
_2�HBbiB+ 6BMBi2@h2KT2`�im`2 1z2+ib BM L2mi`QM ai�` J2`;2` aBKmH�iBQMb

*�`QHvM �X _�Bi?2H-1,2,3 o�bBH2BQb S�b+?�HB/Bb-4,5 62`v�H ¹x2H4
1a+?QQH Q7 L�im`�H a+B2M+2b- AMbiBimi2 7Q` �/p�M+2/ aim/v- R 1BMbi2BM .`Bp2- S`BM+2iQM- LC y389y- la�

2S`BM+2iQM *2Mi2` 7Q` h?2Q`2iB+�H a+B2M+2- C�/rBM >�HH-

S`BM+2iQM lMBp2`bBiv- S`BM+2iQM- LC y389y- la�
3S`BM+2iQM :`�pBiv AMBiB�iBp2- C�/rBM >�HH- S`BM+2iQM lMBp2`bBiv- S`BM+2iQM- LC y389y- la�

4.2T�`iK2Mi Q7 �bi`QMQKv �M/ ai2r�`/ P#b2`p�iQ`v- lMBp2`bBiv Q7 �`BxQM�-

Njj LX *?2``v �p2Mm2- hm+bQM- �`BxQM� 38dkR- la� �M/
5.2T�`iK2Mi Q7 S?vbB+b- lMBp2`bBiv Q7 �`BxQM�- RRR3 1X 6Qm`i? ai`22i- �`BxQM� 38dkR- la�

"BM�`v M2mi`QM bi�` K2`;2`b T`QpB/2 � mMB[m2 T`Q#2 Q7 i?2 /2Mb2@K�ii2` 2[m�iBQM Q7 bi�i2 U1QaV
�+`Qbb � rB/2 `�M;2 Q7 T�`�K2i2` bT�+2- 7`QK i?2 x2`Q@i2KT2`�im`2 1Qa /m`BM; i?2 BMbTB`�H iQ i?2
?B;?@i2KT2`�im`2 1Qa 7QHHQrBM; i?2 K2`;2`X AM i?Bb T�T2`- r2 BKTH2K2Mi � M2r KQ/2H 7Q` +�H@
+mH�iBM; T�`�K2i`Bx2/ }MBi2@i2KT2`�im`2 1Qa 2z2+ib BMiQ MmK2`B+�H `2H�iBpBiv bBKmH�iBQMbX h?Bb
óM∗@KQ/2Hô Bb #�b2/ QM � irQ@T�`�K2i2` �TT`QtBK�iBQM Q7 i?2 T�`iB+H2 2z2+iBp2 K�bb �M/ BM+Hm/2b
i?2 H2�/BM;@Q`/2` 2z2+ib Q7 /2;2M2`�+v BM i?2 i?2`K�H T`2bbm`2 �M/ 2M2`;vX q2 i2bi Qm` MmK2`B+�H
BKTH2K2Mi�iBQM #v T2`7Q`KBM; 2pQHmiBQMb Q7 `Qi�iBM; bBM;H2 bi�`b rBi? x2`Q@ �M/ MQM@x2`Q i2KT2`@
�im`2 ;`�/B2Mib- �b r2HH �b 2pQHmiBQMb Q7 #BM�`v M2mi`QM bi�` K2`;2`bX q2 }M/ i?�i Qm` M2r }MBi2@
i2KT2`�im`2 1Qa BKTH2K2Mi�iBQM +�M bmTTQ`i bi�#H2 bi�`b Qp2` K�Mv /vM�KB+�H iBK2b+�H2bX q2 �HbQ
T2`7Q`K � }`bi T�`�K2i2` bim/v iQ 2tTHQ`2 i?2 `QH2 Q7 i?2 M∗ T�`�K2i2`b BM #BM�`v M2mi`QM bi�`
K2`;2` bBKmH�iBQMbX �HH bBKmH�iBQMb bi�`i 7`QK B/2MiB+�H BMBiB�H /�i� rBi? B/2MiB+�H +QH/ 1Qab- �M/
/Bz2` QMHv BM i?2 i?2`K�H T�`i Q7 i?2 1QaX q2 }M/ i?�i #Qi? i?2 i?2`K�H T`Q}H2 Q7 i?2 `2KM�Mi �M/
i?2 TQbi@K2`;2` ;`�pBi�iBQM�H r�p2 bB;M�H /2T2M/ QM i?2 +?QB+2 Q7 M∗ T�`�K2i2`b- #mi i?�i i?2 iQi�H
K2`;2` 2D2+i� /2T2M/b QMHv r2�FHv QM i?2 }MBi2@i2KT2`�im`2 T�`i Q7 i?2 1Qa �+`Qbb � rB/2 `�M;2 Q7
T�`�K2i2`bX Pm` bBKmH�iBQMb T`QpB/2 � }`bi bi2T iQr�`/ mM/2`bi�M/BM; ?Qr i?2 }MBi2@i2KT2`�im`2
T`QT2`iB2b Q7 /2Mb2 K�ii2` K�v �z2+i 7mim`2 Q#b2`p�iBQMb Q7 #BM�`v M2mi`QM bi�` K2`;2`bX

AX ALh_P.l*hAPL

qBi? i?2 `2+2Mi /2i2+iBQMb Q7 ;`�pBi�iBQM�H r�p2b 7`QK
KmHiBTH2 HBF2Hv M2mi`QM bi�`@M2mi`QM bi�` ULaLaV K2`;@
2`b (R- k)- r2 �`2 MQr BM � M2r 2`� Q7 ;`�pBi�iBQM�H r�p2
�M/ KmHiBK2bb2M;2` �bi`QMQKvX �H`2�/v- i?2b2 ;`�pBi�@
iBQM�H r�p2b ?�p2 #22M mb2/ iQ +QMbi`�BM i?2 T`QT2`iB2b
Q7 i?2 /2Mb2 Mm+H2�` K�ii2` +QMi�BM2/ BM i?2 M2mi`QM bi�`
BMi2`BQ` (b22- 2X;X- j�8- 7Q` `2+2Mi `2pB2rb)X "2+�mb2 i?2
GA:P@oB`;Q b2MbBiBpBiv Bb ?B;?2bi 7Q` 7`2[m2M+B2b .R F>x-
i?2 K�BM ;`�pBi�iBQM�H r�p2 BM7Q`K�iBQM /2i2+i2/ bQ 7�`
+QK2b 7`QK i?2 #BM�`v BMbTB`�H- /m`BM; r?B+? M2mi`QM
bi�`b �`2 2tT2+i2/ iQ `2K�BM i?2`KQ/vM�KB+�HHv +QH/X
�b � `2bmHi- �HH �M�Hvb2b Q7 GA:P@oB`;Q 2p2Mib iQ /�i2
?�p2 bT2+B}+�HHv +QMbi`�BM2/ i?2 2[m�iBQM Q7 bi�i2 U1QaV
�i 2z2+iBp2Hv x2`Q i2KT2`�im`2X

6QHHQrBM; i?2 K2`;2`- b?Q+F ?2�iBM; Bb 2tT2+i2/ iQ
`�Bb2 i?2 i2KT2`�im`2 Q7 i?2 bvbi2K iQ Ry@Ryy J2o (2X;X-
e- d- 7Q` `2pB2rb)- r?B+? Bb r2HH �#Qp2 i?2 62`KB 2M2`;v Q7
i?2 K�ii2`X �i bm+? i2KT2`�im`2b- i?2 i?2`K�H T`2bbm`2
+�M K�F2 mT � bB;MB}+�Mi 7`�+iBQM Q7 i?2 iQi�H T`2bbm`2
�M/ +�M i?mb BM~m2M+2 bi`m+im`2 Q7 i?2 K2`;2` `2KM�MiX
h?Bb- BM im`M- ?�b #22M b?QrM iQ �z2+i � rB/2 `�M;2 Q7
LaLa K2`;2` T`QT2`iB2b- 7`QK i?2 HB72iBK2 Q7 i?2 K2`;2`
`2KM�Mi iQ i?2 TQbi@K2`;2` ;`�pBi�iBQM�H r�p2 U:qV
bT2+i`mK �M/ i?2 �KQmMib Q7 K�ii2` 2D2+i2/ (2X;X- 3�Rj)X
�b � `2bmHi- Q#b2`p�iBQM Q7 i?2b2 TQbi@K2`;2` T`QT2`iB2b
+QmH/ T`QpB/2 � M2r T`Q#2 BMiQ i?2 1Qa �i }MBi2 i2KT2`@

�im`2X

q?BH2 � H�`;2 MmK#2` Q7 +QH/- M2mi`QM bi�` 1Qab ?�p2
#22M +�H+mH�i2/ BM i?2 x2`Q@i2KT2`�im`2 HBKBi (7Q` `2@

pB2rb- b22 R9- R8)- i?2`2 2tBbib � Km+? bK�HH2` MmK#2`
Q7 1Qab i?�i �`2 b2H7@+QMbBbi2MiHv +�H+mH�i2/ �i MQM@x2`Q
i2KT2`�im`2bX h?2b2 }MBi2@i2KT2`�im`2 1Qab BM+Hm/2 i?2
r2HH@FMQrM Ga KQ/2H- r?B+? Bb #�b2/ QM � +QKT`2bbB#H2
HB[mB/ /`QT KQ/2H Q7 Mm+H2B (Re)- �M/ i?2 ahPa KQ/2H-
r?B+? r�b +�H+mH�i2/ mbBM; `2H�iBpBbiB+ K2�M }2H/ i?2Q`v
rBi? � h?QK�b@62`KB �TT`QtBK�iBQM (Rd)X �MQi?2` ∼Ry
KQ/2Hb ?�p2 #22M +�H+mH�i2/ mbBM; � bi�iBbiB+�H KQ/2H /2@
p2HQT2/ #v >2KT2H �M/ a+?�zM2`@"B2HB+? (R3) 7Q` /Bz2`2Mi
`2H�iBpBbiB+ K2�M }2H/ KQ/2Hb �M/ Mm+H2�` K�bb i�#H2b-
bT�MMBM; � rB/2` `�M;2 Q7 M2mi`QM bi�` T`QT2`iB2bX �/@
/BiBQM�HHv- i?2 *QKTPa1 QMHBM2 /B`2+iQ`v 7Q` M2mi`QM bi�`
1Qa i�#H2b ?�b T`QpB/2/ � T�i?r�v 7Q` ;`QmTb iQ 2�b@
BHv Tm#HBb? }MBi2@i2KT2`�im`2 1Qa i�#H2b �b i?2v #2+QK2
�p�BH�#H2- �M/ ?�b 7m`i?2` BM+`2�b2/ i?2 MmK#2` Q7 �p�BH@
�#H2 KQ/2Hb (RN) U7Q` � `2+2Mi `2pB2r Q7 }MBi2@i2KT2`�im`2
1Qab- b22 (ky)VX

.2bTBi2 i?2b2 2zQ`ib- i?2 iQi�H MmK#2` Q7 Tm#HB+Hv@
�p�BH�#H2 }MBi2@i2KT2`�im`2 1Qa KQ/2Hb `2K�BMb `2H�@
iBp2Hv bK�HH �M/ i?2v /Q MQi bT�M i?2 7mHH `�M;2 Q7 TQb@
bB#H2 /2Mb2@K�ii2` T?vbB+bX AM �//BiBQM- bQK2 KQ/2Hb
�`2 MQi +QMbBbi2Mi rBi? KQ/2`M �bi`QT?vbB+�H +QMbi`�BMibX
6Q` 2t�KTH2- b2p2`�H Q7 i?2 }MBi2@i2KT2`�im`2 1Qa i�@
#H2b T`2/B+i +QH/ M2mi`QM bi�` `�/BB Q7 &Rj FK U2X;X- i?2
LGj- hJR- ..k- �M/ hJ� 1Qabc b22- 2X;X- h�#H2 R Q7
(kR) �M/ `272`2M+2b i?2`2BMV- r?B+? �`2 BM i2MbBQM rBi?
i?2 H�i2bi +QMbi`�BMib BM72``2/ 7`QK GJs" Q#b2`p�iBQMb
�M/ 7`QK :qRdy3Rd (j- 9- R8)X *`BiB+�HHv- i?2`2 Bb +m`@
`2MiHv MQ BKTH2K2Mi�iBQM Q7 � 7`�K2rQ`F r?2`2 QM2 +�M
�ii�+? � `2�HBbiB+ i?2`K�H KQ/2H iQ �Mv mM/2`HvBM; +QH/
Mm+H2�` 1Qa- bBM+2 �HH 2tBbiBM; }MBi2@i2KT2`�im`2 1Qa i�@
#H2b ?�p2 �H`2�/v �bbmK2/ � T�`iB+mH�` +QH/ +QKTQM2MiX



k

>�pBM; �M �M�HviB+- T�`�K2i`B+ 7`�K2rQ`F 7Q` i?2 i?2`@
K�H T?vbB+b rQmH/ #2 M2+2bb�`v B7 r2 ?QT2 iQ QM2 /�v
BM72` i?2 T`QT2`iB2b Q7 }MBi2@i2KT2`�im`2 K�ii2` 7`QK
M2mi`QM bi�` K2`;2` Q#b2`p�iBQMbX 6BM�HHv- +QKT�`2/ iQ
�M �M�HviB+ 7`�K2rQ`F- i?2b2 i�#mH�i2/ 1Qab �// �M 2t@
i`� +QKTmi�iBQM�H 2tT2Mb2 iQ �H`2�/v@2tT2MbBp2 MmK2`B@
+�H bBKmH�iBQMbX

AM Q`/2` iQ bT�M � H�`;2` `�M;2 Q7 mM/2`HvBM; T?vbB+b
�i � HQr +QKTmi�iBQM�H +Qbi- K�Mv �mi?Q`b ?�p2 im`M2/-
BMbi2�/- iQ �M �/@?Q+ �M/ �M�HviB+ �TT`Q�+?- BM r?B+?
i?2 2M2`;v /2MbBiv- ǫ- �M/ T`2bbm`2- P - �`2 /2+QKTQb2/
�++Q`/BM; iQ

ǫ = ǫcold + ǫth UR�V

P = Pcold + Pth, UR#V

r?2`2 i?2 bm#b+`BTi ó+QH/ô BM/B+�i2b i?�i i?2 i?2`KQ/v@
M�KB+ [m�MiBiv Bb +�H+mH�i2/ �i x2`Q@i2KT2`�im`2- r?BH2
i?2 bm#b+`BTi ói?ô BM/B+�i2b i?2 i?2`K�H +QMi`B#miBQM iQ
i?�i [m�MiBivX h?2 +QH/ +QKTQM2Mi +�M #2 � KB+`QT?vbB@
+�H 1Qa Q` �M �;MQbiB+ T�`�K2i2`Bx�iBQM- �M/ Bb ivTB+�HHv
�bbmK2/ iQ #2 BM β@2[mBHB#`BmKX � i?2`K�H +Q``2+iBQM Bb
i?2M �//2/ iQ i?2 +QH/ +QKTQM2Mi- BM Q`/2` iQ �HHQr 7Q`
b?Q+F ?2�iBM; BM i?2 bvbi2KX AM i?2 bQ@+�HH2/ ó?v#`B/ô

�TT`Q�+?- r?B+? r�b }`bi BMi`Q/m+2/ BM (kk) �M/ Bb MQr
rB/2Hv mb2/- i?2 i?2`K�H +Q``2+iBQM Bb �TT`QtBK�i2/ �b

Pth = ǫth (Γth − 1) , UkV

r?2`2 i?2 i?2`K�H BM/2t- Γth- Bb �bbmK2/ iQ #2 +QMbi�Mi
rBi? � p�Hm2 i?�i Bb BM/2T2M/2Mi Q7 i?2 +QH/ 1QaX

AM +2`i�BM `2;BK2b- bm+? �b 7Q` �M B/2�H ~mB/ Q` 7Q` � ;�b
Q7 `2H�iBpBbiB+ T�`iB+H2b- i?2 i?2`K�H BM/2t Bb BM/22/ +QM@
bi�MiX AM 7�+i- i?2 p�Hm2b Q7 Γth i?�i �`2 +QKKQMHv mb2/
BM `2+2Mi #BM�`v M2mi`QM bi�` bBKmH�iBQMb- Γth ∈ [1.5, 2]-
�`2 �TT`QtBK�i2Hv +QMbBbi2Mi rBi? �M B/2�H@~mB/ 1Qa- 7Q`
r?B+? Γth = 5/3X h?Bb Bb r?v i?2 ?v#`B/ �TT`Q�+? Bb
bQK2iBK2b `272``2/ iQ �b �M B/2�H@~mB/ �TT`QtBK�iBQMX
>Qr2p2`- 7Q` i?2 /2;2M2`�i2 K�ii2` i?�i Bb 2tT2+i2/ iQ
#2 7QmM/ BM i?2 +Q`2b Q7 M2mi`QM bi�`b- Γth ?�b � bi`QM;
/2MbBiv /2T2M/2M+2- r?B+? Bb M2;H2+i2/ BM i?Bb ?v#`B/ �T@
T`Q�+? (b22- 2X;X- kj)X "v M2;H2+iBM; i?2 2z2+ib Q7 /2;2M2`@
�+v- i?2 ?v#`B/ �TT`Q�+? ?�b #22M b?QrM iQ Qp2`2biBK�i2
i?2 i?2`K�H T`2bbm`2 #v mT iQ 7Qm` Q`/2`b Q7 K�;MBim/2
�i /2MbBiB2b Q7 BMi2`2bi (k9)- �M/ +�M BMi`Q/m+2 bB;MB}+�Mi
b?B7ib BMiQ i?2 TQbi@K2`;2` ;`�pBi�iBQM�H r�p2 7`2[m2M+B2b
7QmM/ BM LaLa bBKmH�iBQMb (Ry- k8)X

qBi?BM G�M/�möb 62`KB HB[mB/ i?2Q`v- i?2 /2MbBiv@
/2T2M/2M+2 Q7 Γth +�M #2 r`Bii2M /B`2+iHv BM i2`Kb Q7
i?2 T�`iB+H2 2z2+iBp2 K�bb (ke- kd)X lbBM; i?Bb 7�+i- i?2
�mi?Q`b BM (k9) U?2`2�7i2` _¹SV BMi`Q/m+2/ � 7`�K2rQ`F
7Q` +�H+mH�iBM; }MBi2@i2KT2`�im`2 2z2+ib #�b2/ QM � M2r
T�`�K2i`Bx�iBQM Q7 i?2 T�`iB+H2 2z2+iBp2 K�bb- r?B+? Bb `2@
72``2/ iQ �b i?2 M∗@�TT`QtBK�iBQMX h?Bb irQ@T�`�K2i2`
KQ/2H �HHQrb 7Q` � `Q#mbi +�H+mH�iBQM Q7 i?2 i?2`K�H T`2b@
bm`2 BM+Hm/BM; i?2 H2�/BM;@Q`/2` 2z2+ib Q7 /2;2M2`�+v-
r?BH2 biBHH F22TBM; i?2 ~2tB#BHBiv Q7 1[bX UR�V@UR#VX �b
rBi? i?2 ?v#`B/ �TT`Q�+?- i?2 M∗@�TT`QtBK�iBQM Q7 i?2
i?2`K�H T`2bbm`2 +�M #2 �//2/ iQ �Mv +QH/ 1Qa- r?2i?2`

Bi Bb KB+`QT?vbB+�H Q` T�`�K2i`B+ BM M�im`2X h?Bb 7`�K2@
rQ`F 7Q` +�H+mH�iBM; i?2 1Qa �i �`#Bi`�`v i2KT2`�im`2b
�M/ T`QiQM 7`�+iBQMb r�b 7QmM/ iQ +HQb2Hv �TT`QtBK�i2
i?2 `2bmHib Q7 � H�`;2 7�KBHv Q7 1Qa i�#H2b- rBi? 2``Q`b
Q7 . 30% BM i?2 i?2`K�H T`2bbm`2 �i /2MbBiB2b Q7 BMi2`@
2bi U+7X i?2 7Qm` Q`/2`b@Q7@K�;MBim/2 2``Q`b Q7 i?2 ?v#`B/
�TT`Q�+?V (k9)X

q?BH2 62`KB HB[mB/ i?2Q`v Bb � mb27mH �TT`Q�+? iQ +�H@
+mH�iBM; i?2`K�H 2z2+ib BM /2Mb2 K�ii2`- MQM@62`KB HB[@
mB/ 2z2+ib (k3) +�M #2 BKTQ`i�Mi BM bQK2 M2mi`QM bi�`
b2iiBM;bX 6Q` 2t�KTH2- bm+? 2z2+ib +�M H2�/ iQ +Q``2+@
iBQMb iQ i?2 bT2+B}+ ?2�i (kN)- M2mi`BMQ 2KBbbBpBiv (jy)-
�M/ #mHF pBb+QbBiv (jR) Q7 /2;2M2`�i2- mM;�TT2/ [m�`F
K�ii2`X 62`KB HB[mB/ i?2Q`v �HbQ +�MMQi /2b+`B#2 i?2 7Q`@
K�iBQM Q7 #QmM/ bi�i2b- bm+? �b i?2 Mm+H2B i?�i 7Q`K �i
/2MbBiB2b #2HQr yX8 nsat (jk)X �++Q`/BM;Hv- BM i?2 M∗@
7`�K2rQ`F Q7 _¹S- i?2 K�ii2` Bb �bbmK2/ iQ #2 Mm+H2QMB+
�M/ i?2 T`2b2M+2 Q7 Mm+H2B �i HQr /2MbBiB2b �M/ i2KT2`�@
im`2b Bb M2;H2+i2/X q2 MQi2- ?Qr2p2`- i?�i BM i?2 MmK2`@
B+�H BKTH2K2Mi�iBQM BM i?2 T`2b2Mi T�T2`- i?2 Mm+H2B �`2
M2;H2+i2/ BM bm+? � r�v i?�i i?Bb bBKTHB}+�iBQM 2z2+iBp2Hv
+�M+2Hb Qmi- �M/ r2 M2p2`i?2H2bb `2+Qp2` i?2 +Q``2+i /2@
b+`BTiBQM Q7 i?2 T`2bbm`2 �M/ 2M2`;v �i HQr /2MbBiB2b Ub22
�TT2M/Bt �VX

�Hi?Qm;? Qi?2` 7`�K2rQ`Fb 7Q` +�H+mH�iBM; i?2 1Qa
BM i2`Kb Q7 i?2 T�`iB+H2 2z2+iBp2 K�bb ?�p2 #22M T`Q@
TQb2/ (2X;X- jj�j3)- i?2b2 KQ/2Hb /2T2M/ QM � Km+? H�`;2`
MmK#2` Q7 T�`�K2i2`b- r?B+? /`�K�iB+�HHv BM+`2�b2b i?2
+QKTmi�iBQM�H +Qbi Q7 2tTHQ`BM; i?2B` T�`�K2i2` bT�+2b
rBi? LaLa K2`;2` bBKmH�iBQMbX "v +�Tim`BM; i?2 `2H2@
p�Mi i?2`K�H T?vbB+b rBi? Dmbi irQ 7`22 T�`�K2i2`b- i?2
M∗@�TT`QtBK�iBQM K�F2b Bi +QKTmi�iBQM�HHv TQbbB#H2 iQ
bim/v i?2 `QH2 Q7 2�+? T�`�K2i2` BM K2`;2` bBKmH�iBQMb
BM 7mHH MmK2`B+�H `2H�iBpBivX �//BiBQM�HHv- #2+�mb2 i?2
M∗@�TT`QtBK�iBQM +�M #2 +QK#BM2/ rBi? �Mv +QH/ 1Qa-
Bi #2+QK2b TQbbB#H2 iQ 2tTHQ`2 �Mv T�`i Q7 i?2 7mHH 1Qa
T�`�K2i2` bT�+2 rBi?BM i?Bb 7`�K2rQ`FX

AM i?Bb T�T2`- r2 BKTH2K2Mi i?2 M∗@7`�K2rQ`F 7Q`
+�H+mH�iBM; }MBi2@i2KT2`�im`2 2z2+ib BMiQ M2mi`QM bi�`
K2`;2` bBKmH�iBQMb BM 7mHH ;2M2`�H `2H�iBpBivX q2 i2bi i?2
BKTH2K2Mi�iBQM �M/ T2`7Q`K�M+2 Q7 i?2 M∗@7`�K2rQ`F
BM 2pQHmiBQMb Q7 BbQH�i2/ `Qi�iBM; bi�`b BM 2[mBHB#`BmK-
rBi? #Qi? x2`Q �M/ MQM@x2`Q BMBiB�H i2KT2`�im`2 T`Q}H2b-
�b r2HH �b BM 7mHH 2pQHmiBQMb Q7 LaLa K2`;2`bX AM �HH +�b2b-
r2 }M/ i?�i Qm` BKTH2K2Mi�iBQM Q7 i?2 M∗@7`�K2rQ`F
K�BMi�BMb i?2 bi�#H2 2[mBHB#`BmK Q7 bi�`b Qp2` K�Mv /v@
M�KB+�H iBK2b+�H2bX q2 �HbQ T2`7Q`K � T�`�K2i2` bim/v
iQ 2tTHQ`2 i?2 `�M;2 Q7 Qmi+QK2b 7`QK b2H2+i LaLa K2`;@
2`b rBi? /Bz2`2Mi p�Hm2b Q7 M∗@T�`�K2i2`bX AM T�`iB+mH�`-
r2 bim/v 7Qm` b2ib Q7 M∗@T�`�K2i2`b r?B+? bT�M � #`Q�/
`�M;2 Q7 TQbbB#H2 Mm+H2�` T?vbB+b- �M/ r2 +QKT�`2 i?2
2pQHmiBQMb rBi? i?2b2 M∗@T�`�K2i2`b iQ 2pQHmiBQMb rBi?
+QMbi�Mi p�Hm2b Q7 Γth- iQ /2KQMbi`�i2 i?2 /Bz2`2M+2b #2@
ir22M i?2 M∗@ �M/ ?v#`B/ �TT`Q�+?2bX q2 }M/ i?�i i?2
BMbTB`�H T?�b2 �M/ i?2 iBK2 iQ K2`;2` �`2 mM�z2+i2/ #v
i?2 +?QB+2 Q7 M∗@T�`�K2i2`b- #mi i?�i i?2 i?2`K�H T`Q@
}H2 Q7 i?2 `2KM�Mi �M/ i?2 TQbi@K2`;2` :q bB;M�H �`2
#Qi? b2MbBiBp2 iQ }MBi2@i2KT2`�im`2 2z2+ibX q2 }M/ MQ
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AAAX Po1_oA1q P6 aAJlG�hAPLa

S1_6P_J1.

AM i?Bb T�T2`- r2 BKTH2K2Mi i?2 M∗@�TT`QtBK�iBQM
BMiQ LaLa K2`;2` bBKmH�iBQMb BM 7mHH MmK2`B+�H `2H�iBpBivX
AM Q`/2` iQ p�HB/�i2 i?2 BKTH2K2Mi�iBQM �M/ T2`7Q`K�M+2
Q7 i?2 M∗@1Qa- r2 `mM i?`22 /Bz2`2Mi ivT2b Q7 i2bibX 6Q`
2�+? i2bi- r2 2pQHp2 i?2 BMBiB�H /�i� rBi?,

RX i?2 ?v#`B/ �TT`QtBK�iBQM rBi? � +QMbi�Mi Γth- �M/

kX i?2 M∗@�TT`QtBK�iBQM-

2�+? �//2/ iQ i?2 b�K2 +QH/ 1QaX
AM i?2 }`bi b2i Q7 i2bib- r2 2pQHp2 � bBM;H2 `Qi�iBM;- +QH/

M2mi`QM bi�`- BM Q`/2` iQ 2Mbm`2 i?�i i?2 bi�` `2K�BMb
+QH/ Qp2` iBK2X AM i?2 b2+QM/- r2 2pQHp2 � `Qi�iBM;- bBM@
;H2 M2mi`QM bi�`- iQ r?B+? r2 �// � MQM@x2`Q i2KT2`�im`2
;`�/B2MiX "v bim/vBM; r?2i?2` i?2 i2KT2`�im`2 ;`�/B2Mi
+�M #2 K�BMi�BM2/ rBi?Qmi HQbb Q7 bi�#BHBiv �M/ rBi?Qmi
bTm`BQmb ;`Qri?- i?Bb T`QpB/2b � KQ`2 bi`BM;2Mi i2bi Q7
i?2 M∗@1QaX 6BM�HHv- r2 2pQHp2 � b2i Q7 LaLa K2`;2`b
rBi? � H�`;2 `�M;2 Q7 M∗@T�`�K2i2`bX h?Bb 2M�#H2b mb iQ
bim/v i?2 T2`7Q`K�M+2 Q7 i?2 M∗@1Qa BM � /vM�KB+�H b2i@
iBM;- BM r?B+? i?2 bi�`b bi�`i +QH/ �M/ /2p2HQT bB;MB}+�Mi
i2KT2`�im`2 ;`�/B2Mib i?`Qm;? b?Q+F@?2�iBM;X �//BiBQM@
�HHv- #v mbBM; � rB/2 `�M;2 Q7 M∗@T�`�K2i2`b- r2 T2`7Q`K
�M BMBiB�H T�`�K2i2` bim/v Q7 ?Qr 2�+? M∗@T�`�K2i2` �7@
72+ib i?2 H�i2@bi�;2 T`QT2`iB2b Q7 �M LaLa K2`;2` �M/ r2
+QKT�`2 i?2 Qmi+QK2b iQ i?2 B/2�H@~mB/ �TT`QtBK�iBQMX
q2 bmKK�`Bx2 i?2 p�`BQmb i2bib `mM BM h�#H2 AX

AoX LlJ1_A*�G J1h>P.a

�HH bBKmH�iBQMb r2`2 T2`7Q`K2/ rBi? i?2 AHHBMQBb /v@
M�KB+�H bT�+2iBK2- ;2M2`�H@`2H�iBpBbiB+ K�;M2iQ?v/`Q@

/vM�KB+b U:_J>.V- �/�TiBp2@K2b?@`2}M2K2Mi +Q/2-
r?B+? ?�b KQbi `2+2MiHv #22M /2b+`B#2/ BM 1iB2MM2 2i �HX

(9d)- �M/ Bb #mBHi rBi?BM i?2 *�+imbf*�`T2i 7`�K2rQ`F
(93�8y)X h?2 bT�+2iBK2 Bb 2pQHp2/ mbBM; i?2 "�mK;�`i2@
a?�TB`Q@a?B#�i�@L�F�Km`� 7Q`KmH�iBQM Q7 i?2 1BMbi2BM
2[m�iBQMb (8R- 8k)X q2 mb2 RYHQ; iBK2 bHB+BM; Q7 i?2 H�Tb2
(8j) �M/ � kM/@Q`/2` ó:�KK�@/`Bp2`ô +QM/BiBQM 7Q` i?2
b?B7i (89)X �//BiBQM�HHv- r2 KQ/B}2/ i?2 Q`B;BM�H AHHBMQBb
:_J>. +Q/2 iQ mb2 i?2 T`BKBiBp2 p�`B�#H2 `2+Qp2`v `Qm@
iBM2 /2b+`B#2/ BM 1�bi 2i �HX (88)X

�X h?2 M∗@�TT`QtBK�iBQM Q7 i?2`K�H 2z2+ib

.m`BM; i?2 2pQHmiBQMb- i?2 1Qa Bb +�H+mH�i2/ HQ+�HHv �i
2�+? iBK2 bi2TX h?2 iQi�H 2M2`;v �M/ T`2bbm`2 �`2 i�F2M
iQ #2 i?2 bmK Q7 � +QH/ +QKTQM2Mi �M/ � i?2`K�H +QKTQ@
M2Mi- �b BM 1[bX UR�V@UR#VX 6Q` i?2 ?v#`B/ 2pQHmiBQMb- i?2
i?2`K�H +QKTQM2Mi Bb i`BpB�HHv +�H+mH�i2/ �++Q`/BM; iQ
1[X UkV- 7Q` +QMbi�Mi ΓthX AM i?2 M∗@7Q`K�HBbK- i?2 i?2`@
K�H T`2bbm`2 �M/ 2M2`;v �`2 MQi bQ bBKTHv `2H�i2/X AM i?Bb
b2+iBQM- r2 bmKK�`Bx2 i?2 M∗@7`�K2rQ`F 7Q` +�H+mH�iBM;
Pth �M/ Eth 7`QK QM2 �MQi?2`- �b r�b }`bi T`2b2Mi2/ BM
_¹SX

AM i?Bb 7`�K2rQ`F- i?2 i?2`K�H 2M2`;v T2` #�`vQM �M/
i?2 i?2`K�H T`2bbm`2 �`2 ;Bp2M #v

Eth(n, T, Yp) =
4σfsT

4

cn
+

{

(

3kBT

2

)−1

+ [a(n, Yp = 0.5,M∗

SM) + a(Ypn,me)Yp]
−1
T−2

}−1

Uj�V

Pth(n, T, Yp) =
4σfsT

4

3c
+

{

(nkBT )
−1 −

[

∂a(n, Yp = 0.5,M∗
SM)

∂n
+
∂a(Ypn,me)

∂n
Yp

]−1

n−2T−2

}−1

Uj#V

r?2`2 n Bb i?2 #�`vQM MmK#2` /2MbBiv- T Bb i?2 i2KT2`�@
im`2- Yp Bb i?2 T`QiQM 7`�+iBQM- σ Bb i?2 ai27�M@"QHixK�MM
+QMbi�Mi- c Bb i?2 bT22/ Q7 HB;?i- fs Bb i?2 MmK#2` Q7 `2H@
�iBpBbiB+ bT2+B2b- a Bb i?2 H2p2H@/2MbBiv T�`�K2i2`- M∗

SM

Bb i?2 `2H�iBpBbiB+ .B`�+ 2z2+iBp2 K�bb Q7 bvKK2i`B+ Mm@
+H2�` K�ii2`- �M/ me Bb i?2 2H2+i`QM K�bbX h?2 �/B�#�iB+
bQmM/ bT22/ +�M �HbQ #2 +�H+mH�i2/ rBi?BM i?Bb 7`�K2@
rQ`F- �b BM �TT2M/Bt " Q7 _¹SX q2 MQi2 i?�i BM i?2

Q`B;BM�H 7`�K2rQ`F Q7 _¹S- i?2`2 r�b � ivTQ- bm+? i?�i
M∗

SM r�b BM+Q``2+iHv T`2+2/2/ #v � 7�+iQ` Q7 yX8 BM i?2
H2p2H@/2MbBiv T�`�K2i2` i2`KX q2 ?�p2 +Q``2+i2/ i?Bb 2t@
T`2bbBQM BM 1[bX Uj�V �M/ Uj#V �M/ BM i?2 `2K�BM/2` Q7
i?2 T`2b2Mi rQ`F Ub22 (8e) 7Q` 7m`i?2` /2i�BHbVX

1[m�iBQMb Uj�V �M/ Uj#V 2�+? +QMbBbi Q7 i?`22 i2`Kb-
r?B+? +?�`�+i2`Bx2 i?2 /Bz2`2Mi /2MbBiv `2;BK2b i?�i +�M
#2 2M+QmMi2`2/ BM �M LaLa K2`;2`X h?2 }`bi i2`K
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*QM};m`�iBQM :`�pBi�iBQM�H K�bb AMBiB�H i2KT2`�im`2 *QH/ 1Qa h?2`K�H i`2�iK2Mi

Γth = 1.66
aBM;H2 bi�` RX9 M⊙ Pth = 0 Γ = 2 TQHvi`QT2

M∗(n0 = 0.12 7K−3, α = 0.8)

Γth = 1.66
aBM;H2 bi�` RX9 M⊙ Pth = 0.1Pcold Γ = 2 TQHvi`QT2

M∗(n0 = 0.12 7K−3, α = 0.8)

Γth = 1.5

Γth = 2

LaLa RX9 M⊙ + 1.4 M⊙ Pth = 0 1L: UTB2+2rBb2 TQHvi`QT2bV M∗(n0 = 0.08 7K−3, α = 0.6)

M∗(n0 = 0.08 7K−3, α = 1.3)

M∗(n0 = 0.22 7K−3, α = 0.6)

M∗(n0 = 0.22 7K−3, α = 1.3)

h�"G1 A, amKK�`v Q7 i2bib `mMX h?2 T�`�K2i2`b n0 �M/ α BM i?2 M∗ KQ/2H �`2 /2b+`B#2/ #2HQrX

U∝ T 4V /2b+`B#2b i?2 2M2`;v Q7 � `2H�iBpBbiB+ ;�b Q7 T�`iB@
+H2b rBi? fs /2;`22b Q7 7`22/QKX h?Bb i2`K /QKBM�i2b �i
p2`v HQr /2MbBiB2b �M/ i?mb rBHH �z2+i i?2 �iKQbT?2`2 �M/
HQr@/2MbBiv Qmi~Qrb /m`BM; � K2`;2`X h?2 b2+QM/ i2`K
U∝ T V Bb i?2 B/2�H ~mB/ +QMi`B#miBQM- r?B+? /QKBM�i2b
�i BMi2`K2/B�i2 /2MbBiB2b- mT iQ ∼ nsat = 0.16 fm−3X
�i ?B;?2` /2MbBiB2b U& nsatc �Hi?Qm;? i?2 2t�+i i`�MbB@
iBQM /2MbBiv /2T2M/b b2MbBiBp2Hv QM i?2 i2KT2`�im`2V- i?2
K�ii2` Bb /2;2M2`�i2 �M/ i?2 +Q``2bTQM/BM; i?2`K�H 2M@
2`;v b+�H2b �b T 2 �i H2�/BM;@Q`/2`X �//BM; i?2 B/2�H �M/
/2;2M2`�i2@HBKBi i2`Kb BMp2`b2Hv 2Mbm`2b i?�i i?2 /2;2M@
2`�i2 i2`K /QKBM�i2b �i ?B;? /2MbBiB2b �M/ ;m�`�Mi22b
� bKQQi? i`�MbBiBQM #2ir22M i?2 B/2�H �M/ /2;2M2`�i2
`2;BK2bX q2 MQi2- ?Qr2p2`- i?�i /QBM; i?Bb b2T�`�i2Hv
BM 1[bX Uj�V �M/ Uj#V K2�Mb i?�i i?2b2 [m�MiBiB2b �`2 MQ
HQM;2` 2t�+iHv i?2`KQ/vM�KB+�HHv HBMF2/ �+`Qbb i?2 M�`@
`Qr `�M;2 Q7 /2MbBiB2b r?2`2 i?2 i`�MbBiBQM Q++m`b U7Q`
7m`i?2` /Bb+mbbBQM- b22 _¹SVX

q?2M +�H+mH�iBM; i?2 MmK#2` Q7 `2H�iBpBbiB+ bT2+B2b
i?�i +QMi`B#mi2 iQ i?2 i?2`K�H 2M2`;v- r2 +QMbB/2` irQ
HBKBibX 6Q` kbT ≪ 2mec

2- T?QiQMb �`2 i?2 /QKBM�Mi `2H@
�iBpBbiB+ bT2+B2b- K�FBM; fs = 1X 6Q` kBT ≫ 2mec

2-
2H2+i`QMb �M/ TQbBi`QMb #2+QK2 `2H�iBpBbiB+ �b r2HH- 2�+?
rBi? df3 /2;`22b Q7 7`22/QK- �M/ i?mb fs = 11/4X �i
i2KT2`�im`2b �#Qp2 Ry J2o- i?2`K�H M2mi`BMQb �M/ �MiB@
M2mi`BMQb �TT2�`c ?Qr2p2`- 7QHHQrBM; i?2 +QMp2MiBQM Q7
+QKKQM }MBi2@i2KT2`�im`2 1Qa i�#H2b- r2 M2;H2+i i?2
i?2`K�H +QMi`B#miBQM 7`QK M2mi`BMQb BM i?Bb +�H+mH�iBQM-
#mi Bi Bb bi`�B;?i7Q`r�`/ iQ �++QmMi 7Q` i?2K BM Qm` �T@
T`Q�+?X AM Q`/2` iQ bKQQi?Hv +QMM2+i i?2 irQ i2KT2`@
�im`2 `2;BK2b Q7 BMi2`2bi- r2 �TT`QtBK�i2 i?2 MmK#2`
Q7 `2H�iBpBbiB+ bT2+B2b rBi? � bBKTH2 HBM2�` BMi2`TQH�iBQM-
�++Q`/BM; iQ

fS =











1, kBT < 0.5 J2o,

−0.75 + 3.5
(

kBT
1 MeV

)

, 0.5 ≤ kBT < 1 J2o,

11/4, kBT ≥ 1J2o.

U9V

�i ?B;?2` /2MbBiB2b- i?2 /2;2M2`�i2 i?2`K�H i2`Kb �`2

+?�`�+i2`Bx2/ #v i?2 H2p2H@/2MbBiv T�`�K2i2`-

a(n, Yp,M
∗

q ) ≡
π2k2B
2

√

(3π2Ypn)
2/3

(~c)2 +M∗2
q

(3π2Ypn)
2/3

(~c)2
, U8V

r?2`2 nq �M/ M∗
q �`2 i?2 /2MbBiv �M/ `2H�iBpBbiB+ .B`�+

2z2+iBp2 K�bb Q7 i?2 bT2+B2b- `2bT2+iBp2HvX >2`2- r2 +QM@
bB/2` QMHv bvKK2i`B+ Mm+H2�` K�ii2`- 7Q` r?B+? i?2 `2H2@
p�Mi bT2+B2b �`2 T`QiQMb- M2mi`QMb- �M/ 2H2+i`QMb- �M/ r2
M2;H2+i i?2 bK�HH +?�M;2 iQ i?2 i?2`K�H T`2bbm`2 +�mb2/
#v i?2 K�ii2` ?�pBM; mM2[m�H MmK#2`b Q7 T`QiQMb �M/
M2mi`QMb Ub22 _¹S 7Q` �//BiBQM�H /2i�BHbVX AM bvKK2i`B+
K�ii2`- i?2 MmK#2` /2MbBiB2b Q7 T`QiQMb �M/ M2mi`QMb �`2
2[m�H #v /2}MBiBQM UBX2X- np = nn = 0.5nV- �M/ r2 i�F2
i?2 M2mi`QM �M/ T`QiQM 2z2+iBp2 K�bb2b iQ #2 +QKT�`�#H2
�b r2HH- bm+? i?�i M∗

p ≈M∗
n ≈M∗

SM- r?2`2 i?2 H�bi i2`K
Bb i?2 bvKK2i`B+ K�ii2` 2z2+iBp2 K�bbX q2 T�`�K2i`Bx2
i?2 2z2+iBp2 K�bb 7mM+iBQM �b

M∗

SM =







(mc2)−2 +

[

mc2
(

n

n0

)−α
]−2







−1/2

, UeV

r?2`2 n Bb i?2 iQi�H #�`vQM MmK#2` /2MbBivX
AM i?Bb T�`�K2i`Bx�iBQM- r2 }t i?2 HQr@/2MbBiv #�`vQM

K�bb iQ i?2 2M2`;v T2` #�`vQM Q7 5662- mc2 =NjyXe J2oX
h?Bb H2�p2b mb rBi? irQ 7`22 T�`�K2i2`b, n0- r?B+? +QM@
i`QHb i?2 /2MbBiv �i r?B+? /2;2M2`�+v #2+QK2b bB;MB}@
+�Mi- �M/ α- r?B+? +QMi`QHb i?2 `�i2 �i r?B+? i?2 2z2+@
iBp2 K�bb /2+`2�b2b �i ?B;? /2MbBiB2b �M/ r?B+? Bb `2H�i2/
iQ i?2 bi`2M;i? Q7 i?2 T�`iB+H2 BMi2`�+iBQMb BM i?2 K�i@
i2`X h?2b2 �`2 i?2 T�`�K2i2`b i?�i rBHH #2 p�`B2/ BM Qm`
LaLa 2pQHmiBQMbX h?2 2z2+iBp2 K�bb Q7 i?2 2H2+i`QMb
Bb �TT`QtBK�i2Hv +QMbi�Mi /m2 iQ i?2B` bK�HH BMi2`�+iBQM
+`Qbb@b2+iBQM- bQ i?2B` 2z2+iBp2 K�bb bBKTHv `2/m+2b iQ
i?2 2H2+i`QM K�bbX

6Q` i?2 #mHF Q7 i?2 K�ii2` rBi?BM � M2mi`QM bi�` K2`;2`
`2KM�Mi- i?2 M2mi`BMQ QT�+Biv Bb 2tT2+i2/ iQ #2 H�`;2
2MQm;? i?�i i?2 M2mi`BMQb �`2 i`�TT2/ QM i?2 iBK2b+�H2b
+QMbB/2`2/ BM i?Bb T�T2` (Rj- 8d)X �b � `2bmHi- i?2 HQ+�H
T`QiQM 7`�+iBQM BM i?2 `2KM�Mi Bb MQi +?�M;2/ #v M2mi`BMQ
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BMi2`�+iBQMb- �Hi?Qm;? Yp +�M /2pB�i2 7`QK Bib BMBiB�H β@
2[mBHB#`�i2/ p�Hm2 i?`Qm;? �/p2+iBQMX "2+�mb2 Yp /Q2b
MQi 2Mi2` i?2 ?v#`B/ �TT`QtBK�iBQM Q7 1[bX UR�V@UR#V- Bi
Bb MQi TQbbB#H2 iQ +QMbB/2` i?2 �/p2+iBQM Q7 Yp rBi?BM i?�i
7`�K2rQ`FX h?mb- BM i?2 `2;BK2 Q7 H�`;2 M2mi`BMQ QT�+@
BiB2b- i?2 ?v#`B/ �TT`QtBK�iBQM BKTHB+BiHv `2[mB`2b i?�i
i?2 K�ii2` `2K�BMb BM Bib BMBiB�H +QKTQbBiBQM UBX2X- +QH/
β@2[mBHB#`BmKV- bQ i?�i i?2 +QH/ T`2bbm`2 2tT`2bbBQM /Q2b
MQi +?�M;2X AM Q`/2` iQ T2`7Q`K i?2 KQbi /B`2+i +QK@
T�`BbQM #2ir22M i?2 M∗@ �M/ i?2 ?v#`B/ �TT`QtBK�iBQM-

BM i?Bb rQ`F r2 �HbQ �bbmK2 i?�i i?2 K�ii2` K�BMi�BMb
Bib BMBiB�H +QH/- β@2[mBHB#`BmK +QKTQbBiBQMX Ai b?QmH/ #2
MQi2/- ?Qr2p2`- i?�i i?2 KQbi ;2M2`�H 7Q`K Q7 i?2 M∗@
7Q`K�HBbK �HHQrb 7Q` 7mHH +QKTQbBiBQM /2T2M/2M+2 (k9)X

�++Q`/BM;Hv- r2 b2i i?2 T`QiQM 7`�+iBQM Q7 i?2 K�ii2` �i
2�+? iBK2 bi2T bm+? i?�i Bi +Q``2bTQM/b iQ i?�i Q7 +QH/ β@
2[mBHB#`BmKX 6Q` Mm+H2QMB+ K�ii2` BM β@2[mBHB#`BmK- i?2
T`QiQM 7`�+iBQM Bb mMB[m2Hv ;Bp2M #v i?2 HQ+�H /2MbBiv �M/
i?2 bvKK2i`v 2M2`;v- Esym- �++Q`/BM; iQ

Yp,β(n) =
1

2
+

(2π2)1/3

32

n

ξ

{

(2π2)1/3 − ξ2

n

[

~c

Esym(n, T = 0)

]3
}

, UdV

r?2`2- 7Q` bBKTHB+Biv- r2 ?�p2 BMi`Q/m+2/ i?2 �mtBHB�`v
[m�MiBiv ξ- /2}M2/ �b

ξ ≡
[

Esym(n, T = 0)

~c

]2

×






24n



1 +

√

1 +
π2n

288

(

~c

Esym(n, T = 0)

)3











1/3

. U3V

q2 T�`�K2i2`Bx2 i?2 Mm+H2�` bvKK2i`v 2M2`;v BM i2`Kb
Q7 � FBM2iB+ �M/ TQi2MiB�H@HBF2 i2`K (�b BM 83- 8N)- �++Q`/@
BM; iQ

Esym(n, T = 0) = ηEkin
sym(n)+

[

S0 − ηEkin
sym(nsat)

]

(

n

nsat

)γ

,

UNV
r?2`2 S0 Bb i?2 p�Hm2 Q7 i?2 bvKK2i`v 2M2`;v �i i?2 Mm@
+H2�` b�im`�iBQM /2MbBivX h?2 óFBM2iB+ô i2`K- Ekin

sym �`Bb2b
7`QK i?2 +?�M;2 BM i?2 62`KB 2M2`;v- EF - Q7 � ;�b �b i?2
`2H�iBp2 /2MbBiB2b Q7 T`QiQMb �M/ M2mi`QMb Unn �M/ npV
+?�M;2- �M/ Bb ;Bp2M #vR

Ekin
sym(n) =

3

5

[

EF

(

np = nn =
1

2
n

)

− EF (nn = n)

]

URyV
r?2`2

EF (nq) =
~
2

2m

(

3π2nq

)2/3
. URRV

h?2 TQi2MiB�H@HBF2 i2`K BM 1[X UNV Bb H2bb r2HH mM/2`biQQ/
�M/ Bb- i?mb- ;Bp2M �M �`#Bi`�`v /2MbBiv@/2T2M/2M+2 �#Qp2
i?2 Mm+H2�` b�im`�iBQM /2MbBiv- nsat- i?`Qm;? i?2 7`22 T�@
`�K2i2` γX 6BM�HHv- i?2 T�`�K2i2` η- r?B+? �++QmMib 7Q`

R q2 MQi2 i?�i i?2`2 r�b � 7�+iQ`@Q7@k ivTQ BM i?2 2[m�iBQM 7Q`
E

kin
sym BM _¹S r?B+? ?�b #22M +Q``2+i2/ BM 1[bX URyV �M/ URkVX

i?2 b?Q`i@`�M;2 +Q``2H�iBQMb (ey�e8)- +�M #2 r`Bii2M �b

η =
5

9

[

L0 − 3S0γ
(

2−2/3 − 1
)

(2/3− γ)EF (nsat)

]

, URkV

r?2`2 L0 Bb `2H�i2/ iQ i?2 bHQT2 Q7 Esym �i nsatX
q2 �/QTi i?2 7mHH bvKK2i`v 2M2`;v KQ/2H /2b+`B#2/

�#Qp2 7Q` i?2 `2;BK2 Q7 mMB7Q`K- Mm+H2�` K�ii2`- BX2X- �i
/2MbBiB2b �#Qp2 yX8nsatX �i HQr2` /2MbBiB2b- ?Qr2p2`- i?Bb
KQ/2H #`2�Fb /QrMX h?mb- 7Q` n < 0.5nsat- r2 i`�MbBiBQM
iQ � 7mM+iBQM i?�i bKQQi?Hv /2+�vb iQ x2`Q- bm+? i?�i i?2
bvKK2i`v 2M2`;v Bb ;Bp2M #v

Esym(n) = Esym(0.5nsat)+

Psym(0.5nsat)







(

n
0.5nsat

)x−1

− 1

0.5nsat(x− 1)






, n < 0.5nsat URjV

r?2`2 x Bb 2KTB`B+�HHv /2i2`KBM2/ iQ 2Mbm`2 i?�i Yp,β
`Bb2b iQ yX8 �i HQr /2MbBiB2b- �M/ r?2`2 Psym(n) ≡
n2∂Esym/∂n Ub22 (k9) 7Q` i?2 7mHH 2tT`2bbBQMVX h?2 7Q`K
Q7 i?Bb HQr@/2MbBiv bvKK2i`v 2M2`;v Bb +?Qb2M iQ 2Mbm`2
� `2�bQM�#H2 #2?�pBQ` Q7 Yp,β �i HQr /2MbBiB2bX

AM i?Bb rQ`F- r2 }t i?2 bvKK2i`v 2M2`;v T�`�K2@
i2`b iQ p�Hm2b i?�i #2bi }i i?2 a6>Q }MBi2@i2KT2`�im`2
1Qa- rBi? S04jRX8d J2o- L049dXRy J2o- �M/ γ = 0.41
(k9- ee)X h?2 a6>Q 1Qa Bb #�b2/ QM � `2H�iBpBbiB+ K2�M
}2H/ i?2Q`v +�H+mH�iBQM- mbBM; i?2 bi�iBbiB+�H KQ/2H Q7
>2KT2H �M/ a+?�zM2`@"B2HB+? (R3)- �M/ Bb +QMbi`m+i2/ iQ
#2 +QMbBbi2Mi #Qi? rBi? 2tT2`BK2Mi�H Mm+H2�` /�i� �M/
�bi`QT?vbB+�H Q#b2`p�iBQMb Q7 M2mi`QM bi�`bc �//BiBQM�HHv-
a6>Q ?�b bBKBH�` +QH/ M2mi`QM bi�` T`QT2`iB2b iQ 1L:-
r?B+? Bb i?2 +QH/ 1Qa mb2/ BM Qm` #BM�`v M2mi`QM bi�`
K2`;2` +�H+mH�iBQMb Ub22 §Ao "VX

6BM�HHv- r2 M22/ iQ #2 �#H2 iQ +QMp2`i #2ir22M i?2
2M2`;v �M/ i?2 iQi�H T`2bbm`2X lMHBF2 BM i?2 ?v#`B/ �T@
T`QtBK�iBQM Q7 1[X UkV- 1[bX Uj�V �M/ Uj#V /2b+`B#2 KmH@
iBTH2 `2;BK2b- 2�+? Q7 r?B+? ?�p2 � /Bz2`2Mi /2MbBiv@ �M/





3

+QK2 bB;MB}+�Mi �M/ α �b +Q``2bTQM/BM; iQ i?2 bi`2M;i?
Q7 i?Qb2 T�`iB+H2 BMi2`�+iBQMbX

6BM�HHv- r2 MQi2 i?�i 7Q` i?2b2 M∗@T�`�K2i2`b �M/ 7Q`
i?2 `2;BK2b T`Q#2/ BM Qm` #BM�`v 2pQHmiBQMb Un . 5nsatc
b22 §o "V- i?2 bQmM/ bT22/ T`2/B+i2/ #v i?2 +QKTH2i2
1Qa Bb �Hr�vb bm#HmKBM�HX

"X AMBiB�H +QM/BiBQMb

q2 MQr /2b+`B#2 i?2 BMBiB�H +QM/BiBQMb 7Q` i?2 p�`BQmb
i2bib T2`7Q`K2/ BM i?Bb T�T2`X h?2 bBM;H2@bi�` BMBiB�H /�i�
r2`2 +QMbi`m+i2/ mbBM; i?2 +Q/2 Q7 *QQF 2i �HX (ed- e3)X
6Q` #Qi? i2KT2`�im`2 +QM};m`�iBQMb- r2 mb2/ � Γ = 2
TQHvi`QT2 7Q` i?2 +QH/ 1Qa �M/ r2 �bbmK2/ i?2 K�i@
i2` r�b BMBiB�HHv BM β@2[mBHB#`BmK- rBi? i?2 T`QiQM 7`�+@
iBQM b2i �++Q`/BM; iQ 1[X UdVX 6Q` i?2 x2`Q@i2KT2`�im`2
i2bi- i?Bb +QKTH2i2Hv /2b+`B#2b i?2 1QaX 6Q` i?2 }MBi2@
i2KT2`�im`2 bBM;H2@bi�` i2bi- r2 �//2/ � i?2`K�H ;`�/B@
2Mi iQ i?Bb +QH/ 1Qa- bm+? i?�i i?2 i?2`K�H T`2bbm`2 Bb
RyW Q7 i?2 +QH/ T`2bbm`2 �i �HH /2MbBiB2bX q2 +QMbi`m+i2/
QM2 1Qa i�#H2 rBi? i?2 Pth/Pcold = 0.1 T`Q}H2 �bbmKBM;
Γth = 1.66 iQ +�H+mH�i2 i?2 �bbQ+B�i2/ 2M2`;B2b- �b r2HH
�b � b2+QM/ 1Qa i�#H2 rBi? i?2 b�K2 i?2`K�H T`2bbm`2
T`Q}H2 #mi BMbi2�/ �bbmKBM; i?2 M∗@�TT`QtBK�iBQM rBi?
n0 = 0.12 7K−3 �M/ α = 0.8X 6Q` �HH bBM;H2@bi�` i2bib- i?2
;`�pBi�iBQM�H K�bb Q7 i?2 bi�`b r�b RX9 M⊙ �M/ i?2 bi�`b
r2`2 b2i iQ #2 `�TB/Hv `Qi�iBM;- bm+? i?�i i?2 `�iBQ Q7 `Qi�@
iBQM�H iQ ;`�pBi�iBQM�H #BM/BM; 2M2`;v r�b T/W = 0.037-
rBi? � `�iBQ Q7 i?2 TQH�`@iQ@2[m�iQ`B�H `�/BB Q7 yX38X q2
MQi2 i?�i r?BH2 i?2 `�iBQ T/W Bb i?2 b�K2 7Q` i?2 i?`22
i2bib +QMbB/2`2/ ?2`2- i?2 BM/BpB/m�H p�Hm2b Q7 T �M/ W
p�`v #2ir22M i?2KX

h?2 #BM�`v M2mi`QM bi�` BMBiB�H /�i� r2`2 +QMbi`m+i2/
rBi? i?2 *QKT�+i P#D2+i *�H+mH�iQ` U*P*�GV +Q/2 (eN�

dR)X h?2 BMBiB�H +QM};m`�iBQM /2b+`B#2b irQ mMK�;M2@
iBx2/- 2[m�H@K�bb M2mi`QM bi�`b BM � [m�bB@+B`+mH�` Q`#Bi-
rBi? �M �`MQrBii@.2b2`@JBbM2` U�.JV K�bb Q7 kX3 M⊙-
�M BMBiB�H b2T�`�iBQM Q7 j8 FK- �M/ �.J �M;mH�` KQK2M@
imK Q7 JADM/MADM

24 yXNjX h?2 M2mi`QM bi�`b bi�`i �i
x2`Q@i2KT2`�im`2 �M/ �`2 /2b+`B#2/ #v � TB2+2rBb2 TQHv@
i`QTB+ `2T`2b2Mi�iBQM Q7 i?2 1L: 1Qa U(dk- dj)- �b }i 7Q`
BM (d9)VX qBi? i?Bb 1Qa- i?2 `�/Bmb Q7 � RX9 M⊙- MQM@
bTBMMBM;- +QH/ M2mi`QM bi�` Bb RkXye FK �M/ i?2 +Q``2@
bTQM/BM; K�tBKmK K�bb Bb kXk9 M⊙X "Qi? T`QT2`iB2b
�`2 +QMbBbi2Mi rBi? i?2 H�i2bi �bi`QT?vbB+�H Q#b2`p�iBQMb
U7Q` � `2pB2r Q7 M2mi`QM bi�` `�/BB- b22 2X;X- (R8)c 7Q` K�tB@
KmK K�bb +QMbi`�BMib- (d8�d3)VX 6Q` i?2 `Qi�iBM; +QM};@
m`�iBQM mb2/ ?2`2- i?2 +QQ`/BM�i2 2[m�iQ`B�H `�/BB Q7 i?2
BMBiB�H bi�`b Bb RjXe FKX

*X :`B/ ?B2`�`+?v

6Q` i?2 bBM;H2 bi�` 2pQHmiBQMb- r2 mb2 � }t2/ K2b? `2@
}M2K2Mi ;`B/ ?B2`�`+?v- +QMbBbiBM; Q7 d `2}M2K2Mi H2p2Hb-
2�+? rBi? � k,R `2}M2K2Mi `�iBQX h?2 ?�H7@bB/2 H2M;i? Q7
i?2 }M2bi H2p2H Bb b2i iQ #2 jyW H�`;2` i?�M i?2 +QQ`/BM�i2

2[m�iQ`B�H `�/Bmb Q7 i?2 M2mi`QM bi�`- bQ i?�i i?2 2MiB`2
bi�` Bb +QMi�BM2/ rBi?BM i?2 BMM2`KQbi `2}M2K2Mi H2p2HX
h?Bb H2p2H ?�b ;`B/ bT�+BM; bm+? i?�i i?2 2[m�iQ`B�H /B@
�K2i2` Q7 i?2 M2mi`QM bi�` Bb +Qp2`2/ rBi? 3k TQBMib 7Q`
i?2 #�b2HBM2 `2bQHmiBQMX q2 �HbQ `mM ?B;?@`2bQHmiBQM 2pQ@
HmiBQMb rBi? ?�H7 i?Bb ;`B/ bT�+BM; UBX2X- Re9 ;`B/ TQBMib
�+`Qbb i?2 bi�`VX

6Q` i?2 #BM�`v 2pQHmiBQMb- r2 mb2 N `2}M2K2Mi H2p@
2Hb- �;�BM 2�+? rBi? � k,R `2}M2K2Mi `�iBQX h?2
+QKTmi�iBQM�H /QK�BM 2ti2M/b �+`Qbb [−4468, 4468]2 ×
[0, 4468] FKX 1[m�iQ`B�H bvKK2i`v Bb BKTQb2/ iQ b�p2
+QKTmi�iBQM�H `2bQm`+2bX h?2 #�b2HBM2 `2bQHmiBQM +Q`@
`2bTQM/b iQ ∼ 100 TQBMib �+`Qbb i?2 /B�K2i2` Q7 2�+?
BMBiB�H M2mi`QM bi�` �i i?2 }M2bi H2p2H- rBi? � `2bQHmiBQM
Q7 dxfinest ≈ 0.27 FKX q2 �HbQ T2`7Q`K bBKmH�iBQMb �i
RX8ek8× �M/ k× i?2 #�b2HBM2 `2bQHmiBQM 7Q` i?2 M∗@1Qa
rBi? n0 = 0.08 7K−3 �M/ α = 1.3 UBX2X- mbBM; ∼ 150
�M/ kyy TQBMib �+`Qbb i?2 /B�K2i2` Q7 2�+? BMBiB�H bi�`-
`2bT2+iBp2HvVX

.X .B�;MQbiB+b

q2 mb2 b2p2`�H /B�;MQbiB+ [m�MiBiB2b iQ �M�Hvx2 i?2
bBKmH�iBQM QmiTmiX 6Q` �HH 2pQHmiBQMb- r2 KQMBiQ` i?2
Gk MQ`K Q7 i?2 >�KBHiQMB�M +QMbi`�BMi- ||H||- BM Q`/2`
iQ p�HB/�i2 Qm` MmK2`B+�H +�H+mH�iBQMbX q2 �HbQ i`�+F
i?2 2pQHmiBQM Q7 i?2 K�tBKmK `2bi@K�bb /2MbBiv BM Q`/2`
KQMBiQ` i?2 bi�#BHBiv Q7 i?2 bi�`b �;�BMbi ;`�pBi�iBQM�H
+QHH�Tb2X

�//BiBQM�HHv- r2 2ti`�+i ;`�pBi�iBQM�H `�/B�iBQM mbBM;
i?2 L2rK�M@S2M`Qb2 q2vH b+�H�` ψ4- r?B+? Bb `2H�i2/ iQ
i?2 :q bi`�BM pB� ψ4 = ḧ+ − iḧ×X h?2 q2vH b+�H�` Bb
/2+QKTQb2/ QM bT?2`2b �i H�`;2 `�/BB Ur ≥ 120 MV BMiQ
s = −2 bTBM@r2B;?i2/ bT?2`B+�H ?�`KQMB+b- bm+? i?�i

ψ4(t, r, θ, φ) =

∞
∑

ℓ=2

ℓ
∑

m=−ℓ

ψℓm
4 (t, r)−2Yℓm(θ, φ) UR8V

r?2`2 θ �M/ φ �`2 /2}M2/ rBi? `2bT2+i iQ �M;mH�` KQ@
K2MimK �tBb- r Bb i?2 2ti`�+iBQM `�/Bmb- �M/ t Bb i?2 iBK2X
h?2 iQi�H bi`�BM- h ≡ h+ − ih×- Bb i?2M ;Bp2M #v

h(t, r, θ, φ) =

∫ t

−∞

dt′
∫ t′

−∞

dt′′ψ4(t
′′, r, θ, φ). UReV

q2 +�H+mH�i2 i?2 /Qm#H2 iBK2 BMi2;`�iBQM mbBM; i?2 }t2/@
7`2[m2M+v BMi2;`�iBQM U66AV K2i?Q/ (dN)X

6BM�HHv- r2 +�H+mH�i2 i?2 �KQmMi Q7 K�ii2` 2D2+i2/ /m`@
BM; i?2 LaLa 2pQHmiBQMb #v BMi2;`�iBM; i?2 iQi�H `2bi@
K�bb /2MbBiv- ρb- QmibB/2 Q7 � ;Bp2M `�/Bmb r �M/ 7Q` K�i@
i2` 7Q` r?B+? −ut > 1 - �++Q`/BM; iQ

Mej(> r) =

∫

>r

ρbu
t√−gd3x, URdV

r?2`2 ut Bb i?2 iBK2@+QKTQM2Mi Q7 i?2 ~mB/ 9@p2HQ+Biv
�M/ g Bb i?2 /2i2`KBM�Mi Q7 i?2 K2i`B+X













R9

oAX *PL*GlaAPLa

AM i?Bb T�T2`- r2 ?�p2 BKTH2K2Mi2/ � M2r T`2b+`BT@
iBQM 7Q` bim/vBM; }MBi2@i2KT2`�im`2 2z2+ib BM #BM�`v M2m@
i`QM bi�` K2`;2`b- mbBM; � irQ@T�`�K2i2` �TT`QtBK�@
iBQM Q7 i?2 T�`iB+H2 2z2+iBp2 K�bbX h?Bb Bb i?2 }`bi
BKTH2K2Mi�iBQM Q7 T�`�K2i`B+ }MBi2@i2KT2`�im`2 2z2+ib
i?�i BM+Hm/2 i?2 2z2+ib Q7 /2;2M2`�+v BM � +QKT�+i #BM�`v
K2`;2` bBKmH�iBQMX h?Bb Bb i?2 }`bi BKTH2K2Mi�iBQM Q7
T�`�K2i`B+ }MBi2@i2KT2`�im`2 2z2+ib i?�i BM+Hm/2 i?2 27@
72+ib Q7 /2;2M2`�+v �M/ i?�i +�M #2 �//2/ iQ �Mv +QH/
1Qa- BM � +QKT�+i #BM�`v K2`;2` bBKmH�iBQMX q2 i2bi2/
i?Bb M2r T`2b+`BTiBQM BM `Qi�iBM;- bBM;H2 bi�`b i?�i �`2
BMBiB�HHv +QH/ Q` i?�i BMBiB�HHv ?�p2 � MQM@x2`Q i2KT2`�@
im`2 ;`�/B2Mi- �b r2HH �b BM b2p2`�H #BM�`v 2pQHmiBQMb- �M/
r2 }M/ i?�i i?2 1Qa +�M bmTTQ`i bi�#H2 bi�`b Qp2` HQM;
iBK2b+�H2bX

q2 �HbQ T2`7Q`K2/ � T�`�K2i2` bim/v iQ 2tTHQ`2 �
#`Q�/ `�M;2 Q7 M∗ p�Hm2b BM � b2`B2b Q7 LaLa K2`;2`
bBKmH�iBQMbX q2 +QMbB/2`2/ 7Qm` b2ib Q7 M∗@T�`�K2i2`b-
�b r2HH �b irQ +QMbi�Mi@Γth p�Hm2b BM Q`/2` iQ T`QpB/2 �
#�bBb Q7 +QKT�`BbQM 7Q` i?2 M2r M∗ `2bmHibX q?BH2 i?2
BMbTB`�H TQ`iBQM Q7 i?2 K2`;2` Bb pB`im�HHv B/2MiB+�H 7Q` �HH
bBt i?2`K�H i`2�iK2Mib- r2 }M/ bB;MB}+�Mi /Bz2`2M+2b BM
i?2 TQbi@K2`;2` 2pQHmiBQM 7Q` i?2 /Bz2`2Mi i?2`K�H T`2@
b+`BTiBQMbX .2T2M/BM; QM i?2 i?2`K�H i`2�iK2Mi- r2 }M/
mT iQ �M Q`/2` Q7 K�;MBim/2 /Bz2`2M+2 BM i?2 +?�`�+i2`@
BbiB+ Pth/Pcold �i +Q`2 /2MbBiB2b Dmbi �7i2` i?2 K2`;2`X �b
� `2bmHi Q7 i?2b2 /Bz2`2M+2b BM i?2 TQbi@K2`;2` i?2`K�H
T`Q}H2b- i?2 K�bb /Bbi`B#miBQM Q7 i?2 `2KM�Mi +�M �HbQ
p�`v bB;MB}+�MiHv #v i?2 2M/ Q7 Qm` bBKmH�iBQMbX

S2`?�Tb KQbi BMi2`2biBM;Hv- 7`QK �M Q#b2`p�iBQM�H
TQBMi Q7 pB2r- �`2 i?2 /Bz2`2M+2b i?�i +�M 2K2`;2 BM i?2
TQbi@K2`;2` :q bB;M�HX q2 }M/ i?�i i?2 TQbi@K2`;2`
:q bi`�BM Bb b2MbBiBp2 iQ i?2 T�`iB+mH�` +?QB+2 Q7 M∗@
T�`�K2i2`bX q2 TH�M iQ 7m`i?2` bim/v i?Bb /2T2M/2M+2
BM 7mim`2 rQ`FX A7 i?2 TQbi@K2`;2` :q bT2+i`mK /Q2b
BM/22/ /2T2M/ QM i?2 T�`�K2i2`b Q7 M∗- �b Qm` }M/BM;b
?BMi �i- i?2M Q#b2`p�iBQMb Q7 TQbi@K2`;2` :qb K�v QM2
/�v Qz2` � M2r rBM/Qr BMiQ i?2 T`QT2`iB2b Q7 /2Mb2 K�i@
i2` �i MQM@x2`Q i2KT2`�im`2bX

6BM�HHv- Bi Bb rQ`i? MQiBM; i?�i i?2 `2H�iBp2 BKTQ`i�M+2
Q7 i?2`K�H 2z2+ib K�v +?�M;2 7Q` #BM�`B2b rBi? /Bz2`@
2Mi iQi�H K�bb- K�bb `�iBQ- mM/2`HvBM; +QH/ 1Qa U�M/-
?2M+2- bi2HH�` +QKT�+iM2bbV- �M/ TQi2MiB�HHv �HbQ rBi? i?2
�//2/ T`2b2M+2 Q7 K�;M2iB+ }2H/bX 6Q` 2t�KTH2- r2 2t@
T2+i i?�i i?2 /2T2M/2M+2 Q7 K2`;2` T`QT2`iB2b QM i?2M∗@
T�`�K2i2`b rBHH #2+QK2 bi`QM;2` 7Q` bQ7i2` 1Qab- r?B+?
T`2/B+i KQ`2 +QKT�+i bi�`bX JQ`2 +QKT�+i bi�`b �`2 2t@
T2+i2/ iQ +QHHB/2 �i ?B;?2` p2HQ+BiB2b- H2�/BM; iQ bi`QM;2`
b?Q+F ?2�iBM; �M/ �M 2M?�M+2/ i?2`K�H T`2bbm`2X *QK@
#BM2/ rBi? i?2 HQr2` +QH/ T`2bbm`2 Q7 i?2 bQ7i2` 1Qa- r2
2tT2+i i?2 i?2`K�H T`2bbm`2 K�v TH�v � KQ`2 BKTQ`i�Mi
`QH2 BM bm+? K2`;2`bX q2 H2�p2 i?2 bim/v Q7 bm+? 2z2+ib
iQ 7mim`2 rQ`FX

�+FMQrH2/;K2Mib

q2 �`2 BM/2#i2/ iQ �MiQMBQb hbQF�`Qb 7Q` T2`KBbbBQM
iQ mb2 BMBiB�H /�i� ?2 ;2M2`�i2/ rBi? i?2 *P*�G +Q/2
7Q` Qi?2` T`QD2+ibX q2 �`2 ;`�i27mH iQ qBHHB�K 1�bi
�M/ 6`�Mb S`2iQ`Bmb 7Q` T`QpB/BM; mb rBi? i?2B` ;2M2`B+
T`BKBiBp2b `2+Qp2`v `QmiBM2X q2 rQmH/ HBF2 iQ i?�MF
.BKBi`BQb Sb�HiBb- :�#`B2H2 "QxxQH�- 1`BF q2bb2H- _v�M
q2bi2`M�+?2`@a+?M2B/2`- �M/ 1HB�b JQbi 7Q` mb27mH +QM@
p2`b�iBQMb `2H�i2/ iQ i?Bb rQ`FX *_ r�b T�`iB�HHv bmT@
TQ`i2/ /m`BM; i?Bb T`QD2+i #v La6 :`�/m�i2 _2b2�`+?
62HHQrb?BT :`�Mi .:1@Rd9eyey- �b r2HH �b #v � DQBMi
TQbi/Q+iQ`�H 72HHQrb?BT �i i?2 S`BM+2iQM *2Mi2` 7Q` h?2@
Q`2iB+�H a+B2M+2- i?2 S`BM+2iQM :`�pBiv AMBiB�iBp2- �M/ �b
� CQ?M LX "�?+�HH 62HHQr �i i?2 AMbiBimi2 7Q` �/p�M+2/
aim/vX h?Bb `2b2�`+? r�b BM T�`i bmTTQ`i2/ #v La6
:`�Mi S>u@RNRkeRN iQ i?2 lMBp2`bBiv Q7 �`BxQM� �M/
#v La6 SA_1 ;`�Mi Rd9jd9dX h?2 bBKmH�iBQMb T`2b2Mi2/
BM i?Bb rQ`F r2`2 +�``B2/ Qmi BM T�`i QM i?2 P+2HQi2 �M/
1H:�iQ +Hmbi2`b �i i?2 lMBp2`bBiv Q7 �`BxQM�- �b r2HH �b
QM i?2 ai�KT2/2k +Hmbi2` �i i?2 h2t�b �/p�M+2/ *QK@
TmiBM; *2Mi2`- mM/2` sa1.1 �HHQ+�iBQM S>uRNyykyX

�TT2M/Bt �, GQr@/2MbBiv /2b+`BTiBQM Q7 K�ii2`

q?BH2 ?B;?@/2MbBiv Mm+H2�` K�ii2` Bb mMB7Q`K- K�ii2`
�i /2MbBiB2b #2HQr 0.5nsat +�M +Hmbi2` BMiQ HB;?i �M/ 2p2M
?2�pv Mm+H2BX 62`KB GB[mB/ h?2Q`v- BM Bib bi�M/�`/ 7Q`K-
+�MMQi /2b+`B#2 i?2 7Q`K�iBQM Q7 #QmM/ bi�i2b �M/ i?mb
/Q2b MQi �++m`�i2Hv +�Tim`2 i?Bb `2;BK2X U6Q` QM2 �T@
T`Q�+? BM+Q`TQ`�iBM; i?2 7Q`K�iBQM Q7 HB;?i +Hmbi2`b BMiQ
62`KB GB[mB/ h?2Q`v- b22 (jk)VX AM i?Bb �TT2M/Bt- r2 /2@
b+`B#2 ?Qr i?Bb HBKBi�iBQM �z2+ib i?2 M∗@7`�K2rQ`F BM
i?2 HQr@/2MbBiv `2;BK2X

h?2 #�`vQM MmK#2` /2MbBiv- r?B+? Bb i?2 +QMb2`p2/
[m�MiBiv i?�i 2Mi2`b i?2 2pQHmiBQM 2[m�iBQMb- Bb ;Bp2M #v

nb ≡
Nn +Np +

∑

ANA,Z

V
U�RV

r?2`2 Nn �M/ Np �`2 i?2 MmK#2` Q7 mM#QmM/ M2mi`QMb
�M/ T`QiQMb- `2bT2+iBp2Hv- NA,Z Bb i?2 MmK#2` Q7 Mm+H2B
rBi? �iQKB+ MmK#2` �M/ +?�`;2 U�-wV- �M/ V Bb i?2 pQH@
mK2 Q7 i?2 bvbi2KX A7 i?2`2 �`2 Mm+H2B T`2b2Mi- nb /Bz2`b
7`QK i?2 /2MbBiv Q7 2z2+iBp2 T�`iB+H2b-

neff ≡ Nn +Np +
∑

NA,Z

V
. U�kV

h?2 T�`iB+H2 �M/ #�`vQM /2MbBiv �`2 `2H�i2/ #v

nb =< B > neff , U�jV

r?2`2 < B > Bb i?2 �p2`�;2 MmK#2` Q7 #�`vQMb T2` T�`@
iB+H2X AM i?2 HBKBi Q7 mMB7Q`K Mm+H2�` K�ii2`- < B >= 1c
i?Bb MmK#2` BM+`2�b2b rBi? i?2 7Q`K�iBQM Q7 BM+`2�bBM;Hv
?2�pv Mm+H2BX

6Q` � ;2M2`�H bvbi2K Q7 Neff T�`iB+H2b- Q7 r?B+? bQK2
K�v #2 #QmM/ Mm+H2B- i?2 iQi�H i?2`K�H 2M2`;v Bb ;Bp2M









R3

�/v�- *X �z2H/i- �M/ 2i �HX- �bi`QT?vbX CX G2iiX 3Nk- Gj
UkykyV- �`sBp,kyyRXyRdeR (�bi`Q@T?X>1) X

(j) GX "�BQiiB- S`Q;`2bb BM S�`iB+H2 �M/ Lm+H2�` S?vbB+b RyN-
RyjdR9 UkyRNV- �`sBp,RNydXy38j9 (�bi`Q@T?X>1) X

(9) *X �X _�Bi?2H- 1m`QT2�M S?vbB+�H CQm`M�H � 88- 3y
UkyRNV- �`sBp,RNy9XRyyyk (�bi`Q@T?X>1) X

(8) EX *?�ixBBQ�MMQm- :2M2`�H _2H�iBpBiv �M/ :`�pBi�iBQM
8k- RyN UkykyV- �`sBp,kyyeXyjRe3 (;`@[+) X

(e) GX "�BQiiB �M/ GX _2xxQHH�- _2TQ`ib QM S`Q;`2bb BM
S?vbB+b 3y- yNeNyR UkyRdV- �`sBp,ReydXyj89y (;`@[+) X

(d) oX S�b+?�HB/Bb �M/ LX ai2`;BQmH�b- GBpBM; _2pB2rb BM _2H@
�iBpBiv ky- d UkyRdV- �`sBp,ReRkXyjy8y (�bi`Q@T?X>1) X

(3) _X P2+?bHBM- >X@hX C�MF�- �M/ �X J�`2F- �bi`QMX �M/
�bi`QT?vbX 9ed- jN8 UkyydV- �bi`Q@T?fyeRRy9d X

(N) GX "�BQiiB- "X :B�+QK�xxQ- �M/ GX _2xxQHH�- S?vbX _2pX
. d3- y39yjj Ukyy3V- �`sBp,y3y9Xy8N9 (;`@[+) X

(Ry) �X "�mbr2BM- >X@hX C�MF�- �M/ _X P2+?bHBM- S?vbX _2pX
. 3k- y39y9j UkyRyV- �`sBp,RyyeXjjR8 (�bi`Q@T?Xa_) X

(RR) �X "�mbr2BM- _X P2+?bHBM- �M/ >X hX C�MF�- S?vbX _2pX
. 3R- yk9yRk UkyRyV- �`sBp,yNRyX8ReN (�bi`Q@T?Xa_) X

(Rk) uX a2FB;m+?B- EX EBm+?B- EX EvmiQFm- �M/ JX a?B@
#�i�- S?vbB+�H _2pB2r G2ii2`b Ryd- y8RRyk UkyRRV-
�`sBp,RRy8XkRk8 (;`@[+) X

(Rj) oX S�b+?�HB/Bb- wX "X 1iB2MM2- �M/ aX GX a?�TB`Q-
S?vbX _2pX . 3e- ye9yjk UkyRkV- �`sBp,Rky3X893d (�bi`Q@
T?X>1) X

(R9) CX JX G�iiBK2` �M/ JX S`�F�b?- �bi`QT?vbX CX 88y- 9ke
UkyyRV- �bi`Q@T?fyyykkjk X

(R8) 6X ¹x2H �M/ SX 6`2B`2- �MMm�H _2pB2rb Q7 �bi`X �M/ �b@
i`QT?vbX 89- 9yR UkyReV- �`sBp,ReyjXykeN3 (�bi`Q@T?X>1)
X

(Re) CX JX G�iiBK2` �M/ .X 6X ar2biv- Lm+H2�` S?vbB+b � 8j8-
jjR URNNRVX

(Rd) >X a?2M- >X hQFB- EX Pv�K�ibm- �M/ EX amKBvQb?B- Lm@
+H2�` S?vbB+b � ejd- 9j8 URNN3V- Mm+H@i?fN3y8yj8 X

(R3) JX >2KT2H �M/ CX a+?�zM2`@"B2HB+?- Lm+H2�` S?vbB+b �
3jd- kRy UkyRyV- �`sBp,yNRRX9ydj (Mm+H@i?) X

(RN) aX hvT2H- JX P2`i2H- �M/ hX EH ?M- S?vbB+b Q7 S�`iB+H2b
�M/ Lm+H2B 9e- ejj UkyR8VX

(ky) JX P2`i2H- JX >2KT2H- hX EH ?M- �M/ aX hvT2H- _2pB2rb
Q7 JQ/2`M S?vbB+b 3N- yR8yyd UkyRdV- �`sBp,ReRyXyjjeR
(�bi`Q@T?X>1) X

(kR) hX 6Bb+?2`- JX >2KT2H- AX a�;2`i- uX amr�- �M/
CX a+?�zM2`@"B2HB+?- 1m`QT2�M S?vbB+�H CQm`M�H � 8y-
9e UkyR9V- �`sBp,RjydXeRNy (�bi`Q@T?X>1) X

(kk) >X@hX C�MF�- hX wr2`;2`- �M/ _X JQ2M+?K2v2`- �bi`QMX
�M/ �bi`QT?vbX ke3- jey URNNjVX

(kj) *X *QMbi�MiBMQm- "X Jm++BQHB- JX S`�F�b?- �M/
CX JX G�iiBK2`- S?vbX _2pX * Nk- yk83yR UkyR8V-
�`sBp,R8y9XyjN3k (�bi`Q@T?Xa_) X

(k9) *X �X _�Bi?2H- 6X ¹x2H- �M/ .X Sb�HiBb- �bi`QT?vbX CX
3d8- Rk UkyRNV- �`sBp,RNykXRydj8 (�bi`Q@T?X>1) X

(k8) �X 6B;m`�- CX@CX Gm- :X 6X "m`;BQ- wX@>X GB- �M/
>X CX a+?mHx2- S?vbX _2pX . Ryk- y9jyye UkykyV-
�`sBp,kyy8Xy3eNR (;`@[+) X

(ke) :X "�vK �M/ *X S2i?B+F- G�M/�m 62`KBbGB[mB/ h?2Q`v,

*QM+2Tib �M/ �TTHB+�iBQMb UqBH2v- RNNRVX
(kd) *X *QMbi�MiBMQm- "X Jm++BQHB- JX S`�F�b?- �M/

CX JX G�iiBK2`- �MM�Hb Q7 S?vbB+b jej- 8jj UkyR8V-
�`sBp,R8ydXyd3d9 (Mm+H@i?) X

(k3) *X JX o�`K�- wX LmbbBMQp- �M/ qX p�M a��`@
HQQb- S?vbB+b _2TQ`ib jeR- ked UkyykV- �`sBp,+QM/@
K�ifyRyjjNj (+QM/@K�iXbi`@2H) X

(kN) �X :2`?QH/- �X ATT- �M/ �X _2#?�M- S?vbX _2pX . dy-

Ry8yR8 Ukyy9V- �`sBp,?2T@T?fy9yey3d (?2T@T?) X
(jy) hX a+? 72` �M/ EX a+?r2Mx2`- S?vbX _2pX . dy- RR9yjd

Ukyy9V- �`sBp,�bi`Q@T?fy9RyjN8 (�bi`Q@T?) X
(jR) EX a+?r2Mx2`- �`sBp 2@T`BMib - �`sBp,RkRkX8k9k UkyRkV-

�`sBp,RkRkX8k9k (Mm+H@i?) X
(jk) :X _ºTF2- .X LX oQbF`2b2MbFv- AX �X E`vmFQp- �M/

.X "H�b+?F2- Lm+H2�` S?vbB+b � Ndy- kk9 UkyR3V-
�`sBp,RdRyXy3k8R (Mm+H@i?) X

(jj) �X aX a+?M2B/2`- GX 6X _Q#2`ib- �M/ *X .X Pii- S?vbX
_2pX * Ne- ye83yk UkyRdVX

(j9) CX qX >QHi- LX E�Bb2`- �M/ hX _X q?Bi2?2�/- S?vbX _2pX
* Nd- y89jk8 UkyR3V- �`sBp,RdRkXy8yRj (Mm+H@i?) X

(j8) uX GBK �M/ CX qX >QHi- �`sBp 2@T`BMib - �`sBp,RNyNXyNy3N
UkyRNV- �`sBp,RNyNXyNy3N (Mm+H@i?) X

(je) �X *�`#QM2 �M/ �X a+?r2MF- S?vbX _2pX * Ryy- yk83y8
UkyRNV- �`sBp,RNy9XyyNk9 (Mm+H@i?) X

(jd) aX >mi?- *X q2HH2M?Q72`- �M/ �X a+?r2MF- �`sBp 2@T`BMib
- �`sBp,kyyNXy3338 UkykyV- �`sBp,kyyNXy3338 (Mm+H@i?) X

(j3) CX E2HH2`- *X q2HH2M?Q72`- EX >2#2H2`- �M/
�X a+?r2MF- �`sBp 2@T`BMib - �`sBp,kyRRXy8388 UkykyV-
�`sBp,kyRRXy8388 (Mm+H@i?) X

(jN) �X qX ai2BM2`- CX JX G�iiBK2`- �M/ 1X 6X "`QrM- �bi`Q@
T?vbX CX G2iiX de8- G8 UkyRjV- �`sBp,Rky8Xe3dR (Mm+H@i?)
X

(9y) :X a?2M- *X CX >Q`QrBix- �M/ aX h2B;2- S?vbX _2pX * 3j-
yj83yk UkyRRVX

(9R) *X S�H2Mxm2H�- aX GX GB2#HBM;- .X L2BHb2M- GX G2?M2`- PX GX
*�#�HH2`Q- 1X Pö*QMMQ`- �M/ JX �M/2`bQM- S?vbX _2pX
. Nk- y99y98 UkyR8V- �`sBp,R8y8XyReyd (;`@[+) X

(9k) .X _�/B+2- 6X :�H2�xxB- CX GBTTmM2`- GX 6X _Q#2`ib- *X .X
Pii- �M/ GX _2xxQHH�- JQMX LQiX _QvX �bi`QMX aQ+X 9ey-
jk88 UkyReV- �`sBp,ReyRXyk9ke (�bi`Q@T?X>1) X

(9j) GX G2?M2`- aX GX GB2#HBM;- *X S�H2Mxm2H�- PX GX *�@
#�HH2`Q- 1X Pö*QMMQ`- JX �M/2`bQM- �M/ .X L2BHb2M-
*H�bbB+�H �M/ Zm�MimK :`�pBiv jj- R39yyk UkyReV-
�`sBp,ReyjXyy8yR (;`@[+) X

(99) 6X 6Qm+�`i- 1X Pö*QMMQ`- GX _Q#2`ib- GX 1X EB//2`- >X SX
S72Bz2`- �M/ JX �X a+?22H- S?vbX _2pX . N9- RkjyRe
UkyReV- �`sBp,ReydXyd98y (�bi`Q@T?X>1) X

(98) GX "Qp�`/- .X J�`iBM- 6X :m2`+BH2M�- �X �`+QM2b- GX _2x@
xQHH�- �M/ PX EQ`Q#FBM- S?vbX _2pX . Ne- Rk9yy8 UkyRdV-
�`sBp,RdyNXyNejy (;`@[+) X

(9e) 1X _X JQbi- GX CX S�T2M7Q`i- oX .2t?2BK2`- JX >�M�mbF2-
aX a+?`�KK- >X aiº+F2`- �M/ GX _2xxQHH�- S?vbX
_2pX G2iiX Rkk- yeRRyR UkyRNV- �`sBp,R3ydXyje39 (�bi`Q@
T?X>1) X

(9d) wX "X 1iB2MM2- oX S�b+?�HB/Bb- _X >��b- SX Jºbi�- �M/
aX GX a?�TB`Q- *H�bbB+�H �M/ Zm�MimK :`�pBiv jk- Rd8yyN
UkyR8V- �`sBp,R8yRXydkde (�bi`Q@T?X>1) X

(93) :X �HH2M- .X �M;mHQ- AX 6Qbi2`- :X G�M72`K�MM- *X GBm-
hX _�/F2- 1X a2B/2H- �M/ CX a?�H7- h?2 AMi2`M�iBQM�H
CQm`M�H Q7 >B;? S2`7Q`K�M+2 *QKTmiBM; �TTHB+�iBQMb
R8- j98 UkyyRVX

(9N) 1X a+?M2ii2`- aX >X >�rH2v- �M/ AX >�rF2- *H�bbB+�H �M/
Zm�MimK :`�pBiv kR- R9e8 Ukyy9V- �`sBp,;`@[+fyjRyy9k
(;`@[+) X

(8y) 1X a+?M2ii2`- SX .B2M2`- 1X LX .Q`#�M/- �M/ JX hB;HBQ-
*H�bbB+�H �M/ Zm�MimK :`�pBiv kj- a88j UkyyeV-
�`sBp,;`@[+fyeykRy9 (;`@[+) X

(8R) JX a?B#�i� �M/ hX L�F�Km`�- S?vbX _2pX . 8k- 89k3
URNN8VX

(8k) hX qX "�mK;�`i2 �M/ aX GX a?�TB`Q- S?vbX _2pX . 8N-
yk9yyd URNNNV- �`sBp,;`@[+fN3Ryye8 (;`@[+) X

(8j) *X "QM�- CX J�bb¦- 1X a2B/2H- �M/ CX ai2H�- S?vbX _2pX



RN

G2iiX d8- eyy URNN8V- �`sBp,;`@[+fN9RkydR (;`@[+) X
(89) JX �H+m#B2``2- "X "`C;K�MM- SX .B2M2`- JX EQTTBix-

.X SQHHM2v- 1X a2B/2H- �M/ _X h�F�?�b?B- S?vbX _2pX

. ed- y39ykj UkyyjV- �`sBp,;`@[+fykyeydk (;`@[+) X
(88) qX 1X 1�bi- 6X S`2iQ`Bmb- �M/ "X *X ai2T?2Mb- S?vbX

_2pX . 38- Rk9yRy UkyRkV- �`sBp,RRRkXjyN9 (;`@[+) X
(8e) *X �X _�Bi?2H- 6X Px2H- �M/ .X Sb�HiBb- �bi`QT?vbX CX BM

T`2bbX UkykRVX
(8d) aX _QbbrQ;- 1X _�KB`2x@_mBx- �M/ JX "X .�pB2b- JQMX

LQiX _QvX �bi`QMX aQ+X j98- Rydd UkyyjV- �`sBp,�bi`Q@
T?fyjye9R3 (�bi`Q@T?) X

(83) JX "X hb�M;- uX w?�M;- SX .�MB2H2rB+x- JX 6�KB�MQ-
wX GB- qX :X GvM+?- �M/ �X qX ai2BM2`- S?vbB+�H _2pB2r
G2ii2`b Ryk- RkkdyR UkyyNVX

(8N) �X qX ai2BM2`- CX JX G�iiBK2`- �M/ 1X 6X "`QrM- �bi`Q@
T?vbX CX dkk- jj UkyRyV- �`sBp,Ryy8Xy3RR (�bi`Q@T?X>1)
X

(ey) *X sm �M/ "X@�X GB- �`sBp 2@T`BMib UkyRRV-
�`sBp,RRy9Xkyd8 (Mm+H@i?) X

(eR) AX oB/�¢�- �X SQHHb- �M/ *X S`QpB/�M+B�- S?vbX _2pX *
39- yek3yR UkyRRV- �`sBp,RRydX89Rk (Mm+H@i?) X

(ek) �X GQp�iQ- PX "2M?�`- aX 6�MiQMB- �X uX AHH�`BQMQp-
�M/ EX 1X a+?KB/i- S?vbX _2pX * 3j- y89yyj UkyRRV-
�`sBp,RyRRXjd39 (Mm+H@i?) X

(ej) �X *�`#QM2- �X SQHHb- �M/ �X _BQb- 1SG U1m`QT?vbB+b
G2ii2`bV Nd- kkyyR UkyRkV- �`sBp,RRRRXydNd (Mm+H@i?) X

(e9) �X _BQb- �X SQHHb- �M/ qX >X .B+F?Qz- S?vbX _2pX * 3N-
y99jyj UkyR9V- �`sBp,RjRkXdjyd (Mm+H@i?) X

(e8) PX >2M- "X@�X GB- qX@CX :mQ- GX "X q2BMbi2BM- �M/
1X SB�b2ixFv- S?vbX _2pX * NR- yk83yj UkyR8V-
�`sBp,R9y3Xyddk (Mm+H@2t) X

(ee) �X qX ai2BM2`- JX >2KT2H- �M/ hX 6Bb+?2`- �bi`QT?vbX
CX dd9- Rd UkyRjV- �`sBp,RkydXkR39 (�bi`Q@T?Xa_) X

(ed) :X "X *QQF- aX GX a?�TB`Q- �M/ aX �X h2mFQHbFv- �bi`Q@
T?vbX CX 9k9- 3kj URNN9VX

(e3) :X "X *QQF- aX GX a?�TB`Q- �M/ aX �X h2mFQHbFv- �bi`Q@
T?vbX CX 9kk- kkd URNN9VX

(eN) EX l`v_ �M/ �X hbQF�`Qb- S?vbX _2pX . 38- ye9yR9
UkyRkV- �`sBp,RRy3Xjye8 (;`@[+) X

(dy) �X hbQF�`Qb- EX l`v_- �M/ GX _2xxQHH�- S?vbX _2pX .
NR- Ry9yjy UkyR8V- �`sBp,R8ykXy8ed9 (;`@[+) X

(dR) �X hbQF�`Qb- EX l`v_- JX _mBx- �M/ aX GX a?�TB`Q- S?vbX
_2pX . N3- Rk9yRN UkyR3V- �`sBp,R3yNXy3kjd (;`@[+) X

(dk) GX 1M;pBF- JX >DQ`i?@C2Mb2M- 1X PbM2b- :X "�Q- �M/
1X ßbi;��`/- S?vbB+�H _2pB2r G2ii2`b dj- ke8y URNN9V-
Mm+H@i?fN9yeyk3 X

(dj) GX 1M;pBF- 1X PbM2b- JX >DQ`i?@C2Mb2M- :X "�Q- �M/
1X Pbi;��`/- �bi`QT?vbX CX 9eN- dN9 URNNeV- Mm+H@
i?fN8yNyRe X

(d9) CX aX _2�/- "X .X G�+F2v- "X CX Pr2M- �M/ CX GX 6`B2/K�M-
S?vbX _2pX . dN- Rk9yjk UkyyNVX

(d8) SX "X .2KQ`2bi- hX S2MMm++B- aX JX _�MbQK- JX aX 1X
_Q#2`ib- �M/ CX qX hX >2bb2Hb- L�im`2 UGQM/QMV 9ed-
Ry3R UkyRyV- �`sBp,RyRyX8d33 (�bi`Q@T?X>1) X

(de) CX �MiQMB�/Bb- SX *X *X 6`2B`2- LX q2t- hX JX h�m`Bb-
_X aX GvM+?- JX >X p�M E2`FrBDF- JX E`�K2`- *X "�bb�-
oX aX .?BHHQM- hX .`B2#2- CX qX hX >2bb2Hb- oX JX
E�bTB- oX AX EQM/`�iB2p- LX G�M;2`- hX _X J�`b?- JX �X
J+G�m;?HBM- hX hX S2MMm++B- aX JX _�MbQK- AX >X ai�B`b-
CX p�M G22mr2M- CX SX qX o2`#B2bi- �M/ .X :X q?2H�M-
a+B2M+2 j9y- 993 UkyRjV- �`sBp,Rjy9Xe3d8 (�bi`Q@T?X>1)
X

(dd) 1X 6QMb2+�- hX hX S2MMm++B- CX �X 1HHBb- AX >X ai�B`b- .X CX
LB+2- aX JX _�MbQK- SX "X .2KQ`2bi- wX �`xQmK�MB�M-

EX *`Qri2`- hX .QH+?- _X .X 62`/K�M- JX 1X :QMx�@
H2x- :X CQM2b- JX GX CQM2b- JX hX G�K- GX G2pBM- JX �X
J+G�m;?HBM- EX aiQp�HH- CX EX arB;;mK- �M/ qX w?m-
�bi`QT?vbX CX 3jk- Red UkyReV- �`sBp,ReyjXyy898 (�bi`Q@
T?X>1) X

(d3) >X hX *`QK�`iB2- 1X 6QMb2+�- aX JX _�MbQK- SX "X .2@
KQ`2bi- wX �`xQmK�MB�M- >X "HmK2`- SX _X "`QQF- JX 1X
.2*2b�`- hX .QH+?- CX �X 1HHBb- _X .X 62`/K�M- 1X *X
62``�`�- LX :�`p2`@.�MB2Hb- SX �X :2MiBH2- JX GX CQM2b-
JX hX G�K- .X _X GQ`BK2`- _X aX GvM+?- JX �X J+G�m;?@
HBM- *X L;- .X CX LB+2- hX hX S2MMm++B- _X aTB2r�F- AX >X
ai�B`b- EX aiQp�HH- CX EX arB;;mK- �M/ qX qX w?m- L�@
im`2 �bi`QMQKv 9- dk UkykyV- �`sBp,RNy9Xyed8N (�bi`Q@
T?X>1) X

(dN) *X _2BbbrB; �M/ .X SQHHM2v- *H�bbB+�H �M/ Zm�MimK
:`�pBiv k3- RN8yR8 UkyRRV- �`sBp,RyyeXRejk (;`@[+) X

(3y) �X aX a+?M2B/2`- GX 6X _Q#2`ib- *X .X Pii- �M/
1X Pö*QMMQ`- S?vbX _2pX * Ryy- y883yk UkyRNV-
�`sBp,RNyeXykyyN (�bi`Q@T?X>1) X

(3R) >X u�bBM- aX a+? 72`- �X �`+QM2b- �M/ �X a+?r2MF- S?vbX
_2pX G2iiX Rk9- yNkdyR UkykyVX

(3k) qX 1X 1�bi- oX S�b+?�HB/Bb- 6X S`2iQ`Bmb- �M/
�X hbQF�`Qb- S?vbX _2pX . Ryy- Rk9y9k UkyRNV-
�`sBp,RNyeXy8k33 (�bi`Q@T?X>1) X

(3j) �X "�mbr2BM �M/ LX ai2`;BQmH�b- CQm`M�H Q7 S?vbB+b :
Lm+H2�` S?vbB+b 9e- RRjyyk UkyRNV- �`sBp,RNyRXyeNeN (;`@
[+) X

(39) CX �X *H�`F- �X "�mbr2BM- LX ai2`;BQmH�b- �M/ .X a?Q2@
K�F2`- *H�bbB+�H �M/ Zm�MimK :`�pBiv jj- y38yyj
UkyReV- �`sBp,R8yNXy38kk (�bi`Q@T?X>1) X

(38) >X u�M;- oX S�b+?�HB/Bb- EX u�;B- GX G2?M2`- 6X S`2iQ@
`Bmb- �M/ LX umM2b- S?vbX _2pX . Nd- yk9y9N UkyR3V-
�`sBp,RdydXyykyd (;`@[+) X

(3e) EX >QiQF2x�F�- EX EBm+?B- EX EvmiQFm- >X PF�r�- uX@BX
a2FB;m+?B- JX a?B#�i�- �M/ EX h�MB;m+?B- S?vbX _2pX .
3d- yk9yyR UkyRjV- �`sBp,RkRkXyNy8 (�bi`Q@T?X>1) X

(3d) wX "X 1iB2MM2- uX hX GBm- �M/ aX GX a?�TB`Q- S?vbX _2pX
. 3k- y39yjR UkyRyV- �`sBp,RyydXk393 (�bi`Q@T?X>1) X

(33) oX S�b+?�HB/Bb- qX 1X 1�bi- 6X S`2iQ`Bmb- �M/
aX GX a?�TB`Q- S?vbX _2pX . Nk- RkR8yk UkyR8V-
�`sBp,R8RyXyj9jk (�bi`Q@T?X>1) X

(3N) qX 1X 1�bi- oX S�b+?�HB/Bb- 6X S`2iQ`Bmb- �M/
aX GX a?�TB`Q- S?vbX _2pX . Nj- yk9yRR UkyReV-
�`sBp,R8RRXyRyNj (�bi`Q@T?X>1) X


