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0Divi˚i#n #¡ Sõa•e Qe˚ea'•› and Õkane£a'x S•ien•e˚, Unive'˚i£x #¡ Ãe'n, Svi£¥e'kand
1Maw Õkan•j In˚£i£u£e ¡#' �˚£'#n#mx, Heidekãe'⁄, Fe'manx

o �m6pn:2b6-nm

opo Gn6huS6hnm Sm: bgS16d. bnm6dm6
� ⁄ene'ak £›e#'x #¡ õkane£ ¡#'ma£i#n ›a˚ ãeen a £#õi• #¡ in£en˚e ˚£udx #ve' manx xea'˚% T›e in£e'e˚£ in ˚u•›
a £›e#'x eme'⁄e˚ na£u'akkx ¡'#m a˚jin⁄ £›e ±ue˚£i#n #¡ v›e'e #u' õkane£ •ame ¡'#m% H#veve', a ⁄ene'ak
õi•£u'e i˚ ak˚# 'e±ui'ed v›i•› ewõkain˚ n#£ #nkx £›e õkane£ Ea'£› ãu£ £›e v›#ke S#ka' Sx˚£em vi£› i£˚ dive'˚e
õkane£˚% M#'e#ve', a¡£e' £›e ffl'˚£ di˚•#ve'x #¡ an ew#õkane£ a'#und a Sun-kije ˚£a' (Max#' àPuek#¥ 199fi(, £›e
ew#õkane£ 'ev#ku£i#n added nume'#u˚ addi£i#nak •#n˚£'ain£˚ ¡'#m £›#u˚and˚ #¡ ˚x˚£em˚ #¡ õkane£˚ #'ãi£in⁄
˚£a'˚ dife'en£ £›an £›e Sun%

T›e ⁄#ak #¡ õkane£ ¡#'ma£i#n a˚ a fflekd #¡ ˚£udx i˚ n#£ #nkx £# õ'#vide £›e unde'˚£andin⁄ #¡ ›#v õkane£˚
•#me in£# ewi˚£en•e% I£ i˚ ak˚# an in£e'di˚•iõkina'x ã'id⁄e v›i•› kinj˚ a˚£'#n#mx £# ⁄e#k#⁄x and mine'ak#⁄x%
Qe•en£ #ã˚e'va£i#n˚ #¡ x#un⁄ ˚£a'˚ a••#mõanied ãx £›ei' õ'#£#õkane£a'x di˚j˚ (Mana'a e£ ak% 2022( õ'#vide
di'e•£ in˚i⁄›£˚ in£# £›e •#ndi£i#n˚ a£ v›i•› õkane£˚ a'e ¡#'min⁄% T›e˚e a˚£'#n#mi•ak #ã˚e'va£i#n˚ •an ãe
£ajen a˚ ini£iak •#ndi£i#n˚ ¡#' £›e m#dek˚ #¡ õkane£ ¡#'ma£i#n% In õa'£i•uka', ve a'e •u''en£kx ⁄ainin⁄ in˚i⁄›£˚
in£# £›e •#mõ#˚i£i#n #¡ £›e inne', õkane£-¡#'min⁄ 'e⁄i#n vi£›in £›e di˚j˚ £›anj˚ £# #ã˚e'va£i#n˚ ¡'#m £›e
Ìame˚ Veãã Sõa•e Teke˚•#õe (F'an£ e£ ak% 2023§ Õe'#££i e£ ak% 2023(% T›e £a˚j ¡#' õkane£ ¡#'ma£i#n m#dekkin⁄
i˚ £›en £# kinj £›e˚e #ã˚e'va£i#nak õ'#õe'£ie˚ and •#mõ#˚i£i#nak •#n£en£ £# £›e õ›x˚i•ak õ'#õe'£ie˚, and ak˚#
£›e ekemen£a'x inven£#'x #¡ me£e#'i£e˚, £›e M##n, Ea'£›, and £›e #£›e' õkane£˚% I¡ ˚u••e˚˚¡uk, £›i˚ ⁄k#ãak
aõõ'#a•› •an õ'#vide u˚e¡uk •#n˚£'ain£˚ ¡#' ⁄e#k#⁄i•ak ˚£udie˚%

He'e, ve vikk 'eviev ˚#me #¡ £›e 'e•en£ ˚£eõ˚ £›a£ ›ave ãeen unde'£ajen in £›i˚ £a˚j% In õa'£i•uka',
ve vikk õ'#vide a ˚›#'£ #ve'viev #¡ #ã˚e'va£i#nak •#n˚£'ain£˚ ¡'#m £›e S#ka' Sx˚£em and ¡'#m ew#õkane£˚,
di˚•u˚in⁄ ak˚# 'e•en£ ˚›i¡£˚ #¡ õa'adi⁄m˚ (Se•£% 2(% T›i˚ i˚ ¡#kk#ved ãx a ˚imõke, edu•a£i#nak 'eviev #¡ a
numãe' #¡ 'ekevan£ õ›x˚i•ak õ'#•e˚˚e˚ (Se•£% 3( ãe¡#'e ve õu£ £›e õie•e˚ £#⁄e£›e' £# ˚›#v ˚#me ˚£a£e-#¡-£›e
a'£ m#dek 'e˚uk£˚ 'e⁄a'din⁄ £›e õ›x˚i•ak (Se•£% ƒ( and •#mõ#˚i£i#nak (Se•£% fi( õ'#õe'£ie˚ #¡ m#dek õkane£a'x
˚x˚£em˚%

op3 BgSkkdm4dr hm 1kSmd6 en.lS6hnm 6gdn.x
In £›e •ka˚˚i•ak õkane£ ¡#'ma£i#n £›e#'x ãa˚ed #n £›e S#ka' Sx˚£em ak#ne, i£ va˚ ewõe•£ed £›a£ £›e'e ˚›#ukd
ãe n# ma˚˚ive õkane£˚ in˚ide #¡ aã#u£ 3 �U ¡#' õ›x˚i•ak 'ea˚#n˚ £›a£ ve vikk di˚•u˚˚ ãek#v, and £›a£ £›e
#ve'akk a'•›i£e•£u'e #¡ £›e S#ka' Sx˚£em vi£› k#ve' ma˚˚ inne' '#•jx and ma˚˚ive #u£e' ⁄a˚e#u˚ and i•x
õkane£˚ ˚›#ukd ãe unive'˚ak%

H#veve', in £›e ka˚£ nea'kx £›'ee de•ade˚, a ve'x ka'⁄e õ#õuka£i#n #¡ ew#õkane£˚ ›a˚ ãeen ¡#und ewa•£kx
v›e'e £›e S#ka' Sx˚£em-ãa˚ed ¡#'ma£i#n £›e#'x did n#£ õ'edi•£ £›em% T›i˚ õ#in£ed £#va'd˚ a ˚e'i#u˚ ⁄aõ in
£›e unde'˚£andin⁄ #¡ õkane£ ¡#'ma£i#n de'ived ¡'#m #u' õkane£a'x ˚x˚£em ak#ne and õ#in£ed a£ £›e ne•e˚˚i£x
#¡ devek#õin⁄ a ⁄ene'ak £›e#'x £›a£ i˚ n#£ #nkx ãa˚ed #n a ›and¡uk, #' even a ˚in⁄ke õkane£a'x ˚x˚£em, ãu£
•an add'e˚˚ ã#£› £›e S#ka' Sx˚£em and £›e ew#õkane£˚ in a ⁄ene'ak vax%

V›ike •#n˚ide'aãke õ'#⁄'e˚˚ ›a˚ ãeen made in•kudin⁄ £›e ˚›i¡£ #¡ ˚eve'ak õa'adi⁄m˚ (˚ee Se•£% 2%3(, i£
›a˚ õ'#ven ve'x •›akken⁄in⁄ £# •#me uõ vi£› ˚u•› a ⁄ene'ak £›e#'x ãa˚ed #n £›e ffl'˚£ õ'in•iõke˚ #¡ õ›x˚i•˚
ak#ne (•#n˚e'va£i#n kav˚ #¡ ma˚˚, ene'⁄x, and m#men£um(, and £›e fflekd i˚ •u''en£kx ˚£ikk ¡a' ¡'#m a •#mõke£e
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unde'˚£andin⁄ #¡ ›#v õkane£˚ ¡'#m and ev#kve% T›i˚ imõkie˚ a •u''en£ aã˚en•e #¡ a ›i⁄›kx õ'edi•£ive £›e#'x
#¡ õkane£ ¡#'ma£i#n - £›e fflekd i˚ 'a£›e' d'iven ãx #ã˚e'va£i#nak di˚•#ve'ie˚, #¡£en made õ#˚˚iãke £›anj˚ £#
nev #ã˚e'va£i#nak ¡a•iki£ie˚ #n £›e ⁄'#und #' in ˚õa•e% Ñã˚e'va£i#nak ¡a•iki£ie˚ £›a£ ›ave õkaxed a jex '#ke
a'e deõi•£ed in Fi⁄u'e 1%

Fi⁄u'e 1ˆ Ñã˚e'va£i#nak ¡a•iki£ie˚ xiekdin⁄ jex •#n˚£'ain£˚ ¡#' õkane£ ¡#'ma£i#n £›e#'x% T#õ ke¡£ˆ £›e H�QÕS
˚õe•£'#⁄'aõ› (Max#' e£ ak% 2003( in˚£akked a£ ESÑ‘˚ 3%6 Me£e' £eke˚•#õe in C›ike% T›'#u⁄› i£˚ unõ'e•eden£ed
'adiak vek#•i£x õ'e•i˚i#n #¡ 1 m/˚, i£ akk#ved ¡#' £›e ffl'˚£ £ime £›e di˚•#ve'x #¡ k#v-ma˚˚ ew£'a˚#ka' õkane£˚
and £›e ˚£udx #¡ ew#õkane£a'x ˚x˚£em a'•›i£e•£u'e˚ in £›e ma˚˚-di˚£an•e dia⁄'am% T#õ 'i⁄›£ˆ £›e N�S�
Jeõke' ˚a£ekki£e (Ã#'u•ji e£ ak% 2010(% Vi£› uk£'a-õ'e•i˚e £'an˚i£ õ›#£#me£'x i£ ›a˚ unveiked £›e dem#⁄'aõ›i•˚
#¡ £›e £'an˚i£in⁄ ew#õkane£ õ#õuka£i#n% Ã#££#m ke¡£ˆ T›e N�S� Ìun# ˚a£ekki£e in #'ãi£ a'#und Ìuõi£e' ›a˚
deeõkx •›an⁄ed #u' õi•£u'e #¡ £›e in£e'i#' #¡ ⁄ian£ õkane£˚% Ã#££#m 'i⁄›£ˆ £›e j#in£ �me'i•an-Eu'#õean-
Ìaõane˚e �£a•ama Ka'⁄e Mikkime£e'/Suãmikkime£e' �''ax (�KM�( ›a˚ ˚£a'£ed a nev e'a in £›e ˚£udx #¡
õ'#£#˚£ekka' and õ'#£#õkane£a'x di˚j˚, £›e •'adke˚ #¡ õkane£˚ (Ima⁄e •'edi£˚ˆ H�QÕSˆ ESÑ§ �KM�ˆ CC ÃX
ƒ%0 ESÑ/Ãeke£˚jx§ Jeõke'ˆ N�S�§ Ìun#ˆ N�S�/ÌÕK-Cak£e•›(

Devek#õin⁄ a £›e#'x #¡ õkane£ ¡#'ma£i#n i˚ •›akken⁄in⁄ ¡#' a numãe' #¡ 'ea˚#n˚% Fi'˚£, õkane£ ¡#'ma£i#n
i˚ a õ'#•e˚˚ •#ve'in⁄ a ›u⁄e 'an⁄e in ˚õa£iak ˚•ake˚ ¡'#m du˚£ ⁄'ain˚ vi£› a ˚i¥e #n £›e #'de' #¡ 0/�3 •m £#
⁄ian£ õkane£˚ vi£› a 'adiu˚ #n £›e #'de' #¡ 0/0/ •m% �£ ea•› ˚i¥e ˚•ake, £›e'e a'e dife'en£ ⁄#ve'nin⁄ õ›x˚i•ak
õ'#•e˚˚e˚ inv#kvin⁄ muk£iõke inõu£ õ›x˚i•˚ kije ⁄'avi£x, ›xd'#dxnami•˚, £›e'm#dxnami•˚, 'eka£ive £'an˚õ#'£,
ma⁄ne£i• fflekd˚, ›i⁄› õ'e˚˚u'e õ›x˚i•˚, and ˚# #n%

Se•#nd, £›e'e a'e manx ˚£'#n⁄ n#nkinea' me•›ani˚m˚ and ¡eedãa•j˚% F#' ewamõke, ve n#v unde'˚£and
£›a£ in £›e •ka˚˚i•ak õi•£u'e ¡'#m £›e S#ka' Sx˚£em, v›e'e ⁄ian£ õkane£˚ ve'e õ'edi•£ed £# ewi˚£ #nkx a£ ka'⁄e
#'ãi£ak di˚£an•e˚, £›e efe•£ #¡ #'ãi£ak mi⁄'a£i#n (£›e 'adiak m#£i#n #¡ õ'#£#õkane£˚ £›'#u⁄› £›e na£ak ⁄a˚
di˚j( va˚ mi˚˚in⁄% Ñ'ãi£ak mi⁄'a£i#n i˚ •au˚ed ãx an ew•›an⁄e #¡ an⁄uka' m#men£um ãe£veen £›e emãedded
õ'#£#õkane£ and £›e di˚j% T›i˚ õ'#•e˚˚ d#e˚, ›#veve', n#£ #nkx •›an⁄e £›e õkane£‘˚ #'ãi£ and £›u˚ i£˚ an⁄uka'
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m#men£um, ãu£ (ãe•au˚e #ve'akk, an⁄uka' m#men£ need˚ £# ãe •#n˚e'ved( ak˚# •›an⁄e˚ £›e ˚£'u•£u'e #¡ £›e
⁄a˚ di˚j, keadin⁄ in õa'£i•uka' £# £›e ¡#'ma£i#n #¡ ⁄aõ˚ in £›e di˚j% T›i˚ imõkie˚ £›a£ £›e dife'en£ õ'#•e˚˚e˚
a•£in⁄ du'in⁄ õkane£ ¡#'ma£i#n (›e'e £›e •#-ev#ku£i#n #¡ £›e õkane£˚‘ #'ãi£ and #¡ £›e di˚j˚‘ ˚£'u•£u'e( mu˚£
ãe de˚•'iãed in a ˚ek¡-•#n˚i˚£en£kx •#uõked vax%

T›i'd, in •#n£'a˚£ £# #£›e' fflekd˚ v›e'e kaã#'a£#'x ewõe'imen£˚ •an ãe u˚ed a˚ a ˚#u'•e #¡ ⁄'#und £'u£›,
¡#' õkane£ ¡#'ma£i#n, kaã#'a£#'x ewõe'imen£˚ a'e #nkx õ#˚˚iãke ¡#' ˚õe•iak 'e⁄ime˚, namekx ¡#' £›e ea'kx
⁄'#v£› 'e⁄ime˚ ¡'#m du˚£ £# õeããke˚% Ãu£ ak˚# £›e aõõ'#a•› via nume'i•ak ˚imuka£i#n˚ ›a˚ i£˚ kimi£˚ˆ ⁄k#ãak
£›'ee-dimen˚i#nak ›i⁄›-'e˚#ku£i#n 'adia£i#n-ma⁄ne£#-›xd'#dxnami• ˚imuka£i#n˚ •#ve'in⁄ £›e en£i'e ⁄'#v£›
#¡ a õkane£a'x ˚x˚£em v#ukd ãe mu•› £## •#mõu£a£i#nakkx ewõen˚ive% Tajen £#⁄e£›e', £›e˚e •›akken⁄e˚
dem#n˚£'a£e £›e imõ#'£an•e #¡ #ã˚e'va£i#nak ⁄uidan•e £# devek#õ a •#n•ku˚ive £›e#'x #¡ õkane£ ¡#'ma£i#n
and £›e ne•e˚˚i£x #¡ ±uan£i£a£ivekx •#n¡'#n£in⁄ £›e#'e£i•ak and #ã˚e'va£i#nak 'e˚uk£˚, v›i•› i˚ ãx i£˚ek¡ n#£
£'iviak% I£ i˚ ak˚# imõ#'£an£ £# £aje in£# a••#un£ manx dife'en£ #ã˚e'va£i#nak •#n˚£'ain£˚ a˚ £›ex •#n•e'n
and •#n˚£'ain dife'en£ a˚õe•£˚ #¡ £›e £›e#'x%

3 Iudpu-dv ne nardpuT6-nmTi bnmr6pT-m6r
Ñu' •u''en£ unde'˚£andin⁄ #¡ £›e #'i⁄in and ev#ku£i#n #¡ õkane£˚ i˚ mainkx ãa˚ed #n £›'ee dife'en£ da£a
˚e£˚ˆ £›e S#ka' Sx˚£em, £›e ew£'a˚#ka' õkane£˚, and e˚õe•iakkx ˚in•e £›e adven£ #¡ �KM� #ã˚e'va£i#n˚, £›e
õ'#£#õkane£a'x di˚j˚ ˚u''#undin⁄ x#un⁄ ˚£ekka' #ãje•£˚% T›e ka££e' xiekd •'u•iak #ã˚e'va£i#nak •#n˚£'ain£˚ #n
£›e ini£iak and ã#unda'x •#ndi£i#n˚ #¡ õkane£ ¡#'ma£i#n% In a ¡ev in˚£an•e˚ #ve' £›e õa˚£ ¡ev xea'˚, #n⁄#in⁄
õkane£ ¡#'ma£i#n •an even ãe #ã˚e'ved di'e•£kx (˚ee Jeõõke' e£ ak% 201è ¡#' £›e di˚•#ve'x #¡ £›e ffl'˚£ ã#na
fflde ew£'a˚#ka' ⁄a˚ ⁄ian£ õkane£ unde'⁄#in⁄ a•£ive ⁄a˚ a••'e£i#n(% F#' an #ve'viev #¡ £›e •#n˚£'ain£˚ •#min⁄
¡'#m di˚j #ã˚e'va£i#n˚, ˚ee �nd'ev˚ (2020(§ Mi#£ekk# e£ ak% (2022(§ Mana'a e£ ak% (2022(% In £›e ¡#kk#vin⁄,
ve ffl'˚£ di˚•u˚˚ ˚eke•£ed •#n˚£'ain£˚ ¡'#m £›e S#ka' Sx˚£em and £›en ¡'#m £›e ew£'a˚#ka' õkane£ õ#õuka£i#n%

3po Pdkdb6d: bnmr6.Shm6 e.nl 6gd PnkS. Pxr6dl
Ãe¡#'e £›e de£e•£i#n #¡ £›e ew#õkane£˚ and õ'#£#õkane£a'x di˚j˚, £›e •ka˚˚i•ak £›e#'x #¡ õkane£ ¡#'ma£i#n
(Sa¡'#n#v 1969§ Haxa˚›i 19è1§ Ã#den›eime' àÕ#kka•j 19è6§ Ve£›e'ikk àS£eva'£ 1993§ Ki˚˚aue' àS£eva'£
1993§ Ida àMajin# 1993§ Õ#kka•j e£ ak% 1996( va˚ ãa˚ed #n •en£u'ie˚ #¡ S#ka' Sx˚£em ˚£udie˚ ⁄#in⁄ ãa•j £#
Jan£ (1;fifi( v›# ffl'˚£ õ'#õ#˚ed £›a£ õkane£˚ ¡#'m in a 5a££ened di˚j 'ev#kvin⁄ aã#u£ £›e Sun% T›e˚e ˚£udie˚
in•kude 'em#£e and in ˚i£u #ã˚e'va£i#n˚ #¡maj#' and min#' ã#die˚ (õkane£˚, min#' õkane£˚, a˚£e'#id˚, •#me£˚(,
kaã#'a£#'x mea˚u'emen£˚ #¡ me£e#'i£e˚, £›e#'e£i•ak ˚£udie˚, a˚ vekk a˚ ˚amõke 'e£u'n mi˚˚i#n˚% T#dax, £›e
S#ka' Sx˚£em 'emain˚ £›e ãen•›ma'j ˚x˚£em ¡#' õkane£ ¡#'ma£i#n £›e#'x, ãe•au˚e #nkx ›e'e ve ›ave a••e˚˚
£# a ve'x ›i⁄› numãe' #¡ uni±ue de£aiked •#n˚£'ain£˚ n#£ a••e˚˚iãke ¡#' ew#õkane£˚ˆ £›e in£e'i#' ˚£'u•£u'e˚
#¡ £›e õkane£˚, £›e õ'#õe'£ie˚ and dxnami•˚ #¡ ˚makk ã#die˚ n#£ di'e•£kx #ã˚e'vaãke a'#und #£›e' ˚£a'˚, and
•#˚m#•›emi•ak •#n˚£'ain£˚ #ã£ained ¡'#m £›e me£e#'i£i• 'e•#'d and £›e in£e'i#' and a£m#˚õ›e'i• •#mõ#˚i£i#n
and ˚£'u•£u'e #¡ £›e va'i#u˚ ã#die˚% T›e ka££e' xiekd˚ £›e aãundan•e˚ #¡ ekemen£˚ and i˚#£#õe˚ õ'#vidin⁄
in¡#'ma£i#n #n •#mõ#˚i£i#n and #'i⁄in #¡ õkane£a'x ãuikdin⁄ ãk#•j˚, a••'e£i#n õ'#•e˚˚e˚, £›e £imin⁄, and
ea'kx õkane£a'x-vide •›emi•ak dife'en£ia£i#n%

� n#n-ew›au˚£ive ki˚£ #¡ •en£'ak •#n˚£'ain£˚ ¡#' õkane£ ¡#'ma£i#n £›e#'x in•kudin⁄ in õa'£i•uka' ˚#me
ekemen£˚ n#£ avaikaãke ¡#' ew#õkane£˚ (#' •#n£'a˚£in⁄ £›em( i˚ ⁄iven ãx £›e ¡#kk#vin⁄ õ#in£˚% T›e'e a'e, #¡
•#u'˚e, manx m#'e •#n˚£'ain£˚, ˚ee 'eviev˚ #¡, e%⁄%, Came'#n 19èè§ Ki˚˚aue' 1993§ Dunk#õ e£ ak% 2013§ Sõ#›n
201fi§ En•'ena¥ àKe±ueuw 2021(ˆ

• T›e •›'#n#k#⁄x #¡ imõ#'£an£ even£˚ du'in⁄ £›e ¡#'ma£i#n #¡ £›e S#ka' Sx˚£em kije £›e ¡#'ma£i#n #¡
•ak•ium-akuminium-'i•› in•ku˚i#n˚ a˚ ffl'˚£ ˚#kid˚ in £›e S#ka' ˚x˚£em 'eõ'e˚en£in⁄ £›e £emõ#'ak ¥e'#
õ#in£ (�nand àMe¥⁄e' 2023(, £›e ¡#'ma£i#n #¡ •›#nd'i£e˚ (Jkeine e£ ak% 2009(, £›e a••'e£i#n #¡ £›e
£e''e˚£'iak õkane£˚ (Xin e£ ak% 2002§ Ñnxe££ e£ ak% 2023(, •#'e ¡#'ma£i#n (Jkeine e£ ak% 2002(, £›e m##n
¡#'min⁄ imõa•£ (Ãen¥ e£ ak% 19è9§ Canuõ à�˚õ›au⁄ 2001(, £›e ¡#'ma£i#n £ime˚•ake #¡ Ìuõi£e' (J'uije'
e£ ak% 201;(, £›e ki¡e£ime #¡ £›e S#ka' ⁄a˚ neãuka (Van⁄ e£ ak% 201;( #' £›e £imin⁄ #¡ a õ#£en£iak ka£e
dxnami•ak in˚£aãiki£x keadin⁄ £# a 'e-'i˚e #¡ imõa•£˚ (£›e ka£e ›eavx ã#mãa'dmen£, Ã#££je àN#'man
201;(%

3



• T›e #'ãi£˚ #¡ £›e £e''e˚£'iak õkane£˚, in õa'£i•uka' £›ei' ˚makk e••en£'i•i£ie˚ (va'xin⁄ #ve' Mikanj#vi•›
•x•ke˚, ˚ee Ãe'⁄e' àK#u£'e 1991, vi£› õ'e˚en£-dax vakue˚ #¡ 0%01;, 0%00;, 0%09ƒ, and 0%2 ¡#' Ea'£›,
Venu˚, Ma'˚, and Me'•u'x( and £›e aã˚en•e #¡ õkane£˚ in˚ide #¡ 0%39 �U (£›e #'ãi£ #¡ Me'•u'x(% T›e
ka££e' i˚ in ˚£a'j •#n£'a˚£ £# ve'x ¡'e±uen£ ew£'a˚#ka' ˚x˚£em˚ vi£› •k#˚e-in (in˚ide #¡ 0%1 �U( •#mõa•£
˚x˚£em˚ #¡ muk£iõke ˚uõe'-Ea'£› and ˚uã-Neõ£une õkane£˚ (Õe£i⁄u'a e£ ak% 201è§ Vei˚˚ e£ ak% 2022(%

• T›e ma˚˚e˚ #¡ £›e £e''e˚£'iak õkane£˚, in õa'£i•uka' Ma'˚‘ ˚makk ma˚˚ and i£˚ ˚›#'£ ¡#'ma£i#n £ime˚-
•ake (Dauõ›a˚ àÕ#u'mand 2011(% Ãa˚ed #n •ka˚˚i•ak ¡#'ma£i#n m#dek˚ (Ki˚˚aue' 1993( ad#õ£in⁄ a
Minimum-Ma˚˚-S#ka'-Neãuka (MMSN(-kije di˚£'iãu£i#n #¡ ˚#kid ãuikdin⁄ ãk#•j (defflni£i#n ˚ee ãek#v(,
#ne v#ukd 'a£›e' ewõe•£ £›a£ õkane£ ma˚˚ in•'ea˚e˚ vi£› ˚emimaj#' di˚£an•e% Kijekx, £›e ˚makk ma˚˚
i˚ an imõ'in£ #¡ £›e imõ#'£an£ '#ke #¡ Ìuõi£e' in ˚›aõin⁄ £›e en£i'e S#ka' Sx˚£em, a˚ ˚uõõ#˚ed ¡#'
ewamõke in £›e “F'and £a•j m#dek“ (Vak˚› e£ ak% 2011(% In £›i˚ m#dek, i£ i˚ a˚˚umed, ãa˚ed #n £›e
Ma˚˚e£-Snekk⁄'#ve me•›ani˚m #¡ #u£va'd mi⁄'a£in⁄ õai'˚ #¡ 'e˚#nan£ ⁄ian£ õkane£˚ (Ma˚˚e£ 2001(, £›a£
Ìuõi£e' mi⁄'a£ed ffl'˚£ £# 1%fi �U ãe¡#'e £a•jin⁄ £# mi⁄'a£e a⁄ain #u£va'd˚ a¡£e' Sa£u'n ›ad •au⁄›£ uõ,
£›e'eãx £'un•a£in⁄ £›e õkane£e˚imak di˚j and deõ'ivin⁄ Ma'˚ ¡'#m ¡u'£›e' ãuikdin⁄ ãk#•j˚% Ma'˚ d#e˚
£›u˚ õ'#ãaãkx 'eõ'e˚en£ £›e õ'#£#õkane£ ˚£a⁄e 'a£›e' £›an a ¡ukkx ⁄'#vn £e''e˚£'iak õkane£ eme'⁄in⁄
¡'#m £›e fflnak ⁄ian£ imõa•£ ⁄'#v£› õ›a˚e%

• T›e ˚£'u•£u'e #¡ £›e a˚£e'#id ãek£ in•kudin⁄ £›e aã˚en•e #¡ ãi⁄ ã#die˚ and £›e õ'e˚en•e #¡ a 'adiak
•#mõ#˚i£i#nak ⁄'adien£ (DeMe# àCa''x 201ƒ( ¡'#m 'eka£ivekx d'x #'dina'x •›#nd'i£e˚ (ke˚˚ £›an 0%1)
va£e' ãx ma˚˚( £# •a'ã#na•e#u˚ •›#nd'i£e˚ vi£› fi–20) va£e' ãx ma˚˚ (Qaxm#nd àI¥id#'# 201;(, a˚
vekk a˚ £›e ˚i¥e di˚£'iãu£i#n #¡ £›e a˚£e'#id˚ v›i•› ⁄ive˚ •kue˚ aã#u£ £›e kijekx £xõi•ak õ'im#'diak ˚i¥e
#¡ õkane£e˚imak˚ (õ'#ãaãkx ∼100 jm, M#'ãidekki e£ ak% 2009(%

• Ea'£›‘˚ £#£ak va£e' •#n£en£, u˚uakkx £›#u⁄›£ £# ›ave ãeen dekive'ed in £›e ¡#'m #¡ va£e'-'i•› õ'imi£ive
a˚£e'#idak ma£e'iak (M#'ãidekki e£ ak% 2000(% �k£e'na£ivekx, i£ mi⁄›£ ›ave ¡#'med £# ˚#me ew£en£ in£'in˚-
i•akkx ¡'#m ma⁄ma #•ean - õ'im#'diak a£m#˚õ›e'e in£e'a•£i#n˚ (X#un⁄ e£ ak% 2023( #' va˚ dekive'ed in
õa'£˚ ãx T›eia, £›e imõa•£#' #¡ £›e m##n ¡#'min⁄ imõa•£ (Ãudde e£ ak% 2019§ Me¥⁄e' e£ ak% 2021(%

• T›e ma˚˚e˚ and #'ãi£˚ (˚emimaj#' awe˚, e••en£'i•i£ie˚, in•kina£i#n˚( #¡ £›e ⁄a˚ and i•e ⁄ian£ õkane£˚,
•›a'a•£e'i˚ed and •#n£'a˚£in⁄ £›e ew£'a˚#ka' õkane£˚ ãx £›e aã˚en•e #¡ mean m#£i#n 'e˚#nan•e˚ and
k#v e••en£'i•i£ie˚ and in•kina£i#n˚% I£ ›a˚ ãeen õ'#õ#˚ed £›a£ £›e #'ãi£ak di˚£an•e˚ #¡ Ìuõi£e' and
Sa£u'n (fi%2 and 9%fi �U( a'e ka'⁄e' £›an v›a£ i˚ £xõi•ak ¡#' ew£'a˚#ka' ⁄ian£ õkane£ ˚x˚£em˚ (•#nfflned
£# 'a£›e' 1-3 �U( v›i•› v#ukd mean £›a£ #£›e' ˚x˚£em˚ a'e £xõi•akkx m#'e •#mõa•£ £›an £›e S#ka'
˚x˚£em (Fe'nande˚ e£ ak% 2019§ Fuk£#n e£ ak% 2021(% H#veve', £›i˚ ±ue˚£i#n i˚ n#£ xe£ ˚e££ked ãe•au˚e
#¡ £›e de£e•£i#n ãia˚ a⁄ain˚£ di˚£an£ ew#õkane£˚, and ˚#me #£›e' ˚£udie˚ ˚u⁄⁄e˚£ £›a£ •u''en£ da£a #n
ew#õkane£˚ d#e˚ n#£ ˚u⁄⁄e˚£ a de•kine in ¡'e±uen•x #u£˚ide #¡ 3 £# è �U (Ka⁄'an⁄e e£ ak% 2023(%

• T›e ⁄ian£ õkane£˚‘ in£e'nak ˚£'u•£u'e and £›ei' ãukj and a£m#˚õ›e'i• •#mõ#˚i£i#n a˚ ¡#und ¡'#m mea˚-
u'emen£ #¡ £›e ⁄'avi£a£i#nak m#men£˚ (in õa'£i•uka' ãx £›e ÌUNÑ ˚õa•e•'a¡£, Va›k e£ ak% 201;( #'
ãx en£'x õ'#ãe˚ and 'em#£e #ã˚e'va£i#n˚ a˚ vekk a˚ £›ei' in£'in˚i• kumin#˚i£x (Fuikk#£ àFau£ie' 201fi§
Hekked e£ ak% 2022(% T›i˚ in•kude˚ £›e #ve'-kumin#˚i£x #¡ Sa£u'n and £›e unde'-kumin#˚i£x #¡ U'anu˚
'eka£ive £# õ'edi•£i#n˚ #¡ ¡ukkx-•#nve•£ive in£e'i#' m#dek˚ (Ne££ekmann e£ ak% 2013§ Kinde' e£ ak% 2019(%
Õa'£i•uka'kx imõ#'£an£ i˚ Ìuõi£e'‘˚ •#mõkew ˚£'u•£u'e a˚ in¡#'med ãx £›e Ìun# õ'#ãe (Va›k e£ ak%
201;( vi£› a diku£ed •#'e and n#n-•#nve•£in⁄ 'e⁄i#n˚ vi£› en£'#õx and •#mõ#˚i£i#nak ⁄'adien£˚ (Deã-
'a˚ àC›aã'ie' 2019§ Mi⁄uek e£ ak% 2022§ H#va'd àFuikk#£ 2023(% T›i˚ •#n£'a˚£˚ £›e £'adi£i#nak viev
#¡ a ˚in⁄ke ¡ukkx •#nve•£ive adiaãa£i• in£e'i#' #¡ ⁄ian£ õkane£˚ (˚ee Fuikk#£ e£ ak% 2023 ¡#' a 'eviev(%

• T›e ˚£'u•£u'e, dxnami•˚, and ev#ku£i#n #¡ £›e Juiõe' ãek£ v›i•› •#n˚£'ain˚ £›e ˚i¥e #¡ £›e na˚•en£
õkane£e˚imak˚ di˚j and v›i•› mi⁄›£ ›ave õkaxed a •'u•iak '#ke £'i⁄⁄e'in⁄ a dxnami•ak in˚£aãiki£x am#n⁄
£›e ⁄ian£ õkane£˚ a˚ ˚uõõ#˚ed in £›e Ni•e M#dek ¡#' £›e ¡#'ma£i#n #¡ £›e S#ka' Sx˚£em (Kevi˚#n e£ ak%
200è(%

• Fu'£›e' •#mõ#˚i£i#nak and i˚#£#õi• •#n˚£'ain˚ (e%⁄%, ¡#' deu£e'ium and n#ãke ⁄a˚e˚( ¡#' va'i#u˚ ã#die˚
(Ea'£›‘˚ a£m#˚õ›e'e, a˚£e'#id˚, •#me£˚ kije 6;Õ(, v›i•› a'e #¡ jex in£e'e˚£ ¡#' ewamõke ¡#' £›e #'i⁄in
#¡ Ea'£›‘˚ va£e' and i£˚ a£m#˚õ›e'e˚ (�k£ve⁄⁄ e£ ak% 201fi§ Ãejae'£ e£ ak% 2020(%

ƒ



3p3 P6S6hr6hbSk bnmr6.Shm6rc 6gd :dln4.S1ghbr ne dv6.SrnkS. 1kSmd6r
Ñn £›e #£›e' ›and, £›e'e i˚ £›e •#n£inu#u˚kx ⁄'#vin⁄ õ#õuka£i#n #¡ ew£'a˚#ka' õkane£˚% T›e ˚i£ua£i#n ¡#'
ew#õkane£˚ i˚ ±ui£e dife'en£ ¡'#m £›e S#ka' Sx˚£em% Ve ›ave £xõi•akkx ki££ke jn#vked⁄e aã#u£ an individuak
ew#õkane£a'x ˚x˚£em, ak£›#u⁄› £›e'e a'e #¡ •#u'˚e, ak˚# n#£aãke ew•eõ£i#n˚% Ãu£ £›e'e i˚ a ve'x ka'⁄e numãe' #¡
ew#õkane£˚ jn#vn (•u''en£kx aã#u£ fi000(, meanin⁄ £›a£ £›e ew#õkane£ õ#õuka£i#n xiekd˚ ˚£a£i˚£i•ak •#n˚£'ain£˚
#n, ¡#' ewamõke, £›e ¡'e±uen•ie˚ #¡ •e'£ain õkane£ £xõe˚, £›e di˚£'iãu£i#n˚ #¡ ¡undamen£ak õ'#õe'£ie˚, #'
#n nume'#u˚ •#''eka£i#n˚ ãe£veen dife'en£ õkane£a'x õ'#õe'£ie˚, ãe£veen ˚£ekka' õ'#õe'£ie˚, and ãe£veen
õkane£a'x ˚x˚£em õ'#õe'£ie˚% F#' ±uan£i£a£ive ˚£a£i˚£i•ak •#n˚£'ain£˚, ka'⁄e ˚u'vex˚ õkax a õ'ima'x '#ke, a˚
¡#' £›em i£ i˚ õ#˚˚iãke £# a••#un£ ¡#' £›e #ã˚e'va£i#nak ãia˚ and £# •#''e•£ ¡#' i£% Imõ#'£an£ ewamõke˚ a'e £›e
H�QÕS ˚u'vex (Max#' e£ ak% 2011( and £›e Caki¡#'nia Ke⁄a•x ˚u'vex (Q#˚en£›ak e£ ak% 2021( ¡#' £›e 'adiak
vek#•i£xme£›#d§ £›e Jeõke' ˚a£ekki£e ¡#' õ›#£#me£'i• £'an˚i£˚ (Ã#'u•ji e£ ak% 2010§ Õe£i⁄u'a e£ ak% 201è(§ di'e•£
ima⁄in⁄ ˚u'vex˚ kije FEMINI (Niek˚en e£ ak% 2019( #' SÕHEQE (Vi⁄an e£ ak% 2021(§ and fflnakkx mi•'#ken˚in⁄
˚u'vex˚ (Su¥uji e£ ak% 2016a(% T›e˚e dife'en£ £e•›ni±ue˚ õ'#ãe õkane£˚ vi£› dife'en£ õ'#õe'£ie˚ (kije •k#˚e-in
ve'˚u˚ di˚£an£ õkane£˚(% T›i˚ i˚ imõ#'£an£, a˚ dife'en£ ˚uã-õ#õuka£i#n˚ a'e m#˚£ imõ#'£an£ in •#n˚£'ainin⁄
dife'en£ a˚õe•£˚ #¡ õkane£ ¡#'ma£i#n £›e#'x% T›i˚ ak˚# imõkie˚ £›a£ ¡#' a ⁄ene'ak £›e#'x, £›e •#n˚£'ain£˚ #¡
akk dife'en£ me£›#d˚ ˚›#ukd ãe •#n˚ide'ed £#⁄e£›e' ˚ek¡-•#n˚i˚£en£kx% In £›e ¡#kk#vin⁄, ve õ'e˚en£ a ˚eke•£i#n
#¡ imõ#'£an£ 'e˚uk£˚ #ã£ained ¡'#m £›e˚e #ã˚e'va£i#n˚% Ve ˚£a'£ vi£› an #ve'viev, and £›en add'e˚˚ £›e
¡'e±uen•x #¡ dife'en£ £xõe˚ #¡ ew#õkane£, ¡#kk#ved ãx £›e di˚£'iãu£i#n #¡ õkane£a'x •›a'a•£e'i˚£i•˚, and fflnakkx
a numãe' #¡ •#''eka£i#n˚, ¡#' ewamõke vi£› £›e õ'#õe'£ie˚ #¡ £›e ›#˚£ ˚£a'% M#'e de£aiked and •#mõ'e›en˚ive
in¡#'ma£i#n •an ãe ¡#und in £›e 'eviev˚ #¡ (Vinn àFaã'x•jx 201fi§ Ÿ›u àD#n⁄ 2021§ Vei˚˚ e£ ak% 2022§
Ki˚˚aue' e£ ak% 2023(%

Fi⁄u'e 2ˆ T›e #ã˚e'ved ma˚˚-di˚£an•e dia⁄'am #¡ ew£'a˚#ka' õkane£˚% T›e •#k#'˚ indi•a£e £›e de£e•£i#n
me£›#d% T›e õkane£˚ #¡ £›e S#ka' Sx˚£em a'e ak˚# in•kuded ¡#' •#mõa'i˚#n% V›ike ikku˚£'a£in⁄ £›e dive'˚i£x
#¡ ew£'a˚#ka' õkane£˚ and õ#in£in⁄ a£ £›e ewi˚£en•e #¡ ˚#me ˚£'u•£u'e (v#id˚, #ve'-den˚i£ie˚(, £›e dia⁄'am ak˚#
⁄ive˚ a ›i⁄›kx ãia˚ed viev #¡ £›e unde'kxin⁄ ew#õkane£ õ#õuka£i#n%

fi



3)3)o Rgd lWrrh,-rsWmbd ,-W4qWl

�˚ an #ve'viev, Fi⁄u'e 2 ˚›#v˚ #ne #¡ £›e m#˚£ imõ#'£an£ dia⁄'am˚ v›en i£ •#me˚ £# ew£'a˚#ka' õkane£˚,
v›i•› i˚ £›e #ã˚e'ved ma˚˚-di˚£an•e dia⁄'am% I£ imõ#'£an•e i˚ •#mõa'aãke £# £›e He'£¥˚õ'un⁄-Qu˚˚ek dia-
⁄'am ¡#' ˚£a'˚% T›e •#k#u'ed õ#in£˚ ˚›#v £›e ew#õkane£˚ di˚•#ve'ed ãx £›e 'adiak vek#•i£x ('ed(, £'an˚i£
õ›#£#me£'x (•xan(, di'e•£ ima⁄in⁄ (ma⁄en£a(, and mi•'#ken˚in⁄ (⁄'een( £e•›ni±ue˚%

V›ike ⁄ivin⁄ an imõ'e˚˚i#n #¡ £›e dive'˚i£x #¡ £›e #u£•#me #¡ £›e õkane£ ¡#'ma£i#n õ'#•e˚˚ £›a£ £›e#'e£i•ak
m#dek˚ mu˚£ 'eõ'#du•e, £›i˚ #ã˚e'ved dia⁄'am ak˚# ⁄ive˚ a ›i⁄›kx ãia˚ed viev, majin⁄ ¡#' ewamõke H#£
Ìuõi£e'˚ aõõea' ¡'e±uen£ v›ike v›en •#''e•£in⁄ ¡#' £›e de£e•£i#n ãia˚, £›ex a'e a 'a'e õkane£ £xõe% T›e
aã˚en•e #¡ õkane£˚ in £›e ã#££#m 'i⁄›£ #¡ £›e dia⁄'am i˚ ak˚# ˚imõkx •au˚ed ãx £›e •u''en£ #ã˚e'va£i#nak ãia˚,
£›a£ i˚, £›e •u''en£ inaãiki£x £# de£e•£ di˚£an£ k#v-ma˚˚ õkane£˚% Neve'£›eke˚˚, ãe˚ide˚ £›e dive'˚i£x, #ne •an
iden£i¡x in £›e dia⁄'am ˚#me ˚£'u•£u'e˚ in £›e ¡#'m #¡ #ve'- and unde'-den˚i£ie˚ a˚ vekk a˚ £›e a¡#'emen£i#ned
•#mõkemen£a'i£x #¡ £›e dife'en£ de£e•£i#n me£›#d˚%

3)3)3 Eqd.2dmbw ne ,-fdqdms sw1dr ne 1kWmdsr

De˚õi£e £›ei' õ'#minen•e in £›e #ã˚e'ved ma˚˚-di˚£an•e dia⁄'am, •k#˚e-in ⁄ian£ õkane£˚ (H#£ Ìuõi£e'˚, ak˚#
jn#vn a˚ õe⁄a˚id˚ a¡£e' £›e õ'#£#£xõi•ak ffl'˚£ ew#õkane£ fi1 Õe⁄a˚i ã Max#' àPuek#¥ 199fi #¡ £›i˚ jind( ›ave
a ãia˚-•#''e•£ed ¡'e±uen•x #¡ #••u''en•e #¡ #nkx aã#u£ 0%fi-1) ¡#' S#ka'-kije ˚£a'˚ (H#va'd e£ ak% 2010§ Max#'
e£ ak% 2011§ Dav˚#n àÌ#›n˚#n 201è(% T›i˚ i˚ mu•› ke˚˚ £›an £›e ¡'e±uen•x #¡ ⁄ian£ õkane£˚ a£ ka'⁄e' #'ãi£ak
di˚£an•e˚, v›e'e an uõ£u'n in ¡'e±uen•x i˚ ˚een a£ aã#u£ 1 �U (Ud'x àSan£#˚ 200;(% Vi£›in fi-10 �U, aã#u£
10 £# 20) #¡ FFJ ˚£a'˚ ›ave ⁄ian£ õkane£˚ (Cummin⁄ e£ ak% 200è§ Max#' e£ ak% 2011§ Fuk£#n e£ ak% 2021(%
T›i˚ mean˚ £›a£ £›e •kea' maj#'i£x #¡ S#ka'-kije ˚£a'˚ d#e˚ n#£ a ⁄ian£ õkane£ •#mõani#n, v›i•› mi⁄›£ ›ave
›ad õ'#¡#und •#n˚e±uen•e˚ ¡#' £›e S#ka' Sx˚£em (M#'ãidekki e£ ak% 201fi(% F#' k#ve' ˚£ekka' ma˚˚e˚, £›e'e i˚ a
•kea' £'end £#va'd˚ ke˚˚ ¡'e±uen£ #••u''en•e #¡ ⁄ian£ õkane£˚ (e%⁄% Faid#˚ e£ ak% 2013, ˚ee ak˚# Se•£i#n 2%2%ƒ(%

�ã#u£ ›ak¡ #¡ £›e ew£'a˚#ka' ⁄ian£ õkane£˚ a'e memãe'˚ #¡ muk£i-⁄ian£ ˚x˚£em˚ (Ã'xan e£ ak% 2016( kije
#u' Ìuõi£e'-Sa£u'n ˚x˚£em% �˚ ˚›#vn ini£iakkx ãx ›i⁄› õ'e•i˚i#n 'adiak vek#•i£x ˚u'vex˚ (K#vi˚ e£ ak% 2006(
and £›en £›e Jeõke' £'an˚i£ ˚u'vex, k#v-ma˚˚ 'e˚õe•£ivekx ˚makk •k#˚e-in õkane£˚ a'e a ve'x ¡'e±uen£ £xõe #¡
õkane£% Deõendin⁄ #n £›e ewa•£ •'i£e'ia ˚u•› ˚uõe'-Ea'£› and ˚uã-Neõ£unian õkane£˚ a£ #'ãi£ak di˚£an•e˚ #¡
¡'a•£i#n˚ #¡ an �U vi£› ma˚˚e˚ #¡ aã#u£ 1 £# 30 Ea'£› ma˚˚e˚, #' 'adii #¡ Q ≲ 3Q⊕ ›ave a ›i⁄› ¡'e±uen•x
(20-fi0)( ¡#' S#ka'-kije ˚£a'˚ (Max#' e£ ak% 2011§ F'e˚˚in e£ ak% 2013§ Õe£i⁄u'a e£ ak% 2013§ Ÿ›u e£ ak% 201è(%
T›e˚e õkane£˚ a'e ¡'e±uen£kx memãe'˚ #¡ muk£iõke ˚x˚£em˚ vi£› •#mõa•£ a'•›i£e•£u'e˚ (Vei˚˚ e£ ak% 2022(%
T›i˚ imõkie˚ a⁄ain £›a£ manx S#ka'-kije ˚£a'˚ ›ave a õkane£a'x ˚x˚£em £›a£ dife'˚ •kea'kx ¡'#m £›e S#ka'
Sx˚£em% M#vin⁄ £# (ve'x( ka'⁄e #'ãi£ak di˚£an•e˚ #¡ £en˚ £# ›und'ed˚ #¡ �U, £›e'e i˚ a k#ve' ¡'e±uen•x #n
a kevek #¡ aã#u£ 1-fi) #¡ ˚£a'˚ vi£› de£e•£aãke, i%e%, ˚uff•ien£kx kumin#u˚ di˚£an£ ⁄ian£ õkane£˚ a˚ õ'#ãed ãx
di'e•£ ima⁄in⁄ ˚u'vex˚ Vi⁄an e£ ak% (2021(% �n imõki•a£i#n #¡ £›i˚ i˚ £›a£ £›e ¡'e±uen•x #¡ ⁄ian£ õkane£˚ mu˚£
de•'ea˚e vi£› di˚£an•e ãx a ¡a•£#' #¡ ˚eve'ak a˚ ve m#ve #u£va'd˚% T›i˚ õu£˚ •#n˚£'ain£˚ #n £›e eff•ien•x #¡
õkane£ ¡#'ma£i#n ãx ⁄'avi£a£i#nak in˚£aãiki£x v›i•› v#ukd ãe £›e õ'ime me•›ani˚m £# õ#õuka£e £›i˚ 'e⁄i#n
(F#'⁄an e£ ak% 201è(% T›e #••u''en•e 'a£e #¡ ˚u•› õkane£˚ õ'#ãaãkx ˚•ake˚ vi£› £›e ma˚˚ #¡ £›e ›#˚£ ˚£a'
(Ã#vke' 2016(% �˚ vi˚iãke in Fi⁄% 2, mi•'#ken˚in⁄ ˚u'vex˚ mainkx õ'#ãe an in£e'media£e #'ãi£ak di˚£an•e 'an⁄e
#¡ •#kd, '#u⁄›kx Neõ£unian-ma˚˚ õkane£˚ a'#und M dva'¡˚, v›i•› a'e ¡#und £# ãe a aãundan£ õ#õuka£i#n
(Ca˚˚an e£ ak% 2012§ Su¥uji e£ ak% 2016ã(% Finakkx, i¡ ve •#n˚ide' £›e #ve'akk ¡'a•£i#n #¡ ˚£a'˚ vi£› õkane£˚
£›a£ •an ãe de£e•£ed ãx a ›i⁄›-õ'e•i˚i#n 'adiak vek#•i£x ˚u'vex a£ aã#u£ 1 m/˚ õ'e•i˚i#n, a vakue #¡ aã#u£
;fi) i˚ ¡#und (Max#' e£ ak% 2011(% � ˚imika'kx ›i⁄› numãe' aõõkie˚ £# M-dva'¡˚ (Ã#nfflk˚ e£ ak% 2013(%

3)3)t C-rsq-a2s-nmr ne -l1nqsWms 1kWmdsWqw 1qn1dqs-dr

T›e'e a'e ˚eve'ak e˚˚en£iak di˚£'iãu£i#n˚ kije £›e ma˚˚, 'adiu˚, e••en£'i•i£x, and #'ãi£ak di˚£an•e di˚£'iãu£i#n˚
£›a£ •›a'a•£e'i˚e £›e ew#õkane£ õ#õuka£i#n (Fi⁄% 3(% T›e õkane£a'x ma˚˚ ¡un•£i#n, #' ÕMF, i˚ jn#vn ¡'#m
'adiak vek#•i£x ˚u'vex˚ mainkx ¡#' S#ka'-kije ˚£a'˚ and ¡'#m mi•'#ken˚in⁄ ¡#' M dva'¡˚% I£ i˚ an imõ#'£an£ di˚-
£'iãu£i#n £›a£ ›a˚ ãeen add'e˚˚ed and õ'edi•£ed ãx va'i#u˚ £›e#'e£i•ak v#'j˚ (e%⁄% Ida àKin 200fi§ M#'da˚ini
e£ ak% 2009§ Em˚en›uãe' e£ ak% 2021a(% F#•u˚in⁄ #n S#ka'-kije ˚£a'˚, £›e #ã˚e'ved di˚£'iãu£i#n a˚ ¡#und ãx
'adiak vek#•i£x ˚u'vex˚ ˚•ake˚ vi£› ma˚˚ L aõõ'#wima£ekx a˚ 0<L (Ma'•x e£ ak% 200fi( in £›e ma˚˚ 'an⁄e #¡
aã#u£ 30 L⊕ £# '#u⁄›kx ƒ LI (vi£› LI ãein⁄ £›e ma˚˚ #¡ Ìuõi£e'(% T›e di˚£'iãu£i#n i˚ £›u˚ ã#££#m ›eavx
in £›e ˚en˚e £›a£ £›e'e a'e m#'e k#v ma˚˚ ⁄ian£˚ £›an £›e'e a'e ›i⁄› ma˚˚ ⁄ian£ õkane£˚% �ã#ve £›i˚ vakue,
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Fi⁄u'e 3ˆ S£a£i˚£i•ak #ã˚e'va£i#nak •#n˚£'ain£˚ ¡'#m £›e ew#õkane£ õ#õuka£i#n% T#õ ke¡£ (m#diffled ¡'#m
Max#' e£ ak% 2011(ˆ ma˚˚ di˚£'iãu£i#n% T#õ 'i⁄›£ˆ #ã˚e'ved (ãia˚ed( ma˚˚-'adiu˚ 'eka£i#n% Da£a ¡'#m £›e
N�S� ew#õkane£ a'•›ive, in•kudin⁄ õkane£˚ vi£› 'eka£ive mean e''#'˚ #¡ ke˚˚ £›an fi0) in ma˚˚ and 'adiu˚
and vi£› jn#vn ˚£ekka' ma˚˚ and #'ãi£ak õe'i#d% Ã#££#m ke¡£ (m#diffled ¡'#m Fuk£#n àÕe£i⁄u'a 201è(ˆ
'adiu˚ di˚£'iãu£i#n% S#me imõ#'£an£ ¡ea£u'e˚ a'e kaãekked% Ã#££#m 'i⁄›£ (m#diffled ¡'#m Fuk£#n e£ ak% 2021(ˆ
˚emimaj#' awi˚ di˚£'iãu£i#n ¡#' õkane£˚ m#'e ma˚˚ive £›an 30 L⊕% Qav #ã˚e'ved and ãia˚-•#''e•£ed 'e˚uk£˚
a'e ⁄iven%

£›e ¡'e±uen•x de•'ea˚e˚ even ˚£'#n⁄e' (San£#˚ e£ ak% 201;(% V›e£›e' £›e'e i˚ an •kea' uõõe' end #¡ £›e ÕMF
i˚ unjn#vn, ãu£ £›e'e a'e #nkx ve'x ¡ev ã'#vn dva'¡˚ a'#und S#ka'-kije ˚£a'˚ in˚ide #¡ aã#u£ fi �U (F'e£›e'
àKineveave' 2006(% T›e d'ie˚£ õa'£, and £›u˚ a õ#£en£iak uõõe' end #¡ £›e ÕMF mi⁄›£ ãe a£ a'#und 30 LI

(Sa›kmann e£ ak% 2011(% M#vin⁄ £# ˚makk ma˚˚e˚, £›e'e i˚ a ã'eaj in £›e ÕMF a£ a'#und 30 L⊕ ãek#v v›i•›
£›e ¡'e±uen•x in•'ea˚e˚ ˚£'#n⁄kx (H#va'd e£ ak% 2010§ Max#' e£ ak% 2011( a˚ ›ad ãeen õ'edi•£ed ãx m#dek˚
ãa˚ed #n £›e •#'e a••'e£i#n £›e#'x, v›e'e a£ a ˚imika' £#£ak ma˚˚ (•#'e + envek#õe(, ⁄a˚ a••'e£i#n ãe•#me˚
imõ#'£an£ (M#'da˚ini e£ ak% 2009(% T›u˚, £›e ã'eaj v#ukd •#''e˚õ#nd £# £›e £'an˚i£i#n ¡'#m a ˚k#õe £›a£ i˚
⁄#ve'ned ãx ˚#kid a••'e£i#n £# #ne ⁄#ve'ned ãx ⁄a˚ a••'e£i#n% Mi•'#ken˚in⁄ #ã˚e'va£i#n˚, ›#veve', •›akken⁄e
£›i˚ õi•£u'e (Su¥uji e£ ak% 201è(%

Qe⁄a'din⁄ £›e ˚emimaj#' awe˚ #¡ ⁄ian£ õkane£˚, £›e'e i˚ a k#•ak mawimum a£ a õe'i#d #¡ aã#u£ 3-ƒ dax˚
£›a£ i˚ ¡#'med ãx £›e H#£ Ìuõi£e'˚% I£ i˚ ¡#kk#ved ãx a ke˚˚ õ#õuka£ed 'e⁄i#n jn#vn a˚ £›e õe'i#d vakkex
(Ud'x e£ ak% 2003(% �£ aã#u£ 1 �U, £›e ¡'e±uen•x in•'ea˚e˚ ãx aã#u£ a ¡a•£#' ƒ (Fuk£#n e£ ak% 2021(% �k'eadx
#u£˚ide #¡ aã#u£ 3-10 �U, £›e ¡'e±uen•x •#ukd ãe de•'ea˚in⁄ (Ã'xan e£ ak% 2016§ Fe'nande˚ e£ ak% 2019§ Fuk£#n

;



e£ ak% 2021( ãu£ £›i˚ mi⁄›£ ãe an efe•£ #¡ £›e #ã˚e'va£i#nak ãia˚ (Ka⁄'an⁄e e£ ak% 2023(%
V›ike £›e e••en£'i•i£ie˚ #¡ £›e S#ka' Sx˚£em õkane£˚ i˚ ve'x k#v, £›e'e i˚ a ã'#ad di˚£'iãu£i#n #¡ e••en£-

'i•i£ie˚ ¡#' ew£'a˚#ka' ⁄ian£ õkane£˚ vi£› aã#u£ ›ak¡ #¡ £›em ›avin⁄ an e••en£'i•i£x in ew•e˚˚ #¡ 0%3 (F#'d
àQa˚i# 200è(% S#me ew#õkane£˚ even ›ave e••en£'i•i£ie˚ ew•eedin⁄ 0%9 (Nae¡ e£ ak% 2001(% T›e di˚£'iãu£i#n
'e˚emãke˚ ¡#' £›e ›i⁄›e' vakue˚ a Qaxkei⁄› di˚£'iãu£i#n v›i•› i˚ £›e di˚£'iãu£i#n ewõe•£ed ¡'#m õkane£-õkane£
˚•a££e'in⁄ (Ìu'ic àT'emaine 200è(% T›i˚ i˚ an indi•a£i#n £›a£ in ˚#me ew£'a˚#ka' ˚x˚£em˚, ˚£'#n⁄ dxnami•ak
in£e'a•£i#n˚ ›ave ›aõõened (Vinn àFaã'x•jx 201fi(, an efe•£ £›a£ i˚ ak˚# ˚een in nume'i•ak ˚imuka£i#n˚
(Qa˚i# àF#'d 1996§ Em˚en›uãe' e£ ak% 2023(% V›en £ajin⁄ in£# a••#un£ £›a£ 'adiak vek#•i£x mea˚u'emen£˚
a'e ãia˚ed £#va'd˚ #ve'e˚£ima£in⁄ e••en£'i•i£ie˚ (Ku•x àSveenex 19;1§ Ha'a e£ ak% 2019(, £›en a ˚i⁄niffl•an£
numãe' #¡ #'ãi£˚ a'e ak˚# •#n˚i˚£en£ vi£› ãein⁄ •i'•uka'% Õkane£˚ de£e•£ed via 'adiak vek#•i£x vi£› k#ve'
ma˚˚e˚ (ke˚˚ £›an aã#u£ 30 L⊕( £end £# ›ave k#ve' e••en£'i•i£ie˚ #¡ ke˚˚ £›an aã#u£ 0%fi (Max#' e£ ak% 2011(%
T'an˚i£in⁄ õkane£˚ de£e•£ed ãx £›e Jeõke' mi˚˚i#n in muk£iõke ˚x˚£em˚ õkane£˚ ›ave #'ãi£˚ £›a£ a'e akm#˚£
•i'•uka' (ave'a⁄e #¡ aã#u£ 0%02-0%0fi(% T›ex ak˚# ›ave k#v mu£uak in•kina£i#n˚ #¡ aã#u£ 1%ƒ de⁄'ee˚ #' ke˚˚
˚•akin⁄ inve'˚ekx vi£› £›e numãe' #¡ õkane£˚ in £›e ˚x˚£em (Vei˚˚ e£ ak% 2022(% E••en£'i•i£x and in•kina£i#n
a'e •#''eka£ed vi£› ea•› #£›e' (Wie e£ ak% 2016(%

T›e di˚£'iãu£i#n #¡ 'adii #¡ õkane£˚ de£e•£ed ãx £›e Jeõke' ˚a£ekki£e ˚›#v˚ a õeaj a£ aã#u£ £›e ˚ame
˚i¥e a˚ Ìuõi£e', v›i•› i˚ •#n˚i˚£en£ vi£› £›e £›e#'e£i•ak 'eka£i#n ãe£veen ma˚˚ and 'adiu˚ (M#'da˚ini e£ ak%
2012ã(% T›e 'adiu˚ di˚£'iãu£i#n i˚ '#u⁄›kx •#n˚£an£ in knf’Q( ¡#' õkane£˚ ãe£veen ƒ and 10 Q⊕% F#' ˚makke'
õkane£˚, £›e numãe' #¡ õkane£˚ in•'ea˚e˚ ˚›a'õkx (F'e˚˚in e£ ak% 2013( v›i•› i˚ ˚#me£ime˚ 'e¡e''ed £# a˚ £›e
“'adiu˚ •kif“ (Ji£e e£ ak% 2019(% T›e'e i˚ a k#•ak minimum in £›e di˚£'iãu£i#n a£ a'#und 1%; Q⊕ jn#vn a˚
£›e 'adiu˚ ⁄aõ #' 'adiu˚ vakkex (Fuk£#n e£ ak% 201;§ Van Exken e£ ak% 201è(% I£ ˚eõa'a£e˚ ˚makke' ˚uõe'-Ea'£›
õkane£˚ £›a£ a'e m#˚£kx '#•jx ¡'#m ka'⁄e' Suã-Neõ£une˚ £›a£ ›ave £›i•j H/He a£m#˚õ›e'e˚ #' va£e' kaxe'˚
(M#u˚i˚ e£ ak% 2020(% T›i˚ •#ukd ãe ãe•au˚e #¡ £›e k#˚˚ #¡ £›e õ'im#'diak H/He a£m#˚õ›e'e˚ due £# ˚£ekka'
'adia£i#n (Ñven àVu 2013§ Ìin àM#'da˚ini 201è( #' dife'en£ ¡#'ma£i#n õa£›vax˚ ¡#' £›e˚e £v# £xõe˚ #¡
õkane£˚ (Ven£u'ini e£ ak% 2020§ Ãu'n e£ ak% 202ƒ(%

3)3)5 BnqqdkWs-nmr v-sg gnrs rsWq 1qn1dqs-drc W4dc Wm, -msqWhrwrsdl Wqbg-sdbs2qd

T›e m#˚£ vekk-jn#vn •#''eka£i#n vi£› ˚£ekka' õ'#õe'£ie˚ i˚ £›e ›i⁄›e' ¡'e±uen•x #¡ ⁄ian£ õkane£˚ a'#und ˚£a'˚
vi£› ›i⁄›e' me£akki•i£x v›i•› va˚ n#£ed ak'eadx ea'kx #n (F#n¥ake¥ 199;§ San£#˚ e£ ak% 200ƒ§ Fi˚•›e' àVaken£i
200fi§ D#n⁄ e£ ak% 201è(% In £›e d#main #¡ me£akki•i£ie˚ aã#ve £›e S#ka' vakue, £›e ¡'e±uen•x #¡ ⁄ian£ õkane£˚
in•'ea˚e˚ ãx aã#u£ an #'de' #¡ ma⁄ni£ude ¡'#m }Fe/H[=0 £# }Fe/H[=0%fi% T›i˚ i˚ #¡£en ˚een a˚ eviden•e £›a£
•#'e a••'e£i#n i˚ £›e main m#de #¡ ⁄ian£ õkane£ ¡#'ma£i#n (Ida àKin 200ƒ§ M#'da˚ini e£ ak% 2012a(% F#' k#ve'
ma˚˚ #' ˚makke' õkane£˚, £›e deõenden•x #n me£akki•i£x ãe•#me˚ veaje' and veaje', and ¡#' õkane£˚ vi£› £›e
˚makke˚£ 'adii •u''en£kx jn#vn (≲ 0.6Q⊕(, £›e'e ˚eem˚ even £# ãe a õ'e¡e'en•e ¡#' ˚ki⁄›£kx ˚uã-S#ka' vakue˚
(Max#' e£ ak% 2011§ Õe£i⁄u'a e£ ak% 201è§ Na'an⁄ e£ ak% 201è(%

T›e #••u''en•e #¡ ⁄ian£ õkane£˚ a'#und ›#˚£ ˚£a'˚ vi£› k#ve' ma˚˚e˚ (M-dva'¡˚( i˚ aã#u£ 2-6) v›i•›
i˚ k#ve' £›an ¡#' S#ka'-kije ˚£a'˚ (Ã#nfflk˚ e£ ak% 2013§ F›e¥¥i e£ ak% 201è§ Saã#££a e£ ak% 2021§ Qiãa˚ e£ ak%
2023(% T›e di˚•#ve'x #¡ ⁄ian£ õkane£˚ a'#und ˚£a'˚ #¡ even ve'x k#v ma˚˚ (∼ /.0 S#ka' ma˚˚e˚, L⊙( i˚ ˚een
a˚ a •›akken⁄e £# ã#£› •#'e a••'e£i#n and ⁄'avi£a£i#nak in˚£aãiki£x m#dek˚ (M#'ake˚ e£ ak% 2019§ Ãu'n e£ ak%
2021§ S•›ke•je' e£ ak% 2022(, ãu£ 'e•en£ ˚imuka£i#n˚ •#mãinin⁄ ⁄'#v£› ãx õeããke a••'e£i#n and ⁄ian£ imõa•£˚
fflnd ¡#' ˚õe•iak •#ndi£i#n˚ (›i⁄› di˚j ma˚˚e˚, ›i⁄› £u'ãuken•e kevek( ⁄ian£ õkane£ ¡#'ma£i#n ak˚# a'#und ˚u•›
˚£a'˚ (Õan e£ ak% 2023(% In •#n£'a˚£ £# ⁄ian£ õkane£˚, k#v-ma˚˚ ˚£a'˚ ›ave 2-3 £ime˚ m#'e k#v-ma˚˚ õkane£˚
(a'#und 10 Ea'£› ma˚˚e˚( £›an F-£xõe ˚£a'˚ a˚ ¡#und via £›e £'an˚i£ me£›#d u˚in⁄ Jeõke' (Mukde'˚ e£ ak%
201fi( and ka£e' ˚uõõ#'£ed u˚in⁄ 'adiak vek#•i£x (Saã#££a e£ ak% 2021(% H#veve', a 'e•en£ 'e-anakx˚i˚ #¡ £›e
Jeõke' da£a •›akken⁄e˚ £›i˚ £'end (Ãe'⁄˚£en e£ ak% 2023(% F#' ˚£a'˚ vi£› ma˚˚e˚ aã#ve 1 L⊙, £›e #••u''en•e
#¡ ⁄ian£ õkane£˚ de£e•£ed ãx 'adiak vek#•i£x ffl'˚£ 'i˚e˚ £# a õeaj a£ aã#u£ 1%; £# 2 S#ka' ma˚˚e˚, and £›en
de•kine˚ ¡#' even m#'e ma˚˚ive ˚£a'˚ (Qefe'£ e£ ak% 201fi§ V#k£›#f e£ ak% 2022(%

T›e 'eka£i#n˚›iõ ãe£veen ˚£ekka' a⁄e and õkane£a'x õ'#õe'£ie˚ and £›ei' ˚£a£i˚£i•˚ i˚ n#v ãein⁄ ewõk#'ed
vi£› va'i#u˚ ˚u'vex˚ (e%⁄%, Mann e£ ak% 2016§ F'andjean e£ ak% 2021§ Caõi˚£'an£ e£ ak% 202ƒ(% F#' £›e˚e ˚£udie˚,
i£ i˚ imõ#'£an£ £›a£ Faia ›a˚ akk#ved £# ⁄'ea£kx ewõanded #u' jn#vked⁄e #¡ x#un⁄ ˚£ekka' ⁄'#uõ˚ (Ã#uma
e£ ak% 2022(% Seve'ak •k#˚e-in õkane£˚ ›ave ãeen ¡#und a'#und x#un⁄ (T-Tau'i, õ'e-main-˚e±uen•e and x#un⁄
main ˚e±uen•e( ˚£a'˚ (David e£ ak% 2016§ D#na£i e£ ak% 2016§ Õkav•›an e£ ak% 2020(% T›ex 'eveak £›a£ ˚#me
õkane£˚ •k#˚e £# £›ei' ˚£a'˚ •an ¡#'m vi£›in a ¡ev mikki#n xea'˚, õ'#ãaãkx due £# #'ãi£ak mi⁄'a£i#n •au˚ed

è



ãx õkane£-di˚j in£e'a•£i#n˚ ãu£ £›a£ dxnami•ak efe•£˚ (›i⁄› e••en£'i•i£x mi⁄'a£i#n( ak˚# õkax˚ a '#ke (Dai
e£ ak% 2023(% T-Tau'i ˚£a'˚ max ›ave m#'e ›#£ Ìuõi£e'˚ £›an main ˚e±uen•e ˚£a'˚ (Xu e£ ak% 201;(% �£ ka'⁄e'
˚eõa'a£i#n˚, di'e•£ ima⁄in⁄ •an ak˚# in¡#'m aã#u£ £›e õ'#õe'£ie˚ #¡ x#un⁄ õkane£˚ vi£› a⁄e˚ #¡ a ¡ev £en˚ #¡
mikki#n xea'˚ (Ka⁄'an⁄e e£ ak% 2010§Ma•in£#˚› e£ ak% 201fi§ Va⁄ne' e£ ak% 2019§ Vi⁄an e£ ak% 2021(% Fi'˚£ di'e•£
de£e•£i#n˚ #¡ õkane£˚ £›a£ a'e ˚£ikk in £›e ¡#'ma£i#n õ'#•e˚˚ ›ave #••u''ed 'eveakin⁄ emi˚˚i#n n#£ #nkx ¡'#m
£›e õkane£˚‘ õ›#£#˚õ›e'e ãu£ ak˚# ¡'#m £›e ⁄a˚ a••'e£i#n ˚›#•j and ¡'#m £›e ˚u''#undin⁄ •i'•umõkane£a'x
di˚j (Jeõõke' e£ ak% 201è§ Hafe'£ e£ ak% 2019a§ Ãeni˚£x e£ ak% 2021§ Van⁄ e£ ak% 2021(% Su•› #ã˚e'va£i#n˚ ›ave
£›e õ#£en£iak £# õu£ mu•› m#'e di'e•£ •#n˚£'ain£˚ #n õ›x˚i•ak õ'#•e˚˚e˚ kije ⁄a˚ a••'e£i#n (Ha˚›im#£# e£ ak%
2020§ Ma'keau e£ ak% 2022(% Fu'£›e'm#'e, £›e'e a'e indi'e•£ indi•a£i#n˚ #¡ £›e õ'e˚en•e #¡ ¡#'min⁄ õkane£˚
via £›ei' imõa•£ #n £›ei' õa'en£ õ'#£#õkane£a'x di˚j (⁄aõ˚, jinj˚ in £›e '#£a£i#nak vek#•i£ie˚( (Tea⁄ue e£ ak%
201è§ Huan⁄ e£ ak% 201è§ Õin£e e£ ak% 2020(% In £›e •#min⁄ xea'˚, £›e ÕK�TÑ £'an˚i£ ˚u'vex (Qaue' e£ ak%
201ƒ( vikk õ'#vide mu•› m#'e ˚£a£i˚£i•ak in¡#'ma£i#n #n ›#v £›e õ#õuka£i#n #¡ £'an˚i£in⁄ õkane£˚ •›an⁄e˚
#ve' £ime%

�˚ ikku˚£'a£ed ãx £›e ma˚˚-di˚£an•e dia⁄'am, £›e ew#õkane£ õ#õuka£i#n ˚›#v˚ a k#£ #¡ va'ia£i#n and
dive'˚i£x am#n⁄ dife'en£ ˚x˚£em˚, ãu£ in£e'e˚£in⁄kx, £›e'e i˚ in •#n£'a˚£ in£'a-˚x˚£em uni¡#'mi£x vi£›in
individuak ˚x˚£em˚ #¡ ˚makk •k#˚e-in õkane£˚, •akked £›e õea˚-in-a-õ#d õa££e'n (Vei˚˚ e£ ak% 201è§ Mikk›#kkand
e£ ak% 201;§ Vei˚˚ e£ ak% 2022(ˆ õkane£˚ in £›e ˚ame ˚x˚£em ›ave •#mõa'aãke ˚i¥e˚, ma˚˚e˚, and 'eka£ive
di˚£an•e˚ ¡'#m ea•› #£›e'% T›e ˚£udx #¡ ew£'a˚#ka' õkane£a'x ˚x˚£em˚ and £›ei' a'•›i£e•£u'ak õa££e'n˚, a˚
#õõ#˚ed £# individuak õkane£˚, i˚ •u''en£kx a fflekd #¡ a•£ive 'e˚ea'•› (e%⁄%, Ki˚˚aue' e£ ak% 2011§ �kiãe'£ 2019§
�dam˚ e£ ak% 2020§ Ãa˚›i àŸu•je' 2021§ Mi˚›'a e£ ak% 2023a,ã§ Em˚en›uãe' e£ ak% 2023(%

3pt O.d:hb6hnmr e.nl n.h4hmSk PnkS. Pxr6dl 6gdn.x Sm: 6gd rghe6 ne 1S.S:h4lr
T›e •ka˚˚i•ak £›e#'x #¡ õkane£a'x ¡#'ma£i#n ãa˚ed #n £›e S#ka' Sx˚£em ak#ne ›ad õ'edi•£ed £›a£ £›e ¡unda-
men£ak a'•›i£e•£u'e #¡ £›e S#ka' Sx˚£em ('e¡'a•£#'x k#v-ma˚˚ £e''e˚£'iak õkane£˚ in˚ide, £›en (£v#( ma˚˚ive
⁄a˚ ⁄ian£ õkane£˚ #u£˚ide #¡ £›e i•ekine, and fflnakkx i•e ⁄ian£˚ #¡ in£e'media£e ma˚˚, akk #n nea'kx •i'•uka'
#'ãi£˚( ˚›#ukd ãe unive'˚ak (D#ke 19;0(% �˚˚umin⁄ £›a£ õkane£˚ ¡#'m in ˚i£u (i%e%, ⁄'#v a£ £›e õ#˚i£i#n v›e'e
£›ex a'e ¡#und n#v(, i£ va˚ £›#u⁄›£ £›a£ ⁄ian£ õkane£˚ a'e akvax˚ ¡#und #u£˚ide #¡ £›e i•e kine, i%e%, £›e
di˚£an•e #u£˚ide #¡ v›i•› i£ i˚ •#kd en#u⁄› (∼1;0 J( ¡#' va£e' £# •#nden˚e in £›e õ'#£#õkane£a'x neãuka
˚u''#undin⁄ £›e x#un⁄ Sun (v›i•› i˚ a£ aã#u£ 2%; �U in #õ£i•akkx £›in i''adia£ed di˚j m#dek˚, Ida àKin
200ƒ(% T›e am#un£ #¡ õkane£a'x ãuikdin⁄ ãk#•j˚ (a˚˚umed £# ãe #nkx jik#me£e'-˚i¥ed õkane£e˚imak˚( £›u˚
in•'ea˚e˚ £›e'e, õ'#vidin⁄ £›e ma£e'iak £# ¡#'m ma˚˚ive •#'e˚ (aã#u£ 10 Ea'£› ma˚˚e˚( ne•e˚˚a'x £# ˚£a'£
eff•ien£ ⁄a˚ a••'e£i#n (Õ#kka•j e£ ak% 1996(% �£ even ka'⁄e' di˚£an•e˚ q, £›e •#kki˚i#nak ⁄'#v£› £ime˚•ake i˚
k#n⁄ ˚in•e i£ i˚ õ'#õ#'£i#nak £# £›e k#•ak Jeõke'ian ¡'e±uen•x

ΩJ’q( ¡

√
FL>

q2
. (1(

v›e'e L> and F a'e £›e ˚£ekka' ma˚˚ and Nev£#nian ⁄'avi£a£i#nak •#n˚£an£, 'e˚õe•£ivekx% T›u˚, ⁄'#v£› i˚
'edu•ed ˚u•› £›a£ £›e #u£va'dkx de•'ea˚in⁄ ˚u'¡a•e den˚i£x #¡ õkane£e˚imak˚ v#ukd #nkx akk#v £›e ¡#'ma£i#n
#¡ k#ve'-ma˚˚ •#'e-d#mina£ed i•e ⁄ian£˚ du'in⁄ £›e fflni£e ki¡e£ime #¡ £›e S#ka' neãuka #¡ a ¡ev mikki#n xea'˚
(Õ#kka•j e£ ak% 1996(% Finakkx, in˚ide #¡ £›e va£e' i•ekine, due £# kimi£ed avaikaãiki£x #¡ ãuikdin⁄ ãk#•j˚, #nkx
k#v-ma˚˚ 'e¡'a•£#'x £e''e˚£'iak õkane£˚ ˚›#ukd ¡#'m%

�n imõ#'£an£ •#n•eõ£ in £›i˚ in ˚i£u £›e#'x i˚ £›e Minimum Ma˚˚ S#ka' Neãuka MMSN (Veiden˚•›ikkin⁄
19;;§ Haxa˚›i 19è1(% In £›i˚ aõõ'#a•›, £›e ma˚˚e˚ in ˚#kid˚ ('e¡'a•£#'x '#•jx ma£e'iak and v#ka£ike i•e˚(
•#n£ained in £›e S#ka' Sx˚£em õkane£˚ (±uan£i£ie˚ v›i•› •an #nkx ãe in¡e''ed indi'e•£kx ¡#' £›e ⁄ian£ õkane£˚(
a'e 'adiakkx ˚õ'ead #ve' £#u•›in⁄ annukki, and £›e ⁄a˚ i˚ •#mõkemen£ed in a S#ka'-•#mõ#˚i£i#n 'a£i#% T›e
'e˚uk£ i˚ £›a£ £›i˚ minimum ma˚˚ S#ka' neãuka ˚›#ukd ›ave •#n£ained aã#u£ è0 L⊕ #¡ ˚#kid˚, and 0%013 L⊙
#¡ ⁄a˚, and £›a£ £›e ˚u'¡a•e den˚i£x #¡ õkane£e˚imak˚ and ⁄a˚ ˚›#ukd ›ave de•'ea˚ed vi£› #'ãi£ak di˚£an•e a˚
a ˚m##£› õ#ve' kav õ'#õ#'£i#nak £# di˚£an•e ∝ q�0.4 vi£› a jumõ (in•'ea˚e( ãx a ¡a•£#' ƒ%2 a£ £›e va£e'
•#nden˚a£i#n ¡'#n£ (i•e kine( a£ 2%; �U ¡#' £›e õkane£e˚imak˚ (Haxa˚›i 19è1(% T›i˚ indi'e•£ in¡e'en•e #¡ £›e
neãuka õ'#õe'£ie˚ •#n£'a˚£˚ £#dax‘˚ aõõ'#a•› #¡ #ã£ainin⁄ £›e õ'#õe'£ie˚ #¡ õ'#£#õkane£a'x di˚j˚ ¡'#m di'e•£
a˚£'#n#mi•ak #ã˚e'va£i#n˚ in ˚£a' ¡#'min⁄ 'e⁄i#n˚ (�nd'ev˚ e£ ak% 2009§ Mi#£ekk# e£ ak% 2022(% V›ike £›e
MMSN ˚£ikk 'emain˚ a õ#in£ #¡ 'e¡e'en•e ¡#' m#de'n m#dek˚, £›e imõ#'£an•e #¡ ˚£'u•£u'ed di˚j in˚£ead #¡
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˚m##£› õ#ve'-kav di˚j˚ (�nd'ev˚ 2020(, and ›i⁄› dive'˚i£x in £›e ˚en˚e #¡ a ka'⁄e ˚õ'ead in in¡e''ed ma˚˚e˚
and ˚i¥e˚ a'e ˚£'e˚˚ed £#dax (Mana'a e£ ak% 2022(%
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MMSN

SPHERE van Boekel et al. 2017

Fi⁄u'e ƒˆ Ke¡£ õanekˆ T›e#'e£i•ak ˚u'¡a•e den˚i£ie˚ #¡ õkane£e˚imak˚ a˚ a ¡un•£i#n #¡ #'ãi£ak di˚£an•e% T›e
'ed da˚›ed kine i˚ £›e Minimum Ma˚˚ S#ka' Neãuka ¡'#m £›e •ka˚˚i•ak v#'j #¡ Haxa˚›i (19è1(% T›e jumõ a£
2%; �U 'eõ'e˚en£˚ £›e •#nden˚a£i#n ¡'#n£ #¡ va£e' (£›e va£e' i•ekine(, keadin⁄ £# an in•'ea˚e #¡ £›e ˚u'¡a•e
den˚i£x% �õa'£ ¡'#m £›e jumõ, £›e MMSN ¡#kk#v˚ a ˚m##£› un˚£'u•£u'ed õ#ve'-kav% T›e ⁄'ax kine˚ ˚›#v
˚u'¡a•e den˚i£ie˚ in¡#'med ãx #ã˚e'va£i#n˚ #¡ õ'#£#õkane£a'x di˚j˚ (Tx•›#nie• e£ ak% 201è(% Ìumõ˚ •#''e˚õ#nd
£# i•ekine˚ #¡ dife'en£ ˚õe•ie˚% V›ike #ã˚e'va£i#nakkx in¡#'med ãx a•£uak di˚j˚, £›e˚e ˚u'¡a•e den˚i£x õ'#fflke˚
˚£ikk a˚˚ume a un˚£'u•£u'ed õ#ve'-kav õ'#fflke (Fi⁄u'e adaõ£ed ¡'#m Em˚en›uãe' e£ ak% 2021ã(% T›i˚ •#n£'a˚£˚
£›e #ã˚e'va£i#n˚ #¡ nume'#u˚ di˚j ˚£'u•£u'e˚ a˚ ikku˚£'a£ed in £›e 'i⁄›£ õanek (ffl⁄u'e adaõ£ed ¡'#m van Ã#ejek
e£ ak% 201;(% I£ ˚›#v˚ £›e ˚•a££e'ed ki⁄›£ ima⁄e #¡ £›e TV Hxa di˚j, £'a•in⁄ ˚uã-mi•'#n du˚£ ⁄'ain˚% T›e
˚£'u•£u'e˚ indi•a£e ⁄a˚ ˚u'¡a•e den˚i£x va'ia£i#n˚ #¡ fi0-è0) a•'#˚˚ £›e £›'ee 'adiak ⁄aõ˚%

H#veve', £›e di˚•#ve'x #¡ £›e dive'˚i£x #¡ ew£'a˚#ka' õkane£˚, ãu£ ak˚# nev £›e#'e£i•ak ˚£udie˚ and di˚j
#ã˚e'va£i#n˚ ›ave ˚›a££e'ed £›e ˚£a£i• õi•£u'e de'ived ¡'#m £›e S#ka' Sx˚£em, õ'#¡#undkx ˚›i¡£in⁄ ˚eve'ak
õa'adi⁄m˚ #¡ õkane£ ¡#'ma£i#n% Ñne •an di˚£in⁄ui˚› £›'ee, õa'£iakkx in£e'kinjed õa'adi⁄m ˚›i¡£˚ˆ

1% M#ãiki£x #¡ £›e ãuikdin⁄ ãk#•j˚ˆ �k'eadx £›e ffl'˚£ ew£'a˚#ka' õkane£ fi1 Õe⁄ ã (Max#' àPuek#¥ 199fi(
a˚ a ⁄ian£ õkane£ #'ãi£in⁄ a£ a ¡ev dax˚ õe'i#d va˚ diame£'i•akkx #õõ#˚ed £# £›e õ'edi•£i#n˚ #¡ £›e in ˚i£u
£›e#'x% T›e ˚uã˚e±uen£kx 'eveaked õ'#õ'ie£ie˚ #¡ ew#õkane£˚ ›a˚ in £›ei' ˚um d'avn a mu•› m#'e dxnami•
õi•£u'e #¡ õkane£ ¡#'ma£i#n, i%e%, a õ'#•e˚˚ v›e'e £›e 'adiak m#ãiki£x and 'edi˚£'iãu£i#n, ãu£ ak˚# £'aõõin⁄,
a˚ vekk a˚ dxnami•ak in£e'a•£i#n˚ #¡ ãuikdin⁄ ãk#•j˚ a£ dife'en£ ⁄'#v£› ˚•ake˚ a'e jex% T›i˚ õa'adi⁄m #¡
m#ãiki£x and dxnami•˚ 'e⁄a'd˚ ã#£› '#u⁄›kx •m-˚i¥ed d'i¡£in⁄ õeããke˚ and ka'⁄e mi⁄'a£in⁄ õ'#£#õkane£˚%

2% T›e na£u'e #¡ õ'#£#õkane£a'x di˚j˚ˆ ˚£'u•£u'e˚ and a••'e£i#n me•›ani˚mˆ M#'e 'e•en£kx, ak˚# £›e viev
#¡ £›e õkane£‘˚ ¡#'ma£i#n envi'#nmen£, £›e õ'#£#õkane£a'x di˚j˚, ›a˚ ˚›i¡£ed in £v# vax˚ˆ ffl'˚£, £# a •#mõkew
˚£'u•£u'ed õi•£u'e (�nd'ev˚ 2020§ Ãae e£ ak% 2023(, avax ¡'#m £›e ˚m##£› õ#ve'-kav˚ in˚õi'ed ãx £›e S#ka'
Sx˚£em% T›e ˚£'#n⁄ imõa•£ #¡ di˚j ˚£'u•£u'e˚ #n õkane£ ¡#'ma£i#n (Kau e£ ak% 2022§ Ìian⁄ àÑ'mek 2023( ›ad
ak'eadx ãeen ˚£'e˚˚ed ãx ˚eve'ak ea'kx v#'j˚ (Ma£˚umu'a e£ ak% 200;§ Ha˚e⁄ava àÕud'i£¥ 2013§ C#keman
àNek˚#n 2016(% Se•#nd, £›e a˚˚umed ¡undamen£ak me•›ani˚m d'ivin⁄ a••'e£i#n in õ'#£#õkane£a'x di˚j˚ i˚
ak˚# ˚›i¡£in⁄ avax ¡'#m £›e £'adi£i#nak õi•£u'e #¡ vi˚•#u˚ di˚j˚ (Kû˚£ 19fi2§ Kxnden-Ãekk àÕ'in⁄ke 19;ƒ( v›e'e
a £u'ãuken£ vi˚•#˚i£x 'edi˚£'iãu£e˚ an⁄uka' m#men£um (S›aju'a àSunxaev 19;3( £# MHD-vind d'iven di˚j
ev#ku£i#n v›e'e ma⁄ne£i• fflekd˚ ew£'a•£ an⁄uka' m#men£um (Ke˚u' e£ ak% 2022§ Vede' e£ ak% 2023(% �˚ di˚j
˚£'u•£u'e˚, £›i˚ ›a˚ õ'#¡#und imõa•£˚ #n õkane£ ¡#'ma£i#n (Ñ⁄i›a'a e£ ak% 201è§ �#xama àÃai 2023(%

3% S#kid a••'e£i#nˆ Finakkx, a˚ an addi£i#nak ˚›i¡£ #¡ õa'adi⁄m 'eka£ed m#'e di'e•£kx £# £›e õkane£˚, i£
i˚ n#v unde'˚£##d £›a£ õkane£e˚imak˚ a'e n#£ £›e #nkx õ#£en£iak a⁄en£˚ #¡ õkane£a'x ˚#kid ⁄'#v£›, ãu£ ak˚#
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˚makke' õeããke˚ (Ñ'mek àJka›' 2010(, in õa'£i•uka' ¡#' £›e ⁄'#v£› #¡ £›e •#'e˚ #¡ (di˚£an£( ⁄ian£ õkane£˚
(Kamã'e•›£˚ àÌ#›an˚en 2012(%

I£ ˚›#ukd ãe n#£ed £›a£ £›e˚e õa'adi⁄m ˚›i¡£˚ a'e #n⁄#in⁄ õ'#•e˚˚e˚ and n# •#nve'⁄en•e #¡ £›e 'eka£ive
imõ#'£an•e #¡ £›e dife'en£ •#n•eõ£˚ ›a˚ ãeen 'ea•›ed a£ £›i˚ £ime% I£ •#ukd vekk ãe £›a£ even£uakkx, a m#'e
•#mõkew õi•£u'e vikk a'i˚e £›a£ ˚xn£›e˚i˚e˚ a˚õe•£˚ #¡ ã#£› £›e •ka˚˚i•ak and nev õa'adi⁄m˚ (V#ekjek e£ ak%
2022(%

In £›e •#n£ew£ #¡ £›e õa'adi⁄m #¡ m#ãiki£x #¡ £›e ãuikdin⁄ ãk#•j˚ and õ'#£#õkane£˚, i£ i˚ in£e'e˚£in⁄ £#
n#£e £›a£ ã#£› õ'#•e˚˚e˚, £›e ea'kx 'adiak d'i¡£ #¡ õeããke˚ (Veiden˚•›ikkin⁄ 19;;( a˚ vekk a˚ ⁄a˚-d'iven #'ãi£ak
mi⁄'a£i#n #¡ õ'#£#õkane£˚ (F#kd'ei•› àT'emaine 19è0§ Kin àÕaõak#i¥#u 19è6( ve'e £›e#'e£i•ak •#n•eõ£˚
de'ived vekk ãe¡#'e £›e di˚•#ve'x #¡ fi1 Õe⁄ ã% Ñ'ãi£ak mi⁄'a£i#n, ãe•au˚e #¡ i£˚ ˚eemin⁄ aã˚en•e #' ineff•ien•x
a˚ jud⁄ed ¡'#m £›e S#ka' Sx˚£em ak#ne, va˚ ›#veve' n#£ ˚een a˚ #¡ ›i⁄› imõ#'£ #' va˚ even di˚mi˚˚ed
•#mõke£ekx un£ik £›e ew#õkane£˚ ve'e di˚•#ve'ed%

t Ogwr-bTi 1pnbdrrdr 4nudpm-m4 1iTmd6 enplT6-nm

Fi⁄u'e fiˆ � •a'£##n viev #¡ £›e dife'en£ ˚£a⁄e˚ #¡ õkane£ ¡#'ma£i#n and ev#ku£i#n and £›e õ'#•e˚˚e˚ inv#kved%
�£ £›e £#õ, £›e main •ka˚˚e˚ #¡ di˚j ev#ku£i#n a'e indi•a£ed ãx ãka•j ›#'i¥#n£ak ãa'˚% In £›e middke, £›e
õanek˚ •#nne•£ed ãx v›i£e a''#v˚ ˚›#v £›e main ⁄'#v£› ˚£a⁄e˚ and inv#kved õ'#•e˚˚e˚ #¡ ⁄'#v£› in £›e
•#'e a••'e£i#n õa'adi⁄m v›i•› i˚ a ã#££#m uõ õ'#•e˚˚% T›e ⁄'avi£a£i#nak in˚£aãiki£x õa'adi⁄m ¡#' ⁄ian£
õkane£ ¡#'ma£i#n, a £#õ-d#vn õ'#•e˚˚, i˚ ak˚# ˚›#vn% T›e ã#££#m õanek˚ ˚›#v va'i#u˚ addi£i#nak õ›x˚i•ak
õ'#•e˚˚e˚ ⁄#ve'nin⁄ a£ £›e dife'en£ ˚£a⁄e˚% � numãe' #¡ £xõi•ak £ime˚•ake˚ a'e ak˚# ⁄iven% (Ima⁄e C'edi£˚ˆ V%
Ãen¥/C% M#'da˚ini (•#mõ#˚i£e(% Suã-ffl⁄u'e˚ ¡'#m �nd'ev˚ e£ ak% (201èã(§ Ãa'u£eau e£ ak% (201ƒ(§ Ãi'n˚£iek
e£ ak% (2012(§ N�S�§ ES�§ N�S�/ÌÕK§ ES�, �% Vidak-Madja' (I�Õ, CNQS(, N�S�%(

V›ike £›e eme'⁄en•e #¡ õkane£˚ ¡'#m a õ'#£#õkane£a'x di˚j i˚ undi˚õu£ed, ˚eve'ak •#mõe£in⁄ #' •#mõke-
men£a'x õa'adi⁄m˚ £# ¡#'m £›e ã#die˚ ewi˚£% Simika' £# ˚£a'˚, ⁄ian£ ⁄a˚e#u˚ õkane£˚ max ¡#'m di'e•£kx in a
£#õ-d#vn ¡a˚›i#n ¡'#m £›e ˚ek¡-⁄'avi£a£i#nak •#kkaõ˚e #¡ a ka'⁄e un˚£aãke õa'£ #¡ a õ'#£#õkane£a'x di˚j (Ã#˚˚
199;( - £›e ˚#-•akked di˚j in˚£aãiki£x #' ⁄'avi£a£i#nak in˚£aãiki£x me•›ani˚m (J'a££e' àK#da£# 2016(% Sin•e
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£›e m#˚£ un˚£aãke vaveken⁄£› i˚ 'eka£ivekx ka'⁄e (T##m'e 196ƒ(, ⁄'avi£a£i#nak in˚£aãiki£x vikk kead £xõi•akkx
£# ⁄ian£ õkane£˚ a£ ka'⁄e #'ãi£ak di˚£an•e˚ (S•›iã e£ ak% 2023(% T›e me•›ani˚m need˚ ma˚˚ive ⁄a˚ di˚j˚ and
kijekx #••u'˚ du'in⁄ #' ju˚£ a£ £›e end #¡ £›e in¡akk õ›a˚e v›en £›e õ'#£#õkane£a'x di˚j i˚ ¡#'min⁄ (S•›iã
e£ ak% 2021(% I£˚ eff•ien•x i˚ ˚£ikk unjn#vn, ãu£ i£ mi⁄›£ ãe £›e ¡#'ma£i#n me•›ani˚m #¡ ˚#me di˚£an£ ma˚˚ive
õkane£˚ (Ma'#i˚ e£ ak% 200è, 2010(%

Ñn £›e #£›e' ›and, £›e ã#££#m-uõ ¡#'ma£i#n #¡ õkane£˚ ˚£a'£in⁄ #u£ ˚makk and ⁄'#vin⁄ #ve' £ime i˚ ˚een
a˚ £›e ˚£anda'd õa£›vax £# ¡#'m õkane£˚, ã#£› ⁄a˚ ⁄ian£˚ and ˚makk '#•jx õkane£˚% In £›e ¡#kk#vin⁄, ve vikk
'eviev ˚#me #¡ £›e jex õ'#•e˚˚e˚ #¡ õkane£ ¡#'ma£i#n via £›i˚ •#'e a••'e£i#n õa'adi⁄m v›i•› need˚ £# •#nne•£
mi•'#me£e'-˚i¥ed du˚£ in›e'i£ed ¡'#m £›e in£e'˚£ekka' medium £# £›e fflnak õkane£˚ vi£› ˚i¥e˚ #¡ ˚eve'ak £en
£›#u˚and jik#me£e'˚%

V›ike d#in⁄ ˚#, ve ¡#kk#v £›e ˚imõkiffled õi•£u'e #¡ ˚e±uen£iak ⁄'#v£› ˚›#vn in Fi⁄% fi, add'e˚˚in⁄ õ›x˚i•ak
õ'#•e˚˚e˚ £›a£ a'e 'ekevan£ ak#n⁄ £›e vax% In £›e ffl⁄u'e, £›e dife'en£ ˚£a⁄e˚ a'e ˚›#vn in £›e uõõe' õa'£,
v›ike in £›e k#ve' õa'£, õ›x˚i•ak õ'#•e˚˚e˚ 'ekevan£ a£ £›e˚e ˚i¥e˚ a'e ˚›#vn% C›a'a•£e'i˚£i• £ime˚•ake˚ a'e
ak˚# ⁄iven, ãu£ i£ ˚›#ukd ãe n#£ed £›a£ £›ex a'e #nkx ve'x '#u⁄› indi•a£ive vakue˚, and deõend ¡#' ewamõke
#n £›e #'ãi£ak di˚£an•e £›a£ i˚ •#n˚ide'ed%

Ve ãe⁄in #n £›e ke¡£ #¡ Fi⁄% fi vi£› £›e õ'#£#õkane£a'x ⁄a˚ di˚j 3%1 £›a£ ˚e£˚ £›e ãa•j⁄'#und ˚£'u•£u'e
in v›i•› õkane£˚ ¡#'m% T›e new£ ˚e•£i#n di˚•u˚˚e˚ £›e dxnami•˚ #¡ £›e ˚makk ãuikdin⁄ ãk#•j˚, mi•'#me£e'-
˚i¥ed du˚£ and '#u⁄›kx •m-˚i¥ed õeããke˚, v›e'e £›e ka££e' ¡#'m 'aõidkx #n a £ime˚•ake #¡ 0/3 xea'˚ £›'#u⁄›
•#a⁄uka£i#n 3%2% �£ £›i˚ ˚£a⁄e, £›e 'adiak d'i¡£ £›'#u⁄› £›e di˚j i˚ a jex õ'#•e˚˚%

T›e new£ ˚£eõ, £›a£ ›aõõen˚ a¡£e' ∼ 0/4 xea'˚, i˚ £›e ⁄'#v£› ¡'#m õeããke˚ £# õkane£e˚imak˚ a˚ £›e ffl'˚£
⁄'avi£a£i#nakkx ã#und #ãje•£˚ v›i•› i˚ add'e˚˚ed in Se•£% 3%3% I£ kijekx inv#kve˚ £›e ˚£'eamin⁄ in˚£aãiki£x a˚ a
vax £# •#n•en£'a£e õeããke˚ £# a õ#in£ £›a£ a õeããke •k#ud ãe•#me˚ ˚ek¡-⁄'avi£a£in⁄ and •#kkaõ˚e˚ £# di'e•£kx
¡#'m õkane£e˚imak˚%

F#' £›e new£ ˚£eõ, £›e vax in v›i•› õ'#£#õkane£˚ (#ãje•£˚ #¡ a ˚i¥e #¡ aã#u£ 1000 jm( ⁄'#v ¡u'£›e'
ãx £›e a••'e£i#n #¡ ˚#kid ãuikdin⁄ ãk#•j˚, ˚eve'ak õ#˚˚iãiki£ie˚ ewi˚£ (Se•£ 3%ƒ(, namekx õeããke a••'e£i#n and
õkane£e˚imak a••'e£i#n% T›i˚ i˚ a õ'#•e˚˚ £›a£ #••u'˚ #n a ∼ 0/5 xea' £ime˚•ake% T›e˚e õ'#£#õkane£˚ ew•›an⁄e
an⁄uka' m#men£um vi£› £›e ⁄a˚ di˚j, keadin⁄ £# #'ãi£ak mi⁄'a£i#n% I£ i˚ di˚•u˚˚ed in Se•£% 3%6%

S#me õ'#£#õkane£˚ ⁄'#v ma˚˚ive en#u⁄› (∼ 10 L⊕( £# ãe aãke £# a••'e£e neãuka' ⁄a˚ eff•ien£kx, keadin⁄
£# £›e ¡#'ma£i#n #¡ ⁄a˚ ⁄ian£˚% T›e õ'#•e˚˚ #¡ ⁄a˚ a••'e£i#n i˚ di˚•u˚˚ed in Se•£% 3%fi #n a £ime˚•ake #¡ ≲ 0/6

xea'˚%
�¡£e' £›e di˚˚iõa£i#n #¡ £›e ⁄a˚ di˚j, £e''e˚£'iak õkane£˚ ¡#'m via ⁄ian£ imõa•£˚ #n a £ime˚•ake #¡ aã#u£

100 Mx', ak£›#u⁄› ˚#me m#'e 'e•en£ m#dek˚ õ'#õ#˚e £›a£ ˚uã˚£an£iak ⁄'#v£› max ak'eadx ›aõõen ea'kie'
(Ñ⁄i›a'a e£ ak% 201è§ Ã'#ž e£ ak% 2021§ Ãa£x⁄in àM#'ãidekki 2023§ V## e£ ak% 2023(%

Finakkx, in õ'in•iõke du'in⁄ £›e en£i'e ki¡e£ime #¡ a õkane£a'x ˚x˚£em, £›e dife'en£ •#mõ#nen£˚ in£e'a•£
⁄'avi£a£i#nakkx and ˚e££ke in£# a ˚£a£e £›a£ i˚ ˚£aãke #ve' Fx'-£ime˚•ake˚% Ñn £›e individuak õkane£˚, ev#k-
u£i#na'x õ'#•e˚˚e˚ kije •##kin⁄ and •#n£'a•£i#n, a£m#˚õ›e'i• e˚•aõe, and va'i#u˚ me•›ani˚m˚ kije in£e'i#'-
a£m#˚õ›e'e in£e'a•£i#n˚ (in/#u£⁄a˚˚in⁄( and ⁄e#õ›x˚i•ak •x•ke˚ £aje õka•e%

tpo DSr :hri
Ñn £›e m#dekkin⁄ ˚ide, £›e ˚£'u•£u'e #¡ õ'#£#õkane£a'x di˚j˚ i˚ ˚imuka£ed vi£› 2 and 3D ›xd'#dxnami•
nume'i•ak ˚imuka£i#n˚ £›a£ •an in•kude £›e efe•£˚ #¡ 'adia£ive ene'⁄x £'an˚õ#'£ and ma⁄ne£i• fflekd˚, v›e'e i£
i˚ imõ#'£an£ ¡#' £›e ka££e' £# in•kude n#n-ideak efe•£˚ (˚ee Tu'ne' e£ ak% 201ƒ§ Ke˚u' e£ ak% 2022, and 'e¡e'en•e˚
£›e'ein(% V›ike xiekdin⁄ a de£aiked unde'˚£andin⁄ #¡ £›e ˚£'u•£u'e #¡ £›e di˚j˚, £›e˚e ˚imuka£i#n˚ •an #nkx
˚imuka£e ˚›#'£ £emõ#'ak in£e'vak˚ ãe•au˚e #¡ £›ei' •#mõu£a£i#nak •#˚£˚%

T# ˚imuka£e £›e ¡ukk £emõ#'ak ev#ku£i#n #n a mikki#n xea' £ime˚•ake, #ne dimen˚i#nak ('adiak( awi˚xmme£'i•
m#dek˚ #¡ ⁄a˚ di˚j ev#ku£i#n ve'e devek#õed ãx Kxnden-Ãekk àÕ'in⁄ke (19;ƒ(§ Õ'in⁄ke (19è1( and ¡#' ewamõke
'evieved in �'mi£a⁄e àJkex (2019(% F#' #u' õu'õ#˚e˚, i£ i˚ u˚e¡uk £# 'e•akk £›e ãa˚i• •#n•eõ£ v›i•› vikk ›ekõ
£# in£'#du•e £›e u˚ed ±uan£i£ie˚%

Õ'#£#õkane£a'x di˚j˚ a'e #¡£en a˚˚umed £# '#£a£e a£ £›e Jeõke'ian #'ãi£ak ¡'e±uen•x ΩJ ¡
}

FL><q2,
v›e'e £›e ˚£ekka' ma˚˚ Lrs‘q, ⁄'avi£a£i#nak •#n˚£an£ F, and di˚£an•e £# £›e ˚£a' q en£e', ak£›#u⁄› £›e ⁄a˚ i˚
a•£uakkx '#£a£in⁄ ˚ki⁄›£kx ˚k#ve' ãe•au˚e #¡ £›e 'adiak õ'e˚˚u'e ˚uõõ#'£ a˚ di˚•u˚˚ed in Se•£% 3%2% Fu'£›e'm#'e,
i¡ £›e di˚j i˚ in ve'£i•ak di'e•£i#n i˚#£›e'mak and in ›xd'#˚£a£i• e±uikiã'ium, £›e ve'£i•ak õ'#fflke #¡ £›e ⁄a˚
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den˚i£x i˚
ρf’y( ¡ ρf./ dwo

�
�y1<1G1

f

(
. (2(

v›e'e ρf./ i˚ £›e ⁄a˚ den˚i£x a£ £›e midõkane,

Gf ¡

√
jAS

Ω1
JµlG

(3(

i˚ •akked £›e ⁄a˚ ˚•ake ›ei⁄›£, S i˚ £›e £emõe'a£u'e, and µlG i˚ £›e mean m#ke•uka' vei⁄›£ •#nven£i#nakkx
ewõ'e˚˚ed in ›xd'#⁄en a£#mi• ma˚˚ uni£˚ lG%

Õ'#£#õkane£a'x di˚j˚ a'e #ã˚e'ved £# di˚˚iõa£e in aã#u£ 1 £# 10 Mx' (Hai˚•› e£ ak% 2001§ Õ¡ak¥ne' e£ ak%
2022( (vi£› a ve'x ka'⁄e ˚õ'ead in ki¡e£ime˚( and 'eka£ivekx ›i⁄› a••'e£i#n 'a£e˚ #n£# £›e ›#˚£ ˚£a' ∼ 0/�7

M⊙/x' a'e #ã˚e'ved (e%⁄% �k•aka e£ ak% 201;§ Mana'a e£ ak% 2022(% T›e ini£iak ma˚˚ #¡ £›e di˚j˚ i˚ u˚uakkx
a˚˚umed £# ãe a ¡ev õe'•en£˚ #¡ £›e ˚£ekka' ma˚˚ ãu£ •#ukd ak˚# ãe an #'de' #¡ ma⁄ni£ude ›i⁄›e', in ã'#ad
a⁄'eemen£ vi£› du˚£ •#n£inuum mea˚u'emen£˚ #¡ x#un⁄ di˚j˚ (T#ãin e£ ak% 2020(% Even unde' £›i˚ #õ£imi˚£i•
a˚˚umõ£i#n, £›e ›i⁄› a••'e£i#n 'a£e˚ imõkx £›a£ m#˚£ #¡ £›e di˚j ma˚˚ need˚ £# ãe £'an˚õ#'£ed £#va'd £›e
˚£a'% T›e'e¡#'e, i£˚ an⁄uka' m#men£um need˚ £# ãe 'em#ved #n £›e ˚ame £ime˚•ake% T›e mi•'#˚•#õi•
vi˚•#˚i£x #¡ £›e di˚j ⁄a˚ •an n#£ a••#un£ ¡#' £›i˚, v›i•› m#£iva£ed £›e in£'#du•£i#n #¡ a £u'ãuken£ α vi˚•#˚i£x
µ ¡ αbrSGf vi£› £›e S›aju'a-Sunxaev α õa'ame£e' (S›aju'a àSunxaev 19;3(% He'e, brS ¡

√
j�S
µlB

i˚ £›e
˚õeed #¡ ˚#und in an i˚#£›e'mak medium% T›e a˚˚umõ£i#n #¡ vi˚•#u˚ ˚›ea' £'an˚õ#'£in⁄ an⁄uka' m#men£um
and Jeõke'ian #'ãi£ak m#£i#n akk#v˚ ¡#' de'ivin⁄ a ˚in⁄ke di˚j ev#ku£i#n e±ua£i#n v›i•› •#n£'#k˚ £›e 'adiak
m#£i#n #¡ £›e ⁄a˚ di˚j and •an ãe ea˚ikx imõkemen£ed in #ne dimen˚i#nak ('#£a£i#nakkx ˚xmme£'i•( m#dek˚
(Kû˚£ 19fi2§ Kxnden-Ãekk àÕ'in⁄ke 19;ƒ(

cΣ

cs
¡
2

q

c

cq

)
q0<1

c

cq

∖
q0<1µΣ

((
. (ƒ(

T›i˚ xiekd˚ £›e ev#ku£i#n #¡ £›e ⁄a˚ ˚u'¡a•e den˚i£x Σ a˚ a ¡un•£i#n #¡ £ime s and di˚£an•e ¡'#m £›e ˚£a' q%
In addi£i#n, a ˚i⁄niffl•an£ efe•£ i˚ ewõe•£ed ¡'#m ene'⁄e£i• 'adia£i#n ›ea£in⁄ £›e m#ke•uke˚ in £›e uõõe'-

#' #u£e'm#˚£ 'e⁄i#n˚ #¡ £›e di˚j% In addi£i#n £# ›ea£in⁄, £›i˚ kead˚ £# i#ni¥a£i#n and di˚˚#•ia£i#n #¡ £›e
m#ke•uke˚% F'#m £›e aã˚#'õ£i#n #¡ £›e ›i⁄›-ene'⁄x 'adia£i#n £›e £›e'mak ene'⁄x #¡ £›e ki⁄›£e' m#n#a£#mi•
›xd'#⁄en õa'£i•ke˚ #' ›xd'#⁄en i#n˚ •an ew•eed £›e k#•ak ⁄'avi£a£i#nak õ#£en£iak ene'⁄x (H#kkenãa•› e£ ak%
199ƒ(% T›u˚, £›ex ãe•#me unã#und and keave £›e di˚j a˚ a vind% T›i˚ õ›#£#evaõ#'a£ive õ'#•e˚˚ •an ãe
d'iven ãx 'adia£i#n #¡ £›e ›#˚£ ˚£a' (F#'£i àH#kkenãa•› 2009§ E'•#kan# e£ ak% 2009( #' ¡'#m ew£e'nak ˚£a'˚
(Fa••›ini e£ ak% 2016(, £xõi•akkxm#'e ma˚˚iveÑ #' Ã ˚£a'˚ v›#˚e ˚õe•£'um in•kude˚ #'de'˚ #¡ma⁄ni£ude˚m#'e
›i⁄›-ene'⁄x õ›#£#n˚% Deõendin⁄ #n £›e ˚#u'•e #¡ £›e 'adia£i#n and £›e vaveken⁄£›, dife'en£ õ'e˚•'iõ£i#n˚
(Õi•#⁄na e£ ak% 2019, 2021§ E'•#kan# e£ ak% 2021§ Hav#'£› e£ ak% 201è( ¡#' an addi£i#nak ˚inj £e'm Σ̂f.duao

in E±ua£i#n ƒ •an ãe u˚ed% Qe•en£kx, di˚j õ›#£#evaõ#'a£i#n va˚ 'evieved in de£aik ãx Vin£e' àHav#'£›
(2022(%

�n#£›e' ˚inj #' ˚#u'•e £e'm •an ãe added in E±ua£i#n ƒ ¡#' £›#˚e min#' •#n˚£i£uen£ ⁄a˚e˚ #£›e' £›an
H/He £›a£ •an •#nden˚e, 'e˚õe•£ivekx evaõ#'a£e #' ˚uãkima£e ¡'#m ˚#kid ⁄'ain˚ unde' neãuka' •#ndi£i#n˚%
T›i˚ ›aõõen˚ in a na''#v 'e⁄i#n a£ £›e i•ekine˚ #¡ £›e va'i#u˚ v#ka£ike ˚õe•ie˚, ˚u•› a˚ H1Ñ, CÑ, and CÑ1%
T›e £'an˚õ#'£ #¡ ˚u•› ⁄a˚e#u˚ ˚õe•ie˚ ˚›#ukd ãe m#dekked individuakkx u˚in⁄ £›e £'an˚õ#'£ e±ua£i#n ¡#' £'a•e'
5uid˚ (e%⁄% Cie˚ka 2011(% V›ike in £e'm˚ #¡ ma˚˚, £›e˚e ˚õe•ie˚ #£›e' £›an H/He a'e #¡ ne⁄ki⁄iãke imõ#'£an•e,
£›ex a'e #¡ jex in£e'e˚£ ¡#' £›e 'e˚uk£in⁄ •›emi•ak •#mõ#˚i£i#n #¡ õkane£˚% M#'e de£aik˚ #n •›emi•ak m#dekkin⁄
#¡ õ'#£#õkane£a'x di˚j˚ a'e 'evieved in C›aõ£e' 2 #¡ £›i˚ v#kume (Ÿ›an⁄ à T'aõman, in õ'e˚˚(%

M#'e 'e•en£kx, an ak£e'na£ive õa'adi⁄m £# £›e •ka˚˚i• vi˚•#u˚ ev#ku£i#n #¡ £›e di˚j ›a˚ ãe•#me £›e ¡#•u˚
#¡ £›e 'e˚ea'•› (˚ee 'eviev #¡ Ke˚u' e£ ak% 2022( ãuikdin⁄ uõ#n £›e 'e˚uk£˚ #¡ n#n-ideak ma⁄ne£#›xd'#dxnami•
˚imuka£i#n˚ (e%⁄%, Ãai e£ ak% 2016§ Ãai 2016(% T›e ma⁄ne£#›xd'#dxnami• in˚£aãiki£x v›i•› •an d'ive ˚i⁄niffl•an£
£u'ãuken£ vi˚•#˚i£ie˚ a˚ a˚˚umed in £›e •ka˚˚i• õi•£u'e i˚ #nkx a•£ive in 'e⁄i#n˚ v›e'e ⁄a˚ i˚ ˚uff•ien£kx i#ni¥ed
(Fammie 1996(% T›i˚ i˚ £›e •a˚e a£ ka'⁄e £emõe'a£u'e˚ v›e'e £›e'mak i#ni¥a£i#n •an £aje õka•e, #' a£ k#v
˚u'¡a•e den˚i£ie˚ v›e'e •#˚mi• 'ax˚ •an i#ni¥e £›e ¡ukk ve'£i•ak ew£en£ #¡ £›e di˚j% Ãe£veen £›e˚e £v# 'e⁄i#n˚,
a vi˚•#u˚kx ‘dead‘ ¥#ne i˚ ewõe•£ed v›e'e £u'ãuken•e kevek˚ a'e k#v and vi˚•#u˚ an⁄uka' m#men£um £'an˚õ#'£
i˚ in›iãi£ed% In £›i˚ 'e⁄i#n, an⁄uka' m#men£um •#ukd ãe õ'ima'ikx 'em#ved ãx ma⁄ne£i•akkx-d'iven vind˚
¡'#m £›e ˚u'¡a•e kaxe' #¡ £›e di˚j% In £›i˚ •a˚e, £›e ev#ku£i#n e±ua£i#n need˚ £# ãe •›an⁄ed £# in•kude an
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adve•£ive £e'm (Su¥uji e£ ak% 2016ã(, ˚u•› a˚ u˚ed in 'e•en£ ⁄k#ãak di˚j ev#ku£i#n ˚£udie˚ (Taã#ne e£ ak% 2022§
Vede' e£ ak% 2023(%

Fi⁄u'e 6ˆ Ev#ku£i#n #¡ a õ'#£#õkane£a'x ⁄a˚ di˚j a˚ a ¡un•£i#n #¡ di˚£an•e ¡'#m £›e ˚£a' and £ime in £›e
•ka˚˚i•ak £u'ãuken£ α-vi˚•#˚i£x õa'adi⁄m% In£e'nak and ew£e'nak õ›#£#evaõ#'a£i#n i˚ ak˚# in•kuded% T›e õanek˚
˚›#v £›e ⁄a˚ ˚u'¡a•e den˚i£x (£#õ ke¡£(, midõkane £emõe'a£u'e (£#õ 'i⁄›£(, a˚õe•£ 'a£i# G<q (ã#££#m ke¡£(,
and a••'e£i#n 'a£e (ã#££#m 'i⁄›£(% In £›e ka££e' õk#£, õ#˚i£ive vakue˚ •#''e˚õ#nd £# a ⁄a˚ 5#v £#va'd˚ £›e
˚£a' (a••'e£i#n( v›ike ne⁄a£ive vakue˚ a'e #u£va'd ˚õ'eadin⁄ õa'£˚ (de•'e£i#n(%

De˚õi£e £›e˚e devek#õmen£˚, i£ i˚ ˚£ikk ›ekõ¡uk £# ˚£udx a˚ a 'e¡e'en•e m#dek £›e •ka˚˚i•ak vi˚•#u˚ õi•£u'e
vi£› a •#n˚£an£ α vakue, a˚ ˚›#vn in Fi⁄u'e 6% T›e ev#ku£i#n #¡ £›e #ve'akk ⁄a˚ ˚u'¡a•e den˚i£x, £›e di˚j
£emõe'a£u'e and ˚•ake ›ei⁄›£, a˚ vekk a˚ £›e 'adiak ⁄a˚ 5#v i˚ ˚›#vn% T›e vi˚•#˚i£x i˚ a˚˚umed £# ›ea£ £›e
di˚j midõkane due £# vi˚•#u˚ di˚˚iõa£i#n% T›i˚ efe•£ •an ãe õ'#minen£kx ˚een in £›e £emõe'a£u'e di˚£'iãu£i#n
in£e'i#' #¡ aõõ'#wima£ekx fi au v›e'e £›e di˚j £emõe'a£u'e ˚k#õe i˚ m#diffled% In £›e vi˚•#u˚kx ›ea£ed õa'£,
£›e £emõe'a£u'e i˚ ˚en˚i£ive £# £›e #õa•i£x #¡ £›e du˚£ ⁄'ain˚ v›i•› in £u'n deõend #n £›e •#mõ#˚i£i#n,
›e'e m#dekked ¡#kk#vin⁄ Ãekk àKin (199ƒ(% In £›ei' #õa•i£x õa'ame£e'i¥a£i#n, a £'an˚i£i#n 'e⁄i#n a£ £›e
va£e' i•ekine i˚ in£'#du•ed ˚m##£›kx ¡'#m 1fi0 £# 1;0J% I£ mani¡e˚£˚ a˚ a 'e⁄i#n vi£› a ˚›akk#v £emõe'a£u'e
˚k#õe v›i•› m#ve˚ inva'd˚ a˚ £ime ev#kve˚% In£e'i#' £# £›e va£e' #õa•i£x £'an˚i£i#n, £›e 'adiak £emõe'a£u'e
⁄'adien£ i˚ ka'⁄e uõ £# £›e ˚iki•a£e evaõ#'a£i#n ¡'#n£ a£ 1000J%

T›e˚e £emõe'a£u'e 'e⁄ime˚ keave an imõ'in£ vi˚iãke in £›e ã#££#m ke¡£ õanek #n £›e a˚õe•£ 'a£i# ˚in•e
£›e ˚•ake ›ei⁄›£ G deõend˚ #n £emõe'a£u'e% In £›e ˚ame õanek, ve •an ˚ee £›a£ £›e di˚j i˚ 5a'in⁄, £›a£
i˚, £›e a˚õe•£ 'a£i# in•'ea˚e˚ vi£› di˚£an•e% In õ'in•iõke, £›i˚ ›a˚ an efe•£ #n £›e aã˚#'ãed 'adia£i#n via
˚›ad#vin⁄% He'e, in˚£ead #¡ a ¡ukkx •#uõked £'ea£men£, a •#n˚£an£, ãu£ '#u⁄›kx •#n˚i˚£en£, 5a'in⁄ an⁄ke
c kmG<c km q ¡ 8<6 (C›ian⁄ àF#kd'ei•› 199;( i˚ a˚˚umed £# •ak•uka£e £›e aã˚#'ãed i''adia£i#n ¡'#m £›e ˚£a'%
T›i˚ va˚ u˚ed in ˚eve'ak v#'j˚ (e%⁄% Hue˚# àFuikk#£ 200fi§ Em˚en›uãe' e£ ak% 2021ã( £# #ã£ain nume'i•akkx
˚£aãke ˚#ku£i#n˚%

1ƒ



Ve n#£e £›a£ ak£›#u⁄› £›e £emõe'a£u'e˚ in £›e di˚j •an ãe ˚uff•ien£ £# evaõ#'a£e ak˚# 'e¡'a•£#'x ˚õe•ie˚,
£›e 'e⁄i#n in v›i•› £›i˚ #••u'˚ i˚ kimi£ed £# an annuku˚ •k#˚e £# £›e ˚£a'% De˚õi£e £›e in•'ea˚ed ˚u'¡a•e
den˚i£x, ki££ke ma˚˚ 'e˚ide˚ in £›i˚ 'in⁄ v›i•› i˚ unkijekx £# keave an imõ'in£ in £›e ma˚˚ ãud⁄e£ #¡ õkane£˚
unde' ˚£anda'd a˚˚umõ£i#n˚% T›e'e¡#'e, £›e •#mõ#˚i£i#n in 'e¡'a•£#'x ekemen£˚ in õkane£˚ i˚ ⁄ene'akkx
ewõe•£ed £# ãe ˚imika' £# £›a£ #¡ £›e ˚£a' (T›iaãaud e£ ak% 201ƒ(%

�˚ £›e vi˚•#˚i£x deõend˚ #n £emõe'a£u'e, £›e ˚£eadx-˚£a£e ˚u'¡a•e den˚i£x vikk ak˚# ev#kve £# a õ'#fflke
v›i•› ˚›#v˚ •#''e˚õ#ndin⁄ ¡ea£u'e˚% Sin•e £›e vi˚•#u˚ £ime˚•ake i˚ ˚›#'£e' a£ ˚makke' di˚£an•e˚, ˚u•› a
˚£eadx-˚£a£e a••'e£i#n i˚ 'ea•›ed #ve' 'eka£ivekx ˚›#'£ £ime˚•ake˚% T›e'e¡#'e, £›e ⁄a˚ a••'e£i#n 'a£e (ã#££#m
'i⁄›£( i˚ 'adiakkx •#n˚£an£ uõ £# £›e £'an˚i£i#n a£ a'#und 20 au v›e'e £›e a••'e£i#n ˚vi£•›e˚ £# de•'e£i#n%
T›i˚ õ#in£ i˚ jn#vn a˚ £›e 'adiu˚ #¡ mawimum vi˚•#u˚ •#uõke #' #¡ vek#•i£x 'eve'˚ak% Su•› a £'an˚i£i#n
i˚ ¡undamen£ak in ˚#ku£i#n˚ £# anx difu˚i#n e±ua£i#n £# •#n˚e've £›e £#£ak an⁄uka' m#men£um (Kû˚£ 19fi2§
Kxnden-Ãekk àÕ'in⁄ke 19;ƒ(% T›e £'an˚i£i#n #••u'˚ v›e'e m#˚£ #¡ £›e ma˚˚ 'e˚e'v#i' i˚ k#•a£ed ¡'#m v›i•›
£›e 'e˚£ #¡ £›e di˚j •an d'av%

T›e #u£e' ed⁄e #¡ £›e õ'#£#õkane£a'x di˚j i˚ ⁄iven ãx £›e e±uikiã'ium ãe£veen vi˚•#u˚ ˚õ'eadin⁄ a⁄ain˚£
ew£e'nak õ›#£#evaõ#'a£i#n (e%⁄%, C#keman e£ ak% 202ƒ(% In Fi⁄u'e 6, £›e ini£iak õ'#fflke i˚ m#'e ew£ended £›an
£›i˚ e±uikiã'ium 'adiu˚, £›u˚ £›e di˚j i˚ ini£iakkx ˚›'injin⁄%

T›e ka£e' ˚£a⁄e˚ #¡ £›e di˚j ev#ku£i#n a'e d#mina£ed ãx õ›#£#evaõ#'a£i#n ˚in•e £›#˚e ˚inj £e'm˚ a'e ›e'e
a˚˚umed £# ãe •#n˚£an£ and indeõenden£ #n £›e k#•ak ˚u'¡a•e den˚i£x% In £›e ˚u'¡a•e den˚i£x ev#ku£i#n õk#£,
i£ •an ãe ˚een £›a£ an inne' ›#ke #õen˚% T›i˚ i˚ a £xõi•ak efe•£ #¡ in£e'nak õ›#£#evaõ#'a£i#n, ›e'e ¡#kk#vin⁄
£›e õ'e˚•'iõ£i#n #¡ Cka'je e£ ak% (2001(% �˚ £›e inne' di˚j i˚ •kea'ed, 'adia£i#n ¡'#m £›e ˚£a' •an ›ea£ £›e
di˚j £›'#u⁄› £›e midõkane v›i•› kead˚ £# an in•'ea˚e in £emõe'a£u'e £# £›e e±uikiã'ium £emõe'a£u'e in £›e
aã˚en•e #¡ a di˚j% �n in•'ea˚in⁄ £emõe'a£u'e ¡'#n£ v›i•› õ'#õa⁄a£e˚ #u£va'd˚ •an ãe ˚een in £›e £#õ 'i⁄›£
õanek ¡#' £›e ka£e˚£ £ime˚£eõ˚ (#'an⁄e £# 'ed •#k#'˚(%

tp3 CxmSlhbr ne :2r6 Sm: 1daakdr
Kije £›e in£e'˚£ekka' medium, £›e õ'#£#õkane£a'x di˚j˚ v›i•› ¡#'m £#⁄e£›e' vi£› £›e ˚£a'˚ due £# (õa'£iak(
an⁄uka' m#men£um •#n˚e'va£i#n du'in⁄ in¡akk d# n#£ #nkx •#n£ain ⁄a˚ ãu£ ak˚# ˚makk õa'£i•ke˚% F'#m muk£i-
vaveken⁄£› ˚õe•£'#˚•#õi• #ã˚e'va£i#n˚, ve jn#v £›a£ £›ex 'an⁄e in ˚i¥e ¡'#m /./0 µl £# 0 µl (Ma£›i˚ e£ ak%
19;;(% �˚ ¡#' £›e ⁄a˚, ve 'e¡e' £# C›aõ£e' £v# in £›i˚ i˚˚ue #' £›e ki£e'a£u'e (Õ#kka•j e£ ak% 199ƒ§ T›iaãaud
e£ ak% 201ƒ( ¡#' a di˚•u˚˚i#n #¡ £›ei' •#mõ#˚i£i#n%

H#v •k#˚ekx £›e õa'£i•ke dxnami•˚ i˚ kinjed £# £›e ⁄a˚ dxnami•˚ i˚ ewõ'e˚˚ed vi£› £›e S£#je˚ numãe' Rs
v›i•› •#''e˚õ#nd˚ £# £›e dimen˚i#nke˚˚ ¡'i•£i#n £ime% I£ 'eka£e˚ £›e ˚£#õõin⁄ £ime #¡ a õa'£i•ke due £# ⁄a˚
d'a⁄ £# a £xõi•ak £ime˚•ake ¡#' £›e ⁄a˚ m#£i#n, £›a£ i˚, in õ'a•£i•e £›e #'ãi£ak £ime˚•ake% T›u˚, Rs ¡ srsnoΩJ,
v›e'e ve a˚˚ume £›e ⁄a˚ #'ãi£˚ a£ a Jeõke'ian ¡'e±uen•x ΩJ% F#' ˚makk õa'£i•ke˚, v›i•› a'e in m#˚£ #¡ £›e
di˚j in £›e Eõ˚£ein d'a⁄ 'e⁄ime (˚ee Veiden˚•›ikkin⁄ 19;;, ¡#' dife'en£ d'a⁄ 'e⁄ime˚(, £›e S£#je˚ numãe' a£
£›e midõkane i˚

Rs ¡
π‘ρr
1Σ

(fi(

¡#' a ⁄iven ⁄a˚ ˚u'¡a•e den˚i£x Σ and õa'£i•ke vi£› ˚i¥e a and ãukj den˚i£x ρr v›i•› i˚ #n £›e #'de' #¡ 0 f bl�2

ãu£ i˚ ewõe•£ed £# ãe ›i⁄›e' i¡ £›e k#•ak £emõe'a£u'e ked £# evaõ#'a£i#n #¡ v#ka£ike ˚õe•ie˚ and k#ve' i¡ ⁄'ain˚
a'e õ#'#u˚ #' ¡'a•£ak v›i•› i˚ •u''en£kx #nkx veajkx •#n˚£'ained%

t)3)o Fqnvsg eqnl C2rs sn Idaakdr

F#' £›e ini£iakkx mi•'#me£e'-˚i¥ed õa'£i•ke˚ in›e'i£ed ¡'#m £›e in£e'˚£ekka' medium, ˚#me£ime˚ 'e¡e''ed £# a˚
m#n#me'˚, £# ⁄'#v, £›ex need £# •#kkide vi£› #£›e' õa'£i•ke˚% T›e •#kki˚i#n 'a£e ãe£veen a ˚õ›e'i•ak õa'£i•ke
#¡ ˚i¥e as vi£› õa'£i•ke˚ #¡ ˚i¥e ao i˚ ⁄iven ãx � ¡ ∆uσm, v›e'e ∆u i˚ £›e 'eka£ive vek#•i£x, σ ¡ π’as * ao(

1

i˚ £›e •'#˚˚ ˚e•£i#nak a'ea #¡ £›e £v# ˚õ›e'i•ak õa'£i•ke˚, and m i˚ £›e numãe' den˚i£x #¡ õa'£i•ke˚ in £›e ⁄a˚%
T# e˚£ima£e £›e k#•ak numãe' den˚i£x i£ i˚ imõ#'£an£ £# a••#un£ ¡#' õa'£i•ke˚ ˚e££kin⁄ £#va'd˚ £›e midõkane

v›i•› k#•akkx in•'ea˚e˚ £›ei' numãe'% T›i˚ õ'#•e˚˚ i˚ 'eka£ivekx ¡a˚£ and vikk 'ea•› an e±uikiã'ium v›e'e a£
'e⁄i#n˚ •k#˚e £# £›e midõkane, £›e õa'£i•ke˚ #¡ a ⁄iven S£#je˚ numãe' •an ãe de˚•'iãed vi£› a 'edu•ed ˚•ake

1fi



›ei⁄›£ Gc •#mõa'ed £# £›e ⁄a˚ (X#udin àKi£›vi•j 200;(

Gc ≈ Gf

√
α

Rs
. (6(

�£ ka'⁄e' ekeva£i#n˚ (y / Gf( a ˚imõke ˚•ake ›ei⁄›£ aõõ'#a•› i˚ imõ'e•i˚e a˚ di˚•u˚˚ed ãx F'#man⁄ àNek˚#n
(2009(% I£ i˚ ¡u'£›e' n#£ev#'£›x £›a£ £›e'e ewi˚£˚ a k#ve' kimi£ £# £›e du˚£ ˚•ake ›ei⁄›£ a˚ £›e ˚›ea' ãe£veen
£›e ˚e££ked kaxe' #¡ ˚#kid˚ and £›e k#v-vi˚•#˚i£x ⁄a˚ aã#ve i£ vikk £'i⁄⁄e' £›e Jekvin-Hekm›#k£¥ in˚£aãiki£x
v›i•› ˚£i'˚-uõ £›e ˚#kid˚% T›u˚, £›e efe•£ in•'ea˚e˚ £›e k#•ak £u'ãuken£ α (X#udin àS›u 2002§ Ì#›an˚en
e£ ak% 2006(%

V›ike £›e numãe' den˚i£x and ˚i¥e #¡ £›e õa'£i•ke˚ i˚ u˚uakkx •#n˚£'ained ¡'#m di˚j m#dek˚, £›e 'eka£ive
vek#•i£x am#n⁄ ⁄'ain˚ #' õeããke˚ deõend˚ #n v›i•› õ'#•e˚˚ d#mina£e˚ £›e õa'£i•ke vek#•i£x (˚ee Ãi'n˚£iek
e£ ak% 2016, ¡#' a 'eviev(% F#' a ka'⁄e õ#'£i#n #¡ a £u'ãuken£ di˚j and ¡#' ˚makk õa'£i•ke˚ (k#v Rs(, £›e vek#•i£x
due £# £u'ãuken•e i˚ d#mina£in⁄ £›e aõõ'#a•› ˚õeed #¡ £v# õa'£i•ke˚ and i˚ aõõ'#wima£ekx ⁄iven ãx (Ñ'mek
àCu¥¥i 200;(

∆u ≈
√

2α

Rs * Rs�0 br . (;(

v›e'e α i˚ £›e S›aju'a àSunxaev (19;3( õa'ame£e' ¡#' £u'ãuken£ ˚£'en⁄£›% Ve n#£e £›a£ deõendin⁄ #n £›e
na£u'e #¡ £›e £u'ãuken•e, £›e indu•ed 'eka£ive vek#•i£ie˚ mi⁄›£ ãe k#ve' ãe•au˚e õa'£i•ke˚ m#ve in •#n•e'£
vi£› ea•› #£›e'% T›i˚ i˚ £›e •a˚e v›en £›e £u'n-#ve' £ime˚ #¡ £›e ka'⁄e eddie˚ i˚ k#n⁄e' £›an £›e ˚£#õõin⁄
£ime #¡ £›e õa'£i•ke˚% Su•› a ˚i£ua£i#n •an ãe ewõe•£ed i¡ £u'ãuken•e i˚ d'iven ãx £›e ve'£i•ak ˚›ea' in˚£aãiki£x
(Nek˚#n e£ ak% 2013§ Kin àX#udin 201fi(%

T›e 'eka£ive vek#•i£ie˚ a'e n#£ #nkx u˚ed £# e˚£ima£e •#kki˚i#n 'a£e˚ ãu£ a'e ak˚# jex £# de£e'mine £›e
#u£•#me #¡ a •#kki˚i#nak en•#un£e'% V›en £›e 'eka£ive vek#•i£ie˚ a'e ka'⁄e' £›an a £›'e˚›#kd vek#•i£x ueq‘f,
õa'£i•ke˚ •an ã'eaj aõa'£ and õ'even£ ¡u'£›e' ⁄'#v£›% Kaã#'a£#'x ewõe'imen£˚ õka•e ueq‘f in £›e 'an⁄e ¡'#m
0l r�0 £# 0/l r�0 (Ãkum àVu'm 200è§ Fundka•› e£ ak% 201è§ S£einõik¥ e£ ak% 2019( deõendin⁄ #n £›e
•#mõ#˚i£i#n% H#veve', £›i˚ i˚ õa'£ #¡ #n⁄#in⁄ 'e˚ea'•› and nume'i•ak ˚imuka£i#n #¡ õ#'#u˚ ⁄'ain˚ ›in£ a£
ka'⁄e' ˚õeed˚ ⁄ivin⁄ 'i˚e £# unin›iãi£ed ⁄'#v£› £# me£e' #' jik#me£e'-˚i¥ed ã#die˚, £›a£ i˚, õkane£e˚imak˚
(Ñju¥umi e£ ak% 2012§ J#ãaxa˚›i àTanaja 2021(% H#veve', #n £›e vax £# õkane£e˚imak˚, #£›e' õ#£en£iak
ãa''ie'˚ need £# ãe #ve'•#me% In˚£ead #¡ ¡'a⁄men£in⁄, £›e •#kki˚i#n #¡ £v# ⁄'ain˚ •#ukd ak˚# kead £# £›e
imõa•£in⁄ õa'£i•ke ã#un•in⁄-#f £›e £a'⁄e£ õa'£i•ke v›i•› ak˚# õ'even£˚ ˚£i•jin⁄ and ⁄'#v£› (Sei¥in⁄e' àJkex
2013(% Qe•en£ v#'j indi•a£e˚ £›a£ di˚•'eõan•ie˚ (S•›'äõke' e£ ak% 2022( ãe£veen kimi£˚ de'ived ¡'#m kaã#'a£#'x
and nume'i•ak aõõ'#a•›e˚ •#ukd ãe 'e˚#kved ãx £ajin⁄ in£# a••#un£ £›e ˚i¥e #¡ £›e õa'£i•ke (�'ajava e£ ak%
2023( v›i•› ˚›#ukd m#£iva£e £›e ad#õ£i#n #¡ £›#˚e kimi£˚ in m#de'n du˚£ ev#ku£i#n m#dek˚ (e%⁄% S£ammke'
àÃi'n˚£iek 2022(%

t)3)3 PW,-Wk Cq-es

� £›i'd ãa''ie' ¡#' ⁄'#v£› i˚ n#£ 'eka£ed £# •#kki˚i#n˚ ãe£veen õa'£i•ke˚ ãu£ £# £›ei' ae'#dxnami• in£e'a•£i#n
vi£› £›e ⁄a˚e#u˚ ma£e'iak (Veiden˚•›ikkin⁄ 19;;(% I£ i˚ a jex ekemen£ #¡ £#dax‘˚ dxnami• õi•£u'e #¡ õkane£
¡#'ma£i#n ãe•au˚e #¡ £›e m#ãiki£x #¡ ãuikdin⁄ ãk#•j˚ di˚•u˚˚ed in Se•£% 2%3%

C#n˚ide'in⁄ a õa'•ek #¡ ⁄a˚, £›e õ'e˚˚u'e ˚uõõ#'£ #¡ £›e ⁄a˚ in£e'i#' £# i£ 'edu•e˚ £›e #'ãi£ak vek#•i£x
'eka£ive £# £›e Jeõke'ian vakue £# (�da•›i e£ ak% 19;6(

uf.ϕ ¡ uJ
}
0� 1η . (è(

v›e'e
η ≡ � q

1u1Jρ

cO

cq
. (9(

uJ i˚ £›e Jeõke'ian #'ãi£ak vek#•i£x, and ρ and O a'e £›e den˚i£x and õ'e˚˚u'e #¡ £›e ⁄a˚% �k£›#u⁄› η i˚ ˚makk
¡#' m#˚£ di˚j õ'#fflke˚, £›e 'edu•ed ⁄a˚ ˚õeed in£'#du•e˚ a ›eadvind ¡#' du˚£ õa'£i•ke˚ #'ãi£in⁄ a£ uJ% �£ 1
�U, i£ i˚ #n £›e #'de' #¡ 100 m/˚% V›ike £›i˚ i˚ ˚makk 'eka£ive £# J, £›i˚ i˚ n#n-ne⁄ki⁄iãke in aã˚#ku£e £e'm˚%

T›e'e¡#'e, ⁄a˚ d'a⁄ i˚ a•£in⁄ and ã'eajin⁄ £›e du˚£ õa'£i•ke, 'em#vin⁄ i£˚ an⁄uka' m#men£um and keadin⁄
£# a 'adiak vek#•i£x •#mõ#nen£% �˚˚umin⁄ £›e 'adiak vek#•i£x £# ãe in ˚£eadx-˚£a£e and ˚makk •#mõa'ed £#
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£›e #'ãi£ak vek#•i£x, a k#v du˚£-£#-⁄a˚ 'a£i#, and a ˚makk vakue #¡ η, i£ ¡#kk#v˚ (Naja⁄ava e£ ak% 19è6(

uc.q ¡
�1ηu� * Rs�0uf.q

Rs�0 * Rs
. (10(

Ve n#£e £›a£ η i˚ £xõi•akkx ne⁄a£ive due £# £›e õ'e˚˚u'e de•'ea˚in⁄ vi£› #'ãi£ak di˚£an•e, £›u˚ £›e õa'£i•ke˚
indeed m#ve – #' d'i¡£ –£#va'd˚ £›e ˚£a'%

Particle size [cm]

Ti
m
e
[y
r]

Fi⁄u'e ;ˆ Qadiak d'i¡£ 'e˚uk£in⁄ ¡'#m £›e di¡-
¡e'en£ '#£a£i#n vek#•i£ie˚ #¡ ˚#kid õa'£i•ke˚
(õeããke˚, õkane£e˚imak˚( and neãuka' ⁄a˚
a'#und £›e ˚£a'% T›e ffl⁄u'e ˚›#v˚ £›e £ime
¡#' a '#•jx (˚iki•a£e( ã#dx #¡ dife'en£ ˚i¥e £#
d'i¡£ ¡'#m 1 �U £# i£˚ £›e'mak de˚£'u•£i#n
(ei£›e' via vaõ#'i˚a£i#n #' mek£in⁄( in £›e
inne' ›#£ õa'£ #¡ £›e di˚j% De˚£'u•£i#n ›aõ-
õen˚ a£ £›e '#•jkine, v›i•› •#''e˚õ#nd˚ £#
£emõe'a£u'e˚ #¡ aã#u£ 1è00J u˚uakkx ¡#und
a£ #'ãi£ak di˚£an•e˚ #¡ a ¡ev 0%01 �U £# 0%1
�U% In £›e ˚i¥e d#main ãe£veen 10 and 100
•m, ã#die˚ ˚õi'ak £# de˚£'u•£i#n ew£'emekx
±ui•jkx (60-;0 x'˚(% Smakke' and ka'⁄e' ã#d-
ie˚ ˚õi'ak in mu•› ˚k#ve'% T›i˚ õk#£ emõ›a˚-
i˚e˚ £›e individuak ã#die˚‘ ãe›avi#u'% T›e
•#kke•£ive ãe›avi#u' in£'#du•e˚ nev efe•£˚
(Se•£% 3%3(%

F'#m E±% 10, ve ˚ee £›a£ õa'£i•ke˚ vi£› S£#je˚ numãe' •k#˚e £# uni£x vikk ewõe'ien•e £›e ˚£'#n⁄e˚£ 'adiak
d'i¡£% �˚ •an ãe ˚een in Fi⁄u'e 3%2%2, £›i˚ ›a˚ £›e •#n˚e±uen•e £›a£ ˚u•› #ãje•£˚ a'e 'em#ved ew£'emekx
±ui•jkx ¡'#m £›e inne' õa'£˚ #¡ £›e S#ka' neãuka (ke˚˚ £›an 100 xea'˚ ¡#' '#u⁄›kx me£e'-˚i¥ed ã#die˚(% F#'
£xõi•ak di˚j õ'#fflke˚, £›e 'adiak d'i¡£ £ime˚•ake ãe•#me˚ ˚›#'£e' £›an du˚£ ⁄'#v£› £ime˚•ake˚ ãek#v a S£#je˚
numãe' #¡ uni£x% T›e'e¡#'e, 'adiak d'i¡£ •an a•£ a˚ a ãa''ie' v›i•› 'em#ve˚ õa'£i•ke˚ in˚£ead #¡ akk#vin⁄ ¡#'
⁄'#v£›% T›i˚ ¡a•£ va˚ £e'med £›e me£e'-˚i¥ed ãa''ie' and i˚ a •#mm#n i˚˚ue di˚•u˚˚ed ˚in•e £›e ea'kx v#'j˚
#¡ V›iõõke (19;2(, Veiden˚•›ikkin⁄ (19;;(, and �da•›i e£ ak% (19;6(%

H#veve', i¡ a k#•ak õ'e˚˚u'e mawimum ewi˚£˚ in £›e 'adiak ⁄a˚ di˚£'iãu£i#n, η and £›e d'i¡£ vek#•i£x •an
•›an⁄e ˚i⁄n% T›u˚, £›e ˚#kid˚ a••umuka£e a£ £›e õ'e˚˚u'e mawimum and i£ vikk a•£ a˚ a du˚£ £'aõ% In
£›e˚e k#•a£i#n˚, £›e d'i¡£ kimi£ •an ãe #ve'•#me% Sxmme£'i• du˚£ ¡ea£u'e˚ #ã˚e'ved vi£› £›e �£a•ama Ka'⁄e
Mikkime£e'/˚uãmm �''ax (�KM�( ˚›#v #ã˚e'va£i#nak eviden•e #¡ £›i˚ ˚•ena'i# (�KM�-Õa'£ne'˚›iõ e£ ak%
201fi§ �nd'ev˚ e£ ak% 201èa(%

H#veve', £#dax 'adiak d'i¡£ i˚ n# k#n⁄e' õe'•eived a˚ a õ'#•e˚˚ £›a£ i˚ #nkx de£'imen£ak £# ⁄'#v£›, ãu£ £›a£
#n £›e •#n£'a'x •an •'i£i•akkx ›ekõ £# ¡#'m õkane£e˚imak˚ and ⁄'#v õkane£˚ ãe•au˚e #¡ £v# jex me•›ani˚m˚ˆ
ffl'˚£, v›en •#n˚ide'in⁄ £›e •#kke•£ive ãe›avi#u' #¡ d'i¡£in⁄ õa'£i•ke˚ (in˚£ead #¡ individuak #ne˚ a˚ in £›e
õ'evi#u˚ •#n˚ide'a£i#n˚( and v›en in•kudin⁄ £›ei' ãa•j-'ea•£i#n #n£# £›e ⁄a˚ di˚j, £›e ¡#kk#vin⁄ in˚£aãiki£x
#••u'˚ˆ ˚õ#n£ane#u˚kx ¡#'min⁄ #ve'-den˚i£ie˚ #¡ d'i¡£in⁄ õa'£i•ke˚ maje £›e ˚u''#undin⁄ ⁄a˚ #'ãi£ a ãi£ ¡a˚£e'
ãe•au˚e #¡ £›e ãa•j-'ea•£i#n% T›i˚ 'edu•e˚ £›e inva'd d'i¡£ #¡ £›i˚ •kumõ #¡ õa'£i•ke˚% T›ex a'e £›en
•a£•›in⁄ #£›e' individuak õa'£i•ke˚ £›a£ d'i¡£ ¡a˚£e', v›i•› ¡u'£›e' amõkiffle˚ £›e õ'#•e˚˚, majin⁄ i£ 'un avax%
�˚ di˚•u˚˚ed ¡u'£›e' in Se•£% 3%3, £›i˚ ˚£'eamin⁄ in˚£aãiki£x (X#udin àF##dman 200fi( õ'#ãaãkx õkax˚ a jex
'#ke ¡#' £›e ¡#'ma£i#n #¡ õkane£e˚imak˚%

Se•#nd, i¡ £›e d'i¡£in⁄ õa'£i•ke˚ •an ãe a••'e£ed ãx õkane£˚ (Ñ'mek àJka›' 2010(, £›ex ãe•#me a ka'⁄e
'e˚e'v#i' ¡#' ˚#kid ⁄'#v£›% �£ S£#je˚ numãe' #¡ /./0 £# /.0, 'adiak d'i¡£ i˚ eff•ien£ and ˚in•e õa'£i•ke˚ vi£›
£›e˚e S£#je˚ numãe'˚ •#''e˚õ#nd '#u⁄›kx £# a ¡ev •en£ime£e'˚ in ˚i¥e, £›e #ãje•£˚ ve'e £e'med õeããke˚ and
£›e a••'e£i#n #¡ £›e˚e õa'£i•ke˚ i˚ jn#vn a˚ õeããke a••'e£i#n v›i•› vikk ãe di˚•u˚˚ed ãek#v in Se•£% 3%ƒ%

1;



t)3)t DmsqW-mldms ne FqW-mr -m IgnsnduW1nqWs-ud T-m,r

In •#n£'a˚£ £# £›e neãuka' ⁄a˚, ›i⁄› ene'⁄x 'adia£i#n vikk n#£ kead £# ›ea£in⁄ #¡ du˚£ õa'£i•ke˚ £# £›e'mak
ene'⁄ie˚ v›i•› v#ukd akk#v £›em £# ãe•#me unã#und% H#veve', ˚makk du˚£ •an ãe en£'ained in £›e ⁄a˚e#u˚
õ›#£#evaõ#'a£ive vind v›i•› •an afe•£ £›e ma˚˚ ãud⁄e£ and •#mõ#˚i£i#n and mi⁄›£ õ'#vide di'e•£ #ã˚e'va-
£i#nak •kue˚ (Fa••›ini e£ ak% 2016§ Hu£•›i˚#n e£ ak% 2016§ F'an¥ e£ ak% 2020§ Sekkej e£ ak% 2020(% F#' ew£e'nakkx
d'iven vind˚, i£ •an ãe a˚˚umed £›a£ akk ⁄'ain˚ a'e en£'ained vi£› a ˚i¥e ãek#v a •'i£i•ak ˚i¥e (Sekkej e£ ak%
2020(

adms.dws ¡
usgΣ̂q

1

ρrEFL>
. (11(

v›e'e usg i˚ £›e £›e'mak vek#•i£x #¡ £›e ›ea£ed ⁄a˚ (S ∼ 0///J(, Σ̂ i˚ £›e ⁄a˚ ˚u'¡a•e den˚i£x •›an⁄e due
£# õ›#£#evaõ#'a£i#n, and E ≈ Gf<q i˚ a ⁄e#me£'i•ak ¡a•£#'% E±ua£i#n 11 i˚ #ã£ained ãx e±ua£in⁄ ⁄'avi£x
£# £›e ⁄a˚ d'a⁄ ¡'#m £›e e˚•aõin⁄ vind% F#' in£e'nakkx d'iven vind˚, £›e kimi£in⁄ ˚i¥e i˚ m#˚£ kijekx ⁄iven
ãx £›e õa'£i•ke˚ v›i•› •an ãe ˚veõ£ uõva'd˚ ãx a ve'£i•ak 5#v in £›e di˚j% F#' £›i˚ •a˚e, Ã##£› àCka'je
(2021( de'ived an#£›e' kimi£in⁄ õa'£i•ke˚ ˚i¥e v›i•› kie˚ ¡#' £xõi•ak di˚j˚ •k#˚e £# £›e m#n#me' ˚i¥e #¡ £›e
⁄'ain˚ #n £›e #'de' #¡ 0/�4 bl imõkxin⁄ £›a£ £›e en£'ainmen£ •an ãe ˚£akked •#mõke£ekx ¡#' di˚j˚ vi£› veaj
õ›#£#evaõ#'a£ive vind˚% Ãu'n e£ ak% (2022( di˚•u˚˚ £›e efe•£˚ #¡ en£'ainmen£ #n £›e ˚#kid ma˚˚ ãud⁄e£ ¡#'
a 'an⁄e #¡ õa'ame£e'˚%

tpt Odaakdr 6n 1kSmd6drhlSkr
T# õ'#•eed #n £›e vax #¡ •#nve'£in⁄ £›e ˚#kid˚ in di˚j˚ ¡'#m õeããke ˚i¥e £# even£uakkx õkane£ ˚i¥e, £›e
ã#un•in⁄, ¡'a⁄men£a£i#n, #' d'i¡£ kimi£˚ di˚•u˚˚ed in £›e ka˚£ ˚e•£i#n need £# ãe #ve'•#me% T›i˚ •an ãe £›e
•a˚e i¡ õa'£i•ke˚ ˚õend ki££ke £ime a˚ a⁄⁄'e⁄a£e˚ v›e'e £›ex v#ukd d'i¡£ #' ¡'a⁄men£ and in˚£ead a õ'#•e˚˚
ewi˚£˚ v›i•› di'e•£kx ã'id⁄e˚ £›e˚e •'i£i•ak ˚i¥e 'e⁄ime £# a£ kea˚£ ˚eve'ak jik#me£e'-˚i¥ed #ãje•£˚%

Di'e•£ ¡#'ma£i#n #¡ ka'⁄e õkane£e˚imak˚ #ve'•#me˚ ˚eve'ak #£›e' £›'ea£˚ v›i•› v#ukd afe•£ in£e'media£e-
˚i¥ed õkane£e˚imak˚% Fi'˚£, a£ £en˚ #¡ jik#me£e' ˚i¥e˚, £›ex v#ukd ãe ˚£u'dx en#u⁄› £# n#£ ¡'a⁄men£ in mu£uak
•#kki˚i#n˚ (Ãen¥ à�˚õ›au⁄ 1999(% Se•#nd, e'#˚i#n #¡ £›e õkane£e˚imak ãx in£e'a•£i#n vi£› £›e ⁄a˚ ãe•#me˚
ineff•ien£ and kimi£ed £# a ˚makke' 'e⁄i#n •k#˚e £# £›e ˚£a' ¡#' ka'⁄e' õkane£e˚imak˚ (Demi'•i e£ ak% 2020§
S•›ônau e£ ak% 2023(% Simika'kx, e'#˚i#n due £# •#kki˚i#n˚ vi£› õeããke˚ a'e ne⁄ki⁄iãke a£ ka'⁄e' ˚i¥e˚ (Ãu'n
e£ ak% 2019(% Ka˚£kx, a˚ vi˚iãke in Fi⁄% 3%2%2, ka'⁄e õkane£e˚imak˚ a'e n#£ afe•£ed ãx 'adiak d'i¡£ a˚ £›ei' ma˚˚
#u£-˚•ake˚ £›e ˚u'¡a•e-deõenden£ d'a⁄ ¡#'•e in £›e £u'ãuken£ d'a⁄ 'e⁄ime keadin⁄ £# ne⁄ki⁄iãke ˚õe•iffl• d'a⁄
(Veiden˚•›ikkin⁄ 19;;§ Ãi'n˚£iek e£ ak% 2016§ Ãu'n e£ ak% 2019(%

F#' £›e˚e 'ea˚#n˚, a ˚•ena'i# v›e'e õkane£e˚imak˚ ¡#'m 'eka£ivekx ka'⁄e i˚ õ'e¡e''ed% T›i˚ •an ãe a•›ieved
i¡ du˚£ i˚ •#n•en£'a£ed en#u⁄› £# £'i⁄⁄e' £›e ⁄'avi£a£i#nak •#kkaõ˚e #¡ a du˚£ •k#ud% F#kd'ei•› àVa'd (19;3(
õ'#õ#˚ed £›i˚ me•›ani˚m a˚ a õa£›vax ¡#' õkane£e˚imak ¡#'ma£i#n v›e'e £›e 'e±ui'ed ka'⁄e du˚£-£#-⁄a˚ 'a£i#
i˚ a•›ieved ãx ˚e££kin⁄ #¡ du˚£ £# £›e midõkane% H#veve', ¡#' ⁄k#ãak du˚£-£#-⁄a˚ 'a£i#˚ #n £›e #'de' #¡ a
õe'•en£, in•kudin⁄ £›e a¡#'emen£i#ned (Se•£% 3%2%1( k#ve' kimi£ due £# ˚ek¡-indu•ed £u'ãuken•e #¡ £›e du˚£
kaxe', i£ va˚ ˚›#vn £›a£ £›i˚ i˚ imõ#˚˚iãke £# 'eaki¥e (Sejixa 199è§ X#udin àS›u 2002(% T›u˚, £›e du˚£-£#-⁄a˚
'a£i# need˚ £# ãe k#•akkx en›an•ed vi£› a dife'en£ õ'#•e˚˚% T# a•›ieve £›i˚, X#udin àS›u (2002( ¡#und ¡a•£#'
∼10 en›an•emen£˚ ¡'#m 'adiak d'i¡£ #nkx in a ˚m##£› di˚j v›i•› i˚ a ¡'in⁄e •a˚e £# £'i⁄⁄e' £›e •#kkaõ˚e% Ka£e',
i£ va˚ unde'˚£##d £›a£ £›e •#kke•£ive ãe›avi#' #¡ 'adiakkx d'i¡£in⁄ du˚£ •an £'i⁄⁄e' v›a£ i˚ n#v •akked £›e
˚£'eamin⁄ in˚£aãiki£x via i£˚ ãa•j-'ea•£i#n #n £›e ⁄a˚ (X#udin àF##dman 200fi§ S±ui'e àH#õjin˚ 201è(, a˚
ewõkained a£ £›e end #¡ Se•£% 3%2%2% I£ ›a˚ an au£#ma£i• du˚£-•#n•en£'a£i#n efe•£ (Ì#›an˚en àX#udin 200;§
Sim#n e£ ak% 2016( aidin⁄ £›e õ#£en£iak ⁄'avi£a£i#nak •#kkaõ˚e ãu£ i£ i˚ ak˚# a ˚#u'•e #¡ £u'ãuken•e v›i•› •#ukd
a•£ a⁄ain˚£ £›e ⁄'avi£a£i#nak •#kkaõ˚e (Jka›' àS•›'eiãe' 2020(% T›e ⁄'#v£› #¡ £›e ˚£'eamin⁄ in˚£aãiki£x i˚
#nkx eff•ien£ a£ en›an•ed ˚uõe'-S#ka' õeããke-£#-⁄a˚ 'a£i#˚ and õa'£i•ke˚ vi£› S£#je˚ numãe'˚ Rs / /./0 (Ãai
àS£#ne 2010§ Ca''e'a e£ ak% 201fi(% Fu'£›e'm#'e, i¡ a di˚£'iãu£i#n #¡ õa'£i•ke ˚i¥e˚ (J'aõõ e£ ak% 2019( #'
a ãa•j⁄'#und £u'ãuken•e (Umu'›an e£ ak% 2020( i˚ õ'e˚en£, £›e 'an⁄e #¡ •#ndi£i#n˚ ˚ui£aãke ¡#' ˚£'eamin⁄
in˚£aãiki£x ˚›'inj˚% T›u˚, i£ mi⁄›£ ãe a õ'#•e˚˚ v›i•› d#e˚ n#£ £'i⁄⁄e' õkane£e˚imak ¡#'ma£i#n #n i£˚ #vn%
H#veve', i£ i˚ #¡ ⁄'ea£ aid in £›e fflnak •kumõin⁄ õ'#•e˚˚% T›e˚e •#n˚ide'a£i#n˚ a'e di˚•u˚˚ed in £›e •#n£ew£
#¡ ¡#'muka£in⁄ a •'i£e'i#n ¡#' £›e ¡#'ma£i#n #¡ õkane£e˚imak˚ a˚ a ¡un•£i#n #¡ di˚j •#ndi£i#n˚ (Fe'ãi⁄ e£ ak%
2020(%
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T›e'e¡#'e, £# £'i⁄⁄e' õkane£e˚imak ¡#'ma£i#n aided ãx £›e ˚£'eamin⁄ in˚£aãiki£x •#n•en£'a£in⁄ õeããke˚
in •k#ud˚ even£uakkx unde'⁄#in⁄ ⁄'avi£a£i#nak •#kkaõ˚e, ˚#me #£›e' õ'#•e˚˚ •#ukd ãe 'e±ui'ed £# 'ea•› £›e
ne•e˚˚a'x du˚£ •#n•en£'a£i#n% I£ •#ukd ãe £›a£ õkane£e˚imak˚ #nkx ¡#'m a£ õ'e¡e'en£iak k#•a£i#n˚ in £›e õ'#-
£#õkane£a'x di˚j, ˚u•› a˚ £›e inne' ed⁄e #¡ £›e uni#ni¥ed and £›u˚ ma⁄ne£i•akkx dead-¥#ne (Fammie 1996§
D'ążj#v˚ja e£ ak% 2016( #' £›e i•ekine v›e'e va£e' ˚uãkima£e˚ (D'ążj#v˚ja à�kiãe'£ 201;§ S•›##nenãe'⁄
àÑ'mek 201;(% �k£e'na£ivekx, k#•ak •#n•en£'a£i#n˚ #¡ õeããke˚ ve'e a˚˚umed a˚ õu£ ¡#'va'd ãx Ken¥ e£ ak%
(2019( £# •#n˚£'u•£ a 5uw-'e⁄uka£ed õ'e˚•'iõ£i#n ¡#' õkane£e˚imak ¡#'ma£i#n u˚e¡uk ¡#' ⁄k#ãak õkane£ ¡#'m-
a£i#n m#dek˚% Su•› an aõõ'#a•› i˚ m#£iva£ed ãx a numãe' #¡ £›e#'e£i•akkx ewõe•£ed õ'#•e˚˚e˚ v›i•› •an
•'ea£e ¥#nak 5#v˚ and £›e'e¡#'e k#•ak #ve'-den˚i£ie˚% T›e ¥#nak 5#v •an ¡#' ewamõk ãe •au˚ed ãx ma⁄ne£i•
in˚£aãiki£ie˚ (Di££'i•› e£ ak% 2013§ Ãai àS£#ne 201ƒ§ Ãe£›une e£ ak% 2016(% Õa'£i•ke 'in⁄˚ •#ukd #'i⁄ina£e ak˚#
¡'#m a du˚£-d'iven in˚£aãiki£x in £›e #u£e' ma⁄ne£i•akkx a•£ive 'e⁄i#n˚ (Dukkem#nd àÕen¥kin 201è(% �k£e'n-
a£ivekx, õa'£i•ke˚ •#ukd a••umuka£e in ¡#'min⁄ v#'£i•e˚ (Qae££i⁄ e£ ak% 201fi§ Man⁄e' àJka›' 201è( •au˚ed ãx
£›e ve'£i•ak ˚›ea' in˚£aãiki£x (Nek˚#n e£ ak% 2013§ Kin àX#udin 201fi§ Õ¡eik àJka›' 2019(% M#˚£ imõ#'£an£kx
in an #ã˚e'va£i#nakkx-d'iven fflekd ˚u•› a˚ õkane£ ¡#'ma£i#n, ˚u•› 'in⁄˚ a'e #ã˚e'ved vi£› �KM� in manx
õ'#£#õkane£a'x di˚j˚ (e%⁄% �KM�-Õa'£ne'˚›iõ e£ ak% 201fi§ Dukkem#nd e£ ak% 201è(%

V›ike £›e'e i˚ •e'£ainkx a need ¡#' m#'e 'e˚ea'•› in de£e'minin⁄ £›e me•›ani˚m(˚( #¡ õkane£e˚imak ¡#'m-
a£i#n, an#£›e' imõ#'£an£ £#õi• i˚ £›e 'e˚uk£in⁄ ˚i¥e di˚£'iãu£i#n% F#' £›e ˚£'eamin⁄ in˚£aãiki£x, ma˚˚ di˚£'iãu-
£i#n˚ #¡ •kumõ˚ #¡ du˚£ ›ave ãeen de£e'mined (Sim#n e£ ak% 2016§ Sim#n e£ ak% 201;§ S•›ä¡e' e£ ak% 201;§ �ã#d
e£ ak% 2019§ Ki àX#udin 2021(% H#veve', £›e˚e v#'j˚ a'e #¡£en mi˚˚in⁄ £›e 'e˚#ku£i#n £# 'e˚#kve £›e ka£e˚£ fflnak
⁄'avi£a£i#nak •#kkaõ˚e õ›a˚e v›i•› mi⁄›£ 'edu•e £›e fflnak õkane£e˚imak ma˚˚ ¡u'£›e' (Ne˚v#'ny e£ ak% 2021§
Õ#kaj àJka›' 2023(% Neve'£›eke˚˚, £›e #'de' #¡ ma⁄ni£ude in ˚i¥e #¡ £›e˚e ffl'˚£ õ'im#'diak õkane£e˚imak˚ i˚
kijekx ka'⁄e' £›an 100 jm% T›i˚ ˚i¥e 'e⁄ime mi⁄›£ ãe õ'#ãkema£i• ¡#' ã#£› õeããke and õkane£e˚imak a••'e£i#n
õ'e˚en£ed ãek#v vi£›#u£ ¡u'£›e' ¡'a⁄men£in⁄ £›e õ'im#'diak ã#die˚ #' majin⁄ u˚e #¡ £›e •#n•en£'a£i#n #¡
˚#kid (K#'ej àÌ#›an˚en 2022(%

tp5 Pnkh: Sbb.d6hnm ldbgSmhrlr
In £›i˚ ˚e•£i#n, ve di˚•u˚˚ ›#v õ'#£#õkane£˚ ⁄'#v ãx a••'e£in⁄ ˚#kid˚ (a˚ #õõ#˚ed £# ⁄a˚ a••'e£i#n(% T›e'e
a'e £›'ee dife'en£ ¡undamen£ak £xõe˚, inv#kvin⁄ in•'ea˚in⁄kx ka'⁄e ã#die˚ˆ õeããke a••'e£i#n, õkane£e˚imak
a••'e£i#n, and ⁄ian£ imõa•£˚% Ve ffl'˚£ ⁄ive an ˚›#'£ #ve'viev de˚•'iãin⁄ ›#v £›e unde'˚£andin⁄ #¡ ˚#kid
⁄'#v£› ›a˚ •›an⁄ed #ve' £ime and £›en add'e˚˚ £›e õ›x˚i•˚ #¡ £›e me•›ani˚m ˚eõa'a£ekx%

t)5)o Cdudkn1ldms ne sgd bnmbd1sr ne rnk-, Wbbqds-nm

In £›e õa˚£ ffl¡£x xea'˚, £›e •#n•eõ£ #¡ ›#v õ'#£#õkane£˚ ⁄'#v ãx a••'e£in⁄ ˚#kid˚ ›a˚ ev#kved% �£ £›e ãe⁄innin⁄
#¡ m#de'n £›e#'ie˚ ˚£ikk •#n˚ide'ed vakid in a ⁄ene'ak ˚en˚e ˚£and˚ £›e õkane£e˚imak a••'e£i#n õa'adi⁄m,
õ'#õ#˚ed ãx Vij£#' Sa¡'#n#v in 1969 (Sa¡'#n#v 1969(% �••#'din⁄ £# £›i˚ •#n•eõ£, õ'#£#õkane£˚ (ak˚# •akked
õkane£a'x emã'x#˚( ⁄'#v £›'#u⁄› £›e ⁄'aduak •#kki˚i#nak a••'e£i#n #¡ ˚makk ˚#kid ã#die˚, £›e õkane£e˚imak˚,
v›i•› ›ave ˚i¥e˚ #¡ aã#u£ 1 £# 100 jm% T›i˚ idea ˚£em˚ ¡'#m £›e #ã˚e'va£i#n #¡ £›e uãi±ui£x #¡ ˚u•› ã#die˚
in £›e S#ka' Sx˚£em (a˚£e'#id and •#me£˚(%

Vi£›in £›e õkane£e˚imak õa'adi⁄m, an imõ#'£an£ õ'#•e˚˚ i˚ £›e #ne #¡ õkane£e˚imak 'unavax ⁄'#v£›
(Ve£›e'ikk àS£eva'£ 1993(% Du'in⁄ õkane£e˚imak 'unavax a••'e£i#n, £›e m#'e ma˚˚ive ã#die˚ ›ave a ka'⁄e
⁄'avi£a£i#nak ¡#•u˚in⁄ ¡a•£#' (£›e Sav'#n#v ¡a•£#', ˚ee E±% 19 ãek#v(% T›i˚ mean˚ £›a£ £›ei' efe•£ive •#kki-
˚i#nak •'#˚˚ ˚e•£i#n i˚ mu•› ka'⁄e' £›an £›ei' õ›x˚i•ak ˚i¥e% In £u'n, £›e m#'e ma˚˚ive ã#die˚ ⁄'#v ¡a˚£e' £›an
ke˚˚ ma˚˚ive #ne˚% T›i˚ 'eõ'e˚en£˚ an un˚£aãke ('unavax( ˚i£ua£i#n £›a£ ˚õki£˚ an #'i⁄inakkx m#n#di˚õe'˚ed
(˚ame ˚i¥ed( õkane£e˚imak õ#õuka£i#n in£# ma˚˚ive 'aõidkx ⁄'#vin⁄ 'unavax ã#die˚ (õ'#£#õkane£˚( and ˚makk
˚k#vkx ⁄'#vin⁄ ãa•j⁄'#und õkane£e˚imak˚, i%e%, a ãim#dak di˚£'iãu£i#n%

H#veve', in 1993, Ida àMajin# (1993( ˚›#ved £›a£ £›e ¡a˚£ 'unavax ⁄'#v£› 'e⁄ime •ann#£ ãe ˚u˚£ained
ad infflni£um% In˚£ead, #n•e £›e ka'⁄e ã#die˚ a'e ma˚˚ive en#u⁄› £# dxnami•akkx ›ea£ £›e ˚u''#undin⁄
õkane£e˚imak˚ (i%e%, in•'ea˚e £›ei' e••en£'i•i£ie˚ and in•kina£i#n(, £›e ⁄'#v£› m#de •›an⁄e˚ £# £›e ˚k#ve'
#ki⁄a'•›i• m#de (Ñ'mek e£ ak% 2010(% In £›i˚ 'e⁄ime, ˚eve'ak nei⁄›ã#u'in⁄ õ'#£#õkane£˚ (n#v •akked #ki⁄a'•›˚(
⁄'#v in k#•j˚£eõ, mu£uakkx ˚eõa'a£ed ãx aã#u£ fi £# 10 Hikk ˚õ›e'e˚% T›e #ki⁄a'•›˚ ˚£ikk ⁄'#v ¡a˚£e' £›an £›e
ãa•j⁄'#und õkane£e˚imak˚% In £›e #ki⁄a'•›i• 'e⁄ime, £›e ⁄'#v£› £ime˚•ake ãe•#me˚ an in•'ea˚in⁄ ¡un•£i#n #¡
õkane£ ma˚˚, #õõ#˚i£e £# £›e 'unavax 'e⁄ime%

19



H#veve', in #ki⁄a'•›i• ⁄'#v£› £›e'e •#ukd ãe a £ime˚•ake õ'#ãkem v›en i£ •#me˚ £# £›e ¡#'ma£i#n #¡ ⁄ian£
õkane£ •#'e˚ in £›e #u£e' 'e⁄i#n˚ #¡ a õkane£a'x ˚x˚£em, e˚õe•iakkx #u£˚ide #¡ aã#u£ 10 �U% Fiven £›e ›i⁄›
am#un£˚ #¡ neãuka' ⁄a˚ £›a£ ⁄a˚ ⁄ian£˚ •#n£ain, £›e ma˚˚ive •#'e˚ 'e±ui'ed £# £'i⁄⁄e' ⁄a˚ 'unavax a••'e£i#n
(aã#u£ 10 Ea'£› ma˚˚e˚( #ãvi#u˚kx need £# ¡#'m ãe¡#'e £›e di˚˚iõa£i#n #¡ £›e ⁄a˚ neãuka i%e%, vi£›in 3-10 Mx'%
T›#mme˚ e£ ak% (2003( ›i⁄›ki⁄›£ed £›i˚ i˚˚ue, indi•a£in⁄ £›a£ £›e ⁄'#v£› #¡ £›e˚e •#'e˚ max £aje £## k#n⁄ £#
#••u' vi£›in £›e #ã˚e'ved ki¡e£ime˚ #¡ õ'#£#õkane£a'x di˚j˚% T›e õ'#ãkem ãe•#me˚ m#'e a•u£e £›e ¡u'£›e'
#ne m#ve˚ avax ¡'#m £›e ˚£a' ˚in•e £›e ⁄'#v£› £ime˚•ake ˚•ake˚ vi£› £›e Jeõke'ian ¡'e±uen•x% V›ike £›e in
˚i£u ¡#'ma£i#n #¡ Ìuõi£e' ¡'#m 100 jm õkane£e˚imak˚ a£ fi%2 �U i˚ ˚£ikk ¡ea˚iãke in a neãuka vi£› aã#u£ 2-ƒ
£ime˚ £›e ˚u'¡a•e den˚i£x #¡ £›e MMSN and m#de'n m#dek˚ (Õ#d#kaj e£ ak% 2020(, i£ ãe•#me˚ ve'x diff•uk£
£# ¡#'m in ˚i£u £›e i•e ⁄ian£˚ #' £›e ⁄ian£ ew£'a˚#ka' õkane£˚ #ã˚e'ved a£ di˚£an•e˚ #¡ ˚eve'ak £en˚ #¡ �U˚%
In £›i˚ •#n£ew£ i£ ˚›#ukd ãe n#£ed £›a£ £›e i•e ⁄ian£˚ mi⁄›£ ›ave ¡#'med •k#˚e' in (in £›e Ni•e m#dek, £›ex
'a£›e' ˚£a'£ ¡#'min⁄ a£ 6-è �U, Vak˚› e£ ak% 2011(, and £›e ⁄'avi£a£i#nak in˚£aãiki£x me•›ani˚m •#ukd ›ave
¡#'med a£ kea˚£ ˚#me #¡ £›e ma˚˚ive di˚£an£ ew£'a˚#ka' õkane£˚ (Ã#˚˚ 2011(% �n ak£e'na£ive ewõkana£i#n •#ukd
ãe ˚•a££e'in⁄ even£˚ (Ma'keau e£ ak% 2019(%

T# add'e˚˚ £›e £ime˚•ake õ'#ãkem, Ida àKin (200ƒ( ˚u⁄⁄e˚£ed ˚makk õkane£e˚imak˚, a'#und 1 jm in ˚i¥e, a˚
a ˚#ku£i#n% Õkane£e˚imak ⁄'#v£› i˚ £›e ¡a˚£e' £›e ˚makke' £›e õkane£e˚imak˚ a'e, ¡#' £v# 'ea˚#n˚ˆ Fi'˚£, £›e'e
i˚ a ˚£'#n⁄e' damõin⁄ #¡ e••en£'i•i£ie˚ and in•kina£i#n˚ ãx £›e ⁄a˚ d'a⁄ #¡ £›e ˚u''#undin⁄ õ'#£#õkane£a'x
di˚j, keadin⁄ £# ˚makke' 'and#m vek#•i£ie˚ #¡ £›e õkane£e˚imak˚ and £›u˚ a ka'⁄e' ⁄'avi£a£i#nak ¡#•u˚in⁄ ¡a•£#'%
Se•#nd, £›e en›an•emen£ #¡ £›e •aõ£u'e 'adiu˚ #¡ £›e õ'#£#õkane£ ãe•au˚e #¡ d'a⁄ in i£˚ ⁄a˚e#u˚ envek#õe #¡
£›e õ'#£#õkane£ i˚ ak˚# in•'ea˚ed ¡#' ˚makk õkane£e˚imak˚K%

H#veve', #ã˚e'va£i#n˚ #¡ £›e a˚£e'#id ãek£ (M#'ãidekki e£ ak% 2009( and va'i#u˚ ˚£'eamin⁄ in˚£aãiki£x
and õkane£e˚imak ¡#'ma£i#n m#dek˚ (e%⁄%, Õ#kaj àJka›' 2023( 'a£›e' indi•a£ed £›a£ õkane£e˚imak˚ a'e ã#'n
'eka£ivekx ka'⁄e, a'#und 100 jm in ˚i¥e% T›i˚ v#ukd õ#˚e a •›akken⁄e £# £›e idea #¡ ˚makk õkane£e˚imak˚ ãein⁄
£›e õ'ima'x ãuikdin⁄ ãk#•j˚ #¡ õkane£˚, ãu£ i£ ˚›#ukd ãe n#£ed £›a£ •#n£'a˚£in⁄ eviden•e ak˚# ewi˚£˚ (˚ee
Em˚en›uãe' e£ ak% 2021a ¡#' an ew£ended di˚•u˚˚i#n(%

T# 'e•#n•ike £›e˚e dife'en£ õe'˚õe•£ive˚, a nev õa'adi⁄m va˚ in£'#du•ed in a dedi•a£ed vax ãx Ñ'mek
e£ ak% (2010( v›i•› õ'#õ#˚e˚ £›a£ ã#die˚ mu•› ˚makke' £›an jm-˚i¥ed õkane£e˚imak˚ a'e a•£uakkx imõ#'£an£
õkane£a'x ãuikdin⁄ ãk#•j˚% T›i˚ õeããke a••'e£i#n õa'adi⁄m ˚u⁄⁄e˚£˚ £›a£ ˚makk õeããke˚ (u˚uakkx mm £#
dm-˚i¥ed(, •an m#'e eff•ien£kx a••'e£e #n£# ka'⁄e' ã#die˚, e˚õe•iakkx a£ ka'⁄e' #'ãi£ak di˚£an•e˚ (Kamã'e•›£˚
àÌ#›an˚en 2012(% T›e ¡undamen£ak dife'en•e £# õkane£e˚imak a••'e£i#n kie˚ in £›e ¡a•£ £›a£ du'in⁄ £›e
en•#un£e', n#£ #nkx ⁄'avi£x i˚ imõ#'£an£ ãu£ ak˚# di˚˚iõa£ive d'a⁄ ¡#'•e˚ (Ñ'mek 201;(% T›i˚ õ'#•e˚˚ i˚ ¡a˚£
and •an #••u' even in £›e #u£e' 'e⁄i#n˚ #¡ a õkane£a'x ˚x˚£em, a˚ £›e •aõ£u'e 'adiu˚ ˚•ake˚ vi£› £›e Hikk
˚õ›e'e v›i•› in £u'n ˚•ake˚ vi£› £›e ˚emi-maj#' awi˚% T›e õ›x˚i•ak ˚i¥e #¡ £›e •#'e v›i•› i˚ m#'e 'ekevan£
¡#' õkane£e˚imak a••'e£i#n d#e˚ in •#n£'a˚£ n#£ in•'ea˚e vi£› di˚£an•e%

H#veve', õeããke a••'e£i#n in £›e #u£e' ˚x˚£em 'e±ui'e˚ a ka'⁄e en#u⁄› ˚£a'£in⁄ ˚eed ãe•au˚e õeããke˚
•ann#£ ãe a••'e£ed ãx an#£›e' õeããke% T›i˚ •an ãe õ'#ãkema£i• i¡ £›e ˚£'eamin⁄ in˚£aãiki£x d#e˚ n#£ kead £#
£›e ¡#'ma£i#n #¡ ˚u•› ã#die˚ (K#'ej àÌ#›an˚en 2022(% T›i˚ v#ukd ã'in⁄ u˚ ãa•j £# £›e need ¡#' õkane£e˚imak˚
du'in⁄ £›e in£e'media£e ⁄'#v£› ˚£a⁄e (¡'#m £›e ka'⁄e˚£ma˚˚ ¡#'med di'e•£kx #u£ #¡ £›e õkane£e˚imak ¡#'ma£i#n
me•›ani˚m £# £›e k#ve˚£ ma˚˚ v›e'e eff•ien£ õeããke a••'e£i#n ˚£a'£˚(, v›i•› v#ukd in £u'n ã'in⁄ ãa•j £›e
a¡#'emen£i#ned £ime˚•ake õ'#ãkem in £›e #u£e' di˚j%

Ñne õ#£en£iak ˚#ku£i#n £# £›i˚ nev •›akken⁄e i˚ £›e ¡#'ma£i#n #¡ õ'#£#õkane£˚ in a ˚£'u•£u'ed di˚j £›a£
•#n£ain˚ 'in⁄˚ (Kau e£ ak% 2022§ Ìian⁄ àÑ'mek 2023(, #' m#'e a••u'a£ekx õ'e˚˚u'e mawima v›e'e d'i¡£in⁄
õeããke˚ a••umuka£e% T›e ›i⁄› •#n•en£'a£i#n #¡ õeããke˚ and £›e k#v ›eadvind vek#•i£x in˚ide £›e 'in⁄ 'ende'˚
õeããke a••'e£i#n ve'x eff•ien£% T›e˚e ˚£udie˚ ˚u⁄⁄e˚£ £›a£ £›e õ'e˚en•e #¡ õ'e˚˚u'e mawima •an ¡a•iki£a£e
£›e ¡#'ma£i#n #¡ ma˚˚ive õ'#£#õkane£˚ even a£ ka'⁄e #'ãi£ak di˚£an•e˚ (fi0-100 �U(% Di˚j ˚£'u•£u'e˚ •an
¡u'£›e'm#'e a•£ a˚ £'aõ˚ ¡#' £›e #'ãi£ak mi⁄'a£i#n #¡ õ'#£#õkane£˚, ¡u'£›e' en›an•in⁄ £›e eff•ien•x #¡ õkane£
¡#'ma£i#n (e%⁄%, C#keman àNek˚#n 2016(%

In ˚umma'x, ˚#kid a••'e£i#n inv#kve˚ va'i#u˚ õa'adi⁄m˚ and m#dek˚, in•kudin⁄ £›e õkane£e˚imak õa'adi⁄m
vi£› 'unavax and #ki⁄a'•›i• ⁄'#v£› ˚£a⁄e˚, õeããke a••'e£i#n and ⁄ian£ imõa•£˚% T›e ka££e' i˚ £›#u⁄›£ £# ãe
£›e fflnak ˚£a⁄e in £›e ⁄'#v£› #¡ £e''e˚£'iak õkane£˚% T›e '#ke #¡ õeããke˚, õkane£e˚imak, and imõa•£˚ in dife'en£
'e⁄i#n˚ and õ›a˚e˚ #¡ õkane£a'x ˚x˚£em ⁄'#v£› a'e •en£'ak ˚uãje•£˚ #¡ #n⁄#in⁄ 'e˚ea'•› and ›xã'id m#dek˚
˚£a'£ £# ãe devek#õed (C#keman 2021§ V#ekjek e£ ak% 2022(%

�Pgdm sgd dfdbs ne Wd.n,umWlhb e.WgldmsWshnm ne okWmdsdrhlWkr hm o.nsnokWmdsW.u Wslnrogd.d hr hmbk2,d, adrh,dr ,.Wgc sgdm
sgd bWos2.d .W,h2r dfdbs hr Wkrn dffbhdms en. kW.gd okWmdsdrhlWkrc rdd �n,nkWi ds Wkp tytyp
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t)5)3 �Wr-b bnmbd1sr ne 1kWmdsdr-lWk Wbbqds-nm

� jex •#n•eõ£ in •#kki˚i#nak ⁄'#v£› via õkane£e˚imak˚ i˚ £›e #ne #¡ £›e ⁄'avi£a£i#nak ¡#•u˚in⁄% In £›i˚
˚e•£i#n, ve add'e˚˚ £›i˚ efe•£ in a m#'e edu•a£ive ¡a˚›i#n £›an õ'#•e˚˚e˚ add'e˚˚ed in £›e #£›e' õa'£˚%
M#'e 'eaki˚£i• ˚£a£e-#¡-£›e-a'£ •ak•uka£i#n˚ a'e •#n˚ide'aãkx m#'e •#mõkew (Inaãa e£ ak% 2001(, ãu£ £›e ˚imõke
õi•£u'e õ'e˚en£ed ›e'e ikku˚£'a£e˚ £›e ãa˚i• •#n•eõ£˚%

C#n˚ide' £v# ã#die˚ #¡ ma˚˚e˚ l0 and l1 vi£› 'adii q0 and q1 aõõ'#a•› ea•› #£›e' a£ an ini£iak 'eka£ive
vek#•i£x u∞ and vi£› an imõa•£ õa'ame£e' a (Fi⁄u'e è(% T›e vek#•i£x i˚ ¡#'makkx £›e #ne a£ infflni£x, #' in
õ'a•£i•e v›en £›e õkane£˚ a'e ˚£ikk ve'x ¡a' ¡'#m ea•› #£›e'%

In a ãikkia'd ⁄ame, £›e •#kki˚i#nak •'#˚˚ ˚e•£i#n˚ #¡ £v# ã#die˚ i˚ ˚imõkx ⁄iven ãx £›e ⁄e#me£'i•ak •'#˚˚
˚e•£i#n˚

σ ¡ σfdn ¡ π’q0 * q1(
1 (12(

H#veve', £›e a££'a•£in⁄ na£u'e #¡ ⁄'avi£x kead˚ ¡#' õkane£a'x ⁄'#v£› £# an in•'ea˚e #¡ £›e •#kki˚i#nak •'#˚˚
˚e•£i#n #ve' £›e ⁄e#me£'i•ak #ne% T›i˚ i˚ •akked ⁄'avi£a£i#nak ¡#•u˚in⁄% Ene'⁄x and an⁄uka' m#men£um
•#n˚e'va£i#n akk#v˚ #ne £# •ak•uka£e £›e •#kki˚i#nak •'#˚˚ ˚e•£i#n ¡#' £v# a'ãi£'a'x ˚i¥ed, ⁄'avi£a£in⁄ (˚õ›e'i•ak(
ã#die˚, ne⁄ke•£in⁄ £›e in5uen•e #¡ £›e Sun (£v# ã#dx aõõ'#wima£i#n(%

ucs

ρ

u

⇢

M

r

r

b

v

!v
1

2

m1

m
2ation of energy:

Fi⁄u'e èˆ Ikku˚£'a£i#n #¡ £›e aõõ'#a•› #¡ £v# ⁄'avi£a£in⁄ ã#die˚ (ke¡£( and £›e •xkinde' #¡ a••'e£ed ma˚˚ #n£#
a m#vin⁄ ã#dx ('i⁄›£(% T›e •xkinde' (d#££ed( i˚ vi˚uaki¥ed ¡#' a õa'£i•ke vi£› ma˚˚ L m#vin⁄ a£ vek#•i£x u
£›'#u⁄› a medium vi£› den˚i£x ρ ¡#' a £ime cs a£ a •e'£ain in£e'a•£i#n •'#˚˚-˚e•£i#n σ% In £›e ke¡£ ˚•›ema£i•,
õa'£i•ke 1 vi£› ma˚˚ l0 and 'adiu˚ q0 i˚ d'avn a£ £v# dife'en£ £ime˚ #n i£˚ õa£› (a''#v(, #n•e a£ infflni£e
˚eõa'a£i#n ¡'#m õa'£i•ke 2, v›e'e i£ ›a˚ a vek#•i£x u∞, and a£ i£˚ •k#˚e˚£ aõõ'#a•› £# õa'£i•ke 2 v›e'e i£ ›a˚
a dife'in⁄ vek#•i£x u due £# £›e ⁄'avi£a£i#nak a££'a•£i#n%

Ene'⁄x •#n˚e'va£i#n xiekd˚ (vi£› vakue˚ a£ infflni£x #n £›e ke¡£ and vakue˚ a£ £›e •k#˚e˚£ aõõ'#a•› #n £›e
'i⁄›£(ˆ

0

1
µu1∞ ¡

0

1
µu1 �F

l0l1

q0 * q1
(13(

vi£› µ £›e 'edu•ed ma˚˚ ’l0l1(<’l0 *l1(% T›e •#n˚e'va£i#n #¡ an⁄uka' m#men£um xiekd˚

µau∞ ¡ µ’q0 * q1(u (1ƒ(

v›i•› •an ãe ˚#kved £# xiekd £›e vek#•i£x a£ £›e •k#˚e˚£ aõõ'#a•›, u ¡ au∞<’q0 * q1(% T#⁄e£›e' vi£› £›e
defflni£i#n #¡ £›e e˚•aõe vek#•i£x

udrb ¡

√
1F’l0 *l1(

q0 * q1
(1fi(

•#mãinin⁄ ⁄ive˚

a1 ¡ ’q0 * q1(
1

)
0 *

u1drb
u1∞

(
(16(

T›i˚ xiekd˚

σ ¡ πa1 ¡ π’q0 * q1(
1

)
0 *

u1drb
u1∞

(
¡ σfdn’0 *Θ( (1;(
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v›e'e ve ›ave u˚ed £›e ˚#-•akked Sa¡'#n#v numãe' Θ ¡ u1drb<u
1
∞ in ›#n#u' #¡ Vij£#' Sa¡'#n#v v›# va˚ £›e

ffl'˚£ £# devek#õ £›i˚ •#kki˚i#nak a••'e£i#n ˚•ena'i#% Ve £›u˚ fflnd £›a£ £›e •#kki˚i#nak •'#˚˚ ˚e•£i#n i˚ in•'ea˚ed
#ve' £›e ⁄e#me£'i•ak •'#˚˚ ˚e•£i#n ãx a ¡a•£#' v›i•› i˚ õ'#õ#'£i#nak £# £›e ˚±ua'e #¡ £›e e˚•aõe vek#•i£x £# £›e
'and#m vek#•i£x% Ckea'kx, £›i˚ 'a£i# •an ãe•#me ±ui£e ãi⁄ £›u˚ in•'ea˚in⁄ ˚£'#n⁄kx £›e •#kki˚i#n õ'#ãaãiki£x%

T›e a••'e£i#n #¡ ma˚˚ õe' £ime i˚ n#v a ˚imõke ⁄e#me£'i•ak £a˚j% �˚ vi˚uaki¥ed in £›e 'i⁄›£ õanek #¡ Fi⁄%
è, a õa'£i•ke vi£› an in£e'a•£i#n •'#˚˚-˚e•£i#n #¡ σ m#vin⁄ £›'#u⁄› a medium #¡ den˚i£x ρ vikk a••'e£e #ve'
a £ime cs £›e ma˚˚ in £›e vi˚uaki¥ed •xkinde'

L̂cs ¡ σρucs . (1è(

v›e'e ve in£'#du•ed £›e ma˚˚ a••'e£i#n 'a£e L̂ % T›u˚, ¡#' #u' de'ived •'#˚˚-˚e•£i#n, ve ⁄e£

L̂ ¡ ρu∞π’q0 * q1(
1

)
0 *

u1drb
u1∞

(
. (19(

v›e'e £›e vek#•i£x vi£› v›i•› £›e õa'£i•ke unde' •#n˚ide'a£i#n (vi£› ma˚˚L( •an ãe ˚e£ £# u∞ v›i•› ˚›#ukd
ãe in£e'õ'e£ed a˚ £›e ave'a⁄e 'eka£ive vek#•i£ie˚ ãe£veen £›e •#n˚ide'ed õa'£i•ke and akk #£›e' õa'£i•ke˚ a£
ka'⁄e di˚£an•e%

F#' aõõki•a£i#n˚, ve need £# de˚•'iãe £›e den˚i£x ρ u˚ed in £›e aã#ve ¡#'muka% �˚˚umin⁄ £›e medium £#
ãe •#mõ#˚ed #¡ õkane£e˚imak˚, £›a£ i˚, õa'£i•ke˚ vekk de•#uõked ¡'#m £›e ⁄a˚, qgn •an ãe e˚£ima£ed u˚in⁄ £›e
e••en£'i•i£x d and in•kina£i#n h di˚£'iãu£i#n #¡ £›e õa'£i•ke˚% Unde' £›e˚e a˚˚umõ£i#n˚, £›e õa'£i•ke˚ m#ve #n
Jeõke'ian #'ãi£˚% T›e'e¡#'e, £›ei' vek#•i£x i˚ #n £›e #'de' #¡ u ≈

√
d1 * h1uJ (Ki˚˚aue' àS£eva'£ 1993(%

T›i˚ vek#•i£x •an ak˚# ãe u˚ed £# de˚•'iãe £›e õkane£e˚imak˚ a˚ a 5uid and de'ive a õkane£e˚imak ˚•ake ›ei⁄›£
Gok‘ ¡ u<ΩJ ¡ a

√
d1 * h1 vi£› a •#''e˚õ#ndin⁄ aõõ'#wima£e õkane£e˚imak midõkane den˚i£x #¡ (Sa¡'#n#v

1969(

ρok‘ ≈ Σok‘}
1π’d1 * h1(

. (20(

C#mãined vi£› E±% 19, £›i˚ xiekd˚ an ea˚x-£#-u˚e e˚£ima£e #¡ £›e õkane£e˚imak a••'e£i#n 'a£e

L̂ok‘ ≈ Σok‘uJ’q0 * q1(
1

)
0 *

u1drb
’d1 * h1(u1J

(
. (21(

v›e'e ve #mi££ed ¡a•£#'˚ #¡ #'de' uni£x £# n#£ #ve'˚£a£e £›e õ'e•i˚i#n #¡ £›e aõõ'#a•›% Ve ˚ee £›a£ £›e
m#'e ma˚˚ive a ⁄'#vin⁄ õkane£, £›e ka'⁄e' £›e e˚•aõe vek#•i£x and £›e m#'e 'aõid i£˚ ⁄'#v£›% T›e'e¡#'e, i¡
£›e #£›e' ¡a•£#'˚ a'e jeõ£ •#n˚£an£ £›i˚ a••'e£i#n ¡#'muka de˚•'iãe˚ 'eka£ivekx vekk £›e 'unavax õkane£e˚imak
a••'e£i#n%

�˚ ˚een in £›i˚ de'iva£i#n, £›e •#mõkewi£x eme'⁄e˚ v›en £'xin⁄ £# e˚£ima£e £›e ewa•£ aõõ'#a•› ˚õeed
#¡ £v# ã#die˚% F#' n#n-•i'•uka' #'ãi£˚, i£ deõend˚ #n £›e k#•a£i#n #n £›e #'ãi£ #¡ ã#£› £›e £a'⁄e£ and £›e
imõa•£#'% T›e in£e⁄'a£i#n £›en ãe•#me˚ n#n-£'iviak and v›en addi£i#nakkx a••#un£in⁄ ¡#' aõõ'#a•›e˚ v›i•›
d# n#£ ne⁄ke•£ £›e ⁄'avi£x #¡ £›e •en£'ak ˚£a', £›e õ'#ãkem i˚ n# k#n⁄e' ˚#kvaãke anakx£i•akkx% T›e'e¡#'e,
nume'i•ak ˚£udie˚ ve'e •#ndu•£ed (F'een¥vei⁄ àKi˚˚aue' 1990, 1992§ Inaãa e£ ak% 2001( v›i•› #ã£ained
mu•› m#'e õ'e•i˚e õ'e˚•'iõ£i#n˚ ¡#' £›e a••'e£i#n 'a£e #¡ õkane£e˚imak˚%

�˚ £›e a¡#'emen£i#ned in˚i⁄›£˚ ve'e ⁄ained, i£ ak˚# ãe•ame •kea' £›a£ £›e e••en£'i•i£ie˚ and in•kina£i#n˚
#¡ £›e õkane£e˚imak˚ a'e jex õa'ame£e'˚ v›i•› a'e n#£ indeõenden£ #¡ £›e õkane£a'x ma˚˚% In £›e vi•ini£x #¡
a 'eka£ivekx ma˚˚ive ⁄'#vin⁄ õ'#£#õkane£, £›e e••en£'i•i£ie˚ and in•kina£i#n˚ #¡ £›e õkane£e˚imak˚ a'e afe•£ed
due £# ⁄'avi£a£i#nak ˚£i''in⁄ Ida (1990(§ Ñ›£˚uji (1999( and £›u˚ £›e vek#•i£ie˚ and a••'e£i#n õ'#ãaãiki£ie˚
a'e afe•£ed% T›i˚ 'edu•e˚ £›e ¡a˚£, 'unavax a••'e£i#n via £›e den#mina£#' in E± 21 and kead˚ £# a £'an˚i£i#n
£›e ˚k#ve' ˚#-•akked #ki⁄a'•›i• a••'e£i#n% Õ'e˚•'iõ£i#n˚ £# m#dek £›e ⁄'avi£a£i#nak ˚£i''in⁄ ve'e ¡#'muka£ed
and aõõkied in a numãe' #¡ v#'j˚ (Ñ›£˚uji 1999§ C›amãe'˚ 2006§ F#'£ie' e£ ak% 2013(%

T›e õa'£i•ke˚ in £›e ⁄a˚ di˚j a'e n#£ #nkx ˚uãje•£ £# ⁄'avi£a£i#nak ˚£i''in⁄ #¡ £›e õkane£ ãu£ ak˚# ewõe'ien•e
a ˚imika' efe•£ ¡'#m ⁄a˚ £u'ãuken•e (Ñ'mek àJ#ãaxa˚›i 2012§ J#ãaxa˚›i e£ ak% 2016( and ¡'#m ea•› #£›e'
(Ñ›£˚uji e£ ak% 2002(% T›e ˚£i''in⁄ efe•£˚ a'e •#mõen˚a£ed ãx ae'#dxnami• ⁄a˚ d'a⁄ v›i•› ˚k#v˚ d#vn £›e
õkane£e˚imak˚ a˚ k#n⁄ a˚ £›e ⁄a˚e#u˚ di˚j i˚ õ'e˚en£ (�da•›i e£ ak% 19;6(% Sin•e £›e d'a⁄ ¡#'•e ˚•ake˚ vi£› £›e
˚u'¡a•e #¡ £›e õkane£e˚imak˚ v›ike £›e #£›e' õ'#•e˚˚e˚ mainkx deõend #n £›e ma˚˚, ⁄a˚ d'a⁄ i˚ m#'e eff•ien£
¡#' ˚makk õkane£e˚imak˚% T›u˚, õkane£e˚imak a••'e£i#n ãe•#me˚ m#'e eff•ien£ i¡ õkane£˚imak˚ a'e ã#'n ˚makk
(#¡ #'de' jm in 'adiu˚( #' ¡'a⁄men£˚ a'e õ'#du•ed ¡'e±uen£kx%
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In addi£i#n, an#£›e' ae'#dxnami• efe•£ eme'⁄e˚ ¡'#m £›e ⁄a˚e#u˚ envek#õe #¡ £›e õkane£% �˚ £›e ⁄a˚
den˚i£x i˚ in•'ea˚ed in £›e vi•ini£x #¡ £›e õkane£ #ve' £›e £›e den˚i£x in £›e di˚j, £›e ae'#dxnami• d'a⁄
in•'ea˚e˚ a˚ õa'£i•ke˚ ⁄e£ •k#˚e £# £›e õkane£% In˚£ead #¡ õa˚˚in⁄ £›e õkane£, i£ •an £›en ãe a••'e£ed (Inaãa
àIj#ma 2003§ M#'da˚ini e£ ak% 2006(%

V›ike #ne mi⁄›£ ãe £emõ£ed £# a˚˚ume £›a£ £›i˚ i˚ an efe•£ v›i•› £aje˚ #nkx õka•e •k#˚e £# £›e õkane£
v›en £›e õa'£i•ke˚ a'e anxvax˚ #n •#kki˚i#n-•#u'˚e, #ne need˚ £# •#n˚ide' £›a£ du'in⁄ £›e ⁄a˚ di˚j ˚£a⁄e, £›e
õkane£a'x envek#õe •an ãe ve'x ew£ended and ›ave a ˚i¥e •#mõa'aãke £# £›e Hikk ˚õ›e'e (˚ee Se•£% 3%fi(%

t)5)t Idaakd Wbbqds-nm

T›e õeããke a••'e£i#n õ'#•e˚˚ ãuikd˚ #n £›e a¡#'emen£i#ned ⁄a˚-d'a⁄ en›an•ed •aõ£u'e 'adiu˚ #¡ £›e õkane£%
T›i˚ efe•£ va˚ ˚£udied vi£› ¡#•u˚ #n ka'⁄e' õkane£e˚imak˚ ¡#' de•ade˚ (Õ#d#kaj e£ ak% 19èè§ Inaãa àIj#ma
2003(% F#' even ˚makke' õa'£i•ke˚, v›i•› a'e ewõe'ien•in⁄ £›e ˚£'#n⁄e˚£ d'a⁄ efe•£˚ (i%e% S£#je˚ numãe'˚ •k#˚e
£# uni£x(, £›e •'#˚˚ ˚e•£i#n #¡ £›e õkane£ i˚ even m#'e ˚i⁄niffl•an£kx in•'ea˚ed #ve' £›e õ›x˚i•ak •'#˚˚-˚e•£i#n
due £# ae'#dxnami• d'a⁄%

T›e idea £# a••'e£e £›e ˚makk, mikkime£e' £# •en£ime£e' ˚i¥ed õa'£i•ke˚ va˚ ã'#u⁄›£ ¡#'va'd ãx Jka›'
àÃ#den›eime' (2006(, ak£›#u⁄› i£ va˚ aõõkied £# ⁄ian£ õkane£˚ ¡#'min⁄ in a v#'£ew in˚£ead #¡ •ka˚˚i•ak •#'e-
a••'e£i#n, v›i•› va˚ #nkx d#ne in Ñ'mek àJka›' (2010(% T›e advan£a⁄e˚ #ve' õkane£e˚imak a••'e£i#n a'e
¡a˚£e' ⁄'#v£› and a ka'⁄e' 'e˚e'v#i' #¡ ˚#kid˚, in õ'in•iõke akk ˚#kid˚ ew£e'i#' £# £›e ⁄'#vin⁄ õkane£˚ k#•a£i#n%
T›i˚ m#£iva£ed £›e ¡ukk devek#õmen£ #¡ an ak£e'na£ive õa'adi⁄m #¡ ˚#kid a••'e£i#n £e'med õeããke a••'e£i#n
(˚ee Ñ'mek 201;§ Ì#›an˚en àKamã'e•›£˚ 201;, ¡#' in-deõ£› 'eviev˚(%

He'e, ve ã'ie5x 'eviev £›e ¡undamen£ak˚ #¡ £›e aõõ'#a•›% �˚ ¡#' õkane£e˚imak˚, an a••'e£i#n 'a£e #¡
˚#kid˚ •an ãe ewõ'e˚˚ed a˚ £›e 5uw #¡ õa'£i•ke˚ £›'#u⁄› £›e •'#˚˚ ˚e•£i#nak a'ea #¡ £›e õkane£

L̂oda ¡ πQ1
‘bb.odaρodauqdk.oda . (22(

Sin•e £›e õa'£i•ke˚ d'i¡£ £›'#u⁄› £›e õ'#£#õkane£a'x di˚j, £›e 'eka£ive vek#•i£x uqdk.oda •#n£ain˚ a ˚i⁄niffl•an£
•#n£'iãu£i#n ¡'#m £›e 'adiak m#£i#n% �õõ'#wima£ekx, £›e ˚um #¡ £›e dife'en•e ãe£veen Jeõke'ian #'ãi£˚ and
£›e 'adiak vek#•i£x •an ãe u˚ed ¡#' £›e 'eka£ive vek#•i£x (Ñ'mek 201;(

uqdk.oda ¡ uc.q *
2

1
ΩJQ‘bb.oda . (23(

T›i˚ ewõ'e˚˚i#n ne⁄ke•£˚ 5#v õa££e'n˚ #¡ £›e ⁄a˚ due £# £›e õkane£ #' £u'ãuken•e v›i•› •an ãe•#me 'ekevan£
¡#' k#v S£#je˚ numãe'˚%

Ñn £›e #£›e' ›and, e••en£'i•i£ie˚ and in•kina£i#n˚ #¡ õeããke˚ a'e damõed due £# eff•ien£ ⁄a˚ d'a⁄ £# a
de⁄'ee v›e'e £›ex •an ãe ne⁄ke•£ed% �˚ ¡#' õkane£e˚imak˚, £›e 'ekevan£ ma˚˚ den˚i£x #¡ õeããke˚ di˚£'iãu£ed
in ˚õa•e (n#£ £# ãe •#n¡u˚ed vi£› £›e ãukj den˚i£x #¡ an individuak õeããke( i˚ a jex ±uan£i£x £# de£e'mine%
In ˚£eadx-˚£a£e, i£ •an ãe aõõ'#wima£ekx ¡'#m £›e 'edu•ed ˚•ake ›ei⁄›£ #¡ õeããke˚ #' du˚£ (E±ua£i#n 6( u˚in⁄
£›e defflni£i#n #¡ a ˚u'¡a•e den˚i£x ρoda ≈ Σoda<’

√
1πGoda(% T›i˚ ewõ'e˚˚i#n i˚ a••u'a£e i¡ £›e õkane£‘˚ 'adiu˚

#¡ in5uen•e Q‘bb.oda (˚ee ãek#v(, i˚ ˚makk vi£› 'e˚õe•£ £# £›e ˚•ake ›ei⁄›£ #¡ £›e õeããke˚% H#veve', #n•e
£›e õkane£ ãe•#me˚ ve'£i•akkx m#'e ew£ended £›an £›e ˚•ake ›ei⁄›£, i£ £'an˚i£i#n˚ ¡'#m £›i˚ ˚#-•akked 3D
'e⁄ime £# a 2D •a˚e, v›e'e £›e ¡ukk ve'£i•ak ew£en£ #¡ £›e õeããke di˚£'iãu£i#n •an ãe a••'e£ed, 'e˚uk£in⁄ in
L̂oda ¡ 1Q‘bb.odauqdk.oda in˚£ead #¡ E±ua£i#n 22%

T›e fflnak ±uan£i£x £# ãe de£e'mined i˚ £›e a••'e£i#n 'adiu˚ Q‘bb.oda% I£ •an ãe e˚£ima£ed ãx •#mõa'in⁄
£›e £ime˚•ake £›a£ õa'£i•ke˚ 'e±ui'e £# ˚e££ke £#va'd £›e õkane£a'x •#'e a⁄ain˚£ £›e £ime˚•ake £›ex 'e˚ide
vi£›in £›e õkane£˚‘ ˚õ›e'e #¡ in5uen•e% T›e ka££e' £ime i˚ ei£›e' de£e'mined ¡'#m £›e õeããke 'adiakkx d'i¡£in⁄
£#va'd £›e ˚£a' (›eadvind 'e⁄ime( #' õa˚˚in⁄ a¥imu£›akkx due £# £›e dife'en•e in Jeõke'ian #'ãi£ak vek#•i£ie˚
(˚›ea' 'e⁄ime(% F#kk#vin⁄ Ñ'mek (201;(, £›i˚ kead˚ £# an ewõ'e˚˚i#n ¡#' £›e ›eadvind 'e⁄ime

Q‘bb.oda.gv ∼
√
1FLRsΩJ

uc.q
(2ƒ(

v›ike in £›e ˚›ea' 'e⁄ime i£ evakua£e˚ £# Q‘bb.oda.gv ∼ Rs0<2QG , v›e'e £›e Hikk 'adiu˚
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i˚ u˚ed v›e'e a i˚ £›e ˚emimaj#' awi˚ #¡ £›e õkane£%
T›i˚ aõõ'#wima£e £'ea£men£ •an ãe u˚ed ¡#' õeããke˚ vi£› S£#je˚ numãe'˚ #¡ #'de' 0%01 £# 1% F#' k#ve'

S£#je˚ numãe', £›a£ i˚, ¡#' du˚£, õa'£i•ke˚ ¡#kk#v £›e ⁄a˚ ˚£'eamkine˚ a'#und £›e õkane£ vi£›#u£ a••'e£i#n
(Ñ'mek 201;(% F#' ka'⁄e' S£#je˚ numãe', £›a£ i˚, en£e'in⁄ £›e 'e⁄ime #¡ õkane£e˚imak˚, £›e a˚˚umõ£i#n˚ #¡
£›e Eõ˚£ein d'a⁄ 'e⁄ime and ¥e'# in•kina£i#n˚ and e••en£'i•i£ie˚ ã'eaj%

�£ ka'⁄e' õkane£a'x ma˚˚e˚, õeããke a••'e£i#n £e'mina£e˚ #n•e £›e õkane£ ˚i⁄niffl•an£kx õe'£u'ã˚ £›e ⁄a˚
di˚j (˚ee Se•£i#n 3%6( £# •'ea£e a k#•ak õ'e˚˚u'e mawimum v›e'e õeããke d'i¡£ i˚ ˚£#õõed (Kamã'e•›£˚ e£ ak%
201ƒ§ �£aiee e£ ak% 201è(% V›ike £›i˚ efe•£ deõend˚ #n £›e ⁄a˚ di˚j õ'#õe'£ie˚, ˚u•› a˚ vi˚•#˚i£x and ˚•ake
›ei⁄›£, £›e £xõi•ak õeããke i˚#ka£i#n ma˚˚ i˚ #n £›e #'de' #¡ 10 £# ƒ0 M⊕%

Qe•en£kx, ›xã'id m#dek˚ •#mãinin⁄ õkane£e˚imak and õeããke a••'e£i#n ›ave ˚£a'£ed £# ãe •#n˚£'u•£ed (e%⁄%,
�kiãe'£ e£ ak% 201è§ V#ekjek e£ ak% 2022§ Je˚˚ke' à�kiãe'£ 2023(% T›ex fflnd a ›i⁄›kx •#mõkew in£e'õkax vi£›
õ›a˚e˚ v›e'e #ne #' £›e #£›e'me•›ani˚m i˚ d#minan£ 'e˚uk£in⁄ in muk£iõke ⁄ene'a£i#n˚ #¡ õ'#£#õkane£˚, v›e'e
£›e addi£i#nak õkane£ kumin#˚i£x 'e˚uk£in⁄ ¡'#m õkane£e˚imak a••'e£i#n •an dekax ⁄a˚ a••'e£i#n 'eka£ive £# £›e
õu'e õeããke •a˚e% T›ex ak˚# fflnd £›a£ ⁄ian£ õkane£ ¡#'ma£i#n ak#ne ¡'#m 100 jm õkane£e˚imak˚ i˚ eff•ien£ in
¡#'min⁄ ⁄ian£ õkane£˚ vi£› fflnak #'ãi£ak di˚£an•e˚ #u£ #¡ aã#u£ 1 �U, ãu£ n#£ ¡u'£›e' avax (V#ekjek e£ ak% 2020(%
T›i˚ •#ukd indi•a£e a di˚£an•e deõenden•x #¡ £›e imõ#'£an•e #¡ õeããke˚ (ka'⁄e' di˚£an•e˚( and õkane£e˚imak˚
(˚makke' di˚£an•e˚(% T#⁄e£›e' vi£› £›e efe•£ #¡ õkane£e˚imak ¡'a⁄men£a£i#n (Jau¡mann à�kiãe'£ 2023(, £›a£
•an kinj £›e £v# ˚•ena'i#˚, m#'e v#'j i˚ va''an£ed £# ˚£udx £›e 'eka£ive '#ke˚ #¡ õkane£e˚imak and õeããke
a••'e£i#n and £›ei' in£e'õkax%

tpf DSr Sbb.d6hnm
T›e õ'#•e˚˚ #¡ ⁄a˚ a••'e£i#n •an ãe ˚eõa'a£ed in£# £v# ˚£a⁄e˚, an ini£iak •##kin⁄-kimi£ed ˚£a⁄e a£ ea'kx
£ime˚ and k#ve' õkane£ ma˚˚e˚% Du'in⁄ £›i˚ ffl'˚£ ˚£a⁄e, £›e õkane£‘˚ envek#õe i˚ ˚m##£›kx a££a•›ed £# £›e
˚u''#undin⁄ õ'#£#õkane£a'x di˚j% T›i˚ õ›a˚e •an ãe ¡#kk#ved ãx a ka£e' di˚j-kimi£ed ˚£a⁄e ¡#' ˚uff•ien£kx
›i⁄› õkane£ ma˚˚e˚ v›e'e £›e õkane£‘˚ ˚u'¡a•e i˚ de£a•›ed ¡'#m £›e di˚j%

t)5)o Bnnk-m4hk-l-sd,c WssWbgd, rsW4d

In £›e ini£iak ˚£a⁄e, a˚ a õ'#£#õkane£ ⁄'#v˚ ãx ˚#kid a••'e£i#n, i£˚ ⁄'avi£a£i#nak õukk vikk in•'ea˚in⁄kx a££'a•£
H/He ⁄a˚ ¡'#m £›e õ'#£#õkane£a'x di˚j un£ik i£ i˚ ãakan•ed ãx £›e õ'e˚˚u'e ˚uõõ#'£ #¡ ak'eadx a££'a•£ed ⁄a˚%
T›e õ'e˚˚u'e ˚uõõ#'£ i˚ ˚u˚£ained ãx £›e kumin#˚i£x in £›e õkane£‘˚ envek#õe, v›i•› i˚ in £u'n ⁄ene'a£ed ãx
£›e envek#õe ⁄a˚ i£˚ek¡ #' ãx £›e a••'e£i#n #¡ ˚#kid˚% Ãe¡#'e £›e adven£ #¡ 3D ›xd'#dxnami• ˚imuka£i#n˚, £›i˚
˚i£ua£i#n va˚ £'ea£ed a˚ a ¡ukkx ˚£a£i• 1D ˚õ›e'i•akkx ˚xmme£'i• õ'#ãkem v›e'e £›e •##kin⁄ and •#n£'a•£i#n
#¡ £›e ak'eadx a••'e£ed ⁄a˚ akk#v˚ nev neãuka' ⁄a˚ £# 5#v in£# £›e õkane£‘˚ ˚õ›e'e #¡ in5uen•e, 'e⁄uka£in⁄
£›e'eãx £›e ⁄a˚ a••'e£i#n 'a£e (Ã#den›eime' àÕ#kka•j 19è6§ Ij#ma e£ ak% 2000(% Ñ'i⁄inakkx, £›i˚ ˚õ›e'e #¡
in5uen•e va˚ £ajen £# ãe ˚imõkx £›e ˚makke' #¡ £›e Ã#ndi QA and £›e Hikk ˚õ›e'e 'adiu˚ QG (Ã#den›eime'
àÕ#kka•j 19è6(% H#veve', ›xd'#dxnami• ˚imuka£i#n˚ ˚›#v £›a£ #nkx aã#u£ £›e inne' 0%2fi QG a'e a•£uakkx
ã#und £# £›e õkane£, v›ike £›e #u£e' kaxe'˚ õa'£i•iõa£e in £›e di˚j‘˚ ˚u''#undin⁄ ˚›ea' 5#v (Ki˚˚aue' e£ ak%
2009(%

In £›i˚ inne' õa'£, £›e 'ekevan£ e±ua£i#n˚ a'e ˚imika' £# £›e ˚£ekka' ˚£'u•£u'e e±ua£i#n˚% Sõ›e'i•ak ˚xmme£'x
i˚ a˚˚umed% T›en, ma˚˚ •#n˚e'va£i#n, m#men£um •#n˚e'va£i#n in £›e ¡#'m #¡ ›xd'#˚£a£i• e±uikiã'ium , ene'⁄x
•#n˚e'va£i#n, and ene'⁄x £'an˚õ#'£ •an ãe v'i££en u˚in⁄ £›e 'adiu˚ ¡'#m £›e õkane£‘˚ •en£e' q a˚ •##'dina£e
(Ã#den›eime' àÕ#kka•j 19è6(ˆ
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v›e'e F i˚ £›e ⁄'avi£a£i#nak •#n˚£an£, l £›e en•k#˚ed ma˚˚ a£ 'adiu˚ q, and O , S , and ρ a'e £›e õ'e˚˚u'e,
£emõe'a£u'e, and den˚i£x in a kaxe'% T›e ⁄'adien£ ∇ deõend˚ #n £›e õ'#•e˚˚ ãx v›i•› £›e ene'⁄x i˚ m#'e
eff•ien£kx £'an˚õ#'£ed ('adia£i#n #' •#nve•£i#n( a˚ jud⁄ed ãx £›e S•›va'¥˚•›ikd •'i£e'i#n% In £›e •a˚e #¡
•#nve•£i#n, £aãuka£ed adiaãa£i• ⁄'adien£˚ ¡'#m ˚õe•iaki˚ed n#n-ideak e±ua£i#n˚ #¡ ˚£a£e a'e u˚ed v›i•› ak˚#
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xiekd £›e den˚i£x a˚ a ¡un•£i#n #¡ õ'e˚˚u'e and £emõe'a£u'e% �˚˚umin⁄ 'adia£ive difu˚i#n, £›e 'adia£ive
⁄'adien£ i˚ ⁄iven ãx

∇q‘c ¡
2κk

53πσFlS 2
. (2è(

v›e'e κ i˚ £›e Q#˚˚kand mean #õa•i£x and σ i˚ £›e S£e¡an-Ã#k£¥mann •#n˚£an£%
Ve n#£i•e £›a£ £›e ene'⁄x e±ua£i#n i˚ £›e #nkx e±ua£i#n v›i•› ewõki•i£kx deõend˚ #n £ime s% T›i˚ imõkie˚

£›a£ i£ d'ive˚ £›e £emõ#'ak ev#ku£i#n% In £›i˚ e±ua£i#n, k i˚ £›e kumin#˚i£x (ene'⁄x 5uw(, ε an ew£'a ene'⁄x
˚#u'•e ˚u•› a˚ imõa•£˚ #' 'adi#⁄eni• ›ea£in⁄ (¡#' ˚£a'˚ i£ v#ukd ãe nu•kea' ¡u˚i#n(, U ¡ 0<ρ i˚ £›e ˚õe•iffl•
v#kume, and t i˚ £›e ˚õe•iffl• in£e'nak ene'⁄x% U˚in⁄ £›e ffl'˚£ kav #¡ £›e'm#dxnami•˚, #ne •an ak˚# •#n˚ide'
£›e £emõ#'ak •›an⁄e #¡ £›e ⁄a˚‘ en£'#õx in˚£ead #¡ £›e •›an⁄e #¡ £›e v#kume and in£e'nak ene'⁄x ˚eõa'a£ekx%
T›i˚ i˚ õa'£i•uka'kx u˚e¡uk i¡ (m#˚£ #¡( £›e envek#õe i˚ adiaãa£i• and £›u˚ •›a'a•£e'i˚ed ãx #ne en£'#õx%

T›e˚e e±ua£i#n˚ •an ãe ˚#kved nume'i•akkx (Ã#den›eime' àÕ#kka•j 19è6§ Ij#ma e£ ak% 2000§ Õi˚# àX#udin
201ƒ§ M#'da˚ini e£ ak% 2012•§ Jimu'a àIj#ma 2020§ Em˚en›uãe' e£ ak% 2021ã( ⁄iven ã#unda'x •#ndi£i#n˚,
#õa•i£ie˚, and an e±ua£i#n #¡ ˚£a£e £# •k#˚e £›e ˚x˚£em #¡ e±ua£i#n˚% In £›e ini£iak ˚£a⁄e, £›e #u£e' ã#unda'x
•#ndi£i#n˚ a'e ⁄iven ãx £›e di˚j ãa•j⁄'#und •#ndi£i#n˚ m#diffled ãx £›e efe•£˚ #¡ £›e •i'•uka£in⁄ 5#v (�ki-
Diã e£ ak% 2020(% Sõe•iaki˚ed e±ua£i#n˚ #¡ ˚£a£e (EÑS( £›a£ •#ve' £›e 'e±ui'ed 'e⁄ime #¡ õ'e˚˚u'e˚ and
£emõe'a£u'e˚ in ⁄ian£ õkane£ in£e'i#'˚ devia£e ˚£'#n⁄kx ¡'#m £›e ideak ⁄a˚ •a˚e ãu£ mu˚£ in•kude ak˚# £›e
de⁄ene'a£e kimi£ (Saum#n e£ ak% 199fi§ C›aã'ie' àDeã'a˚ 2021(% Su•› EÑS a'e ˚õe•iakkx devek#õed ¡#' £›e
in£e'i#' #¡ õkane£˚ and ã'#vn dva'¡˚ (˚ee Hekked e£ ak% 2020, ¡#' a 'eviev(% M#de'n e±ua£i#n˚ #¡ ˚£a£e •an
£# ˚#me ew£en£ a••#un£ ¡#' va'xin⁄ ›ekium ¡'a•£i#n˚ and me£akki•i£ie˚ Y, ãu£ manx ±ue˚£i#n˚ ˚£ikk 'emain
(H#va'd àFuikk#£ 2023(%

F#' £›e ea'kx ˚£a⁄e in v›i•› ˚#kid a••'e£i#n i˚ £›e main ˚#u'•e #¡ kumin#˚i£x ¡#' £›e õkane£, a u˚e¡uk ˚im-
õkiffl•a£i#n i˚ £# a˚˚ume a •#n˚£an£ kumin#˚i£x £›'#u⁄›#u£ £›e ˚£'u•£u'e #¡ £›e õkane£ and £›a£ ¡#' ˚uff•ien£kx
ka'⁄e imõa•£#'˚ (õkane£e˚imak˚(, ene'⁄x i˚ deõ#˚i£ed a£ £›e envek#õe £# •#'e ã#unda'x (M#'da˚ini e£ ak%
2012•(% T›i˚ i˚ a ⁄##d aõõ'#wima£i#n v›en £›e ⁄a˚e#u˚ envek#õe i˚ £›in en#u⁄› £# akk#v ¡#' õkane£e˚imak˚ £#
'ea•› £›e ˚#kid •#'e (Õ#d#kaj e£ ak% 19èè§ M#'da˚ini e£ ak% 2006(% F#' ˚makk ini£iak 'eka£ive vek#•i£ie˚ ãe£veen
£›e a••'e£ed ma£e'iak and £›e õkane£, £›e kumin#˚i£x #¡ a••'e£ed ma£e'iak i˚ ⁄iven ãx £›e 'ekea˚ed õ#£en£iak
ene'⁄x in £›e ⁄'avi£a£i#nak fflekd #¡ £›e õkane£,

Krnkhc ¡ F
L̂‘bb.rnkhcLb

Qb
. (29(

v›e'e L̂‘bb.rnkhc i˚ £›e a••'e£i#n 'a£e #¡ ˚#kid˚, and Lb and Qb a'e £›e •#'e ma˚˚ and •#'e 'adiu˚% T›i˚
e˚£aãki˚›e˚ a kinj ãe£veen ⁄a˚ and ˚#kid a••'e£i#n (Se•£i#n 3%ƒ(% Ñn•e £›e envek#õe ãe•#me˚ “#õa±ue“ £# £›e
in•#min⁄ ã#die˚, £›e kiãe'a£ed ene'⁄x deõend˚ #n £›e 'adiu˚ a£ v›i•› £›e õa'£i•ke˚ a'e mainkx ˚£#õõed Qrsno

and £›e •#''e˚õ#ndin⁄ en•#mõa˚˚ed ma˚˚ a£ £›i˚ 'adiu˚ Lrsno (Õ#d#kaj e£ ak% 19èè(%
In £›e ini£iak •##kin⁄-kimi£ed ˚£a⁄e, £›e £emõ#'ak ev#ku£i#n i˚ •#n£'#kked ãx £›e £ime˚•ake #¡ £›e Jekvin-

Hekm›#k£¥ •##kin⁄ #¡ £›e envek#õe τJG, £›e'e¡#'e £›e •›a'a•£e'i˚£i• £ime˚•ake ¡#' £›e a••'e£i#n #¡ ⁄a˚ ¡#' a
õkane£ #¡ ma˚˚ L •an ãe e˚£ima£ed a˚

L̂f‘r ¡
L

τJG
. (30(

T›e ˚#ku£i#n #¡ £›e ˚£'u•£u'e e±ua£i#n˚ ˚›#v˚ £›a£ unde' ˚imõki¡xin⁄ a˚˚umõ£i#n˚ (¡#' ewamõke, n# ˚#kid
a••'e£i#n( £›e Jekvin-Hekm›#k£¥ £ime˚•ake τJG •an ãe õa'ame£e'i˚ed a˚ (Ij#ma e£ ak% 2000§ M#'da˚ini e£ ak%
201ƒ(

τJG ¡ 0/oH� xq

)
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(
. (31(

In £›i˚ e±ua£i#n, £›e õa'ame£e'˚ oJG and pJG a'e ¡#und ãx ffl££in⁄ £›e a••'e£i#n 'a£e ¡#und ãx ˚#kvin⁄ £›e
in£e'nak ˚£'u•£u'e e±ua£i#n˚ (e%⁄%, Ida àKin 200ƒ§ Mi⁄uek e£ ak% 2011§ M#'da˚ini e£ ak% 201ƒ(% M#'da˚ini e£ ak%
(201ƒ( ¡#' ewamõke de'ive oJG ¡ 0/.3, pJG ¡ �0.4, and κ ¡ 2 · 0/�2 •m1/⁄% Ñn•e •an ˚ee £›a£ £›e ⁄a˚
a••'e£i#n 'a£e i˚ £›u˚ a in•'ea˚in⁄ ¡un•£i#n #¡ õkane£ ma˚˚% Ñn•e £›e õkane£ ma˚˚ i˚ ˚uff•ien£ ›i⁄› (aã#u£
fi-10 Ea'£› ma˚˚e˚(, τJG ãe•#me˚ •#mõa'aãke £# £›e di˚j ki¡e£ime, imõkxin⁄ £›a£ ⁄a˚ a••'e£i#n ãe•#me˚
imõ#'£an£%

2fi



t)5)3 C-rihk-l-sd,c ,dsWbgd, rsW4d

�˚ £›e õkane£‘˚ ma˚˚ in•'ea˚e˚ ¡u'£›e' (v›e'e i£˚ envek#õe ma˚˚ ãe•#me˚ in•'ea˚in⁄kx imõ#'£an£ 'eka£ive £#
£›e •#'e ma˚˚(, £›e ⁄a˚ a••'e£i#n õ'#•e˚˚ ˚õeed˚ uõ ¡u'£›e', meanin⁄ £›a£ 'unavax ⁄a˚ a••'e£i#n ˚e£˚ in
(Õe''i àCame'#n 19;ƒ§ Mi¥un# 19è0§ S£even˚#n 19è2(% T›e ewa•£ •'i£i•ak ma˚˚ a£ v›i•› £›i˚ #••u'˚ deõend˚
#n ˚eve'ak ¡a•£#'˚ in•kudin⁄ £›e #õa•i£x in £›e envek#õe (⁄iven mainkx ãx ˚#kid ⁄'ain #õa•i£x M#'da˚ini 201ƒ§
Ñ'mek 201ƒ§ Jimu'a àIj#ma 2020( ãu£ ak˚# £›e ˚#kid a••'e£i#n 'a£e% �£ ˚#me õ#in£, •#'e and envek#õe ma˚˚
ãe•#me e±uak, v›i•› i˚ jn#vn a˚ £›e •'#˚˚#ve' ma˚˚ (Õ#kka•j e£ ak% 1996(% In addi£i#n £# £›e ˚#kid a••'e£i#n
kumin#˚i£x, •#n£'iãu£i#n˚ ¡'#m £›e ⁄a˚‘ •##kin⁄ and •#n£'a•£i#n ãe•#me 'ekevan£ and even£uakkx d#mina£e%

�£ ˚#me õ#in£ in £›e 'unavax õ›a˚e, £›e #u£e' 'adiu˚ #¡ £›e õkane£ •#n£'a•£˚ ˚# 'aõidkx (ãu£ ˚£ikk ±ua˚i-
˚£a£i•akkx, Ã#den›eime' àÕ#kka•j 19è6( £›a£ £›e ⁄a˚ di˚j •an n# k#n⁄e' ˚uõõkx neãuka' ⁄a˚ a£ a 'a£e ˚uff•ien£
£# fflkk £›e 'aõidkx emõ£xin⁄ ˚›ekk – £›e õkane£‘˚ ˚u'¡a•e £›u˚ de£a•›e˚ ¡'#m £›e õ'#£#õkane£a'x di˚j (Ã#d-
en›eime' e£ ak% 2000§ M#'da˚ini e£ ak% 2012•( and £›e ⁄'#v£› en£e'˚ £›e di˚j-kimi£ed a••'e£i#n ˚£a⁄e% T›e
õkane£‘˚ 'adiu˚ n#v ˚›'inj˚ £# a vakue £›a£ i˚ mu•› ˚makke' £›an £›e Hikk˚ ˚õ›e'e #¡ aã#u£ 1%fi - fi Ì#vian 'adii
deõendin⁄ #n £›e en£'#õx #¡ £›e ⁄a˚ in £›e in£e'i#' (M#'da˚ini e£ ak% 2012ã§ Ma'keau e£ ak% 201;(% T›i˚ i˚
ak˚# £›e m#men£ v›en £›e ˚£'u•£u'e •›an⁄e˚ ¡'#m an aõõ'#wima£ekx ˚õ›e'i•akkx ˚xmme£'i• ˚›aõe du'in⁄ £›e
a££a•›ed ˚£a⁄e £# a 5a££ened #ne (�xkife àÃa£e 2012§ S¥uka⁄xi àM#'da˚ini 201;( vi£› a •i'•umõkane£a'x
di˚j ˚u''#undin⁄ £›e ⁄'#vin⁄ ⁄a˚ ⁄ian£ (�dam˚ àÃa£x⁄in 2022(% T›e #u£e' ã#unda'x •#ndi£i#n˚ #¡ £›e
˚£'u•£u'e e±ua£i#n˚ a'e ak˚# m#diffled a˚ ⁄a˚ n#v ¡akk˚ vi£› ›i⁄› vek#•i£x #n £›e ˚u'¡a•e #¡ £›e õkane£ v›e'e
i£ ˚›#•j˚ (M#'da˚ini e£ ak% 2012•§ Ma'keau e£ ak% 2023(% T›e 'e˚uk£in⁄ emi˚˚i#n in £›e H-α kine ›a˚ ãeen
#ã˚e'ved 'e•en£kx ¡#' ¡#'min⁄ ew£'a˚#ka' ⁄a˚ ⁄ian£˚ (Hafe'£ e£ ak% 2019ã(%

In £›i˚ ka£e' ˚£a⁄e #¡ ma˚˚ive õkane£˚ (L � 0//L⊕(, £›e ⁄a˚ a••'e£i#n 'a£e i˚ n# k#n⁄e' kimi£ed ãx
£›e •##kin⁄ #¡ £›e envek#õe ãu£ ãx £›e ˚uõõkx 'a£e #¡ ⁄a˚ ¡'#m £›e õ'#£#õkane£a'x di˚j% T›e ewa•£ kimi£
i˚ in5uen•ed ãx £›e £›'ee dimen˚i#nak ˚£'u•£u'e #¡ £›e ⁄a˚ a'#und £›e õkane£% � ffl'˚£ e˚£ima£e xiekd˚ £›e
•ka˚˚i•ak Ã#ndi/Hikk a••'e£i#n 'a£e (D‘�n⁄ek# àKuã#v 200è§ M#'da˚ini e£ ak% 2012•(, i%e%, £›e 'a£e a£ v›i•›
£›e õkane£ ˚veeõ˚ neãuka' ⁄a˚ ⁄iven 'eka£ive vek#•i£ie˚ •au˚ed ãx £›e Jeõke'ian ˚›ea'

L̂d.Anmch ≈
Σ

G

)
QG

2

(2

Ω. (32(

In £›i˚ e±ua£i#n, Σ, G , QG, and Ω a'e £›e ⁄a˚ ˚u'¡a•e den˚i£x ave'a⁄ed #ve' £›e õkane£‘˚ ¡eedin⁄ ¥#ne, £›e
ve'£i•ak ˚•ake ›ei⁄›£ #¡ £›e di˚j, £›e Hikk ˚õ›e'e 'adiu˚, and £›e Jeõke'ian #'ãi£ak ¡'e±uen•x a£ £›e õkane£‘˚
õ#˚i£i#n% M#'e a••u'a£e 'a£e˚ •an ãe de'ived ¡'#m 2 and 3D ›xd'#dxnami• ˚imuka£i#n˚ (e%⁄%, Ma•›ida e£ ak%
2010§ D‘�n⁄ek# àKuã#v 200è§ Ã#den›eime' e£ ak% 2013§ C›#j˚i e£ ak% 2023( £›a£ •an ãe u˚ed £# •akiã'a£e
£›e 1D aõõ'#a•›e˚ (S•›iã e£ ak% 2022(%

T›'ee-dimen˚i#nak ›xd'#dxnami• ˚imuka£i#n˚ ›ave in 'e•en£ xea'˚ ak˚# 'eveaked £›a£ envek#õe ⁄a˚ •an ãe
'e•x•ked ãa•j £# £›e õ'#£#õkane£a'x di˚j vi£› õ#£en£iak in5uen•e #n £›e ene'⁄x ãud⁄e£ #¡ £›e õkane£ (Ñ'mek
e£ ak% 201fi§ M#kden›aue' e£ ak% 2021, 2022(% E˚õe•iakkx a£ k#v õkane£ ma˚˚e˚ and ˚makk #'ãi£ak di˚£an•e˚,
õ'#£#õkane£a'x envek#õe˚ a'e n#£ •k#˚ed ›xd'#˚£a£i• 1D ˚x˚£em˚, ãu£ dxnami•akkx ew•›an⁄e ⁄a˚ vi£› £›e
˚u''#undin⁄ di˚j% T›e 'e˚uk£in⁄ adve•£i#n #¡ ›i⁄› en£'#õx ma£e'iak •an dekax ⁄a˚ a••'e£i#n (Cime'man e£ ak%
201;(% T›e ãa˚i• õi•£u'e £›a£ £›e JH-•#n£'a•£i#n #¡ £›e inne' ã#und 'e⁄i#n uk£ima£ekx 'e⁄uka£e˚ ⁄'#v£›
'emain˚ ›#veve' vakid, ãu£ £›e #u£e' kaxe'˚ need £# £aje in£# a••#un£ £›e muk£i-dimen˚i#nak ›xd'#dxnami•ak
efe•£˚ (Ãaikex àŸ›u 2023(% Qe⁄a'din⁄ £›e •#mõ#˚i£i#n, ¡u'£›e' ›i⁄›-'e˚#ku£i#n inve˚£i⁄a£i#n˚ a'e 'e±ui'ed
£# a˚˚e˚˚ £# v›a£ ew£en£ £›i˚ efe•£ •#ukd õ#£en£iakkx 'e˚e£ £›e a£m#˚õ›e'i• •#mõ#˚i£i#n #¡ a mi⁄'a£ed ⁄a˚-'i•›
õkane£ £# a m#'e k#•ak •#mõ#˚i£i#n%

Fi⁄u'e 9 ˚›#v˚ £›e ma˚˚ #¡ H/He a˚ a ¡un•£i#n #¡ £›e ›eavx ekemen£ (•#'e( ma˚˚ õ'edi•£ed ãx £›e
Fene'a£i#n III Ãe'n ⁄k#ãak õkane£ ¡#'ma£i#n m#dek (Em˚en›uãe' e£ ak% 2021ã( £›a£ i˚ ãa˚ed #n £›e •#'e
a••'e£i#n õa'adi⁄m% T›e ini£iak •#ndi£i#n˚ #¡ £›e m#dek ve'e va'ied a••#'din⁄ £# #ã˚e'ved õ'#õe'£ie˚ #¡
õ'#£#õkane£a'x di˚j˚ (Em˚en›uãe' e£ ak% 2021a( £# ˚xn£›e˚i˚e a õ#õuka£i#n #¡ m#dek õkane£˚% T›e ›#˚£ ˚£a'
ma˚˚ i˚ 1 L⊙ and £›e a⁄e #¡ £›e ˚xn£›e£i• õkane£˚ i˚ fi Fx'%

T›e envek#õe ma˚˚e˚ ve'e de'ived ãx ˚#kvin⁄ £›e in£e'nak ˚£'u•£u'e e±ua£i#n˚ in 1D% T›e #õa•i£x •au˚ed
ãx ⁄'ain˚ in £›e õ'#£#õkane£a'x a£m#˚õ›e'e˚ va˚ a˚˚umed £# ãe a ¡a•£#' 0%003 'edu•ed (M#'da˚ini e£ ak%
201ƒ( 'eka£ive £# ISM ⁄'ain #õa•i£ie˚ (Ãekk àKin 199ƒ(, meanin⁄ £›a£ £›e JH-•#n£'a•£i#n #¡ £›e envek#õe˚ i˚
'eka£ivekx eff•ien£% T›i˚ ›a˚ £›e •#n˚e±uen•e £›a£ even 'eka£ivekx k#v-ma˚˚ õkane£˚ •an a••'e£e ˚#me H/He
v›i•› i˚ £›en 'e5e•£ed in £›e õkane£a'x ma˚˚-'adiu˚ 'eka£i#n (M#'da˚ini e£ ak% 2012•(% T›e di˚j-kimi£ed ⁄a˚

26



0-
]2

0-
]1

0-
]0

0-
-

0-
0

0-
1

0-
2

0-
3

40 40- 40--

Z
�
X
4M
Z
�
[

ZY4MZ�[

Fi⁄u'e 9ˆ Ikku˚£'a£i#n #¡ £›e efe•£ #¡ envek#õe a••'e£i#n (and k#˚˚(% T›e ãkue õ#in£˚ ˚›#v £›e ma˚˚ #¡
›xd'#⁄en and ›ekium LWX a˚ a ¡un•£i#n #¡ £›e ma˚˚ #¡ ›eavx ekemen£˚ LY (i'#n, ˚iki•a£e, õ#£en£iakkx va£e'(
#¡ ˚xn£›e£i• õkane£˚ õ'edi•£ed ãx £›e ⁄k#ãak õkane£ ¡#'ma£i#n m#dek #¡ Ãu'n e£ ak% (202ƒ(% T›i˚ m#dek ak˚#
in•kude˚ £›e õ'#•e˚˚e˚ #¡ envek#õe k#˚˚ via imõa•£ ˚£'iõõin⁄ and ›xd'#dxnami• a£m#˚õ›e'i• e˚•aõe d'iven ãx
›i⁄›-ene'⁄x õ›#£#n˚% Qed õ#in£˚ a'e õkane£˚ vi£›#u£ H/He% T›e a⁄e #¡ £›e õkane£˚ i˚ fi Fx'%

a••'e£i#n 'a£e va˚ ¡#und in a vax ˚imika' £# E±% 32%
�£ k#v ma˚˚e˚, £›e envek#õe ma˚˚ in•'ea˚e˚ vi£› in•'ea˚in⁄ ›eavx ekemen£ ma˚˚% T›i˚ i˚ ewõe•£ed ¡'#m

£›e ⁄ene'ak ˚•akin⁄ #¡ £›e JH-£ime˚•ake vi£› ma˚˚ (E±% 31(% T›e'e i˚, ›#veve', a ka'⁄e ˚õ'ead% T›i˚ i˚ #n
#ne ›and •au˚ed ãx dife'en£ ¡#'ma£i#n õa£›vax˚ v›i•› 'e˚uk£ in dife'en£ eff•ien•ie˚ #¡ ⁄a˚ a••'e£i#n du'in⁄
£›e neãuka' õ›a˚e% T›i˚ dive'˚i£x •an n#£ ãe ¡ukkx •aõ£u'ed ãx ˚imõke' ˚emi-anakx£i•ak ewõ'e˚˚i#n˚ ¡#' ⁄a˚
a••'e£i#n (�kiãe'£ àVen£u'ini 2019(% Ñn £›e #£›e' ›and, addi£i#nak efe•£˚ m#di¡x ('edu•e( £›e envek#õe
ma˚˚ õ#˚£-¡#'ma£i#nˆ du'in⁄ £›e k#n⁄-£e'm ev#ku£i#na'x õ›a˚e, i%e%, ¡'#m £›e end #¡ £›e ki¡e£ime #¡ £›e di˚j
£# fi Fx', £›e õkane£˚ •an k#˚e £›ei' H/He via imõa•£ ˚£'iõõin⁄ (Denman e£ ak% 2020( #' a£m#˚õ›e'i• e˚•aõe
(e%⁄%, Ìin e£ ak% 201ƒ§ Ñven 2019§ �f#k£e' e£ ak% 2023(% Õkane£˚ vi£›#u£ H/He a'e ˚›#vn ãx 'ed õ#in£˚%

T›en, a£ ›i⁄›e' ›eavx ekemen£ / •#'e ma˚˚e˚ #¡ aã#u£ 10-20 L⊕, 'unavax ⁄a˚ a••'e£i#n ˚e£˚ in% In
£›e õk#£, £›i˚ ˚›i¡£˚ £›e õkane£˚ akm#˚£ ve'£i•akkx uõva'd˚ in £›e ffl⁄u'e £# ›i⁄› H/He ma˚˚e˚, v›e'eãx £›ex
ãe•#me ⁄a˚ ⁄ian£˚%

�£ in£e'media£e ma˚˚e˚ #¡ aã#u£ 20-200 L⊕, £›e'e a'e ¡eve' õkane£˚, jn#vn a˚ £›e “õkane£a'x de˚e'£“
(Ida àKin 200ƒ(% I£ i˚ •au˚ed ãx £›e 'eka£ivekx ›i⁄› ⁄a˚ a••'e£i#n 'a£e˚ in £›e 'unavax and ini£iak di˚j-kimi£ed
õ›a˚e˚ #¡ aã#u£ a ¡ev 0/�3 £# 0/�2 L⊕/x' (M#'da˚ini e£ ak% 201;(% T›i˚ maje˚ i£ ke˚˚ kijekx £›a£ £›e ⁄a˚
di˚j di˚˚iõa£e˚ a£ ju˚£ £›e m#men£ #¡ in£e'media£e ma˚˚e˚% V›e£›e' £›i˚ “˚m#jin⁄ ⁄un“ #¡ •#'e a••'e£i#n i˚
a•£uakkx vi˚iãke in £›e #ã˚e'ved õkane£a'x ma˚˚ ¡un•£i#n i˚ a ˚uãje•£ #¡ deãa£e% V›ike ˚#me #ã˚e'va£i#nak
˚£udie˚ ˚uõõ#'£ £›e ewi˚£en•e #¡ £›e de˚e'£ (Max#' e£ ak% 2011§ Ãe'£auw àIvan#va 2022(, #£›e'˚ d# n#£ (Su¥uji
e£ ak% 201è§ Ãenne££ e£ ak% 2021(%

2;



tps M.ah6Sk lh4.S6hnm
T›e men£i#ned #'ãi£ak mi⁄'a£i#n #¡ õkane£˚ vi£›in £›e ⁄a˚e#u˚ di˚j i˚ kijekx afe•£in⁄ £›e #ve'akk õ#õuka£i#n
#¡ ew#õkane£˚ v›i•› keave #ã˚e'vaãke imõ'in£˚ #n £›e õkane£a'x õ#õuka£i#n kevek (Ãu'n e£ ak% 202ƒ(% T›u˚,
ve ã'ie5x 'eviev £›e õ'#•e˚˚% M#'e de£aiked 'eviev˚ ve'e õuãki˚›ed in Ãa'u£eau e£ ak% (2016(§ Õaa'dej##õe'
e£ ak% (2023(%

T›e õ›x˚i•ak 'ea˚#n ¡#' #'ãi£ak mi⁄'a£i#n kie˚ in £›e õe'£u'ãa£i#n #¡ £›e di˚j ⁄a˚ in £›e vi•ini£x #¡ £›e
õkane£ v›i•› in £u'n ewe'£˚ a £#'±ue #n £›e õkane£% T›e keadin⁄ #'de' •#n£'iãu£i#n i˚ due £# £›e ma˚˚
a••umuka£in⁄ a£ £›e Kindãkad 'e˚#nan•e, v›i•› i˚ ã#£› £'aikin⁄ ãe›ind £›e õkane£ ew£e'i#' £# £›e õkane£a'x
#'ãi£ a˚ vekk a˚ keadin⁄ in ¡'#n£ #¡ £›e õkane£ ju˚£ in£e'i#' £# £›e õkane£a'x #'ãi£% Due £# £›e ⁄e#me£'x #¡ £›e
õ'#ãkem, £›e #u£e' #ve'-den˚i£x £xõi•akkx ewe'£˚ £›e ka'⁄e' £#'±ue #n £›e õkane£ and £›e'e¡#'e de•eke'a£e˚ i£%
T›i˚ kead˚ £# a 'adiak m#£i#n £#va'd˚ £›e ˚£a' (F#kd'ei•› àT'emaine 19;9§ Va'd 199;§ Tanaja e£ ak% 2002(%
In de£aiked ˚£udie˚, £›e õ'#•e˚˚ i˚ u˚uakkx di˚•u˚˚ed vi£› 'e¡e'en•e £# a •#n£'iãu£i#n ¡'#m £›e Kindãkad £#'±ue

�/ ¡
∖ p

g

(1

Σfa
3
oΩ

1
J . (33(

v›e'e £›e Jeõke'ian #'ãi£ak ¡'e±uen•x ΩJ need˚ £# ãe evakua£ed a£ £›e õkane£ k#•a£i#n ao, p i˚ £›e õkane£-
£#-˚£a' ma˚˚ 'a£i# and g i˚ £›e k#•ak a˚õe•£ 'a£i# in £›e di˚j G<ao% � £#'±ue �sns ewe'£ed #n £›e õkane£ #n
a •i'•uka' #'ãi£ vikk kead £# a •›an⁄e in ˚emi-maj#' awi˚ #¡

ca

cs
¡ 1ao

�sns

I
(3ƒ(

v›e'e I ¡ L
}

FL>ao% In addi£i#n £# £›e Kindãkad £#'±ue, £›e'e a'e ˚eve'ak #£›e' •#n£'iãu£i#n˚ £# �sns,
v›i•› •an ãe •a£e⁄#'i¥ed in£# ¡#u' 'e⁄ime˚ ãa˚ed #n õkane£a'x ma˚˚ and di˚j vi˚•#˚i£x%

Gm sgd g-4g u-rbnr-swc knv 1kWmdsWqw lWrr qd4-ldc £›e •#n£'iãu£i#n˚ a'e vekk-˚£udied and anakx£i•ak
ewõ'e˚˚i#n˚ a'e avaikaãke% T›i˚ 'e⁄ime i˚ £›e •ka˚˚i•ak vi˚•#u˚ £xõe I 'e⁄ime (Va'd 199;§ Tanaja e£ ak% 2002(%
In addi£i#n £# £›e Kindãkad £#'±ue, £›e •#-'#£a£i#n £#'±ue •an •#n£'iãu£e ˚i⁄niffl•an£kx and even inve'£ £›e
£xõi•akkx inva'd˚ di'e•£i#n% T›e •#-'#£a£i#n £#'±ue #'i⁄ina£e˚ ¡'#m ma£e'iak #'ãi£in⁄ £›e ˚£a' in •k#˚e vi•ini£x
£# £›e õkane£% I£ i˚ ˚en˚i£ive £# £›e ⁄'adien£ in £›e'mak õ'#õe'£ie˚ #ve' £›e 'e⁄i#n v›e'e õa'•ek˚ #¡ ⁄a˚ de˚•'iãe
a U-£u'n m#£i#n in õ'#wimi£x #¡ £›e õkane£ (Õaa'dej##õe' e£ ak% 2010, 2011§ Jkex àNek˚#n 2012§ Ìimene¥
àMa˚˚e£ 201;(, £›a£ i˚, #ve' a 'e⁄i#n #¡ vid£›

qbn ≈ ao
γ0<3

√
Lao
L>g

. (3fi(

v›e'e γ i˚ £›e adiaãa£i• indew% F#' £xõi•ak di˚j õ'#õe'£ie˚, £›e •#-'#£a£i#n £#'±ue ak#ne v#ukd kead £# an
#u£va'd m#£i#n #¡ £›e õkane£% H#veve', i£ •an ãe veaje' £›an £›e Kindãkad £#'±ue and i£ ¡u'£›e' ˚a£u'a£e˚
a£ a •e'£ain õkane£a'x ma˚˚% T›i˚ i˚ £›e •a˚e v›en ⁄'adien£˚ in £›e ⁄a˚ õ'#õe'£ie˚ a'e n#£ 'e-e˚£aãki˚›ed ãx
ma£e'iak 5#vin⁄ in£# £›e 'ekevan£ 'e⁄i#n due £# vi˚•#u˚ difu˚i#n% T›e £ime˚•ake #¡ vi˚•#u˚ difu˚i#n #ve' £›e
•#'#£a£i#n 'e⁄i#n i˚ τµ ¡ q1bn<µ% Ãx •#mõa'in⁄ £›i˚ £ime˚•ake £# £›e £ime i£ £aje˚ £›e ⁄a˚ £# •#mõke£e a ¡ukk
kiã'a£i#n (Hekka'x àNek˚#n 2012(

skha ¡
7πao
2ΩJqbn

. (36(

and vi£› in•ku˚i#n #¡ m#'e õ'e•i˚e ¡a•£#'˚ #¡ #'de' uni£x, Em˚en›uãe' e£ ak% (2023( de'ived a u˚e¡uk •'i£i•ak
õkane£a'x ma˚˚ ¡#' ˚a£u'a£i#n #¡ £›e •#-'#£a£i#n £#'±ue •akked £›e ˚a£u'a£i#n ma˚˚ ¡#' õkane£e˚imak a••'e£i#n

Lr‘s ¡

)
7πα

2

(1<2 √
γ

B3
GR

L>

)
G

ao

(6<2

. (3;(

v›e'e BGR ≈ 0.0 i˚ ãa˚ed #n nume'i•ak ewõe'imen£˚ (Õaa'dej##õe' e£ ak% 2010(% T›e di'e•£ deõenden•e #n
α i˚ vi˚iãke in £›e middke and £#õ ke¡£ õanek˚ #¡ Fi⁄u'e 10, v›e'e ˚a£u'a£i#n i˚ 'ea•›ed a£ £›e uõõe' ma˚˚
end #¡ £›e 'ed 'e⁄i#n˚ •au˚ed ãx £›e •#'#£a£i#n £#'±ue%
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Fi⁄u'e 10ˆ Mi⁄'a£i#n 'a£e #¡ õkane£a'x emã'x#˚ a˚ a ¡un•£i#n #¡ di˚£an•e and õkane£a'x ma˚˚ in a õ'#£#-
õkane£a'x di˚j vi£› dife'en£ vi˚•#˚i£ie˚ a¡£e' 0%1Mx' #¡ ev#ku£i#n% T›e 'a£e i˚ n#'maki¥ed ãx £›e di˚£an•e
(£›u˚ ˚›#vin⁄ £›e inve'˚e £ime˚•ake(% Qed 'e⁄i#n˚ indi•a£e #u£va'd mi⁄'a£i#n% α i˚ u˚ed ›e'e ¡#' mi⁄'a£i#n,
di˚j ev#ku£i#n, and vi˚•#u˚ ›ea£in⁄% T›e 'a£e˚ ¡#' M#dek 1 (ke¡£ •#kumn( ¡#kk#v Õaa'dej##õe' e£ ak% (2011(
¡#' vi˚•#u˚, k#v-ma˚˚ õkane£˚ (£xõe I( and Di££j'i˚£ e£ ak% (201ƒ( ¡#' ka'⁄e' õkane£˚ (£xõe II(% T›e £'an˚i£i#n
ãe£veen £›e 'e⁄ime˚ i˚ ma'jed vi£› a da˚›ed kine and •#''e˚õ#nd˚ £# £›e ⁄aõ #õenin⁄ ma˚˚ ¡#kk#vin⁄ E±ua-
£i#n˚ 3è ¡#' M#dek 1 and £›e u˚ed E±ua£i#n 39 ¡#' M#dek 2 v›i•› ¡u'£›e' u˚e˚ Ìimene¥ àMa˚˚e£ (201;( £xõe
I £#'±ue˚% Sa£u'a£i#n ma˚˚e˚ (E±ua£i#n 3;( a'e ma'jed vi£› a d#££ed kine% T›ex õ'#vide a u˚e¡uk e˚£ima£e
#¡ £›e uõõe' ma˚˚ kimi£ #¡ #u£va'd mi⁄'a£i#n 'e⁄i#n˚ ¡#' M#dek 1%
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Gm sgd g-4g u-rbnr-swc g-4g 1kWmdsWqw lWrr qd4-ldc £›e £#'±ue˚ #n £›e õkane£ de•'ea˚e ãe•au˚e £›e
'e⁄i#n a'#und £›e õkane£ i˚ emõ£ied and a ⁄aõ ¡#'m˚% F#'muka˚ ¡#' ⁄aõ eme'⁄en•e and vid£› ve'e #ã£ained
ãx C'ida e£ ak% (2006( and Jana⁄ava e£ ak% (201;(% In Fi⁄u'e 10, £›e £'an˚i£i#n i˚ ˚m##£›ed (¡#kk#vin⁄
Em˚en›uãe' e£ ak% 2021ã( and a ⁄aõ i˚ a˚˚umed £# ›ave eme'⁄ed v›en (C'ida e£ ak% 2006(

2Gf

3QG
*

4/µL>

La1oΩJ
≤ 0 . (3è(

� m#'e ˚imõke •'i£e'i#n va˚ ¡#und ãx Jana⁄ava e£ ak% (201è(% In £›ei' v#'j, £›ex e˚£ima£e a •'i£i•ak
⁄aõ-#õenin⁄ ma˚˚ #¡

Lf‘o ¡ 7· 0/�4L>

√
α

0/�2

)
Gf<ao
/./4

(1.4

. (39(

In £›a£ •a˚e, mi⁄'a£i#n i˚ ¡#und £# ãe ˚uõõ'e˚˚ed% Dû'mann àJkex (201fi( and Jana⁄ava e£ ak% (201è(
˚u⁄⁄e˚£ £# u˚e £›e £xõe I £#'±ue (in•kudin⁄ £›e •#-'#£a£i#n £#'±ue( and 'edu•e i£ kinea'kx vi£› £›e 'edu•£i#n
#¡ £›e ˚u'¡a•e den˚i£x a£ £›e ã#££#m #¡ £›e ⁄aõ% Õ'i#' v#'j˚ ˚u⁄⁄e˚£ed a m#'e õ'#n#un•ed £'an˚i£i#n #¡
'e⁄ime˚ v›e'e £›e õkane£ mi⁄'a£i#n v#ukd ãe kinjed £# £›e 'adiak vek#•i£x #¡ £›e ⁄a˚ (Di££j'i˚£ e£ ak% 201ƒ(
ãu£ vi£› a 'edu•£i#n #n•e £›e õkane£ ma˚˚ d#mina£e˚ #ve' £›e k#•ak di˚j ma˚˚ (�kewande' à�'mi£a⁄e 2009(%
T›i˚ ka££e' aõõ'#a•› i˚ u˚ed in Fi⁄u'e 10, v›i•› •au˚e˚ an #u£va'd di'e•£ed £xõe II mi⁄'a£i#n a£ £›e k#•a£i#n˚
v›e'e £›e ⁄a˚ 5#v i˚ ak˚# di'e•£ed #u£va'd˚%

Enq knv u-rbnr-sw ,-rir pα ≲ 0/�3(c £›e fflekd i˚ •u''en£kx de£e'minin⁄ a••u'a£e mi⁄'a£i#n 'a£e˚ (M•Nakkx
e£ ak% 2019§ Ke⁄a e£ ak% 2022(% Ñ¡ ka'⁄e imõ#'£an•e •#ukd ãe £›e dxnami•ak •#-'#£a£i#n £#'±ue (Õaa'dej##õe'
201ƒ§ Õie'en˚ 201fi(% I£ eme'⁄e˚ in £›e ˚ame ¡a˚›i#n a˚ £›e •#-'#£a£i#n £#'±ue in a vi˚•#u˚ di˚j ãu£ ¡#' •a˚e˚
v›e'e £›e vi˚•#u˚ •#-'#£a£i#n £#'±ue v#ukd ˚a£u'a£e% V›en a õkane£ ⁄'#v˚ £# ˚i⁄niffl•an£ ma˚˚ in ˚u•› a di˚j,
due £# £›e ka•j #¡ vi˚•#u˚ difu˚i#n, ⁄a˚ i˚ £'aõõed in £›e ›#'˚e˚›#e 'e⁄i#n and mi⁄'a£e˚ £#⁄e£›e' vi£› £›e
õkane£, efe•£ivekx ˚k#vin⁄ d#vn i£˚ Kindãkad-£#'±ue-d'iven mi⁄'a£i#n% T# ±uan£i¡x i£, £'a•jin⁄ £›e ›i˚£#'x
#¡ £›e õkane£ i˚ 'e±ui'ed%

�£ ka'⁄e' õkane£a'x ma˚˚, £›e'e i˚ ˚ £ikk 'e˚ea'•› £# ãe d#ne £# fflnd a •#n•ku˚ive mi⁄'a£i#n 'a£e% V#'£i•e˚
and ma⁄ne£i• fflekd kine˚ õene£'a£in⁄ in£# £›e õkane£a'x ⁄aõ (�#xama àÃai 2023§ Vaffia'd-Fe'nande¥ àKe˚u'
2023( maje £›i˚ 'e⁄ime õa'£i•uka'kx •›akken⁄in⁄ £# ewõk#'e (Õaa'dej##õe' e£ ak% 2023(%

Finakkx, unde' •e'£ain •i'•um˚£an•e˚ and n#£ kimi£ed £# k#v-vi˚•#˚i£x di˚j˚, ¡u'£›e' õ'#•e˚˚e˚ •an ewe'£ a
•#n˚ide'aãke £#'±ue, ˚u•› a˚ £›e £#'±ue ¡'#m õkane£e˚imak˚ (Kevi˚#n e£ ak% 2010§ Ñ'mek e£ ak% 2012( #' du˚£
(Ãeni£e¥-Kkamãax àÕe˚˚a› 201è( in £›e vi•ini£x #¡ £›e õkane£ a˚ vekk a˚ ›ea£in⁄ efe•£˚ (Ke⁄a e£ ak% 201ƒ§
Ãeni£e¥-Kkamãax e£ ak% 201fi§ Ma˚˚e£ 201;(%

5 O266-m4 6gd 1-dbdr 6n4d6gdpc 4inaTi ln:dir Tm: 1iTmd6Tpw 1n12h
iT6-nm rwm6gdr-r

In £›i˚ ˚e•£i#n, ve aim £# ˚›#v•a˚e ›#v ⁄k#ãakm#dek˚ #¡ õkane£ ¡#'ma£i#n £›a£ •#mãine ˚eve'ak #¡ £›e õ›x˚i•ak
õ'#•e˚˚e˚ di˚•u˚˚ed in £›e ka˚£ ˚e•£i#n ã'id⁄e £›e ⁄aõ ¡'#m õ'#£#õkane£a'x di˚j˚ £# £›e fflnak õkane£a'x ˚x˚£em˚%
�˚ an ewamõke, ve vikk ¡#•u˚ #n £›e 'e˚uk£˚ #ã£ained vi£› £›e Ãe'n m#dek #¡ õkane£ ¡#'ma£i#n (�kiãe'£ e£ ak%
200fi§ M#'da˚ini e£ ak% 2012•§ �kiãe'£ e£ ak% 2013§ Em˚en›uãe' e£ ak% 2021ã(% Ñ£›e' ⁄k#ãak m#dek˚ ve'e
devek#õed ãx ˚eve'ak au£›#'˚ (Ida àKin 200ƒ§ C#keman àNek˚#n 201ƒ§ Ãi£˚•› e£ ak% 201fi§ Kamã'e•›£˚ e£ ak%
2019§ C›amãe'˚ 201è§ �ke˚˚i àÕud'i£¥ 2022§ Jimu'a àIj#ma 2022( and a'e 'evieved in de£aik in M#'da˚ini
(201è(§ D'a¥j#v˚ja e£ ak% (2022(%

5po Bn21kd: 1kSmd6 en.lS6hnm ln:dkr
T# ›i⁄›ki⁄›£ £›e in£e'õkax #¡ dife'en£ õ'#•e˚˚e˚, ve ˚›#v in Fi⁄u'e 11 £›e £ime ev#ku£i#n #¡ a õkane£ m#dekked
u˚in⁄ dife'en£ a˚˚umõ£i#n˚% T›e õ'#£#õkane£a'x di˚j ev#ku£i#n i˚ •ak•uka£ed and ¡#kk#v˚ a ⁄a˚ di˚j vi£›
iden£i•ak õa'ame£e'˚ ãu£ £vi•e £›e ma˚˚ #¡ £›e #ne ˚›#vn in Se•£i#n 3%6 (ini£iak ma˚˚ #¡ 0%0ƒ3M⊙(% T›e
ini£iak ˚#kid £# ⁄a˚ ma˚˚ 'a£i# i˚ 0%0fi (;1fiM⊕(, v›i•› i˚ a ma˚˚ive and ˚#kid-'i•›, ãu£ n#£ un'eaki˚£i• •a˚e
•#mõa'ed £# £›e õ#õuka£i#n #¡ #ã˚e'ved di˚j˚ (T#ãin e£ ak% 2020(% T›e ˚#kid˚ a'e ei£›e' di˚£'iãu£ed a˚ õeããke˚
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Fi⁄u'e 11ˆ Time ev#ku£i#n #¡ £›e ¡#'m-
a£i#n #¡ õkane£˚ ¡#' dife'en£ m#dek˚%
� õ'#£#õkane£a'x emã'x# vi£› a ma˚˚
#¡ 0%01M⊕ i˚ inje•£ed in£# £›e ˚ame
⁄a˚ di˚j and i£˚mi⁄'a£i#n i˚ •ak•uka£ed
¡#kk#vin⁄ M#dek 1 #' M#dek 2 (Se•-
£i#n 3%6(% �••'e£i#n #¡ ˚#kid˚ ¡#kk#v˚
£›e õ'e˚en£ed õeããke- #' õkane£e˚imak-
a••'e£i#n 'e•iõe˚%

#' a˚ ak'eadx ¡#'med õkane£e˚imak˚ vi£› 100 jm diame£e'% T›e õ'#£#õkane£ i˚ inje•£ed a£ fi%2 au and ⁄'#v˚
ãx ˚#kid a••'e£i#n #¡ õkane£e˚imak˚ in £›e #ki⁄a'•›i• 'e⁄ime (F#'£ie' e£ ak% 2013( #' õeããke˚ (Ñ'mek 201;( and
•#n˚i˚£en£ ⁄a˚ a••'e£i#n ⁄iven £›e ˚#kid kumin#˚i£x and ka£e' kimi£ed ãx £›e ⁄a˚ di˚j ˚uõõkx Ã#den›eime'
e£ ak% (2013(% I£˚ mi⁄'a£i#n ¡#kk#v˚ Ìimene¥ àMa˚˚e£ (201;( and Jana⁄ava e£ ak% (201è( (M#dek 2( #'
Õaa'dej##õe' e£ ak% (2011( and Di££j'i˚£ e£ ak% (201ƒ( (M#dek 1(%

F'#m £›e 'e˚uk£˚, ve •an ffl'˚£ ˚ee £›a£ mi⁄'a£i#n #¡£en kimi£˚ ⁄'#v£› £# ka'⁄e' ma˚˚e˚% T# ¡#'m a ⁄ian£
õkane£, £›e •'i£i•ak £ime˚•ake £# #ve'•#me i˚ £xõi•akkx £›e Txõe I mi⁄'a£i#n £ime˚•ake% T›i˚ i˚ õa'£i•uka'kx
£'ue i¡ n# #u£va'd mi⁄'a£i#n 'e⁄i#n ¡#'m˚% Su•› an #u£va'd-mi⁄'a£i#n ¥#ne jeeõ˚ £›e õkane£ ⁄'#vin⁄ vi£›
õkane£e˚imak a••'e£i#n and M#dek 1 mi⁄'a£i#n a£ a ka'⁄e' di˚£an•e un£ik i£ 'ea•›e˚ ˚eve'ak Ea'£› ma˚˚e˚ a¡£e'
3%fiMx'% I£ £›en õ'#•eed˚ £# ãe•#me a ›#£ Ìuõi£e' aided ãx a••'e£i#n #¡ õkane£e˚imak˚ a˚ £›e õkane£ mi⁄'a£e˚,
a ˚•ena'i# v›i•› i˚, ›#veve', n#£ kijekx v›en muk£iõke emã'x#˚ v#ukd ãe •#n˚ide'ed ˚in•e ka'⁄e' ã#die˚ a'e
ewõe•£ed £# eme'⁄e #n ˚›#'£e' £ime˚•ake˚ in £›e inne' ˚x˚£em (Em˚en›uãe' e£ ak% 2021ã(%

I¡ mi⁄'a£i#n i˚ £u'ned #f, •#kd ⁄ian£ õkane£˚ •an ¡#'m unde' a vide 'an⁄e #¡ õa'ame£e'˚% �k£›#u⁄› £›i˚
•a˚e i˚ •›#˚en ¡#' ikku˚£'a£ive õu'õ#˚e˚ ›e'e, i£ mi⁄›£ ãe a 'eaki˚£i• ˚•ena'i# i¡ £›e di˚j i˚ ˚£'u•£u'ed in a
•#nffl⁄u'a£i#n 'e˚uk£in⁄ in mi⁄'a£i#n £'aõ˚ even ãe¡#'e £›e ffl'˚£ õkane£˚ eme'⁄e (Ma£˚umu'a e£ ak% 200;§ Kx'a
e£ ak% 2010§ Ha˚e⁄ava àÕud'i£¥ 2013§ C#keman àNek˚#n 2016(%

T›e 'e˚£ #¡ £›e m#dek 'un˚ vi£› mi⁄'a£i#n õ'#du•e ›#£ ˚uã-Neõ£une˚ v›i•› i˚ a £xõi•ak #u£•#me #¡
õkane£ ¡#'ma£i#n m#dek˚ and mi⁄›£ ewõkain £›e ka'⁄e numãe' #¡ #ã˚e'ved ˚uã-Neõ£une˚ and õ#£en£iakkx
˚uõe' Ea'£›˚%

S#kid a••'e£i#n in £›e õeããke ˚•ena'i# i˚ õ'#•eedin⁄ ¡a˚£e' £›an õkane£e˚imak a••'e£i#n a£ £›e •›#˚en
ini£iak di˚£an•e #¡ fi%2 au% �£ ka'⁄e' di˚£an•e˚, £›e dife'en•e˚ ⁄'#v even ka'⁄e' vi£› õeããke a••'e£i#n a˚ a
kijekx ˚•ena'i# ¡#' ⁄ian£ õkane£ eme'⁄en•e ¡'#m 'e⁄i#n˚ ew£e'i#' £# 10 au v›ike õkane£e˚imak a••'e£i#n ãe•#me˚
ineff•ien£ a£ £›e˚e ˚eõa'a£i#n˚, unke˚˚ £›e õkane£e˚imak a'e jm-˚i¥ed% T›e˚e dife'en•e˚ ve'e ak˚# ›i⁄›ki⁄›£ed
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ãx Ã'û⁄⁄e' e£ ak% (2020(§ V#ekjek e£ ak% (2020(% He'e, ve n#£e £›a£ £›e ›i⁄› eff•ien•x #¡ õeããke a••'e£i#n •an
ak˚# ãe de£'imen£ak £# õkane£˚ ⁄'#vin⁄ £# ãe•#me ⁄ian£˚ ãe•au˚e £›e'e i˚ a ka'⁄e di˚j ma˚˚ a£ ea'kx £ime˚
v›i•› kead˚ £# ˚›#'£e' mi⁄'a£i#n £ime˚•ake˚% �¡£e' õeããke a••'e£i#n £e'mina£e˚ a£ £›e õeããke i˚#ka£i#n ma˚˚,
⁄a˚ a••'e£i#n õ'#•eed˚ a£ £›e˚e ea'kx ˚£a⁄e˚ m#'e ˚k#vkx £›an £xõe I mi⁄'a£i#n% H#veve', £›i˚ deõend˚ #n
£›e •›#˚en vi˚•#˚i£x (α ¡ 0/�2 ›e'e(%

Ve n#£e £›a£ £›e £imin⁄ #¡ £›e eme'⁄en•e #¡ an emã'x# a£ £›e •›#˚en k#•a£i#n i˚ in õ'in•iõke n#£ un•#n-
˚£'ained% He'e ve •›#˚e £ime ¥e'#, ãu£ in 'eaki£x i£ v#ukd £aje •#n˚ide'aãke £ime £# a˚˚emãke an #ãje•£ vi£›
a ma˚˚ #¡ 0%01M⊕% V#ekjek e£ ak% (2021, 2022( •'ea£e an anakx£i• m#dek £# 'eaki˚£i•akkx inje•£ £›e˚e #ãje•£˚%

5p3 OkSmd6S.x 1n12kS6hnm rxm6gdrhr
T# ⁄ain a m#'e ⁄ene'ak unde'˚£andin⁄ #¡ õkane£ ¡#'ma£i#n, £›e ewamõke ⁄iven aã#ve i˚ ¡a' ¡'#m ˚uff•ien£% �˚
›in£ed, £›e •›#˚en di˚j •#ndi£i#n˚ a'e £uned £#va'd˚ ⁄ian£ õkane£ ¡#'ma£i#n and £›e •›#˚en ˚£a'£in⁄ k#•a£i#n
va˚ ¡u'£›e' aidin⁄ in õ'#m#£in⁄ ⁄'#v£›%

T# add'e˚˚ £›e in5uen•e #¡ £›e˚e ini£iak •#ndi£i#n˚, i£ i˚ 'e±ui'ed £# ˚amõke ¡'#m 'eaki˚£i• di˚£'iãu£i#n˚
and 'un £›e ⁄k#ãak õkane£ ¡#'ma£i#n m#dek manx £ime˚% T›i˚ i˚ ewa•£kx £›e idea #¡ õkane£a'x õ#õuka£i#n
˚xn£›e˚i˚% Di˚j ini£iak •#ndi£i#n˚ a'e n#vadax˚ #ã˚e'ved ¡#' ka'⁄e ˚£a£i˚£i•ak ˚amõke˚% T›i˚ akk#v˚ ¡#' d'avin⁄
ini£iak •#ndi£i#n˚ a˚ M#n£e Ca'k# va'iaãke˚ ¡'#m £›e di˚£'iãu£i#n #¡ #ã˚e'ved di˚j˚% T›e jex di˚£'iãu£i#n˚
a'e di˚j ⁄a˚ ma˚˚, di˚j ˚i¥e, di˚j ˚#kid •#n£en£, and ki¡e£ime (˚ee e%⁄% Ãen¥ e£ ak% 201ƒ§ M#'da˚ini 201è§
Em˚en›uãe' e£ ak% 2023, ¡#' 'eviev˚(%

T›e õ#õuka£i#n ˚xn£›e˚i˚ aõõ'#a•› va˚ 'e•en£kx u˚ed £# ⁄ene'a£e a ˚e£ #¡ nev õ#õuka£i#n˚ xiekdin⁄ manx
±uan£i£ie˚ £›a£ •an ãe di'e•£kx •#mõa'ed vi£› #ã˚e'va£i#n˚ (Em˚en›uãe' e£ ak% 2021a§ S•›ke•je' e£ ak% 2021(%
T›e unde'kxin⁄ Fene'a£i#n III Ãe'n M#dek u˚e˚ £›e a¡#'emen£i#ned M#dek 1 ¡#' mi⁄'a£i#n and õkane£e˚imak
a••'e£i#n a˚ 'evieved in Em˚en›uãe' e£ ak% (2021ã(% �n imõ#'£an£ •›an⁄e va˚ £# u˚e £›e di˚£'iãu£i#n #¡
x#un⁄e' Cka˚˚ I #ãje•£˚ £# ˚£a'£ £›e ˚imuka£i#n˚ (Tx•›#nie• e£ ak% 201è(% T›e ini£iak •#ndi£i#n˚ ve'e ¡u'£›e'
£e˚£ed a⁄ain˚£ #ã˚e'va£i#n˚ #¡ m#'e ev#kved di˚j˚ (Em˚en›uãe' e£ ak% 2023(%

T›e 'e˚uk£in⁄ õ#õuka£i#n #¡ õkane£˚ ˚›a'e˚ a numãe' #¡ imõ#'£an£ ¡ea£u'e˚ vi£› £›e #ã˚e'ved ew#õkane£a'x
õ#õuka£i#n (Em˚en›uãe' e£ ak% 2021a(% �˚ an ikku˚£'a£i#n, Fi⁄u'e 12 ˚›#v˚ £›e ˚xn£›e£i• ma˚˚-di˚£an•e
dia⁄'am and £›e ma˚˚-'adiu˚ dia⁄'am a£ an a⁄e #¡ £›e õ#õuka£i#n #¡ fi Fx' (•#mõa'e vi£› £›e #ã˚e'ved
ve'˚i#n˚ in Fi⁄u'e˚ 2 and Fi⁄% 3(% Ñne •an iden£i¡x a numãe' #¡ ¡ea£u'e˚ £›a£ a'e ak˚# ˚een in £›e #ã˚e'ved
õ#õuka£i#n, kije £›e in•'ea˚e #¡ £›e ¡'e±uen•x #¡ ⁄ian£ õkane£˚ #u£˚ide #¡ aã#u£ 1 �U and £›e ka'⁄e õ#õuka£i#n
#¡ •k#˚e-in k#ve' ma˚˚ õkane£˚% Fu'£›e'm#'e, £›anj˚ £# in•kudin⁄ N-ã#dx in£e'a•£i#n˚, £›e 'e⁄ime #¡ k#v-
ma˚˚ õkane£˚ d#vn £# Ea'£› ma˚˚ •an ãe 'eaki˚£i•akkx ewõk#'ed v›e'e £›e 'adiu˚ vakkex (Ãu'n e£ ak% 202ƒ(
and £›e õea˚-in-a õ#d £'end (Vei˚˚ e£ ak% 201è( a'e 'eõ'#du•ed (Mi˚›'a e£ ak% 2021(% In õa'£i•uka', •#kki˚i#n˚
'e˚uk£in⁄ ¡'#m N-ã#dx in£e'a•£i#n˚ e'a˚e £# a ka'⁄e de⁄'ee £›e imõ'in£ #¡ £›e ˚#kid a••'e£i#n £ime˚•ake and
kimi£˚, di˚•u˚˚ed in Se•£i#n˚ 3%ƒ and 2%3, #n £›e fflnak õ#õuka£i#n a˚ £›e inne' ˚x˚£em% T›ex •#n˚i˚£ ea'kx in
£›e ›i˚£#'x #¡ ˚x˚£em #¡ ˚eve'ak k#v-ma˚˚ õkane£˚ £›a£ ⁄e£˚ dxnami•akkx ew•i£ed and õ#kku£ed ãx mi⁄'a£ed
õkane£˚% �n ew£en˚i#n £#va'd k#ve' ˚£ekka' ma˚˚e˚ (Ãu'n e£ ak% 2021( va˚ ak˚# £e˚£ed a⁄ain˚£ avaikaãke 'adiak
vek#•i£x ˚u'vex˚ (S•›ke•je' e£ ak% 2022(, v›e'e imõ#'£an£ #ã˚e'ved ¡ea£u'e •an ãe 'eõ'#du•ed%

H#veve', ˚#me 'a'e ma˚˚ive õkane£˚ a'#und k#v-ma˚˚ ˚£a'˚ (e%⁄% M#'ake˚ e£ ak% 2019( a'e n#£ ewõkained
ãx £›i˚ õ#õuka£i#n ˚xn£›e˚i˚ m#dek% Fu'£›e'm#'e, £›e #ã˚e'ved £'end #¡ in•'ea˚in⁄ õkane£ #••u''en•e vi£›
de•'ea˚in⁄ ˚£ekka' ma˚˚ ¡'#m £'an˚i£ ˚u'vex˚ (Mukde'˚ e£ ak% 201fi( i˚ n#£ 'eõ'#du•ed a£ £›e ˚ame ±uan£i£a£ive
kevek (Ãu'n e£ ak% 2021(% Fu'£›e' •›akken⁄e˚ 'emain £›e e••en£'i•i£x di˚£'iãu£i#n #¡ ⁄ian£ õkane£˚ (õ#£en£iakkx
'e±ui'in⁄ a 'evi˚i#n #¡ £›e õkane£-di˚j in£e'õkax, Ãi£˚•› e£ ak% 2020( and £›e õ'#du•£i#n #¡ ›#£ Ìuõi£e'˚ vi£›
£›e ˚ame m#dek £›a£ •an ak˚# •'ea£e •#kd Ìuõi£e'˚% T›i˚ i˚ £›e •a˚e ãe•au˚e, £xõi•akkx, a •›an⁄e in mi⁄'a£i#n
and mawimum ⁄a˚ a••'e£i#n 'a£e £ik£˚ £›e #u£•#me £# ¡av#' #nkx #ne #¡ £›e £v# •a£e⁄#'ie˚% F#' a m#'e
•#mõ'e›en˚ive 'eviev #¡ 'e•en£ õ#õuka£i#n ˚xn£›e˚i˚ •ak•uka£i#n˚, ve 'e¡e' £# M#'da˚ini (201è(§ Em˚en›uãe'
e£ ak% (2023(%
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a<1 AU5 Gyr

Fi⁄u'e 12ˆ Ma˚˚-di˚£an•e dia⁄'am (ke¡£( and ma˚˚-'adiu˚ 'eka£i#n in £›e n#minak õkane£a'x õ#õuka£i#n #¡ 1
L⊙ ˚£a'˚ #ã£ained ¡'#m õkane£a'x õ#õuka£i#n ˚xn£›e˚i˚ vi£› £›e Fene'a£i#n III Ãe'n M#dek (Em˚en›uãe'
e£ ak% 2021ã§ Ãu'n e£ ak% 202ƒ(% T›e a⁄e i˚ fi Fx'% T›e õ#õuka£i#n •#n˚i˚£˚ #¡ 1000 õkane£a'x ˚x˚£em v›i•›
ea•› i˚ ini£iakkx ˚eeded vi£› 100 kuna'-ma˚˚ õkane£a'x emã'x#˚% Ñn £›e 'i⁄›£, #nkx õkane£˚ vi£› a , 0 �U
a'e in•kuded a˚ a ¥e'#-#'de' 'eõ'e˚en£a£i#n #¡ £›e #ã˚e'va£i#nak ãia˚ #¡ £›e £'an˚i£ me£›#d% T›e •#k#' •#de
⁄ive˚ £›e envek#õe me£akki•i£x Y, v›e'e ¥e'# v#ukd •#''e˚õ#nd £# a õu'e H-He envek#õe%

f Sgd bnl1nr-6-nmTi n11np62m-6w

fpo BgdlhbSk Sm: bnl1nrh6hnmSk bk2dr 6n 6gd n.h4hm Sm: dunk26hnm ne 1kSmd6r
�˚ õkane£ ¡#'ma£i#n #••u'˚ in a õ'#£#õkane£a'x di˚j, £›e •›emi•ak inven£#'x £›e'e#¡ i˚ in›e'i£ed a˚ a ˚£a'£in⁄
õ#in£ ¡#' a õkane£‘˚ •#mõ#˚i£i#n% V›en £'xin⁄ £# m#dek £›e õ'#•e˚˚ (˚ee Ôãe'⁄ e£ ak% 2023, ¡#' a 'e•en£
'eviev(, £›e ini£iak •#ndi£i#n˚ a'e jex% H#veve', £›e ini£iak di˚j •#mõ#˚i£i#n i˚ ˚£ikk di˚õu£ed vi£› •#kd
and k#v-den˚i£x 'e⁄i#n˚ n#£ akk#vin⁄ ¡#' •›emi•ak ev#ku£i#n £# 'ea•› an e±uikiã'ium ˚£a£e% In˚£ead, £›e
•#mõ#˚i£i#n in £›e #u£e' di˚j i˚ kijekx in›e'i£ed ¡'#m £›e ˚£a'-¡#'min⁄ 'e⁄i#n (Ei˚£'uõ e£ ak% 2016(% M#'e
'e•en£kx, £›e ˚£a£i• õi•£u'e, v›i•› va˚ ¡#' ˚imõki•i£x a˚˚umed in £›e ˚eminak v#'j #¡ Ôãe'⁄ e£ ak% (2011(,
va˚ ˚uã˚£an£iakkx 'evi˚ed ãx v#'j˚ £›a£ •#n˚ide' £›e £ime ev#ku£i#n #¡ £›e õ'#£#õkane£a'x di˚j •#mõ#˚i£i#n
Ei˚£'uõ e£ ak% (201è(§ Ã##£› àIkee (2019(§ J'ij£ e£ ak% (2020(%

T# ikku˚£'a£e £›i˚, ve õ'e˚en£ in Fi⁄% 13 £›e £ime-ev#ku£i#n #¡ £›e •#mõ#˚i£i#n #¡ a õ'#£#õkane£a'x
di˚j u˚in⁄ £›e Ãe'n m#dek #¡ õkane£ ¡#'ma£i#n (Em˚en›uãe' e£ ak% 2021ã( ew£ended vi£› ˚#kid ev#ku£i#n
and en£'ainmen£ in õ›#£#evaõ#'a£ive vind˚ (V#ekjek e£ ak% 2020§ Ãu'n e£ ak% 2022( a˚ vekk a˚ •#mõ#˚i£i#nak
£'a•jin⁄ #¡ £›e õeããke˚ and ⁄a˚ a˚ di˚•u˚˚ed in Se•£i#n 3%1% T›e evaõ#'a£i#n and 'e•#nden˚a£i#n #¡ £›e v#ka£ike
˚õe•ie˚ u˚e £›e ˚a£u'a£i#n õ'e˚˚u'e •u've˚ •#kke•£ed ãx F'ax àS•›mi££ (2009(% F#' nume'i•ak •#n˚i˚£en•x,
a difu˚i#n 5uw kimi£e' i˚ u˚ed and £›e õ'#•e˚˚ #¡ evaõ#'a£i#n i˚ ˚k#ved d#vn £# de•'ea˚e £›e aãundan•e
#¡ va£e' ãx a ¡a•£#' #¡ d #ve' a ⁄a˚ ˚•ake ›ei⁄›£ Gf% � •#mõke£e de˚•'iõ£i#n #¡ £›i˚ m#dek i˚ •u''en£kx in
õ'eõa'a£i#n (Ãu'n e£ ak%(%

Fi⁄u'e 13 ˚›#v˚ £›e £ime ev#ku£i#n #¡ a ˚£anda'd di˚j vi£› ini£iak ma˚˚ #¡ 0%03èM⊙ and an ewõ#nen£iak
•u£-#f 'adiu˚ #¡ 30 au% Seve'ak ˚£a⁄e˚ #¡ ev#ku£i#n £aje õka•e, ãe¡#'e £›e •#mõ#˚i£i#n ev#kve˚ ˚i⁄niffl•an£kx,
du˚£ ⁄'#v˚ £# õeããke ma˚˚, £›en õeããke˚ d'i¡£ and £'an˚õ#'£ ma£e'iak £# £›e inne' ˚x˚£em% �£ £›e ˚ame ˚£a⁄e,
£›e di˚j •##k˚ d#vn and £›e ˚n#vkine˚ m#ve •k#˚e' £# £›e ˚£a'% Õeããke d'i¡£ ãe•#me˚ ineff•en£ #n•e akk du˚£
›a˚ ⁄'#vn and d'i¡£ed £#va'd˚ £›e ˚£a'% �˚ £›e ˚uõõkx #¡ ¡'e˚› ma£e'iak ˚uã˚ide˚, £›e inne' di˚j ⁄a˚ ãe•#me˚
deõke£ed #¡ v#ka£ike˚ ew•eõ£ CÑ, v›i•› ›a˚ a ˚n#vkine ew£e'i#' #¡ v›e'e £›e ãukj #¡ £›e di˚j ma˚˚ 'e˚ide˚%
Finakkx, in£e'nak õ›#£#evaõ#'a£i#n #õen˚ a ⁄aõ (vi˚iãke in £›e CÑ (⁄( ˚e•£#' in Fi⁄u'e 13( and an #u£e' 'in⁄
⁄'aduakkx di˚õe'˚e˚%

F#' CÑ, ve ˚ee a 'in⁄ #¡ ˚#kid˚ v›i•› i˚ made #¡ •#nden˚ed CÑ i•e% T›e˚e 'in⁄˚ ewi˚£ a˚ k#n⁄ a˚ £›e õeããke
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Fi⁄u'e 13ˆ Ev#ku£i#n #ve' 1fiMx' #¡ £›e ˚u'¡a•e den˚i£x #¡ ˚#kid and ⁄a˚e#u˚ ˚õe•ie˚ in a õ'#£#õkane£a'x di˚j
a'#und a S#ka'-ma˚˚ ˚£a'% In ea•› ˚e•£#', £›e kinea' £ime ev#ku£i#n i˚ ˚›#vn in •k#•jvi˚e #'ien£a£i#n and £›e
˚u'¡a•e den˚i£x i˚ •#k#'-•#ded% Di˚£an•e £# £›e ˚£a' i˚ ˚›#vn in k#⁄a'i£›mi• ˚õa•in⁄ vi£› an inne' ã#unda'x
a£ £›e di˚j ed⁄e a£ 0%0ƒ au% T›e uõõe' ›ak¡ #¡ £›e õk#£ ˚›#v˚ £›e v#ka£ike ˚õe•ie˚ in £›e ˚#kid õ›a˚e v›e'e
an inne' ã#unda'x •#''e˚õ#nd˚ £# £›e ˚õe•ie˚ i•ekine% T›e k#ve' ›ak¡ ˚›#v˚ £›e ˚ame ˚õe•ie˚ in £›e ⁄a˚e#u˚
õ›a˚e%

˚uõõkx i˚ õ'e˚en£ ¡#' akk ˚õe•ie˚ ãu£ a'e n#£ a˚ õ'#minen£ in £›e #£›e' •a˚e˚% T›e ewa•£ ¡eedãa•j and am#un£
#¡ •#nden˚a£i#n deõend˚ #n £›e vi˚•#˚i£x #¡ £›e ⁄a˚ ãu£ ak˚# #n £›e nume'i•ak ˚m##£›in⁄ a˚ i•ekine˚ a'e in
õ'in•iõke a 2D ˚u'¡a•e in 'adiak-ve'£i•ak ew£en£ in˚£ead #¡ a ˚›a'õ kine% Qe-•#nden˚a£i#n #¡ ⁄a˚ i˚ õ'#minen£
¡#' CÑ v›e'e £›e i•ekine kie˚ in £›e #u£e' de•'e£in⁄ õa'£ #¡ £›e di˚j v›i•› kead˚ £# a õe'˚i˚£en£ •#nden˚a£i#n
¡'#n£ un£ik £›e end #¡ £›e ⁄a˚ di˚j ki¡e£ime% Ñ£›e' ˚õe•ie˚ a••'e£e #n £›e ˚£a' in a £ime¡'ame d#mina£ed ãx
õeããke d'i¡£ v›i•› i˚ eff•ien£ unde' 'ea˚#naãke a˚˚umõ£i#n˚ #¡ m#de'a£e £u'ãuken•e (αˆ 0/�2( and ˚£u'dx
⁄'ain˚ (ueq‘fˆ 2m/˚(%

I£ va˚ ˚›#vn ãx Ã##£› àIkee (2019( £›a£ •›emi•ak ev#ku£i#n õkax˚ a '#ke #ve' Mx' £ime˚•ake˚ in £›e
inne' di˚j, v›i•› va˚ n#£ in•kuded in £›e ˚imuka£i#n˚ ›e'e% � ˚imõke 'ea•£i#n ne£v#'j va˚ u˚ed in £›a£
v#'j £# jeeõ £›e •#mõu£a£i#n £ime ˚›#'£% M#'e ew£en˚ive •›emi•ak m#dekin⁄ i˚ 'e±ui'ed £# 'e˚#kve £›e
k#ve'-den˚i£x 'e⁄i#n˚ and ¡#' •#mõa'i˚#n £# #ã˚e'va£i#n˚ (V#i£je e£ ak% 2009§ Semen#v àVieãe 2011§ Vak˚›
e£ ak% 201fi(% Ñn £›e #£›e' ›and, ãx ew•kudin⁄ 'adiak £'an˚õ#'£ #¡ i•e˚, C'idkand e£ ak% (2016, 201;( •#ukd u˚e
a m#'e ew£ended •›emi•ak ne£v#'j v›en m#dekkin⁄ õkane£ ¡#'ma£i#n and #ã£ainin⁄ õkane£a'x •#mõ#˚i£i#n˚%
�n#£›e' efe•£ v›i•› va˚ ˚# ¡a' n#£ •#uõked £# #£›e' dxnami•ak õ'#•e˚˚e˚ afe•£in⁄ £›e di˚j •#mõ#˚i£i#n i˚
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£›a£ #¡ 'adi#a•£ive ›ea£in⁄ keadin⁄ £# #u£⁄a˚˚in⁄ #¡ va£e' ¡'#m 100 jm-˚i¥ed õkane£e˚imak˚ (Ki•›£enãe'⁄ e£ ak%
2019(% T›e˚e ˚›#'£•#min⁄˚ ˚›#v £›a£ £›e'e i˚ ˚£ikk need #¡ £›e#'e£i•ak v#'j £# ¡ukkx d# ju˚£i•e £# akk 'ekevan£
efe•£ vi£›in #ne m#dek%

Vi£› £›e adven£ #¡ £›e Ìame˚ Veãã Sõa•e Teke˚•#õe (ÌVST(, ve ›ave £›e #õõ#'£uni£x £# £e˚£ m#dek˚
#¡ õ'#£#õkane£a'x di˚j •#mõ#˚i£i#n u˚in⁄ in¡'a'ed ˚õe•£'#˚•#õx% T›e £e•›ni±ue •an õ'#ãe m#ke•uka' kine˚ in
£›e va'm (S ⪆ 2//J( ⁄a˚ a˚ vekk a˚ £›e •#n£inuum emi˚˚i#n v›i•› i˚ £xõi•akkx d#mina£ed ãx £›e ˚iki•a£e
⁄'ain ¡ea£u'e˚% Fi'˚£ 'e˚uk£˚ (˚ee van Di˚›#e•j e£ ak% 2023, ¡#' an #ve'viev( ›i⁄›ki⁄›£ a ˚u'õ'i˚in⁄ dive'˚i£x
vi£› ˚#me va£e'-'i•› (Ãan¥a££i e£ ak% 2023§ Õe'#££i e£ ak% 2023(, #ve' CÑ1-'i•› (F'an£ e£ ak% 2023(, a˚ vekk a˚
a ˚iki•a£e- and va£e'-õ##', •a'ã#n-'i•› (Taã#ne e£ ak% 2023( inne' di˚j˚% Seve'ak ka'⁄e ÌVST õ'#⁄'am˚ a'e
ãein⁄ •#ndu•£ed v›i•› aim £# 'e˚#kve £›e •#mõ#˚i£i#nak va'iaãiki£x and õ#£en£iak •#''eka£i#n˚ vi£› ˚£ekka'
£xõe, ka'⁄e-˚•ake di˚j ˚£'u•£u'e, #' a⁄e% In õa'£i•uka', £›e ˚xne'⁄x vi£› •#n˚£'ain£˚ ¡'#m �KM� £›a£ •an
õ'#ãe ˚õe•ie˚ in £›e #u£e' di˚j (Ñãe'⁄ e£ ak% 2021( mi⁄›£ ãe ¡'ui£¡uk% T›e �KM� da£a #n i£˚ #vn a'e
m#'e •›akken⁄in⁄ £# kinj £# õkane£a'x •#mõ#˚i£i#n˚ a˚ ¡eve' õkane£˚ ¡#'m in £›e #u£e' di˚j (a£ kea˚£ in £›e
•#nven£i#nak •#'e a••'e£i#n ˚•ena'i#(%

fp3 Chri bS.anm 6n nvx4dm bnm6dm6
De˚õi£e £›e •›akken⁄in⁄ na£u'e #¡ £›e ˚uãje•£ (M#kkië'e e£ ak% 2022(, £›e õ'#£#õkane£a'x di˚j •#mõ#˚i£i#n ›a˚
ãeen kinjed £# £›e •#mõ#˚i£i#n #¡ ⁄a˚ ⁄ian£˚ (e%⁄%, Mad›u˚ud›an e£ ak% 201ƒ§ T›iaãaud e£ ak% 201fi§ M#'da˚ini
e£ ak% 2016§ S•›neide' àÃi£˚•› 2021§ Ãi£˚•› e£ ak% 2022(% T# ikku˚£'a£e £›e kinj, i£ i˚ u˚e¡uk £# •#n˚ide' ›e'e
£›e õi#nee'in⁄ v#'j #¡ Ôãe'⁄ e£ ak% (2011( v›# di˚•u˚˚ed £›e •a'ã#n £# #wx⁄en 'a£i# in £›e õ'#£#õkane£a'x
di˚j ⁄a˚ and ˚#kid˚% T›e C/Ñ 'a£i# •›an⁄e˚ vi£› di˚£an•e £# £›e ˚£a' a£ £›e 'e˚õe•£ive ˚n#vkine˚% T›i˚ i˚
˚›#vn in Fi⁄u'e 1ƒ ¡#' £›e ˚ame di˚j ¡#' v›i•› £›e ev#ku£i#n va˚ di˚•u˚˚ed aã#ve% F#' ewamõke, ew£e'i#'
£# £›e CÑ1 ˚n#vkine, £›e ⁄a˚ õ›a˚e •#n£ain˚ #nkx CH3 and CÑ a˚ •a'ã#n- #' #wx⁄en-ãea'in⁄ ˚õe•ie˚% T›i˚
mean˚ m#vin⁄ in£e'i#' £# £›e CÑ1 ˚n#vkine, a jumõ £#va'd˚ a C/Ñ #¡ 0%fi (¡'#m CÑ1( #••u'˚% Even m#'e
#wx⁄en i˚ õ'e˚en£ in£e'i#' £# £›e va£e' ˚n#vkine, ¡u'£›e' 'edu•in⁄ C/Ñ%

T›e ãa˚i• idea i˚ £›a£ #n•e £›e C/Ñ in £›e a£m#˚õ›e'e #¡ a ⁄ian£ õkane£ •an ãe mea˚u'ed, i£˚ ¡#'ma£i#n
k#•a£i#n •an ãe iden£iffled% T›e ¡#'ma£i#n k#•a£i#n i˚ a jex in¡#'ma£i#n ¡#' õkane£ ¡#'ma£i#n% Ñ'i⁄inakkx, i£
va˚ £›#u⁄›£ £›a£ £›e di˚j ⁄a˚ õ›a˚e i˚ £›e de£e'minin⁄ ¡a•£#' (˚#kid kine in Fi⁄% 1ƒ(% H#veve', (M#'da˚ini
e£ ak% 2016( ˚›#ved £›a£ ¡#' £xõi•ak en'i•›men£ kevek˚ #¡ H#£ Ìuõi£e'˚, 'a£›e' £›e a••'e£ed ˚#kid˚ (£›e da˚›ed
kine in Fi⁄% 1ƒ( de£e'mine £›e a£m#˚õ›e'i• C/Ñ i¡ a£m#˚õ›e'e and in£e'i#' miw% T›e 'ea˚#n i˚ £›a£ neãuka'
⁄a˚ u˚uakkx •#n£ain˚ #nkx ¡ev C and Ñ m#ke•uke˚ •#mõa'ed £# £›e ˚#kid˚ in v›i•› £›e˚e ekemen£˚ a'e maj#'
•#mõ#nen£˚ (¡#' ewamõke #wx⁄en in ˚iki•a£e '#•j˚ #' C in •a'ã#n-ãea'in⁄ i•e˚(% �˚ di˚•u˚˚ed in £›i˚ ˚e•£i#n,
£›e õi•£u'e ›a˚ ãe•#me even m#'e •#mõkew vi£› efe•£˚ #¡ £›e di˚j‘˚ £emõ#'ak ev#ku£i#n, õeããke d'i¡£ and
evaõ#'a£i#n, in›#m#⁄ene#u˚ õkane£a'x in£e'i#'˚ and #£›e' ¡a•£#'˚%

Fi⁄u'e 1ƒ ak˚# ˚›#v˚ £›e £ime ev#ku£i#n #¡ £›e m#dekked õ'#£#õkane£a'x di˚j% In £›i˚ •a˚e, ve ˚ee a •›an⁄e
#¡ £›e inne' õ'#£#õkane£a'x ⁄a˚ di˚j C/Ñ £# a ±ua˚i-˚£a£i• vakue #¡ aõõ'#wima£ekx 0%3% T›i˚ vakue i˚ ˚en˚i£ive
£# a numãe' #¡ a˚˚umõ£i#n˚ #n £›e m#ke•uka' inven£#'x #¡ £›e di˚j, ˚u•› a˚ £›e va£e' £# CÑ and CÑ1 'a£i#
(Ma'ã#eu¡ e£ ak% 201ƒ(% M#'e 'e•en£kx, i£ va˚ ak˚# ˚õe•uka£ed v›e£›e' ›xd'#•a'ã#n˚ •#ukd ãe õ'e˚en£ and
evaõ#'a£e a£ £›e ˚##£ kine v›i•› v#ukd ãe k#•a£ed in £›e ›#£ inne' di˚j (∼fi00J, Ki e£ ak% 2021(% T›i˚ i˚
#ne #¡ £›e ›xõ#£›e˚i˚ £# #ã£ain an #ã˚e'vaãke, •a'ã#n-'i•› •#mõ#˚i£i#n (Taã#ne e£ ak% 2023(% �k£e'na£ivekx,
Ma› e£ ak% (2023( õ'#õ#˚ed £›a£ £›e •a'ã#n-'i•› di˚j •#ukd ãe in a ka£e' ev#ku£i#na'x ˚£a⁄e in £›e di˚j% T›e
õ'#•e˚˚ õ'#õ#˚ed in £›a£ v#'j i˚ £›e ˚ame a˚ v›a£ devek#õ˚ in Fi⁄u'e 1ƒˆ �£ ka£e' ˚£a⁄e˚, akk £›e ma£e'iak
vi£› ›i⁄› •#nden˚a£i#n £emõe'a£u'e˚, ˚u•› a˚ va£e', ›a˚ a••'e£ed #n£# £›e ˚£a' due £#, ffl'˚£, 'adiak d'i¡£ #¡
˚#kid˚ ¡#kk#ved ãx vi˚•#u˚ a••'e£i#n #¡ ⁄a˚% In˚£ead, v›a£ 'emain˚ in £›e inne' di˚j i˚ •a'ã#n-'i•› ma£e'iak
¡'#m £›e #u£e' di˚j (2 Mx' kine(% I£ i˚ £›e ˚õe•ie˚ v›i•› ewi˚£ õ'ima'ikx in £›e ⁄a˚ õ›a˚e (CÑ and CH3( v›i•›
a'e n#£ a˚ 'aõidkx deõke£ed a˚ £›e v#ka£ike˚ in £›e 'aõidkx d'i¡£in⁄ ˚#kid õ›a˚e% Puaki£a£ivekx £›i˚ ˚•ena'i# i˚
a •#mm#n #u£•#me ¡#' di˚j˚ vi£› 'aõid õeããke d'i¡£ (ueq‘f ⪆ 0m/˚, Ma› e£ ak% 2023(% T›e õ'edi•£i#n #¡ £›i˚
›xõ#£›e˚i˚ i˚ £›a£ £›e di˚j i˚ ˚£'#n⁄kx deõke£ed in #ve'akk ˚#kid˚% T›e˚e n#vek 'e˚uk£˚ m#£iva£e m#'e de£aiked
˚£udie˚ #¡ £›e mi•'#õ›x˚i•˚ a£ £›e ˚n#vkine˚ and £›e £›ei' eff•ien•x £# £'aõ and •x•ke v#ka£ike˚ ¡'#m £›e ⁄a˚
õ›a˚e ãa•j £# £›e ˚#kid õ›a˚e%
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Fi⁄u'e 1ƒˆ Ca'ã#n £# #wx⁄en numãe' 'a£i# a˚ a ¡un•£i#n #¡ di˚£an•e (“Ôãe'⁄ õk#£“, ¡#kk#vin⁄ £›e v#'j #¡
Ôãe'⁄ e£ ak% 2011( in a õ'#£#õkane£a'x di˚j a'#und a S#ka' ma˚˚ ˚£a'% In •#n£'a˚£ £# Ôãe'⁄ e£ ak% (2011(,
ve u˚ed £›e ini£iaki¥a£i#n #¡ Ma'ã#eu¡ e£ ak% (201ƒ( and did n#£ add 'e¡'a•£#'x •a'ã#n £# £›e ˚#kid˚ (C/Ñ #¡
'e¡'a•£#'ie˚ i˚ ¥e'#(, v›i•› i˚ v›x £›e ˚#kid C/Ñ d'#õ˚ £# ¥e'# in£e'i#' £# £›e me£›an#k and va£e' i•ekine˚
in £›e inne' di˚j% T›e ˚ame di˚j ev#ku£i#n vi£› £›e ˚õe•ie˚ ˚›#vn in Fi⁄u'e 13 i˚ u˚ed £# •ak•uka£e C/Ñ
'a£i#˚% T›e CH3 and CÑ ˚n#vkine˚ ˚i⁄niffl•an£kx ak£e' £›e k#•ak •#mõ#˚i£i#n a£ ka£e' £ime˚% In £›e inne' di˚j,
£›e ˚›#'£ vi˚•#u˚ £ime˚•ake (¡#' α ¡ 0/�2( kead˚ £# a ±ui•j e±uikiã'a£i#n in˚£ead #¡ a k#•ak a••umuka£i#n #¡
ma£e'iak% Ve n#£e £›a£ £›e'e i˚ a min#' imõa•£ ãx £›e me£›an#k kine v›i•› i˚ n#£ kaãekked%

fpt �2ki Sm: S6lnr1gd.hb bnl1nrh6hnm
V›ike £›e di˚j •#mõ#˚i£i#n i˚ jex £# de£e'mine £›e ãukj •#mõ#˚i£i#n #¡ õkane£˚, £›e õa'£i£i#nin⁄ #¡ ekemen£˚ £#
dife'en£ 'e˚e'v#i'˚ in £›e õkane£ a˚ vekk a˚ £›e •›emi•ak ¡#'m in v›i•› £›ex õ'e˚en£ £›em˚ekve˚ £# #ã˚e've'˚
i˚ n#£ £'iviak% Fi⁄u'e 1fi ˚›#v˚ va'i#u˚ õ#£en£iak õa£›vax˚ £# dife'en£ a£m#˚õ›e'i• •#mõ#˚i£i#n˚ ¡#' ›#£
Ìuõi£e'˚ in £e'm˚ #¡ £›ei' C/H, Ñ/H, and C/Ñ, v›i•› a'e m#˚£ ea˚ikx #ã˚e'ved%

T›e õk#£ i˚ ãa˚ed #n M#'da˚ini e£ ak% (2016( ãu£ uõda£ed £# in•kude ˚eve'ak nev a˚õe•£˚ kije õeããke
evaõ#'a£i#n (Ã##£› e£ ak% 201;(% In addi£i#n £# £›e di˚j-'eka£ed a˚õe•£˚ (¡#'ma£i#n k#•a£i#n vi£› 'e˚õe•£ £#
i•ekine˚(, £›e eff•ien•x #¡ ˚#kid a••'e£i#n and £›e miwin⁄ #¡ ˚õe•ie˚ vi£›in £›e a£m#˚õ›e'e a'e jex a˚õe•£˚%
In õa'£i•uka', i¡ miwin⁄ i˚ n#£ eff•ien£ (v›i•› ˚eem˚ £# ãe £›e •a˚e a£ kea˚£ ¡#' #u' Ìuõi£e', ˚ee Se•£% 2(, £›e
#ã˚e'vaãke •#mõ#˚i£i#n i˚ ˚en˚i£ive £# £›e ka£e˚£ ¡#'ma£i#n ˚£a⁄e v›e'e £›e õkane£ ›a˚ ak'eadx #ã£ained i£˚
ãukj ma˚˚ ãu£ mi⁄›£ n#£ ˚£#õ ˚#kid a••'e£i#n •#mõke£ekx (S›iãa£a e£ ak% 2023(%

F#in⁄ ¡'#m ke¡£ £# 'i⁄›£ and ¡'#m £#õ £# ã#££#m in Fi⁄% 1fi, ve ffl'˚£ •#n˚ide' £›a£ ˚#kid a••'e£i#n i˚
eff•ien£% T›e H#£ Ìuõi£e' vikk £›en ›ave a •#mõa'a£ivekx ›i⁄› mean den˚i£x and ˚#kid˚ vikk de£e'mine
£›e ãukj en'i•›men£ v›i•› vikk ãe a£ a ˚uõe'˚£ekka' kevek% I¡ in£e'i#' and a£m#˚õ›e'e a'e vekk miwed, £›e
•#mõ#˚i£i#n #¡ £›e a••'e£ed ˚#kid˚ vikk ak˚# d#mina£e £›e a£m#˚õ›e'i• en'i•›men£% �••'e£ed ˚#kid˚ vikk ãe
£›e õ'ime ˚#u'•e #¡ ›eavx ekemen£˚ in £›e õkane£a'x envek#õe and a£m#˚õ›e'e, d#mina£in⁄ #ve' £›e ›eavx
ekemen£˚ a••'e£ed £#⁄e£›e' vi£› £›e H/He ⁄a˚% I¡ £›e õkane£ ¡#'med #u£˚ide #¡ £›e va£e' i•ekine #' £›e CÑ1

kine, £›e a••'e£ed ˚#kid˚ vikk •#n£ain #wx⁄en (and •a'ã#n(, ãu£ £›e •#mõ#˚i£i#n #¡ i•x ˚#kid˚ •#n£ainin⁄ va£e'
i•e i˚ #ve'akk #wx⁄en d#mina£ed% T›i˚ •an ãe ˚een vi£› £›e da˚›ed kine in Fi⁄% 13 vi£› C/Ñ vakue˚ #¡ aã#u£
0%1 £# 0%3% T›i˚ fflnakkx 'e˚uk£˚ in an a£m#˚õ›e'e vi£› a ˚uõe'˚£ekka' Ñ/H, C/H and a k#v ˚uã˚£ekka' C/Ñ%

New£ ve •#n˚ide' ˚£ikk £›e •a˚e £›a£ £›e ãukj and a£m#˚õ›e'i• en'i•›men£ i˚ d#mina£ed ãx £›e a••'e£ed
˚#kid˚, ãu£ ¡#' an a••'e£i#n #¡ £›e ˚#kid˚ in˚ide #¡ £›e va£e' i•ekine% He'e i£ deõend˚ #n £›e •#mõ#˚i£i#n #¡
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Enriched disk gas
Pebble evaporation
Disk photoevap.

Solids dominate bulk comp.
Bulk enrichment superstellar

Gas dominates bulk comp.
Bulk enrichment (sub)stellar

Formation outside
water iceline

/,C)�H,C�rtlbprsbeeOp�
/,H�rtarsbeeOp

/,C)�H,C� rta(rsbeeOp�
/,H�rtlbprsbeeOp

ISM-like
refractory
carbon

/,C)�H,C�rtlbprsbeeOp�
/,H� rtlbp(rsbeeOp

Refract. carbon
deficient as
solar system

Gas dominates
atmo. composition

Efficient solid accretion

High bulk density

Inefficient solid accretion
Low bulk density

Formation inside
water iceline

Atmosphere and
interior mixed

Solids dominate
atmo. comp.

No mixing
(gradients, rad,
zones, semiconv.)

Gas dominates
atmo. comp.

Pristine disk gas
No gas enrichment

Fi⁄u'e 1fiˆ F#'ma£i#n õa£›vax˚ and õ›x˚i•ak õ'#•e˚˚e˚ keadin⁄ £# dife'en£ a£m#˚õ›e'i• •#mõ#˚i£i#n in
£e'm˚ #¡ C/H, Ñ/H, and C/Ñ ¡#' H#£ Ìuõi£e'˚% T›e˚e •an ãe õ'#ãed vi£› a£m#˚õ›e'i• ˚õe•£'#˚•#õx% T›e
ãukj en'i•›men£ i˚ ak˚# n#£ed a˚ an#£›e' #ã˚e'va£i#nak •#n˚£'ain£ a••e˚˚iãke via £›e õkane£‘˚ mean den˚i£x%
Uõda£ed vi£› addi£i#nak õ›x˚i•ak õ'#•e˚˚e˚ ãa˚ed #n M#'da˚ini e£ ak% (2016(%

£›e 'e¡'a•£#'x ˚#kid˚ £›a£ a'e a••'e£ed% I¡ £›e˚e ˚#kid˚ a'e •a'ã#n deõke£ed 'eka£ive £# £›e ISM a˚ i£ i˚ £›e
•a˚e in £›e inne' S#ka' Sx˚£em (Ãe'⁄in e£ ak% 201fi( and a˚ mi⁄›£ ãe ⁄ene'akkx £›e •a˚e a˚ ˚u⁄⁄e˚£ed ãx m#˚£
õ#kku£ed v›i£e dva'¡˚ (Wu àÃ#n˚#' 2021(, £›en a⁄ain a ˚uõe'˚£ekka' C/H, Ñ/H and ˚uã˚£ekka' C/Ñ vikk
'e˚uk£, ãe•au˚e #¡ £›e #wx⁄en in £›e a••'e£ed ˚iki•a£e˚, a£ kea˚£ i¡ £›e ˚iki•a£e˚ d# n#£ •#nden˚e #u£ a⁄ain in
£›e deeõe' kaxe'˚ (Ji£¥mann e£ ak% 202ƒ(% Ñn £›e #£›e' ›and, i¡ £›e ˚#kid˚ in˚ide #¡ £›e i•ekine •#n£ain ka'⁄e
±uan£i£ie˚ #¡ 'e¡'a•£#'x •a'ã#n ˚imika' £# £›e ISM, a õkane£ vi£› a ˚uõe'˚£ekka' C/H, Ñ/H and a ˚£ekka' #'
˚uõe'˚£ekka' C/Ñ vikk 'e˚uk£%

T›e 'i⁄›£ õa'£ #¡ Fi⁄u'e 1fi di˚•u˚˚e˚ £›e #u£•#me i¡ ˚#kid a••'e£i#n va˚ •#mõa'a£ivekx ineff•ien£ and
£›u˚ £›e a£m#˚õ›e'i• C and Ñ i˚ d#mina£ed ãx £›e #ne #¡ £›e a••'e£ed ⁄a˚% T›i˚ aõõkie˚ ak˚# £# £›e •a˚e
£›a£ a£m#˚õ›e'e and in£e'i#' a'e õ##'kx miwed ãe•au˚e #¡ •#mõ#˚i£i#nak ⁄'adien£˚ and ineff•ien£ ˚emi-
•#nve•£i#n (Va¥an e£ ak% 2013(, even i¡ ˚#kid a••'e£i#n va˚ eff•ien£ #ve'akk% T›i˚ •a˚e ¡u'£›e' ã'an•›e˚ in£#
˚uã-˚•ena'i#˚ deõendin⁄ #n v›e£›e' £›e ⁄a˚ ›a˚ a õ'i˚£ine ãa•j⁄'#und •#mõ#˚i£i#n #' v›e£›e' efe•£˚ kije
di˚j õ›#£#evaõ#'a£i#n (Fuikk#£ àHue˚# 2006( and õeããke d'i¡£ and evaõ#'a£i#n (Ã##£› e£ ak% 201;( en'i•›
£›e neãuka' ⁄a˚ a£ £›e õka•e #¡ £›e õkane£% In £›e ¡#'me' •a˚e, a õkane£a'x a£m#˚õ›e'e vi£› a (˚uã(˚£ekka'
Ñ/H and C/H and a ˚uõe'˚£ekka' C/Ñ v#ukd 'e˚uk£, v›ike £›e ka££e' v#ukd kead £# en'i•›men£ kevek˚ #¡ Ñ/H,
C/H and a C/Ñ 'a£i# v›i•› a'e (˚uõe'(˚£ekka'% De˚õi£e ãein⁄ ˚£'#n⁄kx ˚imõkiffled, £›e˚e dife'en£ õa£›vax˚
ak'eadx ⁄ive a ›in£ #¡ £›e •#mõkewi£x #¡ kinjin⁄ ¡#'ma£i#n and õkane£a'x a£m#˚õ›e'e˚% T# add'e˚˚ £›i˚, #£›e'
ekemen£˚ kije N, S #' 'e¡'a•£#'ie˚ •an ãe u˚ed £# add ¡u'£›e' •#mõkemen£a'x •#n˚£'ain£˚ (Õ#kman e£ ak% 2023§
C'#˚˚fflekd 2023§ Ñ›n# àF#'£nex 2023(%
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�ddi£i#nakkx, ¡#' k#ve' õkane£a'x ma˚˚, £›e ˚#kid •#'e #¡ a õkane£ •an ãe a ˚uã˚£an£iak 'e˚e'v#i' ¡#' v#ka£ike
ekemen£˚% T›e •#'e •an £›en •#n£'#k £›e a£m#˚õ›e'i• •#mõ#˚i£i#n #ve' k#n⁄ £ime˚•ake˚% Ãu£ v›eneve' a õ'im-
#'diak a£m#˚õ›e'e #¡ ˚i⁄niffl•an£ma˚˚ i˚ õ'e˚en£, ã#£› 'e˚e'v#i'˚ need £# ãe in•kuded and m#dekked •#n˚i˚£en£kx
(Ã#ve' e£ ak% 2019, 2022§ Ki•›£enãe'⁄ e£ ak% 2023(% T›e ˚ek¡-•#n˚i˚£en£ •#uõkin⁄ ãe£veen #u£e' a£m#˚õ›e'e
and £›e deeõe' envek#õe (v›i•› •an, ¡#' ewamõke, ãe va£e'-d#mina£ed( i˚ ak˚# imõ#'£an£ (Fu¥man-Me˚a
e£ ak% 2022( and akk#v˚ £# •#mãine ˚õe•£'#˚•#õi• •#n˚£'ain£˚ #n £›e a£m#˚õ›e'i• •#mõ#˚i£i#n vi£› #ã˚e'-
va£i#nak •#n˚£'ain£˚ #n £›e õkane£‘˚ mean den˚i£x and £›u˚ i£˚ ãukj •#mõ#˚i£i#n% Suã-Neõ£une˚ ¡akk in £›e
'e⁄ime v›e'e ka'⁄e ±uan£i£ie˚ #¡ v#ka£ike ekemen£˚ dife'en£ ¡'#m ›xd'#⁄en and ›ekium mi⁄›£ maje-uõ m#˚£
#¡ £›e envek#õe #¡ £›e õkane£ (Ãu'n e£ ak% 202ƒ( v›i•› •#ukd even miw vi£› '#•jx ma£e'iak ¡#' ›#£ õkane£˚ in
a ˚uõe'•'i£i•ak õ›a˚e (Va¥an e£ ak% 2022(% M#'e in£e'di˚•iõkina'x 'e˚ea'•› •#nne•£in⁄ ⁄e#õ›x˚i•˚ vi£› õkane£
¡#'ma£i#n and a˚£'#n#mi•ak •#n˚£'ain£˚ i˚ 'e±ui'ed £# de£e'mine £›e ewa•£ õa'£i£i#nin⁄ #¡ ekemen£˚ and £›e
in£e'i#' ev#ku£i#n (e%⁄%, Ji£e e£ ak% 2019(%

s R2llTpw Tm: bnmbi2r-nmr
In £›i˚ •›aõ£e', ve ›ave 'evieved £›e £›e#'x #¡ õkane£ ¡#'ma£i#n% In £›e ffl'˚£ õa'£, jex #ã˚e'va£i#nak •#n-
˚£'ain£˚ ¡'#m £›e S#ka' Sx˚£em and ¡'#m £›e ew#õkane£ õ#õuka£i#n ve'e di˚•u˚˚ed% T›en, ˚#me #¡ £›e õ›x˚i•ak
me•›ani˚m˚ ⁄#ve'nin⁄ õkane£a'x ˚x˚£em ¡#'ma£i#n ve'e in£'#du•ed% Ve £›en add'e˚˚ed ›#v £›e˚e me•›an-
i˚m˚ •an ãe õu£ £#⁄e£›e' £# ¡#'m ⁄k#ãak õkane£ ¡#'ma£i#n m#dek˚ £›a£ •an ãe u˚ed in õkane£a'x õ#õuka£i#n
˚xn£›e˚i˚% Õ#õuka£i#n ˚xn£›e˚i˚ maje˚ ±uan£i£a£ive ˚£a£i˚£i•ak •#mõa'i˚#n˚ õ#˚˚iãke ãe£veen ¡#'ma£i#n £›e-
#'x and ew#õkane£ #ã˚e'va£i#n˚% Finakkx, ve ˚›#ved ›#v £›e •#mõ#˚i£i#nak kinj˚ ¡'#m õ'#£#õkane£a'x di˚j˚
£# õkane£a'x a£m#˚õ›e'e˚ õu£ n#vek •#n˚£'ain£˚ #n õkane£ ¡#'ma£i#n £›e#'x%

T'i⁄⁄e'ed mainkx ãx #ã˚e'va£i#nak õ'#⁄'e˚˚, £›e unde'˚£andin⁄ ›#v õkane£˚ ¡#'m ›a˚ ev#kved ¡'#m a ˚£a£i•
õi•£u'e in˚õi'ed ˚#kekx ãx £›e S#ka' Sx˚£em £# a ›i⁄›kx dxnami• #ne v›i•› i˚ 'e5e•£ed in £›e dive'˚i£x #¡ £›e
õ#õuka£i#n #¡ ew£'a˚#ka' õkane£˚% T›i˚ ev#ku£i#n i˚ a••#mõanied ãx a numãe' #¡ #n⁄#in⁄ ˚›i¡£˚ #¡ õa'adi⁄m˚ˆ
ffl'˚£, ¡'#m in ˚i£u ¡#'ma£i#n £# m#ãiki£x #¡ £›e ãuikdin⁄ ãk#•j˚ ã#£› #n £›e du˚£/õeããke ˚•ake (d'i¡£( and
#n £›e ˚•ake #¡ õ'#£#õkane£˚ (#'ãi£ak mi⁄'a£i#n(% Se•#nd, ¡'#m ˚#kid a••'e£i#n #nkx via õkane£e˚imak˚ £# a
muk£i¡a•e£ed õ'#•e˚˚ ve'e õeããke˚, õkane£e˚imak˚, and ⁄ian£ imõa•£˚ õkax a '#ke% T›i'd, ¡'#m a ¡#'ma£i#n in
˚m##£› vi˚•#u˚ di˚j˚ £# ˚£'u•£u'ed and õ#£en£iakkx MHD vind-d'iven di˚j˚% �£ £›e m#men£, i£ i˚ n#£ xe£
õ#˚˚iãke £# ˚ax £# v›a£ ew£en£ £›e˚e nev õa'adi⁄m˚ vikk 'eõka•e £›e #kde' #ne˚ #' i¡ in £›e end a ˚xn£›e˚i˚ #¡
#kde' and neve' viev˚ vikk 'e˚uk£%

In #'de' £# maje õ'#⁄'e˚˚, i£ vikk ãe imõ#'£an£ £# add'e˚˚ a numãe' #¡ jex ±ue˚£i#n˚ and ¡'#n£ie'˚ˆ

1% �'e £›e ˚£'u•£u'e˚ in õ'#£#õkane£a'x di˚j˚ •au˚e #' •#n˚e±uen•e #¡ õkane£ ¡#'ma£i#nq V›a£ i˚ £›e
¡#'ma£i#n me•›ani˚m #¡ £›e õ'#£#õkane£˚ £›a£ ˚eem £# eme'⁄e a£ ka'⁄e #'ãi£ak di˚£an•e˚ ak'eadx a£
ea'kx £ime˚ a˚ ˚u⁄⁄e˚£ed ãx #ã˚e'ved di˚j ˚£'u•£u'e˚q

2% I˚ £›e ev#ku£i#n #¡ õ'#£#õkane£a'x di˚j˚ d'iven ãx vi˚•#u˚ a••'e£i#n #' ãx MHD-vind˚ and v›a£ a'e
£›e •#n˚e±uen•e˚ ¡#' õkane£ ¡#'ma£i#n, kije õ#£en£iakkx 'edu•ed #'ãi£ak mi⁄'a£i#nq

3% V›a£ i˚ £›e imõ#'£an•e #¡ õeããke˚, õkane£e˚imak˚, and ⁄ian£ imõa•£˚ a˚ me•›ani˚m˚ #¡ ˚#kid ⁄'#v£›q
I˚ £›e'e a di˚£an•e deõenden•xq H#v d#e˚ £›i˚ in5uen•e £›e õkane£a'x •#mõ#˚i£i#n and ˚£'u•£u'eq

ƒ% H#v ka'⁄e a'e õkane£a'x ⁄a˚ a••'e£i#n 'a£e˚ in £›e 'unavax and di˚j-kimi£ed õ›a˚e and v›i•› me•›an-
i˚m˚ •#n£'#k i£q I˚ £›e'e a õkane£a'x de˚e'£ in £›e ma˚˚ ¡un•£i#nq

fi% H#v did £›e S#ka' Sx˚£em ¡#'m, •aõi£aki¥in⁄ #n £›e ˚õe•iak •#n˚£'ain£˚ ve #nkx ›ave in #u' ˚x˚£em
kije £›e me£e#'i£i• 'e•#'d and £›e min#' ã#die˚q Va˚ £›e'e a ⁄'and £a•jq H#v mu•› ma£e'iak õa˚˚ed
Ìuõi£e'q H#v ˚õe•iak i˚ i£˚ a'•›i£e•£u'eq

6% H#v •an £›e •#mõkewi£x #¡ £›e in£e'i#'˚ #¡ £›e ⁄ian£ õkane£˚ in #u' S#ka' Sx˚£em (e˚õe•iakkx Ìuõi£e'(
ãe £'an˚ka£ed £# ew#õkane£˚ ¡#' v›i•› £xõi•akkx ˚imõke ¡ukkx adiaãa£i• in£e'i#'˚ a'e a˚˚umedq

;% V›a£ i˚ £›e #'i⁄in #¡ £›e ve'x aãundan£ õ#õuka£i#n #¡ •k#˚e-in k#v-ma˚˚/˚makk ew#õkane£˚q �'e ˚#me
#¡ £›e˚e õkane£˚ #•ean v#'kd˚ £›a£ ›ave mi⁄'a£ed ¡'#m ãex#nd £›e i•ekine £# £›ei' •u''en£ õ#˚i£i#nq
�'e £›e'e ›in£˚ ¡'#m a'•›i£e•£u'ak õa££e'n˚q

3è



è% V›a£ i˚ £›e '#ke #¡ ⁄'avi£a£i#nak in˚£aãiki£x a˚ a ⁄ian£ õkane£ ¡#'ma£i#n me•›ani˚m and/#' õ#£en£iakkx
a˚ a ˚eed ¡#' •#'e a••'e£i#nq

9% V›a£ i˚ £›e imõa•£ #¡ £›e •ku˚£e'/˚£ekka' envi'#nmen£ #n õkane£ ¡#'ma£i#n via ka£e in¡akk, ew£e'nak
õ›#£#evaõ#'a£i#n #¡ di˚j˚, and ˚£ekka' en•#un£e'˚q

10% V›a£ •an ãe kea'ned ¡'#m #ã˚e'va£i#n˚ #¡ #n⁄#in⁄ õkane£ ¡#'ma£i#nq I˚ i£ õ#˚˚iãke £# de'ive mu•› m#'e
di'e•£ •#n˚£'ain£˚ #n õ'#•e˚˚e˚ kije ¡#'ma£i#n £ime˚•ake˚, ¡#'ma£i#n k#•a£i#n, ⁄a˚ a••'e£i#n, mi⁄'a£i#n,
and •i'•umõkane£a'x di˚j˚q Can ve iden£i¡x an ev#ku£i#na'x ˚e±uen•e kije ¡#' ˚£a'˚q

11% D# õkane£˚ jeeõ an a£m#˚õ›e'i• mem#'x aã#u£ £›ei' #'i⁄inq Can i£ ãe a••e˚˚ed 'em#£ekx via ˚õe•£'#-
˚•#õi• #ã˚e'va£i#n˚q H#v a'e ãukj and #ã˚e'vaãke a£m#˚õ›e'i• •#mõ#˚i£i#n kinjedq

12% V›a£ i˚ £›e dive'˚i£x #¡ k#v-ma˚˚ õkane£˚ in £›e ›aãi£aãke ¥#ne in £e'm˚ #¡ va£e' •#n£en£, ãukj and
a£m#˚õ›e'i• •#mõ#˚i£i#n, #' 'emainin⁄ õ'im#'diak H/He envek#õeq H#v d#e˚ £›i˚ deõend #n ›#˚£ ˚£a'
õ'#õe'£ie˚ kije ˚£ekka' ma˚˚ and #n £›e a'•›i£e•£u'e #¡ £›e ›#˚£ õkane£a'x ˚x˚£emq V›i•› ¡'a•£i#n i˚
'eakkx Ea'£›-kije and ›aãi£aãkeq

F#'£una£ekx, •›an•e˚ a'e ›i⁄› £›a£ ˚i⁄niffl•an£ advan•emen£˚ vikk ãe õ#˚˚iãke in £›e •#min⁄ xea'˚ ¡#' £›i˚
d#¥en õ#in£˚ ãe•au˚e £›e numãe' #¡ #ã˚e'va£i#nak •#n˚£'ain£˚ vikk •#n£inue £# ⁄'#v 'aõidkx%

T›e ÌVST i˚ a ffl'˚£ ak'eadx a•£ive ewamõke% De˚õi£e i£˚ 'e•en£ kaun•›, i£ ak'eadx kead˚ £# imõ#'£an£
in˚i⁄›£˚ and £'i⁄⁄e'˚ £›e devek#õmen£ #¡ m#'e õ'e•i˚e m#dek˚ ¡#' £›e •#mõ#˚i£i#n #¡ £›e inne' di˚j, in•kudin⁄
efe•£˚ kije a ˚##£ kine #' ka£e •a'ã#n-'i•› di˚j ⁄a˚% T›i˚ ˚›#v•a˚e˚ £›e õ#£en£iak #¡ kinjin⁄ £›e #u£e' 'e˚e'v#i'
#¡ £›e di˚j £# £›e inne' di˚j •#mõ#˚i£i#n and fflnakkx £›e õkane£a'x a£m#˚õ›e'e˚, a£ kea˚£ i¡ £›ex •an ãe 'eka£ed
£# £›e ãukj #¡ £›e ma£e'iak a••'e£ed du'in⁄ ¡#'ma£i#n%

In £›e S#ka' Sx˚£em, ˚õa•e mi˚˚i#n˚ kije ÌUICE, ÃeõiC#k#mã#, #' £›e U'anu˚ mi˚˚i#n ãu£ ak˚# uk£'a-
õ'e•i˚e kaã#'a£#'x mea˚u'emen£˚ vikk ›ekõ £# ãe££e' unde'˚£and #u' #vn õkane£a'x ˚x˚£em, v›ike �KM�,
�NDES, #' QISTQETTÑ vikk õ'#ãe £›e ¡#'ma£i#n envi'#nmen£, £›e a£m#˚õ›e'i• •#mõ#˚i£i#n, and #n⁄#in⁄
õkane£ ¡#'ma£i#n ¡'#m £›e ⁄'#und% In ˚õa•e, F�I�, ÕK�TÑ, and £›e Q#man Sõa•e Teke˚•#õe vikk •'i£i•akkx
ew£end £›e õa'ame£e' ˚õa•e #¡ £›e jn#vn ew#õkane£ dem#⁄'aõ›i•˚ in £›e ›i⁄›- and k#v-ma˚˚ 'e⁄ime £#
a'ea˚ •u''en£kx unjn#vn% �QIEK vikk add via a£m#˚õ›e'i• ˚õe•£'#˚•#õx ˚£a£i˚£i•ak •#n˚£'ain£˚ #n õkane£a'x
•#mõ#˚i£i#n ¡#' a ka'⁄e' ˚amõke #¡ õkane£˚ v›i•› i˚ imõ#'£an£ ⁄iven £›e •#mõkewi£x v›en kinjin⁄ ¡#'ma£i#n
and a£m#˚õ›e'e˚% Finakkx, #ve' k#n⁄e' £ime˚•ake˚, £›e KIFE mi˚˚i#n and £›e Haãi£aãke V#'kd˚ Ñã˚e'va£#'x
˚›#ukd ãe aãke £# #ã˚e'va£i#nakkx add'e˚˚ £›e ka˚£ ±ue˚£i#n ki˚£ed aã#ve aã#u£ £›e dive'˚i£x #¡ õ#£en£iakkx
›aãi£aãke õkane£˚ and maxãe even ki¡e%

Tajen £#⁄e£›e', £›e˚e #ã˚e'va£i#nak ef#'£˚ vikk xiekd ve'x 'i•› da£a £# ãuikd a ˚e£ #¡ manx muk£i¡a•e£ed
•#n˚£'ain£˚ ¡#' õkane£a'x ¡#'ma£i#n £›e#'x% T›e#'e£i•ak 'e˚uk£˚ •an ãe •#n¡'#n£ed £# £›em, imõ'#vin⁄ even-
£uakkx #u' unde'˚£andin⁄ #¡ £›e #'i⁄in #¡ õkane£˚%

�•jn#vked⁄emen£˚ˆ Ve £›anj Vikkx Ãen¥, �kewand'e Em˚en›uãe', Ãenjamin Fuk£#n, E'ij Õe£i⁄u'a, Q#x van Ã#ejek,
and Ìe˚˚e Vede' ¡#' imõ#'£an£ inõu£% C%M% a•jn#vked⁄e˚ £›e ˚uõõ#'£ ¡'#m £›e Svi˚˚ Na£i#nak S•ien•e F#unda£i#n
unde' ⁄'an£ 200021_20ƒèƒ; “Õkane£˚InTime“% Q%Ã% a•jn#vked⁄e˚ fflnan•iak ˚uõõ#'£ ¡'#m £›e Fe'man Ew•ekken•e
S£'a£e⁄x via £›e Heidekãe'⁄ Cku˚£e' #¡ Ew•ekken•e (EWC 21è1 - 3909009ƒè( “STQUCTUQES“ unde' Ewõk#'a£#'x Õ'#-
je•£ è%ƒ% Õa'£˚ #¡ £›i˚ v#'j ›a˚ ãeen •a''ied #u£ vi£›in £›e ¡'amev#'j #¡ £›e NCCQ Õkane£S ˚uõõ#'£ed ãx £›e Svi˚˚
Na£i#nak S•ien•e F#unda£i#n unde' ⁄'an£˚ fi1NFƒ0_1è2901 and fi1NFƒ0_20fi606%
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3zot3o7nz

�kiãe'£, X%, M#'da˚ini, C%, Ãen¥, V%, à Vini˚d#e'fe', C% 200fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, ƒ3ƒ, 3ƒ3, d#iˆ oz)ozfo6
zzz5h7t7oc3zz53zt3
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�nand, �%, à Me¥⁄e', J% 2023, C›emie de' E'de / Fe#•›emi˚£'x, è3, 12600ƒ, d#iˆ oz)ozo76i)bgdld?)3z3t)o37zz5

�nd'ev˚, S% M% 2020, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, fiè, ƒè3, d#iˆ oz)oo576
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Ãeni£e¥-Kkamãax, Õ%, à Õe˚˚a›, M% E% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak, èfifi, K2è, d#iˆ oz)te5s63z5ohe3ot6ZZa3Zd

Ãenne££, D% Õ%, Qan•, C%, à Fe'nande˚, Q% Ã% 2021, T›e �˚£'#n#mi•ak Ì#u'nak, 162, 2ƒ3, d#iˆ oz)te5s6oftehteeo6
Zb3Z3a

Ãen¥, V%, à �˚õ›au⁄, E% 1999, I•a'u˚, 1ƒ2, fi, d#iˆ oz)ozz76-bZ?)onnn)73z5

Ãen¥, V%, Came'#n, �% F% V%, à Mek#˚›, H% Ì% 19è9, I•a'u˚, è1, 113, d#iˆ oz)ozo76zzonhoztfpen(nzo3nh3

Ãen¥, V%, Ida, S%, �kiãe'£, X%, Kin, D%, à M#'da˚ini, C% 201ƒ, in Õ'#£#˚£a'˚ and Õkane£˚ VI, ed% H% Ãeu£›e', Q% S%
Jke˚˚en, C% Õ% Dukkem#nd, à T% Hennin⁄, 691, d#iˆ oz)35fe6Zy2u2Z1?drrunsezeo7fto35zhbgztz

Ãe'⁄e', �%, à K#u£'e, M% F% 1991, Pua£e'na'x S•ien•e Qeviev˚, 10, 29;, d#iˆ oz)ozo76z3sshtsnopno(nzztthP

Ãe'⁄in, E% �%, Ãkaje, F% �%, Cie˚ka, F%, Hi'˚•›mann, M% M%, à Ki, Ì% 201fi, Õ'#•eedin⁄˚ #¡ £›e Na£i#nak �•ademx #¡
S•ien•e, 112, è96fi, d#iˆ oz)ozst61mZr)ofzznf5oo3

Ãe'⁄˚£en, F% Ì%, Õa˚•u••i, I%, Ha'de⁄'ee-Ukkman, J% J%, e£ ak% 2023, T›e �˚£'#n#mi•ak Ì#u'nak, 166, 23ƒ, d#iˆ oz)
te5s6oftehteeo6Z:ztdZ

Ãe'£auw, Ì%-K%, à Ivan#va, �% 2022, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi12, fififi2, d#iˆ oz)oznt6
lm?Zr6r/Zbsss

Ãe£›une, V%, Ke˚u', F%, à Fe''ei'a, Ì% 2016, �˚£'#n#mx and �˚£'#õ›x˚i•˚, fiè9, �è;, d#iˆ oz)ozfo6zzz5h7t7o6
3zof3ses5

Ãi'n˚£iek, T%, Fan⁄, M%, à Ì#›an˚en, �% 2016, Sõa•e S•ien•e Qeviev˚, 20fi, ƒ1, d#iˆ oz)ozzs6roo3o5hzo7hz3f7ho

Ãi'n˚£iek, T%, Jka›', H%, à E'•#kan#, Ã% 2012, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi39, �1ƒè, d#iˆ oz)ozfo6zzz5h7t7o6
3zoooeot7

Ãi£˚•›, Ã%, Kamã'e•›£˚, M%, à Ì#›an˚en, �% 201fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiè2, �112, d#iˆ oz)ozfo6zzz5h7t7o6
3zof3757t

Ãi£˚•›, Ã%, S•›neide', �% D%, à J'eidãe'⁄, K% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 66fi, �13è, d#iˆ oz)ozfo6zzz5h7t7o6
3z335tt5f

Ãi£˚•›, Ã%, T'i¡#n#v, T%, à I¥id#'#, �% 2020, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒ3, �66, d#iˆ oz)ozfo6zzz5h7t7o6
3z3zteef7

Ãkum, Ì%, à Vu'm, F% 200è, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, ƒ6, 21, d#iˆ oz)oo576Zmm2?d_)Zr/?9)
57)z7z5zs)o5fof3
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Ã#den›eime', Õ%, D‘�n⁄ek#, F%, Ki˚˚aue', Ì% Ì%, F#'£nex, Ì% Ì%, à Saum#n, D% 2013, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;;0,
120, d#iˆ oz)ozee6zzz5h7tsW6ssz636o3z

Ã#den›eime', Õ%, Huãi•jxj, Ñ%, à Ki˚˚aue', Ì% Ì% 2000, I•a'u˚, 1ƒ3, 2, d#iˆ oz)ozz76-bZ?)onnn)7357

Ã#den›eime', Õ%, à Õ#kka•j, Ì% Ã% 19è6, I•a'u˚, 6;, 391, d#iˆ oz)ozo76zzonhoztfpe7(nzo33ht

Ã#nfflk˚, W%, Dek¡#˚˚e, W%, Ud'x, S%, e£ ak% 2013, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiƒ9, �109, d#iˆ oz)ozfo6zzz5h7t7o6
3zozo5sz5

Ã##£›, Q% �%, à Cka'je, C% Ì% 2021, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi02, 1fi69, d#iˆ oz)oznt6
lm?Zr6r/Zaznz

Ã##£›, Q% �%, Cka'je, C% Ì%, Mad›u˚ud›an, N%, à Ikee, Ì% D% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x,
ƒ69, 399ƒ, d#iˆ oz)oznt6lm?Zr6r/woozt

Ã##£›, Q% �%, à Ikee, Ì% D% 2019, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒè;, 399è, d#iˆ oz)oznt6lm?Zr6
r/yo5ee

Ã#'u•ji, V% Ì%, J#•›, D%, Ãa˚'i, F%, e£ ak% 2010, S•ien•e, 32;, 9;;, d#iˆ oz)oo376rb-dmbd)ooef5z3

Ã#˚˚, �% Õ% 199;, S•ien•e, 2;6, 1è36, d#iˆ oz)oo376rb-dmbd)3s7)ft3z)oet7

…% 2011, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;31, ;ƒ, d#iˆ oz)ozee6zzz5h7tsW6sto6o6s5

Ã#££je, V% F%, à N#'man, M% D% 201;, �nnuak Qeviev #¡ Ea'£› and Õkane£a'x S•ien•e˚, ƒfi, 619, d#iˆ oz)oo576
Zmm2?d_hdZ?/ghz7tzo7hz3zoto

Ã#uma, K% F%, Je'', Q%, Cu'£i˚, Ì% K%, e£ ak% 2022, T›e �˚£'#n#mi•ak Ì#u'nak, 16ƒ, 21fi, d#iˆ oz)te5s6oftehteeo6
Zbnt==

Ã#ve', D% Ì%, Hajim, J%, S#˚˚i, Õ% �%, à Sanan, Õ% 2022, T›e Õkane£a'x S•ien•e Ì#u'nak, 3, 93, d#iˆ oz)te5s6LQI6
Zbf=ao

Ã#ve', D% Ì%, Ji£¥mann, D%, V#k¡, �% S%, e£ ak% 2019, �˚£'#n#mx and �˚£'#õ›x˚i•˚, 631, �103, d#iˆ oz)ozfo6
zzz5h7t7o63zontfsoz

Ã#vke', Ã% Õ% 2016, Õuãki•a£i#n˚ #¡ £›e �˚£'#n#mi•ak S#•ie£x #¡ £›e Õa•iffl•, 12è, 102001, d#iˆ oz)ozee6oftehtest6
o3e6n7e6oz3zzo

Ã'#ž, M%, C›'enj#, Ñ%, Ne˚v#'ny, D%, à Dauõ›a˚, N% 2021, Na£u'e �˚£'#n#mx, fi, è9è, d#iˆ oz)ozte6
r5offzhz3ohzotetht

Ã'û⁄⁄e', N%, Ãu'n, Q%, C#keman, F% �% K%, �kiãe'£, X%, à Ãen¥, V% 2020, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒ0, �21,
d#iˆ oz)ozfo6zzz5h7t7o63z3ztez53

Ã'xan, M% K%, Jnu£˚#n, H% �%, H#va'd, �% V%, e£ ak% 2016, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è21, è9, d#iˆ oz)te5s6
zzz5h7tsW6e3o636en

Ãudde, F%, Ãu'j›a'd£, C%, à Jkeine, T% 2019, Na£u'e �˚£'#n#mx, 3, ;36, d#iˆ oz)ozte6r5offzhzonhzssnhx

Ãu'n, Q%, Em˚en›uãe', �%, Vede', Ì%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 666, �;3, d#iˆ oz)ozfo6zzz5h7t7o6
3z335t373

Ãu'n, Q%, Ma'ã#eu¡, U%, �kiãe'£, X%, à Ãen¥, V% 2019, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 629, �6ƒ, d#iˆ oz)ozfo6
zzz5h7t7o63zontfsez

Ãu'n, Q%, M#'da˚ini, C%, Mi˚›'a, K%, e£ ak% 202ƒ, Na£u'e �˚£'#n#mx, �dvan•ed Ñnkine Õuãki•a£i#n, d#iˆ oz)ozte6
r5offzhz3thz3oeths

Ãu'n, Q%, S•›ke•je', M%, M#'da˚ini, C%, e£ ak% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi6, �;2, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o5ztnz

Came'#n, �% F% V% 19èè, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, 26, ƒƒ1, d#iˆ oz)oo576Zmm2?d_)ZZ)37)
znzoee)zz3tzo
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Canuõ, Q% M%, à �˚õ›au⁄, E% 2001, Na£u'e, ƒ12, ;0è, d#iˆ oz)ozte6tfzenzoz

Caõi˚£'an£, Ã% J%, S#a'e˚-Fu'£ad#, M%, Vande'ãu'⁄, �%, e£ ak% 202ƒ, T›e �˚£'#n#mi•ak Ì#u'nak, 16;, fiƒ, d#iˆ oz)te5s6
oftehteeo6Z:oztn

Ca''e'a, D%, Ì#›an˚en, �%, à Davie˚, M% Ã% 201fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;9, �ƒ3, d#iˆ oz)ozfo6zzz5h7t7o6
3zo53fo3z

Ca˚˚an, �%, Juãa˚, D%, Ãeaukieu, Ì% Õ%, e£ ak% 2012, Na£u'e, ƒè1, 16;, d#iˆ oz)ozte6mZ/2?doz7e5

C›aã'ie', F%, à Deã'a˚, F% 2021, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 91;, ƒ, d#iˆ oz)te5s6ofteh5tfs6Za=b5e

C›amãe'˚, Ì% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è6fi, 30, d#iˆ oz)te5s6ofteh5tfs6ZZ:Zzn

C›amãe'˚, Ì% E% 2006, I•a'u˚, 1è0, ƒ96, d#iˆ oz)ozo76i)-bZ?2r)3zzf)oz)zos

C›ian⁄, E% I%, à F#kd'ei•›, Õ% 199;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ƒ90, 36è, d#iˆ oz)oze76tz5e7n

C›#j˚i, N%, C›ian⁄, E%, Fun⁄, Ì%, à Ÿ›u, Ÿ% 2023, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi2fi, 2è06,
d#iˆ oz)oznt6lm?Zr6r/Z:337n

Cie˚ka, F% Ì% 2011, �õÌ, ;ƒ0, 9, d#iˆ oz)ozee6zzz5h7tsW6s5z6o6n

Cime'man, N% Õ%, Juiõe', Q%, à Ñ'mek, C% V% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ;1, ƒ662,
d#iˆ oz)oznt6lm?Zr6r/won35

Cka'je, C% Ì%, Fend'in, �%, à S#£#max#', M% 2001, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, 32è, ƒèfi,
d#iˆ oz)oz576i)ot7fhesoo)3zzo)z5eno)w

C#keman, F% �% K% 2021, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi06, 3fi96, d#iˆ oz)oznt6lm?Zr6r/Zaonz5

C#keman, F% �% K%, M'#ue›, Ì% J%, à Hav#'£›, T% Ì% 202ƒ, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi2;,
;fièè, d#iˆ oz)oznt6lm?Zr6r/Z:t7n3

C#keman, F% �% K%, à Nek˚#n, Q% Õ% 201ƒ, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒƒfi, ƒ;9, d#iˆ oz)
oznt6lm?Zr6r/2osof

…% 2016, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ60, 2;;9, d#iˆ oz)oznt6lm?Zr6r/vooss

C'ida, �%, M#'ãidekki, �%, à Ma˚˚e£, F% 2006, I•a'u˚, 1è1, fiè;, d#iˆ oz)ozo76i)-bZ?2r)3zzf)oz)zzs

C'idkand, �% Ì%, Õud'i£¥, Q% E%, à �ke˚˚i, M% 2016, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ61, 32;ƒ,
d#iˆ oz)oznt6lm?Zr6r/vofoo

C'idkand, �% Ì%, Õud'i£¥, Q% E%, Ãi'n˚£iek, T%, Ckeeve˚, K% I%, à Ãe'⁄in, E% �% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak
�˚£'#n#mi•ak S#•ie£x, ƒ69, 3910, d#iˆ oz)oznt6lm?Zr6r/woz7n

C'#˚˚fflekd, I% Ì% M% 2023, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, 9fi2, K1è, d#iˆ oz)te5s63z5ohe3ot6Zbdtf=

Cummin⁄, �%, Ãu£ke', Q% Õ%, Ma'•x, F% V%, e£ ak% 200è, Õuãki•a£i#n˚ #¡ £›e �˚£'#n#mi•ak S#•ie£x #¡ £›e Õa•iffl•, 120,
fi31, d#iˆ oz)oze76fee5es

Dai, X%-Ÿ%, Kiu, H%-F%, Xan⁄, Ì%-X%, à Ÿ›#u, Ì%-K% 2023, T›e �˚£'#n#mi•ak Ì#u'nak, 166, 219, d#iˆ oz)te5s6oftehteeo6
Zb==7s

D‘�n⁄ek#, F%, à Kuã#v, S% H% 200è, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 6èfi, fi60, d#iˆ oz)oze76fnznz5

Dauõ›a˚, N%, à Õ#u'mand, �% 2011, Na£u'e, ƒ;3, ƒè9, d#iˆ oz)ozte6mZ/2?dozzss

David, T% Ì%, Hikkenã'and, K% �%, Õe£i⁄u'a, E% �%, e£ ak% 2016, Na£u'e, fi3ƒ, 6fiè, d#iˆ oz)ozte6mZ/2?doe3nt

Dav˚#n, Q% I%, à Ì#›n˚#n, Ì% �% 201è, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, fi6, 1;fi, d#iˆ oz)oo576
Zmm2?d_hZr/?9hzeoeoshzfoeft

Deã'a˚, F%, à C›aã'ie', F% 2019, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è;2, 100, d#iˆ oz)te5s6ofteh5tfs6ZZ==7f

DeMe#, F% E%, à Ca''x, Ã% 201ƒ, Na£u'e, fi0fi, 629, d#iˆ oz)ozte6mZ/2?do3nze

ƒ3



Demi'•i, T%, S•›neide', N%, Tei˚e', Ì%, à Vu'm, F% 2020, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒƒ, �20, d#iˆ oz)ozfo6
zzz5h7t7o63z3ztnto3

Denman, T% Q%, Kein›a'd£, Ÿ% M%, Ca'£e', Õ% Ì%, à M#'da˚ini, C% 2020, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak
S#•ie£x, ƒ96, 1166, d#iˆ oz)oznt6lm?Zr6r/ZZo73t

Di££j'i˚£, J% M%, M#'da˚ini, C%, Jka›', H%, �kiãe'£, X%, à Hennin⁄, T% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi6;, �121,
d#iˆ oz)ozfo6zzz5h7t7o63zot33fz7

Di££'i•›, J%, Jka›', H%, à Ì#›an˚en, �% 2013, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;63, 11;, d#iˆ oz)ozee6zzz5h7tsW6s7t636
oos

D#ke, S% H% 19;0, I•a'u˚, 13, ƒ9ƒ, d#iˆ oz)ozo76zzonhoztfpsz(nzznfht

D#na£i, Ì% F%, M#u£#u, C%, Mak#, K%, e£ ak% 2016, Na£u'e, fi3ƒ, 662, d#iˆ oz)ozte6mZ/2?doetzf

D#n⁄, S%, Wie, Ì%-V%, Ÿ›#u, Ì%-K%, Ÿ›en⁄, Ÿ%, à Ku#, �% 201è, Õ'#•eedin⁄˚ #¡ £›e Na£i#nak �•ademx #¡ S•ien•e, 11fi,
266, d#iˆ oz)ozst61mZr)osoo5z7oof

D'a¥j#v˚ja, Ì%, Ãi£˚•›, Ã%, Kamã'e•›£˚, M%, e£ ak% 2022, a'Wiv e-õ'in£˚, a'Wivˆ2203%09;fi9% g//1rc66Z?w-_)9?46Zar6
33zt)znsfn

D'ążj#v˚ja, Ì%, à �kiãe'£, X% 201;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 60è, �92, d#iˆ oz)ozfo6zzz5h7t7o63zosto5no

D'ążj#v˚ja, Ì%, �kiãe'£, X%, à M##'e, Ã% 2016, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi9ƒ, �10fi, d#iˆ oz)ozfo6zzz5h7t7o6
3zo73enet

Dukkem#nd, C% Õ%, à Õen¥kin, �% Ã% T% 201è, �˚£'#n#mx and �˚£'#õ›x˚i•˚, 609, �fi0, d#iˆ oz)ozfo6zzz5h7t7o6
3zostoese

Dukkem#nd, C% Õ%, Ãi'n˚£iek, T%, Huan⁄, Ì%, e£ ak% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, è69, Kƒ6, d#iˆ oz)te5s6
3z5ohe3ot6ZZ=s53

Dunk#õ, S%, En•'ena¥, T%, Ãiã'in⁄, Ì%, e£ ak% 2013, T›e S#ka' Sx˚£em, �˚£'#n#mx and �˚£'#õ›x˚i•˚ Kiã'a'x (Sõ'in⁄e'
Ãe'kin Heidekãe'⁄(% g//1rc66a99jr)4994kd)bg6a99jr.-:8=T=xB���PA�I

Dû'mann, C%, à Jkex, V% 201fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;ƒ, �fi2, d#iˆ oz)ozfo6zzz5h7t7o63zo535ets

Ei˚£'uõ, C%, Vak˚›, C%, à van Di˚›#e•j, E% F% 2016, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi9fi, �è3, d#iˆ oz)ozfo6zzz5h7t7o6
3zo73efzn

…% 201è, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 613, �1ƒ, d#iˆ oz)ozfo6zzz5h7t7o63zostotz3

Em˚en›uãe', �%, Ãu'n, Q%, Vede', Ì%, e£ ak% 2023, �˚£'#n#mx and �˚£'#õ›x˚i•˚, 6;3, �;è, d#iˆ oz)ozfo6zzz5h7t7o6
3z3355s7s

Em˚en›uãe', �%, M#'da˚ini, C%, à Ãu'n, Q% 2023, Eu'#õean Õ›x˚i•ak Ì#u'nak Õku˚, 13è, 1è1, d#iˆ oz)oo5z6d1i16
rott7zhz3thztse5hw
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En•'ena¥, T%, à Ke±ueuw, Ì% 2021, T›e S#ka' Sx˚£em 1ˆ Tekku'i• and Fian£ Õkane£˚, In£e'õkane£a'x Medium and
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J'uije', T% S%, Ãu'j›a'd£, C%, Ãudde, F%, à Jkeine, T% 201;, Õ'#• Na£k �•ad S•, 11ƒ, 6;12, d#iˆ oz)ozst61mZr)
osz557ooo5

Ka⁄'an⁄e, �%M%, Õ›ikiõ#£, F%, Quãini, Õ%, e£ ak% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;;, �;1, d#iˆ oz)ozfo6zzz5h7t7o6
3z3t57o7f

Ka⁄'an⁄e, �% M%, Ã#nne¡#x, M%, C›auvin, F%, e£ ak% 2010, S•ien•e, 329, fi;, d#iˆ oz)oo376rb-dmbd)ooesoes

Kamã'e•›£˚, M%, à Ì#›an˚en, �% 2012, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiƒƒ, �32, d#iˆ oz)ozfo6zzz5h7t7o63zo3ono3s

Kamã'e•›£˚, M%, Ì#›an˚en, �%, àM#'ãidekki, �% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;2, �3fi, d#iˆ oz)ozfo6zzz5h7t7o6
3zo53teo5

Kamã'e•›£˚, M%, M#'ãidekki, �%, Ìa•#ã˚#n, S% �%, e£ ak% 2019, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 62;, �è3, d#iˆ oz)ozfo6
zzz5h7t7o63zoet533n

Kau, T% C% H%, D'ążj#v˚ja, Ì%, S£ammke', S% M%, Ãi'n˚£iek, T%, à Dukkem#nd, C% Õ% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚,
66è, �1;0, d#iˆ oz)ozfo6zzz5h7t7o63z3355e75

Ke⁄a, E%, C'ida, �%, Ãi£˚•›, Ã%, à M#'ãidekki, �% 201ƒ, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒƒ0, 6è3,
d#iˆ oz)oznt6lm?Zr6r/2tz5

Ke⁄a, E%, M#'ãidekki, �%, Nek˚#n, Q% Õ%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fiè, �32, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o5o7sf

Ken¥, C% T%, Jka›', H%, à Ãi'n˚£iek, T% 2019, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è;ƒ, 36, d#iˆ oz)te5s6ofteh5tfs6Zazf:n

Ke˚u', F%, E'•#kan#, Ã%, Fk#•j, M%, e£ ak% 2022, a'Wiv e-õ'in£˚, a'Wivˆ2203%09è21% g//1rc66Z?w-_)9?46Zar633zt)zne3o

Kevi˚#n, H% F%, M#'ãidekki, �%, Van Kae'›#ven, C%, F#me˚, Q%, à T˚i⁄ani˚, J% 200è, I•a'u˚, 196, 2fiè, d#iˆ oz)ozo76
i)-bZ?2r)3zzs)oo)ztf

Kevi˚#n, H% F%, T›#mme˚, E% V%, à Dun•an, M% Ì% 2010, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 139, 129;

Ki, Ì%, Ãe'⁄in, E% �%, Ãkaje, F% �%, Cie˚ka, F% Ì%, à Hi'˚•›mann, M% M% 2021, S•ien•e �dvan•e˚, ;, eaãd3632,
d#iˆ oz)oo376rb-Z:_)Za:t7t3

Ki, Q%, à X#udin, �% N% 2021, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 919, 10;, d#iˆ oz)te5s6ofteh5tfs6Zbzdn=

Ki•›£enãe'⁄, T%, F#kaãej, F% Ì%, Ãu'n, Q%, e£ ak% 2019, Na£u'e �˚£'#n#mx, 3, 30;, d#iˆ oz)ozte6r5offzhzoehz7eehf

Ki•›£enãe'⁄, T%, S•›ae¡e', K% J%, Najajima, M%, à Fi˚•›e', Q% �% 2023, in Õ'#£#˚£a'˚ and Õkane£˚ VII, �˚£'#n#mi•ak
S#•ie£x #¡ £›e Õa•iffl• C#n¡e'en•e Se'ie˚, ed% Inu£˚uja, S% and �ijava, X% and Mu£#, T% and T#mida, J% and Tamu'a,
M%, V#k% fi3ƒ, Jx#£#, 90;, d#iˆ oz)5effz6Z?W-_)33zt)ozz3t

Kin, D% N% C%, à Õaõak#i¥#u, Ì% 19è6, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 30;, 39fi, d#iˆ oz)oze76o75537

Kin, M%-J%, à X#udin, �% N% 201fi, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è11, 1;, d#iˆ oz)ozee6zzz5h7tsW6eoo6o6os

Kinde', E% F%, M#'da˚ini, C%, M#kkië'e, Õ%, e£ ak% 2019, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 623, �èfi, d#iˆ oz)ozfo6zzz5h7t7o6
3zoettest

Ki˚˚aue', Ì% Ì% 1993, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, 31, 129, d#iˆ oz)oo576Zmm2?d_)ZZ)to)znzont)
zzoz3o

Ki˚˚aue', Ì% Ì%, Ãa£ak›a, N% M%, à Ã#'u•ji, V% Ì% 2023, in �˚£'#n#mi•ak S#•ie£x #¡ £›e Õa•iffl• C#n¡e'en•e Se'ie˚,
V#k% fi3ƒ, Õ'#£#˚£a'˚ and Õkane£˚ VII, ed% S% Inu£˚uja, X% �ijava, T% Mu£#, J% T#mida, à M% Tamu'a, è39,
d#iˆ oz)5effz6Z?W-_)3too)z5neo

Ki˚˚aue', Ì% Ì%, Huãi•jxj, Ñ%, D‘�n⁄ek#, F%, à Ã#den›eime', Õ% 2009, I•a'u˚, 199, 33è, d#iˆ oz)ozo76i)-bZ?2r)3zze)
oz)zz5

Ki˚˚aue', Ì% Ì%, à S£eva'£, F% Q% 1993, in Õ'#£#˚£a'˚ and Õkane£˚ III, ed% E% H% Kevx à Ì% I% Kunine (Unive'˚i£x #¡
�'i¥#na Õ'e˚˚(, 1061–10èè% g//1c66Z:rZar)gZ?_Z?:)d:26Zar6onnt1?1k)b9m=)oz7oJ
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Ki˚˚aue', Ì% Ì%, Qa⁄#¥¥ine, D%, Faã'x•jx, D% C%, e£ ak% 2011, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 19;, è,
d#iˆ oz)ozee6zz7shzz5n6ons6o6e

K#'ej, S%, à Ì#›an˚en, �% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 666, �10è, d#iˆ oz)ozfo6zzz5h7t7o63z3355ttt

K#vi˚, C%, Max#', M%, Õeõe, F%, e£ ak% 2006, Na£u'e, ƒƒ1, 30fi, d#iˆ oz)ozte6mZ/2?dz5e3e

Ku•x, K% Ã%, à Sveenex, M% �% 19;1, T›e �˚£'#n#mi•ak Ì#u'nak, ;6, fiƒƒ, d#iˆ oz)oze76oooofn

Kû˚£, Q% 19fi2, Ÿei£˚•›'i¡£ Na£u'¡#'˚•›un⁄ Teik �, ;, è;, d#iˆ oz)ofof6ymZhonf3hzooe

Kxnden-Ãekk, D%, à Õ'in⁄ke, Ì% E% 19;ƒ, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, 16è, 603, d#iˆ oz)oznt6
lm?Zr6o7e)t)7zt

Kx'a, V%, Õaa'dej##õe', S%-Ì%, à Ma• K#v, M%-M% 2010, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, ;1fi, K6è, d#iˆ oz)ozee6
3z5ohe3zf6sof636J7e

Ma•›ida, M% N%, J#juã#, E%, Inu£˚uja, S%-i%, à Ma£˚um#£#, T% 2010, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak
S#•ie£x, ƒ0fi, 122;, d#iˆ oz)oooo6i)ot7fh3n77)3zoz)o7f3s)w

Ma•in£#˚›, Ã%, F'a›am, Ì% Q%, Ãa'man, T%, e£ ak% 201fi, S•ien•e, 3fi0, 6ƒ, d#iˆ oz)oo376rb-dmbd)ZZbfeno

Mad›u˚ud›an, N%, �min, M% �%, à Jennedx, F% M% 201ƒ, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, ;9ƒ, K12, d#iˆ oz)
ozee63z5ohe3zf6sn56o6Jo3

Ma›, Ì%, Ãi£˚•›, Ã%, Õa˚•u••i, I%, à Hennin⁄, T% 2023, �˚£'#n#mx and �˚£'#õ›x˚i•˚, 6;;, K;, d#iˆ oz)ozfo6zzz5h7t7o6
3z3t5so7n

Mana'a, C% F%, �n˚dekk, M%, Q#˚#££i, F% Õ%, e£ ak% 2022, a'Wiv e-õ'in£˚, a'Wivˆ2203%09930% g//1rc66Z?w-_)9?46Zar6
33zt)znntz

Man⁄e', N%, à Jka›', H% 201è, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒè0, 212fi, d#iˆ oz)oznt6lm?Zr6
r/xonzn

Mann, �% V%, Faid#˚, E%, Ma•e, F% N%, e£ ak% 2016, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è1è, ƒ6, d#iˆ oz)te5s6zzz5h7tsW6
eoe6o657

Ma'ã#eu¡, U%, T›iaãaud, �%, �kiãe'£, X%, Caã'ak, N%, à Ãen¥, V% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;0, �3fi,
d#iˆ oz)ozfo6zzz5h7t7o63zot333zs

Ma'•x, F%, Ãu£ke', Q% Õ%, Fi˚•›e', D%, e£ ak% 200fi, Õ'#⁄'e˚˚ #¡ T›e#'e£i•ak Õ›x˚i•˚ Suõõkemen£, 1fiè, 2ƒ, d#iˆ oz)oo5t6
LSLQ)ofe)35

Ma'keau, F%-D%, C#keman, F% �% K%, Kekeu, �%, à M#'da˚ini, C% 2019, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 62ƒ, �20, d#iˆ oz)
ozfo6zzz5h7t7o63zoettfns

Ma'keau, F%-D%, Jka›', H%, Juiõe', Q%, à M#'da˚ini, C% 201;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è36, 221, d#iˆ oz)te5s6
ofteh5tfs6et763633o

Ma'keau, F%-D%, Juiõe', Q%, Ãe£›une, V%, à M#'da˚ini, C% 2023, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 9fi2, è9, d#iˆ oz)te5s6
ofteh5tfs6Zbb=o3

Ma'keau, F% D%, �#xama, X%, Juiõe', Q%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi;, �3è, d#iˆ oz)ozfo6zzz5h7t7o6
3z3zts5n5

Ma'#i˚, C%, Ma•in£#˚›, Ã%, Ãa'man, T%, e£ ak% 200è, S•ien•e, 322, 13ƒè, d#iˆ oz)oo376rb-dmbd)oo77fef

Ma'#i˚, C%, Ÿu•je'man, Ã%, J#n#õa•jx, P% M%, Ma•in£#˚›, Ã%, à Ãa'man, T% 2010, Na£u'e, ƒ6è, 10è0, d#iˆ oz)ozte6
mZ/2?dzn7e5

Ma˚˚e£, F% S% 2001, T›e �˚£'#õ›x˚i•ak Ì#u'nak, fifiè, ƒfi3, d#iˆ oz)oze76t33557

Ma˚˚e£, F% S% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ;2, ƒ20ƒ, d#iˆ oz)oznt6lm?Zr6r/w33so

Ma£›i˚, Ì% S%, Qumõk, V%, à N#'d˚ie•j, J% H% 19;;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 21;, ƒ2fi, d#iˆ oz)oze76offfno
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Ma£˚umu'a, S%, Õud'i£¥, Q% E%, à T›#mme˚, E% V% 200;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 660, 1609, d#iˆ oz)oze76fotosf

Max#', M%, à Puek#¥, D% 199fi, Na£u'e, 3;è, 3fifi, d#iˆ oz)ozte6tsetffZz

Max#', M%, Õeõe, F%, Puek#¥, D%, e£ ak% 2003, T›e Me˚˚en⁄e', 11ƒ, 20

Max#', M%, Ma'mie', M%, K#vi˚, C%, e£ ak% 2011, a'Wiv e-õ'in£˚, a'Wivˆ1109%2ƒ9;% g//1rc66Z?w-_)9?46Zar6oozn)35ns

M•Nakkx, C% Õ%, Nek˚#n, Q% Õ%, Õaa'dej##õe', S%-Ì%, à Ãeni£e¥-Kkamãax, Õ% 2019, M#n£›kx N#£i•e˚ #¡ £›e Q#xak
�˚£'#n#mi•ak S#•ie£x, ƒèƒ, ;2è, d#iˆ oz)oznt6lm?Zr6r/yz3t

Me¥⁄e', J%, Mak£e˚e, �%, à V#kk˚£aed£, H% 2021, I•a'u˚, 36fi, 11ƒƒ9;, d#iˆ oz)ozo76i)-bZ?2r)3z3o)oo55ns

Mi⁄uek, X%, Fuike'a, Ñ% M%, à Ã'unini, �% 2011, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ1;, 31ƒ,
d#iˆ oz)oooo6i)ot7fh3n77)3zoo)on375)w

Mi⁄uek, X%, Ãa¥#£, M%, Fuikk#£, T%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 662, �1è, d#iˆ oz)ozfo6zzz5h7t7o6
3z335t3zs

Mikk›#kkand, S%, Van⁄, S%, à Kau⁄›kin, F% 201;, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, èƒ9, K33, d#iˆ oz)te5s6
3z5ohe3ot6ZZnso5

Mi#£ekk#, �%, Jamõ, I%, Ãi'n˚£iek, T%, Ckeeve˚, K% I%, à Ja£a#ja, �% 2022, a'Wiv e-õ'in£˚, a'Wivˆ2203%09è1è% g//1rc
66Z?w-_)9?46Zar633zt)zneoe

Mi˚›'a, K%, �kiãe'£, X%, Kekeu, �%, e£ ak% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi6, �;ƒ, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o5zs7o

Mi˚›'a, K%, �kiãe'£, X%, Ud'x, S%, à M#'da˚ini, C% 2023a, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;0, �6è, d#iˆ oz)ozfo6
zzz5h7t7o63z335tsfo

…% 2023ã, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;0, �69, d#iˆ oz)ozfo6zzz5h7t7o63z3355szf

Mi¥un#, H% 19è0, Õ'#⁄'e˚˚ #¡ T›e#'e£i•ak Õ›x˚i•˚, 6ƒ, fiƒƒ, d#iˆ oz)oo5t6LSL)75)f55

M#kden›aue', T% V%, Juiõe', Q%, Jkex, V%, à Ñ'mek, C% V% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒ6, K11, d#iˆ oz)
ozfo6zzz5h7t7o63z3z5z33z

…% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 661, �1ƒ2, d#iˆ oz)ozfo6zzz5h7t7o63z3o5onff

M#kkië'e, Õ%, M#kxa'#va, T%, Ãi£˚•›, Ã%, e£ ak% 2022, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 93ƒ, ;ƒ, d#iˆ oz)te5s6ofteh5tfs6
Zb7Zf7

M#'ake˚, Ì% C%, Mu˚£ikk, �% Ì%, Qiãa˚, I%, e£ ak% 2019, S•ien•e, 36fi, 1ƒƒ1, d#iˆ oz)oo376rb-dmbd)ZZwtone

M#'ãidekki, �%, Ã#££je, V% F%, Ne˚v#'ny, D%, à Kevi˚#n, H% F% 2009, I•a'u˚, 20ƒ, fifiè, d#iˆ oz)ozo76i)-bZ?2r)3zzn)
zs)zoo

M#'ãidekki, �%, C›amãe'˚, Ì%, Kunine, Ì% I%, e£ ak% 2000, Me£e#'i£i•˚ and Õkane£a'x S•ien•e, 3fi, 1309, d#iˆ oz)oooo6i)
on5fhfozz)3zzz)/azofoe)w

M#'ãidekki, �%, Kamã'e•›£˚, M%, Ìa•#ã˚#n, S%, à Ãi£˚•›, Ã% 201fi, I•a'u˚, 2fiè, ƒ1è, d#iˆ oz)ozo76i)-bZ?2r)3zof)z7)
zzt

M#'da˚ini, C% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;2, �11è, d#iˆ oz)ozfo6zzz5h7t7o63zo53tsz3

…% 201è, in Handã##j #¡ Ew#õkane£˚, ed% H% Ì% Dee⁄ à Ì% �% Ãekm#n£e (Sõ'in⁄e' Kivin⁄ Qe¡e'en•e V#'j(, 1ƒ3,
d#iˆ oz)ozzs6nsehthtonhffttthsuo5t

M#'da˚ini, C%, �kiãe'£, X%, à Ãen¥, V% 2006, in Ten£› �nnive'˚a'x #¡ fi1 Õe⁄-ãˆ S£a£u˚ #¡ and õ'#˚õe•£˚ ¡#' ›#£
Ìuõi£e' ˚£udie˚, ed% K% �'n#kd, F% Ã#u•›x, à C% M#u£#u, èƒ–è6

M#'da˚ini, C%, �kiãe'£, X%, Ãen¥, V%, Jka›', H%, à Hennin⁄, T% 2012a, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiƒ1, �9;,
d#iˆ oz)ozfo6zzz5h7t7o63zooostfz

M#'da˚ini, C%, �kiãe'£, X%, Ãen¥, V%, à Nae¡, D% 2009, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi01, 1161, d#iˆ oz)ozfo6
zzz5h7t7o63zzeoz7ns
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M#'da˚ini, C%, �kiãe'£, X%, Fe#'⁄x, C%, e£ ak% 2012ã, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiƒ;, �112, d#iˆ oz)ozfo6zzz5h7t7o6
3zoooe575

M#'da˚ini, C%, �kiãe'£, X%, Jka›', H%, à Hennin⁄, T% 2012•, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fiƒ;, �111, d#iˆ oz)ozfo6
zzz5h7t7o63zoooe5fs

M#'da˚ini, C%, Jka›', H%, �kiãe'£, X%, Mikke', N%, à Hennin⁄, T% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi66, �1ƒ1,
d#iˆ oz)ozfo6zzz5h7t7o63zot3o5sn

M#'da˚ini, C%, Ma'keau, F% D%, à M#kkië'e, Õ% 201;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 60è, �;2, d#iˆ oz)ozfo6zzz5h7t7o6
3zo7tzzss

M#'da˚ini, C%, van Ã#ejek, Q%, M#kkië'e, Õ%, Hennin⁄, T%, à Ãenneje, Ã% 2016, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è32, ƒ1,
d#iˆ oz)te5s6zzz5h7tsW6et36o65o

M#u˚i˚, Ñ%, Dekeuik, M%, �⁄ui•›ine, �%, e£ ak% 2020, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, è96, K22, d#iˆ oz)te5s6
3z5ohe3ot6Zanftz

Mukde'˚, F% D%, Õa˚•u••i, I%, à �õai, D% 201fi, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è1ƒ, 130, d#iˆ oz)ozee6zzz5h7tsW6eo56
36otz

Nae¡, D%, Max#', M%, Õeõe, F%, e£ ak% 2001, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 3;fi, 20fi, d#iˆ oz)ozfo6zzz5h7t7oc3zzoze5o

Naja⁄ava, X%, Sejixa, M%, à Haxa˚›i, C% 19è6, I•a'u˚, 6;, 3;fi, d#iˆ oz)ozo76zzonhoztfpe7(nzo3oho

Na'an⁄, M%, Man#j, Õ%, Fu'kan, E%, e£ ak% 201è, T›e �˚£'#n#mi•ak Ì#u'nak, 1fi6, 221, d#iˆ oz)te5s6oftehteeo6ZZdtno

Nek˚#n, Q% Õ%, F'e˚˚ek, Ñ%, à Umu'›an, Ñ% M% 2013, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ3fi, 2610,
d#iˆ oz)oznt6lm?Zr6r//o5sf

Ne˚v#'ny, D%, Ki, Q%, Sim#n, Ì% Ã%, e£ ak% 2021, T›e Õkane£a'x S•ien•e Ì#u'nak, 2, 2;, d#iˆ oz)te5s6LQI6Za:efe

Ne££ekmann, N%, Hekked, Q%, F#'£nex, Ì% Ì%, à Qedme', Q% 2013, Õkane£a'x and Sõa•e S•ien•e, ;;, 1ƒ3, d#iˆ oz)ozo76
i)1rr)3zo3)z7)zon

Niek˚en, E% K%, De Q#˚a, Q% Ì%, Ma•in£#˚›, Ã%, e£ ak% 2019, T›e �˚£'#n#mi•ak Ì#u'nak, 1fiè, 13, d#iˆ oz)te5s6oftehteeo6
Zao7dn

Ôãe'⁄, J% I%, Fa••›ini, S%, à �nde'˚#n, D% E% 2023, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, 61, 2è;, d#iˆ oz)
oo576Zmm2?d_hZr/?9hz33e3thz5ze3z

Ôãe'⁄, J% I%, Mu''ax-Ckax, Q%, à Ãe'⁄in, E% �% 2011, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, ;ƒ3, K16, d#iˆ oz)ozee6
3z5ohe3zf6s5t6o6Jo7

Ñãe'⁄, J% I%, Fu¥man, V% V%, Vak˚›, C%, e£ ak% 2021, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 2fi;, 1

Ñ⁄i›a'a, M%, J#juã#, E%, Su¥uji, T% J%, à M#'ãidekki, �% 201è, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 61fi, �63, d#iˆ oz)ozfo6
zzz5h7t7o63zoet3s3z

Ñ›n#, J%, à F#'£nex, Ì% Ì% 2023, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 9ƒ6, 1è, d#iˆ oz)te5s6ofteh5tfs6ZbZ=d:

Ñ›£˚uji, J% 1999, I•a'u˚, 13;, 1fi2, d#iˆ oz)ozz76-bZ?)onne)7z5o

Ñ›£˚uji, J%, S£eva'£, F% Q%, à Ida, S% 2002, I•a'u˚, 1fifi, ƒ36, d#iˆ oz)ozz76-bZ?)3zzo)7s5o

Ñju¥umi, S%, Tanaja, H%, J#ãaxa˚›i, H%, à Vada, J% 2012, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;fi2, 106, d#iˆ oz)ozee6
zzz5h7tsW6sf3636oz7

Ñnxe££, I% Ì%, S•›ikke', M%, Maj›a£ad¥e, F% V%, e£ ak% 2023, Na£u'e, 619, fi39, d#iˆ oz)ozte6r5ofe7hz3thz7otfhy

Ñ'mek, C% V% 201ƒ, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, ;è9, K1è, d#iˆ oz)ozee63z5ohe3zf6sen6o6Joe

Ñ'mek, C% V% 201;, in �˚£'#õ›x˚i•˚ and Sõa•e S•ien•e Kiã'a'x, ed% M% Õe˚˚a› à Ñ% F'e˚˚ek, V#k% ƒƒfi, 19;, d#iˆ oz)
ozzs6nsehthtonh7z7znhfus

Ñ'mek, C% V%, à Cu¥¥i, Ì% N% 200;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, ƒ66, ƒ13, d#iˆ oz)ozfo6zzz5h7t7oc3zz77enn
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Ñ'mek, C% V%, Dukkem#nd, C% Õ%, à Sõaan˚, M% 2010, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, ;1ƒ, K103, d#iˆ oz)ozee6
3z5ohe3zf6so56o6Jozt

Ñ'mek, C% V%, Ida, S%, à Tanaja, H% 2012, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;fiè, è0, d#iˆ oz)ozee6zzz5h7tsW6sfe636ez

Ñ'mek, C% V%, à Jka›', H% H% 2010, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi20, �ƒ3, d#iˆ oz)ozfo6zzz5h7t7o63zozo5nzt

Ñ'mek, C% V%, à J#ãaxa˚›i, H% 2012, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;ƒ;, 11fi, d#iˆ oz)ozee6zzz5h7tsW6s5s636oof

Ñ'mek, C% V%, S›i, Ì%-M%, à Juiõe', Q% 201fi, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒƒ;, 3fi12,
d#iˆ oz)oznt6lm?Zr6r/23sz5

Ñven, Ì% E% 2019, �nnuak Qeviev #¡ Ea'£› and Õkane£a'x S•ien•e˚, ƒ;, 6;, d#iˆ oz)oo576
Zmm2?d_hdZ?/ghzftzoehz7z357

Ñven, Ì% E%, à Vu, X% 2013, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;;fi, 10fi, d#iˆ oz)ozee6zzz5h7tsW6ssf636ozf

Õaa'dej##õe', S%, D#n⁄, Q%, Dufekk, Õ%, e£ ak% 2023, in �SÕ C#n¡e'en•e Se'ie˚, V#k% fi3ƒ, Õ'#£#˚£a'˚ and Õkane£˚ VII,
�˚£'#n#mi•ak S#•ie£x #¡ £›e Õa•iffl• C#n¡e'en•e Se'ie˚, ed% Inu£˚uja, S% and �ijava, X% and Mu£#, T% and T#mida,
J% and Tamu'a, M%, Jx#£#, 6èfi% g//1rc662-)Z:rZar)gZ?_Z?:)d:26Zar63z3t�QLB))ft5))7efL

Õaa'dej##õe', S%-Ì% 201ƒ, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒƒƒ, 2031, d#iˆ oz)oznt6lm?Zr6r/2of53

Õaa'dej##õe', S% Ì%, Ãa'u£eau, C%, C'ida, �%, à Jkex, V% 2010, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x,
ƒ01, 19fi0, d#iˆ oz)oooo6i)ot7fh3n77)3zzn)ofse3)w

Õaa'dej##õe', S% Ì%, Ãa'u£eau, C%, à Jkex, V% 2011, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ10, 293,
d#iˆ oz)oooo6i)ot7fh3n77)3zoz)os553)w

Õan, M%, Kiu, Ã%, Ì#›an˚en, �%, e£ ak% 2023, a'Wiv e-õ'in£˚, a'Wivˆ2311%1031;, d#iˆ oz)5effz6Z?W-_)3too)oztos

Õe'#££i, F%, C›'i˚£iaen˚, V%, Hennin⁄, T%, e£ ak% 2023, Na£u'e, d#iˆ oz)ozte6r5ofe7hz3thz7toshn

Õe''i, F%, à Came'#n, �% F% V% 19;ƒ, I•a'u˚, 22, ƒ16, d#iˆ oz)ozo76zzonhoztfps5(nzzs5he

Õe£i⁄u'a, E% �%, H#va'd, �% V%, àMa'•x, F% V% 2013, Õ'#• Na£k �•ad S•, 110, 192;3, d#iˆ oz)ozst61mZr)otonnznooz

Õe£i⁄u'a, E% �%, Ma'•x, F% V%,Vinn, Ì% N%, e£ ak% 201è, T›e �˚£'#n#mi•ak Ì#u'nak, 1fifi, è9, d#iˆ oz)te5s6oftehteeo6
ZZZf5b

Õ¡ak¥ne', S%, De›⁄›ani, S%, à Mi•›ek, �% 2022, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, 939, K10, d#iˆ oz)te5s63z5ohe3ot6
Zbnetn

Õ¡eik, T%, à Jka›', H% 2019, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è;1, 1fi0, d#iˆ oz)te5s6ofteh5tfs6ZZ=n73

Õi•#⁄na, F%, E'•#kan#, Ã%, à E˚õaikka£, C% C% 2021, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi0è, 3611,
d#iˆ oz)oznt6lm?Zr6r/Za3eet

Õi•#⁄na, F%, E'•#kan#, Ã%, Ñven, Ì% E%, à Veãe', M% K% 2019, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x,
ƒè;, 691, d#iˆ oz)oznt6lm?Zr6r/yoo77

Õie'en˚, �% 201fi, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒfiƒ, 2003, d#iˆ oz)oznt6lm?Zr6r/_3z35

Õin£e, C%, Õ'i•e, D% Ì%, Mena'd, F%, e£ ak% 2020, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, è90, K9, d#iˆ oz)te5s63z5ohe3ot6
Za7::Z

Õi˚#, �%-M% �%, à X#udin, �% N% 201ƒ, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ;è6, 21, d#iˆ oz)ozee6zzz5h7tsW6se76o63o

Õkav•›an, Õ%, Ãa'•kax, T%, Fa⁄ne, Ì%, e£ ak% 2020, Na£u'e, fiè2, ƒ9;, d#iˆ oz)ozte6r5ofe7hz3zh35zzhy

Õ#d#kaj, M%, Ha⁄›i⁄›iõ#u', N%, Ã#den›eime', Õ%, Hekked, Q%, à Õ#d#kaj, E% 2020, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è99,
ƒfi, d#iˆ oz)te5s6ofteh5tfs6Zandbo

Õ#d#kaj, M%, Õ#kka•j, Ì% Ã%, à Qexn#kd˚, Q% T% 19èè, I•a'u˚, ;3, 163, d#iˆ oz)ozo76zzonhoztfpee(nzznzhf

Õ#kaj, Ã%, à Jka›', H% 2023, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 9ƒ3, 12fi, d#iˆ oz)te5s6ofteh5tfs6ZbZfe=
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Õ#kka•j, Ì% Ã%, H#kkenãa•›, D%, Ãe•jvi£›, S%, e£ ak% 199ƒ, T›e �˚£'#õ›x˚i•ak Ì#u'nak, ƒ21, 61fi, d#iˆ oz)oze76ost7ss

Õ#kka•j, Ì% Ã%, Huãi•jxj, Ñ%, Ã#den›eime', Õ%, e£ ak% 1996, I•a'u˚, 12ƒ, 62, d#iˆ oz)ozz76-bZ?)onn7)zonz

Õ#kman, Ì%, Va£e'˚, K% Ã% F% M%, Min, M%, Mi⁄uek, X%, à J›#'˚›id, N% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;0, �161,
d#iˆ oz)ozfo6zzz5h7t7o63z335575s

Õ'in⁄ke, Ì% E% 19è1, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, 19, 13;, d#iˆ oz)oo576Zmm2?d_)ZZ)on)znzoeo)
zzoztt

Qae££i⁄, N%, Jka›', H%, à Kx'a, V% 201fi, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è0ƒ, 3fi, d#iˆ oz)ozee6zzz5h7tsW6ez56o6tf

Qa˚i#, F% �%, à F#'d, E% Ã% 1996, S•ien•e, 2;ƒ, 9fiƒ, d#iˆ oz)oo376rb-dmbd)3s5)f3en)nf5

Qaue', H%, Ca£aka, C%, �e'£˚, C%, e£ ak% 201ƒ, Ewõe'imen£ak �˚£'#n#mx, 3è, 2ƒ9, d#iˆ oz)ozzs6roz7e7hzo5hnteth5

Qaxm#nd, S% N%, à I¥id#'#, �% 201;, I•a'u˚, 29;, 13ƒ, d#iˆ oz)ozo76i)-bZ?2r)3zos)z7)ztz

Qefe'£, S%, Ãe'⁄mann, C%, Pui''enãa•›, �%, T'i¡#n#v, T%, à Jûn˚£ke', �% 201fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;ƒ,
�116, d#iˆ oz)ozfo6zzz5h7t7o63zot33t7z

Qiãa˚, I%, Qeine'˚, �%, Ÿe•›mei˚£e', M%, e£ ak% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;0, �139, d#iˆ oz)ozfo6zzz5h7t7o6
3z3355esn

Q#˚en£›ak, K% Ì%, Fuk£#n, Ã% Ì%, Hi'˚•›, K% �%, e£ ak% 2021, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 2fifi, è,
d#iˆ oz)te5s6ofteh5t7f6Zad3tb

Saã#££a, S%, S•›ke•je', M%, C›a£u'vedi, Õ%, e£ ak% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi3, �11ƒ, d#iˆ oz)ozfo6
zzz5h7t7o63z3o5zn7e

Sa¡'#n#v, V% S% 1969, Ev#ku£i#n #¡ £›e Õ'#£#õkane£a'x Ck#ud and F#'ma£i#n #¡ £›e Ea'£› and £›e Õkane£˚ (M#˚•#vˆ
Nauja(

Sa›kmann, Ì%, Se⁄'an˚an, D%, Puek#¥, D%, e£ ak% 2011, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi2fi, �9fi, d#iˆ oz)ozfo6zzz5h7t7o6
3zozof53s

San£#˚, N% C%, I˚'aekian, F%, à Max#', M% 200ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, ƒ1fi, 11fi3, d#iˆ oz)ozfo6zzz5h7t7oc
3zzt557n

San£#˚, N% C%, �diãejxan, V%, Fi⁄uei'a, Õ%, e£ ak% 201;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 603, �30, d#iˆ oz)ozfo6zzz5h7t7o6
3zostzs7o

Saum#n, D%, C›aã'ie', F%, à van H#'n, H% M% 199fi, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 99, ;13, d#iˆ oz)
oze76on33z5

S•›ä¡e', U%, Xan⁄, C%-C%, à Ì#›an˚en, �% 201;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi9;, �69, d#iˆ oz)ozfo6zzz5h7t7o6
3zo73nf7o

S•›iã, Ñ%, M#'da˚ini, C%, à Hekked, Q% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 66ƒ, �13è, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o5onz5

…% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 669, �31, d#iˆ oz)ozfo6zzz5h7t7o63z3355sen

S•›iã, Ñ%, M#'da˚ini, C%, Ven⁄e', N%, Ma'keau, F% D%, à Hekked, Q% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒfi, �ƒ3,
d#iˆ oz)ozfo6zzz5h7t7o63z3ztnof5

S•›ke•je', M%, M#'da˚ini, C%, Em˚en›uãe', �%, e£ ak% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi6, �;1, d#iˆ oz)ozfo6
zzz5h7t7o63z3zteff5

S•›ke•je', M%, Ãu'n, Q%, Saã#££a, S%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 66ƒ, �1è0, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o53f5t

S•›neide', �% D%, à Ãi£˚•›, Ã% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fiƒ, �;1, d#iˆ oz)ozfo6zzz5h7t7o63z3ztn75z

S•›ônau, K%, Tei˚e', Ì%, Demi'•i, T%, e£ ak% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;2, �169, d#iˆ oz)ozfo6zzz5h7t7o6
3z335f5nn

fi3



S•›##nenãe'⁄, D%, à Ñ'mek, C% V% 201;, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 602, �21, d#iˆ oz)ozfo6zzz5h7t7o63zo7tzzot

S•›'äõke', Q% Q%, Kande•j, V% �%, à Ãkum, Ì% 2022, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi09, fi6ƒ1,
d#iˆ oz)oznt6lm?Zr6r/Zatt5e

Sei¥in⁄e', �%, à Jkex, V% 2013, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fifi1, �6fi, d#iˆ oz)ozfo6zzz5h7t7o63zo33zn57

Sejixa, M% 199è, I•a'u˚, 133, 29è, d#iˆ oz)ozz76-bZ?)onne)fntt

Sekkej, �% D%, Ã##£›, Q% �%, à Cka'je, C% Ì% 2020, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ92, 12;9,
d#iˆ oz)oznt6lm?Zr6r/ytf3e

Semen#v, D%, à Vieãe, D% 2011, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 196, d#iˆ oz)ozee6zz7shzz5n6on76
363f

S›aju'a, N% I%, à Sunxaev, Q% �% 19;3, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi00, 33

S›iãa£a, S%, Hekked, Q%, à J#ãaxa˚›i, H% 2023, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi19, 1;13,
d#iˆ oz)oznt6lm?Zr6r/Zbtf7e

Sim#n, Ì% Ã%, �'mi£a⁄e, Õ% Ì%, Ki, Q%, à X#udin, �% N% 2016, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è22, fifi, d#iˆ oz)te5s6
zzz5h7tsW6e336o6ff

Sim#n, Ì% Ã%, �'mi£a⁄e, Õ% Ì%, X#udin, �% N%, à Ki, Q% 201;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, èƒ;, K12, d#iˆ oz)te5s6
3z5ohe3ot6ZZebsn

Sõ#›n, T% 201fi, in T'ea£i˚e #n Fe#õ›x˚i•˚, ed% F% S•›uãe'£, 1–22, d#iˆ oz)ozo76Ansehzh555hftez3h5)zzo7fh3

S±ui'e, Ì%, à H#õjin˚, Õ% F% 201è, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ;;, fi011, d#iˆ oz)oznt6
lm?Zr6r/xef5

S£ammke', S% M%, à Ãi'n˚£iek, T% 2022, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 93fi, 3fi, d#iˆ oz)te5s6ofteh5tfs6Zbs:fe

S£einõik¥, T%, Tei˚e', Ì%, à Vu'm, F% 2019, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è;ƒ, 60, d#iˆ oz)te5s6ofteh5tfs6Zazsaa

S£even˚#n, D% Ì% 19è2, Õkane£a'x and Sõa•e S•ien•e, 30, ;fifi, d#iˆ oz)ozo76zzt3hz7ttpe3(nzozehe

Su¥uji, D%, Ãenne££, D% Õ%, Sumi, T%, e£ ak% 2016a, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è33, 1ƒfi, d#iˆ oz)te5s6ofteh5tfs6
ett636o5f

Su¥uji, D%, Ãenne££, D% Õ%, Ida, S%, e£ ak% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚, è69, K3ƒ, d#iˆ oz)te5s63z5ohe3ot6
ZZ=fss

Su¥uji, T% J%, Ñ⁄i›a'a, M%, M#'ãidekki, �%, C'ida, �%, à Fuikk#£, T% 2016ã, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi96, �;ƒ,
d#iˆ oz)ozfo6zzz5h7t7o63zo73enff

S¥uka⁄xi, Ì%, à M#'da˚ini, C% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ6fi, K6ƒ, d#iˆ oz)oznt6
lm?Zrk6rkv3o3

Taã#ne, Ã%, Q#˚#££i, F% Õ%, K#da£#, F%, e£ ak% 2022, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, fi12, K;ƒ,
d#iˆ oz)oznt6lm?Zrk6rkZao35

Taã#ne, Ã%, Ãe££#ni, F%, van Di˚›#e•j, E% F%, e£ ak% 2023, Na£u'e �˚£'#n#mx, ;, è0fi, d#iˆ oz)ozte6
r5offzhz3thzon7fht

Tanaja, H%, Tajeu•›i, T%, à Va'd, V% Q% 2002, T›e �˚£'#õ›x˚i•ak Ì#u'nak, fi6fi, 12fi;, d#iˆ oz)oze76t35sot

Tea⁄ue, Q%, Ãae, Ì%, Ãe'⁄in, E% �%, Ãi'n˚£iek, T%, à F#'eman-Ma•jex, D% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak Ke££e'˚,
è60, K12, d#iˆ oz)te5s63z5ohe3ot6ZZb7:s

T›iaãaud, �%, Ma'ã#eu¡, U%, �kiãe'£, X%, e£ ak% 201ƒ, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi62, �2;, d#iˆ oz)ozfo6zzz5h7t7o6
3zot333ze

T›iaãaud, �%, Ma'ã#eu¡, U%, �kiãe'£, X%, Kexa, I%, à Me¥⁄e', J% 201fi, �˚£'#n#mx à �˚£'#õ›x˚i•˚, fi;ƒ, �13è,
d#iˆ oz)ozfo6zzz5h7t7o63zo535e7e

fiƒ



T›#mme˚, E% V%, Dun•an, M% Ì%, à Kevi˚#n, H% F% 2003, I•a'u˚, 161, ƒ31, d#iˆ oz)ozo76Qzzonhoztfpz3(zzz5thW

T#ãin, Ì% Ì%, S›ee›an, Õ% D%, Me⁄ea£›, S% T%, e£ ak% 2020, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è90, 130, d#iˆ oz)te5s6
ofteh5tfs6Za7=75

T##m'e, �% 196ƒ, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 139, 121;, d#iˆ oz)oze76o5se7o

Tu'ne', N% Ì%, F'#man⁄, S%, Fammie, C%, e£ ak% 201ƒ, in Õ'#£#˚£a'˚ and Õkane£˚ VI, ed% H% Ãeu£›e', Q% S% Jke˚˚en,
C% Õ% Dukkem#nd, à T% Hennin⁄, ƒ11, d#iˆ oz)35fe6Zy2u2Z1?drrunsezeo7fto35zhbgzoe

Tx•›#nie•, Ł%, T#ãin, Ì% Ì%, Ja'˚ja, �%, e£ ak% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak Suõõkemen£ Se'ie˚, 23è, 19, d#iˆ oz)
te5s6ofteh5t7f6ZZbdZd

Ud'x, S%, Max#', M%, à San£#˚, N% C% 2003, �˚£'#n#mx à �˚£'#õ›x˚i•˚, ƒ0;, 369, d#iˆ oz)ozfo6zzz5h7t7oc3zztze5t

Ud'x, S%, à San£#˚, N% C% 200;, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, ƒfi, 39;, d#iˆ oz)oo576Zmm2?d_)
Zr/?9)5f)zfoez7)oozf3n

Umu'›an, Ñ% M%, E˚£'ada, Õ% Q%, à Cu¥¥i, Ì% N% 2020, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è9fi, ƒ, d#iˆ oz)te5s6ofteh5tfs6
Zaenn:

van Ã#ejek, Q%, Hennin⁄, T%, Menu, Ì%, e£ ak% 201;, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è3;, 132, d#iˆ oz)te5s6ofteh5tfs6
ZZf:7e

van Di˚›#e•j, E% F%, F'an£, S%, Taã#ne, Ã%, e£ ak% 2023, Fa'adax Di˚•u˚˚i#n˚, 2ƒfi, fi2, d#iˆ oz)oztn6CtECzzzoz�

Van Exken, V%, �⁄en£#¡£, C%, Kundjvi˚£, M% S%, e£ ak% 201è, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ;9,
ƒ;è6, d#iˆ oz)oznt6lm?Zr6r/xoset

Va¥an, �%, J#ve£¥, �%, Õ#d#kaj, M%, à Hekked, Q% 2013, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ3ƒ,
32è3, d#iˆ oz)oznt6lm?Zr6r//o35e

Va¥an, �%, Sa'i, Q%, à Je˚˚ek, Q% 2022, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 926, 1fi0, d#iˆ oz)te5s6ofteh5tfs6Zb5feb

Ven£u'ini, Ì%, Fuike'a, Ñ% M%, Hakdemann, Ì%, Q#n•#, M% Õ%, à M#'da˚ini, C% 2020, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒ3,
K1, d#iˆ oz)ozfo6zzz5h7t7o63z3ztno5o

Vi⁄an, �%, F#n£anive, C%, Mexe', M%, e£ ak% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6fi1, �;2, d#iˆ oz)ozfo6zzz5h7t7o6
3z3zteozs

V#ekjek, Ñ%, Deienn#, Q%, J'e£je, J%, à Jka›', H% 2021, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒfi, �132, d#iˆ oz)ozfo6
zzz5h7t7o63z3ztn35f

V#ekjek, Ñ%, Jka›', H%, M#'da˚ini, C%, à Em˚en›uãe', �% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 666, �90, d#iˆ oz)ozfo6
zzz5h7t7o63z3o5oetz

V#ekjek, Ñ%, Jka›', H%, M#'da˚ini, C%, Em˚en›uãe', �%, à Ken¥, C% 2020, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6ƒ2, �;fi,
d#iˆ oz)ozfo6zzz5h7t7o63z3ztezef

Vaffia'd-Fe'nande¥, F%, à Ke˚u', F% 2023, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 6;;, �;0, d#iˆ oz)ozfo6zzz5h7t7o63z335ftzf

Va⁄ne', J%, �õai, D%, à J'a££e', J% M% 2019, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è;;, ƒ6, d#iˆ oz)te5s6ofteh5tfs6Zaonz5

Va›k, S% M%, Huããa'd, V% Ã%, Miki£¥e', Ã%, e£ ak% 201;, Fe#õ›x˚i•ak Qe˚ea'•› Ke££e'˚, ƒƒ, ƒ6ƒ9, d#iˆ oz)ozz36
3zosFJzsto7z

Vak˚›, C%, N#mu'a, H%, à van Di˚›#e•j, E% 201fi, �˚£'#n#mx and �˚£'#õ›x˚i•˚, fiè2, �èè, d#iˆ oz)ozfo6zzz5h7t7o6
3zof37sfo

Vak˚›, J% Ì%, M#'ãidekki, �%, Qaxm#nd, S% N%, Ñ‘Ã'ien, D% Õ%, à Mandekk, �% M% 2011, Na£u'e, ƒ;fi, 206, d#iˆ oz)
ozte6mZ/2?doz3zo

Van⁄, H%, Vei˚˚, Ã% Õ%, Ãai, W%-N%, e£ ak% 201;, S•ien•e, 3fifi, 623, d#iˆ oz)oo376rb-dmbd)ZZ=fz5t

Van⁄, Ì% Ì%, Vi⁄an, �%, Ka•#u', S%, e£ ak% 2021, T›e �˚£'#n#mi•ak Ì#u'nak, 161, 1ƒè, d#iˆ oz)te5s6oftehteeo6Za:a3:

fifi



Va'd, V% Q% 199;, I•a'u˚, 126, 261, d#iˆ oz)ozz76-bZ?)onn7)f75s

Vede', Ì%, M#'da˚ini, C%, à Em˚en›uãe', �% 2023, �˚£'#n#mx and �˚£'#õ›x˚i•˚, 6;ƒ, �16fi, d#iˆ oz)ozfo6zzz5h7t7o6
3z335t5ft

Veiden˚•›ikkin⁄, S% Ì% 19;;, �˚£'#õ›x˚i•˚ and Sõa•e S•ien•e, fi1, 1fi3, d#iˆ oz)ozzs6AEzz753575

Vei˚˚, K% M%, Mikk›#kkand, S% C%, Õe£i⁄u'a, E% �%, e£ ak% 2022, a'Wiv e-õ'in£˚, a'Wivˆ2203%100;6% g//1rc66Z?w-_)9?46
Zar633zt)ozzs7

Vei˚˚, K%M%, Ma'•x, F% V%, Õe£i⁄u'a, E% �%, e£ ak% 201è, T›e �˚£'#n#mi•ak Ì#u'nak, 1fifi, ƒè, d#iˆ oz)te5s6oftehteeo6
ZZn==7

Ve£›e'ikk, F% V%, à S£eva'£, F% Q% 1993, I•a'u˚, 106, 190, d#iˆ oz)ozz76-bZ?)onnt)oo77

V›iõõke, F% K% 19;2, F'#m Õka˚ma £# Õkane£, 211

Vinn, Ì% N%, à Faã'x•jx, D% C% 201fi, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, fi3, ƒ09, d#iˆ oz)oo576
Zmm2?d_hZr/?9hze33o5ho33357

Vin£e', �% Ì%, à Hav#'£›, T% Ì% 2022, Eu'#õean Õ›x˚i•ak Ì#u'nak Õku˚, 13;, 1132, d#iˆ oz)oo5z6d1i16
rott7zhz33hztto5ho

V#i£je, Õ%, Jamõ, I%, à T›i,V% F% 2009, �˚£'#n#mx and �˚£'#õ›x˚i•˚, fi01, 3è3, d#iˆ oz)ozfo6zzz5h7t7o63zznooe3o

V#k£›#f, V%, Qefe'£, S%, Pui''enãa•›, �%, e£ ak% 2022, �˚£'#n#mx à �˚£'#õ›x˚i•˚, 661, �63, d#iˆ oz)ozfo6zzz5h7t7o6
3z3o53fzo

V##, Ì% M% X%, M#'ãidekki, �%, F'imm, S% K%, S£adek, Ì%, à Ã'a˚˚e', Q% 2023, I•a'u˚, 396, 11fiƒ9;, d#iˆ oz)ozo76i)
-bZ?2r)3z3t)oof5ns

Wie, Ì%-V%, D#n⁄, S%, Ÿ›u, Ÿ%, e£ ak% 2016, Õ'#• Na£k �•ad S•, 113, 11ƒ31, d#iˆ oz)ozst61mZr)o7z57n3oot

Wu, S%, à Ã#n˚#', �% 2021, Ekemen£˚, 1;, 2ƒ1, d#iˆ oz)3ote64rdkdldm/r)os)5)35o

Xin, P%, Ìa•#ã˚en, S% Ã%, Xama˚›i£a, J%, e£ ak% 2002, Na£u'e, ƒ1è, 9ƒ9, d#iˆ oz)ozte6mZ/2?dzznnf

X#udin, �% N%, à F##dman, Ì% 200fi, T›e �˚£'#õ›x˚i•ak Ì#u'nak, 620, ƒfi9, d#iˆ oz)oze76537enf

X#udin, �% N%, à Ki£›vi•j, X% 200;, I•a'u˚, 192, fièè, d#iˆ oz)ozo76i)-bZ?2r)3zzs)zs)zo3

X#udin, �% N%, à S›u, F% H% 2002, T›e �˚£'#õ›x˚i•ak Ì#u'nak, fiè0, ƒ9ƒ, d#iˆ oz)oze76t5tozn

X#un⁄, E% D%, S›a›a', �%, à S•›ki•›£in⁄, H% E% 2023, Na£u'e, 616, 306, d#iˆ oz)ozte6r5ofe7hz3thzfe3thz

Xu, K%, D#na£i, Ì% F%, Heã'a'd, E% M%, e£ ak% 201;, M#n£›kx N#£i•e˚ #¡ £›e Q#xak �˚£'#n#mi•ak S#•ie£x, ƒ6;, 13ƒ2,
d#iˆ oz)oznt6lm?Zr6r/wzzn

Ÿ›u, V%, à D#n⁄, S% 2021, �nnuak Qeviev #¡ �˚£'#n#mx and �˚£'#õ›x˚i•˚, fi9, d#iˆ oz)oo576
Zmm2?d_hZr/?9hoo353zhz3zzff

Ÿ›u, V%, Õe£'#vi•›, C%, Vu, X%, D#n⁄, S%, à Wie, Ì% 201è, T›e �˚£'#õ›x˚i•ak Ì#u'nak, è60, 101, d#iˆ oz)te5s6
ofteh5tfs6ZZb7:f

fi6


