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❲❤❡t❤❡r ✜①❡❞ ❢❛❝t♦rs s✉❝❤ ❛s ❧❛♥❞ ❝♦♥str❛✐♥ ♣❡r✲❝❛♣✐t❛ ✐♥❝♦♠❡ ❣r♦✇t❤

❞❡♣❡♥❞s ❝r✉❝✐❛❧❧② ♦♥ t✇♦ ✈❛r✐❛❜❧❡s✿ t❤❡ s✉❜st✐t✉t❛❜✐❧✐t② ♦❢ ✜①❡❞ ❢❛❝t♦rs

✐♥ ♣r♦❞✉❝t✐♦♥✱ ❛♥❞ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ✐♥♥♦✈❛t✐♦♥ ✐s ❜✐❛s❡❞ t♦✇❛r❞s

❧❛♥❞✲s❛✈✐♥❣ t❡❝❤♥♦❧♦❣✐❡s✳ ❚❤✐s ♣❛♣❡r ❛tt❡♠♣ts t♦ q✉❛♥t✐❢② ❜♦t❤✳ ❯s✐♥❣

t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝s ❛s ❛♥ ✐♥str✉♠❡♥t ❢♦r ❧❛❜♦r s✉♣♣❧②✱ ■ ❡s✲

t✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs

✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞ t♦ ❜❡ s✐❣♥✐✜❝❛♥t❧② ❧❡ss t❤❛♥ ♦♥❡✳ ■♥ ❛❞❞✐t✐♦♥✱

■ ✜♥❞ ❡✈✐❞❡♥❝❡ t❤❛t ❞❡♥s❡r ♣♦♣✉❧❛t✐♦♥s ✕ ❛♥❞ ❤❡♥❝❡ ❤✐❣❤❡r ❧❛♥❞ s❝❛r❝✐t②

✕ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ t♦✇❛r❞s ❧❛♥❞✲s❛✈✐♥❣ t❡❝❤♥♦❧♦❣✐❡s✳

∗❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✱ ❯♥✐✈❡rs✐t② ♦❢ ❙♦✉t❤ ❋❧♦r✐❞❛✱ ✹✷✵✷ ❊❛st ❋♦✇❧❡r ❆✈❡✱ ❇❙◆
✸✹✶✷✱ ❚❛♠♣❛✱ ❋▲ ✸✸✻✷✵✲✺✺✵✵ ✭❡✲♠❛✐❧✿ ❥❦✇✐❧❞❡❅✉s❢✳❡❞✉✮✳ ■ t❤❛♥❦ ❉❛✈✐❞ ❲❡✐❧✱ ❍❛♥s✲❏♦❛❝❤✐♠
❱♦t❤✱ ❖❞❡❞ ●❛❧♦r✱ P❡t❡r ❍♦✇✐tt✱ ❙r✐♥✐❦❡t❤ ◆❛❣❛✈❛r❛♣✉✱ ❉✐❡tr✐❝❤ ❱♦❧❧r❛t❤✱ ❍❡r♥❛♥❞♦ ❩✉❧❡t❛✱
◗✉❛♠r✉❧ ❆s❤r❛❢✱ ❖♠❡r ❖③❛❦✱ ❏❛✈✐❡r ❇❛❡③ ❛♥❞ ▼❛r❦ ❑♦②❛♠❛ ✉s❡❢✉❧ ❝♦♠♠❡♥ts✳ ■ ❡s♣❡❝✐❛❧❧②
t❤❛♥❦ ●r❡❣♦r② ❈❧❛r❦ ❢♦r ❛❧❧♦✇✐♥❣ ♠❡ ✉s❡ ♦❢ ❤✐s ❞❛t❛✳ ■♥ ❛❞❞✐t✐♦♥✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦
♣❛rt✐❝✐♣❛♥ts ✐♥ t❤❡ ✷✵✶✶ ◆❊❯❉❈ ❈♦♥❢❡r❡♥❝❡ ❛♥❞ t❤❡ P♦♣P♦✈ ◆❡t✇♦r❦✬s ✹t❤ ❆♥♥✉❛❧ P♦♣✲
✉❧❛t✐♦♥✱ ❘❡♣r♦❞✉❝t✐✈❡ ❍❡❛❧t❤✱ ❛♥❞ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t ❘❡s❡❛r❝❤ ❈♦♥❢❡r❡♥❝❡ ❢♦r ❤❡❧♣❢✉❧
❝♦♠♠❡♥ts✱ ✐♥ ❛❞❞✐t✐♦♥ t♦ s❡♠✐♥❛r ♣❛rt✐❝✐♣❛♥ts ❛t ❇r♦✇♥ ❯♥✐✈❡rs✐t②✱ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❙♦✉t❤
❋❧♦r✐❞❛✱ ❇r✐❣❤❛♠ ❨♦✉♥❣ ❯♥✐✈❡rs✐t②✱ ■❋P❘■✱ ❛♥❞ t❤❡ ❇❊❆✳ ❋✉♥❞✐♥❣ ❢♦r t❤✐s ♣r♦❥❡❝t ✇❛s
❣r❛❝✐♦✉s❧② ♣r♦✈✐❞❡❞ ❜② t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ❊❞✉❝❛t✐♦♥ ❛♥❞ t❤❡ ❲✐❧❧✐❛♠ ❛♥❞ ❋❧♦r❛
❍❡✇❧❡tt ❋♦✉♥❞❛t✐♦♥✳ ❚❤❡ tr❛❞✐t✐♦♥❛❧ ❞✐s❝❧❛✐♠❡r ❛♣♣❧✐❡s✳
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✐♥t♦ ♣♦✈❡rt② ❞✉❡ t♦ ✐ts ✐♥❛❜✐❧✐t② t♦ ♣r♦❞✉❝❡ ❢♦♦❞ ♣r♦♣♦rt✐♦♥❛❧ t♦ ❛ ❣r♦✇✐♥❣ ♣♦♣✲

✉❧❛t✐♦♥ ✐♥ t❤❡ ❢❛❝❡ ♦❢ ❛ ✜①❡❞ ❛♠♦✉♥t ♦❢ ❛r❛❜❧❡ ❧❛♥❞✳ ▼♦r❡ r❡❝❡♥t❧②✱ ♠❛♥② ❤❛✈❡

♣r❡❞✐❝t❡❞ t❤❡ ✇♦r❧❞ r✉♥♥✐♥❣ ♦✉t ♦❢ ♦✐❧✱ ❝♦❛❧✱ ❝❧❡❛♥ ✇❛t❡r✱ t✐♠❜❡r✱ ❛r❛❜❧❡ ❧❛♥❞✱

♦r ♦t❤❡r ❡ss❡♥t✐❛❧ ♥❛t✉r❛❧ r❡s♦✉r❝❡s✱ ✇✐t❤ ❞✐s❛str♦✉s ❡❝♦♥♦♠✐❝ ❝♦♥s❡q✉❡♥❝❡s✳

❲❤✐❧❡ s♦♠❡ s❝❤♦❧❛rs s✉❝❤ ❛s ❊❤r❧✐❝❤ ✭✶✾✻✽✮ ❛♥❞ ❇r♦✇♥ ✭✷✵✵✹✮ ♠❛✐♥t❛✐♥ t❤❛t

t❤❡ ✇♦r❧❞ ✐s ❤❡❛❞✐♥❣ t♦✇❛r❞s ♣♦✈❡rt② ❞✉❡ t♦ t❤❡ ✜①❡❞♥❡ss ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s✱

♦t❤❡rs s✉❝❤ ❛s ❙✐♠♦♥ ✭✶✾✽✶✮ ❛♥❞ ❇♦s❡r✉♣ ✭✶✾✻✺✮ ❛r❣✉❡ ♥❛t✉r❛❧ r❡s♦✉r❝❡s ♣♦s❡

❧✐tt❧❡ ✐❢ ❛♥② r❡str✐❝t✐♦♥s ♦♥ ❜♦✉♥❞❧❡ss ❡❝♦♥♦♠✐❝ ❣r♦✇t❤✳✷

❚❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ❝♦♥str❛✐♥ ❣r♦✇t❤ ✐s ♥♦t ♦♥❧② ✐♠♣♦rt❛♥t

t♦ ♦✉r ❢✉t✉r❡✱ ❜✉t ❛❧s♦ t♦ ✉♥❞❡rst❛♥❞✐♥❣ ♦✉r ♣❛st✳ ▼❛♥② ❡❝♦♥♦♠✐sts✱ ✐♥❝❧✉❞✐♥❣

▲❡❡ ✭✶✾✼✸✮✱ ❱❛❧♦r ✭✷✵✵✺✮ ❛♥❞ ❈❧❛r❦ ✭✷✵✵✼✮ ❛r❣✉❡ t❤❛t t❤❡ ❤✐st♦r② ♦❢ ✇♦r❧❞ ♣♦♣✲

✉❧❛t✐♦♥ ❜❡❢♦r❡ ✶✼✺✵ ✐s ✇❡❧❧ s✉♠♠❛r✐③❡❞ ❜② ▼❛❧t❤✉s✐❛♥ ♣♦♣✉❧❛t✐♦♥ ❞②♥❛♠✐❝s✳

❚❤❡ r♦❧❡ ♦❢ ✜①❡❞ ❢❛❝t♦rs ✐♥ ♣r♦❞✉❝t✐♦♥ ✐s ❛ ❝r✉❝✐❛❧ ❡❧❡♠❡♥t ♦❢ t❤✐s t❤❡♦r②✳ ■♥ ❛❞✲

❞✐t✐♦♥✱ t❤❡ ♥❛t✉r❡ ♦❢ ✜①❡❞ ❢❛❝t♦rs ✐♥ t❤❡s❡ ♠♦❞❡❧s ❛✛❡❝ts ❞②♥❛♠✐❝s ❛r♦✉♥❞ t❤❡

▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡✳ ❚❤❡s❡ ❞②♥❛♠✐❝s ❛r❡ ❦❡② ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❧❛r❣❡

❛♥❞ ❛❝t✐✈❡ ❜♦❞② ♦❢ ❧✐t❡r❛t✉r❡ ❡①♣❧♦r✐♥❣ t❤❡ ❡s❝❛♣❡ ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞②

st❛t❡ ❛♥❞ t❤❡ t❛❦❡♦✛ t♦ ♠♦❞❡r♥ ❣r♦✇t❤ ✐♥ ❊✉r♦♣❡ ❞✉r✐♥❣ t❤❡ ✶✾t❤ ❝❡♥t✉r②

✭s❡❡ ▲✉❝❛s ✭✶✾✾✽✮✱ ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✶✾✾✾✱ ✷✵✵✵✮✱ ❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt ✭✷✵✵✷✮✱

❉♦❡♣❦❡ ✭✷✵✵✹✮✱ ❋❡r♥❛♥❞❡③✲❱✐❧❛✈❡r❞❡ ✭✷✵✵✺✮✱ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵✮✮✳

❲❤❡t❤❡r ✜①❡❞ ❢❛❝t♦rs ❧✐♠✐t ❣r♦✇t❤ ❞❡♣❡♥❞s ❝r✉❝✐❛❧❧② ♦♥ t✇♦ ✈❛r✐❛❜❧❡s✳ ❚❤❡

✜rst ✐s t❤❡ ♥❛t✉r❡ ♦❢ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✱ ❛♥❞ t❤❡ s❡❝♦♥❞ ✐s t❤❡ ❡❧❛st✐❝✐t② ♦❢

✶❇② ✜①❡❞ ❢❛❝t♦rs✱ ■ ♠❡❛♥ ✐♥♣✉ts t♦ ♣r♦❞✉❝t✐♦♥ ✇❤♦s❡ q✉❛♥t✐t✐❡s ❛r❡ ❡①tr❡♠❡❧② ❞✐✣❝✉❧t
t♦ ✐♥❝r❡❛s❡ ✐❢ t❤❡② ❜❡❝♦♠❡ s❝❛r❝❡✳ ❚❤✐s ✐♥❝❧✉❞❡s ♥♦♥✲r❡♥❡✇❛❜❧❡ r❡s♦✉r❝❡s ✇❤✐❝❤ ❝❛♥♥♦t ❜❡
r❡♣❧❛❝❡❞ s✉❝❤ ❛s ♦✐❧ ❛♥❞ ❝♦❛❧✱ ❛s ✇❡❧❧ ❛s ❛r❛❜❧❡ ❧❛♥❞✳

✷❆ r❡❧❛t❡❞ ✐ss✉❡ ✐s ✇❤❡t❤❡r ❧❛r❣❡ q✉❛♥t✐t✐❡s ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s ❤✉rt ❣r♦✇t❤✳ ▼✉❝❤
r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ ❞❡✈♦t❡❞ t♦ t❤❡ t♦♣✐❝ ✭❙❛❝❤s ❛♥❞ ❲❛r♥❡r ✭✶✾✾✺✱ ✶✾✾✼✱ ✷✵✵✶✮✱ ❙❛❧❛✲✐✲▼❛rt✐♥
❛♥❞ ❙✉❜r❛♠❛♥✐❛♥ ✭✷✵✵✸✮✱ ▲❡✐t❡ ❛♥❞ ❲❡✐❞♠❛♥♥ ✭✶✾✾✾✮✱ ❘♦ss ✭✷✵✵✶✮✱ ❆❧❡①❡❡✈ ❛♥❞ ❈♦♥r❛❞
✭✷✵✵✾✮✮✱ ❜✉t t❤✐s ✐s ❛ s❡♣❛r❛t❡ ✐ss✉❡ ❢r♦♠ t❤❡ ♦♥❡ ❞❡s❝r✐❜❡❞ ❤❡r❡✳ ❚❤✐s ♣❛♣❡r ❢♦❝✉s❡s ♦♥
✇❤❡t❤❡r ✜①❡❞ ❢❛❝t♦rs ❝♦♥str❛✐♥ ❣r♦✇t❤ ❞✐r❡❝t❧② ✈✐❛ t❤❡✐r ❞✐❧✉t✐♦♥ ✐♥ t❤❡ ❢❛❝❡ ♦❢ ✐♥❝r❡❛s✐♥❣
♣♦♣✉❧❛t✐♦♥✳

✷



s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs✳

Pr♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❝❛♥ ❤❡❧♣ ❛❧❧❡✈✐❛t❡ r❡s♦✉r❝❡ ❝♦♥str❛✐♥ts ✐♥ t✇♦ ✇❛②s✳

❋✐rst✱ ❛♥② t②♣❡ ♦❢ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❝❛♥ ❤❡❧♣ ♦✈❡r❝♦♠❡ t❤❡ ❝♦♥str❛✐♥✐♥❣

❡✛❡❝ts ♦❢ ❛ ✜①❡❞ ❢❛❝t♦r✳ ❚❤❡r❡❢♦r❡✱ s✉st❛✐♥❡❞ ✐♥❝♦♠❡ ❣r♦✇t❤ ✐s ♣♦ss✐❜❧❡ ❡✈❡♥ ✐♥

t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ✜①❡❞ ❢❛❝t♦r ❣✐✈❡♥ ❛ ❤✐❣❤ ❡♥♦✉❣❤ r❛t❡ ♦❢ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳

Pr❡❞✐❝t✐♥❣ t❤❡ ❢✉t✉r❡ r❛t❡ ♦❢ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✱ ❤♦✇❡✈❡r✱ ✐s ❛♥ ❡①tr❡♠❡❧②

❞✐✣❝✉❧t ✐❢ ♥♦t ✐♠♣♦ss✐❜❧❡ t❛s❦✱ ❛♥❞ ■ ❧❡❛✈❡ ✐t ❢♦r ♦t❤❡r ✇♦r❦✳

❙❡❝♦♥❞❧②✱ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ✐♥♥♦✈❛t✐♦♥ ✐s ✐♠♣♦rt❛♥t ✐♥ ♦✈❡r❝♦♠✐♥❣ r❡s♦✉r❝❡

❝♦♥str❛✐♥ts✳ ■❢ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ✐s ♥♦t ❍✐❝❦s✲♥❡✉tr❛❧✱ t❤❡♥ ✇❤❡t❤❡r ❢✉t✉r❡

✐♥♥♦✈❛t✐♦♥s ❛r❡ ✜①❡❞ ♦r ♥♦♥✲✜①❡❞ ❢❛❝t♦r s❛✈✐♥❣ ✐s ✐♠♣♦rt❛♥t✳ ❚❤❡r❡ ❛r❡ ♠❛♥②

r❡❛s♦♥s t♦ t❤✐♥❦ t❤❛t ❢✉t✉r❡ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ♠❛② t❛❦❡ ♣❧❛❝❡ ✐♥ t❤❡ ✜①❡❞

❢❛❝t♦r s❡❝t♦r✳ ❍✐❝❦s ✭✶✾✸✷✮ ✐♥tr♦❞✉❝❡❞ t❤❡ ❝♦♥❝❡♣t ♦❢ ✏✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✑✱ ♦r

t❤❡ t❡♥❞❡♥❝② ❢♦r ♥❡✇ ✐♥♥♦✈❛t✐♦♥s t♦ s❛✈❡ ♦♥ s❝❛r❝❡ r❡s♦✉r❝❡s✳ ▼❛♥② s❝❤♦❧❛rs

❤❛✈❡ t✐❡❞ t❤✐s ✐❞❡❛ t♦ ✜①❡❞✲❢❛❝t♦r s❛✈✐♥❣ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss✳ P♦♣♣ ❡t ❛❧✳

✭✷✵✵✽✮ r❡✈✐❡✇s r❡❝❡♥t ❧✐t❡r❛t✉r❡ ♦♥ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❡♥❡r❣②

❡❝♦♥♦♠✐❝s✱ ♥♦t✐♥❣ t❤❡ r❡❝❡♥t ✐♥❝r❡❛s❡ ✐♥ r❡♥❡✇❛❜❧❡ ❡♥❡r❣② ❘✫❉ ❛s ❛ r❡s♣♦♥s❡

t♦ ❤✐❣❤ ♦✐❧ ❛♥❞ ❝♦❛❧ ♣r✐❝❡s✳ ❚❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✇✐❧❧ ❜❡

✜①❡❞✲❢❛❝t♦r s❛✈✐♥❣ ✇✐❧❧ ✐♥✢✉❡♥❝❡ t❤❡ ❞❡❣r❡❡ t♦ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ✇✐❧❧ ❤✐♥❞❡r

❣r♦✇t❤✳

❚♦ ✇❤❛t ❡①t❡♥t ♥♦♥✲✜①❡❞ ❢❛❝t♦rs s✉❝❤ ❛s ❧❛❜♦r✱ ♣❤②s✐❝❛❧ ❝❛♣✐t❛❧✱ ❛♥❞ ❤✉♠❛♥

❝❛♣✐t❛❧ ❝❛♥ ❜❡ s✉❜st✐t✉t❡❞ ❢♦r ✜①❡❞ ❢❛❝t♦rs ✐♥ ♣r♦❞✉❝t✐♦♥ ✐s ❛❧s♦ ✐♠♣♦rt❛♥t

✐♥ ✐♥✢✉❡♥❝✐♥❣ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ✐♠♣❛❝t ❡❝♦♥♦♠✐❝ ❞②♥❛♠✐❝s✳

❆ ❤✐❣❤ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ❛❧❧♦✇s

t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t ♦❢ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs t♦ ❢❛❧❧ ♠♦r❡ s❧♦✇❧② ❛s t❤❡s❡ ❢❛❝t♦rs

❛❝❝✉♠✉❧❛t❡✳ ❚❤✐s ❝❛♥ ❧❡❛❞ t♦ ❤✐❣❤❡r ❧❡✈❡❧s ♦❢ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛ ❣✐✈❡♥ t❤❡ s❛♠❡

✜①❡❞ ❢❛❝t♦r ❡♥❞♦✇♠❡♥t✳

❚❤❡ ✈❛❧✉❡ ♦❢ t❤✐s ❡❧❛st✐❝✐t② ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ✐♥ t✇♦ t②♣❡s ♦❢ ♠♦❞❡❧s

✇✐t❤✐♥ ❡❝♦♥♦♠✐❝s✳ ❋✐rst✱ ♠♦❞❡❧s ♦❢ t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ♦♥ ✐♥❝♦♠❡

♣❡r ❝❛♣✐t❛ ❝❛♥ ❤❛✈❡ ❞✐✛❡r❡♥t ♦✉t❝♦♠❡s ❞❡♣❡♥❞✐♥❣ ♦♥ ❤♦✇ s✉❜st✐t✉t❛❜❧❡ ✜①❡❞

❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ❛r❡ ✐♥ ♣r♦❞✉❝t✐♦♥✱ s✐♥❝❡ t❤✐s ❡❧❛st✐❝✐t② ✇✐❧❧ ❛✛❡❝t t❤❡

✐♥t❡♥s✐t② ♦❢ t❤❡ ❞r❛❣ ♦♥ ✐♥❝♦♠❡ ❝❛✉s❡❞ ❢r♦♠ ❝♦♥❣❡st✐♦♥ ♦❢ t❤❡ ✜①❡❞ ❢❛❝t♦r✳ ❋♦r

❡①❛♠♣❧❡✱ ♠♦❞❡❧s ✇❤✐❝❤ ❡st✐♠❛t❡ t❤❡ ❣❛✐♥ ✐♥ ✐♥❝♦♠❡ ✈✐❛ ❛ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥
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✇❤✐❝❤ s❛✈❡s ❧✐✈❡s ✭❆s❤r❛♠ ❡t ❛❧ ✭✷✵✵✽✮✮ ♦r ❢❡rt✐❧✐t② r❡❞✉❝t✐♦♥s ✭❆s❤r❛♠ ❡t ❛❧

✭✷✵✶✵✮✮ ❞❡♣❡♥❞ ❝r✉❝✐❛❧❧② ♦♥ t❤✐s ❡❧❛st✐❝✐t②✳

❚❤❡ s❡❝♦♥❞ t②♣❡ ♦❢ ♠♦❞❡❧s ❢♦r ✇❤✐❝❤ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♣❧❛②s

❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ❛r❡ ♠♦❞❡❧s ♦❢ t❤❡ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥ ❛♥❞ t❛❦❡♦✛

❢r♦♠ ▼❛❧t❤✉s✐❛♥ st❛❣♥❛t✐♦♥✳ ❚❤❡ ❈♦❜❜✲❉♦✉❣❧❛s ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥✱ ❛ ❤✐❣❤❧②

♣♦♣✉❧❛r ❞❡s❝r✐♣t✐♦♥ ♦❢ ♣r♦❞✉❝t✐♦♥ t❡❝❤♥♦❧♦❣② ❛♠♦♥❣ ❡❝♦♥♦♠✐sts✱ ✐♠♣❧✐❝✐t❧②

❛ss✉♠❡s t❤❡ ❡❧❛st✐❝✐t② t♦ ❜❡ ✉♥✐t②✳ ❱✐rt✉❛❧❧② ❡✈❡r② ♠❛❥♦r st✉❞② ❡①♣❧❛✐♥✐♥❣

t❤❡ ▼❛❧t❤✉s✐❛♥ r❡❣✐♠❡ ♦r t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥ ❤❛s ✉s❡❞ ❛♥ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ♦❢ ♦♥❡ ✭s❡❡ ▲✉❝❛s ✭✶✾✾✽✮✱ ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✷✵✵✵✮✱ ❙t♦❦❡② ✭✷✵✵✶✮✱

❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt ✭✷✵✵✷✮✱ ❉♦❡♣❦❡ ✭✷✵✵✹✮✱ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵✮✮✳

❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❝❛♥ ❛✛❡❝t ❛ r❛♥❣❡ ♦❢ ♦✉t❝♦♠❡s ✐♥ t❤❡s❡ ♠♦❞❡❧s✱

s✉❝❤ ❛s t❤❡ s♣❡❡❞ ♦❢ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥✱ t❤❡ ❧❡✈❡❧ ♦❢ ♣r❡✲✐♥❞✉str✐❛❧

✐♥❝♦♠❡✱ t❤❡ s♣❡❡❞ ❜② ✇❤✐❝❤ ❢❛❝t♦rs s❤✐❢t ❢r♦♠ t❤❡ ❛❣r✐❝✉❧t✉r❛❧ t♦ t❤❡ ✐♥❞✉str✐❛❧

s❡❝t♦r✱ ❤♦✇ ✐♥t❡♥s❡❧② ✇❛❣❡s r❡❛❝t t♦ ♣♦♣✉❧❛t✐♦♥ s❤♦❝❦s✱ ❤♦✇ q✉✐❝❦❧② ✇❛❣❡s ❢❛❧❧

❜❛❝❦ t♦ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ ❛❢t❡r ❛ ♣r♦❞✉❝t✐✈✐t② s❤♦❝❦✱ st❡❛❞② st❛t❡

❧❡✈❡❧s ♦❢ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②✱ ❛♥❞ ♣r❡❞✐❝t✐♦♥s ♦❢ ✇❤✐❝❤ ❝♦✉♥tr✐❡s s❤♦✉❧❞ ♠❛❦❡

t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥ ✜rst✳

❍♦✇❡✈❡r✱ ❞❡s♣✐t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤✐s ♣❛r❛♠❡t❡r✱ t❤❡r❡ ❛r❡ ❢❡✇ ✕ ✐❢ ❛♥②

✕ r❡❧✐❛❜❧❡ ❡st✐♠❛t❡s ♦❢ t❤✐s ❡❧❛st✐❝✐t②✳ ❆ ❢❡✇ ❡❝♦♥♦♠✐sts ❤❛✈❡ ❛tt❡♠♣t❡❞ s✐♠♣❧❡

❛♥❛❧②s❡s ✇✐t❤✐♥ ❧❛r❣❡r ♣❛♣❡rs ♦♥ ♦t❤❡r t♦♣✐❝s ✇❤❡r❡ t❤✐s ❡❧❛st✐❝✐t② ♠❛tt❡r❡❞✱

❜✉t ♥♦ s❡r✐♦✉s ❛tt❡♠♣t ❤❛s ❜❡❡♥ ♠❛❞❡ ❛t ✐ts ❡st✐♠❛t✐♦♥✳ ❆ ❝♦♠♠♦♥ ♠❡t❤♦❞

✉s❡❞ t♦ ❡st✐♠❛t❡ t❤✐s ❡❧❛st✐❝✐t② ✐s t♦ r❡❣r❡ss s❤❛r❡s ♦❢ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❢❛❝t♦rs

♦❢ ♣r♦❞✉❝t✐♦♥ ✭♦r ❛❧t❡r♥❛t✐✈❡❧② t❤❡ r❡♥t❛❧ r❛t❡ ♣❛✐❞ t♦ ❢❛❝t♦rs ♦❢ ♣r♦❞✉❝t✐♦♥✮

♦♥ ❢❛❝t♦r q✉❛♥t✐t✐❡s✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡s❡ ❢❛❝t♦r q✉❛♥t✐t✐❡s ❛r❡ ❡♥❞♦❣❡♥♦✉s t♦

t❤❡✐r r❡♥t❛❧ r❛t❡s✱ t❤❡s❡ ❡st✐♠❛t❡s ❛r❡ ♥♦t ✇❡❧❧ ✐❞❡♥t✐✜❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ❞❛t❛

♦♥ ❢❛❝t♦r s❤❛r❡s ❛r❡ ♥♦t♦r✐♦✉s❧② ❞✐✣❝✉❧t t♦ q✉❛♥t✐❢②✱ ❧❡❛❞✐♥❣ t♦ ✐♠♣r❡❝✐s❡ ❡st✐✲

♠❛t❡s✳

❚❤❡ ✜rst ❛tt❡♠♣t ✇❛s ❜② ◆♦r❞❤❛✉s ❛♥❞ ❚♦❜✐♥ ✭✶✾✼✷✮✱ ✇❤♦ ✉s❡❞ ❞❛t❛ ♦♥

s❤❛r❡s ♦❢ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❧❛♥❞ ❛♥❞ ❧❛❜♦r ❢r♦♠ t❤❡ ❯✳❙✳ ✐♥ t❤❡ ✜rst ❤❛❧❢ ♦❢ t❤❡

✷✵t❤ ❝❡♥t✉r② ❛♥❞ ✜♥❞ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❛❜♦✉t ✷✳ ❍♦✇❡✈❡r✱

t❤❡② ♦♥❧② ✉s❡ ✶✵ ♦❜s❡r✈❛t✐♦♥s✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡② ❝❛♥♥♦t ❡st✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t②

✹



✇✐t❤ ❛♥② ❝❡rt❛✐♥t②✸✳

❚❤❡ ♠♦st ❝✐t❡❞ ❡st✐♠❛t❡ ✐s ❢r♦♠ ❍❛②❛♠✐ ❛♥❞ ❘✉tt❛♥ ✭✶✾✽✺✮✱ ✇❤♦ ❧♦♦❦

❛t ❛ ❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ ❛❣r✐❝✉❧t✉r❛❧ s❡❝t♦r ✐♥ ✸✵ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s ❛♥❞

t❡st ✇❤❡t❤❡r t❤❡ ❡❧❛st✐❝✐t② ✐s ✉♥✐t② ❛♥❞ ❢❛✐❧ t♦ r❡❥❡❝t✳ ❍♦✇❡✈❡r✱ t❤❡② ❞♦ ♥♦t

♠❡❛s✉r❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs✱ ❜✉t r❛t❤❡r t❤❡ ❡❧❛st✐❝✐t②

♦❢ ❧❛❜♦r ❛♥❞ ❛❧❧ ♦t❤❡r ❢❛❝t♦rs✱ t❤❡♥ ♠❛❦❡ t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❧❛♥❞ ✐s t❤❡ ♦♥❧②

❢❛❝t♦r✳ ❚❤✐s ✐s ❛ ❞✐✣❝✉❧t ❛ss✉♠♣t✐♦♥ t♦ ♠❛❦❡✱ s✐♥❝❡ ❝❛♣✐t❛❧ ✐s ❤❡❛✈✐❧② ✉s❡❞

✐♥ ❛❣r✐❝✉❧t✉r❡ ✐♥ t❤❡ ❞❡✈❡❧♦♣❡❞ ✇♦r❧❞✳ ❚❤❡✐r st✉❞② ❛❧s♦ s✉✛❡rs ❢r♦♠ ❛ s♠❛❧❧

s❛♠♣❧❡ s✐③❡ ❛♥❞ ♣♦♦r ✐❞❡♥t✐✜❝❛t✐♦♥✳

●✐✈❡♥ t❤❡ ♣❛✉❝✐t② ♦❢ ❣♦♦❞ ❡st✐♠❛t❡s ❢♦r t❤❡ ❡❧❛st✐❝✐t②✱ r❡❝❡♥t❧② ❆s❤r❛♠✱

▲❡st❡r✱ ❛♥❞ ❲❡✐❧ ✭✷✵✵✽✮ ✉s❡ ❞❛t❛ ♦♥ t❤❡ ♥❛t✉r❛❧ r❡s♦✉r❝❡ s❤❛r❡ ✐♥ ♥❛t✐♦♥❛❧

✐♥❝♦♠❡ ❢r♦♠ ❈❛s❡❧❧✐ ❛♥❞ ❋❡②r❡r ✭✷✵✵✼✮ ❢♦r ❡st✐♠❛t✐♦♥✳ ❚❤❡② ✜♥❞ ❛ ✈❛❧✉❡ ♦❢ ✷✳✸✺

❛♥❞ ❝❛♥ r❡❥❡❝t ✉♥✐t②✳ ❲❤✐❧❡ ❛♥ ✐♠♣r♦✈❡♠❡♥t ♦✈❡r ♣r❡✈✐♦✉s st✉❞✐❡s ✐♥ r❡❣❛r❞s

t♦ s❛♠♣❧❡ s✐③❡✱ ❆s❤r❛♠ ❡t ❛❧ r❡❧② ❤❡❛✈✐❧② ♦♥ ✐♠♣✉t❡❞ ❞❛t❛✳ ❋✐rst✱ t❤❡② ✉s❡

✐♠♣✉t❡❞ ❞❛t❛ ♦♥ ❧❛♥❞✬s s❤❛r❡ ♦❢ ✐♥❝♦♠❡ ❢r♦♠ ❈❛s❡❧❧✐ ❛♥❞ ❋❡②r❡r ✭✷✵✵✼✮✳ ❚❤❡②

❛❧s♦ ✐♠♣✉t❡ t❤❡ q✉❛♥t✐t② ♦❢ t❤❡ ✜①❡❞ ❢❛❝t♦r r❛t❤❡r t❤❛♥ ♠❡❛s✉r✐♥❣ ✐t ❞✐r❡❝t❧②✱

❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡r❡ ✐s ♥♦ ♦❜✈✐♦✉s ✉♥✐t ♦❢ ♠❡❛s✉r❡ ❢♦r ✏✜①❡❞ ❢❛❝t♦rs✑✳

❋✐♥❛❧❧②✱ t❤❡r❡ ✐s ♥♦ ❛tt❡♠♣t t♦ ♦✈❡r❝♦♠❡ t❤❡ ❡♥❞♦❣❡♥❡✐t② ✐ss✉❡s ♠❡♥t✐♦♥❡❞

♣r❡✈✐♦✉s❧②✳

❲❡✐❧ ❛♥❞ ❲✐❧❞❡ ✭✷✵✵✾✮ ✐♠♣r♦✈❡ ✉♣♦♥ t❤❡ ✇♦r❦ ♦❢ ❆s❤r❛♠ ❡t ❛❧✳ ❜② ✉s✐♥❣ ❛

s❡t ♦❢ ✐♥❞✐❝❛t♦rs ♦♥ ♥❛t✉r❛❧ r❡s♦✉r❝❡ st♦❝❦ ♣❡r ❝❛♣✐t❛✱ ❛♥❞ ✉s❡ ✐♥str✉♠❡♥ts ❢♦r

✐♥❝♦♠❡✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥✱ t❤❡② ✜♥❞ ❛♥ ❡❧❛st✐❝✐t② ✇❤✐❝❤

✈❛r✐❡s ❢r♦♠ ✶✳✺ t♦ ✺✱ ✇✐t❤ ♠♦st ♦❢ t❤❡ ❡st✐♠❛t❡s ❜❡✐♥❣ ❛r♦✉♥❞ t✇♦✳

❚♦ ❡st✐♠❛t❡ t❤✐s ❡❧❛st✐❝✐t②✱ ❛❧❧ ♦❢ t❤❡s❡ st✉❞✐❡s ❛❜♦✈❡ ♠❡❛s✉r❡ ❤♦✇ t❤❡

s❤❛r❡ ♦❢ ♥❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ✜①❡❞✲❢❛❝t♦rs ✭♦r ❛❧t❡r♥❛t✐✈❡❧② t❤❡ r❡♥t❛❧ r❛t❡✮

❝❤❛♥❣❡s ❛s ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ❛❝❝✉♠✉❧❛t❡✳ ❍♦✇❡✈❡r✱ ♥♦♥❡ ♦❢ t❤❡ st✉❞✐❡s ❛❝❝♦✉♥ts

❢♦r t❤❡ ❢❛❝t t❤❛t ✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠②✱ ❢❛❝t♦r ♣r✐❝❡ r❛t✐♦s ❛❝r♦ss ❝♦✉♥tr✐❡s t❡♥❞

t♦ ❡q✉❛❧✐③❡ t♦ t❤❡ ✇♦r❧❞ r❛t❡ ✭❖❤❧✐♥ ✭✶✾✸✸✮✱ ❙t♦❧♣❡r ❛♥❞ ❙❛♠✉❡❧s♦♥ ✭✶✾✹✶✮✱

❲✐❧❧✐❛♠s♦♥ ✭✶✾✾✾✱ ✷✵✵✵❛✱ ✷✵✵✵❜✮✮✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡st✐♠❛t✐♦♥ ✇✐❧❧ ❜❡ ❜✐❛s❡❞

✉♣✇❛r❞✱ s✐♥❝❡ t❤❡ ♦❜s❡r✈❡❞ ❝❤❛♥❣❡ ✐♥ ❢❛❝t♦r r❡♥t r❛t✐♦s s❤♦✉❧❞ ❜❡ ③❡r♦ ✭♦r ❛t

❧❡❛st s♠❛❧❧❡r t❤❛♥ t❤❡② ✇♦✉❧❞ ❜❡ ✐♥ ❛✉t❛r❦②✮ ❛s ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ❛❝❝✉♠✉❧❛t❡

✸◆♦r❞❤❛✉s ❛♥❞ ❚♦❜✐♥ ❢❛✐❧ t♦ r❡❥❡❝t t❤❡ ❡❧❛st✐❝✐t② ✐s ∞✱ ❜✉t ❛❧s♦ ❢❛✐❧ t♦ r❡❥❡❝t ✶✳

✺



✐♥ ❛♥ ♦♣❡♥ ❡❝♦♥♦♠②✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ✐s ❜❡tt❡r ❛❝❤✐❡✈❡❞ ✐♥ ❝❧♦s❡❞

❡❝♦♥♦♠✐❡s✳

■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♠♦st ✉s❡❢✉❧ ❡st✐♠❛t❡s ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇✐❧❧

❝♦♠❡ ❢r♦♠ ❡❝♦♥♦♠✐❡s ✐♥ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✕ ♥❛♠❡❧②

❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ■❢ ✇❡ tr✉❧② ✇❛♥t t♦ ✉s❡ ❛♥ ❡st✐♠❛t❡ ♦❢ t❤❡ ❡❧❛st✐❝✐t②

✇❤✐❝❤ ✐s ✉s❡❢✉❧ ✐♥ ❡①♣❧❛✐♥✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❛♥ ❛❣r✐❝✉❧t✉r❛❧ ❡❝♦♥♦♠② t♦

❛♥ ✐♥❞✉str✐❛❧ ♦♥❡✱ ♦r t♦ ❡①♣❧❛✐♥ ❤♦✇ ❞✐✛❡r✐♥❣ ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ ♠❛②

❝❤❛♥❣❡ ❣r♦✇t❤ ❞②♥❛♠✐❝s ♦r t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ♦♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛

✐♥ t❤❡ ❞❡✈❡❧♦♣✐♥❣ ✇♦r❧❞✱ ✐t ✇♦✉❧❞ ❜❡ ♥✐❝❡ t♦ ❡st✐♠❛t❡ t❤✐s ❡❧❛st✐❝✐t② ❢♦r ❛ s❡t

♦❢ ❛❣r❛r✐❛♥ ❡❝♦♥♦♠✐❡s✳

■♥ t❤✐s ♣❛♣❡r✱ ■ ❡st✐♠❛t❡ t❤✐s ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ ❛ ❝❧♦s❡❞✱ ❛❣r❛r✐❛♥

❡❝♦♥♦♠② ✕ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞ ❢r♦♠ ✶✷✵✵✲✶✼✺✵✳ ■ ✉s❡ ❝❤❛♥❣❡s ✐♥ ❧❛❜♦r

s✉♣♣❧② ✈✐❛ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ✉s✐♥❣ ❞❛t❛ ♦♥ ❢❛❝t♦r r❡♥ts ❢r♦♠ ❈❧❛r❦ ✭✷✵✵✼✮ ✐♥ ❛

s✐♠♣❧❡ ❈❊❙ ❢r❛♠❡✇♦r❦✳ ❆s ✐♥ t❤❡ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡✱ ♠② ❡st✐♠❛t✐♦♥ str❛t❡❣②

r❡❧✐❡s ♦♥ r❡❣r❡ss✐♥❣ ❢❛❝t♦r r❡♥ts ♦♥ ❢❛❝t♦r q✉❛♥t✐t✐❡s ✭s♣❡❝✐✜❝❛❧❧② ■ r❡❣r❡ss t❤❡

r❛t✐♦ ♦❢ ❧❛♥❞ r❡♥ts t♦ ✇❛❣❡s ♦♥ t❤❡ ❧❛♥❞ ❧❛❜♦r r❛t✐♦✮ t♦ ✉♥❝♦✈❡r t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥✳ ❍♦✇❡✈❡r✱ ■ ♦✈❡r❝♦♠❡ t❤❡ ✐ss✉❡ ♦❢ ❡♥❞♦❣❡♥❡✐t② ❜② ✐♥str✉♠❡♥t✐♥❣

❢♦r t❤❡ ❧❛♥❞✲❧❛❜♦r r❛t✐♦ ✇✐t❤ t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡s ✐♥ ❊♥❣❧❛♥❞✳ ❆s ■ s❤♦✇

❜❡❧♦✇✱ t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡ ❞❡❛t❤s ✐s ❧✐❦❡❧② ❛♥ ❡①♦❣❡♥♦✉s s♦✉r❝❡ ♦❢ ✈❛r✐❛t✐♦♥

✐♥ ♣♦♣✉❧❛t✐♦♥ ❧❡✈❡❧s✱ ❛♥❞ ❝❛♥ ❜❡ tr❛❝❡❞ ❜❛❝❦ t♦ s♣❡❝✐✜❝ ❡①♦❣❡♥♦✉s ❡✈❡♥ts s✉❝❤

❛s t❤❡ ❛rr✐✈❛❧ ♦❢ ❛ s❤✐♣ ✜❧❧❡❞ ✇✐t❤ ♣❧❛❣✉❡✲❧❛❞❡♥ r❛ts ❢r♦♠ ❛♥ ❡①t❡r♥❛❧ ♣♦rt✳

■♥ ❛❞❞✐t✐♦♥ t♦ ♠② ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞

❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs✱ ♠② ♠❡t❤♦❞♦❧♦❣② ❛❧s♦ ❛❧❧♦✇s ♠❡ t♦ ❡st✐♠❛t❡ t❤❡ ❞❡❣r❡❡

♦❢ ❢❛❝t♦r✲✐♥❞✉❝❡❞ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤✳ ■❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✐s ✐♥❞✉❝❡❞✱

t❤❛t ✐♠♣❧✐❡s t❤❡ ❧❛♥❞✲❧❛❜♦r r❛t✐♦ s❤♦✉❧❞ ♥♦t ♦♥❧② ❡✛❡❝t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ r❛t✐♦

♦❢ ❢❛❝t♦r r❡♥ts ✈✐❛ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✱ ❜✉t ❛❧s♦ t❤❡✐r ❣r♦✇t❤ r❛t❡

✈✐❛ ❛ ❝❤❛♥❣✐♥❣ r❛t✐♦ ♦❢ ❢❛❝t♦r✲s♣❡❝✐✜❝ ♣r♦❞✉❝t✐✈✐t✐❡s✳ ❯s✐♥❣ ❛ ♠♦❞❡❧ ✇❤✐❝❤

✐♥❝♦r♣♦r❛t❡s ❜♦t❤ ♦❢ t❤❡s❡ ❡✛❡❝ts✱ ■ ❝❛♥ ❝♦♥tr♦❧ ❢♦r ❛♥❞ q✉❛♥t✐❢② ❜♦t❤ ♦❢ t❤❡s❡

♣❤❡♥♦♠❡♥❛✳ ❚❤✐s st✉❞② ✐s t❤❡ ✜rst t♦ ♠② ❦♥♦✇❧❡❞❣❡ ✇❤✐❝❤ ❝❛♥ ♣✉t ❛ ♥✉♠❜❡r

♦♥ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ♦❝❝✉rr❡❞ ✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞✳

❋✐♥❛❧❧②✱ ■ ❧♦♦❦ ❛t ❤♦✇ ♠② r❡s✉❧ts ❢♦r t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❛♥❞

✻



✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ✐♠♣❛❝t ✇❡❧❧ ❦♥♦✇♥ ❡❝♦♥♦♠✐❝ ♠♦❞❡❧s✳ ❚❤❡s❡ ♠♦❞❡❧s ❢❛❧❧

✐♥t♦ t✇♦ ❝❛t❡❣♦r✐❡s✳ ❋✐rst✱ ■ ❝♦♥str✉❝t ❛ s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ❛ ▼❛❧t❤✉s✐❛♥ ❡❝♦♥♦♠②

❛♥❞ s❤♦✇ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❛✛❡❝ts t❤❡ s♣❡❡❞ ❜② ✇❤✐❝❤ ✇❛❣❡s

❛♥❞ ♣♦♣✉❧❛t✐♦♥ ❝♦♥✈❡r❣❡ t♦ t❤❡✐r st❡❛❞② st❛t❡ ❧❡✈❡❧s ❛❢t❡r ❛ t❡❝❤♥♦❧♦❣② ♦r

♠♦rt❛❧✐t② s❤♦❝❦✳ ■ t❤❡♥ ❛♥❛❧②③❡ ❤♦✇ ❛ s♠❛❧❧ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇♦✉❧❞

❝❤❛♥❣❡ ❞②♥❛♠✐❝s ✐♥ ♠♦❞❡❧s ♦❢ t❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡

t♦ ♠♦❞❡r♥ ❣r♦✇t❤ s✉❝❤ ❛s ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✶✾✾✾✱ ✷✵✵✵✮✱ ❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt

✭✷✵✵✷✮✱ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵✮✱ ❛♥❞ ❙t♦❦❡② ✭✷✵✵✶✮✳ ❙❡❝♦♥❞✱ ■ ❛♥❛❧②③❡

❤♦✇ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇♦✉❧❞ ❛✛❡❝t ♠♦❞❡❧s ♦❢ t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥

s✐③❡ ♦♥ ❞❡✈❡❧♦♣♠❡♥t ❧❡✈❡❧s ❣❡♥❡r❛❧❧②✳

■ ✜♥❞ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞ ❛♥❞ ♦t❤❡r ❢❛❝t♦rs

♦✈❡r t❤✐s ♣❡r✐♦❞ ✐♥ ❊♥❣❧❛♥❞ ✇❛s ❛❜♦✉t ✵✳✻✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ ♣r❡✈✐♦✉s❧② t❤♦✉❣❤t ✭♦r ❛t ❧❡❛st ♠♦❞❡❧❡❞✮✱

s✐♥❝❡ ♠♦st ♠♦❞❡❧s ❛❞❞r❡ss✐♥❣ t❤❡ ✐ss✉❡ ♦❢ ♣♦♣✉❧❛t✐♦♥ ❛♥❞ t❤❡ ❞❡♠♦❣r❛♣❤✐❝

tr❛♥s✐t✐♦♥ ✐♠♣❧✐❝✐t❧② ❛ss✉♠❡ ❛♥ ❡❧❛st✐❝✐t② ♦❢ ✶✳ ❚❤✐s ✐s ❛ ♥♦✈❡❧ ✜♥❞✐♥❣✱ ❜❡❝❛✉s❡

t❤❡ s❤❛r❡ ♦❢ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❧❛♥❞ ❤❛s ❜❡❡♥ ❢❛❧❧✐♥❣ s✐♥❝❡ ❛t ❧❡❛st t❤❡ ❡❛r❧② ✶✾✵✵s

✭❛t ❧❡❛st ✐♥ t❤❡ ❞❡✈❡❧♦♣❡❞ ✇♦r❧❞✮✱ ✇❤✐❝❤ ✐s ❣❡♥❡r❛❧❧② ❛ r❡s✉❧t ♦❢ ❛♥ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ❣r❡❛t❡r t❤❛♥ ♦♥❡✳

❚❤✐s ✐♠♣❧✐❡s t❤❛t ❛♥② s❤♦rt✲r✉♥ ❞❡✈✐❛t✐♦♥s ♦❢ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ❛♥❞ ✐♥❝♦♠❡

❢r♦♠ t❤❡✐r ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ ✇❡r❡ s❤♦rt❡r ❛♥❞ s♠❛❧❧❡r t❤❛♥ ♣r❡✈✐♦✉s❧②

♠♦❞❡❧❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ s✐♥❝❡ ■ ❡st✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♦✈❡r ❛ ❧♦♥❣

♣❡r✐♦❞ ✭✺✺✵ ②❡❛rs✮✱ t❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❡❧❛st✐❝✐t② ■ ❛♠ ♠❡❛s✉r✐♥❣ ✐s ❛ ❧♦♥❣✲

r✉♥ ❡❧❛st✐❝✐t②✳ ■♥ t❤❡ s❤♦rt r✉♥✱ t❤✐s ❡❧❛st✐❝✐t② ♠✉st ❤❛✈❡ ❜❡❡♥ ❡✈❡♥ s♠❛❧❧❡r✱

✐♠♣❧②✐♥❣ t❤❛t ❧❛♥❞ ✇❛s ❡✈❡♥ ♠♦r❡ ❝♦♥str❛✐♥✐♥❣ ♦❢ ❛ ❢❛❝t♦r ♦✈❡r s❤♦rt❡r ♣❡r✐♦❞s

♦❢ t✐♠❡✱ s✉❝❤ ❛s ❛♥ ✐♥❞✐✈✐❞✉❛❧✬s ❧✐❢❡t✐♠❡✳

■ ❛❧s♦ ✜♥❞ ❡✈✐❞❡♥❝❡ ❢♦r ❢❛❝t♦r✲❜✐❛s❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡✳ ❙♣❡❝✐✜❝❛❧❧②✱ ■

✜♥❞ t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛♥♥✉❛❧ ❣r♦✇t❤ r❛t❡s ♦❢ ❧❛♥❞✲ ❛♥❞ ❧❛❜♦r✲

❛✉❣♠❡♥t✐♥❣ ♣r♦❞✉❝t✐✈✐t② ✇❛s ✵✳✶✵✪ ❤✐❣❤❡r ♣❡r ♠✐❧❧✐♦♥ ♣❡rs♦♥s ✕ ✐♠♣❧②✐♥❣

❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥s ❛♥❞ t❤❡r❡❢♦r❡ ❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ✐♥❞✉❝❡❞ ✐♥♥♦✈❛✲

t✐♦♥ t♦✇❛r❞s ❧❛♥❞✲s❛✈✐♥❣ t❡❝❤♥♦❧♦❣✐❡s✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❛ ❞♦✉❜❧✐♥❣ ♦❢ ♣♦♣✉✲

❧❛t✐♦♥ ❞❡♥s✐t② ✐♥ ❊♥❣❧❛♥❞ ❢r♦♠ ✐ts ②❡❛r ✶✺✵✵ ❧❡✈❡❧ r❛✐s❡s t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡

❣r♦✇t❤ r❛t❡s ♦❢ ❧❛♥❞✲ ❛♥❞ ❧❛❜♦r✲❡♥❤❛♥❝✐♥❣ ♣r♦❞✉❝t✐✈✐t② ❜② ✵✳✷✷✪ ♣❡r ②❡❛r✳
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▼❛♥② ❡❝♦♥♦♠✐❝ ❤✐st♦r✐❛♥s ❤❛✈❡ ♣♦✐♥t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t t❡❝❤♥♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s

✇❤✐❝❤ ♦❝❝✉rr❡❞ ♦✈❡r t❤✐s ♣❡r✐♦❞ ❛♣♣❡❛r❡❞ t♦ ❜❡ ✐♥❞✉❝❡❞✱ ❜✉t t❤✐s ✐s t❤❡ ✜rst

st✉❞② t♦ ❡♠♣✐r✐❝❛❧❧② t❡st ❛♥❞ q✉❛♥t✐❢② t❤❡ ♣❤❡♥♦♠❡♥♦♥✳

■ ❛❧s♦ ✜♥❞ t❤❛t s♠❛❧❧❡r ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ s❧♦✇ ❞♦✇♥ t❤❡ ❡s❝❛♣❡ ❢r♦♠

▼❛❧t❤✉s✐❛♥ st❛❣♥❛t✐♦♥ ✐♥ ♠♦❞❡❧s ✇❤✐❝❤ ❞❡♣❡♥❞ ♦♥ ❛❝❤✐❡✈✐♥❣ ❛ ❝❡rt❛✐♥ ❧❡✈❡❧ ♦❢

♣♦♣✉❧❛t✐♦♥ t♦ tr❛♥s✐t✐♦♥ ✭s✉❝❤ ❛s ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✶✾✾✾✱ ✷✵✵✵✮✮ ❛♥❞ ✐♥ ♠♦❞❡❧s

✇❤✐❝❤ r❡❧② ♦♥ s❤✐❢t✐♥❣ ♣r♦❞✉❝t✐♦♥ ❛✇❛② ❢r♦♠ t❤❡ ❛❣r✐❝✉❧t✉r❛❧ s❡❝t♦r ❞✉❡ t♦

❜✐❛s❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✭s✉❝❤ ❛s ❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt ✭✷✵✵✷✮✮✳ ❍♦✇❡✈❡r✱

■ ✜♥❞ t❤❛t s♠❛❧❧ ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ s❤♦✉❧❞ ❧❡❛❞ t♦ ❢❛st❡r tr❛♥s✐t✐♦♥s

✐♥ ♠♦❞❡❧s ✇❤✐❝❤ r❡❧② ♦♥ ❛❝❤✐❡✈✐♥❣ ❛ ❝❡rt❛✐♥ ❧❡✈❡❧ ♦❢ ✐♥❝♦♠❡ t♦ ❡s❝❛♣❡ ❢r♦♠

t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ ✭s✉❝❤ ❛s ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵✮ ❛♥❞ ❙t♦❦❡②

✭✷✵✵✶✮✮✳

❋✐♥❛❧❧②✱ ■ ✜♥❞ t❤❛t s♠❛❧❧❡r ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ ✐♠♣❧② ♣♦♣✉❧❛t✐♦♥ s✐③❡

❤❛s ❛ ❧❛r❣❡r ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ✐♥❝♦♠❡✳ ■♥t❡r✈❡♥t✐♦♥s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s

✇❤✐❝❤ ❛✛❡❝t ♣♦♣✉❧❛t✐♦♥ s✐③❡ ❝❛♥ ❤❛✈❡ ✇✐❞❡❧② ✈❛r②✐♥❣ r❡s✉❧ts ❜❛s❡❞ ♦♥ t❤❡ ❡❧❛s✲

t✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥ ✇❤✐❝❤ ❜♦t❤ s❛✈❡s

❧✐✈❡s ❛♥❞ ✐♥❝r❡❛s❡s ✇♦r❦❡r ♣r♦❞✉❝t✐✈✐t② ❝♦✉❧❞ ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ❡✛❡❝t

♦♥ ✐♥❝♦♠❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❡❧❛st✐❝✲

✐t② ❝❛♥ ✐♠♣❛❝t t❤❡ ❜❡♥❡✜t t♦ ❛♥ ✐♥t❡r✈❡♥t✐♦♥ t♦ r❡❞✉❝❡ ❢❡rt✐❧✐t② t♦ ❤❛✈❡ ❛ ❧❛r❣❡

♦r s♠❛❧❧ ❡✛❡❝t✳

❚❤❡ ♣❛♣❡r ❝♦♥t✐♥✉❡s ❛s ❢♦❧❧♦✇s✿ ❙❡❝t✐♦♥ ✷ ♦✉t❧✐♥❡s ♠② ❜❛s✐❝ ♠♦❞❡❧ ❛♥❞

r❡s✉❧ts✳ ❙❡❝t✐♦♥ ✸ ❛✉❣♠❡♥ts t❤❡ ♠♦❞❡❧ t♦ ❛❝❝♦✉♥t ❢♦r ❜✐❛s❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧

♣r♦❣r❡ss ❛♥❞ ♣r♦✈✐❞❡s r❡s✉❧ts✳ ❙❡❝t✐♦♥ ✹ ❧♦♦❦s ❛t t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ❞✐✛❡r❡♥t

❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ ❡❝♦♥♦♠✐❝ ♠♦❞❡❧s✳ ❙❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳ ■♥ ❛❞❞✐✲

t✐♦♥✱ t❤❡ ❛♣♣❡♥❞✐① ❞❡t❛✐❧s t❤❡ ❞❛t❛ ♦♥ t❤❡ t✐♠✐♥❣ ♦❢ ♥❛t✐♦♥❛❧ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝s

✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞✳

✽



✷ ▼♦❞❡❧ ✇✐t❤ ❍✐❝❦s✲◆❡✉tr❛❧ ❚❡❝❤♥♦❧♦❣②

❈♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥st❛♥t ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥

✐♥tr♦❞✉❝❡❞ ❜② ❆rr♦✇✱ ❈❤❡♥❡r②✱ ▼✐♥❤❛s✱ ❛♥❞ ❙♦❧♦✇ ✭✶✾✻✶✮✱

Yt = At [(ψXt)
ρ + ((1− ψ)Nt)

ρ]
1

ρ , ✭✶✮

✇❤❡r❡ Xt ✐s ❛ ✜①❡❞ ❢❛❝t♦r✱ Nt ✐s ❛ ♥♦♥✲✜①❡❞ ❢❛❝t♦r✱ Yt ✐s ♦✉t♣✉t✱ ❛♥❞ At ✐s

t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t②✱ ❛♥❞ ψ ∈ (0, 1) ✐s ❛ s❝❛❧❡ ♣❛r❛♠❡t❡r✱ ❛♥❞ t ✐♥❞❡①❡s

t✐♠❡✳ ◆♦t✐❝❡ t❤❛t t❡❝❤♥♦❧♦❣② ✐♥ t❤✐s ❝❛s❡ ✐s ❍✐❝❦s✲♥❡✉tr❛❧✳ ▲❛t❡r ✐♥ t❤❡ ♣❛♣❡r

■ ✇✐❧❧ r❡❧❛① t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❍✐❝❦s✲♥❡✉tr❛❧ t❡❝❤♥♦❧♦❣②✱ ✇❤✐❝❤ ✇✐❧❧ ❛❧❧♦✇ ♠❡

t♦ ❡st✐♠❛t❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✳

❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ Xt ❛♥❞ Nt ✐s

σ =
1

1− ρ
.

❚❛❦✐♥❣ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝ts ♦❢ Xt ❛♥❞ Nt ✭❞❡♥♦t❡❞ r
X
t ❛♥❞ rNt ✮✱

❛♥❞ t❛❦✐♥❣ ❧♦❣s ②✐❡❧❞s

ln

(

rXt
rNt

)

= −
1

σ
ln

(

ψ

1− ψ

)

−
1

σ
ln
(

Xt

Nt

)

. ✭✷✮

❚❤❡r❡❢♦r❡✱ ✐♥ ♣r✐♥❝✐♣❧❡ ■ ❝❛♥ ❡st✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥

✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ❜② r❡❣r❡ss✐♥❣ t❤❡ ❧♦❣ r❛t✐♦ ♦❢ ✜①❡❞ ❢❛❝t♦r r❡♥t ❛♥❞

✇❛❣❡s ♦♥ ❛ ❝♦♥st❛♥t ❛♥❞ t❤❡ ❧❛♥❞✲❧❛❜♦r r❛t✐♦✳

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❞✐✣❝✉❧t✐❡s ✐♥ ❡st✐♠❛t✐♥❣ t❤✐s ❡q✉❛t✐♦♥ ❞✐r❡❝t❧②✳ ❋✐rst✱ t❤❡

q✉❛♥t✐t✐❡s ♦❢ X ❛♥❞ N ❛r❡ ♣♦t❡♥t✐❛❧❧② ❡♥❞♦❣❡♥♦✉s t♦ t❤❡✐r r❡♥t❛❧ r❛t❡s✱ ❛♥❞

t❤❡r❡❢♦r❡ ❡st✐♠❛t✐♦♥ ✈✐❛ ❖▲❙ ❝❛♥ ②✐❡❧❞ ❜✐❛s❡❞ r❡s✉❧ts✳ ❙❡❝♦♥❞✱ ❞❛t❛ ♦♥ t❤❡

q✉❛♥t✐t② ♦❢ ❢❛❝t♦rs ✐♥ t❤❡ ❡❝♦♥♦♠② ❛r❡ ❞✐✣❝✉❧t t♦ ♠❡❛s✉r❡✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡

❤✐st♦r✐❝❛❧ ❝♦♥t❡①t✱ ❛♥❞ t❤❡r❡❢♦r❡ ♠❛② ❧❡❛❞ t♦ ❛tt❡♥✉❛t✐♦♥ ❜✐❛s ✐♥ ❡st✐♠❛t✐♦♥✳

❚❤✐r❞✱ t❤❡r❡ ✐s ♥♦ ♦❜✈✐♦✉s ✉♥✐t ♦❢ ♠❡❛s✉r❡ t♦ ❝♦♠❜✐♥❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ♥❛t✉r❛❧

r❡s♦✉r❝❡s t♦ ❝r❡❛t❡ ❛ ✈❛❧✉❡ ❢♦r t❤❡ ✜①❡❞ ❢❛❝t♦r st♦❝❦ Xt✳
✹

✹❚❤❡ ♠♦st ❧♦❣✐❝❛❧ s♦❧✉t✐♦♥ ✕ t♦ ❝♦♥✈❡rt t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ st♦❝❦ ♦❢ ❡❛❝❤ r❡s♦✉r❝❡ ✐♥t♦ ❞♦❧❧❛r
t❡r♠s t♦ ♦❜t❛✐♥ t❤❡ t♦t❛❧ ✈❛❧✉❡ ♦❢ X ✕ ✐s ✐♥❝♦rr❡❝t s✐♥❝❡ r❡s♦✉r❝❡ ✈❛❧✉❡s ❛r❡ ♦❜t❛✐♥❡❞ ❜②
♠❡r❡❧② ❝❛♣✐t❛❧✐③✐♥❣ t❤❡ str❡❛♠ ♦❢ r❡s♦✉r❝❡ r❡♥ts✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❞❡♣❡♥❞❡♥t ❛♥❞ ✐♥❞❡♣❡♥❞❡♥t

✾



▼❡❛s✉r❡♠❡♥t ✐ss✉❡s ❛r❡ ❡s♣❡❝✐❛❧❧② ❛❝✉t❡ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ♣r❡✲✐♥❞✉str✐❛❧

❊♥❣❧❛♥❞✱ s✐♥❝❡ t❤❡r❡ ✐s ❧✐tt❧❡✱ ✐❢ ❛♥②✱ ❞❛t❛ ♦♥ ❧❛♥❞ ✉s❡✱ ❝❛♣✐t❛❧ st♦❝❦s ❛♥❞ r❡♥ts✱

❤✉♠❛♥ ❝❛♣✐t❛❧ ❛tt❛✐♥♠❡♥t✱ ♦r ❡✈❡♥ ❧❛❜♦r ❢♦r❝❡ ❜❛❝❦ t♦ ✶✷✵✵✳ ❚❤❡r❡❢♦r❡✱ ■ ♠❛❦❡

t✇♦ ❛ss✉♠♣t✐♦♥s t♦ s✐♠♣❧✐❢② t❤❡ ❜❛s❡❧✐♥❡ ❛♥❛❧②s✐s✿

✶✳ ❚❤❡ t♦t❛❧ ❡♥❞♦✇♠❡♥t ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s✱ Xt✱ ✐s ❝♦♥st❛♥t ♦✈❡r t❤❡ ❡♥t✐r❡

s❛♠♣❧❡✳

✷✳ ❚❤❡ ♦♥❧② ♥♦♥✲✜①❡❞ ❢❛❝t♦r ✐♥ t❤❡ ❡❝♦♥♦♠② ✐s ❧❛❜♦r✱ ❛♥❞ ❧❛❜♦r ✐s ❛ ✜①❡❞

❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✳ P✉t ♠❛t❤❡♠❛t✐❝❛❧❧②✱ Nt = Lt = ψPt✱ ✇❤❡r❡

Pt ❛♥❞ Lt ❛r❡ ♣♦♣✉❧❛t✐♦♥ ❛♥❞ ❧❛❜♦r s✉♣♣❧② r❡s♣❡❝t✐✈❡❧② ❛t t✐♠❡ t✳

❚❤❡ ✜rst ❛ss✉♠♣t✐♦♥ s✐❞❡✲st❡♣s t❤❡ ♣r♦❜❧❡♠ ♦❢ ♠❡❛s✉r✐♥❣ ✜①❡❞ r❡s♦✉r❝❡s✳ ❚❤✐s

❛❧❧♦✇s Xt = X̄ t♦ ❜❡❝♦♠❡ ♣❛rt ♦❢ t❤❡ ❝♦♥st❛♥t t❡r♠ ✐♥ ♠② r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✳

❚❤❡ s❡❝♦♥❞ ❛ss✉♠♣t✐♦♥ ❛❧❧♦✇s ♠❡ t♦ ✉s❡ ❞❛t❛ ♦♥ ❢❛❝t♦rs ■ ❝❛♥ ❡❛s✐❧② ❛❝q✉✐r❡

❢♦r t❤❡ ♣❡r✐♦❞ ✶✷✵✵✲✶✼✺✵ ✕ ♥❛♠❡❧② ♣♦♣✉❧❛t✐♦♥✱ ✇❛❣❡s✱ ❛♥❞ ❧❛♥❞ r❡♥ts ✕ ✇❤✐❧❡

❢♦r❣❡tt✐♥❣ ❛❜♦✉t ♣❤②s✐❝❛❧ ❛♥❞ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❛♥❞ t❤❡✐r r❡t✉r♥s✳ ▲❛t❡r ✐♥ t❤✐s

s❡❝t✐♦♥ ■ ✇✐❧❧ ❞✐s❝✉ss ❡❛❝❤ ❛ss✉♠♣t✐♦♥ ❛♥❞ ❛♥❛❧②③❡ ✇❤❛t ❤❛♣♣❡♥s ✇❤❡♥ ✐t ✐s

r❡❧❛①❡❞✳

●✐✈❡♥ t❤❡s❡ ❛ss✉♠♣t✐♦♥s✱ ✇❡ ❝❛♥ r❡✇r✐t❡ ✭✻✮ ❛s✿

ln
(

rt

wt

)

= α +
1

σ
ln (Pt) , ✭✸✮

✇❤❡r❡ α = −
1
σ
ln( ψ

1−ψ
)− 1

σ
ln(X̄)✱ wt ✐s t❤❡ ✇❛❣❡✱ ❛♥❞ rt ✐s ❧❛♥❞ r❡♥t✳

✷✳✶ ❇❛s✐❝ ❉❛t❛ ❛♥❞ ❖▲❙ ❘❡s✉❧ts

❚❤❡ ❞❛t❛ ♦♥ ❢❛❝t♦r r❡♥ts ✭✇❛❣❡s ❛♥❞ ❧❛♥❞ r❡♥t✮ ❝♦♠❡ ❢r♦♠ ❈❧❛r❦ ✭✷✵✵✶✱ ✷✵✵✷✱

✷✵✵✼❜✮✺✳ ❚❤❡ ✉♥✐t ♦❢ ♦❜s❡r✈❛t✐♦♥ ✐s t❤❡ ❞❡❝❛❞❡✳ ❈❧❛r❦✬s ❧❛♥❞ r❡♥t❛❧ ✐♥❝♦♠❡

s❡r✐❡s ✐s ❜❛s❡❞ ♦♥ s❡✈❡r❛❧ ❞❛t❛ s❡ts✳ ❋♦r t❤❡ ♣❡r✐♦❞ ✶✷✵✵✲✶✺✵✵✱ ❤❡ ♠❛✐♥❧②

✉s❡s ♠❛♥♦r✐❛❧ ❛❝❝♦✉♥ts ❛♥❞ ♠❛♥♦r ❝♦✉rt r❡❝♦r❞s ✇❤✐❝❤ r❡❝♦r❞ ✐♥❝♦♠❡ ❢r♦♠

❧❡❛s❡s ❢♦r ❛ ❧❛♥❞❤♦❧❞❡r ✭s❡❡ ❈❧❛r❦ ✭✷✵✵✶✮ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳ ❚❤✐s ✐s ❜❡♥❡✜❝✐❛❧

✈❛r✐❛❜❧❡s ✇♦✉❧❞ ♠❡❛s✉r❡ t❤❡ s❛♠❡ t❤✐♥❣✱ ❛♥❞ t❤❡ ❡st✐♠❛t❡s ✇♦✉❧❞ ❜❡ ❜✐❛s❡❞✳
✺❙✐♥❝❡ ❧❛♥❞ ✇❛s t❤❡ ♠❛✐♥ ✜①❡❞ ❢❛❝t♦r ✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞✱ ■ ✉s❡ t❤❡ r❡♥t❛❧ r❛t❡ ♦♥

❧❛♥❞ ❛s ❛ ♣r♦①② ❢♦r t❤❡ r❡♥t❛❧ r❛t❡ ♦❢ ✜①❡❞ ❢❛❝t♦rs

✶✵



s✐♥❝❡ ❤✐s s❡r✐❡s ✐s ♠♦st❧② ❜❛s❡❞ ♦♥ ❛❝t✉❛❧ tr❛♥s❛❝t✐♦♥s ♦❢ ❧❛♥❞ r❡♥t❛❧s r❛t❤❡r

t❤❛♥ ✐♠♣✉t❡❞ ❢r♦♠ ❧❛♥❞ ♣r✐❝❡s✱ ❛❧t❤♦✉❣❤ s♦♠❡ ❧❛♥❞ ♣r✐❝❡ ❞❛t❛ ✐s ✉s❡❞ ❢♦r

t❤❡ ♣❡r✐♦❞ ✶✷✵✵✲✶✸✷✵✳ ❋♦r ✶✺✵✵✲✶✽✼✵✱ ❤❡ ✉s❡s r❡♥t❛❧ ✈❛❧✉❡s ♦❢ ❧❛♥❞s ❢r♦♠

❝❤❛r✐t❛❜❧❡ tr✉sts✳ ❆❧t❤♦✉❣❤ ❡❛❝❤ ♦❢ t❤❡s❡ s❛♠♣❧❡s ❛r❡ ❣❡♦❣r❛♣❤✐❝❛❧❧② ❞✐✈❡rs❡✱

t❤❡② ❛r❡ ♥♦t ♥❛t✐♦♥❛❧❧② r❡♣r❡s❡♥t❛t✐✈❡ s✐♥❝❡ ♠♦r❡ ❞❡♥s❡❧② ♣♦♣✉❧❛t❡❞ ❛r❡❛s ✇✐❧❧

❤❛✈❡ ❞✐s♣r♦♣♦rt✐♦♥❛t❡❧② ♠♦r❡ ❞❛t❛✳ ❚❤❡r❡❢♦r❡✱ ❈❧❛r❦ ❝❛❧❝✉❧❛t❡s ❛ ♥❛t✐♦♥❛❧ r❡♥t

✐♥❞❡① ❜② ❛♣♣❧②✐♥❣ ✇❡✐❣❤ts ❢♦r r❡❣✐♦♥s✱ ♣❧♦t s✐③❡✱ ❛♠♦✉♥t ♦❢ ❝♦♠♠♦♥ ❧❛♥❞✱ t②♣❡

♦❢ ❧❛♥❞ ✭❢❛r♠❧❛♥❞✱ ♠❡❛❞♦✇✱ ❡t❝✳✮ ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ✭s❡❡ ❈❧❛r❦ ✭✷✵✵✷✮

❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳✻

◆♦♠✐♥❛❧ ✇❛❣❡s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② s✐♠✐❧❛r r❡❝♦r❞s ♦♥ ♣❛②♠❡♥ts t♦ ❤✐r❡❞

❢❛r♠❤❛♥❞s ❛♥❞ ❜✉✐❧❞❡rs✱ ✇❤✐❝❤ ❛r❡ ❝♦♥✈❡rt❡❞ t♦ r❡❛❧ t❡r♠s ❜② ❛❞❥✉st✐♥❣ ❜② t❤❡

❝♦st ♦❢ ❛ ❜✉♥❞❧❡ ♦❢ ❛❣r✐❝✉❧t✉r❛❧ ❣♦♦❞s✳ ❚❤❡ ❞❛t❛ ❛♥❞ ♠❡t❤♦❞s ❈❧❛r❦ ✉s❡s t♦

♦❜t❛✐♥ t❤✐s s❡r✐❡s ❛r❡ t♦♦ ❞❡t❛✐❧❡❞ t♦ ❜❡ ♦✉t❧✐♥❡❞ ✐♥ ❢✉❧❧ ❤❡r❡✱ ❜✉t ❝❛♥ ❜❡ ❢♦✉♥❞

✐♥ ❈❧❛r❦ ✭✷✵✵✼❜✮✳ ❚❤❡ ❞❛t❛ ❢♦r ♣♦♣✉❧❛t✐♦♥ ❛r❡ ❛❧s♦ ❢r♦♠ ❈❧❛r❦✱ ✇❤♦ ✐♥ t✉r♥

✉s❡❞ ❲r✐❣❧❡② ❡t ❛❧ ✭✶✾✾✼✮ ❢♦r ✶✺✹✵✲✶✽✼✵✱ ❛♥❞ ❍❛t❝❤❡r ✭✶✾✼✼✮✱ P♦♦s ✭✶✾✾✶✮✱ ❛♥❞

❍❛❧❧❛♠ ✭✶✾✽✽✮ ❢♦r ✶✷✵✵✲✶✺✹✵✳

❋✐❣✉r❡ ✶ ♣❧♦ts t❤❡ ✇❛❣❡ ❛♥❞ ❧❛♥❞ r❡♥t s❡r✐❡s ♦✈❡r t✐♠❡✱ ✐♥ ❛❞❞✐t✐♦♥ t♦

t❤❡ ❝❛♣✐t❛❧ r❡♥t s❡r✐❡s ❢r♦♠ ❈❧❛r❦ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ✐♥tr♦❞✉❝❡❞ ❛♥❞ ✉s❡❞ ❧❛t❡r✳

❋✐❣✉r❡ ✷ ♣❧♦ts t❤❡ r❛t✐♦ ♦❢ ❧❛♥❞ r❡♥ts t♦ ✇❛❣❡s ❢r♦♠ ❋✐❣✉r❡ ✶ t♦ ❢♦r♠ ❛ t✐♠❡

s❡r✐❡s ♦❢ ♦✉r ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳ ❚❤✐s ✐s ❝♦♥tr❛st❡❞ ✇✐t❤ ♣♦♣✉❧❛t✐♦♥ s✐③❡✱ ♦✉r

✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ♦❢ ✐♥t❡r❡st✳ ■t ✐s ✐♠♠❡❞✐❛t❡❧② ❝❧❡❛r t❤❛t t❤❡ t✇♦ s❡r✐❡s

❢♦❧❧♦✇ ❡❛❝❤ ♦t❤❡r q✉✐t❡ ❝❧♦s❡❧② ❢♦r t❤❡ ♣❡r✐♦❞ ✶✷✵✵✲✶✼✺✵✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧②

❡✈✐❞❡♥t ❛r♦✉♥❞ ✶✸✹✽✱ ✇❤❡♥ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ s❤❛r♣❧② ❧♦✇❡r❡❞ ♣♦♣✉❧❛t✐♦♥ ✕ t❤❡

r❛t✐♦ ♦❢ r❡♥t❛❧ r❛t❡s ✐♠♠❡❞✐❛t❡❧② ❢♦❧❧♦✇❡❞✳ ■♥ t❤❡ ❧❛t❡ ✶✽t❤ ❝❡♥t✉r②✱ ❤♦✇❡✈❡r✱

t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜r❡❛❦s ❞♦✇♥ ❛s ♣♦♣✉❧❛t✐♦♥ ❛♥❞ ❢❛❝t♦r ♣r✐❝❡s ❜❡❣✐♥ t♦ ❡①♣❧♦❞❡

✇✐t❤ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥✳

■t ❤❛s ❜❡❡♥ ✇✐❞❡❧② ♥♦t❡❞ t❤❛t t❤❡ ▼❛❧t❤✉s✐❛♥ ♠♦❞❡❧ ♦❢ t❤❡ ❡❝♦♥♦♠② ❜r♦❦❡

❞♦✇♥ ❛s s♦♦♥ ❛s ▼❛❧t❤✉s ✇r♦t❡ ✐t✳ ◆♦t ♦♥❧② ❞✐❞ ✇❛❣❡s ❡①♣❧♦❞❡ ❞❡s♣✐t❡ ♣♦♣✲

✉❧❛t✐♦♥ ❣r♦✇t❤✱ ❜✉t ❢❛❝t♦r ♣r✐❝❡s ❜❡❣❛♥ t♦ ❜❡ ❞r✐✈❡♥ ❜② ❢♦r❝❡s ♦t❤❡r t❤❛♥

♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t②✱ s✉❝❤ ❛s tr❛❞❡✳ ❖✬❘♦✉r❦❡ ❛♥❞ ❲✐❧❧✐❛♠s♦♥ ✭✷✵✵✺✮ ♥♦t❡ t❤❛t

✻❈❧❛r❦ ❣r❛❝✐♦✉s❧② ♣r♦✈✐❞❡❞ ♠❡ ✇✐t❤ ❛ r❡✈✐s❡❞ ✈❡rs✐♦♥ ♦❢ ❤✐s r❡♥t❛❧ r❛t❡ ❞❛t❛ ❢r♦♠ ✶✷✵✵✲
✶✽✵✵✳ ❚❤❡r❡❢♦r❡✱ ❞❛t❛ ■ ✉s❡ ♠❛② ❞✐✛❡r s❧✐❣❤t❧② ❢r♦♠ t❤❡ ♣✉❜❧✐s❤❡❞ ✈❡rs✐♦♥✳
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❛❢t❡r t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥✱ ❢❛❝t♦r r❡♥ts ❛❝r♦ss t❤❡ ❣❧♦❜❡

✭❜✉t ❡s♣❡❝✐❛❧❧② ✐♥ ❊♥❣❧❛♥❞✮ t❡♥❞❡❞ t♦ ❡q✉❛❧✐③❡ t♦ ❛ ✇♦r❧❞ r❛t❡✳ ❲✐t❤ t❤❡ ❡①✲

♣❛♥s✐♦♥ ♦❢ ♦✈❡rs❡❛s tr❛❞❡ ✐♥ t❤❡ ✶✽t❤ ❛♥❞ ✶✾t❤ ❝❡♥t✉r②✱ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛

❝❧♦s❡❞ ❡❝♦♥♦♠② ❜❡❝♦♠❡s ❧❡ss ♣❛❧❛t❛❜❧❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❝❤❛♥❣❡s

✐♥ t❤❡ ❇r✐t✐s❤ ❡❝♦♥♦♠② ♠❛❦❡ ✐t ❞✐✣❝✉❧t t♦ ❜❡❧✐❡✈❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥

✇❛s t❤❡ s❛♠❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥✳ ❋♦r ❛❧❧ t❤❡s❡ r❡❛s♦♥s✱

■ ❝✉t t❤❡ s❛♠♣❧❡ ❛t ✶✼✺✵✳

■♥ t❛❜❧❡ ✶✱ ❝♦❧✉♠♥ ✶✱ ■ ❡st✐♠❛t❡ ❡q✉❛t✐♦♥ ✭✸✮ ✉s✐♥❣ ❖▲❙✱ ❛♥❞ ✜♥❞ t❤❛t t❤❡

❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ✵✳✼✶✽✱ ❛♥❞ s✐❣♥✐✜❝❛♥t❧② ❧❡ss t❤❛♥ ♦♥❡✳✼ ❆s ♠❡♥✲

t✐♦♥❡❞ ❡❛r❧✐❡r✱ t❤✐s ✐s ❛ s✉r♣r✐s✐♥❣ r❡s✉❧t✱ s✐♥❝❡ ♠♦st ❝♦♥t❡♠♣♦r❛r② ❡st✐♠❛t❡s

♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✜♥❞ t❤❛t ✐t ✐s ❣r❡❛t❡r t❤❛♥ ♦♥❡✳ ■♥ ❝♦❧✉♠♥ ✷✱ ■

❛❞❞ ❛ t✐♠❡ tr❡♥❞✱ ❛♥❞ t❤❡ ❡st✐♠❛t❡ ❢❛❧❧s s❧✐❣❤t❧② t♦ ✵✳✻✾✺✳ ▲❛t❡r ✇❤❡♥ ■ r❡❧❛①

t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❍✐❝❦✲♥❡✉tr❛❧ t❡❝❤♥♦❧♦❣② ❣r♦✇t❤✱ t❤✐s t✐♠❡ tr❡♥❞ ✇✐❧❧ t❛❦❡

♦♥ ❡❝♦♥♦♠✐❝ s✐❣♥✐✜❝❛♥❝❡✱ ❛s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✸✳

❋✐❣✉r❡ ✸ s❤♦✇s ❛ r❡s✐❞✉❛❧ ♣❧♦t ♦❢ t❤❡ r❡❣r❡ss✐♦♥ ✐♥ ❝♦❧✉♠♥ ✷ ♦❢ ❚❛❜❧❡ ✶✳

❆ r❡s✐❞✉❛❧ ♣❧♦t ✐s ❛ ✉s❡❢✉❧ ✇❛② ♦❢ s❤♦✇✐♥❣ t❤❡ ♣❛rt✐❛❧ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦

✈❛r✐❛❜❧❡s ✐♥ ❛ ♠✉❧t✐✈❛r✐❛t❡ r❡❣r❡ss✐♦♥✱ ❛♥❞ ✐s ✉s❡❢✉❧ t♦ s❡❡ ✐❢ t❤❡ r❡❣r❡ss✐♦♥ ❝♦❡❢✲

✜❝✐❡♥t ♦♥ ❛ ♣❛rt✐❝✉❧❛r ✈❛r✐❛❜❧❡ ✐s ❞r✐✈❡♥ ❜② ♦✉t❧✐❡rs✳✽ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥

t❤❡ r❛t✐♦ ♦❢ ❧❛♥❞ r❡♥ts t♦ ✇❛❣❡s ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ✐s ♣♦s✐t✐✈❡ ❛♥❞ ✈❡r② str♦♥❣✳ ❆s

❛ r❡s✉❧t✱ t❤❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❤❛s ❛♥ ❡①tr❡♠❡❧② s♠❛❧❧

st❛♥❞❛r❞ ❡rr♦r✳ ■t ✐s ❛❧s♦ ✐♥t❡r❡st✐♥❣ t♦ ♥♦t❡ t❤❛t ♦✈❡r ❛ ✺✺✵✲②❡❛r s♣❛♥✱ t❤❡

r❡❧❛t✐♦♥s❤✐♣ r❡♠❛✐♥❡❞ ✈❡r② st❛❜❧❡✳ ❖♥❡ ♠✐❣❤t ❡①♣❡❝t t❤❛t ♦✈❡r t❤❡ ✺✺✵ ②❡❛r

s♣❛♥ ♦❢ t❤❡ s❛♠♣❧❡ s♦♠❡t❤✐♥❣ ❢✉♥❞❛♠❡♥t❛❧ ❝❤❛♥❣❡❞ ✐♥ t❤❡ ❊♥❣❧✐s❤ ❡❝♦♥♦♠②

r❡❣❛r❞✐♥❣ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✜①❡❞ r❡s♦✉r❝❡s ❛♥❞ ❧❛♥❞ ✕ s♦ ✐t ✐s r❡♠❛r❦❛❜❧❡

t♦ ♥♦t❡ t❤❛t t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❢❛❝t♦r r❡♥ts ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ✇❛s ❛❧♠♦st

❡①❛❝t❧② t❤❡ s❛♠❡ ✐♥ ✶✼✺✵ ❛s ✐t ✇❛s ✐♥ ✶✷✵✵✳

✼❆❧❧ ❖▲❙ ❡st✐♠❛t❡s ✉s❡ ◆❡✇❡②✲❲❡st st❛♥❞❛r❞ ❡rr♦rs ✇✐t❤ ♦♥❡ ❧❛❣ s✐♥❝❡ t❤❡r❡ ✐s ❛ ❧❛r❣❡
❞❡❣r❡❡ ♦❢ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ✐♥ t❤❡ ♣✉r❡ ❖▲❙ r❡s✐❞✉❛❧s✳

✽Pr♦❝❡❞✉r❡ ❢♦r ❡①♣❧❛✐♥✐♥❣ ❤♦✇ t♦ ♦❜t❛✐♥ ❛ r❡s✐❞✉❛❧ ♣❧♦t ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♥♦t❡ t♦
❋✐❣✉r❡ ✸✳

✶✷



✷✳✷ ■♥str✉♠❡♥t ❛♥❞ ✷❙▲❙ ❘❡s✉❧ts

❚❤❡r❡ ❛r❡ t✇♦ ♣♦t❡♥t✐❛❧ s♦✉r❝❡s ♦❢ ❜✐❛s ✐♥ t❤❡ ❛❜♦✈❡ ❛♥❛❧②s✐s✳ ❋✐rst✱ t❤❡r❡ ✐s t❤❡

✐ss✉❡ ♦❢ ♠❡❛s✉r❡♠❡♥t ❡rr♦r ❣✐✈❡♥ t❤❡ ❤✐st♦r✐❝❛❧ ♥❛t✉r❡ ♦❢ t❤❡ ❞❛t❛✳ ❊st✐♠❛t❡s

♦❢ ♠❡❞✐❡✈❛❧ ♣♦♣✉❧❛t✐♦♥s ✐♥ ❣❡♥❡r❛❧ ✈❛r② ❣r❡❛t❧②✱ s✐♥❝❡ t❤❡② ❛r❡ ✉s✉❛❧❧② ❜❛s❡❞

♦♥ ❛ s♠❛❧❧ s✉❜s❡t ♦❢ ✈✐❧❧❛❣❡s ❢♦r ✇❤✐❝❤ ❞❛t❛ ❡①✐sts ❛♥❞ t❤❡♥ ❡①tr❛♣♦❧❛t❡❞ t♦

t❤❡ ❝♦✉♥tr② ❛s ❛ ✇❤♦❧❡✳ ▼♦r❡ ❛❝❝✉r❛t❡ ❞❛t❛ ♦♥ ♣♦♣✉❧❛t✐♦♥ ❜❛s❡❞ ♦♥ ❢❛♠✐❧②

r❡❝♦♥str✉❝t✐♦♥ ❛r❡ ❛✈❛✐❧❛❜❧❡ ♦♥❧② ❛❢t❡r ✶✺✹✶ ✭s❡❡ ❲r✐❣❧❡② ❡t ❛❧ ✭✶✾✾✼✮✮✳

❊✈❡♥ t❤♦✉❣❤ t❤✐s ♣❛♣❡r ❛tt❡♠♣ts t♦ ❝♦rr❡❝t❧② q✉❛♥t✐❢② t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs✱ ❛ ♠❛❥♦r ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡

♣❛♣❡r ✐s ❛ q✉❛❧✐t❛t✐✈❡ ♦♥❡ ✕ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇❛s s✐❣♥✐✜❝❛♥t❧②

❧❡ss t❤❛♥ ✉♥✐t②✳ ❚❤❡r❡❢♦r❡✱ ✐❢ ■ ✜♥❞ ❛ st❛t✐st✐❝❛❧ ♣r♦❜❧❡♠ ✐♥ ♠② ❡st✐♠❛t✐♦♥✱

❞❡t❡r♠✐♥✐♥❣ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❜✐❛s ♠❛② str❡♥❣t❤❡♥ ♦r ✉♥❞❡r♠✐♥❡ t❤❛t ❝♦♥❝❧✉s✐♦♥✳

■♥ t❤❡ ❝❛s❡ ♦❢ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✱ ✐t str❡♥❣t❤❡♥s ♠② q✉❛❧✐t❛t✐✈❡ r❡s✉❧ts t❤❛t t❤❡

❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧❡ss t❤❛♥ ♦♥❡✳ ❚♦ s❡❡ t❤✐s✱ ♥♦t✐❝❡ t❤❛t t❤❡ ❡❧❛st✐❝✐t②

✐s t❤❡ ✐♥✈❡rs❡ ♦❢ ❝♦❡✣❝✐❡♥t ♦♥ ❧♦❣ ♣♦♣✉❧❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ s✐♥❝❡ ♠❡❛s✉r❡♠❡♥t

❡rr♦r ✇✐❧❧ ❝❛✉s❡ ❛tt❡♥✉❛t✐♦♥ ❜✐❛s t♦ t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ ❧♦❣ ♣♦♣✉❧❛t✐♦♥✱ t❤✐s

✐♠♣❧✐❡s t❤❛t t❤❡ ✐♥✈❡rs❡ ✇✐❧❧ ❜❡ ❜✐❛s❡❞ ✉♣✇❛r❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ tr✉❡ ❡❧❛st✐❝✐t②

✇✐❧❧ ❜❡ ❡✈❡♥ s♠❛❧❧❡r t❤❛♥ ■ ❡st✐♠❛t❡✳

❙❡❝♦♥❞❧②✱ t❤❡r❡ ✐s ❝♦♥❝❡r♥ ❛❜♦✉t t❤❡ ❡①♦❣❡♥❡✐t② ♦❢ ♣♦♣✉❧❛t✐♦♥ ❝❤❛♥❣❡s✳ ■♥

t❤❡ st❛♥❞❛r❞ ▼❛❧t❤✉s✐❛♥ ♠♦❞❡❧✱ ❤✐❣❤❡r ✇❛❣❡s s❤♦✉❧❞ ❧❡❛❞ t♦ ❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥

❣r♦✇t❤✱ ❛♥❞ ❧♦✇ ✇❛❣❡s s❤♦✉❧❞ ❧❡❛❞ t♦ ♣♦♣✉❧❛t✐♦♥ ❞❡❝❧✐♥❡✳

❇♦t❤ st❛t✐st✐❝❛❧ ♣r♦❜❧❡♠s ❝❛♥ ❜❡ s♦❧✈❡❞ ❜② ✉s✐♥❣ ❛♥ ✐♥str✉♠❡♥t✳ ■♥ t❤✐s

♣❛♣❡r✱ ■ ✉s❡ t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡s ✐♥ ❊♥❣❧❛♥❞ ❛s ❛♥ ✐♥str✉♠❡♥t ❢♦r ♣♦♣✉❧❛t✐♦♥✳

■♥ ♣❛rt✐❝✉❧❛r✱ ■ ✉s❡ t❤❡ s❡r✐❡s ♦❢ ♣❧❛❣✉❡s ❦♥♦✇♥ ❝♦❧❧❡❝t✐✈❡❧② ❛s t❤❡ ❙❡❝♦♥❞

P❛♥❞❡♠✐❝✳

❚❤❡ ❙❡❝♦♥❞ P❛♥❞❡♠✐❝ ❜❡❣❛♥ ✐♥ ❛♣♣r♦①✐♠❛t❡❧② ✶✸✹✻✳ ■t ♦r✐❣✐♥❛t❡❞ ✐♥ ❈❡♥✲

tr❛❧ ❆s✐❛ ❛♥❞ ✉❧t✐♠❛t❡❧② ❛✛❡❝t❡❞ t❤❡ ❡♥t✐r❡ ❆❢r♦✲❊✉r❛s✐❛♥ ❝♦♥t✐♥❡♥t✳ ❆❧t❤♦✉❣❤

❛❝❝✉r❛t❡ ❡st✐♠❛t❡s ❛r❡ ❞✐✣❝✉❧t t♦ ♦❜t❛✐♥✱ ✐t ❤❛s ❜❡❡♥ ❡st✐♠❛t❡❞ t❤❛t t❤✐s ✜rst

✇❛✈❡ ♦❢ t❤❡ s❡❝♦♥❞ P❛♥❞❡♠✐❝✱ ❝♦♠♠♦♥❧② r❡❢❡rr❡❞ t♦ ❛s t❤❡ ❇❧❛❝❦ ❉❡❛t❤✱ ❦✐❧❧❡❞

❤❛❧❢ ♦❢ t❤❡ ✐♥❤❛❜✐t❛♥ts ♦❢ ❈❤✐♥❛✱ ❛ t❤✐r❞ ♦❢ ❊✉r♦♣❡✱ ❛♥❞ ❛♥ ❡✐❣❤t ♦❢ ❆❢r✐❝❛✳ ■t

✇❛s ✐♥tr♦❞✉❝❡❞ ✐♥t♦ ❊✉r♦♣❡ ✐♥ ✶✸✺✼ ✇❤❡♥ ▼♦♥❣♦❧ ❛r♠✐❡s ❜❡s✐❡❣✐♥❣ t❤❡ ❈r✐♠❡❛♥

❝✐t② ♦❢ ❈❛✛❛ ❝❛t❛♣✉❧t❡❞ ✐♥❢❡❝t❡❞ ❝♦r♣s❡s ♦✈❡r t❤❡ ❝✐t② ✇❛❧❧ ✐♥ ❛♥ ❛tt❡♠♣t ♦❢

✶✸



❜✐♦❧♦❣✐❝❛❧ ✇❛r❢❛r❡✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ✐♥❤❛❜✐t❛♥ts ♦❢ t❤❡ ❝✐t② ✢❡❞ t♦ ❙✐❝✐❧②✱ ❢r♦♠

✇❤✐❝❤ t❤❡ ♣❧❛❣✉❡ s♣r❡❛❞ ✐♥t♦ t❤❡ r❡st ♦❢ ❊✉r♦♣❡✳

❚❤❡ ♣❧❛❣✉❡ ❛rr✐✈❡❞ ✐♥ ❊♥❣❧❛♥❞ ✈✐❛ ❛ s❤✐♣ ❢r♦♠ ●❛s❝♦♥② ✐♥ s♦✉t❤✇❡st❡r♥

❋r❛♥❝❡ t♦ ❲❡②♠♦✉t❤ s❤♦rt❧② ❜❡❢♦r❡ ✷✹ ❏✉♥❡✱ ✶✸✹✽✳ ❋r♦♠ ❲❡②♠♦✉t❤✱ t❤❡ ❞✐s✲

❡❛s❡ s♣r❡❛❞ r❛♣✐❞❧② ❛❝r♦ss t❤❡ s♦✉t❤✇❡st ♦❢ ❊♥❣❧❛♥❞✱ ❤✐tt✐♥❣ ❇r✐st♦❧ ✜rst ❛♥❞

r❡❛❝❤✐♥❣ ▲♦♥❞♦♥ ✐♥ t❤❡ ❢❛❧❧✳ ❚❤❡ s♣r❡❛❞ ♦❢ t❤❡ ❞✐s❡❛s❡ s❧♦✇❡❞ ✐♥ t❤❡ ✇✐♥t❡r✱

❜✉t t❤❡ ♥❡①t s♣r✐♥❣ s♣r❡❛❞ ❛❝r♦ss ❛❧❧ s♦✉t❤❡r♥ ❊♥❣❧❛♥❞ ❛♥❞ ✐♥t♦ t❤❡ ♥♦rt❤✳ ■t

r❡❛❝❤❡❞ ❨♦r❦ ✐♥ ▼❛②✱ ❛♥❞ s♣r❡❛❞ q✉✐❝❦❧② ♦✈❡r ❛❧❧ ♦❢ ♥♦rt❤❡r♥ ❊♥❣❧❛♥❞ ❞✉r✐♥❣

t❤❡ r❡st ♦❢ t❤❡ s✉♠♠❡r✱ ❜❡❢♦r❡ ❞②✐♥❣ ♦✉t t❤❛t ✇✐♥t❡r✳ ❆❧t❤♦✉❣❤ ❡st✐♠❛t❡s ❞✐s✲

❛❣r❡❡✱ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❦✐❧❧❡❞ ❜❡t✇❡❡♥ ✷✺✪ ❛♥❞ ✻✵✪ ♦❢ t❤❡ ❊♥❣❧✐s❤ ♣♦♣✉❧❛t✐♦♥✳

❚❤❡ ✜rst s❡r✐♦✉s r❡❝✉rr❡♥❝❡ ✐♥ ❊♥❣❧❛♥❞ ❝❛♠❡ ✐♥ t❤❡ ②❡❛rs ✶✸✻✶✲✻✷✱ ❛♥❞

t❤❡♥ ❛❣❛✐♥ ✐♥ ✶✸✻✾✱ ✇✐t❤ ❛ ❞❡❛t❤ r❛t❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✶✵✲✷✵✪✳ ✭●♦tt❢r✐❡❞

✭✶✾✽✸✮✮ ❖✈❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❝❡♥t✉r② t❤❡ ♣❧❛❣✉❡ ✇♦✉❧❞ r❡t✉r♥ ❛t ✐♥t❡r✈❛❧s ♦❢ ✜✈❡

t♦ t✇❡❧✈❡ ②❡❛rs✱ ✇✐t❤ ❝♦♥t✐♥✉♦✉s❧② s♠❛❧❧❡r ♠♦rt❛❧✐t②✳ ❚❤❡r❡ ✇❛s ❛ r❡s✉r❣❡♥❝❡ ✐♥

s❡✈❡r✐t② ❜❡t✇❡❡♥ ✶✹✸✵ t♦ ✶✹✽✵ ✕ t❤❡ ♦✉t❜r❡❛❦ ✐♥ ✶✹✼✶ t♦♦❦ ❛s ♠✉❝❤ ❛s ✶✵✲✶✺✪

♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✱ ✇❤✐❧❡ t❤❡ ❞❡❛t❤ r❛t❡ ♦❢ t❤❡ ♣❧❛❣✉❡ ♦❢ ✶✹✼✾✲✽✵ ❝♦✉❧❞ ❤❛✈❡

❜❡❡♥ ❛s ❤✐❣❤ ❛s ✷✵✪✳✭●♦tt❢r✐❡❞ ✭✶✾✽✸✮✮ ❋r♦♠ ✶✹✽✵✱ t❤❡ ♦✉t❜r❡❛❦s ❞❡❝r❡❛s❡❞ ✐♥

❢r❡q✉❡♥❝② ✐♥ ❊♥❣❧❛♥❞ ✉♥t✐❧ t❤❡ ❧❛st ❣r❡❛t ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝✱ t❤❡ ●r❡❛t P❧❛❣✉❡

♦❢ ▲♦♥❞♦♥ ✐♥ ✶✻✻✺✲✻✻✳ ❖♥ t❤❡ ❊✉r♦♣❡❛♥ ❝♦♥t✐♥❡♥t✱ ♣❧❛❣✉❡s ❝♦♥t✐♥✉❡❞ t♦ ♦❝❝✉r

✇❡❧❧ ✐♥t♦ t❤❡ ✶✽t❤ ❝❡♥t✉r②✳

❚❤❡r❡ ❛r❡ t❤r❡❡ t②♣❡s ♦❢ ♣❧❛❣✉❡✱ ✇❤✐❝❤ ❞✐✛❡r ✐♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ ✐♥❢❡❝t✐♦♥

❛♥❞ ✈❡❝t♦r ♦❢ tr❛♥s♠✐ss✐♦♥✳ ❊❛❝❤ t②♣❡ ♦❢ ♣❧❛❣✉❡ ✇❛s ♣r❡s❡♥t ❞✉r✐♥❣ t❤❡ ❇❧❛❝❦

❉❡❛t❤✱ ❛♥❞ ✇❛s ❝❛✉s❡❞ ❜② t❤❡ s❛♠❡ ❜❛❝t❡r✐✉♠✱ ❨❡rs✐♥✐❛ ♣❡st✐s✳ ❋✐rst ✐s t❤❡

❜✉❜♦♥✐❝ ♣❧❛❣✉❡✱ ✇❤✐❝❤ ❛✛❡❝ts t❤❡ ❧②♠♣❤ ♥♦❞❡s✳ ■t ✇❛s tr❛♥s♠✐tt❡❞ ✈✐❛ ✐♥❢❡❝t❡❞

✢❡❛ ❜✐t❡s✱ ❛♥❞ ✇❛s ❝❛rr✐❡❞ ❜② ♣❧❛❣✉❡✲r❡s✐st❛♥t r❛t❡s✳ ❙❡❝♦♥❞✱ t❤❡ ♣♥❡✉♠♦♥✐❝

♣❧❛❣✉❡ ✐♥❢❡❝t❡❞ t❤❡ ❧✉♥❣s✱ ❛♥❞ ✇❛s tr❛♥s♠✐tt❡❞ t❤r♦✉❣❤ t❤❡ ❛✐r ✈✐❛ t✐♥② ❞r♦♣❧❡ts

♦❢ ✐♥❢❡❝t❡❞ ✢✉✐❞✳ ❚❤✐s ❢♦r♠ ✇❛s ❡s♣❡❝✐❛❧❧② ❞❡❛❞❧②✱ s✐♥❝❡ ✐ts ♠❛✐♥ s②♠♣t♦♠ ✇❛s

❝♦✉❣❤✐♥❣ ❛♥❞ ❝♦✉❧❞ ❜❡ s♣r❡❛❞ ❤✉♠❛♥ t♦ ❤✉♠❛♥✳ ▲❛st ✇❛s t❤❡ s❡♣t✐❝❡♠✐❝

♣❧❛❣✉❡✱ ✇❤✐❝❤ ✐s s♣r❡❛❞ t❤r♦✉❣❤ ❞✐r❡❝t ❝♦♥t❛❝t ✇✐t❤ ✐♥❢❡❝t❡❞ t✐ss✉❡ ♦r ❜♦❞✐❧②

✢✉✐❞s✱ ❛♥❞ ✐♥❢❡❝ts t❤❡ ❜❧♦♦❞ str❡❛♠✳ ▼♦rt❛❧✐t② ❢r♦♠ t❤❡ ♣❧❛❣✉❡ ✇❛s ❤✐❣❤✱

r❛♥❣✐♥❣ ❜❡t✇❡❡♥ ✸✵✪ t♦ ✾✺✪ ♦❢ t❤♦s❡ ✐♥❢❡❝t❡❞✳✾

✾❊❛r❧✐❡r ■ ♠❛❦❡ t❤❛t ❛ss✉♠♣t✐♦♥ t❤❛t ❧❛❜♦r s✉♣♣❧② ✐s ❛ ❝♦♥st❛♥t ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✳

✶✹



■♥ ❆♣♣❡♥❞✐① ❆✱ ■ ❧✐st ❡✈❡r② ♠❛❥♦r ♥❛t✐♦♥❛❧ ♣❧❛❣✉❡ ♦✉t❜r❡❛❦ ✐♥ ❊♥❣❧❛♥❞

❞✉r✐♥❣ t❤❡ ❙❡❝♦♥❞ P❛♥❞❡♠✐❝✱ st❛rt✐♥❣ ✇✐t❤ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ✭✶✸✹✽✲✶✸✺✵✮ ❛♥❞

❡♥❞✐♥❣ ✇✐t❤ t❤❡ ●r❡❛t P❧❛❣✉❡ ♦❢ ▲♦♥❞♦♥ ✭✶✻✻✺✲✶✻✻✻✮✳ ■ ❝❛♥ ✉s❡ t❤❡ ❞❛t❛ ✐♥ t✇♦

✇❛②s t♦ ❝r❡❛t❡ ❛♥ ✐♥str✉♠❡♥t✿ ❋✐rst✱ ■ ❝❛♥ ✉s❡ ❛♥ ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ ❢♦r ✇❤❡t❤❡r

♦r ♥♦t t❤❡r❡ ✇❛s ❛ ♥❛t✐♦♥❛❧ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝ ✐♥ t❤❛t ❞❡❝❛❞❡✳ ❙❡❝♦♥❞❧②✱ ■ ❝❛♥

❛❝❝✉♠✉❧❛t❡ t❤❡ ♣❧❛❣✉❡ ♦✉t❜r❡❛❦s t♦ ❝r❡❛t❡ t❤❡ ♥✉♠❜❡r ♦❢ ♣❧❛❣✉❡ ♦✉t❜r❡❛❦s ✐♥

t❤❡ ❧❛st ✶✵✵ ②❡❛rs✳ ▼② ❡♠♣✐r✐❝❛❧ r❡s✉❧ts ✇✐❧❧ ❜❡ s✐♠✐❧❛r ✉s✐♥❣ ❡✐t❤❡r ✐♥str✉♠❡♥t✳

❚❤❡ ❦❡② ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥ ✐s t❤❛t t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝s

✇❡r❡ ❡①♦❣❡♥♦✉s✱ ❛♥❞ ♦♥❧② ❛✛❡❝t r❡❧❛t✐✈❡ ❢❛❝t♦r ♣r✐❝❡s t❤r♦✉❣❤ t❤❡✐r ❡✛❡❝t ♦♥

❧❛❜♦r s✉♣♣❧②✳ ❍♦✇❡✈❡r✱ ♦♥❡ ♠❛② ✇♦rr② t❤❛t t❤❡ t✐♠✐♥❣ ♦❢ t❤❡ ♣❧❛❣✉❡s ✇❡r❡

❡♥❞♦❣❡♥♦✉s t♦ ❧❛♥❞ s❝❛r❝✐t②✱ ❛♥❞ t❤❡r❡❢♦r❡ t♦ ✐ts r❡♥t❛❧ r❛t❡ ✕ ✇❤✐❝❤ ✇♦✉❧❞

✐♠♣❧② ❢❛✐❧✉r❡ ♦❢ t❤❡ ❡①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥✳ ❆t t❤❡ ❝❡♥t❡r ♦❢ t❤✐s ✈✐❡✇ ✐s t❤❡ ✐❞❡❛

t❤❛t t❤❡ ♣❧❛❣✉❡s ✇❡r❡ ❛ ♥❡❝❡ss❛r② ❛♥❞ ❧♦♥❣ ♦✈❡r❞✉❡ ▼❛❧t❤✉s✐❛♥ ❝♦rr❡❝t✐♦♥ ♦❢

♣♦♣✉❧❛t✐♦♥✱ ✇❤✐❝❤ ❤❛❞ r❡❛❝❤❡❞ ♦r ❡✈❡♥ ❡①❝❡❡❞❡❞ ✐ts s✉st❛✐♥❛❜❧❡ ❧❡✈❡❧✳

▼❛♥② ❤✐st♦r✐❛♥s✱ ❤♦✇❡✈❡r✱ ❛r❣✉❡ t❤❛t ✐s ✐s ♥♦t t❤❡ ❝❛s❡✳ ✭s❡❡ ❍❡❧❧❡✐♥❡r

✭✶✾✺✵✮✱ ❍❛❧❧❛♠ ✭✶✾✼✷✮✱ ❍❡r❧✐❤② ✭✶✾✾✼✮✱ P♦♦s ✭✶✾✽✺✮✱ ❈❤❛✈❛s ❛♥❞ ❇r♦♠❧❡②

✭✷✵✵✺✮✳ ❍❛t❝❤❡r ❛♥❞ ❇❛✐❧❡② ✭✷✵✵✶✮ ♣r♦✈✐❞❡s ❛ ❢✉rt❤❡r r❡✈✐❡✇✳✮✳ ❚❤❡s❡ s❝❤♦❧✲

❛rs ❛r❣✉❡ t❤❛t t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❝♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥ ❝❛✉s❡❞ ❜② ❛ ▼❛❧t❤✉s✐❛♥

❝r✐s✐s ❢♦r s❡✈❡r❛❧ r❡❛s♦♥s✳ ❋✐rst✱ t❤❡② ❛r❣✉❡ t❤❛t t❤❡ ❤❛❧t ✐♥ r❛♣✐❞ ♣♦♣✉❧❛t✐♦♥

❣r♦✇t❤ ♣r❡❝❡❞✐♥❣ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ✇❛s ♥♦t ❞✉❡ t♦ ❧❛♥❞ s❝❛r❝✐t②✱ ❜✉t r❛t❤❡r

❞✉❡ t♦ ✇❡❛t❤❡r ❛♥❞ ❝❧✐♠❛t✐❝ s❤♦❝❦s✳ ❇❡❢♦r❡ t❤❡ ❇❧❛❝❦ ❉❡❛t❤✱ t❤❡ ♣♦♣✉❧❛✲

t✐♦♥ ♦❢ ❊♥❣❧❛♥❞ ✐♥❝r❡❛s❡❞ r❛♣✐❞❧② ❢r♦♠ ✷ ♠✐❧❧✐♦♥ ✐♥ ✶✵✵✵ ❆✳❉✳ t♦ ✻ ♠✐❧❧✐♦♥

✐♥ ✶✸✶✼✱ ✐♥❞✐❝❛t✐✈❡ ♦❢ ♥♦♥✲s❝❛r❝✐t② ♦❢ ❧❛♥❞✳ ■♥ ✶✸✶✺✲✶✸✷✷✱ ❊♥❣❧❛♥❞ s✉✛❡r❡❞ ❛

♣❡r✐♦❞ ♦❢ ♠❛ss✐✈❡ ❛♥❞ ❣❡♥❡r❛❧✐③❡❞ ❝r♦♣ ❢❛✐❧✉r❡s ❞✉❡ t♦ ✈❡r② ❡①tr❡♠❡ ❛♥❞ r❛r❡

✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ✭❑❡rs❤❛✇ ✭✶✾✼✸✮✮✱ ♦t❤❡r✇✐s❡ ❦♥♦✇♥ ❛s t❤❡ ●r❡❛t ❋❛♠✐♥❡✳

■♥ ❛❞❞✐t✐♦♥✱ ✐♥ ✶✸✶✾ t❤❡r❡ ✇❛s ❛ s❡✈❡r❡ ❝❛tt❧❡ ♣❧❛❣✉❡ ✇❤✐❝❤ ❞❡str♦②❡❞ ❞r❛✉❣❤t

❖♥❡ ♠❛② ✇♦rr② t❤❛t t❤✐s ♠❛② ♥♦t ❜❡ t❤❡ ❝❛s❡ ❞✉r✐♥❣ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❢♦r t✇♦ r❡❛s♦♥s✳ ❋✐rst✱
❧❛❜♦r s✉♣♣❧② ♣❡r ♣❡rs♦♥ ♠❛② ❢❛❧❧ ❞✉❡ t♦ ♠♦r❜✐❞✐t② ❝❛✉s❡❞ ❜② t❤❡ ♣❧❛❣✉❡✳ ❚❤✐s ❞♦❡s ♥♦t
s❡❡♠ t♦ ❜❡ t❤❡ ❝❛s❡✱ ❛s t❤❡ ♣❧❛❣✉❡ ❣❡♥❡r❛❧❧② ❦✐❧❧❡❞ t❤♦s❡ ✐♥❢❡❝t❡❞ ✇✐t❤✐♥ ❛ ✇❡❡❦✳ ❙❡❝♦♥❞✱
t❤❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ✇♦r❦✐♥❣ ♠❛② ❝❤❛♥❣❡ ✐❢ t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❞✐s♣r♦♣♦rt✐♦♥❛t❡❧②
❛✛❡❝t❡❞ ❝❡rt❛✐♥ ❛❣❡ ❣r♦✉♣s✳ ❚❤✐s ❛❧s♦ ❞♦❡s ♥♦t s❡❡♠ t♦ ❜❡ t❤❡ ❝❛s❡ ✕ ♠♦rt❛❧✐t② r❛t❡s ❢♦r ❛❧❧
❛❣❡ ❣r♦✉♣s ❛♥❞ s♦❝✐❛❧ ❝❧❛ss❡s ✇❡r❡ s✐♠✐❧❛r✳ ❍♦✇❡✈❡r✱ ♠♦rt❛❧✐t② r❛t❡s ✇❡r❡ ♣❛rt✐❝✉❧❛r❧② ❤✐❣❤
❢♦r s♦♠❡ ♦❝❝✉♣❛t✐♦♥s✱ s✉❝❤ ❛s ♠♦♥❦s ❛♥❞ ♣r✐❡sts ✇❤♦ ❞✐r❡❝t❧② ❝❛r❡❞ ❢♦r t❤❡ ✐♥❢❡❝t❡❞ ❛♥❞
❞❡❛❞✳

✶✺



❛♥✐♠❛❧s ❛♥❞ ❧♦✇❡r❡❞ ❛❣r✐❝✉❧t✉r❛❧ ♣r♦❞✉❝t✐✈✐t②✳ ❚❤✐s ❢❛♠✐♥❡ ❧❡❞ t♦ ✐♥❝r❡❛s❡s

✐♥ ❝r✐♠❡✱ ❞✐s♣❧❛❝❡♠❡♥t✱ ❛♥❞ s♦❝✐❛❧ ✉♣❤❡❛✈❛❧✱ r❡❞✉❝✐♥❣ ♣♦♣✉❧❛t✐♦♥ t❤r♦✉❣❤ t❤❡

✶✸✸✵s✳ ❚❤❡s❡ s❝❤♦❧❛rs ❛r❣✉❡ t❤❛t ✇✐t❤♦✉t t❤❡s❡ ✇❡❛t❤❡r s❤♦❝❦s✱ ♣♦♣✉❧❛t✐♦♥

❧✐❦❡❧② ✇♦✉❧❞ ❤❛✈❡ ❝♦♥t✐♥✉❡❞ t♦ ❣r♦✇ r❛♣✐❞❧②✱ ✐♠♣❧②✐♥❣ t❤❡r❡ ✇❛s ♥♦ ▼❛❧t❤✉✲

s✐❛♥ ❝r✐s✐s✳✶✵

❙❡❝♦♥❞❧②✱ ❢♦♦❞ ♣r✐❝❡s ✇❡r❡ q✉✐t❡ ❧♦✇ ♦♥ t❤❡ ❡✈❡ ♦❢ t❤❡ ❇❧❛❝❦ ❉❡❛t❤✱ ❢✉rt❤❡r

✐♥❞✐❝❛t✐♥❣ ❧❛♥❞ ✇❛s ♥♦t s❝❛r❝❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ r❛t✐♦ ♦❢ ❧❛♥❞ r❡♥ts t♦ ✇❛❣❡s

✇❛s ❝♦♥st❛♥t ❢♦r t❤❡ ✶✺✵ ②❡❛rs ❜❡❢♦r❡ t❤❡ ❇❧❛❝❦ ❉❡❛t❤✱ ✇❤❡r❡❛s ✐♥❝r❡❛s✐♥❣

♣♦♣✉❧❛t✐♦♥ ♣r❡ss✉r❡ ✇♦✉❧❞ ❤❛✈❡ ✐♠♣❧✐❡❞ ❛ r✐s✐♥❣ r❛t✐♦✳ ❚❤✐r❞✱ t❤❡② ❛r❣✉❡ t❤❡

♣❧❛❣✉❡ t✐♠✐♥❣ ✇❛s tr✉❧② r❛♥❞♦♠ s✐♥❝❡ ✐t ❤✐t ❛❧❧ ♦❢ ❊✉r♦♣❡ s✐♠✉❧t❛♥❡♦✉s❧②✱ ❡✈❡♥

t❤❡ ❝♦✉♥tr✐❡s ✇❤♦s❡ ♣♦♣✉❧❛t✐♦♥s ✇❤✐❝❤ ❤❛❞ ♠✉❝❤ ❞✐✛❡r❡♥t ❞②♥❛♠✐❝s ❛♥❞ ❧❛♥❞✲

❧❛❜♦r r❛t✐♦s t❤❛♥ ❊♥❣❧❛♥❞✳ ❚❤❡ ❇❧❛❝❦ ❉❡❛t❤✱ t❤❡② ❛r❣✉❡✱ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥

❥✉st ❛s ❞❡❛❞❧② ✇❤❡t❤❡r ♦r ♥♦t t❤❡r❡ ✇❡r❡ ♣♦♣✉❧❛t✐♦♥ ♣r❡ss✉r❡s✱ ❛♥❞ t❤❡r❡❢♦r❡

t❤❡ ❢❛❝t t❤❛t ♣♦♣✉❧❛t✐♦♥ ❞r♦♣♣❡❞ ❞r❛♠❛t✐❝❛❧❧② ✐s ♥♦t ❛ ♣r♦♦❢ t❤❛t ❊♥❣❧❛♥❞ ✇❛s

❛❜♦✈❡ ❛ s✉st❛✐♥❛❜❧❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥✳

❋✐♥❛❧❧②✱ t❤❡ t✐♠✐♥❣ ♦❢ ♣❧❛❣✉❡s ✇❡r❡ ♥♦t ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ t❤❡♦r② ♦❢ ✇❤❡♥

♣❧❛❣✉❡s s❤♦✉❧❞ ♦❝❝✉r✳ ■❢ ▼❛❧t❤✉s✐❛♥ ♣r❡ss✉r❡s ❝❛✉s❡❞ t❤❡ ♣❧❛❣✉❡s✱ t❤❡♥ ♠♦r❡

♣❧❛❣✉❡s s❤♦✉❧❞ ♦❝❝✉r ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✐s ❤✐❣❤✱ ❛♥❞ ❧❡ss ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✐s ❧♦✇✳

■♥ r❡❛❧✐t②✱ ✇❡ s❡❡ t❤❡ ❡①❛❝t ♦♣♣♦s✐t❡ ❤❛♣♣❡♥✐♥❣ ✕ ♥❛t✐♦♥❛❧ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝s

✇❡r❡ ♠♦st ❢r❡q✉❡♥t ♣r❡❝✐s❡❧② ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✇❛s ✐ts ❧♦✇❡st✳ ■♥ ❛❞❞✐t✐♦♥✱

❍❡r❧✐❤② ✭✶✾✾✼✮ ❛r❣✉❡s t❤❛t t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❝❛♠❡ t♦♦ ❧❛t❡ ✐❢ ✐t ✇❡r❡ ❝❛✉s❡❞ ❜②

♣♦♣✉❧❛t✐♦♥ ♣r❡ss✉r❡s✱ s✐♥❝❡ ♣♦♣✉❧❛t✐♦♥ ✐♥ ✶✸✹✽ ✇❛s ✇❡❧❧ ♦✛ ✐ts ♣❡❛❦✳ ❆❢t❡r t❤❡

❇❧❛❝❦ ❉❡❛t❤ ♣♦♣✉❧❛t✐♦♥ r❡♠❛✐♥❡❞ ❧♦✇ ❢♦r ✸✵✵ ②❡❛rs✱ ❜✉t ♣❧❛❣✉❡s ❝♦♥t✐♥✉❡❞ t♦

♦❝❝✉r✳

❙✐♥❝❡ ♠❛♥② ♦❢ t❤❡ ♣❧❛❣✉❡s ❝❛♥ ❜❡ t✐❡❞ t♦ s♣❡❝✐✜❝ ❡✈❡♥ts✱ s✉❝❤ ❛s ❛ r❛t✲❧❛❞❡♥

s❤✐♣ ❛rr✐✈✐♥❣ ✐♥ ❛ ♣♦rt✱ ✐t ✐s ❤✐❣❤❧② ♣❧❛✉s✐❜❧❡ t❤❛t t❤❡② ✇❡r❡ ❡①♦❣❡♥♦✉s s❤♦❝❦s

t♦ ♣♦♣✉❧❛t✐♦♥✳ ■t ♠❛② ❜❡ ♣♦ss✐❜❧❡✱ ❤♦✇❡✈❡r✱ t❤❛t t❤❡ ✐♥t❡♥s✐t② ♦❢ ♣❧❛❣✉❡s ✇❤❡♥

t❤❡② str✐❦❡ ❝♦✉❧❞ ❜❡ ❛✛❡❝t❡❞ ❜② ❧❛♥❞ s❝❛r❝✐t②✳ ❆ ♣♦♣✉❧❛t✐♦♥ ✇❤✐❝❤ ❢❛❝❡s s❡✈❡r❡

♦✈❡r❝r♦✇❞✐♥❣ ❛♥❞ ♣♦♣✉❧❛t✐♦♥ ♣r❡ss✉r❡s ♠❛② ❜❡ ♠♦r❡ s✉s❝❡♣t✐❜❧❡ t♦ ❞✐s❡❛s❡✳

❍♦✇❡✈❡r✱ ■ ❛✈♦✐❞ t❤❡s❡ ♣r♦❜❧❡♠s ❜② ♥♦t ✉s✐♥❣ ❞❛t❛ ♦♥ ♣❧❛❣✉❡ ✐♥t❡♥s✐t②✱ ❜✉t

✶✵■♥ ❢❛❝t✱ ❈❛♠♣❜❡❧❧ ✭✶✾✽✹✮ ✜♥❞s ❡✈✐❞❡♥❝❡ t❤❛t ♣♦♣✉❧❛t✐♦♥ ❞✐❞ ❝♦♥t✐♥✉❡ t♦ ✐♥❝r❡❛s❡ ✐♥ s♣✐t❡
♦❢ t❤❡ ●r❡❛t ❍✉♥❣❡r ❛♥❞ ✐ts s✉❜s❡q✉❡♥t ✉♥r❡st✳

✶✻



r❛t❤❡r ♣❧❛❣✉❡ t✐♠✐♥❣✳✶✶

■♥ ❝♦❧✉♠♥s ✸ ❛♥❞ ✹ ♦❢ ❚❛❜❧❡ ✶ ❛r❡ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ✷❙▲❙ r❡❣r❡ss✐♦♥ ♦❢ ❡q✉❛✲

t✐♦♥ ✭✸✮ ✇✐t❤ ❡❛❝❤ ✐♥str✉♠❡♥t✳ ❲❤❡♥ ✉s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣❧❛❣✉❡s ✐♥ t❤❡ ❧❛st

✶✵✵ ②❡❛rs ❛s ❛♥ ✐♥str✉♠❡♥t✱ ■ ❡st✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥

✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs t♦ ❜❡ ✵✳✻✸✵✳ ❚❤✐s ✐s s❧✐❣❤t❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ❖▲❙

❡st✐♠❛t❡✱ ✇❤✐❝❤ ✇❡ s❤♦✉❧❞ ❡①♣❡❝t t♦ ❜❡ t❤❡ ❝❛s❡ ❞✉❡ t♦ ♠❡❛s✉r❡♠❡♥t ❡rr♦r✳

❙✐♠✐❧❛r❧②✱ ✉s✐♥❣ t❤❡ ♣❧❛❣✉❡ ✐♥❞✐❝❛t♦r ❛s ❛♥ ✐♥str✉♠❡♥t✱ ■ ✜♥❞ t❤❡ ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥ t♦ ❜❡ ✵✳✻✽✸✳ ❚❤❡ ❋✲t❡st ♦♥ t❤❡ ✜rst st❛❣❡ ✐♥str✉♠❡♥t ❝♦❡✣❝✐❡♥t

✐♥ ❡❛❝❤ r❡❣r❡ss✐♦♥ ❛r❡ ✶✽✳✸✹ ❛♥❞ ✷✷✳✵✹ ❢♦r ♣❧❛❣✉❡s ✐♥ t❤❡ ❧❛st ✶✵✵ ②❡❛rs ❛♥❞ t❤❡

♣❧❛❣✉❡ ✐♥❞✐❝❛t♦r r❡s♣❡❝t✐✈❡❧②✳

❈♦❧✉♠♥s ✺ ❛♥❞ ✻ r❡♣❡❛t t❤❡ ❛♥❛❧②s✐s ✇✐t❤ ❛ t✐♠❡ tr❡♥❞✳ ❚❤❡ r❡s✉❧ts ❛r❡

s✐♠✐❧❛r✱ ✇✐t❤ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡✐♥❣ ✵✳✻✾✸ ✇❤❡♥ ■ ✉s❡ t❤❡ ♥✉♠❜❡r

♦❢ ♣❧❛❣✉❡s ✐♥ t❤❡ ❧❛st ✶✵✵ ②❡❛rs ❛s t❤❡ ✐♥str✉♠❡♥t✱ ❛♥❞ ✵✳✻✾✺ ❢♦r t❤❡ ♣❧❛❣✉❡

✐♥❞✐❝❛t♦r✳ ❚❤❡ ✜rst st❛❣❡ r❡❣r❡ss✐♦♥s ❛r❡ str♦♥❣❡r ✐♥ t❤✐s ❝❛s❡✱ ✇✐t❤ ❋✲st❛t✐st✐❝s

♦❢ ✶✷✻✳✷✾ ❛♥❞ ✸✸✳✷✳ ❚❤✐s ✜♥❞✐♥❣ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧❡ss t❤❛♥

♦♥❡ ❤❛s ♠❛♥② ✐♠♣❧✐❝❛t✐♦♥s✱ ❛♥❞ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ❢✉rt❤❡r ✐♥ s❡❝t✐♦♥ ✹✳

✷✳✸ ❘♦❜✉st♥❡ss ❛♥❞ ❇✐❛s❡s

❯♣ t♦ t❤✐s ♣♦✐♥t✱ ■ ❤❛✈❡ ✉s❡❞ ❛ s✐♠♣❧❡ ♠♦❞❡❧ t♦ ❡st✐♠❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐✲

t✉t✐♦♥✳ ❍♦✇❡✈❡r✱ ♦♥❡ ♠❛② ✇♦rr② ❛❜♦✉t t❤❡ ✈❛❧✐❞✐t② ♦❢ s❡✈❡r❛❧ ❦❡② ❛ss✉♠♣t✐♦♥s✳

❚❤✐s s❡❝t✐♦♥ ✇✐❧❧ ❝❛❧❝✉❧❛t❡ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❜✐❛s ✐♥ ♠② ❡st✐♠❛t❡s ✇❤❡♥ r❡❧❛①✐♥❣

t❤❡s❡ ❛ss✉♠♣t✐♦♥s✱ ❛s ✇❡❧❧ ❛s ♣r❡s❡♥t r♦❜✉st♥❡ss ❝❤❡❝❦s✳

❋✐①❡❞♥❡ss ♦❢ ❧❛♥❞

■ ❛ss✉♠❡ t❤❛t t❤❡ t♦t❛❧ ❡♥❞♦✇♠❡♥t ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s✱ Xt✱ ✐s ❝♦♥st❛♥t ♦✈❡r

t❤❡ ❡♥t✐r❡ s❛♠♣❧❡✳ ❚❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜❧❡ ✐ss✉❡s ✇✐t❤ t❤✐s ❛ss✉♠♣t✐♦♥✳ ❋✐rst✱

♦♥❡ ♠❛② ✇♦rr② t❤❛t ♣♦♣✉❧❛t✐♦♥ ♣r❡ss✉r❡ ✐♥❞✉❝❡❞ ❧❛♥❞ ✉s❡ t♦ ❝❤❛♥❣❡✳ ❍♦✇❡✈❡r✱

✶✶❖♥❡ ♠❛② ✇♦♥❞❡r ✇❤❡t❤❡r r❡♣❡❛t❡❞ ♣❧❛❣✉❡ ♦✉t❜r❡❛❦s ✇❡r❡ ✐♥ ❢❛❝t t❤❡ s❛♠❡ ♦✉t❜r❡❛❦✱
✇❤❡r❡ t❤❡ ❜❛❝t❡r✐❛ ❧✐❡ ❞♦r♠❛♥t ✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥✱ ❛♥❞ ♠❛♥✐❢❡st❡❞ ✐ts❡❧❢ ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥
♣r❡ss✉r❡ ❜❡❝❛♠❡ ❧❛r❣❡✳ ❍♦✇❡✈❡r✱ t❤✐s ♣♦ss✐❜✐❧✐t② ✐s r✉❧❡❞ ♦✉t ❜② t❤❡ ❜✐♦❧♦❣② ♦❢ t❤❡ ♣❧❛❣✉❡
✐ts❡❧❢ ❛s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ❧❛t❡r✳ ■♥ s❤♦rt✱ ♦✉t❜r❡❛❦s t❡♥❞❡❞ t♦ ❜❡ s❤♦rt ❛♥❞ ✐♥t❡♥s❡✱ ✇✐t❤
♠♦rt❛❧✐t② r❛t❡s t♦♦ ❤✐❣❤✱ ❛♥❞ t❤❡ ❞✉r❛t✐♦♥ ❛♥❞ ✐♥❝✉❜❛t✐♦♥ ♣❡r✐♦❞ ♦❢ t❤❡ ♣❧❛❣✉❡ ✇❡r❡ t♦♦
s❤♦rt✱ t♦ ❤❛✈❡ ❜❡❡♥ ❞♦r♠❛♥t ✐♥ t❤❡ ♣♦♣✉❧❛t✐♦♥✳

✶✼



✐t ✐s ✐♠♣♦rt❛♥t t♦ r❡❛❧✐③❡ t❤❛t ❈❧❛r❦✬s ❧❛♥❞ r❡♥t s❡r✐❡s ✐s ♥♦t s♦❧❡❧② ❜❛s❡❞ ♦♥

❝r♦♣❧❛♥❞ r❡♥ts✳ ❘❛t❤❡r✱ ✐t ✐s ❛ ♥❛t✐♦♥❛❧ r❡♥t ✐♥❞❡① ♦✈❡r ♠❛♥② ❞✐✛❡r❡♥t t②♣❡s ♦❢

❧❛♥❞ ✉s❡s✱ s✉❝❤ ❛s ❛r❛❜❧❡ ❧❛♥❞✱ ♠❡❛❞♦✇✱ ♠❛rs❤✱ ♣❛st✉r❡✱ ♦r ♠✐①❡❞ ✉s❡✳ ❆s ❧♦♥❣

❛s ♥❛t✐♦♥❛❧ ❜♦r❞❡rs ❞♦♥✬t ❝❤❛♥❣❡✱ t❤❡ ♦✈❡r❛❧❧ ❛♠♦✉♥t ♦❢ ❧❛♥❞ ❛✈❛✐❧❛❜❧❡ ❢♦r ✉s❡ ✐♥

❛♥② t②♣❡ ♦❢ ♣r♦❞✉❝t✐♦♥ r❡♠❛✐♥s t❤❡ s❛♠❡✳ ❙✐♥❝❡ ■ ✉s❡ ❛♥ ❛❣❣r❡❣❛t❡ ♣r♦❞✉❝t✐♦♥

❢✉♥❝t✐♦♥✱ ✇❤❡t❤❡r ♥❛t✉r❛❧ r❡s♦✉r❝❡s ❝❤❛♥❣❡ ❜❡t✇❡❡♥ ✉s❡s ✐s ✐rr❡❧❡✈❛♥t t♦ t❤❡

q✉❛♥t✐t② ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s ✐♥ t❤❡ ❡❝♦♥♦♠②✳

❙❡❝♦♥❞✱ t❤❡ ♦✈❡r❛❧❧ ❛♠♦✉♥t ♦❢ ❧❛♥❞ ❛✈❛✐❧❛❜❧❡ ❢♦r ✉s❡ ✐♥ ❛♥② t②♣❡ ♦❢ ♣r♦❞✉❝✲

t✐♦♥ ♠❛② ❜❡ ❝❤❛♥❣✐♥❣ ❞✉❡ t♦ ❧❛♥❞ r❡❝❧❛♠❛t✐♦♥✱ s♦✐❧ ❞❡♣❧❡t✐♦♥✱ ♦r ❡r♦s✐♦♥✳ ❚❤❡r❡

✐s ❛ ❧❛r❣❡ ❧✐t❡r❛t✉r❡ ❞❡t❛✐❧✐♥❣ t❤❡ ❤✐st♦r② ♦❢ ❧❛♥❞ r❡❝❧❛♠❛t✐♦♥✱ s✉❝❤ ❛s t❤❡ ❞r❛✐♥✲

✐♥❣ ♦❢ t❤❡ ❢❡♥ ✐♥ ❡❛st❡r♥ ❊♥❣❧❛♥❞ ♦r ❞❡❢♦r❡st❛t✐♦♥✳ ■❢ t❤❡ ❛♠♦✉♥t ♦❢ ❛✈❛✐❧❛❜❧❡

❧❛♥❞ ✐♥❝r❡❛s❡❞ ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✱ t❤✐s ❝♦✉❧❞ ❜✐❛s ♦✉r ❡st✐♠❛t❡s✳

❲❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❜✐❛s t❤❛t ✇♦✉❧❞ r❡s✉❧t ✐❢ t❤❡ ❛ss✉♠♣t✐♦♥

♦❢ ❛ ❝♦♥st❛♥t ❡♥❞♦✇♠❡♥t ♦❢ ✜①❡❞ ❢❛❝t♦rs ✇❡r❡ ✈✐♦❧❛t❡❞✳ ❆ss✉♠❡ t❤❛t r✐s✐♥❣

♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ✐♥❝r❡❛s❡s t❤❡ ❛♠♦✉♥t ♦❢ ❧❛♥❞ ✉s❡❞ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢

❣♦♦❞s✳ ❚❤✐s ✐♠♣❧✐❡s ❛ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ Pt ❛♥❞ Xt✱ ♠❡❛♥✐♥❣ t❤❡

❧❛♥❞✴❧❛❜♦r r❛t✐♦ ✇♦✉❧❞ ❝❤❛♥❣❡ ❧❡ss ✐♥ r❡s♣♦♥s❡ t♦ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ t❤❛♥ ✐❢

Xt ✇❡r❡ ✜①❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ Pt ✐♥ r❡❣r❡ss✐♦♥ ✭✸✮ ✇♦✉❧❞ ❜❡

✉♥❞❡r❡st✐♠❛t❡❞ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ✜①❡❞ X✳✶✷ ❙✐♥❝❡ σ ✐s t❤❡ ✐♥✈❡rs❡ ♦❢

t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ Pt✱ t❤❡ ❡st✐♠❛t❡❞ ❡❧❛st✐❝✐t② ✇♦✉❧❞ ❜❡ t♦♦ ❧❛r❣❡✳ ❚❤❡r❡❢♦r❡✱

❛❧t❤♦✉❣❤ ❝❤❛♥❣✐♥❣ Xt ♠❛② ❜✐❛s ♠② ❡st✐♠❛t❡ ♦❢ σ✱ ✐t ❛❝t✉❛❧❧② str❡♥❣t❤❡♥s ♠②

q✉❛❧✐t❛t✐✈❡ ❛r❣✉♠❡♥t t❤❛t t❤❡ ❡❧❛st✐❝✐t② ✐s ❧❡ss t❤❛♥ ♦♥❡✳

❚❤❡ ♦♣♣♦s✐t❡ ✇♦✉❧❞ ❜❡ tr✉❡ ✐❢ r❡s♦✉r❝❡ ❞❡♣❧❡t✐♦♥ ✇❡r❡ ❛♥ ✐ss✉❡✳ ■❢ r❡s♦✉r❝❡

❞❡♣❧❡t✐♦♥ ✐♠♣❧✐❡❞ ❛ ♥❡❣❛t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ Pt ❛♥❞ Xt✱ t❤❡♥ t❤❡ ❡st✐♠❛t❡❞

❡❧❛st✐❝✐t② ✇♦✉❧❞ ❜❡ t♦♦ s♠❛❧❧✳ ▼② q✉❛❧✐t❛t✐✈❡ r❡s✉❧t ❞❡♣❡♥❞s ♦♥ ✇❤✐❝❤ ❡✛❡❝t

✇❛s ❧❛r❣❡r✱ t❤❡ ❧❛♥❞ r❡❝❧❛♠❛t✐♦♥ ❡✛❡❝t✱ ♦r t❤❡ ❧❛♥❞ ❞❡♣❧❡t✐♦♥ ❡✛❡❝t✳ ❆s st❛t❡❞

❛❜♦✈❡✱ t❤❡ ❢❛❝ts s✉❣❣❡st t❤❛t ❧❛♥❞ r❡❝❧❛♠❛t✐♦♥ ✇❛s ✐♥❝r❡❛s❡❞ t❤❡ t♦t❛❧ ❛♠♦✉♥t

♦❢ ❧❛♥❞ ❛✈❛✐❧❛❜❧❡ ❢♦r ♣r♦❞✉❝t✐♦♥✱ ❛♥❞ t❤❡r❡❢♦r❡ ♠② ❡st✐♠❛t❡s ❢♦r σ ❛r❡ t♦♦ ❧❛r❣❡

✕ str❡♥❣t❤❡♥✐♥❣ ♠② ❛r❣✉♠❡♥t t❤❛t t❤❡ ❡❧❛st✐❝✐t② ✇❛s ❧❡ss t❤❛♥ ♦♥❡✳

✶✷❇② ✉♥❞❡r❡st✐♠❛t❡ ■ ♠❡❛♥ ✐♥ ❛❜s♦❧✉t❡ ✈❛❧✉❡✳
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▲❛❜♦r ❛s t❤❡ ♦♥❧② ◆♦♥✲✜①❡❞ ❋❛❝t♦r

■ ❛ss✉♠❡ t❤❛t t❤❡ ♦♥❧② ❢❛❝t♦rs ♦❢ ♣r♦❞✉❝t✐♦♥ ❛r❡ ❧❛♥❞ ❛♥❞ ❧❛❜♦r ✐♥ t❤✐s ❡❝♦♥♦♠②✳

❲❤❛t ❛❜♦✉t ❝❛♣✐t❛❧✱ ❜♦t❤ ❤✉♠❛♥ ❛♥❞ ♣❤②s✐❝❛❧❄ ■♥ t❤✐s s❡❝t✐♦♥✱ ■ ❡①t❡♥❞ t❤❡

♠♦❞❡❧ t♦ ❛❝❝♦✉♥t ❢♦r ❛❞❞✐t✐♦♥❛❧ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ♦❢ ♣r♦❞✉❝t✐♦♥✳ ❋✐rst✱ ■ ❛❞❞

❥✉st ♣❤②s✐❝❛❧ ❝❛♣✐t❛❧ t♦ t❤❡ ♠♦❞❡❧ ❜② ❛❧❧♦✇✐♥❣ Nt ✐♥ ❡q✉❛t✐♦♥ ✭✶✮ ❜❡❝♦♠❡ ❛

❝❛♣✐t❛❧✲❧❛❜♦r ❝♦♠♣♦s✐t❡ ❢❛❝t♦r✱ Nt = Kδ
tL

1−δ
t ✳ ❋r♦♠ ❈❊❙ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥✱

■ ❞❡r✐✈❡ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ L ❛♥❞ K✿

K =
δ

1− δ
L
rL

rK

❙✉❜st✐t✉t✐♥❣ t❤✐s ✐♥t♦ Nt ❛❜♦✈❡ r❡s✉❧ts ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✿

ln
(

rXt

)

= α +
1

σ
ln (Pt) + ζ1 ln (wt) + ζ2 ln

(

rKt

)

. ✭✹✮

❚❤✐s ✐s t❤❡ s❛♠❡ ❛s ❡q✉❛t✐♦♥ ✭✸✮✱ ✇✐t❤♦✉t ❛ss✉♠✐♥❣ ζ1 = 1✱ ❛♥❞ ❝♦♥tr♦❧❧✐♥❣

❢♦r t❤❡ ✇❛❣❡ ❛♥❞ r❡♥t❛❧ r❛t❡ ♦♥ ❝❛♣✐t❛❧ ✐♥ t❤❡ r❡❣r❡ss✐♦♥✳ ❇② ❡①t❡♥s✐♦♥✱ ■ ❝❛♥

❝♦♥tr♦❧ ❢♦r t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥② ♥♦♥✲✜①❡❞ ❢❛❝t♦r ✐♥ t❤❡ ❝♦♠♣♦s✐t❡ ❢❛❝t♦r Nt ❜②

s✐♠♣❧② ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✐ts r❛t❡ ♦❢ r❡t✉r♥✳✶✸

❈❧❛r❦ ✭✷✵✵✶✱ ✷✵✵✷✱ ✷✵✵✼❜✮ ♣r♦✈✐❞❡s ❞❛t❛ ♦♥ t❤❡ r❡♥t❛❧ r❛t❡ ♦❢ ❝❛♣✐t❛❧ rK ✐♥

❛❞❞✐t✐♦♥ t♦ t❤❡ ❞❛t❛ ♦♥ ✇❛❣❡s ❛♥❞ ❧❛♥❞ r❡♥ts✳ ❍❡ ✉s❡s ❞♦❝✉♠❡♥ts tr❛♥s❢❡rr✐♥❣

♣r♦♣❡rt② ❜② ❣✐❢t ♦r s❛❧❡ t♦ ❛ r❡❧✐❣✐♦✉s ❤♦✉s❡ ✕ ♦r ❝❛rt✉❧❛r✐❡s ✕ ✇❤✐❝❤ ✐♥❝❧✉❞❡

✐♥❢♦r♠❛t✐♦♥ ♦♥ r❡♥t❛❧ ♣❛②♠❡♥ts t♦ ❝❛♣✐t❛❧ t♦ ❝❛❧❝✉❧❛t❡ ❝❛♣✐t❛❧✬s r❛t❡ ♦❢ r❡t✉r♥✳

❍✉♠❛♥ ❝❛♣✐t❛❧ ✐s ♦♠✐tt❡❞ ❢r♦♠ t❤❡ ♠♦❞❡❧ ❢♦r t✇♦ r❡❛s♦♥s✳ ❋✐rst✱ ❞❛t❛ ♦♥

❤✉♠❛♥ ❝❛♣✐t❛❧ ♦✈❡r t❤✐s ♣❡r✐♦❞ ❛r❡ ❞✐✣❝✉❧t t♦ ♦❜t❛✐♥✳ ❉❛t❛ ♦♥ ❛♥② ✐♥❞✐❝❛t♦r

♦❢ ❤✉♠❛♥ ❝❛♣✐t❛❧ ✭❡❞✉❝❛t✐♦♥ ❧❡✈❡❧s✱ ❧✐t❡r❛❝② r❛t❡s✱ r❛t❡s ♦❢ r❡t✉r♥ t♦ ❡❞✉❝❛t✐♦♥✱

❡t❝✳✮ ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❜❛❝❦ t♦ ✶✷✵✵✳ ❍♦✇❡✈❡r✱ s♦♠❡ ❞❛t❛ ❞♦❡s ❡①✐st ❢♦r t❤❡

❧❛tt❡r ♣❛rt ♦❢ t❤❡ s❛♠♣❧❡✱ ❛♥❞ t❤❡② ✐♥❞✐❝❛t❡ t❤❛t ❧❡✈❡❧s ♦❢ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❞✉r✐♥❣

t❤❡ ♠✐❞❞❧❡ ❛❣❡s ✇❡r❡ q✉✐t❡ ❧♦✇✳ ▲✐t❡r❛❝② r❛t❡s ❢♦r ♠❛❧❡s ✐♥ ❊♥❣❧❛♥❞ r❡❛❝❤❡❞

✷✺✪ ♦♥❧② ❛❢t❡r ✶✻✵✵✱ ❛♥❞ ✇❡r❡ ❡✈❡♥ ❧♦✇❡r ❢♦r ❢❡♠❛❧❡s✳ ❊✈❡♥ ❛❢t❡r t❤❡ ✐♥❞✉str✐❛❧

r❡✈♦❧✉t✐♦♥ st❛rt❡❞✱ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t r❡♠❛✐♥❡❞ ❧♦✇✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡

✶✸❚❤✐s st❛t❡♠❡♥t ❤♦❧❞s ✐❢ t❤❡ ❝♦♠♣♦s✐t❡ ❢❛❝t♦r N ✐s ♦❢ ❈♦❜❜✲❉♦✉❣❧❛s ❢♦r♠✳ ■❢ ♥♦t✱ t❤❡♥
t❤❡ r❛t❡s ♦❢ r❡t✉r♥ ✇♦✉❧❞ ♥❡❡❞ t♦ ❜❡ ❝♦♥tr♦❧❧❡❞ ❢♦r ✐♥ ❛ ♥♦♥✲❧✐♥❡❛r ❢❛s❤✐♦♥✳

✶✾



❢r❛❝t✐♦♥ ♦❢ ❝❤✐❧❞r❡♥ ✺✲✶✹ ❡♥r♦❧❧❡❞ ✐♥ ♣r✐♠❛r② ❡❞✉❝t✐♦♥ ❞✐❞ ♥♦t ❡①❝❡❡❞ ✶✵✪ ✉♥t✐❧

❛❢t❡r ✶✽✺✵ ✭❋❧♦r❛ ❡t ❛❧ ✭✶✾✽✸✮✮✳

❙❡❝♦♥❞❧②✱ s✐♥❝❡ t❤❡ ❡①✐st✐♥❣ ❡✈✐❞❡♥❝❡ ♣♦✐♥ts t♦ ❛ ❧♦✇ ❧❡✈❡❧ ♦❢ ❤✉♠❛♥ ❝❛♣✐t❛❧

❜❡❢♦r❡ t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥✱ ✐t ❧✐❦❡❧② ✇❛s♥✬t ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ♦❢ ♣r♦✲

❞✉❝t✐♦♥✳ ❱❛❧♦r ✭✷✵✵✺✮ ❛r❣✉❡s t❤❛t ❡✈❡♥ ❞✉r✐♥❣ t❤❡ ✜rst ♣❤❛s❡ ♦❢ t❤❡ ✐♥❞✉str✐❛❧

r❡✈♦❧✉t✐♦♥✱ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❤❛❞ ❛ ❧✐♠✐t❡❞ r♦❧❡ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss s✐♥❝❡

❢❛❝t♦r② ✇♦r❦ ❞✐❞ ♥♦t r❡q✉✐r❡ ❧✐t❡r❛❝②✳

■ ❡st✐♠❛t❡ ❡q✉❛t✐♦♥ ✭✹✮ ✐♥ t❛❜❧❡ ✸✳ ❈♦❧✉♠♥ ✶ r❡♣♦rts ❛ s✐♠♣❧❡ ❖▲❙ r❡❣r❡s✲

s✐♦♥ ✇✐t❤ ❛ t✐♠❡ tr❡♥❞ ❜✉t ✇✐t❤♦✉t ❝♦♥tr♦❧❧✐♥❣ ❢♦r ❝❛♣✐t❛❧✳ ❈♦❧✉♠♥s ✷ ❛♥❞ ✸

❛r❡ ✷❙▲❙ ❡st✐♠❛t❡s ♦❢ t❤❡ s❛♠❡ r❡❣r❡ss✐♦♥ ✉s✐♥❣ ❡❛❝❤ ♦❢ t❤❡ t✇♦ ✐♥str✉♠❡♥ts✳

❚❤❡ r❡s✉❧ts ❛r❡ s✐♠✐❧❛r t♦ t❤❡ s✐♠♣❧❡ ❖▲❙ r❡❣r❡ss✐♦♥ ♦❜t❛✐♥❡❞ ✐♥ t❛❜❧❡ ✶✳

❈♦❧✉♠♥s ✹✲✻ r❡♣❡❛t t❤❡ ♣r❡✈✐♦✉s ❡①❡r❝✐s❡ ✇❤✐❧❡ ❝♦♥tr♦❧❧✐♥❣ ❢♦r ❝❛♣✐t❛❧✳ ❚❤❡

❡st✐♠❛t❡❞ ❡❧❛st✐❝✐t② r✐s❡s ❢r♦♠ ❛❜♦✉t ✵✳✻ t♦ ✵✳✽✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s♣❡❝✐✜❝❛t✐♦♥✳

❲❤✐❧❡ t❤❡ ❡❧❛st✐❝✐t② ✐s st✐❧❧ ❧❡ss t❤❛♥ ♦♥❡✱ ■ ❝❛♥ ♥♦ ❧♦♥❣❡r r❡❥❡❝t t❤❛t ✐t ✐s ❡q✉❛❧ t♦

♦♥❡✳ ❚❤✐s ✐s ♣r♦❜❧❡♠❛t✐❝ ❢♦r ♠② q✉❛❧✐t❛t✐✈❡ ❝♦♥❝❧✉s✐♦♥ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥s

t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧❡ss t❤❛♥ ♦♥❡✳ ❍♦✇❡✈❡r✱ ❛s ✇❡ ✇✐❧❧ s❡❡ ✐♥

t❤❡ ♥❡①t s❡❝t✐♦♥✱ ✇❤❡♥ ■ ❝♦♥tr♦❧ ❢♦r ❢❛❝t♦r ✐♥❞✉❝❡❞ t❡❝❤♥✐❝❛❧ ❝❤❛♥❣❡ ✐♥ t❤❡ ♥❡①t

s❡❝t✐♦♥✱ t❤❡ ❡st✐♠❛t❡❞ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇✐❧❧ ❢❛❧❧ ❜❛❝❦ t♦ ✐ts ♣r❡✈✐♦✉s

❧❡✈❡❧ ♦❢ ❛❜♦✉t ✵✳✻✱ ❛♥❞ ❜❡ s✐❣♥✐✜❝❛♥t❧② ❧❡ss t❤❛♥ ♦♥❡ ✭s❡❡ ❝♦❧✉♠♥s ✼✲✾✮✳

▲❛❜♦r ❛s ❛ ❈♦♥st❛♥t ❋r❛❝t✐♦♥ ♦❢ P♦♣✉❧❛t✐♦♥

■ ❛ss✉♠❡ t❤❛t ❧❛❜♦r ✐s ❛ ✜①❡❞ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐t ✐s ♣♦ss✐❜❧❡

t❤❛t ❧❛❜♦r ❢♦r❝❡ ♣❛rt✐❝✐♣❛t✐♦♥ r❛t❡s ❝❤❛♥❣❡❞ ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ❇❧❛❝❦ ❉❡❛t❤✳ ❋♦r

❡①❛♠♣❧❡✱ ❤✐❣❤ ✇❛❣❡s ❛❢t❡r t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ♠❛② ❤❛✈❡ ✐♥❞✉❝❡❞ ♠♦r❡ ❧❛❜♦r ✐♥t♦

t❤❡ ♠❛r❦❡t✳ ▼❛♥② s❝❤♦❧❛rs✱ ✐♥❝❧✉❞✐♥❣ ❱♦✐❣t❧ä♥❞❡r ❛♥❞ ❱♦t❤ ✭✷✵✶✵❜✮ ♥♦t❡ t❤❛t

❢❡♠❛❧❡ ❧❛❜♦r ❢♦r❝❡ ♣❛rt✐❝✐♣❛t✐♦♥ ✐♥❝r❡❛s❡❞ ❛❢t❡r t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ✐♥ r❡s♣♦♥s❡ t♦

❤✐❣❤❡r ✇❛❣❡s✱ ❧❛❜♦r s❝❛r❝✐t②✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ ❣r❛✐♥ t♦ ♣❛st♦r❛❧

❣♦♦❞s✱ ❛♥❞ ✐♥❝r❡❛s❡❞ ❞❡♠❛♥❞ ❢♦r ♣❛st♦r❛❧ ♣r♦❞✉❝ts✳

❏✉st ❛s ❜❡❢♦r❡✱ ✇❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ ❜✐❛s ✐❢ ❧❛❜♦r s✉♣♣❧② ✇❛s

♥♦t ❛ ❝♦♥st❛♥t ❢r❛❝t✐♦♥ ♦❢ ♣♦♣✉❧❛t✐♦♥✳ ❙✉♣♣♦s❡ t❤❛t ❧❛❜♦r s✉♣♣❧② ♣❡r ♣❡rs♦♥

✐♥❝r❡❛s❡❞ ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✇❛s ❧♦✇ ❛♥❞ ❞❡❝r❡❛s❡❞ ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✇❛s ❤✐❣❤✳

✷✵



❚❤✐s ✐♠♣❧✐❡s t❤❛t ✢✉❝t✉❛t✐♦♥s ✐♥ ♣♦♣✉❧❛t✐♦♥ ♦✈❡rst❛t❡ t❤❡ tr✉❡ ❝❤❛♥❣❡ ✐♥ ❧❛❜♦r

s✉♣♣❧②✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ ♣♦♣✉❧❛t✐♦♥ ✇✐❧❧ ❜❡ ✉♥❞❡r❡st✐♠❛t❡❞✳

❚❤✐s ✐♠♣❧✐❡s σ ✇✐❧❧ ❜❡ ♦✈❡r❡st✐♠❛t❡❞ ✕ ❢✉rt❤❡r str❡♥❣t❤❡♥✐♥❣ ♠② ✜♥❞✐♥❣ t❤❛t

σ < 1✳

✸ ❇✐❛s❡❞ ❚❡❝❤♥♦❧♦❣✐❝❛❧ Pr♦❣r❡ss ❛♥❞ ■♥❞✉❝❡❞ ■♥✲

♥♦✈❛t✐♦♥

■♥ ♣r❡✈✐♦✉s s❡❝t✐♦♥s ■ ❤❛✈❡ ❛ss✉♠❡❞ t❤❛t t❡❝❤♥♦❧♦❣② ✐s ❍✐❝❦s✲♥❡✉tr❛❧✳ ■ ♥♦✇

❝♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❈❊❙ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ ✇✐t❤ ❢❛❝t♦r✲s♣❡❝✐✜❝ t❡❝❤♥♦❧♦✲

❣✐❡s AX ❛♥❞ AN ✿

Yt =
[(

AXt X
)ρ

+
(

ANt N
)ρ] 1

ρ
, ✭✺✮

❚❤✐s ✐s t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ ❡①❝❡♣t ♥♦✇ ♣r♦❞✉❝t✐✈✐t② ✐s ♥♦t ❍✐❝❦s✲♥❡✉tr❛❧✱ ❜✉t

r❛t❤❡r ✐s ❢❛❝t♦r s♣❡❝✐✜❝✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❛♥❛❧②s✐s ❛♥❞ ♠❛❦✐♥❣ t❤❡ s❛♠❡ ❛ss✉♠♣✲

t✐♦♥s ❛s ✐♥ ❙❡❝t✐♦♥ ✷✱ t❤✐s r❡s✉❧ts ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✿

ln
(

rt

wt

)

= α−
1

σ
ln

(

AXt
ALt

)

+
1

σ
ln (Pt) . ✭✻✮

■♥ ❛❞❞✐t✐♦♥ t♦ ❞✐✣❝✉❧t✐❡s ❡st✐♠❛t✐♥❣ t❤❡ r❡❣r❡ss✐♦♥ ♠♦❞❡❧ ❛s ♠❡♥t✐♦♥❡❞ ✐♥

s❡❝t✐♦♥ ✷✱ ✇❡ ♥♦✇ ❤❛✈❡ AXt ❛♥❞ ALt ✱ ✇❤✐❝❤ ✇✐❧❧ ❛✛❡❝t t❤❡ ❢❛❝t♦r r❡♥t r❛t✐♦✱ ❜✉t

✇❤✐❝❤ ❛r❡ ✉♥♦❜s❡r✈❡❞✳ ❙✐♥❝❡ t❤❡ r❛t✐♦ ♦❢ ❢❛❝t♦r s♣❡❝✐✜❝ t❡❝❤♥♦❧♦❣② ln
(

AX
t

AL
t

)

✐s

✉♥❦♥♦✇♥✱ ✐t ❛❝ts ❛s ❛♥ ♦♠✐tt❡❞ ✈❛r✐❛❜❧❡ ❛♥❞ t❤❡r❡❢♦r❡ ✇✐❧❧ ❜✐❛s t❤❡ ❡st✐♠❛t✐♦♥

♦❢ σ ✐❢ ln
(

AX
t

AL
t

)

✐s ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ❧❛♥❞✲❧❛❜♦r r❛t✐♦✳ ❚❤❡ t❤❡♦r② ♦❢ ✐♥❞✉❝❡❞

✐♥♥♦✈❛t✐♦♥ ✐♠♣❧✐❡s t❤❛t t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢
AX

t

AL
t

s❤♦✉❧❞ ❜❡ ❤✐❣❤❡r ✐❢ t❤❡ ❧❛♥❞✲

❧❛❜♦r r❛t✐♦ ✐s ❧♦✇✱ s♦ ✐t ✐s ✉♥❝❧❡❛r ✇❤❡t❤❡r t❤❡ ❧❡✈❡❧ ♦❢
AX

t

AL
t

s❤♦✉❧❞ ❜❡ ❝♦rr❡❧❛t❡❞

✇✐t❤ Xt

Lt
✳

❍♦✇❡✈❡r✱ ■ ❝❛♥ ❛tt❡♠♣t t♦ ❝♦♥tr♦❧ ❢♦r ❢❛❝t♦r✲✐♥❞✉❝❡❞ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤

❜② ♠♦❞❡❧✐♥❣ ✐t ♠♦r❡ ❡①♣❧✐❝✐t❧②✳ ❆ss✉♠❡ t❤❛t t❤❡ ❣r♦✇t❤ r❛t❡s ♦❢ AX ❛♥❞ AL

✭gX ❛♥❞ gL r❡s♣❡❝t✐✈❡❧②✮ ✈❛r② ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❧❛♥❞✴❧❛❜♦r r❛t✐♦✱ s✉❝❤ t❤❛t

✷✶



✇❤❡♥ ❧❛♥❞ ✐s s❝❛r❡ ✭✐✳❡✳ ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✐s ❤✐❣❤✮✱ gX ✇✐❧❧ ❜❡ ❤✐❣❤ ❛♥❞ gL ✇✐❧❧

❜❡ ❧♦✇✳ ❲❡ ❝❛♥ r❡✇r✐t❡ ln
(

AX
t

AL
t

)

❛s✿

ln

(

AXt
ALt

)

= ln





AXt−1

(

1 + gXt (Pt)
)

ALt−1 (1 + gLt (Pt))



 = ln

[

AXt−1

ALt−1

(1 + gt(Pt))

]

,

✇❤❡r❡ gt =
(1+gXt (Pt))
(1+gLt (Pt))

− 1✱ ∂gt
dPt

> 0✳✶✹ ❇② ✐t❡r❛t✐♥❣ t❤✐s ❡q✉❛t✐♦♥ ❛♥❞ ✉s✐♥❣ t❤❡

❛♣♣r♦①✐♠❛t✐♦♥ t❤❛t ln (1 + x) ≈ x✱ ✇❡ ❝❛♥ ❡①♣r❡ss t❤❡ ❧❡✈❡❧ ♦❢ ln
(

AX
t

AL
t

)

✐♥t♦ ❛♥

✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥ ❛♥❞ t❤❡ s✉♠ ♦❢ ♣r❡✈✐♦✉s ❣r♦✇t❤ r❛t❡s✿

ln

(

AXt
ALt

)

≈ ln

(

AX0
AL0

)

+
t
∑

i=1

gi(Pi).

❚❤❡ tr✉❡ ❢✉♥❝t✐♦♥❛❧ ❢♦r♠ ♦❢ g (Pt) ✐s ✉♥❦♥♦✇♥✳ ■ ✉s❡ ❛ ❧✐♥❡❛r s♣❡❝✐✜❝❛t✐♦♥ ✐♥

♠② ❡st✐♠❛t✐♦♥✱ gt = γ + θPt✳ ❚❤✐s ✐♠♣❧✐❡s✿

ln

(

AXt
ALt

)

≈ ln

(

AX0
AL0

)

+ γt+ θ
t
∑

i=1

(Pi).

P❧✉❣❣✐♥❣ ❜❛❝❦ ✐♥t♦ t❤❡ r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥ ✇❡ ❤❛✈❡✿

ln
(

rt

wt

)

= α−
1

σ
γt−

1

σ
θ

t
∑

i=1

(Pi) +
1

σ
ln (Pt) , ✭✼✮

✇❤❡r❡ α = ln
(

AX
0

AL
0

)

−
1
σ
ln(X̄)✳ ❚❤❡s❡ ❛ss✉♠♣t✐♦♥s ❧❡❛❞ ♠❡ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣

r❡❣r❡ss✐♦♥ ❡q✉❛t✐♦♥✿

ln
(

rt

wt

)

= α + β1t+ β2

t
∑

i=1

(Pi) + β3 ln (Pt) , ✭✽✮

✇❤❡r❡ ✇❡ ❝❛♥ r❡❝♦✈❡r t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st γ✱ θ✱ ❛♥❞ σ ❢r♦♠ t❤❡ βs✳

❙♣❡❝✐✜❝❛❧❧②✱ γ = −
β1
β3
✱ θ = −

β2
β3

❛♥❞ σ = 1
β3
✳

■♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ ■ ❛❧❧✉❞❡❞ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ t✐♠❡ tr❡♥❞ ✐♥ t❤❡

✶✹◆♦t❡ t❤❛t gt ≈ gX − gL✳

✷✷



r❡❣r❡ss✐♦♥s ✐♥ ❚❛❜❧❡ ✶ ❤❛❞ ♠❡❛♥✐♥❣✳ ■♥ ❛ ✇♦r❧❞ ✇✐t❤ ♥♦ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥

✭θ = 0✮✱ t❤❡ t✐♠❡ tr❡♥❞ ✇✐❧❧ ❛❧❧♦✇ ✉s t♦ r❡❝♦✈❡r t❤❡ ❛✈❡r❛❣❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥

❧❛♥❞✲s♣❡❝✐✜❝ ❛♥❞ ❧❛❜♦r✲s♣❡❝✐✜❝ ✐♥♥♦✈❛t✐♦♥ ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚❤❡ t❡r♠
∑t
i=1(Pi)✱ ♦r t❤❡ s✉♠ ♦❢ ♣❛st ❧❡✈❡❧s ♦❢ ♣♦♣✉❧❛t✐♦♥✱ ❛❧❧♦✇s ✉s t♦ ❞❡t❡r♠✐♥❡ t❤❡

❛♠♦✉♥t ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✳ ❚❤✐s ✐s ❡❛s✐❡r t♦ s❡❡ ✐❢ ■ r❡✇r✐t❡ ❡q✉❛t✐♦♥ ✭✽✮ ✐♥

❞✐✛❡r❡♥❝❡s✿

△ ln
(

rt

wt

)

= β1 + β2Pt + β3△ ln (Pt) , ✭✾✮

❊q✉❛t✐♦♥ ✭✾✮ st❛t❡s t❤❛t t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ r❛t✐♦ ♦❢ ❢❛❝t♦r r❡♥ts ✐s ❛✛❡❝t❡❞ ♥♦t

♦♥❧② ❜② t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❧❛♥❞✲❧❛❜♦r r❛t✐♦✱ ❜✉t ❛❧s♦ t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❧❛♥❞✲❧❛❜♦r

r❛t✐♦ ✐ts❡❧❢ ✈✐❛ ✐ts ❡✛❡❝t ♦♥
AX

t

AL
t

t❤r♦✉❣❤ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✳

■♥ t❤❡ s✐♠♣❧❡ r❡❣r❡ss✐♦♥ ♠♦❞❡❧ ✇✐t❤♦✉t ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✱

■ ✉s❡❞ ♣❧❛❣✉❡ ❞❡❛t❤s ❛s ❛♥ ✐♥str✉♠❡♥t ❢♦r ♣♦♣✉❧❛t✐♦♥✳ ❲❤❡♥ ■ ✐♥❝❧✉❞❡ ✐♥❞✉❝❡❞

✐♥♥♦✈❛t✐♦♥ ✐♥ ❡q✉❛t✐♦♥ ✭✽✮✱ ♣♦♣✉❧❛t✐♦♥ ♥♦✇ ❡♥t❡rs t❤❡ ❡q✉❛t✐♦♥ t✇✐❝❡ ✕ ❜♦t❤

✐♥ t❤❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥ ❛♥❞ ✐♥ t❤❡ s✉♠ ♦❢ ♣❛st ❧❡✈❡❧s ♦❢ ♣♦♣✉❧❛t✐♦♥✳ ■♥ ♦r❞❡r

t♦ ❝♦rr❡❝t❧② ✐❞❡♥t✐❢② t❤❡ ♣❛r❛♠❡t❡rs✱ ■ ♥♦✇ ✉s❡ t✇♦ ✐♥str✉♠❡♥ts ✕ ♣❧❛❣✉❡s ❢♦r

t❤❡ ❝✉rr❡♥t ❧❡✈❡❧ ♦❢ Pt ❛♥❞ t❤❡ s✉♠ ♦❢ ♣❛st ♣❧❛❣✉❡s ❢♦r
∑t
i=1 Pt✳ ■♥ t❤❡ r❡s✉❧ts

t❤❛t ❢♦❧❧♦✇✱ ■ ✇✐❧❧ t❤❡r❡❢♦r❡ r❡♣♦rt t✇♦ ❋✲st❛ts ❢♦r t❤❡ ✜rst st❛❣❡ r❡❣r❡ss✐♦♥✱

❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❥♦✐♥t s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ✐♥str✉♠❡♥ts ✐♥ ❡❛❝❤ ♦❢ t❤❡ ✜rst

st❛❣❡ r❡❣r❡ss✐♦♥s✳

■ ❡st✐♠❛t❡ ❜♦t❤ t❤❡ ❧❡✈❡❧s ❡q✉❛t✐♦♥ ✭✽✮ ❛♥❞ t❤❡ ❞✐✛❡r❡♥❝❡s ❡q✉❛t✐♦♥ ✭✾✮ ✐♥

❚❛❜❧❡ ✷✳ ❈♦❧✉♠♥ ✶ r❡♣❡❛ts t❤❡ s✐♠♣❧❡ ❖▲❙ r❡❣r❡ss✐♦♥ ❢r♦♠ ❚❛❜❧❡ ✶ ✇✐t❤ ❛ t✐♠❡

tr❡♥❞ ❛♥❞ ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✳ ❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s

❛❜♦✉t ✷✴✸✱ ❛❧♠♦st ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ❡st✐♠❛t❡s ✐♥ t❛❜❧❡ ✶✳ ❲❤❡♥ ✉s✐♥❣ ✷❙▲❙ ✇✐t❤

❡❛❝❤ ✐♥str✉♠❡♥t✱ t❤❡ ❡❧❛st✐❝✐t② ❜❡❝♦♠❡s s♠❛❧❧❡r ❜✉t q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r t♦ t❤❡

❖▲❙ r❡❣r❡ss✐♦♥✳

❚❤❡ ❡st✐♠❛t❡s ❢♦r ✐♠♣❧✐❡❞ γ ❡st✐♠❛t❡ t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢ AX

AN
✐❢ ♣♦♣✉❧❛t✐♦♥

✇❡r❡ ③❡r♦✳ ■♥ t❤❡ ❖▲❙ r❡❣r❡ss✐♦♥ ✐♥ ❝♦❧✉♠♥ ✶✱ ■ ❡st✐♠❛t❡ t❤❛t γ ✐s ✲✵✳✶✻✸✪✱

✐♠♣❧②✐♥❣ t❤❛t t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✇♦✉❧❞ ❜❡ ❧❛❜♦r s❛✈✐♥❣✳ ❚❤✐s ✐s ✐♥t✉✐t✐✈❡

✕ ✐❢ ♣♦♣✉❧❛t✐♦♥ ✐s ❧♦✇✱ ❧❛❜♦r ✇♦✉❧❞ ❜❡ s❝❛r❝❡✱ ❛♥❞ ✐♥♥♦✈❛t✐♦♥ ✇♦✉❧❞ ❜❡ ❧❛❜♦r

s❛✈✐♥❣✳ ❋♦r t❤❡ ✷❙▲❙ r❡❣r❡ss✐♦♥ ✐♥ ❝♦❧✉♠♥s ✷ ❛♥❞ ✸✱ t❤❡ ❡st✐♠❛t❡s ❛r❡ ✲✵✳✸✵✷✪

❛♥❞ ✲✵✳✸✻✶✪✳ ❚❤✐s ✐s ❛❜♦✉t ❞♦✉❜❧❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ❖▲❙ ❝❛s❡✳

✷✸



❚❤❡ ✐♠♣❧✐❡❞ θs s❤♦✇ t❤❡ ❞❡❣r❡❡ ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ✕ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤

t❤❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥ ✐♥✢✉❡♥❝❡s t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢ t❤❡ r❛t✐♦ ♦❢ ❢❛❝t♦r ♣r✐❝❡s✳

❆ ♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥t ✐♠♣❧✐❡s t❤❛t ❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥s ❧❡❛❞ t♦ ❢❛st❡r ❣r♦✇t❤ ✐♥
AX

AN
✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢ ❧❛♥❞ ❛♥❞ ❧❛❜♦r s♣❡❝✐✜❝

♣r♦❞✉❝t✐✈✐t✐❡s✱ gX − gN ✱ ✇❛s ❧❛r❣❡r ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✇❛s ❤✐❣❤❡r✳ ❚❤✐s ✐♠♣❧✐❡s

t❤❛t ✐♥♥♦✈❛t✐♦♥ ✇❛s ✐♥❞✉❝❡❞ t♦ ❜❡ r❡❧❛t✐✈❡❧② ❧❛♥❞ s❛✈✐♥❣✱ s✐♥❝❡ ❧❛♥❞ ✇❛s t❤❡

s❝❛r❝❡ ❢❛❝t♦r ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ✇❛s ❤✐❣❤✳

■♥ ❝♦❧✉♠♥ ✶ ✭t❤❡ ❖▲❙ r❡❣r❡ss✐♦♥✮✱ ■ ❡st✐♠❛t❡ t❤❛t θ ✇❛s ✵✳✵✺✶✪✳ ❚❤✐s

♠❡❛♥s t❤❛t ❢♦r ❡❛❝❤ ♠✐❧❧✐♦♥ ♣❡♦♣❧❡ ✐♥ ❊♥❣❧❛♥❞✱ gX − gN ✇❛s ✵✳✵✺✶✪ ❤✐❣❤❡r✳

❲❤❡♥ ■ ✐♥str✉♠❡♥t ❢♦r ♣♦♣✉❧❛t✐♦♥ ✐♥ ❝♦❧✉♠♥s ✷ ❛♥❞ ✸✱ t❤❡ ❡st✐♠❛t❡ ❛♣♣r♦①✐✲

♠❛t❡❧② ❞♦✉❜❧❡s t♦ ❛❜♦✉t ✵✳✶✪ ♣❡r ②❡❛r✳ ❙✐♥❝❡ t❤❡ ♦✈❡r❛❧❧ ❣r♦✇t❤ r❛t❡ ✐♥ AX

AN

✐s ❡q✉❛❧ t♦ γ + θPt✱ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❛t ✇❤✐❝❤ gX ❛♥❞ gN ❣r❡✇

❛t t❤❡ s❛♠❡ r❛t❡ ❜② ❢r♦♠ −
γ
θ
✳ ■♥ ❡❛❝❤ ♦❢ t❤❡ r❡❣r❡ss✐♦♥ ✐s ❝♦❧✉♠♥s ✶✲✸✱ ■ ❝❛❧✲

❝✉❧❛t❡ t❤✐s ✈❛❧✉❡ t♦ ❜❡ ❜❡t✇❡❡♥ ✸✳✷✲✸✳✹ ♠✐❧❧✐♦♥ ✐♥❤❛❜✐t❛♥ts✳ ❆❜♦✈❡ t❤✐s ✈❛❧✉❡✱

❤✐❣❤❡r ♣♦♣✉❧❛t✐♦♥ ❞❡♥s✐t✐❡s ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ t♦ ❜❡ ❧❛♥❞ s❛✈✐♥❣✱ ❛♥❞ ❜❡❧♦✇

t❤✐s ✈❛❧✉❡ t❡❝❤♥♦❧♦❣② ✇❛s r❡❧❛t✐✈❡❧② ❧❛❜♦r s❛✈✐♥❣✳

❋✐❣✉r❡s ✻ ✉s❡s t❤❡s❡ ❡st✐♠❛t❡s t♦ ❞❡♠♦♥str❛t❡ ❤♦✇ AX

AN
❡✈♦❧✈❡❞ ❢r♦♠ ✶✷✵✵✲

✶✼✺✵✳ ❚❤❡ ❖▲❙ ❡st✐♠❛t❡s ✐♠♣❧② ❛ s♠❛❧❧❡r r❛t❡ ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✱ ❛♥❞

t❤❡r❡❢♦r❡ AX

AN
r❡s♣♦♥❞s ❧❡ss ❞r❛st✐❝❛❧❧② t♦ ❝❤❛♥❣❡s ✐♥ ♣♦♣✉❧❛t✐♦♥✳ ❚❤❡ ❧❡✈❡❧ ♦❢

AX

AN
✐s ❛❜♦✉t ✷✺✪ ❤✐❣❤❡r ✐♥ ✶✼✺✵ t❤❛♥ ✐♥ ✶✷✵✵✳ ❚❤❡ ✷❙▲❙ ❡st✐♠❛t❡s s❤♦✉❧❞ ❛♥

✐♥❝r❡❛s❡ ♦❢ ❛❜♦✉t ✹✵✪ ♦✈❡r t❤❡ s❛♠❡ t✐♠❡ ❢r❛♠❡✱ ❛♥❞ ❧❛r❣❡ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜②

♣♦♣✉❧❛t✐♦♥✳✶✺ ❋✐❣✉r❡ ✼ s❤♦✇s ❤♦✇ t❤❡ ♦✈❡r❛❧❧ ❣r♦✇t❤ r❛t❡ ♦❢ AX

AN
❡✈♦❧✈❡❞ ♦✈❡r

t❤❡ ♣❡r✐♦❞ ❢♦r t❤❡ t✇♦ ❞✐✛❡r❡♥t s❡ts ♦❢ ❡st✐♠❛t❡s✳ ❋♦r t❤❡ ❖▲❙ ❡st✐♠❛t❡s✱ ✐t

r❡❛❝❤❡s ❛❜♦✉t ✵✳✶✸✪ ♣❡r ②❡❛r ✐♥ ✶✸✵✵✱ t♦ ❛ ❧♦✇ ♦❢ ❛❜♦✉t ✲✵✳✵✹✪ ✐♥ t❤❡ ✶✺✵✵s✱

❜❛❝❦ t♦ ❛❜♦✉t ✵✳✶✹✪ ✐♥ ✶✼✵✵✳ ❋♦r ❝♦♠♣❛r✐s♦♥✱ t❤❡ ✷❙▲❙ ❡st✐♠❛t❡s s❤♦✇ ❛

❣r♦✇t❤ r❛t❡ ♦❢ ✳✷✶✪ ✐♥ ✶✸✵✵✱ ✲✵✳✶✵✪ ✐♥ ✶✺✵✵✱ ❛♥❞ ✳✷✺✪ ✐♥ ✶✼✺✵✳

■♥ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺ ♦❢ t❛❜❧❡ ✷ ■ ❡st✐♠❛t❡ t❤❡ s❛♠❡ r❡❣r❡ss✐♦♥ ✐♥ ❞✐✛❡r❡♥❝❡s✳

❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ✐♥s✐❣♥✐✜❝❛♥t❧② ❣r❡❛t❡r t❤❛♥ ✶ ✐♥ t❤❡ s✐♠♣❧❡ ❖▲❙

r❡❣r❡ss✐♦♥✳ ❚❤✐s ✐s s✉r♣r✐s✐♥❣✱ s✐♥❝❡ ■ ♦❜t❛✐♥❡❞ ❛♥ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥

♦❢ s✐❣♥✐✜❝❛♥t❧② ❧❡ss t❤❛♥ ✶ ✐♥ ❡✈❡r② r❡❣r❡ss✐♦♥ t❤✉s ❢❛r✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ■

✶✺❚❤❡ ✷❙▲❙ ❡st✐♠❛t❡s r❡❢❡r t♦ t❤♦s❡ ♦❜t❛✐♥❡❞ ✐♥ ❝♦❧✉♠♥ ✷✱ ✉s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣❧❛❣✉❡s
✐♥ t❤❡ ❧❛st ✶✵✵ ②❡❛rs ❛s ❛♥ ✐♥str✉♠❡♥t✳

✷✹



✐♥str✉♠❡♥t ❢♦r ♣♦♣✉❧❛t✐♦♥ t❤❡ ✈❛❧✉❡ ♦❢ σ ❢❛❧❧s ❜❛❝❦ t♦ ✐ts ✉s✉❛❧ ❧❡✈❡❧s ✭❛❧t❤♦✉❣❤

t❤❡ st❛♥❞❛r❞ ❡rr♦r ✐s st✐❧❧ q✉✐t❡ ❤✐❣❤ s✉❝❤ t❤❛t ■ ❝❛♥♥♦t r❡❥❡❝t ❛♥ ❡❧❛st✐❝✐t② ♦❢

✶✮✳

❆s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ✐♥ s❡❝t✐♦♥ ✷✳✸✱ ■ r❡✲❡st✐♠❛t❡ t❤❡ ❛✉❣♠❡♥t❡❞ ♠♦❞❡❧ ✇✐t❤

❝❛♣✐t❛❧ ✐♥ ❝♦❧✉♠♥s ✼✲✾ ♦❢ t❛❜❧❡ ✸✳ ❈♦❧✉♠♥ ✼ s❤♦✇s t❤❡ ❖▲❙ r❡s✉❧t ❝♦♥tr♦❧❧✐♥❣

❢♦r t❡❝❤♥✐❝❛❧ ❝❤❛♥❣❡✱ ✇❤✐❧❡ ❝♦❧✉♠♥s ✽✲✾ s❤♦✇ t❤❡ ❡st✐♠❛t❡s ✇✐t❤ ❡❛❝❤ ♦❢ t❤❡

t✇♦ ✐♥str✉♠❡♥ts✳ ❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ ❜❡❢♦r❡✱

❢r♦♠ ✵✳✺✽✸ ✐♥ t❤❡ ❖▲❙ s♣❡❝✐✜❝❛t✐♦♥ t♦ ✵✳✹✷✾ ✐♥ ♦♥❡ ♦❢ t❤❡ ✷❙▲❙ r❡❣r❡ss✐♦♥s✳

❚❤❡ ❛♠♦✉♥t ♦❢ ✐♠♣❧✐❡❞ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ✐s t❤❡ ❡①❛❝t s❛♠❡ ✐♥ t❤❡ t✇♦ ❖▲❙

❡q✉❛t✐♦♥s ❛t ✵✳✵✺✶✪ ♣❡r ♠✐❧❧✐♦♥ ♣❡♦♣❧❡✳ ❍♦✇❡✈❡r✱ ✐♥ t❤❡ ✷❙▲❙ r❡❣r❡ss✐♦♥✱ t❤❡

❞❡❣r❡❡ ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ✐s s❧✐❣❤t❧② s♠❛❧❧❡r ✇❤❡♥ ❝❛♣✐t❛❧ ✐s ✐♥❝❧✉❞❡❞✱ ❞♦✇♥

t♦ ✵✳✵✼✼✪ ❢r♦♠ ✵✳✵✾✵✪✳

✹ ■♠♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ❊❧❛st✐❝✐t② ♦❢ ❙✉❜st✐t✉t✐♦♥

■♥ t❤✐s s❡❝t✐♦♥✱ ■ ✇✐❧❧ ❡①♣❧❛✐♥ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ✜♥❞✐♥❣ t❤❛t t❤❡ ❡❧❛st✐❝✐t②

♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ✐s ❧❡ss t❤❛♥ ♦♥❡✳ ❯♥❞❡r

t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❞✐♠✐♥✐s❤✐♥❣ ♠❛r❣✐♥❛❧ r❡t✉r♥s✱ t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t ♦❢ ❛♥②

❢❛❝t♦r ♦❢ ♣r♦❞✉❝t✐♦♥ ♠✉st ❢❛❧❧ ❛s t❤❡ q✉❛♥t✐t② ♦❢ t❤❛t ❢❛❝t♦r ❛❝❝✉♠✉❧❛t❡s✳ ❚❤❡

❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❢❛❝t♦rs ✐♥✢✉❡♥❝❡s t❤❡ ❞❡❣r❡❡ t♦ ✇❤✐❝❤ t❤✐s

♠❛r❣✐♥❛❧ ♣r♦❞✉❝t ❢❛❧❧s✳ ■❢ t❤❡ ❡❧❛st✐❝✐t② ✐s s♠❛❧❧✱ t❤❡♥ t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t

❢❛❧❧s ❢❛st❡r ❛s ♠♦r❡ ♦❢ t❤❡ ❣✐✈❡♥ ❢❛❝t♦r ✐s ❛❞❞❡❞✱ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❙♦ ✇❤② ❞♦❡s t❤✐s ♠❛tt❡r❄ ❚❤❡ ❞❡❣r❡❡ t♦ ✇❤✐❝❤ ❢❛❝t♦r ♣r✐❝❡s ❝❤❛♥❣❡ ❛s t❤❡✐r

q✉❛♥t✐t✐❡s ❝❤❛♥❣❡ ❣r❡❛t❧② ❡✛❡❝t t❤❡ ❞②♥❛♠✐❝s ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❡❝♦♥♦♠✐❝

♠♦❞❡❧s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ s♣❡❡❞ ❜② ✇❤✐❝❤ ✇❛❣❡s ❢❛❧❧ ❛s ♣♦♣✉❧❛t✐♦♥ ❣r♦✇s ❤❛s

❧❛r❣❡ ✐♠♣❧✐❝❛t✐♦♥s ✐♥ ♠♦❞❡❧s ♦❢ ♣♦♣✉❧❛t✐♦♥✬s ❡✛❡❝t ♦♥ ♦✉t♣✉t✳ ■♥ t❤✐s s❡❝t✐♦♥✱

■ ✇✐❧❧ s❤♦✇ ❤♦✇ t❤✐s ❡❧❛st✐❝✐t② ❡✛❡❝ts t✇♦ t②♣❡s ♦❢ ♠♦❞❡❧s ✇❤❡r❡ ♣♦♣✉❧❛t✐♦♥

♠❛tt❡rs✳

❋✐rst✱ ♠❛♥② ❡❝♦♥♦♠✐sts ❤❛✈❡ ❜❡❡♥ ✐♥t❡r❡st❡❞ r❡❝❡♥t❧② ✐♥ t❤❡ ❞②♥❛♠✐❝s ♦❢

▼❛❧t❤✉s✐❛♥ ❡❝♦♥♦♠✐❡s✳ ▲❡❡ ✭✶✾✼✸✮ ✇❛s ❛♠♦♥❣ t❤❡ ✜rst t♦ ❡st✐♠❛t❡ ❛ ♠♦❞❡❧

♦❢ ❞②♥❛♠✐❝s ❛r♦✉♥❞ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡✳ ▼♦r❡ r❡❝❡♥t❧②✱ ❆s❤r❛♠ ❛♥❞

❱❛❧♦r ✭✷✵✶✶✮ ❞❡✈❡❧♦♣ ❛ ♠♦❞❡❧ ♦❢ t❤❡ ▼❛❧t❤✉s✐❛♥ ❡❝♦♥♦♠② ❛♥❞ t❡st t❤❡ ♠♦❞❡❧✬s

✷✺



♣r❡❞✐❝t✐♦♥s ✉s✐♥❣ ❤✐st♦r✐❝❛❧ ❞❛t❛ ♦♥ ✐♥❝♦♠❡ ❛♥❞ ♣♦♣✉❧❛t✐♦♥ s✐③❡✳ ■♥ ❛❞❞✐t✐♦♥✱

t❤❡r❡ ❤❛s ❜❡❡♥ ❛ ❧❛r❣❡ ❛♥❞ ❛❝t✐✈❡ ❧✐t❡r❛t✉r❡ r❡❝❡♥t❧② ♦♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡

tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ t♦ ♠♦❞❡r♥ ❣r♦✇t❤✳ ❖t❤❡rs ❤❛✈❡

❛❧s♦ ✉s❡❞ ▼❛❧t❤✉s✐❛♥ ♠♦❞❡❧s t♦ ❤❡❧♣ ✉♥❞❡rst❛♥❞ t❤❡ ❝❛✉s❡s ♦❢ t❤❡ ●r❡❛t ❉✐✲

✈❡r❣❡♥❝❡✳✶✻

▼♦❞❡❧s ♦❢ ▼❛❧t❤✉s✐❛♥ ❡❝♦♥♦♠✐❡s r❡❧② ♦♥ t❤❡ ❢❛❝t t❤❛t ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢

❛ ✜①❡❞ ❢❛❝t♦r✱ ❣❛✐♥s ✐♥ ♣♦♣✉❧❛t✐♦♥ ❞❡♣r❡ss ✇❛❣❡s✳ ❲❤❡♥ ♣♦s✐t✐✈❡ t❡❝❤♥♦❧♦❣②

s❤♦❝❦s ♦❝❝✉r✱ t❤❡ s✉❜s❡q✉❡♥t ✐♥❝r❡❛s❡ ✐♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛ ✇✐❧❧ ♦♥❧② ❜❡ ✢❡❡t✲

✐♥❣✱ s✐♥❝❡ ❢✉t✉r❡ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ✇✐❧❧ ❡✈❡♥t✉❛❧❧② ❧♦✇❡r ✇❛❣❡s ❜❛❝❦ t♦ t❤❡

▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡✳ ❚❤❡ s♣❡❡❞ ❜② ✇❤✐❝❤ ✐♥❝♦♠❡ ❢❛❧❧s ❜❛❝❦ t♦ t❤❡ st❡❛❞②

st❛t❡ ✐s ❛ ❞✐r❡❝t r❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞ ❛♥❞

❧❛❜♦r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣r❡❞✐❝t✐♦♥s ♦❢ ♠❛♥② ♠♦❞❡❧s ♦❢ t❤❡ t❛❦❡♦✛ t♦ ❣r♦✇t❤ ❢r♦♠

t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ ✇✐❧❧ ❜❡ ❛✛❡❝t❡❞ ❜② t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✳

❙❡❝♦♥❞✱ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ♣♦♣✉❧❛t✐♦♥ ❧❡✈❡❧s ❛✛❡❝t ♦✉t♣✉t ✐s ❛ ✈❡r② ♦❧❞

q✉❡st✐♦♥ ✇✐t❤✐♥ ❡❝♦♥♦♠✐❝s✱ ❤❛✈✐♥❣ ❜❡❡♥ ❞✐s❝✉ss❡❞ ❛t ❧❡❛st s✐♥❝❡ ▼❛❧t❤✉s ✭✶✼✾✽✮✳

❲❤✐❧❡ s♦♠❡ s❝❤♦❧❛rs s✉❝❤ ❛s ❊❤r❧✐❝❤ ✭✶✾✻✽✮ ❤❛✈❡ ❛r❣✉❡❞ t❤❛t ❝♦♥t✐♥✉❡❞ ♣♦♣✲

✉❧❛t✐♦♥ ❣r♦✇t❤ ✇✐❧❧ ❧❡❛❞ t♦ ❡❝♦♥♦♠✐❝ ❝r✐s❡s ❛♥❞ ✐♠♠✐s❡r❛t✐♦♥✱ ♦t❤❡rs s✉❝❤ ❛s

❙✐♠♦♥ ✭✶✾✽✶✮ ❛♥❞ ❇♦s❡r✉♣ ✭✶✾✻✺✮ s✉❜♠✐t t❤❛t ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ✐s ♥♦t ❛

♣r♦❜❧❡♠✳ ❇♦t❤ s✐❞❡s ♦❢ t❤❡ ✐ss✉❡ ❛❣r❡❡ t❤❛t t❤❡ ❞✐r❡❝t ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥

♦♥ ✐♥❝♦♠❡ ✐s ♥❡❣❛t✐✈❡ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ✜①❡❞ ❢❛❝t♦r✳ ❲❤❛t t❤❡② ❞✐s❛❣r❡❡

♦♥✱ ❤♦✇❡✈❡r✱ ✐s t❤❡ ❞❡❣r❡❡ ♦❢ s✉❜st✐t✉t❛❜✐❧✐t② ♦❢ ♦t❤❡r ❢❛❝t♦rs ❢♦r t❤❡ ✜①❡❞ ❢❛❝✲

t♦r✱ ❛♥❞ t❤❡ ❛❜✐❧✐t② t♦ ✐♥♥♦✈❛t❡ ❛✇❛② ❢r♦♠ r❡s♦✉r❝❡ ❝♦♥str❛✐♥ts✳ ❋♦r ❡①❛♠♣❧❡✱

❇♦s❡r✉♣ ♠❛✐♥t❛✐♥❡❞ t❤❛t ❝r♦♣ ✐♥t❡♥s✐✜❝❛t✐♦♥ ✇♦✉❧❞ ♦❝❝✉r ✐♥ t❤❡ ❢❛❝❡ ♦❢ ♣♦♣✲

✉❧❛t✐♦♥ ♣r❡ss✉r❡✱ ❧❡❛❞✐♥❣ t♦ ♣r♦♣♦rt✐♦♥❛❧ ✐♥❝r❡❛s❡s ✐♥ ❢♦♦❞ ♣r♦❞✉❝t✐♦♥✳ ❚❤✐s ✐s

❥✉st ❛♥♦t❤❡r ✇❛② ♦❢ s❛②✐♥❣ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲

✜①❡❞ ❢❛❝t♦rs ✐s ❧♦✇✳ ❙✐♠♦♥ ❛❞✈♦❝❛t❡❞ t❤❡ ✐❞❡❛ t❤❛t ♣❡♦♣❧❡ ❛r❡ t❤❡ ✏✉❧t✐♠❛t❡

r❡s♦✉r❝❡✑✱ ❛♥❞ t❤❛t ❧❛r❣❡ ♣♦♣✉❧❛t✐♦♥s ✇♦✉❧❞ ✐♥❝r❡❛s❡ t❤❡ r❛t❡ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧

♣r♦❣r❡ss✳

▲❛r❣❡r ♣♦♣✉❧❛t✐♦♥s ❝❛✉s❡ r❡s♦✉r❝❡ ♣❡r ❝❛♣✐t❛ t♦ s❤r✐♥❦✳ ■❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢

✶✻❙❡❡ ▲✉❝❛s ✭✶✾✾✽✱ ✷✵✵✷✮✱ ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✶✾✾✾✱ ✷✵✵✵✮✱ ❙t♦❦❡② ✭✷✵✵✶✮✱ ❱❛❧♦r ▼♦❛✈ ✭✷✵✵✷✮✱
❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt ✭✷✵✵✷✮✱ ▲❛❣❡r❧♦❢ ✭✷✵✵✸✱ ✷✵✵✻✮✱ ❉♦❡♣❦❡ ✭✷✵✵✹✮✱ ❋❡r♥❛♥❞❡③✲❱✐❧❛✈❡r❞❡
✭✷✵✵✺✮✱ ❖✬❘♦✉r❦❡✱ ❘❛❤♠❛♥✱ ❛♥❞ ❚❛②❧♦r ✭✷✵✵✽✮✱ ❙tr✉❧✐❦ ❛♥❞ ❲❡✐s❞♦r❢ ✭✷✵✵✽✮✱ ❛♥❞ ❱♦t❤ ❛♥❞
❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵✮✱ ❛♠♦♥❣ ♦t❤❡rs✳
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s✉❜st✐t✉t✐♦♥ ✐s ❧♦✇✱ ❛❞❞✐t✐♦♥❛❧ ❧❛❜♦r ❞♦❡s ❧✐tt❧❡ t♦ ✐♥❝r❡❛s❡ ♣r♦❞✉❝t✐♦♥✱ ❧❡❛❞✐♥❣

t♦ ❧♦✇❡r ❛✈❡r❛❣❡ ♣r♦❞✉❝ts ❛♥❞ s♠❛❧❧❡r ✐♥❝♦♠❡s ♣❡r ❝❛♣✐t❛✳ P♦♣✉❧❛t✐♦♥ s✐③❡

✇✐❧❧ ❤❛✈❡ ❛ ❧❛r❣❡r ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ✐♥❝♦♠❡ ❧❡✈❡❧s✳ ❚❤❡r❡❢♦r❡✱ ♠♦❞❡❧s ✇❤✐❝❤

♣r❡❞✐❝t t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥ ♦♥ ♦✉t♣✉t ♠✉st ❜❡ ❡✛❡❝t❡❞ ❜② t❤✐s ❡❧❛st✐❝✐t②✳ ■♥

❛❞❞✐t✐♦♥✱ t❤❡ ❡✣❝❛❝② ♦❢ ♣r♦❣r❛♠s ✐♥t❡♥❞✐♥❣ t♦ r❛✐s❡ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛ ✇❤✐❝❤

❛❧s♦ ❝❤❛♥❣❡ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ✇✐❧❧ ❞❡♣❡♥❞ ♦♥ t❤✐s ❡❧❛st✐❝✐t②✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥ ✇✐❧❧ ❞❡♠♦♥str❛t❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐✲

t✉t✐♦♥ ✐♥ t❤❡s❡ t✇♦ t②♣❡ ♦❢ ♠♦❞❡❧s✳

✹✳✶ ▼❛❧t❤✉s✐❛♥ ▼♦❞❡❧s

❖♥❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✇❛②s ✐♥ ✇❤✐❝❤ σ ❛✛❡❝ts ♠♦❞❡❧s ♦❢ ▼❛❧t❤✉s✐❛♥

❡❝♦♥♦♠✐❡s ✐s ✈✐❛ ✐ts ❡✛❡❝t ♦♥ tr❛♥s✐t✐♦♥ s♣❡❡❞s ✕ ❤♦✇ ❢❛st t❤❡ ♠♦❞❡❧ tr❛♥s✐t✐♦♥s

❜❛❝❦ t♦ st❡❛❞② st❛t❡ ❛❢t❡r ❜❡✐♥❣ s❤♦❝❦❡❞✳ ❚❤✐s s✐♠♣❧❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t σ

❛✛❡❝ts tr❛♥s✐t✐♦♥ s♣❡❡❞s ❤❛s ♠❛❥♦r ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❛ ❧❛r❣❡ s❡t ♦❢ ♠♦❞❡❧s ✇❤✐❝❤

❛tt❡♠♣t t♦ ❡①♣❧❛✐♥ t❤❡ t❛❦❡♦✛ ❢r♦♠ ▼❛❧t❤✉s✐❛♥ st❛❣♥❛t✐♦♥ t♦ ❣r♦✇t❤✳

❚♦ ❞❡♠♦♥str❛t❡ ❤♦✇ σ ❛✛❡❝ts tr❛♥s✐t✐♦♥ s♣❡❡❞s✱ ■ ❞❡✈❡❧♦♣ ❛ s✐♠♣❧❡ ▼❛❧t❤✉✲

s✐❛♥ ♠♦❞❡❧ ❜❛s❡❞ ♦♥ ▲❡❡ ✭✶✾✼✸✮✳ ❈♦♥s✐❞❡r t❤❡ ❢♦❧❧♦✇✐♥❣ ❈❊❙ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝✲

t✐♦♥ ✇✐t❤ ❍✐❝❦s✲♥❡✉tr❛❧ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss✿

Y = At (αL
ρ + (1− α)Xρ)

1

ρ

✇❤❡r❡ L ✐s ❧❛❜♦r ❛♥❞ ❝❛♥ ❝❤❛♥❣❡ ♦✈❡r t✐♠❡✱ ❛♥❞ X ✐s ❛ ✜①❡❞ ❢❛❝t♦r✳ ❚❤✐s

✐♠♣❧✐❡s ❛ ✇❛❣❡ ♦❢✿

∂Y

dL
= w = αAtL

ρ−1 (αLρ + (1− α)Xρ)
1−ρ

ρ ✭✶✵✮

▲❛❜♦r ❡✈♦❧✈❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ❧❛✇ ♦❢ ♠♦t✐♦♥✿

Lt+1 − Lt

Lt
= gL = ft −mt, ✭✶✶✮

✇❤❡r❡ f ✐s t❤❡ ❢❡rt✐❧✐t② r❛t❡ ❛♥❞ m ✐s t❤❡ ♠♦rt❛❧✐t② r❛t❡✳ ❋❡rt✐❧✐t② ✐s ❛♥ ❢✉♥❝t✐♦♥

♦❢ t❤❡ ✇❛❣❡✿

✷✼



ft = δw
γ
t , ✭✶✷✮

✇❤❡r❡ γ > 0 s♦ t❤❛t ∂f
dw

> 0✳ ❈♦♠❜✐♥✐♥❣ ❡q✉❛t✐♦♥s ✭✶✶✮ ❛♥❞ ✭✶✷✮ ②✐❡❧❞s t❤❡

❢♦❧❧♦✇✐♥❣ ❞✐✛❡r❡♥❝❡ ❡q✉❛t✐♦♥ ❢♦r ❧❛❜♦r✿

Lt+1 = Lt (1 + δw
γ
t −m) ✭✶✸✮

◆♦t❡ t❤❛t ♣♦♣✉❧❛t✐♦♥ ✇✐❧❧ ❜❡ ✐♥ ❛ st❡❛❞② st❛t❡ ✇❤❡♥ δwγt −m = 0✱ ✐♠♣❧②✐♥❣

w∗ =
(

m

δ

)
1

γ

.

◆♦t✐❝❡ t❤❛t t❤❡ ✇❛❣❡ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❧❡✈❡❧ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ♦r

t❤❡ ❛♠♦✉♥t ♦❢ ❧❛♥❞✳ ❆s ✐♥ ♠♦st ▼❛❧t❤✉s✐❛♥ ♠♦❞❡❧s✱ ❛♥② ✐♥❝r❡❛s❡ ✐♥ ❡✐t❤❡r ♦❢

t❤❡s❡ ✈❛r✐❛❜❧❡s ✇✐❧❧ ❧❡❛❞ t♦ ♠♦r❡ ♣♦♣✉❧❛t✐♦♥✱ ❜✉t ♥♦t ✐♥❝r❡❛s❡s ✐♥ t❤❡ st❡❛❞②

st❛t❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ❜② ♣❧✉❣❣✐♥❣ t❤❡ st❡❛❞② st❛t❡ ✇❛❣❡

❜❛❝❦ ✐♥t♦ t❤❡ ✇❛❣❡ ❡q✉❛t✐♦♥ t♦ ♣✐♥ ❞♦✇♥ t❤❡ st❡❛❞② st❛t❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥

L∗

L∗

t = Xt



















(

m
δ

)
1

γ

αAt (1− α)
1−ρ

ρ









ρ

1−ρ

−
α

1− α











−
1

ρ

,

✇❤❡r❡
∂L∗

t

dAt
> 0 ❛♥❞

∂L∗

t

dXt
> 0✳✶✼

❯s✐♥❣ ❡q✉❛t✐♦♥s ✭✶✵✮✱ ✭✶✷✮✱ ❛♥❞ ✭✶✸✮ t♦ s✐♠✉❧❛t❡ t❤❡ s②st❡♠✱ ■ ❝❛♥ s❤♦❝❦

t❡❝❤♥♦❧♦❣② ✐♥ t❤❡ s②st❡♠ t♦ s❡❡ ✐ts ❡✛❡❝t ♦♥ ♣♦♣✉❧❛t✐♦♥ ❛♥❞ t❤❡ ✇❛❣❡✳ ❚♦

❝❛❧✐❜r❛t❡ t❤❡ ♠♦❞❡❧✱ ■ ✉s❡ m = δ = 1✱ α = 0.8 ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❧❛♥❞ s❤❛r❡ ♦❢

✷✵✪✱ ❛♥❞ s❡t t❤❡ ♣r❡✲s❤♦❝❦ ❧❡✈❡❧ ♦❢ t❡❝❤♥♦❧♦❣② t♦ ❜❡ At = 1✳ ■ ❛❧s♦ s❡t γ = 0.5

❛♥❞ Xt = 1✳ ■ r✉♥ t❤❡ ♠♦❞❡❧ ✉♥t✐❧ ✐t r❡❛❝❤❡s ✐ts st❡❛❞② st❛t❡✳ ❚❤❡♥ ■ ✐♥❝r❡❛s❡

t❤❡ ❧❡✈❡❧ ♦❢ t❡❝❤♥♦❧♦❣② ❜② ✶✵✪ t♦ At = 1.1✳ ■ ✉s❡ ❛ ❈♦❜❜✲❉♦✉❣❧❛s ♣r♦❞✉❝t✐♦♥

❢✉♥❝t✐♦♥ ✐♥✐t✐❛❧❧②✳

❋✐❣✉r❡ ✽ s❤♦✇s ❤♦✇ t❤❡ ❞②♥❛♠✐❝❛❧ s②st❡♠ ❡✈♦❧✈❡s ✐♥ r❡s♣♦♥s❡ t♦ ❛ s❤♦❝❦

✶✼◆♦t✐❝❡ t❤❛t ✇❡ ♥❡❡❞

(

(m
δ )

1

γ

αAt

)
ρ

1−ρ

> α ❢♦r t❤✐s ❡①♣r❡ss✐♦♥ t♦ ♠❛❦❡ s❡♥s❡✳ ■♥ t❤❡ ❛♥❛❧②s✐s

t❤❛t ❢♦❧❧♦✇s✱ ■ ❝❤♦♦s❡ ♣❛r❛♠❡t❡r ✈❛❧✉❡s s✉❝❤ t❤❛t t❤✐s ✐s t❤❡ ❝❛s❡✳

✷✽



✐♥ t❡❝❤♥♦❧♦❣②✳ ❚❤❡ ✶✵✪ ✐♥❝r❡❛s❡ ✐♥ ♣r♦❞✉❝t✐✈✐t② ✐♥✐t✐❛❧❧② r❛✐s❡s ✇❛❣❡s ❜② ✶✵✪✱

❧❡❛❞✐♥❣ t♦ ❤✐❣❤❡r ❢❡rt✐❧✐t② ✐♥ t❤❡ ♥❡①t ♣❡r✐♦❞✳ P♦♣✉❧❛t✐♦♥ ❣r♦✇s s✐♥❝❡ ♥♦✇

❢❡rt✐❧✐t② ✐s ❤✐❣❤❡r t❤❛♥ ♠♦rt❛❧✐t②✱ ❛♥❞ t❤❡ ✇❛❣❡ ❜❡❣✐♥s t♦ ❢❛❧❧✳ ❋❛❧❧✐♥❣ ✇❛❣❡s

❧❡❛❞s t♦ ❢❛❧❧✐♥❣ ❢❡rt✐❧✐t②✱ ❛♥❞ ❡✈❡♥t✉❛❧❧② ✇❛❣❡s ❢❛❧❧ ❜❛❝❦ t♦ t❤❡✐r st❡❛❞② st❛t❡✱

✇❤✐❧❡ ♣♦♣✉❧❛t✐♦♥ st❛❜✐❧✐③❡s ❛t ❛ ♥❡✇ ❡q✉✐❧✐❜r✐✉♠ ❧❡✈❡❧✳

❋r♦♠ t❤❡ ✇❛❣❡ ❡q✉❛t✐♦♥ ✭✶✵✮ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ t❤❡ ❡❧❛st✐❝✐t② ♦❢ ✇❛❣❡s ✇✐t❤

r❡s♣❡❝t t♦ ❧❛❜♦r✿
∂w

dL
·
L

w
= −

φx

σ
,

✇❤❡r❡ φx ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❧❛♥❞✳ ❚❤✐s ❡❧❛st✐❝✐t② ✐s ❦❡② ✐♥

✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❡✛❡❝t ♦❢ t❤❡ σ ♦♥ tr❛♥s✐t✐♦♥s s♣❡❡❞s✳ ❆s ❧❛❜♦r ✐s ❛❞❞❡❞✱

t❤❡ ✇❛❣❡ ✇✐❧❧ ❢❛❧❧ ❢❛st❡r ✐❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧♦✇✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡

✇❛❣❡ ✇✐❧❧ ❛❧s♦ ❢❛❧❧ ❢❛st❡r t❤❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❧❛♥❞ ✐s ✐♥ ♣r♦❞✉❝t✐♦♥ ❛s ♠❡❛s✉r❡❞

❜② ✐ts s❤❛r❡ ♦❢ ♥❛t✐♦♥❛❧ ✐♥❝♦♠❡✳✶✽❚❤✐s ❡✛❡❝t ✐s s❤♦✇♥ ❣r❛♣❤✐❝❛❧❧② ✐♥ ❋✐❣✉r❡ ✾✳

❚❤❡ t❤r❡❡ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ ♠♦❞❡❧ ✉♥❞❡r ❞✐✛❡r❡♥t ❡❧❛st✐❝✐t✐❡s

♦❢ s✉❜st✐t✉t✐♦♥✿ ✵✳✺✱ ✶✱ ❛♥❞ ✷✳ ❚❤❡ s♠❛❧❧❡r t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✱ t❤❡

❢❛st❡r ✇❛❣❡s ❢❛❧❧✳

❙✐♥❝❡ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ r❛t❡ ✐s ♣♦s✐t✐✈❡❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ ✇❛❣❡s✱ ❛

s♠❛❧❧ σ ✐♠♣❧✐❡s t❤❛t t❤❡ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ r❛t❡ ✇✐❧❧ ❢❛❧❧ ❢❛st❡r ❛s ✇❡❧❧✳ ❚❤❡r❡✲

❢♦r❡✱ t❤❡ ♦✈❡r❛❧❧ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ ❝❛✉s❡❞ ❜② ❛ ❝❤❛♥❣❡ ✐♥ t❡❝❤♥♦❧♦❣② ✇✐❧❧ ❜❡

s♠❛❧❧❡r ❢♦r ❡❝♦♥♦♠✐❡s ✇✐❧❧ s♠❛❧❧ ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥

✐♥ ❋✐❣✉r❡ ✶✵✳ ❲❤❡♥ ✇❛❣❡s ❢❛❧❧ ❢❛st❡r ❞✉❡ t♦ s♠❛❧❧❡r σ✱ t❤✐s ✐♠♣❧✐❡s ♣♦♣✉✲

❧❛t✐♦♥ ❣r♦✇t❤ ✇✐❧❧ ❛❧s♦ ❢❛❧❧ ❢❛st❡r✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❈♦❜❜✲❉♦✉❣❧❛s✱ ❛ ✶✵✪ ✐♥✲

❝r❡❛s❡ ✐♥ ♣r♦❞✉❝t✐✈✐t② ✇✐❧❧ ❝❛✉s❡ t❤❡ ♥❡✇ st❡❛❞② st❛t❡ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥ t♦ ❜❡
(

At+1

At

)
1

α = 1.15 ≈ 1.61 t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡ ♣r❡✲s❤♦❝❦ st❡❛❞② st❛t❡✱ ❝♦♠♣❛r❡❞

✶✽❱♦❧❧r❛t❤ ✭✷✵✶✵✮ ♠❛❦❡s t❤✐s ♦❜s❡r✈❛t✐♦♥ ❜② ✉s✐♥❣ ❛ ❈♦❜❜✲❉♦✉❣❧❛s ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥
✇✐t❤ ❧❛♥❞ ❛♥❞ ❧❛❜♦r ❛s ✐♥♣✉ts t♦ s❤♦✇ t❤❡ ❡✛❡❝t ♦❢ α✱ ❧❛❜♦r✬s s❤❛r❡ ♦❢ ✐♥❝♦♠❡✱ ♦♥ ♣r❡✲
✐♥❞✉str✐❛❧ ❧❡✈❡❧s ♦❢ ✐♥❝♦♠❡✳ ❍❡ ✜♥❞s t❤❛t ❧❛r❣❡r α ❧❡❛❞s t♦ ❤✐❣❤❡r ✐♥❝♦♠❡ ❧❡✈❡❧s ❜❡❢♦r❡
t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥ ✈✐❛ ❛ ❧❛r❣❡r ❢r❛❝t✐♦♥ ♦❢ t❤❡ ✇♦r❦❢♦r❝❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❛❣r✐❝✉❧t✉r❛❧
s❡❝t♦r✳ ❚❤✐s ✐s ❛❧s♦ tr✉❡ ❢♦r σ❀ t❤❡ s♠❛❧❧❡r ✐s σ✱ t❤❡ ❧❛r❣❡r ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❧❛❜♦r ❡♠♣❧♦②❡❞
✐♥ t❤❡ ❛❣r✐❝✉❧t✉r❛❧ s❡❝t♦r ✭❛♥❛❧②s✐s ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✮✳ ❆❧t❤♦✉❣❤ ❜♦t❤ ♣❛♣❡rs ❧♦♦❦ ❛t
t❤❡ ❡✛❡❝t ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs✱ t❤❡ r❡s✉❧ts ❜♦t❤ r✉♥ t❤r♦✉❣❤ t❤❡ s♣❡❡❞ ❜② ✇❤✐❝❤ ✇❛❣❡s
❢❛❧❧ ❛s ❧❛❜♦r ✐s ❛❞❞❡❞✳ ❚❤❡r❡❢♦r❡✱ ❛❧❧ t❤❡ r❡s✉❧ts ■ ✇✐❧❧ ❞❡s❝r✐❜❡ ✐♥ t❤✐s s❡❝t✐♦♥ ❢♦r s♠❛❧❧ σ
✇✐❧❧ ❜❡ s✐♠✐❧❛r ❢♦r ❧❛r❣❡r α❀ ❛♥❞ ❛❧❧ ❱♦❧❧r❛t❤✬s t❤❡♦r❡t✐❝❛❧ r❡s✉❧ts ❢♦r ❧❛r❣❡r α ✇✐❧❧ ❜❡ s✐♠✐❧❛r
❢♦r s♠❛❧❧❡r σ✳
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✇✐t❤ ✶✳✼✽ t✐♠❡s ❤✐❣❤❡r ✇❤❡♥ σ = 2 ❛♥❞ ✶✳✹✻ t✐♠❡s ❤✐❣❤❡r ✇❤❡♥ σ = 0.5✳

❋✐♥❛❧❧②✱ s✉♣♣♦s❡ t❤❛t ♣♦♣✉❧❛t✐♦♥ s✉❞❞❡♥❧② ❢❡❧❧ ✐♥ t❤❡ ♠♦❞❡❧✳ ❙✐♥❝❡ ❧❛❜♦r

❤❛s ❞❡❝❧✐♥❡❞✱ t❤❡ ♠❛r❣✐♥❛❧ ♣r♦❞✉❝t ♦❢ ❧❛❜♦r ✇✐❧❧ r✐s❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❞❡❣r❡❡

t♦ ✇❤✐❝❤ ✐s r✐s❡s ✇✐❧❧ ❞❡♣❡♥❞ ♦♥ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✳ ■♥ ✜❣✉r❡ ✶✶✱ ■

❡①♦❣❡♥♦✉s❧② r❡❞✉❝❡ st❡❛❞②✲st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❜② ✵✳✶✪ ✐♥ t❤❡ ♠♦❞❡❧✱ ❛♥❞ tr❛❝❡

♦✉t t❤❡ ❡✛❡❝t ♦♥ ✇❛❣❡s ♦✈❡r t✐♠❡✳ ❲❤❡♥ σ ✐s s♠❛❧❧✱ t❤❡ ✇❛❣❡ r✐s❡s ❤✐❣❤❡r t❤❛♥

✇❤❡♥ σ ✐s ❧❛r❣❡✳ ❆❢t❡r✇❛r❞s t❤❡ ✇❛❣❡ ❢❛❧❧s ❢❛st❡r ✐♥ t❤❡ ❡❝♦♥♦♠② ✇✐t❤ ❛ s♠❛❧❧

σ✱ ❛s ♥♦t❡❞ ♣r❡✈✐♦✉s❧②✳

❍♦✇ ✇✐❧❧ t❤✐s ❛✛❡❝t ❝✉rr❡♥t ♠♦❞❡❧s ♦❢ t❤❡ t❛❦❡♦✛ t♦ ❣r♦✇t❤ ❢r♦♠▼❛❧t❤✉s✐❛♥

st❛❣♥❛t✐♦♥❄ ❈♦♥s✐❞❡r t❤❡ ♦❜s❡r✈❛t✐♦♥s ♠❛❞❡ t❤✉s ❢❛r✿

✶✳ ❙♠❛❧❧ σ ✇✐❧❧ ❝❛✉s❡ ✇❛❣❡s t♦ ❢❛❧❧ ❢❛st❡r ✇❤❡♥ ❧❛❜♦r ✐♥❝r❡❛s❡s✳

✷✳ ❙♠❛❧❧ σ ✇✐❧❧ ❝❛✉s❡ ✇❛❣❡s t♦ r✐s❡ ❢❛st❡r ✐❢ ❧❛❜♦r ❢❛❧❧s✳

✸✳ ❙♠❛❧❧ σ ✇✐❧❧ ❝❛✉s❡ ✐♥❝r❡❛s❡s ✐♥ ♣r♦❞✉❝t✐✈✐t② t♦ tr❛♥s❧❛t❡ ✐♥t♦ s♠❛❧❧❡r

st❡❛❞② st❛t❡ ♣♦♣✉❧❛t✐♦♥ ❧❡✈❡❧s✳

■ ❣r♦✉♣ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ t❛❦❡♦✛ t♦ ❣r♦✇t❤ ❢r♦♠ ▼❛❧t❤✉s✐❛♥ st❛❣♥❛t✐♦♥

✐♥t♦ ✸ ❝❛t❡❣♦r✐❡s✱ ❛♥❞ ❞✐s❝✉ss ❤♦✇ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ❛✛❡❝t ❡❛❝❤ ❣r♦✉♣✳

▼♦❞❡❧s t❤❛t ❉❡♣❡♥❞ ♦♥ P♦♣✉❧❛t✐♦♥ ❙✐③❡

❖♥❡ s❡t ♦❢ ♠♦❞❡❧s ❡①♣❧❛✐♥✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ t♦ ❣r♦✇t❤ ❢r♦♠ ▼❛❧t❤✉s✐❛♥ st❛❣♥❛✲

t✐♦♥ ❢❡❛t✉r❡ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❛t❡ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss

❛♥❞ ♣♦♣✉❧❛t✐♦♥ s✐③❡✳ ❚❤✐s ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ❛ ♥✉♠❜❡r ♦❢

❣r♦✇t❤ ♠♦❞❡❧s✱ ❜❡❣✐♥♥✐♥❣ ✇✐t❤ t❤❡ ❡♥❞♦❣❡♥♦✉s ❣r♦✇t❤ ♠♦❞❡❧s ♦❢ ❘♦♠❡r ✭✶✾✾✵✮

❛♥❞ ❆❣❤✐♦♥ ❛♥❞ ❍♦✇✐tt ✭✶✾✾✷✮✳ ■♥✐t✐❛❧❧② t❤❡s❡ ♠♦❞❡❧s ❢♦❝✉s❡❞ ♦♥ ❡①♣❧❛✐♥✐♥❣

❝r♦ss✲❝♦✉♥tr② ❝♦♥t❡♠♣♦r❛♥❡♦✉s ❞✐✛❡r❡♥❝❡s ✐♥ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ❛♥❞ ❡❝♦✲

♥♦♠✐❝ ❣r♦✇t❤ r❛t❡s✳ ❘✫❉ ❛s♣❡❝ts ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✇❡r❡ ❡♠♣❤❛s✐③❡❞

✐♥ t❤❡s❡ ♠♦❞❡❧s✱ ❛♥❞ ❧♦♦❦❡❞ ❛t t❤❡ ❡✛❡❝t ♦❢ ♠❛r❦❡t s✐③❡ ♦♥ ♣r♦✜t❛❜✐❧✐t② ♦❢

✐♥♥♦✈❛t✐♦♥✱ ♦r s❝❛❧❡ ❡✛❡❝ts ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✐❞❡❛s✳

▲❛t❡r t❤❡s❡ ❡♥❞♦❣❡♥♦✉s ❣r♦✇t❤ ♠♦❞❡❧s ✇❡r❡ ✉s❡❞ t♦ ❛♥❛❧②③❡ t❤❡ ❤✐st♦r② ♦❢

❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t✳ ❑r❡♠❡r ✭✶✾✾✸✮ ♥♦t❡❞ t❤❛t ✇♦r❧❞ ❛♥❞ r❡❣✐♦♥❛❧ ♣♦♣✉❧❛✲

t✐♦♥ ❞❡♥s✐t② ✇❛s ❛ s✉r♣r✐s✐♥❣❧② ❣♦♦❞ ♣r❡❞✐❝t♦r ♦❢ t❤❡ ❤✐st♦r✐❝❛❧ r❛t❡ ♦❢ t❡❝❤♥♦✲

✸✵



❧♦❣✐❝❛❧ ♣r♦❣r❡ss✳ ❉✐❛♠♦♥❞ ✭✶✾✾✼✮ ❛r❣✉❡❞ t❤❛t s♦❝✐❡t✐❡s ✐♥ ❛r❡❛s ♦❢ t❤❡ ✇♦r❧❞

✇✐t❤ ❣❡♦❣r❛♣❤✐❝ ❢❡❛t✉r❡s ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ s✉♣♣♦rt✐♥❣ ❞❡♥s❡ ♣♦♣✉❧❛t✐♦♥s ❛♥❞

tr❛❞✐♥❣ ✐❞❡❛s ❢❛r s✉r♣❛ss❡❞ ♦t❤❡r s♦❝✐❡t✐❡s ✐♥ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ❜② ✶✺✵✵✳

❏♦♥❡s ✭✷✵✵✶✮ ❛♥❞ ❱❛❧♦r ❛♥❞ ❲❡✐❧ ✭✶✾✾✾✱ ✷✵✵✵✮ ❛♣♣❧✐❡❞ t❤✐s ❝♦♥❝❡♣t t♦ t❤❡

tr❛♥s✐t✐♦♥ t♦ ♠♦❞❡r♥ ❣r♦✇t❤ ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡✳

❖♥❡ ❢❡❛t✉r❡ ♦❢ t❤❡s❡ ♠♦❞❡❧s ✐s t❤❛t ♦♥❝❡ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✐s ❢❛st

❡♥♦✉❣❤✱ t❤❡ ❡❝♦♥♦♠② ❜❡❣✐♥s t♦ tr❛♥s✐t✐♦♥ ❛✇❛② ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥ st❡❛❞②

st❛t❡✳ ❙✐♥❝❡ t❤❡ r❛t❡ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ s✐③❡ ♦❢ t❤❡

♣♦♣✉❧❛t✐♦♥✶✾✱ t❤❡ tr❛♥s✐t✐♦♥ ❜❡❣✐♥s ♦♥❝❡ ♣♦♣✉❧❛t✐♦♥ r❡❛❝❤❡s ❛ t❤r❡s❤♦❧❞ ❧❡✈❡❧✳

❚❤❡ ♠❛✐♥ ✐♠♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ t❤❡s❡ ♠♦❞❡❧s ❤❛s t♦

❞♦ ✇✐t❤ ♦❜s❡r✈❛t✐♦♥ ✸ ❛❜♦✈❡✿ ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❡❝❤♥♦❧♦❣② ✇✐❧❧ ❧❡❛❞ t♦ s♠❛❧❧❡r

✐♥❝r❡❛s❡s ✐♥ ♣♦♣✉❧❛t✐♦♥ ✐❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧♦✇✳ ❚❤❡r❡❢♦r❡✱ ❛

s♠❛❧❧ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ s❧♦✇s t❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ▼❛❧t❤✉s✐❛♥ st❛❣♥❛✲

t✐♦♥ t♦ s✉st❛✐♥❡❞ ❣r♦✇t❤✳ ❚❤✐s ❡✛❡❝t ✇♦r❦s t❤r♦✉❣❤ t✇♦ ❝❤❛♥♥❡❧s✳ ❋✐rst✱ t❤❡

❧❡✈❡❧ ♦❢ t❡❝❤♥♦❧♦❣② ✐ts❡❧❢ ✇✐❧❧ ❤❛✈❡ t♦ r❡❛❝❤ ❛ ❧❛r❣❡r t❤r❡s❤♦❧❞ t♦ ❛tt❛✐♥ t❤❡

s❛♠❡ t❤r❡s❤♦❧❞ ❧❡✈❡❧ ♦❢ ♣♦♣✉❧❛t✐♦♥ t❤❛♥ ❡❝♦♥♦♠✐❡s ✇✐t❤ ❛ ❤✐❣❤❡r ❡❧❛st✐❝✐t② ♦❢

s✉❜st✐t✉t✐♦♥✳ ❙❡❝♦♥❞❧②✱ t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✇✐❧❧ ❜❡ s❧♦✇❡r

✐♥ t❤❡ ❡❝♦♥♦♠② ✇✐t❤ ❛ s♠❛❧❧❡r ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✱ ❜❡❝❛✉s❡ t❤❡ ❧❡✈❡❧ ♦❢

♣♦♣✉❧❛t✐♦♥ ✇✐❧❧ ❜❡ ❧♦✇❡r✳

▼♦❞❡❧s t❤❛t ❉❡♣❡♥❞ ♦♥ ❲❛❣❡ ▲❡✈❡❧s

❆♥♦t❤❡r s❡t ♦❢ ♠♦❞❡❧s ✇❤✐❝❤ ❞❡♣❡♥❞ ♦♥ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❛r❡ t❤♦s❡

✐♥ ✇❤✐❝❤ t❤❡ tr❛♥s✐t✐♦♥ ♦❝❝✉rs ❛❢t❡r ❛tt❛✐♥✐♥❣ s♦♠❡ t❤r❡s❤♦❧❞ ❧❡✈❡❧ ♦❢ ✐♥❝♦♠❡✳

❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ♠♦❞❡❧ ✐♥ t❤✐s ❝❛t❡❣♦r② ❛r❡ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✵✻✮✱

✇❤❡r❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ tr❛♥s✐t✐♦♥✐♥❣ t♦ ❣r♦✇t❤ ❞❡♣❡♥❞s ♣♦s✐t✐✈❡❧② ♦♥ t❤❡

❧❡✈❡❧ ♦❢ ✐♥❝♦♠❡✳ ❖t❤❡r ♠♦❞❡❧s ❞❡♣❡♥❞ ♦♥ r✐s✐♥❣ ✐♥❝♦♠❡s t♦ s♣✉r ❞❡♠❛♥❞ ❢♦r

t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r ♦r ♦t❤❡r ❧✉①✉r② ❣♦♦❞s✱ t❤❡r❡❜② ✐❣♥✐t✐♥❣ t❤❡ ✐♥❞✉str✐❛❧

r❡✈♦❧✉t✐♦♥✳

❆s✐❞❡ ❢r♦♠ ♠♦❞❡❧s ✐♥ ✇❤✐❝❤ ✐♥❝♦♠❡ ❧❡✈❡❧s ❞❡t❡r♠✐♥❡ ✇❤❡♥ ❝♦✉♥tr✐❡s ✇✐❧❧ ✐♥✲

❞✉str✐❛❧✐③❡✱ ❞✐✈❡r❣❡♥❝❡ ✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ✐♥❝♦♠❡s ✐s ✐♥t❡r❡st✐♥❣ ✐♥ ✐ts ♦✇♥ r✐❣❤t✳

✶✾❆t ❧❡❛st ✐♥✐t✐❛❧❧② ✕ ❤✉♠❛♥ ❝❛♣✐t❛❧ ❢♦r♠❛t✐♦♥ ♣❧❛②s ❛r❡ r♦❧❡ ❧❛t❡r ✐♥ ♠❛♥② ♦❢ t❤❡s❡ ✉♥✐✜❡❞
❣r♦✇t❤ ♠♦❞❡❧s✳

✸✶



❆ st❛♥❞❛r❞ ▼❛❧t❤✉s✐❛♥ ♣r❡❞✐❝t✐♦♥ ✐s t❤❛t ✐♥❝♦♠❡ ❧❡✈❡❧s ✇✐❧❧ r❡t✉r♥ t♦ s✉❜s✐s✲

t❡♥❝❡ ✐♥ t❤❡ ❧♦♥❣ r✉♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡r❡ s❤♦✉❧❞ ❜❡ ♥♦ ♣❡rs✐st❡♥❝❡ ✐♥ ❞✐✛❡r❡♥❝❡s

✐♥ ❝r♦ss✲❝♦✉♥tr② ✐♥❝♦♠❡s ✐♥ t❤❡ ▼❛❧t❤✉s✐❛♥ ✇♦r❧❞✱ ✉♥❧❡ss t❤❡r❡ ❛r❡ ❞✐✛❡r❡♥❝❡s

✐♥ t❤❡ s✉❜s✐st❡♥❝❡ ❧❡✈❡❧ ♦❢ ✐♥❝♦♠❡✳ ❍♦✇❡✈❡r✱ s❡✈❡r❛❧ s❝❤♦❧❛rs ❤❛✈❡ ❛r❣✉❡❞ t❤❛t

✐♥❝♦♠❡s ✐♥ ❊✉r♦♣❡ ✇❡r❡ ❤✐❣❤❡r t❤❛♥ t❤❡ r❡st ♦❢ t❤❡ ✇♦r❧❞✱ ❡✈❡♥ ❞✉r✐♥❣ t❤❡

▼❛❧t❤✉s✐❛♥ r❡❣✐♠❡✳ ❋♦r ❡①❛♠♣❧❡✱ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r ✭✷✵✶✵❜✮ ❛r❣✉❡ t❤❛t

❲❡st❡r♥ ❊✉r♦♣❡ ✇❛s ❛❜❧❡ t♦ ♠❛✐♥t❛✐♥ ❤✐❣❤❡r ❧❡✈❡❧s ♦❢ ✐♥❝♦♠❡ t❤❛♥ t❤❡ r❡st ♦❢

t❤❡ ✇♦r❧❞ ❞✉❡ t♦ ✉♥✐q✉❡ ❢❡rt✐❧✐t② ♣❛tt❡r♥s ❢r♦♠ ❞❡❧❛②❡❞ ♠❛rr✐❛❣❡✳ ❉✐❛♠♦♥❞

✭✶✾✾✼✮ ❛r❣✉❡❞ t❤❛t ♣r❡✲✐♥❞✉str✐❛❧ ❞✐✈❡r❣❡♥❝❡ ✐♥ ✐♥❝♦♠❡s ❛♥❞ t❡❝❤♥♦❧♦❣② ❧❡❛❞

t♦ t❤❡ ❣r❡❛t ❞✐✈❡r❣❡♥❝❡ ✐♥ ✐♥❝♦♠❡s ♦❜s❡r✈❡❞ t♦❞❛②✳ ❱♦t❤ ❛♥❞ ❱♦✐❣t❧ä♥❞❡r

✭✷✵✶✵❛✮ ❡①♣❧❛✐♥ ♣❡rs✐st❡♥t ✐♥❝♦♠❡ ❞✐✛❡r❡♥❝❡s ✉s✐♥❣ ❛ ♠♦❞❡❧ ✐♥ ✇❤✐❝❤ ♣♦s✐t✐✈❡

✇❛❣❡ s❤♦❝❦s ❛r❡ r❡✐♥❢♦r❝❡❞ ❜② ✐♥❝r❡❛s❡s t❤❡ ❛♠♦✉♥t ♦❢ ♣❧❛❣✉❡s✱ ✇❛rs✱ ❛♥❞ t❤❡

r❛t❡ ♦❢ ✉r❜❛♥✐③❛t✐♦♥✱ ❡✈❡♥t✉❛❧❧② ❧❡❛❞✐♥❣ t♦ ♣❡r♣❡t✉❛❧❧② ❤✐❣❤❡r ❞❡❛t❤ r❛t❡s ❛♥❞

♣❡r♠❛♥❡♥t❧② ❤✐❣❤❡r ✐♥❝♦♠❡s✳

❚❤❡ ♠❛✐♥ ❡✛❡❝t ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ t❤✐s s❡t ♦❢ ♠♦❞❡❧s ✐s

r❡❧❛t❡❞ t♦ ♦❜s❡r✈❛t✐♦♥ ✷ ❛❜♦✈❡✿ ❛ s♠❛❧❧ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇✐❧❧ ✐♠♣❧②

t❤❛t ✇❛❣❡s r✐s❡ ♠♦r❡ ❢♦r ❛ ❣✐✈❡♥ ❞❡❝r❡❛s❡ ✐♥ ♣♦♣✉❧❛t✐♦♥✳ ❆❧❧ ♦❢ t❤❡ ❱♦t❤ ❛♥❞

❱♦✐❣t❧ä♥❞❡r ♣❛♣❡rs ♣♦✐♥t t♦ r✐s✐♥❣ ✇❛❣❡s ❛❢t❡r t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ❛s t❤❡ ✐♠♣❡t✉s

✇❤✐❝❤ ❧❡❛❞ t♦ ♣❧❛❣✉❡s✱ ✇❛rs✱ ✉r❜❛♥✐③❛t✐♦♥✱ ❛♥❞ ❝❤❛♥❣❡s ✐♥ ❢❡rt✐❧✐t②✳ ❚❤❡s❡ ✐♥

t✉r♥ ❦❡♣t ♣♦♣✉❧❛t✐♦♥ ❧♦✇ ❛♥❞ ✇❛❣❡s ❤✐❣❤✱ ❡✈❡♥t✉❛❧❧② ❧❡❛❞✐♥❣ t♦ ❛ ♣r❡✲✐♥❞✉str✐❛❧

❞✐✈❡r❣❡♥❝❡ ✐♥ ✐♥❝♦♠❡s ❛♥❞ t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥ ✐♥ ❊✉r♦♣❡✳ ■❢ t❤❡ ❡❧❛st✐❝✐t②

♦❢ s✉❜st✐t✉t✐♦♥ ✐♥ ♣r❡✲✐♥❞✉str✐❛❧ ❊♥❣❧❛♥❞ ✇❛s s♠❛❧❧✱ t❤❡♥ t❤❡ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢

t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ♦♥ ✇❛❣❡s ✇♦✉❧❞ ❜❡ ❤✐❣❤❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡✐♥❢♦r❝✐♥❣ ❡✛❡❝ts

♦❢ ♣❧❛❣✉❡s✱ ✇❛rs✱ ✉r❜❛♥✐③❛t✐♦♥✱ ❛♥❞ ❊✉r♦♣❡❛♥ ♠❛rr✐❛❣❡ ♣❛tt❡r♥s ✇♦✉❧❞ ❜❡ ❡✈❡♥

str♦♥❣❡r✱ ❛♥❞ t❤❡ ❡✈❡♥t✉❛❧ ❞✐✈❡r❣❡♥❝❡ ✐♥ ❊✉r♦♣❡❛♥ ✐♥❝♦♠❡s t❤❛t ♠✉❝❤ ❤✐❣❤❡r✳

Pr❡s✉♠❛❜❧②✱ t❤✐s ✇♦✉❧❞ ❝❛✉s❡ t❤❡ ✐♥❞✉str✐❛❧ r❡✈♦❧✉t✐♦♥ t♦ ❤❛♣♣❡♥ ❡✈❡♥ ❢❛st❡r✳

▼♦❞❡❧s t❤❛t ❉❡♣❡♥❞ ♦♥ ❙❡❝t♦r❛❧ ❙❤✐❢t ❢r♦♠ ❇✐❛s❡❞ ❚❡❝❤♥♦❧♦❣✐❝❛❧

Pr♦❣r❡ss

❍❛♥s❡♥ ❛♥❞ Pr❡s❝♦tt ✭✷✵✵✷✮ ♣r❡s❡♥t❡❞ ❛ ✉♥✐✜❡❞ ❣r♦✇t❤ ♠♦❞❡❧ ✐♥ ✇❤✐❝❤ ❜✐❛s❡❞

t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ❝❛✉s❡s t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥✳ ❚❤❡r❡ ❛r❡ t✇♦ s❡❝✲

t♦rs✱ t❤❡ ▼❛❧t❤✉s ✭❛❣r✐❝✉❧t✉r❛❧✮ s❡❝t♦r ✇❤✐❝❤ ✉s❡s ❧❛♥❞✱ ❧❛❜♦r✱ ❛♥❞ ❝❛♣✐t❛❧ ❛s

✸✷



✐♥♣✉ts❀ ❛♥❞ t❤❡ ❙♦❧♦✇ ✭♠❛♥✉❢❛❝t✉r✐♥❣✮ s❡❝t♦r ✇❤✐❝❤ ♦♥❧② ✉s❡s ❧❛❜♦r ❛♥❞ ❝❛♣✐✲

t❛❧✳ ❊❛❝❤ s❡❝t♦r ♣r♦❞✉❝❡s t❤❡ s❛♠❡ ❣♦♦❞✱ ❛♥❞ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✐♥❝r❡❛s❡s

s✐❣♥✐✜❝❛♥t❧② ❢❛st❡r ✐♥ t❤❡ ❙♦❧♦✇ s❡❝t♦r t❤❛♥ t❤❡ ▼❛❧t❤✉s s❡❝t♦r✳ ■♥✐t✐❛❧❧②✱ t❤❡

▼❛❧t❤✉s s❡❝t♦r ✐s t❤❡ ♦♥❧② s❡❝t♦r ♦♣❡r❛t✐✈❡✱ ❛♥❞ ✐s ✐♥ ❛ ▼❛❧t❤✉s✐❛♥ st❡❛❞②

st❛t❡✳

■♥ t❤✐s s❡t✉♣✱ t❤❡ tr❛♥s✐t✐♦♥ ✐s ✐♥❡✈✐t❛❜❧❡ ❛♥❞ ✇✐❧❧ ❤❛♣♣❡♥ r❛♣✐❞❧② s✐♥❝❡

t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ✐♥ t❤❡ ❙♦❧♦✇ s❡❝t♦r ❣r♦✇s ♦✈❡r ✶✻ t✐♠❡s ❢❛st❡r t❤❛♥ ✐♥

t❤❡ ▼❛❧t❤✉s s❡❝t♦r✳ ❚❤❡ tr❛♥s✐t✐♦♥ ♦❝❝✉rs ✇❤❡♥ t❡❝❤♥♦❧♦❣② ✐♥ t❤❡ ❙♦❧♦✇ s❡❝t♦r

❣r♦✇s t♦ t❤❡ ♣♦✐♥t t❤❛t ✐t ✐s ♣r♦✜t❛❜❧❡ t♦ ♣r♦❞✉❝❡ ♦✉t♣✉t✳ ❇♦t❤ s❡❝t♦rs ❛r❡

♦♣❡r❛t✐✈❡✱ ❛♥❞ ❝❛♣✐t❛❧ ❛♥❞ ❧❛❜♦r ❜❡❣✐♥ t♦ ✢♦✇ ❢r♦♠ t❤❡ ▼❛❧t❤✉s s❡❝t♦r t♦ t❤❡

❙♦❧♦✇ s❡❝t♦r✳ ❊✈❡♥t✉❛❧❧②✱ ✈✐rt✉❛❧❧② ❛❧❧ t❤❡ ❝❛♣✐t❛❧ ❛♥❞ ❧❛❜♦r ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡

❙♦❧♦✇ s❡❝t♦r✳ ❲❤❡r❡❛s t❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ ❡❝♦♥♦♠② ❢♦❧❧♦✇❡❞ t❤❡ ▼❛❧t❤✉s✐❛♥

❡❝♦♥♦♠② ✇❤❡♥ ♦♥❧② t❤❡ ▼❛❧t❤✉s✐❛♥ s❡❝t♦r ✇❛s ♦♣❡r❛t✐✈❡✱ t❤❡ ❡❝♦♥♦♠② ❜❡❤❛✈❡s

❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❙♦❧♦✇ ♠♦❞❡❧ ✇❤❡♥ t❤❡ ❙♦❧♦✇ s❡❝t♦r ❡♠♣❧♦②s ❛❧♠♦st ❛❧❧ t❤❡

❝❛♣✐t❛❧ ❛♥❞ ❧❛❜♦r✳

❆ ❧♦✇❡r σ ✐♥ t❤❡ ▼❛❧t❤✉s s❡❝t♦r ✐♠♣❧✐❡s t❤❛t ❛s ❧❛❜♦r ❛♥❞ ❝❛♣✐t❛❧ ❧❡❛✈❡✱

t❤❡✐r ♠❛r❣✐♥❛❧ ♣r♦❞✉❝ts r✐s❡ ❢❛st❡r✱ ✐♥❞✉❝✐♥❣ ♠♦r❡ ❧❛❜♦r ❛♥❞ ❝❛♣✐t❛❧ t♦ r❡♠❛✐♥✳

❆s ❛ r❡s✉❧t✱ ❧❛❜♦r ❛♥❞ ❝❛♣✐t❛❧ ❧❡❛✈❡ t❤❡ ▼❛❧t❤✉s s❡❝t♦r s❧♦✇❡r✱ ❞❡❧❛②✐♥❣ t❤❡

t❛❦❡♦✛ t♦ ❣r♦✇t❤✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ t❤❡ ✜rst ♣❡r✐♦❞ ❛❢t❡r t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡

tr❛♥s✐t✐♦♥✱ t❤❡r❡ ✐s t❤r❡❡ t✐♠❡s ♠♦r❡ ❧❛❜♦r ✐♥ t❤❡ ▼❛❧t❤✉s s❡❝t♦r ✇❤❡♥ σ = 0.5

t❤❛♥ ✇❤❡♥ σ = 2✱ ❛♥❞ t✇✐❝❡ ❛s ♠✉❝❤ t❤❛♥ ✇❤❡♥ σ = 1✳✷✵ ❚❤✐s r❡s✉❧t ✐s s✐♠✐❧❛r

t♦ t❤❡ ✜♥❞✐♥❣ ♦❢ t❤❡ ❡✛❡❝t ♦❢ σ ♦♥ t❤❡ ●❛❧♦r✲❲❡✐❧ ♠♦❞❡❧ ✕ ❧♦✇ ❡❧❛st✐❝✐t✐❡s ♦❢

s✉❜st✐t✉t✐♦♥ ❞❡❧❛② t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥ ❛♥❞ t❛❦❡♦✛ t♦ ♠♦❞❡r♥ ❣r♦✇t❤✳

✹✳✷ P♦♣✉❧❛t✐♦♥ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t

❆s✐❞❡ ❢r♦♠ ❤❛✈✐♥❣ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❧❛♥❞ s❤❛r❡ ❛♥❞ ♠♦❞❡❧s ♦❢ t❤❡ ❞❡♠♦❣r❛♣❤✐❝

tr❛♥s✐t✐♦♥✱ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞ ❛♥❞ ♦t❤❡r ❢❛❝t♦rs ✐s ✐♥✲

t❡❣r❛❧ t♦ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ❛✛❡❝ts ♦✉t♣✉t✳

❙✉r♣r✐s✐♥❣❧② ❧✐tt❧❡ ❝♦♥❝r❡t❡ ❡♠♣✐r✐❝❛❧ r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ ❞❡✈♦t❡❞ t♦ t❤✐s ♠♦st

s✐♠♣❧❡✱ ②❡t ✐♠♣♦rt❛♥t q✉❡st✐♦♥✳ ▼♦st st✉❞✐❡s ♦❢ t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥ ♦♥

✷✵❉✉❡ t♦ s♣❛❝❡ ❝♦♥str❛✐♥ts✱ t❤❡ ❢✉❧❧ ❛♥❛❧②s✐s ❛♥❞ s✐♠✉❧❛t✐♦♥ ✇✐❧❧ ♥♦t ❜❡ ♦✉t❧✐♥❡❞ ✐♥ t❤❡
♣❛♣❡r✱ ❜✉t ✐s ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳
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♦✉t♣✉t ❞❡❛❧ ✇✐t❤ ❡✛❡❝t ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❣r♦✇t❤ r❛t❡✱ r❛t❤❡r t❤❛♥ ♣♦♣✉❧❛t✐♦♥

❧❡✈❡❧✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❡✛❡❝ts ♦❢ ❞❡♣❡♥❞❡♥❝② r❛t✐♦s✴❞❡♠♦❣r❛♣❤✐❝ str✉❝t✉r❡✱

❛❝❝✉♠✉❧❛❜❧❡ ❢❛❝t♦r ❞✐❧✉t✐♦♥✱ ❝❤❛♥❣❡s ✐♥ ❢❡rt✐❧✐t② ❛♥❞ ♠♦rt❛❧✐t② ❛♥❞ t❤❡✐r ❡✛❡❝t

♦♥ ❧❛❜♦r ❢♦r❝❡ ♣❛rt✐❝✐♣❛t✐♦♥✱ s❛✈✐♥❣s✱ ❡t❝✳ ❛♥❞ s♦ ❢♦rt❤ ❛❧❧ ✇♦r❦ t❤r♦✉❣❤ t❤❡

❣r♦✇t❤ r❛t❡ ♦❢ ♣♦♣✉❧❛t✐♦♥ r❛t❤❡r t❤❛♥ ✐ts ❛❜s♦❧✉t❡ s✐③❡✳

❚❤✐s ✐s ❡✈❡♥ ♠♦r❡ s✉r♣r✐s✐♥❣ ✇❤❡♥ ♦♥❡ ❝♦♥s✐❞❡rs t❤❛t t❤❡ ❢❛t❤❡r ♦❢ ♣♦♣✉❧❛✲

t✐♦♥ ❡❝♦♥♦♠✐❝s✱ ▼❛❧t❤✉s✱ ♦r✐❣✐♥❛❧❧② ❢r❛♠❡❞ t❤❡ q✉❡st✐♦♥ ✐♥ t❡r♠s ♦❢ ❧❡✈❡❧s✱ ♥♦t

r❛t❡s✳ ❍❡ ❝♦♥❥❡❝t✉r❡❞ t❤❛t ✐♥ t❤❡ ❢❛❝❡ ♦❢ ❛ ✜①❡❞ ❛♠♦✉♥t ♦❢ ❛r❛❜❧❡ ❧❛♥❞✱ ❢♦♦❞

♣r♦❞✉❝t✐♦♥ ✇♦✉❧❞ ♥♦t ❜❡ ❛❜❧❡ t♦ ✐♥❝r❡❛s❡ ❢❛st ❡♥♦✉❣❤ t♦ s✉st❛✐♥ ❛♥ ❡①♣♦♥❡♥✲

t✐❛❧❧② ❣r♦✇✐♥❣ ♣♦♣✉❧❛t✐♦♥ ✇✐t❤ ❛ s❤r✐♥❦✐♥❣ ❧❛♥❞✲❧❛❜♦r r❛t✐♦✳ ❚❤✐s ❛r❣✉♠❡♥t

❝♦♥t❛✐♥s ❛♥ ✐♠♣❧✐❝✐t ❛ss✉♠♣t✐♦♥ ❛❜♦✉t t❤❡ s✉❜st✐t✉t❛❜✐❧✐t② ♦❢ ❧❛♥❞ ✐♥ ❢♦♦❞ ♣r♦✲

❞✉❝t✐♦♥ ✕ t❤❛t ✐t ✐s s♠❛❧❧✳ ■t ✐s ❞✐✣❝✉❧t t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ ♣♦♣✉❧❛t✐♦♥ s✐③❡

❛✛❡❝ts ♣r♦❞✉❝t✐♦♥ ✇✐t❤♦✉t ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ s✉❜st✐t✉t❛❜✐❧✐t② ♦❢ ✜①❡❞ ❢❛❝t♦rs✳

❖✈❡r t❤❡ ❧❛st ✷✵✵ ②❡❛rs✱ t❤❡ ❞✐r❡ ♣r❡❞✐❝t✐♦♥s ♦❢ ▼❛❧t❤✉s ❤❛✈❡ ♥♦t ❝♦♠❡ t♦

❢r✉✐t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ❞♦❡s ♥♦t ✐♠♣❧② t❤❛♥ ❧❛r❣❡ ♣♦♣✉❧❛t✐♦♥s ❞♦ ♥♦t ❞❡♣r❡ss

✇❛❣❡s✳ ❚❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ t❤✐s ❤❛♣♣❡♥s ✐s ❛ ❞✐r❡❝t ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❡❧❛s✲

t✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞ ❛♥❞ ❛❧❧ ♦t❤❡r ❢❛❝t♦rs✳ ❘❡❝❡♥t❧②✱ ❲❡✐❧ ❛♥❞

❲✐❧❞❡ ✭✷✵✵✾✮ ❝❛❧❝✉❧❛t❡ t❤❡ ❡✛❡❝t ♦❢ ❛ ❞♦✉❜❧✐♥❣ ✐♥ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ♦♥ ✐♥❝♦♠❡

♣❡r ❝❛♣✐t❛✳ ❆ss✉♠✐♥❣ t❤❛t ❡❛❝❤ ❢❛❝t♦r ♦❢ ♣r♦❞✉❝t✐♦♥ ✐s ♣❛✐❞ ✐ts ♠❛r❣✐♥❛❧ ♣r♦❞✲

✉❝t✱ ♦♥❡ ❝❛♥ s♦❧✈❡ ❢♦r t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♥❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❡❛❝❤ ❢❛❝t♦r✱ ❛♥❞

t❤❡♥ t❛❦❡ t❤❡ r❛t✐♦ ♦❢ ✐♥❝♦♠❡s ✐♥ t✇♦ ♣♦✐♥ts ✐♥ t✐♠❡ ❜❛s❡❞ ♦♥ ❞✐✛❡r✐♥❣ ❧❡✈❡❧s

♦❢ ✐♥♣✉ts✳ ❯s✐♥❣ ❛ ❈❊❙ ♣r♦❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ s✐♠✐❧❛r t♦ ✭✺✮✱ t❤❡② ❞❡r✐✈❡

yt

y0
=



(1− φ0) + φ0

(

L0

Lt

)

σ−1

σ





σ
σ−1

,

✇❤❡r❡ y ✐s ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛✱ φ ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♥❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♣❛✐❞ t♦ ❧❛♥❞✱

❛♥❞ t❤❡ s✉❜s❝r✐♣ts ✐♥❞❡① t✐♠❡✳

■♥ t❤✐s s✐♠♣❧❡ ❡①❛♠♣❧❡✱ ❛❧❧ t❤❛t ✐s ♥❡❡❞❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛✲

t✐♦♥ s✐③❡ ♦♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛ ✐s ❞❛t❛ ♦♥ φ ❛♥❞ σ✳✷✶ ❚❛❜❧❡ ✹ t❛❦❡s s❡✈❡r❛❧ ✈❛❧✉❡s

♦❢ ❡❛❝❤ ♣❛r❛♠❡t❡r ❛♥❞ s❤♦✇s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❤❛♥❣❡ ✐♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛✳

✷✶L0/Lt = 0.5 s✐♥❝❡ ✇❡ ❝♦♥s✐❞❡r ❛ ❞♦✉❜❧✐♥❣ ✐♥ ♣♦♣✉❧❛t✐♦♥✳
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❚❤❡ ❧❛r❣❡r t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞ ❛♥❞ ♦t❤❡r ❢❛❝t♦rs✱ t❤❡

❧❡ss ✐♠♣❛❝t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣♦♣✉❧❛t✐♦♥ ❤❛s ♦♥ st❛♥❞❛r❞s ♦❢ ❧✐✈✐♥❣✳

❆♥♦t❤❡r r❡❝❡♥t ♣❛♣❡r ✇❤✐❝❤ ❞❡♣❡♥❞s ❝r✉❝✐❛❧❧② ♦♥ t❤❡ ❡❧❛st✐❝✐t② ♦❢ ❧❛♥❞

❛♥❞ ♦t❤❡r ❢❛❝t♦rs ✐s ❆s❤r❛♠ ❡t ❛❧ ✭✷✵✵✽✮✳ ❚❤❡② ❡st✐♠❛t❡ ♦❢ t❤❡ ❡✛❡❝t ♦❢ ❛

✉♥s♣❡❝✐✜❡❞ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥ ✇❤✐❝❤ ✐♠♣r♦✈❡s ❧✐❢❡ ❡①♣❡❝t❛♥❝② ❢r♦♠ ✹✵ t♦ ✻✵✳

■♥ ❛❞❞✐t✐♦♥ t♦ ✐♠♣r♦✈✐♥❣ t❤❡ ♣r♦❞✉❝t✐✈✐t② ♦❢ ✇♦r❦❡rs ✈✐❛ ❤❡❛❧t❤ ❛♥❞ ❡❞✉❝❛t✐♦♥

❤✉♠❛♥ ❝❛♣✐t❛❧✱ t❤✐s r❡❞✉❝t✐♦♥ ✐♥ ♠♦rt❛❧✐t② ✐♥❝r❡❛s❡s ♣♦♣✉❧❛t✐♦♥ s✐③❡✳

❋✐❣✉r❡ ✶✸ s❤♦✇s t❤❡ ❡✛❡❝t ♦❢ t❤✐s ✐♥t❡r✈❡♥t✐♦♥ ♦♥ ✐♥❝♦♠❡ ♦✈❡r ❛ ✶✻✺ ②❡❛r

t✐♠❡ ❤♦r✐③♦♥✳ ❲✐t❤ ❛♥ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❣r❡❛t❡r t❤❛♥ ✉♥✐t②✱ t❤❡ ❤❡❛❧t❤

✐♥t❡r✈❡♥t✐♦♥ ✐♠♣r♦✈❡s ✐♥❝♦♠❡ ✐♥ t❤❡ ❧♦♥❣ r✉♥✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝ts

♦❢ ♣♦♣✉❧❛t✐♦♥ s✐③❡ ♦♥ ✐♥❝♦♠❡ ❛r❡ s♠❛❧❧ r❡❧❛t✐✈❡ t♦ t❤❡ ♣r♦❞✉❝t✐✈✐t② ❜❡♥❡✜ts ❢r♦♠

t❤❡ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✐s ❧❡ss t❤❛♥

♦♥❡✱ t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝t ❜❡❝♦♠❡s ♥❡❣❛t✐✈❡✳ ❙✐♥❝❡ ✐t ✐s ❞✐✣❝✉❧t t♦ s✉❜st✐t✉t❡ ❛✇❛②

❢r♦♠ ❧❛♥❞✱ s❤r✐♥❦✐♥❣ ❧❛♥❞ ♣❡r ♣❡rs♦♥ ❤❛s ❛ ❧❛r❣❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ♣r♦❞✉❝t✐♦♥✳

❚❤✐s ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦❢ ♣♦♣✉❧❛t✐♦♥ ♦♥ ✐♥❝♦♠❡ ♦✈❡r✇❤❡❧♠s t❤❡ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢

✇♦r❦❡r ♣r♦❞✉❝t✐✈✐t②✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♦❢ ✵✳✺✱ ✐♥❝♦♠❡

♣❡r ✇♦r❦❡r ❞❡❝r❡❛s❡s ❜② ❛❜♦✉t ✷✺✪ ❛❢t❡r ✺✵ ②❡❛rs ❛♥❞ ♥❡✈❡r r❡❝♦✈❡rs✳ ❚❤✉s

t❤❡ s❛♠❡ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥ ❝♦✉❧❞ ❤❛✈❡ ♦♣♣♦s✐t❡ r❡s✉❧ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥✳

❋✐♥❛❧❧②✱ ❆s❤r❛♠ ❡t ❛❧ ✭✷✵✶✵✮ ✉s❡ ❛ s✐♠✐❧❛r ♠♦❞❡❧ t♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝t ♦❢

❛ r❡❞✉❝t✐♦♥ ✐♥ ❢❡rt✐❧✐t② ♦♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛✳ ❚❤❡② ♠♦❞❡❧ s❡✈❡r❛❧ ❞✐✛❡r❡♥t

❝❤❛♥♥❡❧s ❜② ✇❤✐❝❤ ❢❡rt✐❧✐t② r❡❞✉❝t✐♦♥ ❛✛❡❝ts ✐♥❝♦♠❡✱ ✐♥❝❧✉❞✐♥❣ ✇❤❛t t❤❡② ❝❛❧❧

t❤❡ ✏▼❛❧t❤✉s✑ ❝❤❛♥♥❡❧✱ ♦r t❤❡ ❡✛❡❝t ♦♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛ ❞✉❡ t♦ ✜①❡❞ ❢❛❝t♦r

❝♦♥❣❡st✐♦♥✳

■♥ t❤❡ ❧♦♥❣ r✉♥✱ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ♣❧❛②s ❛ ❧❛r❣❡ r♦❧❡ ✐♥ ❞❡t❡r✲

♠✐♥✐♥❣ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❡✛❡❝t ♦♥ ✐♥❝♦♠❡ ♣❡r ❝❛♣✐t❛✳ ❋✐❣✉r❡ ✶✷ s❤♦✇s t❤❡

❡✛❡❝t ♦❢ t❤✐s ✐♥t❡r✈❡♥t✐♦♥ ♦♥ ✐♥❝♦♠❡ ♦✈❡r ❛ ✶✻✺ ②❡❛r t✐♠❡ ❤♦r✐③♦♥✳ ■❢ σ = 2✱ t❤❡

▼❛❧t❤✉s ❡✛❡❝t ✐s s♠❛❧❧ s✐♥❝❡ ❧❛♥❞ ✐s ❡❛s✐❧② s✉❜st✐t✉t❛❜❧❡✳ ■♥❝♦♠❡ ✶✺✵ ②❡❛rs ❛❢✲

t❡r t❤❡ ❢❡rt✐❧✐t② ✐♥t❡r✈❡♥t✐♦♥ ✐s ❛❜♦✉t ✹✺✪ ❤✐❣❤❡r✳ ❍♦✇❡✈❡r✱ ✐❢ σ = 0.5, ✐♥❝♦♠❡

r✐s❡s t♦ ❛❜♦✉t ✶✸✵✪ ❤✐❣❤❡r t❤❛♥ ❜❛s❡❧✐♥❡ ♦✈❡r t❤❡ s❛♠❡ t✐♠❡ ❤♦r✐③♦♥ ✕ ❛❜♦✉t

t❤r❡❡ t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡ ♣r❡✈✐♦✉s ❝❛s❡✳ ❚❤❡ ▼❛❧t❤✉s ❝❤❛♥♥❡❧ ❜❡❝♦♠❡s t❤❡

♠♦st ✐♠♣♦rt❛♥t ❝❤❛♥♥❡❧ ❜② ✇❤✐❝❤ ❢❡rt✐❧✐t② ❞❡❝❧✐♥❡ ❛✛❡❝ts ✐♥❝♦♠❡✳

✸✺



❚❤❡s❡ st✉❞✐❡s s❤♦✇ t❤❛t ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ σ ✐s ❡ss❡♥t✐❛❧ ❢♦r ❛❝✲

❝✉r❛t❡❧② ❛ss❡ss✐♥❣ t❤❡ ✐♠♣❛❝t ♦❢ ♣♦❧✐❝✐❡s ✇❤✐❝❤ ❛✛❡❝t ♣♦♣✉❧❛t✐♦♥✳ ❚❤❡ ❡①t❡♥t

t♦ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ❝❛♥ ❜❡ s✉❜st✐t✉t❡❞ ❢♦r ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ✐♥ ♣r♦❞✉❝t✐♦♥✱

❡s♣❡❝✐❛❧❧② ✐♥ ❛❣r✐❝✉❧t✉r❡✱ ✐s ❝❡♥tr❛❧ t♦ ✉♥❞❡rst❛♥❞✐♥❣ ♣♦♣✉❧❛t✐♦♥✬s ❛✛❡❝t ♦♥ ❧✐✈✲

✐♥❣ st❛♥❞❛r❞s✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❧❛r❣❡ ✐♥✈❡st♠❡♥t ♦❢ r❡s♦✉r❝❡s ❞❡✈♦t❡❞ t♦ ❤❡❛❧t❤

✐♥t❡r✈❡♥t✐♦♥s ❛♥❞ ♣r♦♠♦t✐♥❣ ❢❡rt✐❧✐t② ❝♦♥tr♦❧ ❛❝r♦ss t❤❡ ❞❡✈❡❧♦♣✐♥❣ ✇♦r❧❞✱ t❤❡

❢❛❝t t❤❛t ❛❧♠♦st ♥♦ r❡s❡❛r❝❤ ✉♥t✐❧ ♥♦✇ ❤❛s ❜❡❡♥ ❞❡✈♦t❡❞ t♦ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢

σ ✐s q✉✐t❡ s✉r♣r✐s✐♥❣✳

✺ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ❜❡t✇❡❡♥ ✜①❡❞ ❛♥❞ ♥♦♥✲✜①❡❞ ❢❛❝t♦rs ✐s ❛♥ ❡①✲

tr❡♠❡❧② ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✐♥ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❡❝♦♥♦♠✐❝ ♠♦❞❡❧s✳ ■t ❣♦✈✲

❡r♥s ❞②♥❛♠✐❝s ❛r♦✉♥❞ t❤❡ st❡❛❞② st❛t❡ ✐♥ ▼❛❧t❤✉s✐❛♥ ♠♦❞❡❧s ♦❢ t❤❡ ❡❝♦♥♦♠②✳

■t ❛❧s♦ ✐s ❡ss❡♥t✐❛❧ ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠♦✈❡♠❡♥t ❛✇❛② ❢r♦♠ t❤❡ ▼❛❧t❤✉s✐❛♥

st❡❛❞② st❛t❡ ❛♥❞ t❛❦❡♦✛ t♦ ♠♦❞❡r♥ ❣r♦✇t❤ ✇❤✐❝❤ ❤❛s ♦❝❝✉rr❡❞ ✐♥ ♠♦st ❛r❡❛s

♦❢ t❤❡ ✇♦r❧❞ ❞✉r✐♥❣ t❤❡ ❧❛st ✷✵✵ ②❡❛rs✳ ■t ♣r❡❞✐❝ts s♣❡❡❞ ♦❢ t❤❡ ❞❡♠♦❣r❛♣❤✐❝

tr❛♥s✐t✐♦♥ ❛♥❞ t❤❡ ♦r❞❡r ✐♥ ✇❤✐❝❤ ❝♦✉♥tr✐❡s ✇✐❧❧ ✐♥❞✉str✐❛❧✐③❡✳

■♥ ❛❞❞✐t✐♦♥✱ ✐ts ❤❛s ✐♠♣♦rt❛♥t ❛♣♣❧✐❝❛t✐♦♥s t♦ t❤❡ q✉❡st✐♦♥ ♦❢ ❤♦✇ ♣♦♣✉❧❛✲

t✐♦♥ s✐③❡ ❛✛❡❝ts ❡❝♦♥♦♠✐❝ ❞❡✈❡❧♦♣♠❡♥t✳ ❚❤❡ ❡①t❡♥t t♦ ✇❤✐❝❤ ✜①❡❞ ❢❛❝t♦rs ❝❛♥

❜❡ s✉❜st✐t✉t❡❞ ✐♥ ♣r♦❞✉❝t✐♦♥ ❤❛s ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❤♦✇ str♦♥❣ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t

♦❢ ♣♦♣✉❧❛t✐♦♥ ♦♥ ❣r♦✇t❤ ✐s✳ ❚❤❡ ❡✣❝❛❝② ♦❢ ✐♥t❡r✈❡♥t✐♦♥s ✇❤✐❝❤ ❛✛❡❝t ♣♦♣✉✲

❧❛t✐♦♥ s✐③❡✱ s✉❝❤ ❛s ❢❛♠✐❧② ♣❧❛♥♥✐♥❣ ♣r♦❣r❛♠s ♦r ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥s ✇❤✐❝❤

❛✛❡❝t ♠♦rt❛❧✐t②✱ ✇✐❧❧ ❜❡ ❛✛❡❝t❡❞ ❜② t❤✐s s✉❜st✐t✉t❛❜✐❧✐t②✳

❉❡s♣✐t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤✐s ♣❛r❛♠❡t❡r✱ ♥♦ ❝r❡❞✐❜❧❡ ❡st✐♠❛t❡s ♦❢ t❤✐s ❡❧❛s✲

t✐❝✐t② ❛r❡ ❛✈❛✐❧❛❜❧❡✳ ■♥ t❤✐s ♣❛♣❡r✱ ■ ❡st✐♠❛t❡❞ t❤✐s ❡❧❛st✐❝✐t② ✐♥ ♣r❡✲✐♥❞✉str✐❛❧

❊♥❣❧❛♥❞✳ ■ ❢♦✉♥❞ t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ ✇❛s ❛❜♦✉t ✵✳✻ ✕ s✐❣♥✐✜✲

❝❛♥t❧② ❧♦✇❡r t❤❛♥ ♠♦st ♠♦❞❡❧s ❛ss✉♠❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ■ ❡st✐♠❛t❡ t❤❡ ❞✐r❡❝t✐♦♥

♦❢ ❜✐❛s❡❞ t❡❝❤♥♦❧♦❣✐❝❛❧ ♣r♦❣r❡ss ❛♥❞ t❤❡ ❞❡❣r❡❡ ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥✳ ■ ✜♥❞

t❤❛t t❡❝❤♥♦❧♦❣② ✇❛s s❝❛r❝❡ ❢❛❝t♦r s❛✈✐♥❣✳ ❆❢t❡r t❤❡ ❇❧❛❝❦ ❉❡❛t❤ ✇❤❡♥ ❧❛♥❞

✇❛s ♣❧❡♥t✐❢✉❧ ❛♥❞ ❧❛❜♦r s❝❛r❝❡✱ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ s❛✈❡❞ ♦♥ ❧❛❜♦r✳ ❆❢t❡r✲

✇❛r❞s ✇❤❡♥ ♣♦♣✉❧❛t✐♦♥ ❣r❡✇ ❛❣❛✐♥ ❛♥❞ ❧❛♥❞ ❜❡❝❛♠❡ s❝❛r❝❡✱ ♣r♦❞✉❝t✐✈✐t② ✇❛s

✸✻



❧❛♥❞ s❛✈✐♥❣✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ✶ ♠✐❧❧✐♦♥ ♣❡♦♣❧❡ ✭❛♥ ✐♥❝r❡❛s❡ ♦❢ ❛❜♦✉t ✶✴✸ ♦✈❡r

♣♦♣✉❧❛t✐♦♥✬s ♠❡❞✐❛♥ ❧❡✈❡❧ ♦✈❡r t❤❡ ♣❡r✐♦❞ ✶✷✵✵✲✶✼✺✵✮ ✐♥❝r❡❛s❡❞ t❤❡ ❞✐✛❡r❡♥t✐❛❧

❣r♦✇t❤ r❛t❡ ❜❡t✇❡❡♥ ❧❛♥❞✲ ❛♥❞ ❧❛❜♦r✲❛✉❣♠❡♥t✐♥❣ ♣r♦❞✉❝t✐✈✐t② ❣r♦✇t❤ ❜② ✵✳✶✪

♣❡r ②❡❛r✳

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❞✐r❡❝t✐♦♥s ❢✉t✉r❡ r❡s❡❛r❝❤ ❝♦✉❧❞ t❛❦❡✳ ❖♥❡ ✐♥t❡r❡st✐♥❣

✐♠♣❧✐❝❛t✐♦♥ ♦❢ ♠② ✇♦r❦ ✐s t❤❛t t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ s❤♦✉❧❞ ♣r❡❞✐❝t t❤❡

♦r❞❡r ✐♥ ✇❤✐❝❤ ❝♦✉♥tr✐❡s ❜❡❣✐♥ t❤❡ ❞❡♠♦❣r❛♣❤✐❝ tr❛♥s✐t✐♦♥✳ ❊st✐♠❛t✐♥❣ t❤✐s

❡❧❛st✐❝✐t② ✐♥ ❛ s❡t ♦❢ ❝♦✉♥tr✐❡s ✇♦✉❧❞ ❛❧❧♦✇ ✉s t♦ ❞❡t❡r♠✐♥❡ ✐❢ t❤✐s ❝♦rr❡❧❛t✐♦♥

❡①✐sts✳ ❙✐♥❝❡ ❞✐✛❡r❡♥t ♠♦❞❡❧s ♣r❡❞✐❝t ❞✐✛❡r❡♥t ❡✛❡❝ts ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜✲

st✐t✉t✐♦♥ ♦♥ tr❛♥s✐t✐♦♥ s♣❡❡❞s✱ t❤✐s ❛♥❛❧②s✐s ❝♦✉❧❞ ❜❡ ❛ ♠❡t❤♦❞ ♦❢ t❡st✐♥❣ t❤❡

✈❡r❛❝✐t② ♦❢ t❤❡s❡ ♠♦❞❡❧s✳

■♥ ❛❞❞✐t✐♦♥✱ ♦❜t❛✐♥✐♥❣ ❛ ✇❡❧❧✲✐❞❡♥t✐✜❡❞ ❡st✐♠❛t❡ ♦❢ t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐✲

t✉t✐♦♥ ❢♦r ❛ ♠♦❞❡r♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr② ✇♦✉❧❞ ❜❡ ❡①tr❡♠❡❧② ✐♠♣♦rt❛♥t✳ ❆s

♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ ✐t ✐s ❡①tr❡♠❡❧② ❞✐✣❝✉❧t t♦ ❡st✐♠❛t❡ t❤✐s ❡❧❛st✐❝✐t② ✇❡❧❧

❞✉❡ t♦ ❛ ♥✉♠❜❡r ♦❢ ❡❝♦♥♦♠❡tr✐❝ ♣r♦❜❧❡♠s✳ ❇✉t s✐♥❝❡ t❤✐s ♣❛r❛♠❡t❡r ❛✛❡❝ts

t❤❡ ❡✣❝❛❝② ♦❢ ❛♥② ♥✉♠❜❡r ♦❢ ❤❡❛❧t❤ ✐♥t❡r✈❡♥t✐♦♥s ❝✉rr❡♥t❧② ❜❡✐♥❣ ♣✉rs✉❡❞ ✐♥

t❤❡ ❞❡✈❡❧♦♣✐♥❣ ✇♦r❧❞✱ ❤❛✈✐♥❣ ❛ ❣♦♦❞ ✐❞❡❛ ♦❢ t❤❡ ✈❛❧✉❡ ♦❢ t❤✐s ❡❧❛st✐❝✐t② s❤♦✉❧❞

❜❡ ♦❢ ✉t♠♦st ✐♠♣♦rt❛♥❝❡ t♦ ♣♦❧✐❝② ♠❛❦❡rs✳

❋✐♥❛❧❧②✱ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ✐♥❞✉❝❡❞ ✐♥♥♦✈❛t✐♦♥ ❢♦r t❤❡ ❞②♥❛♠✐❝s ❛r♦✉♥❞ t❤❡

▼❛❧t❤✉s✐❛♥ st❡❛❞② st❛t❡ ❝♦✉❧❞ ❜❡ ❡①♣❧♦r❡❞✱ ❛s ✇❡❧❧ ❛s ✐ts ❡✛❡❝t ♦❢ t❤❡ tr❛♥s✐t✐♦♥

❢r♦♠ t❤✐s st❡❛❞② st❛t❡ t♦ ♠♦❞❡r♥ ❣r♦✇t❤✳

❆♣♣❡♥❞✐①✿ P❧❛❣✉❡ ❊♣✐❞❡♠✐❝s

▲✐st ♦❢ ♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝s ♦❢ t❤❡ ♣❧❛❣✉❡✳ ▲✐st ❝♦♠♣✐❧❡❞ ❜② ❇r✐❛♥ ❲✐❧❧✐❛♠s✱

✶✾✾✻✳

✶✸✹✽✲✶✸✹✾ ❚❤❡ ❇❧❛❝❦ ❉❡❛t❤✳

✶✸✻✶ P❡st✐s s❡❝✉♥❞❛ ♦r P❡st✐s ♣✉❡r♦r✉♠ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✵❪❀

❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✷✸❪✳

✶✸✻✾ P❡st✐s t❡rt✐❛ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✷✸❪✳

✸✼



✶✸✼✺ P❡st✐s q✉❛rt❛ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✷✸✱ ✶✸✺✲✶✸✻❪✳

✶✸✼✾✲✶✸✽✸ P❡st✐s q✉✐♥t❛❀ ✬■♥ ✶✸✼✾ t❤❡r❡ ✇❛s ❛ ❣r❡❛t ♣❧❛❣✉❡ ✐♥ t❤❡ ◆♦rt❤❡r♥

♣❛rts✳✳✳✉♥❞❡r t❤❡ ②❡❛r ✶✸✽✷✱ ❛ ✈❡r② ♣❡st✐❧❡♥t✐❛❧ ❢❡✈❡r ✐♥ ♠❛♥② ♣❛rts

♦❢ t❤❡ ❝♦✉♥tr②✬ ❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✷✶✽❪❀ ▲♦♥❞♦♥ ✇❛s ❛✤✐❝t❡❞ ✐♥

✶✸✽✷✱ ✇✐t❤ ❑❡♥t ❛♥❞ ♦t❤❡rs ♣❛rts ✐♥ ✶✸✽✸ ❬✷✶✾❪✳

✶✸✾✵✲✶✸✾✶ ❆ ♣r♦❧♦♥❣❡❞ ♦✉t❜r❡❛❦ t❤r♦✉❣❤ ✶✸✾✵✲✶✸✾✶ ✬❞❡s❝r✐❜❡❞ ♥♦t ✇✐t❤♦✉t

s♦♠❡ ❞❡t❛✐❧✬ ❬✶✿✷✶✾❪❀ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✶❪❀ ✬✧❛ ❣r❡t❡ ♣❡st✐❧❡♥❝❡

✐♥ ❊♥❣❧❛♥❞✧✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✸✼❪✳

✶✸✾✾✲✶✹✵✵ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✶❪✳

✶✹✵✺✲✶✹✵✻ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✶❪❀ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✹✶❪✳

✶✹✶✶✲✶✹✶✷ ✬❛♥♦t❤❡r ♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✶❪✳

✶✹✷✵✲✶✹✷✸ ◆♦r❢♦❧❦✱ ✬❜✉t t❤❡ ❘♦❧❧s ♦❢ P❛r❧✐❛♠❡♥t ❜❡❛r ✉♥❞♦✉❜t❡❞ ✇✐t♥❡ss t♦ ❛

✈❡r② s❡✈❡r❡ ♣r❡✈❛❧❡♥❝❡ ♦❢ ♣❧❛❣✉❡ ✐♥ t❤❡ ◆♦rt❤ ❛❜♦✉t t❤❡ s❛♠❡ t✐♠❡✬

❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✷✷✶❪❀ ✶✹✷✵ ❛♥❞ ✶✹✷✸ ❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳

✸✻❪❀ ✶✹✷✸ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✶❪✳

✶✹✷✻✲✶✹✷✾ ❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳ ✸✻❪❀ ✬❛ ▲♦♥❞♦♥ ✈✐s✐t❛t✐♦♥ ✐♥ ✶✹✷✻✱ ❛♥❞ ❛

♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝ ✐♥ ✶✹✷✽✲✷✾✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪✳

✶✹✸✸✲✶✹✸✺ ✬❍❡r❡ t❤❡♥✱ ❡❛r❧② ✐♥ ✶✹✸✹✱ ✐s t❤❡ ✜rst ❞✐st✐♥❝t s✉❣❣❡st✐♦♥ ✐♥ t❤❡ ♣❡✲

r✐♦❞ ✶✹✸✵✲✶✹✽✵ ♦❢ s♦♠❡t❤✐♥❣ ♠♦r❡ t❤❛t ❛ ❧♦❝❛❧ ♦r r❡❣✐♦♥❛❧ ❡♣✐❞❡♠✐❝✬

❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳ ✸✼❪❀ ✬❛ ♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝ t❤❛t ❧❛st❡❞ ❢r♦♠

✶✹✸✸ t♦ ✶✹✸✺✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪❀ ✶✹✸✸ ♦r ✶✹✸✹ ❬❙❤r❡✇s✲

❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✹✸❪✳

✶✹✸✽✲✶✹✸✾ ✬❛ ♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪❀ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮

♣❣✳ ✶✹✹❪✳

✶✹✹✼✲✶✹✺✹ ✬P❛rts ♦❢ ❊♥❣❧❛♥❞ ❡①♣❡r✐❡♥❝❡❞ ♣❧❛❣✉❡ ❡♣✐❞❡♠✐❝s ✐♥ ✶✶ ♦✉t ♦❢ t❤❡ ✶✽

②❡❛rs ❜❡t✇❡❡♥ ✶✹✹✷ ❛♥❞ ✶✹✺✾✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪❀ ✶✹✹✼✲✶✹✺✹

❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✹✺❪✳

✸✽



✶✹✻✸✲✶✹✻✺ ❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✷✷✾❪❀ ✬❋r♦♠ ✶✹✻✸ t♦ ✶✹✻✺✱ ❛♥♦t❤❡r s❡✈❡r❡

❡♣✐❞❡♠✐❝ ❤✐t t❤❡ ❡♥t✐r❡ ❦✐♥❣❞♦♠✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪❀ ✶✹✻✸

✬✧❛ ❣r❡❛t❡ ♣❡st✐❧❡♥❝❡✳✳✳❛❧❧ ❊♥❣❧❛♥❞ ♦✈❡r✬✧ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳

✶✹✻❪✳

✶✹✻✼ ✬■♥ ✶✹✻✼ ❛♥♦t❤❡r ❡♣✐❞❡♠✐❝ s✇❡♣t t❤r♦✉❣❤ ♣❛rts ♦❢ ❊♥❣❧❛♥❞✱ ❛♥❞

✇❛s ♣♦ss✐❜❧② ♥❛t✐♦♥❛❧ ✐♥ s❝♦♣❡✳ ■❢ t❤❡ ❘♦❧❧s ♦❢ P❛r❧✐❛♠❡♥t ❛r❡ t♦ ❜❡

❜❡❧✐❡✈❡❞✱ ✐t ✇❛s ✉♥q✉❡st✐♦♥❛❜❧② ❛♥ ❡♣✐❞❡♠✐❝ ♦❢ ♣❧❛❣✉❡✬ ❬●♦tt❢r✐❡❞

✭✶✾✼✽✮ ♣❣✳ ✹✷❪❀ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪✳

✶✹✼✶ ✬❡✈✐❞❡♥❝❡ ✐♥❞✐❝❛t❡s t❤❛t t❤✐s ❡♣✐❞❡♠✐❝ ✇❛s ♦♥❡ ♦❢ ♣❧❛❣✉❡✬ ❬●♦tt❢r✐❡❞

✭✶✾✼✽✮ ♣❣✳ ✹✹❪❀ ✬✐♥ ✶✹✼✶✱ ❛❧❧ ♦❢ ❊♥❣❧❛♥❞ ✇❛s ♦✈❡r✇❤❡❧♠❡❞✬ ❬●♦t✲

t❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✷❪✳

✶✹✼✾✲✶✹✽✵ ✬❚❤✐s ②❡❛r ❬✶✹✼✾❪ s❛✇ ❣r❡❛t ♠♦rt❛❧✐t② ❛♥❞ ❞❡❛t❤ ✐♥ ▲♦♥❞♦♥ ❛♥❞

♠❛♥② ♦t❤❡r ♣❛rts ♦❢ t❤✐s r❡❛❧♠✬ ❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✷✸✶✲✷✸✷❪✱

✬t❤❡ ❣r❡❛t ❡♣✐❞❡♠✐❝ ♦❢ ✶✹✼✾ ✐♥ ▲♦♥❞♦♥ ❛♥❞ ❡❧s❡✇❤❡r❡✬ ❬✷✽✻❪❀ ✬❚❤❡

♠♦st ✈✐r✉❧❡♥t ❡♣✐❞❡♠✐❝ ♦❢ t❤❡ ✜❢t❡❡♥t❤ ❝❡♥t✉r② ✇❛s t❤❡ ♣❧❛❣✉❡ ♦❢

✶✹✼✾✲✶✹✽✵✬ ❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳ ✶✹❪❀ ✬❋r♦♠ ❛✉t✉♠♥ t♦ ❛✉t✉♠♥✱ ❛

❝♦♠❜✐♥❡❞ ❡♣✐❞❡♠✐❝ ♦❢ ❜✉❜♦♥✐❝ ❛♥❞ ♣♥❡✉♠♦♥✐❝ ♣❧❛❣✉❡ ❞❡✈❛st❛t❡❞

❛❧❧ ♦❢ ❇r✐t❛✐♥✬ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✸✸❪✳

✶✹✾✾✲✶✺✵✵ ✬t❤❡ ❣r❡❛t ❡♣✐❞❡♠✐❝ ♦❢ ✶✹✾✾✲✶✺✵✵✱ ✐♥ ▲♦♥❞♦♥ ❛♥❞ ❛♣♣❛r❡♥t❧② ❛❧s♦

✐♥ t❤❡ ❝♦✉♥tr②✬ ❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✷✽✼❪❀ ❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳

✶✹❪❀ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✺✻❪❀ t❤❡ s✐①t❡❡♥t❤ ❝❡♥t✉r② ♦♣❡♥❡❞ ✇✐t❤

✬❛ ❣r❡❛t ♣❡st✐❧❡♥❝❡ t❤r♦✉❣❤♦✉t ❛❧❧ ❊♥❣❧❛♥❞✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳

✶✺✾❪✳

✶✺✵✾✲✶✺✶✵ ❬●♦tt❢r✐❡❞ ✭✶✾✼✽✮ ♣❣✳ ✶✺✻❪❀ ✶✺✵✾✱ ❛ ✬❣r❡❛t ♣❧❛❣✉❡✬ t❤❛t ❛✤✐❝t❡❞

✈❛r✐♦✉s ♣❛rts ♦❢ ❊♥❣❧❛♥❞ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✻✵❪✳

✶✺✶✻✲✶✺✶✼ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✺✻❪✳

✶✺✷✸ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✻✸❪✳

✶✺✷✼✲✶✺✸✵ ❬●♦tt❢r✐❡❞ ✭✶✾✽✸✮ ♣❣✳ ✶✺✻❪✳

✸✾



✶✺✸✷ ✬❚❤❡r❡ ✐s s✉♣♣♦rt✐♥❣ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ❞✐s❡❛s❡ ✇❛s ✇✐❞❡s♣r❡❛❞✬

❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✻✽❪✳

✶✺✹✹✲✶✺✹✻ ✶✺✹✹ ✬s❡✈❡r❛❧ s❝❛tt❡r❡❞✱ ❧♦❝❛❧✐③❡❞ ♦✉t❜r❡❛❦s ♦❢ ♣❧❛❣✉❡ ✐♥ ❊♥❣❧❛♥❞✬

❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✼✽❪✱ ✶✺✹✺ ♥♦rt❤✲❡❛st ❬♣❣✳ ✶✽✵❪✱ s♦✉t❤ ❝♦❛st

❬♣❣✳ ✶✽✶❪✱ ✶✺✹✻ ✇❡st✇❛r❞s ❬♣❣✳ ✶✽✷❪✳

✶✺✻✸ ✬♣r♦❜❛❜❧② t❤❡ ✇♦rst ♦❢ t❤❡ ❣r❡❛t ♠❡tr♦♣♦❧✐t❛♥ ❡♣✐❞❡♠✐❝s✬ ❬❙❤r❡✇s✲

❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✼✻❪✱ ✬❛♥❞ t❤❡♥ ❡①t❡♥❞❡❞ ❛s ❛ ♠❛❥♦r ♥❛t✐♦♥❛❧

♦✉t❜r❡❛❦ ♦❢ ✐t✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✶✽✾❪✳

✶✺✽✺✲✶✺✽✼ ✬❜✉❜♦♥✐❝ ♣❧❛❣✉❡ ✇❛s ❜✉s② ✐♥ ♥✉♠❡r♦✉s ♣❧❛❝❡s ✐♥ ❊♥❣❧❛♥❞ ✐♥ t❤❡

②❡❛rs ❢r♦♠ ✶✺✽✺ t♦ ✶✺✽✼ ✐♥❝❧✉s✐✈❡❧②✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✷✸✼❪✳

✶✺✾✸ t❤❡ ✬❣r❡❛t ♠❡tr♦♣♦❧✐t❛♥ ❛♥❞ ♥❛t✐♦♥❛❧ ❡♣✐❞❡♠✐❝ ♦❢ ✶✺✾✸✬ ❬❙❤r❡✇s❜✉r②

✭✶✾✼✵✮ ♣❣s✳ ✶✼✻✱ ✷✷✷❪✳

✶✻✵✸✲✶✻✵✹ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✷✻✹❪✳

✶✻✵✾✲✶✻✶✵ ✬❚❤❡ ♥❡①t t✇♦ ②❡❛rs✱ ✶✻✵✾ ❛♥❞ ✶✻✶✵✱ ✇✐t♥❡ss❡❞ s❡✈❡r❛❧ s❡✈❡r❡ ♦✉t✲

❜r❡❛❦s ♦❢ ❜✉❜♦♥✐❝ ♣❧❛❣✉❡ ✐♥ ❊♥❣❧✐s❤ t♦✇♥s✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳

✷✾✾❪✳

✶✻✷✺ ✬t❤❡ ❣r❡❛t ♦✉t❜✉rst ♦❢ ✶✻✷✺✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✸✶✸❪✳

✶✻✸✼ ✬✇✐❞❡❧② ❞✐str✐❜✉t❡❞ ✐♥ ✶✻✸✼ ❛♥❞ ❛ ♥✉♠❜❡r ♦❢ ♣❧❛❝❡s ❡①♣❡r✐❡♥❝❡❞

♠♦r❡ ♦r ❧❡ss s❡✈❡r❡ ✈✐s✐t❛t✐♦♥s ♦❢ ✐t✬ ❬❙❤r❡✇s❜✉r② ✭✶✾✼✵✮ ♣❣✳ ✸✽✾❪✳

✶✻✹✺ ✬❚❤❡ ②❡❛r ✶✻✹✺ ✇❛s ♦♥❡ ♦❢ s❡✈❡r❡ ♣❧❛❣✉❡ ✐♥ s❡✈❡r❛❧ t♦✇♥s ❛t t❤❡

s❛♠❡ t✐♠❡✬ ❬❈r❡✐❣❤t♦♥ ✭✶✾✻✺✮ ♣❣✳ ✺✺✼❪✳

✶✻✻✺ ❚❤❡ ●r❡❛t P❧❛❣✉❡✱ ❛✛❡❝t✐♥❣ ▲♦♥❞♦♥ ✐♥ t❤❡ ♠❛✐♥✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❆❝❡♠♦❣❧✉✱ ❉❛r♦♥✱ ❙✐♠♦♥ ❏♦❤♥s♦♥✱ ❛♥❞ ❏❛♠❡s ❘♦❜✐♥s♦♥✳ ✷✵✵✺✳

✏❚❤❡ ❘✐s❡ ♦❢ ❊✉r♦♣❡✿ ❆t❧❛♥t✐❝ ❚r❛❞❡✱ ■♥st✐t✉t✐♦♥❛❧ ❈❤❛♥❣❡✱ ❛♥❞

✹✵



❊❝♦♥♦♠✐❝ ●r♦✇t❤✱✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✈♦❧✳ ✾✺✭✸✮✱ ♣♣✳

✺✹✻✲✺✼✾✳

❬✷❪ ❆❣❤✐♦♥✱ P❤✐❧❧✐♣❡ ❛♥❞ P❡t❡r ❍♦✇✐tt✳ ✶✾✾✷✳ ✏❆ ▼♦❞❡❧ ♦❢ ●r♦✇t❤

t❤r♦✉❣❤ ❈r❡❛t✐✈❡ ❉❡str✉❝t✐♦♥✱✑ ❊❝♦♥♦♠❡tr✐❝❛✳ ❱♦❧✳ ✻✵✭✷✮✱ ♣♣✳

✸✷✸✲✸✺✶✳

❬✸❪ ❆❧❡①❡❡✈✱ ▼✐❝❤❛❡❧ ❛♥❞ ❘♦❜❡rt ❈♦♥r❛❞✳ ✷✵✵✾✳ ✧❚❤❡ ❊❧✉s✐✈❡ ❈✉rs❡

♦❢ ❖✐❧✱✧ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✳ ❱♦❧✳ ✾✶✭✸✮✱ ♣❛❣❡s

✺✽✻✲✺✾✽✳

❬✹❪ ❆rr♦✇✱ ❑❡♥♥❡t❤ ❏✳✱ ❍✳❇✳ ❈❤❡♥❡r②✱ ❇✳❙✳ ▼✐♥❤❛s✱ ❛♥❞ ❘✳▼✳ ❙♦❧♦✇✳

✶✾✻✶✳ ✏❈❛♣✐t❛❧✲❧❛❜♦r s✉❜st✐t✉t✐♦♥ ❛♥❞ ❡❝♦♥♦♠✐❝ ❡✣❝✐❡♥❝②✱✑ ❘❡✲

✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✳ ✹✸✱ ♣♣✳ ✷✷✺✲✷✺✵✳

❬✺❪ ❆s❤r❛❢✱ ◗✉❛♠r✉❧ ❛♥❞ ❖❞❡r ●❛❧♦r✳ ✷✵✶✶✳ ✏❉②♥❛♠✐❝s ❛♥❞ ❙t❛❣✲

♥❛t✐♦♥ ✐♥ t❤❡ ▼❛❧t❤✉s✐❛♥ ❊♣♦❝❤✱✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱

❢♦rt❤❝♦♠✐♥❣✳

❬✻❪ ❆s❤r❛❢✱ ◗✉❛♠r✉❧✱ ❆s❤❧❡② ▲❡st❡r✱ ❛♥❞ ❉❛✈✐❞ ◆✳ ❲❡✐❧✳ ✷✵✵✽✳ ✏❲❤❡♥

❞♦❡s ✐♠♣r♦✈✐♥❣ ❤❡❛❧t❤ r❛✐s❡ ●❉P❄✑ ◆❇❊❘ ▼❛❝r♦❡❝♦♥♦♠✐❝s ❆♥✲

♥✉❛❧ ✷✵✵✽✱ ❡❞s✳ ❉❛r♦♥ ❆❝❡♠♦❣❧✉✱ ❑❡♥♥❡t❤ ❘♦❣♦✛✱ ❛♥❞ ▼✐❝❤❛❡❧

❲♦♦❞❢♦r❞✳

❬✼❪ ❆s❤r❛❢✱ ◗✉❛♠r✉❧✱ ❉❛✈✐❞ ◆✳ ❲❡✐❧✱ ❛♥❞ ❏♦s❤✉❛ ❲✐❧❞❡✳ ✷✵✶✷✳ ✏❚❤❡

❊✛❡❝t ♦❢ ■♥t❡r✈❡♥t✐♦♥s t♦ ❘❡❞✉❝❡ ❋❡rt✐❧✐t② ♦♥ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✳✑

❲♦r❦✐♥❣ P❛♣❡r✳

❬✽❪ ❇♦s❡r✉♣✱ ❊st❡r✳ ✶✾✻✺✳ ❚❤❡ ❈♦♥❞✐t✐♦♥s ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ●r♦✇t❤✿

❚❤❡ ❊❝♦♥♦♠✐❝s ♦❢ ❆❣r❛r✐❛♥ ❈❤❛♥❣❡ ✉♥❞❡r P♦♣✉❧❛t✐♦♥ Pr❡ss✉r❡✳

◆❡✇ ❨♦r❦✿ ❆❧❞✐♥❡✳

❬✾❪ ❇r♦✇♥✱ ▲❡st❡r✳ ✷✵✵✹✳ ❖✉t❣r♦✇✐♥❣ t❤❡ ❊❛rt❤✱ ◆❡✇ ❨♦r❦✿ ❲✳ ❲✳

◆♦rt♦♥ ✫ ❈♦♠♣❛♥②✳ ✸✷

❬✶✵❪ ❈❛♠♣❜❡❧❧✱ ❇r✉❝❡ ▼✳ ❙✳ ✷✵✵✵✳ ❊♥❣❧✐s❤ ❙❡✐❣♥✐♦r✐❛❧ ❆❣r✐❝✉❧t✉r❡✱

✶✷✺✵✲✶✹✺✵✱ ◆❡✇ ❨♦r❦✿ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✳
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❬✶✶❪ ❈❛s❡❧❧✐✱ ❋r❛♥❝❡s❝♦✱ ❛♥❞ ❏❛♠❡s ❋❡②r❡r✳ ✷✵✵✼✳ ✏❚❤❡ ▼❛r❣✐♥❛❧ Pr♦❞✲

✉❝t ♦❢ ❈❛♣✐t❛❧✳✑ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✷✭✷✮✿

✺✸✺✲✺✻✽✳

❬✶✷❪ ❈❤❛✈❛s✱ ❏❡❛♥✲P❛✉❧ ❛♥❞ ❉❛♥✐❡❧ ❲✳ ❇r♦♠❧❡② ✏▼♦❞❡❧✐♥❣ P♦♣✉❧❛t✐♦♥

❛♥❞ ❘❡s♦✉r❝❡ ❙❝❛r❝✐t② ✐♥ ❋♦✉rt❡❡♥t❤✲❝❡♥t✉r② ❊♥❣❧❛♥❞✑ ❏♦✉r♥❛❧ ♦❢

❆❣r✐❝✉❧t✉r❛❧ ❊❝♦♥♦♠✐❝s✱ ❱♦❧✳ ✺✻✱ ◆♦✳ ✷✱ ✷✵✵✺✱ ✷✶✼✲✷✸✼

❬✶✸❪ ❈❧❛r❦✱ ●r❡❣♦r②✳ ✷✵✵✶✳ ✏▼✐❝r♦❜❡s ❛♥❞ ▼❛r❦❡ts✿ ❲❛s t❤❡ ❇❧❛❝❦

❉❡❛t❤ ❛♥❞ ❊❝♦♥♦♠✐❝ ❘❡✈♦❧✉t✐♦♥❄✑ ❲♦r❦✐♥❣ ♣❛♣❡r✳

❬✶✹❪ ❈❧❛r❦✱ ●r❡❣♦r②✳ ✷✵✵✷✳ ✏❋❛r♠❧❛♥❞ ❘❡♥t❛❧ ❱❛❧✉❡s ❛♥❞ ❆❣r❛r✐❛♥ ❍✐s✲

t♦r②✿ ❊♥❣❧❛♥❞ ❛♥❞ ❲❛❧❡s✱ ✶✺✵✵✲✶✾✶✷✑ ❊✉r♦♣❡❛♥ ❘❡✈✐❡✇ ♦❢ ❊❝♦✲

♥♦♠✐❝ ❍✐st♦r②✱ ✻✭✸✮✿ ✷✽✶✲✸✵✾✳

❬✶✺❪ ❈❧❛r❦✱ ●r❡❣♦r②✳ ✷✵✵✼❛✳ ❆ ❋❛r❡✇❡❧❧ t♦ ❆❧♠s✳ Pr✐♥❝❡t♦♥✿ Pr✐♥❝❡t♦♥

❯♥✐✈❡rs✐t② Pr❡ss✳

❬✶✻❪ ❈❧❛r❦✱ ●r❡❣♦r②✳ ✷✵✵✼❜✳ ✏❚❤❡ ▲♦♥❣ ▼❛r❝❤ ♦❢ ❍✐st♦r②✿ ❋❛r♠❲❛❣❡s✱

P♦♣✉❧❛t✐♦♥ ❛♥❞ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✱ ❊♥❣❧❛♥❞ ✶✷✵✾✲✶✽✻✾✑ ❊❝♦✲

♥♦♠✐❝ ❍✐st♦r② ❘❡✈✐❡✇✱ ✻✵✭✶✮✿ ✾✼✲✶✸✻✳

❬✶✼❪ ❈r❡✐❣❤t♦♥✱ ❈❤❛r❧❡s✳ ✶✾✻✺✳ ❆ ❍✐st♦r② ♦❢ ❊♣✐❞❡♠✐❝s ✐♥ ❇r✐t❛✐♥ ❱♦❧

■✿ ❋r♦♠ ❆❉ ✻✻✹ t♦ t❤❡ ●r❡❛t P❧❛❣✉❡ ✷❡ ✇✐t❤ ❛❞❞✐t✐♦♥❛❧ ♠❛t❡r✐❛❧

❜② ❉❊❈ ❊✈❡rs❧❡②✱ ❊❆ ❯♥❞❡r✇♦♦❞✱ ❛♥❞ ▲ ❖✈❡♥❛❧❧✳ ▲♦♥❞♦♥✿ ❋r❛♥❦

❈❛ss✳

❬✶✽❪ ❉✐❛♠♦♥❞✱ ❏❛r❡❞✳ ✶✾✾✼✳ ●✉♥s✱ ●❡r♠s✱ ❛♥❞ ❙t❡❡❧✿ ❚❤❡ ❋❛t❡s ♦❢

❍✉♠❛♥ ❙♦❝✐❡t✐❡s✳ ◆❡✇ ❨♦r❦✿ ❲✳❲✳ ◆♦rt♦♥ ✫ ❈♦✳

❬✶✾❪ ❉♦❡♣❦❡✱ ▼❛tt❤✐❛s✳ ✷✵✵✹✳ ✧❆❝❝♦✉♥t✐♥❣ ❢♦r ❋❡rt✐❧✐t② ❉❡❝❧✐♥❡ ❉✉r✐♥❣

t❤❡ ❚r❛♥s✐t✐♦♥ t♦ ●r♦✇t❤✱✧ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ●r♦✇t❤ ❱♦❧✳

✾✭✸✮✿ ✸✹✼✲✸✽✸✳

❬✷✵❪ ❊❤r❧✐❝❤✱ P❛✉❧✳ ✶✾✻✽✳ ❚❤❡ P♦♣✉❧❛t✐♦♥ ❇♦♠❜✳ ◆❡✇ ❨♦r❦✿ ❇❛❧❧❛♥t✐♥❡

❇♦♦❦s✳
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❬✷✸❪ ●❛❧♦r✱ ❖❞❡❞ ❱❛❧♦r✳ ✷✵✵✺✳ ✧❚❤❡ ❉❡♠♦❣r❛♣❤✐❝ ❚r❛♥s✐t✐♦♥ ❛♥❞ t❤❡

❊♠❡r❣❡♥❝❡ ♦❢ ❙✉st❛✐♥❡❞ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✱✧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❊✉✲

r♦♣❡❛♥ ❊❝♦♥♦♠✐❝ ❆ss♦❝✐❛t✐♦♥✳ ❱♦❧✳ ✸✭✷✲✸✮✱ ♣❛❣❡s ✹✾✹✲✺✵✹✳ ❱❛❧♦r✳

❬✷✹❪ ●❛❧♦r✱ ❖❞❡❞ ❛♥❞ ❖♠❡r ▼♦❛✈✳ ✷✵✵✷✳ ✧◆❛t✉r❛❧ ❙❡❧❡❝t✐♦♥ ❆♥❞ ❚❤❡

❖r✐❣✐♥ ❖❢ ❊❝♦♥♦♠✐❝ ●r♦✇t❤✱✧ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦✲

♥♦♠✐❝s✳ ❱♦❧✳ ✶✶✼✭✹✮✱ ♣❛❣❡s ✶✶✸✸✲✶✶✾✶✳

❬✷✺❪ ●❛❧♦r✱ ❖❞❡❞ ❛♥❞ ❉❛✈✐❞ ◆✳ ❲❡✐❧✳ ✶✾✾✾✳ ✧❋r♦♠ ▼❛❧t❤✉s✐❛♥ ❙t❛❣♥❛✲

t✐♦♥ t♦ ▼♦❞❡r♥ ●r♦✇t❤✱✧ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✳ ❱♦❧✳ ✽✾✭✷✮✱

♣❛❣❡s ✶✺✵✲✶✺✹✳

❬✷✻❪ ●❛❧♦r✱ ❖❞❡❞✱ ❛♥❞ ❉❛✈✐❞ ◆✳ ❲❡✐❧✳ ✷✵✵✵✳ ✏P♦♣✉❧❛t✐♦♥✱ ❚❡❝❤♥♦❧♦❣②✱

❛♥❞ ●r♦✇t❤✿ ❋r♦♠ ▼❛❧t❤✉s✐❛♥ ❙t❛❣♥❛t✐♦♥ t♦ t❤❡ ❉❡♠♦❣r❛♣❤✐❝

❚r❛♥s✐t✐♦♥ ❛♥❞ ❇❡②♦♥❞✑ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✈♦❧✳ ✾✵✭✹✮✱

♣❛❣❡s ✽✵✻✲✽✷✽✳

❬✷✼❪ ●♦tt❢r✐❡❞✱ ❘♦❜❡rt ❙✳ ✶✾✼✽✳ ❊♣✐❞❡♠✐❝ ❉✐s❡❛s❡ ✐♥ ❋✐❢t❡❡♥t❤ ❈❡♥✲

t✉r② ❊♥❣❧❛♥❞✿ ❚❤❡ ▼❡❞✐❝❛❧ ❘❡s♣♦♥s❡ ❛♥❞ t❤❡ ❉❡♠♦❣r❛♣❤✐❝ ❈♦♥✲

s❡q✉❡♥❝❡s ▲❡✐❝❡st❡r✿ ▲❡✐❝❡st❡r ❯♥✐✈❡rs✐t② Pr❡ss✳

❬✷✽❪ ●♦tt❢r✐❡❞✱ ❘♦❜❡rt ❙✳ ✶✾✽✸✳ ❚❤❡ ❇❧❛❝❦ ❉❡❛t❤✿ ◆❛t✉r❛❧ ❛♥❞ ❍✉♠❛♥

❉✐s❛st❡r ✐♥ ▼❡❞✐❡✈❛❧ ❊✉r♦♣❡✳ ▲♦♥❞♦♥✿ ❘♦❜❡rt ❍❛❧❡✳
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❬✸✸❪ ❍❛②❛♠✐✱ ❨✉❥✐r♦ ❛♥❞ ❱❡r♥♦♥ ❲✳ ❘✉tt❛♥✳ ✶✾✽✺✳ ❆❣r✐❝✉❧t✉r❛❧ ❉❡✈❡❧✲

♦♣♠❡♥t✿ ❆♥ ■♥t❡r♥❛t✐♦♥❛❧ P❡rs♣❡❝t✐✈❡✳ ❇❛❧t✐♠♦r❡✿ ❏♦❤♥s ❍♦♣❦✐♥s
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Figure 1:  Land Rents, Wages, and Capital Rental Rates -- England 1200-1750
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Figure 2:  Land Rents over Wages and Population in England, 1200 - 1750
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(1) (2) (3) (4) (5) (6)

Method OLS OLS 2SLS 2SLS 2SLS 2SLS

Instrument Plagues 100 Plague Current Plagues 100 Plague Current

Dep. Var. ln(r/w) ln(r/w) ln(r/w) ln(r/w) ln(r/w) ln(r/w)

ln(Pop) 1.392*** 1.438*** 1.587*** 1.464*** 1.443*** 1.438***

-0.0778 -0.094 -0.172 -0.133 -0.0758 -0.115

Year -0.000290 -0.000293 -0.000290

(0.000254) (0.000202) (0.000223)

Obs. 55 55 55 55 55 55

R-squared 0.834 0.848 0.858 0.858

Implied σ 0.718*** 0.695*** 0.630*** 0.683*** 0.693*** 0.695***

(0.040) (0.045) (0.068) (0.062) (0.036) (0.056)

1st Stage F-

test

18.34 22.04 126.29 33.2

Table 1: Results with Hicks-Neutral Technology

*** p<0.01, ** p<0.05, * p<0.1.  Standard errors in parentheses.  OLS regressions use Newey-West errors with one 

lag.  The significance levels on ln(Pop), Δln(Pop), and Implied σ test whether the coefficient is different from one.  
All other significance levels test whether they are different from zero.  
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(1) (2) (3) (4) (5)

Method OLS 2SLS 2SLS OLS 2SLS

Instrument Plagues 100 Plague Current ΔPlagues 100

Dep. Var. ln(r/w) ln(r/w) ln(r/w) Δln(r/w) Δln(r/w)

ln(Pop) 1.501*** 1.685*** 1.572*** Δln(Pop) 0.753 1.92

(0.103) (0.115) (0.139) (0.359) (1.220)

Year 0.00244 0.00508*** 0.00567*** Const 0.0248 0.0329

(0.00147) (0.00183) (0.00179) (0.0448) (0.1230)

ΣPop -0.00763* -0.0152*** -0.0166*** Pop -0.00751 -0.0131

(0.00403) (0.00523) (0.00514) (0.00987) (0.02970)

Obs 55 55 55 54 54

Implied σ 0.666*** 0.594*** 0.636*** 1.327 0.521

(0.046) (0.040) (0.056) (0.632) (0.331)

Implied γ -0.163%* -0.302%*** -0.361%*** -0.329% -0.171%

(0.096) (0.097) (0.104) (0.615) (0.639)

Implied θ 0.051%* 0.090%*** 0.106%*** 0.100% 0.068%

(0.003) (0.003) (0.029) (0.132) (0.152)

1st Stage 82.94 16.7 1.04

F-tests 66.47 36.7 75.35

*** p<0.01, ** p<0.05, * p<0.1.  Standard errors in parentheses.  OLS regressions use Newey-West 

errors with one lag.  The significance levels on ln(Pop), Δln(Pop), and Implied σ test whether the 
coefficient is different from one.  All other significance levels test whether they are different from zero.

Since two instruments are used in the 2SLS regressions, the two 1st stage F-test values report the joint

significance of the two instruments in each of the two 1st stage regressions.

Levels Differences

Table 2: Results with Biased Technology Change
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(1) (2) (3) (4) (5) (6) (7) (8) (9)

Method OLS 2SLS 2SLS OLS 2SLS 2SLS OLS 2SLS 2SLS

Instrument Plagues 100 Plague Cur. Plagues 100 Plague Cur. Plagues 100 Plague Cur.

Dep. Var ln( r ) ln( r ) ln( r ) ln( r ) ln( r ) ln( r ) ln( r ) ln( r ) ln( r )

ln(Pop) 1.649*** 1.573*** 1.539* 1.272 1.239 1.064 1.715*** 2.332*** 1.829**

(0.269) (0.303) (0.458) (0.245) (0.311) (0.427) (0.242) (0.480) (0.608)

ln(wage) 1.312*** 1.215*** 1.173* 1.445*** 1.414*** 1.249** 1.716*** 2.194*** 1.742***

(0.418) (0.441) (0.625) (0.304) (0.362) (0.464) (0.264) (0.398) (0.540)

ln(cap. Rent) 0.710*** 0.721*** 0.779*** 0.452** 0.167 0.353

(0.178) (0.183) (0.220) (0.210) (0.279) (0.312)

Year -0.000508 -0.000434 -0.000401 0.000907* 0.000956* 0.001210 0.00394** 0.00568** 0.00581***

(0.000416) (0.000399) (0.000556) (0.000471) (0.000547) (0.000737) (0.00158) (0.00230) (0.00200)

ΣPop -0.0104** -0.0179** -0.0162**

(0.0047) (0.0079) (0.0072)

Obs. 55 55 55 41 41 41 41 41 41

R-squared 0.726 0.726 0.745 0.745 0.739 0.768 0.745 0.758

Implied σ 0.606*** 0.636*** 0.650* 0.786 0.807 0.939 0.583*** 0.429*** 0.547**

(0.099) (0.123) (0.193) (0.152) (0.203) (0.377) (0.082) (0.088) (0.182)

Implied γ -0.230%** -.244%*** -0.318%***

(0.088520) (0.073880) (0.105220)

Implied θ 0.061%** 0.077%*** 0.088%***

(0.024) (0.023) (0.025)

1st Stage 99.49 11.76 163.99 14.93 98.01 8.2

F-tests 247.68 60.78

Table 3:  Robustness

*** p<0.01, ** p<0.05, * p<0.1.  Standard errors in parentheses.  OLS regressions use Newey-West errors with one lag.  The significance levels on 

ln(Pop), Δln(Pop), and Implied σ test whether the coefficient is different from one.  All other significance levels test whether they are different from zero.   
When two instruments are used in the 2SLS regressions, the two 1st stage F-test values report the joint significance of the two instruments in each of the 

two 1st stage regressions.
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Figure 5:  Partial Correlation Residual Plot --

Ln(Land Rent/Wages) on Ln(Population)
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Figure 8:  Technology Shocks in Simple Malthusian Model
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Figure 9:  Wages in Simple Malthusian Model

EOS 2

EOS 1

EOS 0.5

✻✵



0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

-5 0 5 10 15 20 25 30 35 40 45 50

R
e

la
ti

v
e

 t
o

 N
o

 S
h

o
ck

Periods Since Shock

Figure 10:  Population in Simple Malthusian Model
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Figure 11:  Effect of 0.1% Reduction in Population on Wages
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0.5 1 2 3 5

0.1 -9.1% -6.7% -5.8% -5.5% -5.3%

0.2 -16.7% -12.9% -11.4% -10.9% -10.5%

0.3 -23.1% -18.8% -16.8% -16.2% -15.7%

0.4 -28.6% -24.2% -22.1% -21.4% -20.8%

0.5 -33.3% -29.3% -27.1% -26.4% -25.9%

Elasticity of Substitution

Table 4: Change in Income Per Capita if Population Were Doubled

Current 

Natural 

Resource 

Share in 

Income
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Figure 12: Ashraf, Weil, and Wilde

Effect of Decrease in TFR of 1.00 on Income per Capita
Land Share of Income = 30%

No Labor Force Participation or Schooling Effects
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Figure 13:  Ashraf, Lester, and Weil (2008)

Effect of Health Intervention on Income per Capita
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