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❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❝✉r✈❡ ✐s ❝♦♥❝❛✈❡ ✐♥ ♠♦st ♦❢ t❤❡ ❝❛s❡s✱ ❛♥❞ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ r❡❞✉❝❡❞ t❤❡
❞❡❣r❡❡ ♦❢ ❝♦♥❝❛✈✐t②✳ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❛ ❉✐❉ ❞❡s✐❣♥ ♦♥ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ s✉❣❣❡sts ❝♦♥tr❛st✐♥❣
❡✛❡❝ts ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥✿ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐♠♣r♦✈❡❞ ✐rr❡s♣❡❝t✐✈❡ ♦❢ ❣❡♥❞❡r ✐♥ t❤❡ ✉♥❡❞✉✲
❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✱ ❜✉t ✐t ✇♦rs❡♥❡❞ ✐♥ t❤❡ ❤✐❣❤❧② ❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✳ ❋♦r ❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢
s❝❤♦♦❧✐♥❣✱ t❤❡r❡ ❛r❡ str✐❦✐♥❣ ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s✱ ✇✐t❤ str♦♥❣ ❡✛❡❝ts ♦♥ s♦♥s✱ ❜✉t ♥♦ s✐❣♥✐✜❝❛♥t
❡✛❡❝ts ♦♥ ❣✐r❧s✳ ❚❤✐s s✉r♣r✐s✐♥❣ ✜♥❞✐♥❣ r❡✢❡❝ts ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛t t❤❡ s❡❝♦♥❞❛r②
s❝❤♦♦❧✐♥❣ ❧❡✈❡❧ ✇❤✐❝❤ ❝r❡❛t❡❞ ❛ ✜❡r❝❡ ❝♦♠♣❡t✐t✐♦♥ ❛♠♦♥❣ t❤❡ ■♥♣r❡s ♣r✐♠❛r② ❣r❛❞✉❛t❡s✳ ❚❤❡
❣✐r❧s s✉✛❡r❡❞ ❛♥ ✽✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❞❡❝❧✐♥❡ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❝♦♠♣❧❡t✐♥❣ s❡♥✐♦r s❡❝♦♥❞❛r②
s❝❤♦♦❧✐♥❣✱ ✇❤✐❧❡ t❤❡ ❜♦②s r❡❛♣❡❞ ❛ ✼✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❣❛✐♥✳ ❚❤❡ ❣❡♥❞❡r✲❜❛s❡❞ ❝r♦✇❞✐♥❣ ♦✉t
♦❝❝✉rr❡❞ ❛❝r♦ss t❤❡ ❜♦❛r❞✱ s✉❣❣❡st✐♥❣ ♠❡❝❤❛♥✐s♠s ✉♥r❡❧❛t❡❞ t♦ ❢❛♠✐❧② ❜❛❝❦❣r♦✉♥❞ s✉❝❤ ❛s ❧♦✇
❧❛❜♦r ♠❛r❦❡t r❡t✉r♥s ❢♦r ❣✐r❧s ❛♥❞ ❣❡♥❞❡r ♥♦r♠s ✐♥ ❛ ♣❛tr✐❧✐♥❡❛❧ s♦❝✐❡t②✳ ❆✈❛✐❧❛❜❧❡ ❡✈✐❞❡♥❝❡ ♦♥
r❡t✉r♥s t♦ ❡❞✉❝❛t✐♦♥ ♦❢ ❣✐r❧s r❡❥❡❝ts ❛ ❧❛❜♦r ♠❛r❦❡t ❜❛s❡❞ ❡①♣❧❛♥❛t✐♦♥✳ ❲❡ t❡st ❛♥❞ ✜♥❞ ❡✈✐✲
❞❡♥❝❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❣❡♥❞❡r ♥♦r♠s ❛s ❛ ♠❡❝❤❛♥✐s♠ ❜② ❡①♣❧♦✐t✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ✏▼❛tr✐❧✐♥❡❛❧
✐s❧❛♥❞✑ ❲❡st ❙✉♠❛tr❛✳ ■♥ ❲❡st ❙✉♠❛tr❛✱ ❣✐r❧s ❛r❡ ♥♦t ❝r♦✇❞❡❞ ♦✉t ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧✱
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▼✳ ◆❛❥❡❡❜ ❙❤❛✜q✱ ❛♥❞ ♣❛rt✐❝✐♣❛♥ts ❛t t❤❡ ●▲❖ ●❧♦❜❛❧ ❈♦♥❢❡r❡♥❝❡ ✷✵✷✷ ❢♦r ❞✐s❝✉ss✐♦♥s ❛♥❞✴♦r ❝♦♠♠❡♥ts
♦♥ ❛♥ ❡❛r❧✐❡r ❞r❛❢t✳ ❲❡ ❛r❡ ❣r❛t❡❢✉❧ t♦ ❊st❤❡r ❉✉✢♦ ❢♦r ❣❡♥❡r♦✉s❧② s❤❛r✐♥❣ ❞❛t❛ ♦♥ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♥
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❞♦✉❜❧❡❞ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ t❡❛❝❤❡rs tr✐♣❧❡❞ ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✱ ❝r❡❛t✐♥❣ ✶✽✺ ♠✐❧❧✐♦♥ ♥❡✇
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r❡♠❛✐♥s ❛ ♣♦❧✐❝② ♣r✐♦r✐t② ✐♥ ♠❛♥② ❝♦✉♥tr✐❡s✱ ❡s♣❡❝✐❛❧❧② ✐♥ ❆❢r✐❝❛ ❛♥❞ ❙♦✉t❤ ❆s✐❛✱ t♦ ♣r♦✈✐❞❡

❜❡tt❡r ❛❝❝❡ss t♦ ♠✐❧❧✐♦♥s ♦❢ ♣r✐♠❛r② s❝❤♦♦❧ ❛❣❡❞ ❝❤✐❧❞r❡♥ ✇❤♦ r❡♠❛✐♥ ♦✉t ♦❢ s❝❤♦♦❧✳✷ ❚❤❡r❡

✐s ❛ ❧❛r❣❡ ❛♥❞ ❣r♦✇✐♥❣ ❧✐t❡r❛t✉r❡ ❛♥❛❧②③✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♦♥ ❛ ✈❛r✐❡t② ♦❢

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

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

❛ s❛❧✐❡♥t ♣♦❧✐❝② ♦❜❥❡❝t✐✈❡ ✭❛s ♦♣♣♦s❡❞ t♦ ❡q✉❛❧✐t② ♦❢ ♦✉t❝♦♠❡s✮✱ ✉♥❞❡rst❛♥❞✐♥❣ ❤♦✇ s✉❝❤ ❞r❛✲

♠❛t✐❝ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ❛✛❡❝t❡❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s

❝❛♥ ❜❡ ✈❛❧✉❛❜❧❡ ❢♦r ❜♦t❤ t❤❡ ♣♦❧✐❝②♠❛❦❡rs ❛♥❞ ❞♦♥♦rs✳✸

■t ✐s ♦❢t❡♥ ❛r❣✉❡❞ t❤❛t ❛ ❜❡tt❡r ❛❝❝❡ss t♦ ♣✉❜❧✐❝ s❝❤♦♦❧s ❤❡❧♣s r❡❞✉❝❡ ✐♥❡q✉❛❧✐t② ❜② ✐♠♣r♦✈✲

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

❈♦❧❡♠❛♥ ❘❡♣♦rt ✭❈♦❧❡♠❛♥ ❡t ❛❧✳ ✭✶✾✻✻✮✮✱ ❝♦♠♠✐ss✐♦♥❡❞ ❜② t❤❡ ❯♥✐t❡s ❙t❛t❡s ❈♦♥❣r❡ss✱ s✉❣✲

❣❡st❡❞ t❤❛t t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ s❝❤♦♦❧✐♥❣ ❛❝❝❡ss ✇♦✉❧❞ r❡❞✉❝❡ ❡❞✉❝❛t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ❛s ❝❤✐❧❞r❡♥

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

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

s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♠❛② ♥♦t ❜❡ ❞✐str✐❜✉t✐♦♥❛❧❧② ♣r♦❣r❡ss✐✈❡ ♦r ♥❡✉tr❛❧ ✭❇❡❝❦❡r ✭✶✾✽✶✮✱ ❲♦r❧❞

❇❛♥❦ ✭✷✵✵✻✮✮✳ ❚❤❡ ❝❤✐❧❞r❡♥ ❢r♦♠ ❛❞✈❛♥t❛❣❡❞ ❡❝♦♥♦♠✐❝ ❜❛❝❦❣r♦✉♥❞ ♠❛② ❜❡♥❡✜t ❞✐s♣r♦♣♦r✲

t✐♦♥❛t❡❧② ♠♦r❡ ❢r♦♠ ❛ ♥❡✇ s❝❤♦♦❧ ❜❡❝❛✉s❡ t❤❡✐r ♣❛r❡♥ts ❝❛♥ ✐♥✈❡st ✐♥ ❝♦♠♣❧❡♠❡♥t❛r② ✐♥♣✉ts

s✉❝❤ ❛s ❜♦♦❦s ❛♥❞ ♣r✐✈❛t❡ t✉t♦rs✳✹

✷❆❝❝♦r❞✐♥❣ t♦ ❛ r❡❝❡♥t ❣❧♦❜❛❧ ❡st✐♠❛t❡✱ ✻✼ ♠✐❧❧✐♦♥ ♣r✐♠❛r② s❝❤♦♦❧ ❛❣❡❞ ❝❤✐❧❞r❡♥ ❛r❡ ♦✉t ♦❢ s❝❤♦♦❧✱ ❛♥❞ ❛❜♦✉t
✼✵ ♣❡r❝❡♥t ♦❢ t❤❡♠ ❛r❡ ✐♥ ❙✉❜✲❙❛❤❛r❛♥ ❆❢r✐❝❛ ❛♥❞ ❙♦✉t❤ ❆s✐❛✳ ❋♦r ♠♦r❡ ❞❡t❛✐❧s✱ s❡❡ ❯■❙ ✭✷✵✷✷✮✮✳

✸❲♦r❧❞ ❇❛♥❦ ♣♦rt❢♦❧✐♦ ♦❢ ❛❝t✐✈❡ ❡❞✉❝❛t✐♦♥ ♣r♦❥❡❝ts ✐♥ ✾✺ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ✇❛s ❯❙ ✩✷✸✳✻✶ ❜✐❧❧✐♦♥ ♦♥
❏✉♥❡ ✸✵✱ ✷✵✷✷ ✭❲♦r❧❞ ❇❛♥❦ ❊❞✉❝❛t✐♦♥ ❋❛❝t ❙❤❡❡t✱ ❙❡♣t❡♠❜❡r ✶✹✱ ✷✵✷✷✮✳ ✷✹ ♣❡r❝❡♥t ♦❢ t❤❡ t♦t❛❧ ✜♥❛♥❝✐♥❣ ✐s
❛❧❧♦❝❛t❡❞ t♦ ♣r✐♠❛r② s❝❤♦♦❧s✳

✹❚❤❡r❡ ✐s ❛ s✉❜st❛♥t✐❛❧ ❧✐t❡r❛t✉r❡ ✐♥ s♦❝✐♦❧♦❣② ♦♥ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ ❡❞✉❝❛t✐♦♥ ❡①♣❛♥s✐♦♥ ✇❤❡r❡ t❤❡ ❢♦✲
❝✉s ✐s ♦♥ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛✈❡r❛❣❡ ❧❡✈❡❧ ♦❢ ❡❞✉❝❛t✐♦♥ ❛♥❞ ❡❞✉❝❛t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ✐♥ ❛ ❝♦✉♥tr②✳ ❚❤❡r❡ ✐s
s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❡❞✉❝❛t✐♦♥ ❡①♣❛♥s✐♦♥ ❛♥❞ ❡❞✉❝❛t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ✐s ✐♥✈❡rt❡❞✲❯✳
■t ✐s ✐♠♣♦rt❛♥t t♦ ❛♣♣r❡❝✐❛t❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♦✉r ❛♥❛❧②s✐s ♦❢ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ✇❤✐❝❤ ✐s ❛ s✉♣♣❧② s✐❞❡
✐♥t❡r✈❡♥t✐♦♥✱ ❛♥❞ ❡❞✉❝❛t✐♦♥ ❡①♣❛♥s✐♦♥ ✇❤✐❝❤ ✐s ❛♥ ❡q✉✐❧✐❜r✐✉♠ ♦✉t❝♦♠❡ ❞❡t❡r♠✐♥❡❞ ❜② ❜♦t❤ s❝❤♦♦❧ s✉♣♣❧② ❛♥❞
s❝❤♦♦❧✐♥❣ ❞❡♠❛♥❞✳

✶



❲❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ❛ ❞r❛♠❛t✐❝ ❡①♣❛♥s✐♦♥ ♦❢ ♣✉❜❧✐❝ ♣r✐♠❛r② s❝❤♦♦❧s

✐♥ ■♥❞♦♥❡s✐❛ ✐♥ t❤❡ ✶✾✼✵s ♦♥ t❤❡ ✐♥❤❡r✐t❛♥❝❡ ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s✳✺

❚❤❡ ❙❡❦♦❧❛❤ ❉❛s❛r ✭❙❉✮ ■♥♣r❡s ♣r♦❣r❛♠ ✉♥❞❡r t❤❡ s❡❝♦♥❞ ✜✈❡ ②❡❛r ♣❧❛♥ ❝♦♥str✉❝t❡❞ ♠♦r❡

t❤❛♥ ✻✶✱✵✵✵ ♥❡✇ ♣r✐♠❛r② s❝❤♦♦❧s ❛♥❞ ❞♦✉❜❧❡❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② s❝❤♦♦❧s ✐♥ ✜✈❡ ②❡❛rs✳✻

❖✉r ❛♥❛❧②s✐s ❢♦❝✉s❡s ♦♥ t✇♦ ✐ss✉❡s✿ ✭✶✮ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ t❤❡ ❡✛❡❝ts ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥

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

✭✐✐✮ ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✐♥❝✐❞❡♥❝❡ ♦❢ t❤❡ ❡✛❡❝ts✳ ❇❡❝❦❡r ❡t ❛❧✳ ✭✷✵✶✺✮ ❞❡✈❡❧♦♣ ❛ ♠♦❞❡❧

✇❤❡r❡ t❤❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ ❝♦♥❝❛✈❡ ♦r ❝♦♥✈❡① ✐♠♣❧②✐♥❣

❤❡t❡r♦❣❡♥❡♦✉s r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛t ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❛ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥✳✼ ❆ ❝♦♥❝❛✈❡ ♠♦❜✐❧✐t②

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

r❛✐s❡s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ ❧♦✇ ❡❞✉❝❛t✐♦♥ tr❛♣✳ ❚❤❡ ❡①♣❛♥s✐♦♥ ♦❢ ♣r✐♠❛r② s❝❤♦♦❧s ❝❛♥ ❛✛❡❝t

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

❝❤✐❧❞r❡♥ ❢r♦♠ ❞✐✛❡r❡♥t ❢❛♠✐❧② ❜❛❝❦❣r♦✉♥❞✳✽

❚❤❡ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♠❛② ❞✐✛❡r ❛❝r♦ss ❣❡♥❞❡r ❜❡❝❛✉s❡ ♦❢ s♦❝✐❛❧ ♥♦r♠s s✉❝❤ ❛s

s♦♥ ♣r❡❢❡r❡♥❝❡ ✐♥ ❛ ♣❛tr✐❧✐♥❡❛❧ s♦❝✐❡t②✱ ❛♥❞ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❝♦sts ♦❢ ❛❝❝❡ss✐♥❣ ❛ ❞✐st❛♥t s❝❤♦♦❧

✭❲♦r❧❞ ❇❛♥❦ ✭✷✵✶✽✮✱ ❚✐❧❛❦ ✭✶✾✾✸✮✱ ❙❝♦tt ✭✶✾✽✺✮✮✳ ❉✐st❛♥❝❡ ❤✐♥❞❡rs t❤❡ ❣✐r❧s ♠♦r❡ ❛s ♣❛r❡♥ts

❛r❡ ✉♥✇✐❧❧✐♥❣ t♦ s❡♥❞ t❤❡♠ t♦ ❢❛r ❛✇❛② s❝❤♦♦❧s ❜❡❝❛✉s❡ ♦❢ ❣❡♥❞❡r ♥♦r♠s ❛♥❞ s❛❢❡t② ❝♦♥❝❡r♥s✳✾

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

✐♠♣❛❝t ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ❡❞✉❝❛t✐♦♥❛❧ ♦♣♣♦rt✉♥✐t✐❡s ♦❢ ❞❛✉❣❤t❡rs✳ ❲❤❡♥ ♣r✐♠❛r② s❝❤♦♦❧

❡①♣❛♥s✐♦♥ ✐s ♥♦t ❜❛❝❦❡❞ ❜② s✐♠✐❧❛r ❡①♣❛♥s✐♦♥s ❛t t❤❡ s❡❝♦♥❞❛r② ❛♥❞ ❤✐❣❤❡r ❧❡✈❡❧s✱ t❤✐s ♠❛②

❝r❡❛t❡ ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛s ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♣r✐♠❛r② ❣r❛❞✉❛t❡s ❝♦♠♣❡t❡ ❢♦r ❧✐♠✐t❡❞

s❧♦ts ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧✳ ■♥ t❤❡ ❢❛❝❡ ♦❢ s✉❝❤ ❛ ❜♦tt❧❡♥❡❝❦✱ r❡❧❛t✐✈❡❧② ✇❡❛❦❡r s✉❜❣r♦✉♣s ✐♥ ❛

s♦❝✐❡t② ✭❡✳❣✳✱ ❡t❤♥✐❝ ♠✐♥♦r✐t②✱ ✐♠♠✐❣r❛♥ts✮ ♠❛② ❜❡ ❝r♦✇❞❡❞ ♦✉t✳ ■♥ ❛ ♣❛tr✐❧✐♥❡❛❧ s♦❝✐❡t②✱ ♣✉❜❧✐❝

✺■♥❞♦♥❡s✐❛♥ ❣♦✈❡r♥♠❡♥t ✐♥✈❡st❡❞ ❯❙ ✩✺✵✵ ♠✐❧❧✐♦♥ ✐♥ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♥ ✶✾✼✸ ✭❉✉✢♦ ✭✷✵✵✶✮✮✳
✻❚❤❡ ■♥♣r❡s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ❤❛s ❜❡❡♥ t❤❡ ❢♦❝✉s ♦❢ ❛ s❡r✐❡s ♦❢ ✐♥t❡r❡st✐♥❣ st✉❞✐❡s✱ s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ P✐tt

❡t ❛❧✳ ✭✶✾✾✸✮✱ ❉✉✢♦ ✭✷✵✵✶✮✱ ❆s❤r❛❢ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ▼❛③✉♠❞❡r ❡t ❛❧✳ ✭✷✵✶✾✮✱ ❇❛③③✐ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ❇❛✉ ❡t ❛❧✳ ✭✷✵✷✵✮✳
✼❚❤❡ ❝♦♥❝❛✈✐t② ❛r✐s❡s ♥❛t✉r❛❧❧② ❢r♦♠ ❞✐♠✐♥✐s❤✐♥❣ r❡t✉r♥s t♦ ✜♥❛♥❝✐❛❧ ✐♥✈❡st♠❡♥ts✱ ❛♥❞ ❝♦♥✈❡①✐t② ♠❛② ❛r✐s❡

❢r♦♠ ❛ ✈❛r✐❡t② ♦❢ s♦✉r❝❡s ❣❡♥❡r❛t✐♥❣ ❝♦♠♣❧❡♠❡♥t❛r✐t② s✉❝❤ ❛s r♦❧❡ ♠♦❞❡❧ ❛♥❞ ♣❡❡r ❡✛❡❝ts✱ ❛♥❞ ♠♦r❡ ❡✣❝✐❡♥t
❡❞✉❝❛t✐♦♥❛❧ ✐♥✈❡st♠❡♥ts ❜② t❤❡ ❡❞✉❝❛t❡❞ ♣❛r❡♥ts✳

✽❚❛❦✐♥❣ st♦❝❦ ♦❢ t❤❡ ❡❝♦♥♦♠✐❝ ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✱ ❈❤♦❧❧✐ ❛♥❞ ❉✉r❧❛✉❢ ✭✷✵✷✷✮ s✉❣❣❡st
t❤❛t t❤❡ ✏♥❡①t ❣❡♥❡r❛t✐♦♥✑ st✉❞✐❡s ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♥❡❡❞ t♦ ❣♦ ❜❡②♦♥❞ t❤❡ ✇♦r❦❤♦rs❡ ❧✐♥❡❛r ♠♦❞❡❧
❛♥❞ ❡①♣❧♦r❡ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ♥♦♥❧✐♥❡❛r✐t② ✐♠♣❧✐❡❞ ❜② t❤❡♦r②✳

✾❊✈❡♥ ✇❤❡♥ t❤❡ s❝❤♦♦❧ ✐♥ t❤❡ ♥❡✐❣❤❜♦r✐♥❣ ✈✐❧❧❛❣❡ ✐s ✇✐t❤✐♥ ❝♦♠♠✉t✐♥❣ ❞✐st❛♥❝❡✱ ❢❡❛r ♦❢ ❤❛r❛ss♠❡♥t ♦♥ t❤❡
✇❛② t♦ s❝❤♦♦❧ ❝❛♥ ❜❡ ❛♥ ✐♠♣♦rt❛♥t ❤✉r❞❧❡ ❢♦r ❣✐r❧s✳

✷



♣r✐♠❛r② s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♠❛② r❡s✉❧t ✐♥ ❝r♦✇❞✐♥❣ ♦✉t ♦❢ ❣✐r❧s ❛t t❤❡ ♣♦st ♣r✐♠❛r② ❧❡✈❡❧s✳

❋♦r ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✱ ✇❡ ✉s❡ t❤❡ ❢✉❧❧ ❝♦✉♥t ❝❡♥s✉s ❞❛t❛ ❢r♦♠ ❝❡♥s✉s ✷✵✵✵ ✭❇P❙✱ ●♦✈✲

❡r♥♠❡♥t ♦❢ ■♥❞♦♥❡s✐❛✮ ❛♥❞ ❢♦❧❧♦✇ ❝❧♦s❡❧② t❤❡ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡ ✭❉✐❉✮ str❛t❡❣② ❞❡✈❡❧♦♣❡❞

❜② ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮✳✶✵ ❚❤❡ ❧❛r❣❡ ❞❛t❛ s❡t ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❢♦r ♦✉r ❛♥❛❧②s✐s ❜❡❝❛✉s❡

✇❡ ❢♦❧❧♦✇ ❉✉✢♦ ✭✷✵✵✶✮ t♦ ❞❡✜♥❡ t❤❡ tr❡❛t♠❡♥t ✭■♥♣r❡s✮ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ✭♣r❡✲■♥♣r❡s✮ ❣r♦✉♣s

♦❢ ❝❤✐❧❞r❡♥ ✐♥ ❛ ♥❛rr♦✇ ✇✐♥❞♦✇ ♦❢ ❛❣❡ ❝♦❤♦rts ✭✺ ②❡❛rs✮✳ ❊✈❡♥ ✇✐t❤ t❤✐s ❝♦❤♦rts r❡str✐❝t✐♦♥✱

♦✉r ❡st✐♠❛t✐♦♥ s❛♠♣❧❡ ❝♦♥s✐sts ♦❢ ✷✱✵✹✽✱✶✻✹ ❢❛t❤❡r✲❝❤✐❧❞ ♣❛✐rs✳ ❲❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡

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

✉s❡❞ ❞❛t❛ s❡t ❢♦r ❡st✐♠❛t✐♥❣ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡✛❡❝ts ✐♥ ■♥❞♦♥❡s✐❛✿ t❤❡ ■♥❞♦♥❡s✐❛ ❋❛♠✐❧② ▲✐❢❡

❙✉r✈❡② ✭■❋▲❙✮✳ ■❋▲❙ ✐♥❝❧✉❞❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♥♦♥r❡s✐❞❡♥t ❤♦✉s❡❤♦❧❞ ♠❡♠❜❡rs✱ ❛♥❞ t❤✉s ✐s ♥♦t

s✉❜❥❡❝t t♦ s❛♠♣❧❡ tr✉♥❝❛t✐♦♥✳✶✶ ❲❡ ❛❧s♦ r❡♣♦rt ❡st✐♠❛t❡s ✉s✐♥❣ ❛♥ ✐♥✈❡rs❡ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t✲

✐♥❣ ✭■P❲✮ s❝❤❡♠❡ t❤❛t ❝♦rr❡❝ts ❢♦r ❜✐❛s❡s ❞✉❡ t♦ ♣♦ss✐❜❧❡ ♥♦♥r❛♥❞♦♠ s❛♠♣❧❡ tr✉♥❝❛t✐♦♥ ✐♥

❝❡♥s✉s ❞❛t❛ ❡✈❡♥ t❤♦✉❣❤ s✉❝❤ tr✉♥❝❛t✐♦♥ ❜✐❛s s❡❡♠s s♠❛❧❧ ✐♥ ♦✉r ❝♦♥t❡①t✳✶✷

❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts ✜✈❡ ❦❡② ❝♦♥❝❧✉s✐♦♥s✳ ❋✐rst✱ t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❛t✐♦♥ ❢✉♥❝t✐♦♥

✭❤❡♥❝❡❢♦rt❤ ❈❊❋✮ ❢♦r ❜♦t❤ t❤❡ ■♥♣r❡s ❛♥❞ ♣r❡✲■♥♣r❡s ❝♦❤♦rts ✐s ❝♦♥❝❛✈❡ ✇❤❡♥ ✇❡ ❡st✐♠❛t❡ t❤❡

✐♥✢✉❡♥❝❡ ♦❢ ❛ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✭②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✮ ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥

❜② ❝❤✐❧❞r❡♥✳ ❚❤❡ ■♥♣r❡s s❝❤♦♦❧s ❤❛❞ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t✱ ❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥

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

❛❝r♦ss ❣❡♥❞❡r✳ ❚❤❡ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❡st✐♠❛t❡s t❤✉s s✉❣❣❡st t❤❛t t❤❡ ❝❤✐❧❞r❡♥ ❢r♦♠ t❤❡

♠♦st ❞✐s❛❞✈❛♥t❛❣❡❞ ❜❛❝❦❣r♦✉♥❞ ✭❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✮ ❡♥❥♦②❡❞ ❤✐❣❤❡r r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②

✭♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ❧✐♥❡❛r t❡r♠✮ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✭♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t✮✳✶✸ ■♥

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

✶✵❚❤❡ ✐♥✢✉❡♥t✐❛❧ ❝♦♥tr✐❜✉t✐♦♥ ❜② ❈❤❡tt② ❡t ❛❧✳ ✭✷✵✶✹✮ ❤✐❣❤❧✐❣❤t❡❞ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ❜✐❣ ❞❛t❛ ✐♥ ✉♥❞❡rst❛♥❞✐♥❣
✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❝♦♥♦♠✐❝ ♠♦❜✐❧✐t②✳ ❈❛r❞ ❡t ❛❧✳ ✭✷✵✷✷✮ ✉s❡ ✶✾✹✵ ❝❡♥s✉s ❞❛t❛ t♦ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ t❡❛❝❤❡r
q✉❛❧✐t② ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♦❢ ❜❧❛❝❦ ❝❤✐❧❞r❡♥ ✐♥ ❯❙❆ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ✷✵t❤ ❝❡♥t✉r②✳ ❆
♥✉♠❜❡r ♦❢ r❡❝❡♥t ♣❛♣❡rs ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ ❆❢r✐❝❛ ✉s❡ t❤❡ ✶✵ ♣❡r❝❡♥t s❛♠♣❧❡ ♦❢ t❤❡
❝❡♥s✉s ❛✈❛✐❧❛❜❧❡ t❤r♦✉❣❤ ■P❯▼❙❀ s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❆❧❡s✐♥❛ ❡t ❛❧✳ ✭✷✵✷✶✮ ❛♥❞ ❆③♦♠❛❤♦✉ ❛♥❞ ❨✐t❜❛r❡❦ ✭✷✵✷✶✮✳

✶✶❲❡ ❞♦ ♥♦t ✉s❡ ■❋▲❙ ❢♦r ♦✉r ❛♥❛❧②s✐s ❜❡❝❛✉s❡ t❤❡ s❛♠♣❧❡ s✐③❡ ❜❡❝♦♠❡s t♦♦ s♠❛❧❧ ♦♥❝❡ ✇❡ r❡str✐❝t t♦ t❤❡
r❡❧❡✈❛♥t ❝♦❤♦rts✳ ❚❤❡r❡ ❛r❡ ❧❡ss t❤❛♥ ✷✺✵ ❤♦✉s❡❤♦❧❞ ❧❡✈❡❧ ♦❜s❡r✈❛t✐♦♥s ❛✈❛✐❧❛❜❧❡ ❢♦r s♦♠❡ ♦❢ ♦✉r ❛♥❛❧②s✐s ✇❤❡r❡
s♦♠❡ ❞✐str✐❝ts ❤❛✈❡ ♦♥❧② ✷ ❤♦✉s❡❤♦❧❞s ✐♥ t❤❡ s❛♠♣❧❡✳

✶✷◆✐❝♦❧❡tt✐ ❛♥❞ ❋r❛♥❝❡s❝♦♥✐ ✭✷✵✵✻✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ■P❲ ♣❡r❢♦r♠s ❜❡tt❡r t❤❛♥ ❍❡❝❦♠❛♥ s❡❧❡❝t✐♦♥
❝♦rr❡❝t✐♦♥ ✐♥ ❝♦rr❡❝t✐♥❣ ❝♦r❡s✐❞❡♥❝② ❜✐❛s ✐♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❛❧②s✐s✳

✶✸❚❤❡ ✐♥t❡r❝❡♣t t❡r♠ r❡♣r❡s❡♥ts t❤❡ ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ ❛ ♠❡❛s✉r❡ ♦❢ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t②✱
❢♦r ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✳ ❚❤❡ ❧✐♥❡❛r t❡r♠ ✐s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t② ❈❊❋ ❡✈❛❧✉❛t❡❞ ❛t ❢❛t❤❡r✬s
③❡r♦ s❝❤♦♦❧✐♥❣✱ ❛♥❞ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t② ❈❊❋ ✐s ❛ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②✳
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r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❡①♣❡r✐❡♥❝❡❞ ❜② t❤❡ ♠♦st ❞✐s❛❞✈❛♥t❛❣❡❞ ❝❤✐❧❞r❡♥✿ ✼✷ ♣❡r❝❡♥t ✉♥❞❡r❡st✐♠❛t✐♦♥

❢♦r s♦♥s ❛♥❞ ✷✷ ♣❡r❝❡♥t ❢♦r ❞❛✉❣❤t❡rs✳✶✹

❙❡❝♦♥❞✱ t❤❡ ❡st✐♠❛t❡s s❤♦✇ ✐♠♣♦rt❛♥t ❤❡t❡r♦❣❡♥❡✐t②✿ ✇❤✐❧❡ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✐♠♣r♦✈❡❞

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

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

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♣❡rs✐st❡♥❝❡✱ ■♥♣r❡s s❝❤♦♦❧s str❡♥❣t❤❡♥❡❞ t❤❡ ❡❞✉❝❛t✐♦♥❛❧ ❛❞✈❛♥t❛❣❡s ♦❢ t❤❡

♠♦r❡ ❡❞✉❝❛t❡❞ s❡❣♠❡♥t ♦❢ t❤❡ s♦❝✐❡t② ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s✳

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

✇❤❡♥ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✐s ✉s❡❞ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❚❤❡ ❈❊❋

✐s ❝♦♥❝❛✈❡ ❢♦r s♦♥s✱ ❜✉t ✐t ✐s ❧✐♥❡❛r ❢♦r ❞❛✉❣❤t❡rs ✐♥ t❤✐s ❝❛s❡✳ ▼♦r❡ ✐♠♣♦rt❛♥t❧②✱ t❤❡ ❡✈✐✲

❞❡♥❝❡ s✉❣❣❡sts str♦♥❣ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ s♦♥s✱ ❜✉t t❤❡r❡ ❛r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦♥

❞❛✉❣❤t❡rs✳

❋♦✉rt❤✱ ✇❡ ❡①♣❧♦r❡ ❛❧t❡r♥❛t✐✈❡ ❡①♣❧❛♥❛t✐♦♥s ❢♦r t❤❡ ♣✉③③❧❡ ♦❢ str♦♥❣ ❡✛❡❝ts ♦♥ ♣r✐♠❛r②

s❝❤♦♦❧✐♥❣ ♦❢ ❣✐r❧s✱ ❜✉t ❧✐tt❧❡ ❡✛❡❝ts ♦♥ t❤❡✐r ❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✳ ❚❤❡ ✻✶✱✵✵✵ ♣r✐♠❛r②

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

❜✉t t❤❡ ♥✉♠❜❡r ♦❢ ❤✐❣❤ s❝❤♦♦❧s ❞✐❞ ♥♦t ❡①♣❛♥❞ ✐♥ ❛♥② s✐❣♥✐✜❝❛♥t ✇❛② ✭❍❡♥❡✈❡❧❞ ✭✶✾✼✾✮✮✳

❚❤✉s✱ t❤❡ ■♥♣r❡s ❣r❛❞✉❛t❡s ❢❛❝❡❞ ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛t t❤❡ ❤✐❣❤ s❝❤♦♦❧ ❡♥tr② ❧❡✈❡❧✳ ❖✉r

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

♣♦s✐t✐✈❡ ❡✛❡❝t ✭✼✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ♦❢ ❝♦♠♣❧❡t✐♦♥✮✱ ❜✉t t❤❡ ❣✐r❧s s✉✛❡r❡❞ ❛

♥❡❣❛t✐✈❡ ❡✛❡❝t ✭✽✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❧♦✇❡r ♣r♦❜❛❜✐❧✐t② ♦❢ ❝♦♠♣❧❡t✐♦♥✮✳ ❚❤❡ ❡①♣❛♥❞❡❞ s✉♣♣❧②

♦❢ ♣r✐♠❛r② ❣r❛❞✉❛t❡ ❜♦②s ❤❛❞ ❝r♦✇❞❡❞ ♦✉t t❤❡ ❣✐r❧s ❢r♦♠ t❤❡ ❤✐❣❤ s❝❤♦♦❧✳✶✺

❊✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ❛ ❣✐r❧✬s s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣ ❞♦❡s ♥♦t ❞❡✲

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

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

❚❤❡r❡ ❛r❡ t✇♦ s✉❝❤ ♣♦t❡♥t✐❛❧ ♠❡❝❤❛♥✐s♠s✿ ✭✐✮ ❧♦✇ ❧❛❜♦r ♠❛r❦❡t r❡t✉r♥s ❢♦r ❣✐r❧s ❛t t❤❡ s❡❝✲

♦♥❞❛r② ❛♥❞ ❤✐❣❤❡r ❧❡✈❡❧s✱ ❛♥❞ ✭✐✐✮ s♦❝✐❛❧ ♥♦r♠s ❛❣❛✐♥st ❣✐r❧s ✐♥ ❛ ♣❛tr✐❧✐♥❡❛❧ s♦❝✐❡t② s✉❝❤ ❛s

✶✹❚❤❡s❡ ❡st✐♠❛t❡s r❡❢❡r t♦ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ♦❢ ❝❤✐❧❞r❡♥✳ ❋♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ t❤❡ ❡✛❡❝t ♦♥ t❤❡ ♠♦st
❞✐s❛❞✈❛♥t❛❣❡❞ s♦♥s ✐s ✉♥❞❡r❡st✐♠❛t❡❞ ❜② ✾✼ ♣❡r❝❡♥t✱ ❜✉t t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❞❛✉❣❤t❡rs ✐♥ ❜♦t❤
❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ♠♦❞❡❧s✳

✶✺❖♥❝❡ ✇❡ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❜❛s❡✿ ❢♦r ❜♦②s ✐t ✐s ✵✳✶✾✼ ❛♥❞ ❢♦r ❣✐r❧s ✵✳✶✼✾✱ t❤❡ ♣♦s✐t✐✈❡
❡✛❡❝t ❢♦r ❜♦②s ❝❛♥❝❡❧s ♦✉t t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ❣✐r❧s✱ s✉❣❣❡st✐♥❣ ❛ ♦♥❡ ❢♦r ♦♥❡ ❣❡♥❞❡r ❜❛s❡❞ ❝r♦✇❞✐♥❣ ♦✉t✳
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s♦♥ ♣r❡❢❡r❡♥❝❡ ✐♥ ❡❞✉❝❛t✐♦♥✳✶✻ ❆ s✉❜st❛♥t✐❛❧ ❜♦❞② ♦❢ ❡✈✐❞❡♥❝❡ ❢♦r t❤❡ r❡❧❡✈❛♥t ❝♦❤♦rts ✐♥ ■♥✲

❞♦♥❡s✐❛ s❤♦✇s ❤✐❣❤❡r r❡t✉r♥s t♦ ❡❞✉❝❛t✐♦♥ ❢♦r ❣✐r❧s ✭❡✳❣✳✱ ❉❡♦❧❛❧✐❦❛r ✭✶✾✾✸✮✱ ❛♥❞ ❇❡❤r♠❛♥ ❛♥❞

❉❡♦❧❛❧✐❦❛r ✭✶✾✾✺✮✮✱ ❛♥❞ t❤✉s r❡❥❡❝ts t❤❡ ❧❛❜♦r ♠❛r❦❡t ❜❛s❡❞ ❡①♣❧❛♥❛t✐♦♥✳ ❚❤✐s ❧❡❛✈❡s ❣❡♥❞❡r

♥♦r♠s ❛s ❛ ♣❧❛✉s✐❜❧❡ ♠❡❝❤❛♥✐s♠ ✇❤✐❝❤ ✇❡ t❡st ✉s✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ ✏♠❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞✑ ❲❡st

❙✉♠❛tr❛✱ t❤❡ ❤♦♠❡ t♦ t❤❡ ❧❛r❣❡st ♠❛tr✐❧✐♥❡❛❧ tr✐❜❡ ✐♥ t❤❡ ✇♦r❧❞ ✭▼✐♥❛♥❣❦❛❜❛✉✮✳ ■❢ t❤❡ ❝r♦✇❞✲

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

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

♠❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞ ✇❤✐❝❤ ✐s ❝♦♥✜r♠❡❞ ❜② t❤❡ ❡st✐♠❛t❡s✳✶✼ ■♥st❡❛❞✱ t❤❡ ❜♦②s ❢❛❝❡ s✐❣♥✐✜❝❛♥t

❝r♦✇❞✐♥❣ ♦✉t ✐♥ ♠❛tr✐❧✐♥❡❛❧ ❲❡st ❙✉♠❛tr❛✳

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

♦♥ t❤❡ r❡❝❡♥t q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧s ❞❡✈❡❧♦♣❡❞ ❜② ❇❡❝❦❡r ❡t ❛❧✳ ✭✷✵✶✺✮✱ ❛♥❞ ❇❡❝❦❡r ❡t ❛❧✳

✭✷✵✶✽✮✳ ❲❡ ❛❧s♦ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ♦♥ ❛❧t❡r♥❛t✐✈❡ ♠♦❞❡❧s ♦❢ ♠♦❜✐❧✐t②✱ ❜❛s❡❞ ♦♥ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣

♥♦r♠❛❧✐③❡❞ ❜② ✐ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❛♥❞ s❝❤♦♦❧✐♥❣ r❛♥❦s✳✶✽ ❲❡ ✜♥❞ t❤❛t t❤❡ ❝♦♥❝❧✉s✐♦♥s

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

❞♦ ♥♦t ❝❤❛♥❣❡ s✉❜st❛♥t✐❛❧❧② ✇❤❡♥ ✇❡ ✉s❡ t❤❡ ♥♦r♠❛❧✐③❡❞ ♠♦❞❡❧✳✶✾ ❇✉t t❤❡ ❝♦♥❝❧✉s✐♦♥s ❢r♦♠

t❤❡ r❛♥❦✲r❛♥❦ ♠♦❜✐❧✐t② ♠♦❞❡❧ ❛r❡ ❞✐✛❡r❡♥t✱ ✇✐t❤ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦❢ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥

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

❛❞✈✐s✐♥❣ ♣♦❧✐❝②♠❛❦❡rs✳

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

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

❞✐✛❡r❡♥t s✐❣♥s✮ ❛❝r♦ss ❡❞✉❝❛t❡❞ ❛♥❞ ✉♥❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s ✐s ♦❢ ♠♦r❡ ❣❡♥❡r❛❧ ✐♥t❡r❡st✳ ■t ✉♥✲

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

✶✻❚❤❡r❡ ✐s ❛ ❣r♦✇✐♥❣ r❡❝♦❣♥✐t✐♦♥ ❛♠♦♥❣ ❡❝♦♥♦♠✐sts t❤❛t s♦❝✐❛❧ ♥♦r♠ ✐s ❛ ✜rst ♦r❞❡r ❢❛❝t♦r ❢♦r ✉♥❞❡rst❛♥❞✐♥❣
t❤❡ ♣❡rs✐st❡♥t ❜✐❛s❡s ❢❛❝❡❞ ❜② ✇♦♠❡♥ ✐♥ ♠❛♥② ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ✭❏❛②❛❝❤❛♥❞r❛♥ ✭✷✵✶✺✮✮✳

✶✼❲❡ ✉♥❞❡rs❝♦r❡ ❤❡r❡ t❤❛t ✇❡ ❛r❡ ❝♦♥❝❡r♥❡❞ ✇✐t❤ ❣❡♥❞❡r ♥♦r♠s ❢♦r t❤❡ ✶✾✺✵s t♦ ✶✾✻✵s ❜✐rt❤ ❝♦❤♦rts✳ ❊✈❡♥
t❤♦✉❣❤ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts ♥♦ s✐❣♥✐✜❝❛♥t ❣❡♥❞❡r ❜✐❛s ✐♥ ❡❞✉❝❛t✐♦♥ ✐♥ t❤❡ r❡❝❡♥t ❞❡❝❛❞❡s ✐♥ ■♥❞♦♥❡s✐❛ ✭❆❢❦❛r ❡t ❛❧✳
✭✷✵✷✵✮✮✱ ♦✉r ✜♥❞✐♥❣s ❛❜♦✉t ❣❡♥❞❡r ❜✐❛s ✐♥ t❤❡s❡ ♦❧❞❡r ❝♦❤♦rts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♦t❤❡r ❛✈❛✐❧❛❜❧❡ ❡✈✐❞❡♥❝❡✳
❋♦r ❡①❛♠♣❧❡✱ ▼❛❝❝✐♥✐ ❛♥❞ ❨❛♥❣ ✭✷✵✵✾✮ ✜♥❞ t❤❛t ❣✐r❧✬s ❤❡❛❧t❤ ❛♥❞ s❝❤♦♦❧✐♥❣ ♦✉t❝♦♠❡s ✐♥ t❤❡s❡ ❝♦❤♦rts ✇❡r❡
s❡♥s✐t✐✈❡ t♦ ❡❛r❧② ❧✐❢❡ r❛✐♥❢❛❧❧ s❤♦❝❦s✱ ❜✉t ♣❛r❡♥ts ❡✛❡❝t✐✈❡❧② ✐♥s✉r❡❞ t❤❡ ❜♦②s ❛❣❛✐♥st s✉❝❤ s❤♦❝❦s✱ s✉❣❣❡st✐♥❣
str♦♥❣ s♦♥ ♣r❡❢❡r❡♥❝❡✳

✶✽❋♦❧❧♦✇✐♥❣ t❤❡ ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦♥ t❤❡ r❛♥❦✲r❛♥❦ ♠♦❞❡❧ ❢♦r ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ❜② ❈❤❡tt② ❡❛t ❛❧✳ ✭✷✵✶✹✮✱ ♠❛♥②
❛✉t❤♦rs ❛r❡ ✐♥❝r❡❛s✐♥❣❧② ❛❞♦♣t✐♥❣ ❛ r❛♥❦✲r❛♥❦ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭s❡❡✱ ❢♦r
❡①❛♠♣❧❡✱ ◆❡✐❞❤♦❢❡r ❡t ❛❧✳ ✭✷✵✶✽✮✱ ❍✐❧❣❡r ✭✷✵✶✺✮✱ ❆s❤❡r ❡t ❛❧✳ ✭✷✵✷✸✮✮✳ ❚❤✐s✱ ❤♦✇❡✈❡r✱ ✐❣♥♦r❡s t❤❡ ❢❛❝t t❤❛t✱
✉♥❧✐❦❡ ✐♥❝♦♠❡✱ ❡❞✉❝❛t✐♦♥ ✐s ❛ ❞✐s❝r❡t❡ ✈❛r✐❛❜❧❡ ✇✐t❤ ❧✐♠✐t❡❞ s✉♣♣♦rt✳ ❋♦r ❛ ❞✐s❝✉ss✐♦♥ ♦♥ t❤❡ ❞✐✣❝✉❧t✐❡s ✐♥
❛❞♦♣t✐♥❣ t❤❡ r❛♥❦✲r❛♥❦ ♠♦❞❡❧ ❢♦r ❡❞✉❝❛t✐♦♥✱ s❡❡ ❆❤s❛♥ ❡t ❛❧✳ ✭✷✵✷✷✮✳

✶✾❘❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐s ♠❡❛s✉r❡❞ ❜② P❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ✐♥ t❤❡ ♥♦r♠❛❧✐③❡❞ ♠♦❞❡❧✳

✺



❛s ✐t ❛ss✉♠❡s ❛✇❛② s✉❝❤ ❤❡t❡r♦❣❡♥❡♦✉s ❡✛❡❝ts ♦❢ ❛ ♣♦❧✐❝② ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②✳ ❚❤❡ ✐♥s✐❣❤t

t❤❛t t❤❡ s❝❤♦♦❧✐♥❣ ❡①♣❛♥s✐♦♥ ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧ ♠❛② ❝r❡❛t❡ ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛t

t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧ ✇❤✐❝❤ ✐♥ t✉r♥ ❝❛♥ ❧❡❛❞ t♦ ❛❞✈❡rs❡ ❞✐str✐❜✉t✐♦♥❛❧ ❡✛❡❝ts ♦♥ ❤✐st♦r✐❝❛❧❧②

❞✐s❛❞✈❛♥t❛❣❡❞ ❣r♦✉♣s ✐s r❡❧❡✈❛♥t ❢♦r ♣♦❧✐❝②♠❛❦❡rs ✐♥ ♠❛♥② ♦t❤❡r ❝♦✉♥tr✐❡s✳ ❇❡❝❛✉s❡ ♣r✐♠❛r②

s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ❢r♦♠ ✶✾✼✵s ♦♥✇❛r❞ ❤❛s ❜❡❡♥ ❞r❛♠❛t✐❝ ✐♥ ♠♦st ♦❢ t❤❡ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s

❜✉t t❤❡ ❡①♣❛♥s✐♦♥ ❛t t❤❡ s❡❝♦♥❞❛r② ❛♥❞ ❤✐❣❤❡r ❧❡✈❡❧s ❤❛s ❧❛❣❣❡❞ ❢❛r ❜❡❤✐♥❞✳✷✵ ❚❤❡ ♠♦r❡ ❣❡♥✲

❡r❛❧ ❧❡ss♦♥ ❤❡r❡ ✐s t❤❛t ❡①♣❛♥❞✐♥❣ ❡❞✉❝❛t✐♦♥❛❧ ♦♣♣♦rt✉♥✐t② ❛t ❛ ❧♦✇❡r ❧❡✈❡❧ ✇✐t❤♦✉t ❝♦♥❝✉rr❡♥t

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

t❛❣❡❞ ❜❛❝❦❣r♦✉♥❞ ✭❡✳❣✳✱ ❡t❤♥✐❝ ❛♥❞ r❡❧✐❣✐♦✉s ♠✐♥♦r✐t②✱ ❧♦✇❡r ❝❛st❡✱ ❛♥❞ ❣✐r❧s✮✳ ❚❤❡ ♣♦t❡♥t✐❛❧

❝♦♥✢✐❝t ❜❡t✇❡❡♥ r❛♥❦✲❜❛s❡❞ ♠♦❜✐❧✐t② ♠♦❞❡❧ ❛♥❞ t❤❡ ♠♦❞❡❧s ❜❛s❡❞ ♦♥ ❇❡❝❦❡r✲❚♦♠❡s ✭②❡❛rs ♦❢

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

♠❛♥② ♦t❤❡r ❝♦✉♥tr✐❡s✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✭✷✮ ❞✐s❝✉ss❡s t❤❡ r❡❧❛t❡❞

❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ❜❡tt❡r ❛❝❝❡ss t♦ s❝❤♦♦❧s t♦ ♣✉t

t❤❡ ♣❛♣❡r ✐♥ ♣❡rs♣❡❝t✐✈❡✳ ❙❡❝t✐♦♥ ✭✸✮ ❝♦♥t❛✐♥s ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝❡♥s✉s ✷✵✵✵ ❞❛t❛ ❛♥❞

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

❡q✉❛t✐♦♥s ❢♦r t❤❡ ❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧s✳ ❙❡❝t✐♦♥ ✭✺✮ r❡♣♦rts t❤❡ ♠❛✐♥ ❡st✐♠❛t❡s

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

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

♦✛❡rs r♦❜✉st♥❡ss ❝❤❡❝❦s ✉s✐♥❣ ❞✐✛❡r❡♥t ❝♦♠♣❛r✐s♦♥ ❣r♦✉♣s✱ ❛♥❞ ♠♦t❤❡r✬s s❝❤♦♦❧✐♥❣ ✐♥ ♣❧❛❝❡

♦❢ ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣ ❛s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ ❝❤✐❧❞r❡♥✬s ❢❛♠✐❧② ❜❛❝❦❣r♦✉♥❞✳ ❙❡❝t✐♦♥ ✭✻✮ r❡♣♦rts

t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦♥ r❡❧❛t✐✈❡ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ♦❢ s♦♥s ❛♥❞ ❞❛✉❣❤t❡rs✳ ❙❡❝t✐♦♥ ✭✼✮

✐s ❞❡✈♦t❡❞ t♦ ✉♥❝♦✈❡r✐♥❣ t❤❡ ♠❡❝❤❛♥✐s♠s ❜❡❤✐♥❞ t❤❡ ♣✉③③❧✐♥❣ ❛❜s❡♥❝❡ ♦❢ ❛♥② ❡✛❡❝t ♦♥ ❣✐r❧✬s

❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ♥♦t✇✐t❤st❛♥❞✐♥❣ t❤❡ str♦♥❣ ❡✛❡❝ts ❢♦✉♥❞ ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧✳

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

t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧✳ ❙❡❝t✐♦♥ ✭✽✮ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ ✉s✐♥❣ ❛❧t❡r♥❛t✐✈❡ ♠♦❞❡❧s ♦❢ ♠♦❜✐❧✐t②✱ ❜❛s❡❞

♦♥ s❝❤♦♦❧✐♥❣ r❛♥❦s ❛♥❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ♥♦r♠❛❧✐③❡❞ ❜② ❣❡♥❡r❛t✐♦♥ s♣❡❝✐✜❝ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳

❚❤✐s s❡❝t✐♦♥ ❛❧s♦ ❞✐s❝✉ss❡s ❤♦✇ t♦ ❛❞✈✐s❡ ♣♦❧✐❝②♠❛❦❡rs ✇❤❡♥ ❞✐✛❡r❡♥t ♠♦❞❡❧s ❣✐✈❡ ❝♦♥✢✐❝t✐♥❣

❡✈✐❞❡♥❝❡✳ ❚❤❡ ♣❛♣❡r ❡♥❞s ✇✐t❤ ❛ s✉♠♠❛r② ♦❢ t❤❡ ♠❛✐♥ ✜♥❞✐♥❣s ❛♥❞ t❤❡✐r ✐♠♣❧✐❝❛t✐♦♥s ❢♦r t❤❡

✷✵■♥ ✷✵✶✻✱ t❤❡ s❡❝♦♥❞❛r② ❝♦♠♣❧❡t✐♦♥ r❛t❡ ✇❛s ♦♥❧② ✸✺ ♣❡r❝❡♥t ✐♥ t❤❡ ❧♦✇ ✐♥❝♦♠❡ ❝♦✉♥tr✐❡s ❛s ❝❧❛ss✐✜❡❞ ❜②
❲♦r❧❞ ❇❛♥❦✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❛t❡ ❢♦r ❖❊❈❉ ❝♦✉♥tr✐❡s ✇❛s ✾✻ ♣❡r❝❡♥t✳ ❙❡❡ ❝❤❛♣t❡r ✷ ✐♥ ❲♦r❧❞ ❇❛♥❦ ✭✷✵✶✽✮✳

✻



❜r♦❛❞❡r ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✳

✭✷✮ ❘❡❧❛t❡❞ ▲✐t❡r❛t✉r❡

❚❤❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤✐s ♣❛♣❡r ❛r❡ ❛t t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t✇♦ ♠❛❥♦r ❛r❡❛s ♦❢ ❡❝♦♥♦♠✐❝

r❡s❡❛r❝❤✿ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥✳ ❚❤❡r❡ ✐s ❛ ✈❛st ❧✐t❡r❛✲

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

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♣❡rs✐st❡♥❝❡ ✐♥ ♣❡r♠❛♥❡♥t ✐♥❝♦♠❡✳ ❙❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❙♦❧♦♥ ✭✶✾✾✷✮✱ ▼❛③✉♠❞❡r

✭✷✵✵✺✮✱ ❈❤❡tt② ❡t ❛❧✳ ✭✷✵✶✹✮✱ ❇❧❛❝❦ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ❈❛r♥❡✐r♦ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❆❝❝✐❛r✐ ❡t ❛❧✳ ✭✷✵✷✷✮✱

❆❞❡r♠♦♥ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❆❜r❛♠✐t③❦② ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❈❛r❞ ❡t ❛❧✳ ✭✷✵✷✷✮✱ ❛♥❞ ❇❡r♠❛♥ ✭✷✵✷✷✮✳ ❋♦r

❡①❝❡❧❧❡♥t s✉r✈❡②s✱ s❡❡ ❙♦❧♦♥ ✭✶✾✾✾✮✱ ❇❧❛❝❦ ❛♥❞ ❉❡✈❡r❡✉① ✭✷✵✶✶✮✱ ❍❡❝❦♠❛♥ ❛♥❞ ▼♦ss♦ ✭✷✵✶✹✮✱

▼♦❣st❛❞ ❛♥❞ ❚♦rs✈✐❦ ✭✷✵✷✶✮✱ ❛♥❞ ❈❤♦❧❧✐ ❛♥❞ ❉✉r❧❛✉❢ ✭✷✵✷✷✮✳ ❚❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ❞❡✈❡❧♦♣✐♥❣

❝♦✉♥tr✐❡s ✐s ❧✐♠✐t❡❞✱ ✇✐t❤ ♠♦st ♦❢ t❤❡ st✉❞✐❡s ❛♥❛❧②③✐♥❣ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♣❡rs✐st❡♥❝❡ ✐♥ ❡❞✲

✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣❛✉❝✐t② ♦❢ ❧♦♥❣✲r✉♥ ♣❛♥❡❧ ❞❛t❛ r❡q✉✐r❡❞ ❢♦r ❛ ❝r❡❞✐❜❧❡

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

✐♥❝❧✉❞❡ ❆❣ü❡r♦ ❛♥❞ ❘❛♠❛❝❤❛♥❞r❛♥ ✭✷✵✷✵✮✱ ❆③❛♠ ❛♥❞ ❇❤❛tt ✭✷✵✶✺✮✱ ❆❧❡s✐♥❛ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❊♠✲

r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✶✺✮✱ ❛♥❞ ◆❡✐❞❤♦❢❡r ❡t ❛❧✳ ✭✷✵✶✽✮✳✷✶ ❊①❝❡❧❧❡♥t s✉r✈❡②s ♦❢ t❤❡ r❡❝❡♥t ❧✐t❡r❛t✉r❡

♦♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s ❛r❡ ♣r♦✈✐❞❡❞ ❜② ❚♦r❝❤❡ ✭✷✵✶✾✮✱ ❛♥❞ ■✈❡rs❡♥ ❡t ❛❧✳ ✭✷✵✶✾✮✳

❆ s❡❝♦♥❞ str❛♥❞ ♦❢ ❧✐t❡r❛t✉r❡ t❤❛t ♦✉r ❛♥❛❧②s✐s ❝♦♥tr✐❜✉t❡s t♦ ✐s t❤❡ ❡✛❡❝ts ♦❢ ❛❝❝❡ss t♦

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

❢❡❝ts ✭❢♦r s✉r✈❡②s✱ s❡❡ ❖r❛③❡♠ ❛♥❞ ❑✐♥❣ ✭✷✵✵✽✮✱ ❍❛♥✉s❤❡❦ ✭✷✵✵✷✮✱ ❛♥❞ ❋✐❧♠❡r ✭✷✵✵✼✮✮✳✷✷ ◆❡✐❧✲

s♦♥ ❛♥❞ ❩✐♠♠❡r♠❛♥ ✭✷✵✶✹✮ r❡♣♦rt t❤❛t ❡❧❡♠❡♥t❛r② ❛♥❞ ♠✐❞❞❧❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♣r♦❥❡❝ts

✐♥ ❛ ♣♦♦r ✉r❜❛♥ s❝❤♦♦❧ ❞✐str✐❝t ✐♥ ❯❙❆ r❛✐s❡❞ t❡st s❝♦r❡s✱ ❡♥r♦❧❧♠❡♥t✱ ❛♥❞ ❤♦♠❡ ♣r✐❝❡s✳ ❈✉rr✐❡

❛♥❞ ▼♦r❡tt✐ ✭✷✵✵✸✮ ✜♥❞ t❤❛t ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❝♦❧❧❡❣❡ ✐♥ ❛ ❝♦✉♥t② ✐♥ ❯❙❆ ✐♠♣r♦✈❡❞ ❝❤✐❧❞r❡♥✬s

❜✐rt❤ ♦✉t❝♦♠❡s ❜② ✐♥❝r❡❛s✐♥❣ ♠❛t❡r♥❛❧ ❡❞✉❝❛t✐♦♥✳ ❑❤❛♥♥❛ ✭✷✵✷✸✮ ❛♥❛❧②③❡s t❤❡ ❣❡♥❡r❛❧ ❡q✉✐✲

❧✐❜r✐✉♠ ❡✛❡❝ts ♦❢ ❛ ❧❛r❣❡ s❝❛❧❡ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♣r♦❣r❛♠ ✐♥ ■♥❞✐❛✱ ❛♥❞ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ t❤❛t

✉♥s❦✐❧❧❡❞ ✇♦r❦❡rs ❜❡♥❡✜t❡❞ ✇❤✐❧❡ s❦✐❧❧❡❞ ✇♦r❦❡rs ✇❡r❡ ✇♦rs❡ ♦✛✳✷✸

✷✶❆♠♦♥❣ ✉♥♣✉❜❧✐s❤❡❞ ♣❛♣❡rs✱ s❡❡ ❨✉ ❡t ❛❧✳ ✭✷✵✷✵✮✱ ❆s❤❡r ❡t ❛❧✳ ✭✷✵✷✸✮✱ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✷✶✮✳
✷✷■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡✛❡❝ts r❡❢❡r t♦ t❤❡ ❡✛❡❝ts ♦❢ ♣♦❧✐❝✐❡s ♦♥ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✿ ❞♦❡s ✐♠♣r♦✈✐♥❣ ❡❞✉❝❛t✐♦♥

♦❢ ♣❛r❡♥ts ❜② ❛ ♣♦❧✐❝② ✐♠♣r♦✈❡ t❤❡ ♦✉t❝♦♠❡s ♦❢ t❤❡✐r ❝❤✐❧❞r❡♥❄ ❋♦r ❛♥ ❡①❝❡❧❧❡♥t ❞✐s❝✉ss✐♦♥ ♦♥ t❤❡ ❞✐st✐♥❝t✐♦♥
❜❡t✇❡❡♥ ✏✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡✛❡❝ts✑ ❛♥❞ ✏✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✑✱ ❛♥❞ t❤❡ r❡❧❛t❡❞ ❧✐t❡r❛t✉r❡✱ s❡❡ ❇❥♦r❦❧✉♥❞
❛♥❞ ❏❛♥tt✐ ✭✷✵✷✵✮✳

✷✸❚❤❡ s♦❝✐♦❧♦❣✐❝❛❧ ❧✐t❡r❛t✉r❡ ♦♥ ❡❞✉❝❛t✐♦♥ ❡①♣❛♥s✐♦♥ ✭✐♥❝r❡❛s❡ ✐♥ ❛✈❡r❛❣❡ s❝❤♦♦❧✐♥❣✮ ♥♦t❡❞ ❡❛r❧✐❡r ❢♦❝✉s❡s ♦♥
✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❛ss♦❝✐❛t✐♦♥s ❛♥❞ ✏♠❡❝❤❛♥✐st✐❝✑ ❞❡❝♦♠♣♦s✐t✐♦♥ ✭♥♦t ❝❛✉s❛❧✮ t♦ s❤❡❞ ❧✐❣❤ts ♦♥ t❤❡ ♠❡❝❤❛♥✐s♠s✳
❙❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ P❢❡✛❡r ❛♥❞ ❍❡rt❡❧ ✭✷✵✶✺✮ ❛♥❞ ❇r❡❡♥ ✭✷✵✶✵✮✳ ■♥ t❤❡ ❡❝♦♥♦♠✐❝ ❧✐t❡r❛t✉r❡✱ ❡❞✉❝❛t✐♦♥ ❡①♣❛♥s✐♦♥

✼



❋♦❧❧♦✇✐♥❣ t❤❡ ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦❢ ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮✱ ♠❛♥② ♣❛♣❡rs ❤❛✈❡ st✉❞✐❡❞ t❤❡ ❡✛❡❝ts

♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♥ ■♥❞♦♥❡s✐❛❀ ❢♦r ❡①❛♠♣❧❡✱ ❆s❤r❛❢ ❡t ❛❧✳ ✭✷✵✷✵✮ ✜♥❞ ❞✐✛❡r❡♥t✐❛❧

❡✛❡❝ts ♦❢ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♦♥ ❞❛✉❣❤t❡rs ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❡t❤❡r ❞♦✇r② ♦r ❜r✐❞❡ ♣r✐❝❡ ✐s ♣r❛❝✲

t✐❝❡❞ ✐♥ t❤❡ ♠❛rr✐❛❣❡ ♠❛r❦❡t✱ ▼❛rt✐♥❡③✲❇r❛✈♦ ✭✷✵✶✼✮ ✜♥❞s t❤❛t s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♠♣r♦✈❡❞

♣✉❜❧✐❝ ❣♦♦❞s ♣r♦✈✐s✐♦♥✱ ❛♥❞ ▼❛③✉♠❞❡r ❡t ❛❧✳ ✭✷✵✶✾✮ ❛♥❞ ❆❦r❡s❤ ❡t ❛❧✳ ✭✷✵✶✽✮ ❛♥❛❧②③❡ t❤❡

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

❣❡♥❡r❛t✐♦♥ ✭t❤❡ ❝❤✐❧❞r❡♥ ♦❢ t❤❡ ♠♦t❤❡rs ✇❤♦ ✇❡r❡ ❡①♣♦s❡❞ t♦ ■♥♣r❡s s❝❤♦♦❧s ❛s ❝❤✐❧❞r❡♥✮✳ ❇♦t❤

▼❛③✉♠❞❡r ❡t ❛❧✳ ✭✷✵✶✾✮ ❛♥❞ ❆❦r❡s❤ ❡t ❛❧✳ ✭✷✵✶✽✮ ✜♥❞ s✉❜st❛♥t✐❛❧ ♣♦s✐t✐✈❡ ❡✛❡❝ts ♦❢ ❤✐❣❤❡r

♠♦t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✇❤♦ ✇❡r❡ ❡①♣♦s❡❞ t♦ ■♥♣r❡s ♣r♦❣r❛♠ ♦♥ t❤❡ s❝❤♦♦❧ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ♦t❤❡r

♦✉t❝♦♠❡s ♦❢ t❤❡✐r ❝❤✐❧❞r❡♥✳✷✹ ❍♦✇❡✈❡r✱ t❤❡✐r ❢♦❝✉s ✐s ♥♦t ♦♥ ✇❤❡t❤❡r t❤❡ t❤❡ ♠♦t❤❡rs ❡①♣♦s❡❞

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

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

s✉❜s❡q✉❡♥t❧② ❧❡❞ t♦ str♦♥❣ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠✉❧t✐♣❧✐❡r ❡✛❡❝ts ♦♥ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✭❛s

❢♦✉♥❞ ❜② t❤❡s❡ ♣❛♣❡rs✮✱ t❤❡♥ t❤❡ ❧♦♥❣✲t❡r♠ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ✇♦✉❧❞ ❜❡ ❤✐❣❤❧② ✐♥❡q✉❛❧✐③✲

✐♥❣✳ ❇② ❢♦❝✉s✐♥❣ ♦♥ ❤♦✇ t❤❡ ❛❞✈❡♥t ♦❢ ■♥♣r❡s s❝❤♦♦❧s ❛✛❡❝t❡❞ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ❡❞✉❝❛t✐♦♥ ❛♥❞

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

❧✐♥❦ ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❧♦♥❣✲t❡r♠ ❞✐str✐❜✉t✐♦♥❛❧ ❝♦♥s❡q✉❡♥❝❡s ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✇♦r❦✐♥❣

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

❆ss❛❛❞ ❛♥❞ ❙❛❧❡❤ ✭✷✵✶✽✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❏♦r❞❛♥ t❤❛t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❛ ♣❛r❡♥t✬s

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

✭♣r✐♠❛r②✮ ✐s ❤✐❣❤❡r✳ ❇✉t ✇❡ ❝❛♥♥♦t ✐♥t❡r♣r❡t t❤❡✐r ❡st✐♠❛t❡s ❛s ❝❛✉s❛❧ ❜❡❝❛✉s❡✱ ✉♥❧✐❦❡ ❉✉✢♦

✭✷✵✵✶✮ ✭❛♥❞ ♦✉r ♣❛♣❡r✮✱ t❤❡r❡ ✐s ♥♦ ❝❧❡❛r ❡①♦❣❡♥♦✉s ♣♦❧✐❝② ❡①♣❡r✐♠❡♥t t❤❛t ❝❛✉s❡❞ t❤❡ s❝❤♦♦❧

❡①♣❛♥s✐♦♥ ✐♥ ❏♦r❞❛♥✳✷✺ ❚❤❡ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ✇❛s ❣r❛❞✉❛❧✱ ❛♥❞ ✐s ❧✐❦❡❧② t♦ r❡✢❡❝t ❞♦♠❡st✐❝

❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ✇❤✐❝❤ ♠✐❣❤t ❤❛✈❡ ❛✛❡❝t❡❞ t❤❡ ❡❞✉❝❛t✐♦♥❛❧ ✐♥✈❡st♠❡♥ts ♠❛❞❡ ❜② t❤❡

♣❛r❡♥ts ✭s❡❡ t❤❡ ❞✐s❝✉ss✐♦♥ ✐♥ s❡❝t✐♦♥ ✭✹✮ ❜❡❧♦✇✮✳ ❚♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡✱ t❤✐s ✐s t❤❡

✜rst ♣❛♣❡r ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ t♦ st✉❞② t❤❡ ❡✛❡❝ts ♦❢ ♣✉❜❧✐❝ s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧

❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✉s✐♥❣ ❛ ❝r❡❞✐❜❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ❛♥❞ ❡♠♣✐r✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥s t❤❛t

❤❛s ❜❡❡♥ ❛♥❛❧②③❡❞ ❜② ❱❡❧❧❛ ❛♥❞ ❑❛r♠❡❧ ✭✶✾✾✾✮ ❢♦r ❆✉str❛❧✐❛ ❛♥❞ ❇❧❛♥❞❡♥ ❛♥❞ ▼❛❝❤✐♥ ✭✷✵✶✸✮ ❢♦r ❯♥✐t❡❞
❑✐♥❣❞♦♠✳

✷✹❚❤✐s ♣♦s✐t✐✈❡ ♠✉❧t✐♣❧✐❡r ❡✛❡❝t ✐s ✐♥ ❝♦♥tr❛st t♦ ❇❧❛❝❦ ❡t ❛❧✳ ✭✷✵✵✺✮ ✇❤♦ ❞♦❡s ♥♦t ✜♥❞ ❛♥② ❝❛✉s❛❧ ✐♠♣❛❝t ♦❢
❤✐❣❤❡r ♣❛r❡♥t❛❧ ❡❞✉❝❛t✐♦♥ ♦♥ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥ ✐♥ ◆♦r✇❛② ❡①❝❡♣t ❢♦r t❤❡ ♠♦t❤❡r✲s♦♥ ❧✐♥❦✳

✷✺❚❤❡ ❛✉t❤♦rs ❛❝❦♥♦✇❧❡❞❣❡ t❤✐s ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡✐r st✉❞②✳
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❛❧❧♦✇ ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥✳

❚❤❡r❡ ✐s ❛ r✐❝❤ ❧✐t❡r❛t✉r❡ ♦♥ t❤❡ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ q✉❛❧✐t② ❛♥❞ s❝❤♦♦❧ r❡❢♦r♠ ♦♥ ✈❛r✐♦✉s

♦✉t❝♦♠❡s ♦❢ ❝❤✐❧❞r❡♥✳ ■♥ ❛ r❡❝❡♥t ♣❛♣❡r✱ ❈❛r❞ ❡t ❛❧✳ ✭✷✵✷✷✮ ♣r♦✈✐❞❡ ❛♥ ✐♥t❡r❡st✐♥❣ ❛♥❛❧②s✐s

♦❢ t❤❡ ❡✛❡❝ts ♦❢ ♣✉❜❧✐❝ s❝❤♦♦❧s ✐♥ t❤❡ ❡❛r❧② ✷✵t❤ ❝❡♥t✉r② ❯❙❆ ✉s✐♥❣ ✶✾✹✵ ❝❡♥s✉s ❞❛t❛✳ ❚❤❡✐r

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

♣❛r❡♥t❛❧ s❝❤♦♦❧ ❧❡✈❡❧✱ s✉♣♣♦rt✐♥❣ t❤❡ ❡♠♣❤❛s✐s ♦♥ t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ✐♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛❝r♦ss

t❤❡ ❞✐str✐❜✉t✐♦♥ ✐♥ ♦✉r st✉❞②✳ ❚❤❡② ♣r♦✈✐❞❡ ❝❛✉s❛❧ ❡✈✐❞❡♥❝❡ t❤❛t s❛❧❛r② ❝❛♣s r❡❞✉❝❡❞ q✉❛❧✐t② ♦❢

t❡❛❝❤❡rs ✇❤✐❝❤ ❛✛❡❝t❡❞ t❤❡ ❜❧❛❝❦ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❛❞✈❡rs❡❧②✳ ❚❤❡r❡ ❛r❡ ❛ ❢❡✇

♣❛♣❡rs t❤❛t ❧♦♦❦ ❛t t❤❡ ❝❛✉s❛❧ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ r❡❢♦r♠ ❛♥❞✴♦r s❝❤♦♦❧ q✉❛❧✐t② ✐♠♣r♦✈❡♠❡♥ts ♦♥

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ✉s✐♥❣ ❛ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡ ❞❡s✐❣♥❀ s❡❡ P❡❦❦❛r✐♥❡♥ ❡t ❛❧✳

✭✷✵✵✾✮ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ s❝❤♦♦❧✐♥❣ r❡❢♦r♠ ✐♥ ❋✐♥❧❛♥❞✱ ❛♥❞ P❛r♠❛♥ ✭✷✵✶✶✮

❢♦r ❛ ❤✐st♦r✐❝❛❧ st✉❞② ♦❢ ■♦✇❛ s❤♦✇✐♥❣ t❤❛t ❛ ❜❡tt❡r s❝❤♦♦❧ q✉❛❧✐t② ❧♦✇❡r❡❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧

✐♥❝♦♠❡ ♠♦❜✐❧✐t②✳

✭✸✮ ❉❛t❛ ❉❡s❝r✐♣t✐♦♥ ❛♥❞ ❱❛r✐❛❜❧❡s ❉❡✜♥✐t✐♦♥s

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

❖✉r ♠❛✐♥ ❡st✐♠❛t✐♦♥ s❛♠♣❧❡ ❝♦♥s✐sts ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ❜♦r♥ ❜❡t✇❡❡♥ ✶✾✺✼ t♦ ✶✾✻✷ ❛♥❞ ✶✾✻✽ t♦

✶✾✼✷✳ ❚❤❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✉♥❞❡r t❤❡ ❙❉ ■♥♣r❡s ♣r♦❣r❛♠ ♦❢ t❤❡ s❡❝♦♥❞ ✜✈❡ ②❡❛r ♣❧❛♥ ❜❡❣❛♥

❛r♦✉♥❞ ✶✾✼✸✲✶✾✼✹✳ ❋♦❧❧♦✇✐♥❣ ❉✉✢♦ ✭✷✵✵✶✮✱ ✇❡ ❞❡✜♥❡ ❜✐rt❤ ❝♦❤♦rts ❜♦r♥ ❜❡t✇❡❡♥ ✶✾✻✽ t♦ ✶✾✼✷

❛s t❤❡ ❡①♣♦s❡❞ ❣r♦✉♣ ❛s t❤❡② ❛r❡ ♠♦st ❧✐❦❡❧② t♦ ❜❡♥❡✜t ❢r♦♠ t❤❡ ♣r♦❣r❛♠✱ ❛♥❞ ❜✐rt❤ ❝♦❤♦rts

❜♦r♥ ❜❡t✇❡❡♥ ✶✾✺✼ t♦ ✶✾✻✷ ❛s t❤❡ ❝♦♠♣❛r✐s♦♥ ❣r♦✉♣ ❛s t❤❡② ❛r❡ ❧❡❛st ❧✐❦❡❧② t♦ ❜❡♥❡✜t ❢r♦♠

t❤❡ ♣r♦❣r❛♠✳✷✻ ❚❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❜✐rt❤ ❝♦❤♦rts ✶✾✻✸✲✶✾✻✼ ♠❛② ❜❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ t♦ t❤❡

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

❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ♣❛r❡♥t❛❧ ❡❞✉❝❛t✐♦♥✳ ❆s ♣❛rt ♦❢ r♦❜✉st♥❡ss ❝❤❡❝❦s✱ ✇❡ ❛❧s♦

r❡♣♦rt ❡st✐♠❛t❡s ✉s✐♥❣ ♠♦t❤❡r✬s s❝❤♦♦❧✐♥❣ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ♣❛r❡♥t❛❧ ❡❞✉❝❛t✐♦♥✳ ❲❡ ✉♥❞❡rs❝♦r❡

❤❡r❡ ❛❣❛✐♥ t❤❛t ♣❛r❡♥t❛❧ s❝❤♦♦❧✐♥❣ ✭❡❞✉❝❛t✐♦♥✮ ✐♥ ♦✉r ❛♥❛❧②s✐s ✐s ❛ s✉♠♠❛r② ♠❡❛s✉r❡ ♦❢ t❤❡

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

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

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

✷✻❆ ❝❤✐❧❞ ❜♦r♥ ✐♥ ✶✾✻✷ ✐s ✶✶✲✶✷ ②❡❛rs ♦❧❞ ✐♥ ✶✾✼✸ ❛♥❞ ❛❧r❡❛❞② ❝♦♠♣❧❡t❡❞ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ❜❡❢♦r❡ t❤❡ ■♥♣r❡s
♣r♦❣r❛♠✳

✾



❣r♦✉♣✿ ✶✾✻✽✲✶✾✼✷ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ❣r♦✉♣✿ ✶✾✺✼✲✶✾✻✷✮ ❣✐✈❡s ✉s ✷✱✵✹✽✱✶✻✹ ❢❛t❤❡r✲❝❤✐❧❞ ♣❛✐rs

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

t❤❡ t✐♠❡ ♦❢ t❤❡ ❝❡♥s✉s✳ ❲❡ ❝❛❧❝✉❧❛t❡ t❤❡ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❜❛s❡❞ ♦♥ t❤❡ ❡❞✉❝❛t✐♦♥ ❧❡✈❡❧ ❛

r❡s♣♦♥❞❡♥t ❤❛s ❝♦♠♣❧❡t❡❞✳ ❆ ❝♦♠♣❛r✐s♦♥ s❤♦✇s t❤❛t t❤❡ ❝❤✐❧❞r❡♥ ❡①♣♦s❡❞ t♦ ■♥♣r❡s s❝❤♦♦❧s

❛♥❞ t❤❡✐r ❢❛t❤❡rs ❤❛✈❡ ♠♦r❡ ❡❞✉❝❛t✐♦♥ t❤❛♥ ❝♦♠♣❛r✐s♦♥ ❝♦❤♦rts ❛♥❞ t❤❡✐r ❢❛t❤❡rs ✭s❡❡ ❚❛❜❧❡

✶✮✳

❚❤❡ ❝❡♥s✉s ❛❧s♦ r❡♣♦rts ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❜✐rt❤ ❞✐str✐❝t ❛♥❞ ♣r♦✈✐♥❝❡ ♦❢ ❛♥ ✐♥❞✐✈✐❞✉❛❧✳ ❲❡

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

✇❛s ❣r❛❝✐♦✉s❧② ♣r♦✈✐❞❡❞ t♦ ✉s ❜② ❊st❤❡r ❉✉✢♦✳ ❚❤❡ s❝❤♦♦❧ ✐♥t❡♥s✐t② ❞❛t❛ ✇❛s ♦r✐❣✐♥❛❧❧②

r❡♣♦rt❡❞ ❛s ♥✉♠❜❡r ♦❢ s❝❤♦♦❧s ♣❡r ✶✵✵✵ ❝❤✐❧❞r❡♥ ✐♥ ❛ ❞✐str✐❝t✳ ❲❡ ✉s❡ ❛ ♥♦r♠❛❧✐③❡❞ ♠❡❛s✉r❡

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

r❡❝❡✐✈❡❞ ❜② ❛ ❞✐str✐❝t✳✷✼ ❚❤✐s ♥♦r♠❛❧✐③❛t✐♦♥ ✐♠♣❧✐❡s t❤❛t t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❝❛♥ ❜❡

✐♥t❡r♣r❡t❡❞ ❞✐r❡❝t❧② ❛s t❤❡ ❡✛❡❝ts ❢♦r t❤❡ ❞✐str✐❝ts ✇✐t❤ t❤❡ ❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t②✳

❲❡ ✉s❡ ❜✉✐❧t✲✉♣ ❞❡♥s✐t② ✐♥ ❛ ❞✐str✐❝t ✐♥ ✶✾✼✺ ❢♦r ❡st✐♠❛t✐♥❣ t❤❡ s❡❧❡❝t✐♦♥ ❡q✉❛t✐♦♥ ❢♦r ❢❛t❤❡r

❛♥❞ ❝❤✐❧❞r❡♥✬s ❝♦r❡s✐❞❡♥❝②✳ ❲❡ ✐♠♣❧❡♠❡♥t ✐♥✈❡rs❡ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t✐♥❣ t♦ ❝♦rr❡❝t t❤❡ ❜✐❛s❡s

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

❞❛t❛ ✐s t❤❡ ●❧♦❜❛❧ ❍✉♠❛♥ ❙❡tt❧❡♠❡♥t ▲❛②❡r ✭●❍❙▲✮ ✭P❡s❛r❡s✐❛ ❡t ❛❧✳ ✭✷✵✶✺✮✮✳ ❚❤❡ ❜✉✐❧t✲✉♣

❞❛t❛ ❛r❡ ❛t ✸✵✵ ♠❡t❡rs ❜② ✸✵✵ ♠❡t❡rs ❣r✐❞s✳ ❲❡ s✉♣❡r✲✐♠♣♦s❡ t❤❡ ❞✐❣✐t❛❧ ♠❛♣s ❢r♦♠ t❤❡

❝❡♥s✉s❡s ♦♥ t❤❡ ♣✐①❡❧✲❧❡✈❡❧ ❞❛t❛ t♦ ❡st✐♠❛t❡ t❤❡ t♦t❛❧ ❜✉✐❧t✲✉♣ ❛r❡❛ ❛t t❤❡ ❞✐str✐❝t ❧❡✈❡❧✳

✭✹✮ ❊♠♣✐r✐❝❛❧ ❙tr❛t❡❣② ❛♥❞ ❊st✐♠❛t✐♥❣ ❊q✉❛t✐♦♥s

❖✉r ❡♠♣✐r✐❝❛❧ str❛t❡❣② ❢♦❧❧♦✇s ❝❧♦s❡❧② t❤❡ ❛♣♣r♦❛❝❤ ❞✉❡ t♦ ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮ t❤❛t ❡①♣❧♦✐ts

❜♦t❤ ❝r♦ss s❡❝t✐♦♥❛❧ ✈❛r✐❛t✐♦♥ ❛❝r♦ss ❞✐str✐❝ts ❛♥❞ ♦✈❡r t✐♠❡ ✈❛r✐❛t✐♦♥ ❛❝r♦ss ❜✐rt❤ ❝♦❤♦rts✳ ❚❤❡

❝r♦ss s❡❝t✐♦♥❛❧ ✈❛r✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✐♥t❡♥s✐t② ♦❢ ❡①♣♦s✉r❡ ❞❡♣❡♥❞✐♥❣ ♦♥

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

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

❛❣❡ ❣r♦✉♣ ♥♦t ❡♥r♦❧❧❡❞ ✐♥ ♣r✐♠❛r② s❝❤♦♦❧ ✐♥ ✶✾✼✶ ✭❆③✐③ ✭✶✾✾✵✮✮✳ ❚❤❡ ♦✈❡r t✐♠❡ ✈❛r✐❛t✐♦♥ ❝♦♠❡s

❢r♦♠ ❝♦♠♣❛r✐♥❣ ❜✐rt❤ ❝♦❤♦rts t❤❛t ✇❡r❡ ❡①♣♦s❡❞ t♦ t❤❡ ♥❡✇ s❝❤♦♦❧s ✇✐t❤ t❤♦s❡ ✇❤♦ ❝♦♠♣❧❡t❡❞

✷✼❚❤❡ ❞✐str✐❝t t❤❛t r❡❝❡✐✈❡❞ t❤❡ ❤✐❣❤❡st ♥✉♠❜❡r ♦❢ s❝❤♦♦❧s r❡❝❡✐✈❡❞ ✽✳✻ s❝❤♦♦❧s ♣❡r ✶✵✵✵ ❝❤✐❧❞r❡♥✳ ■♥ ❝♦♥tr❛st✱
t❤❡ ❞✐str✐❝t t❤❛t r❡❝❡✐✈❡❞ t❤❡ ❧♦✇❡st ♥✉♠❜❡r ♦❢ s❝❤♦♦❧s r❡❝❡✐✈❡❞ ♦♥❧② ✵✳✺✾ s❝❤♦♦❧s ♣❡r ✶✵✵✵ ❝❤✐❧❞r❡♥✳ ❚❤❡ ♠❡❛♥
✐s ✶✳✽✻ s❝❤♦♦❧s ♣❡r ✶✵✵✵ ❝❤✐❧❞r❡♥✳ ❆❢t❡r ♥♦r♠❛❧✐③❛t✐♦♥✱ t❤❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♥t❡♥s✐t② ✈❛❧✉❡ r❛♥❣❡s ❢r♦♠
✵✳✵✻✼✽ t♦ ✶ ✇✐t❤ ❛ ♠❡❛♥ ♦❢ ✵✳✷✶✺✳

✶✵



s❝❤♦♦❧✐♥❣ ❜❡❢♦r❡ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s✳ ❆ ♠❛❥♦r ❝♦♥❝❡r♥ ❤❡r❡ ✐s ✇❤❡t❤❡r t❤❡

t✐♠✐♥❣ ♦❢ t❤❡ ♣r♦❣r❛♠ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❡①♦❣❡♥♦✉s✳ ■❢ t❤❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥s

✇❡r❡ ✉♥❞❡rt❛❦❡♥ ❜② t❤❡ ❣♦✈❡r♥♠❡♥t ✐♥ r❡s♣♦♥s❡ t♦ s♦♠❡ s❤♦❝❦s t♦ t❤❡ ❞♦♠❡st✐❝ ❡❝♦♥♦♠② ✇✐t❤

❞✐✛❡r❡♥t✐❛❧ ❡✛❡❝ts ❛❝r♦ss ❞✐str✐❝ts✱ t❤❡♥ t❤❡ s❛♠❡ s❤♦❝❦ ❝♦✉❧❞ ❛✛❡❝t t❤❡ ❡❞✉❝❛t✐♦♥❛❧ ♦✉t❝♦♠❡s

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

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

✐♥ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ♠❛r❦❡t ❢♦r ❝r✉❞❡ ♣❡tr♦❧❡✉♠ ✭❣❛s♦❧✐♥❡✮✳ ❚❤❡ ❞r❛♠❛t✐❝ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♦✐❧

♣r✐❝❡s ♦✇✐♥❣ t♦ t❤❡ ✶✾✼✸ ❖P❊❈ ♦✐❧ s❤♦❝❦ ❝r❡❛t❡❞ ❛ ❤✉❣❡ ✇✐♥❞❢❛❧❧ ❢♦r ❣♦✈❡r♥♠❡♥t ♦❢ ■♥❞♦♥❡s✐❛✱

❛♥❞ t❤❡ s✐③❡ ♦❢ t❤❡ ■♥❞♦♥❡s✐❛♥ ❣♦✈❡r♥♠❡♥t ❜✉❞❣❡t ✐♥❝r❡❛s❡❞ ✷✳✺ t✐♠❡s ❢r♦♠ ✶✾✼✸ t♦ ✶✾✼✺✳

❚❤❡ ■♥♣r❡s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✉♥❞❡r t❤❡ s❡❝♦♥❞ ✜✈❡ ②❡❛r ♣❧❛♥ ✇❛s t❤✉s ♥♦t r❡❧❛t❡❞ t♦ ❛♥②

❞♦♠❡st✐❝ ❡❝♦♥♦♠✐❝ ❢❛❝t♦rs✳

❋♦❧❧♦✇✐♥❣ t❤❡ ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦❢ ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮✱ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧ ❡①♣❛♥s✐♦♥

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

✈❛❧✐❞✐t② ♦❢ t❤❡ q✉❛s✐✲❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥ ♦r✐❣✐♥❛❧❧② ❞❡✈❡❧♦♣❡❞ ❜② ❉✉✢♦ ✭✷✵✵✶✮✳✷✽ ❚❤❡ ❡✈✐❞❡♥❝❡

r❡✐♥❢♦r❝❡s ❛♥❞ ❡♥❤❛♥❝❡s t❤❡ ❝r❡❞✐❜✐❧✐t② ♦❢ t❤❡ r❡s❡❛r❝❤ ❞❡s✐❣♥ ✐♥ ❛ ✈❛r✐❡t② ♦❢ ❝♦♥t❡①ts ✉s✐♥❣

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

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

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

t❤❡ ♣r❡✲♣r♦❣r❛♠ ♣❡r✐♦❞ ❜❡❝❛✉s❡ ♦❢ ❢❛❝t♦rs ✉♥r❡❧❛t❡❞ t♦ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥✳ ▼❛③✉♠❞❡r ❡t ❛❧✳

✭✷✵✶✾✮ ✉s❡ ✶✾✽✺ ✐♥t❡r❝❡♥s❛❧ ♣♦♣✉❧❛t✐♦♥ s✉r✈❡② ✭❙❯P❆❙ ✶✾✽✺✮ ❞❛t❛ ❛♥❞ s❤♦✇ t❤❛t t❤❡r❡ ❛r❡ ♥♦

s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ tr❡♥❞ ♦❢ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ r❛t❡s ❛❝r♦ss ❞✐str✐❝ts ❢♦r t❤❡ ❝♦❤♦rts

t❤❛t ❝♦♠♣❧❡t❡❞ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ❜❡❢♦r❡ ■♥♣r❡s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥✳ ❚❤✐s ❛❧❧❛②s t❤❡ ❝♦♥❝❡r♥

♦❢ ❞✐✛❡r❡♥t✐❛❧ ✉♥❞❡r❧②✐♥❣ tr❡♥❞s ❛❝r♦ss ❞✐str✐❝ts✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ✜♥❞ t❤❛t tr❡❛t♠❡♥t ✐♥t❡♥s✐t②

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

✇❛s s②st❡♠❛t✐❝❛❧❧② t❛r❣❡t❡❞ t♦ ❛r❡❛s ✇✐t❤ ❧♦✇ ❡❞✉❝❛t❡❞ ♣❛r❡♥ts✳✷✾ ❆♥♦t❤❡r ❝♦♥❝❡r♥ r❡❧❛t❡s

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

❛♥❞ ♠✐❣❤t ❜❡ s♣❛t✐❛❧❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ■♥♣r❡s ✐♥t❡♥s✐t② ❛❝r♦ss ❞✐str✐❝ts✳ ❉✉✢♦ ✭✷✵✵✶✮ ❝❛r❡❢✉❧❧②

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

✷✽s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ▼❛rt✐♥❡③✲❇r❛✈♦ ✭✷✵✶✼✮✱ ▼❛③✉♠❞❡r ❡t ❛❧✳ ✭✷✵✶✾✮✱ ❏✉♥❣ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❆s❤r❛❢ ❡t ❛❧✳ ✭✷✵✷✵✮✱
❆❦r❡s❤ ❡t ❛❧✳ ✭✷✵✶✽✮✳

✷✾❚❤❡ ❡st✐♠❛t❡s ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st✳

✶✶



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

s❛♥✐t❛t✐♦♥ ♣r♦❣r❛♠ ❡①♣♦s✉r❡ ❛❝r♦ss ❞✐str✐❝ts❀ s❡❡ ❜❡❧♦✇ ❢♦r ❞❡t❛✐❧s✳

❲❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ♣❧❛✉s✐❜✐❧✐t② ♦❢ t❤❡ ♣❛r❛❧❧❡❧ tr❡♥❞s ❛ss✉♠♣t✐♦♥ ✉s✐♥❣ ❡✈❡♥t st✉❞②

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

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

❛ss✉♠♣t✐♦♥✳ ❚❤❡ ✏♥♦ ❛♥t✐❝✐♣❛t✐♦♥✑ ✐♥ ♦✉r ❝♦♥t❡①t ✐♠♣❧✐❡s t❤❛t t❤❡ s❝❤♦♦❧✐♥❣ ♦❢ t❤❡ ❝♦♠♣❛r✐s♦♥

❝♦❤♦rts ❝❛♥♥♦t ❜❡ ❛✛❡❝t❡❞ ❜② ❛♥t✐❝✐♣❛t♦r② ❛❝t✐♦♥s ♦❢ ♣❛r❡♥ts ♦r ❝❤✐❧❞r❡♥ t❤❡♠s❡❧✈❡s ❜❡❢♦r❡ t❤❡

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

❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❛s♦♥✳ ❲❤✐❧❡ ✐t ✐s ♣♦ss✐❜❧❡ t❤❛t ♣❛r❡♥ts ♠❛② ✐♥✈❡st t✐♠❡ ❛♥❞ ♠♦♥❡② ✭s❛② ♦♥

❜♦♦❦s✮ ✐♥ ❛♥t✐❝✐♣❛t✐♦♥ ♦❢ ❛ ♣r✐♠❛r② s❝❤♦♦❧ ♦♣❡♥✐♥❣ ✐♥ t❤❡ ✈✐❧❧❛❣❡ ♥❡①t ②❡❛r✱ s✉❝❤ ✐♥✈❡st♠❡♥ts

✇✐❧❧ ❜❡ ❢♦r t❤❡ ❝❤✐❧❞r❡♥ ✐♥ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ❛❣❡✱ ♥♦t ❢♦r t❤❡ ❝♦❤♦rts ✇❤♦ ❝♦♠♣❧❡t❡❞ ♣r✐♠❛r②

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

t❤❡ ✜♥❛❧ s❝❤♦♦❧✐♥❣ ❛tt❛✐♥♠❡♥t ♦❢ t❤❡ ❝♦♠♣❛r✐s♦♥ ❝♦❤♦rts✳

✭✹✳✶✮ ❊st✐♠❛t✐♥❣ ❊q✉❛t✐♦♥✿ ▲✐♥❡❛r ▼♦❞❡❧

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ r❡❧② ♦♥ t❤❡ ❧✐♥❡❛r ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♠♦❞❡❧✳ ❚❤❡

❉✐❉ ❡♠♣✐r✐❝❛❧ ♠♦❞❡❧ ✐♥ ♦✉r ❛♣♣❧✐❝❛t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

Ec
ikt =β0 + β1E

p
ikt + β2Expt + β3Inpk + β4 (Expt × Inpk) + β5 (E

p
ikt × Inpk)

+ β6 (E
p
ikt × Expt) + β7 (E

p
ikt × Expt × Inpk) + εikt ✭✶✮

✇❤❡r❡ Eikt ✐s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❝❤✐❧❞ i ❛♥❞ ❤✐s✴❤❡r ♣❛r❡♥ts ✭❞❡✲

♣❡♥❞✐♥❣ ♦♥ t❤❡ s✉♣❡rs❝r✐♣t✮✱ s✉♣❡rs❝r✐♣ts c ❛♥❞ p r❡❢❡r t♦ ❝❤✐❧❞r❡♥ ❛♥❞ ♣❛r❡♥ts r❡s♣❡❝t✐✈❡❧②✱ k

❞❡♥♦t❡s t❤❡ ❜✐rt❤ ❞✐str✐❝t ♦❢ ❝❤✐❧❞ i✱ t ❞❡♥♦t❡s t✐♠❡ ♣❡r✐♦❞ ✭②❡❛r✮✱ Expt ✐s ❛ ❞✉♠♠② t❤❛t t❛❦❡s

♦♥ t❤❡ ✈❛❧✉❡ ✶ ❢♦r t❤❡ ❝❤✐❧❞r❡♥ ❡①♣♦s❡❞ t♦ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✭❜♦r♥ ❜❡t✇❡❡♥ ✶✾✻✽✲✶✾✼✷✮ ❛♥❞

③❡r♦ ♦t❤❡r✇✐s❡ ✭❜♦r♥ ❜❡t✇❡❡♥ ✶✾✺✼✲✶✾✻✷✮✳ Inpk ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ♥❡✇ s❝❤♦♦❧

❝♦♥str✉❝t✐♦♥ ✐♥ ❞✐str✐❝t k✳ ❲❡ ✉s❡ ❛ ♥♦r♠❛❧✐③❡❞ ♠❡❛s✉r❡ s♦ t❤❛t Inpk ∈ [0, 1].✸✵ ❋♦r ❞❡t❛✐❧s

♦❢ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠ ✐♥t❡♥s✐t② ✈❛r✐❛❜❧❡✱ ♣❧❡❛s❡ s❡❡ s❡❝t✐♦♥ ✭✸✮ ❛❜♦✈❡✳ ❋♦r s♦♥s

✇❡ ✉s❡ c = s✱ ❛♥❞ ❢♦r ❞❛✉❣❤t❡rs c = d ❛s t❤❡ s✉♣❡rs❝r✐♣t✳ ❚❤❡ ✐♥t❡r❝❡♣t ❡✛❡❝t ♦❢ t❤❡ ■♥♣r❡s

s❝❤♦♦❧s ✐s ❝❛♣t✉r❡❞ ❜② β4 ❛♥❞ t❤❡ s❧♦♣❡ ❡✛❡❝t ❜② β7✳

✸✵❲❡ ♥♦t❡ t❤❛t t❤❡ ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤❡ ♣❛♣❡r ❞♦ ♥♦t ❞❡♣❡♥❞ ♦♥ t❤✐s ♥♦r♠❛❧✐③❛t✐♦♥✳

✶✷



❆s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ ♦✉r ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣② ❝❧♦s❡❧② ❢♦❧❧♦✇s t❤❛t ♦❢ ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮✳

❋♦❧❧♦✇✐♥❣ ❉✉✢♦ ✭✷✵✵✶✱ ✷✵✵✹✮✱ ✇❡ ✐♥❝❧✉❞❡ ❜✐rt❤ ❞✐str✐❝t ✜①❡❞ ❡✛❡❝ts (αk) ❛♥❞ ❜✐rt❤ ②❡❛r ✜①❡❞

❡✛❡❝ts (τt) ❢♦r ❛ ❝❤✐❧❞✱ ❛♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥t❡r❛❝t✐♦♥s ✭❞❡♥♦t❡❞ ❜② Wk × τt✮✿ ②❡❛r ♦❢ ❜✐rt❤

✐♥t❡r❛❝t❡❞ ✇✐t❤ ✶✾✼✶ ❡♥r♦❧❧♠❡♥t ✭❜❡❢♦r❡ ■♥♣r❡s ♣r♦❣r❛♠✮✱ ②❡❛r ♦❢ ❜✐rt❤ ✐♥t❡r❛❝t❡❞ ✇✐t❤ t❤❡

♥✉♠❜❡r ♦❢ s❝❤♦♦❧✲❛❣❡ ❝❤✐❧❞r❡♥ ✐♥ ✶✾✼✶✱ ②❡❛r ♦❢ ❜✐rt❤ ✐♥t❡r❛❝t❡❞ ✇✐t❤ ✇❛t❡r s❛♥✐t❛t✐♦♥ ♣r♦❣r❛♠✱

✇✐t❤ ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s ♠❡❛s✉r❡❞ ❛t t❤❡ ❜✐rt❤ ❞✐str✐❝t ❧❡✈❡❧✳ ◆♦t❡ t❤❛t t❤❡ ❞✐str✐❝t ✜①❡❞ ❡✛❡❝ts

❛❜s♦r❜ t❤❡ ❧❡✈❡❧ ❡✛❡❝t ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧ ✐♥t❡♥s✐t② ✈❛r✐❛❜❧❡ Inpk ❛s ✐t ✈❛r✐❡s ❛t t❤❡ ❞✐str✐❝t

❧❡✈❡❧✱ ❛♥❞ t❤❡ ❜✐rt❤ ②❡❛r ❞✉♠♠✐❡s ❛❜s♦r❜ t❤❡ ❧❡✈❡❧ ❡✛❡❝t ♦❢ t❤❡ Expt ❞✉♠♠②✳ ❚❤❡ ❡st✐♠❛t✐♥❣

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

Ec
ikt = β0 + β1E

p
ikt + β4 (Expt × Inpk) + β5 (E

p
ikt × Inpk)

+ β6 (E
p
ikt × Expt) + β7 (E

p
ikt × Expt × Inpk) + αk + τt +

∑

t

Wk × τt + εikt ✭✷✮

❆ ❧❛r❣❡ ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❢♦❝✉s❡s ♦♥ t❤❡ ♣❛r❛♠❡t❡r β1✱

❝❛❧❧❡❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥t ✭■●❘❈✱ ❢♦r s❤♦rt✮ ✇❤✐❝❤ ✐s ❛ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡

♠♦❜✐❧✐t② ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❆③❛♠ ❛♥❞ ❇❤❛tt ✭✷✵✶✺✮✱ ◆❡✐❞❤♦❢❡r ❡t ❛❧✳ ✭✷✵✶✽✮✮✳ ❖✉r ❢♦❝✉s ✐s

♦♥ t❤❡ ♣❛r❛♠❡t❡r β7 t❤❛t ❝❛♣t✉r❡s t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ■●❘❈✳ ◆♦t❡ t❤❛t ■●❘❈

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

✐♠♣❧✐❡s ❧♦✇❡r r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②✳ ❲❤❡♥ β7 < 0✱ ■♥♣r❡s s❝❤♦♦❧s ✐♠♣r♦✈❡ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②✱ t❤❡

■●❘❈ ❡st✐♠❛t❡ ❢♦r t❤❡ ❡①♣♦s❡❞ ❝♦❤♦rts ✐s s♠❛❧❧❡r ✐♥ t❤✐s ❝❛s❡✱ ✐✳❡✳✱ ✭β1 + β7 ❁ β1).

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

❡q✉❛t✐♦♥ ❛s ❝❛♣t✉r❡❞ ❜② β4✳ ❆s ♥♦t❡❞ ❡❛r❧✐❡r ❛ ❤✐❣❤❡r ✐♥t❡r❝❡♣t (β4 > 0) ✐♠♣❧✐❡s ❛ ♣♦s✐t✐✈❡

✐♠♣❛❝t ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ♦♥ t❤❡ ❡①♣❡❝t❡❞ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❧❡✈❡❧ ♦❢ ❝❤✐❧❞r❡♥ ❢r♦♠ t❤❡

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

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

❲❡ r❡♣♦rt ❡✈✐❞❡♥❝❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣❛r❛❧❧❡❧ tr❡♥❞s ❛ss✉♠♣t✐♦♥ ❢♦r t❤❡ ❧✐♥❡❛r ♠♦❜✐❧✐t②

♠♦❞❡❧ ✐♥ ❡q✉❛t✐♦♥ ✭✷✮✳ ❊✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r t❤❡ t✇♦ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st β4 ✭✐♥t❡r❝❡♣t

❡✛❡❝t✮ ❛♥❞ β7 ✭s❧♦♣❡ ❡✛❡❝t✮ ❛r❡ ✐♥ ❋✐❣✉r❡ ✶ ✭s♦♥s✮ ❛♥❞ ❋✐❣✉r❡ ✷ ✭❞❛✉❣❤t❡rs✮✳ ❚❤❡ ❡✈❡♥t st✉❞②

✸✶▼❡❛s✉r✐♥❣ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ❜② t❤❡ ❡①♣❡❝t❡❞ ♦✉t❝♦♠❡s ♦❢ ❝❤✐❧❞r❡♥ ❜❛s❡❞ ♦♥ ❛ ❝♦♥❞✐t✐♦♥❛❧ ❡①♣❡❝t❛t✐♦♥
❢✉♥❝t✐♦♥ ✭❈❊❋✮ ❤❛s ❜❡❡♥ ♣♦♣✉❧❛r✐③❡❞ ❜② t❤❡ r❡❝❡♥t ✇♦r❦ ♦♥ ❈❤❡tt② ❡t ❛❧✳ ✭✷✵✶✹✮ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡
♠♦❜✐❧✐t② ✐♥ ❯❙❆✳ ❋♦r ❞❡t❛✐❧s✱ s❡❡ t❤❡ ❞✐s❝✉ss✐♦♥ ✐♥ s❡❝t✐♦♥ ✭✺✳✸✮ ❜❡❧♦✇✳

✶✸



❣r❛♣❤ ❢♦r s♦♥s s❤♦✇ t❤❛t t❤❡ ♣❧❛❝❡❜♦ ❡✛❡❝t ♦❢ ❛ ✜❝t✐t✐♦✉s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t②

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

③❡r♦ ❢♦r ❜♦t❤ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st✳ ■♥ ❝♦♥tr❛st✱ t❤❡r❡ ✐s ❛♥ ❛♣♣r❡❝✐❛❜❧❡ s❤✐❢t ✐♥ t❤❡ ❡st✐♠❛t❡❞

❡✛❡❝ts ❢♦r t❤❡ ♣♦st s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ②❡❛rs ❢♦r t❤❡ ❢✉❧❧② ❡①♣♦s❡❞ ❜✐rt❤ ❝♦❤♦rts ✭✶✾✻✽✲✶✾✼✷✮✳

❚❤❡ ❡✈✐❞❡♥❝❡ ✐s s✐♠✐❧❛r ❢♦r ❣✐r❧s✳✸✷ ■♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✱ ✇❡ r❡♣♦rt t❤❡ ❡✈❡♥t st✉❞② ❣r❛♣❤s

✐♥❝❧✉❞✐♥❣ t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ ❝♦❤♦rts ✭s❡❡ ❋✐❣✉r❡s ❆✳✶ ✭s♦♥s✮ ❛♥❞ ❆✳✷ ✭❞❛✉❣❤t❡rs✮✮✳

✭✹✳✷✮ ❊st✐♠❛t✐♥❣ ❊q✉❛t✐♦♥✿ ◗✉❛❞r❛t✐❝ ▼♦❞❡❧

▼❛♥② ❡①✐st✐♥❣ st✉❞✐❡s ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✱ ❜♦t❤ ✐♥ ❡❝♦♥♦♠✐❝s ❛♥❞

s♦❝✐♦❧♦❣②✱ r❡❧② ♦♥ t❤❡ ❧✐♥❡❛r ♠♦❞❡❧ ❞✐s❝✉ss❡❞ ❛❜♦✈❡ ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❍❡rt③ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ▲♦✉

❛♥❞ ▲✐ ✭✷✵✷✷✮✱ ❆③❛♠ ❛♥❞ ❇❤❛tt ✭✷✵✶✺✮✱ ❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✶✺✮✮✳ ❋♦r ❛ s✉r✈❡②✱ s❡❡ ❚♦r❝❤❡

✭✷✵✶✾✮✮✳ ❍♦✇❡✈❡r✱ r❡❝❡♥t t❤❡♦r❡t✐❝❛❧ ❛♥❞ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s❡s s✉❣❣❡sts t❤❛t t❤❡ ❧✐♥❡❛r ♠♦❞❡❧

♠❛② ❜❡ ✐♥❛❞❡q✉❛t❡ ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭❇❡❝❦❡r ❡t ❛❧✳

✭✷✵✶✺✮✱ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✷✶✮✮✳ ❋♦r r❡❝❡♥t ❝♦♥tr✐❜✉t✐♦♥s ✇❤❡r❡ ♠♦❜✐❧✐t② ❝✉r✈❡ ✐s ♥♦♥❧✐♥❡❛r✱ ❛♥❞

r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ♣♦❧✐❝② ✐♥t❡r✈❡♥t✐♦♥s ✈❛r② ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❢❛t❤❡r✬s

❡❞✉❝❛t✐♦♥✱ s❡❡ ❈❛r❞ ❡t ❛❧✳ ✭✷✵✷✷✮✱ ❆s❤❡r ❡t ❛❧✳ ✭✷✵✷✸✮✱ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❛♥❞ ❆❤s❛♥ ❡t ❛❧✳

✭✷✵✷✶✮✳

▼❛♥② ❛✉t❤♦rs ✉s❡ t❤❡ ❡st✐♠❛t❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❢r♦♠ ❛ ❧✐♥❡❛r ♠♦❞❡❧ ❛s ❛ s✉♠♠❛r②

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

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

▼❛❛s♦✉♠✐ ❡t ❛❧✳ ✭✷✵✷✷✮ s❤♦✇s t❤❛t t❤❡ ✇❡✐❣❤ts ✐♠♣❧✐❡❞ ❜② t❤❡ ❖▲❙ ❡st✐♠❛t❡ ♦❢ t❤❡ ❧✐♥❡❛r

♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ❤❛✈❡ ♥♦ ♣❧❛✉s✐❜❧❡ ❡❝♦♥♦♠✐❝ ✐♥t❡r♣r❡t❛t✐♦♥✳ ❖✉r ♦❜❥❡❝t✐✈❡ ❤❡r❡ ✐s ♥♦t t♦

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

❞✐✛❡r❡♥t s✉❜ ❣r♦✉♣s ❞❡✜♥❡❞ ❜② ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣ ❧❡✈❡❧✳

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

✇❛s ✜rst ❞❡r✐✈❡❞ ❜② ❇❡❝❦❡r ❡t ❛❧✳ ✭✷✵✶✺✮✳ ❚❤❡② ❛❧❧♦✇ ❢♦r ❛♥ ✐♥t❡r❛❝t✐♦♥ ❡✛❡❝t ✐♥ t❤❡ ❡❞✉❝❛t✐♦♥

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

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

✸✷❚❤❡ ❡✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛❧s♦ s❤♦✇ t❤❛t t❤❡ ♣❧❛❝❡❜♦ tr❡❛t♠❡♥t ❡✛❡❝ts ❢♦r t❤❡ ♣r❡✲
✐♥t❡r✈❡♥t✐♦♥ ❜✐rt❤ ❝♦❤♦rts ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❢r♦♠ ③❡r♦ ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧✳ ❲❡ ❛❧s♦ ❝❤❡❝❦❡❞ t❤❡
♣❧❛❝❡❜♦ ❡✛❡❝ts ❢♦r t❤❡ ❡❛r❧✐❡r ❜✐rt❤ ❝♦❤♦rts ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞ ✭✶✾✺✵✲✶✾✺✻✮✱ ❛♥❞ t❤❡ r❡s✉❧ts s✉♣♣♦rt t❤❡
❉✐❉ ❞❡s✐❣♥✳ ❚❤❡ ❞❡t❛✐❧s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❛✉t❤♦rs✳

✶✹



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

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

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

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

✐♥ ❛ ❝♦♥❝❛✈❡ ♠♦❜✐❧✐t② ❈❊❋ ✇❤❡♥ t❤❡ ❢♦r❝❡s ♦❢ ❝♦♠♣❧❡♠❡♥t❛r✐t② ❛r❡ ✇❡❛❦ ♦r ♥♦♥❡①✐st❡♥t✳ ❆s

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

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

♠❛② r❡s✉❧t ✐♥ ✈❡r② ❞✐✛❡r❡♥t ❡✛❡❝ts ♦♥ t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❧♦✇ ❡❞✉❝❛t❡❞ ♣❛r❡♥ts r❡❧❛t✐✈❡ t♦ t❤❡

❡✛❡❝ts ♦♥ t❤❡ ❝❤✐❧❞r❡♥ ❜♦r♥ t♦ ❤✐❣❤❧② ❡❞✉❝❛t❡❞ ♣❛r❡♥ts✳

❋♦r t❤❡ q✉❛❞r❛t✐❝ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♠♦❞❡❧✱ t❤❡ ❉✐❉ ❡♠♣✐r✐❝❛❧ s♣❡❝✐✲

✜❝❛t✐♦♥ ✐s ✭✇✐t❤ ✜①❡❞ ❡✛❡❝ts✮✿

Ec
ikt = θ0 + θ1E

p
ikt + θ4 (Expt × Inpk) + θ5 (E

p
ikt × Inpk) + θ6 (E

p
idt × Expt) + θ7 (E

p
i × Expt × Inpk)

+ θ8 (E
p
ikt)

2 + θ9

(

(Ep
ikt)

2
× Inpk

)

+ θ10

(

(Ep
ikt)

2
× Expt

)

+ θ11

(

(Ep
ikt)

2
× Expt × Inpk

)

+ αk + τt +
∑

t

Wk × τt + ζikt ✭✸✮

❚❤❡ ❢♦❝✉s ❤❡r❡ ✐s ♦♥ t❤r❡❡ ♣❛r❛♠❡t❡rs✿ θ4 ✭t❤❡ ✐♥t❡r❝❡♣t ❡✛❡❝t✮✱ θ7 ✭❡✛❡❝t ♦♥ t❤❡ ❧✐♥❡❛r

t❡r♠✮✱ ❛♥❞ θ11 ✭❡✛❡❝t ♦♥ t❤❡ q✉❛❞r❛t✐❝ t❡r♠✮✳ ■♥ ❛ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧✱ t❤❡ ✐♠♣❛❝t ♦♥

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

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

❧✐♥❡❛r ♠♦❞❡❧ ✐s t❤❛t r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✈❛r✐❡s ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣✳ ❚❤❡

❡st✐♠❛t❡ ♦❢ θ7 ✐s t❤❡ ❡✛❡❝ts ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✱

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

❛♥❞ q✉❛❞r❛t✐❝ ❡✛❡❝ts✿ θ7✱ ❛♥❞ θ11✳ ❚❤✐s ❛❧❧♦✇s ❢♦r t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s

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

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

q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧ ✐♥ ❡q✉❛t✐♦♥ ✭✸✮✳ ❲❡ r❡♣♦rt ❡✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r t❤❡ t❤r❡❡ ♣❛✲

r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st β4✱ β7 ❛♥❞ β11✳ ❚❤❡ ❡✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r s♦♥s ✭❋✐❣✉r❡ ✸✮ s❤♦✇ t❤❛t

t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ♦❢ ♥♦ ❡✛❡❝t ♦❢ ✜❝t✐t✐♦✉s s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ❛t ✈❛r✐♦✉s ②❡❛rs ❜❡❢♦r❡ t❤❡

❛❝t✉❛❧ ❝♦♥str✉❝t✐♦♥ ♦❢ s❝❤♦♦❧s ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ❛t t❤❡ ✺ ♣❡r❝❡♥t ❧❡✈❡❧ ❢♦r t❤❡ ♣❛r❛♠❡t❡rs ♦❢

✶✺



✐♥t❡r❡st✳✸✸ ■♥ ❝♦♥tr❛st✱ t❤❡r❡ ✐s ❛ ❝❧❡❛r s❤✐❢t ✐♥ t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❢♦r t❤❡ ♣♦st s❝❤♦♦❧ ❝♦♥✲

str✉❝t✐♦♥ ②❡❛rs✱ ❛♥❞ t❤❡ ❡✛❡❝ts ❛r❡ s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺ ♣❡r❝❡♥t ❧❡✈❡❧ ❢♦r ❛❧❧ t❤r❡❡ ♣❛r❛♠❡t❡rs✳

❚❤❡ ❡✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r ❞❛✉❣❤t❡rs ✭❋✐❣✉r❡ ✹✮ s✉❣❣❡st ❛ s✐❣♥✐✜❝❛♥t s❤✐❢t ✐♥ t❤❡ ✐♥t❡r❝❡♣t

❛❢t❡r t❤❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥✱ ❜✉t t❤❡ ❡✛❡❝ts ♦♥ t❤❡ ❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥ts s❡❡♠

♠✉❝❤ ✇❡❛❦❡r✳✸✹ ❚❤✐s ❛❧❡rts ✉s ❛❜♦✉t ♣♦t❡♥t✐❛❧❧② ✐♠♣♦rt❛♥t ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❡✛❡❝ts ♦❢

s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥✳ ❊✈❡♥ st✉❞② ❣r❛♣❤s ✐♥❝❧✉❞✐♥❣ t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ ❝♦❤♦rts ❛r❡ r❡♣♦rt❡❞

✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ✭s❡❡ ❋✐❣✉r❡s ❆✳✸ ✭s♦♥s✮ ❛♥❞ ❆✳✹ ✭❞❛✉❣❤t❡rs✮ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✮✳

✭✺✮ ❊♠♣✐r✐❝❛❧ ❊✈✐❞❡♥❝❡✿ ❊st✐♠❛t❡s ♦❢ t❤❡ ❊✛❡❝ts ♦❢ ■♥♣r❡s ❙❝❤♦♦❧s ♦♥ t❤❡
▼♦❜✐❧✐t② ❈❊❋

❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡s ♦❢ ❡q✉❛t✐♦♥s ✭✷✮ ❛♥❞ ✭✸✮ ✇✐t❤ t✇♦ ❛❧t❡r♥❛t✐✈❡ ♠❡❛s✉r❡s ♦❢ ❝❤✐❧❞r❡♥✬s

❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✿ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛♥❞ ❛ ❜✐♥❛r② ✐♥❞✐❝❛t♦r ❢♦r ♣r✐♠❛r② ♦r ♠♦r❡ s❝❤♦♦❧✲

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

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

t❤❡ ♠♦st r❡❧❡✈❛♥t ✐♥❞✐❝❛t♦r t♦ ❥✉❞❣❡ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ♥❡✇ ♣r✐♠❛r② s❝❤♦♦❧s ✐s ✇❤❡t❤❡r ❛ ❝❤✐❧❞

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

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

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭s❡❡ t❤❡ s✉r✈❡②s ❜② ❚♦r❝❤❡ ✭✷✵✶✾✮✱ ■✈❡rs❡♥ ❡t ❛❧✳ ✭✷✵✶✾✮✱

❛♥❞ ❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✷✶✮✮✳ ❆❧❧ r❡♣♦rt❡❞ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞✐str✐❝t ❧❡✈❡❧✱

❢♦❧❧♦✇✐♥❣ ❉✉✢♦ ✭✷✵✵✶✮✳

✭✺✳✶✮ ❚❤❡ ❊✛❡❝ts ♦❢ ■♥♣r❡s ❙❝❤♦♦❧s ♦♥ ❨❡❛rs ♦❢ ❙❝❤♦♦❧✐♥❣ ♦❢ ❈❤✐❧❞r❡♥

❚❛❜❧❡ ✷ r❡♣♦rts t❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ ♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ✇❤❡♥ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥✲

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

♦❢ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭s❡❡ t❤❡ s✉r✈❡② ❜② ❚♦r❝❤❡ ✭✷✵✶✾✮✮✳ ❚❤❡ ✜rst t✇♦

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

q✉❛❞r❛t✐❝ ♠♦❞❡❧✳ ❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ t❤❡ ♣❛r❛♠❡t❡rs ♦❢

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

✸✸❚❤❡ ♣❧❛❝❡❜♦ ❡✛❡❝ts ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧ ❛❧s♦✳
✸✹❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡✈❡♥t st✉❞② ❣r❛♣❤s ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛❧s♦ s✉♣♣♦rt t❤❡ ♣❧❛✉s✐❜✐❧✐t② ♦❢ t❤❡ ❉✐❉ ❞❡s✐❣♥✳

❲❡ ❛❧s♦ ❝❤❡❝❦❡❞ t❤❡ ❡✈❡♥t st✉❞② ❣r❛♣❤s ✐♥❝❧✉❞✐♥❣ ❡❛r❧✐❡r ❜✐rt❤ ❝♦❤♦rts ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞ ✭✶✾✺✵✲✶✾✺✻✮
❛♥❞ t❤❡ ❡✈✐❞❡♥❝❡ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❣r❛♣❤s r❡♣♦rt❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✳ ❚❤❡ ❞❡t❛✐❧s ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠
t❤❡ ❛✉t❤♦rs✳

✶✻



❝♦❡✣❝✐❡♥t ❡st✐♠❛t❡s ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❉✐❉ ♠♦❞❡❧s ❛r❡ r❡♣♦rt❡❞ ✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡

❆✳✶✳

❚❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡ ❧✐♥❡❛r ♠♦❞❡❧ s✉❣❣❡st t❤❛t✱ ❢♦r s♦♥s ✭s✉♣❡rs❝r✐♣t s ❞❡♥♦t✐♥❣ s♦♥s✮✱

t❤❡r❡ ✐s ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t
(

β̂s
4 = 1.59

)

✱ ❛♥❞ ❛ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ♦♥ t❤❡ s❧♦♣❡

✭■●❘❈✮
(

β̂s
7 = −0.13

)

✳✸✺ ❚❤❡ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ s❧♦♣❡ t❤✉s s✉❣❣❡sts t❤❛t t❤❡ ■♥♣r❡s s❝❤♦♦❧s

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

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

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

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

❛r❡ ♥✉♠❡r✐❝❛❧❧② ♠✉❝❤ s♠❛❧❧❡r ❛♥❞ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡

❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ♣r✐♠❛r② s❝❤♦♦❧s ❢❛✐❧❡❞ t♦ ❛✛❡❝t ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❣✐r❧s ✐♥ ❛ s✐❣♥✐✜❝❛♥t

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

s✉❣❣❡sts t❤❛t ❛✈❛✐❧❛❜✐❧✐t② ♦❢ s❝❤♦♦❧s ✐♥ ❛ ✈✐❧❧❛❣❡ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ❣✐r❧s✳

▲✐♥❡❛r✐t② ✐s ❛ ♠❛✐♥t❛✐♥❡❞ ❛ss✉♠♣t✐♦♥ ✐♥ t❤❡ ❡st✐♠❛t❡s ✐♥ ❝♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮ ♦❢ ❚❛❜❧❡ ✷✱ ❜✉t

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

♠♦❜✐❧✐t② ❈❊❋ ♠❛② ❜❡ ❝♦♥❝❛✈❡ ♦r ❝♦♥✈❡①✳ ❖♥❝❡ ✇❡ ❛❞♠✐t t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t t❤❡ ♠♦❜✐❧✐t②

❈❊❋ ❝♦✉❧❞ ❜❡ ❝♦♥❝❛✈❡ ♦r ❝♦♥✈❡①✱ ❛♥ ✐♠♣♦rt❛♥t q✉❡st✐♦♥ ✐s ✇❤❡t❤❡r t❤❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥s

❛✛❡❝t❡❞ t❤❡ ❞❡❣r❡❡ ♦❢ ❝♦♥❝❛✈✐t② ✭♦r ❝♦♥✈❡①✐t②✮ ❛♥❞ ✇❤❡t❤❡r t❤❡r❡ ✐s ❛♥② ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s

✐♥ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❈❊❋✳ ❚❛❜❧❡ ❆✳✷ ✭♣❛♥❡❧ ❆✮ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① r❡♣♦rts

❡st✐♠❛t❡s ♦❢ ❛ st❛♥❞❛r❞ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧ ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❡q✉❛t✐♦♥ ✭✽✮ ♦❢ ❇❡❝❦❡r

❡t ❛❧✳ ✭✷✵✶✺✮✮ ❢♦r t❤❡ ♣r❡✲ ❛♥❞ ♣♦st ❝♦❤♦rts ✐♥ ♦✉r ❞❛t❛ t♦ ✉♥❞❡rst❛♥❞ ✇❤❡t❤❡r ❛ ❧✐♥❡❛r ❈❊❋ ✐s

❛ r❡❛s♦♥❛❜❧❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r ❡✈❛❧✉❛t✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ❝❤✐❧❞r❡♥✬s ❝♦♠♣❧❡t❡❞

②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✳ ❋♦r ❞❛✉❣❤t❡rs✱ t❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ❈❊❋ ✐s ❧✐♥❡❛r ❢♦r ❜♦t❤ t❤❡

♣r❡✲■♥♣r❡s ❛♥❞ ■♥♣r❡s ❝♦❤♦rts✱ t❤✉s s✉❣❣❡st✐♥❣ t❤❛t t❤❡ ❧✐♥❡❛r ❉✐❉ ♠♦❞❡❧ ✐♥ ❝♦❧✉♠♥ ✭✷✮ ♦❢

❚❛❜❧❡ ✷ ✐s ❛♣♣r♦♣r✐❛t❡ ❢♦r t❤❡ ❛♥❛❧②s✐s ♦❢ ❞❛✉❣❤t❡rs✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ❢♦r s♦♥s ✐s ❞✐✛❡r❡♥t✿ t❤❡

♠♦❜✐❧✐t② ❈❊❋ ❢♦r s♦♥s ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ❧✐♥❡❛r ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ❝♦❤♦rts✱ ❜✉t ✐t ❤❛s ❜❡❝♦♠❡

s✐❣♥✐✜❝❛♥t❧② ❝♦♥✈❡① ✐♥ t❤❡ ■♥♣r❡s ❝♦❤♦rts✳ ❙♦ ✇❡ ♥❡❡❞ t♦ ❛❧❧♦✇ ❢♦r ❛ q✉❛❞r❛t✐❝ s♣❡❝✐✜❝❛t✐♦♥

❢♦r s♦♥s✳

❈♦❧✉♠♥ ✭✸✮ ✐♥ ❚❛❜❧❡ ✷ r❡♣♦rts t❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st ❢r♦♠ t❤❡

✸✺❚❤❡ ✐♥t❡r❝❡♣t ❡✛❡❝t ✐s s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶ ♣❡r❝❡♥t ❧❡✈❡❧✱ ❛♥❞ t❤❡ s❧♦♣❡ ❡✛❡❝t ❛t t❤❡ ✺ ♣❡r❝❡♥t ❧❡✈❡❧✳

✶✼



q✉❛❞r❛t✐❝ ♠♦❞❡❧ ✭❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✸✮✮ ❢♦r s♦♥s ❛♥❞ t❤❡ ❡st✐♠❛t❡❞ ❢✉❧❧ s♣❡❝✐✜❝❛t✐♦♥ ✐s ♣r♦✲

✈✐❞❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✶✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ❢♦r♠ t❤❡ q✉❛❞r❛t✐❝ ♠♦❞❡❧ s✉❣❣❡sts ❛

♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t
(

θ̂s4 = 1.53
)

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

❧✐♥❡❛r ♠♦❞❡❧ ✭s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶ ♣❡r❝❡♥t ❧❡✈❡❧✮✳ ❚❤❡ ❡st✐♠❛t❡❞ ✐♠♣❛❝t ♦♥ t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t

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

θ̂s7 = −0.26
)

✭s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶ ♣❡r❝❡♥t ❧❡✈❡❧✮✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❧✐♥❡❛r ♠♦❞❡❧ s✉❜st❛♥t✐❛❧❧② ✉♥❞❡r✲

❡st✐♠❛t❡s t❤❡ ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ♠♦st ❞✐s❛❞✈❛♥t❛❣❡❞ ❜♦②s ❜♦r♥ t♦

❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✳✸✻ ❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ■♥♣r❡s s❝❤♦♦❧s ❤❛❞ ❛ ♣♦s✐t✐✈❡

❡✛❡❝t ♦♥ t❤❡ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥t ♠❛❦✐♥❣ t❤❡ ❈❊❋ ❝♦♥✈❡①
(

θ̂s11 = 0.015
)

✭s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺

♣❡r❝❡♥t ❧❡✈❡❧✮✳ ❆s ✇❡ ✇✐❧❧ s❡❡ ✐♥ s❡❝t✐♦♥ ✭✺✳✸✮ ❜❡❧♦✇✱ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ q✉❛❞r❛t✐❝ ❝♦❡❢✲

✜❝✐❡♥t ✐♠♣❧✐❡s t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛r❡ ♦♣♣♦s✐t❡ ❢♦r t❤❡ s♦♥s

✐♥ ✉♥❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s ✈s✳ t❤❡ s♦♥s ✐♥ ❤✐❣❤❧② ❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✳

✭✺✳✷✮ ❚❤❡ ❊✛❡❝ts ♦♥ ■♥♣r❡s ❙❝❤♦♦❧s ♦♥ t❤❡ ❈♦♠♣❧❡t✐♦♥ ♦❢ Pr✐♠❛r② ❙❝❤♦♦❧✐♥❣

❆s ♥♦t❡❞ ❡❛r❧✐❡r✱ ❛ ♥❛t✉r❛❧ ♠❡tr✐❝ t♦ ♠❡❛s✉r❡ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ t❤❡ ♥❡✇ ♣r✐♠❛r② s❝❤♦♦❧s ✐s

t♦ ❧♦♦❦ ❛t t❤❡ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ❝♦♠♣❧❡t✐♦♥ ♦❢ t❤❡ ❡①♣♦s❡❞ ❝♦❤♦rts ♦❢ ❝❤✐❧❞r❡♥✳ ❚❤❡ ❡st✐♠❛t❡s

♦❢ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r❡st ✐♥ ❡q✉❛t✐♦♥s ✭✷✮ ✭❧✐♥❡❛r ♠♦❞❡❧✮ ❛♥❞ ✭✸✮ ✭q✉❛❞r❛t✐❝ ♠♦❞❡❧✮ ❛r❡

r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✸ ✭t❤❡ ❢✉❧❧ s❡t ♦❢ ❝♦❡✣❝✐❡♥ts ❛r❡ r❡♣♦rt❡❞ ✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✸✮✳

❲❡ ✜rst ❝♦♥s✐❞❡r t❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡ ❧✐♥❡❛r ♠♦❞❡❧✳ ❋♦r s♦♥s✱ t❤❡ ♣❛tt❡r♥ ♦❢ t❤❡ ❡✛❡❝ts ♦♥

t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❤❛✈✐♥❣ ♣r✐♠❛r② ♦r ♠♦r❡ s❝❤♦♦❧✐♥❣ ❛r❡ s✐♠✐❧❛r t♦ ✇❤❛t ✇❡ ❢♦✉♥❞ ❡❛r❧✐❡r ✉s✐♥❣

②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❇✉t t❤❡ ❡✈✐❞❡♥❝❡ ✐s ❞r❛♠❛t✐❝❛❧❧②

❞✐✛❡r❡♥t ❢♦r ❞❛✉❣❤t❡rs✿ t❤❡r❡ ❛r❡ ♥✉♠❡r✐❝❛❧❧② s✉❜st❛♥t✐❛❧ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭❛t t❤❡

✺ ♣❡r❝❡♥t ♦r ❧❡ss✮ ❡✛❡❝ts ♦♥ ❜♦t❤ t❤❡ ✐♥t❡r❝❡♣t ❛♥❞ t❤❡ s❧♦♣❡ ✭■●❘❈✮✳✸✼ ❍♦✇❡✈❡r✱ t❤❡s❡ r❡s✉❧ts

❛r❡ ❜✉✐❧t ♦♥ t❤❡ ♠❛✐♥t❛✐♥❡❞ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ❧✐♥❡❛r ❈❊❋ ✇❤✐❝❤ ✇❡ t❡st ♥❡①t✳

❚♦ ❞❡t❡r♠✐♥❡ ✇❤❡t❤❡r t❤❡ ❧✐♥❡❛r ♠♦❞❡❧ ✐s ❛♣♣r♦♣r✐❛t❡✱ ✇❡ ❡st✐♠❛t❡ ❛ st❛♥❞❛r❞ q✉❛❞r❛t✐❝

♠♦❜✐❧✐t② ♠♦❞❡❧ ❢♦r t❤❡ ♣r❡✲■♥♣r❡s ❛♥❞ ■♥♣r❡s ❝♦❤♦rts s❡♣❛r❛t❡❧② ✉s✐♥❣ ❛ ❞✉♠♠② ❢♦r ♣r✐♠❛r②

♦r ♠♦r❡ s❝❤♦♦❧✐♥❣ ❛s t❤❡ ♠❡❛s✉r❡ ♦❢ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❚❤❡ ❡st✐♠❛t❡s ❛r❡

r❡♣♦rt❡❞ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ✭s❡❡ ♣❛♥❡❧ ❇ ♦❢ ❚❛❜❧❡ ❆✳✷✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡

✸✻❘❡❝❛❧❧ t❤❛t t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t ✐♥ ❛ q✉❛❞r❛t✐❝ ♠♦❞❡❧ ❣✐✈❡s t❤❡ ■●▼❆ ❡st✐♠❛t❡ ❢♦r t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs
✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✳

✸✼❚❤❡ s❧♦♣❡ ❡st✐♠❛t❡ ❢r♦♠ ❛ ❧✐♥❡❛r ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐s ❝❛❧❧❡❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥t
✭■●❘❈ ❢♦r s❤♦rt✮ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳

✶✽



♠♦❜✐❧✐t② ❈❊❋ ✐s ❝♦♥❝❛✈❡ ✐rr❡s♣❡❝t✐✈❡ ♦❢ ❣❡♥❞❡r ❢♦r ❜♦t❤ t❤❡ ♣r❡✲■♥♣r❡s ❛♥❞ ■♥♣r❡s ❝♦❤♦rts✱ ❛♥❞✱

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

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

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

✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ t❤❡✐r ♣r✐♠❛r② s❝❤♦♦❧ ❝♦♠♣❧❡t✐♦♥✳

❚❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ r❡❧❡✈❛♥t ♣❛r❛♠❡t❡rs ❢r♦♠ t❤❡ q✉❛❞r❛t✐❝ ♠♦❞❡❧ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❝♦❧✉♠♥s

✭✸✮ ✭s♦♥s✮ ❛♥❞ ✭✹✮ ✭❞❛✉❣❤t❡rs✮ ♦❢ ❚❛❜❧❡ ✸✳ ❚❤❡ ♣❛tt❡r♥ ♦❢ t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦❢ ■♥♣r❡s

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

θ̂s4 = 0.195; θ̂d4 = 0.197
)

✱ ♥❡❣❛t✐✈❡ ❢♦r

t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t
(

θ̂s7 = −0.038; θ̂d7 = −0.017
)

✱ ❛♥❞ ♣♦s✐t✐✈❡ ❢♦r t❤❡ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥t
(

θ̂s11 = 0.002; θ̂d11 = 0.001
)

✳ ❚❤❡ ❡✛❡❝t ♦♥ t❤❡ ❝✉r✈❛t✉r❡ ♦❢ t❤❡ ♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ❢♦r ❞❛✉❣❤t❡rs

✐s ♠✉❝❤ ✇❡❛❦❡r✿ t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦♥ t❤❡ ❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥ts ❛r❡ ❛❜♦✉t ❤❛❧❢

♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡st✐♠❛t❡s ❢♦r s♦♥s✳ ❋♦r s♦♥s✱ ❛❧❧ t❤r❡❡ ❝♦❡✣❝✐❡♥ts ❛r❡ s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶

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

t❤❡ ❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ❡✛❡❝ts ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s

s❝❤♦♦❧s ✈❛r② s✉❜st❛♥t✐❛❧❧② ❛❝r♦ss ❢❛♠✐❧② ❜❛❝❦❣r♦✉♥❞ ❢♦r s♦♥s✱ ❜✉t s✉❝❤ ❤❡t❡r♦❣❡♥❡✐t② ✐s ♠✉❝❤

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

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

♠♦r❡ ❞❡♣t❤ ❛♥❞ ❞❡t❛✐❧s ❧❛t❡r ✐♥ t❤❡ ♣❛♣❡r✳

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

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

❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s✳ ❍♦✇❡✈❡r✱ ♥♦t❡ t❤❛t t❤❡

✐♠♣❛❝t ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❞✉❡ t♦ t❤❡ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥t ❡q✉❛❧s 2θ̂c11E
c
i ✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t

t❤❡ ✐♠♣❛❝t ❢♦r ❛ s♦♥ ✇❤♦s❡ ❢❛t❤❡r ❤❛s ✾ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✐s 0.038 ✇❤✐❝❤ ❡q✉❛❧s t❤❡ t❤❡ ❧✐♥❡❛r

❝♦❡✣❝✐❡♥t ✐♥ ♠❛❣♥✐t✉❞❡
(

θ̂s7 = −0.038
)

✳ ❙✐♠✐❧❛r ❝♦♥❝❧✉s✐♦♥s ❤♦❧❞ ❢♦r t❤❡ ❞❛✉❣❤t❡rs✬ ❡st✐♠❛t❡s✳

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

■♥♣r❡s s❝❤♦♦❧s ✐♥ s❡❝t✐♦♥ ✭✻✮ ❜❡❧♦✇✳

✭✺✳✸✮ ❘♦❜✉st♥❡ss ❈❤❡❝❦s ❛♥❞ ❖t❤❡r ❈♦♥❝❡r♥s

❲❡ ❝❤❡❝❦ t❤❡ r♦❜✉st♥❡ss ♦❢ ♦✉r ❡st✐♠❛t❡s ❛❜♦✈❡ ✐♥ ❛ ♥✉♠❜❡r ♦❢ ✇❛②s✳ ❋✐rst✱ ✇❡ ✉s❡ ♠♦t❤❡r✬s

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

✐s ♠♦t✐✈❛t❡❞ ❜② s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ t❤❛t ♠♦t❤❡r✬s ✐♥✢✉❡♥❝❡ ✐s str♦♥❣❡r ♦♥ ❞❛✉❣❤t❡rs ✭❚♦r❝❤❡

✶✾



✭✷✵✶✾✮✱ ❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✶✶✮✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡✱ ❤♦✇❡✈❡r✱ s✉❣❣❡sts t❤❛t t❤❡ r❡s✉❧ts ❛♥❞ t❤❡

❝♦♥❝❧✉s✐♦♥s ❞♦ ♥♦t ❝❤❛♥❣❡ ✐♥ ❛♥② s✐❣♥✐✜❝❛♥t ♠❛♥♥❡r✳ P❧❡❛s❡ s❡❡ s✉❜s❡❝t✐♦♥ ✭❖❇✳✶✳✶✮ ✐♥ t❤❡

♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✳

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

❜✐rt❤ ❝♦❤♦rts ✇❤♦ ♠✐❣❤t ❜❡ ❧❡ss ❝♦♠♣❛r❛❜❧❡✳ ❆❣❛✐♥✱ t❤❡ ❝♦♥❝❧✉s✐♦♥s ❛r❡ r♦❜✉st✳ P❧❡❛s❡ s❡❡

♦♥❧✐♥❡ ❛♣♣❡♥❞✐① s✉❜s❡❝t✐♦♥ ✭❖❇✳✶✳✷✮ ❢♦r t❤❡ ❞❡t❛✐❧s✳

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

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

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

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

❙✉r✈❡② ✭■❋▲❙✮ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ ♥♦♥r❡s✐❞❡♥t ♣❛r❡♥ts ❛♥❞ ❝❤✐❧❞r❡♥✱ ❛♥❞ t❤✉s ❞♦ ♥♦t

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

✇✐t❤ t❤♦s❡ ❢r♦♠ ■❋▲❙ s❤♦✇s t❤❛t t❤❡ ❡st✐♠❛t❡s ❛r❡ ✐♥ ❣❡♥❡r❛❧ ❝❧♦s❡✱ ❛♥❞ t❤❡ ❞❡❣r❡❡ ♦❢ ❞♦✇♥✇❛r❞

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

❜✐❛s ✭❡✈❡♥ ✐❢ s♠❛❧❧✮ ❜② ✉s✐♥❣ ✐♥✈❡rs❡ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t✐♥❣ ✭■P❲✮✳ ◆✐❝♦❧❡tt✐ ❛♥❞ ❋r❛♥❝❡s❝♦♥✐

✭✷✵✵✻✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ t❤❛t ■P❲ ♣❡r❢♦r♠s ❜❡tt❡r t❤❛♥ ❍❡❝❦♠❛♥ s❡❧❡❝t✐♦♥ ❝♦rr❡❝t✐♦♥ ✇❤❡♥

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

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

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

r❡❝❡♥t❧② ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ♦♥ ❜✉✐❧t✲✉♣ ❞❡♥s✐t②✳ ❇✉✐❧t✲✉♣ ❞❡♥s✐t② ✐♥ ✶✾✼✺ ✐♥ ❛ ❞✐str✐❝t ✐s ✉s❡❞

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

❧♦✇❡r ❝♦r❡s✐❞❡♥❝② r❛t❡ ✭❜♦r♥❡ ♦✉t ❜② ❛ ♥❡❣❛t✐✈❡ ❝♦❡✣❝✐❡♥t ♦♥ ❜✉✐❧t✲✉♣ ❞❡♥s✐t② ✐♥ t❤❡ s❡❧❡❝t✐♦♥

❡q✉❛t✐♦♥✮✳ ❚❤❡ ■P❲ ❝♦rr❡❝t❡❞ ❡st✐♠❛t❡s ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ✉♥✇❡✐❣❤t❡❞ ❡st✐♠❛t❡s r❡♣♦rt❡❞

❛❜♦✈❡✳ ❲❡ ♣r♦✈✐❞❡ ❛♥ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ❡✈✐❞❡♥❝❡ t❤❛t s❡❧❡❝t✐♦♥ ❝♦rr❡❝t✐♦♥ ❞♦❡s ♥♦t ❛❧t❡r t❤❡

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

❧♦♦❦ ❛t t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ■♥♣r❡s s❝❤♦♦❧ ✐♥t❡♥s✐t② ❛♥❞ ❝♦r❡s✐❞❡♥❝② r❛t❡s ❛❝r♦ss ❞✐str✐❝ts✿

t❤❡ ✐♥♣r❡s s❝❤♦♦❧s ❤❛❞ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ ❝♦r❡s✐❞❡♥② r❛t❡s✳ ❋♦r ❛ ❞❡t❛✐❧❡❞ ❞✐s❝✉ss✐♦♥

❛♥❞ t❤❡ r❡❧❡✈❛♥t ❡✈✐❞❡♥❝❡✱ ♣❧❡❛s❡ s❡❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① s❡❝t✐♦♥ ✭❖❇✳✷✮✳

✷✵



✭✻✮ ❚❤❡ ❊✛❡❝ts ♦❢ ■♥♣r❡s ❙❝❤♦♦❧s ♦♥ ❘❡❧❛t✐✈❡ ❛♥❞ ❆❜s♦❧✉t❡ ▼♦❜✐❧✐t②

■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❞✐s❝✉ss t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ r❡❧❛t✐✈❡ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t②✳

❲❡ ❢♦❝✉s ♦♥ t❤❡ ❡st✐♠❛t❡s ❢♦r ♣r✐♠❛r② ♦r ♠♦r❡ ❡❞✉❝❛t✐♦♥ ♦❢ ❝❤✐❧❞r❡♥ ❛s t❤❡ r❡❧❡✈❛♥t ♠❡❛s✉r❡

♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✱ ❛s ✐t ✐s t❤❡ ♠♦st ♥❛t✉r❛❧ ♠❡tr✐❝ t♦ ❥✉❞❣❡ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ❛

♣r✐♠❛r② s❝❤♦♦❧✳ ❚❤❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ■♥♣r❡s ♣r✐♠❛r② s❝❤♦♦❧s r❡❞✉❝❡❞ t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t

♦❢ t❤❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ❜✉t ✐♥❝r❡❛s❡❞ t❤❡ q✉❛❞r❛t✐❝ ❝♦❡✣❝✐❡♥t

s✉❣❣❡sts t❤❛t t❤❡ ❡✛❡❝ts ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❝♦✉❧❞ ❜❡ ✈❡r② ❞✐✛❡r❡♥t ❛t t❤❡ t✇♦ t❛✐❧s ♦❢ ❢❛t❤❡r✬s

s❝❤♦♦❧✐♥❣ ❞✐str✐❜✉t✐♦♥✳

❋♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ t❤❡ ❡✛❡❝ts ♦♥ r❡❧❛t✐✈❡ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ♦❢ s♦♥s ❛r❡ s✐♠✐❧❛r t♦

t❤♦s❡ ❢♦✉♥❞ ❢♦r ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❛♥❞ ❛r❡ ♥♦t ❞✐s❝✉ss❡❞ ❤❡r❡ ❢♦r t❤❡ s❛❦❡ ♦❢ ❜r❡✈✐t②✳ P❧❡❛s❡

s❡❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✹ ❢♦r t❤❡ ❡✛❡❝ts ♦♥ s♦♥s✬ r❡❧❛t✐✈❡ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✇❤❡♥ ②❡❛rs

♦❢ s❝❤♦♦❧✐♥❣ ✐s t❤❡ ♠❡❛s✉r❡ ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❋♦r ❞❛✉❣❤t❡rs✱ t❤❡r❡ ❛r❡ ♥♦ s✐❣♥✐✜❝❛♥t

❡✛❡❝ts ♦♥ r❡❧❛t✐✈❡ ♦r ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✐♥ t❡r♠s ♦❢ ❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❜❡❝❛✉s❡ t❤❡

❡st✐♠❛t❡s ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧ ❛♥❞ ♠✉❝❤ s♠❛❧❧❡r ✐♥ ♠❛❣♥✐t✉❞❡ ✭❚❛❜❧❡ ✷✮✳

✭✻✳✶✮ ❊✛❡❝ts ♦♥ ❘❡❧❛t✐✈❡ ▼♦❜✐❧✐t②

❙✐♥❝❡ t❤❡ ♠♦❜✐❧✐t② ❈❊❋s ❛r❡ ❝♦♥❝❛✈❡ ❢♦r ❜♦t❤ s♦♥s ❛♥❞ ❞❛✉❣❤t❡rs ❢♦r ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥✱

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

r❡❣r❡ss✐♦♥ ❝♦❡✣❝✐❡♥t ✭■●❘❈✮✳ ■♥ ❛ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧✱ ❛ ♥❛t✉r❛❧ ❡①t❡♥s✐♦♥ ♦❢ ■●❘❈ ✐s

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠❛r❣✐♥❛❧ ❛ss♦❝✐❛t✐♦♥ ✭■●▼❆✱ ❢♦r s❤♦rt✮ ✇❤✐❝❤ ✐s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t②

❈❊❋ ❛t ❡❛❝❤ ❧❡✈❡❧ ♦❢ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✭s❡❡ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✷✶✮✮✳ ❚❤✐s ❢♦❧❧♦✇s ❛ ❧❛r❣❡

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

❈❊❋ r❡❧❛t✐♥❣ ❝❤✐❧❞r❡♥✬s ❡❝♦♥♦♠✐❝ st❛t✉s t♦ t❤❛t ♦❢ t❤❡✐r ♣❛r❡♥ts✳✸✽ ■♥ ❛ ❞✐str✐❝t ✇✐t❤ ■♥♣r❡s

✐♥t❡♥s✐t② ♦❢ ✶✱ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs ✇✐t❤ y ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✐s ❣✐✈❡♥ ❛s

✭❜❛s❡❞ ♦♥ ❡q✉❛t✐♦♥ ✭✸✮✮✿

IGMAy = θ1 + 2θ8E
p
iy PreInpres Cohorts

IGMAy = θ1 + θ7 + 2 (θ8 + θ11)E
p
iy Inpres Cohorts

✸✽❙❡❡ ❙♦❧♦♥ ✭✶✾✾✾✮ ❢♦r t❤❡ ❡❝♦♥♦♠✐❝ ❧✐t❡r❛t✉r❡ ❛♥❞ ❚♦r❝❤❡ ✭✷✵✶✺✮ ❢♦r t❤❡ s♦❝✐♦❧♦❣② ❧✐t❡r❛t✉r❡✳ ❚❤❡ ♠♦st ✇✐❞❡❧②
✉s❡❞ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ✐s ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧
❡❧❛st✐❝✐t② ✭■●❊✮ ✇❤✐❝❤ ✐s ❡st✐♠❛t❡❞ ❛s t❤❡ s❧♦♣❡ ♦❢ ❛ ❧♦❣✲❧✐♥❡❛r ❈❊❋✳ ❚❤❡ r❡❝❡♥t ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦❢ ❈❤❡tt②
❡t ❛❧✳ ✭✷✵✶✹✮ ❡st✐♠❛t❡s r❡❧❛t✐✈❡ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ❛s t❤❡ s❧♦♣❡ ♦❢ ❛ r❛♥❦✲r❛♥❦ ❈❊❋✳

✷✶



❯s✐♥❣ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ❢♦r ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ✐♥ ❚❛❜❧❡ ✸✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ❝❤❛♥❣❡

✐♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠❛r❣✐♥❛❧ ❛ss♦❝✐❛t✐♦♥✱ ■●▼❆✱ ❢♦r ❝❤✐❧❞r❡♥ ♦❢ ❞✐✛❡r❡♥t s♦❝✐♦❡❝♦♥♦♠✐❝ ❜❛❝❦✲

❣r♦✉♥❞ ❛s r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ❧❡✈❡❧ ♦❢ ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ ■●▼❆ ❢♦r t❤❡ ❝❤✐❧❞r❡♥

♦❢ ❢❛t❤❡rs ✇✐t❤ y ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❜❡❝❛✉s❡ ♦❢ ■♥♣r❡s s❝❤♦♦❧s ❛t tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ✶ ✭t❤❡

❤✐❣❤❡st ✐♥t❡♥s✐t②✮ ✐s ❣✐✈❡ ❜②✿

∆IGMAiy = θ7 + 2θ11E
p
iy

❲❡ ♣r♦✈✐❞❡ ❡st✐♠❛t❡s ♦❢ ❝❤❛♥❣❡ ✐♥ ■●▼❆ ❢♦r t✇♦ ❧❡✈❡❧s ♦❢ tr❡❛t♠❡♥t ✐♥t❡♥s✐t②✿ t❤❡ ♠❡❛♥

❧❡✈❡❧ ❛♥❞ t❤❡ ❤✐❣❤❡st ✐♥t❡♥s✐t② ✐♥ ♦✉r ❞❛t❛✳✸✾

❚❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳

❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✐♥❝r❡❛s❡❞ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✭❧♦✇❡r❡❞ t❤❡ ■●▼❆✮

♦❢ t❤❡ ❝❤✐❧❞r❡♥ ❢r♦♠ ❧♦✇ ❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✳ ❚❤❡ ❡✛❡❝t ♦♥ t❤❡ ■●▼❆ ✐s t❤❡ ❧❛r❣❡st ❢♦r t❤❡

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

t❤✐s s✉❜❣r♦✉♣✱ t❤❡ ■●▼❆s
0 ✭s✉❜s❝r✐♣t ❞❡♥♦t✐♥❣ t❤❡ s❝❤♦♦❧✐♥❣ ❧❡✈❡❧ ♦❢ ❢❛t❤❡rs✮ ❢♦r ❛ s♦♥ ❣r♦✇✐♥❣

✉♣ ✐♥ ❛ ❞✐str✐❝t ♦❢ t❤❡ ❤✐❣❤❡st ■♥♣r❡s ✐♥t❡♥s✐t② ❞❡❝❧✐♥❡❞ ❜② ✸✳✽ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✭s❡❡ r♦✇ ✶

❛♥❞ ❝♦❧✉♠♥ ✶✮✱ ❛♥❞ ❜② ✵✳✽✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ❛ ❞✐str✐❝t ♦❢ ❛✈❡r❛❣❡ ✐♥t❡♥s✐t② ✭s❡❡ r♦✇ ✶ ❛♥❞

❝♦❧✉♠♥ ✸✮✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡st✐♠❛t❡s ❢♦r ❞❛✉❣❤t❡rs ❛r❡ s♠❛❧❧❡r✿ ✶✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❢♦r

t❤❡ ❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ❛♥❞ ✵✳✹✵ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❢♦r t❤❡ ❛✈❡r❛❣❡ ✐♥t❡♥s✐t②✳

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

❲❡ ✉s❡ t❤❡ ■●▼❆ ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❛✈❡r❛❣❡ s♦❝✐♦❡❝♦♥♦♠✐❝ ❜❛❝❦❣r♦✉♥❞ ✭❢❛t❤❡rs ✇✐t❤ ❛✈❡r❛❣❡

s❝❤♦♦❧✐♥❣✮ ✐♥ t❤❡ ❞✐str✐❝ts ✇✐t❤♦✉t ❛♥② ■♥♣r❡s s❝❤♦♦❧s ✭③❡r♦ ■♥♣r❡s ✐♥t❡♥s✐t②✮ ✐♥ t❤❡ ♣r❡✲■♥♣r❡s

♣❡r✐♦❞ ❛s t❤❡ ❜❡♥❝❤♠❛r❦✳✹✵ ❚❤❡ ♥♦r♠❛❧✐③❡❞ ❡st✐♠❛t❡s r❡❧❛t✐✈❡ t♦ t❤❡ ❜❡♥❝❤♠❛r❦ ❛r❡ r❡♣♦rt❡❞

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

■♥♣r❡s s❝❤♦♦❧s r❡❞✉❝❡❞ t❤❡ ■●▼❆ ❜② ✸✸✳✾✻ ♣❡r❝❡♥t ✐♥ ❛ ❞✐str✐❝t ✇✐t❤ ♠❡❛♥ ■♥♣r❡s ✐♥t❡♥s✐t② ✭r♦✇

✶ ❛♥❞ ❝♦❧✉♠♥ ✹✮✱ ❛♥❞ ❜② ✶✺✼✳✾✺ ♣❡r❝❡♥t ✐♥ ❛ ❞✐str✐❝t ✇✐t❤ t❤❡ ❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ✭r♦✇ ✶

❛♥❞ ❝♦❧✉♠♥ ✷✮✳ ❋♦r ❞❛✉❣❤t❡rs ✐♥ t❤✐s s✉❜❣r♦✉♣ ✭❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✮✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣

✐♠♣r♦✈❡♠❡♥ts ✐♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✭r❡❞✉❝t✐♦♥s ✐♥ ■●▼❆d
0✮ ❛r❡ ♠✉❝❤ s♠❛❧❧❡r ✐♥ ♠❛❣♥✐t✉❞❡✿

✸✾❚❤❡ ❤✐❣❤❡st ✭♥♦r♠❛❧✐③❡❞✮ ✐♥t❡♥s✐t② ✐♥ ♦✉r ❞❛t❛ ✐s ✶✳ ❚❤❡ ♠❡❛♥ ✐s ✵✳✷✷ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞ t♦ ✶✳✽✻ ♥❡✇ s❝❤♦♦❧s
♣❡r ✶✵✵✵ s❝❤♦♦❧ ❛❣❡ ❝❤✐❧❞r❡♥ ✐♥ ❛ ❞✐str✐❝t✳

✹✵❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡st✐♠❛t❡s ✉s✐♥❣ ❛♥ ❛❧t❡r♥❛t✐✈❡ ❜❡♥❝❤♠❛r❦✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ✭✉♥❡①♣♦s❡❞✮ ❝❤✐❧❞r❡♥ ❜♦r♥

t♦ ❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣ ✐♥ ❞✐str✐❝ts ✇✐t❤ ③❡r♦ ■♥♣r❡s ✐♥t❡♥s✐t②✱ ❛r❡ s✐♠✐❧❛r✳ ❚❤❡ ❡st✐♠❛t❡s ❛r❡ ❛✈❛✐❧❛❜❧❡
✉♣♦♥ r❡q✉❡st✳

✷✷



✶✺✳✶✾ ♣❡r❝❡♥t ✭❛✈❡r❛❣❡ ✐♥t❡♥s✐t②❀ s❡❡ ❝♦❧✉♠♥ ✽✱ r♦✇ ✶✮ ❛♥❞ ✼✵✳✻✻ ♣❡r❝❡♥t ✭❤✐❣❤❡st ✐♥t❡♥s✐t②❀

s❡❡ ❝♦❧✉♠♥ ✻✱ r♦✇ ✶✮✳

■♥ ❝♦♥tr❛st✱ t❤❡ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❝♦❧❧❡❣❡ ❡❞✉❝❛t❡❞ ❢❛t❤❡rs ✭✶✻ ②❡❛rs✮

✇♦rs❡♥❡❞ ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ❛♥❞ t❤❡ r♦❧❡ ♣❧❛②❡❞ ❜② ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✐♥❝r❡❛s❡❞✿

t❤❡ ■●▼❆s
16 ❢♦r s♦♥s ✐s ✷✻✳✽✶ ♣❡r❝❡♥t ❤✐❣❤❡r ✐♥ ❛ ❞✐str✐❝t ✇✐t❤ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ✐♥t❡♥s✐t②✱

❛♥❞ ✶✷✹✳✼✵ ♣❡r❝❡♥t ❤✐❣❤❡r ✐♥ ❛ ❞✐str✐❝t ✇✐t❤ t❤❡ ❤✐❣❤❡st ■♥♣r❡s ✐♥t❡♥s✐t② ✭s❡❡ ✜rst ❢♦✉r ❝♦❧✉♠♥s

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

✭s❡❡ t❤❡ ❧❛st ❢♦✉r ❝♦❧✉♠♥s ♦❢ r♦✇ ✺✮✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ✐♥❤❡r✐t❛♥❝❡ ♦❢ ❡❞✉❝❛t✐♦♥❛❧ st❛t✉s

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

❢♦r t❤❡ s♦♥s✳

✭✻✳✷✮ ❊✛❡❝ts ♦♥ ❆❜s♦❧✉t❡ ▼♦❜✐❧✐t②

❆❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✐s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡①♣❡❝t❡❞ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❝❤✐❧❞r❡♥ ❝♦♥❞✐✲

t✐♦♥❛❧ ♦♥ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜② t❤❡ ♣♦✐♥t ♦♥ t❤❡ ❡st✐♠❛t❡❞ ❈❊❋ ❝♦rr❡s♣♦♥❞✐♥❣

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

❈❤❡tt② ❡t ❛❧✳ ✭✷✵✶✹✮✳✹✶

❚❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✇✐t❤ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❛s ❛

♠❡❛s✉r❡ ♦❢ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✺ ❢♦r t✇♦ ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢

tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ✭❛✈❡r❛❣❡ ❛♥❞ t❤❡ ❤✐❣❤❡st✮✳ ❚♦ ✉♥❞❡rst❛♥❞ t❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡ ❡✛❡❝ts✱ ❛s

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

❜❛❝❦❣r♦✉♥❞ ✭❢❛t❤❡rs ✇✐t❤ ♠❡❛♥ s❝❤♦♦❧✐♥❣✮ ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ❝♦❤♦rts ❧✐✈✐♥❣ ✐♥ t❤❡ ❞✐str✐❝ts ✇✐t❤

♥♦ ■♥♣r❡s s❝❤♦♦❧s✳

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

t✐♦♥❛❧ ♦✉t❝♦♠❡s ♦❢ ❝❤✐❧❞r❡♥ ❛t t✇♦ t❛✐❧s ♦❢ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❜✉t t❤❡ ❡✛❡❝t ✇❛s

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

✭❢❛t❤❡rs ❤❛✈✐♥❣ ♥♦ s❝❤♦♦❧✐♥❣✮✱ t❤❡r❡ ✐s ♥♦ ❣❡♥❞❡r ❣❛♣ ✭s❡❡ r♦✇ ✶ ♦❢ ❚❛❜❧❡ ✺✮✳ ■♥ t❤✐s ♠♦st

❞✐s❛❞✈❛♥t❛❣❡❞ ❣r♦✉♣✱ ❜♦t❤ t❤❡ s♦♥s ❛♥❞ ❞❛✉❣❤t❡rs ❡①♣❡r✐❡♥❝❡❞ ❛ ✷✶ ♣❡r❝❡♥t ❤✐❣❤❡r ♣r♦❜❛❜✐❧✲

✐t② ♦❢ ❤❛✈✐♥❣ ♣r✐♠❛r② ♦r ♠♦r❡ s❝❤♦♦❧✐♥❣ ✐♥ ❞✐str✐❝ts ✇✐t❤ t❤❡ ❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t②✱ ❛♥❞

❛❜♦✉t ✹✳✺ ♣❡r❝❡♥t ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ❛t t❤❡ ❞✐str✐❝ts ✇✐t❤ ❛✈❡r❛❣❡ ■♥♣r❡s ✐♥t❡♥s✐t② ✭r❡❧❛t✐✈❡ t♦

✹✶❚❤❡✐r P✷✺ ♠❡❛s✉r❡ ♦❢ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✐s t❤❡ ❡①♣❡❝t❡❞ ✐♥❝♦♠❡ r❛♥❦ ♦❢ t❤❡ ❝❤✐❧❞r❡♥ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❢❛t❤❡r
❜❡✐♥❣ ✐♥ t❤❡ ✷✺t❤ ♣❡r❝❡♥t✐❧❡ ♦❢ t❤❡ ✐♥❝♦♠❡ ❞✐str✐❜✉t✐♦♥✳

✷✸



t❤❡ ❡①♣❡❝t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ ❣r♦✉♣✮✳ ■♥ ❝♦♥tr❛st✱ t❤❡r❡ ❛r❡ ❝❧❡❛r ❣❡♥❞❡r

❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❝♦❧❧❡❣❡ ❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✿ t❤❡ ❞❛✉❣❤t❡rs ❜❡♥❡✜t❡❞ ✻✵ ♣❡r❝❡♥t ♠♦r❡ t❤❛♥

t❤❡ s♦♥s ✭❛t t❤❡ ❤✐❣❤❡st ■♥♣r❡s ✐♥t❡♥s✐t②✮✿ t❤❡ ❞❛✉❣❤t❡rs r❡❛♣✐♥❣ ❛ ✷✶✳✸✹ ♣❡r❝❡♥t ❤✐❣❤❡r ♣r♦❜✲

❛❜✐❧✐t② ♦❢ ❤❛✈✐♥❣ ♣r✐♠❛r② ♦r ♠♦r❡ ❡❞✉❝❛t✐♦♥ ✇❤✐❧❡ t❤❡ s♦♥s ❣❛✐♥✐♥❣ ❛❜♦✉t ✶✸✳✸✽ ♣❡r❝❡♥t ❤✐❣❤❡r

♣r♦❜❛❜✐❧✐t②✳

✭✼✮ ❚❤❡ ❈♦♥s❡q✉❡♥❝❡s ♦❢ ❛♥ ❯♥✐♥t❡♥❞❡❞ ❇♦tt❧❡♥❡❝❦✿ ❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ❙♦✉r❝❡s

♦❢ ●❡♥❞❡r ❉✐✛❡r❡♥❝❡s

❆ str✐❦✐♥❣ ✜♥❞✐♥❣ ❢r♦♠ ♦✉r ❛♥❛❧②s✐s ❛❜♦✈❡ ✐s t❤❛t t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ❛r❡ ❞r❛♠❛t✐✲

❝❛❧❧② ❞✐✛❡r❡♥t ❢♦r ❞❛✉❣❤t❡rs ❛❝r♦ss ♣r✐♠❛r② ✈s✳ ✜♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ✭❝♦♠♣❧❡t❡❞ ②❡❛rs

♦❢ s❝❤♦♦❧✐♥❣✮✳ ■♥ ❝♦♥tr❛st✱ t❤❡ ❡✛❡❝ts ❛r❡ ❜r♦❛❞❧② s✐♠✐❧❛r ❢♦r s♦♥s✳ ❚❤❡ ❣♦❛❧ ♦❢ t❤✐s s❡❝t✐♦♥ ✐s

t♦ ✉♥❞❡rst❛♥❞ ✇❤❛t ♠❡❝❤❛♥✐s♠s ❝❛♥ ❣✐✈❡ r✐s❡ t♦ t❤✐s ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡✳

❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ✻✶✱✵✵✵ ♥❡✇ ♣r✐♠❛r② s❝❤♦♦❧s ✐♥❝r❡❛s❡❞ s✉❜st❛♥t✐❛❧❧② t❤❡ s✉♣♣❧② ♦❢ st✉✲

❞❡♥ts ❝♦♠♣❡t✐♥❣ ❢♦r ❡♥tr② ✐♥t♦ ❤✐❣❤ s❝❤♦♦❧s✱ ❜✉t t❤❡r❡ ✇❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❡①♣❛♥s✐♦♥s ✐♥ t❤❡

❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❤✐❣❤ s❝❤♦♦❧s ✐♥ ■♥❞♦♥❡s✐❛ ❞✉r✐♥❣ t❤❡ r❡❧❡✈❛♥t ♣❡r✐♦❞ ✭❍❡♥❡✈❡❧❞ ✭✶✾✼✾✮✮✳ ❚❤✐s

❝r❡❛t❡❞ ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛t t❤❡ s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣ ❧❡✈❡❧✳ ❚❤✐s r❛✐s❡s ❛ ♥❛t✉r❛❧ q✉❡s✲

t✐♦♥✿ ✇❤❛t ✇❡r❡ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s ♣r✐♠❛r② s❝❤♦♦❧s ♦♥ ❡❞✉❝❛t✐♦♥❛❧ ♦♣♣♦rt✉♥✐t✐❡s ❜❡②♦♥❞ t❤❡

♣r✐♠❛r② ❧❡✈❡❧❄ ❆ ♣❧❛✉s✐❜❧❡ ❝♦♥❥❡❝t✉r❡ ✐s t❤❛t t❤❡ r♦❧❡ ♣❧❛②❡❞ ❜② s♦❝✐♦❡❝♦♥♦♠✐❝ ❜❛❝❦❣r♦✉♥❞

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

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

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

✐♥❝♦♠❡ ❛♥❞ ❛ ♠♦r❡ ❡✛❡❝t✐✈❡ ❛♥❞ ❡①t❡♥s✐✈❡ s♦❝✐❛❧ ♥❡t✇♦r❦✳✹✷ ❆ t❡st❛❜❧❡ ✐♠♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s ❤②✲

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

str♦♥❣❡r ✇✐t❤ t❤❡ ❛❞✈❡♥t ♦❢ ❛♥ ■♥♣r❡s s❝❤♦♦❧ ✐♥ ❛ ❞✐str✐❝t✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ ❣❡♥❞❡r✳ ❍♦✇❡✈❡r✱

t❤✐s ♠❡❝❤❛♥✐s♠ ❝❛♥♥♦t ❧❡❛❞ t♦ ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s✳

❆ s❡❝♦♥❞ ❤②♣♦t❤❡s✐s ❢♦❝✉s❡s ♦♥ ❣❡♥❞❡r s♣❡❝✐✜❝ ❝♦♥str❛✐♥ts✳ ❆s ♥♦t❡❞ ❡❛r❧✐❡r✱ t❤❡r❡ ✐s ❛

s✉❜st❛♥t✐❛❧ ❧✐t❡r❛t✉r❡ s✉❣❣❡st✐♥❣ t❤❛t ❞✐st❛♥❝❡ t♦ s❝❤♦♦❧s ♠❛tt❡rs ♠✉❝❤ ♠♦r❡ ❢♦r s❝❤♦♦❧✐♥❣

❞❡❝✐s✐♦♥s ♦❢ ❣✐r❧s✳✹✸ ■❢ ❝♦st ♦❢ s❛❢❡ tr❛♥s♣♦rt t♦ ❢❛r ❛✇❛② s❝❤♦♦❧s ✐s t❤❡ ❜✐♥❞✐♥❣ ❝♦♥str❛✐♥t✱ t❤❡♥

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

✹✷❖♥❡ ✇♦✉❧❞ ❡①♣❡❝t ❜r✐❜❡r② ❛♥❞ ✏❞♦♥❛t✐♦♥s✑ t♦ ♣❧❛② ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ✇❤♦ ❣❡ts ❛❞♠✐tt❡❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ s✉❝❤
❛ ❜♦tt❧❡♥❡❝❦✳

✹✸❙❡❡ t❤❡ ❞✐s❝✉ss✐♦♥ ❜② ❙❝♦tt ✭✶✾✽✺✮ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ■♥❞♦♥❡s✐❛ ✐♥ t❤❡ ✶✾✼✵s ❛♥❞ ✶✾✽✵s✳

✷✹



❡❞✉❝❛t❡❞ ✭❛♥❞ ❧♦✇ ✐♥❝♦♠❡✮ ❤♦✉s❡❤♦❧❞s ❢❛✐❧ t♦ ♣r♦❣r❡ss ❜❡②♦♥❞ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ❜❡❝❛✉s❡ t❤❡②

❝❛♥♥♦t ❛✛♦r❞ s❛❢❡ tr❛♥s♣♦rt ❢♦r t❤❡ ❞❛✉❣❤t❡rs✳

❚♦ ❡①♣❧♦r❡ t❤❡s❡ q✉❡st✐♦♥s✱ ✇❡ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ❤✐❣❤ s❝❤♦♦❧ ❝♦♠✲

♣❧❡t✐♦♥ ✭✶✷ ②❡❛rs ♦r ♠♦r❡ s❝❤♦♦❧✐♥❣✮ ❜② ❝❤✐❧❞r❡♥✳✹✹ ❚❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡ q✉❛❞r❛t✐❝ ♠♦❞❡❧

❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✻✳

❚❤❡ ❢✉❧❧ s❛♠♣❧❡ ✭♥❛t✐♦♥❛❧✮ r❡s✉❧ts ✐♥ P❛♥❡❧ ❆ ♦❢ ❚❛❜❧❡ ✻ s✉❣❣❡st ❛ str✐❦✐♥❣ ✜♥❞✐♥❣✿ ❢❛♠✐❧②

❜❛❝❦❣r♦✉♥❞ ✭❛s ♠❡❛s✉r❡❞ ❜② ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥✮ ♣❧❛②s ✈✐rt✉❛❧❧② ♥♦ r♦❧❡ ✐♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✐♠✲

♣❛❝t ♦❢ ■♥♣r❡s s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♦♥ ❤✐❣❤❡r s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣✿ t❤❡ tr✐♣❧❡ ✐♥t❡r❛❝t✐♦♥s ♦❢ ■♥♣r❡s

✐♥t❡♥s✐t② ✇✐t❤ ❜♦t❤ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ❛♥❞ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ sq✉❛r❡❞ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡

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

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

t❤❡ ✐♥t❡r❝❡♣ts s✉❣❣❡st ❛ ❞✐✛❡r❡♥t ♣✐❝t✉r❡✿ ✐t ✐s ♥❡❣❛t✐✈❡ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❢♦r ❣✐r❧s✳

❚❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ✐s s✉❜st❛♥t✐❛❧ ✐♥ ♠❛❣♥✐t✉❞❡✿ ❛ ✽✳✺ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❧♦✇❡r ♣r♦❜❛❜✐❧✐t② ♦❢

❤❛✈✐♥❣ s❡♥✐♦r ❤✐❣❤ s❝❤♦♦❧✐♥❣ ❢♦r t❤❡ ■♥♣r❡s ❝♦❤♦rts ✭♣❛♥❡❧ ❆ ♦❢ ❚❛❜❧❡ ✻✮✳

❚❤❡ ❡✈✐❞❡♥❝❡ ❢♦r t❤❡ s♦♥s ✐♥ ❝♦♥tr❛st s✉❣❣❡sts t❤❛t t❤❡② ❤❛✈❡ ❣❛✐♥❡❞✿ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢

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

t❤❡ ❜♦②s ❝r♦✇❞❡❞ ♦✉t t❤❡ ❣✐r❧s ❛t t❤❡ s❡♥✐♦r s❡❝♦♥❞❛r② ❧❡✈❡❧✳ ❲❤❡♥ ✇❡ t❛❦❡ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥

t❤❛t t❤❡ ❜❛s❡ ❢♦r ❜♦②s ✭✵✳✶✾✼✮ ✐s ❧❛r❣❡r t❤❛t t❤❛t ❢♦r ❣✐r❧s ✭✵✳✶✼✾✮✱ t❤❡ ❡st✐♠❛t❡s s✉❣❣❡st ❛

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

■♥♣r❡s s❝❤♦♦❧s ♦♥ t❤❡ ❣✐r❧s ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧ ❡①♣❧❛✐♥s t❤❡ ❛♣♣❛r❡♥t ♣✉③③❧❡ ♦❢ ❛ s✉❜st❛♥t✐❛❧

♣♦s✐t✐✈❡ ❡✛❡❝t ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧ ❛♥❞ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✳

✭✼✳✶✮ ❚❤❡ P❛tt❡r♥ ♦❢ ❈r♦✇❞✐♥❣ ❖✉t✿ ●❡♥❞❡r ❇✐❛s ✐♥ t❤❡ ▲❛❜♦r ▼❛r❦❡t ♦r ❙♦❝✐❛❧

◆♦r♠❄

❚❤❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ❣❡♥❞❡r✲❜❛s❡❞ ❝r♦✇❞✐♥❣ ♦✉t ❤❛♣♣❡♥❡❞ ❛❝r♦ss t❤❡ ❜♦❛r❞ s✉❣❣❡sts

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

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

t❤❛t ✐♥ t❤❡ ✶✾✼✵s ❛♥❞ ❡❛r❧② ✶✾✽✵s✱ ♠♦st ♦❢ t❤❡ ♣❛r❡♥ts ❝♦♥s✐❞❡r❡❞ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❛s ❛

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

✹✹◆♦t❡ t❤❛t t❤❡ ❧✐♥❡❛r ♠♦❜✐❧✐t② ♠♦❞❡❧ ✐s r❡❥❡❝t❡❞ ❢♦r ❤✐❣❤ s❝❤♦♦❧ ❝♦♠♣❧❡t✐♦♥ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❡❞✉❝❛t✐♦♥❛❧
❛tt❛✐♥♠❡♥t ♦❢ ❝❤✐❧❞r❡♥✳ P❧❡❛s❡ s❡❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✺ ❢♦r ❞❡t❛✐❧s✳
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s❡❝♦♥❞ ❡①♣❧❛♥❛t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ♣♦ss✐❜❧❡ ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❧❛❜♦r ♠❛r❦❡t✳ ■❢ t❤❡r❡ ✇❡r❡

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

♦♥❞❛r② ♦r ♠♦r❡ s❝❤♦♦❧✐♥❣ ✐♥ t❤❡ ✶✾✽✵s✱ t❤❡♥ ✇❡ ✇♦✉❧❞ ❡①♣❡❝t t❤❡ ❛❞✈❡♥t ♦❢ ■♥♣r❡s s❝❤♦♦❧s t♦

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

❤✐❣❤❡r s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣✳ ❚❤❡r❡ ✐s s✉❜st❛♥t✐❛❧ ❡✈✐❞❡♥❝❡ t❤❛t r❡❥❡❝ts t❤✐s ❧❛❜♦r ♠❛r❦❡t ❜❛s❡❞

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

s❡r✈✐❝❡❀ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ✇♦♠❡♥ ❝✐✈✐❧ s❡r✈❛♥ts ✐♥❝r❡❛s❡❞ ❢r♦♠ ✶✽✪ ✐♥ ✶✾✼✹ t♦ ✷✼✪ ✐♥ ✶✾✽✹

✭s❡❡ ❈❛❧❦✐♥s ❛♥❞ ❙❡♥❣✉♣t❛ ✭✶✾✾✷✮✮✳ ▼♦r❡♦✈❡r✱ r❡t✉r♥s t♦ ❡❞✉❝❛t✐♦♥ ❡st✐♠❛t❡s ❢♦r t❤❡ r❡❧❡✲

✈❛♥t ❝♦❤♦rts s✉❣❣❡st ❤✐❣❤❡r r❡t✉r♥s ❢♦r ✇♦♠❡♥ ❛t ♣♦st ♣r✐♠❛r② ❧❡✈❡❧s ✐♥ ■♥❞♦♥❡s✐❛ ✭❉❡♦❧❛❧✐❦❛r

✭✶✾✾✸✮✱ ❇❡❤r♠❛♥ ❛♥❞ ❉❡♦❧❛❧✐❦❛r ✭✶✾✾✺✮✮✳

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

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

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

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

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

♦❜s❡r✈❡ ❛♥② ❣❡♥❞❡r ♣❡♥❛❧t② ❛❣❛✐♥st ❣✐r❧s ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧ ✐♥ ❛ ♠❛tr✐❧✐♥❡❛❧ s♦❝✐❡t②❀ ✐❢

❛♥②t❤✐♥❣✱ ✇❡ ❡①♣❡❝t ❝r♦✇❞✐♥❣ ♦✉t ♦❢ s♦♥s ✐♥ t❤✐s ❝❛s❡✳✹✺ ■♥❞♦♥❡s✐❛ ✐s ❛♥ ❡①❝❡❧❧❡♥t ❝❛s❡ st✉❞②

t♦ t❡st t❤✐s ❤②♣♦t❤❡s✐s✱ ❛s ✐ts ❲❡st ❙✉♠❛tr❛ ♣r♦✈✐♥❝❡ ✐s t❤❡ ✏▼❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞✧ ✇❤❡r❡ t❤❡

❧❛r❣❡st ♠❛tr✐❧✐♥❡❛❧ tr✐❜❡ ✐♥ t❤❡ ✇♦r❧❞ ▼✐♥❛♥❣❦❛❜❛✉ r❡s✐❞❡s✳ ❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡❞ ✐♠♣❛❝ts

♦❢ ■♥♣r❡s s❝❤♦♦❧s ✐♥ ❲❡st ❙✉♠❛tr❛✱ ❛♥❞ ❝♦♠♣❛r❡ ❛♥❞ ❝♦♥tr❛st ✇✐t❤ t❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡

♦t❤❡r ♣r✐♠❛r✐❧② ♣❛tr✐❧✐♥❡❛❧ ♣r♦✈✐♥❝❡s s❡♣❛r❛t❡❧② ✐♥ ❚❛❜❧❡s ✻ ✭♣❛♥❡❧ ❇✮ ❢♦r ❤✐❣❤❡r s❡❝♦♥❞❛r②

❝♦♠♣❧❡t✐♦♥✳ ❚❤❡ ❡st✐♠❛t❡s ❛r❡ str✐❦✐♥❣❧② ❞✐✛❡r❡♥t ❜❡t✇❡❡♥ t❤❡ ♠❛tr✐❧✐♥❡❛❧ ✈s✳ ♣❛tr✐❧✐♥❡❛❧

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

❜② t❤❡ ♣❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞s✱ ✇❤✐❧❡ t❤❡r❡ ✐s ♥♦ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ❢♦r ❞❛✉❣❤t❡rs ✐♥ ❲❡st ❙✉♠❛tr❛✳✹✻

❚❤❡ s♦♥s ✐♥ ❲❡st ❙✉♠❛tr❛ ❡①♣❡r✐❡♥❝❡❞ ❛ s✐❣♥✐✜❝❛♥t ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ♦❢ ■♥♣r❡s ❛t t❤❡ s❡❝♦♥❞❛r②

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

t❤❡ ♣❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞s ✭❛♥❞ ❛t t❤❡ ♥❛t✐♦♥❛❧ ❧❡✈❡❧✮✳

✹✺❆s ♥♦t❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥✱ ✇❡ ❛r❡ ❝♦♥❝❡r♥❡❞ ✇✐t❤ ❣❡♥❞❡r ♥♦r♠s ❢♦r t❤❡ ✶✾✺✵s✲ ✶✾✻✵s ❜✐rt❤ ❝♦❜♦rts
✐♥ ■♥❞♦♥❡s✐❛✳ ❆ s✉❜st❛♥t✐❛❧ ❧✐t❡r❛t✉r❡ s✉❣❣❡sts t❤❛t t❤❡r❡ ❛r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s ✐♥ ❡❞✉❝❛t✐♦♥❛❧
✐♥✈❡st♠❡♥ts ✐♥ t❤❡ r❡❝❡♥t ❝♦❤♦rts ✐♥ ■♥❞♦♥❡s✐❛ ✭s❡❡ t❤❡ ❞✐s❝✉ss✐♦♥ ✐♥ ❆❢❦❛r ❡t ❛❧✳ ✭✷✵✷✵✮✮✳

✹✻❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❆s❤r❛❢ ❡t ❛❧✳ ✭✷✵✷✵✮ ✇❤✐❝❤ ✜♥❞s t❤❛t ■♥♣r❡s s❝❤♦♦❧s ❤❛❞ ❛ ♠✉❝❤ str♦♥❣❡r ♣♦s✐t✐✈❡
❡✛❡❝ts ♦♥ ❣✐r❧s ✇❤❡r❡ ❜r✐❞❡ ♣r✐❝❡ ✇❛s ♣r❛❝t✐❝❡❞✱ ✐✳❡✳✱ t❤❡ ♠❛tr✐❧✐♥❡❛❧ tr✐❜❡s✳

✷✻



✭✽✮ ❆❧t❡r♥❛t✐✈❡ ▼♦❞❡❧s ♦❢ ▼♦❜✐❧✐t②✿ ◆♦r♠❛❧✐③❡❞ ❙❝❤♦♦❧✐♥❣ ❛♥❞ ❘❛♥❦s

❖✉r ❛♥❛❧②s✐s s♦ ❢❛r ✐s ❜❛s❡❞ ♦♥ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❝❤✐❧❞r❡♥✬s ✜♥❛❧ ❡❞✉❝❛t✐♦♥❛❧

❛tt❛✐♥♠❡♥t✳ ❍♦✇❡✈❡r✱ ✐t ✐s s♦♠❡t✐♠❡s ❛r❣✉❡❞ t❤❛t ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❞✐✈✐❞❡❞ ❜② ❣❡♥❡r❛t✐♦♥

s♣❡❝✐✜❝ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ s❝❤♦♦❧✐♥❣ ✐s ♣r❡❢❡r❛❜❧❡ ❜❡❝❛✉s❡ t❤❡ ♥♦r♠❛❧✐③❛t✐♦♥ ♠❛❦❡s ❝r♦ss✲

s❡❝t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ❝♦♥st❛♥t ✭❡q✉❛❧ t♦ ✶✮ ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s ✭❙❛❧✈❛♥❡s ✭✷✵✷✸✮✱ ❚♦r❝❤❡ ✭✷✵✶✾✮✮✳

❙♦♠❡ r❡❝❡♥t st✉❞✐❡s ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛❞♦♣t r❛♥❦s ✐♥ s❝❤♦♦❧✐♥❣ ❞✐str✐✲

❜✉t✐♦♥ ✐♥ ❡❛❝❤ ❣❡♥❡r❛t✐♦♥✱ ❢♦❧❧♦✇✐♥❣ t❤❡ ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♠♦❜✐❧✐t②

✐♥ ❯❙❆ ❜② ❈❤❡tt② ❡t ❛❧✳ ✭✷✵✶✹✮ ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❍✐❧❣❡r ✭✷✵✶✺✮ ♦♥ ❯❙❆✱ ❆s❤❡r ❡t ❛❧✳ ✭✷✵✷✸✮

♦♥ ■♥❞✐❛✱ ❛♥❞ ❆♥❞r❛❞❡ ❛♥❞ ❚❤♦♠s❡♥ ✭✷✵✶✽✮ ♦♥ ❉❡♥♠❛r❦ ❛♥❞ ❯❙❆✮✳ ❆ r❡❝❡♥t ♣❛♣❡r ❜② ❆❤✲

s❛♥ ❡t ❛❧✳ ✭✷✵✷✷✮ ♣r♦✈✐❞❡s ❛ ❝♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ♦❢ t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♠♦❞❡❧s ♦❢ ❡❞✉❝❛t✐♦♥❛❧

♠♦❜✐❧✐t② ✇✐t❤ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❈❤✐♥❛✱ ■♥❞♦♥❡s✐❛✱ ❛♥❞ ■♥❞✐❛✳ ❚❤❡② s❤♦✇ t❤❛t t❤❡ ❝♦♠✲

♠♦♥ ❛r❣✉♠❡♥t t❤❛t t❤❡ r❛♥❦✲r❛♥❦ ♠♦❞❡❧ r❡♠♦✈❡s t❤❡ ❝❤❛♥❣✐♥❣ ✐♥❡q✉❛❧✐t② ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s

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

❜② ♠✐❞ r❛♥❦ ♠❡t❤♦❞ ♦❢t❡♥ ❢❛✐❧s t♦ ❡q✉❛❧✐③❡ ✐♥❡q✉❛❧✐t② ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s✱ ❜❡❝❛✉s❡✱ ✉♥❧✐❦❡ ✐♥✲

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

♦❢ t❤❡ r❛♥❦✲❜❛s❡❞ ❈❊❋ ♠❛② ❜❡ ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ❜❛s❡❞ ♦♥ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣

✭♥♦r♠❛❧✐③❡❞ ♦r ♥♦t✮✳✹✼

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

✇❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡s ❢♦r t❤❡ r❛♥❦✲❜❛s❡❞ ❛♥❞ ♥♦r♠❛❧✐③❡❞ ♠♦❞❡❧s ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡

❆✳✻✳ ❚❤❡ ❡st✐♠❛t❡s ❢♦r t❤❡ ♥♦r♠❛❧✐③❡❞ ♠♦❞❡❧ ✐♥ t❤❡ ✉♣♣❡r ♣❛♥❡❧ ❧❡❛❞ t♦ t❤❡ s❛♠❡ ❝♦♥❝❧✉s✐♦♥s

✇❡ ❤❛❞ ❡❛r❧✐❡r ❜❛s❡❞ ♦♥ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✿ ■♥♣r❡s s❝❤♦♦❧s ✐♠♣r♦✈❡❞ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ♦❢ s♦♥s

❜✉t ❤❛❞ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❞❛✉❣❤t❡rs✳ ❊✈❡♥ ✇❤❡♥ t❤❡ ❢♦❝✉s ✐s ♦♥ ❛ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡

♠♦❜✐❧✐t② t❤❛t r❡♠♦✈❡s ❝❤❛♥❣❡s ✐♥ ❝r♦ss✲s❡❝t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ❛❝r♦ss ❣❡♥❡r❛t✐♦♥s✱ t❤❡ ❡✈✐❞❡♥❝❡

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

✐♠♣❛❝ts ♦♥ t❤❡ ❞❛✉❣❤t❡rs✳

❍♦✇❡✈❡r✱ t❤❡ r❛♥❦✲❜❛s❡❞ ♠♦❞❡❧ ②✐❡❧❞s ✈❡r② ❞✐✛❡r❡♥t ❝♦♥❝❧✉s✐♦♥s✿ t❤❡r❡ ✐s ♥♦ ❧♦♥❣❡r ❛♥②

s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ❣❡♥❞❡r ♦❢ ❛ ❝❤✐❧❞✳ ❚❤✐s ❝♦♥✢✐❝t ❜❡✲

t✇❡❡♥ t❤❡ r❛♥❦✲❜❛s❡❞ ♠♦❞❡❧ ✈s✳ t❤❡ ♦t❤❡r t✇♦ ♠♦❞❡❧s ♠❛② s❡❡♠ ♣✉③③❧✐♥❣✳ ❇✉t ❛s ❞✐s❝✉ss❡❞

❜② ❆❤s❛♥ ❡t ❛❧✳ ✭✷✵✷✷✮✱ t❤❡ r❛♥❦✲❜❛s❡❞ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❝❛♣t✉r❡s ✈❡r② ❞✐✛❡r❡♥t

✹✼❆❤s❛♥ ❡t ❛❧✳ ✭✷✵✷✷✮ r❡♣♦rt ❡✈✐❞❡♥❝❡ ❢♦r ■♥❞✐❛ t❤❛t t❤❡ ❈❊❋ ❢♦r s❝❤♦♦❧✐♥❣ r❛♥❦s ✐s ❝♦♥✈❡① ✇❤✐❧❡ t❤❡ ❈❊❋s
❛r❡ ❝♦♥❝❛✈❡ ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛♥❞ ♥♦r♠❛❧✐③❡❞ s❝❤♦♦❧✐♥❣✳
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♠❡❝❤❛♥✐s♠s ❜❡❝❛✉s❡ ✐t r❡♠♦✈❡s t❤❡ ❡❝♦♥♦♠✐❝ ❢♦r❝❡s ❛✛❡❝t✐♥❣ t❤❡ ♠❛r❣✐♥❛❧ ❞✐str✐❜✉t✐♦♥s ✭s❡❡

❛❧s♦ ❚♦r❝❤❡ ✭✷✵✶✸✮✮✳ ❚❤❡ r❛♥❦✲❜❛s❡❞ ♠❡❛s✉r❡ ♣r✐♠❛r✐❧② ❝❛♣t✉r❡s t❤❡ ✏✐♥t❡r♥❛❧ str✉❝t✉r❡✑ ♦❢

❛ s♦❝✐❡t②✬s ❡❞✉❝❛t✐♦♥❛❧ ♦♣♣♦rt✉♥✐t②✱ ❞❡t❡r♠✐♥❡❞ ❜② ❢♦r♠❛❧ ❛♥❞ ✐♥❢♦r♠❛❧ ✐♥st✐t✉t✐♦♥s✳ ❲❡ ❡①✲

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

♠❛r❣✐♥❛❧ ❞✐str✐❜✉t✐♦♥s✳✹✽ ❚❤❡ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ♥✉❧❧ ❡✛❡❝t s✉❣❣❡sts✱ ♣❡r❤❛♣s ♥♦t s✉r♣r✐s✐♥❣❧②✱ t❤❛t

s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ❢❛✐❧❡❞ t♦ ❛❧t❡r t❤❡ ❞❡❡♣✲s❡❛t❡❞ ✐♥st✐t✉t✐♦♥❛❧ ♠❛tr✐① r❡❧❡✈❛♥t ❢♦r ❡❞✉❝❛t✐♦♥❛❧

✐♥❡q✉❛❧✐t② ❛♥❞ ♠♦❜✐❧✐t② ✐♥ ■♥❞♦♥❡s✐❛✳

❚❤❡ ❝♦♥✢✐❝t✐♥❣ ❡✈✐❞❡♥❝❡ r❛✐s❡s ❛♥ ✉♥❝♦♠❢♦rt❛❜❧❡ q✉❡st✐♦♥ ❢♦r ❛ ♣♦❧✐❝② ❛♥❛❧②st✿ s❤♦✉❧❞ ✇❡

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

r❛♥❦✲❜❛s❡❞ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②❄ ❲❤❡♥ ❝♦♥❢r♦♥t❡❞ ✇✐t❤ s✉❝❤ ❝♦♥✢✐❝t✐♥❣ ❡✈✐❞❡♥❝❡✱

♣♦❧✐❝② ❛❞✈✐❝❡ ❝❛♥ ❜❡ ❣r♦✉♥❞❡❞ ♦♥ t❤❡ ❜❛s✐❝ ♣r✐♥❝✐♣❧❡ ♦❢ t❤❡ ✐♥❡q✉❛❧✐t② ♦❢ ♦♣♣♦rt✉♥✐t② ✭■❖P✮

❛s ❞❡✈❡❧♦♣❡❞ ❜② ❘♦❡♠❡r ✭✶✾✾✽✮ ✭s❡❡ ❛❧s♦ ❈♦❧❡♠❛♥ ❡t ❛❧✳ ✭✶✾✻✻✮✮✿ ❝❤✐❧❞r❡♥ s❤♦✉❧❞ ♥♦t ❜❡ ❤❡❧❞

r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✏❝✐r❝✉♠st❛♥❝❡s✑ ✐♥❤❡r✐t❡❞ ❜② ❜✐rt❤✳ ■♥ t❤✐s ♣❡rs♣❡❝t✐✈❡✱ ❛ ♣♦❧✐❝② ✐s ❡✛❡❝t✐✈❡

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

❡❞✉❝❛t✐♦♥❛❧ ♦♣♣♦rt✉♥✐t✐❡s✳ ❙✐♥❝❡ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ✐♥ ■♥❞♦♥❡s✐❛ ✇❡❛❦❡♥❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ❛

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

❡✈❡♥ t❤♦✉❣❤ ✐t ❢❛✐❧❡❞ t♦ ✐♥✢✉❡♥❝❡ t❤❡ ❞❡❡♣✲s❡❛t❡❞ ✐♥st✐t✉t✐♦♥❛❧ ♠❛tr✐① ✐♥ ■♥❞♦♥❡s✐❛ ✐♥ t❤❡ ✶✾✼✵s

❛♥❞ ✶✾✽✵s✳✹✾ ❚❤❡ ■♥♣r❡s s❝❤♦♦❧s ✇❡r❡ ❡✛❡❝t✐✈❡ ❢♦r ❣✐r❧s ❛❧s♦ ✐♥ t❤❡ s❡♥s❡ t❤❛t t❤❡ ❣✐r❧s ❜♦r♥

t♦ ✉♥❡❞✉❝❛t❡❞ ❢❛t❤❡rs ❤❛❞ ❛ ♠✉❝❤ ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ♦❢ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ✇❤❡♥ ❡①♣♦s❡❞ t♦

t❤❡ ♥❡✇ s❝❤♦♦❧s✳

✭✾✮ ❈♦♥❝❧✉s✐♦♥s

❊①♣❧♦✐t✐♥❣ ❛ ❞r❛♠❛t✐❝ ❡①♣❛♥s✐♦♥ ♦❢ ♣r✐♠❛r② s❝❤♦♦❧s ✐♥ ■♥❞♦♥❡s✐❛ t❤❛t ❞♦✉❜❧❡❞ t❤❡ ♥✉♠❜❡r

♦❢ ♣r✐♠❛r② s❝❤♦♦❧s ✐♥ ✜✈❡ ②❡❛rs✱ ✇❡ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ♦♥ ❛♥ ✐♠♣♦rt❛♥t ♣♦❧✐❝② q✉❡st✐♦♥ r❡❧❡✈❛♥t

❢♦r ♠♦st ♦❢ t❤❡ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❞♦❡s ♣✉❜❧✐❝ ✐♥✈❡st♠❡♥t ✐♥ ♣r✐♠❛r② s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥

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

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

✹✽❯s✐♥❣ ❛ ❞❡❝♦♠♣♦s✐t✐♦♥ ❛♣♣r♦❛❝❤ ❜❛s❡❞ ♦♥ ❙❤❛♣❡❧② ✈❛❧✉❡✱ ❆♣♦✉❡② ❡t ❛❧✳ ✭✷✵✷✷✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ ♦♥ ✽
❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s t❤❛t ♠♦st ♦❢ t❤❡ ❝r♦ss✲❝♦✉♥tr② ❞✐✛❡r❡♥❝❡s ✐♥ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛r❡ ❛❝❝♦✉♥t❡❞ ❢♦r ❜② t❤❡
❞✐✛❡r❡♥❝❡s ✐♥ ♠❛r❣✐♥❛❧ ❞✐str✐❜✉t✐♦♥s✳

✹✾◆♦t❡ t❤❛t s❝❤♦♦❧✐♥❣ r❛♥❦ ♦❢ ❛ ❝❤✐❧❞ ❝❛♥ ❛❧s♦ ❜❡ tr❡❛t❡❞ ❛s ❛♥ ✐♥❤❡r✐t❡❞ ❝✐r❝✉♠st❛♥❝❡ ❡✈❡♥ t❤♦✉❣❤ t❤❡
❧✐t❡r❛t✉r❡ ♦♥ ■❖P ❞♦❡s ♥♦t ✉s✉❛❧❧② ✉s❡ r❛♥❦s ❛s ❝✐r❝✉♠st❛♥❝❡s✳ ❋r♦♠ t❤✐s ♣❡rs♣❡❝t✐✈❡✱ ✐❢ ❛ ♣♦❧✐❝② ✇❡❛❦❡♥s t❤❡
❝♦rr❡❧❛t✐♦♥ ✐♥ r❛♥❦s ❜❡t✇❡❡♥ ♣❛r❡♥ts ❛♥❞ ❝❤✐❧❞r❡♥✱ t❤✐s ❝❧❡❛r❧② ✐♠♣❧✐❡s ✐♠♣r♦✈❡♠❡♥ts ✐♥ ♠♦❜✐❧✐t②✳
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❝♦✉♥t ❝❡♥s✉s ✷✵✵✵ ❛♥❞ r❡❧② ♦♥ ❛ ❝r❡❞✐❜❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ s❝❤❡♠❡ ❞❡✈❡❧♦♣❡❞ ❜② ❉✉✢♦ ✭✷✵✵✶✮✳

❖✉r ❡♠♣✐r✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥s ❛r❡ ❜❛s❡❞ ♦♥ r❡❝❡♥t t❤❡♦r❡t✐❝❛❧ ❛♥❛❧②s✐s t❤❛t s✉❣❣❡sts t❤❛t t❤❡

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❝✉r✈❡ ❝❛♥ ❜❡ ❝♦♥❝❛✈❡ ♦r ❝♦♥✈❡①✱ ✇✐t❤ t❤❡ ✇♦r❦❤♦rs❡

❧✐♥❡❛r ♠♦❞❡❧ ❛s ❛ s♣❡❝✐❛❧ ❝❛s❡✳

❲❡ ✜♥❞ t❤❛t ■♥♣r❡s s❝❤♦♦❧s ♠❛❞❡ t❤❡ ♠♦❜✐❧✐t② ❈❊❋ ❧❡ss ❝♦♥❝❛✈❡ ✭♦r ♠♦r❡ ❝♦♥✈❡①✮✱ ❡①❝❡♣t

❢♦r ❣✐r❧s✬ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❢♦r ✇❤✐❝❤ t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t②

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

❝❤✐❧❞r❡♥ ✭❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✮ ❛t t❤❡ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❧❡✈❡❧ ✐rr❡s♣❡❝t✐✈❡ ♦❢ ❣❡♥❞❡r✱

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

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

s❡❣♠❡♥t ♦❢ t❤❡ s♦❝✐❡t②✳

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

❤♦✇❡✈❡r✱ ❞r❛♠❛t✐❝❛❧❧② ❞✐✛❡r❡♥t ❛❝r♦ss ❣❡♥❞❡r✳ ❲❤✐❧❡ t❤❡ ❡✛❡❝ts ♦♥ s♦♥s✬ ❝♦♠♣❧❡t❡❞ ②❡❛rs ♦❢

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

s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦♥ ❣✐r❧s✳ ❲❡ ❡①♣❧♦r❡ t❤❡ ♠❡❝❤❛♥✐s♠s ❜❡❤✐♥❞ t❤❡ ♣✉③③❧✐♥❣ ❞✐s❝♦r❞ ❜❡t✇❡❡♥

t❤❡ ❡✛❡❝ts ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧ ✈❡rs✉s ❝♦♠♣❡t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❢♦r ❣✐r❧s✳ ❲❡ ✜♥❞ t❤❛t t❤❡

❡①♣❛♥s✐♦♥ ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧ ❝r❡❛t❡❞ ❛ s❡✈❡r❡ ❜♦tt❧❡♥❡❝❦ ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧✱ ❛♥❞ t❤❡

❣✐r❧s ❧♦st ♦✉t ❢❛❝✐♥❣ ✜❡r❝❡ ❝♦♠♣❡t✐t✐♦♥ ❢♦r ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ s❡❝♦♥❞❛r② s❝❤♦♦❧ s❧♦ts✳ ❚❤❡

❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ❜♦②s ❝r♦✇❞❡❞ ♦✉t t❤❡ ❣✐r❧s ❛t t❤❡ s❡♥✐♦r s❡❝♦♥❞❛r② ❧❡✈❡❧✱ ❛♥❞ t❤❡

❝r♦✇❞✐♥❣ ♦✉t ✇❛s ❡①♣❡r✐❡♥❝❡❞ ❜② ❣✐r❧s ✐rr❡s♣❡❝t✐✈❡ ♦❢ ❤❡r ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣ ❧❡✈❡❧✳ ❈♦♥tr❛st✐♥❣

❡✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ♠❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞ ❲❡st ❙✉♠❛tr❛ ❛♥❞ t❤❡ ♦t❤❡r ♣❛tr✐❧✐♥❡❛❧ ✐s❧❛♥❞s ❢❛✈♦rs t❤❡

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

❛❣❛✐♥st ❣✐r❧s ✐♥ ❛ ♣❛tr✐❧✐♥❡❛❧ s♦❝✐❡t②✳ ❚❤❡ ✐♥s✐❣❤t r❡❣❛r❞✐♥❣ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛♥❞ ✐ts

♣❡r✈❡rs❡ ❞✐str✐❜✉t✐♦♥❛❧ ❝♦♥s❡q✉❡♥❝❡s ❛r❡ ♦❢ ❣❡♥❡r❛❧ r❡❧❡✈❛♥❝❡❀ ❛♥② ♣✉❜❧✐❝ ♣♦❧✐❝② t❤❛t ❡①♣❛♥❞s

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

s♦❝✐❛❧ ❣r♦✉♣s ❛t t❤❡ ♥❡①t ❧❡✈❡❧✳ ❚♦ ❞❡❛❧ ✇✐t❤ s✉❝❤ ❛❞✈❡rs❡ ❝r♦✇❞✐♥❣ ♦✉t✱ ✐t ✐s ♥❡❝❡ss❛r② t♦

✐♠♣❧❡♠❡♥t ❝♦♠♣❧❡♠❡♥t❛r② ♣♦❧✐❝✐❡s t❛r❣❡t✐♥❣ t❤❡ s♦❝✐❛❧ ❣r♦✉♣s ❛t r✐s❦ ♦❢ s✉❝❤ ❝r♦✇❞✐♥❣ ♦✉t✳

✷✾
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❆❢❦❛r✱ ❘✳✱ ❨❛rr♦✇✱ ◆✳✱ ❙✉r❜❛❦t✐✱ ❙✳✱ ❛♥❞ ❈♦♦♣❡r✱ ❘✳ ✭✷✵✷✵✮✳ ■♥❝❧✉s✐♦♥ ✐♥ ■♥❞♦♥❡s✐❛✬s ❡❞✉❝❛t✐♦♥

s❡❝t♦r✿ ❆ s✉❜♥❛t✐♦♥❛❧ r❡✈✐❡✇ ♦❢ ❣❡♥❞❡r ❣❛♣s ❛♥❞ ❝❤✐❧❞r❡♥ ✇✐t❤ ❞✐s❛❜✐❧✐t✐❡s✳ ❚❤❡ ❲♦r❧❞ ❇❛♥❦✳

❆❣ü❡r♦✱ ❏✳ ▼✳ ❛♥❞ ❘❛♠❛❝❤❛♥❞r❛♥✱ ▼✳ ✭✷✵✷✵✮✳ ❚❤❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ tr❛♥s♠✐ss✐♦♥ ♦❢ s❝❤♦♦❧✐♥❣

❛♠♦♥❣ t❤❡ ❡❞✉❝❛t✐♦♥✲r❛t✐♦♥❡❞✳ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ❘❡s♦✉r❝❡s✱ ✺✺✭✷✮✿✺✵✹✕✺✸✽✳

❆❤s❛♥✱ ◆✳✱ ❊♠r❛♥✱ ▼✳ ❙✳✱ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ✭✷✵✷✶✮✳ ❈♦♠♣❧❡♠❡♥t❛r✐t✐❡s ❛♥❞ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❊❞✲

✉❝❛t✐♦♥❛❧ ▼♦❜✐❧✐t②✿ ❚❤❡♦r② ❛♥❞ ❊✈✐❞❡♥❝❡ ❢r♦♠ ■♥❞♦♥❡s✐❛✳ ▼P❘❆ P❛♣❡r ✶✶✶✶✷✺✱ ❯♥✐✈❡rs✐t②

▲✐❜r❛r② ♦❢ ▼✉♥✐❝❤✱ ●❡r♠❛♥②✳

❆❤s❛♥✱ ◆✳ ▼✳✱ ❊♠r❛♥✱ ▼✳ ❙✳✱ ❏✐❛♥❣✱ ❍✳✱ ▼✉r♣❤②✱ ❖✳✱ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ❏✳ ✭✷✵✷✷✮✳ ❲❤❡♥ ▼❡❛✲

s✉r❡s ❈♦♥✢✐❝t✿ ❚♦✇❛r❞s ❛ ❇❡tt❡r ❯♥❞❡rst❛♥❞✐♥❣ ♦❢ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❊❞✉❝❛t✐♦♥❛❧ ▼♦❜✐❧✐t②✳

❲♦r❦✐♥❣ ♣❛♣❡r✱ ❚❤❡ ❲♦r❧❞ ❇❛♥❦✳

❆❦r❡s❤✱ ❘✳✱ ❍❛❧✐♠✱ ❉✳✱ ❛♥❞ ❑❧❡❡♠❛♥s✱ ▼✳ ✭✷✵✶✽✮✳ ▲♦♥❣✲t❡r♠ ❛♥❞ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❊✛❡❝ts

♦❢ ❊❞✉❝❛t✐♦♥✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❙❝❤♦♦❧ ❈♦♥str✉❝t✐♦♥ ✐♥ ■♥❞♦♥❡s✐❛✳ ◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡rs

✷✺✷✻✺✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✱ ■♥❝✳

❆❧❡s✐♥❛✱ ❆✳✱ ❍♦❤♠❛♥♥✱ ❙✳✱ ▼✐❝❤❛❧♦♣♦✉❧♦s✱ ❙✳✱ ❛♥❞ P❛♣❛✐♦❛♥♥♦✉✱ ❊✳ ✭✷✵✷✶✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧
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✉❡❞ Pr♦❣r❡ss✳ ❘❡♣♦rt ♥♦✳ ✐❞♣✲✶✶✷✱ ❡❛st ❛s✐❛ ❛♥❞ ♣❛❝✐✜❝ r❡❣✐♦♥❛❧ s❡r✐❡s✱ ❲♦r❧❞ ❇❛♥❦ ●r♦✉♣✳

❈❛r❞✱ ❉✳✱ ❉♦♠♥✐s♦r✉✱ ❈✳✱ ❛♥❞ ❚❛②❧♦r✱ ▲✳ ✭✷✵✷✷✮✳ ❚❤❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ tr❛♥s♠✐ss✐♦♥ ♦❢ ❤✉♠❛♥

❝❛♣✐t❛❧✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ❣♦❧❞❡♥ ❛❣❡ ♦❢ ✉♣✇❛r❞ ♠♦❜✐❧✐t②✳ ❏♦✉r♥❛❧ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱

✹✵✭❙✶✮✿❙✸✾✕❙✾✺✳

❈❛r♥❡✐r♦✱ P✳✱ ●❛r❝í❛✱ ■✳ ▲✳✱ ❙❛❧✈❛♥❡s✱ ❑✳ ●✳✱ ❛♥❞ ❚♦♠✐♥❡②✱ ❊✳ ✭✷✵✷✶✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t②

❛♥❞ t❤❡ ❚✐♠✐♥❣ ♦❢ P❛r❡♥t❛❧ ■♥❝♦♠❡✳ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✶✷✾✭✸✮✿✼✺✼✕✼✽✽✳

❈❤❡tt②✱ ❘✳✱ ❍❡♥❞r❡♥✱ ◆✳✱ ❑❧✐♥❡✱ P✳✱ ❛♥❞ ❙❛❡③✱ ❊✳ ✭✷✵✶✹✮✳ ❲❤❡r❡ ✐s t❤❡ ❧❛♥❞ ♦❢ ❖♣♣♦rt✉♥✐t②❄

❚❤❡ ●❡♦❣r❛♣❤② ♦❢ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧

♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✾✭✹✮✿✶✺✺✸✕✶✻✷✸✳

❈❤♦❧❧✐✱ ◆✳ ❛♥❞ ❉✉r❧❛✉❢✱ ❙✳ ✭✷✵✷✷✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t②✳ ◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡r ❙❡r✐❡s

✷✾✼✻✵✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘s❡❛r❝❤✳

❈♦❧❡♠❛♥✱ ❏✳ ❙✳✱ ❈❛♠♣❜❡❧❧✱ ❊✳ ◗✳✱ ❍♦❜s♦♥✱ ❈✳ ❏✳✱ ▼❝P❛rt❧❛♥❞✱ ❏✳✱ ▼♦♦❞✱ ❆✳ ▼✳✱ ❲❡✐♥❢❡❧❞✱

❋✳ ❉✳✱ ❛♥❞ ❨♦r❦✱ ❘✳ ▲✳ ✭✶✾✻✻✮✳ ❊q✉❛❧✐t② ♦❢ ❊❞✉❝❛t✐♦♥❛❧ ❖♣♣♦rt✉♥✐t②✳ ●♦✈❡r♥♠❡♥t Pr✐♥t✐♥❣

❖✣❝❡✱ ❲❛s❤✐♥❣t♦♥✱ ❉❈✳

❈✉rr✐❡✱ ❏✳ ❛♥❞ ▼♦r❡tt✐✱ ❊✳ ✭✷✵✵✸✮✳ ▼♦t❤❡r✬s ❊❞✉❝❛t✐♦♥ ❛♥❞ t❤❡ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❚r❛♥s♠✐ss✐♦♥

♦❢ ❍✉♠❛♥ ❈❛♣✐t❛❧✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❈♦❧❧❡❣❡ ❖♣❡♥✐♥❣s✳ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱

✶✶✽✭✹✮✿✶✹✾✺✕✶✺✸✷✳

❉❡♦❧❛❧✐❦❛r✱ ❆✳ ❇✳ ✭✶✾✾✸✮✳ ●❡♥❞❡r ❉✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❘❡t✉r♥s t♦ ❙❝❤♦♦❧✐♥❣ ❛♥❞ ✐♥ ❙❝❤♦♦❧
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❊♥r♦❧❧♠❡♥t ❘❛t❡s ✐♥ ■♥❞♦♥❡s✐❛✳ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ❘❡s♦✉r❝❡s✱ ✷✽✭✹✮✿✽✾✾✕✾✸✷✳

❉✉✢♦✱ ❊✳ ✭✷✵✵✶✮✳ ❙❝❤♦♦❧✐♥❣ ❛♥❞ ▲❛❜♦r ▼❛r❦❡t ❈♦♥s❡q✉❡♥❝❡s ♦❢ ❙❝❤♦♦❧ ❈♦♥str✉❝t✐♦♥ ✐♥ ■♥❞♦♥❡✲

s✐❛✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❛♥ ❯♥✉s✉❛❧ P♦❧✐❝② ❊①♣❡r✐♠❡♥t✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✾✶✭✹✮✿✼✾✺✕

✽✶✸✳

❉✉✢♦✱ ❊✳ ✭✷✵✵✹✮✳ ❚❤❡ ♠❡❞✐✉♠ r✉♥ ❡✛❡❝ts ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❡①♣❛♥s✐♦♥✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❛ ❧❛r❣❡

s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♣r♦❣r❛♠ ✐♥ ■♥❞♦♥❡s✐❛✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✼✹✭✶✮✿✶✻✸✕

✶✾✼✳

❊♠r❛♥✱ ▼✳ ❙✳✱ ❏✐❛♥❣✱ ❍✳✱ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ✭✷✵✷✶✮✳ ■s ●❡♥❞❡r ❉❡st✐♥②❄ ●❡♥❞❡r ❇✐❛s ❛♥❞ ■♥t❡r❣❡♥✲

❡r❛t✐♦♥❛❧ ❊❞✉❝❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ ■♥❞✐❛✳ ●▲❖ ❉✐s❝✉ss✐♦♥ P❛♣❡r ❙❡r✐❡s ✽✵✼✱ ●❧♦❜❛❧ ▲❛❜♦r

❖r❣❛♥✐③❛t✐♦♥ ✭●▲❖✮✳

❊♠r❛♥✱ ▼✳ ❙✳ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ✭✷✵✶✶✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❖❝❝✉♣❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ ❘✉r❛❧ ❊❝♦♥✲

♦♠②✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ◆❡♣❛❧ ❛♥❞ ❱✐❡t♥❛♠✳ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ❘❡s♦✉r❝❡s✱ ✹✻✭✷✮✿✹✷✼✕✹✺✽✳

❊♠r❛♥✱ ▼✳ ❙✳ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ✭✷✵✶✺✮✳ ●❡♥❞❡r✱ ●❡♦❣r❛♣❤②✱ ❛♥❞ ●❡♥❡r❛t✐♦♥s✿ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧

❊❞✉❝❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ P♦st✲❘❡❢♦r♠ ■♥❞✐❛✳ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t✱ ✼✷✿✸✻✷✕✸✽✵✳

❊♠r❛♥✱ ▼✳ ❙✳ ❛♥❞ ❙❤✐❧♣✐✱ ❋✳ ✭✷✵✷✶✮✳ ❊❝♦♥♦♠✐❝ ❛♣♣r♦❛❝❤ t♦ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✿ ▼❡❛✲

s✉r❡s✱ ♠❡t❤♦❞s✱ ❛♥❞ ❝❤❛❧❧❡♥❣❡s ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ■♥ ■✈❡rs❡♥✱ ❱✳✱ ❑r✐s❤♥❛✱ ❆✳✱ ❛♥❞ ❙❡♥✱

❑✳✱ ❡❞✐t♦rs✱ ❙♦❝✐❛❧ ♠♦❜✐❧✐t② ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❈♦♥❝❡♣ts✱ ♠❡t❤♦❞s✱ ❛♥❞ ❞❡t❡r♠✐♥❛♥ts✳

❖①❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss✳

❋✐❧♠❡r✱ ❉✳ ✭✷✵✵✼✮✳ ■❢ ②♦✉ ❜✉✐❧❞ ✐t✱ ✇✐❧❧ t❤❡② ❝♦♠❡❄ ❙❝❤♦♦❧ ❛✈❛✐❧❛❜✐❧✐t② ❛♥❞ s❝❤♦♦❧ ❡♥r♦❧♠❡♥t

✐♥ ✷✶ ♣♦♦r ❝♦✉♥tr✐❡s✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❙t✉❞✐❡s✱ ✹✸✭✺✮✿✾✵✶✕✾✷✽✳

❍❛♥✉s❤❡❦✱ ❊✳ ❆✳ ✭✷✵✵✷✮✳ P✉❜❧✐❝❧② ♣r♦✈✐❞❡❞ ❡❞✉❝❛t✐♦♥✳ ■♥ ❆✉❡r❜❛❝❤✱ ❆✳ ❏✳ ❛♥❞ ❋❡❧❞st❡✐♥✱ ▼✳✱

❡❞✐t♦rs✱ ❍❛♥❞❜♦♦❦ ♦❢ P✉❜❧✐❝ ❊❝♦♥♦♠✐❝s✱ ✈♦❧✉♠❡ ✹✱ ❝❤❛♣t❡r ✸✵✱ ♣❛❣❡s ✷✵✹✺✕✷✶✹✶✳ ❊❧s❡✈✐❡r✳

❍❡❝❦♠❛♥✱ ❏✳ ❛♥❞ ▼♦ss♦✱ ❙✳ ✭✷✵✶✹✮✳ ❚❤❡ ❊❝♦♥♦♠✐❝s ♦❢ ❍✉♠❛♥ ❉❡✈❡❧♦♣♠❡♥t ❛♥❞ ❙♦❝✐❛❧ ▼♦✲

❜✐❧✐t②✳ ❆♥♥✉❛❧ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✻✭✶✮✿✻✽✾✕✼✸✸✳

❍❡♥❡✈❡❧❞✱ ❲✳ ✭✶✾✼✾✮✳ ■♥❞♦♥❡s✐❛♥ ❡❞✉❝❛t✐♦♥ ✐♥ t❤❡ s❡✈❡♥t✐❡s✿ Pr♦❜❧❡♠s ♦❢ r❛♣✐❞ ❣r♦✇t❤✳ ❙♦✉t❤✲

❡❛st ❆s✐❛♥ ❆✛❛✐rs✱ ♣❛❣❡s ✶✹✷✕✶✺✹✳

❍❡rt③✱ ❚✳✱ ❏❛②❛s✉♥❞❡r❛✱ ❚✳✱ P✐r❛✐♥♦✱ P✳✱ ❙❡❧❝✉❦✱ ❙✳✱ ❙♠✐t❤✱ ◆✳✱ ❛♥❞ ❱❡r❛s❤❝❤❛❣✐♥❛✱ ❆✳ ✭✷✵✵✽✮✳

❚❤❡ ■♥❤❡r✐t❛♥❝❡ ♦❢ ❊❞✉❝❛t✐♦♥❛❧ ■♥❡q✉❛❧✐t②✿ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♣❛r✐s♦♥s ❛♥❞ ❋✐❢t②✲❨❡❛r

❚r❡♥❞s✳ ❚❤❡ ❇✳❊✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❆♥❛❧②s✐s ✫ P♦❧✐❝②✱ ✼✭✷✮✿✶✕✹✽✳

❍✐❧❣❡r✱ ◆✳ ●✳ ✭✷✵✶✺✮✳ ❚❤❡ ❣r❡❛t ❡s❝❛♣❡✿ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ t❤❡ ✉♥✐t❡❞ st❛t❡s s✐♥❝❡
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✶✾✹✵✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✳

■✈❡rs❡♥✱ ❱✳✱ ❑r✐s❤♥❛✱ ❆✳✱ ❛♥❞ ❙❡♥✱ ❑✳ ✭✷✵✶✾✮✳ ❇❡②♦♥❞ ♣♦✈❡rt② ❡s❝❛♣❡s − s♦❝✐❛❧ ♠♦❜✐❧✐t② ✐♥

❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ ❆ r❡✈✐❡✇ ❛rt✐❝❧❡✳ ❲♦r❧❞ ❇❛♥❦ ❘❡s❡❛r❝❤ ❖❜s❡r✈❡r✱ ✸✹✭✷✮✿✷✸✾✕✷✼✸✳

❏❛②❛❝❤❛♥❞r❛♥✱ ❙✳ ✭✷✵✶✺✮✳ ❚❤❡ ❘♦♦ts ♦❢ ●❡♥❞❡r ■♥❡q✉❛❧✐t② ✐♥ ❉❡✈❡❧♦♣✐♥❣ ❈♦✉♥tr✐❡s✳ ❆♥♥✉❛❧

❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✼✭✶✮✿✻✸✕✽✽✳

❏✉♥❣✱ ❉✳✱ ❇❤❛r❛t✐✱ ❚✳✱ ❛♥❞ ❈❤✐♥✱ ❙✳ ✭✷✵✷✶✮✳ ❉♦❡s ❊❞✉❝❛t✐♦♥ ❆✛❡❝t ❚✐♠❡ Pr❡❢❡r❡♥❝❡❄ ❊✈✐❞❡♥❝❡

❢r♦♠ ■♥❞♦♥❡s✐❛✳ ❊❝♦♥♦♠✐❝ ❉❡✈❡❧♦♣♠❡♥t ❛♥❞ ❈✉❧t✉r❛❧ ❈❤❛♥❣❡✱ ✻✾✭✹✮✿✶✹✺✶✕✶✹✾✾✳

❑❤❛♥♥❛✱ ●✳ ✭✷✵✷✸✮✳ ▲❛r❣❡✲s❝❛❧❡ ❡❞✉❝❛t✐♦♥ r❡❢♦r♠ ✐♥ ❣❡♥❡r❛❧ ❡q✉✐❧✐❜r✐✉♠✿ ❘❡❣r❡ss✐♦♥ ❞✐s❝♦♥t✐✲

♥✉✐t② ❡✈✐❞❡♥❝❡ ❢r♦♠ ✐♥❞✐❛✳ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✳

▲♦❝❦❤❡❡❞✱ ▼✳ ❊✳✱ ❱❡rs♣♦♦r✱ ❆✳ ▼✳✱ ❡t ❛❧✳ ✭✶✾✾✶✮✳ ■♠♣r♦✈✐♥❣ ♣r✐♠❛r② ❡❞✉❝❛t✐♦♥ ✐♥ ❞❡✈❡❧♦♣✐♥❣

❝♦✉♥tr✐❡s✳ ❖①❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss ❢♦r ❲♦r❧❞ ❇❛♥❦✳

▲♦✉✱ ❏✳ ❛♥❞ ▲✐✱ ❏✳ ✭✷✵✷✷✮✳ ❊①♣♦rt ❡①♣❛♥s✐♦♥ ❛♥❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥ ♠♦❜✐❧✐t②✿ ❊✈✐✲

❞❡♥❝❡ ❢r♦♠ ❝❤✐♥❛✳ ❈❤✐♥❛ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✼✸✿✶✵✶✼✾✼✳

▼❛❛s♦✉♠✐✱ ❊✳✱ ❲❛♥❣✱ ▲✳✱ ❛♥❞ ❩❤❛♥❣✱ ❉✳ ✭✷✵✷✷✮✳ ●❡♥❡r❛❧✐③❡❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② r❡✲

❣r❡ss✐♦♥s✳ ❲♦r❦✐♥❣ ♣❛♣❡r✱ ❊♠♦r② ❯♥✐✈❡rs✐t②✳

▼❛❝❝✐♥✐✱ ❙✳ ❛♥❞ ❨❛♥❣✱ ❉✳ ✭✷✵✵✾✮✳ ❯♥❞❡r t❤❡ ✇❡❛t❤❡r✿ ❍❡❛❧t❤✱ s❝❤♦♦❧✐♥❣✱ ❛♥❞ ❡❝♦♥♦♠✐❝ ❝♦♥s❡✲

q✉❡♥❝❡s ♦❢ ❡❛r❧②✲❧✐❢❡ r❛✐♥❢❛❧❧✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✾✾✭✸✮✿✶✵✵✻✕✷✻✳

▼❛rt✐♥❡③✲❇r❛✈♦✱ ▼✳ ✭✷✵✶✼✮✳ ❚❤❡ ▲♦❝❛❧ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠② ❊✛❡❝ts ♦❢ ❙❝❤♦♦❧ ❈♦♥str✉❝t✐♦♥ ✐♥

■♥❞♦♥❡s✐❛✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝s✱ ✾✭✷✮✿✷✺✻✕✷✽✾✳

▼❛③✉♠❞❡r✱ ❇✳ ✭✷✵✵✺✮✳ ❋♦rt✉♥❛t❡ ❙♦♥s✿ ◆❡✇ ❊st✐♠❛t❡s ♦❢ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ t❤❡

❯♥✐t❡❞ ❙t❛t❡s ❯s✐♥❣ ❙♦❝✐❛❧ ❙❡❝✉r✐t② ❊❛r♥✐♥❣s ❉❛t❛✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱

✽✼✭✷✮✿✷✸✺✕✷✺✺✳

▼❛③✉♠❞❡r✱ ❇✳✱ ❘♦s❛❧❡s✲❘✉❡❞❛✱ ▼✳✱ ❛♥❞ ❚r✐②❛♥❛✱ ▼✳ ✭✷✵✶✾✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❍✉♠❛♥ ❈❛♣✐t❛❧

❙♣✐❧❧♦✈❡rs✿ ■♥❞♦♥❡s✐❛✬s ❙❝❤♦♦❧ ❈♦♥str✉❝t✐♦♥ ❛♥❞ ■ts ❊✛❡❝ts ♦♥ t❤❡ ◆❡①t ●❡♥❡r❛t✐♦♥✳ ❆❊❆

P❛♣❡rs ❛♥❞ Pr♦❝❡❡❞✐♥❣s✱ ✶✵✾✿✷✹✸✕✷✹✾✳

▼♦❣st❛❞✱ ▼✳ ❛♥❞ ❚♦rs✈✐❦✱ ●✳ ✭✷✵✷✶✮✳ ❋❛♠✐❧② ❇❛❝❦❣r♦✉♥❞✱ ◆❡✐❣❤❜♦r❤♦♦❞s ❛♥❞ ■♥t❡r❣❡♥❡r✲

❛t✐♦♥❛❧ ▼♦❜✐❧✐t②✳ ◆❇❊❘ ❲♦r❦✐♥❣ P❛♣❡rs ✷✽✽✼✹✱ ◆❛t✐♦♥❛❧ ❇✉r❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡s❡❛r❝❤✱

■♥❝✳

◆❡✐❞❤♦❢❡r✱ ●✳✱ ❙❡rr❛♥♦✱ ❏✳✱ ❛♥❞ ●❛s♣❛r✐♥✐✱ ▲✳ ✭✷✵✶✽✮✳ ❊❞✉❝❛t✐♦♥❛❧ ✐♥❡q✉❛❧✐t② ❛♥❞ ✐♥t❡r❣❡♥❡r✲

❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ ▲❛t✐♥ ❆♠❡r✐❝❛✿ ❆ ♥❡✇ ❞❛t❛❜❛s❡✳ ❏♦✉r♥❛❧ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱
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◆❡✐❧s♦♥✱ ❈✳ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ❙✳ ✭✷✵✶✹✮✳ ❚❤❡ ❡✛❡❝t ♦❢ s❝❤♦♦❧ ❝♦♥str✉❝t✐♦♥ ♦♥ t❡st s❝♦r❡s✱ s❝❤♦♦❧

❡♥r♦❧❧♠❡♥t✱ ❛♥❞ ❤♦♠❡ ♣r✐❝❡s✳ ❏♦✉r♥❛❧ ♦❢ P✉❜❧✐❝ ❊❝♦♥♦♠✐❝s✱ ✶✷✵✿✶✽✕✸✶✳

◆✐❝♦❧❡tt✐✱ ❈✳ ❛♥❞ ❋r❛♥❝❡s❝♦♥✐✱ ▼✳ ✭✷✵✵✻✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❞ s❛♠♣❧❡ s❡❧❡❝t✐♦♥ ✐♥

s❤♦rt ♣❛♥❡❧s✳ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠❡tr✐❝s✱ ✷✶✭✽✮✿✶✷✻✺✕✶✷✾✸✳

❖r❛③❡♠✱ P✳ ❋✳ ❛♥❞ ❑✐♥❣✱ ❊✳ ▼✳ ✭✷✵✵✽✮✳ ❙❝❤♦♦❧✐♥❣ ✐♥ ❉❡✈❡❧♦♣✐♥❣ ❈♦✉♥tr✐❡s✿ ❚❤❡ ❘♦❧❡s ♦❢

❙✉♣♣❧②✱ ❉❡♠❛♥❞ ❛♥❞ ●♦✈❡r♥♠❡♥t P♦❧✐❝②✳ ■♥ ❙❝❤✉❧t③✱ ❚✳ P✳ ❛♥❞ ❙tr❛✉ss✱ ❏✳ ❆✳✱ ❡❞✐t♦rs✱

❍❛♥❞❜♦♦❦ ♦❢ ❉❡✈❡❧♦♣♠❡♥t ❊❝♦♥♦♠✐❝s✱ ✈♦❧✉♠❡ ✹✱ ❝❤❛♣t❡r ✺✺✱ ♣❛❣❡s ✸✹✼✺✕✸✺✺✾✳ ❊❧s❡✈✐❡r✳

P❛r♠❛♥✱ ❏✳ ✭✷✵✶✶✮✳ ❆♠❡r✐❝❛♥ ▼♦❜✐❧✐t② ❛♥❞ t❤❡ ❊①♣❛♥s✐♦♥ ♦❢ P✉❜❧✐❝ ❊❞✉❝❛t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧

♦❢ ❊❝♦♥♦♠✐❝ ❍✐st♦r②✱ ✼✶✭✶✮✿✶✵✺✕✶✸✷✳

P❡❦❦❛r✐♥❡♥✱ ❚✳✱ P❡❦❦❛❧❛✱ ❙✳✱ ❛♥❞ ❯✉s✐t❛❧♦✱ ❘✳ ✭✷✵✵✾✮✳ ❙❝❤♦♦❧ tr❛❝❦✐♥❣ ❛♥❞ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧

✐♥❝♦♠❡ ♠♦❜✐❧✐t②✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ✜♥♥✐s❤ ❝♦♠♣r❡❤❡♥s✐✈❡ s❝❤♦♦❧ r❡❢♦r♠✳ ❏♦✉r♥❛❧ ♦❢ P✉❜❧✐❝
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P❡s❛r❡s✐❛✱ ▼✳✱ ❊❤r❧✐❝❤❛✱ ❉✳✱ ❋❡rr✐❛✱ ❙✳✱ ❋❧♦r❝③②❦❛✱ ❆✳✱ ❋r❡✐r❡❛✱ ❙✳✱ ▼✳✱ ❋✳ ❍✳✱ ❍❛❧❦✐❛❛✱ ❆✳✱

❏✉❧❡❛❛✱ ▼✳✱ ❑❡♠♣❡r❛✱ ❚✳✱ ❛♥❞ ❙♦✐❧❧❡❛✱ P✳ ✭✷✵✶✺✮✳ ●❧♦❛❜❧ ❍✉♠❛♥ ❙❡tt❧❡♠❡♥t ❙♥❛❧②s✐s ❢♦r

❉✐s❛st❡r ❘✐s❦ ❘❡❞✉❝t✐♦♥✳ ✸✻t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t❀
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P❢❡✛❡r✱ ❋✳ ❚✳ ❛♥❞ ❍❡rt❡❧✱ ❋✳ ❘✳ ✭✷✵✶✺✮✳ ❍♦✇ ❤❛s ❡❞✉❝❛t✐♦♥❛❧ ❡①♣❛♥s✐♦♥ s❤❛♣❡❞ s♦❝✐❛❧ ♠♦❜✐❧✐t②

tr❡♥❞s ✐♥ t❤❡ ✉♥✐t❡❞ st❛t❡s❄ ❙♦❝✐❛❧ ❋♦r❝❡s✱ ✾✹✭✶✮✿✶✹✸✕✶✽✵✳

P✐tt✱ ▼✳ ▼✳✱ ❘♦s❡♥③✇❡✐❣✱ ▼✳ ❘✳✱ ❛♥❞ ●✐❜❜♦♥s✱ ❉✳ ▼✳ ✭✶✾✾✸✮✳ ❚❤❡ ❞❡t❡r♠✐♥❛♥ts ❛♥❞ ❝♦♥s❡✲

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

❘❡✈✐❡✇✱ ✼✭✸✮✿✸✶✾✕✸✹✽✳

❙❛❧✈❛♥❡s✱ ❑✳ ✭✷✵✷✸✮✳ ❲❤❛t ❛r❡ t❤❡ ❉r✐✈❡rs ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t②❄ ❚❤❡ ❘♦❧❡ ♦❢ ❋❛♠✐❧②✱

◆❡✐❣❤❜♦r❤♦♦❞✱ ❊❞✉❝❛t✐♦♥✱ ❛♥❞ ❙♦❝✐❛❧ ❈❧❛ss✿ ❆ ❘❡✈✐❡✇ ♦❢ ❇✉❦♦❞✐ ❛♥❞ ●♦❧❞t❤♦r♣❡✬s ❙♦❝✐❛❧

▼♦❜✐❧✐t② ❛♥❞ ❊❞✉❝❛t✐♦♥ ✐♥ ❇r✐t❛✐♥✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ▲✐t❡r❛t✉r❡✳ ❋♦rt❤❝♦♠✐♥❣✳

❙❝♦tt✱ ●✳ ▲✳ ✭✶✾✽✺✮✳ ■♥❞♦♥❡s✐❛♥ ❲♦♠❡♥ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✳

❙♦❧♦♥✱ ●✳ ✭✶✾✾✷✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ■♥❝♦♠❡ ▼♦❜✐❧✐t② ✐♥ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝

❘❡✈✐❡✇✱ ✽✷✭✸✮✿✸✾✸✕✹✵✽✳

❙♦❧♦♥✱ ●✳ ✭✶✾✾✾✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ t❤❡ ❧❛❜♦r ♠❛r❦❡t✳ ■♥ ❆s❤❡♥❢❡❧t❡r✱ ❖✳ ❛♥❞ ❈❛r❞✱

❉✳✱ ❡❞✐t♦rs✱ ❍❛♥❞❜♦♦❦ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱ ✈♦❧✉♠❡ ✸ ♦❢ ❍❛♥❞❜♦♦❦ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱ ♣❛❣❡s

✸✺



✶✼✻✶✕✶✽✵✵✳ ❊❧s❡✈✐❡r✳

❚✐❧❛❦✱ ❏✳ ✭✶✾✾✸✮✳ ❊❛st ❆s✐❛✳ ■♥ ❍✐✐❧✱ ❆✳ ❛♥❞ ❑✐♥❣✱ ❊✳✱ ❡❞✐t♦rs✱❲♦♠❡♥✬s ❊❞✉❝❛t✐♦♥ ✐♥ ❉❡✈❡❧♦♣✐♥❣

❈♦✉♥tr✐❡s✿ ❇❛rr✐❡rs✱ ❇❡♥❡✜ts✱ ❛♥❞ P♦❧✐❝✐❡s✱ ❝❤❛♣t❡r ✼✱ ♣❛❣❡s ✷✹✼✕✷✼✾✳ ❲♦r❧❞ ❇❛♥❦✳

❚♦r❝❤❡✱ ❋✳ ✭✷✵✶✸✮✳ ❍♦✇ ❞♦ ✇❡ ❝❤❛r❛❝t❡r✐st✐❝❛❧❧② ♠❡❛s✉r❡ ❛♥❞ ❛♥❛❧②③❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦✲

❜✐❧✐t②✳ ❙t❛♥❢♦r❞ ❈❡♥t❡r ♦♥ P♦✈❡rt② ❛♥❞ ■♥❡q✉❛❧✐t②✳

❚♦r❝❤❡✱ ❋✳ ✭✷✵✶✺✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ❛♥❞ ❊q✉❛❧✐t② ♦❢ ❖♣♣♦rt✉♥✐t②✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧

♦❢ ❙♦❝✐♦❧♦❣②✱ ✺✻✭✸✮✿✸✹✸✕✸✼✶✳

❚♦r❝❤❡✱ ❋✳ ✭✷✵✶✾✮✳ ❊❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳ ❲■❉❊❘ ❲♦r❦✐♥❣ P❛♣❡r

❙❡r✐❡s ✷✵✶✾✲✽✽✳

❯■❙ ✭✷✵✷✷✮✳ ❖✉t✲♦❢✲s❝❤♦♦❧ r❛t❡ ✭✶ ②❡❛r ❜❡❢♦r❡ ♣r✐♠❛r②✱ ♣r✐♠❛r② ❡❞✉❝❛t✐♦♥✱ ❧♦✇❡r s❡❝♦♥❞❛r②

❡❞✉❝❛t✐♦♥✱ ✉♣♣❡r s❡❝♦♥❞❛r② ❡❞✉❝❛t✐♦♥✮✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ▼♦♥tr❡❛❧✿ ❯◆❊❙❈❖ ■♥st✐t✉t❡ ❢♦r

❙t❛t✐st✐❝s✳

❱❡❧❧❛✱ ❋✳ ❛♥❞ ❑❛r♠❡❧✱ ❚✳ ✭✶✾✾✾✮✳ ❊✈❛❧✉❛t✐♥❣ t❤❡ ■♠♣❛❝t ♦❢ ❊❞✉❝❛t✐♦♥❛❧ ❊①♣❛♥s✐♦♥ ♦♥ t❤❡

❖❝❝✉♣❛t✐♦♥❛❧ ❙t❛t✉s ♦❢ ❨♦✉t❤✳ ❆✉str❛❧✐❛♥ ❊❝♦♥♦♠✐❝ P❛♣❡rs✱ ✸✽✭✸✮✿✸✶✵✕✸✷✼✳

❲♦r❧❞ ❇❛♥❦ ✭✷✵✵✻✮✳ ❲♦r❧❞ ❞❡✈❡❧♦♣♠❡♥t r❡♣♦rt ✷✵✵✻✿ ❊q✉✐t② ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t✳ ❚❤❡ ❲♦r❧❞

❇❛♥❦✳

❲♦r❧❞ ❇❛♥❦ ✭✷✵✶✽✮✳ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t ❘❡♣♦rt ✷✵✶✽✿ ▲❡❛r♥✐♥❣ t♦ ❘❡❛❧✐③❡ ❊❞✉❝❛t✐♦♥✬s

Pr♦♠✐s❡✳ ◆✉♠❜❡r ✷✽✸✹✵ ✐♥ ❲♦r❧❞ ❇❛♥❦ P✉❜❧✐❝❛t✐♦♥s ✲ ❇♦♦❦s✳ ❚❤❡ ❲♦r❧❞ ❇❛♥❦ ●r♦✉♣✳

❨✉✱ ❨✳✱ ❋❛♥✱ ❨✳✱ ❛♥❞ ❨✐✱ ❏✳ ✭✷✵✷✵✮✳ ❚❤❡ ❖♥❡✲❈❤✐❧❞ P♦❧✐❝② ❆♠♣❧✐✜❡s ❊❝♦♥♦♠✐❝ ■♥❡q✉❛❧✐t②

❛❝r♦ss ●❡♥❡r❛t✐♦♥s ✐♥ ❈❤✐♥❛✳ ■❩❆ ❉✐s❝✉ss✐♦♥ P❛♣❡rs ✶✸✻✶✼✱ ■♥st✐t✉t❡ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s

✭■❩❆✮✳

✸✻



Table 1: Summary statistics

Panel A: Full Sample (Obs: 2,048,164)

Mean SD

(1) (2)

Child’s Edu 8.84 4.33

Child’s Primary Completion(=1) 0.90 0.30

Father’s Edu 5.28 4.52

Normalized Inpres Intensity 0.22 0.11

Enrollment Rate in 1971 0.17 0.08

Number of Children in 1971 (in thousands) 194.29 124.18

Allocation of Water and Sanitation 1973–1978 0.48 0.27

Panel B: Exposed and Comparison Cohort

Mean SD

(1) (2)

Exposed Cohort (Born Between 1968-1972), Obs= 1,796,198

Child’s Edu 9.12 4.20

Child’s Primary Completion(=1) 0.92 0.28

Father’s Edu 5.43 4.54

Comparison Cohort (Born Between 1957 to 1962), Obs= 251,966

Child’s Edu 6.79 4.68

Child’s Primary Completion(=1) 0.77 0.42

Father’s Edu 4.20 4.26
Notes: The variable Normalized Inpres Intensity measures the number of Inpres schools per 1000 children

at the district level divided by the highest number of schools received by one district. The full sample

corresponds to children born between 1957 and 1962, or 1968 to 1972. Edu represents years of schooling,

which was calculated based on the education level completed. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Data sources: Indonesia’s full count census 2000 and

Duflo (2001).
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Table 2: Effects of Inpres Schools on Intergenerational Educational Mobility:

Dependent Variable: Children’s Years of Schooling

Linear Model Quadratic Model

Sons

Daughters

(Relevant CEF)

Sons

(Relevant CEF) Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.585*** 0.513 1.534*** 0.476

(0.387) (0.466) (0.380) (0.492)

Father’s Edu × Born 1968-72 × Inpres -0.129** 0.043 -0.255*** -0.020

(0.054) (0.062) (0.086) (0.099)

Father’s Edu Sq × Born 1968-72 × Inpres 0.015** 0.008

(0.007) (0.008)

R2 0.322 0.409 0.323 0.409

Observations 1199814 848350 1199814 848350

Notes: The Relevant CEFs imply correct functional form, which are based on Table A.2 in the online appendix. Quadratic

model is adopted following Becker et al. (2015). Robust standard errors are in parentheses, clustered at the district of

birth (*** p<0.01, ** p<0.05, * p<0.1). Sample corresponds to children born between 1957 and 1962 (comparison), or

1968 to 1972 (treatment). Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971 number

of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001). Father’s Edu represents

father’s years of schooling, which was calculated based on the education level completed. Family background is measured

by father’s years of schooling. The variable Inpres measures the number of Inpres schools per 1000 children at the district

level divided by the highest number of schools received by one district. For the sake of parsimony, only intercept, linear,

and quadratic terms are reported in this table. All coefficients are reported in Table A.1. Data sources: Indonesia’s full count

census 2000 and Duflo (2001).
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Table 3: Effects of Inpres Schools on Intergenerational Educational Mobility:

Dependent Variable: Children’s Primary Completion

Linear Model Quadratic Model

Sons Daughters

Sons

(Relevant CEF)

Daughters

(Relevant CEF)

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.204*** 0.216*** 0.195*** 0.197***

(0.041) (0.044) (0.042) (0.047)

Father’s Edu × Born 1968-72 × Inpres -0.022*** -0.014** -0.038*** -0.017*

(0.006) (0.006) (0.011) (0.010)

Father’s Edu Sq × Born 1968-72 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.107 0.172 0.117 0.188

Observations 1199814 848350 1199814 848350

Notes: The Relevant CEFs imply correct functional form, which are based on Table A.2 in the online appendix. Quadratic

model is adopted following Becker et al. (2015). Robust standard errors are in parentheses, clustered at the district of

birth (*** p<0.01, ** p<0.05, * p<0.1). Sample corresponds to children born between 1957 and 1962 (comparison), or

1968 to 1972 (treatment). Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971 number

of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001). Father’s Edu represents

father’s years of schooling, which was calculated based on the education level completed. Family background is measured

by father’s years of schooling. The variable Inpres measures the number of Inpres schools per 1000 children at the district

level divided by the highest number of schools received by one district. For the sake of parsimony, only intercept, linear,

and quadratic terms are reported in this table. All coefficients are reported in Table A.3. Data sources: Indonesia’s full count

census 2000 and Duflo (2001).
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Table 4: Effects of Inpres Schools on Relative Mobility in Primary Completion of Children:

Relative Mobility is Measured by Intergenerational Marginal Association (IGMA)

Sons Daughters

(1) (2) (3) (4) (5) (6) (7) (8)

Highest Intensity(=1) Mean Intensity(=0.215) Highest Intensity(=1) Mean Intensity(=0.215)

Normalized Normalized Normalized Normalized

∆IGMA0 -0.038 -157.95% -0.008 -33.96% -0.017 -70.66% -0.004 -15.19%

(0.011) (0.002) (0.010) (0.002)

∆IGMA6 -0.013 -54.04% -0.003 -11.62% -0.004 -16.63% -0.001 -3.57%

(0.005) -0.00108 (0.004) (0.001)

∆IGMA9 -0.000 0.00% 0 0.00% 0.002 8.31% 0.000 1.79%

(0.003) (0.001) (0.003) (0.001)

∆IGMA12 0.013 54.04% 0.003 11.62% 0.009 37.41% 0.002 8.04%

(0.004) (0.001) (0.005) (0.001)

∆IGMA16 0.030 124.70% 0.006 26.81% 0.018 74.82% 0.004 16.09%

(0.008) (0.002) (0.010) (0.002)

Notes: Robust standard errors are in parentheses, clustered at the district of birth(*** p<0.01, ** p<0.05, * p<0.1). IGMA is the

slope of Conditional Expectation Function (CEF). ∆IGMAy = θ7 + 2θ11E
p
iy × Inpres, where E

p
iy represents father’s years of

schooling for y = 0, 6, 9, 12, 16. The IGMA values are based on coefficients reported in Table 3. The variable Inpres intensity

measures the number of Inpres schools per 1000 children at the district level divided by the highest number of schools received by

one district. The Normalized IGMA is the IGMA value relative to IGMA of children for father’s with average years of education

(5.57 years), comparison cohort (born between 1957 to 1962), and zero Inpres intensity for the full sample (combined sample of

sons and daughters). Normalized IGMA values are reported in percentage. Data sources: Indonesia’s full count census 2000 and

Duflo (2001).
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Table 5: Effects of Inpres Schools on Absolute Mobility in Primary Completion of Children:

Absolute Mobility is Measured by Expected Primary Completion (EPC)

Sons Daughters

(1) (2) (3) (4) (5) (6) (7) (8)

Highest Intensity(=1) Mean Intensity(=0.215) Highest Intensity(=1) Mean Intensity(=0.215)

Normalized Normalized Normalized Normalized

∆EPC0 0.195 20.70% 0.042 4.45% 0.197 20.91% 0.042 4.50%

(0.042) (0.009) (0.047) (0.010)

∆EPC6 0.042 4.46% 0.009 0.96% 0.132 14.01% 0.028 3.01%

(0.033) (0.007) (0.034) (0.007)

∆EPC9 0.023 2.44% 0.005 0.52% 0.130 13.80% 0.028 2.97%

(0.038) (0.008) (0.034) (0.007)

∆EPC12 0.042 4.46% 0.009 0.96% 0.147 15.61% 0.032 3.36%

(0.040) (0.009) (0.032) (0.007)

∆EPC16 0.126 13.38% 0.027 2.88% 0.201 21.34% 0.043 4.59%

(0.045) (0.010) (0.043) (0.009)

Notes: Robust standard errors are in parentheses, clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1). Absolute

Mobility is measured by expected probability of primary completion (EPC) conditional on father’s schooling. ∆EPCy = θ4 ×

Inpres+ θ7 × Inpres×E
p
iy + θ11 × Inpres× (Ep

iy)
2, where E

p
iy represents father’s years of schooling for y = 0, 6, 9, 12, 16.

EPCy are calculated at y father’s years of schooling, where y = 0, 6, 9, 12, 16. The EPC values are based on coefficients reported

in Table 3. The variable Inpres intensity measures the number of Inpres schools per 1000 children at the district level divided by

the highest number of schools received by one district. The Normalized EPC is the EPC value relative to EPC of children for

father’s with average years of education (5.57 years), comparison cohort (born between 1957 to 1962), and zero Inpres intensity

for the full sample (combined sample of sons and daughters). Normalized EPC values are reported in percentage. Data sources:

Indonesia’s full count census 2000 and Duflo (2001).
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Table 6: Evidence on Gender-based Crowding Out:

Effects of Inpres on Senior High Completion

Panel A: Full Sample

Sons Daughters

(1) (2)

Born 1968-72 × Inpres 0.076* -0.084*

(0.039) (0.049)

Father’s Edu × Born 1968-72 × Inpres -0.006 0.008

(0.011) (0.011)

Father’s Edu Sq × Born 1968-72 × Inpres 0.000 -0.000

(0.001) (0.001)

R2 0.270 0.343

Observations 1199814 848350

Panel B: Matrilineal and Patrilineal Samples

Matrilineal Patrilineal

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres -0.749* 0.130 0.082** -0.073

(0.367) (0.628) (0.040) (0.049)

Father’s Edu × Born 1968-72 × Inpres 0.144 -0.071 -0.006 0.008

(0.108) (0.062) (0.011) (0.011)

Father’s Edu Sq × Born 1968-72 × Inpres -0.014** 0.003 0.000 -0.000

(0.006) (0.007) (0.001) (0.001)

R2 0.239 0.257 0.270 0.343

Observations 19901 18381 1179913 829969

Notes: Robust standard errors are in parentheses, clustered at the district of birth (*** p<0.01, ** p<0.05,

* p<0.1). We define West Sumatra as a matrilineal society and the rest of Indonesia as a Patrilineal so-

ciety. Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born

between 1957 and 1962, or 1968 to 1972. Covariates include birth FE, year of birth×1971 enrollment, year

of birth×1971 number of children, year of birth×water sanitation program, year of birth dummies, following

Duflo (2001). Senior high completion takes the value of 1 if the child has completed senior high and 0,

otherwise. Father’s Edu represents father’s years of schooling, which was calculated based on the education

level completed. Family background is measured by father’s years of schooling. The variable Inpres mea-

sures the number of Inpres schools per 1000 children at the district level divided by the highest number of

schools received by one district. For the sake of parsimony, only intercept, linear, and quadratic terms are

reported in this table; full table, with all coefficients, is available upon request. Data sources: Indonesia’s

full count census 2000 and Duflo (2001).
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Figure 1: Event Study of Inpres Impacts with Linear CEF for Sons

Notes: This figure plots the estimates of β4 and β7 of equation (2) in the manuscript by birth year. For each birth year, the
diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample corresponds to
individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born between 1968 to
1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed, and children born
between 1957 to 1963 are comparison cohorts. The estimates of partially exposed cohorts along with comparison cohorts and
fully exposed cohorts are plotted in Figure A1. The omitted birth year cohorts are children born in 1957 and 1958. The
dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise. Robust standard errors
are in parentheses, clustered at the district of birth. Covariates include birth district FE, year of birthÖ1971 enrollment,
year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth dummies, following Duflo
(2001).
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Figure 2: Event Study of Inpres Impacts with Linear CEF for Daughters

Notes: This figure plots the estimates of β4 and β7 of equation (2) in the manuscript by birth year. For each birth year, the
diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample corresponds to
individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born between 1968 to
1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed, and children born
between 1957 to 1963 are comparison cohorts. The estimates of partially exposed cohorts along with comparison cohorts and
fully exposed cohorts are plotted in Figure A2. The omitted birth year cohorts are children born in 1957 and 1958. The
dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise. Robust standard errors
are in parentheses, clustered at the district of birth. Covariates include birth district FE, year of birthÖ1971 enrollment,
year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth dummies, following Duflo
(2001).
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Figure 3: Event Study of Inpres Impacts with Quadratic CEF for Sons

Notes: This figure plots the estimates of θ4, θ7, and θ11 of equation (3) in the manuscript by birth year. For each birth
year, the diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample
corresponds to individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born
between 1968 to 1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed,
and children born between 1957 to 1963 are comparison cohorts. The estimates of partially exposed cohorts along with
comparison cohorts and fully exposed cohorts are plotted in Figure A3. The omitted birth year cohorts are children born
in 1957 and 1958. The dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise.
Robust standard errors are in parentheses, clustered at the district of birth. Covariates include birth district FE, year
of birthÖ1971 enrollment, year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth
dummies, following Duflo (2001).
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Figure 4: Event Study of Inpres Impacts with Quadratic CEF for Daughters

Notes: This figure plots the estimates of θ4, θ7, and θ11 of equation (3) in the manuscript by birth year. For each birth
year, the diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample
corresponds to individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born
between 1968 to 1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed,
and children born between 1957 to 1963 are comparison cohorts. The estimates of partially exposed cohorts along with
comparison cohorts and fully exposed cohorts are plotted in Figure A4. The omitted birth year cohorts are children born
in 1957 and 1958. The dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise.
Robust standard errors are in parentheses, clustered at the district of birth. Covariates include birth district FE, year
of birthÖ1971 enrollment, year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth
dummies, following Duflo (2001).
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Online Appendix A

Figure A1: Event Study of Inpres Impacts with Linear CEF for Sons
Including Partially Exposed Cohorts

Notes: This figure plots the estimates of β4 and β7 of equation (2) in the manuscript by birth year. For each birth year, the
diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample corresponds to
individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born between 1968 to
1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed, and children born
between 1957 to 1963 are comparison cohorts. The omitted birth year cohorts are children born in 1957 and 1958. The
dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise. Robust standard errors
are in parentheses, clustered at the district of birth. Covariates include birth district FE, year of birthÖ1971 enrollment,
year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth dummies, following Duflo
(2001).
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Figure A2: Event Study of Inpres Impacts with Linear CEF for Daughters
Including Partially Exposed Cohorts

Notes: This figure plots the estimates of β4 and β7 of equation (2) in the manuscript by birth year. For each birth year, the
diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample corresponds to
individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born between 1968 to
1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed, and children born
between 1957 to 1963 are comparison cohorts. The omitted birth year cohorts are children born in 1957 and 1958. The
dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise. Robust standard errors
are in parentheses, clustered at the district of birth. Covariates include birth district FE, year of birthÖ1971 enrollment,
year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth dummies, following Duflo
(2001).
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Figure A3: Event Study of Inpres Impacts with Quadratic CEF for Sons
Including Partially Exposed Cohorts

Notes: This figure plots the estimates of θ4, θ7, and θ11 of equation (3) in the manuscript by birth year. For each birth
year, the diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample
corresponds to individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born
between 1968 to 1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed,
and children born between 1957 to 1963 are comparison cohorts. The omitted birth year cohorts are children born in
1957 and 1958. The dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise.
Robust standard errors are in parentheses, clustered at the district of birth. Covariates include birth district FE, year
of birthÖ1971 enrollment, year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth
dummies, following Duflo (2001).
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Figure A4: Event Study of Inpres Impacts with Quadratic CEF for
Daughters Including Partially Exposed Cohorts

Notes: This figure plots the estimates of θ4, θ7, and θ11 of equation (3) in the manuscript by birth year. For each birth
year, the diamond symbol represents the value of the estimate with the confidence interval at 95 percent level. Sample
corresponds to individuals born between 1957 to 1972. The Inpres program started in 1973-74. Therefore, children born
between 1968 to 1972 are considered fully exposed, children born between 1963 to 1967 are considered partially exposed,
and children born between 1957 to 1963 are comparison cohorts. The omitted birth year cohorts are children born in
1957 and 1958. The dependent variable takes the value of 1 if the child has completed primary or more and 0 otherwise.
Robust standard errors are in parentheses, clustered at the district of birth. Covariates include birth district FE, year
of birthÖ1971 enrollment, year of birthÖ1971 number of children, year of birthÖwater sanitation program, year of birth
dummies, following Duflo (2001)
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Table A.1: Effects of Inpres Schools on Intergenerational Educational Mobility:

Dependent Variable: Children’s Years of Schooling (Full Table)

Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Father’s Edu 0.450*** 0.528*** 0.368*** 0.482***

(0.018) (0.018) (0.033) (0.035)

Born 1968-72 × Inpres 1.585*** 0.513 1.534*** 0.476

(0.387) (0.466) (0.380) (0.492)

Father’s Edu × Born 1968-72 -0.053*** -0.083*** -0.081*** -0.089***

(0.013) (0.017) (0.021) (0.024)

Father’s Edu × Inpres 0.257*** 0.113* 0.561*** 0.311**

(0.076) (0.063) (0.138) (0.132)

Father’s Edu × Born 1968-72 × Inpres -0.129** 0.043 -0.255*** -0.020

(0.054) (0.062) (0.086) (0.099)

Father’s Edu Sq 0.007*** 0.004

(0.002) (0.003)

Father’s Edu Sq × Born 1968-72 0.001 -0.000

(0.002) (0.002)

Father’s Edu Sq × Inpres -0.027*** -0.018*

(0.008) (0.010)

Father’s Edu Sq × Born 1968-72 × Inpres 0.015** 0.008

(0.007) (0.008)

R2 0.322 0.409 0.323 0.409

Observations 1199814 848350 1199814 848350

Notes: Robust standard errors are in parentheses, clustered at the district of birth (*** p<0.01, ** p<0.05,

* p<0.1). Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born

between 1957 and 1962, or 1968 to 1972. Covariates include birth district FE, year of birth×1971 enrollment,

year of birth×1971 number of children, year of birth×water sanitation program, year of birth dummies, following

Duflo (2001). Father’s Edu represents father’s years of schooling, which was calculated based on the education

level completed. Family background is measured by father’s years of schooling. The variable Inpres measures the

number of Inpres schools per 1000 children at the district level divided by the highest number of schools received

by one district. Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table A.2: Quadratic CEFs of Exposed and Comparison Cohorts

Panel A: Dependent Variable: Years of Schooling of Children

Sons Daughters

Comparison Exposed Comparison Exposed

(1) (2) (3) (4)

Father’s Edu 0.532*** 0.388*** 0.627*** 0.530***

(0.02294) (0.01835) (0.02688) (0.02390)

Father’s Edu Sq 0.002 0.007*** 0.000 0.001

(0.00139) (0.00110) (0.00173) (0.00140)

Constant 5.044*** 6.837*** 3.651*** 5.957***

(0.09773) (0.08767) (0.09058) (0.09836)

R2 0.260 0.267 0.334 0.330

Observations 119825 1079989 132141 716209

Panel B: Dependent Variable: Primary Completion of Children

Sons Daughters

Comparison Exposed Comparison Exposed

(1) (2) (3) (4)

Father’s Edu 0.059*** 0.028*** 0.082*** 0.040***

(0.00220) (0.00136) (0.00262) (0.00197)

Father’s Edu Sq -0.003*** -0.001*** -0.004*** -0.002***

(0.00012) (0.00006) (0.00013) (0.00009)

Constant 0.663*** 0.837*** 0.530*** 0.771***

(0.01075) (0.00720) (0.01282) (0.01004)

R2 0.120 0.059 0.188 0.094

Observations 119825 1079989 132141 716209

Notes: Robust standard errors are in parentheses, clustered at the district of birth (***

p<0.01, ** p<0.05, * p<0.1). Quadratic model is adopted following Becker et al.

(2015). Father’s Edu represents father’s years of schooling, which was calculated

based on the education level completed. Family background is measured by father’s

years of schooling. Comparison cohorts are children born between 1957 and 1962,

and exposed cohorts are children born between 1968 to 1972. Father’s Edu represents

father’s years of schooling, which was calculated based on the education level com-

pleted. Data source: Indonesia’s full count census 2000.
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Table A.3: Effects of Inpres Schools on Intergenerational Educational Mobility:

Dependent Variable: Children’s Primary School Completion (Full Table)

Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Father’s Edu 0.017*** 0.028*** 0.037*** 0.060***

(0.003) (0.003) (0.004) (0.005)

Born 1968-72 × Inpres 0.204*** 0.216*** 0.195*** 0.197***

(0.041) (0.044) (0.042) (0.047)

Father’s Edu × Born 1968-72 -0.010*** -0.019*** -0.022*** -0.037***

(0.001) (0.002) (0.003) (0.002)

Father’s Edu × Inpres 0.043*** 0.044*** 0.083*** 0.076***

(0.010) (0.013) (0.018) (0.021)

Father’s Edu × Born 1968-72 × Inpres -0.022*** -0.014** -0.038*** -0.017*

(0.006) (0.006) (0.011) (0.010)

Father’s Edu Sq -0.002*** -0.003***

(0.000) (0.000)

Father’s Edu Sq × Born 1968-72 0.001*** 0.002***

(0.000) (0.000)

Father’s Edu Sq × Inpres -0.004*** -0.004***

(0.001) (0.001)

Father’s Edu Sq × Born 1968-72 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.107 0.172 0.117 0.188

Observations 1199814 848350 1199814 848350

Notes: Robust standard errors are in parentheses, clustered at the district of birth. (*** p<0.01, ** p<0.05, *

p<0.1) Sample corresponds to children born between 1957 and 1962, or 1968 to 1972. Covariates include birth

district FE, year of birth×1971 enrollment, year of birth×1971 number of children, year of birth×water sanitation

program, year of birth dummies, following Duflo (2001). Primary completion takes the value of 1 if the child has

completed primary and 0, otherwise. Father’s Edu represents father’s years of schooling, which was calculated

based on the education level completed. Family background is measured by father’s years of schooling. The

variable Inpres measures the number of Inpres schools per 1000 children at the district level divided by the

highest number of schools received by one district. Data sources: Indonesia’s full count census 2000 and Duflo

(2001).
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Table A.4: Effects of Inpres Schools on Relative and Absolute Mobility in Years of Schooling

Panel A: Intergenerational Mobility Association (IGMA)/ Relative Mobility (Sons)

(1) (2) (3) (4)

Highest Intensity(=1) Mean Intensity(=0.215)

Normalized Normalized

∆IGMA0 -0.255 -51.77% -0.055 -11.13%

(0.086) (0.018)

∆IGMA6 -0.079 -16.04% -0.017 -3.45%

(0.052) (0.011)

∆IGMA9 0.009 1.83% 0.002 0.39%

(0.070) (0.015)

∆IGMA12 0.097 19.69% 0.021 4.23%

(0.101) (0.022)

∆IGMA16 0.215 43.65% 0.046 9.38%

(0.149) (0.032)

Panel B: Expected Schooling (ES)/ Absolute Mobility (Sons)

(1) (2) (3) (4)

Highest Intensity(=1) Mean Intensity(=0.215)

Normalized Normalized

∆ES0 1.534 17.52% 0.330 3.77%

(0.380) (0.082)

∆ES6 0.533 6.09% 0.115 1.31%

(0.347) (0.075)

∆ES9 0.428 4.89% 0.092 1.05%

(0.390) (0.084)

∆ES12 0.589 6.73% 0.127 1.45%

(0.515) (0.111)

∆ES16 1.214 13.86% 0.261 2.98%

(0.895) (0.192)

Notes: Robust standard errors are in parentheses, clustered at the district of birth(*** p<0.01,

** p<0.05, * p<0.1). Intergenerational Mobility Association(IGMA) is the slope of Conditional

Expectation Function (CEF). Here, ∆IGMAy = θ7 + 2θ11E
p
iy × Inpres, where E

p
iy represents

father’s years of schooling for y = 0, 6, 9, 12, 16. Absolute Mobility is measured by expected

schooling conditional on father’s schooling. Here, ∆ESy = θ4× Inpres+θ7× Inpres×E
p
iy+

θ11 × Inpres × (Ep
iy)

2, where E
p
iy represents father’s years of schooling for y = 0, 6, 9, 12, 16.

The IGMA and ES values are based on coefficients reported in Table 2. The variable Inpres

intensity measures the number of Inpres schools per 1000 children at the district level divided

by the highest number of schools received by one district. The Normalized IGMA is the IGMA

value relative to IGMA of children for father’s with average years of education (5.57 years),

comparison cohort (born between 1957 to 1962), and zero Inpres intensity for the full sample

(combined sample of sons and daughters). Normalized IGMA values are reported in percentage.

Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table A.5: Quadratic CEFs of Exposed and Comparison Cohorts for Senior High School

Completion

Dependent Variable: Senior High Completion of Children

Sons Daughters

Comparison Exposed Comparison Exposed

(1) (2) (3) (4)

Father’s Edu 0.0254*** 0.0372*** 0.0165*** 0.0467***

(0.00265) (0.00278) (0.00292) (0.00326)

Father’s Edu Sq 0.0022*** 0.0013*** 0.0028*** 0.0008***

(0.00019) (0.00020) (0.00021) (0.00024)

Constant 0.1155*** 0.1935*** 0.0467*** 0.1412***

(0.00660) (0.00790) (0.00331) (0.00709)

R2 0.213 0.226 0.261 0.284

Observations 119825 1079989 132141 716209

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, **

p<0.05, * p<0.1). Quadratic model is adopted following Becker et al. (2015). Senior high

completion takes the value of 1 if a respondent has completed senior high or more schooling and

0 otherwise. Comparison cohorts are children born between 1957 and 1962, and exposed cohorts

are children born between 1968 to 1972. Father’s Edu represents father’s years of schooling,

which was calculated based on the education level completed. Family background is measured

by father’s years of schooling. Data source: Indonesia’s full count census 2000.
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Table A.6: Alternative Models of Intergenerational Educational Mobility

Panel A: Normalized Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.382*** 0.113 0.370*** 0.104

(0.093) (0.102) (0.091) (0.108)

(Father’s Edu /Sub-Group Sd) × Born 1968-72 × Inpres -0.139** 0.044 -0.274*** -0.020

(0.058) (0.063) (0.093) (0.100)

(Father’s Edu /Sub-Group Sd) Sq × Born 1968-72 × Inpres 0.071** 0.037

(0.031) (0.038)

R2 0.322 0.409 0.323 0.409

Observations 1199814 848350 1199814 848350

Panel B: Rank in Schooling Distribution

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.087*** -0.032 0.085** -0.024

(0.031) (0.042) (0.033) (0.047)

Father’s Edu (Mid) Nat. Rank × Born 1968-72 × Inpres -0.084 0.104 -0.132 0.015

(0.051) (0.080) (0.152) (0.168)

Father’s Edu (Mid) Nat. Rank Sq × Born 1968-72 × Inpres 0.075 0.099

(0.157) (0.175)

R2 0.333 0.424 0.341 0.430

Observations 1199814 848350 1199814 848350

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1). Quadratic

model is adopted following Becker et al. (2015). Family background is measured by father’s schooling. Father’s Edu is

father’s years of schooling. The normalized schooling measure was constructed for sons and daughters separately. The

Sub-Group SD refers to standard deviation of father’s years of schooling for that specific sub-samples (sons/daughters).

The rank in schooling is constructed based on combined sample (Sons+Daughters), following Chetty et al. (2014). Sample

corresponds to children born between 1957 and 1962, or 1968 to 1972. Covariates include birth district district FE, year

of birth×1971 enrollment, year of birth×1971 number of children, year of birth×water sanitation program, year of birth

dummies, following Duflo (2001). The variable Inpres measures the number of Inpres schools per 1000 children at the

district level divided by the highest number of schools received by one district. For the sake of parsimony, only intercept,

linear, and quadratic terms are reported in this table; full table, with all coefficients, is available upon request. Data sources:

Indonesia’s full count census 2000 and Duflo (2001).
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✐♥ ❚❛❜❧❡ ❇✳✶ ❜❡❧♦✇✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ✐s ✈❡r② s✐♠✐❧❛r t♦ ✇❤❛t ✇❡ ❢♦✉♥❞ ❡❛r❧✐❡r ✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡

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

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

❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t✳ ❇✉t✱ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❡✈✐❞❡♥❝❡ ✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ✸✱ t❤❡r❡ ❛r❡

s✉❜st❛♥t✐❛❧ ❛♥❞ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧✳

✭❖❇✳✶✳✷✮ ❆❧t❡r♥❛t✐✈❡ ❈♦♠♣❛r✐s♦♥ ●r♦✉♣s✱ ❛♥❞ P❛rt✐❛❧❧② ❊①♣♦s❡❞ ●r♦✉♣s

❚❤❡ ❉✐❉ ❞❡s✐❣♥ ✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ✸ ✉s❡s ❞❛t❛ ♦♥ ✻ ②❡❛rs ❢r♦♠ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞

t♦ ❞❡✜♥❡ t❤❡ ❝♦♠♣❛r✐s♦♥ ❣r♦✉♣s✳ ❖♥❡ ♠✐❣❤t ✇♦rr② t❤❛t t❤❡ ❝❤✐❧❞r❡♥ ❢r♦♠ t❤❡ ❡❛r❧✐❡r ❜✐rt❤

❝♦❤♦rts✱ s❛② ❜♦r♥ ✐♥ ✶✾✺✼✲✶✾✺✽✱ ❛r❡ ❧✐❦❡❧② t♦ ❜❡ ❧❡ss ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ tr❡❛t♠❡♥t ❜✐rt❤ ❝♦❤♦rts

✭✶✾✻✽✲✶✾✼✷✮ ❡①♣♦s❡❞ t♦ ■♥♣r❡s s❝❤♦♦❧s ✐♥ t❤❡ ✶✾✼✵s✳ ❙✐♥❝❡ ✇❡ ❤❛✈❡ ❛ ❧❛r❣❡ ❞❛t❛ s❡t✱ ✇❡ ❝❛♥

❡st✐♠❛t❡ t❤❡ ❉✐❉ ♠♦❞❡❧ ✉s✐♥❣ ♦♥❧② t❤❡ ♠♦r❡ r❡❝❡♥t ❜✐rt❤ ❝♦❤♦rts ❢r♦♠ t❤❡ ♣r❡✲■♥♣r❡s s❛♠♣❧❡

✇✐t❤♦✉t ✇♦rr②✐♥❣ ❛❜♦✉t t❤❡ ❧♦ss ♦❢ ♣♦✇❡r✳ ❲❡ ❡st✐♠❛t❡❞ ❡q✉❛t✐♦♥s ✭✷✮ ❛♥❞ ✭✸✮ ✉s✐♥❣ ❛ ♥✉♠❜❡r

♦❢ s✉❝❤ ❝✉t♦✛s t♦ ❞❡✜♥❡ t❤❡ ♣r❡✲■♥♣r❡s ❝♦♠♣❛r✐s♦♥ s❛♠♣❧❡✳ ❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡s ❢♦r t❤❡s❡

❛❧t❡r♥❛t✐✈❡ s❛♠♣❧❡s ✐♥ ❚❛❜❧❡s ❇✳✷✲❇✳✹ ❜❡❧♦✇ ✐♥ t❤✐s ❛♣♣❡♥❞✐①✳ ❚❤❡ r❡s✉❧ts ❛r❡ r♦❜✉st ❛❝r♦ss

t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♣r❡✲■♥♣r❡s ❝♦❤♦rts✳ ❲❡ ❛❧s♦ ♣r♦✈✐❞❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❢♦r t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞

❝♦❤♦rts ✭✶✾✻✸✲✶✾✻✼✮✿ ♣❧❡❛s❡ s❡❡ ❚❛❜❧❡ ❇✳✺✳ ❚❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❛r❡ ♥✉♠❡r✐❝❛❧❧② ♠✉❝❤ s♠❛❧❧❡r

❛s ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t✱ ❛♥❞ ♠❛♥② ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧✳

✺✽



✭❖❇✳✷✮ ❊✈✐❞❡♥❝❡ ♦♥ P♦t❡♥t✐❛❧ ❈♦r❡s✐❞❡♥❝② ❇✐❛s

✭❖❇✳✷✳✶✮ ❆r❡ t❤❡ ❈❡♥s✉s ❊st✐♠❛t❡s ♦❢ ▼♦❜✐❧✐t② ❈❊❋s ❙✉❜st❛♥t✐❛❧❧② ❇✐❛s❡❞❄

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

t❤❡ ❡st✐♠❛t❡❞ s❧♦♣❡ ♣❛r❛♠❡t❡r ✭❝❛❧❧❡❞ ■●❘❈ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✮ ❞♦✇♥✇❛r❞ ✐♥ ❛ ❧✐♥❡❛r ❡❞✉❝❛✲

t✐♦♥❛❧ ♠♦❜✐❧✐t② ♠♦❞❡❧✱ s❡❡ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✶✽✮ ❛♥❞ ❆③❛♠ ❛♥❞ ❇❤❛tt ✭✷✵✶✺✮✳ ❚♦ ✉♥❞❡rst❛♥❞

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

❢❛❝t t❤❛t t❤❡ ■❋▲❙ ❝♦❧❧❡❝t❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♥♦♥r❡s✐❞❡♥t ❝❤✐❧❞r❡♥✳ ■❢ t❤❡ ❡st✐♠❛t❡s ❢r♦♠

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

s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤♦s❡ ❜❛s❡❞ ♦♥ ■❋▲❙✳ ❚❛❜❧❡ ❇✳✻ ❜❡❧♦✇ ♣r❡s❡♥ts t❤❡ ❡st✐♠❛t❡s ♦❢

t❤❡ ❧✐♥❡❛r ✭s❡❡ ❝♦❧✉♠♥s ✶ ❛♥❞ ✷✮ ❛♥❞ q✉❛❞r❛t✐❝ ✭s❡❡ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺✮ ♠♦❜✐❧✐t② ♠♦❞❡❧s ❢♦r t❤❡

❝❡♥s✉s ❛♥❞ ■❋▲❙ ❞❛t❛ ✭✐♥❝❧✉❞✐♥❣ ■❋▲❙✲❊❛st✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ❝❡♥s✉s ❡st✐♠❛t❡s

❞♦ ♥♦t s✉✛❡r ❢r♦♠ ❛♥② s✉❜st❛♥t✐❛❧ ❜✐❛s❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ t❤❡ ■●❘❈ ❡s✲

t✐♠❛t❡s ❛r❡ ✵✳✹✽✾ ✭❝❡♥s✉s✮ ❛♥❞ ✵✳✺✷✷ ✭■❋▲❙✮ ❢♦r ❣✐r❧s✱ ❛♥❞ ✵✳✹✸✸ ✭❝❡♥s✉s✮ ❛♥❞ ✵✳✹✺✺ ✭■❋▲❙✮

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

♠❛❣♥✐t✉❞❡ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✜♥❞✐♥❣s ♦❢ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✶✽✮✱ ❜✉t t❤❡ ♠❛❣♥✐t✉❞❡

♦❢ t❤❡ ❞♦✇♥✇❛r❞ ❜✐❛s ✐s s♠❛❧❧✳ ❚❤❡ ❡st✐♠❛t❡s ❢♦r ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ s✐♠✐❧❛r❧② s✉❣❣❡st s♠❛❧❧

t♦ ♠♦❞❡r❛t❡ ❜✐❛s✳✶ ❚❤❡ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧ ✭❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ❛♥❞

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

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

❧❛r❣❡r✳

✭❖❇✳✷✳✷✮ ■♥✈❡rs❡ Pr♦❜❛❜✐❧✐t② ❲❡✐❣❤t✐♥❣ ❢♦r ❈♦rr❡❝t✐♦♥ ♦❢ ❈♦r❡s✐❞❡♥❝② ❇✐❛s

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

❝❧♦s❡ t♦ t❤❡ ■❋▲❙ ❡st✐♠❛t❡s✱ ✐t s❡❡♠s ✉♥❧✐❦❡❧② t❤❛t ♦✉r ❝♦♥❝❧✉s✐♦♥s ❛❜♦✉t t❤❡ ❝❛✉s❛❧ ❡✛❡❝ts ♦❢

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

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

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

t♦ ❝♦rr❡❝t ❢♦r ♣♦ss✐❜❧❡ ❜✐❛s❡s ✐♥ ♦✉r ❡st✐♠❛t❡s ♦❢ t❤❡ ❝❛✉s❛❧ ❡✛❡❝ts ♦❢ ■♥♣r❡s✳ ◆✐❝♦❧❡tt✐ ❛♥❞

❋r❛♥❝❡s❝♦♥✐ ✭✷✵✵✻✮ ♣r♦✈✐❞❡s ❡✈✐❞❡♥❝❡ ✐♥ ❢❛✈♦r ♦❢ ■P❲ ❢♦r ❝♦rr❡❝t✐♥❣ t❤❡ ❝♦r❡s✐❞❡♥❝② ❜✐❛s ✐♥

✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ❛♥❛❧②s✐s r❡❧❛t✐✈❡ t♦ ❍❡❝❦♠❛♥ s❡❧❡❝t✐♦♥ ❝♦rr❡❝t✐♦♥✳

✶❋♦r s♦♥✬s ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥✱ t❤❡ ❡st✐♠❛t❡❞ s❧♦♣❡ ♣❛r❛♠❡t❡r ✐s ✐❞❡♥t✐❝❛❧ ❛❝r♦ss ❝❡♥s✉s ❛♥❞ ■❋▲❙ ❞❛t❛✳

✺✾



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

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

❛r❡ ❤✐❣❤❡r ✭◆✐❝♦❧❡tt✐ ❛♥❞ ❋r❛♥❝❡s❝♦♥✐ ✭✷✵✵✻✮✮✳ ❲❡ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ r❡❝❡♥t❧② ❛✈❛✐❧❛❜❧❡

❜✉✐❧t ✉♣ ❞❡♥s✐t② ❞❛t❛ ❛s ❛ s♦✉r❝❡ ♦❢ ✈❛r✐❛t✐♦♥ ✐♥ ❤♦✉s❡ r❡♥t✳ ◆♦t❡ t❤❛t ❜✉✐❧t✲✉♣ ❞❡♥s✐t② ✐s ❛

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

✭s✉♣♣❧②✮ ✐s ❤✐❣❤❡r✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ✇❡ ❡①♣❡❝t ❛ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❜✉✐❧t ✉♣ ❞❡♥s✐t②

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

❙❡tt❧❡♠❡♥t ▲❛②❡r ✭●❍❙▲✮ ✭P❡s❛r❡s✐❛ ❡t ❛❧✳ ✭✷✵✶✺✮✮✳ ❚❤❡ ❜✉✐❧t✲✉♣ ❞❛t❛ ❛r❡ ❛t ✸✵✵ ♠❡t❡rs ❜②

✸✵✵ ♠❡t❡rs ❣r✐❞s✳ ❲❡ s✉♣❡r✲✐♠♣♦s❡ t❤❡ ❞✐❣✐t❛❧ ♠❛♣s ❢r♦♠ t❤❡ ❝❡♥s✉s❡s ♦♥ t❤❡ ♣✐①❡❧✲❧❡✈❡❧ ❞❛t❛

t♦ ❡st✐♠❛t❡ t❤❡ t♦t❛❧ ❜✉✐❧t✲✉♣ ❛r❡❛ ❛t t❤❡ ❞✐str✐❝t ❧❡✈❡❧✳

❲❡ ✉s❡ ✶✾✼✺ ❜✉✐❧t ✉♣ ❞❡♥s✐t② ✐♥ ❛ ❞✐str✐❝t ✐♥t❡r❛❝t❡❞ ✇✐t❤ t✐♠❡ tr❡♥❞ ✐♥ t❤❡ ❡st✐♠❛t✐♥❣

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

✇✐t❤ ❤✐s✴❤❡r ❢❛t❤❡r ✭✇✐t❤ ❧♦❝❛t✐♦♥ ❛♥❞ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❛❧♦♥❣ ✇✐t❤ t❤❡ ♦t❤❡r ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡s

✉s❡❞ ✐♥ t❤❡ ❉✐❉ ❞❡s✐❣♥✮✱ ❛♥❞ ❣❡♥❡r❛t❡ t❤❡ ❡st✐♠❛t❡❞ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤ts✳✷ ❇✉✐❧t ✉♣ ❞❡♥s✐t②

✐♥t❡r❛❝t❡❞ ✇✐t❤ t❤❡ t✐♠❡ tr❡♥❞ ❤❛s s✉❜st❛♥t✐❛❧ ❡①♣❧❛♥❛t♦r② ♣♦✇❡r ✐♥ t❤❡ ❝♦r❡s✐❞❡♥❝② ❡q✉❛t✐♦♥❀

t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ✐s s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✺ ♣❡r❝❡♥t ❧❡✈❡❧✱ ❛♥❞ ❤❛s ❛ ♥❡❣❛t✐✈❡ s✐❣♥ ❝♦♥s✐st❡♥t

✇✐t❤ t❤❡ ❛ ♣r✐♦r✐ ❡①♣❡❝t❛t✐♦♥s✳ ❚♦ ❝❤❡❝❦ ✐❢ t❤❡ ■P❲ ❝♦rr❡❝t✐♦♥ ✐s ❡✛❡❝t✐✈❡✱ ✇❡ ❡st✐♠❛t❡ t❤❡

❧✐♥❡❛r ❛♥❞ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t② ♠♦❞❡❧s ✐♥ ❚❛❜❧❡ ❇✳✻ ❞✐s❝✉ss❡❞ ❛❜♦✈❡ ✉s✐♥❣ ■P❲ ❝♦rr❡❝t✐♦♥ ❢♦r

❝❡♥s✉s ❞❛t❛✳ ❚❤❡ ■P❲ ❝♦rr❡❝t❡❞ ❝❡♥s✉s ❡st✐♠❛t❡s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❝♦❧✉♠♥s ✸ ✭❧✐♥❡❛r ❈❊❋✮

❛♥❞ ❝♦❧✉♠♥ ✻ ✭q✉❛❞r❛t✐❝ ❈❊❋✮ ♦❢ ❚❛❜❧❡ ❇✳✻ ✐♥ t❤✐s ❛♣♣❡♥❞✐①✳ ❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡

■P❲ ❝♦rr❡❝t✐♦♥ ♠❛❦❡s t❤❡ ❝❡♥s✉s ❡st✐♠❛t❡s ❝❧♦s❡r t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ■❋▲❙ ❡st✐♠❛t❡s✳

❲❡ t❤❡♥ ❛♣♣❧② t❤❡ ■P❲ ❝♦rr❡❝t✐♦♥ t♦ ♦✉r ❡st✐♠❛t❡s ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s r❡♣♦rt❡❞

✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ✸✳ ❚❤❡ ■P❲ ❝♦rr❡❝t❡❞ ❡st✐♠❛t❡s ❢♦r t❤❡ r❡❧❡✈❛♥t ❈❊❋s ❛r❡ r❡♣♦rt❡❞ ✐♥

t❤❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❇✳✼✳✸ ❆ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♦✉r ♠❛✐♥ ❡st✐♠❛t❡s ✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ✸

s❤♦✇s t❤❛t t❤❡ ✐♥✈❡rs❡ ♣r♦❜❛❜✐❧✐t② ✇❡✐❣❤t❡❞ ❡st✐♠❛t❡s ❛r❡ ♥♦t s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡

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

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

✷❚❤❡ ❧♦❝❛t✐♦♥ ✜①❡❞ ❡✛❡❝ts ♠♦♣ ✉♣ ❛♥② ❞✐r❡❝t ❡✛❡❝t ♦❢ ❜✉✐❧t ✉♣ ❞❡♥s✐t② ♦♥ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥ t❤r♦✉❣❤

❛❣❣❧♦♠❡r❛t✐♦♥ ❝❤❛♥♥❡❧✳ ❚❤❡ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❛❝❝♦✉♥t ❢♦r ♠❛❝r♦❡❝♦♥♦♠✐❝ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧ s❤♦❝❦s ❝♦♠♠♦♥

t♦ ❛❧❧ ❞✐str✐❝ts✳
✸❘❡❝❛❧❧ t❤❛t t❤❡ r❡❧❡✈❛♥t ❈❊❋ ✐s ❧✐♥❡❛r ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❞❛✉❣❤t❡rs✱ ❜✉t ❝♦♥❝❛✈❡ ✐♥ ❛❧❧

♦t❤❡r ❝❛s❡s✳

✻✵



❜✐❛s❡s ❞✉❡ t♦ s❛♠♣❧❡ tr✉♥❝❛t✐♦♥✳

❲❡ ❝❤❡❝❦ ❛ ♣❧❛✉s✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ❡✈✐❞❡♥❝❡ t❤❛t ■P❲ ❝♦rr❡❝t❡❞ ❡st✐♠❛t❡s ❛r❡ ♥♦t

s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t✳ ■❢ ❝♦r❡s✐❞❡♥❝② r❛t❡s ❛❝r♦ss ❞✐str✐❝ts ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤

■♥♣r❡s tr❡❛t♠❡♥t ✐♥t❡♥s✐t②✱ t❤❡♥ ✇❡ ❡①♣❡❝t ■P❲ ❝♦rr❡❝t❡❞ ❡st✐♠❛t❡s ♦❢ t❤❡ ❝❛✉s❛❧ ❡✛❡❝ts t♦

❜❡ s✐♠✐❧❛r t♦ t❤❡ ✉♥✇❡✐❣❤t❡❞ ❡st✐♠❛t❡s ✐♥ ❚❛❜❧❡ ✷ ❛♥❞ ❚❛❜❧❡ ✸✳ ❋♦r t❤✐s ❡①❡r❝✐s❡✱ ✇❡ ❡st✐♠❛t❡

t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ❝♦r❡s✐❞❡♥❝② r❛t❡s ❛❝r♦ss ❞✐str✐❝ts ✉s✐♥❣ t❤❡ s❛♠❡ ❉✐❉ ❞❡s✐❣♥

❛❞♦♣t❡❞ ✐♥ ♦✉r ♠❛✐♥ ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s✳ ❚❤❡ ❡st✐♠❛t❡s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ❇✳✽ ❜❡❧♦✇✳ ❚❤❡

❝♦❡✣❝✐❡♥t ♦❢ ■♥♣r❡s tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ✐s ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧ ❢♦r ❜♦t❤ s♦♥s

❛♥❞ ❞❛✉❣❤t❡rs✳ ❚❤✐s s✉❣❣❡sts t❤❛t s❛♠♣❧❡ tr✉♥❝❛t✐♦♥ ❢r♦♠ ❝♦r❡s✐❞❡♥❝② ✐♥ t❤❡ ❝❡♥s✉s ❞❛t❛ ❞♦

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

❡✈✐❞❡♥❝❡ ♦❢ ❆❦r❡s❤ ❡t ❛❧✳ ✭✷✵✶✽✮ ✇❤♦ ✜♥❞ t❤❛t ❝♦rr❡❝t✐♦♥ ♦❢ ❝♦r❡s✐❞❡♥❝② ❜✐❛s ❞♦❡s ♥♦t ❤❛✈❡

❛♥② s✉❜st❛♥t✐❛❧ ❡✛❡❝t ♦♥ t❤❡✐r ❡st✐♠❛t❡s ♦❢ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ✭❡✛❡❝ts
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Table B.1: Effects of Inpres Schools on Intergenerational Educational Mobility:

Mother’s Years of Schooling as Family Background

Panel A: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.184*** 0.226*** 0.180*** 0.212***

(0.044) (0.043) (0.044) (0.044)

Mother’s Edu × Born 1968-72 × Inpres -0.021** -0.020*** -0.041*** -0.023*

(0.008) (0.007) (0.014) (0.012)

Mother’s Edu Sq × Born 1968-72 × Inpres 0.003*** 0.001

(0.001) (0.001)

R2 0.099 0.157 0.107 0.169

Observations 1083281 738202 1083281 738202

Panel B: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.603*** 0.755 1.592*** 0.720

(0.401) (0.462) (0.396) (0.487)

Mother’s Edu × Born 1968-72 × Inpres -0.129* 0.010 -0.320*** -0.033

(0.074) (0.075) (0.119) (0.139)

Mother’s Edu Sq × Born 1968-72 × Inpres 0.023** 0.006

(0.010) (0.014)

R2 0.290 0.378 0.290 0.378

Observations 1083281 738202 1083281 738202

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1).

Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born between 1957

and 1962, or 1968 to 1972. Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971

number of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001).

Primary completion takes the value of 1 if the child has completed primary and 0, otherwise. Mother’s Edu

represents mother’s years of schooling, which was calculated based on the education level completed. Family

background is measured by mother’s years of schooling. The variable Inpres measures the number of Inpres

schools per 1000 children at the district level divided by the highest number of schools received by one district.

For the sake of parsimony, only intercept, linear, and quadratic terms are reported in this table. The tables with

all coefficients are available upon request. Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table B.2: Effects of Inpres Schools on Intergenerational Educational Mobility:

Comparison Cohorts: 1958-1962

Panel A: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.205*** 0.215*** 0.196*** 0.199***

(0.041) (0.043) (0.042) (0.046)

Father’s Edu × Born 1968-72 × Inpres -0.022*** -0.014** -0.039*** -0.019**

(0.006) (0.006) (0.011) (0.010)

Father’s Edu Sq × Born 1968-72 × Inpres 0.002*** 0.001**

(0.001) (0.001)

R2 0.105 0.170 0.116 0.186

Observations 1190828 837014 1190828 837014

Panel B: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.597*** 0.551 1.534*** 0.521

(0.384) (0.462) (0.381) (0.488)

Father’s Edu × Born 1968-72 × Inpres -0.123** 0.054 -0.234*** -0.014

(0.050) (0.061) (0.085) (0.092)

Father’s Edu Sq × Born 1968-72 × Inpres 0.013** 0.008

(0.006) (0.007)

R2 0.321 0.408 0.322 0.408

Observations 1190828 837014 1190828 837014

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1).

Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born between 1958

and 1962, or 1968 to 1972. Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971

number of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001).

Primary completion takes the value of 1 if the child has completed primary and 0, otherwise. Father’s Edu

represents father’s years of schooling, which was calculated based on the education level completed. Family

background is measured by father’s years of schooling. The variable Inpres measures the number of Inpres

schools per 1000 children at the district level divided by the highest number of schools received by one district.

Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table B.3: Effects of Inpres Schools on Intergenerational Educational Mobility:

Comparison Cohorts: 1959-1962

Panel A: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.210*** 0.219*** 0.199*** 0.202***

(0.041) (0.041) (0.043) (0.044)

Father’s Edu × Born 1968-72 × Inpres -0.022*** -0.013** -0.037*** -0.017*

(0.006) (0.006) (0.012) (0.010)

Father’s Edu Sq × Born 1968-72 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.103 0.166 0.114 0.181

Observations 1178986 822791 1178986 822791

Panel B: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.666*** 0.656 1.570*** 0.609

(0.389) (0.467) (0.396) (0.494)

Father’s Edu × Born 1968-72 × Inpres -0.131** 0.066 -0.208** 0.017

(0.051) (0.061) (0.097) (0.091)

Father’s Edu Sq × Born 1968-72 × Inpres 0.010 0.006

(0.007) (0.007)

R2 0.320 0.405 0.321 0.405

Observations 1178986 822791 1178986 822791

Notes: Robust standard errors in parentheses clustered at the district of birth(*** p<0.01, ** p<0.05, * p<0.1).

Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born between 1959

and 1962, or 1968 to 1972. Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971

number of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001).

Primary completion takes the value of 1 if the child has completed primary and 0, otherwise. Father’s Edu

represents father’s years of schooling, which was calculated based on the education level completed. Family

background is measured by father’s years of schooling. The variable Inpres measures the number of Inpres

schools per 1000 children at the district level divided by the highest number of schools received by one district.

For the sake of parsimony, only intercept, linear, and quadratic terms are reported in this table; full table, with all

coefficients, is available upon request. Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table B.4: Effects of Inpres Schools on Intergenerational Educational Mobility:

Comparison Cohorts: 1960-1962

Panel A: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 0.207*** 0.203*** 0.198*** 0.190***

(0.040) (0.040) (0.042) (0.042)

Father’s Edu × Born 1968-72 × Inpres -0.022*** -0.012** -0.038*** -0.017*

(0.005) (0.006) (0.011) (0.009)

Father’s Edu Sq × Born 1968-72 × Inpres 0.002*** 0.001**

(0.001) (0.001)

R2 0.100 0.159 0.111 0.174

Observations 1163653 804747 1163653 804747

Panel B: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.660*** 0.551 1.602*** 0.498

(0.384) (0.467) (0.387) (0.492)

Father’s Edu × Born 1968-72 × Inpres -0.131** 0.076 -0.247*** 0.042

(0.051) (0.061) (0.090) (0.088)

Father’s Edu Sq × Born 1968-72 × Inpres 0.014** 0.005

(0.006) (0.007)

R2 0.318 0.401 0.319 0.401

Observations 1163653 804747 1163653 804747

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1).

Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born between 1960

and 1962, or 1968 to 1972. Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971

number of children, year of birth×water sanitation program, year of birth dummies, following Duflo (2001).

Primary completion takes the value of 1 if the child has completed primary and 0, otherwise. Father’s Edu

represents father’s years of schooling, which was calculated based on the education level completed. Family

background is measured by father’s years of schooling. The variable Inpres measures the number of Inpres

schools per 1000 children at the district level divided by the highest number of schools received by one district.

For the sake of parsimony, only intercept, linear, and quadratic terms are reported in this table; full table, with all

coefficients, is available upon request. Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table B.5: Effects of Inpres Schools on Intergenerational Educational Mobility :

Partially Exposed Cohorts Only

Panel A: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1963-67 × Inpres 0.611** -0.537* 0.569** -0.491

(0.270) (0.323) (0.286) (0.335)

Father’s Edu × Born 1963-67 × Inpres -0.067 0.100* -0.112 0.027

(0.042) (0.058) (0.088) (0.087)

Father’s Edu Sq × Born 1963-67 × Inpres 0.006 0.007

(0.006) (0.007)

R2 0.317 0.403 0.317 0.403

Observations 433272 399906 433272 399906

Panel B: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born 1963-67 × Inpres 0.094*** 0.040 0.082*** 0.030

(0.028) (0.025) (0.030) (0.030)

Father’s Edu × Born 1963-67 × Inpres -0.013*** -0.003 -0.020** -0.001

(0.004) (0.003) (0.008) (0.009)

Father’s Edu Sq × Born 1963-67 × Inpres 0.001** 0.000

(0.000) (0.001)

R2 0.128 0.194 0.141 0.214

Observations 433272 399906 433272 399906

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1).

Quadratic model is adopted following Becker et al. (2015). Sample corresponds to children born between 1957 to

1967. Covariates include birth district FE, year of birth×1971 enrollment, year of birth×1971 number of children,

year of birth×water sanitation program, year of birth dummies, following Duflo (2001). Primary completion takes

the value of 1 if the child has completed primary and 0, otherwise. The variable Inpres measures the number of

Inpres schools per 1000 children at the district level divided by the highest number of schools received by one

district. Father’s Edu represents father’s years of schooling, which was calculated based on the education level

completed. Family background is measured by father’s years of schooling. For the sake of parsimony, only

intercept, linear, and quadratic terms are reported in this table; full table, with all coefficients, is available upon

request. Data sources: Indonesia’s full count census 2000 and Duflo (2001).
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Table B.6: Test of Truncation Bias: Evidence from IFLS and Census 2000

Linear CEF Quadratic CEF

IFLS Census IPW Corrected IFLS Census IPW Corrected

(1) (2) (3) (4) (5) (6)

Daughters-Years of Schooling

Father’s Edu 0.522*** 0.489*** 0.511*** 0.501*** 0.480*** 0.516***

(0.021) (0.007) (0.007) (0.053) (0.013) (0.014)

Father’s Edu Sq. 0.002 0.001 -0.000

(0.004) (0.001) (0.001)

Observations 2,362 848,350 848,350 2,362 848,350 848,350

R-squared 0.484 0.408 0.428 0.484 0.408 0.428

Daughters-Primary Completion

Father’s Edu 0.023*** 0.019*** 0.025*** 0.056*** 0.043*** 0.055***

(0.002) (0.001) (0.001) (0.005) (0.002) (0.002)

Father’s Edu Sq. -0.003*** -0.002*** -0.003***

(0.000) (0.000) (0.000)

Observations 2,362 848,350 848,350 2,362 848,350 848,350

R-squared 0.309 0.160 0.204 0.325 0.177 0.225

Sons-Years of Schooling

Father’s Edu 0.455*** 0.433*** 0.452*** 0.571*** 0.373*** 0.408***

(0.024) (0.006) (0.006) (0.068) (0.011) (0.012)

Father’s Edu Sq. -0.008** 0.005*** 0.004***

(0.004) (0.001) (0.001)

Observations 2,361 1,199,814 1,199,814 2,361 1,199,814 1,199,814

R-squared 0.389 0.321 0.330 0.390 0.321 0.330

Sons-Primary Completion

Father’s Edu 0.013*** 0.013*** 0.017*** 0.035*** 0.029*** 0.037***

(0.002) (0.001) (0.001) (0.006) (0.001) (0.001)

Father’s Edu Sq. -0.002*** -0.001*** -0.002***

(0.000) (0.000) (0.000)

Observations 2,361 1,199,814 1,199,814 2,361 1,199,814 1,199,814

R-squared 0.263 0.101 0.129 0.272 0.111 0.142

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1).

Sample corresponds to children born between 1957 and 1962, or 1968 to 1972. Years of schooling (Edu) in

Census 2000 was calculated based on the education level completed. Years of schooling (Edu) in the IFLS was

calculated based on highest grade completed in an education level. Primary completion takes the value of 1 if a

child has completed 6 or more years of schooling and 0 otherwise. Family background is measured by father’s

years of schooling. The Inverse Probability Weighting (IPW) estimates are calculated using 1975 district level

density interacted with time trend. Data sources: Indonesia’s full count census 2000, IFLS and IFLS-East.
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Table B.7: Effects of Inpres on Intergenerational Educational Mobility with

Inverse Probability Weighting (IPW) Correction

Panel A: Daughters

Years of Schooling Primary Completion

Linear CEF Quadratic CEF

Unweighted IPW Corrected Unweighted IPW Corrected

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.513 0.432 0.197*** 0.174***

(0.466) (0.431) (0.047) (0.052)

Father’s Edu × Born 1968-72 × Inpres 0.043 0.021 -0.017* -0.015

(0.062) (0.057) (0.010) (0.013)

Father’s Edu Sq × Born 1968-72 × Inpres 0.001* 0.001

(0.001) (0.001)

Observations 848,350 848,350 848,350 848,350

R-squared 0.409 0.429 0.188 0.240

Panel B: Sons

Years of Schooling Primary Completion

Quadratic CEF Quadratic CEF

Unweighted IPW Corrected Unweighted IPW Corrected

(1) (2) (3) (4)

Born 1968-72 × Inpres 1.534*** 1.553*** 0.195*** 0.201***

(0.380) (0.376) (0.042) (0.040)

Father’s Edu × Born 1968-72 × Inpres -0.255*** -0.293*** -0.038*** -0.033***

(0.086) (0.097) (0.011) (0.012)

Father’s Edu Sq × Born Between 1968-72 × Inpres 0.015** 0.018** 0.002*** 0.002***

(0.007) (0.007) (0.001) (0.001)

Observations 1,199,814 1,199,814 1,199,814 1,199,814

R-squared 0.323 0.332 0.117 0.153

Notes: Robust standard errors in parentheses clustered at the district of birth (*** p<0.01, ** p<0.05, * p<0.1). The CEFs are based on Table A.2.

Quadratic model is adopted following Becker et al. (2015). Unweighted estimates are same as estimates reported in Table 2 and Table 3 for years of

schooling and primary completion outcomes, respectively. Sample corresponds to children born between 1957 and 1962, or 1968 to 1972. Years of

schooling (Edu) in Census 2000 was calculated based on the education level completed. Years of schooling (Edu) in the IFLS was calculated based

on highest grade completed in an education level. Primary completion takes the value of 1 if a child has completed 6 or more years of schooling and

0 otherwise. Family background is measured by father’s years of schooling. The Inverse Probability Weighting (IPW) estimates are calculated using

1975 district level density interacted with time trend. Data sources: Indonesia’s full count census 2000, Duflo (2001), IFLS and IFLS-East.
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Table B.8: Effects of Inpres on Coresidency Rates

Sons Daughters

(1) (2)

Born 1968-72 × Inpres -0.036 -0.036

(0.022) (0.023)

Constant 0.520*** 0.517***

(0.005) (0.005)

R2 0.042 0.058

Observations 1057100 720747

Notes: Robust standard errors in parentheses clustered at the district of birth. (***

p<0.01, ** p<0.05, * p<0.1) Sample corresponds to children born between 1957 and

1962, or 1968 to 1972. Covariates include birth district district FE, year of birth×1971

enrollment, year of birth×1971 number of children, year of birth×water sanitation pro-

gram, year of birth dummies, following Duflo (2001). The variable Inpres measures

the number of Inpres schools per 1000 children at the district level divided by the

highest number of schools received by one district. The census 2000 collected data on

number of children born alive to an adult woman. The coresidency rate is the ratio of

number of children in the household divided by number of children born alive. Data

sources: Indonesia’s full count census 2000 and Duflo (2001).
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