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■♥❞♦♥❡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✳ ❚❤❡ ❢♦❝✉s

♦❢ ♦✉r ❛♥❛❧②s✐s ✐s ♦♥ t✇♦ ✐ss✉❡s✿ ✭✶✮ ♣♦t❡♥t✐❛❧ ♥♦♥✲❧✐♥❡❛r✐t② ✐♥ t❤❡ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②

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

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

❝♦♥✈❡①✱ ✇✐t❤ t❤❡ st❛♥❞❛r❞ ❧✐♥❡❛r s♣❡❝✐✜❝❛t✐♦♥ ❛s ❛ s♣❡❝✐❛❧ ❝❛s❡✳ ❚❤❡ ❝♦♥❝❛✈✐t② ❛r✐s❡s ♥❛t✉r❛❧❧②

✷❋♦r ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ ❞✐s❝✉ss✐♦♥ ♦♥ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ s❝❤♦♦❧ ❛❝❝❡ss ✐♥ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✱ s❡❡ ❝❤❛♣t❡r ✷
t✐t❧❡❞ ✏❚❤❡ ❣r❡❛t s❝❤♦♦❧ ❡①♣❛♥s✐♦♥✲ ❛♥❞ t❤♦s❡ ✐t ❤❛s ❧❡❢t ❜❡❤✐♥❞✑ ✐♥ ❲♦r❧❞ ❇❛♥❦ ✭✷✵✶✽✮✳

✸❚❤❡ ✏❢r❡❡✑ ♣✉❜❧✐❝ s❝❤♦♦❧s ♠❛② ♥♦t ❜❡ ❢r❡❡✱ ❡s♣❡❝✐❛❧❧② ❢♦r ♣♦♦r ❝❤✐❧❞r❡♥✱ ✇❤❡♥ ♣❛r❡♥ts ♥❡❡❞ t♦ ♣❛② ❜r✐❜❡s ❢♦r
❛❞♠✐ss✐♦♥ ✐♥t♦ ♣✉❜❧✐❝ s❝❤♦♦❧s✳ ■♥ ❇❛♥❣❧❛❞❡s❤✱ ❛❜♦✉t ✺✵ ♣❡r❝❡♥t ♦❢ ♣❛r❡♥ts ❡♥❞ ✉♣ ♣❛②✐♥❣ ❜r✐❜❡s ❢♦r ❛❞♠✐ss✐♦♥
♦❢ t❤❡✐r ❝❤✐❧❞r❡♥ ✐♥t♦ ✏❢r❡❡✑ ♣✉❜❧✐❝ s❝❤♦♦❧s✳ ▼♦r❡ ✐♠♣♦rt❛♥t✱ t❤❡ ✉♥❢♦rt✉♥❛t❡ ❤❛❧❢ t❤❛t ♣❛② ❜r✐❜❡s ❝♦♠♣r✐s❡s ♦❢
♠❛✐♥❧② t❤❡ ♣♦♦r ♣❛r❡♥ts ❛s t❤❡② ❤❛✈❡ ❧✐tt❧❡ ❜❛r❣❛✐♥✐♥❣ ♣♦✇❡r t♦ r❡s✐st s✉❝❤ ❜r✐❜❡ ❞❡♠❛♥❞s✱ ✇❤✐❧❡ t❤❡ r✐❝❤ ❣❡t
t❤❡✐r ❝❤✐❧❞r❡♥ ❛❞♠✐tt❡❞ ✇✐t❤♦✉t ♣❛②✐♥❣ ❜r✐❜❡s✳ ❋♦r ❞❡t❛✐❧s✱ s❡❡ ❊♠r❛♥ ❡t ❛❧✳ ✭✷✵✷✵✮✳

✷



❢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✳ ❆♥ ✐♠♣♦rt❛♥t ✐♠♣❧✐❝❛t✐♦♥ ♦❢ ❛ ❝♦♥❝❛✈❡ ♦r

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

❝♦❡✣❝✐❡♥t✮ ✐s ♥♦t ❝♦♥st❛♥t ❛❝r♦ss t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣✱ ✉♥❧✐❦❡ t❤❡ ✇♦r❦❤♦rs❡

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

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

t❤❡ ❢❛t❤❡r✬s s❝❤♦♦❧✐♥❣ ❞✐str✐❜✉t✐♦♥✳✹

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

❡✛❡❝ts ❛❝r♦ss ❜♦②s ❛♥❞ ❣✐r❧s✳ ❆s ♥♦t❡❞ ❛❜♦✈❡✱ t❤❡r❡ ✐s ❛ ❜r♦❛❞ ❝♦♥s❡♥s✉s t❤❛t ♣r♦①✐♠✐t② t♦

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

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

♦♣♣♦rt✉♥✐t✐❡s ♦❢ ❞❛✉❣❤t❡rs✳

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

♠♦❜✐❧✐t② ✐♥ ❛ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr② t❤❛t t❛❦❡s ❛❞✈❛♥t❛❣❡ ♦❢ s✉❝❤ ❛ ❧❛r❣❡ ❞❛t❛ s❡t✳✺ ❚❤❡ ❧❛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❛ ❞♦

✹❚❛❦✐♥❣ 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❡r♥❛t✐✈❡ ❛♣♣r♦❛❝❤ ❢♦r ❛♥❛❧②③✐♥❣ ♥♦♥✲
❧✐♥❡❛r✐t② ✐s ❝♦♠♣❧❡t❡❧② ❞❛t❛ ❞r✐✈❡♥✿ ❡st✐♠❛t✐♥❣ ♥♦♥♣❛r❛♠❡tr✐❝❛❧❧② t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣❛r❡♥t✬s ❛♥❞ ❝❤✐❧❞r❡♥✬s
❡❝♦♥♦♠✐❝ st❛t✉s ✇✐t❤♦✉t ❛♥② ❡①♣❧✐❝✐t t❤❡♦r❡t✐❝❛❧ ❜❛s✐s ❢♦r t❤❡ ♦❜s❡r✈❡❞ ♥♦♥❧✐♥❡❛r✐t②✳

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

✻❙✉❝❤ ❛ ❧❛r❣❡ s❛♠♣❧❡ s✐③❡ ❡♥s✉r❡s t❤❛t ✇❤❡♥ ✇❡ ❢❛✐❧ t♦ r❡❥❡❝t ❛ ③❡r♦ ♥✉❧❧ ❤②♣♦t❤❡s✐s✱ ✐t ✐s ♥♦t ❜❡❝❛✉s❡ ♦❢
❧❛r❣❡ st❛♥❞❛r❞ ❡rr♦rs ✐♥ ❛ s♠❛❧❧ s❛♠♣❧❡✳
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♥♦t s✉✛❡r ❢r♦♠ ❛♥② s✐❣♥✐✜❝❛♥t ❜✐❛s r❡❧❛t✐✈❡ t♦ ❛ ✇✐❞❡❧② ✉s❡❞ ❞❛t❛ s❡t ❢♦r ❡st✐♠❛t✐♥❣ ✐♥t❡r❣❡♥✲

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

✉s❡ t❤❡ ■❋▲❙ ❞❛t❛ ❢♦r ♦✉r ❡♠♣✐r✐❝❛❧ ❛♥❛❧②s✐s ❜❡❝❛✉s❡ ♦❢ t❤❡ s♠❛❧❧ s❛♠♣❧❡ s✐③❡ ❣✐✈❡♥ t❤❡ ❝♦❤♦rts

r❡str✐❝t✐♦♥s ✐♥ ♦✉r ❛♥❛❧②s✐s✳✼

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

✭❢❛t❤❡r✬s ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✮ ❡♥❥♦②❡❞ ❤✐❣❤❡r r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✭♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ❧✐♥❡❛r t❡r♠✮

❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✭♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t✮✳ ❙❡❝♦♥❞✱ t❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡ ✇✐❞❡❧②

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

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

♦❢ ❛ ❝❤✐❧❞ ✐♥ ❛ ❧✐♥❡❛r ❈❊❋✳ ❚❤❡ ❡st✐♠❛t❡s ❢r♦♠ t❤❡ ❝♦rr❡❝t ❝♦♥❝❛✈❡ ♠♦❞❡❧ s❤♦✇ ✐♠♣♦rt❛♥t

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

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

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

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

✭✼✷ ♣❡r❝❡♥t ✉♥❞❡r❡st✐♠❛t✐♦♥ ❢♦r s♦♥s ❛♥❞ ✷✷ ♣❡r❝❡♥t ❢♦r ❞❛✉❣❤t❡rs✮✳ ❚❤✐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✱ t❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts str♦♥❣

❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ s♦♥s✱ ❜✉t t❤❡r❡ ❛r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ♦♥ ❞❛✉❣❤t❡rs✳✽ ❋♦✉rt❤✱

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

✼❚❤❡ s❡♠✐♥❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ✐♥ ■♥❞♦♥❡s✐❛ ❜② ❉✉✢♦ ✭✷✵✵✶✮ ✉s❡s t❤❡ ■♥t❡r✲❈❡♥s❛❧
P♦♣✉❧❛t✐♦♥ ❙✉r✈❡② ✭❙❯P❆❙ ✶✾✾✺✮ ❞❛t❛ ❛♥❞ t❤✉s ✐s ♥♦t s✉❜❥❡❝t t♦ t❤❡ s♠❛❧❧ s❛♠♣❧❡ ♣r♦❜❧❡♠✳

✽■t ✐s str✐❦✐♥❣ t❤❛t ❡✈❡♥ ✇✐t❤ s✉❝❤ ❛ ❧❛r❣❡ s❛♠♣❧❡ s✐③❡ ✭✽✹✽✱✸✺✵ ♦❜s❡r✈❛t✐♦♥s✮ t❤❡ ❡✛❡❝ts ♦♥ ❞❛✉❣❤t❡rs ❛r❡
st❛t✐st✐❝❛❧❧② ♥♦t s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶✵ ♣❡r❝❡♥t ❧❡✈❡❧✳ ❚❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❛r❡ ❛❧s♦ ♠✉❝❤ s♠❛❧❧❡r ✐♥ ♠❛❣♥✐t✉❞❡✳
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❧✐tt❧❡ ❡✛❡❝ts ♦♥ t❤❡ ❝♦♠♣❧❡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✉❣❣❡sts t❤❛t t❤❡ ❜♦②s ❡①♣❡r✐❡♥❝❡❞ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ✭✼✳✼

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

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

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

■♥♣r❡s s❝❤♦♦❧s ❤❛❞ ❛♥ ✉♥✐♥t❡♥❞❡❞ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ❣❡♥❞❡r ❡q✉❛❧✐t② ✐♥ ❤✐❣❤❡r ❡❞✉❝❛t✐♦♥ ♦❢ t❤❡

❡①♣♦s❡❞ ❝♦❤♦rts✳ ❚❤❡ ❡✈✐❞❡♥❝❡ s✉❣❣❡sts t❤❛t t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ♦♥ ❛ ❣✐r❧✬s s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣

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

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

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

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

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

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

✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭s❡❡ ▲♦✉ ❛♥❞ ▲✐ ✭✷✵✷✷✮✱ P❡❦❦❛r✐♥❡♥ ❡t ❛❧✳ ✭✷✵✵✾✮✱ P❛r♠❛♥ ✭✷✵✶✶✮✮✳✶✶ ❚❤✐s

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

❜② ❈❤♦❧❧✐ ❛♥❞ ❉✉r❧❛✉❢ ✭✷✵✷✷✮✳ ❚❤❡ ✜♥❞✐♥❣ t❤❛t t❤❡ s❝❤♦♦❧✐♥❣ ❡①♣❛♥s✐♦♥ ❛t t❤❡ ♣r✐♠❛r② ❧❡✈❡❧

❝r❡❛t❡s ❛♥ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ❛t t❤❡ s❡❝♦♥❞❛r② ❧❡✈❡❧ ✇❤✐❝❤ ✐♥ t✉r♥ ❝❛♥ ❧❡❛❞ t♦ ❛❞✈❡rs❡ ❞✐s✲

tr✐❜✉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 ❧❡✈❡❧ ❤❛s ❧❛❣❣❡❞ ❢❛r

❜❡❤✐♥❞✳✶✷ ❚❤❡ ✐♥s✐❣❤t ❛❜♦✉t ♣♦ss✐❜❧❡ ✉♥✐♥t❡♥❞❡❞ ❜♦tt❧❡♥❡❝❦ ✐s ♦❢ ♠♦r❡ ❣❡♥❡r❛❧ r❡❧❡✈❛♥❝❡✿ ❛♥②

✾❖♥❝❡ ✇❡ 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✳

✶✵❚❤❡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❛♥ ✭✷✵✶✺✮✮✳

✶✶❚❤❡ ❧❛st t✇♦ st✉❞✐❡s ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ r❡❢♦r♠ ♦r ❡①♣❛♥s✐♦♥ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♠♦❜✐❧✐t②✳
❚❤❡ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ❡q✉❛t✐♦♥ ✐s ❧✐♥❡❛r ✐♥ ❧♦❣✱ ❛♥❞ t❤✉s r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐s ❡st✐♠❛t❡❞ ❛s ❡❧❛st✐❝✐t② ✭❝❛❧❧❡❞ ■●❊
✐♥ t❤❡ ❧✐t❡r❛t✉r❡✮✳ ❲❤❛t ✐s ✐♠♣♦rt❛♥t ❤❡r❡ ✐s t❤❛t r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ♣♦❧✐❝② ♦♥ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②
❞♦ ♥♦t ✈❛r② ❛❝r♦ss ❢❛t❤❡r✬s ❡❝♦♥♦♠✐❝ st❛t✉s ✐♥ t❤❡s❡ ❡♠♣✐r✐❝❛❧ ♠♦❞❡❧s✳

✶✷■♥ ✷✵✶✻✱ t❤❡ s❡❝♦♥❞❛r② ❝♦♠♣❧❡t✐♦♥ r❛t❡ ✇❛s ♦♥❧② ✸✺ ♣❡r❝❡♥t ✐♥ t❤❡ ❧♦✇ ✐♥❝♦♠❡ ❝♦✉♥tr✐❡s ❛s ❝❧❛ss✐✜❡❞ ❜②

✺



❣♦✈❡r♥♠❡♥t ♣♦❧✐❝② t❤❛t ❡①♣❛♥❞s ❡❞✉❝❛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 r❡❧✐❣✐♦✉s ♠✐♥♦r✐t②✱ ❧♦✇❡r ❝❛st❡✱ ❣✐r❧s✮✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❚❤❡ ♥❡①t 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✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ r❡♣♦rts t❤❡ ♠❛✐♥ ❡♠♣✐r✐❝❛❧

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

❙❡❝t✐♦♥ ✭✻✮ ♦✛❡rs s♦♠❡ 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✐♦♥ ✭✼✮ ✐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

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

❜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♦ ❛ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡ ❛r❡❛s ♦❢ ❡❝♦♥♦♠✐❝ r❡s❡❛r❝❤✳

❚❤❡ ✜rst ❛♥❞ ♠♦st ♦❜✈✐♦✉s str❛♥❞ ♦❢ r❡❧❛t❡❞ ❧✐t❡r❛t✉r❡ ✐s ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t②✱ ❡s♣❡❝✐❛❧❧②

✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡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 ✐♥❝♦♠❡ ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❙♦❧♦♥ ✭✶✾✾✷✮✱ ▼❛③✉♠❞❡r ✭✷✵✵✺✮✱ ❛♥❞ ❡①❝❡❧❧❡♥t s✉r✈❡②s ❜②

❙♦❧♦♥ ✭✶✾✾✾✮✱ ❇❧❛❝❦ ❛♥❞ ❉❡✈❡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 ✐♥❝❧✉❞❡ ❆③❛♠ ❛♥❞ ❇❤❛tt ✭✷✵✶✺✮✱

❆❧❡s✐♥❛ ❡t ❛❧✳ ✭✷✵✷✶✮✱ ❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✶✺✮✱ ❛♥❞ ◆❡✐❞❤♦❢❡r ❡t ❛❧✳ ✭✷✵✶✽✮✳✶✸ ●✐✈❡♥ t❤❡ ❞❛t❛

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

✻



❝♦♥str❛✐♥ts✱ t❤❡r❡ ❛r❡ ♦♥❧② ❛ ❢❡✇ ♣❛♣❡rs t❤❛t ❛♥❛❧②③❡ ✐♥❝♦♠❡ ♦r ❡①♣❡♥❞✐t✉r❡ ♣❡rs✐st❡♥❝❡ ✐♥

❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✿ s❡❡ ❋❛♥ ❡t ❛❧✳ ✭✷✵✷✵✮ ♦♥ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ❈❤✐♥❛ ❛♥❞ ❉❛rt❛♥t♦ ❡t ❛❧✳

✭✷✵✷✶✮ ♦♥ ❡①♣❡♥❞✐t✉r❡ ♠♦❜✐❧✐t② ✐♥ ■♥❞♦♥❡s✐❛✳ ❊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 ✭s❡❡ ❖r❛③❡♠ ❛♥❞ ❑✐♥❣ ✭✷✵✵✽✮✱ ❍❛♥✉s❤❡❦ ✭✷✵✵✷✮✱ ❛♥❞ ❋✐❧♠❡r ✭✷✵✵✼✮✮✳ ❆s ♥♦t❡❞ ❡❛r❧✐❡r✱

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

t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✐♥ ■♥❞♦♥❡s✐❛❀ ❢♦r ❡①❛♠♣❧❡✱ ❆s❤r❛❢ ❡t ❛❧✳ ✭✷✵✷✵✮ ♣r♦✈✐❞❡ ❡✈✐❞❡♥❝❡ s❤♦✇✐♥❣

❞✐✛❡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❤❡ ❡✛❡❝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✐♦♥ ✐♥ t❤❡

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

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

❣❡♥❡r❛t✐♦♥ ♠♦t❤❡rs ❞❡♣❡♥❞ ♦♥ 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♦✉♥❞ ✐♥ t❤❡ ✜rst

❣❡♥❡r❛t✐♦♥✱ ✇❡ ♣r♦✈✐❞❡ t❤❡ ❝r✐t✐❝❛❧ ♠✐ss✐♥❣ ❧✐♥❦ ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❧♦♥❣✲t❡r♠ ❞✐str✐❜✉t✐♦♥❛❧

❝♦♥s❡q✉❡♥❝❡s ♦❢ t❤❡ ✻✶ ❦ ♣r✐♠❛r② s❝❤♦♦❧s ❜✉✐❧t ✉♥❞❡r t❤❡ ■♥♣r❡s ♣r♦❣r❛♠✳

■♥ ❛♥ ✉♥♣✉❜❧✐s❤❡❞ ♣❛♣❡r✱ ❍❡rt③ ❛♥❞ ❏❛②❛s✉♥❞❡r❛ ✭✷✵✵✼✮ ♣r♦✈✐❞❡ ❛♥ ❛♥❛❧②s✐s ♦❢ t❤❡ ❡✛❡❝ts

♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✉s✐♥❣ ■❋▲❙ ✷✵✵✵ r♦✉♥❞✳✶✹ ❍♦✇❡✈❡r✱

t❤❡✐r r❡s✉❧ts ❛r❡ ❞✐✣❝✉❧t t♦ ✐♥t❡r♣r❡t ❜❡❝❛✉s❡ ♦❢ s♣❡❝✐✜❝❛t✐♦♥ ❡rr♦rs ✐♥ t❤❡✐r ❡♠♣✐r✐❝❛❧ ♠♦❞❡❧s

✇❤❡r❡ t❤❡② ✐♥❝♦rr❡❝t❧② ❡①❝❧✉❞❡ ✭s♦♥✬s s♣❡❝✐✜❝❛t✐♦♥✮ ♦r ✐♥❝❧✉❞❡ ✭❞❛✉❣❤t❡r✬s s♣❡❝✐✜❝❛t✐♦♥✮ t❡r♠s

✶✹❚❤❡② ❛r❡ ❛✇❛r❡ ♦❢ ♣♦t❡♥t✐❛❧ ♣♦✇❡r ♣r♦❜❧❡♠s ❞✉❡ t♦ s♠❛❧❧ s❛♠♣❧❡ s✐③❡ ♦❢ t❤❡ ■❋▲❙ ❞❛t❛✱ ❛♥❞ ❞✐s❝✉ss t❤❛t
t❤❡✐r s❛♠♣❧❡ s✐③❡ ✐s ♠✉❝❤ s♠❛❧❧❡r✱ ❛❜♦✉t ✸✳✹ ♣❡r❝❡♥t ♦❢ t❤❡ s❛♠♣❧❡ s✐③❡ ♦❢ ❉✉✢♦✬s ✭✷✵✵✶✮ ✶✾✾✺ ❙❯P❆❙ ❞❛t❛✳

✼



✐♥✈♦❧✈✐♥❣ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ sq✉❛r❡❞ ✭s❡❡ ❢♦♦t♥♦t❡ ✷✶ ✐♥ s❡❝t✐♦♥ ✹ ❜❡❧♦✇ ❢♦r ❞❡t❛✐❧s✮✳ ❆❧s♦✱ t❤❡②

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

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

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

♦❢ s❝❤♦♦❧✐♥❣ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥✱ ✇❤✐❧❡ ✇❡ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦♥ ♣r✐♠❛r② ❛♥❞

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

t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ♦♥❡ ♥❡❡❞s t♦ ❧♦♦❦ ❛t ♣r✐♠❛r② ❛♥❞

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

t❤❛t ❛❝❝♦✉♥ts ❢♦r ♣♦t❡♥t✐❛❧ ♥♦♥❧✐♥❡❛r✐t②✱ ❢✉❧❧ ❝♦✉♥t ❝❡♥s✉s ❞❛t❛✱ ❛♥❞ ❛ ❝r❡❞✐❜❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥

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

s❝❤♦♦❧ ❡①♣❛♥s✐♦♥ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐♥ ❛ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr②✳

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

s❝❤♦♦❧ ❡①♣❛♥s✐♦♥s ✐♥ t❤❡ ❡❛r❧② ✷✵t❤ ❝❡♥t✉r② ❯❙❆ ✉s✐♥❣ ✶✾✹✵ ❝❡♥s✉s ❞❛t❛✳ ❚❤❡✐r ❢♦❝✉s ✐s ♦♥

t❤❡ 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 ❧♦✇ q✉❛❧✐t② t❡❛❝❤❡rs ❜❡❝❛✉s❡ ♦❢

s❛❧❛r② ❝❛♣s ❛✛❡❝t❡❞ t❤❡ ❜❧❛❝❦ ❝❤✐❧❞r❡♥✬s ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ❛❞✈❡rs❡❧②✳ ❚❤❡r❡ ❛r❡ ❛ ❢❡✇

♣❛♣❡rs t❤❛t ❧♦♦❦ ❛t t❤❡ ❝❛✉s❛❧ ❡✛❡❝ts ♦❢ s❝❤♦♦❧ r❡❢♦r♠ ♦r ❡①♣❛♥s✐♦♥ ♦♥ ✐♥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 ♦♥ t❤❡

❡✛❡❝ts ♦❢ ❜❡tt❡r s❝❤♦♦❧ q✉❛❧✐t② ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ✐♥❝♦♠❡ ♠♦❜✐❧✐t② ✐♥ ■♦✇❛✳ P❛r♠❛♥ ✭✷✵✶✶✮

r❡♣♦rts ❡✈✐❞❡♥❝❡ t❤❛t ✐♠♣r♦✈❡♠❡♥ts ✐♥ s❝❤♦♦❧ q✉❛❧✐t② ❧♦✇❡r❡❞ ✐♥❝♦♠❡ ♠♦❜✐❧✐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❤❡ ✐♥❞✐✈✐❞✉❛❧s ✇❤♦ ❛r❡ ❜♦r♥ ❜❡t✇❡❡♥ ✶✾✺✼ t♦ ✶✾✻✷

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

②❡❛r ♣❧❛♥ ❜❡❣❛♥ ❛r♦✉♥❞ ✶✾✼✸✲✶✾✼✹✳ ❚❤❡r❡❢♦r❡✱ ❢♦❧❧♦✇✐♥❣ ❉✉✢♦ ✭✷✵✵✶✮✱ ✇❡ ❞❡✜♥❡ ❜✐rt❤ ❝♦❤♦rts
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❜♦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 ❡❞✉❝❛t✐♦♥ ❛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✐♦♥✳

●✐✈❡♥ t❤❛t ✇❡ ❤❛✈❡ t❤❡ ❢✉❧❧ ❝♦✉♥t ❞❛t❛✱ ♦✉r ♠❛✐♥ ❡st✐♠❛t✐♦♥ s❛♠♣❧❡ ✭❡①♣♦s❡❞✿ ✶✾✻✽✲✶✾✼✷

❛♥❞ ✉♥❡①♣♦s❡❞✿ ✶✾✺✼✲✶✾✻✷✮ ❣✐✈❡s ✉s ❛❜♦✉t ✷✳✷ ♠✐❧❧✐♦♥ ❢❛t❤❡r✲❝❤✐❧❞ ♣❛✐rs ✇❤❡r❡ ❤♦✉s❡❤♦❧❞

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

❚❤❡ ♠♦t❤❡r✲❝❤✐❧❞r❡♥ s❛♠♣❧❡ ❤❛s ❛❜♦✉t ✶✳✽ ♠✐❧❧✐♦♥ ♦❜s❡r✈❛t✐♦♥s✳ ❲❡ ❝❛❧❝✉❧❛t❡ t❤❡ ②❡❛rs ♦❢

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

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

t❤❡✐r ❢❛t❤❡rs ✭s❡❡ ❚❛❜❧❡ ✶✮✳ ❚❤❡ s❛♠♣❧❡ ❢♦r t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ ❣r♦✉♣ ❝♦♥s✐sts ♦❢ ✻✷✽✱✸✹✸

❢❛t❤❡r✲❝❤✐❧❞ ♣❛✐rs✳ ❆❣❛✐♥✱ t❤❡ ❡①♣♦s❡❞ ❣r♦✉♣ ♦♥ ❛✈❡r❛❣❡ ❤❛s ♠♦r❡ 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✳✶✺

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

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

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

✶✺❚❤❡ ❞✐str✐❝t t❤❛t r❡❝❡✐✈❡❞ t❤❡ ❤✐❣❤❡st ♥✉♠❜❡r ♦❢ s❝❤♦♦❧s r❡❝❡✐✈❡❞ ❛❜♦✉t ✽✳✻ 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♦♠ ❛❧♠♦st ③❡r♦ ✭✵✳✵✻✼✽✮ t♦ ♦♥❡ ✇✐t❤ ❛ ♠❡❛♥ ♦❢ ✵✳✷✶✹✳

✶✻❲❡ ❛r❡ ♥♦t ❛✇❛r❡ ♦❢ ❛♥② ❡✈✐❞❡♥❝❡ ♦♥ ❤♦✇ s❛♠♣❧❡ tr✉♥❝❛t✐♦♥ ❛✛❡❝ts t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ❛ q✉❛❞r❛t✐❝ ♠♦❜✐❧✐t②

✾



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

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

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

❢♦r t❤❡ ❝❡♥s✉s ❞❛t❛ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ■❋▲❙ ❞❛t❛✳ ❚❛❜❧❡ ❆✳✶ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①

♣r❡s❡♥ts t❤❡ ❡st✐♠❛t❡s ♦❢ t❤❡ ❧✐♥❡❛r ♠♦❜✐❧✐t② ♠♦❞❡❧ ❢♦r t❤❡ ❝❡♥s✉s ❛♥❞ ■❋▲❙ ❞❛t❛ ✭✐♥❝❧✉❞✐♥❣

■❋▲❙✲❊❛st✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ✐s r❡❛ss✉r✐♥❣✿ t❤❡ ❡st✐♠❛t❡ ♦❢ t❤❡ s❧♦♣❡ ♣❛r❛♠❡t❡r ✐s s♠❛❧❧❡r ✐♥

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

s♦♥s s❛♠♣❧❡✱ t❤❡ ❡st✐♠❛t❡❞ s❧♦♣❡ ✐s ✲✵✳✹✾ ✐♥ ❝❡♥s✉s ❞❛t❛ ❛♥❞ ✲✵✳✺✷ ✐♥ ■❋▲❙ ❞❛t❛✳ ❋♦r ❞❛✉❣❤t❡rs✱

t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡st✐♠❛t❡s ❛r❡ ✲✵✳✺✾ ✭❝❡♥s✉s✮ ❛♥❞ ✲✵✳✻✷ ✭■❋▲❙✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡ t❤✉s s✉❣❣❡sts

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

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

✭✹✮ ❊♠♣✐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❡❞

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❤❡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❛♥✐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✳

■♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✱ ✇❡ ♣r♦✈✐❞❡ ❛❞❞✐t✐♦♥❛❧ ❡✈✐❞❡♥❝❡ s✉♣♣♦rt✐♥❣ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛s✲

s✉♠♣t✐♦♥ ❜② ❡st✐♠❛t✐♥❣ ❛ s❡r✐❡s ♦❢ ♣❧❛❝❡❜♦ r❡❣r❡ss✐♦♥s ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞s✳ ❋♦r ❡①❛♠♣❧❡s

♦❢ s✉❝❤ ♣❧❛❝❡❜♦s✱ ♣❧❡❛s❡ s❡❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡s ❆✳✷ ❛♥❞ ❆✳✸✳ ❚❤❡ ❧❛r❣❡ s❛♠♣❧❡ s✐③❡ ❛❧❧♦✇s

✉s t♦ ❝♦♥s✐❞❡r ♠❛♥② ✏✜❝t✐t✐♦✉s✑ ■♥♣r❡s ❞❛t❡s ❢♦r ❛ ✈❛r✐❡t② ♦❢ s✉❜s❛♠♣❧❡s ✐♥ t❤❡ ♣r❡✲■♥♣r❡s

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

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

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

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

✜❝t✐t✐♦✉s ■♥♣r❡s ❞❛t❡ s♣❧✐tt✐♥❣ ♦✉r ♠❛✐♥ ❝♦♠♣❛r✐s♦♥ ❝♦❤♦rts ✭✶✾✺✼✲✶✾✻✷✮ ✐♥t♦ ✏❡①♣♦s❡❞✑ ❛♥❞

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

✶✶



❵✉♥❡①♣♦s❡❞✑ ❣r♦✉♣s s❤♦✇s ❛♥② ❡✈✐❞❡♥❝❡ t❤❛t ❝♦♥tr❛❞✐❝ts t❤❡ ✐❞❡♥t✐❢②✐♥❣ ❛ss✉♠♣t✐♦♥✳ ❊✈✐❞❡♥❝❡

❝❧❡❛r❧② s✉♣♣♦rts t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ str❛t❡❣②✳

❊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) + εi ✭✶✮

✇❤❡r❡ Eikt ✐s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❝❤✐❧❞ i✱ k ❞❡♥♦t❡s t❤❡ ❜✐rt❤ ❞✐str✐❝t

♦❢ ❝❤✐❧❞ i✱ t ❞❡♥♦t❡s t✐♠❡ ♣❡r✐♦❞ ✭②❡❛r✮✱ s✉♣❡rs❝r✐♣ts c ❛♥❞ p r❡❢❡r t♦ ❝❤✐❧❞r❡♥ ❛♥❞ ♣❛r❡♥ts

r❡s♣❡❝t✐✈❡❧②✱ 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❡✳ 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✳

❆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 Wkτt✮✿ 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✐♦♥

✶✽❲❡ ♥♦t❡ t❤❛t t❤❡ ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤❡ ♣❛♣❡r ❞♦ ♥♦t ❞❡♣❡♥❞ ♦♥ t❤✐s ♥♦r♠❛❧✐③❛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

Wkτt + εi ✭✷✮

❚❤❡ ❢♦❝✉s ♦❢ ❛ ❧❛r❣❡ ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✐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❛♠♣❧❡✱ ❍❡rt③ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ❆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❡♥❝❡ ✭❛ ❧❛r❣❡r ❡st✐♠❛t❡❞ β1✮ ✐♠♣❧✐❡s ❧♦✇❡r ♠♦❜✐❧✐t②✳
✶✾ ❲❡ ✉♥❞❡rs❝♦r❡ ❛♥ ♦❢t❡♥

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

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

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

❝❛♣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❡♥✳ ▼❡❛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✐♦♥ ✭✺✳✸✮ ❜❡❧♦✇✳

❊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✱ ❛♥❞

✶✾❙♦♠❡ ❛✉t❤♦rs ✉s❡ 1− β1 ❛s ❛ ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t②✳

✶✸



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 ❛❧✳

✭✷✵✷✶✮✳

❚♦ 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♠❡♥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

Wkτt + ζi ✭✸✮

❚❤❡ ❢♦❝✉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 ♦♥

✷✵❆❤s❛♥ ❡t ❛❧✳ ✭✷✵✷✶✮ ❛❧s♦ s✉❣❣❡st t❤❛t ❛ss♦rt❛t✐✈❡ ♠❛t❝❤✐♥❣ ♦♥ ❡❞✉❝❛t✐♦♥ ✐♥ t❤❡ ♠❛rr✐❛❣❡ ♠❛r❦❡t ❝❛♥ ♠❛❦❡
t❤❡ ♠♦❜✐❧✐t② ❈❊❋ ❝♦♥✈❡① ✇❤❡♥ ♦♥❧② ♦♥❡ ♣❛r❡♥t✬s ✭✉s✉❛❧❧② ❢❛t❤❡r✮ ❡❞✉❝❛t✐♦♥ ✐s ✉s❡❞ ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❢❛♠✐❧②
❜❛❝❦❣r♦✉♥❞✳

✷✶❈♦♠♣❛r✐♥❣ ❡q✉❛t✐♦♥ ✭✸✮ ✇✐t❤ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ✉s❡❞ ❜② ❍❡rt③ ❛♥❞ ❏❛②❛s✉♥❞❡r❛ ✭✷✵✵✼✮ ✭s❡❡ t❤❡✐r ❡q✉❛t✐♦♥ ✭✶✮
✐♥ P✳✽✮ s✉❣❣❡sts t❤❛t t❤❡✐r s♣❡❝✐✜❝❛t✐♦♥ ✐s ♠✐ss♣❡❝✐✜❡❞✳ ❍❡rt③ ❛♥❞ ❏❛②❛s✉♥❞❡r❛ ✭✷✵✵✼✮ ✐♥❝❧✉❞❡ ❛♥ ✐♥t❡r❛❝t✐♦♥ ♦❢
♣❛r❡♥t✬s ❡❞✉❝❛t✐♦♥ sq✉❛r❡❞ ✇✐t❤ ❡①♣♦s✉r❡ t♦ ■♥♣r❡s s❝❤♦♦❧s ❜✉t ✐♥❝♦rr❡❝t❧② ❡①❝❧✉❞❡ ♣❛r❡♥t✬s ❡❞✉❝❛t✐♦♥ sq✉❛r❡❞

✐ts❡❧❢ ❢r♦♠ t❤❡ ❡♠♣✐r✐❝❛❧ ♠♦❞❡❧✳ ❚❤✐s ❡①❝❧✉s✐♦♥ ✐♥❛❞✈❡rt❡♥t❧② ✐♠♣♦s❡s ❛ ♠❛✐♥t❛✐♥❡❞ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ❈❊❋
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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❤❡r✬s ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣✱

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

❛♥❞ q✉❛❞r❛t✐❝ ❡✛❡❝ts✿ θ7 ✱ ❛♥❞ θ11✳

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

♠♦❜✐❧✐t② ■●❘❈ ✐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❡♥ts✳✷✷ ❘❡❧❛t✐✈❡ ♠♦❜✐❧✐t②

❢♦r t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs ✇✐t❤ y ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✐s ❣✐✈❡♥ ❛s✿

IGMAy = θ1 + 2θ8E
p
iy PreInpres Cohorts

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

✭✺✮ ❊♠♣✐r✐❝❛❧ ❊✈✐❞❡♥❝❡

❲❡ 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✐♦♥❛❧ ❛t✲

t❛✐♥♠❡♥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❤ ❛

✇❛s ❧✐♥❡❛r ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞ ✇❤✐❝❤ ✐s r❡❥❡❝t❡❞ ❜② ❞❛t❛ ❢♦r s♦♥s✱ ❛s ♦✉r r❡s✉❧ts ❢♦r ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ s❤♦✇
❜❡❧♦✇✳ ❚❤❡ ❈❊❋ ❢♦r t❤❡ ❞❛✉❣❤t❡r✬s ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✐s ❧✐♥❡❛r ✐♥ ❜♦t❤ ♣r❡✲■♥♣r❡s ❛♥❞
■♥♣r❡s ❝♦❤♦rts ✭s❡❡ t❤❡ ❡✈✐❞❡♥❝❡ ✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✷✮✳ ❚❤✐s s✉❣❣❡sts t❤❛t t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ ❢❛t❤❡r✬s
❡❞✉❝❛t✐♦♥ sq✉❛r❡❞ ✇✐t❤ ■♥♣r❡s ❡①♣♦s✉r❡ ✐♥ t❤❡✐r s♣❡❝✐✜❝❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❡①❝❧✉❞❡❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❞❛✉❣❤t❡rs✳ ■t
✐s t❤✉s ♥♦t ❝❧❡❛r ❤♦✇ t♦ ✐♥t❡r♣r❡t t❤❡✐r ❡st✐♠❛t❡s✳

✷✷❙❡❡ ❙♦❧♦♥ ✭✶✾✾✾✮ ❢♦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❛♥❦ ❈❊❋✳
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❧❛r❣❡ ❧✐t❡r❛t✉r❡ ♦♥ ✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ♠♦❜✐❧✐t② ✭s❡❡ t❤❡ s✉r✈❡②s ❜② ❚♦r❝❤❡ ✭✷✵✶✾✮✱

■✈❡rs❡♥ ❡t ❛❧✳ ✭✷✵✶✾✮✱ ❛♥❞ ❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✷✶✮✮✳ ■❢ ✇❡ ✉s❡ ♠♦t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✐♥ ♣❧❛❝❡ ♦❢

❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥✱ t❤❡ s❛♠♣❧❡ s✐③❡ ✐s s♠❛❧❧❡r✱ ❜✉t t❤❡ ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤❡ ♣❛♣❡r ❛r❡ ♥♦t

❛✛❡❝t❡❞ ✭s❡❡ s❡❝t✐♦♥ ✻ ❜❡❧♦✇ ❢♦r t❤❡ ❡✈✐❞❡♥❝❡ ❛♥❞ ❞✐s❝✉ss✐♦♥✮✳ ❆❧❧ r❡♣♦rt❡❞ st❛♥❞❛r❞ ❡rr♦rs

❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞✐str✐❝t ❧❡✈❡❧✳

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

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

❡st✐♠❛t❡s ❢r♦♠ t❤❡ q✉❛❞r❛t✐❝ ♠♦❞❡❧✳ ❚❛❜❧❡ ✷ r❡♣♦rts t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ♦♥ t❤❡ ♣❛r❛♠❡t❡rs

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

❝♦❡✣❝✐❡♥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❡❞ ✐♥ 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 ❤❛s ❢❛✐❧❡❞ t♦ ❛✛❡❝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✳ ■t ✐s ✐♠♣♦rt❛♥t t♦

✉♥❞❡rs❝♦r❡ t❤❛t t❤❡ ✐♥s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ❣✐r❧s ✐s ♥♦t ❜❡❝❛✉s❡ ♦❢ s❛♠♣❧❡ s✐③❡✿ t❤❡ ❡st✐♠❛t❡s

❛r❡ ❜❛s❡❞ ♦♥ ❛ s❛♠♣❧❡ ♦❢ ✽✹✽✱✸✺✵ ♦❜s❡r✈❛t✐♦♥s✳✷✹

✷✸❚❤❡ ✐♥t❡r❝❡♣t ❡✛❡❝t ✐s s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶ ♣❡r❝❡♥t ❧❡✈❡❧✱ ❛♥❞ t❤❡ s❧♦♣❡ ❡✛❡❝t ❛t t❤❡ ✺ ♣❡r❝❡♥t ❧❡✈❡❧✳
✷✹■♥ ❛♥ ✉♥♣✉❜❧✐s❤❡❞ ✇♦r❦✐♥❣ ♣❛♣❡r✱ ❍❡rt③ ❛♥❞ ❏❛②❛s✉♥❞❡r❛ ✭✷✵✵✼✮ ❛❧s♦ r❡♣♦rt ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝ts ❢♦r

❣✐r❧✬s ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✱ ❜✉t ❞♦ ♥♦t ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦♥ ♣r✐♠❛r② ♦r s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣✳ ▼♦r❡ ✐♠♣♦rt❛♥t✱

✶✻



▲✐♥❡❛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 ❞❛✉❣❤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❤❡

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

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

❡✛❡❝t ♦♥ t❤❡ ✐♥t❡r❝❡♣t
(

θ̂s
4
= 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 ♠♦❞❡❧
(

θ̂s
7
= −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
(

θ̂s
11

= 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 ❞✐✣❝✉❧t t♦ ❜❡ ❝♦♥✜❞❡♥t ❛❜♦✉t t❤❡✐r ✜♥❞✐♥❣ ❜❡❝❛✉s❡✱ ❛s ♥♦t❡❞ ❡❛r❧✐❡r✱ t❤❡✐r ❡♠♣✐r✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥ ✐s
♠✐ss♣❡❝✐✜❡❞✳ ❆♥♦t❤❡r ✇♦rr② ✐s t❤❡ r❡❧❛t✐✈❡❧② s♠❛❧❧ s❛♠♣❧❡ s✐③❡ ✐♥ t❤❡✐r ❡st✐♠❛t✐♦♥ ❜❡❝❛✉s❡ t❤❡② ✉s❡ ■❋▲❙ ✷✵✵✵
r♦✉♥❞✳

✷✺❘❡❝❛❧❧ t❤❛t t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t ✐♥ ❛ q✉❛❞r❛t✐❝ ♠♦❞❡❧ ❣✐✈❡s t❤❡ ■●▼❆ ❡st✐♠❛t❡ ❢♦r t❤❡ ❝❤✐❧❞r❡♥ ♦❢ ❢❛t❤❡rs
✇✐t❤ ♥♦ 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 ♠♦❞❡❧ ✭❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✷✮✮✳ ❋♦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❧♦♣❡ ✭■●❘❈✮✳ ❚❤❡ ♣♦✐♥t ❡st✐♠❛t❡s ❢♦r s♦♥s ✭s✉♣❡rs❝r✐♣t s✮ ❛♥❞ ❞❛✉❣❤t❡rs ✭s✉♣❡rs❝r✐♣t d✮ ❛r❡✿

■♥t❡r❝❡♣t β̂s
4
= 0.20 ❛♥❞ β̂d

4
= 0.22✱ ❛♥❞ s❧♦♣❡ β̂s

7
= −0.022 ❛♥❞ β̂d

7
= −0.014✳✷✻ ❚❤✐s str♦♥❣

❡✛❡❝t ✐s ♠♦r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❛ ♣r✐♦r✐ ❡①♣❡❝t❛t✐♦♥ t❤❛t ❞✐st❛♥❝❡ t♦ s❝❤♦♦❧ ✐s ♠♦r❡ ♦❢ ❛

❝♦♥str❛✐♥t ❢♦r ❣✐r❧s ❜❡❝❛✉s❡ ♦❢ s❛❢❡t② ❝♦♥❝❡r♥s✱ ❛♠♦♥❣ ♦t❤❡r 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✉❣❣❡sts t❤❛t t❤❡ ♠♦❜✐❧✐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

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

t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ ♣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✮ ✐♥ t❤❡ ❧♦✇❡r ♣❛♥❡❧ ♦❢ ❚❛❜❧❡ ✷✳ ❚❤❡ ♣❛tt❡r♥ ♦❢ t❤❡ ❡st✐♠❛t❡❞

✷✻❋♦r ❞❛✉❣❤t❡rs✱ t❤❡ ✐♥t❡r❝❡♣t ❡✛❡❝t ✐s s✐❣♥✐✜❝❛♥t ❛t t❤❡ ✶ ♣❡r❝❡♥t ❧❡✈❡❧✱ ❛♥❞ t❤❡ s❧♦♣❡ ❡✛❡❝t ❛t t❤❡ ✺ ♣❡r❝❡♥t
❧❡✈❡❧✳

✶✽



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

θ̂s
4
= 0.195; θ̂d

4
= 0.197

)

✱

♥❡❣❛t✐✈❡ ❢♦r t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t
(

θ̂s
7
= −0.038; θ̂d

7
= −0.017

)

✱ ❛♥❞ ♣♦s✐t✐✈❡ ❢♦r t❤❡ q✉❛❞r❛t✐❝

❝♦❡✣❝✐❡♥t
(

θ̂s
11

= 0.002; θ̂d
11

= 0.001
)

✳✷✼ ❚❤❡ ❡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 2θ̂c
11
Ec

i ✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ✐♠♣❛❝t ❢♦r ❛ s♦♥ ✇❤♦s❡ ❢❛t❤❡r ❤❛s ✾ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣

✭❥✉♥✐♦r s❡❝♦♥❞❛r②✮ ✐s 0.038 ✇❤✐❝❤ ❡q✉❛❧s t❤❡ t❤❡ ❧✐♥❡❛r ❝♦❡✣❝✐❡♥t ✐♥ ♠❛❣♥✐t✉❞❡
(

θ̂s
7
= −0.038

)

✳

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

r❡❧❛t✐✈❡ ❛♥❞ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ❞✉❡ t♦ t❤❡ ❛❞✈❡♥t ♦❢ t❤❡ ■♥♣r❡s s❝❤♦♦❧s ✐♥ t❤❡ ♥❡①t s✉❜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✐♦♥✳ ❲❡ ❛❧s♦ ❞✐s❝✉ss t❤❡ ❡✛❡❝ts ♦♥ ❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ❛s ♠❡❛s✉r❡❞ ❜②

❡①♣❡❝t❡❞ ❡❞✉❝❛t✐♦♥❛❧ ♦✉t❝♦♠❡ ♦❢ ❛ ❝❤✐❧❞ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❤✐s✴❤❡r ❢❛t❤❡r✬s ❡❞✉❝❛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❡❞ ❡❛r❧✐❡r✱ ♦✉r ♠❡❛s✉r❡ ♦❢ r❡❧❛t✐✈❡ ♠♦❜✐❧✐t② ✐s ■●▼❆ ✭✐♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ♠❛r❣✐♥❛❧

❛ss♦❝✐❛t✐♦♥✮ ✇❤✐❝❤ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ st❛♥❞❛r❞ ♠❡❛s✉r❡ ✐♥ t❤❡ ❧✐♥❡❛r ❝❛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 ❡st✐♠❛t❡❞ ❛s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t② ❈❊❋✳ ❆❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✐s ♠❡❛s✉r❡❞ ❜② t❤❡

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

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

r❡❝❡♥t ✐♥✢✉❡♥t✐❛❧ ✇♦r❦ ♦❢ ❈❤❡tt② ❡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✐♦♥✳✷✽

❊✛❡❝ts ♦♥ ❘❡❧❛t✐✈❡ ▼♦❜✐❧✐t②

❯s✐♥❣ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥ts ✐♥ ❚❛❜❧❡ ✷✱ ✇❡ ❝❛❧❝✉❧❛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 ❣✐✈❡ ❜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❛✳✷✾

❚❤❡ ❡✈✐❞❡♥❝❡ ✐♥ ❚❛❜❧❡ ✸ 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✱ ❛♥❞ ❜② ✵✳✽✷ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ✐♥ ❛ ❞✐str✐❝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❛❣❡ ❡❞✉❝❛t✐♦♥✮ ✐♥ t❤❡

③❡r♦ ■♥♣r❡s ✐♥t❡♥s✐t② ❞✐str✐❝ts ✐♥ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞ ❛s t❤❡ ❜❡♥❝❤♠❛r❦✳✸✵ ❚❤❡ ♥♦r♠❛❧✐③❡❞

✷✽■♥ t❤❡ s♣❡❝✐❛❧ ❝❛s❡ ♦❢ ❛ ❧✐♥❡❛r ❈❊❋✱ t❤✐s ❛❧s♦ ❣✐✈❡s t❤❡ ❡①♣❡❝t❡❞ ✐♥❝♦♠❡ r❛♥❦ ❢♦r t❤❡ ❝❤✐❧❞r❡♥ ❢r♦♠ t❤❡
❧♦✇❡st ❤❛❧❢ ♦❢ ♣❛r❡♥t❛❧ ❞✐str✐❜✉t✐♦♥✳ ❙♦♠❡ ❛✉t❤♦rs ✉s❡ ♣❛r❡♥t✬s ❡❞✉❝❛t✐♦♥ ❛s ❛ r❡❢❡r❡♥❝❡ ♣♦✐♥t✱ ❞❡✜♥✐♥❣ ✉♣✇❛r❞
❛❜s♦❧✉t❡ ♠♦❜✐❧✐t② ✇❤❡♥ ❝❤✐❧❞r❡♥ ❤❛✈❡ ♠♦r❡ s❝❤♦♦❧✐♥❣ t❤❛♥ t❤❡✐r ♣❛r❡♥ts✳ ❈❛r❞♦♥❛ ❛♥❞ ❏♦♥❡s ✭✷✵✷✶✮ ❝♦♠❜✐♥❡s
t❤❡ ❈❊❋ ❜❛s❡❞ ♠❡❛s✉r❡ ✇✐t❤ ❢❛t❤❡r ❛s ❛ r❡❢❡r❡♥❝❡ ♣♦✐♥t✳

✷✾❚❤❡ ♠❡❛♥ ✐s ✶✳✽✻ ♥❡✇ s❝❤♦♦❧s ♣❡r ✶✵✵✵ s❝❤♦♦❧ ❛❣❡ ❝❤✐❧❞r❡♥✳
✸✵❘❡❝❛❧❧ t❤❛t ■●▼❆ ✐s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♠♦❜✐❧✐t② ❈❊❋✳ ■♥ ❚❛❜❧❡ ✸✱ ■●▼❆ ❣✐✈❡s t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t②

♦❢ ❝♦♠♣❧❡t✐♥❣ ♣r✐♠❛r② s❝❤♦♦❧✐♥❣ ✇❤❡♥ ❢❛t❤❡r✬s ❡❞✉❝❛t✐♦♥ ✐♥❝r❡❛s❡s ❜② ♦♥❡ ②❡❛r✳ ❚❤❡ ❡st✐♠❛t❡s r❡♣♦rt❡❞ ✐♥
❚❛❜❧❡ ✸ ❛r❡ ❝❤❛♥❣❡s ✐♥ ■●▼❆ ❝❛✉s❡❞ ❜② ■♥♣r❡s s❝❤♦♦❧s✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡st✐♠❛t❡s ✉s✐♥❣ ❛♥ ❛❧t❡r♥❛t✐✈❡
❜❡♥❝❤♠❛r❦✱ t❤❡ ✉♥❡①♣♦s❡❞ ❝❤✐❧❞r❡♥ ❜♦r♥ t♦ ❢❛t❤❡rs ✇✐t❤ ♥♦ s❝❤♦♦❧✐♥❣ ✐♥ ❞✐str✐❝ts ✇✐t❤ ③❡r♦ ■♥♣r❡s ✐♥t❡♥s✐t②✱

✷✵



❡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✱ ❛♥❞ ❜② ✶✹✺ ♣❡r❝❡♥t ✐♥ ❛ ❞✐str✐❝t ✇✐t❤ t❤❡

❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t② ✭r❡❧❛t✐✈❡ t♦ t❤❡ ■●▼❆ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ ❞❡s❝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✉❞❡✿ ✶✸✳✾✺ ♣❡r❝❡♥t ✭❛✈❡r❛❣❡

✐♥t❡♥s✐t②✮ ❛♥❞ ✻✹✳✽✾ ♣❡r❝❡♥t ✭❤✐❣❤❡st ✐♥t❡♥s✐t②✮✳

■♥ ❝♦♥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✳ ❙✐♠✐❧❛r ❝♦♥❝❧✉s✐♦♥s ❤♦❧❞

❢♦r ❞❛✉❣❤t❡rs✳ ❚❤✐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✐♦♥✳

❊✛❡❝ts ♦♥ ❆❜s♦❧✉t❡ ▼♦❜✐❧✐t②

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

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

❡①♣❡❝t❡❞ ♣r♦❜❛❜✐❧✐t② ♦❢ ❤❛✈✐♥❣ ♣r✐♠❛r② ♦r ♠♦r❡ s❝❤♦♦❧✐♥❣✱ ❛♥❞ ♦♥ ❡①♣❡❝t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣

♦❢ ❝❤✐❧❞r❡♥ ❛r❡ r❡♣♦rt❡❞ ✐♥ t❤❡ ❧♦✇❡r ♣❛♥❡❧ ♦❢ ❚❛❜❧❡ ✸ ❢♦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❤

③❡r♦ ■♥♣r❡s ✐♥t❡♥s✐t②✳

❚❤❡ ❡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❤❡r ❤❛✈✐♥❣ ♥♦ s❝❤♦♦❧✐♥❣✮✱ t❤❡r❡ ✐s ♥♦ ❣❡♥❞❡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❡ ✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✻✳
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■♥♣r❡s ✐♥t❡♥s✐t② ✭r❡❧❛t✐✈❡ t♦ t❤❡ ❡①♣❡❝t❡❞ ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ ❣r♦✉♣✮✳ ■♥

❝♦♥tr❛st✱ t❤❡r❡ ✐s ❝❧❡❛r ❣❡♥❞❡r ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❝♦❧❧❡❣❡ ❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞s✿ t❤❡ ❞❛✉❣❤t❡rs

❜❡♥❡✜t❡❞ ❛❧♠♦st t✇✐❝❡ ❛s ♠✉❝❤ ❛s t❤❡ s♦♥s✿ t❤❡ ❞❛✉❣❤t❡rs r❡❛♣✐♥❣ ❛ ✶✾ ♣❡r❝❡♥t ❤✐❣❤❡r ♣r♦❜✲

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

♣r♦❜❛❜✐❧✐t②✳

✭✻✮ ❘♦❜✉st♥❡ss ❈❤❡❝❦s✿ ▼♦t❤❡r✬s ❊❞✉❝❛t✐♦♥✱ ❆❧t❡r♥❛t✐✈❡ ❯♥❡①♣♦s❡❞ ●r♦✉♣s✱

❛♥❞ P❛rt✐❛❧ ❊①♣♦s✉r❡

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

♦♥ ✜♥❛❧ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❣✐r❧s ✭♠❡❛s✉r❡❞ ❜② ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣✮ ❡✈❡♥ t❤♦✉❣❤ t❤❡

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

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

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

✐s ♠✉❝❤ str♦♥❣❡r ❜❡t✇❡❡♥ ♠♦t❤❡rs ❛♥❞ ❞❛✉❣❤t❡rs ✭s❡❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❙♠✐t❤ ❛♥❞ ❙♠✐t❤ ✭✷✵✶✸✮✱

❊♠r❛♥ ❛♥❞ ❙❤✐❧♣✐ ✭✷✵✶✶✮✮✳ ❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡s ♦❢ ❡q✉❛t✐♦♥s ✭✷✮ ❛♥❞ ✭✸✮ ✉s✐♥❣ ♠♦t❤❡r✬s

❡❞✉❝❛t✐♦♥ ✐♥ ❚❛❜❧❡ ✹✳✸✶ ❚❤❡ ❡✈✐❞❡♥❝❡ ✐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 ❧❡✈❡❧✳

❚❤❡ ❉✐❉ ❞❡s✐❣♥ ✐♥ ❚❛❜❧❡ ✷ ✉s❡s ❞❛t❛ ♦♥ ✻ ②❡❛rs ❢r♦♠ t❤❡ ♣r❡✲■♥♣r❡s ♣❡r✐♦❞ t♦ ❞❡✜♥❡ t❤❡

✉♥❡①♣♦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 ✉♥❡①♣♦s❡❞ s❛♠♣❧❡✳ ❲❡ r❡♣♦rt t❤❡ ❡st✐♠❛t❡s ❢♦r t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ s❛♠♣❧❡s

✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡s ❆✳✽✲❆✳✶✵✳ ❚❤❡ r❡s✉❧ts ❛r❡ r♦❜✉st ❛❝r♦ss t❤❡s❡ ❛❧t❡r♥❛t✐✈❡ ♣r❡✲■♥♣r❡s

❝♦❤♦rts✳

✸✶❚❤❡ ❢✉❧❧ ❉✐❉ ♠♦❞❡❧ ❡st✐♠❛t❡s ❛r❡ ✐♥ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ❆✳✼✳

✷✷



❲❡ ❛❧s♦ ♣r♦✈✐❞❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❢♦r t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ ❝♦❤♦rts ✭✶✾✻✸✲✶✾✻✼✮ ✐♥ t❤❡

♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✿ ♣❧❡❛s❡ s❡❡ ❚❛❜❧❡ ❆✳✶✶✳ ❚❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝ts ❛r❡ ♥✉♠❡r✐❝❛❧❧② ♠✉❝❤ s♠❛❧❧❡r

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

❡st✐♠❛t❡s t❤❛t ❝♦♠❜✐♥❡ t❤❡ ♣❛rt✐❛❧❧② ❡①♣♦s❡❞ ❝♦❤♦rts ✇✐t❤ ♦✉r ♠❛✐♥ ❡①♣♦s❡❞ ❝♦❤♦rts ✇❤✐❝❤

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

s✉❜st❛♥t✐❛❧❧②❀ s❡❡ ❚❛❜❧❡ ❆✳✶✷ ✐♥ t❤❡ ♦♥❧✐♥❡ ❛♣♣❡♥❞✐①✳

✭✼✮ ❚❤❡ ❈♦♥s❡q✉❡♥❝❡s ♦❢ ❛♥ ❯♥✐♥t❡♥❞❡❞ ❇♦tt❧❡♥❡❝❦✿ ❆♥ ❊①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡

●❡♥❞❡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♠ ❝❛♥ ❣✐✈❡ 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✉❡st✐♦♥ ❛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✳ ■❢

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

❚❤✐s ♠❡❝❤❛♥✐s♠ ♦♥ ✐ts ♦✇♥✱ ❤♦✇❡✈❡r✱ ❝❛♥♥♦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✱

✸✷❖♥❡ ✇♦✉❧❞ ❡①♣❡❝t ❜r✐❜❡r② ❛♥❞ ✏❞♦♥❛t✐♦♥s✑ t♦ ♣❧❛② ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ✇❤♦ ❣❡ts ❛❞♠✐tt❡❞✳
✸✸❙❡❡ t❤❡ ❞✐s❝✉ss✐♦♥ ❜② ❙❝♦tt ✭✶✾✽✺✮ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ■♥❞♦♥❡s✐❛ ✐♥ t❤❡ ✶✾✼✵s ❛♥❞ ✶✾✽✵s✳

✷✸



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

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

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

❝♦♥s✐❞❡r❡❞ ♣r✐♠❛r② ❝♦♠♣❧❡t✐♦♥ ❛s ❛ s♦❝✐❛❧❧② ❡①♣❡❝t❡❞ ♥♦r♠ ❢♦r ❣✐r❧s✱ ❛♥❞ ♣❛✐❞ ❧✐tt❧❡ ❛tt❡♥t✐♦♥

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

❞✐✛❡r❡♥❝❡ ❛❝r♦ss t❤❡ ❞❛✉❣❤t❡rs ♦❢ ♠♦r❡ ❛♥❞ ❧❡ss ❡❞✉❝❛t❡❞ ❢❛t❤❡rs✳

❚♦ ❡①♣❧♦r❡ t❤❡s❡ q✉❡st✐♦♥s✱ ✇❡ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝ts ♦❢ ■♥♣r❡s s❝❤♦♦❧s ♦♥ t✇♦ ❜✐♥❛r② ✐♥✲

❞✐❝❛t♦rs ♦❢ s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣ ❛tt❛✐♥♠❡♥t ❜② ❝❤✐❧❞r❡♥✿ ❥✉♥✐♦r ❤✐❣❤ ✭✸ ②❡❛rs ❛❢t❡r ✻ ②❡❛rs

♣r✐♠❛r②✮ ❛♥❞ ♠♦r❡ ✭❤❡♥❝❡❢♦rt❤ ✏❥✉♥✐♦r ❤✐❣❤✑✮✱ ❛♥❞ s❡♥✐♦r ❤✐❣❤ ✭✸ ②❡❛rs ❛❢t❡r ❥✉♥✐♦r ❤✐❣❤✮ ❛♥❞

♠♦r❡ ✭❤❡♥❝❡❢♦rt❤ ✏s❡♥✐♦r ❤✐❣❤✑✮ s❝❤♦♦❧✐♥❣ ♦❢ ❝❤✐❧❞r❡♥✳ ◆♦t❡ t❤❛t t❤❡ ❧✐♥❡❛r ♠♦❞❡❧ ✐s r❡❥❡❝t❡❞ ❢♦r

❜♦t❤ t❤❡ ❥✉♥✐♦r ❛♥❞ s❡♥✐♦r ❤✐❣❤ ❛s ♠❡❛s✉r❡s ♦❢ ❡❞✉❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❝❤✐❧❞r❡♥✳ P❧❡❛s❡ s❡❡

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

✐♥ ❚❛❜❧❡ ✹✳

❚❤❡ ✜rst str✐❦✐♥❣ ✜♥❞✐♥❣ ❢r♦♠ ❚❛❜❧❡ ✹ ✐s t❤❛t ❢❛♠✐❧② ❜❛❝❦❣r♦✉♥❞ ✭❛s ♠❡❛s✉r❡❞ ❜② ❢❛t❤❡r✬s

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

s❡❝♦♥❞❛r② s❝❤♦♦❧✐♥❣✿ t❤❡ tr✐♣❧❡ ✐♥t❡r❛❝t✐♦♥s ✇✐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 tr✉❡ ❢♦r ❜♦t❤ ❥✉♥✐♦r ❛♥❞ s❡♥✐♦r ❤✐❣❤ s❝❤♦♦❧ r❡s✉❧ts✱

❛♥❞ ❤♦❧❞s ✐rr❡s♣❡❝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❤ ❥✉♥✐♦r ❤✐❣❤ ❛♥❞

s❡♥✐♦r ❤✐❣❤ ❧❡✈❡❧s✳ ❚❤❡ ❡st✐♠❛t❡ ✐s ♠✉❝❤ ❧❛r❣❡r ❛t t❤❡ ❥✉♥✐♦r ❤✐❣❤ ❧❡✈❡❧ ✐♠♣❧②✐♥❣ t❤❛t t❤❡ ❣✐r❧s

✐♥ ❛ ❞✐str✐❝t ✇✐t❤ t❤❡ ❤✐❣❤❡st tr❡❛t♠❡♥t ✐♥t❡♥s✐t② s✉✛❡r❡❞ ❛ ✶✺✳✼ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥ts ❞❡❝❧✐♥❡ ✐♥

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

❜❛❝❦❣r♦✉♥❞✳ ❚❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t ✐s s♠❛❧❧❡r ❛t t❤❡ s❡♥✐♦r s❡❝♦♥❞❛r② ❧❡✈❡❧✱ ❜✉t st✐❧❧ s✉❜st❛♥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 ❤❛✈❡ ❣❛✐♥❡❞✱ ❡s♣❡❝✐❛❧❧② ❛t t❤❡ s❡♥✐♦r

❤✐❣❤ ❧❡✈❡❧✿ 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
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✭✵✳✶✼✾✮✱ 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❝❤♦♦❧✐♥❣✳ ❚❤❡ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ❣❡♥❞❡r✲❜❛s❡❞ ❝r♦✇❞✐♥❣ ♦✉t ❤❛♣♣❡♥❡❞

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

❜❛❝❦❣r♦✉♥❞ ♦❢ ❛ ❝❤✐❧❞✳

✭✽✮ ❈♦♥❝❧✉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❤❡ ❢✉❧❧

❝♦✉♥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❡✳

❊✈✐❞❡♥❝❡ r❡❥❡❝ts t❤❡ st❛♥❞❛r❞ ❧✐♥❡❛r ♠♦❞❡❧ ✐♥ ❢❛✈♦r ♦❢ ❛ ❝♦♥❝❛✈❡ ♠♦❜✐❧✐t② ♠♦❞❡❧ ✐♥ ❛❧❧ ♦✉r

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

❝❛t✐♦♥❛❧ ❛tt❛✐♥♠❡♥t ♦❢ ❣✐r❧s✳ ❲❡ ✜♥❞ t❤❛t ■♥♣r❡s s❝❤♦♦❧s ♠❛❞❡ t❤❡ ♠♦❜✐❧✐t② ❈❊❋ ❧❡ss ❝♦♥❝❛✈❡

✭♦r ♠♦r❡ ❝♦♥✈❡①✮✱ ❛❣❛✐♥ ❡①❝❡♣t ❢♦r t❤❡ ❝❛s❡ ♦❢ ❣✐r❧✬s ②❡❛rs ♦❢ s❝❤♦♦❧✐♥❣ ✇✐t❤ ♥♦ s✐❣♥✐✜❝❛♥t ❡✛❡❝t

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

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

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

♥♦r♠s ❛❣❛✐♥st ❣✐r❧s✱ r❛t❤❡r t❤❛♥ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❡❝♦♥♦♠✐❝ ❝♦♥❞✐t✐♦♥s ❜❡t✇❡❡♥ ♠♦r❡ ❛♥❞ ❧❡ss

❡❞✉❝❛t❡❞ ❤♦✉s❡❤♦❧❞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✳

❆❦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✐♦♥❛❧

▼♦❜✐❧✐t② ✐♥ ❆❢r✐❝❛✳ ❊❝♦♥♦♠❡tr✐❝❛✱ ✽✾✭✶✮✿✶✕✸✺✳

❆s❤❡r✱ ❙✳✱ ◆♦✈♦s❛❞✱ P✳✱ ❛♥❞ ❘❛❢❦✐♥✱ ❈✳ ✭✷✵✶✽✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ ■♥❞✐❛✿ ❊st✐♠❛t❡s

❢r♦♠ ◆❡✇ ▼❡t❤♦❞s ❛♥❞ ❆❞♠✐♥✐str❛t✐✈❡ ❉❛t❛✳ ❲♦r❦✐♥❣ ♣❛♣❡r✱ ❲♦r❧❞ ❇❛♥❦✳

❆s❤r❛❢✱ ◆✳✱ ❇❛✉✱ ◆✳✱ ◆✉♥♥✱ ◆✳✱ ❛♥❞ ❱♦❡♥❛✱ ❆✳ ✭✷✵✷✵✮✳ ❇r✐❞❡ Pr✐❝❡ ❛♥❞ ❋❡♠❛❧❡ ❊❞✉❝❛t✐♦♥✳

❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✶✷✽✭✷✮✿✺✾✶✕✻✹✶✳

❆t❦✐♥s♦♥✱ ❆✳ ❇✳ ❛♥❞ ❙t✐❣❧✐t③✱ ❏✳ ❊✳ ✭✶✾✽✵✮✳ ▲❡❝t✉r❡s ♦♥ P✉❜❧✐❝ ❊❝♦♥♦♠✐❝s ❯♣❞❛t❡❞ ❡❞✐t✐♦♥✳

▼❝●r❛✇ ❍✐❧❧ ❇♦♦❦s✳

❆③❛♠✱ ▼✳ ❛♥❞ ❇❤❛tt✱ ❱✳ ✭✷✵✶✺✮✳ ▲✐❦❡ ❋❛t❤❡r✱ ▲✐❦❡ ❙♦♥❄ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ❊❞✉❝❛t✐♦♥❛❧

▼♦❜✐❧✐t② ✐♥ ■♥❞✐❛✳ ❉❡♠♦❣r❛♣❤②✱ ✺✷✭✻✮✿✶✾✷✾✕✶✾✺✾✳

❆③✐③✱ ■✳✱ ❏✳ ✭✶✾✾✵✮✳ ■◆P❘❊❙✬ ❘♦❧❡ ✐♥ t❤❡ ❘❡❞✉❝t✐♦♥ ♦❢ ■♥t❡rr❡❣✐♦♥❛❧ ❉✐s♣❛r✐t②✳ ❆s✐❛♥ ❊❝♦♥♦♠✐❝

❏♦✉r♥❛❧✱ ✹✭✷✮✿✶✕✷✼✳
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❆③♦♠❛❤♦✉✱ ❚✳ ❚✳ ❛♥❞ ❨✐t❜❛r❡❦✱ ❊✳ ✭✷✵✷✶✮✳ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t② ✐♥ ❊❞✉❝❛t✐♦♥✿ ■s ❆❢r✐❝❛

❉✐✛❡r❡♥t❄ ❈♦♥t❡♠♣♦r❛r② ❊❝♦♥♦♠✐❝ P♦❧✐❝②✱ ❋♦rt❤❝♦♠✐♥❣✳

❇❡❝❦❡r✱ ●✳ ✭✶✾✽✶✮✳ ❆ ❚r❡❛t✐s❡ ♦♥ t❤❡ ❋❛♠✐❧②✳ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② Pr❡ss✳

❇❡❝❦❡r✱ ●✳✱ ❑♦♠✐♥❡rs✱ ❙✳ ❉✳✱ ▼✉r♣❤②✱ ❑✳✱ ❛♥❞ ❙♣❡♥❦✉❝❤✱ ❏✳ ✭✷✵✶✺✮✳ ❆ ❚❤❡♦r② ♦❢ ■♥t❡r❣❡♥❡r❛✲

t✐♦♥❛❧ ▼♦❜✐❧✐t②✳ ▼P❘❆ P❛♣❡r ✻✻✸✸✹✱ ❯♥✐✈❡rs✐t② ▲✐❜r❛r② ♦❢ ▼✉♥✐❝❤✱ ●❡r♠❛♥②✳

❇❧❛❝❦✱ ❙✳ ❊✳ ❛♥❞ ❉❡✈❡r❡✉①✱ P✳ ❏✳ ✭✷✵✶✶✮✳ ❘❡❝❡♥t ❉❡✈❡❧♦♣♠❡♥ts ✐♥ ■♥t❡r❣❡♥❡r❛t✐♦♥❛❧ ▼♦❜✐❧✐t②✳

■♥ ❍❛♥❞❜♦♦❦ ♦❢ ▲❛❜♦r ❊❝♦♥♦♠✐❝s✱ ✈♦❧✉♠❡ ✹✱ ❝❤❛♣t❡r ✶✻✱ ♣❛❣❡s ✶✹✽✼✕✶✺✹✶✳ ❊❧s❡✈✐❡r✳

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

Table 1: Summary statistics

Panel A: Child–Father Sample

Mean SD

Exposed Cohort (Born Between 1968-1972), Obs= 1,959,977

Child’s Years of Schooling 9.36 4.21

Father’s Years of Schooling 5.73 4.63

Comparison Cohort (Born Between 1957 to 1962), Obs= 268,622

Child’s Years of Schooling 7.01 4.73

Father’s Years of Schooling 4.43 4.36

Panel B: Child–Mother Sample

Exposed Cohort (Born Between 1968-1972), Obs= 1,771,489

Child’s Years of Schooling 9.43 4.19

Mother’s Years of Schooling 4.93 4.18

Comparison Cohort (Born Between 1957 to 1962), Obs= 212,373

Child’s Years of Schooling 7.13 4.73

Mother’s Years of Schooling 3.71 3.97

Notes: Data source: BPS Census 2000
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Table 2: Effects of Inpres Schools on Intergenerational Educational Mobility–Father’s Years of

Schooling as Family Background

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 1.585*** 0.513 1.534*** 0.476

(0.387) (0.466) (0.380) (0.492)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.129** 0.043 -0.255*** -0.020

(0.054) (0.062) (0.086) (0.099)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.015** 0.008

(0.007) (0.008)

R2 0.322 0.409 0.323 0.409

Observations 1199814 848350 1199814 848350

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.204*** 0.216*** 0.195*** 0.197***

(0.041) (0.044) (0.042) (0.047)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.022*** -0.014** -0.038*** -0.017*

(0.006) (0.006) (0.011) (0.010)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.107 0.172 0.117 0.188

Observations 1200144 848619 1200144 848619

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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 A4. Data sources: BPS Census 2000 and Duflo (2001).
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Table 3: Effects of Inpres Schools on Relative Mobility and Absolute Mobility in Primary Com-

pletion

Panel A: Intergenerational Marginal Association (IGMA) / Relative Mobility (Sons)

Highest Intensity(=1) Mean Intensity(=0.215)

∆IGMA

Normalized

∆IGMA ∆IGMA

Normalized

∆IGMA

IGMA0 -0.0380 -145.04% -0.0082 -31.18%

IGMA6 -0.0140 -53.44% -0.0030 -11.49%

IGMA9 -0.0020 -7.63% -0.0004 -1.64%

IGMA12 0.0100 38.17% 0.0022 8.21%

IGMA16 0.0260 99.24% 0.0056 21.34%

Panel B: Intergenerational Marginal Association (IGMA) / Relative Mobility (Daughters)

Highest Intensity(=1) Mean Intensity(=0.215)

∆IGMA

Normalized

∆IGMA ∆IGMA

Normalized

∆IGMA

IGMA0 -0.0170 -64.89% -0.0037 -13.95%

IGMA6 -0.0050 -19.08% -0.0011 -4.10%

IGMA9 0.0010 3.82% 0.0002 0.82%

IGMA12 0.0070 26.72% 0.0015 5.74%

IGMA16 0.0150 57.25% 0.0032 12.31%

Panel C: Expected Schooling (ES)/ Absolute Mobility (Sons)

Highest Intensity(=1) Mean Intensity(=0.215)

∆ES

Normalized

∆ES ∆ES

Normalized

∆ES

ES0 0.1950 20.49% 0.0419 4.40%

ES6 0.0390 4.10% 0.0084 0.88%

ES9 0.0150 1.58% 0.0032 0.34%

ES12 0.0270 2.84% 0.0058 0.61%

ES16 0.0990 10.40% 0.0213 2.24%

Panel D: Expected Schooling (ES) / Absolute Mobility (Daughters)

Highest Intensity(=1) Mean Intensity(=0.215)

∆ES

Normalized

∆ES ∆ES

Normalized

∆ES

ES0 0.1970 20.70% 0.0424 4.45%

ES6 0.1310 13.76% 0.0282 2.96%

ES9 0.1250 13.13% 0.0269 2.82%

ES12 0.1370 14.39% 0.0295 3.09%

ES16 0.1810 19.01% 0.0389 4.09%

Notes:∆IGMA represent the effects of the Inpres schools on the change in relative mobility.

∆ES represent the effects of the Inpres schools on the change in absolute mobility. The variable

Inpres intensity measures the number of Inpres schools per 1000 children at the district level di-

vided by the highest number of schools received by one district. IGMAk and ESk are calculated

at k father’s years of education, where k = 0, 6, 9, 12, 16. The IGMA and ES values are based

on coefficients reported in Panel B of Table A4. The Normalized IGMA/ES is the IGMA/ES

value relative to IGMA/ES of children for father’s with average years of education (5.57 years),

unexposed cohort (born between 1957 to 1962), and zero Inpres intensity for the full sample

(combined sample of sons and daughters). Normalized IGMA and ES values are reported in per-

centage. Data sources: BPS Census 2000 and Duflo (2001).
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Table 4: Effects of Inpres Schools on Intergenerational Educational Mobility–Mother’s Years of

Schooling as Family Background

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 1.603*** 0.755 1.592*** 0.720

(0.401) (0.462) (0.396) (0.487)

Mother’s Years of Schooling × Born Between 1968-1972 × Inpres -0.129* 0.010 -0.320*** -0.033

(0.074) (0.075) (0.119) (0.139)

Mother’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.023** 0.006

(0.010) (0.014)

R2 0.290 0.378 0.290 0.378

Observations 1083281 738202 1083281 738202

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.184*** 0.225*** 0.180*** 0.212***

(0.044) (0.043) (0.044) (0.044)

Mother’s Years of Schooling × Born Between 1968-1972 × Inpres -0.021** -0.020*** -0.041*** -0.023*

(0.008) (0.007) (0.014) (0.012)

Mother’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.003*** 0.001

(0.001) (0.001)

R2 0.099 0.157 0.107 0.169

Observations 1083576 738428 1083576 738428

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1). Sample corresponds

to individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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: BPS Census 2000 and Duflo (2001).
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Table 5: Effects of Inpres Schools on Intergenerational Educational Mobility–Junior and Senior

High School Completion as Measures of Children’s Educational Attainment

Junior High Completion Senior High Completion

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.021 -0.157** 0.077* -0.085*

(0.053) (0.073) (0.039) (0.049)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres 0.001 0.029 -0.007 0.009

(0.011) (0.018) (0.011) (0.011)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres -0.000 -0.001 0.000 -0.000

(0.001) (0.001) (0.001) (0.001)

R2 0.239 0.328 0.270 0.343

Observations 1200144 848619 1200144 848619

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1). Sample corresponds to individuals

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. Junior high completion takes the value of 1 if the child has completed junior high and

0, otherwise. Senior high completion takes the value of 1 if the child has completed senior high 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. 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:

BPS Census 2000 and Duflo (2001).
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Appendix Tables

Table A1: Linear CEF Comparison from IFLS and Census 2000

IFLS Sample Census 2000 Sample

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Father’s Years of Schooling 0.521*** 0.621*** 0.487*** 0.578***

(0.02200) (0.02074) (0.00718) (0.00781)

Constant 7.067*** 5.220*** 6.577*** 5.544***

(0.20181) (0.18799) (0.08663) (0.09286)

R2 0.241 0.326 0.284 0.354

Observations 2654 2610 1306800 921106

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, **

p<0.05, * p<0.1). Dependent variable: Years of schooling. Years of schooling in Census 2000

was calculated based on the education level completed. Years of schooling in the IFLS was

calculated based on highest grade completed in an education level. Data sources: BPS Census

2000, IFLS and IFLS-East.
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Table A2: Placebo Test– Exposed Cohorts: 1960 to 1962 and Comparison Cohorts: 1957 to 1959

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres -0.115 -0.182 -0.136 -0.138

(0.395) (0.339) (0.407) (0.349)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres 0.032 -0.086* 0.038 -0.175

(0.058) (0.049) (0.132) (0.125)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.000 0.010

(0.012) (0.011)

R2 0.310 0.387 0.311 0.388

Observations 126511 140868 126511 140868

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.016 0.032 0.011 0.019

(0.041) (0.049) (0.044) (0.050)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.001 -0.007 0.007 -0.002

(0.006) (0.007) (0.012) (0.014)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres -0.001 -0.000

(0.001) (0.001)

R2 0.146 0.212 0.163 0.234

Observations 126555 140906 126555 140906

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals born between 1957 to 1962. 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. 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. 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: BPS Census 2000 and Duflo (2001).
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Table A3: Placebo Test– Exposed Cohorts: 1957 to 1962 and Comparison Cohorts: 1955 to 1957

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1957-1962 × Inpres 0.728 -0.394 0.753 -0.451

(0.500) (0.440) (0.548) (0.428)

Father’s Years of Schooling × Born Between 1957-1962 × Inpres -0.019 0.037 -0.165 0.032

(0.080) (0.063) (0.196) (0.160)

Father’s Years of Schooling Sq × Born Between 1957-1962 × Inpres 0.018 0.003

(0.017) (0.016)

R2 0.312 0.388 0.312 0.389

Observations 135929 154410 135929 154410

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1957-1962 × Inpres 0.106* 0.001 0.100 -0.021

(0.062) (0.056) (0.068) (0.054)

Father’s Years of Schooling × Born Between 1957-1962 × Inpres -0.013 -0.004 -0.010 0.012

(0.008) (0.008) (0.018) (0.014)

Father’s Years of Schooling Sq × Born Between 1957-1962 × Inpres 0.000 -0.001

(0.001) (0.001)

R2 0.148 0.216 0.165 0.238

Observations 135978 154453 135978 154453

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals born between 1955 to 1962. 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. 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. 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: BPS Census 2000 and Duflo (2001).

✸✽



Table A4: Effects of Inpres Schools on Intergenerational Educational Mobility–Father’s Years of

Schooling as Family Background (Full Table)

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Father’s Years of Schooling 0.450*** 0.528*** 0.368*** 0.482***

(0.018) (0.018) (0.033) (0.035)

Born Between 1968-1972 × Inpres 1.585*** 0.513 1.534*** 0.476

(0.387) (0.466) (0.380) (0.492)

Father’s Years of Schooling × Born Between 1968-1972 -0.053*** -0.083*** -0.081*** -0.089***

(0.013) (0.017) (0.021) (0.024)

Father’s Years of Schooling × Inpres 0.257*** 0.113* 0.561*** 0.311**

(0.076) (0.063) (0.138) (0.132)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.129** 0.043 -0.255*** -0.020

(0.054) (0.062) (0.086) (0.099)

Father’s Years of Schooling Sq 0.007*** 0.004

(0.002) (0.003)

Father’s Years of Schooling Sq × Born Between 1968-1972 0.001 -0.000

(0.002) (0.002)

Father’s Years of Schooling Sq × Inpres -0.027*** -0.018*

(0.008) (0.010)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.015** 0.008

(0.007) (0.008)

R2 0.322 0.409 0.323 0.409

Observations 1199814 848350 1199814 848350

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Father’s Years of Schooling 0.017*** 0.028*** 0.037*** 0.060***

(0.003) (0.003) (0.004) (0.005)

Born Between 1968-1972 × Inpres 0.204*** 0.216*** 0.195*** 0.197***

(0.041) (0.044) (0.042) (0.047)

Father’s Years of Schooling × Born Between 1968-1972 -0.010*** -0.019*** -0.022*** -0.038***

(0.001) (0.002) (0.003) (0.002)

Father’s Years of Schooling × Inpres 0.043*** 0.044*** 0.083*** 0.076***

(0.010) (0.013) (0.018) (0.021)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.022*** -0.014** -0.038*** -0.017*

(0.006) (0.006) (0.011) (0.010)

Father’s Years of Schooling Sq -0.002*** -0.003***

(0.000) (0.000)

Father’s Years of Schooling Sq × Born Between 1968-1972 0.001*** 0.002***

(0.000) (0.000)

Father’s Years of Schooling Sq × Inpres -0.004*** -0.004***

(0.001) (0.001)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.107 0.172 0.117 0.188

Observations 1200144 848619 1200144 848619

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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: BPS Census 2000 and Duflo (2001).
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Table A5: Quadratic CEFs of Exposed and Non-Exposed Cohorts with Father’s Years of Education

Panel A: Dependent Variable: Years of Schooling

Sons Daughters

Not Exposed Exposed Not Exposed Exposed

(1) (2) (3) (4)

Father’s Years of Schooling 0.547*** 0.404*** 0.641*** 0.549***

(0.02325) (0.01864) (0.02678) (0.02365)

Father’s Years of Schooling Sq 0.002 0.005*** -0.000 0.000

(0.00140) (0.00115) (0.00169) (0.00142)

Constant 5.081*** 6.884*** 3.682*** 5.999***

(0.09642) (0.08786) (0.08994) (0.09826)

R2 0.277 0.283 0.351 0.346

Observations 128431 1178369 140101 781005

Panel B: Dependent Variable: Primary Completion

Sons Daughters

Not Exposed Exposed Not Exposed Exposed

(1) (2) (3) (4)

Father’s Years of Schooling 0.058*** 0.028*** 0.082*** 0.040***

(0.00214) (0.00133) (0.00257) (0.00193)

Father’s Years of Schooling Sq -0.003*** -0.001*** -0.004*** -0.002***

(0.00011) (0.00006) (0.00013) (0.00009)

Constant 0.666*** 0.838*** 0.533*** 0.772***

(0.01051) (0.00703) (0.01260) (0.00983)

R2 0.124 0.061 0.194 0.097

Observations 128479 1178707 140143 781270

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1).

Years of schooling was calculated based on the education level completed. Data source: BPS Census 2000.
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Table A6: Effects of Inpres Schools on Relative Mobility and Absolute Mobility in Years of

Schooling

Panel A: Intergenerational Marginal Association (IGMA)/ Relative Mobility (Sons)

Highest Intensity(=1) Mean Intensity(=0.215)

∆IGMA

Normalized

∆IGMA ∆IGMA

Normalized

∆IGMA

IGMA0 -0.2550 -59.35% -0.0548 -12.76%

IGMA6 -0.0750 -17.46% -0.0161 -3.75%

IGMA9 0.0150 3.49% 0.0032 0.75%

IGMA12 0.1050 24.44% 0.0226 5.25%

IGMA16 0.2250 52.37% 0.0484 11.26%

Panel B: Expected Schooling (ES)/ Absolute Mobility (Sons)

Highest Intensity(=1) Mean Intensity(=0.215)

∆ES

Normalized

∆ES ∆ES

Normalized

∆ES

ES0 1.5230 17.40% 0.3274 3.74%

ES6 0.5330 6.09% 0.1146 1.31%

ES9 0.4430 5.06% 0.0952 1.09%

ES12 0.6230 7.12% 0.1339 1.53%

ES16 1.2830 14.66% 0.2758 3.15%

Notes: ∆IGMA represent the effects of the Inpres schools on the change in relative

mobility. ∆ES represent the effects of the Inpres schools on the change in absolute

mobility. 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. IGMAk and ESk are calculated at k father’s years of education,

where k = 0, 6, 9, 12, 16. The IGMA and ES values are based on coefficients reported

in Panel A of Table A4. The Normalized IGMA/ES is the IGMA/ES value relative

to IGMA/ES of children for father’s with average years of education (5.57 years),

unexposed cohort (born between 1957 to 1962), and zero Inpres intensity for the full

sample (combined sample of sons and daughters). Normalized IGMA and ES values

are reported in percentage. Data sources: BPS Census 2000 and Duflo (2001).
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Table A7: Quadratic CEFs of Exposed and Non-Exposed Cohorts with Mother’s Years of Educa-

tion

Panel A: Dependent Variable: Years of Schooling

Sons Daughters

Not Exposed Exposed Not Exposed Exposed

(1) (2) (3) (4)

Mother’s Years of Schooling 0.516*** 0.397*** 0.657*** 0.575***

(0.02806) (0.02220) (0.03322) (0.02682)

Mother’s Years of Schooling Sq 0.006*** 0.008*** 0.002 0.000

(0.00196) (0.00153) (0.00262) (0.00183)

Constant 5.531*** 7.260*** 4.152*** 6.414***

(0.10819) (0.09478) (0.09426) (0.10278)

R2 0.240 0.244 0.319 0.312

Observations 105879 1074101 106356 696310

Panel B: Dependent Variable: Primary Completion

Sons Daughters

Not Exposed Exposed Not Exposed Exposed

(1) (2) (3) (4)

Mother’s Years of Schooling 0.055*** 0.027*** 0.079*** 0.039***

(0.00216) (0.00129) (0.00266) (0.00192)

Mother’s Years of Schooling Sq -0.003*** -0.001*** -0.004*** -0.002***

(0.00012) (0.00006) (0.00015) (0.00010)

Constant 0.699*** 0.854*** 0.581*** 0.795***

(0.00988) (0.00643) (0.01190) (0.00903)

R2 0.105 0.055 0.168 0.087

Observations 105919 1074407 106387 696537

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1).

Years of schooling was calculated based on the education level completed. Data source: BPS Census 2000.
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Table A8: Effects of Inpres Schools on Intergenerational Educational Mobility– Comparison Co-

horts: 1958-1962

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 1.597*** 0.551 1.534*** 0.521

(0.384) (0.462) (0.381) (0.488)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.123** 0.054 -0.234*** -0.014

(0.050) (0.061) (0.085) (0.092)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.013** 0.008

(0.006) (0.007)

R2 0.321 0.408 0.322 0.408

Observations 1190828 837014 1190828 837014

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.205*** 0.215*** 0.196*** 0.198***

(0.041) (0.043) (0.042) (0.046)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.022*** -0.014** -0.039*** -0.019*

(0.006) (0.006) (0.011) (0.010)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.002*** 0.001**

(0.001) (0.001)

R2 0.105 0.170 0.116 0.185

Observations 1191154 837278 1191154 837278

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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: BPS Census 2000 and Duflo (2001).

✹✸



Table A9: Effects of Inpres Schools on Intergenerational Educational Mobility– Comparison Co-

horts: 1959-1962

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 1.666*** 0.656 1.570*** 0.609

(0.389) (0.467) (0.396) (0.494)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.131** 0.066 -0.208** 0.017

(0.051) (0.061) (0.097) (0.091)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.010 0.006

(0.007) (0.007)

R2 0.320 0.405 0.321 0.405

Observations 1178986 822791 1178986 822791

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.210*** 0.219*** 0.199*** 0.202***

(0.041) (0.041) (0.043) (0.044)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.022*** -0.013** -0.037*** -0.017*

(0.006) (0.006) (0.012) (0.010)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.002*** 0.001*

(0.001) (0.001)

R2 0.103 0.166 0.114 0.181

Observations 1179307 823049 1179307 823049

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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: BPS Census 2000 and Duflo (2001).
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Table A10: Effects of Inpres Schools on Intergenerational Educational Mobility– Comparison

Cohorts: 1960-1962

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 1.660*** 0.551 1.602*** 0.498

(0.384) (0.467) (0.387) (0.492)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.131** 0.076 -0.247*** 0.042

(0.051) (0.061) (0.090) (0.088)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.014** 0.005

(0.006) (0.007)

R2 0.318 0.401 0.319 0.401

Observations 1163653 804747 1163653 804747

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1968-1972 × Inpres 0.207*** 0.203*** 0.198*** 0.189***

(0.040) (0.040) (0.042) (0.042)

Father’s Years of Schooling × Born Between 1968-1972 × Inpres -0.022*** -0.012** -0.038*** -0.017*

(0.005) (0.006) (0.011) (0.009)

Father’s Years of Schooling Sq × Born Between 1968-1972 × Inpres 0.002*** 0.001**

(0.001) (0.001)

R2 0.100 0.159 0.111 0.174

Observations 1163968 805004 1163968 805004

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. Primary completion takes the value of 1 if

the child has completed primary and 0, otherwise. Years of schooling was calculated based on the education level completed. 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: BPS Census 2000 and Duflo (2001).

✹✺



Table A11: Effects of Inpres Schools on Intergenerational Educational Mobility– Partially Exposed

Cohorts Only

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1963-1967 × Inpres 0.611** -0.537* 0.569** -0.491

(0.270) (0.323) (0.286) (0.335)

Father’s Years of Schooling × Born Between 1963-1967 × Inpres -0.067 0.100* -0.112 0.027

(0.042) (0.058) (0.088) (0.087)

Father’s Years of Schooling Sq × Born Between 1963-1967 × 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: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1963-1967 × Inpres 0.094*** 0.040 0.082*** 0.030

(0.028) (0.025) (0.030) (0.030)

Father’s Years of Schooling × Born Between 1963-1967 × Inpres -0.013*** -0.003 -0.020** -0.001

(0.004) (0.003) (0.008) (0.009)

Father’s Years of Schooling Sq × Born Between 1963-1967 × Inpres 0.001** 0.000

(0.000) (0.001)

R2 0.128 0.194 0.141 0.214

Observations 433421 400027 433421 400027

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals 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. 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. 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: BPS Census 2000 and Duflo (2001).
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Table A12: Effects of Inpres Schools on Intergenerational Educational Mobility–Unrestricted Sam-

ple

Panel A: Dependent Variable: Years of Schooling

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1963-1972 × Inpres 1.249*** -0.101 1.197*** -0.155

(0.346) (0.376) (0.338) (0.388)

Father’s Years of Education × Born Between 1963-1972 × Inpres -0.116** 0.072 -0.244*** 0.030

(0.053) (0.066) (0.087) (0.088)

Father’s Years of Education Sq × Born Between 1963-1972 × Inpres 0.015** 0.006

(0.006) (0.009)

R2 0.322 0.413 0.322 0.413

Observations 1549978 1169409 1549978 1169409

Panel B: Dependent Variable: Primary Completion

Linear Model Quadratic Model

Sons Daughters Sons Daughters

(1) (2) (3) (4)

Born Between 1963-1972 × Inpres 0.166*** 0.117*** 0.155*** 0.094***

(0.041) (0.036) (0.042) (0.036)

Father’s Years of Education × Born Between 1963-1972 × Inpres -0.020*** -0.010** -0.034*** -0.008

(0.006) (0.005) (0.011) (0.008)

Father’s Years of Education Sq × Born Between 1963-1972 × Inpres 0.002*** 0.001

(0.001) (0.001)

R2 0.113 0.182 0.125 0.200

Observations 1550425 1169783 1550425 1169783

Notes: Robust standard errors in parentheses clustered at the district of birth. (*** p<0.01, ** p<0.05, * p<0.1) Sample corresponds to

individuals born between 1950 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. 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. 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: BPS Census 2000 and Duflo (2001).

✹✼


