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.B2H2+i`QT?Q`2bBb Q7 S`Qi2BMb BM aQHmiBQM

J�ii?B�b >2v/2M∗-† �M/ .KBi`v oX J�ivmb?Qp∗-‡

†a+?QQH Q7 JQH2+mH�` a+B2M+2b- �`BxQM� ai�i2 lMBp2`bBiv- SP "Qt 3dRey9- h2KT2- �w

38k3d@Rey9

‡.2T�`iK2Mi Q7 S?vbB+b �M/ a+?QQH Q7 JQH2+mH�` a+B2M+2b- �`BxQM� ai�i2 lMBp2`bBiv- SP

"Qt 3dR8y9- h2KT2- �w 38k3d@R8y9

1@K�BH, K?2v/2MR!�bmX2/mc /KBi`vK!�bmX2/m
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�#bi`�+i

� MQMBQMB+ T�`iB+H2 TH�+2/ BM i?2 ;`�/B2Mi Q7 �M 2H2+i`B+ }2H/ 2tT2`B2M+2b i?2 /B2H2+@

i`QT?Q`2iB+ 7Q`+2 r?B+? b+�H2b HBM2�`Hv rBi? i?2 ;`�/B2Mi Q7 i?2 2H2+i`B+ }2H/ b[m�`2/X

h?2 T`QTQ`iBQM�HBiv +QMbi�Mi Bb i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv- � HBM2�` i`�MbTQ`i

+Q2{+B2MiX 6Q` T`Qi2BMb BM bQHmiBQM- Bi Bb KQbiHv �z2+i2/ #v irQ T�`�K2i2`b, i?2

b[m�`2/ /BTQH2 KQK2Mi �M/ i?2 +�pBiv bmb+2TiB#BHBiv �++QmMiBM; 7Q` +`Qbb@+Q``2H�iBQMb

Q7 i?2 T`Qi2BM /BTQH2 rBi? i?2 ?v/`�iBQM b?2HH UT`Qi2BM@r�i2` EB`FrQQ/ 7�+iQ`VX "Qi?

i?2b2 T�`�K2i2`b 2Mi2` i?2 /B2H2+i`B+ BM+`2K2Mi Q7 i?2 bQHmiBQM r?B+? 7mHHv bT2+B}2b i?2

/B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBivX h?2 HBMF #2ir22M i?2b2 irQ K2�bm`�#H2 T`QT2`iB2b Bb

T`Qp2M ?2`2 iQ ?QH/ mbBM; KQH2+mH�` /vM�KB+b bBKmH�iBQMb Q7 bQHp�i2/ T`Qi2BMbX h?2 /B@

2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv 7Q` T`Qi2BMb Bb BM i?2 `�M;2 Q7 104- bB;MB}+�MiHv 2t+22/BM;

i`�/BiBQM�H 2biBK�i2b HBKBiBM; Bi iQ p�Hm2b #2HQr mMBivX S�`i Q7 i?Bb H�`;2 K�;MBim/2 Q7

i?2 /B2H2+i`QT?Q`2iB+ `2bTQMb2 Bb i?2 +�pBiv bmb+2TiB#BHBiv Q7 i?2 T`Qi2BM@r�i2` BMi2`7�+2-

r?B+? bB;MB}+�MiHv 2t+22/b /B2H2+i`B+ 2biBK�i2bX h?2 bim/v �M�Hvx2b HQ+�H }2H/b BMbB/2

i?2 T`Qi2BM BM i2`Kb Q7 i?2 `2�+iBQM@}2H/ �M/ /B`2+iBM;@}2H/ +QKTQM2MibX q2 }M/ i?�i

i?2 HQ+�H }2H/ 2t+22/b i?2 2ti2`M�H }2H/ #v � bm#bi�MiB�H 7�+iQ` /2b+`B#2/ #v i?2 HQ+�H

}2H/ bmb+2TiB#BHBivX h?2 2H2+i`B+ }2H/ T`Q/m+2/ #v r�i2` BMbB/2 i?2 T`Qi2BM Bb `2i�`/2/

#v jĜ9 Q`/2`b Q7 K�;MBim/2 +QKT�`2/ iQ i?2 #mHFX

AMi`Q/m+iBQM

.B2H2+i`QT?Q`2bBb /2b+`B#2b � b2i Q7 T?2MQK2M� `2H�i2/ iQ K�MBTmH�iBQM Q7 2Bi?2` +?�`;2/

Q` mM+?�`;2/ T�`iB+H2b rBi? i?2 ;`�/B2Mi Q7 i?2 2H2+i`B+ }2H/XR-k h?2 /B2H2+i`QT?Q`2iB+ 7Q`+2

7.1S �+iBM; QM � T�`iB+H2 Bb T`QTQ`iBQM�H iQ i?2 ;`�/B2Mi Q7 i?2 }2H/ b[m�`2/X h?2 K�BM

+?�HH2M;2 7Q` K2�bm`2K2Mib �M/ i?2Q`v Bb iQ /2i2`KBM2 i?2 T`QTQ`iBQM�HBiv +QMbi�Mi- i?2

/B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv χ.1S

7.1S = ϵ0χ.1S∇E2 URV

k
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r?2`2 ϵ0 ≃ 8.854× 10−12 U6fKV Bb i?2 p�+mmK T2`KBiiBpBivX

6Q` � T�`iB+H2 pB2r2/ �b � /B2H2+i`B+ Q#D2+i- i?2`2 Bb MQ bi�iBQM�`v /BTQH2 �bbQ+B�i2/ rBi?

Bi B7 i?2 K�i2`B�H Bb T�`�2H2+i`B+X h?2 /BTQH2 KQK2Mi Bb BM/m+2/ #v i?2 }2H/X AM +QMi`�bi- �

72``Q2H2+i`B+ /QK�BM +�``B2b �M Qp2`�HH /BTQH2 KQK2Mi- 2p2M i?Qm;? i?2 /QK�BM /BTQH2b +�M

+�M+2H Qmi r?2M `�M/QKHv Q`B2Mi2/ BM � K�+`Qb+QTB+ K�i2`B�HX 6Q` � T�`�2H2+i`B+ K�i2`B�H-

i?�i ?�b MQ bi�iBQM�`v /BTQH2- i?2 bmb+2TiB#BHBiv χ.1S b+�H2b HBM2�`Hv rBi? i?2 pQHmK2 Q7 i?2

T�`iB+H2 Q` �b i?2 +m#2 Q7 Bib 2z2+iBp2 `�/Bmb R0

χ.1S ∝ R3
0 UkV

h?2 /B2H2+i`B+ T`QT2`iB2b Q7 i?2 T�`iB+H2 2Mi2` i?2 bmb+2TiB#BHBiv i?`Qm;? i?2 2H2+i`Qbi�iB+

#QmM/�`v@p�Hm2 T`Q#H2Kj �M/ �`2 mbm�HHv `2T`2b2Mi2/ #v i?2 *H�mbBmb@JQbbQiiB 7�+iQ`R Ub22

#2HQrVX h?2 HBM2�` b+�HBM; rBi? i?2 pQHmK2 +�M #2 mM/2`biQQ/ #v pB2rBM; i?2 T�`iB+H2 �b

� +QHH2+iBQM Q7 N BM/BpB/m�H /BTQH2b- r?B+? +�M #2 �HB;M2/ �HQM; i?2 2ti2`M�H }2H/X h?2

iQi�H BM/m+2/ /BTQH2- r?B+? mHiBK�i2Hv /2i2`KBM2b i?2 Qp2`�HH 7Q`+2- Bb i?2 bmK Q7 BM/BpB/m�H

/BTQH2b r?B+? �`2 QM �p2`�;2 �HB;M2/ �HQM; i?2 }2H/X

+ -

M0

z

E = E0/ϵs

E = E0

E0

6B;m`2 R, a+?2K�iB+ /`�rBM; Q7 � T`Qi2BM BM bQHmiBQM TH�+2/ BM i?2 mMB7Q`K }2H/ Q7 � TH�M2 +�T�+BiQ`X
h?2 }2H/ Q7 2ti2`M�H +?�`;2b �i i?2 TH�i2b Q7 i?2 +�T�+BiQ` Bb E0 �M/ i?2 iQi�H UJ�tr2HHV }2H/ BMbB/2
i?2 +�T�+BiQ` Bb EX h?2 J�tr2HH }2H/ �M/ i?2 }2H/ Q7 2ti2`M�H +?�`;2b �`2 +QMM2+i2/ i?`Qm;? i?2
/B2H2+i`B+ +QMbi�Mi E = E0/ϵs- r?2M i?2 2ti2`M�H }2H/ Bb �TTHB2/ T2`T2M/B+mH�` iQ i?2 bH�#X h?2
#QmM/�`v +QM/BiBQMb `2[mB`2 E = E0- r?2M i?2 2ti2`M�H }2H/ Bb T�`�HH2H iQ i?2 bH�#- r?B+? ivTB+�HHv
�TTHB2b iQ HB;?i �#bQ`TiBQMX

j
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h?Bb HBM2 Q7 i?Qm;?i- KQbiHv mb2/ r?2M +QMbB/2`BM; T�`iB+H2b QM i?2 KB+`QK2i2` H2M;i?

b+�H2- M22/b KQ/B}+�iBQM r?2M KQH2+mH�` Q#D2+ib �`2 +QMbB/2`2/X9 � KQH2+mH2 ivTB+�HHv +�``B2b

�M �bvKK2i`B+ /Bbi`B#miBQM Q7 +?�`;2 �M/ +�M #2 �bbB;M2/ � T2`K�M2Mi /BTQH2 KQK2MiX Ai

+�M i?mb #2 pB2r2/ �b � 72``Q2H2+i`B+ /QK�BM 7`QK i?2 pB2rTQBMi Q7 K�i2`B�Hb b+B2M+2X h?2

M�``Qr /2}MBiBQM Q7 /B2H2+i`QT?Q`2bBb �b K�MBTmH�iBQM Q7 MQMTQH�` K�i2`B�Hb M22/b iQ #2

2ti2M/2/ iQ BM+Hm/2 #`Q�/Hv /2}M2/ MQMBQMB+ T�`iB+H2bX S2`K�M2Mi /BTQH2b- i?�i Bb /BTQH�`

T�`iB+H2b- 7�HH BM i?Bb /2}MBiBQMX

A7 i?2 /BTQH2b �`2 �HHQr2/ iQ Q`B2Mi `�M/QKHv- QM2 ;2ib � x2`Q �p2`�;2 /BTQH2 KQK2Mi

⟨J0⟩ = 0X q?2M � MQMmMB7Q`K }2H/ Bb im`M2/ QM �i t = 0- i?2`2 rBHH #2 MQ 7Q`+2 QM �M

2Mb2K#H2 Q7 /BTQH2b ;Bp2M i?�i i?2 7Q`+2 Bb i?2 T`Q/m+i Q7 i?2 /BTQH2 KQK2Mi rBi? i?2 }2H/

;`�/B2MiXj h?2 /BTQH2b rBHH- ?Qr2p2`- �HB;M QM �p2`�;2 rBi? i?2 }2H/ QM i?2 iBK2@b+�H2 Q7

2�+? T�`iB+H2Ƕb `Qi�iBQM �M/ i?2 iQi�H 7Q`+2 QM �M 2Mb2K#H2 Q7 /BTQH2b TH�+2/ BM i?2 }2H/

;`�/B2Mi rBHH ;`Qr 7`QK x2`Q BMBiB�HHv iQ � MQMx2`Q p�Hm2 �i t → ∞X �bbmKBM; i?�i i?2

2ti2`M�H }2H/ Bb �TTHB2/ �HQM; i?2 z@�tBb Q7 i?2 H�#Q`�iQ`v 7`�K2 U6B;m`2 RV- Bi rBHH T`Q/m+2

�p2`�;2 /BTQH2b ⟨M0z⟩E ∝ M2
0E b+�HBM; HBM2�`Hv rBi? i?2 }2H/ �M/ T`QTQ`iBQM�H iQ i?2 /BTQH2

b[m�`2/ UHBM2�` `2bTQMb2- b22 #2HQrVX8 h?2 BMi2`�+iBQM 2M2`;v Q7 TQH�`Bx2/ /BTQH2b rBi? i?2

}2H/- ∝ ⟨M0z⟩EE- rBHH #2 [m�/`�iB+ BM i?2 }2H/ �M/ i?2 7Q`+2 rBHH ?�p2 i?2 7Q`K Q7 2[ RX

AKTQ`i�MiHv- i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv ;�BMb [m�/`�iB+ b+�HBM; rBi? i?2 KQH2+mH�`

/BTQH2 KQK2Mi

χ.1S ∝ M2
0 UjV

h?2 b+�HBM; rBi? i?2 pQHmK2 7`QK 2[ k /Q2b MQi M22/ iQ #2 BM+Hm/2/ BM i?Bb HBKBiX 6m`i?2`-

i?2 /BTQH2 KQK2Mi b+�H2b HBM2�`Hv rBi? i?2 T�`iB+H2 `�/Bmb- M0 ∝ R0- �M/ i?2 bmb+2TiB#BHBiv

Q7 � /BTQH�` T�`iB+H2 b+�H2b �b R2
0X �b i?2 bBx2 Q7 i?2 T�`iB+H2 ;`Qrb- i?2 +m#B+ b+�HBM; BM 2[

k #2+QK2b /QKBM�Mi �M/ i?2 T2`K�M2Mi /BTQH2 +�M 2p2Mim�HHv #2 M2;H2+i2/ 7Q` bm{+B2MiHv

H�`;2 T�`iB+H2bX h?2 i`�/BiBQM�H pB2r Q7 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv �b Q`B;BM�iBM; 7`QK

i?2 +QHH2+iBQM Q7 N BM/m+2/ /BTQH2b �TTHB2b iQ i?Bb HBKBiXR

S`Qi2BMb /Q MQi 7�HH BM i?2 HBKBi Q7 +m#B+ b+�HBM; Q7 2[ kX P7 +Qm`b2- i?2 KQH2+mH�` ;`QmTb Q7

9
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i?2 T`Qi2BM +�``v 2H2+i`QMB+ TQH�`Bx�#BHBiv �M/ +�M #2 pB2r2/ �b � +QHH2+iBQM Q7 K�Mv BM/m+2/

/BTQH2b r?2M TH�+2/ BM �M 2ti2`M�H 2H2+i`B+ }2H/X h?Bb BM/m+2/@/BTQH2 +QKTQM2Mi Q7 χ.1S

b+�H2b �++Q`/BM; iQ 2[ k- �b 2tT2+i2/X >Qr2p2`- i?2 T2`K�M2Mi /BTQH2 Q7 � ivTB+�H ;HQ#mH�`

T`Qi2BM /QKBM�i2b Qp2` i?2 /BTQH2b BM/m+2/ /m2 iQ 2H2+i`QMB+ TQH�`Bx�#BHBivX S`Qi2BMb �`2

bm{+B2MiHv �bvKK2i`B+ iQ T`Q/m+2 /BTQH2 KQK2Mib BM i?2 `�M;2 Q7 � 72r ?mM/`2/b Q7 /2#v2

mMBib /m2 iQ �bvKK2i`B+ /Bbi`B#miBQMb Q7 +?�`;2/ `2bB/m2b 2tTQb2/ iQ r�i2` �M/ +?�`;2b Q7

i?2 L@ �M/ *@i2`KBMBXe-d 6Q` i?2b2 bQHmi2b- i?2 [m�/`�iB+ b+�HBM; rBi? i?2 T`Qi2BM /BTQH2

KQK2Mi /QKBM�i2b BM i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv �M/ 2[ j �TTHB2bX

h?2 +QMb2[m2M+2b Q7 i?Bb T2`bT2+iBp2 �`2 /Bb+mbb2/ ?2`2 BM i?2 HB;?i Q7 M2r KB+`Qb2+@

QM/ iBK2b+�H2 KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb Q7 irQ ;HQ#mH�` T`Qi2BMb- m#B[mBiBM �M/

HvbQxvK2X q2 b?Qr i?�i /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv �`BbBM; 7`QK �HB;MBM; i?2 /BTQH2

KQK2Mib Q7 i?2b2 KQH2+mH2b rBi? i?2 }2H/ Bb K�Mv Q`/2`b Q7 K�;MBim/2 ?B;?2` i?�M QM2

rQmH/ �MiB+BT�i2 7`QK i?2 /B2H2+i`B+ #QmM/�`v@p�Hm2 bQHmiBQM H2�/BM; iQ 2[ kX q2 +QMM2+i

i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv iQ /B2H2+i`B+ K2�bm`2K2Mib Q7 T`Qi2BM bQHmiBQMb �M/ b?Qr

i?�i Qm` +QM+HmbBQMb �`2 bmTTQ`i2/ #v i?Bb i2+?MB[m2X .B`2+i K2�bm`2K2Mib Q7 i?2 /B2H2+@

i`QT?Q`2iB+ bmb+2TiB#BHBiv �`2 p2`v +?�HH2M;BM; �M/ ?�p2 MQi #22M 7mHHv �++QKTHBb?2/ bQ 7�`X3-N

h?2 +QMM2+iBQM #2ir22M i?Bb T`QT2`iv �M/ /B2H2+i`B+ bT2+i`Qb+QTv Q7 bQHmiBQMb Qz2`2/ ?2`2

b?QmH/ T`QpB/2 � `2HB�#H2 �++2bb iQ i?Bb T�`�K2i2` �b HQM; �b /B2H2+i`QT?Q`2bBb Bb /QKBM�i2/

#v i?2 T2`K�M2Mi /BTQH2X q2 b?Qr BM Qm` �M�HvbBb Q7 �iQKBbiB+ bBKmH�iBQMb �M/ 2tT2`BK2Mi�H

/�i� i?�i i?2 BM~m2M+2 Q7 T2`K�M2Mi T`Qi2BM /BTQH2b QM /B2H2+i`QT?Q`2bBb �`2 +QMbB/2`�#Hv

KQ`2 `2H2p�Mi i?�M Qi?2` TQH�`Bx�iBQM 2z2+ib i?�i b+�H2 rBi? i?2 T`Qi2BM pQHmK2X

.B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv

*QMbB/2` � T`Qi2BM BM bQHmiBQM TH�+2/ #2ir22M i?2 TH�i2b Q7 � TH�M2 +�T�+BiQ` U6B;m`2 RVX

h?2 2ti2`M�H +?�`;2b �i i?2 TH�i2b T`Q/m+2 i?2 2ti2`M�H Up�+mmKV 2H2+i`B+ }2H/ E0 �HQM;

i?2 �tBb z T2`T2M/B+mH�` iQ i?2 bQHmiBQM bH�#X h?2 }2H/ E0 = σ0/ϵ0 Bb /2i2`KBM2/ #v i?2

8
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bm`7�+2 /2MbBiv Q7 7`22 +?�`;2b σ0 �i i?2 +�T�+BiQ` TH�i2bX AM +QMi`�bi- i?2 pQHi�;2 QM i?2

+�T�+BiQ` TH�i2b φ bT2+B}2b i?2 J�tr2HH }2H/ E = φ/d- r?2`2 d Bb i?2 b2T�`�iBQM #2ir22M i?2

TH�i2bX h?2 J�tr2HH }2H/ Bb � ;HQ#�H }2H/ +?�`�+i2`BxBM; i?2 2MiB`2 /B2H2+i`B+Xj-Ry Ai +QK#BM2b

i?2 }2H/ Q7 2ti2`M�H 7`22 +?�`;2b QM i?2 +QM/m+iQ`b rBi? i?2 }2H/ Q7 #QmM/ +?�`;2b Q7 i?2

KQH2+mH2b Q7 i?2 /B2H2+i`B+ K�i2`B�H UBM+Hm/BM; i?2 bm`7�+2 +?�`;2bVX 6Q` i?2 TH�M2 +�T�+BiQ`-

i?2b2 irQ }2H/b �`2 `2H�i2/ #v i?2 bi�iB+ /B2H2+i`B+ +QMbi�Mi ϵs, E = E0/ϵsX h?2 J�tr2HH }2H/

Bb `2/m+2/ +QKT�`2/ iQ i?2 p�+mmK }2H/ #v i?2 b+`22MBM; 2z2+i Q7 i?2 #QmM/ UKQH2+mH�`V

+?�`;2bX

:Bp2M i?�i i?2 J�tr2HH }2H/ Bb 2�bBHv +QMi`QHH2/ BM 2tT2`BK2Mi �M/ +�M #2 +�H+mH�i2/ #v

bQHpBM; i?2 /B2H2+i`B+ #QmM/�`v@p�Hm2 T`Q#H2K-j i?Bb }2H/ 2Mi2`b i?2 /B2H2+i`QT?Q`2iB+ 7Q`+2

BM 2[ RX h?Bb bBKTHB+Biv Bb- ?Qr2p2`- MQi b?�`2/ #v bi�iBbiB+�H i?2Q`B2b Q7 /B2H2+i`B+bXk-8 h?2

Bbbm2 ?2`2 Bb i?�i i?2 BMi2`�+iBQM i2`K 2Mi2`BM; i?2 >�KBHiQMB�M Q7 i?2 /B2H2+i`B+ BM i?2 }2H/-

−MzE0- Bb #�b2/ QM i?2 p�+mmK }2H/ E0 �M/ i?2 iQi�H /BTQH2 Mz Q7 i?2 b�KTH2 r?2M i?2 }2H/

Bb �TTHB2/ �HQM; i?2 z@�tBb U6B;m`2 RVX h?2 bi�iBbiB+�H i?2Q`v ?�b iQ #2 7Q`KmH�i2/ BM i2`Kb Q7

i?2 p�+mmK }2H/ E0 bBM+2 E Bb � bi�iBbiB+�H �p2`�;2 Bib2H7 �M/ +�MMQi 2Mi2` i?2 >�KBHiQMB�MX

h?Bb 7Q`KmH�iBQM �HHQrb QM2 iQ +QMbBbi2MiHv T`Q/m+2 i?2 `2[mB`2/ bi�iBbiB+�H �p2`�;2b- �M/ Bi

H2�/b iQ i?2 +?2KB+�H TQi2MiB�H Q7 i?2 T`Qi2BM BM i?2 2ti2`M�H }2H/Ry-RR

∆µ0 = −1
2⟨M0z⟩EE0 U9V

>2`2- ⟨M0z⟩E Bb i?2 �p2`�;2 /BTQH2 KQK2Mi Q7 i?2 T`Qi2BM �M/ i?2 bm``QmM/BM; ?v/`�iBQM

b?2HH UBMi2`7�+2 /BTQH2V BM/m+2/ #v i?2 �TTHB2/ }2H/X

Ai Bb BMbi`m+iBp2 iQ /2`Bp2 2[ 9 7`QK 2H2+i`Qbi�iB+ �`;mK2Mib iQ +QMi`�bi i?2K rBi? i?2

bi�M/�`/ bi�iBbiB+�H /2`Bp�iBQMX *QMbB/2` � /B2H2+i`B+ rBi? N0 bQHmi2b +�``vBM; /BTQH2 KQK2Mib

⟨M0z⟩E TH�+2/ BM i?2 TH�M2 +�T�+BiQ` b?QrM BM 6B;m`2 RX �bbmK2 i?�i i?2 +?�`;2b QM i?2

TH�i2b �`2 }t2/- r?B+? K2�Mb i?�i i?2 /B2H2+i`B+ /BbTH�+2K2Mi D �HQM; i?2 z@�tBb Bb +QMbi�MiX

e
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h?2 iQi�H 7`22 2M2`;v Q7 i?2 /B2H2+i`B+ #2+QK2bj-Ry

F = 1
2ΩDE = 1

2ϵ
−1
0 ΩD2 − 1

2MzE0 U8V

r?2`2 Ω Bb i?2 pQHmK2 Q++mTB2/ #v i?2 /B2H2+i`B+ �M/ E0 = D/ϵ0 Bb i?2 p�+mmK }2H/X h?2

}`bi i2`K QM i?2 `B;?i@?�M/ bB/2 BM i?Bb 2[m�iBQM Bb i?2 7`22 2M2`;v Q7 i?2 p�+mmK 2H2+i`Qbi�iB+

}2H/ �M/ i?2 b2+QM/ i2`K Bb i?2 7`22 2M2`;v Q7 TQH�`BxBM; i?2 /B2H2+i`B+X h?2 7`22 2M2`;v Q7

TQH�`BxBM; i?2 bQHmi2b Bb Q#i�BM2/ #v b2T�`�iBM; i?2B` BM/BpB/m�H /BTQH2 KQK2Mib

∆F0 = −1
2N0⟨M0z⟩EE0 UeV

h?2 �Hi2`�iBQM Q7 i?2 +?2KB+�H TQi2MiB�H /m2 iQ i?2 �TTHB2/ }2H/ BM 2[ 9 Bb i?2 +Q``2bTQM/BM;

7`22 2M2`;v +?�M;2 T2` bQHmi2X

hQ +�H+mH�i2 i?2 +?2KB+�H TQi2MiB�H Q7 2H2+i`B+ TQH�`Bx�iBQM- QM2 M22/b � bi�iBbiB+�H /2}@

MBiBQM Q7 i?2 �p2`�;2 /BTQH2 KQK2Mi ⟨M0z⟩E BM 2[ 9X h?2 +QKTH2i2 i?2Q`v T`2b2Mi2/ #2HQr

BMpQHp2b irQ +QKTQM2Mib Q7 i?2 BM/m+2/ /BTQH2, i?2 /BTQH2 BM/m+2/ #v Q`B2MiBM; i?2 bQHmi2

/BTQH2 �M/ i?2 /BTQH2 BM/m+2/ BM i?2 ?v/`�iBQM b?2HHX q2 rBHH 7Q+mb QM i?2 bQHmi2 /BTQH2 7Q`

MQr iQ bBKTHB7v i?2 �`;mK2MiX

J�Mv 2tT2`BK2Mi�H �TTHB+�iBQMb- bm+? �b /B2H2+i`B+ bT2+i`Qb+QTv- 2KTHQv r2�F 2H2+i`B+

}2H/b �HHQrBM; QM2 iQ mb2 i?2 HBM2�` `2bTQMb2 �TT`QtBK�iBQM 7Q` +�H+mH�iBM; ⟨M0z⟩EX h?2

+QM/BiBQM Q7 �TTHvBM; HBM2�` `2bTQMb2 Bb i?2 bK�HHM2bb Q7 M0E0 +QKT�`2/ iQ i?2 i?2`K�H

2M2`;v k"T - r?B+? K2�Mb E < 1.2 × 107/(ϵsM0) of+K- r?2`2 M0 Bb BM /2#v2 mMBibX h?2

�p2`�;2 /BTQH2 �HB;M2/ rBi? i?2 }2H/ #2+QK2b

⟨M0z⟩E = β⟨M0zMz⟩E0 UdV

r?2`2 β = (k"T )−1 Bb i?2 BMp2`b2 i2KT2`�im`2 �M/ i?2 bi�iBbiB+�H �p2`�;2 ⟨. . . ⟩ Bb i�F2M Qp2`

i?2 /B2H2+i`B+ b�KTH2 rBi? MQ }2H/ �TTHB2/ iQ BiX Ai Bb BKTQ`i�Mi iQ bi`2bb i?�i i?2 bi�iBbiB+�H

d
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�p2`�;2 BM 2[ d Bb i�F2M Qp2` i?2 T`Q/m+i Q7 i?2 T`Qi2BM /BTQH2 M0z �M/ i?2 iQi�H /BTQH2 Mz

Q7 i?2 2MiB`2 b�KTH2X A7 � bT?2`B+�H K�+`Qb+QTB+ `2;BQM Bb +?Qb2M �`QmM/ i?2 T`Qi2BM- r?B+?

`2[mB`2b +QMbB/2`BM; bT?2`B+�H r�i2` b?2HHb BM i?2 �M�HvbBb Q7 bBKmH�iBQMb- QM2 +�M `2TH�+2 i?2

T`Q/m+i Q7 irQ z@T`QD2+iBQMb rBi? QM2 i?B`/ Q7 i?2 b+�H�` T`Q/m+i- rBi? i?2 `2bmHi 7Q` i?2

+?2KB+�H TQi2MiB�H

∆µ0 = −1
6β⟨J0 · J⟩E2

0 U3V

h?2 +?2KB+�H TQi2MiB�H +?�M;2 Bb M2ti �TTHB2/ iQ /2i2`KBM2 i?2 /B2H2+i`QT?Q`2iB+ 7Q`+2X

JQpBM; T�`iB+H2b BM +QM/2Mb2/ K2/B� BMpQHp2b ?2�i i`�Mb72` U~Qr Q7 2Mi`QTvV i?mb K�FBM;

K2+?�MB+�H /2}MBiBQMb Q7 i?2 /B2H2+i`B+ 7Q`+2b BM�TTHB+�#H2XRy-RR AMbi2�/- i?2 7Q`+2 Bb T`Q/m+2/

#v i?2 ;`�/B2Mi Q7 i?2 +?2KB+�H TQi2MiB�H �i i?2 +QMbi�Mi i2KT2`�im`2 K�BMi�BM2/ #2ir22M

i?2 bm#bvbi2K �M/ i?2 i?2`K�H #�i?X S`QpB/2/ i?�i i?2 2H2+i`B+ }2H/ E0 +?�M;2b QM � H2M;i?

b+�H2 7�` 2t+22/BM; HBM2�` /BK2MbBQMb Q7 i?2 T`Qi2BM- i?2 ;`�/B2Mi Q7 i?2 +?2KB+�H TQi2MiB�H

BM 2[ 3 H2�/b iQ i?2 /B2H2+i`QT?Q`2iB+ 7Q`+2

7.1S = 1
6β⟨J0 · J⟩∇E2

0 UNV

h?2`2 Bb � +H2�` /Bb+QMM2+i #2ir22M 2[ N �M/ 2[ R +QKKQMHv mb2/ BM i?2 HBi2`�im`2,

i?2 H�ii2` Bb 2tT`2bb2/ BM i2`Kb Q7 i?2 ;`�/B2Mi Q7 i?2 J�tr2HH }2H/ E- r?BH2 2[ N Bb ;Bp2M

BM i2`Kb Q7 i?2 2ti2`M�H }2H/ E0X h?2`KQ/vM�KB+b `2[mB`2b i?�i i?2 +?2KB+�H TQi2MiB�H

µ0 = µ0(T, P,D) Bb � 7mM+iBQM Q7 /B2H2+i`B+ /BbTH�+2K2Mi D-RR r?B+? Bb }t2/ #v i?2 2ti2`M�H

+?�`;2bX h?2`27Q`2- QM+2 i?2 +?�`;2b QM i?2 /2pB+2 +`2�iBM; i?2 }2H/ �`2 }t2/- i?�i b2imT

/2i2`KBM2b i?2 p�+mmK }2H/- i?2 /B2H2+i`B+ /BbTH�+2K2Mi- �M/ i?2 +?2KB+�H TQi2MiB�H Q7 i?2

bQHmi2 BM bQHmiBQMX h?2 J�tr2HH }2H/ Bb i?2 ;HQ#�H }2H/ 2bi�#HBb?2/ BM � /B2H2+i`B+ /2pB+2 #v

K�MBTmH�iBM; i?2 2H2+i`Q+?2KB+�H TQi2MiB�Hb Q7 +QM/m+iBQM 2H2+i`QMb BM i?2 +QM/m+iQ`b Ui?2

pQHi�;2 QM i?2 TH�i2bVX A7 i?2 TQi2MiB�H φ �M/ i?2 J�tr2HH }2H/ E = φ/d �`2 p�`B2/ �i t = 0-

i?Bb /Q2b MQi BKTHv i?�i i?2 K2/BmK TQH�`Bx�iBQM Bb +?�M;2/ HQ+�HHv �`QmM/ i?2 bQHmi2 iQ

�z2+i Bib +?2KB+�H TQi2MiB�H �i t = 0X AMbi2�/- i?2 b�KTH2 TQH�`Bx�iBQM +?�M;2b QM i?2 iBK2

3
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b+�H2 Q7 .2#v2 `2H�t�iBQM Q7 i?2 bQHp2Mi �M/ +?�M;2b BM i?2 J�tr2HH }2H/ `2�+? bQHmi2b HQ+�HHv

QMHv r?2M i?Bb `2H�t�iBQM ?�b #22M +QKTH2i2/X

h?2b2 T?vbB+�H �`;mK2Mib K�F2 +H2�` i?�i i?2 +?2KB+�H TQi2MiB�H Kmbi #2 � 7mM+iBQM Q7

i?2 p�+mmK }2H/X h?2 +QMM2+iBQM #2ir22M E �M/ E0 +�M #2 2bi�#HBb?2/ 7`QK i?2 FMQrM /Bb@

i`B#miBQM Q7 +?�`;2 QM i?2 +QM/m+iQ`b- r?B+? 7QHHQrb 7`QK i?2 bQHmiBQM Q7 i?2 #QmM/�`v@p�Hm2

T`Q#H2KX PM+2 i?Bb bQHmiBQM Bb 2bi�#HBb?2/- i?2 }2H/ Q7 i?2 7`22 +?�`;2b QM i?2 +QM/m+iQ`b

T`QpB/2b E0X h?Bb +QMM2+iBQM Bb MQi `2[mB`2/ 7Q` Qm` Tm`TQb2b bBM+2 r2 �`2 QMHv BMi2`2bi2/ BM

i?2 bmb+2TiB#BHBiv 2Mi2`BM; i?2 7Q`+2 �b � HBM2�` i`�MbTQ`i +Q2{+B2MiX >Qr2p2`- QM2 +�M �MiB+@

BT�i2 i?�i BM +QM};m`�iBQMb bBKBH�` iQ i?2 TH�M2 +�T�+BiQ` i?2 2ti2`M�H }2H/ rBHH #2 b+`22M2/

HQ+�HHv #v i?2 /B2H2+i`B+ �M/ QM2 +�M �/QTi i?2 +�T�+BiQ` +QM};m`�iBQM rBi? E0 = ϵsEX qBi?

i?Bb �bbmKTiBQM BM TH�+2 QM2 +�M +QMM2+i 2[b R �M/ NX h?2 +QKKQM T`�+iB+2 Bb iQ HBbi MQi

χ.1S- r?B+? +�``B2b i?2 mMBib Q7 i?2 pQHmK2- #mi � mMBiH2bb [m�MiBiv K �++Q`/BM; iQ i?2

2[m�iBQM

χ.1S = 3
2ϵsΩ0K URyV

r?2`2 Ω0 = (4π/3)R3
0 Bb i?2 pQHmK2 Q++mTB2/ #v i?2 bQHmi2 rBi? i?2 2z2+iBp2 `�/Bmb R0X PM2

}M�HHv Q#i�BMb 7Q` K

Kd =
ϵsβ

9ϵ0Ω0
⟨J0 · J⟩ URRV

r?2`2 i?2 bm#b+`BTi ǳ/Ǵ bT2+B}2b i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv /m2 iQ � T2`K�M2Mi

/BTQH2X

"27Q`2 �//`2bbBM; i?2 T�`�K2i2`b �z2+iBM; Kd- r2 }`bi K�F2 � b?Q`i /2iQm` iQ i?2 i?2@

Q`v Q7 /B2H2+i`B+b iQ BMi`Q/m+2 mMBiH2bb T�`�K2i2`b ivTB+�HHv BMpQHp2/ BM i?2Q`B2b Q7 2H2+i`B+

TQH�`Bx�iBQMX8 h?2 /B2H2+i`B+ +QMbi�Mi Q7 � TQH�` HB[mB/ ϵs Bb ;Bp2M #v i?2 EB`FrQQ/@PMb�;2`

2[m�iBQM BM i2`Kb Q7 irQ T�`�K2i2`b- i?2 mMBiH2bb /2MbBiv Q7 /BTQH2b y �M/ i?2 EB`FrQQ/

/BTQH�` +Q``2H�iBQM 7�+iQ` gK
(ϵs − 1)(2ϵs + 1)

9ϵs
= gKy URkV

h?2 T�`�K2i2` y Bb ;Bp2M BM i2`Kb Q7 i?2 KQH2+mH�` /BTQH2 KQK2Mi m �M/ i?2 MmK#2` /2MbBiv

N
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ρ = N/Ω- r?2`2 N Bb i?2 MmK#2` Q7 HB[mB/ /BTQH2b TH�+2/ BM pQHmK2 Ω Q++mTB2/ #v i?2 HB[mB/

y = βm2ρ/(9ϵ0) URjV

q2 /Bb+mbb i?2 2ti2MbBQM Q7 2[ Rk iQ TQH�`Bx�#H2 HB[mB/b #2HQrX h?2 EB`FrQQ/ 7�+iQ` Bb

/2}M2/ 2[m�HHv 7Q` #Qi? MQMTQH�`Bx�#H2 �M/ TQH�`Bx�#H2 HB[mB/b �M/ Bb ;Bp2M #v i?2 �p2`�;2

+QbBM2 #2ir22M � i�`;2i /BTQH2 K̂i BM i?2 HB[mB/ �M/ �HH bm``QmM/BM; /BTQH2b K̂j

gK = 1 +
∑

j ̸=i

⟨K̂i · K̂j⟩ UR9V

r?2`2 K̂i �M/ K̂j �`2 i?2 mMBi p2+iQ`b bT2+B7vBM; /BTQH�` Q`B2Mi�iBQMbX

6QHHQrBM; i?2 �M�HQ;v rBi? #mHF /B2H2+i`B+b- � bi�iB+ mMBiH2bb /BTQH�` /2MbBiv y0 Bb BMi`Q@

/m+2/ 7Q` i?2 /BTQH2 KQK2Mi M0 Q7 i?2 T`Qi2BM

y0 = βM2
0/(9ϵ0Ω0) UR8V

h?Bb MQi�iBQM Bb KQ`2 +QMp2MB2Mi i?�M �M �Hi2`M�iBp2 mb2 Q7 i?2 MmK#2` /2MbBiv Q7 bQHmi2b

ρ0 = N0/Ω- BM �M�HQ;v rBi? ρ BM 2[ Rj- #2+�mb2 i?2 /B2H2+i`QT?Q`2iB+ `2bTQMb2 Q7 � bBM;H2

T`Qi2BM KQH2+mH2 Bb mbm�HHv +QMbB/2`2/X :Bp2M i?�i i?2 T`Qi2BM /BTQH2 b+�H2b �b i?2 bBx2 Q7

i?2 KQH2+mH2- QM2 �MiB+BT�i2b i?�i i?2 T�`�K2i2` y0 b+�H2b BMp2`b2Hv rBi? i?2 T`Qi2BM bBx2

y0 ∝ R−1
0 ∝ M−1/3

p UReV

r?2`2 Mp Bb i?2 KQH�` K�bb Q7 i?2 T`Qi2BMX h?2 BKTQ`i�M+2 Q7 i?2 T�`�K2i2` y0 #2+QK2b

BKK2/B�i2Hv +H2�` B7 QM2 M2;H2+ib i?2 +`Qbb +Q``2H�iBQMb #2ir22M J0 �M/ i?2 bm``QmM/BM;

K2/BmK �M/ `2TH�+2b J rBi? J0 BM 2[ RRX h?Bb H2�/b iQ Kd ∝ y0X

h?2 M22/ iQ �++QmMi 7Q` i?2 +`Qbb@+Q``2H�iBQMb #2ir22M � b2H2+i2/ /BTQH2 UJ0 ?2`2V �M/

i?2 bm``QmM/BM; K2/BmK ?�b `2K�BM2/ � K�DQ` +?�HH2M;2 7Q` �HH i?2Q`B2b Q7 /B2H2+i`B+b- r?B+?

Ry
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?�b M2p2` #22M `2bQHp2/ BM � b�iBb7�+iQ`v 7�b?BQMX h?2 �TT2�`�M+2 Q7 i?2 EB`FrQQ/ 7�+iQ`

gK U2[ R9V +Q``2bTQM/b iQ b2H2+iBM; � bBM;H2 HB[mB/ /BTQH2- �M/ BM i?�i +�b2 iQQ Bi `2K�BMb �

KQbiHv mMFMQrM T�`�K2i2` Q7 i?2 i?2Q`vXRk AM i?2 +�b2 Q7 � bQHmi2 bm{+B2MiHv H�`;2 +QKT�`2/

iQ i?2 bQHp2Mi- � K2�M@}2H/ �++QmMi Q7 i?2 +`Qbb@+Q``2H�iBQMb Bb �+?B2p2/ BM i2`Kb Q7 i?2 +�pBiv

bmb+2TiB#BHBiv χc r?B+? r2 /Bb+mbb BM bB;MB}+�Mi /2i�BH #2HQrX q?2M i?Bb +Q``2+iBQM 7�+iQ` Bb

BMi`Q/m+2/- QM2 �``Bp2b �i i?2 2[m�iBQM 7Q` i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv Q7 � /BTQH2

Kd = ϵsχcy0 URdV

h?2 +�pBiv bmb+2TiB#BHBiv χc BM 2[ Rd Bb �M BKTQ`i�Mi BM;`2/B2Mi Q7 i?2 i?2Q`v #2+�mb2 i?2

bi�M/�`/ i?2Q`B2b Q7 /B2H2+i`B+b8-Rj T`2/B+i � p2`v HQr p�Hm2 7Q` BiX PM2 Q#i�BMb 7Q` � bT?2`B+�H

bQHmi2

χM
c =

3

2ϵs + 1
UR3V

r?2`2 i?2 bmT2`b+`BTi ǳJǴ bi�M/b 7Q` J�tr2HHǶb 2H2+i`Qbi�iB+bX h?Bb `2bmHi �TT2�`b 7`QK

bQHpBM; i?2 /B2H2+i`B+ #QmM/�`v@p�Hm2 T`Q#H2K 7Q` � bT?2`B+�H pQB/ BM � /B2H2+i`B+ TQH�`Bx2/

#v i?2 2ti2`M�H mMB7Q`K }2H/X AM i?jBb 7Q`K- χc rQmH/ bi`QM;Hv bmTT`2bb Kd r?2M mb2/ BM 2[

RdX >Qr2p2`- #Qi? i?2 KQH2+mH�` /vM�KB+b UJ.V bBKmH�iBQMb b?QrM #2HQr �M/ 2tT2`BK2Mi�H

/�i� BM/B+�i2 i?�i 2[ R3 /Q2b MQi T`QpB/2 � `2HB�#H2 2biBK�i2 Q7 χcX AMbi2�/- QM2 +�M mb2 i?2

/B`2+i +Q``2H�iBQM #2ir22M i?2 T`Qi2BM /BTQH2 J0 �M/ i?2 b�KTH2 UbQHmiBQMV /BTQH2 J

χc = ⟨J0 · J⟩/⟨J2
0⟩ URNV

PM2 �bbmK2b i?�i #Qi? �p2`�;2 /BTQH2b �`2 2[m�H iQ x2`Qc +?�M;2b 7`QK i?2 �p2`�;2b- 2X;X

δJ0 = J0 − ⟨J0⟩- �`2 mbm�HHv T`272``2/ BM i?2 �M�HvbBb Q7 MmK2`B+�H bBKmH�iBQMb rBi?

HBKBi2/ bi�iBbiB+bX q2 b?Qr #2HQr i?�i +�H+mH�iBM; /BTQH�` +`Qbb +Q``2H�iBQMb Bb 2[mBp�H2Mi-

BM i?2 7`�K2rQ`F Q7 /B2H2+i`B+ i?2Q`B2b- iQ bQHpBM; i?2 #QmM/�`v@p�Hm2 T`Q#H2K H2�/BM; iQ 2[

R3X h?Bb 2[m�HBiv /Q2b MQi 2ti2M/- ?Qr2p2`- iQ KB+`Qb+QTB+ BMi2`7�+2bX

RR
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h?2 +Q``2H�iBQM #2ir22M i?2 T`Qi2BM �M/ b�KTH2 /BTQH2b +QMi�BMb i?2 b2H7 p�`B�M+2 ⟨J2
0⟩

�M/ i?2 +`Qbb +Q``2H�iBQM ⟨J0 · Jw⟩ #2ir22M i?2 T`Qi2BM �M/ r�i2` /BTQH2b

⟨J0 · J⟩ = ⟨J2
0⟩+ ⟨J0 · Jw⟩ UkyV

h?2 B/2� Q7 ǳb+`22MBM;Ǵ BKTHB2b i?�i i?Bb +`Qbb +Q``2H�iBQM Bb M2;�iBp2- i?mb `2/m+BM; i?2 b2H7

p�`B�M+2X h?2 /B2H2+i`B+ `2bmHi BM 2[ R3 BM 7�+i BKTHB2b � M2�`Hv +QKTH2i2 +�M+2HH�iBQM #2ir22M

i?2 irQ i2`Kb BM ⟨J0 · J⟩X Ai Bb 2�bv iQ b22 i?�i i?Bb T`2/B+iBQM b?QmH/ #2 �TT`Q�+?2/ rBi?

+�miBQM ;Bp2M i?�i i?2 +�pBiv bmb+2TiB#BHBiv +�M #2 �HbQ pB2r2/ �b i?2 T`Qi2BM@r�i2` EB`FrQQ/

+Q``2H�iBQM 7�+iQ`X

A7 i?2 T2`K�M2Mi /BTQH2 KQK2Mib Q7 r�i2` �M/ T`Qi2BM �`2 mw �M/ M0- QM2 +�M r`Bi2

U+7X iQ 2[ R9V

χc = g0sK = 1 +
mw

M0

Nw∑

j=1

⟨K̂0 · K̂wj⟩ UkRV

r?2`2 K̂0 �M/ K̂w �`2 i?2 T`Qi2BM �M/ r�i2` mMBi p2+iQ`b �M/ i?2 bmK `mMb Qp2` �HH Nw

r�i2` KQH2+mH2bX J�Mv TQH�` HB[mB/b /BbTH�v EB`FrQQ/ 7�+iQ`b +HQb2 iQ mMBivR9-R8 �M/ QM2

KB;?i �MiB+BT�i2 i?�i i?Bb `2bmHi Bb b?�`2/ #v i?2 T`Qi2BM@r�i2` BMi2`7�+2X q2 BM/22/ }M/ i?Bb

2tT2+i�iBQM iQ ?QH/ �b /Bb+mbb2/ BM /2i�BH #2HQrX h?2 +`Qbb@+Q``2H�iBQMb #2ir22M i?2 T`Qi2BM

�M/ r�i2` /BTQH2b �`2 KmHiBTHB2/ #v � bK�HH 7�+iQ` mw/M0- r?B+? b+�H2b �b ∝ R−1
0 rBi? i?2

2z2+iBp2 T`Qi2BM `�/BmbX >Qr2p2`- i?2 MmK#2` Q7 }`bi@b?2HH r�i2` KQH2+mH2b- r?B+? K�ii2`

i?2 KQbi 7Q` i?2 �p2`�;2 +QbBM2b- b+�H2b �b i?2 T`Qi2BM bm`7�+2 ∝ R2
0X h?2 Qp2`�HH `2bmHi

/2T2M/b QM i?2 2z2+iBp2 H2M;i? Q7 bi�iBbiB+�H +Q``2H�iBQMb #2ir22M i?2 T`Qi2BM +?�`;2b �M/

bm`7�+2 r�i2`bX h?2 }M�H Qmi+QK2 KB;?i �HbQ #2 /B+i�i2/ #v i?2 T`Qi2BM b?�T2X .2T2M/BM;

QM 2Bi?2` T`QH�i2 Q` Q#H�i2 b?�T2 Q7 i?2 T`Qi2BM �#Qmi i?2 /BTQH2 �tBb- /Bz2`2Mi MmK#2`b

Q7 r�i2` KQH2+mH2b +�M }M/ i?2Kb2Hp2b BM T`2/QKBM�MiHv T�`�HH2H Q` �MiBT�`�HH2H Q`B2Mi�iBQM

BM `2bT2+i iQ i?2 T`Qi2BM /BTQH2X h?2 `�M;2 Q7 χc p�Hm2b +�M TQi2MiB�HHv #2 #`Q�/2` i?�M

EB`FrQQ/ 7�+iQ`b Q7 #mHF TQH�` HB[mB/bX

h?2 2[m�iBQMb T`2b2Mi2/ �#Qp2 /2i2`KBM2 i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv /QKBM�i2/

Rk
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#v i?2 T2`K�M2Mi /BTQH2 Q7 i?2 bQHmi2X h?2 bQHmi2 /BTQH2 Bb MQi i?2 QMHv +QKTQM2Mi Q7 i?2

Qp2`�HH TQH�`Bx�iBQM �`BbBM; r?2M i?2 bQHmi2 Bb TQH�`Bx2/ #v i?2 2ti2`M�H }2H/X �M �//BiBQM�H

/BTQH2 JBMi +QK2b 7`QK i?2 TQH�`Bx2/ bQHp�iBQM b?2HHX h?2 Qp2`�HH /BTQH2 �bbQ+B�i2/ rBi? i?2

bQHmi2 #2+QK2b9

M0z = ⟨M0z⟩E + ⟨M BMi
z ⟩E UkkV

h?2 M22/ 7Q` i?2 b2+QM/ +QKTQM2Mi #2+QK2b +H2�` B7 QM2 +QMbB/2`b i?2 +�b2 Q7 � x2`Q bQHmi2

/BTQH2- J0 = 0X h?2 /BpB/BM; /B2H2+i`B+ bm`7�+2 #2ir22M i?2 bQHmi2 �M/ i?2 bm``QmM/BM;

bQHp2Mi Bb biBHH TQH�`Bx2/X AM /B2H2+i`B+ i?2Q`B2b- i?2 TQH�`Bx�iBQM Q7 � bT?2`B+�H pQB/ #v �M

2ti2`M�H }2H/ H2�/b iQ i?2 /BTQH2 Q`B2Mi2/ QTTQbBi2 iQ i?2 �TTHB2/ }2H/j-RR

⟨M BMi
0z ⟩E = − 3Ω0

2ϵs + 1
Pz UkjV

r?2`2 Pz = ϵ0(1 − ϵ−1
s )E0 Bb i?2 TQH�`Bx�iBQM /2MbBiv Q7 i?2 mMB7Q`KHv TQH�`Bx2/ /B2H2+i`B+X

"v �TTHvBM; i?Bb /B2H2+i`B+ `2bmHi iQ i?2 bi2Tb QmiHBM2/ �#Qp2- QM2 �``Bp2b �i i?2 *H�mbBmb@

JQbbQiiB 7Q`K Q7 i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv

K*J = − ϵs − 1

2ϵs + 1
Uk9V

h?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv Bb M2;�iBp2 BM i?Bb HBKBi- K2�MBM; i?�i i?2 bQHmi2 Bb `2@

T2HH2/ 7`QK i?2 `2;BQM Q7 � ?B;?2` 2H2+i`B+ }2H/X A7 � #mHF /B2H2+i`B+ +QMbi�Mi ϵp Bb �bbB;M2/

iQ i?2 T`Qi2BM- ϵs ?�b iQ #2 `2TH�+2/ #v ϵs/ϵp �++Q`/BM; iQ i?2 bi�M/�`/ `mH2b Q7 i?2 /B2H2+@

i`B+ #QmM/�`v@p�Hm2 T`Q#H2KXRR h?2 `2bmHiBM; 2tT`2bbBQM Bb +QKKQMHv �/QTi2/ iQ /2b+`B#2

/B2H2+i`QT?Q`BbBb Q7 H�`;2 MQMTQH�` bQHmi2b

K*J =
ϵp − ϵs
ϵp + 2ϵs

Uk8V

Ai Bb +H2�` 7`QK i?Bb /2`Bp�iBQM i?�i i?2 bi�M/�`/ *H�mbBmb@JQbbQiiB 7Q`K Q7 i?2 /B2H2+@

i`QT?Q`2iB+ bmb+2TiB#BHBiv +�M #2 pB2r2/ �b i?2 `2bmHi Q7 TQH�`BxBM; i?2 T`Qi2BM@r�i2` /BpB/@

Rj
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BM; bm`7�+2 #v i?2 2ti2`M�H }2H/X h?2 `2bmHiBM; /B2H2+i`B+ 7Q`K HBKBib i?2 `�M;2 Q7 K iQ

−0.5 ≤ K*J ≤ 1X am+? `2bi`B+iBQMb �`2 2HBKBM�i2/ r?2M #Qi? i?2 �HB;MK2Mi Q7 i?2 T2`@

K�M2Mi /BTQH2- H2�/BM; iQ Kd U2[ RdV- �M/ i?2 BMi2`7�+2 TQH�`Bx�iBQM �`2 +QK#BM2/ BM i?2

iQi�H /BTQH2 �bbQ+B�i2/ rBi? i?2 TQH�`Bx2/ bQHmi2X h?Bb T`Q#H2K Bb KQ`2 +QKTH2t i?�M i?2

bi�M/�`/ *H�mbBmb@JQbbQiiB bQHmiBQM bBM+2 i?2 BMi2`7�+2 Bb MQr TQH�`Bx2/ #v #Qi? i?2 bQHmi2

/BTQH2 �M/ i?2 2ti2`M�H }2H/X h?2 bQHmiBQM Q7 i?2 T`Q#H2K Bb �+?B2p2/ #v BMi`Q/m+BM; i?2

BMi2`7�+2 bmb+2TiB#BHBiv χBMi

⟨M BMi
z ⟩E = ϵ0χ

BMiΩ0E0 UkeV

Ai im`Mb Qmi9 i?�i MQ M2r bmb+2TiB#BHBiv Bb `2[mB`2/ �M/ χBMi +�M #2 2tT`2bb2/ BM i2`Kb

Q7 i?2 +�pBiv bmb+2TiB#BHBiv χcX aT2+B}+�HHv- χBMi +�M #2 `2H�i2/ iQ i?2 /2pB�iBQM Q7 i?2 +�pBiv

bmb+2TiB#BHBiv 7`QK i?2 `2bmHi FMQrM �b i?2 pB`im�H GQ`2Mix +�pBiv-Rj r?B+? H2�/b iQ i?2

7QHHQrBM; 7Q`K 7Q` � bT?2`B+�H b�KTH2

χL
c =

ϵs + 2

3ϵs
UkdV

h?2 +QMM2+iBQM #2ir22M i?2 +�pBiv bmb+2TiB#BHBiv χc �M/ i?2 BMi2`7�+2 bmb+2TiB#BHBiv χBMi Bb

;Bp2M #v i?2 7QHHQrBM; `2H�iBQM Ub22 2[ akk BM aA 7Q` /2`Bp�iBQMV

χBMi =
9

2(ϵs − 1)

(
χc − χL

c

)
Uk3V

*QK#BM2/ iQ;2i?2`- i?2b2 `2bmHib H2�/ iQ � mMBp2`b�H 7Q`K 7Q` i?2 /B2H2+i`QT?Q`2iB+ bmb@

+2TiB#BHBiv BM+Q`TQ`�iBM; #Qi? i?2 2z2+i Q7 i?2 bQHmi2 T2`K�M2Mi /BTQH2 �M/ i?2 BMi2`7�+2

TQH�`Bx�iBQM9

K = ϵsχcy0 +
3ϵs

2(ϵs − 1)

(
χc − χL

c

)
UkNV

h?2 pB`im�H +�pBiv +QMbi`m+i BMi`Q/m+2/ #v GQ`2Mix /Q2b MQi �MiB+BT�i2 i?2 7Q`K�iBQM

Q7 bm`7�+2 +?�`;2 �i i?2 /BpB/BM; bm`7�+2 b2T�`�iBM; i?2 bQHmi2 7`QK i?2 bm``QmM/BM; TQH�`

K2/BmKX >v/`QT?Q#B+ bQHmi2b- 7Q` r?B+? i?2 BMi2`7�+B�H r�i2` /BTQH2b �HB;M KQbiHv T�`�HH2H

R9
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iQ i?2 /BpB/BM; bm`7�+2-Re T`QpB/2 � T?vbB+�H `2�HBx�iBQM Q7 i?2 GQ`2Mix pB`im�H +�pBivXRd Ai Bb

2�bv iQ b22 i?�i TmiiBM; y0 = 0 BM 2[ kN Bb MQi bm{+B2Mi iQ `2+Qp2` i?2 *H�mbBmb@JQbbQiiB

HBKBiX PM2 M22/b iQ �//BiBQM�HHv �/QTi i?2 `mH2b Q7 J�tr2HHǶb 2H2+i`Qbi�iB+b 7Q` i?2 #QmM/�`v

+QM/BiBQMb �M/ i?2 +Q``2bTQM/BM; bm`7�+2@+?�`;2 /2MbBivX h?Qb2 H2�/ iQ χc = χM
c U2[ R3V

�M/ i?2 `2+Qp2`v Q7 i?2 *H�mbBmb@JQbbQiiB `2bmHi BM 2[b k9 �M/ k8X h?Bb Bb i?2 HBKBi Q7 2[

k r?2M i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv b+�H2b HBM2�`Hv rBi? i?2 T`Qi2BM pQHmK2X AM i?2

QTTQbBi2 HBKBi Q7 y0 ≫ 1- i?2 }`bi i2`K /QKBM�i2b BM 2[ kN �M/ QM2 ;2ib K → Kd U2[

R8VX Ai Bb BKTQ`i�Mi iQ bi`2bb i?�i i?2 bQHmi2 pQHmK2 +�M+2Hb Qmi 7`QK i?2 /B2H2+i`QT?Q`2iB+

bmb+2TiB#BHBiv χ.1S r?2M i?2 2tT`2bbBQM 7Q` Kd ∝ y0 ∝ Ω−1
0 Bb bm#biBimi2/ iQ 2[ RyX PM2

Q#i�BMb i?2 [m�/`�iB+ b+�HBM; rBi? i?2 bQHmi2 /BTQH2 U2[ jV

χ.1S ≃ ϵ2sχcβM
2
0/(6ϵ0) ≃ 50.6ϵ2sχcM

2
0 ³3 UjyV

r?2`2 BM i?2 H�bi 2[m�iBQM T = 300 E �M/ M0 Bb BM /2#v2 mMBibX h?Bb 2[m�iBQM M2;H2+ib

~m+im�iBQMb Q7 i?2 /BTQH2 KQK2Mi +�mb2/ #v +QM7Q`K�iBQM�H ~2tB#BHBiv Ub22 #2HQrVX

h?2 /Bb+mbbBQM bQ 7�` ?�b 7Q+mb2/ QM � bT?2`B+�H /BTQH�` Q` MQM/BTQH�` bQHmi2 TH�+2/ BM

i?2 TQH�`Bx�#H2 K2/BmK rBi? i?2 bQHmi2@bQHp2Mi BMi2`7�+2 TQH�`Bx2/ 2Bi?2` #v i?2 `mH2b Q7

J�tr2HH 2H2+i`Qbi�iB+b Q` #v bQK2 KQ`2 ;2M2`�H `mH2b bT2+B}+ iQ i?2 BMi2`7�+2 Q7 � TQH�`

HB[mB/ rBi? � KQH2+mH�` bQHmi2X h?2b2 mMbT2+B}2/ MQM@J�tr2HHB�M `mH2b �`2 BMi2;`�i2/ BMiQ

i?2 +�pBiv bmb+2TiB#BHBiv χc r?B+? M22/b iQ #2 /2i2`KBM2/ 2Bi?2` 7`QK MmK2`B+�H bBKmH�iBQMb-

7`QK KB+`Qb+QTB+ bQHp�iBQM i?2Q`B2b- Q` 7`QK 2tT2`BK2Mi�H Q#b2`p�#H2bX q2 MQr im`M 7`QK

i?2 KQ/2H bT?2`B+�H bQHmi2 iQ T`Qi2BMb BM hASjS r�i2` b�KTH2/ #v J. bBKmH�iBQMbX Pm`

7Q+mb Bb QM i?2 2H2+i`B+ }2H/ Q7 i?2 r�i2` b?2HH BMbB/2 i?2 T`Qi2BM rBi? �M/ rBi?Qmi � r2�F

2ti2`M�H }2H/ �TTHB2/ iQ i?2 bQHmiBQMX

R8
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6B2H/b BMbB/2 i?2 T`Qi2BM

h?2 2H2+i`B+ }2H/ BMbB/2 i?2 T`Qi2BM M22/b iQ #2 b2T�`�i2/ BMiQ /BbiBM+i +QKTQM2Mib iQ �//`2bb

i?2 BMi2`�+iBQM 2M2`;v Q7 i?2 T`Qi2BM /BTQH2 rBi? i?2 2ti2`M�H }2H/ �M/ i?2 iQ`[m2 `Qi�iBM;

i?2 /BTQH2 iQ �HB;M Bi rBi? i?2 }2H/X 1p2M BM i?2 �#b2M+2 Q7 �M 2ti2`M�H }2H/- i?2`K�H

�;Bi�iBQM Q7 i?2 ?v/`�iBQM b?2HH H2�/b iQ � ~m+im�iBM; KB+`Qb+QTB+ 2H2+i`B+ }2H/ 1sX h?Bb

}2H/ ~m+im�i2b �`QmM/ bQK2 �p2`�;2 p�Hm2 +QMbBbi2Mi rBi? i?2 +?�`;2 /Bbi`B#miBQM Q7 i?2

T`Qi2BMX hQ mM/2`bi�M/ Bib Q`B;BM- QM2 +�M T`Q+22/ 7`QK i?2 KmHiBTQH�` 2tT�MbBQM Q7 i?2

T`Qi2BM +?�`;2X

Es

E

E⊥

E0 E0E

Instantaneous

6B;m`2 k, S`QD2+iBQMb Q7 i?2 bQHp2Mi }2H/ 7Q` � `�M/QK BMbi�Mi�M2Qmb +QM};m`�iBQM Q7 i?2 T`Qi2BMX
h?2 ;`22M �``Qr BM/B+�i2b /BTQH2 KQK2Mib Q7 i?2 T`Qi2BM UH�`;2 �``QrV �M/ Q7 i?2 r�i2` KQH2+mH2b
UbK�HH �``QrbVX h?2 `�M/QK KQiBQM Q7 i?2 r�i2` /BTQH2b Bb `2bTQMbB#H2 7Q` i?2 ~m+im�iBM; bQHp2Mi
}2H/ 1s- r?B+? Bb b2T�`�i2/ BMiQ T`QD2+iBQMb T�`�HH2H- 1∥- �M/ T2`T2M/B+mH�`- 1⊥- iQ i?2 T`Qi2BM
/BTQH2X

h?2 iQi�H +?�`;2 Q7 i?2 T`Qi2BM- TH�+2/ �i i?2 +2Mi2` Q7 +?�`;2- BM/m+2b � +QMbi�Mi bQHp2Mi

2H2+i`Qbi�iB+ TQi2MiB�H BM �M 2z2+iBp2 bT?2`B+�H +�pBiv `2T`2b2MiBM; i?2 T`Qi2BMǶb `2TmHbBp2

+Q`2X LQ }2H/ +QK2b 7`QK i?Bb +QKTQM2MiX h?2 M2ti KmHiBTQH2- i?2 T`Qi2BM /BTQH2- TQH�`Bx2b

i?2 bQHp2Mi �M/ BM/m+2b � }2H/ T�`�HH2H iQ i?2 /BTQH2- 1∥ = K̂0(K̂0 · 1s)- K̂0 = J0/M0

U6B;m`2 kVX �p2`�;2/ Qp2` i?2 r�i2` +QM};m`�iBQMb- i?Bb }2H/ #2+QK2b i?2 PMb�;2` `2�+iBQM

}2H/Rj

Er = ⟨K̂0 · 1s⟩ UjRV

A7 i?2 `2bTQMb2 Bb HBM2�`- i?2 K�;MBim/2 Q7 i?2 `2�+iBQM }2H/ Bb T`QTQ`iBQM�H iQ i?2 K�;MBim/2

Re
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Q7 i?2 bQHmi2 /BTQH2- rBi? i?2 `2�+iBQM@}2H/ bmb+2TiB#BHBiv gr �b i?2 T`QTQ`iBQM�HBiv +Q2{+B2Mi

Er = grM0 UjkV

.B2H2+i`B+ i?2Q`B2b +�H+mH�i2 gr #v bQHpBM; i?2 #QmM/�`v@p�Hm2 T`Q#H2KX PM2 ;2ib � +HQb2/@

7Q`K 2tT`2bbBQM 7Q` � bT?2`B+�H bQHmi2 rBi? i?2 `�/Bmb R0

gr =
1

4πϵ0R3
0

2(ϵs − 1)

2ϵs + 1
UjjV

q2 /Q MQi mb2 i?Bb �TT`QtBK�i2 bQHmiBQM ?2`2 �M/- BMbi2�/- +�H+mH�i2 i?2 `2�+iBQM }2H/ 7`QK

J. +QM};m`�iBQMb �TTHB2/ iQ 2[ jRX

h?2 T`QD2+iBQM Q7 i?2 bQHp2Mi }2H/ QM i?2 bQHmi2 /BTQH2 KQK2Mi K�F2b x2`Q iQ`[m2 �M/

+�MMQi `Qi�i2 i?2 /BTQH2X Ai Bb i?2 T`QD2+iBQM Q7 i?2 bQHp2Mi }2H/ T2`T2M/B+mH�` iQ i?2 T`Qi2BM

/BTQH2- 1⊥ = 1s−K̂0(K̂0 ·1s)- i?�i Bb `2bTQMbB#H2 7Q` i?2 iQ`[m2 T`Q/m+BM; `�M/QK `Qi�iBQMb

Q7 i?2 /BTQH2 KQK2MiR3 U6B;m`2 kVX h?2 �p2`�;2 Q7 i?Bb T`QD2+iBQM- Ed = ⟨1⊥⟩- Bb i?2 /B`2+iBM;

}2H/ Q`B;BM�HHv BMi`Q/m+2/ #v PMb�;2`XRj-RN h?2 /B`2+iBM; }2H/ �p2`�;2b Qmi iQ x2`Q BM i?2

�#b2M+2 Q7 �M 2ti2`M�H }2H/ r?2M i?2 +?�`;2 /Bbi`B#miBQM Q7 i?2 bQHmi2 Bb `2T`2b2Mi2/ #v i?2

/BTQH2

Ed = 0 Uj9V

h?2 �p2`�;2 bQHmi2 }2H/ ⟨1s⟩ Bb �HbQ x2`Q BM i?Bb +�b2X 6Q` i?2 �M�HvbBb Q7 bBKmH�iBQMb- ⟨1s⟩

Bb bm#i`�+i2/ 7`QK 1s �M/ QMHv ~m+im�iBQMb �`QmM/ i?2 �p2`�;2 �`2 +QMbB/2`2/X

q?2M � r2�F }2H/ �HQM; i?2 z@/B`2+iBQM T2`T2M/B+mH�` iQ i?2 bQHmiBQM bH�# U6B;m`2 RV

Bb �TTHB2/ iQ i?2 bQHmiBQM- � bK�HH 7`�+iBQM Q7 i?2 T`Qi2BM �M/ r�i2` /BTQH2b �HB;M rBi? i?2

}2H/ i?mb +`2�iBM; �M Q#b2`p�#H2 TQH�`Bx�iBQM Q7 i?2 bQHmiBQMX JQbi Q7 i?2 T`Qi2BMb �M/ r�i2`

KQH2+mH2b +QMiBMm2 �HKQbi mM�z2+i2/ `�M/QK KQiBQM- �M/ i?2B` /vM�KB+b �`2 MQi �Hi2`2/

#v i?2 2ti2`M�H }2H/ r?2M HBM2�` `2bTQMb2 Bb �TTHB2/X h?2 �p2`�;2 bQHp2Mi }2H/ ⟨1s⟩E BM

i?2 T`2b2M+2 Q7 E0 #2+QK2b MQMx2`Q #2+�mb2 T`Qi2BMb �HB;M2/ rBi? i?2 }2H/ �HbQ TQH�`Bx2

Rd
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Emic

E0 E0E

Ensemble Average

6B;m`2 j, 1Mb2K#H2@�p2`�;2 +QM};m`�iBQM Q7 i?2 T`Qi2BM BM �M 2ti2`M�H }2H/X h?2 �p2`�;2 `2�+iBQM
}2H/ R �M/ i?2 /B`2+iBM; }2H/ ED �// mT iQ i?2 KB+`Qb+QTB+ }2H/ Q7 i?2 bQHp2Mi EKB+X

i?2B` r�i2` b?2HHb U6B;m`2 jVX h?Bb �p2`�;2 }2H/- r?B+? r2 +�HH i?2 KB+`Qb+QTB+ }2H/ EKB+ iQ

/BbiBM;mBb? Bi 7`QK Qi?2` +QKTQM2Mib- Bb 2�bBHv 7QmM/ 7`QK T2`im`#�iBQM i?2Q`v

EKB+ = ⟨Ez
s ⟩E = β⟨Ez

sMz⟩E0 =
1
3β⟨1s · J⟩E0 Uj8V

r?2`2 BbQi`QTv Q7 i?2 b�KTH2 Bb �TTHB2/ BM i?2 H�bi bi2T ;Bp2M i?�i i?2 �p2`�;2 ⟨. . . ⟩ `272`b

iQ MQ }2H/X h?Bb �bbmK2/ BbQi`QTv `2[mB`2b iQ mb2 bT?2`B+�H b�KTH2b BM i?2 bBKmH�iBQMb

�BK2/ �i T`Q/m+BM; i?2 +Q``2bTQM/BM; �p2`�;2bX 6m`i?2`- i?2 KB+`Qb+QTB+ }2H/ Bb �HbQ � bmK

Q7 i?2 �p2`�;2 }2H/ ER = ⟨1∥⟩E �Hr�vb �HB;M2/ rBi? i?2 T`Qi2BM /BTQH2 �M/ i?2 �p2`�;2

T2`T2M/B+mH�` +QKTQM2Mi ED = ⟨1⊥⟩E `2bTQMbB#H2 7Q` � MQMx2`Q M2i /B`2+iBM; }2H/ ED

EKB+ = ER + ED = (χR + χD)E0 UjeV

r?2`2 χR = ER/E0 �M/ χD = ED/E0 �`2 i?2 +Q``2bTQM/BM; bmb+2TiB#BHBiB2b Ur2 mb2 mTT2`

+�b2 bm#b+`BTib iQ /BbiBM;mBb? �p2`�;2b BM i?2 T`2b2M+2 Q7 i?2 2ti2`M�H }2H/VX h?2 iQi�H }2H/

BMbB/2 i?2 T`Qi2BM- r?B+? r2 +�HH i?2 HQ+�H }2H/ EHQ+ = E0 + EKB+- Bb � bmK Q7 i?2 2ti2`M�H

}2H/ E0 �M/ i?2 �p2`�;2 bQHp2Mi }2H/ EKB+X h?2 +Q``2bTQM/BM; HBM2�` bmb+2TiB#BHBiv #2+QK2b

χHQ+ = 1 + χR + χD UjdV

R3
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h?2 `2�+iBQM }2H/ 2bi�#HBb?2/ �HQM; i?2 T`Qi2BM /BTQH2b �HB;M2/ QM �p2`�;2 rBi? i?2

2ti2`M�H }2H/ Bb Q#i�BM2/ #v i�FBM; i?2 bi�iBbiB+�H �p2`�;2 Q7 1∥ = K̂0(K̂0 · 1s)X h?2 HBM2�`

bmb+2TiB#BHBiv #2+QK2b

χR = 1
3β⟨(1s · K̂0)(K̂0 · J)⟩ Uj3V

r?2`2- bBKBH�`Hv iQ 2[ j8- i?2 �bbmKTiBQM Q7 �M BbQi`QTB+ b�KTH2 r?2M MQ 2ti2`M�H }2H/ Bb

�TTHB2/ �++QmMib 7Q` i?2 7�+iQ` Q7 1/3X h?2 /B`2+iBM; }2H/ ED BM 2[ je Bb 7QmM/ #v bm#i`�+iBM;

i?2 `2�+iBQM }2H/ ER 7`QK i?2 KB+`Qb+QTB+ }2H/ EKB+X PMb�;2` �TTHB2/ i?2 �bbmKTiBQM Q7

2[m�HBiv #2ir22M i?2 /B`2+iBM; �M/ +�pBiv bmb+2TiB#BHBiB2b- χD = χc- BM ?Bb K2�M@}2H/ i?2Q`v Q7

/B2H2+i`B+bXRN �b r2 b?Qr #2HQr- i?2b2 bmb+2TiB#BHBiB2b �`2 BM/22/ 2[m�H BM /B2H2+i`B+ i?2Q`B2bX

h?2v /Q MQi ?�p2 iQ +QBM+B/2- #mi im`M Qmi iQ #2 +HQb2 BM K�;MBim/2 7Q` #mHF TQH�` HB[mB/bXky

h?Bb 2tT2+i�iBQM Bb- ?Qr2p2`- MQi `2�HBx2/ 7Q` i?2 bmb+2TiB#BHBiB2b Q7 T`Qi2BMb +�H+mH�i2/ 7`QK

J. bBKmH�iBQMb Ub22 #2HQrVX

"�b2/ QM i?2 `2�+iBQM@}2H/ bmb+2TiB#BHBiv gr U2[ jkV- QM2 +�M b22F � K2�M@}2H/ bQHmiBQM

7Q` i?2 BM/m+2/ `2�+iBQM }2H/ ER = χRE0 BM 2[ j3X A7 QM2 �bbmK2b i?�i i?2 T`QD2+iBQM Q7 1s

QM i?2 T`Qi2BM /BTQH2 Bb KQbiHv BM/m+2/ #v i?2 /BTQH2 Bib2H7- QM2 +�M Tmi K̂0(K̂0 ·1s) = 2grK̂0

BM 2[ j3 rBi? i?2 `2bmHi

χJ6
c =

3χR

βM0Er
UjNV

r?2`2 2[ RN r�b mb2/ 7Q` i?2 +�pBiv@}2H/ bmb+2TiB#BHBiv χcX 6m`i?2`- i?2 bmb+2TiB#BHBiv χR Bb

+�H+mH�i2/ 7`QK 2[ j3 �M/ Er Bb 7`QK 2[ jRX h?Bb 2[m�iBQM T`QpB/2b � K2�M@}2H/ 2biBK�i2 Q7

χc 7`QK i?2 T`QT2`iB2b /B`2+iHv �++2bbB#H2 7`QK J. bBKmH�iBQMbX Aib �TTHB+�iBQM iQ }MBi2@bBx2

bBKmH�iBQMb `2[mB`2b +Q``2+iBQMb �`BbBM; 7`QK +QMbi`�BMBM; i?2 pQHmK2 Q7 r�i2` �`QmM/ i?2

T`Qi2BM �b /Bb+mbb2/ #2HQrX h?2b2 +Q``2+iBQMb �TTHv iQ #Qi? i?2 K2�M@}2H/ `2bmHi U2[ jNV

�M/ iQ /B`2+i +�H+mH�iBQMb Q7 i?2 +�pBiv bmb+2TiB#BHBiv 7`QK /BTQH�` +Q``2H�iBQMb U2[ RNVX

AM +QMi`�bi iQ i?2 }2H/ +QKTQM2Mib /Bb+mbb2/ ?2`2- i?2 +�pBiv@}2H/ bmb+2TiB#BHBiv /Q2b

MQi �++QmMi 7Q` �Mv T?vbB+�H }2H/ BM i?2 +QMi2ti Q7 � bQHmi2 +�``vBM; /Bbi`B#mi2/ KQH2+mH�`

+?�`;2X h?2 +�pBiv }2H/ bmb+2TiB#BHBiv �TT2�`b �b �M �ii2KTi iQ +QM}M2 i?2 �+iBQM Q7 i?2

RN
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2ti2`M�H }2H/ iQ � bBM;H2 /BTQH2- i?2 /BTQH2 KQK2Mi Q7 i?2 T`Qi2BM BM i?2 T`2b2Mi +QMi2tiX

�b r2 b?Qr2/ �#Qp2 χc �TT2�`b �b i?2 +Q``2+iBQM BM `2TH�+BM; ⟨J0 · J⟩ #v ⟨J2
0⟩ BM HBM2�`

T2`im`#�iBQM i?2Q`B2bX AM +QMi`�bi- i?2 T?vbB+�H +�pBiv }2H/ EC �++QmMiBM; 7Q` i?2 b�K2 2z2+i

Bb Q#i�BM2/ #v � pB`im�H T`Q+2bb Q7 `2KQpBM; i?2 bQHmi2 /BTQH2 r?BH2 T`2b2`pBM; i?2 BMi2`7�+B�H

bi`m+im`2X h?Bb i?Qm;?i 2tT2`BK2Mi- r?B+? +�M #2 � `2�bQM�#H2 `2~2+iBQM Q7 `2�HBiv BM �

bQHB/ /B2H2+i`B+- Q#pBQmbHv +�MMQi #2 �+?B2p2/ BM �Mv `2�HBbiB+ bBim�iBQM Q7 � bQHmi2 +�``vBM;

/Bbi`B#mi2/ �iQKB+ +?�`;2b �M/ TH�+2/ BM � HB[mB/ bQHp2Mi Ui?2 BMi2`7�+B�H bi`m+im`2 +?�M;2b

r?2M i?2 /BTQH2 Bb `2KQp2/VX PMHv MQMTQH�` bQHmi2b +�M #2 mb2/ �b T?vbB+�H KQ/2Hb iQ bim/v

i?2 +�pBiv }2H/ �M/ iQ ;2i /B`2+i �++2bb iQ i?2 +�pBiv@}2H/ bmb+2TiB#BHBivXRd GBiiH2 Bb FMQrM

�#Qmi i?Bb T�`�K2i2` #2vQM/ bi�M/�`/ /B2H2+i`B+ i?2Q`B2b �M/ bm+? KQ/2H +�H+mH�iBQMbX >2`2-

r2 +�H+mH�i2 i?Bb T�`�K2i2` 7`QK J. bBKmH�iBQMb BM i2`Kb Q7 /BTQH�` +Q``2H�iBQMb U2[ RNV

�M/ �ii2KTi iQ 2biBK�i2 Bib p�Hm2 7`QK 2tT2`BK2Mi�H /�i� 7Q` T`Qi2BM bQHmiBQMbX h?2 /B`2+i

bBKmH�iBQM `Qmi2 ?�b i?2 /Bb�/p�Mi�;2 Q7 bHQr +QMp2`;2M+2 �b � 7mM+iBQM Q7 i?2 bBx2 Q7 i?2

bT?2`B+�H `2;BQM +?Qb2M �`QmM/ i?2 T`Qi2BMX h?Bb /B{+mHiv Bb i?2 `2�bQM 7Q` bm;;2biBM; 2[ jN

�b �M �Hi2`M�iBp2 �TT`QtBK�i2 �H;Q`Bi?KX Aib T2`7Q`K�M+2 Bb �M�Hvx2/ #2HQrX

.B2H2+i`B+ bT2+i`Qb+QTv Q7 bQHmiBQMb

*QMM2+iBM; i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv iQ /B2H2+i`B+ 2tT2`BK2Mi `2[mB`2b �M 2[m�iBQM

7Q` i?2 /B2H2+i`B+ +QMbi�Mi Q7 i?2 KBtim`2X h?2 �`;mK2Mib mb2/ iQ /2`Bp2 i?2 EB`FrQQ/@

PMb�;2` 2[m�iBQMkR-kk �`2 �TTHB2/ ?2`2 7Q` �M B/2�H bQHmiBQM +QMi�BMBM; N0 T`Qi2BMb Ui?2

T`Qi2BM@T`Qi2BM EB`FrQQ/ 7�+iQ` Bb b2i iQ mMBivVX

h?2 EB`FrQQ/@PMb�;2` 2[m�iBQM 3 �M/ �HH 7QHHQrBM; 2[m�iBQMb ?�p2 #22M +QMbB/2`2/ 7Q`

i?2 bT2+B�H +�b2 Q7 MQMTQH�`Bx�#H2 HB[mB/b bmBi�#H2 7Q` +QKT�`BbQM rBi? bBKmH�iBQMb 2KTHQvBM;

MQMTQH�`Bx�#H2 7Q`+2 }2H/bX 6Q` �TTHB+�iBQMb iQ /B2H2+i`B+ K2�bm`2K2Mib- i?2 TQH�` bQHp2Mi

?�b iQ #2 pB2r2/ �b 2H2+i`QMB+�HHv TQH�`Bx�#H2X h?Bb BKTHB2b i?�i BM �//BiBQM iQ i?2 bi�iB+

/B2H2+i`B+ +QMbi�Mi- i?2 b[m�`2/ `27`�+iBp2 BM/2t ϵ∞ = n2
D ?�b iQ #2 BM+Hm/2/ iQ �++QmMi

ky
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7Q` b+`22MBM; Q7 2H2+i`Qbi�iB+ BMi2`�+iBQMb #v BM/m+2/ /BTQH2bX hQ �++QmMi 7Q` i?2 2H2+i`QMB+

TQH�`Bx�#BHBiv BM i?2 /2`Bp�iBQM Q7 i?2 EB`FrQQ/@PMb�;2` 2[m�iBQM 7Q` KBtim`2b- QM2 +�M

�TTHv 6`Q?HB+?Ƕb �TT`Q�+? Q7 pB2rBM; i?2 T2`K�M2Mi /BTQH2b BKK2`b2/ BM i?2 +QMiBMmmK Q7

2H2+i`QMB+ TQH�`Bx�iBQM +?�`�+i2`Bx2/ #v ϵ∞X hQ �pQB/ /B2H2+i`B+ /Bb+QMiBMmBiB2b �`BbBM; 7`QK

i?2 2H2+i`QMB+ TQH�`Bx�iBQM r?2M �TTHvBM; �M 2ti2`M�H }2H/ iQ i?2 /B2H2+i`B+ bH�#- QM2 +�M pB2r

i?2 bm``QmM/BM; K2/BmK �b +�``vBM; i?2 /B2H2+i`B+ +QMbi�Mi ϵ∞X PMHv i?2 bm`7�+2 TQH�`Bx�iBQM

�`BbBM; 7`QK i?2 T2`K�M2Mi /BTQH2b BM i?2 bH�# rBHH +QMi`B#mi2 iQ i?2 #QmM/�`v +QM/BiBQMbX

AM i?Bb b2imT- i?2 2[m�iBQM 7Q` i?2 /B2H2+i`B+ +QMbi�Mi Bb /2`Bp2/ #v �TTHvBM; i?2 2ti2`M�H

}2H/ E0 }`bi T2`T2M/B+mH�` iQ i?2 bH�# �M/ i?2M T�`�HH2H iQ BiXkR

q?2M i?2 2H2+i`B+ }2H/ Bb �TTHB2/ T2`T2M/B+mH�` iQ i?2 bQHmiBQM bH�#- i?2 J�tr2HH }2H/

BMbB/2 i?2 bH�# Bb /2}M2/ #v i?2 #QmM/�`v +QM/BiBQMb E = E0(ϵ∞/ϵKBt) U6B;m`2 RVX h?2

TQH�`Bx�iBQM Q7 i?2 bQHmiBQM rBi? i?2 /B2H2+i`B+ +QMbi�Mi ϵKBt 7QHHQrb 7`QK i?2 bi�M/�`/ bi2Tb

Q7 T2`im`#�iBQM i?2Q`vRj

(ϵKBt − ϵ∞)
ϵ∞
ϵKBt

E0 =
β

ϵ0Ω
⟨M2

z ⟩E0 U9yV

r?2`2 i?2 /BTQH2 KQK2Mi Q7 i?2 b�KTH2 MQr BM+Hm/2b N0 T`Qi2BM KQH2+mH2b

J =
N0∑

i=1

J0i + Jw U9RV

q?2M- �Hi2`M�iBp2Hv- i?2 }2H/ Bb �TTHB2/ T�`�HH2H iQ i?2 TH�M2 Q7 i?2 bH�#- i?2 #QmM/�`v

+QM/BiBQM Bb E = E0 �M/ i?2 `2bTQMb2 #2+QK2b

(ϵKBt − ϵ∞)E0 =
β

ϵ0Ω
⟨M2

x⟩E0 U9kV

"v KmHiBTHvBM; i?Bb 2[m�iBQM #v i?2 7�+iQ` Q7 irQ �M/ �//BM; iQ 2[ 9y- QM2 Q#i�BMb i?2 iQi�H

/BTQH2 KQK2Mi Q7 i?2 b�KTH2 J2 = M2
z + 2M2

x Ux �M/ y /B`2+iBQMb �`2 2[mBp�H2MiV- r?B+?

Bb BM/2T2M/2Mi Q7 i?2 b?�T2 Q7 i?2 b�KTH2 �M/ i?2 Q`B2Mi�iBQM Q7 i?2 H�#Q`�iQ`v +QQ`/BM�i2
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7`�K2X h?2 `2bmHi Bb i?2 EB`FrQQ/@6`Q?HB+? 2[m�iBQM 7Q` KBtim`2b

(ϵKBt − ϵ∞)(2ϵKBt + ϵ∞)

9ϵKBt
= (1− η0)

(ϵs − ϵ∞)(2ϵs + ϵ∞)

9ϵs
+ η0y0(2χc − 1) U9jV

r?2`2 η0 = N0Ω0/V Ω Bb i?2 pQHmK2 7`�+iBQM Q7 T`Qi2BMb BM bQHmiBQM �M/ 2[ RN r�b mb2/ iQ

�++QmMi 7Q` +`Qbb +Q``2H�iBQMb #2ir22M i?2 T`Qi2BM �M/ r�i2` /BTQH2 KQK2MibX A7 i?2 bi2Tb

Q7 i?2 /2`Bp�iBQM �`2 `2T2�i2/ 7Q` i?2 #mHF HB[mB/- QM2 Q#i�BMb i?2 bi�M/�`/ 7Q`K Q7 i?2

EB`FrQQ/@6`Q?HB+? 2[m�iBQM U+7X iQ 2[ 3V

(ϵs − ϵ∞)(2ϵs + ϵ∞)

9ϵs
= gKy

′ U99V

h?2 M2r /2MbBiv Q7 T2`K�M2Mi /BTQH2b y′ Bb #�b2/ QM i?2 +QM/2Mb2/@T?�b2 /BTQH2 KQK2Mi m′

BM +QMi`�bi iQ i?2 p�+mmK /BTQH2 m BM 2[ N

y′ = β(m′)2ρ/(9ϵ0). U98V

h?2 /BTQH2 KQK2Mi m′ Bb 2M?�M+2/ +QKT�`2/ iQ m #2+�mb2 Q7 KQH2+mH�` TQH�`Bx�#BHBivXRN

h?2 PMb�;2` �TT`QtBK�iBQM 7Q` m′ �bbmK2b m′ = m(ϵ∞ + 2)/3X

6Q` i?2 ivTB+�H bBim�iBQM Q7 ϵKBt, ϵs ≫ 1- 2[ 9j +�M #2 `2r`Bii2M �b

∆ϵKBt(ω) = (9/2)η0y0(ω) + 9η0y0(ω)(χc(ω)− 1) + (1− η0)∆ϵw(ω) U9eV

r?2`2 r2 ?�p2 BMi`Q/m+2/ i?2 7`2[m2M+v /2T2M/2M+2 Q7 i?2 /B2H2+i`B+ 7mM+iBQMb �M/ Q7 i?2

+�pBiv bmb+2TiB#BHBiv �M/ Tmi ∆ϵKBt(ω) = ϵKBt(ω)− ϵ∞ �M/ ∆ϵw(ω) = ϵ(ω)− ϵ∞X h?2 `2�bQM

7Q` 2[ 9e iQ #2 r`Bii2M BM i?Bb 7Q`K Bb i?�i Bi `2T`2b2Mib i?`22 `2H�t�iBQM T`Q+2bb2b r?2M i?2v

�`2 b2T�`�#H2 #v i?2 +Q``2bTQM/BM; `2H�t�iBQM iBK2bX h?2 }`bi i2`K BM 2[ 9e Bb β@`2H�t�iBQM

T`Q/m+2/ #v T`Qi2BM imK#HBM;X h?2 `2H2p�Mi iBK2@b+�H2 τr Q7 T`Qi2BM /BTQH�` `2H�t�iBQM Bb

kk
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BM+Hm/2/ BM i?2 .2#v2 `2H�t�iBQM 7mM+iBQMkj y0(ω) `2TH�+BM; y0 BM i?2 bi�iB+ HBKBi U2[ R8V

y0(ω) = y0 (1− iωτr)
−1 U9dV

6m`i?2`- i?2 H�bi i2`K BM 2[ 9e Bb i?2 γ@`2H�t�iBQM Q7 #mHF r�i2` `2/m+2/ #v 1− η0 i?`Qm;?

i?2 pQHmK2 2tT2HH2/ #v i?2 T`Qi2BMb BM bQHmiBQMXk9 h?2 i2`K BM #2ir22M- r?B+? Bb ivTB+�HHv

Q#b2`p2/ �i 7`2[m2M+B2b ∼ 100 J>xe-k8Ĝkd BMi2`K2/B�i2 #2ir22M β@ �M/ γ@`2H�t�iBQM- Bb +�HH2/

i?2 δ@`2H�t�iBQMX Aib Q`B;BM- r?B+? Bb biBHH /BbTmi2/- ?�b #22M �ii`B#mi2/ iQ 2Bi?2` i?2 T`Qi2BM@

#QmM/ r�i2`e-d-k8 Q` iQ +`Qbb +Q``2H�iBQMb #2ir22M i?2 T`Qi2BM �M/ r�i2` /BTQH2bXk3Ĝjy h?Bb

i2`K �TT2�`b- ?Qr2p2`- M�im`�HHv 7`QK i?2 2t�+i EB`FrQQ/@PMb�;2` 2[m�iBQM �b � +`Qbb@

+Q``2H�iBQM +QKTQM2Mi- �M/ r2 i2Mi�iBp2Hv �/QTi i?Bb T?vbB+�H K2�MBM; 7Q` BiX LQi2 i?�i i?2

b2+QM/ i2`K BM 2[ 9e Bb x2`Q B7 χc = 1X h?Bb K2�Mb MQ +Q``2H�iBQMb #2ir22M i?2 T`Qi2BM /BTQH2

�M/ Bib r�i2` b?2HH U2[b RN �M/ kyVX q`Bii2M BM i2`Kb Q7 /BTQH2 KQK2Mib Q7 i?2 T`Qi2BM �M/

r�i2`- i?2 δ@`2H�t�iBQM i2`K BM 2[ 9e #2+QK2b

9η0y0(χc − 1) = η0
β⟨J0 · Jw⟩

ϵ0Ω0
U93V

A7 � .2#v2 `2H�t�iBQM T`Q+2bb Bb �bbB;M2/ iQ 2�+? i2`K BM 2[ 9e- QM2 +�M �bbB;M i?2

/B2H2+i`B+ bi`2M;i?b ∆ϵβ �M/ ∆ϵδ iQ irQ }`bi i2`Kb

∆ϵβ = (9/2)η0y0

∆ϵδ = 9η0y0(χc − 1)
U9NV

h?2 b2+QM/ `2H�iBQM BKTHB2b i?�i ∆ϵδ ∝ y0 �M/- �++Q`/BM; iQ 2[ Re- i?Bb /B2H2+i`B+ bi`2M;i?

b?QmH/ b+�H2 rBi? i?2 T`Qi2BM KQH2+mH�` K�bb �b ∝ M−1/3
p �i η0 ≃ *QMbiXke h?2 +�pBiv

bmb+2TiB#BHBiv Bb M2�`Hv +QMbi�Mi �KQM; T`Qi2BMb �M/ /Q2b MQi bi`QM;Hv �z2+i i?Bb /2T2M/2M+2

Ub22 #2HQrVX h?2 +QK#BM�iBQM Q7 irQ /B2H2+i`B+ bi`2M;i?b BM 2[ 9N T`QpB/2b �++2bb iQ i?2 +�pBiv

kj
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bmb+2TiB#BHBiv

χc = 1 +
∆ϵδ
2∆ϵβ

U8yV

h?Bb 2[m�iBQM T`2/B+ib i?�i i?2 �#BHBiv iQ Q#b2`p2 δ@/BbT2`bBQM Bb #QmM/ iQ i?2 +QM/BiBQM

Q7 χc > 1- BX2X- TQbBiBp2 T`Qi2BM@r�i2` /BTQH�` +`Qbb@+Q``2H�iBQMbX A7 i?2b2 +Q``2H�iBQMb �`2

M2;�iBp2- �b i?2 bi�M/�`/ J�tr2HH 2[m�iBQM U2[ R3V rQmH/ T`2/B+i- i?2 δ@T`Q+2bb b?QmH/

+QMi`B#mi2 � M2;�iBp2 /B2H2+i`B+ bi`2M;i? iQ i?2 bT2+i`mKX

PM2 +�M mb2 �M �Hi2`M�iBp2 `Qmi2 iQ i?2 +�pBiv bmb+2TiB#BHBiv #v `2r`BiBM; 2[ 9e �b 7QHHQrb

∆ϵ(ω)

η0
+∆ϵw(ω) =

9

2
y0(ω)(2χc(ω)− 1) U8RV

r?2`2

∆ϵ(ω) = ϵKBt(ω)− ϵ(ω) U8kV

Bb i?2 /B2H2+i`B+ 7mM+iBQM BM+`2K2Mi Q7 bQHmiBQM Qp2` #mHF r�i2`X h?Bb Bb i?2 /B2H2+i`B+ KBtim`2

7Q`KmH� 7Q` i?2 bQHmiBQM Q7 MQMBMi2`�+iBM; T`Qi2BMbX �i bK�HH +QM+2Mi`�iBQMb Q7 i?2 T`Qi2BM-

∆ϵ/η0 ≫ ∆ϵw �M/ QM2 ;2ib � +QMp2MB2Mi T`�+iB+�H `2H�iBQM

∆ϵ(ω) ≃ (9/2)η0y0(ω)(2χc(ω)− 1) U8jV

6`2[m2M+v@/2T2M/2Mi /B2H2+i`QT?Q`2bBb

GBF2 �Mv HBM2�` bmb+2TiB#BHBiv-k-kj-jj i?2 /B2H2+i`B+ bmb+2TiB#BHBiv ;�BMb � /2T2M/2M+2 QM 7`2@

[m2M+v r?2M Qb+BHH�iQ`v 2ti2`M�H }2H/b �`2 �TTHB2/X �b �H`2�/v /Bb+mbb2/- #Qi? i?2 /B2H2+i`B+

+QMbi�Mi ϵs �M/ i?2 mMBiH2bb T�`�K2i2` y0 U2[ R8V #2+QK2 7`2[m2M+v@/2T2M/2Mi 7mM+iBQMb-

ϵ(ω) �M/ y0(ω)- `2bT2+iBp2HvX h?2 T�`�K2i2` y0(ω) /2b+`B#2b i?2 2ti2Mi Q7 �HB;MK2Mi Q7 i?2

T`Qi2BM /BTQH2 �HQM; i?2 2ti2`M�H }2H/ Qb+BHH�iBM; rBi? i?2 +B`+mH�` 7`2[m2M+v ωX q?2M Qb@

+BHH�iBQMb Q7 i?2 2ti2`M�H }2H/ �`2 7�bi2` i?�M /BTQH�` `2H�t�iBQM- i?2 T2`K�M2Mi /BTQH2 /Q2b

k9
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h�#H2 R, _2bmHib Q7 J. bBKmH�iBQMb �M/ i?2 �M�HvbBb Q7 /B2H2+i`B+ /�i�X

S`Qi2BM Ka Kb χc
c χd

c M e
`Kb Rf y0 τ0- Mbg

l#B[mBiBMh 8dyN 3j89jy yXje RXy3 kkR RjXd R89 jX3y
kj3 RjXd Rd3 9Xj9

GvbQxvK2 ReNRk jd8RjR yXjd RXky R93 R8XN 99 eX3e
*viQ+?`QK2 +l ejky ee9jN yX89 RXyN kj3 R3Xd ed RkX3

a_2bmHib 7`QK R KB+`Qb2+QM/ J. bBKmH�iBQMbX b1tT2`BK2Mi�H 2biBK�i2b 7`QK /B2H2+i`B+
K2�bm`2K2Mib 2biBK�i2/ 7`QK 2[ eyX c6`QK J. bBKmH�iBQMb rBi? i?2 GQ`2Mix +Q``2+iBQM 7�+iQ` 7Q`
i?2 bT?2`B+�H +miQz- 2[ eNX d6`QK 2tT2`BK2Mi�H /�i� T`2b2Mi2/ BM 6B;m`2 8X e_Ja /BTQH2 KQK2Mi

U.V Q7 i?2 T`Qi2BM 2biBK�i2b �b M`Kb =
√
⟨J2

0⟩X f_�/Bmb Q7 i?2 T`Qi2BM BM ³X g1tTQM2MiB�H
`2H�t�iBQM iBK2 Q7 i?2 iBK2 +Q``2H�iBQM 7mM+iBQM Q7 i?2 T`Qi2BM /BTQH2 KQK2MiX hh?2 }`bi HBM2

`272`b iQ R KB+`Qb2+QM/ J. bBKmH�iBQMb rBi?Qmi 2H2+i`QHvi2 BQMb BM � H�`;2 bBKmH�iBQM #Qt �M/ i?2
b2+QM/ HBM2 Bb 7Q` � Ry KB+`Qb2+QM/ J. bBKmH�iBQM rBi? � yXR8 J 2H2+i`QHvi2 +QM+2Mi`�iBQM UR,R

L�*H,E*HV BM � KBMBK�H bBKmH�iBQM #QtX kh?2 p�Hm2 K ≃ 1600 r�b `2TQ`i2/ 7`QK J. bBKmH�iBQMb
BM `27 9X l6`QK J. bBKmH�iBQMb �i jRy EXjk

MQi ?�p2 bm{+B2Mi iBK2 iQ �HB;M rBi? i?2 }2H/ �M/ y0(ω) /2+`2�b2bX h?2 .2#v2 7Q`K Q7 i?2

7mM+iBQM y0(ω) BM 2[ 9d /2b+`B#2b i?Bb /vM�KB+�H 7`22xBM; QM i?2 iBK2 b+�H2 Q7 Q#b2`p�iBQMX

h?2 /vM�KB+ +�pBiv bmb+2TiB#BHBiv χc(ω) #2+QK2b � `�iBQ Q7 irQ /vM�KB+ +Q``2H�iBQM

7mM+iBQMb- #Qi? BMpQHpBM; +Q``2H�iBQMb Q7 /BTQH2 KQK2Mib- #mi b+�H2/ rBi? i?2 BMp2`b2 i2K@

T2`�im`2 �M/ i?2 T`Qi2BM pQHmK2 iQ T`Q/m+2 /BK2MbBQMH2bb 7mM+iBQMb +QMbBbi2Mi rBi? y0(ω)X

h?2b2 7mM+iBQMb �`2

χ(ω) = β⟨J0 · J⟩/(3ϵ0Ω0)
[
1 + iωΦ̃(ω)

]
U89V

�M/

χ0(ω) = β⟨J2
0⟩/(3ϵ0Ω0)

[
1 + iωΦ̃0(ω)

]
U88V

>2`2- i?2 7mM+iBQMb Φ̃(ω) �M/ Φ̃0(ω) �`2 6Qm`B2`@G�TH�+2 i`�Mb7Q`Kbjj Q7 +Q``2bTQM/BM; MQ`@

K�HBx2/ iBK2 +Q``2H�iBQM 7mM+iBQMbX 6Q` BMbi�M+2- QM2 ?�b 7Q` Φ̃(ω)

Φ(t) = [⟨J0 · J⟩]−1 ⟨J0(t) · J(0)⟩ U8eV

�M/

Φ̃(ω) =

∫ ∞

0

dtΦ(t)eiωt U8dV

k8
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AM i?2 +�b2 Q7 QM2@2tTQM2MiB�H /2+�v- QM2 Q#i�BMb .2#v2 `2H�t�iBQM BM #Qi? +�b2b rBi? i?2

`2H�t�iBQM iBK2b τM U2[ 89V �M/ τ0 U2[ 88VX 6`QK J. bBKmH�iBQMb /Bb+mbb2/ BM KQ`2 /2i�BH

#2HQr- r2 BM/22/ }M/ KQbiHv bBM;H2@2tTQM2MiB�H `2H�t�iBQM rBi? τM ≈ τ0X h?Bb `2bmHi BKTHB2b

i?�i i?2 /vM�KB+ +�pBiv bmb+2TiB#BHBiv

χc(ω) = χ(ω)/χ0(ω) U83V

Bb M2�`Hv +QMbi�Mi �M/ Bb KQbiHv /2i2`KBM2/ #v Bib bi�iB+ HBKBiX

.B2H2+i`QT?Q`2bBb /QKBM�i2/ #v i?2 T`Qi2BM /BTQH2 KQK2Mi- y0 ≫ 1 Uh�#H2 RV- +�M #2

`2H�i2/ iQ i?2 /B2H2+i`B+ BM+`2K2Mi Q7 bQHmiBQMbX � +QMM2+iBQM #2ir22M Kd(ω) �M/ ∆ϵ(ω) Q7

bQHmiBQM Qp2` #mHF r�i2` H2�/b iQ i?2 7QHHQrBM; `2H�iBQM

K(ω) =
2

9
ϵ(ω)

(
∆ϵ(ω)

η0
+∆ϵw(ω)

)
χc(ω)

2χc(ω)− 1
U8NV

h?2 2biBK�i2b Q7 χc /Bb+mbb2/ #2HQr BM/B+�i2 i?�i i?2 i2`K χc/(2χc−1) Bb +HQb2 iQ mMBiv �M/

+�M #2 /`QTT2/ BM T`�+iB+�H �TTHB+�iBQMbX PM2 �``Bp2b �i � T`�+iB+�H 2[m�iBQM

K(ω) =
2

9
ϵ(ω) (∆ϵ(ω)/η0 +∆ϵw(ω)) UeyV

h?Bb 2[m�iBQM Bb 7m`i?2` bBKTHB}2/ �i p2`v bK�HH +QM+2Mi`�iBQMb- η0 → 0- r?2M i?2 b2+QM/

i2`K BM i?2 #`�+F2ib +�M #2 /`QTT2/X

aBKmH�iBQM S`QiQ+QH

1[m�iBQM RN 2bi�#HBb?2b i?2 +�pBiv bmb+2TiB#BHBiv BM i2`Kb Q7 i?2 +`Qbb@+Q``2H�iBQM #2ir22M i?2

T`Qi2BM /BTQH2 J0 �M/ i?2 iQi�H /BTQH2 Q7 i?2 K�+`Qb+QTB+ b�KTH2 JX q?2M i?Bb 2[m�iBQM

Bb �TTHB2/ iQ bBKmH�iBQM i`�D2+iQ`B2b- i?2 iQi�H /BTQH2 KQK2Mi Jt = J0 + Jw Bb +�H+mH�i2/

rBi?BM � bT?2`2 rBi? i?2 +miQz `�/Bmb rc /`�rM �`QmM/ i?2 T`Qi2BMX PM2- i?2`27Q`2- M22/b

ke
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iQ BM+Q`TQ`�i2 +Q``2+iBQMb 7Q` 2t+Hm/BM; i?2 K�+`Qb+QTB+ /BTQH2 JQmi QmibB/2 Q7 i?2 +miQz

bT?2`2X h?2 QmibB/2 /B2H2+i`B+ Bb TQH�`Bx2/ #v i?2 /BTQH2 Jt �i 2�+? +QM};m`�iBQM �HQM;

i?2 bBKmH�iBQM i`�D2+iQ`vX Ai im`Mb Qmi i?�i i?Bb TQH�`Bx�iBQM `2bmHib BM � +Q``2+iBQM i2`K

BM/2T2M/2Mi Q7 i?2 `�/Bmb rc- r?B+? M22/b iQ #2 BM+Hm/2/ BM/2T2M/2MiHv Q7 i?2 bBx2 Q7 i?2

bBKmH�iBQM #QtX h?Bb +QM+HmbBQM r�b `2�+?2/ T`2pBQmbHvXRd h?2 +Q``2bTQM/BM; 7Q`K�HBbK

Bb �/QTi2/ ?2`2 7Q` +�H+mH�iBM; +`Qbb +Q``2H�iBQMb #2ir22M i?2 /BTQH2 KQK2MibX h?2 7mHH

/2`Bp�iBQM Bb ;Bp2M BM i?2 amTTQ`iBM; AM7Q`K�iBQM UaAV- ?2`2 r2 #`B2~v QmiHBM2 i?2 K�BM

bi2TbX

h?2 bT?2`B+�H +miQz H2�/b iQ �M �//BiBQM�H bmb+2TiB#BHBiv �`BbBM; 7`QK i?2 /BTQH2 KQK2Mi

JQmi Q7 i?2 bm``QmM/BM; /B2H2+i`B+ K2/BmK

χc = ⟨J0 · Jt⟩/⟨J2
0⟩+ χQmi UeRV

h?2 �//BiBQM�H bmb+2TiB#BHBiv Bb +�H+mH�i2/ ?2`2 BM i?2 7Q`K�HBbK Q7 `2+BT`Q+�H@bT�+2 bmb+2T@

iB#BHBiv 7mM+iBQMbXj9 h?Bb �TT`Q�+? 7Q`KmH�i2b i?2 HBM2�` BM?QKQ;2M2Qmb bmb+2TiB#BHBiv Q7 i?2

bQHp2Mi BM i?2 T`2b2M+2 Q7 � bT?2`B+�H bQHmi2 2t+Hm/BM; i?2 TQH�` HB[mB/ 7`QK Bib pQHmK2

χ(F1,F2) = χs(F)δF1,F2 − αχ0(F1,F2) UekV

h?2 bmb+2TiB#BHBiB2b χs �M/ χ0 ?2`2 �`2 b2+QM/@`�MF i2MbQ`b r?B+? �`2 ;Bp2M BM i2`Kb Q7 b+�H�`

HQM;Bim/BM�H �M/ i`�Mbp2`b2 T`QD2+iBQM 7mM+iBQMbX h?2 }`bi +QKTQM2Mi- χs- Bb i?2 /BTQH�`

KB+`Qb+QTB+ bmb+2TiB#BHBiv Q7 i?2 #mHF mbm�HHv ;Bp2M BM i2`Kb Q7 i?2 Q`B2Mi�iBQM�H bi`m+im`2

7�+iQ`b /2b+`B#BM; Q`B2Mi�iBQM�H +Q``2H�iBQMb Q7 i?2 HB[mB/ /BTQH2bXjj-j9 h?2 b2+QM/ bmKK�M/-

χ0- Bb i?2 �Hi2`�iBQM Q7 i?2 #mHF bmb+2TiB#BHBiv +�mb2/ #v i?2 `2TmHbBp2 +Q`2 Q7 i?2 bQHmi2X h?Bb

+QKTQM2Mi Bb KmHiBTHB2/ rBi? i?2 b+�HBM; 7�+iQ` α brBi+?BM; #2ir22M i?2 T?vbB+�H /B2H2+i`B+

BMi2`7�+2 TQbb2bbBM; i?2 bm`7�+2 +?�`;2 Uα = 1V �M/ i?2 K�i?2K�iB+�H ;2QK2i`B+ b2T�`�iBQM

Q7 � pB`im�H GQ`2Mix +�pBiv Uα = 0V- r?B+? /Q2b MQi BM/m+2 �M BMi2`7�+B�H `2bi`m+im`BM; Q7 i?2

K2/BmK /BTQH2bX9

kd
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6Q` i?2 T`Q#H2K +QMbB/2`2/ ?2`2- i?2 bT?2`B+�H pQHmK2 rBi? i?2 +miQz `�/Bmb rc TH�vb i?2

`QH2 Q7 � pB`im�H bQHmi2 +�``vBM; i?2 /BTQH2 KQK2Mi Jt �M/ TQH�`BxBM; i?2 K2/BmK QmibB/2 Q7

i?2 +miQzX h?2 2H2+i`B+ }2H/ BM `2+BT`Q+�H bT�+2 Bb ;Bp2M �b i?2 T`Q/m+i Q7 i?2 /BTQH2 KQK2Mi

�M/ i?2 `2+BT`Q+�H@bT�+2 Ub2+QM/@`�MFV /BTQH�` i2MbQ` h̃

1̃0 = h̃ · Jt UejV

:Bp2M i?Bb 2ti2`M�H }2H/- i?2 TQH�`Bx�iBQM Q7 i?2 K2/BmK QmibB/2 Q7 i?2 +miQz Bb ;Bp2M �b

S̃(F1) =

∫
dF2

(2π)3
χ(F1,F2) · 1̃0(F2) Ue9V

h?2 TQH�`Bx�iBQM Q7 i?2 HB[mB/ QmibB/2 Q7 i?2 bT?2`B+�H pQHmK2 +�``vBM; i?2 /BTQH2 KQK2Mi

Jt Bb T`Q/m+2/ i?`Qm;? i?2 /BTQH�` i2MbQ` h̃ BM 2[ ejX A7 i?2 bT?2`B+�H pQHmK2 Bb i�F2M 7`QK

� K�+`Qb+QTB+ b�KTH2- i?2 bT�iB�H 6Qm`B2` i`�Mb7Q`K Q7 i?2 /BTQH�` i2MbQ` rBi? � bT?2`B+�H

+miQz Bb ;Bp2M #v i?2 7QHHQrBM; 2tT`2bbBQMj8

h̃ = −j1(krc)

ϵ0krc

[
3F̂F̂ − R̂

]
Ue8V

r?2`2 jn(x) Bb i?2 bT?2`B+�H "2bb2H 7mM+iBQM Q7 Q`/2` nje �M/ F̂ = F/k Bb i?2 mMBi p2+iQ`X h?Bb

7Q`K 7Q` i?2 /BTQH�` i2MbQ` �TTHB2b `2;�`/H2bb Q7 r?2i?2` i?2 BMi2`7�+2 rBi? i?2 bm``QmM/BM;

K2/BmK Bb T?vbB+�H UJ�tr2HHV Q7 pB`im�H UGQ`2MixVX A7- QM i?2 +QMi`�`v- i?2 bT?2`B+�H `2;BQM

TQH�`Bx2b i?2 H�iiB+2 Q7 `2THB+�b Q7 i?2 bBKmH�iBQM #Qt +QMbB/2`2/ BM bBKmH�iBQM T`QiQ+QHb rBi?

T2`BQ/B+ #QmM/�`v +QM/BiBQMb �M/ 1r�H/ bmKb mb2/ iQ +�H+mH�i2 HQM;@`�M;2 2H2+i`Qbi�iB+b-

QM2 �TTHB2b i?2 1r�H/ /BTQH�` i2MbQ` h̃E HBbi2/ #v L2mK�MMj8 �M/ `2T`Q/m+2/ BM i?2 aAX

h?2 7Q`K�HBbK QmiHBM2/ #v 2[b ek �M/ e9 Bb BKTH2K2Mi2/ rBi? i?2 /BTQH�` i2MbQ` h̃ 7Q` �M

BM}MBi2 b�KTH2 �M/ i2MbQ` h̃E 7Q` i?2 bBKmH�iBQM b2imTX

k3
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h?2 +�pBiv bmb+2TiB#BHBiv Bb /2`Bp2/ BM aA

χc = χc(α)⟨J0 · Jt⟩/⟨J2
0⟩ UeeV

AM i?Bb 2tT`2bbBQM- i?2 /BTQH2 KQK2Mi Q7 i?2 T`Qi2BM J0 Bb +Q``2H�i2/ rBi? i?2 /BTQH2 KQK2Mi

Q7 i?2 bT?2`B+�H `2;BQM JtX A7 �M BM}MBi2 b�KTH2 Bb TQH�`Bx2/ #v Jt- QM2 }M/b i?2 +Q``2+iBQM

7�+iQ`

χc(α) =
ϵs + 2

3ϵs
− α

2(ϵs − 1)2

3ϵs(2ϵs + 1)
UedV

h?2 }`bi i2`K BM i?Bb 2[m�iBQM Bb i?2 GQ`2Mix +�pBiv }2H/ �bbmKBM; i?�i i?2 /BpB/BM; bm`7�+2

#2ir22M i?2 BMbB/2 �M/ QmibB/2 `2;BQMb /Q2b MQi BMi`Q/m+2 � `2�H T?vbB+�H BMi2`7�+2 U+7X iQ 2[

kdVX AM +QMi`�bi- i?2 HBKBi α = 1 /2b+`B#2b � T?vbB+�H BMi2`7�+2- r?2M i?2 /B2H2+i`B+ #QmM/�`v

+QM/BiBQMb Q7 J�tr2HHǶb 2H2+i`Qbi�iB+b �TTHvX h�FBM; i?Bb HBKBi �M/ +QK#BMBM; i?2 }`bi irQ

i2`Kb BM 2[ ed H2�/b iQ i?2 J�tr2HH /B2H2+i`B+ +�pBiv 7�+iQ` χc(α = 1) = χM
c ;Bp2M #v 2[ R3X

6Q` i?2 T2`BQ/B+ #QmM/�`v +QM/BiBQMb BKTH2K2MiBM; 1r�H/ 7Q`K�HBbK- brBi+?BM; 7`QK h̃

iQ h̃E `2TH�+2b χc(α) BM 2[ ed rBi? χc(α) + αχ+Q`` Ub22 aAV- r?2`2 i?2 +Q``2+iBQM i2`Kb Bb

χ+Q`` =
2(ϵs − 1)2

3ϵs(2ϵs + 1)

[
2`7+(κrc) +

2κrc√
π
e−(κrc)2

]
Ue3V

>2`2- κ Bb i?2 /B`2+i@bT�+2 b+`22MBM; T�`�K2i2` 2KTHQv2/ BM 1r�H/ bmKbjd �M/ 2`7+(x) Bb i?2

+QKTHBK2Mi�`v 2``Q` 7mM+iBQMXje h?Bb +Q``2+iBQM i2`K +�M #2 M2;H2+i2/ 7Q` ivTB+�H T�`�K2i2`b

2KTHQv2/ BM bBKmH�iBQMb Q7 T`Qi2BMb �M/ Bi Bb MQi +QMbB/2`2/ BM Qm` +�H+mH�iBQMbX

h?2 /2`Bp�iBQM T`2b2Mi2/ ?2`2 +H2�`Hv b?Qrb i?�i +`Qbb +Q``2H�iBQMb #2ir22M i?2 /BTQH2

rBi?BM � bT?2`B+�H `2;BQM rBi? i?2 QmibB/2 TQH�`Bx2/ K2/BmK vB2H/ i?2 `2bmHi 2[mBp�H2Mi iQ

bQHpBM; i?2 /B2H2+i`B+ #QmM/�`v@p�Hm2 T`Q#H2K 7Q` �M 2KTiv +�pBiv TQH�`Bx2/ #v i?2 2ti2`M�H

}2H/j �b HQM; �b /Bb+QMiBMmBiv Q7 i?2 /B2H2+i`B+ +QMbi�Mi Bb �bbmK2/ �i i?2 /BpB/BM; bm`7�+2

Uα = 1VX LQ bm+? T?vbB+�H /Bb+QMiBMmBiv Bb `2�HBx2/ r?2M � bT?2`B+�H `2;BQM rBi?BM i?2 +miQz

`�/Bmb rc 7`QK i?2 +2Mi2` Q7 K�bb Q7 i?2 T`Qi2BM Bb b2T�`�i2/ 7`QK i?2 bBKmH�iBQM #QtX h?2

kN
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�M�HvbBb Q7 bBKmH�iBQMb r�b- i?2`27Q`2- T2`7Q`K2/ #v �TTHvBM; i?2 GQ`2Mix +QM/BiBQM α = 0

χc = χL
c ⟨J0 · Jt⟩/⟨J2

0⟩ UeNV

h?Bb HBKBi H2�/b iQ i?2 �TT2�`�M+2 Q7 i?2 GQ`2Mix b+`22MBM; 7�+iQ` BM 7`QMi Q7 �Mv +Q``2@

H�iBQM BMpQHpBM; i?2 /BTQH2 KQK2Mi Q7 i?2 bT?2`B+�H `2;BQM JtX 6`QK i?Bb T2`bT2+iBp2- +miQz

+Q``2+iBQMb �`2 `2[mB`2/ iQ +�H+mH�i2 bmb+2TiB#BHBiB2b `2T`2b2MiBM; i?2 `2�+iBQM �M/ /B`2+iBM;

}2H/b /Bb+mbb2/ �#Qp2X PM2 Q#i�BMb 7Q` χR �M/ χD BM 2[ je

χR =
β

3
χL
c ⟨(1s · K̂0)(K̂0 · Jt)⟩

χD =
β

3
χL
c ⟨
(
1s − 1∥

)
· Jt⟩

UdyV

r?2`2 χL
c Bb i?2 bi�iB+ HBKBi Q7 i?2 GQ`2Mix b+`22MBM; U2[ kdVX

_2bmHib

.B2H2+i`B+ K2�bm`2K2MibX h?2 2z2+i Q7 i?2 T`Qi2BM /BTQH2 QM #Qi? i?2 /B2H2+i`QT?Q`2iB+

`2bTQMb2 �M/ i?2 /B2H2+i`B+ BM+`2K2Mi Bb /2i2`KBM2/ MQi #v i?2 /BTQH2 KQK2Mi Bib2H7- #mi #v

i?2 b+�H2/ T�`�K2i2` y0 ∝ ⟨M2
0 ⟩/Ω0 ∝ ⟨M2

0 ⟩/R3
0X h?2 `2bmHi Bb bQK2r?�i b2MbBiBp2 iQ i?2

/2}MBiBQM Q7 i?2 T`Qi2BM pQHmK2 Ω0 = (4π/3)R3
0 �M/ i?2 2z2+iBp2 `�/Bmb R0X h?2 �H;Q`Bi?K

�/QTi2/ ?2`2 Bb iQ +�H+mH�i2 i?2 p�M /2` q��Hb Up/qV pQHmK2 Q7 i?2 T`Qi2BM �M/ i?2M �//

i?2 `�/Bmb Q7 i?2 r�i2` KQH2+mH2 1.43 ³ iQ i?2 p/q `�/BmbX h?2 +�H+mH�i2/ `�/Bmb Bb i?2

2z2+iBp2 `�/Bmb Q7 i?2 bQHp2Mi@�++2bbB#H2 bm`7�+2X 1p2M rBi? i?Bb �//BiBQM- i?2 `2bmHiBM; y0 Q7

i?2 T`Qi2BM Bb Km+? ?B;?2` i?�M Bib #mHF �M�HQ; y ≃ 6 7Q` r�i2` 7Q` �HH T`Qi2BMb bim/B2/ ?2`2

Uh�#H2 RVX h?2 ?B;? p�Hm2 Q7 i?Bb T�`�K2i2` Bb i?2 BM/B+�iBQM i?�i T`Qi2BMb �// TQH�`Biv iQ

i?2 bQHmiBQM �M/ �`2 2tT2+i2/ iQ T`Q/m+2 �M BM+`2K2Mi Q7 i?2 bi�iB+ /B2H2+i`B+ +QMbi�Mi Q7

bQHmiBQM +QKT�`2/ iQ #mHF r�i2`X h?Bb BM/22/ ?�TT2Mb �M/ ∆ϵ/η0 BM 2[b 8R Bb TQbBiBp2 7Q`

m#B[mBiBM �M/ HvbQxvK2 bQHmiBQMbX

jy
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6B;m`2 9, ∆ϵ(ω) `2TQ`i2/ 7Q` c0 = 1.14 KJ bQHmiBQM Q7 m#B[mBiBMjy U/�b?2/ HBM2bV �M/ +�H+mH�i2/
UbQHB/ HBM2bV 7`QK 2[ 8R rBi? y0 = 154 7`QK h�#H2 R �M/ τr = 10.8 Mb 7Q` i?2 T`Qi2BM β@`2H�t�iBQM U2[
RdVX h?2 +�pBiv bmb+2TiB#BHBiv χc = 0.85 Bb `2[mB`2/ iQ }i i?2 HQr@7`2[m2M+v T�`i Q7 i?2 /Bz2`2M+2
/B2H2+i`B+ bT2+i`mKX h?2 #H�+F HBM2b K�`F i?2 `2�H T�`i Q7 ∆ϵ(ω) �M/ i?2 `2/ HBM2b `272` iQ i?2
BK�;BM�`v T�`iX

1[m�iBQM 8R Bb i?2 bQHmiBQM KBtim`2 7Q`KmH� vB2H/BM; i?2 /B2H2+i`B+ 7mM+iBQM Q7 bQHmiBQM �i

i?2 HQr T`Qi2BM +QM+2Mi`�iBQMb �HHQrBM; iQ M2;H2+i BMi2`T`Qi2BM BMi2`�+iBQMbX h?Bb 2[m�iBQM

Bb +QKT�`2/ BM 6B;m`2 9 iQ i?2 `2TQ`i2/jy /B2H2+i`B+ BM+`2K2Mi ∆ϵ(ω) 7Q` c0 = 1.14 KJ

m#B[mBiBM bQHmiBQMX h?2 +�pBiv bmb+2TiB#BHBiv χc r�b �bbmK2/ iQ #2 +QMbi�Mi- i?2 bi�iB+

T�`�K2i2` y0 r�b i�F2M 7`QK h�#H2 R- �M/ i?2 r�i2` /B2H2+i`B+ 7mM+iBQM Bb 7`QK BM/2T2M/2Mi

K2�bm`2K2MibXj3 6BiiBM; i?2 HQr@7`2[m2M+v TQ`iBQM Q7 i?2 THQi `2[mB`2/ χc = 0.85X h?2`2 Bb

� /Bb+`2T�M+v #2ir22M i?2 +�H+mH�i2/ �M/ `2TQ`i2/ /Bz2`2M+2 /B2H2+i`B+ bT2+i`� BM i?2 `2;BQM

Q7 i?2 r�i2` Uγ@`2H�t�iBQMV T2�FX h?Bb KB;?i MQi #2 `2H�i2/ iQ TQi2MiB�H /`�r#�+Fb Q7 2[

8R bBM+2 i?2 `2H�t�iBQM iBK2 Q7 i?2 γ@`2H�t�iBQM `2TQ`i2/ BM `27 jy Uτγ = 12.5 TbV /2pB�i2b

7`QK i?�i K2�bm`2/ 7Q` #mHF r�i2`j3 Uτγ = 8.37 TbVX h?2 r�i2` T2�F /Q2b MQi b?B7i rBi? i?2

�//BiBQM Q7 i?2 T`Qi2BM �i KJ +QM+2Mi`�iBQMb-jN 2p2M i?Qm;? bHQrBM; Q7 r�i2`Ƕb `2H�t�iBQM

?�b #22M Q#b2`p2/ BM +QM+2Mi`�i2/ MQMBQMB+ bQHmiBQMbX9y

h?2 p�Hm2 Q7 χc ≃ 0.85 +�M #2 +QKT�`2/ iQ Qi?2` bQm`+2b Q7 i?Bb T�`�K2i2`X PM2 +�M

�Hi2`M�iBp2Hv �TTHv 2[ 8y +QMM2+iBM; χc iQ i?2 `2H�iBp2 /B2H2+i`B+ bi`2M;i?b Q7 β@ �M/ δ@

`2H�t�iBQM +QKTQM2MibX 6B;m`2 8 b?Qrb i?Bb +�H+mH�iBQM 7Q` � MmK#2` Q7 T`Qi2BMb HBbi2/ BM

`27b ke-jy-9RX h?2 p�Hm2b Q7 χc �`2 THQii2/ �;�BMbi M1/3
p mb2/ iQ `2T`2b2Mi i?2 T`Qi2BM bBx2

UMp Bb i?2 KQH2+mH�` K�bbVX PM2 �``Bp2b �i χc ≃ 1.16X q2 bi`2bb �;�BM i?�i �++Q`/BM; iQ

jR
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2[ 9e i?2 �TT2�`�M+2 Q7 � δ@T2�F BM i?2 /B2H2+i`B+ bT2+i`mK `2[mB`2b χc > 1- BM +QMi`�bi iQ

χc < 1 7QHHQrBM; 7`QK i?2 }i T`2b2Mi2/ BM 6B;m`2 9X h?Bb H�ii2` +�H+mH�iBQM Bb bm#bi�MiB�HHv

�z2+i2/ #v i?2 �/QTi2/ K�;MBim/2 Q7 i?2 T`Qi2BM /BTQH2 Uh�#H2 RV �M/- iQ � H2bb2` 2ti2Mi-

#v i?2 T`Qi2BM pQHmK2X

6B;m`2 8, χc +�H+mH�i2/ 7`QK i?2 `2H�iBp2 BMi2MbBiB2b Q7 β@ �M/ δ@`2H�t�iBQM T`Q+2bb2b �++Q`/BM; iQ
2[ 8y 7`QK i?2 /�i� HBbi2/ BM `27ke UQT2M TQBMibVX h?2 +HQb2/ TQBMi `272`b iQ m#B[mBiBMjy Ub[m�`2V
�M/ _L�b29R Ui`B�M;H2VX h?2 K2�M p�Hm2 Q7 χc ≃ 1.16 Bb BM/B+�i2/ #v i?2 ?Q`BxQMi�H /�b?2/ HBM2c
Mp Bb i?2 KQH2+mH�` K�bb U.�VX

h?2 T`Qi2BM pQHmK2 /`QTb 7`QK i?2 +�H+mH�iBQM B7 ∆ϵ/η0 ≫ ∆ϵw BM 2[ 8jX AM i?�i +�b2-

QM2 +�M mb2 2[ 8j- r?B+? +�M #2 +�bi BM i?2 7QHHQrBM; 7Q`K

∆ϵ

c0
= 9.13× 10−5M2

0 (2χc − 1) UdRV

r?2`2 i?2 MmK2`B+�H 7�+iQ` Bb +�H+mH�i2/ 7Q` c0 BM KJ �M/ i?2 T`Qi2BM /BTQH2 Bb BM /2#v2 mMBibX

h?Bb 2[m�iBQM +�M #2 �Hi2`M�iBp2Hv pB2r2/ �b i?2 K2�Mb iQ /2i2`KBM2 i?2 T`Qi2BM /BTQH2 7`QK

i?2 /B2H2+i`B+ BM+`2K2Mi

M0 ≃ 105 .
√

∆ϵ

c0(2χc − 1)
UdkV

h?Bb Bb i?2 PM+H2v 2[m�iBQM BM r?B+? i?2 +�pBiv bmb+2TiB#BHBiv `2TH�+2b �M 2KTB`B+�H T�`�K2i2`

BM PM+H2vǶb 7Q`KmH�iBQMX9k

6B;m`2 e b?Qrb i?2 /B2H2+i`B+ `2bmHibN pb i?2 +�H+mH�i2/9j-99 M2
0 7Q` � MmK#2` Q7 T`Qi2BMb

�bbmKBM; M2
0 ≃ ⟨M2

0 ⟩X h?Bb +�H+mH�iBQM M2;H2+ib KQ/mH�iBQMb Q7 i?2 T`Qi2BM /BTQH2 KQK2Mi

jk
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#v +QM7Q`K�iBQM�H ~m+im�iBQMb Q7 i?2 T`Qi2BMX h?2 /Bbi`B#miBQMb Q7 i?2 /BTQH2 KQK2Mi K�;@

MBim/2b 7`QK J. bBKmH�iBQMb 7Q` i?2 HvbQxvK2 UGvbV �M/ m#B[mBiBM Ul#B[V T`Qi2BMb �`2 b?QrM

BM 6B;m`2 dX h?2 rB/i? Q7 i?2 /BTQH2 KQK2Mi /Bbi`B#miBQM Bb �#Qmi kyW Q7 i?2 KQbi T`Q#�#H2

p�Hm2X h?2 2``Q` Q7 �bbmKBM; M2
0 ≃ ⟨M2

0 ⟩ /Q2b MQi 2t+22/ 9WX

6B;m`2 e, 1tT2`BK2Mi�HN /B2H2+i`B+ BM+`2K2Mib ∆ϵ/c0- c0 Bb i?2 KQH�` +QM+2Mi`�iBQM Q7 T`Qi2BM UKJV
pb i?2 +�H+mH�i2/9j-99 b[m�`2/ /BTQH2 KQK2Mi M2

0 X h?2 T`Qi2BMb BM i?2 b2[m2M+2 Q7 BM+`2�bBM; M0

�`2, HvbQxvK2- KvQ;HQ#BM- T?QbT?QHBT�b2- m#B[mBiBM- i`vTbBM- +viQ+?`QK2 +- "a�- `B#QMm+H2�b2-
_L�b2- ?2KQ;HQ#BM- +�`#QtvT2TiB/�b2X h?2 /�b?2/ HBM2 Bb � HBM2�` }i i?`Qm;? i?2 TQBMibX

h?2 bHQT2 Q7 i?2 THQi b?QrM BM 6B;m`2 e Bb +QMbBbi2Mi rBi? χc ≃ 0.97- r?B+? 7�HHb #2ir22M

χc ≃ 0.85 �M/ χc ≃ 1.2 7`QK 6B;m`2b 9 �M/ eX �b K2MiBQM2/ �#Qp2- #Qi? 6B;m`2b 9 �M/ e

�`2 �z2+i2/ #v i?2 K�;MBim/2 Q7 i?2 +�H+mH�i2/ T`Qi2BM /BTQH2X 6B;m`2 8 /Q2b MQi /2T2M/ QM

i?Bb �bbB;MK2Mi- #mi Bb bQH2Hv #�b2/ QM i?2 �bbmKTiBQM i?�i δ@`2H�t�iBQM Bb �bbQ+B�i2/ rBi?

+`Qbb +Q``2H�iBQMb #2ir22M i?2 T`Qi2BM �M/ r�i2` /BTQH2bXk3-kN lM7Q`imM�i2Hv- i?2b2 `2bmHib

+�MMQi #2 i2bi2/ �;�BMbi i?2 J. bBKmH�iBQMb bBM+2 i?2 +Q``2H�iBQMb ⟨J0 ·Jt(rc)⟩ +�H+mH�i2/

7Q` /Bz2`2Mi `�/BB rc Q7 i?2 +miQz b?2HHb /Q MQi +QMp2`i iQ � bT2+B}+ HBKBi �M/ biBHH F22T

`BbBM; �i i?2 H�`;2bi b?2HHb �p�BH�#H2 7`QK Qm` bBKmH�iBQMb U6B;m`2 aRVX L2p2`i?2H2bb- 2p2M

i?2b2 `2bmHib- biBHH �z2+i2/ #v i?2 }MBi2 bBx2 Q7 i?2 bBKmH�iBQM +2HH- ;Bp2 χc ≃ 0.3 − 0.4-

r?B+? �`2 �i H2�bi �M Q`/2` Q7 K�;MBim/2 ?B;?2` i?�M χM
c ≃ 0.02 bm;;2bi2/ #v i?2 /B2H2+i`B+

i?2Q`B2b U2[ R3VX �HH i?2b2 `2bmHib BM/B+�i2 i?�i i?2 T`Qi2BM@r�i2` EB`FrQQ/ 7�+iQ` U2[ kRV Bb

+HQb2 iQ mMBiv- r?B+? Bb +QMbBbi2Mi rBi? i?2 p�Hm2b ivTB+�HHv 7QmM/ 7Q` #mHF TQH�` HB[mB/bXR9-R8

:Bp2M i?2 /B`2+i +QMM2+iBQM #2ir22M χc �M/ i?2 EB`FrQQ/ 7�+iQ`- i?2 H�+F Q7 +QMp2`;2M+2

BM /B`2+i@bT�+2 +�H+mH�iBQMb Bb MQi bm`T`BbBM; bBM+2 TQQ` +QMp2`;2M+2 Q7 i?2 EB`FrQQ/ 7�+iQ`

jj
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rBi? BM+`2�bBM; i?2 bBx2 Q7 i?2 bT?2`B+�H pQHmK2 �`QmM/ � i�`;2i /BTQH2 Bb r2HH /Q+mK2Mi2/ BM

#Qi? �M�HviB+�H i?2Q`B2bRk �M/ bBKmH�iBQMbX98 h?2 Bbbm2 7Q` ?QKQ;2M2Qmb HB[mB/b Bb `2bQHp2/

#v i�FBM; k → 0 BM `2+BT`Q+�H bT�+2-j8 r?B+? ?�b MQi #22M v2i �++QKTHBb?2/ 7Q` bQHmi2@bQHp2Mi

EB`FrQQ/ 7�+iQ`bX

6B;m`2 d, .Bbi`B#miBQM Q7 i?2 K�;MBim/2 Q7 i?2 T`Qi2BM /BTQH2X h?2 /�b?2/ HBM2b �`2 }ib iQ :�mbbB�M
7mM+iBQMb rBi? i?2 K2�M p�Hm2b Q7 218 . Um#B[mBiBM- l#B[V �M/ 145 . UHvbQxvK2- GvbV �M/ i?2
:�mbbB�M rB/i?b Q7 37 . Ul#B[V �M/ 29 . UGvbVX

�b r2 MQi2/ �#Qp2- χc 7mHHv bT2+B}2b i?2 bmb+2TiB#BHBiv Q7 i?2 T`Qi2BM@r�i2` BMi2`7�+2 χBMi

T`Q/m+BM; i?2 /BTQH2 KQK2Mi ⟨M BMi
z ⟩E BM/m+2/ BM i?2 BMi2`7�+2 #v i?2 2ti2`M�H }2H/ E0 U2[

k3VX h?2b2 p�Hm2b �`2 HBbi2/ BM h�#H2 k 7Q` m#B[mBiBM �M/ HvbQxvK2 �bbmKBM; E0 = 0.1 of³X

h?2 T`BM+BT�H /BbiBM+iBQM Bb 7QmM/ #2ir22M i?2 J�tr2HH `2bmHi T`2/B+iBM; � M2;�iBp2 /BTQH2-

HQr2`BM; i?2 bQHmiBQM TQH�`Biv- �M/ i?2 TQbBiBp2 /BTQH2 7QHHQrBM; 7`QK 2biBK�i2b Q7 χc mbBM;

2Bi?2` J. bBKmH�iBQMb Q` i?2 2tT2`BK2Mi�H `2bmHib b?QrM BM 6B;m`2 8X �b K2MiBQM2/ �#Qp2-

i?2 J. +�H+mH�iBQMb 7Q` χc �`2 MQi 7mHHv +QMp2`;2/ /m2 iQ bBx2 `2bi`B+iBQMb QM i?2 r�i2` b?2HH

BM i?2 bBKmH�iBQM #Qt �M/ vB2H/ mM/2`2biBK�i2/ p�Hm2b Q7 χcX

h�#H2 k, .BTQH2 KQK2Mi ⟨M BMi
z ⟩E U.V BM/m+2/ �i i?2 T`Qi2BM@r�i2` BMi2`7�+2 #v

i?2 2ti2`M�H }2H/ E0 = 0.1 of³X

S`Qi2BM Ja J.b 1tTc

l#B[mBiBM −3.50 yXNR RX98
GvbQxvK2 −5.40 yXyd RXe3

aJ�tr2HH `2bmHi 7`QK 2[ kjX b6`QK 2[ k3 rBi? χc 7`QK J.X c6`QK 2[ k3 rBi? χc 7`QK
6B;m`2 8, χc = 1.08 Ul#B[V �M/ RXky UGvbVX

GQ+�H }2H/X h?2 2H2+i`B+ }2H/ Q7 i?2 bQHp2Mi BMbB/2 i?2 T`Qi2BM Bb Q7 7mM/�K2Mi�H bB;MB7@

j9
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B+�M+2 7Q` � MmK#2` Q7 T`Q+2bb2bX Ai �z2+ib +�i�HviB+ 7mM+iBQM-9eĜ93 `�i2b Q7 T`Qi2BM +?�`;2

i`�Mb72`-9N �M/ HBM2 b?�T2b Q7 bT2+i`�H T`Q#2b TH�+2/ BMbB/2 i?2 T`Qi2BMX8y h?2 2H2+i`B+ }2H/

`2T`2b2Mib +QHH2+iBp2 KQiBQMb Q7 i?2 2MiB`2 ?v/`�iBQM b?2HH Q7 i?2 T`Qi2BM �M/ i?mb `2TQ`ib QM

i?2 b?2HH /vM�KB+bX h?2b2 /vM�KB+b �`2 bHQr �b Dm/;2/ 7`QK i?2 iBK2 +Q``2H�iBQM 7mM+iBQM

CE(t) = ⟨(δ1s)
2⟩−1⟨δ1s(t) · δ1s(0)⟩ UdjV

r?2`2 i?2 2H2+i`B+ }2H/ 1s(t) Bb +�H+mH�i2/ �i i?2 +2Mi2` Q7 K�bb Q7 i?2 T`Qi2BMX h?2 �p2`�;2

`2H�t�iBQM iBK2b +�H+mH�i2/ 7`QK i?Bb +Q``2H�iBQM 7mM+iBQM �`2 2[m�H iQ eXj Mb 7Q` Gvb �M/

9X9 Mb 7Q` i?2 l#B[ T`Qi2BM U6B;m`2 3 �M/ aAVX h?Bb `2bmHi +QK2b BM b?�`T +QMi`�bi iQ bBM;H2@

T�`iB+H2 /vM�KB+b Q7 r�i2` KQH2+mH2b BM i?2 ?v/`�iBQM b?2HH �i i?2 TB+Qb2+QM/ iBK2 b+�H2-

r?B+? �`2 bHQr2/ /QrM #v � `2i�`/�iBQM 7�+iQ` `2H�iBp2 iQ #mHF r�i2` rBi?BM QM2 Q`/2` Q7

K�;MBim/2X8RĜ89 6Hm+im�iBQMb Q7 i?2 2H2+i`B+ }2H/ BM #mHF r�i2` Q++m` QM i?2 iBK2 b+�H2 Q7

HQM;Bim/BM�H /B2H2+i`B+ `2H�t�iBQM ≃ 0.2 TbX88 h?2 `2i�`/�iBQM 7�+iQ` Q7 i?2 }2H/ BMbB/2 i?2

T`Qi2BM i?2`27Q`2 �KQmMib iQ jĜ9 Q`/2`b Q7 K�;MBim/2X

h?2 HQ+�H 2H2+i`B+ }2H/ EHQ+ BMbB/2 i?2 T`Qi2BM +�``B2b � /Bz2`2Mi T?vbB+�H K2�MBM;X AM

+QMi`�bi iQ i?2 ~m+im�iBM; bQHp2Mi }2H/ 1s- i?Bb Bb �M �p2`�;2 }2H/X Ai `2T`2b2Mib � +mKmH�iBp2

2z2+i Q7 i?2 TQH�`Bx�iBQM Q7 i?2 T`Qi2BM /BTQH2 �M/ i?2 /BTQH2b Q7 i?2 ?v/`�iBQM b?2HH BM/m+2/

#v �TTHvBM; �M 2ti2`M�H }2H/ iQ i?2 bQHmiBQMX aBM+2 i?2 HQ+�H }2H/ b+�H2b HBM2�`Hv rBi? i?2

�TTHB2/ 2ti2`M�H }2H/ E0- i?2 bmb+2TiB#BHBiv χHQ+ U2[ jdV Bb i?2 K2�bm`2 Q7 i?2 HBM2�` `2bTQMb2

Q7 i?2 T`Qi2BM �M/ Bib ?v/`�iBQM b?2HHX

h?2 HQ+�H@}2H/ bmb+2TiB#BHBiv BM 2[ jd Bb i?2 bmK Q7 irQ +QKTQM2Mib, i?2 `2�+iBQM@}2H/

bmb+2TiB#BHBiv χR �M/ i?2 /B`2+iBM; }2H/ bmb+2TiB#BHBiv χD U2[ dyVX h?Qb2 �`2 HBbi2/ BM h�#H2

j- �HQM; rBi? χc- 7Q` l#B[ �M/ Gvb T`Qi2BMbX Ai Bb b22M i?�i i?2 HQ+�H }2H/ +�M 2t+22/ i?2

2ti2`M�H }2H/ #v �#Qmi irQ Q`/2`b Q7 K�;MBim/2X h?2 /B`2+iBM; }2H/ Bb �HbQ MQi 2[m�H iQ

i?2 +�pBiv }2H/- BM +QMi`�bi iQ i?2 PMb�;2` �bbmKTiBQM mb2/ BM i?2Q`B2b Q7 #mHF /B2H2+i`B+bXRN

h?2v /Q MQi M22/ iQ #2 2[m�H- #mi �`2 `2�bQM�#Hv +HQb2 BM K�;MBim/2 7Q` /BTQH�` HB[mB/bXky

j8
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6B;m`2 3, hBK2 +Q``2H�iBQM 7mM+iBQMb CE(t) U2[ djV +�H+mH�i2/ 7`QK R µb J. i`�D2+iQ`B2b 7Q`
HvbQxvK2 U#H�+FV �M/ m#B[mBiBM U`2/VX h?2 /�b?2/ HBM2b �`2 }ib iQ 7mM+iBQMb ;Bp2M �b bmKb Q7
2tTQM2MiB�H �M/ bi`2i+?2/ 2tTQM2MiB�H /2+�v 7mM+iBQMb Ub22 aAVX h?2 �p2`�;2 `2H�t�iBQM iBK2b �`2,
6.3 Mb UGvbV �M/ 9X9 Mb Ul#B[VX

Ai Bb +H2�` i?�i i?Bb 2tT2+i�iBQM Bb MQi K2i 7Q` T`Qi2BMb BM bQHmiBQMX Ai Bb BKTQ`i�Mi iQ bi`2bb

i?�i i?2 +�pBiv }2H/- �M/ MQi i?2 /B`2+iBM; }2H/- ?�b iQ 2Mi2` i?2 /B2H2+i`B+ +QMbi�Mi Q7 i?2

T`Qi2BM bQHmiBQM H2�/BM; iQ 2[ 9j 7Q` i?2 /B2H2+i`B+ BM+`2K2MiX >Qr2p2`- r?2M i?2 T`Qi2BM

BM bQHmiBQM Bb 2tTQb2/ iQ 2H2+i`QK�;M2iB+ `�/B�iBQM- Bi Bb i?2 HQ+�H }2H/ �i i?2 7`2[m2M+v Q7

`�/B�iBQM i?�i /2i2`KBM2b Bib 2z2+i QM i?2 `2bB/m2b �M/ +Q7�+iQ`b BMbB/2 i?2 T`Qi2BMX Pm`

+�H+mH�iBQMb +H2�`Hv BM/B+�i2 i?�i i?2 +Q``2+iBQM Q7 i?2 2ti2`M�H }2H/ i?`Qm;? χHQ+ +�MMQi #2

M2;H2+i2/ r?2M HQr@7`2[m2M+v `�/B�iBQM UrBi? ωτr < 1V Bb +QM+2`M2/X

q2 �HbQ }M/ i?�i i?2 K2�M@}2H/ �TT`QtBK�iBQM 7Q` i?2 +�pBiv@}2H/ bmb+2TiB#BHBiv χc U2[

jNV Bb BM 7�B` �;`22K2Mi rBi? /B`2+i +�H+mH�iBQMb UirQ H�bi +QHmKMb BM h�#H2 jVX "Qi? +�H+m@

H�iBQMb �`2- ?Qr2p2`- �z2+i2/ #v i?2 M22/ iQ BMi`Q/m+2 i?2 bT?2`B+�H +miQz Q7 i?2 ?v/`�iBQM

b?2HH BM i?2 �M�HvbBb Q7 bBKmH�iBQMb iQ `2TH�+2 i?2 /BTQH2 KQK2Mi J rBi? i?2 /BTQH2 KQK2Mi

Jt Q7 i?2 bT?2`B+�H `2;BQM bm``QmM/BM; i?2 T`Qi2BMX 6`QK i?Bb T2`bT2+iBp2- i?2`2 Bb MQ +H2�`

�/p�Mi�;2 Q7 mbBM; QM2 7Q`K�HBbK +QKT�`2/ iQ i?2 Qi?2`X L2p2`i?2H2bb- i?2 MmK2`B+�H �;`22@

K2Mi #2ir22M irQ `2bmHib Qz2`b � `Qmi2 7Q` /2p2HQTBM; 7Q`K�H i?2Q`B2b Q7 χc MQi `2HvBM; QM

i?2 i2+?MB+�HHv +?�HH2M;BM; +�H+mH�iBQM Q7 i?2 T`Qi2BM@r�i2` EB`FrQQ/ 7�+iQ` U2[ kRVX

.B2H2+i`QT?Q`2bBbX .B`2+i K2�bm`2K2Mib Q7 i?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv ?�p2 MQi

#22M �++QKTHBb?2/ bQ 7�`- �Hi?Qm;? � MmK#2` Q7 `2TQ`ib ?�p2 b?QrM TQbBiBp2 /B2H2+i`QT?Q`2bBb

7Q` T`Qi2BMb �i HQr 7`2[m2M+B2b Ub22 `27b 8e-8d 7Q` `2pB2rbVX 1[m�iBQM ey Qz2`b �M BM/2T2M/2Mi

je
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h�#H2 j, GQ+�H �M/ `2�+iBQM }2H/ bmb+2TiB#BHBiB2b 7Q` T`Qi2BMbX

S`Qi2BM χHQ+ χR χD χc
a χJ6

c
b

l#B[mBiBM 93X9 9eX8 yXNk yXje yXj3
GvbQxvK2 k3XN ReX9 RRX8 yXjd yXjN

a*�H+mH�i2/ 7`QK J. bBKmH�iBQMb rBi? i?2 GQ`2Mix +miQz +Q``2+iBQM �++Q`/BM; iQ 2[ eNX
b*�H+mH�i2/ 7`QK 2[b jN �M/ dyX

6B;m`2 N, .B2H2+i`QT?2`2iB+ bmb+2TiB#BHBiv _2[Kd(ν)] +�H+mH�i2/ 7`QK 2[ kN #�b2/ QM J. bBKmH�@
iBQMb- ν = ω/(2π)X

`Qmi2 iQ i?Bb T�`�K2i2` i?`Qm;? K2�bm`2K2Mib Q7 i?2 2t+2bb bi�iB+ /B2H2+i`B+ +QMbi�Mi Q7

T`Qi2BM bQHmiBQMbX

*�H+mH�iBQMb Q7 K(0) 7`QK 2tT2`BK2Mi�H /B2H2+i`B+ /�i� �++Q`/BM; iQ 2[ ey �`2 HBbi2/ BM

i?2 i?B`/ +QHmKM BM h�#H2 RX .B2H2+i`B+ /�i� 7Q` m#B[mBiBM r2`2 i�F2M 7Q` i?2 bQHmiBQM �i RXR9

KKQHfG-jy �M/ /B2H2+i`B+ /�i� �i � bBKBH�` +QM+2Mi`�iBQM Q7 RXN KKQHfG r2`2 �M�Hvx2/ 7Q`

+?B+F2M 2;;@r?Bi2 HvbQxvK2XjR h?2 `2bmHib Q7 +�H+mH�iBQMb �`2 b2MbBiBp2 iQ #Qi? i?2 pQHmK2

Q7 i?2 T`Qi2BM �/QTi2/ iQ +�H+mH�i2 i?2 pQHmK2 7`�+iBQM η0 BM 2[ ey �M/ i?2 p�Hm2 Q7 ∆ϵ(0)

2biBK�i2/ �i x2`Q 7`2[m2M+vX AM #Qi? +�b2b- 2biBK�iBM; ∆ϵ(0) `2[mB`2/ 2ti`�TQH�iBQM 7`QK

i?2 HQr2bi 2tT2`BK2Mi�H 7`2[m2M+v Q7 ∼ 1 J>x iQ ω = 0X >ƺHx2H �M/ S2i?B;N ?�p2 `2+2MiHv

`2pB2r2/ /B2H2+i`B+ /�i� 7Q` T`Qi2BMb T`QpB/BM; p�Hm2b Q7 ∆ϵ(0)/c0 7Q` � MmK#2` Q7 T`Qi2BM

bQHmiBQMb- r?2`2 c0 Bb i?2 T`Qi2BM KQH�` +QM+2Mi`�iBQMX h?2b2 /�i� r2`2 mb2/ iQ Q#i�BM Kd(0)

7Q` +viQ+?`QK2 + HBbi2/ BM h�#H2 RX h?2 HQr2` p�Hm2b Q7 Kd(0) 7`QK bBKmH�iBQMb +QKT�`2/

iQ /B2H2+i`B+ 2tT2`BK2Mib �`2 `2H�i2/ iQ mM/2`2biBK�i2/ p�Hm2b Q7 χcX q2 }M/ i?�i �/QTiBM;

χc ≃ 0.8 #`BM;b i?2 `2bmHib 7`QK 2[ kN BM +HQb2 �;`22K2Mi rBi? i?2 /B2H2+i`B+ 2biBK�i2b 7`QK

jd
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2[ eyX

h?2 7`2[m2M+v /2T2M/2M+2 Q7 i?2 /B2H2+i`QT?`2iB+ bmb+2TiB#BHBiv Bb +�H+mH�i2/ #v mbBM;

7`2[m2M+v@/2T2M/2Mi /B2H2+i`B+ 7mM+iBQMb �M/ +�pBiv bmb+2TiB#BHBiB2b BM 2[ kN U6B;m`2 NVX �b

K2MiBQM2/ �#Qp2 χc(ω) Bb M2�`Hv +QMbi�Mi �M/ Bb KQbiHv /2}M2/ #v Bib bi�iB+ HBKBiX h?2

Qp2`�HH 7`2[m2M+v /2T2M/2M+2 Q7 Kd(ω) Bb i?mb /2i2`KBM2/ #v y0(ω)- r?B+? /`QTb 7`QK Bib

bi�iB+ HBKBi �i i?2 7`2[m2M+v Q7 imK#HBM; Q7 i?2 T`Qi2BM /BTQH2 UH�bi +QHmKM BM h�#H2 RVX

*QM+HmbBQMb

.B2H2+i`QT?Q`2bBb Q7 ;HQ#mH�` T`Qi2BMb BM bQHmiBQM- �M/ TQi2MiB�HHv Q7 Qi?2` #BQKQH2+mH2b-

Bb /QKBM�i2/ #v i?2 T`Qi2BM /BTQH2 KQK2MiX h?2 /B2H2+i`QT?Q`2iB+ bmb+2TiB#BHBiv Bb K�Mv

Q7 Q`/2`b Q7 K�;MBim/2 ?B;?2` i?�M i?2 T`2/B+iBQM ;Bp2M #v i?2 *H�mbBmb@JQbbQiiB 7�+iQ`

HBKBiBM; Bi iQ i?2 `�M;2 −0.5 ≤ K ≤ 1X AM +QMi`�bi- i?2 +QK#BM�iBQM Q7 MmK2`B+�H �HH@

�iQK bBKmH�iBQMb �M/ i?2 �M�HvbBb Q7 /B2H2+i`B+ `2bmHib 7Q` T`Qi2BM bQHmiBQMb TH�+2 K Q7 bK�HH

;HQ#mH�` T`Qi2BMb BM i?2 `�M;2 Q7 103 − 104X .B2H2+i`QT?Q`2bBb /m2 iQ i?2 /BTQH2 KQK2Mi

Bb TQbBiBp2X L2;�iBp2 /B2H2+i`QT?Q`2bBb Bb T`2/B+i2/ #v /B2H2+i`B+ i?2Q`B2b U*H�mbBmb@JQbbQiiB

2[m�iBQMV TH�+BM; i?2 2KT?�bBb QM i?2 TQH�`Bx�iBQM Q7 i?2 T`Qi2BM ?v/`�iBQM b?2HHX h?2b2

i?2Q`B2b �bbB;M �M Qp2`�HH M2;�iBp2 /BTQH2 iQ i?2 ?v/`�iBQM b?2HH TQH�`Bx2/ #v i?2 2ti2`M�H

2H2+i`B+ }2H/X "Qi? i?2 �iQKBbiB+ bBKmH�iBQMb �M/ i?2 �M�HvbBb Q7 2tT2`BK2Mi T`2b2Mi2/ ?2`2

/Q MQi bmTTQ`i i?Bb �bbB;MK2MiX h?2 /BTQH2 KQK2Mi Q7 i?2 ?v/`�iBQM b?2HH Bb TQbBiBp2- �//BM;

iQ i?2 /BTQH2 KQK2Mi Q7 i?2 T`Qi2BM TQH�`Bx2/ #v i?2 �TTHB2/ }2H/X h?2 H�+F Q7 b+`22MBM; #v

i?2 ?v/`�iBQM b?2HH �HbQ K�F2b i?2 HQ+�H }2H/ 2t+22/ i?2 2ti2`M�H }2H/ #v � bm#bi�MiB�H 7�+iQ`

/2b+`B#2/ #v i?2 HQ+�H }2H/ bmb+2TiB#BHBivX h?Bb +Q``2+iBQM 7�+iQ` M22/b iQ #2 BMpQHp2/ r?2M

T`Qi2BMb �`2 2tTQb2/ iQ HQr@7`2[m2M+v 2H2+i`QK�;M2iB+ `�/B�iBQM Uωτr < 1VX h?Bb `2bmHi Bb

/BbiBM+i 7`QK Qm` �M�HvbBb Q7 i?2 +�pBiv }2H/ bmb+2TiB#BHBiv UT`Qi2BM@r�i2` EB`FrQQ/ 7�+iQ`V-

r?B+? Bb b?QrM iQ #2 +HQb2 iQ mMBiv �M/ BM �;`22K2Mi rBi? i?2 p�Hm2b ivTB+�HHv `2TQ`i2/ 7Q`

#mHF TQH�` HB[mB/bX h?2 +QHH2+iBp2 /vM�KB+b Q7 i?2 2H2+i`B+ }2H/ +`2�i2/ BMbB/2 i?2 T`Qi2BM #v

j3
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?v/`�iBQM r�i2` �`2 bB;MB}+�MiHv `2i�`/2/ U9Ĝe MbV +QKT�`2/ iQ bBM;H2@T�`iB+H2 /vM�KB+b Q7

r�i2` KQH2+mH2b BM i?2 ?v/`�iBQM b?2HHX

amTTQ`iBM; AM7Q`K�iBQM �p�BH�#H2

aBKmH�iBQM T`QiQ+QH- /2`Bp�iBQM Q7 }MBi2@bBx2 +Q``2+iBQMb 7Q` i?2 �M�HvbBb Q7 /BTQH�` +Q``2H�@

iBQMb �M/ +�pBiv@}2H/ bmb+2TiB#BHBiv- �M/ i?2 �M�HvbBb Q7 iBK2 +Q``2H�iBQM 7mM+iBQMbX

LQi2b

h?2 �mi?Q`b /2+H�`2 MQ +QKT2iBM; }M�M+B�H BMi2`2bibX

�+FMQrH2/;2K2Mi

h?Bb `2b2�`+? r�b bmTTQ`i2/ #v i?2 L�iBQM�H a+B2M+2 6QmM/�iBQM U*>1@R3yyk9j- .XoXJXVX

.XoXJX ;`2�iHv 2MDQv2/ /Bb+mbbBM; /B2H2+i`QT?Q`2bBb rBi? _QM�H/ S2i?B;X

_272`2M+2b

URV S2i?B;- _X .B2H2+i`QT?Q`2bBbX h?2Q`v- J2i?Q/QHQ;v �M/ "BQHQ;B+�H �TTHB+�iBQMbc qBH2v,

>Q#QF2M- LC- kyRdX

UkV a+�B72- "X EX SX S`BM+BTH2b Q7 .B2H2+i`B+bc *H�`2M/QM S`2bb, Pt7Q`/- RNN3X

UjV C�+FbQM- CX .X *H�bbB+�H 1H2+i`Q/vM�KB+bc qBH2v, L2r uQ`F- RNNNX

U9V J�ivmb?Qp- .X oX .BTQH�` `2bTQMb2 Q7 ?v/`�i2/ T`Qi2BMbX CX *?2KX S?vbX kyRk- Rje-

y38RykX

U8V 6`ƺ?HB+?- >X h?2Q`v Q7 .B2H2+i`B+bc Pt7Q`/ lMBp2`bBiv S`2bb, Pt7Q`/- RN83X

jN
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UeV :`�Mi- 1X >Xc a?2TT�`/- _X CXc aQmi?- :X SX .B2H2+i`B+ "2?�pBQm` Q7 "BQHQ;B+�H JQH2+mH2b

BM aQHmiBQMc *H�`2M/QM S`2bb, Pt7Q`/- RNd3X

UdV h�F�b?BK�- aX 1H2+i`B+�H S`QT2`iB2b Q7 "BQTQHvK2`b �M/ J2K#`�M2bc �/�K >BH;2`, "`Bb@

iQH- RN3NX

U3V L�F�MQ- �Xc _Qb- �X S`Qi2BM /B2H2+i`QT?Q`2bBb, �/p�M+2b- +?�HH2M;2b- �M/ �TTHB+�iBQMbX

1G1*h_PS>P_1aAa kyRj- j9- Ry38ĜRyNeX

UNV >ƺHx2H- _Xc S2i?B;- _X S`Qi2BM /B2H2+i`QT?Q`2bBb, AX ai�imb Q7 2tT2`BK2Mib �M/ �M 2K@

TB`B+�H i?2Q`vX JB+`QK�+?BM2b kyky- RR- 8jjĜkkX

URyV ai`�iiQM- CX �X 1H2+i`QK�;M2iB+ h?2Q`vc J+:`�r@>BHH AM+X, L2r uQ`F- RN9RX

URRV G�M/�m- GX .Xc GB7b?Bix- 1X JX 1H2+i`Q/vM�KB+b Q7 *QMiBMmQmb J2/B�c S2`;�KQM, Pt@

7Q`/- RN39X

URkV ai2HH- :Xc S�i2v- :X LXc >Ǡv2- CX aX .B2H2+i`B+ +QMbi�Mib Q7 ~mB/ KQ/2Hb, ai�iBbiB+�H

K2+?�MB+�H i?2Q`v �M/ Bib [m�MiBi�iBp2 BKTH2K2Mi�iBQMX �/pX *?2KX S?vbX RN3R- 93-

R3jĜjk3X

URjV "ƺii+?2`- *X CX 6X h?2Q`v Q7 1H2+i`B+ SQH�`Bx�iBQM- oQHX R, .B2H2+i`B+b BM ai�iB+ 6B2H/bc

1Hb2pB2`, �Kbi2`/�K- RNdjX

UR9V :QH/K�M- aXc CQbHBM- *X q?v ?v/`Q;2M@#QM/2/ HB[mB/b i2M/ iQ ?�p2 ?B;? bi�iB+ /B2H2+i`B+

+QMbi�MibX CX S?vbX *?2KX RNNj- Nd- Rkj9NĜRkj88X

UR8V _B+?2`i- _X amT2`+QQH2/ HB[mB/b �M/ ;H�bb2b #v /B2H2+i`B+ `2H�t�iBQM bT2+i`Qb+QTvX �/pX

*?2KX S?vbX kyR8- R8e- RyRĜRN8X

UReV G22- *X uXc J+*�KKQM- CX �Xc _QbbFv- SX CX h?2 bi`m+im`2 Q7 HB[mB/ r�i2` �i �M 2ti2M/2/

?v/`QT?Q#B+ bm`7�+2X CX *?2KX S?vbX RN39- 3y- 9993Ĝ9988X

9y
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URdV J�`iBM- .X _Xc 6`B2b2M- �X .Xc J�ivmb?Qp- .X oX 1H2+i`B+ }2H/ BMbB/2 � ǳ_QbbFv +�pBivǴ

BM mMB7Q`KHv TQH�`Bx2/ r�i2`X CX *?2KX S?vbX kyRR- Rj8- y398R9X

UR3V L22- hX qXc _X wr�MxB;- _X h?2Q`v Q7 /B2H2+i`B+ `2H�t�iBQM BM TQH�` HB[mB/bX CX *?2KX

S?vbX RNdy- 8k- ej8jĜejejX

URNV PMb�;2`- GX 1H2+i`B+ KQK2Mib Q7 KQH2+mH2b BM HB[mB/bX CX �KX *?2KX aQ+X RNje- 83-

R93eĜR9NjX

UkyV J�`iBM- .X _Xc J�ivmb?Qp- .X oX JB+`Qb+QTB+ }2H/b BM HB[mB/ /B2H2+i`B+bX CX *?2KX S?vbX

kyy3- RkN- Rd98y3X

UkRV J�ivmb?Qp- .X oX _2bTQMb2 iQ ǳ+QKK2Mi QM ǵMQMHBM2�` /B2H2+i`B+ `2bTQMb2 Q7 TQH�`

HB[mB/bǶ Ǵ (CX *?2KX S?vbX R99- y3dRyR UkyReV)X CX *?2KX S?vbX kyRe- R99- y3dRykX

UkkV J�ivmb?Qp- .X oX AM LQMHBM2�` .B2H2+i`B+ aT2+i`Qb+QTvc _B+?2`i- _X- 1/Xc aT`BM;2`,

*?�K- kyR3c TT RĜj9X

UkjV "ƺii+?2`- *X CX 6X h?2Q`v Q7 1H2+i`B+ SQH�`Bx�iBQMX .2B2H+i`B+b BM hBK2@.2T2M/2Mi

6B2H/bc 1Hb2pB2`- RNdjc oQHX kX

Uk9V G�ivTQp�- GXc Smx2MFQ- �Xc G2pv- 1Xc 62H/K�M- uX .B2H2+i`B+ bT2+i`� #`Q�/2MBM; �b �

bB;M�im`2 7Q` /BTQH2ĜK�i`Bt BMi2`�+iBQMbX oX q�i2` BM T`Qi2BM bQHmiBQMbX CX *?2KX S?vbX

kyky- R8j- y98RykX

Uk8V S2i?B;- _X S`Qi2BM@r�i2` BMi2`�+iBQMb /2i2`KBM2/ #v /B2H2+i`B+ K2i?Q/bX �MMX _2pX

S?vbX *?2KX RNNk- 9j- RddĜky8X

UkeV JBm`�- LXc �b�F�- LXc a?BMv�b?BFB- LXc J�b?BKQ- aX JB+`Qr�p2 /B2H2+i`B+ bim/v QM

#QmM/ r�i2` Q7 ;HQ#mH2 T`Qi2BMb BM �[m2Qmb bQHmiBQMX "BQTQHvK2`b RNN9- j9- j8dĜje9X

UkdV qQH7- JXc :mHB+?- _Xc GmMF2M?2BK2`- SXc GQB/H- �X _2H�t�iBQM /vM�KB+b Q7 � T`Qi2BM bQ@

HmiBQM BMp2biB;�i2/ #v /B2H2+i`B+ bT2+i`Qb+QTvX "BQ+?BKX "BQT?vbX �+i� U""�V @ S`Qi2BMb

� S`Qi2QKB+b kyRk- R3k9- dkjĜdjyX

9R
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Uk3V GQ|2`- :Xc a+?`2B#2`- >Xc ai2BM?�mb2`- PX *�HH+mH�iBQM Q7 i?2 /B2H2+i`B+ T`QT2`iB2b Q7 �

T`Qi2BM �M/ Bib bQHp2Mi, h?2Q`v �M/ � +�b2 bim/vX CX JQHX "BQHX RNNd- kdy- 8kyX

UkNV "Q`2b+?- aXc >ƺ+?iH- SXc ai2BM?�mb2`- PX aim/vBM; i?2 /B2H2+i`B+ T`QT2`iB2b Q7 � T`Qi2BM

bQHmiBQM #v +QKTmi2` bBKmH�iBQMX CX S?vbX *?2KX " kyyy- Ry9- 3d9jX

UjyV EMQ+Fb- �Xc q2BM; `iM2`- >X h?2 /B2H2+i`B+ bT2+i`mK Q7 m#B[mBiBM BM �[m2Qmb bQHmiBQMX

CX S?vbX *?2KX " kyyR- Ry8- jej8X

UjRV *�K2iiB- *Xc J�`+?2iiB- aXc :�K#B- *X JX *Xc PMQ`B- :X .B2H2+i`B+ `2H�t�iBQM bT2+@

i`Qb+QTv Q7 HvbQxvK2 �[m2Qmb bQHmiBQMb, �M�HvbBb Q7 i?2 /2Hi�@/BbT2`bBQM �M/ i?2 +QM@

i`B#miBQM Q7 i?2 ?v/`�iBQM r�i2`X CX S?vbX *?2KX " kyRR- RR8- dR99ĜdR8jX

UjkV a2v2/B- aX aXc J�ivmb?Qp- .X oX S`Qi2BM /B2H2+i`QT?Q`2bBb BM bQHmiBQMX CX S?vbX *?2KX

" kyR3- Rkk- NRRNĜNRkdX

UjjV >�Mb2M- CX@SXc J+.QM�H/- AX _X h?2Q`v Q7 aBKTH2 GB[mB/b- 9i? 2/Xc �+�/2KB+ S`2bb,

�Kbi2`/�K- kyRjX

Uj9V J�ivmb?Qp- .X oX .BTQH2 bQHp�iBQM BM /B2H2+i`B+bX CX *?2KX S?vbX kyy9- Rky- Rjd8ĜRj3kX

Uj8V L2mK�MM- JX *QKTmi2` bBKmH�iBQM �M/ i?2 /B2H2+i`B+ +QMbi�Mi �i }KBi2 r�p2H2M;i?X

JQHX S?vbX RN3e- 8d- NdX

UjeV �#`�KQrBix- JX- ai2;mM- AX �X- 1/bX >�M/#QQF Q7 J�i?2K�iB+�H 6mM+iBQMbc .Qp2`, L2r

uQ`F- RNdkX

UjdV �HH2M- JX SXc hBH/2bH2v- .X CX *QKTmi2` aBKmH�iBQM Q7 GB[mB/bc *H�`2M/QM S`2bb, Pt7Q`/-

RNNeX

Uj3V oBM?- LX ZXc a?2`rBM- JX aXc �HH2M- aX CXc :2Q`;2- .X EXc _�?K�MB- �X CXc SH�t+Q- EX qX

>B;?@T`2+BbBQM ;B;�?2`ix@iQ@i2`�?2`ix bT2+i`Qb+QTv Q7 �[m2Qmb b�Hi bQHmiBQMb �b � T`Q#2

Q7 i?2 72KiQb2+QM/@iQ@TB+Qb2+QM/ /vM�KB+b Q7 HB[mB/ r�i2`X CX *?2KX S?vbX kyR8- R9k-

Re98ykĜ3X

9k
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UjNV u�M�b2- EXc �`�B- _Xc a�iQ- hX AMi2`KQH2+mH�` BMi2`�+iBQMb �M/ KQH2+mH�` /vM�KB+b BM

#QpBM2 b2`mK �H#mKBM bQHmiBQMb bim/B2/ #v bK�HH �M;H2 s@`�v b+�ii2`BM; �M/ /B2H2+i`B+

`2H�t�iBQM bT2+i`Qb+QTvX CX JQH2+X GB[X kyR9- kyy- 8NĜeeX

U9yV G2pv- 1Xc Smx2MFQ- �Xc E��ix2- lXc "2M Ab?�B- SXc 62H/K�M- uX .B2H2+i`B+ bT2+i`� #`Q�/@

2MBM; �b i?2 bB;M�im`2 Q7 /BTQH2@K�i`Bt BMi2`�+iBQMX AX q�i2` BM MQMBQMB+ bQHmiBQMbX CX

*?2KX S?vbX kyRk- Rje- RR98ykX

U9RV PH2BMBFQp�- �Xc a�bBb�MF2`- SXc q2BM; `iM2`- >X q?�i +�M `2�HHv #2 H2�`M2/ 7`QK /B2H2+@

i`B+ bT2+i`Qb+QTv Q7 T`Qi2BM bQHmiBQMb\ � +�b2 bim/v Q7 _B#QMm+H2�b2 �X CX S?vbX *?2KX

" kyy9- Ry3- 39edX

U9kV PM+H2v- CX GX h?2 BMp2biB;�iBQM Q7 T`Qi2BMb #v /B2H2+i`B+ K2�bm`2K2MibX *?2KX _2pX

RN9k- jy- 9jjĜ98yX

U9jV h�F�b?BK�- aX 1H2+i`B+ /BTQH2 KQK2Mi Q7 ;HQ#mH�` T`Qi2BMb, K2�bm`2K2Mi �M/ +�H+mH�@

iBQM rBi? LJ_ �M/ s@`�v /�i�#�b2bX CX LQM+`vbi�HX aQHB/b kyyk- jy8- jyjĜjRyX

U99V h�F�b?BK�- aXc �b�KB- EX *�H+mH�iBQM �M/ K2�bm`2K2Mi Q7 i?2 /BTQH2 KQK2Mi Q7 bK�HH

T`Qi2BMb, lb2 Q7 T`Qi2BM /�i� #�b2X "BQTQHvK2`b RNNj- jj- 8NĜe3X

U98V GBMb2- SXc E�`Hbi`ƺK- :X .BTQH�` Q`/2` BM KQH2+mH�` ~mB/b, AAX JQH2+mH�` BM~m2M+2X CX

ai�iX S?vbX kyRR- R98- 9R3Ĝ99yX

U9eV q�`b?2H- �Xc a?�`K�- SX EXc E�iQ- JXc sB�M;- uXc GBm- >Xc PHbbQM- JX >X JX 1H2+i`Qbi�iB+

#�bBb 7Q` 2MxvK2 +�i�HvbBbX *?2KX _2pX kyye- Rye- jkRyĜjkj8X

U9dV 6`B2/- aX .Xc "�;+?B- aXc "Qt2`- aX :X 1ti`2K2 2H2+i`B+ }2H/b TQr2` +�i�HvbBb BM i?2

�+iBp2 bBi2 Q7 F2iQbi2`QB/ BbQK2`�b2X a+B2M+2 kyR9- j9e- R8RyĜR8R9X

U93V 6`B2/- aX .Xc "Qt2`- aX :X _2bTQMb2 iQ +QKK2Mib QM ǳ2ti`2K2 2H2+i`B+ }2H/b TQr2`

+�i�HvbBb BM i?2 �+iBp2 bBi2 Q7 F2iQbi2`QB/ BbQK2`�b2ǴX a+B2M+2 kyR8- j9N- NjeĜNjeX

9j
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U9NV J�`iBM- .X _Xc .BMT�DQQ?- JXc J�ivmb?Qp- .X oX SQH�`Bx�#BHBiv Q7 i?2 �+iBp2 bBi2 BM

2MxvK�iB+ +�i�HvbBb, *viQ+?`QK2 +X CX S?vbX *?2KX " kyRN- Rkj- RyeNRĜRyeNX

U8yV 6`B2/- aX .Xc "Qt2`- aX :X 1H2+i`B+ }2H/b �M/ 2MxvK2 +�i�HvbBbX �MMX _2pX "BQ+?2KX

kyRd- 3e- j3dĜ9R8X

U8RV G��;2- .Xc 1Hb�2bb2`- hXc >vM2b- CX hX q�i2` /vM�KB+b BM i?2 ?v/`�iBQM b?2HHb Q7

#BQKQH2+mH2bX *?2KX _2pX kyRd- RRd- RyeN9ĜRydk8X

U8kV ZBM- uXc w?�M;- GXc q�M;- GXc w?QM;- .X P#b2`p�iBQM Q7 i?2 ;HQ#�H /vM�KB+ +QHH2+iBpBiv

Q7 � ?v/`�iBQM b?2HH �`QmM/ �TQKvQ;HQ#BMX CX S?vbX *?2KX G2iiX kyRd- 3- RRk9ĜRRjRX

U8jV EBM;- CX hXc �`i?m`- 1X CXc Pb#Q`M2- .X :Xc "`QQFb AAA- *X GXc Em#�`v+?- EX CX "BQKQH2+@

mH�` ?v/`�iBQM /vM�KB+b T`Q#2/ rBi? k.@A_ bT2+i`Qb+QTv, 6`QK /BHmi2 bQHmiBQM iQ �

K�+`QKQH2+mH�` +`Qr/X *?BM2b2 *?2KX G2iiX kyR8- ke- 9j8Ĝ9j3X

U89V S2`iB+�`QHB- aXc 1?H2`b- :Xc ai�MH2v- *X "Xc J�KQMiQp- 1Xc PǶL2BHH- >Xc w?�M;- ZXc

*?2M;- sXc JvH2b- .X �X �Xc E�ib�`�b- CXc LB+F2Hb- CX .X .2b+`BTiBQM Q7 ?v/`�iBQM r�i2`

BM T`Qi2BM U;`22M ~mQ`2b+2Mi T`Qi2BMV bQHmiBQMX CX �KX *?2KX aQ+X kyRd- RjN- RyN3Ĝ

RRy8X

U88V a�K�Mi�- hXc J�ivmb?Qp- .X oX JQ#BHBiv Q7 H�`;2 BQMb BM r�i2`X CX *?2KX S?vbX kyky-

R8j- y998yjX

U8eV S2i?B;- _X GBKBi�iBQMb Q7 i?2 *H�mbBmb@JQbbQiiB 7mM+iBQM mb2/ BM /B2H2+i`QT?Q`2bBb �M/

2H2+i`B+�H BKT2/�M+2 bim/B2b Q7 #BQK�+`QKQH2+mH2bX 1G1*h_PS>P_1aAa kyRN- 8-

yk9RReĜNX

U8dV >�v2b- JX �X .B2H2+i`QT?Q`2bBb Q7 T`Qi2BMb, 2tT2`BK2Mi�H /�i� �M/ 2pQHpBM; i?2Q`vX

�M�HX "BQ�M�HX *?2KX kyky- RR8- dR99X

99
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hP* :`�T?B+

98

Page 45 of 45

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


