
a

s



Berne, 2017

Dario Fauceglia
Björn Plaschnick

Maria Rueda Maurer

Exchange rate fluctuations
and quality composition
of exports: Evidence from
Swiss product-level data

Schwerpunktthema:
Die Schweizer Wirtschaft in einem

schwierigen Währungsumfeld

Study on behalf of the State
Secretariat for Economic Affairs
SECO

Strukturberichterstattung
Nr. 56/2





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

❡①♣♦rts✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❙✇✐ss ♣r♦❞✉❝t✲❧❡✈❡❧ ❞❛t❛

❉❛r✐♦ ❋❛✉❝❡❣❧✐❛ ∗ ❇❥ör♥ P❧❛s❝❤♥✐❝❦ † ▼❛r✐❛ ❘✉❡❞❛ ▼❛✉r❡r ‡

❙❡♣t❡♠❜❡r ✼✱ ✷✵✶✼

❆❜str❛❝t

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

❞❡st✐♥❛t✐♦♥s t♦✇❛r❞s ❤✐❣❤❡r ❣r♦✇t❤ ♠❛r❦❡ts s✉❝❤ ❛s ❈❤✐♥❛✳

❚❤❡r❡ ✐s✱ ❤♦✇❡✈❡r✱ ♥♦ s②st❡♠❛t✐❝ st✉❞② t❤❛t ❡①❛♠✐♥❡s ❤♦✇ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②

r❡s♣♦♥❞s t♦ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥s✳ ❲❡ ✜❧❧ t❤✐s ❣❛♣ ✇✐t❤ t❤✐s st✉❞②✳ ❖✉r t❤❡♦r❡t✐✲

❝❛❧ ❤②♣♦t❤❡s✐s ✐s t❤❛t t❤❡ ❡①♣♦rt ❝♦♠♣♦s✐t✐♦♥ s❤✐❢ts t♦✇❛r❞s ❤✐❣❤❡r q✉❛❧✐t② ❣♦♦❞s ❛❢t❡r ❛
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s❤❛r❡s ❛r❡ r❡❛❧❧♦❝❛t❡❞ t♦✇❛r❞s ❡①♣♦rt❡rs ♦❢ ❤✐❣❤❡r q✉❛❧✐t② ❣♦♦❞s✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛♥ ✐♥❝r❡❛s❡

✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ❚❤✐s ♠✐❣❤t ❛❧s♦ ❜❡ ❛♥ ❡①♣❧❛♥❛t✐♦♥ ❢♦r ❙✇✐ss ❡①♣♦rts ❤❛✈✐♥❣

t❤❡ ❤✐❣❤❡st q✉❛❧✐t② ✐♥ ✷✵✵✼✱ ♦♥ ❛✈❡r❛❣❡ ✻✻✪ ❤✐❣❤❡r t❤❛♥ t❤❡ ✇♦r❧❞ ❛✈❡r❛❣❡ ♦❢ ✶✽✺ ❝♦✉♥tr✐❡s

❛❝❝♦r❞✐♥❣ t♦ ❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s ✭✷✵✶✹✮✳

❍♦✇ t♦ ♠❡❛s✉r❡ ❡①♣♦rt q✉❛❧✐t②❄

■♥ ♦✉r st✉❞② ✇❡ ❡♠♣❧♦② t✇♦ ❞✐✛❡r❡♥t ♣r♦①✐❡s ❢♦r ❡①♣♦rt q✉❛❧✐t②✱ ♦♥❡ ❜❛s❡❞ ♦♥ ❡①♣♦rt ❞❡♠❛♥❞

❛♥❞ t❤❡ ♦t❤❡r ♦♥ ❡①♣♦rt ♣r✐❝❡s ✭✉♥✐t ✈❛❧✉❡s✮✳ ❚❤❡ q✉❛❧✐t② ♦❢ ❛ ♣r♦❞✉❝t ✐s ♥♦t ❞✐r❡❝t❧②

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

❡①♣♦rt ♣r✐❝❡s✳ ■♥ t❤✐s ♣❛♣❡r✱ q✉❛❧✐t② ✐s ✉♥❞❡rst♦♦❞ ❢❛✐r❧② ❜r♦❛❞❧② ❛s ❢❛❝t♦rs t❤❛t s❤✐❢t

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

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

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

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

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

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

❘❡❧❛t❡❞ t♦ t❤✐s ✐♥t✉✐t✐♦♥✱ ✇❡ ✐♥❢❡r t❤❡ q✉❛❧✐t② ♦❢ ❡①♣♦rts ✉♥❞❡rst♦♦❞ ❛s ❛ ❞❡♠❛♥❞ s❤✐❢t❡r
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❜❛s❡❞ ♦♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❛♥ ❡①♣♦rt ❞❡♠❛♥❞ ❢✉♥❝t✐♦♥ ✐♥ ♦✉r ✜rst ♠❡❛s✉r❡✳ ❙♣❡❝✐✜❝❛❧❧②✱

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

❡st✐♠❛t❡❞ r❡s✐❞✉❛❧s ❛❝❝♦r❞✐♥❣❧② ✭❛t t❤❡ ✈❡r② ❞✐s❛❣❣r❡❣❛t❡❞ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧✮✳ ❚❤❡s❡ r❡s✐❞✉❛❧s

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

❝❤❛♥❣❡s ✐♥ t❤❡ ❡①♣♦rt ❞❡st✐♥❛t✐♦♥✳

■♥ ❛ s❡❝♦♥❞ q✉❛❧✐t② ✐♥❞✐❝❛t♦r ✇❡ ♠❡❛s✉r❡ ❝❤❛♥❣❡s ✐♥ ♠❛r❦❡t s❤❛r❡ ✇❡✐❣❤t❡❞ ✭❛✈❡r❛❣❡✮ ❡①♣♦rt

♣r✐❝❡s ✇✐t❤✐♥ ♥❛rr♦✇❧② ❞❡✜♥❡❞ ♣r♦❞✉❝t ❣r♦✉♣s ✭❛t t❤❡ ❍❙ ✻✲❞✐❣✐t ❛♥❞ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧✮✳ ■❢

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

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

❊①♣♦rt ♣r✐❝❡s ❛r❡ ❛ ✈❛❧✐❞ q✉❛❧✐t② ✐♥❞✐❝❛t♦r s✐♥❝❡ ♠♦st ✈❛r✐❛t✐♦♥ ✐♥ ❡①♣♦rt ♣r✐❝❡s ❝❛♥ ❜❡

❡①♣❧❛✐♥❡❞ ❜② q✉❛❧✐t② ❞✐✛❡r❡♥❝❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ tr❛❞❡ ❧✐t❡r❛t✉r❡ ✭s❡❡ ❢♦r ✐♥st❛♥❝❡ ❋❡❡♥str❛

❛♥❞ ❘♦♠❛❧✐s✱ ✷✵✶✹✮✳

❈✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥s ✐♥❞✉❝❡ q✉❛❧✐t② ✐♠♣r♦✈❡♠❡♥ts ✇✐t❤ ❜♦t❤ q✉❛❧✐t② ♠❡❛✲

s✉r❡s

❲❡ ✉s❡ ♣r♦❞✉❝t✲❧❡✈❡❧ ❜✐❧❛t❡r❛❧ tr❛❞❡ ❞❛t❛ ❜❡t✇❡❡♥ ✶✾✾✻ ❛♥❞ ✷✵✶✺ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❙✇✐ss

❋❡❞❡r❛❧ ❈✉st♦♠s ❆❞♠✐♥✐str❛t✐♦♥ ✭❊✐❞❣❡♥öss✐s❝❤❡ ❩♦❧❧✈❡r✇❛❧t✉♥❣✮ t♦ ❡st✐♠❛t❡ t❤❡ ❡✛❡❝t ♦❢

❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ♦♥ ♣r♦❞✉❝t q✉❛❧✐t②✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣s ✇✐t❤ ❜♦t❤ q✉❛❧✐t②

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

❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ■♥ ❝♦♥tr❛st✱ ❛ ❝✉rr❡♥❝② ❞❡♣r❡❝✐❛t✐♦♥ r❡❞✉❝❡s t❤❡ ❡①♣♦rt❡❞ q✉❛❧✐t②✳

❲❡ ❛❧s♦ ✜♥❞ ❡✈✐❞❡♥❝❡ ❢♦r ❛ ❝♦♠♣♦s✐t✐♦♥ ❡✛❡❝t ✐♥ t❤❡ s❡♥s❡ t❤❛t ❤✐❣❤❡r ♣r✐❝❡❞ ❣♦♦❞s ❣❛✐♥

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

❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✜♥❞ ❛♥ ❡st✐♠❛t❡❞ ❡✛❡❝t ♦❢ ❛ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥ ♦♥ q✉❛❧✐t② ❜❡t✇❡❡♥

✵✳✶ ❛♥❞ ✵✳✷ ✇✐t❤ t❤❡ ✜rst q✉❛❧✐t② ♠❡❛s✉r❡ ❜❛s❡❞ ♦♥ ❞❡♠❛♥❞ r❡s✐❞✉❛❧s✳ ❚❤❛t ✐s✱ ❛ ✶✵✪✲

❛♣♣r❡❝✐❛t✐♦♥ r❛✐s❡s t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧ ❜② ❛❜♦✉t ✶✪ t♦ ✷✪✳

❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ q✉❛❧✐t② ❡✛❡❝t ✐s ♣❛rt✐❝✉❧❛r❧② ♣r♦♥♦✉♥❝❡❞ ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s

❛♥❞ ✐♥ s❡❝t♦rs t❤❛t ❛r❡ ✐♥t❡♥s✐✈❡ ✐♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❤✐❧❡ q✉❛❧✐t②

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

str♦♥❣❡r ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ s✉❝❤ ❛s ♥❛t✉r❛❧ r❡s♦✉r❝❡s✱ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ r❡s✉❧ts ✐♥

s✐❣♥✐✜❝❛♥t q✉❛❧✐t② ✐♠♣r♦✈❡♠❡♥ts ✐♥ s❡❝t♦rs s✉❝❤ ❛s ♠❛❝❤✐♥❡r② ❛♥❞ ♣r❡❝✐s✐♦♥ ✐♥str✉♠❡♥ts

✭✐♥❝❧✳ ✇❛t❝❤❡s✮ ✇✐t❤ ❛ ❣r❡❛t❡r s❝♦♣❡ ❢♦r q✉❛❧✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥ ✭s❡❡ ❋✐❣✉r❡ ✹✮✳ ❆♥♦t❤❡r

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

❡①♣♦rt q✉❛❧✐t②✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❛ s✇✐t❝❤✐♥❣ ♦❢ ❙✇✐ss ❡①♣♦rt❡rs t♦ ♠♦r❡ ❡①♣❡♥s✐✈❡

✐♠♣♦rt❡❞ ✐♥♣✉ts ✐♥ ♦r❞❡r t♦ ♣r♦❞✉❝❡ ❤✐❣❤❡r q✉❛❧✐t② ❡①♣♦rt ❣♦♦❞s✳
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❙❡❝✉❧❛r tr❡♥❞s ❛♥❞ ❣r♦✇t❤ ♠❛r❦❡ts ❧♦✇❡r t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ ❡✛❡❝t ♦♥

q✉❛❧✐t②

❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t② ❛♥❞ t❤❡ str❡♥❣t❤ ♦❢ t❤❡ ❡①✲

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

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

r❛t❡ ♠♦✈❡♠❡♥ts ♦♥ q✉❛❧✐t② ❜❡❝♦♠❡s s♦♠❡✇❤❛t ❧❛r❣❡r✳ ◗✉❛❧✐t② ❛❞❥✉st♠❡♥ts ✐♥ t❤✐s s❡❝t♦r

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

❛♥❞ ❝❤❛♥❣❡s ✐♥ t❤❡ r❡❣✉❧❛t♦r② ❡♥✈✐r♦♥♠❡♥t r❛t❤❡r t❤❛♥ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥s✳

❲❡ ❛❧s♦ ✜♥❞ t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♠❛r❦❡t s✐③❡ ✕ ❛♣♣r♦①✐♠❛t❡❞ ❜② ❛ r✐s❡ ✐♥ r❡❛❧ ●❉P ✐♥ t❤❡

❡①♣♦rt ♠❛r❦❡t ✕ t❡♥❞s t♦ r❡❞✉❝❡ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡

✐❞❡❛ t❤❛t ❧❛r❣❡r ❛♥❞ ❣r♦✇✐♥❣ ♠❛r❦❡ts ❛❧s♦ ❛❧❧♦✇ ❡①♣♦rt❡rs ♦❢ ❧♦✇❡r q✉❛❧✐t② ❣♦♦❞s t♦ ❡♥t❡r

❛♥ ❡①♣♦rt ♠❛r❦❡t✱ ❛♥❞ t❤❡r❡❜② ❧♦✇❡r✐♥❣ t❤❡ ♦✈❡r❛❧❧ q✉❛❧✐t② ❡①♣♦rt❡❞ t♦ t❤✐s ❞❡st✐♥❛t✐♦♥✳

❚❤✐s ♣r♦✈✐❞❡s ❛❞❞✐t✐♦♥❛❧ ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ ❛❞❥✉st♠❡♥t ✐♥ t❤❡ ❡①♣♦rt❡rs✬ s❡❧❡❝t✐♦♥ ♣❧❛②s ❛♥

✐♠♣♦rt❛♥t r♦❧❡ ✐♥ tr✐❣❣❡r✐♥❣ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳

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

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

❣♦♦❞s ✐♥ ❙✇✐ss ❡①♣♦rts✳ ▼♦r❡♦✈❡r✱ ✇❡ ❝♦✉❧❞ s❤♦✇ t❤❛t ❛ ❤✐❣❤❡r ❡①♣♦rt q✉❛❧✐t② ❛❧s♦ r❛✐s❡s

❛✈❡r❛❣❡ ❡①♣♦rt s❛❧❡s ❛♥❞✱ t❤❡r❡❢♦r❡✱ s❤✐❡❧❞s ❡①♣♦rt❡rs ♦❢ ❤✐❣❤❡r q✉❛❧✐t② ♣r♦❞✉❝ts ❢r♦♠ ❡①✲

❝❡ss✐✈❡ ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ ✐♥ ❢♦r❡✐❣♥ ♠❛r❦❡ts✳ ❋r♦♠ ❛ ♣♦❧✐❝② ♣❡rs♣❡❝t✐✈❡✱ t❤✐s r❡❛❧❧♦❝❛t✐♦♥ ♦❢

♠❛r❦❡t s❤❛r❡s t♦✇❛r❞s ❤✐❣❤❡r q✉❛❧✐t② ❣♦♦❞s ♣♦✐♥ts t♦ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❢❛❝✐❧✐t❛t✐♥❣ str✉❝✲

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

❛♣♣r❡❝✐❛t✐♦♥s✳

✺



✷ ■♥tr♦❞✉❝t✐♦♥

❆ ❧❛r❣❡ ♣❛rt ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ r❡❧❛t❡❞ ❧✐t❡r❛t✉r❡ ❤❛s ❡♠♣❤❛s✐③❡❞ t❤❡ ❞✐r❡❝t ❡✛❡❝t ♦❢

❝✉rr❡♥❝② ♠♦✈❡♠❡♥ts ♦♥ ❛❣❣r❡❣❛t❡ ♣r✐❝❡s ❛♥❞ q✉❛♥t✐t✐❡s ✭❇✉rst❡✐♥ ❛♥❞ ●♦♣✐♥❛t❤✱ ✷✵✶✸✮✳

❙❝❤♦❧❛rs ❤❛✈❡ ♣❛✐❞ ♣❛rt✐❝✉❧❛r ❛tt❡♥t✐♦♥ t♦ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ✐♥❝♦♠♣❧❡t❡ ♣❛ss✲t❤r♦✉❣❤❀

t❤❡ st②❧✐③❡❞ ❢❛❝t t❤❛t ❡①❝❤❛♥❣❡ r❛t❡ s❤♦❝❦s ❛r❡ ✐♥ t❤❡ ♠❛❥♦r✐t② ♦❢ ❝❛s❡s ♦♥❧② ♣❛rt✐❛❧❧②

tr❛♥s♠✐tt❡❞ t♦ ❢♦r❡✐❣♥ ❝♦♥s✉♠❡rs✳ ❆♣❛rt ❢r♦♠ ✐♠♣♦rt❡❞ ✐♥♣✉ts✱ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♦t❤❡r

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

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

✈❛r✐❛❜❧❡ ♠❛r❦✲✉♣ ❢r❛♠❡✇♦r❦ ✭❇❡r♠❛♥ ❡t ❛❧✳✱ ✷✵✶✷❀ ❈❤❡♥ ❛♥❞ ❏✉✈❡♥❛❧✱ ✷✵✶✹✮✳ ❘❡❧❛t❡❞❧②✱

t❤✐s ♣❛♣❡r st✉❞✐❡s t❤❡ ❡✛❡❝t ♦❢ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ ♦♥ t❤❡ ❛✈❡r❛❣❡ q✉❛❧✐t② ♦❢ ❡①♣♦rts

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

♦❢ ✈✐❡✇ s✐♥❝❡ ❛❞❥✉st♠❡♥ts ♦❢ t❤❡ q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❡①♣♦rts ♠❛② ❜❡ ❛ ❞②♥❛♠✐❝ ❝❤❛♥♥❡❧

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

❜❡ ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ❢♦r ❛ ❤✐❣❤✲✇❛❣❡ ❝♦✉♥tr② s✉❝❤ ❛s ❙✇✐t③❡r❧❛♥❞ t❤❛t ❢❛❝❡s st❡❛❞②

❛♣♣r❡❝✐❛t✐♦♥s ♦❢ ✐ts ❝✉rr❡♥❝②✳ ❚❤❡ ❛♣♣r❡❝✐❛t✐♦♥ tr❡♥❞ ♦❢ t❤❡ ❙✇✐ss ❋r❛♥❝ ✐s ❞✐s♣❧❛②❡❞ ✐♥

❋✐❣✉r❡ ✶✱ ✇❤✐❝❤ s❤♦✇s t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❙✇✐ss ❋r❛♥❝ ❛❣❛✐♥st t❤❡ ❯❙❉✱ t❤❡ ❊✉r♦ ❛♥❞ ❛

tr❛❞❡✲✇❡✐❣❤t❡❞ ❜❛s❦❡t ♦❢ ❝✉rr❡♥❝✐❡s ✐♥ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✶✾✾✻ ❛♥❞ ✷✵✶✺✳ ❉❡s♣✐t❡

t❤❡ ❙✇✐ss ❋r❛♥❝✬s t❡♥❞❡♥❝② t♦ ❛♣♣r❡❝✐❛t❡ ♦✈❡r t✐♠❡✱ ❡①♣♦rt s❛❧❡s ❤❛✈❡ ♠♦r❡ t❤❛♥ ❞♦✉❜❧❡❞

❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳

❚❤✐s ❛♣♣❛r❡♥t r❡s✐❧✐❡♥❝❡ ♦❢ t❤❡ ❙✇✐ss ❡①♣♦rt ❡❝♦♥♦♠② t♦ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ✐s ✉s✉❛❧❧②

❛ss♦❝✐❛t❡❞ ✇✐t❤ ✐ts ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ ✐♥❡❧❛st✐❝ ♥✐❝❤❡ ♠❛r❦❡ts ♦❢ ❤✐❣❤✲q✉❛❧✐t② ♣r♦❞✉❝ts ✭❆✉❡r

❛♥❞ ❙❛✉r❡✱ ✷✵✶✶✮✱ ✐ts ❜❛❝❦✇❛r❞ ❧✐♥❦❛❣❡s t♦ ✐♥t❡r♥❛t✐♦♥❛❧ s✉♣♣❧② ❝❤❛✐♥s ✭❋❛✉❝❡❣❧✐❛ ❡t ❛❧✳✱

✷✵✶✹❜✱❛✮ ❛♥❞ ✐ts ❞✐✈❡rs✐✜❝❛t✐♦♥ ✐♥ t❡r♠s ♦❢ ❡①♣♦rt ❞❡st✐♥❛t✐♦♥s t♦✇❛r❞s ❤✐❣❤❡r ❣r♦✇t❤

♠❛r❦❡ts s✉❝❤ ❛s ❈❤✐♥❛✳ ❚❤❡r❡ ✐s✱ ❤♦✇❡✈❡r✱ ♥♦ s②st❡♠❛t✐❝ st✉❞② t❤❛t ❛❞❞r❡ss❡s t❤❡ r❡s♣♦♥s❡

♦❢ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② t♦ ❛ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥ ❛s ❛ ♠❛r❣✐♥ ♦❢ ❛❞❥✉st♠❡♥t✳ ❆✉❡r

❛♥❞ ❙❛✉r❡ ✭✷✵✶✶✮ ❞♦❝✉♠❡♥t t❤❛t ❙✇✐ss ❡①♣♦rts ❛r❡ ✐♥❞❡❡❞ ❝♦♥❝❡♥tr❛t❡❞ ✐♥ ♣r✐❝❡✲✐♥s❡♥s✐t✐✈❡

s❡❝t♦rs✱ ❜✉t t❤❡② ❞♦ ♥♦t ❛♥❛❧②③❡ ❤♦✇ t❤❡ ❡①♣♦rt ❝♦♠♣♦s✐t✐♦♥ r❡❛❝ts t♦ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡✳

❆t t❤❡ ✜r♠✲❧❡✈❡❧✱ ❑❛✐s❡r ❛♥❞ ❙✐❡❣❡♥t❤❛❧❡r ✭✷✵✶✻✮ ✜♥❞ ❡✈✐❞❡♥❝❡ t❤❛t ❙✇✐ss ❡①♣♦rt❡rs ❞❡♠❛♥❞

♠♦r❡ s❦✐❧❧❡❞ ❧❛❜♦r✱ ✐♥❝r❡❛s❡ ❘✫❉ ❡①♣❡♥❞✐t✉r❡s ❛♥❞ t❤❡ ♦✉ts♦✉r❝✐♥❣ ♦❢ s✐♠♣❧❡r t❛s❦s ❛❢t❡r ❛

❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥✳ ❚❤❡✐r ✜♥❞✐♥❣s t❤✉s s✉❣❣❡st t❤❛t ✜r♠s ❛❞❥✉st t❤❡ ♣r♦❞✉❝t q✉❛❧✐t②

✉♣✇❛r❞s ✇❤❡♥ t❤❡ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t❡s✳ ❚❤✐s st✉❞② ♣r♦✈✐❞❡s ❝♦♠♣❧❡♠❡♥t❛r② ❡✈✐❞❡♥❝❡

✇✐t❤ ♣r♦❞✉❝t✲❧❡✈❡❧ ❝✉st♦♠s ❞❛t❛ t❤❛t t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ✐♥❝r❡❛s❡s ❛t ❞✐✛❡r❡♥t

❧❡✈❡❧s ♦❢ ❛❣❣r❡❣❛t✐♦♥ ✭❍❙ ✽✲❞✐❣✐t t♦ ❍❙ ✹✲❞✐❣✐t ❝❛t❡❣♦r②✮ ❞✉r✐♥❣ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥

✻



❋✐❣✉r❡ ✶✿ ❊①♣♦rt s❛❧❡s ❛♥❞ ❈❍❋ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥❞✐❝❡s ✭✶✾✾✻❂✶✵✵✮

❙♦✉r❝❡✿ ❙◆❇

♣❡r✐♦❞s✳✶ ❚❤✐s ✐s ❞r✐✈❡♥ ❜② ❣❛✐♥s ♦❢ ♠❛r❦❡t s❤❛r❡s ♦❢ ❤✐❣❤❡r q✉❛❧✐t② ✈❛r✐❡t✐❡s ❛t t❤❡ ❡①♣❡♥s❡

♦❢ ❧♦✇❡r q✉❛❧✐t② ✈❛r✐❡t✐❡s ✇✐t❤✐♥ ♥❛rr♦✇❧② ❞❡✜♥❡❞ ♣r♦❞✉❝t ❝❛t❡❣♦r✐❡s✳ ▼♦r❡♦✈❡r✱ ❡①❝❤❛♥❣❡

r❛t❡ ❞r✐✈❡♥ q✉❛❧✐t② r❡s♣♦♥s❡s ❛r❡ ♣❛rt✐❝✉❧❛r❧② ♣r♦♥♦✉♥❝❡❞ ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ❛♥❞ ✐♥

s❡❝t♦rs ✐♥t❡♥s✐✈❡ ✐♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t✳ ❖✉r r❡s✉❧ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ❛ q✉❛❧✐t②✲

❛✉❣♠❡♥t❡❞ ▼❡❧✐t③ ✭✷✵✵✸✮✲♠♦❞❡❧ ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸ t❤❛t ❡♠♣❤❛s✐③❡s ❛ ♣✉r❡ s❡❧❡❝t✐♦♥

❡✛❡❝t ❛s t❤❡ ♠❛✐♥ ❞r✐✈❡r ♦❢ q✉❛❧✐t② ✉♣❣r❛❞✐♥❣✳ ■♥ t❤✐s ♠♦❞❡❧✱ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥

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

t❤❡ ♠❛r❣✐♥❛❧ ❡①♣♦rt❡r✳✷ ❆s ❛ r❡s✉❧t✱ ❧❡ss ❝❛♣❛❜❧❡ ❡①♣♦rt❡rs t❤❛t ❛r❡ ♥♦t ❛❜❧❡ t♦ ♣r♦✈✐❞❡

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

t❤❡ ❡①♣♦rt ♠❛r❦❡t✳ ❚❤✐s s❡❧❡❝t✐♦♥ ❡✛❡❝t ✐♥❝r❡❛s❡s t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② t♦ ❛ ❣✐✈❡♥

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

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

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

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

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

✶❲❡ ❡♠♣❧♦② ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥❞✐❝❡s ✐♥ t❤❡ ❡♠♣✐r✐❝❛❧ ♣❛rt ❜❡❝❛✉s❡ t❤❡s❡ ❛r❡ t❤❡ t❤❡♦r❡t✐❝❛❧❧②
r❡❧❡✈❛♥t ❡①❝❤❛♥❣❡ r❛t❡s ❛❝❝♦r❞✐♥❣ t♦ ♦✉r t❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦✳ ❚❤❡② ❛❧s♦ ❡①❤✐❜✐t ♠♦r❡ ✈❛r✐❛t✐♦♥ t♦
❡①♣❧♦✐t ❡♠♣✐r✐❝❛❧❧② t❤❛♥ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s✳ ■♠♣♦rt❛♥t❧②✱ ❤♦✇❡✈❡r✱ ❛❧❧ ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s ❛❧s♦ ❤♦❧❞ ✇❤❡♥
✇❡ ✉s❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡s ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✹ ✭s❡❡ ❛❧s♦ t❤❡ ❆♣♣❡♥❞✐① ❚❛❜❧❡ ✐♥ ❙❡❝t✐♦♥ ✼✳✷ ❢♦r
r♦❜✉st♥❡ss ❝❤❡❝❦s t♦ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ s♣❡❝✐✜❝❛t✐♦♥s✮✳

✷❚❤❡ ♠❛r❣✐♥❛❧ ❡①♣♦rt❡r ✐s t❤❡ ❧❡❛st ❝❛♣❛❜❧❡ ❡①♣♦rt❡r t❤❛t st✐❧❧ s❛t✐s✜❡s t❤❡ ③❡r♦✲♣r♦✜t ❝♦♥❞✐t✐♦♥✳
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♦❢ ❤✐❣❤❡r ♣r✐❝❡s ♦♥ ❡①♣♦rt ❞❡♠❛♥❞✱ ♣❛rt✐❝✉❧❛r❧② ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ❛♥❞ ✐♥ s❡❝t♦rs ✇✐t❤

❛ ❣r❡❛t❡r s❝♦♣❡ ❢♦r q✉❛❧✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥✳ ■♥ t❤✐s s❡♥s❡✱ ❙✇✐ss ❡①♣♦rt❡rs t❤❛t ♣r♦✈✐❞❡ ❛

❤✐❣❤❡r ♣r♦❞✉❝t q✉❛❧✐t② ❛r❡ ❛t ❧❡❛st ♣❛rt❧② s❤✐❡❧❞❡❞ ❢r♦♠ ❡①❝❡ss✐✈❡ ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ ✐♥

❡①♣♦rt ❞❡st✐♥❛t✐♦♥s✳

❚♦ s✉♠ ✉♣✱ t❤✐s st✉❞② ❡st❛❜❧✐s❤❡s q✉❛❧✐t② ❛s ❛♥ ❛❞❞✐t✐♦♥❛❧ ♠❛r❣✐♥ ♦❢ ❛❞❥✉st♠❡♥t ✐♥ r❡s♣♦♥s❡

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

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

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

♦❢ ❛❣❣r❡❣❛t✐♦♥ ♦r t②♣❡ ♦❢ ❞❛t❛✳

✸ ❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞

❚❤❡ s❡♠✐♥❛❧ ♣❛♣❡r ❜② ▼❡❧✐t③ ✭✷✵✵✸✮ ❛♥❞ ✐ts q✉❛❧✐t② ❡①t❡♥s✐♦♥s ✭s❡❡ ❢♦r ✐♥st❛♥❝❡ ❇❛❧❞✇✐♥

❛♥❞ ❍❛rr✐❣❛♥✱ ✷✵✶✶❀ ❏♦❤♥s♦♥✱ ✷✵✶✷❀ ❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s✱ ✷✵✶✹✮ ❝♦♥st✐t✉t❡ t❤❡ t❤❡♦r❡t✐❝❛❧

❢♦✉♥❞❛t✐♦♥ ♦❢ ♦✉r r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s ✭s❡❡ ❛❧s♦ ❙❡❝t✐♦♥ ✼✳✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐① ❢♦r ❛ ❢♦r♠❛❧

t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✮✳ ■♥ t❤❡ ♦r✐❣✐♥❛❧ ▼❡❧✐t③ ✭✷✵✵✸✮✲♠♦❞❡❧ ✜r♠s ❞✐✛❡r ✐♥ t❡r♠s ♦❢ t❤❡✐r ♣r♦✲

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

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

✜r♠ ✐s ❞r❛✇♥ r❛♥❞♦♠❧② ❢r♦♠ s♦♠❡ ❦♥♦✇♥ st❛t✐st✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♣r✐♦r t♦ st❛rt✐♥❣ ♣r♦❞✉❝✲

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

✐s ♥♦t s✉✣❝✐❡♥t❧② ❤✐❣❤ t♦ ❣❡♥❡r❛t❡ ♣♦s✐t✐✈❡ ✭♦r ♥♦♥✲♥❡❣❛t✐✈❡✮ ♣r♦✜ts✳ ❚♦ s❡r✈❡ ❛♥ ❡①♣♦rt

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

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

♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤✐s ✜①❡❞ ❝♦st ♦❢ ♠❛r❦❡t ❡♥tr②✱ ♦♥❧② ❛ s✉❜s❡t ♦❢ s✉✣❝✐❡♥t❧② ♣r♦❞✉❝t✐✈❡

✜r♠s ✭❛♠♦♥❣ t❤♦s❡ s✉r✈✐✈✐♥❣✮ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ❡①♣♦rt ♣r♦✜t❛❜❧②✳ ❚❤❡s❡ ✜r♠s ❜❡♥❡✜t ❢r♦♠ ❛

tr❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❞✉❡ t♦ ❛♥ ❡①♣❛♥s✐♦♥ ♦❢ ❡①♣♦rt ❞❡♠❛♥❞✱ ✇❤✐❧❡ t❤❡ ❧❡❛st ♣r♦❞✉❝t✐✈❡ ✜r♠s

s✉✛❡r ❢r♦♠ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣❡t✐t✐♦♥ ♦❢ ❢♦r❡✐❣♥ ✜r♠s ❛♥❞ ❡①✐t✳ ❆s ❛ r❡s✉❧t✱ ❛ tr❛❞❡ ❧✐❜❡r✲

❛❧✐③❛t✐♦♥ ✐♥❞✉❝❡s ♠❛r❦❡t s❤❛r❡ r❡❛❧❧♦❝❛t✐♦♥s t♦✇❛r❞s ♠♦r❡ ♣r♦❞✉❝t✐✈❡ ✜r♠s t❤❛t ❣❡♥❡r❛t❡

❛❣❣r❡❣❛t❡ ♣r♦❞✉❝t✐✈✐t② ❣❛✐♥s✱ ✇❤✐❝❤ ✐s t❤❡ ♠❛✐♥ ✐♥s✐❣❤t ♦❢ t❤❡ ▼❡❧✐t③ ✭✷✵✵✸✮✲♠♦❞❡❧✳

✸❖✉r r❡s✉❧ts ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ ❆✉❡r ❛♥❞ ❈❤❛♥❡② ✭✷✵✵✾✮ ✇❤♦ ❛❧s♦ ♣r♦✈✐❞❡ ✇❡❛❦ ❡✈✐❞❡♥❝❡ ❢♦r q✉❛❧✐t②
✉♣❣r❛❞✐♥❣ ♦❢ ♣r♦❞✉❝ts ❡①♣♦rt❡❞ t♦ t❤❡ ❯❙ ✇❤❡♥ t❤❡ ❡①♣♦rt❡r✬s ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t❡s✳ ■♥ ❝♦♥tr❛st✱ ❱❡r❤♦♦❣❡♥
✭✷✵✵✽✮ s❤♦✇s t❤❛t ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ ❞❡♣r❡❝✐❛t✐♦♥ ✐♥❞✉❝❡s ▼❡①✐❝❛♥ ✜r♠s ✇✐t❤ ❤✐❣❤❡r ❛❜✐❧✐t✐❡s t♦ ✉♣❣r❛❞❡
t❤❡✐r q✉❛❧✐t② ❛♥❞ t♦ ♣❛② ❤✐❣❤❡r r❡❛❧ ✇❛❣❡s✳ ■♥ ♦✉r ✈✐❡✇✱ ❤✐s r❡s✉❧ts ❛r❡ ♥♦t ❞✐r❡❝t❧② ❝♦♠♣❛r❛❜❧❡ t♦ ♦✉rs s✐♥❝❡
▼❡①✐❝♦ ✐s s✉❜st❛♥t✐❛❧❧② ♣♦♦r❡r t❤❛♥ ❙✇✐t③❡r❧❛♥❞✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞ ♦❢ ❤✐s st✉❞② ❝♦✐♥❝✐❞❡s ✇✐t❤
t❤❡ ♣❡r✐♦❞ ✐♥ t❤❡ ❛❢t❡r♠❛t❤ ♦❢ t❤❡ ❚❡q✉✐❧❛ ❝r✐s✐s ✐♥ ✇❤✐❝❤ ▼❡①✐❝♦ ✇❛s ❛✛❡❝t❡❞ ❜② ♠❛ss✐✈❡ ❝❛♣✐t❛❧ ♦✉t✢♦✇s✱
✇❤✐❧❡ ❙✇✐t③❡r❧❛♥❞✬s ❛♣♣r❡❝✐❛t✐♦♥ ❡♣✐s♦❞❡s ✐♥ ♦✉r s❛♠♣❧❡ ❛r❡ ❞r✐✈❡♥ ❜② ❝❛♣✐t❛❧ ✐♥✢♦✇s✳

✽



❲❤✐❧❡ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ▼❡❧✐t③ ✭✷✵✵✸✮✲♠♦❞❡❧ ❡①♣♦rt❡rs ❛♥❞ ♥♦♥✲❡①♣♦rt❡rs ♦♥❧② ❞✐✛❡r ✐♥ t❡r♠s

♦❢ ♠❛r❣✐♥❛❧ ❝♦st ♦❢ ♣r♦❞✉❝t✐♦♥ ✭✏♣r♦❞✉❝t✐✈✐t②✑✮✱ ✇❡ ❛❞❞ ❛ q✉❛❧✐t② ❞✐♠❡♥s✐♦♥ t♦ ✜r♠s t♦

❡①♣❧❛✐♥ t❤❡ ❡✛❡❝t ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ♦♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ❆ ❤✐❣❤❡r

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

❤✐❣❤❡r ♣r♦✜ts ❛s ❝♦♠♣❛r❡❞ t♦ ✜r♠s s✉♣♣❧②✐♥❣ ❧♦✇❡r q✉❛❧✐t② ✇✐t❤ t❤❡ s❛♠❡ ♠❛r❣✐♥❛❧ ❝♦st

str✉❝t✉r❡✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ♣❛rt✐t✐♦♥ ❜❡t✇❡❡♥ ❡①♣♦rt❡rs ❛♥❞ ♥♦♥✲❡①♣♦rt❡rs ✐s ❞r✐✈❡♥

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

✏❝❛♣❛❜✐❧✐t②✑✳ ❆ ❤✐❣❤ ❝❛♣❛❜✐❧✐t② ✜r♠ ✇✐t❤ ❛ ❤✐❣❤ r❛t✐♦ ♦❢ q✉❛❧✐t② t♦ ♠❛r❣✐♥❛❧ ❝♦st ❣❡♥❡r❛t❡s

❤✐❣❤❡r ♣r♦✜ts t❤❛t ❛ ❧♦✇ ❝❛♣❛❜✐❧✐t② ✜r♠✳ ■♥ ❋✐❣✉r❡ ✷ ✇❡ ❞r❛✇ ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✜r♠

❝❛♣❛❜✐❧✐t✐❡s ✇✐t❤ ❛ ❝❛♣❛❜✐❧✐t② ❝✉t♦✛ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ③❡r♦✲♣r♦✜t ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ♠❛r❣✐♥❛❧

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

q✉❛❧✐t② t♦ ♠❛r❣✐♥❛❧ ❝♦st t❤❛t ❛❧❧♦✇s ❤❡r t♦ ❛❝❝r✉❡ ❡♥♦✉❣❤ ♦♣❡r❛t✐♥❣ ♣r♦✜ts ✭❂ r❡✈❡♥✉❡s

♠✐♥✉s ✈❛r✐❛❜❧❡ ❝♦sts✮ ✐♥ t❤❡ ❡①♣♦rt ♠❛r❦❡t t♦ ❝♦✈❡r t❤❡ r❡❝✉rr✐♥❣ ✜①❡❞ ❝♦st ♦❢ ❡①♣♦rt✐♥❣

✭✏③❡r♦ ♣r♦✜t✑✮✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ♦♥❧② ✜r♠s ❛❜♦✈❡ t❤✐s r❛t✐♦ ♦❢ ♣r♦❞✉❝t q✉❛❧✐t② t♦ ♠❛r❣✐♥❛❧

❝♦st ❡♥t❡r t❤❡ ❡①♣♦rt ♠❛r❦❡t ♣r♦✜t❛❜❧② ❛♥❞ ❞❡t❡r♠✐♥❡ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ♦❢ ❛

❝♦✉♥tr②✳ ❲❡ ❛❧s♦ ❛ss✉♠❡ t❤❛t ✜r♠ ❝❛♣❛❜✐❧✐t② ❛♥❞ ♣r♦❞✉❝t q✉❛❧✐t② ❛r❡ ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞

s♦ t❤❛t t❤❡ ❡①♣♦rt q✉❛❧✐t② ✐♥❝r❡❛s❡s ❛❧♦♥❣ t❤❡ ❝❛♣❛❜✐❧✐t② ❞✐♠❡♥s✐♦♥✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❛

❤✐❣❤❡r ❝❛♣❛❜✐❧✐t② ❝✉t♦✛ s❤✐❢ts t❤❡ ✜r♠ ❝♦♠♣♦s✐t✐♦♥ t♦✇❛r❞s ♠♦r❡ ❝❛♣❛❜❧❡ ❡①♣♦rt❡rs ❛♥❞✱

t❤❡r❡❢♦r❡✱ r❛✐s❡s t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ♦❢ ❛ ❝♦✉♥tr②✳

❲❤❛t ✇♦✉❧❞ ❜❡ t❤❡ ❡✛❡❝t ♦❢ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ ✐♥ t❤✐s ❢r❛♠❡✇♦r❦❄ ❆ ❝✉rr❡♥❝② ❛♣✲

♣r❡❝✐❛t✐♦♥ r❡❞✉❝❡s ❡①♣♦rt r❡✈❡♥✉❡s ✇❤❡♥❡✈❡r ❞❡♠❛♥❞ ❢♦r ❛ ✜r♠✬s ♣r♦❞✉❝t ✐♥ t❤❡ ❡①♣♦rt

♠❛r❦❡t ❤❛s ❛ ♥❡❣❛t✐✈❡ s❧♦♣❡✳ ❚❤✐s ❧❡❛❞s t♦ r❡❞✉❝❡❞ ❡①♣♦rt ♣r♦✜t ♠❛r❣✐♥s ❢♦r ❛❧❧ ❡①♣♦rt❡rs

✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❛t ❧❡❛st ♣❛rt ♦❢ t❤❡ ❝♦sts ❛r❡ ✐♥❝✉rr❡❞ ✐♥ t❤❡ ❡①♣♦rt❡r✬s ❝✉rr❡♥❝②

✭s♦ t❤❛t t❤❡r❡ ✐s ♥♦ ❢✉❧❧ ✏♥❛t✉r❛❧ ❤❡❞❣✐♥❣✑✮✳ ●r❛♣❤✐❝❛❧❧②✱ t❤❡ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ s❤✐❢ts

t❤❡ ❝❛♣❛❜✐❧✐t② ❝✉t♦✛ t♦ t❤❡ r✐❣❤t✱ ❛s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✷✱ ❜❡❝❛✉s❡ ✐t ♥♦✇ r❡q✉✐r❡s ❛ ❤✐❣❤❡r

r❛t✐♦ ♦❢ ♣r♦❞✉❝t q✉❛❧✐t② t♦ ♠❛r❣✐♥❛❧ ❝♦st t♦ ♠❡❡t t❤❡ ③❡r♦✲♣r♦✜t ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ❡①♣♦rt

♠❛r❦❡t✳ ❈♦♥s❡q✉❡♥t❧②✱ s♦♠❡ ♦❢ t❤❡ ❧❡❛st ❝❛♣❛❜❧❡ ❡①♣♦rt❡rs ❛❧r❡❛❞② ❝❧♦s❡ t♦ ✏③❡r♦ ♣r♦✜ts✑

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

t❤❡ ❡①♣♦rt ♠❛r❦❡t ❛❧t♦❣❡t❤❡r✳ ❚❤❡ str♦♥❣❡r ❝✉rr❡♥❝② t❤❡r❡❢♦r❡ r❡❛❧❧♦❝❛t❡s ❡①♣♦rt ♠❛r❦❡t

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

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

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

♦❢ ❛ ❝♦✉♥tr②✳ ❚❤✐s ✐s t❤❡ ♠❛✐♥ ♣r❡❞✐❝t✐♦♥ t❤❛t ✇❡ t❡st ❧❛t❡r ❡♠♣✐r✐❝❛❧❧② ✐♥ ❙❡❝t✐♦♥ ✺✳

❲❡ ❛❧s♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♠❛r❦❡t s✐③❡ ❛♥❞ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ❆s

✾



❋✐❣✉r❡ ✷✿ ❋✐r♠ ❞✐str✐❜✉t✐♦♥ ♦❢ ❝❛♣❛❜✐❧✐t✐❡s ❛♥❞ ❝✉t♦✛ ❢♦r ❡①♣♦rt ♠❛r❦❡t ❡♥tr②

❞❡♠❛♥❞ r✐s❡s ✐♥ t❤❡ ❡①♣♦rt ♠❛r❦❡t ✕ ❛♣♣r♦①✐♠❛t❡❞ ❜② ❛ r✐s❡ ✐♥ r❡❛❧ ●❉P ✕ ❡①♣♦rt r❡✈❡♥✉❡s

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

t❤❡ ❡♥tr② ♦❢ ❧❡ss ❝❛♣❛❜❧❡ ❡①♣♦rt❡rs ✭s❡❡ ❛❧s♦ ❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s✱ ✷✵✶✹✮✳ ■t ❢♦❧❧♦✇s t❤❛t

t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ✐s ♣r❡❞✐❝t❡❞ t♦ ❢❛❧❧ ✐♥ r❡s♣♦♥s❡ t♦ ❛ r✐s❡ ✐♥ ❢♦r❡✐❣♥ ●❉P✳ ❙✉♣♣♦rt

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

♦❢ ❡①♣♦rt❡rs ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ tr✐❣❣❡r✐♥❣ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳

✹ ▼❡❛s✉r✐♥❣ q✉❛❧✐t② ❝❤❛♥❣❡s

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t✇♦ ❞✐✛❡r❡♥t ♠❡❛s✉r❡s ♦❢ ❡①♣♦rt q✉❛❧✐t② t❤❛t ❛r❡ ❧❛t❡r ✉s❡❞ ✐♥ ❙❡❝t✐♦♥

✺ t♦ ❡①❛♠✐♥❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ❛♥❞ q✉❛❧✐t②✳ ❚❤❡ ✜rst

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

❙❡❝t✐♦♥ ✹✳✶✮✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♠❡❛s✉r❡ ❡♠♣❧♦②s ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s t♦ ✐♥❢❡r ♣r♦❞✉❝t q✉❛❧✐t②

✭s❡❡ ❙❡❝t✐♦♥ ✹✳✷✮✳

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

✐♥❢❡rr❡❞ ❢r♦♠ ♦❜s❡r✈❡❞ ❞❡♠❛♥❞ ❜❡❤❛✈✐♦r ♦r ❡①♣♦rt ♣r✐❝❡s✳✹ ■♥ t❤✐s ♣❛♣❡r✱ q✉❛❧✐t② ✐s ✉♥❞❡r✲

✹❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s ✭✷✵✶✹✮ ❛❧s♦ ❛♣♣❧② s✉♣♣❧②✲s✐❞❡ ❝♦♥❞✐t✐♦♥s t♦ ❡st✐♠❛t❡ t❤❡ ❡①♣♦rt q✉❛❧✐t②✳

✶✵



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

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

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

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

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

❡t ❛❧✳ ✭✷✵✶✸✮ t❤❛t ✇❡ ❡♠♣❧♦② t♦ ✐♥❢❡r ♣r♦❞✉❝t q✉❛❧✐t② ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳ ❘❡❧❛t❡❞❧②✱ ❤✐❣❤❡r

q✉❛❧✐t② ♣r♦❞✉❝ts ❝❛♥ ❝♦♠♠❛♥❞ ❤✐❣❤❡r ❡①♣♦rt ♣r✐❝❡s ❜❡❝❛✉s❡ t❤❡✐r ♣r✐❝❡ ❡❧❛st✐❝✐t✐❡s t❡♥❞ t♦

❜❡ ❧♦✇❡r ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❧♦✇ q✉❛❧✐t② ♣r♦❞✉❝ts✳ ▼♦r❡ ❣❡♥❡r❛❧❧②✱ ✐♥ ♦✉r ✉♥❞❡rst❛♥❞✐♥❣

♣r♦❞✉❝t q✉❛❧✐t② ✐s ♥♦t r❡str✐❝t❡❞ t♦ ♣❤②s✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛ ♣r♦❞✉❝t ❛♥❞✱ ❝♦♥s❡q✉❡♥t❧②✱

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

✐t② ✐♠♣r♦✈❡♠❡♥ts ❛r❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❛❧s♦ r❡❧❛t❡❞ t♦ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t②✱ ❜r❛♥❞✐♥❣ ❛♥❞

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

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

❝♦✉♣❧✐♥❣ ♦❢ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❞✉❝ts ✇✐t❤ r❡❧❛t❡❞ s❡r✈✐❝❡s ✭✏s❡r✈✐❝✐✜❝❛t✐♦♥✑✮ s✉❝❤ ❛s ♠❛✐♥✲

t❡♥❛♥❝❡✱ r❡♣❛✐r✱ s✉r✈❡✐❧❧❛♥❝❡✱ ❝♦♥s✉❧t✐♥❣ ♦r ♣r♦❞✉❝t ❝✉st♦♠✐③❛t✐♦♥ ✐s ❜❡❝♦♠✐♥❣ ✐♥❝r❡❛s✐♥❣❧②

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

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

❞✐✛❡r❡♥t✐❛t❡ ❢r♦♠ ❝♦♠♣❡t✐t♦rs ✭▲♦✇✱ ✷✵✶✸✮✳ ❆s ❛ r❡s✉❧t✱ ♣r♦✈✐❞✐♥❣ s❡r✈✐❝❡s ✐♥ ❛❞❞✐t✐♦♥ t♦

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

❝✉st♦♠❡rs✳

✹✳✶ ❊st✐♠❛t❡❞ q✉❛❧✐t② ♠❡❛s✉r❡

❖✉r ✜rst q✉❛❧✐t② ♠❡❛s✉r❡ ✐s ❜❛s❡❞ ♦♥ ❛♥ ❛❞❛♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ❜② ❑❤❛♥❞❡❧✇❛❧

❡t ❛❧✳ ✭✷✵✶✸✮✳ ❆♣❛rt ❢r♦♠ ♣r✐❝❡s ❛♥❞ ✐♥❝♦♠❡ ✐♥ t❤❡ ❞❡st✐♥❛t✐♦♥ ♠❛r❦❡t✱ ❡①♣♦rt ❞❡♠❛♥❞

❢♦r ❛ s♣❡❝✐✜❝ ❡①♣♦rt ♣r♦❞✉❝t ❛❧s♦ ❞❡♣❡♥❞s ♦♥ q✉❛❧✐t② ✉♥❞❡rst♦♦❞ ❛s ❛ ❞❡♠❛♥❞ s❤✐❢t❡r✳

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

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

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

❛ ❣✐✈❡♥ ❡①♣♦rt ❞❡st✐♥❛t✐♦♥✳

▼♦r❡ ❢♦r♠❛❧❧②✱ ✇❡ ❞❡✜♥❡ ❛♥ ❡①♣♦rt ❞❡♠❛♥❞ xict ❛t t❤❡ ♦❜s❡r✈❡❞ ♣r♦❞✉❝t✲❧❡✈❡❧ i ✭❍❙ ✽✲

❞✐❣✐t ❧❡✈❡❧✮ t❤❛t ❞❡♣❡♥❞s ✭♣♦s✐t✐✈❡❧②✮ ♦♥ t❤❡ ♣r♦❞✉❝t q✉❛❧✐t② qict✱ ✭♥❡❣❛t✐✈❡❧②✮ ♦♥ ♣r✐❝❡ pict

r❡❧❛t✐✈❡ t♦ t❤❡ ♣r✐❝❡ ✐♥❞❡① P̃ct ❛♥❞ ♣♦s✐t✐✈❡❧② ♦♥ ✐♥❝♦♠❡ Ect ✐♥ ❞❡st✐♥❛t✐♦♥ c ❛♥❞ ②❡❛r t✱

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

✶✶



xict = qσ−1

ict p−σ
ict P̃

σ−1

ct Ect, σ > 1 ✭✶✮

❲❡ ❝❛♥ ✉s❡ ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ εct✱ ❞❡✜♥❡❞ ❛s ❢♦r❡✐❣♥ ❝✉rr❡♥❝② ♦✈❡r ❞♦♠❡st✐❝ ❝✉rr❡♥❝②✱ ❛♥❞

tr❛❞❡ ❝♦sts τct(> 1) t♦ ❧✐♥❦ ✉♥♦❜s❡r✈❡❞ ♣r✐❝❡s ✐♥ ❞❡st✐♥❛t✐♦♥s pict t♦ ♦❜s❡r✈❡❞ ❢r❡❡ ♦♥ ❜♦❛r❞

✭❢♦❜✮ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s p
fob
ict ✭✏❡①♣♦rt ♣r✐❝❡s✑✮✳ ❙♣❡❝✐✜❝❛❧❧②✱ ✉s✐♥❣ εctτctp

fob
ict = pict ✇❡ ❝❛♥

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

❢♦r♠ ❛s ❢♦❧❧♦✇s✿

ln(xict) + σln(pfobict ) = (σ − 1)ln(P̃ct)− σln(εctτct) + ln(Ect) + (σ − 1)ln(qict)︸ ︷︷ ︸
=eict

✭✷✮

ln(xict) + σln(pfobict ) = αi + αct + (σ − 1)ln(qict)︸ ︷︷ ︸
=eict

✭✸✮

❲❡ ❡st✐♠❛t❡ ❡q✉❛t✐♦♥ ✭✸✮ ✇✐t❤ ❞❡st✐♥❛t✐♦♥✲t✐♠❡ ✜①❡❞ ❡✛❡❝ts αct t❤❛t ❝♦♥tr♦❧ ❢♦r ❝❤❛♥❣❡s ✐♥

❡①♣❡♥❞✐t✉r❡s (Ect) ❛♥❞ ❛❣❣r❡❣❛t❡ ♣r✐❝❡ ♠♦✈❡♠❡♥ts (P̃ct✮ ✐♥ t❤❡ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr②✳ ▼♦r❡✲

♦✈❡r✱ t❤❡s❡ ❞❡st✐♥❛t✐♦♥✲t✐♠❡ ✜①❡❞ ❡✛❡❝ts ❛❧s♦ ❛❜s♦r❜ tr❛❞❡ ❝♦sts (τct)✱ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡

❝❤❛♥❣❡s (ǫct) ♦✈❡r t✐♠❡✳ ❙✐♥❝❡ ❞✐✛❡r❡♥t ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts i♠❛② ♥♦t ❜❡ ❝♦♠♣❛r❛❜❧❡ ❛♠♦♥❣

t❤❡♠✱ t❤❡ αi ✜①❡❞ ❡✛❡❝ts ❝❛♣t✉r❡ ❢✉♥❞❛♠❡♥t❛❧ ❞✐✛❡r❡♥❝❡s ❛❝r♦ss ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts✳ ❚❤❡

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

t❤❡ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr②✱ ✐♥❝r❡❛s❡s ✐♥ ❞❡♠❛♥❞ ✇✐t❤✐♥ ❛ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t ❛r❡ ❛ss♦❝✐❛t❡❞

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

❝❤❛♥❣❡s ✇✐t❤✐♥ ❛ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t ❢♦r ❛ ❣✐✈❡♥ ❢♦❜ ❡①♣♦rt ♣r✐❝❡ ❛❢t❡r ❝♦♥tr♦❧❧✐♥❣ ❢♦r ♣r✐❝❡

✐♥❞❡①✱ ✐♥❝♦♠❡✱ t❛r✐✛ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s✳ ❆❢t❡r ❡st✐♠❛t✐♥❣ ❡q✉❛t✐♦♥ ✭✸✮✱ t❤❡ q✉❛❧✐t②

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

ln(q̂ict) =
êict

σ − 1
✭✹✮

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

❞❛t❛✱ ln(q̂ict✮ ✐♥ ❡q✉❛t✐♦♥ ✭✹✮✱ ✇❡ ✉s❡ t❤❡ ❡❧❛st✐❝✐t✐❡s ♦❢ s✉❜st✐t✉t✐♦♥ σk ❢r♦♠ ■♠❜s ❛♥❞ ▼é✲

❥❡❛♥ ✭✷✵✶✺✮ ❛✈❛✐❧❛❜❧❡ ❛t t❤❡ t❤❡ ✸✲❞✐❣✐t ■❙■❈ ✭❘❡✈✐s✐♦♥ ✷✮ s❡❝t♦r ❧❡✈❡❧ t❤❛t ❛❧s♦ ✐♥❝❧✉❞❡s

❙✇✐t③❡r❧❛♥❞ ✐♥ t❤❡ ❝♦✉♥tr② s❛♠♣❧❡✳ ❚❤❡ s✐❣♠❛s σk ♠❡❛s✉r❡ t❤❡ r❡s♣♦♥s✐✈❡♥❡ss ♦❢ t❤❡ ❛✈❡r✲

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

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

♣r✐❝❡ ❝❤❛♥❣❡s✳ ■♥ ❛ r♦❜✉st♥❡ss ❝❤❡❝❦✱ ✇❡ ❡♠♣❧♦② t❤❡ s✐❣♠❛s ❢r♦♠ ❙♦❞❡r❜❡r② ✭✷✵✶✺✮ t♦ ❝❤❡❝❦

✶✷



❢♦r t❤❡ s❡♥s✐t✐✈✐t② t♦ ❞✐✛❡r❡♥t ❡❧❛st✐❝✐t② ❡st✐♠❛t❡s✳ ■♠❜s ❛♥❞ ▼é❥❡❛♥ ✭✷✵✶✺✮ ❛♥❞ ❙♦❞❡r❜❡r②

✭✷✵✶✺✮ ✉s❡ ❞✐✛❡r❡♥t ❡st✐♠❛t✐♦♥ t❡❝❤♥✐q✉❡s t♦ ❞❡❛❧ ✇✐t❤ t❤❡ ❡♥❞♦❣❡♥❡✐t② ♦❢ ♣r✐❝❡ ❝❤❛♥❣❡s

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

♥♦t ♣r♦♣❡r❧② ❛❞❞r❡ss❡❞✳✺

✹✳✷ ◗✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡

❲❡ ❝♦♥str✉❝t ❛ s❡❝♦♥❞ q✉❛❧✐t② ♠❡❛s✉r❡ t❤❛t ✐s ❜❛s❡❞ ♦♥ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s✱ ❛s ✇✐❞❡❧② ❛♣♣❧✐❡❞

✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭s❡❡ ❢♦r ❡①❛♠♣❧❡ ❍❛❧❧❛❦✱ ✷✵✵✻❀ ❍✉♠♠❡❧s ❛♥❞ ❑❧❡♥♦✇✱ ✷✵✵✺❀ ▼❛♥♦✈❛ ❛♥❞

❩❤❛♥❣✱ ✷✵✶✷✮✳ ❊✈❡♥ t❤♦✉❣❤ ❞✐✛❡r❡♥❝❡s ✐♥ ❢♦❜ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧ ♠❛②

r❡✢❡❝t ❞✐✛❡r❡♥❝❡s ✐♥ ♣r♦❞✉❝t✐♦♥ ❝♦sts ❛♥❞ ♣r✐❝✐♥❣ str❛t❡❣✐❡s ❛❝r♦ss ✈❛r✐❡t✐❡s ✭❍❡♥♥ ❡t ❛❧✳✱

✷✵✶✸✮✱ ♠♦st ♦❢ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ ✉♥✐t ✈❛❧✉❡s ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ q✉❛❧✐t② ❝❤❛♥❣❡s ❛❝❝♦r❞✐♥❣ t♦

❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s ✭✷✵✶✹✮ ✭s❡❡ ❛❧s♦ ❍❛❧❧❛❦✱ ✷✵✵✻✮✳✻ ❚❤❡ ✐❞❡❛ t❤❛t t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❡①♣♦rt

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

r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①♣♦rt ♣r✐❝❡s ❛♥❞ s❛❧❡s ♦❜t❛✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✺✳✺ t❤❛t ✐s ❝♦♥s✐st❡♥t ✇✐t❤

t❤❡ ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣s ♦❢ ❇❛❧❞✇✐♥ ❛♥❞ ❍❛rr✐❣❛♥ ✭✷✵✵✼✮ ❛♥❞ ▼❛♥♦✈❛ ❛♥❞ ❩❤❛♥❣ ✭✷✵✶✷✮✳ ❚❤✐s

r❡s✉❧t ❝❛♥ ♦♥❧② ❜❡ r❡❝♦♥❝✐❧❡❞ ✇✐t❤ q✉❛❧✐t②✲❛✉❣♠❡♥t❡❞ ✈❡rs✐♦♥s ♦❢ t❤❡ ▼❡❧✐t③✭✷✵✵✸✮✲♠♦❞❡❧

✐♥ ✇❤✐❝❤ ❛ ❤✐❣❤❡r ❡①♣♦rt ♣r✐❝❡ r❡✢❡❝ts ❛ ❤✐❣❤❡r ♣r♦❞✉❝t q✉❛❧✐t②✳✼

❙♣❡❝✐✜❝❛❧❧②✱ ✇❡ ❛❞❛♣t ❛ ♠❡❛s✉r❡ ✐♥tr♦❞✉❝❡❞ ❜② ❆✉❡r ❛♥❞ ❈❤❛♥❡② ✭✷✵✵✾✮ t♦ ❛♣♣r♦①✐♠❛t❡

❢♦r ❝❤❛♥❣❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✿

△Qualityhs4ct =
∑

ω∈Ωt∩Ωt−1

(sict − sict−1)× ln(pfobict−1
), ✭✺✮

✇❤❡r❡ sict ❛♥❞ sict−1 ❞❡♥♦t❡ t❤❡ ♠❛r❦❡t s❤❛r❡s ♦❢ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts i ✐♥ t✐♠❡ t ❛♥❞ t− 1

✇✐t❤✐♥ ❛ ❍❙ ✹✲❞✐❣✐t ♣r♦❞✉❝t ❣r♦✉♣ Ω ✐♥ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ c✳ ❊①♣♦rt ♣r✐❝❡s ✭✉♥✐t ✈❛❧✉❡s✮

✺■♠❜s ❛♥❞ ▼é❥❡❛♥ ✭✷✵✶✺✮ ❡♠♣❧♦② t❤❡ ♥♦✈❡❧ t❡tr❛❞ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ❜② ❈❛❧✐❡♥❞♦ ❛♥❞ P❛rr♦ ✭✷✵✶✹✮ t♦
❡st✐♠❛t❡ t❤❡ tr❛❞❡ ❡❧❛st✐❝✐t✐❡s✱ ✇❤✐❧❡ ❙♦❞❡r❜❡r② ✭✷✵✶✺✮ r❡❧✐❡s ♦♥ ❛ ❧✐♠✐t❡❞ ✐♥❢♦r♠❛t✐♦♥ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞
❡st✐♠❛t♦r ✭▲■▼▲✮ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❝♦♥str❛✐♥❡❞ ♥♦♥❧✐♥❡❛r ▲■▼▲ r♦✉t✐♥❡✳

✻❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s ✭✷✵✶✹✮ s❤♦✇ t❤❛t ♠♦r❡ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s ❡①♣♦rt ♠♦r❡ ❡①♣❡♥s✐✈❡ ❣♦♦❞s r❡❧❛t✐✈❡
t♦ ♣♦♦r❡r ❝♦✉♥tr✐❡s✳ ■♥ ❝♦♥tr❛st✱ q✉❛❧✐t②✲❛❞❥✉st❡❞ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s t❡♥❞ t♦ ❜❡ ♦♥❧② s❧✐❣❤t❧② ❤✐❣❤❡r ❢♦r
❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr✐❡s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ♠♦st ♦❢ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s ✐s ❡①♣❧❛✐♥❡❞ ❜② q✉❛❧✐t②✳

✼▼♦r❡♦✈❡r✱ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ✭s❡❡ ❢♦r ✐♥st❛♥❝❡ ❏♦❤♥s♦♥✱ ✷✵✶✷✮ s✉❣❣❡sts t❤❛t t❤❡ q✉❛❧✐t② ♦❢ ❛ ♣r♦❞✉❝t
♦❢t❡♥ ✐♥❝r❡❛s❡s ❞✐s♣r♦♣♦rt✐♦♥❛t❡❧② ✇✐t❤ ✜r♠ ❝❛♣❛❜✐❧✐t②✳ ❚❤✐s tr❛♥s❧❛t❡s t♦ θ > 1✱ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t ♣r♦❞✉❝t
q✉❛❧✐t② ❛♥❞ ♦❜s❡r✈❡❞ ❢r❡❡ ♦♥ ❜♦❛r❞ ❡①♣♦rt ♣r✐❝❡s ❛r❡ ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ t❤❡ ❢♦❧❧♦✇✐♥❣

r❡❧❛t✐♦♥s❤✐♣✿ pfobict (q) =
(

σ
σ−1

)
q

θ−1θ
ict ✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ❡①♣♦rt ♣r✐❝❡s ❛r❡ ✈❛❧✐❞ q✉❛❧✐t② ❛♣♣r♦①✐♠❛t✐♦♥s ♦❢

t❤❡ ✉♥❞❡r❧②✐♥❣ ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ r❡❧❛t✐✈❡❧② ♥❛rr♦✇❧② ❞❡✜♥❡❞ ♣r♦❞✉❝t ❣r♦✉♣ ✐❢ θ > 1 ❤♦❧❞s✳ ❚❤✐s ❝♦♥❞✐t✐♦♥
✐s ♠♦r❡ ❧✐❦❡❧② t♦ ❤♦❧❞ ❢♦r ♠♦r❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s✳

✶✸



p
fob
ict−1

✐♥ ♣❡r✐♦❞ t− 1 ❛r❡ ✐♥t❡♥❞❡❞ t♦ ❝❛♣t✉r❡ q✉❛❧✐t② ❞✐✛❡r❡♥❝❡s ♦❢ ❞❡st✐♥❛t✐♦♥✲s♣❡❝✐✜❝ ❍❙

✽✲❞✐❣✐t ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ ♣r♦❞✉❝t ❣r♦✉♣✳ ❲❡ ✉s❡ ❧❛❣❣❡❞ ❡①♣♦rt ♣r✐❝❡s (pfobict−1
) ❢r♦♠ t❤❡

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

r❛t❡ ❛♥❞ ♦t❤❡r ❝♦st ❛♥❞ ❞❡♠❛♥❞ s❤♦❝❦s✳ ■♥ ❛❞❞✐t✐♦♥✱ ♦♥❧② ♣r♦❞✉❝ts t❤❛t ❛r❡ ❡①♣♦rt❡❞ ✐♥

❜♦t❤ ♣❡r✐♦❞s t ❛♥❞ t − 1 ❛r❡ ❝♦♥s✐❞❡r❡❞ s♦ t❤❛t t❤❡ ♠❛r❦❡t s❤❛r❡s sict ❛♥❞ sict−1 s✉♠ t♦

✉♥✐t②✳ ❆ ♣♦s✐t✐✈❡ ❝❤❛♥❣❡✱ △Qualityhs4ct > 0✱ r❡✢❡❝ts r✐s✐♥❣ ❡①♣♦rt ♠❛r❦❡t s❤❛r❡s ♦❢ ♠♦r❡

❡①♣❡♥s✐✈❡ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ ♣r♦❞✉❝t ❣r♦✉♣ ✳ ❚❤✐s ✇♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛♥

✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ♦❢ ❛ ❞❡st✐♥❛t✐♦♥✲s♣❡❝✐✜❝ ♣r♦❞✉❝t ❣r♦✉♣ ✐♥ ♣❡r✐♦❞ t✳✽

◗✉❛❧✐t② ❝❤❛♥❣❡s ❞❡✜♥❡❞ ❛s ✐♥ ❡q✉❛t✐♦♥ ✭✺✮ ❛r❡ t❤✉s ❞r✐✈❡♥ ❜② ♣r♦❞✉❝t ❝♦♠♣♦s✐t✐♦♥ ❡✛❡❝ts

✇✐t❤✐♥ ♥❛rr♦✇❧② ❞❡✜♥❡❞ ❍❙✹✲❞✐❣✐t ♣r♦❞✉❝t ❣r♦✉♣s✳✾ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❍❙ ✹✲❞✐❣✐t ❝♦❞❡ ✻✶✵✻

❝♦rr❡s♣♦♥❞s t♦ ✏❲♦♠❡♥✬s ♦r ❣✐r❧s✬ ❜❧♦✉s❡s ✫ s❤✐rts✱ ❦♥✐t ♦r ❝r♦❝❤✑✱ ✇❤✐❝❤ ❝♦♥t❛✐♥s t❤❡ ❍❙

✻✲❞✐❣✐t ❝♦❞❡ ✻✶✵✻✶✵ ✏❲♦♠❡♥✬s ♦r ●✐r❧s✬ ❇❧♦✉s❡s✱ ❙❤✐rts✱ ♦❢ ❈♦tt♦♥✱ ❑♥✐tt❡❞ ♦r ❈r♦❝❤❡t❡❞✑

❛♠♦♥❣ ♦t❤❡rs✳ ❈❛❧❝✉❧❛t✐♥❣ △Qualityhs4ct ❛t t❤❡ ♥❛rr♦✇❡r ❍❙ ✻✲❞✐❣✐t ❧❡✈❡❧ ✇♦✉❧❞ ❤❛✈❡

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

♦♥❡ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t ❡①♣♦rt❡❞ t♦ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ ✇✐t❤✐♥ ❡❛❝❤ ❍❙✻✲❞✐❣✐t ♣r♦❞✉❝t

❝❛t❡❣♦r②✳ ❍♦✇❡✈❡r✱ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ r❡s✉❧ts ✐s ♥♦t s❡♥s✐t✐✈❡ t♦ ✉s✐♥❣ t❤❡ q✉❛❧✐t②

❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ ❝♦♠♣✉t❡❞ ❛t t❤❡ ❍❙ ✻✲❞✐❣✐t ❧❡✈❡❧✱ ❛s r♦❜✉st♥❡ss ❝❤❡❝❦s ✇✐❧❧ s❤♦✇✳

✺ ❊st✐♠❛t✐♦♥

✺✳✶ ❊❝♦♥♦♠❡tr✐❝ str❛t❡❣②

❲❡ ❡st✐♠❛t❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ t♦ ❡①❛♠✐♥❡ t❤❡ ❡✛❡❝t ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts ♦♥

t❤❡ ♦❜s❡r✈❡❞ ❛✈❡r❛❣❡ q✉❛❧✐t② ♦❢ ❡①♣♦rt❡❞ ♣r♦❞✉❝ts i ✭❞❡✜♥❡❞ ❛t ✽✲❞✐❣✐t✱ ✻✲❞✐❣✐t ♦r ✹✲❞✐❣✐t

♦❢ t❤❡ ❍❙ ❝❛t❡❣♦r②✮ t♦ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr② c ❛♥❞ ②❡❛r t✿

△Qict = β△lnERct+γ△lnGDPct+ δ△lnProdPricekt+ρShareict(HHIict)+λic+ηt+εict

✭✻✮

✽❋♦r ❡①❛♠♣❧❡✱ ✇❡ ❤❛✈❡ t✇♦ s✐♠✐❧❛r ♣r♦❞✉❝ts ✇✐t❤ ♣r✐❝❡s p1 = 5 ❛♥❞ p2 = 6 ❛♥❞ ❡q✉❛❧ ♠❛r❦❡t s❤❛r❡s
s1 = s2 = 0.5 ✐♥ ♣❡r✐♦❞ t✲✶✳ ■♥ ♣❡r✐♦❞ t t❤❡ ♠❛r❦❡t s❤❛r❡ ♦❢ t❤❡ ♠♦r❡ ❡①♣❡♥s✐✈❡ ✈❛r✐❡t② ✐♥❝r❡❛s❡s t♦
s2 = 0.6, (s1 = 0.4) s♦ t❤❛t ✇❡ ♦❜t❛✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ q✉❛❧✐t② ❝❤❛♥❣❡✿ (0.6 − 0.5) ∗
6 + (0.4− 0.5) ∗ 5 = +0.1✳

✾❚❤❡r❡ ❛r❡ ❛❜♦✉t ✶✷✵✵ ❍❙ ✹✲❞✐❣✐t ♣r♦❞✉❝t ❣r♦✉♣s ✐♥ ♦✉r s❛♠♣❧❡✳
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❚❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡△Qict ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✜rst ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ ❞❡♠❛♥❞ r❡s✐❞✉❛❧

q✉❛❧✐t② ❡st✐♠❛t❡ (ln( ˆqict)✮ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✶ ✐♥ ❚❛❜❧❡s ✷ ❛♥❞ ✸ ❛♥❞ t♦ t❤❡ q✉❛❧✐t② ❝♦♠♣♦✲

s✐t✐♦♥ ♠❡❛s✉r❡ (△Qualityhs4ct✮ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✷ ✐♥ ❚❛❜❧❡s ✹ ❛♥❞ ✺✳ ❚❤❡ ✜rst✲❞✐✛❡r❡♥❝❡

♠♦❞❡❧ ✭✻✮ ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛s ❛ tr❛♥s❢♦r♠❡❞ ✜①❡❞ ❡✛❡❝ts ♠♦❞❡❧ t❤❛t ❝♦♥tr♦❧s ❢♦r ✉♥♦❜s❡r✈❡❞

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

❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s s✉❝❤ ❛s ❡①❝❤❛♥❣❡ r❛t❡s✱ ●❉P s❡r✐❡s ❛♥❞ ♣r✐❝❡s ✭❲♦♦❧❞r✐❞❣❡✱ ✷✵✵✷✮✳

❚✐♠❡✲✐♥✈❛r✐❛♥t ❞❡st✐♥❛t✐♦♥✲s♣❡❝✐✜❝ ❢❛❝t♦rs s✉❝❤ ❛s ❞✐st❛♥❝❡ t❤❛t ♠✐❣❤t ❛✛❡❝t ❡①♣♦rt q✉❛❧✲

✐t② ✭❡✳❣✳ t❤❡ ❆❧❝❤✐❛♥✲❆❧❧❡♥ ❝♦♥❥❡❝t✉r❡ ❢♦r ✇❤✐❝❤ t❤❡r❡ ✐s ❡✈✐❞❡♥❝❡ ✐♥ ❍✉♠♠❡❧s ❛♥❞ ❙❦✐❜❛✱

✷✵✵✹✮ ❛r❡ ❛❜s♦r❜❡❞ ❛s ✇❡❧❧ ✐♥ t❤✐s s♣❡❝✐✜❝❛t✐♦♥✳ ❆ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ (△lnER ↑) ✐s

❡①♣❡❝t❡❞ t♦ ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ❛❝❝♦r❞✐♥❣ t♦ ♦✉r t❤❡♦r❡t✐❝❛❧

♠♦t✐✈❛t✐♦♥✱ ✐♠♣❧②✐♥❣ β > 0 ❛❢t❡r t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ r❡❛❧ ●❉P ✐♥ ❡①♣♦rt

❝♦✉♥tr✐❡s ♦✈❡r t✐♠❡ ❛♥❞ ❙✇✐ss ♣r♦❞✉❝t✐♦♥ ❝♦st ❝❤❛♥❣❡s (△lnProdPricekt) ♠❡❛s✉r❡❞ ❛t t❤❡

✷✲❞✐❣✐t s❡❝t♦r✲❧❡✈❡❧ k ♦❢ t❤❡ ■❙■❈ ❝❧❛ss✐✜❝❛t✐♦♥✳ Shareict ❞❡♥♦t❡s t❤❡ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t

♠❛r❦❡t s❤❛r❡ r❡❧❛t✐✈❡ t♦ ❛❧❧ ❙✇✐ss ♣r♦❞✉❝ts s♦❧❞ ✐♥ ❛ ❝♦✉♥tr② ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ❍❙ ✹✲❞✐❣✐t

❝❛t❡❣♦r②✳ ❚❤✐s ♠❛r❦❡t s❤❛r❡ ✈❛r✐❛❜❧❡ ❝♦♥tr♦❧s ❢♦r ❝❤❛♥❣❡s ✐♥ t❤❡ ❝♦♠♣❡t✐t✐✈❡ ♣r❡ss✉r❡ t❤❛t

❛ s♣❡❝✐✜❝ ♣r♦❞✉❝t ❢❛❝❡s ✐♥ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ ✐ts ❙✇✐ss ❝♦♠♣❡t✐t♦rs✱ ❛s ✐♥

❆♠✐t✐ ❡t ❛❧✳ ✭✷✵✶✹✮ ❛♥❞ ▼❛♥♦✈❛ ❛♥❞ ❩❤❛♥❣ ✭✷✵✶✷✮✳ ■♥ t❤❡ ❡st✐♠❛t✐♦♥s ✉s✐♥❣ t❤❡ q✉❛❧✐t②

❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ ✭❙❡❝t✐♦♥ ✹✳✷✮ ❛t t❤❡ ♠♦r❡ ❛❣❣r❡❣❛t❡❞ ❧❡✈❡❧✱ ✇❡ ❛r❡ ❛❜❧❡ t♦ ❝♦♠♣✉t❡

t❤❡ ♠♦r❡ ❝♦♠♠♦♥❧② ✉s❡❞ ✭❞❡st✐♥❛t✐♦♥✲s♣❡❝✐✜❝✮ ❍❡r✜♥❞❛❤❧ ✐♥❞❡① (HHIict) t❤❛t ♠❡❛s✉r❡s

♠❛r❦❡t ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ❍❙ ✹✲❞✐❣✐t ❝❛t❡❣♦r②✱ ❛s ✐♥ ❋❛♥

❡t ❛❧✳ ✭✷✵✶✺✮✳✶✵ ❆♠♦♥❣ ♦t❤❡rs✱ ❝❤❛♥❣❡s ✐♥ t❤❡ ♣r♦❞✉❝t ✈❛r✐❡t② ❛♥❞ ❝♦♠♣❡t✐t✐✈❡ st❛♥❝❡ ✐♥ ❛

❞❡st✐♥❛t✐♦♥ ♠❛r❦❡t st❡♠♠✐♥❣ ❢r♦♠ tr❡♥❞s ✐♥ t❤❡ s✉♣♣❧② ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ✐♠♣♦rt❡❞ ♣r♦❞✉❝ts

❢r♦♠ ♦t❤❡r ❝♦✉♥tr✐❡s✱ ❛r❡ ❝❛♣t✉r❡❞ ❜② t✐♠❡ tr❡♥❞s ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ❧❡✈❡❧ (λic✮✳
✶✶

❲❡ ❛❧s♦ ❡♠♣❧♦② t✐♠❡ ✜①❡❞ ❡✛❡❝ts ηt t♦ ❛❜s♦r❜ ❝♦♠♠♦♥ tr❡♥❞s t❤❛t ❛✛❡❝t t❤❡ q✉❛❧✐t② ♦❢ ❛❧❧

❡①♣♦rts s✐♠✐❧❛r❧② ✭❡✳❣✳ t❤❡ ✐♥❝r❡❛s✐♥❣ ✐♠♣♦rt❛♥❝❡ ♦❢ ❛❢t❡r✲s❛❧❡s s❡r✈✐❝❡s✮✳ ❙t❛♥❞❛r❞ ❡rr♦rs

❛r❡ ✐♥ ♠♦st s♣❡❝✐✜❝❛t✐♦♥s ❝❧✉st❡r❡❞ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭✷✲❞✐❣✐t ❍❙✮ ❧❡✈❡❧✳ ❚❤✐s ❛❧❧♦✇s

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

✐❞❡❛ ✐s t❤❛t t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ♠✐❣❤t ❛✛❡❝t t❤❡ ❡①♣♦rt q✉❛❧✐t② s✐♠✐❧❛r❧② ✇✐t❤✐♥ ✷✲❞✐❣✐t ❍❙

s❡❝t♦rs ✭▼♦✉❧t♦♥✱ ✶✾✾✵✮✳ ▼♦r❡♦✈❡r✱ ❝❧✉st❡r✐♥❣ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ❧❡✈❡❧ r❛t❤❡r t❤❛♥

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

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

✶✵❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ ❍❍■ ✐s ❝♦♠♣✉t❡❞ ❜② s✉♠♠✐♥❣ t❤❡ sq✉❛r❡s ♦❢ t❤❡ ❍❙ ✽✲❞✐❣✐t ♠❛r❦❡t s❤❛r❡s ♦❢ ❙✇✐ss
❍❙✽✲❞✐❣✐t ♣r♦❞✉❝ts ✐♥ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ ❛♥❞ ❍❙ ✹✲❞✐❣✐t ❝❛t❡❣♦r②✳

✶✶❚❤❡ ✜①❡❞ ❡✛❡❝ts λic ❝♦rr❡s♣♦♥❞ t♦ ❧✐♥❡❛r t✐♠❡ tr❡♥❞s ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ❧❡✈❡❧ ✐♥ t❤❡ ✜rst✲
❞✐✛❡r❡♥❝❡ ♠♦❞❡❧✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ✐♥❝❧✉❞❡❞ ✐♥t❡r❝❡♣t ❛❧s♦ ❝♦rr❡s♣♦♥❞s t♦ ❛ ❧✐♥❡❛r t✐♠❡ ✐♥ t❤✐s ♠♦❞❡❧✳

✶✺



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

●▼▼ ❡st✐♠❛t♦r ✐♥tr♦❞✉❝❡❞ ❜② ❆r❡❧❧❛♥♦ ❛♥❞ ❇♦♥❞ ✭✶✾✾✶✮✳ ❚❤✐s ●▼▼ ❢r❛♠❡✇♦r❦ ♣❡r♠✐ts

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

r❛t❡ ❝❤❛♥❣❡s✳

✺✳✷ ❉❛t❛ s♦✉r❝❡s ❛♥❞ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❞❛t❛s❡t

Pr♦❞✉❝t✲❧❡✈❡❧ ❜✐❧❛t❡r❛❧ tr❛❞❡ ❞❛t❛ ❜❡t✇❡❡♥ ✶✾✾✻ ❛♥❞ ✷✵✶✺ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❙✇✐ss ❋❡❞❡r❛❧

❈✉st♦♠s ❆❞♠✐♥✐str❛t✐♦♥ ❛♥❞ ✐♥❝❧✉❞❡ t❤❡ ❢♦❜ ✈❛❧✉❡ ♦❢ tr❛♥s❛❝t✐♦♥s ✐♥ ❈❍❋ ❛♥❞ ❛ q✉❛♥t✐t②

♠❡❛s✉r❡❞ ✐♥ ❦❣ ❞✐s❛❣❣r❡❣❛t❡❞ ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧✳ ❚❤✐s ❛❧❧♦✇s t♦ ❣❡♥❡r❛t❡ ❢♦❜ ✉♥✐t

✈❛❧✉❡s ❛s ❛ ♣r♦①② ❢♦r ❡①♣♦rt ♣r✐❝❡s t❤❛t ❛r❡ ♥❡❝❡ss❛r② t♦ ❡st✐♠❛t❡ ❛♥❞ ❝♦♥str✉❝t t❤❡ q✉❛❧✐t②

♠❡❛s✉r❡s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳ ❲❡ r❡❞✉❝❡ t❤❡ ❞❛t❛s❡t t♦ t❤❡ ✸✼ ♠♦st ✐♠♣♦rt❛♥t tr❛❞✐♥❣

♣❛rt♥❡rs ♦❢ ❙✇✐t③❡r❧❛♥❞✱ ✐♥❝❧✉❞✐♥❣ ❛❧❧ ❖❊❈❉ ❝♦✉♥tr✐❡s ❛♥❞ t❤❡ ❇❘■❈❙ t❤❛t ❛❝❝♦✉♥t ❢♦r

♠♦r❡ t❤❛♥ ✾✵ ♣❡r❝❡♥t ♦❢ ❙✇✐ss ❡①♣♦rts✳ ❚❤❡ ♠♦♥t❤❧② r❡❝♦r❞❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ❝♦❧❧❛♣s❡❞

t♦ ❛♥♥✉❛❧ ❞❛t❛ ❜② s✉♠♠✐♥❣ r❡✈❡♥✉❡s ❛♥❞ q✉❛♥t✐t✐❡s ♦✈❡r ❞✐s❛❣❣r❡❣❛t❡❞ ❍❙✽✲❞✐❣✐t ♣r♦❞✉❝t

❝❛t❡❣♦r✐❡s ✇✐t❤✐♥ ❡①♣♦rt ❞❡st✐♥❛t✐♦♥s✳ ❲❡ t❤❡♥ ♠❛t❝❤ t❤❡ ❝✉st♦♠s ❞❛t❛ ✇✐t❤ ❡①❝❤❛♥❣❡

r❛t❡ ✐♥❞✐❝❡s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❞❛t❛ ❢r♦♠ t❤❡ ❙✇✐ss ◆❛t✐♦♥❛❧ ❇❛♥❦ ✭❙◆❇✮✳ ●❉P ❛♥❞ ●❉P

♣❡r ❝❛♣✐t❛ ❛r❡ r❡tr✐❡✈❡❞ ❢r♦♠ t❤❡ ❲♦r❧❞ ❉❡✈❡❧♦♣♠❡♥t ■♥❞✐❝❛t♦rs ❞❛t❛❜❛s❡✳ Pr♦❞✉❝❡r ♣r✐❝❡

✐♥❞✐❝❡s ❛t t❤❡ ■❙■❈ ✷✲❞✐❣✐t ❧❡✈❡❧ ✭❘❡✈✐s✐♦♥ ✸✳✶✮ ❛r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❙✇✐ss st❛t✐st✐❝❛❧ ❛❣❡♥❝②

✭❇❋❙✮ ❛♥❞ ♠❛t❝❤❡❞ t♦ ♦✉r ❞❛t❛s❡t ❝❧❛ss✐✜❡❞ ✐♥ ❍❙ ❝❛t❡❣♦r✐❡s ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❝♦rr❡s♣♦♥❞❡♥❝❡

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

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

IMPsi t❛❦❡♥ ❢r♦♠ ❇❋❙✱ IMPso =
∑

si(IMPsi · R
si
so), ✇✐t❤ t❤❡ ✇❡✐❣❤ts Rsi

so ❝♦rr❡s♣♦♥❞✐♥❣

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

so. ❚❤❡s❡ ✐♠♣♦rt s❤❛r❡s ❛r❡ ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡ ✷✵✵✶ ■✲❖ t❛❜❧❡ ❢♦r ❙✇✐t③❡r❧❛♥❞ ❛✈❛✐❧❛❜❧❡

❢r♦♠ t❤❡ ❖❊❈❉ ✭❖❊❈❉✱ ✷✵✶✷✮✳✶✷ ❲❡ ✉s❡ t❤❡ ❘❛✉❝❤ ✭✶✾✾✾✮✲❝❧❛ss✐✜❝❛t✐♦♥ t♦ ❞❡✜♥❡ ❣♦♦❞s

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

❞✐✛❡r❡♥t✐❛t❡❞ ✐❢ t❤❡② ❛r❡ ♥♦t tr❛❞❡❞ ♦♥ ❛♥ ♦r❣❛♥✐③❡❞ ❡①❝❤❛♥❣❡ ♦r r❡❢❡r❡♥❝❡❞ ♣r✐❝❡❞✳ ❆s

❛♥ ❡①❛♠♣❧❡✱ ❢♦♦t✇❡❛r ✐♥ ❣❡♥❡r❛❧ ✇✐❧❧ ❜❡ ❝❧❛ss✐✜❡❞ ❛s ❞✐✛❡r❡♥t✐❛t❡❞✱ ✇❤✐❧❡ ✐♥❞✉str② ♠❡t❛❧s✱

✇❤✐❝❤ ❛r❡ ♠♦st❧② tr❛❞❡❞ ♦♥ ❛♥ ♦r❣❛♥✐③❡❞ ❡①❝❤❛♥❣❡✱ ♦r s②♥t❤❡t✐❝ ✜❜r❡s s✉❝❤ ❛s ♣♦❧②♠❡rs

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

✶✷❲❡ ✉s❡ t❤❡ ❝❤r♦♥♦❧♦❣✐❝❛❧❧② ✜rst ■✲❖ t❛❜❧❡ ❢♦r ❙✇✐t③❡r❧❛♥❞ t❤❛t ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ■♥
❛❞❞✐t✐♦♥✱ t❤❡ s❡❝t♦r❛❧ ✐♠♣♦rt❡❞ ✐♥♣✉t s❤❛r❡s✱ Rsi

so ✐♥ t♦t❛❧ ✐♠♣♦rt❡❞ ✐♥♣✉ts ✉s❡❞ t♦ ❝♦♥str✉❝t s❡❝t♦r❛❧ ✐♠♣♦rt
♣r✐❝❡ ✐♥❞✐❝❡s IMPso t❡♥❞ t♦ ❜❡ ✈❡r② st❛❜❧❡ ♦✈❡r t✐♠❡ ❛♥❞ ♠❛✐♥❧② ❛✛❡❝t❡❞ ❜② s❧♦✇✲❝❤❛♥❣✐♥❣ t❡❝❤♥♦❧♦❣✐❝❛❧
❢❛❝t♦rs✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡r❡ ✐s ❛♥ ❛❧♠♦st ♣❡r❢❡❝t ❝♦rr❡❧❛t✐♦♥ ✲ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✾✾ ✲ ❜❡t✇❡❡♥ t❤❡ Rsi

so ❢r♦♠ t❤❡
✷✵✵✶ ❛♥❞ ✷✵✵✺ ■✲❖ t❛❜❧❡✳

✶✻



❚❛❜❧❡ ✶✿ ❙✉♠♠❛r② ❙t❛t✐st✐❝s ♦❢ ❊st✐♠❛t✐♦♥ ❱❛r✐❛❜❧❡s

❱❛r✐❛❜❧❡s ❖❜s✳ ▼❡❛♥ ❙t❞✳❉❡✈✳ ▼✐♥ ▼❛①

△◗✉❛❧✐t② ✭❞❡♠❛♥❞ r❡s✐❞✉❛❧ ❜❛s❡❞✮ ✶✸✹✻✽✷✵ ✵✳✵✵ ✶✳✼✵✶ ✲✺✽✳✼✺✸ ✻✽✳✵✾✶

△◗✉❛❧✐t② ✭✉♥✐t ✈❛❧✉❡ ❜❛s❡❞✮ ✹✹✻✱✹✾✷ ✲✵✳✵✷✾ ✶✳✵✹✶ ✲✶✸✳✾✵ ✶✶✳✾✹

△❊①❝❤❛♥❣❡ r❛t❡ ✶✸✹✻✽✷✵ ✵✳✵✸✵ ✵✳✵✽✼ ✲✵✳✷✵✾ ✵✳✽✾✺

△❘❡❛❧ ●❉P ✭❞❡st✐♥❛t✐♦♥✮ ✶✸✹✻✽✷✵ ✵✳✵✷✹ ✵✳✵✷✾ ✲✵✳✵✾✻ ✵✳✶✸✸

△❘❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛ ✭❞❡st✐♥❛t✐♦♥✮ ✶✸✹✻✽✷✵ ✵✳✵✶✽ ✵✳✵✷✽ ✲✵✳✵✾✹ ✵✳✶✷✽

△Pr♦❞✉❝t✐♦♥ ♣r✐❝❡s ✭❈❍✮ ✭✷✲❞✐❣✐t ■❙■❈✮ ✶✸✹✻✽✷✵ ✵✳✵✵✵✻ ✵✳✵✸✸ ✲✵✳✸✽✶ ✵✳✸✹✼

△■♠♣♦rt❡❞ ✐♥♣✉t ♣r✐❝❡s ✭❈❍✮ ✭✷✲❞✐❣✐t ■❙■❈✮ ✶✸✹✻✹✾✵ ✲✵✳✵✵✸ ✵✳✵✺✽ ✲✵✳✷✽✸ ✵✳✶✼✻

▼❛r❦❡t s❤❛r❡ ✭✐♥ ❍❙✹❡❝t♦r ✫ ❞❡st✐♥❛t✐♦♥✮ ✶✸✹✻✽✷✵ ✵✳✷✾✶ ✵✳✸✺✽ ✵ ✶

❍❡r✜♥❞❤❛❧ ✐♥❞❡① ✭❍❍■✮ ✭♦❢ ❍❙✹ ✫ ❞❡st✐♥❛t✐♦♥✮ ✹✹✻✱✹✾✷ ✵✳✼✷✾ ✵✳✷✼✵ ✵✳✵✹✽ ✶

❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t② ✶✶✼✺✾✽✷ ✵✳✵✸✷ ✵✳✵✷✺ ✵✳✵✵✷ ✵✳✶✻✻

❉✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ❞✉♠♠② ✶✱✸✷✽✱✼✼✾ ✵✳✼✺✷ ✵✳✹✸✷ ✵ ✶

❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ♠❡❛s✉r❡ ❢r♦♠ ❑✉❣❧❡r ❛♥❞ ❱❡r❤♦♦❣❡♥ ✭✷✵✶✷✮✳ ■t ✐s ❝❛❧❝✉❧❛t❡❞ ❛s

t❤❡ r❛t✐♦ ♦❢ s❡❝t♦r❛❧ ❡①♣❡♥❞✐t✉r❡s ♦♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s✐♥❣ t♦ t♦t❛❧ s❛❧❡s✳ ❆s t❤❡ s❝♦♣❡

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

❝♦✉♥tr✐❡s✱ ✇❡ ❛r❣✉❡ t❤❛t ✐t ✐s r❡❛s♦♥❛❜❧② ❛♣♣r♦①✐♠❛t❡❞ ❜② t❤✐s ♠❡❛s✉r❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❯❙

❞❛t❛ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ tr❛❞❡ ❧✐t❡r❛t✉r❡ ✭s❡❡ ❢♦r ✐♥st❛♥❝❡ ❋❛♥ ❡t ❛❧✳✱ ✷✵✶✺ ♦r ❇❛s ❛♥❞ ❙tr❛✉ss✲

❑❛❤♥✱ ✷✵✶✺✮✳✶✸ ❲❡ ❡♥s✉r❡ t❤❡ ❝♦♥s✐st❡♥❝② ♦❢ t❤❡ t❤❡ ♣r♦❞✉❝t ❝❧❛ss✐✜❝❛t✐♦♥ ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t

❧❡✈❡❧ ❜② ❛♣♣❧②✐♥❣ ❛♥ ❛❧❣♦r✐t❤♠ s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♦✉t❧✐♥❡❞ ✐♥ P✐❡r❝❡ ❛♥❞ ❙❝❤♦tt ✭✷✵✶✷✮ t❤❛t

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

♣r♦❝❡❞✉r❡ ✐s ♥❡❝❡ss❛r② s✐♥❝❡ t❤❡ ❙✇✐ss ❍❙ ✽✲❞✐❣✐t ❝❧❛ss✐✜❝❛t✐♦♥ ✉♥❞❡r✇❡♥t s❡✈❡r❛❧ ♠❛❥♦r

❝❤❛♥❣❡s✱ t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ♦♥❡s ❝♦✐♥❝✐❞✐♥❣ ✇✐t❤ t❤❡ r❡✈✐s✐♦♥s ♦❢ t❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❍❙

✻✲❞✐❣✐t ❝❧❛ss✐✜❝❛t✐♦♥ ✐♥ ✷✵✵✷✱ ✷✵✵✼ ❛♥❞ ✷✵✶✷✱ ✇❤✐❝❤ r❡s✉❧t❡❞ ✐♥ t❤❡ ❛ss✐❣♥♠❡♥t ♦❢ ♥❡✇ ❝♦❞❡s

t♦ ❛ s✉❜st❛♥t✐❛❧ ♥✉♠❜❡r ♦❢ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts✳ ❆❧❧ t❤❡s❡ ❞❛t❛ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✶✳

✺✳✸ ❉❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s

❇♦t❤ q✉❛❧✐t② ♠❡❛s✉r❡s ✐♥ ❚❛❜❧❡ ✶ ❞✐s♣❧❛② ✉♣✇❛r❞ ❛♥❞ ❞♦✇♥✇❛r❞ ♠♦✈❡♠❡♥ts ✇✐t❤ ♥♦ ❝❧❡❛r

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

✐♥❞✐❝❡s ❡①❤✐❜✐t❡❞ ❜♦t❤ ♣❡r✐♦❞s ♦❢ ❞❡♣r❡❝✐❛t✐♦♥s ❛♥❞ ❛♣♣r❡❝✐❛t✐♦♥s✳ ●❉P ❛♥❞ ●❉P ♣❡r

❝❛♣✐t❛ ✐♥ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr✐❡s r♦s❡ ✭❜② ✷✳✹✪ ❛♥❞ ✶✳✽✪ r❡s♣❡❝t✐✈❡❧②✮ ♦♥ ❛✈❡r❛❣❡ ❞✉r✐♥❣ t❤❡

✶✸❋♦r ✐♥st❛♥❝❡✱ ❢♦r ✐r♦♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤✐s ♠❡❛s✉r❡ ✐s ✵✳✻✪✱ ✇❤✐❧❡ ❢♦r ✇❛t❝❤❡s ✐t ✐s ✹✳✻✪✳

✶✼



s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚❤❡ s❛♠❡ ❛❧s♦ ❤♦❧❞s ❢♦r ♣r♦❞✉❝t✐♦♥ ♣r✐❝❡s ✭✵✳✵✻✪✮ ✐♥ ❙✇✐t③❡r❧❛♥❞✱ ✇❤✐❧❡

✐♠♣♦rt❡❞ ✐♥♣✉t ❝♦sts ❢❡❧❧ ✭✲✵✳✵✸✪✮ ✐♥ ❙✇✐t③❡r❧❛♥❞ ❜❡t✇❡❡♥ ✶✾✾✻ ❛♥❞ ✷✵✶✺✱ ♦♥ ❛✈❡r❛❣❡✳

❚❤❡ ♠❡❛♥ ❡①♣❡♥❞✐t✉r❡s ♦♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t t♦ t♦t❛❧ s❛❧❡s ✐s ❛r♦✉♥❞ ✸✳✷✪ ✐♥ t❤❡

s❛♠♣❧❡✱ ✇❤✐❧❡ ❛r♦✉♥❞ ✼✺✪ ♦❢ ❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ♣❛✐rs ❛r❡ ❝❧❛ss✐✜❡❞ ❛s ❞✐✛❡r❡♥t✐❛t❡❞ ❛s

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

t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ s❝♦♣❡ ❢♦r q✉❛❧✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥ ✐♥ ❙✇✐ss ❡①♣♦rts ✭❘❛✉❝❤✱ ✶✾✾✾❀ ❑✉❣❧❡r

❛♥❞ ❱❡r❤♦♦❣❡♥✱ ✷✵✶✷✮✳ ❚❤✐s ✐s ❛❧s♦ r❡✢❡❝t❡❞ ✐♥ ❙✇✐t③❡r❧❛♥❞ ❢❡❛t✉r✐♥❣ t❤❡ ❤✐❣❤❡st ❡①♣♦rt

q✉❛❧✐t②✱ ❜❡✐♥❣ ♦♥ ❛✈❡r❛❣❡ ✻✻✪ ❤✐❣❤❡r t❤❛♥ t❤❡ ✇♦r❧❞ ❛✈❡r❛❣❡ ♦❢ ✶✽✺ ❝♦✉♥tr✐❡s ✐♥ ✷✵✵✼✳ ■♥

❝♦♠♣❛r✐s♦♥✱ ❡①♣♦rts ❢r♦♠ ❏❛♣❛♥✱ t❤❡ ❯❙ ❛♥❞ ♠♦st ♦t❤❡r ❞❡✈❡❧♦♣❡❞ ❊✉r♦♣❡❛♥ ❝♦✉♥tr✐❡s

❡①❤✐❜✐t ✶✺✪ t♦ ✸✵✪ ❤✐❣❤❡r ❡①♣♦rt q✉❛❧✐t② t❤❛♥ ❛✈❡r❛❣❡ ✭❋❡❡♥str❛ ❛♥❞ ❘♦♠❛❧✐s✱ ✷✵✶✹✮✳✶✹

❚♦ ♣r♦✈✐❞❡ ❛♥ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ q✉❛❧✐t② ❡✈♦❧✉t✐♦♥ ♦✈❡r t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✱ ✇❡ ♣r❡s❡♥t t❤❡

❡①♣♦rt ♣r✐❝❡ ❞✐str✐❜✉t✐♦♥ ✐♥ ✶✾✾✻ ❛♥❞ ✷✵✶✺ ✐♥ ❋✐❣✉r❡ ✸✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ♣❧♦t t❤❡ ♣r✐❝❡

r❡s✐❞✉❛❧s ❢♦r ❜♦t❤ ②❡❛rs r❡❝♦✈❡r❡❞ ❢r♦♠ r❡❣r❡ss✐♥❣ ♣r✐❝❡s ♦♥ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t ✜①❡❞ ❡✛❡❝ts✱

❛s ✐♥ ❉❡ ▲♦❡❝❦❡r ❡t ❛❧✳ ✭✷✵✶✷✮✳✶✺ ❊✈❡♥ t❤♦✉❣❤ t❤❡r❡ ✐s ❛ st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t s❤✐❢t ♦❢ t❤❡

❞✐str✐❜✉t✐♦♥ t♦ t❤❡ r✐❣❤t✱ q✉❛❧✐t② ❛♣♣❡❛rs t♦ ❜❡ ❜❡ ♦♥❧② ♠❛r❣✐♥❛❧❧② ❛✛❡❝t❡❞ ♦✈❡r t❤❡ ❝♦✉rs❡

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

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

q✉❛❧✐t②✳ ❚❤✐s ✐s ❡①❛❝t❧② ✇❤❛t ❡♠❡r❣❡s ❢r♦♠ t❤❡ r❡❣r❡ss✐♦♥ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♥❡①t

s❡❝t✐♦♥✳

✶✹❙✐♠✐❧❛r❧②✱ ✐♥ ❛♥♦t❤❡r r❛♥❦✐♥❣ ❙✇✐ss ❡①♣♦rts ❛r❡ r❛♥❦❡❞ ✹t❤ ✐♥ ✷✵✵✸ ✐♥ t❡r♠s ♦❢ q✉❛❧✐t② ❜❡❤✐♥❞ ❋✐♥❧❛♥❞
✭✸r❞✮✱ ❙✐♥❣❛♣♦r❡ ✭✷♥❞✮ ❛♥❞ ■r❡❧❛♥❞ ✭✶st✮ ✭❍❛❧❧❛❦ ❛♥❞ ❙❝❤♦tt✱ ✷✵✵✽✮✳

✶✺❚❤✐s ❞❡s❝r✐♣t✐✈❡ ♠❡t❤♦❞ ❢♦r ❞✐s♣❧❛②✐♥❣ t❤❡ q✉❛❧✐t② ❞✐str✐❜✉t✐♦♥ ✐s ✇✐❞❡❧② ❛♣♣❧✐❡❞ ✐♥ t❤❡ tr❛❞❡ ❧✐t❡r❛t✉r❡
✭s❡❡ ❢♦r ✐♥st❛♥❝❡ ❇❛s ❛♥❞ ❙tr❛✉ss✲❑❛❤♥✱ ✷✵✶✺ ❛♥❞ ❋❛♥ ❡t ❛❧✳✱ ✷✵✶✺✮ ❛♥❞ r❡❧✐❡s ♦♥ ✉♥✐t ✈❛❧✉❡s✱ ❛s ♦✉r s❡❝♦♥❞
q✉❛❧✐t② ♠❡❛s✉r❡ ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳

✶✽



❋✐❣✉r❡ ✸✿ ❊①♣♦rt ♣r✐❝❡ r❡s✐❞✉❛❧s ❛s ❛ ♣r♦①② ❢♦r t❤❡ q✉❛❧✐t② ❞✐str✐❜✉t✐♦♥

✶✾



✺✳✹ ❊✈✐❞❡♥❝❡ ♦♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s

❛♥❞ ♣r♦❞✉❝t q✉❛❧✐t②

❚❛❜❧❡ ✷ ♣r❡s❡♥ts t❤❡ r❡❣r❡ss✐♦♥ r❡s✉❧ts ♦♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s

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

❝❤❛♥❣❡ ✐♥ t❤❡ ✭♥❛t✉r❛❧✮ ❧♦❣ ♦❢ q✉❛❧✐t② ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❝❛t❡❣♦r②✱ ❛s ❡st✐♠❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✶✳

❈♦❧✉♠♥ ✶ ♦❢ ❚❛❜❧❡ ✷ s✉❣❣❡sts t❤❛t ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ tr❛♥s❧❛t❡s ✐♥t♦ ❛ ❤✐❣❤❡r ❡①♣♦rt

q✉❛❧✐t② ❛❢t❡r ❝♦♥tr♦❧❧✐♥❣ ❢♦r r❡❛❧ ●❉P ❝❤❛♥❣❡s ✐♥ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr✐❡s ❛♥❞ s❡❝t♦r❛❧ ♣r♦✲

❞✉❝t✐♦♥ ♣r✐❝❡ ❝❤❛♥❣❡s ✐♥ ❙✇✐t③❡r❧❛♥❞✳ ❚❤✐s r❡s✉❧t ✐s r♦❜✉st t♦ t❤❡ ✐♥❝❧✉s✐♦♥ ♦❢ t✐♠❡ tr❡♥❞s

❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ❧❡✈❡❧ ✐♥ ❝♦❧✉♠♥ ✷✳ ❋r♦♠ ❝♦❧✉♠♥ ✸ ❛♥❞ ✹ ✇❡ s❡❡ t❤❛t ❛❞❞✐♥❣

t❤❡ ♣r♦❞✉❝t ♠❛r❦❡t s❤❛r❡ ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ ❛♥❞ ✹✲❞✐❣✐t ❍❙ ♣r♦❞✉❝t ❝❛t❡❣♦r② ❞♦❡s

♥♦t ❛✛❡❝t t❤❡ s✐③❡ ❛♥❞ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝t ♦♥ q✉❛❧✐t②✳ ❆ ❤✐❣❤❡r ♣r♦❞✉❝t

♠❛r❦❡t s❤❛r❡ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ❤✐❣❤❡r q✉❛❧✐t② ♦❢ t❤❡ ❡①♣♦rt❡❞ ♣r♦❞✉❝ts✳ ❖♥❡ ♣♦ss✐❜❧❡

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

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

♠❛r❦❡t s❤❛r❡s✳ ❈♦❧✉♠♥ ✺ t♦ ✽ r❡✈❡❛❧ t❤❛t t❤❡ ♣♦s✐t✐✈❡ ✐♠♣❛❝t ♦❢ ❛♥ ❛♣♣r❡❝✐❛t✐♦♥ ♦♥ ❡①♣♦rt

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

❛♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t② ❛❜♦✈❡ t❤❡ s❛♠♣❧❡ ♠❡❞✐❛♥✳ ❆ ✶✵✪ ❈❍❋ ❛♣♣r❡❝✐❛t✐♦♥

✐♥❝r❡❛s❡s t❤❡ ❛✈❡r❛❣❡ ♣r♦❞✉❝t q✉❛❧✐t② ❜② ❛❜♦✉t ✶✪ t♦ ✶✳✻✪ ✐♥ ♣r♦❞✉❝ts ❛♥❞ s❡❝t♦rs ✇✐t❤

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

✐♥s✐❣♥✐✜❝❛♥t ♦r ❡✈❡♥ ♥❡❣❛t✐✈❡ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ♣r♦❞✉❝ts ♦r s❡❝t♦rs t❤❛t r❡❧② ❧❡ss ♦♥ ❘✫❉

❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ❛♥❞ ❝♦♠♣❡t❡ ♠♦r❡ ♦♥ ♣r✐❝❡s✳ ❲❡ ❞✐s♣❧❛② ✐♥ ❋✐❣✉r❡ ✹ t❤❡ ❡①❝❤❛♥❣❡

r❛t❡ ❡❧❛st✐❝✐t② ♦❢ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s❡❝t♦r❛❧ s❤❛r❡s ♦❢ ❘✫❉ ❛♥❞

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

✼✳ ■t ✐♥❞✐❝❛t❡s t❤❛t ♦♥❧② ✜r♠s ❜❡❧♦♥❣✐♥❣ t♦ s❡❝t♦rs t❤❛t s♣❡♥❞ ♠♦r❡ t❤❛♥ ❛♣♣r♦①✐♠❛t❡❧②

✷✳✺✪ ♦❢ t❤❡✐r r❡✈❡♥✉❡s ♦♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t s✉❝❤ ❛s ♠❛❝❤✐♥❡r②✱ ✇❛t❝❤❡s ♦r ♣r❡❝✐s✐♦♥

✐♥str✉♠❡♥ts r❡s♣♦♥❞ t♦ ❛♥ ❡①❝❤❛♥❣❡ r❛t❡ s❤♦❝❦ ❜② ✐♠♣r♦✈✐♥❣ t❤❡ ❡①♣♦rt q✉❛❧✐t②✳ ■♥ ❝♦♥✲

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

❛❣r✐❝✉❧t✉r❛❧ ❣♦♦❞s ❛♥ ❛♣♣r❡❝✐❛t✐♦♥ ❞♦❡s ♥♦t ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ ♣r♦❞✉❝t q✉❛❧✐t②✳✶✻

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

r❡❧❛t❡❞ t♦ ❤✐❣❤❡r ❡①♣♦rt q✉❛❧✐t②✳ ❈♦♥✈❡rs❡❧②✱ ✐♥❝r❡❛s❡s ✐♥ ♠❛r❦❡t s✐③❡ ♣r♦①✐❡❞ ❜② ❝❤❛♥❣❡s

✐♥ r❡❛❧ ●❉P t❡♥❞ t♦ r❡❞✉❝❡ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② t♦ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥✱ ❛t ❧❡❛st ✐♥

❡st✐♠❛t✐♦♥s ✇✐t❤♦✉t ❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t t✐♠❡ tr❡♥❞s ✭❝♦❧✉♠♥s ✸✱ ✺ ❛♥❞ ✼✮✳ ❚❤✐s r❡s✉❧t ✐s

✶✻■♥ t❤❡ ❡st✐♠❛t✐♦♥s ❢♦r ❋✐❣✉r❡ ✹ ✇❡ ♦♠✐t t❤❡ t♦♣ ✶✵✪ ♦❢ t❤❡ s❛♠♣❧❡ ❞✐str✐❜✉t✐♦♥ ❢♦r ✇❤✐❝❤ t❤✐s ✐♥❞✐❝❛t♦r
❡①❤✐❜✐ts ❛ ❞✐s♣r♦♣♦rt✐♦♥❛t❡❧② ❧❛r❣❡ ❞✐s♣❡rs✐♦♥✳

✷✵



❚❛❜❧❡ ✷✿ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ❛♥❞ q✉❛❧✐t② ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ∆◗✉❛❧✐t② ✭❞❡♠❛♥❞ r❡s✐❞✉❛❧ ❡st✐♠❛t❡✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮

∆❊①❝❤❛♥❣❡ r❛t❡ ✵✳✵✻✻✽✯✯ ✵✳✵✽✹✹✯✯✯ ✵✳✵✺✶✻✯✯ ✵✳✵✼✽✺✯✯✯ ✲✵✳✶✶✻✯✯✯ ✲✵✳✵✾✸✶✯✯ ✲✵✳✵✵✷✷✼ ✵✳✵✶✶✻

✭✵✳✵✷✻✸✮ ✭✵✳✵✷✾✺✮ ✭✵✳✵✷✺✾✮ ✭✵✳✵✷✾✸✮ ✭✵✳✵✸✸✶✮ ✭✵✳✵✸✼✹✮ ✭✵✳✵✷✾✶✮ ✭✵✳✵✸✹✵✮

∆❊①❝❤❛♥❣❡ r❛t❡ ① ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✵✳✷✶✽✯✯✯ ✵✳✷✷✵✯✯✯

✭✵✳✵✸✽✽✮ ✭✵✳✵✹✹✵✮

∆❊①❝❤❛♥❣❡ r❛t❡ ① ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐✈❡ ✵✳✶✷✾✯✯ ✵✳✶✺✽✯✯

✭✵✳✵✺✺✵✮ ✭✵✳✵✻✶✾✮

∆❘❡❛❧ ●❉P ✲✵✳✵✹✸✶ ✲✵✳✶✶✼ ✲✵✳✶✶✽✯✯ ✲✵✳✵✺✼✽ ✲✵✳✶✸✺✯✯ ✲✵✳✵✻✻✹ ✲✵✳✶✸✽✯✯ ✲✵✳✵✻✺✵

✭✵✳✵✺✻✾✮ ✭✵✳✵✾✻✼✮ ✭✵✳✵✺✾✽✮ ✭✵✳✵✾✻✺✮ ✭✵✳✵✻✵✷✮ ✭✵✳✵✾✻✻✮ ✭✵✳✵✻✹✸✮ ✭✵✳✶✵✺✮

∆Pr♦❞✉❝t✐♦♥ ♣r✐❝❡s ✵✳✷✺✺✯✯✯ ✵✳✷✻✸✯✯✯ ✵✳✷✽✹✯✯✯ ✵✳✷✺✸✯✯✯ ✵✳✷✻✹✯✯✯ ✵✳✷✸✹✯✯✯ ✵✳✷✾✼✯✯✯ ✵✳✷✺✺✯✯✯

✭✵✳✵✹✶✹✮ ✭✵✳✵✹✸✶✮ ✭✵✳✵✹✶✾✮ ✭✵✳✵✹✸✶✮ ✭✵✳✵✹✷✺✮ ✭✵✳✵✹✸✻✮ ✭✵✳✵✹✸✺✮ ✭✵✳✵✹✹✻✮

▼❛r❦❡t s❤❛r❡ ✵✳✶✸✽✯✯✯ ✵✳✻✾✹✯✯✯ ✵✳✶✹✸✯✯✯ ✵✳✼✶✷✯✯✯ ✵✳✶✹✺✯✯✯ ✵✳✼✷✻✯✯✯

✭✵✳✵✵✼✶✵✮ ✭✵✳✵✸✸✹✮ ✭✵✳✵✵✼✷✼✮ ✭✵✳✵✸✸✾✮ ✭✵✳✵✵✼✾✽✮ ✭✵✳✵✸✼✼✮

❖❜s❡r✈❛t✐♦♥s ✶✱✸✹✻✱✽✷✵ ✶✱✸✹✻✱✽✷✵ ✶✱✸✹✻✱✽✷✵ ✶✱✸✹✻✱✽✷✵ ✶✱✸✷✽✱✼✼✾ ✶✱✸✷✽✱✼✼✾ ✶✱✶✼✺✱✾✽✷ ✶✱✶✼✺✱✾✽✷

❊st✐♠❛t✐♦♥ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ✫ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t t✐♠❡ tr❡♥❞s ◆♦ ❨❡s ◆♦ ❨❡s ◆♦ ❨❡s ◆♦ ❨❡s

✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✱ r♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭❍❙ ✷✲❞✐❣✐t✮ ❧❡✈❡❧✳

❆❧❧ ✈❛r✐❛❜❧❡s ❛r❡ ❞❡♥♦t❡❞ ✐♥ ❧♦❣s ❛♥❞ ✜rst ❞✐✛❡r❡♥❝❡s ❡①❝❡♣t ▼❛r❦❡t s❤❛r❡✳ ❚❤❡ r❡s✐❞✉❛❧ ❜❛s❡❞ q✉❛❧✐t② ♠❡❛s✉r❡ r❡❧✐❡s ♦♥ t❤❡ ♠❡t❤♦❞ ✐♥tr♦❞✉❝❡❞ ❜②

❑❤❛♥❞❡❧✇❛❧ ❡t ❛❧✳ ✭✷✵✶✸✮✳ ❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞ ❞✉♠♠② ✐s ❜❛s❡❞ ♦♥ ❘❛✉❝❤ ✭✶✾✾✾✮✱ ✇❤✐❧❡ t❤❡ ✏❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐✈❡✑

❞✉♠♠② ❡q✉❛❧s ♦♥❡ ❢♦r ❡①♣♦rts ❢r♦♠ s❡❝t♦rs ✇✐t❤ ❛♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t② ✭❑✉❣❧❡r ❛♥❞ ❱❡r❤♦♦❣❡♥✱ ✷✵✶✷✮ ❛❜♦✈❡ t❤❡ s❛♠♣❧❡ ♠❡❞✐❛♥✳

✷✶



❋✐❣✉r❡ ✹✿ ❊①❝❤❛♥❣❡ r❛t❡ ❡❧❛st✐❝✐t② ♦❢ t❤❡ ❡①♣♦rt q✉❛❧✐t② ✭❂✪✲r❡s♣♦♥s❡ t♦ ✶✪✲❛♣♣r❡❝✐❛t✐♦♥✮
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s❡❝t♦r❛❧ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t ✐♥t❡♥s✐t②

❝♦♥s✐st❡♥t ✇✐t❤ ❛ q✉❛❧✐t②✲❛✉❣♠❡♥t❡❞ ▼❡❧✐t③✲♠♦❞❡❧ ✐♥ ✇❤✐❝❤ t❤❡ ♣r♦❞✉❝t q✉❛❧✐t② ♣r♦✈✐❞❡❞

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

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

❜② ❝♦♥s✐❞❡r✐♥❣ ✜①❡❞ ❡✛❡❝ts ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❞❡st✐♥❛t✐♦♥ ❧❡✈❡❧ t❤❛t ✇❡r❡ ❞r♦♣♣❡❞ ❞✉❡ t♦

✜rst ❞✐✛❡r❡♥❝✐♥❣✳

■♥ ❚❛❜❧❡ ✸ ✇❡ t❡st t❤❡ r♦❜✉st♥❡ss ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ ❡✛❡❝t ♦♥ q✉❛❧✐t② ❛❝r♦ss ❛

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

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

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

s✉❜st❛♥t✐❛❧❧② ❧♦✇❡r ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ r❡❧❛t✐✈❡ t♦ t❤❡ ♥♦♠✐♥❛❧ r❛t❡✳✶✼ ❙✐♠✲

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

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

✶st ♣❡r❝❡♥t✐❧❡✳ ❚❤✐s ❡♥s✉r❡s t❤❛t t❤❡ ♠❛✐♥ r❡s✉❧ts ❛r❡ ♥♦t ❞r✐✈❡♥ ❜② ❡①tr❡♠❡ ♦✉t❧✐❡rs ✭s❡❡

❝♦❧✉♠♥ ✸✮✳ ■♥ ❝♦❧✉♠♥ ✷ ✇❡ ❞r♦♣ t❤❡ ❝❤❡♠✐❝❛❧ ❛♥❞ ♣❤❛r♠❛❝❡✉t✐❝❛❧ s❡❝t♦rs ❢r♦♠ t❤❡ ❡st✐✲

♠❛t✐♦♥s✱ ✇❤✐❝❤ ♠❛❦❡ ✉♣ ❛❧♠♦st ❤❛❧❢ ♦❢ t❤❡ ❙✇✐ss ❡①♣♦rt ❡❝♦♥♦♠② ✐♥ t❡r♠s ♦❢ ❡①♣♦rt s❛❧❡s✳

✶✼▼♦r❡♦✈❡r✱ ❝♦❧✉♠♥ ✶ ❛♥❞ ✷ ♦❢ t❤❡ ❆♣♣❡♥❞✐① ❚❛❜❧❡ ✐♥ ❙❡❝t✐♦♥ ✼✳✷ s❤♦✇ t❤❛t t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥
❡✛❡❝t ♦♥ q✉❛❧✐t② ❛❧s♦ ❤♦❧❞s ✇✐t❤ r❡❛❧ r❛t❡s ✐♥ ❢✉rt❤❡r s♣❡❝✐✜❝❛t✐♦♥s✱ ✐♥❝❧✉❞✐♥❣ ❝♦❧✉♠♥ ✷ t❤❛t ❞✐s♣❧❛②s t❤❡
str♦♥❣❡r ❡✛❡❝t ♦❢ t❤❡ r❡❛❧ ❡①❝❤❛♥❣❡ r❛t❡ ♦♥ q✉❛❧✐t② ✐♥ s❡❝t♦rs r❡❧②✐♥❣ ♠♦r❡ ♦♥ ❘✫❉ ❛♥❞ ❛❞✈❡rt✐s❡♠❡♥t✳

✷✷



❚❛❜❧❡ ✸✿ ❘♦❜✉st♥❡ss ❝❤❡❝❦s ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ ❡✛❡❝t ♦♥ ♣r♦❞✉❝t q✉❛❧✐t②

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ∆◗✉❛❧✐t② ✭❞❡♠❛♥❞ r❡s✐❞✉❛❧ ❡st✐♠❛t❡✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮
∆◗✉❛❧✐t②✭t✲✶✮ ✲✵✳✻✸✷✺✯✯✯ ✲✵✳✷✷✺✵✯✯

✵✳✶✹✹✼ ✭✵✳✶✶✹✷✮

∆◗✉❛❧✐t②✭t✲✷✮ ✲✵✳✷✸✸✼✯✯✯ ✲✵✳✵✻✾✹✯✯

✭✵✳✵✺✵✶✮ ✭✵✳✵✷✽✾✮

∆❊①❝❤❛♥❣❡ r❛t❡ ✭r❡❛❧ ✐♥ ✭✶✮ ✴ ♥♦♠✐♥❛❧ ✐♥ ✭✷✮✲✭✽✮✮ ✵✳✵✸✾✻✯ ✵✳✶✵✷✯✯✯ ✵✳✵✸✶✹✯✯ ✵✳✶✶✼✯✯✯ ✵✳✷✸✻✯✯✯ ✵✳✵✽✵✵✯✯✯ ✵✳✵✽✵✷✯✯✯ ✵✳✺✾✵✯✯✯

✭✵✳✵✷✶✸✮ ✭✵✳✵✸✸✾✮ ✭✵✳✵✶✹✸✮ ✭✵✳✵✸✷✼✮ ✭✵✳✵✼✼✽✮ ✭✵✳✵✷✾✺✮ ✭✵✳✵✷✾✸✮ ✭✵✳✵✽✾✷✮

∆❊①❝❤❛♥❣❡ r❛t❡✭t✲✶✮ ✵✳✶✹✶✵✯

✭✵✳✵✼✽✺✮

∆❊①❝❤❛♥❣❡ r❛t❡✭t✲✷✮ ✵✳✵✻✵✽

✭✵✳✵✹✹✷✮

∆❘❡❛❧ ●❉P ✲✵✳✵✽✹✵ ✲✵✳✵✷✶✾ ✲✵✳✵✼✸✻✯ ✲✵✳✶✵✼ ✲✵✳✵✵✺✷✹ ✲✵✳✵✺✽✺ ✶✳✶✸✷✯✯✯

✭✵✳✵✾✻✶✮ ✭✵✳✶✶✵✮ ✭✵✳✵✹✹✸✮ ✭✵✳✶✷✻✮ ✭✵✳✶✻✶✮ ✭✵✳✵✾✽✵✮ ✭✵✳✷✽✵✮

∆Pr♦❞✉❝t✐♦♥ ♣r✐❝❡s ✵✳✷✺✸✯✯✯ ✵✳✷✹✻✯✯✯ ✵✳✷✸✶✯✯✯ ✵✳✶✹✺✯✯✯ ✵✳✷✶✾✯✯✯ ✵✳✷✵✵✯✯✯ ✵✳✷✺✸✯✯✯ ✵✳✼✺✾✯✯✯

✭✵✳✵✹✸✷✮ ✭✵✳✵✹✻✶✮ ✭✵✳✵✸✵✼✮ ✭✵✳✵✹✸✶✮ ✭✵✳✵✺✵✽✮ ✭✵✳✵✺✹✼✮ ✭✵✳✵✹✸✶✮ ✭✵✳✶✷✷✮

▼❛r❦❡t s❤❛r❡ ✵✳✻✾✹✯✯✯ ✵✳✼✺✽✯✯✯ ✵✳✶✸✻✯✯✯ ✶✳✷✶✾✯✯✯ ✶✳✸✽✻✯✯✯ ✵✳✻✾✼✯✯✯ ✵✳✻✾✹✯✯✯ ✶✳✺✶✺✯✯✯

✭✵✳✵✸✸✹✮ ✭✵✳✵✸✾✻✮ ✭✵✳✵✵✹✼✸✮ ✭✵✳✵✺✼✻✮ ✭✵✳✵✺✷✺✮ ✭✵✳✵✸✸✽✮ ✭✵✳✵✸✸✹✮ ✭✵✳✵✷✸✺✮

∆■♠♣♦rt❡❞ ✐♥♣✉t ♣r✐❝❡s ✵✳✵✾✷✽✯✯✯

✭✵✳✵✸✺✺✮

∆❘❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛ ✲✵✳✵✷✼✻

✭✵✳✵✾✽✸✮

❖❜s❡r✈❛t✐♦♥s ✶✱✸✹✻✱✽✷✵ ✶✱✶✺✶✱✾✻✷ ✶✱✸✶✾✱✶✾✹ ✾✵✵✱✵✷✷ ✾✾✻✱✻✾✻ ✶✱✸✸✷✱✹✾✵ ✶✱✸✹✻✱✽✷✵ ✾✺✾✱✻✹✼

❊st✐♠❛t✐♦♥ ❖▲❙ ❖▲❙ ❖▲❙ ●▼▼ ●▼▼ ❖▲❙ ❖▲❙ ❖▲❙

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ✫ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t t✐♠❡ tr❡♥❞s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

❙❛r❣❛♥ ✐♥str✉♠❡♥t t❡st ✭♣✲✈❛❧✉❡✮ ✵✳✶✾✽✵ ✵✳✶✹✾✻

✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✱ r♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭❍❙ ✷✲❞✐❣✐t✮ ❧❡✈❡❧✳

❝♦❧✉♠♥ ✷ ✐s ❡st✐♠❛t❡❞ ✇✐t❤♦✉t t❤❡ ❝❤❡♠✐❝❛❧ ✫ ♣❤❛r♠❛❝❡✉t✐❝❛❧ s❡❝t♦r✱ ❝♦❧✉♠♥ ✸ ✉s❡s tr✐♠♠❡❞ ❞❛t❛ ✭❝✉t✲♦✛ ❛t t♦♣ ❛♥❞ ❜♦tt♦♠ ✶✪✲♣❡r❝❡♥t✐❧❡ ♦❢ t❤❡

t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✮✳ ❆ t❤✐r❞ ❧❛❣ ♦❢ q✉❛❧✐t② ✐s ✐♥❝❧✉❞❡❞ ✐♥ ❝♦❧✉♠♥ ✹ ❜✉t ♥♦t r❡♣♦rt❡❞✳ ■♥ ❝♦❧✉♠♥ ✽ t❤❡ ❡❧❛st✐❝✐t✐❡s ❢r♦♠ ■♠❜s ❛♥❞ ▼é❥❡❛♥ ✭✷✵✶✺✮

❛r❡ r❡♣❧❛❝❡❞ ✇✐t❤ t❤❡ ❡❧❛st✐❝✐t✐❡s ❢r♦♠ ❙♦❞❡r❜❡r② ✭✷✵✶✺✮ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ q✉❛❧✐t② ♠❡❛s✉r❡ ❛s t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✳

✷✸



■♥t❡r❡st✐♥❣❧②✱ t❤✐s t❡♥❞s t♦ ✐♥❝r❡❛s❡ t❤❡ s✐③❡ ❛♥❞ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝t ♦♥

q✉❛❧✐t② ❜❡❝❛✉s❡ q✉❛❧✐t② ❝❤❛♥❣❡s ✐♥ t❤♦s❡ s❡❝t♦rs ♠❛② ❜❡ ♠♦r❡ r❡❧❛t❡❞ t♦ s❡❝✉❧❛r tr❡♥❞s s✉❝❤

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

❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥s✳ ■♥ t❤❡ ♥❡①t st❡♣✱ ✇❡ ❡♠♣❧♦② t❤❡ ❆r❡❧❧❛♥♦✲❇♦♥❞ ●▼▼ ❡st✐♠❛✲

t♦r ✐♥ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺ t❤❛t ❛❧❧♦✇s t♦ ✐♥❝❧✉❞❡ ❧❛❣s ♦❢ t❤❡ q✉❛❧✐t② ♠❡❛s✉r❡ ❛♥❞ t♦ ❝♦♥s✐❞❡r

t❤❡ ♣♦t❡♥t✐❛❧ ❡♥❞♦❣❡♥❡✐t② ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡✳ ❚❤✐s ♠♦❞❡❧ t❤✉s t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡

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

❝❛s❡ t❤❡ ❡①♣♦rt❡❞ ♣r♦❞✉❝t q✉❛❧✐t②✳ ❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝t r❡♠❛✐♥s s✐♠✐❧❛r ✐♥ t❡r♠s ♦❢ s✐③❡

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

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

t❤❡ q✉❛❧✐t② ✐♥❞✐❝❛t♦r✱ ✇❤❡r❡❛s t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✐s tr❡❛t❡❞ ❛s ❡①♦❣❡♥♦✉s ✐♥ ❝♦❧✉♠♥ ✹✳ ❚❤❡

✈❛❧✐❞✐t② ♦❢ t❤❡ ✉s❡❞ ✐♥str✉♠❡♥ts✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥✉❧❧ ❤②♣♦t❤❡s✐s ✐♥ t❤❡ ❙❛r❣❛♥

♦✈❡r✐❞❡♥t✐✜❝❛t✐♦♥ t❡st✱ ❝❛♥♥♦t ❜❡ r❡❥❡❝t❡❞ ❛t t❤❡ ✶✵✪✲s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭♣✲✈❛❧✉❡ ✐s ✵✳✶✾✽ ❛s

✐♥❞✐❝❛t❡❞ ✐♥ ❚❛❜❧❡ ✸✮✳ ▼♦r❡♦✈❡r✱ ❡rr♦rs ❞♦ ♥♦t ❡①❤✐❜✐t ❤✐❣❤❡r✲♦r❞❡r ❛✉t♦❝♦rr❡❧❛t✐♦♥ s♦ t❤❛t

t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❝♦♥s✐st❡♥❝② ♦❢ t❤❡ ❆r❡❧❧❛♥♦✲❇♦♥❞ ❡st✐♠❛t♦r ❛r❡ ♠❡t✳ ■♥ ❝♦❧✉♠♥

✺ ✇❡ tr❡❛t ❝✉rr❡♥t ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ❛s ❡♥❞♦❣❡♥♦✉s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤✐s ♣♦t❡♥t✐❛❧ ❡♥✲

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

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

❡①❡rt ❛ ✉♥✐❢♦r♠ ❡✛❡❝t ♦♥ t❤❡ ❡①♣♦rt❡❞ q✉❛❧✐t②✳ ❲❡ t❛❦❡ t❤✐s ❝♦♥❝❡r♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ❛♥❞

✉s❡ t❤✐r❞ ❧❛❣s ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s t♦ ✐♥str✉♠❡♥t ❢♦r ❝✉rr❡♥t ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s✳✶✽

❲❡ ❝❛♥ ❛❣❛✐♥ ♥♦t r❡❥❡❝t t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ✐♥str✉♠❡♥ts ✭♣✲✈❛❧✉❡❂✵✳✶✺✮ ❛♥❞ t❤❡r❡ ✐s ♥♦

❤✐❣❤❡r✲♦r❞❡r ❛✉t♦❝♦rr❡❧❛t✐♦♥ ♦❢ ❡rr♦rs✱ ❛s r❡q✉✐r❡❞ ❢♦r ❝♦♥s✐st❡♥❝②✳ ❚❤❡r❡ ✐s s♦♠❡ ❡✈✐❞❡♥❝❡

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

❝♦❧✉♠♥ ✺✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ❡①♣♦rt❡rs ♥❡❡❞ s♦♠❡ t✐♠❡ t♦ ❢✉❧❧② ❛❞❥✉st t❤❡ ❡①♣♦rt q✉❛❧✐t②

✐♥ r❡s♣♦♥s❡ t♦ ❡①❝❤❛♥❣❡ r❛t❡ ♠♦✈❡♠❡♥ts✳ ❉②♥❛♠✐❝ ❡st✐♠❛t✐♦♥s ✐♥ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺ ❛❧s♦

r❡✈❡❛❧ t❤❛t t❤❡ ❝✉rr❡♥t q✉❛❧✐t② ❣r♦✇t❤ r❛t❡ ❞❡♣❡♥❞s ♥❡❣❛t✐✈❡❧② ♦♥ ✐ts ✜rst✲ ❛♥❞ s❡❝♦♥❞✲♦r❞❡r

❧❛❣✱ ✐♠♣❧②✐♥❣ ❛ ♠❡❛♥✲r❡✈❡rt✐♥❣ ❜❡❤❛✈✐♦r ✐♥ ♦✉r q✉❛❧✐t② ♠❡❛s✉r❡✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ♣❡r✐✲

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

✇❤✐❝❤ t❤❡ q✉❛❧✐t② ❣r♦✇t❤ r❛t❡ r❡t✉r♥s t♦ ✐ts ♠❡❛♥ ✈❛❧✉❡✳ ■♥ ❝♦❧✉♠♥ ✻ ✇❡ ♦❜s❡r✈❡ ❛ ♣♦s✐t✐✈❡

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

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

❝♦♥s✐st❡♥t ✇✐t❤ ❡①♣♦rt❡rs s✇✐t❝❤✐♥❣ t♦ ♠♦r❡ ❡①♣❡♥s✐✈❡ ✐♠♣♦rt❡❞ ✐♥♣✉ts t♦ ♣r♦❞✉❝❡ ❤✐❣❤❡r

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

✶✽❙✐♠✐❧❛r❧②✱ ✇❡ ❛❧s♦ ✉s❡ t❤✐r❞ ❧❛❣s ♦❢ q✉❛❧✐t② ❝❤❛♥❣❡s ❛s ✐♥str✉♠❡♥ts ❢♦r t❤❡✐r ❝✉rr❡♥t ❝❤❛♥❣❡s✳

✷✹



❈❤✐♥❛ ✭❇❛s ❛♥❞ ❙tr❛✉ss✲❑❛❤♥✱ ✷✵✶✺✮✳ ❈❤❛♥❣❡s ✐♥ r❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛ ❛r❡ ♥♦t ❢♦✉♥❞ t♦ ❜❡

r❡❧❛t❡❞ t♦ q✉❛❧✐t② ❝❤❛♥❣❡s ✐♥ ❝♦❧✉♠♥ ✼✳ ■♥ ❝♦❧✉♠♥ ✽ ✇❡ r❡❝❛❧❝✉❧❛t❡ t❤❡ q✉❛❧✐t② ♠❡❛s✉r❡ ✉s✲

✐♥❣ t❤❡ s✉❜st✐t✉t✐♦♥ ❡❧❛st✐❝✐t✐❡s ✭s✐❣♠❛s✮ ❢r♦♠ ❙♦❞❡r❜❡r② ✭✷✵✶✺✮✳ ❋♦rt✉♥❛t❡❧②✱ t❤❡ ❡✛❡❝t ♦❢

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

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

❖✈❡r❛❧❧✱ t❤❡ r❡s✉❧ts ♦❢ ❚❛❜❧❡ ✷ ❛♥❞ ✸ s❤♦✇ t❤❛t t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ❛♥❞ r♦❜✉st ✐♥❝r❡❛s❡

✐♥ t❤❡ ♦❜s❡r✈❡❞ q✉❛❧✐t② ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t ❝❛t❡❣♦r② tr✐❣❣❡r❡❞ ❜② ❛ ❈❍❋ ❛♣♣r❡❝✐❛✲

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

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

❝❛♣❛❜❧❡ ✜r♠s✳

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

t✐♦♥ ✹✳✷✳ ❚❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝t ✐s ❡st✐♠❛t❡❞ ❢❛✐r❧② ♣r❡❝✐s❡❧② ❛♥❞ ❤❛s ❛ s②st❡♠❛t✐❝ ♣♦s✐t✐✈❡

✐♠♣❛❝t ♦♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ✐♥ ❝♦❧✉♠♥s ✶ t♦ ✹✳ ❚❤✐s ✐♥❞✐❝❛t❡s ❛ ❣❛✐♥ ✐♥ ♠❛r❦❡t

s❤❛r❡s ♦❢ ♠♦r❡ ❡①♣❡♥s✐✈❡ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ❍❙ ✹✲❞✐❣✐t ♣r♦❞✉❝t ❝❛t❡❣♦r②

❛s ❛ r❡s✉❧t ♦❢ ❛ ❙✇✐ss ❋r❛♥❝ ❛♣♣r❡❝✐❛t✐♦♥✳ ❚❤✐s ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ s❤✐❢t t♦✇❛r❞s ❤✐❣❤❡r

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

❤♦♠♦❣❡♥❡♦✉s ❣♦♦❞s✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❝♦♠♣❛r✐♥❣ ❝♦❧✉♠♥ ✽ ✇✐t❤ ✻✳✶✾ ■♥ q✉❛♥t✐t❛t✐✈❡

t❡r♠s✱ t❤❡ ❡✛❡❝t ♦❢ ❛ ✶✵✪ ❛♣♣r❡❝✐❛t✐♦♥ ♦❢ t❤❡ ❙✇✐ss ❋r❛♥❝ tr❛♥s❧❛t❡s ✐♥t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡

❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ❜② ❛❜♦✉t ✶✪ ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✭s❡❡ ❝♦❧✉♠♥ ✽✮✳ ❚❤❡ str♦♥❣❡r

❛♥❞ ♠♦r❡ s✐❣♥✐✜❝❛♥t ❡①❝❤❛♥❣❡ r❛t❡ ❡✛❡❝t ❢♦r ♣r♦❞✉❝ts ✇✐t❤ ❛ ❣r❡❛t❡r s❝♦♣❡ ❢♦r q✉❛❧✐t② ❞✐❢✲

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

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

❝♦♥❝❡♥tr❛t✐♦♥ ✇✐t❤✐♥ ❍❙ ✹✲❞✐❣✐t ♣r♦❞✉❝t ❝❛t❡❣♦r✐❡s ❛♥❞ ❞❡st✐♥❛t✐♦♥s✳ ❙✐♠✐❧❛r❧② t♦ ♣r❡✈✐♦✉s

r❡s✉❧ts ♦♥ ❞✐s❛❣❣r❡❣❛t❡❞ q✉❛❧✐t② ❝❤❛♥❣❡s ✭s❡❡ ❚❛❜❧❡ ✷ ❛♥❞ ✸✮✱ ❛ ♠♦r❡ ❝♦♥❝❡♥tr❛t❡❞ ♠❛r❦❡t

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

❝♦❧✉♠♥s ✹ t♦ ✽✳ ■♥❝r❡❛s❡s ✐♥ r❡❛❧ ●❉P ✐♥ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr✐❡s ❛r❡ ♥❡❣❛t✐✈❡❧② r❡❧❛t❡❞ t♦

❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✱ ❛s ❧❛r❣❡r ♠❛r❦❡ts ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❤✐❣❤❡r ❡①♣❡♥❞✐t✉r❡s ❛♥❞ t❤✉s

❛❧s♦ ❛❧❧♦✇ ❧♦✇❡r q✉❛❧✐t② ❣♦♦❞s t♦ s✉r✈✐✈❡✳

✶✾❘❛t❤❡r t❤❛♥ ✐♥t❡r❛❝t✐♥❣ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✇✐t❤ ❛ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ❞✉♠♠② ❛s ✐♥ ❚❛❜❧❡ ✸✱ ✇❡ ♣❡r❢♦r♠
s✉❜s❛♠♣❧❡ ❡st✐♠❛t✐♦♥s r❡str✐❝t❡❞ t♦ ❤♦♠♦❣❡♥❡♦✉s ✭❝♦❧✉♠♥s ✺ ❛♥❞ ✻✮ ♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✭❝♦❧✉♠♥s ✼
❛♥❞ ✽✮ ✐♥ ❚❛❜❧❡ ✹✳ ❚❤❡ r❡❛s♦♥ ❢♦r ❛♣♣❧②✐♥❣ t❤✐s ❞✐✛❡r❡♥t str❛t❡❣② ✐s t❤❛t ✐♥ t❤❡ ❢✉❧❧ s❛♠♣❧❡ t❤❡ q✉❛❧✐t②
❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧ ✭❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✮ ❝♦♥t❛✐♥s ✐♥ t❤❡ ♠❛❥♦r✐t② ♦❢ ❝❛s❡s ❜♦t❤
❞✐✛❡r❡♥t✐❛t❡❞ ❛♥❞ ❤♦♠♦❣❡♥❡♦✉s ❣♦♦❞s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠♦r❡ ❞✐s❛❣❣r❡❣❛t❡❞ ❘❛✉❝❤ ✭✶✾✾✾✮✲❝❧❛ss✐✜❝❛t✐♦♥
❞✉♠♠② ❝❛♥♥♦t ❜❡ ❞✐r❡❝t❧② ❛♣♣❧✐❡❞ ❛t t❤✐s ❤✐❣❤❡r ❛❣❣r❡❣❛t✐♦♥ ❧❡✈❡❧ ✭❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧✮ ❛♥❞ ✇❡ ❞❡❝✐❞❡❞ t♦
❝♦♥str✉❝t t❤❡ q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ ❡✐t❤❡r ✇✐t❤ ❤♦♠♦❣❡♥❡♦✉s ✭❝♦❧✉♠♥s ✺ ❛♥❞ ✻✮ ♦r ❞✐✛❡r❡♥t✐❛t❡❞
✭❝♦❧✉♠♥s ✼ ❛♥❞ ✽✮ ❣♦♦❞s ♦♥❧② ✐♥ t❤✐s s❡t ♦❢ ❡st✐♠❛t✐♦♥s✳

✷✺



❚❛❜❧❡ ✹✿ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ❛♥❞ t❤❡ ❡①♣♦rt q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ∆◗✉❛❧✐t② ✭✉♥✐t ✈❛❧✉❡ ❜❛s❡❞✮

❣♦♦❞s t②♣❡ ❛❧❧ ✭✶✮✲✭✹✮ ❤♦♠♦❣❡♥❡♦✉s ✭✺✮✴✭✻✮ ❞✐✛❡r❡♥t✐❛t❡❞ ✭✼✮✴✭✽✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮

∆❊①❝❤❛♥❣❡ r❛t❡ ✵✳✵✽✼✾✯✯✯ ✵✳✶✶✽✯✯✯ ✵✳✵✻✸✾✯✯✯ ✵✳✵✾✺✼✯✯✯ ✵✳✵✻✸✽✯✯ ✵✳✵✼✼✻✯✯ ✵✳✵✻✻✼✯✯✯ ✵✳✶✵✹✯✯✯

✭✵✳✵✷✵✶✮ ✭✵✳✵✷✸✼✮ ✭✵✳✵✷✵✶✮ ✭✵✳✵✷✹✺✮ ✭✵✳✵✸✶✻✮ ✭✵✳✵✸✻✼✮ ✭✵✳✵✷✹✻✮ ✭✵✳✵✸✵✼✮

∆❘❡❛❧ ●❉P ✲✵✳✺✵✾✯✯✯ ✲✵✳✹✽✵✯✯✯ ✲✵✳✻✸✸✯✯✯ ✲✵✳✷✺✺✯✯ ✲✵✳✹✸✽✯✯✯ ✲✵✳✷✵✹ ✲✵✳✻✽✸✯✯✯ ✲✵✳✷✸✾✯

✭✵✳✵✼✵✵✮ ✭✵✳✶✵✼✮ ✭✵✳✵✽✶✷✮ ✭✵✳✶✵✻✮ ✭✵✳✶✶✽✮ ✭✵✳✶✺✷✮ ✭✵✳✵✾✽✸✮ ✭✵✳✶✸✵✮

∆Pr♦❞✉❝t✐♦♥ ♣r✐❝❡s ✲✵✳✶✷✽✯✯ ✲✵✳✵✼✾✹ ✲✵✳✵✹✵✾ ✲✵✳✶✷✸✯✯ ✲✵✳✶✸✶✯✯ ✲✵✳✶✹✺✯✯ ✵✳✷✵✹✯✯✯ ✵✳✵✸✽✽

✭✵✳✵✺✵✷✮ ✭✵✳✵✺✸✶✮ ✭✵✳✵✺✵✵✮ ✭✵✳✵✺✷✸✮ ✭✵✳✵✺✾✾✮ ✭✵✳✵✻✷✹✮ ✭✵✳✵✼✻✽✮ ✭✵✳✵✽✵✷✮

❍❍■ ✵✳✹✹✵✯✯✯ ✶✳✹✸✾✯✯✯ ✵✳✹✶✵✯✯✯ ✶✳✶✷✸✯✯✯ ✵✳✹✺✵✯✯✯ ✶✳✺✽✼✯✯✯

✭✵✳✵✶✶✷✮ ✭✵✳✵✷✾✾✮ ✭✵✳✵✶✻✾✮ ✭✵✳✵✸✺✸✮ ✭✵✳✵✶✸✵✮ ✭✵✳✵✸✹✸✮

❖❜s❡r✈❛t✐♦♥s ✹✹✻✱✹✾✷ ✹✹✻✱✹✾✷ ✹✹✻✱✹✾✷ ✹✹✻✱✹✾✷ ✶✹✹✱✹✷✺ ✶✹✹✱✹✷✺ ✸✷✵✱✼✹✻ ✸✷✵✱✼✹✻

❊st✐♠❛t✐♦♥ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙

❞❡st✐♥❛t✐♦♥✲❍❙✹✲♣r♦❞✉❝t❣r♦✉♣✫ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t❣r♦✉♣ ❧❡✈❡❧ t✐♠❡ tr❡♥❞s ◆♦ ❨❡s ◆♦ ❨❡s ◆♦ ❨❡s ◆♦ ❨❡s

✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✱ r♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭❍❙ ✷✲❞✐❣✐t✮ ❧❡✈❡❧✳

❈♦❧✉♠♥s ✭✶✮✲✹ ✉s❡ t❤❡ ❢✉❧❧ s❛♠♣❧❡✱ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❝♦❧✉♠♥s ✉s❡ ♦♥❧② ❤♦♠♦❣❡♥❡♦✉s ✭✺✴✻✮ ♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✭✼✴✽✮ ❛❝❝♦r❞✐♥❣ t♦

❘❛✉❝❤✭✶✾✾✾✮ ❝❧❛ss✐✜❝❛t✐♦♥✳

✷✻



❲❡ ❝♦♥❞✉❝t❡❞ ❛ s❡r✐❡s ♦❢ r♦❜✉st♥❡ss ❝❤❡❝❦s ✐♥ ❚❛❜❧❡ ✺✳ ❚❤❡ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢ ❛♥ ❛♣♣r❡❝✐❛t✐♦♥

♦♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ✐s r♦❜✉st t♦ ✉s✐♥❣ ❜✐❧❛t❡r❛❧ r❡❛❧ r❛t❤❡r t❤❛♥ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡

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

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

✐♥ ❝♦❧✉♠♥ ✸✳✷✵ ■♥ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺✱ ❆r❡❧❧❛♥♦ ❛♥❞ ❇♦♥❞ ✭✶✾✾✶✮✲♠♦❞❡❧s ❛r❡ ❡st✐♠❛t❡❞ t❤❛t

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

r❛t❡ s❤♦❝❦s✳✷✶ ❋r♦♠ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺ ✇❡ s❡❡ t❤❛t ❝✉rr❡♥t ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ❛r❡ st✐❧❧

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

❝♦♥tr♦❧ ❢♦r ❞②♥❛♠✐❝ ❛❞❥✉st♠❡♥ts✳ ■♥ ❝♦❧✉♠♥ ✺ ❝✉rr❡♥t ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s ❛r❡ ❝♦♥s✐❞❡r❡❞

❛s ❡♥❞♦❣❡♥♦✉s ❛♥❞ ✐♥str✉♠❡♥t❡❞ ❜② s❡❝♦♥❞ ❧❛❣s ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✈❛r✐❛❜❧❡✳ ❚❤❡ r❡s✉❧ts

✐♥ ❝♦❧✉♠♥ ✺ s✉❣❣❡st t❤❛t ♥♦ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ♦❝❝✉r ✐♥ r❡s♣♦♥s❡ t♦

♣❛st ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ t❡st st❛t✐st✐❝s s✉♣♣♦rt t❤❡ ❝♦♥s✐st❡♥❝② ♦❢ t❤❡

❞②♥❛♠✐❝ ♠♦❞❡❧s ✐♥ ❝♦❧✉♠♥s ✹ ❛♥❞ ✺✱ ❛s ❡rr♦rs ❞♦ ♥♦t ❞✐s♣❧❛② ❤✐❣❤❡r✲♦r❞❡r ❛✉t♦❝♦rr❡❧❛t✐♦♥

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

✭s❡❡ ♣✲✈❛❧✉❡s ♦❢ t❤❡ s❛r❣❛♥ t❡st ✐♥ ❚❛❜❧❡ ✺✮✳ ❈♦❧✉♠♥ ✻ t❤❛t ✐♥❝❧✉❞❡s ❛ ❝♦♥tr♦❧ ❢♦r ❝❤❛♥❣❡s

✐♥ ✐♠♣♦rt❡❞ ✐♥♣✉t ♣r✐❝❡s ❛♥❞ ♣r❡✈✐♦✉s r❡s✉❧ts ✇✐t❤ ♦✉r s❡❝♦♥❞ q✉❛❧✐t② ♠❡❛s✉r❡ ✐♥❞✐❝❛t❡

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

❝♦♠♣♦s✐t✐♦♥ ♦❢ ❡①♣♦rts✳ ■♥ ❝♦❧✉♠♥ ✼ ✇❡ r❡♣❧❛❝❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❧♦❣ r❡❛❧ ●❉P ✇✐t❤ t❤❡

❝❤❛♥❣❡ ✐♥ ❧♦❣ r❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛✳ ❲❡ ❞♦ ♥♦t ✜♥❞ ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢ r❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛

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

✐♥❝♦♠❡ ❧❡✈❡❧ ✭♥♦♥✲❤♦♠♦t❤❡t✐❝ ♣r❡❢❡r❡♥❝❡s✮✳ ❍♦✇❡✈❡r✱ ❝❤❛♥❣❡s ✐♥ ❧♦❣ r❡❛❧ ●❉P ❛♥❞ ❧♦❣ r❡❛❧

●❉P ♣❡r ❝❛♣✐t❛ ❛r❡ ❝♦rr❡❧❛t❡❞ ❛♥❞ t❤❡r❡❢♦r❡ ✐t ✐s ❞✐✣❝✉❧t t♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ t✇♦ ✈❛r✐❛❜❧❡s

❡❝♦♥♦♠❡tr✐❝❛❧❧②✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❡st✐♠❛t❡❞ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❝❤❛♥❣❡ ✐♥ ❧♦❣ r❡❛❧ ●❉P

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

●❉P✳ ■♥ t❤❡ ❧❛st t✇♦ ❝♦❧✉♠♥s ✽ ❛♥❞ ✾ ✇❡ ✉s❡ ❛ q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ r❡❝❛❧❝✉❧❛t❡❞

❛t t❤❡ ♥❛rr♦✇❡r ❍❙ ✻✲❞✐❣✐t ♣r♦❞✉❝t ❝❛t❡❣♦r②✳ ❚❤✐s ✐♥❝r❡❛s❡s t❤❡ ❝♦♠♣❛r❛❜✐❧✐t② ♦❢ ♣r♦❞✉❝ts

✐♥ t❡r♠s ♦❢ q✉❛❧✐t② ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ♣r♦❞✉❝t ❝❛t❡❣♦r②✳ ❆❧t❤♦✉❣❤ s♠❛❧❧❡r ✐♥ s✐③❡ t❤❡ ❡①❝❤❛♥❣❡

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

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

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

❞r❛♠❛t✐❝❛❧❧② r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝ts ✇✐t❤✐♥ ❛ ❍❙ ✻✲❞✐❣✐t ♣r♦❞✉❝t ❝❛t❡❣♦r②✱

✷✵s❡❡ ❛❧s♦ ❝♦❧✉♠♥s ✸ ❛♥❞ ✹ ✐♥ t❤❡ ❆♣♣❡♥❞✐① ❚❛❜❧❡ ✐♥ ❙❡❝t✐♦♥ ✼✳✷ ❢♦r ❢✉rt❤❡r ❡st✐♠❛t✐♦♥s ✇✐t❤ r❡❛❧ ❜✐❧❛t❡r❛❧
❡①❝❤❛♥❣❡ r❛t❡s t❤❛t t✉r♥ ♦✉t t♦ ❜❡ ❤✐❣❤❧② s✐❣♥✐✜❝❛♥t ❛♥❞ s✐♠✐❧❛r ✐♥ s✐③❡ t♦ ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝✐✜❝❛t✐♦♥s
✇✐t❤ ♥♦♠✐♥❛❧ ❡①❝❤❛♥❣❡ r❛t❡s✳

✷✶■♥ ❝♦❧✉♠♥ ✹ s❡❝♦♥❞ t♦ ❢♦✉rt❤ ❧❛❣s ❛♥❞ ✐♥ ❝♦❧✉♠♥ ✺ s❡❝♦♥❞ ❛♥❞ t❤✐r❞ ❧❛❣s ♦❢ t❤❡ q✉❛❧✐t② ✐♥❞✐❝❛t♦r ❛r❡
✉s❡❞ ❛s ✐♥str✉♠❡♥ts✳

✷✼



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

❞✐s❛❣❣r❡❣❛t❡❞ ❧❡✈❡❧✳

❇♦t❤ ♠❡❛s✉r❡s ♦❢ q✉❛❧✐t② s❤♦✇ ❛t ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❛❣❣r❡❣❛t✐♦♥ t❤❛t t❤❡ ❡①♣♦rt ❝♦♠♣♦✲

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

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

❛❞❥✉st♠❡♥ts ♦❢ ♣r♦❞✉❝t q✉❛❧✐t②✳ ❲✐t❤ t❤❡ ❞❛t❛ ❛t ❤❛♥❞✱ ✇❡ ❝❛♥♥♦t ❞✐s❡♥t❛♥❣❧❡ t❤❡ t✇♦

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

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

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

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

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

q✉❛❧✐t②✳ ❚❤✐s ✐s ❛❧s♦ ❝♦♥s✐st❡♥t ✇✐t❤ q✉❛❧✐t②✲❛✉❣♠❡♥t❡❞ ▼❡❧✐t③✲♠♦❞❡❧s t❤❛t ♣r❡❞✐❝t ❛ s❤✐❢t

t♦✇❛r❞s ❛ ♣r✐♦r✐ ♠♦r❡ ❝❛♣❛❜❧❡ ❡①♣♦rt❡rs ❛❢t❡r ❛ ❝♦st s❤♦❝❦✱ ✇❤✐❧❡ t❤❡r❡ ❛r❡ ♥♦ ❛❞❥✉st♠❡♥ts

t♦ ❝♦st ❝❤❛♥❣❡s ❛t t❤❡ ✜r♠✲❧❡✈❡❧ ✐♥ t❤✐s ❢r❛♠❡✇♦r❦ ✭s❡❡ ❛❧s♦ ▼❛♥♦✈❛ ❛♥❞ ❩❤❛♥❣✱ ✷✵✶✷ ✐♥

t❤✐s r❡s♣❡❝t✮✳

✺✳✺ ❚❤❡ ❡✛❡❝t ♦❢ q✉❛❧✐t② ❝❤❛♥❣❡s ♦♥ ❡①♣♦rt ❣r♦✇t❤

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

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

♦❢ q✉❛❧✐t② ♦♥ ❛❣❣r❡❣❛t❡ ❡①♣♦rts✳ ■♥ ❝♦❧✉♠♥s ✶ t♦ ✹ ♦❢ ❚❛❜❧❡ ✻ ✇❡ ❡♠♣❧♦② ❡①♣♦rt ✉♥✐t

✈❛❧✉❡s ❛s ❛ ♠❡❛s✉r❡ ♦❢ ❡①♣♦rt q✉❛❧✐t② t♦ ❡①❛♠✐♥❡ ✐ts ❡✛❡❝t ♦♥ ❞✐s❛❣❣r❡❣❛t❡❞ ❍❙ ✽✲❞✐❣✐t

❧❡✈❡❧ ❡①♣♦rt s❛❧❡s ❛♥❞ ✈♦❧✉♠❡✳ P❧❡❛s❡ ♥♦t❡ t❤❛t ✇❡ ❝❛♥♥♦t ✉s❡ t❤❡ r❡s✐❞✉❛❧ ❜❛s❡❞ q✉❛❧✐t②

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

✐♥✈♦❧✈✐♥❣ ❡①♣♦rt q✉❛♥t✐t✐❡s ❛♥❞ r❡✈❡♥✉❡s✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s ❛r❡

✐♥❞❡❡❞ ❝❛♣t✉r✐♥❣ ❡①♣♦rt q✉❛❧✐t② ❛s t❤❡s❡ ✉♥✐t ✈❛❧✉❡s ❡①❡rt ❛ s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥

❡①♣♦rt s❛❧❡s✱ ❛s ❞✐s♣❧❛②❡❞ ✐♥ ❝♦❧✉♠♥s ✶ ❛♥❞ ✷ t❤❛t ❛❧s♦ ❝♦♥tr♦❧ ❢♦r t❤❡ ♣r♦❞✉❝t ♠❛r❦❡t

s❤❛r❡ ✐♥ ❛ ❣✐✈❡♥ ❞❡st✐♥❛t✐♦♥ ❛♥❞ ♣r♦❞✉❝t ❝❛t❡❣♦r② ✭❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧✮✳ ▼♦r❡♦✈❡r✱

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

❝♦❧✉♠♥ ✹✮✳ ◗✉❛♥t✐t❛t✐✈❡❧②✱ ❛ ✶✵✪✲✐♥❝r❡❛s❡ ✐♥ ♣r✐❝❡s ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ✷✪ ❤✐❣❤❡r ❡①♣♦rt

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

❛✉❣♠❡♥t❡❞ tr❛❞❡ ♠♦❞❡❧s ✇✐t❤ ❤❡t❡r♦❣❡♥❡♦✉s ✜r♠s ❛♥❞ ❈❊❙ ✭❛s ♦✉t❧✐♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✮ ♦r

❧✐♥❡❛r ❞❡♠❛♥❞ ✭s❡❡ ❇❛❧❞✇✐♥ ❛♥❞ ❍❛rr✐❣❛♥✱ ✷✵✵✼ ❛♥❞ ▼❛♥♦✈❛ ❛♥❞ ❩❤❛♥❣✱ ✷✵✶✷✮✳ ❈♦❧✉♠♥ ✸

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

✷✽



❚❛❜❧❡ ✺✿ ❘♦❜✉st♥❡ss ❝❤❡❝❦s ♦❢ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ ❡✛❡❝t ♦♥ t❤❡ ❡①♣♦rt q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ∆◗✉❛❧✐t② ✭✉♥✐t ✈❛❧✉❡ ❜❛s❡❞✮

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮ ✭✾✮

∆◗✉❛❧✐t②✭t✲✶✮ ✲✵✳✷✽✽✻✯✯✯ ✲✵✳✷✻✾✷✯✯✯

✭✵✳✵✵✻✶✮ ✭✵✳✵✵✺✶✮

∆◗✉❛❧✐t②✭t✲✷✮ ✲✵✳✵✼✾✷✯✯✯ ✲✵✳✵✺✼✺ ✯✯✯

✭✵✳✵✵✻✸✮ ✭✵✳✵✵✺✷✮

∆❊①❝❤❛♥❣❡ r❛t❡ ✵✳✵✺✶✸✯✯✯ ✵✳✶✵✷✯✯✯ ✵✳✵✸✶✻✯✯ ✵✳✶✸✵✯✯✯ ✵✳✷✵✻✯ ✵✳✵✾✽✻✯✯✯ ✵✳✵✾✺✾✯✯✯ ✵✳✵✷✾✼✯✯✯ ✵✳✵✶✾✺✯✯

✭r❡❛❧ ✐♥ ✭✶✮ ✴ ♥♦♠✐♥❛❧ ✐♥ ✭✷✮✲✭✾✮✮ ✭✵✳✵✶✾✶✮ ✭✵✳✵✷✽✺✮ ✭✵✳✵✶✺✷✮ ✭✵✳✵✸✺✾✮ ✭✵✳✶✵✻✮ ✭✵✳✵✷✹✺✮ ✭✵✳✵✷✹✺✮ ✭✵✳✵✵✾✾✵✮ ✭✵✳✵✵✽✾✺✮

∆❊①❝❤❛♥❣❡ r❛t❡✭t✲✶✮ ✲✵✳✵✷✽✹

✭✵✳✵✼✶✷✮

∆❘❡❛❧ ●❉P ✲✵✳✷✽✺✯✯✯ ✲✵✳✷✼✻✯✯ ✲✵✳✹✹✶✯✯✯ ✲✵✳✷✷✸ ✲✵✳✷✻✸ ✲✵✳✷✻✺✯✯ ✲✵✳✶✺✹✯✯✯ ✲✵✳✵✹✹✽

✭✵✳✶✵✼✮ ✭✵✳✶✷✷✮ ✭✵✳✵✺✾✹✮ ✭✵✳✶✺✷✮ ✭✵✳✶✼✶✮ ✭✵✳✶✵✽✮ ✭✵✳✵✸✻✶✮ ✭✵✳✵✸✺✷✮

∆Pr♦❞✉❝t✐♦♥ ♣r✐❝❡s ✲✵✳✶✷✸✯✯ ✲✵✳✵✾✻✸✯ ✵✳✵✵✺✵✻ ✲✵✳✵✹✺✽ ✲✵✳✵✽✶✷ ✲✵✳✵✼✻✾ ✲✵✳✶✷✸✯✯ ✵✳✵✵✻✸✷ ✲✵✳✵✶✺✹

✭✵✳✵✺✷✸✮ ✭✵✳✵✺✹✹✮ ✭✵✳✵✸✶✼✮ ✭✵✳✵✺✼✼✮ ✭✵✳✵✺✻✼✮ ✭✵✳✵✻✷✾✮ ✭✵✳✵✺✷✸✮ ✭✵✳✵✷✷✻✮ ✭✵✳✵✷✶✶✮

❍❍■ ✶✳✹✸✾✯✯✯ ✶✳✺✹✷✯✯✯ ✵✳✸✸✾✯✯✯ ✶✳✹✸✻✯✯✯ ✶✳✹✸✾✯✯✯ ✷✳✶✷✼✯✯✯

✭✵✳✵✸✵✵✮ ✭✵✳✵✸✵✼✮ ✭✵✳✵✵✽✷✹✮ ✭✵✳✵✸✵✵✮ ✭✵✳✵✷✾✾✮ ✭✵✳✵✹✻✶✮

∆■♠♣♦rt❡❞ ✐♥♣✉t ♣r✐❝❡s ✵✳✵✶✽✸

✭✵✳✵✹✻✶✮ ✲✵✳✷✹✽✸✯✯

∆❘❡❛❧ ●❉P ♣❡r ❝❛♣✐t❛ ✭✵✳✶✵✺✷✮

❖❜s❡r✈❛t✐♦♥s ✹✹✻✱✹✾✷ ✸✻✽✱✼✼✽ ✹✸✺✱✽✾✸ ✸✸✵✱✵✽✼ ✸✺✸✱✼✼✹ ✹✸✵✱✹✼✼ ✹✹✻✱✹✾✷ ✶✱✶✺✽✱✷✾✻ ✶✱✶✺✽✱✷✾✻

❊st✐♠❛t✐♦♥ ❖▲❙ ❖▲❙ ❖▲❙ ●▼▼ ●▼▼ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙

❙❛r❣❛♥ ✐♥str✉♠❡♥t t❡st ✭♣✲✈❛❧✉❡✮ ✵✳✸✸✶✺ ✵✳✶✾✸✵

✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✱ r♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱ st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡

❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭❍❙ ✷✲❞✐❣✐t✮ ❧❡✈❡❧✳ ❈♦❧✉♠♥ ✷ ✐s ❡st✐♠❛t❡❞ ✇✐t❤♦✉t t❤❡ ❝❤❡♠✐❝❛❧ ✫ ♣❤❛r♠❛❝❡✉t✐❝❛❧ s❡❝t♦r✱ ❝♦❧✉♠♥ ✸ ✉s❡s tr✐♠♠❡❞ ❞❛t❛

✭❝✉t✲♦✛ ❛t t♦♣ ❛♥❞ ❜♦tt♦♠ ✶✪✲♣❡r❝❡♥t✐❧❡ ♦❢ t❤❡ ❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡✮✳ ❚❤❡ q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ♠❡❛s✉r❡ ✐♥ ❝♦❧✉♠♥s ✭✽✮ ❛♥❞ ✭✾✮ ✐s

✐s ❝❛❧❝✉❧❛t❡❞ ❛t t❤❡ ❍❙ ✻✲❞✐❣✐t ❧❡✈❡❧ ✐♥st❡❛❞ ♦❢ ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧✳ ❆❧❧ ❝♦❧✉♠♥s ❝♦♥t❛✐♥ ❞❡st✐♥❛t✐♦♥✲❍❙✹✲♣r♦❞✉❝t❣r♦✉♣ ✜①❡❞

❡✛❡❝ts ❛♥❞ t✐♠❡ tr❡♥❞s ❛s ✇❡❧❧ ❛s ②❡❛r ✜①❡❞ ❡✛❡❝ts✳ ❚❤❡ t❤✐r❞✲②❡❛r ❧❛❣ ♦❢ q✉❛❧✐t② ✐♥ ❝♦❧✉♠♥ ✹ ✐s ✐♥❝❧✉❞❡❞ ❜✉t ♥♦t r❡♣♦rt❡❞✳

✷✾



✐s✱ ❤♦✇❡✈❡r✱ s✐❣♥✐✜❝❛♥t❧② ✇❡❛❦❡r ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✭s❡❡ ❝♦❧✉♠♥ ✺✮✳ ❚❤✐s ✐s ❡✈✐❞❡♥❝❡

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

❙✇✐ss ❡①♣♦rt s❡❝t♦r ❛s ❛ ✇❤♦❧❡ ❛t ❧❡❛st ♣❛rt❧② ❢r♦♠ ✜❡r❝❡r ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ ❛❜r♦❛❞✳ ■♥

❝♦❧✉♠♥s ✻ ❛♥❞ ✼ ✇❡ ❛❧s♦ ♦❜s❡r✈❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❡①♣♦rt s❛❧❡s ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧ r❡s✉❧t✐♥❣

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

✹✳✷✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❣❛✐♥s ✐♥ ♠❛r❦❡t s❤❛r❡s ♦❢ ❤✐❣❤❡r q✉❛❧✐t② ♣r♦❞✉❝ts ❛❧s♦ tr❛♥s❧❛t❡s

✐♥t♦ ❛♥ ♦✈❡r❛❧❧ r✐s❡ ✐♥ ❡①♣♦rts ❛t ❤✐❣❤❡r ❧❡✈❡❧s ♦❢ ❛❣❣r❡❣❛t✐♦♥✳ ■♥ ❝♦❧✉♠♥ ✽ ✇❡ ❛❧s♦ ✉s❡ ❛s ❛

q✉❛❧✐t② ♠❡❛s✉r❡ t❤❡ ❧♦❣ ✜rst ❞✐✛❡r❡♥❝❡ ♦❢ ❛♥ ❛✈❡r❛❣❡ ✉♥✐t ✈❛❧✉❡ ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t ❧❡✈❡❧ t❤❛t

✐s ❝♦♥str✉❝t❡❞ ❜② ✇❡✐❣❤t✐♥❣ ✉♥✐t ✈❛❧✉❡s ❛t t❤❡ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧ ✇✐t❤ t❤❡✐r ♠❛r❦❡t s❤❛r❡s

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

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

t❤❡ ♣♦s✐t✐✈❡ ✐♠♣❛❝t ♦♥ ❡①♣♦rt s❛❧❡s ✐s ❧❡ss str♦♥❣ ✐♥ ❝♦❧✉♠♥ ✽ ✭❛s ✇❡❧❧ ❛s ✐♥ ❝♦❧✉♠♥s ✻

❛♥❞ ✼✮ ❛s ♦♣♣♦s❡❞ t♦ ♠♦r❡ ❞✐s❛❣❣r❡❣❛t❡❞ ❡st✐♠❛t✐♦♥s ✭s❡❡ ❝♦❧✉♠♥s ✶✱ ✷ ❛♥❞ ✹✮ ✐♥❞✐❝❛t❡s

❛ ✏s✉r✈✐✈❛❧ ♦❢ t❤❡ ✜tt❡st✑✲♠❡❝❤❛♥✐s♠ ❛t ✇♦r❦✱ ✇✐t❤ s♦♠❡ ♣r♦❞✉❝ts ✇✐t❤ ❧♦✇❡r ♣❡r❝❡✐✈❡❞

q✉❛❧✐t② ♥♦t ♦♥❧② ❧♦♦s✐♥❣ ♠❛r❦❡t s❤❛r❡s ❜✉t ❛❧s♦ ❡①✐t✐♥❣ ❞❡st✐♥❛t✐♦♥ ♠❛r❦❡ts ❛❧t♦❣❡t❤❡r✳

❚❛❜❧❡ ✻ ❛❧s♦ ❝♦♥✜r♠s t❤❡ ❣r❡❛t❡r ✐♠♣♦rt❛♥❝❡ ♦❢ ❞❡♠❛♥❞ ❢❛❝t♦rs r❡❧❛t✐✈❡ t♦ ❡①❝❤❛♥❣❡ r❛t❡

✢✉❝t✉❛t✐♦♥s ❢♦r ❡①♣♦rt s❛❧❡s ❛♥❞ ✈♦❧✉♠❡ ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❧✐t❡r❛t✉r❡ ✭❆✉❡r ❛♥❞ ❙❛✉r❡✱ ✷✵✶✶❀

❍❛♥s❧✐♥ ●r♦ss♠❛♥♥ ❡t ❛❧✳✱ ✷✵✶✻✮✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ♣♦s✐t✐✈❡ ●❉P

✇✐t❤ t❤❡ ♥❡❣❛t✐✈❡ ❡①❝❤❛♥❣❡ r❛t❡ ❝♦❡✣❝✐❡♥t✳ ❘❡❧❛t❡❞ t♦ ✐ts ❜❡♥❡✜❝✐❛❧ ❡✛❡❝t ♦♥ ❛❣❣r❡❣❛t❡

❡①♣♦rt s❛❧❡s✱ ❛ ❤✐❣❤❡r ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t② ✐s ❛❧s♦ ❧✐❦❡❧② t♦ ✐♥❝r❡❛s❡ t❤❡ r❡s✐❧✐❡♥❝❡ ♦❢ t❤❡

❙✇✐ss ❡①♣♦rt s❡❝t♦r t♦ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥s ❞✉❡ t♦ ❛ ❧♦✇❡r ♣r✐❝❡ s❡♥s✐t✐✈✐t② ♦❢ ❤✐❣❤❡r

q✉❛❧✐t② ❣♦♦❞s✱ ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✻✳ ❍♦✇❡✈❡r✱ ✜r♠ ♣r♦✜ts ❛r❡ st✐❧❧ ❧✐❦❡❧② t♦ ❢❛❧❧ ✇❤❡♥ t❤❡

❙✇✐ss ❢r❛♥❝ ❛♣♣r❡❝✐❛t❡s✱ ❛s s✉❣❣❡st❡❞ ❜② ▲❛ss♠❛♥♥ ✭✷✵✶✸✮✳

✸✵



❚❛❜❧❡ ✻✿ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣r♦❞✉❝t q✉❛❧✐t② ❛♥❞ ❡①♣♦rt s❛❧❡s✴✈♦❧✉♠❡

❉❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡ ∆s❛❧❡s ∆s❛❧❡s ∆✈♦❧✉♠❡ ∆s❛❧❡s ∆✈♦❧✉♠❡ ∆s❛❧❡s ∆s❛❧❡s ∆s❛❧❡s

✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮ ✭✺✮ ✭✻✮ ✭✼✮ ✭✽✮

∆❡①♣♦rt ♣r✐❝❡s ✭♣r♦①② ❢♦r q✉❛❧✐t②✮ ✵✳✷✶✵✯✯✯ ✵✳✷✵✸✯✯✯ ✲✵✳✼✾✵✯✯✯ ✵✳✵✻✻✹✯✯✯ ✲✵✳✾✸✹✯✯✯

✭✵✳✵✵✼✻✻✮ ✭✵✳✵✵✼✹✶✮ ✭✵✳✵✵✼✻✻✮ ✭✵✳✵✶✵✻✮ ✭✵✳✵✶✵✻✮

∆q✉❛❧✐t② ❝♦♠♣♦s✐t✐♦♥ ❛t ❍❙✹ ❧❡✈❡❧ ✵✳✵✼✷✸✯✯✯ ✵✳✵✾✶✷✯✯✯ ✵✳✶✷✷✯✯✯

✭✵✳✵✵✸✶✼✮ ✭✵✳✵✵✸✸✻✮ ✭✵✳✵✵✺✸✺✮

∆❡①♣♦rt ♣r✐❝❡s ① ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ✵✳✶✾✻✯✯✯ ✵✳✶✾✻✯✯✯

✭✵✳✵✶✷✾✮ ✭✵✳✵✶✷✾✮

∆❊①❝❤❛♥❣❡ r❛t❡ ✲✵✳✹✵✻✯✯✯ ✲✵✳✹✷✹✯✯✯ ✲✵✳✹✵✻✯✯✯ ✲✵✳✹✵✻✯✯✯ ✲✵✳✹✵✻✯✯✯ ✲✵✳✹✸✽✯✯✯ ✲✵✳✹✷✾✯✯✯ ✲✵✳✹✶✽✯✯✯

✭✵✳✵✸✷✶✮ ✭✵✳✵✸✷✹✮ ✭✵✳✵✸✷✶✮ ✭✵✳✵✸✷✸✮ ✭✵✳✵✸✷✸✮ ✭✵✳✵✸✼✾✮ ✭✵✳✵✸✼✽✮ ✭✵✳✵✸✼✷✮

∆❘❡❛❧ ●❉P ✶✳✽✵✸✯✯✯ ✶✳✾✻✸✯✯✯ ✶✳✽✵✸✯✯✯ ✶✳✽✶✶✯✯✯ ✶✳✽✶✶✯✯✯ ✶✳✺✽✵✯✯✯ ✶✳✹✽✸✯✯✯ ✶✳✺✷✸✯✯✯

✭✵✳✶✶✻✮ ✭✵✳✶✶✺✮ ✭✵✳✶✶✻✮ ✭✵✳✶✶✼✮ ✭✵✳✶✶✼✮ ✭✵✳✶✸✺✮ ✭✵✳✶✸✻✮ ✭✵✳✶✸✵✮

▼❛r❦❡t s❤❛r❡ ✶✳✽✾✼✯✯✯

✭✵✳✵✶✻✺✮

❍❍■ ✲✵✳✻✽✹✯✯✯

✭✵✳✵✶✻✺✮

❖❜s❡r✈❛t✐♦♥s ✶✱✸✽✵✱✽✵✺ ✶✱✸✽✵✱✽✵✺ ✶✱✸✽✵✱✽✵✺ ✶✱✸✻✶✱✷✸✸ ✶✱✸✻✶✱✷✸✸ ✹✹✻✱✹✾✷ ✹✹✻✱✹✾✷ ✹✸✹✱✼✻✾

❊st✐♠❛t✐♦♥ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙ ❖▲❙

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t ✫ ②❡❛r ✜①❡❞ ❡✛❡❝ts ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

❞❡st✐♥❛t✐♦♥✲♣r♦❞✉❝t t✐♠❡ tr❡♥❞s ❨❡s ❨❡s ◆♦ ❨❡s ❨❡s ❨❡s ❨❡s ❨❡s

✯✯✯ ♣<✵✳✵✶✱ ✯✯ ♣<✵✳✵✺✱ ✯ ♣<✵✳✶✱ r♦❜✉st st❛♥❞❛r❞ ❡rr♦rs ✐♥ ♣❛r❡♥t❤❡s❡s✱ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ ❝❧✉st❡r❡❞ ❛t t❤❡ ❞❡st✐♥❛t✐♦♥✲s❡❝t♦r ✭❍❙ ✷✲❞✐❣✐t✮

❧❡✈❡❧✳ ❈♦❧✉♠♥ ✶ t♦ ✺ ✉s❡ ❡①♣♦rt ✉♥✐t ✈❛❧✉❡s ❛♥ ❡①♣❧❛✐♥✐♥❣ ✈❛r✐❛❜❧❡ t♦ ♣r♦①② q✉❛❧✐t②✱ ✇❤✐❧❡ ◗✉❛❧✐t② ✐s ❛♣♣r♦①✐♠❛t❡❞ ❜② ♦✉r ❝♦♠♣♦s✐t✐♦♥

♠❡❛s✉r❡ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✷ ✐♥ ❝♦❧✉♠♥s ✻ ❛♥❞ ✼✳ ■♥ ❝♦❧✉♠♥ ✽ ✇❡ ❡♠♣❧♦② ❛ ♠❛r❦❡t s❤❛r❡ ✇❡✐❣❤❡❞ ✉♥✐t ✈❛❧✉❡ ❛t t❤❡ ❍❙ ✹✲❞✐❣✐t

❧❡✈❡❧
(
= ln

∑
(sict × p

fob
ict )

)
✐♥ ❧♦❣ ✜rst ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞ ❞✉♠♠② ✐s ❜❛s❡❞ ♦♥ ❘❛✉❝❤ ✭✶✾✾✾✮✳
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✻ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ❡♠♣✐r✐❝❛❧ r❡s✉❧ts ✐♠♣❧② t❤❛t t❤❡ ❛✈❡r❛❣❡ ♣r♦❞✉❝t q✉❛❧✐t② ♦❢ ❙✇✐ss ❡①♣♦rts ✐♥❝r❡❛s❡s ✐♥

r❡s♣♦♥s❡ t♦ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥✳ ❆♣❛rt ❢r♦♠ ❝❤❛♥❣❡s ✐♥ ❡①♣♦rt ♣r✐❝❡s✱ t❤❡ ✐♥♣✉t ♠✐①

❛♥❞ t❤❡ s❤✐❢t t♦✇❛r❞s ❤✐❣❤❡r ❣r♦✇t❤ ♠❛r❦❡ts✱ t❤❡ ✉♣✇❛r❞ ❛❞❥✉st♠❡♥t ✐♥ q✉❛❧✐t② ✐s t❤✉s

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

❢r♦♠ ❛ str♦♥❣❡r ❝✉rr❡♥❝②✳ ❚❤❡ r❡❣r❡ss✐♦♥s ❛❧s♦ ❝♦♥✈❡② t❤❛t t❤❡ q✉❛❧✐t② ✐♠♣r♦✈❡♠❡♥t ♦❝❝✉rs

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

t❛♥❝❡ ♦❢ ♣♦❧✐❝✐❡s t❤❛t ♣r♦♠♦t❡ ♣r♦❞✉❝t ♠❛r❦❡t ✢❡①✐❜✐❧✐t② ❛♥❞ ❛❧❧♦✇ ❢♦r ❛ r❛♣✐❞ str✉❝t✉r❛❧

❝❤❛♥❣❡ ✐♥ t❤❡ ❡①♣♦rt ❝♦♠♣♦s✐t✐♦♥✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ❞r✐✈❡♥ q✉❛❧✐t② ❡✛❡❝t ✐s

♣❛rt✐❝✉❧❛r❧② ♣r♦♥♦✉♥❝❡❞ ❢♦r ❞✐✛❡r❡♥t✐❛t❡❞ ❣♦♦❞s ❛♥❞ ✐♥ s❡❝t♦rs t❤❛t ❛r❡ ✐♥t❡♥s✐✈❡ ✐♥ ❘✫❉

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

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

r❡s♦✉r❝❡s✱ ❛ ❝✉rr❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ r❡s✉❧ts ✐♥ s✐❣♥✐✜❝❛♥t q✉❛❧✐t② ✐♠♣r♦✈❡♠❡♥ts ✐♥ s❡❝t♦rs

s✉❝❤ ❛s ♠❛❝❤✐♥❡r② ❛♥❞ ♣r❡❝✐s✐♦♥ ✐♥str✉♠❡♥ts ✭✐♥❝❧✳ ✇❛t❝❤❡s✮ ✇✐t❤ ❛ ❣r❡❛t❡r s❝♦♣❡ ❢♦r q✉❛❧✲

✐t② ❞✐✛❡r❡♥t✐❛t✐♦♥✳ ❲❡ ❛❧s♦ ✜♥❞ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❡①♣♦rt q✉❛❧✐t② ❛♥❞ ❡①♣♦rt

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

t❤❡r❡ ✐s ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ s❡❧❡❝t✐♦♥ ♦r ✏s✉r✈✐✈❛❧ ♦❢ t❤❡ ✜tt❡st✑✲❡✛❡❝t ❛t ❤✐❣❤❡r ❛❣❣r❡❣❛t✐♦♥

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

❛♣♣r❡❝✐❛t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ❋❛✉❝❡❣❧✐❛ ❡t ❛❧✳ ✭✷✵✶✹❛✮✳ ❚❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ q✉❛❧✐t② ❛♥❞ ❡①♣♦rt

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

s❤✐❡❧❞s ❙✇✐ss ❡①♣♦rt❡rs ❛t ❧❡❛st ♣❛rt❧② ❢r♦♠ ♣r✐❝❡ ❝♦♠♣❡t✐t✐♦♥ ✐♥ ❞❡st✐♥❛t✐♦♥ ♠❛r❦❡ts✳ ❚❤❡

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

❡①♣♦rt s❡❝t♦r✳ ❚❤✐s ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ q✉❛❧✐t② ✐s ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ✐♥ ♣❡r✐♦❞s ♦❢ ❝✉r✲

r❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥s t❤❛t t❡♥❞ t♦ ❧♦✇❡r t❤❡ ♣r✐❝❡ ❛ttr❛❝t✐✈❡♥❡ss ♦❢ ❡①♣♦rts✳ ❚❤❡ ❡♠♣✐r✐❝❛❧

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

t❤❡ ❝❤❡♠✐❝❛❧ ❛♥❞ ♣❤❛r♠❛❝❡✉t✐❝❛❧ s❡❝t♦r t❤❛t ♠❛❦❡ ✉♣ ♠♦r❡ t❤❛♥ ❤❛❧❢ ♦❢ t❤❡ ❙✇✐ss ❡①♣♦rt

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

❡st✐♠❛t✐♦♥s ✇✐t❤♦✉t q✉❛❧✐t② ❝♦♥tr♦❧s ❛r❡ ❧✐❦❡❧② t♦ ♦✈❡rst❛t❡ t❤❡ ❡①t❡♥t ♦❢ ❡①❝❤❛♥❣❡ r❛t❡

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

❆♠✐t✐✱ ▼✳✱ ■ts❦❤♦❦✐✱ ❖✳✱ ❛♥❞ ❑♦♥✐♥❣s✱ ❏✳ ✭✷✵✶✹✮✳ ■♠♣♦rt❡rs✱ ❡①♣♦rt❡rs✱ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡

❞✐s❝♦♥♥❡❝t✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✶✵✹✭✼✮✿✶✾✹✷✕✶✾✼✽✳

❆r❡❧❧❛♥♦✱ ▼✳ ❛♥❞ ❇♦♥❞✱ ❙✳ ✭✶✾✾✶✮✳ ❙♦♠❡ t❡sts ♦❢ s♣❡❝✐✜❝❛t✐♦♥ ❢♦r ♣❛♥❡❧ ❞❛t❛✿ ▼♦♥t❡ ❝❛r❧♦

❡✈✐❞❡♥❝❡ ❛♥❞ ❛♥ ❛♣♣❧✐❝❛t✐♦♥ t♦ ❡♠♣❧♦②♠❡♥t ❡q✉❛t✐♦♥s✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱

✺✽✭✷✮✿✷✼✼✳

❆✉❡r✱ ❘✳ ❛♥❞ ❈❤❛♥❡②✱ ❚✳ ✭✷✵✵✾✮✳ ❊①❝❤❛♥❣❡ r❛t❡ ♣❛ss✲t❤r♦✉❣❤ ✐♥ ❛ ❝♦♠♣❡t✐t✐✈❡ ♠♦❞❡❧ ♦❢

♣r✐❝✐♥❣✲t♦✲♠❛r❦❡t✳ ❏♦✉r♥❛❧ ♦❢ ▼♦♥❡②✱ ❈r❡❞✐t ❛♥❞ ❇❛♥❦✐♥❣✱ ✹✶✿✶✺✶✕✶✼✺✳

❆✉❡r✱ ❘✳ ❛♥❞ ❙❛✉r❡✱ P✳ ✭✷✵✶✶✮✳ ❈❤❢ str❡♥❣t❤ ❛♥❞ s✇✐ss ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡✕❡✈✐❞❡♥❝❡ ❛♥❞

♦✉t❧♦♦❦ ❢r♦♠ ❛ ❞✐s❛❣❣r❡❣❛t❡ ❛♥❛❧②s✐s✳ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝s ▲❡tt❡rs✱ ✶✾✭✻✮✿✺✷✶✕✺✸✶✳

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

❡✈✐❞❡♥❝❡✳ ◆❇❊❘ ❲♦r❦✐♥❣ ♣❛♣❡r✳

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

❡✈✐❞❡♥❝❡✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼✐❝r♦❡❝♦♥♦♠✐❝s✱ ♣❛❣❡s ✻✵✕✽✽✳

❇❛s✱ ▼✳ ❛♥❞ ❙tr❛✉ss✲❑❛❤♥✱ ❱✳ ✭✷✵✶✺✮✳ ■♥♣✉t✲tr❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥✱ ❡①♣♦rt ♣r✐❝❡s ❛♥❞ q✉❛❧✐t②

✉♣❣r❛❞✐♥❣✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✾✺✭✷✮✿✷✺✵✕✷✻✷✳

❇❡r♠❛♥✱ ◆✳✱ ▼❛rt✐♥✱ P✳✱ ❛♥❞ ▼❛②❡r✱ ❚✳ ✭✷✵✶✷✮✳ ❍♦✇ ❞♦ ❞✐✛❡r❡♥t ❡①♣♦rt❡rs r❡❛❝t t♦ ❡①❝❤❛♥❣❡

r❛t❡ ❝❤❛♥❣❡s❄ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✼✭✶✮✿✹✸✼✕✹✾✷✳

❇✉rst❡✐♥✱ ❆✳ ❛♥❞ ●♦♣✐♥❛t❤✱ ●✳ ✭✷✵✶✸✮✳ ■♥t❡r♥❛t✐♦♥❛❧ ♣r✐❝❡s ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡s✳ ◆❇❊❘

❲♦r❦✐♥❣ ♣❛♣❡r ◆♦ ✶✽✽✷✾✳

❈❛❧✐❡♥❞♦✱ ▲✳ ❛♥❞ P❛rr♦✱ ❋✳ ✭✷✵✶✹✮✳ ❊st✐♠❛t❡s ♦❢ t❤❡ tr❛❞❡ ❛♥❞ ✇❡❧❢❛r❡ ❡✛❡❝ts ♦❢ ♥❛❢t❛✳ ❚❤❡

❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ♣❛❣❡ r❞✉✵✸✺✳

❈❤❡♥✱ ◆✳ ❛♥❞ ❏✉✈❡♥❛❧✱ ▲✳ ✭✷✵✶✹✮✳ ◗✉❛❧✐t②✱ tr❛❞❡✱ ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡ ♣❛ss✲t❤r♦✉❣❤✳ ❲♦r❦✐♥❣

P❛♣❡r✳

❈r♦③❡t✱ ▼✳✱ ❍❡❛❞✱ ❑✳✱ ❛♥❞ ▼❛②❡r✱ ❚✳ ✭✷✵✶✷✮✳ ◗✉❛❧✐t② s♦rt✐♥❣ ❛♥❞ tr❛❞❡✿ ❋✐r♠✲❧❡✈❡❧ ❡✈✐❞❡♥❝❡

❢♦r ❢r❡♥❝❤ ✇✐♥❡✳ ❚❤❡ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✼✾✭✷✮✿✻✵✾✕✻✹✹✳

❉❡ ▲♦❡❝❦❡r✱ ❏✳✱ ●♦❧❞❜❡r❣✱ P✳ ❑✳✱ ❑❤❛♥❞❡❧✇❛❧✱ ❆✳ ❑✳✱ ❛♥❞ P❛✈❝♥✐❦✱ ◆✳ ✭✷✵✶✷✮✳ Pr✐❝❡s✱

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

✸✸



❋❛♥✱ ❍✳✱ ▲✐✱ ❨✳ ❆✳✱ ❛♥❞ ❨❡❛♣❧❡✱ ❙✳ ❘✳ ✭✷✵✶✺✮✳ ❚r❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥✱ q✉❛❧✐t②✱ ❛♥❞ ❡①♣♦rt

♣r✐❝❡s✳ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱ ✭✵✮✳

❋❛✉❝❡❣❧✐❛✱ ❉✳✱ ▲❛ss♠❛♥♥✱ ❆✳✱ ❙❤✐♥❣❛❧✱ ❆✳✱ ❛♥❞ ❲❡r♠❡❧✐♥❣❡r✱ ▼✳ ✭✷✵✶✹❛✮✳ ❇❛❝❦✇❛r❞ ♣❛r✲

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

❙t✉❞② ♦♥ ❜❡❤❛❧❢ ♦❢ t❤❡ ❙t❛t❡ ❙❡❝r❡t❛r✐❛t ❢♦r ❊❝♦♥♦♠✐❝ ❆✛❛✐rs ❙❊❈❖✳

❋❛✉❝❡❣❧✐❛✱ ❉✳✱ ❙❤✐♥❣❛❧✱ ❆✳✱ ❛♥❞ ❲❡r♠❡❧✐♥❣❡r✱ ❲✳ ✭✷✵✶✹❜✮✳ ◆❛t✉r❛❧ ❤❡❞❣✐♥❣ ♦❢ ❡①❝❤❛♥❣❡

r❛t❡ r✐s❦✿ t❤❡ r♦❧❡ ♦❢ ✐♠♣♦rt❡❞ ✐♥♣✉t ♣r✐❝❡s✳ ❙✇✐ss ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s

✭❙❏❊❙✮✱ ✶✺✵✭✹✮✿✷✻✶✕✷✾✻✳

❋❡❡♥str❛✱ ❘✳ ❈✳ ❛♥❞ ❘♦♠❛❧✐s✱ ❏✳ ✭✷✵✶✹✮✳ ■♥t❡r♥❛t✐♦♥❛❧ ♣r✐❝❡s ❛♥❞ ❡♥❞♦❣❡♥♦✉s q✉❛❧✐t②✳

◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✭✶✲✺✶✮✳

❍❛❧❧❛❦✱ ❏✳ ✭✷✵✵✻✮✳ Pr♦❞✉❝t q✉❛❧✐t② ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ tr❛❞❡✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❊❝♦♥♦♠✐❝s✱ ✻✽✭✶✮✿✷✸✽✕✷✻✺✳

❍❛❧❧❛❦✱ ❏✳ ❈✳ ❛♥❞ ❙❝❤♦tt✱ P✳ ❑✳ ✭✷✵✵✽✮✳ ❊st✐♠❛t✐♥❣ ❝r♦ss✲❝♦✉♥tr② ❞✐✛❡r❡♥❝❡s ✐♥ ♣r♦❞✉❝t

q✉❛❧✐t②✳ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✻✿✹✶✼✕✹✼✹✳

❍❛♥s❧✐♥ ●r♦ss♠❛♥♥✱ ❙✳✱ ▲❡✐♥✱ ❙✳ ▼✳✱ ❛♥❞ ❙❝❤♠✐❞t✱ ❈✳ ✭✷✵✶✻✮✳ ❊①❝❤❛♥❣❡ r❛t❡ ❛♥❞ ❢♦r❡✐❣♥ ❣❞♣

❡❧❛st✐❝✐t✐❡s ♦❢ s✇✐ss ❡①♣♦rts ❛❝r♦ss s❡❝t♦rs ❛♥❞ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr✐❡s✳ ❆♣♣❧✐❡❞ ❊❝♦♥♦♠✐❝s✱

♣❛❣❡s ✶✕✶✼✳

❍❡♥♥✱ ❈✳✱ P❛♣❛❣❡♦r❣✐♦✉✱ ❈✳✱ ❛♥❞ ❙♣❛t❛❢♦r❛✱ ▼✳ ◆✳ ✭✷✵✶✸✮✳ ❊①♣♦rt ◗✉❛❧✐t② ✐♥ ❉❡✈❡❧♦♣✐♥❣

❈♦✉♥tr✐❡s✳ ◆✉♠❜❡r ✶✸✲✶✵✽✳ ■♥t❡r♥❛t✐♦♥❛❧ ▼♦♥❡t❛r② ❋✉♥❞✳

❍✉♠♠❡❧s✱ ❉✳ ❛♥❞ ❑❧❡♥♦✇✱ P✳ ❏✳ ✭✷✵✵✺✮✳ ❚❤❡ ✈❛r✐❡t② ❛♥❞ q✉❛❧✐t② ♦❢ ❛ ♥❛t✐♦♥✬s ❡①♣♦rts✳

❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱ ✸✭✾✺✮✿✼✵✹✕✼✷✸✳

❍✉♠♠❡❧s✱ ❉✳ ❛♥❞ ❙❦✐❜❛✱ ❆✳ ✭✷✵✵✹✮✳ ❙❤✐♣♣✐♥❣ t❤❡ ❣♦♦❞ ❛♣♣❧❡s ♦✉t❄ ❛♥ ❡♠♣✐r✐❝❛❧ ❝♦♥✜r♠❛✲

t✐♦♥ ♦❢ t❤❡ ❛❧❝❤✐❛♥✲❛❧❧❡♥ ❝♦♥❥❡❝t✉r❡✳ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠②✱ ✶✶✷✿✶✸✽✹✕✶✹✵✷✳

■♠❜s✱ ❏✳ ❛♥❞ ▼é❥❡❛♥✱ ■✳ ✭✷✵✶✺✮✳ ❊❧❛st✐❝✐t② ♦♣t✐♠✐s♠✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✿ ▼❛❝r♦❡✲

❝♦♥♦♠✐❝s✳

❏♦❤♥s♦♥✱ ❘✳ ❈✳ ✭✷✵✶✷✮✳ ❚r❛❞❡ ❛♥❞ ♣r✐❝❡s ✇✐t❤ ❤❡t❡r♦❣❡♥❡♦✉s ✜r♠s✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧

❊❝♦♥♦♠✐❝s✱ ✽✻✭✶✮✿✹✸✕✺✻✳

❑❛✐s❡r✱ ❇✳ ❛♥❞ ❙✐❡❣❡♥t❤❛❧❡r✱ ▼✳ ✭✷✵✶✻✮✳ ❚❤❡ s❦✐❧❧✲❜✐❛s❡❞ ❡✛❡❝ts ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ✢✉❝t✉❛✲

t✐♦♥s✳ ❚❤❡ ❊❝♦♥♦♠✐❝ ❏♦✉r♥❛❧✱ ✶✷✻✭✺✾✷✮✿✼✺✻✕✼✽✵✳
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❑❤❛♥❞❡❧✇❛❧✱ ❆✳ ❑✳✱ ❙❝❤♦tt✱ P✳ ❑✳✱ ❛♥❞ ❲❡✐✱ ❙✳✲❏✳ ✭✷✵✶✸✮✳ ❚r❛❞❡ ❧✐❜❡r❛❧✐③❛t✐♦♥ ❛♥❞ ❡♠❜❡❞❞❡❞

✐♥st✐t✉t✐♦♥❛❧ r❡❢♦r♠✿ ❊✈✐❞❡♥❝❡ ❢r♦♠ ❝❤✐♥❡s❡ ❡①♣♦rt❡rs✳ ❆♠❡r✐❝❛♥ ❊❝♦♥♦♠✐❝ ❘❡✈✐❡✇✱

✶✵✸✭✻✮✿✷✶✻✾✕✷✶✾✺✳

❑✉❣❧❡r✱ ▼✳ ❛♥❞ ❱❡r❤♦♦❣❡♥✱ ❊✳ ✭✷✵✶✷✮✳ Pr✐❝❡s✱ ♣❧❛♥t s✐③❡✱ ❛♥❞ ♣r♦❞✉❝t q✉❛❧✐t②✳ ❘❡✈✐❡✇ ♦❢

❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✱ ✼✾✭✶✮✿✸✵✼✕✸✸✾✳

▲❛ss♠❛♥♥✱ ❆✳ ✭✷✵✶✸✮✳ ❊①❝❤❛♥❣❡ r❛t❡ tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❡①♣♦rt ❛❝t✐✈✐t② ❛t t❤❡ ✜r♠ ❧❡✈❡❧✳

❑❖❋ ❲♦r❦✐♥❣ P❛♣❡rs ◆♦✳ ✸✸✶✳

▲♦✇✱ P✳ ✭✷✵✶✸✮✳ ❚❤❡ r♦❧❡ ♦❢ s❡r✈✐❝❡s ✐♥ ❣❧♦❜❛❧ ✈❛❧✉❡ ❝❤❛✐♥s✳ ■♥ ●❧♦❜❛❧ ✈❛❧✉❡ ❝❤❛✐♥s ✐♥ ❛

❝❤❛♥❣✐♥❣ ✇♦r❧❞✱ ♣❛❣❡s ✻✶✕✽✶✳ ❲❚❖✳

▼❛♥♦✈❛✱ ❑✳ ❛♥❞ ❩❤❛♥❣✱ ❩✳ ✭✷✵✶✷✮✳ ❊①♣♦rt ♣r✐❝❡s ❛❝r♦ss ✜r♠s ❛♥❞ ❞❡st✐♥❛t✐♦♥s✳ ◗✉❛rt❡r❧②

❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✼✿✸✼✾✕✹✸✻✳

▼❡❧✐t③✱ ▼✳ ✭✷✵✵✸✮✳ ❚❤❡ ✐♠♣❛❝t ♦❢ tr❛❞❡ ♦♥ ✐♥tr❛✲✐♥❞✉str② r❡❛❧❧♦❝❛t✐♦♥s ❛♥❞ ❛❣❣r❡❣❛t❡

✐♥❞✉str② ♣r♦❞✉❝t✐✈✐t②✳ ❊❝♦♥♦♠❡tr✐❝❛✱ ✼✶✭✻✮✿✶✻✾✺✕✶✼✷✺✳

▼♦✉❧t♦♥✱ ❇✳ ❘✳ ✭✶✾✾✵✮✳ ❆♥ ✐❧❧✉str❛t✐♦♥ ♦❢ ❛ ♣✐t❢❛❧❧ ✐♥ ❡st✐♠❛t✐♥❣ t❤❡ ❡✛❡❝ts ♦❢ ❛❣❣r❡❣❛t❡

✈❛r✐❛❜❧❡s ♦♥ ♠✐❝r♦ ✉♥✐ts✳ ❚❤❡ r❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝s ❛♥❞ ❙t❛t✐st✐❝s✱ ♣❛❣❡s ✸✸✹✕✸✸✽✳

❖❊❈❉ ✭✷✵✶✷✮✳ ❙❚❆◆ ■♥♣✉t✲❖✉t♣✉t ❉❛t❛❜❛s❡ ❚♦t❛❧✱ ❉♦♠❡st✐❝ ❛♥❞ ■♠♣♦rts ✭❞❛t❛❜❛s❡✮✱

st❛ts✳♦❡❝❞✳♦r❣✳ ❖❊❈❉ P❛r✐s✳

P✐❡r❝❡✱ ❏✳ ❘✳ ❛♥❞ ❙❝❤♦tt✱ P✳ ❑✳ ✭✷✵✶✷✮✳ ❈♦♥❝♦r❞✐♥❣ ✉s ❤❛r♠♦♥✐③❡❞ s②st❡♠ ❝♦❞❡s ♦✈❡r t✐♠❡✳

❏♦✉r♥❛❧ ♦❢ ❖✣❝✐❛❧ ❙t❛t✐st✐❝s✱ ✷✽✭✶✮✿✺✸✕✻✽✳

❘❛✉❝❤✱ ❏✳ ❊✳ ✭✶✾✾✾✮✳ ◆❡t✇♦r❦s ✈❡rs✉s ♠❛r❦❡ts ✐♥ ✐♥t❡r♥❛t✐♦♥❛❧ tr❛❞❡✳ ❏♦✉r♥❛❧ ♦❢ ✐♥t❡r♥❛✲

t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s✱ ✹✽✭✶✮✿✼✕✸✺✳

❘♦❞r✐❣✉❡③✲▲♦♣❡③✱ ❏✳ ✭✷✵✶✶✮✳ Pr✐❝❡s ❛♥❞ ❡①❝❤❛♥❣❡ r❛t❡s✿ ❆ t❤❡♦r② ♦❢ ❞✐s❝♦♥♥❡❝t✳ ❘❡✈✐❡✇ ♦❢

❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s✳

❙♦❞❡r❜❡r②✱ ❆✳ ✭✷✵✶✺✮✳ ❊st✐♠❛t✐♥❣ ✐♠♣♦rt s✉♣♣❧② ❛♥❞ ❞❡♠❛♥❞ ❡❧❛st✐❝✐t✐❡s✿ ❆♥❛❧②s✐s ❛♥❞

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

❱❡r❤♦♦❣❡♥✱ ❊✳ ❆✳ ✭✷✵✵✽✮✳ ❚r❛❞❡✱ q✉❛❧✐t② ✉♣❣r❛❞✐♥❣✱ ❛♥❞ ✇❛❣❡ ✐♥❡q✉❛❧✐t② ✐♥ t❤❡ ♠❡①✐❝❛♥

♠❛♥✉❢❛❝t✉r✐♥❣ s❡❝t♦r✳ ❚❤❡ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝s✱ ✶✷✸✭✷✮✿✹✽✾✕✺✸✵✳

❲♦♦❧❞r✐❞❣❡✱ ❏✳ ▼✳ ✭✷✵✵✷✮✳ ❊❝♦♥♦♠❡tr✐❝ ❛♥❛❧②s✐s ♦❢ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ ♣❛♥❡❧ ❞❛t❛✳ ❚❤❡ ▼■❚

♣r❡ss✳
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✼ ❆♣♣❡♥❞✐①

✼✳✶ ❚❤❡♦r❡t✐❝❛❧ ▼♦❞❡❧

❚❤✐s s❡❝t✐♦♥ s❦❡t❝❤❡s ❛ ♠✉❧t✐✲❝♦✉♥tr② ♣❛rt✐❛❧ ❡q✉✐❧✐❜r✐✉♠ q✉❛❧✐t②✲❛✉❣♠❡♥t❡❞ ▼❡❧✐t③ ✭✷✵✵✸✮✲

♠♦❞❡❧ t❤❛t ❜♦rr♦✇s s❡✈❡r❛❧ ❢❡❛t✉r❡s ❢r♦♠ ❈r♦③❡t ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❏♦❤♥s♦♥ ✭✷✵✶✷✮ ❛♥❞ ❇❛❧❞✇✐♥

❛♥❞ ❍❛rr✐❣❛♥ ✭✷✵✶✶✮✳ ❲❡ ✉s❡ t❤❡ s✐♠♣❧❡st ♣♦ss✐❜❧❡ ❈❊❙✲❢r❛♠❡✇♦r❦ ❛✉❣♠❡♥t❡❞ ✇✐t❤ q✉❛❧✲

✐t② t♦ ❞❡r✐✈❡ ❛ ♣r❡❞✐❝t✐♦♥ ❛❜♦✉t t❤❡ ❛✈❡r❛❣❡ q✉❛❧✐t② ♦❢ ❡①♣♦rts✳ ❆t t❤❡ ✜r♠✲❧❡✈❡❧✱ t❤✐s

❢r❛♠❡✇♦r❦ ♣r❡❞✐❝ts ❢✉❧❧ ♣❛ss✲t❤r♦✉❣❤ ❛♥❞ ♥♦ ❛❞❥✉st♠❡♥t ✐♥ q✉❛❧✐t② ❜❡❝❛✉s❡ ♦❢ ❛ ❝♦♥st❛♥t

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

r❡♥❝② ❛♣♣r❡❝✐❛t✐♦♥ r❛✐s❡s t❤❡ ❝❛♣❛❜✐❧✐t② t❤r❡s❤♦❧❞ ♦❢ t❤❡ ♠❛r❣✐♥❛❧ ❡①♣♦rt❡r✳ ❚❤✐s r❡s✉❧ts ✐♥

❛ ❝♦♠♣♦s✐t✐♦♥ ❡✛❡❝t t❤❛t ✐♥❝r❡❛s❡s ❛✈❡r❛❣❡ ❡①♣♦rt q✉❛❧✐t②✳ ❈♦♥s✉♠❡rs ✐♥ t❤❡ ❞❡st✐♥❛t✐♦♥

♠❛r❦❡t c ❡①❤✐❜✐t ❉✐①✐t ✫ ❙t✐❣❧✐t③ ♣r❡❢❡r❡♥❝❡s Ui ♦✈❡r t❤❡ ❞✐✛❡r❡♥t✐❛t❡❞ ✈❛r✐❡t✐❡s ω ✇✐t❤✐♥

❛ ❍❙ ✽✲❞✐❣✐t ❧❡✈❡❧ ♣r♦❞✉❝t ❝❛t❡❣♦r② i✱ ✇✐t❤ ❛ ❝♦♥st❛♥t ❡❧❛st✐❝✐t② ♦❢ s✉❜st✐t✉t✐♦♥ σ > 1 ✱

❜❡t✇❡❡♥ ❛♥② t✇♦ ✈❛r✐❡t✐❡s ω✳ ▼♦r❡♦✈❡r✱ t❤❡ ♣❡r❝❡✐✈❡❞ q✉❛❧✐t② q(ω) ♦❢ ❛ ✈❛r✐❡t② ω ❛❝ts ❛s

❞❡♠❛♥❞ s❤✐❢t❡r✳ ❚❤❡r❡❢♦r❡✱ ♣r❡❢❡r❡♥❝❡s Ui ❛♥❞ ❞❡♠❛♥❞ xict(ω) ❢♦r ❛ ✈❛r✐❡t② ω ✐♥ ♣❡r✐♦❞ t

✇✐t❤✐♥ ❛ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t i ❛r❡ ♦❢ t❤❡ ❢♦r♠✿

Ui =

(∫ N

ω∈Ωct

xict(ω)qict(ω)dω

) σ

σ−1

, ✭✼✮

✇❤❡r❡ N ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❡①✐st✐♥❣ ✈❛r✐❡t✐❡s ω ✇✐t❤✐♥ ❛ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t i.

❚❤❡s❡ ♣r❡❢❡r❡♥❝❡s ✐♥ ✭✶✮ ❧❡❛❞ t♦ ❛ s②st❡♠ ♦❢ ❞❡♠❛♥❞ ❢✉♥❝t✐♦♥s xict(ω) ❢♦r ❡❛❝❤ ✈❛r✐❡t② ω✳

❲❡ ❢♦r♠✉❧❛t❡ ❛ ❞❡♠❛♥❞ xict ❢♦r ❡❛❝❤ ✈❛r✐❡t② ω ❛t t❤❡ ♦❜s❡r✈❡❞ ♣r♦❞✉❝t✲❧❡✈❡❧ i t❤❛t ❞❡♣❡♥❞s

♦♥ t❤❡ ♣r♦❞✉❝t q✉❛❧✐t② qict ❛♥❞ ♣r✐❝❡ pict r❡❧❛t✐✈❡ t♦ t❤❡ ♣r✐❝❡ ✐♥❞❡① P̃ct ❛♥❞ ✐♥❝♦♠❡ Ect ✐♥

❞❡st✐♥❛t✐♦♥ c ❛♥❞ ②❡❛r t :

xict(ω) = qσ−1

ict p−σ
ict P̃

σ−1

ct Ect, ✭✽✮

❆s st❛♥❞❛r❞ ✐♥ t❤✐s ❈❊❙✲❢r❛♠❡✇♦r❦✱ ❛ ✜r♠ ❝❤♦♦s❡s ❛♥ ❡①♣♦rt ♣r✐❝❡ pict t❤❛t ✐s ❛ ❝♦♥st❛♥t

♠❛r❦✲✉♣ ♦✈❡r ♠❛r❣✐♥❛❧ ❝♦st mci✳

pict(mci) =

(
σ

σ − 1

)
εctτctmci, p̃ict(mci) =

pict

qict
=

(
σ

σ − 1

)
εctτctmci

qict
, ✭✾✮

P❧❡❛s❡ ❞❡♥♦t❡ t❤❛t pict ✐♥ ✭✾✮ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❧♦❝❛❧✲❝✉rr❡♥❝② ♣r✐❝❡ ✐♥ t❤❡ ❞❡st✐♥❛t✐♦♥

♠❛r❦❡t✳ ❚❤❡ ❡①♣♦rt ♣r✐❝❡ pict t❤❡r❡❢♦r❡ ❛❧s♦ r❡✢❡❝ts ✐❝❡❜❡r❣ tr❛❞❡ ❝♦sts τct✱ ✐♠♣❧②✐♥❣ t❤❛t
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τct > 1 ♠✉st ❜❡ s❤✐♣♣❡❞ ✐♥ ♦r❞❡r ❢♦r ♦♥❡ ✉♥✐t ♦❢ t❤❡ ❣♦♦❞ t♦ ❛rr✐✈❡ ✐♥ ❞❡st✐♥❛t✐♦♥ ♠❛r❦❡t

c✳ ❋✉rt❤❡r♠♦r❡✱ εct ✐s t❤❡ ❡①❝❤❛♥❣❡ r❛t❡ ✐♥ t❡r♠s ♦❢ ❢♦r❡✐❣♥ ❝✉rr❡♥❝② ♣❡r ✉♥✐t ♦❢ ❞♦♠❡st✐❝

❝✉rr❡♥❝②✳ ❉✐①✐t✲❙t✐❣❧✐t③ ❈❊❙ ♣r❡❢❡r❡♥❝❡s ❧❡❛❞ t♦ ❢✉❧❧✲♣❛ss t❤r♦✉❣❤ ♦❢ ❡①❝❤❛♥❣❡ r❛t❡ ❝❤❛♥❣❡s

❛♥❞ t❤✉s t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥s❤✐♣ pict = ǫctτctp
fob
ict ❜❡t✇❡❡♥ t❤❡ ✐♥ ♦✉r ❞❛t❛ ✉♥♦❜s❡r✈❡❞

pict ❛♥❞ t❤❡ ♦❜s❡r✈❡❞ ❞♦♠❡st✐❝✲❝✉rr❡♥❝② ❢r❡❡ ♦♥ ❜♦❛r❞ ♣r✐❝❡ p
fob
ict ✳ p̃ict(c) ✐s t❤❡ q✉❛❧✐t②✲

❛❞❥✉st❡❞ ♣r✐❝❡ ❛♥❞ ✐s ♦❜t❛✐♥❡❞ ❜② ❞✐✈✐❞✐♥❣ pict ❜② qict✳ ❲❡ ❝❛♥ ❞❡✜♥❡ ✜r♠ ❝❛♣❛❜✐❧✐t② aict

❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ q✉❛❧✐t② ❛♥❞ ♠❛r❣✐♥❛❧ ❝♦st✿ aict ≡
qict
mci

✳ ■♥t✉✐t✐✈❡❧②✱ ❛ ❝❛♣❛❜❧❡ ✜r♠ ✐s ❛

❤✐❣❤✲♣r♦❞✉❝t✐✈✐t② ✜r♠ ✭❧♦✇ mci✮ t❤❛t s❡❧❧s ❤✐❣❤✲q✉❛❧✐t② ♣r♦❞✉❝ts ✭❤✐❣❤ qict) ❞❡♠❛♥❞❡❞ ❜②

❝✉st♦♠❡rs✳ ❲❡ ❝❛♥ t❤✉s ❡①♣r❡ss t❤❡ q✉❛❧✐t②✲❛❞❥✉st❡❞ ♣r✐❝❡ ❛♥❞ t❤❡ r❡✈❡♥✉❡s ❛s ❛ ❢✉♥❝t✐♦♥

♦❢ ✜r♠ ❝❛♣❛❜✐❧✐t② ❛s ❢♦❧❧♦✇s✿

p̃ict(aict(ω)) =

(
σ

σ − 1

)
εctτct

aict
✭✶✵✮

rict(aict(ω)) = xictpict = p̃ict(aict)
1−σP̃ σ−1

ct Ect ✭✶✶✮

❆s ❛s r❡s✉❧t✱ ♠♦r❡ ❝❛♣❛❜❧❡ ✜r♠s ✇✐t❤ ❛ ❤✐❣❤❡r aict ❝❤❛r❣❡ ❧♦✇❡r q✉❛❧✐t②✲❛❞❥✉st❡❞ ♣r✐❝❡s

✭s❡❡ ❡q✉❛t✐♦♥ ✶✵✮ ❛♥❞ ❣❡♥❡r❛t❡ ❤✐❣❤❡r r❡✈❡♥✉❡s ✭s❡❡ ❡q✉❛t✐♦♥ ✶✶✮✳ ■♥ ♦r❞❡r t♦ ❡①♣♦rt t♦

❞❡st✐♥❛t✐♦♥ c ❛ ✜r♠ ♠✉st ❝♦✈❡r ❛ ✜①❡❞ ❝♦st ♦❢ ♠❛r❦❡t ❡♥tr② fc✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ❢♦❧❧♦✇✐♥❣

③❡r♦✲♣r♦✜t ❝♦♥❞✐t✐♦♥✿

1

σ
rict(a

∗

ict) = fc ✭✶✷✮

❚❤❡ ❧❡❢t✲❤❛♥❞ s✐❞❡ ♦❢ ❡q✉❛t✐♦♥ ✭✶✷✮ ❝♦rr❡s♣♦♥❞s t♦ ♦♣❡r❛t✐♥❣ ♣r♦✜ts t❤❛t ♠✉st ❜❡ ❡q✉❛❧ ♦r

❤✐❣❤❡r t❤❛♥ ♠❛r❦❡t ❡♥tr② ❝♦sts fc ❢♦r ❛ ✜r♠ t♦ s❡r✈❡ ❡①♣♦rt ♠❛r❦❡t c✳ ❋♦r t❤❡ ♠❛r❣✐♥❛❧

❡①♣♦rt❡r ✇✐t❤ ③❡r♦ ♣r♦✜ts ❡q✉❛t✐♦♥ ✭✶✷✮ ❤♦❧❞s ✇✐t❤ ❡q✉❛❧✐t②✳ ❚❤✐s ❞❡t❡r♠✐♥❡s t❤❡ ♠✐♥✐♠✉♠

❝❛♣❛❜✐❧✐t② t❤r❡s❤♦❧❞ a∗ict r❡q✉✐r❡❞ t♦ ❡①♣♦rt ❛ ❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t i t♦ ❞❡st✐♥❛t✐♦♥ c✳ ❉❡✜♥✐♥❣

❛ttr❛❝t✐✈❡♥❡ss ♦❢ ❛♥ ❡①♣♦rt ♠❛r❦❡t c ❛s Act = τ 1−σ
ct P̃ σ−1

ct Ect ❛♥❞ ❝♦❧❧❡❝t✐♥❣ t❡r♠s ✐♥ η =

σ
(

σ
σ−1

)σ−1
✱ ✇❡ ♦❜t❛✐♥ t❤❡ ♠✐♥✐♠✉♠ ❝❛♣❛❜✐❧✐t② a∗ict ♦❢ t❤❡ ♠❛r❣✐♥❛❧ ❡①♣♦rt❡r t♦ ❡♥t❡r

❞❡st✐♥❛t✐♦♥ c✿

a∗ict(ω) = εct

(
ηfc

Act

) 1

σ−1

✭✶✸✮

❋♦r ❛ ❣✐✈❡♥ ♠❛r❦❡t ❡♥tr② ❝♦st fc, ❛ ♠♦r❡ ❛ttr❛❝t✐✈❡ ❡①♣♦rt ♠❛r❦❡t c ✭❤✐❣❤ ❆ct✮ ❞✉❡ t♦ ❧❛r❣❡r

s✐③❡ ✭❤✐❣❤❡r Ect✮✱ ❧❡ss ❝♦♠♣❡t✐t✐♦♥ ✭❤✐❣❤❡r P̃ct✮ ♦r ❜❡tt❡r ❛❝❝❡ss✐❜✐❧✐t② ✭❧♦✇ τct✮ ❛❧s♦ ❛❧❧♦✇s
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❧❡ss ❝❛♣❛❜❧❡ ✜r♠s t♦ ♣r♦✜t❛❜❧② ❡♥t❡r ❛♥❞ r❡❞✉❝❡s a∗ict✳ ❊q✉❛t✐♦♥ ✭✶✸✮ ❛❧s♦ ♠❛❦❡s ❝❧❡❛r t❤❛t

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

❡①❝❤❛♥❣❡ r❛t❡ ❛♣♣r❡❝✐❛t✐♦♥ (εct ↑) r❛✐s❡s t❤❡ ❝❛♣❛❜✐❧✐t② ♦❢ t❤❡ ♠❛r❣✐♥❛❧ ✜r♠✳ ❚❤❡ ♦❜s❡r✈❡❞

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

q✉❛❧✐t②✳ ❲❡ ❛ss✉♠❡ t❤❛t t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❛ ♣♦✇❡r ❢✉♥❝t✐♦♥❀ qict❂aθict✳
✷✷

❙✐♠✐❧❛r❧② t♦ ▼❡❧✐t③ ✭✷✵✵✸✮✱ ✇❡ ❝♦♠♣✉t❡ s♣❡❝✐❛❧ ❛✈❡r❛❣❡s ♦❢ t❤❡ q✉❛❧✐t② qict ♦❜s❡r✈❡❞ ❛t t❤❡

❍❙ ✽✲❞✐❣✐t ♣r♦❞✉❝t✲❧❡✈❡❧✿

qict(â(a
∗

ict)) = âθ(a∗ict) =

(
1

1−G(a∗ict)

∫
∞

aict

aσ−1

ict dG(aict)

) θ

σ−1

✭✶✹✮

❊q✉❛t✐♦♥ ✭✶✹✮ s❤♦✇s t❤❛t t❤❡ q✉❛❧✐t② ❧❡✈❡❧ qict r✐s❡s ✇❤❡♥❡✈❡r ❝❛♣❛❜✐❧✐t② ❛♥❞ ♣r♦❞✉❝t q✉❛❧✲
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