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�m
�̃
0
1
> 10 :2oX 6`QK i?2 w@rB/i?

r2 +�M Q#i�BM i?2 KQ/2H BM/2T2M/2Mi HBKBi m⌫̃ > 44.7 :2oX

Ç L2mi`�HBMQ, h?2 HBKBi m
�̃
0
1
> 46 :2o U.1GS>A kyyjV ?�b #22M /2`Bp2/ 7`QK i?2 /B`2+i

b2�`+?2b 7Q` �̃0

1
�̃0

2
�M/ �̃0

2
�̃0

2
X h?Bb �bbmK2b ;�m;2 +QmTHBM; mMB}+�iBQM �M/ � +QKKQM
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m0 �M/ m1/2 �M/ mbBM; KmHiBTH2 /B`2+i b2�`+? +?�MM2Hb 7`QK T`Q/m+iBQM Q7 +?�`;BMQb-
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dXj amT2`bvKK2i`v �i ?�/`QM +QHHB/2`b
aBM+2 i?2 T�`iB+H2b +QHHB/2/ �i ?�/`QM +QHHB/2`b UT`QiQMb �M/ Qi?2` Mm+H2BV �`2 ?2�pB2` i?2v �`2
MQi �b bmb+2TiB#H2 iQ HQQbBM; 2M2`;v i?`Qm;? #`2Kbbi`�?HmM; �b i?2 HB;?i H2TiQMbX h?mb i?2v
+�M KQ`2 `2�/BHv #2 �++2H2`�i2/ BM � +B`+mH�` +QHHB/2` rBi? T2`BQ/B+ �++2H2`�iBQMX >Qr2p2`-
i?Bb K�bb #Qi? K2�Mb i?�i HBM2�` +QHHB/2`b �`2 BM�TT`QT`B�i2 bBM+2 i?2 �++2H2`�iBQM Bb bK�HH2`
7Q` i?2 b�K2 �TTHB2/ }2H/b- �M/ i?�i Bi Bb KQ`2 /B{+mHi iQ bi22` i?2 ?�/`QMb BM � +B`+mH�`
Q`#BiX h?mb i?2 2M2`;v �p�BH�#H2 �i � ?�/`QM +QHHB/2` Bb HBKBi2/ #v i?2 bi`2M;i? Q7 i?2 #2M/BM;
K�;M2ibX

lT iQ kyyN i?2 ?B;?2bi 2M2`;v ?�/`QM +QHHB/2` r�b i?2 h2p�i`QM #�b2/ �i 62`KBH�# QmibB/2
Q7 *?B+�;Q- i?�i +QHHB/2/ T`QiQMb �M/ �MiB@T`QiQMb �i p

s = 1.96 h2oX h?2 +m``2Mi `2+Q`/
Bb ?2H/ #v i?2 G�`;2 >�/`QM *QHHB/2` UG>*V �i *1_L- +QHHB/BM; T`QiQMb �i � iQT 2M2`;v Q7
p
s = 13 h2oX8
aBM+2 � T`QiQMĜT`QiQM +QHHB/2` KQbiHv +QHHB/2b T�`iQMb- i?2 [m�`Fb �M/ ;HmQMb BMbB/2 i?2

T`QiQMb- �M/ bBM+2 i?2 bi`QM; +QmTHBM; Bb H�`;2- i?Bb K2�Mb i?�i r2 +�M ;2i H�`;2 +`Qbb b2+iBQMb
�M/ TQi2MiB�HHv K�Mv 2p2Mib 7Q` Z*. +?�`;2/ bT�`iB+H2b- BX2X b[m�`Fb �M/ ;HmBMQb- T`QpB/2/
i?2B` K�bb2b �`2 HQr 2MQm;?X *`Qbb b2+iBQMb 7Q` T�`iB+H2b i?�i ?�p2 QMHv 2H2+i`Qr2�F +?�`;2b
UbH2TiQMb- 2H2+i`Qr2�FBMQb- >B;;b #QbQMbV �`2 2tT2+i2/ iQ #2 +QMbB/2`�#Hv bK�HH2`- ?Qr2p2`-
i?2b2 bT�`iB+H2b �`2 �HbQ 2tT2+i2/ iQ #2 HB;?i2`X h?2 #�H�M+2 #2ir22M i?2b2 7�+iQ`b K2�Mb i?�i
#Qi? ivT2b Q7 bT�`iB+H2b �`2 b2�`+?2/ 7Q`X

�b /Bb+mbb2/ 2�`HB2`- rBi? _@T�`Biv +QMb2`p�iBQM bT�`iB+H2b �`2 T`Q/m+2/ BM T�B`b �M/ #Qi?
/2+�v iQ i?2 GaSX AM 6B;X dX3 r2 b?Qr i?2 bT�`iB+H2 K�bb bT2+i`mK 7Q` � T�`iB+mH�` Kal:_�
#2M+?K�`F TQBMi +�HH2/ aSaR� i?�i ?�b m0 = 100 :2o- m1/2 = 250 :2o- A0 = �100 :2o-
tan� = 10 �M/ b;Mµ = + (kR)Xe "v T`Q/m+BM; i?2 b[m�`Fb Q` ;HmBMQb M2�` i?2 iQT Q7 i?2
K�bb bT2+i`mK BM � +QHHBbBQM r2 b22 i?�i r2 +�M ;2i K�Mv /Bz2`2Mi [mBi2 HQM; /2+�v +?�BMb-
+�HH2/ +�b+�/2bX q2 BHHmbi`�i2 bm+? �M 2p2Mi BM 6B;X dXNX

AM ?�/`QM +QHHBbBQMb i?2 KQK2Mi� Q7 i?2 BM+QKBM; T�`iQMb Bb mMFMQrM- bQ MQ +QKTH2i2 KQ@
K2MimK #�H�M+2 +�M #2 K�/2X >Qr2p2`- i?2 bmK Q7 i?2 KQK2Mi� BM i?2 /B`2+iBQM i`�Mbp2`b2

8h?2 G>* r�b /2bB;M2/ iQ QT2`�i2 �i p
s = 14 h2o- #mi ?�b ?�/ T`Q#H2Kb 7mHHv `2�+?BM; i?�i 2M2`;vX AM

i?2 M2ti `QmM/ Q7 i?2 G>* iQ bi�`i BM kykk- +�HH2/ _mM AAA- i?2 TH�M Bb iQ ;Q iQ p
s = 13.5 h2oX

eh?Bb #2M+?K�`F TQBMi Bb MQr [mBi2 QH/ �M/ +H2�`Hv 2t+Hm/2/ #v b2�`+?2b- #mi Bi biBHH b2`p2b �b � MB+2
BHHmbi`�iBQM Q7 i?2 FBM/ Q7 bT�`iB+H2 bT2+i`mK 2tT2+i2/ BM Kal:_� KQ/2HbX
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6B;m`2 dX3, amT2`bvKK2i`B+ T�`iB+H2 K�bb bT2+i`mK U+QHQm`2/ bQHB/ HBM2bV �M/ TQbbB#H2 /2+�v
+?�MM2Hb U/�b?2/ HBM2bV 7Q` i?2 aSaR� #2M+?K�`F TQBMiX PMHv /2+�vb rBi? #`�M+?BM; `�iBQMb
�#Qp2 8W �`2 b?QrMX h?2 HBM2 QT�+Biv BM/B+�i2b `2H�iBp2 #`�M+?BM; `�iBQbX h?Bb THQi r�b
;2M2`�i2/ mbBM; SvaG>� jXyXR (kk)X

iQ i?2 #2�K /B`2+iBQM Bb x2`QX h?mb rBi? 2b+�TBM; GaSb r2 +�M Q#b2`p2 KBbbBM; i`�Mbp2`b2
2M2`;v- /ET Q` EKBbb

T
- BX2X �M BK#�H�M+2 BM i?2 /B`2+iBQM�H bmK Q7 �HH 2M2`;v /2TQbBib i`�Mb@

p2`b2 iQ i?2 #2�K /B`2+iBQMX h?2 `2bi Q7 i?2 bB;M�H /2T2M/b QM r?B+? bT�`iB+H2b �`2 b2�`+?2/
7Q`X AM #`Q�/ i2`Kb i?Bb K2�Mb i?�i B7 b2�`+?BM; 7Q` ;HmBMQ Q7 b[m�`F T`Q/m+iBQM i?2M �i bQK2
TQBMi i?2 +�b+�/2 /2+�v Kmbi b?2/ +QHQm` +?�`;2 iQ �``Bp2 �i i?2 GaS- `2bmHiBM; BM ai�M/�`/
JQ/2H [m�`Fb Q` ;HmQMb i?�i ?�/`QMBb2 �M/ T`Q/m+2 D2ib BM i?2 /2i2+iQ` U?�/`QMB+ b?Qr2`bVX A7
BMbi2�/ b2�`+?BM; 7Q` 2H2+i`Qr2�FHv T`Q/m+2/ bT�`iB+H2b Q` >B;;b #QbQMb- QM2 mbm�HHv �bbmK2b
�M �#b2M+2 Q7 bB;MB}+�Mi D2i �+iBpBiv- �M/ BMbi2�/ HQQFb 7Q` H2TiQMb 7`QK i?2 /2+�vb Q7 i?2
bH2TiQMb Q` 2H2+i`Qr2�FBMQb- TQbbB#Hv i?`Qm;? p2+iQ` #QbQMbX

�i i?2 G>* i?2 ai�M/�`/ JQ/2H #�+F;`QmM/b �`2 Km+? KQ`2 bB;MB}+�Mi �M/ T`Q#H2K�iB+X
6Q` 2t�KTH2- �i /2bB;M HmKBMQbBiv i?2 G>* T`Q/m+2b �#Qmi Ry T�B`b Q7 iQT [m�`Fb T2` b2+QM/X
.m2 iQ i?2 iQT [m�`F /2+�v t ! bW+- `2bmHiBM; BM +?�`;2/ H2TiQMb �M/ TQi2MiB�H KBbbBM;
2M2`;v 7`QK M2mi`BMQb BM W /2+�vb- �b r2HH �b D2ib T`Q/m+2/ BM ?�/`QMB+ W /2+�vb �M/
7`QK i?2 b@[m�`Fb- i?Bb �HQM2 Bb � bB;MB}+�Mi #�+F;`QmM/ iQ K�Mv bmT2`bvKK2i`v b2�`+?2bX
6B;m`2 dXRy b?Qrb i?2 2tT2+i2/ #�+F;`QmM/b �M/ bB;M�Hb T`Q/m+2/ BM /Bz2`2Mi +?�MM2Hb �i i?2
p
s = 14 h2o G>* 7Q` /Bz2`2Mi �bbmK2/ T�`iB+H2 K�bb2bX PM2 +�M b22 i?�i 2p2M i?2 H�`;2bi

bmT2`bvKK2i`B+ +`Qbb b2+iBQMb i?�i r2 ;2i 7Q` b[m�`F �M/ ;HmBMQ T`Q/m+iBQM �`2 Q`/2`b Q7
K�;MBim/2 #2HQr i?2 ai�M/�`/ JQ/2H #�+F;`QmM/b 7Q` K�bb2b #2vQM/ 8yy :2oX

hQ +QT2 rBi? i?Bb +?�HH2M;2- i?2 b2�`+?2b /2}M2 FBM2K�iB+�H p�`B�#H2b i?�i �`2 /2bB;M2/
iQ b2T�`�i2 bmT2`bvKK2i`v 2p2Mib 7`QK ai�M/�`/ JQ/2H 2p2MibX 6Q` 2t�KTH2- b2�`+?BM; 7Q`
i?2 T`Q/m+iBQM Q7 b[m�`Fb �M/fQ` ;HmBMQb /2+�vBM; iQ i?2 GaS- QM2 2tT2+ib D2ib �M/ KBbbBM;
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6B;m`2 dXN, *�b+�/2 /2+�vb bi�`iBM; rBi? i?2 T`Q/m+iBQM Q7 � ;HmBMQ �M/ b[m�`F T�B` 7`QK �
;HmQMĜ[m�`F BMi2`�+iBQMX

2M2`;v 7`QK irQ GaSbX PM2 +�M i?2M /2}M2 i?2 2z2+iBp2 K�bb

Me↵ =
X

pD2i
T

+ /ET , UdXRkV

7`QK i?2 bmK Q7 i?2 i`�Mbp2`b2 KQK2MimK Q7 i?2 D2ib BM i?2 2p2Mi- pT - �M/ i?2 KBbbBM; 2M2`;vX
h?2 2tT2+i�iBQM Bb i?2M i?�i i?Bb Bb KQ`2 bB;MB}+�Mi BM b[m�`F �M/ ;HmBMQ T`Q/m+iBQM 2p2Mib
i?�M BM ai�M/�`/ JQ/2H 2p2Mib- bQ i?�i � ?B;? `2[mB`2K2Mi QM Me↵ `2/m+2b i?2 MmK#2`
Q7 #�+F;`QmM/ 2p2Mib rBi?Qmi bB;MB}+�MiHv `2KQpBM; 2p2Mib rBi? bT�`iB+H2bX h?Bb ?2HTb 7Q`
2t�KTH2 iQ +QK#�i tt̄ T`Q/m+iBQM #2+�mb2 i?2 D2i pT b BM i?Qb2 2p2Mib �`2 HBKBi2/ #v i?2
2M2`;v BM i?2 iQT [m�`F K�bb- r?BH2 i?2 KQ`2 K�bbBp2 b[m�`Fb �M/ ;HmBMQb rBHH ?�p2 ?B;?2`
D2i pT bX

>Qr2p2`- i?2`2 �`2 �HbQ KQ/2Hb r?2`2 i?Bb FBM/ Q7 �TT`Q�+? Bb BM2z2+iBp2X AK�;BM2 �
b+2M�`BQ r?2`2 QMHv i?2 HB;?i2bi biQT t̃1 Bb HB;?i 2MQm;? iQ #2 +QTBQmbHv T`Q/m+2/X A7 m

t̃1
�

m
�̃
0
1
< mW i?2M i?2 biQT rBHH /QKBM�MiHv /2+�v �b t̃1 ! c�̃0

1
Q` t̃1 ! bl⌫�̃0

1
- r?2`2 �HH }M�H

bi�i2 T�`iB+H2b ?�p2 `�i?2` HQr 2M2`;v UpT V- bQ@+�HH2/ bQ7i T�`iB+H2bX �b 7Q` i?2 /2;2M2`�i2
M2mi`�HBMQ b+2M�`BQ /Bb+mbb2/ �#Qp2- i?Bb Bb p2`v /B{+mHi iQ /Bb+Qp2` rBi? bi�M/�`/ i2+?MB[m2bX

�MQi?2` 2t�KTH2 Q7 i?2 mb2 Q7 FBM2K�iB+b Bb i?2 /Bbi`B#miBQM Q7 BMp�`B�Mi K�bb2bX AM
6B;X dXRR r2 b?Qr �M 2t�KTH2 Q7 irQ b2[m2MiB�H irQ@#Q/v /2+�vbX 1p2M B7 T�`iB+H2 A ?2`2 Bb
BMpBbB#H2- 7Q` 2t�KTH2 i?2 GaS- r2 +�M mb2 irQ pBbB#H2 /2+�v T`Q/m+ib a �M/ b iQ 7Q`K i?2
BMp�`B�Mi K�bb mabX PM2 +�M b?Qr i?�i i?2 /Bbi`B#miBQM 7Q` mab ?�b � i`B�M;mH�` b?�T2 rBi?
� b?�`T 2M/TQBMi �i i?2 K�tBKmK
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, UdXRjV

r?2`2 r2 ?�p2 �bbmK2/ i?�i a �M/ b �`2 K�bbH2bbXd h?Bb +�M #2 mb2/ #Qi? iQ b2H2+i 2p2Mib i?�i
TQi2MiB�HHv ?�p2 bmT2`bvKK2i`B+ T�`iB+H2b BM i?2K /2T2M/BM; QM i?2 p�Hm2 Q7 i?2 BMp�`B�Mi

d� KQ`2 +QKTHB+�i2/ 2tT`2bbBQM +Qp2`b i?2 K�bbBp2 +�b2X



dXjX alS1_auJJ1h_u �h >�._PL *PGGA.1_a Ryj

6B;m`2 dXRy, SHQi Q7 i?2 2tT2+i2/ +`Qbb b2+iBQMb �M/ `�i2b 7Q` p�`BQmb T`Q+2bb2b �i i?2 p
s =

14 h2o G>* THQii2/ �;�BMbi i?2 K�bb Q7 i?2 T�`iB+H2b- �bbmKBM; i?2 /2bB;M }M�H HmKBMQbBiv Q7
i?2 G>* U`�i2 Q7 /�i� i�FBM;VX h?2 +m``2Mi _mM AA Q7 i?2 G>* ?�b +QHH2+i2/ �`QmM/ R9y 7#�1

Q7 /�i�- bQ i?2 HQr2bi TQBMi QM i?2 +`Qbb b2+iBQM �tBb BM/B+�i2b i?�i O(1) 2p2Mib �`2 2tT2+i2/
iQ ?�p2 #22M T`Q/m+2/ #v MQrX

K�bb- �M/ iQ /2i2`KBM2 `2H�iBQMb?BTb #2ir22M i?2 bT�`iB+H2 K�bb2bX AM 6B;X dXRk r2 b?Qr �
bBKmH�iBQM Q7 i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM Q7 irQ QTTQbBi2@bB;M b�K2@~�pQm` UPaa6V H2TiQMb
m`` 7`QK i?2 T`Q/m+iBQM Q7 �̃0

2
�M/ Bib /2+�v +?�BM �̃0

2
! `± ˜̀⌥

R
! `±`⌥�̃0

1
X

�b �Hi2`M�iBp2b iQ i?2b2 bi�M/�`/ b2�`+?2b 7Q` T�B` T`Q/m+2/ bT�`iB+H2b rBi? KBbbBM; 2M2`;v
i?2`2 �`2 QM;QBM; b2�`+?2b 7Q` /2+�vBM; GaSb r?2M _@T�`Biv Bb pBQH�i2/- Q` i?2 T`Q/m+iBQM Q7
bBM;H2 bT�`iB+H2bX3 h?2`2 Bb �HbQ i?2 TQbbB#BHBiv Q7 K�bbBp2 K2i�bi�#H2 +?�`;2/ T�`iB+H2b
UJJ*SbV- ivTB+�HHv BM b+2M�`BQb rBi? � ;`�pBiBMQ GaS- r?2`2 i?2 M2ti@iQ@HB;?i2bi bmT2`bvK@
K2i`B+ T�`iB+H2 ULGaSV Bb +?�`;2/ �M/ HQM;@HBp2/ #2+�mb2 i?2 /2+�v iQ i?2 ;`�pBiBMQ Bb pB� �
p2`v r2�F ;`�pBi�iBQM�H +QmTHBM;X h?2 H�ii2` �HbQ BM+Hm/2b bQ@+�HH2/ _@?�/`QMb B7 i?2 LGaS
?�b +QHQm` +?�`;2- r?B+? K2�Mb i?�i Bi rBHH ?�/`QMBb2 �7i2` T`Q/m+iBQM �M/ #2 � b?Q`i@HBp2/
#mi p2`v K�bbBp2 K2bQM Q` #�`vQMX q2 b?QmH/ �HbQ K2MiBQM i?2 b2�`+?2b 7Q` i?2 2ti`� >B;;b

3aBM;H2 bT�`iB+H2 T`Q/m+iBQM �i i?2 G>* `2[mB`2b `�i?2` H�`;2 _@T�`Biv pBQH�iBM; +QmTHBM;b 7Q` i?2 LQD̄ Q`
ŪD̄D̄ QT2`�iQ`b- Q7 i?2 Q`/2` Q7 � > 10�2X
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6B;m`2 dXRk, AMp�`B�Mi K�bb /Bbi`B#miBQM Q7 QTTQbBi2 bB;M b�K2 ~�pQm` UPaa6V /BH2TiQMb 7Q`
i?2 Kal:_� #2M+?K�`F KQ/2H TQBMi aSaR� (kj)X

bi�i2b T`2/B+i2/ BM i?2 JaaJXN

dX9 *m``2Mi #QmM/b QM bT�`iB+H2 K�bb2b
h?2 G>* ?�b }MBb?2/ Bib _mM AA �M/ +QHH2+i2/ � iQi�H Q7 �`QmM/ R9y 7#�1 Q7 /�i� T2` 2t@
T2`BK2Mi �i p

s = 13 h2o Q7 2M2`;vX Ai Bb +m``2MiHv T`2T�`BM; 7Q` _mM AAA iQ bi�`i BM kykkX
.B`2+i #QmM/b 7`QK i?2 G>* 2tT2`BK2Mib �hG�a �M/ *Ja MQr bmT2`b2/2 #QmM/b 7`QK
Qi?2` +QHHB/2`b Uh2p�i`QM �M/ G1SV BM �HKQbi �HH +?�MM2Hb- rBi? bQK2 2t+2TiBQMb 7Q` KQ/2Hb

N"mi r2 /QMǶi `2�HHv ?�p2 iBK2X
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6B;m`2 dXRj, SHQi Q7 i?2 2t+Hm/2/ �`2� BM i?2 m1/2@m0 TH�M2 Q7 i?2 Kal:_� T�`�K2i2` bT�+2
7Q` tan� = 30- A0 = �2m0 �M/ µ > 0 7Q` b2�`+?2b mbBM; KBbbBM; 2M2`;v �M/ D2ibX h?2 HBKBi
Bb i?2 `2/ HBM2X h?2 ;`22M �`2� Bb i?2Q`2iB+�HHv 7Q`#B//2M #2+�mb2 Bi ?�b � +?�`;2/ GaS Ui?2
bi�mV (k9)X

rBi? /2;2M2`�i2 K�bb2bX h?2 #2HQr HBKBib �`2 KQbiHv HBKBib rBi? i?2 7mHH _mM AA /�i�b2i �M/
`2T`2b2Mi i?2 +m``2Mi bi�i2@Q7@�`i BM bT�`iB+H2 b2�`+?2bX q2 KQbiHv mb2 2t�KTH2b 7`QK �hG�a-
i?2 +Q``2bTQM/BM; THQib 7`QK *Ja �`2 p2`v bBKBH�`X

h?2 bi`QM;2bi +m``2Mi HBKBib BM i2`Kb Q7 K�bb �`2 QM i?2 ;HmBMQ �M/ b[m�`Fb bBKTHv #2+�mb2
Q7 i?2 H�`;2 T`Q/m+iBQM +`Qbb b2+iBQMbX aB;MB}+�Mi #QmM/b QM 2H2+i`Qr2�FBMQb �M/ bH2TiQMb
2tBbi- #mi i?2b2 �`2 2Bi?2` KQ/2H /2T2M/2Mi U/2T2M/ QM b[m�`Ff;HmBMQ K�bb �bbmKTiBQMb �M/
+�b+�/2 /2+�vbV- Q` r2�F2` B7 i?2 `2Hv QMHv QM 2H2+i`Qr2�F T`Q/m+iBQMX

dX9XR a[m�`Fb �M/ ;HmBMQb
AM 6B;X dXRj r2 b?Qr i?2 HBKBib 7`QK i?2 �hG�a 2tT2`BK2Mi QM i?2 Kal:_� KQ/2H mbBM;
b2�`+?2b 7Q` D2ib THmb KBbbBM; 2M2`;v rBi? �HH i?2 /�i� +QHH2+i2/ �i 3 h2oX h?2 Kal:_�
T�`�K2i2`b tan� �M/ A0 ?�p2 #22M +?Qb2M BM Q`/2` iQ ;Bp2 `2H�iBp2Hv H�`;2 >B;;b K�bb2b 7Q`
bK�HH p�Hm2b Q7 m1/2 �M/ m0X h?2 };m`2 �HbQ b?Qrb i?2 +Q``2bTQM/BM; }`bi �M/ b2+QM/ ;2M@
2`�iBQM b[m�`F K�bb2b- i?2 ;HmBMQ K�bb U#Qi? /Qi@/�b?2/ HBM2bV- �M/ i?2 >B;;b K�bb UTm`TH2V
7Q` i?2b2 T�`�K2i2` p�Hm2bX q2 i?2M ?�p2 i?2 7QHHQrBM; �TT`QtBK�i2 #QmM/b BM Kal:_�,
mq̃ > 1600:2o �M/ mg̃ > 1100:2oX "QmM/b QM i?2 Kal:_� bT�+2 /B`2+iHv ?�p2 MQi #22M
mT/�i2/ bBM+2 i?Bb THQiX

LQiB+2 i?�i BM i?2 };m`2 i?2 b[m�`F K�bb #QmM/ Bb KQ`2 Q` H2bb 2[mBp�H2Mi iQ i?2 K�bb
`2[mB`2/ 7Q` � bm{+B2MiHv ?2�pv >B;;b- i?mb i?2 /B`2+i b2�`+? /Q2b MQi +QMbi`�BM i?2 b[m�`Fb
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6B;m`2 dXR9, 1t+Hm/2/ `2;BQMb BM i?2 (mg̃,m�̃
0
1
) UH27iV �M/ (mq̃,m�̃

0
1
) U`B;?iV K�bb TH�M2b

mM/2` /Bz2`2Mi �bbmKTiBQMb QM i?2 /2+�vb Q7 i?2 ;HmBMQ �M/ b[m�`Fb (k8)X _272`2M+2b 7Q` i?2
BM/BpB/m�H �M�HvbBb ;Bp2M BM i?2 };m`2X

K�bb2b bB;MB}+�MiHv KQ`2 ?2`2 i?�M i?2 BM/B`2+i +QMbi`�BMi 7`QK i?2 >B;;b K�bbX
�M BKTQ`i�Mi [m2biBQM Bb ?Qr i?2b2 #QmM/b +?�M;2 �b r2 KQp2 �r�v 7`QK i?2 Kal:_�

�bbmKTiBQMbX AM Kal:_� i?2 `2bmHiBM; ;HmBMQ �M/ b[m�`F /2+�vb �`2 p2`v Km+? +QMbi`�BM2/
#v i?2 KQ/2HX 6Q` KQ`2 ;2M2`�H KQ/2Hb i?2 HBKBib /2T2M/ QM r?�i /2+�v +?�BMb �`2 /QKBM�MiX
AM 6B;X dXR9 r2 b?Qr +m``2Mi HBKBib BM i?2 ;HmBMQĜHB;?i2bi M2mi`�HBMQ �M/ b[m�`FĜHB;?i2bi
M2mi`�HBMQ K�bb TH�M2b mM/2` p�`BQmb �bbmKTiBQMb QM i?2 /2+�v +?�BM b?QrM BM /Bz2`2Mi
+QHQm`bX

6Q` i?2 ;HmBMQ i?2 KQbi KBMBK�H �bbmKTiBQM r2 +�M K�F2 Bb i?�i i?2 ;HmBMQ b?2/b Bib
�/DQBMi +QHQm` +?�`;2 BM i?2 /2+�v iQ irQ [m�`Fb Q7 i?2 }`bi Q` b2+QM/ ;2M2`�iBQM �M/ �
M2mi`�HBMQ- g̃ ! qq̄�̃0

1
- 2Bi?2` #v � /B`2+i i?`22@#Q/v /2+�v Q` pB� �M BMi2`K2/B�`v b[m�`F

U`2/ HBM2VX q2 i?2M ;2i HBKBib mT iQ mg̃ > 2300:2o mM/2` i?2 �bbmKTiBQM Q7 � p2`v HB;?i
M2mi`�HBMQX h?Bb HBKBi ;`�/m�HHv r2�F2Mb �b i?2 M2mi`�HBMQ K�bb BM+`2�b2b- �M/ /Bb�TT2�`b
#2vQM/ m

�̃
0
1
> 1000:2o 7Q` mg̃ > 1000:2oX 6Q` mg̃ < 1000:2o UMQi pBbB#H2 QM i?2 THQiV

KQbi Q7 i?2 T�`�K2i2` bT�+2 Bb 2t+Hm/2/- rBi? i?2 2t+2TiBQM i?�i � bK�HH bHBp2` `2K�BMb r?2M
mg̃ ' m

�̃
0
1
BM i?2 /2;2M2`�i2 b+2M�`BQX

6Q` i?2 }`bi irQ ;2M2`�iBQMb Q7 b[m�`Fb i?2 KQbi KBMBK�H /2+�v Bb q̃ ! q�̃0

1
X >2`2 i?2

#QmM/ U`2/V `2�+?2b iQ �`QmM/ mq̃ > 1800:2o 7Q` � HB;?i M2mi`�HBMQ- r?BH2 7Q` ?2�pB2` M2m@
i`�HBMQb i?2 #QmM/ /Bb�TT2�`b #2vQM/ m

�̃
0
1
> 700 � 800:2o 7Q` mq̃ > 800:2oX "2HQr �

b[m�`F K�bb Q7 �`QmM/ 3yy:2o KQbi Q7 i?2 T�`�K2i2` bT�+2 Bb 2t+Hm/2/- #mi r2 �;�BM HQb2
b2MbBiBpBiv r?2M i?2`2 Bb /2;2M2`�+v #2ir22M i?2 b[m�`F �M/ i?2 M2mi`�HBMQX >2`2 � b2�`+?
7Q` KQMQ@D2ib ?�b bQK2 BKT�+i BM +HQbBM; i?2 ;�T- r?B+? b?Qrb �b � bTBF2 BM i?2 2t+Hm/2/ `2@
;BQM #2ir22M 3yy �M/ Nyy:2o- ?Qr2p2`- /2bTBi2 TQQ` pBbB#BHBiv BM i?2 THQi- � p2`v /2;2M2`�i2
b[m�`FĜM2mi`�HBMQ T�B` Bb biBHH �HHQr2/ #2HQr 3yy:2oX

�M �//BiBQM�H �bbmKTiBQM K�/2 BM i?Bb THQi Bb i?�i �HH i?2 2B;?i b[m�`Fb Q7 i?2 }`bi
irQ@;2M2`�iBQMb �`2 /2;2M2`�i2 BM K�bb �M/ �//BM; iQ i?2 +`Qbb b2+iBQMX a?QmH/ QM2 b[m�`F
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6B;m`2 dXR8, SHQi Q7 i?2 2t+Hm/2/ �`2� BM i?2 Um
t̃1
-m

�̃
0
1
V K�bb TH�M2 (k8)X _272`2M+2b 7Q` i?2

BM/BpB/m�H �M�HvbBb ;Bp2M BM i?2 };m`2X

;2M2`�iBQM Q` ~�pQm` #2 bB;MB}+�MiHv HB;?i2` i?�M i?2 Qi?2`b i?Bb K2�Mb � 7m`i?2` `2/m+iBQM BM
i?2 T`Q/m+iBQM +`Qbb b2+iBQM �M/ i?mb � r2�F2` #QmM/X Ai Bb �HbQ 7�B`Hv +H2�` i?�i `2KQpBM; _@
T�`Biv- K2�MBM; i?�i i?2 GaS /2+�vb- �HbQ r2�F2Mb i?2 �#Qp2 +QM+HmbBQMb /m2 iQ i?2 TQbbB#H2
�#b2M+2 Q7 bB;MB}+�Mi KBbbBM; 2M2`;vX

dX9Xk aiQT

6Q` i?2 biQT i?2`2 �`2 K�Mv TQbbB#H2 +QKT2iBM; /2+�v +?�MM2Hb- K2�MBM; i?�i HBKBib b2i �`2
`�i?2` KQ/2H /2T2M/2MiX h?2 irQ K�BM /2+�v +�i2;Q`B2b 7Q` i?2 HB;?i2bi biQT �`2 /2+�vb pB�
i?2 +?�`;BMQ- t̃1 ! b�̃+

1
- � bmT2`bvKK2i`Bb2/ p2`bBQM Q7 i?2 ai�M/�`/ JQ/2H t ! bW+- �M/

/2+�vb /B`2+iHv iQ i?2 M2mi`�HBMQ t̃1 ! t�̃0

1
/bW �̃0

1
/bff 0�̃0

1
- r?2`2 ff 0 `2T`2b2Mib i?2 72`KBQMb

BM � W /2+�v- �M/ r?2`2 i?2 /QKBM�Mi /2+�v KQ/2 /2T2M/b QM i?2 biQTĜM2mi`�HBMQ K�bb
/Bz2`2M+2X aBM+2 i?2 +?�`;BMQ /2+�v Bb �HbQ ivTB+�HHv �̃+

1
! ff 0�̃0

1
- i?2 2tT2`BK2Mi�H bB;M�im`2

Q7 biQT T`Q/m+iBQM Bb bff 0�̃0

1
- � KBtim`2 Q7 KBbbBM; 2M2`;v- 72`KBQMb i?�i K�v 2Bi?2` #2 H2TiQMb

Q` `2bmHi BM D2ib- �M/ � b@[m�`F i?�i 7Q`Kb � D2i rBi? /BbiBM+i T`QT2`iB2b- +�HH2/ � b@D2iX
� bmKK�`v Q7 Ui?2 K�MvV �hG�a b2�`+?2b 7Q` i?2 biQT Bb 7QmM/ BM 6B;X dXR8 b?QrBM; HBKBib

BM i?2 (m
t̃1
,m

�̃
0
1
) K�bb TH�M2X h?2 /�b?2/ ;`2v HBM2b b?Qr i?2 `2;BQMb r?2`2 i?2 /Bz2`2Mi biQT

/2+�vb �`2 FBM2K�iB+�HHv TQbbB#H2X q2 Q#b2`p2 i?�i 7Q` HB;?i M2mi`�HBMQb i?2 HBKBi ;Q2b �HH i?2
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6B;m`2 dXRe, SHQi Q7 i?2 2t+Hm/2/ �`2� BM i?2 Um
l̃L,R

-m
�̃
0
1
V TH�M2 7Q` K�bb /2;2M2`�i2 `B;?i@

�M/ H27i@?�M/2/ bH2TiQMb Q7 /Bz2`2Mi ~�pQm`b (k8)X

r�v mT iQ m
t̃1

> 1250:2o- r?BH2 i?2`2 �`2 2bb2MiB�HHv MQ HBKBib 7Q` m
�̃
0
1
> 580:2oX �;�BM

/2;2M2`�i2 b+2M�`BQb ?�p2 r2�F2` #QmM/bX q?2M i?2 biQT �TT`Q�+?2b i?2 M2mi`�HBMQ THmb iQT
K�bb biQT K�bb2b /QrM iQ eyy:2o �`2 �HHQr2/X �M/- �;�BM MQi p2`v pBbB#H2- 7Q` � /2;2M2`�i2
biQTĜM2mi`�HBMQ i?2 HBKBi Bb pB`im�HHv MQM@2tBbi2MiX �b �M �//BiBQM�H +QKTHB+�iBQM- B7 i?2 biQTĜ
M2mi`�HBMQ K�bb /Bz2`2M+2 Bb #2HQr i?2 #QiiQK [m�`F K�bb- i?2 bi�M/�`/ biQT /2+�vb MQ HQM;2`
rQ`F �M/ i?2 ~�pQm` +?�M;BM; M2mi`�H +m``2Mi /2+�v t̃1 ! c�̃0

1
#2+QK2b /QKBM�MiX h?Bb /2+�v

?�b KmHiBTH2 biBHH QT2M i?2Q`2iB+�H [m2biBQMb- #Qi? �#Qmi i?2 TQi2MiB�HHv HQM; HB72iBK2 Q7 i?2
biQT BM i?Bb b+2M�`BQ- �M/ 2t�+iHv r?2`2 BM T�`�K2i2` bT�+2 i?Bb i`�MbBiBQM Q++m`bX

dX9Xj aH2TiQMb
h?2 K�bb #QmM/b QM bH2TiQMb rBHH #2 p2`v /2T2M/2Mi QM i?2 �bbmK2/ T`Q/m+iBQM K2+?�MBbKX
A7 i?2 bH2TiQMb �`2 T`Q/m+2/ BM/B`2+iHv BM +�b+�/2 /2+�vb 7`QK ?2�pB2` b[m�`Fb Q` ;HmBMQb i?2v
+QmH/ ?�p2 H�`;2 +`Qbb b2+iBQMb- ?Qr2p2`- i?2 KQbi KQ/2H BM/2T2M/2Mi #QmM/b +QK2 7`QK
�bbmKBM; QMHv /B`2+i 2H2+i`Qr2�F T�B` T`Q/m+iBQM i?`Qm;? � pB`im�H T?QiQM Q` ZX

h?2 `2bmHi 7Q` /2;2M2`�i2 `B;?i@ �M/ H27i@?�M/2/ +?�`;2/ bH2TiQMb 7`QK 2H2+i`Qr2�F T`Q@
/m+iBQM- �bbmKBM; /2+�vb rBi? RyyW #`�M+?BM; `�iBQ iQ i?2 HB;?i2bi M2mi`�HBMQ- �`2 b?QrM BM
6B;X dXReX h?2b2 HBKBib b2T�`�i2 #2ir22M b2H2+i`QM �M/ bKmQM T`Q/m+iBQM- �M/ bi�m T`Q/m+@
iBQMX h?2 7Q`K2` �`2 �bbmK2/ /2;2M2`�i2- �M/ ?�p2 bi`B+i2` #QmM/b i?�M i?2 bi�m- r?B+? Bb
?�`/2` iQ `2+QMbi`m+i /m2 iQ i?2 K�Mv /Bz2`2Mi TQbbB#H2 i�m /2+�vb BMpQHpBM; 2ti`� M2mi`B@



dX9X *l__1Lh "PlL.a PL aS�_hA*G1 J�aa1a RyN

6B;m`2 dXRd, SHQi Q7 i?2 2t+Hm/2/ �`2� BM i?2 Um
�̃
±
1 ,�̃

0
2
-m

�̃
0
1
V K�bb TH�M2 7Q` /Bz2`2Mi b2�`+?

bB;M�im`2b (k8)X h?Bb THQi �bbmK2b � /2;2M2`�i2 rBMQ@HBF2 �̃0

2
�M/ �̃±

1
�M/ � RyyW #`�M+?BM;

`�iBQ iQ i?2 ;Bp2M /2+�v +?�MM2HbX

MQbX 6Q` �HH bH2TiQM ~�pQm`b r2 b22 i?�i i?2`2 Bb � ;�T BM i?2 K�bb TH�M2 /QrM iQ p2`v HQr
K�bb2b r?2`2 MQ bH2TiQMb �`2 2t+Hm/2/- �HH i?2 r�v /QrM iQ K�bb2b #2HQr Ryy:2o r?2`2 i?2
G1S #QmM/ �TTHB2bX h?Bb Bb v2i �MQi?2` 2t�KTH2 Q7 i?2 T`Q#H2Kb rBi? /2;2M2`�+vX A7 i?2
bH2TiQMĜM2mi`�HBMQ K�bb /Bz2`2M+2 Bb �`QmM/ 8y:2o �M/ HQr2`- Bi #2+QK2b /B{+mHi iQ `2HB�#Hv
`2+QMbi`m+i i?2 bQ7i H2TiQMb 7`QK i?2 bH2TiQM /2+�v �M/ iQ b2T�`�i2 i?2K 7`QK i?2 Q`/BM�`v
ai�M/�`/ JQ/2H T�B` T`Q/m+iBQM Q7 H2TiQM T�B`bX

dX9X9 *?�`;BMQb �M/ M2mi`�HBMQb
�b 7Q` i?2 bH2TiQMb- #QmM/b �`2 /2T2M/2Mi QM i?2 T`Q/m+iBQM T`Q+2bb �bbmK2/X h?2 b2�`+?
7Q` /B`2+i 2H2+i`Qr2�F T�B` T`Q/m+iBQM Q7 i?2 HB;?i2bi M2mi`�HBMQ- �̃0

1
�̃0

1
- ?�b i?2 b�K2 T`Q#H2K

�b �i G1S- i?2 +QmTHBM; Bb p�MBb?BM;Hv bK�HH 7Q` � MQM@?B;;bBMQ �̃0

1
X h?Bb K2�Mb i?�i Bi Bb i?2

?2�pB2` M2mi`�HBMQb �M/ +?�`;BMQb i?�i �`2 ivTB+�HHv b2�`+?2/ 7Q`X >2`2 bQK2 +QMbB/2`�iBQMb
QM i?2 TQbbB#H2 K�bb2b ?B2`�`+?B2b +QK2 BMiQ TH�vX A7 i?2 HB;?i2bi M2mi`�HBMQ Bb /QKBM�MiHv #BMQ
�M/ i?2 M2ti@iQ@HB;?i2bi /QKBM�MiHv rBMQ UM1 < M2 < |µ|V i?2M i?2 �̃0

2
�M/ �̃±

1
bi�i2b �`2

/2;2M2`�i2 BM K�bb �M/ i?2 KQbi BKTQ`i�Mi b2�`+?2b rBHH #2 7Q` �̃0

2
�̃±
1
�M/ �̃+

1
�̃�
1
T`Q/m+iBQMXRy

h?2b2 i?2M /2+�v �b �̃0

2
! Z�̃0

1
Q` �̃0

2
! h�̃0

1
- �M/ �̃±

1
! W �̃0

1
- r?2`2 i?2 #QbQMb K�v #2 Qz@

b?2HH B7 i?2 K�bb /Bz2`2M+2 Bb bK�HHX h?Bb Bb i?2 b+2M�`BQ mbm�HHv +QMbB/2`2/ #v i?2 2tT2`BK2Mib-
BM T�`i #2+�mb2 rBMQb ;Bp2 i?2 H�`;2bi 2H2+i`Qr2�F T`Q/m+iBQM +`Qbb b2+iBQMbX

Ry�;�BM #2+�mb2 Q7 i?2 +QmTHBM; BM 1[X UdXRRV i?2 T`Q/m+iBQM Q7 � T�B` Q7 rBMQ@HBF2 �̃0
2�̃

0
2 Bb bmTT`2bb2/ �M/

i?2 +`Qbb b2+iBQM Bb bK�HHX
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q2 b?Qr i?2 +m``2Mi HBKBib �bbmKBM; /2;2M2`�i2 rBMQ@HBF2 bi�i2b �̃0
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