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❘❡✈✐s✐t✐♥❣ t❤❡ tr❛❞❡ ❡✛❡❝ts ♦❢ s❡r✈✐❝❡s ❛❣r❡❡♠❡♥ts

❆♥✐r✉❞❤ ❙❤✐♥❣❛❧∗

✷✾ ❙❡♣t❡♠❜❡r ✷✵✶✸

❆❜str❛❝t

❚❤❡ ♣r♦❧✐❢❡r❛t✐♦♥ ♦❢ s❡r✈✐❝❡s tr❛❞❡ ❛❣r❡❡♠❡♥ts ❛♥❞ ✐♠♣r♦✈❡❞ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❞❛t❛ ♦♥

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

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

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

t❤❡ ❖❊❈❉ ❛♥❞ ❜❛s❡❞ ♦♥ r❡❝❡♥t ❞❡✈❡❧♦♣♠❡♥ts ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ❣r❛✈✐t②

♠♦❞❡❧s✳ ❖✉r r❡s✉❧ts s✉❣❣❡st ❛ s❡r✈✐❝❡s tr❛❞❡ ❡✛❡❝t ♦❢ ✶✸✳✼✪ ❛t t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✱ ✇✐t❤

s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r ❡st✐♠❛t❡s ❢♦r ✐♥tr❛✲❊❯ tr❛❞❡✳ ❍♦✇❡✈❡r✱ t❤❡ tr❛❞❡ ❡✛❡❝t ❜❡❝♦♠❡s

✇❡❛❦❧② s✐❣♥✐✜❝❛♥t ✇❤❡♥ t❤❡ ❡st✐♠❛t✐♦♥ ✐♥❝❧✉❞❡s ③❡r♦ tr❛❞❡ ✢♦✇s✳ ■♥❝♦r♣♦r❛t✐♦♥ ♦❢

❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts ✐♥ t❤❡ ❛♥❛❧②s❡s ❛❝❝❡♥t✉❛t❡s t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t s✐❣♥✐✜❝❛♥t❧②

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

❏❊▲ ❝❧❛ss✐✜❝❛t✐♦♥✿ ❋✶✵✱ ❋✶✸✱ ❋✶✺

❑❡② ✇♦r❞s✿ ❙❡r✈✐❝❡s tr❛❞❡✱ P❚❆s✱ ❣r❛✈✐t② ♠♦❞❡❧✱ ❡♥❞♦❣❡♥❡✐t②✱ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts

∗❙❡♥✐♦r ❘❡s❡❛r❝❤ ❋❡❧❧♦✇✱ ❲❚■✱ ❯♥✐✈❡rs✐t② ♦❢ ❇❡r♥✳ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ❙✇✐ss ◆❈❈❘ ✐♥ ❚r❛❞❡ ❘❡❣✉✲
❧❛t✐♦♥ ❢♦r ✜♥❛♥❝✐❛❧ s✉♣♣♦rt ❛♥❞ ❙❡❜❛st✐❡♥ ▼✐r♦✉❞♦t ❢♦r ❣❡♥❡r♦✉s ✉s❡ ♦❢ t❤❡ ✉♣❞❛t❡❞ ❖❊❈❉ ❞❛t❛❜❛s❡ ✉s❡❞ ✐♥
t❤✐s ♣❛♣❡r✳ ❚❤✐s ♣❛♣❡r ✇❛s ♣r❡s❡♥t❡❞ ❛t t❤❡ ✷✵✶✸ ❲♦r❧❞ ❚r❛❞❡ ❋♦r✉♠ ✐♥ ❇❡r♥✳ ❆❞❞r❡ss ❢♦r ❝♦rr❡s♣♦♥❞❡♥❝❡✿
❲♦r❧❞ ❚r❛❞❡ ■♥st✐t✉t❡✱ ❍❛❧❧❡rstr❛ss❡ ✻✱ ❈❍ ✲ ✸✵✶✷✱ ❇❡r♥✳ ❚❡❧✿ ✰✹✶✲✸✶✲✻✸✶✸✷✼✵❀ ❋❛①✿ ✰✹✶✲✸✶✲✻✸✶✸✻✸✵❀ ❊♠❛✐❧✿
❛♥✐r✉❞❤✳s❤✐♥❣❛❧❅✇t✐✳♦r❣✳



✶ ■♥tr♦❞✉❝t✐♦♥

❖♥❡ ♦❢ t❤❡ str✐❦✐♥❣ ❢❡❛t✉r❡s ♦❢ tr❛❞❡ ❞✐♣❧♦♠❛❝② ✐♥ r❡❝❡♥t ②❡❛rs ❤❛s ❜❡❡♥ t❤❡ ♣❛❝❡ ♦❢ ♣r❡❢❡r✲

❡♥t✐❛❧ ❣♦♦❞s tr❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ r✉❧❡✲♠❛❦✐♥❣✳ ▼♦r❡ r❡❝❡♥t❧②✱ ❛ s✐♠✐❧❛r tr❡♥❞ ✐s ♦❜s❡r✈❡❞

r❡❣❛r❞✐♥❣ s❡r✈✐❝❡s tr❛❞❡✳ ❖❢ t❤❡ ✽✸ ♣r❡❢❡r❡♥t✐❛❧ tr❛❞❡ ❛❣r❡❡♠❡♥ts ✭P❚❆s✮ ♥♦t✐✜❡❞ t♦ t❤❡

❲♦r❧❞ ❚r❛❞❡ ❖r❣❛♥✐③❛t✐♦♥ ✭❲❚❖✮ ❛♥❞ ✐♥ ❢♦r❝❡ ♣r✐♦r t♦ t❤❡ ②❡❛r ✷✵✵✵✱ ✼✸ ✭✽✼✳✾✪✮ ❢❡❛t✉r❡❞

♣r♦✈✐s✐♦♥s ❞❡❛❧✐♥❣ ❡①❝❧✉s✐✈❡❧② ✇✐t❤ tr❛❞❡ ✐♥ ❣♦♦❞s✳ ❙✐♥❝❡ t❤❡♥✱ ❛♥♦t❤❡r ✶✼✻ P❚❆s ✇❡♥t ✐♥t♦

❢♦r❝❡ ♦❢ ✇❤✐❝❤ ✶✵✺ ✭✺✾✳✼✪✮ ❛❧s♦ ✐♥❝❧✉❞❡ ♣r♦✈✐s✐♦♥s ♦♥ s❡r✈✐❝❡s tr❛❞❡✶✳ ❚❤✐s ❞❡✈❡❧♦♣♠❡♥t ✐♥✲

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

t♦ ♣❧❛❝❡ s✉❝❤ tr❛❞❡ ♦♥ ❛ ✜r♠❡r ✐♥st✐t✉t✐♦♥❛❧ ❛♥❞ r✉❧❡✲♠❛❦✐♥❣ ❢♦♦t✐♥❣✱ ❛♥❞ t❤❡ ❛ttr❛❝t✐✈❡♥❡ss

♦❢ ❞♦✐♥❣ s♦ ♦♥ ❛♥ ❡①♣❡❞✐t❡❞ ❜❛s✐s ✈✐❛ ♣r❡❢❡r❡♥t✐❛❧ ♥❡❣♦t✐❛t✐♥❣ ♣❧❛t❢♦r♠s ✭❙❛✉✈é ❛♥❞ ❙❤✐♥❣❛❧✱

✷✵✶✶✮✳

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

t❤❡ ✐♠♣❛❝t ♦❢ P❚❆s ♦♥ tr❛❞❡ ❜❡t✇❡❡♥ ♣❛rt♥❡r ❝♦✉♥tr✐❡s✳ ▼♦st ♦❢ t❤✐s ✇♦r❦✱ ❤♦✇❡✈❡r✱ tr❛✲

❞✐t✐♦♥❛❧❧② ❧♦♦❦❡❞ ❛t tr❛❞❡ ✐♥ ♠❡r❝❤❛♥❞✐s❡ ❣♦♦❞s ♦♥❧②✳ ❆♥ ✐♠♣♦rt❛♥t r❡❛s♦♥ ❢♦r t❤✐s ✇❛s t❤❡

❧❛❝❦ ♦❢ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ❞❛t❛✳ ❚❤✐s ❧❛❝✉♥❛ ✇❛s✱ ❤♦✇❡✈❡r✱ ✜❧❧❡❞ ✇✐t❤

t❤❡ ♣✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❖❊❈❉✬s ❞❛t❛❜❛s❡ ♦♥ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡✷❀ s✐♥❝❡ ✐ts ♣✉❜❧✐❝❛t✐♦♥

●rü♥❢❡❧❞ ❛♥❞ ▼♦①♥❡s ✭✷✵✵✸✮✱ ▼✐r③❛ ❛♥❞ ◆✐❝♦❧❡tt✐ ✭✷✵✵✹✮✱❈❡❣❧♦✇s❦✐ ✭✷✵✵✻✮✱ ❑✐♠✉r❛ ❛♥❞ ▲❡❡

✭✷✵✵✻✮✱ ❑♦① ❛♥❞ ▲❡❥♦✉r ✭✷✵✵✻✮✱ ❲❛❧s❤ ✭✷✵✵✻✮✱ ▲❡♥♥♦♥ ✭✷✵✵✽✮✱ ❙❤✐♥❣❛❧ ✭✷✵✵✾✮✱ ▼❛r❝❤❡tt✐

✭✷✵✶✶✮ ❛♥❞ ❊❣❣❡r ❡t ❛❧✳ ✭✷✵✶✷✮ ❤❛✈❡ ✉s❡❞ t❤✐s ❞❛t❛s❡t t♦ ❡①❛♠✐♥❡ t❤❡ tr❛❞❡ ❡✛❡❝t ♦❢ s❡r✈✐❝❡s

❛❝❝♦r❞s ♦♥ ❛❣❣r❡❣❛t❡ ❛♥❞ ❞✐s❛❣❣r❡❣❛t❡❞ s❡r✈✐❝❡s tr❛❞❡ ✢♦✇s✳

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

t❤❡ ❝♦✉♥tr② s❛♠♣❧❡ ❛♥❞ t✐♠❡ ♣❡r✐♦❞✳ ❍♦✇❡✈❡r✱ ▼❛r❝❤❡tt✐ ✭✷✵✶✶✮ ✇❛s ❛❜❧❡ t♦ ❡①♣❧♦✐t ❛ ❧❛r❣❡r

❞❛t❛ s❡t ❝♦♠♣r✐s✐♥❣ ✸✵ ❖❊❈❉ ❡①♣♦rt❡rs ❛♥❞ ✺✺ ❖❊❈❉ ❛♥❞ ♥♦♥✲❖❊❈❉ ✐♠♣♦rt❡rs ♦✈❡r ✶✾✾✾✲

✷✵✵✻✳ ❊❣❣❡r ❡t✳❛❧✳ ✭✷✵✶✷✮✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❢♦❝✉ss❡❞ ♦♥ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ❛♠♦♥❣

✶✻ ❊✉r♦♣❡❛♥ ❖❊❈❉ ❝♦✉♥tr✐❡s ♦✈❡r ✶✾✾✾✲✷✵✵✻✳ ❚❤✐s ❧✐t❡r❛t✉r❡ ✐s ❛❧s♦ ❞✐✈❡rs❡ ✐♥ t❡r♠s ♦❢

t❤❡ ♠♦❞❡❧ s♣❡❝✐✜❝❛t✐♦♥s✱ ❡st✐♠❛t✐♦♥ ♠❡t❤♦❞♦❧♦❣✐❡s ✭❖▲❙✱ ■❱✱ ❋✐①❡❞ ❊✛❡❝ts✱ ❙❯❘✱ P♦✐ss♦♥

P▼▲✱ ❍❛✉s♠❛♥✲❚❛②❧♦r✱ ❙❋●◆▲❙✮ ❛♥❞ t❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ❡st✐♠❛t❡❞ tr❛❞❡ ❡✛❡❝ts✸✳ ❲❤✐❧❡

✶❆s ♦❢ ✶✺ ❆✉❣✉st ✷✵✶✸✱ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❙❚❆s ✐♥ ❢♦r❝❡ ✇❛s ✶✶✽✳ ❚❤❡s❡ ✐♥❝❧✉❞❡❞ t❤r❡❡ ❛❧❧✐❛♥❝❡s
✭▼❊❘❈❖❙❯❘✱ ❊❋❚❆ ❛♥❞ ❈❆❘■❈❖▼✮ ✇❤❡r❡ ❛♥ ❙❚❆ ✇❛s ♥❡❣♦t✐❛t❡❞ ❛❢t❡r ✷✵✵✵ ✐♥ ❛❞❞✐t✐♦♥ t♦ ❛ ♣r❡✲❡①✐st✐♥❣
tr❛❞❡ ❛❣r❡❡♠❡♥t ✐♥ ❣♦♦❞s✳

✷■♥ ✷✵✵✷✱ t❤❡ ❖❊❈❉ ❙❡❝r❡t❛r✐❛t ♣r❡s❡♥t❡❞ ❞❛t❛ ♦♥ t♦t❛❧ tr❛❞❡ ✐♥ s❡r✈✐❝❡s✱ ❜r♦❦❡♥ ❞♦✇♥ ❜② ♣❛rt♥❡r ❝♦✉♥tr②✱
❢♦r ✷✻ ❖❊❈❉ ♠❡♠❜❡r ❝♦✉♥tr✐❡s ♦✈❡r ✶✾✾✾✲✷✵✵✷✳ ❚❤✐s ❤❛s ♥♦✇ ❜❡❡♥ ❡①t❡♥❞❡❞ t♦ ❝♦✈❡r ✸✺ r❡♣♦rt✐♥❣ ❝♦✉♥tr✐❡s
❢r♦♠ t❤❡ ❖❊❈❉✱ ✷✸✽ ❖❊❈❉ ❛♥❞ ♥♦♥✲❖❊❈❉ ♣❛rt♥❡r ❝♦✉♥tr✐❡s ❛♥❞ ✶✷ ②❡❛rs ✭✶✾✾✾✲✷✵✶✵✮✳

✸❋♦r ✐♥st❛♥❝❡✱ ●rü♥❢❡❧❞ ❛♥❞ ▼♦①♥❡s ✭✷✵✵✸✮ ❛♥❞ ❲❛❧s❤ ✭✷✵✵✻✮ ❢♦✉♥❞ t❤❡ tr❛❞❡ ❡✛❡❝ts t♦ ❜❡ st❛t✐st✐❝❛❧❧②
✐♥s✐❣♥✐✜❝❛♥t ✇❤✐❧❡ ▲❡♥♥♦♥ ✭✷✵✵✽✮✱ ❙❤✐♥❣❛❧ ✭✷✵✵✾✮ ❛♥❞ ▼❛r❝❤❡tt✐ ✭✷✵✶✶✮ r❡♣♦rt❡❞ ❡st✐♠❛t❡s ♦❢ ❛r♦✉♥❞ ✶✺✪✳
❚❤❡ tr❛❞❡ ❡✛❡❝ts ✇❡r❡ ❤✐❣❤❡r ✐♥ ❈❡❣❧♦✇s❦✐✱ ✷✵✵✻ ✭✸✽✲✻✽✪✮✱ ❑✐♠✉r❛ ✫ ▲❡❡✱ ✷✵✵✻ ✭✷✹✳✺✪✮ ❛♥❞ ❑♦① ✫ ▲❡❥♦✉r✱
✷✵✵✻ ✭✸✵✲✻✷✪✮ t❤♦✉❣❤ t❤❡ ❧❛tt❡r ♦♥❧② st✉❞✐❡❞ t❤❡ ❊❯✶✺✳ ❊❣❣❡r ❡t✳❛❧✳ ✷✵✶✷ ✭✷✶✾✳✻✪✮ r❡♣♦rt❡❞ t❤❡ ❧❛r❣❡st
❡st✐♠❛t❡s ❜✉t t❤❡② ♦♥❧② ❝♦♥s✐❞❡r❡❞ s❡r✈✐❝❡s tr❛❞❡ ❛♠♦♥❣ ✶✻ ❊✉r♦♣❡❛♥ ❖❊❈❉ ❝♦✉♥tr✐❡s✳



❙❤✐♥❣❛❧ ✭✷✵✵✾✮ ✇❛s t❤❡ ✜rst ♣❛♣❡r ✐♥ t❤❡ s❡r✈✐❝❡s ❧✐t❡r❛t✉r❡ t♦ ❡♥❞♦❣❡♥✐③❡ ❙❚❆ ♠❡♠❜❡rs❤✐♣

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

❛❞❞r❡ss❡❞ t❤❡s❡ ✐ss✉❡s✳

■♥ t❤✐s ♣❛♣❡r✱ ✇❡ r❡✈✐s✐t t❤❡ tr❛❞❡ ❡✛❡❝ts ♦❢ s❡r✈✐❝❡s ❛❣r❡❡♠❡♥ts ✉s✐♥❣ t❤❡ ❖❊❈❉✬s ✉♣✲

❞❛t❡❞ ❞❛t❛❜❛s❡ ♦♥ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ✢♦✇s ✇✐t❤ ❣r❡❛t❡r ❝♦✉♥tr② ✭✸✺ ❡①♣♦rt❡rs ❛♥❞ ✷✸✽

✐♠♣♦rt❡rs✮ ❛♥❞ t✐♠❡ ❝♦✈❡r❛❣❡ ✭✶✾✾✾✲✷✵✶✵✮✳ ❖✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s❡s ❛r❡ ❜❛s❡❞ ♦♥ r❡❝❡♥t ❞❡✲

✈❡❧♦♣♠❡♥ts ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ❣r❛✈✐t② ♠♦❞❡❧s ✭❢♦r ✐♥st❛♥❝❡ s❡❡ ❍❡❛❞ ❛♥❞ ▼❛②❡r✱

✷✵✶✸✮✳ ■♥ ❛❞❞✐t✐♦♥ t♦ ❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ♣❤❛s✐♥❣✲✐♥ ♦❢ ❙❚❆s ❡♠♣✐r✐❝❛❧❧② ❛♥❞ tr❡❛t✐♥❣ ❙❚❆

♠❡♠❜❡rs❤✐♣ ❛s ❡♥❞♦❣❡♥♦✉s✱ ✇❡ ❛❧s♦ ❡①❛♠✐♥❡ tr❛❞❡ ❡✛❡❝ts ♦❢ ❙❚❆ ♠❡♠❜❡rs❤✐♣ ❛❧❧♦✇✐♥❣ ❢♦r

③❡r♦ tr❛❞❡ ✢♦✇s✳

❖✉r r❡s✉❧ts s✉❣❣❡st ❛ ✭✇❡❛❦❧② s✐❣♥✐✜❝❛♥t✮ tr❛❞❡ ❡✛❡❝t ♦❢ ✶✻✳✶✪ ❢r♦♠ ❤❛✈✐♥❣ ❛ s❡r✈✐❝❡s ❛❝❝♦r❞

✭✶✸✳✼✪ ❛t t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✮✳ ❚❤✐s ❡✛❡❝t r✐s❡s t♦ ✷✻✳✶✪ ❢♦r t❤❡ ✐♥tr❛✲❊❯ tr❛❞✐♥❣ ♣❛rt♥❡rs

✐♥ ♦✉r s❛♠♣❧❡✱ ✇✐t❤ t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ r❡s✉❧ts ♠✉❝❤ ❤✐❣❤❡r ❛t ✺✸✳✹✪✳ ❚❤❡ s❡r✈✐❝❡s tr❛❞❡

❡✛❡❝t ✐s ❛❧s♦ ❢♦✉♥❞ t♦ ❣❡t s✐❣♥✐✜❝❛♥t❧② ❛❝❝❡♥t✉❛t❡❞ ♦♥❝❡ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts ♦❢ ❛❝❝❡ss✐♦♥ ❛r❡

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

t❤❡ ♠❛①✐♠✉♠ ✐♠♣❛❝t ♦❢ ❛ s❡r✈✐❝❡s ❛❝❝♦r❞ ✐s ❢❡❧t t❤❡ ❢❛rt❤❡st ✐♥ t✐♠❡ ❢r♦♠ ❛❝t✉❛❧ ❛❝❝❡ss✐♦♥❀

t❤✉s s❡r✈✐❝❡s ❛❣r❡❡♠❡♥ts s❡❡♠ t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✏❛♥♥♦✉♥❝❡♠❡♥t ❡✛❡❝t✑ ❢♦r ✜r♠s ❛❧r❡❛❞②

❡♥❣❛❣❡❞ ✐♥ s❡r✈✐❝❡s tr❛❞❡✳

❚❤❡ r❡st ♦❢ t❤❡ ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✳ ■♥ t❤❡ ♥❡①t s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ t❤❡♦r❡t✐❝❛❧

❢r❛♠❡✇♦r❦ ✉♥❞❡r❧②✐♥❣ ♦✉r ❡♠♣✐r✐❝❛❧ str❛t❡❣② ✐♥ ❙❡❝t✐♦♥ ✸✳ ❙❡❝t✐♦♥ ✹ ❧♦♦❦s ❛t t❤❡ ❞❛t❛ ✇❤✐❧❡

❙❡❝t✐♦♥ ✺ ❞✐s❝✉ss❡s ❡st✐♠❛t✐♦♥ ✐ss✉❡s✳ ❙❡❝t✐♦♥ ✻ ❞✐s❝✉ss❡s t❤❡ r❡s✉❧ts ❛♥❞ ❙❡❝t✐♦♥ ✼ ❝♦♥❝❧✉❞❡s✳

✷ ❚❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦

❋♦❧❧♦✇✐♥❣ ❱❛♥ ❲✐♥❝♦♦♣ ❛♥❞ ❆♥❞❡rs♦♥ ✭✷✵✵✸✮ ❛♥❞ ❆♥❞❡rs♦♥ ❡t ❛❧✳ ✭✷✵✶✶✮✱ ♦✉r str✉❝t✉r❛❧

❣r❛✈✐t② ♠♦❞❡❧ ✐s ❛s ❢♦❧❧♦✇s✿

X ijt =
EjtYit

Yt

(

τijt
PjtΠit

)1−σ
..............................................................................................(1)

✇❤❡r❡ X ijt ✐s t❤❡ ✈❛❧✉❡ ♦❢ ♥♦♠✐♥❛❧ ❜✐❧❛t❡r❛❧ ❡①♣♦rts ♦❢ s❡r✈✐❝❡s ❜❡t✇❡❡♥ ♦r✐❣✐♥ i ❛♥❞ ❞❡st✐♥❛✲

t✐♦♥ j ❛t t✐♠❡ t✱ Ej ✐s t❤❡ ❡①♣❡♥❞✐t✉r❡ ♦♥ s❡r✈✐❝❡s ✐♥ t❤❡ ❞❡st✐♥❛t✐♦♥ ♠❛r❦❡t ❢r♦♠ ❛❧❧ ♦r✐❣✐♥s✱

Y i ✐s t❤❡ s❛❧❡ ♦❢ s❡r✈✐❝❡s ❛t ❞❡st✐♥❛t✐♦♥ ♣r✐❝❡s ❢r♦♠ i t♦ ❛❧❧ ❞❡st✐♥❛t✐♦♥s✱ Y ✐s ✇♦r❧❞ s❡r✈✐❝❡s

♦✉t♣✉t ❛t ❞❡❧✐✈❡r❡❞ ♣r✐❝❡s✱ τ ij ❛r❡ t❤❡ ❜✐❧❛t❡r❛❧ tr❛❞❡ ❝♦sts✱ σ ✐s t❤❡ ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉✲

t✐♦♥ ❛♠♦♥❣st s❡r✈✐❝❡s ❛♥❞ P j, Πi ❛r❡ t❤❡ ✭✐♥✇❛r❞ ❛♥❞ ♦✉t✇❛r❞✱ r❡s♣❡❝t✐✈❡❧②✮ ♠✉❧t✐❧❛t❡r❛❧

r❡s✐st❛♥❝❡ ✭▼❘✮ t❡r♠s ❛s ❞❡✜♥❡❞ ✐♥ t❤✐s ❧✐t❡r❛t✉r❡✳

✷



❚❤❡ ❜✐❧❛t❡r❛❧ tr❛❞❡ ❝♦sts ✐♥ τ ijt ❛r❡ t②♣✐❝❛❧❧② ♣r♦①✐❡❞ ❜② ❜✐❧❛t❡r❛❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❝❛♣✐t❛❧s

♦❢ t❤❡ t✇♦ ❝♦✉♥tr✐❡s ✭DIST ij)✱ ✐♥❝✐❞❡♥❝❡ ♦❢ ❛♥❞ ❤❡t❡r♦❣❡♥❡✐t② ❜❡t✇❡❡♥ ✭r❡str✐❝t✐✈❡✮ s❡r✈✐❝❡s

r❡❣✉❧❛t✐♦♥ (REGij)✱ ❛♥❞ ✐♥❞✐❝❛t♦rs ❢♦r ❝♦♠♠♦♥ ✐♥t❡r♥❛t✐♦♥❛❧ ❜♦r❞❡rs ✭BORDij)✱ ❧❛♥❣✉❛❣❡

✭LANGij)✱ ❝♦❧♦♥✐❛❧ ♦r✐❣✐♥s ✭COLij)✱ ❧❡❣❛❧ s②st❡♠s ✭LEGij) ❛♥❞ ♠❡♠❜❡rs❤✐♣ ♦❢ P❚❆s ✭✐♥

t❤❡ ❝♦♥t❡①t ♦❢ t❤✐s ♣❛♣❡r✱ s❡r✈✐❝❡s tr❛❞❡ ❛❣r❡❡♠❡♥ts ♦r STAijt)✳

❚❤❡s❡ ♣r♦①② ✈❛r✐❛❜❧❡s t②♣✐❝❛❧❧② ❡♥t❡r τ ijt ❛s ❢♦❧❧♦✇s✿

τ 1−σ
ijt = exp(β1lnDISTij + β2BORDij + β3LANGij + β4COLij + β5LEGij + β6lnREGij +

δSTAijt)...(2)

❙✉❜st✐t✉t✐♥❣ ✭✷✮ ✐♥t♦ ✭✶✮ ❛♥❞ ❛❞❞✐♥❣ ❛♥ ❡rr♦r t❡r♠✱ ②✐❡❧❞s t❤❡ ❢♦❧❧♦✇✐♥❣ ♠✉❧t✐♣❧✐❝❛t✐✈❡ ♠♦❞❡❧✿

X ijt = exp(Z
′

ijβ + δSTAijt + αit + γjt)εijt..................................................................(3)

✇❤❡r❡ Zij = (1,lnDIST ij,BORDij,✳✳✳✮ ✐s ❛ ✈❡❝t♦r ✇✐t❤ ❛ ❝♦♥st❛♥t ❛♥❞ ❛❧❧ ❜✐❧❛t❡r❛❧ tr❛❞❡

❝♦sts ❡①❝❡♣t STAijt, β ✐s t❤❡ ❝♦❡✣❝✐❡♥t ✈❡❝t♦r ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❡❧❡♠❡♥ts ✐♥ Zij ✇✐t❤

β0 = −lnYt ❛♥❞ εijt ✐s t❤❡ ❡rr♦r t❡r♠✳ ❋♦❧❧♦✇✐♥❣ ❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞ ✭✷✵✵✼✮✱ t❤❡ ❡①♣♦rt❡r✲

t✐♠❡ ✭αit) ❛♥❞ ✐♠♣♦rt❡r✲t✐♠❡ ✭γjt) ✜①❡❞ ❡✛❡❝ts ✐♥ ✭✸✮ ❛❝❝♦✉♥t ❢♦r t❤❡ t✐♠❡✲✈❛r②✐♥❣ ▼❘ t❡r♠s

✐♥ ❛ ♣❛♥❡❧ s❡tt✐♥❣✳

❍♦✇❡✈❡r✱ ✭✸✮ ❞♦❡s ♥♦t ❛❝❝♦✉♥t ❢♦r ❛ s✐❣♥✐✜❝❛♥t ❝❤❛r❛t❡r✐st✐❝ ♦❢ ♠♦st ❜✐❧❛t❡r❛❧ tr❛❞❡ ❞❛t❛ ✲

t❤❡ ❡①✐st❡♥❝❡ ♦❢ ✏❡①♣♦rt ③❡r♦❡s✑✹✳ ❚❤✐s ✐s ❡✈❡♥ ♠♦r❡ tr✉❡ ♦❢ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ❞❛t❛✱

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

❚❤✐s ❞✐❝❤♦t♦♠② ✐♥ ❜✐❧❛t❡r❛❧ ❡①♣♦rt ✢♦✇s ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❜② ❛♥ ✐♥❞✐❝❛t♦r ✈❛r✐❛❜❧❡ Ωij✇❤✐❝❤

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

✭f ij) ♦❢ ❡♥t❡r✐♥❣ j ❛♥❞ 0 ♦t❤❡r✇✐s❡✳ ❋♦r t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ✜r♠✱ Ωij = 1 ✐❢ pixij ≥ σfij✇❤❡r❡

p ❛r❡ t❤❡ ♠✐❧❧ ♣r✐❝❡s ❛♥❞ x ❞❡♥♦t❡s ✜r♠✲❧❡✈❡❧ s❤✐♣♠❡♥ts ✭❢♦r ✐♥st❛♥❝❡ s❡❡ ❊❣❣❡r ❡t ❛❧✳✱ ✷✵✶✶✮✳

❚❤✉s✱ ✭✸✮ ❝❛♥ ❜❡ ❛❞❥✉st❡❞ t♦ ✐♥❝❧✉❞❡ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ③❡r♦ ❡①♣♦rt ✢♦✇s ❛s ❢♦❧❧♦✇s✿

X ijt = Ωijexp(Z
′

ijβ + δSTAijt + αit + γjt)εijt........................................(4)

❋✐♥❛❧❧②✱ ✭✸✮ ❛♥❞ ✭✹✮ ❛ss✉♠❡ t❤❛t ❙❚❆ ♠❡♠❜❡rs❤✐♣ ✐s ❡①♦❣❡♥♦✉s✳ ❍♦✇❡✈❡r✱ ✐♥ ❛ s✐❣♥✐✜❝❛♥t

❞❡♣❛rt✉r❡ ❢r♦♠ ❡❛r❧✐❡r ✇♦r❦✱ r❡s❡❛r❝❤❡rs ✭▼❛❣❡❡✱ ✷✵✵✹❀ ❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞✱ ✷✵✵✷✱ ✷✵✵✹✱

✷✵✵✼❀ ❊❣❣❡r ❡t ❛❧✳✱ ✷✵✵✽✮ ❤❛✈❡ ❜❡❣✉♥ t♦ tr❡❛t P❚❆ ♠❡♠❜❡rs❤✐♣ ❛s ❡♥❞♦❣❡♥♦✉s ❜❛s❡❞ ♦♥ t❤❡

✐♥t✉✐t✐♦♥ t❤❛t ✐❢ t❤❡r❡ ✐s ❛ t❡♥❞❡♥❝② ❢♦r ❝♦✉♥tr✐❡s t♦ ✏s❡❧❢✲s❡❧❡❝t✺✑ t❤❡♠s❡❧✈❡s ✐♥t♦ ❛♥ ❛❝❝♦r❞✱

t❤❡♥ tr❡❛t✐♥❣ P❚❆ ♠❡♠❜❡rs❤✐♣ ❛s ❡①♦❣❡♥♦✉s ✇♦✉❧❞ ✉♥❞❡r✲❡st✐♠❛t❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡

✹❋♦r ✐♥st❛♥❝❡ s❡❡ ❍❡❧♣♠❛♥ ❡t ❛❧✳ ✭✷✵✵✽✮ ❛♥❞ ❇❛❧❞✇✐♥ ❛♥❞ ❍❛rr✐❣❛♥ ✭✷✵✶✶✮✳
✺✐✳❡✳ ❝♦✉♥tr✐❡s t❤❛t ❡♥t❡r ✐♥t♦ ❛♥ ❛❣r❡❡♠❡♥t ❛r❡ ❛❧r❡❛❞② t❤♦s❡ t❤❛t tr❛❞❡ s✐❣♥✐✜❝❛♥t❧② ✇✐t❤ ❡❛❝❤ ♦t❤❡r ❛♥❞

✈✐❝❡ ✈❡rs❛✳

✸



tr❛❞❡ ❡✛❡❝t✻✳ ❚❤✉s ♦♥❡ ❝❛♥ ❛❧❧♦✇ ❢♦r ♣♦ss✐❜❧❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ εijt ❛♥❞ t❤❡ ♣r♦♣❡♥s✐t② t♦

♥❡❣♦t✐❛t❡ ❛ ❙❚❆ ❡ss❡♥t✐❛❧❧② ♠❛❦✐♥❣ ❙❚❆ ♠❡♠❜❡rs❤✐♣ ❡♥❞♦❣❡♥♦✉s✳ ❋♦r ✐♥st❛♥❝❡✱ ❊❣❣❡r ❡t✳

❛❧✳ ✭✷✵✶✶✮ ❤❛✈❡ ♣r♦✈✐❞❡❞ ❛ r❡❞✉❝❡❞ ❢♦r♠ ❡st✐♠❛t✐♦♥ ♦❢ ❛ t❤❡♦r②✲❝♦♥s✐st❡♥t ❣r❛✈✐t② ♠♦❞❡❧ t❤❛t

❡♥❞♦❣❡♥✐③❡s t❤❡ ✐♠♣❛❝t ♦❢ P❚❆ ♠❡♠❜❡rs❤✐♣ ❛♥❞ ❛❧s♦ ❛❝❝♦✉♥ts ❢♦r tr❛❞❡ ❛t ❜♦t❤ ♠❛r❣✐♥s✳

✸ ❊♠♣✐r✐❝❛❧ ♠♦❞❡❧

✭✸✮ ✐s ❡st✐♠❛t❡❞ ❜② t❛❦✐♥❣ ❧♦❣s ♦♥ ❡✐t❤❡r s✐❞❡✿

lnX ijt ❂ µij✰ αit + γjt + ρt✰ δSTAijt✰ εijt.............................................................✭✺✮

✇❤❡r❡ ❛❧❧ t❤❡ ❞②❛❞✐❝ tr❛❞❡ ❝♦sts ✐♥ τ ij ❛r❡ ❝❛♣t✉r❡❞ ✐♥ t❤❡ ♣❛✐r✲✇✐s❡ ✜①❡❞ ❡✛❡❝ts µij✳ ❙✐❣♥✐✜✲

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

❛♥ ❡♥❞♦❣❡♥♦✉s tr❡❛t♠❡♥t ♦❢ t❤❡ ❙❚❆ ✈❛r✐❛❜❧❡ ✭❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞✱ ✷✵✵✼✮✳

❇❛✐❡r ✫ ❇❡r❣str❛♥❞ ✭✷✵✵✼✮ ❛❧s♦ ❛❝❝♦✉♥t❡❞ ❢♦r t❤❡ ♣❤❛s✐♥❣✲✐♥ ♦❢ P❚❆s ❜② ✐♥tr♦❞✉❝✐♥❣ t❤❡

❧❛❣❣❡❞ ❡✛❡❝ts ♦❢ P❚❆ ♦♥ tr❛❞❡✳ ●✐✈❡♥ t❤❛t ❡✈❡r② P❚❆ ❤❛s ❛ ♣❤❛s❡✲✐♥ ♣❡r✐♦❞✱ t②♣✐❝❛❧❧②

♦✈❡r ✶✵ ②❡❛rs✼✱ t❤❡ ❡♥t✐r❡ tr❡❛t♠❡♥t ❡✛❡❝t ♦♥ tr❛❞❡ ❝❛♥♥♦t ❜❡ ❝❛♣t✉r❡❞ ✐♥ t❤❡ ❝♦♥❝✉rr❡♥t

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

✭PTAij,t−1 ❛♥❞ PTAij,t−2✮✱ ✇❤✐❝❤ ❛❝❝❡♥t✉❛t❡s t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ✭❆❚❊✮✳ ❙✐♥❝❡

t❤❡② ✉s❡❞ ❛ ♣❛♥❡❧ ♦❢ ❝r♦ss✲s❡❝t✐♦♥ t✐♠❡ s❡r✐❡s ❞❛t❛ ❛t ✜✈❡✲②❡❛r ✐♥t❡r✈❛❧s ❢r♦♠ ✶✾✻✵ t♦ ✷✵✵✵✱

t❤❡② t❤✉s ✐♥❝❧✉❞❡❞ t❡♥ ②❡❛rs ♣r❡❝❡❞✐♥❣ ❛❝❝❡ss✐♦♥ t♦ st✉❞② t❤❡ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts ♦❢ P❚❆s

♦♥ tr❛❞❡✳

❋♦❧❧♦✇✐♥❣ ❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞ ✭✷✵✵✼✮✱ ✇❡ ❛✉❣♠❡♥t ✭✺✮ t♦ ✐♥❝❧✉❞❡ ❙❚❆ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts

❢♦r ✉♣ t♦ t❡♥ ②❡❛rs ♣r❡❝❡❞✐♥❣ ❝♦♠✐♥❣ ✐♥t♦ ❡✛❡❝t ♦❢ t❤❡ ❛❣r❡❡♠❡♥t✱ t❤✉s✿

lnX ijt ❂ µij✰ αit + γjt + ρt✰ δSTAijt +
∑

10
k=1 ηSTAijt−k✰ εijt.............................✭✻✮

✇❤❡r❡ η ✐s t❤❡ ❝♦❡✣❝✐❡♥t ✈❡❝t♦r ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❡❧❡♠❡♥ts ✐♥ STAijt−k✳

❋✐♥❛❧❧②✱ t♦ ❝♦♥✜r♠ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❛♥② ❢❡❡❞❜❛❝❦ ❡✛❡❝ts ❢r♦♠ tr❛❞❡ ❝❤❛♥❣❡s t♦ ❝❤❛♥❣❡s ✐♥ ❙❚❆

♠❡♠❜❡rs❤✐♣✱ ✇❡ ❛❧s♦ ❡st✐♠❛t❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ s♣❡❝✐✜❝❛t✐♦♥✿

lnX ijt ❂ µij✰ αit + γjt + ρt✰ δSTAijt +
∑

10
k=1 ηSTAijt−k +

∑

5
m=1 θSTAijt+m✰ εijt......✭✼✮

✇❤❡r❡ θ ✐s t❤❡ ❝♦❡✣❝✐❡♥t ✈❡❝t♦r ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❡❧❡♠❡♥ts ✐♥ STAijt+m✳

✻❋♦r ✐♥st❛♥❝❡✱ ❇❛✐❡r ✫ ❇❡r❣str❛♥❞ ✭✷✵✵✼✮ ✜♥❞ t❤❡ tr❛❞❡ ❡✛❡❝t ❢r♦♠ ❣♦♦❞s ❛❣r❡❡♠❡♥ts t♦ q✉✐♥t✉♣❧❡ ♦♥❝❡
P❚❆ ♠❡♠❜❡rs❤✐♣ ✐s ❡♥❞♦❣❡♥❡✐③❡❞ ❡❝♦♥♦♠❡tr✐❝❛❧❧②✳

✼❋♦r ✐♥st❛♥❝❡✱ ❜♦t❤ t❤❡ ♦r✐❣✐♥❛❧ ❊❊❈ ❛❣r❡❡♠❡♥t ♦❢ ✶✾✺✽ ❛♥❞ t❤❡ ◆❆❋❚❆ ❤❛❞ ❛ ✶✵✲②❡❛r ♣❤❛s❡✲✐♥ ♣r♦✈✐s✐♦♥✳

✹



✹ ❉❛t❛

❉❛t❛ ♦♥ X ijt ❛r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❖❊❈❉✬s ❇✐❧❛t❡r❛❧ ❚r❛❞❡ ✐♥ ❙❡r✈✐❝❡s ❞❛t❛❜❛s❡✳ ❚❤❡s❡ ✐♥❝❧✉❞❡

✻✵✾✺ tr❛❞✐♥❣ ♣❛rt♥❡r ♣❛✐rs ❜❡t✇❡❡♥ ✸✺ ❡①♣♦rt✐♥❣ ❛♥❞ ✷✸✽ ✐♠♣♦rt✐♥❣ ❝♦✉♥tr✐❡s ♦✈❡r ✶✾✾✾✲✷✵✶✵

✭t❤❡ ❧✐st ♦❢ ❝♦✉♥tr✐❡s ✐s r❡♣♦rt❡❞ ✐♥ ❆♥♥❡① ❚❛❜❧❡ ❆✶✮✳ ❖❢ t❤❡s❡✱ ✷✵✸ tr❛❞✐♥❣ ♣❛rt♥❡rs r❡♣♦rt❡❞

♥❡❣❛t✐✈❡ s❡r✈✐❝❡s ❡①♣♦rts ❛♥❞ ❛ss✉♠✐♥❣ r❡♣♦rt✐♥❣ ❡rr♦rs✱ t❤❡s❡ ✈❛❧✉❡s ✇❡r❡ t❛❦❡♥ ❛s ③❡r♦✽✳ ■♥

❛❞❞✐t✐♦♥✱ ❞❛t❛ ♦♥ s❡r✈✐❝❡s ❡①♣♦rts ✇❡r❡ ❢♦✉♥❞ ✉♥r❡♣♦rt❡❞ ❢♦r ✼✶✹✼ ♦✉t ♦❢ ✹✹✸✷✷ ♦❜s❡r✈❛t✐♦♥s✱

✇❤✐❝❤✱ ❢♦❧❧♦✇✐♥❣ t❤✐s ❧✐t❡r❛t✉r❡✱ ✇❡r❡ ❛❧s♦ ❛ss✉♠❡❞ t♦ ❜❡ ③❡r♦✾✳ ❚❤✐s ❜r♦✉❣❤t t❤❡ t♦t❛❧ ♥✉♠❜❡r

♦❢ ❡①♣♦rt ③❡r♦❡s ✐♥ t❤❡ s❛♠♣❧❡ t♦ ✶✾✼✵✵ ✭✹✹✳✹✪ ♦❢ t❤❡ ❢✉❧❧ s❛♠♣❧❡✮✳

❉❛t❛ ♦♥ tr❛❞❡ ❛❣r❡❡♠❡♥ts ❛r❡ t❛❦❡♥ ❢r♦♠ t❤❡❲❚❖✬s ❘❡❣✐♦♥❛❧ ❚r❛❞❡ ❆❣r❡❡♠❡♥ts ■♥❢♦r♠❛t✐♦♥

❙②st❡♠ ✭❘❚❆✲■❙✮ ❞❛t❛❜❛s❡✱ ✇❤❡r❡ STA = 1 ❢♦r ❛❣r❡❡♠❡♥ts ♥♦t✐✜❡❞ ✉♥❞❡r ❆rt✐❝❧❡ ❱ ♦❢ t❤❡

●❆❚❙ ❞✉r✐♥❣ ✶✾✺✽✲✷✵✶✵ ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳ ❙✐♥❝❡ ♦✉r ❞❛t❛ ❝♦✈❡r t❤❡ ♣❡r✐♦❞ ✶✾✾✾✲✷✵✶✵✱ ✐❢ ❛

s❡r✈✐❝❡s ❛❣r❡❡♠❡♥t ✇❛s r❡❛❝❤❡❞ ❜❡❢♦r❡ ✶✾✾✾✱ t❤❡ ❙❚❆ ✈❛r✐❛❜❧❡ t❛❦❡s ❛ ✈❛❧✉❡ ✶ ♦✈❡r ✶✾✾✾✲✷✵✶✵✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐❢ t❤❡ ❛❣r❡❡♠❡♥t ❝❛♠❡ ✐♥t♦ ❡✛❡❝t ❛❢t❡r ✶✾✾✾✱ t❤❡♥ t❤❡ ✈❛r✐❛❜❧❡ t❛❦❡s ❛

✈❛❧✉❡ ✶ ✐♥ t❤❡ ②❡❛r t❤❡ ❙❚❆ ❡♥t❡r❡❞ ✐♥t♦ ❢♦r❝❡ ❛♥❞ ❡✈❡r② ②❡❛r ❛❢t❡r t❤❛t ❛♥❞ t❤❡ ✈❛❧✉❡ ✵

♦t❤❡r✇✐s❡✳ ❚❤✐s tr❡❛t♠❡♥t ❛❧s♦ r❡♥❞❡r❡❞ STAijt t✐♠❡✲✈❛r✐❛♥t✱ ✇❤✐❝❤✱ ❢r♦♠ t❤❡ ♣❡rs♣❡❝t✐✈❡ ♦❢

❡❝♦♥♦♠t❡r✐❝ ❛♥❛❧②s✐s✱ ♠❡❛♥t t❤❛t ✐t ❝♦✉❧❞ ❜❡ r❡tr✐❡✈❡❞ ✐♥ ♣❛✐r✲✇✐s❡ ✜①❡❞✲❡✛❡❝ts s♣❡❝✐✜❝❛t✐♦♥s✳

❆♥♥❡① ❚❛❜❧❡ ❆✷ s❤♦✇s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❢♦r ❜♦t❤ ✈❛r✐❛❜❧❡s✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ♠✐♥✐♠✉♠✱ ♠❛①✐♠✉♠

❛♥❞ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳

❋✐❣✉r❡ ✶ s❤♦✇s tr❛❞✐♥❣ ♣❛rt♥❡r ❞②❛❞s ✐♥ ♦✉r s❛♠♣❧❡ t❤❛t ❤❛❞ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s ❡①♣♦rts

❡①❝❡❡❞✐♥❣ ✩✶✵ ❜♥ ♦✈❡r ✶✾✾✾✲✷✵✶✵✳ ▲♦♦❦✐♥❣ ❛t t❤❡s❡ ❡①♣♦rt ❛✈❡r❛❣❡s ♦✈❡r ✶✾✾✾✲✷✵✶✵✱ ✇❡ ✜♥❞

t❤❛t ✷✾ tr❛❞✐♥❣ ♣❛✐rs ✭✵✳✺✪ ♦❢ t❤❡ ✻✵✾✺ ❞②❛❞s✮ ❤❛❞ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s ❡①♣♦rts ✐♥ ❡①❝❡ss ♦❢ ✩✶✵

❜♥ ❛♥❞ ✐♥t❡r❡st✐♥❣❧②✱ ♠♦r❡ t❤❛♥ ❤❛❧❢ ♦❢ t❤❡s❡ ✭✶✽✮ ❤❛❞ ❛ s❡r✈✐❝❡s tr❛❞❡ ❛❣r❡❡♠❡♥t ✐♥ ❢♦r❝❡ ✐♥

✷✵✶✸✳

❁■♥s❡rt ❋✐❣✉r❡ ✶ ❤❡r❡❃

❚❛❜❧❡ ✶ s❤♦✇s t❤❡ ❞❡❝✐❧❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✭♣♦s✐t✐✈❡✮ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s ❡①♣♦rts ❛✈❡r❛❣❡❞ ♦✈❡r

✶✾✾✾✲✷✵✶✵ ❛♥❞ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❙❚❆s✳ ❚❤❡ t♦♣ ❞❡❝✐❧❡ ✭♥ ❂ ✸✽✺✱ ❛❝❝♦✉♥t✐♥❣ ❢♦r ✻✳✸✪ ♦❢ ❛❧❧

tr❛❞✐♥❣ ♣❛✐rs ✐♥ t❤❡ s❛♠♣❧❡✮ ❤❛❞ ❛♥ ❛✈❡r❛❣❡ s❡r✈✐❝❡s ❡①♣♦rt ✈❛❧✉❡ ♦❢ ✩✸✳✼ ❜♥❀ ♥❡❛r❧② ❤❛❧❢

♦❢ t❤❡s❡ ❞②❛❞s ❤❛❞ ❛ s❡r✈✐❝❡s tr❛❞❡ ❛❣r❡❡♠❡♥t ✐♥ ❢♦r❝❡ ✐♥ ✷✵✶✸✳ ❚❛❜❧❡ ✶ ❛❧s♦ s✉❣❣❡sts t❤❛t

t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s ❡①♣♦rts ♦✈❡r ✶✾✾✾✲✷✵✶✵ ✇❛s ❤✐❣❤❧② s❦❡✇❡❞ ✇✐t❤ t❤❡

❛✈❡r❛❣❡ ❢♦r t❤❡ t♦♣ ❞❡❝✐❧❡ ❜❡✐♥❣ ♠♦r❡ t❤❛♥ ✷✽✵✵✵ t✐♠❡s ❣r❡❛t❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ❧❛st ❞❡❝✐❧❡✦

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

✾▲♦✇ t❤r❡s❤♦❧❞s ❢♦r r❡♣♦rt✐♥❣ ❛♥❞ ♠❡❛s✉r❡♠❡♥t ❡rr♦rs ❝❛♥ ❜❡ r❡s♣♦♥s✐❜❧❡ ❢♦r ❜♦t❤ ✉♥r❡♣♦rt❡❞ ✢♦✇s ❛♥❞
❢♦r ❡①♣♦rt ③❡r♦❡s✳

✺



❙✐❣♥✐✜❝❛♥t❧②✱ ❛s ♦♥❡ ❣♦❡s ❞♦✇♥ t❤❡ ❞❡❝✐❧❡s✱ t❤❡ ♣r♦♣❡♥s✐t② t♦ ♥❡❣♦t✐❛t❡ ❛ s❡r✈✐❝❡s ❛❝❝♦r❞ ❛❧s♦

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

s❡r✈✐❝❡s ❡①♣♦rts ❛r❡ ❛❧s♦ ❢♦✉♥❞ t♦ ❜❡ ✺✳✼ t✐♠❡s ❣r❡❛t❡r ❛♠♦♥❣st ❛❧❧ ❞②❛❞s ✐♥ ♦✉r s❛♠♣❧❡ ✐♥

t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ s❡r✈✐❝❡s ❛❝❝♦r❞ t❤❛♥ ♦t❤❡r✇✐s❡✳

❁■♥s❡rt ❚❛❜❧❡ ✶ ❤❡r❡❃

✺ ❊st✐♠❛t✐♦♥ ✐ss✉❡s

❊♠♣✐r✐❝❛❧❧②✱ ✭✺✮✱ ✭✻✮ ❛♥❞ ✭✼✮ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❧♦❣✲❧✐♥❡❛r❧② ✉s✐♥❣ ❖▲❙✳ ❍♦✇❡✈❡r✱ t❤✐s ❡①❝❧✉❞❡s

t❤❡ tr❡❛t♠❡♥t ♦❢ ❡①♣♦rt ③❡r♦❡s ✭❛s t❤❡ ❧♦❣ ♦❢ ③❡r♦ ✐s ♥♦t ❞❡✜♥❡❞✮ ❛♥❞ t❤❡ ✐♥❝✐❞❡♥❝❡ ♦❢ ❡①♣♦rt

③❡r♦❡s ✇❛s ❢❛✐r❧② ❤✐❣❤ ✐♥ ♦✉r ❞❛t❛ ✭✹✹✳✹✪✮✳ ❙❡❧❡❝t✐♦♥ ♦❢ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❡st✐♠❛t♦r ✐♥ t❤❡

♣r❡s❡♥❝❡ ♦❢ ③❡r♦❡s ✐s ❝♦♥t✐♥❣❡♥t ♦♥ t❤❡ ♣r♦❝❡ss ❣❡♥❡r❛t✐♥❣ t❤❡ ❡rr♦r t❡r♠✳ ❋♦❧❧♦✇✐♥❣ ❍❡❛❞

❛♥❞ ▼❛②❡r ✭✷✵✶✸✮✱ ✇❡ ❢♦✉♥❞ ♦✉r ❞❛t❛ t♦ ❜❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝♦♥st❛♥t ✈❛r✐❛♥❝❡ t♦ ♠❡❛♥ r❛t✐♦

✭❈❱▼❘✮ ✇❤✐❝❤ s✉❣❣❡st❡❞ t❤❡ ✉s❡ ♦❢ t❤❡ P♦✐ss♦♥ P▼▲ ✭PP▼▲✮ ❢♦r ✐♥❢❡r❡♥❝❡✳ ■♠♣♦rt❛♥t❧②✱

PP▼▲✶✵ ❡st✐♠❛t❡s r❡♠❛✐♥ ❝♦♥s✐st❡♥t ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♦✈❡r✲❞✐s♣❡rs✐♦♥✱ ✇❤✐❝❤ ✇❛s ❛❧s♦ tr✉❡

♦❢ ♦✉r ❞❛t❛ ✭s❡❡ ❈♦❧✐♥ ❛♥❞ ❚r✐✈❡❞✐✱ ✷✵✵✺❀ ❙❛♥t♦s ❙✐❧✈❛ ❛♥❞ ❚❡♥r❡②r♦✱ ✷✵✵✻✮✳

❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ PP▼▲ ❡st✐♠❛t✐♦♥ ♦❢ ✭✺✮✱ ✭✻✮ ❛♥❞ ✭✼✮ ✇✐t❤ s❡✈❡r❛❧ ❤✐❣❤ ❞✐♠❡♥s✐♦♥❛❧ ✜①❡❞

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

✇♦r❦✲❛r♦✉♥❞ str❛t❡❣✐❡s s✉❣❣❡st❡❞ ❜② ❙❛♥t♦s ❙✐❧✈❛ ❛♥❞ ❚❡♥r❡②r♦ ✭✷✵✶✵✮ s✉❝❤ ❛s r❡s❝❛❧✐♥❣

t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✱ tr②✐♥❣ ❞✐✛❡r❡♥t ♦♣t✐♠✐s❛t✐♦♥ ♠❡t❤♦❞s ❛♥❞ ❝♦♥✈❡r❣❡♥❝❡ ❝r✐t❡r✐❛✱ ❛♥❞

✐❞❡♥t✐❢②✐♥❣ ❛♥❞ r❡♠♦✈✐♥❣ t❤❡ r❡❣r❡ss♦rs ❝❛✉s✐♥❣ t❤❡ ♥♦♥✲❡①✐st❡♥❝❡ ♦❢ P▼▲ ❡st✐♠❛t❡s ✉s✐♥❣

t❤❡ ❛❧❣♦r✐t❤♠ ❢r♦♠ ❙❛♥t♦s ❙✐❧✈❛ ❛♥❞ ❚❡♥r❡②r♦ ✭✷✵✶✶✮✳

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

❛♥♦t❤❡r ♣♦ss✐❜✐❧✐t② ✇❛s t❤❡ ✉s❡ ♦❢ t❤❡ ✏✷❲❋❊✑ ❛♣♣r♦❛❝❤ ❞❡✈❡❧♦♣❡❞ ❜② ●✉✐♠❛r❛❡s ❛♥❞ P♦r✲

t✉❣❛❧ ✭✷✵✶✵✮✳ ❚❤✐s ❛❧❧♦✇s ❢♦r ❡st✐♠❛t✐♥❣ ❧✐♥❡❛r r❡❣r❡ss✐♦♥s ♠♦❞❡❧ ✇✐t❤ t✇♦ ❤✐❣❤✲❞✐♠❡♥s✐♦♥❛❧

✜①❡❞ ❡✛❡❝ts ✇✐t❤ ♠✐♥✐♠❛❧ ♠❡♠♦r② r❡q✉✐r❡♠❡♥ts✳ ❍❡❛❞ ❛♥❞ ▼❛②❡r ✭✷✵✶✸✮ ✜♥❞ t❤❡ ✷❲❋❊

❡st✐♠❛t♦r t♦ ♣r♦✈✐❞❡ ✐❞❡♥t✐❝❛❧ ❡st✐♠❛t❡s t♦ t❤❡ ▲❙❉❱ ✭❍❛rr✐❣❛♥✱ ✶✾✾✻✮ ✇✐t❤♦✉t ❜❡✐♥❣ s✉❜❥❡❝t

t♦ ❛r❜✐tr❛r② ❧✐♠✐ts✳ ❚❤❡② ❛❧s♦ r❡❝♦♠♠❡♥❞ t❤❡ ✷❲❋❊ ♦✈❡r ♦t❤❡r ❡st✐♠❛t✐♦♥ str❛t❡❣✐❡s s✉❝❤

❛s ❞♦✉❜❧❡✲❞❡♠❡❛♥✐♥❣✱ ❇♦♥✉s ❱❡t✉s ❖▲❙ ✭❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞✱ ✷✵✵✾✮ ❛♥❞ t❡tr❛❞s ✭❍❡❛❞

❡t ❛❧✳✱ ✷✵✶✵✮✳

✶✵❚❤❡ PP▼▲ ❛❞✈♦❝❛t❡s t❤❡ ✉s❡ ♦❢ ❛ s✐♠♣❧❡ P♦✐ss♦♥ Ps❡✉❞♦✲▼❛①✐♠✉♠ ▲✐❦❡❧✐❤♦♦❞ ❜❡❝❛✉s❡ ✐♥ t❤❡ ♣r❡s❡♥❝❡
♦❢ ❤❡t❡r♦s❦❡❞❛st✐❝✐t② ✐♥ t❤❡ ❞❛t❛✱ t❤❡ st❛♥❞❛r❞ ❧♦❣✲❧✐♥❡❛r✐③❡❞ ❣r❛✈✐t② ♠♦❞❡❧ ②✐❡❧❞s ✐♥❝♦♥s✐st❡♥t ❡st✐♠❛t❡s
✭❙✐❧✈❛ ✫ ❚❡♥r❡②r♦✱ ✷✵✵✻✮✳ ✏❆♥ ❛❞❞✐t✐♦♥❛❧ ♣r♦❜❧❡♠ ♦❢ ❧♦❣✲❧✐♥❡❛r✐③❛t✐♦♥ ✐s t❤❛t ✐t ✐s ✐♥❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡
❡①✐st❡♥❝❡ ♦❢ ③❡r♦❡s ✐♥ tr❛❞❡ ❞❛t❛✱ ✇❤✐❝❤ ❧❡❞ t♦ s❡✈❡r❛❧ ✉♥s❛t✐s❢❛❝t♦r② s♦❧✉t✐♦♥s✱ ✐♥❝❧✉❞✐♥❣ tr✉♥❝❛t✐♦♥ ♦❢ t❤❡
s❛♠♣❧❡ ❛♥❞ ❢✉rt❤❡r ♥♦♥✲❧✐♥❡❛r tr❛♥s❢♦r♠❛t✐♦♥s ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳✑ ✭❙✐❧✈❛ ✫ ❚❡♥r❡②r♦✱ ♦♣✳❝✐t✳✱ ♣♣ ✻✺✸✮

✻



❚❤✉s✱ ✭✺✮✱ ✭✻✮ ❛♥❞ ✭✼✮ ✇❡r❡ ❡st✐♠❛t❡❞ ❧♦❣✲❧✐♥❡❛r❧② ✉s✐♥❣ t❤❡ ✷❲❋❊ ❡st✐♠❛t♦r✳

❍♦✇❡✈❡r✱ t❤✐s str❛t❡❣② ✇♦✉❧❞ ♦♥❧② ✇♦r❦ ❛t t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✳ ❚♦ ✐♥❝❧✉❞❡ ❡①♣♦rt ③❡r♦❡s

✐♥ t❤❡ ✷❲❋❊ ❡st✐♠❛t✐♦♥✱ ✇❡ ❢♦❧❧♦✇❡❞ t❤❡ ❛♣♣r♦❛❝❤ ❜② ❊❛t♦♥ ❛♥❞ ❑♦rt✉♠ ✭✷✵✵✶✮ ❛♥❞ ❛s✲

s✉♠❡❞ t❤❛t t❤❡r❡ ✇❛s ❛ ♠✐♥✐♠✉♠ ❧❡✈❡❧ ♦❢ s❡r✈✐❝❡s ❡①♣♦rts ǫ s✉❝❤ t❤❛t ✇❤❡♥ ❣r❛✈✐t②✲♣r❡❞✐❝t❡❞

X ijt < ǫ, t❤❡ ♦❜s❡r✈❡❞ ✈❛❧✉❡ ♦❢ s❡r✈✐❝❡s ❡①♣♦rts ✇❛s ③❡r♦✳ ❆❧t❤♦✉❣❤ ǫ ✐s ✉♥❦♥♦✇♥✱ ✐t ❝❛♥

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

✭minXj)✳

❯♥❧✐❦❡ t❤❡ ♣r❛❝t✐❝❡ ♦❢ ❛❞❞✐♥❣ ❛♥ ❛r❜✐tr❛r② ❝♦♥st❛♥t t♦ t❤❡ ❡①♣♦rt ③❡r♦❡s✱ t❤✐s ❛♣♣r♦❛❝❤ ✐s ♠♦r❡

✐♥t✉✐t✐✈❡ ❛s t❤❡ ♠✐♥✐♠✉♠ tr❛❞❡ ✢♦✇ ❢♦r ❛ s♣❡❝✐✜❝ ✐♠♣♦rt❡r ✇♦✉❧❞ t❡♥❞ t♦ r❡✢❡❝t ❞✐✛❡r❡♥❝❡s

✐♥ ♠❛r❦❡t s✐③❡✱ ❝♦♠♣❡t✐t✐♦♥✱ tr❛❞❡ ❜❛rr✐❡rs✱ ❛s ✇❡❧❧ ❛s r❡♣♦rt✐♥❣ ❛♥❞ ♠❡❛s✉r❡♠❡♥t ✐ss✉❡s✳

❚❤❡ ❛♣♣r♦❛❝❤ ✐s ❛❧s♦ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡♦r② ❛♥❞ ❞♦❡s ♥♦t r❡q✉✐r❡ ❡①❝❧✉s✐♦♥ r❡str✐❝t✐♦♥s✳

❋✉rt❤❡r♠♦r❡✱ tr❛♥s❢♦r♠✐♥❣ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ❜② ❛❞❞✐♥❣ ❛ ♠✐♥✐♠✉♠ ♦❜s❡r✈❡❞ ❡①♣♦rt

✈❛❧✉❡ (X ijt +minXj) ✐s ♥♦t s❝❛❧❡ ❞❡♣❡♥❞❡♥t✳

❚❤✉s✱ t❤❡ ❡q✉❛t✐♦♥s ✇❡r❡ ❛❧s♦ ❡st✐♠❛t❡❞ ❧♦❣✲❧✐♥❡❛r❧② ❜② r❡♣❧❛❝✐♥❣ X ijt ✇✐t❤ (X ijt +minXj)

t♦ ✐♥❝♦r♣♦r❛t❡ t❤❡ ❡①♣♦rt ③❡r♦❡s ✐♥ t❤❡ ❛♥❛❧②s❡s✳

✻ ❘❡s✉❧ts

❚❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ r❡s✉❧ts ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✺✮ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ■♥ t❤✐s

t❛❜❧❡✱ ❝♦❧✉♠♥s ■✲■❱ r❡♣♦rt r❡s✉❧ts ❢♦r ❢♦✉r ❞✐✛❡r❡♥t s❛♠♣❧❡s✿ ❛❧❧✱ ♦♥❧②✲❊❯✱ ♦♥❧② ♥♦♥✲❊❯✱ ❛t

❧❡❛st ♦♥❡ ❊❯✳ ❚❤❡ ✭s❡r✈✐❝❡s✮ tr❛❞❡ ❡✛❡❝ts r❛♥❣❡ ❢r♦♠ ✶✸✳✼✪✶✶ ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡ t♦ ✺✸✳✹✪

❛♠♦♥❣st t❤❡ ❊❯ ♠❡♠❜❡r st❛t❡s✳ ❆s ✐♥ ❙❤✐♥❣❛❧ ✭✷✵✵✾✮✱ s❡r✈✐❝❡s ❛❝❝♦r❞s ❞✐❞ ♥♦t s❡❡♠ t♦

❡♥❤❛♥❝❡ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ❛♠♦♥❣st t❤❡ ♥♦♥✲❊❯ tr❛❞✐♥❣ ♣❛rt♥❡rs ✐♥ t❤❡ s❛♠♣❧❡✳ ❖♥

t❤❡ ♦t❤❡r ❤❛♥❞✱ ❡✈❡♥ ✇✐t❤ ♦♥❡ ♦❢ t❤❡ ♣❛rt♥❡rs ❜❡✐♥❣ ❢r♦♠ t❤❡ ❊❯✱ t❤❡ ✭s❡r✈✐❝❡s✮ tr❛❞❡ ❡✛❡❝t

❛❣❛✐♥ ❜❡❝❛♠❡ ♣♦s✐t✐✈❡ ❛♥❞ ❡❝♦♥♦♠✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭✸✸✳✹✪✮✳

❁■♥s❡rt ❚❛❜❧❡ ✷ ❤❡r❡❃

❚❛❜❧❡ ✸ r❡♣♦rts t❤❡ r❡s✉❧ts ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✺✮ ❛❢t❡r ✐♥❝♦r♣♦r❛t✐♥❣ t❤❡ ❡①♣♦rt ③❡r♦❡s

✐♥ t❤❡ s❛♠♣❧❡✳ ❖♥❡ ✇♦✉❧❞ ❡①♣❡❝t t❤❡s❡ ❝♦❡✣❝✐❡♥ts t♦ ❤❛✈❡ ❧♦✇❡r ♠❛❣♥✐t✉❞❡s ❝♦♠♣❛r❡❞ t♦

t❤❡ ❜❛s❡❧✐♥❡ r❡s✉❧ts ❛s t❤❡ r❡❣r❡ss✐♦♥s ♥♦✇ ✐♥❝♦r♣♦r❛t❡ ③❡r♦ ❡①♣♦rt ✢♦✇s✳ ❍♦✇❡✈❡r✱ t❤❡

✭s❡r✈✐❝❡s✮ tr❛❞❡ ❡✛❡❝t ❢♦r t❤❡ ❝♦♠♣❧❡t❡ s❛♠♣❧❡ s❡❡♠s t♦ ❜❡ ❡♥❤❛♥❝❡❞ ♥♦✇ t❤♦✉❣❤ ✐t ✐s ✇❡❛❦❧②

s✐❣♥✐✜❝❛♥t✳ ❚❤❡ ❡✛❡❝ts ❢♦r t❤❡ ❊❯ ❛r❡ r❡❞✉❝❡❞ ✇❤✐❧❡ t❤♦s❡ ❢♦r t❤❡ ♥♦♥✲❊❯ ♣❛rt♥❡rs ❛r❡

st❛t✐st✐❝❛❧ ✐♥❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦✳

✶✶❚❤✐s ✐s ❝❛❧❝✉❧❛t❡❞ ❛s {exp(δ)− 1} ∗ 100 ✇❤❡r❡ δ ✐s t❤❡ ❝♦❡✣❝✐❡♥t ♦♥ t❤❡ ❙❚❆ ✈❛r✐❛❜❧❡✳

✼



❁■♥s❡rt ❚❛❜❧❡ ✸ ❤❡r❡❃

❚❤❡ ❧❛❣❣❡❞ ❡✛❡❝ts ♦❢ ❙❚❆ ♦♥ tr❛❞❡ ❢♦r ❛❧❧ s❛♠♣❧❡ ❝♦✉♥tr✐❡s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳ ▲✐❦❡

❇❛✐❡r ✫ ❇❡r❣str❛♥❞ ✭✷✵✵✼✮✱ ✇❡ t♦♦ ❢♦✉♥❞ t❤❡ ❆❚❊ t♦ ❜❡ ❛❝❝❡♥t✉❛t❡❞ ❜② ✐♥❝❧✉❞✐♥❣ s✉❝❤

❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ t♦t❛❧ ❆❚❊ ✐♥❝r❡❛s❡s t❤❡ ❢✉rt❤❡r ❜❛❝❦ ✐♥

t✐♠❡ ♦♥❡ tr❛✈❡❧s ❢r♦♠ t❤❡ ②❡❛r ♦❢ ❛❝❝❡ss✐♦♥ ♦❢ t❤❡ ❙❚❆✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ♠❛①✐♠✉♠

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

t❤❛t s❡r✈✐❝❡s ❛❣r❡❡♠❡♥ts s❡❡♠ t♦ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✏❛♥♥♦✉♥❝❡♠❡♥t ❡✛❡❝t✳✑ ❚❤✐s s❛✐❞✱ t❤❡

r❡s♣❡❝t✐✈❡ ❝♦❡✣❝✐❡♥ts r❡t❛✐♥ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ♦♥❧② ✉♣ t♦ ✜✈❡ ②❡❛rs ♣r❡❝❡❞✐♥❣ t❤❡ ②❡❛r

♦❢ ❛❝❝❡ss✐♦♥✳ ❚❤✉s✱ t❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ t♦t❛❧ ❆❚❊ ❛r❡ ❛r❣✉❛❜❧② ♠♦r❡ ♠❡❛♥✐♥❣❢✉❧ ✉♥t✐❧ t− 5

❛♥❞ s✉❣❣❡st ❛ ❝✉♠✉❧❛t✐✈❡ tr❛❞❡ ❡✛❡❝t ♦❢ ✶✺✼✳✺✪✳ ❲❡ ❛❧s♦ ✜♥❞ t❤❡ ❝♦❡✣❝✐❡♥ts t♦ ❜❡ ♠♦r❡

❡❝♦♥♦♠✐❝❛❧❧② s✐❣♥✐✜❝❛♥t t❤r❡❡ t♦ ✜✈❡ ②❡❛rs ♣r❡❝❡❞✐♥❣ ❛❝❝❡ss✐♦♥✳ ❙✐❣♥✐✜❝❛♥t❧②✱ t❤❡ ✭s❡r✈✐❝❡s✮

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

✐♥❝❧✉s✐♦♥ ♦❢ ❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts✳

❁■♥s❡rt ❚❛❜❧❡ ✹ ❤❡r❡❃

❋✐♥❛❧❧②✱ ❚❛❜❧❡ ✺ r❡♣♦rts t❤❡ r❡s✉❧ts ♦♥ t❤❡ ♣♦st✲❛❝❝❡ss✐♦♥ ❡✛❡❝ts ♦❢ ❙❚❆s ❢♦r ❛❧❧ s❛♠♣❧❡

❝♦✉♥tr✐❡s✳ ❚❤❡s❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ♦♥ STAijt+m ❛r❡ st❛t✐st✐❝❛❧❧② ✐♥❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦

❢r♦♠ ♦♥❡ ❢♦r ✉♣ t♦ ✜✈❡ ②❡❛rs ❛❢t❡r ❛❝❝❡ss✐♦♥✱ ✇❤✐❝❤ s✉❣❣❡sts t❤❛t ❝❤❛♥❣❡s ✐♥ ❙❚❆ ♠❡♠❜❡rs❤✐♣

❛r❡ str✐❝t❧② ❡①♦❣❡♥♦✉s t♦ ❝❤❛♥❣❡s ✐♥ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s tr❛❞❡ ✢♦✇s✳ ❙✐❣♥✐✜❝❛♥t❧②✱ t❤❡ t♦t❛❧

❆❚❊ ✐s ❧❛r❣❡r ✐♥ ♠❛❣♥✐t✉❞❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✹✱ ✇❤✐❝❤ s✉❣❣❡sts t❤❛t t❤❡

❛♥t✐❝✐♣❛t✐♦♥ ❡✛❡❝ts✱ st✐❧❧ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✉♥t✐❧ t − 5, ❣❡t ❢✉rt❤❡r ❛❝❝❡♥t✉❛t❡❞ ✐♥ t❤✐s

❡st✐♠❛t✐♦♥✳

❁■♥s❡rt ❚❛❜❧❡ ✺ ❤❡r❡❃

❲❡ ❛❧s♦ ❡st✐♠❛t❡❞ ❡q✉❛t✐♦♥s ✭✻✮ ❛♥❞ ✭✼✮ ❢♦r t❤❡ ❢✉❧❧ s❛♠♣❧❡ ✐♥❝❧✉❞✐♥❣ t❤❡ ❡①♣♦rt ③❡r♦❡s✳

❚❤❡ r❡s✉❧ts✱ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✻ ❛♥❞ ✼✱ ❧❛❝❦❡❞ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ✐♥ ♠♦st ❝❛s❡s✱ t❤♦✉❣❤

❙❚❆ ♠❡♠❜❡rs❤✐♣ ❝♦♥t✐♥✉❡❞ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♣♦s✐t✐✈❡ tr❛❞❡ ❡✛❡❝ts ❝♦♥❝✉rr❡♥t❧② ✐♥ s♦♠❡

s♣❡❝✐✜❝❛t✐♦♥s ✐♥ ❚❛❜❧❡ ✻✳

❁■♥s❡rt ❚❛❜❧❡s ✻ ❛♥❞ ✼ ❤❡r❡❃

✼ ❈♦♥❝❧✉s✐♦♥

❚❤✐s ♣❛♣❡r r❡✈✐s✐ts t❤❡ tr❛❞❡ ❡✛❡❝t ♦❢ s❡r✈✐❝❡s ❛❝❝♦r❞s ✉s✐♥❣ ❛♥ ✉♣❞❛t❡❞ ❖❊❈❉ ❞❛t❛❜❛s❡

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

✽



❡st✐♠❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ❣r❛✈✐t② ♠♦❞❡❧s✳ ❲❡ ❡st✐♠❛t❡ t❤❡ tr❛❞❡ ❡✛❡❝ts ❢r♦♠ ♥❡❣♦t✐❛t✐♥❣

s❡r✈✐❝❡s ❛❣r❡❡♠❡♥ts ❛❧❧♦✇✐♥❣ ❢♦r ③❡r♦ tr❛❞❡ ✢♦✇s ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ s❡❧❢✲s❡❧❡❝t✐♦♥ ✐♥t♦

❙❚❆ ♠❡♠❜❡rs❤✐♣✳ ❖✉r ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ r❡s✉❧ts ❛r❡ s♦♠❡✇❤❛t ❝♦♥s✐st❡♥t ✇✐t❤ t❤♦s❡ ❢♦✉♥❞

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

❛❣r❡❡♠❡♥ts ✭❢♦r ✐♥st❛♥❝❡ s❡❡ ❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞✱ ✷✵✵✼✮✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ✇❡ ✜♥❞ ♠♦r❡

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

❢♦r t❤❡ ❧❛❣❣❡❞ ❡✛❡❝ts ♦❢ ❙❚❆ ♠❡♠❜❡rs❤✐♣✱ ❜♦t❤ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡s✉❧ts ❢♦r s❡r✈✐❝❡s ✐♥ ❙❤✐♥❣❛❧

✭✷✵✵✾✮ ❛♥❞ t❤♦s❡ ❢♦r ❣♦♦❞s ✭❇❛✐❡r ❛♥❞ ❇❡r❣str❛♥❞✱ ✷✵✵✼✮✳ ❚❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ ③❡r♦ ❡①♣♦rt ✢♦✇s✱

♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧❡❞ t♦ st❛t✐st✐❝❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t r❡s✉❧ts ❜✉t ♥♦t ❢♦r ✐♥tr❛✲❊❯ s❡r✈✐❝❡s tr❛❞❡✳

❆ s❤♦rt❝♦♠✐♥❣ ✐♥ t❤❡ ❛♥❛❧②s✐s ✉♥❞❡rt❛❦❡♥ ✐♥ t❤✐s ♣❛♣❡r ✐s t❤❡ ❤♦♠♦❣❡♥❡✐t② ♦❢ t❤❡ ❙❚❆ ✈❛r✐✲

❛❜❧❡s✱ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ✇❤✐❝❤ ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✈❛r②✐♥❣ ❡①t❡♥ts ♦❢ ❧✐❜❡r❛❧✐③❛t✐♦♥

✐♥ ❞✐✛❡r❡♥t ❛❣r❡❡♠❡♥ts✳ ❚❤✐s ❝♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ ❛♥ ❛❣❡♥❞❛ ❢♦r ❢✉rt❤❡r r❡s❡❛r❝❤✳ ■t ♠❛② ❛❧s♦

❜❡ ✐♥t❡r❡st✐♥❣ t♦ ❡①❛♠✐♥❡ t❤❡ r❡s✉❧ts ✐♥ t❤✐s ♣❛♣❡r ✉s✐♥❣ ❛❧t❡r♥❛t✐✈❡ ❡st✐♠❛t✐♦♥ st❛t❡❣✐❡s s✉❝❤

❛s t❤❡ ❍❡❝❦♠❛♥ ✭✶✾✼✾✮ ❛♥❞ t❤❡ ❜✐✈❛r✐❛t❡ ♣r♦❜✐t ✭❊❣❣❡r ❡t✳❛❧✳✱ ✷✵✶✶✮✳

✾



❘❡❢❡r❡♥❝❡s

❆♥❞❡rs♦♥✱ ❏✳ ❊✳✱ ▼✐❧♦t✱ ❈✳ ❆✳✱ ❛♥❞ ❨♦t♦✈✱ ❨✳ ❱✳ ✭✷✵✶✶✮✳ ❚❤❡ ✐♥❝✐❞❡♥❝❡ ♦❢ ❣❡♦❣r❛♣❤② ♦♥

❝❛♥❛❞❛✬s s❡r✈✐❝❡s tr❛❞❡✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

❇❛✐❡r✱ ❙✳ ▲✳ ❛♥❞ ❇❡r❣str❛♥❞✱ ❏✳ ❍✳ ✭✷✵✵✷✮✳ ❖♥ t❤❡ ❡♥❞♦❣❡♥❡✐t② ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡ ✢♦✇s

❛♥❞ ❢r❡❡ tr❛❞❡ ❛❣r❡❡♠❡♥ts✳ ❯♥♣✉❜❧✐s❤❡❞ ♠❛♥✉s❝r✐♣t✳

❇❛✐❡r✱ ❙✳ ▲✳ ❛♥❞ ❇❡r❣str❛♥❞✱ ❏✳ ❍✳ ✭✷✵✵✹✮✳ ❊❝♦♥♦♠✐❝ ❞❡t❡r♠✐♥❛♥ts ♦❢ ❢r❡❡ tr❛❞❡ ❛❣r❡❡♠❡♥ts✳

❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✻✹✭✶✮✿✷✾✕✻✸✳

❇❛✐❡r✱ ❙✳ ▲✳ ❛♥❞ ❇❡r❣str❛♥❞✱ ❏✳ ❍✳ ✭✷✵✵✼✮✳ ❉♦ ❢r❡❡ tr❛❞❡ ❛❣r❡❡♠❡♥ts ❛❝t✉❛❧❧② ✐♥❝r❡❛s❡ ♠❡♠✲

❜❡rs✬ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡❄ ❏♦✉r♥❛❧ ♦❢ ✐♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✼✶✭✶✮✿✼✷✕✾✺✳

❇❛✐❡r✱ ❙✳ ▲✳ ❛♥❞ ❇❡r❣str❛♥❞✱ ❏✳ ❍✳ ✭✷✵✵✾✮✳ ❇♦♥✉s ✈❡t✉s ♦❧s✿ ❆ s✐♠♣❧❡ ♠❡t❤♦❞ ❢♦r ❛♣♣r♦①✐♠❛t✲

✐♥❣ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡✲❝♦st ❡✛❡❝ts ✉s✐♥❣ t❤❡ ❣r❛✈✐t② ❡q✉❛t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❊❝♦♥♦♠✐❝s✱ ✼✼✭✶✮✿✼✼✕✽✺✳

❇❛❧❞✇✐♥✱ ❘✳ ❛♥❞ ❍❛rr✐❣❛♥✱ ❏✳ ✭✷✵✶✶✮✳ ❩❡r♦s✱ q✉❛❧✐t②✱ ❛♥❞ s♣❛❝❡✿ ❚r❛❞❡ t❤❡♦r② ❛♥❞ tr❛❞❡

❡✈✐❞❡♥❝❡✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼✐❝r♦❡❝♦♥♦♠✐❝s✱ ✸✭✷✮✿✻✵✕✽✽✳
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13.7
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16.5

18.4
19.6

22.1
22.6

29.1
29.5

32.1
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42.4
42.6

❙♦✉r❝❡✿ ❖❊❈❉❀ ♦✇♥ ❝❛❧❝✉❧❛t✐♦♥s

◆♦t❡✿ ❉②❛❞s s❤❛❞❡❞ ✐♥ ❜❧✉❡ ❤❛❞ ❛ s❡r✈✐❝❡s tr❛❞❡ ❛❣r❡❡♠❡♥t ✐♥ ❢♦r❝❡ ✐♥ ✷✵✶✸❀ t❤♦s❡ s❤❛❞❡❞ ✐♥ ❣r❡② ❞✐❞ ♥♦t✳

✶✸



❚❛❜❧❡ ✶✿ ❉❡❝✐❧❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❧❛t❡r❛❧ s❡r✈✐❝❡s ❡①♣♦rts ✭❛✈❣✳ ✶✾✾✾✲✷✵✶✵✮

❉❡❝✐❧❡s ✭♥ ❂ ✸✽✺✵✮ ❆✈❣✳ Xij ✭✩ ♠♥✮ ❙❚❆

❉✶ ✸✼✼✻✳✽ ✵✳✹✾
❉✷ ✸✾✺✳✵ ✵✳✸✺
❉✸ ✶✸✸✳✶ ✵✳✸✷
❉✹ ✺✸✳✼ ✵✳✷✻
❉✺ ✷✹✳✽ ✵✳✷✼
❉✻ ✶✶✳✺ ✵✳✶✼
❉✼ ✺✳✸ ✵✳✷✵
❉✽ ✷✳✷ ✵✳✶✻
❉✾ ✵✳✼ ✵✳✶✺
❉✶✵ ✵✳✶ ✵✳✵✼

❉✶✴❉✶✵ ✷✽✵✼✷✳✹ ✼✳✸
❙♦✉r❝❡✿ ❖❊❈❉❀ ♦✇♥ ❝❛❧❝✉❧❛t✐♦♥s

❚❛❜❧❡ ✷✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✺✮ ♦♥ ♣♦s✐t✐✈❡ ❡①♣♦rts

�Dep var: lnXijt (1) (2) (3) (4)

All Only EU Only non-EU One EU

STAijt 0.128** 0.428*** -0.157* 0.288***

(0.041) (0.046) (0.077) (0.050)

ATE 13.7% 53.4% -14.5% 33.4%

N 24622 4790 3003 21619

df_m 5981 909 1760 5378

r2 0.968 0.978 0.996 0.963

Fixed effects:

Year Yes Yes Yes Yes

Bilateral Yes Yes Yes Yes

Country-and-time Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❆❚❊ ❂ ❆✈❡r❛❣❡

tr❡❛t♠❡♥t ❡✛❡❝t

✶✹



❚❛❜❧❡ ✸✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✺✮ ♦♥ ❛❧❧ ❡①♣♦rts

�Dep var: ln(Xijt+minXj) (1) (2) (3) (4)

All Only EU Only non-EU One EU

STAijt 0.149# 0.232** -0.035 0.237*

(0.089) (0.086) (0.118) (0.119)

ATE 16.1% 26.1% -3.4% 26.7%

N 44310 5211 4880 39430

df_m 8662 950 2425 7664

r2 0.946 0.939 0.990 0.942

Fixed effects:

Year Yes Yes Yes Yes

Bilateral Yes Yes Yes Yes

Country-and-time Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❆❚❊ ❂ ❆✈❡r❛❣❡

tr❡❛t♠❡♥t ❡✛❡❝t

✶✺



❚❛❜❧❡ ✹✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✻✮ ♦♥ ♣♦s✐t✐✈❡ ❡①♣♦rts

�Dep var: lnXijt (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

All All All All All All All All All All

STAijt 0.138** 0.140** 0.156*** 0.169*** 0.184*** 0.194*** 0.199*** 0.206*** 0.203*** 0.206***

(0.042) (0.043) (0.044) (0.044) (0.045) (0.045) (0.046) (0.046) (0.046) (0.047)

STAijt-1 0.101 0.105 0.137 0.161# 0.197* 0.218* 0.229* 0.246** 0.240* 0.246**

(0.085) (0.086) (0.088) (0.089) (0.090) (0.091) (0.092) (0.093) (0.094) (0.095)

STAijt-2 0.018 0.055 0.081 0.117 0.143# 0.157# 0.177* 0.169* 0.177*

(0.074) (0.076) (0.078) (0.079) (0.082) (0.083) (0.084) (0.086) (0.087)

STAijt-3 0.163* 0.190* 0.232** 0.257** 0.272** 0.294*** 0.285** 0.294**

(0.078) (0.080) (0.082) (0.084) (0.085) (0.087) (0.089) (0.091)

STAijt-4 0.110 0.152* 0.180* 0.195* 0.220** 0.211* 0.220**

(0.072) (0.074) (0.077) (0.078) (0.080) (0.082) (0.085)

STAijt-5 0.181* 0.211** 0.228** 0.252** 0.241** 0.251**

(0.077) (0.080) (0.082) (0.084) (0.086) (0.090)

STAijt-6 0.106 0.123 0.150# 0.141# 0.152#

(0.080) (0.081) (0.084) (0.086) (0.089)

STAijt-7 0.095 0.125 0.113 0.123

(0.096) (0.098) (0.101) (0.104)

STAijt-8 0.139 0.127 0.140

(0.101) (0.104) (0.108)

STAijt-9 -0.052 -0.039

(0.107) (0.111)

STAijt-10 0.050

(0.117)
Total ATE 14.8% 15.0% 37.6% 43.2% 157.5% 188.6% 207.4% 303.5% 285.4% 303.1%

N 24622 24622 24622 24622 24622 24622 24622 24622 24622 24622
df_m 5982 5983 5984 5985 5986 5987 5988 5989 5990 5991
r2 0.968 0.968 0.968 0.968 0.968 0.968 0.968 0.968 0.968 0.968

Fixed effects:
Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Bilateral Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Country-and-time Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❚♦t❛❧ ❆❚❊ ❂

❙✉♠ ♦❢ t❤❡ ❙❚❆ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ✺✪

✶✻



❚❛❜❧❡ ✺✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✼✮ ♦♥ ♣♦s✐t✐✈❡ ❡①♣♦rts

�Dep var: lnXijt (1) (2) (3) (4) (5)

All All All All All

STAijt 0.212*** 0.212*** 0.214*** 0.211*** 0.209***

(0.047) (0.047) (0.047) (0.047) (0.047)

STAijt-1 0.231* 0.231* 0.222* 0.233* 0.237*

(0.096) (0.096) (0.097) (0.098) (0.098)

STAijt-2 0.163# 0.163# 0.157# 0.167# 0.172#

(0.088) (0.089) (0.089) (0.090) (0.090)

STAijt-3 0.276** 0.276** 0.270** 0.279** 0.284**

(0.091) (0.092) (0.092) (0.093) (0.093)

STAijt-4 0.207* 0.207* 0.202* 0.212* 0.215*

(0.085) (0.086) (0.086) (0.087) (0.087)

STAijt-5 0.238** 0.238** 0.233* 0.241** 0.244**

(0.090) (0.090) (0.091) (0.091) (0.091)

STAijt-6 0.139 0.139 0.135 0.142 0.144

(0.089) (0.090) (0.090) (0.090) (0.091)

STAijt-7 0.112 0.112 0.109 0.114 0.116

(0.104) (0.104) (0.104) (0.105) (0.105)

STAijt-8 0.130 0.130 0.127 0.133 0.135

(0.108) (0.108) (0.108) (0.108) (0.108)

STAijt-9 -0.048 -0.048 -0.051 -0.046 -0.045

(0.112) (0.112) (0.112) (0.112) (0.112)

STAijt-10 0.041 0.041 0.039 0.043 0.045

(0.117) (0.117) (0.117) (0.117) (0.117)

STAijt+1 -0.190# -0.191# -0.202# -0.184 -0.175

(0.112) (0.114) (0.116) (0.118) (0.119)

STAijt+2 -0.001 -0.014 0.004 0.013

(0.120) (0.123) (0.124) (0.125)

STAijt+3 -0.065 -0.042 -0.033

(0.121) (0.123) (0.124)

STAijt+4 0.135 0.148

(0.133) (0.135)

STAijt+5 0.069

(0.123)

Total ATE 220.3% 220.3% 213.0% 224.1% 228.4%

N 24622 24622 24622 24622 24622

df_m 5992 5993 5994 5995 5996

r2 0.968 0.968 0.968 0.968 0.968

Fixed effects:

Year Yes Yes Yes Yes Yes

Bilateral Yes Yes Yes Yes Yes
Country-and-time Yes Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❚♦t❛❧ ❆❚❊ ❂

❙✉♠ ♦❢ t❤❡ ❙❚❆ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ✺✪

✶✼



❚❛❜❧❡ ✻✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✻✮ ♦♥ ❛❧❧ ❡①♣♦rts

�Dep var: ln(Xijt+minXj) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

All All All All All All All All All All

STAijt 0.160# 0.162# 0.174# 0.176# 0.196* 0.203* 0.194# 0.199* 0.189# 0.180#

(0.092) (0.094) (0.095) (0.097) (0.098) (0.099) (0.100) (0.100) (0.101) (0.101)

STAijt-1 0.078 0.084 0.104 0.108 0.151 0.165 0.149 0.159 0.139 0.121

(0.159) (0.163) (0.167) (0.169) (0.174) (0.176) (0.177) (0.178) (0.179) (0.180)

STAijt-2 0.022 0.045 0.049 0.091 0.108 0.090 0.101 0.077 0.057

(0.149) (0.154) (0.157) (0.162) (0.165) (0.166) (0.168) (0.170) (0.171)

STAijt-3 0.102 0.106 0.154 0.170 0.148 0.161 0.134 0.110

(0.161) (0.164) (0.170) (0.173) (0.175) (0.177) (0.179) (0.181)

STAijt-4 0.019 0.064 0.083 0.062 0.079 0.047 0.020

(0.154) (0.160) (0.164) (0.166) (0.169) (0.173) (0.174)

STAijt-5 0.173 0.192 0.168 0.183 0.147 0.119

(0.158) (0.162) (0.165) (0.168) (0.172) (0.174)

STAijt-6 0.074 0.052 0.065 0.041 0.017

(0.138) (0.140) (0.143) (0.145) (0.147)

STAijt-7 -0.138 -0.123 -0.156 -0.179

(0.170) (0.173) (0.177) (0.178)

STAijt-8 0.108 0.064 0.024

(0.221) (0.227) (0.230)

STAijt-9 -0.213 -0.255

(0.235) (0.238)

STAijt-10 -0.229

(0.211)

Total ATE 0.0% 0.0% 0.0% 0.0% 21.7% 22.5% 0.0% 22.0% 0.0% 0.0%

N 44310 44310 44310 44310 44310 44310 44310 44310 44310 44310

df_m 8652 8653 8654 8655 8656 8657 8658 8659 8660 8661

r2 0.946 0.946 0.946 0.946 0.946 0.946 0.946 0.946 0.947 0.947

Fixed effects:

Year Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Bilateral Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Country-and-time Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❚♦t❛❧ ❆❚❊ ❂

❙✉♠ ♦❢ t❤❡ ❙❚❆ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ✺✪

✶✽



❚❛❜❧❡ ✼✿ ❘❡s✉❧ts ✭✷❲❋❊✮ ❢r♦♠ ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✼✮ ♦♥ ❛❧❧ ❡①♣♦rts

�Dep var: ln(Xijt+minXj) (1) (2) (3) (4) (5)

All All All All All

STAijt 0.185# 0.186# 0.190# 0.189# 0.183#

(0.102) (0.102) (0.102) (0.103) (0.103)

STAijt-1 0.113 0.111 0.098 0.100 0.108

(0.181) (0.181) (0.183) (0.183) (0.184)

STAijt-2 0.050 0.047 0.039 0.040 0.049

(0.171) (0.172) (0.173) (0.173) (0.174)

STAijt-3 0.102 0.099 0.092 0.093 0.100

(0.182) (0.182) (0.182) (0.183) (0.183)

STAijt-4 0.015 0.013 0.007 0.009 0.013

(0.175) (0.175) (0.175) (0.176) (0.176)

STAijt-5 0.114 0.112 0.105 0.106 0.111

(0.174) (0.175) (0.175) (0.175) (0.175)

STAijt-6 0.014 0.013 0.010 0.010 0.013

(0.147) (0.147) (0.147) (0.147) (0.147)

STAijt-7 -0.182 -0.183 -0.186 -0.185 -0.183

(0.178) (0.178) (0.178) (0.178) (0.178)

STAijt-8 0.021 0.020 0.017 0.017 0.020

(0.230) (0.230) (0.230) (0.230) (0.230)

STAijt-9 -0.258 -0.259 -0.262 -0.261 -0.259

(0.238) (0.238) (0.239) (0.239) (0.239)

STAijt-10 -0.231 -0.231 -0.233 -0.232 -0.232

(0.211) (0.211) (0.211) (0.211) (0.211)

STAijt+1 -0.111 -0.119 -0.141 -0.137 -0.113

(0.221) (0.226) (0.229) (0.232) (0.235)

STAijt+2 -0.041 -0.070 -0.064 -0.038

(0.236) (0.241) (0.245) (0.248)

STAijt+3 -0.133 -0.125 -0.088

(0.226) (0.235) (0.241)

STAijt+4 0.029 0.071

(0.239) (0.246)

STAijt+5 0.155

(0.231)

Total ATE 0.0% 0.0% 0.0% 0.0% 0.0%

N 44310 44310 44310 44310 44310

df_m 8662 8663 8664 8665 8666

r2 0.947 0.947 0.947 0.947 0.947

Fixed effects:

Year Yes Yes Yes Yes Yes

Bilateral Yes Yes Yes Yes Yes
Country-and-time Yes Yes Yes Yes Yes

◆♦t❡✿ ✭✶✮ ▲❡❣❡♥❞✿ ★ ♣❁✳✶❀ ✯ ♣❁✳✵✺❀ ✯✯ ♣❁✳✵✶❀ ✯✯✯ ♣❁✳✵✵✶ ✭✷✮ ❘♦❜✉st st❛♥❞❛r❞ ❡rr♦rs r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ✭✸✮ ❚♦t❛❧ ❆❚❊ ❂

❙✉♠ ♦❢ t❤❡ ❙❚❆ ❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❛t ✺✪
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❚❛❜❧❡ ❆✷✿ ❙✉♠♠❛r② st❛t✐st✐❝s

�Variable Obs Mean Std. Dev. Min Max

STAijt 44322 0.13 0.34 0 1

STAijt-1 44322 0.01 0.10 0 1

STAijt-2 44322 0.01 0.10 0 1

STAijt-3 44322 0.01 0.10 0 1

STAijt-4 44322 0.01 0.11 0 1

STAijt-5 44322 0.01 0.11 0 1

STAijt-6 44322 0.01 0.10 0 1

STAijt-7 44322 0.01 0.09 0 1

STAijt-8 44322 0.004 0.07 0 1

STAijt-9 44322 0.004 0.06 0 1

STAijt-10 44322 0.003 0.05 0 1

STAijt+1 44322 0.002 0.05 0 1

STAijt+2 44322 0.002 0.04 0 1

STAijt+3 44322 0.002 0.05 0 1

STAijt+4 44322 0.002 0.05 0 1

STAijt+5 44322 0.002 0.05 0 1

Xijt 44322 385.07 2068.71 0 63564.5

lnXijt 24622 3.77 2.62 -13.8155 11.05981

Xijt+minXj 44322 385.49 2068.64 0 63564.5

ln(Xijt+minXj) 44310 0.07 5.24 -13.8155 11.05981
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