
L2;�iBp2 *�T�+Bi�M+2 6B2H/@1z2+i h`�MbBbiQ` "�b2/
QM � hrQ@.BK2MbBQM�H 62``Q2H2+i`B+

JX aQH2BK�MB- LX �bQm/2;B- SX E?�F#�x- JX SQm`7�i? 
a+?QQH Q7 1H2+i`B+�H �M/ *QKTmi2` 1M;BM22`BM;

lMBp2`bBiv *QHH2;2 Q7 1M;BM22`BM;
lMBp2`bBiv Q7 h2?`�M

h2?`�M- A`�M
TQm`7�i?!miX�+XB`

�#bi`�+iěL2;�iBp2 +�T�+Bi�M+2 }2H/ 2z2+i i`�MbBbiQ`b
UL*61hbV #�b2/ QM 72``Q2H2+i`B+ K�i2`B�Hb ?�p2 #22M i?2
7Q+mb Q7 BMi2MbBp2 `2b2�`+? �+iBpBiB2b #2+�mb2 Q7 i?2B` `2H�iBp2Hv
bK�HH bm#@i?`2b?QH/ brBM;X h?Bb rQ`F T`QTQb2b �M/ T`2b2Mib �
+QKT`2?2MbBp2 bim/v Q7 � L*61h #�b2/ QM 72r@H�v2` α@AM2a23
�b i?2 72``Q2H2+i`B+ BM Q`/2` iQ `2/m+2 i?2 bm#@i?`2b?QH/ brBM;
i?`Qm;? pQHi�;2 �KTHB}+�iBQM 2z2+iX "v 2KTHQvBM; }`bi T`BM+B@
TH2b 2H2+i`QMB+ bi`m+im`2 +�H+mH�iBQMb- i?2 G�M/�m +QMbi�Mib Q7
KQMQ �M/ 72r@H�v2` α@AM2a23 �`2 2ti`�+i2/ r?B+? r2`2 miBHBx2/
7Q` �M�HvxBM; i?2 +?�`�+i2`BbiB+b Q7 � L*61h rBi? � KQMQH�v2`
JQa2 �b i?2 +?�MM2H K�i2`B�HX am#@i?`2b?QH/ brBM;b BM i?2
`�M;2 Q7 ∼kd@8N Kof/2+ r2`2 �+?B2p2/ 7Q` 72r@H�v2` α@AM2a23
i?�i +�M #2 7m`i?2` BKT`Qp2/ #v BM+`2�bBM; i?2 i?B+FM2bb Q7
i?2 72``Q2H2+i`B+ H�v2` �M/ #v mbBM; � i?BMM2` Q` ?B;?@κ BMbmH�i2
H�v2`X

AM/2t h2`KběL2;�iBp2 +�T�+Bi�M+2- h`�MbBbiQ`- am#@
i?`2b?QH/ brBM;- 62``Q2H2+i`B+- AM2a23

AX AMi`Q/m+iBQM
h?2 b+�HBM; Q7 K2i�H@QtB/2@b2KB+QM/m+iQ` }2H/@2z2+i

i`�MbBbiQ`b UJPa@61hbV Bb #2BM; HBKBi2/ #v i?2 BM�#BHBiv
iQ `2KQp2 i?2 ?2�i ;2M2`�i2/ /m`BM; i?2 brBi+?BM; T`Q+2bb
i?�i Q`B;BM�i2b 7`QK i?2 TQQ` b+�HBM; Q7 i?2 QT2`�iBM;
pQHi�;2 UVDDVX � F2v 7�+iQ` i?�i ?BM/2`b i?2 b+�HBM; Q7
VDD Bb i?2 bm#i?`2b?QH/ brBM; (SS) r?B+? Bb i?2`K�HHv
HBKBi2/ iQ ∼ey Kof/2+ �i `QQK i2KT2`�im`2 #2+�mb2 Q7
i?2 "QHixK�MM bi�iBbiB+X h?2 (SS)Q7 � 61h Bb ;2M2`�HHv
;Bp2M #v (R),

SS =
∂VG

∂(log10 ID)
=
∂VG

∂ψS

∂ψS

∂(log10 ID)

=

(
1 +

CS

CIns

)(
kBT

q
ln 10

)
, URV

r?2`2 VG Bb i?2 ;�i2 pQHi�;2- ID Bb i?2 /`�BM +m``2Mi- ψS

Bb i?2 bm`7�+2 TQi2MiB�H Q7 i?2 b2KB+QM/m+iBM; +?�MM2H-
CS Bb i?2 bm#bi`�i2 +�T�+Bi�M+2- CIns Bb i?2 ;�i2 BMbmH�iQ`
+�T�+Bi�M+2 �M/ kB Bb i?2 "QHixK�MM +QMbi�Mi- T Bb i?2
i2KT2`�im`2- �M/ q Bb i?2 2H2+i`QM mMBi +?�`;2X �i `QQK
i2KT2`�im`2- � bm#@i?`2b?QH/ brBM; Q7 �TT`QtBK�i2Hv ey
Kof/2+ +�M #2 Q#i�BM2/ B7 i?2 #Q/v 7�+iQ` #2+QK2b +HQb2
iQ RX h?Bb ?�TT2Mb B7 � `2H�iBp2Hv i?BM ?B;?@κ BMbmH�iQ`
K�i2`B�H Bb mb2/ UCS/CIns ≪ 1VX � bm#@ey Kof/2+ 7Q`
SS +�M #2 �+?B2p2/ B7 i?2 /2pB+2 #Q/v 7�+iQ` #2+QK2b

Nd3@R@dk3R@yN9y@9fRNf0jRXyy ÜkyRN A111

bK�HH2` i?�M R- r?2`2 CIns +�M #2 M2;�iBp2 r?BH2 i?2 CS

`2K�BMb TQbBiBp2 (k)- (j)X h?Bb +�M #2 `2�+?2/ #v mbBM;
i?2 `2+2MiHv T`QTQb2/ M2;�iBp2 +�T�+Bi�M+2 }2H/ 2z2+i
i`�MbBbiQ` UL*61hV- BM r?B+? � 72``Q2H2+i`B+ K�i2`B�H
Bb �//2/ iQ i?2 ;�i2 bi�+F Q7 +QMp2MiBQM�H JPa61hb
(j)- (9)X "2+�mb2 Q7 � M2;�iBp2 pQHi�;2 /`QT i?`Qm;? i?2
72``Q2H2+i`B+ H�v2`- r?B+? Bb /m2 iQ i?2 +QK#BM�iBQM Q7 i?2
2ti2`M�H 2H2+i`B+ }2H/ �M/ TQH�`Bx�iBQM BM i?2 72``Q2H2+i`B+
K�i2`B�H- i?2 ;�i2 pQHi�;2 Bb �KTHB}2/ r?B+? BM im`M
`2/m+2b i?2 SSX

hrQ K�BM bi`m+im`2b �`2 +QKKQMHv bim/B2/ 7Q`
L*61hb, i?2 K2i�H@72``Q2H2+i`B+@K2i�H@BMbmH�iQ`@
b2KB+QM/m+iQ` UJ6JAaV (8) �M/ K2i�H@72``Q2H2+i`B+@
BMbmH�iQ`@b2KB+QM/m+iQ` UJ6AaV (e)X Ai Bb KQ`2
bi`�B;?i7Q`r�`/ iQ `2�HBx2 J6JAa bi`m+im`2b- r?2`2
i?2 BMb2`i2/ K2i�H H�v2` T`QpB/2b � mMB7Q`K bm`7�+2
TQi2MiB�H 7Q` bBKmHi�M2Qmb TQH�`Bx�iBQM �M/ K�F2b Bi
2�bv iQ /2i2+i i?2 BMi2`M�H pQHi�;2 BM i?2 2tT2`BK2MiX
hQ Q#i�BM bi�#BHBx2/ L* ?vbi2`2iB+ #2?�pBQ`- r?B+? Bb
i?2 +?�`�+i2`BbiB+ 7Q` 72``Q2H2+i`B+ K�i2`B�Hb- b?QmH/ #2
2HBKBM�i2/X h?2 `2[mB`2K2Mi Q7 � ?vbi2`2bBb@7`22 L* Bb
`2H�i2/ iQ i?2 K�tBKmK +`BiB+�H 72``Q2H2+i`B+ i?B+FM2bb
r?B+? +�M #2 `2/m+2/ #v i?2 #�+F;`QmM/ T2`KBiiBpBivX

h?2 �TTHB+�iBQM Q7 +QMp2MiBQM�H 72``Q2H2+i`B+ K�i2`B�Hb
7Q` k. +?�MM2Hb Bb MQi QTiBK�Hc i?2`27Q`2- i?Bb rQ`F BMp2biB@
;�i2b i?2 TQi2MiB�H Q7 k. 72``Q2H2+i`B+b BM L*61hbX � 72r
k. p�M /2` q��Hb Up/qV K�i2`B�Hb 2t?B#Bi 72``Q2H2+i`B+Biv-
r?2`2 7Q` L* i?Qb2 rBi? Qmi@Q7@TH�M2 TQH�`Bx�#BHBiv �`2 Q7
BMi2`2biX �M �TT`QT`B�i2 b2H2+iBQM Q7 � k. 72``Q2H2+i`B+
BMbmH�iQ` 7Q` BMi2;`�iBM; rBi? k. b2KB+QM/m+iQ`b Bb 2bb2M@
iB�H 7Q` �+?B2pBM; ?B;? T2`7Q`K�M+2 L*61hbX 62``Q2H2+i`B+
TQH�`Bx�iBQM brBi+?BM; �M/ ?vbi2`2bBb HQQT ?�p2 #22M
`2+2MiHv Q#b2`p2/ /QrM iQ i?2 #BH�v2` �M/ KQMQH�v2` URGV
α@AM2a23 (d) r?B+? /2KQMbi`�i2b i?�i i?2 i?BMM2bi H�v2`2/
72``Q2H2+i`B+b +�M #2 `2�HBx2/ rBi? k. K�i2`B�HbX

h?Bb rQ`F T`QTQb2b �M/ T`2b2Mib � +QKT`2?2MbBp2 bim/v
QM � L*61h #�b2/ QM i?2 J6JAa bi`m+im`2- r?2`2 �
KQMQH�v2` JQa2 b2`p2b �b i?2 +?�MM2H K�i2`B�H �M/ 72r@
H�v2` α@AM2a23 �+ib �b i?2 72``Q2H2+i`B+ K�i2`B�HX �b b?QrM
BM 6B;XRU�V- +QKT�`2/ iQ i?2 +QMp2MiBQM�H JPa61hb- i?2
L*61hb ?�p2 �M �//BiBQM�H 72``Q2H2+i`B+ H�v2` /2TQbBi2/
QM i?2 K2i�H ;�i2X _2+2Mi 2tT2`BK2Mib BM/B+�i2 i?�i BM i?2
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2KTHQv2/ bi`m+im`2 i?2 K2i�H ;�i2 T`QpB/2b i?2 b�K2 ;�i2
+?�`;2 /2MbBiv iQ #Qi? i?2 BMi2`M�H ;�i2 �M/ 72``Q2H2+i`B+
bm`7�+2b (8)- (3)X h?2 L*61hb +�M #2 /2b+`B#2/ #v i?2
+�T�+BiQ` /BpB/2` KQ/2H Q7 6B;XRU#V- r?2`2 CFe- CIns �M/
CS �`2 i?2 +�T�+BiQ`b /m2 iQ i?2 72``Q2H2+i`B+ H�v2`- i?2
/B2H2+i`B+ H�v2` �M/ i?2 b2KB+QM/m+iQ`- `2bT2+iBp2HvX h?2
iQi�H ;�i2 +�T�+Bi�M+2 Q7 � L*61h UCGV +QMbBbib Q7 �
b2`B2b +QK#BM�iBQM Q7 CIns �M/ CFeX

AM i?Bb T�T2`- r2 7Q+mb QM i?2 α@AM2a23 �b i?2 72``Q2H2+@
i`B+ K�i2`B�H b?QrM BM 6B;XRU+VX 6B`bi T`BM+BTH2 +�H+mH�iBQMb
#�b2/ QM /2MbBiv 7mM+iBQM�H i?2Q`v U.6hV �`2 �TTHB2/
iQ bvbi2K�iB+�HHv bim/v i?2 2H2+i`QMB+ T`QT2`iB2b Q7 α@
AM2a23 i?`Qm;? H�v2`@/2T2M/2Mi +H2�p�;2 2M2`;v- :B##b
7`22 2M2`;v- TQH�`Bx�iBQM- �p2`�;2/ 2H2+i`Qbi�iB+ TQi2MiB�H
2M2`;v �M/ #�M/;�TX lbBM; i?2 2H2+i`QMB+ bi`m+im`2 +�H@
+mH�iBQMb r2 /2i2`KBM2 i?2 G�M/�m +QMbi�Mib Q7 α@AM2a23
�M/ [m�MiBi�iBp2Hv BMp2biB;�i2 i?2 /2pB+2 T`QT2`iB2b Q7 i?2
L*61hX

6B;X R, h?2 b+?2K�iB+ Q7 � L*61h rBi? KQMQH�v2` JQa2 �b i?2
+?�MM2H K�i2`B�H �M/ α@AM2a23 �b i?2 72``Q2H2+i`B+X U#V h?2 2[mBp�H2Mi
+�T�+BiQ` KQ/2H 7Q` i?2 +QK#BM�iBQM Q7 i?2 ;�i2- 72``Q2H2+i`B+ �M/
BMbmH�iQ` BM i?2 J6JAa bi`m+im`2X U+V h?2 �iQKBbiB+ bi`m+im`2 Q7
H�v2`2/ α@AM2a23 72``Q2H2+i`B+X α@AM2a23 brBi+?BM; 7`QK i?2 mTr�`/
TQH�`Bx�iBQM UiQTV iQ i?2 /QrMr�`/ TQH�`Bx�iBQM U#QiiQKVX

AAX �TT`Q�+?
hQ KQ/2H i?2 +m``2Mi@pQHi�;2 +?�`�+i2`BbiB+ Q7 M�MQb+�H2

i`�MbBbiQ`b- i?2 iQT@Q7@i?2 #�``B2` KQ/2H T`QTQb2/ BM _27X
(N) ?�b #22M miBHBx2/X h?2 /`�BM@bQm`+2 +m``2Mi +�M #2
Q#i�BM2/ #v,

IDS =

+∞∫

−∞

J (E − Uscf) [f1 (E)− f2 (E)]dE, UkV

r?2`2 f1- f2 �`2 i?2 62`KB@.B`�+ /Bbi`B#miBQM 7mM+iBQMb
Q7 i?2 +QMi�+ib �M/ J Bb i?2 +m``2Mi /2MbBiv- �M/ Uscf

Bb i?2 b2H7@+QMbBbi2Mi TQi2MiB�H �i i?2 iQT Q7 i?2 #�``B2`
�HQM; i?2 +?�MM2HX hQ KQ/2H i?2 /vM�KB+b Q7 72``Q2H2+i`B+
TQH�`Bx�iBQM- i?2 G�M/�m@E?�H�iMBFQp UGEV 2[m�iBQM +�M
#2 mb2/ (j),

ρ
dP⃗

dt
+∇P⃗G = 0, UjV

r?2`2 ρ �M/ P �`2 i?2 `2bBbiBpBiv �M/ TQH�`Bx�iBQM-
`2bT2+iBp2HvX >2`2- F `2T`2b2Mib i?2 :B##b 7`22 2M2`;v
Q7 i?2 72``Q2H2+i`B+ K�i2`B�H �M/ Bb � 7mM+iBQM Q7 � b2`B2b
2tT�MbBQM Q7 i?2 TQH�`Bx�iBQM �b,

F = aP 2 + bP 4 + cP 6 − E⃗ext.P⃗ , U9V

r?2`2 a- b �M/ c �`2 G�M/�m +Q2{+B2Mib �M/ E⃗ext Bb i?2
2ti2`M�H 2H2+i`B+ }2H/X h?2 ;�i2 pQHi�;2 Q7 i?2 L*61h +�M
#2 r`Bii2M �b

VG = VInt +
[
2aQG + 4bQ3

G

]
tFe, U8V

r?2`2 VInt Bb i?2 BMi2`M�H pQHi�;2 i?2 b2+QM/ i2`K Bb i?2
pQHi�;2 /`QT �+`Qbb i?2 72``Q2H2+i`B+X �HbQ- tFe �M/ QG

�`2 i?2 72``Q2H2+i`B+ i?B+FM2bb �M/ ;�i2 +?�`;2 /2MbBiv-
`2bT2+iBp2HvX

.6h +�H+mH�iBQMb ?�p2 #22M +�``B2/ Qmi rBi?BM i?2
7`�K2rQ`F Q7 i?2 T`QD2+iQ` �m;K2Mi2/@r�p2 US�qV 7Q`@
K�HBbK (Ry)- (RR) �b BKTH2K2Mi2/ BM i?2 oB2MM� �#
BMBiBQ aBKmH�iBQM S�+F�;2 Uo�aSVX ai`m+im`�H `2H�t�iBQMb
�M/ +�H+mH�iBQM Q7 i?2 2H2+i`QMB+ T`QT2`iB2b r2`2 +�``B2/
mbBM; i?2 ;2M2`�HBx2/ ;`�/B2Mi �TT`QtBK�iBQM U::�V �b
T�`�K2i2`Bx2/ #v S2`/2r@"m`F2@1`Mx2`?Q7 7mM+iBQM�H 7Q`
bQHB/b US"1bQHV (Rk) rBi? � +QMp2`;2M+2 +`Bi2`BQM i?�i
7Q`+2b QM i?2 �iQKb #2+QK2 bK�HH2` i?�M yXyyR 2of³X
6Q` i?2 #�M/;�T +�H+mH�iBQMb- r2 �HbQ mb2/ i?2 ?v#`B/
7mM+iBQM�H Q7 >v2/@a+mb2`B�@1`Mx2`?Q7 U>a1yeV (Rj) h?2
TH�M2 r�p2 +miQz 2M2`;v Bb 8yy 2o �M/ � Rk×Rk×R ;`B/
TQBMib r2`2 mb2/ BM F@bT�+2 iQ b�KTH2 i?2 "`BHHQmBM xQM2X
h?2 /BbT2`bBQM BMi2`�+iBQM r�b �++QmMi2/ 7Q` H�v2`2/ α@
AM2a23 #v mbBM; i?2 :`BKK2Ƕb .6h@.j K2i?Q/ (R9)X h?2
:B##b 7`22 2M2`;v mM/2` KBH/ +QM/BiBQMb Q7 i2KT2`�im`2-
T4jyy E +�M #2 2tT`2bb2/ �b

F = H0 + TS + ZPE, UeV
r?2`2 H0- S �M/ wS1 �`2 i?2 2Mi?�HTv �i �#bQHmi2 x2`Q-
i?2 2Mi`QTv �M/ BMi`BMbB+ x2`Q TQBMi 2M2`;vX

AAAX _2bmHib �M/ .Bb+mbbBQM
*H2�p�;2 2M2`;B2b Q7 α@AM2a23 RG �M/ kG 7`QK � }p2@

H�v2` U8GV bH�# r2`2 +�H+mH�i2/ iQ +QM}`K 72�bB#BHBiv Q7
;2iiBM; � RG �M/ kG α@AM2a23 #v 2t7QHB�iBQMX �b b?QrM BM
6B;XkU�V- i?2 +H2�p�;2 2M2`;B2b `2[mB`2/ iQ bHB+2 i?2 RG�M/
kG α@AM2a23 �HQM; + TH�M2 �`2 yXey CfK2 �M/ yXee CfK2-
`2bT2+iBp2HvX Ai b?QmH/ #2 MQi2/ i?�i i?2 +H2�p�;2 2M2`;v
Q7 bHB+BM; #mHF α@AM2a23 BMiQ RG �M/ kG Bb +HQb2 iQ i?�i
Q7 bHB+BM; ;`�T?Bi2 BMiQ ;`�T?2M2 UyXje CfK2V (R8)X h?Bb
BM/B+�i2b i?�i bHB+BM; i?2 α@AM2a23 BMiQ k. KQMQH�v2`b
�HQM; � bT2+B}+ TH�M2 Bb ?B;?Hv 72�bB#H2X

6B;XkU#V b?Qrb i?2 :B##b 7`22 2M2`;v 7Q` RG iQ 8G α@
AM2a23 �i `QQK i2KT2`�im`2X Ai Bb 7QmM/ i?�i- i?B+F2` α@
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6B;X k, h?2 +H2�p�;2 2M2`;B2b 2biBK�iBQM `2;�`/BM; i?2 bHB+BM; Q7 α@AM2a23 �HQM; c TH�M2 i?2 bi`m+im`2 Q7 α@AM2a23- U#V i?2 TQH�`Bx�iBQM
�M/ :B##b 7`22 2M2`;B2b �i T4jyy E- U+V i?2 TH�M�`@�p2`�;2/ 2H2+i`Qbi�iB+ TQi2MiB�H 2M2`;v �HQM; + TH�M2 7Q` 8G α@AM2a23X U/V 1pQHmiBQM Q7
#�M/;�T �b � 7mM+iBQM Q7 i?2 MmK#2` Q7 H�v2`b rBi? i?2 ::�@S"1bQH �M/ >a1ye K2i?Q/b- `2bT2+iBp2HvX

AM2a23 Bb KQ`2 bi�#H2 i?�M KQMQH�v2` Q7 i?Bb K�i2`B�HbX
h?2 /Bz2`2M+2 BM bi�#BHBiv #2ir22M KQMQH�v2` �M/ 72r@
H�v2` α@AM2a23 Bb `2H�i2/ iQ i?2 p/q +QmTHBM; #2ir22M
i?2 α@AM2a23 H�v2`bX AM �//BiBQM- 6B;XkU#V BM/B+�i2b i?�i
i?2 �p2`�;2 Qmi@Q7@TH�M2 TQH�`Bx�iBQM Q7 i?2 kG Bb Qp2`
irQ iBK2b H�`;2` i?�M i?�i Q7 i?2 KQMQH�v2` �M/ i?2
K�;MBim/2 Q7 i?2 2H2+i`B+ /BTQH2 b�im`�i2b #2vQM/ irQ
H�v2`bX h?2 �#b2M+2 Q7 i?2 2M2`;v #�M/ ;�T �M/ Qp2`H�vBM;
Q7 i?2 +QM/m+iBQM �M/ p�H2M+2 #�M/b �#Qp2 kG H2�/ iQ
+?�`;2 i`�Mb72` BM/m+2/ #v i?2 /2TQH�`Bx�iBQM }2H/ QM #Qi?
bm`7�+2b Q7 i?2 }HK r?B+? BM im`M ?BM/2`b 7m`i?2` BM+`2�b2
Q7 i?2 TQH�`Bx�iBQMX

h?2 �p2`�;2 2H2+i`Qbi�iB+ TQi2MiB�H 2M2`;v BM i?2 c TH�M2
7Q` 8G α@AM2a23 Bb b?QrM BM 6B;XkU+VX �HbQ- i?2 /2TQH�`@
Bx�iBQM }2H/ Edep r�b +�H+mH�i2/ 7`QK i?2 2H2+i`Qbi�iB+
TQi2MiB�H 2M2`;vX h?2 /2TQH�`Bx�iBQM }2H/b Q7 i?2 8G �`2
MQi +QKTH2i2Hv +QKT2Mb�i2/- �M/ i?2 p�Hm2b /2+`2�b2 �b
i?2 MmK#2` Q7 H�v2`b BM+`2�b2b �M/ rBHH /Bb�TT2�` BM
i?B+F }HKbX 6B;XkU/V BM/B+�i2b i?2 #�M/;�T 2pQHmiBQM �b
� 7mM+iBQM Q7 i?2 MmK#2` Q7 H�v2`bX .m2 iQ i?2 2tBbi2M+2
Q7 #�M/;�T mM/2`2biBK�iBQM BM ::�@S"1bQH 7mM+iBQM�H-
r2 �HbQ 2KTHQv2/ i?2 ?v#`B/ 7mM+iBQM�H �TT`QtBK�iBQM
mbBM; >a1ye 2t+?�M;2@+Q``2H�iBQM i2`KX Ai r�b Q#pBQmb
i?�i i?2`2 r�b � #�M/;�T b?Q`i2MBM; 7`QK i?2 KQMQH�v2`
iQ #BH�v2` #v #Qi? K2i?Q/bX "�M/;�Tb Q7 α@AM2a23 �`2
2ti`�+i2/ �b RX9e 2o URGV- yXRR 2o UkGV �M/ RX93 2o U#mHFVX

hQ �M�Hvx2 α@AM2a23 �b i?2 72``Q2H2+i`B+ BM L*61h- i?2

G�M/�m +QMbi�Mib �`2 2ti`�+i2/ Uh�#H2XAV 7`QK i?2 :B##b
7`22 2M2`;v �i T4jyy E p2`bmb TQH�`Bx�iBQM /m`BM; i?2
T?�b2 i`�MbBiBQMX
h�"G1 A, G�M/�m +QMbi�Mib 2ti`�+i2/ #v }iiBM; T�`�K@
2i2`b BM 1[X U9VX
α@AM2a23 a Uof2³2V b Uof23³4V

RG @k3Xe8 R9X8d82Yk
kG @eXNe RReXkd

"mHF @kXd8 93X9y

AM �M L*61h- i?2 2ti2`M�H ;�i2 pQHi�;2 VG BM/m+2b
TQH�`Bx�iBQM rBi?BM i?2 72``Q2H2+i`B+X h?2 M2i +?�`;2
/2MbBiv BMbB/2 i?2 72``Q2H2+i`B+ +�T�+BiQ`- /2}M2/ �b i?2
/Bz2`2M+2 #2ir22M i?2 TQH�`Bx�iBQM@BM/m+2/ bm`7�+2 +?�`;2
�M/ i?2 b+`22MBM; +?�`;2 /2MbBiv- /2i2`KBM2b i?2 pQHi�;2
/`QT �+`Qbb � 72``Q2H2+i`B+ VFeX h?2 M2;�iBp2 +�T�+Bi�M+2
�TT2�`b �TT2�`b r?2M i?2 TQH�`Bx2/ +?�`;2b �`2 MQi
+QKTH2i2Hv b+`22M2/ /m`BM; i?2 brBi+?BM; Q7 TQH�`Bx�@
iBQM (9)X h?Bb BKTHB2b i?�i i?2 pQHi�;2 /`QT �+`Qbb i?2
72``Q2H2+i`B+ Bb � M2;�iBp2 [m�MiBiv �M/ VFET > VG

U7`QKVG = VFET + VFeV- r?2`2 VFET Bb i?2 pQHi�;2 �+`Qbb
i?2 JPa@61hX h?2`27Q`2- i?2 b�K2 +?�`;2 /2MbBiv +�M #2
�+?B2p2/ BM i?2 +?�MM2H rBi? � bK�HH2` ;�i2 pQHi�;2 r?B+?
H2�/b iQ � SS bi22T2` i?�M ey Kof/2+ (Re)X

�b b?QrM BM 6B;XjU�V SS4ed Kof/2+ 7Q` JQa2@61h-
r?BH2 i?2 L*61h rBi? � 8 MK U8GV α@AM2a23 �+?B2p2/
i?2 SS Q7 8N Kof/2+ i?�i Bb `2/m+2/ iQ kd Kof/2+ 7Q` k8
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MKX "v BM+`2�bBM; i?2 i?B+FM2bb Q7 i?2 72``Q2H2+i`B+ H�v2`-
i?2 T2`7Q`K�M+2 2M?�M+2K2Mi BM+`2�b2b #2+�mb2 Q7 i?2
`2/m+iBQM Q7 CFe- U| CFe | ∼ CFETV- r?B+? BM im`M `2bmHib
BM H�`;2` �KTHB}+�iBQM Q7 i?2 ;�i2 pQHi�;2X AM �//BiBQM
� KQ`2 /B`2+i r�v iQ BKT`Qp2 i?2 /2pB+2 T2`7Q`K�M+2
Bb i?2 BM+`2�bBM; i?2 +�T�+Bi�M+2 Q7 i?2 BMbmH�iQ` H�v2`X
h?2 /2T2M/2M+2 Q7 i?2 CIns QM i?2 1Ph bm;;2bib i?�i
i?BMM2` ;�i2 BMbmH�iQ`b `2bmHi BM bK�HH2` SS �HbQ- i?2
SS Q7 L*61h +�M #2 7m`i?2` BKT`Qp2/ #v mbBM; ?B;?@
κ BMbmH�i2 H�v2`X AM 6B;XjU#V /Bz2`2Mi 1Ph �M/ ;�i2
BMbmH�iQ` H�v2` K�i2`B�Hb �`2 �TTHB2/ BM i?2 L*61h rBi?
� 8 MK 72``Q2H2+i`B+ H�v2`X Ai +�M #2 b22M i?�i i?2 SS +�M
`2�+? bK�HH2` i?�M ey Kof/2+ #v mbBM; i?BMM2` Q` ?B;?@κ
BMbmH�i2 H�v2`X

6B;X j, U�V ID@VG 7Q` � JQa2@#�b2/ 61h �M/ L*61hb �i VD4yXe
o rBi? � j MK aBP2 BMbmH�iQ` H�v2` 7Q` p�`BQmb i?B+FM2bb2b Q7 α@
AM2a23X U#V h?2 SS �i p�`BQmb i?B+FM2bb2b Q7 BMbmH�iQ` H�v2` �M/ ;�i2
BMbmH�iQ` K�i2`B�Hb 7Q` L*61h rBi? 8 MK α@AM2a23X

AoX *QM+HmbBQM
h?Bb rQ`F T`2b2Mib � +QKT`2?2MbBp2 bim/v Q7 L*61hb

rBi? KQMQH�v2` JQa2 �b i?2 +?�MM2H K�i2`B�H �M/ 72r@
H�v2` α@AM2a23 �b i?2 72``Q2H2+i`B+ K�i2`B�HX 6B`bi T`BM+BTH2b
+�H+mH�iBQMb r2`2 2KTHQv2/ 7Q` /2i2`KBMBM; i?2 2H2+i`QMB+
T`QT2`iB2b �M/ 2ti`�+iBM; G�M/�m +QMbi�Mib Q7 i?2 α@

AM2a23X JQMQH�v2` α@AM2a23 �b i?2 i?BMM2bi H�v2`2/ 72`@
`Q2H2+i`B+ `2p2�Hb i?2 Qmi@Q7@TH�M2 TQH�`Bx�iBQMX h?2 SS
BM i?2 `�M;2 Q7 ∼kd@8N Kof/2+ r2`2 �+?B2p2/ 7Q` k8
MK iQ 8 MK Q7 α@AM2a23 r?B+? +�M #2 7m`i?2` `2/m+2/
#v mbBM; i?B+F2` α@AM2a23 �M/ i?BMM2` Q` ?B;?@κ BMbmH�i2
H�v2`X h?2 T`2b2Mi2/ `2bmHib T�p2 i?2 r�v 7Q` `2�HBxBM; ?B;?
T2`7Q`K�M+2 k. L*61hbX

�+FMQrH2/;2K2Mib
h?Bb rQ`F r�b T�`iHv bmTTQ`i2/ #v A`�M L�iBQM�H

a+B2M+2 6QmM/�iBQM UALa6VX
_272`2M+2b

(R) _X CX o�M Pp2`bi`�2i2M- :X CX .2+H2`+F- �M/ SX �X JmHb- ǳh?2Q`v
Q7 i?2 KQb i`�MbBbiQ` BM r2�F BMp2`bBQM@M2r K2i?Q/ iQ /2i2`KBM2
i?2 MmK#2` Q7 bm`7�+2 bi�i2b-Ǵ A111 h@1.- pQHX kk- TTX k3kĜk33-
J�v RNd8X

(k) �X JX AQM2b+m �M/ >X _B2H- ǳhmMM2H }2H/@2z2+i i`�MbBbiQ`b �b
2M2`;v@2{+B2Mi 2H2+i`QMB+ brBi+?2b-Ǵ M�im`2- pQHX 9dN- TX jkN-
LQp2K#2` kyRRX

(j) aX a�H�?m//BM �M/ aX .�ii�- ǳlb2 Q7 M2;�iBp2 +�T�+Bi�M+2 iQ
T`QpB/2 pQHi�;2 �KTHB}+�iBQM 7Q` HQr TQr2` M�MQb+�H2 /2pB+2b-Ǵ
L�MQ H2iiX- pQHX 3- TTX 9y8Ĝ9Ry- J�`+? kyy3X

(9) oX oX w?B`MQp �M/ _X EX *�pBM- ǳL�MQ2H2+i`QMB+b, L2;�iBp2
+�T�+Bi�M+2 iQ i?2 `2b+m2\Ǵ L�iX L�MQi2+?MQHX- pQHX j- TX dd-
62#`m�`v kyy3X

(8) CX CQ- qX uX *?QB- CX@.X S�`F- CX qX a?BK- >X@uX um- �M/
*X a?BM- ǳL2;�iBp2 +�T�+Bi�M+2 BM Q`;�MB+f72``Q2H2+i`B+ +�T�+@
BiQ` iQ BKTH2K2Mi bi22T brBi+?BM; KQb /2pB+2b-Ǵ L�MQ H2iiX-
pQHX R8- TTX 988jĜ988e- CmM2 kyR8X

(e) sX q�M;- uX *?2M- :X qm- .X GB- GX hm- aX amM- >X a?2M- hX GBM-
uX sB�Q- JX h�M; 2i �HX- ǳhrQ@/BK2MbBQM�H M2;�iBp2 +�T�+Bi�M+2
i`�MbBbiQ` rBi? TQHvpBMvHB/2M2 ~mQ`B/2@#�b2/ 72``Q2H2+i`B+ TQHv@
K2` ;�iBM;-Ǵ LSC k. J�i2`X �TTHX- pQHX R- TX j3- LQp2K#2`
kyRdX

(d) 6X sm2- qX >m- EX@*X G22- GX@aX Gm- CX w?�M;- >X@GX h�M;-
�X >�M- qX@hX >bm- aX hm- qX@>X *?�M; 2i �HX- ǳ_QQK@
i2KT2`�im`2 72``Q2H2+i`B+Biv BM ?2t�;QM�HHv H�v2`2/ α@BMkb2j
M�MQ~�F2b /QrM iQ i?2 KQMQH�v2` HBKBi-Ǵ �/pX 6mM+iX J�i2`X-
pQHX k3- TX R3yjdj3- P+iQ#2` kyR3X

(3) :X S�?r�- hX .mii�- �X �;�`r�H- �M/ uX aX *?�m?�M- ǳS?vbB+�H
BMbB;?ib QM M2;�iBp2 +�T�+Bi�M+2 i`�MbBbiQ`b BM MQM?vbi2`2bBb �M/
?vbi2`2bBb `2;BK2b, J7KBb p2`bmb K}b bi`m+im`2b-Ǵ A111 h@1.-
pQHX e8- TTX 3edĜ3dj- C�Mm�`v kyR3X

(N) �X _�?K�M- CX :mQ- aX .�ii�- �M/ JX aX GmM/bi`QK- ǳh?2Q`v Q7
#�HHBbiB+ M�MQi`�MbBbiQ`b-Ǵ A111 h@1.- pQHX 8y- TTX R38jĜR3e9-
a2Ti2K#2` kyyjX

(Ry) SX 1X "Hƺ+?H- ǳS`QD2+iQ` �m;K2Mi2/@r�p2 K2i?Q/-Ǵ S?vbX _2pX
"- pQHX 8y- TX RdN8j- .2+2K#2` RNN9X

(RR) :X E`2bb2 �M/ .X CQm#2`i- ǳ6`QK mHi`�bQ7i Tb2m/QTQi2MiB�Hb iQ
i?2 T`QD2+iQ` �m;K2Mi2/@r�p2 K2i?Q/-Ǵ S?vbX _2pX "- pQHX 8N-
TX Rd83- C�Mm�`v RNNNX

(Rk) CX SX S2`/2r- �X _mxbBMbxFv- :X AX *bQMF�- PX �X ov/`Qp-
:X 1X a+mb2`B�- GX �X *QMbi�MiBM- sX w?Qm- �M/ EX "m`F2-
ǳ_2biQ`BM; i?2 /2MbBiv@;`�/B2Mi 2tT�MbBQM 7Q` 2t+?�M;2 BM bQHB/b
�M/ bm`7�+2b-Ǵ S?vbX _2pX G2iiX- pQHX Ryy- TX Rje9ye- �T`BH kyy3X

(Rj) CX >2v/- CX 1X S2`�Hi�- :X 1X a+mb2`B�- �M/ _X GX J�`iBM- ǳ1M2`;v
#�M/ ;�Tb �M/ H�iiB+2 T�`�K2i2`b 2p�Hm�i2/ rBi? i?2 ?2v/@
b+mb2`B�@2`Mx2`?Q7 b+`22M2/ ?v#`B/ 7mM+iBQM�H-Ǵ CX *?2KX S?vbX-
pQHX Rkj- TX Rd9RyR- P+iQ#2` kyy8X

(R9) aX :`BKK2- CX �MiQMv- aX 1?`HB+?- �M/ >X E`B2;- ǳ� +QMbBbi2Mi
�M/ �++m`�i2 �# BMBiBQ T�`�K2i`Bx�iBQM Q7 /2MbBiv 7mM+iBQM�H
/BbT2`bBQM +Q``2+iBQM U/7i@/V 7Q` i?2 N9 2H2K2Mib ?@Tm-Ǵ CX *?2KX
S?vbX- pQHX Rjk- TX R89Ry9- J�`+? kyRyX

(R8) _X w�+?�`B�- >X lH#`B+?i- �M/ hX >2`i2H- ǳAMi2`H�v2` +Q?2bBp2
2M2`;v Q7 ;`�T?Bi2 7`QK i?2`K�H /2bQ`TiBQM Q7 TQHv�`QK�iB+
?v/`Q+�`#QMb-Ǵ S?vbX _2pX "- pQHX eN- TX R889ye- �T`BH kyy9X

(Re) EX L;- aX CX >BHH2MBmb- �M/ �X :`mp2`K�M- ǳh`�MbB2Mi M�im`2
Q7 M2;�iBp2 +�T�+Bi�M+2 BM 72``Q2H2+i`B+ }2H/@2z2+i i`�MbBbiQ`b-Ǵ
aQHB/ ai�i2 *QKKmMX- pQHX ke8- TTX RkĜR9- P+iQ#2` kyRdX
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