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.2+H�`�iBQM Q7 �mi?Q`b?BT

A- lM�`BM2 hb?Br�r�- /2+H�`2 i?�i i?Bb i?2bBb iBiH2/- Ǵ� bim/v Q7 i?2 �M;mH�` KQK2MimK
+QMi2Mi Q7 2�`Hv@ivT2 ;�H�tB2bǴ �M/ i?2 rQ`F T`2b2Mi2/ BM Bi Bb Kv QrMX A +QM}`K i?�i
i?Bb rQ`F bm#KBii2/ 7Q` �bb2bbK2Mi Bb Kv QrM �M/ Bb 2tT`2bb2/ BM Kv QrM rQ`/bX �Mv
mb2b K�/2 rBi?BM Bi Q7 i?2 rQ`Fb Q7 Qi?2` �mi?Q`b BM �Mv 7Q`K U2X;X- B/2�b- 2[m�iBQMb-
};m`2b- i2ti- i�#H2b- T`Q;`�KbV �`2 T`QT2`Hv �+FMQrH2/;2/ �i �Mv TQBMi Q7 i?2B` mb2X �
HBbi Q7 i?2 `272`2M+2b 2KTHQv2/ Bb BM+Hm/2/X
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.�i2,

B
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BB

�#bi`�+i
h?Bb bim/v T`2b2Mib �M BMp2biB;�iBQM Q7 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK UDbV �b �
7mM+iBQM Q7 #�`vQMB+ K�bb UJbV bT�MMBM; � `�M;2- 9.4 ! log10(Jb/M⊙) ! 11.0 BM i?2
b�KTH2 Q7 2H2p2M M2�`#v 2�`Hv@ivT2 /BbF ;�H�tB2bX h?Bb bim/v Bb #�b2/ QM jy �`+b2+ `2bQ@
HmiBQM �`+?Bp�H /�i� Q#b2`p2/ �b T�`i Q7 i?2 q2bi2`#Q`F >A am`p2v Q7 aTB`�H �M/ A``2;mH�`
;�H�tB2b S`QD2+i Uq>AaSVX AM Q`/2` iQ �++m`�i2Hv KQ/2H r2HH@`2bQHp2/ >A FBM2K�iB+b Q7
2�+? ;�H�tv mb2/ BM i?Bb bim/v- BMi2`K2/B�i2Hv BM+HBM2/ U40◦ < i < 75◦V rBi? �M >A K�DQ`
�tBb /B�K2i2` ;`2�i2` i?�M R3y �`+b2+ Ue #2�KbV r2`2 +QMbB/2`2/ 7`QK � H�`;2` b�KTH2
Q7 2�`Hv@ivT2 /BbF ;�H�tB2b bim/B2/ #v LQQ`/2`K22` 2i �HX Ukyy8V- ULy8VX � bm#b2i Q7 RR
;�H�tB2b r�b `2+Qp2`2/ 7`QK Ly8 b�KTH2 i?�i b2`p2 �b � T`BK�`v b�KTH2 7Q` i?Bb bim/vX
�HH >A /�i� T`Q/m+ib U>A iQi�H BMi2MbBiv K�Tb- >A p2HQ+Biv }2H/b- �M/ >A p2HQ+Biv /Bb@
T2`bBQM K�TbV r2`2 `2@/2`Bp2/ #v T�`�K2i2`BbBM; i?2 q>AaS >A /�i� +m#2b #v }iiBM;
� bBM;H2 :�mbbB�M iQ 2p2`v HBM2 T`Q}H2 rBi? T2�F �KTHBim/2 ;`2�i2` i?�M 3σX _Ph*l_
`QmiBM2 BM :ASau ?�b #22M mb2/ iQ ;2M2`�i2 >A `Qi�iBQM +m`p2 7Q` 2�+? ;�H�tvX �HH
/vM�KB+�H KQ/2Hb ?�p2 #22M +QKT�`2/ /B`2+iHv iQ i?2 >A /�i� BM Q`/2` iQ +?2+F i?2B`
�++m`�+vX >A BK�;BM; r�b mb2/ iQ +�H+mH�i2 i?2 +QMi`B#miBQM Q7 ;�b +QKTQM2Mi UM2mi`�H
?v/`Q;2M �M/ ?2HBmK ;�bV iQ i?2 �M;mH�` KQK2MimK Q7 2�+? ;�H�tvX hQ +�H+mH�i2 i?2
+QMi`B#miBQM Q7 bi�`b iQ i?2 �M;mH�` KQK2MimK- qAa1 3.4µm BK�;BM; r�b mb2/X >A �M/
bi2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2b r2`2 +QK#BM2/ iQ ;2M2`�i2 #�`vQMB+ K�bb T`Q}H2b 7Q`
i?2 ;�H�tB2bX h?2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2 7Q` 2�+? ;�H�tv r�b mb2/ rBi? >A
`Qi�iBQM +m`p2 7Q` 2�+? ;�H�tv iQ ;2M2`�i2 i?2 iQi�H bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK
T`Q}H2 7Q` 2�+? ;�H�tvX h?2 b�KTH2 Q7 2�`Hv@ivT2 /BbF ;�H�tB2b BM i?Bb bim/v r�b 7QmM/
iQ HB2 bvbi2K�iB+�HHv BM i?2 b�K2 `2H�iBQM 7QHHQr2/ #v H�i2@ivT2 ;�H�tB2b BM i?2 Db − Jb

TH�M2X h?2 TQr2`@H�r `2H�iBQM r�b 7QmM/ iQ #2- Db ∝ Jα
b Qp2` i?2 2MiB`2 #�`vQMB+ K�bb

`�M;2- rBi? bHQT2 α ≈ 0.46X h?2 Db − Jb `2H�iBQM BM i?Bb rQ`F r�b 7QmM/ iQ #2 b?�H@
HQr2` i?�M i?2 D⋆ − J⋆ `2H�iBQM Q#i�BM2/ #v 6�HH URN3jV- U63jVX h?2 H�+F Q7 �M Qzb2i BM
i?Bb rQ`F Bb #2+�mb2- ?B;?@T`2+BbBQM K2�bm`2K2Mib Ui�FBM; BMiQ �++QmMi KQbi >A K�bb2b
�i i?2 Qmi2`@KQbi `�/BmbV Q7 #�`vQMB+ �M;mH�` KQK2MimK@K�bb `2H�iBQM �TT`Q�+? r2`2
T2`7Q`K2/ r?BH2 BM 63jǶb rQ`F- bi2HH�` �M;mH�` KQK2MimK@K�bb `2H�iBQM Q7 2�`Hv@ivT2
;�H�tB2b r2`2 T2`7Q`K2/ #�b2/ QM HQr@T`2+BbBQM K2�bm`2K2MibX >2M+2 i?Bb rQ`F bm;;2bi
i?�i �M;mH�` KQK2MimK@K�bb `2H�iBQM /2T2M/ QM i?2 M�im`2 Q7 i?2 K2i?Q/ mb2/X

https://etd.uwc.ac.za



�+FMQrH2/;2K2Mib

6B`bi �M/ 7Q`2KQbi- A rQmH/ HBF2 iQ 2tT`2bb Kv /22T2bi ;`�iBim/2 iQ Kv T�`2Mib r?Q ?�p2
�Hr�vb HQp2 �M/ bmTTQ`i2/ K2X � bT2+B�H i?�MFb iQ Kv /�m;?i2` a?2FBM�?- i?�MF vQm
7Q` #2BM; Kv ?QT2- +Qm`�;2 �M/ bQm`+2 Q7 bi`2M;i?X hQ Kv bB#HBM;b- i?�MF vQm 7Q` i?2
HQp2 �M/ bmTTQ`i vQm ?�p2 b?QrM K2X

A rQmH/ HBF2 iQ i?�MF Kv bmT2`pBbQ`b- .` 1X 1HbQM �M/ S`Q7X _X J��`i2Mb 7Q` �HH i?2B`
BMp�Hm�#H2 ?2HT- ;mB/�M+2- �/pB+2- B/2�b- �M/ T�iB2M+2X A rQmH/ HBF2 iQ �+FMQrH2/;2 i?2
L�iBQM�H �bi`QT?vbB+b �M/ aT�+2 a+B2M+2 S`Q;`�KK2 UL�aaSV 7Q` 7mM/BM; i?Bb rQ`F-
�HbQ rBi? i?2 ?2HT Q7 *2Mi`2 7Q` _�/BQ *QbKQHQ;v U*_*VX h?2 �MQMvKQmb `272`22b �`2
i?�MF2/ 7Q` ;BpBM; 722/#�+F �M/ +QKK2Mib i?�i ;`2�iHv BKT`Qp2/ i?2 Qp2`�HH [m�HBiv 7Q`
i?Bb i?2bBbX � bT2+B�H i?�MFb iQ S`Q7X aX �HHB2- i?�MF vQm 7Q` vQm` FBM/M2bb �M/ bmTTQ`i
vQm ?�p2 b?QrM iQ K2 7`QK i?2 /�v r2 K2iX � bT2+B�H i?�MFb iQ EBK22H �M/ �HH Kv
+QHH2�;m2bX

BBB

https://etd.uwc.ac.za



*QMi2Mib

.2+H�`�iBQM Q7 �mi?Q`b?BT B

�#bi`�+i BB

�+FMQrH2/;2K2Mib BBB

*QMi2Mib Bp

GBbi Q7 6B;m`2b pB

GBbi Q7 h�#H2b pBBB

R AMi`Q/m+iBQM R
RXR :�H�tv KQ`T?QHQ;v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
RXk �M;mH�` KQK2MimK ?BbiQ`v X X X X X X X X X X X X X X X X X X X X X X X X X X k

RXkXR P#b2`p�iBQM�H � i?2Q`2iB+�H bim/v Q7 D @ J `2H�iBQM X X X X X X X X X j
RXkXk h`�/BiBQM�H K2�bm`2K2Mib Q7 D @ J `2H�iBQM X X X X X X X X X X X X X j
RXkXj >B;?@T`2+BbBQM K2�bm`2K2Mib Q7 Db @ Jb `2H�iBQM X X X X X X X X X X 8

RXj AM i?Bb i?2bBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RXjXR h?2bBb QmiHBM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e

k .�i� �M/ ;�H�tv b�KTH2 d
kXR >A BK�;BM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
kXk a�KTH2 b2H2+iBQM +`Bi2`B� X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
kXj LQBb2 2biBK�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry
kX9 >A HBM2 T`Q}H2b T�`�K2i2`Bb�iBQMb X X X X X X X X X X X X X X X X X X X X X X X RR
kX8 >A /�i� T`Q/m+ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj
kXe *QKT�`BbQMb iQ T`2pBQmb `2bmHib X X X X X X X X X X X X X X X X X X X X X X X X R8

j JQ/2HHBM; �M/ �M�HvbBb k3
jXR >A K�bb bm`7�+2 /2MbBiv T`Q}H2b X X X X X X X X X X X X X X X X X X X X X X X X k3
jXk ai2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2b X X X X X X X X X X X X X X X X X X X X X X kN
jXj "�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2b X X X X X X X X X X X X X X X X X X X X jR
jX9 amKK�`v Q7 �HH K�bb bm`7�+2 /2MbBiv T`Q}H2b X X X X X X X X X X X X X X X X X jk
jX8 >A `Qi�iBQM +m`p2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8

Bp
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*QMi2Mib p

jXe JQ/2H@/�i� +QKT�`BbQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j
jXeXR o2HQ+Biv }2H/ +QKT�`BbQMb X X X X X X X X X X X X X X X X X X X X X X X 9j
jXeXk h?`22@/BK2MbBQM�H +QKT�`BbQMb X X X X X X X X X X X X X X X X X X X X 9N

jXd >B;?@T`2+BbBQM K2�bm`2K2Mib Q7 �M;mH�` KQK2MimK X X X X X X X X X X X X 8k

9 _2bmHib �M/ /Bb+mbbBQM 89
9XR *QKT�`BbQM #2ir22M HQr@ �M/ ?B;?@T`2+BbBQM K2�bm`2K2Mib X X X X X X X X 8d
9Xk AMM2` >A `Qi�iBQM +m`p2b BM�++m`�+B2b X X X X X X X X X X X X X X X X X X X X X eR
9Xj AMp2biB;�iBM; mM+2`i�BMiB2b QM #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK 7`QK

i?2 bi2HH�` +QMi`B#miBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej
9X9 .Bz2`2M+2 #2ir22M i?Bb rQ`F �M/ 6�HH URN3jV X X X X X X X X X X X X X X X X e8

8 amKK�`v �M/ +QM+HmbBQM ed
8XR 6mim`2 T`QbT2+ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3

� dy
�XR "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM X X X X X dk

" de

"B#HBQ;`�T?v 33
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GBbi Q7 6B;m`2b

RXR hQi�H BMi`BMbB+ bi2HH�` bT2+B}+ �M;mH�` KQK2MimK Q7 ;�H�tB2b �b � 7mM+@
iBQM Q7 iQi�H bi2HH�` K�bb- `2T`Q/m+2/ 7`QK 63jX :�H�tv ivT2b �`2 b?QrM
�++Q`/BM; iQ i?2 H2;2M/ BM iQT H27i +Q`M2`X *H2�`Hv- 63j 7QmM/ i?�i 2�`Hv@
�M/ H�i2@ivT2 ;�H�tB2b ?�p2 /Bz2`2Mi �KQmMi Q7 �M;mH�` KQK2MimKX h?2
/Qii2/ HBM2 b?Qrb � i`2M/ D⋆ ∝ J2/3

⋆ _QK�MQrbFv �M/ 6�HH UkyRkVX X X X X 9

kXR :�H�tv b�KTH2Ƕb +?�`�+i2`BbiB+b X X X X X X X X X X X X X X X X X X X X X X X X N
kXk kyy × kyy MQBb2@}HH2/ TBt2Hb /Bbi`B#miBQM BM l:*ykR3j X X X X X X X X X X X Ry
kXj aBM;H2@TBt2H HBM2 T`Q}H2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
kX9 Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�MbX X X X X X X X X X X X X X X X X X X X Rk
kX8 AHHmbi`�iBQM Q7 oSys �M/ W50 K2�bm`2K2Mib 7`QK >A bT2+i`� 7Q` l:*ykR3jX R9
kXe AMi`BMbB+ T`QT2`iB2b +QKT�`BbQMb X X X X X X X X X X X X X X X X X X X X X X X X Re
kXd AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*ykR3jX X X X X X X X X X X X X X X X X X Rd
kX3 AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yj89eX X X X X X X X X X X X X X X X X X R3
kXN AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yj83yX X X X X X X X X X X X X X X X X X RN
kXRy AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*y8NeyX X X X X X X X X X X X X X X X X X ky
kXRR AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yek3jX X X X X X X X X X X X X X X X X X kR
kXRk AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yed3eX X X X X X X X X X X X X X X X X X kk
kXRj AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yed3dX X X X X X X X X X X X X X X X X X kj
kXR9 AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRkeNX X X X X X X X X X X X X X X X X X k9
kXR8 AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRedyX X X X X X X X X X X X X X X X X X k8
kXRe AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRN8RX X X X X X X X X X X X X X X X X X ke
kXRd AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*Rky9jX X X X X X X X X X X X X X X X X X kd

jXR *QMp2`bBQM Q7 mMBib Q7 bi2HH�` bm`7�+2 #`B;?iM2bb X X X X X X X X X X X X X X X jR
jXk J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`FX X X X X X X X X X X X X X X X X X jk
jXj J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`F +QMiBMm2/X X X X X X X X X X X X jj
jX9 J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`F +QMiBMm2/X X X X X X X X X X X X j9
jX8 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*ykR3jX X X X X X X X X X X X X X X X X X X X X X je
jXe 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yj89eX X X X X X X X X X X X X X X X X X X X X X jd
jXd 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yj83yX X X X X X X X X X X X X X X X X X X X X X jd
jX3 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*y8NeyX X X X X X X X X X X X X X X X X X X X X X j3
jXN 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yek3jX X X X X X X X X X X X X X X X X X X X X X j3
jXRy 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yed3eX X X X X X X X X X X X X X X X X X X X X X jN
jXRR 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yed3dX X X X X X X X X X X X X X X X X X X X X jN
jXRk 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRkeNX X X X X X X X X X X X X X X X X X X X X X 9y
jXRj 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRedyX X X X X X X X X X X X X X X X X X X X X X 9y
jXR9 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRN8RX X X X X X X X X X X X X X X X X X X X X X 9R

pB
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GBbi Q7 6B;m`2b pBB

jXR8 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*Rky9jX X X X X X X X X X X X X X X X X X X X X X 9R
jXRe o2HQ+Biv }2H/ +QKT�`BbQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X 9j
jXRd *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*yj89eX 99
jXR3 *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*yj83yX 99
jXRN *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*y8NeyX 98
jXky *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*yek3jX 98
jXkR *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*yed3eX 9e
jXkk *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*yed3dX 9e
jXkj *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*RRkeNX 9d
jXk9 *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*RRedyX 9d
jXk8 *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*RRN8RX 93
jXke *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q` l:*Rky9jX 93
jXkd h?`22@/BK2MbBQM�H +QKT�`BbQMbX X X X X X X X X X X X X X X X X X X X X X X X X 8R
jXk3 *mKmH�iBp2 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 `�/BmbX X 8k
jXkN *mKmH�iBp2 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 `�/Bmb

+QMiBMm2/X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j

9XR aT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 #�`vQMB+ K�bb X X X 88
9Xk "�`vQM T`Q}H2 }ii2/ iQ �M 2tTQM2MiB�H 7mM+iBQM X X X X X X X X X X X X X X X 83
9Xj GQr@T`2+BbBQM Db K2�bm`2K2Mib �b � 7mM+iBQM Q7 ?B;?@T`2+BbBQM K2�bm`2@

K2Mib 7Q` i?2 ;�H�tB2b mb2/ BM i?Bb rQ`FX X X X X X X X X X X X X X X X X X X X 8N
9X9 GQr@T`2+BbBQM Db K2�bm`2K2Mib �b � 7mM+iBQM Q7 ?B;?@T`2+BbBQM K2�bm`2@

K2Mib 7Q` i?2 ;�H�tB2b mb2/ BM i?Bb rQ`FX X X X X X X X X X X X X X X X X X X X ey
9X8 Zm�MiB7vBM; i?2 2z2+ib Q7 BMM2` >A `Qi�iBQM +m`p2 BM�++m`�+B2b X X X X X X X ek
9Xe Zm�MiB7vBM; i?2 2z2+ib Q7 BMM2` >A `Qi�iBQM +m`p2 BM�++m`�+B2b +QMiBMm2/X ej
9Xd Zm�MiB7vBM; �M mM+2`i�BMiv `Bb2b 7`QK K�bb@iQ@HB;?i `�iBQX X X X X X X X X X e9
9X3 :�b 7`�+iBQM �b � 7mM+iBQM Q7 bi2HH�` K�bb 7Q` �HH ;�H�tB2b BM i?Bb rQ`F X X X e8

�XR Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�MbX X X X X X X X X X X X X X X X X X X X dy
�Xk Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb +QMiBMm2/X X X X X X X X X X X X X X dR
�Xj Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb +QMiBMm2/X X X X X X X X X X X X X X dk
�X9 "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQMX X X X X dk
�X8 "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QMiBMm2/X dj
�Xe "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QMiBMm2/X d9
�Xd "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QMiBMm2/X d8

"XR >A +QHmKM /2MbBiv T`Q}H2bX X X X X X X X X X X X X X X X X X X X X X X X X X X de
"Xk >A +QHmKM /2MbBiv T`Q}H2b +QMiBMm2/X X X X X X X X X X X X X X X X X X X X X X dd
"Xj h?`22@/BK2MbBQM�H +QKT�`BbQMbX X X X X X X X X X X X X X X X X X X X X X X X X d3
"X9 JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yj83y, +?�MM2H K�Tb � Tp@bHB+2bX X X X X dN
"X8 JQ/2H@/�i� +QKT�`BbQM 7Q` l:*y8Ney, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3y
"Xe JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yek3j, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3R
"Xd JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yed3e, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3k
"X3 JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yed3d, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3j
"XN JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yek3j, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 39
"XRy JQ/2H@/�i� +QKT�`BbQM 7Q` l:*RRedy, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 38
"XRR JQ/2H@/�i� +QKT�`BbQM 7Q` l:*RRN8R, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3e
"XRk JQ/2H@/�i� +QKT�`BbQM 7Q` l:*Rky9j, +?�MM2H K�Tb � Tp@bHB+2bX X X X X 3d
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GBbi Q7 h�#H2b

kXR a�KTH2 T`QT2`iB2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
kXk LQBb2 #2bi@}i :�mbbB�M T�`�K2i2`b 7Q` i?2 MQBb2 /Bbi`B#miBQMbX X X X X X X X RR
kXj >A T`QT2`iB2b Q7 i?2 b�KTH2 Q7 ;�H�tB2b mb2/ BM i?Bb bim/v X X X X X X X X X R9

jXR S�`�K2i2`b iQ KQ/2H i?2 >A Q#b2`p�iBQMb 7Q` �HH ;�H�tB2b X X X X X X X X X X 8y

9XR >B;?@T`2+BbBQM K2�bm`2b Q7 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK 7Q` i?2
b�KTH2 Q7 q>AaS ;�H�tB2b BM i?Bb rQ`FX X X X X X X X X X X X X X X X X X X X 89

9Xk GQr@T`2+BbBQM K2�bm`2b Q7 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimKX X X X X X 83
9Xj AMp2biB;�iBM; i?2 2z2+i Q7 mM+2`i�BMiB2b 7`QK i?2 bi2HH�` +QMi`B#miBQM BMiQ

i?2 iQi�H �M;mH�` KQK2MimK Q7 2�+? ;�H�tvX X X X X X X X X X X X X X X X X X e9

pBBB
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h?Bb i?2bBb Bb /2/B+�i2/ iQ Kv T�`2Mib- LM/�p?2H2b2MB 6`�MF
hb?Br�r� �M/ hb?BHB/xB J2`+v hb?Br�r�X

Bt
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*?�Ti2` R

AMi`Q/m+iBQM

:�H�tB2b �`2 QM2 Q7 i?2 KQbi bi`BFBM; +QMbiBim2Mib Q7 i?2 lMBp2`b2X h?2`2 �`2 K�Mv i?BM;b
i?�i +�M #2 b�B/ �#Qmi T?vbB+�H T`Q+2bb2b r?B+? +`2�i2/ i?2b2 Q#D2+ib �M/ ?�p2 ;Qp2`M2/
i?2B` 2pQHmiBQMX � ivTB+�H ;�H�tv Bb � +QHH2+iBQM Q7 bi2HH�` �M/ BMi2`bi2HH�` /Bbi`B#miBQM Q7
K�ii2` BbQH�i2/ BM bT�+2 �M/ ?2H/ iQ;2i?2` #v Bib QrM ;`�pBivX h?2b2 #QmM/ Q#D2+ib �`2
i?Qm;?i iQ #2 2K#2//2/ BM MQM@bT?2`B+�H /Bbi`B#miBQMb Q7 /�`F K�ii2`X :�H�tB2b +QK2b
BM /Bz2`2Mi ~�pQ`b Q7 KQ`T?QHQ;B+�H +H�bb �b � `2bmHi Q7 ?Qr i?2v r2`2 7Q`K2/- ?Qr i?2v
BMi2`�+i rBi? i?2B` 2MpB`QMK2Mi- ?Qr i?2v r2`2 BM~m2M+2/ #v BMi2`M�H T2`im`#�iBQM- 2i+
U2X;X- b22 �#`�?�K �M/ p�M /2M "2`;? kyyRVX h?2 +H�bbB}+�iBQM b+?2K2b Q7 ;�H�tB2b
r2`2 /2`Bp2/ #�b2/ QM i?2 QTiB+�H �TT2�`�M+2, #mH;2f/BbF `�iBQ �M/ T`QKBM2M+2 Q7 bTB`�H
�`KbX :�H�tv 2pQHmiBQM ?BbiQ`v Bb �M BKTQ`i�Mi bm#D2+i iQr�`/b mM/2`bi�M/BM; ;�H�tv
7Q`K�iBQM �M/ �ii2KTiBM; iQ mM/2`bi�M/ ?Qr ;�H�tB2b 2pQHp2/ Bb QM2 Q7 i?2 +`BiB+�H ;Q�Hb
BM iQTB+b Q7 `2b2�`+? iQ/�vX >Qr2p2` �M;mH�` KQK2MimK UT2` mMBi K�bbV T`Q#�#Hv KQbiHv
/2+B/2b i?2 7Q`K Q7 � ;�H�tvX h?2 2pQHmiBQM Q7 ;�H�tB2b �`2 i?Qm;?i iQ #2 ;Qp2`M2/
#v K�bb �M/ �M;mH�` KQK2MimKX �M;mH�` KQK2MimK �M/ K�bb �`2 i?Qm;?i iQ #2
7mM/�K2Mi�H T`QT2`iB2b Q7 ;�H�tB2b i?�i /2T2M/ T`BK�`BHv QM i?2B` 2pQHmiBQM�`v ?BbiQ`v
�M/ �`2 bm#D2+i2/ iQ T?vbB+�H +QMb2`p�iBQM H�rbX

AM i?2 Λ*.J 7`�K2rQ`F Q7 ;�H�tv 7Q`K�iBQM- iB/�H iQ`[mBM; 7`QK K2`;2` ?BbiQ`v b?QmH/
bmTTHv #�`vQMb �M/ /�`F K�ii2` rBi? bBKBH�` �KQmMib Q7 �M;mH�` KQK2MimK Ui?�MFb
iQ i?2 ;`2�i mMBp2`b�HHv `2+Q;MBx2/ +QMb2`p�iBQM H�rb Q7 T?vbB+b, K�bb- 2M2`;v- �M/
KQK2MimKVX h?2 bT2+B}+ �M;mH�` KQK2MimK Q7 i?2 /�`F K�ii2` ?�HQ b+�H2b �b Bib K�bb
iQ i?2 TQr2` 2

3 X h?Bb 7mM/�K2Mi�H b+�HBM; `2H�iBQM r�b }`bi BMi`Q/m+2/ #v 6�HH URN3jV-
U63jVX 63j b?Qrb i?�i bTB`�H �M/ 2HHBTiB+�H ;�H�tB2b ?�p2 /Bz2`2Mi �KQmMi Q7 �M;mH�`
KQK2MimK QM

R
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*?�Ti2` RX AMi`Q/m+iBQM k

i?2 D @ J TH�M2 /2}M2/ #v i?2 b+�HBM; `2H�iBQM D⋆ = [ Jα
⋆ Ur?2`2 i?2 bm#b+`BTi BM/B+�i2b

[m�MiBiB2b `2H�iBM; iQ i?2 bi2HH�` +QKTQM2Mi Q7 � ;�H�tvV- rBi? bHQT2 α ≈ 2
3 X q?2`2 D⋆ Bb

i?2 bi2HH�` bT2+B}+ �M;mH�` KQK2MimK- [ Bb i?2 b+�H2 7�+iQ`- �M/ J⋆ Bb i?2 bi2HH�` K�bbX
JQbi bB;MB}+�MiHv- i?2 b+�H2 7�+iQ` r�b 7QmM/ iQ #2 HQr2` BM 2HHBTiB+�H ;�H�tB2b bB;MB7vBM;
i?2 HQbb Q7 �M;mH�` KQK2MimK �b ;�H�tB2b 2pQHp2/X h?2 +m``2Mi@/�v �M;mH�` KQK2MimK
+QMi2Mi Q7 � ;�H�tv Bb i?Qm;?i iQ #2 � ;QQ/ i`�+2` Q7 � ;�H�tvǶb 7Q`K�iBQM ?BbiQ`vX

h?Bb i?2bBb b2`p2b �b �M BMp2biB;�iBQM Q7 i?2 �M;mH�` KQK2MimK +QMi2Mi Q7 2H2p2M 2�`Hv@
ivT2 /BbF ;�H�tB2b BM i?2 M2�`#v lMBp2`b2- i?`Qm;? i?2 Q#b2`p�iBQM Q7 >A ;�b FBM2K�iB+b
�M/ bT2+i`Qb+QTB+ i2+?MB[m2bX a2+iBQM RXR Q7 i?Bb BMi`Q/m+iBQM rBHH ;Bp2 � ;2M2`�H Qp2`pB2r
Q7 i?2 Q`B;BM Q7 �M;mH�` KQK2MimK BM /Bz2`2Mi KQ`T?QHQ;B+�H ivT2b Q7 ;�H�tB2bX a2+iBQM
RXk /Bb+mbb #`B2~v ;�H�tv 7Q`K�iBQM BM Λ*.J �M/ i?2 Q`B;BM Q7 �M;mH�` KQK2MimKX

RXR :�H�tv KQ`T?QHQ;v

�++Q`/BM; iQ i?2 BMi2`T`2i�iBQM Q7 i?2 >m##H2 imMBM; 7Q`F /B�;`�K i?2`2 �`2 K�BMHv irQ
ivT2b Q7 ;�H�tB2b FMQrM iQ/�v, 2�`Hv@ivT2 ;�H�tB2b- /2}M2/ #v i?2 H�+F Q7 bTB`�H �`Kb
�M/ H�i2@ivT2 ;�H�tB2b- /2}M2/ #v bB;MB}+�Mi bTB`�H �`Kb BM i?2 QTiB+�H #�M/X 1�`Hv@
ivT2 ;�H�tB2b BM ;2M2`�H ?�p2 i?2 b?�T2 Q7 �M Q#H�i2 bT?2`QB/ rBi? /Bz2`2Mi /2;`22b Q7
`Qi�iBQMc bmTTQ`i2/ #v `�M/QK KQiBQMb r?BH2 H�i2@ivT2 ;�H�tB2b ?�p2 ~�i /BbFb KQbiHv
bmTTQ`i2/ #v `Qi�iBQMX avbi2Kb rBi? /BbFb UH�i2@ivT2 ;�H�tB2bV �`2 2tT2+i2/ iQ ?�p2
?B;?2` �M;mH�` KQK2MimK r?BH2 i?Qb2 /QKBM�i2/ #v #mH;2 U2�`Hv@ivT2 ;�H�tB2bV ?�p2
HQr �M;mH�` KQK2MimKX S`BK�`BHv 2�`Hv@ivT2 ;�H�tB2b �`2 i?Qm;?i iQ #2 �M Qmi+QK2 Q7
K�DQ` K2`;2`b r?BH2 H�i2@ivT2 ;�H�tB2b �`2 �M Qmi+QK2 Q7 KBMQ` K2`;2`b U2X;X- ai2BMK2ix
�M/ L�p�``Q kyykc b22- hQQK`2 �M/ hQQK`2 RNdkVX

RXk �M;mH�` KQK2MimK ?BbiQ`v

h?2 K2`;2` ?BbiQ`v TH�vb � bB;MB}+�Mi `QH2 BM K�bb �M/ �M;mH�` KQK2MimKX AM i?2
Λ*.J b+2M�`BQ Q7 ;�H�tv 7Q`K�iBQM- ;`�pBi�iBQM Bb i?Qm;?i iQ #2 i?2 /QKBM�Mi 7Q`+2
+�T�#H2 Q7 i`�Mb72``BM; �M;mH�` KQK2MimK iQ /2p2HQTBM; T`QiQ@;�H�tv 7Q`K2/ #v i?2
K2`;BM; Q7 bK�HH2` mMBib mM/2` i?2 BM~m2M+2 Q7 ;`�pBivX � M2i iB/�H iQ`[m2 �+iBM; QM
� T`QiQ@;�H�tv rBHH M�im`�HHv +�mb2 i?2 T`QiQ@;�H�tv iQ bi�`i `Qi�iBM;- i?2`2#v ;�BMBM;
�M;mH�` KQK2MimKX aQ i?2 +m``2Mi@/�v �M;mH�` KQK2MimK +QMi2Mi Q7 � ;�H�tv Bb
i?2`27Q`2 +HQb2Hv HBMF2/ iQ Bib 7Q`K�iBQM ?BbiQ`v US22#H2b- RNeNVX
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*?�Ti2` RX AMi`Q/m+iBQM j

RXkXR P#b2`p�iBQM�H � i?2Q`2iB+�H bim/v Q7 D @ J `2H�iBQM

�M;mH�` KQK2MimK ?�b #22M bim/B2/ 7`QK #Qi? i?2Q`2iB+�H �M/ Q#b2`p�iBQM�H pB2r@
TQBMibX S22#H2b URNeNV r�b i?2 }`bi iQ BMi`Q/m+2 i?2 `2H�iBQMb?BT #2ir22M bT2+B}+ �M@
;mH�` KQK2MimK jh �M/ K�bb Mh Ur?2`2 i?2 bm#b+`BTi BM/B+�i2b [m�MiBiB2b `2H�iBM; iQ
/�`F K�ii2` ?�HQV mbBM; i?2Q`2iB+�H T2`bT2+iBp2X 6Q` � ;�H�tv r?B+? Bb 7Q`K2/ i?`Qm;?
iB/�H iQ`[m2b- i?2 bT2+B}+ �M;mH�` KQK2MimK Q7 i?2 /�`F K�ii2` ?�HQ Bb `2H�i2/ iQ i?2
K�bb Q7 i?2 ?�HQ #v i?2 2KTB`B+�H `2H�iBQM �b Dh = k(λ)J2/3

h - rBi? λ #2BM; i?2 bTBM T�@
`�K2i2` Q7 i?2 /�`F K�ii2` ?�HQ i?�i Bb BM/2T2M/2Mi Q7 i?2 K�bb US22#H2b- RNeNVX h?2
bT2+B}+ �M;mH�` KQK2MimK Q7 ;�b i?�i +QHH�Tb2b BMiQ /�`F K�ii2` ?�HQ- mM/2` ?B2`�`+?B@
+�H ;�H�tv 7Q`K�iBQM Bb +QMb2`p2/- Bb �HbQ 2tT2+i2/ iQ Q#2v i?2 b�K2 2KTB`B+�H `2H�iBQM
7Q` /�`F K�ii2` ?�HQX J�bb UJV �M/ i?2 bT2+B}+ �M;mH�` KQK2MimK UDV �`2 irQ T�`�K@
2i2`b Q7 ;�H�tB2b i?�i �`2 bi`QM;Hv +Q``2H�i2/ rBi? i?2 KQ`T?QHQ;B+�H +H�bb Q7 ;�H�tB2b
UEQ`K2M/v- RNNyVX h?2 i?2Q`2iB+�H HBMF #2ir22M j �M/ M r�b T`QpB/2/ #v #Qi? _Q@
K�MQrbFv �M/ 6�HH UkyRkV �M/ P#`2b+?FQr �M/ :H�x2#`QQF UkyR9VX P#`2b+?FQr �M/
:H�x2#`QQF UkyR9V �HbQ /2`Bp2/ i?2 `2H�iBQM HBMFBM; j �M/ M #v �bbmKBM; >m##H2 +QM@
bi�Mi > 4 70 km s−1Mpc−1 �M/ b?Qr i?�i i?2 bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK
b+�H2b rBi? #�`vQMB+ K�bb pBx,

Db
103 kpc km s−1

= 1.96λ7j7
−2
3

M

( Jb

1010M⊙

) 2
3
, URXRV

r?2`2 fj /2MQi2b i?2 bT2+B}+ �M;mH�` KQK2MimK Q7 #�`vQMb /BpB/2 #v i?2 bT2+B}+ �M;mH�`
KQK2MimK Q7 i?2 *.J ?�HQ- fM /2MQi2b i?2 K�bb Q7 #�`vQMb /BpB/2/ #v i?2 K�bb Q7 i?2
?�HQ- �M/ λ Bb i?2 /BK2MbBQMH2bb bTBM T�`�K2i2` �bbQ+B�i2/ rBi? i?2 �M;mH�` KQK2MimK
Q7 i?2 ;�H�tv Ub22 S22#H2b URNeNVVX aQ 7Q` #�`vQMb Db αJ2/3

b Ur?2`2 i?2 bm#b+`BTi BM/B+�i2b
[m�MiBiB2b `2H�iBM; iQ #�`vQM K�ii2`VX

RXkXk h`�/BiBQM�H K2�bm`2K2Mib Q7 D @ J `2H�iBQM

6�HH URN3jV- U63jV r�b i?2 }`bi iQ HQQF �i i?2 bi2HH�` +QKTQM2Mi BM � b�KTH2 Q7 Ryy
;�H�tB2b �M/ b?Qr i?�i #Qi? bTB`�H �M/ 2HHBTiB+�H ;�H�tB2b Q++mTv /BbiBM+i `2;BQMb BM i?2
logD⋆ − logJ⋆ TH�M2X �M 2KTB`B+�H `2H�iBQM D⋆ ∝ Jα

⋆ rBi? HQ;@bHQT2 α ≈ Q7 yXe r�b
Q#i�BM2/ 7Q` #Qi? 2HHBTiB+�H �M/ bTB`�H ;�H�tB2bX >Qr2p2`- 2HHBTiB+�H ;�H�tB2b r2`2 7QmM/
iQ ?�p2 HQr �KQmMi Q7 �M;mH�` KQK2MimK �b +QKT�`2/ iQ bTB`�H ;�H�tB2bX h?Bb Bb +H2�`Hv
/2TB+i2/ BM 6B;m`2 RXRX

https://etd.uwc.ac.za



*?�Ti2` RX AMi`Q/m+iBQM 9

6B;m`2 RXR, hQi�H BMi`BMbB+ bi2HH�` bT2+B}+ �M;mH�` KQK2MimK Q7 ;�H�tB2b �b � 7mM+iBQM
Q7 iQi�H bi2HH�` K�bb- `2T`Q/m+2/ 7`QK 63jX :�H�tv ivT2b �`2 b?QrM �++Q`/BM; iQ i?2
H2;2M/ BM iQT H27i +Q`M2`X *H2�`Hv- 63j 7QmM/ i?�i 2�`Hv@ �M/ H�i2@ivT2 ;�H�tB2b ?�p2
/Bz2`2Mi �KQmMi Q7 �M;mH�` KQK2MimKX h?2 /Qii2/ HBM2 b?Qrb � i`2M/ D⋆ ∝ J2/3

⋆

_QK�MQrbFv �M/ 6�HH UkyRkVX

h?Bb `2H�iBQM r�b �HbQ +QM}`K2/ #v _QK�MQrbFv �M/ 6�HH UkyRkV 7Q+mbBM; +?B2~v QM �
b�KTH2 Q7 2�`Hv@ivT2 ;�H�tB2bX AM � `�M;2 Q7 /Bz2`2Mi KQ`T?QHQ;B+�H +H�bb Q7 2HHBTiB+�H �M/
bTB`�H ;�H�tB2b- ;�H�tB2b r2`2 b2T�`�i2/ BMiQ i?2B` `2bT2+iBp2 +QKTQM2Mib UTm`2 /BbFb �M/
#mH;2bV �M/ Bi r�b 7QmM/ i?�i #Qi? /BbFb �M/ #mH;2b M�im`�HHv 7QHHQr bBKBH�` `2H�iBQM Q#@
i�BM2/ #v 63j @ i?mb 2ti2M/BM; i?2 rQ`F Q7 63jX >Qr2p2`- �M Qzb2i 7�+iQ` Q7 ∼ 6 #2ir22M
T�`�HH2H b2[m2M+2b 7Q`K2/ #v #Qi? Tm`2 /BbFb �M/ #mH;2b r�b Q#i�BM2/X Ai r�b 7QmM/
i?�i #Qi? #mH;2b �M/ /BbFb BM bi2HH�` +QKTQM2Mib 7QHHQr i?2 bBKBH�` i`2M/ BMi`Q/m+2/
#v 63jX "Qi? _QK�MQrbFv �M/ 6�HH UkyRkV �M/ 6�HH �M/ _QK�MQrbFv UkyRjV bim/B2b
Q#i�BM2/ bBKBH�` D⋆ ∝ J2/3

⋆ b+�HBM; `2H�iBQM +H�BK2/ #v 63jc i?2 QMHv /Bz2`2M+2 r�b i?�i
�M Qzb2i 7�+iQ` Q7 8 #2ir22M T�`�HH2H b2[m2M+2 7Q`K2/ #v /BbF@/QKBM�i2/ �M/ 2HHBTiB+�H
;�H�tB2b r�b H�i2` Q#i�BM2/ BM 6�HH �M/ _QK�MQrbFv UkyRjV bim/vX h?2 `2pBbBQM rQ`F Q7
6�HH �M/ _QK�MQrbFv UkyRjV b?Qrb i?�i bT2+B}+ �M;mH�` KQK2MimK �M/ K�bb `2H�iBQM
Q7 i?2 bi2HH�` K�ii2` /Bbi`B#miBQM Q7 /Bz2`2Mi KQ`T?QHQ;B+�H ivT2b 7QHHQrb i?2 T�`�HH2H
b2[m2M+2 `2H�iBQM M2�`Hv bBKBH�` 7Q` #Qi? 2HHBTiB+�H �M/ /BbF@/QKBM�i2/ ;�H�tB2bX h?2b2
bim/B2b 2biBK�i2 i?2 K2�bm`2 Q7 i?2 �M;mH�` KQK2MimK +QMi2Mi #�b2/ QM �bbmKTiBQMb
7`QK 63jX
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63j bim/v �bbmK2/ �M 2tTQM2MiB�H /BbF `Qi�iBM; �i � +QMbi�Mi p2HQ+Biv UBX2X ~�i `Qi�iBQM
+m`p2V �M/ b?Qrb i?�i i?2 iQi�H �M;mH�` KQK2MimK Bb ;Bp2M #v-

D̄⋆ = 2R̄⋆Vflat, URXkV

r?2`2 Vflat Bb i?2 +QMbi�Mi p2HQ+Biv 2biBK�i2 7`QK i?2 p2HQ+Biv rB/i? K2�bm`2K2MibX �M/
R̄⋆ BM 2[m�iBQM RXk Bb �M 2biBK�i2 Q7 i?2 2tTQM2MiB�H b+�H2 `�/Bmb Q7 i?2 ;�H�tv /BbFX

RXkXj >B;?@T`2+BbBQM K2�bm`2K2Mib Q7 Db @ Jb `2H�iBQM

P#`2b+?FQr �M/ :H�x2#`QQF UkyR9V r�b i?2 }`bi iQ T`2b2Mi ?B;? T`2+BbBQM K2�bm`2K2Mib-
mbBM; 7mHH `Qi�iBQM +m`p2b �M/ 7mHH `�/B�H K�bb T`Q}H2b- Q7 i?2 `2H�iBQM #2ir22M bT2+B}+
#�`vQMB+ �M;mH�` KQK2MimK UDbV �M/ #�`vQMB+ K�bb Jb mbBM; i?2 FBM2K�iB+b Q7 Re
M2�`#v bTB`�H ;�H�tB2b rBi? #�`vQM K�bb `�M;BM;- Ry9 @ Ry11 �M/ #mH;2 K�bb 7`�+iBQM mT
iQ yXjk 7`QK i?2 h>AL:a bm`p2v q�Hi2` 2i �HX Ukyy3VX h?2v T2`7Q`K2/ �M BMi2;`�iBQM Q7
7mHH `Qi�iBQM +m`p2b �M/ 7mHH `�/B�H K�bb T`Q}H2b MmK2`B+�HHv Qp2` i?2 ;�H�+iB+ /BbF iQ }M/
i?2 iQi�H �M;mH�` KQK2MimKX h?2v �HbQ bim/v i?2 +Q``2H�iBQM #2ir22M #�`vQMB+ K�bb-
bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK �M/ #mH;2 7`�+iBQM �M/ 7QmM/ � iB;?i +Q``2H�iBQM
bmTTQ`i2/ �M/ mM/2`biQQ/ BM i?2 Λ*.J KQ/2HbX *?Qr/?m`v �M/ *?2M;�Hm` UkyRdV �HbQ
/2`Bp2/ bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK 7`QK >A FBM2K�iB+b +QK#BM2/ rBi? bi2HH�`
K�bb T`Q}H2b Q7 }p2 ;�b `B+? /r�`7 ;�H�tB2b BM pQB/bX h?2v 7QmM/ i?�i Db @ Jb `2H�iBQM
Q#i�BM2/ 7`QK i?2B` b�KTH2 /2pB�i2b bB;MB}+�MiHv 7`QK i?Qb2 Q7 bTB`�H ;�H�tB2b �M/ i?2
T`Q#�#BHBiv 7Q` /r�`7 ;�H�tB2b iQ 7QHHQr bTB`�H ;�H�tB2bǶ `2H�iBQM Km+? bK�HH2`X 1HbQM
UkyRdV bim/v r�b #�b2/ QM jd M2�`#v ;�H�tB2b 7`QK i?2 q>AaS bm`p2vX Pp2` ∼ j Q`/2`
Q7 K�;MBim/2 BM Jb- i?2 Db r�b 7QmM/ iQ #2 +QMbBbi2Mi rBi? i?2 i?2Q`2iB+�H 2tT2+i2/
`2H�iBQM Q7 Db ∝ J2/3

b X h?Bb `2bmHib Bb +QMbBbi2Mi rBi? ?B;?2` K�bb bTB`�H ;�H�tB2b 7`QK
P#`2b+?FQr �M/ :H�x2#`QQF UkyR9VX h?2M "miH2` 2i �HX UkyReV �HbQ BMp2biB;�i2/ i?2
`2H�iBQM #2ir22M Jb �M/ Db mbBM; i?2 GAhhG1 h>AL:a b�KTH2 +QMi�BMBM; R9 `Qi�iBM;
/r�`7 B``2;mH�` ;�H�tB2bX h?2v 7QmM/ i?�i /r�`7 ;�H�tB2b bvbi2K�iB+�HHv b?Qr ?B;?2` Db
p�Hm2b i?�M 2tT2+i2/ 7`QK i?2 bTB`�H b+�HBM; `2H�iBQM Q7 Db ∝ J2/3

b X h?2B` `2bmHib �`2
+QMbBbi2Mi rBi? i?Qb2 Q#i�BM2/ #v *?Qr/?m`v �M/ *?2M;�Hm` UkyRdVX >B;?@T`2+BbBQM
K2�bm`2K2Mib Q7 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK �b � 7�+iBQM Q7 #�`vQMB+ K�bb Q7
.r�`7 ;�H�tB2b BM pQB/ r2`2 bim/B2/ #v Em`�T�iB 2i �HX UkyR3V- UER3VX h?2B` b�KTH2
r�b /`�rM 7`QK GvMt *�M+2` pQB/- HQ+�i2/ BM i?2 M2�`#v lMBp2`b2X Pp2` i?2 `�M;2
107.3 ! Jb/M⊙) ! 109.4 BM #�`vQMB+ K�bb- i?2 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK r�b
7QmM/ iQ #2 ?B;?- #mi +QKT�`�#H2 iQ Qi?2` /r�`7 ;�H�tB2b i?�i HB2 QmibB/2 i?2 pQB/bX
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RXj AM i?Bb i?2bBb

h?Bb i?2bBb �BKb iQ bim/v i?2 �M;mH�` KQK2MimK +QMi2Mi Q7 2�`Hv@ivT2 ;�H�tB2bX h?2
#�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 #�`vQMB+ K�bb BM i?2 b�KTH2 +QM@
i�BMBM; RR 2�`Hv@ivT2 ;�H�tB2b Bb BMp2biB;�i2/ BM Q`/2` iQ +QMbi`�BM r?2i?2` i?2B` �M;mH�`
KQK2MimK T`QT2`iB2b /Bz2` bB;MB}+�MiHv 7`QK i?2 H�i2@ivT2 ;�H�tB2b i?�i ?�p2 �H`2�/v
#22M bim/B2/ BM i?2 HBi2`�im`2X

RXjXR h?2bBb QmiHBM2

Ç *?�Ti2` k T`2b2Mi � /2b+`BTiBQM Q7 i?2 ;�H�tv b�KTH2 mb2/ BM i?Bb rQ`FX h?2
2tTH�M�iBQM Q7 >A /�i� +m#2 T�`�K2i2`Bb�iBQMb Q7 2�+? ;�H�tv �`2 T`2b2Mi2/ ?2`2X
h?Bb +?�Ti2` T`2b2Mib �HH i?2 }M�H bi�M/�`/ >A /�i� T`Q/m+ib `2[mB`2/ 7Q` i?Bb
rQ`FX

Ç AM *?�Ti2` j- i?2 >A /�i� �`2 mb2/ iQ T`QpB/2 � 7mHH FBM2K�iB+ bim/v Q7 �HH ;�H�tB2b
BM i?2 b�KTH2X >A iQi�H BMi2MbBiv K�Tb T`2b2Mi2/ BM i?2 T`2pBQmb +?�Ti2` r2`2 mb2/
iQ ;2M2`�i2 >A K�bb bm`7�+2 /2MbBiv T`Q}H2bX h?2 bm`7�+2 #`B;?iM2bb 7`QK qAa1
3.4µm BK�;BM; ?�p2 #22M mb2/ iQ;2i?2` rBi? �M �bbmK2/ K�b@iQ@HB;?i `�iBQ iQ
;2M2`�i2 bi2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2bX >A K�bb bm`7�+2 /2MbBiv T`Q}H2b �M/
bi2HH�` K�bb bm`7�+2 /2MbBiv r2`2 +QK#BM2/ iQ ;2M2`�i2 #�`vQMB+ K�bb bm`7�+2 /2M@
bBiv T`Q}H2bX >A `Qi�iBQM +m`p2b �`2 ;2M2`�i2/ #v }iiBM; � iBHi2/ `BM; KQ/2H iQ i?2
>A p2HQ+Biv }2H/bX �HbQ i?2 /2i�BHb Q7 i?2 K2i?Q/b mb2/ iQ +QKT�`2 i?2 /vM�KB+�H
KQ/2Hb iQ i?2 >A /�i� �`2 T`2b2Mi2/X h?2 >A p2HQ+Biv }2H/b �M/ #�`vQMB+ K�bb
bm`7�+2 /2MbBiv T`Q}H2b r2`2 mb2/ iQ +QMbi`m+i i?2 +mKmH�iBp2 #�`vQMB+ bT2+B}+
�M;mH�` KQK2MimK T`Q}H2b 7Q` 2�+? ;�H�tv BM i?2 b�KTH2X

Ç *?�Ti2` 9- +mKmH�iBp2 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK T`Q}H2b +QMbi`m+i2/
BM +?�Ti2` j r2`2 mb2/ iQ bim/v �M/ /Bb+mbb i?2 /Bbi`B#miBQM Q7 i?2 /�i� TQBMib BM
i?2 Db − Jb TH�M2 BM i?2 +QMi2ti Q7 Qi?2` `2bmHib BM i?2 HBi2`�im`2X

Ç *?�Ti2` 8 T`QpB/2 � bmKK�`v �M/ +QM+HmbBQM Q7 i?2 `2bmHib Q#i�BM2/ BM i?Bb i?2bBbX
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.�i� �M/ ;�H�tv b�KTH2

P#b2`p�iBQMb Q7 �iQKB+ ?v/`Q;2M U>AV BM M2�`#v ;�H�tB2b T`QpB/2 i?2 #�bBb mTQM r?B+? >A
;�b FBM2K�iB+b �M/ T`QT2`iB2b +�M #2 mM`�p2HH2/X >B;? �M;mH�` �M/ bT2+i`�H `2bQHmiBQM
>A Q#b2`p�iBQMb TH�v � pBi�H `QH2 BM 7mHHv KQ/2HHBM; i?2 >A FBM2K�iB+b Q7 ;�b BM �M/
�`QmM/ ;�H�tB2bX h?Bb +?�Ti2` T`2b2Mib i?2 /2i�BHb Q7 i?2 ;�H�tv b�KTH2 mb2/ BM i?Bb
rQ`FX

a2+iBQM kXR Q7 i?Bb +?�Ti2` #`B2~v /2b+`B#2 i?2 >A BK�;BM;X a2+iBQM kXk Q7 i?Bb +?�Ti2`
T`2b2Mi b�KTH2 b2H2+iBQM +`Bi2`B�X a2+iBQM kXj /2b+`B#2 ?Qr i?2 MQBb2 H2p2H 7Q` 2�+? ;�H�tv
BM >A /�i� +m#2b r�b [m�MiB}2/X a2+iBQM kX9 /2b+`B#2 ?Qr >A HBM2 T`Q}H2b 7Q` >A /�i�
+m#2b BM i?2 b�KTH2 r2`2 T�`2K2i2`Bb2/X a2+iBQM kX8 T`2b2Mib �HH bi�M/�`/ >A /�i�
T`Q/m+ib 7Q` i?2 b�KTH2 T`2b2Mi2/ BM a2+iBQM kXkX 6BM�HHv- BM b2+iBQM kXe- i?2 BMi`BMbB+
T`QT2`iB2b Q#i�BM2/ BM i?Bb rQ`F �`2 +QKT�`2/ rBi? i?Qb2 Q#i�BM2/ BM LQQ`/2`K22` 2i �HX
Ukyy8V- ULy8VX

kXR >A BK�;BM;

h?Bb bim/v Bb #�b2/ QM jy �`+b2+ `2bQHmiBQM �`+?Bp�H /�i� 7`QK i?2 q2bi2`#Q`F >A
am`p2v Q7 aTB`�H �M/ A``2;mH�` ;�H�tB2b S`QD2+i Uq>AaSc o�M /2` >mHbi 2i �HXVX h?2
>A /�i� +m#2b r2`2 /QrMHQ�/2/- �M/ �`2 �p�BH�#H2 QMHBM2 7Q` Tm#HB+ mb2- 7`QK ?iiT,
ffrQrX�bi`QMXMHX q>AaS Bb �M BK�;BM; bm`p2v Q7 i?2 >A +QMi2Mi Q7 b2p2`�H ?mM/`2/b Q7
M2�`#v ;�H�tB2b Q#b2`p2/ rBi? i?2 q2bi2`#QF avMi?2bBb _�/BQ h2H2b+QT2 Uqa_hV BM i?2
MQ`i?2`M bFvX h?2 Q#b2`p�iBQMb r2`2 +�``B2/ Qmi �#Qp2 � /2+HBM�iBQM δUkyyyV 4 ky◦X h?Bb
/2+HBM�iBQM HBKBi r�b +�`27mHHv +?Qb2M BM Q`/2` iQ �pQB/ /2;`�/�iBQM Q7 i?2 bvMi?2bBx2/
#2�K BM i?2 qa_h BMbi`mK2MiX P#b2`p�iBQMb r2`2 +�``B2/ Qmi #2ir22M RNNj �M/ kyyk
�BKBM; iQ BMp2biB;�i2 >A +QMi2Mi �M/ H�`;2@b+�H2 FBM2K�iB+b Q7 �HKQbi 9yy /BbF ;�H�tB2b
bvbi2K�iB+�HHv

d
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+Qp2`BM; >m##H2 ivT2b `�M;BM; 7`QK ay iQ AK ULQQ`/2`K22` 2i �HX kyy8c ar�i2`b 2i �HX
kyyNVX �HH q>AaS ;�H�tB2b r2`2 b2H2+i2/ 7`QK i?2 lTTb�H� :2M2`�H *�i�HQ;m2 iQ ?�p2 �M
QTiB+�H �M;mH�` bBx2 ;`2�i2` i?�M �M �`+KBM �HQM; i?2B` K�DQ` �tBb /B�K2i2` UD25 > 1

′V-
�M/ HQr2` HBM2 ~mt /2MbBiv HBKBi ;`2�i2` i?�M ky KCvX 6Q` � 7mHH /2b+`BTiBQM Q7 i?2 bm`p2v
�M/ i?2 /�i� `2/m+iBQM T`Q+2bb i?2 `2�/2` Bb `272``2/ iQ o�M /2` >mHbi 2i �HX UkyyRVX

kXk a�KTH2 b2H2+iBQM +`Bi2`B�

h?2 ;�H�tv b�KTH2 7Q` i?2 +m``2Mi bim/v r�b b2H2+i2/ 7`QK � H�`;2` b�KTH2 T`2b2Mi2/
#v LQQ`/2`K22` 2i �HX Ukyy8V- ULy8V- r?Q T`2b2Mi >A Q#b2`p�iBQMb Q7 e3 2�`Hv@ivT2
/BbF ;�H�tB2b BM � `�M;2 Q7 /Bz2`2Mi KQ`T?QHQ;B+�H ivT2bX AM Q`/2` iQ �++m`�i2Hv KQ/2H
i?2 p2HQ+Biv }2H/ Q7 2�+? ;�H�tv mb2/ BM i?Bb bim/v- BMi2`K2/B�i2Hv BM+HBM2/ ;�H�tB2b
U40◦ < i < 75◦V rBi? �M >A K�DQ` �tBb /B�K2i2` ;`2�i2` i?�M R3y �`+b2+ r2`2 b2H2+i2/
7`QK i?2 7mHH Ly8 b�KTH2X �7i2` �TTHvBM; i?2 �#Qp2@K2MiBQM2/ +`Bi2`B� iQ i?2 Ly8
b�KTH2- � bm#b2i Q7 RR ;�H�tB2b r�b `2+Qp2`2/ i?�i b2`p2 �b i?2 T`BK�`v b�KTH2 7Q` i?Bb
bim/vX h�#H2 kXj HBbib bQK2 Q7 i?2 K�BM T`QT2`iB2b Q7 Qm` ;�H�tv b�KTH2X

h�#H2 kXR, URV l:* MmK#2`- UkV �Hi2`M�iBp2 M�K2- UjV _�- U9V .2+- U8V KQ`T?QHQ;B+�H
ivT2- UeV �#bQHmi2 "@#�M/ K�;MBim/2- UdV >2HBQ+2Mi`B+ `�/B�H p2HQ+Biv 7`QK i?Bb bim/v-
U3V /Bbi�M+2- UNV BM+HBM�iBQM �M;H2 7`QK i?Bb bim/vX

l:* �Hi2`M�iBp2 _� UkyyyV .2+ UkyyyV hvT2 JB ohel . B
M�K2 ? K b ◦ ′ ′′

km s−1 Mpc ◦

URV UkV UjV U9V U8V UeV UdV U3V UNV
kR3j L:* Ry8e yk 9k 93Xj k3 j9 kd a� @RNXey R8j8 kRX8 ey
j89e L:* kkdj ye 8y 3Xd ey 8y 98 a"U`V� @kyXRe R3j3 kdXj 8y
j83y @ ye 88 jyX3 eN jj 9d a�UbV� T2+ @R3XRN RRNN RNXk ee
8Ney L:* j9Rj Ry 8R kyXd jk 98 8N aP @RdXjN e9j RyX8 ej
ek3j L:* jeyy RR R8 8kXy jk 98 8N a� @RdXRd dRj RkXy dR
ed3e L:* jNyy RR 9N NX9 kd yR RN a�U_VyY @RNXN9 RdNN k8XN ej
ed3d L:* j3N3 RR 9N R8X9 8e y8 y9 a�UbV�# @kyXk8 RRdR R3XN ee
RRkeN L:* eeed R3 jy jNX3 ed 8N kj a�"�#\ T2+ @kyXRR k83R j3Xj ej
RRedy L:* dyRj kR yj jjXe kN 8j 8R a�U`Vyf� @RNX8j dd8 RkXd e3
RRN8R L:* dkjR kk Rk jyXR 98 RN 9k a"� @RNXR9 Ry3e RdX9 ed
Rky9j L:* dk3e kk kd 8yX8 kN y8 98 aPf� @RdXR8 Ryyd R8X9 ed

�HH +QHmKMb U2t+2Ti +QHmKM d �M/ NV �`2 �HbQ b?QrM BM h�#H2 R Q7 7mHH Ly8 b�KTH2X

6B;m`2 kXR b?Qrb i?2 /Bbi`B#miBQMb Q7 bQK2 Q7 i?2 K�BM ;�H�tv T`QT2`iB2b 7`QK i?2 7mHH
Ly8 b�KTH2 U#H�+F ?BbiQ;`�KbV �M/ i?2 bm#@b�KTH2 Q7 RR ;�H�tB2b mb2/ BM i?Bb rQ`F U`2/
?BbiQ;`�KbVX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 N

6B;m`2 kXR, .Bbi`B#miBQM Q7 p�`BQmb ;�H�tv T`QT2`iB2b 7`QK i?2 7mHH Ly8 b�KTH2 U#H�+F
?BbiQ;`�KbV �M/ bm#@b�KTH2 Q7 RR ;�H�tB2b mb2/ BM i?Bb bim/v U`2/ ?BbiQ;`�KbVX h?2 iQT
H27i T�M2H b?Qrb i?2 /Bbi`B#miBQMb Q7 >A K�bb2b- i?2 iQT `B;?i T�M2H i?2 /Bbi`B#miBQM Q7 >A
/B�K2i2`b U�b K2�bm`2/ �i �M >A K�bb bm`7�+2 /2MbBiv H2p2H Q7 1M⊙/pc2V- i?2 #QiiQK
H27i T�M2H i?2 /Bbi`B#miBQM Q7 BM+HBM�iBQMb- �M/ #QiiQK `B;?i T�M2H i?2 /Bbi`B#miBQM Q7
"@#�M/ �#bQHmi2 K�;MBim/2bX

h?2 b�KTH2 +QMi�BMBM; RR ;�H�tB2b- r?B+? ?�b #22M mb2/ iQ [m�MiB7v �M;mH�` KQK2MimK
+QMi2Mi BM i?Bb rQ`F ?�b #22M b2H2+i2/ 7`QK � b�KTH2 +QMi�BMBM; e3 ;�H�tB2b BM iQi�HX
6B;m`2 kXR- b?Qrb i?�i >A K�bb2b- >A /B�K2i2`b �M/ BM+HBM�iBQMb BM i?Bb rQ`F `2T`2b2Mi
i?2 BMM2` T�`i Q7 i?2 b�KTH2 Q#i�BM2/ �M/ mb2/ BM Ly8X
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 Ry

kXj LQBb2 2biBK�iBQMb

AM i?Bb rQ`F- i?2 MQBb2 H2p2H BM 2�+? /�i� +m#2 r�b [m�MiB}2/ �b i?2 bi�M/�`/ /2pB�iBQM Q7
i?2 /Bbi`B#miBQM Q7 kyy s kyy HBM2@7`22 TBt2Hb bT�MMBM; i?2 7mHH bT2+i`�H `�M;2 Q7 i?2 +m#2X
JQbi /�i� +m#2b +QMi�BM2/ �`iB7�+ib Q` +QMi�KBM�i2/ 2KBbbBQMb M2�` i?2 bi�`i �M/ 2M/
Q7 i?2 bT2+i`�H �tBbX h?2b2 +?�MM2Hb r2`2 2t+Hm/2/ 7`QK �Mv 7Q`K Q7 MQBb2 +�H+mH�iBQMbX
*?�MM2Hb r2`2 `2KQp2/ bvKK2i`B+�HHv �HQM; i?2 bT2+i`�H �tBb, 7Q` BMbi�M+2 l:*ykR3j
+QMi�BM2/ Rkd +?�MM2Hb �HQM; i?2 bT2+i`�H �tBb- bQ 9k +?�MM2Hb 7`QK i?2 #2;BMMBM; �M/
iQr�`/b i?2 2M/ r2`2 `2KQp2/ �M/ MQBb2 2biBK�iBQM 7Q` i?Bb ;�H�tv r�b #�b2/ QM i?2
+2Mi`�H 9j +?�MM2HbX

6B;m`2 kXk, .Bbi`B#miBQM Q7 MQBb2 TBt2Hb 2ti`�+i2/ 7`QK i?2 >A /�i� +m#2 Q7 l:*ykR3jX
h?2 ;`22M +m`p2 Bb � }ii2/ :�mbbB�MX h?2 ?BbiQ;`�K Bb MQ`K�HBx2/X h?2 H2;2M/ BM iQT
H27i +Q`M2` Q7 i?2 };m`2 BM/B+�i2b i?2 bi�M/�`/ /2pB�iBQM σ Q7 i?2 }ii2/ :�mbbB�M BM
mMBib Q7 mJy beam−1X

h?2 /Bbi`B#miBQM Q7 � MQBb2@}HH2/ +?�MM2Hb 7`QK i?2 >A /�i� +m#2 Q7 l:*ykR3j Bb b?QrM
BM 6B;m`2 kXkX a?QrM �b � ;`22M +m`p2 Bb :�mbbB�M }ii2/ iQ i?2 /Bbi`B#miBQMX h?2 #2bi@
}iiBM; K2�M �M/ bi�M/�`/ /2pB�iBQM Q7 i?Bb :�mbbB�M �`2 µ̄ 4 @ yXde µJy beam−1 �M/ σ

4 yX3N mJy beam−1- `2bT2+iBp2HvX h?2 }ii2/ K2�Mb �M/ bi�M/�`/ /2pB�iBQMb 7Q` �HH Q7
i?2 ;�H�tB2b mb2/ BM i?Bb rQ`F �`2 b?QrM BM +QHmKM k �M/ j- `2bT2+iBp2Hv- Q7 h�#H2 kXkX
6Q` �HH >A /�i� +m#2b- TBt2Hb #2HQr � i?`2b?QH/ Q7 3σ r2`2 ~�;;2/ �b MQBb2 �M/ r2`2
2t+Hm/2/ 7`QK �HH /�i� T`Q/m+ib ;2M2`�i2/ 7`QK i?2 >A /�i� +m#2b Ua2+iBQM kX9VX a?QrM
BM h�#H2 kXk +QHmKM 9 �`2 i?2 iQi�H MmK#2` Q7 +?�MM2Hb mb2/ 7Q` 2�+? ;�H�tv iQ 2biBK�i2
MQBb2 �M/ ;2M2`�i2 �HH >A /�i� T`Q/m+ibX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 RR

h�#H2 kXk, "2bi@}i :�mbbB�M T�`�K2i2`b 7Q` i?2 MQBb2 /Bbi`B#miBQMb Q7 i?2 ;�H�tB2b
mb2/ BM i?Bb bim/vX URV l:* MmK#2`- UkV K2�M- UjV bi�M/�`/ /2pB�iBQM- U9V LmK#2` Q7
+?�MM2HbX

l:* µ̄ σ *?�MM2Hb
µJy beam−1 mJy beam−1

URV UkV UjV U9V
l:*ykR3j @yXde yX3N 9j
l:*yj89e yX3y yXee 9N
l:*yj83y yX3k jXRy e8
l:*y8Ney yXRy RXjd 9N
l:*yek3j yXjk yXdj 8d
l:*yed3e kXR3 yX38 ed
l:*yed3d @yX83 yXdj 8N
l:*RRkeN yXje yXee 8N
l:*RRedy @RXj3 yX3k 9d
l:*RRN8R @yX8k jXeN 3d
l:*Rky9j yX83 RXj3 9d

kX9 >A HBM2 T`Q}H2b T�`�K2i2`Bb�iBQMb

AM Q`/2` iQ ;2M2`�i2 M2r- �++m`�i2 >A /�i� T`Q/m+ib 7Q` i?2 ;�H�tv b�KTH2 mb2/ BM i?Bb
bim/v- i?2 q>AaS >A /�i� +m#2b r2`2 T�`�K2i2`Bb2/ #v }iiBM; � bBM;H2 :�mbbB�M iQ 2p2`v
HBM2 T`Q}H2 �i 2�+? TQbBiBQM rBi? T2�F �KTHBim/2 ?B;?2` i?�M 3σX AMBiB�H 2biBK�i2b 7Q`
i?2 �KTHBim/2- K2�M- �M/ bi�M/�`/ /2pB�iBQM Q7 2�+? }ii2/ :�mbbB�M r2`2 i?2 T2�F ~mt
/2MbBiv Q7 i?2 T`Q}H2- i?2 �bbQ+B�i2/ HBM2@Q7@bB;?i p2HQ+Biv- �M/ 10 km s−1- `2bT2+iBp2HvX

6B;m`2 kXj, o�`BQmb 2t�KTH2b Q7 bBM;H2@TBt2H HBM2 T`Q}H2b rBi? }ii2/ :�mbbB�Mb- 2t@
i`�+i2/ 7`QK >A +m#2 Q7 l:*yed3eX 6Bii2/ :�mbbB�Mb �`2 BM/B+�i2/ �b ;`22M +m`p2bX
JQbi ;�H�tB2b ?�p2 KQbi Q7 i?2B` >A HBM2 T`Q}H2b r2HH �TT`QtBK�i2/ #v � bBM;H2 :�mb@
bB�MbX a?QrM QM i?2 H27i T�M2H Bb � ?B;? bB;M�H@iQ@MQBb2 >A HBM2 T`Q}H2X a?QrM BM i?2
KB//H2 T�M2H Bb � HQr bB;M�H@iQ@MQBb2 HBM2 T`Q}H2X a?QrM BM i?2 `B;?i T�M2H Bb �M �bvK@
K2i`B+ HBM2 T`Q}H2X jσ MQBb2 H2p2H Bb BM/B+�i2/ #v � #H�+F ?Q`BxQMi�H /Qii2/ HBM2 BM 2�+?
T�M2HX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 Rk

6B;m`2 kXj b?Qrb 2t�KTH2b Q7 p�`BQmb ivT2b Q7 T�`�K2i2`Bb2/ >A HBM2 T`Q}H2b 2ti`�+i2/
7`QK i?2 >A /�i� +m#2 Q7 l:*yed3eX h?2 H27i T�M2H Bb �M 2t�KTH2 Q7 � ?B;? bB;M�H@
iQ@MQBb2 UafLV T`Q}H2X h?2 KB//H2 T�M2H b?Qrb � ivTB+�H HQr afL T`Q}H2X AM i?Bb +�b2-
i?2 }ii2/ :�mbbB�M �++m`�i2Hv TB+Fb Qmi i?2 TQbBiBQM Q7 i?2 T`Q}H2 T2�F ~mt /2MbBivX
h?2 `B;?i T�M2H T`QpB/2b �M 2t�KTH2 Q7 � bHB;?iHv �bvKK2i`B+ >A HBM2 T`Q}H2- 7Q` r?B+?
i?2 }ii2/ :�mbbB�M /Q2b � `2�bQM�#Hv ;QQ/ DQ# Q7 TB+FBM; Qmi i?2 T2�F ~mt /2MbBiv
TQbBiBQMX AM Q`/2` iQ �bb2bb i?2 Qp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb- i?2 H27i T�M2H BM
6B;m`2 kX9 b?Qrb i?2 /Bbi`B#miBQM Q7 `2/m+2/ +?B@b[m�`2/ Uχ2

r V p�Hm2b 7Q` l:*yed3eX h?2
+2Mi`2 T�M2H b?Qrb i?2 bT�iB�H /Bbi`B#miBQM Q7 i?2 χ2

r p�Hm2bX hQr�`/b i?2 +2Mi`2 Q7 i?2
;�H�tv r?2`2 irQ >A Qp2`@/2MbBiB2b `2;BQMb �`2 Q#b2`p2/- i?2 ivTB+�H χ2

r p�Hm2 BM+`2�b2b
iQ �TT`QtBK�i2Hv kX

6B;m`2 kX9, h?Bb };m`2 BHHmbi`�i2b i?2 Qp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb BM >A
/�i� +m#2 Q7 l:*yed3eX G27i T�M2H b?Qrb i?2 /Bbi`B#miBQM Q7 bT�iB�H χ2

r - KB//H2 T�M2H
b?Qrb χ2

r K�T- `B;?i T�M2H b?Qrb >A iQi�H BMi2MbBiv K�TX

h?2 /Bbi`B#miBQM Q7 χ2
r p�Hm2b �M/ χ2

r K�T 7Q` 2�+? ;�H�tv BM i?Bb rQ`F Bb b?QrM BM 6B;m`2b
�XR @ �Xj BM �TT2M/Bt �X

AM i?Bb rQ`F i?2 χ2
r bi�iBbiB+ ?�b #22M mb2/ iQ [m�MiB7v i?2 ;QQ/M2bb Q7 i?2 :�mbbB�M

}i- bBM+2 i?2 T�`�K2i2`Bb�iBQMb r2`2 T2`7Q`K2/ #v �TT`QtBK�iBM; >A HBM2 T`Q}H2b rBi?
bBM;H2 :�mbbB�MbX h?2 χ2

r 7mM+iBQM BM i?Bb rQ`F Bb /2}M2/ �b i?2 bmK Q7 i?2 b[m�`2/
/Bz2`2M+2 #2ir22M i?2 /�i� UsiV �M/ i?2 }ii2/ :�mbbB�M UuiV /BpB/2/ #v i?2 /2;`22b Q7
7`22/QK- .Q6,

χ2
r =

∑n
i (Xi − Yi)2

DoF
UkXRV

.Q6 4 L @ Mp- r?2`2 L Bb i?2 MmK#2` Q7 /�i� TQBMib �M/ Mp Bb i?2 MmK#2` Q7 BM/2T2M/2Mi
}i@T�`�K2i2`b Ui?`22 T�`�K2i2`b 7Q` :�mbbB�M 7mM+iBQMVX q?2M χ2

r ≈ R- i?2 KQ/2H
`2+BT`Q+�i2b i?2 /�i�- �M/ Bb �++2Ti�#H2X χ2

r < R BM/B+�i2b �M Qp2`@}iiBM;- r?BH2 χ2
r > R

BM/B+�i2b TQQ` }i Q7 i?2 KQ/2H iQ i?2 /�i�X
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 Rj

kX8 >A /�i� T`Q/m+ib

h?2 �`2�b Q7 i?2 :�mbbB�M }i iQ i?2 >A T`Q}H2b r2`2 mb2/ iQ ;2M2`�i2 >A iQi�H BMi2MbBiv
K�Tb 7Q` i?2 ;�H�tB2b BM i?2 b�KTH2 #v +�H+mH�iBM; �HH �`2�b Q7 i?2 }ii2/ :�mbbB�MbX >A
K�Tb r2`2 +QMp2`i2/ 7`QK mMBib Q7 mJy beam−1 iQ mJy- i?2M iQ mMBib Q7 M⊙ mbBM; i?2
7QHHQrBM; 2[m�iBQM-

JHI = 2.36× 105.2 × ΣiSi∆v, UkXkV

r?2`2 . Bb i?2 /Bbi�M+2 Q7 i?2 ;�H�tv BM K2;�T�`b2+ UJT+V- �M/ Σi(Si∆v) Bb i?2 bmK@
K�iBQM Qp2` i?2 iQi�H 2KBbbBQM BM 2�+? +?�MM2H BM mMBib Q7 Jy km s−1X

�HH i?2 iQi�H >A BMi2;`�i2/ ~mt K2�bm`2/ BM i?Bb rQ`F 7Q` 2�+? ;�H�tv �`2 b?QrM BM
+QHmKM 3 Q7 h�#H2 kXjX

6BM�HHv- i?2 K�Tb r2`2 +QMp2`i2/ iQ K�bb bm`7�+2 /2MbBiv mMBib Q7 M⊙ pc−2X h?2 iQi�H
>A K�bb2b r2`2 K2�bm`2/ �b i?2 bmK Q7 i?2 iQi�H >A ~mt 7`QK i?2 iQi�H >A BMi2MbBiv
K�TbX �HH i?2 iQi�H >A K�bb2b K2�bm`2/ BM i?Bb rQ`F �`2 b?QrM BM +QHmKM N Q7 h�#H2
kXjX �HH >A K�bb bm`7�+2 /2MbBiv K�Tb �`2 b?QrM BM KB//H2 H27i T�M2Hb BM 6B;m`2b kXd @
kXRdX

h?2 K2�Mb Q7 i?2 :�mbbB�M }i iQ i?2 >A T`Q}H2b r2`2 mb2/ iQ ;2M2`�i2 �M >A p2HQ+Biv
}2H/ 7Q` i?2 ;�H�tB2b BM Qm` b�KTH2X �HH >A p2HQ+Biv }2H/b �`2 b?QrM BM KB//H2 `B;?i
T�M2Hb BM 6B;m`2b kXd @ kXRdX h?2 bi�M/�`/ /2pB�iBQMb Q7 i?2 :�mbbB�M }i iQ i?2 >A HBM2
T`Q}H2b r2`2 mb2/ iQ ;2M2`�i2 >A p2HQ+Biv /BbT2`bBQM K�Tb 7Q` i?2 ;�H�tB2b BM Qm` b�KTH2X
�HH >A p2HQ+Biv /BbT2`bBQM K�Tb �`2 b?QrM BM #QiiQK H27i T�M2Hb BM 6B;m`2b kXd @ kXRdX

�HH ;HQ#�H T`Q}H2b r2`2 /2`Bp2/ 7`QK i?2 jy �`+b2+ q>AaS >A /�i� +m#2b #v bmKKBM; �HH
>A 2KBbbBQM rBi? T2�F ~mt /2MbBiv ;`2�i2` i?�M jσX �HH >A bT2+i`� BM i?Bb rQ`F 2t?B#Bi
Ǵ/Qm#H2/ ?Q`M2/Ǵ Q` Ǵ/Qm#H2 T2�F2/Ǵ b?�T2b- i?Bb #2?�pBQm` r�b bm;;2bi2/ #v q�Hi2`
2i �HX Ukyy3V �b #2BM; BM/B+�iBp2 Q7 M2�`Hv ~�i `Qi�iBQM +m`p2X h?2 bvbi2KB+ p2HQ+Biv
UVsysV 7Q` 2�+? ;�H�tv BM i?2 b�KTH2 r�b /2i2`KBM2/ 7`QK 8y% ~mt /2MbBiv H2p2H U2X;X-
E�KT?mBb 2i �HX URNN8VVX h?2 Vsys Q7 2�+? ;�H�tv r�b /2i2`KBM2/ �b �M �p2`�;2 Q7 i?2
T`Q}H2 2/;2b �i 8y% ~mt /2MbBiv H2p2HX h?2M 8y% HBM2 rB/i? UW50V BM i?Bb rQ`F r�b
K2�bm`2/ �b i?2 /Bz2`2M+2 #2ir22M T`Q}H2 2/;2b �i 8y% H2p2HX LQ �ii2KTi r�b K�/2 iQ
+Q``2+i 7Q` �M BMbi`mK2Mi�H #`Q�/2MBM; /m2 iQ `�M/QK KQiBQMb Q7 i?2 ;�bX �HH Vsys �M/
W50 K2�bm`2/ BM i?Bb rQ`F �`2 b?QrM BM +QHmKM e � d Q7 h�#H2 kXj- `2bT2+iBp2HvX 6B;m`2
kX8 /2KQMbi`�i2b ?Qr Vsys �M/ W50 K2�bm`2K2Mib r2`2 Q#i�BM2/X �HH >A ;HQ#�H T`Q}H2b
�`2 b?QrM BM #QiiQK `B;?i T�M2Hb BM 6B;m`2b kXd @ kXRdX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 R9

6B;m`2 kX8, h?Bb };m`2 /2KQMbi`�i2b- #v mbBM; l:*ykR3j- ?Qr �HH i?2 oSys �M/
W50 7Q` 2�+? ;�H�tv r2`2 Q#i�BM2/ BM i?Bb rQ`FX "H�+F bQHB/ HBM2 BM/B+�i2b 8y% ~mt
/2MbBiv H2p2HX hrQ bQHB/ `2/ HBM2b BM/B+�i2 T`Q}H2 2/;2b �i 8y% ~mt /2MbBiv H2p2HX :`2v
/Qii2/ HBM2 BM/B+�i2b Vsys- Q#i�BM2/ �b �M �p2`�;2 Q7 i?2 T`Q}H2 2/;2b �i 8y% H2p2HX h?2
/Bz2`2M+2 Q7 i?2 T`Q}H2 2/;2b �i 8y% ~mt /2MbBiv H2p2H ;Bp2b i?2 W50X

h�#H2 kXj, >A T`QT2`iB2b Q7 i?2 b�KTH2 Q7 ;�H�tB2b mb2/ BM i?Bb bim/vX URV l:* MmK#2`-
UkV TBt2H bBx2- UjV #2�K bBx2- U9V MQBb2 H2p2H BM i?2 +?�MM2H K�Tb- U8V +?�MM2H rB/i? UeV
bvbi2KB+ p2HQ+Biv - UdV HBM2 rB/i? Q7 ;HQ#�H T`Q}H2 �i i?2 8y% H2p2H- U3V iQi�H BMi2;`�i2/
>A ~mt /2MbBiv- UNV iQi�H >A K�bbX

l:* TBt2H bBx2 Bmaj × Bmin σ /p Vsys W50
∫
Fdv MHI

�`+b2+×�`+b2+ �`+b2+ ×�`+b2+ KCv beam−1 km s−1 km s−1 km s−1 Jy km s−1 109 J⊙
URV UkV UjV U9V U8V UeV UdV U3V UNV
kR3j Ry×Ry 9kXk×jyXy yX3N 3Xk9 R8j8 k8eXy 9kXy 9Xe
j89e Ry×Ry j8Xe×jkX8 yXee 3Xk9 R3j9 jjeXy ReXj kXN
j83y Ry×Ry kdXR×keXN jXRy 9XRk RRN3 Re9Xy 98Xy jXN
8Ney Ry×Ry j9XR×k9Xd RX9y 9XRk ejd e9RXy jkXN yXNy
ek3j Ry×Ry kNX3×kNXe yXdj 9XRk dRy ky9Xy 83Xy kXy
ed3e Ry×Ry 99X9×jRX8 yX38 3Xk9 RdNy jNNXy k8Xy 9Xy
ed3d Ry×Ry jRXN×kNXd yXdj 3Xk9 RRe3 9eRXy 8eX3 9X3
RRkeN Ry×Ry j9X3×jRX9 yXee 3Xk9 kejj j8RXy j3Xj RjXk
RRedy Ry×Ry jdXj×kjXe yX3k 3Xk9 deN jRdXy jRXN RXk
RRN8R Ry×Ry kdXy×kdXy jXdy 9XRk Ry3k RdjXy kdXd kXy
Rky9j Ry×Ry jdX3×k9Xe RX9y 9XRk Ryy8 R8jXy k9X3 RX9
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 R8

kXe *QKT�`BbQMb iQ T`2pBQmb `2bmHib

h?Bb b2+iBQM T`QpB/2b +QKT�`BbQMb #2ir22M BMi`BMbB+ T`QT2`iB2b K2�bm`2/ BM i?Bb rQ`F
�M/ i?Qb2 Q#i�BM2/ BM Ly8X AM i?Bb rQ`F i?2 iQi�H >A K�bb UMHIV 7Q` 2�+? ;�H�tv r�b
/2i2`KBM2/ 7`QK i?2 >A iQi�H BMi2MbBiv K�T- r?B+? Bb i?2 bmK Q7 i?2 BMi2;`�i2/ ~mt BM
i?2 iQi�H BMi2;`�i2/ K�TX Ly8 /2`Bp2/ i?2B` >A K�bb2b �b i?2 bmK Q7 i?2 BMi2;`�i2/
~mt 7`QK i?2 >A ;HQ#�H T`Q}H2X a?QrM BM +QHmKM N Q7 h�#H2 kXj �`2 >A K�bb2b 7Q` �HH
;�H�tB2b BM i?2 b�KTH2 BM i?Bb rQ`FX >A K�bb2b Q#i�BM2/ BM i?Bb rQ`F �`2 ?B;?2` i?�M
i?Qb2 Q#i�BM2/ BM Ly8X AM iQT H27i T�M2H Q7 6B;m`2 kXe b?Qrb i?2 +QKT�`BbQM #2ir22M JHI

BM i?Bb rQ`F �M/ Ly8X h?2 bvbi2KB+ p2HQ+BiB2b UVsysV BM i?Bb rQ`F r2`2 K2�bm`2/ 7`QK
i?2 >A ;HQ#�H T`Q}H2 �b i?2 �p2`�;2 Q7 i?2 T`Q}H2 2/;2b �i 8y% H2p2HbX a?QrM BM +QHmKM
e Q7 h�#H2 kXj Bb i?2 Vsys 7Q` 2�+? ;�H�tv BM i?2 b�KTH2X AM iQT `B;?i T�M2H Q7 6B;m`2
kXe b?Qrb i?2 +QKT�`BbQM #2ir22M Vsys BM i?Bb rQ`F �M/ LP8X h?2 iQi�H >A BMi2;`�i2/
K�T BM i?Bb rQ`F r2`2 ;2M2`�i2/ �b i?2 bmKK�iBQM Q7 i?2 }ii2/ :�mbbB�M Qp2` i?2 iQi�H
2KBbbBQM BM 2�+? +?�MM2HX a?QrM BM +QHmKM 3 Q7 h�#H2 kXj Bb i?2 iQi�H BMi2;`�i2/ >A
~mt USνVX AM #QiiQK H27i T�M2H Q7 6B;m`2 kXe b?Qrb i?2 +QKT�`BbQM #2ir22M i?2 iQi�H
BMi2;`�i2/ ~mt Sν BM i?Bb rQ`F �M/ LP8- i?2 p�Hm2b Q#i�BM2/ �`2 ?B;?2` +QKT�`2/ iQ
i?Qb2 Q#i�BM2/ BM Ly8X a?QrM BM +QHmKM 3 Q7 h�#H2 kXj Bb Sν Q7 2�+? ;�H�tv K2�bm`2/
BM i?Bb rQ`FX AM #QiiQK `B;?i T�M2H Q7 6B;m`2 kXe b?Qrb i?2 +QKT�`BbQM #2ir22M i?2
8y% HBM2 rB/i? Q7 >A ;HQ#�H T`Q}H2 UW50V BM i?Bb rQ`F �M/ Ly8X AM i?Bb rQ`F W50 r�b
K2�bm`2/ �b i?2 /Bz2`2M+2 #2ir22M T`Q}H2 2/;2b �i 8y% H2p2HbX h?2 W50 K2�bm`2K2Mib
7`QK i?Bb rQ`F �`2 HQr2` iQ i?Qb2 Q#i�BM2/ BM Ly8- i?Bb Bb #2+�mb2 Q7 �bvKK2i`B+ BM >A
;HQ#�H T`Q}H2b X a?QrM BM +QHmKM d Q7 h�#H2 kXj Bb HBM2 rB/i? Q7 >A ;HQ#�H T`Q}H2 7Q`
2�+? ;�H�tvX

hQ [m�MiB7v i?2 `2H�iBQMb?BT #2ir22M i?2 BMi`BMbB+ T`QT2`iB2b Q#i�BM2/ BM i?Bb rQ`F �M/
Ly8- i?2 S2�`bQMǶb _ bi�iBbiB+ r�b mb2/ iQ +�H+mH�i2 i?2 +Q``2H�iBQM +Q2{+B2MiX S2�`bQMǶb
+Q``2H�iBQM +Q2{+B2Mi 7Q`KmH� Bb ;Bp2M #v-

r =
N
∑

xy − (
∑

x)(
∑

y)√
[N

∑
x2 − (

∑
x)2][N

∑
y2 − (

∑
y)2]

, UkXjV

r?2`2 L Bb MmK#2` Q7 T�B` Q7 b+Q`2b-
∑

xy Bb i?2 bmK Q7 i?2 T`Q/m+ib Q7 T�B` b+Q`2b-
∑

x Bb i?2 bmK Q7 i?2 t b+Q`2b-
∑

y Bb i?2 bmK Q7 i?2 v b+Q`2b-
∑

x2 Bb i?2 bmK Q7
b[m�`2/ t b+Q`2b- �M/

∑
y2 Bb i?2 bmK Q7 b[m�`2/ v b+Q`2bX h?2 +Q2{+B2Mi p�Hm2 `�M;2

#2ir22M @R �M/ RX h?2 M2;�iBp2 `�M;2 p�Hm2b BM/B+�i2b M2;�iBp2 +Q``2H�iBQM UBX2X QM2
p�Hm2 /2+`2�b2b �M/ i?2 Qi?2` BM+`2�b2bV #2ir22M p�`B�#H2b �M/ TQbBiBp2 `�M;2 BM/B+�i2b
TQbBiBp2 +Q``2H�iBQM #2ir22M p�`B�#H2b UBX2X #Qi? p�`B�#H2 /2+`2�b2 Q` BM+`2�b2 iQ;2i?2`VX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 Re

AM 2�+? T�M2H Q7 6B;m`2 kXe- � bi`QM; TQbBiBp2 +Q``2H�iBQM #2ir22M i?2 K2�bm`2K2Mib BM
i?Bb rQ`F �M/ i?Qb2 Q#i�BM2/ #v Ly8 Bb Q#b2`p2/X h?2 +Q``2H�iBQM +Q2{+B2Mi ` `�M;2b
7`QK yXNeNk iQ yXNNNN 7Q` �HH BMi`BMbB+ T`QT2`iB2bX

6B;m`2 kXe, AMi`BMbB+ ;�H�tB2b T`QT2`iB2b /2`Bp2/ BM i?Bb rQ`F +QKT�`2/ rBi? i?Qb2
Q#i�BM2/ BM Ly8X hQT H27i T�M2H b?Qrb i?2 hQi�H >A K�bb2b- iQT `B;?i T�M2H b?Qrb
bvbi2K�iB+ p2HQ+BiB2b- #QiiQK H27i T�M2H b?Qrb i?2 >A iQi�H BMi2;`�i2/ ~mt2b- #QiiQK
`B;?i T�M2H b?Qrb HBM2 rB/i? Q7 ;HQ#�H T`Q}H2b �i i?2 8y%X h?2 ;`22M HBM2 BM �HH T�M2Hb
`2T`2b2Mib i?2 HBM2 Q7 2[m�HBivX h?2 H2;2M/ BM #QiiQK `B;?i +Q`M2` BM �HH T�M2Hb BM/B+�i2b
i?2 S2�`bQM +Q``2H�iBQM +Q2{+B2Mi U/2MQi2/ #v `V #2ir22M i?2 K2�bm`2K2Mib Q#i�BM2/
BM i?Bb rQ`F �M/ Ly8X h?2 +Q``2H�iBQM +Q2{+B2Mi p�Hm2 BM+`2�b2 iQ ∼ 1X *H2�`Hv- i?2`2 Bb
� TQbBiBp2 bi`QM; +Q``2H�iBQM #2ir22M i?2 K2�bm`2K2Mib Q7 BMi`BMbB+ T`QT2`iB2b /2`Bp2/
BM i?Bb rQ`F �M/ i?Qb2 Q#i�BM2/ BM Ly8X

X
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 Rd

6B;m`2 kXd, hQT H27i T�M2Hb, i?2 }`bi .B;BiBx2/ aFv am`p2v U.aaRV QTiB+�H BK�;2X h?2
�M;mH�` bBx2 Q7 2�+? BK�;2 BM i?2 QTiB+�H Bb 2′×2

′ X h?2 A. Bb ;Bp2M BM i?2 mTT2` H27i T�`iX
� b+�H2 BM mMBib Q7 FBHQT�`b2+ Bb BM/B+�i2/ rBi? r?Bi2 ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?iX
hQT `B;?i T�M2Hb, MQ`K�HBx2/ ?BbiQ;`�K kyy×kyy MQBb2 TBt2Hb /Bbi`B#miBQM- i?2 H2;2M/
QM i?2 mTT2` H27i +Q`M2` b?Qr 1σ MQBb2 H2p2H BM +?�MM2H K�Tb BM mMBib Q7 mJy beam−1X
JB//H2 H27i T�M2Hb, >A iQi�H BMi2MbBiv K�TX "H�+F 2HHBTb2 b?QrM r�b mb2/ iQ Q#i�BM BMBiB�H
2biBK�i2b 7Q` ;2QK2i`B+�H T�`�K2i2`b 7Q` iBHi2/@`BM; KQ/2H /Bb+mbb2/ BM M2ti +?�Ti2`X �
b+�H2 BM mMBib Q7 FBHQT�`b2+ Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?iX
"2�K bBx2 BM mMBib Q7 �`+KBMUǶV Bb BM/B+�i2/ rBi? `2/ }HH2/ +B`+H2 BM iQT `B;?iX JB//H2
`B;?i T�M2Hb, >A p2HQ+Biv }2H/X h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi
bvbi2KB+ p2HQ+Biv UVsysV �M/ i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 20 km s−1X "QiiQK H27i
T�M2Hb, >A p2HQ+Biv /BbT2`bBQM K�TX "QiiQK `B;?i T�M2Hb, >A ;HQ#�H T`Q}H2X :`2v /Qii2/
HBM2 b?QrM BM/B+�i2b bvbi2KB+ p2HQ+BivX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 R3

6B;m`2 kX3, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yj89eX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 30 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 RN

6B;m`2 kXN, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yj83yX h?2 ;`2v +QMiQm` BM i?2 >A
p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/ i?2 #H�+F +QMiQm`b �`2 bT�+2/
#v 15 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 ky

6B;m`2 kXRy, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*y8NeyX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 15 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 kR

6B;m`2 kXRR, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yek3jX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 20 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 kk

6B;m`2 kXRk, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yed3eX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 30 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 kj

6B;m`2 kXRj, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*yed3dX h?2 ;`2v +QMiQm` BM i?2 >A
p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/ i?2 #H�+F +QMiQm`b �`2 bT�+2/
#v 40 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 k9

6B;m`2 kXR9, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRkeNX h?2 ;`2v +QMiQm` BM i?2 >A
p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/ i?2 #H�+F +QMiQm`b �`2 bT�+2/
#v 30 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 k8

6B;m`2 kXR8, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRedyX h?2 ;`2v +QMiQm` BM i?2 >A
p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/ i?2 #H�+F +QMiQm`b �`2 bT�+2/
#v 30 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 ke

6B;m`2 kXRe, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*RRN8RX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 25 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` kX .�i� �M/ ;�H�tv b�KTH2 kd

6B;m`2 kXRd, AK�;2b �M/ /2`Bp2/ T`Q}H2b 7Q` l:*Rky9jX � b+�H2 BM mMBib Q7 FBHQT�`b2+
Bb BM/B+�i2/ rBi? #H�+F ?Q`BxQMi�H HBM2 BM i?2 #QiiQK `B;?i BM >A iQi�H BMi2MbBiv K�TX
h?2 ;`2v +QMiQm` BM i?2 >A p2HQ+Biv }2H/ K�T `2T`2b2Mi bvbi2KB+ p2HQ+Biv UVsysV �M/
i?2 #H�+F +QMiQm`b �`2 bT�+2/ #v 25 km s−1X a22 6B;m`2 kXd +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` j

JQ/2HHBM; �M/ �M�HvbBb

AM i?Bb +?�Ti2` i?2 /�i� T`Q/m+ib T`2b2Mi2/ BM +?�Ti2` k �`2 mb2/ iQ K2�bm`2 i?2 iQi�H
�M;mH�` KQK2MimK +QMi2Mi Q7 2�+? ;�H�tvX AM Q`/2` iQ /Q i?Bb- i?2 `Qi�iBQM +m`p2b �M/
#�`vQMB+ `�/B�H K�bb T`Q}H2b Q7 �HH ;�H�tB2b �`2 `2[mB`2/X a2+iBQM jXR Q7 i?Bb +?�Ti2` rBHH
/Bb+mbb ?Qr >A K�bb bm`7�+2 /2MbBiv T`Q}H2b 7Q` �HH ;�H�tB2b 7`QK i?2 b�KTH2 r2`2 /2`Bp2/X
a2+iBQM jXk /Bb+mbb ?Qr bi2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2b r2`2 /2`Bp2/X a2+iBQM jXj
#`B2~v /Bb+mbb ?Qr i?2 #�`vQMB+ K�bb Q7 2�+? ;�H�tv r�b +�H+mH�i2/X a2+iBQM jX9 b?Qrb
�HH K�bb T`Q}H2b `2[mB`2/ BM i?Bb bim/vX a2+iBQM jX8 /Bb+mbb ?Qr >A `Qi�iBQM +m`p2b 7Q`
�HH ;�H�tB2b BM i?2 b�KTH2 r2`2 /2`Bp2/X Ai �HbQ /2i�BHb i?2 K2i?Q/b mb2/ iQ +QKT�`2 i?2
/vM�KB+�H KQ/2Hb iQ i?2 /�i�X a2+iBQM jXe T`2b2Mi iQi�H #�`vQMB+ �M;mH�` KQK2MimK
K2�bm`2K2Mib 7Q` 2�+? ;�H�tvX

jXR >A K�bb bm`7�+2 /2MbBiv T`Q}H2b

h?2 iQi�H >A BMi2MbBiv K�Tb T`2b2Mi2/ BM +?�Ti2` k b2+iBQM kX8 r2`2 mb2/ iQ /2`Bp2 `�/B�H
>A K�bb bm`7�+2 /2MbBiv T`Q}H2bX 1�+? ;�H�tv r�b 7`�;K2Mi2/ BMiQ +QM+2Mi`B+ 2HHBTiB+�H
`BM;b- mbBM; i?2 Q`B2Mi�iBQM T�`�K2i2`b /2`Bp2/ 7`QK /vM�KB+�H KQ/2Hb }i iQ i?2 >A
p2HQ+Biv }2H/b Ub22 b2+iBQM jX8 VX h?2 rB/i? Q7 2�+? `BM; r�b b2i iQ #2 2[m�H iQ ?�H7 i?2
bT�iB�H `2bQHmiBQM Q7 i?2 /�i�, ?�H7 i?2 bvMi?2iB+ #2�K bBx2 UBX2X- R8′′VX �HH #H�MF2/ TBt2Hb
r2`2 `2KQp2/ r?BH2 i?2 ~mt /2MbBiB2b r2`2 �xBKmi?�HHv@�p2`�;2/ BM +QM+2Mi`B+ `BM;bX �HH
>A K�bb bm`7�+2 /2MbBiB2b UΣHIV r2`2 BM+HBM�iBQM@+Q``2+i2/ �M/ b+�H2/ #v � 7�+iQ` Q7 RXj9k
UAxQiQp 2i �HX- kyR9V BM Q`/2` iQ �++QmMi 7Q` i?2 T`2b2M+2 Q7 ?2HBmK U>2V �M/ 7`�+iBQMb Q7
Qi?2` K2i�Hb- bm+? i?�i ΣHI+He = 1.342 × ΣHIX �HH ΣHI+He �`2 b?QrM �b � `2/ +m`p2
BM H27i T�M2Hb Q7 };m`2b jXk @ jXjX

h?2 +mKmH�iBp2 K�bb 7Q` >A �M/ >2 rBi?BM � ;�H�+iQ+2Mi`B+ `�/Bmb _ r�b 2p�Hm�i2/
MmK2`B+�HHv mbBM; 2[m�iBQM,

k3
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb kN

JHI+He =

∫ Rout

15
ΣHI+He(R) · 2π_ · /_, UjXRV

r?2`2 R Bb ;�H�+iQ+2Mi`B+ `�/BmbX ΣHI+He Bb i?2 �xBKmi?�HHv@�p2`�;2/ bm`7�+2 /2MbBiv 7Q`
>A �M/ >2 BM mMBib Q7 M⊙ pc−2X 1�+? T`Q}H2 r�b 2p�Hm�i2/ 7`QK �M BMM2` `�/Bmb Q7 R8
�`+b2+ UBX2X- QM2 `BM; rB/i?VX h?2 iQi�H >A �M/ >2 K�bb +QK2b 7`QK b2iiBM; i?2 HQr2`
BMi2;`�iBQM HBKBi �M/ mTT2` HBKBi Q7 2[m�iBQM jXR iQ R8 �`+b2+ �M/ _out- `2bT2+iBp2HvX
_out Bb i?2 `�/Bmb �i r?B+? ΣHI /`QTb iQ 1M⊙ pc−2X �HH +mKmH�iBp2 K�bb T`Q}H2b �`2
b?QrM �b � `2/ +m`p2 BM `B;?i T�M2Hb Q7 6B;m`2b jXk @ jXjX

jXk ai2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2b

ai2HH�` K�bb bm`7�+2 #`B;?iM2bb T`Q}H2b r2`2 Q#i�BM2/ 7`QK qAa1 3.4µm BK�;BM;X J2�@
bm`2/ 3.4µm bm`7�+2 #`B;?iM2bb T`Q}H2b r2`2 T`QpB/2/ #v S`Q7 hX C�``2ii UT`Bp�i2 +QK@
KmMB+�iBQMV �M/ +QMp2`i2/ 7`QK mMBib Q7 �TT�`2Mi K�;MBim/2b T2` �`+b2+2 iQ �#bQHmi2
K�;MBim/2b T2` �`+b2+2 mbBM; 1[m�iBQM jXk-

M = m− 5log10D+ 5, UjXkV

r?2`2 K Bb i?2 �TT�`2Mi K�;MBim/2- J Bb i?2 �#bQHmi2 K�;MBim/2- �M/ . Bb i?2 /Bbi�M+2
BM mMBib Q7 T�`b2+b UT+VX

h?2M FMQrBM; i?�i W1⊙ = 3.24 U*Hmp2` 2i �HX- kyR9V Bb i?2 qAa1 qR �#bQHmi2 K�;MB@
im/2 Q7 i?2 amM- i?2 bm`7�+2 #`B;?iM2bb T`Q}H2b r2`2 +QMp2`i2/ 7`QK mMBib Q7 mag arcsec−2

iQ L⊙ arcsec−2 mbBM; 1[m�iBQM jXj-

L⋆ = 10

(
W⊙−M

2.5

)

. UjXjV

ai2HH�` K�bb +QMi2Mi Bb #2bi T`Q#2/ BM BM7`�`2/ r�p2H2M;i?b U2X;X- o2`?2BD2M kyyRVX Pp2`
i?2 #`Q�/ `�M;2 Q7 ;�H�tv K�bb2b �M/ /Bz2`2Mi KQ`T?QHQ;v i?2 bi2HH�` K�bb2b �i jX9
KB+`QMb `2K�BM M2�`Hv +QMbi�MiX h?Bb rQ`F �bbmK2/ � +QMbi�Mi bi2HH�` K�bb@iQ@HB;?i
`�iBQ Q7 0.47 M⊙

L⊙
U2X;X- J+:�m;? �M/ a+?QK#2`i kyR9V �i 3.4µm 7Q` �HH i?2 ;�H�tB2b BM

i?2 b�KTH2X

am`7�+2 #`B;?iM2bb T`Q}H2b Q#i�BM2/ mbBM; 1[m�iBQM jXj iQ;2i?2` rBi? �M �bbmK2/ K�bb@
iQ@HB;?i `�iBQ

(
M
L

)
Q7 0.47 M⊙

L⊙
r2`2 mb2/ iQ ;2M2`�i2 � bi2HH�` K�bb bm`7�+2 /2MbBiv T`Q}H2

7Q` 2�+? ;�H�tv- Σ⋆(R)- mbBM; i?2 1[m�iBQM jX9-
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jy

Σ⋆ =
M

L
× L⋆, UjX9V

r?2`2 L⋆ Bb i?2 bi2HH�` HmKBMQbBiv T`Q}H2 Q#i�BM2/ 7`QK 1[m�iBQM jXjX h?2 FMQrM /Bb@
i�M+2 Q7 2�+? ;�H�tv U2X;X- LQQ`/2`K22` 2i �HX kyy8V r�b mb2/ iQ +QMp2`i 7`QK mMBib Q7
M⊙ arcsec−2 iQ M⊙ pc−2 mbBM; 1[m�iBQM jX9 r2`2 +QMp2`i2/ 7`QK mMBib Q7 M⊙ arcsec−2

iQ M⊙ pc−2X h?2b2 T`Q}H2b �`2 b?QrM �b #Hm2 +m`p2b BM H27i T�M2Hb Q7 6B;m`2b jXk @ jXjX

6Q` 2�+? ;�H�tv- i?2 iQi�H bi2HH�` K�bb r�b +�H+mH�i2/ MmK2`B+�HHv #v 2p�Hm�iBM; i?2
7QHHQrBM; BMi2;`�H,

J⋆ =

∫ Rout

15
Σ⋆(R) · 2π_ · /_, UjX8V

r?2`2 Σ⋆ Bb i?2 bi2HH�` K�bb bm`7�+2 /2MbBiv BM �M �MmHHmb BM mMBib Q7 M⊙ arcsec−2- R

Bb i?2 `�/Bmb BM mMBib Q7 �`+b2+- �M/ /_ Bb i?2 rB/i? Q7 �M �MmHHmb BM mMBib Q7 �`+b2+X
Ai Bb +H2�` i?�i i?2 ΣHI T`Q}H2b �M/ Σ⋆ T`Q}H2b r2`2 b�KTH2/ �i irQ /Bz2`2Mi b2ib Q7
;�H�+iQ+2Mi`B+ `�/BBX hQ K�F2 M⋆ T`Q}H2b- 1[m�iBQM jX8- /B`2+iHv +QKT�`�#H2 iQ i?2
MHI+He T`Q}H2b- M⋆ T`Q}H2b r2`2 BMi2`TQH�i2/ QMiQ i?2 b2i Q7 ;�H�+iQ+2Mi`B+ `�/BB mb2/
7Q` MHI+He T`Q}H2bX h?2M i?2 iQi�H bi2HH�` K�bb +QK2b 7`QK b2iiBM; i?2 mTT2` �M/ HQr2`
BMi2;`�iBQM HBKBib BM 1[m�iBQM jX8 iQ R8′′ �M/ Rout- `2bT2+iBp2HvX q?2`2 Rout Bb i?2 `�/Bmb
�i r?B+? ΣHI+He /`QTb iQ 1M⊙ pc−2X �HH bi2HH�` +mKmH�iBp2 K�bb T`Q}H2b �`2 b?QrM �b
#Hm2 +m`p2b BM `B;?i T�M2Hb Q7 6B;m`2b jXk @ jXjX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jR

6B;m`2 jXR, h?Bb BHHmbi`�i2b ?Qr �HH bi2HH�` bm`7�+2 #`B;?iM2bb T`Q}H2b r2`2 +QMp2`i2/
iQ /Bz2`2Mi mMBib mbBM; l:*ykR3jX hQT H27i T�M2H b?Qr bm`7�+2 #`B;?iM2bb BM mMBib
Q7 �TT�`2Mi K�;MBim/2b T2` �`+b2+2X hQT `B;?i T�M2H b?Qrb bi2HH�` bm`7�+2 #`B;?iM2bb
BM mMBib Q7 �#bQHmi2 K�;MBim/2b T2` �`+b2+2X "QiiQK H27i T�M2H b?Qrb bi2HH�` bm`7�+2
#`B;?iM2bb BM mMBib Q7 L⊙ arcsec−2X h?2M #QiiQK `B;?i T�M2H b?Qrb bi2HH�` bm`7�+2
#`B;?iM2bb BM mMBib Q7 M⊙ pc−2X

jXj "�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2b

hQi�H #�`vQMB+ K�bb UJbV 7Q` 2�+? ;�H�tv r�b 2p�Hm�i2/ MmK2`B+�HHv mbBM; i?2 7QHHQrBM;
BMi2;`�H,

Jb =

∫ Rout

15
Σb(R) · 2π_ · /_, UjXeV

r?2`2 _ Bb ;�H�+iQ+2Mi`B+ `�/BmbX Σb Bb i?2 �xBKmi?�HHv@�p2`�;2 #�`vQMB+ K�bb bm`7�+2
/2MbBivX AM i?Bb rQ`F i?2 �xBKmi?�HHv@�p2`�;2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv Bb T`2b2Mi2/
#v Σb(R) 4 ΣHI+He(R) Y Σ⋆(R)X h?2M i?2 iQi�H #�`vQMB+ K�bb +QK2b 7`QK b2iiBM; i?2
mTT2` �M/ HQr2` BMi2;`�iBQM HBKBib BM 1[m�iBQM jXj iQ R8′′ �M/ Rout- `2bT2+iBp2HvX q?2`2
Rout Bb i?2 `�/Bmb �i r?B+? ΣHI+He /`QTb iQ 1M⊙ pc−2X �HH #�`vQMB+ K�bb bm`7�+2
/2MbBiB2b �M/ +mKmH�iBp2 #�`vQMB+ K�bb T`Q}H2b �`2 b?QrM �b � #H�+F +m`p2 BM H27i �M/
`B;?i T�M2Hb Q7 6B;m`2b jXk @ jXj- `2bT2+iBp2HvX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jk

jX9 amKK�`v Q7 �HH K�bb bm`7�+2 /2MbBiv T`Q}H2b

6B;m`2 jXk, J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`FX AM i?2 H27i T�M2Hb- �xBKmi?�HHv@
�p2`�;2/ K�bb bm`7�+2 /2MbBiv T`Q}H2b 7Q` i?2 ;�b- bi�`b- �M/ #�`vQMb �`2 b?QrM �b i?2
`2/- #Hm2- �M/ #H�+F +m`p2b- `2bT2+iBp2HvX AM i?2 `B;?i T�M2Hb- +mKmH�iBp2 K�bb T`Q}H2b
7Q` i?2 ;�b- bi�`b- �M/ #�`vQMb �`2 b?QrM �b i?2 `2/- #Hm2- �M/ #H�+F +m`p2b- `2bT2+iBp2HvX
6Q` �HH ;�H�tB2b- Bi Bb +H2�` i?�i i?2 #�`vQM K�bb Bb /QKBM�i2/ #v ;�b �i Qmi2` `�/BBX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jj

6B;m`2 jXj, J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`F +QMiBMm2/X a22 6B;m`2 jXk
+�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb j9

6B;m`2 jX9, J�bb T`Q}H2b /2`Bp2/ �M/ mb2/ BM i?Bb rQ`F +QMiBMm2/X a22 6B;m`2 jXk
+�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb j8

jX8 >A `Qi�iBQM +m`p2b

� i`�/BiBQM�H bi�M/�`/ T`Q+2/m`2 iQ KQ/2H ;�b FBM2K�iB+b BM /BbF ;�H�tB2b FMQrM �b
iBHi2/ `BM; KQ/2HHBM; r�b T2`7Q`K2/ iQ /2i2`KBM2 i?2 `Qi�iBQM�H +?�`�+i2`BbiB+b Q7 i?2
;�b BM 2�+? ;�H�tvX h?Bb K2i?Q/ r�b Q`B;BM�HHv BMi`Q/m+2/ #v _Q;bi�/ 2i �HX URNd9V-
�bbmKBM; i?�i i?2 ;�H�+iB+ ;�b /BbF +�M #2 `2T`2b2Mi2/ #v � b2`B2b Q7 +QM+2Mi`B+ `BM;b 2�+?
/2b+`B#2/ #v i?2B` QrM Q`B2Mi�iBQM �M/ FBM2K�iB+ T�`�K2i2`bc +2Mi2` TQbBiBQM Uxc, ycV-
bvbi2KB+ p2HQ+Biv UVsysV- BM+HBM�iBQM UiV- TQbBiBQM �M;H2 US�V- �M/ i?2 `Qi�iBQM p2HQ+Biv
UVrotVX h?2 ;�b BM +QM+2Mi`B+ `BM;b Bb �bbmK2/ iQ #2 BM Tm`2Hv +B`+mH�` KQiBQMX 6Q` �Mv
bT�iB�H TQbBiBQM (x, y) BM 2�+? `BM; rBi? `�/Bmb _ i?2 HBM2@Q7@bB;?i p2HQ+Biv Bb ;Bp2M #v-

Vlos(x, y) = Vsys + Vrot(R) sin(i) cos(θ), UjXdV

r?2`2 θ Bb TQbBiBQM �M;H2 rBi? `2bT2+i iQ i?2 `2+2/BM; �tBb K2�bm`2/ BM i?2 ;�H�+iB+
TH�M2X h?2 i`m2 S� �M/ i BM i?2 bFv TH�M2 Bb `2H�i2/ iQ 2[m�iBQMb-

cos(θ) =
−(x− xc) sin(PA) + (y − yc) cos(PA)

R
, UjX3V

sin(θ) =
−(x− xc) cos(PA) + (y − yc) cos(PA)

R cos(i)
, UjXNV

r?2`2 S� Bb K2�bm`2/ �MiB@+HQ+FrBb2 #2ir22M MQ`i? /B`2+iBQM QM i?2 bFv �M/ i?2 K�DQ`
�tBb Q7 i?2 `2+2/BM; ?�H7 Q7 i?2 ;�H�tvX h?Bb KQ/2HHBM; /2/m+2 i?2 p�`B�iBQM Q7 i?2
`Qi�iBQM p2HQ+Biv Q7 i?2 ;�b /BbF rBi? `�/Bmb #v T2`7Q`KBM; � H2�bi@b[m�`2b �H;Q`Bi?K iQ
i?2 p2HQ+Biv }2H/ mMiBH �M QTiBKmK }i Bb 2t2+mi2/X

h?2 _Ph*l_ `QmiBM2 BM :ASau T�+F�;2 Uo�M /2` >mHbi 2i �HX- RNNkV ?�b #22M mb2/ iQ
;2M2`�i2 � `Qi�iBQM +m`p2 Q7 2�+? ;�H�tv BM irQ Bi2`�iBQMb #v }iiBM; #Qi? ?�Hp2b U`2+2/BM;
�M/ �TT`Q�+?BM; bB/2V Q7 2�+? ;�H�tvX h?2 rB/i? Q7 2�+? `BM; r�b b2i �i ?�H7 i?2 bBx2 Q7
i?2 >A #2�KX h?2 `�/B�H p2HQ+BiB2b BM 2�+? `BM; �`2 r2B;?i2/ rBi? |cosθ| �M/ TQBMib rBi?BM
� ;Bp2M �M;H2 7`QK i?2 KBMQ` �tBb- ivTB+�HHv 15◦ − 30◦- �`2 +QKTH2i2Hv MQi +QMbB/2`2/
iQ �pQB/ 2``Q`b i?�i `Bb2 7`QK /2T`QD2+iBQMX AM i?2 }`bi Bi2`�iBQM Q7 _Ph*l_ `mM- �HH
T�`�K2i2`b r2`2 b2i 7`22X AMBiB�H 2biBK�i2b 7Q` i?2 bvbi2KB+ p2HQ+Biv r2`2 /2i2`KBM2/
7`QK i?2 >A ;HQ#�H T`Q}H2b- r?BH2 TQbBiBQM �M;H2- BM+HBM�iBQM- �M/ /vM�KB+�H +2Mi`2 7Q`
2�+? ;�H�tv r2`2 /2i2`KBM2/ #v }iiBM; �M 2HHBTb2 iQ � i?BM `B##QM Q7 i?2 >A ~mt 2KBbbBQM
BM i?2 Qmi2` /BbFX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb je

h?2b2 2HHBTb2b �`2 b?QrM �b #H�+F `B##QMb BM i?2 iQi�H >A BMi2MbBiv K�Tb T`2b2Mi2/ BM
+?�Ti2` k KB//H2 H27i T�M2Hb Q7 6B;m`2b kXd @ kXRdX AM �HH Bi2`�iBQMb- i?2 2tT�MbBQM p2HQ+Biv
r�b F2Ti }t2/ �i 0 km s−1 �M/ �HH T�`�K2i2`b r2`2 �HHQr2/ iQ #2 7`22X

AM i?2 b2+QM/ Bi2`�iBQM Q7 _Ph*l_ `mM- �HH #2bi@}iiBM; p�Hm2b 7Q` �HH T�`�K2i2`b U2t+2Ti
`Qi�iBQM p2HQ+BivV r2`2 b2i iQ K2/B�M p�Hm2b BM �HH `�/BB 7`QK i?2 T`2pBQmb Bi2`�iBQMX �M
�ii2KTi iQ +Q``2+i 7Q` MQM@+B`+mH�`- `�M/QK KQiBQMb BM p2HQ+Biv }2H/ r�b MQi T2`7Q`K2/X
h?2 >A p2HQ+Biv }2H/b T`2b2Mi2/ BM +?�Ti2` k r2`2 mb2/ rBi? _Ph*l_ iQ /2`Bp2 `Qi�iBQM
+m`p2b 7Q` ;�H�tB2b BM i?Bb rQ`FX a?QrM BM 6B;m`2b jX8 @ jX8 �`2 i?2 >A `Qi�iBQM +m`p2b 7Q`
�HH ;�H�tB2b BM i?2 b�KTH2 r?B+? r2`2 mb2/ iQ +�H+mH�i2 i?2 �M;mH�` KQK2MimK +QMi2MiX

6B;m`2 jX8, h?2 `�/B�H p�`B�iBQM Q7 �HH T�`�K2i2`b �b � 7mM+iBQM Q7 `�/Bmb 7`QK
_Ph*l_ Bi2`�iBQMbX AM i?2 iQT H27i T�M2Hb- `�/B�H p�`B�iBQM Q7 TQbBiBQM �M;H2 US�V
�M/ BM+HBM�iBQM �M;H2 UBM+HV �`2 b?QrM �b `2/ �M/ ;`22M +m`p2b r?2M �HH T�`�K2i2`b �`2
b2i 7`22- `2bT2+iBp2HvX .�b?@/Qii2/ `2/ �M/ ;`22M HBM2b b?Qrb K2/B�M p�Hm2b 7Q` S� �M/
BM+H- `2bT2+iBp2HvX J2/B�M p�Hm2b Q7 S� �M/ BM+H r2`2 mb2/ 7Q` i?2 b2+QM/ _Ph*l_
Bi2`�iBQMbX AM i?2 iQT `B;?i T�M2Hb- `�/B�H p�`B�iBQM Q7 +2Mi2` +QQ`/BM�i2b xc �M/ yc �`2
b?QrM �b `2/ �M/ ;`22M +m`p2b r?2M �HH T�`�K2i2`b �`2 b2i 7`22- `2bT2+iBp2HvX lMBib
7Q` t@TQb �M/ v@TQb �`2 TBt2HX J2/B�M p�Hm2b Q7 xc �M/ yc r2`2 mb2/ 7Q` i?2 b2+QM/
_Ph*l_ Bi2`�iBQMbX h?2 #QiiQK H27i T�M2Hb b?Qrb i?2 `�/B�H p�`B�iBQM Q7 bvbi2KB+
p2HQ+Biv UVsysVX J2/B�M p�Hm2b Q7 Vsys r2`2 mb2/ BM i?2 b2+QM/ _Ph*l_ Bi2`�iBQM
�M/ �`2 BM/B+�i2/ #v � /�b?@/Qii2/ #H�+F HBM2bX "QiiQK `B;?i T�M2Hb b?Qrb >A `Qi�iBQM
+m`p2b 7`QK iBHi2/ `BM; KQ/2Hb }i iQ i?2 >A p2HQ+Biv }2H/b T`2b2Mi2/ BM b2+iBQM kXd @
kXRd Q7 +?�Ti2` kX 6BHH2/ #H�+F +B`+H2b `2T`2b2Mi i?2 �p2`�;2 +B`+mH�` p2HQ+Biv BM � `BM;
Q7 rB/i? R8 �`+b2+X :`22M 2``Q` #�`b `2T`2b2Mi2/ i?2 bi�M/�`/ /2pB�iBQM Q7 i?2 +B`+mH�`
p2HQ+BiB2b BM � `BM;X
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jd

6B;m`2 jXe, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yj89eX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

6B;m`2 jXd, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yj83yX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb j3

6B;m`2 jX3, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*y8NeyX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

6B;m`2 jXN, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yek3jX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb jN

6B;m`2 jXRy, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yed3eX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

6B;m`2 jXRR, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*yed3dX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9y

6B;m`2 jXRk, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRkeNX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

6B;m`2 jXRj, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRedyX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX
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*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9R

6B;m`2 jXR9, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*RRN8RX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

6B;m`2 jXR8, 6mHH iBHi2/ `BM; KQ/2H 7Q` l:*Rky9jX a22 6B;m`2 jX8 +�TiBQM 7Q` 7mHH
/2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9k

>�pBM; +QMbi`m+i2/ 7mHH iBHi2/ `BM; KQ/2H 7Q` 2�+? ;�H�tv- �HH `Qi�iBQM +m`p2b /2`Bp2/
7`QK i?Bb �TT`Q�+? �TT2�`2/ iQ #2 `BbBM; [mB+FHv BM i?2B` BMM2` `2;BQMb U2X;X- l:*yj89e-
l:*yed3e- l:*yed3d- l:*RRkeNVX *H2�`Hv- Hα Q#b2`p�iBQMb �`2 `2[mB`2/ iQ `2bQHp2
i?2 p2HQ+Biv ;`�/B2Mi BM BMM2` `2;BQMbX AM i?2 Qmi2` `2;BQMb bQK2 ;�H�tB2bǶ `Qi�iBQM
+m`p2b �`2 /2+HBMBM; U2X;X- l:*ykR3j- l:*yj89e- l:*RRkeNVX h?2 `2�bQM iQ i?Bb
/2+HBM2 Bb i?Qm;?i iQ Q++m` BM ;�H�tB2b rBi? � +QKT�+i HB;?i /Bbi`B#miBQM U*�b2`i�MQ
�M/ o�M :Q`FQK- RNNRVX h?2 mM+2`i�BMiv BM i?2 Q`B2Mi�iBQM T�`�K2i2`b UTQbBiBQM �M/
BM+HBM�iBQM �M;H2V `BbBM; 7`QK i?2 iBHi2/ `BM; KQ/2H BM i?Bb rQ`F �`2 r2HH mM/2`biQQ/X
AM i?Bb rQ`F- � bBKTH2 /vM�KB+ KQ/2H 7Q` 2�+? ;�H�tv r�b �bbmK2/ r2`2 TQbBiBQM �M/
BM+HBM�iBQM �M;H2 r2`2 }t2/ �i +QMbi�Mi p�Hm2bX >Qr2p2`- ;�H�tB2b K�v MQi ?�p2 +QMbi�Mi
BM+HBM�iBQM �M/ TQbBiBQM �M;H2 T`Q}H2bX h?Bb TQi2MiB�H 2``Q`b �`2 2tT2+i2/ iQ ?�p2 bK�HH2`
+QMi`B#miBQMb iQ `Qi�iBQM +m`p2b /2`Bp2/ BM i?Bb rQ`FX h?2 b�KTH2 BM i?Bb rQ`F +QMi�BM2/
;�H�tB2b rBi? `Qi�iBQM +m`p2b i?�i HQQF `2K�`F�#Hv /Bz2`2Mi 7`QK H�i2@ivT2 ;�H�tB2b-
r?B+? mbm�HHv `Bb2 bHQrHv BM i?2 BMM2` `�/BB �M/ i?2M #2+QK2 ~�i �i H�`;2 `�/BBX � /�`F
K�ii2` ?�HQ Bb M22/2/ iQ +QMbi`�BM `Qi�iBQM p2HQ+BiB2b BM i?2 Qmi2` `2;BQM r?BH2 BM i?2
BMM2` `2;BQM HmKBMQmb K�ii2` Bb `2[mB`2/ UE2Mi RN38c *Ƭiû 2i �HX kyyyVX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9j

jXe JQ/2H@/�i� +QKT�`BbQMb

AM Q`/2` iQ �bb2bb i?2 �++m`�+v Q7 i?2 /2`Bp2/ `Qi�iBQM +m`p2b- i?`22 /Bz2`2Mi K2i?Q/b
r2`2 mb2/ iQ +QKT�`2 i?2 iBHi2/ `BM; KQ/2Hb iQ i?2 /�i�X

jXeXR o2HQ+Biv }2H/ +QKT�`BbQMb

h?2 KQ/2H p2HQ+Biv }2H/ 7Q` 2�+? ;�H�tv BM i?2 b�KTH2 r�b ;2M2`�i2/ mbBM; iBHi2/ `BM;
KQ/2H T`2b2Mi2/ BM b2+iBQM jX8X h?2 >A p2HQ+Biv }2H/ KQ/2Hb r2`2 ;2M2`�i2/ mbBM; o1G6A
`QmiBM2 BM :ASau T�+F�;2 �M/ �`2 b?QrM BM iQT `B;?i T�M2Hb Q7 6B;m`2b jXRe @ jXkeX AM
Q`/2` iQ �bb2bb i?2 �++m`�+v Q7 �HH KQ/2H p2HQ+Biv }2H/b- i?2 #QiiQK H27i T�M2Hb BM 6B;m`2b
jXRe @ jXke b?Qrb i?2 `2bB/m�H K�TbX "QiiQK `B;?i T�M2Hb Q7 6B;m`2b jXRe @ jXke b?Qrb
i?2 /Bbi`B#miBQM Q7 i?2 `2bB/m�H K�T p�Hm2bX 6Q` 2�+? ;�H�tv- i?2 `2bB/m�Hb �`2 ivTB+�HHv
:�mbbB�M@/Bbi`B#mi2/ rBi? � bi�M/�`/ /2pB�iBQM H2bb i?�M ∼ 10 km s−1X aQ i?2 /2`Bp2/
T�`�K2i2`b 7�B`Hv /2b+`B#2 i?2 FBM2K�iB+b Q7 i?2 Q#b2`p2/ ;�H�tB2b T`2+Bb2HvX

6B;m`2 jXRe, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*ykR3jX hQT H27i T�M2H, Q#b2`p2/ >A p2HQ+Biv }2H/X hQT `B;?i T�M2H, KQ/2H p2@
HQ+Biv }2H/ #�b2/ QM i?2 iBHi2/ `BM; KQ/2H ;2M2`�i2/ 7Q` i?2 ;�H�tvX #QiiQK H27i T�M2H,
`2bB/m�H K�T ;2M2`�i2/ #v bm#i`�+iBM; i?2 KQ/2H >A p2HQ+Biv }2H/ 7`QK i?2 Q#b2`p2/
>A p2HQ+Biv }2H/X "QiiQK@`B;?i, /Bbi`B#miBQM Q7 `2bB/m�HbX *H2�`Hv- i?2 /Bbi`B#miBQM Q7
`2bB/m�Hb �`2 M2�`Hv :�mbbB�M �M/ KQbiHv +QMi�BM2/ rBi?BM i?2 Q`/2` Q7 72r km s−1X

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 99

6B;m`2 jXRd, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*yj89eX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

6B;m`2 jXR3, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*yj83yX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 98

6B;m`2 jXRN, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*y8NeyX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

6B;m`2 jXky, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*yek3jX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9e

6B;m`2 jXkR, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*yed3eX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

6B;m`2 jXkk, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*yed3dX a22 6B;m`2 jXRe 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9d

6B;m`2 jXkj, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*RRkeNX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

6B;m`2 jXk9, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*RRedyX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 93

6B;m`2 jXk8, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*RRN8RX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

6B;m`2 jXke, *QKT�`BbQM #2ir22M Q#b2`p2/ �M/ KQ/2HH2/ >A p2HQ+Biv }2H/ 7Q`
l:*Rky9jX a22 6B;m`2 jXRe +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 9N

jXeXk h?`22@/BK2MbBQM�H +QKT�`BbQMb

aBKBH�` iQ i?2 r�vb BM r?B+? i?2 iBHi2/ `BM; KQ/2Hb r2`2 mb2/ iQ ;2M2`�i2 KQ/2H p2HQ+Biv
}2H/b- i?2v r2`2 �HbQ mb2/ iQ ;2M2`�i2 7mHH i?`22@/BK2MbBQM�H KQ/2H +m#2b i?�i r2`2
+QKT�`2/ /B`2+iHv iQ i?2 q>AaS >A /�i� +m#2bX AM Q`/2` iQ /Q i?Bb :�GJP. `QmiBM2
BM :ASau r�b mb2/ U�M �tBbvKK2i`v Bb �bbmK2/VX h?Bb `QmiBM2 +QMbi`m+i � KQ/2H
;�H�tv #v `�M/QKHv /Bbi`B#miBM; bK�HH >A bm#@+HQm/b BMiQ i?2 b2i Q7 `BM;b #�b2/ QM iBHi2/
`BM; KQ/2H �M/ >A K�bb bm`7�+2 /2MbBiv T`Q}H2 bmTTHB2/ #v i?2 mb2`X h?2 iBHi2/ `BM;
KQ/2H bmTTHB2/ #v i?2 mb2` �HHQrb :�GJP. iQ bT2+B7v r?B+? +?�MM2H 2p2`v >A bm#@
+HQm/ b?QmH/ #2 /Bbi`B#mi2/ iQX h?2 >A K�bb bm`7�+2 /2MbBiv T`Q}H2 Q7 i?2 ;�H�tv Ur?B+?
i?2 mb2` bT2+B7vV �HHQrb :�GJP. iQ bT2+B7v r?B+? bT�iB�H TBt2H 2p2`v bBM;H2 >A bm#@
+HQm/ b?QmH/ #2 /Bbi`B#mi2/ iQX h?2 b+�H2 ?2B;?i T2`T2M/B+mH�` iQ i?2 >A /BbF- +QHmKM
/2MbBiv- �M/ p2HQ+Biv /BbT2`bBQM b?QmH/ �HbQ #2 T`QpB/2/ #v i?2 mb2`X 6Q` KQ`2 /2i�BH2/
BM7Q`K�iBQM- i?2 `2�/2` Bb `272``2/ iQ ?iiTb,ffrrrX�bi`QX`m;XMHf�;BTbvfibFf;�HKQ/X/+RX
am`7�+2 /2MbBiv T`Q}H2 mb2/ iQ KQ/2H Q#b2`p�iBQMb Q7 i?2 >A ;�b 7Q` 2�+? ;�H�tv �`2 b?QrM
BM 6B;m`2b "XR @ "Xk Q7 �TT2M/Bt "X 6Q` 2�+? ;�H�tv i?2 +QKT�`BbQMb r2`2 T2`7Q`K2/ BM
i?2 7QHHQrBM; K�MM2`,

Ç J�DQ` �tBb TQbBiBQM@p2HQ+Biv bHB+2b KQ/2H@/�i� +QKT�`BbQMbc

Ç 6mHH@+?�MM2H@#v@+?�MM2H +QKT�`BbQMbX

�HH KQ/2H +m#2b r2`2 +QMpQHp2/ UmbBM; aJPPh> `QmiBM2 BM :ASauc o�M /2` >mHbi 2i �HX
RNNkV rBi? � :�mbbB�M �TT`QtBK�iBQM Q7 i?2 bvMi?2bBb2/ #2�K �M/ /B`2+iHv +QKT�`2/ QM
� +?�MM2H@#v@+?�MM2H #�bBb �i b2p2M /Bz2`2Mi `�/B�H p2HQ+BiB2b, Vsys �M/ Vsys ± i∗Vmax

3 -
r?2`2 B 4 R-k-j �M/ Vmax Bb i?2 K�tBKmK p2HQ+Biv 7`QK i?2 K2�bm`2/ >A `Qi�iBQM +m`p2X

a?QrM BM +QHmKM k @ j Q7 h�#H2 jXR �`2 i?2 T�`�K2i2`b mb2/ BM :�GJP. iQ KQ/2H i?2
i?`22@/BK2MbBQM�H /Bbi`B#miBQM Q7 >A BM 2�+? ;�H�tvX h?2 b+�H2 ?2B;?i ? Q7 i?2 >A H�v2`
7Q` 2�+? ;�H�tv r�b Q#i�BM2/ mbBM; i?2 K2i?Q/ 7QHHQr2/ #v q�Hi2` �M/ "`BMFb URNNNVX
AM i?Bb +�b2- i?2 b+�H2 ?2B;?i Bb i?Qm;?i iQ #2 T`QTQ`iBQM�H iQ i?2 p2HQ+Biv ;�b /BbT2`bBQM
�M/ BMp2`b2Hv T`QTQ`iBQM�H iQ i?2 b[m�`2 `QQi Q7 i?2 /2MbBiv /Bbi`B#miBQM Q7 i?2 >A /BbFX
6Q` i?2 /2MbBiv /Bbi`B#miBQM- ρ(z,R) = 2ρ(0,R)sech( z

z0
)- � ;�b /BbF b+�H2 ?2B;?i +�M #2

2tT`2bb2/ �b,

z0(R) =
σgas√

2πGρ(0,R)
, UjXRyV

https://etd.uwc.ac.za

https://www.astro.rug.nl/~gipsy/tsk/galmod.dc1


*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 8y

r?2`2 σgas Bb ;�b p2HQ+Biv /BbT2`bBQMX AM i?Bb rQ`F � +QMbi�Mi p�Hm2 Q7 10 km s−1 7Q` σgas

r�b �/QTi2/X ρ(0,R) ;Bp2b iQi�H /2MbBiv BM i?2 TH�M2 Q7 � ;�H�tvǶb /BbFX �i 1σ i?2 b+�H2
?2B;?i �HQM; i?2 x@/B`2+iBQM BM :�mbbB�M /Bbi`B#mi2/ +�M #2 �TT`QtBK�i2/ 7`QK i?2 H�bi
K2�bm`2/ `�/Bmb �b-

h =
z0√
2
. UjXRRV

a?QrM BM +QHmKM j & 9 Q7 h�#H2 jXR �`2 b+�H2 ?2B;?ib Q#i�BM2/ BM mMBib Q7 �`+b2+ �M/
FT+- `2bT2+iBp2HvX

h�#H2 jXR, S�`�K2i2`b iQ KQ/2H i?2 >A Q#b2`p�iBQMb 7Q` �HH ;�H�tB2bX URV l:* MmK#2`-
UkV Pmi2` `�/Bmb Q7 >A /BbF BM �`+b2+- UjV a+�H2 ?2B;?i Q7 i?2 >A@H�v2` BM �`+b2+- U9V a+�H2
?2B;?i Q7 i?2 >A@H�v2` BM FT+X

l:* _out ?
�`+b2+ �`+b2+ kpc

URV UkV UjV U9V
kR3j k38 RkXky RXkd
j89e Re8 9Xdy yXek
j83y kk8 NX3y yXNR
8Ney Rky 3XNy yX98
ek3j kRy RkXy yXdy
ed3e R3y 9X8y yX88
ed3d jjy dX8y yXeN
RRkeN Re8 8Xyy yXNj
RRedy k9y 3Xky yX8y
RRN8R Rky eXyy yX8R
Rky9j kRy RkXj yXNk

6B;m`2 jXkd b?Qrb i?`22@/BK2MbBQM�H +QKT�`BbQMb 7Q` l:*ykR3jX h?2 i?`22@/BK2MbBQM�H
+QKT�`BbQMb 7Q` Qi?2` ;�H�tB2b �`2 b?QrM BM 6B;m`2b "Xj @ "XRk Q7 �TT2M/Bt "X

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 8R

6B;m`2 jXkd, *?�MM2H K�Tb +QKT�`BbQM #2ir22M q>AaS /�i� U;`2v b+�H2 �M/ ;`2v
+QMiQm`bV �M/ i?2 KQ/2H +m#2b ;2M2`�i2/ mbBM; :�GJP. U+v�M +QMiQm`bVX h?2 +QMiQm`
H2p2Hb �`2, 1σ, 2σ, 4σ, 6σ, 10σ- r?2`2 σ Bb i?2 MQBb2 H2p2H 7Q` 2�+? ;�H�tv [m�MiB}2/ BM
b2+iBQM kXj +?�Ti2` kX 6`QK iQT iQ #QiiQK- H27i iQ `B;?i- i?2 }`bi b2p2M T�M2Hb b?Qrb
i?2 +QKT�`BbQM �i `�/B�H p2HQ+BiB2b Q7 Vsys ± i∗Vmax

3 - r?2`2 B 4 y-R-k-j �M/ Vmax Bb
i?2 K�tBKmK p2HQ+Biv 7`QK i?2 K2�bm`2/ `Qi�iBQM +m`p2X h?2 H�bi T�M2H b?Qrb i?2
+QKT�`BbQM 7Q` � TQbBiBQM@p2HQ+Biv bHB+2 2ti`�+i2/ �HQM; i?2 K�DQ` �tBb Q7 i?2 ;�H�tvX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 8k

jXd >B;?@T`2+BbBQM K2�bm`2K2Mib Q7 �M;mH�` KQK2MimK

h?2 /2i�BH2/ +QKT�`BbQMb Q7 Qm` iBHi2/ `BM; KQ/2Hb iQ i?2 /�i� UT`2b2Mi2/ BM b2+iBQM jXeV
+QM}`K i?�i i?2 /2`Bp2/ >A `Qi�iBQM +m`p2b �`2 �++m`�i2 `2T`2b2Mi�iBQMb Q7 i?2 ;�H�tv
FBM2K�iB+bX AM i?Bb b2+iBQM- i?2 `Qi�iBQM +m`p2b UT`2b2Mi2/ BM b2+iBQM jX8V r2`2 mb2/
iQ;2i?2` rBi? i?2 K2�bm`2/ #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2b UT`2b2Mi2/ BM b2+iBQM
jXjV iQ K2�bm`2 i?2 �M;mH�` KQK2MimK +QMi2Mi Q7 2�+? ;�H�tvX h?2 iQi�H #�`vQMB+
�M;mH�` KQK2MimK Cb Q7 2�+? ;�H�tv r�b K2�bm`2/ mbBM; 2[m�iBQM,

Jb =

∫ Rout

0
2πR · Σb(R) · VHI(R) ·R · dR, UjXRkV

r?2`2 ΣbU_V Bb �xBKmi?�HHv@�p2`�;2/ #�`vQMB+ K�bb bm`7�+2 /2MbBiv /Bbi`B#miBQM �M/ VHI

Bb i?2 >A `Qi�iBQM +m`p2X h?2M i?2 iQi�H #�`vQMB+ �M;mH�` KQK2MimK Q#i�BM2/ #v b2iiBM;
i?2 mTT2` �M/ HQr2` BMi2;`�iBQM HBKBib BM 1[m�iBQM jXRk iQ R8′′ �M/ Rout- `2bT2+iBp2HvX
q?2`2 Rout Bb i?2 Qmi2`@KQbi `�/BmbX h?2M- i?2 bT2+B}+ �M;mH�` KQK2MimK UDbV Bb
/2}M2/ �b,

Db =
Jb
Jb

. UjXRjV

�HH +mKmH�iBp2 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK T`Q}H2b UDb(< R)V K2�bm`2/ BM i?Bb
rQ`F �`2 b?QrM �b ;`22M +m`p2b BM 6B;m`2b jXk3 @ jXkNX

6B;m`2 jXk3, Db(< R) �b � 7mM+iBQM Q7 `�/Bmb 7Q` 2�+? ;�H�tvX �HH +mKmH�iBp2 #�`vQMB+
bT2+B}+ �M;mH�` KQK2MimK T`Q}H2b K2�bm`2/ BM i?Bb rQ`F �`2 b?QrM �b ;`22M +m`p2bX
Db(< R) `Bb2 bHQrHv BM i?2 BMM2` `�/Bmb 7Q` 2�+? ;�H�tv BM i?Bb rQ`FX *H2�`Hv- �HH Db(< R)
�`2 +QMp2`;BM; #mi MQi 7mHHv +QMp2`;2/ �i i?2 Qmi2`@KQbi `�/BmbX

https://etd.uwc.ac.za



*?�Ti2` jX JQ/2HHBM; �M/ �M�HvbBb 8j

6B;m`2 jXkN, Db(< R) �b � 7mM+iBQM Q7 `�/Bmb 7Q` 2�+? ;�H�tv +QMiBMm2/X a22 6B;m`2
jXk3 +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 9

_2bmHib �M/ /Bb+mbbBQM

>�pBM; +QMbi`m+i2/ �M/ T`2b2Mi2/ i?2 +mKmH�iBp2 #�`vQMB+ K�bb �M/ bT2+B}+ �M;mH�`
KQK2MimK T`Q}H2b BM i?2 T`2pBQmb +?�Ti2`- i?Bb +?�Ti2` 7Q+mb2b QM mbBM; i?2 T`Q}H2b iQ
bim/v i?2 /Bbi`B#miBQM Q7 Qm` ;�H�tv b�KTH2 BM i?2 Db p2`bmb Jb TH�M2X h?2 `2bmHib �`2
/Bb+mbb2/ BM i?2 +QMi2ti Q7 Qi?2` `2bmHib BM i?2 HBi2`�im`2X

AM i?Bb rQ`F- i?2 iQi�H �M;mH�` KQK2MimK 7Q` 2�+? ;�H�tv r�b K2�bm`2/ �i i?2 Qmi2`@
KQbi `�/Bmb Q7 i?2 >A `Qi�iBQM +m`p2 URoutVX a?QrM BM +QHmKMb k @ e Q7 h�#H2 9XR Bb
i?2 �+im�H K2�bm`2 Q7 i?2 iQi�H ;�b K�bb- iQi�H bi2HH�` K�bb- iQi�H #�`vQMB+ K�bb- iQi�H
#�`vQMB+ �M;mH�` KQK2MimK- �M/ iQi�H #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK 7Q` 2�+?
;�H�tv- `2bT2+iBp2HvX

h�#H2 9XR, >B;?@T`2+BbBQM K2�bm`2 Q7 #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK BM i?Bb
rQ`FX URV l:* MmK#2`- UkV ;�b K�bb - UjV bi2HH�` K�bb- U9V #�`vQMB+ K�bb- U8V "�`vQMB+
�M;mH�` KQK2MimK- UeV #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimKX

l:* Jgas J⋆ Jb log10(Cb) log10(Db)
109M⊙ 109M⊙ 109M⊙ M⊙ km s−1 kpc km s−1 kpc

URV UkV UjV U9V U8V UeV
ykR3j eXj 9Xd RRXy RjXR jXyR
yj89e 9Xe R3X9 kjXy RjXd jXjy
yj83y R9X9 9X3 RNXk RjXj jXy8
y8Ney RXN yX8 k9XR RRXd kXk3
yek3j 3Xk RX8 NeX9 RkXd kXdk
yed3e RyXy keX9 jeXj RjX3 jXkj
yed3d R8Xj jRX8 9eX3 R9XR jX9y
RRkeN k8X8 kdXR 8kXd R9Xk jX9j
RRedy 9X9 k3X3 jjXR RjX9 kXNj
RRN8R eXd jXe RyXj RkXd kXe3
Rky9j 9X8 RXR yXe RkX8 kXd3
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h?2 bT2+B}+ �M;mH�` KQK2MimK T`Q}H2b b?QrM BM b2+iBQM jXd Q7 +?�Ti2` j [m�MiB7v i?2
�M;mH�` KQK2MimK �i /Bz2`2Mi ;�H�+iQ+2Mi`B+ `�/BmbX h?2 BMi2;`�Hb BM b2+iBQM jXd `Bb2
;`�/m�HHv BM i?2 BMM2` T�`ib �M/ /Q MQi +QMp2`;2 �i i?2 Qmi2`@KQbi `�/BmbX h?2b2 H�+F
Q7 +QMp2`;2M+2 K�v #2 /m2 iQ i?2 7�+i i?�i i?2 `Qi�iBQM +m`p2b mb2/ iQ ;2M2`�i2 Db �`2
MQi 2ti`�TQH�i2/ Qmi iQ � `�/Bmb #2vQM/ _HI U2X;X- 1HbQM kyRdVX >Qr2p2`- 2ti`�TQH�iBM;
7m`i?2` +QmH/ H2�/ iQ �//BM; mM+2`i�BMiv BM i?2 `Qi�iBQM +m`p2X P#`2b+?FQr �M/ :H�x2@
#`QQF UkyR9V +H�BK2/ i?�i >A K�bb bm`7�+2 /2MbBiv ;`2�i2` i?�M 1M⊙ pc−2 rBHH /2+`2�b2
CHI �M/ DHI #v �#Qmi ky% �M/ Ry%- `2bT2+iBp2HvX q?BH2 ;2M2`�iBM; +mKmH�iBp2 #�`vQMB+
bT2+B}+ �M;mH�` KQK2MimK T`Q}H2 7Q` 2�+? ;�H�tv- i?2 `Qi�iBQM p2HQ+BiB2b Q7 bi�`b r2`2
�bbmK2/ iQ #2 i?2 b�K2 �b i?�i Q7 i?2 ;�bX P#`2b+?FQr �M/ :H�x2#`QQF UkyR9V bi�i2/
i?�i i?2 2z2+i Q7 mM+2`i�BMiB2b `Bb2 7`QK i?Bb �bbmKTiBQM +QMi`B#mi2 H2bb i?�M Ry% iQ
i?2 bi2HH�` +QKTQM2Mi Q7 i?2 bT2+B}+ �M;mH�` KQK2MimKX

6B;m`2 9XR, aT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 #�`vQM K�bb 7Q`
;�H�tB2b bim/B2/ BM i?Bb rQ`F U#Hm2 bi�`bV �M/ 7Q` p�`BQmb b�KTH2b 7`QK i?2 HBi2`�im`2
UBM/B+�i2/ #v i?2 H2;2M/ QM i?2 iQT H27i Q7 i?2 };m`2VX h?2 b�KTH2 Q7 ;�H�tB2b BM i?Bb
bim/v 7QHHQrb � i`2M/ 7QHHQr2/ #v H�i2@ivT2 ;�H�tB2b �M/ i?2`2 Bb MQ bB;MB}+�Mi Qzb2i
#2ir22M 2�`Hv@ivT2 ;�H�tB2b �M/ Qi?2` H�i2@ivT2 ;�H�tB2bX

6B;m`2 9XR b?Qrb ?B;?@T`2+BbBQM K2�bm`2K2Mib Q7 Db − Jb `2H�iBQM Q#i�BM2/ BM i?Bb rQ`F
UBM/B+�i2/ #v #Hm2 bi�`bV �M/ �HbQ 7`QK Qi?2` bim/B2b BM/B+�i2/ �++Q`/BM; iQ i?2 H2;2M/
T`QpB/2/ BM iQT H27i +Q`M2` BM 6B;m`2 9XRX :`22M i`B�M;H2b `2T`2b2Mib i?2 Re bTB`�H ;�H�tB2b
7`QK h>AL:a bim/B2/ #v P#`2b+?FQr �M/ :H�x2#`QQF UkyR9V- UP:R9VX P:R9 bim/v r�b
i?2 }`bi #�`vQMB+ ?B;?@T`2+BbBQM K2�bm`2K2Mib iQ BMp2biB;�i2 i?2 `2H�iBQM #2ir22M
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM 8e

#�`vQMB+ K�bb UJbV �M/ #�`vQMB+ bT2+B}+ �M;mH�` KQK2MimK UDbV �M/ #mH;2 7`�+iBQM
UβV BM � b�KTH2 Q7 H�i2@ivT2 ;�H�tB2b- �M/ Q#i�BM2/ bi`QM; +Q``2H�iBQMb BM i?2b2 i?`22
T�`�K2i2`bX "Hm2 b[m�`2b �`2 ;�b@`B+? /r�`7 ;�H�tB2b 7`QK *?Qr/?m`v �M/ *?2M;�Hm`
UkyRdV- U**RdVX **Rd bim/v 7Q+mb2/ QM ;�b `B+? /r�`7b Q#b2`p2/ �b T�`i Q7 :B�Mi
J2i`2r�p2 _�/BQ h2H2b+QT2 U:J_hV- �M/ i?2v +H�BK2/ i?�i Qp2` j Q`/2`b Q7 K�;MBim/2
BM #�`vQMB+ K�bb /r�`7b ?�p2 ?B;?2` bT2+B}+ �M;mH�` KQK2MimK i?�M i?2 T`2/B+i2/
`2H�iBQM Q7 bTB`�HbX h?2 `2bmHib r2`2 BMi2`T`2i2/ BM i?2 b2Mb2 i?�i /r�`7b 7Q`K /Bz2`2MiHv
�b +QKT�`2/ iQ i?2 bTB`�H ;�H�tB2b BKTHvBM; /Bz2`2Mi 2pQHmiBQM Q7 �M;mH�` KQK2MimKX
"H�+F +B`+H2b �`2 jd q>AaS H�i2@ivT2 ;�H�tB2b 7`QK 1HbQM UkyRdV- U1RdVX h?2 b�KTH2
+QK2b 7`QK ar�i2`b 2i �HX UkyyNV +QMi�BMBM; i?Qb2 ;�H�tB2b rBi? BM+HBM�iBQM ≤ 75◦X 1Rd
bim/v Bb +QMbBbi2Mi rBi? i?2 Db ∝ J 2

3 `2H�iBQM Q#i�BM2/ �M/ Bb BM +QMbBbi2Mi i?2Q`2iB+�HHv
rBi? P:R9 `2bmHibX h?Bb b�KTH2 bT�Mb � H�`;2 `�M;2 Q7 K�bb- 108 ! (Jb/M⊙) ! 1011X
_2/ b[m�`2b �`2 R9 GAhhG1 h>AL:a /r�`7 ;�H�tB2b 7`QK "miH2` 2i �HX UkyReV- U"RdVX
"Rd 7QmM/ i?�i i?2B` b�KTH2 Q7 HQr K�bb ;�H�tB2b iQ /2pB�i2b bB;MB}+�MiHv 7`QK i?2
2tT2+i2/ bTB`�H `2H�iBQM Q7 Db ∝ J2/3

b X h?2 b�KTH2 b?Qrb ?B;?2` p�Hm2b Q7 Db i?�M 2tT2+i2/
7`QK i?2 Db ∝ J 2

3 b+�HBM; `2H�iBQM Q7 bTB`�H ;�H�tB2bX h?2B` `2bmHib r2`2 7QmM/ iQ #2
+QMbBbi2Mi rBi? i?2 Λ*.J i?2Q`vX u2HHQr TQHv;QMb �`2 RR pQB/ /r�`7 ;�H�tB2b 7`QK
Em`�T�iB 2i �HX UkyR3VX h?2B` b�KTH2 �HbQ b?Qrb ?B;?2` p�Hm2b Q7 Db �M/ �`2 +QMbBbi2Mi
rBi? i?2 /r�`7 `2H�iBQM Q#i�BM2/ #v "miH2` 2i �HX UkyReVX h?2B` `2bmHib �HbQ b?Qr i?�i i?2
bT2+B}+ �M;mH�` KQK2MimK BM+`2�b2 �i ∼ 109.1M⊙- r?B+? Bb � i?`2b?QH/ #2HQr r?B+?
;�H�tv /BbFb �`2 bvbi2K�iB+�HHv i?B+F2`X h?2v +H�BK2/ i?�i Qi?2` T?vbB+�H T`Q+2bb2b- bm+?
�b +QH/ �++`2iBQM- �HbQ TH�v � `QH2 BM i?2 BM+`2�b2 Q7 bT2+B}+ �M;mH�` KQK2MimKX

"Hm2 bi�`b BM 6B;m`2 9XR b?Qrb i?2 /2i2`KBM�iBQM Q7 bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK
�M/ #�`vQMB+ K�bb `2H�iBQM Q7 2�`Hv@ivT2 /BbF ;�H�tB2b 7`QK i?2 q>AaS b�KTH2 mb2/ BM
i?Bb rQ`FX � HBM2�` `2H�iBQM r�b }ii2/ UBM HQ;@HQ; bT�+2V iQ i?2 /�i� TQBMib 7`QK i?2
q>AaS b�KTH2 QM Db − Jb TH�M2X h?2 #2bi@}i `2H�iBQM BM i?Bb rQ`F r�b Q#i�BM2/ #v
}iiBM; }`bi@Q`/2` TQHvMQKB�H �M/ 7QmM/ iQ #2 Db ∝ Jα

b - rBi? bHQT2 α = 0.46 �M/ v@�tBb
BMi2`+2Ti log10q = −2.02X Pp2` � `�M;2 109.2 ! (Jb/M⊙) ! 11.0 BM #�`vQMB+ K�bb- i?Bb
rQ`F b?Qrb bvbi2K�iB+�HHv ?B;?2` p�Hm2b Q7 Db- bBKBH�` iQ i?2 `2bmHib 7`QK i?2 b�KTH2
Q7 /r�`7 B``2;mH�` ;�H�tB2b #v "miH2` 2i �HX UkyReVX � iB;?i `2H�iBQM BM bT2+B}+ #�`vQMB+
�M;mH�` KQK2MimK Bb Q#b2`p2/ rBi? �HH ;�H�tB2b BM i?2 b�KTH2 HvBM; BM i?2 b�K2 `2H�iBQM
�b 2�`Hv@ivT2 ;�H�tB2bX >Qr2p2`- �M Qzb2i BM ?B;?@T`2+BbBQM K2�bm`2K2Mib Bb MQi Q#b2`p2/
7Q` 2�`Hv@ivT2 /BbF ;�H�tB2bX h?2 `2bmHib BM i?Bb rQ`F �`2 +QMbBbi2Mi rBi? bTB`�H `2H�iBQM
Q#i�BM2/ #v P#`2b+?FQr �M/ :H�x2#`QQF UkyR9VX h?2 `2bi Q7 i?2 b2+iBQMb �`2 /2/B+�i2/
iQ BMp2biB;�i2 �M/ /Bb+mbb p�`BQmb b+2M�`BQb i?�i +QmH/ �z2+i i?2 /Bbi`B#miBQMb Q7 i?2 /�i�
TQBMib BM i?2 Db − Jb TH�M2 BM i?Bb rQ`FX
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM 8d

9XR *QKT�`BbQM #2ir22M HQr@ �M/ ?B;?@T`2+BbBQM K2�bm`2@
K2Mib

6�HH URN3jV- U63jV Q#b2`p2/ i?2 +H2�` b2T�`�iBQM #2ir22M H�i2@ �M/ 2�`Hv@ivT2 ;�H�t@
B2b- #�b2/ QM HQr@T`2+BbBQM K2�bm`2K2Mib Q7 i?2 bi2HH�` �M;mH�` KQK2MimK +QMi2MiX AM
Q`/2` iQ i2bi r?2i?2` 63j `2bmHib �`2 /2T2M/2Mi mTQM i?2 HQr@T`2+BbBQM M�im`2 Q7 i?2
K2�bm`2K2Mib- i?Bb b2+iBQM �BKb iQ +�H+mH�i2 HQr@T`2+BbBQM �M;mH�` KQK2MimK K2�bm`2@
K2Mib 7Q` i?2 ;�H�tB2b mb2/ BM i?Bb rQ`F- �M/ i?2M +QKT�`2 i?2 K2�bm`2K2Mib T`2b2Mi2/
BM h�#H2 9XRX P#`2b+?FQr �M/ :H�x2#`QQF UkyR9V b?Qrb i?�i 7Q` �M 2tTQM2MiB�H /BbF
Σ(r) ∝ exp(−r/R) `Qi�iBM; �i � +QMbi�Mi +B`+mH�` p2HQ+Biv o- i?2 �M;mH�` KQK2MimK
DU`V Bb ;Bp2M #v-

DU`V =
[
2 +

(r/R)2

1 + r/R− exp(r/R)

]
RV. U9XRV

h?2M BM HBKBi r?2M r −→ ∞- 1[m�iBQM 9XR #2+QK2b-

D̄b = 2R̄bVflat. U9XkV

1[m�iBQM 9Xk b?Qrb bT2+B}+ �M;mH�` KQK2MimK K2�bm`2 �TT`QtBK�iBQM mb2/ #v 63j-
r?2`2 R̄b Bb i?2 2tTQM2MiB�H b+�H2 `�/Bmb Q7 i?2 #�`vQMB+ /BbF- Vflat Bb i?2 +QMbi�Mi +B`+mH�`
p2HQ+BivX h?2 >A HBM2 rB/i?b- q8y- +�H+mH�i2/ BM b2+iBQM kX8 Q7 +?�Ti2` k �M/ T`2b2Mi2/
BM +QHmKM d Q7 h�#H2 kXj r2`2 mb2/ iQ 2biBK�i2 Vflat mbBM; 1[m�iBQM-

W50 = 2Vflatsin(i) U9XjV

r?2`2 B Bb �M BM+HBM�iBQM �M;H2 Q7 2�+? ;�H�tv HBbi2/ BM +QHmKM N Q7 h�#H2 kXRX �HH p2HQ+BiB2b
Vflat K2�bm`2/ mbBM; 1[m�iBQM 9Xj BM i?Bb rQ`F �`2 HBbi2/ BM +QHmKM j Q7 h�#H2 9XkX

AM i?Bb rQ`F i?2 2tTQM2MiB�H b+�H2 `�/Bmb R̄b r�b 2biBK�i2/ #v }iiBM; �M 2tTQM2MiB�H
7mM+iBQM iQ i?2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv BM i?2 BMM2` �M/ Qmi2` `�/Bmb 7Q` 2�+?
;�H�tvX a?QrM �b � #Hm2 +m`p2 BM 6B;m`2 9Xk Bb �M 2tTQM2MiB�H 7mM+iBQM }ii2/ iQ i?2
�xBKmi?�HHv@�p2`�;2/ #�`vQMB+ K�bb bm`7�+2 /2MbBivX 6Q` i?Bb 2t�KTH2- bBKTH2 2tTQM2M@
iB�H Bb mM�#H2 iQ }i i?2 bm`7�+2 /2MbBiv /2MbBiB2b Q7 BMi2`K2/B�i2 `�/BBX >Qr2p2`- KQbi
;�H�tB2b ?�p2 i?2B` `�/B�H #�`vBQMB+ /Bbi`B#miBQM `2�bQM�#H2 r2HH �TT`QtBK�i2/ #v

https://etd.uwc.ac.za



*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM 83

�M 2tTQM2MiB�H 7mM+iBQMX �HH }ii2/ 2tTQM2MiB�H 7mM+iBQMb iQ i?2 �xBKmi?�HHv@�p2`�;2/
#�`vQMB+ K�bb bm`7�+2 /2MbBiv BM i?Bb rQ`F �`2 b?QrM BM 6B;m`2b �X9 @ �Xd Q7 �TT2M/Bt
�X �HH i?2 2tTQM2MiB�H b+�H2 `�/Bmb 7Q` i?2 #�`vQMB+ /BbF R̄b Q#i�BM2/ BM i?Bb rQ`F �`2
b?QrM BM +QHmKM k Q7 h�#H2 9XkX *QHmKM 9 Q7 h�#H2 9Xk b?Qrb iQi�H #�`vQMB+ bT2+B}+
�M;mH�` KQK2MimK 2biBK�i2b K2�bm`2/ mbBM; 1[m�iBQM 9XkX

6B;m`2 9Xk, �M 2t�KTH2 Q7 #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2 U#H�+F@}HH2/ +B`+H2bV
}ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM U#Hm2 +m`p2V BM i?2 BMM2` UH27i T�M2HV �M/ Qmi2`
`�/Bmb U`B;?i T�M2HV 7Q` l:*ykR3jX JQbi ;�H�tB2b ?�p2 KQbi Q7 i?2B` >A K�bb bm`7�+2
/2MbBiv T`Q}H2b r2HH �TT`QtBK�i2/ #v �M 2tTQM2MiB�H 7mM+iBQMX

h�#H2 9Xk, GQr@T`2+BbBQM K2�bm`2b Q7 #�`vQM bT2+B}+ �M;mH�` KQK2MimK 7Q` i?Bb
rQ`FX URV l:* MmK#2`- UkV 2biBK�i2 Q7 2tTQM2MiB�H b+�H2 H2M;i? Q#i�BM2/ 7`QK }ii2/
2tTQM2MiB�H 7mM+iBQM iQ i?2 �xBKmi?�HHv@�p2`�;2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2
BM i?2 BMM2` `�/Bmb- UjV 2biBK�i2 Q7 2tTQM2MiB�H b+�H2 H2M;i? Q#i�BM2/ 7`QK }ii2/ 2t@
TQM2MiB�H 7mM+iBQM iQ i?2 �xBKmi?�HHv@�p2`�;2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2 BM
i?2 Qmi2`@KQbi `�/Bmb- U9V 2biBK�i2 7Q` +QMbi�Mi +B`+mH�` p2HQ+Biv- U8V #�`vQM bT2+B}+
�M;mH�` KQK2MimK Q#i�BM2/ mbBM; +QHmKM k- UeV #�`vQM bT2+B}+ �M;mH�` KQK2MimK
Q#i�BM2/ mbBM; +QHmKM jX

l:* R̄in
b R̄out

b Vflat log10(̄D inb ) log10(̄D outb )
kpc km s−1 km s−1 kpc km s−1 kpc

URV UkV UjV U9V U8V UeV
ykR3j RX8y jX3d R8yXy kXe8 jXye
yj89e 9X89 jXjk kkRXy jXRj jXyy
yj83y kXyR 3Xey RRdXy kXed jXjy
y8Ney RXyy RX99 3eX9 kXk9 kXjN
yek3j RXjN 8Xjk RykXy kX98 jXyj
yed3e kXjR 9X3R kjyXy jXyj jX88
yed3d RX83 8X8e keNXy kXNj jXjy
RRkeN jXj9 3Xyy RNdXy jXy8 jX9j
RRedy RXRy jXey RdRXy kX8d jXyN
RRN8R RX9j 9Xkk Ry3Xy kX9N kXNe
Rky9j RXke 9Xdd N8Xe kXj3 kXNN
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6B;m`2 9Xj b?Qrb +QKT�`BbQMb #2ir22M HQr@ �M/ ?B;?@T`2+BbBQM K2�bm`2K2Mib Q7 bT2+B}+
#�`vQMB+ �M;mH�` KQK2MimK Q#i�BM2/ BM i?Bb rQ`F #�b2/ QM i?2 BMM2` /BbF b+�H2 H2M;i?b
b?QrM BM +QHmKM k Q7 h�#H2 9XkX h?2b2 b?Qrb i?�i ?B;?@T`2+BbBQM p�Hm2b �`2 �Hr�vb
?B;?2` i?�M HQr@T`2+BbBQM p�Hm2b- #mi MQi rBi? � 7�+iQ` j @ 8 ?B;?2`X Ai i?2`27Q`2 +�MMQi
�++QmMi 7Q` i?2 H�+F Q7 Qzb2i BM i?2 `2bmHib Q#i�BM2/ BM i?Bb rQ`FX h?2 `2/ bQHB/ HBM2
BM 6B;m`2 9Xj b?Qrb i?2 #2bi@}i iQ i?2 /�i� TQBMib Q#i�BM2/ #�b2/ QM i?2 BMM2` /BbF
b+�H2 H2M;i?b rBi? i?2 �p2`�;2 p2`iB+�H Qz@b2i `�M;BM; 7`QK yXR8 @ yXj3 /2t iQ i?2 KQ/2H
BM/B+�i2/ #v � ;`22M bQHB/ HBM2X �HH /�i� TQBMib U#H�+F }HH2/ +B`+H2bV BM 6B;m`2 9Xj ?�p2 �
p2`iB+�H Qz@b2i `�M;BM; 7`QK yXy9 @ yX9d /2t iQ i?2 ;`22M bQHB/ HBM2X

6B;m`2 9Xj, GQr@T`2+BbBQM Db K2�bm`2K2Mib �b � 7mM+iBQM Q7 ?B;?@T`2+BbBQM K2�bm`2@
K2Mib 7Q` i?2 ;�H�tB2b mb2/ BM i?Bb rQ`F #�b2/ QM i?2 BMM2` /BbF b+�H2 H2M;i?bX h?2 ;`22M
HBM2 `2T`2b2Mib i?2 HBM2 Q7 2[m�HBiv- i?2 `2/ bQHB/ HBM2 Bb i?2 #2bi@}i Rbi Q`/2` TQHvMQKB�H
i?`Qm;? i?2 /�i� TQBMibX >B;?@T`2+BbBQM K2�bm`2K2Mib �`2 ivTB+�HHv � 7�+iQ` Q7 ∼ k
H�`;2` i?�M HQr@T`2+BbBQM K2�bm`2K2MibX
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM ey

AM 6B;m`2 9X9- +QKT�`BbQMb #2ir22M HQr@ �M/ ?B;?@T`2+BbBQM K2�bm`2K2Mib Q7 bT2+B}+
#�`vQMB+ �M;mH�` KQK2MimK Q#i�BM2/ BM i?Bb rQ`F #�b2/ QM i?2 Qmi2` /BbF b+�H2 H2M;i?b
b?QrM BM +QHmKM j Q7 h�#H2 9XkX AM i?Bb +�b2 KQbi ?B;?@T`2+BbBQM p�Hm2b �`2 ?B;?2` i?�M
HQr@T`2+BbBQM p�Hm2b- #mi MQi rBi? � 7�+iQ` j @ 8 ?B;?2`X �HbQ Bi i?2`27Q`2 +�MMQi �++QmMi
7Q` i?2 H�+F Q7 Qzb2i BM i?2 `2bmHib Q#i�BM2/ BM i?Bb rQ`FX h?2 #Hm2 bQHB/ HBM2 BM 6B;m`2
9X9 b?Qrb i?2 #2bi@}i iQ i?2 /�i� TQBMib Q#i�BM2/ #�b2/ QM i?2 Qmi2` /BbF b+�H2 H2M;i?b
rBi? i?2 �p2`�;2 p2`iB+�H Qz@b2i `�M;BM; 7`QK yXye @ yXk3 /2t iQ i?2 KQ/2H BM/B+�i2/ #v �
;`22M bQHB/ HBM2X �HH /�i� TQBMib U#H�+F }HH2/ +B`+H2bV BM 6B;m`2 9X9 ?�p2 � p2`iB+�H Qz@b2i
`�M;BM; 7`QK yXyyyR @ yX8e /2t iQ i?2 ;`22M bQHB/ HBM2X

6B;m`2 9X9, GQr@T`2+BbBQM Db K2�bm`2K2Mib �b � 7mM+iBQM Q7 ?B;?@T`2+BbBQM K2�bm`2@
K2Mib 7Q` i?2 ;�H�tB2b mb2/ BM i?Bb rQ`F #�b2/ QM i?2 Qmi2` /BbF b+�H2 H2M;i?bX h?2
;`22M HBM2 `2T`2b2Mib i?2 HBM2 Q7 2[m�HBiv- i?2 #Hm2 bQHB/ HBM2 Bb i?2 #2bi@}i Rbi Q`/2`
TQHvMQKB�H i?`Qm;? i?2 /�i� TQBMibX JQbi ?B;?@T`2+BbBQM K2�bm`2K2Mib BM i?Bb +�b2
�`2 ivTB+�HHv � 7�+iQ` Q7 ∼ k HQr2` i?�M HQr@T`2+BbBQM K2�bm`2K2MibX
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM eR

9Xk AMM2` >A `Qi�iBQM +m`p2b BM�++m`�+B2b

.m2 iQ i?2 `2H�iBp2Hv HQr `2bQHmiBQM Q7 i?2 q>AaS BK�;BM;- i?2 `Qi�iBQM +m`p2b ;2M2`�i2/
BM i?Bb rQ`F K�v MQi �++m`�i2Hv `2T`2b2Mib i?2 i`m2 +B`+mH�` p2HQ+Biv Q7 K�i2`B�H �i BMM2`
`�/BBX LQQ`/2`K22` 2i �HX Ukyy8V +H�BK2/ i?�i 2�`Hv@ivT2 ;�H�tB2b mb2/ BM i?Bb rQ`F �`2
+?�`�+i2`Bb2/ #v � H�`;2 p2HQ+Biv ;`�/B2Mi BM i?2B` BMM2` `�/BBX

h?2 QTiB+�H `Qi�iBQM +m`p2b T`2b2Mi2/ #v LQQ`/2`K22` 2i �HX UkyydV +QmH/ mM7Q`imM�i2Hv
MQi #2 Q#i�BM2/ iQ BM+Q`TQ`�i2 BMiQ i?2 �M�HvbBb Q7 i?Bb rQ`FX h?2`27Q`2- BM i?Bb b2+iBQM-
� bBKTHBbiB+ KQ/2H rBHH #2 K�/2 iQ 2biBK�i2 i?2 2z2+ib Q7 #2�K bK2�`BM; U2X;X- o2`?2BD2M
RNNdV QM Db K2�bm`2K2MibX

�bbmK2 �M 2tTQM2MiB�H i?BM /BbF bm+? i?�i i?2 �xBKmi?�HHv@�p2`�;2/ #�`vQMB+ K�bb
/Bbi`B#miBQM Bb ;Bp2M #v-

Σb(R) = A · e(−r/B) U9X9V

r?2`2 � �M/ " �`2 +QMbi�Mib `2T`2b2MiBM; i?2 +2Mi`�H K�bb bm`7�+2 /2MbBiv �M/ i?2 /BbF
b+�H2 H2M;i?X h?2 iQi�H #�`vQMB+ K�bb Bb ;Bp2M #v-

Jb(< R) =

∫ R

0
Σb(R) · 2πR · dR. U9X8V

h?2M +QK#BMBM; 1[m�iBQM 9X9 �M/ 9X8 �M/ 2p�Hm�i2 i?2 BMi2;`�H ;Bp2b-

Jb(< R) = 2π ·A · B[B− (B + R)e−R/B] U9XeV

6`QK L2riQMǶb H�r- i?Bb K�bb /Bbi`B#miBQM +Q``2bTQM/ iQ i?2 `Qi�iBQM +m`p2 Q7 i?2 7Q`K-

V(R) =

√
M(< R) ·G

R
, U9XdV

r?2`2 M(< R) Bb i?2 iQi�H K�bb +QMi�BM2/ rBi?BM `�/Bmb R �M/ : Bb i?2 ;`�pBi�iBQM�H
+QMbi�MiX h?2M +QK#BMBM; 1[m�iBQM 9Xe �M/ 9Xd- ;Bp2b i?2 `Qi�iBQM +m`p2 Q7 �M 2tTQ@
M2MiB�H i?BM /BbF,
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM ek

V1(R) =

√
2π ·A · B ·G[B− (B + R)e−R/B]

R
U9X3V

A7 r2 �bbmK2 � `Qi�iBQM +m`p2 Q7 i?2 7Q`K ;Bp2M #v 2[m�iBQM 9X3- i?2 p2HQ+BiB2b Q7 �HH `�/BB
bK�HH2` i?�M � /Bbi�M+2 * +�M #2 /2+`2�b2/ #v BM+Hm/BM; � 7�+iQ` (1− e

R
C ),

V2(R) = V1(R)(1− e−R/C), U9XNV

r?2`2 * Bb � +QMbi�MiX 6Q` � ivTB+�H ;�H�tv- �bbmKBM; � b2i Q7 p�Hm2b A = 600M⊙ pc2-
B = 3kpc �M/ � `�/Bmb Q7 30 kpcX .QBM; bQ 2KmH�i2b i?2 2z2+ib Q7 #2�K bK2�`BM; QM
i?2 `Qi�iBQM +m`p2X

G27i T�M2Hb BM 6B;m`2 9X8 @ 9Xk b?Qrb irQ `Qi�iBQM +m`p2b oRU_V �M/ okU_V BM/B+�i2/
�b � #H�+F �M/ ;`22M +m`p2- `2bT2+iBp2HvX okU_V Bb � bHB;?iHv KQ/B}2/ p2`bBQM Q7 oRU_V
�M/ Bi Bb ;2M2`�i2/ 7`QK 2[m�iBQM 9X3- r?2M * 4 "- B

2 - B
3 7Q` iQT H27i- KB//H2 H27i-

#QiiQK H27i T�M2HX _B;?i T�M2Hb BM 6B;m`2 9X8 @ 9Xk b?Qrb i?2 iQi�H �M;mH�` KQK2MimK
T`Q}H2b �i i?`22 /Bz2`2Mi p�Hm2b Q7 *- `2bT2+iBp2HvX Ai Bb +H2�` i?�i BMM2` `Qi�iBQM +m`p2
BM�++m`�+B2b /Q2b �z2+i �M;mH�` KQK2MimK K2�bm`2K2Mib #v bK�HH �KQmMi bBM+2 KQbi
�M;mH�` KQK2MimK Bb +QMi�BM2/ �i Qmi2` `�/BBX h?2 T2`+2Mi�;2 /Bz2`2M+2b BM �M;mH�`
KQK2MimK K2�bm`2/ BM i?2 Qmi2` `�/Bmb U#H�+F �M/ ;`22M +m`p2bV �`2 yXyj8%- yXyy9%-
yXyyR% 7Q` * 4 "- B

2 - B
3 - `2bT2+iBp2HvX

6B;m`2 9X8, a?QrM �b #H�+F �M/ ;`22M +m`p2b BM H27i T�M2Hb �`2 `Qi�iBQM +m`p2b i?�i
`Bb2b [mB+FHv �M/ bHQrHv BM BMM2` `�/BB- `2bT2+iBp2HvX a?QrM BM `B;?i T�M2Hb �b #H�+F �M/
;`22M +m`p2b �`2 ?B;?@T`2+BbBQM K2�bm`2K2Mib Q7 iQi�H #�`vQMB+ �M;mH�` KQK2MimK
Q#i�BM2/ mbBM; `Qi�iBQM +m`p2b i?�i `Bb2 [mB+FHv �M/ bHQrHv- `2bT2+iBp2HvX Ai Bb +H2�` i?�i
i?2 /Bz2`2M+2 BM #�`vQMB+ �M;mH�` KQK2MimK Q#i�BM2/ 7`QK `Qi�iBQM +m`p2b i?�i `Bb2b
[mB+FHv �M/ bHQrHv BM i?2 BMM2` `�/BB Bb M2;HB;B#H2X
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM ej

6B;m`2 9Xe, Zm�MiB7vBM; i?2 2z2+ib Q7 BMM2` >A `Qi�iBQM +m`p2 BM�++m`�+B2b +QMiBMm2/X
a22 6B;m`2 9X8 +�TiBQM 7Q` 7mHH /2i�BHbX

9Xj AMp2biB;�iBM; mM+2`i�BMiB2b QM #�`vQMB+ bT2+B}+ �M;mH�`
KQK2MimK 7`QK i?2 bi2HH�` +QMi`B#miBQM

h?Bb b2+iBQM rBHH BMp2biB;�i2 i?2 2z2+i Q7 mM+2`i�BMiB2b 7`QK i?2 bi2HH�` +QMi`B#miBQM BMiQ
i?2 iQi�H �M;mH�` KQK2MimK Q7 2�+? ;�H�tvX _2+�HH- �M �bbmK2/ K�bb@iQ@HB;?i `�iBQ
Q7 0.47M⊙/L⊙ U2X;X- J+:�m;? �M/ a+?QK#2`i UkyR9VV r�b �/QTi2/ BM K2�bm`BM; i?2
bi2HH�` +QMi`B#miBQM iQ i?2 iQi�H �M;mH�` KQK2MimK 7Q` 2�+? ;�H�tv BM i?Bb rQ`FX GBbi2/
BM +QHmKMb k@9 Q7 h�#H2 9Xj �`2 Db 2biBK�i2b #�b2/ QM yXkj8 �M/ 0.705 M⊙

L⊙
iQ i?Qb2 #�b2/

QM 0.47 M⊙
L⊙

X "Qi? b+2M�`BQb /Q2bMǶi H2�/ iQ � 7�+iQ` j @8 BM i?2 Db 2biBK�i2bX aQ K�bb@iQ@
HB;?i `�iBQ p�Hm2 Q7 0.47 M⊙

L⊙
+�MMQi #2 i?2 `2�bQM 7Q` i?2 H�+F Q7 i?2 Qzb2i BM i?2 `2bmHib

Q#i�BM2/ BM i?Bb rQ`FX
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM e9

h�#H2 9Xj, AMp2biB;�iBM; i?2 2z2+i Q7 mM+2`i�BMiB2b 7`QK i?2 bi2HH�` +QMi`B#miBQM BMiQ
i?2 iQi�H �M;mH�` KQK2MimK Q7 2�+? ;�H�tvX URV l:* MmK#2`- UkV 2biBK�i2 Q7 bi2HH�`
+QMi`B#miBQM iQ Db r?2M K�bb@iQ@HB;?i `�iBQ Bb 0.235 M⊙

L⊙
- UjV 0.470 M⊙

L⊙
- U9V 0.705 M⊙

L⊙
X

l:* D0.235b D0.47b D0.705b
km s−1 kpc km s−1 kpc km s−1 kpc

URV UkV UjV U9V
ykR3j jXy9 jXyR kXN3
yj89e jXjk jXjy jXkN
yj83y jXy3 jXy8 jXyj
y8Ney kXkN kXk3 kXkd
yek3j kXd9 kXdk kXdR
yed3e jXkj jXkj jXkR
yed3d jX9e jX9y jXjd
RRkeN jX9d jX9j jX9y
RRedy kXN8 kXNj kXNk
RRN8R kXdR kXe3 kXee
Rky9j kXdN kXd3 kXde

a?QrM BM 6B;m`2 9Xd Bb i?2 +QKT�`BbQM Q7 bT2+B}+ #�`BQMB+ �M;mH�` KQK2MimK K2�bm`2@
K2Mib Q#i�BM2/ BM i?Bb rQ`F r?2M K�bb@iQ@HB;?i `�iBQ Bb 0.235M⊙/L⊙ U`2/ bi�`bV �M/
0.47M⊙/L⊙ U#Hm2 bi�`bV �M/ 0.705M⊙/L⊙ U#H�+F bi�`bVX

6B;m`2 9Xd, aT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 #�`vQMB+ K�bbX
"Hm2- `2/- #H�+F bi�`b b?Qr bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK K2�bm`2K2Mib r?2M
�bbmK2/ K�bb@iQ@HB;?i `�iBQ 2[m�H iQ yX9d- yXkj8- 0.705M⊙/L⊙- `2bT2+iBp2HvX ;`2v }HH2/@
+B`+H2b �`2 `2bmHib 7`QK i?2 HBi2`�im`2 b?QrM �++Q`/BM; iQ i?2 iQT H27i H2;2M/ BM 6B;m`2
9XRX h?2 /Bbi`B#miBQM Q7 /�i� TQBMib /Q2bMǶi +?�M;2 Km+? BM i?2 Db − Jb TH�M2X h?2
H2;2M/ BM i?2 iQT H27i +Q`M2` b?Qrb p�`BQmb p�Hm2b Q7 K�bb@iQ@HB;?i `�iBQX
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM e8

6B;m`2 9X3 b?Qrb ;�b 7`�+iBQM �b � 7mM+iBQM Q7 bi2HH�` K�bb 7Q` �HH ;�H�tB2b BM i?Bb rQ`FX
>�H7 Q7 ;�H�tB2b BM i?2 b�KTH2 �`2 ;�b /QKBM�i2/X h?2 bT2+B}+ #�`vQMB+ �M;mH�` KQ@
K2MimK K2�bm`2K2Mib BM i?Bb rQ`F �`2 H2bb b2MbBiBp2 iQ i?2 +QMbi�Mi �bbmK2/ Q7 bi2HH�`
K�bb@iQ@HB;?i `�iBQ p�`B�#H2 �/QTi2/ 7Q` �HH ;�H�tB2b- �b +H2�`Hv /2TB+i2/ #v 6B;m`2 9X3X

6B;m`2 9X3, :�b 7`�+iBQM �b � 7mM+iBQM Q7 bi2HH�` K�bb 7Q` �HH ;�H�tB2b BM i?Bb
rQ`FX hQi�H ;�b 7`�+iBQM BM i?Bb bim/v Bb JHI+He = 1.324× JHIX e ;�H�tB2b BM
i?2 b�KTH2 U108.5 < J⋆/M⊙ < 109.7V BM i?Bb bim/v �`2 ;�b /QKBM�i2/ �M/ 8 ;�H�tB2b
U1010.2 < J⋆/M⊙ < 1010.6V �`2 ;�b /2}+B2M+vX

9X9 .Bz2`2M+2 #2ir22M i?Bb rQ`F �M/ 6�HH URN3jV

h?2 `2bmHib BM i?Bb rQ`F U#Hm2 bi�`b b?QrM BM 6B;m`2 9XRV b?Qrb i?�i ?B;?@T`2+BbBQM bim/v
Q7 #�`vQMB+ �M;mH�` KQK2MimK +QMi2Mi Q7 2�`Hv@ivT2 /BbF ;�H�tB2b HB2 bvbi2K�iB+�HHv BM
i?2 b�K2 `2H�iBQM 7QHHQr2/ #v H�i2@ivT2 ;�H�tB2b QM i?2 Db − Jb TH�M2X 6�HH URN3jV- U63jV
r�b � HQr@T`2+BbBQM bim/v Q7 i?2 bi2HH�` �M;mH�` KQK2MimK +QKTQM2Mi Q7 2�`Hv@ �M/
H�i2@ivT2 ;�H�tB2bX �M Qzb2i Q#b2`p2/ #v 63j K�v MQi 2tBbi 7Q` #�`vQMB+ ?B;?@T`2+BbBQM
K2�bm`2K2MibX Ai Bb MQi bm`T`BbBM; i?�i i?2 BMi2`K2/B�i2 KQ`T?QHQ;B+�H ivT2 Q7 ;�H�tB2b
BM i?Bb rQ`F HB2 BM /Bz2`2Mi `2H�iBQM BM i?2 D⋆ − J⋆ TH�M2 �b Q#i�BM2/ #v 63jX 63j bim/v
r�b #�b2/ QM � H�`;2 b�KTH2 +QMi�BMBM; HQib Q7 bTB`�H �M/ 2HHBTiB+�H ;�H�tB2b- bQ BM i?Bb
rQ`F i?2 Qzb2i #2ir22M irQ ivT2b Q7 ;�H�tB2b r�b MQi 2tT2+i2/ BM i?2 Db − Jb TH�M2X
h?2 K2i?Q/ mb2/ BM i?Bb rQ`F �M/ 63j Bb iQi�HHv /Bz2`2Mi BM b2p2`�H r�vb,
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*?�Ti2` 9X _2bmHib �M/ /Bb+mbbBQM ee

Ç PMHv bi2HH�` +QKTQM2Mib r2`2 +QMbB/2`2/ iQ T`Q#2 i?2 iQi�H �M;mH�` KQK2MimK
+QMi2Mi Q7 ;�H�tB2b BM 63jX AM i?Bb rQ`F #�`vQMb U;�b Y bi�`bV r2`2 +QMbB/2`2/ iQ
T`Q#2 i?2 �M;mH�` KQK2MimK +QMi2Mi Q7 ;�H�tB2bX

Ç GQr@T`2+BbBQM K2�bm`2K2Mib Q7 �M;mH�` KQK2MimK +QMi2Mi Q7 2�`Hv@ivT2 ;�H�tB2b
BM 63j r2`2 bim/B2/X >B;?@T`2+BbBQM K2�bm`2K2Mib Q7 �M;mH�` KQK2MimK +QMi2Mi
Q7 2�`Hv@ivT2 /BbF UBMi2`K2/B�i2 KQ`T?QHQ;B+�H ivT2V ;�H�tB2b r2`2 bim/B2/ BM i?Bb
rQ`FX

h?2 b�KTH2 BM i?Bb rQ`F mM7Q`imM�i2Hv /Q2b MQi Qp2`H�T rBi? 63j b�KTH2X Ai rQmH/ #2
bBKTHBbiB+ iQ }M/ QM2 ;�H�tv 7`QK 63j b�KTH2 iQ BM+Q`TQ`�i2 BMiQ i?2 �M�HvbBb Q7 i?Bb
rQ`FX
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*?�Ti2` 8

amKK�`v �M/ +QM+HmbBQM

AM +QM+HmbBQM- i?Bb rQ`F mb2b � b�KTH2 Q7 RR M2�`#v 2�`Hv@ivT2 /BbF ;�H�tB2b iQ BMp2biB;�i2
i?2 `2H�iBQM #2ir22M bT2+B}+ #�`vQMB+ �M;mH�` KQK2MimK �b � 7mM+iBQM Q7 #�`vQMB+ K�bb
U6�HH `2H�iBQMV bT�MMBM; � `�M;2- 9.4 ! log10(Jb/M⊙) ! 11.0X h?2 K2�bm`2K2Mib r2`2
#�b2/ QM M2mi`�H ?v/`Q;2M U>AV FBM2K�iB+b /�i� 7`QK i?2 q>AaS bm`p2v �i jy �`+b2+
`2bQHmiBQM �M/ 3.4µm qAa1 /�i�X hQ �++m`�i2Hv KQ/2H r2HH@`2bQHp2/ >A FBM2K�iB+b
Q7 2�+? ;�H�tv mb2/ BM i?Bb rQ`F- BMi2`K2/B�i2Hv BM+HBM2/ U40◦ < i < 75◦V rBi? �M >A
/B�K2i2` ;`2�i2` i?�M e #2�Kb UR3y �`+b2+V r2`2 `2+Qp2`2/ 7`QK � H�`;2 b�KTH2 Q7 2�`Hv@
ivT2 /BbF ;�H�tB2b bim/B2/ #v LQQ`/2`K22` 2i �HX Ukyy8VX AM Q`/2` iQ BMp2biB;�i2 Db − Jb

`2H�iBQM- �HH >A /�i� T`Q/m+ib UiQi�H >A BMi2MbBiv K�Tb- >A p2HQ+Biv }2H/b- >A p2HQ+Biv
/BbT2`bBQM K�TbV �M/ >A `Qi�iBQM +m`p2b `2[mB`2/ 7Q` i?Bb bim/v r2`2 `2@/2`Bp2/ BM i?Bb
rQ`FX h?2b2 /�i� T`Q/m+ib r2`2 `2@/2`Bp2/ #v T�`�K2i2`BbBM; i?2 q>AaS >A /�i� +m#2b
#v }iiBM; � bBM;H2 :�mbbB�M iQ 2p2`v HBM2 T`Q}H2 rBi? T2�F �KTHBim/2 ;`2�i2` i?�M 3σX
>A `Qi�iBQM +m`p2b r2`2 `2@/2`Bp2/ #v }iiBM; iBHi2/ `BM; KQ/2Hb iQ i?2 >A p2HQ+Biv }2H/b
mbBM; � `QmiBM2 +�HH2/ _Ph*l_ Uo�M /2` >mHbi 2i �HX URNNkVVX hQ �bb2bb i?2 �++m`�+v
Q7 Qm` /2`Bp2/ >A `Qi�iBQM +m`p2b- /vM�KB+�H KQ/2Hb r2`2 ;2M2`�i2/ iQ +QKT�`2 i?2
iBHi2/@`BM; KQ/2Hb iQ i?2 /�i�X >A iQi�H BMi2MbBiv K�Tb r2`2 mb2/ iQ /2`Bp2 `�/B�H >A
K�bb bm`7�+2 /2MbBiv T`Q}H2b #v �xBKmi?�HHv@�p2`�;2/ ~mt /2MbBiv BM +QM+2Mi`B+ `BM;bX
h?2b2 >A K�bb bm`7�+2 /2MbBiv T`Q}H2b Ui?2 T`2b2M+2 Q7 ?2HBmK ;�b �M/ Qi?2` K2i�Hb r2`2
�HbQ �++QmMi2/V r2`2 +QK#BM2/ rBi? bi2HH�` K�bb bm`7�+2 /2MbBiv iQ ;Bp2 i?2 #�`vQMB+
K�bb bm`7�+2 /2MbBiv T`Q}H2bX h?2b2 #�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2b r2`2 mb2/
iQ;2i?2` rBi? i?2 K2�bm`2/ >A `Qi�iBQM +m`p2b iQ /2`Bp2 i?2 bT2+B}+ �M;mH�` KQK2MimK
Q7 ;�H�tB2bX h?2 �M;mH�` KQK2MimK 7Q` 2�+? ;�H�tv r�b K2�bm`2/ �i i?2 Qmi2`@KQbi
`�/BmbX h?2M i?2 `2bmHib BM i?Bb rQ`F b?Qrb i?�i 2�`Hv@ivT2 /BbF ;�H�tB2b HB2 BM i?2 b�K2
`2H�iBQM 7QHHQr2/ #v p�`BQmb b�KTH2b Q7 H�i2@ivT2 ;�H�tB2b BM i?2 Db − Jb TH�M2X

ed
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb e3

� HBM2�` `2H�iBQM r�b }ii2/ UBM HQ;@HQ; bT�+2V iQ i?2 q>AaS /�i� b�KTH2 BM i?Bb rQ`F
�M/ i?2 #2bi@}i `2H�iBQM r�b 7QmM/ iQ #2- Db ∝ Jα

b - rBi? bHQT2 α = 0.46 �M/ v@BMi2`+2Ti
log10q = −2.02X h?2 #�`vQMB+ `2H�iBQM BM i?Bb rQ`F ?�b � b?�HHQr2` bHQT2 i?�M Qi?2`
`2H�iBQMbX AM i?Bb rQ`F MQ 2pB/2M+2 7QmM/ 7Q` �M Qzb2i BM #�`vQMB+ �M;mH�` KQK2MimK
+QMi2Mi Q7 2�`Hv@ivT2 ;�H�tB2b �b +H�BK2/ #v 6�HH URN3jVX o�`BQmb b+2M�`BQb i?�i +QmH/
�z2+i i?2 /Bbi`B#miBQMb Q7 TQBMib BM i?2 Db − Jb TH�M2 r2`2 BMp2biB;�i2/ BM i?2 +QMi2ti
Q7 Qi?2` `2bmHib BM i?2 HBi2`�im`2- bm+? �b,

Ç *QKT�`BbQM #2ir22M HQr@ �M/ ?B;?@T`2+BbBQM K2�bm`2K2MibX AM i?Bb +�b2 ?B;?@
T`2+BbBQM K2�bm`2K2Mib �`2 ivTB+�HHv ∼ 2 H�`;2` i?�M HQr@T`2+BbBQM K2�bm`2K2Mib
#�b2/ QM BMM2` /BbF b+�H2 H2M;i?b T`2b2Mi2/ BM b2+iBQM 9XR Q7 *?�Ti2` 9X GBF2rBb2c
KQbi ?B;?@T`2+BbBQM K2�bm`2K2Mib �`2 ivTB+�HHv � 7�+iQ` Q7 ∼ k HQr2` i?�M HQr@
T`2+BbBQM K2�bm`2K2Mib #�b2/ QM Qmi2` /BbF b+�H2 H2M;i?b T`2b2Mi2/ BM b2+iBQM 9XR
Q7 *?�Ti2` 9X h?2 /Bz2`2M+2 #2ir22M i?2 irQ K2�bm`2K2Mib +�MMQi �++QmMi 7Q`
i?2 H�+F Q7 �M Qzb2i BM i?Bb rQ`FX

Ç AMM2` >A `Qi�iBQM +m`p2b BM�++m`�+B2bX .m2 iQ i?2 `2H�iBp2Hv HQr `2bQHmiBQM Q7 i?2
q>AaS BK�;BM;- � bBKTHBbiB+ KQ/2Hb r2`2 K�/2 iQ 2biBK�i2 i?2 2z2+ib Q7 #2�K
bK2�`BM; QM Db K2�bm`2K2MibX Ai r�b 7QmM/ i?�i i?2 2z2+i Q7 #2�K bK2�`BM;
+�MMQi �++QmMi i?2 Db K2�bm`2K2Mib- ?2M+2 +�MMQi �++QmMi 7Q` i?2 H�+F Q7 Qzb2i
BM i?Bb rQ`FX

Ç lM+2`i�BMiv 7`QK bi2HH�` +QMi`B#miBQM iQ i?2 �M;mH�` KQK2MimKX JQ`2 ;�H�tB2b BM
i?2 b�KTH2 �`2 ;�b@/QKBM�i2/ �M/ H2bb b2MbBiBp2 iQ bi2HH�` K�bb@iQ@HB;?i `�iBQ (ML ) �b
b?QrM #v 1HbQM UkyRdVX >Qr2p2` � +QMbi�Mi p�Hm2 Q7 M

L p�`B�#H2 r�b F2Ti }t2/ �i
0.47 M⊙

L⊙
BM 2biBK�iBM; i?2 bi2HH�` K�bb Q7 2�+? ;�H�tvX hrQ +�b2b r2`2 BMp2biB;�i2/

r?2M M
L p�`B�#H2 r�b b2i +QMbi�Mi �i yXkj8 M⊙

L⊙
�M/ yXdy8 M⊙

L⊙
X h?2 +QMi`B#miBQM

Q7 i?2 mM+2`i�BMiv 7`QK i?2 bi2HH�` +QKTQM2Mi iQ i?2 iQi�H �M;mH�` KQK2MimK Q7
2�+? ;�H�tv +QmH/ MQi �++QmMi 7Q` i?2 H�+F Q7 �M Qzb2i BM Db K2�bm`2K2Mib BM i?Bb
rQ`FX

8XR 6mim`2 T`QbT2+ib

>A /Bbi`B#miBQM �M/ /vM�KB+b bim/B2/ BM i?Bb i?2bBb �`2 HBKBi2/ iQ � `2bQHmiBQM Q7 jy
�`+b2+ 7`QK i?2 q>AaS bm`p2vX h?2 HQr@`2bQHmiBQM 7`QK i?2 q>AaS Q#b2`p�iBQMb mb2/
BM i?Bb rQ`Fc +H2�`Hv /Q2b MQi `2bQHp2 i?2 BMM2` >A /Bbi`B#miBQM Q7 ;�H�tB2b BM i?2 b�KTH2 �b
BM/B+�i2/ BM b2+iBQM kX9 Q7 +?�Ti2` kX >Qr2p2`- i?2 `2bmHib T`2b2Mi2/ ?2`2 �`2 BKTQ`i�Mi
BM mM/2`bi�M/BM; �M/ mMp2BHBM; /vM�KB+�H T`Q+2bb2b i?�i /`Bp2 i?2 T`QT2`iB2b Q7 ;�H�tB2bX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb eN

>�pBM; M2r bm`p2vb bm+? �b i?2 J22`E�h >A P#b2`p�iBQMb Q7 L2�`#v :�H�+iB+ P#D2+ib
UJ>PL:PPa1c .2 "HQF 2i �HX kyRdV- J22`E�h AMi2`M�iBQM�H :>x hB2`2/ 1ti`�;�H�+@
iB+ 1tTHQ`�iBQM UJA:>h11c h�vHQ` �M/ C�`pBb UkyRdVV �M/ J22`E�h 6Q`M�t Ub22- a2``�
2i �HX kyRdV rBHH T`QpB/2 `2bQHp2/ >A /2i2+iBQMX Pp2` � #`Q�/ `�M;2 Q7 ;�H�tv BM i?2 M2�`#v
mMBp2`b2 rBi? >A K�bb2b 7`QK ∼ 106 iQ ∼ 1011M⊙ �M/ KQ`T?QHQ;B2b- J>PL:PPa1
rBHH T`Q#2 2ti`2K2Hv /22T Q#b2`p�iBQMb BM � b�KTH2 Q7 jy ;�H�tB2b /QrM iQ >A +QHmKM
/2MbBiv #2HQr ∼ 1018 cm−2 �i `2bQHmiBQM Q7 jy �`+b2+ Ub22- .2 "HQF 2i �HX kyRdVX h?Bb
b2MbBiBpBiv rBHH �HbQ #2 �+?B2p2/ #v JA:>h11 bm`p2v BM � H�`;2 b�KTH2 +QMbBbiBM; Q7
∼ 270 bQm`+2bc 2bT2+B�HHv 7Q` bvbi2Kb rBi? >A K�bb2b HQr2` i?�M ∼ 108M⊙ �M/ ∼ 15

bQm`+2b #2HQr 107M⊙ Ub22- h�vHQ` �M/ C�`pBb kyRdVX J22`E�h 6Q`M�t bm`p2v rBHH bim/v
>A KQ`T?QHQ;v Q7 `2bQHp2/ ;�H�tB2b /QrM iQ � +QHmKM /2MbBiv Q7 ∼ 1018 cm−2 �i � `2b@
QHmiBQM Q7 ∼ 10 kpc BM KQbi K�bbBp2 +Hmbi2` rBi?BM 20Mpc BM i?2 bQmi?2`M ?2KBbT?2`2X
h?Bb bm`p2v Bb �MiB+BT�i2/ iQ ;Bp2 BMbB;?i iQ i?2 T?vbB+�H T`Q+2bb i?�i /`Bp2 i?2 2pQHmiBQM
Q7 ;�H�tv BM p2`v /2Mb2 `2;BQM Q7 i?2 +QbKB+ r2# �M/ ;�H�tv +Hmbi2`c BM+Hm/BM; ;�b �++`2@
iBQM- ;�b bi`BTTBM; 2i+ a2``� 2i �HX UkyRdVX P#b2`p�iBQMb 7`QK i?2b2 bm`p2vb rBHH 2ti2M/
i?2 �M�HvbBb Q7 i?Bb rQ`F #v �++m`�i2Hv +QMbi`�BMBM; BMM2` �M/ Qmi2` >A `Qi�iBQM +m`p2b
Q7 ;�H�tB2bX
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�TT2M/Bt �

AM Q`/2` iQ �bb2bb i?2 Qp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb i?2 `2/m+2/ +?B@b[m�`2/
bi�iBbiB+ ?�b #22M mb2/ iQ [m�MiB7v i?2 ;QQ/M2bb Q7 i?2 :�mbbB�M }iX h?2 H27i T�M2Hb BM
6B;m`2b �XR @ �Xj b?Qrb i?2 /Bbi`B#miBQM Q7 i?2 `2/m+2/ +?B@b[m�`2/ p�Hm2bX h?2 +2Mi2`
T�M2Hb b?Qrb i?2 bT�iB�H /Bbi`B#miBQM Q7 i?2 `2/m+2/ +?B@b[m�`2/ p�Hm2bc �M/ `B;?i T�M2Hb
b?Qrb >A iQi�H BMi2MbBiv K�TbX

6B;m`2 �XR, AHHmbi`�iBQMb Q7 i?2 Qp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb BM >A /�i�
+m#2bX G27i T�M2H b?Qrb i?2 /Bbi`B#miBQM Q7 bT�iB�H χ2

r - KB//H2 T�M2H b?Qrb χ2
r K�T-

`B;?i T�M2H b?Qrb >A iQi�H BMi2MbBiv K�TX

dy
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb dR

6B;m`2 �Xk, Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb +QMiBMm2/X a22 6B;m`2 �XR
+�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb dk

6B;m`2 �Xj, Pp2`�HH �++m`�+v Q7 i?2 }ii2/ :�mbbB�Mb +QMiBMm2/X a22 6B;m`2 �XR
+�TiBQM 7Q` 7mHH /2i�BHbX

�XR "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2M@
iB�H 7mM+iBQM

6B;m`2 �X9, "�`vQMB+ K�bb bm`7�+2 /2MbBiv T`Q}H2 U#H�+F@}HH2/ +B`+H2bV }ii2/ rBi? �M
2tTQM2MiB�H 7mM+iBQM U#Hm2 +m`p2V BM i?2 BMM2` UH27i T�M2HV �M/ Qmi2` `�/Bmb U`B;?i T�M2HVX
JQbi ;�H�tB2b ?�p2 KQbi Q7 i?2B` >A K�bb bm`7�+2 /2MbBiv T`Q}H2b r2HH �TT`QtBK�i2/ #v
�M 2tTQM2MiB�H 7mM+iBQMX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb dj

6B;m`2 �X8, "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QM@
iBMm2/X a22 6B;m`2 �X9 +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb d9

6B;m`2 �Xe, "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QM@
iBMm2/X a22 6B;m`2 �X9 +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb d8

6B;m`2 �Xd, "�`vQMB+ K�bb bm`7�+2 /2MbBiv }ii2/ rBi? �M 2tTQM2MiB�H 7mM+iBQM +QM@
iBMm2/X a22 6B;m`2 �X9 +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za



�TT2M/Bt "

6B;m`2 "XR, 6BHH2/ #H�+F +B`+H2b `2T`2b2Mib �M �p2`�;2 >A +QHmKM /2MbBiv BM � `BM; Q7
rB/i? R8 �`+b2+X :`2v 2``Q` #�`b `2T`2b2Mi2/ i?2 /Bz2`2M+2 #2ir22M i?2 d8i? �M/ k8i?
T2`+2MiBH2 Q7 i?2 /�i� BM � `BM;X h?2b2 T`Q}H2b r2`2 mb2/ rBi? i?2 iBHi2/ `BM; KQ/2H
mbBM; :�GJP. `QmiBM2 BM :ASau BM Q`/2` iQ ;2M2`�i2 7mHH i?`22@/BK2MiBQM�H KQ/2H
+m#2b i?�i �`2 +QKT�`�#H2 iQ i?2 /�i�X

de
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb dd

6B;m`2 "Xk, >A +QHmKM /2MbBiv T`Q}H2b +QMiBMm2/X a22 6B;m`2 "XR +�TiBQM 7Q` 7mHH
/2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb d3

6B;m`2 "Xj, *?�MM2H K�Tb +QKT�`BbQM #2ir22M q>AaS /�i� U;`2v b+�H2 �M/ ;`2v
+QMiQm`bV �M/ i?2 KQ/2H +m#2b ;2M2`�i2/ mbBM; :�GJP. U+v�M +QMiQm`bVX h?2 +QMiQm`
H2p2Hb �`2, 1σ, 2σ, 4σ, 6σ, 10σ- r?2`2 σ Bb i?2 MQBb2 H2p2H 7Q` 2�+? ;�H�tv [m�MiB}2/ BM
b2+iBQM kXj +?�Ti2` kX 6`QK iQT iQ #QiiQK- H27i iQ `B;?i- i?2 }`bi b2p2M T�M2Hb b?Qrb
i?2 +QKT�`BbQM �i `�/B�H p2HQ+BiB2b Q7 Vsys ± i∗Vmax

3 - r?2`2 B 4 y-R-k-j �M/ Vmax Bb
i?2 K�tBKmK p2HQ+Biv 7`QK i?2 K2�bm`2/ `Qi�iBQM +m`p2X h?2 H�bi T�M2H b?Qrb i?2
+QKT�`BbQM 7Q` � TQbBiBQM@p2HQ+Biv bHB+2 2ti`�+i2/ �HQM; i?2 K�DQ` �tBb Q7 i?2 ;�H�tvX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb dN

6B;m`2 "X9, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yj83y, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 3y

6B;m`2 "X8, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*y8Ney, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 3R

6B;m`2 "Xe, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yek3j, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 3k

6B;m`2 "Xd, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yed3e, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 3j

6B;m`2 "X3, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yed3d, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 39

6B;m`2 "XN, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*yek3j, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX
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*?�Ti2` 8X amKK�`v �M/ +QM+HmbBQMb 38

6B;m`2 "XRy, JQ/2H@/�i� +QKT�`BbQM 7Q` l:*RRedy, +?�MM2H K�Tb � Tp@bHB+2bX a22
6B;m`2 "Xj +�TiBQM 7Q` 7mHH /2i�BHbX

https://etd.uwc.ac.za
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