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The velocity distribution of stars in the Galactic disc is complex and consists of a vast 
number of kinematic structures, that is, stars that share similar velocity components. The 
reasons why some stars move together may be different and are related to dynamical 
processes connected to the Galaxy, both internal as well as external ones, such as resonances 
with the Galactic bar or the Galactic spiral arm structure, dissolution of open clusters, or 
merger events with other galaxies.  Therefore, studies of kinematic structures of the Galactic 
disc may provide information about the formation and evolution history of the Milky Way. 

In this thesis we focus on detecting and chemo-dynamical characterisation of kinematic 
structures of the Galactic disc using the most recent and up-to-date astrometric, 
spectroscopic, and photometric surveys. In Paper I we studied kinematic structures in the 
solar neighbourhood with the wavelet transform method. In Paper II and Paper III we 
studied origin of the Arcturus stream and HR 1614 moving group respectively by studying 
chemo-dynamical properties of the structures.

The result of Paper I is the detection of old and well-known kinematic groups together with 
three new velocity structures. The results of Paper II and Paper III show that both the 
Arcturus and the HR 1614 structures are composed of thin and thick disc stars and are not 
dissolved open clusters or accreted stellar populations. We conclude that the origin of 
kinematic structures is complex and might be a combination of several dynamical processes 
such as resonances and phase mixing. 
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� ɧF PSJHJO PG LJOFNBUJD TUSVDUVSFT �
��� %JTTPMWJOH PQFO DMVTUFST � � � � � � � � � � � � � � � � � � � � � �
��� 3FTPOBOU PSJHJO � � � � � � � � � � � � � � � � � � � � � � � � � �
��� "DDSFUJPO PSJHJO � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 1IBTF NJYJOH � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� &YBNQMFT PG LJOFNBUJD TUSVDUVSFT XJUI EJĊFSFOU PSJHJOT � � � � � �

� /VNFSJDBM NFUIPET BOE EBUB TFUT ��
��� 7FMPDJUZ�BDUJPO TQBDFT � � � � � � � � � � � � � � � � � � � � � � ��
��� 8BWFMFU USBOTGPSN � � � � � � � � � � � � � � � � � � � � � � � � ��
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1PQVMBS TVNNBSZ

)PX HBMBYJFT GPSN BOE FWPMWF JT POF PG UIF GVOEBNFOUBM RVFTUJPOT PG NPEFSO BT�
USPQIZTJDT� ɨF JOGPSNBUJPO FODSZQUFE JO UIF QSPQFSUJFT PG TUBST TVDI BT FMFNFOUBM
BCVOEBODFT
 TUFMMBS BHFT
 BOE PSCJUBM QBSBNFUFST BSF VTFGVM GPS DIBSBDUFSJTJOH TUFMMBS
QPQVMBUJPOT BOE UFTUJOH IZQPUIFTFT PG HBMBYZ GPSNBUJPO� ɨF .JMLZ 8BZ QMBZT B
LFZ SPMF JO UIJT BTQFDU BT JU QSPWJEFT B VOJRVF QPTTJCJMJUZ UP TUVEZ JOEJWJEVBM TUBST JO
B EFUBJM UIBU JT OPU QPTTJCMF UP EP GPS TUBST JO PUIFS HBMBYJFT� "MUIPVHI TJHOJmDBOU
QSPHSFTT IBT CFFO NBEF JO VOEFSTUBOEJOH UIF TUSVDUVSF BOE FWPMVUJPO PG UIF .JMLZ
8BZ
 NBOZ QJFDFT PG JOGPSNBUJPO BSF TUJMM MBDLJOH CFGPSF XF DBO EJTFOUBOHMF UIF
DPNQMFUF IJTUPSZ PG UIF (BMBYZ�

0VS DVSSFOU WJFX PO UIF .JMLZ 8BZ JT UIBU JU JT B CBSSFE TQJSBM HBMBYZ XJUI
B DPNQMFY TUSVDUVSF PG EJĊFSFOU TUFMMBS QPQVMBUJPOT� ɨF (BMBDUJD CVMHF
 UIF CBS

UIF UIJO BOE UIJDL EJTDT
 BOE UIF TUFMMBS IBMP BSF JUT NBKPS MBSHF�TDBMF TUFMMBS DPN�
QPOFOUT� ɨF TUBST BTTPDJBUFE XJUI FBDI DPNQPOFOU EJĊFS PO BWFSBHF JO UIFJS
DIFNJDBM BOE LJOFNBUJD QSPQFSUJFT
 BMUIPVHI UIF QSPQFSUJFT BSF PGUFO PWFSMBQQJOH

NBLJOH JU EJċDVMU UP EJTUJOHVJTI UIFN BOE GVMMZ DIBSBDUFSJTF UIFJS QSPQFSUJFT� *O
BEEJUJPO
 JU IBT CFFO GPVOE UIBU UIF .JMLZ 8BZ DPOUBJOT B DPNQMFY QMFUIPSB PG
LJOFNBUJD TUSVDUVSFT� ɨFTF BSF HSPVQT PG TUBST UIBU GPS TPNF SFBTPO TIBSF B DPN�
NPO NPUJPO
 NFBOJOH UIBU UIFZ GPSN PWFSEFOTJUJFT JO WFMPDJUZ TQBDF�

"MUIPVHI UIF PSJHJO PG NBOZ LJOFNBUJD HSPVQT BSF VOLOPXO BOE TPNF XJEFMZ
EFCBUFE
 NBOZ PG UIF LOPXO LJOFNBUJD TUSVDUVSFT DBO CF FYQMBJOFE XJUI POF PS TFW�
FSBM PG UIF GPMMPXJOH IZQPUIFTFT� EJTTPMWJOH TUBS DMVTUFST� EZOBNJDBM SFTPOBODFT CF�
UXFFO TUBST BOE UIF (BMBDUJD CBS BOE�PS TQJSBM BSNT� FYUSBHBMBDUJD PSJHJO WJB NFSHFS
FWFOUT� PS QIBTF NJYJOH EVF UP HBMBDUJD BDDSFUJPO FWFOUT�

ɨFSFGPSF
 POF PG UIF BQQSPBDIFT UP USZ UP VOEFSTUBOE UIF EFUBJMFE TUSVDUVSF
PG UIF .JMLZ 8BZ IBT CFFO UP TFBSDI GPS BOE DIBSBDUFSJTF TVDI LJOFNBUJD TUSVD�
UVSFT� " DPNCJOBUJPO PG PCTFSWBUJPOT TVDI BT UIF LJOFNBUJD QSPQFSUJFT PG TUBST JO
UIF HSPVQT XJUI UIFJS FMFNFOUBM BCVOEBODFT BOE BHFT TFSWFT BT B UFTU CFE GPS UIF�

W



WJ 1PQVMBS TVNNBSZ

PSFUJDBM NPEFMT PG UIF LJOFNBUJD TUSVDUVSFT� /PXBEBZT
 XIFO XF IBWF BDDFTT UP
IJHI�QSFDJTJPO BTUSPNFUSJD EBUB GPS CJMMJPOT PG TUBST BOE EFUBJMFE FMFNFOUBM BCVO�
EBODFT GPS IVOESFE PG UIPVTBOET PG TUBST
 XF IBWF B HPMEFO PQQPSUVOJUZ UP USBDF
BOE DIBSBDUFSJTF NBOZ PME BO VODFSUBJO
 BOE BMTP QSFWJPVTMZ VOLOPXO
 LJOFNBUJD
TUSVDUVSFT JO UIF .JMLZ 8BZ�

ɨF BJN PG UIJT UIFTJT JT UP TFBSDI GPS LJOFNBUJD TUSVDUVSFT JO UIF .JMLZ 8BZ�T
EJTD BOE UP TUVEZ JO EFUBJM UIF QSPQFSUJFT BOE UIF PSJHJO PG TPNF TFMFDUFE HSPVQT
VTJOH MBSHF�TDBMF BTUSPNFUSJD BOE TQFDUSPTDPQJD TVSWFZT� 0VS SFTVMUT IBWF BMMPXFE
VT UP EJTDPWFS B GFX OFX TUSVDUVSFT BOE DPOmSN BMSFBEZ LOPXO TUSVDUVSFT� 6TJOH
BEWBODFE TUBUJTUJDBM NFUIPET
 XF EFUFDUFE EP[FOT PG LJOFNBUJD HSPVQT JO UIF TPMBS
OFJHICPVSIPPE BOE JO UIF JOOFS BOE PVUFS QBSUT PG UIF (BMBDUJD EJTD� 8F BMTP
SFWJTFE UIF PSJHJO PG UIF "SDUVSVT BOE UIF )3 ���� NPWJOH HSPVQT� *O CPUI DBTFT
XF TVHHFTU UIBU UIF HSPVQT XFSF GPSNFE VOEFS UIF JOnVFODF PG B DPNCJOBUJPO PG
EZOBNJDBM QSPDFTTFT DBVTFE CZ
 GPS FYBNQMF
 QBTU BDDSFUJPO FWFOUT
 UIF (BMBDUJD
CBS
 BOE UIF TQJSBM BSNT
 BĊFDUJOH UIF NPUJPOT PG UIF TUBST
 GPSDJOH UIFN UP NPWF
UPHFUIFS JO TQBDF�



1PQVMÊSWFUFOTLBQMJH
TBNNBOGBUUOJOH

)VS HBMBYFS CJMEBT PDI VUWFDLMBT ÊS FO BW EF NFTU HSVOEMÊHHBOEF GSÌHPSOB J NPE�
FSO BTUSPGZTJL� *OGPSNBUJPOFO TPN mOOT LSZQUFSBE J TUKÊSOPST FHFOTLBQFS TÌTPN
LFNJTL TBNNBOTÊUUOJOH
 ÌMEFS
 PDI QBSBNFUSBS GÚS PNMPQQTCBOPS J HBMBYFO ÊS WJL�
UJHB GÚS BUU LBSBLUFSJTFSB TUKÊSOQPQVMBUJPOFS PDI UFTUB IZQPUFTFS PN IVS HBMBYFS
CJMEBT� 6S EFOOB BTQFLU TQFMBS 7JOUFSHBUBO FO OZDLFMSPMM FGUFSTPN EFU HFS PTT FO
VOJL NÚKMJHIFU BUU TUVEFSB JOEJWJEVFMMB TUKÊSOPS EFUBMK
 WJMLFU JOUF ÊS NÚKMJHU BUU HÚSB
GÚS TUKÊSOPS J BWMÊHTOB HBMBYFS� ­WFO PN EFU IBS HKPSUT CFUZEBOEF GSBNTUFH OÊS EFU
HÊMMFS BUU GÚSTUÌ 7JOUFSHBUBOT TUSVLUVS PDI VUWFDLMJOH
 TBLOBT EFU GPSUGBSBOEF NÌOHB
CJUBS JOOBO WJ IBS FO LPNQMFUU CJME BW EFTT IJTUPSJB�

%FO NFTU BLUVFMMB CJME WJ IBS BW 7JOUFSHBUBO ÊS BUU EFU ÊS FO TUBWTQJSBMHBMBY JO�
OFIÌMMBOEF FO LPNQMFY TUSVLUVS BW PMJLB TUKÊSOQPQVMBUJPOFS� %FO HBMBLUJTLB CVM�
HFO
 TUBWFO
 EF UVOOB PDI UKPDLB TLJWPSOB
 PDI IBMPO ÊS EF WJLUJHBTUF TUPSTLBMJHB
LPNQPOFOUFSOB� 4UKÊSOPSOB TPN LBO BTTPDJFSBT NFE EF PMJLB LPNQPOFOUFSOB TLJM�
KFS TJH J BMMNÊOIFU ÌU J TJOB LFNJTLB PDI LJOFNBUJTLB FHFOTLBQFS
 NFO LBO ÊWFO
ÚWFSMBQQB WJMLFU HÚS EFU TWÌSU BUU TÊSTLJMKB EFN PDI GVMMTUÊOEJHU LBSBLUFSJTFSB EF�
SBT FHFOTLBQFS� %FU IBS EFTTVUPN WJTBU TJH BUU 7JOUFSHBUBO JOOFIÌMMFS FO NÊOHE
LJOFNBUJTLB TUSVLUVSFS� %FTTB ÊS HSVQQFS BW TUKÊSOPS TPN BW OÌHPO BOMFEOJOH IBS
MJLOBOEF SÚSFMTFS
 WJMLFU HÚS BUU EF CJMEBS HSVQQFSJOHBS J IBTUJHIFUTSVNNFU�

­WFO PN VSTQSVOHFU UJMM NÌOHB LJOFNBUJTLB TUSVLUVSFS ÊS PLÊOU PDI WJTTB EF�
CBUUFSBT
 TÌ LBO EF nFTUB BOUBHMJHFO GÚSLMBSBT NFE FO FMMFS nFSB BW GÚMKBOEF IZ�
QPUFTFS� VQQMÚTOJOH BW TUKÊSOIPQBS� SFTPOBOTFS NFMMBO TUKÊSOPS PDI EFO HBMBLUJTLB
TUBWFO FMMFS EF HBMBLUJTLB TQJSBMBSNBSOB� FYUSBHBMBLUJTLU VSTQSVOH WJB LPMMJTJPOFS
NFE BOESB HBMBYFS� GBTCMBOEOJOH QÌ HSVOE BW BUU BOESB HBMBYFS LPMMJEFSBU PDI TMBH�
JUT TBNNBO NFE 7JOUFSHBUBO�

%ÊSGÚS IBS FO BW NFUPEFSOB GÚS BUU GÚSTUÌ 7JOUFSHBUBOT EFUBMKFSBEF TUSVLUVS

WJJ



WJJJ 1PQVMÊSWFUFOTLBQMJH TBNNBOGBUUOJOH

WBSJU BUU TÚLB FGUFS
 PDI LBSBLUFSJTFSB
 TÌEBOB LJOFNBUJTLB TUSVLUVSFS� (FOPN BUU
LPNCJOFSB EF LJOFNBUJTLB FHFOTLBQFSOB IPT TUKÊSOPSOB J HSVQQFSOB NFE EFSBT
HSVOEÊNOFTTBNNBOTÊUUOJOHBS PDI ÌMESBS TÌ LBO NBO TLBQB FO UFTUCÊEE GÚS EZ�
OBNJTLB NPEFMMFS BW IBTUJHIFUTTUSVLUVSFO J 7JOUFSHBUBO� /VNFSB IBS WJ UJMMHÌOH
UJMM BTUSPNFUSJTL IÚHQSFDJTJPOTEBUB GÚS NJMKBSEFS TUKÊSOPS PDI EFUBMKFSBEF LFNJTLB
TBNNBOTÊUUOJOHBS GÚS IVOESBUVTFOUBMT TUKÊSOPS� %FUUB HFS PTT FUU HZMMFOF UJMMGÊMMF
BUU TQÌSB PDI LBSBLUFSJTFSB NÌOHB HBNMB
 PDI LBOTLF PTÊLSB
 PDI ÊWFO UJEJHBSF
PLÊOEB
 LJOFNBUJTLB TUSVLUVSFS J 7JOUFSHBUBO�

4ZGUFU NFE EFOOB BWIBOEMJOH ÊS BUU TÚLB FGUFS LJOFNBUJTLB TUSVLUVSFS J 7JO�
UFSHBUBOT TLJWB PDI BUU J EFUBMK TUVEFSB EFSBT FHFOTLBQFS PDI VSTQSVOH NFE IKÊMQ
BW EBUB GSÌO TUPSTLBMJHB BTUSPNFUSJTLB PDI TQFLUSPTLPQJTLB VOEFSTÚLOJOHBS� 7J
IBS VQQUÊDLU OÌHSB OZB HSVQQFS PDI CFLSÊGUBU SFEBO LÊOEB TUSVLUVSFS� .FE IKÊMQ
BW BWBODFSBEF TUBUJTUJTLB NFUPEFS VQQUÊDLUF WJ EVTTJOUBMT LJOFNBUJTLB HSVQQFS J
TPMFOT OÊSIFU PDI J EF JOSF PDI ZUUSF EFMBSOB BW EFO HBMBLUJTLB TLJWBO� 'ÚS "SD�
UVSVTTUSÚNNFO PDI )3 ����
 TPN ÊS UWÌ LJOFNBUJTLB HSVQQFS
 TÌ SFWJEFSBEF WJ
EFSBT VSTQSVOH PDI GÚSTMÌS BUU EF CJMEBUT HFOPN EZOBNJTL QÌWFSLBO BW WJOUFSHBUBOT
TUBW PDI TQJSBMBSNBS
 PDI UJEJHBSF LPMMJTJPOFS NFMMBO WJOUFSHBUBO PDI BOESB HBMBYFS
TPN IBS QÌWFSLBU IBTUJHIFUTTUSVLUVSFO� %ÊSBW IBS TUKÊSOPSOB UWJOHBUT JO J HSVQ�
QFSJOHBS TPN SÚS TJH NFE MJLOBOEF IBTUJHIFUFS�
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*OUSPEVDUJPO

5PEBZ XF LOPX UIBU UIF .JMLZ 8BZ JT B CBSSFE TQJSBM HBMBYZ XIJDI IBT B DPN�
QMFY TUFMMBS TUSVDUVSF BOE DPOTJTUT PG UISFF NBKPS DPNQPOFOUT� UIF (BMBDUJD CVMHF

UIF EJTD
 BOE UIF TUFMMBS IBMP� &BDI TUSVDUVSBM DPNQPOFOU IBT JUT PXO GPSNBUJPO
IJTUPSZ
 XIJDI IBT MFE UP TJHOJmDBOU EJĊFSFODFT JO UIFJS LJOFNBUJD
 DIFNJDBM
 BOE
NPSQIPMPHJDBM QSPQFSUJFT 	F�H� #MBOE�)BXUIPSO � (FSIBSE ����
�

ɨF (BMBDUJD CVMHF IBT B CPYZ�QFBOVU TIBQF BOE DPOUBJOT UIF (BMBDUJD CBS 	F�H�
1PSUBJM FU BM� ����
� ɨF NFUBMMJDJUZ� EJTUSJCVUJPO PG CVMHF TUBST JT XJEF BOE NBZ
IBWF VQ UP mWF QFBLT JODMVEJOH UIBU JU NBZ DPOTJTU PG NVMUJQMF TUFMMBS QPQVMBUJPOT
	F�H� /FTT FU BM� ����� #FOTCZ FU BM� ����
� 5PEBZ JU JT DPNNPOMZ UIPVHIU UIBU
B MBSHF GSBDUJPO PG UIF (BMBDUJD CVMHF TUBST GPSNFE GSPN EJTD NBUFSJBM 	F�H� 1PSUBJM
FU BM� ����
�

ɨF (BMBDUJD EJTD IBT UXP DPNQPOFOUT LOPXO BT UIF UIJO BOE UIF UIJDL EJTDT

BOE UIFSF BSF BU MFBTU GPVS EJĊFSFOU XBZT UP EFmOF UIFN� ɨF EJTD DBO CF TQMJU JOUP
UXP TFRVFODFT CZ NPSQIPMPHZ
 LJOFNBUJDT
 DIFNJDBM DPNQPTJUJPO
 PS BHFT PG UIF
TUBST 	F�H� .BSUJH FU BM� ����
� ɨF mSTU OPUJPO BCPVU UIF UIJDL EJTD DPNFT GSPN
(JMNPSF � 3FJE 	����

 XIP EFmOFE JU NPSQIPMPHJDBMMZ� ɨFZ GPVOE UIBU UIF
WFSUJDBM EFOTJUZ EJTUSJCVUJPO PG TUBST JO UIF (BMBDUJD EJTD IBE UP CF mUUFE XJUI UXP
FYQPOFOUJBM GVODUJPOT
 SBUIFS UIBO POF
 XJUI EJĊFSFOU TDBMF�IFJHIUT� *O UFSNT PG
DIFNJDBM DPNQPTJUJPO BOE BHF UIF UIJO EJTD JT NFUBM�SJDI
 α�QPPS¤
 BOE PME
 XIJMF
UIF PQQPTJUF IPMET GPS UIF UIJDL EJTD 	F�H� )BZXPPE FU BM� ����� #FOTCZ FU BM� ����
�

�*O BTUSPOPNZ UIF UFSN ANFUBMT� VTVBMMZ SFGFST UP BMM FMFNFOUT IFBWJFS UIBO IFMJVN� )PXFWFS

IFSF UIF UFSN ANFUBMMJDJUZ� SFGFST UP UIF BNPVOU PG JSPO JO B TUBS�

¤#Z α XF NFBO FMFNFOUT XIJDI BSF QSPEVDFE JO TUBST CZ BEEJOH IFMJVN OVDMFJ
 GPS FYBNQMF 4J

.H
 $B
 BOE 5J�

�



� � *OUSPEVDUJPO

'JHVSF ���� 4UFMMBS TUSFBNT BDSPTT UIF OPSUIFSO TLZ BT TFFO XJUI UIF 4MPBO %JHJUBM
4LZ 4VSWFZ� ɨF mHVSF JT UBLFO GSPN (SJMMNBJS � $BSMJO 	����
 BOE JT SFQSJOUFE
CZ QFSNJTTJPO GSPN 4QSJOHFS /BUVSF�

4JNJMBS QSPQFSUJFT PG UIF IJHI� BOE MPX�α TFRVFODFT BSF PCTFSWFE OPU KVTU JO UIF
TPMBS WJDJOJUZ
 CVU BDSPTT B XJEF SBOHF PG (BMBDUPDFOUSJD SBEJJ 	F�H� #FOTCZ FU BM�
����� )BZEFO FU BM� ����� 2VFJSP[ FU BM� ����
�

ɨF TUFMMBS IBMP JT B TQIFSPJEBM DPNQPOFOU XIJDI DPOUBJOT KVTU BCPVU POF QFS�
DFOU PG UIF UPUBM TUFMMBS NBTT PG UIF .JMLZ 8BZ� &WFO UIPVHI JUT TUFMMBS EFOTJUZ JT
WFSZ MPX
 JU JT BO JNQPSUBOU QBSU PG UIF (BMBYZ UIBU DBO IFMQ VT UP USBDF UIF NFSHFS
IJTUPSZ PG UIF .JMLZ 8BZ� 0VS (BMBYZ JT TVSSPVOEFE CZ TBUFMMJUF EXBSG HBMBYJFT

BOE UIVT
 PDDBTJPOBMMZ VOEFSHPFT UJEBM JOUFSBDUJPOT� ɨF 4BHJUUBSJVT TUSFBN
 EJTDPW�
FSFE CZ *CBUB FU BM� 	����

 JT VOEFOJBCMF FWJEFODF PG BO POHPJOH NFSHFS FWFOU� 5P�
EBZ XF LOPX UIBU UIF TUFMMBS IBMP IBT B DPNQMFY TUSVDUVSF BOE IBT GPSNFE UISPVHI
NVMUJQMF NFSHFST� 'JHVSF ��� TIPXT UIF MBSHF OVNCFS PG TUFMMBS TUSFBNT UIBU XFSF
EJTDPWFSFE XJUI UIF 4MPBO %JHJUBM 4LZ 4VSWFZ 	:PSL FU BM� ����
 JODMVEJOH UIF 4BHJU�
UBSJVT TUSFBN� "NPOH UIF NPTU SFDFOU EJTDPWFSJFT PG BDDSFUFE TUFMMBS QPQVMBUJPOT
BSF UIF SFNOBOUT PG UIF (BJB�&ODFMBEVT�4BVTBHF BOE (BJB�4FRVPJB EXBSG HBMBYJFT
UIBU QSPCBCMZ NFSHFE XJUI UIF .JMLZ 8BZ BCPVU UFO CJMMJPO ZFBST BHP 	#FMPLVSPW
FU BM� ����� )FMNJ FU BM� ����� .ZFPOH FU BM� ����
� 4NBMMFS IBMP TUSFBNT DBO CF
GPVOE JO UIF TPMBS WJDJOJUZ� 'PS FYBNQMF
 )FMNJ FU BM� 	����
 TIPXFE UIBU VQ UP
��� IBMP TUSFBNT DSPTT UIF TPMBS OFJHICPVSIPPE� 4VDI TUSFBNT DBO CF USBDFE JO
WFMPDJUZ TQBDFT� *U JT UIFSFGPSF JNQPSUBOU UP TUVEZ WFMPDJUZ EJTUSJCVUJPOT PG OFBSCZ



� *OUSPEVDUJPO �

TUBST BT XFMM�
%VF UP UIF EZOBNJDBM JOnVFODF PG UIF MBSHF�TDBMF JOUFSOBM DPNQPOFOUT PG UIF

.JMLZ 8BZ BOE JUT OFJHICPVSJOH EXBSG HBMBYJFT OPU POMZ UIF (BMBDUJD IBMP DPOUBJOT
TUFMMBS TUSFBNT� ɨF (BMBDUJD EJTD TIPXT B SJDI TUSVDUVSF JO WFMPDJUZ TQBDF BOE POF
PG UIF mSTU FWJEFODFT UIBU UIF WFMPDJUZ EJTUSJCVUJPO PG EJTD TUBST JT OPU TNPPUI JT
UIF EJTDPWFSZ PG UIF 1MFJBEFT BOE )ZBEFT NPWJOH HSPVQT JO UIF NJEEMF PG UIF ��UI
DFOUVSZ� 'VSUIFS mOEJOHT TVDI BT UIF NPWJOH HSPVQT EJTDPWFSFE CZ 0MJO +� &HHFO

BMTP TVHHFTUFE B DPNQMFY WFMPDJUZ EJTUSJCVUJPO JO UIF TPMBS OFJHICPVSIPPE 	F�H�
&HHFO ����
 ����
 ����
�

4UVEJFT PG UIF WFMPDJUZ EJTUSJCVUJPO PG UIF TUBST JO UIF MPDBM (BMBDUJD EJTD XFSF
CPPTUFE CZ UIF EBUB SFMFBTF PG UIF )JQQBSDPT NJTTJPO
 XIJDI QSPWJEFE B IJHI�
QSFDJTJPO DBUBMPHVF PG BTUSPNFUSJD NFBTVSFNFOUT GPS NPSF UIBO ��� ��� TUBST 	1FS�
SZNBO FU BM� ����
� 'JHVSF ��� TIPXT LJOFNBUJD TUSVDUVSFT EFUFDUFE CZ %FIOFO
	����
 VTJOH )JQQBSDPT EBUB� *U TIPXT UIBU UIF MPDBM WFMPDJUZ EJTUSJCVUJPO JT NVDI
NPSF DPNQMFY UIBO B (BVTTJBO EJTUSJCVUJPO XJUI UIF NPWJOH HSPVQT GPSNJOH B
SJDI CSBODI�MJLF TUSVDUVSF JO WFMPDJUZ TQBDF 	F�H� 4LVMKBO FU BM� ����
� ɨJT XBT
MBUFS DPOmSNFE CZ "OUPKB FU BM� 	����
 XIP BOBMZTFE UIF MPDBM WFMPDJUZ EJTUSJCV�
UJPO VTJOH UIF XBWFMFU USBOTGPSN NFUIPE� ɨF BOBMZTFT PG TUBST JO UIFTF CSBODIFT
TIPXFE UIFN UP IBWF B XJEF TQSFBE PG NFUBMMJDJUJFT
 RVFTUJPOJOH UIF EJTTPMWJOH
PQFO DMVTUFS PSJHJO GPS TVDI TUSFBNT�

,JOFNBUJD TUSVDUVSFT JO UIF (BMBDUJD EJTD JT OPU KVTU B MPDBM QIFOPNFOPO
 UIFZ
BSF BMTP QSFTFOU PVUTJEF UIF TPMBS OFJHICPVSIPPE 	F�H� "OUPKB FU BM� ����
� "OBMZTFT
PG EBUB GSPN (BJB %3� IBWF SFWFBMFE B SJDI TUSVDUVSF JO UIF WFMPDJUZ EJTUSJCVUJPO
BDSPTT B XJEF SBOHF PG (BMBDUJDFOUSJD SBEJJ 	F�H� (BJB $PMMBCPSBUJPO FU BM� ����C
�
'PS JOTUBODF
 "OUPKB FU BM� 	����
 BOE 3BNPT FU BM� 	����
 TIPXFE UIBU LJOFNBUJD
HSPVQT GPSN BSDIFT JO UIF SBEJBM BOE B[JNVUIBM EJSFDUJPOT
 BOE GPSN SJEHF�MJLF
TUSVDUVSFT XIFO FYQMPSJOH HSPVQT BDSPTT UIF (BMBDUJD EJTD� 'JHVSF ��� TIPXT BO
FYBNQMF PG UIF LJOFNBUJD TUSVDUVSFT EFUFDUFE XJUI (BJB %3� 	(BJB $PMMBCPSBUJPO
FU BM� ����C
� *O BEEJUJPO
 "OUPKB FU BM� 	����
 EJTDPWFSFE B QIBTF�TQBDF TQJSBM
XIJDI DPVME CF FWJEFODF PG BO POHPJOH QIBTF NJYJOH JOEVDFE CZ UIF NFSHFS FWFOU
XJUI UIF 4BHJUUBSJVT EXBSG HBMBYZ�

5PEBZ UIFSF JT B WBSJFUZ PG OVNFSJDBM NPEFMT UIBU BSF BCMF UP SFQSPEVDF UIF
PCTFSWFE WFMPDJUZ EJTUSJCVUJPO JO UIF TPMBS OFJHICPVSIPPE� 'PS FYBNQMF
 )VOU
FU BM� 	����
 TIPX UIBU QIBTF NJYJOH JOEVDFE CZ B DPNCJOFE FĊFDU PG WBSJPVT
USBOTJFOU TQJSBM BSNT BOE UIF (BMBDUJD CBS DBO FYQMBJO UIF PCTFSWFE WFMPDJUZ EJT�
USJCVUJPO� ,IBOOB FU BM� 	����
 TIPX UIBU QIBTF NJYJOH JOEVDFE CZ JOUFSOBM BT
XFMM BT FYUFSOBM NFDIBOJTNT DBO SFQSPEVDF UIF SJEHFT BOE BSDIFT PCTFSWFE JO UIF



� � *OUSPEVDUJPO

'JHVSF ���� 7FMPDJUZ EJTUSJCVUJPO PG TUBST JO UIF TPMBS OFJHICPVSIPPE TFFO XJUI
)JQQBSDPT� vx BOE vy EFOPUF SBEJBM BOE B[JNVUIBM NPUJPO PG TUBST� ɨF mHVSF JT
BEPQUFE GSPN %FIOFO 	����
� ª""4� 3FQSPEVDFE XJUI QFSNJTTJPO�

EJTD� 7FMPDJUZ TUSVDUVSFT XFSF SFQSPEVDFE CZ TJNVMBUJPOT QFSGPSNFE CZ -BQPSUF
FU BM� 	����

 XIP NPEFMMFE UIF JOUFSBDUJPO PG UIF .JMLZ 8BZ XJUI UIF 4BHJUUBSJVT
EXBSG HBMBYZ� )VOU � #PWZ 	����
 TIPXFE UIBU SFTPOBODFT XJUI UIF CBS DBO BMTP
SFQSPEVDF NBOZ TUSVDUVSFT�

ɨF BWBJMBCJMJUZ PG B XJEF SBOHF PG NPEFMT MFBET VT UP UIF RVFTUJPO PG IPX NBOZ
BOE XIJDI QSPDFTTFT IBWF BDUVBMMZ DPOUSJCVUFE UP UIF GPSNBUJPO PG UIF UPEBZ PC�
TFSWFE WFMPDJUZ EJTUSJCVUJPO PG TUBST JO UIF (BMBDUJD EJTD� 5P BOTXFS UIFTF RVFTUJPOT
XF OFFE UP EFUFDU LJOFNBUJD TUSVDUVSFT BU IJHI QSFDJTJPO BOE DIBSBDUFSJTF UIFN
DIFNJDBMMZ� 6OMJLF UIF LJOFNBUJD BOE PSCJUBM QBSBNFUFST PG TUBST JO UIF (BMBD�
UJD EJTD XIJDI BSF PGUFO JOnVFODFE CZ UIF TFDVMBS EZOBNJDBM QSPDFTTFT
 UIF TUFMMBS
DIFNJDBM DPNQPTJUJPO WBSJFT MFTT XJUI UJNF 	'SFFNBO � #MBOE�)BXUIPSO ����
�
ɨFSFGPSF
 JOGPSNBUJPO BCPVU UIF DIFNJDBM DPNQPTJUJPO PG TUBST JT B MPOH�UFSN QB�
SBNFUFS XIJDI BMMPXT VT UP TUVEZ JG TUBST XJUIJO B LJOFNBUJD HSPVQ IBWF B DPNNPO
PSJHJO 	'SFFNBO � #MBOE�)BXUIPSO ����
�

ɨJT UIFTJT JT GPDVTFE PO TUVEZJOH LJOFNBUJD TUSVDUVSFT
 UIBU JT
 PWFSEFOTJUJFT JO
WFMPDJUZ TQBDF
 BT B XBZ UP VOEFSTUBOE UIF GPSNBUJPO BOE FWPMVUJPO IJTUPSZ PG UIF
.JMLZ 8BZ� ɨF BJN PG UIJT UIFTJT JT UP TUVEZ WFMPDJUZ EJTUSJCVUJPO PG TUBST XJUI UIF



� *OUSPEVDUJPO �

'JHVSF ���� 7FMPDJUZ EJTUSJCVUJPO PG OFBSCZ TUBST TFFO XJUI (BJB %3�� U BOE V
EFOPUF WFMPDJUJFT JO UIF SBEJBM BOE B[JNVUIBM EJSFDUJPOT� ɨF mHVSF JT BEPQUFE GSPN
(BJB $PMMBCPSBUJPO FU BM� 	����C
� ª&40� 3FQSPEVDFE XJUI QFSNJTTJPO�

NPTU VQ�UP�EBUF MBSHF�TDBMF TVSWFZT JO PSEFS UP EJTDPWFS OFX LJOFNBUJD TUSVDUVSFT
BOE TUVEZ UIFJS DIFNP�LJOFNBUJD QSPQFSUJFT JO HSFBU EFUBJM UP CFUUFS VOEFSTUBOE
UIF TUSVDUVSF PG UIF .JMLZ 8BZ�





$IBQUFS �

ɧF PSJHJO PG LJOFNBUJD TUSVDUVSFT

/PXBEBZT UIFSF BSF GPVS NBJO IZQPUIFTFT UIBU BSF XJEFMZ EJTDVTTFE JO UIF MJUFSBUVSF
UP FYQMBJO UIF PSJHJO PG LJOFNBUJD TUSVDUVSFT TFFO JO UIF (BMBDUJD EJTD�

��� %JTTPMWJOH PQFO DMVTUFST

4UBST GPSN JO DMVTUFST GSPN UIF TBNF JOUFSTUFMMBS HBT DMPVE� .PTU TUBS DMVTUFST EJT�
TPMWF XJUI UJNF
 BOE UIJT MFBET UP UIF GPSNBUJPO PG TP�DBMMFE TUFMMBS NPWJOH HSPVQT�
4UBST JO TVDI HSPVQT TIBSF TJNJMBS DIFNP�EZOBNJDBM QSPQFSUJFT
 TJODF UIFZ IBWF
B DPNNPO PSJHJO
 CVU BSF VTVBMMZ TQSFBE BMM PWFS UIF TLZ� ɨF JEFB PG EJTTPMWJOH
TUFMMBS DMVTUFST XBT UIF mSTU UIFPSZ UP FYQMBJO UIF PSJHJO PG LJOFNBUJD TUSVDUVSFT
BOE XBT mSTU QSPQPTFE JO &HHFO 	����
� ɨF TUBST JO TVDI LJOFNBUJD TUSVDUVSFT
TIPVME UIFO CF DIFNJDBMMZ IPNPHFOFPVT BOE IBWF BQQSPYJNBUFMZ UIF TBNF BHF� "
EFUBJMFE BHF BOE FMFNFOUBM BCVOEBODF BOBMZTJT PG TUBST JO UIF NPWJOH HSPVQ DBO
UFMM VT JG UIF TUSVDUVSF USVMZ JT B EJTTPMWFE TUFMMBS DMVTUFS PS OPU�

��� 3FTPOBOU PSJHJO

ɨF QSFTFODF PG MBSHF�TDBMF EFOTJUZ XBWFT
 DBVTFE CZ
 GPS FYBNQMF
 UIF (BMBDUJD CBS
BOE UIF TQJSBM BSNT
 JOnVFODFT UIF NPWFNFOU PG TUBST JO UIF (BMBDUJD EJTD UISPVHI
SFTPOBODFT� ɨF NBJO SFTPOBODFT BSF DBMMFE UIF DP�SPUBUJPO SFTPOBODF BOE UIF
JOOFS BOE PVUFS -JOECMBE SFTPOBODFT� 4UBST USBQQFE CZ UIFTF SFTPOBODFT XJMM GPSN
PWFSEFOTJUJFT JO WFMPDJUZ TQBDF�

ɨF DP�SPUBUJPO SFTPOBODF PDDVST XIFO UIF BOHVMBS WFMPDJUZ PG B TUBS
 Ω
 JT
FRVBM UP UIF BOHVMBS WFMPDJUZ PG UIF CBS PS TQJSBM TUSVDUVSF
 Ωb� ɨF -JOECMBE SFT�

�



� � ǲF PSJHJO PG LJOFNBUJD TUSVDUVSFT

POBODF PDDVST XIFO UIF PSCJU�T FQJDZDMJD GSFRVFODZ
 k
 JT B NVMUJQMF PG UIF GPSDJOH
GSFRVFODZ FODPVOUFSFE CZ B TUBS�� %FQFOEJOH PO JG UIF PSCJU�T FQJDZDMJD NPUJPO
PWFSUBLFT PS MBHT UIF GPSDJOH GSFRVFODZ
 UIF TZTUFN JT JO UIF JOOFS -JOECMBE SFTP�
OBODF BOE UIF PVUFS -JOECMBE SFTPOBODF
 SFTQFDUJWFMZ 	F�H� .JODIFW ����
� 4UBST
JO UIF LJOFNBUJD HSPVQT DBVTFE CZ SFTPOBODFT XJMM CF GSPN UIF HFOFSBM EJTD TUFMMBS
QPQVMBUJPOT BOE VTVBMMZ TIPX DIFNJDBM BOE LJOFNBUJD QSPQFSUJFT TJNJMBS UP XIBU
JT PCTFSWFE GPS UIF (BMBDUJD UIJO BOE UIJDL EJTDT�

��� "DDSFUJPO PSJHJO

/VNFSJDBM TJNVMBUJPOT PG UIF .JMLZ 8BZ TIPX UIBU PVS (BMBYZ NBZ IBWF GPSNFE
UISPVHI B HSFBU OVNCFS PG NFSHFS FWFOUT 	F�H� 3FOBVE FU BM� ����
� ɨF EJTDPWFSZ
PG UIF 4BHJUUBSJVT TUSFBN 	*CBUB FU BM� ����
 BOE SFDFOUMZ EFCSJT PG UIF NBTTJWF (BJB�
&ODFMBEVT�4BVTBHF HBMBYZ 	#FMPLVSPW FU BM� ����� )FMNJ FU BM� ����
 TVQQPSU UIJT
QJDUVSF� *O BEEJUJPO UP UIJT MBSHF�TDBMF NFSHFS EFCSJT
 XF IBWF UPEBZ UIF QPTTJCJMJUZ
UP PCTFSWF EP[FOT PG SFNOBOUT PG NJOPS BDDSFUJPO FWFOUT MJLF UIF 4FRVPJB HBMBYZ
	.ZFPOH FU BM� ����
 PS UIF )FMNJ TUSFBNT 	)FMNJ FU BM� ����
� 4PNF IBMP TUSFBNT
BSF BMTP QSFTFOU FWFO JO UIF TPMBS OFJHICPVSIPPE� &WFO UIPVHI UIFZ BSF BMSFBEZ
TUSPOHMZ QIBTF�NJYFE
 JU JT QPTTJCMF UP mOE UIFN JO WFMPDJUZ TQBDF 	)FMNJ FU BM�
����
�

"O BEEJUJPOBM XBZ UP TUVEZ BDDSFUFE TUFMMBS QPQVMBUJPOT JT UP FYBNJOF TUFM�
MBS DIFNJDBM DPNQPTJUJPOT� 4UBST JO BDDSFUFE TUSVDUVSFT XFSF GPSNFE PVUTJEF PVS
(BMBYZ JO HBTFPVT FOWJSPONFOUT TVDI BT EXBSG HBMBYJFT XIJDI NJHIU IBWF IBE EJG�
GFSFOU DIFNJDBM FOSJDINFOU IJTUPSJFT BOE UIFSFGPSF IBWF EJĊFSFOU FMFNFOUBM BCVO�
EBODF QBUUFSO GSPN UIPTF PCTFSWFE JO UIF .JMLZ 8BZ 	F�H� 7FOO FU BM� ����
�
)FODF
 JU TIPVME CF QPTTJCMF UP USBDF BDDSFUFE TUFMMBS QPQVMBUJPOT VTJOH UIF DIFN�
JDBM DPNQPTJUJPOT BOE BHFT PG TUBST�

��� 1IBTF NJYJOH

ɨF (BMBDUJD CBS
 UIF TQJSBM TUSVDUVSF
 BOE OFBSCZ EXBSG TBUFMMJUF HBMBYJFT DBO EZ�
OBNJDBMMZ IFBU UIF (BMBDUJD EJTD
 DBVTJOH WFMPDJUZ PWFSEFOTJUJFT� "T TIPXO JO OV�
NFSJDBM TJNVMBUJPOT CZ .JODIFW FU BM� 	����

 UIF SFTVMU PG B NFSHFS FWFOU UIBU IBQ�
QFOFE BCPVU UXP CJMMJPO ZFBST BHP DBO CF TFFO JO UIF WFMPDJUZ TQBDF BT B XBWF XJUI

�ɨF FQJDZDMJD GSFRVFODZ JT UIF GSFRVFODZ PG BO PSCJU�T SBEJBM NPUJPO� ɨF GPSDJOH GSFRVFODZ JT
UIF GSFRVFODZ BU XIJDI B TUBS FODPVOUFST UIF GPSDJOH GSPN UIF (BMBDUJD CBS PS TQJSBM BSNT BOE JU DBO
CF FYQSFTTFE BT Ω− Ωb�



��� &YBNQMFT PG LJOFNBUJD TUSVDUVSFT XJUI EJąFSFOU PSJHJOT �

TUSFBNT BQQFBSJOH TFQBSBUFE CZ B mYFE TUFQ JO B[JNVUIBM WFMPDJUZ� -BUFS
 UIJT JEFB
XBT DPOmSNFE XJUI UIF EJTDPWFSZ PG B QIBTF�TQBDF TQJSBM
 BSDIFT
 BOE SJEHFT JO WBS�
JPVT WFMPDJUZ TQBDFT CZ "OUPKB FU BM� 	����
� /VNFSJDBM TJNVMBUJPOT QFSGPSNFE CZ
"OUPKB FU BM� 	����
 TVHHFTU UIBU UIF (BMBDUJD EJTD XBT MJLFMZ QFSUVSCFE CZ UIF QBT�
TBHF PG UIF 4BHJUUBSJVT EXBSG HBMBYZ BOE B SFTVMU PG UIJT JOUFSBDUJPO JT UIF PCTFSWFE
WFMPDJUZ EJTUSJCVUJPO� ɨF FYUFSOBM QFSUVSCBUJPO PSJHJO PG UIF PCTFSWFE QIBTF�TQBDF
TQJSBM JT BMTP GBWPVSFE JO B OVNCFS PG QBQFST TUVEZJOH UIF PSJHJO PG OFBSCZ WFMPDJUZ
HSPVQT 	F�H� -BQPSUF FU BM� ����� #MBOE�)BXUIPSO FU BM� ����
� )PXFWFS
 TPNF
TUVEJFT TIPX UIBU
 JO BEEJUJPO UP FYUFSOBM NFDIBOJTNT
 UIF PCTFSWFE QIBTF�TQBDF
GFBUVSFT DBO BMTP CF TVDDFTTGVMMZ SFQSPEVDFE CZ JOUFSOBM EZOBNJDBM QSPDFTTFT UIBU
BSF SFMBUFE UP UIF (BMBDUJD CBS BOE TQJSBM BSNT 	F�H� ,IBOOB FU BM� ����� )VOU FU BM�
����
� $VSSFOUMZ UIFSF JT OP VOJRVF TPMVUJPO UP FYQMBJO UIF DPNQMFYJUZ PG UIF
PCTFSWFE WFMPDJUZ EJTUSJCVUJPO�

��� &YBNQMFT PG LJOFNBUJD TUSVDUVSFT XJUI EJĊFSFOU PSJHJOT

7JTJCMF UP UIF OBLFE FZF
 UIF 1MFJBEFT BOE UIF )ZBEFT NPWJOH HSPVQT IBWF GPS B
MPOH UJNF CFFO LOPXO BT DMBTTJDBM FYBNQMFT PG EJTTPMWFE PQFO DMVTUFST� )PXFWFS

EVSJOH UIF QBTU GFX EFDBEFT
 UIFJS QVSF DMVTUFS PSJHJOT IBWF CFFO RVFTUJPOFE� 'PS
FYBNQMF
 'BNBFZ FU BM� 	����
 JOWFTUJHBUFE JG TUBST JO UIF 1MFJBEFT BOE UIF )ZBEFT
NPWJOH HSPVQT GPMMPX TJOHMF�BHF JTPDISPOFT BT DBO CF FYQFDUFE GPS TUBST GSPN PQFO
DMVTUFST� ɨFZ GPVOE UIBU POMZ BCPVU IBMG PG UIF TUBST JO UIFTF NPWJOH HSPVQT GPMMPX
UIF JTPDISPOFT XJUI UIF BHF PG UIF DMVTUFST BOE TVHHFTUFE UIBU UIF NPWJOH HSPVQT
DPVME CF EVF UP EZOBNJDBM SFTPOBODFT� " TJNJMBS SFTVMU DPNFT GSPN B EFUBJMFE
FMFNFOUBM BCVOEBODF BOBMZTJT PG TUBST JO UIF )ZBEFT NPWJOH HSPVQ QFSGPSNFE CZ
1PNQÏJB FU BM� 	����
� #FDBVTF PG UIF MBSHF TDBUUFS JO FMFNFOUBM BCVOEBODFT
 UIFZ
GBWPVS B EZOBNJDBM PSJHJO PG UIF )ZBEFT NPWJOH HSPVQ� /VNFSJDBM TJNVMBUJPOT PG
SFTPOBODFT JO UIF (BMBDUJD EJTD QFSGPSNFE CZ .JODIFW FU BM� 	����
 TIPX UIBU UIF
1MFJBEFT
 )ZBEFT
 $PNB #FSFOJDFT
 BOE 4JSJVT NPWJOH HSPVQT DPVME CF DBVTFE CZ
JOUFSOBM EZOBNJDBM QSPDFTTFT TVDI BT SFTPOBODFT XJUI UIF (BMBDUJD CBS PS UIF TQJSBM
BSNT�

ɨF PSJHJO PG UIF "SDUVSVT BOE UIF )3 ���� NPWJOH HSPVQT
 UIBU XFSF EJTDPW�
FSFE CZ &HHFO 	����
 BOE &HHFO 	����

 SFTQFDUJWFMZ
 XFSF BMTP PSJHJOBMMZ MJOLFE UP
UIF EJTTPMWJOH PQFO DMVTUFST TDFOBSJP� -BUFS UIF "SDUVSVT TUSVDUVSF XBT DPOTJEFSFE
BO BDDSFUFE TUFMMBS QPQVMBUJPO EVF UP JUT MPX NFUBMMJDJUZ 	F�H� /BWBSSP FU BM� �����
)FMNJ FU BM� ����
� 4UVEJFT CZ 8JMMJBNT FU BM� 	����
 BOE #FOTCZ FU BM� 	����

TVHHFTUFE B SFTPOBOU PSJHJO EVF UP UIF IJHI TDBUUFS PG FMFNFOUBM BCVOEBODFT JO UIF



�� � ǲF PSJHJO PG LJOFNBUJD TUSVDUVSFT

TUSVDUVSF�
ɨF OBUVSF PG UIF "SDUVSVT BOE UIF )3 ���� NPWJOH HSPVQT JT JOWFTUJHBUFE

JO UIJT UIFTJT BT XFMM� *O 1BQFS ** 	,VTIOJSVL � #FOTCZ ����

 VTJOH UIF (BJB
%BUB 3FMFBTF � 	%3�
 	(BJB $PMMBCPSBUJPO FU BM� ����B

 XF GPVOE OP FWJEFODF
PG FJUIFS UIF BDDSFUJPO PS UIF EJTTPMWJOH DMVTUFS PSJHJO BOE TVHHFTUFE B EZOBNJDBM
PSJHJO GPS UIF "SDUVSVT TUSVDUVSF� *O 1BQFS *** 	,VTIOJSVL FU BM� ����
 XF SFWJTF
UIF PSJHJO PG UIF )3 ���� NPWJOH HSPVQ BOE SFGVUF UIF EJTTPMWJOH DMVTUFS PSJHJO
PG UIF TUSVDUVSF EVF UP B MBSHF TQSFBE PG NFUBMMJDJUJFT BOE BHFT XJUIJO UIF HSPVQ�

ɨF )FSDVMFT TUSFBN JT POF PG UIF MBSHFTU OFBSCZ WFMPDJUZ PWFSEFOTJUJFT BOE JU
JT XJEFMZ EJTDVTTFE JO UIF MJUFSBUVSF BT B TUSVDUVSF DBVTFE CZ EZOBNJDBM SFTPOBODFT�
4PNF TUVEJFT MJOL UIF )FSDVMFT TUSFBN UP UIF SFTPOBODFT XJUI UIF (BMBDUJD CBS
	F�H� %FIOFO ����� "OUPKB FU BM� ����� )VOU � #PWZ ����

 XIJMF PUIFST FYQMBJO
JU BT B DPNCJOFE FĊFDU PG TQJSBM BSNT BOE UIF (BMBDUJD CBS 	F�H� $IBLSBCBSUZ �����
)VOU FU BM� ����
� ɨFTF mOEJOHT BMTP DPOmSN UIF EZOBNJDBM PSJHJO PG UIF )FS�
DVMFT TUSFBN� " EFUBJMFE BOBMZTJT PG FMFNFOUBM BCVOEBODFT PG TUBST JO UIF )FSDVMFT
TUSFBN QFSGPSNFE CZ #FOTCZ FU BM� 	����
 TIPXFE UIBU UIF HSPVQ JT B NJY PG TUFMMBS
QPQVMBUJPOT TJNJMBS UP UIF UIJDL BOE UIJO EJTD TUBST� ɨF NFUBMMJDJUZ BOE BHF EJTUSJ�
CVUJPOT PG UIF )FSDVMFT TUSFBN JT XJEF 	F�H� ,VTIOJSVL FU BM� ����
 ����

 BOE JUT
DPMPVS�NBHOJUVEF EJBHSBN DBO CF EFTDSJCFE CZ B XJEF SBOHF PG JTPDISPOFT 	,VTI�
OJSVL FU BM� ����
� ɨF TUVEJFT PG UIF )FSDVMFT TUSFBN DBVTFE B WJWJE EJTDVTTJPO
JO UIF MJUFSBUVSF JG UIF (BMBDUJD CBS JT TIPSU BOE GBTU 	F�H� "OUPKB FU BM� ����

 PS
MPOH BOE TMPX 	F�H� )VOU � #PWZ ����
� ɨVT
 UIF )FSDVMFT TUSFBN DBO CF VTFE
UP USBDF UIF MFOHUI BOE QBUUFSO TQFFE PG UIF (BMBDUJD CBS BOE UIF QSPQFSUJFT PG UIF
TQJSBM TUSVDUVSF�

%ZOBNJDBM SFTPOBODFT JT POF PG UIF XBZT UP FYQMBJO SJEHFT BOE BSDIFT JO QIBTF�
TQBDF BOE UIF QIBTF�TQBDF TQJSBM EJTDPWFSFE CZ "OUPKB FU BM� 	����
 VTJOH UIF (BJB
%3�� 7BSJPVT DPNCJOBUJPOT PG UIF (BMBDUJD CBS BOE NVMUJQMF TQJSBM BSNT DBO FY�
QMBJO UIF PCTFSWFE QIBTF�TQBDF EJTUSJCVUJPO PG TUBST 	)VOU FU BM� ����� ,IBOOB
FU BM� ����
� "T QPJOUFE PVU JO )VOU FU BM� 	����

 UIFSF JT DVSSFOUMZ OP VOJRVF
TPMVUJPO
 UIFSF BSF TJNQMZ UPP NBOZ NPEFMT UIBU DBO TVDDFTTGVMMZ SFQSPEVDF UIF
LJOFNBUJD TUSVDUVSFT
 JODMVEJOH UIF )FSDVMFT TUSFBN
 JO UIF OVNFSJDBM TJNVMBUJPOT�

"DDSFUFE TUFMMBS QPQVMBUJPOT VTVBMMZ IBWF QFDVMJBS DIFNJDBM DPNQPTJUJPOT� 'PS
FYBNQMF
 (BJB�&ODFMBEVT�4BVTBHF TUBOET DMFBSMZ PVU JO UIF <α�'F>¤ WFSTVT <'F�)>
EJTUSJCVUJPO BT B QPQVMBUJPO EJĊFSFOU GSPN UIF UIJO BOE UIJDL EJTD TUBST BOE UIF

¤&MFNFOUBM BCVOEBODFT JO TUBST BSF VTVBMMZ QSPWJEFE SFMBUJWF UP UIF 4VO JO UIF GPMMPXJOH GPSNBU�
<9�)> = log

(
N(X)
N(H)

)

!
− log

(
N(X)
N(H)

)

!
, XIFSF 9 EFOPUFT B DIFNJDBM FMFNFOU� "O BCVOEBODF PG

B TUBS JT TIPXO XJUI " TZNCPM� 4PMBS BCVOEBODF JT NBSLFE XJUI " TZNCPM�



��� &YBNQMFT PG LJOFNBUJD TUSVDUVSFT XJUI EJąFSFOU PSJHJOT ��

JO TJUV IBMP TUFMMBS QPQVMBUJPO	)FMNJ FU BM� ����
� 0O UIF PUIFS IBOE
 B DIFNJ�
DBM DPNQPTJUJPO BOBMZTJT PG UIF "SDUVSVT TUSFBN SFGVUFE JUT FYUSBHBMBDUJD PSJHJO BOE
TIPXFE UIBU UIF TUSVDUVSF JT B NJY PG TUBST GSPN UIF (BMBDUJD UIJO BOE UIJDL EJTDT
	F�H� 8JMMJBNT FU BM� ����� #FOTCZ FU BM� ����� ,VTIOJSVL � #FOTCZ ����
� "D�
DSFUFE IBMP QPQVMBUJPOT TIPX SFMBUJWFMZ MPX BMVNJOJVN BCVOEBODF DPNQBSFE UP
UIF NBKPSJUZ PG TUBST JO UIF (BMBYZ 	F�H� ,PQQFMNBO FU BM� ����
�

6OEFSTUBOEJOH UIF PSJHJO PG LJOFNBUJD TUSVDUVSFT JT B OPO�USJWJBM UBTL� $PN�
QMFY EZOBNJDBM QSPDFTTFT TVDI BT SFTPOBODFT
 DMVTUFS EJTTPMVUJPO
 BOE NFSHFS FWFOUT
GPSN UIF DMVNQZ WFMPDJUZ EJTUSJCVUJPO UIBU XF PCTFSWF UPEBZ� &WFO UIPVHI NBOZ
OVNFSJDBM NPEFMT BSF BCMF UP SFQSPEVDF UIF PCTFSWFE LJOFNBUJD GFBUVSFT
 UIFSF JT
TUJMM BO POHPJOH IVOU GPS UIF VOJRVF SFDJQF� ɨF EFHFOFSBDZ PG OVNFSJDBM NPE�
FMT MFBET UP B OVNCFS PG RVFTUJPOT� 8IJDI FYQMBOBUJPO JT UIF USVF POF *T UIF
PCTFSWFE WFMPDJUZ EJTUSJCVUJPO B SFTVMU PG WBSJPVT EZOBNJDBM QSPDFTTFT *G ZFT
 UP
XIBU GSBDUJPO )PX DBO XF VOEFSTUBOE UIF PSJHJO PG FBDI JOEJWJEVBM LJOFNBUJD
TUSVDUVSF ɨF GVUVSF (BJB EBUB SFMFBTFT UPHFUIFS XJUI UIF TQFDUSPTDPQJD EBUB GSPN
UIF VQDPNJOH TVSWFZT TVDI BT 8&"7& 	%BMUPO FU BM� ����
 BOE �.045 	EF +POH
FU BM� ����
 NBZ IFMQ UP mOE UIF USVF OBUVSF PG UIF PCTFSWFE WFMPDJUZ EJTUSJCVUJPO�





$IBQUFS �

/VNFSJDBM NFUIPET BOE EBUB TFUT

��� 7FMPDJUZ�BDUJPO TQBDFT

*O UIJT UIFTJT LJOFNBUJD TUSVDUVSFT BSF EFTDSJCFE VTJOH TQBDF WFMPDJUJFT
 BOHVMBS NP�
NFOUVN DPNQPOFOUT
 BOE BDUJPOT� 8F IBWF FYBNJOFE EJTUSJCVUJPOT PG TUBST JO GPVS
EJĊFSFOU WFMPDJUZ�BDUJPO TQBDFT� U−V 
 V −

√
U2 + 2V 2
 Lz−

√
L2
x + L2

y
 BOE
Lz −

√
Jr TQBDFT�

ɨF TQBDF WFMPDJUZ PG B TUBS DBO CF SFQSFTFOUFE CZ UISFF WFMPDJUZ DPNQPOFOUT
U 
 V 
 BOE W 
 UIBU BSF EFmOFE BT GPMMPXT�

t UIF SBEJBM U WFMPDJUZ DPNQPOFOU JT QPTJUJWF UPXBSET UIF (BMBDUJD DFOUSF


t UIF SPUBUJPOBM V WFMPDJUZ DPNQPOFOU JT QPTJUJWF JO UIF EJSFDUJPO PG UIF SP�
UBUJPO PG UIF (BMBYZ


t UIF WFSUJDBM W WFMPDJUZ DPNQPOFOU JT QPTJUJWF UPXBSET UIF /PSUI (BMBDUJD
1PMF�

0GUFO UIFTF WFMPDJUJFT BSF HJWFO SFMBUJWF UP UIF MPDBM TUBOEBSE PG SFTU 	-43

 XIJDI JT
BO JNBHJOBSZ QPJOU BU UIF EJTUBODF PG UIF 4VO UIBU GPMMPXT B DJSDVMBS PSCJU BSPVOE
UIF (BMBDUJD DFOUSF XJUI B TQFFE PG ��� km s−1� *O UIJT XPSL UIF 4VO�T WFMPD�
JUZ DPNQPOFOUT SFMBUJWF UP UIF -43 BSF (U", V",W") = 	�����
 �����
 ����

km s−1 BOE XFSF UBLFO GSPN 4DIÚOSJDI FU BM� 	����
�

ɨF BOHVMBS NPNFOUVN PG B TUBS JT B DSPTT QSPEVDU PG JUT QPTJUJPO BOE NP�
NFOUVN WFDUPST� ɨF DPNQPOFOUT PG UIF BOHVMBS NPNFOUVN JO UIF X 
 Y 
 BOE

��



�� � /VNFSJDBM NFUIPET BOE EBUB TFUT

Z� EJSFDUJPOT
 EFOPUFE BTLx
 Ly
 BOELz 
 DBO BMTP CF VTFE UP TFBSDI GPS LJOFNBUJD
TUSVDUVSFT� 'VMMZ DPOTFSWFE RVBOUJUJFT JO BYJTZNNFUSJD TZTUFNT BSF PSCJUBM BDUJPOT
BOE JOUFHSBMT PG HFOFSBMJ[FE NPNFOUB BSPVOE DMPTFE QBUIT JO QIBTF TQBDF 	4BOEFST
� #JOOFZ ����
� *O UIJT UIFTJT XF TUVEZ TUBST VTJOH UIF WFSUJDBM DPNQPOFOU PG UIF
BOHVMBS NPNFOUVN Lz 
 XIJDI JT UIF B[JNVUIBM BDUJPO
 BOE UIF SBEJBM BDUJPO Jr

XIJDI JT B NFBTVSF PG UIF PSCJU FDDFOUSJDJUZ�

*O PSEFS UP RVBOUJGZ UIF WFMPDJUZ BOE BDUJPO DPNQPOFOUT PG JOEJWJEVBM TUBST

POF OFFET UP LOPX UIF QPTJUJPOT
 QSPQFS NPUJPOT
 EJTUBODFT
 BOE SBEJBM WFMPD�
JUJFT PG FBDI TUBS� 8F VTFE UIF �bi`QTv¤ 	"TUSPQZ $PMMBCPSBUJPO FU BM� ����

����
 BOE ;�HTv© 	#PWZ ����
 QBDLBHFT UP QFSGPSN DPPSEJOBUF USBOTGPSNBUJPO
BOE DBMDVMBUF TQBDF WFMPDJUJFT
 BOHVMBS NPNFOUB DPNQPOFOUT
 BOE BDUJPOT� "D�
UJPOT DBOOPU CF EFSJWFE BOBMZUJDBMMZ GPS NBOZ QPUFOUJBMT� *O UIJT XPSL XF VTFE UIF
JqSQi2MiB�HkyR9 QPUFOUJBM XIJDI JT QSPWJEFE CZ ;�HTv� 5P FTUJNBUF BDUJPOT
PG TUBST XF VTFE B ai�+F2H 7m/;2 BQQSPYJNBUJPO XIJDI JT BMSFBEZ JNQMFNFOUFE
JO ;�HTv�

'JHVSF ��� JMMVTUSBUFT UIF EJTUSJCVUJPO PG OFBSCZ TUBST JO BMM GPVS TQBDFT� *O BMM
DBTFT UIF LJOFNBUJD TUSVDUVSFT MPPL MJLF DMVNQT FYDFQU JO UIF BOHVMBS NPNFOUVN
TQBDF
 XIFSF TUSVDUVSFT SFNJOE VT PG TUSJQFT� &BDI PG UIF TQBDFT IBT BEWBOUBHFT
BOE EJTBEWBOUBHFT� #FMPX XF EJTDVTT UIF EJĊFSFOU TQBDFT JOEJWJEVBMMZ�

����� ɧF U − V TQBDF

ɨF BOBMZTJT PG TUBST JO UIF U −V TQBDF JT DPNNPOMZ VTFE UP TFBSDI GPS LJOFNBUJD
TUSVDUVSFT 	F�H� %FIOFO ����� "OUPKB FU BM� ����
 ����
� ɨF BEWBOUBHF PG UIF
BOBMZTJT PG TUBST JO UIF U − V TQBDF JT UIBU JU JT NPEFM JOEFQFOEFOU BOE UIFSF JT
OP OFFE UP NBLF BOZ BTTVNQUJPOT BCPVU UIF (BMBDUJD QPUFOUJBM� 4UVEZJOH TNBMM
WPMVNFT JO UIF U−V TQBDF BU EJĊFSFOU (BMBDUPDFOUSJD EJTUBODFT BMMPXT VT UP USBDL
TJ[FT BOE TIBQFT PG WFMPDJUZ TUSVDUVSFT 	F�H� 3BNPT FU BM� ����
� "O FYBNQMF PG UIF
EJTUSJCVUJPO PG OFBSCZ TUBST JO UIF U − V TQBDF JT TIPXO JO UIF UPQ MFGU QMPU PG
'JH� ���� *U IBT B SJDI TUSVDUVSF BOE POF PG UIFN JT UIF )FSDVMFT TUSFBN XIJDI JT
NBSLFE JO UIF QMPU�

�X 
 Y 
 BOE Z BSF DPNQPOFOUT PG UIF SJHIU�IBOEFE $BSUFTJBO DPPSEJOBUF TZTUFN� ɨF X BYJT
QPJOUT UPXBSET UIF (BMBDUJD DFOUSF
 UIF Y BYJT EFmOFT UIF EJSFDUJPO PG (BMBDUJD SPUBUJPO
 BOE UIF Z
BYJT QPJOUT UPXBSET UIF (BMBDUJD /PSUI 1PMF�

¤IUUQ���XXX�BTUSPQZ�PSH
©IUUQ���HJUIVC�DPN�KPCPWZ�HBMQZ



��� 7FMPDJUZ�BDUJPO TQBDFT ��

'JHVSF ���� %FOTJUZ QMPUT TIPX EJTUSJCVUJPOT PG OFBSCZ TUBST JO EJĊFSFOU WFMPDJUZ

BOHVMBS NPNFOUVN
 BOE BDUJPO TQBDFT
 BMM CBTFE PO EBUB GSPN (BJB %3�� 4UBST
JO UIF )FSDVMFT TUSFBN XIJDI XFSF TFMFDUFE BT BO FMMJQTF JO UIF U − V TQBDF
 BSF
TIPXO XJUI PSBOHF DPMPVS�

����� ɧF V −
√
U2 + 2V 2 TQBDF

5P TUVEZ TUBST PO QMBOBS PSCJUT JO BYJTZNNFUSJD QPUFOUJBMT JO UIF V −
√
U2 + 2V 2

TQBDF XBT QSPQPTFE CZ "SJGZBOUP � 'VDIT 	����
� ɨF BEWBOUBHF PG UIJT TQBDF JT
UIBU JO UIJT DBTF V JT QSPQPSUJPOBM UP B WFSUJDBM DPNQPOFOU PG UIF BOHVMBS NP�
NFOUVN� 4JODF UIF BOHVMBS NPNFOUVN JT BO JOUFHSBM PG NPUJPO JO BYJTZNNFUSJD
QPUFOUJBMT
 UIF WFMPDJUZ DMVNQT DBO CF FBTJMZ SFDPHOJTFE BNPOH mFME TUBST� ɨF
TFDPOE RVBOUJUZ

√
U2 + 2V 2 JT B NFBTVSF PG FDDFOUSJDJUZ JO UIF %FLLFS�T BQQSPY�

JNBUJPO 	%FLLFS ����
� ɨF EJTBEWBOUBHF PG UIJT WFMPDJUZ TQBDF JT UIBU JU JT BQQMJ�
DBCMF POMZ UP TUBST XIPTF PSCJUT BSF MPDBUFE JO UIF QMBOF PG UIF (BMBDUJD EJTD� ɨF
V −

√
U2 + 2V 2 TQBDF IBT CFFO VTFE JO B OVNCFS PG XPSLT UP TFBSDI GPS LJOF�

NBUJD TUSVDUVSFT MJLF UIF "SDUVSVT TUSFBN 	F�H� ,MFNFOU FU BM� ����� ;IBP FU BM�
����
� ɨF EJTUSJCVUJPO PG OFBSCZ TUBST JO UIF V −

√
U2 + 2V 2 TQBDF JT TIPXO JO

UIF UPQ SJHIU QMPU PG 'JH� ��� BOE VOMJLF UIF U − V TQBDF
 UIF V −
√
U2 + 2V 2



�� � /VNFSJDBM NFUIPET BOE EBUB TFUT

TQBDF IBT B 7�TIBQFE TUSVDUVSF� ɨF )FSDVMFT TUSFBN JT B DMVNQ JO UIJT TQBDF BT
XFMM�

����� ɧF Lz −
√
L2
x + L2

y TQBDF

"T QSPQPTFE CZ )FMNJ FU BM� 	����

 LJOFNBUJD TUSVDUVSFT DBO CF DIBSBDUFSJTFE JO
UIF Lz −

√
L2
x + L2

y TQBDF
 XIFSF Lz JT B DPOTFSWFE RVBOUJUZ BOE
√

L2
x + L2

y JT
OFBSMZ DPOTFSWFE� ɨJT NFUIPE IBT CFFO VTFE UP TFBSDI GPS LJOFNBUJD TUSVDUVSFT
JO UIF (BMBDUJD EJTD BOE IBMP 	F�H� )FMNJ FU BM� ����� ,MFNFOU FU BM� ����� ;IBP
FU BM� ����
� ɨJT NFUIPE TVJUT XFMM UP TFBSDI GPS MBSHF�TDBMF HSPVQT UIBU IBWF
DPOTUBOU BOHVMBS NPNFOUB BDSPTT B SBOHF PG (BMBDUPDFOUSJD EJTUBODFT TJODF Lz JT
BO JOUFHSBM PG NPUJPO� ɨF EJTBEWBOUBHF PG UIJT NFUIPE JT UIBU

√
L2
x + L2

y JT
OPU GVMMZ DPOTFSWFE JO BYJTZNNFUSJD QPUFOUJBMT� "O FYBNQMF PG UIF EJTUSJCVUJPO PG
OFBSCZ TUBST JO UIJT TQBDF JT TIPXO JO UIF CPUUPN MFGU QMPU PG 'JH� ���� 4USVDUVSFT JO
UIF Lz −

√
L2
x + L2

y TQBDF MPPL MJLF TUSJQFT JODMVEJOH UIF )FSDVMFT TUSFBN TJODF
UIF RVBOUJUZ PO UIF Y BYJT JT OPU GVMMZ DPOTFSWFE�

����� ɧF Lz −
√
Jr TQBDF

'VMMZ DPOTFSWFE RVBOUJUJFT JO BYJTZNNFUSJD TZTUFNT BSF PSCJUBM BDUJPOT� ɨJT GBDU
NBLFT BDUJPO TQBDF BEWBOUBHFPVT� 'PMMPXJOH 5SJDL FU BM� 	����

 XF FYBNJOF UIF
Lz −

√
Jr BDUJPO TQBDF UP TFBSDI GPS LJOFNBUJD TUSVDUVSFT� ɨF SBEJBM BDUJPO
 Jr


DIBSBDUFSJTFT UIF PSCJU FDDFOUSJDJUZ� 8F UBLF UIF TRVBSF SPPU PG UIF SBEJBM BDUJPO BT
JU NBLFT UIF BOBMZTJT PG UIF QMPUT NPSF DMFBS� ɨJT NFUIPE TVJUT XFMM GPS BOBMZTJT PG
MBSHF TUFMMBS WPMVNFT BOE BMMPXT VT UP EFUFDU MBSHF�TDBMF TUSVDUVSFT� ɨF JMMVTUSBUJWF
EJTUSJCVUJPO PG OFBSCZ TUBST JO UIF Lz −

√
Jr TQBDF JT TIPXO PO UIF CPUUPN SJHIU

QMPU PG 'JH� ���� ɨF )FSDVMFT TUSFBN MPPLT MJLF B DMVNQ JO UIJT TQBDF
 TJNJMBSMZ UP
UIF U − V BOE V −

√
U2 + 2V 2 TQBDFT�

��� 8BWFMFU USBOTGPSN

*G POF NBLFT B QMPU PG TUBST JO UIF WFMPDJUZ�BDUJPO TQBDFT EFmOFE JO 4FDUT� ������
�����
 JU JT OPU HVBSBOUFFE UIBU XF XJMM TFF LJOFNBUJD TUSVDUVSFT� ɨF LJOFNBUJD
TUSVDUVSFT
 JG QSFTFOU
 IBWF UP CF mMUFSFE PVU GSPN UIF HFOFSBM CBDLHSPVOE
 UIF
mFME TUBST� ɨFSF BSF EJĊFSFOU XBZT UP TFBSDI GPS PWFSEFOTJUJFT JO UIF EJĊFSFOU
TQBDFT BOE JO UIJT UIFTJT UIF XBWFMFU USBOTGPSN XBT DIPTFO BT UIF NBJO NFUIPE� *U



��� 8BWFMFU USBOTGPSN ��

JT BO BEWBODFE TUBUJTUJDBM UPPM XIJDI BMMPXT VT UP mMUFS UIF SBOEPNMZ EJTUSJCVUFE
TUBST GSPN UIF LJOFNBUJD TUSVDUVSFT� 6OMJLF 'PVSJFS USBOTGPSN
 XIJDI USBOTGPSNT
UJNF�CBTFE TJHOBMT JOUP GSFRVFODZ�CBTFE POFT JO TVDI B XBZ UIBU UJNF EPNBJO JT
MPTU
 UIF XBWFMFU USBOTGPSN BMTP QSPWJEFT SFTPMVUJPO JO UJNF� *OmOJUF GVODUJPOT

MJLF UIF TJOF USJHPOPNFUSJD GVODUJPO
 BSF VTFE UP SFQSFTFOU B GSFRVFODZ EPNBJO
PG B TJHOBM WJB 'PVSJFS USBOTGPSN� ɨF XPSE iXBWFMFUw NFBOT iTNBMM XBWFw BOE
CBTJDBMMZ EFOPUFT B mOJUF GVODUJPO
 XIJDI BMMPXT UP DIBSBDUFSJTF B TJHOBM JO UFSNT
PG CPUI TDBMF BOE UJNF WJB XBWFMFU USBOTGPSN�

"DDPSEJOH UP 4UBSDL FU BM� 	����

 UIF DPOUJOVPVT XBWFMFU USBOTGPSN GPS B SFBM
POF�EJNFOTJPOBM TJHOBM f(x) DBO CF EFmOFE BT GPMMPXT�

wj(b) =
1√
j

∫ +∞

−∞
f(x)Ψ

(
x− b

j

)
dx 	���


XIFSF

t wj(b) JT UIF XBWFMFU DPFċDJFOU PG UIF GVODUJPO f(x)


t Ψ(x) JT UIF BOBMZTJOH XBWFMFU


t j JT UIF TDBMF QBSBNFUFS


t b JT UIF QPTJUJPO PG UIF QPJOU�

ɨF PSJHJOBM GVODUJPO
 f(x)
 XIJDI JO PVS DBTF JT UIF PCTFSWFE WFMPDJUZ EJTUSJCV�
UJPO PG UIF TUBST
 DBO CF SFQSFTFOUFE CZ XBWFMFU USBOTGPSN UISPVHI TDBMJOH PG UIF
BOBMZTJOH XBWFMFUΨ(x)� ɨF PSJHJOBM GVODUJPO f(x) DBO CF SFQSFTFOUFE BT UIF TVN
PWFS j BOE b PG UIF GPMMPXJOH QSPEVDU� wj(b) ·Ψ

(
x−b
j

)
� ɨF XBWFMFU DPFċDJFOUT

DPOUBJO JOGPSNBUJPO BCPVU UIF MPDBUJPO PG UIF LJOFNBUJD TUSVDUVSFT
 UIFJS TJ[FT
 BOE
UIFJS TIBQFT�

*O UIJT UIFTJT XF VTF B EJTDSFUF XBWFMFU USBOTGPSN XJUI Ë USPVT BMHPSJUIN
 XIJDI
NFBOT iXJUI IPMFTw JO 'SFODI 	4UBSDL � .VSUBHI ����
� ɨF BEWBOUBHF PG UIJT BM�
HPSJUIN JT UIBU JU BMMPXT VT UP BWPJE UIF EJSFDU DPNQVUBUJPO PG UIF QSPEVDU CFUXFFO
UIF PSJHJOBM GVODUJPO f(x) BOE UIF BOBMZTJOH XBWFMFU Ψ(x)� *O PSEFS UP DBMDVMBUF
XBWFMFU DPFċDJFOUT
 B SFMBUJPO CFUXFFO UIF BOBMZTJOH XBWFMFU BOE UIF TDBMJOH GVOD�
UJPO JT VTFE JOTUFBE 	&R� � JO $IFSFVM FU BM� ����
� ɨF NFUIPE DBO CF FBTJMZ
BEPQUFE GSPN ��% UP ��% TQBDFT
 MJLF UIF U − V TQBDF� ɨF EJTDSFUF XBWFMFU
USBOTGPSN JT VTFE TJNQMZ CFDBVTF XF BOBMZTF WFMPDJUZ TQBDFT QSFTFOUFE JO B mOJUF
OVNCFS PG CJOT
 UIVT
 TDBMJOH BOE USBOTMBUJPO QBSBNFUFST BSF mOJUF BT XFMM�



�� � /VNFSJDBM NFUIPET BOE EBUB TFUT

ɨF JOQVU EBUB JO BOZ WFMPDJUZ TQBDF JT B ��% CJOOFE NBQ PG TUFMMBS WFMPDJUJFT�
ɨF CJO TJ[F IBT UP CF TNBMMFS UIBO UIF UZQJDBM TUSVDUVSF TJ[F JO FBDI WFMPDJUZ TQBDF�
'PS FYBNQMF
 JO UIF DBTF PG UIF U − V TQBDF
 UIF BEPQUFE CJO TJ[F ∆ XBT TFU
UP � km s−1� ɨF CJOOFE EBUB XFSF BOBMZTFE VTJOH UIF Ë USPVT BMHPSJUIN
 XIJDI
EFDPNQPTFE UIF JOJUJBM ��% NBQ JOUP XBWFMFU DPFċDJFOUT WJB BQQMZJOH mMUFST 	h, g

BU EJĊFSFOU TDBMFT j� " TDBMF QBSBNFUFS j
 UIF TJ[F PG UIF TUSVDUVSF s
 BOE UIF CJO
TJ[F ∆ GPMMPX UIF SFMBUJPO� sj = 2j × ∆ JO UIF Ë USPVT BMHPSJUIN� 5P QFSGPSN
UIF XBWFMFU USBOTGPSN XF VTFE UIF .3 	.VMUJ�SFTPMVUJPO
 TPGUXBSFņ EFWFMPQFE CZ
$&" 	4BDMBZ
 'SBODF
 BOE /JDF 0CTFSWBUPSZ 	4UBSDL � .VSUBHI ����
�

&YDFQU GPS UIF VTFGVM JOGPSNBUJPO BCPVU UIF LJOFNBUJD TUSVDUVSFT TVDI BT QP�
TJUJPOT BOE TIBQFT
 UIF XBWFMFU USBOTGPSN BMTP SFUVSOT BO FTUJNBUJPO PG UIF OPJTF
UIBU IBT UP CF mMUFSFE GSPN UIF PVUQVU EBUB� ɨJT OPJTF DPNFT GSPN UIF XBWFMFU
USBOTGPSN BMHPSJUIN JUTFMG BOE JT DBMMFE B 1PJTTPO OPJTF iB GFX FWFOUTw CFDBVTF JU
GPMMPXT UIF 1PJTTPO TUBUJTUJDT BOE JO UIF TJUVBUJPO XIFO NPTU PG UIF CJOT PG UIF
PSJHJOBM WFMPDJUZ NBQ IBWF MFTT UIBO 30 TUBS DPVOUT JT DBMMFE UIF 1PJTTPO OPJTF XJUI
iB GFX FWFOUTw 	4UBSDL � .VSUBHI ����
� ɨF SFEVDUJPO PG 1PJTTPO OPJTF XJUI iB
GFX FWFOUTw JT EPOF BVUPNBUJDBMMZ CZ UIF .3 TPGUXBSF 	4UBSDL � .VSUBHI ����
�
*O BEEJUJPO
 UIF WFMPDJUZ DPNQPOFOUT PG JOEJWJEVBM TUBST IBWF VODFSUBJOUJFT� ɨFTF
VODFSUBJOUJFT BEE OPJTF UP UIF SFTVMUT PG UIF XBWFMFU USBOTGPSN BT XFMM�

*O PSEFS UP HFU SPCVTU SFTVMUT
 XF QFSGPSN .POUF $BSMP TJNVMBUJPOT
 BTTVNJOH
UIBU FBDI TUBS DBO CF SFQSFTFOUFE XJUI B (BVTTJBO EJTUSJCVUJPO
 XIFSF UIF NFBO JT
EFmOFE CZ JUT WFMPDJUZ BOE UIF XJEUI CZ UIF FTUJNBUFE WFMPDJUZ VODFSUBJOUZ� ɨFO
XF BQQMJFE UIF XBWFMFU USBOTGPSN UP FWFSZ .POUF $BSMP HFOFSBUFE TBNQMF BOE
PWFS�QMPUUFE UIF DFOUSBM QPTJUJPOT PG BMM EFUFDUFE TUSVDUVSFT� *O UIBU XBZ XF DPVME
FTUJNBUF TJ[FT BOE VODFSUBJOUJFT PG UIF EFUFDUFE LJOFNBUJD HSPVQT�

��� %BUB TFUT

5P EFUFDU BOE DIBSBDUFSJTF LJOFNBUJD TUSVDUVSFT
 XF FYBNJOFE UIF BCPWF NFOUJPOFE
WFMPDJUZ BOE BDUJPO TQBDFT VTJOH MBSHF TBNQMFT PG TUBST GSPN B OVNCFS PG MBSHF�TDBMF
BTUSPNFUSJD
 TQFDUSPTDPQJD
 BOE QIPUPNFUSJD TVSWFZT�

����� (BJB

(BJB JT BO BTUSPNFUSJD TQBDF NJTTJPO XIJDI XBT MBVODIFE JO %FDFNCFS ���� BOE
JT TUJMM POHPJOH� ɨF BJN PG UIF NJTTJPO JT UP QSPWJEF QSFDJTF BTUSPNFUSJD EBUB TVDI

ņIUUQ���XXX�NVMUJSFTPMVUJPOT�DPN�NS�



��� %BUB TFUT ��

BT QPTJUJPOT
 QSPQFS NPUJPOT
 QIPUPNFUSJD NFBTVSFNFOUT
 BOE SBEJBM WFMPDJUJFT GPS
PWFS POF CJMMJPO UBSHFUT� ɨF mSTU (BJB EBUB SFMFBTF 	%3�� -JOEFHSFO FU BM� ����

DPOUBJOFE QPTJUJPOT BOE NBHOJUVEFT� ɨF DPNCJOFE BTUSPNFUSZ PG (BJB BOE UIF
5ZDIP�� DBUBMPHVFT 	)�H FU BM� ����
 BMMPXFE GPS BO JNQSPWFE BTUSPNFUSJD TPMV�
UJPO BOE QSPWJEFE QBSBMMBYFT BOE QSPQFS NPUJPOT GPS ��� NJMMJPO UBSHFUT
 XIJDI
JT LOPXO BT UIF 5ZDIP�(BJB BTUSPNFUSJD TPMVUJPO 	5("4� .JDIBMJL FU BM� ����
�
5("4 EBUB XBT VTFE JO 1BQFS *�

ɨF TFDPOE (BJB EBUB SFMFBTF QSPWJEFE BTUSPNFUSJD QBSBNFUFST GPS NPSF UIBO
POF CJMMJPO UBSHFUT 	%3�� (BJB $PMMBCPSBUJPO FU BM� ����B
� ɨF QBSBMMBY BOE
QSPQFS NPUJPO VODFSUBJOUZ WBSJFT GSPN 0.04 UP 0.7 µBT BOE 0.06 UP 1.2 µBT GPS
CSJHIU BOE GBJOU UBSHFUT SFTQFDUJWFMZ� (BJB %3� EBUB XBT VTFE JO 1BQFST ** BOE ***�

����� 4UBS)PSTF

ai�`>Q`b2 JT B #BZFTJBO JTPDISPOF�mUUJOH DPEF 	2VFJSP[ FU BM� ����
 XIJDI XBT
BQQMJFE UP UIF (BJB %3� TUBST CZ "OEFST FU BM� 	����
� ɨF DPEF DPNCJOFT BT�
USPNFUSJD NFBTVSFNFOUT GSPN (BJB %3� BOE EBUB GSPN B OVNCFS PG QIPUPNFUSJD
TVSWFZT TVDI BT �."44 	$VUSJ FU BM� ����

 1BO45"334�� 	$IBNCFST FU BM� ����


BOE "MM8*4& 	$VUSJ FU BM� ����
 UP FTUJNBUF TUFMMBS QBSBNFUFST
 EJTUBODFT
 BOE FY�
UJODUJPOT GPS ��� NJMMJPO (BJB PCKFDUT UIBU BSF CSJHIUFS UIBO G = 18� ɨF BJN PG
UIF DBUBMPHVF JT UP TVQQMFNFOU (BJB EBUB XJUI TUFMMBS QBSBNFUFST BOE FYUJODUJPOT
GPS B MBSHF OVNCFS PG TUBST 	"OEFST FU BM� ����
� 8F VTF FYUJODUJPOT
 SFEEFOJOH

BOE EJTUBODFT QSPWJEFE CZ UIF ai�`>Q`b2 DPEF JO 1BQFS ***�

����� 3"7&

ɨF 3BEJBM 7FMPDJUZ &YQFSJNFOU 	3"7&
 JT B NFEJVN�SFTPMVUJPO 	3∼ � ���
 TQFD�
USPTDPQJD TVSWFZ DBSSJFE PVU XJUI UIF ����NFUFS 6, 4DINJEU 5FMFTDPQF PG UIF "VT�
USBMJBO "TUSPOPNJDBM 0CTFSWBUPSZ 	4UFJONFU[ FU BM� ����
� ɨF 3"7& TVSWFZ QSP�
WJEFT SBEJBM WFMPDJUJFT
 FMFNFOUBM BCVOEBODFT
 BOE TUFMMBS QBSBNFUFST GPS IVOESFET
PG UIPVTBOET PG TUBST JO UIF 4PVUIFSO IFNJTQIFSF� *O UIJT UIFTJT XF VTF UIF 3"7&
EBUB SFMFBTF 	%3�� ,VOEFS FU BM� ����
 XIJDI DPOUBJOT ��� ��� VOJRVF UBSHFUT JO
1BQFS *�

����� ("-")

ɨF ("-BDUJD "SDIBFPMPHZ XJUI )&3.&4 	("-")
 JT B IJHI�SFTPMVUJPO 	3 ∼
�� ���
 MBSHF TQFDUSPTDPQJD TVSWFZ UIBU VTFT UIF )JHI &ċDJFODZ BOE 3FTPMVUJPO
.VMUJ�&MFNFOU 4QFDUSPHSBQI 	)&3.&4
 XJUI UIF ����NFUFS "OHMP�"VTUSBMJBO



�� � /VNFSJDBM NFUIPET BOE EBUB TFUT

5FMFTDPQF PG UIF "VTUSBMJBO "TUSPOPNJDBM 0CTFSWBUPSZ 	%F 4JMWB FU BM� ����� .BSUFMM
FU BM� ����
� ɨF NBJO HPBM PG UIF ("-") TVSWFZ JT UP TUVEZ GPSNBUJPO BOE FWP�
MVUJPO PG UIF (BMBDUJD EJTD� ɨF TVSWFZ QSPWJEFT PQUJDBM PCTFSWBUJPOT PG ��� ���
TUBST JO UIF 4PVUIFSO IFNJTQIFSF� &MFNFOUBM BCVOEBODFT BOE TUFMMBS QBSBNFUFST PG
UIF ("-") UBSHFUT XFSF FTUJNBUFE VTJOH UIF $BOOPO DPEF 	/FTT FU BM� ����
� *O
UIJT UIFTJT XF VTF EBUB GSPN UIF TFDPOE ("-") SFMFBTF 	%3�� #VEFS FU BM� ����

JO 1BQFST ** BOE ***�

����� "10(&&

ɨF "QBDIF 1PJOU 0CTFSWBUPSZ (BMBDUJD &WPMVUJPO &YQFSJNFOU 	"10(&&
 PG UIF
4MPBO %JHJUBM 4LZ 4VSWFZ JT B OFBS�*3 	)�CBOE

 IJHI�SFTPMVUJPO 	3 ∼ �� ���

BOE IJHI TJHOBM�UP�OPJTF TQFDUSPTDPQJD TVSWFZ 	.BKFXTLJ FU BM� ����� 8JMTPO FU BM�
����
� *O UIJT XPSL XF VTFE EBUB GSPN UIF GPVSUFFOUI "10(&& EBUB SFMFBTF
	%3��� "CPMGBUIJ FU BM� ����
 BOE UIF TJYUFFOUI "10(&& EBUB SFMFBTF 	%3���
"IVNBEB FU BM� ����
� "10(&& %3�� QSPWJEFT FMFNFOUBM BCVOEBODFT BOE TUFMMBS
QBSBNFUFST PG ��� ��� TUBST JO UIF /PSUIFSO IFNJTQIFSF
 XIJMF "10(&& %3��
DPWFST ��� ��� VOJRVF TUBST JO CPUI IFNJTQIFSFT� ɨF PCTFSWBUJPOT XFSF DBSSJFE
PVU PO UIF ����NFUFS 4MPBO 'PVOEBUJPO 5FMFTDPQF BU "QBDIF 1PJOU 0CTFSWBUPSZ
BOE UIF ����NFUFS EV 1POU UFMFTDPQF BU -BT $BNQBOBT 0CTFSWBUPSZ XJUI UIF IFMQ
PG OFBS�JOGSBSFE TQFDUSPHSBQIT EFTDSJCFE JO 8JMTPO FU BM� 	����
� ɨF TQFDUSB XFSF
QSPDFTTFE XJUI UIF "10(&& 4UFMMBS 1BSBNFUFS BOE $IFNJDBM "CVOEBODF 1JQFMJOF
	"41$"1� (BSDÓB 1ÏSF[ FU BM� ����
� ɨF BEWBOUBHF PG UIF "10(&& TVSWFZ JT JUT
XJEF DPWFSBHF PG (BMBDUPDFOUSJD EJTUBODFT BMMPXJOH VT UP TUVEZ DIFNJDBM DPNQPTJ�
UJPO PG TUBST JO UIF CVMHF
 EJTD
 BOE IBMP PG UIF .JMLZ 8BZ� 8F BOBMZTF EBUB GSPN
"10(&& %3�� JO 1BQFS ** BOE EBUB GSPN "10(&& %3�� JO 1BQFS ***�

����� 4LZ.BQQFS

ɨF 4LZ.BQQFS JT B QIPUPNFUSJD TVSWFZ PG PWFS ��� NJMMJPO PCKFDU XJUI UIF �����
NFUFS PQUJDBM UFMFTDPQF BU 4JEJOH 4QSJOH 0CTFSWBUPSZ 	,FMMFS FU BM� ����
� *UT NBJO
BJN JT UP TVSWFZ UIF TPVUIFSO TLZ DPNQMFNFOUJOH UIF 4MPBO %JHJUBM 4LZ 4VSWFZ JO
UIF /PSUIFSO IFNJTQIFSF� *O UIJT UIFTJT XF VTF UIF QIPUPNFUSJD NFUBMMJDJUJFT CZ
$BTBHSBOEF FU BM� 	����
 JO 1BQFS ***�

����� %JTUBODF FTUJNBUFT

ɨF DBMDVMBUJPO PG WFMPDJUJFT
 BOHVMBS NPNFOUB
 BOE BDUJPOT SFRVJSFT LOPXMFEHF
PG EJTUBODFT UP TUBST� ɨVT
 UIF BWBJMBCJMJUZ PG BDDVSBUF EJTUBODF FTUJNBUFT JT POF PG



��� %BUB TFUT ��

UIF JNQPSUBOU BTQFDUT PG UIJT XPSL� *O UIJT DPOUFYU JU JT JNQPSUBOU UP OPUF UIBU UIF
JOWFSUFE QBSBMMBY JT B CJBTFE FTUJNBUF PG TUFMMBS EJTUBODFT 	F�H� .D.JMMBO ����
�

8JEFMZ VTFE EJTUBODFT UP(BJB%3� TUBST BSF UIF FTUJNBUFT QSPWJEFE UP BMM(BJB
TUBST CZ #BJMFS�+POFT FU BM� 	����

 XIP VTFE TUFMMBS QBSBMMBYFT BOE UIF FYQFDUFE
EJTUSJCVUJPO PG BMM (BJB TUBST BT B QSJPS� *O 1BQFS ** XF VTFE POMZ TUBST JO UIF (BJB
%3� DBUBMPHVF UIBU IBE BWBJMBCMF SBEJBM WFMPDJUZ NFBTVSFNFOUT
 XJUI EJTUBODFT
GSPN .D.JMMBO 	����
� ɨFTF BSF EJTUBODFT GPS UIF SBEJBM WFMPDJUZ TBNQMF POMZ BOE
XFSF FTUJNBUFE VTJOH QBSBMMBYFT BOEGRV S NBHOJUVEFT
 UIBU IFMQ UP CFUUFS BDDPVOU
GPS TFMFDUJPO FĊFDUT� ɨF FTUJNBUFT QSPWJEFE CZ .D.JMMBO 	����
 BOE #BJMFS�+POFT
FU BM� 	����
 EJWFSHF BU MBSHFS EJTUBODFT 	TFF 'JH� � JO .D.JMMBO ����
�

*O 1BQFS *** XF VTFE NBHOJUVEFT BOE DPMPVST DPSSFDUFE GPS FYUJODUJPO BOE SFE�
EFOJOH
 BOE BMTP EJTUBODF FTUJNBUFT GSPN UIF ai�`>Q`b2 DPEF� ɨF NPUJWBUJPO
UP VTF EJTUBODFT QSPWJEFE CZ UIF ai�`>Q`b2 DPEF XBT UP VTF UIF BMM OFDFTTBSZ
EBUB GSPN UIF TBNF DBUBMPHVF UP SFEVDF UIF VODFSUBJOUJFT PG UIF BOBMZTJT� "DDPSE�
JOH UP "OEFST FU BM� 	����
 UIFTF EJTUBODFT BSF OPU NPSF QSFDJTF UIBO UIF POFT CZ
#BJMFS�+POFT FU BM� 	����

 CVU NPSF BDDVSBUF BU MBSHF EJTUBODFT�





$IBQUFS �

ɧJT XPSL

��� 4FBSDIJOH GPS LJOFNBUJD TUSVDUVSFT JO UIF TPMBS OFJHI�
CPVSIPPE

ɨJT TFDUJPO JT B TVNNBSZ PG 1BQFS *
 XIFSF XF TUVEJFE UIF WFMPDJUZ EJTUSJCVUJPO PG
OFBSCZ TUBST VTJOH UIF 5("4 BOE 3"7& DBUBMPHVFT�

"T EJTDVTTFE JO $IBQUFS �
 UIF PSJHJO PG LJOFNBUJD TUSVDUVSFT JT DPOOFDUFE UP
WBSJPVT JOUFSOBM BOE FYUFSOBM EZOBNJDBM NFDIBOJTNT
 BOE UP CFUUFS VOEFSTUBOE
XIBU DBVTFT UIF PWFSEFOTJUJFT JO WFMPDJUZ TQBDF
 JU JT JNQPSUBOU UP IBWF BO VOEFS�
TUBOEJOH PG IPX NBOZ LJOFNBUJD TUSVDUVSFT UIFSF BSF JO UIF (BMBDUJD EJTD� ɨFSF�
GPSF
 XIFO UIF 5("4 DBUBMPHVF CFDBNF BWBJMBCMF
 XF EFDJEFE UP TUVEZ UIF WFMPDJUZ
EJTUSJCVUJPO PG TUBST JO UIF .JMLZ 8BZ EJTD UP TFBSDI GPS TVDI WFMPDJUZ TUSVDUVSFT�
5P DBMDVMBUF UIF TQBDF WFMPDJUZ DPNQPOFOUT
 BTUSPNFUSJD EBUB GSPN 5("4 XFSF
DPNCJOFE XJUI SBEJBM WFMPDJUJFT GSPN 3"7&� ɨF CFOFmU PG UIJT XPSL XBT UIF BT�
USPNFUSJD QSFDJTJPO UIBU 5("4 QSPWJEFE BOE UIF SFMBUJWFMZ IJHI OVNCFS PG TUBST
DPNQBSFE UP XIBU XBT BWBJMBCMF JO QSFWJPVT TUVEJFT UIBU TFBSDIFE GPS LJOFNBUJD
TUSVDUVSFT� ɨF TUFMMBS TBNQMF DPOTJTUFE PG SPVHIMZ �� ��� TUBST BOE XBT TQMJU JOUP
GPVS TVCTBNQMFT UP CFUUFS VOEFSTUBOE UIF OBUVSF PG UIF HSPVQT�

t UIF TPMBS OFJHICPVSIPPE TVCTBNQMF� TUBST XJUI EJTUBODFT GSPN UIF 4VO MFTT
UIBO 300 QD


t UIF CFZPOE UIF TPMBS OFJHICPVSIPPE TVCTBNQMF� TUBST XJUI EJTUBODFT GSPN
UIF 4VO MBSHFS UIBO 300 QD


t UIF DIFNJDBMMZ EFmOFE UIJO EJTD TVCTBNQMF� <.H�'F> < 0.2


��



�� � ǲJT XPSL

'JHVSF ���� ,JOFNBUJD TUSVDUVSFT GPVOE XJUI XBWFMFU USBOTGPSN BQQMJFE UP 5("4
EBUB JO UIF U − V TQBDF GPS TDBMF J = 3� $PMPVS NBQ TIPXT TUSVDUVSF DPVOUT
PG � ��� TVQFSJNQPTFE .POUF $BSMP TJNVMBUJPOT� ɨJT mHVSF JT BEPQUFE GSPN
,VTIOJSVL FU BM� 	����
� ª&40� 3FQSPEVDFE XJUI QFSNJTTJPO�

t UIF DIFNJDBMMZ EFmOFE UIJDL EJTD TVCTBNQMF� <.H�'F> > 0.2�

ɨF UIJO BOE UIJDL EJTD TFQBSBUJPO DSJUFSJB XFSF BEPQUFE GSPN 8PKOP FU BM�
	����

 XIP QFSGPSNFE B QSPCBCJMJTUJD BOBMZTJT UP DIFNJDBMMZ TFQBSBUF UIF UXP EJTDT
JO UIF 3"7& DBUBMPHVF� 5P TFBSDI GPS LJOFNBUJD TUSVDUVSFT XF BQQMJFE B XBWFMFU
USBOTGPSN JO UIF U − V WFMPDJUZ TQBDF PO UIF UPUBM TBNQMF BT XFMM BT PO UIF GPVS
TVCTBNQMFT EFmOFE BCPWF� 8F GPVOE UIBU TDBMFT �
 �
 BOE � XFSF UIF NPTU TVJU�
BCMF TDBMFT UP TFBSDI GPS LJOFNBUJD TUSVDUVSFT TJODF UIFZ NPTU FċDJFOUMZ DPWFS CPUI
TNBMM� BOE MBSHF�TDBMF TUSVDUVSFT 	TFF 4FDU� � JO 1BQFS * GPS NPSF EFUBJMT
�

8F BMTP QFSGPSNFE B DPOWFSHFODF UFTU PG UIF SFTVMUT BOE GPVOE UIBU BCPVU � ���
.POUF $BSMP TJNVMBUJPOT XFSF OFFEFE GPS UIF OVNCFS PG EFUFDUFE TUSVDUVSFT UP
DPOWFSHF� 5P SFEVDF UIF OPJTF UIBU DPNFT GSPN WFMPDJUZ VODFSUBJOUJFT XF EFDJEFE
UP JODSFBTF UP � ��� .POUF $BSMP TJNVMBUJPOT�

'JHVSF ��� JT UIF LFZ mHVSF PG 1BQFS * BOE TIPXT UIF �� LJOFNBUJD TUSVDUVSFT
UIBU XFSF GPVOE BU UIF J = 3 TDBMF� "MM UIFTF HSPVQT XFSF EFUFDUFE BU UIF 3σ TJH�
OJmDBODF MFWFM� ɨF WFMPDJUZ EJTUSJCVUJPO PG OFBSCZ TUBST JT DMVNQZ
 XJUI NPTU PG
UIF HSPVQT MPDBUFE BSPVOEU % 0 km s−1 BOE OFHBUJWF V WFMPDJUJFT� ɨF TUSPOHFTU
EFUFDUJPOT BSF UIF )ZBEFT
 1MFJBEFT
 $PNB #FSFOJDFT
 4JSJVT
 BOE )FSDVMFT TUSVD�



��� ǲF PSJHJO PG UIF "SDUVSVT TUSFBN ��

UVSFT� 8F DPOmSNFE UISFF HSPVQT 	HSPVQT ��
 ��
 BOE �� JO 'JH� ���
 UIBU XFSF
SFDFOUMZ EJTDPWFSFE CZ "OUPKB FU BM� 	����
� #PCZMFW � #BKLPWB 	����

 BOE GPVOE
UISFF OFX HSPVQT 	OVNCFS ��
 ��
 BOE �� JO 'JH� ���
� (SPVQ �� IBT B TUSPOH EF�
UFDUJPO
 XIJMF HSPVQT �� BOE �� BSF TMJHIUMZ XFBLFS� 8F GPVOE UIBU 8PMG ��� BOE
%FIOFO�� BSF DPOOFDUFE BOE GPSN POF FMPOHBUFE TUSVDUVSF JO UIF U − V TQBDF
TUSVDUVSF� ɨF SFTVMUT BSF QSFTFOUFE JO 5BCMFT � BOE � JO 1BQFS *� ɨFTF UBCMFT MJTU
BMM LJOFNBUJD TUSVDUVSFT EFUFDUFE BU EJĊFSFOU TDBMFT XJUI UIF OBNFT GPVOE JO UIF
MJUFSBUVSF� 'PS TDBMF J = 3 XF BMTP JOEJDBUF JG UIF TUSVDUVSF JT QSFTFOU JO BOZ PG UIF
GPVS TVCTBNQMFT�

ɨF SFTVMUT PG UIF XBWFMFU USBOTGPSN BQQMJFE UP PVS GPVS TVCTBNQMFT TIPX UIBU
LJOFNBUJD TUSVDUVSFT BSF NBJOMZ QSFTFOU JO UIF OFBSCZ TPMBS OFJHICPVSIPPE TVC�
TBNQMF� ɨF UIJO BOE UIJDL EJTD TVCTBNQMFT TIPX UIBU HSPVQT DPOTJTU PG NBJOMZ
UIJO EJTD TUBST XJUI NBZCF TPNF DPOUBNJOBUJPO PG UIJDL EJTD TUBST� 8F EJE OPU mOE
BOZ HSPVQ UIBU DPOTJTUT PG UIJO PS UIJDL EJTD TUBST POMZ� 4JODF 3"7& QSPWJEFT FMF�
NFOUBM BCVOEBODFT GPS UIF TUBST
 XF BMTP BOBMZTFE UIF NFUBMMJDJUZ EJTUSJCVUJPOT BOE
UIF <.H�'F> WFSTVT <'F�)> QMBOF GPS FBDI PG UIF LJOFNBUJD TUSVDUVSFT� ɨJT BMMPXFE
VT UP DIFDL JG BOZ PG UIF TUSVDUVSFT IBE B QFDVMJBS DIFNJDBM DPNQPTJUJPO� 0VS SF�
TVMUT TIPX UIBU BMM TUSVDUVSFT BSF B NJYUVSF PG UIJO BOE UIJDL EJTD TUBST
 QPJOUJOH UP
SFTPOBOU PSJHJOT�

��� ɧF PSJHJO PG UIF "SDUVSVT TUSFBN

ɨJT TFDUJPO JT B TVNNBSZ PG 1BQFS **
 XIFSF XF JOWFTUJHBUFE UIF PSJHJO PG UIF
"SDUVSVT TUSFBN�

ɨF "SDUVSVT NPWJOH HSPVQ XBT mSTU EFmOFE JO &HHFO 	����
 BT B TFU PG BCPVU
50 TUBST UIBU TIBSFE B TJNJMBS SPUBUJPOBM WFMPDJUZ PG BCPVU V % −100 km s−1�
&HHFO QSPQPTFE UIBU UIF TUSVDUVSF XBT B SFNOBOU PG B EJTTPMWFE PQFO DMVTUFS TJODF
UIJT XBT UIF NBJO IZQPUIFTJT UP FYQMBJO DP�NPWJOH HSPVQT BU UIBU UJNF� -BUFS JU
XBT GPVOE UIBU UIF HSPVQ DPOTJTUT PG NBJOMZ NFUBM�QPPS 	<'F�)> % −0.6
 BOE
PME 	% 10 (ZS
 TUBST
 BOE BMTP UBLJOH JOUP BDDPVOU JUT SBUIFS IJHI WFMPDJUZ
 TFWFSBM
TUVEJFT QSPQPTFE UIBU UIF "SDUVSVT NPWJOH HSPVQ XBT OPU B EJTTPMWFE TUBS DMVTUFS

CVU SBUIFS BO BDDSFUFE QPQVMBUJPO 	F�H� (JMNPSF FU BM� ����� /BWBSSP FU BM� ����
� "
EFUBJMFE FMFNFOUBM BCVOEBODF BOBMZTJT PG TUBST JO UIF "SDUVSVT PWFSEFOTJUZ TIPXFE
B XJEF TDBUUFS JO BCVOEBODFT BOE BHFT
 NBLJOH SFTPOBODFT XJUIJO UIF (BMBDUJD EJTD
UIF NPTU GBWPVSBCMF IZQPUIFTJT GPS JUT PSJHJO 	F�H� 8JMMJBNT FU BM� ����� #FOTCZ
FU BM� ����
� ɨF OBUVSF BOE PSJHJO PG UIF "SDUVSVT TUSFBN JT
 IPXFWFS
 TUJMM EFCBUFE�
*O 1BQFS ** XF SFWJTFE UIF PSJHJO PG UIF "SDUVSVT TUSFBN XJUI(BJB%3� BTUSPNFUSJD
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EBUB
 EJTUBODFT GSPN UIF ai�`>Q`b2 DPEF
 BOE FMFNFOUBM BCVOEBODFT GSPN UIF
"10(&& BOE ("-") TQFDUSPTDPQJD TVSWFZT�

'JSTU
 XF TFBSDIFE GPS UIF "SDUVSVT TUSFBN JO GPVS EJĊFSFOU WFMPDJUZ�BDUJPO
TQBDFT� UIFU−V 
 UIF V −

√
U2 + 2V 2
 UIFLz−

√
L2
x + L2

y
 BOE UIFLz−
√
Jr

TQBDFT� ɨF DIPJDF PG WFMPDJUZ BOE BDUJPO TQBDFT XBT CBTFE PO QSFWJPVT TUVEJFT PG
UIF "SDUVSVT TUSFBN� 'PS FYBNQMF
 ;IBP FU BM� 	����
 DMFBSMZ EFUFDUFE UIF HSPVQ
JO UIF V −

√
U2 + 2V 2 BOE 5SJDL FU BM� 	����
 TUVEJFE TUSVDUVSFT JO BOHMF�BDUJPO

TQBDF� ɨJT BMMPXFE VT UP DPNQBSF PVS SFTVMUT XJUI QSFWJPVT TUVEJFT� 8F BMTP
FYBNJOFE �� TNBMM TVCTBNQMFT PG TUBST JO FWFSZ TQBDF UP USBDF TIBQFT BOE TJ[FT PG
LJOFNBUJD HSPVQT BU EJĊFSFOU EJTUBODFT GSPN UIF 4VO� ɨF TVCTBNQMFT XFSF EFmOFE
JO UIF R WFSTVT φ TQBDF�� ɨF TJ[F PG FWFSZ CPY JT 0.4 LQD JO SBEJBM DPPSEJOBUF BOE
3◦ JO B[JNVUIBM EJSFDUJPO� 'JHVSF � JO 1BQFS ** TIPXT UIF MPDBUJPO BOE TJ[FT PG UIF
CPYFT�

0VS BOBMZTJT SFWFBMFE EP[FOT PG LJOFNBUJD TUSVDUVSFT JODMVEJOH UIF "SDUVSVT
TUSFBN� ɨF PCTFSWFE HSPVQT GPSN BSDIFT JO UIF U − V TQBDF� ɨFTF BSDIFT BSF
PCTFSWFE BT DMVNQT JO UIF BDUJPO BOE V −

√
U2 + 2V 2 TQBDFT BOE BSF TFFO BT

MJOFT JO UIF BOHVMBS NPNFOUVN TQBDF� 'JHVSF ��� TIPXT UIF LJOFNBUJD TUSVDUVSFT
EFUFDUFE JO UIF TPMBS OFJHICPVSIPPE CPY JO UIFU−V TQBDF� ,JOFNBUJD TUSVDUVSFT
DBO CF VOJUFE JOUP BSDIFT
 BT
 GPS FYBNQMF
 QSPQPTFE JO 3BNPT FU BM� 	����
� 8F
PCTFSWF LJOFNBUJD TUSVDUVSFT BU BMNPTU FWFSZ 20−30 km s−1 JO B[JNVUIBM WFMPDJUZ�
ɨJT JT TJNJMBS UP UIF SFTVMUT PG UIF OVNFSJDBM TJNVMBUJPOT QFSGPSNFE CZ .JODIFW
FU BM� 	����

 BOE UIF SFTVMUT PG UIF BOBMZTJT PG UIF WFMPDJUZ TQBDF QFSGPSNFE CZ
 GPS
FYBNQMF
 "OUPKB FU BM� 	����
 BOE 3BNPT FU BM� 	����
� ɨFTF QBQFST FYQMBJO UIF
PCTFSWFE WFMPDJUZ GFBUVSFT BT UIF SFTVMU PG BO POHPJOH QIBTF NJYJOH JO UIF (BMBDUJD
EJTD USJHHFSFE CZ B NBKPS NFSHFS FWFOU�

ɨF "SDUVSVT TUSFBN JT PCTFSWFE NBJOMZ JO UIF TPMBS OFJHICPVSIPPE BOE DBO
CF TFFO JO BMM GPVS TQBDFT 	TFF 'JH� � JO 1BQFS **
� *U JT TFFO BT B XFBL BSDI JO
UIF U − V TQBDF BOE BT B DMVNQ JO UIF V −

√
U2 + 2V 2 TQBDF MPDBUFE CFMPX

V % −100 km s−1
 BT B TUSJQF JO UIF BOHVMBS NPNFOUVN TQBDF BOE BT B DMVNQ
JO UIF BDUJPO TQBDF MPDBUFE BU Lz % 1100 km s−1� ɨF BOBMZTJT PG UIF FMFNFOUBM
BCVOEBODFT GSPN "10(&& BOE ("-") TQFDUSPTDPQJD TVSWFZT PG TUBST JO UIF "SD�
UVSVT TUSFBN BOE GFX PUIFS OFBSCZ HSPVQT
 LOPXO BT "'�� BOE ,'3��
 TIPXFE
UIBU BMM HSPVQT BSF BMM B NJYUVSF PG UIJO BOE UIJDL EJTD TUBST� ɨJT SFTVMU JT JO BHSFF�

�R BOE φ BSF SBEJBM BOE B[JNVUIBM DPNQPOFOUT PG (BMBDUPDFOUSJD DZMJOESJDBM DPPSEJOBUFT
 XIFSF
R QPJOUT UPXBSET UIF (BMBDUJD BOUJ�DFOUSF
 BOHMF φ GPMMPXT UIF EJSFDUJPO PQQPTJUF UP UIF (BMBDUJD
SPUBUJPO� ɨF WFSUJDBM DPNQPOFOU PG DZMJOESJDBM DPPSEJOBUFT JTZ
 XIJDI QPJOUT BU UIF /PSUI (BMBDUJD
1PMF�



��� ǲF PSJHJO PG UIF )3 ���� NPWJOH HSPVQ ��

'JHVSF ���� ,JOFNBUJD TUSVDUVSFT GPVOE XJUI XBWFMFU USBOTGPSN BQQMJFE UP (BJB
%3� JO UIF U − V TQBDF GPS TDBMF J = 3� $PMPVS NBQ TIPXT OPSNBMJTFE XBWFMFU
DPFċDJFOUT
 UIBU JT TJHOJmDBODF PG UIF EFUFDUFE TUSVDUVSFT� /BNFT PG UIF TUSVDUVSFT
BSF QSPWJEFE JO UIF MFHFOE� ɨJT mHVSF JT BEPQUFE GSPN ,VTIOJSVL FU BM� 	����
�
ª&40� 3FQSPEVDFE XJUI QFSNJTTJPO�

NFOU XJUI QSFWJPVT TUVEJFT 	F�H� 8JMMJBNT FU BM� ����� #FOTCZ FU BM� ����
�
8F BMTP FYQMPSFE IPX GBS UIF "SDUVSVT TUSFBN FYUFOET GSPN UIF (BMBDUJD NJE�

QMBOF� .POBSJ FU BM� 	����
 QSFEJDUT UIBU UIF TUSVDUVSFT DBVTFE CZ EZOBNJDBM SFT�
POBODFT TIPVME CF MPDBUFE JO UIF QMBOF PG UIF (BMBDUJD EJTD� 'JHVSF � JO 1BQFS **
TIPXT UIBU XIJMF UIF )FSDVMFT TUSFBN
 XIJDI JT MJLFMZ DBVTFE CZ SFTPOBODFT XJUI
UIF (BMBDUJD CBS 	F�H� %FIOFO ����
 BOE JT MPDBUFE BU MPX WBMVFT PGZ
 UIF "SDUVSVT
TUSFBN FYUFOET GBSUIFS GSPN UIF QMBOF�

5P TVNNBSJTF
 UIF SFTVMUT PG 1BQFS ** TVHHFTU UIBU UIF "SDUVSVT TUSFBN JT QBSU
PG B QIBTF�TQBDF XBWF� ɨF HSPVQ IBT B XJEF TQSFBE PG FMFNFOUBM BCVOEBODFT

FYUFOET GBSUIFS GSPN UIF (BMBDUJD QMBOF UIBO UIF TUSVDUVSFT DBVTFE CZ EZOBNJDBM
SFTPOBODFT
 JT QSFTFOU CFZPOE UIF TPMBS OFJHICPVSIPPE
 BOE JT POF PG UIF HSPVQT
UIBU BQQFBS JO TUFQT PG 20− 30 km s−1 JO UIF V WFMPDJUZ�

��� ɧF PSJHJO PG UIF )3 ���� NPWJOH HSPVQ

ɨJT TFDUJPO JT B TVNNBSZ PG 1BQFS ***
 XIFSF XF JOWFTUJHBUFE UIF PSJHJO PG UIF )3
���� NPWJOH HSPVQ�
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" HSPVQ PG TUBST UIBU NPWF XJUI WFMPDJUJFT TJNJMBS UP UIF TUBS )3 ���� XBT
mSTU EJTDPWFSFE CZ &HHFO 	����
 BOE XBT DBMMFE UIF )3 ���� NPWJOH HSPVQ� ɨF
NFBO U BOE V WFMPDJUZ DPNQPOFOUT PG UIF TUBST JO UIF HSPVQ BSF BCPVU 0 BOE
−60 km s−1
 SFTQFDUJWFMZ 	F�H� &HHFO ����
� ɨF HSPVQ XBT TUVEJFE JO EFUBJM XJUI
)JQQBSDPT EBUB CZ 'FMU[JOH � )PMNCFSH 	����
 XIP QSPQPTFE B MJTU PG HSPVQ
NFNCFS DBOEJEBUFT CZ FYBNJOJOH JTPDISPOFT PG TUBST� "O BOBMZTJT PG UIF DIFNJDBM
DPNQPTJUJPO PG UIFTF TUBST XBT QFSGPSNFE CZ %F 4JMWB FU BM� 	����
 XIP GPVOE UIBU
UIF HSPVQ IBT IJHIFS UIBO TPMBS NFUBMMJDJUZ PG <'F�)> % 0.2
 UIBU JUT BHF JT BCPVU
UXP CJMMJPO ZFBST
 BOE UIBU JUT DIFNJDBM DPNQPTJUJPO JT IPNPHFOFPVT XJUI WFSZ
TNBMM TDBUUFS� ɨFTF mOEJOHT TVHHFTUFE B EJTTPMWJOH PQFO DMVTUFS PSJHJO GPS UIF )3
���� NPWJOH HSPVQ�

8IJMF TUVEZJOH WFMPDJUZ�BDUJPO TQBDFT JO 1BQFS ** UP TFBSDI GPS UIF "SDUVSVT
TUSFBN XF DMFBSMZ EFUFDUFE BO PWFSEFOTJUZ PG TUBST CFMPX UIF )FSDVMFT TUSFBN JO UIF
U − V TQBDF� ɨJT JT UIF )3 ���� NPWJOH HSPVQ� 8F EFDJEFE UP SF�JOWFTUJHBUF
UIF PSJHJO PG UIF )3 ���� NPWJOH HSPVQ GPS TFWFSBM SFBTPOT� 'JSTU
 UIF FYJTUFODF
PG B UXP CJMMJPO ZFBS PME BOE NFUBM�SJDI TUFMMBS QPQVMBUJPO JO UIF TPMBS OFJHICPVS�
IPPE JT TVSQSJTJOH BT NPTU PG UIF OFBSCZ NPWJOH HSPVQT BSF NVDI ZPVOHFS 	F�H�
$BOUBU�(BVEJO FU BM� ����
� 4FDPOE
 'FMU[JOH � )PMNCFSH 	����
 EJE OPU TFF UIF
)3 ���� PWFSEFOTJUZ JO UIF U − V TQBDF XJUI )JQQBSDPT EBUB BOE EFmOFE UIF
HSPVQ CZ BOBMZTJOH JTPDISPOFT� #BTFE PO QSFWJPVT TUVEJFT 'FMU[JOH � )PMNCFSH
	����
 TFBSDIFE GPS B NFUBM�SJDI TUFMMBS QPQVMBUJPO� ɨJT DPVME IBWF JOnVFODFE
UIF SFTVMUT PG UIF GPMMPX�VQ TUVEZ CZ %F 4JMWB FU BM� 	����

 XIP GPVOE B DIFNJDBM
IPNPHFOFJUZ PG UIF HSPVQ� ɨJSE
 UIF )3 ���� IBE OPU ZFU CFFO BOBMZTFE XJUI
EBUB GSPN MBSHF�TDBMF TVSWFZT TVDI BT (BJB
 "10(&&
 ("-")
 ai�`>Q`b2
 BOE
4LZ.BQQFS�

5P TFMFDU TUBST JO UIF )3 ���� NPWJOH HSPVQ XF VTFE UIF SFTVMUT PG UIF XBWFMFU
USBOTGPSN BQQMJFE UP UIF WFMPDJUZ EJTUSJCVUJPO PG OFBSCZ TUBST JO UIF U − V TQBDF
GSPN 1BQFS **� 'JHVSF ��� TIPXT LJOFNBUJD TUSVDUVSFT EFUFDUFE JO UIF TPMBS OFJHI�
CPVSIPPE
 POF PG UIFN JT UIF )3 ���� NPWJOH HSPVQ� 8F TFMFDUFE UXP TBNQMFT
PG TUBST XJUIJO UIF FMMJQTFT ESBXO BSPVOE UIF )3 ���� TUSVDUVSF BOE UIF )FSDVMFT
TUSVDUVSF JO UIF U − V TQBDF� ɨF TFDPOE TUSVDUVSF XBT VTFE GPS DPNQBSJTPO SFB�
TPOT� (BJB %3� EBUB BMMPXFE VT UP TFMFDU UIPVTBOET PG TUBST JO CPUI HSPVQT
 XIJDI
BSF B NVDI MBSHFS TUFMMBS TBNQMFT UIBO XIBU XBT BOBMZTFE JO QSFWJPVT TUVEJFT�

5P DIFDL JG )3 ���� JT B EJTTPMWFE PQFO DMVTUFS XF BOBMZTFE DPMPVS�NBHOJUVEF
EJBHSBNT
 FMFNFOUBM BCVOEBODFT
 BOE UIF BHFT PG JUT TUBST� 8F VTFE DPMPVST BOE
NBHOJUVEFT DPSSFDUFE GPS SFEEFOJOH BOE FYUJODUJPO BT XFMM BT EJTUBODFT GSPN UIF
ai�`>Q`b2 DBUBMPHVF� 0VS BOBMZTFT SFWFBMFE UIBU UIF TUBST EP OPU GPMMPX B TJOHMF



��� ǲF PSJHJO PG UIF )3 ���� NPWJOH HSPVQ ��

JTPDISPOF BOE NPTU MJLFMZ BSF B NJYUVSF PG TUFMMBS QPQVMBUJPOT� 1IPUPNFUSJD NFUBM�
MJDJUJFT GSPN UIF 4LZ.BQQFS TVSWFZ BOE FMFNFOUBM BCVOEBODFT GSPN "10(&& BOE
("-") TIPX UIBU UIF NFUBMMJDJUZ EJTUSJCVUJPO PG UIF )3 ���� NPWJOH HSPVQ JT
XJEF
 BOE UIF BHF BOE <.H�'F> WFSTVT <'F�)> EJTUSJCVUJPOT TIPX UIBU JU DPOTJTU PG
CPUI MPX� BOE IJHI�α TUBST
 DPOTJTUFOU XJUI XIBU JT PCTFSWFE GPS UIF UIJO BOE UIJDL
EJTD TUFMMBS QPQVMBUJPOT� ɨF TBNF SFTVMU XBT PCUBJOFE GPS UIF )FSDVMFT TUSFBN

XIJDI BMTP JT MJLFMZ UP CF B TUSVDUVSF DBVTFE CZ SFTPOBODFT�

#BTFE PO UIF SFTVMUT PG PVS BOBMZTJT JU JT DMFBS UIBU )3 ���� JT OPU B EJTTPMWJOH
PQFO DMVTUFS� *U JT BMTP OPU MJLFMZ UP CF BO BDDSFUFE TUFMMBS QPQVMBUJPO� ɨF )3
���� TUSVDUVSF DPOTJTUT PG B NJYUVSF PG UIF UIJO BOE UIJDL EJTD TUBST TJNJMBSMZ BT
UIF )FSDVMFT TUSFBN� 8F TVHHFTU UIBU UIF HSPVQ IBT B TUSVDUVSF DPNQBSBCMF UP UIF
HFOFSBM EJTD TUFMMBS QPQVMBUJPO BOE DPVME IBWF GPSNFE EVF UP SFTPOBODFT XJUI UIF
CBS BOE UIF TQJSBM TUSVDUVSF
 PS BT B SFTVMU PG QIBTF NJYJOH�
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0VS (BMBYZ IBT B DPNQMFY TUSVDUVSF DPOTJTUJOH PG NVMUJQMF MBSHF�TDBMF DPNQPOFOUT
TVDI BT UIF (BMBDUJD CVMHF
 EJTD
 BOE IBMP UIBU JOnVFODF FBDI PUIFS� *O BEEJUJPO
 UIF
.JMLZ 8BZ NPTU MJLFMZ VOEFSXFOU B OVNCFS PG NFSHFS FWFOUT XJUI EXBSG HBMBYJFT�
ɨFTF GBDUPST UPHFUIFS BĊFDU UIF NPUJPO PG UIF TUBST
 MFBWJOH JNQSJOUT JO UIF WFMPDJUZ
EJTUSJCVUJPO PG TUBST UIBU XF DBMM LJOFNBUJD TUSVDUVSFT�

ɨF NBJO SFBTPOT GPS UIF DMVNQZ WFMPDJUZ EJTUSJCVUJPO PG UIF (BMBDUJD EJTD BSF
DPOOFDUFE UP DPNQMFY EZOBNJDBM QSPDFTTFT� "NPOH UIFN BSF SFTPOBODFT XJUI UIF
CBS BOE�PS TQJSBM TUSVDUVSF
 EJTTPMWJOH PQFO DMVTUFST
 QIBTF NJYJOH EVF UP JOUFSOBM
PS FYUFSOBM QFSUVSCBUJPO
 BOE BDDSFUJPO FWFOUT� ɨVT
 VOEFSTUBOEJOH UIF PSJHJO PG
LJOFNBUJD TUSVDUVSFT JT BO JNQPSUBOU UPPM GPS (BMBDUJD BSDIBFPMPHZ�

*O UIJT UIFTJT XF BOBMZTFE TUBST JO GPVS WFMPDJUZ�BDUJPO TQBDFT UP TFBSDI GPS
LJOFNBUJD TUSVDUVSFT VTJOH EBUB GSPN BTUSPNFUSJD
 TQFDUSPTDPQJD
 BOE QIPUPNFU�
SJD TVSWFZT TVDI BT (BJB
 5("4
 3"7&
 "10(&&
 ("-")
 4LZ.BQQFS
 BOE
ai�`>Q`b2� ɨJT BMMPXFE VT UP SFWFBM OFX LJOFNBUJD HSPVQT BT XFMM BT DPOmSN
TPNF SFDFOUMZ EJTDPWFSFE HSPVQT BT XFMM BT PME XFMM�LOPXO HSPVQT� 5P TFBSDI GPS
LJOFNBUJD TUSVDUVSFT XF BQQMJFE BO BEWBODFE TUBUJTUJDBM UPPM
 UIF XBWFMFU USBOTGPSN�
ɨJT NFUIPE JT DPNNPOMZ VTFE UP TFBSDI GPS WFMPDJUZ HSPVQT BOE JT BEWBOUBHFPVT
TJODF JU EPFT OPU SFRVJSF BOZ BTTVNQUJPOT PO UIF JOJUJBM WFMPDJUZ EJTUSJCVUJPO PG
TUBST� 5P DIFDL UIF TJHOJmDBODF PG UIF EFUFDUFE TUSVDUVSFT XF QFSGPSNFE .POUF
$BSMP TJNVMBUJPOT�

ɨF OBUVSF BOE PSJHJO PG UIF EFUFDUFE HSPVQT XFSF JOWFTUJHBUFE CZ MPPLJOH BU
UIF DIFNJDBM DPNQPTJUJPO PG UIF TUBST JO UIF HSPVQT� *G UIF HSPVQ JT B EJTTPMWFE
PQFO DMVTUFS
 JUT TUBST TIPVME IBWF TJNJMBS DIFNJDBM DPNQPTJUJPO
 TJODF UIFZ XFSF
GPSNFE GSPN UIF TBNF JOUFSTUFMMBS HBT DMPVE� *G UIF LJOFNBUJD TUSVDUVSF GPSNFE

��
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EVF UP SFTPOBODFT PS QIBTF NJYJOH
 UIF DIFNJDBM DPNQPTJUJPO PG JUT TUBST TIPVME
CF TJNJMBS UP UIF NBKPSJUZ PG TUBST JO UIF (BMBDUJD EJTD� *G UIF HSPVQ JT BO BDDSFUFE
TUFMMBS QPQVMBUJPO
 JU JT WFSZ MJLFMZ UIBU UIFZ XJMM DIFNJDBMMZ EJĊFS GSPN UIF TUBST JO
UIF .JMLZ 8BZ�

*O 1BQFS * XF BOBMZTFE FMFNFOUBM BCVOEBODFT BOE NFUBMMJDJUJFT PG BMM HSPVQT
GSPN UIF 3"7& DBUBMPHVF� *O 1BQFS ** XF BOBMZTFE UIF PSJHJO PG UIF "SDUVSVT
TUSFBN CZ TUVEZJOH FMFNFOUBM BCVOEBODFT PG TUBST JO UIF "10(&& BOE ("-")
TVSWFZT� *O 1BQFS *** XF SFWJTFE PSJHJO PG UIF )3 ���� NPWJOH HSPVQ XJUI EBUB
GSPN UIF ai�`>Q`b2
 "10(&&
 ("-")
 BOE 4LZ.BQQFS TVSWFZT�

ɨF NBJO SFTVMUT PG 1BQFST *
 **
 BOE *** JODMVEFE JO UIJT UIFTJT XPSL BSF TVN�
NBSJTFE JO UIF GPMMPXJOH CVMMFU QPJOUT�

t *O 1BQFS * XF GPVOE �� WFMPDJUZ PWFSEFOTJUJFT JO UIFU−V TQBDF JO UIF TPMBS
OFJHICPVSIPPE XJUI (BJB %3��5("4 BOE 3"7& TVSWFZT� ɨSFF HSPVQT
XFSF EFUFDUFE GPS UIF mSTU UJNF�

t *O 1BQFS ** XF GPVOE FWFO NPSF HSPVQT XJUI (BJB %3� EBUB BOE TUVEJFE
TUFMMBS WPMVNFT GBSUIFS BXBZ JO UIF EJTD PG UIF .JMLZ 8BZ BOE JO GPVS EJĊFS�
FOU WFMPDJUZ�BDUJPO TQBDFT� 4PNF HSPVQT BSF MPDBM TUSVDUVSFT
 PUIFST FYUFOE
GBSUIFS UISPVHI UIF EJTD� ɨFSF BSF HSPVQT UIBU IBWF DPOTUBOU BOHVMBS NP�
NFOUB BOE SBEJBM BDUJPOT BDSPTT BMM (BMBDUPDFOUSJD SBEJJ�

t ɨF BOBMZTJT PG FMFNFOUBM BCVOEBODFT PG TUBST JO UIF HSPVQT UIBU XFSF EF�
UFDUFE JO 1BQFS * TIPXT UIBU WFMPDJUZ TUSVDUVSFT BSF OPU DIFNJDBMMZ EJTUJODU
BOE BSF JOTUFBE
 NPTU MJLFMZ
 B NJYUVSF PG UIF UIJO BOE UIJDL EJTD TUBST� ɨJT
NFBOT UIBU UIF HSPVQT XFSF DBVTFE CZ SFTPOBODFT XJUI UIF (BMBDUJD CBS PS
UIF (BMBDUJD TQJSBM BSN TUSVDUVSF�

t ɨF PSJHJO PG UIF "SDUVSVT TUSFBN XBT SFWJTFE JO 1BQFS **� ɨF FMFNFOUBM
BCVOEBODFT PG UIF TUBST JO UIF TUSFBN BOE JUT LJOFNBUJD QSPQFSUJFT TIPX
UIBU UIF "SDUVSVT TUSFBN JT MJLFMZ UP CF DPNQPTFE PG UIJO BOE UIJDL EJTD
TUBST BOE JT UIVT OPU B EJTTPMWFE PQFO DMVTUFS OPS BO BDDSFUFE QPQVMBUJPO�

t ɨF SFTVMUT PG 1BQFS *** TVHHFTU UIBU UIF )3 ���� NPWJOH HSPVQ JT OPU B
EJTTPMWFE PQFO DMVTUFS� *UT TUBST EP OPU GPMMPX B TJOHMF BHF JTPDISPOF BOE
IBWF XJEF NFUBMMJDJUZ BOE BHF EJTUSJCVUJPOT� ɨF HSPVQ MJLFMZ GPSNFE EVF
UP EZOBNJDBM SFTPOBODFT BOE�PS QIBTF NJYJOH�

5PEBZ EJĊFSFOU SFTFBSDI HSPVQT DBO TVDDFTTGVMMZ NPEFM UIF PCTFSWFE WFMPD�
JUZ EJTUSJCVUJPO� "NPOH UIF NPTU DPNNPO FYQMBOBUJPOT PG UIF PCTFSWFE WFMPDJUZ
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TUSVDUVSFT BSF SFTPOBODFT XJUI UIF (BMBDUJD CBS
 UIF TQJSBM TUSVDUVSF
 QIBTF NJY�
JOH JOEVDFE CZ JOUFSOBM BOE FYUFSOBM QFSUVSCBUJPOT
 BOE WBSJPVT DPNCJOBUJPOT PG
UIFTF EZOBNJDBM NFDIBOJTNT� *O PSEFS UP mOE PVU IPX NBOZ BOE XIJDI QBSUJDV�
MBS EZOBNJDBM NFDIBOJTNT UIBU IBWF JOnVFODFE UIF TUFMMBS NPUJPOT BOE MFE UP UIF
GPSNBUJPO PG WFMPDJUZ PWFSEFOTJUJFT
 JU JT JNQPSUBOU UP DBSSZ PVU GVSUIFS TUVEJFT PG
UIF LJOFNBUJD TUSVDUVSFT�

ɨF VQDPNJOH (BJB EBUB SFMFBTFT XJMM QSPWJEF FWFO NPSF QSFDJTF BTUSPNFUSZ
BOE SBEJBM WFMPDJUJFT GPS FWFO MBSHFS OVNCFS PG TUBST� *U XJMM BMMPX VT UP EFUFDU FWFO
NPSF LJOFNBUJD TUSVDUVSFT BOE USBDF BSDIFT BOE SJEHFT BU B IJHIFS QSFDJTJPO UIBO
FWFS CFGPSF� ɨF JNNJOFOU (BJB &%3� XJMM QSPWJEF JNQSPWFE QBSBMMBY
 QSPQFS
NPUJPO
 BOE DPPSEJOBUFT NFBTVSFNFOUT XIJDI XJMM CF VTFGVM GPS B EFUBJMFE JOWFTUJ�
HBUJPO PG UIF TIBQFT BOE QPTJUJPOT PG LJOFNBUJD TUSVDUVSFT JO WFMPDJUZ TQBDFT� (BJB
%3� XJMM QSPWJEF SBEJBM WFMPDJUJFT GPS TUBST XJUI FTUJNBUFE BUNPTQIFSJD QBSBNF�
UFST BOE XJMM DPWFS GBJOUFS UBSHFUT UIBO (BJB %3�� ɨJT XJMM BMMPX UP EFUFDU NPSF
HSPVQT CFZPOE UIF TPMBS OFJHICPVSIPPE�

,JOFNBUJD TUSVDUVSFT PG UIF TPMBS OFJHICPVSIPPE GPSN BSDIFT JO UIF U − V
TQBDF� 4PNF TUSVDUVSFT JOTJEF UIFTF BSDIFT
 TVDI BT 8PMG ��� PS 4JSJVT
 BSF LOPXO
BT EJTTPMWFE TUFMMBS DMVTUFST� #VU IPX EP TUSVDUVSFT XJUIJO POF BSDI SFMBUF UP FBDI
PUIFS JT OPU DMFBS� %P UIFZ IBWF B TJNJMBS DIFNJDBM DPNQPTJUJPO "SF UIFZ EJT�
TPMWFE DMVTUFST UIBU XFSF MBUFS QFSUVSCFE CZ UIF (BMBDUJD CBS PS TQJSBM BSNT "MTP
JG NPSF HSPVQT XJMM CF EFUFDUFE BU B XJEFS SBOHF PG (BMBDUPDFOUSJD SBEJJ
 JU JT JN�
QPSUBOU UP DIFNJDBMMZ DIBSBDUFSJTF UIFN BT XFMM� "TUSPNFUSJD EBUB DPNCJOFE XJUI
DIFNJDBM JOGPSNBUJPO GSPN MBSHF�TDBMF TQFDUSPTDPQJD TVSWFZT MJLF UIF (BJB�&40
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 TVSWFZT
 XJMM BMMPX VT UP GVSUIFS TUVEZ UIF DIFNJDBM QSPQFSUJFT PG
UIFTF HSPVQT� 5PHFUIFS XJUI NPSF BEWBODFE OVNFSJDBM TJNVMBUJPOT XF XJMM CF BCMF
UP VOSBWFM NPSF EFUBJMT BCPVU UIF GPSNBUJPO IJTUPSZ PG UIF .JMLZ 8BZ�
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"DLOPXMFEHFNFOUT

* XPVME MJLF UP FYQSFTT NZ TJODFSF BOE FOPSNPVT HSBUJUVEF UP NZ NBJO TVQFSWJTPS
ɨPNBT #FOTCZ� ɨBOL ZPV WFSZ NVDI GPS ZPVS HVJEBODF
 SFHVMBS NFFUJOHT
 EJT�
DVTTJPOT
 QSPPG�SFBEJOHT
 QFSTJTUFODF
 BOE TVQQPSU� *U IBT CFFO B QMFBTVSF UP IBWF
TVDI B DBSJOH BOE SFTQPOTJWF TVQFSWJTPS MJLF ZPV� * XPVME BMTP MJLF UP UIBOL NZ
DP�TVQFSWJTPS 4PmB 'FMU[JOH GPS WBMVBCMF BEWJDF
 EJTDVTTJPOT
 BOE FODPVSBHFNFOU�

* XBOU UP UIBOL FWFSZPOF BU -VOE 0CTFSWBUPSZ GPS NBLJOH GPVS ZFBST PG NZ 1I%
BNB[JOH� ɨBOL ZPV BMM GPS GVO UBMLT BCPVU TDJFODF BOE MJGF BU mLB
 EJTDVTTJPOT

UJQT
 BOE IFMQ XIFO * NPTU OFFEFE JU� * UIBOL ɨJFCBVU XJUI XIPN XF XPSLFE
UPHFUIFS PO UIF mSTU QBQFS� * UIBOL 1BVM GPS IFMQJOH NF XIFO * IBE RVFTUJPOT BCPVU
(BMBDUJD EZOBNJDT� 4QFDJBM UIBOLT HP UP NZ EFBS GSJFOET 4JNPOB
 .BEFMFJOF
 BOE
/PFNJ� -PVJTF
 %JBOF
 BOE "MFTTBOESB
 UIBOL ZPV WFSZ NVDI GPS ZPVS TVQQPSU
XIFO * XBT BQQMZJOH GPS B QPTUEPDUPSBM QPTJUJPO� * UIBOL &EJUB GPS IFMQJOH NF UP
HFU UP LOPX FWFSZPOF XIFO * KVTU TUBSUFE NZ 1I%� * IBWF CFFO MVDLZ UP TIBSF NZ
PċDF XJUI %BOJFM XIP BMTP MJLFT EBSLOFTT BOE IBT OFWFS PCKFDUFE XIFO * SBJTFE
UIF UFNQFSBUVSF PO UIF UIFSNPTUBU� ɨBOL ZPV
 FWFSZPOF
 GPS B HSFBU UJNF�

* XPVME MJLF UP UIBOL NZ IVTCBOE 3PNBO� ɨBOL ZPV GPS ZPVS MPWF BOE QBUJFODF�
* BMTP UIBOL NZ QBSFOUT GPS UIFJS FODPVSBHFNFOU BOE MPWF�
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"VUIPS DPOUSJCVUJPOT

ɨF OFYU QBHFT TVNNBSJ[F NZ DPOUSJCVUJPO UP FBDI QBQFS JODMVEFE JO UIJT UIFTJT�
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1BQFS *�
,JOFNBUJD TUSVDUVSFT PG UIF TPMBS OFJHICPVSIPPE SFWFBMFE CZ
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ɨF QSPKFDU XBT QSPQPTFE CZ 5#� *, BOE 54 EFWFMPQFE BOBMZTJT SPVUJOFT UIBU
JOWPMWF UIF XBWFMFU USBOTGPSN
 .POUF $BSMP TJNVMBUJPOT
 BOE BOBMZTJT PG NFUBM�
MJDJUZ EJTUSJCVUJPOT� ɨF SFTVMUT XFSF JOUFSQSFUFE CZ *,� ɨF UFYU PG UIF QBQFS XBT
XSJUUFO NBJOMZ CZ *,
 4FDUJPO � XBT XSJUUFO UPHFUIFS XJUI 54
 XJUI DPSSFDUJPOT
BOE TVHHFTUJPOT GSPN 5#�
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ɨF QSPKFDU XBT QSPQPTFE CZ 5#� *, EFWFMPQFE SPVUJOFT BOE DPEFT
 SBO TJN�
VMBUJPOT
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ABSTRACT

Context. The velocity distribution of stars in the solar neighbourhood is inhomogeneous and rich with stellar streams and kinematic
structures. These may retain important clues regarding the formation and dynamical history of the Milky Way. However, the nature
and origin of many of the streams and structures is unclear, hindering our understanding of how the Milky Way formed and evolved.
Aims. We aim to study the velocity distribution of stars of the solar neighbourhood and investigate the properties of individual
kinematic structures in order to improve our understanding of their origins.
Methods. Using the astrometric data provided by Gaia DR1/TGAS and radial velocities from RAVE DR5 we perform a wavelet
analysis with the à trous algorithm of 55 831 stars that have U and V velocity uncertainties less than 4 km s�1. An auto-convolution
histogram method is used to filter the output data, and we then run Monte Carlo simulations to verify that the detected structures are
real and are not caused by noise due to velocity uncertainties. Additionally we analysed our stellar sample by splitting all stars into a
nearby sample (<300 pc) and a distant sample (>300 pc), and two chemically defined samples that to a first degree represent the thin
and the thick disks.
Results. We detect 19 kinematic structures in the solar neighbourhood in the range of scales 3�16 km s�1 at the 3� confidence
level. Among them we identified well-known groups (such as Hercules, Sirius, Coma Berenices, Pleiades, and Wolf 630), confirmed
recently detected groups (such as Antoja12 and Bobylev16), and detected a new structure at (U,V) ⇡ (37, 8) km s�1. Another three
new groups are tentatively detected, but require further confirmation. Some of the detected groups show clear dependence on distance
in the sense that they are only present in the nearby sample (<300 pc), and others appear to be correlated with chemistry as they are
only present in one of the chemically defined thin and thick disk samples.
Conclusions. With the much enlarged stellar sample and much increased precision in distances and proper motions, provided by
Gaia DR1/TGAS we have shown that the velocity distribution of stars in the solar neighbourhood contains more structures than
previously known. A new feature is discovered and three recently detected groups are confirmed at high confidence level. Dividing
the sample based on distance and/or metallicity shows that there are variety of structures which form large-scale and small-scale
groups; some of them have clear trends on metallicities, others are a mixture of both disk stars. Based on these findings we discuss
possible origins of each group.

Key words. stars: kinematics and dynamics – Galaxy: formation – Galaxy: evolution – galaxies: kinematics and dynamics

1. Introduction

Studies of the velocity distribution of stars in the solar neigh-
bourhood have shown that it contains a plethora of kinematic
structures, with stars that have similar space velocities (U,V,W).
There are several possible reasons to why di↵erent stars have
similar kinematic properties: they could be from evaporated
open clusters; they could be due to dynamical resonances within
the Milky Way; or they could even be remnants of accreted satel-
lite galaxies that merged with the Milky Way billions of years
ago. This means that stellar streams retain a lot of information
about the various dynamical processes of the Milky Way’s past
and provide clues to our understanding of the formation of the
Galaxy. Mapping the structure and properties of this benchmark
galaxy, will also aid our attempts to understand the evolution and
formation of large spiral galaxies in general. A detailed char-
acterisation of the kinematic properties together with chemical
composition of the stars of such structures is crucial when trying
to trace their origins (e.g. Freeman & Bland-Hawthorn 2002).

The release of Hipparcos catalogue twenty years ago (ESA
1997) boosted the study of kinematic properties of the solar
neighbourhood. For example, Dehnen (1998) studied the distri-
bution of 14 369 kinematically selected stars using a maximum
likelihood estimate method and detected 14 features in the U�V

plane of Galactic space velocities. The W direction did not ap-
pear very rich in structures with only four moving groups de-
tected. The sample was then split based on (B � V) colour in-
dex to study the behaviour of young and old stars separately.
They found that there are moving groups composed of red stars
(supposed to be older), while younger structures were composed
of stars with di↵erent colours. This was an argument against
the theory previously proposed by Eggen (1996), that kinematic
structures could be remnants of disrupted open clusters, in which
stars are chemically homogeneous. Instead, Dehnen (1998) pro-
pose that moving groups that follow eccentric orbits could be
formed through resonances with the Galactic bar.

Skuljan et al. (1999) studied a sample of 4597 Hipparcos
stars and, unlike Dehnen (1998), used radial velocities provided
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in Hipparcos Input Catalogue (Turon et al. 1992). Skuljan et al.
(1999) applied a wavelet analysis method for kinematic group
detection, identified the most significant structures in the U � V

plane, and found that the velocity distribution has a more com-
plicated structure than simply moving groups and has a larger,
branch-like structure.

Later, using a combination of CORAVEL radial veloci-
ties (Baranne et al. 1979) and ages, together with Tycho-2 as-
trometry, Famaey et al. (2005) investigated a stellar sample of
5952 stars and found well-known streams like Hercules, Sirius,
Hyades and Pleiades. They suggest that stellar groups are of dy-
namical origin as isochrones of stars associated with the moving
groups show a large dispersion of ages. A deeper study of the ori-
gin of moving groups provided by Famaey et al. (2008) involved
wavelet transform applied to the same data as in Famaey et al.
(2005) and checked the theory of kinematic groups being rem-
nants of open clusters. After fitting isochrones inherent for open
clusters to stars associated with the Sirius, Hyades and Pleiades
streams, Famaey et al. (2008) claimed dynamical origins for
these groups, as they did not match.

Antoja et al. (2008) investigated a larger sample of 24 910
stars using wavelet techniques and analysed the age-metallicity
distribution of the kinematic branches of Sirius, Hercules,
Hyades-Pleiades and Coma Berenices. Each branch showed a
wide spread of metallicities, especially Hercules. Sirius group
stars were older and peaked at about 400 Myr, compared to
Hyades-Pleiades which consist of mainly younger stars.

Zhao et al. (2009) later detected 22 structures by apply-
ing a wavelet analysis to a sample of 14 000 dwarf stars from
Nordström et al. (2004) and 6 000 giant stars from Famaey et al.
(2005). That study provided a comprehensive comparison of the
positions of all kinematic structures detected by di↵erent au-
thors. Eleven those 22 groups had previously been found in the
literature, while the remaining eleven were discovered for the
first time.

Antoja et al. (2012) identified 19 structures in the solar
neighbourhood by analysing a sample of over 200 000 stars
with available RAVE radial velocities and compared their results
with those obtained by using the Geneva-Copenhagen survey
(Nordström et al. 2004). The latter found 19 structures in the so-
lar neighbourhood from a sample of over 110 000 stars and their
findings support the dynamical origin of stellar branches based
on age-metallicity distribution from Antoja et al. (2008) and the
fact that the main groups are large-scale structures that are de-
tectable even beyond the solar neighbourhood.

An alternative approach (to analyses in the U � V velocity
plane) is to search for streams in the plane defined by the in-
tegrals of motions. This way of searching for kinematic over-
densities is important as one may discover stellar streams of pos-
sible resonant or even extra-galactic origin. Stars in associated
kinematic over-densities keep the same angular momenta and in
the solar neighbourhood behave the same way as moving groups
of the cluster disruption origin. Together with the approxima-
tion of Keplerian orbits (see Dekker 1976), Arifyanto & Fuchs
(2006) and Klement et al. (2008) studied the distribution of
stars in

p
U2 + 2V2 and V plane as a consequence of the inte-

gral of motion approach, first discussed in Helmi et al. (1999).
Arifyanto & Fuchs (2006) applied wavelet transform to the thin
and thick disk samples that consist of nearby subdwarfs with
metallicities [Fe/H] > �0.6 and [Fe/H]  �0.6. They found
Pleiades, Hyades, and Hercules in the thin disk and Arcturus
stream in the thick disk. Klement et al. (2008) were the first to
use the RAVE DR1 archive. Their sample consisted of 7015 stars

that allowed them to detect eight groups in the
p

U2 + 2V2 and
V plane. Later, Zhao et al. (2014) focused on the search for kine-
matic structures for the thick disk population based on the LAM-
OST survey (see Zhao et al. 2012). Their stellar sample con-
sisted of 7993 stars. Thus, only a few kinematic structures were
detected.

Usually the origin of kinematic structures is studied with
help from our knowledge about other components of the Galaxy,
but Antoja et al. (2014) did the opposite: assuming that the Her-
cules stream was caused by resonances of the Galactic bar, they
used Hercules to constrain the Galactic bar’s pattern speed and
the local circular frequency. This paper further demonstrated the
importance of the study of kinematic structures, a possible key
to a better understanding of the Milky Way formation.

Cross-matching the first astrometric data release of
Gaia DR1 (Lindegren et al. 2016) and the radial velocities from
the RAVE DR5 catalogue (Kunder et al. 2017), we now have
access to the most up-to-date and precise astrometric measure-
ments for more than 200 000 stars. This is a substantially larger
sample than most samples previously available, and the pre-
cision in the data is also much better than before. Recently,
using TGAS and RAVE, the kinematics of halo stars was in-
vestigated by Helmi et al. (2017), who studied the velocity cor-
relation function and the energy vs. angular momentum space of
about 1000 stars with metallicities [M/H]  �1.5. They found
that the distribution of stars in the space defined by integrals
of motion has complex kinematic structure and more than half
of them follow retrograde orbits. Halo substructure with TGAS
and RAVE was also studied in Myeong et al. (2017). The clump
of 14 co-moving metal-poor giants was discovered. Based on
small spreads of the metallicity within the group, authors ex-
plain its origin as being a dissolving remnant of a globular clus-
ter. Liang et al. (2017) applied a wavelet analysis technique to a
sample that is a combination of the LAMOST DR3 (Zhao et al.
2012) and the Gaia TGAS (Michalik et al. 2015) catalogues.
They detected 16 kinematic structures, identifying four potential
new stream candidates.

The list of works on kinematic groups could be extended
and all of them prove that the velocity distribution in the solar
neighbourhood is inhomogeneous and has a complex, branch-
like structure. The mechanism of how individual stellar streams
were formed remains is unknown. Some of the above-mentioned
papers attempts to resolve this question, and as a result there ex-
ists a variety of theories, but there is no exact agreement among
them even for the well-studied groups, further demonstrating the
importance of the study of kinematic structures.

Using the recent TGAS and RAVE data releases, this study
focuses on the velocity distribution of stars in the U � V plane
to reveal the structures and to further analyse some properties of
each structure in terms of distance and chemistry. The paper is
organised in the following way: in Sect. 2 we discuss the stel-
lar sample and its properties; Sect. 3 contains an explanation of
numerical methods (wavelet analysis) used in this work; Sect. 4
covers the description of input and output maps for the wavelet
analysis; all the results including tables and figures of kinematic
structures we present in Sect. 5; finally, the summary and discus-
sion of this work are in Sect. 6.

2. Stellar sample

To detect stellar structures in velocity space we will perform a
wavelet analysis applied for a data sample in the U�V plane (see
Sect. 3), where U,V,W are the space velocities of the stars in a
right-handed Cartesian coordinate system (X,Y,Z). The X axis
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points towards the Galactic centre, while the Y axis defines the
direction of Galactic rotation, and the Z axis points towards the
Galactic North Pole. The sample should be as large as possi-
ble and contain precise measurements of distances, proper mo-
tions, and radial velocities, for the calculation of accurate space
velocities.

2.1. Distances and radial velocities

Since the Gaia satellite was launched in 2013 we have been ex-
pecting the most precise astrometric measurements for billions
of stars in the Milky Way. The first Gaia data release (DR1;
Lindegren et al. 2016) due to the shortage of observations is
still far from the declared precision: for a star with a magnitude
V = 15 it is expected to obtain positions, proper motions and
parallaxes with the precision up to 5–25 µas (see Michalik et al.
2015). However, adding astrometry from the Hipparcos cata-
logue, TGAS gives astrometric solutions for 2.5 million stars
with precise measurements of all required astrometric data
(Michalik et al. 2015). According to Gaia Collaboration (2016)
it is recommended that a systematic error of 0.3 mas be con-
cidered. Later, Lindegren (2017) states that parallax uncertain-
ties already represent the total uncertainty and additional system-
atic error could lead to overestimation. Therefore, in this work
we used original TGAS data. In order to calculate the three-
dimensional (3D) movements of the stars, that is the U, V , and
W space velocities, the TGAS data must be complemented with
radial velocities.

The Radial Velocity Experiment (RAVE) is a medium-
resolution spectroscopic survey with the primary goal of de-
termining radial velocities and stellar parameters for hundreds
of thousands of stars in the Southern Hemisphere using spectra
with a resolving power of R = 7500 (Steinmetz 2003). The final
release of RAVE (DR5) gives precise measurements of radial
velocities of 457 588 unique stars (Kunder et al. 2017). Cross-
matching RAVE DR5 with TGAS provides us with a sample of
159 299 stars with known coordinates (↵, �), proper motions (µ↵,
µ�), positive parallaxes (⇡), radial velocities (vrad), abundances
of Mg and Fe and their associated uncertainties for all stars. The
RAVE catalogue contains multiple observations for some stars.
In those cases, the median value of every parameter was used in
this work.

To further expand our sample we also explore the op-
tion of including the data releases from the Large sky Area
Multi-Object Fibre Spectroscopic Telescope (LAMOST DR2,
Luo et al. 2015). This is a Northern hemisphere survey which
contains spectra of almost 2 million stars with a resolution of
R = 2000. The cross-matching of A-, F-, G- and K-type stars in
the LAMOST DR2 catalogue with TGAS1 leaves us a sample of
107 501 stars with positive parallax.

2.2. Space velocities and their uncertainties

Space velocities and their uncertainties, which are dependent
on the accuracy of the proper motions, the parallaxes, and the
radial velocities, were computed according to the equations in
(Johnson & Soderblom 1987).

Figure 1 shows the distributions of the uncertainties in the U,
V , and W velocities for 159 299 RAVE stars (top) and 107 501
LAMOST stars (bottom). Each velocity component is indicated
with a di↵erent colour. About 35% (55 831) of the RAVE stars

1 Using the gaia_tools Python package developed by Jo Bovy that is
available at https://github.com/jobovy/gaia_tools

Fig. 1. Distribution of the velocity uncertainties, �U is shown in green,
�V in pink, �W in blue. Top: 159 299 RAVE stars. Bottom: 107 501
LAMOST stars.

have velocities with uncertainties smaller than 4 km s�1, while
only 0.8% (905) LAMOST stars belong to the same region. Such
a comparably low accuracy of LAMOST velocities can be ex-
plained with high uncertainties of radial velocities, which are
one of the main components when computing �U , �V and �W .
Tian et al. (2015) cross-matched LAMOST DR1 with APOGEE
and discovered an o↵set of ⇠5.7 km s�1 of LAMOST radial ve-
locities. Schönrich & Aumer (2017) report that LAMOST line-
of-site velocities are underestimated and have to be corrected by
5 km s�1. The accuracy of space velocities is crucial for detec-
tion of kinematic groups, shown later in the Sect. 4. Taking into
account high uncertainties for the LAMOST stars we decided to
focus our analysis on the RAVE sample only, which gives us a
sample of 159 299 stars.

The spatial distribution of our RAVE-TGAS star sample in
the X � Y and X � Z planes is shown in Fig. 2. In this plot we
show three distributions: the sample of all 159 299 stars is shown
in blue, 55 831 stars with �U , �V < 4 km s�1 in green, and the
red colour indicates the same stars as the green but with distance
limit <300 pc. As is shown in Sect. 4 we focus on the analysis of
the last two sub-samples. The precision of the parallax distances
provided by TGAS is high enough and additionally the cut on
velocity uncertainties (�U and �V ) less than 4 km s�1 already
cuts stars by parallax too. In Fig. 3 the distribution of parallax-
relative uncertainties ⇡e/⇡ for the total sample is shown, where
⇡ is the parallax and ⇡e is its uncertainty. Most stars have un-
certainties less than 30%. This cut is necessary to obtain robust
positions of kinematic structures.
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Fig. 2. Spatial distribution of RAVE stars in the X � Y (top) and X � Z

(bottom) planes shown as a log-scale density plot. Blue colour shows
a sample of 159 299 stars, green colour is for a sample of 55 831 stars
with �U and �V < 4 km s�1 and red colour describes the distribution
of 31 533 stars associated with the solar neighbourhood (d < 300 pc).
The lighter shades of each colour show higher numbers of stars in
distributions.

Whether or not local standard of rest (LSR) should be in-
cluded in the space velocities, or not, in the detection analysis
for kinematic groups is debatable. In several works the space
velocities were not adjusted for the peculiar solar motion (e.g.
Skuljan et al. 1999; Antoja et al. 2008, 2012; Zhao et al. 2009),
while in some papers it was (e.g. Klement et al. 2008; Zhao et al.
2014). We chose not to correct our space velocities to the LSR as
the adopted solar motion relative to the LSR may di↵er between
studies (e.g. Schönrich 2012) and if so, would make direct com-
parisons of the detected structures more di�cult.

3. Numerical methods

Di↵erent statistical methods have been used to highlight kine-
matic over-densities: wavelet analysis (e.g. Skuljan et al. 1999;
Antoja et al. 2008, 2012; Zhao et al. 2009), maximum likelihood
algorithm (e.g. Dehnen 1998; Famaey et al. 2005), and adaptive
kernel estimate (e.g. Skuljan et al. 1999). We chose the most
e�cient technique for our purposes: the wavelet analysis with
the à trous algorithm (Starck et al. 1998) which gives signal
characteristics in terms of location, both in position and scale
(size of the structure) simultaneously. The utility of this analysis
method applied to the detection of moving groups in the solar

Fig. 3. Distribution of parallax relative uncertainties for 55 831 stars
with �U and �V < 4.0 km s�1.

neighbourhood has already been demonstrated in several stud-
ies (e.g. Chereul et al. 1998; Skuljan et al. 1999; Famaey et al.
2008; Antoja et al. 2008, 2012). The wavelet analysis part of this
work is done using MR software2 developed by CEA (Saclay,
France) and Nice Observatory. It is a powerful tool that has been
developed since the very beginning of the wavelet era.

The analysis consists of applying a set of filters at di↵erent
scales to the original data in order to determine wavelet coe�-
cients. Detected structures, which correspond to local maxima
in the wavelet space can be either physical (kinematic groups)
or “artefacts”. The latter can have two origins: (1) The wavelet
coe�cients contain Poisson noise due to the fact that the stellar
sample is finite. Details on the filtering of the Poisson noise can
be found in Sect. 3.2; (2) The space velocities of the stars con-
tain significant uncertainties. Details on the verification of the
robustness of results are given in Sect. 4.2.

3.1. The à trous algorithm

We focused on the wavelet analysis with the à trous algorithm
because it has an advantage compared to other statistical meth-
ods: it does not require any assumptions on the initial stellar
distribution. So, the input data correspond only to the original
star-count map in the U �V plane. The algorithm implies apply-
ing a set of filters at di↵erent scales (s j = 2 j ⇥ �) in order to
decompose the two-dimensional (2D) signal c0(ix, iy) into a set
of wavelet coe�cients (w1, ..., wn) that contain the information
about kinematic structures. Here, (ix, iy) is a position at the input
grid, j is the scale index ( j 2 ⇥1, p

⇤
), p is the maximum scale

and � is the bin size of the input pixel grid which is used to de-
tect structures which have sizes between s j�1 and s j km s�1 (for
details on the algorithm see Starck & Murtagh 2002).

For one position (ix, iy), a positive wavelet coe�cient corre-
sponds to an over-density in the velocity space. We followed the
documentation provided with the MR software and we used a
maximum scale p equal to log2(N � 1), where N, assuming that
the input star count map has a size N⇥M, is the number of pixels
in the smaller direction.

2 http://www.multiresolutions.com/mr/
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3.2. Image filtering and detection of significant structures

Given that the data sample is finite, wavelet coe�cients at each
scale except the information about the structures contain also
noise which follows Poisson statistics. The procedure to deter-
mine if a wavelet coe�cient is significant or not depends on the
kind of data. First, we determined the multi-resolution support
of the resulting image, which is a logical3 way to store infor-
mation about the significance of a wavelet coe�cient at a given
scale j and a position (ix, iy). Our data contains a large num-
ber of pixels with less than 30 star counts, which is called the
case of “few events”. In order to remove the Poisson noise in the
case of “few events” we used the auto-convolution histogram
method (Slezak et al. 1993) which has already been successfully
used to detect structures in data with few events such as low-
intensity X-ray images (Starck & Pierre 1998).

With the final set of wavelet coe�cients we used an algo-
rithm provided with the MR software that groups coe�cients
into structures that are characterised by the level of confidence
✏. A structure detected with a 3� confidence level corresponds to
a 99.86% probability that the structure was not produced by the
Poisson noise. Then, the algorithm approximates the shape of
the structure by an ellipse, characterised by its centre, its semi-
minor axis, its semi-major axis, and the angle between the major
axis and the horizontal axis of the input map. These parameters
are useful for the estimation of the number of stars belonging to
the structure, assuming that all the stars inside the ellipse can be
associated with the structure.

4. Analysis

4.1. Input data

The constraints on velocity uncertainties and the choice of the
bin size of the input star-count map are linked. First, the un-
certainties have to be simultaneously large enough in order to
provide us with as large a sample as possible, and at the same
time small enough to take advantage of the high-precision data
provided by Gaia DR1/TGAS and RAVE. Second, the bin size
of the star count map has to be consistent with the space veloc-
ity uncertainty of the stars in order to get robust positions of the
structures.

This means that the bin size needs to be roughly equal to
the average velocity uncertainty of the sample, otherwise the
probability that a star falls into a particular bin will be reduced
and therefore the precision of the positions of kinematic struc-
tures will also decrease. If the bin size is higher than ⇠5 km s�1,
the first scale (J = 1) would be 10–20 km s�1, but from pre-
vious studies it has been shown that the typical size of struc-
tures is of the order 10 km s�1 (e.g. Antoja et al. 2012). Thus, a
bin size larger than about 5 km s�1 should not be used as too
many structures would be lost. With a restriction on �U and
�V equal to 4 km s�1 it should possible to get robust measure-
ments of positions of structures, and that leaves us with a sam-
ple of 55 831 stars that have average velocity uncertainties of
h�Ui = 1.8 km s�1 and h�Vi = 1.6 km s�1. We then chose a bin
size of �bin = 1 km s�1. With this value the scales of the output
images from the wavelet transform will be: J = 1 (2–4 km s�1),
J = 2 (4–8 km s�1), J = 3 (8–16 km s�1), J = 4 (16–32 km s�1),
J = 5 (32–64 km s�1).

3 If w j(ix, iy) is significant for a given scale j and position (ix, iy), then
Mj(ix, iy) = 1, otherwise, Mj(ix, iy) = 0.

Fig. 4. Probability density functions of the location of stars in the U�V

plane for di↵erent cases and �bin = 1.0 km s�1. Case A1: the star is
located in the centre of a bin and the uncertainty is equal to the average
uncertainty of the stars in our sample (�U = h�Ui = 1.80 km s�1 and
�V = h�Vi = 1.60 km s�1). Case A2: the star is located close to the
edge of a bin and the uncertainty is equal to the average uncertainty of
the stars in our sample (�U = h�Ui = 1.80 km s�1 and �V = h�Vi =
1.60 km s�1). Case B1: the star is located in the centre of a bin and
the uncertainty is lower than the average uncertainty of the stars in our
sample (�U = h�Ui = 0.90 km s�1 and �V = h�Vi = 0.80 km s�1).
Case B2: the star is located close to the edge of a bin and the uncertainty
is lower than the average uncertainty of the stars in our sample (�U =
h�Ui = 0.90 km s�1 and �V = h�Vi = 0.80 km s�1). Numbers at each
concentric circle show the probability as a percentage for the star to fall
inside the circle.

4.2. Monte Carlo simulations

The space velocities of the stars have uncertainties that will in-
fluence the ability to detect kinematic structures and how robust
these detections will be. Figure 4 shows the probability density
function of one star to be located in the centre of one bin in the
U �V plane (plots on the left-hand side) or at the edge of the bin
(plots on the right-hand side) given that the velocity uncertainties
are equal to the average uncertainties of the sample (upper plots)
or half of the average uncertainties (lower plots). The probability
(see numbers at each concentric circle) that a star will fall into
di↵erent bins is non-zero and consequently, can lead either to
structures being “fake detections”, or the detection of real phys-
ical structures being missed. Hence, we perform Monte Carlo
(MC) simulations in order to estimate the robustness of the de-
tected structures.

NMC synthetic samples are generated from the original one
by randomly drawing 55 831 new couples (U,V) assuming that
the stars have Gaussian velocity distributions, where mean val-
ues are positions (Ui,Vi) and the standard deviations are uncer-
tainties (�Ui

, �Vi
), where i 2 [1, Nstars] refers to the ith star in

the original sample. Then, the wavelet analysis and the structure
detection algorithm are applied to the NMC synthetic stellar sam-
ples and the positions of all structures at all scales are stored for
each simulated sample.
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Fig. 5. Positions of kinematic stellar structures obtained by wavelet
transform applied for NMC = 2000 synthetic data samples for levels
J = 2, 3, 4.

4.3. Output data

Following the computations described in Sect. 3 and MC sim-
ulations as in Sect. 4.2, the wavelet analysis was applied
to these NMC samples giving: (1) NMC sets of wavelet co-
e�cients

h⇣
w1

1, w
1
2, ..., w

1
J

⌘
, ...,
⇣
wNMC

1 , wNMC
2 , ..., wNMC

J

⌘i
; (2) the

multi-resolution support for J scales and NMC simulations,
which gives:

h⇣
M

1
1 , M

1
2 , ... ,M

1
J

⌘
, ...,
⇣
M

NMC
1 , M

NMC
2 , ..., M

NMC
J

⌘i
;

(3) positions of detected structures for J scales and NMC simula-
tions.

The results are presented in two di↵erent forms. First as a
structure’s position count map, in which the positions of the de-
tected structures of each of the 2000 samples are superimposed
(see Fig. 5). The detected structures are marked by black boxes.
To quantify the “realness” of each group, the fraction of times

Fig. 6. Average position (Umean, Vmean) (1 and 2 pattern from the top),
estimation of the number of stars (3 pattern from the top) and percentage
of detection of the moving group 13 from the total sample and J = 3
(bottom pattern), in function of the number of simulation.

each group was detected relative to the total number of simula-
tions is calculated.

Figure 5 shows the position count map for the detected struc-
tures at scales J = 2 (4–8 km s�1, top plot), J = 3 (8–16 km s�1,
middle plot) and J = 4 (16–32 km s�1, bottom plot). The highest
number of individual structures, shown by black rectangles with
individual numbers, is for J = 2. However, as can be seen, scale
J = 3 also includes all significant structures detected at scales
J = 2 and J = 4, and covers smaller and bigger scales.

How many Monte Carlo simulations are needed for the re-
sults to converge? To explore this, Fig. 6 shows how the posi-
tions for structure number 13 from the J = 3 map converge as
the number of Monte Carlo simulations increases. We introduce
four di↵erent estimators: the first two are mean positions of the
structure Umean and Vmean (calculated based on coordinates U

and V of all structures inside the rectangle number 13); The third
one is the number of stars inside structure number 13 which was
calculated as an averaged number of stars from the total num-
ber of Monte Carlo simulations (NMC runs); The last estimator is
the percentage of structure detection inside the rectangle. Con-
vergence is reached at around 1400 simulations (marked by grey
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Fig. 7. Top: positions of kinematic stellar structures obtained by wavelet transform applied for NMC = 2000 synthetic data samples for J = 3
in the U � V plane. Structure counts are shown with the orange colour. Black boxes embrace region of individual structures. Blue crosses show
identification of structures in literature if any. Bottom: multi-resolution support count map for NMC = 2000 synthetic data samples for J = 3 in the
U � V plane. Black boxes represent the same structures as in the top plot.

background in Fig. 6). We therefore chose to run 2000 simula-
tions to have confident results.

The position count map is useful for providing positions of
structures. However, one cannot decipher whether if the struc-
tures are independent, or are connected to other groups. Hence,
another way to represent the results is shown in the bottom plot
of Fig. 7, and is the multi-resolution support for NMC simulations
by displaying the quantity Mtot defined as follows:

Mtot,j(ix, iy) =
NMCX

k=1

M
k

j
(ix, iy) (1)

Thus, if Mtot,j(ix, iy) = NMC, then w j(ix, iy) is significant for all
the simulations. Conversely, if Mtot,j(ix, iy) = 0, then w j(ix, iy) is
never significant. We explain in more detail the results that can
be gained from Fig. 7 in Sect. 5.

5. Results

In this section we present the detected structures in the U � V

plane for the following samples: the full TGAS-RAVE sample,
the sample split into a nearby and a distant sample, and two
chemically defined samples that to a first degree represent the
stars belonging to the Galactic thin and thick disks.

5.1. Full sample

Figure 5 shows detected structures in the U � V planes for three
di↵erent scales, J = 2 (4–8 km s�1): 32 structures, J = 3 (8–
16 km s�1): 19 structures, and J = 4 (16–32 km s�1): 4 struc-
tures. The J = 3 structures are listed in Table 1, and the struc-
tures from the J = 2 and J = 4 scales in Table 2. As can be
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Table 1. 3�-significant kinematic structures detected for level J = 3, 8–16 km s�1, NMC = 2000.

N Name U V �U �V
Nd

NMC
,% N⇤ SN BSN D TD

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
55 831 31 533 24 298 36 439 11 410

1 Sirius 30 �3 3 1 31 434 + + +

2 Sirius 0 8 7 3 154 4821 + + + +

3 Sirius �11 9 3 1 83 879 + +

4 Coma B 9 �12 2 2 52 1102 + +

5 Coma B �2 �11 3 3 70 2753 + + +

6 Coma B �15 �7 1 1 79 673 + + +

7 Hyades �44 �18 6 2 90 2344 + +

8 Pleiades �22 �23 7 3 170 4257 + + +

9 Wolf630+Dehnen98 43 �22 9 2 168 1777 + +

10 Hercules �38 �49 9 3 116 1451 + +

11 Hercules �16 �48 2 1 22 197 + +

12 �Leo 52 0 1 2 27 96 + +

13 New 37 8 2 2 74 201 + + +

14 Antoja12(15) 48 �68 1 1 6 8 + +

15 Antoja12(12) 94 �13 1 1 38 10 + +

16 Bobylev16 �94 �5 1 1 17 14 + + + +

17 ✏Ind �88 �48 2 2 12 24 +

18 Unknown �86 �76 2 1 8 12 +

19 Unknown �18 �67 1 1 22 70 + +

Notes. Columns 1–8 are for the total sample. Column 1 gives the order of positions of wavelet coe�cients for J = 3 obtained for 2000 synthetic
data samples. Column 2 is the name of the structure if available in literature. Columns 3 and 4 are central positions of kinematic structures
in km s�1, their uncertainties (standard deviations) are given in Cols. 5 and 6 respectively also in km s�1. Column 7 is a percentage showing how
many times the structure obtained by MC simulations appears in the wavelet space. The estimated number of stars in each group is given in Col. 8.
Columns 9–12 show the presence of the structure in the SN, BSN, D and TD samples for J = 3 with + sign. Number of stars of each data sample
is indicated in the row 3. Question marks correspond to tentatively new structures with a small detection percentage in MC simulation.

seen, J = 3 appears to cover all the detected features, including
smaller structures at J = 2, as well as larger groups at J = 4.
Therefore, we will from now on consider J = 3 as the main
scale since it covers a range around the typical sizes of kine-
matic structures found in the solar neighbourhood (both small-
and large-scale structures), and secondly focus on J = 2 and
J = 4 that cover even smaller and larger structures, respectively.

The top plot of Fig. 7 shows again the detected kinematic
structures in the U �V plane for J = 3 (as in Fig. 5 middle plot),
but now with previously detected structures found in the litera-
ture (Eggen 1996; Antoja et al. 2008, 2012; Bobylev & Bajkova
2016) marked with blue crosses. Classical structures such as Sir-
ius (structures number 1–3 in Fig. 7), Coma Berenices (struc-
tures 4–6), Hyades (structure 7), Pleiades (structure 8), and
Hercules (structures 10–11), and some smaller structures like
Wolf 630 (structure 9), Dehnen98 (structure 9), �Leo (struc-
ture 12) can be easily recognised. They all have a compara-
bly high percentage of detection (Col. 7 in Table 1) and large
number of stars (Col. 7 in Table 1). The two structures from
Antoja et al. (2012; structures 14 and 15) and one structure from
Bobylev & Bajkova (2016; structure 16) are confirmed. We also

present evidence for a new structure (number 13) that is detected
with 74% significance. Structures 18–19 have low percentages
of detection, less than15%, and might be insignificant. In
Sect. 5.4 we discuss how our results agree with those from the
literature.

The way the detected structures are split into groups is
demonstrated with the bottom of Fig. 7 which shows the multi-
resolution support obtained for J = 3 for all stars and 2000
Monte Carlo simulations. In other words, this is the same plot as
the top panel of Fig. 7, but instead of structure counts we show
multi-resolution support counts. This representation allows us
to see whether structures are bound or separated. Structures 1–
3 seem to be connected and thus are united into Sirius stream.
Group 5 is bound to structure 2 in the wavelet case. It should not
be associated with the Sirius stream as its most significant part
is located slightly aside Sirius, but lays on one line with struc-
tures 4 and 6, therefore grouping structures 4–6 into the Coma
Berenices stream. Groups that have percentage detection higher
than 100% (8, 9, 10) show a few distinct peaks in this plot, sup-
porting the statement that these groups consist of a few smaller
structures that overlap in the structure count map. Based on that
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Table 2. Kinematic structures detected in the solar neighbourhood for levels J = 2 and J = 4, NMC = 2000.

N Name U V �U �V
Nd

NMC
, % N⇤

(1) (2) (3) (4) (5) (6) (7) (8)
J = 2, 4–8 km s�1

1 Sirius 31 �3 2 1 12 285
2 Sirius 17 0 1 1 10 377
3 Sirius 8 9 3 2 23 1105
4 Sirius �1 7 1 1 18 511
5 Sirius �11 9 1 1 23 496
6 Sirius �3 2 1 1 7 459
7 Coma B �2 �11 1 1 7 377
8 Coma B �15 �8 3 2 26 1692
9 Hyades �43 �19 8 3 108 3392

10 Hyades �41 �11 1 1 5 257
11 Hyades �33 �10 1 1 7 243
12 Pleiades �19 �25 3 1 30 1262
13 Pleiades �12 �22 1 3 20 1181
14 Pleiades �6 �24 1 1 8 342
15 Wolf 630 16 �18 2 1 6 430
16 Wolf 630 22 �21 1 1 6 153
17 Dehnen98 34 �20 2 1 6 252
18 Dehnen98 45 �22 2 1 10 193
19 Hercules �36 �49 2 1 9 178
20 Hercules �19 �51 2 2 10 266
21 � Leo 66 �8 1 1 5 14
22 � Leo 53 0 1 1 7 40
23 � Leo 52 5 1 1 5 40
24 New 38 6 2 2 12 201
25 Antoja12(15) 49 �69 1 1 9 12
26 Antoja12(15) 63 �64 1 1 7 5
27 Antoja12(15) 83 �62 1 1 9 5
28 Antoja12(15) 56 �48 1 1 5 20
29 Antoja12(12) 88 �32 1 1 6 5
30 Antoja12(12) 93 �13 1 1 14 10
31 Bobylev16 �95 �6 1 1 8 11
32 ✏Ind �89 �52 1 2 7 20

J = 4, 16–32 km s�1

1 Sirius �3 3 2 3 97 1767
2 New 38 7 1 1 60 106
3 �Leo 55 2 2 1 8 29
4 Hercules �32 �48 7 1 100 437

Notes. For details see Table 1.

we split group 9 into Wolf 630 (to the left) and Dehnen98 (to
the right). Group 11 is a part of the Hercules stream. Structures
12–19 are not connected to other groups.

5.2. solar neighbourhood and beyond samples

The detected structures are found in velocity space. Do they de-
pend on the distance from the Sun? We divide the sample into a

nearby solar neighbourhood sample with 31 533 stars that have
distances d < 300 pc (SN), and a sample of stars beyond the solar
neighbourhood (BSN), with 24, 298 stars that have d > 300 pc
(most distant star at 2 kpc). The distance of d = 300 pc that was
arbitrarily chosen to split the sample is also a reasonable value
because it leaves us with almost equal number of stars in both
samples. Both samples are then independently analysed in the
same way as for the full sample: applying the wavelet transform,
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Fig. 8. Positions of kinematic stellar structures obtained by wavelet transform applied for NMC = 2000 synthetic data samples for level J = 3. The
top left plot is for the SN sample (31 533 stars), top right is for the BSN sample (24 298 stars), bottom left is for the D sample (36 439 stars) and
bottom right is for the TD sample (11 410 stars). Black boxes indicate regions of detected structures for the total sample and J = 3.

filtering, and structure-detection procedure for 2000 synthetic
data samples.

Figure 8 shows the detected structures associated with the
SN sample (top left plot), and the BSN sample (top right plot)
for the scale J = 3. The rectangles mark the borders for the
structures that were detected for the full sample (see Fig. 7). This
allows an easier comparison how the shapes on kinematic struc-
tures change with the respect to the full sample.

In Table 1 we have indicated “+” signs in Cols. 9 and 10 with
if a structure is present in SN and BSN samples. Almost of all
of the full sample structures are observed in the SN except two
weak Hyades peaks (groups 10, 11). Therefore, the SN results
almost completely reproduce the results from the full sample.
For the BSN sample that has 7000 less stars than the SN sam-
ple, most structures appear to have slightly changed their posi-
tions relative to the SN case. A similar result was obtained by
Antoja et al. (2012) where the structures detected in distant re-
gions were shifted on the velocity plane. Hence, only 6 of 19
kinematic groups can be recognised: strong Sirius peak 2, all
Coma B peaks (4–6), Bobylev16 peak 16, and Pleiades peak 8
are slightly shifted.

In summary, it appears that some kinematic structures are
located only in the SN sample as a few significant groups are not
detected in the BSN sample at all (groups 1, 3, 7, 9–15, 17–19).
These changes in the number of structures, their positions and
shapes in the respect to distance, could be due to the di↵erent
in the number of stars falling into the two samples with the SN

sample containing 10 000 more stars than the BSN sample. The
technique of wavelet analysis is sensitive to the number of stars
in the initial sample; the more stars we have, the more realistic is
the picture of structures that we can get. Mean values of velocity
uncertainties for two samples are also slightly di↵erent and are
bigger in the case of the BSN sample: h�UiSN = 1.7, h�ViSN =
1.6 for the SN sample; h�UiBSN = 2.5, h�ViBSN = 2.2 for the
BSN sample. Meaning that for the BSN sample, which is at the
same time smaller, velocity uncertainties are slightly higher and
this can lead to some displacements of the structures. This issue
can be investigated further with the availability of the Gaia DR2
in April 2018 which will provide precise astrometric parameters
for 109 stars and radial velocities for bright stars.

5.3. Thin and thick disk structures

Several high-resolution spectroscopic studies of nearby stars
have identified and characterised the thin and thick disks as
distinct stellar populations, not only in terms of kinematics,
but also in terms of elemental abundances and stellar ages
(e.g. Reddy et al. 2006; Fuhrmann 2008; Adibekyan et al. 2012;
Bensby et al. 2014). The two co-existing and largely overlapping
disk populations point to a complex formation history for the
Milky Way. A process which is currently not well understood.
The question is, can we gain further insights into the nature and
origin of this two-disk structure from the kinematic structures
seen in the solar neighbourhood?
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As shown in Bensby et al. (2014) and Haywood et al. (2013)
stellar ages appear to be the best discriminator between the thin
and thick disks. However, stellar ages are not available for the
stars in our sample. Another way would be to use kinematics, as
this is exactly the property that we want to investigate. Another
approach which can reveal more features of the kinematic group-
ing associated with the thin and thick disks is to use their chem-
ical compositions. Several papers have shown that the two disks
follow distinct and well separated abundance trends both in the
solar neighbourhood (e.g. Bensby et al. 2014; Adibekyan et al.
2012; Fuhrmann 2008) and also further away (Bensby et al.
2011; Hayden et al. 2015). All these studies show that thick disk
stars, at a given metallicity, are more ↵-enhanced than thin disk
stars.

In this paper we do not perform any spectroscopic analysis of
our structures. Instead we separate our stellar sample by magne-
sium [Mg/Fe] abundances provided by RAVE in order to study
our sample in terms of thick (metal-poor) and thin (metal-rich)
disks.

In Fig. 9 (see the last plot on the right-hand side on the bot-
tom line) we show [Mg/Fe]-[Fe/H] diagram for the total RAVE
sample of 47 849 stars that have RAVE S/N > 40. The last limit
is needed to obtain abundances with a higher precision (abun-
dance uncertainties less that 0.2 dex, Kunder et al. see 2017). A
chemical separation of thick and thin disks with RAVE based
on probability density approach has been done in Wojno et al.
(2016) and we define a thin disk sample (D) and a thick disk sam-
ple (TD) samples according their criteria: thin disk [Mg/Fe] <
0.2, thick disk [Mg/Fe] > 0.2. This separation is shown by the
red horizontal line in all plots of Fig. 9. E↵ective ranges of disk
metallicities obtained for a RAVE sample by Wojno et al. (2016)
are the following: �0.27 < [Fe/H] < 0.38 for an ↵-poor compo-
nent (thin disk) and �1.15 < [Fe/H] < �0.05 for an ↵-enhanced
component (thick disk). The metallicity distribution function for
the total sample reaches the maximum value at [Fe/H] ⇡ �0.1,
which is close to the disk separation values, hence, the total sam-
ple represents a mixture of disk populations. In the thin disk sam-
ple we have 36 439 stars, and in the thick disk sample there are
11 410 stars. As in the case with SN and BSN samples, we run
the same procedure as for the full sample and the SN and BSN
samples (i.e. applying the wavelet transform, filtering, and struc-
ture detection procedure for 2000 synthetic data samples).

Uncertainties for both [Fe/H] and [Mg/Fe] from RAVE are
stated to be around 0.2 dex (see Kunder et al. 2017), which is
comparably large to make a clear separation of the two disks.
The separation line shown in Fig. 9 is therefore only a first ap-
proximation to represent thick and thin disks. Better precision
could be achieved with a detailed spectroscopic analysis of stars
associated with kinematic structures to investigate which disk
population do they belong to.

The bottom panels of Fig. 8 show the structures that were
detected by applying wavelet transform to the 2000 synthetic
samples associated with thick and thin disks, respectively. The
rectangles correspond to the structures detected for the full sam-
ple at scale J = 3. In Table 1 Cols. 11 and 12 show a clear
presence of the structure in T and TD with “+” sign.

Similarly to the SN sample, the thin disk sample (D) con-
tains more stars, so most of the structures detected for the full
sample can be recognised. Only groups 17 and 18 appear to be
missing. Hyades and Pleiades groups 7 and 8 are more distinct
in the D sample, but a few stars are also detected in the TD sam-
ple, so they could be a mixture of the two stellar populations.
The Hercules stream is almost missing in the TD map, so that is
probably constructed mostly of thin disk stars. The same result

was obtained by Bensby et al. (2014) and Ramya et al. (2016)
from a chemical abundances analysis of stars that belong to the
Hercules (for more discussions see Sect. 5.4). Coma Berenices
slightly changed its location in the TD case, being more sig-
nificant in box 4. Groups 11, 12, 14, 15, 17–19 are not seen
at all. These groups consist of mostly D stars which points
towards their possible origin through the outer Lindblad reso-
nance (OLR; for further explanations see Sect. 5.4).

In Fig. 9 we plot individually for each kinematic structure its
[Mg/Fe] � [Fe/H] diagram and its metallicity distribution func-
tion which is a [Fe/H] versus a probability density, computed
with the kernel density estimation (KDE) method. In each con-
tour plot the positions of individual stars are shown as dots. The
numbers in each panel indicate the numbers of the structures as
listed in the legend to Fig. 7. The horizontal red line at each den-
sity plot corresponds to the [Mg/Fe] = 0.2 showing the approx-
imate separation between the thin and thick disks. Black dashed
lines at each histogram show the probability density distribution
for the full sample of 47 849 stars with S/N > 40. The solid vio-
let histogram at the top of each panel shows a probability density
distribution for stars inside the current group. We discuss each
structure in detail in the following section.

5.4. Individual structures

Each case contains an overview of what is known about each
group from the literature and how it compares with the results
from the present study. The number in parentheses at the begin-
ning of each paragraph indicates the number of the structure as
listed in Table 1 and shown in Figs. 7 and 8.

Sirius (1–3): Eggen (1992) studied the properties of the Sirius
super-cluster, which is considered as a part of the larger Ursa
Major stream. They found that its stars fall into two distinct age
groups, 6.3 and 0.2 Gyr, and that its chemical composition dif-
fers from the Hyades and Pleiades open clusters, showing heavy
element abundances close to solar values. Famaey et al. (2008)
tried to reveal the origin of kinematic features including the Sir-
ius stream by probing ages of stars that belong to the Sirius group
and the evaporating Ursa Major star cluster. It was shown that
only 30% of the stars associated with the stellar stream fall on
the same isochrone (300 Myr) as the open cluster, and, as was
concluded in Famaey et al. (2008), not all stars of Sirius stream
have an origin of being a remnant of an open cluster and favour a
dynamical (resonant) origin for the Sirius stream. Later, through
modelling of the dynamics of the Milky Way, Minchev et al.
(2010) showed that the low-velocity features including the Sirius
stream could be reproduced with the OLR of the Galactic bar.

Bovy & Hogg (2010) studied the ages and metallicities of
kinematic over-densities of nearby stars from Hipparcos ESA
(1997) to investigate whether stellar streams consist of stars that
belong to the same population, which could indicate that they
originated from dissolved open clusters. Their main result was
negative for the stellar streams they analysed, including the Sir-
ius stream, and that it should not be associated with the Ursa Ma-
jor open cluster. To test possible dynamical origins for the stellar
streams (such as the OLR of the bar, or the inner Lindblad res-
onance (ILR) of the spiral structure) Bovy & Hogg (2010) used
the Geneva-Copenhagen survey (Holmberg et al. 2009) to com-
pare the metallicities of stellar stream stars to the background
population of thin disk stars. Bovy & Hogg (2010) assume that
depending on the type of the resonance, orbits of stellar groups
are located most of the time inside or outside the solar circle,
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Fig. 9. [Mg/Fe]-[Fe/H] diagram for kinematic structures detected for the scale J = 3. Numbers on each panel correspond to structures 1–19 as
stated in the legend of Fig. 7. The last plot corresponds to the total sample with limits on S/N > 40 (47 849 stars). The red line at each density
plot corresponds to [Mg/Fe] = 0.2 and divides the total sample into thick (above the line) and thin (below the line) disks. Dashed black lines show
[Fe/H] = 0 and [Mg/Fe] = 0. Scatter plots at each density map show positions of individual stars on the diagram. Histograms at the top of each
panel show the metallicity distribution for the total sample (black dashed line) and for each group (solid violet distribution). Values of µ and �
represent the violet distribution.

and, consequently, these stars show up the properties of di↵erent
parts of the Galaxy. Metallicity is one of the main parameters
that varies for kinematic groups that come from di↵erent parts
of the Milky Way due to the existence of a metallicity gradient
in the Galaxy. They found “weak evidence” that Sirius stream
stars have lower metallicities than the thin disk population and
could therefore be related to the ILR of the spiral arms.

We associate the Sirius stream with structures 1–3 (see
Fig. 8). Sirius is elongated in both the U and V directions and is
detected in all maps, although its shape and location vary from
sample to sample. Structure 2 is the most significant sub-stream
with more than 4800 stars located inside the “detection box”,
and 154% of Monte Carlo repeats. As the detection percentage
exceeds 100% the structure may consist of a few smaller groups,

A73, page 12 of 19

��



I. Kushniruk et al.: Kinematic structures of the solar neighbourhood revealed by Gaia DR1/TGAS and RAVE

Table 3. Sirius positions.

(U,V) Reference
[km s�1]
(30,�3) group 1
(0, 8) group 2
(�11, 9) group 3
(9, 3) Dehnen (1998)
(15, 1) Eggen (1992)
(10, 3) Eggen (1996)
(7, 4) Famaey et al. (2005)
(5, 2) Famaey et al. (2008)
(10, 3) Zhao et al. (2009)
(9, 4) Bovy & Hogg (2010)
(4, 4) Antoja et al. (2012)

such as those detected at the scale J = 2 (see Fig. 5) that overlap
with each other at the scale J = 3. In Table 3 we provide a table
of positions of the Sirius stream from this work and from the lit-
erature and a blue cross in Fig. 7 corresponds to the Sirius group
from Antoja et al. (2012).

Our central peak 2 agrees with all the studies listed. Group 1
has a higher U velocity and group 3 a lower U velocity com-
pared to the central peak but all have approximately the same V

velocity, so they could be members of one larger stream. Sirius is
a nearby structure, while only stars from group 2 also appear in
the distant BSN sample. Most of the stars appear to have chemi-
cal compositions comparable to what is observed for the Galactic
thin disk stars, but group 2 is still strong in the thick disk sample.
So Sirius could be a mixture of stars from both disk populations.

Plots 1–3 in Fig. 9 show the [Mg/Fe] � [Fe/H] diagrams for
stars from groups 1–3 that we associate with the Sirius stream
and at the top of each panel the metallicity distribution for each
individual group is shown (solid violet distribution). The Sirius
stream stars appear to have properties similar to the total sample
(black dashed histogram) and do not show any particular metal-
licity trend inherent to the thick or thin disk populations.

Figure 8 also indicates that the Sirius stream is a large-scale
structure that is observed in both SN and BSN samples and ap-
pears to be a mixture of both disk populations. Since we observe
Sirius in both disks, we favour its dynamical origin possibly from
the ILR of the spiral arms, but note that our thin/thick disk sep-
aration is uncertain due to the rather large errors in the RAVE
chemical abundance ratios.

Coma Berenices (4–6): Odenkirchen et al. (1998) carried out
an astrometric and photometric analysis of the region of the sky
where the Coma Berenices open star cluster is located and found
that the luminosity function of the core of the cluster decreases,
while it increases towards fainter magnitudes in the edges of the
cluster. Odenkirchen et al. (1998) assume that there could be a
lot of faint, low-mass members of the moving group that were
not observed. The proximity of the moving group and the open
cluster pointed Odenkirchen et al. (1998) towards the idea that
Coma Berenices moving group was formed due to a dissolution
of the cluster. Conversely, (Minchev et al. 2010) through mod-
elling of the dynamics of the Milky Way, reproduced a few main
stellar streams including Coma Berenices assuming the OLR of
the bar and thus, favour resonant mechanism of formation of also
this kinematic over-density.

Table 4 lists the detection of the Coma Berenices kinematic
over-density in the U � V plane that is available in the literature.

Table 4. Coma Berenices positions.

(U,V) Reference
[km s�1]
(9,�12) group 4
(�2,�11) group 5
(�15,�7) group 6
(�10,�5) Dehnen (1998)
(�10,�10) Famaey et al. (2007)
(�11,�7)d Zhao et al. (2009) dwarf sample
(�13,�6)g Zhao et al. (2009) giant sample
(�7,�6) Antoja et al. (2012)
(�7,�6) Bobylev & Bajkova (2016)

In our study Coma Berenices is associated with structures 4–6
(see Fig. 8) and Table 4 shows that the positions we detect are in
agreement with results from the other studies.

All three groups 4–6 share similar space velocities. Peak
6 has higher detection percentage in Monte Carlo simulations
(79%) than peaks 4 and 5. While group 5 is the biggest and
contains over 2700 stars inside the “detection box”. The blue
cross inside box 5 in Fig. 7 corresponds to the detection of Coma
Berenices from Antoja et al. (2012) at (�7, �6) km s�1.

Plots 4–6 in Fig. 9 show the [Mg/Fe]� [Fe/H] diagrams and
metallicity histograms (at the top of each plot) for groups 4–6.
Coma Berenices stream stars show metallicity properties similar
to the total sample, and do not show any particular metallicity
trend to either the thick or the thin disks. Figure 8 shows a similar
result: Coma Berenices unites stars that belong to both thin and
thick disk samples with more stars in the thin disk sample. It
is a large-scale over-density because it is seen in both distance
samples.

As Coma Berenices shares properties similar to the Sirius
moving group, both combining stars of di↵erent populations, it
could also originate from the ILR of the spiral arms, again with
the remark that the thin/thick disk separation is uncertain due to
the low precision of the RAVE abundances.

Hyades (7): Being first discovered by Proctor (1869), the
Hyades stream, or Hyades super-cluster, was for a long time con-
sidered to be a remnant of the eponymous Hyades open stellar
cluster. However, recent studies have shown the opposite. For in-
stance, Famaey et al. (2008) found that only half of the stars of
the Hyades stream could originate from the Hyades open cluster
as only about 50% of the stars fall onto the same isochrone as
would have been expected for an open cluster. They favour the
dynamical origin for the Hyades stream.

Later, Pompéia et al. (2011) compared chemical abundances
and metallicities of stars belonging to Hyades stream with stars
that are members of the Hyades open cluster, which is believed
to be chemically homogeneous. It was found that only 2 of the
21 selected Hyades stream stars have similar chemical proper-
ties with the open cluster. Furthermore, Pompéia et al. (2011)
showed that the Hyades stream stars have a metallicity excess of
about 0.06–0.15 dex compared to thin disk stars, which is con-
sistent with an origin caused by the ILR of the spiral arms. They
also performed a particle simulation test that supported the same
conclusion, showing that the Hyades stream could be reproduced
with the 4:1 resonance of the spiral arms.

Another chemical tagging study of the Hyades stream was
presented by Tabernero et al. (2012) that further supported the
idea of a dynamical origin for the Hyades stream. They analysed
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Table 5. Hyades positions.

(U,V) Reference
[km s�1]
(�44,�18) group 7
(�40,�20) Dehnen (1998)
(�35,�18) Famaey et al. (2008)
(�38,�18)d Zhao et al. (2009) dwarf sample
(�38,�17)g Zhao et al. (2009) giant sample
(�40,�20) Bovy & Hogg (2010)
(�30,�13) Antoja et al. (2012)
(�30,�15) Bobylev & Bajkova (2016)

stellar spectra of 61 Hyades stream stars and compared the re-
sults with a reference star vB 153 that is a verified member of the
Hyades open cluster. Only 26 stars were found to have similar
parameters with the Hyades open cluster. Tabernero et al. (2012)
conclude that the Hyades stream does not completely originate
from the Hyades open cluster.

McMillan (2017) used a simple dynamical modelling of the
Milky Way to study the origin of the Hyades stream and to check
whether it could originate from a Lindblad resonance. The au-
thor concluded that Hyades stream has a resonant (dynamical)
nature, but that it is not possible to say exactly which resonance
due to selection e↵ects associated with the dynamics.

We associate Hyades with group 7 (see Fig. 8). This group
contains 2344 stars inside the detection box and has a high
Monte Carlo detection of 90%. The blue cross in Fig. 7 marks
the detection of Hyades from Antoja et al. (2012). In Table 5 we
show positions of Hyades from this work and from the literature.

The [Mg/Fe] � [Fe/H] diagram and the [Fe/H] distribution
for structure 7 is shown in Fig. 9. The Hyades stream shows
properties that are similar to the full sample. From the analysis
of SN/BSN and D/TD sub-samples (see Fig. 8) it is seen that
Hyades stream sample mostly consists of nearby stars. It is also
more distinct in the thin disk subsample, although the structure
is detected in the thick disk subsample too. So, it appears as if
the Hyades stream is nearby structure which consists of mix-
ture of disk populations. This does not support the hypothesis
for Hyades to be a dissolved open cluster as this theory implies
all stars have a solid chemical composition and could have a dy-
namical origin. Again, the low precision of abundances given in
RAVE should be taken into account.

Pleiades (8): The Pleiades was the first ever moving group to
be discovered. Through observations of Pleiades open cluster,
Mädler (1846) found a large number of stars located a few de-
grees from the cluster that were moving in the same direction
(the Pleiades moving group). Its origin has been investigated
in several studies. For example, Famaey et al. (2008) conclude
that Pleiades moving group has a dynamical (resonant) origin,
since only 46% of the moving group’s stars fall onto the 100 Myr
isochrone, the assumed age for the Pleiades open cluster.

Through galactic dynamics modelling, Minchev et al. (2010)
reproduced stellar streams being due to the OLR. However, to be
consistent with the number of stars in the Pleiades they assumed
that the Milky Way bar was formed 2 Gyr ago. This paper stands
against the idea that the Pleiades and the Hyades share a com-
mon dynamical origin. Bovy & Hogg (2010) analysed age and
metallicity properties of the Pleiades moving group and found
that it could not originate through a dissolved Pleiades open
cluster as their stellar populations di↵er. Bovy & Hogg (2010)

Table 6. Pleiades positions.

(U,V) Reference
[km s�1]
(�22,�23) group 8
(�12,�22) Dehnen (1998)
(�12,�21) Eggen (1996)
(�16, 23) Famaey et al. (2008)
(�12,�23)d Zhao et al. (2009) dwarf sample
(�15,�23)g Zhao et al. (2009) giant sample
(�15,�20) Bovy & Hogg (2010)
(�16,�22) Antoja et al. (2012)
(�13,�24) Bobylev & Bajkova (2016)

also compared the metallicity of the Pleiades and Hyades mov-
ing groups with the metallicity of the thin disk population and
found similar metallicities for the Pleiades and the thin disk stars,
while the Hyades shows a higher metallicity than the thin disk.
Hence, also Bovy & Hogg (2010) does not support the idea of a
common dynamical origin for Pleiades and Hyades.

We detect one large structure that we associate with Pleiades,
group 8 in Fig. 8. This group could consist of a few separate
groups that overlap since the percentage of detection in Monte
Carlo simulations is 170%. Interestingly, at the J = 2 scale
the Pleiades detection consists of three separate structures, num-
bers 12–14 (see Fig. 5). Group 8 (in the J = 3 scale) is one
of the largest groups with about 4200 stars inside the detection
box. Table 6 gives the positions for Pleiades stream from this
work and from the literature. The blue cross corresponding to
Pleiades in Fig. 7 refers to the detection by Antoja et al. (2012).

Plot 8 in Fig. 9 shows the [Mg/Fe] � [Fe/H] diagram as
well as the [Fe/H] histogram for the Pleiades stars. The metallic-
ity distribution is almost equal to the full sample. The structure
that we associate with the Pleiades does not have any particu-
lar distance or abundance dependence as it is observed in both
SN/BSN, and both D/TD samples (see Fig. 8). The structure
has a higher detection percentage for the thin disk sample, but
this could be because the thin disk sample contains three times
as many stars than the thick disk sample. The position and the
shape of Pleiades group do not vary much between the di↵er-
ent sub-samples leading us to the conclusion that it is a large-
scale structure, composed of a mixture of di↵erent populations
of stars. Thus, as it appears to be chemically inhomogeneous;
unlike open clusters and moving groups, it could originate from
the ILR of the spiral arms and not from the Pleiades open clus-
ter. Again, a better thin/thick disk separation could be achieved
with more precise chemical abundances than those provided by
RAVE.

Hercules (10–11): Being the largest and the most elongated
structure in the U direction, the origin of the Hercules stream
has been investigated by many authors. For example, Dehnen
(2000) favour a hypothesis that Hercules stream is a dynami-
cal feature caused by the Galactic bar resonances (the OLR).
Chakrabarty (2007) showed that a combined dynamical e↵ect of
spiral arms and a Galactic bar can explain main kinematic struc-
tures including the Hercules. Bensby et al. (2007) performed a
detailed chemical characterisation of its stars. They favour a dy-
namical origin through the Galactic bar as the Hercules stream
stars appeared to be a mixture of thick and thin disk stars. Also
Bovy & Hogg (2010) investigated whether or not moving groups
consist of a homogeneous population of stars; the result was
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Table 7. Hercules stream positions.

(U,V) Reference
[km s�1]
(�38,�49) group 10
(�16,�48) group 11
(�30,�50) Eggen (1996)
(�42,�51) Famaey et al. (2005)
(�35,�51) Famaey et al. (2008)
(�32,�48)d Zhao et al. (2009) dwarf sample
(�35,�51)g Zhao et al. (2009) giant sample
(�20,�33) Bovy & Hogg (2010)
(�57,�48)I Antoja et al. (2012)
(�28,�50)II Antoja et al. (2012)
(�57,�48)I Bobylev & Bajkova (2016)
(�35,�50)II Bobylev & Bajkova (2016)

Notes. (†)
I and II mark sub-streams found in the structure.

negative and they further found indications that Hercules stream
stars have a higher average metallicity than the local thin disk,
and concluded that it could be a structure caused by the OLR
of the Galactic bar. Later, Bensby et al. (2014) re-examined the
chemical composition of the Hercules stream and found that it
mainly consists of stars that chemically can be associated with
both the thin and thick disks. Ramya et al. (2016) on the other
hand studied 58 Hercules stream red giants and found that they
are mostly metal-rich stars from the thin disk. The somewhat dis-
crepant results could be explained by the use of di↵erent target-
selection methods in the two studies.

Pérez-Villegas et al. (2017) carried out a dynamical mod-
elling of the Hercules stream “in the framework” of a slow bar
and compared obtained results with data from the RAVE and
LAMOST catalogues. They found that Hercules is more promi-
nent in the Galactic inner disk and should consist, on aver-
age, of more metal-rich and older stars compared to the solar
negihbourhood.

Hercules is identified as structures 10 and 11 in this study
(see Fig. 8). This kinematic structure is the most elongated fea-
ture in the U direction and has a detection percentage for group
number 10 that exceeds 100%. An explanation of this result is
that it appears to consist of a few separate structures that overlap
in the Monte Carlo simulations (see the J = 2 scale in Fig. 5,
where Hercules is detected as the two peaks number 19 and 20.
The blue crosses in Fig. 7 (one is inside the Hercules box 10
and another is just outside on the left-hand side) mark the re-
sults from Antoja et al. (2012). Table 7 gives the positions of the
Hercules stream from this work and from the literature.

The (U,V) velocities of groups 10 and 11 are in agreement
with most of the previous studies except Bovy & Hogg (2010),
whose position di↵ers from others by about 10 km s�1.
Antoja et al. (2012) and Bobylev & Bajkova (2016) defined two
sub-streams in the Hercules, we have only one centred peak, but
the size of the structure covers both of them.

Panels 10 and 11 in Fig. 9 correspond to the Hercules stream
and show its metallicity distribution and [Mg/Fe] � [Fe/H] di-
agram. It appears to contain more metal-rich stars, and is also
clearly a thin disk structure located in the nearby sample as it is
observed only in the SN sample (see Fig. 8). Our results support
recent findings that the Hercules stream mainly belongs to the
thin disk population and could be due to the OLR of the Galactic
bar.

Table 8. Wolf 630 positions.

(U,V) Reference
[km s�1]
(43,�22) group 9
(23,�33) Eggen (1965)
(28,�21) Antoja et al. (2012)
(29,�21) Bobylev & Bajkova (2016)

Wolf 630 (9): Wolf 630 was first identified by Eggen (1965) and
its origin is still unclear. Bubar & King (2010) analysed spectra
of 34 stars of the Wolf 630 stream and 19 stars were found to be
chemically homogeneous. This sub-sample of 19 stars was fitted
with a 2.7 Gyr isochrone and a metallicity of [Fe/H] = �0.01.
Bubar & King (2010) suggest that the sub-sample of 19 stars
could be a remnant of an open cluster since its stars share simi-
lar features, but the rest of the sample is inhomogeneous, which
makes the origin of Wolf 630 uncertain.

We identify Wolf 630 as the group 9 (see Fig. 8). It has a
168% Monte Carlo detection rate and 1777 stars of our sample
can be associated within the group. At the J = 2 scale the same
region of the U � V plane consists of four individual groups.
This could indicate that group 9 consists of at two structures that
overlap: Wolf 630 and Dehnen98 (to be discussed below). The
result from Antoja et al. (2012) is marked by the blue cross in-
side structure 9 (see Fig. 7). Table 8 gives positions of Wolf 630
obtained in this work and from the literature.

Our U-component di↵ers from other works by at least
10 km s�1. This could mean that box 9 corresponds to at least
two independent groups and thus its position represents mean
coordinates for both groups. Plot 9 in Fig. 9 corresponds to
the Wolf 630 stream and shows its metallicity distribution and
[Mg/Fe]�[Fe/H] diagram. It has metallicity properties very sim-
ilar to the full sample, but perhaps with a few more metal-rich
stars. Based on the analysis of SN/BSN and D/TD sub-samples
in Fig. 8, Wolf 630 appears to be a thin disk structure belonging
to the nearby sample. It could have a resonant origin, again con-
sidering the uncertainties of the RAVE abundances that render
the disk separation less reliable.

Dehnen98 (9): This structure is detected inside box 9 in
Fig. 8. It is a small kinematic group that was first discovered
by Dehnen (1998) and was later confirmed by other studies
(e.g. Antoja et al. 2012; Bobylev & Bajkova 2016). Antoja et al.
(2008) found a group with the same (U,V) coordinates, but after
the analysis of the branch structure using modified equations, as
was first proposed by Skuljan et al. (1999) to fit four branches
of groups based on its motion, they concluded that the group
could belong to the Coma Berenices stream. Antoja et al. (2012)
subsequently detected a kinematic over-density which they as-
sociated with the Dehnen98 structure. This result is marked by a
blue cross on the right-hand side of the box 9 in Fig. 7. Table 9
gives positions of this structure found in this work and from the
literature.

Our detection of the Dehnen98 structure is in agreement with
previous works. Dehnen98 has a very high percentage of detec-
tion in the MC simulations compared to other groups that we
have detected: ⇠168% MC repeats and it contains 1777 stars.
The metallicity distribution and the [Mg/Fe] � [Fe/H] diagram
of Dehnen98 are given in plot 9 in Fig. 9. Dehnen98 has simi-
lar metallicity properties to the total sample, with but more thin
disk stars. From the analysis of Fig. 8, we can see that Dehnen98
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Table 9. Dehnen98 positions.

(U,V) Reference
[km s�1]
(43,�22) group 9
(50,�25) Dehnen (1998)
(48,�24) Antoja et al. (2012)
(43,�24) Bobylev & Bajkova (2016)

Table 10. �Leo positions.

(U,V) Reference
[km s�1]
(52, 0) group 12
(50, 0) Dehnen (1998)
(56, 2)I Antoja et al. (2012)
(68, 1)II Antoja et al. (2012)
(65, 1) Bobylev & Bajkova (2016)

Notes. I and II mark sub-streams found in the structure.

contains stars of di↵erent populations and belongs to the nearby
sample. Concerning the assumption stated in Antoja et al. (2008)
that Dehnen98 is part of a Coma Berenices branch, we can say
that this group has similar properties with Wolf 630 and Coma
Berenices streams, and they all could form to one large-scale
structure that has a dynamical origin. A detailed chemical tag-
ging of stars that belong to these groups is required to properly
speculate on their origin.

�Leo (12): This structure is shown as group 12 in Fig. 8, and
has a relatively low detection percentage of 27% in the Monte
Carlo simulations. It is rather small with only 96 stars from our
sample. Figure 7 shows two blue crosses for this group from
Antoja et al. (2012). Table 10 gives velocity positions of our de-
tection of �Leo together with those from the literature.

Group 12 is consistent with Dehnen (1998) and Antoja et al.
(2012) peak I, while Bobylev & Bajkova (2016) is in agreement
with structure II from Antoja et al. (2012). All the groups have
similar V-velocities. Plot 12 in Fig. 9 shows the [Mg/Fe] �
[Fe/H] diagram and the [Fe/H] distribution for group 12. The
�Leo stream shows metallicity properties similar to the total
sample and it appears to be a nearby thin disk structure (see
Fig. 8) with only a few stars in the TD sample. Thus, it could
have formed via a dynamical mechanism.

New (13): Group 13 at (37, 8) km s�1 in Fig. 8 has 201 stars
and a high detection level of 74% Monte Carlo repeats. We can-
not find any previous detections in the literature of a structure at
these coordinates, and we therefore identify this as a new struc-
ture. It appears to be a nearby structure and is detected in both
the thin and the thick disk sub-samples. It is, however, not de-
tected in the more distant BSN sample, which could be due to
the smaller number of stars in the BSN sample compared to the
SN sample. The metallicity distribution and [Mg/Fe] � [Fe/H]
diagram for this new group 13 are shown in plot 13 in Fig. 9.
This group contains stars of both disk populations. It could be
an elongation of larger nearby streams such as Sirius or �Leo,
as their properties are similar. A more precise detailed chemical
analysis of stars associated with these groups is required to more
precisely probe the origin of the new group 13.

Table 11. Position of the new structure detected in this work.

(U,V) Reference
[km s�1]
(37, 8) group 13

Table 12. Antoja12(15) positions.

(U,V) Reference
[km s�1]
(48,�68) group 14
(60,�72) Antoja et al. (2012)
(72,�64) Bobylev & Bajkova (2016)

Table 13. Antoja12(12) positions.

(U,V) Reference
[km s�1]
(94,�13) group 15
(92,�23) Antoja et al. (2012)
(91,�35) Bobylev & Bajkova (2016)

Antoja12(15) (14): This structure was first reported in
Antoja et al. (2012) but was detected only at 2� confidence level
and needed further confirmation. In Fig. 7 it is shown as a blue
cross close to the box 14. We received a 3�-significant group 14
which is 10 km s�1 higher in U, but could be associated with
the one detected in (Antoja et al. 2012). It has only 6% of Monte
Carlo detection and accounts for eight stars. In Table 12 we show
a list of positions we found in the literature for this structure and
included our results.

This group appears clearly in the nearby and the thin disk
sub-samples (see Fig. 9). Taking into account the low number
of stars associated with this group it could not be observed in
the BSN and TD samples as they consist of less stars than SN
and D samples. The metallicity distribution and the [Mg/Fe] �
[Fe/H] diagram for group 14 are shown in plot 14 in Fig. 8 and
both point towards the thin disk population, which is coherent
with the result from Fig. 9. The Gaia DR2 data will provide
astrometric data for more stars, thus, one could verify whether
this group is observed in the BSN and TD samples too. With the
current results a dynamical origin seems favoured.

Antoja12(12) (15): This group was stated as new in
(Antoja et al. 2012) and is marked by a cross in Fig. 7 close to
structure 15. In this study, as in (Antoja et al. 2012), structure 15
was detected with a 3�-significance. Table 13 gives the positions
for this group obtained in this work and from the literature.

Our group 15 shares the same U velocity as in the other
studies, but di↵ers in V direction by �10 km s�1 compared to
(Antoja et al. 2012). Interestingly, Bobylev & Bajkova (2016)
obtained a structure which also di↵ers by 10 km s�1 in the V

direction, but in the negative direction. It could be the same
structure as it is located in the low-density region of the U � V

map, so it cannot be a↵ected by other stronger streams. An-
toja12(12) has a 38% detection in the Monte Carlo simulations
and includes only ten stars. Group 15 appears to be a thin disk
structure mainly present in the nearby sample (see Fig. 8). The
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Table 14. Bobylev16 positions.

(U,V) Reference
[km s�1]
(�94,�5) group 16
(�96,�10) Bobylev & Bajkova (2016)

Table 15. ✏Ind positions.

(U,V) Reference
[km s�1]
(�88,�48) group 17
(�81,�42) Antoja et al. (2012)
(�90,�49) Bobylev & Bajkova (2016)

metallicity distribution and [Mg/Fe]� [Fe/H] diagram for group
15 are shown in plot 15 in Fig. 9 and its properties are similar
to the full sample. We suppose that this group is an independent
one, but has to be confirmed in later studies that contain more
stars. The Gaia DR2 data release may help to resolve this case.

Bobylev16 (16): This group has 14 stars and 17% of Monte
Carlo detection. It was first discovered in Bobylev & Bajkova
(2016) and is shown with a blue cross on the left-hand side of
structure 16 in Fig. 8. We confirm this group and add that it be-
longs to both nearby and distant, thin and thick disk samples,
suggesting that it is a mixture of di↵erent types of stars.

The same as group 15, structure 16 is observed far away from
the majority of kinematic groups. This supports the group’s in-
dependence from other structures, but unlike group 15, struc-
ture 16 is present in all samples. The metallicity distribution and
[Mg/Fe]-[Fe/H] diagram for group 16 are shown in pattern 16
(see Fig. 9) and it appears to have more thin disk stars. We pro-
pose its dynamical origin similar to the Sirius group since the
sample properties are alike.

✏Ind (17): The closest blue cross to group 17 in Fig. 7 is the one
previously found at 2� confidence level by Antoja et al. (2012)
that is listed in Table 15. Although the structure is detected at
the 3�-significane level, it has a low percentage of detection,
only 12%, and contains only 24 stars. This group appears to be
detected only in the nearby sample, but this could be due to the
fact that this group contains very few stars.

Group 17 is a small group and is thus easier to detect in
the larger SN sample. However, it is not detected in the larger
thin disk sample that has 5000 more stars than the SN sample.
The metallicity distribution and [Mg/Fe] � [Fe/H] diagram for
group 17 are shown in plot 17 in Fig. 9; it appears to mainly be
a thin disk structure. To speculate on the origin of this kinematic
feature Gaia DR2 data should be used to gain a larger stellar
sample.

Two possibly new structures (18–19), J = 2: these two groups
have a low structure count in Monte Carlo simulations and
contain 12 and 70 stars respectively. Group 19 can be associ-
ated with HR1614 peak detected at (15, �60) km s�1 by Dehnen
(1998; marked by a blue cross in Fig. 7), but none of the groups
have similar velocities. Tentatively we define them as new struc-
tures, but require further confirmation with larger data samples.

Table 16. Position of two possibly new structures.

(U,V) Reference
[km s�1]
(�88,�76) group 18
(�18,�67) group 19

The metallicity distributions and [Mg/Fe]�[Fe/H] diagrams
for groups 18 and 19 are shown in plots 18 and 19 in Fig. 9.
Structure 19 appears to be a thin disk structure, and structures 18
is seen only in SN sample, which could be a consequence of the
group’s small size. Gaia DR2 will help us to further investigate
the existence and origin of these two structures.

6. Summary and discussion

We have analysed the velocity distribution of 55 831
Gaia DR1/TGAS stars in the solar neighbourhood and
sample properties relative to distance and metallicity using
wavelet analyses. Nineteen kinematic structures were detected
at scales of 8–16 km s�1, 32 at 4–8 km s�1 and 4 structures at
16–32 km s�1 in the U � V plane. Our analysis o↵ers several
advantages compared to previous works as it is the first ever
analysis of Gaia DR1 data in such a kinematical context, and the
most important benefit is the precision of astrometry provided
by TGAS itself. The high precision of the input data allow us
to apply the analysis to a larger sample of stars than in previous
works, and even after cutting the sample based on �U and
�V < 4 km s�1 we still have a competitive number of stars.
This limit on velocity uncertainties is important to obtain robust
measurements of positions of kinematic structures. In previous
works velocity uncertainties were either not regarded at all or
were were established to be too high to retain more stars in the
sample, possibly leading to uncertain results in both cases.

A set of 3�-significant (99.8%) wavelet coe�cients that
indicate kinematic structures were received after applying the
wavelet analysis and filtering the data. Although the output
data were already smoothed with the auto-convolution histogram
method, the question of whether obtained structures are real re-
mained due to the existence of velocity uncertainties. We then
run Monte Carlo simulations and applied the same analysis to
them as for the real sample. This step is beneficial for the pro-
cedure in general as it allows us to calculate the percentage of
detection which indicates whether or not the structures are likely
to be real.

To investigate properties of obtained structures with respect
to distance and chemical composition four sub-samples were de-
fined: a solar neighbourhood sample with stars closer than 300 pc
(SN), a sample with more distant stars (BSN), and, based on
[Mg/Fe] enhancement (from RAVE abundances), a thick disk
sample (TD) and a thin disk sample (D). As shown is Sects. 5.2
and 5.3, some structures are SN/BSN and/or D/TD structures.
For example, group 10 (Hercules) is obviously a SN/D structure,
while group 4 (Coma B part) is a BSN/TD structure. Most of the
moving groups are observed at close distances d < 300 pc and
at higher metallicities. This could be a repercussion of the selec-
tion e↵ect since SN and D samples contain more stars compared
to the BSN and TD samples. Some groups change their posi-
tions and shapes when considering distance and metallicity (e.g.
group 7 (Hyades), and group 2 (Sirius)). These variations could
be a consequence of how the sample is split, where the SN and
D samples contain more stars than BSN and TD samples, but
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could also possibly prove the dynamical origin of these groups
since shifts in the velocity plane were also found in Antoja et al.
(2012) when analysing nearby and distant samples of stars. They
found that the observed shifts were consistent with the dynami-
cal models of spiral arm e↵ects discussed in Antoja et al. (2011).
Gaia DR2 data will cover more stars and can possibly resolve the
question of shifted positions.

With a high probability we observe major peaks like Sirius,
Coma B, Hyades, Pleiades, Hercules and Wolf 630. We confirm
group 9 (Dehnen98), which was recently discovered in Dehnen
(1998) and discuss the possibility of being a part of the Coma
Berenices stream together with Wolf 630, since these groups
share similar metallicity properties (see Figs. 9, 8). Groups 14
and 15 (Antoja12(15) and Antoja12(12)) were first reported in
Antoja et al. (2012) at 2 and 3� confidence level. We confirm
both of them at the 3� level. Structure 16, which was first dis-
covered in Bobylev & Bajkova (2016), is also confirmed.

We report on a new group (number 13) which has not been
discussed in the literature before. It appeared in 74% of the MC
runs and contains around 201 stars. This group belongs to the
nearby sample and unites stars of both disks. Group 13 is lo-
cated in the proximity to Sirius and �Leo streams. The latest
one, group 12, has rather low percentage of detection, but shares
similar properties to group 13. This new group could be an inde-
pendent structure, but could also be an elongation of the Sirius
or �Leo streams, because the metallicity properties are similar
for all three groups (see Figs. 9, 8). To claim if this structure
is independent, this case should be further investigated, possi-
bly through a detailed chemical analysis of stars that belong to
the structures. The ✏Ind and another two possibly new structures
have weak detection percentages in the Monte Carlo simulations
(less than about 25%). Hence, the possibly new structures, 18
and 19, require further confirmation.

We discuss a possible origin of stellar streams 1–19 based on
our results and previous findings form the literature. If the groups
found showed metallicity homogeneity it would point towards
an origin in remnants of open clusters. Most of the structures do
not show any particular properties inherent to thin or thick disk
populations and thus we consider them to be a mixture of di↵er-
ent types of stars caused through dynamical resonances. Those
groups that are more likely thick or thin disk structures are either
large-scale structures (e.g. Hercules), or are small-scale groups
located far from the most dense regions in the U � V plane, and
thus, should be independent structures possibly also caused by
resonances. Our conclusions on the origin of kinematic struc-
tures are consistent with previous works, but should be verified
with better data including more stars with high-precision abun-
dances and astrometry.

We also want to discuss a few groups which are not ob-
served in our work, but that were in the centre of discussions
in a couple of recent works. Among them is a debatable struc-
ture at (35, �20) km s�1 which was first reported in (Antoja et al.
2008). Taking into account its proximity to Wolf 630, Dehnen98
and bigger stream such as Sirius or Coma Berenices, authors
of the same paper claim that the structure at (35, �20) km s�1

could be en elongation of these bigger groups. At the same
time (Zhao et al. 2009) detected a distinct structure at (38,
�20) km s�1 with probability 98% (⇠3�) and suggested that it is
an independent group. However, in our analysis we detected all
of the above streams except the one at (35, �20) km s�1, while
Wolf 630 and Dehnen98 share similar metallicity properties to
the Coma Berenices stream. Groups NGC 1901 & IC 2391 were
detected by Dehnen (1998) and Eggen (1996) at (�25, �10) and
(�20.8, �15.9) km s�1 respectively. Interestingly, later works

with larger stellar samples like Antoja et al. (2012), did not de-
tect these structures. Antoja et al. (2008) make the assumption
that these groups are weak compared to super-streams like Sir-
ius, Coma Berenices, Hyades and Pleiades, as they did not de-
tect them. We do not observe these groups either. We note that
while the J = 2 scale (see Fig. 5) is almost two times more
rich with kinematic structure detections than the scale J = 3,
all these smaller-scale J = 2 structures could be associated with
some of the J = 3 streams (see Table 2). Questions remain re-
garding groups 21 (part of �Leo?), and groups 25–30 (parts of
Antoja(12) and Antoja(15)?) detected on the J = 2 scale. These
structures could be also independent and new; the answers may
be provided later when Gaia DR2 data are available.

The next step should be a deeper investigation of the ori-
gin of these moving groups through a better detailed analysis
of chemical composition and ages of stars associated with each
group to better understand the Milky Way formation. This can be
done on small scales for individual structures, but ongoing and
upcoming large spectroscopic surveys such as, for example, the
Gaia-ESO (Gilmore et al. 2012), WEAVE (Dalton et al. 2014),
and 4MOST (de Jong et al. 2016) surveys will provide precise
elemental abundances for millions of stars, that together with
astrometry from Gaia will allow us to probe the kinematic struc-
tures at greater detail throughout the Galactic disk.
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ABSTRACT

Context. The Arcturus stream is an over-density of stars in velocity space and its origin has been much debated recently without any
clear conclusion. The (classical) dissolved open cluster origin is essentially refuted; instead the discussions try to distinguish between
an accretion, a resonant, or an external-perturbation origin for the stream. As kinematic structures are observational footprints of
ongoing and past dynamical processes in disc galaxies, resolving the nature of the Arcturus stream may provide clues to the formation
history of the Milky Way and its stellar populations.
Aims. We aim to characterise the kinematical and chemical properties of the Arcturus stream in order to resolve its origin.
Methods. The space velocities, angular momenta, and actions for a sample of more than 5.8 million stars, composed from Gaia
DR2 were analysed with a wavelet transform method to characterise kinematic over-densities in the Galactic disc. The kinematic
characteristics of each identified group is used to select possible members of the groups from the GALAH and APOGEE spectroscopic
surveys to further study and constrain their chemical properties.
Results. In the velocity and angular momentum spaces the already known Sirius, Pleiades, Hyades, Hercules, AF06, Arcturus and
KFR08 streams are clearly identified. The Hercules stream appears to be a mixture of thin and thick disc stars. The Arcturus stream,
as well as the AF06 and KFR08 streams, are high-velocity and low-angular momentum structures with chemical compositions similar
to the thick disc. These three groups extend further from the Galactic plane compared to the Hercules stream. The detections of all
the groups were spaced by approximately 20�30 km s�1 in azimuthal velocity.
Conclusions. A wide spread of chemical abundances within the Arcturus stream indicates that the group is not a dissolved open
cluster. Instead the Arcturus stream, together with the AF06 and KFR08 streams, are more likely to be part of a phase-space wave,
that could have been caused by a merger event. This conclusion is based on that the di↵erent structures are detected in steps of
20�30 km s�1 in azimuthal velocity, that the kinematic and chemical features are di↵erent from what is expected for bar-originated
structures, and that the higher-velocity streams extend further from the disc than bar-originated structures.

Key words. stars: kinematics and dynamics – Galaxy: formation – galaxies: kinematics and dynamics – galaxies: evolution

1. Introduction

The process by which large spiral galaxies form and evolve into
the complicated structures that are observed today is an active
area of research, and presents many challenges, both theoreti-
cally and observationally. As the Milky Way is the only galaxy
where stars and structures can be studied in great detail, it serves
as a benchmark galaxy when constraining models of galaxy for-
mation. It is therefore of utmost importance to obtain a detailed
map of the Milky Way looks like, and to decipher where the
observed stellar populations and structures come from. Cur-
rently, the Milky Way contains a plethora of structures, both
physical and kinematic, whose nature and origins are unclear.

Many studies have shown that the velocity distribution of stars
in the Milky Way disc is clumpy (e.g. Dehnen 1998; Skuljan et al.
1999; Famaey et al. 2005; Antoja et al. 2008, 2012; Kushniruk
et al. 2017; Ramos et al. 2018). The kinematic and chemical prop-
erties of such structures can be used to constrain the properties
and the formation history of the Milky Way. For example, the Her-
cules stream has been widely used to probe the pattern speed and
the length of the Galactic bar (e.g. Dehnen 2000; Minchev et al.
2007; Antoja et al. 2014; Wegg et al. 2015; Pérez-Villegas et al.
2017). Kinematic structures can be used to study the spiral struc-
ture of the Milky Way (e.g. Quillen & Minchev 2005; Chakrabarty
2007; Sellwood et al. 2019; Quillen et al. 2018). Studies of kine-
matic streams especially in the Galactic halo can tell us about the

merger history of the Milky Way (e.g. Navarro et al. 2004; Helmi
et al. 2006, 2017, 2018; Koppelman et al. 2018). The analysis of
theGaiaDR2(GaiaCollaboration 2018a,b) revealed that thekine-
matic over-densities are a part of a much more complicated struc-
ture that is seen as arches and ridges across velocity space and as
clumps in action space (Trick et al. 2019). This structure is pos-
sibly caused by spiral arms (Quillen et al. 2018) or is a result of
the phase-mixing due to a past merger event (e.g. Katz et al. 2019;
Antoja et al. 2018; Ramos et al. 2018; Laporte et al. 2019), as first
proposed by Minchev et al. (2009).

This structure is possibly caused by spiral arms or is a result
of phase-mixing due to a past merger event (e.g. Antoja et al.
2018; Ramos et al. 2018; Quillen et al. 2018). As these stud-
ies have shown, learning more about the nature of kinematic
structures can improve our understanding of the evolution of the
Milky Way. In this paper we investigate the properties and origin
of the Arcturus stream.

A set of about 50 stars, including the star Arcturus (↵ Boo-
tis), was discovered by Eggen (1971) to have a very similar V
space velocity component of V ' �100 km s�1. Eggen (1971)
proposed that this over-density in velocity space is composed
of stars that escaped from an open cluster and it was therefore
named the Arcturus moving group. Nowadays the hypothesis
of the Arcturus over-density being a moving group is refuted
as there is no chemical homogeneity within the group (e.g.
Williams et al. 2009; Ramya et al. 2012; Bensby et al. 2014),
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which there should be if the stars originate from the same open
cluster (e.g. De Silva et al. 2007; Bovy 2016). We have there-
fore chosen to adopt the “stream” nomenclature when referring
to this Arcturus over-density of stars in velocity space.

Two other possible origins of the Arcturus stream are now
favoured and are widely discussed. The first is an accretion event
scenario, where a small satellite galaxy merged with the Milky
Way and caused this dynamical structure (e.g. Navarro et al.
2004; Helmi et al. 2006; Minchev et al. 2009). The second possi-
bility is that it has originated due to resonances with the Galactic
bar or spiral arms that cause kinematic over-densities (e.g.
Gardner & Flynn 2010; Monari et al. 2013). The chemical prop-
erties of the stream do not show any chemical peculiarities,
which would be expected in the case of an extra-Galactic origin
(e.g. Ramya et al. 2012; Bensby et al. 2014). At the same time
the low angular momentum and the low velocity of the stream
indicate that it could be another substructure of tidal debris in
the Galactic halo (e.g. Arifyanto & Fuchs 2006; Klement et al.
2008; Zhao et al. 2014). Despite numerous approaches to study
the origin of the Arcturus stream (e.g., numerical simulations,
kinematic analysis, and studies of elemental abundances), there
is no consensus on its origin.

The aim of this paper is to characterise the nature of the
Arcturus stream and constrain its origin. We start by detecting
and characterising the velocities of the Arcturus stream using a
large stellar sample constructed from the Gaia DR2 catalogue
(see Sect. 2). We then search for over-densities in the velocity,
angular momentum, and action spaces to obtain the kinematic
characteristics of the stream (see Sects. 3–5). Subsequently,
we investigate the chemical characteristics of the group using
the data from the GALAH (Buder et al. 2018) and APOGEE
(Holtzman et al. 2018) spectroscopic surveys (see Sect. 6). We
conclude by discussing the possible origins for the Arcturus
stream based on the kinematic and spectroscopic findings (see
Sects. 7 and 8).

2. Stellar sample

To search for the Arcturus stream, a wavelet analysis was applied
for a stellar sample defined by velocities, angular momentum,
and action components. To calculate these parameters positions
on the sky, proper motions, parallaxes, radial velocities, and the
corresponding uncertainties for these properties are needed.

The size of the stellar sample and the quality of the astromet-
ric data play a key role when hunting for kinematic structures.
As the size of the samples of stars with available high-precision
astrometric data increases, so does the level of detail with which
it is possible to study kinematical structures of the Galaxy. The
currently best data source is the Gaia satellite, which is an ongo-
ing full-sky mission that aims to provide high-precision astro-
metric parameters for more than a billion targets over the whole
sky. The most recent data release, Gaia DR2 (Gaia Collaboration
2018a), contains astrometric data for almost 1.7 billion targets,
and radial velocities for a small subsample of about 7 million
targets.

A stellar sample of 5 844 487 stars was constructed from the
Gaia DR2 catalogue in the following way:

– 7 173 615 stars were obtained from McMillan (2018), who
estimated distances for Gaia DR2 stars with measured radial
velocities.

– Stars with bad fits of Gaia DR2 astrometric parameters
were filtered out to avoid possible systematic errors in the stel-
lar sample. Following the procedure suggested in Lindegren
(2018) a re-normalised unit weight error (RUWE) was used to

estimate goodness of astrometric fits. Selecting those targets
with RUWE < 1.4 leaves us with 6 692 285 targets. Photometric
filtering that rids the sample of stars with poor astrometric solu-
tions (see Eq. (2) in Arenou et al. (2018)) was also applied. This
cut leaves us with 6 683 408 stars.

– Space velocities U,V,W1 together with angular momenta
and actions that are used below were computed using the galpy2

package (Bovy 2015). For action estimates we used a MWPoten-
tial2014 axisymmetric gravitational potential model pre-defined
in galpy. Velocity uncertainties �U , �V ,�W were computed fol-
lowing equations from Johnson & Soderblom (1987). The veloc-
ities are given relative to the Local Standard of Rest: (U�, V�,
W�)= (11.1, 12.24, 7.25) km s�1 (Schönrich et al. 2010).

Taking into account the results from, for example, Zhao
et al. (2014), the typical size of kinematical structures is around
20 km s�1.Thereforeweneed tocut starswith�U ,�V > 20 km s�1,
because such large velocity uncertainties will influence the pre-
cision of the results, that is the position in velocity space of the
structures. This leaves us with 6 002 514 stars.

– Next, the sample was constrained to stars that are located
within a distance of 5 kpc from the Sun. This filters out stars
that are located in the outskirts or in the very inner parts of the
Galaxy, and thus, cannot be a part of any of the local kinematic
structures. The limit of 5 kpc was chosen to avoid regions in
direct contact with for example the Galactic bar, whose half-
length is about 3 kpc (e.g. Dehnen 2000; Minchev et al. 2010;
Monari et al. 2017). According to Bailer-Jones (2015), distance
estimates should not be dominated by using pre-Gaia informa-
tion or so-called priors if fractional parallax uncertainty does not
exceed 20%. Typical parallax uncertainty for bright sources in
Gaia DR2 is about 0.4 µas (Lindegren 2018). Converting the
5 kpc cut into µas and calculating fractional parallax uncertainty
we obtain 20% meaning that distance estimates in the sample
should not be e↵ected by priors. This cut leaves 5 844 487 that
are used in our analysis.

Since kinematic structures are local phenomena (e.g. Antoja
et al. 2012; Ramos et al. 2018; Trick et al. 2019) and the stel-
lar sample covers a wide range in X and Y , it was divided into
66 smaller volumes that were investigated separately. Each box
is 0.4 kpc in radial coordinates and 3� in azimuthal angle3. The
top plot in Fig. 1 shows the distribution of the 5 844 487 stars
in the Galactic Cartesian X�Y plane and how it is divided into
small volumes. The name of each region, the number of stars,
the median distance from the Sun, and median distance uncer-
tainty are given in Table A.1 for each of the 65 volumes. The
bottom plot in Fig. 1 shows the sample in Cartesian X and Z
coordinates, where Z is a vertical component of Galactocentric
coordinate system (points towards the north Galactic pole).

3. Method

Our current knowledge of the Arcturus stream is based on obser-
vations within a small region of about 500 pc around the Sun.
Its origin is unknown, mainly due to the fact that there are
only rough estimates of its kinematic characteristics and its
chemical properties are not well studied. Our strategy is there-
fore to search for streams in four di↵erent planes defined by

1 U points towards Galactic centre, V velocity defines the direction of
the Galactic rotation, W points at the North Galactic Pole.
2 Available at http://github.com/jobovy/galpy
3 R is the radial coordinate pointing towards the Galactic anti-centre,
and � is the azimuthal angle following the direction opposite to the
Galactic rotation.
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Fig. 1. Distribution of 5 844 487 stars with �U and �V < 20 km s�1 and R  5 kpc in X and Y (top), and X and Z (bottom) Cartesian Galactic
coordinates. Blue and magenta boxes show 66 small regions investigated in this work and their names are written at the top in white. The dashed
line in the top plot shows the solar circle. The black line in the bottom plot shows Z = 0 kpc. The bin size is 0.05 kpc for both plots.

combinations of velocity, angular momentum and action compo-
nents respectively: the U�V plane, the V�

p
U2 + 2V2 plane, the

Lz�
q

L2
x + L2

y plane, and the Lz�
p

Jr plane. This will allows to
characterise structures in terms of velocities, angular momenta,
and actions, and obtain stronger criteria on how to select star
members of kinematic structures.

3.1. Investigated planes

The distributions of stars in all four planes are shown in Fig. 2.
The majority of the stars in our sample have negative V veloc-
ities between V ' 0 and �200 km s�1 and angular momen-
tum Lz between 0 and 2500 kpc km s�1. The disc stars are
located at Lz ' 1800 kpc km s�1, the halo stars are expected at
Lz ' 0 kpc km s�1.

3.1.1. The U�V plane

The U�V plane is widely used to search for kinematic structures
(e.g. Dehnen 1998; Antoja et al. 2008, 2012, 2018; Kushniruk
et al. 2017; Ramos et al. 2018; Katz et al. 2019). It allows to
trace kinematic over-densities of di↵erent origin without making
any assumptions on orbital parameters of stars or on the Galactic
potential. The only limitation of this method is that stellar vol-
umes must be relatively small (around 0.1�0.5 pc in X and Y; see
Trick et al. 2019), since kinematic structures in the U�V plane
are local. On the other hand, this limitation is an advantage, since
it allows us to follow how the structures move in physical space
(Ramos et al. 2018). The Arcturus stream is expected to be one of
the arches in the U�V plane localised around V ' �100 km s�1

in the nearby sample. The stream is likely to cover a wide range
of U velocities (Williams et al. 2009).
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Fig. 2. Density map of the selected sample of 5 844 487 stars in U�V space (top left), in V�
p

U2 + 2V2 space (top right), in Lz�
q

L2
x + L2

y space

(bottom left), and in Lz�
p

JR space (bottom right). The bin sizes are 1 km s�1, 1 km s�1, 10 kpc km s�1, and 10 ⇥ 0.1 kpc km s�1, respectively.

3.1.2. The V�
p

U
2 + 2V

2 plane

Examining the distribution of stars in the V�
p

U2 + 2V2 plane
was proposed by Arifyanto & Fuchs (2006). Here, V is propor-
tional to Lz, a vertical component of the angular momentum, and
is an integral of motion in axisymmetric potentials.

p
U2 + 2V2

is a measure of eccentricity in Dekker’s approximation (Dekker
1976). This means that we search for structures that share sim-
ilar orbital eccentricity. This approach is applicable only for
planar orbits in axisymmetric potentials. The method shows
reliable results for nearby stars with eccentricities up to 0.5
(Arifyanto & Fuchs 2006). The V�

p
U2 + 2V2 plane was used

by Klement et al. (2008) and Zhao et al. (2014) to search for
kinematic structures and allowed to reveal several structures
including the Arcturus stream. We expect to detect the Arcturus
stream at the velocities around V ' �100 km s�1 in the solar
neighbourhood (e.g. Williams et al. 2009).

3.1.3. The Lz�
q

L
2
x
+ L

2
y

plane

Another approach to search for kinematic groups was proposed
by Helmi et al. (1999) who suggested to examine the distribution
of stars in the plane characterised by the Lz and

q
L2

x + L2
y inte-

grals of motion, where Lx, Ly, and Lz are angular momentum com-
ponents in X, Y , and Z directions. The method is used to search
for phase-mixed stars on similar orbits. The disadvantage of this
method is that

q
L2

x + L2
y is not fully conserved in axisymmetric

potentials, but still allows dynamical structures to be revealed (e.g.
Helmi et al. 1999; Klement et al. 2008; Zhao et al. 2014). The
Arcturus stream is expected at Lz in the range between 700 and
1100 km s�1 kpc (e.g. Navarro et al. 2004).

3.1.4. The Lz�
p

Jr plane

The most general method to search for kinematic structures
is to investigate action space. Actions are conserved quantities
that characterise stellar orbits. In this work we use radial and
azimuthal actions Jr and Lz that are a measure of orbital eccen-
tricity and orbital angular momentum. As suggested in Trick
et al. (2019) taking the square root of radial action will make
the final plots more clear. The action space was investigated by,
for example, Sellwood (2010) and Trick et al. (2019) and is rich
in kinematic over-densities. We expect to detect the Arcturus
stream at Lz in the range between 700 and 1100 kpc km s�1 (e.g.
Navarro et al. 2004).

3.2. Wavelet transform

To search for kinematic structures, the methodology described
in Kushniruk et al. (2017) was used with some additions. To
detect over-densities, a wavelet transform was applied to the
stellar sample in the U�V , V�

p
U2 + 2V2, Lz�

q
L2

x + L2
y, and

Lz�
p

Jr planes. The noise from the wavelet maps was then fil-
tered and Monte Carlo simulations were used to verify whether
the detected structures are real or not.
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The data were analysed by the wavelet transform with the
“a trous” algorithm (Starck & Murtagh 1998) applied to the
stars in all 65 regions in the four di↵erent planes separately.
The input data are in the form of a binned stellar density map
in the velocity, angular momentum, and action planes. The bin
sizes �were set to 1 km s�1 for the U�V , and the V�

p
U2 + 2V2

planes, to 2 km s�1 kpc for the
q

L2
x + L2

y�Lz plane, and to 0.1 ⇥
10 kpc km s�1 for the Lz�

p
Jr plane. Due to the limitations of the

usage of the V�
p

U2 + 2V2 plane, as discussed in Sect. 3.1.2,
the stars that have orbits with eccentricities e > 0.5 were cut
out. The output data are a set of wavelet coe�cients at di↵erent
scales that contain information about the presence of substruc-
tures. A higher wavelet coe�cient means a higher probability
that the structure is real. The scale J is proportional to the size
of the detectable structures s. Scales J = 1, 2, 3 and 4 were
investigated for all maps. The relation between scale and bin
size sJ = 2J� characterises the typical sizes of detectable struc-
tures. The wavelet coe�cient maps were then filtered for Poisson
noise. The wavelet transform part as well as noise filtering from
the output wavelet maps were performed in The multiresolution
analysis software (MR software)4 developed by CEA (Saclay,
France) and the Nice Observatory. More details on the algorithm
itself can be found in Starck & Murtagh (2002), and more details
on the methods used to search for over-densities and structures
can be found in Kushniruk et al. (2017).

3.3. Acquiring positions of the detected peaks

Monte Carlo (MC) simulations were performed to obtain the
precise positions of the peaks. Monte Carlo samples were cre-
ated assuming that each star can be represented as a Gaussian
velocity distribution with µ = (U,V) and � = (�U ,�V ) for the
two velocity components. To generate MC samples in angular
momentum and action space, the orbits of stars were computed
assuming that positions, proper motions, and radial velocities
can be represented as Gaussians in a similar way to veloci-
ties. Here it is assumed that Gaussians are independent and do
not consider correlations between astrometric parameters. These
MC samples are then analysed in the same manner as the orig-
inal data. Convergence is reached when the number of struc-
tures and their positions do not change as more simulations are
added. Typically, results converge after about 30 simulations, but
to be sure of convergence, 100 MC samples were created for
all regions. Subsequently, MC wavelet maps for di↵erent scales
were over-plotted and used to search for peaks by applying the
peak_local_max feature from the scikit-image5 Python package
(van der Walt et al. 2014). In this work we focus on the J = 2
and J = 3 scales as they allow us to detect most structures.

4. Results

4.1. Stellar streams in the nearby sample

Figures 3 and 4 show 100 over-plotted wavelet maps for the cen-
tral region 00 in four di↵erent planes for scales 2 and 3, respec-
tively. Both scales show richness of kinematic structures for the
nearby sample. The list of the centres of the peaks and the corre-
sponding uncertainties are given in Table A.2 for scale J = 2 and
in Table A.3 for scale J = 3. The fact that well-known groups
like Sirius, Coma Berenices, Hyades, Pleiades, and Hercules

4 Available at http://www.multiresolutions.com/mr/
5 https://scikit-image.org/

were identified at the expected positions shows that our method
is sound (see Tables 3–7 in Kushniruk et al. 2017 that sum-
marise literature values for the U and V velocities of Sirius,
Coma Berenices, Hyades, Pleiades, and Hercules). These groups
are detected in all four planes. The detection of other groups
varies between the planes. Figure 3 for scale J = 2 shows the
same structures as in Fig. 4 for scale J = 3 but in greater detail.
We decided to focus on scale J = 2 since it is more sensitive
to smaller structures. By comparing our results in the nearby
region “00” (centred around the Sun; see Fig. 2) for scale J = 2
with what has previously been found in the literature (e.g. Eggen
1998; Navarro et al. 2004; Arifyanto & Fuchs 2006; Klement
et al. 2008; Williams et al. 2009; Antoja et al. 2012, 2018; Zhao
et al. 2014; Kushniruk et al. 2017; Trick et al. 2019; Ramos et al.
2018) we assign names to the structures. Curved lines and boxes
of di↵erent colours in Figs. 3 and 4 correspond to the names of
the groups listed in the legend of Fig. 3. The structures found in
the nearby region are discussed below:

– A1/A2: Groups with V > 15 km s�1 and Lz > 2000 kpc
km s�1 we link toarchesA1andA2detectedbyRamoset al. (2018,
see their Table 2). Groups A1 and A2 is shown with yellow lines
and boxes on the plots.

– Sirius: The blue line and boxes correspond to the Sirius
stream. Group 13 in the U � V space is potentially Bobylev16
(see Bobylev & Bajkova 2016) and could be a continuation of
Sirius.

– �Leo: The pink line slightly above Sirius in V is �Leo
stream (see Antoja et al. 2012). Unlike the majority of the
groups, �Leo is located at positive U velocities. The stream
could be a continuation of Sirius arch since both have similar
angular momenta.

– Coma Berenices: The magenta line just below Sirius is
Coma Berenices stream. Unlike arch-like neighbouring Sirius
and Pleiades/Hyades, Coma Berenices is a clump in the U�V
plane and is consequently a shorter line in the angular momen-
tum space.

– Dehnen98/Wolf630: Wolf630 and Dehnen98 (see Antoja
et al. 2012; Dehnen 1998) are two small groups in between
Coma Berenices and Pleiades/Hyades streams. They are shown
in brown colour and could be a continuation of Coma Berenices.

– Pleiades/Hyades: A grey arch in the U�V plane is asso-
ciated with the Pleiades/Hyades stream. Group 29 in the U�V
space linked to Antoja12(15) (see Antoja et al. 2012) could be a
continuation of stream.

– Hercules: Orange lines and boxes correspond to the
Hercules stream, which is likely to be composed of a few sub-
structures that are visible in the angular momenta and action
spaces.

– HR1614: The HR1614 moving group (see Feltzing &
Holmberg 2000; De Silva et al. 2007) we connect to the clumps
just below Hercules in V . The group is shown in lime green.

– ✏ Ind: Groups g34 and g35 in the U�V plane are linked
to a group called ✏Ind (see Antoja et al. 2012). The structure is
marked in black.

– AF06: The AF06 stream was first found by Arifyanto &
Fuchs (2006) in the range between V ' �70 and �100 km s�1.
We did not find it in the U�V space, but the group is detected in
the other three spaces and is shown with red boxes.

– Arcturus: Group g36 in the U�V plane could be the
Arcturus stream. Median V velocity and angular momentum of
g36 are V '�92 km s�1 and Lz ⇠ 1118 kpc km s�1. These values
are a bit higher compared to for example values from Navarro et al.
(2004), but are within the uncertainties. In the V�

p
U2 + 2V2

plane the nearest to Arcturus are groups g1 and g2 which have
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Fig. 3. Wavelet coe�cient maps of central region 00 retrieved in U�V (top left), V�
p

U2 + 2V2 (top right), Lz�
q

L2
x + L2

y (bottom left), and

Lz�
p

JR (bottom right) space for scale J = 2. Colour bars show normalised wavelet coe�cients. Kinematic structures are shown as blue circles
with radius 5 km s�1 or 5 kpc km s�1 and their centres are shown with black crosses. Lines and boxes of di↵erent colours correspond to the group
names as listed in the legend. We note that numbers assigned to the groups do not match between the planes.

the same angular momentum and radial action as g36 in the U�V
plane. In the angular momentum space g21 has the parameters
closest to Arcturus. In action space there are two candidates: g9
and g2. The first group is consistent with the groups detected in
velocity spaces, the second one has lower angular momentum
and higher V velocity. Taking into account works by for example
Klement et al. (2008) and Zhao et al. (2014) we link g2 to the Arc-
turus stream and group g9 to the AF06 stream. Arcturus is shown
as green lines and boxes on the wavelet maps.

– KFR08: Among the detected groups we assign one weak
over-density in action space at Lz ' 575 kpc km s�1 to the group
called KFR08. The structure was first detected by Klement et al.
(2008) at V ' �160 kpc km s�1. Group g1 detected in action
space has exactly the same median V velocity. KFR08 is shown
in cyan on the wavelet maps.

Overall, 36 groups at scale J = 2 and 16 groups at scale
J = 3 were discovered in the U�V plane that form larger-
scale arches as discussed in Ramos et al. (2018), Antoja et al.
(2018), and Gaia Collaboration (2018b). We also conclude that
these arches correspond to the lines in the Lz�

q
L2

x + L2
y plane

and to clumps in the V�
p

U2 + 2V2 and Lz�
p

Jr due to the
very similar properties of the groups (see Tables A.2 and A.3).
In the V�

p
U2 + 2V2, 17 and 8 groups were detected. Action

space very closely mimics the V�
p

U2 + 2V2 plane very much
but allows the structures to be detected in greater detail. In the
angular momentum and action spaces, 24 groups were found in
each space at scale J = 2 and 9 and 10 groups at scale J = 3,
respectively.

4.2. Stellar streams outside the solar neighbourhood

The solar neighbourhood volume is well-studied and thus it
is relatively easy to match the detected groups with groups
that have been identified by other studies in the literature. The
behaviour of the groups outside the solar volume was studied by
for example Antoja et al. (2012) and Ramos et al. (2018). Both of
these latter studies found a decreasing trend for V velocity when
moving to the volumes at larger R. In this work we also inves-
tigated the trends of the structures depending on the position in
the Galaxy with a focus on the Arcturus stream.
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Fig. 4. Same as Fig. 3 but for scale J = 3. Lines and boxes correspond to the structures detected at scale J = 2. We note that numbers assigned to
the groups do not match between the planes.

If one looks at the small volumes from the left-hand side
of Fig. 2 and move towards positive X values an increase in V
velocity can be observed. As an example of this trend, Fig. 5
shows how the V velocity of the groups evolves with Galacto-
centric distance R in regions 01, 01a, 00, 21, and 21a based on
the analysis of the U�V plane. For example, the Hercules stream
in region 01 is detected at V ' �70 km s�1, and for comparison,
in region 21a the Hercules stream shifts towards positive V and is
located at V ' �40 km s�1. Similar behaviours are observed for
most of the major streams and is shown in the top plot of Fig. 5.
On the wavelet maps for regions 01a and 21a that are shown in
the middle and bottom plots of Fig. 5 we draw the lines from
the top left plot in Fig. 3. Taking volumes at larger R shifts the
groups towards higher V values and vice verse.

If one fixes the Galactocentric distance and starts exploring
the regions at high � moving down towards negative � (e.g.,
start at region 15 and go down to region 35), the streams are
observed at the same position in V . Major streams including
Sirius, Pleiades, Hyades, and Hercules have the same angular
momentum when fixing R and looking at di↵erent �. This is
di↵erent from results in Monari et al. (2019) who found that
the Hercules angular momentum changes with azimuth at solar
radius. We also do not observe this change when fixing R inside
and outside the solar circle.

The shape of the angular momentum and action spaces
changes slightly at di↵erent R, but almost all main structures
detected in the solar volume remain at the same positions within
a box defined by volumes 02_12, 22_12, 22_32 and 02_32.
Figure 6 shows wavelet transform maps for regions 01a and 21a

(top and middle rows). Additionally a wavelet transform was
applied to all the stars in the sample in the angular momen-
tum and action spaces (bottom row) and was compared to results
in volumes 01a and 21a. If there are any groups with constant
actions detected in the total sample then it possible to observe
them in smaller volumes. Boxes of di↵erent colours mark kine-
matic structures detected in the region 00. The same boxes are
plotted on top of maps for regions 01a and 21a. There is a small
shift in action space when changing R, but generally main groups
are located at the same positions.

The kinematic structures are mainly detected in the central
regions within the rectangle defined by regions 02_12, 22_12,
22_32 and 02_32. The rest of the remaining regions contain
less stars and also have larger distance uncertainties. We tested
whether or not the structures really exist only inside the box
mentioned above or whether or the lack of the groups in the
outer regions is a consequence of larger distances and smaller
numbers of stars in subsamples. To investigate the latter, 10 000
stars were randomly selected in the central region 00 and the
wavelet analysis was repeated. The results were then compared
with Dehnen (1998) who used a sample of 14 000 stars in total.
For our 10 000 sample, a similar result to that of Dehnen (1998)
was received. The main conclusion of the test is that with the
small samples it is possible to detect only the large main struc-
tures like Sirius, Hyades, Pleiades and Hercules. The more stars
are in the volume, the higher the probability of detecting high-
velocity structures. Due to this limitation, it is not possible
claim that there is such a radius where some of the groups stop
existing.
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Fig. 5. Top: change of central V velocities of kinematic structures as a
function of Galactocentric radii R. Each dot corresponds to the cen-
tre of the structure determined by the wavelet transform in volumes
01, 01a, 00, 21, and 21a. Names of the groups associated with the
lines are listed in the legend of Fig. 3. Middle and bottom: example
of wavelet maps in the U�V space in regions 01a and 21a. Colour
bar shows normalised wavelet coe�cients. Black crosses show cen-
tres of the detected structures in regions 01a and 21a. Lines show
the location of kinematic structures detected in region 00 (see legend
of Fig. 3).

There are many tiny groups detected in the U�V plane that
could potentially be a part of the Arcturus stream. We do not
observe a clear arch that we can connect with the structure.
Unlike the Arcturus stream, an arch at V ' �80 km s�1 is clearly
visible inside a box defined by regions 01, 11, 21, and 31 for the
AF06 stream. In the V�

p
U2 + 2V2 plane the structures are bet-

ter resolved at scale J = 3. In the angular momentum and action
space there are strong detections of the high-velocity groups
clearly visible at scale J = 3. The Arcturus and KFR08 streams
appear stronger at the smaller Galactocentric radii. Based on the
analysis of all stars in action space, the Arcturus stream is an
elongated structure in Lz. This means it covers a wider range of
orbits, unlike the Hercules stream for example.

5. The vertical extent of Arcturus and associated
streams

We focus here on three high-velocity structures (g1, g2, and g9)
detected in region 00 in action space between V ' �70 and
�160 km s�1. The groups that we associate with these velocities
in the solar region are the AF06, Arcturus, and KFR08 streams.
We would like to know whether or not they are related, whether
or not they are elongations of each other, and how di↵erent they
are compared to the Hercules stream. The Hercules stream is
chosen as a reference as it is one of the most studied kinematic
structures and is a relatively metal-rich disc structure with the
dynamical origin with the Galactic bar (e.g. Bensby et al. 2007;
Ramya et al. 2016; Pérez-Villegas et al. 2017). One of the main
peaks of the Hercules stream is group g18 detected in action
space. We study properties of this group for a comparison with
the high-velocity structures.

To further distinguish the three streams we investigate how
the number density of stars in the Hercules, Arcturus, AF06, and
KFR08 streams varies with vertical distance from the Galactic
plane. Candidate member stars of the three streams were selected
from the stellar sample constructed as described in Sect. 2 using
the characteristic velocities of the streams that were found for
region 00 (see Table A.2). From now on, it is assumed that kine-
matic groups are defined as stars on similar orbits. We assume
that a star belongs to a group if its radial action and angular
momentum fall into an ellipse around the centre of the group
as shown in Fig. 3.

The leftmost plot of Fig. 7 shows the variation of the nor-
malised number of stars in g1, g2, g9, and g18 streams as defined
in action space (see Fig. A.2) with the module of the distance
from the Galactic plane |Z| for region 00. The Hercules stream is
slightly more concentrated towards the Galactic plane compared
to the three high-velocity structures. To check if this is valid in
the regions outside the solar neighbourhood, stars in regions 01,
11, 21, and 31 (see Fig. 2) that are members of groups g1, g2,
g9, and g18 were selected. A star is defined as a member of a
group if it has Jr and Lz values located within an ellipse around
a group in action space as shown in Fig. 2. Since actions are
conserved quantities along orbits of stars in static potentials, it is
expected that the structures will show up at the same positions
in Lz and Jr. The right-hand side plot in Fig. 7 is the same as
the one on the left, but for regions 01, 11, 21, and 31. The Her-
cules stream is strongly concentrated to the Galactic plane and
becomes rapidly weaker with distance from the plane. At dis-
tances above |Z| & 0.7 kpc, the density of stars in the Hercules
stream drops to zero. In comparison, the g1, g2, and g9 structures
reach larger heights from the plane. The disappearance of the
Hercules stream after about 0.7 kpc is consistent with the results
from Antoja et al. (2012) that detected the Hercules stream at
a lower confidence level at higher Z. To further probe the ori-
gins of the detected kinematic structures and how they relate to
each other we make use of the detailed elemental abundance data
from recent spectroscopic surveys.

6. Chemical properties of the kinematic streams

In this section we investigate whether or not the detected streams
show distinct elemental abundance patterns. To our aim the
detailed abundance data from large spectroscopic surveys such
as GALAH DR2 (Buder et al. 2018) and APOGEE DR 14
(Holtzman et al. 2018) were used. GALAH DR2 includes over
340 000 stars and APOGEE DR14 around 263 000 stars. Both
GALAH and APOGEE have determined radial velocities for all
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Fig. 6. Wavelet coe�cient maps of regions 01a (top), 21a (middle) and all stars studied in this work (bottom) retrieved in Lz�
q

L2
x + L2

y (left

column) and Lz�
p

JR (right column) space for scale J = 2. Colour bars show normalised wavelet coe�cients. Black crosses show centres of
the structures. Boxes around the crosses show location of kinematic structures based on the nearby sample 00 (see Fig. 3). Colours of the boxes
correspond to di↵erent names of the structures listed in the legend of Fig. 3.

their targets, and those stars overlap to only a limited extent with
the subsample of stars in Gaia that come with measured radial
velocities in Gaia DR2. This means there will be just a few
stars in each kinematic group when cross-matching GALAH and
APOGEE with our sample that are constructed from Gaia DR2.

Therefore, to increase the number of stars that can be
associated with the streams that were detected and that have
elemental abundances in the GALAH and APOGEE data
releases, we compute space velocities U,V,W, angular momenta
Lx, Ly, Lz, and radial action Jr for all APOGEE and GALAH
stars using astrometric data from Gaia DR2 and radial veloc-
ities from GALAH and APOGEE. The stars with �U ,�V 
20 km s�1 and with good quality flags were then selected. For
GALAH, stars with good data quality flags were included:
f lag_cannon = 0 and f lag_x_ f e = 0, where X is a chemi-
cal element, and for APOGEE the following quality flags were
used: X_FE_FLAG = 0, where X is a chemical element. This
left us with a sample of 101 862 and 72 517 stars for the GALAH
and APOGEE surveys, respectively. To select stars that are pos-
sible members of the detected kinematic streams, we use our
kinematic constraints for action space listed in Table A.2, mean-
ing that a star must be within a specific range in Lz and Jr
(i.e. must fall into an ellipse around the structure as shown in
Fig. 2).

Figure 8 shows the X�Y distributions for the constructed
GALAH and APOGEE samples. It is seen that APOGEE cov-
ers more stars of the Northern sky and GALAH covers mainly
the Southern part of the sky.

The top plots of Fig. 9 show the [↵/Fe]�[Fe/H] diagrams for
stars in groups g1, g2, g9, and g18 selected in nine regions around
the solar neighbourhood (01a_11a, 11a, 11a_21a, 01a, 00, 21a,
31a_01a, 31a, and 21a_31a) for GALAH and APOGEE samples.
We over-plot results for these nine regions simply because there
are not enough stars in the high-velocity streams in each region
to present them separately. The stars members of the groups were
selected based on the properties of the groups in region 00 listed
in Table A.2. Since actions are conserved quantities, the groups
are expected at the same positions after correcting Lz values for
the shift that arises due to di↵erences in Galactocentric radii. The
solid lines in these diagrams show the running mean for each
stream. The shaded regions around each line show the correspond-
ing 1� dispersions around the mean value.

The bottom plots of Fig. 9 show generalised metallicity distri-
butions for the same groups as in the upper plots. Median values of
the metallicity distributions and the corresponding dispersion of
groups g18, g9, g2, and g1 are presented in Table 1 for the GALAH
and APOGEE samples. The high-velocity streams generally have
wide metallicity distributions and reaching lower metallicities
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Fig. 7. Number of stars in Hercules, AF06, Arcturus, and KFR08 versus module of distance from the Galactic disc |Z| in region 00 (left) and in
regions 01, 11, 21, and 31 (right).

Fig. 8. X�Y distributions for GALAH stars (left) and for APOGEE stars (right) with �U ,�V  20 km s�1 and good quality flags. The bin size is
0.1 kpc for both plots.

down to [Fe/H] . �1. The Hercules stream is more metal-rich.
These plots show that the high-velocity streams could be high-
alpha thick-disc structures, while the Hercules stream is likely a
mixture of both the thin and thick discs. Two-sided Kolmogorov–
Smirnov tests were then used to check if the metallicity distribu-
tion of any of the streams come from the same distribution. In all
cases the p-values were infinitesimally small, indicating that the
null-hypothesis must be rejected, meaning that all the distribu-
tions are di↵erent. Results using APOGEE and GALAH surveys
are similar: the high-velocity streams appear to be thick disc struc-
tures, while the Hercules stream is a mixture of both the thin and
the thick-discs, and is a more metal-rich structure.

7. The origin of the Arcturus stream

In this section, we first provide a brief overview of the debates
around the origin of the Arcturus stream, then summarise the
kinematic and chemical characteristics of the Arcturus stream
from this work, and based on that we discuss the possible origins
of the stream.

7.1. Accretion origin: debris of a disrupted satellite

In Eggen (1996, 1998) it was shown that the Arcturus stream
(then called a moving group) belongs to the old thick-disc

population. It was fitted with a 10 Gyr isochrone and the metal-
licity of Arcturus was estimated as [Fe/H] ' �0.6. Similar prop-
erties were observed by Gilmore et al. (2002) and Wyse et al.
(2006) who found a clump of stars at V ' �100 km s�1 that
were estimated to be about 10�12 Gyr old and metal-poor with
�2.5 < [Fe/H] < �0.5. This is consistent with the properties of
the Galactic thick disc.

One of the first attempts to explain the phenomenon of the
Arcturus stream numerically was performed by Navarro et al.
(2004). Assuming a merger event that happened 10�12 Gyr ago
Navarro et al. (2004) obtained a structure with similar properties
to the Arcturus stream. Navarro et al. (2004) also estimated the
vertical component of the angular momentum of the group to be
Lz ' 1000 kpc km s�1.

Further evidence for a possible debris origin for the Arc-
turus stream comes from Helmi et al. (2006), who found that
a satellite galaxy with similar orbital properties to the Arcturus
stream can produce three kinematic over-densities. One of the
groups was linked to the Arcturus stream and investigated further
through a detailed elemental abundance analysis by Ženovienė
et al. (2014). These latter authors found that the average metal-
licity of the stream is [Fe/H] ' �0.42 and that its stars are
about 8–12 Gyr old, which is consistent with the properties of
the thick disc. Considering the results from Helmi et al. (2006),
the Ženovienė et al. (2014) study supported a merger origin
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Fig. 9. Top plots: [Fe/H]�[↵/Fe] trends for the streams selected from the GALAH and APOGEE data in action space in a square of nine regions
defined by regions 01a_11a, 11a_21a, 21a_31a and 31a_01a. The solid lines show the running means of the [↵/Fe] distributions in bins of [Fe/H],
and the shaded regions give the 1-� dispersions of the data around the means. The bin width when calculating running means is 0.05 dex. Bottom
plots: normalised generalised metallicity distributions for the stellar samples shown in the top plots. Here each star is represented by a Gaussian
with a central peak at the estimated metallicity and a width given by the uncertainty of the metallicity.

Table 1. Median metallicities and corresponding dispersions of star
members of the groups located in the square defined by nine regions
around the central region 00 that were selected from APOGEE and
GALAH samples.

Group GALAH APOGEE

[Fe/H]median �[Fe/H] [Fe/H]median �[Fe/H]

g18 0.0 0.2 0.0 0.2
g9 �0.2 0.3 �0.2 0.3
g2 �0.5 0.3 �0.5 0.2
g1 �0.6 0.3 �0.5 0.1

for the stream. On the other hand, a comparison with another
detailed elemental abundance study by Ramya et al. (2012), who
applied di↵erent selection criteria for possible Arcturus stream
stars, suggested that it is di↵erent from the thick disc and the
two groups studied in these works are di↵erent.

An alternative approach to search for kinematic over-
densities was proposed by Arifyanto & Fuchs (2006), and then
followed by Klement et al. (2008) and Zhao et al. (2014).
Using wavelet transforms they searched for clumps in the plane

defined by the
p

U2 + 2V2 and V space velocities , where U and
V are radial and tangential velocity components, respectively.
These latter authors detected many kinematic structures in the
range �200  V  �80 km s�1, including candidates for the
Arcturus stream. Following the approach proposed by Helmi
et al. (1999), Klement et al. (2008), and Zhao et al. (2014) stud-
ied angular momenta space defined by

q
L2

x + L2
y and Lz, the

angular momenta components of the stars. They placed the Arc-
turus stream at V ' �100 km s�1 and Lz ' 1000 kpc km s�1. The
high eccentricity and low metallicity of the high-velocity streams
lead to a conclusion that the Arcturus has a merger debris
origin.

The above papers provide evidence that the Arcturus stream
and other high-velocity streams can be explained as debris from
disrupted satellite galaxies that merged with the Milky Way in
the past.

7.2. Galactic origin: resonances

If the debris origin for the observed streams is correct, the stars
within a stream should have a distinct elemental abundance pat-
tern di↵erent from what is observed for the disc stars of the
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Milky Way. A detailed chemical analysis of possible members of
the Arcturus stream and another group called the AF06 stream,
first assigned by Arifyanto & Fuchs (2006), was performed by
Ramya et al. (2012). No unique chemical features were found
for either of the groups; their chemical compositions are simi-
lar to the background thick disc stars, being metal-poor, alpha-
enriched, and have ages between 10 and 14 Gyr. This indicates
that these structures are likely to have a dynamical origin within
the Galaxy.

Another chemical analysis of the Arcturus stream was per-
formed by Williams et al. (2009). The stellar sample was con-
structed based on results of the N-body simulations, where a
satellite was accreted by the Milky Way. It was also found by
these latter authors that the stream stars are chemically inho-
mogeneous, being similar to the thick disc, and thus, cannot be
called a moving group. The authors discuss a possible origin of
the group within the Milky Way, being dynamically formed due
to Lindblad resonances. At the same time they do not reject the
possibility of a merger origin.

Bensby et al. (2014) studied ages and chemical composi-
tion of the Galactic disc stars and briefly explored those that
could potentially belong to the Arcturus stream (�115 < V <
�85 km s�1). These latter authors found no chemical signature of
a merger event, but rather that a dynamical origin is more proba-
ble due to similarities of chemical patterns of the group with the
thick disc.

If the discussed spectroscopic studies question an accretion
origin for the Arcturus, can the structure be reproduced in a
resonant scenario via numerical simulations? Assuming reso-
nances with the Galactic long bar, Gardner & Flynn (2010)
simulated a kinematic group which has properties similar to the
Arcturus stream. Numerical simulations performed by Monari
et al. (2013) show a similar result; the Galactic long bar can pro-
duce a feature that is consistent with the Arcturus stream.

All these findings lead to the question of whether the Arc-
turus stream formed due to resonances or due to a merger event.
Simulations assuming either hypothesis are able to reproduce
a phase-space structure similar to the Arcturus stream. At the
same time there is no clear consensus from the detailed elemen-
tal abundance studies.

7.3. Other hypothesis and recent findings

An alternative opinion on the origin of the Arcturus stream was
proposed by Minchev et al. (2009). Assuming the existence of a
dynamically unrelaxed population which formed after a merger
event, these latter authors simulated how the distribution of stars
in the U�V and V�

p
U2 + 2V2 changes with time. They found

ring-like structures that represent a wave with streams appear-
ing almost every 20 km s�1 in V , placing the Arcturus stream
at �100 km s�1. Based on the kinematics of the simulated struc-
tures, the authors state that the Galactic disc was perturbed about
1.9 Gyr ago and match it with the time when the Galactic bar
could have formed.

Another support of the ringing hypothesis came with the
Gaia DR2 (Gaia Collaboration 2018a) release. The analysis of
Gaia DR2 data revealed a rich arch- and ridge-like substruc-
ture in the phase-space that is strong evidence that the disc of
the Milky Way is far from being in equilibrium and undergoes
phase-mixing (Antoja et al. 2018; Ramos et al. 2018; Monari
et al. 2018; Tian et al. 2018). This phase-mixing could be a
result of external-perturbations due to a passage of the Sagit-
tarius dwarf galaxy (e.g. Antoja et al. 2018). Indeed, Laporte

et al. (2019) demonstrated, using a state-of-the-art simulation
of the Milky Way-Sagittarius interaction, that a range of com-
plex phase-space structures discovered in Gaia DR2 data can
be explained simultaneously by their model existing prior to the
Gaia DR2 data release, including the disk in-plane velocity field
(Katz et al. 2019), the ridges in the V��R plane (Antoja et al.
2018; Kawata et al. 2018), and the spiral in the Z�Vz plane
(Antoja et al. 2018). Here, V� and Vz are velocities in the Galac-
tocentric coordinate system. At the same time, Hunt et al. (2018),
Quillen et al. (2018), and Sellwood et al. (2019), show that the
phase-space ridges could be a result of an impact of the Galactic
spiral arms, but the simulations do not cover the high-velocity
field. The Arcturus stream is one of the arch-like structures seen
in Ramos et al. (2018), who performed a deeper study of the
substructures with the wavelet analysis. If the Arcturus is a kine-
matic wave in the Galactic disc, then what triggers the formation
of these structures, the bar, spiral arms or a merger event? What
is the nature of the Arcturus stream and how similar is it to the
other kinematic structures?

7.4. The origin of the Arcturus stream in this study

Before discussing possibilities for the nature and origin of the
Arcturus stream (g2), we summarise the properties of the kine-
matic substructures associated with the Arcturus stream that we
have found so far:

– The rotational velocity of the Arcturus stream is V '
�127 km s�1, and the vertical component of the angular momen-
tum is Lz ' 840 kpc km s�1. This is in agreement with the results
from Navarro et al. (2004) who found the Arcturus stream at
V ' �100 km s�1 and Lz ' in the range between 700 and
1100 kpc km s�1, Klement et al. (2008) who found it at V '
�120 km s�1 and Lz ' 1000 kpc km s�1, and Ramya et al. (2012)
who found it at V ' �125 km s�1 and Lz ' 811 kpc km s�1.

– The Arcturus stream (g2), as well as the AF06 and KFR08
streams (g1 and g9), are not only detected in the solar neighbour-
hood. The structures appear in a larger box defined by regions
01_12, 22_12, 22_32, and 02_32. The remaining regions con-
tain significantly less stars and their distance uncertainties are
larger (see Table A.1). Considering the fact stated above it is not
possible to definitely answer whether or not there are kinematic
structures in those regions, or if they are weaker, or if it is a con-
sequence of the properties of the stellar sample.

– The Arcturus stream extends to about 2 kpc vertically
from the Galactic plane. At the same time the stars of the Her-
cules stream appear to be disappearing at distances greater than
|Z| & 1 kpc. The streams detected at even higher V velocities
extend to even greater distances from the Galactic plane. This
is consistent with the results from Antoja et al. (2012) who
found that the Hercules stream has a lower detection level after
|Z| & 0.6 kpc.

– The Arcturus, KFR08, and AF06 streams are alpha-
enhanced in the [↵/Fe]�[Fe/H] diagram, and show similarities
to the Galactic thick disc. They are clearly di↵erent from the
Hercules stream which appears to be a mixture of the thin and
thick discs. This is in agreement with, for example Bensby et al.
(2007, 2014), Williams et al. (2009), and Ramya et al. (2012).

– The Arcturus stream has a wide metallicity distribution
spanning the interval �1.2  [Fe/H]  0.2 and peaking at
'�0.5, which is not di↵erent from what has been found in other
studies. Eggen (1996) found [Fe/H] ' �0.6, and Ramya et al.
(2012) found a more metal-poor range for the Arcturus stream,
�1.4  [Fe/H]  �0.37, peaking at [Fe/H] ' �0.7.
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Considering the chemical properties of the Arcturus stream
(g2) we see that it is not a chemically homogeneous structure.
This indicates that the Arcturus stream is not a moving group,
similarly to what was found by Williams et al. (2009), Ramya
et al. (2012), and Bensby et al. (2014). Also, the metallicity dis-
tributions for the Arcturus, KFR08, and AF06 streams (g2, g1,
and g9, respectively) are too wide for them to be called mov-
ing groups. At the same time, the mean metallicities are di↵er-
ent for each stream, meaning that they appear to be independent
structures, which is di↵erent from the conclusion by Zhao et al.
(2014) that the Arcturus and AF06 streams should be regarded
as one structure. It was also shown that a two-sided K–S tests
rejected the hypothesis that any of the groups could come from
the same population.

Groups g1, g2, and g9 found in this work appear, at least
chemically, to be thick disc structures. Therefore, we question
the debris origin for the streams. If the streams have a debris
origin, their chemical compositions should be di↵erent from the
thick disc stars. This is di↵erent from the Liu et al. (2015) con-
clusion of a merger origin for the KFR08 stream. It is clearly
seen that KFR08 has a wide metallicity distribution and its kine-
matics and chemistry are consistent with what is seen for the
stars in the Galactic thick disc.

The two remaining possibilities for the origin of the Arcturus
stream and the neighbouring KFR08 and AF06 streams (g2, g1
and g9 respectively) are the external-perturbation origin or being
due to the resonances with the spiral arms or the Galactic bar.
The results we have present here are consistent with the results
from Minchev et al. (2009), who simulated the velocity distribu-
tion in the V�

p
U2 + 2V2 and U�V planes assuming a merger

event that perturbed the Galactic disc and caused an ongoing
phase-mixing, inducing kinematic over-densities to be placed on
the V axis every 20 km s�1. This is essentially what we observe
in this work. Arch-like structures are easily recognisable in
Fig. 3 and are similar to what was found in for example Gaia
Collaboration (2018b), Antoja et al. (2018), and Ramos et al.
(2018). The patterns discussed in Minchev et al. (2009) are
observed at the V�

p
U2 + 2V2 and action space; the arches

observed in the U�V plane become clumps. These clumps and
arches are observed as lines in the angular momentum space.
Within the uncertainties these features (arches, clumps, and
lines) show up 20–30 km s�1 apart in the V velocity component.
According to Minchev et al. (2009), this could be due to ongoing
mixing in the disc after a merger event. The fact that the high-
velocity groups extend to higher |Z| than the bar-originated struc-
tures leads us to conclude on an external-perturbation (phase-
mixing) origin for the Arcturus stream and its neighbour KFR08
and AF06 streams is a possible scenario.

8. Summary

In order to resolve the nature of the Arcturus stream we analysed
the velocity and angular momenta distributions of the Gaia DR2
stars at di↵erent Galactocentric radii. The analysis revealed the
following:

– The analysis of four spaces defined by velocity, angu-
lar momentum, and action components in 65 smaller volumes
allowed us to detect the previously well-studied Sirius, Pleiades,
Hyades, and Hercules streams; a few high-velocity structures
that are associated with the AF06, Arcturus, and KFR08 streams;
and many unknown clumps that might be a part of larger streams.

– The picture observed in the velocity space is consistent
with the results from Minchev et al. (2009). Their model predicts

kinematic structures to be placed every 20�30 km s�1 in V . This
is similar to what was observed with the Gaia DR2 sample:
starting with the Sirius at 0 km s�1 and ending with the KFR08
stream at '�160 km s�1 we observe kinematic structures every
V ' 20�30 km s�1 (taking into account velocity uncertainties
and the sizes of the structures).

– The arches observed in the U�V plane are observed as
clumps in the V�

p
U2 + 2V2 and action space and lines in the

angular momentum space. Minchev et al. (2009) as well as
Antoja et al. (2018) link these arches to the ongoing phase-
mixing in the disc of the Milky Way due to a strong disc per-
turbation, likely originating from a merger event.

– The high-velocity streams are observed at higher |Z| com-
pared to the Hercules stream which is currently considered to be
a structure caused by the Galactic bar (e.g. Antoja et al. 2014;
Pérez-Villegas et al. 2017). The KFR08 stream, which has the
highest values of V and lowest Lz extends at least 2 kpc further
from the Galactic disc, while the Hercules is located closer to the
Galactic disc |Z| < 0.7 kpc.

– The majority of stars from the sample analysed in this work
are within 1 kpc in |Z| and according to Monari et al. (2013) the
Galactic bar can influence stellar motion up to |Z| ' 1 kpc in the
thin disc and up to |Z| ' 2 kpc. However, the bar-induced arches
do not cover the observed range of about ±100 km s�1 in radial
Galactocentric velocity Vr.

– The high-velocity groups are present mainly in the nearby
regions. This is consistent with Ramos et al. (2018), where one
of the discovered arches, that the authors associate with the Arc-
turus group, is located mainly in the solar neighbourhood and
within the solar circle. At the same time this result could be the
consequence of the fact that nearby regions contain more stars
and distance uncertainties are smaller.

– Ramos et al. (2018) discuss the negative gradients of the
rotational velocity of the structures with the Galactocentric radii.
This gradient should be positive for the Cartesian velocities V .
We do observe similar gradients in the U�V plane.

– The analysis of the chemical abundances of stars that are
members of the groups taken from the APOGEE and GALAH
spectroscopic surveys confirmed that the AF06, Arcturus, and
KFR08 groups have chemical patterns that resemble that of the
thick disc. The groups cover wider metallicity ranges compared
to Hercules, which appears to be a mixture of the thin and thick
disc stars, which is in agreement with the literature (e.g. Bensby
et al. 2014; Ramya et al. 2016). The estimated median metallicity
of Hercules in this work is [Fe/H]' 0.0. In comparison, Ramya
et al. (2016), for example, obtained [Fe/H]' 0.15.

– The two-sided K–S test performed for di↵erent combina-
tions of the groups (Hercules, AF06, Arcturus, KFR08) rejected
the possibility for all of them to be drawn from the same
distribution.

Arcturus, KFR08, and AF06 are kinematic structures that
have rotational V velocities separated with a fixed step, extend
farther from the Galactic plane compared to other over-densities
such as the Hercules stream, and have chemical compositions
consistent with the properties of the Galactic thick disc. Col-
lectively, this points towards an origin for the structures related
to the ongoing kinematic mixing or ringing in the disc, as was
suggested in Minchev et al. (2009). The recently discovered
ridges and arches in the phase-space (Antoja et al. 2018; Ramos
et al. 2018) found with the Gaia DR2, including the Arcturus
arch, represent further evidence that the high-velocity kinematic
structures such as the Arcturus stream could be a result of the
external-perturbation process and were formed inside the Milky
Way.
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Though a great amount of e↵ort has been made to understand
the nature of these phase-space waves with the Gaia DR2 data,
we are still far from an unambiguous answer. Do these waves
have a merger origin as was originally proposed by Minchev
et al. (2009), or are they caused by the spiral arms as suggested,
for example, by Quillen et al. (2018), Hunt et al. (2018), and
Sellwood et al. (2019)? Numerical simulations together with
the chemical abundances from spectroscopic surveys like the
Gaia-ESO survey (Gilmore et al. 2012), WEAVE (Dalton et al.
2014), and 4MOST (de Jong et al. 2019), in combination with
upcoming Gaia data releases, will broaden the opportunities for
us to better understand the formation of the phase-space warps
and might provide a definitive answer about the origin of kine-
matic structures like the Arcturus stream. Current observational
evidence however points towards a phase-space mixing origin.
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Appendix A: Additional tables

Table A.1. Number of stars, median distance, and median distance
uncertainty for the stars located in the 65 regions (as defined in Fig. 1).

N Region N stars Dmedian �Dmedian

[pc] [pc]

1 00 666 505 212 2
2 01 48 759 851 45
3 02 13 647 1689 181
4 03 6332 2483 386
5 04 3041 3285 677
6 05 1621 4083 932
7 11 70 747 861 38
8 12 22 070 1778 164
9 13 8991 2636 375
10 14 3521 3502 669
11 15 1685 4338 918
12 21 81 838 777 38
13 22 24 823 1602 171
14 23 10 146 2392 410
15 24 3307 3204 803
16 25 1386 4011 1171
17 31 64 875 868 38
18 32 19 806 1778 164
19 33 10 747 2624 365
20 34 4307 3489 655
21 35 1873 4329 826
22 22_11 18 596 1798 209
23 22_12 13 098 2258 306
24 22_13 8223 2853 495
25 22_14 4132 3522 724
26 22_15 2197 4216 898
27 22_31 27 838 1780 194
28 22_32 18 135 2242 284
29 22_33 9545 2839 458
30 22_34 5646 3507 690
31 22_35 2832 4200 922
32 02_11 11 447 1942 215
33 02_12 8189 2546 349
34 02_13 3219 3321 608
35 02_14 2267 4145 852
36 02_15 308 4897 954
37 02_31 12 179 1939 232
38 02_32 9594 2544 372
39 02_33 4786 3306 602
40 02_34 1887 4147 868
41 02_35 263 4881 903
42 12_01 13 658 2042 217
43 12_03 4287 3177 589
44 12_04 1942 3893 847
45 12_05 1125 4605 1024
46 12_21 21 401 1864 189
47 12_23 6129 2823 538
48 12_24 2440 3500 896
49 12_25 1195 4206 1173

Table A.1. continued.

N Region N stars Dmedian �Dmedian

[pc] [pc]

50 32_01 13 717 2044 219
51 32_03 3988 3176 609
52 32_04 2172 3871 829
53 32_05 1290 4592 1081
54 32_21 22 441 1856 186
55 32_23 3331 3496 855
56 32_24 11 387 2806 495
57 32_25 1447 4209 1166
58 01a 211 846 453 12
59 11a 271 059 444 10
60 21a 317 397 387 9
61 31a 256 489 448 10
62 01a_11a 127 033 630 22
63 11a_21a 175 045 568 18
64 21a_31a 184 213 574 18
65 31a_01a 127 733 636 22
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Table A.2. Kinematic structures found in region 00 in the U�V (Plane 1), V�
p

U2 + 2V2 (Plane 2), Lz�
q

L2
x + L2

y (Plane 3) and Lz�
p

Jr (Plane
4) planes at scale J = 2.

N Plane Group Name N stars U V Lz
p

Jr �U �V �Lz �pJr

[km s�1] [km s�1] [kpc km s�1] [kpc km s�1] [km s�1] [km s�1] [kpc km s�1] [kpc km s�1]

1 1 g1 A1/A2 173 39 37 2158 12 2 2 30 0.6
2 1 g2 �Leo 2643 34 8 1926 7 2 2 28 0.5
3 1 g3 Sirius 6966 �13 6 1918 3.6 2 2 31 0.5
4 1 g4 Sirius 1659 �53 4 1900 6.3 2 2 30 0.5
5 1 g5 �Leo 2277 47 3 1894 7.9 2 2 31 0.5
6 1 g6 Sirius 10 303 12 2 1888 4.1 2 2 30 0.5
7 1 g7 Sirius 1416 �61 2 1887 6.9 2 2 30 0.5
8 1 g8 �Leo 1080 65 1 1872 9.9 2 2 27 0.5
9 1 g9 Sirius 871 �79 0 1858 8.8 2 2 31 0.5
10 1 g10 �Leo 785 73 �2 1844 10.6 2 2 28 0.5
11 1 g11 �Leo 1881 57 �5 1819 8.5 2 2 32 0.5
12 1 g12 Coma Berenices 12 046 �15 �7 1808 1.3 2 2 29 0.5
13 1 g13 Bobylev16 180 �118 �10 1776 13.1 2 2 31 0.5
14 1 g14 Coma Berenices 8439 8 �14 1745 2.4 2 2 30 0.5
15 1 g15 Pleiades/Hyades 960 �81 �14 1744 8.3 2 2 29 0.5
16 1 g16 Pleiades/Hyades 14 380 �33 �16 1733 2.7 2 2 28 0.5
17 1 g17 Pleiades/Hyades 11 749 �42 �19 1710 3.8 2 2 25 0.4
18 1 g18 Antoja12(12) 302 98 �21 1695 13 2 2 29 0.5
19 1 g19 Wolf 630 6104 21 �22 1678 4.1 2 2 29 0.5
20 1 g20 Dehnen98 4129 41 �25 1664 6.3 2 2 26 0.4
21 1 g21 Pleiades/Hyades 13 084 �10 �25 1657 2.2 2 2 26 0.4
22 1 g22 Hercules 2604 �58 �37 1562 6.5 2 2 24 0.4
23 1 g23 Pleiades/Hyades 3428 25 �37 1561 5.7 2 2 27 0.4
24 1 g24 Hercules 1380 �82 �47 1473 9.5 2 2 27 0.4
25 1 g25 Hercules 3529 �15 �48 1468 5.8 2 2 25 0.4
26 1 g26 Hercules 4626 �37 �49 1463 6.6 2 2 22 0.4
27 1 g27 Hercules 2816 0 �50 1455 6.2 2 2 24 0.5
28 1 g28 Hercules 1593 �70 �51 1450 8.9 2 2 25 0.5
29 1 g29 Antoja12(15) 633 65 �52 1441 10.2 2 2 27 0.4
30 1 g30 HR1614 1286 9 �64 1342 8.2 2 2 25 0.5
31 1 g31 HR1614 1989 �16 �64 1343 8.1 2 2 25 0.4
32 1 g32 HR1614 1619 �26 �67 1321 8.5 2 2 24 0.5
33 1 g33 HR1614 1345 �36 �68 1313 8.9 2 2 25 0.5
34 1 g34 ✏Ind 498 �83 �75 1252 12 2 2 25 0.4
35 1 g35 ✏Ind 626 �73 �76 1247 11.5 2 2 24 0.5
36 1 g36 Arcturus 358 �13 �92 1118 11.6 2 2 23 0.6
37 2 g1 Arcturus 1840 �11 �91 1125 11.7 25 2 22 0.6
38 2 g2 AF06 2013 �12 �86 1168 11.1 26 2 24 0.7
39 2 g3 Hercules 1483 �85 �54 1431 10.4 57 2 26 0.8
40 2 g4 HR1614 7629 �10 �65 1337 8.3 20 1 23 0.5
41 2 g5 HR1614 8490 �9 �61 1366 7.8 19 1 24 0.5
42 2 g6 Hercules 14 860 �10 �46 1482 5.8 19 2 27 0.5
43 2 g7 Sirius 2459 �60 1 1876 8 64 2 29 1.4
44 2 g8 Hercules 15 404 �5 �40 1539 4.9 21 2 25 0.7
45 2 g9 A1/A2 1129 �5 38 2173 10.6 17 2 30 0.6
46 2 g10 Pleiades/Hyades 16 788 �41 �19 1707 3.9 34 2 26 1.1
47 2 g11 �Leo 4112 45 3 1893 7.4 49 2 31 1.3
48 2 g12 Pleiades/Hyades 38 181 �7 �25 1660 2.5 14 2 27 0.7
49 2 g13 �Leo 5460 30 7 1921 6.3 34 2 29 1.1
50 2 g14 A1/A2 3361 �5 22 2044 7 13 1 32 0.6
51 2 g15 Coma Berenices 26 737 �2 �12 1766 1.2 10 2 29 1
52 2 g16 Sirius 19311 0 8 1926 4.3 9 2 27 0.5
53 2 g17 Sirius 19 358 0 0 1872 2.9 5 2 31 0.5

Notes. First column is a line number in the table; the second one denotes the plane; names of the groups as in Fig. 3 are given in Col. 3 and names
of the groups as in the literature are provided in Col. 4; the number of stars in each group is given in Col. 5; median U, V velocities, median
angular momentum Lz and the median value of the square root of radial action per group is given in Cols. 6–9; Cols. 8–13 are standard deviations
of the same quantities as in Cols. 6–9.
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Table A.2. continued.

N Plane Group Name N stars U V Lz
p

Jr �U �V �Lz �pJr

[km s�1] [km s�1] [kpc km s�1] [kpc km s�1] [km s�1] [km s�1] [kpc km s�1] [kpc km s�1]

54 3 g1 Pleiades/Hyades 81 �13 �23 1661 3.2 40 2 2 2.8
55 3 g2 Hercules 47 �12 �52 1439 6.6 47 2 2 2.3
56 3 g3 Hercules 66 �18 �41 1529 5.7 47 2 2 2.3
57 3 g4 Sirius 86 �6 4 1895 4.4 33 3 2 1.9
58 3 g5 HR1614 41 �17 �67 1325 8.7 45 2 1 1.9
59 3 g6 Pleiades/Hyades 171 �12 �20 1698 3.5 34 2 2 2.1
60 3 g7 Hercules 120 �27 �51 1452 6.7 34 2 2 1.3
61 3 g8 Sirius 165 �3 2 1890 4.2 35 3 2 2.2
62 3 g9 Pleiades/Hyades 264 �19 �20 1698 2.8 36 2 2 2.5
63 3 g10 AF06 17 �22 �94 1109 12.4 45 2 2 1.5
64 3 g11 A1/A2 41 �10 24 2064 8.1 38 3 2 2
65 3 g12 Sirius 263 �2 7 1926 4.6 29 3 2 1.7
66 3 g13 A1/A2 55 �13 26 2063 7.9 30 3 2 1.5
67 3 g14 HR1614 119 �11 �62 1350 8.4 38 2 2 1.3
68 3 g15 Hercules 339 �20 �39 1547 5.4 39 2 2 1.7
69 3 g16 Sirius 456 0 6 1914 4.3 28 3 2 1.7
70 3 g17 A1/A2 54 �16 24 2057 7.5 28 3 2 1.5
71 3 g18 HR1614 108 �17 �62 1349 8.4 39 2 2 1.6
72 3 g19 Hercules 379 �32 �48 1470 6.5 31 2 2 1.4
73 3 g20 Sirius 427 3 5 1919 4.2 23 3 2 1.5
74 3 g21 Arcturus 8 �44 �111 967 15.4 60 1 3 0.6
75 3 g22 Coma Berenices 644 �9 �7 1806 2 27 2 2 2.3
76 3 g23 Pleiades/Hyades 865 �21 �19 1703 2.5 25 2 2 1.7
77 3 g24 HR1614 90 �18 �61 1362 8.3 39 2 2 1.5
78 4 g1 KFR08 107 �13 �160 575 19.5 49 2 23 0.2
79 4 g2 Arcturus 303 �6 �127 841 16.1 40 3 23 0.2
80 4 g3 Antoja12(12) 122 103 �19 1707 15.1 125 3 22 0.3
81 4 g4 A1/A2 132 31 43 2223 13.3 42 4 22 0.2
82 4 g5 Hercules 326 �111 �50 1460 13 103 3 22 0.2
83 4 g6 A1/A2 255 27 30 2110 12.8 69 4 22 0.2
84 4 g7 Antoja12(12) 579 92 �19 1710 12.9 105 4 23 0.3
85 4 g8 �Leo 405 84 �7 1805 12.7 102 4 22 0.2
86 4 g9 AF06 1836 �18 �92 1113 11.9 27 2 21 0.2
87 4 g10 �Leo 803 77 �4 1828 11.4 84 4 23 0.3
88 4 g11 A1/A2 1026 �7 39 2177 10.9 26 3 20 0.3
89 4 g12 �Leo 1765 64 0 1867 10 70 4 23 0.3
90 4 g13 Hercules 3649 �72 �50 1460 9.4 64 4 23 0.3
91 4 g14 �Leo 3393 48 1 1878 8.3 57 4 24 0.2
92 4 g15 HR1614 8691 �15 �64 1342 8.3 22 2 21 0.3
93 4 g16 A1/A2 2922 �13 25 2064 7.7 20 3 20 0.3
94 4 g17 �Leo 5271 33 6 1910 7 44 4 23 0.3
95 4 g18 Hercules 16 701 �21 �49 1463 6.2 19 2 20 0.3
96 4 g19 Dehnen98 7245 36 �23 1679 6.1 47 4 22 0.3
97 4 g20 Pleiades/Hyades 15 246 �15 �38 1551 4.6 19 3 22 0.3
98 4 g21 Sirius 22 970 0 6 1916 4.1 15 3 22 0.3
99 4 g22 Pleiades/Hyades 21 418 �39 �20 1699 3.9 29 4 22 0.3
100 4 g23 Pleiades/Hyades 32 987 �13 �25 1664 2.4 11 3 22 0.2
101 4 g24 Coma Berenices 21 624 �11 �11 1769 0.9 6 3 23 0.2
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Table A.3. Kinematic structures found in region 00 in the U � V (Plane 1), V�
p

U2 + 2V2 (Plane 2), Lz�
q

L2
x + L2

y (Plane 3) and Lz�
p

Jr (Plane
4) planes at scale J = 3.

N Plane Group Name N stars U V Lz
p

Jr �U �V �Lz �pJr
[km s�1] [km s�1] [kpc km s�1] [kpc km s�1] [km s�1] [km s�1] [kpc km s�1] [kpc km s�1]

1 1 g1 A1/A2 44 �122 17 2003 15.9 2 2 34 0.5
2 1 g2 Sirius 10 806 9 2 1890 3.9 2 2 30 0.5
3 1 g3 �Leo 2325 49 0 1872 7.9 2 2 32 0.5
4 1 g4 Bobylev16 824 �83 �3 1840 9.1 2 2 30 0.5
5 1 g5 Coma Berenices 12 027 �11 �6 1814 1.3 2 2 29 0.5
6 1 g6 Bobylev16 194 �118 �13 1750 12.9 2 2 29 0.4
7 1 g7 Pleiades/Hyades 14 437 �33 �17 1726 2.7 2 2 28 0.5
8 1 g8 Antoja12(12) 332 96 �22 1686 12.8 2 2 30 0.5
9 1 g9 Pleiades/Hyades 14 069 �14 �23 1672 2 2 2 28 0.4

10 1 g10 Wolf 630 5913 21 �24 1665 4.2 2 2 28 0.5
11 1 g11 Dehnen98 4086 41 �25 1659 6.4 2 2 26 0.5
12 1 g12 Hercules 4670 �37 �49 1463 6.5 2 2 22 0.4
13 1 g13 Hercules 1394 �81 �49 1464 9.6 2 2 25 0.4
14 1 g14 Hercules 2400 1 �53 1438 6.5 2 2 26 0.5
15 1 g15 HR1614 1769 �13 �66 1331 8.2 2 2 25 0.5
16 1 g16 ✏Ind 544 �76 �77 1239 11.7 2 2 23 0.5
17 2 g1 Arcturus 1837 �13 �92 1113 11.9 28 2 22 0.7
18 2 g2 HR1614 7724 �14 �66 1330 8.5 24 2 24 0.5
19 2 g3 Hercules 15 998 �20 �49 1463 6.3 24 2 25 0.5
20 2 g4 Hercules 15 702 �12 �42 1524 5.4 25 2 29 0.7
21 2 g5 A1/A2 1270 �6 37 2167 10.5 21 2 32 0.6
22 2 g6 A1/A2 1835 �7 30 2108 8.8 17 2 36 0.6
23 2 g7 Pleiades/Hyades 40 542 �11 �21 1696 2 17 2 29 0.9
24 2 g8 Sirius 21 306 6 0 1865 3 10 2 33 0.8
25 3 g1 HR1614 35 �16 �68 1315 8.7 40 2 2 1.7
26 3 g2 Pleiades/Hyades 190 �11 �21 1692 3.3 39 2 2 2.6
27 3 g3 Hercules 125 �26 �50 1457 6.6 42 2 2 1.8
28 3 g4 Sirius 165 �3 2 1890 4.2 35 3 2 2.2
29 3 g5 HR1614 85 �33 �68 1308 9.2 37 2 2 1.5
30 3 g6 Sirius 522 6 4 1901 4.1 27 3 2 1.7
31 3 g7 Hercules 383 �31 �49 1464 6.6 33 2 2 1.4
32 3 g8 Pleiades/Hyades 939 �20 �20 1697 2.8 28 2 2 1.8
33 3 g9 Arcturus 8 �49 �106 1000 14.2 38 1 2 0.8
34 4 g1 KFR08 94 �14 �159 586 19.3 51 2 21 0.2
35 4 g2 Antoja12(12) 585 91 �18 1718 12.8 104 4 23 0.3
36 4 g3 A1/A2 1081 �6 38 2172 10.8 27 3 22 0.3
37 4 g4 Hercules 2939 �77 �49 1463 9.7 70 4 23 0.2
38 4 g5 �Leo 3455 49 0 1869 8.3 58 4 24 0.2
39 4 g6 A1/A2 3076 �14 24 2058 7.6 21 3 21 0.3
40 4 g7 �Leo 4959 35 6 1910 7.2 45 4 24 0.2
41 4 g8 Hercules 17 305 �24 �49 1466 6.3 21 3 21 0.3
42 4 g9 Sirius 23 880 0 5 1909 4 15 3 22 0.3
43 4 g10 Pleiades/Hyades 35 424 �17 �22 1687 2.3 13 3 24 0.2

Notes. First column is a line number in the table; the second one denotes the plane; names of the groups as in Fig. 4 are given in Col. 3 and names
of the groups as in the literature are provided in column 4; number of stars in each group is given in Col. 5; median U, V velocities, median angular
momentum Lz and the median value of the square root of radial action per group is given in Cols. 6–9; Cols. 8–13 are standard deviations of the
same quantities as in Cols. 6–9.
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ABSTRACT

Context. The HR 1614 is an overdensity in velocity space and has for a long time been known as an old (⇠2 Gyr) and metal-rich
([Fe/H] ⇡ +0.2) nearby moving group that has a dissolving open cluster origin. The existence of such old and metal-rich groups in
the solar vicinity is quite unexpected since the vast majority of nearby moving groups are known to be young.
Aims. In the light of new and significantly larger data sets than ever before (astrometric, photometric, and spectroscopic), we aim to
re-investigate the properties and origin of the HR 1614 moving group. If the HR 1614 overdensity is a dissolving cluster, its stars
should represent a single-age and single-elemental abundance population.
Methods. To identify and characterise the HR 1614 moving group we use astrometric data from Gaia DR2; distances, extinction,
and reddening corrections from the StarHorse code; elemental abundances from the GALAH and APOGEE spectroscopic surveys;
and photometric metallicities from the SkyMapper survey. Bayesian ages were estimated for the SkyMapper stars. Since the Hercules
stream is the closest kinematical structure to the HR 1614 moving group in velocity space and as its origin is believed to be well-
understood, we use the Hercules stream for comparison purposes. Stars that are likely to be members of the two groups were selected
based on their space velocities.
Results. The HR 1614 moving group is located mainly at negative U velocities, does not form an arch of constant energy in the U �V
space, and is tilted in V . We find that the HR 1614 overdensity is not chemically homogeneous, but that its stars exist at a wide range
of metallicities, ages, and elemental abundance ratios. They are essentially similar to what is observed in the Galactic thin and thick
discs, a younger population (around 3 Gyr) that is metal-rich (�0.2  [Fe/H]  0.4) and alpha-poor. These findings are very similar
to what is seen for the Hercules stream, which is believed to have a dynamical origin and consists of regular stars from the Galactic
discs.
Conclusions. The HR 1614 overdensity has a wide spread in metallicity, [Mg/Fe], and age distributions resembling the general
properties of the Galactic disc. It should therefore not be considered a dissolving open cluster, or an accreted population. Based on
the kinematic and chemical properties of the HR 1614 overdensity we suggest that it has a complex origin that could be explained
by combining several di↵erent mechanisms such as resonances with the Galactic bar and spiral structure, phase mixing of dissolving
spiral structure, and phase mixing due to an external perturbation.

Key words. stars: kinematics and dynamics – Galaxy: kinematics and dynamics – Galaxy: formation – Galaxy: evolution

1. Introduction

The Milky Way has a complex structure (e.g. Bland-Hawthorn
& Gerhard 2016). By studying how stars move in the Galaxy we
can trace the formation history of the Milky Way (e.g. Freeman
& Bland-Hawthorn 2002). Stars that share a common motion are
usually called kinematic structures, and studying their origin is
one of the ways of obtaining more information about the for-
mation and evolution of the Galactic disc. The analysis of data
from the Hipparcos mission (Perryman et al. 1997) revealed a
rich structure of the local velocity distribution (e.g. Dehnen 2000;
Arifyanto & Fuchs 2006). Later, an even more complex picture
was discovered by the Gaia mission (Gaia Collaboration 2016).
The local velocity field is composed of dozens of kinematic struc-
tures that together form arches and ridges in di↵erent velocity
projections (e.g. Antoja et al. 2018; Gaia Collaboration 2018c;
Ramos et al. 2018; Khanna et al. 2019; Kushniruk & Bensby
2019). The origin of the non-smooth local velocity distribution is
directly linked to major formation processes of the Milky Way.
For example, kinematic structures can have di↵erent origins,
including resonances with the Galactic bar (e.g. Dehnen 2000;
Monari et al. 2018), resonances with the spiral arms (e.g. Quillen

et al. 2018a), phase mixing as a result of a dynamical interaction
with a merging dwarf galaxy (e.g. Minchev et al. 2009; Antoja
et al. 2018; Laporte et al. 2019), phase mixing as a result of tran-
sient spiral arms and a perturbation with a dwarf satellite (e.g.
Khanna et al. 2019), and phase mixing due to transient spiral
structure (e.g. Hunt et al. 2019).

Another explanation for some kinematic structures is that
open clusters dissolve with time and form moving groups. This
idea was first introduced by Olin Eggen (Eggen 1965). Since
stars in a moving group originate from the same cluster, they
share similar chemical composition, ages, and motion. Two
well-known moving groups are the Pleiades and the Hyades,
which are visible to the naked eye. More contended examples
of moving groups are the Arcturus and the HR 1614 mov-
ing groups that were discovered in Eggen (1971, 1978). The
groups were later confirmed with Hipparcos and Gaia data
(e.g. Dehnen 1998; Feltzing & Holmberg 2000; Ramos et al.
2018; Kushniruk & Bensby 2019). For a long time the Arc-
turus structure was considered a dissolving open cluster, later
an accreted stellar population. However, Kushniruk & Bensby
(2019) used the Gaia Data Release 2 (DR2) data and found
no signatures of it being a dissolving cluster or an accreted
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population. Instead, the group was likely caused by phase mixing
induced by a merger, as was proposed by Minchev et al. (2009).

A discovery of a group of stars with mean radial velocity
component U ' 0 km s�1 and mean rotational velocity com-
ponent V ' �60 km s�1 and higher than solar metallicity was
first reported in Eggen (1978). The group was named after the
star HR 16141 which is one of its member stars. It was pro-
posed that the overdensity is a dissolving old open cluster. Later
Eggen (1992) estimated that the HR 1614 moving group is about
5 Gyr old. The origin of the group was re-investigated in Feltz-
ing & Holmberg (2000) using Hipparcos data. Candidate mem-
ber stars of the group were carefully selected by examining
Hertzsprung–Russell diagrams (HR diagram) for di↵erent slices
of the U � V space velocity distribution. A slice with younger
and more metal-rich stars was found. From dynamical simula-
tions of a disrupting open cluster they could explain the tilt of the
group in the U �V space. They also found the group to be about
2 Gyr old, and that its metallicity is [Fe/H] ' 0.19. Later, De
Silva et al. (2007) performed a spectroscopic study of stars that
were assigned as members of the group by Feltzing & Holmberg
(2000) and confirmed that HR 1614 is a 2 Gyr metal-rich group
with [Fe/H]� 0.25. It was also found to be chemically homoge-
neous with a scatter of only about 0.01 dex in various chemical
elements. So, from the literature we know that HR 1614 is a
metal-rich, 2 Gyr moving group that is scattered around the Sun.

When searching for the Arcturus stream Kushniruk &
Bensby (2019) were able to clearly identify the HR 1614 mov-
ing group in the velocity distribution. The question is whether
HR 1614 can still be considered a dissolved open cluster if the
much larger and more precise astrometric sample from Gaia
DR2 is used to identify and characterise its properties in more
detail. In this paper we aim to do just that, to analyse kinematic,
chemical, and photometric properties of the 1614 moving group
in order to constrain its origin using data from Gaia DR2 and
spectroscopic surveys such as APOGEE and GALAH.

The paper is structured in the following way. The data sets
used are described in Sect. 2. The selection of candidate member
stars of the HR 1614 moving group is described in Sect. 3, where
we also analyse the HR diagrams, and the metallicity and age
distributions of the HR 1614 moving group stars. In Sect. 4 we
discuss the possible origins of HR 1614, and finally our findings
are summarised in Sect. 5.

2. Data

In this work we use proper motions, sky positions, and radial
velocities from the Gaia DR2 (Gaia Collaboration 2018b) cat-
alogue, Bayesian extinction corrections and distances from
the StarHorse code (Anders et al. 2019). We cross-match
the StarHorse and Gaia DR2 catalogues by Gaia IDs where the
radial velocity is not NULL, where the internal StarHorse qual-
ity flag SH_OUTFLAG is set to ‘00000’, and where the Gaia qual-
ity flag SH_GAIAFLAG is set to ‘000’. These are recommended
quality flags that are explained in detail in Anders et al. (2019).
In addition, we also cut out stars with parallax_over_error>
10 and visibility_periods_used> 8 as suggested by Gaia
Collaboration (2018a). The final data query is as follows:

SELECT s.*, g.*
FROM gdr2.gaia_source AS g,
gdr2_contrib.starhorse AS s

1 HR1614 has a Gaia DR2 ID: 3211461469444773376. ID in the
Henry Draper Catalogue is HD 32147.

WHERE g.source_id = s.source_id
AND g.radial_velocity IS NOT NULL
AND s.SH_OUTFLAG LIKE ‘00000’
AND s.SH_GAIAFLAG LIKE ‘000’
AND g.parallax_over_error > 10
AND g.visibility_periods_used > 8

The query listed above gives us a sample of 4 790 725 stars.
We use the galpy2 package (Bovy 2015) to calculate: 1)
space velocities U, V , and W3 corrected for peculiar motion
of the Sun with (U�,V�,W�) = (11.10, 12.24, 7.25) km s�1

(Schönrich et al. 2010) and 2) Galactocentric cylindrical coordi-
nates R, �, and Z4 with R� = 8.34 kpc (Reid et al. 2014), �� = 0�,
and Z� = 14 pc (Binney et al. 1997).

To characterise the groups chemically, we use elemental
abundances from both the APOGEE (Majewski et al. 2017) and
GALAH (De Silva et al. 2015) spectroscopic surveys. APOGEE
provides stellar atmospheric parameters and elemental abun-
dances derived from near-IR (H-band), high-resolution (R ⇠
23 000) spectra. We use the abundances from APOGEE DR16
(Ahumada et al. 2019), which includes stars in both the north-
ern and southern hemispheres. After applying the same cuts
for quality assurance as in Feuillet et al. (2019) and cross-
matching our sample with APOGEE by Gaia IDs, we have a
sample of 126 690 red giants. GALAH is also a high-resolution
(R ⇠ 28 000) spectroscopic survey operating at optical wave-
lengths in the southern hemisphere that provides stellar atmo-
spheric parameters and elemental abundances. We use GALAH
DR2 Buder et al. (2018), setting the flag_cannon and flag_x_fe
flags to zero as recommended. Cross-matching GALAH with
our set of stars results in a sample of 231 725 stars. We also
use data from the SkyMapper (Casagrande et al. 2019) survey,
which provided photometric metallicities for 907 893 stars after
cross-matching it with our sample of Gaia IDs. To navigate on
HR diagrams presented in this paper, we use PARSEC 1.2S
isochrones5 re-derived for the Gaia DR2 photometric system
(Maíz Apellániz & Weiler 2018).

3. Analysis

3.1. The old HR 1614 moving group

The nature of the HR 1614 overdensity was previously investi-
gated by Feltzing & Holmberg (2000). They used Hipparcos
data and divided the U �V space into seven smaller boxes. Indi-
vidual HR diagrams for each box revealed one box with a popu-
lation that was younger and more metal-rich than the Sun, which
was connected to the HR 1614 moving group.

In this study we repeat the same procedure, but with our
much larger stellar sample. Figure 1 shows the U � V distribu-
tion of 581 190 stars close to the Sun within a region defined by
R�±0.2 kpc and ��±1.5�. This data is sliced into seven boxes, as
was done in Feltzing & Holmberg (2000). The boxes are shown
with dashed lines in Fig. 1. Box 5 is where the group is supposed
to be located according to Feltzing & Holmberg (2000). With
Gaia DR2/StarHorse we clearly see that box 5 contains two
velocity overdensities, whereas in Feltzing & Holmberg (2000)
two separate overdensities were not observed (probably due to a
significantly smaller stellar sample). The inclined overdensity in

2 Available at https://github.com/jobovy/galpy
3 U points at the Galactic centre, V in the direction of Galactic rotation,
and W towards the Galactic north pole.
4 R and � point in the opposite direction to U and V .
5 Available at http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 1. U � V distribution of 581 190 stars inside a region defined in
R� ± 0.2 kpc and �� ± 1.5� (see Sect. 3). The color scale is proportional
to the number of stars, as indicated in the bar at the top. Stars in the
HR 1614 moving group from Feltzing & Holmberg (2000) are shown
as blue crosses and their best-selected candidates as black open circles.
We identify stars within the red and black ellipses as members of the
Hercules stream and the HR 1614 moving group, respectively (see dis-
cussion in Sect. 3). Dashed lines and numbers show the same boxes as
in Feltzing & Holmberg (2000).

box 5 in Fig. 1 is what we link to the HR 1614 moving group
(marked by a black ellipse). The horizontal overdensity in box 5
is known as the Hercules stream (marked by a red ellipse). The
identification of the groups is based on results of the wavelet
transform performed in Kushniruk & Bensby (2019).

The Hercules stream has been studied in many works: it is
likely caused by resonances with the bar (e.g. Dehnen 2000;
Bensby et al. 2007; Wegg et al. 2015), and thus, will be used as
a benchmark group in this study. Due to its resonant origin, the
Hercules stream mainly consists of stars from the Galactic disk.
Fig. 1 show stars that are potential members of the HR 1614
group taken from Table 1 in Feltzing & Holmberg (2000). These
are the same stars as the ones shown as filled black circles in
Table 1 in Feltzing & Holmberg (2000). Interestingly, although
Feltzing & Holmberg (2000) did not see HR 1614 as a separate
overdensity in their box 5, the circled crosses that show stars
from their paper and our black ellipse are tilted at similar angles.

Figure 2 shows individual HR diagrams for boxes 1–7 using
extinction corrected colours and absolute magnitudes from the
StarHorse catalogue. Two sets of isochrones are shown: one
with an age of 2 Gyr and metallicity [M/H] = +0.2 and one
with an age of 8 Gyr and [M/H] = +0.0. It is clear that none
of the HR diagrams can be fitted with only one isochrone. This
probably means that the stars in all boxes represent an underly-
ing population of stars with a wide range in metallicity and/or
age. Similarly to what was seen in Feltzing & Holmberg (2000),
boxes 2 and 5 appear to contain younger stars compared to the
other boxes. These are also the boxes with the largest number of
stars. As was shown in Fig. 1, in our larger data set we clearly
see that box 5 consists of two di↵erent groups, Hercules and
HR 1614, that were not observed as separate overdensities with
the Hipparcos data (Feltzing & Holmberg 2000).

3.2. The new HR 1614 moving group

A more robust way to select candidate member stars in the
HR 1614 moving group is to apply the results of the wavelet
transform analysis presented in Kushniruk & Bensby (2019).

They analysed the Gaia DR2 radial velocity sample in the U �V
space by individually exploring smaller sub-samples at di↵erent
R and �. Their analysis is based on the discrete wavelet trans-
form, an algorithm that decomposes data into a set of wavelet
coe�cients. These coe�cients contain information about the
location and significance of velocity overdensities present in the
data. More details on the wavelet transform can be found in
Starck & Murtagh (2002), and about the procedure in Kushniruk
et al. (2017) and Kushniruk & Bensby (2019).

The locations of the sub-samples (regions 00, 01a, 11a, 21a,
and 31a) from Kushniruk & Bensby (2019) in Cartesian Galac-
tic X and Y coordinate system are shown in the top left plot
of Fig. 3. The other plots in Fig. 3 show wavelet transform
maps for the corresponding regions. The HR 1614 moving group
is observed as four overdensities with mean U = �18 km s�1

and V = �65 km s�1 in region 00. The group is also visible in
regions 11a and 31a at the same location and is slightly shifted
downwards in V in region 01a and shifted upwards in region 21a.
The shift occurs due to the location of the regions at di↵erent
Galacticentric radii.

The U � V distribution of stars in Fig. 1 is shown for
region 00. A black ellipse drawn around the HR 1614 mov-
ing group is centred at U = �18 km s�1 and V = �65 km s�1,
and a red ellipse around the Hercules stream is centred at U =
�37 km s�1 and V = �49 km s�1. The positions of the two groups
were taken from Kushniruk & Bensby (2019), and the height
and width of the ellipse were arbitrarily selected to fit the U � V
distribution.

Figure 4 shows HR diagrams for the stars inside the black
and red ellipses that we link to the HR 1614 moving group and
the Hercules stream. The red circles show stars from Feltzing &
Holmberg (2000) that we also could identify in our StarHorse
sample. Most of these stars follow an [M/H] = 0.2 and 2 Gyr
isochrone, the parameters of HR 1614 that were found by
Feltzing & Holmberg (2000) and De Silva et al. (2007). At the
same time it is clearly seen that stars from ellipses around Her-
cules and HR 1614 are also composed of multiple stellar popula-
tions and cannot be fitted with only one isochrone. From now on
we refer to stars inside the black and red ellipses in Fig. 1 as the
HR 1614 moving group and the Hercules stream, respectively.

3.2.1. HR diagrams

Figures 5 and 6 show HR diagrams of the HR 1614 moving
group and the Hercules stream, respectively, for six metallicity
bins in the range �0.6 < [Fe/H] < 0.6. The top panels in each
figure show the APOGEE and GALAH data (red and blue dots,
respectively), and the bottom panels show stars with SkyMapper
data (green dots). We plot isochrones with a metallicity corre-
sponding to the mean metallicity of the stars in each bin. The
HR diagrams show that the HR 1614 moving group and the Her-
cules stream cover a wide range of metallicities and ages. An
age–metallicity gradient appears to be present in both groups.
Metal-poor stars tend to be older and metal-rich stars seem to
be younger, based on a visual inspection of the HR diagrams.
It is worth noting that stars in the most metal-poor and metal-
rich bins do not perfectly match the isochrones. Therefore, in
Fig. 7 we compare metallicities for stars in common between
the GALAH and SkyMapper, and the APOGEE and SkyMap-
per surveys. The di↵erence between SkyMapper and GALAH
or APOGEE metallicities increases for metal-rich SkyMapper
targets. As the SkyMapper metallicities are estimated based on
photometric parameters and calibrated on data from the GALAH
survey. The SkyMapper metallicities are overestimated for
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Fig. 2. Hertzsprung–Russel diagrams
for stars inside the seven boxes as shown
in Fig. 1. The dashed line is an isochrone
for [M/H]= 0 and 8 Gyr, the solid line
shows an isochrone for [M/H]= +0.2
and 8 Gyr. The Colour bar shows the
number of stars in each bin.

targets more metal-rich than '0.5 dex, where the GALAH sur-
vey does not provide any stars (see Fig. 11 in Casagrande et al.
(2019) for more details).

Overall, the HR diagrams presented in Figs. 4–6 show that
the HR 1614 moving group is a more complex structure than
previously thought, and that it does not consist of single-age and
single-elemental abundance population of stars, similarly to the
Hercules stream. This finding contradicts the hypothesis that the
HR 1614 overdensity has a moving group origin, in which case
its stars would show homogeneity in age and elemental abun-
dance.

3.2.2. Abundance trends and metallicity distribution

Figure 8 shows the [Mg/Fe] versus [Fe/H] diagrams for stars
from the GALAH and APOGEE catalogues that are located in
region 00. Candidate members of the HR 1614 moving group
(left panels) and the Hercules stream (right panels) are shown
as red dots. The GALAH data (lower panels) generally show
larger uncertainties than the APOGEE data (upper panels), and
therefore we only show a single error bar representing the mean
uncertainty for the GALAH stars. Background distributions as
well as stars from the groups are composed of two sequences,
low- and high-alpha stellar populations, that can be recognised as
the chemically defined Galactic thin and thick discs (e.g. Bensby
et al. 2011).

The metallicity distributions for the HR 1614 moving group
and the Hercules stream with GALAH, APOGEE, and SkyMap-
per data are shown in Fig. 9. The distributions for the HR 1614

moving group look more spiky due to lower number of stars in
the group compared to the Hercules stream. Again, both groups
cover a wide range of metallicities and are likely composed of
stars that come from di↵erent stellar populations. We do not
observe the overdensity around [Fe/H]= 0.2 in the metallic-
ity distribution of the HR 1614 moving group. These findings
question the existence of a single metal-rich population of stars
reported in Feltzing & Holmberg (2000) and De Silva et al.
(2007) as well as the dissolving cluster origin of the HR 1614
overdensity.

3.2.3. Age distribution

Figure 10 shows the age–metallicity probability distributions for
the HR 1614 moving group and the Hercules streams. To deter-
mine these distributions, we first calculated the two-dimensional
probability distributions in age and metallicity,Gi(⌧, [Fe/H]), for
each star i following the method by Howes et al. (2019). In
short, the G function of a star is calculated by fitting a grid of
isochrones (PARSEC) to the observed G magnitude, GBP �GRP
colour, metallicity, and distance. Then the age–metallicity dis-
tribution of the sample as a whole, �(⌧, [Fe/H]), is estimated by
maximising the likelihood

L(�) =
Y

i

Z
Gi(⌧, [Fe/H])�(⌧, [Fe/H]) d⌧ d[Fe/H] , (1)

using an inversion algorithm. The inversion is subject to regular-
isation which means there is a single free parameter governing
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Fig. 3. Top left: location of five regions (00, 01a, 11a, 21a, and 31a) in the X � Y space explored in this work. Other plots: wavelet transform
maps that show location of the kinematic overdensities in the U � V space. Their centres are shown with blue crosses. Lines connect eponymous
overdensities into structures. The names of the structures are listed in the legend. The colour bar shows the normalised wavelet coe�cients in each
bin.

Fig. 4. Hertzsprung–Russel diagrams for
12 654 stars from the HR 1614 moving
group (left) and 36 656 stars from Her-
cules (right) selected from the black and red
ellipses shown in Fig. 1. An isochrone with
[M/H]= +0.2 and 2 Gyr is shown as a black
solid line, and one with [M/H]= 0 and 8 Gyr
is shown as a dashed line. Red dots in the
top left plot show all the stars from Table 1
in Feltzing & Holmberg (2000). The colour
bar shows the number of stars in each bin
for both plots.

the smoothness of �. Figure 10 shows the results for one choice
of this parameter, but we have tested a wide range of values and
find that the results are similar enough to not a↵ect our conclu-
sions. This method will be described in detail in an upcoming
publication (Sahlholdt & Lindegren, in prep.).

Both groups are composed of at least two stellar populations.
The first population is metal-poor and old with the centre at
[Fe/H] ⇡ �0.2 and an age of about 8 Gyr. The second popu-

lation is metal-rich and young with the centre at [Fe/H] ⇡ +0.1
and an age of about 3 Gyr. These two populations can most likely
be associated with the Galactic thin and thick discs. There is also
a third clump at a very young age, less than about 1 Gyr. These
are stars with ages that are located at the edge of the grid and are
artefacts of the age estimation procedure.

From this analysis it is clear that the HR 1614 overdensity
is not a 2 Gyr old stellar population, but rather is composed of a
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Fig. 5. Hertzsprung–Russel diagrams for the stars in the HR 1614 moving group selected from the cross-matched samples between StarHorse
and APOGEE (red), and StarHorse and GALAH (blue), and StarHorse and SkyMapper for di↵erent metallicity bins. Black lines show isochrones
for a mean metallicity of each bin and cover ages 0.2 Gyr and from 2 to 12 Gyr with the steps of 2 Gyr.

mix of stars from the Galactic disc. The presence of an age bi-
modality in the HR 1614 overdensity also contradicts the idea of
its dissolving cluster origin.

4. Origin of the HR 1614 overdensity

4.1. Dissolving open cluster origin

Stars that originate from a dissolving open cluster were formed
from the same molecular cloud, and thus, retain similar chemi-
cal compositions and ages (Freeman & Bland-Hawthorn 2002).
As was proposed in Eggen (1971, 1992, 1998), for a long

time HR 1614 was considered a classical moving group. The
analysis of Hipparcos stars accompanied by photometric and
spectroscopic data by Feltzing & Holmberg (2000) and De Silva
et al. (2007) showed that HR 1614 was a unique stellar popula-
tion with a metallicity [Fe/H] ⇡ 0.2, and age of about 2 Gyr with
a very small scatter in abundances in other elements. However,
we do not see any evidence that the HR 1614 overdensity is a
mono-age and mono-abundance stellar population in our study.
The analysis of HR diagrams, metallicity, and age distributions
presented in Sect. 3 clearly shows that HR 1614 is a mix of
two stellar populations that resemble properties of the Galactic
thin and thick discs. A small scatter in abundances observed in
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Fig. 6. Same as Fig. 5, but for the Hercules stream.

De Silva et al. (2007) is, possibly, a result of the stellar sam-
ple analysed in their work. It is mainly composed of stars from
Feltzing & Holmberg (2000), who selected metal-rich stars from
their Box 5 as possible members of the HR 1614 moving group.
This selection e↵ect can potentially explain the small scatter in
abundances reported in De Silva et al. (2007).

In this work we selected 12 654 targets in the HR 1614
moving group from our data sample. This is a significantly
larger number of stars-members of the group than ever analysed
before. Pre-Gaia works studied stars that are located roughly
within 100 pc around the Sun and found that the HR 1614 over-
density is a single age and abundance population (e.g. Feltzing &

Holmberg 2000; De Silva et al. 2007). Since our stellar sample
covers a larger volume around the Sun, we check if young stars
with higher than solar metallicities are located closer to the Sun
in Fig. 11. We do not observe any peculiarities in distributions
shown for SkyMapper stars in Fig. 11. Both distributions look
similar to younger stars in the metal-rich part of the diagram and
older stars in the metal-poor part. It also shows that most of the
stars are located within a 500 pc radius around the Sun. There
is no unique, young, and nearby stellar population with higher-
than-solar metallicity neither in the HR 1614 nor in the Hercules
velocity overdensities. This means that HR 1614 should not be
considered a dissolving open cluster any longer.
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Fig. 7. Di↵erence between GALAH and SkyMapper metallicities as a function of SkyMapper metallicity (left). Di↵erence between APOGEE and
SkyMapper metallicities as a function of SkyMapper metallicity (right). Both plots are colour-coded by [Mg/Fe] values taken from the GALAH
and APOGEE samples, respectively, and are shown for stars in the HR 1614 moving group and the Hercules stream. Blue crosses show typical
(mean) error.

Fig. 8. [Mg/Fe]–[Fe/H] diagrams for HR 1614 (left) and Hercules (right) selected from the APOGEE (top) and GALAH (bottom) surveys are
shown as red dots. The corresponding uncertainties are shown as error bars for APOGEE distributions and a typical (mean) error is shown for
GALAH stars. Background black distributions show stars from APOGEE and GALAH in region 00.

4.2. Accretion origin

Stars that originate from a dwarf galaxy or satellite and were
accreted to the Milky Way retain unique chemical composition,
ages, and velocities that are usually di↵erent from the back-
ground Milky Way stars (e.g. Tolstoy et al. 2009; Ruchti et al.
2015; Helmi 2020). Recent examples of such populations are
Gaia-Sequoia (e.g. Myeong et al. 2019), Gaia-Sausage/Gaia-
Enceladus (e.g. Belokurov et al. 2018; Helmi et al. 2018). Based
on the metallicity, velocity, and age distributions discussed in
Sect. 3, it is clear that the HR 1614 and Hercules overdensities
are not accreted stellar populations. The dynamical and chemi-
cal properties of the groups are similar to the vast majority of the
Milky Way disc stars. It is unlikely that HR 1614 is an accreted
stellar population.

4.3. Resonant origin

Stars that were influenced by resonances with the bar and/or spi-
ral arms can be observed as kinematic structures that consist
of mixed stellar populations. Hercules is a group that is widely
discussed in the context of resonances. As was first proposed in
Dehnen (2000), the Hercules stream is possibly caused by the
outer Lindblad resonance (OLR) of the Galactic bar. Later it was
proposed that the Hercules stream is likely a result of a corota-
tion resonance (CR) with the bar (e.g. Pérez-Villegas et al. 2017;
Binney 2020). Recent results from Hunt et al. (2019) show that
it is possible to reproduce the Hercules stream in simulations
by combining bar and multiple spiral structures. In their Fig. 2
Hunt et al. (2019) call the bottom-most structure a part of the
Hercules stream. If we convert V velocity of the HR 1614 group
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Fig. 9. Metallicity distributions for HR 1614 (left) and Hercules (right) from the GALAH (blue), APOGEE (red), and SkyMapper (green) surveys.
Both regular histograms (upper three panels) and normalised cumulative histograms (bottom panel) are shown.

Fig. 10. Age–metallicity probability distributions for the HR 1614 moving group (left) and Hercules stream (right) for stars from the SkyMapper
survey. The upper panels show the normalised age distributions after summing over the metallicity dimension.

to the vertical component of the angular momentum Lz, assum-
ing that the Sun is located at 8.34 kpc from the Galactic centre,
we get ⇠1340 kpc km s�1. This is similar to the value found in
Hunt et al. (2019). Hunt et al. (2019) and we use the same values
that we do for the peculiar motion of the Sun. It is exactly the
same position in the distribution where the HR 1614 overdensity
is supposed to be located, and thus, should be called the HR 1614
moving group instead.

Many studies show that the Hercules stream conserves a ver-
tical component of angular momentum with Galactocentric radii
which is a signature of a resonant origin (e.g. Ramos et al. 2018;
Hunt et al. 2019; Kushniruk & Bensby 2019). In Figs. 1 and 3
we clearly see that the Hercules stream is not tilted in the U � V

space. It covers a wide range of negative U velocities, but its V
velocity is �50 km s�1 and is almost constant. This means that
the vertical component of angular momentum Lz is conserved
(taking into account that V is proportional to Lz). Unlike the
Hercules stream, the HR 1614 overdensity is tilted in the U � V
space. This tilt was explained in Feltzing & Holmberg (2000) in
dynamical simulations of a dissolving open cluster. At the same
time Feltzing & Holmberg (2000) found that the HR 1614 over-
density is homogeneous in age and metallicity, which we do not
observe in our work. The HR 1614 overdensity is also present
in other four regions shown in Fig. 3. It almost retain Lz with
R. Taking into account that the HR 1614 overdensity is mainly
located at negative U and its proximity to the Hercules stream,
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Fig. 11. Distance relative to the Sun vs. metallicity diagram colour-cored by age for SkyMapper stars in the HR 1614 moving group (left) and the
Hercules stream (right).

the resonant origin of the HR 1614 overdensity should not be
excluded.

4.4. Phase mixing origin

The concept of phase mixing implies that a phase-space (position
and momentum variables) full of overdensities will evolve with
time to a stationary state (Tremaine 1999). A moving groups is
one example of a phase mixing process. In the recent literature,
phase mixing is mainly discussed in the context of internal or
external perturbation mechanisms that can induce the process on
large scales (e.g. Laporte et al. 2019; Hunt et al. 2019). This
discussion is especially pertinent after the discovery of a phase
spiral by Antoja et al. (2018), which is strong evidence of an
ongoing phase mixing in the Galactic disc.

Symmetric arches of constant energy around U = 0 km s�1

with 20 km s�1 separation in V were predicted in the model that
was first proposed by Minchev et al. (2009), where a perturbation
with a dwarf galaxy, that took place roughly 2 Gyr ago, leads to
a phase wrapping. This external perturbation event could have
contributed to a velocity distribution and can be observed as
overdensities aligned across lines of constant energy. Minchev
et al. (2009) discuss the HR 1614 overdensity in the context
of a dissolving cluster and try to fit it into their ringing theory.
They state that the HR 1614 moving group is elongated in U and
curved in V in their Figure 3, which makes is consistent with a
wrapping origin. The fact that the moving group is not symmet-
ric and is elongated towards negative U is explained by Minchev
et al. (2009) as being due to the proximity to the Hercules stream,
which is most likely caused by the Galactic bar. In summary,
Minchev et al. (2009) suggest that the HR 1614 overdensity is a
dissolving open cluster that formed earlier than an external per-
turbation event took place and was distorted by phase wrapping,
forming almost an arch of constant energy, and by resonances
with the bar, causing elongation towards negative U.

Since the arches predicted by Minchev et al. (2009)
are symmetrical and the observed velocity distribution has
non-asymmetries, Quillen et al. (2018b) proposed another expla-
nation, where asymmetric arches are formed due to stars cross-
ing spiral arms. At the same time their theory cannot explain
vertical velocity distribution, and thus external perturbation is
not excluded. Hunt et al. (2019) explored various combina-
tions of spirals and bar resonances, and stars crossing dissolving
transient spirals and found that there are many models that
can successfully explain the main velocity overdensities. Some

simulations reproduce a velocity overdensity at the place where
the HR 1614 moving group is supposed to be. Khanna et al.
(2019) showed that phase mixing of disrupting spiral arms and
phase mixing due to external perturbation can generate arches
and ridges, but they do not talk specifically about the HR 1614
moving group in their work.

In our work we clearly see that the HR 1614 overdensity is
not a dissolving open cluster due to chemical and age spread in
the group of stars. We also observe that the HR 1614 overdensity
is located mainly at negative U. At the same time the group is
tilted in V , but does not form a complete arch of constant energy.
This points towards a complex origin of the HR 1614 overden-
sity. The stars could be influenced by transiting spirals and bar
that would shift it towards negative U. Phase mixing due to dis-
rupting spiral structure or ringing due to external perturbation
could have contributed to the tilt in V .

5. Conclusions

In this paper we revised the origin of the HR 1614 moving group.
We analysed a combination of Gaia and StarHorse catalogues
and investigated kinematic and photometric properties of stars
in a small volume near to the Sun. To study chemical proper-
ties of the group we accompanied kinematic data with elemental
abundances from the APOGEE and GALAH surveys and pho-
tometric metallicities SkyMapper survey. For SkyMapper stars
Bayesian ages were calculated for stellar populations. Combin-
ing these surveys allowed us to analyse a significantly larger
data set with higher precision in the astrometric, photometric,
and spectroscopic measurements compared to previous studies.
Using the methods developed in Kushniruk & Bensby (2019)
we have improved the selection of potential members. These
two advances allowed us to better explore the possibility that
HR 1614 is or is not a dissolving open cluster. We also compared
the properties of the HR 1614 moving group with the Hercules
stream which is the nearest velocity overdensity to the HR 1614
moving group. The Hercules stream is most likely of resonant
origin, making it a valuable comparison to determine whether
HR 1614 is a single stellar population. The main results of the
paper are the following:

– The HR 1614 overdensity is clearly present in the U � V
velocity distribution at U ' �20, V ' �60 km s�1. This loca-
tion is consistent with the results from previous studies (e.g.
Eggen 1998; Feltzing & Holmberg 2000; Ramos et al. 2018;
Kushniruk & Bensby 2019).
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– The HR diagrams, metallicity, and age distributions show
that HR 1614 consists of two stellar populations that have
properties similar to the thin and thick discs.

– The HR 1614 overdensity is mainly present at negative U
velocities, which could point towards a resonant origin sim-
ilarly to the Hercules stream. At the same time the HR 1614
overdensity is slightly tilted in V , which means that the group
has a variation in its vertical angular momentum distribution.

– The HR 1614 overdensity does not form a complete arch of
constant energy in the U � V space, which would be an indi-
cation of a phase mixing origin.

Based on the above, it is clear that the HR 1614 overdensity is
neither a dissolving open cluster nor an accreted stellar popula-
tion. We conclude that the HR 1614 overdensity has a complex
origin which is a combination of various dynamical mechanisms.
As in the case of the Hercules stream, the HR 1614 overdensity
could have formed due to di↵erent types of resonances such as
the CR or OLR with the Galactic bar. This together with phase
mixing due to disrupting spiral arms could explain the shape
and location of the group in the U � V space. Phase mixing
due to external perturbation with a dwarf galaxy or a satellite
that happened 2 Gyr ago, as proposed in Minchev et al. (2009),
is also possible. The mixed populations that we observe in the
HR 1614 overdensity and the Hercules stream are older than a
potential perturbation event. Also in Kushniruk & Bensby (2019)
we observed kinematic structures with roughly 20 km s�1 sepa-
ration in V , especially at lower V , which is consistent with a
ringing event proposed in Minchev et al. (2009).

In order to disentangle how many di↵erent dynamical mech-
anisms have actually contributed to the formation of veloc-
ity structures like the HR 1614 overdensity, further studies are
required. Numerical simulations combined with detailed investi-
gation of elemental abundances from spectroscopic surveys like
WEAVE (Dalton et al. 2014), 4MOST (de Jong et al. 2019),
and the Gaia-ESO survey (Gilmore et al. 2012), and kinematics
from upcoming Gaia data releases will provide more informa-
tion about the origin of kinematic structures.
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