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Gvm#Qp J�`BMFQp�
.2T�`iK2Mi Q7 �TTHB2/ S?vbB+b- h2+?MB+�H lMBp2`bBiv@aQ}�- 3 EHBK2Mi P?`B/bFB "Hp/X- aQ}�

Ryyy- "mH;�`B�
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UamKK�`v Q7 i?2 S?X.X .Bbb2`i�iBQMc h?2bBb H�M;m�;2, "mH;�`B�M
S?X.X Bb �r�`/2/ kykj #v i?2 6�+mHiv Q7 S?vbB+b Q7 aQ}� lMBp2`bBiv óaiX EHBK2Mi P?`B/bFBôV

ai�`b �`2 #Q`M BM /2Mb2- +Q?2`2Mi `2;BQMb Q7 i?2 +QH/ KQH2+mH�` T?�b2 Q7 i?2
BMi2`bi2H�` K2/BmK +�HH2/ KQH2+mH�` +HQm/b UJ*bVX h?mb i?2 bim/v Q7 bi�` 7Q`@
K�iBQM `2[mB`2b mM/2`bi�M/BM; Q7 i?2 KQ`T?QHQ;B+�H �M/ FBM2K�iB+�H 2pQHmiBQM
Q7 J*bX

�i i?2 BMBiB�H bi�;2 Q7 J* 7Q`K�iBQM i?2 r�`K �iQKB+ ;�b Bb +QKT`2bb2/ #v
bmT2`bQMB+ ~Qrb �M/ +QQHb /QrM `�TB/Hv /m2 iQ MQM@HBM2�` i?2`K�H BMbi�#BHBiB2b-
`2�+?BM; i2KT2`�im`2b �b HQr �b 10−30 E- MmK#2` /2MbBiB2b ∼ 100 +K−3 �M/
im`#mH2Mi J�+? MmK#2`b M∼ 20 − 30X AMBiB�HHv- J*b �`2 MQi BM 2[mBHB#`BmK
�M/ 2pQHp2 iQr�`/b 2[mBT�`iBiBQM #2ir22M i?2 im`#mH2Mi �M/ i?2 ;`�pBi�iBQM�H
2M2`;vX ai�`b #2;BM iQ 7Q`K �i � H�i2` 2pQHmiBQM�`v bi�;2 r?2M b2H7@;`�pBiv
i�F2b bHQrHv Qp2` �M/ HQ+�H bBi2b Q7 ;`�pBi�iBQM�H +QHH�Tb2 2K2`;2 Uo�x[m2x@
a2K�/2MB 2i �HX- kyydVX h?Bb 2pQHmiBQM Q7 J*b +QmH/ #2 i`�+2/- 2X;X- BM i2`Kb Q7
i?2 T?vbB+�H T�`�K2i2`b Q7 J* 7`�;K2Mib U+HmKTb- +Q`2b- }H�K2MibV �M/ i?2B`
b+�HBM; `2H�iBQMb UG�`bQM- RN3Rc o2Hi+?2p 2i �HX- kyR3V Q` i?`Qm;? BMp2biB;�iBQM
Q7 i?2 ;2M2`�H +HQm/ bi`m+im`2 BM i2`Kb Q7 �#bi`�+i b+�H2b U>2v2` � "`mMi- kyy9c
o2Hi+?2p- .QMFQp � EH2bb2M- kyReVX

�M Q7i2M mb2/ �TT`Q�+? iQ BMp2biB;�i2 i?2 T?vbB+b Q7 bi�`@7Q`KBM; `2;BQMb
Ua6_bV Bb i?2 �M�HvbBb Q7 i?2 T`Q#�#BHBiv /2MbBiv 7mM+iBQM US.6V Q7 K�bb /2M@
bBiv Uρ@S.6V �M/ +QHmKM /2MbBiv UN @S.6VX Ai ?�b #22M b?QrM 7`QK i?2Q`2iB+�H
KQ/2HHBM; Uo�x[m2x@a2K�/2MB- RNN9V �M/ +QM}`K2/ #v bm#b2[m2Mi MmK2`B+�H
bim/B2b U2X;X- S�/Q�M 2i �HX- RNNdc EH2bb2M- kyyyV i?�i bmT2`bQMB+ im`#mH2M+2 BM
�M BbQi2`K�H K2/BmK rBi? M2;HB;B#H2 ;`�pBiv T`Q/m+2b � HQ;MQ`K�H ρ@S.6X �b
b2H7@;`�pBiv #2+QK2b BKTQ`i�Mi BM i?2 2M2`;v #�H�M+2 Q7 i?2 +HQm/- � TQr2`@
H�r i�BH USGhV rBi? M2;�iBp2 bHQT2 7Q`Kb �i i?2 ?B;?@/2MbBiv 2M/ Q7 i?2 ρ@S.6
UE`BibmF- LQ`K�M � q�;M2`- kyRRc "m`F?�`i 2i �HX- kyRdVX �i i?2 bi�;2 Q7
QM;QBM; HQ+�H +QHH�Tb2b BM i?2 +HQm/- i?2 SGh bHQT2 ;2ib b?�HHQr2` �M/ i2M/b
iQr�`/ bQK2 +QMbi�Mi p�Hm2 r?BH2 i?2 /2pB�iBQM TQBMi U.SV 7`QK i?2 K�BM-
[m�bB@HQ;MQ`K�H T�`i Q7 i?2 ρ@S.6 b?B7ib iQr�`/ HQr2` /2MbBiB2b U:B`B+?B/Bb
2i �HX- kyR9c o2Hi+?2p 2i �HX- kyRNVX h?2 N @S.6 BM bi�`@7Q`KBM; +HQm/b +�M #2
/B`2+iHv /2`Bp2/ 7`QK Q#b2`p�iBQMb �M/ im`Mb Qmi iQ #2 KQ`T?QHQ;B+�HHv bBKBH�`
iQ i?2 ρ@S.6, rBi? � HQ;MQ`K�H K�BM T�`i BM+Hm/BM; i?2 T2�F �M/ � SGh �i
i?2 ?B;?@/2MbBiv 2M/ Ua+?M2B/2` 2i �HX- kyRj- kyR8�V- �b 7QmM/ �HbQ 7`QK MmK2`@
B+�H bim/B2b Q7 b2H7@;`�pBi�iBM;- +QMi`�+iBM; +HQm/b U"�HH2bi2`Qb@S�`2/2b 2i �HX-
kyRRc 62/2``�i? � EH2bb2M- kyRjVX hQ bmK mT- i?2 7Q`K�iBQM �M/ /2p2HQTK2Mi
Q7 SGhb #Qi? BM ρ@S.6 �M/ N @S.6 BM 2pQHp2/ bi�`@7Q`KBM; J*b Bb � r2HH 2b@
i�#HBb?2/ T?2MQK2MQMX h?2 +QKTH2t T?vbB+b Q7 2pQHp2/ J*b Bb BKTH2K2Mi2/
BM i?2 T�`�K2i2`b Q7 i?2 SGh, bHQT2 �M/ .SX

AM i?2 T`2b2Mi S?. i?2bBb- r2 T`QTQb2 �M/ /2p2HQT �M Q#D2+iBp2 K2i?Q/ 7Q`
2ti`�+iBM; SGhb 7`QK ρ@S.6 �M/ N @S.6 BM a6_bX h?2 K2i?Q/ Bb #�b2/ QM �

"mH;�`B�M �bi`QMQKB+�H CQm`M�H 9k- kyk8
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GX J�`BMFQp�

bi�iBbiB+�H �TT`Q�+? iQ Q#i�BM T`2bmK2/ TQr2`@H�r �TT`QtBK�iBQMb Q7 � T�`i Q7
/�i� /Bbi`B#miBQM /2p2HQT2/ #v *H�mb2i- a?�HBxB � L2rK�M UkyyNV �M/ oB`F�`
� *H�mb2i UkyR9V- rBi? SGh bHQT2 �M/ .S #2BM; /2i2`KBM2/ bBKmHi�M2QmbHvX

AM *?�Ti2` k r2 #`B2~v +QKK2Mi QM Qi?2` mb2/ �TT`Q�+?2b iQ 2ti`�+i
� SGh �M/ DmbiB7v i?2 M22/ Q7 � K2i?Q/ 7Q` `2HB�#H2 /2`Bp�iBQM Q7 i?2 SGh
T�`�K2i2`b- BM/2T2M/2Mi QM �bbmKTiBQMb �#Qmi i?2 K�BM S.6 T�`i Q` � +?Qb2M
#BMMBM; b+?2K2X q2 T`QTQb2 �M �/�Ti2/ K2i?Q/ U�JV #SH7Bi Uo2Hi+?2p 2i
�HX- kyRNV �M/ b?Qr Bib `2HB�#BHBiv r?2M �TTHB2/ iQ MmK2`B+�H /�i� 7Q` a6_b �i
;�H�+iB+ U∼yX8 FT+c aAG**V �M/ �i +HmKT b+�H2b BM J*b U.yX8 T+c >_A:hVX
h?2 K2i?Q/öb b2MbBiBpBiv iQ � +?Qb2M K�T 7`�K2 Q` iQ i?2 +?QB+2 Q7 BbQ+QMiQm`
iQ /2HBM2�i2 +HQm/b 7`QK i?2 aAG** bBKmH�iBQMb Bb �HbQ BMp2biB;�i2/ UJ�`BMFQp�
2i �HX- kyky�VX h?2 `2bmHib �`2 +QKT�`2/ rBi? i?Qb2 Q#i�BM2/ 7Q` i?2 2MiB`2
bBKmH�iBQM +m#2X AM *?�Ti2` j i?2 �J #SH7Bi Bb 2H�#Q`�i2/ 7m`i?2` iQ /2i2+i
� b2+QM/ SGh UB7 T`2b2MiV rBi? � /Bz2`2Mi bHQT2 BM i?2 `�M;2 Q7 p2`v ?B;?2`
/2MbBiB2bX h?2 K2i?Q/ r�b i2bi2/ QM �M�HviB+�H /�i� iQ �bb2bb Bib 2z2+iBp2M2bb
�M/ r�b bm#b2[m2MiHv mb2/ 7Q` �M�HvbBb Q7 ρ@S.6 7`QK MmK2`B+�H /�i� �i b+�H2b
Q7 ivTB+�H H�`;2 +HmKTb �M/ i?2 N @S.6 7`QK >2`b+?2H Q#b2`p�iBQMbX

h?2 +QM+Hm/BM; *?�Ti2` 9 bmKK�`Bx2b i?2 K�BM `2bmHib �b 7QHHQrb,

� 1pQHmiBQM Q7 i?2 SGh T�`�K2i2`b, h?2 SGh bHQT2b Q7 ρ@S.6 BM H�i2 bi�;2b
Q7 J*b 2pQHmiBQM i2M/ iQ q ∼ −1.5- 7Q` #Qi? aAG** �M/ >_A:h /�i�X PM
i?2 Qi?2` ?�M/- i?2 SGhb Q7 N @S.6 Q#i�BM2/ 7`QK >2`b+?2H Q#b2`p�iBQMb
?�p2 bHQT2b −2 ≤ n ≤ −4X

� �M�HvbBb Q7 N @S.6 BM ;B�Mi J*b �i �/p�M+2/ 2pQHmiBQM�`v bi�;2, hrQ J*b
�`2 +?Qb2M BM �`2�b Q7 BM+`2�b2/ `2bQHmiBQM 7`QK aAG** bBKmH�iBQMb- �HHQr@
BM; iQ �bb2bb TQbbB#H2 #QmM/�`v 2z2+ib QM i?2 SGh T�`�K2i2`b 7`QK i?2
+?Qb2M �`2� /2HBM2�iBQMX 6Q` i?Bb Tm`TQb2- i?2 SGh 2pQHmiBQM r�b 7QHHQr2/
#v mb2 Q7 irQ /Bz2`2Mi �TT`Q�+?2b, RV BKTQbBM; 9 `2+i�M;mH�` 7`�K2b Q7
BM+`2�bBM; bBx2- 2M+QKT�bbBM; i?2 b2H2+i2/ :J*b �M/ i?2 HQr /2MbBiv ;�b
BM i?2B` BKK2/B�i2 pB+BMBivc �M/ kV rBi?BM �M BbQ+QMiQm` /2}M2/ #v � HQr2`
HBKBi Q7 N i?�i Bb H2bb i?�M i?2 �p2`�;2 .S /2i2`KBM2/ 7`QK SGh �M�HvbBb
/QM2 �i RVX h?2 Q#i�BM2/ SGh T�`�K2i2`b BM �HH `2+i�M;mH�` 7`�K2b- �i �
;Bp2M 2pQHmiBQM�`v bi�;2- �`2 p2`v bBKBH�`X h?Bb K2�Mb i?�i i?2 HQr@/2MbBiv
>2 HQ+�i2/ QmibB/2 i?2 K�BM }H�K2Mib Q7 i?2 ;B�Mi J*b /Q2b MQi +QMi`B#mi2
iQ i?2 SGh `�M;2X h?2 SGh bHQT2 Q7 i?2 N @S.6 BM i?2 BbQ+QMiQm` `2K�BMb
�HKQbi +QMbi�Mi BM iBK2 Un ≥ −1.2V, Km+? b?�HHQr2` i?�M 2tT2+i2/ 7`QK
i?2Q`2iB+�H bim/B2b Q7 b2H7@;`�pBi�iBM; J*b Un ∼ −2V- �b r2HH 7`QK Q#b2`@
p�iBQMb Q7 a6_bX SQbbB#H2 2tTH�M�iBQM, i?2 SGh 2pQHmiBQM Q7 >2 /Q2b MQi
M2+2bb�`BHv 7QHHQr i?2 b�K2 T�ii2`M HBF2 i?2 QM2 Q#i�BM2/ 7`QK K�Tb Q7 i?2
iQi�H UKQH2+mH�` �M/ �iQKB+V ;�b Uo�x[m2x@a2K�/2MB- kyRyVX

� 1ti`�+iBQM Q7 � b2+QM/ SGh UJ�`BMFQp� 2i �HX- kykRV, h?2 B/2� Bb #�b2/ QM
i?2 /2T2M/2M+2 Q7 i?2 SGh T�`�K2i2`b QM i?2 +?Qb2M HQr2` +miQz Q7 i?2
/Bbi`B#miBQMc p�`vBM; i?Bb HBKBi- QM2 Bb �#H2 iQ /2i2+i irQ /Bz2`2Mi SGhbX
h?2 2ti`�+i2/ b2+QM/ SGh Kmbi bT�M �i H2�bi QM2 Q`/2` Q7 K�;MBim/2- rBi?
bHQT2 r?B+? /Bz2`b #v ≥ 0.4 7`QK i?2 QM2 Q7 i?2 }`bi SGhX AM �HH #mi QM2
bim/B2/ +�b2b 7`QK >_A:h irQ SGhb r2`2 /2i2+i2/ � i?2 b2+QM/ QM2 Bb
~�ii2`- rBi? q ∼ −1X h?2b2 `2bmHib �`2 BM ;QQ/ �;`22K2Mi rBi? 2tT2+i�@
iBQMb 7`QK MmK2`B+�H UE`BibmF- LQ`K�M � q�;M2`- kyRRV �M/ i?2Q`2iB+�H
U:B`B+?B/Bb 2i �H- kyR9V bim/B2bX q2 �HbQ �TTHB2/ i?2 M2r �J #SH7Bi iQ
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�M�HvbBb Q7 i?2 T`Q#�#BHBiv /2MbBiv /Bbi`B#miBQM BM bi�`@7Q`KBM; +HQm/b

Q#b2`p�iBQM�H /�i� 7Q` b2p2`�H `2;BQMb Q7 �+iBp2 bi�` 7Q`K�iBQM Q#i�BM2/ #v
>2`b+?2H UJ�`BMFQp� 2i �HX- kyky#VX

�TTHvBM; i?2 �J #SH7Bi iQ ρ@S.6 Q` N @S.6 7`QK ?B;?@`2bQHmiBQM Mm@
K2`B+�H bBKmH�iBQMb Q`f�M/ Q#b2`p�iBQMb Q7 a6_b +�M 2Hm+B/�i2 i?2 T?vbB+�H
+QM/BiBQMb BM i?2 /2Mb2bi bm#bi`m+im`2b Q7 2pQHp2/ J*bX

_272`2M+2b

"�HH2bi2`Qb@S�`2/2b- CX- >�`iK�MM- GX- o�x[m2x@a2K�/2MB- 1X- >2Bib+?- 6X- w�KQ`�@�pBH2b-
JX- kyRR- JL_�a- 9RR- e8

"m`F?�`i- "X- ai�HT2b- EX- *QHHBMb- .X *X- kyRd- �TC- 3j9- R
*H�mb2i- �X- a?�HBxB- *X _X- L2rK�M- JX 1X CX- kyyN- aA�J _2pX- 8R- LQX 9- eeR
:B`B+?B/Bb SX- EQMbi�M/BM GX- q?BirQ`i? �X SX- EH2bb2M- _X aX- kyR9- �TC- d3R- NR
>2v2`- JX- � "`mMi- *X- kyy9- �TC- eR8- G98
EH2bb2M _X- kyyy- �TC- 8j8- 3eN
E`BibmF- �X- LQ`K�M- JX- � q�;M2`- _X- kyRR- �TC- dkd- Gky
G�`bQM- _X- RN3R- JL_�a- RN9- 3yN
J�`BMFQp�- GX- o2Hi+?2p- hX- :B`B+?B/Bb- S?X- .QMFQp- aX- kykR- �L- j9k- 3N3
J�`BMFQp�- GX- o2Hi+?2p- hX- ai�M+?2p- PX- .QMFQp- aX- kyky�- "�C- jj- e9
J�`BMFQp�- GX- o2Hi+?2p- hX- ai�M+?2p- PX- .QMFQp- aX- kyky#- Sm#X Q7 �bi`X aQ+X ó_m/D2`

"QbFQpB+ô- S`Q+22/BM;b Q7 i?2 Rki? a"�*- 2/bX GX SQTQpB+- oX a`2+FQpB+- JX .BKBi`BD2pB+-
�X EQp�+2pB+- TTX 8R@ey

S�/Q�M- SX- LQ`/HmM/- �X- CQM2b- "X- RNNd- JL_�a- k33- R98
a+?M2B/2`- LX- �M/`2- S?X- EQMvp2b- oX- "QMi2KTb- aX- JQii2- 6X- 62/2``�i?- *X- q�`/@

h?QKTbQM- .X- kyRj- �TC- dee- Rd
a+?M2B/2`- LX- "QMi2KTb- aX- :B`B+?B/Bb- SX- 2i �HX kyR8- JL_�a- 98j- G9R
o�x[m2x@a2K�/2MB- 1X- RNN9- �TC- 9kj- e3R
o�x[m2x@a2K�/2MB- 1X- :¦K2x- :X- C�TTb2M- �X- "�HH2bi2`Qb@S�`2/2b- CX- :QMx�H2x- _X-

EH2bb2M- _X aX- kyyd- �TC- e8d- 3dy
o�x[m2x@a2K�/2MB- 1X- kyRy- BM EQi?2b- _X- G�M/2+F2`- hX- qBHHBb- �X- �aS *QM7X a2`X oQHX

9j3- h?2 .vM�KB+ AMi2`bi2HH�` J2/BmK, � *2H2#`�iBQM Q7 i?2 *�M�/B�M :�H�+iB+ SH�M2
am`p2vX �bi`QMX aQ+X S�+X- a�M 6`�M+Bb+Q- TX 3j

o2Hi+?2p- hX- - .QMFQp- aX- EH2bb2M- _X aX- kyRe- JL_�a- 98N- k9jkc
o2Hi+?2p- hX- Pbb2MFQT7@PF�/�- oX- ai�M+?2p- PX- a+?M2B/2`- LX- .QMFQp- aX-EH2bb2M- _X aX-

kyR3- JL_�a- 9d8- kkR8
o2Hi+?2p- hX- :B`B+?B/Bb- S?X- .QMFQp- aX- a+?M2B/2`- LX- ai�M+?2p- PX- J�`BMFQp�- GX- a2B7`B2/-

.X- EH2bb2M- _X aX- kyRN- JL_�a- 93N- d33c
oB`F�` uX- *H�mb2i �X- kyR9- �MM�Hb Q7 �TTHX ai�iX- pQHX 3- LQX R- 3N
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