb+?2M :`ƺbb2M rB2
E`�7i/B+?i2- ai`QK/B+?i2 Q/2` 2H2Fi`Bb+?2b 62H/ i2BHr2Bb2 ;22B;M2i2`X

/m`+? ∆AX �M/2`2`b2Bib F�MM /B2 E`�7i �m7 /B2 SH�ii2 �TT`QtBKB2`i r2`/2M KBi F = I(reff×B)- r2H+?2
2BM2 xmb ixHB+?2 2tTHBxBi2 �#? M;B;F2Bi pQM B �m7r2BbiX .2Kxm7QH;2 ;BHi 7Ƀ` /�b BM/mxB2`i2 .`2?KQK2Mi

M ∝ B2. UjV

Abi /B2 �#? M;B;F2Bi /2b B@62H/2b pQK �tB�H2M �#bi�M/ #2F�MMi UbB2?2 �#b+?MBii 9XkV- ;B#i :H2B+?mM;
UjV �m+? /B2 _2H�iBQM xrBb+?2M /2K .`2?KQK2Mi mM/ /2K �tB�H2M �#bi�M/ pQ`X

S?vbBF�HBb+? BMi2`2bb�Mi2` Bbi /2` wmb�KK2M?�M; /2b .`2?KQK2Mib mM/ /2` `�/B�H2M SQbBiBQM /2b
S2`K�M2MiK�;M2i2M r U;2K2bb2M pQK w2Mi`mK /2` SH�ii2VX 1BM2`b2Bib ;B#i r /B`2Fi /2M >2#2H�`K
pQ`- �M/2`2`b2Bib MBKKi /B2 "�?M;2b+?rBM/B;F2Bi 2BM2b SmMFi2b �m7 /2` E`2Bbb+?2B#2 /B`2Fi KBi r xm-
r�b rB2/2`mK #2/2mi2i- /�bb /B2 BM/mxB2`i2M ai`ƺK2 /B`2Fi T`QTQ`iBQM�H xm r bBM/X 6QH;HB+? 2`r�`i2M
rB`

M ∝ r2. U9V

.B2b2 "2xB2?mM; ;BHi Mm`- r2MM /2` J�;M2i r2Bi pQK _�M/ /2` a+?2B#2 2Mi72`Mi BbiX L ?2`i bB+? r /2K
_�/Bmb /2` SH�ii2 R �M- bQ MBKKi /B2 BM/mxB2`i2 ai`QKbi `F2 mM/ 7QH;HB+? �m+? /�b .`2?KQK2Mi �#- /�
ai`QK Mm` BMM2`?�H# /2` SH�ii2 ~B2bb2M F�MMX .B2b2b o2`?�Hi2M Bbi BM �##X k FH�` 2`bB+?iHB+?X .�`Ƀ#2`
?BM�mb x2B;i /B2b- /�bb /B2 U`�/B�H2V :`ƺbb2 /2` SH�ii2 BM 2`bi2` GBMB2 /2M SmMFi /B2b2b ɂ#2`;�M;b
#2biBKKiX
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�##BH/mM; k Ĝ :2b+?rBM/B;F2BibmM�#? M;B;2b .`2?KQK2Mi �m7 :`mM/ /2` BM/mxB2`i2M ai`QK/B+?i2 �Hb 6mMF@
iBQM /2` `�/B�H2M SQbBiBQM /2b J�;M2i2MX L�?2 �K w2Mi`mK /2` a+?2B#2 Bbi /�b BM/mxB2`i2 .`2?KQK2Mi +�X
T`QTQ`iBQM�H xm r2- rQ#2B 2BM 6�FiQ` r pQK >2#2H�`K �#bi�KKi mM/ /2` xr2Bi2 6�FiQ` r bB+? /m`+? /B2 /B@
`2Fi2 S`QTQ`iBQM�HBi i /2` BM/mxB2`i2M ai`QKbi `F2 xm` "�?M;2b+?rBM/B;F2Bi ωr 2`FH `2M H bbiX SH�ixB2`i K�M
/2M S2`K�M2MiK�;M2i2M �K _�M/ Q/2` bQ;�` �mbb2`?�H# /2` a+?2B#2- bQ bBMFi /B2 BM/mxB2`i2 ai`QKbi `F2X .B2
;2bi`B+?2Hi2 GBMB2 `2T` b2MiB2`i /B2 MmK2`Bb+?2 GƺbmM;- r2H+?2 BK �#b+?MBii 9Xj /BbFmiB2`i rB`/X

9 Zm�MiBi�iBp2b JQ/2HH

9XR _2B#mM; mM/ Gm7irB/2`bi�M/

�m+? r2MM 7Ƀ` /2M xmpQ` #2b+?`B2#2M2M 2tT2`BK2Mi2HH2M �m7#�m /B2 �##`2KbmM; �m7 :`mM/ /2`
BM/mxB2`i2M ai`ƺK2 ivTBb+?2`r2Bb2 pB2H ;`ƺbb2` Bbi �Hb /m`+? _2B#mM; mM/ Gm7irB/2`bi�M/- bQ bQHHi2M
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/B2 a+?ɃH2`AMM2M /2MMQ+? 2BM2 2tT2`BK2Mi2HH2 lMi2`bm+?mM; /2` H2ixi2`2M #2B/2M 1z2Fi2 /m`+?7Ƀ?`2M9X

.�7Ƀ` #2Q#�+?i2i K�M /B2 x2BiHB+?2 1MirB+FHmM; pQM ω BM �#r2b2M?2Bi /2b J�;M2i72H/2bX AM /B2b2K
6�HH H bbi bB+? /B2 "2r2;mM;b;H2B+?mM; b+?`2B#2M �Hb

Iω̇ +MR + CLω
α = 0, U8V

rQ#2B MR mM/ CL �Hb 2tT2`BK2Mi2HH2 EQMbi�Mi2M #2?�M/2Hi r2`/2M mM/ /2` 1tTQM2Mi α 2Mir2/2`
;H2B+? 1 Q/2` 2 Bbi- D2 M�+?/2K Q# /B2 lKbi`ƺKmM; /2` Gm7i H�KBM�` Q/2` im`#mH2Mi BbiX wm` "2biBK@
KmM; /2` lKbi`ƺKmM;b�`i Hƺbi K�M /B2 "2r2;mM;b;H2B+?mM; U8V 7Ƀ` #2B/2 6 HH2 mM/ #2biBKKi /B2
S�`�K2i2` MR mM/ CL KBi >BH72 /2` 2tT2`BK2Mi2HH2M .�i2M 7Ƀ` /B2 x2BiHB+?2 1MirB+FHmM; /2` qBMF2H@
;2b+?rBM/B;F2BiX qB2 BM �##X j xm b2?2M Bbi- #2b+?`2B#i 2BM2 H�KBM�`2 _2B#mM; mMb2` avbi2K /2miHB+?
#2bb2`X
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�##BH/mM; j Ĝ w2BiHB+?2 �#M�?K2 /2` qBMF2H;2b+?rBM/B;F2Bi /2` a+?2B#2 �m7 :`mM/ pQM Gm7irB/2`bi�M/ mM/
bi�iBb+?2` _2B#mM; Ub+?r�`x2 /m`+?;2xQ;2M2 GBMB2VX .B2 ;`�m ;2bi`B+?2Hi2 GBMB2 2MibT`B+?i /2` GƺbmM; pQM :HX
U8V 7Ƀ` H�KBM�`2M UHBMFbV mM/ im`#mH2Mi2M U`2+?ibV Gm7irB/2`bi�M/- rQ#2B /B2 :`ƺbb2M MR mM/ CL 6BiT�`�K2i2`
bBM/X .B2 _2bmHi�i2 /2KQMbi`B2`2M- /�bb i`Qix /2` 2?2` ?Q?2M .`2?x�?H /B2 lKbi`ƺKmM; �Hb H�KBM�` �M;2MQKK2M
r2`/2M F�MMX

9Xk JQ/2HH 7Ƀ` J�;M2i72H/

AK ;2r ?Hi2M a2imT rB`/ /B2 ai `F2 /2b J�;M2i72H/2b /m`+? 2BM2 �M/2`mM; /2` `2H�iBp2M SQbBiBQM /2b
S2`K�M2MiK�;M2i2M xm` a+?2B#2 2``2B+?iX lK /B2b2 �#bi�M/b M/2`mM; BM /B2 62H/bi `F2 mKxm`2+?@
M2M- KQ/2HHB2`2M rB` /�b 62H/ �Hb F`2Bb7ƺ`KB;2 bi`QK/m`+?~Qbb2M2 G2Bi2`b+?H2B72 KBi /2K _�/Bmb /2b
S2`K�M2MiK�;M2i2MX

lK /B2 }FiBp2 ai`QKbi `F2 xm }M/2M- KBbbi K�M �K #2bi2M /�b J�;M2i72H/ 2MiH�M; /2` wvHBM/2`�+?b2
�Hb 6mMFiBQM /2b �#bi�M/2b xmK w2Mi`mK /2b S2`K�M2MiK�;M2i2M z mM/ #2biBKKi /B2 ai`QKbi `F2
�Hb 6BiT�`�K2i2` UbB2?2 �##X 9VX .B2b2` q2`i F�MM �Mb+?HB2bb2M/ BM /2M �mb/`m+F 7Ƀ` /�b K�;M2iBb+?2
62H/ BK ;�Mx2M _�mK 2BM;2b2ixi r2`/2M UbB2?2 xX"X (Ry)VX

JBi /B2b2K JQ/2HH FƺMM2M /B2 a+?ɃH2`AMM2M /B2 S`QTQ`iBQM�HBi i BM :HX j p2`B}xB2`2M mM/ xm/2K /B2
�#? M;B;F2Bi /2b BM/mxB2`i2M .`2?KQK2Mib pQK p2`iBF�H2M �#bi�M/ xrBb+?2M SH�ii2 mM/ J�;M2i2M
mMi2`bm+?2MX .�`Ƀ#2` ?BM�mb 2`Kƺ;HB+? /2` �M�HviBb+?2 �mb/`m+F 7Ƀ` /�b J�;M2i72H/ BK ;�Mx2M _�mK
2BM [m�MiBi�iBp2b JQ/2HH- r2H+?2b rB` BK 7QH;2M/2M �#b+?MBii Fm`x /BbFmiB2`2MX

9�MbQMbi2M F�MM /�b .`2?KQK2Mi- r2H+?2b /m`+? /B2 BM/mxB2`i2M ai`ƺK2 p2`m`b�+?i rB`/- M MB+?i #2biBKKi r2`/2M-
bQM/2`M Mm` /�b :2b�Ki/`2?KQK2Mi Mtot = M+MR +MLX
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/B2 a+?ɃH2`AMM2M /2MMQ+? 2BM2 2tT2`BK2Mi2HH2 lMi2`bm+?mM; /2` H2ixi2`2M #2B/2M 1z2Fi2 /m`+?7Ƀ?`2M9X

.�7Ƀ` #2Q#�+?i2i K�M /B2 x2BiHB+?2 1MirB+FHmM; pQM ω BM �#r2b2M?2Bi /2b J�;M2i72H/2bX AM /B2b2K
6�HH H bbi bB+? /B2 "2r2;mM;b;H2B+?mM; b+?`2B#2M �Hb

Iω̇ +MR + CLω
α = 0, U8V

rQ#2B MR mM/ CL �Hb 2tT2`BK2Mi2HH2 EQMbi�Mi2M #2?�M/2Hi r2`/2M mM/ /2` 1tTQM2Mi α 2Mir2/2`
;H2B+? 1 Q/2` 2 Bbi- D2 M�+?/2K Q# /B2 lKbi`ƺKmM; /2` Gm7i H�KBM�` Q/2` im`#mH2Mi BbiX wm` "2biBK@
KmM; /2` lKbi`ƺKmM;b�`i Hƺbi K�M /B2 "2r2;mM;b;H2B+?mM; U8V 7Ƀ` #2B/2 6 HH2 mM/ #2biBKKi /B2
S�`�K2i2` MR mM/ CL KBi >BH72 /2` 2tT2`BK2Mi2HH2M .�i2M 7Ƀ` /B2 x2BiHB+?2 1MirB+FHmM; /2` qBMF2H@
;2b+?rBM/B;F2BiX qB2 BM �##X j xm b2?2M Bbi- #2b+?`2B#i 2BM2 H�KBM�`2 _2B#mM; mMb2` avbi2K /2miHB+?
#2bb2`X

0 100 200 300 400
0

50

100

150

t [s]

ω
[s

-1
]

0 100 200 300 400
0

50

100

150

t [s]

ω
[s

-1
]

�##BH/mM; j Ĝ w2BiHB+?2 �#M�?K2 /2` qBMF2H;2b+?rBM/B;F2Bi /2` a+?2B#2 �m7 :`mM/ pQM Gm7irB/2`bi�M/ mM/
bi�iBb+?2` _2B#mM; Ub+?r�`x2 /m`+?;2xQ;2M2 GBMB2VX .B2 ;`�m ;2bi`B+?2Hi2 GBMB2 2MibT`B+?i /2` GƺbmM; pQM :HX
U8V 7Ƀ` H�KBM�`2M UHBMFbV mM/ im`#mH2Mi2M U`2+?ibV Gm7irB/2`bi�M/- rQ#2B /B2 :`ƺbb2M MR mM/ CL 6BiT�`�K2i2`
bBM/X .B2 _2bmHi�i2 /2KQMbi`B2`2M- /�bb i`Qix /2` 2?2` ?Q?2M .`2?x�?H /B2 lKbi`ƺKmM; �Hb H�KBM�` �M;2MQKK2M
r2`/2M F�MMX

9Xk JQ/2HH 7Ƀ` J�;M2i72H/

AK ;2r ?Hi2M a2imT rB`/ /B2 ai `F2 /2b J�;M2i72H/2b /m`+? 2BM2 �M/2`mM; /2` `2H�iBp2M SQbBiBQM /2b
S2`K�M2MiK�;M2i2M xm` a+?2B#2 2``2B+?iX lK /B2b2 �#bi�M/b M/2`mM; BM /B2 62H/bi `F2 mKxm`2+?@
M2M- KQ/2HHB2`2M rB` /�b 62H/ �Hb F`2Bb7ƺ`KB;2 bi`QK/m`+?~Qbb2M2 G2Bi2`b+?H2B72 KBi /2K _�/Bmb /2b
S2`K�M2MiK�;M2i2MX

lK /B2 }FiBp2 ai`QKbi `F2 xm }M/2M- KBbbi K�M �K #2bi2M /�b J�;M2i72H/ 2MiH�M; /2` wvHBM/2`�+?b2
�Hb 6mMFiBQM /2b �#bi�M/2b xmK w2Mi`mK /2b S2`K�M2MiK�;M2i2M z mM/ #2biBKKi /B2 ai`QKbi `F2
�Hb 6BiT�`�K2i2` UbB2?2 �##X 9VX .B2b2` q2`i F�MM �Mb+?HB2bb2M/ BM /2M �mb/`m+F 7Ƀ` /�b K�;M2iBb+?2
62H/ BK ;�Mx2M _�mK 2BM;2b2ixi r2`/2M UbB2?2 xX"X (Ry)VX

JBi /B2b2K JQ/2HH FƺMM2M /B2 a+?ɃH2`AMM2M /B2 S`QTQ`iBQM�HBi i BM :HX j p2`B}xB2`2M mM/ xm/2K /B2
�#? M;B;F2Bi /2b BM/mxB2`i2M .`2?KQK2Mib pQK p2`iBF�H2M �#bi�M/ xrBb+?2M SH�ii2 mM/ J�;M2i2M
mMi2`bm+?2MX .�`Ƀ#2` ?BM�mb 2`Kƺ;HB+? /2` �M�HviBb+?2 �mb/`m+F 7Ƀ` /�b J�;M2i72H/ BK ;�Mx2M _�mK
2BM [m�MiBi�iBp2b JQ/2HH- r2H+?2b rB` BK 7QH;2M/2M �#b+?MBii Fm`x /BbFmiB2`2MX

9�MbQMbi2M F�MM /�b .`2?KQK2Mi- r2H+?2b /m`+? /B2 BM/mxB2`i2M ai`ƺK2 p2`m`b�+?i rB`/- M MB+?i #2biBKKi r2`/2M-
bQM/2`M Mm` /�b :2b�Ki/`2?KQK2Mi Mtot = M+MR +MLX
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�##BH/mM; 9 Ĝ J�;M2i72H/ /2b S2`K�M2MiK�;M2i2M 2MiH�M; /2` wvHBM/2`�+?b2 USmMFi2VX .B2 ;2bi`B+?2Hi2 GBMB2
2MibT`B+?i /2K �tB�H2M 62H/ 2BM2` bi`QK/m`+?~Qbb2M2M F`2Bb7ƺ`KB;2M G2Bi2`b+?H�m72 KBi ;H2B+?2K _�/Bmb rB2 /2`
/2b S2`K�M2MiK�;M2i2M- rQ#2B /2` ai`QK 2BM 6BiT�`�K2i2` BbiX

9Xj AM/mxB2`i2 ai`ƺK2

lK mMb2`2 [m�HBi�iBp2M �`;mK2Mi2 BK �#b+?MBii j xm mMi2`K�m2`M- Hƺb2M rB` /B2 J�tr2HH@:H2B+?mM;2M
MmK2`Bb+? 7Ƀ` mMb2` avbi2KX .�7Ƀ` p2`r2M/2M rB` Fƺ`T2`72bi2 UKBi`QiB2`2M/2V EQQ`/BM�i2M- r�b /�xm
7Ƀ?`i- /�bb /B2 SQbBiBQM /2b J�;M2i2M x2Bi�#? M;B; rB`/X �m7 :`mM/ /2` ;2`BM;2M .B+F2 mMb2`2` SH�ii2
FƺMM2M rB` /B2b2 �Hb xr2B/BK2MbBQM�H #2i`�+?i2MX 6Ƀ` mMb2` avbi2K H�bb2M bB+? /B2 `2H2p�Mi2M J�tr2HH
:H2B+?mM;2M b+?`2B#2M �Hb

∇×E(r′, t) = −∂B(r′, t)

∂t
, UeV

∇ ·E(r′, t) = 0, UdV

rQ#2B rB` /2M SQbBiBQMbp2FiQ` BK KBi`QiB2`2M/2M EQQ`/BM�i2Mbvbi2K KBi r′ #2x2B+?M2M mM/ rB2 xmpQ`
2`r ?Mi 7Ƀ` /�b J�;M2i72H/ /�b 62H/ 2BM2` F`2Bb7ƺ`KB;2M G2Bi2`b+?H2B72 #2Mmix2MX AM :HX UdV p2`r2M/2M
rB` �mbb2`/2K- /�bb /B2 SH�ii2 mM;2H�/2M BbiX "2`2+?M2M rB` /B2 _Qi�iBQM pQM :HX UeV 2`?�Hi2M rB`
mMi2` o2`r2M/mM; pQM :HX UdV /B2 BM?QKQ;2M2 G�TH�+2 :H2B+?mM;

∇2E(r′, t) = ∇×
(
∂B(r′, t)

∂t

)
. U3V

.B2 _�M/#2/BM;mM; 7Ƀ` :HX U3V 2`;2#2M bB+? �mb /2` "2/BM;mM;- /�bb �K _�M/ /2` a+?2B#2 /2` ai`QK
2MiH�M; /2` LQ`K�H2M p2`b+?rBM/2i U.B`B+?H2i@_�M/#2/BM;mM;V bQrB2 /�bb �mbb2`?�H# /2` SH�ii2 /�b
2H2Fi`Bb+?2 62H/ p2`b+?rBM/2i UL2mK�MM@_�M/#2/BM;mM;VX 6Ƀ` 2BM2 pQ`;2;2#2M2 qBMF2H;2b+?rBM/B;@
F2Bi ω H bbi bB+? /B2 `2+?i2 a2Bi2 pQM :HX U3V /B`2Fi �mbr2`i2M- bQ /�bb K�M /B2b2 :H2B+?mM; MmK2`Bb+?
M�+? /2K E@62H/ Hƺb2M F�MM8X .B2 BM/mxB2`i2 ai`QK/B+?i2 2`? Hi K�M /�MM KBi >BH72 /2b KBF`QbFQTB@
b+?2M P?KǶb+?2M :2b2ix J = σelEX �##BH/mM; 8 x2B;i 2BM2 ivTBb+?2 GƺbmM; 7Ƀ` /B2 ai`QK/B+?i2X �m+?

8.B2b2 :H2B+?mM; F�MM #2BbTB2Hbr2Bb2 BM J�i?2K�iB+� KBi /2` 2BM;2#�mi2M 6mMFiBQM L.aQHp2 ;2Hƺbi r2`/2MX
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r2MM /B2 MmK2`Bb+?2 GƺbmM; 7Ƀ` a+?ɃH2`AMM2M xm �MbT`m+?bpQHH Bbi- bQHHi2M bB2 BM /2` G�;2 b2BM- /B2
BM/mxB2`i2M ai`ƺK2 [m�HBi�iBp xm bFBxxB2`2MX

a+?HB2bbHB+? }M/2i K�M /�b BM/mxB2`i2 .`2?KQK2Mi /m`+? AMi2;`�iBQM /2` E`�7i/B+?i2 J×B Ƀ#2` /B2
SH�ii2

M =

∫
rm × (J×B) d3r′, UNV

rQ#2B rm /B2 �Fim2HH2 SQbBiBQM /2b S2`K�M2MiK�;M2i2M BK ;2r ?Hi2M EQQ`/BM�i2Mbvbi2K `2T` b2M@
iB2`iX 1BM o2`;H2B+? /2b .`2?KQK2Mib 7Ƀ` p2`b+?B2/2M2 `�/B�H2 SQbBiBQM2M /2b J�;M2i2M KBi /2M 2t@
T2`BK2Mi2HH2M .�i2M #2}M/2i bB+? BM �##X k mM/ x2B;i 2BM2 ;mi2 ɂ#2`2BMbiBKKmM;- bQrQ?H KBi /2M
2tT2`BK2Mi2HH2M .�i2M bQrB2 mMb2`2` [m�HBi�iBp2M �M�Hvb2X
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�##BH/mM; 8 Ĝ LmK2`Bb+?2 GƺbmM; 7Ƀ` /B2 BM/mxB2`i2 ai`QK/B+?i2 US72BH2V BM /2` Q#2`2M >�H#TH�ii2X .B2
:`�mbF�H� x2B;i /B2 x2BiHB+?2 �M/2`mM; /2b �tB�H2M 62H/2bX

8 AKTH2K2MiB2`mM; �M a+?mH2M Ĝ wr2B "2BbTB2H2

8XR :vKM�bBmK EB`b+?;�`i2M

�K :vKM�bBmK EB`b+?;�`i2M BM "�b2H FƺMM2M bB+? a+?ɃH2`BMM2M mM/ a+?ɃH2` bQrQ?H BK 6`2Br�?HFm`b
rB2 �m+? BK S~B+?ir�?HFm`b 7Ƀ` auSh@S`Q#H2K2 2Mib+?2B/2MX .�#2B �`#2Bi2M /B2 `mM/ R8 a+?ɃH2`AMM2M
D2r2BHb xm /`Bii �M 2BM2` 6`�;2bi2HHmM;X .B2 2`r ?Mi2M lMi2``B+?ib;27 bb2 bBM/ KBi k qQ+?2MH2FiBQM2M
/QiB2`i- rQ#2B KQiBpB2`i2M a+?ɃH2`AMM2M /B2 Jƺ;HB+?F2Bi ;2#Qi2M rB`/- bB+? xmb ixHB+? KBi B?`2K S`Q@
D2Fi �mb2BM�M/2`xmb2ix2MX .B2 auSh@S`Q#H2K2 FQKK2M bQrQ?H #2B H2BbimM;bb+?r +?2`2M rB2 �m+?
H2BbimM;bbi `F2`2M a+?ɃH2`AMM2M b2?` ;mi �M- bQ /�bb bB+? pB2H2 BK 6QH;2D�?` 7Ƀ` 2BM2 2`M2mi2 h2BHM�?K2
�K auSh 2Mib+?2B/2MX

wmb ixHB+? FƺMM2M a+?ɃH2`AMM2M- /B2 bB+? 7Ƀ`b a+?r2`TmMFi7�+? S?vbBF mM/ �M;2r�M/i2 J�i?2K�@
iBF 2Mib+?2B/2M- xr2B `2;mH `2 S?vbBFT`�FiBFmKb2tT2`BK2Mi2 KBi 2BM2K auSh@S`Q#H2K bm#biBimB2`2MX
wm/2K r2`/2M �K :vKM�bBmK EB`b+?;�`i2M BKK2` rB2/2` auSh@S`Q#H2K2 �Hb J�im`�`#2Bi ;2r ?HiX
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r2MM /B2 MmK2`Bb+?2 GƺbmM; 7Ƀ` a+?ɃH2`AMM2M xm �MbT`m+?bpQHH Bbi- bQHHi2M bB2 BM /2` G�;2 b2BM- /B2
BM/mxB2`i2M ai`ƺK2 [m�HBi�iBp xm bFBxxB2`2MX

a+?HB2bbHB+? }M/2i K�M /�b BM/mxB2`i2 .`2?KQK2Mi /m`+? AMi2;`�iBQM /2` E`�7i/B+?i2 J×B Ƀ#2` /B2
SH�ii2

M =

∫
rm × (J×B) d3r′, UNV

rQ#2B rm /B2 �Fim2HH2 SQbBiBQM /2b S2`K�M2MiK�;M2i2M BK ;2r ?Hi2M EQQ`/BM�i2Mbvbi2K `2T` b2M@
iB2`iX 1BM o2`;H2B+? /2b .`2?KQK2Mib 7Ƀ` p2`b+?B2/2M2 `�/B�H2 SQbBiBQM2M /2b J�;M2i2M KBi /2M 2t@
T2`BK2Mi2HH2M .�i2M #2}M/2i bB+? BM �##X k mM/ x2B;i 2BM2 ;mi2 ɂ#2`2BMbiBKKmM;- bQrQ?H KBi /2M
2tT2`BK2Mi2HH2M .�i2M bQrB2 mMb2`2` [m�HBi�iBp2M �M�Hvb2X
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�##BH/mM; 8 Ĝ LmK2`Bb+?2 GƺbmM; 7Ƀ` /B2 BM/mxB2`i2 ai`QK/B+?i2 US72BH2V BM /2` Q#2`2M >�H#TH�ii2X .B2
:`�mbF�H� x2B;i /B2 x2BiHB+?2 �M/2`mM; /2b �tB�H2M 62H/2bX

8 AKTH2K2MiB2`mM; �M a+?mH2M Ĝ wr2B "2BbTB2H2

8XR :vKM�bBmK EB`b+?;�`i2M

�K :vKM�bBmK EB`b+?;�`i2M BM "�b2H FƺMM2M bB+? a+?ɃH2`BMM2M mM/ a+?ɃH2` bQrQ?H BK 6`2Br�?HFm`b
rB2 �m+? BK S~B+?ir�?HFm`b 7Ƀ` auSh@S`Q#H2K2 2Mib+?2B/2MX .�#2B �`#2Bi2M /B2 `mM/ R8 a+?ɃH2`AMM2M
D2r2BHb xm /`Bii �M 2BM2` 6`�;2bi2HHmM;X .B2 2`r ?Mi2M lMi2``B+?ib;27 bb2 bBM/ KBi k qQ+?2MH2FiBQM2M
/QiB2`i- rQ#2B KQiBpB2`i2M a+?ɃH2`AMM2M /B2 Jƺ;HB+?F2Bi ;2#Qi2M rB`/- bB+? xmb ixHB+? KBi B?`2K S`Q@
D2Fi �mb2BM�M/2`xmb2ix2MX .B2 auSh@S`Q#H2K2 FQKK2M bQrQ?H #2B H2BbimM;bb+?r +?2`2M rB2 �m+?
H2BbimM;bbi `F2`2M a+?ɃH2`AMM2M b2?` ;mi �M- bQ /�bb bB+? pB2H2 BK 6QH;2D�?` 7Ƀ` 2BM2 2`M2mi2 h2BHM�?K2
�K auSh 2Mib+?2B/2MX

wmb ixHB+? FƺMM2M a+?ɃH2`AMM2M- /B2 bB+? 7Ƀ`b a+?r2`TmMFi7�+? S?vbBF mM/ �M;2r�M/i2 J�i?2K�@
iBF 2Mib+?2B/2M- xr2B `2;mH `2 S?vbBFT`�FiBFmKb2tT2`BK2Mi2 KBi 2BM2K auSh@S`Q#H2K bm#biBimB2`2MX
wm/2K r2`/2M �K :vKM�bBmK EB`b+?;�`i2M BKK2` rB2/2` auSh@S`Q#H2K2 �Hb J�im`�`#2Bi ;2r ?HiX

�HH2 a+?ɃH2`AMM2M r2`/2M #2B B?`2M S`QD2Fi pQM 2BM2` G2?`T2`bQM bQrB2 pQM :E:`2b2�`+? (Rk) mMi2`@
biɃixiX

8Xk JL: _ KB#Ƀ?H

�K JL: _ KB#Ƀ?H BM wɃ`B+? rB`/ #2`2Bib b2Bi 2BMB;2M C�?`2M /B2 oQ`#2`2BimM; mM/ h2BHM�?K2 �K
auSh �Hb q�?HT~B+?i7�+? U:`mTT2MmMi2``B+?iV BK RRX a+?mHD�?` �M;2#Qi2MX .�#2B �`#2Bi2M /B2 `mM/
15 ± 3 a+?ɃH2`AMM2M Ƀ#2` 2BM a2K2bi2` ?BMr2; Uk qQ+?2MH2FiBQM2MV �M 2BM2K auSh@S`Q#H2K B?`2`
q�?HX .B2 �`#2Bi2M bBM/ mM#2MQi2i- �#2` /B2 h2BHM�?K2 �K auSh Bbi S~B+?i#2bi�M/i2BH /2b :`mTT2M@
mMi2``B+?ibX "2i`2mi r2`/2M /B2 a+?ɃH2`AMM2M pQM xr2B G2?`T2`bQM2MX

�m+? r2MM /�b LBp2�m /2` �`#2Bi2M b2H#bi`2/2M/ bi�`F p�`B2`i- FQKKi /2` :`mTT2MmMi2``B+?i #2B
/2M a+?ɃH2`AMM2M b2?` ;mi �M- bQ /�bb pB2H2 B?` S`QD2Fi �Hb J�im`Bi ib�`#2Bi r2Bi2`p2`7QH;2MX .�`Ƀ#2`
?BM�mb }M/2M auSh@S`Q#H2K2 BKK2` rB2/2` 1BM;�M; BM /Bp2`b2 r2Bi2`2 lMi2``B+?ib;27 bb2 rB2 /2K
`2;mH `2M S?vbBFT`�FiBFmK- 1`; MxmM;b7�+? Q/2` /2K S`QD2FimMi2``B+?i BK a+?r2`TmMFi7�+? S?v@
bBFf�M;2r�M/i2 J�i?2K�iBFX

e a+?Hmbb7QH;2`mM;

1b 2MibT`B+?i /2` 1`7�?`mM; /2` �miQ`2Mb+?�7i- /�bb T`QD2Fi#�bB2`i2 lMi2``B+?ib7Q`K2M Q7iK�Hb �M
b+?H2+?i /2}MB2`i2M 6`�;2bi2HHmM;2M Q/2` 2BM2` 7�Hb+?2M 1`r�`imM;b?�HimM; pQM a2Bi2M /2` a+?ɃH2`AM@
M2M Q/2` /2` "2i`2mmM;bT2`bQM H2B/2MX qB` ;H�m#2M- /�bb S`Q#H2K2 /2b auSh ;22B;M2i b2BM FƺMM2M
7Ƀ` /B2b2 6Q`K /2b lMi2``B+?ib BK 6�+? S?vbBF- bQ72`M /2M a+?ɃH2`AMM2M ;2MɃ;2M/ w2Bi 2BM;2` mKi
rB`/ mM/ bB2 pQM 2BM2` "2i`2mmM;bT2`bQM mMi2`biɃix2M/ #2;H2Bi2i r2`/2MX auSh@S`Q#H2K2 2B;M2M bB+?
M�+? mMb2`2` 1`7�?`mM; ?BM;2;2M MB+?i- r2MM /B2 a+?ɃH2`AMM2M ;�Mx �m7 bB+? �HH2BM2 ;2bi2HHi bBM/X .B2
"2i`2mmM;bT2`bQM Kmbb p2`bm+?2M �#xmb+? ix2M- r�b 2`7QH;bp2`bT`2+?2M/2 �Mb ix2 b2BM FƺMMi2M mM/
/B2 a+?ɃH2`BMM2M mM/ a+?ɃH2` BM /B2b2 _B+?imM; H2MF2MeX .�`Ƀ#2` ?BM�mb Kmbb /B2 G2?`T2`bQM /�KBi
mK;2?2M FƺMM2M- /�bb B?` rQKƺ;HB+? /B2 ǴGƺbmM;Ǵ xmK S`Q#H2K MB+?i BK oQ`?BM2BM #2F�MMi Bbi mM/
bQHHi2 /B2b ;2;2MɃ#2` /2M a+?ɃH2`AMM2M Qz2M FQKKmMBxB2`2MX

qB2 rB` �M?�M/ 2BM2b auSh@S`Q#H2Kb pQM kyRN /2KQMbi`B2`2M- #B2i2M /B2b2 6`�;2bi2HHmM;2M pB2H2
T?vbBF�HBb+? BMi2`2bb�Mi2 �bT2Fi2- r2H+?2 KBi 2BM7�+?2M- 7Ƀ` a+?ɃH2`AMM2M xm; M;HB+?2M- [m�HBi�iBp2M
�`;mK2Mi2M Q7iK�Hb ;mi #2b+?`B2#2M r2`/2M FƺMM2MX .B2b2 >2`�M;2?2Mbr2Bb2 2`H�m#i 2b JBii2Hb+?Ƀ@
H2`AMM2M- FQKTH2t2 S? MQK2M2 xm mMi2`bm+?2M mM/ 7ƺ`/2`i B?` FQMx2TiBQM2HH2b o2`bi M/MBbX

.�MFb�;mM;

qB` /�MF2M "`mMQ h?m`M?22` UE�MiQMbb+?mH2 wɃ`B+? LQ`/V 7Ƀ` b2BM2 >BH72 #2BK 2tT2`BK2Mi2HH2M �m7@
#�m mM/ /�MF2M _2BM?�`/ q2Bbb U:vKM�bBmK EB`b+?;�`i2MV 7Ƀ` b2BM2 lMi2`biɃixmM;X

e"2BbTB2Hbr2Bb2 2BM2 [m�HBi�iBp2 >2`�M;2?2Mbr2Bb2 �M`2;2M KBi /2K wB2H S`QTQ`iBQM�HBi ib#2xB2?mM;2M xm rB+?iB;2M
T?vbBF�HBb+?2M :`ƺbb2M xm 2`?�Hi2MX
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Das Swiss Young Physicist’ Tournament
Das SYPT ist ein projektorientierter Teamwettbewerb für physik- und technikbegeisterte Gymna-
siastinnen und Gymnasiasten aus der ganzen Schweiz. Jedes Jahr veröffentlicht ein internationales
Komitee 17 offen gestellte Physikprobleme, welche die SchülerInnen motivieren sollen, selbst in
die wissenschaftliche Forschung einzutauchen.
Anders als bei anderen wissenschaftlichen Wettbewerben handelt es sich beim SYPT um einen
Team Event. Die SchülerInnen bilden Dreiergruppen und treten am Turnier in sogenannten „Phy-
sics Fights“ an. Als Erstes präsentiert eine Gruppe ihre selber erarbeitete Lösung, welche dann
in einer wissenschaftlichen Debatte vom gegnerischen Team hinterfragt und diskutiert wird. Das
dritte Team fasst dann die Präsentation und Diskussion noch einmal kritisch zusammen. Zuletzt
werden die Leistungen aller drei Teams von einer fachkundigen Jury benotet.
Seit einigen Jahren wird eine nationale Vorbereitungswoche unter dem Namen „SYPT Physics
Week“ durchgeführt. Diese steht MittelschülerInnen aus der ganzen Schweiz offen und ermöglicht
ihnen eine optimale Vorbereitung aufs Turnier. Darüber hinaus runden attraktive soziale Events
den Anlass ab.
Lehrpersonen, welche sich für das SYPT interessieren, werden gebeten, sich an uns zu wenden
(info@sypt.ch).
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