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�"ah_�*h
hQ mM/2`bi�M/ ?Qr i?2 +B`+mKbi2HH�` 2MpB`QMK2Mib Q7 TQbi@�:" bi�`b /2p2HQT BMiQ
TH�M2i�`v M2#mH�2- r2 BMBiB�i2 � bvbi2K�iB+ bim/v Q7 k. �tBbvKK2i`B+ ?v/`Q/vM�KB+
bBKmH�iBQMb Q7 T`QiQTH�M2i�`v M2#mH� UTSLV rBi? � KQ/B}2/ w1la +Q/2X h?2 �BK
Q7 i?Bb }`bi rQ`F Bb iQ +QKT�`2 i?2 bi`m+im`2 Q7 T`QH�i2 2HHBTbQB/�H rBM/b BMiQ � bi�@
iBQM�`v �K#B2Mi K2/BmK r?2`2 #Qi? K2/B� +�M #2 2Bi?2` �iQKB+ Q` KQH2+mH�`X q2
bT2+B}+�HHv KQ/2H i?2 2�`Hv irBM@b?Q+F T?�b2 r?B+? ;2M2`�i2b � /2+2H2`�iBM; b?2HHX
� i?B+F /27Q`K2/ �M/ im`#mH2Mi b?2HH ;`Qrb r?2M �M �iQKB+ rBM/ 2tT�M/b BMiQ �M
�iQKB+ K2/BmKX AM �HH Qi?2` +�b2b- i?2 BMi2`�+iBQM b?2HH `2;BQM 7`�;K2Mib BMiQ `�/B�H
T`Qi`mbBQMb /m2 iQ KQH2+mH�` +QQHBM; �M/ +?2KBbi`vX h?2 `2bmHiBM; }M;2`b 2HBKBM�i2
�Mv ;HQ#�H bHBT T�`�HH2H iQ i?2 b?2HH bm`7�+2X h?Bb `Qm;? bm`7�+2 BKTHB2b i?�i r2�F b?Q+Fb
�`2 T`QKBM2Mi BM i?2 2t+Bi�iBQM Q7 i?2 ;�b /2bTBi2 i?2 7�bi bT22/ Q7 �/p�M+2X h?Bb K�v
2tTH�BM r?v HQr 2t+Bi�iBQM KQH2+mH�` ?v/`Q;2M Bb 7QmM/ iQr�`/b i?2 7`QMi Q7 2HHBTiB+�H
TSLX q2 +QMbi`�BM KQH2+mH�` /BbbQ+B�iBp2 7`�+iBQMb �M/ iBK2b+�H2b Q7 7�bi H2 rBM/b �M/
i?2 TSL HB72iBK2 rBi? rBM/ /2MbBiB2b ∼ 105cm−3 �M/ b?Q+F bT22/b Q7 80 ∼ 200 km s−1X
q2 B/2MiB7v � p�`B2iv Q7 bi�;2b �bbQ+B�i2/ rBi? i?2`K�H 2t+Bi�iBQM Q7 >2 M2�`@BM7`�`2/
2KBbbBQMX :2M2`�i2/ HBM2 2KBbbBQM K�Tb �M/ TQbBiBQM@p2HQ+Biv /B�;`�Kb 2M�#H2 � +QK@
T�`BbQM �M/ /BbiBM+iBQM rBi? TQbi@�:" bm`p2v `2bmHibX h?2 1 → 0 S(1) & 2 → 1 S(1)
HBM2b �`2 HQ#2@/QKBM�i2/ #Qrb `�i?2` i?�M #BTQH�` b?2HHbX
E2v rQ`/b, ?v/`Q/vM�KB+b Ĝ b?Q+F r�p2b Ĝ AaJ, D2ib �M/ Qmi~Qrb Ĝ AaJ, KQH2+mH2b

R ALh_P.l*hAPL

AK�;2b Q7 TH�M2i�`v M2#mH� USLV ?�p2 HQM; #22M �/KB`2/X
h?2B` /Bp2`b2 b?�T2b �M/ BMi`B+�i2 bi`m+im`2 BM pBbB#H2 HB;?i
`�Bb2b [m2biBQMb Q7 ?Qr i?2v 7Q`K �M/ /2p2HQTX h?2 /2#�i2
?�b `2+Q;MBb2/ b2p2`�H ivT2b Q7 BMi2`�+iBM; rBM/b- BM+Hm/BM;
bHQr- 7�bi �M/ bmT2`X h?2 ;2M2`�iBQM Q7 i?2b2 rBM/b- ?Qr2p2`-
Bb i?2 #�bBb 7Q` i?2 KQ/2H mM+2`i�BMiB2b 2bT2+B�HHv rBi? i?2
BM~m2M+2 Q7 #BM�`Biv- �++`2iBQM �M/ K�;M2iB+ }2H/bX qBM/b
Q7 ?B;? bT22/ �`2 +H2�`Hv #HQrM Qz 7`QK bi�`b BM � MmK#2`
Q7 +B`+mKbi�M+2b �bbQ+B�i2/ rBi? TH�M2i�`v M2#mH� U"�HB+F
� 6`�MF kyykVX h?2b2 rBM/b /BbTH�v � `�M;2 Q7 bT22/b Ujy
@ jyy FK b−1V- �bvKK2i`v U7`QK bT?2`B+�H iQ +QHHBK�i2/V
�M/ b?�T2 U7`QK 2HHBTiB+�H iQ #BTQH�`VX h?2 BMi2`�+iBQM rBi?
i?2 BKK2/B�i2 2MpB`QMK2Mi +�M #2 Q#b2`p2/ QM H�`;2 b+�H2b
Q7 Ryyy �l iQ � 72r T�`b2+b �M/ �i ?B;? bT�iB�H `2bQHmiBQM
7`QK i?2 BM7`�`2/ i?`Qm;? iQ i?2 QTiB+�H U"�HB+F RN3dc E�bi@
M2` 2i �HX RNNec SQHH�++Q � "2HH RNNdVX q2 K�v i?mb ;�BM
/2i�BH2/ BM7Q`K�iBQM QM i?2 BMBiB�H `�KKBM; Q7 ;HQ#�H rBM/b
BMiQ i?2 BMi2`bi2HH�` K2/BmK i?`Qm;? i?2 BMi2`T`2i�iBQM Q7

⋆ 1@K�BH, AX.XLQpBFQp!F2MiX�+XmF
† 1@K�BH, JX.XaKBi?!F2MiX�+XmF

i?2 b?Q+F 2t+Bi�iBQM Q7 �iQKB+ �M/ KQH2+mH�` bT2+B2b UErQF
2i �HX RNd3VX

h?2 T`Q;`�KK2 Q7 bBKmH�iBQMb #2;mM ?2`2 Bb BMi2M/2/
iQ `2p2�H i?2 T?vbB+�H T`QT2`iB2b Q7 i?2 rBM/ BMi2`�+iBQMb
�M/ iQ /BbTH�v i?2 KQH2+mH�` �M/ �iQKB+ 2KBbbBQM HBM2b �b
/B�;MQbiB+ iQQHbX AM T�`iB+mH�`- r2 rBb? iQ bvbi2K�iB+�HHv BM@
p2biB;�i2 i?2 2�`Hv `�KKBM; Q7 7�bi rBM/b BM i?2 +QMi2ti Q7
T`QiQTH�M2i�`v M2#mH� UTSLV 7Q` r?B+? M2�`@BM7`�`2/ Q#b2`@
p�iBQMb T`QpB/2 /2i�BH2/ BM7Q`K�iBQM i?`Qm;? BMi2;`�H }2H/
bT2+i`Qb+QTv U:H2/?BHH � 6Q`/2 kyR8VX h?2 Q#D2+iBp2 Bb iQ
T2`7Q`K bBKmH�iBQMb iQ H2�`M ?Qr KQH2+mH�` �M/ �iQKB+ ;�b
#2?�p2b mM/2` K�Mv /Bp2`b2 +QM/BiBQMbX "v +QKT�`BbQM iQ
b2ib Q7 Q#b2`p�iBQMb- i?Bb rBHH BM7Q`K mb ?Qr i?2 bi�`Ƕb K�bb
HQbb �M/ 2MpB`QMK2Mi 2pQHp2X EMQrBM; i?Bb K�v i?2M �B/ Qm`
mM/2`bi�M/BM; Q7 ?Qr Km+? K�bb �M/ 2M2`;v Bb `2im`M2/
BMiQ i?2 BMi2`bi2HH�` K2/BmK- ?Qr BMi2`bi2HH�` /mbi Bb `2@
TH2MBb?2/ �M/ ?Qr i?2 /`BpBM; bi�` 2pQHp2b 7Q` r?B+? i?2`2
`2K�BMb +QMbB/2`�#H2 /Bb+`2T�M+B2b UJ�2`+F2` 2i �HX kyRec
JBHH2` "2`iQH�KB kyReVX

h?2 +B`+mKbi2HH�` 2Mp2HQT2- ?Qr2p2`- K�v MQi Bib2H7 #2
bi�iB+ #mi �HbQ � T�`i Q7 � T`2pBQmbHv 2D2+i2/ bHQr2` rBM/
Q` Qmi~Qr rBi? � `�/B�H /2MbBiv ;`�/B2Mi �M/ +HmKTv ;�b
/Bbi`B#miBQMX hQ bQK2 2ti2Mi- r2 FMQr ?Qr i?2 BMBiB�H rBM/b

Ü kyR3 h?2 �mi?Q`b
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k AX.X LQpBFQp � JX.X aKBi?

#mBH/ mT � +B`+mKbi2HH�` 2MpB`QMK2Mi- #�b2/ QM i?2Q`v �M/
Q#b2`p�iBQM Q7 i?2 �+iBp2 :B�Mi "`�M+? U�:"V T?�b2 UErQF
2i �HX RNd3VX h?2`K�H TmHb2b /m`BM; i?Bb bi�;2 /`Bp2 #m`bib Q7
/2Mb2 rBM/b r?B+? �TT2�` �b KQH2+mH�` b?2HHb UPHQ7bbQM 2i �HX
RN33c J�2`+F2` 2i �HX kyRe- 2X;XVX h?Bb bHQr rBM/ 2tT�M/b �i
Dmbi Ry @ ky FK b−1 UGQmT 2i �HX RNNyVX am#b2[m2MiHv- i?2 bi�`
2pQHp2b i?`Qm;? i?2 H�bi T?�b2b Q7 i?2 �:"- +Q``2bTQM/BM;
iQ � bmT2`@rBM/ T?�b2 Q7 HQr2` `�i2 Q7 K�bb@HQbb #mi ?B;?2`
bT22/ �i 8y @ ey FK b−1 U"H�+FK�M kyyNVX

h?2`2 Bb BM/22/ 2pB/2M+2 i?�i i?2 bm#b2[m2Mi 2pQHm@
iBQM�`v bi�;2b 7`QK �:" iQ SL +Q``2bTQM/ iQ � b2[m2M+2
Q7 rBM/b r?B+? +�M #2 /2b+`B#2/ �b bHQr- bmT2` �M/ 7�bi
UJ�`B;Q 2i �HX kyyRc >2`rB; kyy8c >`BpM�F 2i �HX kyyeVX h?2
}M�H 7�bi TQbi@�:" rBM/ 2pQHp2b rBi? p2HQ+BiB2b Q7 b2p2`�H
100 km s−1 U"mD�``�#�H 2i �HX kyyRVX h?2 TQbi@�:" bi�;2 Bb-
?Qr2p2`- � p2`v b?Q`i T2`BQ/ BM bi2HH�` 2pQHmiBQM- Dmbi ∼ 103

v2�`b Ul2i� 2i �HX kyyyV- K�FBM; i?2b2 Q#D2+ib b+�`+2X PMHv
�#Qmi Ryy �`2 B/2MiB}2/- /2bB;M�i2/ �b T`QiQTH�M2i�`v M2#@
mH� UG�;�/2+ 2i �HX kyRRVX

6m`i?2`KQ`2- �b Bi 2pQHp2b Qz i?2 J�BM a2[m2M+2- i?2
bi�;2b BM i?2 HB72 DQm`M2v Q7 HQr �M/ BMi2`K2/B�i2@K�bb bi�`b-
BM i?2 #`Q�/ K�bb `�M;2 Q7 R ∼ 3 J⊙- K�v #2 +QMi`�biBM;X
h?2 7�bi rBM/b 7`QK i?2 KQ`2 K�bbBp2 bi�`b- r?B+? /`Bp2 BMiQ
i?2 T`2pBQmbHv 2D2+i2/ ǵbmT2`rBM/Ƕ- �`2 KQ`2 HBF2Hv /`Bp2M
#v `�/B�iBQM T`2bbm`2X AM �//BiBQM- 2�+? rBM/ TQi2MiB�HHv
TQbb2bb2b � /Bz2`2Mi K�bb HQbb `�i2 �M/ ;2QK2i`v U>m�`i2@
1bTBMQb� 2i �HX kyRkVX 6Q` i?2b2 p�`BQmb `2�bQMb- Bi Bb biBHH
MQi +H2�` r?B+? +QM};m`�iBQM b2[m2M+2b �`2 �+im�HHv 7QHHQr2/
U>m�`i2@1bTBMQb� 2i �HX kyRkVX

h?2 r2HH@/2}M2/ T?�b2b r?B+? �`2 Q#b2`p�iBQM�HHv B/2M@
iB}2/ �`2 �+iBp2 :B�Mi "`�M+? U�:"V- TQbi@�:"- T`QiQ@
TH�M2i�`v M2#mH� UTSLV- TH�M2i�`v M2#mH� USLV �M/- 2p2M@
im�HHv- i?2 2tTQb2/ r?Bi2 /r�`7 bi�;2X LQi �HH bi�`b M2+2bb�`@
BHv T`Q+22/ i?`Qm;? �HH bi�;2bX h?2b2 i`�MbBiBQMb �`2 K�`F2/
#v � +?�M;BM; 2MpB`QMK2Mi BM r?B+? MQi QMHv rBM/b �M/
b?2HHb #mi D2ib �M/fQ` #mHH2ib U>m�M; 2i �HX kyReV Q7 /Bp2`b2
bT22/ �M/ /2MbBiv �HbQ �TT2�`X �b � `2bmHi- TSL �M/ SL /Bb@
TH�v � Kv`B�/ Q7 KQ`T?QHQ;B2b U"�HB+F � 6`�MF kyykV i?�i
+?�HH2M;2 Qm` BMM�i2 /2bB`2 iQ +H�bbB7vX

q2 �`2 7Q`2KQbi BMi2`2bi2/ BM }M/BM; i?2 +QM};m`�iBQMb
r?B+? +�M TH�mbB#Hv 2tTH�BM i?2 2tT�M/BM; TSL �b b22M BM >2
2KBbbBQM HBM2bX >`BpM�F 2i �HX Ukyy3V 7QmM/ i?2 2KBbbBQM iQ
#2 7`QK i?2 r�HHb Q7 i?2 M2#mH� T`Q/m+BM; �M 2HHBTbQB/�H p2@
HQ+Biv bi`m+im`2X :H2/?BHH 2i �HX UkyRRV B/2MiB}2/ � 7�bi rBM/
BKTBM;BM; QM i?2 +�pBiv r�HHb �M/ iBTbX p�M /2 ai22M2 2i �HX
Ukyy3V /2i2+i2/ b?Q+F@2t+Bi2/ KQH2+mH�` ?v/`Q;2M 2KBbbBQM
�b r2HH �b +QHHBbBQM�HHv@2t+Bi2/ 2KBbbBQM HBM2b 7`QK [OI]- [CI]-
�M/ [FeII]X 6BM�HHv- :H2/?BHH � 6Q`/2 UkyR8V mb2/ KQH2+mH�`
?v/`Q;2M 2KBbbBQM HBM2b iQ;2i?2` rBi? ?v/`Q;2M �M/ ?2HBmK
`2+QK#BM�iBQM HBM2b iQ 2tTHQ`2 i?2 /Bbi`B#miBQM Q7 KQH2+m@
H�` �M/ �iQKB+ ;�b �M/ /BbiBM;mBb? � `�M;2 Q7 2pQHmiBQM�`v
bi�;2bX

qBM/ BMi2`�+iBQMb ?�p2- M2p2`i?2H2bb- �H`2�/v #22M r2HH
bim/B2/ UErQF RN3kc J2�#m`M 2i �HX kyy8c >m�`i2@1bTBMQb�
2i �HX kyRk- 2X;XVX h?2 T`2b2Mi rQ`F BKT`Qp2b QM i?2b2 bim/B2b
#v BM+Hm/BM; � 7mHH KQH2+mH�` �M/ �iQKB+ +QQHBM; 7mM+iBQMX
AM /QBM; bQ- r2 �`2 �#H2 iQ T`2/B+i i?2 BM7`�`2/ HBM2 T`QT@
2`iB2b BM bQK2 /2i�BHX h?Bb Bb T�`iB+mH�`Hv BKTQ`i�Mi iQ i?2
BMi2`T`2i�iBQM Q7 i?2 BMBiB�H `�KKBM;- r?2`2 � b?2HH bi`m+im`2
Bb 7Q`K2/ #2ir22M i?2 irQ b?Q+F r�p2b, i?2 `2p2`b2 b?Q+F
r?B+? /2+2H2`�i2b i?2 rBM/ �M/ i?2 �/p�M+BM; b?Q+F r?B+?
br22Tb mT i?2 �K#B2Mi K2/BmKX

�b Qm` #�+F/`QT- r2 }`bi BMi2M/ iQ KQ/2H rBM/b
i?`Qm;? � b2i Q7 �tBbvKK2i`B+ bBKmH�iBQMb rBi? �M BMBiB�H
mMB7Q`K bi�iBQM�`v �K#B2Mi K2/BmKX �tBbvKK2i`v Bb BM/22/
Q#b2`p2/ iQ #2 `2H2p�Mi 7`QK i?2 2�`HB2bi 2tT�MbBQM bi�;2b
rBi? 2HQM;�i2/ b?2HHb Q7 ivTB+�H 2HHBTiB+Biv yX99 Ul2i� 2i �HX
kyyyV X

q2 ?�p2 BMi`Q/m+2/ �M 2HHBTiB+�H rBM/ T`Q}H2 iQ #2 +QM@
bBbi2Mi rBi? i?2 }M/BM;b Q7 G�;�/2+ 2i �HX UkyRRV i?�i TSL
rBi? � /2i�+?2/ b?2HH Q` � pBbB#H2 +2Mi`�H bi�` �TT2�` 2HHBT@
iB+�H BM M�im`2X h?2`2 �`2 je bBKmH�iBQMb /Bb+mbb2/ BM /2i�BH
?2`2, URV i?2 rBM/ 2HHBTiB+Biv Bb p�`B2/ i?`Qm;? �M �MBbQi`QTB+
rBM/ bT22/ rBi? TH�M2@�tBb �bT2+i `�iBQb Q7 R,R- R,k �M/ R,9-
UkV i?2 �tB�H bT22/ Q7 i?2 rBM/ Bb i�F2M �b bHQr- K2/BmK
Q` 7�bi �M/ UjV i?2 rBM/ �M/ �K#B2Mi K2/BmK +�M #Qi? 2B@
i?2` #2 KQH2+mH�` Q` �iQKB+X �7i2` i?Bb 7mM/�K2Mi�H bim/v-
r2 i?2M BMi2M/ iQ T2`7Q`K i?`22 /BK2MbBQM�H bBKmH�iBQMb Q7
rBM/b BMiQ rBM/bX

� 72�im`2 Q7 i?2 KQH2+mH�` bBKmH�iBQMb- �b 2t2KTHB}2/
BM 6B;X R- �`2 i?2 ;`Qri? Q7 }M;2`b �HQM; i?2 b?Q+F bm`7�+2X
h?2 }M;2`b ;`Qr i?`Qm;? ?v/`Q/vM�KB+ b?2HH BMbi�#BHBiB2b
�M/ r2 }M/ i?�i i?2 bQmM/ bT22/ Q7 i?2 +QH/ b?2HH /2@
i2`KBM2b i?2 K�tBKmK +Q?2`2Mi r�p2H2M;i?X P#b2`p�iBQM@
�HHv- i?2`2 Bb +QMbB/2`�#H2 2pB/2M+2 i?�i b?2HHb K�v im`M BMiQ
b?`�TM2H- �7i2` #`2�FBM; mT BMiQ }H�K2Mib �M/ }M;2`b �b r2HH
�b +QK2i�`v@b?�T2/ ;HQ#mH2b Uh�vHQ` 2i �HX RN39c J�ibmm`�
2i �HX kyyNc l2i� 2i �HX kyy8c a�Mi�M/2`@:�`+ő� 2i �HX kyR8VX

am+? T`Qi`mbBQMb +�M �`Bb2 i?`Qm;? i?2 +HmKTv M�im`2 Q7
i?2 �K#B2Mi K2/BmK Uai2z2M 2i �HX kyRjV- i?`Qm;? p�`B�#H2
rBM/b Q` i?`Qm;? ?v/`Q/vM�KB+�H BMbi�#BHBiB2b UaiQM2 2i �HX
RNN8VX am+? ?v/`Q/vM�KB+ BMbi�#BHBiv �HbQ /QKBM�i2b D2i@
/`Bp2M KQH2+mH�` BMi2`�+iBQMb BM r?B+? i?2 �/p�M+BM; #Qr
b?Q+F bTHBib mT BMiQ K�Mv KBMB@#Qrb U_Qb2M � aKBi? kyy9VX
>Qr2p2`- i?2b2 �`2 2M?�M+2/ BM rBM/@/`Bp2M ~Qrb i?`Qm;?
i?2 _�vH2B;?@h�vHQ` BMbi�#BHBiv �b i?2 ?2�pv b?2HH `�TB/Hv
/2+2H2`�i2bX AM �//BiBQM- bi`QM; +QQHBM; BM i?2 b?Q+F2/ xQM2
+�M p2`v 2�bBHv `2bmHi BM ;`QrBM; T`Qi`mbBQMb r?B+? T`QKQi2
i?2`K�H UaKBi? � _Qb2M kyyjV �b r2HH �b ?v/`Q/vM�KB+�H
BMbi�#BHBivX

k J1h>P.

kXR h?2 +Q/2

h?2 1mH2`B�M w1la +Q/2 UaiQM2 � LQ`K�M RNNkV Bb 2K@
THQv2/ �b Qm` #�bBb iQ +�``v Qmi i?2 ?v/`Q/vM�KB+�H +�H+m@
H�iBQMb QM � irQ /BK2MbBQM +vHBM/`B+�H ;`B/ rBi? �tB�H bvK@
K2i`vX h?2 +Q/2 mb2b o�M G22` �/p2+iBQM Up�M G22` RNddV-
+QMbBbi2Mi i`�MbTQ`i Q7 i?2 K�;M2iB+ }2H/- pQM L2mK�MM �M/
_B+?iKv2` �`iB}+B�H pBb+QbBiv UoQM L2mK�MM � _B+?iKv2`
RN8yV �M/ �M mTrBM/2/ b+?2K2- 2{+B2Mi 7Q` bQHpBM; bmT2`@
bQMB+ ~Qr +QM};m`�iBQMbX Ai Bb p2`b�iBH2- `Q#mbi �M/ r2HH@
i2bi2/ U*H�`F2 kyRyVX �Hi?Qm;? ?B;?2` Q`/2` +Q/2b �`2 TQi2M@
iB�HHv KQ`2 �++m`�i2- i?2 ?B;? bT22/ Q7 i?2 �H;Q`Bi?Kb K2�Mb
i?�i T�`�K2i2` bT�+2 +�M #2 2tTHQ`2/ rBi?Qmi b�+`B}+BM;
`2bQHmiBQMX q2 KQ/B7v p2`bBQM jX8 Q7 w1la@j. U/x2mbj8V
r?B+? Bb 7`22Hv �p�BH�#H2 7Q` mb2 #v i?2 b+B2MiB}+ +QKKmMBiv
�M/ +�M #2 /QrMHQ�/2/ 7`QK i?2 AMbiBimi2 Q7 *QKTmi�iBQM�H
�bi`QT?vbB+b UA*�V �i aiXJ�`vǶb lMBp2`bBiv- LQp� a+QiB�-
*�M�/� 1X

1 ?iiT,ffrrrXB+�XbKmX+�fx2mbj/f

JL_�a yyy- RĜkk UkyR3V

http://www.ica.smu.ca/zeus3d/


LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX j

6B;m`2 RX JQH2+mH�` rBM/f�K#B2Mi UmTT2` T�M2HV �M/ �iQKB+ rBM/f�K#B2Mi UHQr2` T�M2HV /2MbBiv /Bbi`B#miBQMb 7Q` k,R 2HHBTiB+�H rBM/b Q7
bT22/ Vw = 140 FK b−1 �HQM; i?2 bvKK2i`v �tBbX PMHv i?2 /BbTH�v2/ TQ`iBQM ?�b #22M bBKmH�i2/ ?2`2 BM Q`/2` iQ +QM}`K i?2 /2i�BH2/
72�im`2b �i ?B;? `2bQHmiBQM Q7 i?2 ;HQ#�H rBM/b KQ/2HH2/ #2HQrX h?2 rBM/ Bb /`Bp2M 7`QK � b?2HH �i yXyR T+ 7Q` � iBK2 Q7 R-yyy v2�`b- QMiQ
� ;`B/ Q7 H2M;i? yXk T+X �M BMM2` K�bF Bb bmT2`BKTQb2/ iQ BKT`Qp2 i?2 +QHQm` `�M;2X

h?2 KQ/2Hb �`2 b2i mT iQ ;2M2`�i2 rBM/b rBi? bT22/b
�HQM; i?2 �tBb `�M;BM; 7`QK vw∼ 80 − 200 km s−1 BMiQ � mMB@
7Q`K /2MbBiv K2/BmK �b bT2+B}2/ BM h�#H2 RX h?2 bi2�/v
rBM/ Q7 ?v/`Q;2M Mm+H2QM /2MbBiv nw UTHmb RyW ?2HBmKV
Bb BMD2+i2/ 7`QK � bBKmH�i2/ bT?2`B+�H bm`7�+2 Q7 `�/Bmb
Rw = 0.01 T�`b2+X h?Bb `2H�iBp2Hv H�`;2 BMD2+iBQM `�/Bmb r�b
+?Qb2M bQ �b iQ �HHQr � ;QQ/ MmK2`B+�HHv �TT`QtBK�i2 iQ
i?2 bm`7�+2 Q7 � bT?2`2 QM i?2 ;`B/X h?2 K�DQ`Biv Q7 i?2 k.
�tB�HHv bvKK2i`B+ rBM/b r2`2 b2i mT QM � +vHBM/`B+�H ;`B/ Q7
3, 200 × 1, 600 xQM2b- +Q``2bTQM/BM; iQ 0.2 T+ QM i?2 D2i �tBb
�M/ 0.1 T+ Q7 `�/B�H 2ti2MiX

kXk S�`�K2i2`b �M/ rBM/ p2HQ+Biv T`Q}H2

q2 }`bi KQ/2H � Tm`2 `�/B�H Qmi~Qr 2K�M�iBM; 7`QK � bT?2`@
B+�H bm`7�+2 �i +QMbi�Mi bT22/X q2 i�F2 � K�bb Qmi~Qr `�i2
Q7 10−4 J⊙ v`−1 �M/ mb2 i?Bb iQ /2i2`KBM2 i?2 BMBiB�H T�@
`�K2i2` b2i r?B+? Bb HBbi2/ BM h�#H2 RX

q2 i?2M BMi`Q/m+2 �M 2HHBTbQB/�H rBM/ T`Q}H2- +QMbBb@
i2Mi rBi? }M/BM;b #v G�;�/2+ 2i �HX UkyRRV, TSL rBi? �
/2i�+?2/ b?2HH Q` � pBbB#H2 +2Mi`�H bi�` �TT2�` 2HHBTiB+�H BM
M�im`2 �M/ ?�p2 irQ bT2+i`�H 2M2`;v /Bbi`B#miBQM Ua1.V
T2�FbX h?2 b?Q`i �M/ HQM; r�p2H2M;i? +QKTQM2Mib �`2 T?Q@
iQbT?2`B+ �M/ /mbi 2KBbbBQM- `2bT2+iBp2HvX q2 2tTHQ`2 irQ
Qi?2` rBM/ bT22/ /Bbi`B#miBQMb rBi? �tB�H@iQ@TH�M2 bT22/ `�@
iBQb Q7 k,R �M/ 9,RX h?2 �tB�H �M/ TH�M2 bT22/ +QKTQM2Mib
�i (z, r) QM i?2 BMM2` bT?2`B+�H bm`7�+2 �`2 i?2M �/Dmbi2/ �+@
+Q`/BM;Hv- �M/ ;Bp2M #v vz = (z/Rw)vw �M/ vr = ϵ(r/Rw)vw
rBi? ϵ 2[m�H iQ R- yX8 Q` yXk8X h?mb i?2 bT22/ QM i?2 bm`@

6B;m`2 kX *QKT�`BbQM Q7 bBKmH�iBQMb 7Q` � mMB7Q`K `�/B�H rBM/
UH27i T�M2HV �M/ � /2MbBiv@+Q``m;�i2/ rBM/ U`B;?i T�M2HVX *`Qbb@
b2+iBQM�H /Bbi`B#miBQMb Q7 i?2 /2MbBiv �7i2` d8y v2�`b 7Q` � bT?2`B+�H
KQH2+mH�` rBM/ Q7 `�/B�H bT22/ kyy FK b−1 BMiQ � mMB7Q`K �K#B2Mi
KQH2+mH�` K2/BmKX h?2 BKTQb2/ /2MbBiv +Q``m;�iBQMb BM i?2 rBM/
�`2 Q7 i2M bBMmbQB/�H r�p2b Q7 �KTHBim/2 kX8W #2ir22M i?2 �tBb
�M/ Ny◦X h?2 +`Qbb@b2+iBQM /BbTH�v2/ Bb yXR T+ × yXk T+ �M/ i?2
BMTmi bT?2`2 Bb Q7 `�/Bmb yXyR T+ +Q``2bTQM/BM; iQ Rey xQM2bX
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9 AX.X LQpBFQp � JX.X aKBi?
h�#H2 R, AMBiB�H rBM/f�K#B2Mi T�`�K2i2`bX

S`QT2`iv �iQKB+ JQH2+mH�`

rBM/ /2MbBiv- ρw(gm/cm3) 3.76 × 10−20 3.76 × 10−20

rBM/ BMi2`M�H 2M2`;v- ew(erg/K) 1.83 × 10−09 1.55 × 10−09

KQH2+mH�` 7`�+iBQM- n(H2)/n 0 0.5
bT2+B}+ ?2�i `�iBQ- γ 1.66667 1.42857
i2KT2`�im`2- Tw(K) 500 500

�K#B2Mi K2/BmK,
/2MbBiv- ρa(gm/cm3) 1.51 × 10−21 1.51 × 10−21

BMiX 2M2`;v- ea(erg/K) 2.92 × 10−12 2.48 × 10−12

i2KT2`�im`2- Ta(K) 20 20

J�+? MmK#2`- Mw

80 km/s 34.40 50.32
100 km/s 43.01 62.91
140 km/s 60.22 88.07
200 km/s 86.02 125.82

hQT � KB//H2, k,R- R9y FK b−1 rBM/f�K#B2Mi T�`�K2i2`b Q7 10−4M⊙yr−1

Qmi~QrbX "QiiQK, rBM/ K�+? MmK#2`bX

7�+2 Bb }t2/ #v vz = vwcosθ �M/ vr = ϵvwsinθ r?2`2 θ Bb i?2
TQH�` �M;H2X h?2 rBM/ BMTmi `�/Bmb Bb Rw = 0.01 pcX

Ai Bb MQi2/ i?�i #v i�FBM; +vHBM/`B+�H bvKK2i`v- r2
�+?B2p2 i?2 ?B;? `2bQHmiBQM M2+2bb�`v iQ bim/v `�/B�iBp2
b?Q+FbX >Qr2p2`- i?Bb Q7i2M BMi`Q/m+2b r2HH@FMQrM MmK2`B+�H
�`i27�+ibX AM T�`iB+mH�` 7Q` i?Bb bim/v- i?2 BKTQb2/ MmK2`B+�H
�TT`QtBK�iBQM iQ � bT?2`2 Bb Qp2` � }MBi2 MmK#2` Q7 xQM2bX
h?2`27Q`2- BM �//BiBQM- r2 K�Mm�HHv #`2�F i?2 bT?2`B+�H bvK@
K2i`v #v BKTH2K2MiBM; bK�HH r�p2H2M;i? +Q``m;�iBQMb QM iQ
i?2 BMTmi /2MbBivX AM bQ /QBM;- r2 +�M p2`B7v ?Qr 7�` i?2
`2bmHib /2T2M/ QM i?2 MmK2`B+�H �TT`QtBK�iBQMX �b b?QrM
BM 6B;X k- BKTQbBM; T2`im`#�iBQMb U`B;?i T�M2HV /Q2b KQ/B7v
i?2 bi�#BHBiv Q7 i?2 b?2HH- T`QKQiBM; ;`Qri? Km+? KQ`2 mMB@
7Q`KHv �`QmM/ i?2 b?2HHX h?2 b?2HH bi`m+im`2 Bb MQi /B`2+iHv
`2H�i2/ iQ i?2 BKTQb2/ Qb+BHH�iBQMbX q2 i?mb bm;;2bi #2HQr
i?�i i?2 bQmM/ bT22/ BM i?2 i?BM BMi2`�+iBQM H�v2` /2i2`@
KBM2b i?2 r�p2H2M;i? Q7 i?2 T2`im`#�iBQMb r?B+? ;`QrX q2
�HbQ }M/ i?�i i?2 2pQHpBM; +QKTH2t b?2HH bi`m+im`2 Bb MQi bB;@
MB}+�MiHv BM~m2M+2/ r?2M 2HHBTiB+�H rBM/b �`2 T`2b2MiX h?2
bvKK2i`v Q7 i?2 mM/2`HvBM; T?vbB+�H T`Q#H2K Bb �miQK�iB@
+�HHv #`QF2MX

h?2 �tB�H bvKK2i`v �HbQ +`2�i2b � T`Qi`mbBQM �HQM; i?2
�tBb- � T?2MQK2MQM 2HBKBM�i2/ BM 7mHH j. bBKmH�iBQMb �M/
KBMBKBb2/ BM k. #v i�FBM; bm{+B2MiHv ?B;? `2bQHmiBQMX h?Bb
MmK2`B+�H �`i27�+i Bb 7QmM/ /B`2+iHv �HQM; i?2 �tBb r?2`2 �
M�``Qr MQb2 +QM2 /Q2b i2M/ iQ /2p2HQT BM +vHBM/`B+�H bvK@
K2i`v UJQ`�;?�M 2i �HX kyyeVX q2 �HbQ }M/ � 7�bi ;`Qri? �i
�#Qmi 98◦ 7Q` i?2 bT?2`B+�H rBM/ +�mb2/ #v i?2 /B`2+iBQM�H
bTHBiiBM; +QKTmi�iBQMb +QK#BM2/ rBi? i?2 ~Qr bvKK2i`vX

h?2 �K#B2Mi K2/BmK Bb BMBiB�HHv �i `2bi BM �HH i?2 bBKmH�@
iBQMb Q7 i?Bb }`bi rQ`FX h?2 /2MbBiv Bb +?Qb2M BM Q`/2` iQ +`2@
�i2 i?2 +QM/BiBQMb rBi? T`QT�;�iBM; 7Q`r�`/ �M/ #�+Fr�`/b
b?Q+Fb r?B+? /2+`2�b2 �M/ BM+`2�b2 BM bi`2M;i?- `2bT2+iBp2Hv-
�b i?2 rBM/ 2tT�M/b Qp2` i?2 /2}M2/ /QK�BMX h?Bb b2i@mT
2M�#H2b i?2 `2p2`b2 b?Q+F iQ #2+QK2 /QKBM�Mi �7i2` T�bbBM;

i?`Qm;? � /Bbi�M+2 RppnX >2M+2 i?2 BMi`Q/m+2/ rBM/b rBi?
T�`iB+H2 /2MbBiB2b Q7 �#Qp2 ∼ 105 cm−3 �`2 p2`v Qp2`/2Mb2
rBi? `2bT2+i iQ i?2 �K#B2Mi K2/BmK rBi? ∼ 103 cm−3 `2@
bmHiBM; BM �M BMBiB�H K�bb /2MbBiv `�iBQ Q7 ηo = 25 �M/ �M
BMBiB�H #�HHBbiB+ 2tT�MbBQMX h?2 i2KT2`�im`2 Q7 i?2 �K#B2Mi
K2/BmK Bb b2i iQ 20 K- �M/ i?2 BMTmi i2KT2`�im`2 Q7 i?2
rBM/ Bb 500 KX AM �HH +�b2b i?2 rBM/ Bb Qp2`@T`2bbm`2/ rBi?
`2bT2+i iQ i?2 �K#B2Mi K2/BmK #v i?2 7�+iQ` κ ∼ 103X

hQr�`/ BK�;2 ;2M2`�iBQM- i?2 w1la 7Q`i`�M +Q/2 /2@
HBp2`b i?2 `2H2p�Mi K�bb /2MbBiv- KQH2+mH�` 7`�+iBQM- p2HQ+@
Biv �M/ i2KT2`�im`2 7Q` 2�+? +2HHX a2T�`�i2 A.G +Q/2b i?2M
/2i2`KBM2 i?2 ~mt +QMi`B#miBQM iQ � xQM2 BM � j@. BK�;2@
p2HQ+Biv /�i� +m#2 7Q` �Mv ;Bp2M KQH2+mH�` Q` �iQKB+ HBM2
�bbmKBM; i?2 ~mt /2T2M/b QMHv QM i?2 �#Qp2 T�`�K2i2`bXX
h?2 /�i� Bb �/Dmbi2/ �++Q`/BM; iQ i?2 �M;H2 iQ i?2 HBM2 Q7
bB;?i θ iQ T`Q/m+2 i?2 T`2/B+i2/ kĜ. BK�;2X

kXj LmK2`B+�H �M/ T?vbB+�H HBKBi�iBQMb

� +H2�` /BbiBM+iBQM M22/b iQ #2 K�/2 #2ir22M T?vbB+�H bi`m+@
im`2 �M/ bi`m+im`2 BM/m+2/ #v MmK2`B+�H 2z2+ibX q2 ?�p2
i?2`27Q`2 T2`7Q`K2/ `2bQHmiBQM bim/B2bX h?Bb Bb T�`iB+mH�`Hv
/B{+mHi BM i?`22 /BK2MbBQMb bBM+2 b?Q+F `2bQHmiBQM Bb b�+`B@
}+2/ 7Q` i?2 bT�iB�H BMi2;`BivX >Qr2p2`- BM irQ /BK2MbBQM�H
bBKmH�iBQMb r2 +�M #2ii2` `2bQHp2 i?2 K�DQ` b2+iBQM Q7 i?2 `�@
/B�iBp2 H�v2`b r?2`2 i?2 BM7`�`2/ 2KBbbBQM Bb ;2M2`�i2/X a2p@
2`�H KQH2+mH�` `mMb r2`2 b2i mT �i i?2 ;`B/ `2bQHmiBQMb BM/B@
+�i2/ BM 6B;X 9X h?2 2t2+mi2/ bBKmH�iBQMb BM+Hm/2/ +Q``m;�@
iBQM 2z2+ib rBi? ky bBMmbQB/�H /2MbBiv Qb+BHH�iBQM BM i?2 rBM/
�+`Qbb i?2 [m�/`�Mi BM r?B+? i?2 rBM/ 2Mi2`bX �ii2KTib �i
?B;?2` `2bQHmiBQMb i?�M i?Qb2 /BbTH�v2/ `2bmHi2/ BM 2ti`2K2
T�`�K2i2` `�M;2b �M/ 2p2Mim�H +Q/2 +`�b?2bX h?2 bBKmH�@
iBQMb b?Qr � `2K�`F�#H2 bBKBH�`Biv- +QMbBbi2Mi rBi? MmK2`B@
+�H +QMp2`;2M+2X h?Bb T`QpB/2b +QM}/2M+2 i?�i i?2 T`2/B+i2/
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LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX 8
h�#H2 k, H2 +QHHBbBQM�H /2@2t+Bi�iBQM `�i2bX

*QHHBbBQM ivT2 _�i2 +Q2{+B2Mib (cm3 s−1) _272`2M+2

oB#`�iBQM�H >@>2 k(1,0)
H =

{
RX9×10−13 exp[(T/125) − (T/577)2]- T < Tv

RXy ×10−12T 1/2 exp(−1000/T ) T > Tv.
URV R- k

k(2,1)
H = 4.5 × 10−12T 1/2 exp(−(500/T )2) UkV j

k(2,0)
H = 1.6 × 10−12T 1/2 exp(−(400/T )2) UjV j

oB#`�iBQM�H >2@>2 k(1,0)
H2 = σ0v exp(−4.2∆E/k)/(T + 1200)) U9V R- k
k(2,1)

H2 = k(1,0)
H2 U8V j

k(2,0)
H2 = 0 UeV j

S�`�K2i2`b, Tv = 1635 K- BM2H�biB+ `Qi�iBQM�H +`Qbb b2+iBQM σ0 = 10−16 cm2 �M/ v = (8kT/πmH)1/2 Bb i?2
�p2`�;2 i?2`K�H bT22/ Q7 �M BM+B/2Mi ?v/`Q;2M KQH2+mH2 rBi? ∆E = E(v′, J′) − E(v, J) /2MQiBM; /2+`2b2 BM
/2@2t+Bi�iBQM `�i2bX h�#mH�i2/ +QHHBbBQM�H /2@2t+Bi�iBQM `�i2 +Q2{+B2Mib �`2 T`2b2Mi2/ ;`�T?B+�HHv BM 6B;X jX
_272`2M+2b, UG2TT � a?mHH RN3jV1- Ua?mHH � "2+FrBi? RN3kV2- U>QHH2M#�+? � J+E22 RNdNV3X

6B;m`2 jX *QHHBbBQM�H /2@2t+Bi�iBQM `�i2 +Q2{+B2Mib 7Q` >@>2 �M/
>2@>2 7`QK h�#H2 k BM/B+�iBM; ?B;?2` `�i2b 7Q` pB#`�iBQM�H >@>2
+QHHBbBQMb BM i?2 `�M;2 Q7 102 − 104 K �M/ /QKBM�Mi +QQHBM; #v
+QHHBbBQM�H /BbbQbB�iBQM 7Q` T > 4000 KX

;HQ#�H 2KBbbBQM T�ii2`Mb T`2/B+i2/ ?2`2 �`2 `2T`2b2Mi�iBp2 Q7
i?2 T?vbB+b BM+Hm/2/X

S?QiQ@/BbbQ+B�iBQM Q7 KQH2+mH�` ?v/`Q;2M Bb MQi BM@
+Hm/2/ BM i?2b2 +�H+mH�iBQMbX JQH2+mH2 7Q`K�iBQM QM ;`�BMb
�M/ /BbbQ+B�iBQM i?`Qm;? +QHHBbBQMb rBi? �iQKb �M/ KQH2+mH2b
�`2 BM+Q`TQ`�i2/X h?Bb K2�Mb i?�i r2 �bbmK2 i?�i i?2 +2M@
i`�H lo bQm`+2 Bb biBHH `�KTBM; mT #mi MQi bB;MB}+�Mi 2MQm;?
iQ /2bi`Qv i?2 /2p2HQTBM; KQH2+mH�` H�v2`X h?Bb +H2�`Hv /Q2b
MQi ?QH/ QM+2 i?2 TSL i`�MbBiBQMb BMiQ � 7mHHv@~2/;2/ TH�M@
2i�`v M2#mH� �M/ rBHH /2T2M/ QM i?2 K�bb �M/ 2pQHmiBQM Q7
i?2 2K2`;BM; bi�`X

a2H7@B``�/B�iBQM 7`QK ?B;?@bT22/ b?Q+Fb Bb bi`QM; �M/
rBHH BMi`Q/m+2 2ti`� T?QiQ@/BbbQ+B�iBQM �M/ T?QiQ@BQMBb�iBQM
7`QK i?2 2KBii2/ lo T?QiQMbX >2`2- i?2 `Qm;?M2bb Q7 i?2
b?Q+F bm`7�+2 BKTHB2b i?�i i?2 mHi`�pBQH2i +�M #2 �#bQ`#2/
HQ+�HHv- �/D�+2Mi iQ i?2 bi`QM; b?Q+Fb- �M/ bQ +�M #2 2z2+iBp2
#27Q`2 i?2 ;�b ?�b #22M �/p2+i2/ i?Qm;? i?2 7`QMiX >Qr2p2`-
i?Bb rBHH #2 bQK2r?�i +QmMi2`@#�H�M+2/ #v i?2 `Qm;?M2bb
Q7 i?2 b?Q+F bm`7�+2 r?B+? BKTHB2b i?�i p�bi `2;BQMb Q7 i?2
bm`7�+2 �`2 ?B;?Hv Q#HB[m2 iQ i?2 �TT`Q�+?BM; ~QrX Pp2`�HH-

i?2b2 `�/B�iBQM 2z2+ib K�v r2HH #2 +`m+B�H 7Q` i?2 ?B;? bT22/
rBM/ Q7 kyy FK b−1 r?2`2 �HbQ �M BQMBb�iBQM T`2+m`bQ` rQmH/
T`QT�;�i2 �?2�/ Q7 i?2 7`QMi �M/ �Hi2` i?2 �iQKB+ 2KBbbBQMX
am+? 2z2+ib �`2 MQi 2�bv iQ �++QKQ/�i2 #2vQM/ QM2 /BK2M@
bBQM�H bBKmH�iBQMbX

AM �//BiBQM- i?2 TQbi@T`Q+2bbBM; Q7 i?2 bBKmH�iBQMb �b@
bmK2b �M Gh1 �TT`QtBK�iBQM 7Q` i?2 `Qi�iBQM�H H2p2Hb Q7
>2 #mi MQM@Gh1 #2ir22M pB#`�iBQM�H H2p2HbX h?Bb �TT`QtB@
K�iBQM +�M QMHv #2 mb2/ 7Q` r�`K >2 BM r?B+? i?2 HQr@C
H2p2Hb �`2 HBF2Hv iQ #2 i?2`K�HBb2/ �M/ i?2 ?B;?@C H2p2Hb �`2
bT�`b2Hv TQTmH�i2/X �Hi?Qm;? Q7i2M �TTHB2/ �b � #2ii2` �T@
T`Q�+? i?�M �bbmKBM; 7mHH Gh1- Bib �++m`�+v ?�b MQi #22M
i2bi2/ �;�BMbi � 7mHH +�H+mH�iBQMX

kX9 *QQHBM; �M/ +?2KBbi`v

q2 bmKK�`Bb2 i?2 KQbi BKTQ`i�Mi KQ/B}+�iBQMb K�/2 iQ
i?2 ;2M2`B+ w1la +Q/2 /m2 iQ i?2 �//2/ KQH2+mH�` �M/
�iQKB+ +QQHBM; 7mM+iBQMb �b T`2pBQmbHv 7Q`KmH�i2/ BM `Qm@
iBM2b r`Bii2M #v amiiM2` 2i �HX URNNdV �M/ i`�MbH�i2/ BMiQ �
bBKBH�` w1la +Q/2 #v aKBi? � _Qb2M UkyyjVX q2 ?�p2 �HbQ
i�F2M �iQKB+ +QQHBM; T�`�K2i2`b �b bmKK�`Bb2/ #v >QHH2M@
#�+? � J+E22 URN3NV BM Q`/2` iQ ;2M2`�i2 �iQKB+ 2KBbbBQM
K�TbX JQ/2HHBM; �+im�H 2H2+i`QM i`�MbBiBQMb BM �iQKb �M/
KQH2+mH2b /m`BM; � bBKmH�iBQM rQmH/ #2 +QKTmi�iBQM�HHv BM@
i2MbBp2X h?2`27Q`2- r2 mb2 `QmiBM2b iQ +�H+mH�i2 i?2 2KBb@
bBQM ~mt T2` mMBi pQHmK2 7`QK }t2/ 2H2+i`QM �M/ �iQKB+
�#mM/�M+2bX >2M+2- Bi b?QmH/ #2 MQi2/ i?�i i?2b2 7Q`KmH�2
QMHv ;2M2`�i2 BM/B+�iBp2 p�Hm2b 7Q` i?2 ?B;? 2t+Bi�iBQM HBM2bX
AM 7�+i- i?2 bi`QM; TQbi@b?Q+F �iQKB+ +QQHBM; BKK2/B�i2Hv
#2?BM/ i?2 /Bb+QMiBMmBiv Q7 � 7�bi �iQKB+ b?Q+F Bb MQi `2@
bQHp2/ BM i?2b2 bBKmH�iBQMbX h?Bb Bb �HbQ `2H2p�Mi �i � ?Qi
KQH2+mH�` b?Q+F 7`QMi- r?2`2 #Qi? ?2�iBM; �M/ /BbbQ+B�iBp2
+QQHBM; +�M i�F2 TH�+2 rBi?BM i?2 b�K2 xQM2bX h?2`27Q`2- i?2
T2�F i2KT2`�im`2 �b ;Bp2M BM i?2 bBKmH�iBQMb Bb bB;MB}+�MiHv
HQr2` i?�M BM � /Bb+QMiBMmQmb b?Q+F DmKTX L2p2`i?2H2bb- i?2
bm#b2[m2Mi /2MbBiv- KQH2+mH�` 7`�+iBQM �M/ �M/ i2KT2`�im`2
BM i?2 +QQHBM; H�v2` Bb �++m`�i2Hv bBKmH�i2/ UamiiM2` 2i �HX
RNNdVX

h?2 BMi2`M�H 2M2`;v 2[m�iBQM Bb �Hi2`2/ #v BM+Hm/BM; �M
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e AX.X LQpBFQp � JX.X aKBi?

U�V 1, 300 × 650 ;`B/ xQM2bX U#V 2, 600 × 1, 300 ;`B/ xQM2bX

U+V 3, 200 × 1, 600 ;`B/ xQM2bX U/V 3, 800 × 1, 900 ;`B/ xQM2bX

6B;m`2 9X *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 K�bb /2MbBiv 7Q` � k,R
H2 R9y FK b−1 rBM/ BMiQ H2 �K#B2Mi K2/BmK �i HQrf?B;? ;`B/
`2bQHmiBQMbX

�//BiBQM�H +QQHBM; i2`K Λ-

ρ
D
Dt

e
ρ

= −ρ∇ · v − Λ(T, n, f). UdV

h?2 +QQHBM; i2`K Bb i�F2M iQ #2 � 7mM+iBQM Q7 i?`22 p�`B@
�#H2b, i2KT2`�im`2 T- ?v/`Q;2M Mm+H2B /2MbBiv n- �M/ i?2
�#mM/�M+2 Q7 KQH2+mH�` ?v/`Q;2M- fX *QQHBM; 7`QK i?2 /Bb@
bQ+B�iBQM Q7 KQH2+mH�` ?v/`Q;2M i�F2b i?2 7Q`K

Λdis = 7.18 × 10−12(n2
HkD,H2 + nHnH2 kD,H). U3V

h?2 }`bi i2`K Bb i?2 4.48 eV Q7 /BbbQ+B�iBQM 2M2`;v Q7 H2
KmHiBTHB2/ #v `2�+iBQM `�i2 +Q2{+B2Mib T`QpB/2/ #v a?�TB`Q
� E�M; URN3dVX *QHHBbBQM�H ?2�iBM; BM b?Q+F r�p2b i`B;;2`b
i?2 `Qi�iBQM�H �M/ pB#`�iBQM�H 2t+Bi�iBQM Q7 +QMbiBim2Mi H2
KQH2+mH2bX h?2 b2T�`�i2 pB#`�iBQM�H �M/ `Qi�iBQM�H +QQHBM;
7mM+iBQMb r2`2 HBbi2/ #v aKBi? � _Qb2M UkyyjVX

Λcol = nH2

[
LH

v

1 + (LH
v )/(LL

v ) + LH
r

1 + (LH
r )/(LH

r )

]
. UNV

JQH2+mH�` ?v/`Q;2M TQbb2bb2b � T2`K�M2Mi [m�/`mTQH2 KQ@
K2Mi 2M�#HBM; `Qi�iBQM�H i`�MbBiBQMb BM O- Q �M/ S #`�M+?2b-
+Q``2bTQM/BM; iQ ∆J = 2, 0, −2- `2bT2+iBp2HvX P7 i?2b2- i?2
KQbi +QKKQM Q#b2`p2/ `Q@pB#`�iBQM�H i`�MbBiBQMb r?B+? �`2
mb27mH �b /B�;MQbiB+b �`2 i?2 1 → 0 S(1) HBM2 �i 2.12 µm �M/
i?2 ?B;?2` 2M2`;v 2 → 1 S(1) HBM2 �i 2.24 µmX "Qi? HBM2b
�`2 Q`i?Q i`�MbBiBQMb rBi? 2[m�H mTT2` /2;2M2`�+B2b �M/ 7�HH
rBi?BM i?2 M2�`@BM7`�`2/ E@#�M/ rBM/QrX

h?2 >2 HBM2 2KBbbBQM Bb /2i2`KBM2/ 7`QK i?2 TQTmH�@

iBQM /2MbBiv Q7 i?2 mTT2` H2p2H Nj Q7 i?2 i`�MbBiBQMX � MQM@
2[mBHB#`BmK +?2KBbi`v Bb �bbmK2/ rBi? � MQM@Gh1 bi�i2- BM
r?B+? i?2 pB#`�iBQM�H H2p2Hb �`2 MQi /Bbi`B#mi2/ �++Q`/BM; iQ
i?2 "QHixK�MM /Bbi`B#miBQMX lMHBF2 i?2 pB#`�iBQM�H H2p2Hb-
i?2 `Qi�iBQM�H H2p2Hb rBi?BM 2�+? pB#`�iBQM�H H2p2H �`2 �b@
bmK2/ iQ #2 BM Gh1 /m2 iQ Km+? HQr2` `�/B�iBp2 i`�MbBiBQM
`�i2bX h?2 iBK2 BM #2ir22M pB#`�iBQM�HHv@2t+BiBM; +QHHBbBQMb
BM LGh1 Bb HQM; 2MQm;? iQ �HHQr 7Q` `�/B�iBp2 /2+�vb iQ HQr2`
H2p2Hb pB� bTQMi�M2Qmb `�/B�iBp2 i`�MbBiBQMbX h?Bb `2/m+2b
i?2 mTT2` H2p2H TQTmH�iBQM iQ � 7`�+iBQM r?B+? r2 +�HH i?2
/2pB�iBQM 7�+iQ` ηjX h?2 /2pB�iBQM 7�+iQ` Bb �TT`QtBK�i2Hv
+�H+mH�i2/ BM � bi2TrBb2 7�b?BQM 7Q` bm#b2[m2Mi pB#`�iBQM�H
TQTmH�iBQMb,

η1 = V1/V0
1 + V1/V0

, URyV

r?2`2 oj Bb i?2 TQTmH�iBQMb Q7 i?2 jth pB#`�iBQM�H H2p2H �M/
Bb ;Bp2M #v

V1/V0 = Γ1,0 exp (−Tv/T )
Γ1,0 + A1,0

, URRV

r?2`2 Γj′ j′′ Bb i?2 +QHHBbBQM�H /2@2t+Bi�iBQM `�i2 �M/ Aj′,j′′
Bb i?2 1BMbi2BM `�/B�iBQM +Q2{+B2Mi Q` bTQMi�M2Qmb i`�M@
bBiBQM T`Q#�#BHBivX h?2 H�ii2` �`2 ;Bp2M #v hm`M2` 2i �HX
URNddV �b bmBi�#Hv �p2`�;2/ 7Q` J H2p2Hb BM i?2 ;Bp2M v bi�i2,
A1,0 = 8.3 × 10−7 b−1, A2,0 = 4.1 × 10−7 b−1 �M/ A2,1 =
1.1 × 10−6 s−1c /2;2M2`�+B2b �`2 g0 = g1 = g2 = 1 �M/ i`�M@
bBiBQM 2M2`;B2b E1,0/k = E2,1/k = 0.5E2,0/k = 5860 K ;Bp2M
#v >QHH2M#�+? � J+E22 URNdNVX

h?2 b2+QM/ pB#`�iBQM�H H2p2H Bb 2p�Hm�i2/ BM i?Bb �TT`Qt@
BK�iBQM i?`Qm;?

V2/V1 = V2up
V2down

exp (−5648/T ), URkV

r?2`2

V2up = Γ2,1 + (1 + A1,0/Γ1,0) Γ2,0, URjV
V2down = Γ2,1 + Γ2,0 + A2,0 + A2,1, UR9V
Γj′ j′′ = kj′ j′′

H2 n(H2) + kj′ j′′
H n(H). UR8V

q2 i�F2 Tv = 5987 E �b i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M
i?2 mTT2` �M/ HQr2` pB#`�iBQM�H H2p2HbX h?2 `�i2 +Q2{+B2Mib
�`2 kj′,j′′

H2 �M/ kj′,j′′
H 7Q` /2@2t+Bi�iBQM QM +QHHBbBQM rBi? >2

�M/ > �b i�#mH�i2/ BM h�#H2 k �M/ b?QrM BM 6B;X jX h?2b2
T�`�K2i2`b 7Q`K � i?`22@H2p2H +QQHBM; bvbi2K 7Q` v = 0, 1, 2
pB#`�iBQM�H H2p2Hb rBi? +QM/2Mb2/ `Qi�iBQM�H H2p2Hb Q7 � ;Bp2M
pB#`�iBQM�H bi�i2X h?2 +QQHBM; 7mM+iBQM i�F2b BMiQ �++QmMi
�HH i?2 pB#`�iBQM�H �M/ `Qi�iBQM�H i`�MbBiBQMbX P#b2`p�iBQM�H
/�i� BM+Hm/BM; BK�;2b mT iQ v = 2 �`2 �p�BH�#H2X >B;?2` pB@
#`�iBQM�H H2p2H BK�;2b �`2 p2`v `�`2 Q` 7�BMiX aBM+2 i?2 2t@
+Bi�iBQM 2M2`;v Q7 i?2 }`bi pB#`�iBQM�H bi�i2 Bb T ∼ 6000 K
#mi i?2 2KBbbBQM 7`QK i?2b2 pB#`�iBQM�H H2p2Hb Bb 7`QK ;�b
r2HH #2HQr i?�i �i T < 3000 K- r2 +�M 2KTHQv i?2 �#Qp2
�TT`QtBK�iBQM rBi?Qmi i?2 M22/ 7Q` +QMbB/2`�#H2 +QKTmi�@
iBQM�H 2tT2Mb2 7`QK i?2 i`2�iK2Mi Q7 2�+? BM/BpB/m�H 2t+Bi2/
H2p2HX h?2 H2p2H /2MbBiv Nj Bb i?2M ;Bp2M #v

Nj = gj n(H2) ηj exp (−Tr/T )
Q (T )

[
cm−3]

, UReV

r?2`2 gj = (2I + 1)(2J + 1) Bb i?2 /2;2M2`�+v Q7 i?2 H2p2H
b�iBb7vBM; i?2 2t+HmbBQM T`BM+BTH2 rBi? I = 0 ǵT�`�Ƕ bi�i2b
T�B`2/ rBi? 2p2M J- r?BH2 I = 1 ǵQ`i?QǶ bi�i2b �`2 T�B`2/
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LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX d

rBi? Q// JX >2M+2 i?2 HBM2 BMi2MbBiv Bb T`QTQ`iBQM�H iQ
i?2 bi�iBbiB+�H r2B;?i Q7 21 7Q` #Qi? KQ/2HH2/ i`�MbBiBQMb
�M/ Tr = 1015 E Bb i?2 i2KT2`�im`2 /Bz2`2M+2 #2ir22M
i?2 mTT2` �M/ HQr2` `Qi�iBQM�H H2p2Hb rBi?BM VjX Q (T ) Bb
i?2 KQH2+mH2 T�`iBiBQM 7mM+iBQM r?B+? Bb i�F2M �b Q (T ) =
(T/40.75)

[
1−exp (−5 987/T )

]−1 7Q` >2X h?2 `�/B�iBQM +QM@
i`B#miBQM 7Q` 2�+? b?Q+F 2H2K2Mi +�M i?2M #2 /2i2`KBM2/
7`QK

Ė1,0 = NjZj h c
λj

[
erg s−1 cm−3]

, URdV

Ė2,1 = 1.35 V2
V1

Ė1,0
[
erg s−1 cm−3]

, UR3V

r?2`2 ? �M/ + �`2 i?2 mbm�H +QMbi�Mib �M/ wj Bb i?2 bTQMi�@
M2Qmb `�/B�iBp2 /2+�v i�#mH�i2/ #v hm`M2` 2i �HX URNddV BX2X
Z1,0 = 3.47 × 10−7 s−1 �M/ Z2,1 = 4.98 × 10−7 s−1 X h?2 Ė
E@#�M/ bT2+i`� Bb i?2M BMi2;`�i2/ Qp2` i?2 π/2 /2;`22b /m2
iQ +vHHBM/`B+�H bvKK2i`v- i?mb K�BMi�BMBM; � +QMbi�Mi pQH@
mK2 7Q` 2�+? 2H2K2Mi Q7 ;�b i?�i Bb T`QD2+i2/ QM iQ i?2 kĜ.
**. BK�;2 BM a2+iBQM 9X h?2 iQi�H pQHmK2i`B+ 2KBbbBQM Bb
bmKK2/ mT i?`Qm;? i?2 r?QH2 ;`B/ �M/ KmHiBTHB2/ #v i?2
xQM2 bBx2 +m#2/ `2bmHiBM; BM i?2 /BbbBT�iBQM Q7 2M2`;v 7`QK
i?2 2MiB`2 ~QrX � jĜ. /�i� +m#2 Bb +QMbi`m+i2/ �HQM; rBi?
i?2 p2HQ+Biv BM7Q`K�iBQM iQ T`Q/m+2 TQbBiBQM@p2HQ+Biv USoV
/B�;`�Kb /2b+`B#2/ BM a2+iBQM 8X

kX8 aT2+B}+ ?2�i `�iBQ

h?2 bBKmHi�M2Qmb /2i2`KBM�iBQM Q7 i?2 bT2+B}+ ?2�i `�iBQ-
γ- �M/ i2KT2`�im`2 Bb � +`BiB+�H T�`i Q7 i?2 w1la +?2K@
Bbi`vX hQ #2;BM- r2 }t i?2 rBM/ ?v/`Q;2M Mm+H2QM /2MbBiv �b
nw = ρw/1.4mp UrBi? RyW ?2HBmK n(He) = 0.1nwVX

h?2 iQi�H MmK#2` Q7 ?v/`Q;2M Mm+H2B T`2b2Mi T2` mMBi
pQHmK2 Bb

n(Hnuclei) = 2 × n(Hmol) + n(Hatoms). URNV

>2M+2- i?2 KQH2+mH�` �#mM/�M+2 n(Hmol) = f n(Hnuclei)-
r?2`2 f `�M;2b #2ir22M 0 7Q` 7mHH �iQKB+ �M/ 0.5 7Q` 7mHHv
KQH2+mH�`X h?2`27Q`2

n(Hatoms) = (1 − 2f) × n(Hnuclei), UkyV

�M/ QM bBKTHB7vBM; i?2 MQi�iBQM,

n(H) = (1 − 2f)n. UkRV

amKKBM; �HH i?`22 +?2KB+�H +QMbiBim2Mib #`BM;b i?2 T�`iB+H2
MmK#2` /2MbBiv < n >

< n >= n(H) + n(H2) + n(He) = (1.1 − f)n. UkkV

h?2 iQi�H bT2+B}+ ?2�i �i +QMbi�Mi pQHmK2 Q7 i?2 bvbi2K
cv- Bb ;Bp2M #v i?2 bmK Q7 i?2 BM/BpB/m�H bT2+B}+ ?2�ib Q7 i?2
+QKTQM2Mib i?�i �`2- BM im`M- /2i2`KBM2/ #v i?2 MmK#2`
Q7 /2;`22b Q7 7`22/QKX 6Q` i?2 i2KT2`�im`2b �ii�BM2/ BM i?2
b?Q+Fb- r2 +�M i�F2 i?2 KQH2+mH�` ?v/`Q;2M iQ TQbb2bb i?`22
i`�MbH�iBQM�H �M/ irQ `Qi�iBQM�H /2;`22b Q7 7`22/QK K�FBM;
}p2 /2;`22b Q7 7`22/QK BM iQi�HX hrQ �//BiBQM�H pB#`�iBQM�H
/2;`22b �`2 B;MQ`2/ /m2 iQ i?2 ?B;? �+iBp�iBQM i2KT2`�im`2b
Q7 ;`2�i2` i?�M e-yyy E- mM/2` r?B+? KQH2+mH�` ?v/`Q;2M
rQmH/ #2 7mHHv /BbbQ+B�i2/X h?2`27Q`2

cv = 3
2kB

n(H)
< n >

+ 5
2kB

n(H2)
< n >

+ 3
2kB

n(He)
< n >

UkjV

rBi? kB `2T`2b2MiBM; i?2 "QHixK�MM +QMbi�MiX am#biBimiBM;
BMiQ i?2 �#Qp2 2[m�iBQM �M/ bQHpBM; 7Q` cv vB2H/b

cv = 3.3 − f
2.2 − 2f

kB . Uk9V

h?2 bT2+B}+ ?2�i `�iBQ γ = cp/cv iQ;2i?2` rBi? i?2 bT2+B}+
?2�i �i +QMbi�Mi T`2bbm`2 cp = cv + kB ;Bp2b

γ = cp

cv
= cv + kB

cv
= 5.5 − 3f

3.3 − f
. Uk8V

>2M+2 γ = 5
3 �M/ γ = 10

7 `2T`2b2Mi �iQKB+ �M/ 7mHHv KQH2+@
mH�` K2/B�- `2bT2+iBp2HvX >2�pB2` 2H2K2Mib bm+? �b +�`#QM
�M/ Qtv;2M �`2 +QMbB/2`2/ BM i?2 +Q/2 i?`Qm;? i?2 KQH2+m@
H�` +QQHBM; 7mM+iBQMbX

kXe a+�HBM;

h?2 T`QT2`iB2b Q7 i?2 rBM/ �M/ b?2HH 2tT�MbBQM �`2 /2b+`B#2/
BM � bBKBH�` K�MM2` iQ � 7`22Hv 2tT�M/BM; D2i UaKBi? kyy9VX
6Q` � +QMbi�Mi bT?2`B+�H rBM/- i?2 K�bb HQbb `�i2 Bb

Ṁ = 4πR2
wρwvw = const. UkeV

AM ;2M2`�H- 7Q` KQH2+mH�` Qmi~Qrb �i i?2b2 KQ/2`�i2 /2MbB@
iB2b- i?2 2H2+i`QM /BbbQ+B�iBQM #2+QK2b /QKBM�Mi �i bT22/b
�#Qp2 ∼ 50 km s−1 UaKBi? RNN9VX h?2 rBM/ /`Bp2` Bb � ?v/`Q@
/vM�KB+ DmKT Q` C@ivT2 b?Q+F- 7QHHQr2/ #v � `�/B�iBp2 +QQH@
BM; H�v2`X h?Bb H�v2` Bb � +QK#BM�iBQM Q7 � ?Qi xQM2 BM r?B+?
H2 Bb /BbbQ+B�i2/- T`Q/m+BM; /BbbQ+B�iBp2 +QQHBM;- �M/ ;2M2`@
�iBM; �iQKB+ HBM2 2KBbbBQM- 7QHHQr2/ #v i?2 `�/B�iBp2 +QQHBM;
xQM2- r?2`2 i?2 `2K�BMBM; H2 Bb 2t+Bi2/ rBi?Qmi /BbbQ+B�@
iBQMX q2 KQ/2H �M QTiB+�HHv i?BM �K#B2Mi K2/BmK- ?2M+2
MQ �#bQ`TiBQM Q++m`bX h?2 2t+Bi2/ KQH2+mH2b i?2M /2+�v pB�
2H2+i`B+ [m�/`mTmH2 i`�MbBiBQMb QM iBK2 b+�H2b Q7 Q`/2` 106 b
U"H�+F � .�H;�`MQ RNdeVX

�bbmKBM; � bi�iBQM�`v �K#B2Mi K2/BmK- i?2 bT22/ Q7
i?2 �/p�M+BM; b?Q+F 7`QMi BM i2`Kb Q7 i?2 /2MbBiv `�iBQ
η = ρw/ρa- Bb rQ`F2/ Qmi i?`Qm;? `�K@T`2bbm`2 #�H�M+2,

U =
√

η

1 + √
η

vw. UkdV

6Q` � ǵ?2�pvǶ rBM/ rBi? η ≫ 1- �M/ vw ≫ U- i?2 rBM/
THQm;?b �?2�/X qBi? i?2 BMBiB�H p�Hm2 Q7 ηo = 25- i?2 H2�/BM;
b?Q+F Bb BMBiB�HHv bi`QM;- KQpBM; rBi? ∼ 1/3 vwX q2 ?�p2 i?mb
+?Qb2M

na = 4 × nw

(
Rw

Rppn

)2

. Uk3V

aQ ?�pBM; 2tT�M/2/ iQ Rppn- η ∼ 0.25 �M/
U ∼ 1

3 vwXh?2`27Q`2- i?2b2 bBKmH�iBQMb 7Q+mb QM i?2
i`�MbBiBQM T?�b2 BM r?B+? i?2 b?2HH 2tT2`B2M+2b � bi`QM;
/2+2H2`�iBQMX

tlim =
∫ Rppn

Rw

dr
U

∼
R2

ppn

2vw
√

ηoRw
. UkNV

h?Bb vB2H/b � iBK2b+�H2 Q7 Q`/2` R-yyy v2�`b 7Q` Rppn = 0.1 T+
�M/ i?2 T�`�K2i2`b BM h�#H2 RX

j _1alGha P6 S�_�J1h1_ ahl.u

jXR *QKTQbBiBQM, ?v/`Q;2M /BbbQ+B�iBQM

�HH 7Qm` 2ti`2K2 +QK#BM�iBQMb Q7 �iQKB+ �M/ KQH2+mH�`
rBM/b BMiQ �iQKB+ �M/ KQH2+mH�` �K#B2Mi K2/B� ?�p2 #22M

JL_�a yyy- RĜkk UkyR3V



3 AX.X LQpBFQp � JX.X aKBi?

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V >2 K�bb 7`�+iBQMb pX iBK2

6B;m`2 8X *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 i?2 KQH2+mH�` 7`�+iBQM
Q7 k,R Qmi~Qrb 7`QK � rBM/ rBi? �tB�H bT22/ Q7 3y FK b−1X h?2
/BbTH�v2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i T�M2H /BbTH�vb i?2 `�@
iBQ T7 iQi�H KQH2+mH�` ?v/`Q;2M K�bb iQ i?2 iQi�H ?v/`Q;2M K�bb
�b � 7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX

bim/B2/X 6B`bi- ?Qr2p2`- r2 BMp2biB;�i2 i?2 i?`22 +QK#BM�@
iBQMb BM r?B+? i?2 KQH2+mH�` 7`�+iBQM +?�M;2b �b ?v/`Q;2M
T�`iHv /BbbQ+B�i2b rBi?BM i?2 b?2HHX h?2 �iQKB+ +�b2 Bb MQi
BMi2`2biBM; BM i?Bb `2bT2+i bBM+2 i?2`2 Bb BMbm{+B2Mi iBK2 7Q`
KQH2+mH2b iQ `2�bbQ+B�i2 QM i?2b2 b+�H2bX

h?2 KQH2+mH�` i`�+2`b �`2 2t�KBM2/ BM 6B;bX 8- e �M/
d 7Q` i?2 i?`22 bT22/b rBi? � k,R 2HHBTiB+�H rBM/X h?2 +�b2b
�`2 2�bBHv B/2Mi}2/ rBi? #H�+F `2T`2b2MiBM; 7mHHv KQH2+mH�`
�M/ r?Bi2 +Q``2bTQM/BM; iQ �iQKB+X Ai Bb 2pB/2Mi i?�i i?2
b?2HH #`2�Fb mT BMiQ }M;2`b BM �HH i?2b2 +�b2bX h?2 }M;2`b
�`2 T`QKBM2Mi iQr�`/ i?2 7`QMi b2+iBQM UrBi? MQ BKTQb2/
+Q``m;�iBQMb- i?2 +vHBM/`B+�H +QQ`/BM�i2b �`2 #2ii2` �HB;M2/
iQ i?2 bT?2`2 �TT`QtBK�iBQM iQr�`/ i?2 bvKK2i`v TH�M2VX
h?2 iQT@H27i T�M2Hb 2t?B#Bi i?2 KQH2+mH�` rBM/@�K#B2Mi BM@
i2`�+iBQMbX

q2 }`bi i�F2 i?2 +�b2 BM r?B+? i?2 �tB�H bT22/ Bb
3y FK b−1- ?�H7 i?Bb bT22/ BM i?2 KB/@TH�M2- iQ BHHmbi`�i2
i?2 ivTB+�H ~QrbX S�M2H U�V /BbTH�vb i?2 KQH2+mH�` rBM/ BMiQ
� KQH2+mH�` �K#B2Mi U/2MQi2/ JqJ�VX *H2�`Hv- KQ/2`�i2
/BbbQ+B�iBQM Q++m`b Qp2` i?2 2MiB`2 b?2HH �Hi?Qm;? i?2 7`QMi
?�H7 Q7 i?2 bBKmH�iBQM b?Qrb 2ti2M/2/ /BbbQ+B�iBQM rBi?BM �
?B;?Hv im`#mH2Mi b?2HH- �b 2tT2+i2/ rBi? i?2 ?B;?2` DmKT BM
bT22/X

JQbi bB;MB}+�MiHv- 6B;bX 8 @ d /2KQMbi`�i2 i?�i i?2
b?Q+F 7`QMi Bb MQi � bKQQi? bm`7�+2 #mi � `Qm;? bm`7�+2-
#`QF2M /QrM BMiQ � H�`;2 iQi�H �`2� Q7 r2�F Q#HB[m2 b?Q+Fb

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V >2 K�bb 7`�+iBQMb pX iBK2

6B;m`2 eX *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 i?2 KQH2+mH�` 7`�+iBQM
Q7 k,R Qmi~Qrb 7`QK � rBM/ rBi? �tB�H bT22/ Q7 R9y FK b−1X
h?2 /BbTH�v2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i T�M2H /BbTH�vb
i?2 `�iBQ T7 iQi�H KQH2+mH�` ?v/`Q;2M K�bb iQ i?2 iQi�H ?v/`Q;2M
K�bb �b � 7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX

rBi? QMHv � bK�HH 7`�+iBQM Q7 bi`QM; b?Q+F �TB+2bX h?Bb ?QH/b
7Q` �HH i?`22 rBM/ bT22/bX Ai Bb �HbQ 2pB/2Mi i?�i i?2 ;`Qr@
BM; T`Qi`mbBQMb 2ti2M/ 7`QK i?2 BMi2`7�+2 BMiQ i?2 �K#B2Mi
K2/BmKX h?2v �`2 ;2M2`�HHv TQ+F2ib Q7 rBM/ K�i2`B�H +?�M@
M2H2/ BMiQ i?2 �/p�M+BM; }M;2`bX S�M2Hb U#V �M/ U+V BHHmbi`�i2
i?Bb 7Q` i?2 Jq�� �M/ �qJ� +�b2b- `2bT2+iBp2Hv- bBM+2
i?2 K�F2@mT Q7 i?2 ;�b +�M #2 �b+2`i�BM2/X lMiBH i?2 H�i2
bi�;2b Q7 i?2 ~Qr- ?Qr2p2`- i?2 H2�/BM; b?Q+F r?B+? 2Mi2`b
i?2 �iQKB+ �K#B2Mi K2/BmK Bb Q7 +Qm`b2 MQi pBbB#H2 BM i?2
Jq�� `mMX

S�M2H U+V /2KQMbi`�i2b i?�i i?2 KQH2+mH�` �K#B2Mi ;�b
#2+QK2b +QM}M2/ iQ T�`iHv@/BbbQ+B�i2/ i?BM bi`B�iBQMb 2K@
#2//2/ BM i?2 �iQKB+ rBM/X AM +QMi`�bi- S�M2H U#V b?Qrb
i?�i i?2 KQH2+mH�` rBM/ +�M T`Qi`m/2 [mBi2 7�` BMiQ i?2 �K@
#B2Mi K2/BmK- bm;;2biBM; i?�i i?2b2 /2Mb2 KQH2+mH�` }M;2`b
�`2 T`QKQi2/ #v i?2 _�vH2B;?@h�vHQ` BMbi�#BHBiv Q7 i?2 /2@
+2H2`�iBM; b?2HHX

�i i?2 ?B;?2` bT22/ b?QrM BM 6B;X d- r2 b22 i?2 /BbbQ@
+B�iBQM Bb KQ`2 +QKTH2i2X h?2 }M;2`b �`2 �HKQbi +QKTH2i2Hv
r�b?2/ Qmi �i i?2 ?B;?2bi bT22/ #v i?2 #�i? Q7 ?Qi �iQKB+
;�b �Hi?Qm;? bQK2 i?B+F }M;2`b /Q bm`pBp2 BM i?2 JqJ�
+�b2- � 72r KQH2+mH�` i`mMFb `2K�BM BM i?2 rBM/ BM i?2
�qJ� +�b2- �M/ � 72r bK�HH U#Hm2V rBbTb �`2 �?2�/ Q7 i?2
K�BM b?2HH BM i?2 Jq�� +�b2X

� 7m`i?2` bm`T`BbBM; 72�im`2 Bb i?�i i?2 }M;2`b �`2 `�`2Hv
/B`2+i2/ BM i?2 `�/B�H /B`2+iBQM- iQr�`/ i?2 bi�`X h?2 b?2HHb
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LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX N

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V >2 K�bb 7`�+iBQMb pX iBK2

6B;m`2 dX *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 i?2 KQH2+mH�` 7`�+iBQM
Q7 k,R Qmi~Qrb 7`QK � rBM/ rBi? �tB�H bT22/ Q7 kyy FK b−1X
h?2 /BbTH�v2/ `2;BQM Bb yXk T+2X h?2 HQr2`@`B;?i T�M2H /BbTH�vb
i?2 `�iBQ T7 iQi�H KQH2+mH�` ?v/`Q;2M K�bb iQ i?2 iQi�H ?v/`Q;2M
K�bb �b � 7mM+iBQM Q7 iBK2 7Q` i?2 i?`22 `mMbX

�`2 `Qm;?Hv 2HHBTiB+�H rBi? i?2 k,R b?�T2 �b rQmH/ #2 2t@
T2+i2/ 7`QK i?2 b+�HBM; r?2M i?2 b?2HH Bb /`Bp2M #v � ?2�pv
BKT�+iBM; rBM/X >Qr2p2`- �i H�i2 iBK2b �b i?2 b?2HH /2+2H@
2`�i2b �M/ Bb MQi #2BM; /`Bp2M #v � ?2�pv rBM/- i?2 b?�T2
#2;BMb iQ +?�M;2 �M/ i?2 2HHBTiB+Biv /2+`2�b2bX >2M+2- i?2
rBM/ �M/ �K#B2Mi }M;2`b �`2 bm#D2+i iQ /2~2+iBQM #v Q#HB[m2
b?Q+Fb �M/ rBHH #2 /B`2+i2/ �++Q`/BM; iQ i?2 ;HQ#�H b?�T2 �b
r2HH �b i?2 HQ+�H +QM/BiBQMbX

h?2 /BbTH�v2/ +?�M;2 BM iQi�H K�bb BM KQH2+mH�` ?v/`Q@
;2M rBi?BM i?2 yXR T+ +vHBM/`B+�H `2;BQM Bb BMbi`m+iBp2X h?Bb
Bb b?QrM BM i2`Kb Q7 i?2 K�bb 7`�+iBQM BM i?2 HQr2`@`B;?i
T�M2Hb Q7 6B;bX 8- e �M/ d- ;BpBM; �M BM/B+�iBQM Q7 i?2 M�im`2
Q7 i?2 2MpB`QMK2Mi bm``QmM/BM; TSLX 6Q` 2t�KTH2- �i i?2
HQr2` bT22/- i?2 >2 2pQHmiBQM Q7 Jq�� �M/ �qJ� �T@
T2�`b [mBi2 bvKK2i`B+, i?2 K�bb 2Mi2`b i?2 2MpB`QMK2Mi �i
� mMB7Q`K `�i2 �M/ i?2`2 Bb � bK�HH �KQmMi Q7 iQi�H /BbbQ+B@
�iBQMX AM +QMi`�bi- �i i?2 ?B;? bT22/b- i?2 KQH2+mH2b �//2/
BM i?2 rBM/ �`2 /BbbQ+B�i2/ 2bT2+B�HHv �i H�i2 iBK2b r?2M i?2
`2p2`b2 b?Q+F Bb bi`QM;X AM bmKK�`v- i?2 K�bb 7`�+iBQM BM
KQH2+mH2b Bb `2/m+2/ #v kyW �+`Qbb i?Bb `�M;2 Q7 bT22/b 7Q`
�HH KQ/2H +QKTQbBiBQMbX

jXk S`2bbm`2- /2MbBiv �M/ i2KT2`�im`2

h?2 T`2bbm`2- /2MbBiv �M/ i2KT2`�im`2 /Bbi`B#miBQMb 7Q` i?2
k,R R9y FK b−1rBM/b �`2 b?QrM BM 6B;bX 3- N �M/ RyX h?2 k.

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V J9, H rBM/ BMiQ H �K#X

6B;m`2 3X *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 T`2bbm`2 T`Q/m+2/ #v
k,R Qmi~Qrb 7`QK � �M/ rBi? �tB�H bT22/ Q7 R9y FK b−1X h?2
HQr2` ?�H7 Q7 2�+? /Bbi`B#miBQM Bb i?2 KB``Q` BK�;2 Q7 i?2 iQT ?�H7X
� K�bF Q7 160 ;`B/ xQM2b Bb TH�+2/ Qp2` i?2 +2Mi`�H rBM/ `2;BQM
iQ +Qp2` mT i?2 `�/Bmb �`QmM/ � #`B;?i bi�`X

/Bbi`B#miBQMb ?B;?HB;?i /Bz2`2Mi b2+iBQMb Q7 i?2 b?Q+F bi`m+@
im`2bX h?2 T`2bbm`2 ?B;?HB;?ib i?2 +QK#BM2/ b?Q+F2/ H�v2`b-
i?2 i2KT2`�im`2 i?2 BKK2/B�i2 b?Q+F 7`QMib r?BH2 i?2 /2M@
bBiv 2KT?�bBb2b i?2 +QQH +QKT`2bb2/ ;�b /QrMbi`2�KX LQi2
i?�i i?2 T`2bbm`2 `�M;2 b?QrM BM i?2 +QHQm` #�`b BM 6B;X 3
�`2 B/2MiB+�HX >2M+2- i?2`2 Bb � HQr2` T`2bbm`2 BM i?2 KQH2+@
mH�` rBM/f�K#B2Mi `mM- �b rQmH/ #2 2tT2+i2/ rBi? i?2 }p2
/2;`22b Q7 7`22/QKX

h?2b2 };m`2b +QM}`K i?�i i?2 b?Q+F 7`QMi Bb � `Qm;?
bm`7�+2- #`QF2M /QrM BMiQ � H�`;2 iQi�H �`2� Q7 r2�F b?Q+F
�`+b rBi? QMHv � bK�HH 7`�+iBQM Q7 bi`QM; b?Q+F �TB+2bX h?2
i2KT2`�im`2 THQib /2KQMbi`�i2 i?�i i?2 b?2HH Bb /QKBM�i2/
#v `2H�iBp2Hv +QQH ;�b ;HQ#�HHvX >Qr2p2`- r?2M BMbT2+iBM; i?2
b�K2 BK�;2b BM /2i�BH- �b b?QrM BM 6B;X RR- r2 b22 i?�i i?2
BM/BpB/m�H }M;2`b �`2 iQTT2/ #v ?Qi xQM2b, bi`QM; b?Q+Fb
�`2 +QM}M2/ iQ i?2 iBTbX h?Bb `2bmHi b?QmH/ BKT�+i QM i?2
>2 2t+Bi�iBQM i?�i rQmH/ #2 K2�bm`2/ r?2M Q#b2`p�iBQMb
�`2 K�/2 2p2M �i [mBi2 ?B;? `2bQHmiBQMX

Ai Bb �HbQ b22M BM 6B;X RR i?�i i?2 Tm`2Hv �iQKB+ bBKm@
H�iBQM b?Qrb /Bz2`2Mi bi`m+im`2 iQ i?2 Qi?2` i?`22 +QK#B@
M�iBQMbX h?2 �q�� +�b2 /BbTH�vb � i?B+F2` bm`7�+2 r?B+?
`2K�BMb im`#mH2Mi Q` `Qm;?2` +HQb2 iQ i?2 TH�M2X h?2 i2K@
T2`�im`2 /Bbi`B#miBQMb /BbTH�v2/ BM 6B;X Ry T`QpB/2 i?2 BMi2`@
T`2i�iBQM, i?2 b?2HH Q7 i?2 �iQKB+ �q�� `mM `2K�BMb r�`K-
Dmbi #2HQr Ry-yyy E r?2`2�b i?2b2 H�v2`b Q7 i?2 KQH2+mH�`@
�iQKB+ `mMb �`2 +HQb2` iQ R-yyy E �M/ � 72r ?mM/`2/ E2HpBM
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Ry AX.X LQpBFQp � JX.X aKBi?

U�V JR, >2 rBM/ BMiQ >2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V J9, H rBM/ BMiQ H �K#X

6B;m`2 NX *`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 /2MbBiv 7Q` Vw =
140 FK b−1 rBM/bX

7Q` i?2 JqJ� `mMX h?2`27Q`2- i?2 �iQKB+ H�v2` `2K�BMb
T�`iHv BM~�i2/ �M/ H2bb bmb+2TiB#H2 iQ /vM�KB+ BMbi�#BHBiB2bX
h?2 BMbi�#BHBiB2b `2bTQMbB#H2 7Q` i?2 +Q``m;�iBQM Q7 i?2 7`QMi
b?Q+F �`2 MQi b2MbBiBp2 iQ i?2 rB/i? Q7 i?2 b?2HHX �b b?QrM
#v i?2 `2bQHmiBQM bim/v BM 6B;X 9- i?2 T?vbB+�H rB/i? Q7 i?2
b?2HH Bb BM/2T2M/2Mi Q7 MmK2`B+�H `2bQHmiBQMX

jXj ai`m+im`2 Q7 +QHHBK�i2/ rBM/b

h?2 /2T2M/2M+2 QM i?2 rBM/ bT22/ Bb r2HH BHHmbi`�i2/ rBi?
i?2 9,R 2HHBTbQB/�H rBM/ bBKmH�iBQMbX h?2 KQH2+mH�` bBKmH�@
iBQM Bb BHHmbi`�i2/ BM 6B;X Rk 7Q` i?`22 bT22/bX �b 2tT2+i2/-
i?2 ?B;?2bi T`2bbm`2b Q++m` �HQM; i?2 �tBb �M/ BM i?2 7�bi2bi
rBM/bX h?2 b?2HH bi`m+im`2 Bb #2bi b?QrM BM 6B;bXRj Ĝ R8 7Q`
i?`22 /Bz2`2Mi �tB�H rBM/ bT22/b �M/ 7Q` �HH i?`22 +QKTQbB@
iBQM +QK#BM�iBQMbX

h?2 b2MbBiBpBiv Q7 i?2 KQH2+mH�` 7`�+iBQM iQ i?2 rBM/
bT22/ �M/ i?2 /Bbi`B#miBQM �`QmM/ i?2 b?2HH �`2 T`QKBM2Mi
?2`2X �i HQr bT22/b- i?2 /BbbQ+B�iBQM `2K�BMb �i � 72r T2`@
+2Mi�;2 �HQM; i?2 b?2HHX G�`;2 �iQKB+ #Qr@b?�T2/ b?2HHb `2@
bmHi r?2M i?2 �tB�H rBM/ bT22/ Bb ?B;?- 2p2M r?2M #Qi? K2@
/B� �`2 BMTmi �b KQH2+mH�`X h?2 #Qr Bb �;�BM #`QF2M mT BMiQ
}M;2`b BM +`Qbb@b2+iBQMX >Qr2p2`- r?2M i?2 �K#B2Mi K2/BmK
Bb �iQKB+ Ub22 6B;X R8V- i?2 }M;2`b #2+QK2 HQM; i?BM KQH2+m@
H�` bi`2�Fb r?B+? T2M2i`�i2 BMiQ i?2 �K#B2Mi K2/BmK �M/ �`+
iQr�`/ i?2 �tBbX h?2b2 bi`B�iBQMb- #2bi Q#b2`p2/ #v xQQKBM;
BM QM i?2 T�M2Hb- �`2 T�`iHv /BbbQ+B�i2/X JQ`2Qp2`- i?2 }M@
;2`b /2p2HQT BMiQ HQM;2` bi`2�Fb �i i?2 ?B;?2` rBM/ bT22/bX
:2M2`�HHv bT2�FBM;- i?2 T`QT2`iB2b �`2 �M 2t�;;2`�i2/ 7Q`K

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X

U+V Jj, H rBM/ BMiQ H2 �K#X U/V J9, H rBM/ BMiQ H �K#X

6B;m`2 RyX GQ;�`Bi?KB+ i2KT2`�im`2 K�Tb Q7 R9y FK b−1 k,R rBM/-
�HH b+�H2/ iQ i?2 �iQKB+ KQ/2H U/VX AK�;2b BM/B+�i2 K�tBKmK
i2KT2`�im`2 7Q` KQH2+mH�` `mM U�V �i T ∼ 3, 000 K- BM +�b2 Q7
�iQKB+ `mM U/V- i2KT2`�im`2 `2�+?2b T ∼ 20, 000 KX

Q7 i?2 k,R +�b2, K�i2`B�H /Q2b MQi ~Qr i�M;2MiB�HHv iQ i?2
b?2HH #mi KBt2b HQ+�HHvX

jX9 L2#mH� b?�TBM;, HQ+�H Q` ;HQ#�H ~Qr\

aB;MB}+�Mi iQ 7m`i?2` bBKmH�iBQMb Bb i?�i- BM �HH +�b2b- i?2`2
Bb MQ ~Qr �HQM; i?2 b?2HH iQr�`/ i?2 �T2tf�tBb Q7 i?2 2H@
HBTb2X h?Bb H�+F Q7 ;HQ#�H ~Qr �TTHB2b iQ i?2 2MiB`2 `�M;2
Q7 rBM/ bT22/b �M/ +QKTQbBiBQMb �M/ BKTHB2b i?�i ~Qr /2@
i�BHb +�M #2 mb27mHHv BMp2biB;�i2/ i?`Qm;? bBKmH�iBQMb rBi?
� +QMbi`B+i2/ QT2MBM; �M;H2X 6m`i?2`KQ`2- rBi?Qmi � +Q?2`@
2Mi Q#HB[m2 b?Q+F 7`QMi iQ /2~2+i i?2 rBM/ BMiQ � ?B;? bT22/
b?2�` BMi2`7�+2- Bi Bb HBF2Hv i?�i i?2 bQmM/ bT22/ BM i?2 b?2HH
rBHH /2i2`KBM2 i?2 K�tBKmK H2M;i? b+�H2 7Q` i?2 ;`Qri?
Q7 /Bbim`#�M+2bX >2`2- i?2`2 �`2 irQ K�BM iBK2b+�H2b 2z2+i@
BM; i?2 2pQHmiBQM Q7 i?2 b?2HH KQ`T?QHQ;v, i?2 i?2`K�H ;�b
`2bTQMb2 iBK2 �i i?2 bQmM/ bT22/- ts = λ/cs- �M/ i?2 /v@
M�KB+�H iBK2b+�H2- td = Rshell/UX >2M+2 i?2 K�tBKmK r�p2@
H2M;i? +QM/BiBQM Bb

λ < cs
Rshell

U
, UjyV

r?B+? BKTHB2b i?�i i?2 r�`K2` �iQKB+ ;�b BM i?2 b?2HH Bb
HBF2Hv iQ H2�/ iQ rB/2` �M/ i?B+F2` +Q?2`2Mi b?2HH bi`m+im`2b-
�b 7QmM/ �#Qp2X h?2 bQmM/ bT22/ BM i?2 KQH2+mH2 /QKBM�i2/
b?2HH Bb ivTB+�HHv #2ir22M yXk �M/ yX3 FK b−1 r?B+? BKTHB2b
i?�i i?2 }M;2`b K�v QMHv #2 � 72r ?mM/`2/ �l rB/2X

JL_�a yyy- RĜkk UkyR3V



LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX RR

6B;m`2 RRX .2i�BH 7`QK i?2 b+�H2/ HQ;�`Bi?KB+ i2KT2`�im`2 K�Tb Q7 R9y FK b−1 k,R rBM/- 7Q` i?2 Tm`2 KQH2+mH�` `mM UJqJ�- H27i T�M2HV
�M/ Tm`2 �iQKB+ `mM U�q��- `B;?i T�M2HVX

U�V Vw = 80 kms−1

U#V Vw = 140 kms−1

U+V Vw = 200 kms−1

6B;m`2 RkX o�`B�iBQM Q7 T`2bbm`2 /Bbi`B#miBQMb 7Q` i?`22 �tB�H rBM/
bT22/b BM � +QHHBK�i2/ 9,R Hk rBM/ KQ/2H BMi2`�+iBM; rBi? �M Hk
�K#B2Mi K2/BmKX

h?2 ;`Qri? `�i2 Q7 /Bbim`#�M+2b iQ i?2 b?2HH BMi2`@
7�+2 rBi? i?2 �K#B2Mi K2/BmK rBHH #2 +QMi`QHH2/ #v i?2
_�vH2B;?@h�vHQ` BMbi�#BHBiv �M/ i?2 oBb?MB�+ i?BM@b?2HH BM@
bi�#BHBiv UoBb?MB�+ RNN9VX >Qr2p2`- KQbi b?2HH bBKmH�iBQMb
?�p2 ?�/ BM�/2[m�i2 `2bQHmiBQM iQ 7QHHQr i?2b2 BMbi�#BHBiB2b
BM `�/B�iBp2 ~QrbX h?2 +vHBM/`B+�H bvKK2i`v /Q2b K�F2 i?Bb
72�bB#H2 �M/- �b b?QrM BM b2p2`�H bim/B2b U6`vt2HH 2i �HX RNNRc
.r�`F�/�b � "�HB+F RNN3c E�M2 2i �HX kyyyV- T`Qi`m/BM;
}M;2`b �M/ bi`2�Fb �`2 T`2b2Mi 2p2M �i `2H�iBp2Hv HQr `2bQHm@
iBQMX AM/22/- � MmK#2` Q7 `2K�`F�#H2 Q#b2`p�iBQMb Q7 `�/B�H

U�V Vw = 80 kms−1

U#V Vw = 140 kms−1

U+V Vw = 200 kms−1

6B;m`2 RjX JR, Hk rBM/ BMi2`�+iBM; rBi? �M Hk �K#B2Mi K2/BmKX
*Q``2bTQM/BM; +`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 KQH2+mH�` 7`�+iBQM
T`Q/m+2/ #v 9XR Qmi~QrbX

bi`2�Fb +QmH/ #2 BMi2`T`2i2/ #v i?2 _�vH2B;?@h�vHQ` BMbi�@
#BHBiv �bbQ+B�i2/ rBi? � /2+2H2`�iBM; b?2HH UaKBi? kyRjc J�i@
bmm`� 2i �HX kyyNVX

h?2 _h ;`Qri? `�i2 BMiQ i?2 MQM@HBM2�` `2;BK2 Bb ;Bp2M
#v 1/tRT = √(gk) r?2`2 r2 �TT`QtBK�i2 i?2 /2+2H2`�iBQM �b
g ∼ U2/Rs �M/ i?2 r�p2MmK#2` k = 2πλ U"H�F2 RNdkVX h?Bb
vB2H/b � bm{+B2MiHv b?Q`i ;`Qri? iBK2 tRT = √(λ/(2πRs)) iQ
2Mbm`2 i?�i i?2 MQM@HBM2�` `2;BK2 rQmH/ #2 `2�+?2/X

hQ 2Hm+B/�i2 i?2 BMi2`7�+2 bi`m+im`2- r2 T`2b2Mi QM2@
/BK2MbBQM�H +mib i?`Qm;? i?2 bBKmH�iBQMb BM 6B;X ReX h?2

JL_�a yyy- RĜkk UkyR3V



Rk AX.X LQpBFQp � JX.X aKBi?

U�V Vw = 80 kms−1

U#V Vw = 140 kms−1

U+V Vw = 200 kms−1

6B;m`2 R9X Jk, Hk rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmKX
*Q``2bTQM/BM; +`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 KQH2+mH�` 7`�+iBQM
T`Q/m+2/ #v 9XR Qmi~QrbX

KQH2+mH�` i`�+2` BM i?2 HQr2` H27i T�M2Hb Bb BMbi`m+iBp2 �M/
BM/B+�i2b ?Qr 7`�;K2Mib Q7 T�`iB�HHv KQH2+mH�` +QMi2Mi #2@
+QK2 i`�TT2/ BM i?2 2pQHpBM; ~QrX AM 7�+i- BMbT2+iBQM Q7 i?2
KQpB2b 2 +Q``2bTQM/BM; iQ 6B;X Rd b?Qrb i?�i i?2 bT22/ Q7
i?2 �/p�M+BM; b?Q+F �i i?Bb HQ+�iBQM 7�HHb r?2M i?2 KQH2+mH�`
7`�;K2Mi Bb ;2M2`�i2/X h?2`2 Bb � +H2�` /vM�KB+�H BMbi�#BHBiv
BMpQHp2/X

q?BH2 i?2`K�H BMbi�#BHBiv K�v +QMi`B#mi2 iQ 2M?�M+2
i?2 ;`Qri? Q7 /2Mb2` +HmKTb- BM ;2M2`�H i?2`2 Bb HBiiH2 T`2b@
bm`2 2[mBHB#`BmK rBi?BM i?2 BMi2`7�+2 r?B+? Bb /QKBM�i2/ #v
+QKT`2bbBQMb- `�`27�+iBQMb �M/ bm#@?Q+Fb �b +QH/ /2Mb2 H�v@
2`b #2+QK2 i`�TT2/ rBi?BM r�`K `2;BQMbX JQ`2Qp2`- r2 /Q
MQi 2tT2+i i?2`K�H BMbi�#BHBiB2b �HQM2 iQ i`B;;2` bm+? bi`m+@
im`2 bBM+2 bm+? BMbi�#BHBiv ?�b #22M b?QrM iQ #2 +QM}M2/ iQ
� p2`v M�``Qr `�M;2 Q7 b?Q+F T�`�K2i2`b UaKBi? � _Qb2M
kyyjVX

� +H�bbB+�H b�riQQi? p2HQ+Biv T`Q}H2 /BbiBM;mBb?2b i?2
b?Q+F b�M/rB+?2b BM QM2@/BK2MbBQM�H bBKmH�iBQMb UamiiM2`
2i �HX RNNdVX h?2b2 �`2 BM/22/ T`Q/m+2/ #mi +�M QMHv #2 2�b@
BHv B/2MiB}2/ 2�`Hv QM BM i?2 bBKmH�iBQMbc i?2 b?Q+F bT22/
bQQM #2;BMb iQ Qb+BHH�i2 �M/ ;2M2`�i2 H�v2`b Q7 bi`QM;2`
KQH2+mH�` +QQHBM; r?B+? T`QT�;�i2 7`QK i?2 b?Q+F 7`QMi iQ@
r�`/ i?2 BMi2`7�+2X _2K�`F�#H2 /2MbBiv �M/ T`2bbm`2 p�`B@
�iBQMb �`2 i?2M bmbi�BM2/X h?Bb Bb T�`iB+mH�`Hv MQiB+2�#H2
BM i?2 KQH2+mH�` rBM/@�K#B2Mi bBKmH�iBQM, `�i?2` i?�M ?Qi
�iQKB+ ;�b BM~�iBM; � i?B+F BMi2`7�+2- i?2 KQH2+mH�` +�b2 `2@

2 ?iiT,ff�bi`QXF2MiX�+XmFf�BMjkfTTMX?iKH

U�V Vw = 80 kms−1

U#V Vw = 140 kms−1

U+V Vw = 200 kms−1

6B;m`2 R8X Jj, H rBM/ BMi2`�+iBM; rBi? �M Hk �K#B2Mi K2/BmKX
*Q``2bTQM/BM; +`Qbb@b2+iBQM�H /Bbi`B#miBQMb Q7 KQH2+mH�` 7`�+iBQM
T`Q/m+2/ #v 9XR Qmi~QrbX

bmHib BM bi`QM;2` HQ+�H T`2bbm`2 �M/ /2MbBiv p�`B�iBQMb r?B+?
�+i iQ K�BMi�BM �M BMi2`�+iBQM H�v2` �HKQbi irB+2 �b i?B+FX

6BM�HHv- r2 /2i2`KBM2 i?2 BMi2;`�i2/ KQH2+mH�` 7`�+iBQM
BM 6B;X R3 r?2`2 i?2 T�`iB+H2 MmK#2` 7`�+iBQM Bb T`2b2Mi2/X
�b i?2 b?Q+F BMi2`7�+2 br22Tb �+`Qbb i?2 ;`B/- i?2 rBM/ +QM@
i2Mib `2TH�+2b i?2 �K#B2Mi K2/BmK rBi? � bB;MB}+�Mi 7`�+@
iBQM Q7 i?2 KQH2+mH�` K2/BmK #2BM; /BbbQ+B�i2/X hQr�`/ i?2
2M/ Q7 i?2 JR UJqJ�V `mM- i?2 `�i2 �i r?B+? M2r KQH2+@
mH�` rBM/ 2Mi2`b i?2 ;`B/ Bb 7�bi2` i?�M i?2 /BbbQ+B�iBQM `�i2
�M/ i?2 /2+`2�b2 BM KQH2+mH2b Bb `2p2`b2/X h?Bb �M�HvbBb �HbQ
+H2�`Hv /2KQMbi`�i2b i?�i i?2 bmK Q7 7`�+iBQMb 7Q` JQ/2Hb
Jk UJq��V �M/ Jj U�qJ�V �i �Mv ;Bp2M iBK2 rBHH �T@
T`QtBK�i2Hv vB2H/ i?2 7`�+iBQM 7Q` KQ/2H JRX

9 1JAaaAPL J�Sa

h?2 bBKmH�i2/ BK�;2b �`2 /BbTH�v2/ QM �M BM7`�`2/ �``�v
/2bB;M2/ bQ i?�i �HH i?2 2KBbbBQM 7`QK i?2 bBKmH�i2/ j.
+vHBM/2` +�M #2 T`QD2+i2/ QM iQ i?2 b�K2 �``�v r?�i2p2` i?2
Q`B2Mi�iBQM iQ i?2 HBM2 Q7 bB;?iX h?mb- i?2 T`QD2+i2/ rBM/
Q`B;BM `2K�BMb }t2/X .m2 iQ i?2 �tB�H bvKK2i`v �M/ i?2
7Q`K�iBQM Q7 i?2 r�`K bi`2�Fb- i?2 2KBbbBQM i2M/b iQ 7Q`K
/Bb+`2i2 `BM;b BM T`QD2+iBQM r?B+? rQmH/ T`Q#�#Hv �TT2�` �b
BM/BpB/m�H #mHH2ib Q` ;HQ#mH2b BM 7mHH j. bBKmH�iBQMbX L2p2`@
i?2H2bb- Bi Bb BMbi`m+iBp2 iQ ;2M2`�i2 i?2b2 BK�;2b �M/ /2i2`@
KBM2 r?2`2 i?2 2KBbbBQM Bb HQ+�i2/ �M/ ?Qr 2t+Bi2/ i?2 ;�b
BbX

6B;m`2 RN /2KQMbi`�i2b i?2 >2 2KBbbBQM 7`QK � ~Qr

JL_�a yyy- RĜkk UkyR3V

http://astro.kent.ac.uk/~in32/ppn.html


LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX Rj

6B;m`2 ReX PM2@/BK2MbBQM�H THQib Q7 i?2 T?vbB+�H T�`�K2i2`b 7Q` �HH rBM/ KQ/2Hb �7i2` k-yyy v2�`b Q7 2pQHmiBQM Q7 � R9y FK b−1 rBM/X

6B;m`2 RdX PM2@/BK2MbBQM�H p2HQ+Biv THQib Q7 i?2 T?vbB+�H T�`�K2i2`b 7Q` �HH rBM/ KQ/2Hb �7i2` k-yyy v2�`b Q7 2pQHmiBQM Q7 � R9y FK b−1

rBM/X h?2 ?Q`BxQMi�H +mi Bb i�F2M �i kyy xQM2b �#Qp2 i?2 bvKK2i`v �tBb BM Q`/2` iQ �pQB/ QM@�tBb MmK2`B+�H /Bb+`2T�M+B2bX h?2 �tB�H
+QKTQM2Mi Q7 i?2 BMM2` T�`i Q7 i?2 rBM/ Bb i?mb BM+`2�bBM;X

BM i?2 bFv TH�M2X 1KBbbBQM Bb ;2M2`�i2/ �+`Qbb i?2 2MiB`2
+vHBM/2` �Hi?Qm;? i?2 ~mt /vM�KB+ `�M;2 Bb Qp2` R-yyyX

�i ey◦ iQ i?2 HBM2 Q7 bB;?i- 6B;X ky 7Q` i?2 1 → 0 S(1)
HBM2 �M/ 6B;X kR 7Q` i?2 2 → 1 S(1) HBM2- r2 BHHmbi`�i2 i?�i
i?2 bBKmH�i2/ 2KBbbBQM /Q2b b?Qr bQK2 bB;MB}+�Mi p�`B�iBQM
�+`Qbb i?2 i?`22 /BbTH�v2/ KQ/2HbX P7 MQi2 Bb i?�i i?2 7mHHv
KQH2+mH�` BMi2`�+iBQM �TT2�`b iQ b?Qr H2bb 2KBbbBQM 7`QK
i?2 ~�MFb �Hi?Qm;? i?2`2 Bb MQ bT�iB�H b?B7i Q7 2KBbbBQM +HQb2
iQ i?2 �T2tX h?2 +�mb2 7Q` i?2 HQr2` ~�MF 2KBbbBQM r?2M
7mHHv KQH2+mH�` +�M #2 /Bb+2`M2/ 7`QK i?2 >2 `�iBQ BK�;2 Q7

6B;X kk r?B+? BM/B+�i2b � bHB;?iHv ?B;?2` 2t+Bi�iBQM BM i?2 7�`
~�MFb r?2M �M �iQKB+ +QKTQM2Mi Bb T`2b2MiX

h?2 T2�F 2KBbbBQM Bb b2i #�+F 7`QK i?2 H2�/BM; 2/;2
BM � bBKBH�` r�v 7Q` �HH +�b2bX h?2 bm;;2biBQM Bb i?�i i?2
bQm`+2 ;2QK2i`v /2i2`KBM2b i?2 /Bbi`B#miBQM KQ`2 i?�M i?2
T�`iB+mH�` `2p2`b2 �M/ �/p�M+2/ b?Q+F +QM};m`�iBQMX

h�FBM; � bK�HH2` `�M;2 BM ~mt- �TT`QT`B�i2 7Q` KQbi Q#@
b2`p�iBQMb- Bi Bb �TT�`2Mi i?�i i?2 K�DQ`Biv Q7 i?2 KQH2+mH�`
~mt Bb HQ+�i2/ �i � #Qr@b?�T2/ b?Q+F 7QHHQr2/ #v +B`+mH�`
+vHBM/`B+�H b?2HHb �b BHHmbi`�i2/ BM 6B;X kjX Ai +�M #2 +QM@
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R9 AX.X LQpBFQp � JX.X aKBi?

U�V Vw = 80 kms−1X U#V Vw = 140 kms−1X U+V Vw = 200 kms−1X

U/V Vw = 80 kms−1X U2V Vw = 140 kms−1X U7V Vw = 200 kms−1X

6B;m`2 R3X h?2 2pQHmiBQM Q7 i?2 iQi�H KQH2+mH�` 7`�+iBQM BMi2;`�i2/ Qp2` i?2 ;`B/ �b T`Q/m+2/ #v � bT?2`B+�H rBM/ UmTT2` T�M2HbV �M/ �
9,R rBM/ UHQr2` T�M2HbV rBi? JR- Jk �M/ Jj Qmi~Qrb- �i i?2 i?`22 BM/B+�i2/ rBM/ bT22/b 7`QK H27i iQ `B;?iX

+Hm/2/ i?�i +QHHBK�i2/ TSL �`2 T`Q/m+2/ rBi? i?2 T`2b2Mi
b2i mT �M/ #mii2`~v@ivT2 #BTQH�` M2#mH�2 �`2 MQi ;2M2`�i2/X

Ai Bb BMi2`2biBM; iQ �HbQ /2i2`KBM2 i?2 ~mQ`2b+2Mi 2KBb@
bBQM i?�i rQmH/ `2bmHi 7`QK �M QTiB+�HHv i?BM ;�bX >2`2- BM
6B;X k9- r2 �bbmK2 �M 2KBbbBpBiv T`QTQ`iBQM�H iQ i?2 >2
/2MbBiv �M/ �M BMp2`b2 b[m�`2 H�r 7`QK � bi�` �i i?2 Q`B;BM
UR-eyy -yVX LQr- i?2 BK�;2b �`2 p2`v /Bz2`2Mi bBM+2 � KQH2+@
mH�` rBM/ ;2M2`�i2b bi`QM; 2KBbbBQM 7`QK i?2 /2Mb2` BMM2`
T�`ib Q7 i?2 rBM/ r?BH2 �M �iQKB+ rBM/ +`2�i2b � +�pBivX

� +QKKQM /B�;MQbiB+ 7Q` K2�bm`BM; i?2 2t+Bi�iBQM Bb
i?2 2 → 1/1 → 0 S(1) HBM2 `�iBQX PM2 +QmH/ 2tT2+i i?�i i?2
2t+Bi�iBQM rQmH/ BM+`2�b2 iQr�`/ i?2 �T2t Q7 i?2 2tT�M/@
BM; T`QH�i2 2HHBTbQB/- �b 7QmM/ 7Q` #Qr b?Q+Fb UaKBi? 2i �HX
kyyjVX >Qr2p2`- �b b?QrM BM 6B; kk 7Q` i?2 KQH2+mH�` `mM-
i?2 `�iBQ `2K�BMb #2ir22M yXR �M/ yXk- ivTB+�H Q7 KQ/2`@
�i2 b?Q+F 2t+Bi�iBQM 7`QK ;�b R-3yy E iQ k-eyy EX h?Bb bK�HH
`�M;2 Q++m`b /2bTBi2 i?2 rB/2 `�M;2 BM b?2HH bT22/b BM i?2
9,R bBKmH�iBQM �M/ +�M #2 �ii`B#mi2/ iQ i?2 7`�;K2Mi�iBQM
Q7 i?2 b?Q+F bm`7�+2 BMiQ � H�`;2 MmK#2` Q7 bi`2�Fb r?B+?
2M+QKT�bb r2�F Q#HB[m2 b?Q+Fb �i �HH HQ+�iBQMbX

h?2 ~mt p�Hm2b �M/ `�iBQb �`2 +QMbBbi2Mi rBi? � +QHHB@
bBQM�H 2t+Bi�iBQM b+2M�`BQX � 7`�+iBQM Q7 i?2 KQH2+mH2b �`2

�#`mTiHv /BbbQ+B�i2/ �7i2` i?2 b?Q+F 7`QMi- `�/B�iBp2 +QQHBM;
7QHHQrb �b ;�b HQb2b ?2�i #v `�/B�iBQM- 7Q`KBM; /2Mb2 �M/
+QQH TQbi@b?Q+F `2H�t�iBQM H�v2`b UaKBi? � _Qb2M kyyjVX
GBM2 K�T mMBib �`2 BM erg s−1 cm−2X h?2b2 `2bmHib +�M #2
+QKT�`2/ iQ K@#�M/ BMi2;`�H }2H/ bT2+i`Qb+QTv i?�i `2p2�Hb
#BTQH�` (> 150 km s−1) H2 Qmi~Qrb bm+? �b �bbQ+B�i2/ rBi?
A_�a 16342 − 3814 :H2/?BHH � 6Q`/2 UkyRkV �M/ :H2/?BHH �
6Q`/2 UkyR8VX

� KQH2+mH�` rBM/ +�M #2 /Bz2`2MiB�i2/ 7`QK � KQH2+@
mH�` 2MpB`QMK2MiX �i 2�`Hv 2pQHmiBQM iBK2b- i?2 �/p�M+BM;
b?Q+F Bb bi`QM;X hQ #2;BM rBi? JQ/2H Jj- � /2Mb2 rBM/
Tmb?2b 2�bBHv BMiQ i?2 HQr2` /2MbBiv �K#B2Mi K2/BmKX h?Bb
7�bi b?Q+F /BbbQ+B�i2b i?2 >2 BM i?2 �K#B2Mi K2/BmK- bQ
K�FBM; i?2 +�T /2}+B2Mi BM >2- AM +QMi`�bi- i?2 +�T rBHH #2
BMBiB�HHv #`B;?i BM KQ/2H JkX h?2 `2K�BMBM; ?Qi KQH2+mH�`
;�b ;2M2`�i2b p2`v ?B;? 2t+Bi�iBQM 2KBbbBQM BM Jj �M/ i?2 kĜ
RfRĜy `�iBQ 2t+22/b yX9 Qp2` KQbi Q7 i?2 +�TX AM +QMi`�bi- i?2
bi`QM; KQH2+mH�` rBM/ ;2M2`�i2b bi`QM;2` BM7`�`2/ 2KBbbBQM
BM JQ/2H Jk rBi? HQr2` 2t+Bi�iBQMX

�i H�i2` iBK2b- i?2 �/p�M+BM; KQH2+mH�` b?Q+F ?�b
bHQr2/ /QrM BM JQ/2H Jj- ;2M2`�iBM; � ivTB+�H H�`;2 #Qr
bi`m+im`2 BM r?B+? i?2 2t+Bi�iBQM /2+HBM2b iQr�`/b i?2 ~�MFbX

JL_�a yyy- RĜkk UkyR3V



LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX R8

U�V JR, 2�`Hv iBK2- dyy v`X U#V JR, H�i2 iBK2- k-jyy v`X

6B;m`2 RNX >2 HBM2 2KBbbBQM K�Tb 7Q` � KQH2+mH�` rBM/ BKT�+iBM;
� KQH2+mH�` K2/BmKX JQ/2H JR, rBi? � k,R Vw ∼ 140 km s−1

rBM/ BM i?2 TH�M2 Q7 i?2 bFv �i i?2 BM/B+�i2/ iBK2bX

PM i?2 Qi?2` ?�M/- i?Bb bHQr KQpBM; b?2HH #2+QK2b i?2 r�HH
7Q` bi`QM; 2KBbbBQM �M/ 2t+Bi�iBQM Q7 i?2 KQH2+mH�` rBM/ BM
JQ/2H JkX h?2 `2p2`b2 b?Q+F �TT2�`b iQ ;2M2`�i2 � KQ/2`@
�i2 2t+Bi�iBQM Q7 ∼ yXR Ĝ yXR8 Qp2` �HKQbi i?2 2MiB`2 b?2HHX

h?2 �#BHBiv iQ Q#b2`p2 TSL BM i?2 M2�`@BM7`�`2/ HBM2b Bb
�bb2bb2/ #v }M/BM; i?2 iQi�H TSL 2KBbbBQM BM i?2 irQ +QK@
KQMHv Q#b2`p2/ M2�`@BM7`�`2/ >2 HBM2b �b � 7mM+iBQM Q7 iBK2X
h?2b2 �`2 /BbTH�v2/ BM 6B;bX k8 �M/ ke 7Q` �HH i?`22 rBM/
bT22/b �M/ 7Q` bT?2`B+�H �M/ 9,R 2HHBTiB+�H rBM/bX S�`iB+mH�`Hv
?B;? HBM2 ~mt2b �`2 /2i2`KBM2/ 7Q` bT?2`B+�H rBM/b rBi? RĜ
y aURV HmKBMQbBiB2b �TT`Q�+?BM; QM2 bQH�` HmKBMQbBiv 7Q` i?2
BMi2`K2/B�i2 rBM/ bT22/ Q7 R9y FK b−1X �i i?Bb bT22/- KQbi
b?Q+F 2KBbbBQM Bb +?�MM2HH2/ BMiQ i?2 pB#`�iBQM�H HBM2bX AM
�//BiBQM- Bi b?QmH/ #2 MQi2/ i?�i i?2 BKTH2K2Mi�iBQM Q7 i?2
2HHBTiB+Biv BM i?2 p2HQ+Biv /Bbi`B#miBQM /Q2b bi`QM;Hv `2/m+2
i?2 2M2`;v ~mt �r�v 7`QK i?2 �tBb �M/ i?Bb 2tTH�BMb i?2 ;2M@
2`�H i`2M/ rBi? 2HHBTiB+BivX >Qr2p2`- i?2 2KBbbBQM Bb �HbQ ?B;?
7Q` 2HHBTiB+�H rBM/b #mi �i ?B;?2` �tB�H rBM/ bT22/b- r?B+?
K�v #2 2tT2+i2/ ;Bp2M i?2 /Bbi`B#miBQM Q7 BMi2`7�+2 bT22/b
2tT2+i2/ �+`Qbb i?2 2MiB`2 ~QrX

Pp2`�HH- >2 HBM2 ~mt2b `2K�BM ?B;? QM+2 2bi�#HBb?2/-
i?`Qm;?Qmi i?2 TSL rBM/ T?�b2X h?2 T2�F >2 HmKBMQbBiv
ivTB+�HHv Q++m`b �7i2` 8yy Ĝ R-yyy v2�`b r?B+? Bb 2M?�M+2/
r?2M � KQH2+mH�` rBM/ Bb BMpQHp2/ UJR � JkVX >Qr2p2`- i?2
~mt `2K�BMb ?B;? �M/ bHB;?iHv BM+`2�b2b BM i?2 +�b2b BMpQHpBM;
HQr2` bT22/ rBM/b- +Q``2bTQM/BM; iQ bQHB/ HBM2bX

h?2 Qp2`�HH 2t+Bi�iBQM Bb #2bi �M�Hvb2/ #v THQiiBM; i?2

U�V JR, H2 rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

U#V Jk, H2 rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmKX

U+V Jj, H rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

6B;m`2 kyX 1KBbbBQM �b � 7mM+iBQM Q7 rBM/@�K#B2Mi ivT2X aBKm@
H�i2/ >2 2KBbbBQM 7`QK i?2 1 → 0 S(1) HBM2 Q7 9,R 2HHBTiB+H rBM/b
�i 60◦ iQ i?2 TH�M2 Q7 i?2 bFv �M/ �tB�H bT22/ Q7 R9y FK b−1X h?2
Q`B;BM Q7 i?2 rBM/ Bb �i xQM2 UR-eyy-yVX

kĜRfRĜy `�iBQ �b b?QrM BM 6B;X kd 7Q` i?2 9,R rBM/bX h?2`2
Bb MQ bB;MB}+�Mi /2T2M/2M+2 QM KQ/2H ivT2 �7i2` i?2 BMB@
iB�H #H�bi, i?2 2t+Bi�iBQM Bb BM/2T2M/2Mi Q7 r?2i?2` �K#B2Mi
bi`2�Kb #2+QK2 i`�TT2/ �M/ +QKT`2bb2/ #v i?2 rBM/ Q` pB+2
p2`b�X >Qr2p2`- i?2`2 Bb � bB;MB}+�MiHv ?B;?2` pB#`�iBQM�H 2t@
+Bi�iBQM �bbQ+B�i2/ rBi? i?2 ?B;?2` bT22/ rBM/ U`B;?i T�M2HV-
� `2H�iBQMb?BT r?B+? ?QH/b 7Q` �HH 2HHBTiB+BiB2b bim/B2/X h?2 `�@
iBQ /2T2M/b QM #Qi? /2MbBiv �M/ i2KT2`�im`2 bBM+2 i?2 >2
rBHH MQi TQbb2bb Gh1 /Bbi`B#miBQMb �i i?2 TSL /2MbBiB2b #mi
i?2 `�M;2 /BbTH�v2/ #2ir22M yXy3 �M/ yXR9 +Q``2bTQM/b iQ
i2KT2`�im`2b Q7∼ R-dyy E Ĝ k-8yy EX

8 aS1*h_Pa*PSA* S_PS1_hA1a

q2 ?�p2 ;2M2`�i2/ SQbBiBQM@o2HQ+Biv /B�;`�Kb 7Q` i?2 >2
2KBbbBQM- �b /BbTH�v2/ BM 6B;bX k3 Ĝ kN 7Q` i?2 k,R +�b2X q2
�TTHv � :�mbbB�M bKQQi?BM; iQ #Qi? i?2 `�/B�H p2HQ+Biv �M/
TQbBiBQMX >Qr2p2`- MQ 2tTHB+Bi i?2`K�H .QTTH2` #`Q�/2MBM;
Bb BM+Hm/2/X �HH +QKTQbBiBQM KQ/2Hb �`2 b?QrM U7`QK H27i iQ
`B;?i �b BM/B+�i2/V �i i?`22 Q`B2Mi�iBQMb 7Q` i?2 k,R rBM/
bT22/ `�iBQX h?2 Q`B;BM Bb b2i iQ Uy-yV �M/ i?2 TQbBiBQM `�M;2
Bb b2i �miQK�iB+�HHv bQ i?�i i?2 2KBbbBQM `2K�BMb QM i?2
/B�;`�K ?Qr2p2` i?2 �tBb Bb Q`B2Mi�i2/X h?2 2KBbbBQM Bb BM@
i2;`�i2/ Qp2` i?2 i`�Mbp2`b2 /B`2+iBQM rBi?BM � HQM; bHBi TQ@
bBiBQM2/ �HQM; i?2 �tBb rBi? � rB/i? Q7 kyy TBt2HbX h?2 `�/B�H
p2HQ+Biv `2H�iBp2 iQ i?2 bi�` Bb #BMM2/ BM R FK b−1 BMi2`p�HbX

h?2 M�``Qr2bi HBM2b �`2 ;2M2`�i2/ BM JQ/2H j U`B;?i
T�M2HbV r?2`2 i?2 rBM/ Tmb?2b i?2 /BbiQ`i2/ b?Q+Fb BMiQ i?2

JL_�a yyy- RĜkk UkyR3V



Re AX.X LQpBFQp � JX.X aKBi?

U�V JR, H2 rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

U#V Jk, H2 rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmK

U+V Jj, H rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmK

6B;m`2 kRX 1KBbbBQM �b � 7mM+iBQM Q7 rBM/@�K#B2Mi ivT2X aBKm@
H�i2/ >2 2KBbbBQM 7`QK i?2 2 → 1 S(1) HBM2 Q7 9,R 2HHBTiB+H rBM/b
�i 60◦ iQ i?2 TH�M2 Q7 i?2 bFv �M/ �tB�H bT22/ Q7 R9y FK b−1X h?2
Q`B;BM Q7 i?2 rBM/ Bb �i xQM2 UR-eyy-yVX

KQH2+mH�` �K#B2Mi K2/BmKX aBM+2 BM i?Bb rQ`F i?2 �K#B2Mi
K2/BmK Bb bi�iBQM�`v- i?2 HBM2 rB/i? Bb HBKBi2/- 2tT2+i2/ iQ
#2 �TT`QtBK�i2Hv ;Bp2M #v irB+2 i?2 /BbbQ+B�iBQM bT22/ HBKBi
QM i?2Q`2iB+�H +QMbB/2`�iBQMb UaKBi? RNN9VX AM b?Q+Fb r?B+?
�`2 K�;M2iB+@}2H/ +mb?BQM2/ rBi? � HQr BQM 7`�+iBQM �HHQrBM;
�K#BTQH�` /BzmbBQM iQ /QKBM�i2 U*@ivT2V- Km+? M�``Qr2`
>2 HBM2b �`2 T`Q/m+2/X >2`2 r2 �`2 KQ/2HHBM; ?v/`Q/vM�KB+
DmKT b?Q+Fb BM r?B+? i?2 >2 2KBbbBQM rBHH K�BMHv Q++m` �7i2`
i?2 b?Q+F2/ KQH2+mH�` ;�b ?�b +QQH2/ #�+F /QrM iQ �#Qmi
k-yyy E �M/ �++2H2`�i2/ iQ � ?B;? 7`�+iBQM Q7 i?2 b?Q+F bT22/X
>2M+2- r2 }M/ HBM2b Q7 7mHH rB/i? 2t+22/BM; 3y FK b−1 BM
bQK2 HQ+�iBQMbX

h?2 #`Q�/2` HBM2b �`2 ;2M2`�i2/ 7`QK i?2 KQH2+mH�`
rBM/ KQ/2H- JkX Ai Bb +H2�` i?�i `�/B�H bT22/b +�M 2t+22/
Ryy FK b−1 r?2M i?2 bvKK2i`v �tBb Bb +HQb2 iQ i?2 HBM2 Q7
bB;?iX >Qr2p2`- /m`BM; i?2 bi�;2 /BbTH�v2/ r?2`2 i?2 TSL
?�b 2pQHp2/- i?2 2KBbbBQM rBHH biBHH #2 �bbQ+B�i2/ rBi? KQH2+@
mH�` ;�b i?�i ?�b #22M /2+2H2`�i2/ �M/ +QKT`2bb2/ rBi?BM
`�/B�iBp2Hv +QQHBM; xQM2bX h?2`27Q`2- i?2 So /B�;`�Kb- �b
r2HH �b i?2 HBM2 T`Q}H2b b?QrM BM 6B;X jR- i2M/ iQ /2b+`B#2
i?2 b?Q+F2/ H�v2` �b � r?QH2X

qBi? �M Q`B2Mi�iBQM +HQb2 iQ i?2 HBM2 Q7 bB;?i- i?2 #Hm2@
b?B7i2/ 2KBbbBQM /QKBM�i2bX h?2 2KBbbBQM Bb MQr rB/2` �M/
bi`QM;2` iQr�`/ i?2 2M/ Q7 i?2 HQ#2X h?Bb Bb �b 2tT2+i2/
2bT2+B�HHv 7`QK i?2 9,R rBM/ /BbTH�v2/ BM 6B;X jy bBM+2 i?2
>2 2t+Bi�iBQM Bb Km+? bi`QM;2` iQr�`/b i?2 7`QMi r?B+? Bb
/`Bp2M #v i?2 R9y FK b−1 rBM/ r?BH2 i?Bb Bb `2/m+2/ iQ Dmbi
j8 FK b−1 BM i?2 i`�Mbp2`b2 /B`2+iBQMX

U�V JR, H2 rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

U#V Jk, H2 rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmKX

U+V Jj, H rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

6B;m`2 kkX oB#`�iBQM�H 2t+Bi�iBQM �b � 7mM+iBQM Q7 rBM/@�K#B2Mi
ivT2X aBKmH�i2/ >2 `�iBQ K�TTBM; 7`QK i?2 2 → 1 S(1)/1 → 0 S(1)
HBM2 `�iBQ Q7 9,R 2HHBTiB+H rBM/b �i 60◦ iQ i?2 TH�M2 Q7 i?2 bFv �M/
�tB�H bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb �i xQM2
UR-eyy-yVX

Bi Bb �HbQ BMi2`2biBM; i?�i i?2 So /B�;`�Kb 7Q` i?2b2
2HHBTiB+�H rBM/b �`2 KQ`T?QHQ;B+�HHv /Bz2`2Mi 7`QK i?2 D2i@
/`Bp2M #Qrb BM r?B+? #Qi? � KQH2+mH�` D2i �M/ KQH2+mH�` �K@
#B2Mi K2/BmK +�M +QMi`B#mi2 UaKBi? 2i �HX kyR9VX q?2`2�b
D2i@/`Bp2M ~Qrb ;2M2`�i2 �M �TT�`2Mi �++2H2`�iBQM bB;M�im`2
i2`K2/ � >m##H2 H�r- i?2 2HHBTiB+�H rBM/b vB2H/ � KQ`2 +QM@
bi�Mi `�/B�H bT22/ r?B+? Bb biBHH ?B;? �i i?2 bQm`+2 HQ+�iBQMX
AKTQb2/ QM i?Bb rB/2 `B/;2 Bb �M a@ivT2 K2�M/2` BM i?2 So
T�ii2`M rBi? bm#bi�MiB�H `2/b?B7i2/ >2 �i 2.12 µm 2p2M r?2M
i?2 TSL �tBb Bb �i jy◦ iQ i?2 HBM2 Q7 bB;?iX

6BM�HHv- r2 +�M MQr �HbQ BMi2;`�i2 Qp2` i?2 2MiB`2 TSL
iQ Q#i�BM � bBM;H2 HBM2 T`Q}H2X 6B;X jR /BbTH�vb � +?�`�+i2`BbiB+
i`B�M;mH�` b?�T2 r?2M i?2 ~mt Bb 2tT`2bb2/ HQ;�`Bi?KB+�HHvX
PM+2 �;�BM- i?2 T`QT2`iB2b �TT2�` iQ #2 `2H�i2/ iQ i?2 ;2@
QK2i`v �M/ Q`B2Mi�iBQM `�i?2` i?�M i?2 JQ/2HX h?2 T`Q}H2
T2�F b?B7ib rBi? Q`B2Mi�iBQM #v ∼ j8 FK b−1 2p2M rBi? � rBM/
bT22/ 7Qm` iBK2b H�`;2`X GBM2 rB/i?b �`2 ∼ 8yĜey FK b−1 �i
RyW K�tBKmKX

e .Aa*laaAPL

h?2 T?�b2 bB;M�HH2/ #v T`QiQTH�M2i�`v M2#mH� #`B/;2b i?2
�:" �M/ TH�M2i�`v M2#mH� T?�b2bX S`2pBQmbHv 2D2+i2/ K�@
i2`B�H �M/ br2Ti mT �K#B2Mi ;�b �`2 bm#D2+i iQ i?2 BKT�+i Q7
� rBM/ r?B+? K�v ?�p2 � bT22/ Q7 ey Ĝ jyy FK b−1- ;2M2`@
�iBM; � b?2HH 2tT�M/BM; �i � bT22/ Q7 b2p2`�H i2Mb Q7 FK b−1X
q2 ?�p2 K�/2 �M �ii2KTi ?2`2 iQ bBKmH�i2 i?Bb T?�b2 BM
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LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX Rd

U�V JR, H2 rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

U#V Jk, H2 rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmKX

U+V Jj, H rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

6B;m`2 kjX 1KBbbBQM �b � 7mM+iBQM Q7 rBM/@�K#B2Mi ivT2X aBKm@
H�i2/ >2 2KBbbBQM Q7 bK�HH2` `�M;2 BM ~mt 7`QK i?2 1 → 0 S(1)
HBM2 Q7 9,R 2HHBTiB+H rBM/b �i 60◦ iQ i?2 TH�M2 Q7 i?2 bFv �M/ �tB�H
bT22/ Q7 R9y FK b−1X h?2 Q`B;BM Q7 i?2 rBM/ Bb �i xQM2 UR-eyy-yVX

r?B+? KQH2+mH�` b?Q+F T?vbB+b K�v /QKBM�i2 �M/ i?2 Q#@
b2`p2/ 2KBbbBQM Bb b?Q+F@BM/m+2/X

aT2+B}+�HHv- i?2 BM+HmbBQM Q7 KQH2+mH�` +?2KBbi`v �M/
+QQHBM; Bb pBi�H 7Q` +Q``2+i mM/2`bi�M/BM; #2+�mb2 Q7 i?2
bi`QM; +QQHBM; �M/ +QKT`2bbBQM rBi?BM i?2 b?Q+F H�v2`b
r?B+?- `�i?2` i?�M ;2M2`�iBM; � i?BM b?2HH- /BbiQ`ib �M/ 7`�;@
K2Mib BMiQ KQH2+mH�` bi`2�Kb �M/ }M;2`bX h?2b2 }M;2`b T`Q@
i`m/2 7`QK i?2 KQH2+mH�` K2/BmK �+`Qbb i?2 BMi2`7�+2X h?mb-
+H�bbB+�H +QK2i�`v ;HQ#mH2b r?B+? �`2 2tTQb2/ iQ i?2 rBM/
�M/ `Qm;?Hv 7�+2 i?2 +2Mi`�H bi�` Q` rBM/@;2M2`�i2/ #mHH2ib
�/p�M+BM; �?2�/ Q7 i?2 BMi2`7�+2 +�M `2bmHiX q2 }M/ i?�i i?2
/B`2+iBQM Q7 i?2b2 bi`2�Kb �`2 MQi +QMbi`�BM2/ iQ HB2 QM i?2
`�/B�H HBM2 iQ i?2 +2Mi`�H bi�` #mi �TT2�` iQ /Bp2`i �++Q`/BM;
iQ i?2 HQ+�H +QM/BiBQMbX

JQH2+mH2 /BbbQ+B�iBQM Bb �HbQ bB;MB}+�MiX Pp2`�HH- r2
MQi2 i?�i BM i?2 2�`Hv bi�;2b Q7 rBM/ 2tT�MbBQM- i?2
KQH2+mH2b BM i?2 �K#B2Mi K2/BmK �`2 /2bi`Qv2/ /m2 iQ �
bi`QM; 7Q`r�`/ b?Q+FX 6Q` i?2 H�i2` bi�;2b �b i?2 TSL `�@
/Bmb 2tT�M/b- i?2 bBim�iBQM #2+QK2b `2p2`b2/ �M/ Bi Bb i?2
KQH2+mH2b BM i?2 rBM/ i?�i ;2i /BbbQ+B�i2/X h?Bb b?Q+F bi`m+@
im`2 Bb iBK2 /2T2M/2Mi �M/ H2�/b iQ � p�`B2iv Q7 2KBbbBQM
bi�;2b i?�i +�M #2 7QHHQr2/ rBi? 2KBbbBQM K�Tb ;2M2`�i2/
#v KQH2+mH�` +QQHBM; `QmiBM2bX

SH�M2i�`v M2#mH� r?B+? �`2 2HHBTiB+�H +QmH/ #2 72�bB#Hv
;2M2`�i2/ i?`Qm;? � p�`B2iv Q7 K2+?�MBbKbX �b bmKK�`Bb2/
#v >m�`i2@1bTBMQb� 2i �HX UkyRkV- i?2b2 BM+Hm/2 URV �M 2�`Hv
D2i T?�b2 7QHHQr2/ #v � bT?2`B+�H rBM/- UkV � rBM/ i?�i Bb
b?Q+F@7Q+mbb2/ Q` Qi?2`rBb2 `2/B`2+i2/ #v �M 2�`Hv �:"

U�V JR, H2 rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

U#V Jk, H2 rBM/ BMi2`�+iBM; rBi? �M H �K#B2Mi K2/BmKX

U+V Jj, H rBM/ BMi2`�+iBM; rBi? �M H2 �K#B2Mi K2/BmKX

6B;m`2 k9X � TQbbB#H2 K2�bm`2 Q7 >2 ~mQ`2b+2M+2- /BbTH�v2/ ?2`2
Bb i?2 /Bbi`B#miBQM Q7 ρU>2Vfr2 r?2`2 r Bb i?2 /Bbi�M+2 7`QK i?2
rBM/ Q`B;BM U�bbmK2/ iQ #2 i?2 lo `�/B�iBQM bQm`+2 7Q` i?2 ~mQ@
`2b+2M+2V K2�bm`2/ BM �`#Bi`�`v mMBibX

2[m�iQ`B�H rBM/ Q` b?2HH �M/ UjV �M 2�`Hv bT?2`B+�H �:"
2Mp2HQT2 Q` rBM/ rBi? � bm#b2[m2Mi +QHHBK�iBQM �tB�H ~QrX
>2`2- r2 bBKTHv �bbmK2 �M 2HHBTiB+�H p2HQ+Biv /Bbi`B#miBQM-
� ?v#`B/ D2i@rBM/ K2+?�MBbKX h?2 `2bmHiBM; KQH2+mH�` bBK@
mH�iBQMb T`QpB/2 � b2i Q7 i2KTH�i2b �;�BMbi r?B+? r2 +�M
i2bi +QKTH2t 2pQHmiBQM�`v b+2M�`BQb r?B+? K�v #2 `2H2p�Mi
iQ T`QiQbi2HH�` Qmi~Qrb �b r2HH �b TSLX

h?2b2 rBM/ BMi2`�+iBQMb TQbb2bb bQK2 `2b2K#H�M+2 BM
i?2B` b2i mT iQ i?Qb2 Q++m``BM; BM /Bp2`;BM; D2i Q` +QMB+�H
�iQKB+ Qmi~Qr UG22 � a�?�B kyyjV r?B+? H2�/ iQ #Qr@b?Q+F
/QKBM�i2/ ~Qrb- �M/ iQ +QHHBK�i2/ KQH2+mH�` rBM/b UG22
2i �HX kyyNVmbBM; i?2 b�K2 KQH2+mH�` T?vbB+b �b BM i?2 Q`B;B@
M�H p2`bBQM Q7 i?2 T`2b2Mi w1la +Q/2 UamiiM2` 2i �HX RNNdVX
>Qr2p2`- i?2 Qmi+QK2b �`2 p2`v /Bz2`2Mi bBM+2 i?2 D2i BM@
i2`7�+2 Bb i?2M i�M;2MiB�H iQ i?2 ~Qr �M/ 2tTQb2/ iQ i?2
�K#B2Mi K2/BmKX >2M+2- i?2 `�iBQ Q7 i?2 �K#B2Mi i?2`K�H
T`2bbm`2 iQ i?2 rBM/ T`2bbm`2 #2+QK2b Q7 +`m+B�H BKTQ`i�M+2
iQ i?2 rBM/fD2i 2tT�MbBQMX

h?2 +QKT�`BbQM iQ Q#b2`p�iBQMb Kmbi i�F2 BMiQ �++QmMi
i?2 HBKBi�iBQMb BKTQb2/ QM i?2 bBKmH�i2/ T?vbB+b �M/ /v@
M�KB+b BM Q`/2` iQ BM+Q`TQ`�i2 i?2 +?2KBbi`v rBi? KQ/2`@
�i2 �++m`�+vX 6B`biHv- r2 �bbmK2 +vHBM/`B+�H bvKK2i`v r?B+?
BM~m2M+2b ?Qr T2`im`#�iBQMb ;`Qr 7`QK �M BMM2` bT?2`B+�H
bm`7�+2 �M/ ?Qr Q#b2`p�iBQMb Q7 i?2 }M;2`b �TT2�` BM T`Q@
D2+iBQMX AM �//BiBQM- K�;M2iQ?v/`Q/vM�KB+b rQmH/ HBKBi i?2
+QKT`2bbBQM- #mi TQbbB#Hv BMi`Q/m+2 �K#BTQH�` /BzmbBQM 27@
72+ib #27Q`2 BQMBb�iBQM H2p2Hb �`2 `�Bb2/ bm{+B2MiHv #v i?2
2K2`;BM; r?Bi2 /r�`7X 6BM�HHv- r2 ?�p2 i�F2M i?2 2MpB`QM@
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R3 AX.X LQpBFQp � JX.X aKBi?

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X U+V Jj, H rBM/ BMiQ H2 �K#X

6B;m`2 k8X h?2 2pQHmiBQM Q7 i?2 BMi2;`�i2/ 2KBbbBQM BM i?2 BM/B+�i2/ E@#�M/ pB#`�iBQM�H i`�MbBiBQMb T`Q/m+2/ #v R,R JR- Jk �M/ Jj
Qmi~Qrb 7Q` i?2 i?`22 �tB�H rBM/ p2HQ+BiB2bX

U�V JR, H2 rBM/ BMiQ H2 �K#X U#V Jk, H2 rBM/ BMiQ H �K#X U+V Jj, H rBM/ BMiQ H2 �K#X

6B;m`2 keX h?2 2pQHmiBQM Q7 i?2 BMi2;`�i2/ 2KBbbBQM BM i?2 BM/B+�i2/ E@#�M/ pB#`�iBQM�H i`�MbBiBQMb T`Q/m+2/ #v 9,R JR- Jk �M/ Jj
Qmi~Qrb 7Q` i?2 i?`22 �tB�H rBM/ p2HQ+BiB2bX

K2Mi iQ #2 mMB7Q`K �M/ ?QKQ;2M2Qmb BM i?Bb }`bi rQ`FX am+?
�M �bbmKTiBQM rQmH/ �TT2�` iQ 2HBKBM�i2 i?2 TQbbB#BHBiv Q7
;2M2`�iBM; #BTQH�` M2#mH� UrBi? � +QMbi`B+i2/ Q` ?Qm`@;H�bb
bi`m+im`2V- �Hi?Qm;? i?Bb r�b � T`BQ`B MQi M2+2bb�`BHv i?2
+�b2- ;Bp2M i?�i � /2~2+i2/ rBM/ +QmH/- BM i?2Q`v- ;2M2`�i2
+�M/H2@~�K2 b?�T2b- B7 i?2 rBM/ ~Qr r2`2 /2~2+i2/ #v �
ǵKB/@TH�M2Ƕ Q#HB[m2 b?Q+F �b b?QrM #v UaKBi? RN3eVX

JQH2+mH�` ?v/`Q;2M 2KBbbBQM Bb �bbQ+B�i2/ rBi? #Qi?
#BTQH�` �M/ 2HHBTiB+�H M2#mH� UJ�`[m2x@Gm;Q 2i �HX kyRjV
r?B+? K�v r2HH 7QHHQr 2MiB`2Hv /BbiBM+i 2pQHmiBQMbX h?2`2
Bb BM/22/ ;�i?2`BM; 2pB/2M+2 i?�i i?2 SL T?2MQK2MQM Bb
?2i2`Q;2M2Qmbc SL �`2 7Q`K2/ 7`QK KmHiBTH2 2pQHmiBQM�`v
b+2M�`BQb U6`2r � S�`F2` kyRyVX h?2 2D2+iBQM KQ/2Hb K�v
r2HH /2T2M/ QM i?2 T`Q;2MBiQ` K�bb- #BM�`Biv �M/ /2i�BH2/
bi2HH�` T?vbB+bX

*QHHBbBQM b?Q+F r�p2b �`2 i?2 /QKBM�Mi bQm`+2 Q7 2M2`;v
7Q` i?2 >2 2t+Bi�iBQM BM i?2 H2�bi 2pQHp2/ TSL U.�pBb 2i �HX
kyyjVX 6HmQ`2b+2M+2- QM i?2 Qi?2` ?�M/- #2+QK2b KQ`2 BK@
TQ`i�Mi �i BMi2`K2/B�i2 2pQHmiBQM�`v bi�;2b UBX2X BM ǵvQmM;Ƕ

SL r?2M i?2 lo 7`QK i?2 2tTQbm`2 iQ i?2 ?Qi +2Mi`�H bi�`
}`bi #2+QK2b bi`QM;V- T�`iB+mH�`Hv BM i?2 BMM2` +Q`2 `2;BQMb
�M/ �HQM; i?2 BMM2` 2/;2b Q7 i?2 2tT�M/BM; TQbi@�bvKTiQiB+
;B�Mi #`�M+? 2Mp2HQT2X h?Bb Bb +QMbBbi2Mi rBi? i?2 }M/BM;
i?�i- /m`BM; i?2 /2p2HQT2/ SL bi�;2b- KQH2+mH�` ?v/`Q;2M
`2K�BMb bi`QM;Hv �bbQ+B�i2/ rBi? #BTQH�` M2#mH� `�i?2` i?�M
2HHBTiB+�H M2#mH� U>Q`� 2i �HX RNNNVX

h?2 /Bbi`B#miBQM Q7 >2 2KBbbBQM BM TSL bm;;2bib i?�i �
7�bi rBM/ Bb BKTBM;BM; QM K�i2`B�H BM i?2 +�pBiv r�HHb �M/
iBTb U:H2/?BHH 2i �HX kyRRVX 1t�KTH2b Q7 T`QH�i2 2HHBTbQB/�H
M2#mH� �`2 7QmM/ XU>`BpM�F 2i �HX kyy3V 2p2M i?Qm;? i?2
#BTQH�` SL �`2 T�`iB+mH�`Hv �bbQ+B�i2/ rBi? >2- TQbbB#Hv #2@
+�mb2 Q7 � T`2pBQmbHv 2D2+i2/ bHQr KQH2+mH�` rBM/ i?�i TQb@
b2bb2b �M Q#H�i2 2HHBTbQB/�H bi`m+im`2X

h?2 bBKmH�iBQMb ?2`2 T`Q/m+2 KQ`T?QHQ;B+�H bi`m+im`2b
bBKBH�` iQ +QK2i�`v FMQib 7QmM/ BM ?B;? `2bQHmiBQM BK�;2b
Q7 Q#D2+ib bm+? �b i?2 >2HBt M2#mH� U�H2K�M 2i �HX kyRRVX
h?2 /2MbBiv Q7 i?2 FMQib T`2b2Mi BM Tm`2 KQH2+mH�` KQ/2H
JR Bb 7QmM/ iQ #2 bB;MB}+�MiHv /2Mb2` ∼ 106 +QKT�`2/ iQ

JL_�a yyy- RĜkk UkyR3V



LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX RN

U�V Vw = 80 kms−1X U#V Vw = 140 kms−1X U+V Vw = 200 kms−1X

6B;m`2 kdX h?2 `�iBQ Q7 i?2 2KBbbBQMb 7`QK pB#`�iBQM i`�MbBiBQMb Q`B;BM�iBM; 7`QK i?2 b2+QM/ �M/ }`bi H2p2Hb T`Q/m+2/ #v 9,R JR- Jk �M/
Jj Qmi~Qrb �i 3y FK b−1 UH27iV- R9y FK b−1 UKB//H2V �M/ kyy FK b−1 U`B;?i rBM/ p2HQ+BiB2bX

U�V JR, UJqJ�VX U#V Jk, UJq��VX U+V Jj, U�qJ�VX

6B;m`2 k3X SQbBiBQM@o2HQ+Biv /B�;`�Kb 7Q` i?2 >2 RĜy aURV 2KBbbBQM 7`QK i?2 k,R 2HHBTiB+�H rBM/ rBi? i?2 HQM; �tBb BM i?2 TH�M2 Q7 i?2 bFv
α = 0◦ �i � H�i2 bi�;2 Q7 R9y FK b−1 rBM/ 2tT�MbBQMX h?2 i?`22 +QKTQbBiBQM KQ/2Hb �`2 �b BM/B+�i2/X

bm``QmM/BM; �K#B2Mi �M/ rBM/ K2/B�X EMQib �M/ }H�K2M@
i�`v +QM/2Mb�iBQMb �`2 72�im`2/ BM Hα �M/ 1 → 0 S(1) H2
BK�;2b- K�`FBM; i?2 i`�MbBiBQM `2;BQM #2ir22M r�`K BQMBb2/
�M/ M2mi`�H HX

EMQib ?�p2 �HbQ #22M /2i2+i2/ BM >2 2KBbbBQM 7`QK HQr@
BQMBx�iBQM bi`m+im`2b BM irQ TH�M2i�`v M2#mH� U�F`�b 2i �HX
kyRdVX h?2 >2 k@RfR@y aURV HBM2 `�iBQ `�M;2b 7`QK ðyXR iQ
yXR9- bm;;2biBM; i?2 T`2b2M+2 Q7 b?Q+F BMi2`�+iBQMb- +QMbBb@
i2Mi rBi? i?2 T`2/B+iBQMb ?2`2 Qp2` rB/2 `2;BQMb Q7 TSLX
h?2 bi`QM;2bi HBM2- RĜy aURV- r�b �HbQ /2i2+i2/ BM b2p2`�H

HQr@BQMBx�iBQM FMQib HQ+�i2/ �i i?2 T2`BT?2`v Q7 i?2 2HHBTiB+�H
TH�M2i�`v M2#mH� L:* deekX PMHv 7Qm` FMQib Q7 i?2b2 2t?B#Bi
/2i2+i�#H2 kĜR aURV �M/ i?2`27Q`2 TQbb2bb ?B;? >2 2t+Bi�iBQM
rBi? HBM2 `�iBQb #2ir22M yXj �M/ yX8X Ai r�b bm;;2bi2/ i?�i
i?2 2KBbbBQM Bb BM/m+2/ #v BQMBxBM; mHi`�pBQH2i 7`QK i?2 +2M@
i`�H bi�` �Hi?Qm;? r2 ?�p2 7QmM/ ?2`2 i?�i BbQH�i2/ ?Qi@b?Q+F
xQM2b +�M TQbb2bb bBKBH�` p�Hm2b �i 2�`Hv bi�;2bX AM T�`iB+m@
H�`- JQ/2H Jj rBi? �M �K#B2Mi KQH2+mH�` K2/BmK +QMi�BMb
`2;BQMb Q7 p2`v ?B;? 2t+Bi�iBQM 2p2M �i � H�i2` 2pQHmiBQM�`v
bi�;2X
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ky AX.X LQpBFQp � JX.X aKBi?

6B;m`2 kNX SQbBiBQM@o2HQ+Biv /B�;`�Kb 7Q` i?2 >2 RĜy aURV 2KBb@
bBQM 7`QK i?2 k,R 2HHBTiB+�H rBM/ rBi? i?2 HQM; �tBb α = 30◦ �M/
α = 60◦ Qmi Q7 i?2 TH�M2 Q7 i?2 bFv- �i � H�i2 bi�;2 Q7 R9y FK b−1

rBM/ 2tT�MbBQMX h?2 JR KQ/2H 7Q` � KQH2+mH�` rBM/ �M/ �K#B2Mi
K2/BmK Bb /BbTH�v2/X

6B;m`2 jyX SQbBiBQM@o2HQ+Biv /B�;`�Kb 7Q` i?2 >2 RĜy aURV 2KBb@
bBQM 7`QK i?2 9,R 2HHBTiB+�H R9y FK b−1 rBM/ rBi? i?2 HQM; �tBb �i
α = 30◦ UH27i T�M2HV �M/ α = 60◦ U`B;?i T�M2HV Qmi Q7 i?2 TH�M2 Q7
i?2 bFvX JQ/2H Jj rBi? � KQH2+mH�` rBM/ Bb i�F2M �b i?2 2t�KTH2
?2`2X

SQbBiBQM@p2HQ+Biv /B�;`�Kb �`2 #2BM; BM+`2�bBM;Hv 2t@
i`�+i2/ 7`QK HQM;@bHBi �M/ BMi2;`�H@}2H/ bT2+i`Qb+QTvX � /Bb@
iBM+i 2HHBTiB+�H KQ`T?QHQ;v r�b 7QmM/ BM A_�a Re8N9@9e8e
U>`BpM�F 2i �HX kyy3VX � +QKT�`BbQM rBi? i?2 So /B�;`�Kb
;2M2`�i2/ ?2`2 BM/B+�i2b �M �tBb p2`v +HQb2 iQ i?2 TH�M2 Q7
i?2 bFvX >Qr2p2`- i?2 T`2/B+i2/ bi`QM; BM+`2�b2 Q7 #`B;?i@
M2bb �i i?2 H2�/BM; 2/;2 Bb MQi /2i2+i2/X q?BH2 i?2 ;2M2`�H
2tT�M/BM;@b?2HH bi`m+im`2b �`2 p2`v bBKBH�` iQ i?2 So /B�@
;`�Kb ;2M2`�i2/ ?2`2- i?2 Q#b2`p2/ p2HQ+Biv rB/i? Bb QMHv ∼
ky FK b−1- �#Qmi ?�H7 i?�i T`2/B+i2/ BM 6B;X k3X

SQbBiBQM@p2HQ+Biv /B�;`�Kb 7Q` >2M j@9yR /BbTH�v irQ
+QMp2`;BM; �`+b rBi? i?2 `�/B�H p2HQ+Biv BM+`2�bBM; mMB7Q`KHv

rBi? �tB�H /Bbi�M+2 U>`BpM�F 2i �HX kyy3VX am+? � bi`m+im`2
Bb 7QmM/ ?2`2 �i jy◦ Qmi Q7 i?2 bFv TH�M2 �b b?QrM #v 6B;X kN
B7 QM2 �bbmK2b i?2 `2/b?B7i2/ HQ#2 ?�b TQBMi@bvKK2i`v rBi?
i?2 /BbTH�v2/ #Hm2@b?B7i2/ QM2X �;�BM- ?Qr2p2`- Qm` KQ/2Hb
T`2/B+i � T`QKBM2Mi `2;BQM Q7 ?B;? ~mt �i i?2 H2�/BM; 2/;2
Q7 i?2 7�bi ~Qr �HQM; i?2 �tBb- r?B+? Bb MQi Q#b2`p2/X

SQbBiBQM@p2HQ+Biv /B�;`�Kb r2`2 T`2b2Mi2/ 7`QK HQM;@
bHBi bT2+i`Qb+QTv �HQM; i?2 +2Mi`�H �tBb Q7 i?2 SL JkĜN #v
aKBi? 2i �HX Ukyy8VX h?2b2 /BbTH�v irQ +QKTQM2Mib r?B+?
+Q``2bTQM/ iQ i?2 M2�` �M/ 7�` bB/2b Q7 i?2 2tT�M/BM; 2H@
HBTiB+�H bi`m+im`2X >Qr2p2`- r2 +�MMQi /BbiBM;mBb? #2ir22M
KQ/2Hb T`2b2Mi2/ ?2`2 bBM+2 i?2 2KBbbBQM Bb b?2HH@/QKBM�i2/
BM �HH i?`22 +�b2bX

d *PL*GlaAPLa

q2 ?�p2 BMp2biB;�i2/ i?2 +QMb2[m2M+2b Q7 BMi`Q/m+BM; � bm@
T2`bQMB+ rBM/ rBi? � T`QH�i2 2HHBTbQB/�H p2HQ+Biv /Bbi`B#m@
iBQM BMiQ � mMB7Q`K +B`+mKbi2HH�` 2MpB`QMK2MiX q2 +QMbB/2`
�HH +QK#BM�iBQMb Q7 7mHHv KQH2+mH�` �M/ 7mHHv �iQKB+ rBM/
�M/ �K#B2Mi K2/B�X *QM/BiBQMb K�v #2 `2H2p�Mi iQ i?�i Q7
TSLX 1�`Hv BM i?2 `mMb- i?2 7Q`r�`/ b?Q+F Bb /QKBM�Mi �M/
KQH2+mH2b BM i?2 �K#B2Mi K2/BmK �`2 T�`iHv /BbbQ+B�i2/X �b
i?2 rBM/ bHQrb /QrM �b Bi 2tT�M/b- i?2 #�+Fr�`/ b?Q+F #2@
;BMb iQ /QKBM�i2 �M/ KQH2+mH2b BM i?2 rBM/ �`2 /BbbQ+B�i2/X

q2 7QmM/ i?�i �M 2HHBTbQB/�H b?2HH BMi2`7�+2 7Q`Kb #mi
7`�;K2Mib BMiQ }M;2`@HBF2 T`Qi`mbBQMb r?B+? TQF2 7`QK i?2
KQH2+mH�` K2/BmK BMiQ i?2 �iQKB+ K2/BmKX q?2M #Qi? K2@
/B� �`2 �iQKB+- i?2 }M;2`b �`2 MQi �TT�`2MiX AMbi2�/- i?2
�iQKB+ b?2HH i?B+F2Mb BMiQ � im`#mH2Mi +`mbiX

hQ +`2�i2 HBMFb iQ Q#b2`p�iBQMb- r2 T`Q/m+2/ H2 2KBb@
bBQM K�Tb 7Q` i?2 1 → 0 S(1) HBM2X "v 2KTHQvBM; k@. �t@
BbvKK2i`B+ rBM/b- r2 ;�BM BM �++m`�+v �M/ `2bQHmiBQM Q7 i?2
i2KT2`�im`2 �M/ KQH2+mH�` 7`�+iBQMX h?Bb- ?Qr2p2`- K2�Mb
i?�i i?2 bBKmH�i2/ bi`m+im`2b �`2 HBKBi2/ iQ `BM;@HBF2 7Q`K�@
iBQMbX :�mbbB�M bKQQi?BM; Bb �TTHB2/ iQ 7�+BHBi�i2 � +QKT�`@
BbQM iQ i?2 Q#b2`p�iBQMb /�i� rBi? � bi�M/�`/ /2pB�iBQM Q7
σ = 20 xQM2b- �M/ ~mt bT`2�/ Qp2` 4σ BM Q`/2` iQ `2/m+2 i?2
+�H+mH�iBQM iBK2 7Q` i?2 +QMpQHmiBQMX

6m`i?2` bT2+i`Qb+QTB+ bim/B2b UTQbBiBQM@p2HQ+Biv /B�@
;`�KbV 2M�#H2 mb iQ /BbiBM;mBb? #2ir22M i?2 ;2QK2i`v �M/
Q`B2Mi�iBQMX q2 mM+Qp2` 2HHBTiB+�H �M/ >m##H2@HBF2 So /B�@
;`�Kb 7`QK i?2 b�K2 bBKmH�iBQM rBi? /Bz2`BM; Q`B2Mi�iBQMbX
>Qr2p2`- p2HQ+Biv rB/i?b �`2 `Qm;?Hv /Qm#H2 r?�i Bb +m`@
`2MiHv Q#b2`p2/X h?Bb bm;;2bib i?�i Q#b2`p2/ TSL �`2 �H@
`2�/v [mBi2 2pQHp2/ �M/ i?2 �/p�M+BM; b?Q+F ?�b 7m`i?2`
/2+2H2`�i2/X �Hi2`M�iBp2Hv- K�;M2iQ?v/`Q/vM�KB+ *@b?Q+F
T?vbB+b b?QmH/ #2 +QMbB/2`2/X h?2 >2 2KBbbBQM 7`QK *@
b?Q+Fb Bb T`Q/m+2/ r2HH #27Q`2 i?2 ;�b Bb b?Q+F@�++2H2`�i2/-
�b QTTQb2/ iQ i?2 C@b?Q+Fb +QMbB/2`2/ ?2`2 r?2`2 i?2 DmKT
Q++m`b #27Q`2 i?2 2KBbbBQMX h?2 `2bmHi rQmH/ #2 HQr2` p2HQ+@
Biv rB/i?b �M/ M�``Qr2` HBM2 T`Q}H2b B7 i?2 K�BM bQm`+2 Q7
2KBbbBQM Q`B;BM�i2b 7`QK � bHQr@KQpBM; �K#B2Mi K2/BmKX

h?2 KQ/2H b2i mT ?2`2 ;2M2`�i2b HQ#2@ivT2 M2#mH� rBi?
� H2�/BM; #Qr@b?�T2/ `2;BQMX q2 ?�p2 �HbQ BM/B+�i2/- ?Qr@
2p2`- i?�i ~mQ`2b+2Mi >2 /Bbi`B#miBQMb rQmH/ /2KQMbi`�i2 �
+H�bbB+�H #BTQH�` +QM};m`�iBQM rBi? �`+b bi2KKBM; 7`QK i?2
2[m�iQ`B�H TH�M2X

h?2`2 �`2 bQK2 bB;MB}+�Mi /Bz2`2M+2b BM i`2M/b #2@
ir22M i?2 KQ/2HbX 6Q` 7mHHv KQH2+mH�` JQ/2H R UJqJ�V-
#Qi? b?Q+Fb +QMi`B#mi2 iQ i?2 iQi�H 2KBbbBQM T`Q/m+2/ r?B+?

JL_�a yyy- RĜkk UkyR3V



LmK2`B+�H bBKmH�iBQMb Q7 rBM/@/`Bp2M T`QiQTH�M2i�`v M2#mH�2X AX M2�`@BM7`�`2/ 2KBbbBQMX kR

U�V α = 0◦X U#V α = 30◦X U+V α = 60◦X

6B;m`2 jRX GBM2 T`Q}H2b Q7 i?2 2MiB`2 TSL BM >2 RĜy aURV 2KBbbBQM 7`QK k,R 2HHBTiB+�H Vw = 140 kms−1 rBM/ rBi? i?2 bvKK2i`v �tBb �i
0, 30 & 60◦ iQ i?2 TH�M2 Q7 i?2 bFvX

i?2`27Q`2 ?QH/b [mBi2 +QMbi�MiX h?2 BM+`2�bBM; `2p2`b2 b?Q+F
bi`2M;i? H2�/b iQ /BbbQ+B�iBQM �M/ `�Bb2b i?2 Qp2`�HH HBM2
`�iBQ- r?2`2�b i?2 rBM/bǶ 2HHBTiB+Biv HQr2`b i?2 1 → 0 S(1)
�M/ 2 → 1 S(1) HBM2b �M/ `�Bb2b i?2 Qp2`�HH HBM2 `�iBQ BM i?2
HQr4bT22/ ~Qrb- #mi i?2 H2 2t+Bi�iBQM `2K�BMb +QMbi�Mi BM
i?2 ?B;?@bT22/ 2HHBTiB+�H rBM/ bBM+2 i?2 K�DQ` HQ+�iBQM Q7
pB#�iBQM�HHv@2t+Bi2/ ;�b ;`�/m�HHv KQp2b �+`Qbb i?2 bm`7�+2
rBi? iBK2X

JQ/2H k UJq��V rBi? i?2 KQH2+mH�` rBM/ /BbTH�vb
KQ`2 iBK2@/2T2M/2Mi 2KBbbBQMX Q#i�BMBM; HQr2` ~mt �i i?2
#Qr b?Q+F #mi KQ`2 +QKT�+i Qp2`�HH ~mt /2MbBiv +QKT�`2/
iQ JR UJqJ�V bm;;2biBM; i?�i Jk Bb Qp2`�HH KQ`2 /Bb@
bQ+B�iBp2X So /B�;`�Kb b?Qr i?�i i?2 b?Q+F 7`QMi #2+QK2b
KQ`2 #HmMi BM i?2 bT?2`B+�H rBM/ +�b2- #mi bi`2i+?2b Qmi rBi?
BM+`2�bBM; 2HHBTiB+Biv #2+QKBM; bBKBH�` iQ JR � JjX JQ/2H
j U�qJ�V- rBi? � KQH2+mH�` �K#B2Mi K2/BmK- /BbTH�vb i?2
KQbi iBK2@/2T2M/2Mi BMi2;`�i2/ 2KBbbBQMX h?2 2KBbbBQM 7�HHb
Qz [mBi2 `�TB/Hv BM i?2 H�ii2` bi�;2bX h?Bb Bb `2H�i2/ iQ i?2
/BKBMBb?BM; bT22/ Q7 i?2 7Q`r�`/ b?Q+F 7`QMiX �i i?2 b�K2
iBK2- i?2 pB#`�iBQM�H 2t+Bi�iBQM `2K�BMb `2H�iBp2Hv ?B;? +QM@
bBbi2Mi rBi? i?2 pB#`�iBQM�H i2KT2`�im`2 Q7 i?2 >2 #2BM;
}t2/ #v i?2 +QHH2+iBQM Q7 b?Q+F bi`2M;i?b rBi?BM i?2 /Bb@
`mTi2/ b?2HHX

oB#`�iBQM�H 2t+Bi�iBQM `2K�BMb [mBi2 +QMbi�Mi �+`Qbb i?2
HQ#2b �M/ �HbQ BM iBK2 /m2 iQ i?2 T`2b2M+2 Q7 � 7mHH im`#m@
H2Mi bT2+i`mK Q7 b?Q+F bT22/b `�i?2` i?�M � bBM;H2 b?Q+F
bm`7�+2X h?Bb K�v ?2HT 2tTH�BM i?2 2MB;MK�iB+ �#b2M+2 Q7
?B;?@2t+Bi�iBQM >2 r?2`2 2tT�MbBQM bT22/b �`2 i?Qm;?i iQ
#2 ?B;?2biX

Pm` b2+QM/ T�T2` rBHH bim/v �iQKB+ i`�+2`b 7`QK i?2b2
TSL #v 1.64 µm [FeII] �M/ [SiII] 6716λ 7Q`#B//2M HBM2b- i?2
[OI] 6300λ �B`;HQr HBM2- �M/ [Hα] 6563λ 2KBbbBQMX h?2 rBM/
�M/ �K#B2Mi K2/B� rBHH ?�p2 i?2 b�K2 BMBiB�H b2imTb- #mi
i?Bb iBK2 r2 rBHH #2 7Q+mbBM; KQ`2 QM JQ/2Hb k- j �M/ 9X
Pm` }M�H �BK Bb iQ i?2M `2T`Q/m+2 i?2 KQbi `2�HBbiB+ TSL
2MpB`QMK2Mi #v BMi`Q/m+BM; :2M2`�HBx2/ AMi2`�+iBM; ai2HH�`
qBM/b U:AaqV KQ/2H rBi? i?2 �//BiBQM Q7 �M 2�`HB2` �:"
bHQr rBM/X 6m`i?2` b?�TBM; +�M #2 /QM2 rBi? T`2+2bbBM; D2i
�M/ TmHb�iBQMb rBi? i?`22@/BK2MbBQM�H ?v/`Q/vM�KB+�H bBK@
mH�iBQMbX h?2 b?Q+F bi`m+im`2 +�M �HbQ #2 �Hi2`2/ rBi? i?2
�//BiBQM Q7 K�;M2iB+ }2H/b BMi`Q/m+BM; � ǵ*@b?Q+FǶ 2MpB`QM@
K2Mi rBi? HQr2` b?Q+F p2HQ+BiB2b �M/ H2 2t+Bi�iBQMX

3 �*ELPqG1.:1J1Lha

q2 i?�MF i?2 *�Sa K2K#2`b �i lE*- 2bT2+B�HHv J�`F
S`B+2 7Q` K�BMi�BMBM; i?2 a1SM2i 7mM/2/ 6Q`;2 bmT2`+QK@
Tmi2`X aT2+B�H i?�MFb iQ CmbiBM .QMQ?Q2 7Q` ?2HTBM; Qmi rBi?
A.G +Q/2 �H;Q`Bi?KbX

_161_1L*1a
�F`�b aX- :QMÏ�Hp2b .X _X- _�KQb@G�`BQb :X- kyRd- JL_�a- 9e8-

Rk3N
�H2K�M AX- wBDHbi`� �X �X- J�ibmm`� JX- :`m2Mr�H/ _X- EBKm`�

_X EX- kyRR- JL_�a- 9Re- dNy
"�HB+F "X- RN3d- �C- N9- edR
"�HB+F "X- 6`�MF �X- kyyk- �_���- 9y- 9jN
"H�+F CX >X- .�H;�`MQ �X- RNde- �TC- kyj- Rjk
"H�+FK�M 1X :X- kyyN- BM ai`�bbK2B2` EX :X- EQbQpB+?2p �X :X-

"2+FK�M CX 1X- 2/b- A�l avKTQbBmK oQHX k8N- *QbKB+ J�;@
M2iB+ 6B2H/b, 6`QK SH�M2ib- iQ ai�`b �M/ :�H�tB2bX TT j8Ĝ9e
U�`sBp,y3RkXk8k8V- /QB,RyXRyRdfaRd9jNkRjyNyjyy9s

"H�F2 :X JX- RNdk- JL_�a- R8e- ed
"mD�``�#�H oX- *�bi`Q@*�``BxQ �X- �H+QH2� CX- a�M+?2x *QMi`2`�b

*X- kyyR- ��T- jdd- 3e3
*H�`F2 .X �X- kyRy- �TCa- R3d- RRN
.�pBb *X CX- aKBi? JX .X- ai2`M GX- E2`` hX >X- *?B�` CX 1X- kyyj-

JL_�a- j99- kek
.r�`F�/�b oX oX- "�HB+F "X- RNN3- �TC- 9Nd- ked
6`2r .X CX- S�`F2` ZX �X- kyRy- Sm#HX �bi`QMX aQ+X �mbi`�HB�- kd-

RkN
6`vt2HH "X- �`M2ii .X- Jm2HH2` 1X- RNNR- �TC- jed- eRN
:H2/?BHH hX JX- 6Q`/2 EX SX- kyRk- KM`�b- 9kR- j9e
:H2/?BHH hX JX- 6Q`/2 EX SX- kyR8- JL_�a- 99d- Ry3y
:H2/?BHH hX JX- 6Q`/2 EX SX- GQr2 EX hX 1X- aKBi? JX .X- kyRR-

JL_�a- 9RR- R98j
>2`rB; 6X- kyy8- �_���- 9j- 9j8
>QHH2M#�+? .X- J+E22 *X 6X- RNdN- �TCa- 9R- 888
>QHH2M#�+? .X- J+E22 *X 6X- RN3N- �TC- j9k- jye
>Q`� CX GX- G�ii2` qX "X- .2mib+? GX EX- RNNN- �TCa- Rk9- RN8
>`BpM�F "X CX- E2HHv .X JX- am EX uX GX- ErQF aX- a�?�B _X- kyye-

�TC- e8y- kjd
>`BpM�F "X CX- aKBi? LX- am EX uX GX- a�?�B _X- kyy3- �TC- e33-

jkd
>m�M; SX@aX- G22 *X@6X- JQ`�;?�M �X- aKBi? JX- kyRe- �TC- 3ky-

Rj9
>m�`i2@1bTBMQb� JX- 6`�MF �X- "�HB+F "X- "H�+FK�M 1X :X- .2

J�`+Q PX- E�biM2` CX >X- a�?�B _X- kyRk- JL_�a- 9k9- ky88

JL_�a yyy- RĜkk UkyR3V
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kk AX.X LQpBFQp � JX.X aKBi?

E�M2 CX- �`M2ii .X- _2KBM;iQM "X �X- :H2M/BMMBM; aX :X- "�x�M
:X- JɃHH2` 1X- 6`vt2HH "X �X- h2vbbB2` _X- kyyy- �TC- 8k3- N3N

E�biM2` CX >X- q2BMi`�m# .X �X- :�iH2v AX- J2``BHH EX JX- S`Q#bi
_X :X- RNNe- �TC- 9ek- ddd

ErQF aX- RN3k- �TC- k83- k3y
ErQF aX- Sm`iQM *X _X- 6Bix;2`�H/ SX JX- RNd3- �TC- kRN- GRk8
G�;�/2+ 1X- 2i �HX- kyRR- KM`�b- 9Rd- jk
G22 *X@6X- a�?�B _X- kyyj- �TC- 83e- jRN
G22 *X@6X- >bm JX@*X- a�?�B _X- kyyN- �TC- eNe- Rejy
G2TT aX- a?mHH CX JX- RN3j- �TC- kdy- 8d3
GQmT *X- 6Q`p2BHH2 hX- PKQMi �X- LvK�M GX �X- RNNy- ���- kkd-

GkN
J�2`+F2` JX- 2i �HX- kyRe- ���- 83e- �8
J�`B;Q SX- :B`�`/B GX- :`Q2M2r2;2M JX �X hX- q2Bbb �X- kyyR-

���- jd3- N83
J�`[m2x@Gm;Q _X �X- _�KQb@G�`BQb :X- :m2``2`Q JX �X- o�x[m2x

_X- kyRj- JL_�a- 9kN- Ndj
J�ibmm`� JX- 2i �HX- kyyN- �TC- dyy- Ryed
J2�#m`M CX- "QmKBb SX- GƦT2x CX �X- >�`K�M .X CX- "`v+2 JX-

_2/K�M JX SX- J�p`QK�i�FBb 6X- kyy8- JL_�a- jey- Nej
JBHH2` "2`iQH�KB JX JX- kyRe- ���- 833- �k8
JQ`�;?�M �X- aKBi? JX .X- _Qb2M �X- kyye- JL_�a- jdR- R993
PHQ7bbQM >X- 1`BFbbQM EX- :mbi�7bbQM "X- RN33- ���- RNe- GR
SQHH�++Q .X GX- "2HH aX �X- RNNd- JL_�a- k39- jk
_Qb2M �X- aKBi? JX .X- kyy9- JL_�a- j9d- RyNd
a�Mi�M/2`@:�`+ő� JX- "mD�``�#�H oX- EQMBM; LX- ai2z2M qX- kyR8-

���- 8dj- �8e
a?�TB`Q SX _X- E�M; >X- RN3d- �TD- jR3- jk
a?mHH CX JX- "2+FrBi? aX- RN3k- �_���- ky- Rej
aKBi? JX .X- RN3e- JL_�a- kkj- 8d
aKBi? JX .X- RNN9- KM`�b- kee- kj3
aKBi? JX .X- kyy9- h?2 Q`B;BM Q7 bi�`bX AKT2`B�H *QHH2;2 S`2bb-

Aa"L R@3eyN9@8yR@8- kyy9- sAAA Y k93 TTX
aKBi? LX- kyRj- JL_�a- 9kN- kjee
aKBi? JX .X- _Qb2M �X- kyyj- JL_�a- jjN- Rjj
aKBi? JX .X- E?�Mx�/v�M hX- .�pBb *X CX- kyyj- JL_�a- jjN-

8k9
aKBi? LX- "�HB+F "X- :2?`x _X .X- kyy8- �C- Rjy- 38j
aKBi? JX .X- .�pBb *X CX- _QrH2b CX >X- EMB;?i JX- kyR9- JL_�a-

99j- keRk
ai2z2M qX- EQMBM; LX- 1b[mBp2H �X- :�`+ő�@a2;m`� :X- :�`+ő�@

.ő�x JX hX- GƦT2x CX �X- J�;MQ` JX- kyRj- JL_�a- 9je-
9dy

aiQM2 CX JX- LQ`K�M JX GX- RNNk- �TCa- 3y- d8j
aiQM2 CX JX- sm CX- JmM/v GX :X- RNN8- L�im`2- jdd- jR8
amiiM2` :X- aKBi? JX .X- uQ`F2 >X qX- wBMM2+F2` >X- RNNd- ��T-

jR3- 8N8
h�vHQ` EX LX _X- aiQ`2v CX qX oX- a�M/2HH :X- qBHHB�Kb SX JX-

w2�H2v qX CX- RN39- L�im`2- jRR- kje
hm`M2` CX- EB`#v@.Q+F2M EX- .�H;�`MQ �X- RNdd- �TCa- j8- k3R
l2i� hX- J2BtM2` JX- "Q#`QrbFv JX- kyyy- �TD- 8k3- 3eR
l2i� hX- Jm`�F�r� EX- J2BtM2` JX- kyy8- �C- RkN- Rek8
oBb?MB�+ 1X hX- RNN9- �TC- 9k3- R3e
oQM L2mK�MM CX- _B+?iKv2` _X .X- RN8y- CQm`M�H Q7 �TTHB2/

S?vbB+b- kR- kjk
p�M G22` "X- RNdd- CQm`M�H Q7 *QKTmi�iBQM�H S?vbB+b- kj- kde
p�M /2 ai22M2 :X *X- l2i� hX- p�M >QQ7 SX �X JX- _2vMB2`b JX-

:BMb#m`; �X :X- kyy3- ���- 93y- dd8

�SS1L.As �

h?2 +QQHBM; 7mM+iBQMb mb2/ BM MmK2`B+�H +Q/2 1[X 3 Ĝ N �`2
HBbi2/ #2HQrX

• Λ1, +QQHBM; 7`QK i?2 /BbbQ+B�iBQM Q7 KQH2+mH�` ?v/`Q;2M
rBi? `2�+iBQM `�i2 +Q2{+B2MibX

Λ1 = 7.18×10−12(n2
H(kD,H2 )+nHnH2 kD,H)

[
erg s−1 cm−3]

U�XRV
q?2`2 i?2 mMBib Q7 +QHHBbBQM�H /2@2t+Bi�iBQM `�i2b �`2 BM
cm3 s−1

kD,H = 1.2 × 10−9 exp(−52400/T ) × [0.0933 exp(17950/T )]β

kD,H2 = 1.3 × 10−9 exp(−53300/T ) × [0.0908 exp(16200/T )]β
U�XkV

qBi? +Q2{+B2Mi β #2BM; i?2 7`�+iBQM Q7 i?2`K�HHv `2H2�b2/
2M2`;vX

β =
{

1.0 + n
[
2f

( 1
n2

− 1
n1

)
+ 1

n1

]}−1
. U�XjV

h?2 7QHHQrBM; irQ �TT`QtBK�iBQMb `2T`2b2Mi +`BiB+�H /2MbB@
iB2b 7Q` /BbbQ+B�iBQM #v +QHHBbBQMb Q7 KQH2+mH�` ?v/`Q;2M rBi?
�iQKB+ ?v/`Q;2M- n1- �M/ rBi? Bib2H7- n2X

n1 = dex(4.0 − 0.416x − 0.327x2)
[
cm−3]

,

n2 = dex(4.845 − 1.3x + 1.62x2)
[
cm−3]

. U�X9V

• Λ2, +QHHBbBQM�H +QQHBM;-

�bbQ+B�i2/ rBi? pB#`�iBQM�H �M/ `Qi�iBQM�H KQ/2b BM KQH2+m@
H�` ?v/`Q;2M- #�b2/ QM 2[m�iBQMb UdVĜURkV BM UG2TT � a?mHH
RN3jVX

Λ2 = nH2

[
LH

v

1 + (LH
v )/(LL

v ) + LH
r

1 + (LH
r )/(LH

r )

]
, U�X8V

r?2`2 i?2 pB#`�iBQM�H +QQHBM; +Q2{+B2Mib Q7 ?B;? �M/ HQr
/2MbBiv �`2

LH
v = 1.10 × 10−18exp(−6744/T )

[
erg s−1]

,

LL
v = 8.18 × 10−13 exp(−6840/T )

× [nH2 kH(0, 1) + nH2 kH2 (0, 1)]
[
erg s−1]

U�XeV

*QHHBbBQM�H 2t+Bi�iBQM `�i2b �`2 `2T`2b2Mi2/ #v i?2 i2`Kb
kH(0, 1) �M/ kH2 (0, 1) rBi? ∆v = 1 − 0X h?2 2tTQM2MiB�H
i2`K exp(−6840/T ) +QMp2`ib i?2b2 iQ /2@2t+Bi�iBQM `�i2b,

kH(0, 1) =
{

1.4 × 10−13 exp[(T/125) − (T/577)2], T < Tv

1.0 × 10−12T 1/2 exp(−1000/T ), T > Tv.
U�XdV

r?2`2 i?2 HBKBi Tv = 1635 K- �M/

kH2 (0, 1) = 1.45 × 10−12T 1/2 exp[−28728/(T + 1190)].
U�X3V

h?2 `Qi�iBQM�H +QQHBM; `�i2 +Q2{+B2Mi �i ?B;? /2MbBiv Bb

LrH =
{

dex[−19.24 + 0.474x − 1.247x2], T < Tr

3.90 × 10−19 exp(−6118/T ), T > Tr,
U�XNV

rBi? i?2 HBKBi Tr = 1087 K- �M/ x = log(T/10000 K)X 6Q`
HQr /2MbBiv- i?2 +Q2{+B2Mi Bb

LrL

Q(n) =
{

dex[−22.90 − 0.553x − 1.148x2], T < Tl

1.38 × 10−22 exp(−9243/T ), T > Tl,
U�XRyV

rBi? i?2 HBKBi Tl = 4031 K- �M/ i?2 +Q2{+B2Mi

Q(n) =
[
(nH2 )0.77 + 1.2(nH)0.77]

U�XRRV
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