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%FDMBSBUJPO

5IJT UIFTJT JT UIF SFTVMU PG NZ PXO XPSL BOE JODMVEFT OPUIJOH XIJDI JT UIF PVUDPNF PG XPSL EPOF
JO DPMMBCPSBUJPO FYDFQU BT EFDMBSFE PO UIJT QBHF BOE TQFDJ୮ୢFE JO UIF UFYU XIFSF SFGFSFODF JT NBEF UP UIF
XPSL PG PUIFST�

*U JT OPU TVCTUBOUJBMMZ UIF TBNF BT BOZ UIBU * IBWF TVCNJUUFE
 PS
 JT CFJOH DPODVSSFOUMZ TVCNJUUFE
GPS B EFHSFF PS EJQMPNB PS PUIFS RVBMJ୮ୢDBUJPO BU UIF 6OJWFSTJUZ PG $BNCSJEHF PS BOZ PUIFS 6OJWFSTJUZ
PS TJNJMBS JOTUJUVUJPO FYDFQU BT EFDMBSFE PO UIJT QBHF BOE TQFDJ୮ୢFE JO UIF UFYU� * GVSUIFS TUBUF UIBU OP
TVCTUBOUJBM QBSU PG NZ UIFTJT IBT BMSFBEZ CFFO TVCNJUUFE
 PS
 JT CFJOH DPODVSSFOUMZ TVCNJUUFE GPS BOZ
TVDI EFHSFF
 EJQMPNB PS PUIFS RVBMJ୮ୢDBUJPO BU UIF 6OJWFSTJUZ PG $BNCSJEHF PS BOZ PUIFS 6OJWFSTJUZ PS
TJNJMBS JOTUJUVUJPO FYDFQU BT EFDMBSFE PO UIJT QBHF BOE TQFDJ୮ୢFE JO UIF UFYU�

*U EPFT OPU FYDFFE UIF QSFTDSJCFE XPSE MJNJU PG ��
��� XPSET BT TFU CZ UIF 1IZTJDT BOE $IFNJTUSZ
%FHSFF $PNNJUUFF�

ا $IBQUFS � JT CBTFE PO XPSL QVCMJTIFE JO .BUIBSV FU BM� 	����
�

ا $IBQUFS � JT CBTFE PO B QBQFS DVSSFOUMZ JO UIF SFGFSFF QSPDFTT XJUI UIF KPVSOBM.POUIMZ /PUJDॶ
PG UIF 3PZBM "TUSPOPNJDBM 4PDJFUZ FOUJUMFE�
ԛ)45�8'$3 HSJTN PCTFSWBUJPOT PG z ∼ 1 DMVTUFST� QPTUTUBSCVSTU HBMBYJॶ BOE FWJEFODF GPS
FWPMVUJPO JO UIF NBTTԓTJ[F SFMBUJPO PG RVJFTDFOU HBMBYJॶ GSPN SFDFOUMZ RVFODIFE HBMBYJॶԜ
CZ Jasleen Matharu
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ا $IBQUFS � JT CBTFE PO XPSL DVSSFOUMZ CFJOH QSFQBSFE GPS QVCMJDBUJPO�

5IF )VCCMF 4QBDF 5FMFTDPQF 	)45
 EBUB GPS UIF UFO HBMBYZ DMVTUFST UIJT UIFTJT JT CBTFE PO XFSF
SFEVDFE CZ (BCSJFM #SBNNFS� (SJTN SFETIJG୴T XFSF BMTP EFSJWFE CZ (BCSJFM #SBNNFS� 1IPUPNFUSJD
SFETIJG୴T BOE TUFMMBS NBTTFT XFSF DBMDVMBUFE CZ 3FNDP WBO EFS #VSH
 EFUBJMT PG XIJDI DBO CF GPVOE JO
WBO EFS #VSH FU BM� 	����
�

+BTMFFO .BUIBSV
��UI .BZ ����
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" 4UVEZ PO VFODIJOHތ BOE (BMBYZ (SPXUI JO z ∼ 1 $MVTUFST VTJOH
)45 8'$3(SJTN 0CTFSWBUJPOT

4ঞখখঊছঢ

5IF XPSL JO UIJT UIFTJT VTFT 38 PSCJUT XPSUI PG)VCCMF 4QBDF 5FMFTDPQF 	)45

8JEF 'JFME $BNFSB
3 	8'$3
 JOGSBSFE '1408 JNBHJOH BOE (141 HSJTN EBUB PO 10 HBMBYZ DMVTUFST BU z ∼ 1 UP TUVEZ IPX
UIF RVFODIJOH PG TUBS GPSNBUJPO JO HBMBYJFT BOE HBMBYZ TJ[F HSPXUI PQFSBUFT JO EJ୭GFSFOU
FOWJSPONFOUT BU UIJT SFETIJG୴� 5IF VOJRVF DBQBCJMJUJFT PG TQBDF�CBTFE TMJUMFTT TQFDUSPTDPQZ XJUI UIF
(141 HSJTN BMMPXT GPS UIF DPOTUSVDUJPO PG TQBUJBMMZ SFTPMWFE )α NBQT
 QSPWJEJOH UIF QPTTJCJMJUZ UP
EJSFDUMZ PCTFSWF FOWJSPONFOUBM RVFODIJOH BU z ∼ 1 GPS UIF ୮ୢSTU UJNF� 5IJT BMMPXT VT UP VOEFSTUBOE
UIF EFUBJMFE QIZTJDT CFIJOE FOWJSPONFOUBM RVFODIJOH NFDIBOJTNT BOE IPX UIFZ PQFSBUF PO HBMBYJFT
BU UIJT IJHI SFETIJG୴�

5IF RVFODIJOH PG TUBS GPSNBUJPO MFBET UP UIF CVJME�VQ PG RVFODIFE 	PS 
أRVJFTDFOUآ HBMBYJFT JO
UIF 6OJWFSTF� 0CTFSWBUJPOT IBWF BMTP TIPXO UIBU RVJFTDFOU HBMBYJFT HSPX EJTQSPQPSUJPOBUFMZ NPSF JO
TJ[F UIBO TUFMMBS NBTT GSPN IJHI UP MPX SFETIJG୴T� .BOZ TUVEJFT IBWF BSHVFE UIBU NJOPS NFSHFST BSF
SFTQPOTJCMF GPS UIJT TJ[F HSPXUI� 5P UFTU UIJT IZQPUIFTJT
 JU JT QPTTJCMF UP VTF UIF DMVTUFS FOWJSPONFOU BT
B MBCPSBUPSZ� $MVTUFS HBMBYJFT IBWF IJHI QFDVMJBS WFMPDJUJFT
 NBLJOH NFSHFST CFUXFFO UIFN SBSF� 4JODF
NJOPS NFSHFST BSF FYQFDUFE UP JODSFBTF HBMBYZ TJ[F NPSF UIBO UIFZ EP TUFMMBS NBTT
 UIF NPTU EJSFDU XBZ
UP UFTU UIJT JT UP NFBTVSF UIF TUFMMBS NBTT؛TJ[F SFMBUJPOT JO CPUI UIF DMVTUFS BOE ୮ୢFME FOWJSPONFOUT BU
୮ୢYFE SFETIJG୴ BOE DPNQBSF UIFN UP TFF JG UIFSF JT B TJHOJ୮ୢDBOU P୭GTFU JO TJ[F� *G UIF QSFEJDUJPOT PG NJOPS
NFSHFST ESJWJOH HBMBYZ TJ[F HSPXUI BSF USVF
 DMVTUFS HBMBYJFT TIPVME ୮ୢOE UIFNTFMWFT JOIJCJUFE GSPN TJ[F
HSPXUI BOE XJMM UIFSFGPSF CF TJHOJ୮ୢDBOUMZ TNBMMFS UIBO ୮ୢFME HBMBYJFT BU ୮ୢYFE TUFMMBS NBTT� *O $IBQUFS �
PG UIJT UIFTJT
 XF EP UIJT FYQFSJNFOU BU z ∼ 1
 ୮ୢOEJOH UIBU RVJFTDFOU DMVTUFS HBMBYJFT BSF TNBMMFS UIBO
RVJFTDFOU ୮ୢFME HBMBYJFT BU ୮ୢYFE TUFMMBS NBTT� 5IJT TVQQPSUT UIF DBTF GPS NJOPS NFSHFST ESJWJOH TJ[F
HSPXUI JO RVJFTDFOU ୮ୢFME HBMBYJFT�

/FWFSUIFMFTT
 UIF QSPDFTT XIFSFCZ MBSHF TUBS�GPSNJOH HBMBYJFT RVFODI BOE KPJO UIF RVJFTDFOU
QPQVMBUJPO BU UIF MBSHF TJ[F FOE IBT BMTP CFFO TVHHFTUFE BT BO FYQMBOBUJPO GPS UIF TJ[F HSPXUI PG
RVJFTDFOU HBMBYJFT� 6TJOH BODJMMBSZ TQFDUSPTDPQZ PG PVS 10 DMVTUFST GSPN UIF (FNJOJ $MVTUFS
"TUSPQIZTJDT 4QFDUSPTDPQJD 4VSWFZ 	($-"44

 XF QJDL PVU 23 TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE SFDFOUMZ
RVFODIFE HBMBYJFT JO UIF DMVTUFST BOE TUVEZ UIFJS QPTJUJPO PO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO JO
$IBQUFS �� 8F ୮ୢOE UIBU UIFZ GPMMPX B NBTT؛TJ[F SFMBUJPO MZJOH NJEXBZ CFUXFFO UIF TUBS�GPSNJOH BOE
RVJFTDFOU SFMBUJPOT� 5IJT SFTVMU QSPWJEFT EJSFDU FWJEFODF TIPXJOH HBMBYJFT XIJDI RVFODI MBUFS BSF PO
BWFSBHF MBSHFS UIBO UIF CVML PG UIF RVJFTDFOU HBMBYZ QPQVMBUJPO BU ୮ୢYFE TUFMMBS NBTT BOE SFETIJG୴� 5IJT
XPSL TIPXFE UIBU BU MFBTU JO UIF DMVTUFS FOWJSPONFOU
 SFDFOUMZ RVFODIFE HBMBYJFT XJMM JOEVDF B SJTF JO
UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴�

'JOBMMZ
 UIJT UIFTJT BUUFNQUT UP UBDLMF POF PG UIF CJHHFTU VOBOTXFSFE RVFTUJPOT JO HBMBYZ FWPMVUJPO�
IPXEPFT RVFODIJOH PQFSBUF JO UIF IJHI�SFETIJG୴6OJWFSTF 4VSWFZT TVDI BT("41 BOE7&45*(&IBWF
BMSFBEZ BMMPXFE VT UP CVJME B DPNQSFIFOTJWF VOEFSTUBOEJOH PG FOWJSPONFOUBM RVFODIJOH JO UIF MPDBM
6OJWFSTF� 0CUBJOFE VTJOH UIF 8'$3 (141 HSJTN
 XF VTF TQBUJBMMZ SFTPMWFE )α NBQT PG DMVTUFS BOE
୮ୢFME HBMBYJFT BU z ∼ 1 UP EJSFDUMZ PCTFSWF XIFSF TUBS GPSNBUJPO JT PDDVSSJOH JO UIFTF HBMBYJFT BOE XIFSF
JU JT OPU� *O$IBQUFS �
 XFNFBTVSF UIF TUFMMBSNBTT؛TJ[F SFMBUJPOT PG z ∼ 1 TUBS�GPSNJOH DMVTUFS BOE ୮ୢFME
HBMBYJFT JO '1408 BOE )α� 5IF MBDL PG B DMFBS FOWJSPONFOUBM RVFODIJOH TJHOBUVSF JO UIJT XPSL IJOUT
BU UIF SBQJEJUZ PG FOWJSPONFOUBM RVFODIJOH JO UIF IJHI�SFETIJG୴ 6OJWFSTF
 BOE�PS B DPNQMFUF DIBOHF
JO UIF QIZTJDT PG FOWJSPONFOUBM RVFODIJOH�
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"DLOPXMFEHNFOUT

'঒ছজঝ ঊগ঍ এঘছ঎খঘজঝ
 * XPVME MJLF UP UIBOL NZ QSJNBSZ TVQFSWJTPS "EBN .V[[JO� :PV XFSF UIF
୮ୢSTU "TUSPOPNFS * NFU UIBU DPVME MBVHI XJUI NF BU NZ NJTUBLFT
 SBUIFS UIBO BU UIFN� * FTQFDJBMMZ
UIBOL ZPV GPS ZPVS DPVSBHF JO HJWJOH NF UIF GSFFEPN UP DPOEVDU NZ 1I% NZ XBZ
 BOE FODPVSBHJOH
PSJHJOBMJUZ JONZXPSL� $POTJEFSJOH UIBUNZ LOPXMFEHF PG HBMBYZ GPSNBUJPO BOE FWPMVUJPO SFTUFE PO B
TJOHMF (BMBDUJD %ZOBNJDT DPVSTF EVSJOHNZ.BTUFST ZFBS BU 6$-
 ZPV TIPVME CF QSPVE PG XIBU ZPVؠWF
IFMQFE NF UP BDDPNQMJTI�

4FDPOEMZ
 * XPVME MJLF UP FYQSFTTNZ HSBUJUVEF UPNZ TVQFSWJTPST 1BVM)FXFUU BOE.BUU"VHFS� * BN
USVMZ HSBUFGVM ZPV CPUI BHSFFE UP CFDPNF BEEJUJPOBM TVQFSWJTPST PG NJOF BG୴FS "EBNؠT EFQBSUVSF GSPN
$BNCSJEHF� 5IF XFBMUI PG LOPXMFEHF BOE FYQFSJFODF ZPV CPUI IBWF JO BMM UIJOHT TDJFODF IBT IFMQFE
TUFFS NZ 1I% BOE DBSFFS UPXBSET TVDDFTT� *O QBSUJDVMBS
 * XPVME MJLF UP HJWF NZ TJODFSF HSBUJUVEF UP
.BUU "VHFS GPS QVUUJOH JO UIF UJNF BOE F୭GPSU UP FOTVSF NZ QPTUEPDUPSBM KPC BQQMJDBUJPOT XFSF PG UPQ
RVBMJUZ�

5IJSEMZ
 * XPVME MJLF UP BDLOPXMFEHF NZ P୭୮ୢDF NBUFT /JDL )FOEFO BOE 4PQIJF ,PVENBOJ
 GPS
CFJOH DPOTUBOU TPVSDFT PG IVNPVS� $PNQMFUJOH B 1I% JT QBSUJDVMBSMZ UBYJOH PO UIF NJOE� #VSTUJOH
PVU JO MBVHIUFS OPX BOE BHBJO IBT POMZ NBEF UIJT NBSBUIPO FBTJFS�

"MPOH UIF TBNF MJOFT
 * XPVME MJLF UP UIBOL BMM UIF GSFRVFOU BUUFOEFST PG UIF XFFLMZ CPBSE HBNFT
TFTTJPOT IFSF BU UIF *OTUJUVUF PG "TUSPOPNZ ؛ %PVHMBT #PVCFSU
 %PVHMBT #VJTTPO
 4JE (BOEIJ BOE
-VLBT )FSHU ؛ BT XFMM BT 1PPOFI /B[BSJ
 -BVSB 3PHFST BOE "NZ 3BOLJOF GPS CFJOH TPNF PG UIF NPTU
TVQQPSUJWF DPMMFBHVFT BOE GSJFOET * IBWF IBE EVSJOH NZ UJNF BU UIF *P"� * XJMM DIFSJTI NFNPSJFT GSPN
UIF XFFLMZ CPBSE HBNFT TFTTJPOT� UIFZ IBWF BMXBZT CFFO B HSFBU TUSFTT SFMFBTF BOE HFOFSBUFE JNNFOTF
BNPVOUT PG MBVHIUFS�

* XPVME BMTP MJLF UP UIBOL NZ IPVTFNBUF .BUUFP 4CSPTDJB
 XJUI XIPN * IBWF MJWFE JO $BNCSJEHF
GSPN UIF WFSZ CFHJOOJOH PG NZ 1I%
 BOE IBWF FOKPZFE BMM UIF USJBMT BOE USJCVMBUJPOT PG TUVEFOU MJWJOH�

5IBOL ZPV UP 1SJZBOLB 4JOHI
 XIPN * BTLFE XIFOXFXFSF CPUI BHFE BCPVU 12
 TJUUJOH JO UIF GSPOU
SPX PG B )JTUPSZ DMBTT
 XIZآ EP ZPV XPSL TP IBSE أ� )FS SFTQPOTF TJOHMF�IBOEFEMZ HBWF NF SFBTPO UP
BDIJFWF JO MJGF�

5IBOL ZPV UPNZQBSFOUT
 XIP IBWF TVQQPSUFENF VODPOEJUJPOBMMZ
 DPNQMFUFMZ VOGB[FE FWFOXIFO
JU XBT EJ୭୮ୢDVMU UP VOEFSTUBOE UIF QSPCMFNT * XBT HPJOH UISPVHI�

5PNZ HSBOENB
 XIP CFHBO UIJT KPVSOFZ XJUI NF XIFO TIF IFME NZ IBOE UP UBLF NF UP TDIPPM
 UJMM
UIF EBZ * DBNF IPNF BOE DSJFE JO IFS BSNT BU IPX CBE NZ 1IZTJDT FYBN XFOU BU UIF BHF PG ��� 5PEBZ

JO FYBTQFSBUJPO
 TIF BTLT NF� 8IFOآ BSF ZPV HPJOH UP TUPQ TUVEZJOH BOE HFU NBSSJFE أ

'JOBMMZ
 * XPVME MJLF UP UIBOL ,SJTIOB /BJEPP� %VSJOH NZ 1I%
 ZPV SFGVTFE UP MFU NF QVU NZTFMG
EPXO GPS FWFO B TJOHMF JOTUBODF� 5IF DPNQMFUJPO PG NZ 1I% JT KVTU BT NVDI ZPVS BDIJFWFNFOU BT JU JT
NJOF�
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5IFSF BSF UXP LJOET PG JNQPSUBOU NFO� 5IFSF BSF UIPTF XIP
 XIFO UIF CPVMEFS PG UJNF
SPMMT UPXBSE UIFN
 TUBOE VQ JO GSPOU PG JU BOE IPME PVU UIFJS IBOET� "MM UIFJS MJWFT


UIFZؠWF CFFO UPME IPX HSFBU UIFZ BSF� 5IFZ BTTVNF UIF XPSME JUTFMG XJMM CFOE UP UIFJS
XIJNT BT UIFJS OVSTF EJE XIFO GFUDIJOH UIFN B GSFTI DVQ PG NJML�

5IPTF NFO FOE VQ TRVJTIFE�

0UIFS NFO TUBOE UP UIF TJEF XIFO UIF CPVMEFS PG UJNF QBTTFT
 CVU BSF RVJDL UP TBZ
 4FF؟
XIBU * EJE� * NBEF UIF CPVMEFS SPMM UIFSF� %POؠU NBLF NF EP JU BHBJOؠ�

5IFTF NFO FOE VQ HFUUJOH FWFSZPOF FMTF TRVJTIFE�

T*آ UIFSF OPU B UIJSE UZQF PG QFSTPO أ 5IFSF JT
 CVU UIFZ BSF PI TP SBSF� 5IFTF LOPX UIFZ
DBOؠU TUPQ UIF CPVMEFS� 4P UIFZ XBML CFTJEF JU
 TUVEZ JU
 BOE CJEF UIFJS UJNF� 5IFO UIFZ

TIPWF JU ؛ FWFS TP TMJHIUMZ ؛ UP DSFBUF B EFWJBUJPO JO JUT QBUI�

5IFTF BSF UIF NFO��� XFMM
 UIFTF BSF UIF NFO XIP BDUVBMMZ DIBOHF UIF XPSME�

؛ #SBOEPO 4BOEFSTPO
 5IF 4UPSNMJHIU "SDIJWF #PPL 5ISFF� 0BUICSJOHFS
$IBQUFS ��� "JN GPS UIF 4VO
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��� 5IF VFODIJOHތ PG TUBS GPSNBUJPO JO HBMBYJFT � � � � � � � � � � � � � � � � � � � � �

����� &OWJSPONFOUBM RVFODIJOH � � � � � � � � � � � � � � � � � � � � � � � � � �
������� 0VUTJEF�JO RVFODIJOH � � � � � � � � � � � � � � � � � � � � � � ��

��� 5IF CVJME�VQ PG RVJFTDFOU HBMBYJFT � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5IF TJ[F HSPXUI PG RVJFTDFOU HBMBYJFT � � � � � � � � � � � � � � � � � � � � ��

������� 5IF NJOPS NFSHFST IZQPUIFTJT PG TJ[F HSPXUI � � � � � � � � � � ��
������� 3FDFOUMZ RVFODIFE HBMBYJFT � 1SPHFOJUPS CJBT � � � � � � � � � � ��

��� 5IF BJNT PG UIJT UIFTJT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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��� .FUIPEPMPHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� %BUB � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� $MVTUFS TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� )45 PCTFSWBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � ��
������� %BUB SFEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� (SJTN TQFDUSB DPOUBNJOBUJPO � � � � � � � � � � � � � � � � � � ��
������� 'JFME TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3FETIJG୴T � TUFMMBS NBTTFT � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 4J[F EFUFSNJOBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

������� 4PVSDF EFUFDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� /PJTF FTUJNBUJPO � � � � � � � � � � � � � � � � � � � � � � � � ��
������� 4USVDUVSBM QBSBNFUFST XJUI ("-'*5 � � � � � � � � � � � � � � ��
������� VBMJUZތ DIFDL DSJUFSJB GPS ("-'*5 SFTVMUT � � � � � � � � � � � � ��

����� 4BNQMF TFMFDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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Figure 1.1: TheHubble sequence as deĆned by Edwin Hubble in Hubble (1936).

Figure 1.2: TheHubble sequence as observed in the Sloan Digital Sky Survey. Credit: Galaxy Zoo (https://blog.
galaxyzoo.org/2010/05/12/types-of-galaxies/).
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Figure 1.3: The history of cosmic star formation from far-ultraviolet (FUV) and infrared (IR) rest-framemeasurements (Madau &

Dickinson, 2014). The solid curve shows the best-Ćt star formation rate density (SFRD).
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OVNCFS PG HBMBYJFT JO B HJWFO WPMVNF BT B GVODUJPO PG UIFJS MVNJOPTJUZ� *G UIJT MVNJOPTJUZ GVODUJPO

	-'
 JT NFBTVSFE BU B QBSUJDVMBS XBWFMFOHUI UIBU USBDFT TUBS GPSNBUJPO JO HBMBYJFT 	F�H� UIF VMUSBWJPMFU

PS JOGSBSFE

 JU DBO UFMM VT IPX NVDI TUBS GPSNBUJPO JT PDDVSSJOH JO B HJWFO WPMVNF� 'JHVSF 1.3 TIPXT

UIF 4'3% NFBTVSFE PWFS B MBSHF QPSUJPO PG UIF 6OJWFSTFؠT IJTUPSZ� 5IF EFDMJOF JO UIF 4'3% PG UIF

6OJWFSTF
 PS أRVFODIJOHآ TFFNT UP IBWF CFHVO BSPVOE z ∼ 2�

5IF SFBTPOJOH GPS XIZ UIF RVFODIJOH PG TUBS GPSNBUJPO PDDVST SFNBJOT POF PG UIF MBSHFTU PQFO

RVFTUJPOT JO PVS VOEFSTUBOEJOH PG HBMBYZ FWPMVUJPO� 8F IBWF TUJMM OPU CFFO BCMF UP EFUFSNJOF XIJDI
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QIZTJDBM NFDIBOJTN JT SFTQPOTJCMF GPS ESJWJOH JU� 3FDFOU PCTFSWBUJPOT IBWF TIPXO UIBU UIF EBSL

NBUUFS IBMPFT PG RVFODIFE HBMBYJFT ؛ VTVBMMZ SFGFSSFE UP BT أRVJFTDFOUآ PS أQBTTJWFآ HBMBYJFT JO UIF

MJUFSBUVSF ؛ DPOUBJO FOPVHI HBT TVDI UIBU TUBS GPSNBUJPO DBO DPOUJOVF 	5VNMJOTPO FU BM�
 ����
�

)PXFWFS
 TPNFUIJOH JT QSFWFOUJOH UIJT HBT GSPN DPPMJOH BOE GPSNJOH TUBST� 4P GBS
 PCTFSWBUJPOT IBWF

EFUFSNJOFE UIBU RVFODIJOH NFDIBOJTNT GBMM JOUP UXP CSPBE DBUFHPSJFT� أNBTT�RVFODIJOHآ BOE

FOWJSPONFOUBMآ RVFODIJOHأ 	F�H� 1FOH FU BM� ����C
� .BTT�RVFODIJOH JOWPMWFT QSPDFTTFT JOUFSOBM UP

HBMBYJFT UIBU DBVTF UIF TIVUEPXO PG TUBS GPSNBUJPO 	TVDI BT "DUJWF (BMBDUJD /VDMFJ 	"(/



TVQFSOPWB BOE TUFMMBS GFFECBDL
� &OWJSPONFOUBM RVFODIJOH DPODFSOT QSPDFTTFT FYUFSOBM UP B HBMBYZ

XIJDI RVFODI JUT TUBS GPSNBUJPO 	F�H� SBN�QSFTTVSF TUSJQQJOH
 UJEBM TUSJQQJOH PS TUBSWBUJPO
� 5IJT

UIFTJT GPDVTFT PO FOWJSPONFOUBM RVFODIJOH�

����� &গট঒ছঘগখ঎গঝঊক હঞ঎গঌ঑঒গঐ

'PS B XIJMF OPX
 JU IBT CFFO LOPXO UIBU TBUFMMJUF HBMBYJFT BSF NPSF RVFODIFE UIBO DFOUSBM HBMBYJFT PG

B TJNJMBS NBTT 	1FOH FU BM�
 ����C� .V[[JO FU BM�
 ����
� 4BUFMMJUF HBMBYJFT JO DMVTUFST BSF SFEEFS JO

DPMPVS
 MFTT BDUJWFMZ TUBS�GPSNJOH BOE NPSF CVMHF�EPNJOBUFE UIBO UIFJS DPVOUFSQBSUT JO UIF

MPX�EFOTJUZ ୮ୢFME FOWJSPONFOU 	"CFMM ����� 0FNMFS ����� %SFTTMFS ����� 1PTUNBO � (FMMFS �����

#BMPHI FU BM� ����� 1PHHJBOUJ FU BM� ����� -FXJT FU BM� ����� (PNF[ FU BM� ����� 1PTUNBO FU BM� ����
�

1FOH FU BM� 	����C
 TUVEJFE UIF TUFMMBS NBTTFT PG MPX�SFETIJG୴ (0.02 < z < 0.085) HBMBYJFT BT B

GVODUJPO PG 4'3 BOE FOWJSPONFOU JO 4%44� *O UIJT TUVEZ UIF NFBO 4'3 XBT GPVOE UP CF

JOEFQFOEFOU PG FOWJSPONFOU BU ୮ୢYFE TUFMMBS NBTT 	MFG୴ QBOFM PG 'JHVSF 1.4
� 5IJT JOEJDBUFT UIBU 4'3T

BSF OPU TVQQSFTTFE JO IJHI�EFOTJUZ FOWJSPONFOUT TVDI BT DMVTUFST� 5IJT USFOE JT IBSE UP SFDPODJMF XJUI

UIF SFTVMUT PG UIF BGPSFNFOUJPOFE TUVEJFT UIBU TIPX UIF GSBDUJPO PG SFE HBMBYJFT JT IJHIFS JO

IJHI�EFOTJUZ SFHJPOT TVDI BT DMVTUFST� 5P FYQMBJO UIFTF PCTFSWBUJPOT
 4'3T JO DMVTUFS HBMBYJFT TIPVME

CF MPXFS UIBO 4'3T PG HBMBYJFT JO MPX�EFOTJUZ FOWJSPONFOUT� 4VDI B USFOE EPFT OPU TFFN UP CF

QSFTFOU JO UIF 4'3T PG HBMBYJFT
 JOTUFBE
 UIFSF JT B EJ୭GFSFODF JO UIF GSBDUJPO PG SFE HBMBYJFT� "T DBO CF

TFFO JO UIF SJHIU QBOFM PG 'JHVSF 1.4
 UIF GSBDUJPO PG SFE HBMBYJFT JODSFBTFT XJUI TUFMMBS NBTT BOE
FOWJSPONFOUBM EFOTJUZ� "T XFMM BT TVHHFTUJOH UXP DIBOOFMT GPS RVFODIJOH
 UIJT SFTVMU TIPXFE UIBU

FOWJSPONFOU EPFT IBWF BO B୭GFDU PO TUBS GPSNBUJPO� )PXFWFS
 UIFSF JT OP NFBTVSFE DIBOHF JO UIF

BWFSBHF 4'3 XJUI FOWJSPONFOU� 5IF TBNF USFOET TFFO CZ 1FOH FU BM� 	����C
 BU MPX SFETIJG୴T XFSF

TFFO CZ .V[[JO FU BM� 	����
 BU IJHI SFETIJG୴ 	z ∼ 1
� 5IF GBDU UIBU UIFTF USFOET FYJTU BU IJHI SFETIJG୴

NFBOT UIBU UIF FOWJSPONFOUBM RVFODIJOH NFDIBOJTNT SFTQPOTJCMF GPS ESJWJOH UIFTF USFOET XFSF JO

QMBDF BU FWFO IJHIFS SFETIJG୴T� )PXFWFS
 UIF XBZ JO XIJDI UIFTF RVFODIJOH NFDIBOJTNT B୭GFDU
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Figure 1.4: Left: Mean Log(SFR) as a function of stellar mass and environment for star-forming galaxies in SDSS. Themean SFR

is JOEFQFOEFOU of environment at Ćxed stellar mass. Right: Fraction of red galaxies in SDSS as a function of stellar mass and

environment. Red fraction is EFQFOEFOU on both stellar mass BOE environment (Peng et al., 2010b).

HBMBYJFT QIZTJDBMMZ NBZ FWPMWF XJUI UJNF� 5IJT JT CFDBVTF CFUXFFO 0 < z < 1
 UIF TUSVDUVSFT PG HBMBYJFT

BOE UIFJS 4'3T DIBOHF� 8F DBO TFF BO FYBNQMF PG UIJT JO 'JHVSF 1.3
 XIFSF UIF 4'3% DPOUJOVFT UP GBMM

GSPN z ∼ 2 UP z = 0
 SBUIFS UIBO SFNBJOJOH DPOTUBOU�

" SFWPMVUJPO JO UIF TUVEZ PG FOWJSPONFOUBM RVFODIJOH DBNF BCPVU XJUI PVS BCJMJUZ UP RVBOUJGZ
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TQBDF BOBMZTJT XBT DPOEVDUFE� 6OEFS UIF BTTVNQUJPO PG B QBSUJDVMBS RVFODIJOH NPEFM
 BO BUUFNQU

XBT NBEF UP SFQSPEVDF UIF QPTJUJPOT PG UIF SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT JO UIJT QIBTF TQBDF XJUI

TJNVMBUJPOT� 5IJT BMMPXFE GPS UIF EFSJWBUJPO PG B RVFODIJOH UJNFTDBMF� 5IF TFDPOE NFUIPE VTFE XBT
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Figure 1.5: The delayed-then-rapid quenchingmodel for satellite SFR evolution. Values for timescales come frommodelling the

fraction of quenched galaxies in SDSS at low redshift (Wetzel et al., 2013).
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HBMBYZ XIFO JU XBT GVMMZ RVFODIFE DBO CF EFSJWFE
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SBQJEأ NBOOFS 	8FU[FM FU BM�
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distribution of infalling subhalos in dark-matter zoom simulations
to determine a timescale. Muzzin et al. (2014) report that this
process indicates a rapid fade time of tF;0.5 Gyr following the
galaxy’s first pass through 0.25–0.5 R200, a passage which
requires a time tD= 0.45± 0.15 Gyr in the simulations, for a
total quenching time of tQ= 1.00± 0.25 Gyr.

Other studies have successfully measured quenching time-
scales, but use different models or assumptions that complicate
direct comparison with the present work. While we define tQ to
be the time after accretion required for a galaxy to be classified
quiescent, it is not uncommon to find the quenching timescale
defined in other ways. In the “slow quenching” model, SFRs
decline gradually with an exponential time constant τQ starting
immediately upon infall. To convert from this framework to
our present system of classification, we create BC03 model
stellar populations with SFRs that remain constant until infall,
after which they decline with time constant τQ. We then plot
the evolution of the model rest-frame color and magnitude on
the classification ellipses of Figure 4, and take tQ to be the time
required after infall before the model is considered red.

Haines et al. (2015) employ a similar phase-space approach
to Muzzin et al. (2014), comparing the radial density profiles of
star-forming galaxies in clusters at z∼0.2 to the evolving
radial densities of infalling halos in clusters the Millennium-II
simulation, at a slightly lower mass completeness limit of
2×1010Me. They adopt the “slow quenching” model, and
find the kinematic properties of the star-forming population to
be best fit by an exponentially declining SFR with time
constant τQ= 1.73± 0.25 Gyr. The value of tQ corresponding
to this result depends on the assumed age of the galaxy at time
of infall. Cluster red-sequence galaxies at z1 have colors
consistent with having been formed at z  3 (Foltz et al. 2015),

and models of cluster mass-accretion rates suggest that a
typical halo in a cluster at z= 0.2 was accreted at z∼1.1
(Fossati et al. 2017). Therefore we construct our model with an
age of 3 Gyr at infall, and find that τQ= 1.73± 0.25 Gyr
corresponds to tQ;3.7± 0.5 Gyr.
Taranu et al. (2014) employ a novel combination of

observed galaxy bulge and disc colors, models of quenching
SFRs, and subhalo orbits drawn from cosmological N-body
simulations. They too adopt a “slow quenching” model, and
their data are best fit by an exponentially declining SFR time
constant of τQ= 3–3.5 Gyr, with quenching beginning imme-
diately upon infall. Adopting the same conversion method as
we use for Haines et al. (2015), we find this corresponds to
tQ;4± 2 Gyr. We note that Taranu et al. (2014) use a
sample of brightest cluster (and group) galaxies, an extremal
population of quenched galaxies, for which our model likely
breaks down.
Other notable studies preclude comparison with the present

work, due to differences in mass completeness, or differences
in analysis. Oman & Hudson (2016) use a phase space
approach to characterize the quenching timescale in SDSS
clusters. Oman & Hudson derive orbital histories for cluster
and satellite galaxies from dark-matter simulations, character-
izing the probability that each galaxy becomes quiescent as a
function of time, pq(t). They report a typical delay time of
tD= 3.5–5 Gyr and a pq(t) that evolves with a time constant
τ2 Gyr. We do not attempt to interpret this in terms of a tQ
value.
Gobat et al. (2015), studying galaxies of mass M*

1011Me in groups in the COSMOS field at z∼1.8, find
evidence for a rapid fade time of tF≈0.3 Gyr, based on the
properties of satellite galaxies. In the local universe, for

Figure 5. Quenching timescale as a function of redshift. Red points show the quenching timescales measured for our cluster samples at z∼1 and ∼1.6 (see
Section 4). Black points show the quenching timescales measured in clusters by Wetzel et al. (2013), Muzzin et al. (2014), Taranu et al. (2014), Haines et al. (2015),
and Balogh et al. (2016). Hollow gray points indicate quenching timescales measured in groups by McGee et al. (2011), Balogh et al. (2016), and Fossati et al. (2017).
All data points are for galaxies with M*�1010.5 Me. The dashed green line represents the evolution of a dynamical timescale normalized to 7 Gyr at z= 0.05, the
quenching time in SDSS groups as reported by Balogh et al. (2016). The shaded green region represents the evolution of the dynamical timescale normalized to
5.0± 0.5 Gyr, spanning the range of quenching times in SDSS clusters as reported by Wetzel et al. (2013) and Balogh et al. (2016). The dotted orange line indicates a
rough approximation of the total gas depletion timescale, tdepl(HI+ Hmol), adapted from the molecular gas depletion timescale measured by Tacconi et al. (2018; see the
text). The dotted blue line approximates the evolution of an outflow gas depletion time, being inversely proportional to the evolution in specific star formation rates of
the fundamental plane as measured by Whitaker et al. (2012), normalized to the low-redshift time of 5 Gyr.
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Figure 1.6: Environmental quenching timescales measured using a variety of statistical modelling techniques from Foltz et al.

(2018) for galaxies with stellar masses,M∗ ! 1010.5.⊙. Solid points showmeasurements from clusters, open points show

measurements from groups. The shaded green region is the dynamical timescale normalised to 5.0 ± 0.5Gyr and spans the
range of quenching times in SDSS clusters as reported inWetzel et al. (2013) and Balogh et al. (2016). The dashed green line is

the dynamical timescale normalised to 7Gyr at z = 0.05. The orange dotted line represents an approximation of the total gas

(atomic+molecular) depletion timescale, adapted from Tacconi et al. (2018). The dotted blue line shows the approximate evolution

of an outćow gas depletion time, normalised to 5Gyr at low redshift (Whitaker et al., 2012a). See Foltz et al. (2018) for more

details.
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4UVEJFT CBTFE PO TUBUJTUJDBM NPEFMMJOH PG HBMBYZ QPQVMBUJPOT TVDI BT 'PMU[ FU BM� 	����
 EJTDVTTFE JO

UIF QSFWJPVT TFDUJPO QSPWJEF JNQPSUBOU DMVFT GPS UIF QIZTJDBM QSPDFTTFT SFTQPOTJCMF GPS FOWJSPONFOUBM

RVFODIJOH� )PXFWFS
 JU JT EJ୭୮ୢDVMU UP DPOTUSBJO UIF EFUBJMFE QIZTJDT PG UIF FOWJSPONFOUBM RVFODIJOH

QSPDFTT UIBU JT JO BDUJPO� 5IF CJHHFTU RVFTUJPO UIBU OFFET UP CF BOTXFSFE JT IPX EP FOWJSPONFOUBM

RVFODIJOH QSPDFTTFT QIZTJDBMMZ B୭GFDU HBMBYJFT "OTXFSJOH UIJT RVFTUJPO SFRVJSFT TQBUJBM JOGPSNBUJPO

PO JOEJWJEVBM HBMBYJFT�

"O FBSMZ FYBNQMF PG VTJOH TQBUJBM JOGPSNBUJPO UP TUVEZ FOWJSPONFOUBM RVFODIJOH XBT QSFTFOUFE JO

,PPQNBOO � ,FOOFZ 	����
� 5IFTF BVUIPST VTFE JNBHJOH JO OBSSPX XBWFMFOHUI CBOET UP USBDF TUBS

GPSNBUJPO PQFSBUJOH PO EJ୭GFSFOU UJNFTDBMFT JO MPDBM DMVTUFS BOE ୮ୢFME HBMBYJFT� " DPNNPO USBDFS VTFE

GPS TUBS GPSNBUJPO PO WFSZ TIPSU UJNFTDBMFT 	∼ 10.ZS
 JT FNJTTJPO JO )α� 4UBST GPSN XJUIJO EFOTF

HBT DMPVET� :PVOH TUBST PG TQFDUSBM UZQFT 0 BOE # BSF WFSZ IPU BOE UIFSFGPSF FNJU VMUSBWJPMFU SBEJBUJPO�

5IJT IJHI�FOFSHZ SBEJBUJPO DBO JPOJTF NPTU PG UIF IZESPHFO BUPNT XJUIJO TPNF EJTUBODF GSPN UIF TUBS
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Figure 1.7: Left-panel: The concentration of Hα ćux (the inverse ratio of the Hα ćuxwithin the 24mag arcsec−2 isophote, r24,
and the 0.3r24 isophote) in Ćeld (top panel) and cluster (bottom panel) spiral galaxies in the local Universe as a function of the Hα
ćux to3-band ćux ratio (see top axis for approximate Hα equivalent width). Filled points show spiral galaxies with truncated

star formation in their discs. 52% of spiral galaxies in the Virgo cluster have truncated discs, as opposed to only 12% in the Ćeld

(Koopmann &Kenney, 2004). Right-panel: Hα (top), UV (middle) and3-band emission with HI contours overlaid (bottom) of

the Virgo cluster galaxy NGC 4330 fromAbramson et al. (2011). The Hα disc is severely truncated with respect to the stellar

continuum (3-band) disc, indicative of outside-in quenching.

CFZPOE XIJDI UIF HBT SFNBJOT OFVUSBM� 5IF WPMVNF XJUIJO XIJDI IZESPHFO JT JPOJTFE JT DBMMFE UIF

4US¶NHFO TQIFSF� "G୴FS B IZESPHFO BUPN JT JPOJTFE
 UIF FMFDUSPO BOE QSPUPO SFDPNCJOF UP GPSN B OFX

IZESPHFO BUPN� 5IF FMFDUSPOXJMM UIFO DBTDBEF EPXO UP UIF HSPVOE�TUBUF FOFSHZ MFWFM PG UIF IZESPHFO

BUPN� %VSJOH UIJT DBTDBEF
 JU NBZ DBTDBEF GSPN UIF UIJSE� UP TFDPOE�MPXFTU FOFSHZ MFWFM� 8IFO UIJT

IBQQFOT
 UIF IZESPHFO BUPN XJMM FNJU B )α QIPUPO PG 6563�� 5IFSFGPSF
 TPNF PG UIF )α FNJTTJPO

JO B HBMBYZ JT DPTQBUJBM XJUI UIF ZPVOH TUBST DPOUBJOFE XJUIJO JU 	#JOOFZ�.FSSJ୮ୢFME
 ����� ,FOOJDVUU


����
�

#Z DPNQBSJOH UIF DPODFOUSBUJPO PG MJHIU FNJUUFE JO )α UP MJHIU FNJUUFE JO UIF 3�CBOE 	XIJDI

USBDFT FNJTTJPO GSPN NPTUMZ PME TUFMMBS QPQVMBUJPOT TJODF UIFZ BSF SFE JO DPMPVS

 ,PPQNBOO �

,FOOFZ 	����
 GPVOE UIBU 52% PG TQJSBM HBMBYJFT JO UIF 7JSHP DMVTUFS IBE USVODBUFE )α EJTDT J�F
 UIF

3�CBOE FNJTTJPO XBT NPSF TQBUJBMMZ FYUFOEFE UIBO UIF )α FNJTTJPO JO NPSF UIBO IBMG PG 7JSHP
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Figure 1.8: Right panels: Multiwavelength imaging of NGC 4330 in the Virgo cluster from Fossati et al. (2018). Red contours are

drawn from the S-band image. The size of the galaxy reduces as we view it in V∗, FUV and thenHα. Aperture photometry was

conducted in the blue regionsmarked on the S-band image. The solid red line shows the position of the long-slit spectroscopy

with VLT/FORS2. Left panel: The time since quenching in NGC 4330 as a function of galactocentric radius. The regionsmarked

correspond to thosemarked on the S-band image in the right panel. Black points are from stellar libraries at solar metallicity, blue

points are from stellar libraries at subsolar metallicity. For more details, see Fossati et al. (2018).
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Figure 1.9: Stellar maps of different ages using the average star formation rate per kpc2 for jellyĆsh galaxy J0206 (Poggianti et al.,

2017). The white contours show the stellar continuum isophotes. Recent star formation is shown in the top left panel, with the

oldest star formation shown in the bottom right panel.
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Figure 1.10: Left-panel: The stellar mass–size relation of star-forming (blue points) and quiescent (red points) galaxies in 3D-

HST+CANDELS out to z ∼ 3 (van derWel et al., 2014). Solid lines in each panel show themass–size relation at Ćxed redshift.

The dashed line shows the z = 0.25mass–size relations for comparison. Right-panel: The evolution of themass–size relation

intercept at a Ćxed stellar mass of 5 × 1010.⊙ for star-forming (blue points) and quiescent (red points) galaxies in in 3D-

HST+CANDELS since z ∼ 3with various parameterisations shown as solid and dotted black lines (see van derWel et al. 2014

for more details). 3FӇ
 NBK is the half-light radius in kpcmeasured along themajor axis.
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Figure 1.11: The evolution in the number density of compact early-type galaxies withM∗ > 5× 1010.⊙ and

Reff 	LQD
 < (M∗/5× 1010.⊙)0.7 since z ∼ 3 in 3D-HST+CANDELS (van derWel et al., 2014). ForM∗ = 5× 1010.⊙,

the size limit is 1 kpc. ForM∗ = 1011.⊙, the size limis is 1.6 kpc. The number density strongly decreases from z ∼ 2 to the
present day.
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5IJT NFBOT XF OFFE UP CF DBSFGVM XIFO DPNQBSJOH QPQVMBUJPOT PG RVJFTDFOU HBMBYJFT BU MPX BOE IJHI

SFETIJG୴T� 4PNF PG UIF QSFTFOU EBZ RVJFTDFOU HBMBYJFT XFSF BDUVBMMZ TUBS�GPSNJOH BU IJHI�SFETIJG୴


NFBOJOH UIFZ XFSF OPU QBSU PG UIF RVJFTDFOU TBNQMF BU IJHI�SFETIJG୴� 5IF IJHI�SFETIJG୴ TBNQMF PG

RVJFTDFOU HBMBYJFT JT UIFSFGPSF CJBTFE UPXBSET UIF PMEFTU QSPHFOJUPST PG UPEBZؠT RVJFTDFOU HBMBYJFT

	7BO %PLLVN � 'SBOY
 ����� WBO %PLLVN � 'SBOY
 ����
� 5IJT QSPHFOJUPS CJBT IBT JNQMJDBUJPOT PO

UIF NFBTVSFE TJ[F FWPMVUJPO PG RVJFTDFOU HBMBYJFT XJUI SFETIJG୴� 8IFO TUVEZJOH UIF FWPMVUJPO PG UIF

RVJFTDFOU TUFMMBS NBTT؛TJ[F SFMBUJPO XJUI EFDSFBTJOH SFETIJG୴
 XF OFFE UP BQQSFDJBUF UIBU EVSJOH UIF

TBNF QFSJPE
 TUBS�GPSNJOH HBMBYJFT BSF CFJOH RVFODIFE BOE BSF DPOUJOVBMMZ CFJOH BEEFE UP UIF

RVJFTDFOU QPQVMBUJPO PG HBMBYJFT� 4UBS�GPSNJOH HBMBYJFT GPMMPX B NBTT؛TJ[F SFMBUJPO UIBU MJFT BCPWF UIF

RVJFTDFOU NBTT؛TJ[F SFMBUJPO PO UIF NBTT؛TJ[F QMBOF 	TFF MFG୴�QBOFM PG 'JHVSF 1.10
� 5IFSFGPSF PO

BWFSBHF
 TUBS�GPSNJOH HBMBYJFT IBWF MBSHFS TJ[FT BU ୮ୢYFE TUFMMBS NBTT DPNQBSFE UP RVJFTDFOU HBMBYJFT�

8IFO UIFTF TUBS�GPSNJOH HBMBYJFT RVFODI
 UIFZ XJMM KPJO UIF RVJFTDFOU QPQVMBUJPO PG HBMBYJFT BU UIF

MBSHF TJ[F FOE PG JUT EJTUSJCVUJPO BU ୮ୢYFE TUFMMBS NBTT� 8F DBO BMTP TFF GSPN 'JHVSF 1.10 UIBU

TUBS�GPSNJOH HBMBYJFT BMTP HSPX JO TJ[F BU ୮ୢYFE TUFMMBS NBTT XJUI EFDSFBTJOH SFETIJG୴� 5IFSFGPSF XJUI

EFDSFBTJOH SFETIJG୴
 UIF DPOUJOVPVT BEEJUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT UP UIF FYJTUJOH RVJFTDFOU

QPQVMBUJPO XJMM JOEVDF B SJTF JO UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT�

5IF BSHVNFOU UIBU QSPHFOJUPS CJBT MFBET UP TJ[F FWPMVUJPO JO UIF RVJFTDFOU HBMBYZ QPQVMBUJPO XBT

୮ୢSTU TVHHFTUFE CZ WBO EFS 8FM FU BM� 	����
� 5IPVHI CPUI NJOPS NFSHFST BOE QSPHFOJUPS CJBT BSF

UIPVHIU UP QMBZ B SPMF JO UIF SBQJE TJ[F FWPMVUJPO PG RVJFTDFOU HBMBYJFT
 UIFSF JT EFCBUF PWFS XIJDI JT

UIF EPNJOBOU HSPXUI NFDIBOJTN� $BSPMMP FU BM� 	����
 QSFTFOUFE DPOWJODJOH FWJEFODF GPS SFDFOUMZ

RVFODIFE HBMBYJFT ESJWJOH UIF PCTFSWFE TJ[F FWPMVUJPO CZ TUVEZJOH RVJFTDFOU HBMBYJFT JO UIF $04.04

୮ୢFME CFUXFFO 0.2 < z < 1� $POUSBSZ UP UIF ୮ୢOEJOHT PG WBO EFS 8FM FU BM� 	����

 $BSPMMP FU BM� 	����


GPVOE UIBU UIF OVNCFS EFOTJUZ PG DPNQBDU RVJFTDFOU HBMBYJFT EPFT OPU TJHOJ୮ୢDBOUMZ DIBOHF PWFS UIJT

SFETIJG୴ JOUFSWBM
 QBSUJDVMBSMZ GPS HBMBYJFT XJUI 1010.5 < M∗/.⊙ < 1011� )PXFWFS
 UIF OVNCFS EFOTJUZ

PG MBSHF RVJFTDFOU HBMBYJFT JODSFBTFT TJHOJ୮ୢDBOUMZ 	TFF 'JHVSF 1.12
�

��� 5঑঎ ঊ঒খজ ঘএ ঝ঑঒জ ঝ঑঎জ঒জ

*O 4FDUJPOT ��� BOE ���
 UXP PG UIF MBSHFTU VOBOTXFSFE QSPCMFNT JO HBMBYZ FWPMVUJPO BSF QSFTFOUFE�

��
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Figure 1.12: Size distributions for quiescent early-type galaxies between 0.2 < z < 1 in the COSMOS Ćeld (Carollo et al.,

2013). Left panel shows the distributions for galaxies with 1010.5 < M∗/.⊙ < 1011 and the right panel shows the distributions
for galaxies withM∗/.⊙ > 1011. Particularly for the lower stellar mass bin, it can be seen from the inset Ćgure that there is no

signiĆcant observed change in the number density of compact quiescent galaxies. For the high stellar mass bin, a reduction in the

number density of compact quiescent galaxies is observed (see inset Ćgure), but it seems to bemore stronger for the smallest of

sizes. More clearly however, we see that for both stellar mass bins, there is a larger rise in the number density of large quiescent

galaxies with decreasing redshift.

�� 8IBU BSF UIF QIZTJDBM QSPDFTTFT SFTQPOTJCMF GPS ESJWJOH UIF RVFODIJOH PG TUBS GPSNBUJPO JO UIF
6OJWFSTF 

�� 8IBU JT UIF QIZTJDBM QSPDFTT SFTQPOTJCMF GPS ESJWJOH UIF SBQJE TJ[F HSPXUI PG RVJFTDFOU HBMBYJFT 

5IJT UIFTJT BUUFNQUT UP BOTXFS UIF ୮ୢSTU RVFTUJPOCZ USZJOH UP DBQUVSF EJSFDU FWJEFODF PG RVFODIJOH JO

BDUJPO BU z ∼ 1� 5IJT JT BO FQPDI JO UIF6OJWFSTFؠT IJTUPSZXIFSF UIF 4'3%XBT IJHIFS UIBO UIF QSFTFOU

EBZ
 CVU TUJMM JO EFDMJOF 	TFF 'JHVSF 1.3
� 5IFSFGPSF
 UIFSF JT B IJHIFS QSPCBCJMJUZ PG DBUDIJOH HBMBYJFT JO
UIF QSPDFTT PG RVFODIJOH EVSJOH UIJT FQPDI� $POTFRVFOUMZ
 TVDI PCTFSWBUJPOT TIPVME NBLF JU FBTJFS UP

QJO�EPXO UIF QIZTJDBM QSPDFTT SFTQPOTJCMF GPS RVFODIJOH� %VF UP UIF DMFBS BTTPDJBUJPO PG RVFODIJOH

UP HBMBYZ DMVTUFST 	4FDUJPO �����

 UIJT UIFTJT GPDVTFT PO QJOOJOH�EPXO UIF EPNJOBOU FOWJSPONFOUBM

RVFODIJOH NFDIBOJTN BU z ∼ 1� 5IJT JT EPOF JO $IBQUFS � PG UIJT UIFTJT CZ NFBTVSJOH UIF TQBUJBM

FYUFOU PG )α FNJTTJPO JO TUBS�GPSNJOH DMVTUFS HBMBYJFT BOE DPNQBSJOH JU UP UIF TQBUJBM FYUFOU PG UIFJS

TUFMMBS DPOUJOVVN FNJTTJPO� 5IJT TUVEZ BMMPXT VT UP HBJO BO VOEFSTUBOEJOH PG XIFSF TUBST GPSN JO

DMVTUFS HBMBYJFT BOEXIFSF UIFZ EP OPU� "O JOTJHIU DBO UIFSFGPSF CF HBJOFE PO IPXRVFODIJOH PQFSBUFT

JO DMVTUFS HBMBYJFT� JT JU 
أPVUTJEF�JOآ أJOTJEF�PVUآ PS SBEJBMMZ JOEFQFOEFOU $POTFRVFOUMZ
 UIJT DBO

QSPWJEF UIF NJTTJOH QJFDF PG JOGPSNBUJPO UIBU TUBUJTUJDBM TUVEJFT PG RVFODIJOH UJNFTDBMFT 	4FDUJPO �����


BSF VOBCMF UP QSPWJEF�

5IF BQQSPBDI UP BOTXFSJOH UIF TFDPOE RVFTUJPO JO UIJT UIFTJT JT UP VTF FOWJSPONFOU BT B UPPM� 5IF

QSPCBCJMJUZ PG NFSHFST PDDVSSJOH CFUXFFO TBUFMMJUF HBMBYJFT JO IJHI�EFOTJUZ FOWJSPONFOUT TVDI BT

DMVTUFST JT MPX
 TJODF UIFZ IBWF IJHI QFDVMJBS WFMPDJUJFT 	.FSSJUU
 ����� %FMBIBZF FU BM�
 ����
� $MVTUFS

��



HBMBYJFT UIFSFGPSF QSPWJEF VT XJUI B DPOUSPM TBNQMF PG HBMBYJFT UIBU IBWF OPU TJHOJ୮ୢDBOUMZ HSPXO JO

TJ[F WJB NJOPS NFSHFST� 5IF NJOPS NFSHFST IZQPUIFTJT 	TFF 4FDUJPO �������
 DBO UIFSFGPSF CF SFBEJMZ

UFTUFE CZ NFBTVSJOH UIF TUFMMBS NBTT؛TJ[F SFMBUJPO PG DMVTUFS HBMBYJFT BOE DPNQBSJOH JU UP UIF TUFMMBS

NBTT؛TJ[F SFMBUJPO PG ୮ୢFME HBMBYJFT� *G NJOPS NFSHFST EP ESJWF UIF SBQJE TJ[F HSPXUI PCTFSWFE GPS

RVJFTDFOU HBMBYJFT 	TFF 4FDUJPO �����

 XF XPVME FYQFDU UP TFF UIBU RVJFTDFOU DMVTUFS HBMBYJFT BSF TNBMMFS
JO TJ[F BU ୮ୢYFE TUFMMBS NBTT UIBO RVJFTDFOU FME׹ HBMBYJFT� 5IJT TJNQMF FYQFSJNFOU JT DPOEVDUFE JO

$IBQUFS � BOE UIF JNQMJDBUJPOT PG UIF SFTVMUT BSF FYQMPSFE JO EFUBJM�

"T XBT NFOUJPOFE FBSMJFS
 PCTFSWBUJPOT TIPX RVFODIJOH JT DMFBSMZ BTTPDJBUFE XJUI DMVTUFST� 5IJT

NBLFT UIFN FYDFMMFOU QMBDFT JO UIF 6OJWFSTF UP MPPL GPS SFDFOUMZ RVFODIFE HBMBYJFT� 6TJOH B TBNQMF

PG TQFDUSPTDPQJDBMMZ JEFOUJ୮ୢFE SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT JO $IBQUFS �
 XF UFTU XIFUIFS PS OPU

SFDFOUMZ RVFODIFE HBMBYJFT DPOUSJCVUF UP JODSFBTJOH UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT BU ୮ୢYFE TUFMMBS

NBTTXJUI EFDSFBTJOH SFETIJG୴ 	TFF 4FDUJPO �������
� 5IJT JT EPOF CZ TUVEZJOH UIFJS MPDBUJPO PO UIF DMVTUFS

NBTT؛TJ[F SFMBUJPO BOE DPNQBSJOH JU UP UIPTF PG UIF TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS NFNCFST� 8F

UIFO BUUFNQU UP VTF PVS ୮ୢOEJOHT JO UIJT TUVEZ UP DPOTUSBJO UIF RVFODIJOH NFDIBOJTN UIBU NBZ IBWF

CFFO SFTQPOTJCMF GPS DSFBUJOH UIF SFDFOUMZ RVFODIFE DMVTUFS QPQVMBUJPO�

5ISPVHIPVU UIJT UIFTJT
 BMM NBHOJUVEFT RVPUFE BSF JO UIF "# TZTUFN BOE XF BTTVNF B Λ$%.

DPTNPMPHZ XJUIΩm = 0.307
ΩΛ = 0.693 BOEH0 = 67.7 LNT−1 .QD−1 	1MBODL $PMMBCPSBUJPO 9***


����
�
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5IF FWPMVUJPO PG UIF XPSME DBO CF DPNQBSFE UP B EJTQMBZ
PG SFXPSLT׹ UIBU Iॵ KVTU FOEFE� TPNF GFX SFE XJTQT
 BTIॶ
BOE TNPLF� 4UBOEJOH PO B XFMM�DIJMMFE DJOEFS
 XF TFF UIF
TMPX GBEJOH PG UIF TVOT
 BOE XF USZ UP SFDBMM UIF WBOJTIFE
CSJMMJBODF�

(FPSHFT -FNB®USF

2
5IF TJ[F HSPXUI PG RVJFTDFOU HBMBYJFT

GSPN NJOPS NFSHFST

0ঋজ঎ছটঊঝ঒ঘগজ ঘএ খঊজজ঒ট঎ ঐঊকঊড঒঎জ BDSPTT B SBOHF PG SFETIJG୴T IBWF OPX FTUBCMJTIFE UIBU BT UIF

6OJWFSTF BHFT
 NBTTJWF HBMBYJFT HSPX JO TJ[FNPSF UIBO UIFZ EP JO TUFMMBSNBTT 	TFF 4FDUJPO ��� BOE%BEEJ

FU BM� ����� 5SVKJMMP FU BM� ����� WBO %PLLVN FU BM� ����� #VJUSBHP FU BM� ����� WBO EFS 8FM FU BM� �����

%BNKBOPW FU BM� ����� 3BJDIPPS FU BM� ����� $JNBUUJ FU BM� ����� .FJ FU BM� ����� )VFSUBT�$PNQBOZ FU BM�

����B� WBO EFS 8FM FU BM� ����
� 5IJT EJTQSPQPSUJPOBUFMZ MBSHFS HSPXUI JO TJ[F IBT CFFO UIF UPQJD PG

NBOZ SFDFOU TUVEJFT BUUFNQUJOH UP QJO�EPXO UIF QIZTJDBM QSPDFTT SFTQPOTJCMF GPS ESJWJOH JU� 5IVT GBS


UIFNBKPSJUZ PG UIFTF TUVEJFT BSHVF UIBU NJOPSNFSHFST 	NFSHFST CFUXFFO UXP HBMBYJFT UIBU IBWF BNBTT

SBUJP PG> 10 : 1 PS JO TPNF DBTFT> 3 : 1
 DBO QSPWJEF B QMBVTJCMF FYQMBOBUJPO UP UIFTF PCTFSWBUJPOT 	TFF

4FDUJPO ������� BOE #F[BOTPO FU BM� �����)PQLJOT FU BM� ����B� /BBC FU BM� ����� 5SVKJMMP FU BM� ����� )JM[

FU BM� ����� 0TFS FU BM� ����� #MVDL FU BM� ����� 'FSSFSBT FU BM� ����
� %FTQJUF UIFTF ୮ୢOEJOHT
 UIFSF JT EFCBUF

PO XIFUIFS NJOPS NFSHFST DBO GVMMZ BDDPVOU GPS UIJT TJ[F HSPXUI� *U IBT CFFO TVHHFTUFE UIBU NVDI

PG UIF TJ[F HSPXUI JO UIF RVJFTDFOU QPQVMBUJPO PG HBMBYJFT DBO BMTP CF FYQMBJOFE CZ UIF BQQFBSBODF PG

OFXMZ RVFODIFE TUBS�GPSNJOH HBMBYJFT 	XIJDI IBWF MBSHFS TJ[FT UIBO RVJFTDFOU HBMBYJFT
 UIBU GPSNFE BU

MBUFS FQPDIT 	TFF 4FDUJPO ������� BOE $BSPMMP FU BM� ����
� .BKPS NFSHFST 	FRVBM�NBTT NFSHFST
 DBO BMTP

JODSFBTF UIF TJ[F PG HBMBYJFT
 CVU UIFZ MFBE UP B QSPQPSUJPOBUF JODSFBTF JO TUFMMBS NBTT 	TFF 4FDUJPO �������
�

��



*G NBKPS NFSHFST XFSF UIF EPNJOBOU SPVUF GPS HBMBYZ TJ[F HSPXUI
 UIFSF XPVME CF NPSF IJHI�NBTT

HBMBYJFT UIBO DVSSFOUMZ PCTFSWFE BU MPX SFETIJG୴T 	#F[BOTPO FU BM�
 ����� -³QF[�4BOKVBO FU BM�
 ����
�

.BKPS NFSHFST BSF UIFSFGPSF VOMJLFMZ UP CF UIF NBJO ESJWFST PG HBMBYZ TJ[F HSPXUI� 'FFECBDL GSPN

BDUJWF HBMBDUJD OVDMFJ 	"(/
 BOE TUFMMBS XJOET DBO BMTP MFBE UP UIF FYQBOTJPO PG B HBMBYZ 	'BO FU BM�


����
� )PXFWFS
 UIF BNPVOU PG NBTT SFNPWFE JO UIJT QSPDFTT XPVME IBWF UP CF ୮ୢOF�UVOFE UP SFBDI

UIF MFWFMT PG HBMBYZ TJ[F HSPXUI PCTFSWFE 	#F[BOTPO FU BM�
 ����
�

0OF BTQFDU UIBU DBO BMUFS UIJT QJDUVSF PG HBMBYZ TJ[F HSPXUI PWFS UJNF JT UIF JO୯୳VFODF PG

FOWJSPONFOU� (BMBYJFT SFTJEJOH JO IJHI�EFOTJUZ FOWJSPONFOUT TVDI BT DMVTUFST IBWF IJHIFS QFDVMJBS

WFMPDJUJFT UIBO HBMBYJFT SFTJEJOH JO UIF MPX�EFOTJUZ ୮ୢFME FOWJSPONFOU� 5IF IJHI WFMPDJUZ EJTQFSTJPOT

BTTPDJBUFE XJUI DMVTUFST NBLF NFSHFST CFUXFFO TBUFMMJUF HBMBYJFT B SBSF PDDVSSFODF 	.FSSJUU
 �����

%FMBIBZF FU BM�
 ����
� *U JT UIFSFGPSF QPTTJCMF UP VTF UIF DMVTUFS FOWJSPONFOU BT B MBCPSBUPSZ UP UFTU UIF

DVSSFOUMZ GBWPVSFE TVHHFTUJPO UIBU NJOPS NFSHFST EPNJOBUF UIF TJ[F HSPXUI PG NBTTJWF HBMBYJFT�

4JODF NJOPS NFSHFST BSF FYQFDUFE UP JODSFBTF HBMBYZ TJ[F NPSF UIBO UIFZ EP TUFMMBS NBTT
 UIF NPTU

EJSFDU XBZ UP UFTU UIJT JT UP NFBTVSF UIF TUFMMBS NBTT؛TJ[F SFMBUJPOT JO CPUI FOWJSPONFOUT BU ୮ୢYFE

SFETIJG୴ BOE DPNQBSF UIFN UP TFF JG UIFSF JT B TJHOJ୮ୢDBOU P୭GTFU JO TJ[F� 5IJT TJNQMF BQQSPBDI EPFT OPU

UBLF JOUP BDDPVOU PUIFS TVC�EPNJOBOU DMVTUFS�TQFDJ୮ୢD QSPDFTTFT UIBU NBZ BMTP BMUFS UIF TJ[FT BOE TJ[F

EJTUSJCVUJPO PG DMVTUFS HBMBYJFT TVDI BT BDDFMFSBUFE RVFODIJOH
 HBMBYZ IBSBTTNFOU 	OFBSCZ IJHI�TQFFE

FODPVOUFST CFUXFFO TBUFMMJUF HBMBYJFT JO DMVTUFST F�H� .PPSF FU BM� ����
 ����
 BOE NFSHFST XJUI UIF

#SJHIUFTU $MVTUFS (BMBYZ 	#$(
 UIBU XPVME SFNPWF HBMBYJFT GSPN UIF TBNQMF� *O UIJT TJNQMF TDFOBSJP


JG UIF QSFEJDUJPOT PG NJOPS NFSHFST ESJWJOH HBMBYZ TJ[F HSPXUI BSF USVF
 DMVTUFS HBMBYJFT TIPVME ୮ୢOE

UIFNTFMWFT JOIJCJUFE GSPN TJ[F HSPXUI BOE XJMM UIFSFGPSF CF TJHOJ୮ୢDBOUMZ TNBMMFS UIBO ୮ୢFME HBMBYJFT BU

୮ୢYFE SFETIJG୴�

1SFWJPVT XPSLT UIBU IBWF BUUFNQUFE UP EP UIJT ୮ୢOE B SBOHF PG SFTVMUT
 NBLJOH QIZTJDBM

JOUFSQSFUBUJPO EJ୭୮ୢDVMU� "U MPX SFETIJG୴T 	z < 0.2

 8FJONBOO FU BM� 	����

 .BMUCZ FU BM� 	����



'FSO¡OEF[ -PSFO[P FU BM� 	����
 BOE $BQQFMMBSJ 	����
 ୮ୢOE UIF TUFMMBS NBTT؛TJ[F SFMBUJPO PG FBSMZ�UZQF

HBMBYJFT UP EJ୭GFS CZ # 20% XJUI FOWJSPONFOU
 FYQMJDJUMZ TUBUJOH UIFJS SFTVMUT BSF OPU TJHOJ୮ୢDBOU�

)VFSUBT�$PNQBOZ FU BM� 	����B
C
 ୮ୢOE UIBU UIJT EJ୭GFSFODF IBT UP CF < 30 − 40%
 JO�MJOF XJUI UIF

FSSPST PO UIFJS TJ[F NFBTVSFNFOUT� "MM UIFTF XPSLT TUBUF UIFJS NFBTVSFNFOUT BSF DPOTJTUFOU XJUI OP

TJ[F EJ୭GFSFODF CFJOH QSFTFOU GPS FBSMZ�UZQF HBMBYJFT XJUI FOWJSPONFOU� 4JNJMBSMZ
 1PHHJBOUJ FU BM�

	����
 GPVOE UIBU PME DPNQBDU FBSMZ�UZQF HBMBYJFT BSF BQQSPYJNBUFMZ # 33% TNBMMFS JO DMVTUFST

DPNQBSFE UP UIF ୮ୢFME� $FCSJ¡O � 5SVKJMMP 	����
 ୮ୢOE B NVDI TNBMMFS EJ୭GFSFODF PG FBSMZ�UZQF DMVTUFS

HBMBYJFT CFJOH ∼3.5% TNBMMFS UIBO UIFJS ୮ୢFME DPVOUFSQBSUT
 CVU BU IJHI TUBUJTUJDBM TJHOJ୮ୢDBODF 	> 4σ
�

��



-BUF�UZQF HBMBYJFT BSF NPSF PG୴FO GPVOE UP CF TNBMMFS JO DMVTUFST� 8FJONBOO FU BM� 	����

 .BMUCZ

FU BM� 	����
 BOE 'FSO¡OEF[ -PSFO[P FU BM� 	����
 ୮ୢOE UIFN UP CF TNBMMFS JO DMVTUFST CZ ! 15%
 XJUI

UIF MBUUFS UXP TUVEJFT DMBJNJOH TUBUJTUJDBMMZ TJHOJ୮ୢDBOU SFTVMUT� $FCSJ¡O � 5SVKJMMP 	����
 BMTP ୮ୢOE

MBUF�UZQF HBMBYJFT UP CF TNBMMFS JO DMVTUFST BU IJHI TUBUJTUJDBM TJHOJ୮ୢDBODF
 CVU CZ B NVDI TNBMMFS

BNPVOU 	∼7.5%
� "U JOUFSNFEJBUF UP IJHI SFETIJG୴T 	z ! 0.2

 $PPQFS FU BM� 	����

 1BQPWJDI FU BM�

	����

 #BTTFUU FU BM� 	����

 -BOJ FU BM� 	����

 %FMBZF FU BM� 	����B

 $IBO FU BM� 	����
 BOE "OESFPO

	����
 ୮ୢOE FBSMZ�UZQF HBMBYJFT UP CF MBSHFS JO DMVTUFST CZ! 24%� 3FUUVSB FU BM� 	����

 /FXNBO FU BM�

	����

 4XFFU FU BM� 	����
 BOE .PSJTIJUB FU BM� 	����
 IPXFWFS ୮ୢOE FBSMZ�UZQF HBMBYJFT UP EJ୭GFS JO TJ[F

CZ < 20% CFUXFFO FOWJSPONFOUT
 DPOTJTUFOU XJUI OP TJ[F EJ୭GFSFODF� 0O UIF PUIFS IBOE


7BMFOUJOV[[J FU BM� 	����B
C
 ୮ୢOE DMVTUFS HBMBYJFT UP CF TNBMMFS UIBO ୮ୢFME HBMBYJFT CZ ∼25%� "

TVNNBSZ PG DMVTUFS WFSTVT ୮ୢFME NBTT؛TJ[F SFMBUJPO NFBTVSFNFOUT 	TJODF ����
 GPS RVJFTDFOU HBMBYJFT

DBO CF GPVOE JO "QQFOEJY "�

5IF CJHHFTU DIBMMFOHF UIBU DPNQBSBUJWF TUVEJFT PG UIF TUFMMBS NBTT؛TJ[F SFMBUJPO XJUI FOWJSPONFOU

GBDF JT UIF UBTL PG NJOJNJTJOH TZTUFNBUJDT CFUXFFO NFBTVSFNFOUT NBEF GSPN EJ୭GFSFOU TBNQMFT� *U

JT PG୴FO UIF DBTF UIBU ୮ୢFME BOE DMVTUFS EBUBTFUT XFSF UBLFO XJUI EJ୭GFSFOU JOTUSVNFOUT
 VTJOH EJ୭GFSFOU

୮ୢMUFST BOE BOBMZTFE VTJOH EJ୭GFSFOU UFDIOJRVFT� *U JT JNQFSBUJWF UP DPNQBSF HBMBYZ TJ[FT BU UIF TBNF SFTU�

GSBNFXBWFMFOHUI
 TJODF BTQFDUT TVDI BT DPMPVS HSBEJFOUT BDSPTT HBMBYJFT DBO WBSZ EJ୭GFSFOUMZ JO EJ୭GFSFOU

SFTU�GSBNFT
 BMUFSJOH TJ[F NFBTVSFNFOUT� )JHI SFETIJG୴ TUVEJFT GBDF UIF BEEFE EJ୭୮ୢDVMUZ PG PCUBJOJOH

TUBUJTUJDBMMZ TJHOJ୮ୢDBOU TBNQMF TJ[FT XJUI IJHI FOPVHI TJHOBM�UP�OPJTF SBUJP BOE SFTPMVUJPO UP NFBTVSF

HBMBYZ TJ[FT SFMJBCMZ�

*O UIJT DIBQUFS
 XF BUUFNQU UP UFTU UIF IZQPUIFTJT UIBUNJOPSNFSHFST ESJWF UIFNBKPSJUZ PG HBMBYZ TJ[F

HSPXUI CZ DPNQBSJOH UIF TUFMMBS NBTT؛TJ[F SFMBUJPOT JO UIF DMVTUFS BOE ୮ୢFME FOWJSPONFOUT BU z∼ 1� 8F

BJN UP PWFSDPNF TIPSUDPNJOHT BOE DIBMMFOHFT GBDFE CZ QSFWJPVT TUVEJFT JO B OVNCFS PG XBZT� 'JSTUMZ


XF VTF UIF MBSHFTU TQFDUSPTDPQJDBMMZ�DPO୮ୢSNFE TBNQMF PG TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS HBMBYJFT

BU z ∼ 1 UP EBUF� 4FDPOEMZ
 XF QVSQPTFGVMMZ DPOEVDU PCTFSWBUJPOT BOE EBUB SFEVDUJPO JO BO BOBMPHPVT

GBTIJPO UP UIF 3%ୖ)45�$"/%&-4 TVSWFZ
 XIJDI GPSNT PVS DPNQBSBUJWF ୮ୢFME TBNQMF� 'JOBMMZ
 XF VTF

EBUB XJUI IJHI FOPVHI TJHOBM�UP�OPJTF SBUJP BOE SFTPMVUJPO PCUBJOFE VTJOH UIF8JEF 'JFME $BNFSB 3
	8'$3
 PO UIF)VCCMF 4QBDF 5FMFTDPQF 	)45
 UP NFBTVSF HBMBYZ TJ[FT SFMJBCMZ�

5IJT DIBQUFS JT PSHBOJTFE BT GPMMPXT� *O 4FDUJPO ��� XF EFTDSJCF PVS DMVTUFS BOE ୮ୢFME TBNQMFT
 PVS

TJ[F EFUFSNJOBUJPO NFUIPE BOE UIF DBMDVMBUJPO PG PVS TUFMMBS NBTTFT� 8F UIFO HP PO UP FYQMBJO IPX

PVS ୮ୢOBM TBNQMF GPS UIJT DPNQBSBUJWF TUVEZ JT TFMFDUFE� *O 4FDUJPO ���
 XF QSFTFOU PVS ୮ୢOEJOHT PO UIF

QSFDJTJPO BOE BDDVSBDZ PG HSJTN�EFSJWFE SFETIJG୴T JO IFMQJOH UP CPPTU PVS DMVTUFS TBNQMF TJ[F� 8F UIFO

��



Table 2.1: The ten GCLASS clusters used in this chapter. For full names of the clusters, we refer toMuzzin et al. (2012). R200 is

the radius at which themean interior density is 200 times the critical density of the Universe.M200 is themass enclosedwithin

this radius. σv is the line-of-sight velocity dispersion (see Biviano et al. 2016). Note: The numbers listed in the last three columns

indicate total numbers CFGPSF / BظFS quality checks relevant to this chapter are applied.

/BNF zspec M200 R200 σv 4QFD�[.FNCFST (SJTN�[ 5PUBM .FNCFST
	1014.⊙
 	LQD
 	LN T−1
 JO)45 '07 .FNCFST JO)45 '07

4Q"3$4�0034 0.867 2.0± 0.8 888± 110 609+75−66 37/33 17/16 54/49
4Q"3$4�0035 1.335 5± 2 977± 154 941+159−137 22/22 26/18 48/40
4Q"3$4�0036 0.869 5± 2 1230± 129 911+99−90 43/41 31/30 74/71
4Q"3$4�0215 1.004 3± 1 953± 103 758+85−77 42/40 32/28 74/68
4Q"3$4�1047 0.956 3± 1 926± 138 680+98−86 22/19 15/14 37/33
4Q"3$4�1051 1.035 1.2± 0.5 705± 102 530+73−65 34/32 11/10 45/42
4Q"3$4�1613 0.871 13± 3 1663± 130 1232+100−93 73/65 41/25 114/90
4Q"3$4�1616 1.156 3± 1 854± 107 701+81−73 38/35 19/17 57/52
4Q"3$4�1634 1.177 4± 2 1008± 131 835+91−82 38/34 15/15 53/49
4Q"3$4�1638 1.196 1.9± 0.9 769± 117 585+73−65 26/23 13/9 39/32

QSFTFOU UIF DMVTUFS NBTT؛TJ[F SFMBUJPO BU z ∼ 1 BOE JOWFTUJHBUF JUT P୭GTFU XJUI UIF ୮ୢFME SFMBUJPO JO

4FDUJPO ���� *O 4FDUJPO ��� XF FYQMPSF XIFUIFS EJ୭GFSFODFT JO NPSQIPMPHJDBM DPNQPTJUJPO ESJWF UIF

EJ୭GFSFODFT JO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO CFUXFFO UIF UXP FOWJSPONFOUT� *O 4FDUJPO ���
 XF

JOWFTUJHBUF IPX UIF EJTUJODU MPDBUJPO PG B #$( BU UIF CPUUPN PG UIF DMVTUFS QPUFOUJBM XFMM DBO IFMQ

DPOTUSBJO UIF EPNJOBOU QIZTJDBM QSPDFTT ESJWJOH HBMBYZ FWPMVUJPO JO DMVTUFST� 'JOBMMZ
 XF TVNNBSJTF

PVS ୮ୢOEJOHT JO 4FDUJPO ����

��� .঎ঝ঑ঘ঍ঘকঘঐঢ

����� %ঊঝঊ

������� $কঞজঝ঎ছ জঊখঙক঎

0VS DMVTUFS TBNQMF DPOTJTUT PG �� NBTTJWF DMVTUFST JO UIF SFETIJG୴ SBOHF 0.86 < z < 1.34 	TFF 5BCMF ���
�

5IFTF XFSF TFMFDUFE GSPN UIF 42 TRVBSF EFHSFF 4QJU[FS"EBQUBUJPO PG UIF3FE�TFRVFODF $MVTUFS 4VSWFZ

	4Q"3$4
 TFF .V[[JO FU BM� ����� 8JMTPO FU BM� ����� %FNBSDP FU BM� ����
 GPS TQFDUSPTDPQJD GPMMPX�

VQ
 BT QBSU PG UIF (FNJOJ $MVTUFS "TUSPQIZTJDT 4QFDUSPTDPQJD 4VSWFZ 	($-"44
 TFF.V[[JO FU BM� ����

BOE WBO EFS #VSH FU BM� ����
� $MVTUFST JO UIF 4Q"3$4 TVSWFZ XFSF TFMFDUFE XJUI UIF SFE�TFRVFODF

NFUIPE 	(MBEEFST � :FF
 ����
 VTJOH UIF z′ − 3.6µN DPMPVS UP TBNQMF UIF 4000� CSFBL 	TFF.V[[JO

FU BM� ����
� 5IF 10 DMVTUFST TFMFDUFE BT QBSU PG ($-"44 IBWF FYUFOTJWF PQUJDBM TQFDUSPTDPQZ
 PCUBJOFE

VTJOH UIF (FNJOJ .VMUJ�0CKFDU 4QFDUSPHSBQIT 	(.04
 PO CPUI (FNJOJ�4PVUI BOE �/PSUI� 0VU PG

1282 HBMBYJFT UIBU PCUBJOFE B TQFDUSPTDPQJD SFETIJG୴
 457 XFSF JEFOUJ୮ୢFE BT DMVTUFS NFNCFST� "MM 10

DMVTUFST BMTP IBWF ���CBOE QIPUPNFUSZ 	VHSJ[+,s
 3.6µN
 4.5µN
 5.8µN
 8.0µN

 EFUBJMT PG XIJDI DBO

CF GPVOE JO "QQFOEJY " PG WBO EFS #VSH FU BM� 	����
� "O BEEJUJPOBM CBOE PG QIPUPNFUSZ JO '1408 JT

��



1500

F140W image G141 image

Figure 2.1: HSTWFC3 data for SpARCS-1047 (see Table 2.1). Left: F140W image. Right: G141 grism spectra. Spatial scale of

the F140W image is shownwith a black bar in the bottom right-hand corner of the left panel. The colourmap is logarithmic. The

grism provides a spatially resolved spectrum for every object in the Ćeld of view. For this particular cluster, 30% of grism-selected

cluster members were too contaminated to use (see Section 2.1.1.4 for contamination criteria).

OPX BMTP BWBJMBCMF BT QBSU PG UIF)45 EBUB UIF TUVEZ JO UIJT DIBQUFS JT CBTFE PO�

������� )45 ঘঋজ঎ছটঊঝ঒ঘগজ

8F PCUBJOFE )45 8'$3 '1408 JNBHJOH BOE (141 HSJTN GPMMPX�VQ JO B $ZDMF 22 QSPHSBN

	(0�13845� 1* .V[[JO

 EFEJDBUFE UP PCUBJOJOH TQBUJBMMZ SFTPMWFE )α NBQT PG UIF TUBS�GPSNJOH

DMVTUFS NFNCFST� 5IF '1408 ୮ୢMUFS TQBOT UIF XJEF +) XBWFMFOHUI SBOHF 	12003 < λ / � < 15843
�

5IF (141 HSJTN DPWFST B XBWFMFOHUI SBOHF PG 10750 < λ / � < 17000
 BOE UIFSFGPSF DPOUBJOT UIF

)α FNJTTJPO MJOF CFUXFFO 0.7 < z < 1.5� *U QSPWJEFT B TQBUJBMMZ SFTPMWFE

	0.130 # '8). � BSDTFD # 0.156 GPS 11000 # λ / � # 17000
 TQFDUSVN GPS FWFSZ PCKFDU JO UIF

୮ୢFME PG WJFX
 XJUI B SFTPMWJOH QPXFS PG R∼ 130�

%BUB GPS 9 PG UIF 10 DMVTUFST BSF UBLFO XJUI B 1 × 2 PS 2 × 1 NPTBJD PG 8'$3 QPJOUJOHT XJUI B

SBOEPN PSJFOUBUJPO� 'PS UIF 10UI DMVTUFS
 4Q"3$4�1047 	TFF 5BCMF ���

 EBUB JT UBLFO XJUI B TJOHMF

QPJOUJOH BU UIF DFOUSF PG UIF DMVTUFS� "MM DMVTUFST BSF PCTFSWFE UP B 2�PSCJU EFQUI
 XJUI ∼90% PG UIJT

UJNF TQFOU PO HSJTN TQFDUSPTDPQZ BOE∼10% PO EJSFDU JNBHJOH XJUI UIF '1408 ୮ୢMUFS� 5IF FYQPTVSF

UJNF JO '1408 GPS 9 PG UIF 10 DMVTUFST JT ∼800 TFDPOET
 XJUI B 5σ '1408 MJNJUJOH NBHOJUVEF GPS

HBMBYJFT PG ∼26.6� 5IF FYDFQUJPO UP UIJT JT 4Q"3$4�0035
 XIJDI IBT WBSZJOH EFQUI
 SBOHJOH GSPN

��



∼800 UP∼7460 TFDPOET�� "MM NPTBJDT BSF DFOUFSFE PO UIF DMVTUFS DPSF BOE DPWFS∼ 8 BSDNJO2 GPS FBDI

DMVTUFS� 5IJT DPJODJEFT XJUI BQQSPYJNBUFMZ B RVBSUFS PG UIF (.04 PCTFSWJOH BSFB
 XIJDI DPWFSFE

35 BSDNJO2 QFS DMVTUFS� 'PS BMM PG UIF ($-"44 DMVTUFST
 UIF )45 JNBHJOH DPWFST NPTU JG OPU BMM PG

UIF BSFB XJUIJO R500� 'PVS PG UIF ($-"44 DMVTUFST 	4Q"3$4�0035
 4Q"3$4�1616
 4Q"3$4�1634

BOE 4Q"3$4�1638� 4FF 5BCMF ���
 IBWF JNBHJOH HPJOH PVU UP∼ R200� /FWFSUIFMFTT
 UIF TQFDUSPTDPQJD

EFOTJUZ JT IJHIFTU JO UIF DPSF
 MFBEJOH UP B GBS HSFBUFS PWFSMBQ XJUI TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS

NFNCFST� 392 PG UIF 457 TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFST GSPN($-"44 BSF JO UIF)45
୮ୢFMET�PG�WJFX 	TFF 5BCMF ���
� 'JHVSF 2.1 TIPXT UIF '1408 BOE (141 JNBHFT GPS POF PG UIF ($-"44

DMVTUFST GPS JMMVTUSBUJPO�

������� %ঊঝঊ ছ঎঍ঞঌঝ঒ঘগ

5IF '1408JNBHJOH DPOTJTUT PG 20 41"3450҆ SFBEPVUT QFS DMVTUFS XJUI B OBUJWF QJYFM TDBMF PG 0.12′′ QFS
PSCJU� 5IFTF BSF SFEVDFE VTJOH UIF TBNF EBUB SFEVDUJPO QSPDFTT BT GPS 3%ୖ)45 	#SBNNFS FU BM�
 �����

.PNDIFWB FU BM�
 ����

 XIJDI GPSNT PVS ୮ୢFME TBNQMF 	TFF 4FDUJPO �������
� *O TVNNBSZ
 UIF TUBOEBSE

DBMJCSBUFE EBUB QSPEVDUT GSPN UIF )45 BSDIJWF BSF VTFE XJUI SFEVDUJPO QJQFMJOFT UP ୯୳BH CBE QJYFMT


TVCUSBDU CJBT TUSVDUVSF
 EBSL DVSSFOU BOE BQQMZ ୯୳BU�୮ୢFME DPSSFDUJPOT� 5IF MultiDrizzle TPG୴XBSF

JT UIFO VTFE UP JEFOUJGZ DPTNJD SBZT BOE IPU QJYFMT NJTTFE CZ UIFTF QJQFMJOFT� 5IF 1Z3"' SPVUJOF

tweakshifts JT VTFE UP BEKVTU UIFNPTBJDT GPS EJUIFS P୭GTFUT BOE UIF8PSME$PPSEJOBUF 4ZTUFN 	8$4


DPPSEJOBUFT BSF TVCTFRVFOUMZ SF୮ୢOFE UP NBUDI UIF MPDBUJPOT PG PCKFDUT PO UIF NPTBJDT� 5P TVCUSBDU

UIF TLZ CBDLHSPVOE
 B TFDPOE�PSEFS QPMZOPNJBM ୮ୢU JT TVCUSBDUFE GSPN FBDI FYQPTVSF BG୴FS NBTLJOH

PCKFDUT EFUFDUFE JO UIF MultiDrizzle NPTBJDT
 BOE NBQQFE CBDL UP UIF PSJHJOBM GSBNF VTJOH UIF

1Z3"' SPVUJOF blot� 5IJT FOUJSF QSPDFTT JT FYQMBJOFE JO EFUBJM JO #SBNNFS FU BM� 	����

 BOE MFBET UP

VOEJTUPSUFE
 TLZ�TVCUSBDUFE '1408 NPTBJDT XJUI B QJYFM TDBMF PG 0.06′′� 5IF MultiDrizzle QSPDFTT

BMTP PVUQVUT XFJHIU NBQT GPS FBDI NPTBJD� 5IFTF QSPWJEF WBMVFT GPS UIF JOWFSTF WBSJBODF BU FBDI QJYFM


NBLJOH UIFN JOUFHSBM UP UIF OPJTF FTUJNBUJPO QSPDFTT XIFO EFUFSNJOJOH UIF TJ[FT PG DMVTUFS HBMBYJFT

	TFF 4FDUJPO �������
�

�5IJT DMVTUFS JT CFJOH VTFE GPS 5IF 4VQFSOPWB $PTNPMPHZ 1SPKFDU 4FFآ $IBOHFأ QSPHSBN
 EFUBJMT PG XIJDI DBO CF
GPVOE JO 3VCJO FU BM� 	����
� "T B SFTVMU
 UIJT DMVTUFSؠT PCTFSWBUJPOT XFSF EFFQFS
 XJUI QPJOUJOHT PG EJ୭GFSFOU PSJFOUBUJPOT
PWFSMBQQJOH FBDI PUIFS�

҆5IF 41"34 	TIPSU GPS 
أTQBSTFآ TFRVFODFT VTF FWFOMZ TQBDFT UJNF JOUFSWBMT CFUXFFO SFBET� 41"3450 SFBEPVUT IBWF
B TBNQMJOH JOUFSWBM PG 50 TFDPOET�

��



������� (ছ঒জখ জঙ঎ঌঝছঊ ঌঘগঝঊখ঒গঊঝ঒ঘগ

0OF PG UIF NBKPS DPODFSOT SFHBSEJOH HSJTN EBUB GPS IJHI�EFOTJUZ ୮ୢFMET TVDI BT DMVTUFST JT UIF

DPOUBNJOBUJPO SBUF� 0VS QSJNBSZ DSJUFSJPO GPS FWBMVBUJOH DPOUBNJOBUJPO JT BOZUIJOH UIBU JOIJCJUT UIF

BCJMJUZ UP PCUBJO BO BDDVSBUFMZ NFBTVSFE SFETIJG୴ GSPN UIF HSJTN TQFDUSVN� 5IFSFGPSF
 B HSJTN

TQFDUSVN JT DPOTJEFSFE VOVTBCMF JG POF PS NPSF PG UIF GPMMPXJOH DSJUFSJB BSF USVF�

�� -FTT UIBO IBMG PG UIF HSJTN TQFDUSVN JT BWBJMBCMF JO B SFHJPO XIFSF QSPNJOFOU
FNJTTJPO�BCTPSQUJPO MJOFT BSF BCTFOU�

�� 5IF HSJTN TQFDUSVNPG B CSJHIUFS DMPTF�CZ PCKFDU PWFSMBQTXJUI UIF HSJTN TQFDUSVNPG JOUFSFTU UP
TVDI BO FYUFOU UIBU UIF EBUB SFEVDUJPO QSPDFTT DPVME OPU TVDDFTTGVMMZ SFNPWF UIF DPOUBNJOBUJPO�

�� 5IF HSJTN TQFDUSVN IBT B WFSZ MPX TJHOBM�UP�OPJTF SBUJP TVDI UIBU OP QSPNJOFOU
FNJTTJPO�BCTPSQUJPO MJOFT DBO CF EFUFDUFE� 5IJT JT PG୴FO UIF DBTF GPS HBMBYJFT XJUI '1408
NBHOJUVEF > 25�

8F DIFDLFE BMM UIF HSJTN TQFDUSB CZ FZF GPS HBMBYJFT XJUIPVU B TQFDUSPTDPQJD SFETIJG୴ GSPN (.04


CVU XJUI B HSJTN SFETIJG୴ NFBTVSFNFOU QMBDJOH UIFN JO UIF DMVTUFS� "QQSPYJNBUFMZ 35% PG HSJTN�

TFMFDUFE DMVTUFS NFNCFST 	TFF 4FDUJPO ���
 XFSF UPP DPOUBNJOBUFE UP VTF� 2% PG UIFTF DPOUBNJOBUFE

HSJTN TQFDUSB XFSF VOVTBCMF EVF UP UIF HBMBYZ CFJOH UPP DMPTF UP UIF FEHF PG UIF ୮ୢFME�PG�WJFX
 MFBWJOH

MFTT UIBO IBMG B HSJTN TQFDUSVN BWBJMBCMF�

������� '঒঎ক঍ জঊখঙক঎

5IF )45 PCTFSWBUJPOT GPS ($-"44 BSF QVSQPTFMZ DPOEVDUFE JO BO BOBMBHPVT GBTIJPO UP UIF

3%ୖ)45 TVSWFZ UP BMMPX GPS UIF NPTU TUSBJHIUGPSXBSE DPNQBSJTPO CFUXFFO HBMBYJFT JO ୮ୢFME BOE

DMVTUFS FOWJSPONFOUT� 5IF 3%ୖ)45 TVSWFZ JT B 248�PSCJU OFBS�JOGSBSFE TQFDUSPTDPQJD USFBTVSZ

QSPHSBN
 DPWFSJOH UISFF RVBSUFST PG UIF $"/%&-4 USFBTVSZ TVSWFZ BSFB XJUI 2 PSCJUT PG 8'$3 BOE

(141 HSJTN DPWFSBHF 	#SBNNFS FU BM�
 ����
� *U PCUBJOFE SFTU�GSBNF PQUJDBM TQFDUSB GPS HBMBYJFT

CFUXFFO 0.7 < z < 3.5 	#SBNNFS FU BM�
 ����� .PNDIFWB FU BM�
 ����
� 3%ୖ)45 IBT PCUBJOFE

∼100, 000 HBMBYZ SFETIJG୴ NFBTVSFNFOUT PG XIJDI ∼10, 000 SFTJEF JO B SFETIJG୴ SBOHF SFMFWBOU UP PVS

XPSL 	.PNDIFWB FU BM�
 ����
� *O UIJT DIBQUFS
 XF VTF UIF TUSVDUVSBM QBSBNFUFST GPS BMM HBMBYJFT

NFBTVSFE CZ UIF 3%ୖ)45 UFBN XJUIJO UIF TBNF SFETIJG୴ SBOHF BT UIF ($-"44 DMVTUFST

	0.86 < z < 1.34

 EFSJWFE GSPN UIF $"/%&-4 	(SPHJO FU BM�
 ����� ,PFLFNPFS FU BM�
 ����
 '1608

JNBHFT GPS UIF $04.04
 6%4
 (00%4ୖ4
 (00%4ୖ/ BOE "&(*4 ୮ୢFMET JO WBO EFS 8FM FU BM�

	����
�

��



'VSUIFSNPSF
 XF BQQMZ PVS TJ[F EFUFSNJOBUJPONFUIPE GPS UIF($-"44 DMVTUFST UP UIF $"/%&-4�

$04.04 '1608NPTBJD҇� 5IJT JT EPOF UP FOTVSF DPNQBSBCMF TJ[FT BSF BDIJFWFE XJUI UIPTF JO WBO EFS

8FM FU BM� 	����

 DPO୮ୢSNJOH UIF SFMJBCJMJUZ PG PVS NFUIPE 	TFF "QQFOEJY # GPS GVSUIFS EJTDVTTJPO
�

����� 3঎঍জ঑঒এঝজ � জঝ঎ককঊছ খঊজজ঎জ

1BSU PG PCUBJOJOH B SPCVTUNFBTVSFNFOU PG UIF TUFMMBSNBTT؛TJ[F SFMBUJPO EFQFOET IFBWJMZ VQPO SFMJBCMZ

FTUJNBUFE TUFMMBS NBTTFT GSPN ୮ୢUUJOH NVMUJ�XBWFMFOHUI 4QFDUSBM &OFSHZ %JTUSJCVUJPOT 	4&%T
 UP UIF

QIPUPNFUSZ� 0ODF BHBJO
 UP NJOJNJTF TZTUFNBUJDT CFUXFFO NFBTVSFNFOUT GSPN UIF DMVTUFS BOE ୮ୢFME

TBNQMFT
 XF VTF UIF TBNF NFUIPE GPS UIF DMVTUFST BT VTFE GPS 3%ୖ)45�

1IPUPNFUSJD SFETIJG୴T GPS BMM HBMBYJFT JO UIF ($-"44 NPTBJDT BSF FTUJNBUFE VTJOH UIF &";: DPEF

	#SBNNFS FU BM�
 ����
� 5IFTF BSF QSJNBSJMZ VTFE BT B DPNQBSJTPO UP PVS TQFDUSPTDPQJD BOE

HSJTN�EFSJWFE SFETIJG୴T 	TFF 4FDUJPO ���
� 5IFZ BSF OPU VTFE GPS BOZ RVBOUJUBUJWF NFBTVSFNFOUT

SFHBSEJOH UIF DMVTUFS NBTT؛TJ[F SFMBUJPO JO UIJT DIBQUFS� 5IF TQFDUSPTDPQJD SFETIJG୴T JO UIJT DIBQUFS

XFSF PCUBJOFE XJUI (.04 BT QBSU PG UIF ($-"44 TVSWFZ 	TFF 4FDUJPO �������
� 5IF HSJTN SFETIJG୴T BSF

EFSJWFE GSPN ୮ୢUUJOH UIF 4&%T XJUI UIF HSJTN TQFDUSB PCUBJOFE XJUI UIF (141 HSJTN PO UIF )45

8'$3� 5IF 1(z) PCUBJOFE GSPN UIF &";: SVO GPS FBDI HBMBYZ JT VTFE BT B QSJPS UP PCUBJOJOH UIF

HSJTN SFETIJG୴ NFBTVSFNFOU�

4UFMMBS NBTTFT BSF FTUJNBUFE VTJOH UIF '"45 DPEF 	,SJFL FU BM�
 ����
� 0ODF UIF ୮ୢOBM TFMFDUJPO PG

DMVTUFS NFNCFST BSF NBEF GPS UIF TUVEZ JO UIJT DIBQUFS VTJOH HSJTN SFETIJG୴T 	TFF 4FDUJPO �����

 TUFMMBS

NBTTFT GPS UIF DMVTUFS NFNCFST BSF FTUJNBUFE XJUI UIFJS SFETIJG୴T ୮ୢYFE UP UIF TQFDUSPTDPQJD SFETIJG୴ PG

UIFJS SFTQFDUJWF DMVTUFS� 8F VTF UIF FYQPOFOUJBMMZ EFDMJOJOH TUBS GPSNBUJPO IJTUPSZ QBSBNFUFSJTBUJPO


4'3∝ e−t/τ
 XIFSF τ DBO SBOHF CFUXFFO 10 .ZS BOE 10 (ZS BOE 0 < AV < 4� " $IBCSJFS 	����


*OJUJBM .BTT 'VODUJPO 	*.'
 JT BTTVNFE
 BT XFMM BT TPMBS NFUBMMJDJUZ BOE UIF $BM[FUUJ FU BM� 	����
 EVTU

MBX�

4UFMMBS NBTTFT GPS 3%ୖ)45 XFSF FTUJNBUFE JO FYBDUMZ UIF TBNF XBZ BT GPS ($-"44 	XJUI SFETIJG୴T

୮ୢYFE UP UIFJS TQFDUSPTDPQJD SFETIJG୴T PS QIPUPNFUSJD SFETIJG୴T XIFO TQFDUSPTDPQJD SFETIJG୴T XFSF OPU

BWBJMBCMF

 FYDFQU UIBU UIF BMMPXFE NJOJNVN WBMVF GPS τ XBT TFU UP 40 .ZS BT PQQPTFE UP 10 .ZS

	4LFMUPO FU BM�
 ����
�

҇5IF $"/%&-4ୖ$04.04 '1608 NPTBJD 	BT XFMM BT UIF PUIFS $"/%&-4 '1608 JNBHFT
 JT EFFQFS UIBO UIF
($-"44 '1408 NPTBJDT� 5IFSFGPSF
 UIFSF JT B QPTTJCJMJUZ UIBU TJ[FT NFBTVSFE GSPN UIF $"/%&-4ୖ$04.04 '1608
NPTBJD BSF TZTUFNBUJDBMMZ MBSHFS EVF UP B IJHIFS TJHOBM�UP�OPJTF SBUJP UIBO UIF ($-"44 '1408 NPTBJDT� 8F SBO PVS TJ[F
EFUFSNJOBUJPO NFUIPE PO UIF 3%ୖ)45 $04.04 '1408 NPTBJD XIJDI IBT UIF TBNF EFQUI BT UIF ($-"44 '1408
NPTBJDT� 8F DPNQBSFE PVS '1608 BOE '1408 TJ[FT GPS UIF TBNF TFU PG HBMBYJFT JO $04.04
 ୮ୢOEJOH JO GBDU B TZTUFNBUJD
UPXBSET MBSHFS TJ[FT JO UIF 3%ୖ)45 $04.04 '1408 NPTBJD 	TFF "QQFOEJY $ GPS NPSF EFUBJMT
�

��



5IF ୮ୢOBM TUFMMBS NBTTFT GPS CPUI 3%ୖ)45 BOE ($-"44 BSF DPSSFDUFE GPS UIF EJ୭GFSFODF CFUXFFO

UIF UPUBM ୯୳VY BT NFBTVSFE GSPN UIF QIPUPNFUSJD DBUBMPHVF BOE UIF UPUBM ୯୳VY BT NFBTVSFE CZ ("-'*5�

4JODF UIF TJ[F NFBTVSFNFOUT BSF EFUFSNJOFE CZ ("-'*5
 UIF TUFMMBS NBTTFT OFFE UP CF DPSSFDUFE TVDI

UIBU UIFZ DPSSFTQPOE UP UIF ୯୳VY UIBU JT NFBTVSFE CZ ("-'*5�

����� 4঒ণ঎ ঍঎ঝ঎ছখ঒গঊঝ঒ঘগ

*O UIJT TFDUJPO XF EFTDSJCF PVS NFUIPEPMPHZ GPS NFBTVSJOH TJ[FT BOE IPX XF USFBU TZTUFNBUJDT BU FBDI

TUBHF� 0VS TJ[F EFUFSNJOBUJPO NFUIPE WFSZ DMPTFMZ GPMMPXT UIF NFUIPE VTFE CZ WBO EFS 8FM FU BM�

	����
 GPS 3%ୖ)45� 0VS TJ[F EFUFSNJOBUJPO QSPDFTT JT ୮ୢSTU UFTUFE PO UIF $"/%&-4ୖ$04.04

'1608 NPTBJD҇ GSPN UIF ୮ୢFME TBNQMF� 0VS SFTVMUT BSF UIFO DPNQBSFE UP QVCMJTIFE SFTVMUT GSPN

WBO EFS 8FM FU BM� 	����
 JO PSEFS UP WFSJGZ UIF SFMJBCJMJUZ PG PVS NFUIPE 	TFF "QQFOEJY #
� 6TJOH UIF

TBNF TJ[F EFUFSNJOBUJPO NFUIPE GPS CPUI DMVTUFS BOE ୮ୢFME JT QMBVTJCMF HJWFO PVS EBUB� 5IJT JT CFDBVTF

UIFSF JT OFHMJHJCMF DSPXEJOH PG TPVSDFT JO UIF DMVTUFS NPTBJDT DPNQBSFE UP UIF ୮ୢFME NPTBJDT BOE UIF

TVSGBDF CSJHIUOFTT PG UIF JOUSB�DMVTUFS MJHIU 	*$-
 JT WFSZ MPX GPS UIF DMVTUFST�

������� 4ঘঞছঌ঎ ঍঎ঝ঎ঌঝ঒ঘগ

4&YUSBDUPS W������ 	#FSUJO � "SOPVUT
 ����
 JT VTFE UP JEFOUJGZ PCKFDUT JO UIF ($-"44 '1408 BOE

$"/%&-4ୖ$04.04 '1608 NPTBJDT� 5IF 4&YUSBDUPS TFU�VQ GPS ($-"44 JT TUBOEBSE
 EFUBJMT PG

XIJDI DBO CF GPVOE JO "QQFOEJY %� 'PS $04.04 XF VTF UIF NFUIPE EFTDSJCFE JO "QQFOEJY " PG

(BMBNFU[ FU BM� 	����
� *O TVNNBSZ
 UIJTNFUIPE SVOT 4&YUSBDUPS JO B أIPUآ BOE NPEFأDPMEآ TFQBSBUFMZ


PQUJNJTFE GPS EFUFDUJOH GBJOU BOE CSJHIU TPVSDFT SFTQFDUJWFMZ� 5IF UXP TFQBSBUF DBUBMPHVFT BSF UIFO

DPNCJOFE
 FOTVSJOH OP SFQFBU EFUFDUJPOT� 5IJT NFUIPE NJOJNJTFT UIF DIBODFT UIBU B HBMBYZ JT TQMJU

JOUP NVMUJQMF PCKFDUT BT XFMM BT FOTVSJOH OFJHICPVSJOH HBMBYJFT BSF EFCMFOEFE BEFRVBUFMZ�

������� /ঘ঒জ঎ ঎জঝ঒খঊঝ঒ঘগ

8F DPOTUSVDU OPJTF NBQT GPS UIF ($-"44 JNBHFT BOE $"/%&-4ୖ$04.04 NPTBJD JO UIF TBNF

XBZ OPJTF NBQT XFSF DPOTUSVDUFE JO WBO EFS 8FM FU BM� 	����
� 5IFTF DPOTJTU PG B CBDLHSPVOE OPJTF

FTUJNBUF QMVT UIF 1PJTTPO OPJTF GSPN UIF TPVSDFT UIFNTFMWFT� 5IF 4&YUSBDUPS TFHNFOUBUJPO NBQT BSF

VTFE JO DPOKVODUJPO XJUI UIF ESJ[[MFE XFJHIU JNBHFT GSPN UIF EBUB SFEVDUJPO QSPDFTT 	TFF

4FDUJPO �������
 UP TFMFDU BMM UIF QJYFMT UIBU BSF OPU PDDVQJFE CZ TPVSDFT PS EFUFDUPS EFGFDUT� 5IF

SPPU�NFBO�TRVBSF WBMVF PG UIF CBDLHSPVOE QJYFMT GPS FBDI JNBHF JT PVS FTUJNBUF GPS UIF CBDLHSPVOE

OPJTF QFS QJYFM JO FMFDUSPOT T−1� 5IF 1PJTTPO OPJTF GSPN UIF TPVSDFT JT DBMDVMBUFE VTJOH UIF FYQPTVSF

��



UJNF NBQT BOE TDJFODF JNBHFT� 5IF VOJUT PG UIF TDJFODF JNBHF QJYFMT BSF DPOWFSUFE UP FMFDUSPOT CFGPSF

UIF 1PJTTPO OPJTF JT DBMDVMBUFE� 8F UIFO DPOWFSU UIJT CBDL UP FMFDUSPOT T−1 BOE BEE UIJT UP PVS

CBDLHSPVOE OPJTF NBQ� 5IF FYDFQUJPO UP UIJT NFUIPE PG OPJTF FTUJNBUJPO JT 4Q"3$4�0035� %VF UP

UIJT DMVTUFSؠT OPO�USJWJBM NPTBJD� ؛ MFBEJOH UP IFUFSPHFOFPVT OPJTF QSPQFSUJFT ؛ UIF OPJTF FTUJNBUJPO JT

DBMDVMBUFE VTJOH UIF XFJHIU JNBHF
 XIFSF UIF OPJTF
 σ = 1/√weight BU FBDI QJYFM JO FMFDUSPOT T−1�

5IJT OPJTF FTUJNBUJPO JT VTVBMMZ BO VOEFSFTUJNBUJPO
 TJODF JU EPFT OPU JODMVEF UIF 1PJTTPO UFSN GSPN

UIF TPVSDFT� *O QSBDUJDF
 UIJT POMZ CFDPNFT B QSPCMFN GPS UIF CSJHIUFTU TPVSDFT XIJDI BSF JO B

NJOPSJUZ� 'VSUIFSNPSF
 *$- MFWFMT GPS UIF ($-"44 DMVTUFST BSF WFSZ MPX� $POTFRVFOUMZ
 UIFZ EP OPU

IBWF B MBSHF B୭GFDU PO CBDLHSPVOE NFBTVSFNFOUT NBEF CZ ("-'*5�

������� 4ঝছঞঌঝঞছঊক ঙঊছঊখ঎ঝ঎ছজ ঠ঒ঝ঑ ("-'*5

3BUIFS UIBO PQUJOH UP VTF UIF ("-"1"(04 QBDLBHF 	#BSEFO FU BM�
 ����
 UP NFBTVSF UIF TJ[FT PG

PVS DMVTUFS BOE ୮ୢFME HBMBYJFT
 XF CVJMU PVS PXO ("-'*5 XSBQQFS UP IBWF CFUUFS DPOUSPM PWFS UIF TJ[F

EFUFSNJOBUJPO QSPDFTT� 5IJT BMMPXFE VT UP UFTU TZTUFNBUJDT CFUXFFO UIF DMVTUFS BOE ୮ୢFME EBUB BOE EFBM

XJUI UIFN JOEJWJEVBMMZ� 5IJT DVTUPN CVJMU XSBQQFS JT SVO PO CPUI UIF ($-"44 BOE

$"/%&-4ୖ$04.04 NPTBJDT� *U JT SVO BOE UFTUFE PO UIF $"/%&-4ୖ$04.04 NPTBJD ୮ୢSTU
 UP

FOTVSF DPNQBSBCMF IBMG�MJHIU SBEJJ UP UIPTF JO WBO EFS 8FM FU BM� 	����
 BSF NFBTVSFE� ("-'*5 JT B

୮ୢUUJOH BMHPSJUIN UIBU ୮ୢUT UXP�EJNFOTJPOBM BOBMZUJD GVODUJPOT UP MJHIU QSP୮ୢMFT JO BO JNBHF 	1FOH FU BM�


����
 ����B
� "T XBT EPOF JO WBO EFS 8FM FU BM� 	����

 XF ୮ୢU BMM HBMBYJFT XJUI B TJOHMF�DPNQPOFOU

4©STJD QSP୮ୢMF
 EF୮ୢOFE BT�

I (r) = I (re) exp
[
−κ
(( r

re

) 1
n
− 1

)]
	���


XIFSF re JT UIF IBMG�MJHIU SBEJVT� 5IJT JT UIF SBEJVTXJUIJOXIJDI IBMG PG UIF HBMBYZؠT UPUBM ୯୳VY JT FNJUUFEg�

n JT UIF 4©STJD JOEFY BOE I (re) JT UIF JOUFOTJUZ BU UIF IBMG�MJHIU SBEJVT� κ JT BO n�EFQFOEFOU QBSBNFUFS

UIBU JT ୮ୢYFE GPS B HJWFO n CZ EF୮ୢOJOH re UP CF UIF IBMG�MJHIU SBEJVT�

"MPOH XJUI UIF NPTBJDT BOE OPJTF NBQT
 ("-'*5 SFRVJSFT B QPJOU�TQSFBE GVODUJPO 	14'
 BT BO

JOQVU� 5IF 14' BDDPVOUT GPS UIF TNFBSJOH PG JNBHFT EVF UP UIF SFTPMVUJPO MJNJU PG 8'$3� 5IF 14'T

VTFE JO UIJT XPSL BSF TUBST QSF�TFMFDUFE GSPN UIF ($-"44 BOE $"/%&-4ୖ$04.04 NPTBJDT VOEFS

UIF GPMMPXJOH DSJUFSJB� UIF TUBSNVTU IBWF 4&YUSBDUPS 15 < MAG@AUTO < 19 BOEOPPUIFS TPVSDFT QSFTFOU

OFBS JU XJUIJO B 70 × 70 QJYFM DVUPVU� 5IF QSFTFODF PG PUIFS TPVSDFT JT BMTP DIFDLFE 5 QJYFMT CFZPOE

UIF DVUPVU CPVOEBSZ
 UP FOTVSF UIFJS MJHIU EPFT OPU DPOUSJCVUF UP UIF 14' DVUPVU� 5IF SFBTPO GPS UIJT

g5ISPVHIPVU UIJT UIFTJT
 UIF IBMG�MJHIU SBEJJ NFBTVSFNFOUT BSF OPU DJSDVMBSJTFE�

��



NBHOJUVEF SBOHF JT CBTFE PO QSFMJNJOBSZ ୮ୢUUJOH UFTUT
 XIFSF XF GPVOE VTJOH B TUBS XJUI B NBHOJUVEF

GBJOUFS UIBO 19 SFTVMUFE JO QPPS SFTJEVBMT BG୴FS TVCUSBDUJOH UIF CFTU�୮ୢU NPEFM� 5IF DVUPVU EJNFOTJPOT

BSF DIPTFO UP FODPNQBTT UIF EJ୭GSBDUJPO XJOHT PG UIF TUBS BOE BO BEFRVBUF BNPVOU PG TLZ CBDLHSPVOE�

'PS FBDI HBMBYZ ୮ୢU
 UIF 14' VTFE GSPN UIJT QSF�TFMFDUFE MJTU JT UIF TUBS DMPTFTU UP UIF HBMBYZ JO RVFTUJPO

JO UFSNT PG JUT QJYFM DPPSEJOBUFT PO UIF NPTBJD� 5IJT JT EPOF UP NJOJNJTF TZTUFNBUJDT BSJTJOH GSPN

WBSJBUJPOT JO UIF 14' BDSPTT UIF NPTBJD�

5IF ("-'*5 XSBQQFS XJMM UIFO ୮ୢOE BMM UIF TPVSDFT JO FBDI DVUPVU BOE UIFJS 4&YUSBDUPS

DBUBMPHVFE JOGPSNBUJPO� 4&YUSBDUPS WBMVFT GPS QJYFM DPPSEJOBUFT
 NBHOJUVEF
 re
 BYJT SBUJP BOE

QPTJUJPO BOHMF BSF VTFE BT JOJUJBM HVFTTFT GPS FWFSZ TPVSDF JO UIF DVUPVU ୮ୢFME PG WJFX� 5IF JOJUJBM HVFTT

GPS UIF 4©STJD JOEFY JT TFU BU 2.5 GPS FWFSZ TPVSDF� &WFSZ ୮ୢUUJOH SVO ୮ୢUT BMM UIF TPVSDFT QSFTFOU JO UIF

DVUPVU ୮ୢFME�PG�WJFX TJNVMUBOFPVTMZ� 5IF UBSHFU HBMBYZ JT BMXBZT UIF TPVSDF QPTJUJPOFE BU UIF DFOUSF

PG UIF DVUPVU� 8F SVO ("-'*5 UXJDF GPS FBDI HBMBYZ ୮ୢU� 5IF ୮ୢSTU SVO LFFQT BMM QBSBNFUFST GSFF
 XJUI

B TRVBSF ୮ୢUUJOH SFHJPO UIBU IBT B TJEF�MFOHUI FRVBM UP 10v UJNFT UIF 4&YUSBDUPS IBMG�MJHIU SBEJVT

	FLUX@RADIUS
 PG UIF HBMBYZ JO QJYFMT� 5IF QVSQPTF PG UIJT SVO JT UP PCUBJO SF୮ୢOFE WBMVFT GPS UIF

HBMBYZ TIBQF QBSBNFUFST 	QJYFM DPPSEJOBUFT
 BYJT SBUJP BOE QPTJUJPO BOHMF
� 5IF TFDPOE SVO VTFT UIFTF

SF୮ୢOFE WBMVFT
 CVU LFFQT UIFN ୮ୢYFE JO UIF ୮ୢU
 XJUI B TRVBSF ୮ୢUUJOH SFHJPO UIBU IBT B TJEF�MFOHUI FRVBM

UP 15 UJNFT UIF 4&YUSBDUPS IBMG�MJHIU SBEJVT 	FLUX@RADIUS
 PG UIF HBMBYZ JO QJYFMTѿ� 5IF QBSBNFUFST

MFG୴ GSFF BSF NBHOJUVEF
 re BOE n� "MUIPVHI UIJT JODSFBTFT UIF DPNQVUBUJPOBM UJNF TQFOU QFS ୮ୢU
 JU

WBTUMZ JNQSPWFT PVS TJ[F BHSFFNFOU PO $04.04 XJUI WBO EFS 8FM FU BM� 	����
� 5IJT JT MJLFMZ EVF UP

UIF UFOEFODZ PG ("-'*5 UP ୮ୢOE UIF MPDBM TPMVUJPO UP UIF QBSBNFUFS FTUJNBUJPO� 5IF ("-'*5 JOJUJBM

WBMVFT GPS UIF TIBQF QBSBNFUFST XJMM CF DMPTFS UP UIF HMPCBM TPMVUJPO UIBO UIF 4&YUSBDUPS WBMVFT�

)FODF UIJT UXP�("-'*5�SVO BQQSPBDI GPSDFT UIF ୮ୢOBM ୮ୢU QBSBNFUFS WBMVFT DMPTFS UP UIF HMPCBM

TPMVUJPO� 5IF MFWFM PG BHSFFNFOU PO $04.04 CFUXFFO UIF IBMG�MJHIU SBEJJ NFBTVSFE JO UIJT XPSL

BOE WBO EFS 8FM FU BM� 	����
 JT EJTDVTTFE JO "QQFOEJY #� *O HFOFSBM
 XF ୮ୢOE UIBU UIFSF XFSF OP

TZTUFNBUJDT QSFTFOU CFUXFFO UIF UXP TFUT PG NFBTVSFNFOUT
 XJUI B NFBO P୭GTFU PG 0.28%� 0VS TJ[FT

BSF TNBMMFS CZ UIJT BNPVOU� 'PS CPUI ("-'*5 SVOT
 XF LFFQ UIF TLZ B GSFF QBSBNFUFS UP CF ୮ୢU� 8F ୮ୢU

FWFSZ TPVSDF JO UIF $"/%&-4ୖ$04.04 BOE ($-"44 NPTBJDT XJUI UIJT QSPDFEVSF
 BOE MBUFS ୮ୢMUFS

GPS UIF TBNQMFT SFRVJSFE GPS UIF NBTT؛TJ[F SFMBUJPO TUVEZ JO UIJT DIBQUFS 	TFF 4FDUJPO �����
�

"QQSPYJNBUFMZ 8, 000 HBMBYJFT BSF ୮ୢU XJUI NJOJNBM SFTJEVBMT JO UIF DMVTUFS ୮ୢFMET�PG�WJFX� 8F TIPX

v5IJT DVUPVU TJ[F XBT DIPTFO UP FOTVSF UIBU OP NPSF UIBO 110 PCKFDUT XFSF QSFTFOU JO B TJOHMF DVUPVU
 TJODF ("-'*5
DBO POMZ ୮ୢU B NBYJNVN PG 110 PCKFDUT JO POF HP 	WBO EFS 8FM FU BM�
 ����
�

ѿ8F VOEFSTUBOE UIBU UIJT DVUPVU TJ[F NBZ CF UPP TNBMM GPS UIF MBSHFTU PG HBMBYJFT JO UIF DMVTUFS TBNQMF
 TVDI BT UIF
#$(T� 8F UIFSFGPSF SF�୮ୢU UIF #$(T XJUI MBSHFS DVUPVUT 	∼100× 100 LQD

 ୮ୢOEJOH UIBU UIF SFTVMUJOH TJ[FT EJE OPU DIBOHF
UIF SFTVMUT QSFTFOUFE JO UIJT DIBQUFS�

��



Figure 2.2: Example Sérsic proĆle Ćts with our GALFIT wrapper for a selection of cluster member galaxies spanning the entire

range in Sérsic index for the cluster sample. First column lists the Sérsic index and half-light radius measurements for the galaxy,

along with the dimensions of the thumbnails. Second, third and fourth columns show the galaxy, model and residual thumbnails for

each Ćt. The colourmap used is logarithmic in scale.

B TVCTFU PG ୮ୢUT GPS DMVTUFS NFNCFST JO 'JHVSF 2.2
 EFNPOTUSBUJOH UIF XJEF SBOHF PG TIBQF QSP୮ୢMFT PVS

("-'*5 XSBQQFS DBO DPQF XJUI�

������� 2ঞঊক঒ঝঢ ঌ঑঎ঌঔ ঌছ঒ঝ঎ছ঒ঊ এঘছ ("-'*5 ছ঎জঞকঝজ

4JODF UIF SFEVDFE DIJ�TRVBSFE SFTVMUT PG FBDI ("-'*5 ୮ୢU BSF OPU OFDFTTBSJMZ JOGPSNBUJWF PO UIF

HPPEOFTT PG ୮ୢU
 XF EFDJEF UP RVBMJUZ DIFDL FWFSZ ୮ୢU CZ FZF� " ("-'*5 ୮ୢU XBT EFFNFE VOVTBCMF JG

POF PS NPSF PG UIF GPMMPXJOH DSJUFSJB BSF USVF�

�� 5IF ("-'*5 4©STJD NPEFM JT NPSF FYUFOEFE UIBO UIF HBMBYZ
 MFBEJOH UP PWFS�TVCUSBDUJPO�

�� 5IF QPTJUJPO BOHMF PG UIF("-'*54©STJDNPEFM EPFT OPUNBUDI UIF QPTJUJPO BOHMF PG UIF HBMBYZ�

��



�� 5IF BYJT SBUJP PG UIF ("-'*5 4©STJD NPEFM EPFT OPU NBUDI UIF BYJT SBUJP PG UIF HBMBYZ�

�� ("-'*5 GBJMT UP DSFBUF B 4©STJD NPEFM�

"OZ POF PG UIFTF DSJUFSJB MFBET UP QPPS SFTJEVBMT BOE UIFSFGPSF B SFKFDUJPO PG ୮ୢUT GSPN UIF ୮ୢOBM TBNQMF�

����� 4ঊখঙক঎ জ঎ক঎ঌঝ঒ঘগ

8IFO TFMFDUJOH TBNQMFT PG HBMBYJFT GSPN CPUI IJHI BOE MPX EFOTJUZ FOWJSPONFOUT
 XF OFFE UP NBLF

TVSF UIBU UIFZ BSF BU DPNQBSBCMF SFETIJG୴T BOE UIBU UIF HBMBYJFT XF BSF TFMFDUJOH GSPN UIF DMVTUFST BSF

JOEFFE DMVTUFS NFNCFST� *O UIJT TFDUJPO
 XF FYQMBJO JO EFUBJM IPX XF TFMFDUFE HBMBYJFT GSPN CPUI

FOWJSPONFOUT TP UIBU NFBTVSFNFOUT CBTFE PO CPUI TBNQMFT DPVME CF DPNQBSFE EJSFDUMZ�

"T FYQMBJOFE UISPVHIPVU 4FDUJPO �����
 PVS FOUJSF TJ[F EFUFSNJOBUJPONFUIPE XBT ୮ୢSTU UFTUFE PO UIF

'1608$"/%&-4ୖ$04.04NPTBJD UP FOTVSF JU QSPEVDFE DPNQBSBCMF TJ[FT UP UIPTF JO WBO EFS8FM

FU BM� 	����
� 0ODF UIJT XBT BDIJFWFE
 XF DPVME CF DPO୮ୢEFOU UIBU PVS TJ[F EFUFSNJOBUJPONFUIPEXPVME

QSPEVDF DPNQBSBCMF TJ[FT GPS UIF SFTU PG UIF HBMBYJFT JO UIF '1608 $"/%&-4 ୮ୢFMET� 5IJT UFTUJOH

SVO PG PVS TJ[F EFUFSNJOBUJPO NFUIPE BMTP BMMPXFE VT UP EFUFSNJOF JUT MJNJUT� 8F ୮ୢOE UIBU HBMBYJFT

JO B SFMFWBOU SFETIJG୴ SBOHF UP PVS TUVEZ 	0.86 < z < 1.34
 XJUI B IBMG�MJHIU SBEJVT NFBTVSFNFOU

GSPN ("-'*5 PG Reff > 50 LQD PS '1608 NBHOJUVEF > 25 FYIJCJU UIF MBSHFTU EJTBHSFFNFOUT JO TJ[F

XJUI WBO EFS 8FM FU BM� 	����
� 5IJT EJWFSHFODF JO EJTBHSFFNFOU JT ESJWFO CZ JODSFBTJOHMZ MPXFS TJHOBM�

UP�OPJTF SBUJP CFZPOE UIFTF TJ[F BOE NBHOJUVEF MJNJUT 	TFF "QQFOEJY #
� "T B SFTVMU
 XIFO XF TFMFDU

HBMBYJFT GSPN UIF FOUJSFUZ PG UIF 3%ୖ)45 TVSWFZ
 XF TFMFDU UIPTF HBMBYJFT UIBU BSF CFMPX UIFTF TJ[F BOE

NBHOJUVEF UISFTIPMET CBTFE PO NFBTVSFNFOUT NBEF CZ WBO EFS8FM FU BM� 	����
� 8F BMTP POMZ DIPPTF

UIPTF NFBTVSFNFOUT UIBU IBWF B ୯୳BH WBMVF PG 0 	TJHOJ୮ୢFT SFMJBCMF ("-'*5 SFTVMUT
 BDDPSEJOH UP UIF

WBO EFS 8FM FU BM� 	����
 DBUBMPHVF� 5IJT HJWFT B TBNQMF PG 12, 501 ୮ୢFME HBMBYJFT� 8F UIFO BQQMZ UIF

($-"44 NBTT DPNQMFUFOFTT MJNJUT 	TFF 4FDUJPO �������
 UP UIJT TBNQMF
 SFEVDJOH JU UP 3, 205 HBMBYJFT�

5IF TBNF NBHOJUVEF BOE TJ[F MJNJUT GPS SFMJBCMF TJ[F NFBTVSFNFOUT UIBU XFSF GPVOE XIFO UFTUJOH

UIF TJ[F EFUFSNJOBUJPO NFUIPE PO UIF '1608 $"/%&-4ୖ$04.04 NPTBJD BSF VTFE GPS UIF

($-"44 NFBTVSFNFOUT BT XFMM� 5IFO XJUIJO UIFTF MJNJUT GPS ($-"44
 BMM UIF TQFDUSPTDPQJDBMMZ

DPO୮ୢSNFE DMVTUFS NFNCFST XJUI (.04 UIBU IBWF HPPE RVBMJUZ TQFDUSB BOE ("-'*5 SFTJEVBMT BSF

TFMFDUFE BT QBSU PG UIF DMVTUFS TBNQMF� 5IJT BNPVOUT UP 344 HBMBYJFT� 5IJT OVNCFS JT TNBMMFS UIBO UIF

UPUBM BNPVOU PG TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFST XJUI (.04 	457
 CFDBVTF UIF )45

୮ୢFMET�PG�WJFX BSF TNBMMFS UIBO UIPTF PG (.04� 5IF )45 ୮ୢFMET�PG�WJFX DPWFS ∼86% PG UIF

TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFST 	TFF 4FDUJPO �������
� "EEJUJPOBMMZ
 OPU BMM

TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFST PCUBJOFE SFMJBCMF TJ[F NFBTVSFNFOUT 	TFF 5BCMF ���
 EVF
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Figure 2.3: Left: Rest frameU − V versusV − J colour-colour diagram for the spectroscopically conĆrmed cluster sample.

Middle: Rest frameU − V versusV − J colour-colour diagram for the grism-selected cluster sample. Right: Rest frameU − V
versusV − J colour-colour diagram for the Ćnal cluster sample. Numbers in the bottom left-hand corner of each panel indicate

the sample size. The red line shows the dividing line, modiĆed fromWilliams et al. (2009), to deĆne the quiescent and star-forming

populations. The dust-reddening vector is shown as the black arrow in each panel. Note: Grism sample includes the 5 cluster

members with poor quality GMOS spectra, but good quality grism spectra (see Section 2.1.4).

UP QPPS 4©STJD QSP୮ୢMF ୮ୢUT XJUI ("-'*5� 5IF (141 HSJTN EBUB JT VTFE JO DPOKVODUJPO XJUI BMM UIF

HBMBYJFT UIBU PCUBJOFE B TQFDUSPTDPQJD SFETIJG୴ XJUI (.04
 UP EFUFSNJOF B TFMFDUJPO UISFTIPME PO

HSJTN SFETIJG୴T
 zgrism CZ XIJDI BEEJUJPOBM DMVTUFS NFNCFST DBO CF JEFOUJ୮ୢFE GSPN UIF HSJTN TBNQMF

	GPS NPSF EFUBJMT PO UIJT
 TFF 4FDUJPO ���
� 5IF FOUJSF HSJTN TBNQMF JT ୮ୢSTU RVBMJUZ�DIFDLFE CZ FZF�

5IJT QSPDFEVSF BEET 177 DMVTUFS NFNCFST UP UIF 344 TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFST�

'JOBMMZ
 DMVTUFS NFNCFST UIBU XFSF ୯୳BHHFE BT MPXآ DPO୮ୢEFODFأ EVF UP QPPS RVBMJUZ TQFDUSPTDPQJD

SFETIJG୴T BSF DIFDLFE GPS HPPE RVBMJUZ HSJTN SFETIJG୴T DPOTJTUFOU XJUI UIFJS SFTQFDUJWF DMVTUFS SFETIJG୴T�

5IJT BEET 5 NPSF DMVTUFS NFNCFST UP UIF TBNQMF� 5IF HSJTN EBUB UIFSFGPSF MFBET UP BO BEEJUJPO PG

182 DMVTUFS NFNCFST UP UIF 344 TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS NFNCFS TBNQMF� *O UPUBM
 UIF

୮ୢOBM DMVTUFS TBNQMF BNPVOUT UP 526 HBMBYJFT� " DMVTUFS�CZ�DMVTUFS CSFBLEPXO PG UIF TQFDUSPTDPQJD

BOE HSJTN TBNQMFT DBO CF TFFO JO 5BCMF ���� " TVNNBSZ PG UIJT TBNQMF TFMFDUJPO DBO CF TFFO JO

'JHVSF 2.3� 'JOBMMZ
 UIF DMVTUFS TBNQMF JT SFEVDFE UP 474 HBMBYJFT BG୴FS UIF ($-"44 NBTT

DPNQMFUFOFTT MJNJUT BSF BQQMJFE UP UIF TBNQMF�

������� .ঊজজ ঌঘখঙক঎ঝ঎গ঎জজ ক঒খ঒ঝজ

5IF ($-"44 NBTT DPNQMFUFOFTT MJNJUT BSF TFU UP NBUDI UIF HSJTN TQFDUSPTDPQJD DPNQMFUFOFTT MJNJUT

PG UIF ୮ୢOBM DMVTUFS NFNCFS TBNQMF� &WFSZ HBMBYZ JO UIF ୮ୢOBM DMVTUFS NFNCFS TBNQMF 	SFMJBCMF HSJTN

TQFDUSB
 '1408 NBHOJUVEF < 25 BOE Reff < 50 LQD
 IBT B HPPE RVBMJUZ HSJTN TQFDUSVN GSPN XIJDI

SFMJBCMF HSJTN SFETIJG୴T BSF DBMDVMBUFE
 DPO୮ୢSNJOH UIFJS DMVTUFS NFNCFSTIJQ 	TFF 4FDUJPO ��� GPS NPSF

EFUBJMT
� 5IF ($-"44 NBTT DPNQMFUFOFTT MJNJUT BSF DBMDVMBUFE GPS UIF TUBS�GPSNJOH BOE RVJFTDFOU
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Figure 2.4: Alteration of the Ćeld redshift distribution, such that it follows the shape of the cluster redshift distribution. The

original Ćeld sample (light grey histogram) contains more galaxies in every redshift bin compared to the cluster sample (dark

grey histogram). The bin with the largest number of galaxies in the cluster sample (Ćrst bin) is used to work out its height ratio with

the corresponding bin in the Ćeld. The heights of all the other cluster bins are scaled up using this ratio, leading to the distribution

shown in pink.

DMVTUFS HBMBYJFT JO UIF ୮ୢOBM DMVTUFS NFNCFS TBNQMF TFQBSBUFMZ
 VTJOH UIF GPMMPXJOH NFUIPE� UIF

MVNJOPTJUZ EJTUBODFT BOE BCTPMVUF NBHOJUVEFT PG BMM DMVTUFS HBMBYJFT BSF DBMDVMBUFE� 4UFMMBS

NBTT�UP�MJHIU SBUJPT GPS BMM DMVTUFS HBMBYJFT BSF UIFO DBMDVMBUFE� 5IF DMVTUFS HBMBYZ XJUI UIF IJHIFTU

NBTT�UP�MJHIU SBUJP JT GPVOE� 5IJT HBMBYZ JT UIF TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE 	FJUIFS TQFDUSPTDPQJD PS

HSJTN
 DMVTUFS HBMBYZ GPS XIJDI UIF NPTU TUFMMBS NBTT JT NFBTVSFE GPS UIF MFBTU BNPVOU PG ୯୳VY� 5IFO


UIF GBJOUFTU HBMBYZ XJUI B TQFDUSPTDPQJD PS HSJTN SFETIJG୴ JO UIF TBNQMF JT GPVOE� 8F UIFO DBMDVMBUF

XIBU TUFMMBS NBTT UIJT DMVTUFS HBMBYZ XPVME IBWF
 JG JU IBE B NBTT�UP�MJHIU SBUJP DPSSFTQPOEJOH UP UIF

IJHIFTU WBMVF NFBTVSFE JO UIF TBNQMF� 5IJT QSPWJEFT VT XJUI UIF MPXFTU TUFMMBS NBTT GPS XIJDI B

SFMJBCMF HSJTN TQFDUSVN DBO CF PCUBJOFE� 8F ୮ୢOE NBTT DPNQMFUFOFTT MJNJUT PG MPH(M∗/.⊙) = 9.96
BOE MPH(.∗/M⊙) = 9.60 GPS RVJFTDFOU BOE TUBS�GPSNJOH DMVTUFS HBMBYJFT
 SFTQFDUJWFMZ� 5IFTF NBTT

DPNQMFUFOFTT MJNJUT BSF DPNQBSBCMF UP UIPTF DBMDVMBUFE CZ WBO EFS #VSH FU BM� 	����
 GPS UIF ($-"44

DMVTUFST VTJOH HSPVOE�CBTFE ,�CBOE EBUB� 5IF MJNJUT VTFE JO PVS TUVEZ BSF EFFQFS EVF UP UIF

JODSFBTFE EFQUI PG UIF '1408 JNBHJOH JO DPNQBSJTPO UP UIF HSPVOE�CBTFE,�CBOE EBUB�

������� 3঎঍জ঑঒এঝ ঍঒জঝছ঒ঋঞঝ঒ঘগ খঊঝঌ঑঒গঐ

"G୴FS UIF NBTT DPNQMFUFOFTT MJNJUT IBWF CFFO BQQMJFE UP UIF ୮ୢFME TBNQMF
 XF ESBX 1000 SBOEPN ୮ୢFME

TBNQMFT JO B CPPUTUSBQ�MJLF NFUIPE UIBU GPMMPX UIF TBNF SFETIJG୴ EJTUSJCVUJPO BT UIF DMVTUFS TBNQMF�

��



5IJT JT EPOF JO UIF GPMMPXJOH XBZ� IJTUPHSBNT PG UIF DMVTUFS BOE ୮ୢFME TBNQMF SFETIJG୴T BSF QMPUUFE

XJUI UIF TBNF SFETIJG୴ CJOT� 4JODF UIFSF BSF NPSF HBMBYJFT JO UIF ୮ୢFME TBNQMF
 FBDI CJO JO UIF ୮ୢFME

TBNQMF DPOUBJOT NPSF HBMBYJFT UIBO UIF TBNF CJO JO UIF DMVTUFS TBNQMF� 8F UBLF UIF CJO XJUI UIF

MBSHFTU OVNCFS PG HBMBYJFT JO UIF DMVTUFS TBNQMF BOE DBMDVMBUF JUT OPSNBMJTBUJPO XJUI UIF

DPSSFTQPOEJOH ୮ୢFME TBNQMF CJO� 5IJT QSPWJEFT VT XJUI B GBDUPS XJUI XIJDI XF DBO NVMUJQMZ UIF

IFJHIU PG BMM UIF DMVTUFS TBNQMF CJOT
 BOE UIJT FTUBCMJTIFT IPX NBOZ ୮ୢFME HBMBYJFT TIPVME QPQVMBUF

FBDI CJO� "T B SFTVMU
 B EJTUSJCVUJPO PG ୮ୢFME HBMBYZ SFETIJG୴T JT PCUBJOFE UIBU NBUDIFT UIF TIBQF PG UIF

DMVTUFS EJTUSJCVUJPO FYBDUMZ� 'JHVSF 2.4 NPSF DMFBSMZ JMMVTUSBUFT UIJT QSPDFTT� 'JFME HBMBYJFT BSF UIFO

SBOEPNMZ TFMFDUFE 1000 UJNFT XJUIJO FBDI PG UIFTF SFETIJG୴ CJOT� 5IF UPUBM OVNCFS PG ୮ୢFME HBMBYJFT

TFMFDUFE QFS CJO DPSSFTQPOET UP UIF IFJHIU PG FBDI QJOL SFETIJG୴ CJO TIPXO JO 'JHVSF 2.4� 5IF SFTVMU JT

1000 EJ୭GFSFOU ୮ୢFME TBNQMFT
 FBDI DPOUBJOJOH 799 HBMBYJFT XJUI UIF TBNF NFBO SFETIJG୴ BT UIF DMVTUFS

TBNQMF� 5IJT BMUFSBUJPO JO UIF ୮ୢFME SFETIJG୴ EJTUSJCVUJPO JT OFFEFE CFDBVTF XIFO XF TFMFDU

3%ୖ)45�$"/%&-4 HBMBYJFT JO UIF SFETIJG୴ SBOHF 0.86 < z < 1.34
 UIF NFEJBO z JT 1.09
 IPXFWFS


UIF NFEJBO SFETIJG୴ PG UIF DMVTUFS EJTUSJCVUJPO JT z = 1.00� 5IJT EJ୭GFSFODF JT MBSHF FOPVHI UP

JOUSPEVDF B TZTUFNBUJD JO PVS TJ[F P୭GTFU NFBTVSFNFOUT JO 4FDUJPO ��� PG PSEFS PVS VODFSUBJOUJFT 	VQ

UP 0.03 EFY GPS RVJFTDFOU HBMBYJFT BOE VQ UP 0.01 EFY GPS TUBS�GPSNJOH HBMBYJFT
 	WBO EFS 8FM FU BM�


����
� $POTFRVFOUMZ
 NBOZ ୮ୢFME TBNQMFT BSF SFRVJSFE UP NFBTVSF SFMJBCMF TJ[F P୭GTFUT XJUI UIF DMVTUFS

TBNQMF TJODF UIF NBTT؛TJ[F EJTUSJCVUJPOT DBO WBSZ CFUXFFO ୮ୢFME TBNQMFT� 5IJT MFBET UP WBSJBUJPOT JO

UIF ୮ୢFME SFMBUJPOT UIBU BSF ୮ୢU
 GSPN XIJDI TJ[F P୭GTFUT BSF NFBTVSFE 	TFF 4FDUJPO ��� GPS NPSF EFUBJMT
�

������� 3঎জঝ�এছঊখ঎ ঌঘকঘঞছজ

&";: 	#SBNNFS FU BM�
 ����
 JT VTFE UP JOUFSQPMBUF UIF JOQVU 4&% UP PCUBJO UIF U − V BOE V − J
SFTU�GSBNF DPMPVST GPS FBDI HBMBYZ 	WBO EFS #VSH FU BM�
 ����
� 5IJT UVJ DPMPVS TFQBSBUJPO GPS TUBS�

GPSNJOH BOE RVJFTDFOU QPQVMBUJPOT IBT CFFO TIPXO UP CF B QPXFSGVM UFDIOJRVF JO TFQBSBUJOH UIF UXP

QPQVMBUJPOT
 FWFO JG UIF GPSNFS JT SFEEFOFE CZ EVTU FYUJODUJPO 	8VZUT FU BM�
 ����� 8JMMJBNT FU BM�


����� 1BUFM FU BM�
 ����
� 5IJT NFUIPE JT BMTP VTFE PO UIF ୮ୢFME TBNQMF� 5IF EJWJEJOH MJOF VTFE GPS UIF

୮ୢFME TBNQMF JT BO JOUFSQPMBUJPO PG UIF MJOFT EF୮ୢOFE JO 8JMMJBNT FU BM� 	����
 GPS 0.5 < z < 1.0 BOE

1.0 < z < 2.0� VJFTDFOUތ ୮ୢFME HBMBYJFT BSF EF୮ୢOFE BT

(U − V )rest > 1.3, (V − J )rest < 1.6 	���


BOE

(U − V )rest > 0.88 (V − J )rest + 0.54 	���
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Figure 2.5: First column: cutouts from the GCLASSHST F140Wmosaics of an example BCG, quiescent, star-forming and green

cluster galaxy that have been spectroscopically conĆrmed. Colourmap is logarithmic. Second column: Full SED Ćts by EAZY on

the 12-band photometry and grism spectra of the galaxies. The dotted grey rectangle highlights the region in which the grism

spectrum lies. Third column: GMOS spectrum. Fourth column: A zoom-in of the regions highlighted with dotted grey rectangles in

the second column. Data points from the raw-one dimensional grism spectra are also shown in grey. Black data points in both the

second and third columns are from the 12-band photometry. Fifth column: redshift probability distributions. Photometric redshift

distributions are shown in blue, with the shaded region representing the 2σ range. Grism redshift distributions are shown in black

and red triangles show the location of the spectroscopic redshift.

8FNPEJGZ UIJT EJWJEJOH MJOF GPS ($-"44 UP ୮ୢU PVS SFTU�GSBNF DPMPVS EJTUSJCVUJPO� 5IJT JT UIF SFE MJOF

TIPXO JO 'JHVSF 2.3
 XJUI RVJFTDFOU DMVTUFS HBMBYJFT EF୮ୢOFE BT

(U − V )rest > 1.44, (V − J )rest < 1.57 	���


BOE

(U − V )rest > 0.81 (V − J )rest + 0.73 	���


"O FYBNQMF RVJFTDFOU
 TUBS�GPSNJOH
 HSFFO 	DMPTF UP XIFSF &RVBUJPO ��� CFDPNFT BO FRVBMJUZ
 BOE

#SJHIUFTU $MVTUFS (BMBYZ 	#$(
 GSPN UIF ($-"44 TQFDUSPTDPQJD TBNQMF BSF TIPXO JO 'JHVSF 2.5
XJUI UIFJS BDDPNQBOZJOH (.04 TQFDUSB
 HSJTN EBUB BOE NFBTVSFNFOUT� 5IF TFDPOE DPMVNO TIPXT

UIF GVMM 4&%T GSPN UIF ���CBOE QIPUPNFUSZ� 5IF HSFZ EPUUFE SFDUBOHMFT JO UIFTF QMPUT TIPX UIF

MPDBUJPO PG UIF HSJTN TQFDUSB XJUI SFTQFDU UP UIF 4&%T� " [PPN�JO PG UIFTF SFHJPOT JT TFFO JO UIF

��



GPVSUI DPMVNO
 XJUI EBUB QPJOUT GSPN UIF SBX POF�EJNFOTJPOBM HSJTN TQFDUSB� 5IF UIJSE DPMVNO

TIPXT UIF (.04 TQFDUSB PCUBJOFE BT QBSU PG UIF ($-"44 TVSWFZ� 5IF ୮ୢOBM DPMVNO TIPXT UIF

SFETIJG୴ QSPCBCJMJUZ EJTUSJCVUJPOT CBTFE PO ୮ୢUUJOH UIF UXP�EJNFOTJPOBM HSJTN TQFDUSB 	TFF 'JHVSF 2.1

BOE UIF 12�CBOE QIPUPNFUSZ TJNVMUBOFPVTMZ 	TFF 4FDUJPO ������� GPS NPSF EFUBJMT
� 5IJT JT EPOF VTJOH

B NPEJ୮ୢFE WFSTJPO PG UIF &";: DPEF 	#SBNNFS FU BM�
 ����
� 5IF FYUFOTJWF QIPUPNFUSJD DPWFSBHF

GPS ($-"44 QSPEVDFT JNQSPWFE ୮ୢUT UP UIF 4&%T BOE HSJTN TQFDUSB� 5IF MFWFM PG JNQSPWFNFOU JT

CFTU TFFO JO UIF BMNPTU POF�UP�POF BHSFFNFOU XJUI UIF TQFDUSPTDPQJD BOE HSJTN SFETIJG୴T JO UIF

SFETIJG୴ QSPCBCJMJUZ EJTUSJCVUJPOT� 8IBU JT QFSIBQT NPSF TUSJLJOH JT UIF JNQSPWFNFOU JO SFETIJG୴

FTUJNBUFT CFUXFFO UIF QIPUPNFUSJDBMMZ EFSJWFE SFETIJG୴T
 zphot BOE UIF HSJTN SFETIJG୴T
 zgrism� *O

4FDUJPO ���
 XF XJMM EFNPOTUSBUF IPX UIJT JNQSPWFE MFWFM PG BDDVSBDZ PO SFETIJG୴ FTUJNBUFT JT VUJMJTFE

UP JODSFBTF PVS DMVTUFS NFNCFSTIJQ TBNQMF�

��� 5঑঎ ঙছ঎ঌ঒জ঒ঘগ ঊগ঍ ঊঌঌঞছঊঌঢ ঘএ ঐছ঒জখ ছ঎঍জ঑঒এঝজ

8F UBLF BMM UIF HBMBYJFT JO UIF ($-"44 )45 ୮ୢFMET�PG�WJFX UIBU IBWF SFMJBCMF TQFDUSPTDPQJD BOE HSJTN

SFETIJG୴T BOE DPNQBSF UIFJS SFETIJG୴ NFBTVSFNFOUT GSPN QIPUPNFUSZ 	zphot

 TQFDUSPTDPQZ 	zspec
 BOE
HSJTN TQFDUSPTDPQZ 	zgrism
 UP UIFJS SFTQFDUJWF DMVTUFS SFETIJG୴T
 zcluster� 8F EP UIJT UP EFUFSNJOF B

TFMFDUJPO UISFTIPME CZ XIJDI DMVTUFS NFNCFST DBO CF JEFOUJ୮ୢFE GSPN UIF TBNQMF PG HBMBYJFT UIBU EJE

OPU PCUBJO B TQFDUSPTDPQJD SFETIJG୴ XJUI (.04
 CVU EJE PCUBJO B HSJTN SFETIJG୴� 5P EP UIJT
 XF VTF

UIF GPMMPXJOH UFSNJOPMPHZ UIBU XBT ୮ୢSTU JOUSPEVDFE JO WBO EFS #VSH FU BM� 	����
� " GBMTFآ QPTJUJWFأ JT

B HBMBYZ UIBU JT OPU QBSU PG UIF DMVTUFS CZ WJSUVF PG JUT zspec
 CVU IBT B zphot PS zgrism DPOTJTUFOU XJUI UIF

DMVTUFS SFETIJG୴� " GBMTFآ OFHBUJWFأ JT B HBMBYZ UIBU CFMPOHT UP UIF DMVTUFS EVF UP JUT zspec NFBTVSFNFOU


CVU IBT B zphot PS zgrism QMBDJOH JU PVUTJEF UIF DMVTUFS� TFDVSFآ DMVTUFSأ HBMBYJFT BSF UIPTF XIJDI BSF

DMBTTJ୮ୢFE BT CFJOH QBSU PG UIF DMVTUFS CZ WJSUVF PG CPUI UIFJS zspec BOE zphot PS zgrism� TFDVSFآ ୮ୢFMEأ

HBMBYJFT BSF DPOTJTUFOU XJUI CFJOH PVUTJEF UIF DMVTUFS EVF UP UIFJS zspec BOE zphot PS zgrism NFBTVSFNFOUT�

" DMFBSFS SFQSFTFOUBUJPO PG UIJT DBO CF TFFO JO 'JHVSF 2.6� 5IF UPQ SPX TIPXT UIF DPNQBSJTPO

CFUXFFO zphot BOE zgrism NFBTVSFNFOUT GPS RVJFTDFOU HBMBYJFT XJUI HPPE RVBMJUZ zspec NFBTVSFNFOUT�

5IF CPUUPN SPX TIPXT UIF TBNF
 CVU GPS TUBS�GPSNJOH HBMBYJFT� 5IF RVJFTDFOU BOE TUBS�GPSNJOH

TFQBSBUJPO JT EPOF VTJOH UIF UVJ TFMFDUJPO DSJUFSJB EJTDVTTFE JO 4FDUJPO �������� 8IBU JT JNNFEJBUFMZ

TUSJLJOH JT UIF UJHIU DMVTUFSJOH PG HSFFO DSPTTFT JO UIF DFOUSBM SFHJPOT PG UIF zgrism WT� zspec DPNQBSJTPO

QMPUT� 5IFTF BSF BMM HSJTN�SFETIJG୴ TFMFDUFE DMVTUFS NFNCFST XJUI B TQFDUSPTDPQJD SFETIJG୴ UP TVQQPSU

UIF SFMJBCJMJUZ PG UIFJS DMVTUFS NFNCFSTIJQ� "OPUIFS OPUJDFBCMF GFBUVSF JT BMM UIF TUBS�GPSNJOH HBMBYJFT

UIBU MJF PO BO BMNPTU POF�UP�POF DPSSFTQPOEFODF MJOF JO UIF zgrism WT� zspec DPNQBSJTPO� 5IJT JT BOPUIFS

��



SFQSFTFOUBUJPO PG UIF FYDFMMFOU MFWFM PG BHSFFNFOU CFUXFFO zspec BOE zgrism NFBTVSFNFOUT
 BUUSJCVUFE

CPUI UP UIF )α FNJTTJPO MJOF UIBU JT QSFWBMFOU JO TUBS�GPSNJOH HBMBYZ HSJTN TQFDUSB 	TFF 'JHVSF 2.5

BOE UIF 12�CBOE ($-"44 QIPUPNFUSZ�

5IF CMBDL IPSJ[POUBM EPUUFE MJOFT SFQSFTFOU UIF DMVTUFS NFNCFSTIJQ TFMFDUJPO UISFTIPME VTFE JO

WBO EFS #VSH FU BM� 	����
 CBTFE PO B zphot BOE zspec DPNQBSJTPO� 8IFO DPNQBSJOH UIF QMPUT JO UIF ୮ୢSTU

BOE TFDPOE DPMVNOT
 JU JT DMFBS UIBU UIFSF JT OP PCWJPVT TFMFDUJPO UISFTIPME JO UIF zphot NFBTVSFNFOUT

CZ XIJDI DMVTUFS NFNCFST DBO CF SFMJBCMZ TFMFDUFE� 5IF WBO EFS #VSH FU BM� 	����
 TFMFDUJPO UISFTIPME

PG −0.05 < Δz < 0.05 XBT TFMFDUFE EVF UP JUT DPOWFOJFODF JO QSPEVDJOH B TJNJMBS OVNCFS PG GBMTF

QPTJUJWFT BOE GBMTF OFHBUJWFT� 5IF IJHIFS QSFDJTJPO PG UIF HSJTN SFETIJG୴ NFBTVSFNFOUT BMMPX VT UP

DIPPTF B TFMFDUJPO UISFTIPME UIBU JT NVDI OBSSPXFS
 MZJOH BU −0.02 < Δz < 0.02 	CMBDL EPU�EBTIFE

MJOF
� 5IJT JODSFBTFT UIF OVNCFS PG DMVTUFS NFNCFST QFS DMVTUFS CZ BO BWFSBHF PG 53% PG UIF

TQFDUSPTDPQJD TBNQMF
 EVF UP HBMBYJFT XJUIPVU B zspec NFBTVSFNFOU
 CVU XJUI B SFMJBCMF zgrism
NFBTVSFNFOU QMBDJOH UIFN JOTJEF UIFJS SFTQFDUJWF DMVTUFS 	TFF 5BCMF ���
� 0VS TFMFDUJPO UISFTIPME IBT

NPSF UIBO B GBDUPS PG 2 JNQSPWFNFOU PWFS UIF POF VTFE JO UIF QIPUPNFUSJD DMVTUFS NFNCFSTIJQ

TFMFDUJPO JO WBO EFS #VSH FU BM� 	����
� 8F IBWF BMTP MJTUFE UIF BWFSBHF EJ୭GFSFODF CFUXFFO UIF zphot BOE
zgrism NFBTVSFNFOUT XJUI UIF zspec NFBTVSFNFOUT GPS FBDI TBNQMF JO 'JHVSF 2.6� 5IF QSFDJTJPO PG

QIPUPNFUSJD BOE HSJTN SFETIJG୴T DPNQBSFE UP TQFDUSPTDPQJD SFETIJG୴T JO LNT−1 JT 8400 BOE 2000

LNT−1 SFTQFDUJWFMZ� B GBDUPS PG 4 JNQSPWFNFOU PG HSJTN SFETIJG୴T PWFS QIPUPNFUSJD SFETIJG୴T� " GBDUPS

PG 3 BOE 7 JNQSPWFNFOU JT TFFO GPS RVJFTDFOU BOE TUBS�GPSNJOH HBMBYJFT SFTQFDUJWFMZ� 5IF GSBDUJPO PG

GBMTF OFHBUJWFT BOE GBMTF QPTJUJWFT UP TFDVSF DMVTUFS NFNCFST GBMMT GSPN 28% BOE 23% UP 8% BOE 10%
 B

GBDUPS PG ∼3 JNQSPWFNFOU JO DPOUBNJOBUJPO� %VF UP UIFTF MPX DPOUBNJOBUJPO SBUFT
 XF EP OPU

QFSGPSN DPSSFDUJPOT PO PVS HSJTN�TFMFDUFE DMVTUFS NFNCFSTIJQ TBNQMF MJLF UIPTF UIBU XFSF EPOF PO

UIF QIPUPNFUSJD�TFMFDUFE DMVTUFS NFNCFSTIJQ TBNQMF JO WBO EFS #VSH FU BM� 	����
�

*U NVTU CF TUSFTTFE UIBU UIJT JNQSFTTJWF JNQSPWFNFOU JO QSFDJTJPO BOE BDDVSBDZ JT EVF UP UIF

12�CBOE QIPUPNFUSZ ($-"44 QPTTFTTFT� #PUI QIPUPNFUSJD BOE HSJTN SFETIJG୴ NFBTVSFNFOUT SFMZ

PO UIF 4&%T TJODF UIFZ BSF VTFE JO CPUI ୮ୢUUJOH QSPDFTTFT� 5IFSFGPSF HSFBUFS 4&% RVBMJUZ SFTVMUT JO

JODSFBTFE NFBTVSFNFOU QSFDJTJPO BOE BDDVSBDZ GPS CPUI zphot BOE zgrism NFBTVSFNFOUT� " MBSHFS

OVNCFS PG QIPUPNFUSJD CBOET ؜ FTQFDJBMMZ JO UIF PQUJDBM BOE OFBS JOGSB�SFE ؜ GPS B HJWFO

XBWFMFOHUI SBOHF JNQSPWF UIF RVBMJUZ PG UIF SFTVMUJOH 4&%T GSPNXIJDI QIPUPNFUSJD SFETIJG୴T
 HSJTN

SFETIJG୴T BOE TUFMMBS NBTTFT BSF EFSJWFE� #F[BOTPO FU BM� 	����
 TUVEJFE UIF BDDVSBDZ PG HSJTN SFETIJG୴T

XJUI SFTQFDU UP QIPUPNFUSJD SFETIJG୴T GPS UIF 3%ୖ)45 TVSWFZ� 5IFZ GPVOE TJNJMBS WBMVFT GPS UIF

TDBUUFS JO zphot WT� zspec BOE zphot WT� zgrism 	0.0159 ± 0.0005 BOE 0.0154 ± 0.0005

 IJHIMJHIUJOH UIBU
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Figure 2.6: Top row: comparison of spectroscopic redshift measurements (zspec) with photometric (left) and grism (right) redshift

measurements (zphot and zgrism) for quiescent galaxies in the HST Ćelds of viewwith reliable zspec and zgrism measurements. Bottom

row: Same as the Ćrst row, but for star-forming galaxies. All comparisons are done relative to the spectroscopic redshift of the

cluster centre (in most cases the BCG), zcluster . Dotted black lines show the photometric redshift selection threshold from van der

Burg et al. (2013) used to select cluster members. The dot-dashed black lines show the grism redshift selection threshold chosen

for this work after comparing zspec and zgrism measurements for this sample (second column). Δz = |zphot − zspec| for the Ćrst
column and |zgrism − zspec| for the second column. Values for Δz

1+zspec shown are the averages for the entire sample in that respective

panel.
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HSJTN BOE TQFDUSPTDPQJD SFETIJG୴T BSF PG FRVBM RVBMJUZ SFMBUJWF UP QIPUPNFUSJD SFETIJG୴T� 8F BMTP ୮ୢOE

TJNJMBS WBMVFT 	0.06 ± 0.06 BOE 0.07 ± 0.07
 XJUI PWFSBMM WBMVFT ∼4 UJNFT IJHIFS UIBO UIPTF PG

3%ୖ)45� (JWFO UIBU PVS NFUIPET GPS EFSJWJOH QIPUPNFUSJD SFETIJG୴T BOE TUFMMBS NBTTFT BSF OFBS�UP

JEFOUJDBM 	TFF 4FDUJPO �����
 BOE UIBU PVS QIPUPNFUSZ TQBOT UIF TBNF XBWFMFOHUI SBOHF BT GPS

3%ୖ)45
 UIF POF UIJOH XF EP OPU IBWF JT B DPNQBSBCMF OVNCFS PG QIPUPNFUSJD CBOET BOE

TJHOBM�UP�OPJTF SBUJP� 5IF ୮ୢWF 3%ୖ)45 ୮ୢFMET 	TFF 4FDUJPO �������
 IBWF QIPUPNFUSZ TQBOOJOH CFUXFFO

18 	6%4
 BOE 44 	$04.04
 CBOET
 HPJOH EFFQFS CZ 1 − 3 NBHOJUVEFT XIFO DPNQBSJOH DPNNPO

QIPUPNFUSJD CBOET CFUXFFO ($-"44 	"QQFOEJY " PG WBO EFS #VSH FU BM� ����
 BOE 3%ୖ)45

	4LFMUPO FU BM�
 ����
� Tؠ45(3%ୖ TVQFSJPS QIPUPNFUSZ BMMPXFE GPS CFUUFS QIPUPNFUSJD BOE HSJTN

SFETIJG୴ NFBTVSFNFOUT DPNQBSFE UP UIPTF GPS ($-"44�

/FWFSUIFMFTT
 UIF ($-"44)45 EBUB IBT EFNPOTUSBUFE UIBU HSJTN SFETIJG୴ NFBTVSFNFOUT EFSJWFE

GSPN HPPE RVBMJUZ 4&%T DBO CF VTFE UP TFMFDU TBNQMFT PG HBMBYJFT GPS DMVTUFS NFNCFSTIJQ UIBU BSF

∼90% QVSF� 4QBDF�CBTFE HSJTN TMJUMFTT TQFDUSPTDPQZ ؛ VTFE JO DPOKVODUJPO XJUI QIPUPNFUSZ

TQBOOJOH NVMUJQMF CBOET ؛ UIFSFGPSF QSPWJEFT B VOJRVF BMUFSOBUJWF UP DPOWFOUJPOBM TQFDUSPTDPQJD

TVSWFZT
 FTQFDJBMMZ XIFO MBSHF TBNQMFT BSF SFRVJSFE� +845
 8'*345 BOE &VDMJE XJMM BMM IBWF HSJTN

DBQBCJMJUZ
 XJUI QBSU PG UIFJS TDJFODF HPBMT EFEJDBUFE UP TUVEZJOH IJHI�SFETIJG୴ HBMBYJFT 	(BSEOFS FU BM�

����� -BVSFJKT FU BM� ����� (SFFO FU BM� ����
� 5IJT UFDIOJDBM SFTVMU EFNPOTUSBUFT UIBU HSJTNT PO GVUVSF

TQBDF�CBTFE UFMFTDPQFT XJMM CF BCMF UP QSPWJEF MBSHF TBNQMFT PG DMVTUFS HBMBYJFT XJUI IJHI SFMJBCJMJUZ�

��� 5঑঎ ঌকঞজঝ঎ছ ট঎ছজঞজ এ঒঎ক঍ জঝ঎ককঊছ খঊজজ؛জ঒ণ঎ ছ঎কঊঝ঒ঘগ ঊঝ z ∼ 1

5IF IJHI RVBMJUZ HSJTN SFETIJG୴ NFBTVSFNFOUT GPS ($-"44 QSPWJEF VT XJUI UIF MBSHFTU

TQFDUSPTDPQJDBMMZ�DPO୮ୢSNFE TBNQMF PG TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS HBMBYJFT BU z ∼ 1 GPS XIJDI

UIF TUFMMBS NBTT؛TJ[F SFMBUJPO DBO CF NFBTVSFE� #Z ୮ୢSTU UFTUJOH UIF SFMJBCJMJUZ PG PVS TJ[F EFUFSNJOBUJPO

NFUIPE VTJOH QVCMJTIFE SFTVMUT GPS UIF $"/%&-4ୖ$04.04 '1608 NPTBJD 	TFF "QQFOEJY #

 XF

IBWF FOTVSFE PVS NFBTVSFNFOUT GPS UIF DMVTUFS TBNQMF XJMM CF SPCVTU� 'JHVSF 2.7 TIPXT UIF NBTT؛TJ[F

SFMBUJPO GPS UIF 10($-"44 DMVTUFST JO UIF MFG୴ QBOFM
 XJUI UIF #$(T�� DJSDMFE JO HSFZ� 5IF TPMJE CMBDL

୮ୢFME MJOFT XFSF DBMDVMBUFE VTJOH UIF 1000 ୮ୢFME TBNQMFT 	TFF 4FDUJPO �������
 JO UIF GPMMPXJOH XBZ� 5IF

TUFMMBS NBTT 	DPSSFDUFE GPS UIF EJ୭GFSFODF JO ୯୳VY NFBTVSFNFOUT
 TFF 4FDUJPO �����
 BOE IBMG�MJHIU SBEJJ

NFBTVSFNFOUT XJUI VODFSUBJOUJFT GSPN WBO EFS 8FM FU BM� 	����
 GPS UIF TUBS�GPSNJOH BOE RVJFTDFOU

୮ୢFME HBMBYJFT JO PVS 1000 ୮ୢFME TBNQMFT BSF VTFE UP ୮ୢU GPS TUSBJHIU MJOFT JO MPH TQBDF VTJOH UIF #BZFTJBO

NFUIPE GSPN ,FMMZ 	����
� 5IF TUBS�GPSNJOH BOE RVJFTDFOU ୮ୢFME SFMBUJPOT BSF ୮ୢU TFQBSBUFMZ GPS TMPQF


��5IF #$(T XFSF JEFOUJ୮ୢFE BT UIF CSJHIUFTU DMVTUFS NFNCFS JO UIF PCTFSWFS�GSBNFKs CBOE 	-JENBO FU BM�
 ����
�
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Figure 2.7: Stellar mass–size relation for the GCLASS clusters (left panel) and for one of the 3D-HST Ćeld samples (right). Smaller

blue (larger red) circles show star-forming (quiescent) galaxies within themass completeness limits of GCLASS.Reff is the half-
light radius in kpc. GCLASS Brightest Cluster Galaxies (BCGs) are circled in grey. Solid black lines show the Ćeld relations at z∼ 1
calculated using results from van derWel et al. (2012) (see text).

JOUFSDFQU BOE JOUSJOTJD TDBUUFS GPS FBDI PG UIF 1000 TBNQMFT� 5IF NFBO TMPQF BOE JOUFSDFQU WBMVF GSPN

UIFTF 1000 ୮ୢUT BSF VTFE UP DBMDVMBUF UIF ୮ୢOBM ୮ୢFME SFMBUJPOT
 TIPXO JO 'JHVSF 2.7� 8F DIPPTF UIJT

NFUIPE PG MJOF�୮ୢUUJOH CFDBVTF XF ୮ୢOE UIBU VTJOH TJNQMF PSUIPHPOBM EJTUBODF SFHSFTTJPO EPFT OPU

QSPEVDF ୮ୢFME SFMBUJPOT UIBU QBTT UISPVHI UIF NFBO PG UIF NBTT؛TJ[F NFBTVSFNFOUT VTFE UP ୮ୢU UIF

SFMBUJPOT� *U JT UIFSFGPSF BQQBSFOU UIBU B ୮ୢUUJOH NFUIPE XIJDI BMTP ୮ୢUT GPS UIF JOUSJOTJD TDBUUFS JT

FTTFOUJBM UP QSPEVDJOH SFBMJTUJD ୮ୢFME SFMBUJPOT� 8IFO ୮ୢUUJOH
 XF POMZ VTF TUBS�GPSNJOH BOE RVJFTDFOU

୮ୢFME HBMBYJFT UIBU NFFU UIF ($-"44 NBTT DPNQMFUFOFTT MJNJUT BOE BSF XJUIJO UIF TUFMMBS NBTT

UISFTIPMET VTFE JO UIF ୮ୢUUJOH QSPDFTT EFTDSJCFE JO WBO EFS 8FM FU BM� 	����
 	TUBS�GPSNJOH HBMBYJFT XJUI

M∗ > 3 × 109 M⊙ BOE RVJFTDFOU HBMBYJFT XJUI M∗ > 2 × 1010 M⊙
� *O BO BUUFNQU UP GPMMPX UIF

୮ୢUUJOH NFUIPE JO WBO EFS 8FM FU BM� 	����
 BT DMPTFMZ BT QPTTJCMF
 XF BEE BO VODFSUBJOUZ PG 0.15 EFY JO

UIF -PH 	4UFMMBS .BTT �M⊙
 NFBTVSFNFOUT� 'PS DPNQBSJTPO
 JO UIF SJHIU QBOFM PG 'JHVSF 2.7
 XF QMPU

UIF TUFMMBS NBTT؛TJ[F SFMBUJPO GPS POF PG UIF 1000 ୮ୢFME TBNQMFT GPS XIJDI UIF SFTVMUJOH ୮ୢFME SFMBUJPO

୮ୢUT XFSF DMPTF UP UIF ୮ୢOBM ୮ୢFME SFMBUJPOT�

8F UIFO DPNQBSF UIF TUFMMBS NBTT؛TJ[F NFBTVSFNFOUT GPS CPUI UIF ୮ୢFME BOE DMVTUFS TBNQMFT NPSF

SJHPSPVTMZ� 8F NFBTVSF UIF TJ[F P୭GTFUT JO MPH TQBDF BMPOH UIF y�BYJT GSPN FBDI PG UIF 1000 ୮ୢFME

SFMBUJPOT GPS FBDI PG UIF NBTT؛TJ[F NFBTVSFNFOUT JO FBDI PG UIF 1000 ୮ୢFME TBNQMFT� 8F BMTP NFBTVSF

UIF TJ[F P୭GTFUT PG UIF DMVTUFS TBNQMF GSPN FBDI PG UIF 1000 ୮ୢFME SFMBUJPOT� 8F UIFO UBLF UIF NFBO PG

FBDI TJ[F P୭GTFU EJTUSJCVUJPO� 5IF EJ୭GFSFODF CFUXFFO UIF ୮ୢFME BOE DMVTUFS NFBO TJ[F P୭GTFUT JT

DBMDVMBUFE GPS FBDI PG UIF 1000 ୮ୢFME TBNQMFT� 5IF EJTUSJCVUJPO PG UIFTF EJ୭GFSFODFT JO UIF NFBO TJ[F

��



P୭GTFUT JO MPH TQBDF GPS RVJFTDFOU BOE TUBS�GPSNJOH HBMBYJFT JT TIPXO JO 'JHVSF 2.8� 5IF SFBTPO XF EP

OPU TFMFDU POF ୮ୢFME TBNQMF BOE NFBTVSF TJ[F P୭GTFUT GSPN B TJOHMF ୮ୢFME SFMBUJPO JT CFDBVTF UIF ୮ୢFME

NBTT؛TJ[F EJTUSJCVUJPO WBSJFT CFUXFFO UIF 1000 ୮ୢFME TBNQMFT� "T B SFTVMU
 UIF DBMDVMBUFE ୮ୢFME SFMBUJPOT

WBSZ� 5IJT JT QBSUJDVMBSMZ JNQPSUBOU GPS DBMDVMBUJOH UIF RVJFTDFOU ୮ୢFME SFMBUJPOT� 5IFSF BSF GFXFS

RVJFTDFOU HBMBYJFT DPNQBSFE UP TUBS�GPSNJOH HBMBYJFT JO UIF ୮ୢFME TBNQMFT 	FWJEFOU JO 'JHVSF 2.7
� "T B

SFTVMU
 GFXFS HBMBYJFT BSF VTFE UP ୮ୢU GPS UIF RVJFTDFOU ୮ୢFME SFMBUJPOT UIBO GPS UIF TUBS�GPSNJOH ୮ୢFME

SFMBUJPOT� 5IJT MFBET UP XJEFS WBSJBUJPOT JO UIF TMPQF BOE JOUFSDFQU WBMVFT GPS UIF 1000 RVJFTDFOU ୮ୢFME

SFMBUJPOT DPNQBSFE UP UIF WBSJBUJPOT GPVOE GPS UIF 1000 TUBS�GPSNJOH ୮ୢFME SFMBUJPOT� 8IFO XF UBLF

UIF NFBO PG BMM JOEJWJEVBM BWFSBHF TJ[F P୭GTFU EJ୭GFSFODFT NFBTVSFE CFUXFFO DMVTUFS BOE ୮ୢFME
 XF ୮ୢOE

UIBU RVJFTDFOU BOE TUBS�GPSNJOH DMVTUFS HBMBYJFT BSF TNBMMFS UIBO UIFJS ୮ୢFME DPVOUFSQBSUT CZ

	0.08 ± 0.04
 EFY BOE 	0.07 ± 0.01
 EFY SFTQFDUJWFMZ� 5IF SFTVMU GPS RVJFTDFOU DMVTUFS HBMBYJFT EPFT

OPU DIBOHF TJHOJ୮ୢDBOUMZ JG XF SFNPWF UIF #$(T GSPN UIF DMVTUFS TBNQMF� 5IF NBHOJUVEF PG UIFTF TJ[F

P୭GTFUT
 QBSUJDVMBSMZ JO UIF DBTF PG RVJFTDFOU HBMBYJFT
 JT FYBDUMZ XIBU XF XPVME FYQFDU GSPN UIF

NJOPS�NFSHFST IZQPUIFTJT PG TJ[F HSPXUI BEWPDBUFE CZ WBO EFS 8FM FU BM� 	����
 BOE NBOZ PUIFST 	F�H�

#F[BOTPO FU BM� ����� )PQLJOT FU BM� ����C� WBO %PLLVN FU BM� ����
�

*O UIF NJOPS�NFSHFST IZQPUIFTJT PG TJ[F HSPXUI
 HBMBYJFT BSF BCMF UP HSPX EJTQSPQPSUJPOBUFMZ NPSF

JO TJ[F DPNQBSFE UP TUFMMBS NBTT XJUI EFDSFBTJOH SFETIJG୴� 5IJT JT CFDBVTF NJOPS NFSHFST DBVTF NBTT UP

CF QSFGFSFOUJBMMZ EFQPTJUFE BU MBSHFS SBEJJ� 4VDI HSPXUI XPVME CF BCMF UP JODSFBTF UIF JOUFSDFQU PG UIF

NBTT؛TJ[F SFMBUJPO XJUIPVU TJHOJ୮ୢDBOUMZ B୭GFDUJOH UIF TMPQF� 5IJT JT TFFO JO UIF ୮ୢFME GPS 3%ୖ)45

CFUXFFO 0 < z < 3 JO WBO EFS 8FM FU BM� 	����
� *O PSEFS UP UFTU XIFUIFS JU JT JOEFFE NJOPS NFSHFST

ESJWJOH UIF FWPMVUJPO JO UIF JOUFSDFQU
 XF OFFE B QPQVMBUJPO PG HBMBYJFT UIBU XF LOPX BSF WJSUVBMMZ

VOBCMF UP HSPX WJB NJOPS NFSHFST
 BOE DPNQBSF UIFJS TUFMMBS NBTT؛TJ[F SFMBUJPO UP 3%ୖ)45 BU ୮ୢYFE

SFETIJG୴� 5IJT QPQVMBUJPO JT SFQSFTFOUFE CZ PVS DMVTUFS HBMBYJFT� 5IF IJHI WFMPDJUZ EJTQFSTJPOT JO

DMVTUFST TVQQSFTT NFSHFST GSPN PDDVSSJOH
 DPOTFRVFOUMZ TVQQSFTTJOH TJ[F HSPXUI WJB NJOPS NFSHFST�

*G NJOPS NFSHFST BSF USVMZ SFTQPOTJCMF GPS UIF NBKPSJUZ PG UIF EJTQSPQPSUJPOBUF TJ[F HSPXUI PCTFSWFE

JO UIF ୮ୢFME
 XF TIPVME ୮ୢOE UIBU UIF TJ[FT PG DMVTUFS HBMBYJFT BSF P୭GTFU UP TNBMMFS TJ[FT BU ୮ୢYFE SFETIJG୴�

5IF NBHOJUVEF PG UIJT P୭GTFU OFFET UP CF FRVJWBMFOU UP UIF FYQFDUFE FWPMVUJPO JO UIF JOUFSDFQU PG UIF

୮ୢFME NBTT؛TJ[F SFMBUJPO CFUXFFO UIF SFETIJG୴ BU XIJDI UIF DVSSFOU DMVTUFS HBMBYJFT GFMM JOUP UIFJS

DMVTUFST BOE z ∼ 1� *G UIF NBHOJUVEF PG UIF TJ[F P୭GTFU JT TJHOJ୮ୢDBOUMZ TNBMMFS UIBO UIJT WBMVF
 XF

DBOOPU CF TVSF UIBU NJOPS NFSHFST BSF SFTQPOTJCMF GPS UIF NBKPSJUZ PG UIF TJ[F HSPXUI PCTFSWFE JO UIF

୮ୢFME�

" DMVTUFS XJUI UIF BWFSBHF NBTT PG B ($-"44 DMVTUFS 	4.2 × 1014 .⊙� TFF 5BCMF ���
 BU z ∼ 1 JT
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Figure 2.8: Histograms of the differences between themean size offsets of cluster and Ćeld galaxies in log space (mean cluster size

offset - mean Ćeld size offset). Cluster and Ćeld size offsets aremeasured relative to the 1000 possible Ćeldmass–size relations

for the 1000 different Ćeld samples. This is done for quiescent and star-forming galaxies separately. Solid black vertical lines show

the location of no difference in average size between Ćeld and cluster galaxies at Ćxed stellar mass. Dashed vertical lines show the

mean of all the differencesmeasured in themean size offsets of cluster and Ćeld galaxies. Grey shaded regions show one standard

deviation in themean size offset differences. On average, quiescent and star-forming cluster galaxies are smaller than their Ćeld

counterparts by (0.08± 0.04) dex and (0.07± 0.01) dex respectively.

FYQFDUFE UP BDDSFUF NPTU PG JUT NBTT CZ BQQSPYJNBUFMZ 1.2 # z # 1.5 	'BLIPVSJ FU BM�
 ����� WBO EFS

#VSH FU BM�
 ����
҆҆� 6OEFS UIF BTTVNQUJPO UIBU NPTU PG UIF DVSSFOU ($-"44 DMVTUFS NFNCFST GFMM

JOUP UIFJS DMVTUFST GSPN UIF ୮ୢFME BU UIFTF SFETIJG୴T ؛ BOE IBE UIFJS TJ[F HSPXUI TVQQSFTTFE TJODF UIFO ؛

UIFZ TIPVME FYIJCJU TJ[FT UIBU GPMMPX UIF ୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPOT BU UIFTF SFETIJG୴T� 8F VTF UIF

QSFGFSSFE QBSBNFUFSJTBUJPOT GPS UIF FWPMVUJPO JO UIF JOUFSDFQU PG UIF ୮ୢFME NBTT؛TJ[F SFMBUJPO GPVOE JO

WBO EFS 8FM FU BM� 	����
 	Reff / LQD = 4.3 h(z)−1.29 GPS RVJFTDFOU HBMBYJFT BOE

Reff / LQD = 7.8 h(z)−0.66 GPS TUBS�GPSNJOH HBMBYJFT
 UP DIFDL UIF FYQFDUFE TJ[F P୭GTFU JO UIF ୮ୢFME

CFUXFFO z ∼ 1 BOE 1.2 # z # 1.5� 8F ୮ୢOE TJ[F P୭GTFU SBOHFT PG 0.06 − 0.2 EFY BOE 0.03 − 0.08 EFY

GPS RVJFTDFOU BOE TUBS�GPSNJOH HBMBYJFT SFTQFDUJWFMZ� 0VS SFTVMUT PG 	0.08 ± 0.04
 EFY BOE

	0.07 ± 0.01
 EFY GPS RVJFTDFOU BOE TUBS�GPSNJOH HBMBYJFT BSF UIFSFGPSF DPOTJTUFOU XJUI UIFTF BMMPXFE

SBOHFT
 TVQQPSUJOH UIF QPTTJCJMJUZ UIBU NJOPS NFSHFST BSF UIF EPNJOBOU SPVUF GPS HBMBYZ TJ[F HSPXUI�

1SFWJPVT XPSL PO NFBTVSJOH UIF EJ୭GFSFODF CFUXFFO UIF ୮ୢFME BOE DMVTUFS TUFMMBS NBTT؛TJ[F SFMBUJPOT

҆҆5IJT JT GPVOE CZ MPPLJOH BU UIF IBMP NBTT B DMVTUFS XJUI UIF BWFSBHFM200 PG B ($-"44 DMVTUFS BU z ∼ 1XPVME SFBDI
CZ z ∼ 0 JO UIF .JMMFOJVN 4JNVMBUJPOT� 5IF SFETIJG୴ BU XIJDI BQQSPYJNBUFMZ > 50% PG UIF NBTT JT BTTFNCMFE JT SFBE�P୭G
GSPN UIF UPQ QBOFM PG 'JHVSF 6 JO 'BLIPVSJ FU BM� 	����
�

��



BU ୮ୢYFE SFETIJG୴ IBT DPOTJTUFE PG B EJWFSTF SBOHF PG SFTVMUT� "U MPX SFETIJG୴T 	z < 0.2

 $FCSJ¡O �

5SVKJMMP 	����
 JT UIF POMZ TUVEZ XIJDI ୮ୢOET TNBMMFS TJ[FT JO CPUI FBSMZ�UZQF BOE MBUF�UZQF HBMBYJFT JO

UIF DMVTUFS FOWJSPONFOU� 5IFZ ୮ୢOE UIBU FBSMZ�UZQF BOE MBUF�UZQF DMVTUFS HBMBYJFT BSF ∼3.5% BOE

∼7.5% TNBMMFS UIBO UIFJS ୮ୢFME DPVOUFSQBSUT SFTQFDUJWFMZ� 5IFTF QFSDFOUBHFT BSF BQQSPYJNBUFMZ XIBU

JT FYQFDUFE BU UIFTF SFETIJG୴T JG XF VTF UIF TBNF QBSBNFUFSJTBUJPOT GSPN WBO EFS 8FM FU BM� 	����
 BOE

BTTVNF UIBU NPTU PG UIF DVSSFOU DMVTUFS NFNCFST JO UIF DMVTUFST VTFE JO $FCSJ¡O � 5SVKJMMP 	����
 GFMM

JOUP UIFJS DMVTUFST BU B SFETIJG୴ UIBU DPSSFTQPOET UP ∼ 1 (ZS QSJPS UP PCTFSWBUJPO� )PXFWFS


8FJONBOO FU BM� 	����
 BOE .BMUCZ FU BM� 	����
 ୮ୢOE OP EJ୭GFSFODF JO FBSMZ�UZQF HBMBYJFT XJUI

FOWJSPONFOU� "U B TJNJMBS SFETIJG୴ UP PVS XPSL
 %FMBZF FU BM� 	����B
 TUVEJFE UIF NBTT؛TJ[F SFMBUJPO

GPS NBTTJWF FBSMZ�UZQF HBMBYJFT JO 9 DMVTUFST DPNQBSFE UP B ୮ୢFME TBNQMF TFMFDUFE GSPN B WBSJFUZ PG

EBUBTFUT� 5IFZ GPVOE OP EJ୭GFSFODF JO UIF NFEJBO TJ[FT XJUI FOWJSPONFOU
 CVU B TLFX UPXBSET MBSHFS

TJ[FT JO DMVTUFST CZ 30 − 40%� 5IJT JT B TJHOJ୮ୢDBOUMZ EJ୭GFSFOU SFTVMU UP PVST
 XIFSF XF ୮ୢOE FBSMZ�UZQF

HBMBYJFT BSF∼ 20% TNBMMFS JO DMVTUFST DPNQBSFE UP UIF ୮ୢFME
 BU ୮ୢYFE TUFMMBS NBTT� "U B TMJHIUMZ IJHIFS

SFETIJG୴ PG z∼1.3
 3BJDIPPS FU BM� 	����
 GPVOE FBSMZ�UZQF HBMBYJFT UP CF 30 − 50% TNBMMFS JO DMVTUFST�

5IJT SFTVMU JT BMTP DPOTJTUFOU XJUI XIBU JT FYQFDUFE BU UIJT SFETIJG୴ VTJOH UIF JOUFSDFQU FWPMVUJPO

QBSBNFUFSJTBUJPO GPS RVJFTDFOU HBMBYJFT GSPN WBO EFS 8FM FU BM� 	����
 BOE BTTVNJOH UIF DVSSFOU

DMVTUFS NFNCFST GFMM JOUP UIFJS DMVTUFST BU B SFETIJG୴ DPSSFTQPOEJOH UP ∼ 1 (ZS QSJPS UP PCTFSWBUJPO�

8F QPTUVMBUF UIBU UIFTF DPO୯୳JDUJOH SFTVMUT JO UIF MJUFSBUVSF NJHIU CF EVF UP B DPNCJOBUJPO PG TNBMM

TBNQMF TJ[FT BU IJHI SFETIJG୴T BOE UIF EJ୭୮ୢDVMUZ JO NJOJNJTJOH TZTUFNBUJDT CFUXFFO ୮ୢFME BOE DMVTUFS

TBNQMFT�

8F IBWF TIPXO UIBU XIFO B DBSFGVM USFBUNFOU PG TZTUFNBUJDT CFUXFFO EBUBTFUT JT DBSSJFE PVU
 UIFSF

JT B EJ୭GFSFODF CFUXFFO UIF ୮ୢFME BOE DMVTUFS TUFMMBS NBTT؛TJ[F SFMBUJPOT BU z ∼ 1� 5IF NBHOJUVEF PG UIJT

EJ୭GFSFODF JT DPOTJTUFOU XJUI UIF FYQFDUFE TJ[F HSPXUI GSPN NJOPS NFSHFST JO UIF ୮ୢFME GPS UIF MJLFMZ

EVSBUJPO UIF DVSSFOU DMVTUFS HBMBYJFT BU z ∼ 1 IBWF CFFO JO UIFJS DMVTUFST�

*U TIPVME CF NFOUJPOFE UIBU TJ[F HSPXUI JO UIF RVJFTDFOU ୮ୢFME QPQVMBUJPO JT BMTP UIPVHIU UP CF

EVF UP OFXMZ�RVFODIFE ୮ୢFME HBMBYJFT KPJOJOH UIF RVJFTDFOU ୮ୢFME QPQVMBUJPO BU MBUFS UJNFT 	$BSPMMP

FU BM�
 ����
� (BMBYJFT UIBU RVFODI MBUFS BSF MBSHFS UIBO HBMBYJFT UIBU RVFODIFE FBSMJFS� 5IFSFGPSF
 JG B

MBSHF GSBDUJPO PG UIF RVJFTDFOU ୮ୢFME QPQVMBUJPO DPOTJTUT PG OFXMZ�RVFODIFE HBMBYJFT
 RVJFTDFOU ୮ୢFME

HBMBYJFT XPVME CF PO BWFSBHF MBSHFS UIBO RVJFTDFOU DMVTUFS HBMBYJFT BU ୮ୢYFE SFETIJG୴ BOE TUFMMBS NBTT�

/FWFSUIFMFTT
 XIJMF UIJT EPFT QMBZ B SPMF JO UIF BWFSBHF TJ[F HSPXUIPG UIFRVJFTDFOU ୮ୢFMEQPQVMBUJPO
 JU JT

OPU UIPVHIU UP CF UIF POMZ FYQMBOBUJPO
 XJUINFSHJOH UIPVHIU UP CF UIF PUIFS JNQPSUBOU DPOUSJCVUJPO

	F�H� WBO EFS 8FM FU BM� ����
�

��



0VS TVHHFTUJPO UIBU UIF MBDL PG NJOPS NFSHFST JO UIF DMVTUFS FOWJSPONFOU JOIJCJUT TJ[F HSPXUI

XPVME DPOTFRVFOUMZ MFBE UP B TJHOJ୮ୢDBOU EJ୭GFSFODF CFUXFFO UIF DMVTUFS BOE ୮ୢFME FOWJSPONFOU BU MPX

SFETIJG୴T� *O 4FDUJPO ��� XF XJMM EJTDVTT UIF JNQMJDBUJPOT PG UIJT JO NPSF EFUBJM�

*O UIF OFYU TFDUJPO
 XF XJMM JOWFTUJHBUF XIFUIFS UIF EJ୭GFSFODFT JO UIF DMVTUFS BOE ୮ୢFME NBTT؛TJ[F

SFMBUJPOT BSF EVF UP NPSQIPMPHJDBM EJ୭GFSFODFT�

��� .ঘছঙ঑ঘকঘঐঢ ঊগ঍ ঝ঑঎ ঌকঞজঝ঎ছ ট঎ছজঞজ এ঒঎ক঍ জঝ঎ককঊছ খঊজজ؛জ঒ণ঎ ছ঎কঊঝ঒ঘগ ঊঝ z ∼ 1

8F VTF UIF 4©STJD JOEFY NFBTVSFNFOUT GSPN UIF TUSVDUVSBM QBSBNFUFS FTUJNBUJPO XJUI ("-'*5 GPS

($-"44 	TFF 4FDUJPO �������
 BOE 3%ୖ)45 	WBO EFS 8FM FU BM�
 ����
 BT B QSPYZ UP USBDL NPSQIPMPHZ

BDSPTT UIF NBTT؛TJ[F QMBOF� 'JHVSF 2.9 TIPXT UIF NBTT؛TJ[F SFMBUJPO GPS CPUI DMVTUFS BOE ୮ୢFME TBNQMFT

JO UISFF CJOT PG 4©STJD JOEFY� %JTD�MJLF BOE CVMHF�MJLF NPSQIPMPHJFT UFOE UP DPSSFMBUF XJUI 4©STJD JOEFY

	F�H� 3BWJOESBOBUI FU BM� ����
� 8F UIFSFGPSF VTF UIF 4©STJD JOEFY NFBTVSFNFOUT BT QSPYJFT
 DMBTTJOH

HBMBYJFT BT أEJTD�MJLFآ JG UIFZ IBWF n # 1 BOE أCVMHF�MJLFآ JG UIFZ IBWF n ! 2.5� 8F UIFO DBUFHPSJTF

UIF SFTU PG UIF HBMBYJFT BT JOUFSNFEJBUF�UZQFT JO B 4©STJD JOEFY CJO CFUXFFO UIFTF UXP� 5P JMMVTUSBUF UIJT

DPNQBSJTPO CFUXFFO UIF UXP FOWJSPONFOUT
 XF USVODBUF CPUI TBNQMFT UP UIFNBTT DPNQMFUFOFTT MJNJUT

PG ($-"44� 5IF ୮ୢFME TBNQMF VTFE JT POF PG UIF ���� ୮ୢFME TBNQMFT UIBU MFE UP B DMVTUFS TJ[F P୭GTFU DMPTF

UP UIF WBMVFT GPVOE JO 4FDUJPO ���� 5IFTF WBMVFT BSF BMTP TUBUFE JO 'JHVSF 2.8�
'JSTUMZ
 XIFO DPNQBSJOH UIF MPDBUJPOPG HBMBYJFT PO UIFNBTT؛TJ[F QMBOFCBTFEPO UIFJSNPSQIPMPHJFT

JO CPUI FOWJSPONFOUT
 JU DBO CF FTUBCMJTIFE UIBU EJTD�MJLF 	CVMHF�MJLF
 HBMBYJFT MJF DMPTFS UP UIF TUBS�

GPSNJOH 	RVJFTDFOU
 ୮ୢFME SFMBUJPO BU z ∼ 1� "MUFSOBUJWFMZ
 JU TIPXT UIBU 4©STJD JOEFY JT XFMM�DPSSFMBUFE

XJUI RVJFTDFODF
 BT IBT CFFO TFFO JO PUIFS TBNQMFT 	F�H� 'SBOY FU BM� ����� #FMM FU BM� ����
� 5IFSFGPSF


UIFTF ୮ୢFME SFMBUJPOT DBO CF VTFE BT NBSLFST UP USBDL NPSQIPMPHJDBM DIBOHFT BDSPTT UIF NBTT؛TJ[F QMBOF�

5IF NBTT؛TJ[F SFMBUJPOT GPS FBDI NPSQIPMPHJDBM UZQF BSF CSPBEMZ UIF TBNF JO CPUI FOWJSPONFOUT�

5IFSF JT IPXFWFS B MBSHFS GSBDUJPO PG RVJFTDFOU JOUFSNFEJBUFT BOE RVJFTDFOU CVMHF�MJLF HBMBYJFT JO

UIF DMVTUFST DPNQBSFE UP UIF ୮ୢFME
 XIFSFBT UIF EJTD�MJLF QPQVMBUJPO JO CPUI FOWJSPONFOUT JT

EPNJOBUFE CZ TUBS�GPSNJOH HBMBYJFT� 5IJT JT NPSF DMFBSMZ TFFO JO 'JHVSF 2.10� 5IJT FYDFTT QPQVMBUJPO

PG RVJFTDFOU JOUFSNFEJBUF�UZQF HBMBYJFT QPJOUT UPXBSET B DMVTUFS�TQFDJ୮ୢD QSPDFTT UIBU RVFODIFT UIFN

NPSF F୭୮ୢDJFOUMZ UIBO JG UIFZ SFTJEFE JO UIF ୮ୢFME� " OVNCFS PG TUVEJFT IBWF JEFOUJ୮ୢFE BO BCVOEBOU

QPQVMBUJPO PG QBTTJWFآ TQJSBMTأ PS SFEآ EJTDTأ JO DMVTUFST DPNQBSFE UP UIF ୮ୢFME 	WBO EFO #FSHI
 �����

(PUP FU BM�
 ����� .PSBO FU BM�
 ����� (BMMB[[J FU BM�
 ����
� 5IF NPTU SFDFOU TUVEZ PG XIJDI JT B TUVEZ

PG UIF NBTT؛TJ[F SFMBUJPO JO UIF z = 0.44 DMVTUFS ."$4 +1206.2 − 0847 	,VDIOFS FU BM�
 ����
� )FSF


UIFZ BUUSJCVUF JUT FYJTUFODF UP DMVTUFS�TQFDJ୮ୢD RVFODIJOH QSPDFTTFT UIBU MFBE UP B GBEJOH PG UIF TUFMMBS
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Figure 2.9: The stellar mass–size relation at z∼ 1 in both the Ćeld (left column) and cluster (right column) environment, split into

three bins of Sérsic index (top, middle and bottom rows) to trackmorphology. Blue squares indicate star-forming galaxies, red

squares quiescent galaxies. Solid black lines indicate the Ćeldmass–size relations for [∼ 1 derived using results from van derWel

et al. (2012, 2014). Grey circles indicate the GCLASS BCGs.
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Figure 2.10: Themorphological composition of both the Ćeld and cluster environments at Ćxed stellar mass. Quiescent

intermediate-type and bulge-like galaxies aremore popular in the cluster environment.

EJTD XJUI SFTQFDU UP UIF JOOFS CVMHF SFHJPO� 5IJT XPVME NBLF UIF HBMBYZ MPPL TNBMMFS UIBO B EJTD�MJLF

HBMBYZ
 XIJDI JT QSPCBCMZ XIZ NBOZ PG UIF RVJFTDFOU JOUFSNFEJBUFT MJF JO UIF SFHJPO CFUXFFO UIF UXP

୮ୢFME SFMBUJPOT�

'VSUIFSNPSF
 ,VDIOFS FU BM� 	����
 BMTP GPVOE UIBU UIJT QPQVMBUJPO XBT NPSF QSFWBMFOU JO UIF

SFHJNF R500 < R < R200
 XIJDI JT XIFSF JO�GBMMJOH HBMBYJFT ୮ୢSTU GFFM UIF F୭GFDUT PG UIF DMVTUFSؠT UJEBM

୮ୢFME BOE TUBSU UP CF TVCKFDUFE UP أTUBSWBUJPOآ 	.PSBO FU BM�
 ����
� 5IJT DBO PDDVS BG୴FS HBT GSPN B

HBMBYZؠT IBMP JT TUSJQQFE CZ UIF JOUSBDMVTUFS NFEJVN 	*$.
� "T B SFTVMU
 UIF TUBS GPSNBUJPO EFDMJOFT JO

B HBMBYZ TJODF UIF DPME HBT JT OPU SFQMFOJTIFE 	-BSTPO FU BM�
 ����
� 5IF TUSJQQJOH DBO EJTUPSU UIF

EJTUSJCVUJPO PG HBT� 5IJT XBT TFFO CZ 7PHU FU BM� 	����

 XIP GPVOE UIBU B MBSHFS QPQVMBUJPO PG

BTZNNFUSJD
 TUSJQQFE BOE RVFODIFE TQJSBMT BSF QSFEPNJOBOU JO UIF IPUUFTU BOE SJDIFTU PG DMVTUFST

CBTFE PO ) * QSPQFSUJFT� 8JUI UIF HBMBYZؠT HBT TVQQMZ SFNPWFE
 TUBS GPSNBUJPO JT VOBCMF UP DPOUJOVF

JO UIF HBMBYZ� &WFOUVBMMZ
 UIF EJTD XJMM GBEF GVSUIFS UP UIF QPJOU XIFSF UIF CVMHF SFHJPO PG UIF HBMBYZ

XJMM MPPL CSJHIUFS UIBO UIF EJTD� 5IF HBMBYZ XJMM UIFO MPPL CVMHF�MJLF� )FODF
 UIJT JODSFBTFE F୭୮ୢDJFODZ

JO RVFODIJOH JOUFSNFEJBUF�UZQFT NBZ CF EJSFDUMZ SFTQPOTJCMF GPS UIF MBSHFS GSBDUJPO PG RVJFTDFOU

CVMHFT JO UIF DMVTUFST� 5IJT SFTVMU TVHHFTUT UIBU UIFSF JT B EJSFDU NPSQIPMPHJDBM DPOTFRVFODF PG

FOWJSPONFOUBMMZ�ESJWFO RVFODIJOH� 5IJT NPSQIPMPHJDBM USBOTGPSNBUJPO JO UIF MJHIU QSP୮ୢMFT PG

DMVTUFS HBMBYJFT NBZ CF UIF ESJWFS PG UIF XFMM�LOPXO NPSQIPMPHZ�EFOTJUZ SFMBUJPO 	%SFTTMFS
 ����
�

%SFTTMFS 	����
 IPXFWFS BSHVFE UIBU HBT TUSJQQJOH XBT VOMJLFMZ UP ESJWF UIF MBSHFS QPQVMBUJPOT PG 40T
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JO IJHI�EFOTJUZ FOWJSPONFOUT
 BOE UIFSFGPSF VOMJLFMZ UP ESJWF UIF NPSQIPMPHZ�EFOTJUZ SFMBUJPO�

��� &টঘকঞঝ঒ঘগ ঘএ ঝ঑঎ ঌকঞজঝ঎ছ খঊজজ؛জ঒ণ঎ ছ঎কঊঝ঒ঘগ ঠ঒ঝ঑ ছ঎঍জ঑঒এঝ

*O 4FDUJPO ���
 XF QSFTFOUFE SFTVMUT UIBU NBZ TVQQPSU UIF IZQPUIFTJT UIBU NJOPS NFSHFST ESJWF UIF TJ[F

HSPXUI PG HBMBYJFT JO UIF ୮ୢFME FOWJSPONFOU� )PXFWFS
 UIF GBDU TUJMM SFNBJOT UIBU BU MPX SFETIJG୴T
 TNBMM

PS OFHMJHJCMF EJ୭GFSFODFT FYJTU CFUXFFO UIF DMVTUFS BOE ୮ୢFME TUFMMBSNBTT؛TJ[F SFMBUJPOT 	8FJONBOO FU BM�


����� .BMUCZ FU BM�
 ����� $FCSJ¡O �5SVKJMMP
 ����
� 4JODF UIF JOUFSDFQU PG UIF ୮ୢFME NBTT؛TJ[F SFMBUJPO

JODSFBTFT XJUI EFDSFBTJOH SFETIJG୴ 	WBO EFS 8FM FU BM�
 ����

 UIF TBNF NVTU UIFSFGPSF IBQQFO UP UIF

DMVTUFS NBTT؛TJ[F SFMBUJPO GPS UIFSF UP CF TVDI TNBMM EJ୭GFSFODFT CFUXFFO UIF DMVTUFS BOE ୮ୢFMENBTT؛TJ[F

SFMBUJPOT BU MPX SFETIJG୴T� 5IJT QPTFT B QSPCMFN GPS DMVTUFS HBMBYJFT� 8IJMTU UIF PCTFSWFE EFDMJOF JO

UIF OVNCFS EFOTJUZ PG DPNQBDU RVJFTDFOU ୮ୢFME HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴ 	F�H WBO EFS 8FM FU BM�

����
 DPVME CF FYQMBJOFE CZ TJ[F HSPXUI WJB NJOPS NFSHFST
 JU DBOOPU FYQMBJO UIF JODSFBTJOH JOUFSDFQU

PG UIF DMVTUFS RVJFTDFOU NBTT؛TJ[F SFMBUJPO XJUI EFDSFBTJOH SFETIJG୴� 5IJT JT CFDBVTF DMVTUFS HBMBYJFT

BSF VOMJLFMZ UP HSPX JO TJ[F WJB NJOPS NFSHFST� 5IF TJ[F P୭GTFUT UPXBSET TNBMMFS TJ[FT NFBTVSFE JO UIF

($-"44 DMVTUFST TVQQPSU UIJT IZQPUIFTJT� #BTFE PO UIJT IZQPUIFTJT
 BT B HBMBYZ DMVTUFS FWPMWFT
 JU XJMM

DPOUJOVBMMZ BDDSFUF OFX ୮ୢFME HBMBYJFT
 TVCTFRVFOUMZ أGSFF[JOHآ UIFJS TJ[F HSPXUI PODF UIFZ FOUFS UIF

DMVTUFS� 0WFS UJNF
 MBSHFS ୮ୢFME HBMBYJFT XJMM CF BDDSFUFE
 CVU UIF PMEFS
 TNBMMFS ୮ୢFME HBMBYJFT UIBU XFSF

BDDSFUFE BU FBSMJFS UJNFT XJMM TUJMM CF QSFTFOU JO UIF DMVTUFS� " CVJME�VQ PG DPNQBDU DMVTUFS HBMBYJFT JT

DSFBUFE UIBU XJMM TVQQSFTT JODSFBTFT JO UIF JOUFSDFQU PG UIF NBTT؛TJ[F SFMBUJPO XJUI EFDSFBTJOH SFETIJG୴�

5P BMMPX GPS UIF JOUFSDFQU PG UIF DMVTUFS NBTT؛TJ[F SFMBUJPO UP TJHOJ୮ୢDBOUMZ JODSFBTF XJUI EFDSFBTJOH

SFETIJG୴
 UIFSF JT POMZ POF PQUJPO MFG୴� 4JODF UIF DPNQBDU DMVTUFS HBMBYJFT BSF VOMJLFMZ UP HSPX JO TJ[F

WJB NJOPS NFSHFST JO UIF DMVTUFST
 UIFZ OFFE UP CF EFTUSPZFE CZ TPNF NFDIBOJTN UIBU JT NPTU MJLFMZ

DMVTUFS�TQFDJ୮ୢD�

����� 5ঘঢ খঘ঍঎ক

5IF UXP XBZT TBUFMMJUF HBMBYJFT JO DMVTUFST DBO CF EFTUSPZFE BSF CZ FJUIFS NFSHJOH XJUI UIFJS #$(T PS

CFJOH UJEBMMZ EJTSVQUFE JOUP UIF *$-� 8F UIFSFGPSF DPOTUSVDU B UPZ NPEFM UP JOWFTUJHBUF XIFUIFS UIF

NPTU DPNQBDU DMVTUFS HBMBYJFT UIBU FYJTU JO UIF ($-"44 DMVTUFST BU z ∼ 1 DBO CF EFTUSPZFE CZ NFSHJOH

XJUI UIFJS #$(T PS CFJOH UJEBMMZ EJTSVQUFE JOUP UIF *$-
 TVDI UIBU UIF TNBMM EJ୭GFSFODFT PCTFSWFE

CFUXFFO UIF DMVTUFS BOE ୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPOT BU z ∼ 0 DBO CF BDIJFWFE� 5IF QMBVTJCJMJUZ PG

UIJT TDFOBSJP EFQFOET VQPO TFWFSBM DPOTUSBJOUT�
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������� $ঘগজঝছঊ঒গঝজ

3FDFOU TUVEJFT IBWF TIPXO UIBU #$(T JODSFBTF UIFJS TUFMMBS NBTT CZ B GBDUPS PG∼2 CFUXFFO z ∼ 1 BOE

z∼ 0 	-JENBO FU BM�
 ����
 ����� -JO FU BM�
 ����� #FMMTUFEU FU BM�
 ����
� 5IFSFGPSF
 UIF ୮ୢOBM TUFMMBSNBTTFT

PG UIF($-"44 #$(T BU z∼ 0 DBOOPU CFNPSF UIBO BQQSPYJNBUFMZ EPVCMF UIFJS DVSSFOU TUFMMBS NBTTFT

BU z ∼ 1 JO UIF UPZ NPEFM� 5IF SFNBJOJOH DPNQBDU DMVTUFS HBMBYJFT MFG୴ BG୴FS UIJT NBYJNVN TUFMMBS NBTT

IBT CFFO SFBDIFE CZ UIF ($-"44 #$(T XPVME OFFE UP CF UJEBMMZ EFTUSPZFE BOE DPOUSJCVUF UP UIF

TUFMMBS NBTT PG UIF *$-� )PXFWFS
 UIFSF BSF BMTP DPOTUSBJOUT PO UIF TUFMMBS NBTT PG UIF *$- BU z ∼ 0�

3FDFOU XPSL BU z ∼ 0.3 − 0.5 IBT TIPXO UIBU UIF *$- TUFMMBS NBTT CVEHFU JT 6 − 23% PG UIF FOUJSF

DMVTUFS TUFMMBS NBTT DPOUBJOFE XJUIJO∼R500 	1SFTPUUP FU BM�
 ����� .POUFT � 5SVKJMMP
 ����� (JBMMPOHP

FU BM�
 ����
� )FODF JG XF BTTVNF UIF *$- TUFMMBSNBTT JT OFHMJHJCMF BU z∼ 1
 UIF UPUBM TUFMMBSNBTT PG UIPTF

DPNQBDU DMVTUFS HBMBYJFT JO UIF($-"44 DMVTUFST UIBU OFFE UP CF UJEBMMZ EFTUSPZFE DBO CF OPNPSF UIBO

6− 23% PG UIFJS DMVTUFSؠT UPUBM TUFMMBS NBTT XJUIJO∼R500 BU z ∼ 0�

������� "জজঞখঙঝ঒ঘগজ � 4ঊখঙক঎ জ঎ক঎ঌঝ঒ঘগ

8F NBLF UIF PWFSBMM BTTVNQUJPO UIBU UIF NBKPSJUZ PG NJOPS NFSHFST B #$( XJMM IBWF CFUXFFO z ∼ 1

BOE z∼ 0XJMM CF XJUI DPNQBDU DMVTUFS HBMBYJFT UIBU BSF BMSFBEZ JO QMBDF BU z∼ 1� 4JNVMBUJPOT IBWF BMTP

GPVOE UIBU UIFNBKPSJUZ PG TUBSTXIJDI FOEVQ JO UIF#$(BOE *$- DPNQPOFOUT GFMM JOUP DMVTUFST CFGPSF

z ∼ 1 	1VDIXFJO FU BM�
 ����
� (BMBYJFT XIJDI GFMM JO MBUFS EP OPU IBWF FOPVHI UJNF UP TJOL UPXBSET UIF

DFOUSF PG UIF DMVTUFS BOE TVCTFRVFOUMZ NFSHF XJUI UIF #$(� 5IJT JT BMTP B OBUVSBM DPOTFRVFODF PG

EZOBNJDBM GSJDUJPO�

"T NFOUJPOFE FBSMJFS
 MPX SFETIJG୴ XPSL IBT TIPXO UIBU JG UIFSF BSF BOZ EJ୭GFSFODFT CFUXFFO UIF

TUFMMBS NBTT؛TJ[F SFMBUJPOT JO IJHI BOE MPX EFOTJUZ FOWJSPONFOUT
 UIFZ BSF WFSZ TNBMM� 5IFSFGPSF
 XF

DBO BTTVNF UIBU UIF TUFMMBS NBTT BOE TJ[F EJTUSJCVUJPO PG HBMBYJFT JO CPUI FOWJSPONFOUT BU MPX SFETIJG୴

BSF TJNJMBS� )FODF XF DBO VTF UIF MPX SFETIJG୴ ୮ୢFME NBTT؛TJ[F SFMBUJPO UP JEFOUJGZ B SFHJPO XIJDI JT

SFRVJSFE UP CF SFMBUJWFMZ BCTFOU PG DPNQBDU HBMBYJFT BU z ∼ 0� 5IJT SFHJPO DBO UIFO CF VTFE BT PVS

TFMFDUJPO BSFB GPS DPNQBDU DMVTUFS HBMBYJFT JO ($-"44 UIBU TIPVME CF EFTUSPZFE CZ z ∼ 0� 8F TIPX

UIF MPX SFETIJG୴ ୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPO GSPN 3%ୖ)45 JO UIF MFG୴�IBOE QBOFM PG 'JHVSF 2.11
BDDPNQBOJFE XJUI UIF MPX SFETIJG୴ RVJFTDFOU ୮ୢFME SFMBUJPO TIPXO BT UIF CMBDL EBTIFE MJOF҇҇� 8F BMTP

TIPX UIF z ∼ 1 RVJFTDFOU ୮ୢFME SFMBUJPO BT UIF TPMJE CMBDL MJOF GPS DPNQBSJTPO� 5IF MPX SFETIJG୴

RVJFTDFOU ୮ୢFME SFMBUJPO XBT DBMDVMBUFE VTJOH UIF TBNF #BZFTJBO UFDIOJRVF VTFE UP DBMDVMBUF UIF z ∼ 1

҇҇5IFTF NFBTVSFNFOUT BSF TFMFDUFE JO UIF TBNF XBZ BT UIF ୮ୢFME TBNQMF JO UIJT TUVEZ
 FYDFQU B MPX SFETIJG୴UVJ DPMPVS
TBNQMF TFMFDUJPO JT VTFE UP EJTUJOHVJTI TUBS�GPSNJOH BOE RVJFTDFOU HBMBYJFT�

��



Figure 2.11: Left panel: 0 < z < 0.5 Ćeld stellar mass–size relation from 3D-HSTwithin themass completeness limits of GCLASS.

The black dashed line is the corresponding quiescent Ćeld relation calculated using results from van derWel et al. (2012) (see text).

The solid black line shows the z∼ 1 quiescent Ćeld relation calculated in this study using 3D-HSTmeasurements. Right panel:

z∼ 1 cluster stellar mass–size relation fromGCLASSwithin mass completeness limits. Lines are the same as in the left panel.

Hatched region in both panels shows our toymodel selection area for compact galaxies in GCLASS that shouldmerge with their

BCGs or become part of the ICL by low redshifts.

୮ୢFME SFMBUJPOT JO 4FDUJPO ���� %VF UP UIF TNBMM TBNQMF PG MPX SFETIJG୴ RVJFTDFOU HBMBYJFT JO 3%ୖ)45

XJUI SFMJBCMF TJ[F NFBTVSFNFOUT 	୯୳BH WBMVF 0 JO UIF WBO EFS 8FM FU BM� 	����
 '1608 DBUBMPHVF


("-'*5NFBTVSFE Reff < 50 LQD BOE '1608NBHOJUVEF < 25

 XF SBO UIF ୮ୢUUJOH QSPDFTT 1000 UJNFT

PO UIF TBNQMF UP DBQUVSF UIF SBOHF PG QPTTJCMF JOUFSDFQU BOE HSBEJFOU WBMVFT� 5IF BWFSBHF MJOF PG BMM

UIFTF ୮ୢUT JT UIFO VTFE BT UIF ୮ୢOBM RVJFTDFOU ୮ୢFME SFMBUJPO� 1MPUUFE QPJOUT BMTP JODMVEF ("-'*5 ୮ୢUT

UIBU IBE B ୯୳BH WBMVF PG 1 JO UIF WBO EFS 8FM FU BM� 	����
 '1608 DBUBMPHVF� 5IF SFHJPO NBSLFE XJUI

IBUDIFT TJHOJ୮ୢFT UIF SFHJPO PG UIF NBTT؛TJ[F QMBOF UIBU JT SFMBUJWFMZ BCTFOU PG DPNQBDU HBMBYJFT BU

z ∼ 0�

*O UIF SJHIU QBOFM PG 'JHVSF 2.11
 XF TIPX UIJT TFMFDUJPO BSFB BOE UIF MPX SFETIJG୴ ୮ୢFME SFMBUJPO XJUI

SFTQFDU UP UIF ($-"44NBTT؛TJ[F NFBTVSFNFOUT� *U DBO CF TFFO UIBU PVS DIPTFO TFMFDUJPO BSFB JT NPSF

QPQVMBUFE JO UIF z∼ 1($-"44 DMVTUFST DPNQBSFE UP UIF z∼ 0 ୮ୢFME� 'PS PVS UPZNPEFM
 XFXJMM TFMFDU

DPNQBDU DMVTUFS HBMBYJFT GSPN ($-"44 UIBU BSF XJUIJO UIJT SFHJPO� 8F POMZ BQQMZ PVS UPZ NPEFM UP

UIF TBNQMF PG ($-"44 HBMBYJFT UIBU NFFU UIF NBTT DPNQMFUFOFTT MJNJUT�

������� 5ঘঢ খঘ঍঎ক ছ঎জঞকঝজ

8F VTF UIF BOBMZUJD NPEFM GPS HSPXUI WJB NJOPS NFSHFST GSPN #F[BOTPO FU BM� 	����

 XIJDI EJDUBUFT

B HSPXUI JO TJ[F PG Reff ∝ M 2
∗ BG୴FS FWFSZ NJOPS NFSHFS� 5P TJNQMJGZ PVS UPZ NPEFM
 XF EP OPU VTF

EJ୭GFSFOU HSPXUIQSFTDSJQUJPOT GPSNJOPSNFSHFSTXJUI TUBS�GPSNJOH�RVJFTDFOU DPNQBDU DMVTUFS HBMBYJFT

UP BDDPVOU GPS EJ୭GFSJOH BNPVOUT PG EJTTJQBUJPOEVSJOH UIFNFSHFS� *OTUFBE
XFVTF BNPEFM BQQSPQSJBUF
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Figure 2.12: GCLASS BCG growth to low redshifts using the analytic model for growth via minor mergers fromBezanson et al.

(2009). The Ćrst (top left) panel shows the original GCLASS stellar mass–size relation with the BCGs as large grey Ćlled points.

The last (bottom right) panel shows the position of the GCLASS BCGs in the extreme case where all compact cluster galaxies

merge with their respective BCGs. In between, we show the best Ćt results for increasing percentage selections of compact

cluster galaxies. Solid black lines are the z∼ 1 Ćeld relations calculated in this study and the black dashed line is the low redshift

quiescent Ćeld relation calculated using results from van derWel et al. (2012) (see text).

GPS NJOPS NFSHFST CFUXFFO RVJFTDFOU HBMBYJFT
 TJODF UIF NBKPSJUZ PG HBMBYJFT JO UIF TFMFDUJPO BSFB BSF

RVJFTDFOU�

*O 'JHVSF 2.12
 XF TIPX UIF SFTVMUT GPS UIJT HSPXUI QSFTDSJQUJPO BT XFMM BT UIF FYUSFNF DBTF XIFSF

BMM DPNQBDU DMVTUFS HBMBYJFT NFSHF XJUI UIFJS SFTQFDUJWF #$(T� $PNQBDU HBMBYJFT UIBU NFSHF XJUI UIFJS

#$(T BSF SBOEPNMZ TFMFDUFE GPS FBDI DMVTUFS GSPN UIF IBUDIFE TFMFDUJPO BSFB 	TFF SJHIU�IBOE QBOFM PG

'JHVSF ����
 GPS FBDI QFSDFOUBHF TFMFDUJPO PG DPNQBDU HBMBYJFT TIPXO JO 'JHVSF 2.12� 5IF TBNF SBOEPN

TFFE JT VTFE GPS FBDI QFSDFOUBHF
 TVDI UIBU DPNQBDU HBMBYJFT TFMFDUFE JO TNBMMFS QFSDFOUBHF QSFTDSJQUJPOT

BSF QBSU PG UIF TFMFDUJPO JO IJHIFS QFSDFOUBHF QSFTDSJQUJPOT QMVT BEEJUJPOBMMZ TFMFDUFE DPNQBDU HBMBYJFT�

5IJT BMMPXT GPS B EJSFDU DPNQBSJTPO CFUXFFO UIF EJ୭GFSFOU QFSDFOUBHF QSFTDSJQUJPOT� *U JT DMFBS UIBU JG

BMM UIF DPNQBDU DMVTUFS HBMBYJFT EJE NFSHF XJUI UIFJS SFTQFDUJWF #$(T 	100% QBOFM JO 'JHVSF 2.12

 UIF
TJ[FT BOE TUFMMBS NBTTFT PG UIF #$(T XPVME CF GBS UPP MBSHF DPNQBSFE UP XIBU IBT CFFO PCTFSWFE GPS

#$(T JO UIF MPDBM VOJWFSTF�

8F DIFDL XIBU QFSDFOUBHF PG DPNQBDU HBMBYJFT BSF SFRVJSFE UP NFSHF XJUI UIFJS #$( GPS FBDI

($-"44 DMVTUFS TVDI UIBU UIF #$( HSPXT JUT TUFMMBS NBTT CZ B GBDUPS PG ∼2� 5IJT JT UIF BNPVOU PG
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TUFMMBS NBTT HSPXUI PCTFSWFE GPS #$(T CFUXFFO z ∼ 1 BOE z ∼ 0 GPS #$(T JO DMVTUFST TJNJMBS UP UIPTF

JO ($-"44 	TFF 4FDUJPO �������
� 0ODF BHBJO
 XF SBOEPNMZ TFMFDU DPNQBDU HBMBYJFT GSPN UIF IBUDIFE

TFMFDUJPO BSFB TIPXO JO 'JHVSF 2.11 GPS FBDI DMVTUFS UP EP UIJT� %FTQJUF ୮ୢOEJOH QFSDFOUBHFT SBOHJOH

GSPN 0% 	GPS 4Q"3$4�1634
 UP 65% 	GPS 4Q"3$4�1638

 UIF BWFSBHF GPS UIF FOUJSF ($-"44 TBNQMF

JT 40%� 5IJT TVHHFTUT UIBU OP NPSF UIBO 40% PG DPNQBDU HBMBYJFT PO BWFSBHF JO FBDI ($-"44 DMVTUFS

DBO NFSHF XJUI UIFJS #$(T JO PVS NPEFM� 5IJT ୮ୢUT OJDFMZ XJUI UIF SFTVMUT PG PVS UPZ NPEFM JO

'JHVSF 2.12
 XIJDI TVHHFTUT UIBU NPTU #$(T XJMM GPMMPX UIF MPX SFETIJG୴ ୮ୢFME RVJFTDFOU TUFMMBS

NBTT؛TJ[F SFMBUJPO JG 40% PG DPNQBDU HBMBYJFT JO FBDI ($-"44 DMVTUFS NFSHF XJUI UIFJS #$(T�

6OEFS PVS BTTVNQUJPO UIBU 100% PG DPNQBDU DMVTUFS HBMBYJFT NVTU CF SFNPWFE GSPN UIF TBNQMF CZ

z ∼ 0
 UIJT JNQMJFT UIF SFNBJOJOH 60% PG DPNQBDU DMVTUFS HBMBYJFT BSF EFTUSPZFE
 NPTU MJLFMZ CZ UJEBM

EJTSVQUJPO JOUP UIF *$-�

5IF )45 JNBHJOH GPS BMM UIF DMVTUFST DPWFST NPTU
 JG OPU BMM PG R500 	TFF 4FDUJPO �������
� 5IF UPUBM

TUFMMBS NBTT PG B ($-"44 DMVTUFS JT PO BWFSBHF MPH	M∗/M⊙
∼12.47 BTTVNJOH OFHMJHJCMF *$- BU z ∼ 1�

5IJT JT DBMDVMBUFE CZ BEEJOH UIF TUFMMBS NBTT PG BMM HBMBYJFT JO FBDI DMVTUFS BCPWF UIF NBTT�DPNQMFUFOFTT

MJNJUT BOE UIFO ୮ୢOEJOH UIF BWFSBHF PG UIFTF 10 WBMVFT� #BTFE PO UIF UPUBM TUFMMBS NBTT PG UIF DPNQBDU

HBMBYJFT UIBU EJE OPU NFSHF XJUI UIFJS #$(T JO UIF 40% QSFTDSJQUJPO PG PVS NPEFM
 UIJT EFTUSVDUJPO

NFDIBOJTN XPVME MFBE UP UIF CVJME�VQ PG BO *$- CZ z ∼ 0XJUI B TUFMMBS NBTT PG MPH	M∗/M⊙
∼11.96�
5IF BWFSBHF M200 PG UIF ($-"44 TBNQMF JT ∼ 4.2 × 1014 M⊙ 	TFF 5BCMF ���
� " DMVTUFS PG UIJT NBTT

BU z ∼ 1 JT FYQFDUFE UP HSPX CZ B GBDUPS PG∼4 CZ z ∼ 0 	TFF 'JHVSF � PG WBO EFS #VSH FU BM� ����
� *G XF

BTTVNF UIF TUFMMBS NBTT DPOUBJOFE XJUIJO∼R500 PG UIF DMVTUFS JODSFBTFT CZ UIF TBNF GBDUPS
 UIJT XPVME

MFBE UP B UPUBM DMVTUFS TUFMMBS NBTT PG MPH	M∗/M⊙
∼13.07 BU z ∼ 0� 5IF *$- TUFMMBS NBTT GSBDUJPO BU

z∼ 0XJMM UIFSFGPSF CF ∼8% GPS B UZQJDBM ($-"44 DMVTUFS JO PVS UPZNPEFM� 5IJT BHSFFT XFMM XJUI UIF

6− 23% GPVOE JO NPSF UIPSPVHI TUVEJFT PG UIF *$- TUFMMBS NBTT GSBDUJPO BU MPX SFETIJG୴T�

������� $ঊট঎ঊঝজ

%VF UP UIF TJNQMJDJUZ PG PVS UPZ NPEFM
 UIFSF BSF PUIFS QSPDFTTFT XF IBWF OPU DPOTJEFSFE UIBU DBO

BMUFS UIF *$- TUFMMBS NBTT GSBDUJPO� 5IF ୮ୢSTU JT UIBU XF POMZ DPOTJEFS UIF QPTTJCJMJUZ XIFSF DPNQBDU

DMVTUFS HBMBYJFT HFU DPNQMFUFMZ EFTUSPZFE JOUP UIF *$-PS DPNQMFUFMZNFSHFXJUI UIFJS #$(T� *O BNPSF

SFBMJTUJD TDFOBSJP
 NBOZ DPNQBDU DMVTUFS HBMBYJFT XPVME CF QBSUJBMMZ TUSJQQFE JOUP UIF *$- BOE QBSUJBMMZ

NFSHFXJUI UIFJS #$(T� 5IJT QBSUJBM TUSJQQJOH BOEQBSUJBMNFSHJOH DBO BMUFS TUFMMBSNBTT GSBDUJPOT PG UIF

DMVTUFS BOE *$-� 5IFSF JT BMTP UIF QPTTJCJMJUZ UIBU B TNBMM OVNCFS PG DPNQBDU DMVTUFS HBMBYJFT TVSWJWF

CFUXFFO z ∼ 1 BOE z ∼ 0
 UIFSFCZ SFEVDJOH UIF *$- TUFMMBS NBTT GSBDUJPO� -PX SFETIJG୴ BOBMPHT PG
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UIFTF DPNQBDU DMVTUFS HBMBYJFT IBWF CFFO GPVOE JO PUIFS XPSLT
 TVHHFTUJOH UIBU TPNF EP TVSWJWF 	F�H�

+JBOH FU BM� ����
� *U JT BMTP MJLFMZ UIBU TPNF PG UIF NPTU NBTTJWF RVJFTDFOU DMVTUFS HBMBYJFT BU z ∼ 1

DPOUSJCVUF TUBST UP UIF *$- WJB UJEBM TUSJQQJOH PG UIFJS PVUFS SFHJPOT BT XFMM 	%F.BJP FU BM�
 ����
� 5IJT

JT BO BEEJUJPOBM QSPDFTT UIBU XBT OPU DPOTJEFSFE JO PVS UPZ NPEFM XIJDI JT DBQBCMF PG BMUFSJOH UIF *$-

BOE UPUBM DMVTUFS TUFMMBS NBTT GSBDUJPOT� 0VS UPZ NPEFM JT POMZ BQQMJDBCMF UP DMVTUFS HBMBYJFT CFZPOE

UIF ($-"44 NBTT DPNQMFUFOFTT MJNJUT� 3FBMJTUJDBMMZ
 MPX NBTT HBMBYJFT CFMPX UIF NBTT DPNQMFUFOFTT

MJNJUT XPVME BMTP DPOUSJCVUF TUFMMBS NBTT UP UIF #$(�*$- DPNQPOFOUT
 CVU UIJT DPOUSJCVUJPO JT MJLFMZ

UP CF TVC�EPNJOBOU� 5IJT JT CFDBVTF NPTU PG UIF TUFMMBS NBTT JO UIF ($-"44 DMVTUFST JT DPOUBJOFE

XJUIJO HBMBYJFT UIBU IBWF B TUFMMBS NBTT PG MPH	M∗/M⊙
∼11 	TFF 'JHVSF � JO WBO EFS #VSH FU BM� ����
�

8F VOEFSTUBOE UIBU SFBMJTUJDBMMZ
 #$(T XJMM FYQFSJFODF NFSHFST XJUI BMM UZQFT PG HBMBYJFT � OPU KVTU

DPNQBDU HBMBYJFT� 8FIBWF UIFSFGPSF UFTUFEXIFUIFS TBNQMJOH GSPN UIF FOUJSF DMVTUFS QPQVMBUJPO SBUIFS

UIBO KVTU UIFIBUDIFE SFHJPO WJPMBUFT PCTFSWBUJPOBM DPOTUSBJOUT PG#$(TUFMMBSNBTTFT BOE UIF *$- TUFMMBS

NBTT GSBDUJPO BU z ∼ 0� 5IJT JT EPOF CZ SF�SVOOJOH UIF UPZ NPEFM XJUIPVU DPO୮ୢOJOH UIF #$(�*$-

TFMFDUJPO BSFB UP UIF IBUDIFE SFHJPO TIPXO JO 'JHVSF 2.11� 8F ୮ୢOE UIBU B TNBMMFS QFSDFOUBHF 	20%
 PG

DMVTUFS HBMBYJFT BSF SFRVJSFE UP NFSHF XJUI UIFJS #$(T TVDI UIBU UIF #$(T HSPX UIFJS TUFMMBS NBTT CZ B

GBDUPS PG∼2
 MFBEJOH UP B MBSHFS *$- TUFMMBSNBTT GSBDUJPO PG 18% BU z∼ 0� 5IJT *$- TUFMMBSNBTT GSBDUJPO

JT TUJMM XJUIJO UIF DPOTUSBJOUT GPVOE JO MPX SFETIJG୴ TUVEJFT 	TFF 4FDUJPO �������
� 5IF SFBTPO UIF IBUDIFE

SFHJPO XBT DIPTFO XBT CFDBVTF UIF QVSQPTF PG UIF UPZ NPEFM JT UP UFTU XIFUIFS UIFSF JT B TUFMMBS NBTT

CVEHFU BWBJMBCMF UP BDDPVOU GPS UIF NPTU DPNQBDU HBMBYJFT UIBU XPVME QMBDF B ESBH PO BOZ JODSFBTFT JO

UIF JOUFSDFQU PG UIF NBTT؛TJ[F SFMBUJPO�

������� 5ঘঢ খঘ঍঎ক ঌঘগঌকঞজ঒ঘগজ

5IF SFTVMUT PG PVS UPZ NPEFM TIPX UIBU JU JT QPTTJCMF UP BDIJFWF QMBVTJCMF *$- TUFMMBS NBTT GSBDUJPOT


#$( NBTTFT BOE #$( TJ[FT CZ BDDPVOUJOH GPS DPNQBDU DMVTUFS HBMBYJFT JO UIJT XBZ� 5IJT DBO

DPOTFRVFOUMZ BMMPX GPS UIF JOUFSDFQU PG UIF DMVTUFS NBTT؛TJ[F SFMBUJPO UP JODSFBTF XJUI EFDSFBTJOH

SFETIJG୴
 BT IBT CFFO PCTFSWFE� 3FDFOU XPSL PO UIF CVJME�VQ PG UIF *$- JO DMVTUFST IBT TIPXO UIBU BU

z < 0.9
 UIF EPNJOBOU SPVUF GPS *$- GPSNBUJPO JT UIF UJEBM TUSJQQJOH PG HBMBYJFT XJUI

-PH (M∗/.⊙) > 10.0� "U MFBTU 75% PG UIF *$- MVNJOPTJUZ JO NBTTJWF DMVTUFST JT DPOTJTUFOU JO DPMPVS

XJUI PSJHJOBUJOH GSPN HBMBYJFT XJUI -PH (M∗/.⊙) > 10.4 	%F.BJP FU BM�
 ����
� *U JT UIFSFGPSF OPU

TVSQSJTJOH UIBU XF ୮ୢOE UIF NBKPSJUZ PG DPNQBDU HBMBYJFT ؛ XIJDI BSF BMM NPTUMZ RVJFTDFOU ؛ JO UIF

($-"44 DMVTUFST XJUI -PH (M∗/.⊙) > 10.0 BSF SFRVJSFE UP DPOUSJCVUF UP UIF *$- UP NBUDI MPX

SFETIJG୴ PCTFSWBUJPOT PG UIF TUFMMBS NBTT؛TJ[F SFMBUJPO JO PVS UPZ NPEFM� $MVTUFS HBMBYJFT CFMPX UIFTF

��



Figure 2.13: The physical processes occurring to reconcile the cluster quiescent stellar mass–size relation with the Ćeld quiescent

stellar mass–size relation by z∼ 0. The Ćeld quiescent size evolution followsReff / kpc= 4.3 h(z)−1.29 (see Section 2.3). This
is the evolution in the intercept of the Ćeld quiescent mass–size relation. No evolution in the slope of the quiescent mass–size

relation is seen in the Ćeld over these redshifts (see Figure 6 of van derWel et al. 2014)

NBTT MJNJUT EP OPU DPOUSJCVUF BT TJHOJ୮ୢDBOUMZ UP UIF #$( BOE *$- DPNQPOFOUT
 TJODF NPTU PG UIF

TUFMMBS NBTT JO UIF ($-"44 DMVTUFST JT DPOUBJOFE XJUIJO HBMBYJFT UIBU IBWF B TUFMMBS NBTT PG

-PH 	M∗/.⊙
∼11 	TFF 'JHVSF � JO WBO EFS #VSH FU BM� ����
�

����� '঒গঊক ছ঎খঊছঔজ

'JHVSF 2.13 TVNNBSJTFT UIF QIZTJDBM QSPDFTTFT UIPVHIU UP CF PDDVSSJOH UP SFDPODJMF UIF DMVTUFS

RVJFTDFOU TUFMMBS NBTT؛TJ[F SFMBUJPO XJUI UIF ୮ୢFME RVJFTDFOU TUFMMBS NBTT؛TJ[F SFMBUJPO CZ MPX SFETIJG୴T

CBTFE PO SFTVMUT GPVOE JO UIJT TUVEZ� 5IF QSFGFSSFE QBSBNFUFSJTBUJPO GPS UIF FWPMVUJPO JO UIF

JOUFSDFQU PG UIF RVJFTDFOU NBTT؛TJ[F SFMBUJPO XJUI SFETIJG୴ GPS UIF 3%ୖ)45 ୮ୢFMET JT TIPXO BT UIF

EPUUFE SFE MJOF 	TFF 4FDUJPO ���
� 5IF TRVBSF QPJOU XJUI UIF FSSPS CBS TIPXT UIF BWFSBHF TJ[F PG B

($-"44 RVJFTDFOU DMVTUFS HBMBYZ BU z ∼ 1� 5IF DVSSFOU RVJFTDFOU DMVTUFS HBMBYJFT XF PCTFSWF JO UIF

($-"44 DMVTUFST UPEBZ MJLFMZ GFMM JOUP UIFJS DMVTUFST BSPVOE 1.2 # z # 1.5 	TFF 4FDUJPO ���
� "U UIJT

UJNF
 UIFZ IBE BWFSBHF TJ[FT UIBU TJU TPNFXIFSF PO UIF TPMJE SFE MJOF� 0ODF UIFTF HBMBYJFT FOUFSFE UIF

DMVTUFS FOWJSPONFOU
 UIFZ IBE UIFJS TJ[F HSPXUI TVQQSFTTFE EVF UP UIF MBDL PG NJOPS NFSHFST 	CBTFE

PO UIF NJOPS�NFSHFST IZQPUIFTJT
� )PXFWFS
 CFUXFFO UIF UJNF PG JOGBMM BOE PCTFSWBUJPO PG UIFTF

HBMBYJFT
 UIFJS ୮ୢFME DPVOUFSQBSUT DPOUJOVFE UP HSPX WJB NJOPS NFSHFST JO UIF ୮ୢFME� $POTFRVFOUMZ


XIFO UIF TJ[F P୭GTFU CFUXFFO ୮ୢFME BOE DMVTUFS JT NFBTVSFE BU z ∼ 1
 RVJFTDFOU DMVTUFS HBMBYJFT BSF

��



GPVOE UP CF TNBMMFS PO BWFSBHF� "U MPX SFETIJG୴T IPXFWFS
 OFHMJHJCMF EJ୭GFSFODFT CFUXFFO DMVTUFS BOE

୮ୢFME BSF TFFO� #FUXFFO z ∼ 1 BOE z ∼ 0
 NPTU PG UIF DPNQBDU RVJFTDFOU DMVTUFS HBMBYJFT BSF SFNPWFE

GSPN UIF DMVTUFS TBNQMF WJB NFSHFST XJUI UIFJS #$(T PS UJEBM EFTUSVDUJPO JOUP UIF *$-� 5IF TJ[FT PG

UIFTF DPNQBDU RVJFTDFOU DMVTUFS HBMBYJFT XPVME MJF BQQSPYJNBUFMZ JO UIF IBUDIFE SFHJPO TIPXO JO

'JHVSF 2.13
 XJUI TPNF UIBU BSF FWFO TNBMMFS UIBO -PH (Reff /LQD) = 0.3� 5IF SFNPWBM PG UIFTF TNBMM

HBMBYJFT
 BOE UIF DPOUJOVBM BEEJUJPO PG MBSHFS HBMBYJFT GSPN UIF ୮ୢFME
 MFBET UP TNBMMFS BOE TNBMMFS

BWFSBHF TJ[F P୭GTFUT CFUXFFO DMVTUFS BOE ୮ୢFME RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� 'VSUIFSNPSF


UIF NJOPS NFSHFST CFUXFFO UIF DPNQBDU RVJFTDFOU DMVTUFS HBMBYJFT BOE UIFJS #$(T BMMPXT UIF #$(T

UP HSPX EJTQSPQPSUJPOBUFMZ NPSF JO TJ[F
 TVDI UIBU UIFJS TJ[FT GPMMPX UIF MPX�SFETIJG୴ ୮ୢFME RVJFTDFOU

NBTT؛TJ[F SFMBUJPO CZ z ∼ 0� 5IF DPNCJOBUJPO PG UIFTF QIZTJDBM QSPDFTTFT MFBE UP CFUUFS BHSFFNFOU

CFUXFFO UIF ୮ୢFME BOE DMVTUFS RVJFTDFOU TUFMMBS NBTT؛TJ[F SFMBUJPOT BU MPX SFETIJG୴T�

5IFTF SFTVMUT TIPX UIBU UIF PCTFSWFE JODSFBTF JO UIF JOUFSDFQU PG UIF DMVTUFS NBTT؛TJ[F SFMBUJPO DBO

CF FYQMBJOFE CZ DMVTUFS�TQFDJ୮ୢD QSPDFTTFT UIBU XF LOPX UP CF PDDVSSJOH BT B DMVTUFS FWPMWFT XJUI UJNF�

0VS SFTVMUT IJHIMJHIU UIF OFFE GPS B DBSFGVM DPNQBSJTPO PG UIF DMVTUFS NBTT؛TJ[F SFMBUJPO PWFS B CSPBE

SFETIJG୴ SBOHF
 TVDI UIBU UIF QIZTJDBMNFDIBOJTNT SFTQPOTJCMF GPS UIF FWPMVUJPO JO UIF DMVTUFSNBTT؛TJ[F

SFMBUJPO DBO CF EJSFDUMZ PCTFSWFE
 BOE UIFSFGPSF DPO୮ୢSNFE�

��� $ঘগঌকঞজ঒ঘগজ

6TJOH UIF DMVTUFS FOWJSPONFOU BT B MBCPSBUPSZ
 XF UFTUFE XIFUIFS NJOPS NFSHFST DBO FYQMBJO UIF

NBKPSJUZ PG UIF TJ[F HSPXUI PCTFSWFE JO RVJFTDFOU ୮ୢFME HBMBYJFT�

5P EP UIJT
 XF QFSGPSNFE B DPNQBSJTPO TUVEZ PG UIF TUFMMBS NBTT؛TJ[F SFMBUJPO BU z ∼ 1 CFUXFFO

DMVTUFS BOE ୮ୢFME FOWJSPONFOUT VTJOH UIF MBSHFTU TQFDUSPTDPQJDBMMZ�DPO୮ୢSNFE TBNQMF PG DMVTUFS HBMBYJFT

BU UIJT SFETIJG୴ UP EBUF�

*O B CJE UP SFEVDF TZTUFNBUJDT BT NVDI BT QPTTJCMF
 PCTFSWBUJPOT
 EBUB SFEVDUJPO BOE TUFMMBS NBTT

NFBTVSFNFOUT XFSF NBEF JO BO BMNPTU JEFOUJDBM GBTIJPO UP UIPTF GPS PVS ୮ୢFME TBNQMF GSPN 3%ୖ)45�

" DVTUPN CVJMU ("-'*5 XSBQQFS XBT EFWFMPQFE JO PSEFS UP DPOUSPM GPS TZTUFNBUJDT CFUXFFO TJ[F BOE

TUSVDUVSBM NFBTVSFNFOUT GPS UIF DPNQBSBUJWF TBNQMFT� 5IF FOUJSF TJ[F EFUFSNJOBUJPONFUIPEXBT ୮ୢSTU

UFTUFE PO B TVCTFU PG UIF ୮ୢFME TBNQMF BOE DPNQBSFE UP FYJTUJOH QVCMJTIFE SFTVMUT UP WFSJGZ JUT SFMJBCJMJUZ�

0VS NFUIPE PG TJ[F EFUFSNJOBUJPO XBT QSPWFO UP CF IJHIMZ SFMJBCMF
 XJUI B TZTUFNBUJD P୭GTFU PG 0.28%
	TFF "QQFOEJY #
�

0VS NBJO DPODMVTJPOT BSF BT GPMMPXT�

�� (SJTN�EFSJWFE SFETIJG୴T GPS ($-"44 IBWF B QSFDJTJPO PG 2000 LNT−1
 XIJDI JT NPSF UIBO B

��



GBDUPS PG 4 JNQSPWFNFOU PWFS UIF QIPUPNFUSJD SFETIJG୴ QSFDJTJPO� 5IJT BMMPXFE VT UP TFMFDU B
DMVTUFS NFNCFSTIJQ TBNQMF GSPN PVS HSJTN EBUB UIBU XBT ∼90% QVSF� 0WFSBMM
 UIJT JODSFBTFE
PVS DMVTUFSNFNCFSTIJQ TBNQMF CZ 51% PG PVS TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE TBNQMFXJUI(.04�
5IJT QSPWJEFE VT XJUI UIF MBSHFTU TBNQMF PG DMVTUFS HBMBYJFT BU z ∼ 1 GPS XIJDI TUFMMBS NBTT؛TJ[F
SFMBUJPO TUVEJFT IBWF CFFO DPOEVDUFE�

�� $MVTUFS HBMBYJFT BSF TNBMMFS UIBO UIFJS ୮ୢFME DPVOUFSQBSUT BU ୮ୢYFE TUFMMBSNBTT� "WFSBHF TJ[F P୭GTFUT
PG 	−0.08 ± 0.04
 EFY BOE 	−0.07 ± 0.01
 EFY GPS RVJFTDFOU BOE TUBS�GPSNJOH DMVTUFS HBMBYJFT
BSF GPVOE SFTQFDUJWFMZ� 5IF NBHOJUVEF PG UIFTF P୭GTFUT BSF DPOTJTUFOU XJUI XIBU JT FYQFDUFE JG
NJOPS NFSHFST XFSF UIF NBJO ESJWFST PG HBMBYZ TJ[F HSPXUI JO UIF ୮ୢFME�

�� 5IFSF JT B MBSHFS QPQVMBUJPO PG RVJFTDFOU JOUFSNFEJBUF�UZQF HBMBYJFT JO UIF DMVTUFST DPNQBSFE
UP UIF ୮ୢFME� 5IFTF BSF MJLFMZ UP CF HBMBYJFT VOEFSHPJOH FOWJSPONFOUBM RVFODIJOH ؛ NPTU MJLFMZ
WJB أTUBSWBUJPOآ ؛ TVDI UIBU UIFJS EJTD GBEFT SFMBUJWF UP UIFJS CVMHF PWFS UJNF� 5IJT JT
TVCTFRVFOUMZ UIPVHIU UP CF SFTQPOTJCMF GPS UIF MBSHFS QPQVMBUJPO PG RVJFTDFOU CVMHF�MJLF
HBMBYJFT JO UIF DMVTUFST DPNQBSFE UP UIF ୮ୢFME
 TVHHFTUJOH B EJSFDU NPSQIPMPHJDBM DPOTFRVFODF
PG FOWJSPONFOUBM RVFODIJOH�

�� 6TJOH B UPZNPEFM
 XF UFTU XIFUIFS UIF PCTFSWFE FWPMVUJPO JO UIF JOUFSDFQU PG UIF DMVTUFS NBTT؛
TJ[F SFMBUJPOXJUI EFDSFBTJOH SFETIJG୴ DBO CF FYQMBJOFE CZ DMVTUFS�TQFDJ୮ୢD QSPDFTTFT� 8F ୮ୢOE UIBU
UIF TNBMM EJ୭GFSFODFT PCTFSWFE CFUXFFO UIF DMVTUFS BOE ୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPOT BU MPX
SFETIJG୴ DBO CF BDIJFWFE JG∼40% PG UIF DPNQBDU DMVTUFS HBMBYJFT JO ($-"44 NFSHF XJUI UIFJS
#$(T BOE UIF SFNBJOJOH∼60% CFDPNF UJEBMMZ EJTSVQUFE JOUP UIF *$- CZ z ∼ 0� 5IJT MFBET UP
BO *$- TUFMMBS NBTT GSBDUJPO BWFSBHJOH ∼8% BU z ∼ 0 GPS UIF ($-"44 DMVTUFST� 5IFTF SFTVMUT
BSF DPOTJTUFOU XJUI UIF FYQFDUFE TUFMMBS NBTT HSPXUI PG #$(T CFUXFFO 0 # z # 1 BOE UIF
FYQFDUFE TUFMMBS NBTT GSBDUJPO PG UIF *$- BU z ∼ 0�

��
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5IFSFԙT QMFOUZ PG TFOTF JO OPOTFOTF TPNFUJNॶ
 JG ZPV XJTI
UP MPPL GPS JU�

$BTTBOESB $MBSF
 $MPDLXPSL "OHFM

3
4J[F HSPXUI JOEVDFE CZ

SFDFOUMZ RVFODIFE HBMBYJFT

5঑঎ ঝঠঘ ক঎ঊ঍঒গঐ FYQMBOBUJPOT GPS UIF EJTQSPQPSUJPOBUFMZ MBSHF TJ[F HSPXUI BU ୮ୢYFE TUFMMBS NBTT GPS

RVJFTDFOU HBMBYJFT BSF UIF NJOPS NFSHFST IZQPUIFTJT PG TJ[F HSPXUI BOE UIF BEEJUJPO PG SFDFOUMZ

RVFODIFE HBMBYJFT UP UIF RVJFTDFOU QPQVMBUJPO 	TFF 4FDUJPO �����
�

*O $IBQUFS �
 XF VTFE UIF DMVTUFS FOWJSPONFOU BT B MBCPSBUPSZ UP UFTU XIFUIFS NJOPS NFSHFST DBO

FYQMBJO UIFNBKPSJUZ PG UIF TJ[F HSPXUI PG RVJFTDFOU HBMBYJFT JO UIF FME׹ FOWJSPONFOU� (BMBYJFT JO IJHI

EFOTJUZ FOWJSPONFOUT TVDI BT DMVTUFST IBWF IJHIFS QFDVMJBS WFMPDJUJFT DPNQBSFE UP HBMBYJFT SFTJEJOH JO

MPX EFOTJUZ FOWJSPONFOUT� $POTFRVFOUMZ
 TBUFMMJUF HBMBYJFT JO DMVTUFST SBSFMZ DPMMJEF XJUI POF BOPUIFS

BOE NFSHF 	.FSSJUU
 ����� %FMBIBZF FU BM�
 ����
� 5IJT NFSHFS TVQQSFTTJPO NBLFT HSPXUI WJB NJOPS

NFSHFST JO DMVTUFST B SBSJUZ� #ZNFBTVSJOH UIF BWFSBHF EJ୭GFSFODF JO TJ[F CFUXFFO DMVTUFS BOE ୮ୢFME HBMBYJFT

BU z ∼ 1 JO UIJT DIBQUFS
 JU XBT GPVOE UIBU DMVTUFS HBMBYJFT BSF PO BWFSBHF TNBMMFS UIBO ୮ୢFME HBMBYJFT

BU ୮ୢYFE TUFMMBS NBTT� 5IF NBHOJUVEF PG UIF TJ[F EJ୭GFSFODF XBT GPVOE UP CF DPOTJTUFOU XJUI UIF TJ[F

HSPXUI DMVTUFS HBMBYJFT XPVME IBWF VOEFSHPOF JG UIFZ IBE SFNBJOFE JO UIF ୮ୢFME SBUIFS UIBO BDDSFUFE

PO UP UIFJS DMVTUFST BU UIF UJNF NPTU PG UIF NBTT JO UIFJS DMVTUFST XBT BTTFNCMFE� 5IJT SFTVMU TVHHFTUFE

UIBUNJOPSNFSHFST DPVME JOEFFE CF SFTQPOTJCMF GPS UIF ESBNBUJD TJ[F HSPXUI PCTFSWFE JO UIF RVJFTDFOU

୮ୢFME QPQVMBUJPO PG HBMBYJFT� )PXFWFS
 XIBU JT OPX SFRVJSFE JT FWJEFODF GPS XIFUIFS PS OPU SFDFOUMZ

��



RVFODIFE HBMBYJFT DPOUSJCVUF UP UIJT PCTFSWFE TJ[F HSPXUI�

"T B EJSFDU DPOTFRVFODF PG QSPHFOJUPS CJBT 	RVJFTDFOU HBMBYJFT BU IJHI SFETIJG୴ SFQSFTFOU B TVCTFU PG

UIF RVJFTDFOU QPQVMBUJPO BU MPX SFETIJG୴
 TJODF UIJT IJHI SFETIJG୴ TBNQMF EPFT OPU UBLF JOUP BDDPVOU

TUBS�GPSNJOH HBMBYJFT ؛ XIJDI PO BWFSBHF IBWF MBSHFS TJ[FT UIBO RVJFTDFOU HBMBYJFT BU ୮ୢYFE TUFMMBS NBTT

BOE SFETIJG୴ ؛ UIBU XJMM CFDPNF RVJFTDFOU CZ MPX SFETIJG୴T

 HBMBYJFT UIBU RVFODI JO MBUFS FQPDIT BSF

MBSHFS UIBO HBMBYJFT UIBU RVFODIFE BU IJHIFS SFETIJG୴T� 8IFO UIFTF ZPVOHFS HBMBYJFT RVFODI
 UIFZ KPJO

UIF RVJFTDFOU QPQVMBUJPO PG HBMBYJFT BU UIF MBSHF TJ[F FOE PG UIF EJTUSJCVUJPO� 5IF BEEJUJPO PG SFDFOUMZ

RVFODIFE HBMBYJFT UP UIF RVJFTDFOU QPQVMBUJPO 	WBO EFS 8FM FU BM�
 ����� $BSPMMP FU BM�
 ����
 UIFSFGPSF

QSFEJDUT UIBU BHF HSBEJFOUT BT B GVODUJPO PG TJ[F TIPVME FYJTU GPS RVJFTDFOU HBMBYJFT
 XIFSF MBSHFS

RVJFTDFOU HBMBYJFT BSF ZPVOHFS UIBO TNBMMFS RVJFTDFOU HBMBYJFT BU ୮ୢYFE TUFMMBS NBTT� 4FWFSBM TUVEJFT

IBWF GPVOE FWJEFODF CPUI GPS 	F�H� 'BHJPMJ FU BM� ����� 8JMMJBNT FU BM� ����
 BOE BHBJOTU 	F�H� 8IJUBLFS

FU BM� ����B� ,FBUJOH FU BM� ����� :BOP FU BM� ����
 UIJT BHF HSBEJFOU FYJTUJOH�

*O UIJT DIBQUFS
 XF JOWFTUJHBUF XIFUIFS SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT ؛ TPNFUJNFT SFGFSSFE UP

BT أQPTUTUBSCVSTUآ 	14#
 HBMBYJFT JO UIF MJUFSBUVSF ؛ DBO MFBE UP BO JODSFBTF JO UIF BWFSBHF TJ[F PG

RVJFTDFOU DMVTUFS HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� 8F EP UIJT CZ DPNQBSJOH UIF QPTJUJPO PG 23

TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT PO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO UP UIF

QPTJUJPO PG UIF TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS NFNCFST� 0VS TJ[F NFBTVSFNFOUT GPS UIF DMVTUFS

TBNQMF DPNF GSPN)VCCMF 4QBDF 5FMFTDPQF 	)45

8JEF 'JFME $BNFSB 3 	8'$3
 '1408 JNBHJOH PG

UFO DMVTUFST BU z ∼ 1 ESBXO GSPN UIF ($-"44 TVSWFZ� 5IJT TBNQMF SFQSFTFOUT UIF MBSHFTU TBNQMF PG

TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS HBMBYJFT BU z ∼ 1 UP�EBUF BOE JT UIF TBNF EBUB VTFE UP DPOEVDU UIF

TUVEZ QSFTFOUFE JO $IBQUFS ��

5IJT DIBQUFS JT PSHBOJTFE BT GPMMPXT� *O 4FDUJPO ��� XF EFTDSJCF PVS EBUB BOE UIF TBNQMF PG SFDFOUMZ

RVFODIFE DMVTUFS HBMBYJFT� 4FDUJPO ��� EJTDVTTFT UIF '1408 EJSFDU JNBHFT PG UIF SFDFOUMZ RVFODIFE

HBMBYJFT BOE XIBU DMVFT UIJT QSPWJEFT GPS UIF RVFODIJOH NFDIBOJTN	T
 SFTQPOTJCMF� 5IF QPTJUJPO PG

UIF SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT PO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO JT QSFTFOUFE BOE TUVEJFE JO

4FDUJPO ���� " NPSF UIPSPVHI BOBMZTJT PG UIFJS NPSQIPMPHZ XJUI SFTQFDU UP PUIFS DMVTUFS NFNCFST

JT UIFO TUVEJFE JO 4FDUJPO ���� *O 4FDUJPO ���
 XF JOWFTUJHBUF JG UIF EJTUJODU QSPQFSUJFT PG UIF SFDFOUMZ

RVFODIFE HBMBYJFT JO ($-"44 DBO BJE JO FYQMBJOJOH UIFJS FWPMVUJPOBSZ QBUI PO UIF NBTT؛TJ[F QMBOF�

8F EJTDVTT UIF JNQMJDBUJPOT PG PVS ୮ୢOEJOHT JO 4FDUJPO ��� BOE TVNNBSJTF JO 4FDUJPO ����

��



��� %ঊঝঊ

����� $কঞজঝ঎ছ জঊখঙক঎

5IF DMVTUFS TBNQMF VTFE JO UIJT $IBQUFS JT UIF TBNF DMVTUFS TBNQMF UIBU XBT VTFE JO $IBQUFS �
 EFUBJMT

PG XIJDI DBO CF GPVOE JO 4FDUJPO ��������

����� )45 ঍ঊঝঊ

5IF )45 PCTFSWBUJPOT VTFE JO UIJT $IBQUFS BSF UIF TBNF PCTFSWBUJPOT VTFE JO $IBQUFS �
 EFUBJMT PG

XIJDI DBO CF GPVOE JO 4FDUJPO ������

5IF TUFMMBSNBTT؛TJ[F SFMBUJPO TUVEZ QSFTFOUFE JO $IBQUFS � BMMPXFE GPS UIF TUSVDUVSBM BOBMZTJT PG UIF

($-"44 DMVTUFS HBMBYJFT GPS UIF ୮ୢSTU UJNF� BOE XJUI JU
 UIF 14#T ؛ UIF SFTVMUT PG XIJDI XF XJMM QSFTFOU

JO UIJT $IBQUFS�

����� 14# জঊখঙক঎

5IF 14#T GPSN QBSU PG UIF TBNQMF PG DMVTUFS HBMBYJFT UIBU XFSF TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE BT QBSU PG
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0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

F
lu

x
(A

rb
it
ra

ry
)

Stacked PSB Spectrum

(Gemini/GMOS)

Stacked PSB Spectrum

(HST WFC3 G141)

Model

[OII]

H⌘

H⇣+He I

K

H✏+H

H� G

H�

Na H↵

Figure 3.1: Normalisedmean stacked spectra for the GCLASS PSBs fromGemini/GMOS in the optical (shown in green) and from

theHSTWFC3G141 grism in the infrared (shown in red). Stacked spectrum in the optical is calculated from 28 PSBs. Stacked

spectrum in the infrared is calculated from 13 PSBs (13 of the 23 in the HST Ćelds-of-view had good quality grism spectra).

Overlaid black spectrum shows the best-Ćt Bruzual & Charlot (2003) spectrum (Muzzin et al., 2014). This model has been

smoothedwith a uniform Ćlter such that it has the approximate resolution of GMOS (R = 450) up to∼5000Å, after which it

has the approximate resolution of the G141 grism (R = 130). The part of the plot in which themodel has been smoothed to

the resolution of the G141 grism has been shadedwith a light grey background. Prominent emission/absorption lines have been

labeled with dotted grey vertical lines. [OII] is OPU detected, but its position is labeled for reference.
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 TVHHFTUJOH UIBU

UIF BWFSBHF HBMBYZ TFMFDUFE CZ UIJT DSJUFSJB JT B ,�" HBMBYZ� 'PS NPSF EFUBJMT PO UIF 14# DMBTTJ୮ୢDBUJPO

QSPDFTT
 XF SFGFS UIF SFBEFS UP .V[[JO FU BM� 	����
�

5IF TUBDLFE TQFDUSVN GSPN (.04
 BMPOH XJUI UIF TUBDLFE TQFDUSVN PCUBJOFE GSPN UIF (141
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Figure 3.2: HSTWFC3 F140W cutouts of the GCLASS PSBs in order of increasing stellar mass. PSBs with reliable (low-

conĆdence) spectroscopic redshifts are shownwith solid (dashed) line borders. The dimensions of each cutout in kiloparsecs

and the spectroscopic redshift of each PSB is shown in the top right- and bottom left-hand corners of each cutout respectively.

The colourmap is logarithmic.
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Figure 3.3: Stellar mass–size relation for the GCLASS clusters. Blue (red) Ćlled circles show star-forming (quiescent) galaxies

within themass completeness limits. Reff is the half-light radius in kpc. Brightest Cluster Galaxies (BCGs) are circled in grey.
Poststarburst (PSBs) galaxies with reliable spectroscopic redshifts aremarkedwith green squares. PSBs with low-conĆdence

spectroscopic redshifts aremarkedwith green diamonds. Solid black lines show the Ćeld relations at z∼ 1 calculated using results
from van derWel et al. (2012, 2014). Open blue (red) circles showmeasurements for star-forming (quiescent) galaxies beyond the

mass completeness limits.
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TFMFDUFE CBTFE TPMFMZ PO UIFJS TQFDUSPTDPQJD QSPQFSUJFT BOE OPU PO BOZ WJTVBM QSPQFSUZ TVDI BT

NPSQIPMPHZ� 5IF 14# TBNQMF PG HBMBYJFT JO ($-"44 XFSF EF୮ୢOFE JO .V[[JO FU BM� 	����
 ����

 XFMM

CFGPSF UIF )45 JNBHJOH 	4FDUJPO �����
 XBT PCUBJOFE� /PX
 BG୴FS NFBTVSJOH UIFJS TUFMMBS NBTTFT BOE

TJ[FT
 XF IBWF GPVOE UIFZ BMTP MJF PO B EJTUJODU NBTT؛TJ[F SFMBUJPO
 JOEJDBUJWF PG HBMBYJFT USBOTJUJPOJOH

GSPN TUBS�GPSNJOH UP RVJFTDFOU�MJLF TUSVDUVSBM QSPQFSUJFT� 8F UIFSFGPSF DIPPTF UP ୮ୢU B SFMBUJPO UP UIF

14#T
 TIPXO BT UIF CMBDL EPUUFE MJOF� 5IJT JT B MFBTU�TRVBSFT ୮ୢU UP UIF 14#T XJUI SFMJBCMF TQFDUSPTDPQJD

SFETIJG୴T�

*U JT DMFBS UIBU UIF 14#T EP OPU GPMMPX UIF NFBO NBTT؛TJ[F SFMBUJPO PG TUBS�GPSNJOH HBMBYJFT GPS UIFJS

SFETIJG୴� 5IJT JT SFNBSLBCMF
 CFDBVTF UIFZ IBWF POMZ SFDFOUMZ RVFODIFE� 5IFTF HBMBYJFT NVTU IBWF

CFFO PO UIF TUBS�GPSNJOH NBTT؛TJ[F SFMBUJPO B GFX IVOESFE NJMMJPO ZFBST QSJPS UP z ∼ 1� 4JODF UIF

14#T IBWF POMZ SFDFOUMZ RVFODIFE
 JU JT OPU FYQFDUFE UIBU UIFZ XPVME IBWF IBE FOPVHI UJNF UP BMUFS

UIFJS TUSVDUVSBM QSPQFSUJFT TJHOJ୮ୢDBOUMZ GSPN UIPTF PG UZQJDBM TUBS�GPSNJOH HBMBYJFT� 1SFWJPVT XPSL PO

UIF 14#T IBT TIPXO UIBU UIFZ MJLFMZ CFHBO RVFODIJOH ∼ 0.5 (ZS QSJPS UP PCTFSWBUJPO 	.V[[JO FU BM�


����
� 5IJT XBT EFUFSNJOFE CZ ୮ୢUUJOH UIF (.04 TQFDUSB PG UIF 14#T XJUI IJHI SFTPMVUJPO #SV[VBM

� $IBSMPU 	����
 TUFMMBS QPQVMBUJPONPEFMT XJUI TPMBS NFUBMMJDJUZ
 B $BM[FUUJ FU BM� 	����
 EVTU MBX BOE

B $IBCSJFS 	����
 *OJUJBM .BTT 'VODUJPO 	*.'
 	QMFBTF TFF 4FDUJPO 5 PG .V[[JO FU BM� ���� GPS NPSF

EFUBJMT
� .PTU PG UIF 14#T IBWF TZNNFUSJD
 VOEJTUVSCFE NPSQIPMPHJFT JO UIF TUFMMBS DPOUJOVVN 	TFF

4FDUJPO ���
� 5IFZ BMTP IBWF USBOTJUJPOBM TUFMMBSNBTT؛TJ[F QSPQFSUJFT CFUXFFO UIPTF SFNJOJTDFOU PG TUBS�

GPSNJOH BOERVJFTDFOU HBMBYJFT� 5PHFUIFS
 UIFTF SFTVMUT TFFN UP TVHHFTU UIBU UIF RVFODIJOHNFDIBOJTN

SFTQPOTJCMF B୭GFDUT TPMFMZ UIF HBT DPOUFOU PG HBMBYJFT
 BOE OPU UIF TUBST� )PXFWFS
 JU JT TPNFIPX DBQBCMF

PG BMUFSJOH UIF MJHIU QSP୮ୢMF PG B HBMBYZ JO B WFSZ TQFDJ୮ୢD XBZ�

��
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Figure 3.4:Main panel: GCLASS stellar mass–size relation with points colour-coded by Sérsic index. PSBs with reliable

spectroscopic redshifts are shown as large squares. PSBs with low-conĆdence spectroscopic redshifts are shown as large

diamonds. All other cluster galaxies are shown as small circular points in the background. Lines are the same as in Figure 3.3

and the BCGs are circled in grey. Top right panel: The percentage of eachmorphological type – disc-like (n # 1), intermediate

(1 < n < 2.5) and bulge-like (n ! 2.5) – within the quiescent, star-forming and PSB classiĆcations. These calculations only

take into account galaxies within themass completeness limits, of which the sample sizes are stated in the legendwithin brackets.

Bottom right panel: The average Sérsic index of the star-forming, PSB and quiescent populations for galaxies within themass

completeness limits. Error bars show the standard error in themean.

��� .ঘছঙ঑ঘকঘঐঢ ঘএ ঝ঑঎ 14#জ

'JHVSF 3.4 TIPXT UIF DMVTUFS TUFMMBS NBTT؛TJ[F SFMBUJPO JO UIF MBSHFTU QBOFM
 CVU OPX XJUI UIF QPJOUT

DPMPVS�DPEFE CZ UIFJS 4©STJD JOEFY
 n� *O HFOFSBM
 MPXFS 4©STJD JOEJDFT BSF B QSPYZ GPS NPSF EJTD�MJLF

NPSQIPMPHJFT BOE WJDF WFSTB� 14#T XJUI SFMJBCMF 	MPX�DPO୮ୢEFODF
 TQFDUSPTDPQJD SFETIJG୴T BSF TIPXO BT

MBSHF TRVBSFT 	EJBNPOET
� 5IF TNBMMFS DJSDVMBS QPJOUT JO UIF CBDLHSPVOE TIPX UIF SFTU PG UIF DMVTUFS

HBMBYJFT� #$(T BSF DJSDMFE JO HSFZ� 5IF MJOFT BSF UIF TBNF BT JO 'JHVSF 3.3� 5IF UPQ SJHIU QBOFM TIPXT UIF

QFSDFOUBHF PG FBDI NPSQIPMPHJDBM UZQF ؛ EJTD�MJLF 	n # 1

 JOUFSNFEJBUF 	1 < n < 2.5
 BOE CVMHF�MJLF

	n ! 2.5
 ؛ XJUIJO UIF TUBS�GPSNJOH
 RVJFTDFOU BOE 14# QPQVMBUJPOT XJUIJO UIF NBTT DPNQMFUFOFTT

MJNJUT� 5IF RVJFTDFOUNBTT DPNQMFUFOFTT MJNJU JT VTFE GPS UIF 14#T� 5IF CPUUPN SJHIU QBOFM TIPXT UIF

NFBO 4©STJD JOEFY GPS FBDI PG UIF UISFF QPQVMBUJPOT XJUIJO UIF NBTT DPNQMFUFOFTT MJNJUT� 5IF FSSPST

CBST TIPX UIF TUBOEBSE FSSPS JO UIF NFBO�

4JODF 4©STJD JOEFY IBT CFFO GPVOE UP CF XFMM�DPSSFMBUFE XJUI RVJFTDFODF 	F�H� 'SBOY FU BM� ����� #FMM

FU BM� ����

 JU JT OPU TVSQSJTJOH UIBU XF ୮ୢOE UIF RVJFTDFOU 	TUBS�GPSNJOH
 QPQVMBUJPO XJUI UIF IJHIFTU

��



QFSDFOUBHF PG CVMHF�MJLF 	EJTD�MJLF
 HBMBYJFT� 5IF TNPPUI DIBOHF JO 4©STJD JOEFY BDSPTT UIF NBTT؛TJ[F

QMBOF DBO BMTP CF TFFO JO UIF NBJO QBOFM� 4PNFXIBU TVSQJTJOHMZ
 22% PG UIF TUBS�GPSNJOH DMVTUFS

HBMBYJFT BSF CVMHF�MJLF� 6QPO DMPTFS JOTQFDUJPO
 BMM UIF TUBS�GPSNJOH DMVTUFS HBMBYJFT UIBU BSF CVMHF�MJLF

IBWF MPH(M∗/.⊙) > 9.80 BOE BSF DMVTUFSFE DMPTF UP UIF JOUFSTFDUJPO QPJOU PG UIF UXP NBTT؛TJ[F

SFMBUJPOT� "MTP FWJEFOU GSPN UIF UPQ SJHIU QBOFM JT UIBU UIF 14#T IBWF UIF IJHIFTU QFSDFOUBHF 	∼ 50%


PG JOUFSNFEJBUF�UZQF HBMBYJFT PVU PG UIF UISFF QPQVMBUJPOT҆� 5IFZ BMTP IBWF B QFSDFOUBHF PG CVMHF�MJLF

HBMBYJFT UIBU GBMMT BMNPTU FYBDUMZ CFUXFFO UIF QFSDFOUBHFT PG CVMHF�MJLF HBMBYJFT GPVOE GPS UIF

TUBS�GPSNJOH BOE RVJFTDFOU QPQVMBUJPOT� *OUFSFTUJOHMZ
 UIFZ IBWF UIF MPXFTU QFSDFOUBHF PG EJTD�MJLF

HBMBYJFT BNPOH UIF UISFF QPQVMBUJPOT� 4JODF UIF 14# QPQVMBUJPO JT EPNJOBUFE CZ JOUFSNFEJBUF�UZQFT

BOE CVMHF�MJLF HBMBYJFT
 JU JT UIFSFGPSF OPU TVSQSJTJOH UIBU UIF 14#T IBWF B NFBO 4©STJD JOEFY UIBU JT

DMPTFS UP UIF NFBO 4©STJD JOEFY PG UIF RVJFTDFOU QPQVMBUJPO
 ZFU TUJMM JOUFSNFEJBSZ CFUXFFO UIF NFBO

4©STJD JOEJDFT PG UIF TUBS�GPSNJOH BOE RVJFTDFOU QPQVMBUJPOT 	CPUUPN SJHIU�IBOE QBOFM
�

4JODF UIF 14#T IBWF POMZ SFDFOUMZ RVFODIFE
 XF XPVME IBWF FYQFDUFE UIFN UP IBWF B TJNJMBS

QFSDFOUBHF PG EJTD�MJLF HBMBYJFT UP UIF TUBS�GPSNJOH QPQVMBUJPO BOE UIFSFGPSF B NFBO 4©STJD JOEFY

NVDI DMPTFS UP UIBU PG UIF TUBS�GPSNJOH QPQVMBUJPO� *OTUFBE
 UIFTF SFTVMUT TVHHFTU UIBU UIF 14#T BSF

HBMBYJFT XIJDI NPSQIPMPHJDBMMZ USBOTGPSNFE CPUI SFDFOUMZ BOE SBQJEMZ�

5IF 14#T EP OPU FYIJCJU EJTUVSCFE NPSQIPMPHJFT JO UIF TUFMMBS DPOUJOVVN 	TFF 4FDUJPO ���

 CVU EP

IBWF 4©STJD JOEJDFTNPSF SFNJOJTDFOU PG CVMHF�MJLFNPSQIPMPHJFT� 4JODF UIF14#T BSF SFDFOUMZ RVFODIFE

HBMBYJFT
 JU JT TVSQSJTJOH IPX RVJDLMZ UIFJS NPSQIPMPHZ IBT CFDPNF CVMHF�EPNJOBUFE� 0OF IZQPUIFTJT

JT UIBU CFGPSF UIFTF HBMBYJFT RVFODIFE
 UIFZ IBE CPUI B EJTD BOE CVMHF DPNQPOFOU
 CVU UIF EJTD JT

MJLFMZ UP IBWF CFFO CSJHIUFS UIBO UIF CVMHF� 5IF SBQJE RVFODIJOH DPVME IBWF DBVTFE B SBQJE GBEJOH

PG UIF EJTD
 TVDI UIBU UIF CVMHF CFDBNF SFMBUJWFMZ CSJHIUFS UIBO UIF EJTD� VFODIJOHތ QSPDFTTFT UIBU BSF

DBQBCMF PG DBVTJOH B SBQJE GBEJOH PG HBMBDUJD EJTDTXJUIPVU B୭GFDUJOH UIF TUFMMBS EJTUSJCVUJPO BSF QSPDFTTFT

XIJDI TPMFMZ B୭GFDU UIF HBT DPOUFOU PG HBMBYJFT� $BOEJEBUF QSPDFTTFT GPS UIJT BSF SBN�QSFTTVSF TUSJQQJOH

	(VOO � (PUU
 ����
 BOE TUSBOHVMBUJPO�TUBSWBUJPO 	-BSTPO FU BM�
 ����
� 5IF HBT ؛ XIJDI JT SFRVJSFE

GPS TUBS GPSNBUJPO ؛ JT NPSF MPPTFMZ CPVOE JO HBMBDUJD EJTDT� 5IFSFGPSF
 UIFTF QSPDFTTFT SFNPWF HBT

NPSF F୭୮ୢDJFOUMZ GSPN UIF EJTDT PG HBMBYJFT SBUIFS UIBO UIFJS CVMHFT 	"CBEJ FU BM�
 ����
�

*O UIF OFYU 4FDUJPO
 XF JOWFTUJHBUF XIFUIFS B TJNQMF EJTD�GBEJOH NPEFM PG HBMBYZ RVFODIJOH DBO

FYQMBJO UIF GPSNBUJPO PG NPTU PG UIF ($-"44 14# QPQVMBUJPO�

҆1PJTTPO FSSPST GPS UIF 14#NPSQIPMPHZ GSBDUJPOT BSF MBSHF 	∼ ±20%
� 5IFSFGPSF UPNBJOUBJO DMBSJUZ
 XF IBWF DIPTFO
OPU UP TIPX BOZ FSSPST JO UIF UPQ SJHIU QBOFM PG 'JHVSF 3.4
 CVU IBWF TUBUFE UIF TBNQMF TJ[FT XJUI XIJDI DBMDVMBUJPOT BSF
NBEF JO UIF MFHFOE�

��



��� "ছ঎ 14#জ এঊ঍঎঍ ঍঒জঌজ 

"T NFOUJPOFE BU UIF FOE PG UIF QSFWJPVT TFDUJPO
 UIF RVFODIJOH QSPDFTTFT UIBU BSF MJLFMZ UP CF

SFTQPOTJCMF GPS UIF FNFSHFODF PG UIF 14#T DBO DBVTF UIF GBEJOH PG HBMBDUJD EJTDT� 5P CVJME B CFUUFS

VOEFSTUBOEJOH PG IPX EJTD�GBEJOH B୭GFDUT UIF TUSVDUVSBM QSPQFSUJFT PG UZQJDBM TUBS�GPSNJOH HBMBYJFT BU

z ∼ 1
 XF XJMM CF QSFTFOUJOH B WBSJFUZ PG EJTD�GBEJOH UPZ NPEFMT JO UIJT 4FDUJPO� 'PS FBDI NPEFM
 XF

XJMM USBDL IPX UZQJDBM TUBS�GPSNJOH HBMBYJFT NPWF BDSPTT UIF NBTT؛TJ[F QMBOF BT UIFJS EJTDT GBEF
 BOE

IPX UIFJS NPSQIPMPHZ 	BT EJDUBUFE CZ UIF 4©STJD JOEFY
 DIBOHFT�

5IF TUBS�GPSNJOH
 14# BOE RVJFTDFOU DMVTUFS HBMBYJFT JO ($-"44 IBWF WFSZ XFMM EF୮ୢOFE TUFMMBS

QPQVMBUJPOT BT EJDUBUFE CZ UIFJS TQFDUSBM QSPQFSUJFT 	F�H� TFF 4FDUJPO ����� GPS B EJTDVTTJPO PO UIF

TQFDUSBM QSPQFSUJFT PG UIF 14#T
� 5IFSFGPSF
 UIFSF BSF UJHIU DPOTUSBJOUT PO UIF BMMPXFE BNPVOU PG

EJTD�GBEJOH JO FBDI NPEFM
 TVDI UIBU UIF ୮ୢOBM HBMBYZ FYIJCJUT TUFMMBS QPQVMBUJPOT SFNJOJTDFOU PG UIF

BWFSBHF 14#�

5IF BJN PG UIJT 4FDUJPO JT UIFSFGPSF UXPGPME� XF XJMM CF FYQMPSJOH XIFUIFS EJTD�GBEJOH DBO

TJNVMUBOFPVTMZ DSFBUF B QPQVMBUJPO PG HBMBYJFT XJUI TJNJMBS TUFMMBS QPQVMBUJPOT UP UIF 14#T BOE
TJNJMBS TUSVDUVSBM QSPQFSUJFT UP UIF 14#T
 BT EJDUBUFE CZ UIFJS EJTUJODU NBTT؛TJ[F SFMBUJPO�

����� %঒জঌ�এঊ঍঒গঐ ঝঘঢ খঘ঍঎ক 	ঋঞকঐ঎ ঊগ঍ ঍঒জঌ


5IF ୮ୢSTU NPEFM XF FYQMPSF JT POF JO XIJDI HBMBYJFT BSF NPEFMMFE BT IBWJOH CPUI B CVMHF BOE EJTD

DPNQPOFOU� *O UZQJDBM TUBS�GPSNJOH HBMBYJFT
 HBMBDUJD CVMHFT UFOE UP IPTU UIF PMEFTU TUBST JO UIF HBMBYZ�

5IFSFGPSF
 JO PVS NPEFM
 XF FOTVSF UIBU UIF CVMHF NPEFMT IBWF B CSJHIUOFTT UIBU SF୯୳FDUT PMEFS TUFMMBS

QPQVMBUJPOT UIBO UIF EJTD NPEFMT�

4JODF UIF TUFMMBS QPQVMBUJPOT PG UIF ($-"44 DMVTUFS HBMBYJFT BSF XFMM EF୮ୢOFE 	4FDUJPO ���

 UIFSF BSF

TUSJDU DPOTUSBJOUT PO UIF CSJHIUOFTT PG UIF CVMHF BOE EJTD DPNQPOFOUT JO UIJTNPEFM� 4JNJMBSMZ
 UIFSF BSF

UJHIU DPOTUSBJOUT PO IPX NVDI UIF EJTD DBO GBEF TVDI UIBU UIF SFTVMUJOH HBMBYZ IBT TUFMMBS QPQVMBUJPOT

SFNJOJTDFOU PG UIF BWFSBHF 14#�

5IF ୮ୢSTU TUFQ JO BQQMZJOH UIFTF DPOTUSBJOUT SFRVJSFT BO VOEFSTUBOEJOH PG IPX UIF CSJHIUOFTT PG B

TUFMMBS QPQVMBUJPO WBSJFT XJUI BHF BU ୮ୢYFE TUFMMBS NBTT� 5P EP UIJT
 XF EFUFSNJOF UIF '1408 TUFMMBS

NBTT�UP�MJHIU SBUJPT BT UIFZ XPVME CF PCTFSWFE BU z∼ 1 GPS B TFU PG TUFMMBS QPQVMBUJPONPEFMT XJUI TPMBS

NFUBMMJDJUZ VTJOH UIF #SV[VBM � $IBSMPU 	����
 MJCSBSJFT� " $IBCSJFS 	����
 JOJUJBM NBTT GVODUJPO JT

VTFE� 8F UIFO TFF IPX UIFTF NBTT�UP�MJHIU SBUJPT WBSZ XJUID(4000)
 XIJDI JT B HPPE JOEJDBUPS GPS BHF

	TFF 4FDUJPO �����
� 5IF #BMPHI FU BM� 	����
 EF୮ୢOJUJPO PGD(4000) JT VTFE
 XIJDI JT UIF SBUJP PG UIF ୯୳VY

EFOTJUZ BU 4000− 4100� UP UIF ୯୳VY EFOTJUZ BU 3850− 3950��

��



Table 3.1: Summary of parameters for model galaxies in the disc-fading toymodel presented in Section 3.5.1. n is Sérsic index, b/a
is axis ratio and P.A. is position angle.

(BMBYZ $PNQPOFOU D(4000) $PNCJOFE $POUSJCVUJPO UP .BHOJUVEF n b/a 1�"�
D(4000) UPUBM CSJHIUOFTT 	ॎ
 	EFHSFFT DPVOUFS�DMPDLXJTF


4UBSUJOH #VMHF 1.7 1.2 17 23.75 4 0.76 90
%JTD 1.09 83 22.00 1 0.62 90

'BEFE #VMHF 1.7 1.4 33 23.75 4 0.76 90
%JTD 1.25 67 22.75 1 0.62 90

������� 3঎কঊঝ঒ট঎ ঋছ঒ঐ঑ঝগ঎জজ঎জ ঘএ ঝ঑঎ ঋঞকঐ঎ ঊগ঍ ঍঒জঌ

*O UIF ($-"44 TQFDUSPTDPQJD TBNQMF 	TFF 4FDUJPO �����

 EJTD�EPNJOBUFE 	n # 1
 TUBS�GPSNJOH DMVTUFS

HBMBYJFT IBWF BO BWFSBHF D(4000) = 1.2
 UIF 14#T IBWF BO BWFSBHF D(4000) = 1.4 BOE

CVMHF�EPNJOBUFE 	n ! 2.5
 RVJFTDFOU DMVTUFS HBMBYJFT IBWF BO BWFSBHF D(4000) = 1.7� *O PVS

EJTD�GBEJOH NPEFM
 XF SFRVJSF PVS TUBSUJOH HBMBYJFT UP SFTFNCMF TUBS�GPSNJOH EJTD�EPNJOBUFE HBMBYJFT

BOE PVS GBEFE HBMBYJFT UP SFTFNCMF UIF 14#T� 5IFSFGPSF
 XF VTF UIF BWFSBHFD(4000) WBMVFT GPS UIFTF

UXP QPQVMBUJPOT JO ($-"44 UP EFUFSNJOF UIF D(4000) WBMVFT PG UIF EJTD DPNQPOFOUT GPS UIF

TUBSUJOH BOE EJTD�GBEFE HBMBYJFT JO PVS NPEFM� 'PS TJNQMJDJUZ
 XF DSFBUF NPEFM HBMBYJFT POMZ GPS UIF

DBTF XIFSF UIF TUFMMBS NBTT PG UIF CVMHF FRVBMT UIF TUFMMBS NBTT PG UIF EJTD� 'PS UIF CVMHF DPNQPOFOUT


XF VTF D(4000) = 1.7
 UIF BWFSBHF D(4000) PG CVMHF�EPNJOBUFE RVJFTDFOU DMVTUFS HBMBYJFT JO

($-"44� 8F UIFO ୮ୢOE UIF DPSSFTQPOEJOH '1408 NBTT�UP�MJHIU SBUJP GPS D(4000) = 1.7 GSPN UIF

SFMBUJPO CFUXFFO D(4000) BOE UIF '1408 TUFMMBS NBTT�UP�MJHIU SBUJPT JO PVS TUFMMBS QPQVMBUJPO

NPEFMT� 5IF D(4000) WBMVF GPS UIF EJTD DPNQPOFOU UIBU FOTVSFT UIF PWFSBMM D(4000) = 1.2 GPS UIF

TUBSUJOH HBMBYZ JT UIFO GPVOE
 XIJDI JT 1.09� 4JNJMBSMZ
 UIFD(4000) WBMVF GPS UIF EJTD DPNQPOFOU UIBU

FOTVSFT UIF PWFSBMM D(4000) = 1.4 GPS UIF GBEFE HBMBYZ JT GPVOE
 XIJDI JT 1.25� 5IFTF BSF GPVOE CZ

DBMDVMBUJOH UIF XFJHIUFE NFBO 	CBTFE PO UIF SFMBUJWF CSJHIUOFTT PG UIF EJTD BOE CVMHF GSPN UIFJS

'1408 NBTT�UP�MJHIU SBUJPT
 PG UIF D(4000) WBMVFT GPS UIF CVMHF BOE EJTD DPNQPOFOUT JO FBDI DBTF�

5IFTF QBSBNFUFST BSF TVNNBSJTFE JO 5BCMF ���� 'PS UIF TUBSUJOH HBMBYZ NPEFMT
 UIF EJTD JT 5 UJNFT

CSJHIUFS UIBO UIF CVMHF� 'PS UIF GBEFE HBMBYZ NPEFMT
 UIF EJTD JT 2 UJNFT CSJHIUFS UIBO UIF CVMHF�

5IFSFGPSF
 UIF EJTD JT GBEFE CZ B GBDUPS PG∼ 2 JO PVS EJTD�GBEJOH NPEFM�

������� 4঎ଗ ছজ঒ঌ ঙছঘএ঒ক঎জ ঘএ খঘ঍঎ক ঐঊকঊড঒঎জ

.PEFM 4©STJD QSP୮ୢMFT GPS UIF EJTDT BOE CVMHFT BSF DSFBUFE VTJOH ("-'*5 	1FOH FU BM�
 ����
 ����B
�

5IFTF IBWF UIF TBNF QSPQFSUJFT BT UIF ($-"44 '1408 JNBHFT 	F�H� SFTPMVUJPO BOE NBHOJUVEF

[FSPQPJOU
� 4JODF UIF 14#T CFHBO RVFODIJOH ∼ 0.4 (ZS BHP 	.V[[JO FU BM�
 ����

 UIF JOQVU EJTDT JO

UIF EJTD�GBEJOH UPZ NPEFM NVTU GPMMPX UIF NBTT؛TJ[F SFMBUJPO GPS EJTD�EPNJOBUFE TUBS�GPSNJOH

��



HBMBYJFT BU UIJT FQPDI
 XIJDI DPSSFTQPOET UP z ∼ 1.1� 8F DBMDVMBUF UIJT NBTT؛TJ[F SFMBUJPO VTJOH B MBSHF

TBNQMF PG EJTD�EPNJOBUFE TUBS�GPSNJOH HBMBYJFT JO UIF ୮ୢFME BU z ∼ 1.1
 UBLFO GSPN 3%ୖ)45 	WBO EFS

8FM FU BM�
 ����
� 5IFTF BSF DBMDVMBUFE XJUI UIF TBNF NFUIPE҇ VTFE UP DBMDVMBUF UIF z ∼ 1 ୮ୢFME

SFMBUJPOT 	4FDUJPO ���
� 8F BTTVNF UIBU UIF 14#T XJMM FWFOUVBMMZ FWPMWF JOUP RVJFTDFOU HBMBYJFT UIBU BSF

TJNJMBS UP UIF RVJFTDFOU CVMHF�EPNJOBUFE QPQVMBUJPO JO ($-"44� VJFTDFOUތ CVMHF�EPNJOBUFE

HBMBYJFT JO 3%ୖ)45 BU z ∼ 1 IBWF B NBTT؛TJ[F SFMBUJPO UIBU JT DPOTJTUFOU XJUI UIF z ∼ 1 ୮ୢFME

NBTT؛TJ[F SFMBUJPO GPS UIF FOUJSF RVJFTDFOU QPQVMBUJPO 	TFF GPS FYBNQMF 'JHVSF 2.9 JO $IBQUFS �
�

5IFSFGPSF
 PVS CVMHF NPEFMT IBWF TUFMMBS NBTTFT BOE TJ[FT UIBU GPMMPX UIF z ∼ 1 RVJFTDFOU ୮ୢFME

NBTT؛TJ[F SFMBUJPO� 8F DSFBUF EJTD BOE CVMHF NPEFMT TQBOOJOH UIF TUFMMBS NBTT SBOHF PG UIF ($-"44

14#T 	9.32 < -PH(M∗/.⊙) < 11
�

8F BTTJHO BYJT SBUJPT UP UIF EJTD BOE CVMHF NPEFMT UIBU BSF UZQJDBM PG TUBS�GPSNJOH BOE RVJFTDFOU

୮ୢFME HBMBYJFT BU z ∼ 1 	TFF 'JHVSF � PG )JMM FU BM� ����
� %JTD BOE #VMHF NPEFMT BSF BTTJHOFE 4©STJD

JOEJDFT UZQJDBM PG EJTD�EPNJOBUFE TUBS�GPSNJOH BOE CVMHF�EPNJOBUFE RVJFTDFOU HBMBYJFT
 SFTQFDUJWFMZ

	TFF 'JHVSF 2.9 JO $IBQUFS �
� "MM EJTD NPEFMT IBWF B 4©STJD JOEFY n = 1 BOE BO BYJT SBUJP b/a = 0.62g�

"MM CVMHF NPEFMT IBWF n = 4 BOE b/a = 0.76v�
5IFNBHOJUVEFT PG BMM UIF EJTDT BSF TFU UP '1408NBHOJUVEF= 22
 XIJDI JT UIF BWFSBHFNBHOJUVEF PG

UIF TUBS�GPSNJOH EJTD�EPNJOBUFE DMVTUFS HBMBYJFT JO ($-"44� 5IF CVMHFT BSF 5 UJNFT GBJOUFS UIBO UIF

EJTDT GPS UIF TUBSUJOH HBMBYJFT 	'1408 NBHOJUVEF= 23.75
 BOE UIF EJTDT BSF 2 UJNFT CSJHIUFS 	'1408

NBHOJUVEF= 22.75
 UIBO UIF CVMHFT GPS UIF GBEFE HBMBYJFT�

" TVNNBSZ PG BMM UIF JNQPSUBOU QBSBNFUFST GPS UIF EJTD BOE CVMHF NPEFMT JT TIPXO JO 5BCMF ����

.PEFM HBMBYJFT BSF UIFO DSFBUFE CZ BEEJOH UIF DPSSFTQPOEJOH EJTD BOE CVMHF NPEFM 4©STJD QSP୮ୢMFT�

&YBNQMFT PG HBMBYZ NPEFMT GPS UISFF TUFMMBS NBTTFT XJUIJO UIF NBTT DPNQMFUFOFTT MJNJUT PG ($-"44

	4FDUJPO ���
 BSF TIPXO JO 'JHVSF 3.5� "MPOHTJEF UIF EJTD�GBEFE HBMBYZ NPEFMT
 XF TIPX TFMFDU 14#T

UIBU IBWF B TJNJMBS TUFMMBS NBTT UP UIF EJTD�GBEFE NPEFM HBMBYJFT�
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5IF 4©STJD NPEFMT IBWF UIFJS TJ[FT BOE 4©STJD JOEJDFT EFUFSNJOFE VTJOH UIF TBNF UXP�("-'*5�SVO

BQQSPBDI EFTDSJCFE JO $IBQUFS �
 4FDUJPO �������� 5IF TBNF QPJOU�TQSFBE GVODUJPO 	14'
 JT VTFE GPS

BMM UIF NPEFMT� 5IJT JT KVTU POF PG UIF QSF�TFMFDUFE TUBST 	TFF $IBQUFS �
 4FDUJPO �������
 JO UIF 8'$3
҇&YDFQU UIBU JO UIJT DBTF UIFSF JT POF TBNQMF� 8F SVO UIF ୮ୢUUJOHNFUIPE 1000 UJNFT PO UIJT TBNQMF UP DBQUVSF UIF SBOHF

PG QPTTJCMF JOUFSDFQU BOE HSBEJFOU WBMVFT� 5IF BWFSBHF WBMVF GPS UIF JOUFSDFQU BOE HSBEJFOU BSF VTFE GPS UIF ୮ୢOBM SFMBUJPO�
g5IJT JT UIF BYJT SBUJP PG UVJ �TFMFDUFE TUBS�GPSNJOH HBMBYJFT BU [ ∼ 1 XJUI M∗ = 1011.⊙ JO 3%ୖ)45�$"/%&-4


JOUFSQPMBUFE GSPN WBMVFT DBMDVMBUFE GPS 0.5 < z < 1.0 BOE 1.0 < z < 1.5 TIPXO JO 'JHVSF � PG )JMM FU BM� �����
v5IJT JT UIF BYJT SBUJP PG UVJ �TFMFDUFE RVJFTDFOU HBMBYJFT BU [ ∼ 1 XJUI M∗ = 1011.⊙ JO 3%ୖ)45�$"/%&-4


JOUFSQPMBUFE GSPN WBMVFT DBMDVMBUFE GPS 0.5 < z < 1.0 BOE 1.0 < z < 1.5 TIPXO JO 'JHVSF � PG )JMM FU BM� �����

��
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Figure 3.5: Examples of models created with GALFIT for the disc-fading toymodel (Section 3.5.1). Model galaxies for three stellar

masses (Log(M∗/M⊙) = 10.16, 10.58 and 11.00) are shown (third and fourth column). First and second columns show the disc

and bulgemodels, respectively. The discs follow the z∼ 1.1 star-forming disc mass–size relation in the Ćeld. The bulges follow the

z∼ 1 quiescent Ćeldmass–size relation (see Section 3.5.1.2). All disc models haveMagnitude= 22.0, Sérsic index, n = 1.0 and
axis ratio, b/a = 0.62. All bulgemodels have amagnitude that is 5 times fainter than the disc models (see Section 3.5.1.1). All

bulgemodels are set to have n = 4.0 and b/a = 0.76. Bulge and disc models have the same stellar masses. The disc and bulge

models are then combined to create starting galaxies shown in the third column. The disc model is then faded by a factor of 2 and

combinedwith the input bulgemodel to create faded disc galaxies, shown in the penultimate column. Final column shows PSBs

fromGCLASSwith similar stellar masses to the galaxymodels. Parameters listed in all cutouts show themeasured values from

GALFIT. For themodels, sizes are converted into kpc assuming themodels are at z = 1. The dimensions of all cutouts are the

same, as well as the position angle (measured counter-clockwise) of all models and the PSBs, set to 90 degrees. The colourmap is

logarithmic.

'1408 JNBHFT PG POF PG UIF ($-"44 DMVTUFST� " OPJTF NBQ JT OPU VTFE TJODF PVS NPEFMT BSF OPJTFMFTT

	BQBSU GSPN UIF OPJTF JOUSPEVDFE CZ DPOWPMWJOH UIF NPEFMT XJUI UIF 14' TVDI UIBU UIFZ NBUDI UIF

SFTPMVUJPO MJNJU PG8'$3
 BOE OP TLZ FTUJNBUJPO JT DBSSJFE PVU TJODF UIFSF JT OP TLZ CBDLHSPVOE JO PVS

NPEFMT�

5IF SFTVMUJOH NFEJBO TJ[F NFBTVSFNFOUT GPS NVMUJQMF TUFMMBS NBTT CJOT 	9.32 < -PH(M∗/.⊙) < 11

GPS EJTDT
 9.80 < -PH(M∗/.⊙) < 11 GPS CVMHFT BOE 9.62 < -PH(M∗/.⊙) < 11 GPS HBMBYJFT
 BSF TIPXO

BT MBSHF QPJOUT PO UIF NBTT؛TJ[F SFMBUJPO JO UIF MBSHFTU QBOFM PG 'JHVSF 3.6� 5IF EJTD BOE CVMHF JOQVU

NPEFM NFBTVSFNFOUT BSF TIPXO BT TNBMM CMVF BOE MBSHF SFE DJSDMFT SFTQFDUJWFMZ� 5IF SFTPMVUJPO MJNJU

PG UIF '1408 JNBHFT JT FRVJWBMFOU UP 0.5 LJMPQBSTFDT BU z = 1� 5IFSFGPSF
 UIF TJ[FT NFBTVSFE GPS UIF

CVMHF NPEFMT UIBU GBMM CFMPX UIJT UISFTIPME BSF VOSFTPMWFE BOE UIFSFGPSF VOSFMJBCMF� 5IJT SFHJNF PG

VOSFTPMWFE TJ[FT JT TIPXO BT UIF TIBEFE HSFZ SFHJPO� 5IF NFEJBO TJ[F NFBTVSFNFOUT PG UIF TUBSUJOH

TUBS�GPSNJOH HBMBYJFT BSF TIPXO BT PQFO HSFFO TRVBSFT� 5IF NFEJBO TJ[F NFBTVSFNFOUT PG UIF GBEFE

��
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Figure 3.6: Disc-fading toymodel. Main panel: median sizemeasurements for 8 stellar mass bins of the disc (small blue circles) and

bulge (large red circles) input Sérsic models that were created to follow the z ∼ 1.1 disc-dominated star-forming Ćeldmass–size

relation and the z ∼ 1 quiescent Ćeldmass–size relation, respectively. For reference, we show the z ∼ 1.1 star-forming Ćeld

mass–size relation as the dashed black line. The z ∼ 1 Ćeldmass–size relations are the solid black lines (the same solid black lines

as in Figures 3.3 and 3.4). Bulges are Ćve times fainter than the discs at Ćxed stellar mass (see text for reasoning). The starting

galaxy is composed of the disc+bulge input models, median sizemeasurements of which in seven stellar mass bins are shown as

open green squares. Correspondingmedian sizemeasurements of the disc-faded galaxies are shown as Ćlled green squares. Since

M∗,bulge = M∗,disc , the stellar masses of the starting and disc-faded galaxies are 2M∗,bulge (or 2M∗,disc). The disc is faded by a
factor of 2 (see text for reasoning). The region in which sizemeasurements fall below the resolution limit of the GCLASS F140W
images is shaded in grey. Top and bottom right panels: average half-light radius and Sérsic index values for the starting and disc-

faded galaxymodels along with the values for the GCLASS star-forming and PSB cluster galaxies within mass completeness limits

(see text for more details). Error bars on GCLASSmeasurements are standard errors in themean. Error bars on themodel results

are standard deviations frommonte carlo sampling (see text for details).

EJTD HBMBYJFT BSF TIPXO BT ୮ୢMMFE HSFFO TRVBSFT� 5IF EBTIFE CMBDL MJOF TIPXT UIF z ∼ 1.1 TUBS�GPSNJOH

୮ୢFME SFMBUJPOѿ
 XIJDI JT FYQFDUFE UP BQQSPYJNBUFMZ GPMMPX UIFNBTT؛TJ[F SFMBUJPO PG UIF TUBSUJOH HBMBYJFT�

5IF TPMJE HSFZ MJOF JT UIF z ∼ 1.1NBTT؛TJ[F SFMBUJPO GPS EJTD�EPNJOBUFE TUBS�GPSNJOH HBMBYJFT JO UIF ୮ୢFME

	TFF 4FDUJPO �������
� 5IF TPMJE CMBDL MJOFT TIPX UIF z ∼ 1 ୮ୢFME SFMBUJPOT 	XIJDI BSF UIF TBNF TPMJE CMBDL

MJOFT JO 'JHVSFT 3.3 BOE 3.4
 GPS SFGFSFODF�
*U JT FWJEFOU UIBU EJTD�GBEJOH MFBET UP B SFEVDUJPO JO UIF PWFSBMM TJ[F PG B HBMBYZ BU ୮ୢYFE TUFMMBS NBTT�

)PXFWFS
 HJWFO UIF UJHIU DPOTUSBJOUT PO UIF BMMPXFE BNPVOU PG GBEJOH GSPN UIF NFBTVSFE D(4000)

WBMVFT
 UIF NBHOJUVEF PG UIJT SFEVDUJPO JT OPU FOPVHI UP FYQMBJO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO PG UIF

14#T� 5IF SFBTPO UIF TUBSUJOH HBMBYJFT EP OPU MJF PO UIF z ∼ 1.1 TUBS�GPSNJOH ୮ୢFME NBTT؛TJ[F SFMBUJPO

JT CFDBVTF UIFJS EJTDT BSF OPU CSJHIU FOPVHI� *G UIF EJTDT XFSF CSJHIUFS UIBO UIFZ DVSSFOUMZ BSF
 UIF

CVMHF DPNQPOFOUT XPVME CFDPNF FWFO NPSF TVCEPNJOBOU JO CSJHIUOFTT
 MFBEJOH UP BO JODSFBTF JO

ѿ5IJT JT DBMDVMBUFE JO FYBDUMZ UIF TBNF XBZ BT UIF z ∼ 1.1NBTT؛TJ[F SFMBUJPO GPS EJTD�EPNJOBUFE TUBS�GPSNJOH HBMBYJFT
JO UIF ୮ୢFME 	4FDUJPO ������� BOE UIF TPMJE HSFZ MJOF JO 'JHVSF 3.6

 FYDFQU BMM TUBS�GPSNJOH ୮ୢFME HBMBYJFT BU z ∼ 1.1 BSF VTFE�

��



UIF PWFSBMM IBMG�MJHIU SBEJVT PG UIF TUBSUJOH HBMBYZ NPEFM� $POTFRVFOUMZ
 UIF QPTJUJPO PG UIF TUBSUJOH

HBMBYZNPEFMT PO UIFNBTT؛TJ[F QMBOFXPVME CF JO CFUUFS BHSFFNFOUXJUI UIF z ∼ 1.1 TUBS�GPSNJOH ୮ୢFME

NBTT؛TJ[F SFMBUJPO� 5IFSF BSF UXP XBZT JO XIJDI UIJT DBO CF JNQSPWFE� 5IF ୮ୢSTU JT UP JODSFBTF UIF EJTD

TUFMMBS NBTT 	BOE UIFSFGPSF CZ EF୮ୢOJUJPO UIF TJ[F EVF UP UIF NBTT؛TJ[F SFMBUJPO
 GPS FBDI TUBSUJOH HBMBYZ�

)PXFWFS
 B NPSF EJTD�EPNJOBUFE TUBSUJOH HBMBYZ XJMM MFBE UP B TNBMMFS TJ[F SFEVDUJPO BT B SFTVMU PG EJTD�

GBEJOH� 5IF TFDPOE PQUJPO JT UP SFEVDF UIF TUFMMBS BHF PG UIF EJTD
 UIFSFCZ JODSFBTJOH JUT CSJHIUOFTT� 5IJT

XPVME JODSFBTF UIF EJ୭GFSFODF JO TUFMMBS BHF CFUXFFO UIF TUBSUJOH BOE GBEFE HBMBYJFT
 UIFSFCZ JODSFBTJOH

UIF TJ[F SFEVDUJPO EVF UP EJTD�GBEJOH� )PXFWFS
 SFEVDJOH UIF BWFSBHF BHF PG UIF TUFMMBS QPQVMBUJPOT

JO UIF EJTD WJPMBUFT PVS D(4000) DPOTUSBJOUT GSPN UIF PCTFSWBUJPOT� 5IFSFGPSF
 UIF SFTVMUT TIPXO JO

'JHVSF 3.6 TIPX UIF PQUJNBM QFSGPSNBODF PG PVS EJTD�GBEJOH NPEFM VOEFS PVS UJHIU DPOTUSBJOUT� 5IF

NBHOJUVEF PG UIF TJ[F ESPQ
 TIPXOCZ UIF MFOHUI PG UIF CMVF�UP�SFE DPMPVSFE BSSPX
 JT OPU BCMF UP CSJOH

UIF GBEFE EJTD HBMBYJFT JOMJOF XJUI UIF 14# NBTT؛TJ[F SFMBUJPO� 
VBOUJUBUJWFMZތ BU UIF NFEJBO TUFMMBS

NBTT PG UIF 14#T UIBU GBMM XJUIJO UIF RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU 	-PH(M∗/.⊙) = 10.44

 UIF
IBMG�MJHIU SBEJVT TISJOLT CZ 15% BT B SFTVMU PG EJTD�GBEJOH�

*O UIF UPQ SJHIU�IBOE QBOFM PG 'JHVSF 3.6
 XF TIPX UIF BWFSBHF TJ[FT PG UIF TUBSUJOH BOE GBEFE

HBMBYJFT XJUIJO UIF ($-"44 NBTT DPNQMFUFOFTT MJNJUT
 BT XFMM BT UIF BWFSBHF TJ[FT PG UIF TUBS�GPSNJOH

BOE 14# HBMBYJFT JO ($-"44� 'PS ($-"44
 UIFTF BWFSBHFT BSF DBMDVMBUFE CZ UBLJOH BMM UIF

TUBS�GPSNJOH BOE 14# HBMBYJFT XJUIJO UIF TUBS�GPSNJOH BOE RVJFTDFOU NBTT DPNQMFUFOFTT MJNJUT
 BOE

UIFO DBMDVMBUJOH UIF NFBO TJ[F� 'PS UIF NPEFMT
 UIF NFBO TJ[FT BSF GPS NPEFM HBMBYJFT UIBU IBWF FYBDUMZ

UIF TBNF TUFMMBS NBTTFT BT UIF 14#T CFZPOE UIF RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU� 5IF FSSPST PO UIF

NPEFM NFBOT BSF TUBOEBSE EFWJBUJPOT JO UIF NFBO TJ[F NFBTVSFNFOUT GSPNNPOUF DBSMP TBNQMJOH� 8F

SVO UIF EJTD�GBEJOH NPEFM 10 UJNFT GPS NPEFM HBMBYJFT XJUI FYBDUMZ UIF TBNF TUFMMBS NBTTFT BT UIF

($-"44 14#T CFZPOE UIF RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU� &BDI UJNF
 XF BEE B 10% SBOEPN

VODFSUBJOUZ UP UIF TJ[F
 ESBXO GSPN B OPSNBM EJTUSJCVUJPO� 8F UIFO DBMDVMBUF UIF NFBO TJ[F JO FBDI

SVO BOE UIF TUBOEBSE EFWJBUJPO JO UIF NFBO TJ[FT DBMDVMBUFE GSPN UIF 10 SVOT BSF UIF FSSPS CBST TIPXO�

'PS ($-"44 NFBTVSFNFOUT
 UIF FSSPST BSF TUBOEBSE FSSPST JO UIF NFBO�

*U JT DMFBS GSPN UIF UPQ SJHIU�IBOE QBOFM PG 'JHVSF 3.6 UIBU EJTD�GBEJOH EPFT MFBE UP B ESPQ JO UIF

BWFSBHF TJ[F PG B HBMBYZ
 XIJDI JO UIJT DBTF
 JT B MBSHFS ESPQ JO BWFSBHF TJ[F UIBO PCTFSWFE CFUXFFO UIF

BWFSBHF TJ[FT PG UIF TUBS�GPSNJOH BOE 14# HBMBYJFT JO ($-"44�

��
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*O UIF CPUUPN SJHIU�IBOE QBOFM PG 'JHVSF 3.6
 XF DPNQBSF UIF BWFSBHF 4©STJD JOEJDFT PG PVS TUBSUJOH BOE

EJTD�GBEFE HBMBYJFT JO UIF UPZ NPEFM UP UIF BWFSBHF 4©STJD JOEJDFT PG UIF ($-"44 TUBS�GPSNJOH DMVTUFS

NFNCFST BOE 14#T� 'PS ($-"44
 UIFTF BWFSBHFT BSF DBMDVMBUFE CZ UBLJOH BMM UIF TUBS�GPSNJOH BOE

14# HBMBYJFT XJUIJO UIF TUBS�GPSNJOH BOE RVJFTDFOUNBTT DPNQMFUFOFTT MJNJUT
 BOE UIFO DBMDVMBUJOH UIF

NFBO 4©STJD JOEFY� 'PS UIF NPEFMT
 UIF NFBO 4©STJD JOEJDFT BSF GPS NPEFM HBMBYJFT UIBU IBWF FYBDUMZ UIF

TBNF TUFMMBSNBTTFT BT UIF14#TCFZPOE UIFRVJFTDFOUNBTT DPNQMFUFOFTT MJNJU� 5IF FSSPST BSF DBMDVMBUFE

GSPN UIF TBNF NPOUF DBSMP TBNQMJOH EFTDSJCFE JO 4FDUJPO �������� 'PS ($-"44 NFBTVSFNFOUT
 UIF

FSSPST BSF TUBOEBSE FSSPST JO UIF NFBO�

*U JT FYQFDUFE UIBU JO UIF FWFOU PG EJTD�GBEJOH
 UIF CVMHF XJMM CFDPNF NPSF QSPNJOFOU� 5IJT JT BMTP

SF୯୳FDUFE JO 5BCMF ���
 XIFSF UIF CVMHF DPOUSJCVUFT UP UIF UPUBM CSJHIUOFTT PG UIF HBMBYZ CZ B MBSHFS

BNPVOU JO UIF EJTD�GBEFE DBTF� 4JODF CVMHF�EPNJOBUFE HBMBYJFT IBWF PO BWFSBHF IJHIFS 4©STJD JOEJDFT

UIBO EJTD�EPNJOBUFE HBMBYJFT
 JU JT OPU TVSQSJTJOH UIBU XF TFF B SJTF JO UIF BWFSBHF 4©STJD JOEFY BT B

SFTVMU PG EJTD�GBEJOH JO UIF UPZ NPEFM� )PXFWFS
 UIF NPTU TUSJLJOH BTQFDU PG UIFTF SFTVMUT JT UIBU UIF

EJ୭GFSFODF CFUXFFO UIF BWFSBHF 4©STJD JOEFY PG UIF GBEFE EJTD HBMBYJFT BOE UIF TUBSUJOH HBMBYJFT JT WFSZ

TNBMM DPNQBSFE UP UIF EJ୭GFSFODF TFFO JO UIF PCTFSWBUJPOT� 5IF MBSHF EJ୭GFSFODF JO UIF BWFSBHF 4©STJD

JOEFY PG UIF 14#T SFMBUJWF UP UIF TUBS�GPSNJOH HBMBYJFT JO ($-"44 TVHHFTUT UIBU EJTD GBEJOH BMPOF JT

OPU SFTQPOTJCMF GPS UIF TUSVDUVSBM QSPQFSUJFT PG UIF 14#T� "OPUIFS QSPDFTT JT SFRVJSFE UIBU JT DBQBCMF

PG FOIBODJOH UIF CSJHIUOFTT PG UIF CVMHF�
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*O 4FDUJPO �����
 XF QSFTFOUFE B EJTD�GBEJOH NPEFM XIFSFCZ UIF HBMBYZ XBT NPEFMMFE BT IBWJOH B CVMHF

BOE EJTD DPNQPOFOU� 5IF EJTD XBT VOJGPSNMZ GBEFE TVDI UIBU UIF SFTVMUJOH EJTD QMVT CVMHF NPEFM

SFTFNCMFE UIF TUFMMBS QPQVMBUJPOT PG UIF ($-"44 14#T� 8IJMF UIJT VOJGPSN GBEJOH PG UIF EJTD EJE

NBLF HBMBYJFT TNBMMFS PWFSBMM
 UIF NBHOJUVEF PG UIJT TJ[F SFEVDUJPO EJE OPU MFBE UP HBMBYJFT UIBU

SFTFNCMFE UIF TUSVDUVSBM QSPQFSUJFT PG UIF 14#T�

0CTFSWBUJPOT PG SBN�QSFTTVSF TUSJQQJOH BU MPX SFETIJG୴ IBWF TIPXO UIBU FOWJSPONFOUBM RVFODIJOH

IBQQFOT JO BO أPVUTJEF�JOآ GBTIJPO 	F�H� ,PPQNBOO � ,FOOFZ ����� "CSBNTPO FU BM� ����
� 4UBS

GPSNBUJPO JO FOWJSPONFOUBMMZ�RVFODIFE HBMBYJFT JT USVODBUFE GSPN UIF PVUTJEF�JO
 TVDI UIBU PWFS

UJNF
 JU JT DPO୮ୢOFE GVSUIFS BOE GVSUIFS UPXBSET UIF DFOUSF PG UIF HBMBYZ� 5IJT MFBET UP USVODBUFE )α

��



EJTDT JO DMVTUFS HBMBYJFT� 3FDFOUMZ
 NPSF EFUBJMFE PCTFSWBUJPOT PG SBN�QSFTTVSF TUSJQQJOH IBWF MFE UP

UIF RVBOUJ୮ୢDBUJPO PG RVFODIJOH UJNFTDBMFT BOE BHFT BT B GVODUJPO PG HBMBDUPDFOUSJD SBEJVT 	'SJU[ FU BM�


����� #FMMIPVTF FU BM�
 ����� (VMMJFVT[JL FU BM�
 ����� +B୭G© FU BM�
 ����� 7VMDBOJ FU BM�
 ����� 'PTTBUJ FU BM�


����� $SBNFS FU BM�
 ����
� 4JODF UIF PVUTLJSUT PG UIF EJTD JT RVFODIFE ୮ୢSTU
 UIFSF JT B HSBEJFOU JO UIF

TUFMMBS QPQVMBUJPOT PG B HBMBYZ VOEFSHPJOH SBN�QSFTTVSF TUSJQQJOH
 TVDI UIBU UIF PVUTLJSUT IPME PMEFS

TUFMMBS QPQVMBUJPOT UIBO UIF DFOUSBM SFHJPO� 5IFSFGPSF
 UIF VOJGPSN GBEJOH PG UIF EJTD JO UIF

EJTD�GBEJOH NPEFM QSFTFOUFE JO 4FDUJPO ����� JT OPU B SFBMJTUJD SFQSFTFOUBUJPO PG IPX EJTD�GBEJOH BT B

SFTVMU PG SBN�QSFTTVSF TUSJQQJOH PQFSBUFT�

*O B CJE UP NPEFM EJTD�GBEJOH BT B SFTVMU PG SBN�QSFTTVSF TUSJQQJOH NPSF SFBMJTUJDBMMZ
 XF QSFTFOU

BO BMUFSOBUJWF EJTD�GBEJOH NPEFM JO UIJT 4FDUJPO
 XIFSF UIF EJTD JT GBEFE EJ୭GFSFOUJBMMZ
 TVDI UIBU UIF

PVUTLJSUT BSF GBEFENPSF UIBO UIF DFOUSBM SFHJPOT� "TXBT UIF DBTF JO UIF QSFWJPVTNPEFM
 UIF BNPVOU PG

GBEJOH JT DPOTUSBJOFE CZ UIFD(4000)NFBTVSFNFOUT PG UIF TUBS�GPSNJOH BOE 14# HBMBYJFT JO ($-"44�

'PS UIJT EJTD�GBEJOH NPEFM
 XF EP OPU NPEFM UIF HBMBYZ XJUI CVMHF BOE EJTD DPNQPOFOUT� 8F

NPEFM UIF TUBSUJOH HBMBYJFT XJUI B TJOHMF EJTD DPNQPOFOU
 TJODF B UZQJDBM TUBS�GPSNJOH HBMBYZ JT

EJTD�EPNJOBUFE 	TFF 'JHVSF 3.4 GPS FYBNQMF
� 5IF CSJHIUOFTT PG UIF TUBSUJOH HBMBYZ NPEFMT JT EJDUBUFE

CZ UIF TUFMMBS QPQVMBUJPOT PG B UZQJDBM EJTD�EPNJOBUFE 	n # 1
 TUBS�GPSNJOH DMVTUFS HBMBYZ JO ($-"44�

"U ୮ୢYFE TUFMMBS NBTT
 UIF BWFSBHF EJTD�EPNJOBUFE TUBS�GPSNJOH DMVTUFS HBMBYZ JO ($-"44 IBT

D(4000) = 1.2� "G୴FS EJTD�GBEJOH
 PVS HBMBYZ NPEFMT NVTU IBWF B CSJHIUOFTT TJNJMBS UP UIBU PG UIF

BWFSBHF 14# JO ($-"44� 5IF BWFSBHF 14# IBT D(4000) = 1.4� "T XBT EPOF JO UIF QSFWJPVT

EJTD�GBEJOH NPEFM
 XF SFGFS UP PVS TUFMMBS QPQVMBUJPOT NPEFMT UP ୮ୢOE PVU UIF EJ୭GFSFODF JO CSJHIUOFTT

PG B TUFMMBS QPQVMBUJPO XJUI D(4000) = 1.2 BOE D(4000) = 1.4 BU ୮ୢYFE TUFMMBS NBTT JO UIF '1408

୮ୢMUFS� "T B SFNJOEFS
 XF EP UIJT CZ EFUFSNJOJOH UIF '1408 TUFMMBS NBTT�UP�MJHIU SBUJPT BT UIFZ XPVME

CF PCTFSWFE BU z ∼ 1 GPS B TFU PG TUFMMBS QPQVMBUJPO NPEFMT XJUI TPMBS NFUBMMJDJUZ VTJOH UIF #SV[VBM �

$IBSMPU 	����
 MJCSBSJFT� " $IBCSJFS 	����
 JOJUJBM NBTT GVODUJPO JT VTFE� 8F UIFO TFF IPX UIFTF

NBTT�UP�MJHIU SBUJPT WBSZ XJUI D(4000)
 XIJDI JT B HPPE JOEJDBUPS GPS BHF 	TFF 4FDUJPO �����
� 5IF

#BMPHI FU BM� 	����
 EF୮ୢOJUJPO PG D(4000) JT VTFE
 XIJDI JT UIF SBUJP PG UIF ୯୳VY EFOTJUZ BU

4000− 4100� UP UIF ୯୳VY EFOTJUZ BU 3850− 3950��

������� 0ঞঝজ঒঍঎�঒গ এঊ঍঒গঐ

5IF EJ୭GFSFODF JO CSJHIUOFTT CFUXFFO B TUFMMBS QPQVMBUJPO XJUID(4000) = 1.2 BOED(4000) = 1.4 UFMMT

VT UIF BQQSPYJNBUF EJ୭GFSFODF JO CSJHIUOFTT CFUXFFO B UZQJDBM EJTD�EPNJOBUFE TUBS�GPSNJOH HBMBYZ BOE

14# JO ($-"44� *O PVS PVUTJEF�JO GBEJOHNPEFM
 UIJT EJ୭GFSFODF JO CSJHIUOFTT XJMM DPSSFTQPOE UP IPX

��



Table 3.2: Summary of parameters for model galaxies in the outside-in disc-fading toymodel. n is Sérsic index, b/a is axis ratio and
P.A. is position angle. Dashes correspond to parameters that were not Ćxed to a single value, and left free in the GALFIT Ćtting

process.

(BMBYZ D(4000) .BHOJUVEF n b/a 1�"�
	EFHSFFT DPVOUFS�DMPDLXJTF


4UBSUJOH 1.2 22.00 1 0.62 90
'BEFE 1.4 � � � �

NVDI UIF DFOUSBM SFHJPOT PG PVS TUBSUJOH HBMBYZ NPEFMT XJMM CF GBEFE CZ� *U JT QBSUJDVMBSMZ JNQPSUBOU

UIBU UIF DFOUSBM SFHJPOT PG UIF GBEFE HBMBYJFT SF୯୳FDU UIF TUFMMBS QPQVMBUJPOT PG B UZQJDBM 14#� 5IJT JT

CFDBVTF UIF TQFDUSB GSPN XIJDI UIF 14# QSPQFSUJFT BSF NFBTVSFE EFQFOE NPTUMZ VQPO MJHIU GSPN UIJT

SFHJPO PG UIF HBMBYZ� 5IF DFOUSBM SFHJPOT PG B HBMBYZ BSF UIF CSJHIUFTU
 BOE UIFSFGPSF DPOUSJCVUF NPTU

UP UIF NFBTVSFE TQFDUSVN� " TUFMMBS QPQVMBUJPO PG TPMBS NFUBMMJDJUZ XJUID(4000) = 1.4 	UZQJDBM 14#


JT B GBDUPS 1.5 GBJOUFS UIBO B TUFMMBS QPQVMBUJPO PG TPMBS NFUBMMJDJUZ XJUI D(4000) = 1.2 	UZQJDBM EJTD�

EPNJOBUFE TUBS�GPSNJOH DMVTUFS HBMBYZ
� 5IFSFGPSF
 UIF DFOUSBM SFHJPOT PG UIF TUBSUJOH HBMBYZ NPEFMT

XJMM CF GBEFE CZ B GBDUPS PG 1.5�
'PS B HVJEF PO UIF SFRVJSFE MFWFMT PG GBEJOH GPS UIF PVUTLJSUT PG UIF HBMBYZ NPEFMT
 XF VTF UIF SFTVMUT

QSFTFOUFE JO 'PTTBUJ FU BM� 	����
 GPS /($ 4330� /($ 4330 JT B HBMBYZ JO UIF 7JSHP DMVTUFS UIBU JT

VOEFSHPJOH SBN�QSFTTVSF TUSJQQJOH� 6TJOH NVMUJXBWFMFOHUI JNBHJOH
 'PTTBUJ FU BM� 	����
 XFSF BCMF UP

DPO୮ୢSN أPVUTJEF�JOآ RVFODIJOH BT XFMM BT RVBOUJGZ RVFODIJOH UJNFT BT B GVODUJPO PG HBMBDUPDFOUSJD

SBEJVT GPS UIJT HBMBYZ� 5IFZ ୮ୢOE UIBU أPVUTJEF�JOآ RVFODIJOH TUBSUFE BU BQQSPYJNBUFMZ 10 LQD GSPN

UIF DFOUSF PG UIF HBMBYZ
 625.ZS BHP� 8F UIFSFGPSF ୮ୢOE PVU UIFD(4000) PG B TUFMMBS QPQVMBUJPO UIBU JT

625.ZS PMEFS UIBO UIF TUFMMBS QPQVMBUJPOT PG UIF BWFSBHF 14#�8F ୮ୢOE UIJT WBMVF UP CFD(4000) = 1.55�
/FYU
 XF DIFDLXIBU UIF EJ୭GFSFODF JO CSJHIUOFTT JT CFUXFFO UIJT TUFMMBS QPQVMBUJPO BOE UIBU PG B UZQJDBM

EJTD�EPNJOBUFE TUBS�GPSNJOH DMVTUFS HBMBYZ 	D(4000) = 1.2
� 8F ୮ୢOE UIBU B TUFMMBS QPQVMBUJPO PG TPMBS

NFUBMMJDJUZ XJUI D(4000) = 1.55 JT B GBDUPS PG 2 GBJOUFS UIBO B TUFMMBS QPQVMBUJPO PG TPMBS NFUBMMJDJUZ

XJUID(4000) = 1.2� 5IFSFGPSF
 UIF PVUTLJSUT PG UIF TUBSUJOH HBMBYZ NPEFMT XJMM CF GBEFE CZ B GBDUPS PG

2 JO PVS PVUTJEF�JO EJTD�GBEJOH UPZ NPEFM�

������� 4঎ଗ ছজ঒ঌ ঙছঘএ঒ক঎জ ঘএ ঝ঑঎ খঘ঍঎ক ঐঊকঊড঒঎জ

4UBSUJOH HBMBYJFT BSF NPEFMMFE BT TJOHMF DPNQPOFOU 4©STJD QSP୮ୢMFT VTJOH ("-'*5
 XJUI TUSVDUVSBM

QBSBNFUFST ୮ୢYFE UP UIPTF WBMVFT TUBUFE JO 5BCMF ���� 5IF '1408 NBHOJUVEF GPS UIF TUBSUJOH HBMBYZ

NPEFMT JT TFU UP UIF BWFSBHF NBHOJUVEF PG EJTD�EPNJOBUFE TUBS�GPSNJOH DMVTUFS HBMBYJFT JO ($-"44�

n = 1 JT UIF UZQJDBM 4©STJD JOEFY PG B EJTD�EPNJOBUFE TUBS�GPSNJOH DMVTUFS HBMBYZ 	F�H� 'JHVSF 3.4
 BOE

��
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Figure 3.7: Examples of models created with GALFIT for the outside-in disc-fading toymodel. Model galaxies for three stellar

masses (-PH(M∗/.⊙) = 10.1, 10.6 and 11.0) are shown (Ćrst and second column). The starting galaxymodels follow the z∼ 1.1
star-formingmass–size relation in the Ćeld. All starting galaxymodels haveMagnitude= 22.0, Sérsic index, n = 1.0 and axis ratio,
b/a = 0.62. The starting galaxymodel is then faded from the outside-in to replicate the stellar populations of the GCLASS PSBs

(see text for details). The resulting faded galaxymodels are shown in the second column. Final column shows PSBs fromGCLASS

with similar stellar masses to the galaxymodels. Parameters listed in all cutouts show themeasured values fromGALFIT. For the

models, sizes are converted into kpc assuming themodels are at z = 1. The dimensions of all cutouts are the same, as well as the

position angle (measured counter-clockwise) of all models and the PSBs, set to 90 degrees. The colourmap is logarithmic.

UIF BYJT SBUJP JT TFU UP UIF UZQJDBM BYJT SBUJP PG B TUBS�GPSNJOH HBMBYZ BU z ∼ 1 	)JMM FU BM�
 ����
� 5IF

14#T CFHBO RVFODIJOH ∼ 0.4 (ZS BHP 	.V[[JO FU BM�
 ����
 BOE XFSF UIFSFGPSF TUBS�GPSNJOH HBMBYJFT

∼ 0.4 (ZS BHP� ∼ 0.4 (ZS QSJPS UP z ∼ 1 DPSSFTQPOET UP z ∼ 1.1� 5IFSFGPSF
 UIF TUBSUJOH HBMBYZ

NPEFMT IBWF TJ[FT BT EJDUBUFE CZ UIF z ∼ 1.1 TUBS�GPSNJOH ୮ୢFME NBTT؛TJ[F SFMBUJPO� 5IFTF NPEFMT BSF

UIFO DPOWPMWFE XJUI B 14' GSPN UIF ($-"44 '1408 JNBHFT� 5IJT JT UP BDDPVOU GPS UIF TNFBSJOH PG

JNBHFT EVF UP UIF SFTPMVUJPO MJNJU PG 8'$3� 5IJT 14' JT UIF TBNF QSF�TFMFDUFE TUBS 	TFF $IBQUFS �


4FDUJPO �������
 GSPN UIF 8'$3 '1408 JNBHFT PG UIF ($-"44 DMVTUFST VTFE JO UIF EJTD BOE CVMHF

EJTD�GBEJOH UPZ NPEFM� " OPJTF NBQ JT OPU VTFE
 TJODF PVS NPEFMT BSF OPJTFMFTT 	BQBSU GSPN UIF OPJTF

JOUSPEVDFE CZ DPOWPMWJOH XJUI UIF 14'
 BOE OP TLZ FTUJNBUJPO JT DBSSJFE PVU TJODF UIFSF JT OP TLZ

CBDLHSPVOE JO PVS NPEFMT� 5IF TBNF UXP�("-'*5�SVO BQQSPBDI EFTDSJCFE JO $IBQUFS �


4FDUJPO ������� JT VTFE UP EFUFSNJOF UIF TJ[FT BOE 4©STJD JOEJDFT PG UIF TUBSUJOH HBMBYZ NPEFMT�

8F BMTP DSFBUF TUBSUJOH HBMBYZ NPEFMT UIBU BSF OPU DPOWPMWFE XJUI UIF 14'� 5IFTF BSF VTFE UP DSFBUF

UIF GBEFE HBMBYZ NPEFMT� 5IF CFOF୮ୢU PG UIF VODPOWPMWFE TUBSUJOH HBMBYZ NPEFMT JT UIBU UIFJS QJYFM

WBMVFT BSF TZNNFUSJD BCPVU UIF x BOE y BYFT SVOOJOH UISPVHI UIF DFOUSBM QJYFM� 5IJT BMMPXT VT UP

��



JNQMFNFOU BO PVUTJEF�JO GBEJOH HSBEJFOU FWFOMZ BDSPTT UIF NPEFM� "T NFOUJPOFE JO 4FDUJPO �������


XF XJMM CF VTJOH /($ 4330 BT B HVJEF GPS IPX PVUTJEF�JO GBEJOH PQFSBUFT PO B HBMBYZ VOEFSHPJOH

SBN�QSFTTVSF TUSJQQJOH� 5IJT HBMBYZ IBT B TUFMMBS NBTT PG -PH(M∗/.⊙) = 9.8
 BOE UIF POTFU PG

PVUTJEF�JO RVFODIJOH CFHJOT BU ∼ 10 LQD GSPN UIF DFOUSF PG UIF HBMBYZ� 8F DIFDL XIBU TJ[F /($

4330 IBT BT EJDUBUFE CZ UIF MPX�SFETIJG୴ TUBS�GPSNJOH NBTT؛TJ[F SFMBUJPO��� 8F ୮ୢOE UIBU /($ 4330

XPVME IBWF Reff = 3.2 LQD JO '1408 JG JU GPMMPXFE UIF MPX SFETIJG୴ TUBS�GPSNJOH NBTT؛TJ[F SFMBUJPO�

$PNQBSJOH UIJT TJ[F UP UIF TJ[F BU XIJDI PVUTJEF�JO RVFODIJOH CFHJOT GPS UIJT HBMBYZ 	10 LQD

 XF DBO

TBZ UIBU PVUTJEF�JO RVFODIJOH CFHJOT BU ∼ 3Reff GPS /($ 4330� 8F VTF UIJT SBEJBM CPVOEBSZ BT UIF

CPVOEBSZ BU XIJDI PVUTJEF�JO GBEJOH CFHJOT GPS PVS NPEFM HBMBYJFT� 5IFSFGPSF BU 3Reff GSPN UIF

DFOUSF PG FBDI VODPOWPMWFE HBMBYZ NPEFM
 UIF QJYFM WBMVFT BSF EJWJEFE CZ 2
 BOE UIF DFOUSBM QJYFM PG

FBDI NPEFM JT EJWJEFE CZ 1.5 	TFF 4FDUJPO ������� GPS SFBTPOJOH
� 'PS BMM QJYFM WBMVFT JO CFUXFFO
 MJOFBS

JOUFSQPMBUJPO JT QFSGPSNFE UP ୮ୢOE UIF SFMFWBOU GBEJOH GBDUPST� 5IF TBNF JOUFSQPMBUJPO HSJE JT

FYUFOEFE UP CFZPOE 3Reff BMM UIF XBZ UP UIF FEHFT PG FBDI NPEFM DVUPVU
 TVDI UIBU UIFSF JT OP

EJTDPOUJOVJUZ JO UIF GBEJOH� 5IFTF VODPOWPMWFE GBEFE HBMBYZ NPEFMT BSF UIFO DPOWPMWFE XJUI UIF

14' UP DSFBUF UIF ୮ୢOBM GBEFE HBMBYZ NPEFMT� "HBJO
 OP OPJTF NBQ JT VTFE BOE OP TLZ CBDLHSPVOE

FTUJNBUJPO JT QFSGPSNFE� 5IF TBNF UXP�("-'*5�SVO BQQSPBDI EFTDSJCFE JO $IBQUFS �


4FDUJPO ������� JT VTFE UP EFUFSNJOF UIF TJ[FT BOE 4©STJD JOEJDFT PG UIFTF GBEFE HBMBYZ NPEFMT� &YBNQMFT

PG HBMBYZ NPEFMT GPS UISFF TUFMMBS NBTTFT XJUIJO UIF NBTT DPNQMFUFOFTT MJNJUT PG ($-"44

	4FDUJPO ���
 BSF TIPXO JO 'JHVSF 3.7� "MPOHTJEF UIF GBEFE HBMBYZ NPEFMT
 XF TIPX TFMFDU 14#T UIBU

IBWF B TJNJMBS TUFMMBS NBTT UP UIF GBEFE NPEFM HBMBYJFT�

������� 5঑঎ জঝ঎ককঊছ খঊজজ؛জ঒ণ঎ ছ঎কঊঝ঒ঘগ ঘএ ঘঞঝজ঒঍঎�঒গ এঊ঍঎঍ ঐঊকঊড঒঎জ

*O UIF MBSHFTU QBOFM PG 'JHVSF 3.8
 XF TIPX UIF SFTVMUJOHNFEJBO TJ[FNFBTVSFNFOUT GPS UIF TUBSUJOH BOE

GBEFE HBMBYZNPEFMT GPSNVMUJQMF TUFMMBSNBTT CJOTXJUIJO UIF($-"44 TUBS�GPSNJOHNBTT DPNQMFUFOFTT

MJNJU 	-PH(M∗/.⊙) > 9.60
� 8F ୮ୢOE UIBU UIFSF JT B GBMM JO UIF TJ[F PG B HBMBYZ BU ୮ୢYFE TUFMMBS NBTT EVF

UP PVUTJEF�JO GBEJOH� 8IJMTU UIJT GBMM JO TJ[F JT MBSHFS UIBO UIBU TFFO JO UIF EJTD BOE CVMHF EJTD�GBEJOH

NPEFM 	20% BU UIF NFEJBO TUFMMBS NBTT PG UIF 14#T DPNQBSFE UP 15% JO UIF EJTD BOE CVMHF EJTD�GBEJOH

NPEFM

 JU JT OPU FOPVHI UP FYQMBJO UIF TUFMMBS NBTT؛TJ[F SFMBUJPO PG UIF 14#T�

*O UIF UPQ SJHIU�IBOE QBOFM PG 'JHVSF 3.8
 XF TIPX UIF BWFSBHF TJ[FT PG TUBSUJOH BOE GBEFE HBMBYJFT

��5IJT SFMBUJPO JT DBMDVMBUFE JO UIF TBNF XBZ UIF z ∼ 1 ୮ୢFME SFMBUJPOT XFSF DBMDVMBUFE JO $IBQUFS �
 4FDUJPO ���
 FYDFQU
XF VTF BMM UIF TUBS�GPSNJOH HBMBYJFT JO 3%ୖ)45 BU 0 < z < 0.5
 VOEFS UIF ୮ୢUUJOH DSJUFSJB� 5IFSF JT BMTP POMZ POF TBNQMF

TP UIF ୮ୢUUJOH NFUIPE JT SVO 1000 UJNFT PO UIJT TBNQMF UP DBQUVSF UIF SBOHF PG QPTTJCMF JOUFSDFQU BOE HSBEJFOU WBMVFT� 5IF
BWFSBHF WBMVF GPS UIF JOUFSDFQU BOE HSBEJFOU BSF VTFE GPS UIF ୮ୢOBM SFMBUJPO�

��
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Figure 3.8: Outside-in disc-fading toymodel. Main panel: median sizemeasurements for seven stellar mass bins of the starting

(open green squares) and faded (Ćlled green squares) galaxymodels. Starting galaxymodels were created to follow the z ∼ 1.1
star-forming Ćeldmass–size relation (see text for reasoning). Starting galaxymodels are faded from the outside-in to replicate

the stellar populations of the GCLASS PSBs (see text for details). The region in which sizemeasurements fall below the resolution

limit of the GCLASS F140W images is shaded in grey. Top and bottom right panels: average half-light radius and Sérsic index

values for the starting and faded galaxymodels along with the values for the GCLASS star-forming and PSB cluster galaxies within

mass completeness limits (see text for more details). Error bars on GCLASSmeasurements are standard errors in themean. Error

bars on themodel results are standard deviations frommonte carlo sampling (see text for details).

XIJDI IBWF JEFOUJDBM TUFMMBS NBTTFT UP UIF 14#T CFZPOE UIF RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU҆҆� 8F

BMTP TIPX UIF BWFSBHF TJ[FT PG UIF TUBS�GPSNJOH BOE 14# HBMBYJFT JO ($-"44 XJUIJO UIF TUBS�GPSNJOH

BOE RVJFTDFOU NBTT DPNQMFUFOFTT MJNJUT
 SFTQFDUJWFMZ
 GPS DPNQBSJTPO� *U JT FWJEFOU UIBU KVTU BT UIFSF JT

B ESPQ JO BWFSBHF TJ[F CFUXFFO UIF TUBS�GPSNJOH BOE 14# DMVTUFS HBMBYJFT
 UIFSF JT BMTP B ESPQ JO BWFSBHF

TJ[F BT B SFTVMU PG PVUTJEF�JO GBEJOH JO UIFNPEFMT� 5IFNBHOJUVEF PG UIJT ESPQ JT NVDI MBSHFS UIBO UIBU

PCTFSWFE JO UIF EJTD BOE CVMHF EJTD�GBEJOH NPEFM�
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*O UIF CPUUPN SJHIU�IBOE QBOFM PG 'JHVSF 3.8
 XF DPNQBSF UIF BWFSBHF 4©STJD JOEJDFT PG UIF TUBSUJOH BOE

GBEFE HBMBYZ NPEFMT҇҇ UP UIF BWFSBHF 4©STJD JOEJDFT PG UIF ($-"44 TUBS�GPSNJOH DMVTUFS NFNCFST BOE

UIF 14#Tgg�

8F DBO TUSBJHIU BXBZ TFF UIBU PVUTJEF�JO GBEJOH IBT MFE UP B NPSF CVMHJFS NPSQIPMPHZ PO BWFSBHF

GPS UIF GBEFE HBMBYZ NPEFMT� )PXFWFS TJNJMBS UP UIF CVMHF � EJTD�GBEJOH NPEFM
 UIF EJ୭GFSFODF JO UIF

҆҆5IF FSSPST PO UIFTF NFBTVSFNFOUT DPNF GSPN NPOUF DBSMP TBNQMJOH
 XIJDI JT EFTDSJCFE JO 4FDUJPO ��������
҇҇5IFTF BWFSBHFT BSF DBMDVMBUFE GSPNNPEFM HBMBYJFT UIBU IBWF JEFOUJDBM TUFMMBS NBTTFT UP UIF ($-"44 14#T CFZPOE UIF

RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU�
ggXJUIJO UIF TUBS�GPSNJOH BOE RVJFTDFOU NBTT DPNQMFUFOFTT MJNJUT
 SFTQFDUJWFMZ�
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BWFSBHF 4©STJD JOEFY JT NVDI TNBMMFS UIBO UIF EJ୭GFSFODF PCTFSWFE JO UIF PCTFSWBUJPOT�
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*O 4FDUJPO �����
 XF QSFTFOUFE B NPSF SFBMJTUJD NPEFM PG EJTD�GBEJOH
 CBTFE PO SFDFOU PCTFSWBUJPOT PG

IPX SBN�QSFTTVSF TUSJQQJOH PQFSBUFT JO MPX SFETIJG୴ DMVTUFS HBMBYJFT� )PXFWFS
 XF EJE OPU NPEFM PVS

HBMBYJFT XJUI B CVMHF BOE EJTD DPNQPOFOU
 BT XBT EPOF JO UIF VOJGPSN EJTD�GBEJOH NPEFM QSFTFOUFE JO

4FDUJPO ������ 5IF OBUVSBM RVFTUJPO UIFSFGPSF BSJTFT
 XIFUIFS NPEFMMJOH B HBMBYZ XJUI B CVMHF BOE EJTD

DPNQPOFOU
 BOE GBEJOH UIF EJTD XJUI UIF NPSF SFBMJTUJD PVUTJEF�JO GBEJOH
 DBO QSPEVDF HBMBYJFT XJUI

TUSVDUVSBM BOE TUFMMBS QPQVMBUJPO QSPQFSUJFT TJNJMBS UP UIF 14#T�

*O UIJT 4FDUJPO
 XF UIFSFGPSF QSFTFOU B EJTD�GBEJOH NPEFM UIBU BUUFNQUT UP DPNCJOF SFBMJTUJD

NPEFMMJOH PG B HBMBYZؠT TUSVDUVSF BOE UIF GBEJOH QSPDFTT� 5IF CVMHF BOE EJTD NPEFMT BSF DPOTUSVDUFE

JO FYBDUMZ UIF TBNF XBZ BT UIPTF JO UIF CVMHF BOE EJTD EJTD�GBEJOH NPEFM 	4FDUJPO �����
� 5IF

EJ୭GFSFODF CFUXFFO UIF NPEFM QSFTFOUFE JO UIJT 4FDUJPO BOE UIF QSFWJPVT UXP NPEFMT JT IPX UIF

GBEJOH JT JNQMFNFOUFE� 5IF BMMPXFE BNPVOU PG GBEJOH JO UIJT NPEFM SFNBJOT DPOTUSBJOFE CZ UIF

D(4000)NFBTVSFNFOUT PG UIF TUBS�GPSNJOH
 14# BOE RVJFTDFOU DMVTUFS HBMBYJFT JO ($-"44�

������� 0ঞঝজ঒঍঎�঒গ ঍঒জঌ এঊ঍঒গঐ ঒গ ঝ঑঎ ঋঞকঐ঎�঍঒জঌ ঌঊজ঎

"T XBT IJHIMJHIUFE JO 4FDUJPO �������
 UIFSF BSF TUSJDU CPVOEBSJFT TFU PO IPXNVDI UIF EJTD DBO CF GBEFE

JO B CVMHF�EJTD NPEFM� 5IFTF CPVOEBSJFT BSF EJDUBUFE CZ UIF TQFDUSPTDPQJD QSPQFSUJFT PG UIF DMVTUFS

HBMBYJFT� *O UIF DBTF PG VOJGPSN EJTD�GBEJOH
 UIF EJTD XBT GBEFE CZ B GBDUPS PG 2 TVDI UIBU UIF SFTVMUJOH

DPNQPTJUF CVMHF�EJTDNPEFM XPVME SFQSFTFOU B HBMBYZ UIBU IBE TJNJMBS TUFMMBS QPQVMBUJPOT UP UIF 14#T�

*O UIFNPEFM QSFTFOUFE JO UIJT 4FDUJPO
 XF XBOU UP GBEF UIF EJTD 
أPVUTJEF�JOآ ZFU TUJMM QSPEVDF B HBMBYZ

XJUI TJNJMBS TUFMMBS QPQVMBUJPOT UP UIF 14#T� 5P EP UIJT
 XF OFFE UP FOTVSF UIBU UIF PVUTJEF�JO GBEJOH

XF JNQMFNFOU PO UIF EJTD DPNQPOFOUT SFTVMUT JO UIF TBNF UPUBM CSJHIUOFTT BT XIFO XF GBEF UIF TBNF

EJTDT VOJGPSNMZ CZ B GBDUPS PG 2�

5IF PVUTJEF�JO GBEJOH JT JNQMFNFOUFE VTJOH UIF TBNF NFUIPE EFTDSJCFE JO 4FDUJPO ������� XJUI B

GFX NPEJ୮ୢDBUJPOT� 'PS FBDI NPEFM EJTD
 XF ୮ୢSTU DIFDL XIBU UIF UPUBM CSJHIUOFTT PG UIF EJTD JT XIFO JU

JT VOJGPSNMZ GBEFE CZ B GBDUPS PG 2� 8F EP OPU GBEF UIF DFOUSBM QJYFM PG UIF EJTD NPEFM� 8F DIFDL IPX

NVDI UIF EJTD NPEFM OFFET UP CF GBEFE BU ∼ 3Reff 	TFF 4FDUJPO ������� GPS SFBTPOJOH
 GSPN UIF DFOUSF


TVDI UIBU UIF FOUJSF NPEFM IBT UIF TBNF CSJHIUOFTT BT XIFO JU JT VOJGPSNMZ GBEFE CZ B GBDUPS PG 2� 8F

UIFO BEKVTU UIF TMPQF PG PVS MJOFBSMZ JOUFSQPMBUFE GBEJOH BDDPSEJOHMZ� &YBNQMFT PG HBMBYZ NPEFMT GPS

UISFF TUFMMBS NBTTFT XJUIJO UIF NBTT DPNQMFUFOFTT MJNJUT PG ($-"44 BSF TIPXO JO 'JHVSF 3.9�
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Figure 3.9: Examples of models created with GALFIT for the bulge + outside-in disc-fading toymodel. Model galaxies for three

stellar masses (-PH(M∗/.⊙) = 10.4, 10.7 and 11.0) are shown (third and fourth column). First and second columns show the

disc and bulgemodels, respectively. The discs follow the z∼ 1.1 star-forming disc mass–size relation in the Ćeld. The bulges follow

the z∼ 1 quiescent Ćeldmass–size relation (see Section 3.5.1.2). All disc models haveMagnitude= 22.0, Sérsic index, n = 1.0
and axis ratio, b/a = 0.62. All bulgemodels have amagnitude that is 5 times fainter than the disc models (see Section 3.5.1.1). All

bulgemodels are set to have n = 4.0 and b/a = 0.76. Bulge and disc models have the same stellar masses. The disc and bulge

models are then combined to create starting galaxies shown in the third column. The disc model is then faded from the outside-

in, as per the details discussed in Section 3.5.3.1, and combinedwith the original bulgemodels. The resulting faded galaxies

are shown in the penultimate column. Final column shows PSBs fromGCLASSwith similar stellar masses to the galaxymodels.

Parameters listed in all cutouts show themeasured values fromGALFIT. For themodels, sizes are converted into kpc assuming the

models are at z = 1. The dimensions of all cutouts are the same, as well as the position angle (measured counter-clockwise) of all

models and the PSBs, set to 90 degrees. The colourmap is logarithmic.

"MPOHTJEF UIF GBEFE HBMBYZ NPEFMT
 XF TIPX TFMFDU 14#T UIBU IBWF TJNJMBS TUFMMBS NBTTFT UP UIF NPEFM

HBMBYJFT�
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*O UIF MBSHFTU QBOFM PG 'JHVSF 3.10
 XF TIPX UIF NFEJBO TJ[F NFBTVSFNFOUT GPS UIF TUBSUJOH 	PQFO

HSFFO TRVBSFT
 BOE GBEFE 	୮ୢMMFE HSFFO TRVBSFT
 HBMBYZ NPEFMT GPS NVMUJQMF TUFMMBS NBTT CJOT
 BT XFMM BT

UIF EJTD 	TNBMM CMVF DJSDMFT
 BOE CVMHF 	MBSHF SFE DJSDMFT
 DPNQPOFOUT� 5IF MJOFT BSF UIF TBNF BT JO

'JHVSF 3.6� 5IF NPTU TUSJLJOH BTQFDU PG UIFTF NFBTVSFNFOUT JT UIBU UIJT NPEFM PG EJTD�GBEJOH MFBET UP B

ESBNBUJD ESPQ JO UIF TJ[F PG HBMBYJFT� 4P NVDI TP
 UIBU UIF IBMG�MJHIU SBEJJ BSF TNBMMFS UIBO UIPTF PG UIF

CVMHF NPEFMT� "U UIF NFEJBO TUFMMBS NBTT PG UIF 14#T XJUIJO UIF RVJFTDFOU NBTT DPNQMFUFOFTT MJNJU

	-PH(M∗/.⊙) = 10.44

 UIF IBMG�MJHIU SBEJVT TISJOLT CZ 85%� 5IJT MBSHF TJ[F SFEVDUJPO JT MJLFMZ EVF

UP UIF GBDU UIBU UIF DFOUSBM QJYFMT PG UIF EJTD NPEFMT IBWF OPU CFFO GBEFE� "T B SFTVMU
 UIF PVUTJEF�JO
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Figure 3.10: Bulge + outside-in disc-fading toymodel. Main panel: median sizemeasurements for 8 stellar mass bins of the disc

(small blue circles) and bulge (large red circles) input Sérsic models that were created to follow the z ∼ 1.1 disc-dominated

star-forming Ćeldmass–size relation and the z ∼ 1 quiescent Ćeldmass–size relation, respectively. For reference, we show the

z ∼ 1.1 and z ∼ 1 star-forming Ćeldmass–size relations as dashed and solid black lines respectively. Bulges are Ćve times

fainter than the discs at Ćxed stellar mass (see text for reasoning). The starting galaxy is composed of the disc+bulge input models,

median sizemeasurements of which in eleven stellar mass bins are shown as open green squares. Correspondingmedian size

measurements of the disc-faded galaxies are shown as Ćlled green squares. SinceM∗,bulge = M∗,disc , the stellar masses of the

starting and disc-faded galaxies are 2M∗,bulge (or 2M∗,disc). The disc is faded outside-in such that the stellar populations of the
faded galaxymatch the stellar populations of the PSBs (see Section 3.5.3.1). The region in which sizemeasurements fall below the

resolution limit of the GCLASS F140W images is shaded in grey. Top and bottom right panels: average half-light radius and Sérsic

index values for the starting and disc-faded galaxymodels along with the values for the GCLASS star-forming and PSB cluster

galaxies within mass completeness limits (see text for more details). Error bars on GCLASSmeasurements are standard errors in

themean. Error bars on themodel results are standard deviations frommonte carlo sampling (see text for details).

GBEJOH JNQMFNFOUFE IBT B QBSUJDVMBSMZ TUFFQ HSBEJFOU� $POTFRVFOUMZ
 UIFSF JT GBS NPSF MJHIU JO UIF

DFOUSBM SFHJPOT PG UIF GBEFE HBMBYJFT DPNQBSFE UP UIF DPSSFTQPOEJOH CVMHF NPEFM� 5IJT JT BMTP FWJEFOU

JO UIF ୮ୢSTU SPX PG 'JHVSF 3.9� 5IJT MFBET UP B HBMBYZ XJUI B QBSUJDVMBSMZ TUFFQ MJHIU QSP୮ୢMF
 BOE

UIFSFGPSF B TNBMMFS IBMG�MJHIU SBEJVT�

*O UIF UPQ SJHIU�IBOE QBOFM PG 'JHVSF 3.10
 XF TIPX UIF BWFSBHF TJ[FT PG UIF TUBSUJOH BOE GBEFE

HBMBYZ NPEFMT GPS NPEFMT UIBU IBWF TUFMMBS NBTTFT JEFOUJDBM UP UIF 14#T CFZPOE UIF RVJFTDFOU NBTT

DPNQMFUFOFTT MJNJU� 8F BMTP TIPX UIF BWFSBHF TJ[FT PG UIF TUBS�GPSNJOH BOE 14# DMVTUFS HBMBYJFT JO

($-"44 XJUIJO UIF TUBS�GPSNJOH BOE RVJFTDFOU NBTT DPNQMFUFOFTT MJNJUT
 SFTQFDUJWFMZ� &SSPST BSF

DBMDVMBUFE JO UIF TBNF XBZ BT GPS UIF QSFWJPVT EJTD�GBEJOH NPEFMTvv� 5IF ESBNBUJD SFEVDUJPO JO UIF

BWFSBHF TJ[F PG B HBMBYZ JT FWJEFOU JO UIJT NPEFM
 XJUI UIF GBEFE NPEFMT SFBDIJOH BO BWFSBHF TJ[F UIBU JT

BMNPTU IBMG UIBU PG UIF BWFSBHF 14#�

vv*G FSSPS CBST BSF OPU WJTJCMF
 JU JT CFDBVTF UIF FSSPS CBS JT TNBMMFS UIBO UIF TJ[F PG UIF NBSLFS�
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*O UIFCPUUPNSJHIU�IBOEQBOFM PG 'JHVSF 3.10
 XF DPNQBSF UIF BWFSBHF 4©STJD JOEJDFT PG UIF TUBSUJOH BOE

GBEFE HBMBYZ NPEFMT UP UIF BWFSBHF 4©STJD JOEJDFT PG UIF TUBS�GPSNJOH BOE 14# DMVTUFS HBMBYJFT���� *U JT

JNNFEJBUFMZ OPUJDFBCMF UIBU UIJT EJTD�GBEJOHNPEFM ؛ VOMJLF UIF QSFWJPVT UXPNPEFMT ؛ DBO SFQSPEVDF

UIF ESBNBUJD SJTF JO 4©STJD JOEFY UIBU JT TFFO JO UIF PCTFSWBUJPOT�

����� $ঊট঎ঊঝজ

*U TIPVME CF FNQIBTJTFE UIBU XIJMF DPOTJEFSBCMF F୭GPSU IBT CFFO NBEF UP NPEFM EJTD�GBEJOH

SFBMJTUJDBMMZ
 UIF UISFF UPZ NPEFMT QSFTFOUFE JO 4FDUJPOT �����
 ����� BOE ����� BSF TUJMM WFSZ TJNQMJTUJD� 'PS

UIF NPEFMT UIBU DPOTJEFS CVMHF BOE EJTD DPNQPOFOUT
 POMZ UIF DBTF XIFSF UIF UXP DPNQPOFOUT IBWF

UIF TBNF TUFMMBS NBTT IBT CFFO DPOTJEFSFE� *O BMM UISFF PG UIF NPEFMT QSFTFOUFE
 XF POMZ DPOTJEFS

NPEFMT XJUI TQFDJ୮ୢD 4©STJD JOEJDFT
 BYJT SBUJPT
 '1408 NBHOJUVEFT BOE QPTJUJPO BOHMFT� 3FBMJTUJDBMMZ


HBMBYJFT XJMM IBWF B SBOHF PG EJTD�UP�CVMHF TUFMMBS NBTT SBUJPT
 4©STJD JOEJDFT
 BYJT SBUJPT
 '1408

NBHOJUVEFT BOE QPTJUJPO BOHMFT� 5IF GBEJOH PG HBMBDUJD EJTDT XPVME BMTP PDDVS JO WBSZJOH BNPVOUT

BOE UIF TUFMMBS QPQVMBUJPOT XPVME WBSZ� 5IFTF WBSJBODFT XPVME DBVTF B TDBUUFSJOH JO UIF QPTJUJPOT PG

UIF TUBSUJOH BOE GBEFE HBMBYJFT PO UIF NBTT؛TJ[F QMBOF�

'VSUIFSNPSF
 PVS VOEFSTUBOEJOH PG PVUTJEF�JO GBEJOH
 BOE JUT JNQMFNFOUBUJPO JO 4FDUJPOT �����

BOE �����
 JT CBTFE PO B TJOHMF ؛ BMCFJU XFMM�TUVEJFE ؛ FYBNQMF PG B DMVTUFS HBMBYZ VOEFSHPJOH

SBN�QSFTTVSF TUSJQQJOH BU MPX SFETIJG୴ 	TFF 4FDUJPO �������
� 3BN�QSFTTVSF TUSJQQJOH NBZ PQFSBUF WFSZ

EJ୭GFSFOUMZ BU IJHI SFETIJG୴
 XIFSF HBT GSBDUJPOT BSF IJHIFS UIBO BU MPX SFETIJG୴� 5IFSF NBZ BMTP CF B

TUFMMBS NBTT EFQFOEFODZ PO IPX SBN�QSFTTVSF TUSJQQJOH PQFSBUFT
 XIJDI XF XJMM EJTDVTT JO NPSF

EFUBJM JO 4FDUJPO ����

1BSUJDVMBSMZ JO UIF MBTU EJTD�GBEJOH NPEFM 	4FDUJPO �����

 UIF PVUTJEF�JO GBEJOH TFFNT UP CF UPP

BHHSFTTJWF� 5IF XBZ JO XIJDI UIF GBEJOH JT JNQMFNFOUFE MFBET UP B MBSHF DPOUSBDUJPO JO UIF IBMG�MJHIU

SBEJVT PG B HBMBYZ� $FSUBJOMZ
 JG UIF HSBEJFOU PG UIF PVUTJEF�JO GBEJOH XBT TIBMMPXFS
 UIF NBHOJUVEF PG

UIJT DPOUSBDUJPO DPVME CF SFEVDFE 	BT JT FWJEFOU JO 'JHVSF 3.8 GPS FYBNQMF

 BOE GBEFE HBMBYJFT UIBU

BQQSPYJNBUFMZ GPMMPX UIF 14# NBTT؛TJ[F SFMBUJPO DPVME CF BDIJFWFE�

/FWFSUIFMFTT
 JU JT DMFBS UIBU UIF DPNCJOBUJPOPGNPEFMMJOH B HBMBYZXJUI B CVMHF BOEEJTD DPNQPOFOU


BT XFMM BT JNQMFNFOUJOH PVUTJEF�JO EJTD�GBEJOH 	4FDUJPO �����
 DPVME MFBE UP UIF SFRVJSFE DPOUSBDUJPO JO

TJ[F BOE UIF SFRVJSFE JODSFBTF JO CVMHF�EPNJOBODF UIBU JT PCTFSWFE CFUXFFO UIF TUBS�GPSNJOH BOE 14#

DMVTUFS HBMBYJFT�

���5IFTF
 BT XFMM BT UIFJS FSSPST BSF DBMDVMBUFE JO UIF TBNF XBZ BT JO UIF ୮ୢSTU UXP EJTD�GBEJOH UPZ NPEFMT�
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5IF 14#T BSF DMVTUFS HBMBYJFT UIBU XFSF TFMFDUFE BT CFJOH SFDFOUMZ RVFODIFE ؛ BOE UIFSFGPSF

JOUFSNFEJBSZ UP TUBS�GPSNJOH BOE RVJFTDFOU HBMBYJFT ؛ CBTFE TPMFMZ PO UIFJS TQFDUSPTDPQJD QSPQFSUJFT

JO UIF PQUJDBM 	4FDUJPO �����
� *O 4FDUJPOT ��� BOE ���
 XF QSFTFOUFE UXP QJFDFT PG FWJEFODF UIBU TVHHFTU

UIF 14#T BMTP IBWF TUSVDUVSBM QSPQFSUJFT JOUFSNFEJBSZ UP UIPTF FYIJCJUFE CZ UZQJDBM TUBS�GPSNJOH BOE

RVJFTDFOU DMVTUFS HBMBYJFT� 1
 5IF 14#T MJF PO B EJTUJODU TUFMMBS NBTT؛TJ[F SFMBUJPO UIBU BMNPTU QFSGFDUMZ

CJTFDUT UIF SFHJPO CFUXFFO UIF TUBS�GPSNJOH BOE RVJFTDFOU NBTT؛TJ[F SFMBUJPOT
 BOE 2


.PSQIPMPHJDBMMZ
 PVU PG UIF UISFF QPQVMBUJPOT 	4UBS�GPSNJOH
 14# BOE 
VJFTDFOUތ
 UIF 14#

QPQVMBUJPO DPOUBJOT UIF MBSHFTU GSBDUJPO PG JOUFSNFEJBUF�UZQF HBMBYJFT� 5IF GSBDUJPO PG CVMHF�MJLF

HBMBYJFT JO UIF 14# QPQVMBUJPO JT BMTP JOUFSNFEJBSZ UP UIF GSBDUJPO PG CVMHF�MJLF HBMBYJFT GPVOE JO UIF

TUBS�GPSNJOH BOE RVJFTDFOU QPQVMBUJPOT� 5IF GBDU UIBU UIF 14#T BMM MJF PO UIF TBNF NBTT؛TJ[F SFMBUJPO

TVHHFTUT UIBU NPTU
 JG OPU BMM PG UIFN GPSNFE WJB UIF TBNF QIZTJDBM QSPDFTT� "G୴FS JOTQFDUJOH UIF )45

8'$3 '1408 JNBHJOH PG UIF 14#T 	4FDUJPO ���

 XF ୮ୢOE NPTU PG UIFN IBWF TZNNFUSJDBM


VOEJTUVSCFE NPSQIPMPHJFT JO UIF TUFMMBS DPOUJOVVN� 5IJT PCTFSWBUJPO SVMFT PVU QIZTJDBM RVFODIJOH

NFDIBOJTNT TVDI BT NFSHFST
 IBSBTTNFOU 	.PPSF FU BM�
 ����
 ����
 PS UJEBM TUSJQQJOH XIJDI MFBE UP

UIF SFEJTUSJCVUJPO PG TUBST� *OTUFBE
 JU TVQQPSUT B TDFOBSJP XIFSF UIF 14#T BSF GPSNFE WJB B RVFODIJOH

QSPDFTT UIBU POMZ F୭GFDUT UIF HBT SFTFSWPJS PG UIF HBMBYZ�

VFODIJOHތ NFDIBOJTNT QSFWBMFOU JO UIF DMVTUFS FOWJSPONFOU XIJDI TPMFMZ B୭GFDU UIF HBT DPOUFOU

PG B HBMBYZ JODMVEF SBN�QSFTTVSF TUSJQQJOH 	(VOO � (PUU
 ����
 BOE TUSBOHVMBUJPO 	-BSTPO FU BM�


����
� 4QFDUBDVMBS FYBNQMFT PG PO�HPJOH SBN�QSFTTVSF TUSJQQJOH RVFODIJOH HBMBYJFT SBQJEMZ IBWF

CFFO PCTFSWFE JO MPX SFETIJG୴ DMVTUFST 	F�H� "CSBNTPO FU BM� ����� &CFMJOH FU BM� ����� #FMMIPVTF FU BM�

����� (VMMJFVT[JL FU BM� ����� 4IFFO FU BM� ����� 'PTTBUJ FU BM� ����� $SBNFS FU BM� ����
� #PUI UIF SBQJEJUZ

PG UIJT QSPDFTT BOE JUT QPUFOUJBM UP JOEJSFDUMZ SFEVDF UIF IBMG�MJHIU SBEJVT PG B HBMBYZ TVQQPSU UIF TIPSU

RVFODIJOH UJNFTDBMFT GPVOE GPS UIF 14#T GSPN PVS QSFWJPVT XPSL 	.V[[JO FU BM�
 ����
 BOE UIF

MPDBUJPO PG UIF 14# NBTT؛TJ[F SFMBUJPO SFMBUJWF UP UIF TUBS�GPSNJOH POF JO UIJT DIBQUFS�

*U NVTU CF OPUFE UIBU UIFSF JT OP EF୮ୢOJUJWF XBZ UP JEFOUJGZ HBMBYJFT UIBU BSF USBOTJUJPOJOH GSPN TUBS�

GPSNJOH UP RVJFTDFOU� 5IFSFGPSF
 SFTVMUT PO HBMBYJFT UIBU BSF TJNJMBSMZ TFMFDUFE UP UIF ($-"44 14#T

UFOE UP WBSZ
 NBLJOH DPNQBSJTPO XJUI UIF MJUFSBUVSF DIBMMFOHJOH� *O HFOFSBM
 14#T IBWF TUSPOH #BMNFS

BCTPSQUJPO BOE OP FNJTTJPO MJOFT XIJDI BSF JOEVDFE CZ TUBS GPSNBUJPO� )PXFWFS
 CZ BMUFSJOH UIF

FYBDU TQFDUSPTDPQJD TFMFDUJPO DSJUFSJB
 WFSZ EJ୭GFSFOU TBNQMFT PG USBOTJUJPO HBMBYJFT DBO CF TFMFDUFEXIJDI

��



FYIJCJU B SBOHF PG QIZTJDBM QSPQFSUJFT 	F�H� -FNBVY FU BM� ����� 8JMLJOTPO FU BM� ����
� 4PNF PG UIFTF

TFMFDUJPO DSJUFSJB DBO MFBE UP TJHOJ୮ୢDBOU DPOUBNJOBUJPO CZ EVTUZ TUBS�GPSNJOH HBMBYJFT 	8V FU BM�
 ����
�

1BSUJDVMBSMZ TUSPOH #BMNFS BCTPSQUJPO DBO CF JOEJDBUJWF PG B TUBSCVSTU PDDVSSJOH JO UIF HBMBYZ QSJPS

UP RVFODIJOH 	4FDUJPO �����
� 4VDI TUBSCVSTUT BSF MJLFMZ UP CF UIF SFTVMU PG WJPMFOU JOUFSBDUJPOT TVDI

BT HBMBYZ�HBMBYZ NFSHFST PS IBSBTTNFOU
 OPU HBT�SFMBUFE QSPDFTTFT TVDI BT SBN�QSFTTVSF TUSJQQJOH PS

TUBSWBUJPO 	F�H� 8JME FU BM� ����
�

/FWFSUIFMFTT
 NBOZ PUIFS TJNJMBS XPSLT UP PVST IBWF BMTP DPODMVEFE UIBU 14# HBMBYJFT JO DMVTUFST BSF

NPTU MJLFMZ UIF QSPEVDU PG SBN�QSFTTVSF TUSJQQJOH 	1PHHJBOUJ FU BM�
 ����� 3PES­HVF[ %FM 1JOP FU BM�


����� 'SJU[ FU BM�
 ����� 1BDDBHOFMMB FU BM�
 ����
� *O NPTU DBTFT
 UIJT JT VTVBMMZ BTTPDJBUFE XJUI UIF IJHIFS

PDDVSFODF PG 14#T JO DMVTUFST DPNQBSFE UP PUIFS FOWJSPONFOUT TVDI BT UIF ୮ୢFME BOE HSPVQT 	.B FU BM�


����� 1PHHJBOUJ FU BM�
 ����� 7FSHBOJ FU BM�
 ����� .V[[JO FU BM�
 ����� 8V FU BM�
 ����� (BMBNFU[ FU BM�


����� 1BDDBHOFMMB FU BM�
 ����

 TVHHFTUJOH DMVTUFS�TQFDJ୮ୢD RVFODIJOH NFDIBOJTNT BSF NPSF F୭୮ୢDJFOU JO

USBOTGPSNJOH TUBS�GPSNJOH HBMBYJFT JOUP14#T� .PSFEFUBJMFE TUVEJFT PO UIF TQBUJBM EJTUSJCVUJPOPG14#T

JO DMVTUFST IBWF VODPWFSFENPSF DPOWJODJOH FWJEFODF GPS SBN�QSFTTVSF TUSJQQJOH CFJOH SFTQPOTJCMF GPS

UIFJS FNFSHFODF� .B FU BM� 	����
 GPVOE UIBU UIFJS &�" DMVTUFS HBMBYJFT XFSF FWFOMZ EJTUSJCVUFE XJUIJO

UIF QSPKFDUFE SBN�QSFTTVSF TUSJQQJOH SBEJVT PG UIF DMVTUFS."$4 +0717.5+ 3745� (PJOH B TUFQ GVSUIFS


'SJU[ FU BM� 	����
 GPVOE UIBU UIFJS 14#T XFSF SBEJBMMZ EJTUSJCVUFE JO B TIFMM�MJLF TUSVDUVSF
 DPOHSFHBUJOH

JO CFUXFFO XIFSF NPTU PG UIF TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS HBMBYJFT XFSF GPVOE� 5IJT TFFNFE

UP TVHHFTU B USBOTJUJPO SFHJPO JO DMVTUFST
 XIFSF UIFSF JT B DIBOHF JO UIF QIZTJDBM QSPQFSUJFT
 QFSIBQT JO

UIF EFOTJUZ PG UIF JOUSBDMVTUFS NFEJVN
 USJHHFSJOH F୭୮ୢDJFOU SBN�QSFTTVSF TUSJQQJOH� 4JNJMBSMZ
 .V[[JO

FU BM� 	����
 GPVOE UIBUNPTU PG UIF($-"44 14#T XJUI TQFDUSPTDPQJD SFETIJG୴T GSPN(.04 GPMMPXFE

B DPIFSFOU أSJOHآ JO DMVTUFSDFOUSJD WFMPDJUZ WFSTVT QPTJUJPO QIBTF TQBDF� .PTU PG UIF($-"44 14#T BSF

TJUVBUFE BU TNBMM DMVTUFSDFOUSJD SBEJJ 	< 0.5R200
 XJUI IJHI DMVTUFSDFOUSJD WFMPDJUJFT� 4VDI DPOEJUJPOT

XFSF GPVOE UP CF DPOTJTUFOU XJUI UIF SBEJJ BU XIJDI SBN�QSFTTVSF TUSJQQJOH BOE TUBSWBUJPO BSF NPTU

F୭GFDUJWF JO DMVTUFST 	5SFV FU BM�
 ����� .PSBO FU BM�
 ����� #BI© FU BM�
 ����
�

4JODF SBN�QSFTTVSF TUSJQQJOH JT DBQBCMF PG SFNPWJOH UIF DPME HBT SFTFSWPJS PG B HBMBYZ
 JU DBO

SFNPWF UIF GVFM GPS TUBS GPSNBUJPO� 8JUI OP ZPVOHFS TUBST BDUJWFMZ GPSNJOH
 UIF BWFSBHF BHF PG UIF

TUFMMBS QPQVMBUJPOT JO UIF HBMBYZ JODSFBTFT
 FWFOUVBMMZ MFBEJOH UP B GBMM JO UIF CSJHIUOFTT PG UIF HBMBYZ�

3BN�QSFTTVSF TUSJQQJOH JT NPSF F୭GFDUJWF BU SFNPWJOH HBT GSPN HBMBDUJD EJTDT 	"CBEJ FU BM�
 ����
�

8JUI B TUSPOH CPEZ PG FWJEFODF TVHHFTUJOH UIF ($-"44 14#T BSF B QSPEVDU PG SBN�QSFTTVSF

TUSJQQJOH
 XF EFDJEFE UP UFTU XIFUIFS UIF GBEJOH PG B TUBS�GPSNJOH HBMBYZؠT EJTD DPVME MFBE UP B

QPQVMBUJPO PG HBMBYJFT UIBU XPVME MJF BMPOH UIF 14# NBTT؛TJ[F SFMBUJPO�

��



����� 0ঞঝজ঒঍঎�঒গ ঍঒জঌ�এঊ঍঒গঐ હঞঊক঒ঝঊঝ঒ট঎কঢ ঎ডঙকঊ঒গজ ঝ঑঎ জঝছঞঌঝঞছঊক ঙছঘঙ঎ছঝ঒঎জ ঘএ

ঝ঑঎ 14#জ

*OJUJBMMZ
 XFNPEFMMFE TUBS�GPSNJOH HBMBYJFT BT IBWJOH CPUI B EJTD BOE CVMHF DPNQPOFOU PG FRVBM TUFMMBS

NBTT� 5IF EJTD XPVME UIFO VOJGPSNMZ GBEF TVDI UIBU UIF HBMBYZؠT TUFMMBS QPQVMBUJPOT NBUDIFE UIPTF PG

UIF 14#T 	4FDUJPO �����
� *O UIJT TDFOBSJP
 XF GPVOE UIBU UIF GBEJOH EJE OPU QSPEVDFNPEFM HBMBYJFT XJUI

TJNJMBS TJ[FT BOE 4©STJD JOEJDFT UP UIF BWFSBHF 14# 	'JHVSF 3.6
� 'BSNPSF GBEJOHXBT SFRVJSFE UP FYQMBJO

UIF TNBMM TJ[FT BOE IJHI 4©STJD JOEJDFT PG UIF 14#T� 5IJT JT QFSIBQT VOTVSQSJTJOH
 TJODF PCTFSWBUJPOBM

FWJEFODF TVHHFTUT RVFODIJOH JO DMVTUFST EPFT OPU PQFSBUF JO UIJT XBZ�

(JWFO UIBU OVNFSPVT QSFWJPVT SFTVMUT TVHHFTU UIBU PVUTJEF�JO RVFODIJOH PDDVST JO MPX SFETIJG୴

DMVTUFST
 XF UIFSFGPSF QSPDFFEFE UP NPEFM PVUTJEF�JO GBEJOH PO UIF NBTT؛TJ[F QMBOF 	4FDUJPO �����



୮ୢOEJOH UIBU JU BMTP GBJMT UP QSPEVDF NPEFM HBMBYJFT XJUI TJNJMBS TUSVDUVSBM QSPQFSUJFT UP UIF 14#T�

'VSUIFSNPSF
 UIJT NPEFM GBJMT UP SFQSPEVDF UIF TUFFQ TMPQF PG UIF 14# TUFMMBS NBTT؛TJ[F SFMBUJPO� "

QPTTJCMF SFBTPO GPS UIJT DPVME CF EVF UP B EJ୭GFSFODF JO UIF GBEJOH SBUF GPS MPX� BOE IJHI�NBTT HBMBYJFT�

0VUTJEF�JO GBEJOH NBZ PQFSBUF BU B GBTUFS SBUF GPS MPX�NBTT HBMBYJFT
 CVU NVDI TMPXFS GPS IJHI�NBTT

HBMBYJFT� 5IJT NBZ BMTP BMMPX GPS UIF BWFSBHF 4©STJD JOEFY UP SJTF
 TJODF BU ୮ୢYFE TUFMMBS NBTT
 BMM UIF

HBMBYJFT XJUI -PH(M∗/.⊙) " 10.9 XIJDI؛ BSF JO UIF NBKPSJUZ ؛ XJMM IBWF TNBMMFS TJ[FT BU ୮ୢYFE TUFMMBS

NBTT
 NPSF TJNJMBS UP RVJFTDFOU HBMBYJFT�

/FWFSUIFMFTT
 XF EFDJEFE UP DPNCJOF PVS ୮ୢSTU BOE TFDPOE BUUFNQUT BU NPEFMMJOH EJTD�GBEJOH JOUP B

UIJSE NPEFM 	4FDUJPO �����
� 'SPN UIF ୮ୢSTU NPEFM 	4FDUJPO �����

 XF UPPL UIF NPSF SFBMJTUJD NPEFMMJOH

PG HBMBDUJD TUSVDUVSF
 NPEFMMJOH PVS HBMBYJFT XJUI B EJTD BOE CVMHF DPNQPOFOU� 'SPN UIF TFDPOENPEFM

	4FDUJPO �����

 XF UPPL UIF NPSF SFBMJTUJD NPEFMMJOH PG أPVUTJEF�JOآ GBEJOH� 5IF SFTVMU JT B NPEFM UIBU

DBO FYQMBJO UIF IJHI 4©STJD JOEJDFT PG UIF 14#T BOE IBT UIF QPUFOUJBM UP QSPEVDF EJTD�GBEFE HBMBYJFT UIBU

BQQSPYJNBUFMZ GPMMPX UIF 14# NBTT؛TJ[F SFMBUJPO� 5IF SFTVMUT PG UIFTF UISFF EJTD�GBEJOH UPZ NPEFMT

IBWF TIPXO UIBU UIF 14#T BSF QMBVTJCMZ UIF QSPEVDU PG TUBS�GPSNJOH HBMBYJFT XIJDI IBWF FYQFSJFODFE

EJTD�GBEJOH� 5IJT EJTD�GBEJOH JT MJLFMZ UP IBWF CFFO CSPVHIU PO CZ RVFODIJOH QSPDFTTFT TVDI BT SBN�

QSFTTVSF TUSJQQJOH� 5P CFUUFS SFQSPEVDF UIF TUSVDUVSBM QSPQFSUJFT PG UIF 14#T XJUI EJTD�GBEJOH
 WBSJPVT

GBEJOH HSBEJFOUT XJUI NPSF TPQIJTUJDBUFE NPEFMMJOH OFFE UP CF FYQMPSFE� 5IF HSBEJFOU PG PVUTJEF�JO

GBEJOH DPVME WFSZ NVDI SFMZ VQPO UIF TUFMMBS NBTT PG UIF HBMBYZ
 XIJDI JO UVSO EJDUBUFT UIF TMPQF PG UIF

SFMBUJPO UIF GBEFE HBMBYJFT MJF PO�

.BOZ SFDFOU XPSLT IBWF GPVOE UIBU EJTD GBEJOH DPVME FYQMBJO UIF GPSNBUJPO PG USBOTJUJPO HBMBYJFT

JO DMVTUFST� 6TJOH B CVMHF BOE EJTD EFDPNQPTJUJPO PG RVJFTDFOU HBMBYJFT JO UIF $PNB DMVTUFS
 )FBE

FU BM� 	����
 ୮ୢOE UIBU 40 	JOUFSNFEJBUF�UZQF
 HBMBYJFT IBWF TZTUFNBUJDBMMZ CMVFS CVMHFT BOE EJTDT

��



GVSUIFS BXBZ GSPN UIF DMVTUFS DFOUSF� 5IJT PCTFSWBUJPO GBWPVSFE FOWJSPONFOUBMMZ�JOEVDFE EJTD

GBEJOH BT UIF EPNJOBOU SPVUF GPS 40 GPSNBUJPO� (PJOH GVSUIFS
 #FESFHBM FU BM� 	����
 XFSF BCMF UP

TIPX UIBU NPTU 40 HBMBYJFT JO UIF 'PSOBY DMVTUFS IBWF RVFODIFE 
أPVUTJEF�JOآ XJUI UIF MBUFTU TUBS

GPSNBUJPO JO UIF DFOUSBM SFHJPOT CFJOH DBQBCMF PG FOIBODJOH UIF CSJHIUOFTT PG UIF CVMHF� 4JNJMBSMZ


+B୭G© FU BM� 	����
 ୮ୢOE UIBU LJOFNBUJDBMMZ�EJTUVSCFE FNJTTJPO�MJOF DMVTUFS HBMBYJFT PVU UP z ∼ 1 IBWF

USVODBUFE HBT EJTDT BOE UIBU UIFJS TUBS GPSNBUJPO JT NPSF DFOUSBMMZ DPODFOUSBUFE UIBO BOBMPHPVT

HBMBYJFT JO MPX EFOTJUZ FOWJSPONFOUT� 5IFZ TVHHFTU UIBU HBT JT FJUIFS NPSF F୭୮ୢDJFOUMZ SFNPWFE GSPN

UIF PVUTLJSUT PG HBMBYJFT BOE�PS JT ESJWFO UPXBSET UIF DFOUSF� %SJWJOH HBT UPXBSET UIF DFOUSF PG UIF

HBMBYZ XPVME GVSUIFS GVFM UIF DFOUSBMMZ�DPODFOUSBUFE TUBS GPSNBUJPO BOE DPOUSJCVUF UP UIF CVJME�VQ

PG B TJHOJ୮ୢDBOU CVMHF� 1FSIBQT UIJT NBZ CF BO BUUSJCVUF PG HBT�TUSJQQJOH QSPDFTTFT XIJDI XBT OPU

DPOTJEFSFE JO PVS UPZ NPEFMT� *G SBN�QSFTTVSF TUSJQQJOH DPVME BMTP DPOUSJCVUF UP FOIBODJOH UIF

TUFMMBS NBTT CVJME�VQ PG UIF CVMHF
 B TDFOBSJP DPVME FNFSHF XIFSF UIFSF JT CVMHF CSJHIUFOJOH BT XFMM BT

EJTD GBEJOH� 5IJT DPVME NPTU DFSUBJOMZ FYQMBJO UIF NPSF CVMHJFS NPSQIPMPHJFT PG UIF 14#T DPNQBSFE

UP UIF GBEFE HBMBYJFT JO PVS GBEJOH NPEFMT� &OIBODFE TUBS GPSNBUJPO JO UIF DPSF PG B SBN�QSFTTVSF

TUSJQQFE HBMBYZ JO UIF $PNB DMVTUFS XBT TFFO JO $SBNFS FU BM� 	����
 GPS FYBNQMF� 'VSUIFSNPSF


'SBTFS�.D,FMWJF FU BM� 	����
 GPVOE UIBU UIF CVMHFT PG MPX NBTT 	M∗ < 1010.⊙
 40 HBMBYJFT JO UIF

.B/(" TVSWFZ IPTUFE ZPVOHFS TUFMMBS QPQVMBUJPOT UIBO UIFJS EJTDT
 TVQQPSUJOH BO PVUTJEF�JO GBEJOH

TDFOBSJP XIFSF UIF CVMHF NBZ FOE VQ CSJHIUFS UIBO UIF EJTD�

/POFUIFMFTT
 PUIFS XPSLT IBWF TUBUFE UIBU PVUTJEF�JO RVFODIJOH NBZ OPU CF UIF POMZ FYQMBOBUJPO

GPS IPX DMVTUFS HBMBYJFT RVFODI� 6TJOH B CVMHF�EJTD EFDPNQPTJUJPO PG MBUF� BOE FBSMZ�UZQF HBMBYJFT JO

TJY MPX SFETIJG୴ DMVTUFST
 $ISJTUMFJO � ;BCMVEP୭G 	����
 GPVOE UIBU UIF CSJHIU FOE PG UIF EJTD

MVNJOPTJUZ GVODUJPO EPFT OPU WBSZ NVDI XJUI CVMHF GSBDUJPO
 CVU UIF CSJHIU FOE PG UIF CVMHF

MVNJOPTJUZ GVODUJPO JODSFBTFT XJUI CVMHF GSBDUJPO� VFODIJOHތ JO DMVTUFST TFFNT UP GBWPVS UIF CVMHF

CFDPNJOH CSJHIUFS SBUIFS UIBO UIF EJTD GBEJOH BT B HBMBYZ NPWFT GSPN TQJSBM UP FMMJQUJDBM NPSQIPMPHZ�

5IJT TFFNT UP TVHHFTU UIBU FOWJSPONFOUBM RVFODIJOH QSPDFTTFT BSF OPU FOPVHI UP FYQMBJO UIF

TUSVDUVSBM QSPQFSUJFT PG SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT� 'PS FYBNQMF
 UP FYQMBJO IPX MPX NBTT

	-PH(M∗/.⊙) < 10.5
 14#T FWPMWFE GSPN DPNQBDU TUBS�GPSNJOH HBMBYJFT JO z < 1 DMVTUFST


4PDPMPWTLZ FU BM� 	����
 GPVOE UIBU B DPNCJOBUJPO PG HBT TUSJQQJOH BOE TUSPOH PVU୯୳PXT GSPN TUFMMBS

PS "(/ GFFECBDL XFSF OFFEFE UP FYQMBJO UIFJS TUSVDUVSBM QSPQFSUJFT�

��



����� 3঎ঌ঎গঝকঢ હঞ঎গঌ঑঎঍ ঐঊকঊড঒঎জ � ঎টঘকঞঝ঒ঘগ ঒গ ঝ঑঎ હঞ঒঎জঌ঎গঝ খঊজজ؛জ঒ণ঎

ছ঎কঊঝ঒ঘগ ঠ঒ঝ঑ ছ঎঍জ঑঒এঝ

5IF EJTUJODU MPDBUJPO PG UIF 14#T PO UIFNBTT؛TJ[F QMBOF IBT JNQPSUBOU JNQMJDBUJPOT GPS UIF HSPXUI JO

UIF BWFSBHF TJ[F PG RVJFTDFOU DMVTUFS HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� 5IF NBKPSJUZ PG UIF 14#T MJF PO

UIF MBSHF TJ[F FOE PG UIF RVJFTDFOU EJTUSJCVUJPO BU ୮ୢYFE TUFMMBS NBTT 	TFF 'JHVSF 3.3
� 5IFJS MPDBUJPO JO

'JHVSF 3.3 QSPWJEFT EJSFDU FWJEFODF TIPXJOH UIBU HBMBYJFT XIJDI RVFODI MBUFS BSF PO BWFSBHF MBSHFS JO

TJ[F UIBO HBMBYJFT UIBU RVFODIFE FBSMJFS� 5IFSFGPSF
 UIF BEEJUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT UP UIF

RVJFTDFOU QPQVMBUJPO DBO JOEVDF BO JODSFBTF JO UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH

SFETIJG୴�

*O$IBQUFS �
 XF GPVOE UIBUNJOPSNFSHFST DPVME FYQMBJO UIF TJ[F HSPXUI PCTFSWFE JO RVJFTDFOU ୮ୢFME

HBMBYJFTXJUI EFDSFBTJOH SFETIJG୴ BU ୮ୢYFE TUFMMBSNBTT� /PX
XJUI UIF TUVEZ QSFTFOUFE JO UIJT DIBQUFS
 XF

DPO୮ୢSN UIBU UIF BEEJUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT UP UIF RVJFTDFOU QPQVMBUJPO XJMM BMTP JOEVDF B

SJTF JO UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� 5IF SFMBUJWF JNQPSUBODF PG UIFTF

UXP TJ[F HSPXUI NFDIBOJTNT IPXFWFS TUJMM OFFET UP CF EFUFSNJOFE� 'PS FYBNQMF
 B IJHIFS PDDVSFODF

PG 14#T JO DMVTUFST IBWF CFFO GPVOE CZ B OVNCFS PG PUIFS TUVEJFT 	1PHHJBOUJ FU BM�
 ����� 7FSHBOJ

FU BM�
 ����� .V[[JO FU BM�
 ����� 8V FU BM�
 ����� 1BDDBHOFMMB FU BM�
 ����
� 4JODF NJOPS NFSHFST BSF SBSF

CFUXFFO TBUFMMJUF DMVTUFS HBMBYJFT
 UIFTF ୮ୢOEJOHT NBZ TVHHFTU UIBU UIF BEEJUJPO PG SFDFOUMZ RVFODIFE

HBMBYJFT UP UIF RVJFTDFOU QPQVMBUJPO JT NPSF JNQPSUBOU GPS UIF TJ[F HSPXUI PCTFSWFE JO UIF RVJFTDFOU

DMVTUFS QPQVMBUJPO UIBO GPS UIF TJ[F HSPXUI PCTFSWFE JO UIF RVJFTDFOU FME׹ QPQVMBUJPO XJUI EFDSFBTJOH

SFETIJG୴�

0O UIF PUIFS IBOE
 $BSPMMP FU BM� 	����
 DMBJN UIBU UIF BEEJUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT UP

UIF RVJFTDFOU QPQVMBUJPO DBO FYQMBJO UIF NBKPSJUZ PG UIF TJ[F HSPXUI PCTFSWFE JO UIF NFEJBO TJ[F PG

RVJFTDFOU ୮ୢFME HBMBYJFT CFUXFFO 0.2 < z < 1� 5IJT DPODMVTJPO XBT NPUJWBUFE CZ UIF GBDU UIBU UIFTF

BVUIPST EP OPU PCTFSWF B EFDSFBTF JO UIF OVNCFS EFOTJUZ PG DPNQBDU RVJFTDFOU HBMBYJFT JO UIJT SFETIJG୴

SBOHF 	XIJDI
 JG PCTFSWFE
 XPVME IBWF TVHHFTUFE UIFZ IBWF HSPXO QIZTJDBMMZ JO TJ[F
� 4JODF UIJT SFTVMU


NBOZ PUIFS TUVEJFT IBWF BMTP GPVOE UIBU QSPHFOJUPS CJBT QMBZT BO JNQPSUBOU SPMF JO UIF TJ[F HSPXUI

PG RVJFTDFOU HBMBYJFT BU ୮ୢYFE TUFMMBS NBTT 	$BTTBUB FU BM�
 ����� ,SPHBHFS FU BM�
 ����� %BNKBOPW FU BM�


����� ;BIJE FU BM�
 ����� $IBSCPOOJFS FU BM�
 ����� 5BDDIFMMB FU BM�
 ����� "CSBNTPO � .PSJTIJUB
 �����

%BNKBOPW FU BM�
 ����
� *O GVSUIFS TVQQPSU PG UIJT DPODMVTJPO
 'BHJPMJ FU BM� 	����
 GPVOE UIBU MBSHF

RVJFTDFOU ୮ୢFME HBMBYJFT XJUI 10.5 < -PH(M∗/.⊙) < 11 BU 0.2 < z < 0.8 XFSF DPNQPTFE PG ZPVOHFS

TUFMMBS QPQVMBUJPOT UIBO TNBMMFS RVJFTDFOU ୮ୢFME HBMBYJFT XJUIJO UIF TBNF TUFMMBS NBTT SBOHF� 4JNJMBS

SFTVMUT UP UIJT POF IBWF BMTP CFFO GPVOE CZ %FMBZF FU BM� 	����C

 (BSHJVMP FU BM� 	����

 4DPUU FU BM�

��



	����

 8JMMJBNT FU BM� 	����

 ;BIJE � (FMMFS 	����
 BOE 8V FU BM� 	����
� WBO EFS 8FM FU BM� 	����


IPXFWFS EJE PCTFSWF B EFDSFBTF JO UIF OVNCFS EFOTJUZ PG DPNQBDU RVJFTDFOU HBMBYJFT XJUI B NVDI

MBSHFS TBNQMF PG ୮ୢFME HBMBYJFT CFUXFFO 0 < z < 2
 DPODMVEJOH UIBU NJOPS NFSHFST ESJWF UIF PCTFSWFE

HSPXUI JO UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� .BOZ PUIFS XPSLT IBWF BMTP

DPODMVEFE UIBUNJOPSNFSHFST BSF UIFNBJO ESJWFST PG TJ[F HSPXUI BU ୮ୢYFE TUFMMBSNBTT GPS UIF RVJFTDFOU

QPQVMBUJPO 	.PSJTIJUB FU BM�
 ����� %BNKBOPW FU BM�
 ����� WBO %PLLVN FU BM�
 ����� $IBO FU BM�
 �����

;BOFMMB FU BM�
 ����� 0MEIBN FU BM�
 ����� ,VCP FU BM�
 ����
� 3FHBSEMFTT
 UIFSF SFNBJOT EJTBHSFFNFOU

JO XIJDI PG UIF UXP QSPDFTTFT EPNJOBUFT UIF PCTFSWFE TJ[F HSPXUI 	#FMMJ FU BM�
 ����� 3VULPXTLJ FU BM�


����� ,FBUJOH FU BM�
 ����� #FMMJ FU BM�
 ����
�

6TJOH UIF SFTVMUT JO $IBQUFS � BOE UIJT $IBQUFS
 XF DPO୮ୢSN UIBU CPUI NJOPS NFSHFST BOE SFDFOUMZ

RVFODIFE HBMBYJFT BSF SFTQPOTJCMF GPS UIF PCTFSWFE HSPXUI JO UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT BU

୮ୢYFE TUFMMBS NBTT XJUI EFDSFBTJOH SFETIJG୴� )PXFWFS
 CFUUFS TBNQMF TUBUJTUJDT TQSFBE PWFS B MBSHF SBOHF

JO SFETIJG୴ BOE FOWJSPONFOUT XJMM CF SFRVJSFE UP RVBOUJGZ XIJDI PG UIF UXP QSPDFTTFT EPNJOBUFT�

��� 4ঞখখঊছঢ

*O UIJT DIBQUFS
 XF IBWF TUVEJFE UIF TUSVDUVSBM QSPQFSUJFT PG �� TQFDUSPTDPQJDBMMZ JEFOUJ୮ୢFE SFDFOUMZ

RVFODIFE 	PS أQPTUTUBSCVSTUآ 	14#

 DMVTUFS HBMBYJFT SFTJEJOH JO OJOF DMVTUFST BU z ∼ 1
 UP CFUUFS

VOEFSTUBOE UIF QIZTJDBM QSPDFTT SFTQPOTJCMF GPS UIFJS RVFODIJOH� 0VS NBJO DPODMVTJPOT BSF BT

GPMMPXT�

�� *O NPTU DBTFT
 UIF '1408 EJSFDU JNBHFT PG UIF SFDFOUMZ RVFODIFE HBMBYJFT TIPX OP
EJTUVSCBODFT UP UIFJS TUFMMBS MJHIU QSP୮ୢMFT UIBU DPVME CF UIF SFTVMU PG WJPMFOU JOUFSBDUJPOT TVDI BT
NFSHFST
 IBSBTTNFOU PS UJEBM TUSJQQJOH� 5IJT TVHHFTUT UIF RVFODIJOH NFDIBOJTN SFTQPOTJCMF
F୭GFDUT TPMFMZ UIF HBT DPOUFOU PG UIFTF HBMBYJFT�

�� #Z ୮ୢUUJOH UIF '1408 EJSFDU JNBHFT PG UIF SFDFOUMZ RVFODIFE HBMBYJFT XJUI TJOHMF DPNQPOFOU
4©STJD QSP୮ୢMFT
 XF ୮ୢOE UIBU NPTU PG UIF SFDFOUMZ RVFODIFE HBMBYJFT MJF PO B EJTUJODU NBTT؛TJ[F
SFMBUJPO UIBU BMNPTU QFSGFDUMZ CJTFDUT UIF SFHJPO MZJOH JO CFUXFFO UIF TUBS�GPSNJOH BOE RVJFTDFOU
୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPOT� 5IJT TVHHFTUT UIF RVFODIJOH NFDIBOJTN SFTQPOTJCMF JT DBQBCMF
PG BMUFSJOH UIF MJHIU QSP୮ୢMF PG UIFTF HBMBYJFT JO B WFSZ TQFDJ୮ୢD XBZ
 XJUI UIF MJLFMJIPPE UIBU NPTU
PG UIF SFDFOUMZ RVFODIFE HBMBYJFT VOEFSXFOU UIF TBNF RVFODIJOH QSPDFTT�

�� 6TJOH 4©STJD JOEFY BT B QSPYZ GPS NPSQIPMPHZ
 XF DPNQBSF UIF 4©STJD QSP୮ୢMFT PG UIF SFDFOUMZ
RVFODIFE
 TUBS�GPSNJOH BOE RVJFTDFOU DMVTUFS HBMBYJFT� 5IF IJHIFTU GSBDUJPO PG
JOUFSNFEJBUF�UZQF HBMBYJFT JT GPVOE JO UIF SFDFOUMZ RVFODIFE QPQVMBUJPO� 3FDFOUMZ RVFODIFE
HBMBYJFT BMTP FYIJCJU B IJHIFS GSBDUJPO PG CVMHF�EPNJOBUFE HBMBYJFT UIBO UIF TUBS�GPSNJOH
QPQVMBUJPO
 CVU B MPXFS GSBDUJPO DPNQBSFE UP UIF RVJFTDFOU QPQVMBUJPO� 5IFSFGPSF
 SFDFOUMZ
RVFODIFE HBMBYJFT IBWF NPSQIPMPHJFT UIBU BSF JOUFSNFEJBSZ UP UIPTF PG UIF TUBS�GPSNJOH BOE
RVJFTDFOU QPQVMBUJPOT� )PXFWFS
 PO BWFSBHF
 UIFJS NPSQIPMPHJFT BSF NPSF TJNJMBS UP UIPTF
FYIJCJUFE CZ UIF RVJFTDFOU QPQVMBUJPO�

��



�� #Z NPEFMMJOH B TUBS�GPSNJOH DMVTUFS HBMBYZ XJUI B CVMHF BOE EJTD DPNQPOFOU PG FRVBM TUFMMBS
NBTT
 XF FYQMPSFE IPX TUBS�GPSNJOH HBMBYJFT NPWF BDSPTT UIF NBTT؛TJ[F QMBOF BT UIFJS EJTDT
GBEF VOJGPSNMZ
 SFTVMUJOH JO HBMBYJFT XJUI TJNJMBS TUFMMBS QPQVMBUJPOT UP UIF SFDFOUMZ RVFODIFE
HBMBYJFT� "MUIPVHI B SFEVDUJPO JO IBMG�MJHIU SBEJVT BOE B SJTF JO 4©STJD JOEFY JT GPVOE
 UIF
NBHOJUVEF PG UIFTF DIBOHFT JO QIZTJDBM QSPQFSUJFT BSF UPP TNBMM UP FYQMBJO UIF TUSVDUVSBM
QSPQFSUJFT PG UIF 14#T�

�� 8F UIFO VTFE B NPSF SFBMJTUJD NPEFM PG PVUTJEF�JO GBEJOH CBTFE PO SFDFOU PCTFSWBUJPOT PG
RVFODIJOH JO DMVTUFST� 8F GPVOE UIBU UIJT NPEFM TUJMM GBJMFE UP QSPEVDF HBMBYJFT XJUI TJNJMBS
TUSVDUVSBM QSPQFSUJFT UP UIF 14#T� " TJHOJ୮ୢDBOU ESPQ JO BWFSBHF TJ[F JT BDIJFWFE
 CVU UIF IJHI
4©STJD JOEJDFT PG UIF 14#T BOE UIF TUFFQ TMPQF PG UIF 14# NBTT؛TJ[F SFMBUJPO XBT OPU BDIJFWFE�
5IJT TVHHFTUT MPOHFS GBEJOH UJNFTDBMFT XJUI JODSFBTJOH TUFMMBS NBTT BSF SFRVJSFE BOE�PS CVMHF
CSJHIUFOJOH BMTP PDDVST BT QBSU PG RVFODIJOH QSPDFTTFT MJLF SBN�QSFTTVSF TUSJQQJOH XIJDI
DPVME ESJWF HBT UPXBSET UIF DFOUSF�

�� #Z DPNCJOJOH UIF NPSF SFBMJTUJD NPEFMMJOH PG B HBMBYZ XJUI B EJTD BOE CVMHF DPNQPOFOU
 BOE
UIF NPSF SFBMJTUJD PVUTJEF�JO EJTD�GBEJOH
 XF TIPXFE UIBU EJTD�GBEJOH DBO FYQMBJO UIF IJHI 4©STJD
JOEJDFT PG UIF 14#T BOE IBT UIF QPUFOUJBM UP QSPEVDF HBMBYJFT UIBU GPMMPX UIF 14# NBTT؛TJ[F
SFMBUJPO� 'VSUIFS FYQMPSBUJPO PG PVUTJEF�JO GBEJOH HSBEJFOUT DPNCJOFE XJUI NPSF TPQIJTUJDBUFE
NPEFMMJOH JT SFRVJSFE UP GVMMZ SFQSPEVDF UIF TUSVDUVSBM QSPQFSUJFT PG UIF 14#T�

�� 5IF GBDU UIBU UIF 14# NBTT؛TJ[F SFMBUJPO SVOT UISPVHI UIF MBSHF TJ[F FOE PG UIF RVJFTDFOU
EJTUSJCVUJPO PG HBMBYJFT QSPWJEFT EJSFDU FWJEFODF GPS SFDFOUMZ RVFODIFE HBMBYJFT DPOUSJCVUJOH UP
UIF TJ[F HSPXUI PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴�

*O UBOEFNXJUI UIF SFTVMUT QSFTFOUFE JO$IBQUFS �
 XF DPO୮ୢSNCPUINJOPSNFSHFST BOE UIF BEEJUJPO

PG SFDFOUMZ RVFODIFE HBMBYJFT UP UIF RVJFTDFOU QPQVMBUJPO BSF SFTQPOTJCMF GPS UIF SBQJE TJ[F HSPXUI BU

୮ୢYFE TUFMMBS NBTT PCTFSWFE JO UIF RVJFTDFOU QPQVMBUJPO PG HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴� )PXFWFS


JU SFNBJOT VODMFBS XIJDI PG UIFTF UXP QSPDFTTFT EPNJOBUF� %FUFSNJOJOH UIJT XJMM SFRVJSF CFUUFS TBNQMF

TUBUJTUJDT PWFS B CSPBE SFETIJG୴ SBOHF JO B WBSJFUZ PG FOWJSPONFOUT�

��



* EPOԙU XBOU UP CFMJFWF� * XBOU UP LOPX�

$BSM 4BHBO

4
4QBUJBMMZ SFTPMWFE TUBS GPSNBUJPO

JO DMVTUFS HBMBYJFT

*ঝ ঑ঊজ গঘঠ ঋ঎঎গ ঔগঘঠগ GPS B MPOH UJNF UIBU DMVTUFS HBMBYJFT BSF PO BWFSBHF SFEEFS JO DPMPVS
 MFTT

BDUJWFMZ TUBS�GPSNJOH BOE CVMHF�EPNJOBUFE JO NPSQIPMPHZ 	TFF 4FDUJPO �����
 DPNQBSFE UP HBMBYJFT JO

UIF MPX�EFOTJUZ ୮ୢFME FOWJSPONFOU� *O NPSF SFDFOU UJNFT
 JU IBT CFFO GPVOE UIBU FWFO BU ୮ୢYFE TUFMMBS

NBTT
 UIF GSBDUJPO PG HBMBYJFT XJUI RVFODIFE TUBS GPSNBUJPO JT IJHIFS JO IJHI EFOTJUZ SFHJPOT TVDI BT

DMVTUFST
 CPUI BU MPX 	z ∼ 0
 BOE IJHI 	z ∼ 1
 SFETIJG୴ 	TFF 4FDUJPO ����� BOE 1FOH FU BM� ����C� .V[[JO

FU BM� ����
� 1PQVMBUJPO TUVEJFT TVDI BT UIFTF QSPWJEF VT XJUI UIF BCJMJUZ UP DPOTUSBJO HMPCBM QSPQFSUJFT

PG HBMBYJFT SFTJEJOH JO EJ୭GFSFOU FOWJSPONFOUT
 TVDI BT TUBS GPSNBUJPO SBUFT
 RVFODIFE GSBDUJPOT BOE

RVFODIJOH UJNFTDBMFT� )PXFWFS
 UIF TUBUJTUJDBM QPXFS PG UIFTF TUVEJFT EP OPU BMMPX GPS TUSPOH

DPOTUSBJOUT PO UIF QIZTJDT UIBU ESJWFT UIFTF HMPCBM USFOET�

*O UIF DBTF PG TUBS GPSNBUJPO BOE JUT RVFODIJOH
 UIF TUSPOHFTU QSPCF BMMPXJOH VT UP VOEFSTUBOE IPX

JU PQFSBUFT JO HBMBYJFT IBT CFFO TQBUJBM JOGPSNBUJPO� &BSMZ SFTVMUT PO UIJT XFSF PCUBJOFE VTJOH OBSSPX�

CBOE JNBHJOH
 XIFSF EJ୭GFSFOUXBWFMFOHUIT USBDJOH TUBS GPSNBUJPO PQFSBUJOH POEJ୭GFSFOU UJNFTDBMFT BSF

FYQMPJUFE� " DPNNPO USBDFS VTFE GPS JOTUBOUBOFPVT 	∼ 10.ZS
 TUBS GPSNBUJPO JT )α FNJTTJPO� 5IF

VMUSBWJPMFU SBEJBUJPO FNJUUFE CZ ZPVOH
 NBTTJWF 0 BOE # TUBST MFBET UP SFDPNCJOBUJPO BU UIF CPVOEBSZ

PG UIFJS 4US¶NHFO TQIFSFT BOE UIFSFGPSF FNJTTJPO JO )α 	,FOOJDVUU
 ����
� "O FBSMZ TUVEZ XIJDI

��



FYQMPJUFE UIJT USBDFS VTJOH OBSSPX�CBOE JNBHJOH JT ,PPQNBOO � ,FOOFZ 	����
� *O ,PPQNBOO �

,FOOFZ 	����

 NPSF UIBO IBMG PG TQJSBM HBMBYJFT JO UIF7JSHP DMVTUFS XFSF GPVOE UP IBWF USVODBUFE)α

EJTDT SFMBUJWF UP UIFJS3�CBOE EJTDT
 DPNQBSFE UP POMZ∼ 10% JO UIF MPX EFOTJUZ ୮ୢFME FOWJSPONFOU 	TFF

'JHVSF 1.7 BOE 4FDUJPO ������� GPS NPSF EFUBJMT�
� 'PS UIF ୮ୢSTU UJNF
 B TUBUFNFOU DPVME CF NBEF PO IPX

FOWJSPONFOUBM RVFODIJOH PQFSBUFT� JU TFFNT UP EFTUSPZ EJTDT GSPN UIF 
أPVUTJEF�JOآ NBLJOH HBMBYJFT

BQQFBS TNBMMFS XJUI B NPSF DPODFOUSBUFE MJHIU QSP୮ୢMF�

3FDFOUMZ
 XJUI UIF FNFSHFODF PG JOUFHSBM ୮ୢFME TQFDUSPTDPQZ
 TUVEJFT PO FOWJSPONFOUBM RVFODIJOH

IBWF CFDPNFNPSF TPQIJTUJDBUFE� 8F OPX IBWF UIF BCJMJUZ UP NBLF TUBUFNFOUT PO IPX UIF LJOFNBUJDT

PG HBMBYJFT BSF B୭GFDUFE CZ FOWJSPONFOUBM RVFODIJOH QSPDFTTFT TVDI BT SBN�QSFTTVSF TUSJQQJOH 	TFF

'JHVSF 1.9
 4FDUJPO ������� BOE F�H� ("41
 1PHHJBOUJ FU BM� ����� #FMMIPVTF FU BM� ����� (VMMJFVT[JL FU BM�

����� 'SJU[ FU BM� ����� .PSFUUJ FU BM� ����� +B୭G© FU BM� ����� 7VMDBOJ FU BM� ����
� 4JNJMBSMZ
 OFX EFFQFS

OBSSPX�CBOE JNBHJOH TVSWFZT IBWF NBEF JU QPTTJCMF UP NFBTVSF RVFODIJOH UJNFTDBMFT BT B GVODUJPO PG

HBMBDUPDFOUSJD SBEJVT 	TFF 'JHVSF 1.8
 4FDUJPO ������� BOE F�H� 7&45*(&
 'PTTBUJ FU BM� ����
� 'PS UIF ୮ୢSTU

UJNF
 XF BSF BCMF UP RVBOUJGZ UIF SBUF BU XIJDI TQFDJ୮ୢD FOWJSPONFOUBM RVFODIJOH NFDIBOJTNT

PQFSBUF BOE XIFSF UIFZ TUBSU BOE ୮ୢOJTI BDUJOH JO B HBMBYZ�

)PXFWFS
 UIJT QSPHSFTT JO PVS VOEFSTUBOEJOH PG FOWJSPONFOUBM RVFODIJOH JT DPO୮ୢOFE UP UIF MPX�

SFETIJG୴ 6OJWFSTF� /BUVSBMMZ
 TVDI EFUBJMFE PCTFSWBUJPOT BSF DIBMMFOHJOH UP PCUBJO BU IJHI�SFETIJG୴
 CVU

BSF BSHVBCMZ NPSF OFDFTTBSZ� 5P NBLF TUBUFNFOUT PO XIJDI RVFODIJOH NFDIBOJTN EPNJOBUFT UIF

QSPEVDUJPO PG UIF NBOZ SFE
 EFBE BOE CVMHF�EPNJOBUFE HBMBYJFT JO UPEBZؠT HBMBYZ DMVTUFST
 XF NVTU

MPPL UP IJHI SFETIJG୴T
 XIFSF HBMBYZ DMVTUFST XFSF TUJMM JO UIF QSPDFTT PG GPSNJOH
 DPTNJD TUBS GPSNBUJPO

SBUFT XFSF IJHIFS 	TFF 'JHVSF 1.3
 4FDUJPO ��� BOE.BEBV�%JDLJOTPO ����
 BOE HBMBYJFT DBO CF DBVHIU

EJSFDUMZ JO UIF QSPDFTT PG RVFODIJOH�

*O B ୮ୢSTU TUVEZ PG JUT LJOE
 /FMTPO FU BM� 	����C
 VTFE )VCCMF 4QBDF 5FMFTDPQF 	)45
 8JEF 'JFME
$BNFSB 3 	8'$3
 TMJUMFTT TQFDUSPTDPQZ UP DPOTUSVDU TQBUJBMMZ SFTPMWFE )αNBQT PG TUBS�GPSNJOH ୮ୢFME

HBMBYJFT BU z ∼ 1� #Z DPNQBSJOH UIF TQBUJBM FYUFOU PG UIF )α FNJTTJPO UP UIF TUFMMBS DPOUJOVVN
 UIFZ

XFSF BCMF UP DPODMVEF UIBU TUBS�GPSNJOH ୮ୢFME HBMBYJFT BSF HSPXJOH JO BO أJOTJEF�PVUآ GBTIJPO WJB TUBS

GPSNBUJPO
 TJODF UIFJS)α FNJTTJPO JTNPSF TQBUJBMMZ FYUFOEFE UIBO UIFJS TUFMMBS DPOUJOVVNBU BMM TUFMMBS

NBTTFT� *O UIJT DIBQUFS
 XF VTF UIJT UFDIOJRVF PO UIF MBSHFTU TBNQMF PG TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE

DMVTUFS HBMBYJFT BU z ∼ 1 JO BO BUUFNQU UP NBLF UIF ୮ୢSTU NFBTVSFNFOU PG FOWJSPONFOUBM RVFODIJOH BU

IJHI�SFETIJG୴�

)JHI�SFETIJG୴ QPQVMBUJPO TUVEJFT PO FOWJSPONFOUBM RVFODIJOH UJNFTDBMFT TVHHFTU UIBU RVFODIJOH

CFDPNFT NPSF SBQJE XJUI JODSFBTJOH SFETIJG୴ 	TFF 'JHVSF 1.6
 4FDUJPO ����� BOE .PL FU BM� ����� .V[[JO

��



FU BM� ����� #BMPHI FU BM� ����� 1BDDBHOFMMB FU BM� ����� 'PMU[ FU BM� ����
� *G
 GPS FYBNQMF
 SBN�QSFTTVSF

TUSJQQJOH JT NPSF SBQJE JO UIF IJHI�SFETIJG୴ 6OJWFSTF
 XF NBZ FYQFDU UP TFF TFWFSFMZ USVODBUFE )α

EJTDT XJUI SFTQFDU UP UIF TUFMMBS DPOUJOVVN DPNQBSFE UP TJNJMBS PCTFSWBUJPOT JO MPX�SFETIJG୴ DMVTUFST�

"MUFSOBUJWFMZ
 XF NBZ ୮ୢOE JU JT EJ୭୮ୢDVMU UP DBUDI NBOZ TUBS�GPSNJOH DMVTUFS HBMBYJFT JO UIF RVFODIJOH

QIBTF
 BOE BO أPVUTJEF�JOآ FOWJSPONFOUBM RVFODIJOH TJHOBUVSF DBOOPU CF NFBTVSFE�

*O UIJT DIBQUFS
 XF JOWFTUJHBUF XIFUIFS UIFSF JT B NFBTVSBCMF FOWJSPONFOUBM RVFODIJOH TJHOBUVSF

JO TUBS�GPSNJOH HBMBYJFT SFTJEJOH JO 10 DMVTUFST BU z ∼ 1� 8F EP UIJT CZ NFBTVSJOH UIF TQBUJBM FYUFOU PG

UIFJS )α FNJTTJPO BOE DPNQBSJOH JU UP UIF TQBUJBM FYUFOU PG UIFJS TUFMMBS DPNQPOFOU� "U MPX SFETIJG୴T


UIJT UFDIOJRVF IBT CFFO TIPXO UP CF B QPXFSGVM UPPM JO DPOTUSBJOJOH FOWJSPONFOUBM RVFODIJOH

NFDIBOJTNT BOE UIFJS UJNFTDBMFT 	F�H� "CSBNTPO FU BM� ����� 'JOO FU BM� ����� 'PTTBUJ FU BM� ����
� 'PS

PVS TUVEZ JO UIJT DIBQUFS
 XF VTF TQBUJBMMZ SFTPMWFE )α NBQT PG UIFTF HBMBYJFT PCUBJOFE VTJOH UIF

8'$3(141 HSJTN PO CPBSE UIF )45 BOE 8'$3 '1408 JNBHJOH PG UIF TBNF HBMBYJFT UP BDDPNQMJTI

UIJT�

5IJT DIBQUFS JT PSHBOJTFE BT GPMMPXT� *O 4FDUJPO ���
 XF EFTDSJCF UIF EBUB XF VTF BOE SFMFWBOU EFUBJMT

SFHBSEJOH HSJTN TQFDUSPTDPQZ� " EFUBJMFE FYQMBOBUJPO PG PVSNFUIPEPMPHZ
 JODMVEJOH UIF DPOTUSVDUJPO

PG PVS )αNBQT
 TBNQMF TFMFDUJPO BOE TJ[F EFUFSNJOBUJPO QSPDFTT JT HJWFO JO 4FDUJPO ���� 8F QSFTFOU

PVS SFTVMUT JO 4FDUJPO ��� BOE EJTDVTT UIFJS JNQMJDBUJPOT JO 4FDUJPO ���� 'JOBMMZ
 XF TVNNBSJTF PVS

SFTVMUT JO 4FDUJPO ����

��� %ঊঝঊ

����� 5঑঎ ($-"44 জঞছট঎ঢ

5IF (FNJOJ $MVTUFS "TUSPQIZTJDT 4QFDUSPTDPQJD 4VSWFZ 	($-"44
 TFF.V[[JO FU BM� ���� BOE WBO EFS

#VSH FU BM� ����
 JT UIF TQFDUSPTDPQJD GPMMPX�VQ PG 10 NBTTJWF DMVTUFST JO UIF SFETIJG୴ SBOHF

0.86 < z < 1.34
 ESBXO GSPN UIF 42 EFH2 4QJU[FS "EBQUBUJPO PG UIF 3FE�TFRVFODF $MVTUFS 4VSWFZ

	4Q"3$4
 TFF .V[[JO FU BM� ����
 8JMTPO FU BM� ���� BOE %FNBSDP FU BM� ����
� &YUFOTJWF PQUJDBM

TQFDUSPTDPQZ XBT PCUBJOFE XJUI UIF (FNJOJ .VMUJ�0CKFDU 4QFDUSPHSBQIT 	(.04
 PO CPUI

(FNJOJ�4PVUI BOE �/PSUI� *O UPUBM
 1282 HBMBYJFT PCUBJOFE B TQFDUSPTDPQJD SFETIJG୴
 XJUI 457 PG

UIFTF CFJOH DPO୮ୢSNFE BT DMVTUFS NFNCFST� 5IFSF JT BMTP 12�CBOE QIPUPNFUSZ BWBJMBCMF GPS UIFTF

DMVTUFST� 5IF EFUBJMT PG UIF QIPUPNFUSZ JO �� CBOET 	VHSJ[+,s
 3.6µN
 4.5µN
 5.8µN BOE 8.0µN
 JT

TVNNBSJTFE JO "QQFOEJY " PG WBO EFS #VSH FU BM� 	����
� /FXMZ BDRVJSFE QIPUPNFUSZ JO UIF '1408

CBOE 	XJEF +) HBQ
 IBT CFFO PCUBJOFE BT QBSU PG UIF ($-"44 )45 GPMMPX�VQ 	TFF 4FDUJPO �����
�

1IZTJDBM QSPQFSUJFT PG UIF 10 DMVTUFST JO UIF ($-"44 TVSWFZ BSF TVNNBSJTFE JO 5BCMF ���
 $IBQUFS ��

��



����� )45 ঍ঊঝঊ

5IF)45 GPMMPX�VQ UP($-"44 DPOUBJOT8'$3 '1408JNBHJOH BOE(141 HSJTN TQFDUSPTDPQZ GPS BMM

PG UIF DMVTUFST UP B 2�PSCJU EFQUI� 90% PG UIJT UJNF JT TQFOU PO UIF HSJTN TQFDUSPTDPQZ 	EFUBJMT PG XIJDI

BSF EJTDVTTFE JO 4FDUJPO �������
 BOE UIF SFNBJOJOH 10% PO '1408JNBHJOH� 5IF)45 PCTFSWBUJPOT BSF

DFOUFSFE PO UIF DMVTUFS DPSF BOE DPWFS BQQSPYJNBUFMZ∼ 8 BSDNJO2 GPS FBDI DMVTUFS� 5IJT DPSSFTQPOET UP

BQQSPYJNBUFMZ B RVBSUFS PG UIF PCTFSWJOH BSFB DPWFSFE CZ(.04 JO UIF($-"44 TVSWFZ 	4FDUJPO �����
�

%FTQJUF UIJT TNBMMFS PWFSMBQ XJUI ($-"44
 TQFDUSPTDPQJD EFOTJUZ JT IJHIFTU JO UIF DPSFT PG DMVTUFST�

86% PG HBMBYJFT DPO୮ୢSNFE BT DMVTUFS NFNCFST JO ($-"44 BSF JO UIF )45 ୮ୢFMET PG WJFX� 'PS TQFDJ୮ୢDT

PO '1408 DPWFSBHF
 FYQPTVSF UJNFT
 MJNJUJOH NBHOJUVEFT BOE EBUB SFEVDUJPO
 XF SFGFS UIF SFBEFS UP

4FDUJPOT ������� BOE ������� PG $IBQUFS ��

������� (ছ঒জখ জঙ঎ঌঝছঘজঌঘঙঢ

"T NFOUJPOFE JO 4FDUJPO �����
 UIF NBKPSJUZ PG UIF )45 PCTFSWJOH UJNF XBT EFEJDBUFE UP PCUBJOJOH

UIF (141 HSJTN TQFDUSPTDPQZ� 5IJT XBT EPOF UP FOTVSF XF DPVME PCUBJO TQBUJBMMZ�SFTPMWFE )α NBQT

PG UIF TUBS�GPSNJOH DMVTUFS HBMBYJFT XJUI B TV୭୮ୢDJFOU TJHOBM�UP�OPJTF SBUJP
 TVDI UIBU TUBDLT DPOUBJOJOH

∼ 30− 40 HBMBYJFT DPVME IBWF UIFJS )α QSP୮ୢMFT NFBTVSFE UP∼ 10% BDDVSBDZ 	/FMTPO FU BM�
 ����
�

" HSJTN JT UIF DPNCJOBUJPO PG B EJ୭GSBDUJPO HSBUJOH BOE QSJTN� *O UIF DPOUFYU PG UIF (141 HSJTN
 B

TFSJFT PG SJEHFT PO UIF HMBTT TVSGBDF PG B QSJTN BDU BT UIF EJ୭GSBDUJPO HSBUJOH
 EJTQFSTJOH MJHIU GSPN BO

PCKFDU BU BO BOHMF� 5IF QSJTN EJSFDUT UIF EJTQFSTFE MJHIU UPXBSET UIF8'$3 EFUFDUPS
 LFFQJOH UIF MJHIU

BU TPNF DIPTFO DFOUSBM XBWFMFOHUI VOEFWJBUFE 	7JBOB�8JLMJOE
 ����
� 5IF SFTVMU JT BO JNBHF PG UIF

HBMBYZ BU EJ୭GFSFOU XBWFMFOHUIT
 JO 46� JODSFNFOUT TQBOOJOH 10750 < λ / � < 17000� "O FNJTTJPO

MJOF JO UIJT UXP�EJNFOTJPOBM TQFDUSVN NBOJGFTUT JUTFMG BT BO JNBHF PG UIF HBMBYZ JO UIBU MJOF PO UPQ PG

UIF VOEFSMZJOH DPOUJOVVN� (141 HSJTN TQFDUSB GPS UIF DMVTUFS 4Q"3$4�1047 DBO CF TFFO JO UIF SJHIU�

IBOE QBOFM PG 'JHVSF 2.1
 $IBQUFS �� 5IF TNBMM QJYFM TDBMF PG UIF 8'$3 	0.13 BSDTFD QFS QJYFM
 BOE UIF

MPX TQFDUSBM SFTPMVUJPO PG UIF (141 HSJTN 	3 ∼ 130
 UIFSFGPSF BMMPXT GPS UIF QPTTJCJMJUZ PG TQBUJBMMZ�

SFTPMWFE 	0.130 # '8). � BSDTFD # 0.156 GPS 11000 # λ / �# 17000
 FNJTTJPO MJOFNBQT 	/FMTPO

FU BM�
 ����C
�

5IF XBWFMFOHUI DPWFSBHF PG UIF (141 HSJTN JT TVDI UIBU )α FNJTTJPO DBO CF EFUFDUFE JO HBMBYJFT

XJUIJO UIF SFETIJG୴ SBOHF 0.7 < z < 1.5� 5IJT SFETIJG୴ SBOHF DPJODJEFT QFSGFDUMZ XJUI UIF SFETIJG୴ SBOHF

PG UIF ($-"44 DMVTUFST 	0.86 < z < 1.34
� 0OF SFTPMVUJPO FMFNFOU GPS B HBMBYZ BU z ∼ 1 DPSSFTQPOET

UP B WFMPDJUZ EJTQFSTJPO PG BQQSPYJNBUFMZ 1000 LNT−1� 5IF NBKPSJUZ PG HBMBYJFT IBWF MJOF XJEUIT XFMM

CFMPX UIJT� 5IFSFGPSF
 TUSVDUVSF JO UIF FNJTTJPO MJOF NBQT JT OPU EVF UP LJOFNBUJDT� JU JT EVF UP

��



NPSQIPMPHZ 	/FMTPO FU BM�
 ����C
�

��� .঎ঝ঑ঘ঍ঘকঘঐঢ

����� .ঊঔ঒গঐ )αখঊঙজ

5IF (SJTN SFETIJظ � MJOF BOBMZTॷ TPظXBSF GPS TQBDF�CBTFE TMJUMFTT TQFDUSPTDPQZ 	(SJ[MJ�
 JT VTFE UP

SFEVDF UIF (141 EBUB BOE NBLF )α NBQT� *O UIF DPOUFYU PG PVS )45 EBUB 	4FDUJPO �����

 UIJT

TPG୴XBSF XPSLT CZ NPEFMMJOH XIBU UIF UXP�EJNFOTJPOBM TQFDUSBM USBDF PG B HBMBYZ EFUFDUFE JO UIF

'1408 JNBHF XPVME MPPL MJLF
 BOE UIFO TVCUSBDUJOH UIJT NPEFM GSPN UIF HBMBYZؠT (141 TQFDUSVN�

5IJT TVCUSBDUJPO F୭GFDUJWFMZ SFNPWFT UIF TUFMMBS DPOUJOVVN
 FYQPTJOH BOZ FNJTTJPO MJOFT QSFTFOU JO

UIF TQFDUSVN 	TFF 'JHVSF 4.1
�
0OF PG UIF CJHHFTU QSPCMFNT XJUI TMJUMFTT TQFDUSPTDPQZ PCUBJOFE XJUI )45 ؛ FTQFDJBMMZ GPS HBMBYZ

DMVTUFST
 XIFSF UIFSF JT B IJHI EFOTJUZ PG TPVSDFT ؛ JT DPOUBNJOBUJPO� 4QFDUSB GSPN OFJHICPVSJOH

TPVSDFT DBO CMFOE JOUP UIF TQFDUSB PG HBMBYJFT POF JT JOUFSFTUFE JO
 BEEJOH DPOUBNJOBUJOH ୯୳VY�

*OTUBODFT PG UIJT DPOUBNJOBUJPO DBO CF TFFO JO 'JHVSF 2.1
 $IBQUFS �� 'PSUVOBUFMZ
 (SJ[MJ JT BCMF UP

SFNPWF UIJT DPOUBNJOBUJPO JO BO BOBMPHPVT NFUIPE UP IPX UIF TUFMMBS DPOUJOVVN PG B (141

TQFDUSVN JT SFNPWFE� 5IF TQFDUSBM USBDF PG FBDI OFJHICPVSJOH TPVSDF JT NPEFMMFE UP DSFBUF B

DPOUBNJOBUJPO NPEFM GPS FBDI HBMBYZ PG JOUFSFTU� "MPOH XJUI UIF TUFMMBS DPOUJOVVN NPEFM
 UIJT

DPOUBNJOBUJPO NPEFM DBO CF TVCUSBDUFE GSPN UIF (141 TQFDUSVN� " QJDUPSJBM EFNPOTUSBUJPO PG UIJT

QSPDFTT JT TIPXO JO 'JHVSF 4.1�
(SJ[MJ DSFBUFT QPTUBHF TUBNQT PG UIFTF FNJTTJPO MJOF NBQT
 XJUI BTTPDJBUFE XFJHIU BOE

DPOUBNJOBUJPO NBQT 	TFF 'JHVSF 4.2
� 'PS UIF XPSL QSFTFOUFE JO UIJT DIBQUFS
 (SJ[MJ XBT POMZ VTFE UP

DSFBUF UIF QPTUBHF TUBNQT� 5IF HFOFSBUJPO PG UIF TUFMMBS DPOUJOVVN NPEFMT
 DPOUBNJOBUJPO NPEFMT


XFJHIU NBQT
 TFHNFOUBUJPO NBQT
 UIF TVCUSBDUJPO PG UIF TUFMMBS DPOUJOVVN NPEFMT GSPN UIF HSJTN

TQFDUSB BOE UIF FYUSBDUJPO PG FNJTTJPO MJOF NBQT XBT DBSSJFE PVU CZ DPMMBCPSBUPS (BCSJFM #SBNNFS

	QMFBTF TFF %FDMBSBUJPO JO QSFGBDF
� 5IF XFJHIU NBQT QSPWJEF WBMVFT PG UIF JOWFSTF WBSJBODF BU FBDI

QJYFM� %VSJOH UIF DPOTUSVDUJPO PG UIFTF QPTUBHF TUBNQT
 UIF VTFS IBT UIF BCJMJUZ UP TFU UIF MFWFM PG

NBTLJOH GPS QJYFMT JO FNJTTJPO MJOF NBQ QPTUBHF TUBNQT UIBU BSF DPOUBNJOBUFE CZ OFJHICPVSJOH

FNJTTJPO MJOF NBQT JO UIF HSJTN TQFDUSVN� *G UIF ୯୳VY PG B DPOUBNJOBUJOH FNJTTJPO MJOF JT HSFBUFS UIBO

UFO UJNFT UIF ୯୳VY PG UIF FNJTTJPO MJOF PG JOUFSFTU JO B HJWFO QJYFM
 UIF QJYFM JT NBTLFE� *O UIF DPOUFYU

PG UIF )α NBQT
 UIJT NBTLJOH JT QBSUJDVMBSMZ JNQPSUBOU GPS OFJHICPVSJOH 4<**> λλ6718 + 6732

FNJTTJPO� 5IFTF NBTLFE QJYFMT BSF BMTP JODPSQPSBUFE JO UIF BTTPDJBUFE XFJHIU NBQT GPS FBDI QPTUBHF

�https://grizli.readthedocs.io/en/master/
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custom pipeline. HST data are typically reduced by drizzling,
but the observing strategy of 3D-HST allows images to be
interlaced instead. With this dither pattern, four images are
taken with pointing offsets that are multiples of half pixels. The
pixels from these four uncorrected frames are then placed on an
output grid with 0 06 pixels (van Dokkum et al. 2000).
Interlacing improves the preservation of spatial information,
effectively improving the spatial resolution of the images.
Crucially, interlacing also eliminates the correlated noise
caused by drizzling. This correlated noise is problematic for
analysis of spectroscopic data because it can masquerade as
spectral features.

Although the background levels in NIR images taken from
space are lower than in those taken from Earth, they are still
significant. The modeling of the background in the grism data
is complicated because it is composed of many faint higher-
order spectra. It is done using a linear combination of three
physical eigen-backgrounds: zodiacal light, metastable He
emission (Brammer et al. 2014), and scattered light from the
Earth limb (G. B. Brammer et al. 2016, in preparation).
Residual background structure in the wavelength direction of
the frames is fit and subtracted along the image columns. (For
more information see Brammer et al. 2012b, 2014; Momcheva
et al. 2016). The 2D spectra are extracted from the interlaced
G141 frames around a spectral trace based on a geometrical
mapping from the location of their F140W direct image
positions. A sample 2D spectrum and a pictorial depiction of
the remainder of this subsection is shown in Figure 2.

The advantage of slitless spectroscopy is also its greatest
challenge: flux from neighboring objects with overlapping
traces can contaminate the spectrum of an object with flux that

does not belong to it. We forward-model contamination with a
flat spectrum based on the direct image positions and
morphologies of contaminating objects. A second iteration is
done to improve the models of bright (H< 22) sources using
their extracted spectra. An example of this contamination
model is shown in the second panel of Figure 2 (see Brammer
et al. 2012a, 2012b, 2013; Momcheva et al. 2016). To remove
contamination from the spectra, we subtract these models for
all galaxies in the vicinity of the object of interest. Furthermore,
for the present analysis, all regions predicted to have
contamination thatis greater than one-third of the average
G141 background value were masked. This aggressive masking
strategy was used to reduce the uncertainty in the interpretation
of the Hα maps at large radii where uncertainties in the
contamination model could introduce systematics.
The continuum of a galaxy is modeled by convolving the

best-fit SED without emission lines with its combined
J H HF W F W F W125 140 160 image. The continuum model for our
example galaxy is shown in the third panel of Figure 2. This
continuum model is subtracted from the 2D grism spectrum,
removing the continuum emission and simultaneously correct-
ing the emission-line maps for stellar absorption. What remains
for galaxies with 0.7< z< 1.5 is a map of their Hα emission.
Five sample Hα maps and their corresponding HF140W images
are shown in Figure 3. Crucially, the Hα and stellar continuum
images were taken with the same camera under the same
conditions. This means that differences in their spatial
distributions are intrinsic, not due to differences in the point-
spread function (PSF). The spatial resolution is ∼1 kpc for both
the HF140W stellar continuum and Hα emission line maps.
The final postage stamps we use in this analysis are 80×80

pixels. An HST pixel is 0 06, so this corresponds to 4.8×4 8
or 38×38 kpc at z∼1. Many of these postage stamps have a
small residual positive background (smaller than the noise). To
correct for this background, we compute the median of all
unmasked pixels in the 2 kpc edges of each stamp and subtract
it. This means that we can reliably trace the surface brightness
out to a maximum of 17 kpc. Beyond this point, the surface
brightness is definitionally zero.

3.3. Stacking

To measure the average spatial distribution of Hα during this
epoch from z= 1.5 to0.7, we create mean Hα images by
stacking the Hα maps of individual galaxies with similar M*
and/or SFR (See Sections 4 and 5). Many studies first use Hα
images of individual galaxies to measure the spatial distribution
of star formation andthen describe average trends in this
distribution as a function of M* or SFR (e.g., Förster Schreiber
et al. 2006, 2009; Epinat et al. 2009, 2012; Genzel et al. 2011,
2014b; Contini et al. 2012; Nelson et al. 2012; Wuyts et al.
2013). Instead, we first create average Hα images by stacking
galaxies as a function ofM* and SFR and then measure the
spatial distribution of star formation to describe trends. This
stacking strategy leverages the strengths of our data: Hα maps
taken under uniform observing conditions for a large and
objectively defined sample of galaxies. From a practical
standpoint, the methodology has the advantage that we do
not need data with very high signal-to-noise ratio (S/N). As a
consequence, we can explore relatively uncharted regions of
parameter space. In particular, we can measure the radial
distribution of star formation in galaxies across a vast expanse
of the SFR–M* plane down to low masses and SFRs.

Figure 2. Illustration of the creation of Hα emission line maps from HST
WFC3 grism data. The top panel shows the 2D, interlaced grism spectrum. The
second panel shows a model for the “contamination”: the spectra of all objects
in the field except the object of interest. The third panel is a 2D model for the
continuum emission of the galaxy. The bottom panel is the original spectrum
with the contaminating emission from other obejcts, as well asthe stellar
continuum, subtracted. The result is a 2D map of the line emission at the spatial
resolution of HST (see Section 3.2 for details).
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G141

Figure 4.1: An example G141 spectrum of a galaxy at z ∼ 1 obtainedwith the HSTWFC3G141 grism (Ćrst row), and its

associated contamination and stellar continuummodels (second and third rows, respectively). Once thesemodels are subtracted

from the original G141 spectrum, any emission linemaps present become exposed (bottom row). This Ćgure has been adapted

fromNelson et al. (2016b).
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Figure 4.2: An example of F140WandHα postage stamps generated by Grizli for a GCLASS cluster galaxy. For the Hα/F140W
rawmaps/images, the Hα/F140W cleanedmaps/images and the Hα contaminationmap, the units of the colourbar are

10−17 ergs s−1 cm−2. For the Hα and F140Wweight maps, the units of the colourbar are inverse variance, 1/σ2 (where σ is the
noise). Values in the F140W segmentationmap correspond to the object ID’s of the sources.
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TUBNQ 	TFF 'JHVSF 4.2
 UPQ SPX
�

"MPOH XJUI UIF QPTUBHF TUBNQT PG UIF FNJTTJPO MJOF NBQT
 (SJ[MJ BMTP DSFBUFT QPTUBHF TUBNQT PG UIF

HBMBYZ JO '1408 BOE JUT TFHNFOUBUJPO NBQ 	TFF 'JHVSF 4.2
� 5IF TFHNFOUBUJPO NBQ JT HFOFSBUFE CZ

4&YUSBDUPS� *U NBSLT XIJDI QJYFMT BSF PDDVQJFE CZ ୯୳VY GSPN UIF HBMBYZ
 BOE XIJDI BSF OPU� 5IF QJYFMT

UIBU BSF PDDVQJFE CZ ୯୳VY GSPN UIF HBMBYZ BSF VTFE UP DSFBUF UIF TUFMMBS DPOUJOVVNNPEFM GPS UIF HSJTN

TQFDUSVN PG UIF HBMBYZ 	'JHVSF 4.1
�
"DDPNQBOZJOH QPJOU TQSFBE GVODUJPO 	14'
 QPTUBHF TUBNQT JO '1408 GPS FBDI HBMBYZ BSF

HFOFSBUFE VTJOH UIF 8'$3�*3 FNQJSJDBM 14' MJCSBSZ GSPN "OEFSTPO 	����
� 5IF 14'T GPS UIF EBUB

VTFE JO UIJT DIBQUFS XFSF HFOFSBUFE CZ DPMMBCPSBUPS (BCSJFM #SBNNFS 	QMFBTF TFF %FDMBSBUJPO JO

QSFGBDF
� 14'T FYJTU GPS WBSJPVT QPTJUJPOT BDSPTT UIF EFUFDUPS TBNQMFE PO B 3× 3 HSJE� "U FBDI PG UIFTF

HSJE QPJOUT
 GPVS TVC�QJYFM DFOUSF QPTJUJPOT BSF BWBJMBCMF� 'PS FBDI HBMBYZ
 UIF SFMFWBOU FNQJSJDBM 14'

JT QMBDFE BU UIF FYBDU MPDBUJPO PG UIF HBMBYZ JO UIF EFUFDUPS GSBNF PG FBDI JOEJWJEVBM FYQPTVSF XJUIJO

XIJDI UIF HBMBYZ JT EFUFDUFE� 5IFTF 14' NPEFMT BSF UIFO ESJ[[MFE UP UIF TBNF QJYFM HSJE BT UIF

FNJTTJPO MJOF NBQT 	.PXMB FU BM�
 ����
� 5IF SFTVMUJOH 14'T BSF UIFSFGPSF TVQFSJPS UP UIPTF VTFE JO

$IBQUFS � 	EJTDVTTFE JO 4FDUJPO �������
� 4JODF UIFTF BSF JOTFSUFE BU UIF FYBDU MPDBUJPO PG UIF HBMBYZ


SBUIFS UIBO CFJOH DMPTF UP UIF QPTJUJPO PG UIF HBMBYZ PO UIF NPTBJD
 TZTUFNBUJDT XIJDI BSJTF GSPN

WBSJBUJPOT JO UIF 14' BDSPTT UIF NPTBJD
 JOTUSVNFOU PSJFOUBUJPO
 QJYFM SFTBNQMJOH BOE JNBHF

XFJHIUJOH BSF GVSUIFS SFEVDFE 	.PXMB FU BM�
 ����
� )PXFWFS
 EVSJOH UIF UFTUJOH QIBTF PG UIF

UXP�("-'*5�SVO BQQSPBDI EJTDVTTFE JO 4FDUJPO �������
 $IBQUFS � ؛ XIJDI XJMM BMTP CF VTFE JO UIJT

$IBQUFS ؛ VTJOH EJ୭GFSFOU 14'T CBTFE PO UIFJS QSPYJNJUZ UP UIF HBMBYZ PO UIF NPTBJD WFSTVT VTJOH B

TJOHMF 14' GPS BMM HBMBYJFT PO UIF NPTBJD EJE OPU DIBOHF BOZ PG UIF SFTVMUT QSFTFOUFE JO $IBQUFS ��

5IFSFGPSF
 14' WBSJBUJPOT EP OPU TJHOJ୮ୢDBOUMZ JNQBDU PVS NFBTVSFNFOUT NBEF XJUI ("-'*5�

#Z EFGBVMU
 (SJ[MJ PVUQVUT BMM JUT QPTUBHF TUBNQT UP B QJYFM TDBMF PG 0.1 BSDTFD QFS QJYFM� 8F EFDJEF OPU

UP BMUFS UIF PVUQVU QJYFM TDBMF
 TJODF BMM QPTUBHF TUBNQT BSF PQUJNJTFE UP XPSL XJUI ("-'*5
 XIJDI

XJMM CF VTFE JO UIF TJ[F EFUFSNJOBUJPO QSPDFTT 	4FDUJPO �����
� "MM QPTUBHF TUBNQT BSF 80× 80 QJYFMT JO

EJNFOTJPO�

����� 4ঊখঙক঎ জ঎ক঎ঌঝ঒ঘগ

������� $কঞজঝ঎ছ জঊখঙক঎

8F SVO (SJ[MJ PO UIF TUBS�GPSNJOH TBNQMF PG DMVTUFS HBMBYJFT EFUFSNJOFE JO $IBQUFS �� 5IFTF BSF

TQFDUSPTDPQJDBMMZ 	(.04 BOE�PS HSJTN
 DPO୮ୢSNFE DMVTUFS NFNCFST XJUI TUFMMBS NBTTFT

-PH(M∗/M⊙) ! 9.60
 IBMG�MJHIU SBEJJ Reff < 50 LQD
 '1408 NBHOJUVEFT < 25 BOE SFTU�GSBNF UVJ

���



DPMPVST XIJDI GBMM JOUP UIF TUBS�GPSNJOH DMBTTJ୮ୢDBUJPO DSJUFSJB GPS ($-"44
 EF୮ୢOFE JO &RVBUJPO ���

	5IF RVJFTDFOU DMBTTJ୮ୢDBUJPO DSJUFSJB GPS ($-"44 BSF EF୮ୢOFE JO FRVBUJPOT ��� BOE ���
� 5IJT TBNQMF

BNPVOUT UP 177 HBMBYJFT�

4UBS�GPSNJOH =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(U − V )rest < 1.44 (V − J )rest < 0.88

(U − V )rest < 0.81 (V − J )rest + 0.73 0.88 < (V − J )rest < 1.57

(V − J )rest > 1.57 PUIFSXJTF

	���


58 HBMBYJFT XJUIPVU BO )α EFUFDUJPO BSF SFNPWFE
 MFBWJOH 119 HBMBYJFT� "O BEEJUJPOBM 4 HBMBYJFT BSF

SFNPWFE GSPN UIJT TBNQMF EVF UP (SJ[MJ GBJMJOH UP FYUSBDU )α NBQT� 'PS UIF SFNBJOJOH 115 HBMBYJFT


UIF '1408 QPTUBHF TUBNQT PCUBJOFE UISPVHI (SJ[MJ BSF DIFDLFE BHBJOTU UIF '1408 DVUPVUT PG UIF

TBNF HBMBYJFT PCUBJOFE UISPVHI UIF ("-'*5 TJ[F EFUFSNJOBUJPO QSPDFTT JO $IBQUFS � 	EFUBJMT

EFTDSJCFE JO 4FDUJPO �������
 UP DIFDL GPS PCKFDU NJTNBUDIFT CFUXFFO UIF (SJ[MJ BOE PSJHJOBM

DBUBMPHVFT� 5IF SFNBJOJOH HBMBYJFT IBWF UIFJS )α NBQT DMFBOFE BOE RVBMJUZ DIFDLFE CZ FZF 	EFUBJMT

PG UIJT QSPDFEVSF BSF HJWFO JO 4FDUJPO �����
� 29 HBMBYJFT BSF SFNPWFE EVSJOH UIJT QSPDFTT 	SFBTPOJOH

EJTDVTTFE JO 4FDUJPO �����

 MFBWJOH B ୮ୢOBM TBNQMF PG 86� 5IFTF 86 HBMBYJFT
 SFMBUJWF UP UIF PSJHJOBM GVMM

TBNQMF PG TUBS�GPSNJOH DMVTUFS HBMBYJFT UIBU XFSF TUVEJFE JO $IBQUFS �
 DBO CF TFFO JO UIF DPOUFYU PG

UIFUVJ EJBHSBN JO UIF MFG୴�IBOE QBOFM PG 'JHVSF 4.3� 4JODF UIF TBNQMF TJ[F IBT DPOTJEFSBCMZ SFEVDFE

GSPN UIF PSJHJOBM TBNQMF PG TUBS�GPSNJOH DMVTUFS HBMBYJFT UIBU XBT TUVEJFE JO $IBQUFS �
 XF QFSGPSN

BEEJUJPOBM DIFDLT UP FOTVSF UIF TBNQMF PG TUBS�GPSNJOH DMVTUFS HBMBYJFT TUVEJFE JO UIJT DIBQUFS BSF
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TBNQMF BSF BMNPTU JEFOUJDBM UP UIPTF PG UIF GVMM TBNQMF PG TUBS�GPSNJOH DMVTUFS HBMBYJFT TUVEJFE JO

$IBQUFS �� 5IJT TVHHFTUT UIBU UIF )α EFUFDUFE TBNQMF TUVEJFE JO UIJT DIBQUFS JT SFQSFTFOUBUJWF PG UIF

PSJHJOBM TBNQMF PG TUBS�GPSNJOH DMVTUFS HBMBYJFT TUVEJFE JO $IBQUFS ��
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� #Z OPU VTJOH HBMBYJFT GSPN UIF 3%ୖ)45�$"/%&-4 TVSWFZ BT JO
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 XF BSF BCMF UP QSPWJEF B DPOTJTUFODZ DIFDL PO SFTVMUT GSPN B TJNJMBS TUVEZ DPOEVDUFE CZ UIF
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Figure 4.3:UVJ diagrams showing the sample of galaxies used for the study presented in this chapter. Left panel: The star-

forming cluster galaxies that were studied in Chapter 2 (open + blue Ćlled points) in comparison to the star-forming cluster

galaxies studied in this chapter (blue Ćlled points). Right panel: The star-forming Ćeld galaxies with (Ćlled blue points) andwithout

(open points) Hα detections as part of the Grizli data reduction process. Both cluster and Ćeld samples are selected based on

the same F140Wmagnitude, size, stellar mass and rest-frame colour criteria (see Sections 4.2.2.1 and 4.2.2.2 for more details).

The red line is the dividing line used to deĆne quiescent and star-forming galaxies of which the star-forming region is deĆned in

Equation 4.1 and the quiescent region by equations 2.4 and 2.5. The red line is the same line shown in Figure 2.3.
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Figure 4.4: Comparison of Hα detected sample to the original sample of star-forming cluster galaxies studied in Chapter 2. Left

panel: redshift distribution. Right panel: stellar mass distribution. The Hα detected sample has an almost identical mean redshift

and stellar mass to the original sample of star-forming cluster galaxies studied in Chapter 2.
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'JSTUMZ
 UIPTF HBMBYJFT JO ($-"44 GPS XIJDI B HPPE RVBMJUZ TQFDUSPTDPQJD SFETIJG୴ XJUI (.04XBT

PCUBJOFE
 MJF BU z > zclust + 0.1 PS z < zclust − 0.1 	XIFSF zclust JT UIF SFETIJG୴ PG UIF DMVTUFS
 JO NPTU DBTFT

UIF SFETIJG୴ PG UIF #SJHIUFTU $MVTUFS (BMBYZ 	#$(


 CVU BSF TUJMM XJUIJO 0.86 < z < 1.34
 BSF UIF ୮ୢSTU

HBMBYJFT UP CF TFMFDUFE GPS UIF ୮ୢFME TBNQMF�

5IFO
 BMM UIPTF HBMBYJFT XJUI QPPS�RVBMJUZ TQFDUSPTDPQJD SFETIJG୴T PCUBJOFE XJUI (.04 BSF

DSPTT�NBUDIFE XJUI UIF HSJTN SFETIJG୴ DBUBMPHVF UP DIFDL GPS HPPE�RVBMJUZ HSJTN SFETIJG୴T UIBU MJF

XJUIJO z > zclust + 0.1 PS z < zclust − 0.1 BOE 0.86 < z < 1.34� 5IF HSJTN TQFDUSB XFSF RVBMJUZ�DIFDLFE

CZ FZF
 CBTFE PO UIF DSJUFSJB PVUMJOFE JO 4FDUJPO ������� PG $IBQUFS �� 5IF HSJTN SFETIJG୴T BSF EFSJWFE

GSPN ୮ୢUUJOH UIF 12�CBOE QIPUPNFUSZ BOE HSJTN TQFDUSB TJNVMUBOFPVTMZ 	EFTDSJCFE JO 'JHVSF 2.5 BOE

BTTPDJBUFE UFYU JO 4FDUJPO �������
�

0VU PG UIF UXP TBNQMF TFMFDUJPOT EFTDSJCFE BCPWF
 POMZ TUBS�GPSNJOH HBMBYJFT 	CBTFE PO UIF UVJ
TUBS�GPSNJOH TFMFDUJPO DSJUFSJB GPS ($-"44 DMVTUFS HBMBYJFT
 EF୮ୢOFE JO &RVBUJPO ���
 XJUI TUFMMBS

NBTTFT -PH(M∗/M⊙) ! 9.60
 IBMG�MJHIU SBEJJ
 Reff < 50 LQD
 '1408 NBHOJUVEFT < 25 	TFF

4FDUJPO ������� GPS SFBTPOJOH
 BOE )α EFUFDUFE BSF TFMFDUFE� 'PS UIF SFTVMUJOH 78 HBMBYJFT
 UIF '1408

QPTUBHF TUBNQT PCUBJOFE UISPVHI (SJ[MJ BSF DIFDLFE BHBJOTU UIF '1408 DVUPVUT PG UIF TBNF HBMBYJFT

PCUBJOFE EVSJOH UIF ("-'*5 TJ[F EFUFSNJOBUJPO QSPDFTT JO $IBQUFS � 	EFTDSJCFE JO 4FDUJPO �����
 UP

DIFDL GPS NJTNBUDIFT CFUXFFO UIF (SJ[MJ BOE PSJHJOBM DBUBMPHVFT� 5IF ("-'*5 ୮ୢUT GPS UIFTF HBMBYJFT

BSF BMTP RVBMJUZ�DIFDLFE
 CBTFE PO UIF DSJUFSJB PVUMJOFE JO 4FDUJPO �������� 5IF SFNBJOJOH HBMBYJFT IBWF

UIFJS )α NBQT DMFBOFE BOE RVBMJUZ DIFDLFE CZ FZF 	EFUBJMT PG UIJT QSPDFEVSF BSF HJWFO JO

4FDUJPO �����
� 4FWFOUFFO HBMBYJFT BSF SFNPWFE GSPN UIF TBNQMF EVSJOH UIJT QSPDFTT
 MFBWJOH B ୮ୢOBM

TBNQMF PG 61 HBMBYJFT� 5IF TBNQMF PG 61 ୮ୢFME HBMBYJFT DBO CF TFFO SFMBUJWF UP UIF GVMM TBNQMF PG ୮ୢFME

HBMBYJFT JO UIF SJHIU�IBOE QBOFM PG 'JHVSF 4.3� 5IF GVMM TBNQMF PG ୮ୢFME HBMBYJFT 	PQFO BOE ୮ୢMMFE QPJOUT

JO UIF SJHIU�IBOE QBOFM PG 'JHVSF 4.3
 JODMVEFT UIPTF HBMBYJFT XIJDI EJE OPU PCUBJO B )α EFUFDUJPO

BOE�PS B )αNBQ BT QBSU PG UIF (SJ[MJ EBUB SFEVDUJPO QSPDFTT
 CVU NFU BMM PUIFS DSJUFSJB BT QBSU PG UIF

୮ୢFME TBNQMF TFMFDUJPO�
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5IF DPOUBNJOBUJPO NBQT UIBU BSF PVUQVU BT QBSU PG UIF (SJ[MJ EBUB SFEVDUJPO QSPDFTT 	4FDUJPO �����

BOE 'JHVSF 4.1
 QSPWJEF JOGPSNBUJPO PO IPX NVDI DPOUBNJOBUJOH ୯୳VY UIFSF JT JO FBDI )α NBQ QFS

QJYFM� 0OF DBO UIFSFGPSF TFMFDU B DPOUBNJOBUJPO UISFTIPME EJDUBUJOH XIJDI PG UIFTF QJYFMT BSF UP CF

DPNQMFUFMZ NBTLFE JO UIF )α NBQ� %VSJOH UIF EFUFSNJOBUJPO PG UIJT UISFTIPME
 B CBMBODF OFFET UP

CF TUSVDL CFUXFFO TUSJDU NBTLJOH 	NPTU PG UIF )α FNJTTJPO JUTFMG CFDPNFT NBTLFE
 BOE SFMBYFE
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NBTLJOH 	SFTVMUJOH TUBDLT CFDPNF WFSZ OPJTZ
� 8F UIFSFGPSF DIPPTF UIJT UISFTIPME CBTFE PO IPX DMFBO

UIF SFTVMUJOH TUBDLT MPPL CZ FZF� "OZ QJYFM JO UIF DPOUBNJOBUJPO NBQ XIJDI IBE )α ୯୳VY

> 3 × 10−19 FSHT T−1 DN−2 JT NBTLFE JO UIF )αNBQ� 'PMMPXJOH UIJT QSPDFEVSF
 XIFO UIF )αNBQT

BSF RVBMJUZ DIFDLFE EVSJOH TBNQMF TFMFDUJPO 	4FDUJPO �����

 JG $ 30% PG UIF )α FNJTTJPOؠT TQBUJBM

DPWFSBHF JT NBTLFE
 UIF HBMBYZ JT SFNPWFE GSPN UIF TBNQMF�

4UBDLJOH JT EPOF JO GPVS CJOT PG TUFMMBS NBTT GPS FBDI TBNQMF� 9.6 < -PH(M∗/.⊙) # 10.0

10.0 < -PH(M∗/.⊙) # 10.5
 10.5 < -PH(M∗/.⊙) # 11.0 BOE 11.0 < -PH(M∗/.⊙) # 11.5� 0ODF

TPSUFE JOUP UIFTF UISFF TUFMMBS NBTT CJOT
 FBDI '1408 BOE )αNBQ JT OPSNBMJTFE BOE XFJHIUFE CZ JUT

'1408 ୯୳VY GSPN UIF QIPUPNFUSJD DBUBMPHVF� &YQMJDJUMZ
 FBDI NBQ JT NVMUJQMJFE CZ UIF NFBO '1408
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'1408 UPUBM ୯୳VYFT BSF UBLFO GSPN UIF ($-"44 QIPUPNFUSJD DBUBMPHVFT� 5IF '1408 BOE )αNBQT

BSF UIFO TVNNFE XJUIJO FBDI TUFMMBS NBTT CJO�
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 XF TVN BMM UIF TFHNFOUBUJPO NBQT GPS FBDI HBMBYZ

XJUIJO FBDI TUFMMBS NBTT CJO
 BOE EJWJEF UIF ୮ୢOBM '1408 TUBDL CZ UIJT TVNNFE TFHNFOUBUJPO NBQ�

'PS UIF FYQPTVSF�DPSSFDUFE )α TUBDLT
 XF ୮ୢSTU DPNCJOF UIF TFHNFOUBUJPO NBQT BOE DPOUBNJOBUJPO

NBQT GPS FBDI HBMBYZ� 5IJT DSFBUFT B NBQ PG BMM UIF VONBTLFE BOE NBTLFE QJYFMT JO FBDI )αNBQ� 8F

UIFO TVN UIFTF NBQT GPS FBDI TUBDL
 BOE EJWJEF UIF ୮ୢOBM )α TUBDL CZ UIJT TVNNFE NBQ� /FYU
 XF

SFTDBMF UIF )α FNJTTJPO JO UIF )α TUBDLT UP BDDPVOU GPS DPOUBNJOBUJOH </ **> FNJTTJPO� 4JODF UIF

(141 HSJTN IBT MPX TQFDUSBM SFTPMVUJPO 	TFF 4FDUJPO �������

 )α λ6563 BOE </ **> λλ6548 + 6583 BSF

CMFOEFE� 5P PCUBJO UIF OPSNBMJTBUJPO GBDUPS GPS UIJT SFTDBMJOH
 XF ୮ୢSTU VTF &RVBUJPO � PG 4PCSBM FU BM�

	����
 TIPXO CFMPX JO &RVBUJPO ���
 UP PCUBJO WBMVFT GPS UIF ୯୳VY SBUJP CFUXFFO UIF </ **> BOE )α
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 JO FBDI TUBDL҆� 'PS UIF FRVJWBMFOU XJEUI PG UIF )α+</ **> FNJTTJPO


&8)α+</ **>
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5IF JOJUJBM TJ[F EFUFSNJOBUJPO QSPDFTT GPSNFBTVSJOH UIF TQBUJBM FYUFOU PG UIF '1408BOE)α FNJTTJPO

JO FBDI TUBDL 	TFF 4FDUJPO �����
 JT DPOEVDUFE VTJOH 4&YUSBDUPS 	#FSUJO �"SOPVUT
 ����
 BOE("-'*5

	1FOH FU BM�
 ����
 ����B
� 4&YUSBDUPS SFRVJSFT XFJHIU JNBHFT GPS FBDI TUBDL
 BOE ("-'*5 SFRVJSFT

14'T BOE TJHNB JNBHFT GPS FBDI TUBDL� 5IF DPOTUSVDUJPO PG UIFTF NBQT JT FYQMBJOFE JO EFUBJM JO UIJT

4FDUJPO�
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4&YUSBDUPS W2.19.5 	#FSUJO�"SOPVUT
 ����
 JT VTFE UP PCUBJO QSFMJNJOBSZNFBTVSFNFOUT PO UIF TIBQF

QBSBNFUFST 	QPTJUJPO (x, y)
 BYJT SBUJP
 IBMG�MJHIU SBEJVT BOE QPTJUJPO BOHMF
 BOE QIPUPNFUSZ 	'1408PS

)αNBHOJUVEF
 GPS FBDI '1408BOE)α TUBDL� 5IF 4&YUSBDUPS TFU�VQ JT TUBOEBSE
 EFUBJMT PGXIJDI DBO

CF GPVOE JO"QQFOEJY%�0VS 4&YUSBDUPS TFU�VQ SFRVJSFT BXFJHIU JNBHF GPS FBDI TUBDL
 XIJDI QSPWJEFT

WBMVFT GPS UIF JOWFSTF WBSJBODF QFS QJYFM TVDI UIBU WBSJBCMF OPJTF BDSPTT UIF JNBHF JT UBLFO JOUP BDDPVOU

EVSJOH TPVSDF EFUFDUJPO� 5IFTF XFJHIU JNBHFT BSF PVUQVU CZ (SJ[MJ GPS FBDI JOEJWJEVBM '1408 BOE

)αNBQ� 5P DSFBUF POF GPS FBDI TUBDL
 UIF JOEJWJEVBM XFJHIU NBQT BSF ୮ୢSTU TVNNFE PWFS FBDI QJYFM� "
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� 5IFTF NBTLT BSF UIFO BMTP TVNNFE
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TUBDL�
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8F VTF UIF XFJHIU NBQT GPS UIF TUBDLT EFTDSJCFE JO 4FDUJPO ������� UP DBMDVMBUF UIF CBDLHSPVOE OPJTF

QFS QJYFM� 5IF CBDLHSPVOE OPJTF QFS QJYFM
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8F VTF PVS DVTUPN�CVJMU ("-'*5 XSBQQFS EFTDSJCFE JO 4FDUJPO ������� PG $IBQUFS � UP NFBTVSF UIF

IBMG�MJHIU SBEJJ PG UIF '1408 BOE )α FNJTTJPO JO PVS TUBDLT� ("-'*5 JT TPG୴XBSF XIJDI ୮ୢUT UXP�
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 ����
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� 8F ୮ୢU PVS TUBDLT
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 $IBQUFS ��
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EVF UP UIF SFTPMVUJPO MJNJU PG 8'$3� 8F DSFBUF 14'T GPS FBDI TUBDL CZ TUBDLJOH UIF '1408 14'T GPS
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Figure 4.5: F140WandHα stacks for the cluster sample and their associated two-dimensional model Ćts fromGALFIT. The

colourmap is logarithmic.
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 UIFO

EJWJEFE CZ B NBTL JOEJDBUJOH IPX NBOZ JOEJWJEVBM 14'T JO UIF TUBDL DPOUBJOFE ୯୳VY QFS QJYFM҇�

8F VTF UIF UXP�("-'*5�SVO BQQSPBDI EFTDSJCFE JO 4FDUJPO ������� PG $IBQUFS � UP NFBTVSF UIF

IBMG�MJHIU SBEJJ PG UIF '1408 BOE )α TUBDLT� 5IJT BQQSPBDI SVOT ("-'*5 UXJDF PO FBDI TUBDL JO
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 IBMG�MJHIU SBEJVT
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 BYJT
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 IBMG�MJHIU

SBEJVT 	JOJUJBM FTUJNBUF GSPN 4&YUSBDUPS
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Figure 4.6: F140WandHα stacks for the Ćeld sample and their associated two-dimensional model Ćts fromGALFIT. The

colourmap is logarithmic.
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DFOUSF
 TVDI UIBU UIF SFTVMUJOH 4©STJD NPEFM JT SFBTPOBCMF�

8F TIPX PVS ("-'*5 ୮ୢUT UP UIF TUBDLT GPS UIF DMVTUFS BOE ୮ୢFME TBNQMFT JO 'JHVSFT 4.5 BOE 4.6
SFTQFDUJWFMZ� %VF UP WFSZ GFX HBMBYJFT CFJOH JO UIF MBSHFTU TUFMMBS NBTT CJO PG

11.0 < -PH(M∗/.⊙) # 11.5 	4 GPS UIF DMVTUFS TBNQMF BOE 1 GPS UIF ୮ୢFME TBNQMF

 XF SFNPWFE UIFTF

HBMBYJFT GSPN PVS TBNQMF BOE EJE OPU DPOEVDU NFBTVSFNFOUT GPS UIJT TUFMMBS NBTT CJO� 'JOBM

NFBTVSFNFOUT BSF UIFSFGPSF CBTFE PO B UPUBM PG 82 DMVTUFS HBMBYJFT BOE 60 ୮ୢFME HBMBYJFT�

5P QSPWJEF NPSF SFMJBCMF TJ[F NFBTVSFNFOUT PG UIF TUBDLT
 XF BMTP NFBTVSFE UIF IBMG�MJHIU SBEJJ PG

���



BMM UIF TUBDLT OPO�QBSBNFUSJDBMMZ
 XJUIPVU VTJOH ("-'*5� %FUBJMT PG UIJT QSPDFTT BSF FYQMBJOFE JO UIF

OFYU 4FDUJPO�

������� /ঘগ�ঙঊছঊখ঎ঝছ঒ঌ এ঒ঝঝ঒গঐ

#FGPSF XF DPOEVDU OPO�QBSBNFUSJD ୮ୢUUJOH PG UIF '1408 BOE )α TUBDLT
 XF BUUFNQU UP EFBM XJUI UIF

QPPS CBDLHSPVOE TVCUSBDUJPO� 5P DPSSFDU GPS UIJT
 XF DBMDVMBUF UIF NFEJBO WBMVF PG BMM UIF QJYFMT

CFZPOE BO BQFSUVSF PG SBEJVT 35 QJYFMT 	FBDI QPTUBHF TUBNQ JT 80 × 80 QJYFMT
 GPS FBDI TUBDL
 BOE

TVCUSBDU UIJT WBMVF GSPN BMM UIF QJYFMT JO UIBU TUBDL� 5IF TJ[F PG UIJT BQFSUVSF JT DPNQBSBCMF UP UIF TJ[F

PG FBDI QPTUBHF TUBNQ
 TVHHFTUJOH UIBU XF DBO CF GBJSMZ DPO୮ୢEFOU NJOJNBM ୯୳VY GSPN UIF HBMBYZ JT

DPOUSJCVUJOH UP QJYFMT PVUTJEF UIF BQFSUVSF�

5P NFBTVSF UIF IBMG�MJHIU SBEJJ PG UIF '1408 BOE )α TUBDLT OPO�QBSBNFUSJDBMMZ
 XF ୮ୢSTU DPOTUSVDU

UIFJS HSPXUI DVSWFT� 5IFTF BSF DBMDVMBUFE CZ JOUFHSBUJOH UIF NFBO ୯୳VY GSPN UIF DFOUSF PG UIF TUBDL

UP UIF PVUTLJSUT PG UIF QPTUBHF TUBNQ XJUIJO DPODFOUSJD SJOHT TQBDFE CZ POF QJYFM TDBMF� 5IF NFBO

୯୳VY XJUIJO FBDI DPODFOUSJD SJOH JT XFJHIUFE CBTFE PO UIF XFJHIUT GPS FBDI QJYFM JO UIF (SJ[MJ XFJHIU

NBQ 	4FDUJPO �������
 BOE BOPUIFS XFJHIU NBQ CBTFE PO UIF GSBDUJPO PG FBDI QJYFM UIBU MJFT XJUIJO FBDI

DPODFOUSJD SJOH� 5IF UPUBM ୯୳VY JT UBLFO UP CF UIF BCTPMVUF NBYJNVN PG UIF HSPXUI DVSWF� "U IBMG

UIF UPUBM ୯୳VY
 XF MJOFBSMZ JOUFSQPMBUF UP ୮ୢOE UIF IBMG�MJHIU SBEJVT� 5IF DVSWFT PG HSPXUI 	VQ UP UIFJS

BCTPMVUF NBYJNVN

 '1408 BOE )α CBDLHSPVOE�DPSSFDUFE TUBDLT BSF TIPXO JO 'JHVSFT 4.7 BOE 4.8
GPS UIF DMVTUFS BOE ୮ୢFME TBNQMFT SFTQFDUJWFMZ� *O UIF UIJSE DPMVNOT PG CPUI 'JHVSFT 4.7 BOE 4.8
 XF

BMTP TIPX UIF '1408 BOE )α TVSGBDF CSJHIUOFTT QSP୮ୢMFT� 5IFTF XFSF DPOTUSVDUFE CZ DBMDVMBUJOH UIF

XFJHIUFENFBOPG UIF ୯୳VYXJUIJO DPODFOUSJD SJOHT TQBDFE CZ POF QJYFM TDBMF� 5IFNFBO ୯୳VYXJUIJO FBDI

DPODFOUSJD SJOH JTXFJHIUFECBTFEPO UIFXFJHIUT GPS FBDIQJYFM JO UIF(SJ[MJXFJHIUNBQ 	4FDUJPO�������


BOE BOPUIFS XFJHIU NBQ CBTFE PO UIF GSBDUJPO PG FBDI QJYFM UIBU MJFT XJUIJO FBDI DPODFOUSJD SJOH� 5IF

TVSGBDF CSJHIUOFTT QSP୮ୢMFT BOE DVSWFT PG HSPXUI IBWF CFFO OPSNBMJTFE CZ UIFJS NBYJNVN WBMVFT
 BOE

UIF DBMDVMBUFE IBMG�MJHIU SBEJJ BSF NBSLFE XJUI TNBMM WFSUJDBM MJOFT� &SSPS CBST GPS UIF TVSGBDF CSJHIUOFTT

QSP୮ୢMFT BSF UIF XFJHIUFE TUBOEBSE EFWJBUJPOT JO FBDI DPODFOUSJD SJOH�

��� 5঑঎ জঝ঎ককঊছ ঌঘগঝ঒গঞঞখট঎ছজঞজ)αখঊজজ؛জ঒ণ঎ ছ঎কঊঝ঒ঘগ ঒গ ঌকঞজঝ঎ছজ ঊগ঍ ঝ঑঎ এ঒঎ক঍

ঊঝ z ∼ 1

����� ("-'*5 ছ঎জঞকঝজ

8F UBLF UIF IBMG�MJHIU SBEJJ SFTVMUT PVUQVU CZ("-'*5 JO QJYFMT BOE DPOWFSU UIFN UP LJMPQBSTFDT� 5P EP

UIJT
 XF ୮ୢSTU ୮ୢOE UIF NFBO SFETIJG୴ PG UIF HBMBYJFT XJUIJO FBDI TUBDL� 8F UIFO DBMDVMBUF UIF IBMG�MJHIU
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Figure 4.7: F140WandHα stacks for the cluster sample, their normalised surface brightness proĆles and their normalised curves

of growth. Half-light radii from non-parametric Ćtting aremarkedwith small solid vertical lines. The colourmap is logarithmic.
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Figure 4.8: F140WandHα stacks for the Ćeld sample, their normalised surface brightness proĆles and their normalised curves of

growth. Half-light radii from non-parametric Ćtting aremarkedwith small solid vertical lines. The colourmap is logarithmic.
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Figure 4.9: The F140W (Ćlled square points with solid lines) and Hα (diamonds with dashed lines) stellar mass–size relations for

cluster and Ćeld star-forming galaxies at 0.86 < z < 1.34 using GALFITmeasurements. Mean F140W sizes (open squares) are

obtained from the individual sizes for each galaxy that go into the stack. These individual sizes were obtained from their individual

GALFIT Ćts in F140Wduring the study presented in Chapter 2. For the stacks, errors are calculated using bootstrapping and

represent one standard deviation. For the F140Wmean sizes, the errors are the standard errors in themean.

SBEJVT
Reff 
 GPS FBDI TUBDL JO LJMPQBSTFDT VTJOH UIF BOHVMBS EJBNFUFS EJTUBODF UP UIJT SFETIJG୴� 4JNJMBSMZ


XF BMTP ୮ୢOE UIF NFBO TUFMMBS NBTTg GPS UIF HBMBYJFT JO FBDI TUBDL� 5IF TUFMMBS NBTT؛TJ[F SFMBUJPO GPS UIF

'1408 BOE )α TUBDLT DBO CF TFFO JO 'JHVSF 4.9�
5IF PQFO TRVBSF QPJOUT BSF UIF '1408 NFBO TJ[FT PG HBMBYJFT XJUIJO FBDI TUBDL CBTFE PO UIFJS

JOEJWJEVBM ("-'*5 SFTVMUT
 XIJDI XFSF PCUBJOFE EVSJOH UIF TUVEZ QSFTFOUFE JO $IBQUFS �� 5IFZ

QSPWJEF B TBOJUZ DIFDL GPS UIF TJ[FT PCUBJOFE GSPN UIF '1408 TUBDLT
 TJODF UIFZ TIPVME GPMMPX UIFN

DMPTFMZ�

&SSPST GPS UIF TUBDLT BSF TUBOEBSE EFWJBUJPOT GSPN ���� CPPUTUSBQ SFTBNQMFT GPS FBDI TUBDL� 5IF

FOUJSF("-'*5 TJ[F EFUFSNJOBUJPOQSPDFTT JT DBSSJFE PVU 	TFF 4FDUJPO�����
 PO FBDICPPUTUSBQ SFTBNQMF�

'PS UIF '1408 NFBO TJ[FT
 UIF FSSPST BSF UIF TUBOEBSE FSSPST PO UIF NFBO�

*U DBO CF TFFO JO 'JHVSF 4.9 UIBU UIFSF JT OP TJHOJ୮ୢDBOU EJ୭GFSFODF CFUXFFO UIF '1408 BOE )α TJ[FT

JO UIF DMVTUFS BOE ୮ୢFME
 FYDFQU QFSIBQT GPS UIF MBSHFTU TUFMMBS NBTT CJO� *O UIF MBSHFTU TUFMMBS NBTT CJO PG

UIF DMVTUFS BOE ୮ୢFME TBNQMFT
 UIF )α FNJTTJPO IBT B MBSHFS IBMG�MJHIU SBEJVT UIBO UIF '1408 FNJTTJPO

CZ∼ 3 BOE∼ 2σ SFTQFDUJWFMZ�

g5IFTF TUFMMBS NBTTFT BSF DPSSFDUFE GPS UIF EJ୭GFSFODF CFUXFFO UIF UPUBM '1408 ୯୳VY GSPN UIF QIPUPNFUSJD DBUBMPHVF
BOE UIF UPUBM '1408 ୯୳VY BT NFBTVSFE CZ ("-'*5�
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Figure 4.10: The F140W (Ćlled square points with solid lines) and Hα (diamonds with dashed lines) stellar mass–size relations for

cluster and Ćeld star-forming galaxies at 0.86 < z < 1.34 using non-parametric size measurements. Mean F140W sizes (open

squares) are obtained from the individual sizes for each galaxy that go into the stack. These individual sizes were obtained from

their individual GALFIT Ćts in F140Wduring the study presented in Chapter 2. Errors show one standard deviation, and are a

combination of systematic errors and random errors from bootstrapping (see Section 4.3.2 for details).

����� /ঘগ�ঙঊছঊখ঎ঝছ঒ঌ ছ঎জঞকঝজ

'JHVSF 4.10 TIPXT UIF TUFMMBSNBTT؛TJ[F SFMBUJPO GPS UIF '1408BOE)α TUBDLT XIFSF UIF IBMG�MJHIU SBEJJ

IBWF CFFO NFBTVSFE GSPN OPO�QBSBNFUSJD ୮ୢUUJOH� )BMG�MJHIU SBEJJ BSF DPOWFSUFE UP LJMPQBSTFDT JO UIF

TBNF XBZ BT EFTDSJCFE JO 4FDUJPO ������ 4JNJMBSMZ
 UIF TUFMMBS NBTTFT GPS FBDI TUBDL BSF BMTP DBMDVMBUFE JO

UIF TBNF XBZ BT EFTDSJCFE JO 4FDUJPO ������

5IF FSSPS CBST BSF B DPNCJOBUJPO PG TZTUFNBUJD BOE SBOEPN VODFSUBJOUJFT� 5P DBMDVMBUF TZTUFNBUJD

VODFSUBJOUJFT
 XF WBSZ UIF BQFSUVSF TJ[F UIBU JT VTFE UP EFUFSNJOF UIF CBDLHSPVOE DPSSFDUJPO CZ

±5 QJYFMT 	TFF 4FDUJPO �������
� 8F BMTP NFBTVSF UIF UPUBM ୯୳VY GSPN UIF STUNBYJNVN׹ SFBDIFE JO UIF

HSPXUI DVSWF BT XFMM BT GSPN UIF BCTPMVUF NBYJNVN� 5IF TZTUFNBUJD FSSPS JT UIF TUBOEBSE EFWJBUJPO

PG UIF TJ[F NFBTVSFNFOUT PCUBJOFE GSPN UIFTF WBSJBUJPOT JO UIF TJ[F EFUFSNJOBUJPO QSPDFTT� 3BOEPN

FSSPST BSF DBMDVMBUFE CZ UBLJOH ���� CPPUTUSBQ SFTBNQMFT PG FBDI TUBDL BOE NFBTVSJOH UIF IBMG�MJHIU

SBEJVT GPS FBDI VTJOH UIF NFUIPE EFTDSJCFE JO 4FDUJPO �������� 5IF TZTUFNBUJD BOE SBOEPN FSSPS GPS

FBDI TUBDL JT UIFO BEEFE JO RVBESBUVSF�

3FBTTVSJOHMZ
 XF TFF TJNJMBS USFOET JO 'JHVSFT 4.10 BOE 4.9� 5IF '1408 SFTVMUT BSF BMNPTU JEFOUJDBM

CFUXFFO UIF UXP TJ[F EFUFSNJOBUJPO NFUIPET� "MUIPVHI UIF OPO�QBSBNFUSJD '1408 SFTVMUT 	୮ୢMMFE
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Figure 4.11: The F140WandHα stellar mass–size relations for star-forming Ćeld galaxies at z ∼ 1 fromGCLASS and 3D-HST

(Nelson et al., 2016b). GCLASS F140WandHαmeasurements are shown as Ćlled square points and diamonds, respectively.

The GCLASSHαmeasurements are offset from the GCLASS F140Wmeasurements by+0.04 dex in stellar mass for clarity.

Left-panel shows our GALFITmeasurements against those of Nelson et al. (2016b). Right-panel shows our non-parametric size

measurements against those of Nelson et al. (2016b). We show results from bothmethods Nelson et al. (2016b) used tomeasure

the half-light radii of each stack: GALFIT (solid lines with error bars) and Ćtting exponential proĆles to the one-dimensional

surface brightness proĆles (dashed lines with error bars). For the non-parametric Ćts, errors are a combination of systematic

errors and random errors from bootstrapping (see Section 4.3.2 for details). For all other measurements, errors are calculated

from bootstrapping. All errors show one standard deviation.

TRVBSFT BOE TPMJE MJOFT JO 'JHVSF 4.10
 BSF DMPTFS UP UIF '1408NFBO TJ[FT 	PQFO TRVBSF QPJOUT
 BU ୮ୢYFE

TUFMMBS NBTT DPNQBSFE UP UIF ("-'*5 '1408 SFTVMUT GPS FBDI FOWJSPONFOU�

5IFSF BSFNPSF EJ୭GFSFODFT CFUXFFO UIF)α TJ[FNFBTVSFNFOUT CFUXFFO UIF UXP TJ[F EFUFSNJOBUJPO

NFUIPET� )PXFWFS
 UIF HFOFSBM USFOET PG JODSFBTJOH)α TJ[FXJUI TUFMMBSNBTT
 BOE MBSHFS)α TJ[FTXJUI

SFTQFDU UP '1408TJ[FT JO UIF MBSHFTU TUFMMBSNBTT CJO BSF QSFTFOU JO CPUI TFUT PG SFTVMUT� 5IFSF BMTP TFFNT

UP CF B DMFBSFS USFOE PG JODSFBTJOH)α TJ[FXJUI SFTQFDU UP '1408TJ[F BU ୮ୢYFE TUFMMBSNBTT GPS UIF DMVTUFS

TBNQMF JO UIF OPO�QBSBNFUSJD ୮ୢUT 	TFF PSBOHF EJBNPOET BOE ୮ୢMMFE SFE TRVBSFT JO 'JHVSF 4.10
�

��� %঒জঌঞজজ঒ঘগ

����� $ঘখঙঊছ঒জঘগ ঘএ এ঒঎ক঍ ছ঎জঞকঝজ ঠ঒ঝ঑ ঙছ঎ট঒ঘঞজ ঠঘছঔ

"T NFOUJPOFE JO 4FDUJPO �������
 XF DPOEVDUFE NFBTVSFNFOUT PO B TBNQMF PG ୮ୢFME HBMBYJFT ESBXO

GSPN ($-"44 UP TFSWF BT B DPOTJTUFODZ DIFDL UP UIF ୮ୢFME SFTVMUT QSFTFOUFE JO /FMTPO FU BM� 	����C


BU B TJNJMBS SFETIJG୴� 0VS ୮ୢFME SFTVMUT JO DPNQBSJTPO UP UIF ୮ୢFME SFTVMUT QSFTFOUFE JO /FMTPO FU BM�

	����C
 BSF TIPXO JO 'JHVSF 4.11� 0VS ("-'*5 SFTVMUT BSF TIPXO BHBJOTU UIF SFTVMUT PG /FMTPO FU BM�

���



	����C
 JO UIF MFG୴�QBOFM BOE PVS OPO�QBSBNFUSJD SFTVMUT BSF TIPXO JO UIF SJHIU�QBOFM BHBJOTU UIF SFTVMUT

PG /FMTPO FU BM� 	����C
� ($-"44 SFTVMUT BSF TIPXO BT ୮ୢMMFE TRVBSF BOE EJBNPOE QPJOUT� ($-"44

)α SFTVMUT BSF P୭GTFU JO TUFMMBS NBTT CZ +0.04 EFY GSPN UIF ($-"44 '1408 SFTVMUT GPS DMBSJUZ� 5XP

NFUIPET XFSF VTFE UP NFBTVSF UIF TQBUJBM FYUFOU PG UIF )α FNJTTJPO JO /FMTPO FU BM� 	����C
� 4JOHMF�

DPNQPOFOU 4©STJD QSP୮ୢMFT XFSF ୮ୢU UP UIF TUBDLT VTJOH ("-'*5 BOE FYQPOFOUJBM QSP୮ୢMFT XFSF ୮ୢU UP

UIF POF�EJNFOTJPOBM TVSGBDF CSJHIUOFTT QSP୮ୢMFT PG UIF TUBDLT CFUXFFO 0.5rs < r < 3rsv� 8F TIPX UIF

/FMTPO FU BM� 	����C
 SFTVMUT GSPN CPUI UIFTF TJ[F EFUFSNJOBUJPO NFUIPET JO 'JHVSF 4.11� 5IF SFTVMUT

GSPN /FMTPO FU BM� 	����C
 BSF QMPUUFE BU UIF NJEQPJOU PG UIFJS NBTT CJOT GPS FBDI TUBDL�

*U DBO CF DMFBSMZ TFFO UIBU UIFSF JT CFUUFS BHSFFNFOU CFUXFFO UIF SFTVMUT JO /FMTPO FU BM� 	����C
 BOE

PVS SFTVMUT GSPN OPO�QBSBNFUSJD ୮ୢUUJOH� /FWFSUIFMFTT
 PVS ("-'*5 SFTVMUT BSF DPOTJTUFOU XJUI UIPTF

GSPN /FMTPO FU BM� 	����C
 XJUIJO 1 − 2σ � 5IF RVBMJUBUJWF USFOE PG HSFBUFS UIBO PS FRVBM UP IBMG�MJHIU

SBEJJ JO )α DPNQBSFE UP '1408 BU ୮ୢYFE TUFMMBS NBTT
 BT XFMM BT BO JODSFBTF JO IBMG�MJHIU SBEJJ XJUI

JODSFBTJOH TUFMMBS NBTT
 BSF QSFTFOU JO CPUI TFUT PG SFTVMUT�

#PUI UIF TUVEZ QSFTFOUFE JO UIJT DIBQUFS BOE UIF TUVEZ QSFTFOUFE JO /FMTPO FU BM� 	����C
 QSPEVDF

UIF TUBDLT XJUI UIF TBNF NFUIPE BOE NFBTVSF IBMG�MJHIU SBEJJ JO UIF TBNF XBZ XIFO VTJOH ("-'*5�

5IF EJ୭GFSFODF CFUXFFO UIF NFUIPE PG UIF UXP TUVEJFT MJFT JO UIF TPG୴XBSF VTFE UP SFEVDF UIF HSJTN

EBUB ؛ PG XIJDI PVST JT BO JNQSPWFE WFSTJPO PG UIF TPG୴XBSF VTFE JO /FMTPO FU BM� 	����C
 ؛ BOE UIF

TVCTFRVFOU DMFBOJOH PG UIF )α BOE '1408 QPTUBHF TUBNQT� 5IF CJHHFTU EJTBEWBOUBHF GPS PVS

NFBTVSFNFOUT JT UIF TNBMMFS TBNQMF TJ[F BOE UIFSFGPSF MPXFS TJHOBM�UP�OPJTF SBUJP JO )α� &BDI TUBDL

JO PVS TUVEZ DPOUBJOT 10− 30 HBMBYJFT 	TFF 'JHVSFT 4.5 BOE 4.6
 BT PQQPTFE UP∼ 400 GPS FBDI TUBDL JO

/FMTPO FU BM� 	����C
�

����� 5঑঎ কঊঌঔ ঘএ ঊগ ঎গট঒ছঘগখ঎গঝঊক હঞ঎গঌ঑঒গঐ জ঒ঐগঊঝঞছ঎

5IF SFTVMUT JO 4FDUJPO ��� TVHHFTU UIBU UIFSF JT OP TJHOJ୮ୢDBOU EJ୭GFSFODF JO UIF XBZ TUBS GPSNBUJPO

PQFSBUFT JO DMVTUFS BOE ୮ୢFME HBMBYJFT XJUI TUFMMBS NBTTFT -PH(M∗/.⊙) # 10.5
 TJODF BU ୮ୢYFE TUFMMBS

NBTT
 UIF '1408 BOE )α IBMG�MJHIU SBEJJ BSF DPOTJTUFOU XJUI FBDI PUIFS XJUIJO 1σ � 5IF TUBS

GPSNBUJPO
 BT EJDUBUFE CZ UIF )α FNJTTJPO
 TFFNT UP CF DPJODJEFOU XJUI UIF VOEFSMZJOH TUFMMBS NBTT

EJTUSJCVUJPO 	USBDFE CZ '1408
� *O UIF DBTF PG UIF DMVTUFS TBNQMF
 UIFSF JT FWFO B DMFBS USFOE PG

JODSFBTJOH )α TJ[F XJUI TUFMMBS NBTT
 BOE QSPHSFTTJWFMZ MBSHFS )α TJ[FT DPNQBSFE UP '1408 TJ[FT XJUI

JODSFBTJOH TUFMMBS NBTT 	'JHVSF 4.10
� 5IJT USFOE JT NPSF JO�MJOF XJUI XIBU JT TFFO JO UIF ୮ୢFME

FOWJSPONFOU BU UIF TBNF SFETIJG୴ JO /FMTPO FU BM� 	����C

 BOE JT TVHHFTUJWF PG JOTJEF�PVU HSPXUI WJB

vrs JT UIF EJTD TDBMF MFOHUI� 5IF IBMG�MJHIU SBEJVT
 Reff = 1.678rs�

���



TUBS GPSNBUJPO�

5IFTF SFTVMUT BSF BU PEET XJUI PCTFSWBUJPOT PG DMVTUFS HBMBYJFT BU MPXFS SFETIJG୴T� &BSMZ SFTVMUT PO

UIF TQBUJBM EJTUSJCVUJPO PG )α JO 7JSHP DMVTUFS TQJSBM HBMBYJFT WFSTVT TQJSBM HBMBYJFT JO UIF ୮ୢFME GPVOE

UIBU 52% PG 7JSHP TQJSBMT IBWF USVODBUFE )α EJTDT DPNQBSFE UP UIFJS R�CBOE JNBHFT BT PQQPTFE UP

POMZ 12% JO UIF ୮ୢFME 	,PPQNBOO � ,FOOFZ
 ����
� *U XBT EFUFSNJOFE UIBU BU MFBTU BU MPX SFETIJG୴


HBT TUSJQQJOH QSPDFTTFT TVDI BT SBN�QSFTTVSF TUSJQQJOH 	(VOO � (PUU
 ����
 XFSF UIF NBJO

RVFODIJOH NFDIBOJTNT SFTQPOTJCMF GPS TIVUUJOH EPXO TUBS GPSNBUJPO JO DMVTUFS HBMBYJFT� 4VCTFRVFOU

UP UIJT SFTVMU
 EJSFDU PCTFSWBUJPOT PG SBN�QSFTTVSF TUSJQQJOH JO UIF MPDBM 6OJWFSTF IBWF DPO୮ୢSNFE UIBU

UIF QSPDFTT RVFODIFT HBMBYJFT GSPN UIF 
أPVUTJEF�JOآ MFBWJOH UIF PWFSBMM TUFMMBS EJTUSJCVUJPO JOUBDU
 CVU

GPSDFT TUBS GPSNBUJPO UP CFDPNF QSPHSFTTJWFMZ DPO୮ୢOFE UPXBSET UIF DFOUSBM SFHJPOT PG HBMBYJFT

	"CSBNTPO FU BM�
 ����� &CFMJOH FU BM�
 ����� #FMMIPVTF FU BM�
 ����� (VMMJFVT[JL FU BM�
 ����� 4IFFO FU BM�


����� 'PTTBUJ FU BM�
 ����� $SBNFS FU BM�
 ����
� 5IFSFGPSF
 BU IJHIFS SFETIJG୴T
 FWJEFODF GPS SBN�QSFTTVSF

TUSJQQJOH RVFODIJOH DMVTUFS HBMBYJFT DPVME CF GPVOE CZ NFBTVSJOH UIF TQBUJBM FYUFOU PG UIF )α

FNJTTJPO BOE DPNQBSJOH JU UP UIF TQBUJBM FYUFOU PG JUT SFTU�GSBNF PQUJDBM FNJTTJPO�

8F IPXFWFS EP OPU TFF FWJEFODF GPS TJHOJ୮ୢDBOUMZ USVODBUFE )α EJTDT JO z ∼ 1 DMVTUFS HBMBYJFT XJUI

SFTQFDU UP UIFJS TUFMMBS DPNQPOFOU� %FTQJUF CFJOH B TVSQSJTJOH SFTVMU
 JU ୮ୢUT XFMM XJUI UIF HSPXJOH

QJDUVSF PG FOWJSPONFOUBM RVFODIJOH JO UIF MJUFSBUVSF
 XIJDI TVHHFTUT UIF SBQJEJUZ PG FOWJSPONFOUBM

RVFODIJOH JODSFBTFT XJUI SFETIJG୴ BOE IPTU IBMP NBTT 	TFF 'PMU[ FU BM� ���� BOE SFGFSFODFT UIFSFJO
�

5IF SBQJEJUZ PG SBN�QSFTTVSF TUSJQQJOH BU IJHI�SFETIJG୴ XPVME NFBO NPTU TUBS�GPSNJOH DMVTUFS

HBMBYJFT BSF OPU DBVHIU JO UIF TUSJQQJOH QIBTF
 BOE UIFSFGPSF BO FOWJSPONFOUBM RVFODIJOH TJHOBUVSF JT

EJ୭୮ୢDVMU UP NFBTVSF
 QBSUJDVMBSMZ BU IJHI TJHOJ୮ୢDBODF� &WJEFODF GPS MPOH�UJNFTDBMF 	> 2 (ZS


FOWJSPONFOUBM RVFODIJOH BU MPX SFETIJG୴ XBT GPVOE JO 'JOO FU BM� 	����

 XIFSF NPSF DFOUSBMMZ

DPODFOUSBUFE TUBS GPSNBUJPO 	BT USBDFE CZ 24µN FNJTTJPO
 XBT TFFO JO TUBS�GPSNJOH DMVTUFS BOE HSPVQ

HBMBYJFT JO DPOUSBTU XJUI TUBS�GPSNJOH ୮ୢFME HBMBYJFT�

'VSUIFSNPSF
 JU JT XPSUI QPJOUJOH PVU UIBU QSFWJPVT TUVEJFT PO UIF ($-"44 DMVTUFST XIJDI IBWF

GPDVTFE PO UIF SFDFOUMZ RVFODIFE DMVTUFS HBMBYZ QPQVMBUJPO 	TFF 4FDUJPO �����
 IBWF GPVOE TUSPOH

FWJEFODF GPS FOWJSPONFOUBM RVFODIJOH PDDVSSJOH 	.V[[JO FU BM� ����
 ���� BOE UIF TUVEZ QSFTFOUFE

JO $IBQUFS �
� 5IFTF TUVEJFT QPJOU UPXBSET SBN�QSFTTVSF TUSJQQJOH CFJOH UIF MJLFMZ RVFODIJOH

NFDIBOJTN
 BDUJOH XJUIJO 0.40.3−0.4 (ZS BG୴FS TBUFMMJUF DMVTUFS HBMBYJFT NBLF UIFJS ୮ୢSTU QBTTBHF PG 0.5R200


MFBWJOH UIF TUFMMBS DPNQPOFOU PG UIF HBMBYZ NPSQIPMPHJDBMMZ VOEJTUVSCFE CVU USVODBUJOH JUT

NFBTVSFE '1408 IBMG�MJHIU SBEJVT� *U TFFNT UIBU UP ୮ୢOE FWJEFODF PG FOWJSPONFOUBM RVFODIJOH BU

IJHI SFETIJG୴
 POF NVTU GPDVT PO UIPTF HBMBYJFT UIBU IBWF BMSFBEZ VOEFSHPOF FOWJSPONFOUBM

���



RVFODIJOH
 TJODF UIF SBQJE EFDMJOF JO TUBS GPSNBUJPO JT UPP GBTU UP CF PCTFSWBCMF JO DMVTUFS HBMBYJFT TUJMM

GPSNJOH TUBST�

/FWFSUIFMFTT
 SBN�QSFTTVSF TUSJQQJOH NBZ OPU CF UIF POMZ DVMQSJU GPS FOWJSPONFOUBMMZ RVFODIJOH

DMVTUFS HBMBYJFT BU IJHI SFETIJG୴� %VF UP UIF IJHIFS TUBS GPSNBUJPO SBUFT JO UIF IJHI�SFETIJG୴ 6OJWFSTF


HBMBYJFT XJMM CF GPSNJOH TUBST NPSF SBQJEMZ BOE DPVME UIFSFGPSF FYIJCJU IJHIFS PVU୯୳PX SBUFT EVF UP

UIJT TUBS GPSNBUJPO� 0ODF TVDI B HBMBYZ CFDPNFT B TBUFMMJUF HBMBYZ JO B DMVTUFS
 JUT TVQQMZ PG GSFTI HBT

GSPN UIF DPTNJD XFC JT DVU P୭G� 5IF DPNCJOFE B୭GFDU PG IJHIFS PVU୯୳PX SBUFT BOE IBMUFE DPTNPMPHJDBM

BDDSFUJPO DPVME RVJDLMZ EFQMFUF HBT JO B DMVTUFS HBMBYZ
 XFMM CFGPSF SBN�QSFTTVSF TUSJQQJOH CFHJOT UP

BDU 	.D(FF FU BM�
 ����
� 5IFSF JT FWJEFODF UP TVHHFTU UIBU UIF ($-"44 DMVTUFS HBMBYJFT BSF NPSF

DPOTJTUFOU XJUI UIJT QJDUVSF PG 
أPWFSDPOTVNQUJPOآ XJUI TUSJQQJOH QSPDFTTFT CFJOH UIF TVC�EPNJOBOU

RVFODIJOH NFDIBOJTN 	.D(FF FU BM�
 ����� #BMPHI FU BM�
 ����
� *O MPXFS SFETIJG୴ DMVTUFST
 TUSJQQJOH

QSPDFTTFT EPNJOBUF� 5IJT DIBOHF JO UIF EPNJOBOU FOWJSPONFOUBM RVFODIJOH NFDIBOJTN NBZ

FYQMBJO XIZ UIF FOWJSPONFOUBM RVFODIJOH UJNFTDBMFT EJ୭GFS CZ B GBDUPS PG ∼ 5 	'JOO FU BM�
 �����

.V[[JO FU BM�
 ����
 JO MPX 	z ∼ 0
 BOE IJHI 	z ∼ 1
 SFETIJG୴ DMVTUFST� $POTFRVFOUMZ
 JU DBO FYQMBJO

XIZ TQBUJBMMZ USVODBUFE TUBS GPSNBUJPO DBO CF TFFO JO QPQVMBUJPO TUVEJFT PG MPX SFETIJG୴ DMVTUFS

HBMBYJFT 	,PPQNBOO � ,FOOFZ
 ����� 'JOO FU BM�
 ����

 CVU OPU JO IJHI SFETIJG୴ DMVTUFS HBMBYJFT

	4FDUJPO ���
� UIF RVFODIJOH NFDIBOJTNT BSF GVOEBNFOUBMMZ EJ୭GFSFOU
 TP UIF PCTFSWBUJPOBM SFTVMUT

BSF EJ୭GFSFOU�

5IFSF BSF UIFSFGPSF UXP MJLFMZ TDFOBSJPT UP FYQMBJO PVS SFTVMUT QSFTFOUFE JO 4FDUJPO ���� 5IF ୮ୢSTU

JT UIBU SBN�QSFTTVSF TUSJQQJOH JT NPSF SBQJE BOE F୭୮ୢDJFOU JO IJHI�SFETIJG୴ DMVTUFST� 5IF TFDPOE JT UIBU

PWFSDPOTVNQUJPO JT UIF NFDIBOJTN SFTQPOTJCMF GPS RVFODIJOH IJHI�SFETIJG୴ DMVTUFS HBMBYJFT
 OPU SBN�

QSFTTVSF TUSJQQJOH� 5IFSF JT FWJEFODF GPS CPUI UIFTF BSHVNFOUT JO SFMBUJPO UP UIF ($-"44 DMVTUFS

HBMBYJFT 	.D(FF FU BM�
 ����� #BMPHI FU BM�
 ����� 'PMU[ FU BM�
 ����
� 0OF QPTTJCMF XBZ UP DPOTUSBJO

XIJDI PG UIFTF TDFOBSJPT JT USVF XPVME CF CZ TUVEZJOH UIF IPU HBT EFOTJUZ QSP୮ୢMFT PG DMVTUFST BU MPX BOE

IJHI SFETIJG୴ BT XFMM BT UIF QIZTJDBM DPOEJUJPOT PG MPX� BOE IJHI�SFETIJG୴ TUBS�GPSNJOH DMVTUFS HBMBYJFT�

*G UIF HBT EFOTJUZ QSP୮ୢMFT BSF NPSF DFOUSBMMZ DPODFOUSBUFE JO IJHI SFETIJG୴ DMVTUFST
 XJUI B IJHI EFOTJUZ

HSBEJFOU CFUXFFO UIF PVUTLJSUT BOE UIF JOOFS SFHJPO
 UIJT DPVME FYQMBJO XIZ SBN�QSFTTVSF TUSJQQJOH JT

B SBQJE DBUBTUSPQIJD FWFOU GPS TUBS�GPSNJOH DMVTUFS HBMBYJFT
 BOE JUT أPVUTJEF�JOآ RVFODIJOH TJHOBUVSF JT

OPU PCTFSWFE� .D%POBME FU BM� 	����
 TUVEJFE UIF JOUSB�DMVTUFSNFEJVN 	*$.
 QSPQFSUJFT PG 147 HBMBYZ

DMVTUFST TQBOOJOH B MBSHF SBOHF JO IBMP NBTT
 MZJOH JO UIF SFETIJG୴ SBOHF 0 < z < 1.9� 5IFZ GPVOE UIBU

UIFSF JT OP TJHOJ୮ୢDBOU EJ୭GFSFODF JO UIF HBT EFOTJUZ QSP୮ୢMFT PG MPX� BOE IJHI�SFETIJG୴ DMVTUFST
 XJUIXFBL

FWJEFODF PG IJHI DPSF EFOTJUJFT JO DPPM�DPSF IJHI�SFETIJG୴ DMVTUFST� 5IFTF SFTVMUT TVHHFTU UIBU JG UIFSF

���



JT BO JODSFBTF JO UIF F୭୮ୢDJFODZ PG SBN�QSFTTVSF TUSJQQJOH UPXBSET IJHI SFETIJG୴T
 JU NBZ OPU CF EVF UP

EJ୭GFSJOH *$. EFOTJUJFT
 CVU EVF UP DMVTUFS HBMBYJFT IBWJOH IJHIFS WFMPDJUJFT� $POUSBSJMZ
 UIFTF SFTVMUT

BMTP TVHHFTU UIBU PWFSDPOTVNQUJPONBZ CF UIFNPSF MJLFMZNFDIBOJTN GPS RVFODIJOH TUBS GPSNBUJPO JO

IJHI�SFETIJG୴ DMVTUFS HBMBYJFT
 BOE UIBU B UIPSPVHI DPNQBSJTPO PG UIF QIZTJDBM DPOEJUJPOT JO MPX� BOE

IJHI�SFETIJG୴ TUBS�GPSNJOH DMVTUFS HBMBYJFT JT SFRVJSFE� *G NPTU TUBS�GPSNJOH DMVTUFS HBMBYJFT RVFODI CZ

PWFSDPOTVNQUJPO XFMM CFGPSF SBN�QSFTTVSF TUSJQQJOH TUBSUT
 UIFSF XJMM CF OP أPVUTJEF�JOآ RVFODIJOH

TJHOBUVSF NFBTVSBCMF JO IJHI�SFETIJG୴ TUBS�GPSNJOH DMVTUFS HBMBYJFT�

����� %঒জঌছ঎ঙঊগঌ঒঎জ ঊঝ ঑঒ঐ঑ জঝ঎ককঊছ খঊজজ঎জ

'PS TUBS�GPSNJOH HBMBYJFT XJUI -PH(M∗/.⊙) > 10.5
 UIF SFMBUJWF EJ୭GFSFODF JO TJ[F CFUXFFO UIF )α

BOE '1408 FNJTTJPO JT MBSHFS JO DMVTUFST 	BT TFFO JO CPUI 'JHVSF 4.9 BOE ����
� .BTTJWF TUBS�GPSNJOH

HBMBYJFT JO DMVTUFST TFFN UP CF HSPXJOH JO TJ[F WJB JOTJEF�PVU TUBS GPSNBUJPONVDINPSF UIBO BOBMPHPVT

HBMBYJFT JO UIF ୮ୢFME� 5IJT JT BOVOMJLFMZ TDFOBSJP
 TJODF JU JTXFMM�LOPXO UIBU DMVTUFS HBMBYJFT BSF JO HFOFSBM

NPSF SFEآ BOE EFBEأ DPNQBSFE UP ୮ୢFME HBMBYJFT� 4JODF MBSHFS )α TJ[FT XJUI SFTQFDU UP '1408 TJ[FT BSF

TFFO CPUI JO UIF DMVTUFS BOE ୮ୢFME BU UIFTF TUFMMBS NBTTFT
 JU JT MJLFMZ UP CF BO PCTFSWBUJPOBM F୭GFDU� .BTTJWF

TUBS�GPSNJOH HBMBYJFT BSF LOPXO UP DPOUBJO NPSF EVTU UIBO MPX NBTT TUBS�GPSNJOH HBMBYJFT 	1BOOFMMB

FU BM�
 ����� 3FEEZ FU BM�
 �����8VZUT FU BM�
 �����8IJUBLFS FU BM�
 ����C�.PNDIFWB FU BM�
 ����� /FMTPO

FU BM�
 ����B� ,PZBNB FU BM�
 ����
� .PSFPWFS
 HBMBYJFT XJUI IJHIFS 4'3T UFOE UP DPOUBJONPSF EVTU UIBO

UIPTFXJUI MPXFS 4'3T BU ୮ୢYFE TUFMMBSNBTT 	3FEEZ FU BM�
 �����8VZUT FU BM�
 �����%PN­OHVF[ FU BM�
 �����

4PCSBM FU BM�
 ����� 3FEEZ FU BM�
 ����� -J FU BM�
 ����
� "T B OBUVSBM DPOTFRVFODF PG UIF TUBS�GPSNBUJPO

NBJO TFRVFODF 	F�H� 8IJUBLFS FU BM� ����C BOE NBOZ PUIFST

 IJHIFS�TUFMMBS�NBTT HBMBYJFT IBWF IJHIFS

4'3T BOE BSF UIFSFGPSF NPSF TVTDFQUJCMF UP EVTU BUUFOVBUJPO� 0CTDVSBUJPO CZ EVTU JT IJHIFTU BU UIF

DFOUSFT PG TVDI HBMBYJFT
 XIFSF DPMVNO EFOTJUJFT BSF BU UIFJS IJHIFTU 	8VZUT FU BM�
 ����� /FMTPO FU BM�


����B
� )JHI MFWFMT PG EVTU PCTDVSBUJPO BU UIF DFOUSFT PG UIFTFNBTTJWF HBMBYJFT SFEVDFT UIFPCTFSWFE)α

୯୳VY GSPN UIJT SFHJPO
 NBLJOH UIF )α QSP୮ୢMFT MFTT DFOUSBMMZ DPODFOUSBUFE 	/FMTPO FU BM�
 ����B
� 5IJT

MFBET UP BO JODSFBTF JO UIF IBMG�MJHIU SBEJVT BOE DPVME FYQMBJOXIZXF POMZNFBTVSFNPSF FYUFOEFE)α

FNJTTJPO SFMBUJWF UP '1408 ୯୳VY GPS UIF IJHIFTU NBTT HBMBYJFT�

'VSUIFSNPSF
 TJHOJ୮ୢDBOU EVTU FYUJODUJPO BU UIF DFOUSFT PG HBMBYJFT NBZ CF PCTDVSJOH PO�HPJOH CVMHF

TUFMMBSNBTT HSPXUI WJB TUBS GPSNBUJPO� 5IJT QSPCMFN JTNPSF JNQPSUBOU GPS DMVTUFS HBMBYJFT VOEFSHPJOH

PVUTJEF�JO RVFODIJOH� 4JODF TUBS GPSNBUJPO JT GPSDFE UP PDDVS BU TNBMMFS BOE TNBMMFS SBEJJ JO UIF HBMBYZ


PVUTJEF�JO RVFODIJOH DBO QPUFOUJBMMZ FYQMBJO UIF CVMHJFSNPSQIPMPHJFT PG DMVTUFS HBMBYJFT 	TFF BMTP +B୭G©

FU BM� ����� 'SBTFS�.D,FMWJF FU BM� ����� $SBNFS FU BM� ���� BOE 4FDUJPO �����
� .PSF CVMHF�EPNJOBUFE

���



NPSQIPMPHJFT MFBE UP TNBMMFS IBMG�MJHIU SBEJJ� *G UIFSF JT TJHOJ୮ୢDBOU EVTU PCTDVSBUJPO PG )α FNJTTJPO

GSPN UIF CVMHFT PG TUBS�GPSNJOH DMVTUFS HBMBYJFT
 UIJT XJMM SFEVDF ୯୳VY GSPN UIF DFOUSBM SFHJPOT PG UIF

SFTVMUJOH )α TUBDLT
 MFBEJOH UP B SJTF JO UIF IBMG�MJHIU SBEJVT� 5IJT B୭GFDU IBT UIF BCJMJUZ UP XBTIPVU BO

PVUTJEF�JO RVFODIJOH TJHOBM BOE NBZ CF B DPOUSJCVUJOH GBDUPS UP XIZ TVDI B TJHOBM JT OPU TFFO JO UIF

TUBS�GPSNJOH DMVTUFS HBMBYJFT 	TFF BMTP 4FDUJPO �����
�

����� 'ঞঝঞছ঎ ঠঘছঔ

5IF SFTVMUT JO 4FDUJPO ��� SFQSFTFOU UIF NPTU TUSBJHIUGPSXBSE BUUFNQU UP NFBTVSJOH BO FOWJSPONFOUBM

RVFODIJOH TJHOBUVSF XJUI PVS EBUB� "T EJTDVTTFE JO 4FDUJPOT ����� BOE �����
 UIFSF BSFNVMUJQMF SFBTPOT

GPS XIZ UIJT TJHOBM NBZ OPU CF QSFTFOU PS NBZ CF EJMVUFE� *O UIJT 4FDUJPO XF PVUMJOF TPNF BQQSPBDIFT

XF DPVME UBLF UP SF୮ୢOF PVS TFBSDI GPS BO FOWJSPONFOUBM RVFODIJOH TJHOBUVSF XJUI PVS EBUB�

�� .PTU PG UIF TUBS�GPSNJOH DMVTUFS HBMBYJFT JO PVS TBNQMF BSF TJUVBUFE JO UIF PVUTLJSUT PG UIFJS
DMVTUFST 	.V[[JO FU BM�
 ����
� 5IJT NFBOT UIF NBKPSJUZ PG UIFN IBWF OPU CFFO TVCKFDUFE UP
FOWJSPONFOUBM F୭GFDUT ZFU� 5IJT DPVME BMTP FYQMBJO XIZ XF FWFO TFF FWJEFODF GPS JOTJEF�PVU
HSPXUI WJB TUBS GPSNBUJPO JO UIF DMVTUFST 	'JHVSF 4.10

 UIBU JT DPOTJTUFOU XJUI XIBU JT TFFO JO
UIF ୮ୢFME FOWJSPONFOU BU UIF TBNF SFETIJG୴ 	/FMTPO FU BM�
 ����C
� 'VSUIFSNPSF
 NPTU PG UIF
SFDFOUMZ RVFODIFE DMVTUFS HBMBYJFT MJF XJUIJO 0.5R200 	.V[[JO FU BM�
 ����
� *U JT QPTTJCMF UIBU JG
XF SF�EP UIF BCPWF BOBMZTJT VTJOH POMZ UIPTF TUBS�GPSNJOH DMVTUFS HBMBYJFT MZJOH BU R < 0.5R200

XF NBZ TFF USVODBUFE )α EJTDT� 8PP FU BM� 	����
 GPVOE UIBU UIF DPSSFMBUJPO CFUXFFO IBMP
NBTT BOE RVFODIJOH JT TUSPOHFTU JO MPX SFETIJG୴ HSPVQT XJUIJO 0.3Rvir ѿ
 TVHHFTUJOH UIBU UIJT
SBEJBM�CJOOJOH BQQSPBDI NBZ CF TVDDFTTGVM JO FYQPTJOH BO FOWJSPONFOUBM RVFODIJOH TJHOBM�
4JNJMBSMZ
 'JOO FU BM� 	����
 GPVOE UIBU MPX�SFETIJG୴ TUBS�GPSNJOH HBMBYJFT DMPTFS UP UIF DPSFT PG
UIFJS DMVTUFST PS HSPVQT IBE NPSF USVODBUFE BOE DPODFOUSBUFE 24µN FNJTTJPO XJUI SFTQFDU UP
UIFJS TUFMMBS DPNQPOFOU� .PSF SFDFOUMZ
 0XFST FU BM� 	����
 GPVOE UIBU UIFJS MPX�SFETIJG୴
SFDFOUMZ RVFODIFE DMVTUFS QPQVMBUJPO XFSF BMM TJUVBUFE XJUIJO R < 0.6R200
 XJUI NPTU PG UIFN
TIPXJOH FWJEFODF PG PVUTJEF�JO RVFODIJOH GSPN UIFJS )α EJTUSJCVUJPOT�

�� 5IPTF TUBS�GPSNJOH DMVTUFS HBMBYJFT XJUI UIF IJHIFTU TQFDJ୮ୢD TUBS GPSNBUJPO SBUFT 	T4'3T
 BSF
MJLFMZ UP IBWF NPSF )α FNJTTJPO� 3FNPWJOH TUBS�GPSNJOH HBMBYJFT GSPN UIF DMVTUFS TBNQMF
UIBU IBWF WFSZ MPX TJHOBM�UP�OPJTF SBUJPT JO )α DBO JODSFBTF UIF QSFDJTJPO PG PVS NFBTVSFNFOUT
TIPXO JO 'JHVSFT 4.9 BOE 4.10� $IBOHJOH UIF TBNQMF TFMFDUJPO JO UIJT XBZ NBZ SFWFBM BO
PVUTJEF�JO RVFODIJOH TJHOBM�

�� " DPNCJOBUJPO PG UIF BCPWF UXP CJOOJOH BQQSPBDIFT DPVME BMTP GVSUIFS FYQPTF BO
FOWJSPONFOUBM RVFODIJOH TJHOBM�

�� %VSJOH UIF OPO�QBSBNFUSJD ୮ୢUUJOH 	4FDUJPO �������

 JU XBT EJTDPWFSFE UIBU UIF CBDLHSPVOE IBE
CFFO QPPSMZ TVCUSBDUFE GSPN UIF JNBHJOH� 5IJT MFG୴ B OPO�USJWJBM CBDLHSPVOE UIBU XBT EJ୭୮ୢDVMU
GPS ("-'*5 UP ୮ୢU 4©STJD QSP୮ୢMFT UP SFMJBCMZ� *NQSPWJOH UIF CBDLHSPVOE TVCUSBDUJPO JO UIF
JNBHJOH TIPVME MFBE UP NPSF SFMJBCMF IBMG�MJHIU SBEJVT NFBTVSFNFOUT XJUI ("-'*5�

ѿ8IFSF Rvir JT UIF WJSJBM SBEJVT PG UIF HSPVQ�

���



�� 4PNF PG UIF )α FNJTTJPO GSPN TUBS�GPSNJOH SFHJPOT HFUT BCTPSCFE CZ EVTU BOE JT OPU
PCTFSWFE� 5IJT MFBET VT UP TZTUFNBUJDBMMZ VOEFSFTUJNBUF UIF MFWFMT PG TUBS GPSNBUJPO PDDVSSJOH
JO HBMBYJFT XIFO VTJOH )α NFBTVSFNFOUT� 0OF XBZ UP DPSSFDU GPS UIJT TZTUFNBUJD VTJOH PVS
EBUB JT UP DPOTUSVDU TQBUJBMMZ SFTPMWFE NBQT PG UIF #BMNFS EFDSFNFOU
 )α�)β
 TJODF EVTU
BUUFOVBUJPO JT XBWFMFOHUI EFQFOEFOU� 8JUI PVS EBUB
 UIJT DBO POMZ CF EPOF GPS HBMBYJFT JO UIF
SFETIJG୴ SBOHF 1.35 < z < 1.5� *U JT XJUIJO UIJT SFETIJG୴ XJOEPX UIBU CPUI )α BOE )β GBMM
XJUIJO UIF XBWFMFOHUI DPWFSBHF PG UIF (141 HSJTN� 5IJT XJMM UIFSFGPSF POMZ CF QPTTJCMF GPS
HBMBYJFT JO UIF IJHIFTU SFETIJG୴ DMVTUFS BU z = 1.34
 4Q"3$4�0035 	TFF 5BCMF 2.1
� /FWFSUIFMFTT

JU NBZ CF BCMF UP QSPWJEF TPNF JOTJHIU JOUP UIF UZQJDBM EVTU EJTUSJCVUJPOT JO IJHI�SFETIJG୴
DMVTUFS HBMBYJFT BOE IPX UIJT B୭GFDUT UIF NFBTVSFNFOUT QSFTFOUFE JO UIJT DIBQUFS� 5IF 3%ୖ)45
UFBN XFSF BCMF UP NFBTVSF TQBUJBMMZ SFTPMWFE #BMNFS EFDSFNFOUT GPS 609 HBMBYJFT BU
1.35 < z < 1.5 VTJOH UIFJS (141 EBUB� 5IFZ GPVOE UIBU EVTU BUUFOVBUJPO XBT IJHIFTU JO UIF
DFOUSBM SFHJPOT PG HBMBYJFT XJUI B NFBO TUFMMBS NBTT PG -PH(M∗/.⊙) = 10.2� 5IJT MFE UP B
GBDUPS 6 IJHIFS 4'3 XJUIJO 1 LQD GSPN UIF DFOUSF PG UIFTF HBMBYJFT 	/FMTPO FU BM�
 ����B
� "T
EJTDVTTFE JO 4FDUJPO �����
 UIJT DPVME MFBE UP NPSF DFOUSBMMZ DPODFOUSBUFE TQBUJBM EJTUSJCVUJPOT
PG )α BOE UIFSFGPSF TNBMMFS IBMG�MJHIU SBEJJ JO )α BU UIFTF IJHI NBTTFT�

��� 4ঞখখঊছঢ

*O UIJT DIBQUFS
 XF IBWF NFBTVSFE UIF TQBUJBM FYUFOU PG )α BOE '1408 FNJTTJPO JO DMVTUFS BOE ୮ୢFME

HBMBYJFT BU z ∼ 1 UP TUVEZ XIFUIFS UIFSF JT FWJEFODF GPS FOWJSPONFOUBM RVFODIJOH PDDVSSJOH JO TUBS�

GPSNJOH DMVTUFS HBMBYJFT� 0VS SFTVMUT BSF TVNNBSJTFE CFMPX�

�� 8F ୮ୢOE OP TJHOJ୮ୢDBOU EJ୭GFSFODF CFUXFFO UIF TQBUJBM FYUFOU PG )α BOE '1408FNJTTJPO JO TUBS�
GPSNJOH DMVTUFS BOE ୮ୢFME HBMBYJFT XJUI TUFMMBS NBTTFT -PH(M∗/.⊙) # 10.5� )PXFWFS
 UIFSF
JT B DMFBS USFOE PG JODSFBTJOH )α TJ[F XJUI SFTQFDU UP '1408 TJ[F BT TUFMMBS NBTT JODSFBTFT JO UIF
DMVTUFS TBNQMF 	'JHVSF 4.10
� 5IJT JT TVHHFTUJWF PG JOTJEF�PVU HSPXUI WJB TUBS GPSNBUJPO�

�� $MVTUFS BOE ୮ୢFME HBMBYJFT XJUI TUFMMBS NBTTFT HSFBUFS UIBO -PH(M∗/.⊙) = 10.5 BSF GPVOE UP
IBWF NPSF FYUFOEFE )α FNJTTJPO XJUI SFTQFDU UP UIFJS '1408 FNJTTJPO� 5IJT JT MJLFMZ EVF UP
TJHOJ୮ୢDBOU EVTU BUUFOVBUJPOXIJDI DBO SFEVDF UIF DPODFOUSBUJPO PG MJHIU BU UIF DFOUSF PG UIF)α
TUBDLT
 JO୯୳BUJOH JUT IBMG�MJHIU SBEJVT�

�� " TUSPOHFS FOWJSPONFOUBM TJHOBM NJHIU CF PCTFSWFE JG UIF BOBMZTJT JT SFQFBUFE VTJOH POMZ TUBS�
GPSNJOH DMVTUFS HBMBYJFT UIBU BSF TJUVBUFE XFMM XJUIJO UIFJS DMVTUFST BOE IBWF IJHIFS TJHOBM�UP�
OPJTF SBUJPT JO )α ୯୳VY�

���



*G B DIJME HSPXT VQ UP CF B TDJFOUJTU
 IF OET׹ UIBU IF ॷ
QBJE UP QMBZ BMM EBZ UIF NPTU FYDJUJOH HBNF FWFS EFWJTFE CZ
NBOLJOE�

.VSSBZ (FMM�.BOO

5
4VNNBSZ � GVUVSF QSPTQFDUT

5঑঎ এঘঞগ঍ঊঝ঒ঘগজ ঘএ ঝ঑঒জ ঝ঑঎জ঒জ SFTU VQPO VOQSFDFEFOUFE)VCCMF 4QBDF 5FMFTDPQF 	)45
8JEF
'JFME $BNFSB 3 	8'$3
 JNBHJOH BOE HSJTN TQFDUSPTDPQZ UIBU JT BNPOHTU UIF ୮ୢSTU PG JUT LJOE GPS

HBMBYZ DMVTUFST PVUTJEF UIF MPDBM 6OJWFSTF 	TFF BMTP (-"44
 F�H� 7VMDBOJ FU BM� ����
 ����� )PBH FU BM�

����� .PSJTIJUB FU BM� ����� 8BOH FU BM� ����� 4DINJEU FU BM� ����� "CSBNTPO FU BM� ����
� :FU JU NVTU CF

FNQIBTJTFE UIBU IJHI�RVBMJUZ EBUB PO UIFJS PXO EP OPU OFDFTTBSJMZ FOTVSF TVDDFTTGVM TDJFOUJ୮ୢD PVUQVU�

5IF DPNCJOBUJPO PG IJHI�SFTPMVUJPO JNBHJOH BOE TQBUJBMMZ SFTPMWFE TQFDUSPTDPQZ GSPN )45 XJUI

BODJMMBSZ QIPUPNFUSZ BOE TQFDUSPTDPQZ GSPN QSFWJPVT PCTFSWBUJPOBM DBNQBJHOT ؛ TVDI BT UIF 4QJU[FS
"EBQUBUJPO PG UIF 3FE�TFRVFODF $MVTUFS 4VSWFZ 	4Q"3$4
 BOE UIF (FNJOJ $MVTUFS "TUSPQIZTJDT

4QFDUSPTDPQJD 4VSWFZ 	($-"44
 ؛ TJHOJ୮ୢDBOUMZ FOIBODFE UIF DPODMVTJPOT XF DPVME ESBX GSPN UIF

TUVEJFT QSFTFOUFE JO $IBQUFST �
 � BOE ��

5IF TUBUJTUJDBM QPXFS PG UIF TUVEZ QSFTFOUFE PO UIF NBTT؛TJ[F SFMBUJPO FOWJSPONFOUBM DPNQBSJTPO

BU z ∼ 1 	$IBQUFS �
 XBT FOIBODFE GPS PVS DMVTUFS TBNQMF CZ DPNCJOJOH UIF (.04 TQFDUSPTDPQZ

GSPN ($-"44 BOE UIF HSJTN TQFDUSPTDPQZ GSPN )45� 5IJT TZOFSHZ MFE UP NPSF UIBO B GBDUPS PG UXP

JNQSPWFNFOU JO QSFDJTJPO XIFO JEFOUJGZJOH DMVTUFS NFNCFST VTJOH HSJTN�EFSJWFE BT PQQPTFE UP

QIPUPNFUSJD SFETIJG୴T
 JOUSPEVDJOH 182 OFXMZ JEFOUJ୮ୢFE DMVTUFS HBMBYJFT UP UIF PSJHJOBM TQFDUSPTDPQJD

TBNQMF PG 344� 5IJT MFE UP UIF MBSHFTU TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE TBNQMF PG DMVTUFS HBMBYJFT BU UIJT

SFETIJG୴�

���



*O UIF TUVEZ QSFTFOUFE JO $IBQUFS �
 UIF DPNCJOBUJPO PG UIF (.04 TQFDUSPTDPQZ XJUI UIF '1408

8'$3 )45 JNBHJOH BMMPXFE GPS JNQSPWFE DPOTUSBJOUT PO UIF MJLFMZ FOWJSPONFOUBM RVFODIJOH

NFDIBOJTN SFTQPOTJCMF GPS DSFBUJOH UIF SFDFOUMZ RVFODIFE DMVTUFS HBMBYZ QPQVMBUJPO� 5PHFUIFS
 UIF

TUVEJFT QSFTFOUFE JO $IBQUFST � BOE � XFSF BCMF UP TIPX CPUI NJOPS NFSHFST BOE QSPHFOJUPS CJBT ؛

XIJDI XFSF QSFWJPVTMZ UXP TPNFXIBU DPOUFTUFE UIFPSJFT ؛ BSF SFTQPOTJCMF GPS UIF PCTFSWFE HSPXUI JO

UIF BWFSBHF TJ[F PG RVJFTDFOU HBMBYJFT XJUI EFDSFBTJOH SFETIJG୴�

5IF QPXFS PG TQBDF�CBTFE TMJUMFTT TQFDUSPTDPQZ XBT EFNPOTUSBUFE JO $IBQUFS �
 XJUI UIF ୮ୢSTU

TQBUJBMMZ SFTPMWFE )α NBQT PG DMVTUFS HBMBYJFT CFZPOE UIF MPDBM 6OJWFSTF� %VF UP UIF MBSHF TBNQMF PG

DMVTUFS HBMBYJFT DPNQJMFE BT QBSU PG $IBQUFS �
 B TUBDLJOH BOBMZTJT BMMPXFE VT UP CPPTU PVS

TJHOBM�UP�OPJTF SBUJP JO )α BOE NBLF UIF ୮ୢSTU NFBTVSFNFOUT PG UIF TQBUJBM FYUFOU PG )α JO

DPNQBSJTPO UP UIF TUFMMBS DPNQPOFOU JO TQFDUSPTDPQJDBMMZ DPO୮ୢSNFE DMVTUFS HBMBYJFT BU z ∼ 1� 5IF

MBDL PG B DMFBS FOWJSPONFOUBM RVFODIJOH TJHOBUVSF JO UIJT TUVEZ IJOUT BU UIF QPTTJCMF DIBOHF JO UIF

QIZTJDT UIBU ESJWFT FOWJSPONFOUBM RVFODIJOH JO UIF IJHI SFETIJG୴ 6OJWFSTF BOE�PS JUT F୭୮ୢDJFODZ� 5IJT

SFTVMU PQFOT VQ DMFBS PQQPSUVOJUJFT GPS PCTFSWBUJPOT JO UIJT ୮ୢFME XJUI UIF OFYU HFOFSBUJPO PG

TQBDF�CBTFE TMJUMFTT TQFDUSPHSBQIT PO�CPBSE UIF +BNॶ 8FCC 4QBDF 5FMFTDPQF 	+845

 &VDMJE BOE UIF

8JEF�'JFME *OGSBSFE 4VSWFZ 5FMFTDPQF 	8'*345
� 6OJRVFMZ
 +845 XJMM BMMPX VT UP QVTI UIF TUVEZ PG

HBMBYZ HSPXUI BOE RVFODIJOH UP NVDI FBSMJFS UJNFT JO UIF 6OJWFSTF
 FOBCMJOH VT UP HBJO JOTJHIU JOUP

UIF POTFU PG UIFTF QIZTJDBM QSPDFTTFT�

5P TVNNBSJTF
 UIF NBJO DPODMVTJPOT PG UIJT UIFTJT BSF�

�� "U z ∼ 1
 DMVTUFS HBMBYJFT IBWF TNBMMFS TJ[FT BU ୮ୢYFE TUFMMBS NBTT UIBO UIFJS DPVOUFSQBSUT JO UIF
MPX�EFOTJUZ ୮ୢFME FOWJSPONFOU� &TQFDJBMMZ JO UIF DBTF PG RVJFTDFOU HBMBYJFT
 UIJT JT TVHHFTUJWF PG
NJOPS NFSHFST CFJOH UIF NBJO ESJWFS PG HBMBYZ HSPXUI JO UIF ୮ୢFME FOWJSPONFOU�

�� 4QFDUSPTDPQJDBMMZ JEFOUJ୮ୢFE SFDFOUMZ RVFODIFE HBMBYJFT JO z ∼ 1 DMVTUFST BSF GPVOE UP GPMMPX
B NBTT؛TJ[F SFMBUJPO XIJDI BMNPTU QFSGFDUMZ CJTFDUT UIF SFHJPO CFUXFFO UIF TUBS�GPSNJOH BOE
RVJFTDFOU z ∼ 1 FME׹ NBTT؛TJ[F SFMBUJPOT� 5IJT JT EJSFDU FWJEFODF GPS UIF F୭GFDU PG QSPHFOJUPS
CJBT� HBMBYJFT XIJDI RVFODI MBUFS BSF PO BWFSBHF MBSHFS JO TJ[F UIBO HBMBYJFT UIBU RVFODIFE FBSMJFS
BU ୮ୢYFE TUFMMBSNBTT� "U MFBTU JO UIF DMVTUFST
 UIF DPOUJOVBM BEEJUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT
UP UIF RVJFTDFOU QPQVMBUJPO XJMM JOEVDF BO JODSFBTF JO UIF NFBO TJ[F PG RVJFTDFOU HBMBYJFT XJUI
EFDSFBTJOH SFETIJG୴�

�� /P PVUTJEF�JO RVFODIJOH TJHOBUVSF JT GPVOE XIFO DPNQBSJOH UIF TQBUJBM FYUFOE PG )α BOE
UIF TUFMMBS DPOUJOVVN JO z ∼ 1 TUBS�GPSNJOH DMVTUFS HBMBYJFT� 5IJT NBZ TVHHFTU UIBU
SBN�QSFTTVSF TUSJQQJOH JT SBQJE BU z ∼ 1 PS OPU ESJWJOH FOWJSPONFOUBM RVFODIJOH BU UIFTF
SFETIJG୴T� "MUFSOBUJWFMZ
 JODSFBTJOH PVS TBNQMF BOE�PS VTJOH POMZ UIPTF TUBS�GPSNJOH DMVTUFS
HBMBYJFT DMPTFS UP UIF DFOUSF PG UIFJS DMVTUFST NBZ SFWFBM BO FOWJSPONFOUBM RVFODIJOH TJHOBM�

���



��� 'ঞঝঞছ঎ ঙছঘজঙ঎ঌঝজ

'VUVSF XPSL XJMM CF GPDVTFE PO�

�� 5FTUJOH NPEFMT PG HBMBYZ HSPXUI JO DMVTUFST VTJOH MPX�SFETIJG୴ EBUB 	4FDUJPO �����
�

�� 0CUBJOJOH DMVTUFS BOE ୮ୢFME EBUB PWFS B MBSHF QPSUJPOPG UIF6OJWFSTFؠT IJTUPSZ UP TV୭୮ୢDJFOUMZ USBDL
HBMBYZ HSPXUI NFDIBOJTNT 	4FDUJPO �����
�

�� &YQBOE TUVEJFT PG HBMBYZ HSPXUI BOE RVFODIJOH UP UIF JOUFSNFEJBUF HSPVQ FOWJSPONFOU UP HFU
B CFUUFS DFOTVT PO UIF CBMBODF CFUXFFO UIFTF QSPDFTTFT JO UIF 6OJWFSTF 	4FDUJPO �����
�

�� 1VTIJOH EFUBJMFE TUVEJFT PG FOWJSPONFOUBM RVFODIJOH JO DMVTUFST UP IJHI SFETIJG୴ UP CFUUFS
VOEFSTUBOE UIF QIZTJDT ESJWJOH UIF TIPSUFS RVFODIJOH UJNFTDBMFT 	4FDUJPO �����
�

�� 6TJOH EJSFDU PCTFSWBUJPOT PG NPMFDVMBS HBT JO DMVTUFS HBMBYJFT CFZPOE UIF MPDBM 6OJWFSTF UP HBJO
BNPSF JOUJNBUF JOTJHIU JOUP IPX FOWJSPONFOUBM RVFODIJOHNFDIBOJTNT B୭GFDUT UIF GVFM GPS TUBS
GPSNBUJPO 	4FDUJPO �����
�

����� $ঘগজঝছঊ঒গ঒গঐ ঐঊকঊডঢ ঐছঘঠঝ঑ ঒গ ঌকঞজঝ঎ছজ

*O 4FDUJPO ��� PG $IBQUFS �
 XF QSFTFOUFE B UPZ NPEFM UIBU EFNPOTUSBUFE DMVTUFS�TQFDJ୮ୢD QSPDFTTFT

DPVME QMBVTJCMZ FYQMBJO XIZ UIFSF JT BHSFFNFOU CFUXFFO UIF DMVTUFS BOE ୮ୢFME RVJFTDFOU TUFMMBS NBTT؛

TJ[F SFMBUJPOT BU MPX SFETIJG୴T
 EFTQJUF UIF WFSZ EJ୭GFSFOU QIZTJDBM DPOEJUJPOT PG UIF UXP FOWJSPONFOUT�

5IF UPZ NPEFM QMBDFT DPOTUSBJOUT PO UIF TUFMMBS NBTTFT BOE TJ[FT PG #SJHIUFTU $MVTUFS (BMBYJFT 	#$(T


BU MPX SFETIJG୴
 BT XFMM BT UIF TUFMMBS NBTT GSBDUJPO PG UIF JOUSB�DMVTUFS MJHIU 	*$-
� 5IF OBUVSBM OFYU TUFQ

BG୴FS UIF EFWFMPQNFOU PG TVDI B NPEFM JT UP UFTU JU PCTFSWBUJPOBMMZ�

5IF HBMBYZ DMVTUFST JO UIF 'SPOUJFS 'JFMET 	-PU[ FU BM�
 ����
 BOE UIF $MVTUFS -FOTJOH BOE 4VQFSOPWB

4VSWFZ 	$-"4)
 1PTUNBO FU BM� ����
 IBWF IBMP NBTTFT UIBU DPSSFTQPOE UP UIF IBMP NBTTFT UIF

($-"44 DMVTUFST BSF FYQFDUFE UP SFBDI CZ z ∼ 0 	WBO EFS #VSH FU BM�
 ����� .FSUFO FU BM�
 ����
� 5IJT

NBLFT UIFTF TBNQMFT PG HBMBYZ DMVTUFST QSPCBCMF EFTDFOEBOUT PG ($-"44�MJLF DMVTUFST BU z ∼ 1�

5IF'SPOUJFS 'JFMET BOE$-"4)EBUB BSF QBSUJDVMBSMZXFMM�TVJUFE GPS UIF TDJFODF SFRVJSFNFOUT PG UIJT

QSPQPTFE TUVEZ� 5IJT JT CFDBVTF FBDI DMVTUFS XBT PCTFSWFE XJUI QBSBMMFM ୮ୢFMET
 XIJDI QSPWJEF FYDFMMFOU

TPVSDFT PG FME׹ HBMBYJFT UBLFO VOEFS UIF TBNF PCTFSWBUJPOBM DPOEJUJPOT BT UIF DMVTUFST� 4VDI EBUB JT

DSVDJBM GPS SFEVDJOH TZTUFNBUJDT JO DPNQBSJTPO TUVEJFT TVDI BT UIF POF QSFTFOUFE JO $IBQUFS � PG UIJT

UIFTJT� 8F DBO UIFSFGPSF VTF UIF PCTFSWBUJPOBM EBUB GSPN UIF 'SPOUJFS 'JFMET BOE $-"4) UP UFTU UIF

UPZ NPEFM QSFTFOUFE JO 4FDUJPO ��� CZ�

�� 7FSJGZJOH XIFUIFS UIFSF SFBMMZ JT B OFHMJHJCMF EJ୭GFSFODF CFUXFFO UIF ୮ୢFME BOE DMVTUFS RVJFTDFOU
TUFMMBS NBTT�TJ[F SFMBUJPOT BU MPX SFETIJG୴�

���



�� .FBTVSJOH UIF TUFMMBS NBTTFT
 TJ[FT BOE 4©STJD QSP୮ୢMFT PG UIF #$(T UP EFUFSNJOF XIFUIFS JU JT
QMBVTJCMF UIBU UIFZ IBWF FYQFSJFODFE B TJHOJ୮ୢDBOU OVNCFS PG NJOPS NFSHFST TJODF z ∼ 1�

"MUFSOBUJWFMZ
 DMVTUFST JO UIF .VMUJ�&QPDI /FBSCZ $MVTUFS 4VSWFZ 	.&/FB$4
 BSF BMTP MJLFMZ

EFTDFOEBOUT PG UIF ($-"44 DMVTUFST BOE DBO CF VTFE GPS UIJT TUVEZ 	TFF F�H� WBO EFS #VSH FU BM� ����
�

5IF QSPQPTFE TUVEZ BCPWF DPVME DPO୮ୢSN XIFUIFS PS OPU DMVTUFS�TQFDJ୮ୢD NFDIBOJTNT DBQBCMF PG

EFTUSPZJOH DMVTUFS HBMBYJFT PDDVS
 BOE XIFUIFS UIFZ BSF SFTQPOTJCMF GPS UIF TUSVDUVSBM QSPQFSUJFT PG

QSFTFOU EBZ DMVTUFS HBMBYJFT�

����� 2ঞঊগঝ঒এঢ঒গঐ ঝ঑঎ ছ঎কঊঝ঒ট঎ ঒খঙঘছঝঊগঌ঎ ঘএ ঐঊকঊডঢ ঐছঘঠঝ঑ খ঎ঌ঑ঊগ঒জখজ

5IF CJHHFTU TUSFOHUI PG UIF TUVEZ QSFTFOUFE JO $IBQUFS � JT UIF EJSFDU FWJEFODF GPS UIF F୭GFDUT PG

QSPHFOJUPS CJBT
 XIFSF SFDFOUMZ RVFODIFE HBMBYJFT XJUI MBSHF TJ[FT BU ୮ୢYFE TUFMMBS NBTT BSF BEEFE UP

UIF FYJTUJOH RVJFTDFOU DMVTUFS QPQVMBUJPO� 5IJT XJMM FWJEFOUMZ MFBE UP B SJTF JO UIF BWFSBHF TJ[F PG B

RVJFTDFOU HBMBYZ BU ୮ୢYFE TUFMMBS NBTT XJUI EFDSFBTJOH SFETIJG୴� )PXFWFS
 TP XJMM HSPXUI WJB NJOPS

NFSHFST
 BT EFNPOTUSBUFE JO $IBQUFS �� 5IF OFYU DSVDJBM TUFQ JT UP EFUFSNJOF XIJDI PG UIFTF UXP

QIZTJDBM QSPDFTTFT ESJWFT NPTU PG UIF PCTFSWFE TJ[F HSPXUI JO UIF RVJFTDFOU QPQVMBUJPO PG HBMBYJFT


BOE VOEFS XIJDI DJSDVNTUBODFT� "T EJTDVTTFE JO 4FDUJPO �����
 UIF JNQPSUBODF PG FBDI NFDIBOJTN JT

MJLFMZ UP EFQFOE PO FOWJSPONFOU� NJOPS NFSHFST TFFN SBSF CFUXFFO DMVTUFS HBMBYJFT 	$IBQUFS �

 CVU

UIFSF TFFNT UP CF B IJHIFS GSBDUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT JO DMVTUFST 	1PHHJBOUJ FU BM�
 �����

3PES­HVF[ %FM 1JOP FU BM�
 ����� 'SJU[ FU BM�
 ����� 1BDDBHOFMMB FU BM�
 ����
� "SF NJOPS NFSHFST ESJWJOH

HBMBYZ HSPXUI JO UIF ୮ୢFME FOWJSPONFOU
 XJUI QSPHFOJUPS CJBT CFJOH NPSF JNQPSUBOU GPS UIF DMVTUFS

FOWJSPONFOU 5BLFO UPHFUIFS
 UIF SFTVMUT JO $IBQUFS � BOE � TFFN UP TVHHFTU KVTU UIBU� "O BOTXFS UP

UIJT RVFTUJPO DBO POMZ CF SFBDIFE XJUI CFUUFS TBNQMF TUBUJTUJDT PG DMVTUFS BOE ୮ୢFME HBMBYJFT TQBOOJOH B

XJEFS SBOHF JO SFETIJG୴� 5IF MBSHF SFETIJG୴ SBOHF XJMM BMMPX VT UP USBDL HBMBYZ HSPXUI WJB CPUI UIFTF

NFDIBOJTNT PWFS B MBSHF QPSUJPO PG UIF 6OJWFSTFؠT IJTUPSZ
 BOE UIFSFGPSF QPTTJCMZ RVBOUJGZ JU GPS CPUI

NFDIBOJTNT� 'VSUIFSNPSF
 MBSHF TBNQMF TUBUJTUJDT DPVME BMMPX VT UP PCTFSWF SBSF QIFOPNFOB JO

DMVTUFST TVDI BT NFSHFST CFUXFFO TBUFMMJUF HBMBYJFT� "U IJHI SFETIJG୴
 JU DPVME FWFO BMMPX VT UP DBUDI

SBQJE QIZTJDBM QSPDFTTFT JO BDUJPO ؛ B QPTTJCMF FYBNQMF PG XIJDI DPVME CF SBN�QSFTTVSF TUSJQQJOH 	TFF

$IBQUFS �
�

)JHI RVBMJUZ QIPUPNFUSZ
 JODMVEJOH B SBOHF PG QIPUPNFUSJD CBOET DPNCJOFE XJUI IJHI SFTPMVUJPO

TQFDUSPTDPQZ XJMM CF SFRVJSFE UP� 1
 NFBTVSF TJ[FT BOE TUFMMBS NBTTFT SFMJBCMZ
 2
 TQFDUSPTDPQJDBMMZ

JEFOUJGZ ୮ୢFME BOE DMVTUFS HBMBYJFT BOE 3
 JEFOUJGZ SFDFOUMZ RVFODIFE HBMBYJFT�

)PXFWFS
 FOWJSPONFOU JT OPU BT DMFBS�DVU BT UIF أ୮ୢFMEآ WFSTVT UIF �أDMVTUFSآ 5IFSF JT BO FOUJSF
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Figure 4: Top Left Panels: F140W imaging of star-forming galaxies in the GCLASS clusters (private communication). Top
Right Panels: Field galaxies from 3DHST (Nelson et al. (2017). Bottom Panels: H-alpha imaging of the same galaxies
determined from continuum-subtracted G141 grism observations. The extent of star-formation in field galaxies as traced by
H-alpha at z = 1 is slightly larger than the stellar disk. For clusters the extent of star-formation is much more compact and is
reminiscent of the outside-in quenched disks in the Virgo cluster.

Figure 5: Simulations of the expected results from the proposed observations. Depending on the relative sizes of the
H-alpha, UV and optical disks of galaxies, the data will be able to discern di↵erent types of quenching (inside-out, outside-in,
or radially-independent), as well as the di↵erent timescales for quenching, roughly labelled fast or slow. NGC 4330 is shown as
an example of how this appears in the local universe. Note that all three wavelengths are required to determine the quenching

timescale. This is demonstrated by the two leftmost columns. The rest-frame optical provides the reference size of the galaxy.

Both the fast and slow quenched galaxies have a small H-alpha disk, however, the fast quenched galaxy has a large UV disk,

whereas the slow quenched galaxy has a small UV disk.

7

Figure 5.1: Schematic of how images of a galaxy in Hα, UV and optical wavelengths allows one to discern different quenching

mechanisms and their timescales. The rightmost column shows real low redshift observations of the galaxy NGC 4330 in the

corresponding wavelengths (Abramson et al., 2011). Inside-out quenching could be identiĆed from a reduction in UV andHα
emission in a ringed region around the centre of the galaxy, leading to a characteristic donut-shapedmorphology. The quenching

timescale can be determined from the relative size of these rings. Radially independent quenching leads to no reduction in size

as observed in the three wavelengths, but a reduction in overall brightness from optical to UV toHα. Outside-in quenching
manifests itself as a reduction in the overall size of the galaxy as we observe it in the optical, UV and then in Hα. 5P CF BCMF UP
EJTDFSO RVFODIJOH UJNFTDBMॶ
 BMM UISFF XBWFMFOHUIT BSF SFRVJSFE as shown in the Ćrst two columns. The optical image provides

the reference size of the galaxy. Both the fast and slow outside-in quenching have small Hα disks, but the fast case has a large UV

disk and the slow case has a small UV disk.

FOWJSPONFOU UIBU IBT OPU CFFO TUVEJFE JO UIJT UIFTJT
 XIJDI DBO CF VTFE UP TUBSU BOTXFSJOH UIF BCPWF

RVFTUJPO BOE NVDI NPSF
 XIJDI XF XJMM EJTDVTT JO 4FDUJPO ������

����� (ঊকঊডঢ ঐছঘঠঝ঑ ঊগ঍ 2ঞ঎গঌ঑঒গঐ ঒গ ঝ঑঎ ঐছঘঞঙ ঎গট঒ছঘগখ঎গঝ

5IF SFTVMUT JO UIJT UIFTJT EFNPOTUSBUF BO JNQPSUBOU JOTJHIU� UIF UISFF QIZTJDBM QSPDFTTॶ PG HBMBYZ HSPXUI

TUBS GPSNBUJPO BOE RVFODIJOH BSF JOFYUSJDBCMZ MJOLFE� 5IF LFZ WBSJBCMF XIJDI XJMM BMMPX VT UP HFU B

CFUUFS IBOEMF PO UIF CBMBODF CFUXFFO UIFTF QSPDFTTFT JT FOWJSPONFOU� 1IZTJDBM DPOEJUJPOT JO UIF ୮ୢFME

BOE DMVTUFS BSF WFSZ EJ୭GFSFOU
 MFBEJOH UP EJ୭GFSFOU HSPXUI BOE RVFODIJOH NFDIBOJTNT EPNJOBUJOH JO

FBDI� 5IF GSBDUJPO PG SFDFOUMZ RVFODIFE HBMBYJFT JT TFFO UP CF IJHIFS JO DMVTUFST 	1PHHJBOUJ FU BM�
 �����

3PES­HVF[ %FM 1JOP FU BM�
 ����� 'SJU[ FU BM�
 ����� 1BDDBHOFMMB FU BM�
 ����
 BOE NJOPS NFSHFST TFFN UP

EPNJOBUF RVJFTDFOU HBMBYZ TJ[F HSPXUI JO UIF ୮ୢFME 	$IBQUFS �
�

5P PCUBJO B GVMM WJFX PG FOWJSPONFOUBM RVFODIJOH PWFS DPTNJD UJNF
 JU JT OFDFTTBSZ UP FYUFOE TUVEJFT

PG HBMBYZ HSPXUI BOE RVFODIJOH UP IJHIFS SFETIJG୴T BOE B XJEFS SBOHF PG FOWJSPONFOUT� 5IJT DBO CF

SFBEJMZ EPOF XJUI FYJTUJOH EBUB UIBU QSPCFT UIF HSPVQ FOWJSPONFOU ؛ UIF JOUFSNFEJBUF FOWJSPONFOU

CFUXFFO UIF ୮ୢFME BOE DMVTUFST ؛ BU z ∼ 1�

5IF TUVEZ QSFTFOUFE JO $IBQUFS � DBO CF FYUFOEFE BOE BQQMJFE UP UIF HSPVQ FOWJSPONFOU UP
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EJSFDUMZ JOGFS CPUI FOWJSPONFOUBM RVFODIJOH NFDIBOJTNT BOE UIFJS UJNFTDBMFT� 3BUIFS UIBO VTJOH

POMZ POF USBDFS PG TUBS GPSNBUJPO
 NVMUJQMF USBDFST DBO CF VTFE UP USBDF TUBS GPSNBUJPO PO EJ୭GFSFOU

UJNFTDBMFT� "O FBSMZ FYBNQMF PG UIJT UFDIOJRVF XBT EFNPOTUSBUFE JO "CSBNTPO FU BM� 	����

 BOE JT

JMMVTUSBUFE JO UIF MBTU DPMVNO PG 'JHVSF 5.1� 6TJOH JNBHFT PG UIF 7JSHP DMVTUFS HBMBYZ /($ 4330 JO

UIF PQUJDBM
 VMUSBWJPMFU 	67
 BOE )α
 JU XBT QPTTJCMF UP PCTFSWF UIF JOUFHSBUFE TUBS GPSNBUJPO IJTUPSZ


TUBS GPSNBUJPO PWFS UIF QBTU 100 .ZS BOE TUBS GPSNBUJPO PWFS UIF QBTU 10 .ZS JO UIF HBMBYZ


SFTQFDUJWFMZ� *NNFEJBUFMZ SFDPHOJTBCMF JT UIF SFEVDUJPO JO UIF TQBUJBM FYUFOU PG UIF FNJTTJPO BT XF HP

GSPN UIF PQUJDBM UP 67 BOE UIFO UP )α� 4UBS GPSNBUJPO JT CFJOH WJTJCMZ RVFODIFE GSPN UIF

PVUTJEF�JO JO B DMFBS DBTF PG SBN�QSFTTVSF TUSJQQJOH 	EFUBJMT PG XIJDI DBO CF GPVOE JO "CSBNTPO FU BM�

����
� 4VDI TUVEJFT IBWF DPO୮ୢSNFE UIBU NFBTVSJOH UIF TJ[F PG UIF EJTD JO UIFTF UISFF XBWFMFOHUIT JT B

QPXFSGVM UPPM JO EFUFSNJOJOH RVFODIJOH NFDIBOJTNT� 3FDFOUMZ
 EFFQ OBSSPX�CBOE JNBHJOH PG UIF

TBNF HBMBYZ DBSSJFE PVU BT QBSU PG UIF 7&45*(& TVSWFZ 	'PTTBUJ FU BM�
 ����
 BMMPXFE GPS UIF BCJMJUZ UP

NFBTVSF UIF FOWJSPONFOUBM RVFODIJOH UJNFTDBMF BT B GVODUJPO PG SBEJBM EJTUBODF GSPN UIF DFOUSF PG

UIF HBMBYZ� %FUBJMFE TUVEJFT TVDI BT UIFTF BU IJHI SFETIJG୴ XJMM CF QPTTJCMF XJUI UIF OFYU HFOFSBUJPO PG

HSPVOE�CBTFE 20 − 30 NFUSF UFMFTDPQFT TVDI BT UIF &YUSFNFMZ -BSHF 5FMFTDPQF 	&-5

 UIF (JBOU
.BHFMMBO 5FMFTDPQF 	(.5
 BOE UIF 5IJSUZ .FUSF 5FMFTDPQF 	5.5
� $VSSFOUMZ
 JU XJMM CF QPTTJCMF UP

TJNVMUBOFPVTMZ VTF UIF SFMBUJWF TJ[FT BOE NPSQIPMPHJFT PG HBMBYJFT JO UIFTF UISFF XBWFMFOHUIT UP

EFUFSNJOF UIF RVFODIJOH NFDIBOJTN BOE UJNFTDBMF GPS z ∼ 1 HSPVQ HBMBYJFT XJUI )45� 5IF EFUBJMT

PG IPX UP JEFOUJGZ UIF NFDIBOJTNT BOE UJNFTDBMFT BSF HJWFO JO 'JHVSF 5.1�

5IF EBUB VTFE UP DPOEVDU UIJT TUVEZ BSF BWBJMBCMF BT QBSU PG UIF 3%ୖ)45�$"/%&-4 TVSWFZT

	(SPHJO FU BM�
 ����� ,PFLFNPFS FU BM�
 ����� #SBNNFS FU BM�
 ����� .PNDIFWB FU BM�
 ����
� 'PS

FYBNQMF
 UIFSF JT )45 "EWBODFE $BNFSB GPS 4VSWFZT 	"$4
 '4358
 '7758 BOE '1608 JNBHJOH GPS

UIF (00%4ୖ4 ୮ୢFME 	(SPHJO FU BM�
 ����� ,PFLFNPFS FU BM�
 ����

 XIJDI BSF UIF JEFBM ୮ୢMUFST GPS USBDJOH

UIF SFTU�GSBNF 67 BOE PQUJDBM BU z ∼ 1� '1408 BOE )α BSF BMTP BWBJMBCMF GPS UIJT ୮ୢFME BT QBSU PG UIF

3%ୖ)45 TVSWFZ 	#SBNNFS FU BM�
 ����
� 4QFDUSPTDPQJD TVSWFZT IBWF BMTP CFFO DPOEVDUFE JO UIJT ୮ୢFME


XIJDI DPVME BMMPX GPS UIF EFUFSNJOBUJPO PG HBMBYZ HSPVQT 	&40�(00%4
 7BO[FMMB FU BM� ����
 ����


����� 1PQFTTP FU BM� ����
�

5IF '1408�'1608JNBHJOH PG(00%4ୖ4 GSPN 3%ୖ)45�$"/%&-4 DBO BMTP CF VTFE UP DPOEVDU

B NBTT؛TJ[F SFMBUJPO DPNQBSJTPO BU z ∼ 1 CFUXFFO HSPVQT
 DMVTUFST BOE UIF ୮ୢFME
 TJODF UIF DMVTUFS�

WFSTVT�୮ୢFME DPNQBSJTPO IBT CFFO EPOF JO $IBQUFS � VTJOH UIF TBNF JNBHJOH� 4VDI B TUVEZ XJMM HJWF

VT BO JOTJHIU JOUP UIF EPNJOBOU HBMBYZ HSPXUI NFDIBOJTNT GPS RVJFTDFOU HBMBYJFT JO HSPVQT BU UIJT

SFETIJG୴� 'VSUIFSNPSF
 JU XPVME QSPWJEF B DPNQMFUF QJDUVSF PO UIF JO୯୳VFODF PG FOWJSPONFOU PO HBMBYZ
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TJ[F HSPXUI BU IJHI SFETIJG୴�

����� $ঘগজঝছঊ঒গ঒গঐ ঝ঑঎ ঙ঑ঢজ঒ঌজ ঘএ ঎গট঒ছঘগখ঎গঝঊক હঞ঎গঌ঑঒গঐ ঒গ ঌকঞজঝ঎ছজ ঊঝ ঑঒ঐ঑

ছ঎঍জ঑঒এঝ

5IF FYUFOTJWF NPEFMMJOH PG EJTD�GBEJOH JO 4FDUJPO ���
 $IBQUFS � SFWFBMFE JNQPSUBOU DMVFT PO IPX

FOWJSPONFOUBM RVFODIJOH BMUFST UIF TUSVDUVSF PG DMVTUFS HBMBYJFT BT UIFZ BSF PCTFSWFE JO UIF TUFMMBS

DPOUJOVVN� 8IJMTU VTJOH BO PVUTJEF�JO GBEJOH NPEFM
 JU XBT EJ୭୮ୢDVMU UP SFQMJDBUF UIF TUSVDUVSBM

QSPQFSUJFT PG UIF QPTUTUBSCVSTU HBMBYJFT 	14#T
 XJUIPVU UIF NPEFM HBMBYZ IBWJOH B TJHOJ୮ୢDBOU CVMHF

DPNQPOFOU� 5IJT VMUJNBUFMZ SBJTFT UXP RVFTUJPOT� %P BMM TUBS�GPSNJOH HBMBYJFT IPTU B TJHOJ୮ୢDBOU

CVMHF DPNQPOFOU UIBU CFDPNFT NPSF QSPNJOFOU BG୴FS PVUTJEF�JO RVFODIJOH 0S EPFT SBN�QSFTTVSF

TUSJQQJOH FOIBODF UIF CSJHIUOFTT PG HBMBDUJD CVMHFT 

5IF TUVEZ QSFTFOUFE JO $IBQUFS � SBJTFT BO BEEJUJPOBM RVFTUJPO IPXFWFS� JT SBN�QSFTTVSF TUSJQQJOH

FWFO SFTQPOTJCMF GPS FOWJSPONFOUBM RVFODIJOH BU z ∼ 1 0OF XBZ UP HBJO DMBSJUZ PO UIFTF RVFTUJPOT

JT UP DPO୮ୢSN XIFUIFS PS OPU SBN�QSFTTVSF TUSJQQJOH JT BDUJOH PO UIF 14#T PS OPU� 4P GBS
 BMM UIF

QIZTJDBM QSPQFSUJFT PG UIF 14#T QPJOU UPXBSET SBN�QSFTTVSF TUSJQQJOH CFJOH UIF MJLFMZ RVFODIJOH

NFDIBOJTN� "U MPX SFETIJG୴
 XF IBWF B HPPE VOEFSTUBOEJOH PG UIF QIZTJDBM DPOEJUJPOT JO HBMBYJFT

VOEFSHPJOH SBN�QSFTTVSF TUSJQQJOH UIBOLT UP UIF QPXFS PG JOUFHSBM ୮ୢFME VOJUT TVDI BT .64& XIJDI

QSPWJEF JOTJHIU JOUP UIF LJOFNBUJDT PG TVDI HBMBYJFT 	TFF ("41 4VSWFZ SFTVMUT
 F�H� 1PHHJBOUJ FU BM�

����� #FMMIPVTF FU BM� ����� (VMMJFVT[JL FU BM� ����� 'SJU[ FU BM� ����� .PSFUUJ FU BM� ����� +B୭G© FU BM� �����

7VMDBOJ FU BM� ����
� %FUBJMFE PCTFSWBUJPOT TVDI BT UIFTF BU IJHI SFETIJG୴ XJMM CF QPTTJCMF XJUI UIF OFYU

HFOFSBUJPO PG JOUFHSBM ୮ୢFME TQFDUSPHSBQIT TVDI BT /*34QFD PO UIF +BNॶ 8FCC 4QBDF 5FMFTDPQF
	+845
 BOE )"3.0/* PO UIF &-5� $VSSFOUMZ
 UIF JOUFHSBM ୮ୢFME TQFDUSPHSBQIT ,.04 BOE

4*/'0/* BU UIF 7FSZ -BSHF 5FMFTDPQF 	7-5
 BOE 04*3*4 PO UIF ,FDL ** 5FMFTDPQF BSF EFTJHOFE UP

DPOEVDU *'6 TQFDUSPTDPQZ TJNJMBS UP UIBU QPTTJCMF XJUI .64& BU MPX SFETIJG୴� 5IF QPXFS PG ,.04

BOE 4*/'0/* IBT BMSFBEZ CFFO EFNPOTUSBUFE XJUI UIF ,.043D 4VSWFZ 	8JTOJPTLJ FU BM�
 ����
 ����


BOE UIF 4*/4�[$ୖ4*/' 4VSWFZ 	'¶STUFS 4DISFJCFS FU BM�
 ����
� 5IFTF TVSWFZT IBWF QSPWJEFE LFZ

JOTJHIUT JOUP UIF LJOFNBUJDT PG HBMBYJFT BU IJHI SFETIJG୴� 0CTFSWJOH UIF 14#T XJUI *'6 TQFDUSPHSBQIT

DPVME QSPWJEF UIF NJTTJOH QJFDF PG JOGPSNBUJPO SFRVJSFE UP DPO୮ୢSN XIFUIFS PS OPU SBN�QSFTTVSF

TUSJQQJOH JT SFTQPOTJCMF GPS UIFJS PCTFSWFE QIZTJDBM QSPQFSUJFT� .PSF JNQPSUBOUMZ
 UIFTF PCTFSWBUJPOT

DPVME QSPWJEF UIF ୮ୢSTU MPPL BU IPX SBN�QSFTTVSF TUSJQQJOH PQFSBUFT JO UIF IJHI�SFETIJG୴ 6OJWFSTF
 BOE

XIFUIFS PS OPU JU JT SBQJE BT NBOZ TUVEJFT IBWF TVHHFTUFE 	JODMVEJOH UIF SFTVMUT GPVOE JO $IBQUFS �
�

5IF TUVEZ QSFTFOUFE JO $IBQUFS � BMTP SFWFBMFE UIF EJ୭୮ୢDVMUJFT JO NFBTVSJOH TUSVDUVSBM QSPQFSUJFT
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PG )α QSP୮ୢMFT XJUI MPX TBNQMF TUBUJTUJDT� 5IF MJNJUBUJPOT PG UIJT TUVEZ QSPWJEF VT XJUI B HPPE

VOEFSTUBOEJOH PG UIF TBNQMF TJ[F BOE EFQUI PG PCTFSWBUJPOT SFRVJSFE UP JODSFBTF UIF QSFDJTJPO PG PVS

NFBTVSFNFOUT� 4IPVME BO FOWJSPONFOUBM RVFODIJOH TJHOBUVSF CF EJ୭୮ୢDVMU UP NFBTVSF BG୴FS

GPMMPXJOH UIF MJOFT PG JOWFTUJHBUJPO TUBUFE JO 4FDUJPO �����
 JU QSPWJEFT B HSFBU PQQPSUVOJUZ UP PCUBJO

EFFQFS GPMMPX�VQ (141 HSJTN PCTFSWBUJPOT XJUI )45� "MUFSOBUJWFMZ
 UIF SFTVMUT JO $IBQUFS �

TIPXDBTF IPX FYQFOTJWF B NFBTVSFNFOU UIJT JT UP NBLF XJUI )45� Tؠ845+ /*3$BN HSJTNT IBWF

TNBMMFS QJYFM TDBMFT BOE IJHIFS TQFDUSBM SFTPMVUJPO UIBO UIPTF PO Tؠ45( 8'$3 	(SFFOF FU BM�
 ����
�

'PS GVUVSF PCTFSWBUJPOT
 JU DBO CF EFNPOTUSBUFE UIBU UIF TDJFODF XF DPOEVDUFE JO $IBQUFS � DBO CF

NPSF DIFBQMZ EPOF XJUI +845
 BMCFJU BU z > 1� 5IFSFGPSF JU XJMM CF FBTJFS UP JODSFBTF TBNQMF TUBUJTUJDT

XJUI +845
 BMMPXJOH VT UP CFUUFS RVBOUJGZ UIF JNQPSUBODF PG HBMBYZ HSPXUI BOE RVFODIJOH QSPDFTTFT

JO IJHI�SFETIJG୴ HBMBYJFT 	TFF BMTP 4FDUJPO �����
�
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*O 4FDUJPO �����
 XF EJTDVTTFE UIF QPTTJCMJUZ PG VTJOH *'6T UP PCUBJO LJOFNBUJDT PG UIF JPOJTFE HBT

DPNQPOFOU JO DMVTUFS HBMBYJFT� *U JT POF UIJOH UP CF BCMF UP PCTFSWF JUT TQBUJBM EJTUSJCVUJPO 	BT TFFO JO

'JHVSF 2.13
 4FDUJPO �������

 CVU CFJOH BCMF UP DPNNFOU PO XIFUIFS UIF HBT JT SPUBUJOH PS CFJOH

TUSJQQFE JO B DFSUBJO EJSFDUJPO DBO QSPWJEF VT XJUI B EFFQFS JOTJHIU JOUP IPX RVFODIJOH NFDIBOJTNT

B୭GFDU UIF GVFM GPS TUBS GPSNBUJPO� 5IF SBX GVFM GPS TUBS GPSNBUJPO IPXFWFS JT UIF DPME NPMFDVMBS HBT�

*U IBT CFFO PG୴FO UIPVHIU UIF DPME NPMFDVMBS HBT JT NPSF EJ୭୮ୢDVMU UP SFNPWF EVSJOH FOWJSPONFOUBM

RVFODIJOH QSPDFTTFT
 XJUI UIFSF CFJOH TPNF FWJEFODF UIBU UIJT JT USVF 	TFF 4FDUJPO �������
� )PXFWFS


NPSF SFDFOU PCTFSWBUJPOT PG NPMFDVMBS HBT JO HBMBYJFT VOEFSHPJOH SBN�QSFTTVSF TUSJQQJOH IBWF GPVOE

FWJEFODF GPS NPMFDVMBS HBT JO UIF TUSJQQFE NBUFSJBM 	%BTZSB FU BM�
 ����� +¡DIZN FU BM�
 ����� -FF �

$IVOH
 ����� ;BCFM FU BM�
 ����
� 6TJOH NPMFDVMBS HBT PCTFSWBUJPOT PG z ∼ 2 QSPUPDMVTUFST GSPN

"-."
 5BEBLJ FU BM� 	����
 GPVOE UIBU FOWJSPONFOUBM F୭GFDUT PO UIF HBT XFSF NBTT�EFQFOEFOU
 XIFSF

HBT BDDSFUJPO JT TVQQSFTTFE JO NPSF NBTTJWF HBMBYJFT
 CVU BDDFMFSBUFE JO MFTT NBTTJWF HBMBYJFT� "MM UIFTF

SFTVMUT JOEJDBUF UIBU QFSIBQT PVS VOEFSTUBOEJOH PG IPX FOWJSPONFOUBM RVFODIJOH NFDIBOJTNT

PQFSBUF JT JODPNQMFUF
 TJODF XF IBWF CFFO VOBCMF UP EJSFDUMZ PCTFSWF UIF NPMFDVMBS HBT VOUJM SFDFOUMZ�

4VDI PCTFSWBUJPOT DPVME QSPWF DSVDJBM GPS QJOOJOH�EPXO UIF RVFODIJOH NFDIBOJTN SFTQPOTJCMF GPS

DSFBUJOH UIF SFDFOUMZ RVFODIFE DMVTUFS QPQVMBUJPO EJTDVTTFE JO $IBQUFS �� HBMBYJFT UIBU TFFN UP IBWF

OP FNJTTJPO JO UIFJS TQFDUSB
 TVHHFTUJOH UIBU *'6 PCTFSWBUJPOT GPS JPOJTFE HBT NBZ CF VOGSVJUGVM�

3FDFOUMZ
 "-." PCTFSWBUJPOT PG B DMVTUFS JO UIF 4QJU[FS "EBQUBUJPO PG UIF 3FE�TFRVFODF $MVTUFS

4VSWFZ 	4Q"3$4
 TFF .V[[JO FU BM� ����� 8JMTPO FU BM� ����� %FNBSDP FU BM� ����
 SFTJEJOH BU z ∼ 1.6
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MFE UP UIF EFUFDUJPO PG TQBUJBMMZ�SFTPMWFE$0(2−1) JO FJHIU DMVTUFS HBMBYJFT 	/PCMF FU BM�
 ����
� %FTQJUF

IBWJOH SPUBUJOH
 CVU USVODBUFE$0EJTDTXJUI SFTQFDU UP UIF)45TUFMMBS DPNQPOFOU
 UIFTF HBMBYJFT IBWF

FMFWBUFE HBT GSBDUJPOT DPNQBSFE UP UIFJS ୮ୢFME DPVOUFSQBSUT� 5IFTF SFTVMUT TFFN UP UFOUBUJWFMZ JOEJDBUF

TJHOBUVSFT PG NPMFDVMBS HBT TUSJQQJOH
 IPXFWFS UIFSF JT OP FYQMBOBUJPO GPS XIBU DPVME DBVTF UIF IJHIFS

HBT GSBDUJPOT XJUI SFTQFDU UP UIF ୮ୢFME� 5P CFUUFS DPOTUSBJO UIF B୭GFDUT PG FOWJSPONFOUBM RVFODIJOH

PO NPMFDVMBS HBT BU IJHI SFETIJG୴
 MBSHFS
 NPSF SFQSFTFOUBUJWF DMVTUFS BOE ୮ୢFME TBNQMFT BSF SFRVJSFE�

5IF 4Q"3$4 $PMMBCPSBUJPO IBT OPX PCUBJOFE "-." PCTFSWBUJPOT GPS BMM UIF DMVTUFS NFNCFST JO

UIJT DMVTUFS� 8F OPX IPQF UPNPWF GPSXBSE PONPMFDVMBS HBT TUVEJFT JO IJHI SFETIJG୴ DMVTUFST
 UP CFUUFS

DPOTUSBJO IPX FOWJSPONFOUBM RVFODIJOH F୭GFDUT UIF SBX GVFM GPS TUBS GPSNBUJPO EVSJOH BO FQPDIXIFSF

FOWJSPONFOUBM RVFODIJOH NBZ CF NPSF TFWFSF BOE UIFSFGPSF JNQPSUBOU JO ESJWJOH UIF EFDMJOF JO UIF

4'3% 	TFF 4FDUJPO �����
 $IBQUFS �
�
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A
" TVNNBSZ PG QSFWJPVT SFTVMUT PO UIF DMVTUFS

WFSTVT ୮ୢFME TUFMMBS NBTT؛TJ[F SFMBUJPO
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Figure A.1: A summary of results from cluster versus Ćeld stellar mass–size relation studies of quiescent galaxies since 2009.

Positive percentages indicate larger sizes in clusters with respect to the Ćeld. Error bars are shown for those works which stated

errors that could easily be converted into percentages. Legend labels are arranged by redshift in ascending order. See Table A.1

for more details.
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Table A.1: A summary of results from cluster versus Ćeld stellar mass-size relation studies of quiescent galaxies since 2009.

Studies are listed by redshift in ascending order.

3FGFSFODF 3FETIJG୴ 4UFMMBS .BTT 0୭GTFU &SSPS .FUIPE PG NFBTVSFNFOU
<MPH	M∗/.⊙
> <X�S�U UIF ୮ୢFME>

'FSO¡OEF[ -PSFO[P FU BM� 
ޒސޏޑ	 0 9.0 " MPH	M∗
" 11.5 ޏ � ;FSPQPJOU
$BQQFMMBSJ 
ޒސޏޑ	 ސޒޑޏ�ޏ 10.5 " MPH	M∗
" 11.3 ޏ ±4% 4J[F EJTUSJCVUJPOTa
)VFSUBT�$PNQBOZ FU BM� 
Cޒސޏޑ	 0 < z < 0.09 10.5 " MPH	M∗
" 11.8 ޏ 30− 40% .FEJBO SFMBUJPOT
7BMFOUJOV[[J FU BM� 
Bޏސޏޑ	 0.04 < z < 0.07 10.5 " MPH	M∗
" 11.6 −0.1 EFY � .FEJBO TJ[FT
$FCSJ¡O � 5SVKJMMP 
ޓސޏޑ	 0 < z < 0.12 9.0 " MPH	M∗
" 11.0 −4.0% ±0.8% .FBO TJ[FT
1PHHJBOUJ FU BM� 
ޒސޏޑ	 0.03 < z < 0.11 10.5 " MPH	M∗
" 11.7 −1σ � .FEJBO SFMBUJPOT
8FJONBOO FU BM� 
ޘޏޏޑ	 0.01 < z < 0.2 9.8 " MPH	M∗
" 12.0 ޏ � .FEJBO TJ[FT
:PPO FU BM� 
ޖސޏޑ	 0.1 < z < 0.15 11.2 " MPH	M∗
" 11.8 20− 40% � .FEJBO TJ[FT
.BMUCZ FU BM� 
ޏސޏޑ	 0.167 9.0 " MPH	M∗
" 11.0 ޏ � .FBO TJ[FT
,VDIOFS FU BM� 
ޖސޏޑ	 0.44 9.8 " MPH	M∗
" 10.8 2− 5σ � .FBO TJ[FT
.PSJTIJUB FU BM� 
ޖސޏޑ	 0.2 < z < 0.7 7.8 " MPH	M∗
" 12.0 −7% ±3% .VMUJEJNFOTJPOBM BOBMZTJTb
)VFSUBT�$PNQBOZ FU BM� 
Bޒސޏޑ	 0.2 < z < 1 10.7 " MPH	M∗
" 11.8 ޏ � .BTT�OPSNBMJTFE SBEJJc
,FMLBS FU BM� 
ޔސޏޑ	 0.4 < z < 0.8 10.2 " MPH	M∗
" 12.0 ޏ 10− 20% ,ୖ4 UFTUd
$PPQFS FU BM� 
ޑސޏޑ	 0.4 < z < 1.2 10.0 " MPH	M∗
" 11.0 0.54 LQD ±0.22 LQD )ୖ- FTUJNBUPSe
$IBQUFS ޑ PG UIJT UIFTJT 0.86 < z < 1.34 10.0 " MPH	M∗
" 12.0 −0.08 EFY ±0.04 EFY .FBO TJ[FT
4XFFU FU BM� 
ޖސޏޑ	 1.067 9.5 " MPH	M∗
" 12.0 ޏ � 'JUUFE SFMBUJPOTf
%FMBZF FU BM� 
Bޓސޏޑ	 0.8 < z < 1.5 10.5 " MPH	M∗
" 11.5 30− 40% � .BTT�OPSNBMJTFE SBEJJg
3FUUVSB FU BM� 
ޏސޏޑ	 1.237 10.7 " MPH	M∗
" 11.2 ޏ < 20% 'JUUFE SFMBUJPOT
3BJDIPPS FU BM� 
ޑސޏޑ	 1.3 11.0 " MPH	M∗
" 11.5 − 30− 50% � 4J[F SBUJP EJTUSJCVUJPOTh
4BSBDDP FU BM� 
ޖސޏޑ	 1.3 9.0 " MPH	M∗
" 12.0 ޏ � ,ୖ4 UFTU
$IBO FU BM� 
ޗސޏޑ	 1.39 < z < 1.61 10.5 " MPH	M∗
" 11.8 24% � .FEJBO TJ[FT
-BOJ FU BM� 
ޒސޏޑ	 1 < z < 2 11.3 " MPH	M∗
" 11.8 48% ±25 .FBO TJ[FT
#BTTFUU FU BM� 
ޒސޏޑ	 1.6 10.3 " MPH	M∗
" 11.3 0.6 LQD 2σ .FEJBO TJ[FT
1BQPWJDI FU BM� 
ޑސޏޑ	 1.62 10.5 " MPH	M∗
" 11.0 0.7 LQD +1.7,−0.9i LQD .FEJBO TJ[FT
/FXNBO FU BM� 
ޓސޏޑ	 1.8 10.8 " MPH	M∗
" 11.7 0.01 EFY 0.09 EFY .FBO TJ[FT
4USB[[VMMP FU BM� 
ޒސޏޑ	 2 10.0 " MPH	M∗
" 11.5 2× MBSHFS ±0.08j .FBO TJ[FTk
"OESFPO 
ޗސޏޑ	 2 10.7 " MPH	M∗
" 11.5 3× MBSHFS � .BTT�OPSNBMJTFE TJ[FTl
"MMFO FU BM� 
ޔސޏޑ	 2.1 10.7 " MPH	M∗
" 11.5 0.36 LQD 0.69 LQD .BTT�OPSNBMJTFE SBEJJ

a %J୭GFSFODF JO UIF NFBO PG UIF TJ[F QSPCBCJMJUZ EJTUSJCVUJPOT�
b " SFMBUJPO XIFSF TJ[F JT B GVODUJPO PG NVMUJQMF WBSJBCMFT ؛ OPU KVTU TUFMMBS NBTT ؛ JT EF୮ୢOFE
 MFBWJOH FOWJSPONFOU BT UIF POMZ EJTUJOHVJTIJOH
GBDUPS�
c re × (1011 .⊙/M∗)�
d ,PMNPHPSPW4؛NJSOPW UFTUT XFSF DBSSJFE PVU UP FTUJNBUF UIF QSPCBCJMJUZ
 Q
 UIBU UIF ୮ୢFME BOE DMVTUFS TBNQMFT XFSF EFSJWFE GSPN UIF TBNF
TJ[F EJTUSJCVUJPO� &OWJSPONFOUBM EJ୭GFSFODFT XFSF DPOTJEFSFE TJHOJ୮ୢDBOU JG Q � ޔޏ�ޏ 	> 2σ TJHOJ୮ୢDBODF
�
e )PEHF؛-FINBOO FTUJNBUPS PG UIF NFBO� 5IJT JT HJWFO CZ UIF NFEJBO WBMVF PG UIF NFBO DPNQVUFE PWFS BMM QBJST PG HBMBYJFT JO UIF
TBNQMF�
f $PNQBSJTPO PG ୮ୢUUFE NBTT�TJ[F SFMBUJPO UP UIBU PG WBO EFS 8FM FU BM� 
ޓސޏޑ	 JO UIFJS 'JHVSF �ޘ
g re/M 0.57

11 
 XIFSFM11 = M∗/1011.⊙
h 1FBL PG UIF TJ[F SBUJP OPSNBMJTFE EJTUSJCVUJPOT
 XIFSF UIF TJ[F SBUJP JT re/re,Valen� re,Valen JT UIF IBMG�MJHIU SBEJVT BT QSFEJDUFE CZ UIF
7BMFOUJOV[[J FU BM� 
Bޏސޏޑ	 NBTT�TJ[F SFMBUJPO�
i &SSPS QSPQBHBUJPO PG UIF JOUFSRVBSUJMF SBOHFT TUBUFE GPS ୮ୢFME BOE DMVTUFS NFEJBOT JO UIJT XPSL�
j &SSPS QSPQBHBUJPO PG UIF NFBO re/re,Shen2003 FSSPST�
k %J୭GFSFODF JO UIF BWFSBHF TJ[F SBUJP re/re,Shen2003
 XIFSF re,Shen2003 JT UIF BWFSBHF IBMG�MJHIU SBEJVT BT HJWFO CZ UIF 4IFO FU BM� 
ޒޏޏޑ	 NBTT؛TJ[F
SFMBUJPO�
l $PNQBSJTPO PG UIF NFBO HBMBYZ TJ[F BU MPH(M∗/.⊙) = 11�
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4J[F DPNQBSJTPO UFTU XJUI

WBO EFS 8FM FU BM� 	����


8F UPPL UIF '1608 NPTBJD GPS $"/%&-4ୖ$04.04
 BOE NFBTVSFE UIF IBMG�MJHIU SBEJJ PG BMM UIF

HBMBYJFT JO UIF ୮ୢFME VTJOH PVS NFUIPE PG TJ[F EFUFSNJOBUJPO 	TFF 4FDUJPO �����
� 5IF SFBTPO XF EJE

OPU VTF UIF '1408 NPTBJD ؛ XIJDI XPVME IBWF NBEF UIF DPNQBSJTPO UP ($-"44 NPSF EJSFDU ؛ XBT

CFDBVTF UIF QVCMJTIFE TUSVDUVSBM QBSBNFUFST GPS BMM UIF $"/%&-4 ୮ୢFMET JO 3%ୖ)45 XFSF NFBTVSFE

VTJOH UIF '1258 BOE '1608 NPTBJDT
 TPNFUJNFT BDDPNQBOJFE XJUI NFBTVSFNFOUT JO '098N PS

'1058 	WBO EFS 8FM FU BM�
 ����
� #PUI '1258 BOE '1608 TQBO BQQSPYJNBUFMZ IBMG PG UIF

XBWFMFOHUI SBOHF DPWFSFE CZ '1408� *O "QQFOEJY $
 XF FYQMPSF IPX UIF EJ୭GFSJOH ୮ୢMUFST GPS ୮ୢFME

BOE DMVTUFS TBNQMFT B୭GFDU SFTVMUT QSFTFOUFE JO $IBQUFS �� *O 'JHVSF #��
 XF QMPU PVS IBMG�MJHIU SBEJJ

SFTVMUT BHBJOTU UIPTF GSPN WBO EFS 8FM FU BM� 	����
 JO '1608 GPS UIF TBNF TFU PG HBMBYJFT XJUI

0.86 < z < 1.34
 '1608 NBHOJUVEF < 25
 ("-'*5 NFBTVSFE Reff < 50 LQD
 ୯୳BH WBMVF PG 0 	TFF

4FDUJPO ����� GPS UIF SFBTPOJOH CFIJOE UIJT TFMFDUJPO
 BOE TUFMMBS NBTTFT XJUIJO UIF NBTT DPNQMFUFOFTT

MJNJUT PG PVS TUVEZ 	MPH(M∗/.⊙) > 9.96 BOE MPH(M∗/.⊙) > 9.60 GPS RVJFTDFOU BOE TUBS�GPSNJOH

HBMBYJFT
 SFTQFDUJWFMZ
�

%FTQJUF UIF EJ୭GFSJOH NFUIPET PG TJ[F EFUFSNJOBUJPO
 UIFSF BSF OP TZTUFNBUJDT QSFTFOU� 5IF NFBO

P୭GTFU CFUXFFO UIF UXP TFUT PG NFBTVSFNFOUT JT 0.28%� %JWFSHFODF GSPN BHSFFNFOU BU MBSHFS

IBMG�MJHIU SBEJJ JT EVF UP QPPS TJHOBM�UP�OPJTF SBUJP 	'1608 NBHOJUVEF ∼25
� *O 'JHVSF #��
 XF TIPX
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Figure B.1: Level of agreement with results from van derWel et al. (2012) for the half-light radii measurements of the same set

of galaxies with 0.86 < z < 1.34, F160Wmagnitude< 25,Reff < 50 kpc and stellar masses within the completeness limits of

our study (log(M∗/M⊙) > 9.96 and log(M∗/M⊙) > 9.60 for quiescent and star-forming galaxies, respectively) from the

CANDELS-COSMOS F160Wmosaic. Solid line indicates the position of one-to-one agreement. Themean offset between the two

measurements is 0.28%.
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Figure B.2: How the difference in half-light radii measurements between the size determinationmethod presented in

Chapter 2 and that of van derWel et al. (2012) varies with half-light radius for the same set of galaxies (0.86 < z < 1.34,
F160Wmagnitude< 25,Reff < 50 kpc and stellar masses within the completeness limits of the study presented in Chapter 2)

in the CANDELS-COSMOS F160Wmosaic. The horizontal line indicates the position of no difference between half-light radii

measurements.The grey points joined with grey lines shows themedian values in 6 bins.
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UIF EJ୭GFSFODF JO UIF TJ[F NFBTVSFNFOUT CFUXFFO UIF UXP NFUIPET BHBJOTU PVS TJ[F NFBTVSFNFOUT�

8F DBO DMFBSMZ TFF UIBU UIF MBSHFTU EJWFSHFODF GSPN BHSFFNFOU CFUXFFO UIF UXP TJ[F EFUFSNJOBUJPO

NFUIPET IBQQFOT BU MBSHFS 	Reff $ 5 LQD
 IBMG�MJHIU SBEJJ� 5IJT JT XIFSF UIF SVOOJOH NFEJBO 	TPMJE

HSFZ MJOF XJUI TRVBSFT
 TUBSUT UP EFWJBUF NPSF GSPN UIF MJOF PG BHSFFNFOU 	IPSJ[POUBM CMBDL MJOF
� 'PS

HBMBYJFT UIBU BSF 6 LQD 	BDDPSEJOH UP PVS TJ[F EFUFSNJOBUJPO NFUIPE

 PVS TJ[F EFUFSNJOBUJPO NFUIPE

UFOET UP VOEFSFTUJNBUF TJ[FT CZ 0.1 LQD 	CZ ∼ 2%
 DPNQBSFE UP UIF WBO EFS 8FM FU BM� 	����
 TJ[F

EFUFSNJOBUJPO NFUIPE� #FZPOE B TJ[F PG 8 LQD
 PVS TJ[F EFUFSNJOBUJPO NFUIPE TFFNT UP TUBSU

PWFSFTUJNBUJOH TJ[FT
 IPXFWFS
 TUBUJTUJDT BSF QPPS JO UIJT SFHJPO� *O HFOFSBM
 BU UIF NFBO TJ[F PG UIF

TBNQMF TIPXO 	3.47 LQD

 UIF NFEJBO TJ[F EJ୭GFSFODF JT−0.04 LQD� 5IJT JT POMZ B 1% VOEFSFTUJNBUJPO

JO TJ[F
 XIJDI JT NVDI TNBMMFS UIBO UIF PSEFS PG PVS VODFSUBJOUJFT PO UIF TJ[F P୭GTFU NFBTVSFNFOUT

	TFF 4FDUJPO ���
� 5IFSFGPSF
 TZTUFNBUJDT BSJTJOH GSPN UIF EJ୭GFSFODF JO TJ[F EFUFSNJOBUJPO NFUIPET EP

OPU TJHOJ୮ୢDBOUMZ F୭GFDU UIF SFTVMUT QSFTFOUFE JO $IBQUFS ��
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C
5IF F୭GFDU PG EJ୭GFSJOH ୮ୢMUFST PO NFBTVSFE TJ[FT

"T NFOUJPOFE JO $IBQUFS �
 DPMPVS HSBEJFOUT DBO WBSZ GPS HBMBYJFT EFQFOEJOH PO XIJDI ୮ୢMUFS JT VTFE

UP PCTFSWF UIFN� 5IJT DBO MFBE UP IBMG�MJHIU SBEJJ NFBTVSFNFOUT UIBU EJ୭GFS GPS UIF TBNF HBMBYZ


EFQFOEJOH PO UIF ୮ୢMUFS VTFE� 4JODF UIF IBMG�MJHIU SBEJJ NFBTVSFNFOUT GPS PVS ୮ୢFME TBNQMF XFSF NBEF

VTJOH JNBHFT JO B EJ୭GFSFOU ୮ୢMUFS 	'1608
 UP UIF ୮ୢMUFS VTFE GPS UIF JNBHFT PG UIF DMVTUFS HBMBYJFT

	'1408

 XF QFSGPSNFE B DIFDL PO IPX UIJT B୭GFDUT DPODMVTJPOT ESBXO JO $IBQUFS ��

*O 'JHVSF $��
 XF QMPU PVS IBMG�MJHIU SBEJJ NFBTVSFNFOUT NBEF GSPN UIF 3%ୖ)45 $04.04

'1408 NPTBJD BHBJOTU UIPTF NBEF CZ WBO EFS 8FM FU BM� 	����
 GPS UIF TBNF TFU PG HBMBYJFT XJUI

0.86 < z < 1.34
 '1608 BOE '1408 NBHOJUVEF < 25
 Reff < 50 LQD BOE TUFMMBS NBTTFT XJUIJO UIF

NBTT DPNQMFUFOFTT MJNJUT PG PVS TUVEZ 	MPH(M∗/.⊙) > 9.96 BOE MPH(M∗/.⊙) > 9.60 GPS RVJFTDFOU

BOE TUBS�GPSNJOH HBMBYJFT
 SFTQFDUJWFMZ
 GSPN UIF $"/%&-4ୖ$04.04 '1608 NPTBJD� "G୴FS UBLJOH

JOUP BDDPVOU UIF TNBMM TZTUFNBUJD EJ୭GFSFODF CFUXFFO UIF UXP TJ[F EFUFSNJOBUJPO NFUIPET 	TFF

"QQFOEJY #

 XF ୮ୢOE UIBU HBMBYJFT BSF PO BWFSBHF 12.87% MBSHFS JO '1408 UIBO JO '1608� VJFTDFOUތ

BOE TUBS�GPSNJOH HBMBYJFT BSF 12.12% BOE 13.04% MBSHFS JO '1408 UIBO JO '1608 SFTQFDUJWFMZ�

5IFSFGPSF
 UIF TJ[FT GPS UIF ୮ୢFME TBNQMF VTFE JO UIJT TUVEZ XPVME CF PO BWFSBHF 12.87% MBSHFS JG UIFZ

XFSF NFBTVSFE JO '1408 BT PQQPTFE UP '1608� 5IJT XPVME UIFSFGPSF MFBE UP B MBSHFS OFHBUJWF P୭GTFU

JO UIF BWFSBHF TJ[F PG DMVTUFS HBMBYJFT XJUI SFTQFDU UP ୮ୢFME HBMBYJFT
 GVSUIFS TUSFOHUIFOJOH UIF

DPODMVTJPOT NBEF JO $IBQUFS ��
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Figure C.1: Level of agreement between the half-light radius measurements made by van derWel et al. (2012) in F160Wversus

thosemade for the same set of galaxies in F140Wusing our size determinationmethod. Quiescent galaxies are shown as

larger red points and star-forming galaxies are shown as smaller blue points. These galaxies have redshifts within the range

0.86 < z < 1.34, F160Wand F140Wmagnitude< 25,Reff < 50 kpc and stellar masses within the completeness limits of our

study (log(M∗/M⊙) > 9.96 and log(M∗/M⊙) > 9.60 for quiescent and star-forming galaxies, respectively). The solid line

indicates the position of one-to-one agreement. Galaxies are on average 12.87% larger in F140W than in F160W.Quiescent and

star-forming galaxies are 12.12% and 13.04% larger in F140W than in F160W respectively.
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4&YUSBDUPS TFUUJOHT GPS ($-"44 '1408 NPTBJDT
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Table D.1: SExtractor conĆguration Ćle parameters for the GCLASS F140Wmosaics

1BSBNFUFS 7BMVF
CATALOG_TYPE ASCII_HEAD
DETECT_TYPE CCD
DETECT_MINAREA 5
DETECT_THRESH 2.0
ANALYSIS_THRESH 2.0
FILTER Y
FILTER_NAME gauss_1.5_3x3.conv
DEBLEND_NTHRESH 32
DEBLEND_MINCONT 0.005
CLEAN Y
CLEAN_PARAM 1.0
MASK_TYPE CORRECT
PHOT_APERTURES 5
PHOT_AUTOPARAMS 2.5, 3.5
PHOT_PETROPARAMS 2.0, 3.5
PHOT_FLUXFRAC 0.5
SATUR_LEVEL 50000.0
SATUR_KEY SATURATE
MAG_ZEROPOINT 26.45
MAG_GAMMA 4.0
GAIN 0.0
GAIN_KEY GAIN
PIXEL_SCALE 0.06
SEEING_FWHM 0.23
STARNNW_NAME default.nnw
BACK_SIZE 64
BACK_FILTERSIZE 3
BACKPHOTO_TYPE LOCAL
WEIGHT_TYPE MAP_WEIGHT
WEIGHT_GAIN Y
MEMORY_OBJSTACK 3000
MEMORY_PIXSTACK 300000
MEMORY_BUFSIZE 1024
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