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What is learned is the size of the hand  

What is unlearned is the size of the world 



❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

◆♦✇ t❤❛t ■ ❤❛✈❡ ❝♦♠❡ t♦ t❤❡ ❡♥❞ ♦❢ ♠② P❤❉✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❛❧❧ t❤❡

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

❡①♣❡r✐❡♥❝❡ ✇✐t❤✳

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

s♦r Pr♦❢✳ ▼❛➟❣♦r③❛t❛ ▲❡❦❦❛✳ ❲✐t❤ ❤❡r ❦♥♦✇❧❡❞❣❡✱ ♣❛t✐❡♥❝❡✱ ❝♦♥str✉❝t✐✈❡ ❝r✐t✐❝✐s♠

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

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

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①t❡♥❞ ♠② s✐♥❝❡r❡ t❤❛♥❦s t♦ Pr♦❢✳ ❆❧❡ss❛♥❞r♦ P♦❞❡stà✱ ✇❤♦

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

P❤②s✷❇✐♦▼❡❞✱ ❢✉♥❞❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✬s ❍♦r✐③♦♥ ✷✵✷✵ r❡s❡❛r❝❤ ❛♥❞ ■♥♥♦✲

✈❛t✐♦♥ ♣r♦❣r❛♠ ✉♥❞❡r t❤❡ ▼❛r✐❡ ❙❦➟♦❞♦✇s❦❛✲❈✉r✐❡ ❣r❛♥t ❛❣r❡❡♠❡♥t ♥✳ ✽✶✷✼✼✷✳ ■

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

❚❤❛♥❦s s❤♦✉❧❞ ❛❧s♦ ❣♦ t♦ t❤❡ ♣r♦❥❡❝t ♠❛♥❛❣❡r ❆♥t♦♥✐❛ ❙❛♠♦rè ❢♦r ❤❡r ❝❛r❡ ❛♥❞

s✉♣♣♦rt✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② ❞❡❡♣❡st ❣r❛t✐t✉❞❡ t♦ ❉r✳ ❆r♥❛✉❞ ▼✐❧❧❡t✱ Pr♦❢✳

❍❡r♠❛♥♥ ❙❝❤✐❧❧❡rs ❛♥❞ ❉r✳ ▼❛ss✐♠♦ ❆❧❢❛♥♦ ❢♦r ❣✐✈✐♥❣ ♠❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ✈✐s✐t

t❤❡✐r ❧❛❜s✱ r❡s♣❡❝t✐✈❡❧② ✐♥ ●r❡♥♦❜❧❡✱ ▼ü♥st❡r ❛♥❞ ▼✐❧❛♥♦✳ ❚❤❡② ♠❛❞❡ ♠❡ ❢❡❡❧ ♣❛rt

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

■ ❛♠ ❡①tr❡♠❡❧② ❣r❛t❡❢✉❧ t♦ ❉r✳ ●r❛➺②♥❛ P②❦❛✲❋♦➧❝✐❛❦ ❛♥❞ ▼rs✳ ❇♦➺❡♥❛

❲ó❥❝✐❦ ❢r♦♠ t❤❡ ❉❡♣❛rt♠❡♥t ♦❢ ❍✐st♦❧♦❣② ❛t ❏❛❣✐❡❧❧♦♥✐❛♥ ❯♥✐✈❡rs✐t②✱ ❢♦r t❤❡✐r

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

■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❛❧❧ ♠② ❝♦❧❧❡❛❣✉❡s ❢r♦♠ ■❋❏ P❆◆✳ ❲✐t❤♦✉t ②♦✉✱ ✐t ✇♦✉❧❞

♥♦t ❤❛✈❡ ❜❡❡♥ t❤❡ s❛♠❡✳ ❙♣❡❝✐❛❧ t❤❛♥❦s t♦ ❆s✐❛ P❛❜✐❥❛♥ ❢♦r ❜❡✐♥❣ t❤❡ ❦✐♥❞ ❛♥❞

❤❡❧♣❢✉❧ ♣❡rs♦♥ s❤❡ ✐s✳ ■ ✇❛s ❤❛♣♣② t♦ s❤❛r❡ ♠② P❤❉ ❡①♣❡r✐❡♥❝❡ ✇✐t❤ ❚♦♠❡❦ ❛♥❞

❆♥❞r③❡❥✳ ❚❤❛♥❦ ②♦✉✱ ❣✉②s✱ ❢♦r ❛❧❧ t❤❡ ❧❛✉❣❤s ❛♥❞ ❢✉♥ ✇❡ ❤❛❞ t♦❣❡t❤❡r✱ ❛♥❞ ❢♦r

t❛❦✐♥❣ ♠❡ t♦ t❤❡ ❜❡❛✉t✐❢✉❧ ♣♦❧✐s❤ ♠♦✉♥t❛✐♥s✳ ■ ❛♠ st✐❧❧ ✇❛✐t✐♥❣ t♦ ❣♦ t♦ ❇❛❜✐❛

●ór❛ t♦❣❡t❤❡r✦ ❆s✐❛ ❩✳✱ ❇❛rt❡❦✱ ▼❛r❝✐♥✱ ❖❧✐✇✐❛✱ ❘❡♥❛t❛ ❛♥❞ ❙❛r❛✱ t❤❛♥❦ ②♦✉ ❢♦r

②♦✉r ❧♦✈❡❧② ❝♦♠♣❛♥②✳ ■ ✇✐❧❧ ♠✐ss ♦✉r ❝♦✛❡❡ r♦♦♠ t❛❧❦s✳

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

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

s✉♣♣♦rt ❛♥❞ ♠❛❦✐♥❣ ❑r❛❦ó✇ ❢❡❡❧ ❧✐❦❡ ❤♦♠❡✳

■ ✇♦✉❧❞ ❜❡ r❡♠✐ss ✐♥ ♥♦t ♠❡♥t✐♦♥✐♥❣ t❤❡ ♦t❤❡r ♠❡♠❜❡rs ♦❢ t❤❡ ♥❡t✇♦r❦✳ ▲❛✉r❛✱

❈♦♥st❛♥ç❛✱ ❏❛✈✐ ❛♥❞ ▼❛ss✐♠✐❧✐❛♥♦✱ t❤❡ ❢❛♠♦✉s t❡❛♠ ♦❢ ❊❧❛st✐❝ ❝❧♦✉❞ ❧❛❜✱ ✐t ✇❛s

r❡❛❧❧② ❢✉♥♥② t♦ ❤❛♥❣ ♦✉t ✇✐t❤ ②♦✉ ❣✉②s ❛♥❞ ■ ✇✐❧❧ ❝❤❡r✐s❤ t❤♦s❡ ♠♦♠❡♥ts✳ ❑❤❛❧✲

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

✐✈



t❤❡ s✇❡❡t❡st ❛♥❞ ❦✐♥❞✲❤❡❛rt❡❞ ♣❡rs♦♥ ②♦✉ ❛r❡✳ ❚❤❛♥❦s t♦ ❋❡❧✐① ❢♦r t❤❡ ❣♦♦❞

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

♥❡t✇♦r❦ ❡✈❡♥ts✳ ❆♥❞ ▼❛ss✐✱ ■ ❛♠ ❣❧❛❞ t♦ ❤❛✈❡ ✇♦r❦❡❞ ✇✐t❤ ②♦✉ ❛♥❞ ■ ❛❧s♦ ❧❡❛r♥❡❞

❛ ❧♦t ❢r♦♠ ②♦✉✳ ❚❤❛♥❦ ②♦✉ ❢♦r ❡✈❡r②t❤✐♥❣✳

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

♠② ❢r✐❡♥❞s✱ ✇❤♦ ❛r❡ ♠② ♣✐❧❧❛rs✳

▼② ❧♦♥❣✲t✐♠❡ ❢r✐❡♥❞s✱ ❆r❝✐ ❛♥❞ ●r❡t❛✱ ■ ❝❛♥ ♦♥❧② s❛② t❤❛♥❦s ❢♦r ②♦✉r ❝♦♥t✐♥✉♦✉s

❧♦✈❡ ❛♥❞ s✉♣♣♦rt✳ ❚❤❡♥✱ ❋r❛♥❝❡s❝❛ ❛♥❞ ❱❡r♦♥✐❝❛✱ t❤❛♥❦ ②♦✉ ❢♦r ❛❧✇❛②s ✜♥❞✐♥❣

t✐♠❡ ❢♦r ♠❡✳ ❆♥❞✱ ❋❛❞✇❛✱ ②♦✉ ❛r❡ t❤❡ ❣❡♠ t❤❛t ■ ❢♦✉♥❞ ✐♥ ❑r❛❦ó✇ ❛♥❞ ■ ❝♦✉❧❞

♥♦t ❤❛✈❡ ❛s❦❡❞ ❢♦r ❛ ❜❡tt❡r ❢r✐❡♥❞ ❛♥❞ tr❛✈❡❧ ♣❛rt♥❡r t♦ ✈✐s✐t P♦❧❛♥❞✳

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

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

❤❡❧♣✳ ❚❤❛♥❦ ②♦✉✳

▼② ❞❡❛r❡st ❝♦✉s✐♥s ❑❡❡rt❤❛♥❛✱ Pr✐②❛♥❦❛✱ ❚❤❛❧✐r ❛♥❞ ▲❛❞①✐✱ t❤❛♥❦ ②♦✉ ❢♦r ❛❧❧ ②♦✉r

s✉♣♣♦rt ❛♥❞ ❢♦r ❜❡❧✐❡✈✐♥❣ ✐♥ ♠❡✳ ❚♦ ❙❛r❛♥❣❛✱ ❑✐r✉✱ ❚❤✉❧❛s✐ ❛♥❞ ❛❧❧ ♠② ②♦✉♥❣❡r

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

❚❤❡♥✱ ●❛②❛t❤r✐✱ ■ ❛♠ ❧✉❝❦② t♦ ❤❛✈❡ ②♦✉ ❛s ❛ ❢r✐❡♥❞✱ ❛♥❞ t❤❛♥❦ ②♦✉ ❢♦r ❛❧✇❛②s

❡♥❝♦✉r❛❣✐♥❣ ❛♥❞ ♠♦t✐✈❛t✐♥❣ ♠❡✳

▼② ❜❡❧♦✈❡❞ s✐st❡r ❛♥❞ ❜r♦t❤❡r ✐♥ ❧❛✇✱ ■ ❦♥♦✇ t❤❛t ■ ❝❛♥ ❛❧✇❛②s r❡❧② ♦♥ ②♦✉✳

❚❤❛♥❦ ②♦✉ ❢♦r ❣✐✈✐♥❣ ❛❧❧ t❤❡ ❧♦✈❡ ❛♥❞ ♠♦r❛❧ s✉♣♣♦rt ■ ♥❡❡❞❡❞ ❞✉r✐♥❣ t❤❡s❡ ②❡❛rs✳

▼② ❧✐tt❧❡ ♦♥❡s✱ ❱❛r✉♥ ❛♥❞ ❨❛tr❛✱ ✇✐t❤ t❤❡✐r s♠✐❧❡s✱ ❛❧✇❛②s ❣✐✈❡ ♠❡ ❛ r❡❛s♦♥ t♦ ❣♦

♦♥✳

▼② ♠♦t❤❡r ❛♥❞ ♠② ❣r❛♥❞♠♦t❤❡r ❛r❡ t❤❡ ♦♥❡s ✇❤♦ s✉✛❡r❡❞ t❤❡ ♠♦st ✐♥ t❤❡s❡

②❡❛rs✱ ❜❡✐♥❣ ❢❛r ❛✇❛② ❢r♦♠ ♠❡✳ ❇✉t ♥♦t❤✐♥❣ ✇❛s ✉♥❜❡❛r❛❜❧❡ ✐♥ ❢r♦♥t ♦❢ ♠② ❤❛♣✲

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

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

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

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

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

❤✐♠ ♠♦r❡ ♣r♦✉❞✳

▲❛st✱ ❜✉t ♥♦t ❧❡❛st✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ✉♥❝❧❡ ❑❛r✉♥❛♥✐t❤② ❢♦r ❜❡✐♥❣ ❛ ❤✉❣❡

✐♥s♣✐r❛t✐♦♥ ❢♦r ♠❡✳

❚❤❛♥❦ ②♦✉✳

✈





▲✐st ♦❢ ♣✉❜❧✐❝❛t✐♦♥s

P❛♣❡rs✿

✶✳ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ❙✳ ❑❡❞r❛❝❦❛✲❑r♦❦✱ ❏✳ P❛❜✐❥❛♥✱ ▼✳ ▲❡❦❦❛✱ ❉✐s❝r✐♠✐✲

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

s♣❤❡r♦✐❞ ❧❡✈❡❧s✱ ❏♦✉r♥❛❧ ♦❢ ❇✐♦♠❡❝❤❛♥✐❝s✱ ✶✹✹✱ ✶✶✶✸✹✻ ✭✷✵✷✷✮✳

✷✳ ▼✳ ❇❡r❛r❞✐✱ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ❏✳ ❏✐❛♥❣✱ ❑✳ ❇✐❡❧❛✇s❦✐✱ ❈✳❲✳ ❱✐ss❡r✱ ▼✳

▲❡❦❦❛✱ ❇✳ ■✳ ❆❦❝❛✱ ❉②♥❛♠✐❝ ▼❡❝❤❛♥✐❝❛❧ ❆♥❛❧②s✐s ♦❢ ❙✉s♣❡♥❞❡❞ ❙♦❢t ❇♦❞✐❡s

✈✐❛ ❍②❞r❛✉❧✐❝ ❋♦r❝❡ ❙♣❡❝tr♦s❝♦♣②✱ ❛❝❝❡♣t❡❞ ✐♥ ❙♦❢t ▼❛tt❡r ✭✷✵✷✷✮✳

✸✳ ▼✳ ▲❡❦❦❛✱ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ❆✳ ❑✉❜✐❛❦✱ ❚✳ ❩✐❡❧✐➠s❦✐✱ ❏✳ ❩❡♠➟❛✱ ❚r❛❝✲

t✐♦♥ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✕ ▼❡❛s✉r✐♥❣ t❤❡ ❢♦r❝❡s ❡①❡rt❡❞ ❜② ❝❡❧❧s✱ ▼✐❝r♦♥✱ ✶✺✵✱

✶✵✸✶✸✽ ✭✷✵✷✶✮✳

✹✳ P✳◆✳ ❖s✉❝❤♦✇s❦❛✱ P✳ ❲❛❝❤✉❧❛❦✱ ❆✳ ◆♦✇❛❦✲❙t➛♣♥✐♦✇s❦❛✱ ❆✳ ❇❛rt♥✐❦✱ ❑✳

●♥❛♥❛❝❤❛♥❞r❛♥✱ ▼✳ ▲❡❦❦❛✱ ❏✳ ❈③✇❛rt♦s✱ ❍✳ ❋✐❡❞♦r♦✇✐❝③✱ ❊✳❆✳ ❚r❛❢♥②✱

■♠❛❣✐♥❣ ♦❢ ❈❡❧❧ ❙tr✉❝t✉r❡s ❯s✐♥❣ ❖♣t✐♠✐③❡❞ ❙♦❢t ❳✲r❛② ❈♦♥t❛❝t ▼✐❝r♦s❝♦♣②✱

❆♣❧❧✐❡❞ ❙❝✐❡♥❝❡✱ ✶✵✱ ✻✽✾✺ ✭✷✵✷✵✮✳

P❛♣❡rs t❤❛t ❛r❡ ✉♥❞❡r ♣r❡♣❛r❛t✐♦♥✿

✶✳ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ▼✳ ❇❡r❛r❞✐✱ ❏✳ P❛❜✐❥❛♥✱ ●✳ P②❦❛✲ ❋♦➧❝✐❛❦✱ ❇✳■✳ ❆❦❝❛✱

▼✳ ▲❡❦❦❛✱ ▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s✱

✉♥❞❡r ♣r❡♣❛r❛t✐♦♥✳

✷✳ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥ & ▼✳ ❇❡r❛r❞✐✱ ❑✳ ❇✐❡❧❛✇s❦✐✱ ❇✳■✳ ❆❦❝❛✱ ▼✳ ▲❡❦❦❛✱

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

♣r❡♣❛r❛t✐♦♥✳

✸✳ ◆✳ ▼❛❦❛r♦✈❛✱ ▼✳ ▲❡❦❦❛✱ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ■✳ ❙♦❦♦❧♦✈✱ ❚❤❡ st✉❞② ♦❢

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

✹✳ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ❊✳ ▲♦r❡♥❝✱ ❆✳ P♦❞❡stà✱ ▼✳ ▲❡❦❦❛✱ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣✲

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

♣r❡♣❛r❛t✐♦♥✳

✺✳ ▼✳ ▲❡❦❦❛✱ ❙✳ ●✳ ❑✉❧❦❛r♥✐✱ ❙✳ P❡r❡③✲❉♦♠✐♥❣♦✱ ❑✳ ●♥❛♥❛❝❤❛♥❞r❛♥✱ ❡t

❛❧✳✱ ❙t❛♥❞❛r❞✐③❛t✐♦♥ ♦❢ ❆❋▼✲❜❛s❡❞ ♥❛♥♦♠❡❝❤❛♥✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❢♦r ❧✐✈✐♥❣

❝❛♥❝❡r ❝❡❧❧s✱ ✉♥❞❡r ♣r❡♣❛r❛t✐♦♥✳

✈✐✐



❆❜str❛❝t

▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ r❡❛rr❛♥❣❡✲

♠❡♥ts ✐♥ t❤❡✐r ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✱ ❛r❡ ❦♥♦✇♥ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝❛♥❝❡r ♣r♦❣r❡s✲

s✐♦♥ ❜② ❛❝q✉✐r✐♥❣ ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ❝❛♥❝❡r ❞✐❛❣♥♦st✐❝ r❡s❡❛r❝❤✳ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡s

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

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

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

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

❍❈❱✷✾ ✭♥♦♥✲♠❛❧✐❣♥❛♥t ❝❛♥❝❡r✮✱ ❍❚✶✸✼✻ ✭❣r❛❞❡ ■■■ ❝❛r❝✐♥♦♠❛✮ ❛♥❞ ❚✷✹ ✭❣r❛❞❡

■❱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛✮ ❝❡❧❧s✳ ❚❤❡s❡ ❝❡❧❧s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❞✐✛❡r❡♥t

❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✱ t♦♦✳ ❚❤❡✐r ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ✐♥✲

✈❡st✐❣❛t❡❞ ✉s✐♥❣ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮ ❛t t❤❡ ♥❛♥♦s❝❛❧❡ ❛♥❞ ❤②❞r❛✉❧✐❝

❢♦r❝❡ s♣❡❝tr♦s❝♦♣② ✭❍❋❙✮✱ ❛♥ ✐♥♥♦✈❛t✐✈❡ ♠✐❝r♦♣✐♣❡tt❡ ❛s♣✐r❛t✐♦♥ t❡❝❤♥✐q✉❡✱ ❛t

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

❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s ❝❤❛♥❣❡ ✐♥ ✷❉ ❝✉❧t✉r❡s✱ ✐✳❡✳✱ s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱

❛♥❞ ✸❉ s♣❤❡r♦✐❞s✳ ❖✉r r❡s✉❧ts ❢r♦♠ ❆❋▼ s❤♦✇ t❤❛t ✉♥❞❡r ❜♦t❤ ❝♦♠♣r❡ss✐♦♥

❛♥❞ s❤❡❛r str❡ss✱ ❍❈❱✷✾ ❝❡❧❧s ❛r❡ st✐✛❡r t❤❛♥ ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s✱ ❝♦♥✜r♠✐♥❣

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

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

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

②s✐s ♦❢ s♣❤❡r♦✐❞ ❝r♦ss✲s❡❝t✐♦♥s✳ ❆❋▼ r❡s✉❧ts s❤♦✇❡❞ t❤❛t ❛❧❧ ❝❡❧❧s ❜❡❝♦♠❡ st✐✛❡r

❞✉❡ t♦ t❤❡ ❛❣✐♥❣ ❡✛❡❝t ❛♥❞ t❤❡ r❡♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡✐r ❝②t♦s❦❡❧❡t♦♥✳ ■t ✇❛s ❛❧s♦

♦❜s❡r✈❡❞ t❤❛t s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s ✇❡r❡ t❤❡ ♦♥❧② ♦♥❡s t♦ ♣r♦❞✉❝❡

❡①tr❛❝❡❧❧✉❧❛r ♠❛tr✐① ✭❊❈▼✮✱ ✇❤✐❝❤ ❝♦✉❧❞ ❡①♣❧❛✐♥ t❤❡ s♦❢t❡♥✐♥❣ ♦❢ t❤❡s❡ s♣❤❡r♦✐❞s

✇❤❡♥ ❞❡t❡❝t❡❞ ❜② ❍❋❙✳ ❚❤❡r❡❢♦r❡✱ ❝❤❛♥❣❡s ✐♥ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s

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

✇❛s ❝❤❡❝❦❡❞ ✇❤❡t❤❡r t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❜t❛✐♥❡❞ ❜② ❍❋❙ ❝♦✉❧❞ ❜❡ ✉s❡❞

t♦ st✉❞② t❤❡ ❡✛❡❝ts ♦❢ ❞♦❝❡t❛①❡❧ ✭❉❚❳✮✱ ❛♥ ❛♥t✐❝❛♥❝❡r ❞r✉❣✱ ♦♥ t❤❡ t❤r❡❡ t②♣❡s

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

❞✐✛❡r❡♥t❧② ❛♥❞ t❤❛t ❍❋❙ ❝♦✉❧❞ ❞❡t❡❝t t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜② t❤❡

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

♠❛r❦❡r✱ ♠❛❦✐♥❣ ❍❋❙ ❛♥ ❛❞✈❛♥t❛❣❡♦✉s ♠❡t❤♦❞ t♦ ❛ss❡ss t❤❡ ❛❝t✐✈✐t✐❡s ♦❢ ❛♥t✐✲

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

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

❜② ❆❋▼ ❛♥❞ ❍❋❙✱ ♠❛② s❡r✈❡ ❛s ❜✐♦♣❤②s✐❝❛❧ ♠❛r❦❡rs✱ ♥♦t ♦♥❧② ✐♥ ❞✐❛❣♥♦s✐s ❜✉t

❛❧s♦ ✐♥ t❤❡ tr❡❛t♠❡♥t ♦❢ t❤✐s t②♣❡ ♦❢ ❝❛♥❝❡r✳

✈✐✐✐



❙tr❡s③❝③❡♥✐❡

❲➟❛➧❝✐✇♦➧❝✐ ♠❡❝❤❛♥✐❝③♥❡ ✐ ♠✐❦r♦r❡♦❧♦❣✐❝③♥❡ ❦♦♠ór❡❦ ✇r❛③ ③ r❡♦r❣❛♥✐③❛❝❥→

❝②t♦s③❦✐❡❧❡t✉ ❛❦t②♥♦✇❡❣♦ ③✇✐→③❛♥❡ ③ ♣r♦❣r❡s❥→ ♥♦✇♦t✇♦r♦✇→ st❛❥→ s✐➛ ✐st♦t♥②♠

❡❧❡♠❡♥t❡♠ ❜❛❞❛➠ ♥❛❞ ❞✐❛❣♥♦st②❦→ ♥♦✇♦t✇♦ró✇✳ ❍♦❞♦✇❧❡ ❦♦♠ór❦♦✇❡ ✸❉ ♠♦❣→

♥❛➧❧❛❞♦✇❛➣ ♥❛t✉r❛❧♥❡ ➧r♦❞♦✇✐s❦♦ ❦♦♠ór❡❦ ♦r❛③ ♥✐❡❦tór❡ ❝❡❝❤② ❣✉③ó✇ ❧✐t②❝❤✱ ❞❧❛t✲

❡❣♦ ♠♦❣→ ❜②➣ s③❡r♦❦♦ st♦s♦✇❛♥❡✱ ❥❛❦♦ ♣♦t❡♥❝❥❛❧♥❡ ♠♦❞❡❧❡ ✐♥ ✈✐tr♦ ③❛ró✇♥♦ ❞♦

✇②❦r②✇❛♥✐❛ ♥♦✇②❝❤ ❝❡❝❤ ❜✐♦❧♦❣✐❝③♥②❝❤ ❦♦♠ór❡❦ ♥♦✇♦t✇♦r♦✇②❝❤✱ ❥❛❦ ✐ ❞♦ ♣r♦✲

❥❡❦t♦✇❛♥✐❛ ❧❡❦ó✇ ♣r③❡❝✐✇♥♦✇♦t✇♦r♦✇②❝❤✳ ❲ ❜❛❞❛♥✐❛❝❤ ♣r♦✇❛❞③♦♥②❝❤ ✇ r❛♠❛❝❤

♣r❡③❡♥t♦✇❛♥❡❥ r♦③♣r❛✇② ❞♦❦t♦rs❦✐❡❥✱ tr③② ❧✐♥✐❡ ❦♦♠ór❦♦✇❡ ♣♦❝❤♦❞③→❝❡ ③ ró➺♥②❝❤

st❛❞✐ó✇ r♦③✇♦❥✉ r❛❦❛ ♣➛❝❤❡r③❛ ♠♦❝③♦✇❡❣♦ ③♦st❛➟② ✇②❦♦r③②st❛♥❡ ❞♦ ✉t✇♦r③❡♥✐❛

✇✐❡❧♦❦♦♠ór❦♦✇②❝❤ s❢❡r♦✐❞✳ ❙→ t♦ ❦♦♠ór❦✐ ♥✐❡♥♦✇♦t✇♦r♦✇❡❥ ❧✐♥✐✐ ♣r③❡✇♦❞✉ ♠♦❝✲

③♦✇❡❣♦ ✭❍❈❱✷✾✮ ♦r❛③ ❦♦♠ór❦✐ ❧✐♥✐✐ ✇②♣r♦✇❛❞③♦♥②❝❤ ③ r❛❦❛ ♣➛❝❤❡r③❛ ♦ ró➺♥②♠

st♦♣♥✐✉ ③❛❛✇❛♥s♦✇❛♥✐❛ t❥✳ ▲✐♥✐❡ ❍❚✶✸✼✻ ✭■■■ st♦♣✐❡➠ ③❛❛✇❛♥s♦✇❛♥✐❛ ♥♦✇♦t✇♦r✉✱

❝❛r❝✐♥♦♠❛✮ ♦r❛③ ❚✷✹ ✭■❱ st♦♣✐❡➠ ③❛❛✇❛♥s♦✇❛♥✐❛ ♥♦✇♦t✇♦r✉✱ r❛❦ ♣r③❡❥➧❝✐♦✇♦✲

❦♦♠ór❦♦✇②✮✳ ❑♦♠ór❦✐ t❡ ❝❤❛r❛❦t❡r②③✉❥→ s✐➛ t❛❦➺❡ ró➺♥→ ♦r❣❛♥✐③❛❝❥→ ❝②t♦s③❦✐❡❧❡t✉

❛❦t②♥♦✇❡❣♦✳ P♦♠✐❛r② ✇➟❛s♥♦➧❝✐ ♠❡❝❤❛♥✐❝③♥②❝❤ ✐ ♠✐❦r♦r❡♦❧♦❣✐❝③♥②❝❤ ✇②❦♦♥❛♥♦

✇ ♥❛♥♦s❦❛❧✐ ③ ✇②❦♦r③②st❛♥✐❡♠ ♠✐❦r♦s❦♦♣✐✐ s✐➟ ❛t♦♠♦✇②❝❤ ✭❆❋▼✱ ❛♥❣✳ ❛t♦♠✐❝

❢♦r❝❡ ♠✐❝r♦s❝♦♣②✮ ♦r❛③ ✇ ♠❛❦r♦s❦❛❧✐ ③❛ ♣♦♠♦❝→ ❤②❞r❛✉❧✐❝③♥❡❥ s♣❡❦tr♦s❦♦♣✐❛ s✐➟

✭❍❋❙✱ ❛♥❣✳ ❤②❞r❛✉❧✐❝ ❢♦r❝❡ s♣❡❝tr♦s❝♦♣②✮✱ ✐♥♥♦✇❛❝②❥♥❡❥ t❡❝❤♥✐❦✐ ❛s♣✐r❛❝❥✐ ③❛ ♣♦✲

♠♦❝→ ♠✐❦r♦♣✐♣❡t✳ ❈❡❧❡♠ ♣r❛❝② ❜②➟♦ ③r♦③✉♠✐❡♥✐❡✱ ✇ ❥❛❦✐ s♣♦só❜ ❧❡♣❦♦s♣r➛➺②st❡

✇➟❛➧❝✐✇♦➧❝✐ ❦♦♠ór❡❦ ③♠✐❡♥✐❛❥→ s✐➛ ✇ ③❛❧❡➺♥♦➧❝✐ ♦❞ ✇❛r✉♥❦ó✇ ❤♦❞♦✇❧✐✿ ❤♦❞♦✇❧❡

✷❉ ✭♣♦❥❡❞②♥❝③❡ ❦♦♠ór❦✐✱ ♠♦♥♦✇❛rst✇② ❦♦♠ór❦♦✇❡✮ ✇ ♣♦ró✇♥❛♥✐✉ ❞♦ ✸❉ ✭s❢❡r✲

♦✐❞②✮✳ ❯③②s❦❛♥❡ ✇②♥✐❦✐ ③ ❆❋▼ ♣♦❦❛③✉❥→✱ ➺❡ ❦♦♠ór❦✐ ❍❈❱✷✾ ❝❤❛r❛❦t❡r②③✉❥→

s✐➛ ♠♥✐❡❥s③→ ❞❡❢♦r♠♦✇❛❧♥♦➧❝✐→ ♥✐➺ ❦♦♠ór❦✐ r❛❦♦✇❡ ❍❚✶✸✼✻ ✐ ❚✷✹ ♥✐❡③❛❧❡➺♥✐❡ ♦❞

❦✐❡r✉♥❦✉ ❞③✐❛➟❛♥✐❛ s✐➟② ♦❞❦s③t❛➟❝❛❥→❝❡❥ ✭❦♦♠♣r❡s❥❛ ❧✉❜ ➧❝✐♥❛♥✐❡✮✱ ♣♦t✇✐❡r❞③❛❥→❝

t②♠ s❛♠②♠✱ ➺❡ ❦♦♠ór❦✐ r❛❦♦✇❡ s→ ❜❛r❞③✐❡❥ ♦❞❦s③t❛➟❝❛❧♥❡ ♥✐➺ ❦♦♠ór❦✐ ♥✐❡♥♦✇♦t✲

✇♦r♦✇❡✳ ❚❛ r❡❧❛❝❥❛ ❥❡st ♥✐❡③❛❧❡➺♥❛ ♦❞ ✇❛r✉♥❦ó✇ ❤♦❞♦✇❧✐✳ ◆❛st➛♣♥✐❡ ❜❛❞❛♥♦

③♠✐❛♥② ✇➟❛s♥♦➧❝✐ ♠❡❝❤❛♥✐❝③♥②❝❤ ✐ str✉❦t✉r② ✇❡✇♥➛tr③♥❡❥ ✭❛♥❛❧✐③❛ ❤✐st♦❧♦❣✐❝③♥❛✮

s❢❡r♦✐❞ ③✇✐→③❛♥❡ ③ ✐❝❤ ✇✐❡❦✐❡♠✳ ❲②♥✐❦✐ ✉③②s❦❛♥❡ ③❛ ♣♦♠♦❝→ ❆❋▼ ✇②❦❛③❛➟②✱ ➺❡

✇s③②st❦✐❡ ❦♦♠ór❦✐ st❛❥→ s✐➛ s③t②✇♥✐❡❥s③❡ ③❡ ✇③❣❧➛❞✉ ♥❛ ❡❢❡❦t st❛r③❡♥✐❛ ✐ r❡♦r❣❛✲

♥✐③❛❝❥➛ ✐❝❤ ❝②t♦s③❦✐❡❧❡t✉✳ ❘ó✇♥♦❝③❡➧♥✐❡ ♣♦❦❛③❛♥♦✱ ➺❡ s❢❡r♦✐❞② ✉t✇♦r③♦♥❡ ♣r③❡③

❦♦♠ór❦✐ ❍❈❱✷✾ ❜②➟② ❥❡❞②♥②♠✐✱ ❦tór❡ ♣r♦❞✉❦♦✇❛➟② ♠❛❝✐❡r③ ③❡✇♥→tr③❦♦♠ór❦♦✇→

✭❊❈▼✮✳ ❚♦ ♠♦➺❡ ✇②❥❛➧♥✐❛➣ ✇✐➛❦s③→ ❞❡❢♦r♠♦✇❛❧♥♦➧➣ t②❝❤ s❢❡r♦✐❞ ✇ ♣♦♠✐❛r❛❝❤

✇②❦♦♥❛♥②❝❤ ♣r③❡③ ❍❋❙✳ ❉♦❞❛t❦♦✇♦ ③♠✐❛♥② ✇ ♦❞❞③✐❛➟②✇❛♥✐❛❝❤ ♠✐➛❞③②❦♦♠ór❦♦✇✲

②❝❤ ♦r❛③ ♥❛ ❣r❛♥✐❝② ❦♦♠ór❦❛✲❊❈▼✱ ③❛❝❤♦❞③→❝❡ ♣♦❞❝③❛s st❛r③❡♥✐❛✱ ♠♦❣→ ♠✐❡➣

❞✉➺② ✇♣➟②✇ ♥❛ ♦❞♣♦✇✐❡❞➵ ♠❡❝❤❛♥✐❝③♥→ ❦♦♠ór❡❦✳ ❖st❛t♥✐♠ ❡❧❡♠❡♥t❡♠ r♦③♣r❛✇②

✐①



❞♦❦t♦rs❦✐❡❥ s→ ❜❛❞❛♥✐❛ ♣♦❦❛③✉❥→❝❡ ③♠✐❛♥② ✇➟❛s♥♦➧❝✐ ♠❡❝❤❛♥✐❝③♥②❝❤ s❢❡r♦✐❞ ③❛❝❤♦❞✲

③→❝❡ ♣♦❞ ✇♣➟②✇❡♠ ❞③✐❛➟❛♥✐❛ ❞♦❝❡t❛❦s❡❧✉ ✭❉❚❳✮✱ ❧❡❦✉ ♣r③❡❝✐✇♥♦✇♦t✇♦r♦✇❡❣♦✱

♠✐❡r③♦♥❡ ③❛ ♣♦♠♦❝→ ❍❙❋✳ ❯③②s❦❛♥❡ ✇②♥✐❦✐ ♣♦❦❛③❛➟②✱ ➺❡ ♣♦❞ ✇♣➟②✇❡♠ ❧❡❦✉

s❢❡r♦✐❞② ✉t✇♦r③♦♥❡ ③ ❜❛❞❛♥②❝❤ ❧✐♥✐✐ ❦♦♠ór❦♦✇②❝❤ ③❛❝❤♦✇✉❥→ s✐➛ ✐♥❛❝③❡❥✳ ❍❋❙

♠♦➺❡ ✇②❦♦r③②st❛♥② ✇ ❜❛❞❛♥✐❛❝❤ t❡❣♦ t②♣✉✱ ♥❛✇❡t ❞❧❛ ♥✐s❦✐❝❤ st➛➺❡➠ ❧❡❦✉✱ ♣r③②

❦tór②❝❤ ♥✐❡ ♣♦❥❛✇✐❛ s✐➛ ❥❛❦✐❡❣♦❦♦❧✇✐❡❦ ♠❛r❦❡r ❜✐♦❧♦❣✐❝③♥②✳ ❲②♥✐❦✐ t❡ ❝③②♥✐→ ❍❋❙

❦♦r③②st♥→ ♠❡t♦❞→ ❞♦ ♦❝❡♥② ❞③✐❛➟❛♥✐❛ ❧❡❦ó✇ ♣r③❡❝✐✇♥♦✇♦t✇♦r♦✇②❝❤✳ ❇✐♦r→❝ ♣♦❞

✉✇❛❣➛ ✇s③②st❦✐❡ ✇②♥✐❦✐ t❡❥ ♣r❛❝②✱ ♠♦➺♥❛ st✇✐❡r❞③✐➣✱ ➺❡ ✇➟❛➧❝✐✇♦➧❝✐ ♠❡❝❤❛♥✐❝③♥❡

✐ r❡♦❧♦❣✐❝③♥❡ s❢❡r♦✐❞ r❛❦❛ ♣➛❝❤❡r③❛ ♠♦❝③♦✇❡❣♦ ♠✐❡r③♦♥❡ ③❛ró✇♥♦ ♣r③❡③ ❆❋▼ ✐

❍❋❙✱ ♠♦❣→ s➟✉➺②➣ ❥❛❦♦ ♠❛r❦❡r② ❜✐♦✜③②❝③♥❡ r❛❦❛✱ ♥✐❡ t②❧❦♦ ✇ ❞✐❛❣♥♦st②❝❡✱ ❛❧❡

t❛❦➺❡ ✇ ❧❡❝③❡♥✐✉ t❡❣♦ t②♣✉ ♥♦✇♦t✇♦r✉✳
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❈♦♥t❡♥ts

❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts ✐✈

▲✐st ♦❢ ♣✉❜❧✐❝❛t✐♦♥s ✈✐✐

❆❜str❛❝t ✈✐✐✐

❙tr❡s③❝③❡♥✐❡ ✐①

❆❜❜r❡✈✐❛t✐♦♥s ①✐✐

■ ■♥tr♦❞✉❝t✐♦♥ ✶

✶ ❋✉♥❞❛♠❡♥t❛❧s ❛♥❞ st❛t❡ ♦❢ t❤❡ ❛rt ✷
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✶✳✶✳✸ ❉✐❛❣♥♦s✐s ❛♥❞ tr❡❛t♠❡♥t ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
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✶✳✸✳✹ ▼❈❙s ❝✉❧t✉r❡ s②st❡♠s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
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✶✳✹✳✶ ❈❡❧❧ ♠❡❝❤❛♥✐❝s ❛♥❞ ❝❛♥❝❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✶✳✹✳✷ ❈❡❧❧✉❧❛r ♠♦❞❡❧❧✐♥❣ ✐♥ ❜✐♦♠❡❝❤❛♥✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✶✳✹✳✸ ❈❡❧❧✉❧❛r ♠♦❞❡❧❧✐♥❣✿ ✈✐s❝♦❡❧❛st✐❝✐t② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
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✶✳✹✳✹ ❇✉r❣❡rs ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✳✹✳✺ ❖s❝✐❧❧❛t♦r② ♠❡❛s✉r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✶✳✹✳✻ ❱✐s❝♦❡❧❛st✐❝ ♠♦❞❡❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✳✺ ▼❡t❤♦❞s ✉s❡❞ t♦ ❛ss❡ss ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s✐♥❣❧❡ ❝❡❧❧s ✷✺

✷ Pr✐♥❝✐♣❧❡s ♦❢ t❤❡ ❛♣♣❧✐❡❞ t❡❝❤♥✐q✉❡s ✷✼
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✷✳✶✳✸ ❉❡t❡r♠✐♥✐♥❣ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ s♦❢t s❛♠♣❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
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❆✐♠s ♦❢ t❤❡ t❤❡s✐s ✹✹

■■ ▼❛t❡r✐❛❧s ❛♥❞ ▼❡t❤♦❞s ✹✻

✸ ❇✐♦❧♦❣✐❝❛❧ ♠❡t❤♦❞s ✹✼
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Chapter 1

❋✉♥❞❛♠❡♥t❛❧s ❛♥❞ st❛t❡ ♦❢ t❤❡ ❛rt

✶✳✶ ❇❧❛❞❞❡r ❝❛♥❝❡r

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

t❤❡ ✶✵th ♣❧❛❝❡ ❢♦r t❤❡ ♠♦st ❝♦♠♠♦♥❧② ❞✐❛❣♥♦s❡❞ ❝❛♥❝❡r ❬✶❪✳ ❆s ❛ ♠❛tt❡r ♦❢ ❢❛❝t✱

♠♦r❡ t❤❛♥ ✺✺✵✱✵✵✵ ♣❛t✐❡♥ts ❛r❡ ❞✐❛❣♥♦s❡❞ ②❡❛r❧② ✇✐t❤ ❜❧❛❞❞❡r ❝❛♥❝❡rs✱ ♣r❡❞♦♠✲

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

❝❛♥❝❡r ❞✐❛❣♥♦s✐s ❛♥❞ ✷✳✶ ✪ ♦❢ ❛❧❧ ❝❛♥❝❡r ❞❡❛t❤s ❬✷❪✳ ❖♥❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t r✐s❦

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

❝❛r❝✐♥♦♠❛ ❝❛♥ ❜❡ ❝♦rr❡❧❛t❡❞ t♦ t♦❜❛❝❝♦ ✉s❡ ❬✸❪✳

✶✳✶✳✶ ❚❤❡ ✉r♦t❤❡❧✐✉♠

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

❬✹❪✳ ■♥❞❡❡❞✱ ❛❜♦✉t ✾✵ ✪ ♦❢ t❤✐s ❝❛♥❝❡r t②♣❡ ✐s ❞❡r✐✈❡❞ ❢r♦♠ tr❛♥s✐t✐♦♥❛❧ ❡♣✐t❤❡❧✐❛❧

❝❡❧❧s ✭✉r♦t❤❡❧✐❛❧ ❝❡❧❧s✮ t❤❛t ❝♦✈❡r t❤❡ ❜❧❛❞❞❡r ❛♥❞ t❤❡ ✉r✐♥❛r② tr❛❝t ❬✺❪✳

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

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

✇❤❡♥ str❡t❝❤❡❞ ❬✻❪✳ ❚❤❡ ✉r♦t❤❡❧✐✉♠ ✐s ❝♦♠♣♦s❡❞ ♦❢ t❤r❡❡ ♠❛✐♥ ❧❛②❡rs ♦❢ ❡♣✐t❤❡❧✐❛❧

❝❡❧❧s✿ ❜❛s❛❧✱ ✐♥t❡r♠❡❞✐❛t❡ ❛♥❞ ✉♠❜r❡❧❧❛ ❝❡❧❧s ✭✜❣✉r❡ ✶✳✶✮✳
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❋✐❣✉r❡ ✶✳✶✿ ❙tr✉❝t✉r❡ ♦❢ t❤❡ ✉r♦t❤❡❧✐✉♠✳ ❚❤❡ ✉r♦t❤❡❧✐✉♠ ✐s ❝♦♠♣♦s❡❞
♦❢ t❤r❡❡ ❧❛②❡rs ♦❢ tr❛♥s✐t✐♦♥❛❧ ❡♣✐t❤❡❧✐❛✳ ❙♠❛❧❧ ❜❛s❛❧ ❝❡❧❧s ❛r❡ ❝❧♦s❡ t♦ t❤❡
❜❛s❡♠❡♥t ❧❛♠✐♥❛✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ tr❛♥s✐t ❛♠♣❧✐❢②✐♥❣ ❝❡❧❧s ✭✐♥t❡r♠❡❞✐❛t❡
❝❡❧❧s✮✳ ❆❜♦✈❡ t❤❡s❡ t✇♦✱ t❤❡r❡ ✐s t❤❡ t♦♣ ❧❛②❡r ❝♦♥s✐st✐♥❣ ♦❢ ❧❛r❣❡ ✉♠❜r❡❧❧❛
❝❡❧❧s✳

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

✶✵ µ♠✮ ❡♣✐t❤❡❧✐❛❧ st❡♠ ❝❡❧❧s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❤✐❣❤ r❛t❡ ♦❢ ♣r♦❧✐❢❡r❛t✐♦♥ ❛♥❞

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

✭❛♣♣r♦①✐♠❛t❡❧② ✶✵ t♦ ✷✺ µ♠ ✐♥ ❞✐❛♠❡t❡r✮ ❛♥❞ ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ r❡❣❡♥❡r❛t✐♦♥ ♦❢ ❝❡❧❧s

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

✉r♦t❤❡❧✐✉♠ ✐s ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ✉♠❜r❡❧❧❛ ❝❡❧❧s ✭❞✐❛♠❡t❡r ❜❡t✇❡❡♥ ✷✺ ❛♥❞ ✷✺✵ µ♠✮✱

✇❤✐❝❤ ❢♦r♠ t❤❡ ❜❛rr✐❡r ❜❡t✇❡❡♥ t❤❡ ❜❧♦♦❞str❡❛♠ ❛♥❞ ❜❧❛❞❞❡r ❧✉♠❡♥✳ ❆♠♦♥❣ t❤❡

t❤r❡❡ ❞✐✛❡r❡♥t ❧❛②❡rs✱ t❤❡s❡ ❛r❡ t❤❡ ♦♥❧② ♦♥❡s ❢✉❧❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❬✼❪✳

✶✳✶✳✷ ❙t❛❣✐♥❣ ❛♥❞ ❣r❛❞✐♥❣ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r

❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ r♦❧❡ ♦❢ t❤❡ ❜❧❛❞❞❡r ✐s t♦ ✇♦r❦ ❛s ❛ ♠♦♠❡♥t❛r② r❡s❡r✈♦✐r

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

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

t❤❡♠ ❢r♦♠ ❣♦✐♥❣ ✐♥t♦ t❤❡ s✉rr♦✉♥❞✐♥❣ t✐ss✉❡ ❛♥❞ t❤❡ ❜❧♦♦❞str❡❛♠✳ ■t ✐s ♠❛❞❡

♣♦ss✐❜❧❡ ❜② t❤❡ ✉r♦t❤❡❧✐✉♠✱ ❛ ♠✉❧t✐❧❛②❡r ♦❢ ❡♣✐t❤❡❧✐❛ t❤❛t ❝♦✈❡rs t❤❡ ✉r✐♥❛r② tr❛❝t

❛♥❞ ❢✉♥❝t✐♦♥s ❛s ❛ ♣❡r♠❡❛❜✐❧✐t② ❜❛rr✐❡r ❬✼❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✉r♦t❤❡❧✐❛❧ ❝❡❧❧s ❛r❡

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

❜❡❤✐♥❞ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❬✽❪✳

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

✸



❞❡r ❝❛♥❝❡rs ✭◆▼■❇❈✮ ❛♥❞ ♠✉s❝❧❡✲✐♥✈❛s✐✈❡ ❜❧❛❞❞❡r ❝❛♥❝❡rs ✭▼■❇❈✮✳ ❚❤❡② ❛r❡

❝❧❛ss✐✜❡❞ ✉s✐♥❣ t❤❡ ❚◆▼ ✭t✉♠♦r✲♥♦❞❡✲♠❡t❛st❛s✐s✮ s②st❡♠ ❬✾❪✳ ■♥ t❤✐s s②st❡♠✱

❚ st❛♥❞s ❢♦r t❤❡ s✐③❡ ❛♥❞ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ t✉♠♦r✱ ◆ s❛②s ✐❢ t❤❡ t✉♠♦r ✇❡♥t

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

❣♦♥❡ ✐♥t♦ ❞✐st❛♥t s✐t❡s ❬✽❪✳ ❋✐❣✉r❡ ✶✳✷ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ♠❛✐♥

❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡rs✳

❋✐❣✉r❡ ✶✳✷✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❜❧❛❞❞❡r ❝❛♥❝❡r
st❛❣❡s✳ ❚❤❡ t❤r❡❡ ❝❡❧❧ ❧✐♥❡s ✉s❡❞ ✐♥ t❤✐s st✉❞②✱ ✐✳❡✳✱ ❍❈❱✷✾✱ ❍❚✶✸✼✻
❛♥❞ ❚✷✹ ❝❡❧❧s✱ ❛r❡ ❝♦❧❧♦❝❛t❡❞ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t✉♠♦r st❛❣❡✳ ❈✿ ❝❛r❝✐✲
♥♦♠❛✳ ❚❈❈✿ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ✭❛❞❛♣t❡❞ ❢r♦♠ ❙❛♥❧✐ ❡t ❛❧✳ ❬✽❪✮✳

❚✉♠♦rs ❝❧❛ss✐✜❡❞ ❛s st❛❣❡ ❚❛ ❛♥❞ ❚✶ ❛r❡ ♥♦♥✲♠✉s❝❧❡ ✐♥✈❛s✐✈❡ ❝❛♥❝❡rs✱ ✇❤✐❝❤

❛r❡ ❧✐♠✐t❡❞ t♦ ❡✐t❤❡r ♦♥❧② t❤❡ ✉r♦t❤❡❧✐✉♠ ✭❚❛✮ ♦r ❜♦t❤ ✉r♦t❤❡❧✐✉♠ ❛♥❞ ❧❛♠✐♥❛

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

♣r♦♣r✐❛✱ ✇❤✐❧❡ ❚✷❜ st❛❣❡ t✉♠♦rs ❝❛♥ ❣♦ ❞❡❡♣❡r ✐♥t♦ t❤❡ ♠✉s❝❧❡ ❧❛②❡r✳ ❚✸✲st❛❣❡

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

❛r❡ ❚✹✲st❛❣❡ t✉♠♦rs t❤❛t ❣♦ ❜❡②♦♥❞ t❤❡ ❜❧❛❞❞❡r ✇❛❧❧ ❛♥❞ ✐♥✈❛❞❡ t❤❡ s✉rr♦✉♥❞✐♥❣

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

❉✐✛❡r❡♥t ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ✇❡r❡ ❝❤♦s❡♥ ❢♦r t❤❡ t❤❡s✐s✳ ❍❈❱✷✾✱ ❛ ♥♦♥✲

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

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

❢r♦♠ ❜❧❛❞❞❡r ❝❛r❝✐♥♦♠❛ ❬✶✶✶❪❀ ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❢r♦♠ ❣r❛❞❡ ✸

t✉♠♦rs✱ r❡♣r❡s❡♥t✐♥❣ ❝❛r❝✐♥♦♠❛ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❬✶✸✾❪✱ r❡s♣❡❝t✐✈❡❧②✳

■♥ ✜❣✉r❡ ✶✳✷✱ t❤❡ ❧♦❝❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❝❤♦s❡♥ ❝❡❧❧ ❧✐♥❡s ✐s ✐♥❞✐❝❛t❡❞✳

✹



✶✳✶✳✸ ❉✐❛❣♥♦s✐s ❛♥❞ tr❡❛t♠❡♥t ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r

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

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

t❡❝t❡❞ ❞✉r✐♥❣ ✉r✐♥❛❧②s✐s ❬✶✷❪✳ ■♥ ❝❛s❡ ♦❢ s✉s♣❡❝t❡❞ ❜❧❛❞❞❡r ❝❛♥❝❡r✱ t❤❡ ♣❛t✐❡♥t

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

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

❋♦❧❧♦✇✐♥❣ t❤✐s✱ tr❛♥s✉r❡t❤r❛❧ r❡s❡❝t✐♦♥ ♦❢ t❤❡ ❜❧❛❞❞❡r t✉♠♦r ✭❚❯❘❇❚✮ ✐s ❢r❡✲

q✉❡♥t❧② ❛♣♣❧✐❡❞ ❬✶✸❪✳ ■♥ ❚❯❘❇❚✱ ❡✐t❤❡r t❤❡ ❡♥t✐r❡ t✉♠♦r ✐s r❡♠♦✈❡❞ ♦r ♦♥❧② ❛

❜✐♦♣s② ✐s t❛❦❡♥ ❢♦r ❢✉rt❤❡r ❛♥❛❧②s✐s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♠✉s❝❧❡✲✐♥✈❛s✐✈❡ t✉♠♦r✳

❚❤❡ tr❡❛t♠❡♥t ❢♦r ❜❧❛❞❞❡r ❝❛♥❝❡r ✈❛r✐❡s ❢♦r ◆▼■❇❈ ❛♥❞ ▼■❇❈✳ ◆▼■❇❈ ❝❛♥

❜❡ ♠❛✐♥❧② tr❡❛t❡❞ ✇✐t❤ ❚❯❘❇❚ ❬✶✹❪ ❛♥❞✴♦r t❤❡ ❇❛❝✐❧❧✉s ❈❛❧♠❡tt❡✲●✉ér✐♥ ✭❇❈●✮

✈❛❝❝✐♥❡ ❜❧❛❞❞❡r ✐♥st✐❧❧❛t✐♦♥ ❬✶✺❪✳ ❍♦✇❡✈❡r✱ ❛❧s♦ t❤❡s❡ tr❡❛t♠❡♥ts ❤❛✈❡ t❤❡✐r ♦✇♥

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

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

❝✐♥♦♠❛s t♦ ♦t❤❡r ♦r❣❛♥s ❛♥❞ t✐ss✉❡s✳ ❚❤❡ ❇❈● ✐♠♠✉♥♦t❤❡r❛♣② ❝♦✉❧❞ ♣r♦❞✉❝❡

❛❞✈❡rs❡ r❡❛❝t✐♦♥s ❞✉❡ t♦ t❤❡ tr❡❛t♠❡♥t ❝♦♥tr❛✐♥❞✐❝❛t✐♦♥s✳ ❉❡s♣✐t❡ t❤✐s✱ t❤❡s❡ t✇♦

❢♦r♠s ♦❢ tr❡❛t♠❡♥t ❣✐✈❡ ❛♥ ♦✈❡r❛❧❧ ✽✵ ✪ s✉❝❝❡ss r❛t❡ ❛♥❞ ❛r❡ t❤❡ ❣♦❧❞ st❛♥❞❛r❞

❢♦r ◆▼■❇❈ ❝❛♥❝❡rs✳ ❚r❡❛t✐♥❣ ▼■❇❈ ✐s ♠✉❝❤ ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ❜❡❝❛✉s❡ ✐t ♠❛②

❡✈❡♥ r❡q✉✐r❡ t❤❡ r❡s❡❝t✐♦♥ ♦❢ t❤❡ ❡♥t✐r❡ ❜❧❛❞❞❡r✱ ✐✳❡✳✱ ❝②st❡❝t♦♠② ❬✶✻❪✳ ■♥ ❜♦t❤

❝❛s❡s✱ t❤❡ tr❡❛t♠❡♥t ❛❧s♦ ✐♥✈♦❧✈❡s ❝❤❡♠♦t❤❡r❛♣② ❬✶✼❪✱ ✐♥ ✇❤✐❝❤ ❝✐s♣❧❛t✐♥ ❬✶✽❪ ❛♥❞

❣❡♠❝✐t❛❜✐♥❡ ❬✶✾❪ ❛r❡ ❝♦♠♠♦♥❧② ✉s❡❞✳ ❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✇✐t❤ s✉❝❤ ❞r✉❣s ✐s t❤❡

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

❛r❡ ❦♥♦✇♥ t♦ ❛❝q✉✐r❡ ❜❧❛❞❞❡r ❝❛♥❝❡r r❡s✐st❛♥❝❡✱ ♣❛rt✐❝✉❧❛r❧② ❛❢t❡r ❝✐s♣❧❛t✐♥ ❛❞✲

♠✐♥✐str❛t✐♦♥✱ ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡ ♦❢ t❤❡ tr❡❛t♠❡♥t ❬✷✵❪✳ ❚❤❡ ❡①❛❝t ♠❡❝❤❛♥✐s♠

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

♥❡❝❡ss❛r② t♦ ✐♠♣r♦✈❡ t❤❡ tr❡❛t♠❡♥t✳

✶✳✷ ❈❡❧❧ str✉❝t✉r❡ ❛♥❞ ❝②t♦s❦❡❧❡t♦♥

❈❡❧❧s ❛r❡ ✈❡r② ❝♦♠♣❧❡① s②st❡♠s t❤❛t ❝♦♥s✐st ♦❢ ✈❛r✐♦✉s ❡❧❡♠❡♥ts t❤❛t ❛r❡ str✉❝✲

t✉r❛❧❧② ❛♥❞ ♠❡❝❤❛♥✐❝❛❧❧② ❞✐✛❡r❡♥t ❬✷✶❪✳ ■♥ ❝❡❧❧ ♠❡❝❤❛♥✐❝s✱ t❤❡ ❝❡❧❧ str✉❝t✉r❡ ✐s

s✐♠♣❧✐✜❡❞✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ♦♥❧② t❤❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❝❡❧❧s✿ t❤❡ ♣❧❛s♠❛

♠❡♠❜r❛♥❡✱ t❤❡ ♥✉❝❧❡✉s✱ ❛♥❞ t❤❡ ❝②t♦s❦❡❧❡t♦♥ ✭✜❣✉r❡ ✶✳✸ ❆✮✳

✺



❋✐❣✉r❡ ✶✳✸✿ ▼❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❝❡❧❧✳ ❆✮ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥
♦❢ t❤❡ ♠❛✐♥ ❡❧❡♠❡♥ts ❝♦♥st✐t✉t✐♥❣ t❤❡ ❝❡❧❧ ✭❝❡❧❧ ♥✉❝❧❡✉s✱ ❝②t♦s❦❡❧❡t♦♥✱
♣❧❛s♠❛ ♠❡♠❜r❛♥❡✮✳ ❇✮ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡ ♦❢ ❍❈❱✷✾ ♥♦♥✲♠❛❧✐❣♥❛♥t ❝❡❧❧s
s❤♦✇✐♥❣ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ✇✐t❤ r❡s♣❡❝t
t♦ t❤❡ ❝❡❧❧ ♥✉❝❧❡✉s✳ ❋❧✉♦r❡s❝❡♥t st❛✐♥✐♥❣✿ ❜❧✉❡✿ ❝❡❧❧ ♥✉❝❧❡✉s ✭❍♦❡❝❤st
✸✸✸✹✷✮❀ ❣r❡❡♥✿ ❛❝t✐♥ ✜❧❛♠❡♥ts ✭❆❧❡①❛ ❋❧✉♦r ✹✽✽✮❀ r❡❞✿ ♠✐❝r♦t✉❜✉❧❡s ✭❛♥t✐✲
β✲❚✉❜✉❧✐♥✲❈②✸✮✳

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

t❤❡ ❝❡❧❧ ✐♥t❡r✐♦r✱ ♣r♦t❡❝t✐♥❣ t❤❡ ❝❡❧❧ ❢r♦♠ ❡①t❡r♥❛❧ ❢❛❝t♦rs ❬✷✷❪✳ ■t ❝♦♥s✐sts ♦❢ ❛

♣❤♦s♣❤♦❧✐♣✐❞ ❜✐❧❛②❡r ♣❡♥❡tr❛❜❧❡ ❢♦r ✇❛t❡r ❛♥❞ s♠❛❧❧ ♥♦♥✲♣♦❧❛r ♠♦❧❡❝✉❧❡s ❧✐❦❡ O2

❛♥❞ CO2 ❬✷✸❪✳ ▼♦r❡♦✈❡r✱ s❡✈❡r❛❧ ♣r♦t❡✐♥s ❛♥❞ ❧✐♣✐❞s ❛r❡ ♣❛rt ♦❢ t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡✱

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

♠❡t❛❜♦❧✐t❡s ❝❛♥ ❜❡ tr❛♥s♣♦rt❡❞ ✐♥ ❛♥❞ ♦✉t ♦❢ t❤❡ ❝❡❧❧ ❬✷✹❪✳

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

❝♦♥t❛✐♥s ❣❡♥❡t✐❝ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❝❤r♦♠♦s♦♠❡s ❬✷✶❪✳ ■♥ ✜❣✉r❡ ✶✳✸ ❇✱

t❤❡ ♥✉❝❧❡✐ ♦❢ t❤❡ ❍❈❱✷✾ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❛r❡ st❛✐♥❡❞ ✐♥ ❜❧✉❡ ✭❍♦❡❝❤st ✸✸✸✹✷✮✳

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

❚❤❡ ❝②t♦s❦❡❧❡t♦♥ ✐s t❤❡ str✉❝t✉r❡ t❤❛t s✉♣♣♦rts t❤❡ ❝❡❧❧ str✉❝t✉r❡ ❛♥❞ st❛❜✐❧✐③❡s

✻



✐ts s❤❛♣❡✳ ❚❤❡ ♠❛✐♥ ❡❧❡♠❡♥ts ❝♦♥st✐t✉t❡ t❤❡ ❝❡❧❧ ❝②t♦s❦❡❧❡t♦♥✿ ❛❝t✐♥ ♠✐❝r♦✜❧❛✲

♠❡♥ts✱ ✐♥t❡r♠❡❞✐❛t❡ ✜❧❛♠❡♥ts✱ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s✳ ❋✐❣✉r❡ ✶✳✸ ❇ s❤♦✇s t❤❡ ♠❛✐♥

❝②t♦s❦❡❧❡t❛❧ ♥❡t✇♦r❦s ✐♥ ❍❈❱✷✾ ♥♦♥✲♠❛❧✐❣♥❛♥t ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱ ✇❤❡r❡ ✐♥

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

✐③❡❞✳

❚❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts ✇❡r❡ ✜rst ❞❡s❝r✐❜❡❞ ✐♥ ✶✾✹✶ ❬✷✺❪✱ ❛♥❞ t❤❡② ❛r❡ ❦♥♦✇♥ t♦

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

t✐♦♥ ❛♥❞ ❝♦♥tr❛❝t✐♦♥ ❬✷✻❪✳ ❆ s✐♥❣❧❡ ❛❝t✐♥ ✜❧❛♠❡♥t ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛❝t✐♥ α ❛♥❞ β

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

❛r♦✉♥❞ t❤❡ ✜❧❛♠❡♥t✬s ♠❛✐♥ ❛①✐s ❬✷✼❪✳ ❚❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ st❛rts ✇✐t❤ t❤❡ ❣❧♦❜✉❧❛r

❛❝t✐♥ ♠♦♥♦♠❡rs ✭●✲❛❝t✐♥✮ t❤❛t ♣♦❧②♠❡r✐③❡ ✐♥t♦ ❞♦✉❜❧❡✲str❛♥❞❡❞ ❤❡❧✐❝❛❧ ✜❧❛♠❡♥ts

✭❋✲❛❝t✐♥✮✳ ❚②♣✐❝❛❧❧②✱ ❛❝t✐♥ ✜❧❛♠❡♥ts ❤❛✈❡ ❛ ❞✐❛♠❡t❡r ♦❢ ✼ ♥♠ ❛♥❞ ❛ ❧❡♥❣t❤ ♦❢

✉♣ t♦ ✶✵✵ µ♠✳ ❚❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛r❡ ❧♦❝❛❧✐③❡❞ ✉♥❞❡r t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡ ✭❛s

✐♥❞✐❝❛t❡❞ ✐♥ ✜❣✉r❡ ✶✳✸✮✱ ❜✉t ❛ ❜✉♥❞❧❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❛❝t✐♥ ✜❧❛♠❡♥ts ❝❛♥ ❝r♦ss ♦✈❡r

t❤❡ ❡♥t✐r❡ ❝❡❧❧ ❜♦❞②✳

❚❤❡ ✐♥t❡r♠❡❞✐❛t❡ ✜❧❛♠❡♥ts ❛r❡ ♠♦r❡ ✢❡①✐❜❧❡ ✜❜❡rs t❤❛♥ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts✳ ❚❤❡②

❛r❡ ✐♠♣♦rt❛♥t ❢♦r ❝❡❧❧✉❧❛r ❛♥❞ ♥✉❝❧❡❛r st❛❜✐❧✐t② ❬✷✽❪✳ ❚❤❡② ❛r❡ ❢♦r♠❡❞ ❜② s✐♥❣❧❡

✜❧❛♠❡♥ts ♦❢ ✶✵ ♥♠ ❞✐❛♠❡t❡r t✇✐st❡❞ ❛r♦✉♥❞ ❡❛❝❤ ♦t❤❡r ❧✐❦❡ ❛ r♦♣❡✳ ❚❤❡② ❛r❡

♠♦st❧② ♣r❡s❡♥t ❛r♦✉♥❞ t❤❡ ❝❡❧❧ ♥✉❝❧❡✉s ❬✷✶❪✳

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

❢♦r♠❡❞ ❝❧♦s❡ t♦ t❤❡ ♥✉❝❧❡✉s ✐♥ s♦✲❝❛❧❧❡❞ ♠✐❝r♦t✉❜✉❧❡ ♦r❣❛♥✐③✐♥❣ ❝❡♥t❡rs ✭▼❚❖❈✮✳

❚❤❡② ❡①♣❛♥❞ ❢r♦♠ ▼❚❖❈s t♦ t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡✳ ▼✐❝r♦t✉❜✉❧❡s ❛r❡ ✇✐❞❡ ✜❧❛✲

♠❡♥ts ♣r♦❞✉❝❡❞ ❜② t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ α✲ ❛♥❞ β✲t✉❜✉❧✐♥ ❤❡t❡r♦❞✐♠❡rs✱ ✇❤✐❝❤

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

✢❡①✐❜❧❡ ❛♠♦♥❣ t❤❡ t❤r❡❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❝②t♦s❦❡❧❡t♦♥✳ ▼♦r❡♦✈❡r✱ t❤❡② ❤❛✈❡

❛ ✉♥✐q✉❡ ❝❛♣❛❝✐t② t♦ ❞✐s❛ss❡♠❜❧❡ ✐♥ ♦♥❡ ❡♥❞ ❛♥❞ ❛ss❡♠❜❧❡ ✐♥ ❛♥♦t❤❡r ❬✷✶❪✳ ❚❤❡

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

♠✐t♦t✐❝ s♣✐♥❞❧❡s ❬✷✾❪✳

✶✳✷✳✶ ❈❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s

❚❤❡ ♦✉t❡r s♣❛❝❡ ♦❢ t❤❡ ❝❡❧❧s ✐s ❢♦r♠❡❞ ❜② t❤❡ ❡①tr❛❝❡❧❧✉❧❛r ♠❛tr✐① ✭❊❈▼✮✱

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

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

❡♠❜❡❞❞❡❞ ✐♥ t❤❡ ♣r♦t❡♦❣❧②❝❛♥ ❛♥❞ ❣❧②❝♦s❛♠✐♥♦❣❧②❝❛♥ ❣❡❧s ❬✸✵❪✳

❈❡❧❧s ✐♥ ✈✐✈♦ ❣r♦✇ ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r ❛♥❞ ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❊❈▼✳ ❚❤❡②

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

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

✼



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

✶✳ ♣❛r❛❝r✐♥❡ ❝❡❧❧✲❝❡❧❧ ❝♦♠♠✉♥✐❝❛t✐♦♥✱ ✇❤✐❝❤ ❞♦❡s ♥♦t r❡q✉✐r❡ ♣❤②s✐❝❛❧ ❝♦♥t❛❝t

❜❡t✇❡❡♥ ❝❡❧❧s✱

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

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

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

❧♦♥❣ ❞✐st❛♥❝❡s t❤r♦✉❣❤ ❡①tr❛❝❡❧❧✉❧❛r ✢✉✐❞s ❬✸✶❪

❚❤❡ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧

r❡s♣♦♥s❡ ❛♥❞ t✐ss✉❡ ❢♦r♠❛t✐♦♥✳ ❈❡❧❧ ❥✉♥❝t✐♦♥s ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ✐♥t♦ t❤r❡❡ ❣r♦✉♣s✿

t✐❣❤t ❥✉♥❝t✐♦♥s✱ ❣❛♣ ❥✉♥❝t✐♦♥s✱ ❛♥❞ ❛♥❝❤♦r✐♥❣ ❥✉♥❝t✐♦♥s✳

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

s✉❣❣❡sts✱ t❤❡② ❢✉♥❝t✐♦♥ ❛s ❛ str♦♥❣ ❜❛rr✐❡r t❤❛t ♣r❡✈❡♥ts t❤❡ ♠♦✈❡♠❡♥t ♦❢ ✢✉✐❞s

❤❛✈✐♥❣ ❛ ❞✐✛❡r❡♥t ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❢r♦♠ ♦♥❡ s✐❞❡ t♦ ❛♥♦t❤❡r ✭✜❣✉r❡ ✶✳✸ ❆✮

❬✸✷❪✳

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

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

t✇♦ ❛❞❥❛❝❡♥t ❝❡❧❧s ❬✸✸❪✳

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

♣r♦t❡✐♥s✱ ✇❤✐❝❤ ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝②t♦♣❧❛s♠✐❝ ❞♦♠❛✐♥ t❤❛t ❜✐♥❞s t♦ ❛♥ ✐♥tr❛✲

❝❡❧❧✉❧❛r ❛♥❝❤♦r ♣r♦t❡✐♥ ❛♥❞ ❛♥ ❡①tr❛❝❡❧❧✉❧❛r ❞♦♠❛✐♥ t❤❛t ❜✐♥❞s ❡✐t❤❡r t♦ t❤❡ ❊❈▼

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

❬✸✹❪✳ ❚❤❡ ❛♥❝❤♦r✐♥❣ ❥✉♥❝t✐♦♥s ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ❛s ❞❡s♠♦s♦♠❡s✱ ❤❡♠✐❞❡s♠♦s♦♠❡s✱

❛❞❤❡r❡♥s ❥✉♥❝t✐♦♥s✱ ❛♥❞ ❢♦❝❛❧ ❛❞❤❡s✐♦♥s✳ ❚❤❡② ❞✐✛❡r ✐♥ t❤❡ ❛❞❤❡s✐♦♥ ♠♦❧❡❝✉❧❡

❛♥❞ t❤❡ ❝②t♦s❦❡❧❡t❛❧ str✉❝t✉r❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ❥✉♥❝t✐♦♥s✳ ❉❡s♠♦s♦♠❡s ❛♥❞ ❛❞✲

❤❡r❡♥s ❥✉♥❝t✐♦♥s ✉s❡ ❝❛❞❤❡r✐♥s ❬✸✺❪✱ ✇❤✐❧❡ ❢♦❝❛❧ ❛❞❤❡s✐♦♥s ❛♥❞ ❤❡♠✐❞❡s♠♦s♦♠❡s

✉s❡ ✐♥t❡❣r✐♥s ❬✸✻❪ t♦ ❜✐♥❞ ❝❡❧❧s t♦ ❛♥♦t❤❡r ❝❡❧❧ ❛♥❞ ❊❈▼✳ ❚❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts

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

❤❛♥❞✱ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ✜❧❛♠❡♥ts ♠♦❞❡r❛t❡ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❞❡s♠♦s♦♠❡s ❛♥❞

❤❡♠✐❞❡s♠♦s♦♠❡s ❬✸✼❪✳

✶✳✸ ▼✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ✭▼❈❙s✮

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

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

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

✽



✭❊❈▼✮ ❬✸✽❪✳ ❚❤❡ ❝❛♥❝❡r t✐ss✉❡ ✐s ❛ ❝♦♠♣❧❡① ♥❡t✇♦r❦ t❤❛t ❝♦♥s✐sts ♦❢ ♥❡♦♣❧❛st✐❝

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

❡♥❞♦t❤❡❧✐❛❧ ❝❡❧❧s✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥s ❛♥❞ ❝r♦ss✲s✐❣♥❛❧✐♥❣ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t t②♣❡s ♦❢

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

❡✈❡♥ t❤♦✉❣❤ t❤❡r❡ ❤❛s ❜❡❡♥ ✐♠♣♦rt❛♥t ♣r♦❣r❡ss ✐♥ ❞r✉❣ ❞❡✈❡❧♦♣♠❡♥t ❬✸✾❪✳ ❖♥❡ ♦❢

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

❢r♦♠ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✭✷❉✮ ❝❡❧❧ ❝✉❧t✉r❡ t♦ ✐♥ ✈✐✈♦ ❛♥✐♠❛❧ ♠♦❞❡❧s✳

●❡♥❡r❛❧❧②✱ ✷❉ ❝✉❧t✉r❡s ❛r❡ ❦♥♦✇♥ t♦ ❜❡ ✈❡r② r❡♣r♦❞✉❝✐❜❧❡ ❛♥❞ ❡❛s✐❧② ❝♦♥tr♦❧❧❛❜❧❡

✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❬✹✵❪✳ ❍♦✇❡✈❡r✱ t❤❡ ✷❉ ♠♦♥♦❧❛②❡r ❝✉❧t✉r❡s ❤❛✈❡ s❡✈❡r❛❧ ❧✐♠✐t❛✲

t✐♦♥s✿ ❧❛❝❦ ♦❢ t✐ss✉❡ ❛r❝❤✐t❡❝t✉r❡✱ s✐♠♣❧✐✜❡❞ ❝❡❧❧✲❝❡❧❧ ✐♥t❡r❛❝t✐♦♥✱ ❛♥❞ ❧❛❝❦ ♦❢ t✉♠♦r

♠✐❝r♦❡♥✈✐r♦♥♠❡♥t ❤❡t❡r♦❣❡♥❡✐t②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ✭✸❉✮ ❝✉❧t✉r❡s

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

♠♦❞❡❧s ❛♥❞ t❤❡ ✐♥ ✈✐tr♦ ❝❡❧❧ ❝✉❧t✉r❡ ❬✹✶❪✳

▼✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ✭▼❈❙s✮ ❛r❡ s♣❤❡r✐❝❛❧ ❛❣❣r❡❣❛t❡s ♦❢ ❝❛♥❝❡r ❝❡❧❧s t❤❛t

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

♦❢ ❞r✉❣ ❞✐s❝♦✈❡r②✳ ❚❤❡② ✇❡r❡ ✜rst ✉s❡❞ ✐♥ ✶✾✼✶ ❬✹✷❪ ❬✹✸❪✳ ▼❈❙s ❛r❡ ❛♣♣❧✐❡❞ t♦

r❡♣r♦❞✉❝❡ s♦♠❡ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡s ♦❢ s♦❧✐❞ t✉♠♦rs✿ ❝❡❧❧✲❝❡❧❧ s✐❣♥❛❧✐♥❣✱ ❝❡❧❧✲❊❈▼

✐♥t❡r❛❝t✐♦♥✱ ❣❡♥❡ ❡①♣r❡ss✐♦♥ ❛♥❞ ❞r✉❣ r❡s✐st❛♥❝❡ ❬✹✹❪ ❬✹✺❪ ❬✹✻❪✳

✶✳✸✳✶ ❆ss❡♠❜❧② ♦❢ ▼❈❙s

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

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

❋✐❣✉r❡ ✶✳✹✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❛t✐♦♥✳
❚❤r❡❡ ♠❛✐♥ st❡♣s ❝❤❛r❛❝t❡r✐③❡ s♣❤❡r♦✐❞ ❢♦r♠❛t✐♦♥✿ ✶✳ ❛❣❣r❡❣❛t✐♦♥ ❜❡✲
t✇❡❡♥ ❝❡❧❧s ✈✐❛ ✐♥t❡❣r✐♥✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s❀ ✷✳ ♦✈❡r❡①♣r❡ss✐♦♥ ❛♥❞ ❛❝❝✉✲
♠✉❧❛t✐♦♥ ♦❢ ❝❛❞❤❡r✐♥s❀ ✸✳ ❝❛❞❤❡r✐♥✲❝❛❞❤❡r✐♥ ✐♥t❡r❛❝t✐♦♥s t❤❛t ❢♦r♠ t❤❡
❝♦♠♣❛❝t ❝❡❧❧✉❧❛r str✉❝t✉r❡✳

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

✾



❜❡t✇❡❡♥ t❤❡ ✐♥t❡❣r✐♥s ♣r❡s❡♥t ✐♥ t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡ ❛♥❞ t❤❡ ❧♦♥❣✲❝❤❛✐♥ ❊❈▼ ✜❜❡rs

❝♦♥t❛✐♥✐♥❣ t❤❡ ❛r❣✐♥②❧✲❣❧②❝②❧✲❛s♣❛rt✐❝ ❛❝✐❞ ✭❘●❉✮ ♠♦t✐❢s✳ ■t ✐♥❞✉❝❡s t❤❡ ❢♦r♠❛✲

t✐♦♥ ♦❢ ❛ s♣❤❡r♦✐❞✱ ✇❤❡r❡ t❤❡ ❝❡❧❧s ❛r❡ ❧♦♦s❡❧② ❛tt❛❝❤❡❞✳ ❉✉❡ t♦ t❤❡ ❞✐r❡❝t ❝❡❧❧✲❝❡❧❧

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

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

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

❧✉❧❛r s♣❤❡r♦✐❞s ❬✹✼❪✳ ❚❤❡ t②♣❡s ♦❢ ❝❛❞❤❡r✐♥ ✐♥✈♦❧✈❡❞ ✐♥ s♣❤❡r♦✐❞ ❢♦r♠❛t✐♦♥ ✈❛r②

❢r♦♠ ❝❡❧❧ t♦ ❝❡❧❧✱ ❛♥❞ ❊✲❝❛❞❤❡r✐♥ ❛♥❞ ◆✲❝❛❞❤❡r✐♥ ❛r❡ t❤❡ ♠♦st ❢r❡q✉❡♥t❧② ❢♦✉♥❞

❬✹✹❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ str✉❝t✉r❛❧ st❛❜✐❧✐t② ♦❢ t❤❡ s♣❤❡r♦✐❞s ✐s ♠❛✐♥t❛✐♥❡❞ ❜② t❤❡

❢♦r❝❡s ❣❡♥❡r❛t❡❞ ✇✐t❤✐♥ t❤❡ ❝❡❧❧ ❝②t♦s❦❡❧❡t♦♥ ❬✹✾❪✳

✶✳✸✳✷ ■♥t❡r♥❛❧ str✉❝t✉r❡ ♦❢ ▼❈❙s

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

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

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

❡♥❞♦t❤❡❧✐❛❧ ❝❡❧❧s✱ ♦r ✐♠♠✉♥❡ ❝❡❧❧s ❬✹✹❪✳ ❚❤❡ ✐♥t❡r♥❛❧ str✉❝t✉r❡ ♦❢ t❤❡ ▼❈❙ ✐s

s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♣r❡s❡♥t ✐♥ ❛ s♦❧✐❞ t✉♠♦r✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❞✐✛❡r❡♥t ❝❡❧❧✉❧❛r

❧❛②❡rs ✭✜❣✉r❡ ✶✳✺✮✳

❋✐❣✉r❡ ✶✳✺✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛ ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞✳
❆✮ ❚❤❡ ✐♥t❡r♥❛❧ str✉❝t✉r❡ ♦❢ ❛♥ ▼❈❙ ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡ ♠❛✐♥
♣❛rts✿ ✶✳ ♦✉t❡r ❧❛②❡r ♦❢ ♣r♦❧✐❢❡r❛t✐♥❣ ❝❡❧❧s❀ ✷✳ ✐♥♥❡r ❧❛②❡r ♦❢ s❡♥❡s❝❡♥t
❝❡❧❧s❀ ✸✳ ♥❡❝r♦t✐❝ ❝♦r❡✳ ❇✮ ❆♥ ❡①❡♠♣❧❛r② ✐♠❛❣❡ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞
str✉❝t✉r❡ ❢♦r♠❡❞ ❢r♦♠ ❍❚✶✸✼✻ ❝❡❧❧s ✭❤❡♠❛t♦①②❧✐♥ ❛♥❞ ❡♦s✐♥ st❛✐♥✐♥❣ ♦❢ ❛
❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ s♣❤❡r♦✐❞✮✳

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

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

❝❡❧❧s❀

✶✵



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

✇❤❡♥ ❡①♣♦s❡❞ t♦ ♥✉tr✐❡♥ts t❤❡② ❝❛♥ st❛rt t♦ ♣r♦❧✐❢❡r❛t❡❀

✸✳ t❤❡ ❝♦r❡ ❢♦r♠❡❞ ❜② ♥❡❝r♦t✐❝ ✭❞❡❛❞✮ ❝❡❧❧s ❬✹✽❪✳

❚❤❡ ♦r✐❣✐♥ ♦❢ t❤❡s❡ ❧❛②❡rs ❛r✐s❡s ❢r♦♠ t❤❡ ❞✐✛✉s✐♦♥ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ ♦①②❣❡♥✱ ♥✉✲

tr✐❡♥ts✱ ❛♥❞ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ t♦①✐❝ ✇❛st❡s ✐♥s✐❞❡ t❤❡ s♣❤❡r♦✐❞s ❬✹✺❪✳

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

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

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

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

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

♦①②❣❡♥ s♣❡❝✐❡s t♦ ❝❛✉s❡ ❝❡❧❧ ❞❡❛t❤ ✇✐❧❧ ♥♦t ❛✛❡❝t t❤❡ ✐♥♥❡r r❡❣✐♦♥s ❜❡❝❛✉s❡ ♦❢ t❤❡

❤②♣♦①✐❝ ❝♦♥❞✐t✐♦♥ ♣r❡s❡♥t t❤❡r❡ ❬✹✹❪✳

✶✳✸✳✸ ●r♦✇t❤ ❦✐♥❡t✐❝s ♦❢ ▼❈❙s

❚❤❡ s♣❤❡r♦✐❞ ❣r♦✇t❤ ❦✐♥❡t✐❝s ✐s s✐♠✐❧❛r t♦ ♦♥❡ ♦❢ t❤❡ s♦❧✐❞ t✉♠♦rs ✭✜❣✉r❡ ✶✳✻✮✳

❋✐❣✉r❡ ✶✳✻✿ ❙♣❤❡r♦✐❞s ❣r♦✇t❤✳ ❚❤❡ s♣❤❡r♦✐❞s ❤❛✈❡ ❛ ❣r♦✇t❤ ♣❛tt❡r♥
s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♦❢ ❛ s♦❧✐❞ t✉♠♦r✿ ❛♥ ✐♥✐t✐❛❧ ❧♦❣❛r✐t❤♠✐❝ ❣r♦✇t❤ ❢♦❧❧♦✇❡❞
❜② ❛ ♣❧❛t❡❛✉ ✭♣r❡♣❛r❡❞ ❜❛s❡❞ ♦♥ ❬✹✻❪✮✳

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

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

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

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

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

✈♦❧✉♠❡ r❛t❡ r❡♠❛✐♥s ❝♦♥st❛♥t✮ ❬✹✹❪ ❬✺✵❪✳

✶✳✸✳✹ ▼❈❙s ❝✉❧t✉r❡ s②st❡♠s

❚❤❡ s♣❤❡r♦✐❞s✲❜❛s❡❞ ❝✉❧t✉r❡ s②st❡♠s ❝♦✉❧❞ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ s❝❛✛♦❧❞✲❜❛s❡❞ ❛♥❞

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

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

t❤❡ ❝❛s❡ ♦❢ s❝❛✛♦❧❞✲❜❛s❡❞ s②st❡♠s✳ ■♥ ❜♦t❤ ❝♦♥❞✐t✐♦♥s✱ t❤❡r❡ ✐s ❛ ❤✐❣❤ ♥✉♠❜❡r

♦❢ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s✳ ❆♥ ✐♠♣♦rt❛♥t ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ s❝❛✛♦❧❞✲

❢r❡❡ s②st❡♠ ✐s t❤❛t t❤❡ ❝❡❧❧s ♣r♦❞✉❝❡ ❊❈▼ ❛❧♦♥❡✱ ❛♥❞ t❤❡ ❣r❛❞✐❡♥t ♦❢ ♥✉tr✐❡♥ts✱

❣❛s❡s✱ ❛♥❞ ♣❍ ✐s ♠❛✐♥t❛✐♥❡❞✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❊❈▼ ✐s ♣r♦❞✉❝❡❞ ❛rt✐✜❝✐❛❧❧② ✐♥ t❤❡

s❝❛✛♦❧❞✲❜❛s❡❞ s②st❡♠✱ ❛♥❞ t❤❡ ♠❛❥♦r ❞✐✣❝✉❧t② r❡❧✐❡s ♦♥ ✐s♦❧❛t✐♥❣ t❤❡ s♣❤❡r♦✐❞s

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

s❝❛✛♦❧❞✲❢r❡❡ s②st❡♠ ✐s t❤❡ ❧❛❝❦ ♦❢ st❛♥❞❛r❞✐③❡❞ ♣r♦t♦❝♦❧s ❢♦r ❢♦r♠✐♥❣ s♣❤❡r♦✐❞s✳

❚❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ s♣❤❡r♦✐❞s ♦❢ ✉♥✐❢♦r♠ s✐③❡ ❛♥❞ ❢❡❛t✉r❡s r❡q✉✐r❡s ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢

♦♣t✐♠✐③❛t✐♦♥ ❬✹✵❪ ❬✺✶❪✳

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♠❡t❤♦❞s t♦ ❣❡♥❡r❛t❡ ▼❈❙s✱ ❛♠♦♥❣ ✇❤✐❝❤ t❤❡ ♠♦st ♣♦♣✉❧❛r

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

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

✐♥❤✐❜✐t✐♥❣ ❝❡❧❧ ❛❞❤❡r❡♥❝❡ ❬✹✺❪✳ ❙✉❝❤ s✉❜str❛t❡s ❝♦✉❧❞ ❜❡ ♠❛❞❡ ♦❢ s✐♠♣❧❡ ❛❣❛r♦s❡ ❣❡❧

❬✺✷❪ ♦r ❤②❞r♦♣❤♦❜✐❝ ♣♦❧②♠❡rs ❧✐❦❡ P❍❊▼❆ ✭♣♦❧② ✷✲❤②❞r♦①②❡t❤②❧ ♠❡t❤❛❝r②❧❛t❡✮

❬✺✸❪✳ ■t ✐s ❛ s✐♠♣❧❡ ♠❡t❤♦❞✱ ❜✉t ✐♥ ♦r❞❡r t♦ r❡♣r♦❞✉❝❡ t❤❡ s❛♠❡ s✐③❡ ♦❢ s♣❤❡r♦✐❞s✱

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

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

♣r❡❝✐s❡❧② ❬✺✹❪✳

❋✐❣✉r❡ ✶✳✼ ♣r❡s❡♥ts ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ s♣❤❡r♦✐❞ ❝✉❧t✉r❡ ♠❡t❤♦❞ ✉s✐♥❣ ❝♦♠♠❡r❝✐❛❧❧②

❛✈❛✐❧❛❜❧❡ ❯✲❜♦tt♦♠✲✇❡❧❧ ♣❧❛t❡s✳
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❋✐❣✉r❡ ✶✳✼✿ ❙♣❤❡r♦✐❞ ❝✉❧t✉r❡ ✐♥ ♥♦♥✲❛❞❤❡r❡♥t s✉r❢❛❝❡ ♣❧❛t❡✳
❚❤❡r❡ ❛r❡ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ✾✻✲✇❡❧❧ ♣❧❛t❡s ✇✐t❤ ❯✲❜♦tt♦♠ ❛♥❞ ♥♦♥✲
❛❞❤❡r❡♥t s✉r❢❛❝❡ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❣❡♥❡r❛t❡ s♣❤❡r♦✐❞s✳ ✶✳ ❙❡❡❞✐♥❣ ♦❢ ❛
❝❡rt❛✐♥ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ✭❞❡♣❡♥❞s ♦♥ t❤❡ ❝❡❧❧ t②♣❡ ❛♥❞ t❤❡ ❞❡s✐r❡❞ s✐③❡ ♦❢
t❤❡ s♣❤❡♦r✐❞s✮ ✷✳ ❈❡❧❧s ❛r❡ ✐♥ ❝♦♥t❛❝t ❡❛❝❤ ♦t❤❡r ❛♥❞ st❛rts t♦ ❛❣❣r❡❣❛t❡✳
✸✳ ❋♦r♠❛t✐♦♥ ♦❢ ❛ s♣❤❡r♦✐❞✳

✾✻✲✇❡❧❧ ♣❧❛t❡s ✇✐t❤ ❯✲❜♦tt♦♠ ❛♥❞ ♥♦♥✲❛❞❤❡r❡♥t s✉r❢❛❝❡s ❝❛♥ ❜❡ ✉s❡❞ t♦ ❣❡♥❡r❛t❡

s♣❤❡r♦✐❞s ✐♥ t❤r❡❡ st❡♣s✳ ❋✐rst✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❡❧❧ t②♣❡ ❛♥❞ t❤❡ ❞❡s✐r❡❞ s✐③❡ ♦❢

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

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

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

t❤❡ s❛♠❡ ✇❡❧❧s ❢♦r s❡✈❡r❛❧ ❞❛②s ♦r ❡✈❡♥ ✇❡❡❦s✳

✶✸



✶✳✹ ❈❡❧❧ ♠❡❝❤❛♥✐❝s

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

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

str❡ss❡s✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❝❧❛ss✐✜❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢ ❛❝t✐♦♥ ✭✜❣✉r❡ ✶✳✽✮✳

❋✐❣✉r❡ ✶✳✽✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ❢♦r❝❡s ❛❝t✐♥❣ ♦♥ ❝❡❧❧s ✐♥❞✉❝✐♥❣ ❝♦♠✲
♣r❡ss✐✈❡✱ t❡♥s✐❧❡✱ ❛♥❞ s❤❡❛r str❡ss✳ ❋x ❛♥❞ ❋y ❛r❡ t❤❡ ❢♦r❝❡s ❛♣♣❧✐❡❞
♦♥ ❝❡❧❧s❀ ✲❋x ❛♥❞ ✲❋y ❛r❡ t❤❡ ❢♦r❝❡s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❝❡❧❧✬s r❡❛❝t✐♦♥✳

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

❞✐❝✉❧❛r❧② ♦r ❧❛t❡r❛❧❧②✱ t❤❡② ♠❛② ❝❛✉s❡✿

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

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

✷✳ t❡♥s✐♦♥ ✲ t❤❡ str❡ss ✭❝❛❧❧❡❞ t❡♥s✐❧❡ str❡ss✮ ✐s ❛♣♣❧✐❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r❧② t♦ t❤❡

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

t❤❡ ❝❡❧❧✳

✸✳ s❤❡❛r ✲ t❤❡ str❡ss ✐s ❛♣♣❧✐❡❞ ♣❛r❛❧❧❡❧❧② t♦ t❤❡ ❝❡❧❧ s✉r❢❛❝❡ ✭❧✐❦❡ t❤❡ ♦♥❡ ❣❡♥✲

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

♦♣♣♦s✐♥❣ s✐❞❡s ♦❢ t❤❡ ❝❡❧❧ ❬✺✺❪✳

✶✳✹✳✶ ❈❡❧❧ ♠❡❝❤❛♥✐❝s ❛♥❞ ❝❛♥❝❡r

❈❛♥❝❡r ✐s ❛ ❞✐s❡❛s❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ✉♥❝♦♥tr♦❧❧❛❜❧② ❞✐✈✐❞✐♥❣ ❛❜♥♦r♠❛❧ ❝❡❧❧s

s✉❜❥❡❝t❡❞ t♦ ❣❡♥❡t✐❝ ♠✉t❛t✐♦♥s ❬✸✽❪✳ ❖♥❡ ♦❢ t❤❡ ♠♦st ❢r❡q✉❡♥t❧② ♠✉t❛t❡❞ ❣❡♥❡s ✐s

✶✹



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

❛♣♦♣t♦s✐s ❛♥❞ r❡♣❛✐r ♠❡❝❤❛♥✐s♠s ❛❢t❡r ❉◆❆ ❞❛♠❛❣❡ ❬✺✼❪✳ ❈❛♥❝❡r r❡s❡❛r❝❤ ❤❛s

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

s✐♥❝❡ ✐t ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t❤❛t✱ ❝♦♠♣❛r❡❞ t♦ ♥♦r♠❛❧ ❝❡❧❧s✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧

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

❛r❡ ❛❧t❡r❡❞ ❬✺✻❪ ❬✺✽❪ ❬✺✾❪✳ ▼❡❝❤❛♥✐❝s ♦❢ ❝❡❧❧s ❤❛s r❡❛❝❤❡❞ ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥

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

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

s✐♦♥ ❞✉❡ t♦ t❤❡ ❢❛st✲❞✐✈✐❞✐♥❣ ♣r♦❝❡ss ✐♥ ❛ r❡str✐❝t❡❞ s♣❛❝❡ ❬✺✺❪✳ ▲✐❦❡✇✐s❡✱ s❡✈❡r❛❧

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

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

t❤❡ ♠❛tr✐① ❬✻✵❪❀ t❤❡ t✉♠♦r ♠❛ss ❡①♣❛♥s✐♦♥ ✐♥❞✉❝❡s ❝♦♠♣r❡ss✐♦♥ ❬✻✶❪✱ ❛♥❞ ❜❡❝❛✉s❡

♦❢ t❤❡ ♣♦♦r ❧②♠♣❤❛t✐❝ ❞r❛✐♥❛❣❡ t❤❡r❡ ✐s ❛ r✐s❡ ✐♥ t❤❡ ✐♥t❡rst✐t✐❛❧ ♣r❡ss✉r❡ ❬✻✷❪✳

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

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

♦r t❤❡ ❡♣✐t❤❡❧✐✉♠ ❬✻✸❪✳ ❚❤✉s✱ ❝♦♠♣❛r❡❞ t♦ ♥♦r♠❛❧ ❝❡❧❧s✱ ❝❛♥❝❡r ❝❡❧❧s s❤♦✉❧❞ ❜❡

❝❤❛r❛❝t❡r✐③❡❞ ❜② ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ■♥❞❡❡❞✱ ✐♥ ✈✐tr♦ st✉❞✐❡s ❤❛✈❡

s❤♦✇♥ t❤❛t ♠❡t❛st❛t✐❝ t✉♠♦r ❝❡❧❧s ❛r❡ s♦❢t❡r t❤❛♥ ♥♦r♠❛❧ ❝❡❧❧s ❬✻✹❪ ❛♥❞ t❤❛t t❤❡s❡

❞✐✛❡r❡♥❝❡s ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❝❡❧❧ ❝②t♦s❦❡❧❡t♦♥ ❛♥❞ t❤❡ ✐♥t❡r✲

❛❝t✐♦♥s ♦❢ ❝❡❧❧s ✇✐t❤ t❤❡ s✉rr♦✉♥❞✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❬✻✺❪ ❬✻✻❪ ❬✻✼❪ ❬✻✽❪✳ ❚❛❦✐♥❣ ✐♥t♦

❛❝❝♦✉♥t ❛❧❧ t❤❡s❡ r❡s✉❧ts✱ ❜② ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡

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

❜❡ ♣♦ss✐❜❧❡ t♦ ✐♠♣r♦✈❡ ❞✐❛❣♥♦s✐s ❛♥❞ ✐❞❡♥t✐❢② ✐♥♥♦✈❛t✐✈❡ ❜✐♦♠❛r❦❡rs ❛♥❞ ♥❡✇ ♣♦✲

t❡♥t✐❛❧ t❤❡r❛♣❡✉t✐❝ t❛r❣❡ts✳

✶✳✹✳✷ ❈❡❧❧✉❧❛r ♠♦❞❡❧❧✐♥❣ ✐♥ ❜✐♦♠❡❝❤❛♥✐❝s

❆ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡ ♣✉r❡❧② ❡❧❛st✐❝✱ ♣✉r❡❧② ♣❧❛st✐❝✱ ♦r ✈✐s❝♦❡❧❛st✐❝ ❬✻✾❪ ❬✼✵❪ ❬✼✶❪✳

❆ ♣✉r❡❧② ❡❧❛st✐❝ ♠❛t❡r✐❛❧ ❝❛♥ r❡s✐st ❡①t❡r♥❛❧ ❢♦r❝❡ ❛♥❞ r❡❝♦✈❡r ✐ts s❤❛♣❡ ❛♥❞ s✐③❡

♦♥❝❡ t❤❡ str❡ss ✐s r❡♠♦✈❡❞ ❬✻✾❪✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❛ ♣✉r❡❧② ♣❧❛st✐❝ ♠❛t❡r✐❛❧ r❡❝♦✈❡rs

♦♥❧② ♣❛rt✐❛❧❧② ✐ts ✐♥✐t✐❛❧ s❤❛♣❡ ❛♥❞ s✐③❡ ✇❤❡♥ s✉❜❥❡❝t❡❞ t♦ ❡①t❡r♥❛❧ ❢♦r❝❡s ❬✼✵❪✳ ■♥

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

t❤❡r❡ ✐s ❛ ♣❛rt✐❛❧ r❡❝♦✈❡r② ♦❢ t❤❡ s❤❛♣❡ ❛♥❞ s✐③❡✱ ❜✉t ✇✐t❤ ❡♥❡r❣② ❞✐ss✐♣❛t✐♦♥ ❞✉❡

t♦ ✐♥t❡r♥❛❧ ❢r✐❝t✐♦♥ ❬✼✶❪✳

❲❤❡♥ str❡ss ✐s ❛♣♣❧✐❡❞✱ t❤❡ ♠❛t❡r✐❛❧ st❛rts t♦ ❞❡❢♦r♠ ✭✜❣✉r❡ ✶✳✾✮✳

✶✺



❋✐❣✉r❡ ✶✳✾✿ ❙tr❡ss✲str❛✐♥ ❝✉r✈❡✳ ❆✮ ❉❡❢♦r♠❛t✐♦♥ ♦❢ ♠❛t❡r✐❛❧ ✉♣♦♥
❡①t❡r♥❛❧ str❡ss ❛❝t✐♥❣ ♦♥ ✐t✳ ❚❤❡ ❞❡❢♦r♠❛t✐♦♥ ❜❡❣✐♥s ✇✐t❤ ❛♥ ❡❧❛st✐❝ r❡❣✐♦♥
✭✶✮ t❤❛t ✐s r❡✈❡rs✐❜❧❡ ✉♥t✐❧ t❤❡ ②✐❡❧❞ str❡♥❣t❤ ✭✷✮✱ t❤❡ str❡ss ❧✐♠✐t ❛❢t❡r
✇❤✐❝❤ t❤❡ ♣❧❛st✐❝ ❞❡❢♦r♠❛t✐♦♥ t❛❦❡s ♣❧❛❝❡✳ ■♥❝r❡❛s✐♥❣ t❤❡ str❡ss r❡❛❝❤❡s
t❤❡ ✉❧t✐♠❛t❡ str❡♥❣t❤ ✭✸✮✱ ❛♥❞ ❛❢t❡r t❤✐s✱ t❤❡ ♠❛t❡r✐❛❧ ✇✐❧❧ ❢r❛❝t✉r❡ ✭✹✮✳
❋r♦♠ ✶ t♦ ✸✱ t❤❡r❡ ✐s str❛✐♥ ❤❛r❞❡♥✐♥❣✳ ❖♥❝❡ t❤❡ ✉❧t✐♠❛t❡ str❡♥❣t❤ ✐s
r❡❛❝❤❡❞✱ ♥❡❝❦✐♥❣ st❛rts✳ ❇✮ ■❞❡❛❧ str❡ss✲str❛✐♥ ❝✉r✈❡ ✐♥ t❤❡ ❡❧❛st✐❝ r❡❣✐♦♥
✭♣r❡♣❛r❡❞ ❜❛s❡❞ ♦♥ ❬✼✷❪✮

❯♥t✐❧ ❛ ❝❡rt❛✐♥ str❡ss ❧✐♠✐t✱ ❝❛❧❧❡❞ t❤❡ ②✐❡❧❞ str❡♥❣t❤✱ t❤❡r❡ ✐s ❛♥ ❡❧❛st✐❝ r❡❣✐♦♥

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

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

t❤❡ ♠❛t❡r✐❛❧ ✇✐❧❧ ❢r❛❝t✉r❡✳ ❆t t❤❡ ✐♥✐t✐❛❧ ♣❤❛s❡s ♦❢ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ✭❢r♦♠ ✶ t♦ ✸✮✱

str❛✐♥ ❤❛r❞❡♥✐♥❣ ✐s ♦❜s❡r✈❡❞✱ ❞✉r✐♥❣ ✇❤✐❝❤ str❡ss ❛♥❞ str❛✐♥ ✐♥❝r❡❛s❡✳ ❖♥❝❡ t❤❡

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

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

t❤❡ ♠❛t❡r✐❛❧✳

❋✐❣✉r❡ ✶✳✾ ❇ ♣r❡s❡♥ts ❛♥ ✐❞❡❛❧ str❡ss✲str❛✐♥ ❝✉r✈❡ ✐♥ t❤❡ ❡❧❛st✐❝ r❡❣✐♦♥✱ ✇❤❡r❡

str❡ss ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ str❛✐♥✳ ■♥ t❤✐s r❡❣✐♦♥✱ ❍♦♦❦❡✬s ❧❛✇ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦

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

σ = ❊ε ✭✶✳✶✮

✇❤❡r❡✱ σ ✐s t❤❡ ❛♣♣❧✐❡❞ str❡ss✱ ❊ ✐s ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ ε ✐s t❤❡ ❢r❛❝t✐♦♥❛❧ str❛✐♥✳

❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ ❜② ❞❡✜♥✐t✐♦♥✱ ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ str❡ss σ ❛♣♣❧✐❡❞ ❛❧♦♥❣

❛♥ ❛①✐s ❛♥❞ t❤❡ str❛✐♥ ε ❛❧♦♥❣ t❤❡ s❛♠❡ ❛①✐s ✐♥ t❤❡ r❛♥❣❡ ✇❤❡r❡ ❍♦♦❦❡✬s ❧❛✇ ❝❛♥

❜❡ ❛♣♣❧✐❡❞✳ ❚❤❡ str❡ss ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❢♦r❝❡ ♣❡r ✉♥✐t ❛r❡❛✱ ❛♥❞ t❤❡ str❛✐♥ ✐s

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

■♥ t❤✐s ❝❛s❡✱ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿

✶✻



❋✐❣✉r❡ ✶✳✶✵✿ ❈♦♠♣r❡ss✐♦♥ ♦❢ ❛ ♠❛t❡r✐❛❧✳

❊ =
F

S

L

∆L
✭✶✳✷✮

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

✭❙✮✱ ✇❤✐❧❡ t❤❡ str❛✐♥ ✐s ❣✐✈❡♥ ❜② t❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡ s❛♠♣❧❡ ❧❡♥❣t❤ ✭∆▲✮ ✐♥ r❡❧❛t✐♦♥

t♦ t❤❡ ✐♥✐t✐❛❧ ❧❡♥❣t❤ ✭▲✮✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤✐s✱ ❛♥♦t❤❡r ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r t❤❛t

♥❡❡❞s t♦ ❜❡ ♠❡♥t✐♦♥❡❞ ✐s P♦✐ss♦♥✬s r❛t✐♦✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

r❡❧❛t✐✈❡ ❝♦♥tr❛❝t✐♦♥ ✭❧❛t❡r❛❧ str❛✐♥✮ ❛♥❞ r❡❧❛t✐✈❡ ❡①♣❛♥s✐♦♥ ✭❧♦♥❣✐t✉❞✐♥❛❧ str❛✐♥✮

♦❢ ❛ ♠❛t❡r✐❛❧ ✉♥❞❡r❣♦✐♥❣ str❡t❝❤✐♥❣ ✭✜❣✉r❡ ✶✳✶✶✮✳

❋✐❣✉r❡ ✶✳✶✶✿ ❉❡✜♥✐t✐♦♥ ♦❢ P♦✐ss♦♥✬s r❛t✐♦✳ P♦✐ss♦♥✬s r❛t✐♦ ✐s t❤❡ r❡❧❛✲
t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❧❛t❡r❛❧ ❛♥❞ ❧♦♥❣✐t✉❞✐♥❛❧ str❛✐♥s✳

❚❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✐s ❞❡✜♥❡❞ ❛s✿

µ =
εy
εx

✭✶✳✸✮

❈❡❧❧s ❛r❡ ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s✳ ❆❧t❤♦✉❣❤ s❡✈❡r❛❧ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧s ❞❡s❝r✐❜❡ s✉❝❤

♣r♦♣❡rt✐❡s ❬✼✸❪ ❬✼✹❪✱ ✐t ✐s ❝❤❛❧❧❡♥❣✐♥❣ t♦ ❛♣♣❧② t❤❡♠✳ ■♥st❡❛❞✱ t❤❡② ❛r❡ t②♣✐❝❛❧❧②

❝♦♥s✐❞❡r❡❞ ❡❧❛st✐❝ ♠❛t❡r✐❛❧s ❞✉❡ t♦ t❤❡✐r ♠♦❞❡❧❧✐♥❣ ❝♦♠♣❧❡①✐t②✳ ❨♦✉♥❣✬s ♠♦❞✉❧✉s

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

✶✼



❧✐✈✐♥❣ ❝❡❧❧s✱ t❤❡ P♦✐ss♦♥✬s r❛t✐♦ ✐s ❡q✉❛❧ t♦ ✵✳✺✱ ❛ss✉♠✐♥❣ t❤❛t ❝❡❧❧s ❛r❡ ❛♥ ✐❞❡❛❧❧②

✐♥❝♦♠♣r❡ss✐❜❧❡ ♠❛t❡r✐❛❧ ❬✼✺❪ ❬✼✽❪✳

✶✳✹✳✸ ❈❡❧❧✉❧❛r ♠♦❞❡❧❧✐♥❣✿ ✈✐s❝♦❡❧❛st✐❝✐t②

❘❤❡♦❧♦❣② st✉❞✐❡s t❤❡ ✢♦✇ ❛♥❞ ❞❡❢♦r♠❛t✐♦♥ ♦❢ ♠❛tt❡r t❤❛t ❞❡✜♥❡s t❤❡ ❝♦rr❡❧❛✲

t✐♦♥ ❜❡t✇❡❡♥ ❢♦r❝❡✱ t✐♠❡✱ ❛♥❞ ❞❡❢♦r♠❛t✐♦♥ ❬✼✾❪✳ ■t ❞❡❛❧s ✇✐t❤ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ♦❢

♣✉r❡❧② s♦❧✐❞✲❧✐❦❡ ♠❛t❡r✐❛❧s✱ ✢✉✐❞✲❧✐❦❡ ♠❛t❡r✐❛❧s ❛♥❞ ❝♦♠♣❧❡① ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s✱

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

t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt② ♦❢ ❛ ❜✐♦♠❛t❡r✐❛❧ ✐s ❣❡♥❡r❛❧❧② st✉❞✐❡❞ ❜② ✉s✐♥❣ ❛ r❤❡♦♠❡✲

t❡r ♦r ❛ ❞②♥❛♠✐❝ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②③❡r ❬✽✵❪✳ ❚❤❡ t❡r♠ ♠✐❝r♦r❤❡♦❧♦❣② ✐s r❡❢❡rr❡❞ t♦

t❤❡ ♠✐❝r♦s❝❛❧❡ ❬✽✶❪✳

❱✐s❝♦❡❧❛st✐❝✐t② ✐s t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ s♦❧✐❞✲❧✐❦❡ ❛♥❞ ✢✉✐❞✲❧✐❦❡ ❜❡❤❛✈✐♦rs✳ ❯♥✲

❞❡r str❛✐♥✱ ❛♥ ❡❧❛st✐❝ ♠❛t❡r✐❛❧ ❜❡❤❛✈❡s ❧✐❦❡ ❛♥ ✐❞❡❛❧ s♦❧✐❞ ♠❛t❡r✐❛❧ t❤❛t ❝❛♥ ❜❡

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

■♥ ❡q✉❛t✐♦♥ ✶✳✶✱ t❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s❤❡❛r str❡ss ❛♥❞ str❛✐♥ ✐s ❞❡✜♥❡❞ ❜②

t❤❡ ❝♦♥st❛♥t ♦❢ ♣r♦♣♦rt✐♦♥❛❧✐t② ♦❢ ❡❧❛st✐❝ ♠♦❞✉❧✉s ✭s♦❧✐❞ ♠❛t❡r✐❛❧ ❢♦❧❧♦✇s ❍♦♦❦❡✬s

❧❛✇✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛ ♣❡r❢❡❝t❧② ✈✐s❝♦✉s ♠❛t❡r✐❛❧ ❢♦❧❧♦✇s ◆❡✇t♦♥✬s ❧❛✇✿

η =
σ

γ̇
✭✶✳✹✮

✇❤❡r❡ η ✐s t❤❡ ❞②♥❛♠✐❝ ✈✐s❝♦s✐t② ✭P❛ s✮✱ σ s❤❡❛r str❡ss ✭P❛✮ ❛♥❞ γ̇ s❤❡❛r r❛t❡

✭s−1✮✳

❚❤❡ s❤❡❛r r❛t❡ ❝❛♥ ❞❡✜♥❡❞ ❛s t❤❡ ✈❡❧♦❝✐t② ❣r❛❞✐❡♥t✱ ✇❤✐❝❤ ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡

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

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

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

✈❡❧♦❝✐t② ✐♥❝r❡❛s❡s ❢r♦♠ t❤❡ ❜♦tt♦♠ t♦ t❤❡ t♦♣ ❧❛②❡r ✭✜❣✉r❡ ✶✳✶✷✮✳

✶✽



❋✐❣✉r❡ ✶✳✶✷✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ ❛ s❤❡❛r ✢♦✇✳ ❚❤❡ ❜❧❛❝❦ ❛rr♦✇s
✐♥❞✐❝❛t❡ t❤❡ ♠♦✈❡♠❡♥t ♦❢ t❤❡ ❧❛②❡rs ♦❢ ✢✉✐❞s ❛t ✐♥❝r❡❛s✐♥❣ ✈❡❧♦❝✐t②✱ ❛♥❞
t❤❡ ✈❡❧♦❝✐t② ❣r❛❞✐❡♥t ✐s ✐♥❞✐❝❛t❡❞ ✐♥ ❜❧✉❡✳

❲❤❡♥ s❤❡❛r str❡ss ✐s ❛♣♣❧✐❡❞✱ ❛♥ ✐❞❡❛❧ ◆❡✇t♦♥✐❛♥ ✢✉✐❞ ❜❡❤❛✈❡s s♦ t❤❛t t❤❡ s❤❡❛r

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

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

♠♦✈❡s ❛❝r♦ss ❛ ✈✐s❝♦✉s ◆❡✇t♦♥✐❛♥ ✢✉✐❞✳ ■♥ t❤✐s ❝❛s❡✱ ✉♥❧✐❦❡ t❤❡ s♣r✐♥❣ t❤❛t ❣♦❡s

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

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

✭ε✮ ❛♥❞ t❤❡ s❤❡❛r str❡ss ❛r❡ r❡❧❛t❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✿

ε =
σt

η
✭✶✳✺✮

✇❤❡r❡ ε ✐s t❤❡ str❛✐♥✱ σ s❤❡❛r str❡ss✱ η ✈✐s❝♦s✐t② ❛♥❞ t t❤❡ t✐♠❡✳

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

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

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

❑❡❧✈✐♥✲❱♦✐❣t ♠♦❞❡❧ ❢♦r ❛ ✈✐s❝♦❡❧❛st✐❝ s♦❧✐❞ ❬✽✼❪ ✭✜❣✉r❡ ✶✳✶✸✮✳

✶✾



❋✐❣✉r❡ ✶✳✶✸✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ✐❞❡❛❧ ♠❛t❡✲
r✐❛❧s✳ ❆✮ t❤❡ s♣r✐♥❣ ♠♦❞❡❧ ♦❢ ❛♥ ✐❞❡❛❧ s♦❧✐❞ r❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥
❛♥❞ r❡♠♦✈❛❧ ♦❢ ❛ str❛✐♥✳ ❇✮ ❆♥ ✐❞❡❛❧ ✢✉✐❞ ❜❡❤❛✈✐♦r ✉♣♦♥ ❛♣♣❧✐❝❛t✐♦♥
♦❢ ❛♥ ❡①t❡r♥❛❧ str❛✐♥✲✐♥❞✉❝❡❞ ❢♦r❝❡✳ ❈✮ ▼❛①✇❡❧❧ ♠♦❞❡❧ r❡♣r❡s❡♥t✐♥❣ ❛
✈✐s❝♦❡❧❛st✐❝ ✢✉✐❞✱ ❛♥❞ t❤❡ ❑❡❧✈✐♥✲❱♦✐❣t ♠♦❞❡❧ r❡♣r❡s❡♥t✐♥❣ ❛ ✈✐s❝♦❡❧❛st✐❝
s♦❧✐❞ ♠❛t❡r✐❛❧✳

■♥ t❤❡ ▼❛①✇❡❧❧ ♠♦❞❡❧✱ t❤❡ t✇♦ ❡❧❡♠❡♥ts ✭s♣r✐♥❣ ❛♥❞ ❞❛s❤♣♦t✮ ❛r❡ ❝♦♥♥❡❝t❡❞ ✐♥

s❡r✐❡s✱ ✇❤✐❧❡ ✐♥ t❤❡ ❑❡❧✈✐♥✲❱♦✐❣t ♠♦❞❡❧✱ ❞❛s❤♣♦ts ❛♥❞ s♣r✐♥❣s ❛r❡ ❝♦♥♥❡❝t❡❞ ✐♥

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

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

❑❡❧✈✐♥✲❱♦✐❣t ♠♦❞❡❧✱ t❤❡ s♣r✐♥❣ r❡❛❝ts t♦ t❤❡ str❡ss ❛❢t❡r t❤❡ ❞❛s❤♣♦t✱ s♦ t❤❡ ❡❧❛st✐❝

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

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

t❤❡ t✇♦ ♣❤❛s❡s ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❡q✉❛t✐♦♥ ❜❡❧♦✇✿

ε =
σ

E
[1− e−t/λ] ✭✶✳✻✮

✇❤❡r❡ ε ✐s t❤❡ str❛✐♥✱ σ t❤❡ s❤❡❛r str❡ss✱ ❛♥❞ λ t❤❡ r❡t❛r❞❛t✐♦♥ t✐♠❡✳

✷✵



✶✳✹✳✹ ❇✉r❣❡rs ♠♦❞❡❧

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

♠❛t❡r✐❛❧✳ ❚❤✐s ♠♦❞❡❧ ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ▼❛①✇❡❧❧ ❛♥❞ ❑❡❧✈✐♥✲❱♦✐❣t

♠♦❞❡❧s ❧✐♥❦❡❞ ✐♥ s❡r✐❡s ❬✽✹❪✳ ❆♥ ❡①❡♠♣❧❛r② r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤✐s ♠♦❞❡❧ ❛♥❞ t❤❡

❝r❡❡♣✲r❡❧❛①❛t✐♦♥ ❝✉r✈❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✶✳✶✹✳

❋✐❣✉r❡ ✶✳✶✹✿ ❇✉r❣❡rs ♠♦❞❡❧ ❛♥❞ t❤❡ ❝r❡❡♣✲r❡❝♦✈❡r② ❝✉r✈❡✳ ❆✮ ❈♦♥✲
♥❡❝t✐♦♥ ✐♥ s❡r✐❡s ♦❢ ▼❛①✇❡❧❧ ❛♥❞ ❑❡❧✈✐♥✲❱♦✐❣t ♠♦❞❡❧s✳ ❇✮ ❘❡♣r❡s❡♥t❛t✐♦♥
♦❢ t❤❡ ❝r❡❡♣✲r❡❧❛①❛t✐♦♥ ❝✉r✈❡✳

❲❤❡♥ str❡ss ✐s ❛♣♣❧✐❡❞✱ t❤❡r❡ ✐s ❛♥ ✐♠♠❡❞✐❛t❡ ❡❧❛st✐❝ ❞❡❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ▼❛①✇❡❧❧

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

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

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

✐♥✐t✐❛❧ st❛t❡✳ ❇② ♣✉tt✐♥❣ t♦❣❡t❤❡r t❤❡ ❡q✉❛t✐♦♥s ❢r♦♠ t❤❡ ✈❛r✐♦✉s ♠♦❞❡❧s✱ t❤❡

str❛✐♥ ❢♦r t❤❡ ❇✉r❣❡rs ♠♦❞❡❧ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥✿

ε = σ(
1

E1

+
1

E2

(1− e−t/λ) +
t

η2
) ✭✶✳✼✮

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

str❡ss✱ λ t❤❡ r❡t❛r❞❛t✐♦♥ t✐♠❡✱ η t❤❡ str❛✐♥ r❛t❡✱ ❛♥❞ t t❤❡ t✐♠❡✳

✷✶



✶✳✹✳✺ ❖s❝✐❧❧❛t♦r② ♠❡❛s✉r❡♠❡♥ts

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

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

♦s❝✐❧❧❛t♦r② s❤❡❛r t❡st✐♥❣ ❬✽✺❪✳ ❚❤❡ ♠❡❛s✉r✐♥❣ s②st❡♠ ❣❡♥❡r❛❧❧② ❝♦♠♣r✐s❡s t✇♦

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

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

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

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

t❤❡ s❤❡❛r str❡ss σ ❛♥❞ t❤❡ str❛✐♥ ε ❬✽✻❪✳ ❋✐❣✉r❡ ✶✳✶✺ s❤♦✇s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥

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

❋✐❣✉r❡ ✶✳✶✺✿ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ str❡ss ❛♥❞ str❛✐♥ ✇❛✈❡s ✐♥ t❤❡
❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s✳ ❋♦r ❛ ♣✉r❡❧② ❡❧❛st✐❝ ♠❛t❡r✐❛❧ t❤❡r❡ ✐s ♥♦ ♣❤❛s❡ s❤✐❢t
✐♥ t❤❡ t✇♦ ✇❛✈❡s❀ ❢♦r ❛ ✈✐s❝♦✉s ♠❛t❡r✐❛❧ t❤❡ s❤✐❢t ✐s ❡q✉❛❧ t♦ ✾✵➦✱ ❛♥❞ ✐♥
t❤❡ ❝❛s❡ ♦❢ ❛ ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧ t❤❡ ♣❤❛s❡ s❤✐❢t ✐s ❜❡t✇❡❡♥ ✵ ❛♥❞ ✾✵➦✳
P✉r♣❧❡✿ str❡ss✱ ②❡❧❧♦✇✿ str❛✐♥❀ δ✿ ♣❤❛s❡ ❛♥❣❧❡✳

✷✷



❚❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s✿

G∗ = G′ + iG′′ ✭✶✳✽✮

✇❤❡r❡ ●✬ ✐s t❤❡ r❡❛❧ ❛♥❞ ●✑ ✐s t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ✭✐

st❛♥❞s ❢♦r ❛♥ ✐♠❛❣✐♥❛r② ♥✉♠❜❡r✮✳ ❆❧♦♥❣s✐❞❡✱ ❛ ❝♦♠♣❧❡① ✈✐s❝♦s✐t② η∗ ❝❛♥ ❜❡

❞❡✜♥❡❞ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ω✿

η∗ =
G∗

ω
✭✶✳✾✮

❲❤❡♥ ❛ s✐♥✉s♦✐❞❛❧ ❢♦r❝❡ ✐s ❛♣♣❧✐❡❞✱ t❤❡ ❝♦♠♣❧❡① s❤❡❛r ♠♦❞✉❧✉s ❝❛♥ ❜❡ ❡①♣r❡ss❡❞

❛s t✇♦ ❝♦♠♣♦♥❡♥ts✿ st♦r❛❣❡ ♠♦❞✉❧✉s ●✬ ✇❤✐❝❤ ✐s ✐♥✲♣❤❛s❡ ❛♥❞ r❡❢❡rs t♦ t❤❡ ❡❧❛st✐❝

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

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

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

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

t♦ ✵ ❀ ❢♦r ❛ ♣✉r❡❧② ✈✐s❝♦✉s ♠❛t❡r✐❛❧ δ ❡q✉❛❧s t♦ ✾✵➦✳ ❋♦r ❛ ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧✱

✐ts ✈❛❧✉❡ ✐s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✾✵➦✳ ❇② ❛♣♣❧②✐♥❣ t❤❡ ❜❛s✐❝ tr✐❣♦♥♦♠❡tr②✱ t❤❡

st♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✉s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❬✽✷❪ ✭✜❣✉r❡ ✶✳✶✻ ❆✮✳

❋✐❣✉r❡ ✶✳✶✻✿ ❱❡❝t♦r ❛♥❞ ❆r❣❛♥❞ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s✳
❆✮ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s✱
st♦r❛❣❡ ✭●✬ ✮ ❛♥❞ ❧♦ss ✭●✧✮ ♠♦❞✉❧✐✱ ❛r❡ s❤♦✇♥✳ ❇✮ ❚❤❡ s❛♠❡ r❡❧❛t✐♦♥ ✐s
✐♥❞✐❝❛t❡❞ ✐♥ t❤❡ ❆r❣❛♥❞ ❞✐❛❣r❛♠ ✇✐t❤ t❤❡ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ❛①✐s✳

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

✉s✐♥❣ ❝♦♠♣❧❡① ♥✉♠❜❡r ♥♦t❛t✐♦♥s✱ ✇❤❡r❡ ●✬ st❛♥❞s ❢♦r t❤❡ r❡❛❧ ♣❛rt ❛♥❞ ●✧ ❢♦r

t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ●✯ ❜② ❛♣♣❧②✐♥❣ t❤❡ s♦✲❝❛❧❧❡❞ ❆r❣❛♥❞

❞✐❛❣r❛♠ ✭✜❣✉r❡ ✶✳✶✻ ❇✮✳ ❚❤❡ ❆r❣❛♥❞ ❞✐❛❣r❛♠ ❢♦r t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s s❤♦✇s

t❤❡ r❡❛❧ ❛①✐s ✭①✲❛①✐s✮ ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ❛①✐s ✭②✲❛①✐s✮✳
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❈♦♠♣❧❡① s❤❡❛r ♠♦❞✉❧✉s ❤❛s t✇♦ ❝♦♠♣♦♥❡♥ts✱ ✐✳❡✳✱ st♦r❛❣❡ ●✬ ❛♥❞ ❧♦ss ●✑

♠♦❞✉❧✉s ❞❡✜♥❡❞ ❛s✿

G′ = G∗ cos δ ✭✶✳✶✵✮

G′′ = G∗ sin δ ✭✶✳✶✶✮

❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ●✧ ❛♥❞ ●✧ ✐s t❤❡ ❧♦ss ❢❛❝t♦r ✭t❛♥ δ✮✿

tanδ =
G′′

G′
✭✶✳✶✷✮

✶✳✹✳✻ ❱✐s❝♦❡❧❛st✐❝ ♠♦❞❡❧s

❙❡❡✐♥❣ ❤♦✇ ❝♦♠♣❧❡① t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛ ❝❡❧❧ str✉❝t✉r❡ ✐s✱ ✜♥❞✐♥❣ t❤❡ ♣r♦♣❡r

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

t❤✐♥❣s ❧❡ss ❝♦♠♣❧✐❝❛t❡❞✱ ❝❡❧❧s ❛r❡ ❣❡♥❡r❛❧❧② tr❡❛t❡❞ ❛s ❤♦♠♦❣❡♥❡♦✉s ♠❛t❡r✐❛❧s ❬✽✽❪✳

❇❛s❡❞ ♦♥ t❤✐s✱ t❤❡r❡ ❛r❡ s♦♠❡ ♠♦❞❡❧s t❤❛t ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ r❡❣❛r❞✐♥❣ t❤❡ ✈✐s✲

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

❞✐✛❡r❡♥t ❣r♦✉♣s ♦❢ ❝❡❧❧s ❬✽✾❪ ❬✾✵❪✳ ❆ s✐♠♣❧❡ ✇❛② t♦ st✉❞② t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣✲

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

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

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

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

❛ ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧ ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✿ ♣♦✇❡r ❧❛✇ ❛♥❞ s♦❢t ❣❧❛ss② r❤❡♦❧♦❣②

❬✾✽❪ ❬✼✺❪✱ ♣♦r♦❡❧❛st✐❝✐t② ❬✾✷❪ ❬✾✸❪✱ t❡♥s❡❣r✐t② ❬✾✹❪ ❛♥❞ t❤❡ tr❛❞✐t✐♦♥❛❧ ✈✐s❝♦❡❧❛st✐❝

♠♦❞❡❧s ❬✾✺❪✳

P♦r♦❡❧❛st✐❝ ♠♦❞❡❧

❚❤✐s ♠♦❞❡❧ ❝♦♥s✐❞❡rs t❤❡ ❝❡❧❧s ❛s ❛ ♠✐①t✉r❡ ♦❢ t✇♦ ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s✿ ❛ t✐❣❤t

❡❧❛st✐❝ ❝②t♦s❦❡❧❡t♦♥ ♥❡t✇♦r❦ ✇✐t❤✐♥ t❤❡ ❜♦✉♥❞s ♦❢ ❛ ✈✐s❝♦✉s ❝②t♦s♦❧ ❬✾✷❪✳ ❲❤❡♥

❞❡❢♦r♠❛t✐♦♥ ✐s ❧♦❝❛❧❧② ❛♣♣❧✐❡❞ t♦ t❤❡ ♠❛t❡r✐❛❧✱ t❤❡ ❡❧❛st✐❝ ♣❤❛s❡ ✭❝②t♦s❦❡❧❡t♦♥✮

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

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

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

❜❡❡♥ ✉s❡❞ t♦ ✐♥t❡r♣r❡t t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r ♦❢ s♦❢t t✐ss✉❡s ❬✾✻❪✱ ❝♦❧❧❛❣❡♥ ❣❡❧s

❬✾✼❪ ❛♥❞ ❝❡❧❧s ❬✾✸❪✳

✷✹



P♦✇❡r ❧❛✇ ❛♥❞ s♦❢t ❣❧❛ss② r❤❡♦❧♦❣②

❚❤❡ ♣♦✇❡r ❧❛✇ ♠♦❞❡❧ ✇❛s ✜rst ❛♣♣❧✐❡❞ t♦ ❝❡❧❧s ✐♥ ✶✾✾✼ ❜② ❚s❛✐ ❛♥❞ ❍❛♠✲

♠❡r ❬✾✽❪✳ ❯♥❧✐❦❡ t❤❡ tr❛❞✐t✐♦♥❛❧ ✈✐s❝♦❡❧❛st✐❝ ♠♦❞❡❧s✱ t❤❡② ❞❡✜♥❡❞ st✐✛♥❡ss ❛s ❛

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

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

❧✐❦❡ s♦❢t ❣❧❛ss✱ ❛ ♠❛t❡r✐❛❧ t❤❛t ❤❛s ❜♦t❤ t❤❡ ❞✐s♦r❞❡r❡❞ st❛t❡ ♦❢ ❛ ✢✉✐❞ ❛♥❞ t❤❡

r✐❣✐❞✐t② ♦❢ ❛ s♦❧✐❞ ❬✾✾❪✳ ■t ❧❡❞ t♦ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ s♦❢t ❣❧❛ss② r❤❡♦❧♦❣② ✭❙●❘✮

❬✶✵✵❪✳ ❚❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ t❤✐s ♠♦❞❡❧ ✐s ❜❛s❡❞ ♦♥ ❛ str✉❝t✉r❡ ✐♥ ✇❤✐❝❤ t❤❡ ♠✐❝r♦s❝♦♣✐❝

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

❛♥❞ t❤❡② ❤❛✈❡ t♦ ❝r♦ss ❡♥❡r❣② ❜❛rr✐❡rs t❤❛t ❛r❡ ❤✐❣❤❡r t❤❛♥ t❤❡ s②st❡♠✬s t❤❡r♠❛❧

❡♥❡r❣② ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❬✶✵✶❪✳ ❚❤❡ ♣♦✇❡r ❧❛✇ ✲ ❙●❘ ♠♦❞❡❧ ❤❛s

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

❝❧✉❞✐♥❣ ❆❋▼ ❬✼✺❪✳ ■t ✇❛s ❞❡♠♦♥str❛t❡❞ t❤❛t ❛♣♣❧②✐♥❣ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s

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

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

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

t❤❛t ❝❡❧❧s ❞♦ ♥♦t ❜❡❤❛✈❡ ❧✐❦❡ s♦❢t ❣❧❛ss ❬✶✵✷❪✳ ▼♦r❡♦✈❡r✱ t❤❡ ❙●❘ ♠♦❞❡❧ ❞♦❡s

♥♦t ❡①♣❧❛✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r ♦❢ ❝❡❧❧s ❛t ✈❡r② ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❉❡s♣✐t❡

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

✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s✳

✶✳✺ ▼❡t❤♦❞s ✉s❡❞ t♦ ❛ss❡ss ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

♦❢ s✐♥❣❧❡ ❝❡❧❧s

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

s✐♥❣❧❡ ❝❡❧❧s ❬✻✼❪✳ ❆♠♦♥❣ t❤❡s❡✱ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ✭❆❋▼✮ ❬✶✵✸❪✱ ♠✐❝r♦✢✉✐❞✐❝s

❬✶✵✹❪✱ ♦♣t✐❝❛❧ tr❛♣ ❬✶✵✺❪✱ ♠❛❣♥❡t✐❝ t✇❡❡③❡rs ❬✶✵✻❪✱ ♠❛❣♥❡t✐♥❣ t✇✐st✐♥❣ ❝②t♦♠❡tr②

❬✶✵✶❪✱ ♣❛rt✐❝❧❡ ♠✐❝r♦r❤❡♦❧♦❣② ❬✶✵✼❪✱ ♠✐❝r♦♣✐♣❡tt❡ ❛s♣✐r❛t✐♦♥ ✭▼P❆✮ ❬✶✵✽❪ ❛♥❞ tr❛❝✲

t✐♦♥ ❢♦r❝❡ ♠✐❝r♦s❝♦♣② ❬✶✵✾❪✳ ❆♠♦♥❣ t❤❡s❡✱ ❆❋▼ ❛♥❞ ▼P❆ ❛r❡ t❤❡ ♦♥❡s t❤❛t ❛r❡

❛❞❞r❡ss❡❞ ✐♥ t❤❡ ❝✉rr❡♥t st✉❞②✳

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

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

♠✐♥❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧✐✈✐♥❣ ❝❡❧❧s ❬✶✶✵❪✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ ❆❋▼

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

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

✜rst ✇♦r❦s s❤♦✇✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♥♦r♠❛❧ ❛♥❞
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❝❛♥❝❡r♦✉s ❜❧❛❞❞❡r ❝❡❧❧s ❞❛t❡s ❜❛❝❦ t♦ ✶✾✾✾ ❜② ▲❡❦❦❛ ❡t ❛❧✳ ❬✶✶✶❪✳ ❚❤❡② ❞❡♠♦♥✲

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

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

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

❝❡❧❧s✳ ❋♦❧❧♦✇✐♥❣ t❤✐s✱ ♠♦r❡ st✉❞✐❡s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❬✶✶✷❪

❬✶✶✸❪ ❬✶✶✹❪✳ ▼♦r❡♦✈❡r✱ ♥♦t ♦♥❧② ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❜✉t ❛❧s♦ ✐♥ ♦t❤❡r t②♣❡s ♦❢

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

✜❧❛♠❡♥ts ❛♥❞ t❤❡ ❜✐♦♠❡❝❤❛♥✐❝❛❧ ✜♥❣❡r♣r✐♥ts ♦❢ t❤❡ ❝❛♥❝❡r ❝❡❧❧s ❬✶✶✺❪✳

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

♥♦♥✲❛❞❤❡r❡♥t ❛♥❞ ❛❞❤❡r❡♥t ❝❡❧❧s ❬✶✶✻❪ ❬✶✶✼❪✳ ❯s✐♥❣ t❤❡ ❧✐q✉✐❞ ❞r♦♣❧❡t ♠♦❞❡❧✱ ✐t

✐s ✈❡r② ❝♦♠♠♦♥ t♦ ❛ss❡ss t❤❡ ❝❡❧❧✬s ❛♣♣❛r❡♥t ♠❡♠❜r❛♥❡ t❡♥s✐♦♥ ❛♥❞ ❝②t♦♣❧❛s♠✐❝

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

s✉r❢❛❝❡ t❡♥s✐♦♥ ❬✶✶✽❪✳ ❇② ♠❡❛s✉r✐♥❣ t❤❡ ✢♦✇ r❛t❡ ♦❢ ❛ ❝❡❧❧ ✐♥t♦ ❛ ♠✐❝r♦♣✐♣❡tt❡✱ ✐t

✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ ❛❧s♦ t❤❡ ❝❡❧❧ ✈✐s❝♦s✐t② ❬✶✶✾❪✳
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Chapter 2

Pr✐♥❝✐♣❧❡s ♦❢ t❤❡ ❛♣♣❧✐❡❞ t❡❝❤♥✐q✉❡s

✷✳✶ ❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣②

❆t♦♠✐❝ ❋♦r❝❡ ▼✐❝r♦s❝♦♣② ✭❆❋▼✮ ✐s ❛ t②♣❡ ♦❢ s❝❛♥♥✐♥❣ ♣r♦❜❡ ♠✐❝r♦s❝♦♣② ✇✐t❤

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

t✐♦♥ ♦❢ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧✐✈✐♥❣ ❝❡❧❧s ❛t t❤❡ s✉❜✲♥❛♥♦♠❡tr✐❝ ❧❡✈❡❧ ❬✶✶✵❪ ❬✶✶✶❪

❬✶✶✷❪ ❬✶✶✸❪✳ ■t ❡♥❛❜❧❡s t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❧✐q✉✐❞ ❝♦♥❞✐t✐♦♥s ❜② ♠✐♠✐❝❦✐♥❣ t❤❡

♣❤②s✐♦❧♦❣✐❝❛❧ ♦♥❡s✳ ■♥ ✜❣✉r❡ ✷✳✶ t❤❡r❡ ✐s ❛ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❆❋▼✳

❋✐❣✉r❡ ✷✳✶✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢
❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣❡✳ ❆ s❛♠♣❧❡ ✭❤❡r❡ ❝❡❧❧s✮ ✐s ♣r♦❜❡❞ ✇✐t❤ t❤❡
❝❛♥t✐❧❡✈❡r✱ ❛t t❤❡ ❡♥❞ ♦❢ ✇❤✐❝❤ t❤❡r❡ ✐s ❛ ♣r♦❜✐♥❣ t✐♣✳ ❲❤❡♥ t❤❡ ♣r♦❜✐♥❣
t✐♣ t♦✉❝❤❡s t❤❡ s✉r❢❛❝❡✱ t❤❡ ❢♦r❝❡s ❛❝t✐♥❣ ✇✐t❤✐♥ t❤❡ ❝♦♥t❛❝t ❛r❡❛ ❝❛✉s❡ t❤❡
❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥✳ ❚❤❡ ❞❡✢❡❝t✐♦♥ ✐s r❡❣✐st❡r❡❞ ❜② ❛ ♣♦s✐t✐♦♥✲s❡♥s✐t✐✈❡
❞❡t❡❝t♦r ✭❛ ♣❤♦t♦❞✐♦❞❡✮✱ ✇❤♦s❡ ❛❝t✐✈❡ ❛r❡❛ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ ❢♦✉r q✉❛❞r❛♥ts✳

❚❤❡ ❆❋▼ ❝♦♠♣r✐s❡s t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✿ ❛ ❝❛♥t✐❧❡✈❡r ✇✐t❤ ❛ ♣r♦❜✐♥❣ t✐♣

♠♦✉♥t❡❞ ❛t ✐ts ❢r❡❡ ❡♥❞✱ ❛ ♣✐❡③♦✲s❝❛♥♥❡r✱ ❛♥❞ ❛♥ ♦♣t✐❝❛❧ s②st❡♠✳ ❚❤❡ ❝❛♥t✐❧❡✈❡r

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

❛r❡❛ ❞❡✢❡❝t t❤❡ ❝❛♥t✐❧❡✈❡r✳ ❚❤❡ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ✐s r❡❝♦r❞❡❞ ❜② t❤❡ ♦♣t✐❝❛❧ s②s✲

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

♦♥ t❤❡ ❜❛❝❦ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ✭❛❜♦✈❡ t❤❡ t✐♣✮✳ ❆ r❡✢❡❝t❡❞ ❧❛s❡r ❜❡❛♠ ✐s ❞✐r❡❝t❡❞

t♦ ❛ ♣♦s✐t✐♦♥✲s❡♥s✐t✐✈❡ ❞❡t❡❝t♦r✱ ❛ ♣❤♦t♦❞✐♦❞❡✱ ✇❤♦s❡ ❛❝t✐✈❡ ❛r❡❛ ✐s ❞✐✈✐❞❡❞ ✐♥t♦

❢♦✉r q✉❛❞r❛♥ts✳ ❚❤❡ ❞❡✢❡❝t✐♦♥s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡ ❝❤❛♥❣❡ t❤❡ ♣♦s✐t✐♦♥

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

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

t❤✐r❞ ❜❛s✐❝ ❆❋▼ ❡❧❡♠❡♥t ✐s ❛ ♣✐❡③♦❡❧❡❝tr✐❝ ♠♦t♦r ❛♥❞ s❝❛♥♥❡r ✉s❡❞ t♦ ♠♦✈❡ t❤❡

s❛♠♣❧❡✳

✷✳✶✳✶ ❈❛♥t✐❧❡✈❡r ❝❛❧✐❜r❛t✐♦♥

❚❤❡ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ✐s ♠❡❛s✉r❡❞ ✐♥ ❱♦❧ts ❜② t❤❡ ♦♣t✐❝❛❧ s②st❡♠✳

❚❤❡r❡❢♦r❡✱ ❛ ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡ ✐s ♥❡❝❡ss❛r② t♦ ♦❜t❛✐♥ ❡①❛❝t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t

t❤❡ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ✐♥ t❤❡ ♠❡tr✐❝ ✉♥✐t✳ ❇❡❝❛✉s❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ❛r❡

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

❡①♣r❡ss❡❞ ❛s t❤❡ ❢♦r❝❡ ✭❋ ✮ ♦❢ ✐♥t❡r❛❝t✐♦♥ t❤❛t ❢♦❧❧♦✇s ❍♦♦❦❡✬s ❧❛✇✿

F = k ·∆z ✭✷✳✶✮

✇❤❡r❡ ❦ ✐s t❤❡ s♣r✐♥❣ ❝♦♥st❛♥t ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ❛♥❞ ∆③ ✐s t❤❡ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡

❝❛♥t✐❧❡✈❡r✳

❚❤❡ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ♠❡❛s✉r❡❞ ✐♥ ✈♦❧ts ✐s t❤❡♥ ❝♦♥✈❡rt❡❞ ✐♥t♦ ❢♦r❝❡

✉♥✐ts ❜② ✉s✐♥❣ t❤❡ ❢♦r♠✉❧❛ ❜❡❧♦✇✿

Force[nN ] = I[V ] · invA[nm/V ] · k[N/m] ✭✷✳✷✮

✇❤❡r❡ ■ ✐s t❤❡ ❆❋▼ s✐❣♥❛❧ r❡❝♦r❞❡❞ ✐♥ ✈♦❧ts ❛♥❞ ✐♥✈❆ ✐s t❤❡ ♣❤♦t♦❞❡t❡❝t♦r s❡♥✲

s✐t✐✈✐t②✳

❊✈❡r② ❝❛♥t✐❧❡✈❡r ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ✉♥✐q✉❡ ♣❤②s✐❝❛❧ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ♣r♦♣❡r✲

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

❛♥❞ s♣r✐♥❣ ❝♦♥st❛♥t✳ ❆❧❧ t♦❣❡t❤❡r✱ t❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ♥❡❝❡ss❛r② t♦ ❞❡t❡r♠✐♥❡

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

♠❡♥t ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❛♠♣❧❡✳ ●❡♥❡r❛❧❧②✱ t❤❡ ❝❛♥t✐❧❡✈❡r s♣r✐♥❣

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

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

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

✷✽



❛♠♣❧✐t✉❞❡ t❤r♦✉❣❤ t❤❡ ❇♦❧t③♠❛♥♥✬s ❡q✉✐♣❛rt✐t✐♦♥ t❤❡♦r❡♠✱ ✇❤✐❝❤ t❤❡ ❢♦❧❧♦✇✐♥❣

❡q✉❛t✐♦♥ ❝❛♥ ❞❡s❝r✐❜❡✿

1/2k < X2 >= 1/2kBT ✭✷✳✸✮

✇❤❡r❡ ❦ ✐s t❤❡ ❝❛♥t✐❧❡✈❡r s♣r✐♥❣ ❝♦♥st❛♥t✱ ❁❳2❃ ✐s t❤❡ t✐♠❡ ❛✈❡r❛❣❡❞ sq✉❛r❡

♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡✱ ❚ ✐s t❤❡ ❛❜s♦❧✉t❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❦B ✐s t❤❡ ❇♦❧t③♠❛♥♥

❝♦♥st❛♥t✳

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

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

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

Kcant = Knom · (fcant/fnom)2 ✭✷✳✹✮

✇❤❡r❡ ❦nom ❛♥❞ ❢nom ❛r❡ t❤❡ ♥♦♠✐♥❛❧ s♣r✐♥❣ ❝♦♥st❛♥t ❛♥❞ ♥♦♠✐♥❛❧ r❡s♦♥❛♥t ❢r❡✲

q✉❡♥❝②✱ ✇❤✐❧❡ ❢cant ✐s t❤❡ ♠❡❛s✉r❡❞ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ ❦cant t❤❡ ❝❛❧❝✉❧❛t❡❞

✈❛❧✉❡ ♦❢ t❤❡ s♣r✐♥❣ ❝♦♥st❛♥t ❬✶✷✵❪ ❬✶✷✶❪✳

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

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

✐s t❤❡ ❧✐♥❦✐♥❣ ❢❛❝t♦r ♦❢ t❤❡ ❞❡✢❡❝t✐♦♥ r❡❝♦r❞❡❞ ✐♥ ✈♦❧ts ❛♥❞ t❤❡ ❡q✉✐✈❛❧❡♥t ❞❡✢❡❝t✐♦♥

✐♥ ♥❛♥♦♠❡t❡rs✳ ❋♦r t❤✐s✱ ❛ ❢♦r❝❡ ❝✉r✈❡ ❬■✭❱✮ ✈❡rs✉s ❩✭µ♠✮❪ ✐s r❡❝♦r❞❡❞ ♦♥ t❤❡ st✐✛

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

❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣✐❡③♦❡❧❡❝tr✐❝ s❝❛♥♥❡r ♣♦s✐t✐♦♥✳ ❚❤❡ s❧♦♣❡

♦❢ t❤❡ ♦❜t❛✐♥❡❞ ❢♦r❝❡ ❝✉r✈❡ ✐s t❤❡ ✐♥✈❡rs❡ ♦❢ t❤❡ ♣❤♦t♦❞❡t❡❝t♦r s❡♥s✐t✐✈✐t② ✭✐♥✈❆✮✱

✇❤✐❝❤ r❡♣♦rts t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ ✈♦❧ts ❛♥❞ ♥❛♥♦♠❡t❡rs✳

✷✳✶✳✷ ❋♦r❝❡✲❞✐st❛♥❝❡ ❝✉r✈❡s

❚❤❡ ❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts r❡❛❧✐③❡❞ ❜② ❆❋▼ r❡❧② ♦♥ ❛❝q✉✐r✐♥❣ s♦✲❝❛❧❧❡❞ ❢♦r❝❡

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

♣♦s✐t✐♦♥✱ ✇❤✐❝❤ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❛ ❢♦r❝❡✲❞✐st❛♥❝❡ ❝✉r✈❡✳ ❚❤❡r❡❢♦r❡✱ ❛ ❢♦r❝❡ ❝✉r✈❡ ✐s

❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ s❛♠♣❧❡ ✭♦r t✐♣✮ ♣♦s✐t✐♦♥✳

❋✐❣✉r❡ ✷✳✷ ✐❧❧✉str❛t❡s ❛ ❢♦r❝❡ ❝✉r✈❡ r❡❝♦r❞❡❞ ♦♥ st✐✛ ♥♦♥✲❞❡❢♦r♠❛❜❧❡ ❛♥❞ ❝♦♠♣❧✐❛♥t

s❛♠♣❧❡s✳

✷✾



❋✐❣✉r❡ ✷✳✷✿ ❋♦r❝❡✲❡①t❡♥s✐♦♥ ❝✉r✈❡✳ ❆✮ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❢♦r❝❡✲❡①t❡♥s✐♦♥
❝✉r✈❡ s❤♦✇✐♥❣ t❤❡ ❜❡♥❞✐♥❣ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r✳ ❚❤❡ t✐♣ ✐s ♠♦✈❡❞ ❞♦✇♥✇❛r❞s
✭✶✮ ✉♥t✐❧ ✐t ❣❡ts ❝❧♦s❡ t♦ t❤❡ s❛♠♣❧❡ ✭✷✮✳ ❖♥❝❡ t❤❡ t✐♣ ✐s ✐♥ ❝♦♥t❛❝t ✇✐t❤
t❤❡ s❛♠♣❧❡ ✭✸✮✱ ❛ ❢♦r❝❡ ✐s ❡①❡rt❡❞ ♦♥ t❤❡ s✉❜str❛t❡ ❢♦r ❛ ❢❡✇ s❡❝♦♥❞s✳
❆❢t❡r t❤✐s✱ t❤❡ t✐♣ ✐s ♠♦✈❡❞ ❛✇❛② ❢r♦♠ t❤❡ s✉r❢❛❝❡ ✭✹✲✺✮ ✉♥t✐❧ t❤❡ st❛rt✐♥❣
♣♦s✐t✐♦♥ ✐s r❡❛❝❤❡❞ ❛❣❛✐♥✳ ❇✮ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❢♦r❝❡✲❡①t❡♥s✐♦♥ ❝✉r✈❡ ❢♦r
❛ s♦❢t s❛♠♣❧❡✳

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

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

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

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

♣♦s✐t✐♦♥ ✇❤❡♥ t❤❡ ❆❋▼ ♣r♦❜❡ t♦✉❝❤❡s t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭✷✮✳ ❚❤❡ r❡❣✐♦♥ ❛❜♦✈❡

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

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

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

t❤❡ ❆❋▼ t✐♣ ✐s ✇✐t❤❞r❛✇✐♥❣ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭r❡tr❛❝t✐♦♥✮✱ t❤❡ ❞❡✢❡❝t✐♦♥

❞❡❝r❡❛s❡s ✭✹✲✺✮ ✉♥t✐❧ t❤❡ t✐♣ ❞❡t❛❝❤❡s ✭✺✮ ❛♥❞ t❤❡ ♦r✐❣✐♥❛❧ ❜❛s❡❧✐♥❡ ✐s r❡❝♦✈❡r❡❞

✭✺✲✻✮✳

✷✳✶✳✸ ❉❡t❡r♠✐♥✐♥❣ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ s♦❢t s❛♠♣❧❡s

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

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

✭✜❣✉r❡ ✷✳✸✮

✸✵



❋✐❣✉r❡ ✷✳✸✿ ❋♦r❝❡ ✲ ❞✐st❛♥❝❡ ❝✉r✈❡s✳ ❆✮ ❈♦♠♣❛r✐♥❣ ❛♣♣r♦❛❝❤ ♣❛rts ♦❢
❢♦r❝❡ ❝✉r✈❡s r❡❝♦r❞❡❞ ♦♥ st✐✛✱ ♥♦♥✲❞❡❢♦r♠❛❜❧❡ ✭r❡❞ ❝✉r✈❡✮ ❛♥❞ s♦❢t ✭❣r❡❡♥
❝✉r✈❡✮ s❛♠♣❧❡s✳ ❇✮ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢♦r❝❡ ✈❡rs✉s ✐♥❞❡♥t❛t✐♦♥ ❝✉r✈❡✳

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

t❛✐♥❡❞✳ ❚❤✐s r❡❧❛t✐♦♥ ✐s ❢✉rt❤❡r ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❜❛s❡❞ ♦♥

❝♦♥t❛❝t ♠❡❝❤❛♥✐❝s ❬✶✷✷❪✳ ❚❤❡ ♠♦st ❝♦♠♠♦♥ ❛♣♣r♦❛❝❤ ❛♥❛❧②s❡s ❢♦r❝❡✲✐♥❞❡♥t❛t✐♦♥

❝✉r✈❡s ✉s✐♥❣ t❤❡ ❍❡rt③ ♠♦❞❡❧ ✇✐t❤ ❙♥❡❞❞♦♥ ♠♦❞✐✜❝❛t✐♦♥s ❬✶✷✸❪✳ ❚❤✐s ♠♦❞❡❧ ❛s✲

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

❛♥❞ ♥♦ ❛❞❤❡s✐♦♥ ✐s ♣r❡s❡♥t ✇✐t❤✐♥ t❤❡ ❝♦♥t❛❝t ❛r❡❛ ❜❡t✇❡❡♥ t❤❡ ✐♥❞❡♥t❡r ❛♥❞ t❤❡

s✉r❢❛❝❡✳ ■♥ t❤❡ ❆❋▼✱ t❤❡ ♣r♦❜✐♥❣ t✐♣ t②♣✐❝❛❧❧② ❤❛s ❛ ♣②r❛♠✐❞ s❤❛♣❡ ❬✶✷✹❪ ❬✶✷✺❪✳

❈♦♠♠♦♥ ❣❡♦♠❡tr✐❡s t❤❛t ❛♣♣r♦①✐♠❛t❡ t❤❡ t✐♣ ❛r❡ ❛ ♣❛r❛❜♦❧♦✐❞✱ ❛ ❝♦♥❡✱ ❛♥❞ ❛

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

✐♥❞❡♥t❛t✐♦♥ δ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❝♦♥✐❝❛❧ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜✐♥❣ t✐♣✿

F (δ) =
2 tanα

π
E ′δ2 ✭✷✳✺✮

❼ ♣❛r❛❜♦❧♦✐❞❛❧ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜✐♥❣ t✐♣✿

F (δ) =
4
√
R

3
E ′δ3/2 ✭✷✳✻✮

❼ ♣②r❛♠✐❞❛❧ t✐♣✿

F (δ) =
tanα√

2
E ′δ2 ✭✷✳✼✮

✇❤❡r❡ α ✐s t❤❡ ♦♣❡♥✐♥❣ ❤❛❧❢✲❛♥❣❧❡ ♦❢ t❤❡ ♣r♦❜✐♥❣ t✐♣ ❛♥❞ ❘ ✐s t❤❡ r❛❞✐✉s ♦❢ t❤❡

❝✉r✈❛t✉r❡ ♦❢ t❤❡ t✐♣ ❬✶✹✺❪✳

✸✶



■♥ ❛❧❧ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥s✱ ❊✬ ❞❡♥♦t❡s t❤❡ r❡❞✉❝❡❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s r❡❧❛t✐♥❣

❨♦✉♥❣✬s ♠♦❞✉❧✐ ♦❢ t❤❡ t✐♣ ✭❊tip✮ ❛♥❞ t❤❡ ✐♥✈❡st✐❣❛t❡❞ s❛♠♣❧❡ ✭❊sample✮✿

1

E ′
=

1− µ2
tip

Etip

+
1− µ2

sample

Esample

✭✷✳✽✮

✇❤❡r❡ µtip ❛♥❞ µsample r❡♣r❡s❡♥t t❤❡ P♦✐ss♦♥ r❛t✐♦s ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ❛♥❞ t❤❡ s❛♠✲

♣❧❡✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❝❡❧❧s✱ t❤❡ ❡①❛❝t ✈❛❧✉❡ ♦❢ µcell ✐s ♥♦t ❦♥♦✇♥✳ ■ts ✈❛❧✉❡ ✐s ♦❢t❡♥

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

❬✼✽❪✳

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

t❤❡ ❝❛♥t✐❧❡✈❡r ✐s ❣❡♥❡r❛❧❧② ✐♥ t❤❡ ♦r❞❡r ♦❢ ●P❛✱ ♠❡❛♥✐♥❣ t❤❛t Ecell ❁ ❁ Etip✱ ❛♥❞

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

1

E ′
=

1− µ2
cell

Ecell

✭✷✳✾✮

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

E ′ =
Ecell

1− µ2
cell

✭✷✳✶✵✮

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

❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ t✐♣✱ ❛♥❞ ✐t ✐s ❞❡r✐✈❡❞ ❜② ✜tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ t♦ t❤❡

❝❤♦s❡♥ ❍❡rt③✲❙♥❡❞❞♦♥ ♠♦❞❡❧✳ ■♥ t❤✐s st✉❞②✱ t❤❡ ❝♦♥❡ ♠♦❞❡❧ ✇❛s ✉s❡❞ t♦ ❛♣♣r♦①✐✲

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

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

❜❡t✇❡❡♥ t❤❡ ❧♦❛❞ ❢♦r❝❡ ❋ ❛♥❞ t❤❡ ✐♥❞❡♥t❛t✐♦♥ δ ❢♦r t❤❡ ❆❋▼ t✐♣ ❛♣♣r♦①✐♠❛t❡❞

❜② ❛ ❝♦♥❡ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿

F (δ) =
2 tanα

π

Ecell

1− µ2
cell

δ2 ✭✷✳✶✶✮

❋♦r t❤❡ t✐♣ ✇✐t❤ ❛ s♣❤❡r✐❝❛❧ s❤❛♣❡✱ t❤❡ ❡q✉❛t✐♦♥ ❜❡❝♦♠❡s✿

F (δ) =
4

3

Ecell

1− µ2
cell

R1/2δ3/2 ✭✷✳✶✷✮

✇❤❡r❡ ❘ ✐s t❤❡ t✐♣ r❛❞✐✉s✳

❚❤❡ ✜♥❛❧ ✈❛❧✉❡ ♦❢ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ✐s str✐❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ♠♦❞❡❧ ❝❤♦s❡♥

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

✐♥tr♦❞✉❝✐♥❣ ❛rt✐❢❛❝ts✳ ❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s ✇♦r❦s ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❬✶✺✹❪

❬✶✶✷❪✱ t❤❡ ♣r♦❜✐♥❣ t✐♣ ✇❛s ❛♣♣r♦①✐♠❛t❡❞ ❜② ❛ ❝♦♥❡ ❛s t❤❡ ♠♦st s✉✐t❛❜❧❡ ♦♥❡ ❢♦r t❤❡

✸✷



st✉❞✐❡s ✐❧❧✉str❛t❡❞ ✐♥ t❤✐s t❤❡s✐s✳ ❆♥♦t❤❡r ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡ st❛♥❞❛r❞ ✐♥❞❡♥t❛t✐♦♥✲

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

❝❡❧❧✉❧❛r ❝♦♠♣❛rt♠❡♥ts ✇✐t❤✐♥ t❤❡ ✜①❡❞ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✳ ◆❡✈❡rt❤❡❧❡ss✱ t♦ ♣❡r✲

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

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

❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♥✉❝❧❡❛r r❡❣✐♦♥ ❬✶✷✻❪✳

✷✳✶✳✹ ❚✐♠❡ ❞♦♠❛✐♥ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts

■♥ t❤❡ ❆❋▼✱ t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ r❡❛❧✐③❡❞ ✐♥ t❤❡ ❢r❡✲

q✉❡♥❝② ❞♦♠❛✐♥ ✭❞②♥❛♠✐❝ ❡①♣❡r✐♠❡♥ts✮ ♦r t✐♠❡ ❞♦♠❛✐♥ ✭st❛t✐❝ ❡①♣❡r✐♠❡♥t✮ ❬✶✷✼❪✳

❚❤❡ t✐♠❡ ❞♦♠❛✐♥ ❡①♣❡r✐♠❡♥t t②♣✐❝❛❧❧② ❤❛s ❛ st❡♣✲❤♦❧❞ ♣❛tt❡r♥ ✭✜❣✉r❡ ✷✳✹✮✳

❋✐❣✉r❡ ✷✳✹✿ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❢♦r❝❡ ✈❡rs✉s t✐♠❡ ❞❛t❛ ✐♥ ❆❋▼ t✐♠❡
❞♦♠❛✐♥ ❡①♣❡r✐♠❡♥ts✳ ❆✮ ❙tr❡ss r❡❧❛①❛t✐♦♥✿ t❤❡ t✐♣ ✐s ♠♦✈❡❞ t♦✇❛r❞s
t❤❡ s❛♠♣❧❡ ✉♥t✐❧ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✭✶✲✷✮ ✐s ❦❡♣t ❝♦♥st❛♥t ❞✉r✐♥❣ t❤❡ ❤♦❧❞
♣❤❛s❡✳ ❚❤❡♥✱ ❛❢t❡r t❤✐s ❤♦❧❞ ♣❤❛s❡ ✭✷✲✸✮✱ t❤❡ t✐♣ ✐s r❡♠♦✈❡❞ ❢r♦♠ t❤❡
s❛♠♣❧❡ ❛♥❞ r❡tr❛❝t✐♦♥ ✭✹✲✺✮✳ ❇✮ ❈r❡❡♣ r❡❧❛①❛t✐♦♥✿ t❤✐s ✐s ❧✐❦❡ t❤❡ str❡ss
r❡❧❛①❛t✐♦♥ ❡①♣❡r✐♠❡♥t✱ ❡①❝❡♣t t❤❛t t❤❡ ❢♦r❝❡ ✐s ❦❡♣t ❝♦♥st❛♥t ❤❡r❡✳

❚❤❡ ❛♣♣r♦❛❝❤✐♥❣ ♣❤❛s❡ ✭s❡❣♠❡♥ts ✶✲✷✮ ✐s t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❡❧❛st✐❝

❡①♣❡r✐♠❡♥ts✱ ❛♥❞ ♦♥❝❡ t❤❡ t✐♣ r❡❛❝❤❡s t❤❡ s❛♠♣❧❡✱ t❤❡r❡ ✐s ❛ ❤♦❧❞ ♣❤❛s❡ ✭s❡❣♠❡♥ts

✷✲✸✮ ❢♦❧❧♦✇❡❞ ❜② t❤❡ r❡tr❛❝t✐♦♥ ♣❤❛s❡ ✭s❡❣♠❡♥ts ✹✲✺✮✳ ❚❤❡ ❤♦❧❞ ♣❤❛s❡ ❝❛♥ ❛❧s♦

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

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

✐♥❞❡♥t❛t✐♦♥ ❝❤❛r❛❝t❡r✐③❡s t❤❡ ❤♦❧❞ ♣❤❛s❡✱ t❤❡ str❡ss✲r❡❧❛①❛t✐♦♥ ❡①♣❡r✐♠❡♥t ❝❛♥ ❜❡

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

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

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

♠❡❛s✉r❡❞✳ ❇♦t❤ ❢♦r❝❡ ✭❋ ✮ ❛♥❞ ✐♥❞❡♥t❛t✐♦♥ ✭δ✮ ❢r♦♠ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ❝❛♥ ❜❡

❝❛❧❝✉❧❛t❡❞ ❜② ❛♣♣❧②✐♥❣ t❤❡ ▲❡❡✲❘❛❞♦❦ ❡q✉❛t✐♦♥ ❬✶✷✼❪✿
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F (t) = Cn
E(t)

1− µ2
δn0 ✭✷✳✶✸✮

δn(t) =
1

Cn

JE(t)(1− µ2)F0 ✭✷✳✶✹✮

✇❤❡r❡ ❈n ✐s t❤❡ ❝♦♥st❛♥t ✈❛❧✉❡ r❡❧❛t❡❞ t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ t✐♣ ✭✐✳❡✳✱ ❝♦♥❡✿ ♥❂

✷ ❛♥❞ ❈2❂ ✷✭t❛♥α✮✴π✮✱ ❊✭t✮ ✐s ❨♦✉♥❣✬s r❡❧❛①❛t✐♦♥ ♠♦❞✉❧✉s✱ ❏E✭t✮ ✐s t❤❡ ❝r❡❡♣

❝♦♠♣❧✐❛♥❝❡ r❡❧❛t❡❞ t♦ ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ µ ✐s t❤❡ P♦✐ss♦♥ r❛t✐♦✱ δ0 ✐s t❤❡ ❤♦❧❞

✐♥❞❡♥t❛t✐♦♥ ✈❛❧✉❡✱ ❛♥❞ ❋0 ✐s t❤❡ ❤♦❧❞ ❢♦r❝❡ ✈❛❧✉❡✳

✷✳✶✳✺ ❋r❡q✉❡♥❝② ❞♦♠❛✐♥ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts

■♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✱ s✐♥✉s♦✐❞❛❧ ♠♦❞✉❧❛t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ♣✐❡③♦✲

❡❧❡❝tr✐❝ s❝❛♥♥❡r ♣❡r♣❡♥❞✐❝✉❧❛r❧② t♦ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭✐✳❡✳✱ ✐♥ t❤❡ s♦✲❝❛❧❧❡❞ ❩

❞✐r❡❝t✐♦♥✮ ✇❤✐❧❡ t❤❡ ❝❛♥t✐❧❡✈❡r ✐♥❞❡♥ts t❤❡ s❛♠♣❧❡ ❬✼✺❪✳ ❲❤❡♥ t❤❡ ❝❛♥t✐❧❡✈❡r ✐s

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

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

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

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

❜❡ ♦✉t ♦❢ ♣❤❛s❡✳ ❆♥❛❧②③✐♥❣ t❤❡ ♣❤❛s❡ s❤✐❢t ✭∆φ✮ ❛♠♦♥❣ t❤❡s❡ s✐❣♥❛❧s ♠❛❦❡s ✐t

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

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

s❤✐❢t ✐s ✵❀ ❢♦r ❛ ♣✉r❡❧② ✈✐s❝♦✉s ♠❛t❡r✐❛❧✱ ✐t ✐s ✾✵✳

❋✐❣✉r❡ ✷✳✺ s❝❤❡♠❛t✐❝❛❧❧② ✐❧❧✉str❛t❡s t❤❡ ❝❛♥t✐❧❡✈❡r ❞❡✢❡❝t✐♦♥ ✐♥ t✐♠❡ ❞✉r✐♥❣ ❢r❡✲

q✉❡♥❝② ♠♦❞✉❧❛t✐♦♥✳

✸✹



❋✐❣✉r❡ ✷✳✺✿ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❢♦r❝❡ ❝✉r✈❡ s❤♦✇✐♥❣ t❤❡ ❜❡♥❞✐♥❣ ♦❢
t❤❡ ❝❛♥t✐❧❡✈❡r ✐♥ t✐♠❡ ❞✉r✐♥❣ ❢r❡q✉❡♥❝② ♠♦❞✉❧❛t✐♦♥✳ ❚❤❡ ❢♦r❝❡
✐♥❝r❡❛s❡s ✉♥t✐❧ t❤❡ ❝❛♥t✐❧❡✈❡r t♦✉❝❤❡s t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭❢r♦♠ ✶ t♦ ✷✮✳
❖♥❝❡ t❤❡ ❝❛♥t✐❧❡✈❡r ✐♥❞❡♥ts t❤❡ s❛♠♣❧❡✱ ❛♥ ♦s❝✐❧❧❛t♦r② ♠♦✈❡♠❡♥t ✐s ❝❛r✲
r✐❡❞ ♦✉t ✇✐t❤ t❤❡ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❚❤❡ ❡①❛♠♣❧❡ ✐❧❧✉str❛t❡s ❢♦✉r
❢r❡q✉❡♥❝② r❛♥❣❡s ✭❢✶ ✲❢✹✮ ❛t ❛ ❝♦♥st❛♥t ❛♠♣❧✐t✉❞❡✳ ❉✉r✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥✱
t❤❡ ♣r♦❜✐♥❣ t✐♣ ✐s ❛❧✇❛②s ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ s❛♠♣❧❡ ✭❢r♦♠ ✷ t♦ ✸✮✳ ❆❢t❡r
t❤✐s✱ t❤❡ ❝❛♥t✐❧❡✈❡r ✐s r❡tr❛❝t❡❞ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭✹✮ ❛♥❞ t❤❡ ❢♦r❝❡
❜❡❝♦♠❡s ③❡r♦ ❧✐❦❡ ❜❡❢♦r❡ ✭✺✮ ✇❤❡♥ t❤❡ ❝❛♥t✐❧❡✈❡r ✐s ❢❛r ❢r♦♠ t❤❡ s❛♠♣❧❡
s✉r❢❛❝❡✳

■♥ t❤❡ ❆❋▼ ❢r❡q✉❡♥❝② ♠♦❞✉❧❛t✐♦♥ ♠♦❞❡✱ t❤❡ ❢♦r❝❡ ✐♥❝r❡❛s❡s ✉♥t✐❧ t❤❡ ❝❤♦s❡♥

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

✐♥❞❡♥ts t❤❡ s❛♠♣❧❡ ❛t ❛ ❝❡rt❛✐♥ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ δ0✱ ❛♥ ♦s❝✐❧❧❛t♦r② ♠♦✈❡♠❡♥t

δ✭ω✮ ✐s ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❣✐✈❡♥ δ0 ✇✐t❤ t❤❡ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❉✉r✐♥❣ t❤❡

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

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

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

✐♠❡♥t✳

❇♦t❤ t❤❡ ✐♥❞❡♥t❛t✐♦♥ δ✭t✮❛♥❞ t❤❡ ❢♦r❝❡ ❋✭t✮ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s s✐♥✉s♦✐❞❛❧ ❢✉♥❝✲

t✐♦♥s ♦❢ t✐♠❡ ❛t t❤❡ ❣✐✈❡♥ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝②✿

δ(t) = δ0 + δA sinωt ✭✷✳✶✺✮

F (t) = F0 + F ′ sinωt+ F ′′ cosωt ✭✷✳✶✻✮

✇❤❡r❡ δ0 ❛♥❞ ❋0 ❛r❡ t❤❡ ✇♦r❦✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ❛♥❞ ❢♦r❝❡✳

❚❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ❊✬ ❛♥❞ t❤❡ ❧♦ss ♠♦❞✉❧✉s ❊✧ ♦❢ ♠❛t❡r✐❛❧ ❛r❡ r❡s♣❡❝t✐✈❡❧②

✸✺



♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s✐♥❡ ✭✐♥✲♣❤❛s❡✮ ❛♥❞ ❝♦s✐♥❡ ✭♦✉t✲♦❢✲♣❤❛s❡✮ ♦❢ t❤❡ ♣❤❛s❡ ❛♥❣❧❡✱

❛♥❞ t♦❣❡t❤❡r t❤❡② ❞❡s❝r✐❜❡ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ❬✼✺❪

E∗ = E ′ + iE ′′ ✭✷✳✶✼✮

✇❤❡r❡ ✐ ✐s t❤❡ ❝♦♠♣❧❡① ✉♥✐t✳

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

t✐♦♥s ❞♦♥❡ ❜② ❆❋▼ r❡q✉✐r❡s t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ t❤❡ ❢♦r❝❡ ❛♥❞ ✐♥❞❡♥t❛t✐♦♥

❛t t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ω ✭❂✷π❢ ✮✱ ✇❤✐❝❤ ❣✐✈❡s✿

F (ω) = FAe
iφF ✭✷✳✶✽✮

δ(ω) = δAe
iφδ ✭✷✳✶✾✮

❉✐✈✐❞✐♥❣ ❡q✉❛t✐♦♥ ✷✳✶✽ ❜② ❡q✉❛t✐♦♥ ✷✳✶✾✱ t❤❡ r❛t✐♦ ❋✭ω✮✴δ✭ω✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

❢♦❧❧♦✇s✿

F (ω)

δ(ω)
=

FA

δA
ei∆φ =

FA

δA
(cos∆φ+ isin∆φ) ✭✷✳✷✵✮

✱✇❤❡r❡ t❤❡ ♣❤❛s❡ s❤✐❢t ❜❡t✇❡❡♥ ❢♦r❝❡ ❛♥❞ ✐♥❞❡♥t❛t✐♦♥ ✐s✿

∆φ = φF − φδ ✭✷✳✷✶✮

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

❬✼✻❪✿

F =
3Etanθ

4(1− µ2)
δ2 ✭✷✳✷✷✮

❋♦r s♠❛❧❧ ♦s❝✐❧❧❛t✐♦♥s ❛r♦✉♥❞ t❤❡ ✐♥❞❡♥t❛t✐♦♥ δ0✱ t❤❡ ❡q✉❛t✐♦♥ ✷✳✷✷ ❝❛♥ ❜❡ ❛♣♣r♦①✲

✐♠❛t❡❞ ❜② t❤❡ ✜rst t❡r♠ ♦❢ t❤❡ ❚❛②❧♦r ❡①♣❛♥s✐♦♥ ❬✼✼❪✱ ✇❤✐❝❤ ❛❧❧♦✇s t♦ ♦❜t❛✐♥ t❤❡

❡①♣r❡ss✐♦♥ ❢♦r ❡❧❛st✐❝ ♠♦❞✉❧✉s ❬✼✺❪✿

E =
2(1− µ2)

3δ0tanθ

FA

δA
✭✷✳✷✸✮

❋r♦♠ ❡q✉❛t✐♦♥s ✷✳✷✵ ❛♥❞ ✷✳✷✸✱ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ❢♦r ❛ ♣②r❛♠✐❞❛❧ ✐♥❞❡♥t❡r

✇✐t❤ ❛ ❤❛❧❢✲♦♣❡♥ ❛♥❣❧❡ θ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✭❛ss✉♠✐♥❣

δA✓δ0 ✮✿

E∗ = E ′ + iE ′′ =
2(1− µ2)

3δ0 tan θ

FA

δA
(cos∆φ+ i sin∆φ) ✭✷✳✷✹✮

✸✻



❋r♦♠ t❤❡ ❡q✉❛t✐♦♥ ❛❜♦✈❡✱ t❤❡ ❡❧❛st✐❝ st♦r❛❣❡ ❊✬ ❛♥❞ ❧♦ss ❊✑ ♠♦❞✉❧✉s ❝❛♥ ❜❡

❞❡t❡r♠✐♥❡❞✿

E ′(ω) =
2(1− µ2)

3δ0 tan θ

FA

δA
cos∆φ ✭✷✳✷✺✮

E ′′(ω) =
2(1− µ2)

3δ0 tan θ

FA

δA
sin∆φ ✭✷✳✷✻✮

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

G =
E

2(1 + µ)
✭✷✳✷✼✮

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

G′ (ω) =
1− µ

3δo tan θ

FA

δA
cos∆ϕ ✭✷✳✷✽✮

G′′ (ω) =
1− µ

3δo tan θ

FA

δA
sin∆ϕ ✭✷✳✷✾✮
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❚r❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②

❚❤❡ ❧♦ss t❛♥❣❡♥t✱ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ●✑✭ω✮ ❛♥❞ ●✬✭ω✮✱ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♣❛✲

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

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

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

❡q✉❛❧ t♦ t❤❡ ❧♦ss ♠♦❞✉❧✉s✳ ❋✐❣✉r❡ ✷✳✻ s❤♦✇s ❛ s❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ ❛ t②♣✐❝❛❧

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

❋✐❣✉r❡ ✷✳✻✿ ❊①❛♠♣❧❡ ♦❢ st♦r❛❣❡ ●✬ ❛♥❞ ❧♦ss ●✧ ♠♦❞✉❧✐ ♣❧♦tt❡❞
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s t❤❡
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ❛♥❞ t❤❡ ❞❛s❤✲❞♦t ❧✐♥❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣♦✇❡r ❧❛✇ ✜t
✭st♦r❛❣❡ ♠♦❞✉❧✉s ✐♥ r❡❞ ❛♥❞ ❧♦ss ♠♦❞✉❧✉s ✐♥ ♣✉r♣❧❡✮✳ ❚❤❡ ♣❧♦t ✐s ✐♥ ❧♦❣
s❝❛❧❡✱ ❛♥❞ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②✱ ✇❤❡r❡ t❤❡ t✇♦ ♠♦❞✉❧✐ ❛r❡ ❡q✉✐✈❛❧❡♥t✱
✐s ✐♥❞✐❝❛t❡❞✳

❚❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❞✐✛❡r❡♥t✐❛t❡ ❛ ♠♦r❡ s♦❧✐❞✲❧✐❦❡ ♦r ✢✉✐❞✲

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

✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❜✐♦❧♦❣✐❝❛❧ ❡❧❡♠❡♥ts ❧✐❦❡ ❝❡❧❧s ❬✶✷✽❪✳

✸✽



✷✳✷ ❍②❞r❛✉❧✐❝ ❋♦r❝❡ ❙♣❡❝tr♦s❝♦♣②

✷✳✷✳✶ ▼✐❝r♦♣✐♣❡tt❡ ❛s♣✐r❛t✐♦♥ ✲ ♣r✐♥❝✐♣❧❡s

▼✐❝r♦♣✐♣❡tt❡ ❛s♣✐r❛t✐♦♥ ✭▼P❆✮ ✐s ❛ t❡❝❤♥✐q✉❡ ✇✐❞❡❧② ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡

♣❤②s✐♦✲♣❛t❤♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s ❬✶✵✽❪✳ ❚❤❡ tr❛❞✐t✐♦♥❛❧ ▼P❆ s②st❡♠ ✐s ❝♦♠✲

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

t♦ ❛ ✇❛t❡r r❡s❡r✈♦✐r ♦r ❛ ♣✉♠♣✱ ✇❤✐❝❤ ❣❡♥❡r❛t❡s ❛ s✉❝t✐♦♥ ♣r❡ss✉r❡ ∆P ❞✉❡ t♦ t❤❡

❞✐✛❡r❡♥❝❡ ✐♥ ❤❡✐❣❤t ❜❡t✇❡❡♥ t❤❡ t✐♣ ♦❢ t❤❡ ♠✐❝r♦♣✐♣❡tt❡ ❛♥❞ t❤❡ t♦♣ ♣♦s✐t✐♦♥ ♦❢ t❤❡

r❡s❡r✈♦✐r ❤✳ ❑♥♦✇✐♥❣ t❤❡ s♣❡❝✐✜❝ ✇❡✐❣❤t ♦❢ t❤❡ ✇❛t❡r ρ❣✱ ∆P ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞

❛s✿

∆P = ρgh ✭✷✳✸✵✮

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

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

❜② ✉s✐♥❣ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡✳

❚❤❡ ♠❛✐♥ ❧✐♠✐t❛t✐♦♥s ♦❢ t❤✐s t❡❝❤♥✐q✉❡ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣s✳ ❋✐rst✱ t❤❡ s♣❛✲

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

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

❡rr♦rs ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❧❛❝❦ ♦❢ ♣❧❛t❡✴❝❛♣✐❧❧❛r② ♣❛r❛❧❧❡❧✐s♠✳ ❆♥❞ t❤✐r❞✱ t❤❡ ❞❛t❛

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

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

▼P❆ s②st❡♠ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② ▼✳ ❇❡r❛r❞✐ ❡t ❛❧✳✱ t❤❡ ❤②❞r❛✉❧✐❝ ❢♦r❝❡ s♣❡❝tr♦s❝♦♣②

❬✶✸✵❪✳

✷✳✷✳✷ ❙②st❡♠ ❞❡s✐❣♥

❍②❞r❛✉❧✐❝ ❋♦r❝❡ ❙♣❡❝tr♦s❝♦♣② ✭❍❋❙✮ ✐s ❛ t②♣❡ ♦❢ ♠✐❝r♦♣✐♣❡tt❡ ❛s♣✐r❛t✐♦♥

✭▼P❆✮ t❡❝❤♥✐q✉❡ t❤❛t ♦✈❡r❝♦♠❡s t❤❡ ❧✐♠✐t❛t✐♦♥s ❝❛✉s❡❞ ❜② t❤❡ tr❛❞✐t✐♦♥❛❧ ▼P❆

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

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

♠❡❛s✉r❡♠❡♥ts ♦❢ ❜♦t❤ ♣r❡ss✉r❡ ❛♥❞ ❞✐s♣❧❛❝❡♠❡♥t ❬✶✸✵❪✳ ❋✐❣✉r❡ ✷✳✼ ✐❧❧✉str❛t❡s t❤❡

♠❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❍❋❙ s②st❡♠✳

✸✾



❋✐❣✉r❡ ✷✳✼✿ ❙❝❤❡♠❛t✐❝s ♦❢ t❤❡ ❍❋❙ s❡t✉♣✳ ❆✮ ❖♣t✐❝❛❧ ✐♥t❡rr♦❣❛t♦r✿ ❛
s✉♣❡r❧✉♠✐♥❡s❝❡♥t ❞✐♦❞❡ ✭❙▲❉✮ ✐s ❝♦♥♥❡❝t❡❞ t❤r♦✉❣❤ ❛ P❛♥❞❛ ✜❜❡r ✭♣♠❢✮
t♦ ❛ ❞❡♣♦❧❛r✐③❡r ✭❉P✮✱ ✇❤✐❝❤ ✐s ❥♦✐♥❡❞ t♦ ❛ ❝✐r❝✉❧❛t♦r ✭❈✮ ✈✐❛ ❛ s✐♥❣❧❡
♠♦❞❡ ✜❜❡r ✭s♠❢✮✳ ❇✮ ❈r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡✿ t❤❡ ♣r❡ss✉r❡ ✈❛r✐❛t✐♦♥
✐s ✐♥❞✉❝❡❞ ❜② t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛t❡r r❡s❡r✈♦✐r✳

❚❤❡ ❍❋❙ s②st❡♠ ❝♦♠♣r✐s❡s t❤r❡❡ ❢✉♥❞❛♠❡♥t❛❧ ♣❛rts✿ ❛♥ ✐♥t❡rr♦❣❛t♦r✱ ❛♥ ✐♥t❡r✲

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

✐s ♠❛❞❡ ♦❢ ❛ s✉♣❡r❧✉♠✐♥❡s❝❡♥t ❞✐♦❞❡ ✭❙▲❉✮✱ ❛ ♣♦❧②❝❤r♦♠❛t✐❝ ❧✐❣❤t s♦✉r❝❡ t❤❛t ✐❧✲

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

❚❤❡ ❙▲❉ ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛ ❞❡♣♦❧❛r✐③❡r ❧✐♥❦❡❞ t♦ ❛ ❝✐r❝✉❧❛t♦r t❤❛t r❡❞✐r❡❝ts t❤❡

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

t❛✐♥❡❞ ❜② ❡✐t❤❡r ❛❞❥✉st✐♥❣ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ✇❛t❡r r❡s❡r✈♦✐r ♦r ✉s✐♥❣ ❛ s②r✐♥❣❡

♣✉♠♣✳ ❋✐❣✉r❡ ✷✳✽ ✐❧❧✉str❛t❡s t❤❡ ♣r❡ss✉r❡ ✈❛r✐❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳

✹✵



❋✐❣✉r❡ ✷✳✽✿ ❙✉❝t✐♦♥ ♣r♦✜❧❡ ♦❢ t❤❡ s❛♠♣❧❡✳ ❆ ✈❡r② s♠❛❧❧ ♣r❡ss✉r❡ ✐s
❛♣♣❧✐❡❞ t♦ ❝❛♣t✉r❡ t❤❡ s❛♠♣❧❡✱ t❤❡♥ ❛ r❛♠♣ ♦❢ ✶✵✵ P❛✴s ✐s ❛♣♣❧✐❡❞✱ ✉♥t✐❧
r❡❛❝❤✐♥❣ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ t❤❡ ♣r❡ss✉r❡ ✭✶ ❦P❛✮ ✇❤✐❝❤ ✐s ❦❡♣t ❢♦r ❛
❢❡✇ s❡❝♦♥❞s✱ ❛♥❞ ✜♥❛❧❧② t❤❡r❡ ✐s t❤❡ r❡❧❡❛s❡ ♦❢ t❤❡ s❛♠♣❧❡✳

❚❤❡ s✉❝t✐♦♥ ♣r♦✜❧❡ ❤❛s ❛ tr❛♣❡③♦✐❞❛❧ s❤❛♣❡✳ ❆ s♠❛❧❧ ♥❡❣❛t✐✈❡ ♣r❡ss✉r❡ ✐s ❛♣♣❧✐❡❞

t♦ ❝❛♣t✉r❡ t❤❡ s❛♠♣❧❡ ✇❤✐❧❡ ♠❛❦✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ❖♥❝❡ t❤❡ s❛♠♣❧❡ ✐s ❝❛♣✲

t✉r❡❞✱ ❛ r❛♠♣ ♦❢ ✶✵✵ P❛✴s ✐s ❛♣♣❧✐❡❞✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ♣❛✉s❡ ♦❢ ✶✵ s ❛t t❤❡ ❤✐❣❤❡st

♣r❡ss✉r❡ r❡❛❝❤❡❞ ✭✶✺✵✵ P❛✮✱ ❡♥❞✐♥❣ ✇✐t❤ ❛ s②♠♠❡tr✐❝ r❡❧❡❛s❡✳

✷✳✷✳✸ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❜② ❍❋❙

❚♦ ♦❜t❛✐♥ t❤❡ r❡❛❞♦✉t ❢r♦♠ t❤❡ ♦♣t✐❝❛❧ s②st❡♠ ✐♥st❛❧❧❡❞ ✐♥ ❍❋❙✱ t✇♦ ♦♣t✐❝❛❧

❝❛✈✐t✐❡s ❛r❡ ❛♥❛❧②③❡❞✿

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

❡♥❞✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ✜❜❡r❀

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

t❤❡ ♣r❡ss✉r❡ s❡♥s♦r✳

❚❤❡ s②st❡♠ ✐s ❞❡s✐❣♥❡❞ s♦ t❤❛t t❤❡s❡ t✇♦ ❝❛✈✐t✐❡s ❤❛✈❡ ❞✐✛❡r❡♥t ❧❡♥❣t❤s s♦ t❤❛t

t❤❡✐r ✐♥t❡r❢❡r❡♥❝❡ ♣❛tt❡r♥ ❝❛♥ ❜❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❆❢t❡r✇❛r❞✱ ❜② ❛♣♣❧②✲

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

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

♣❧❡✳

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

t❤❡ ❩❤♦✉ ♠♦❞❡❧ ❬✶✸✶❪ ❬✶✸✷❪✿

✹✶



E =
3Rp

β1

[

1−
(

Rp

Rc

)β3

] ·
∆P

Lp

✭✷✳✸✶✮

✇❤❡r❡ ❊ ✐s t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s✱ ∆P ✐s t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣r❡ss✉r❡✱ LP ✐s t❤❡ ❛s♣✐r❛t❡❞

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

β1 ✐s ❡q✉❛❧ t♦ ✷✳✵✶✹✷ ❛♥❞ β3 ✐s ❡q✉❛❧ t♦ ✷✳✶✶✽✼✳

✷✳✷✳✹ ❉②♥❛♠✐❝ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s ✭❉▼❆✮

❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❡❛t✉r❡ ♦❢ t❤✐s s②st❡♠ t❤❛t ♠❛❦❡s ✐t ❞✐✛❡r❡♥t ❢r♦♠ t❤❡

♦t❤❡r tr❛❞✐t✐♦♥❛❧ ▼P❆ t❡❝❤♥✐q✉❡s ✐s t❤❛t ✐t ❛❧❧♦✇s ✈✐s❝♦❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts

❜② ❞②♥❛♠✐❝ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s ✭❉▼❆✮ t❤❛t ❛♣♣❧✐❡s ❛ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t✐♦♥ ❛t

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

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

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

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

♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❛♠♣❧❡✱ ❛❣❛✐♥ t❤❡ ❩❤♦✉ ♠♦❞❡❧ ❬✶✸✶❪ ✇❛s ✉s❡❞✳ ❋r♦♠ t❤❡ s✐♥✉✲

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

❛s♣✐r❛t✐♦♥ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ t✐♠❡ ❛s ❢♦❧❧♦✇s✿

P (t) = P0 sin(ωt+ δP ) ✭✷✳✸✷✮

LP (t) = L0 sin(ωt+ δL) ✭✷✳✸✸✮

✇❤❡r❡ δP ❛♥❞ δL ❛r❡ t❤❡ ♣❤❛s❡ s❤✐❢ts ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡s t❤❛t r❡❢❡rs t♦ t❤❡ ♣r❡ss✉r❡

❛♥❞ ❧❡♥❣t❤ ♦s❝✐❧❧❛t✐♦♥s✳

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

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

LP (t) = L0[sin(ωt) cos(δL) + cos(ωt) sin(δL) ✭✷✳✸✹✮

❙t♦r❛❣❡ ♠♦❞✉❧✉s✿

E
′

=
3RP

β1

[

1−
(

Rp

Rc

)β3

] ·
P0

L0

· cos(δ) ✭✷✳✸✺✮

▲♦ss ♠♦❞✉❧✉s✿

✹✷



E
′

=
3RP

β1

[

1−
(

Rp

Rc

)β3

] ·
P0

L0

· sin(δ) ✭✷✳✸✻✮

✷✳✷✳✺ ❚✐♠❡ ❞♦♠❛✐♥ ✈✐s❝♦❡❧❛st✐❝✐t②

❚❤❡ ✈✐s❝♦❡❧❛st✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❜②

✉s✐♥❣ t❤❡ ❇♦❧t③♠❛♥♥ ❤❡r❡❞✐t❛r② ✐♥t❡❣r❛❧ ❛♣♣r♦❛❝❤✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ s❛♠♣❧❡s ❛r❡

s✉❜❥❡❝t❡❞ t♦ ❛ r❛♠♣✲❛♥❞✲❤♦❧❞ s✉❝t✐♦♥ ♣r♦✜❧❡✿

P (t) =







Q · t ❢♦r t ≤ tr

Q · tr ❢♦r t > tr
✭✷✳✸✼✮

✇❤❡r❡ tr ✐s t❤❡ r❛♠♣ t✐♠❡✱ t②♣✐❝❛❧❧② ❛r♦✉♥❞ ✻ s✱ ❛♥❞ Q ✐s t❤❡ r❛t❡ ♦❢ ♣r❡ss✉r❡

❝❤❛♥❣❡✱ ❛♣♣r♦①✐♠❛t❡❧② ✺✵✲✻✵ P❛✴s✳

❆s t❤❡ ❡①♣❡r✐♠❡♥t ✐s ✐♥ ♣r❡ss✉r❡ ❝♦♥tr♦❧✱ ✐t ✐s ❝♦♥✈❡♥✐❡♥t t♦ ❞❡✜♥❡ t❤❡ ♠❛t❡r✐❛❧

❝r❡❡♣ ❝♦♠♣❧✐❛♥❝❡ ❢✉♥❝t✐♦♥ J(t)✳ ■♥ t❤✐s ❝❛s❡✱ ✇❡ ❛ss✉♠❡❞ t❤❡ s❛♠♣❧❡s ❡①❤✐❜✐t

♣♦✇❡r✲❧❛✇ ✈✐s❝♦❡❧❛st✐❝✐t②✳ ❚❤✐s tr❛♥s❧❛t❡s ✐♥t♦✿

J(t) = A · tα ✭✷✳✸✽✮

✇❤❡r❡ A ✐s ♠❡❛s✉r❡❞ ✐♥ ✶✴✭P❛·tα✮✱ ❛♥❞ α ✐s ❛ ♥✉♠❜❡r✳ ❚❤❡ ❧❛tt❡r ❝❛♥ ❜❡ ✐♥t❡r✲

♣r❡t❡❞ ❛s ❛ ✧✢✉✐❞✐t②✧ ✐♥❞❡① ♦❢ t❤❡ ♠❛t❡r✐❛❧✿ ✐❢ α ❂ ✵✱ t❤❡ ♠❛t❡r✐❛❧ ✐s ♣✉r❡❧② ❡❧❛st✐❝✱

❛♥❞ A ✐s ✐ts ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡✳ ❈♦♥✈❡rs❡❧②✱ ✐❢ α ❂ ✶✱ t❤❡ ♠❛t❡r✐❛❧ ❜❡❤❛✈❡s

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

❧❡♥❣t❤ Lp ❛♥❞ ❛♣♣❧✐❡❞ ♣r❡ss✉r❡ ✐♥ t✐♠❡ ✐s✿

Lp(t) =
β1 · (1− (Rp/Rc)

β3)

3
·Rc·

·
∫ t

0

J(t− ξ)
dP (ξ)

dξ
dξ

✭✷✳✸✾✮

✇✐t❤ β1 ❂ ✷✳✵✶✹✷✱ β3 ❂ ✷✳✶✶✽✼✱ Rp ✐s t❤❡ ♣✐♣❡tt❡ r❛❞✐✉s✱ Rc ✐s t❤❡ s❛♠♣❧❡ r❛❞✐✉s✱

❛♥❞ ξ ✐s t❤❡ ❞✉♠♠② t✐♠❡ ✈❛r✐❛❜❧❡ ❬✶✸✶❪✳ ❇② ✐♥s❡rt✐♥❣ ❡q✉❛t✐♦♥s ✷✳✸✼ ❛♥❞ ✷✳✸✽ ✐♥

❡q✉❛t✐♦♥ ✷✳✸✾✱ ❛♥❞ s♦❧✈✐♥❣ t❤❡ ✐♥t❡❣r❛❧✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✐s ♦❜t❛✐♥❡❞✿

Lp(t) =







−kAQ · tα+1

α+1
❢♦r t ≤ tr

−kAQ · tα+1
−(t−tr)α+1

α+1
❢♦r t > tr

✭✷✳✹✵✮

✇❤❡r❡✱ ❢♦r ❝♦♥❝✐s❡♥❡ss k = (β1 · (1− (Rp/Rc)
β3)) ·Rc/3✳
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❆✐♠s ♦❢ t❤❡ t❤❡s✐s

❖♥❝♦❣❡♥✐❝ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❦♥♦✇♥ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞

r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s ❬✻✼❪ ❛♥❞ t❤❡ r❡❛rr❛♥❣❡♠❡♥ts ✐♥ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡✲

t♦♥ ❬✶✸✸❪ ❬✶✸✹❪✳ ❈❡❧❧s ✐♥ ✈✐✈♦ ❣r♦✇ ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r ❛♥❞ ❝♦♥t✐♥✉♦✉s❧② ❡①❝❤❛♥❣❡

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

♦st❛s✐s ❞✉❡ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ r❤❡♦❧♦❣② ❛♥❞ ✐♥❝r❡❛s❡❞ ❝❡❧❧✲❣❡♥❡r❛t❡❞ ❢♦r❝❡ ❬✶✸✺❪✳

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

❛♣♦♣t♦s✐s ❛♥❞ ✐♥✈❛❞❡ t❤❡ s✉rr♦✉♥❞✐♥❣ t✐ss✉❡s ❬✶✸✻❪✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t ❝❡❧❧s✱ ✇❤❡♥

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

❞✐✛❡r❡♥t ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ r❡❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ❬✶✸✼❪✳

◆♦✇❛❞❛②s✱ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡s✱ s✉❝❤ ❛s ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s✱ ❛r❡ ✇✐❞❡❧② ✉s❡❞ t♦

❜❡tt❡r ♠✐♠✐❝ t❤❡ ♣❤②s✐♦❧♦❣✐❝❛❧ ❡♥✈✐r♦♥♠❡♥t ♦❢ ❝❡❧❧s ✐♥ s♦❧✐❞ t✉♠♦rs ❬✹✻❪✳

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

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

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

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

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

✉r❡t❡r ❍❈❱✷✾ ❝❡❧❧s✱ ❤✐❣❤✲❣r❛❞❡ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✱ ❛♥❞ ❣r❛❞❡

■■■ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❊❛❝❤ ❝❡❧❧ ❧✐♥❡ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❞✐✛❡r❡♥t ❛❝t✐♥

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

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

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

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

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

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

s❛♠♣❧❡s ✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣❡ ✭❆❋▼✮✳

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

t♦ ✈❛❧✐❞❛t❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s t❡❝❤♥✐q✉❡ ♦♥ ✸❉ ❝✉❧t✉r❡s✱ ❛ ♣r❡❧✐♠✐♥❛r② st✉❞②

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

✭◆❍▲❋✮ ❛♥❞ s♠❛❧❧✲❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✭❆✺✹✾✮ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ✇❡❧❧ ❛♥❞ ♣♦♦r❧②

❞✐✛❡r❡♥t✐❛t❡❞ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✱ r❡s♣❡❝t✐✈❡❧②✳

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

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

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

♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡s ✭❍❈❱✷✾✱ ❚✷✹ ❛♥❞

❍❚✶✸✼✻✮ ✇❡r❡ ❛♥❛❧②③❡❞ ❛❢t❡r ✸ ❞❛②s ♦❢ ❝✉❧t✉r❡ t♦ ♠✐♠✐❝ t❤❡ ❡❛r❧② st❛❣❡ ♦❢ t✉♠♦r✱
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❛♥❞ ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡ t♦ ♠✐♠✐❝ ❛ ❧❛t❡ ❣r♦✇t❤ ♣❤❛s❡ ♦❢ t❤❡ t✉♠♦r✳ ❆❋▼ ❛♥❞

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

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

♦❢ s♣❤❡r♦✐❞s✳

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

❞❡✈❡❧♦♣♠❡♥t ♦❢ ❞r✉❣ r❡s✐st❛♥❝❡ ❛❣❛✐♥st ❛♥t✐t✉♠♦r ❛❣❡♥ts ❬✶✸✽❪ ❛♥❞ ❦♥♦✇✐♥❣ t❤❛t

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

❞❡t❡❝t✐♦♥ ❬✺✽❪✱ ❤❡r❡❜② t❤❡ ❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ s♣❤❡r♦✐❞ ♠❡❝❤❛♥✐❝s ✇❡r❡ ❛♥❛❧②③❡❞ ❜②

❍❋❙ ❛❢t❡r t❤❡ tr❡❛t♠❡♥t ✇✐t❤ ❞♦❝❡t❛①❡❧ ✭❉❚❳✮✱ ❛♥ ❛♥t✐❝❛♥❝❡r ❞r✉❣ t❛r❣❡t✐♥❣ t❤❡

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

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

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

✇✐t❤ ❍❋❙ ❝♦✉❧❞ ❜❡ ❛ ✉s❡❢✉❧ ♠❛r❦❡r t♦ ❛ss❡ss t❤❡ ❡✛❡❝ts ♦❢ ❛♥t✐❝❛♥❝❡r ❞r✉❣s✳

✹✺



P❛rt ■■

▼❛t❡r✐❛❧s ❛♥❞ ▼❡t❤♦❞s

✹✻



Chapter 3

❇✐♦❧♦❣✐❝❛❧ ♠❡t❤♦❞s

✸✳✶ ❈❡❧❧ ❧✐♥❡s

✸✳✶✳✶ ❇❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

■♥ t❤✐s st✉❞②✱ t❤r❡❡ ❤✉♠❛♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ✇❡r❡ ✉s❡❞✿ ❍❈❱✷✾✱ ❚✷✹

❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❍❈❱✷✾ ❝❡❧❧s ❛r❡ ❛❞❤❡r❡♥t ♥♦♥✲♠❛❧✐❣♥❛♥t ❡♣✐t❤❡❧✐❛❧ ❝❡❧❧s ❞❡r✐✈❡❞

❢r♦♠ ❛ ♠❛❧❡ ❛❞✉❧t ♣❛t✐❡♥t s✉✛❡r✐♥❣ ❢r♦♠ ❜❧❛❞❞❡r ❝❛r❝✐♥♦♠❛✭❬✶✶✶❪✮✳ ❚❤❡ ❙❚❘

♣r♦✜❧❡ ♦❢ ❍❈❱✷✾ ❝❡❧❧ ❧✐♥❡ ✐s t❤❡ ❢♦❧❧♦✇✐♥❣✿ ❛♠❡❧♦❣❡♥✐♥✿ ❳✱❨❀ ❚❍✵✶✿ ✻✱✽❀ ❉✶✸❙✸✶✼✿

✽✱✶✶❀ ❉✶✻❙✺✸✾✿ ✶✷✱✶✸❀ ❉✺❙✽✶✽✿ ✶✷❀ ❉✼❙✽✷✵✿ ✼✱✶✷❀ ❚P❖❳✿ ✽✱✶✷❀ ✈❲❆✿ ✶✾✱✷✶❀

❈❙❋✶P❖✿ ✶✶✱✶✷✳ ❚❤❡ ❙❚❘ ♣r♦✜❧❡ ♦❢ ❍❚✶✸✼✻ ❝❡❧❧ ❧✐♥❡✿ ❛♠❡❧♦❣❡♥✐♥✿ ❳❀ ❚❍✵✶✿ ✼✱✶✵❀

❉✶✸❙✸✶✼✿ ✾✱✶✶❀ ❉✶✻❙✺✸✾✿ ✶✶✱✶✹❀ ❉✺❙✽✶✽✿ ✶✶✱✶✷❀ ❉✼❙✽✷✵✿ ✾✱✶✷❀ ❚P❖❳✿ ✽❀ ✈❲❆✿

✶✺✱✶✽❀ ❈❙❋✶P❖✿ ✶✷✳ ❚❤❡ ❙❚❘ ♣r♦✜❧❡ ♦❢ ❚✷✹ ❝❡❧❧ ❧✐♥❡ ✐s✿ ❳❀ ❚❍✵✶✿ ✻❀ ❉✶✸❙✸✶✼✿ ✶✷❀

❉✶✻❙✺✸✾✿ ✾❀ ❉✺❙✽✶✽✿ ✶✵✱✶✷❀ ❉✼❙✽✷✵✿ ✶✵✱✶✶❀ ❚P❖❳✿ ✽✱✶✶❀ ✈❲❆✿ ✶✼✱✶✾❀ ❈❙❋✶P❖✿

✶✵✱✶✷✳ ❚❤❡s❡ ❝❡❧❧s ✇❡r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ✉r❡t❡r✳ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡

♦❜t❛✐♥❡❞ ❢r♦♠ ❣r❛❞❡ ■■■ ✉r✐♥❛r② ❜❧❛❞❞❡r ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ✭❆❚❈❈✱ ▲●❈ ❙t❛♥❞❛r❞s✮✱

❜✉t ❚✷✹ ❝❡❧❧s ✇❡r❡ ❢r♦♠ ❛ ♣❛t✐❡♥t s✉✛❡r✐♥❣ ❢r♦♠ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛✱ ✇❤✐❝❤

✐s ♠♦r❡ ✐♥✈❛s✐✈❡ t❤❛♥ ❜❧❛❞❞❡r ❝❛r❝✐♥♦♠❛✱ r❡♣r❡s❡♥t❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ❬✶✸✾❪✳

❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ✇❡r❡ ❝✉❧t✉r❡❞ ✐♥ ❘P▼■✲✶✻✹✵ ♠❡❞✐✉♠ ✭❙✐❣♠❛✮ s✉♣♣❧❡♠❡♥t❡❞

✇✐t❤ ✶✵ ✪ ❋❡t❛❧ ❇♦✈✐♥❡ ❙❡r✉♠ ✭❋❇❙✱ ❙✐❣♠❛✮✳ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❝✉❧t✉r❡❞ ✐♥

❊❛❣❧❡✬s ♠✐♥✐♠✉♠ ❡ss❡♥t✐❛❧ ♠❡❞✐✉♠ ✭❊▼❊▼✱ ▲●❈ ❙t❛♥❞❛r❞s✮ ✇✐t❤ ✶✵ ✪ ❋❇❙✳

❆❧❧ ❝❡❧❧ ❧✐♥❡s ✇❡r❡ ❣r♦✇♥ ✐♥ ❝✉❧t✉r❡ ✢❛s❦s ✭❙❛rst❡❞t✮ ✐♥ ❛♥ ✐♥❝✉❜❛t♦r ✭◆✉❛✐r❡✮ ❛t

✸✼➦ ❈ ✐♥ ✺ ✪ ❈❖2✳ ❚❤❡ r❡❧❛t✐✈❡ ❤✉♠✐❞✐t② ✇❛s ❦❡♣t ❛❜♦✈❡ ✾✽ ✪✳ ❚❤❡ ❝❡❧❧ ♣❛ss❛❣✐♥❣

✇❛s ❝❛rr✐❡❞ ♦✉t ✇❤❡♥ t❤❡② r❡❛❝❤❡❞ ✽✵✲✾✵ ✪ ♦❢ t❤❡ ❝♦♥✢✉❡♥❝② ❧❡✈❡❧✳ ❋♦r ❍❈❱✷✾

❛♥❞ ❚✷✹ ❝❡❧❧s✱ ✵✳✵✺ ✪ ❛♥❞ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✱ ✵✳✷✺ ✪ ♦❢ tr②♣s✐♥✲❊❉❚❆ s♦❧✉t✐♦♥

✭❙✐❣♠❛✮ ✇❛s ❛♣♣❧✐❡❞ t♦ ❞❡t❛❝❤ ❝❡❧❧s ❢r♦♠ t❤❡ ❝✉❧t✉r❡ ✢❛s❦ s✉r❢❛❝❡✳

✹✼



✸✳✶✳✷ ▲✉♥❣ ❝❡❧❧s

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

❤❡r❡✿ ◆❍▲❋ ❛♥❞ ❆✺✹✾ ❝❡❧❧s✳ ◆❍▲❋ ✐s ❛ ❤✉♠❛♥ ❧✉♥❣ ✜❜r♦❜❧❛st ✭▲♦♥③❛✮ ❛♥❞ ❆✺✹✾

❛r❡ ❝❡❧❧s ❢r♦♠ ❛ ❤✉♠❛♥ s♠❛❧❧✲❧✉♥❣ ❝❛♥❝❡r ✭❆❚❈❈✮✳ ◆❍▲❋ ❝❡❧❧s ✇❡r❡ ❝✉❧t✉r❡❞ ✐♥

❋❇▼ ✰ ❋●▼✲✷ ♠❡❞✐✉♠ ✭❙✐❣♠❛✮ ❛♥❞ ❆✺✹✾ ❝❡❧❧s ✇❡r❡ ❝✉❧t✉r❡❞ ✐♥ ❋✶✷❑ ♠❡❞✐✉♠

✭❙✐❣♠❛✮✱ ❜♦t❤ s✉♣♣❧❡♠❡♥t❡❞ ✇✐t❤ ✶✵ ✪ ❋❇❙✳ ❚♦ ❞❡t❛❝❤ t❤❡s❡ ❝❡❧❧s ❢r♦♠ t❤❡

❝✉❧t✉r❡ ✢❛s❦✱ ✵✳✷✺ ✪ ♦❢ tr②♣s✐♥✲❊❉❚❆ s♦❧✉t✐♦♥ ✇❛s ✉s❡❞✳

✸✳✷ ❙♣❤❡r♦✐❞ ❝✉❧t✉r❡

❙♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ✐♥ ✾✻✲✇❡❧❧ ❯✲❜♦tt♦♠ ✸❉ ❝❡❧❧ ❝✉❧t✉r❡ ♣❧❛t❡s ✭❚❤❡r✲

♠♦✜s❤❡r✮✳ ❈❡❧❧s ✇❡r❡ s❡❡❞❡❞ ✐♥ ✶✺✵ µ▲ ♦❢ s✉✐t❛❜❧❡ ❝✉❧t✉r❡ ♠❡❞✐✉♠ ✐♥ ❡❛❝❤ ✇❡❧❧✳

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

s♣❤❡r♦✐❞s ♦❢ ✸✺✵✲✹✵✵ µ♠ ❞✐❛♠❡t❡r✳ ❆❢t❡r ❝❡❧❧ ♣❛ss❛❣❡✱ ❝❡❧❧s ✇❡r❡ ❝♦✉♥t❡❞ ❜②

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

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

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

❝❡❧❧ ♥✉♠❜❡rs ♣❡r ✇❡❧❧ ❢♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✳

❚❛❜❧❡ ✸✳✶✿ ◆✉♠❜❡r ♦❢ ❝❡❧❧s ♣❡r ✇❡❧❧ r❡q✉✐r❡❞ t♦ ❢♦r♠ s♣❤❡r♦✐❞s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢
✸✺✵✲✹✵✵ µ♠

❈❡❧❧ t②♣❡ ❈❡❧❧s ♣❡r ✇❡❧❧

❍❈❱✷✾ ✻✵✵✵
❚✷✹ ✶✵✵✵✵

❍❚✶✸✼✻ ✶✷✵✵
◆❍▲❋ ✶✽✵✵
❆✺✹✾ ✶✺✵✵

❚♦ st✉❞② t❤❡ ❛❣✐♥❣ ❡✛❡❝t✱ t❤❡ s♣❤❡r♦✐❞s ❝✉❧t✉r❡ ✇❛s s❡t t♦ ✶✹ ❞❛②s✳

✸✳✸ ❉r✉❣ tr❡❛t♠❡♥t

✸✳✸✳✶ ❈②t♦❝❤❛❧❛s✐♥ ❉

❈②t♦❝❤❛❧❛s✐♥ ❉ ✭❝②t♦✲❉✮ ✇❛s ♣✉r❝❤❛s❡❞ ❛s ❛ ♣♦✇❞❡r ✭❙✐❣♠❛ ✲ ❆❧❞r✐❝❤✱ ♠♦❧❡❝✲

✉❧❛r ✇❡✐❣❤t ❂ ✺✵✼✳✻ ❣✴♠♦❧✮ ❛♥❞ ❞✐❧✉t❡❞ ✐♥ ❉▼❙❖ t♦ ♣r❡♣❛r❡ ❛ st♦❝❦ s♦❧✉t✐♦♥ ♦❢

✶✵✵ µ▼ ❝♦♥❝❡♥tr❛t✐♦♥✳

❈❡❧❧s ❛♥❞ s♣❤❡r♦✐❞s ✇❡r❡ r❡s♣❡❝t✐✈❡❧② ❝✉❧t✉r❡❞ ✐♥ P❡tr✐ ❞✐s❤❡s ✭s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ❝❡❧❧
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♠♦♥♦❧❛②❡rs✮ ❛♥❞ ❯✲❜♦tt♦♠ ✇❡❧❧ ♣❧❛t❡s ✭s♣❤❡r♦✐❞s✮✳ ❖♥ t❤❡ ❞❛② ♦❢ ♠❡❛s✉r❡♠❡♥ts✱

t❤❡ ❝✉❧t✉r❡ ♠❡❞✐✉♠ ✇❛s r❡♠♦✈❡❞ ❛♥❞ P❤♦s♣❛t❡ ❇✉✛❡r ❙❛❧✐♥❡ ✭P❇❙✱ ❙✐❣♠❛✮ ❝♦♥✲

t❛✐♥✐♥❣ ✺ µ▼ ❝②t♦✲❉ ✭✶✿✷✵ ❞✐❧✉t✐♦♥ ❢r♦♠ t❤❡ st♦❝❦ s♦❧✉t✐♦♥✮ ✇❛s ❛❞❞❡❞✳ ❚❤❡

s❛♠♣❧❡s ✇❡r❡ ❦❡♣t ❛t ✸✼➦❈ ❢♦r ✸✵ ♠✐♥✉t❡s ✐♥ t❤❡ ✐♥❝✉❜❛t♦r✳ ❆❢t❡r✇❛r❞s✱ ❝②t♦✲❉

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

✸✳✸✳✷ ❉♦❝❡t❛①❡❧

❉♦❝❡t❛①❡❧ ✭❉❚❳✱ ❙✐❣♠❛ ✲ ❆❧❞r✐❝❤✱ ♠♦❧❡❝✉❧❛r ✇❡✐❣❤t ❂ ✽✵✼✳✾ ❣✴♠♦❧✮ ✇❛s ♣✉r✲

❝❤❛s❡❞ ❛s ❛ ♣♦✇❞❡r ❛♥❞ ❞✐ss♦❧✈❡❞ ✐♥ ✾✾✳✽ ✪ ❡t❤❛♥♦❧ ✭❙✐❣♠❛ ✲ ❆❧❞r✐❝❤✮ ❛t ❛ ✜♥❛❧

❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✶ µ▼✳ ❚❤❡ st♦❝❦ s♦❧✉t✐♦♥ ✇❛s ❞✐❧✉t❡❞ ✐♥ t❤❡ ❝❡❧❧ ❝✉❧t✉r❡ ♠❡❞✐✉♠

❛t t❤❡ ❞❡s✐r❡❞ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❉♦❝❡t❛①❡❧ ✇❛s ❛❞❞❡❞ t♦ s♣❤❡r♦✐❞s ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣

♠❛♥♥❡r✳ ❆❢t❡r ✸ ❞❛②s ♦❢ ❣r♦✇t❤✱ s♣❤❡r♦✐❞s ❢r♦♠ ❍❈❱✷✾✱ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s

✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❉❚❳ ❜② ❛❞❞✐♥❣ ❛ ❢r❡s❤ ♠❡❞✐❛ ❝♦♥t❛✐♥✐♥❣ ❉❚❳ ✭❝♦♥❝❡♥tr❛t✐♦♥s

r❛♥❣✐♥❣ ❢r♦♠ ✶ ♥▼ t♦ ✶ µ▼✮ ❛♥❞ ❧❡❛✈✐♥❣ t❤❡ s♣❤❡r♦✐❞s ✐♥ t❤❡ ❝✉❧t✉r❡ ✭✐♥ t❤❡ CO2

✐♥❝✉❜❛t♦r✮ ❢♦r ✷✹ ❛♥❞ ✼✷ ❤♦✉rs✳

✸✳✹ ❈❡❧❧ ✈✐❛❜✐❧✐t② t❡st✿ ▼❚❙

❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝❡❧❧ ✈✐❛❜✐❧✐t② ♦❢ t❤❡ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✱ ❛♥ ▼❚❙ ❛ss❛②

✇❛s ♣❡r❢♦r♠❡❞ ❜② ✉s✐♥❣ ❈❡❧❧❚✐t❡r ✾✻ ❆◗✉❡♦✉s ❖♥❡ ❙♦❧✉t✐♦♥ ❈❡❧❧ Pr♦❧✐❢❡r❛t✐♦♥

❆ss❛② ✭Pr♦♠❡❣❛✱ ●✸✺✽✷✮✳ ■♥ ✷✹✲✇❡❧❧ ♣❧❛t❡✱ ❛ s✉✐t❛❜❧❡ ❛♠♦✉♥t ♦❢ ❝❡❧❧s ✭✶✵✵✵✵✲

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

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

❛ s♣❡❝tr♦♠❡t❡r ✭❊▲■❙❆ ❙P❊❈❚❘❖st❛r ◆❆◆❖✱ ❇▼● ▲❆❇❚❊❈❍✮✱ ❛♥❞ t❤❡ ❛❜✲

s♦r❜❛♥❝❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛t ✹✾✵ ♥♠✳

❚❤❡ s❛♠❡ ▼❚❙ ❛ss❛② ✇❛s ❝❛rr✐❡❞ ♦✉t t♦ t❡st t❤❡ ❝②t♦t♦①✐❝✐t② ♦❢ ❉❚❳ ♦♥ s♣❤❡r♦✐❞s✳

❚❡♥ s♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ❢♦r ❡❛❝❤ ❝♦♥❝❡♥tr❛t✐♦♥ ❢♦r ❡❛❝❤ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡✳ ❆❢✲

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

♠❡❞✐✉♠ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❉❚❳ ❛t t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❝❡♥tr❛t✐♦♥s✿

❼ ❍❈❱✷✾✿ ✵✱ ✺✱ ✷✵✱ ✶✵✵✱ ✷✺✵✱ ✺✵✵✱ ✶✵✵✵ ❬♥▼❪

❼ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻✿ ✵✱ ✺✱ ✷✵✱ ✶✵✵✱ ✷✺✵✱ ✺✵✵ ❬♥▼❪

❆❢t❡r✇❛r❞s✱ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ✐♥❝✉❜❛t❡❞ ✇✐t❤ t❤❡ ❞r✉❣s ❢♦r ✷✹ ❤♦✉rs✳ ❙✉❜✲

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

s♣❡❝tr♦♠❡t❡r✱ ❛♥❞ t❤❡ ❛❜s♦r❜❛♥❝❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛t ✹✾✵ ♥♠✳

✹✾



✸✳✺ ◆✴❊✲❝❛❞❤❡r✐♥ ❡①♣r❡ss✐♦♥s

✸✳✺✳✶ ❙❉❙ ✲ P❆●❊

❙♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ❢r♦♠ ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ ❛♥❞ ❢♦r ❡❛❝❤

❝❡❧❧ ❧✐♥❡✱ ✶✵✵✵✵ ❝❡❧❧s✴✇❡❧❧ ✇❡r❡ s❡❡❞❡❞ ✐♥ ✷✵ ❯✲❜♦tt♦♠ ✇❡❧❧s✳ ❆❢t❡r t❤r❡❡ ❞❛②s

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

✐♥ P❇❙ ❛♥❞ ❞✐ss♦❧✈❡❞ ✐♥ ✶✵ µ❧ ♦❢ s♦❧✉❜✐❧✐③❡r✱ ✇❤✐❝❤ ✇❛s ♣r❡♣❛r❡❞ ❜② ❞✐ss♦❧✈✐♥❣

✐♥ ✇❛t❡r ✶▼ ❚❘■❙✲❍❈▲ ♣❍ ✻✳✽✱ ❙♦❞✐✉♠ ❉♦❞❡❝②❧ ❙✉❧❢❛t❡ ✭❙❉❙✮✱ ❣❧②❝❡r♦❧ ❛♥❞

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

✇❡r❡ ❤❡❛t❡❞ ❛t ✾✺➦ ❈ ❢♦r ✺ ♠✐♥✉t❡s✳ ❚❤❡♥✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ s♦♥✐❝❛t❡❞ ❜② ✉s✐♥❣

❛♥ ✉❧tr❛s♦♥✐❝ ❤♦♠♦❣❡♥✐③❡r ✭❇✐♦▲♦❣✐❝s ▼♦❞❡❧ ✸✵✵ ❱✴❚✮ t❤r❡❡ t✐♠❡s ❛t ✐♥t❡r✈❛❧s

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

✢✉♦r✐♠❡t❡r ✭■♥✈✐tr♦❣❡♥ ◗✉❜✐t✱ ❚❤❡r♠♦ ❋✐s❤❡r ❙❝✐❡♥t✐✜❝✮✳ ❋♦r ❡❛❝❤ s❛♠♣❧❡✱ ✷✵

♠❣ ♦❢ ♣r♦t❡✐♥ ✇❛s ❧♦❛❞❡❞ ✐♥ ♣♦❧②❛❝r②❧❛♠✐❞❡ ❣❡❧ ❢♦r ❡❧❡❝tr♦♣❤♦r❡s✐s ✭✹✲✶✺ ✪ ▼✐♥✐✲

P❘❖❚❊❆◆ ●❡❧s✱ ❇✐♦❘❛❞✮ ❛♥❞ r✉♥ ✐♥ ❡❧❡❝tr♦❞❡ ❜✉✛❡r ✭✶✵① ❚r✐s✴●❧②❝✐♥❡✴❙❉❙✱

❇✐♦❘❛❞✮✳ ❚❤❡ ❡❧❡❝tr♦♣❤♦r❡s✐s ✇❛s ❝♦♥❞✉❝t❡❞ ❛t ❛ ✈♦❧t❛❣❡ ♦❢ ✻✵ ❱ ❢♦r ✷✵ ♠✐♥✉t❡s

❛♥❞ t❤❡♥ ❛t ✶✷✵ ❱ ❢♦r ❛ ❝♦✉♣❧❡ ♦❢ ❤♦✉rs✳

✸✳✺✳✷ ❲❡st❡r♥ ❇❧♦t ❛♥❞ ✐♠♠✉♥♦❞❡❝♦r❛t✐♦♥

❆❢t❡r t❤❡ ❙❉❙✲P❆●❊✱ t❤❡ ♣r♦t❡✐♥s ✇❡r❡ tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ ❣❡❧ t♦ ❛ ♣♦❧②✈✐♥②❧✐✲

❞❡♥❡ ❞✐✢✉♦r✐❞❡ ✭P❱❉❋✮ ❜❧♦tt✐♥❣ ♠❡♠❜r❛♥❡ ✉s✐♥❣ ❛ tr❛♥s❢❡r ❜✉✛❡r ✭✶✵① ❚r✐s✴●❧②❝✐♥❡

❇✉✛❡r ❢♦r ❲❡st❡r♥ ❇❧♦ts✱ ❇✐♦❘❛❞✮✳ ❆ ✇❡t tr❛♥s❢❡r ✇❛s ♣❡r❢♦r♠❡❞ ❛t ✹➦❈ ♦✈❡r♥✐❣❤t

❛t ❛ ❝♦♥st❛♥t ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ ✶✺ ♠❆✳

❚♦ ♣r❡✈❡♥t ♥♦♥✲s♣❡❝✐✜❝ ❜❛❝❦❣r♦✉♥❞ ❜✐♥❞✐♥❣s✱ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ✐♥❝✉❜❛t❡❞ ✐♥ ❛

❜❧♦❝❦✐♥❣ s♦❧✉t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ✸✪ ♦❢ ❇♦✈✐♥❡ ❙❡r✉♠ ❆❧❜✉♠✐♥ ✭❇❙❆✮ s♦❧✉t✐♦♥ ❢♦r ✸

❤♦✉rs ❛t ✹➦❈ ✉♥❞❡r ❣❡♥t❧❡ ❛❣✐t❛t✐♦♥ ❛♥❞ t❤❡♥ ✇❛s❤❡❞ t❤r❡❡ t✐♠❡s ✐♥ ❚❇❙✴❚✇❡❡♥✷✵

✭❚❇❙❚✮ ❜✉✛❡r ✭❙✐❣♠❛ ❆❧❞r✐❝❤✮✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ✐♥❝✉❜❛t❡❞ ✇✐t❤

t❤❡ ♣r✐♠❛r② ❛♥t✐❜♦❞✐❡s ◆✲❝❛❞❤❡r✐♥ ✭♠♦✉s❡ ♠♦♥♦❝❧♦♥❛❧ ❬✽❈✶✶❪ t♦ ◆✲❈❛❞❤❡r✐♥✱

❚❤❡r♠♦❋✐s❤❡r✮ ❛♥❞ ❊✲❝❛❞❤❡r✐♥ ✭❊✲❝❛❞❤❡r✐♥ ▼♦♥♦❝❧♦♥❛❧ ▼♦✉s❡ ❝❧♦♥❡ ◆❈❍✲✸✽✱

❉❆❑❖✮✱ ✐♥ ❜❧♦❝❦✐♥❣ s♦❧✉t✐♦♥ ✭❚❇❙❚✮ ♦✈❡r♥✐❣❤t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✇❛s❤❡❞

❛❣❛✐♥ ✐♥ ❚❇❙❚ ❜✉✛❡r✳

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

t✐❜♦❞② ✭❛♥t✐✲▼♦✉s❡ ■❣● ✭✇❤♦❧❡ ♠♦❧❡❝✉❧❡✮✲❆❧❦❛❧✐♥❡ P❤♦s♣❤❛t❛s❡ ❛♥t✐❜♦❞②✮✳

✺✵



✸✳✻ ●✴❋✲❛❝t✐♥ ❞❡t❡r♠✐♥❛t✐♦♥

❚❤❡ ●✲❛❝t✐♥✴❋✲❛❝t✐♥ ■♥ ❱✐✈♦ ❆ss❛② ❑✐t ✭❝❛t✳ ❇❑✵✸✼✱ ❈②t♦s❦❡❧❡t♦♥✮ ✇❛s ✉s❡❞

t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❋✴●✲❛❝t✐♥ r❛t✐♦✳ ❈❡❧❧s ✇❡r❡ ❣r♦✇♥ ❛t ❛ ❤✐❣❤ ❞❡♥s✐t② ✐♥ t❤❡✐r ❝✉❧✲

t✉r❡ ✢❛s❦s ❛♥❞ ❤♦♠♦❣❡♥✐③❡❞ ✐♥ ✸✵✵ µ❧ ♦❢ ▲❆❙✷ ❜✉✛❡r ✭▲❆❙✷ ❝♦♥t❛✐♥s ❞❡t❡r❣❡♥ts

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

✶✵✵✳✵✵✵ ① ❣ ❛t ✸✼➦ ❈ ❢♦r ✶ ❤✱ s❡♣❛r❛t✐♥❣ ❛ s♦❧✉❜❧❡ ●✲❛❝t✐♥ ✭s✉♣❡r♥❛t❛♥t✮ ❢r♦♠ t❤❡

♣♦❧②♠❡r✐③❡❞ ❋✲❛❝t✐♥ ✭♣❡❧❧❡t✮✳ ❚❤❡ ✉❧tr❛❝❡♥tr✐❢✉❣❡ ✇❛s ❛❝❝❡ss✐❜❧❡ ❛t t❤❡ ❉❡♣❛rt✲

♠❡♥t ♦❢ P❤②s✐❝❛❧ ❇✐♦❝❤❡♠✐str②✱ ❋❛❝✉❧t② ♦❢ ❇✐♦❝❤❡♠✐str②✱ ❇✐♦♣❤②s✐❝s ❛♥❞ ❇✐♦t❡❝❤✲

♥♦❧♦❣②✱ ❏❛❣✐❡❧❧♦♥✐❛♥ ❯♥✐✈❡rs✐t②✳

❚❤❡ ❝♦❧❧❡❝t❡❞ s✉♣❡r♥❛t❛♥ts ✇❡r❡ s❡♣❛r❛t❡❞ ♦♥ ✶✵ ✪ ❙❉❙✲P❆●❊ ❣❡❧s ❛♥❞ tr❛♥s✲

❢❡rr❡❞ ♦♥t♦ ❛ P❱❉❋ ❜❧♦tt✐♥❣ ♠❡♠❜r❛♥❡✳ ❍❡r❡✱ ❛♥ ❛♥t✐✲❛❝t✐♥ r❛❜❜✐t ♣♦❧②❝❧♦♥❛❧

❛♥t✐❜♦❞②✱ ♣r♦✈✐❞❡❞ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❦✐t ✭❈②t♦s❦❡❧❡t♦♥✮✱ ✇❛s ✉s❡❞ t♦ ❞❡t❡❝t ●✲ ❛♥❞

❋✲❛❝t✐♥s✳ ❇❛♥❞s ✇❡r❡ ✈✐s✉❛❧✐③❡❞ ✉s✐♥❣ ❤♦rs❡r❛❞✐s❤ ♣❡r♦①✐❞❛s❡✲❝♦✉♣❧❡❞ s❡❝♦♥❞❛r②

❛♥t✐✲r❛❜❜✐t ❛♥t✐❜♦❞② ✭❈❡❧❧ ❙✐❣♥❛❧✐♥❣ ❚❡❝❤♥♦❧♦❣②✮✳ ❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ●✴❋ ❛❝t✐♥

✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ✉s✐♥❣ ■♠❛❣❡ ❏ ✲ ❜❛s❡❞ ❞❡♥s✐t♦♠❡tr✐❝ ❝❛❧❝✉❧❛t✐♦♥✳

✸✳✼ ❍✐st♦❧♦❣② ♦❢ s♣❤❡r♦✐❞s

✸✳✼✳✶ P❛r❛✣♥ ❡♠❜❡❞❞✐♥❣

❙♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✷ ❛♥❞ ❛❢t❡r ✸ ♦r ✶✹ ❞❛②s

♦❢ ✐♥❝✉❜❛t✐♦♥✱ t❤❡② ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✐♥ ✶✳✺ ♠❧ ❊♣♣❡♥❞♦r❢ t✉❜❡ ❢♦r t❤❡ ❤✐st♦❧♦❣✐❝❛❧

❛♥❛❧②s✐s✳ ❚❤❡② ✇❡r❡ ✜①❡❞ ✇✐t❤ ✶✵ ✪ ♥❡✉tr❛❧ ❜✉✛❡r❡❞ ❢♦r♠❛❧✐♥ ✭❙✐❣♠❛✮ ❢♦r ✶✺

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

✐♥ ✇❛t❡r✿ ✺✵ ✪✱ ✽✵ ✪✱ ✾✻ ✪ ❛♥❞ ✶✵✵ ✪✳ ❊❛❝❤ ♦❢ t❤❡s❡ st❡♣s ✇❛s ❞♦♥❡ ❢♦r ✶✺

♠✐♥✉t❡s✳ ❆❢t❡r✇❛r❞s✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❳②❧❡♥❡ ✭❙✐❣♠❛✮✳ ❖♥❝❡ ❛❧❧ t❤❡

①②❧❡♥❡ ✇❛s ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡❞✱ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ❡♠❜❡❞❞❡❞ ✐♥ ♣❛r❛✣♥ ❜❧♦❝❦s✳

❚❤❡ s❛♠♣❧❡s ✇❡r❡ ❝✉t ✐♥t♦ ✻ µ♠ s❡r✐❛❧ s❡❝t✐♦♥s ❜② ✉s✐♥❣ ❛ ♠✐❝r♦t♦♠❡ ✭▼✐❝r♦t♦♠❡

❇✐♦❝✉t ✷✵✸✺❀ ▲❡✐❝❛ ■♥str✉♠❡♥ts ●♠❜❍✮ ❛♥❞ ♠♦✉♥t❡❞ ♦♥ ♣♦❧②✲❧②s✐♥❡✲❝♦❛t❡❞ s❧✐❞❡s

✭▼❡♥③❡❧✲●❧❛s❡r❀ ❚❤❡r♠♦ ❙❝✐❡♥t✐✜❝✮✳

✸✳✼✳✷ ■♠♠✉♥♦st❛✐♥✐♥❣

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

♠❡t❤♦❞s✿

❼ ❍❡♠❛t♦①②❧✐♥ ❛♥❞ ❊♦s✐♥ ✭❍&❊✱ ❙✐❣♠❛✲❆❧❞r✐❝❤✮ t♦ st❛✐♥ t❤❡ ❝❡❧❧ ♥✉❝❧❡✐ ✭♣✉r✲

♣❧✐s❤ ❜❧✉❡✮ ❛♥❞ t❤❡ ❡①tr❛❝❡❧❧✉❧❛r ♠❛tr✐① ❛♥❞ ❝②t♦♣❧❛s♠ ✭♣✐♥❦✮✳

✺✶



❼ ▼❛ss♦♥✬s tr✐❝❤r♦♠❡ ✭▼❚✮ ❞✐st✐♥❣✉✐s❤❡s ❝❡❧❧s ❢r♦♠ t❤❡ s✉rr♦✉♥❞✐♥❣ ❝♦♥♥❡❝✲

t✐✈❡ t✐ss✉❡ ✭❜❧✉❡✮✳ ❚❤✐s ✐s ❛ t❤r❡❡✲❝♦❧♦✉r st❛✐♥✐♥❣ t❤❛t ✉s❡s✿ ✭■✮ ❤❡♠❛t♦①②❧✐♥

s♦❧✉t✐♦♥✱ ❍❛rr✐s ♠♦❞✐✜❡❞✱ t♦ st❛✐♥ t❤❡ ♥✉❝❧❡✐❀ ✭■■✮ ❛ ♣❧❛s♠❛ st❛✐♥✐♥❣ s♦❧✉t✐♦♥

❝♦♥t❛✐♥✐♥❣ ✶ ✪ ❛❝✐❞ ❢✉❝❤s✐♥✱ ✶ ✪ ①②❧✐❞✐♥❡ ♣♦♥❝❡❛✉✱ ✶ ✪ ❣❧❛❝✐❛❧ ❛❝❡t✐❝ ❛❝✐❞

❛♥❞ ❞✐st✐❧❧❡❞ ✇❛t❡r❀ ✭■■■✮ ❛ s♦❧✉t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ✶ ✪ ♣❤♦s♣❤♦♠♦❧②❜❞✐❝ ❛❝✐❞

❛♥❞ ✷✳✺ ✪ ♠❡t❤②❧ ❜❧✉❡ ✐♥ ❞✐st✐❧❧❡❞ ✇❛t❡r t♦ st❛✐♥ ❝♦❧❧❛❣❡♥✳ ❆❧❧ ❝♦♠♣♦♥❡♥ts

✇❡r❡ ♣✉r❝❤❛s❡❞ ❛t ❙✐❣♠❛✲❆❧❞r✐❝❤✳

❼ ❙✐r✐✉s r❡❞ ✭❙❘✮ st❛✐♥s t❤❡ ❝♦❧❧❛❣❡♥ t②♣❡ ■ ❛♥❞ t②♣❡ ■■■ ✭r❡❞✮✳ ❙❧✐❞❡s ✇❡r❡

st❛✐♥❡❞ ✇✐t❤ ✵✳✶ ✪ ♣✐❝r♦✲s✐r✐✉s r❡❞ ✭❙✐❣♠❛✲❆❧❞r✐❝❤✮ ✐♥ s❛t✉r❛t❡❞ ❛❝q✉❡♦✉s

s♦❧✉t✐♦♥ ♦❢ ♣✐❝r✐❝ ❛❝✐❞✱ ✇❛s❤❡❞ ✐♥ ✵✳✺ ✪ ❛❝❡t✐❝ ❛❝✐❞✱ ❞❡❤②❞r❛t❡❞✱ ❝❧❡❛r❡❞ ❛♥❞

♠♦✉♥t❡❞ ✐♥ r❡s✐♥✳

✸✳✽ ❈r②♦s❡❝t✐♦♥ ♦❢ s♣❤❡r♦✐❞s

❚✷✹ s♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✷✱ ❛♥❞ ❛❢t❡r ✸ ❛♥❞ ✶✹

❞❛②s ♦❢ ✐♥❝✉❜❛t✐♦♥✱ t❤❡② ✇❡r❡ r❡❛❞② ❢♦r ❝r②♦s❡❝t✐♦♥✳ ❙♣❤❡r♦✐❞s ✇❡r❡ ♠✐①❡❞ ✇✐t❤

❛♥ ♦♣t✐♠❛❧ ❝✉tt✐♥❣ t❡♠♣❡r❛t✉r❡ ❝♦♠♣♦✉♥❞ ✭❖❈❚✱ ❚❤❡r♠♦❋✐s❤❡r✮ ❛♥❞ ❢r♦③❡♥ ❛t

✲ ✽✵➦❈✳ ❚❤❡ ❢r♦③❡♥ s❛♠♣❧❡s ✇❡r❡ t❤❡♥ ❝✉t ✐♥t♦ ✷✵ µ♠ s❡r✐❛❧ s❡❝t✐♦♥s ❛t ✲✷✵➦❈ ❜②

✉s✐♥❣ ❛ ❝r②♦st❛t ✭▲❡✐❝❛ ❇✐♦s②st❡♠s✮ ♣r❡s❡♥t ✐♥ t❤❡ ❯r♦❧♦❣✐❝❛❧ ❘❡s❡❛r❝❤ ■♥st✐t✉t❡

✭❯❘■✮ ♦❢ ❖s♣❡❞❛❧❡ ❙❛♥ ❘❛✛❛❡❧❡✱ ▼✐❧❛♥♦ ✲■t❛❧②✱ ❛♥❞ ✜♥❛❧❧② ♠♦✉♥t❡❞ ♦♥ ♣♦❧②✲▲

❝♦❛t❡❞ s❧✐❞❡s✳

✸✳✾ ❊♣✐✲✢✉♦r❡s❝❡♥❝❡ ■♠❛❣❡s

❈❡❧❧s ✇❡r❡ ❝✉❧t✉r❡❞ ✐♥ P❡tr✐ ❞✐s❤❡s ❛t t❤❡ ❞❡♥s✐t② ♦❢ s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs✳

❚❤❡ ❝✉❧t✉r❡ ♠❡❞✐✉♠ ✇❛s r❡♠♦✈❡❞ ❛♥❞ t❤❡ ❝❡❧❧s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❜✉✛❡r

❜❡❢♦r❡ t❤❡ ✜①❛t✐♦♥ ♣r♦❝❡❞✉r❡✳ ❈❡❧❧s ✇❡r❡ ✜①❡❞ ✇✐t❤ ✸✳✼ ✪ ♣❛r❛❢♦r♠❛❧❞❡❤②❞❡

s♦❧✉t✐♦♥ ✐♥ P❇❙ ❢♦r ✷✵ ♠✐♥✉t❡s✳ ❆❢t❡r t❤✐s✱ t❤❡② ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ t❤r❡❡

t✐♠❡s✱ ❛♥❞ t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡ ✇❛s ♣❡r♠❡❛❜✐❧✐③❡❞ ✉s✐♥❣ ✵✳✷ ✪ ❚r✐t♦♥ ❳✲✶✵✵ ✭❙✐❣♠❛✮

✐♥ P❇❙ ❛t ✹➦ ❈ ❢♦r ✺ ♠✐♥✉t❡s✳ ❋♦❧❧♦✇✐♥❣ t❤✐s✱ t❤❡ ❝❡❧❧s ✇❡r❡ r✐♥s❡❞ ✇✐t❤ P❇❙ ❛♥❞

t❤❡② ✇❡r❡ ❧❛❜❡❧❧❡❞ ✇✐t❤ ✢✉♦r❡s❝❡♥t ❞②❡s ✐♥ ❛ ❞❛r❦ ❡♥✈✐r♦♥♠❡♥t✳ ❋♦r ✈✐s✉❛❧✐③✐♥❣

t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts✱ ❝❡❧❧s ✇❡r❡ st❛✐♥❡❞ ✇✐t❤ P❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛

❋❧✉♦r ✹✽✽ ✭■♥✈✐tr♦❣❡♥✮ ❞✐ss♦❧✈❡❞ ✐♥ P❇❙ ❜✉✛❡r ✭✶✿✷✵✵✮ ❢♦r ✸✵ ♠✐♥✉t❡s✱ ✇❤✐❧❡ t❤❡

❝❡❧❧ ♥✉❝❧❡✐ ✇❡r❡ st❛✐♥❡❞ ✇✐t❤ ❍♦❡❝❤st ✸✸✸✹✷ ✭■♥✈✐tr♦❣❡♥✮ ❞✐ss♦❧✈❡❞ ✐♥ P❇❙ ❜✉✛❡r

✭✶✿✺✮ ❢♦r ✶✺ ♠✐♥✉t❡s✳ ❋✐♥❛❧❧②✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❜✉✛❡r ❛♥❞ ✇❡r❡

r❡❛❞② ❢♦r ✐♠❛❣✐♥❣✳

❚❤❡ ✢✉♦r❡s❝❡♥t ✐♠❛❣❡s ✇❡r❡ r❡❝♦r❞❡❞ ✉s✐♥❣ ❛♥ ❖❧②♠♣✉s ■❳✽✸ ✐♥✈❡rt❡❞ ♠✐❝r♦s❝♦♣❡

✺✷



✭❖❧②♠♣✉s✱ ❏❛♣❛♥✮ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ✶✵✵ ❲ ♠❡r❝✉r② ❧❛♠♣ ❛♥❞ ❛ s❡t ♦❢ ✜❧t❡rs ✉s❡❞

t♦ r❡❝♦r❞ t❤❡ ❡♠✐ss✐♦♥ ❛t ✺✶✺✲✺✹✺ ♥♠ ✭❆❧❡①❛ ❋❧✉♦r ✹✽✽✮ ❛♥❞ ✹✻✶ ♥♠ ✭❍♦❡❝❤st

✸✸✸✹✷✮✳

❚❤❡ ✐♠❛❣❡s ✇❡r❡ ❛❝q✉✐r❡❞ ✉s✐♥❣ t❤❡ ❖r❝❛ ❙♣❛r❦ ❞✐❣✐t❛❧ ❝❛♠❡r❛ ✭❍❛♠❛♠❛ts✉✱

❏❛♣❛♥✮✱ ♣r♦✈✐❞✐♥❣ ✷✳✸ ♠❡❣❛♣✐①❡❧s ✭✶✾✷✵ ♣✐①❡❧s ♣❡r ✶✷✵✵ ♣✐①❡❧s✮ ✐♠❛❣❡s t❤❛t ✇❡r❡

r❡❝♦r❞❡❞ ✉s✐♥❣ ❈❡❧❧❙❡♥s ❉✐♠❡♥s✐♦♥ s♦❢t✇❛r❡ ✭❖❧②♠♣✉s✮✳

✸✳✶✵ ❈♦♥❢♦❝❛❧ ■♠❛❣✐♥❣

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

✈✐s✉❛❧✐③❡❞ ✉s✐♥❣ ❛ ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣❡✱ ❛❝❝❡ss✐❜❧❡ ✐♥ t❤❡ ▲❛❜♦r❛t♦r② ♦❢ ✐♥ ✈✐✈♦

❛♥❞ ✐♥ ✈✐tr♦ ✐♠❛❣✐♥❣✱ ▼❛❥ ■♥st✐t✉t❡ ♦❢ P❤❛r♠❛❝♦❧♦❣②✱ P♦❧✐s❤ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✳

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

❧✐♥❡ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✐♥ ❛ ✶✳✺ ♠❧ ❊♣♣❡♥❞♦r❢ ❛♥❞ ✜①❡❞ ✇✐t❤ ✸✳✼ ✪ ♣❛r❛❢♦r♠❛❧❞❡❤②❞❡

❢♦r ✶ ❤♦✉r✳ ❋♦❧❧♦✇✐♥❣ t❤✐s✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❢♦r ✷ ♠✐♥✉t❡s

t❤r❡❡ t✐♠❡s✱ tr❡❛t❡❞ ✇✐t❤ ✶ ✪ ❝♦❧❞ ❚r✐t♦♥ ❳✲✶✵✵ ♦✈❡r♥✐❣❤t ❛t ✹➦❈✱ ❛♥❞ ✇❛s❤❡❞

❛❣❛✐♥ ✇✐t❤ P❇❙✳ ❚❤❡♥✱ ✶ ✪ ❝♦❧❞ ❇❙❆ s♦❧✉t✐♦♥ ✇❛s ❛❞❞❡❞ ❢♦r ✸ ❤♦✉rs ❛t ✹➦❈✱ ❛♥❞

❛❢t❡r r❡♠♦✈✐♥❣ ❇❙❆✱ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙✳ ◆❡①t✱ t❤❡ s♣❤❡r♦✐❞s

✇❡r❡ ✐♥❝✉❜❛t❡❞ ♦✈❡r♥✐❣❤t ❛t ✹➦❈ ✇✐t❤ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽

✭✶✿✷✵ ✐♥ P❇❙✮✳ ❚❤❡ ♥❡①t ❞❛②✱ t❤❡ ❞②❡ ❢♦r ❛❝t✐♥ ✜❧❛♠❡♥ts ✇❛s r❡♠♦✈❡❞✱ ❛♥❞ ❡✐t❤❡r

❙✐❘✲❉◆❆ ✭❙♣✐r♦❝❤r♦♠❡✮✱ ❞✐❧✉t❡❞ ✶✿✶✵✵✵ ✐♥ P❇❙✱ ♦r ❍♦❡❝❤st ✸✸✸✹✷✱ ❞✐❧✉t❡❞ ✶✿✺

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

✇✐t❤ P❇❙✱ t❤❡ ❞②❡ ❢♦r t❤❡ ♠✐❝r♦t✉❜✉❧❡s✱ ♠♦♥♦❝❧♦♥❛❧ ❛♥t✐✲β✲❚✉❜✉❧✐♥✲❈②✸ ✭✶✿✶✺✵

✐♥ P❇❙✮ ✇❛s ❛❞❞❡❞✳ ❋✐♥❛❧❧②✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✇❛s❤❡❞ ✇✐t❤ P❇❙ ❛♥❞ ♠♦✈❡❞ t♦

✶✽✲✇❡❧❧ ❣❧❛ss✲❜♦tt♦♠ s❧✐❞❡s ✭■❜✐❞✐✮ ✇✐t❤ ❛♥ ❛♥t✐✲s❤❛❞✐♥❣ s♦❧✉t✐♦♥ ✭❚❤❡r♠♦✜s❤❡r✮

❤❛✈✐♥❣ t❤❡ s❛♠❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡① ✭✶✳✺✷✮ ❛s t❤❡ ♦✐❧ ✉s❡❞ ❢♦r t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ ✻✸

❳ ♠❛❣♥✐✜❝❛t✐♦♥✳ ■♠❛❣❡s ✇❡r❡ r❡❝♦r❞❡❞ ✉s✐♥❣ ❛ ▲❡✐❝❛ ❚❈❙ ❙P✽ ❲▲▲ ❝♦♥❢♦❝❛❧

♠✐❝r♦s❝♦♣❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ♥❡✇✲❣❡♥❡r❛t✐♦♥ ❍②❉ ❞❡t❡❝t♦rs ❛♥❞ t❤❡② ✇❡r❡ r❡❣✐st❡r❡❞

✉s✐♥❣ ❛♥ ♦✐❧ ✐♠♠❡rs✐♦♥ ✻✸① ♦❜❥❡❝t✐✈❡ ❧❡♥s ✭❍❈ P▲ ❆P❖ ❈❙✷ ◆❆ ✶✳✹✵✮✳

✸✳✶✶ ▲✐✈❡✴❉❡❛❞ st❛✐♥✐♥❣

▲✐✈❡✴❉❡❛❞ st❛✐♥✐♥❣ ✇❛s ♣❡r❢♦r♠❡❞ ♦♥ s♣❤❡r♦✐❞s ❢r♦♠ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱

✇❤✐❝❤ ✇❡r❡ ❣r♦✇♥ ❢♦r ✸ ❞❛②s ❛♥❞ ✶✹ ❞❛②s✱ ❛♥❞ tr❡❛t❡❞ ✇✐t❤ ❉❚❳ ❛t ❞✐✛❡r❡♥t

❝♦♥❝❡♥tr❛t✐♦♥s✳ ❆ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❦✐t ✭▲✐✈❡✴❉❡❛❞ ❈❡❧❧ ❉♦✉❜❧❡ ❙t❛✐♥✐♥❣

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

❝❛r❡❢✉❧❧② ✇❛s❤❡❞ ✇✐t❤ P❇❙✳ ❚❤❡♥✱ P❇❙ ❝♦♥t❛✐♥✐♥❣ t✇♦ s♦❧✉t✐♦♥s ✇✐t❤ ❝❛❧❝❡✐♥ ✭❢♦r

✺✸



❧✐✈❡ ❝❡❧❧s ✲ ❣r❡❡♥ s✐❣♥❛❧✮ ❛♥❞ ♣r♦♣✐❞✐✉♠ ✐♦❞✐❞❡ ✭❢♦r ❞❡❛❞ ❝❡❧❧s ✲ r❡❞ s✐❣♥❛❧✮ ✇❛s

❛❞❞❡❞✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡ ❦❡♣t ❛t ✸✼➦ ❈ ❢♦r ❧❡ss t❤❛♥ t❡♥ ♠✐♥✉t❡s ❛♥❞ ✇❡r❡ r❡❛❞②

❢♦r ✐♠❛❣✐♥❣✳ ❚❤❡ ✢✉♦r❡s❝❡♥t ✐♠❛❣❡s ✇❡r❡ ❛❝q✉✐r❡❞ ❜② ✉s✐♥❣ ❛♥ ❖❧②♠♣✉s ■❳✽✸

✐♥✈❡rt❡❞ ♠✐❝r♦s❝♦♣❡ ✭❖❧②♠♣✉s✱ ❏❛♣❛♥✮ ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ✶✵✵ ❲ ♠❡r❝✉r② ❧❛♠♣ ❛♥❞

❛ s❡t ♦❢ ✜❧t❡rs ✉s❡❞ t♦ r❡❝♦r❞ t❤❡ ❡♠✐ss✐♦♥ ❛t ✹✾✵✲✺✶✺ ♥♠ ✭❣r❡❡♥✮ ❛♥❞ ✺✸✺✲✻✶✼ ♥♠

✭r❡❞✮✳ ❚❤❡ ✐♠❛❣❡s ✇❡r❡ ❛❝q✉✐r❡❞ ✉s✐♥❣ t❤❡ ❖r❝❛ ❙♣❛r❦ ❞✐❣✐t❛❧ ❝❛♠❡r❛ ✭❍❛♠❛✲

♠❛ts✉✱ ❏❛♣❛♥✮✱ ♣r♦✈✐❞✐♥❣ ✷✳✸ ♠❡❣❛♣✐①❡❧s ✭✶✾✷✵ ♣✐①❡❧s ♣❡r ✶✷✵✵ ♣✐①❡❧s✮ ✐♠❛❣❡s t❤❛t

✇❡r❡ r❡❝♦r❞❡❞ ✉s✐♥❣ ❈❡❧❧❙❡♥s ❉✐♠❡♥s✐♦♥ s♦❢t✇❛r❡ ✭❖❧②♠♣✉s✮✳

✺✹



Chapter 4

❊①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞s

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

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

s♣❤❡r♦✐❞s✳

❋♦r t❤❡ ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♦❢ ✷❉ ❝✉❧t✉r❡s✱ ❛ ❝♦♠♠❡r❝✐❛❧ ❆❋▼ ✭❳❡✶✷✵

♠♦❞❡❧✱ P❛r❦ ❙②st❡♠s✱ ❑♦r❡❛✮ ✇❛s ♠❛✐♥❧② ✉s❡❞✳ ❚❤✐s ♠✐❝r♦s❝♦♣❡ ✇♦r❦s ✐♥ ❛ ❢♦r❝❡

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

t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❛❧❧ t❤❡ s❛♠♣❧❡s✱ ◆❛♥♦✇✐③❛r❞ ■❱ ✭❇r✉❦❡r ✲

❏P❑ ■♥str✉♠❡♥ts✮ ✇❛s ✉s❡❞✳ ❇♦t❤ ❆❋▼s ❛r❡ ✐♥t❡❣r❛t❡❞ ✇✐t❤ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡s

✭❖❧②♠♣✉s ■❳✼✶✮✳

✹✳✶ ❙❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥ ❢♦r ❆❋▼ ♠❡❛s✉r❡♠❡♥ts

✹✳✶✳✶ ❙✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs

❋♦r t❤❡ ✷❉ ❝✉❧t✉r❡ ♠❡❛s✉r❡♠❡♥ts ❛t t✇♦ ❞✐✛❡r❡♥t ❝♦♥✢✉❡♥❝② ❧❡✈❡❧s✱ ✐✳❡✳✱ s✐♥✲

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

♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✇✐t❤ t❤❡ P❛r❦ ❙②st❡♠s ❆❋▼ ♦r ♦♥ st❛♥✲

❞❛r❞ P❡tr✐ ❞✐s❤❡s ❢♦r t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❏P❑ ❆❋▼✳ ■♥ ❜♦t❤

❝❛s❡s✱ ❝❡❧❧s ✇❡r❡ ♣r❡♣❛r❡❞ ✷✹ ❤♦✉rs ❜❡❢♦r❡ t❤❡ ❞❛② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❆ ❢r❡s❤✱

❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❛❝❤ ❝❡❧❧ ❧✐♥❡ ♠❡❞✐✉♠ ✇❛s ❛❞❞❡❞✱ ❛♥❞ t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts

✇❡r❡ ❝♦♥❞✉❝t❡❞ ❢♦r ♥♦t ❧♦♥❣❡r t❤❛♥ ✷ ❤♦✉rs ♣❡r s❛♠♣❧❡✳

✹✳✶✳✷ ❙♣❤❡r♦✐❞s

❋♦r t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥

s❡❝t✐♦♥ ✸✳✷✳ ❚❤❡② ✇❡r❡ ♠❡❛s✉r❡❞ ❛❢t❡r ✸ ❞❛②s ♦r ✶✹ ❞❛②s ♦❢ ✐♥❝✉❜❛t✐♦♥✳ ❇♦t❤ t❤❡

✺✺



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

◆❛♥♦✇✐③❛r❞ ■❱ ✭❏P❑ ■♥str✉♠❡♥ts✮✳ ❚✇♦ ♠❡t❤♦❞s ✇❡r❡ ✉s❡❞ t♦ ✐♠♠♦❜✐❧✐③❡ t❤❡

s♣❤❡r♦✐❞s ❞✉r✐♥❣ t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✳ ✹✳✶✮✳

❋✐❣✉r❡ ✹✳✶✿ ❙♣❤❡r♦✐❞s ✐♠♠♦❜✐❧✐③❛t✐♦♥ ❢♦r ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✳
❆✮ ■♠❛❣❡ s❤♦✇✐♥❣ t❤❡ ♠✐❝r♦♠❡s❤ ❝♦♥t❛✐♥✐♥❣ t❤❡ s♣❤❡r♦✐❞s ❞✉r✐♥❣ ❆❋▼
♠❡❛s✉r❡♠❡♥ts✳ ❇✮ ■♠❛❣❡ s❤♦✇✐♥❣ s♣❤❡r♦✐❞s ✐♠♠♦❜✐❧✐③❡❞ ♦♥ P❡tr✐ ❞✐s❤❡s
❝♦❛t❡❞ ✇✐t❤ ♣♦❧②✲▲✲❧②s✐♥❡✳

■♥ t❤❡ ✜rst ♠❡t❤♦❞ ✭✜❣✉r❡ ✹✳✶ ❆✮✱ ❛ ♠✐❝r♦♠❡s❤ ❛rr❛② ✭▼✐❝r♦s✉r❢❛❝❡s✱ ❆✉str❛❧✐❛✮

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

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

s❡❡❞❡❞ ✐♥ t❤❡s❡ ✇❡❧❧s✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s ✇❛s ❛r♦✉♥❞ ✹✵✵ µ♠ ✐♥ ❞✐❛♠❡t❡r✱

s♦ t❤❡② ♥✐❝❡❧② ✜t ✐♥ t❤❡s❡ ✇❡❧❧s✳

■♥ t❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✭✜❣✉r❡ ✹✳✶ ❇✮✱ s♣❤❡r♦✐❞s ✇❡r❡ ✜①❡❞ ✐♥ P❡tr✐ ❞✐s❤❡s ❝♦❛t❡❞

✇✐t❤ ✵✳✵✶ ✪ ♣♦❧②✲▲✲❧②s✐♥❡ ❛♥❞ ✺ ✪ ❣❧✉t❛r❛❧❞❡❤②❞❡✳ ❚❤❡ ❝♦❛t✐♥❣ ♣r♦t♦❝♦❧ ✐s ❛s

❢♦❧❧♦✇s✳ ❚❤❡ P❡tr✐ ❞✐s❤ ✇❛s ✇❛s❤❡❞ ✇✐t❤ ❡t❤❛♥♦❧ ❛♥❞ ❧❡t ❞r②✱ t❤❡♥ ✇❛s❤❡❞ ✇✐t❤

✇❛t❡r ❛♥❞ ❞r✐❡❞ ❛❣❛✐♥❀ ✐t ✇❛s ❝♦✈❡r❡❞ ✇✐t❤ ✺ ✪ ❣❧✉t❛r❛❧❞❡❤②❞❡ ❢♦r ✷✵ ♠✐♥✉t❡s

❛♥❞ ✇❛s❤❡❞ ❛❣❛✐♥ ✇✐t❤ ✇❛t❡r✳ ❋✐♥❛❧❧②✱ ✐t ✇❛s ❝♦❛t❡❞ ✇✐t❤ ✵✳✵✶ ✪ ♣♦❧②✲▲✲❧②s✐♥❡

❢♦r ✸✵ ♠✐♥✉t❡s✳ ❆❢t❡r r❡♠♦✈✐♥❣ t❤❡ ♣♦❧②✲❧✲❧②s✐♥❡✱ t❤❡ P❡tr✐ ❞✐s❤ ✇❛s ❧❡❢t t♦ ❣❡t

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

❝✉❧t✉r❡ ♣❧❛t❡s ❛♥❞ ♣❧❛❝❡❞ ♦♥ t❤❡ ❝♦❛t❡❞ P❡tr✐ ❞✐s❤❡s✳ ❇❡❢♦r❡ st❛rt✐♥❣ t❤❡ ❆❋▼

♠❡❛s✉r❡♠❡♥ts✱ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ❧❡❢t ❢♦r ✶✺✲✸✵ ♠✐♥✉t❡s t♦ ❜❡ ❛tt❛❝❤❡❞ t♦ t❤❡

s✉r❢❛❝❡✳

✺✻



✹✳✷ ❈❛♥t✐❧❡✈❡r s❡❧❡❝t✐♦♥

❚❤❡ s♦❢t ❝❛♥t✐❧❡✈❡rs ❢♦r ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ❛r❡ t②♣✐❝❛❧❧② ♠❛❞❡ ♦❢ s✐❧✐❝♦♥ ♥✐✲

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

t②♣❡s ♦❢ ❝❛♥t✐❧❡✈❡rs ✇❡r❡ ✉s❡❞✳

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

✇❡r❡ ✉s❡❞✱ ✐✳❡✳✱ tr✐❛♥❣✉❧❛r ▼▲❈❚ ❛♥❞ r❡❝t❛♥❣✉❧❛r ◆❙❈✸✻✳ ❚❛❜❧❡ ✹✳✶ s✉♠♠❛r✐③❡s

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

❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡rs ✐s ❝r✐t✐❝❛❧ t♦ ❤❛✈❡ ❣♦♦❞ r❡s✉❧ts✱ ❛s t❤❡② ✐♥✢✉❡♥❝❡ t❤❡

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

s♣r✐♥❣ ❝♦♥st❛♥t✱ t❤❡ ❜❡tt❡r t❤❡ ♥♦✐s❡✲t♦✲s✐❣♥❛❧ r❛t✐♦✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ r❡s♦♥❛♥❝❡

❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r ❧✐♠✐ts t❤❡ ❢❡❡❞❜❛❝❦ r❡s♣♦♥s❡ ♦❢ t❤❡ s②st❡♠✳ ❚❤❡r❡❢♦r❡✱

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

❧✐♥❡❛r r❡s♣♦♥s❡ ✐♥ q✉✐t❡ ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ❢♦r❝❡s✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ t❤❡ tr✐❛♥❣✉❧❛r

▼▲❈❚ ❝❛♥t✐❧❡✈❡r ✇❛s ❝❤♦s❡♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ r❡❝t❛♥❣✉❧❛r ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs

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

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

❝❛♥t✐❧❡✈❡rs ❤❛✈❡ ❛ ❤❛❧❢✲♦♣❡♥ ❛♥❣❧❡ ♦❢ ✷✵➦✳

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

s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✶✳✶✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ ❞❡t❡r♠✐♥❡ t❤✐s ✈❛❧✉❡ ❢♦r ❡❛❝❤ ❝❛♥t✐❧❡✈❡r✳

❍❡r❡✱ ▼▲❈❚ ❝❛♥t✐❧❡✈❡rs s❤♦✇❡❞ ✹✼✳✶✸ ± ✶✳✷ ♥♠✴❱✱ ❛♥❞ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs ❤❛❞

✶✹✳✷ ± ✶✳✹ ♥♠✴❱✳

❋♦✉r ❞✐✛❡r❡♥t ❝❛♥t✐❧❡✈❡rs ✇❡r❡ ✉s❡❞ ✐♥ t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ❝❛rr✐❡❞ ♦✉t ♦♥

❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✳ ❚❤❡s❡ ✇❡r❡ tr✐❛♥❣✉❧❛r ✭▼▲❈❚✮ ✇✐t❤ ♣②r❛♠✐❞❛❧ t✐♣ ✭♦♣❡♥✲

❛♥❣❧❡ ✷✵➦✮✱ r❡❝t❛♥❣✉❧❛r t✐♣❧❡ss ✭❆rr♦✇✲❚▲✮✱ ❛♥❞ tr✐❛♥❣✉❧❛r ✭❈P✲P◆P✲❇❙●✮ ✇✐t❤

❝♦❧❧♦✐❞❛❧ ♣r♦❜❡s ♦❢ r❛❞✐✉s ✺ µ♠ ❛♥❞ ✶✵ µ♠ ✭❚❛❜❧❡ ✹✳✷✮✳

✺✼



✹✳✸ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts

✹✳✸✳✶ ◆❛♥♦✐♥❞❡♥t❛t✐♦♥ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

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

s✉r❡❞ ❛t t❤❡ ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❝❡❧❧✉❧❛r ♦r❣❛♥✐③❛t✐♦♥✱ t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡

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

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

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

s♣❡❡❞ ✇❛s s❡t t♦ ✽ µ♠✴s ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❧♦❛❞ ❢♦r❝❡ ✇❛s ❜❡t✇❡❡♥ ✶✲✷ ♥◆✱ ❛♥❞ ❛

♠❛①✐♠✉♠ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ✶ µ♠✳ ❚❤❡ ✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t

r♦♦♠ t❡♠♣❡r❛t✉r❡ ✐♥ ❧✐q✉✐❞ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ ✷✵ ❝❡❧❧s ✇❡r❡ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ s❡t

♦❢ ♠❡❛s✉r❡♠❡♥ts ✭✸ t✐♠❡s r❡♣❡❛t❡❞✮✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ✸❉ ❝✉❧t✉r❡✱ ✶✺ s♣❤❡r♦✐❞s ✇❡r❡

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

t❤❡ ❝❡♥tr❛❧ ❛r❡❛ ♦❢ t❤❡ s♣❤❡r♦✐❞ ❛♥❞ ❛ t♦t❛❧ ♦❢ ✸✻ ❢♦r❝❡ ❝✉r✈❡s ✇❡r❡ r❡❝♦r❞❡❞ ♣❡r

♠❛♣✳ ❚❤❡ ❢♦r❝❡ ✈❛❧✉❡ ✇❛s ❦❡♣t ❛t ✶✺ ♥◆ ❢♦r t❤❡ s♣❤❡r♦✐❞s✱ ❣✐✈✐♥❣ ❛ ♠❛①✐♠✉♠

✐♥❞❡♥t❛t✐♦♥ ♦❢ ✷✳✺✲✸ µ♠✳

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

❢❡r❡♥t t✐♠❡ ♣♦✐♥ts✱ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ ◆❙❈✸✻

❝❛♥t✐❧❡✈❡r✱ ❛t ❛ ❧♦❛❞ ❢♦r❝❡ ♦❢ ✸✵ ♥◆✱ ❛♥ ❛♣♣r♦❛❝❤ s♣❡❡❞ ♦❢ ✶✵ µ♠✴s✱ ❛♥❞ ❢♦r ❡❛❝❤

♠❛♣✱ t❤❡ s❝❛♥ ❛r❡❛ ✇❛s ✶✵✵ µ♠2 ❛♥❞ ❛ t♦t❛❧ ♦❢ ✻✹ ❢♦r❝❡ ❝✉r✈❡s ✇❡r❡ r❡❝♦r❞❡❞ ♣❡r

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

❚❤❡ ❢♦r❝❡ ❝✉r✈❡s ❛❝q✉✐r❡❞ ✇✐t❤ P❛r❦ ❆❋▼ ✭✷❉ ❝✉❧t✉r❡✮ ✇❡r❡ ❛♥❛❧②③❡❞ ❜② ✉s✐♥❣

s♦❢t✇❛r❡ ❞❡✈❡❧♦♣❡❞ ❛t t❤❡ ❉❡♣❛rt♠❡♥t ♦❢ ❇✐♦♣❤②s✐❝❛❧ ▼✐❝r♦str✉❝t✉r❡s ✲ ■❋❏ P❆◆✳

❚❤❡ ❞❛t❛ ❛❝q✉✐r❡❞ ✇✐t❤ t❤❡ ◆❛♥♦✇✐③❛r❞ ■❱ ❢♦r t❤❡ ✸❉ ❝✉❧t✉r❡ ✇❡r❡ ♣r♦❝❡ss❡❞

✉s✐♥❣ t❤❡ s♦❢t✇❛r❡ ♣r♦✈✐❞❡❞ ❜② ❏P❑✳

✺✽



✹✳✸✳✷ ◆❛♥♦✐♥❞❡♥t❛t✐♦♥ ♦❢ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s

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

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

✐♥ ❛❧❧ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ❛♣♣r♦❛❝❤ s♣❡❡❞ ✇❛s ✶✵ µ♠✴s✱ ❛♥❞ t❤❡ ❧♦❛❞

❢♦r❝❡ ✇❛s ❦❡♣t ❛t ✶✺ ♥◆✱ ❡①❝❡♣t ❢♦r t❤❡ ▼▲❈❚ ❝❛♥t✐❧❡✈❡r✳ ■♥ t❤✐s ❝❛s❡✱ ❜♦t❤ ✶✺ ♥◆

❛♥❞ ✺ ♥◆ ❢♦r❝❡ ✇❡r❡ ❛♣♣❧✐❡❞ t♦ ♦❜t❛✐♥ ❞❡❡♣ ❛♥❞ s❤❛❧❧♦✇ ✐♥❞❡♥t❛t✐♦♥s✳ ❋♦r ❡❛❝❤

s❡t ♦❢ ♠❡❛s✉r❡♠❡♥ts✱ ✶✵ s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ ❛♥❞ ✸ ♠❛♣s ♣❡r s♣❤❡r♦✐❞✱ ❢♦r ❛

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

♦❢ t❤❡ ❞✐✛❡r❡♥t ❝❛♥t✐❧❡✈❡rs ✭✶✵✵ ✲ ✾✵✵ µ♠2✮✳ ❚❤❡ ❛❝q✉✐r❡❞ ❞❛t❛ ✇❡r❡ ♣r♦❝❡ss❡❞

✇✐t❤ t❤❡ s♦❢t✇❛r❡ ♣r♦✈✐❞❡❞ ❜② ❏P❑✱ ❛♥❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✈❛❧✉❡ ✐s ❡①♣r❡ss❡❞ ❛s

♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳

✹✳✸✳✸ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞✐str✐❜✉t✐♦♥s

❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s ❡①♣r❡ss❡❞ ❛s ❛ ♠❡❛♥ ✈❛❧✉❡ ❢♦r ❛❧❧ t❤❡ s❛♠♣❧❡s ✇✐t❤

t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❢♦r ❜♦t❤ ✷❉ ❝❡❧❧s ❛♥❞ s♣❤❡r♦✐❞s✳ ❋✐❣✉r❡

✹✳✷ ✐❧❧✉str❛t❡s t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✐♥ t❤❡ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱

♠❡❛s✉r❡❞ ❛s s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs✳

❋✐❣✉r❡ ✹✳✷✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞✐str✐❜✉t✐♦♥ ❢♦r ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s
✭♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻✱ ❛♥❞ tr❛♥s✐t✐♦♥❛❧
❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✮✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤
r❡❝♦r❞❡❞ ❡❧❛st✐❝✐t② ♠❛♣ ❞❡♥♦t✐♥❣ ❛ s✐♥❣❧❡ ❝❡❧❧ t♦ ♦❜t❛✐♥ ❢✉❧❧② ✐♥❞❡♣❡♥❞❡♥t
❞❛t❛✳ ❚❤❡♥✱ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✇❡r❡ ❞❡t❡r♠✐♥❡❞
✇✐t❤ s✉❝❤ ❛ ❞❛t❛s❡t✳

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

✺✾



✐♥ ✜❣✉r❡ ✹✳✸✳

❋✐❣✉r❡ ✹✳✸✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞✐str✐❜✉t✐♦♥ ❢♦r ❜❧❛❞❞❡r ❝❛♥❝❡r
s♣❤❡r♦✐❞s ✭♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻✱ ❛♥❞
tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ✇❛s ❝❛❧✲
❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ r❡❝♦r❞❡❞ ❡❧❛st✐❝✐t② ♠❛♣ ❞❡♥♦t✐♥❣ ❛ ♣❧❛❝❡ ♦♥ ❛ s♣❤❡r♦✐❞
❝❡♥t❡r t♦ ♦❜t❛✐♥ ❢✉❧❧② ✐♥❞❡♣❡♥❞❡♥t ❞❛t❛✳ ❆♣♣r♦①✐♠❛t❡❧②✱ ✶✺✲✷✵ s♣❤❡r♦✐❞s
✇❡r❡ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ ❝❡❧❧❧ ❧✐♥❡✳ ❚❤❡♥✱ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❛♥❞ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✇✐t❤ s✉❝❤ ❛ ❞❛t❛s❡t✳

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

✈❛❧✉❡ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❡r❡ ❞❡t❡r♠✐♥❡❞✳

✹✳✸✳✹ ❘✐❣✐❞✐t② ✐♥❞❡①

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

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

t❤❡ r✐❣✐❞✐t② ✐♥❞❡① ❘ ✇❛s ❞❡✜♥❡❞ ❛s✿

R = log10
Ecancer

Ereference

✭✹✳✶✮

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

❢♦r ✈❛❧✉❡s ❛❜♦✈❡ ✵✱ ❝❡❧❧ st✐✛❡♥✐♥❣ ✐s ❞❡t❡❝t❡❞✳ ❚❤❡ r✐❣✐❞✐t② ✐♥❞❡① ✇❛s ❛❧s♦ ✉s❡❞ t♦

❞❡t❡r♠✐♥❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ◆❍▲❋ ✜❜r♦❜❧❛sts

❛♥❞ ❆✺✹✾ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ✈❛r✐♦✉s ❝❛♥t✐❧❡✈❡rs✳

✻✵



✹✳✸✳✺ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

❛♥❞ s♣❤❡r♦✐❞s

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

❧✐♥❡s ❜♦t❤ ✐♥ ✷❉ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✸❉ s♣❤❡r♦✐❞s✳ ❚❤❡ ❣❡♥❡r❛❧ ✐❞❡❛ ♦❢ t❤❡

❡①♣❡r✐♠❡♥t ✐s ❡①♣❧❛✐♥❡❞ ✐♥ ❝❤❛♣t❡r ✷✳

❋♦r t❤❡ ❝❡❧❧s ✐♥ ✷❉ ❛♥❞ ❢♦r s♣❤❡r♦✐❞s✱ ▼▲❈❚ ❝❛♥t✐❧❡✈❡r ❛♥❞ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs

✇❡r❡ ✉s❡❞✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ❢r♦♠ ✶ ❍③ t♦ ✶✵✵ ❍③ ❢♦r

✷❉ ❝❡❧❧s✱ ❛♥❞ ❢r♦♠ ✶ ❍③ t♦ ✷✺✵ ❍③ ❢♦r s♣❤❡r♦✐❞s✳ ❚❤❡ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝✐❡s ✇❡r❡✿ ✶✱

✺✱ ✶✵✱ ✷✺✱ ✺✵✱ ✼✺✱ ✶✵✵✱ ✶✺✵ ❛♥❞ ✷✺✵ ❍③✳ ❚❤❡s❡ ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ❛❝q✉✐r❡❞ ✇✐t❤ ✶✵

♣❡r✐♦❞s✴❢r❡q✉❡♥❝② ❛♥❞ ❛ ♣❛✉s❡ ♦❢ ✺✵✵ ♠s ❜❡t✇❡❡♥ ❡❛❝❤ ❢r❡q✉❡♥❝②✳ ❚❤❡ ❛♠♣❧✐t✉❞❡

✇❛s ❦❡♣t ❝♦♥st❛♥t ❛t ✺✵ ♥♠❀ t❤❡ s❛♠♣❧✐♥❣ ♥✉♠❜❡r ✇❛s ❛❧✇❛②s ✻✵✵ ❜② ❛❞❥✉st✐♥❣

t❤❡ s❛♠♣❧❡ r❛t❡✱ t❤❡ ❛♣♣r♦❛❝❤ ✈❡❧♦❝✐t② ✇❛s ♦❢ ✸ µ♠✴s ❛♥❞ t❤❡ s❝❛♥ ❛r❡❛ ✇❛s ✾

µ♠2✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❝❡❧❧s✱ t❤❡ ❢♦r❝❡ ❧✐♠✐t ✇❛s ✷ ♥◆✱ ✇❤✐❧❡ ❢♦r t❤❡ s♣❤❡r♦✐❞s✱ ✐t ✇❛s

✶✺ ♥◆ ✭♦r ✸✵ ♥◆✮✳ ❆♥ ❛✈❡r❛❣❡ ♦❢ ✺✵ ❝❡❧❧s ✇❡r❡ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡ ❛♥❞ ✶✺

s♣❤❡r♦✐❞s ✭✷ ♠❛♣s✴s♣❤❡r♦✐❞✮✳

✹✳✸✳✻ P♦✇❡r✲❧❛✇ r❡❧❛t✐♦♥s

❚❤❡ ❛❝q✉✐r❡❞ ❞❛t❛ ✇❡r❡ ♣r♦❝❡ss❡❞ ✇✐t❤ t❤❡ s♦❢t✇❛r❡ ♣r♦✈✐❞❡❞ ❜② ❏P❑✱ ❛♥❞ t❤❡

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

❢♦r ❡❛❝❤ ❢r❡q✉❡♥❝② ♦❢ ♦s❝✐❧❧❛t✐♦♥s✳ ❋✐❣✉r❡ ✹✳✹ s❤♦✇s t❤❡ ❡①❡♠♣❧❛r② ❞✐str✐❜✉t✐♦♥s

♦❢ t❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r ❍❈❱✷✾ s♣❤❡r♦✐❞s ❛t ❢r❡q✉❡♥❝✐❡s ✶ ❍③✱ ✶✵✵

❍③ ❛♥❞ ✷✺✵ ❍③✳

❋✐❣✉r❡ ✹✳✹✿ ❙t♦r❛❣❡ ♠♦❞✉❧✉s ❞✐str✐❜✉t✐♦♥ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞
❜② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ✇❛s ❝❛❧❝✉❧❛t❡❞
❢♦r ❡❛❝❤ r❡❝♦r❞❡❞ ❡❧❛st✐❝✐t② ♠❛♣ ❞❡♥♦t✐♥❣ ❛ ♣❧❛❝❡ ♦♥ ❛ s♣❤❡r♦✐❞ ❝❡♥t❡r
t♦ ♦❜t❛✐♥ ❢✉❧❧② ✐♥❞❡♣❡♥❞❡♥t ❞❛t❛✳ ❚❤❡♥✱ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❛♥❞ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✇✐t❤ s✉❝❤ ❛ ❞❛t❛s❡t✳

❋✐❣✉r❡ ✹✳✺ s❤♦✇s t❤❡ ❡①❡♠♣❧❛r② ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❧♦ss ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r

❍❈❱✷✾ s♣❤❡r♦✐❞s ❛t ❢r❡q✉❡♥❝✐❡s ✶ ❍③✱ ✶✵✵ ❍③ ❛♥❞ ✷✺✵ ❍③✳

✻✶



❋✐❣✉r❡ ✹✳✺✿ ▲♦ss ♠♦❞✉❧✉s ❞✐str✐❜✉t✐♦♥ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜②
♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r
❡❛❝❤ r❡❝♦r❞❡❞ ❡❧❛st✐❝✐t② ♠❛♣ ❞❡♥♦t✐♥❣ ❛ ♣❧❛❝❡ ♦♥ ❛ s♣❤❡r♦✐❞ ❝❡♥t❡r t♦
♦❜t❛✐♥ ❢✉❧❧② ✐♥❞❡♣❡♥❞❡♥t ❞❛t❛✳ ❚❤❡♥✱ t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐✲
❛t✐♦♥ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✇✐t❤ s✉❝❤ ❛ ❞❛t❛s❡t✳

❚❤❡ ♦❜t❛✐♥❡❞ ♠❡❛♥ ✈❛❧✉❡s ✇❡r❡ ✉s❡❞ t♦ ♣❧♦t t❤❡ st♦r❛❣❡ ●✬ ❛♥❞ ❧♦ss ●✧ ♠♦❞✉❧✐ ❛s

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

❧❛✇ ❛♣♣r♦❛❝❤ ✭❆❜✐❞✐♥❡ ❡t ❛❧✳✱ ✷✵✶✺ ❬✶✷✽❪✮ ❜② ✉s✐♥❣ t❤❡ s♦❢t✇❛r❡ ❖r✐❣✐♥Pr♦✿

G′ (ω) = G′

N + k1ω
α ✭✹✳✷✮

G′′ (ω) = G′′

N + k2ω
β ✭✹✳✸✮

❚❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t α ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✜tt✐♥❣ ♦❢ t❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ✇❛s

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

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

♠♦❞✉❧✉s✱ t❤❡ s♦❢t✇❛r❡ ▼❛t❤❝❛❞ ✷✵✵✶ ✇❛s ✉s❡❞✳

✹✳✹ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts

❋♦r t❤❡ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts✱ s♣❤❡r♦✐❞s ✇❡r❡ ♣r❡♣❛r❡❞ ✐♥ t❤❡ s❛♠❡ ♠❛♥♥❡r ❛s

❢♦r t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✭s❡❝t✐♦♥ ✸✳✷✮✳ ❍♦✇❡✈❡r✱ ✐♥ t❤✐s ❝❛s❡✱ t❤❡② ❞✐❞ ♥♦t

r❡q✉✐r❡ ✐♠♠♦❜✐❧✐③❛t✐♦♥ ❛s t❤❡ s♣❤❡r♦✐❞s ♥❡❡❞❡❞ t♦ ❜❡ ❝❛♣t✉r❡❞ ❜② t❤❡ ♣✐♣❡tt❡ ❢♦r

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

❛♥❞ ♣❧❛❝❡❞ ✐♥ ❛ P❡tr✐ ❞✐s❤✳ ❆❧❧ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ✐♥ P❇❙✳

❚❤❡ ♣✐♣❡tt❡ ✉s❡❞ ✐♥ t❤✐s st✉❞② ❤❛❞ ❛ ❞✐❛♠❡t❡r ♦❢ ✺✵ µ♠✱ ✇❤✐❧❡ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡

❛r♦✉♥❞ ✸✺✵✲✹✵✵ µ♠✳ ❋✐❣✉r❡ ✹✳✻ s❤♦✇s ❤♦✇ t❤❡ ♣✐♣❡tt❡ ❝❛♣t✉r❡❞ t❤❡ s♣❤❡r♦✐❞s

❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳
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❋✐❣✉r❡ ✹✳✻✿ ❍❋❙ ♠❡❛s✉r❡♠❡♥t ♦❢ s♣❤❡r♦✐❞s✳ ❖♣t✐❝❛❧ ✐♠❛❣❡ s❤♦✇✐♥❣
t❤❡ ❝❛♣t✉r❡ ♦❢ ❛ s♣❤❡r♦✐❞ ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ✇✐t❤ t❤❡ ♣✐♣❡tt❡ ❞✉r✐♥❣
❍❋❙ ♠❡❛s✉r❡♠❡♥ts✳

❉❛t❛ ❢r♦♠ ❍❋❙ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❛✈❡r❛❣❡❧② ♦♥ ✶✵✲✶✺ s♣❤❡r♦✐❞s✳ ❚❤❡ ❡①♣❡r✐♠❡♥✲

t❛❧ ❞❛t❛ ✇❡r❡ ❛♥❛❧②③❡❞ ✇✐t❤ ▼❛t❧❛❜✳ ❚❤❡ ✈❛❧✉❡s ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ t❤❡

✈✐s❝♦❡❧❛st✐❝ ♣❛r❛♠❡t❡rs ✭✢✉✐❞✐t② ✐♥❞❡① α ❛♥❞ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ A✮ ✇❡r❡

❡①♣r❡ss❡❞ ❛s ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳

✹✳✺ ❙t❛t✐st✐❝❛❧ t❡sts

❚❤❡ st❛t✐st✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❞❛t❛ s❡ts ✇❛s ♦❜t❛✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ♥♦♥✲

♣❛r❛♠❡tr✐❝ ▼❛♥♥✲❲❤✐t♥❡② t❡st ❛t t❤❡ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢ ✵✳✵✺✳ ❚❤❡ ♠❡❛♥ ✈❛❧✉❡

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

t❤❡ ❜♦① ♣❧♦ts✳ ❚❤❡r❡❢♦r❡✱ ❡✈❡r② s✐♥❣❧❡ ❞♦t ✐♥ t❤❡ ❜♦① ✐♥❞✐❝❛t❡s ❛ s✐♥❣❧❡ ❡❧❛st✐❝✐t②

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

t❤❡ s♣❤❡r♦✐❞s✱ ✷ ♠❛♣s ✇❡r❡ r❡❝♦r❞❡❞ ♣❡r s♣❤❡r♦✐❞✳
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Chapter 5

▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧✉♥❣ ❝❡❧❧

s♣❤❡r♦✐❞s ❞❡t❡r♠✐♥❡❞ ✇✐t❤ ❞✐✛❡r❡♥t

❝❛♥t✐❧❡✈❡rs

✺✳✶ ❖❜❥❡❝t✐✈❡s

❙❡✈❡r❛❧ st✉❞✐❡s ❤❛✈❡ ❛❧r❡❛❞② r❡♣♦rt❡❞ ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❝❛♥✲

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

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

r✐❝ ❛♣♣r♦①✐♠❛t✐♦♥s ♥❡❡❞❡❞ ✐♥ ❝♦♥t❛❝t ♠❡❝❤❛♥✐❝s ♠♦❞❡❧s ❬✶✹✵❪ ❬✶✹✶❪✳ ■t ✐s ♦♥❡ ♦❢

t❤❡ ♠❛✐♥ r❡❛s♦♥s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ r❡❧❛t✐✈❡♥❡ss ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❬✶✹✷❪✳ ❆s ♥♦

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

❝❛❧ ♣r♦♣❡rt✐❡s✱ ❆❋▼✲❜❛s❡❞ ❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ s♣❤❡r♦✐❞s

❢♦r♠❡❞ ❢r♦♠ ❧✉♥❣ ❝❡❧❧s✱ ✐✳❡✳✱ ❧✉♥❣ ✜❜r♦❜❧❛sts ❛♥❞ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s✳ ❚❤✐s ❝❤♦✐❝❡

✇❛s ❞✐❝t❛t❡❞ ❜② ❧❛r❣❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥

✐♥ t❤❡s❡ ❝❡❧❧s✳ ❍❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛sts ✭◆❍▲❋✮ ♣♦ss❡ss ✈❡r② ✇❡❧❧✲❞✐✛❡r❡♥t✐❛t❡❞

❛❝t✐♥ ✜❧❛♠❡♥ts s♣❛♥♥✐♥❣ t❤❡ ✇❤♦❧❡ ❝❡❧❧ ❜♦❞②✳ ❚❤❡ ✜❜r♦❜❧❛sts ❛r❡ ❧❛r❣❡ ❝❡❧❧s

✇✐t❤ s♣✐♥❞❧❡✲❧✐❦❡ ♠♦r♣❤♦❧♦❣②✳ ❈♦♥✈❡rs❡❧②✱ s♠❛❧❧✲❧✉♥❣ ❝❛♥❝❡r ❆✹✺✾ ❝❡❧❧s ❛r❡ ♠✉❝❤

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

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

♣❧♦②✐♥❣ ❆❋▼ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❝❛♥t✐❧❡✈❡rs ♣♦ss❡ss✐♥❣ ❢♦✉r ❞✐✛❡r❡♥t t②♣❡s ♦❢ ♣r♦❜✐♥❣

t✐♣✿ ❢♦✉r✲s✐❞❡❞ ♣②r❛♠✐❞s ✭▼▲❈❚✮✱ ❧❛r❣❡ ❛♥❞ s♠❛❧❧ s♣❤❡r❡s✱ ❛♥❞ ♥♦ ♣r♦❜✐♥❣ t✐♣

✭s♦✲❝❛❧❧❡❞ t✐♣❧❡ss ❝❛♥t✐❧❡✈❡r✮ ❬♠♦r❡ ❞❡t❛✐❧s ✐♥ s❡❝t✐♦♥ ✹✳✷ ♦❢ ♠❛t❡r✐❛❧s ❛♥❞ ♠❡t❤✲

♦❞s❪✳
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✺✳✷ ❈②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❧✉♥❣ ❝❡❧❧ s♣❤❡r♦✐❞s

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

❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✭❆✺✹✾✮ ❛♥❞ ❧✉♥❣ ✜❜r♦❜❧❛sts ✭◆❍▲❋✮ ✇❛s ✈✐s✉❛❧✐③❡❞ ✉s✐♥❣ ❝♦♥✲

❢♦❝❛❧ ♠✐❝r♦s❝♦♣② ✭✜❣✉r❡ ✺✳✶✮✳

❋✐❣✉r❡ ✺✳✶✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❆✺✹✾ ❛♥❞ ◆❍▲❋ s♣❤❡r♦✐❞s✳ ❚❤❡
❝❡❧❧✉❧❛r str✉❝t✉r❡s ♣r❡s❡♥t ✐♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✭❆✺✹✾✮
❛♥❞ ❤❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛sts ✭◆❍▲❋✮ ❛r❡ s❤♦✇♥✳ ❇❧✉❡✿ ♥✉❝❧❡✉s✱ ●r❡❡♥✿
❛❝t✐♥ ✜❧❛♠❡♥ts✳

❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ❤❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛sts✱ ◆❍▲❋✱ ❛♥❞ t❤❡ s♠❛❧❧✲

❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s✱ ❆✺✹✾✱ ✇❡r❡ st❛✐♥❡❞ ✇✐t❤ ❍♦❡❝❤st ✸✸✸✹✷ ❛♥❞ ❆❧❡①❛ ❋❧✉♦r ✹✽✽

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

❢♦r♠❡❞ ❜② ❆✺✹✾ ❝❡❧❧s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ♣♦♦r❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❛❝t✐♥ ❝②t♦s❦❡❧❡✲

t♦♥✱ ✇❤❡r❡ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛r❡ ♠❛✐♥❧② ❞✐str✐❜✉t❡❞ ❛r♦✉♥❞ t❤❡ ❝❡❧❧s✳ ❈♦♠♣❛r❡❞

t♦ ❆✺✹✾ ❝❡❧❧s✱ ❤❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛sts ♣r❡s❡♥t ❛ ✇❡❧❧✲❞✐✛❡r❡♥t✐❛t❡❞ ❛❝t✐♥ ❝②t♦s❦❡❧❡✲

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

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

♣r❡s❡♥t ✐♥ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ❛r❡ ❝❧❡❛r❧② ✈✐s✐❜❧❡✿ ♠♦r❡ r♦✉♥❞❡❞ ❆✺✹✾

❝❡❧❧s ❛♥❞ ♠♦r❡ ❡❧♦♥❣❛t❡❞ ◆❍▲❋ ❝❡❧❧s✳

✻✻



✺✳✸ ▼❡❝❤❛♥✐❝s ♦❢ ❧✉♥❣ s♣❤❡r♦✐❞s ♠❡❛s✉r❡❞ ✇✐t❤

♣②r❛♠✐❞❛❧ ♣r♦❜❡s

❚❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧✉♥❣ s♣❤❡r♦✐❞s ✇❡r❡ ✉s✐♥❣ s✐❧✐❝♦♥ ♥✐tr✐❞❡ ❝❛♥✲

t✐❧❡✈❡rs ✭▼▲❈❚✱ ✵✳✺ ◆✴♠✮✱ ✇✐t❤ t❤❡ ♣r♦❜✐♥❣ t✐♣ ❜❡✐♥❣ ❛ ❢♦✉r✲s✐❞❡❞ ♣②r❛♠✐❞ ✇✐t❤

❛ ❤❛❧❢✲♦♣❡♥ ❛♥❣❧❡ ♦❢ ✷✵➦✳ ❚❤❡ t✐♣ ❧❡♥❣t❤ ✈❛r✐❡❞ ❜❡t✇❡❡♥ ✸ µ♠ ❛♥❞ ✽ µ♠ ✇✐t❤ ❛

♠❡❛♥ ♦❢ ✺✳✺ µ♠ ✭❛❝❝♦r❞✐♥❣ t♦ ♠❛♥✉❢❛❝t✉r❡r ❞❛t❛✮✳ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s ❝❛❧❝✉✲

❧❛t❡❞ ❛t t✇♦ ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s ✭❧♦✇ ✐♥❞❡♥t❛t✐♦♥ ❂ ✶ µ♠❀ ❤✐❣❤ ✐♥❞❡♥t❛✲

t✐♦♥✿ ✷✲✸ µ♠✮✱ ✇❤✐❝❤ ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ❛❞❥✉st✐♥❣ t❤❡ ❧♦❛❞ ❢♦r❝❡ t♦ ✺ ♥◆ ❛♥❞ ✶✺

♥◆✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✺✳✷✳

❋✐❣✉r❡ ✺✳✷✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠
❧✉♥❣ ❝❡❧❧s ✭❧✉♥❣ ❝❛♥❝❡r✿ ❆✺✹✾ ❝❡❧❧s✱ ❧✉♥❣ ✜❜r♦❜❧❛sts✿ ◆❍▲❋
❝❡❧❧s✮✱ ♠❡❛s✉r❡❞ ✇✐t❤ ▼▲❈❚ ❝❛♥t✐❧❡✈❡rs✳ ❋♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✱ ✶✵
s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ ✭✸ ❢♦r❝❡ ♠❛♣s ♣❡r s♣❤❡r♦✐❞✱ ❡❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s
❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❛st✐❝✐t② ♠❛♣✮✳ ❚❤❡ sq✉❛r❡s ❛♥❞ ❜❧❛❝❦ ❧✐♥❡s ❛r❡ t❤❡ ♠❡❛♥
❛♥❞ ♠❡❞✐❛♥✱ r❡s♣❡❝t✐✈❡❧②❀ t❤❡ ❜♦① ❞❡♥♦t❡s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ▲♦✇
✭❜❡❧♦✇ ✶ µ♠✮ ❛♥❞ ❤✐❣❤ ✭❛❜♦✈❡ ✷✲✸ µ♠✮ ✐♥❞❡♥t✐♦♥s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ✭✯✯✯
♣ ❁ ✵✳✵✵✶✱ ♥s ✲ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✮✳

❚❤❡ ♠❛✐♥ r❡s✉❧ts s❤♦✇ t❤❛t ❢♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✱ ❨♦✉♥❣✬s ♠♦❞✉❧✉s r❡♠❛✐♥❡❞ t❤❡

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

✻✼



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

♦❢ ❊❈▼ ♦r ❝❡❧❧ ♥✉❝❧❡✉s ✐♥s✐❞❡ t❤❡ s♣❡❝✐✜❝ ❝❡❧❧ t②♣❡ ✇❛s ❞❡t❡❝t❡❞ ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ s♣❤❡r♦✐❞s✳ ❍♦✇❡✈❡r✱ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❤❡❛❧t❤② ✜❜r♦❜❧❛sts

✭◆❍▲❋ ❝❡❧❧s✮ ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② st✐✛❡r t❤❛♥ t❤♦s❡ ♠❛❞❡ ❢r♦♠ ❧✉♥❣ ❝❛♥❝❡r ✭❆✺✹✾

❝❡❧❧s✮✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s ✼✳✻ ± ✼✳✹ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✮

✈❡rs✉s ✸✳✸ ± ✷✳✷ ❦P❛ ✭♥ ❂ ✸✻ ♠❛♣s✮ ❛♥❞ ✻✳✾ ± ✸✳✷ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✮ ✈❡rs✉s ✸✳✼

± ✷✳✼ ❦P❛ ✭♥ ❂ ✷✾ ♠❛♣s✮ ❢♦r ❧♦✇ ❛♥❞ ❤✐❣❤ ✐♥❞❡♥t❛t✐♦♥s✳

✺✳✹ ▼❡❝❤❛♥✐❝s ♦❢ ❧✉♥❣ s♣❤❡r♦✐❞s ♠❡❛s✉r❡❞ ✇✐t❤

s♣❤❡r✐❝❛❧ ♣r♦❜❡s

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

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

✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ r❛❞✐✉s ♦❢ ✺ µ♠ ❛♥❞ ✶✵ µ♠✳ ■♥ t❤✐s ❝❛s❡✱ ❧♦✇ ❛♥❞ ❤✐❣❤

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

♣r♦❜❡s✳ ❚❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ❢♦r s♠❛❧❧❡r ♣r♦❜❡s ✇❛s ❜❡t✇❡❡♥ ✷✲✸ µ♠✱ ✇❤✐❧❡ ❢♦r

❧❛r❣❡r ♣r♦❜❡s ✇❛s ✹✲✻ µ♠✳ ❚❤❡s❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ ❛

❧♦❛❞ ❢♦r❝❡ ♦❢ ✶✺ ♥◆✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❨♦✉♥❣✬s ♠♦❞✉❧✐ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡

✺✳✸✳
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❋✐❣✉r❡ ✺✳✸✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠
❧✉♥❣ ❝❡❧❧s ✭❧✉♥❣ ❝❛♥❝❡r✿ ❆✺✹✾ ❝❡❧❧s✱ ❧✉♥❣ ✜❜r♦❜❧❛sts✿ ◆❍▲❋
❝❡❧❧s✮✱ ♠❡❛s✉r❡❞ ✇✐t❤ ❝❛♥t✐❧❡✈❡rs ✇✐t❤ s♣❤❡r✐❝❛❧ ♣r♦❜❡s ♦❢ ✺ µ♠
❛♥❞ ✶✵ µ♠ r❛❞✐✉s✳ ❋♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✱ ✶✵ s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ ✭✸
❢♦r❝❡ ♠❛♣s✴s♣❤❡r♦✐❞✱ ❡❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❛st✐❝✐t② ♠❛♣✮✳
❚❤❡ sq✉❛r❡s ❛♥❞ ❜❧❛❝❦ ❧✐♥❡s ❛r❡ t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥✱ r❡s♣❡❝t✐✈❡❧②❀ t❤❡
❜♦① ❞❡♥♦t❡s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✱ ♥s ✲ ♥♦t st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t✮✳

❆s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ❞❛t❛ ❬✶✷✺❪ ❬✶✹✵❪✱ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✐s s♠❛❧❧❡r t❤❛♥

t❤❛t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ s♣❤❡r♦✐❞s✬ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ t❤❡ ♣②r❛♠✐❞❛❧ t✐♣✳ ❨♦✉♥❣✬s

♠♦❞✉❧✉s✱ ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✭❆✹✺✾ ❝❡❧❧s✮✱ ✇❛s

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

s✐♠✐❧❛r✱ ✐✳❡✳✱ ✵✳✺ ± ✵✳✷ ❦P❛ ✭♥ ❂ ✸✾ ♠❛♣s✮ ✈❡rs✉s ✵✳✹✺ ± ✵✳✸✹ ❦P❛ ✭♥ ❂ ✸✶ ♠❛♣s✮✱

❢♦r s♣❤❡r✐❝❛❧ ♣r♦❜❡s ♦❢ ✺ µ♠ ❛♥❞ ✶✵ µ♠ r❛❞✐✉s✱ r❡s♣❡❝t✐✈❡❧②✳ ❆♥❛❧♦❣♦✉s❧② ❛s

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

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

✜❜r♦❜❧❛sts✳ ❍❡r❡✱ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s✱ ✐✳❡✳✱ ✸✳✻ ± ✶✳✺ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✮ ✈❡rs✉s

✵✳✾✺ ± ✵✳✺✼ ❦P❛ ✭♥ ❂ ✸✸ ♠❛♣s✮✱ ❢♦r s♣❤❡r✐❝❛❧ ♣r♦❜❡s ♦❢ ✺ µ♠ ❛♥❞ ✶✵ µ♠ r❛❞✐✉s✱

r❡s♣❡❝t✐✈❡❧②✳

✻✾



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

t✐♣❧❡ss ❝❛♥t✐❧❡✈❡rs

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

❛ t✐♣❧❡ss ❝❛♥t✐❧❡✈❡r✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ✐♥❞❡♥t❛t✐♦♥ r❡❛❝❤❡❞ ✇❛s ❜❡t✇❡❡♥ ✹ ❛♥❞ ✻

µ♠✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ✈❛❧✉❡ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ t❤❡ ❍❡rt③ ♠♦❞❡❧ ✇❛s ❛♣♣❧✐❡❞✱ ✐♥

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

s♣❤❡r♦✐❞✮✳ ❚❤✉s✱ t❤❡ ✐♥❞❡♥t✐♥❣ s♣❤❡r✐❝❛❧ ♣r♦❜❡✬s r❛❞✐✉s ❡q✉❛❧❡❞ t❤❡ ♣❛rt✐❝✉❧❛r

s♣❤❡r❡✬s r❛❞✐✉s✱ ✇❤✐❝❤ ✇❛s ✇✐t❤✐♥ ✸✵✵ µ♠✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ t❤❡s❡ ❡①♣❡r✐♠❡♥ts

❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✺✳✹✳

❋✐❣✉r❡ ✺✳✹✿ ❊❧❛st✐❝ ♠♦❞✉❧✉s ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠
❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ❛♥❞ ✜❜r♦❜❧❛sts ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❡①♣❡r✐✲
♠❡♥ts ✐♥ ✇❤✐❝❤ t✐♣❧❡ss ❝❛♥t✐❧❡✈❡rs ✇❡r❡ ✉s❡❞✳ ❋♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✱
✶✵ s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ ✭✸ ❢♦r❝❡ ♠❛♣s✴s♣❤❡r♦✐❞✱ ❡❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s
❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❛st✐❝✐t② ♠❛♣✮✳ ❚❤❡ sq✉❛r❡s ❛♥❞ ❜❧❛❝❦ ❧✐♥❡s ❛r❡ t❤❡ ♠❡❛♥
❛♥❞ ♠❡❞✐❛♥✱ r❡s♣❡❝t✐✈❡❧②❀ t❤❡ ❜♦① ❞❡♥♦t❡s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭✯✯✯ ♣
❁ ✵✳✵✵✶✮✳

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

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

✇❡r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ♠♦❞✉❧✐ r❛♥❣❡ ✇❛s ✵✳✵✽ ± ✵✳✵✹ ❦P❛ ✭♥ ❂ ✹✵ ♠❛♣s✮ ❛♥❞ ✵✳✷✺

± ✵✳✷✸ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✮ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ r❡s♣❡❝t✐✈❡❧② ❜② ❆✺✹✾ ❝❡❧❧s ❛♥❞

◆❍▲❋ ❝❡❧❧s✳

✼✵



✺✳✻ ▼❡❝❤❛♥✐❝s ♦❢ t❤❡ ❧✉♥❣ s♣❤❡r♦✐❞s ✲ s✉♠♠❛r②

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

t♦ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ❛♥❞✴♦r ❞❡♥s✐t② ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥

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

♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✱ ✇❤✐❝❤ ✐s ❝❤❛r❛❝t❡r✐st✐❝ ❢♦r ❡❛❝❤ st✉❞✐❡❞ ❝❡❧❧

❧✐♥❡✱ ✐✳❡✳✱ ◆❍▲❋ ✜❜r♦❜❧❛sts ❛♥❞ ❆✹✺✾ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✺✳✶✳ ❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜②

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

❢♦r♠s ❛ r✐♥❣ ❛r♦✉♥❞ t❤❡ ❝❡❧❧s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ◆❍▲❋ ✜❜r♦❜✲

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

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

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

s♦♠❡ ❊❈▼ ♣r♦t❡✐♥s t❤❛t ♠❛❦❡ t❤❡ ♠❛tr✐① s✉rr♦✉♥❞✐♥❣ t❤❡ ❝❡❧❧ st✐✛❡r ❬✶✹✸❪✳

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

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

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

❝❡❧❧s ❬✶✶✷❪✳ ❚❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✇❡r❡ ❝♦♥s✐st❡♥t ❢♦r ❛❧❧ ♠❡❛s✉r❡♠❡♥ts r❡❝♦r❞❡❞

✇✐t❤ ✈❛r✐♦✉s ❝❛♥t✐❧❡✈❡rs✳ ❍♦✇❡✈❡r✱ t❤❡ ❛♣♣❛r❡♥t ❨♦✉♥❣✬s ♠♦❞✉❧✉s str♦♥❣❧② ❞❡✲

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

t❤❡♥ s♣❤❡r✐❝❛❧ ♦♥❡s✱ ❛♥❞ t❤❡ s♠❛❧❧❡st ❢♦r t✐♣❧❡ss ❝❛♥t✐❧❡✈❡rs✳ ❆ s✉♠♠❛r② ♦❢ ❛❧❧

t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❧✉♥❣ ❝❡❧❧s ✭◆❍▲❋ ✕ ❤❡❛❧t❤② ❧✉♥❣

✜❜r♦❜❧❛sts✱ ❆✹✺✾ ✕ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s✮ ♠❡❛s✉r❡❞ ✇✐t❤ ✈❛r✐♦✉s ❝❛♥t✐❧❡✈❡r t②♣❡s ✐s

♣r❡s❡♥t❡❞ ✐♥ t❛❜❧❡ ✺✳✶✳

◆♦t❛❜❧②✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ♣r♦❜✐♥❣ t✐♣✱ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❛♣♣❛r❡♥t ❨♦✉♥❣✬s

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

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

✼✶



✜❧❛♠❡♥ts ♦r❣❛♥✐③❛t✐♦♥ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❊❈▼ ♣r♦t❡✐♥s s❡❝r❡t❡❞ ❜② ✜❜r♦❜❧❛sts✮✳

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

✐♥❞✐❝❛t❡s ❛ ♣♦♦r❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❝②t♦s❦❡❧❡t♦♥✳

❍❛✈✐♥❣ ✐♥ ♠✐♥❞ t❤❡ r❡❧❛t✐✈❡♥❡ss ♦❢ t❤❡ ❛♣♣❛r❡♥t ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ t❤❡ r✐❣✐❞✐t②

✐♥❞❡① ✇❛s ❝❛❧❝✉❧❛t❡❞ ✭s❡❝t✐♦♥ ✹✳✸✳✹✮✳ ■ts ✈❛❧✉❡ ❛❧❧♦✇s ♦❜❥❡❝t✐✈❡❧② ❡✈❛❧✉❛t✐♥❣ t❤❡

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

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

❡❧❛st✐❝ ♠♦❞✉❧✉s ♦❢ t❤❡ ❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s t♦ ❤❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛sts ✭✜❣✉r❡ ✺✳✺✮✳

❋✐❣✉r❡ ✺✳✺✿ ❘✐❣✐❞✐t② ✐♥❞❡① s❤♦✇✐♥❣ s♦❢t❡♥✐♥❣ ♦❢ ❧✉♥❣ ❝❛♥❝❡r♦✉s
❝❡❧❧ ❧✐♥❡s✳ ❘❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝❛♥t✐❧❡✈❡r t②♣❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❆❋▼ ✐♥✲
❞❡♥t❛t✐♦♥✱ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❝❛♥❝❡r ❝❡❧❧s ❛r❡ s♦❢t❡r ✭s♣❤❡r♦✐❞s ❢♦r♠❡❞
❜② ❆✺✹✾ ❧✉♥❣ ❝❡❧❧s ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ♦♥❡s ❢r♦♠ ◆❍▲❋ ✜❜r♦❜❧❛sts✮✳

❚❤❡ r✐❣✐❞✐t② ✐♥❞❡① ❢♦r ❛❧❧ ❝❛s❡s ✐s ♥❡❣❛t✐✈❡ ✭❢r♦♠ ✲✵✳✷✷ t♦ ✲✵✳✽✻✮✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s

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

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

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

♦❢ t❤❡ s❛♠❡ t②♣❡ ❛♥❞ tr❡❛t♠❡♥t ✐♥ ❛❧❧ ❡①♣❡r✐♠❡♥ts✮✳ ❚❤❡ ✉s❡ ♦❢ ❝❛♥t✐❧❡✈❡rs ✇✐t❤

❞✐st✐♥❝t t✐♣s✱ s✐③❡ ❛♥❞ ❣❡♦♠❡tr②✱ ❛❧❧♦✇s ❢♦r ❡♥❤❛♥❝✐♥❣ t❤❡ ❞❡t❡❝t✐♦♥ s❡♥s✐t✐✈✐t② ♦❢

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

t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✇✐t❤ s♣❤❡r✐❝❛❧ ♣r♦❜❡s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✺ µ♠✱ ✇❤✐❧❡ t❤❡ ❧♦✇❡st

✐s s❡❡♥ ❢♦r t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✉s✐♥❣ ❛ s♣❤❡r✐❝❛❧ ♣r♦❜❡ ✇✐t❤ ❛ r❛❞✐✉s ♦❢ ✶✵ µ♠✳ ▼▲❈❚

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

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

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

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

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

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

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

♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡♠ ♠❛tt❡rs ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t s❤❛♣❡s ♦❢ t❤❡

♣r♦❜❡s✳ ❆s ♣r❡✈✐♦✉s❧② ♠❡♥t✐♦♥❡❞✱ ❤❡❛❧t❤② ✜❜r♦❜❧❛sts ✭◆❍▲❋ ❝❡❧❧s✮ ❛r❡ ❝❤❛r❛❝t❡r✲

✐③❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s t❤❛t s♣❛♥ ❛❧❧ ♦✈❡r t❤❡ s♣❤❡r♦✐❞s✳ ❚❤❡

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ◆❍▲❋ ❝❡❧❧s s❤♦✇ ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s t❤❛♥

t❤♦s❡ ❢♦r♠❡❞ ❜② t❤❡ ❝❛♥❝❡r♦✉s ❆✺✹✾ ❝❡❧❧s✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ ♣r♦❜❡❞ ✇✐t❤ t❤❡ s♠❛❧❧

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

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

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

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❜♦t❤ s♣❤❡r♦✐❞ t②♣❡s✳

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

❝❡❧❧s✱ s❤♦✇ t❤❡ r❡❧❛t✐♦♥ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦♥ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts

❛♥❞✴♦r t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❊❈▼✳ ❚❤❡ s♦❢t❡♥✐♥❣ ♦❢ ❝❛♥❝❡r s♣❤❡r♦✐❞s ✇❛s ✐♥❞❡♣❡♥❞❡♥t

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

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

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

❝✐✜❝ ♣r♦❜✐♥❣ t✐♣ ❝❛♥ ❜❡ ❡ss❡♥t✐❛❧ ❢♦r ✐♥❝r❡❛s✐♥❣✴❞❡❝r❡❛s✐♥❣ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡

❆❋▼✲❜❛s❡❞ ❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts✳
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Chapter 6

▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❛t

✷❉ ❛♥❞ ✸❉ ❧❡✈❡❧s✳

✻✳✶ ❖❜❥❡❝t✐✈❡s

❖♥❝♦❣❡♥✐❝ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡❛rr❛♥❣❡♠❡♥ts ✐♥ t❤❡ ❝❡❧❧ ❝②✲

t♦s❦❡❧❡t♦♥✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛♥❞ ♠✐❝r♦t✉❜✉❧❛r ♥❡t✇♦r❦s ❬✻✻❪✳ ❆♥②

❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ str✉❝t✉r❡ ❛♥❞ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❝②t♦s❦❡❧❡t❛❧ ❡❧❡♠❡♥ts ❝❛♥ ❜❡ ❞❡✲

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

t♦ ♣r♦❜❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛t t❤❡ s✐♥❣❧❡✲❝❡❧❧ ❧❡✈❡❧ ❬✶✶✵❪ ❬✶✶✸❪✳ ❚❤✐s ❝❤❛♣t❡r

♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ ❆❋▼✲❜❛s❡❞ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♦❢ ✈❛r✐♦✉s ❜❧❛❞❞❡r

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

❚❤❡ ❣♦❛❧ ✇❛s t♦ ❡✈❛❧✉❛t❡ ✐♥ ❛ q✉❛♥t✐t❛t✐✈❡ ✇❛② ❤♦✇ t❤❡ ❝②t♦s❦❡❧❡t♦♥ ✭✐♥ ♣❛r✲

t✐❝✉❧❛r✱ ❛❝t✐♥ ✜❧❛♠❡♥ts✮ ✐s ♦r❣❛♥✐③❡❞ ✐♥s✐❞❡ t❤❡ ❝❡❧❧s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢

❝✉❧t✉r❡s✱ ✐✳❡✳✱ ✷❉ ♦r ✸❉✱ ❛♥❞ ❤♦✇ t❤✐s ❝♦rr❡❧❛t❡s ✇✐t❤ ❡❧❛st✐❝ ❛♥❞✴♦r r❤❡♦❧♦❣✐❝❛❧

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

✈❛r✐♦✉s st❛❣❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ♣r♦❣r❡ss✐♦♥✳ ❚❤❡② ✇❡r❡ ❍❈❱✷✾ ✭♥♦♥✲♠❛❧✐❣♥❛♥t

❝❡❧❧ ❝❛♥❝❡r ♦❢ t❤❡ ✉r❡t❡r✮✱ ❍❚✶✸✼✻ ✭❜❧❛❞❞❡r ❝❛r❝✐♥♦♠❛✱ ❣r❛❞❡ ✸✮✱ ❛♥❞ ❚✷✹ ✭tr❛♥s✐✲

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

✐♥❝❧✉❞❡❞ ✐♥ ❝❤❛♣t❡r ✸✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✇✐t❤✐♥ t❤✐s ❝❤❛♣t❡r ✇❡r❡ ♣✉❜❧✐s❤❡❞

✐♥ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❏✳ ❇✐♦♠❡❝❤❛♥✐❝s ✶✹✹ ✭✷✵✷✷✮ ✶✶✶✸✹✻ ✭❆❧❧ r✐❣❤ts ✇❡r❡

♦❜t❛✐♥❡❞ t♦ r❡♣r✐♥t t❤❡ ✐♠❛❣❡s✱ ✇❤❡r❡ ♥❡❝❡ss❛r②✮✳

✼✹



✻✳✷ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

✻✳✷✳✶ ❆❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ♦r❣❛♥✐③❛t✐♦♥ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

▼♦st ♦❢ ❆❋▼ ❝❡❧❧ ♠❡❝❤❛♥✐❝s st✉❞✐❡s r❡❧❛t❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s t♦ t❤❡

❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ❬✻✻❪ ❬✻✼❪ ❬✶✶✷❪✳ ❚❤✉s✱ ✐♥ t❤❡ ✜rst st❡♣✱ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛❝t✐♥

✜❧❛♠❡♥ts ✐♥s✐❞❡ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❛♥❞ s♣❤❡r♦✐❞s ✇❛s ✈✐s✉❛❧✐③❡❞

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

❛♥❞ ✐♠❛❣❡ r❡❝♦r❞✐♥❣ ❛r❡ ✐♥ s❡❝t✐♦♥s ✸✳✾ ❛♥❞ ✸✳✶✵✮✳ ❊①❡♠♣❧❛r② ✢✉♦r❡s❝❡♥t ✐♠❛❣❡s

❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡s ✻✳✶ ❛♥❞ ✻✳✷✳

❋✐❣✉r❡ ✻✳✶✿ ❋❧✉♦r❡s❝❡♥t ✐♠❛❣❡s ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐♥ ♥♦♥✲
♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐✲
♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s ❝✉❧t✉r❡❞ ❛s s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs ✭✷❉
❝✉❧t✉r❡s✮✳ ❙t❛✐♥✐♥❣✿ ❝❡❧❧ ♥✉❝❧❡✉s ✭❜❧✉❡✮ ✕ ❍♦❡❝❤st ✸✸✸✹✷ ❛♥❞ ❋✲❛❝t✐♥
✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s
✶✵ µ♠✳ ✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❬✶✹✹❪✮✳

◆♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s r❡✈❡❛❧ ✇❡❧❧✲

❞✐✛❡r❡♥t✐❛t❡❞ ❛❝t✐♥ ✜❧❛♠❡♥t ♦r❣❛♥✐③❛t✐♦♥ s❤♦✇✐♥❣ str❡ss ✜❜❡rs ✭t❤✐❝❦ ❛❝t✐♥ ❜✉♥✲

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

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

❜✉♥❞❧❡s ✇❛s ♠✉❝❤ ♠♦r❡ ❡✈✐❞❡♥t✱ ♣❛rt✐❝✉❧❛r❧② ✐♥ ❍❈❱✷✾ ❝❡❧❧s✳ ❈❛r❝✐♥♦♠❛ ❍❚✶✸✼✻

❝❡❧❧s ❞✐s♣❧❛② ❞✐✛❡r❡♥t ❋✲❛❝t✐♥ ♦r❣❛♥✐③❛t✐♦♥ ✇✐t❤ ♥♦ str❡ss ✜❜❡rs✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥

♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ❝❤❛♥❣❡s ✇❤❡♥ ❝❡❧❧s ❛r❡ ❝✉❧t✉r❡❞ ❛s s♣❤❡r♦✐❞s ✭✜❣✉r❡ ✻✳✷✮✳

✼✺



❋✐❣✉r❡ ✻✳✷✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐♥ s♣❤❡r♦✐❞s
❢♦r♠❡❞ ❢r♦♠ ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❙t❛✐♥✐♥❣✿ ❝❡❧❧
♥✉❝❧❡✉s ✭r❡❞✮ ✕ ❙✐❘✲❉◆❆ ❛♥❞ ❋✲❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞
✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽✳ ❖♥❡ s❧✐❝❡ ❢r♦♠ t❤❡ ❩✲st❛❝❦ ♦❢ ❡❛❝❤ ❝❡❧❧ ❧✐♥❡ ✐s
♣r❡s❡♥t❡❞✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵ µ♠✳ ✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥
❡t ❛❧✳ ❬✶✹✹❪✮✳

❋✲❛❝t✐♥ ✐s ♠❛✐♥❧② ❣r♦✉♣❡❞ ❛r♦✉♥❞ t❤❡ ❝❡❧❧s✳ ❈♦♠♣❛r✐♥❣ t❤❡ r❡❝♦r❞❡❞ ✐♠❛❣❡s

♦❢ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s✱ ♦♥❡ ❝❛♥ ♥♦t✐❝❡ t❤❛t ❍❚✶✸✼✻ s♣❤❡r♦✐❞s ❤❛✈❡ ❝❡❧❧s t❤❛t ❛r❡

♦r❣❛♥✐③❡❞ ✐♥ ❛ s❤❡❧❧✲❧✐❦❡ ♠❛♥♥❡r✱ ✇❤✐❧❡ ✐t ✐s st✐❧❧ ♣♦ss✐❜❧❡ t♦ s❡❡ s♦♠❡ str❡ss ✜❜❡rs

✐♥ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s✳

✻✳✷✳✷ ❋✴●✲ ❛❝t✐♥ ❡①♣r❡ss✐♦♥ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

■♥s✐❞❡ t❤❡ ❝❡❧❧s✱ ❛❝t✐♥ ❝❛♥ ❜❡ ♣r❡s❡♥t ✐♥ t✇♦ ❢♦r♠s✿ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥ ❛♥❞

♣♦❧②♠❡r✐③❡❞ ❋✲❛❝t✐♥✳ ❚❤❡ ❧❛tt❡r ❢♦r♠ ❛❝t✐♥ ✜❧❛♠❡♥ts ✈✐s✉❛❧✐③❡❞ t②♣✐❝❛❧❧② ✐♥ ✢✉✲

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

t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s✱ ✇❤✐❧❡ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥ ✐s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✈✐s✲

❝♦✉s ♣❛rt ♦❢ t❤❡✐r ❝❡❧❧ ♠❡❝❤❛♥✐❝s✳ ❚❤❡r❡❢♦r❡✱ ❜❡❢♦r❡ ❛♥② ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡

❡①♣r❡ss✐♦♥ ✭❛♠♦✉♥t✮ ♦❢ ●✲❛❝t✐♥ ❛♥❞ ❋✲❛❝t✐♥ ✇❛s ✈❡r✐✜❡❞ ✐♥ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r

❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ❜② ✉s✐♥❣ t❤❡ ❲❡st❡r♥ ❜❧♦t ✭s❡❝t✐♦♥ ✸✳✻✮✳ ■♥ ❜♦t❤ ❍❈❱✷✾ ❛♥❞ ❚✷✹

❝❡❧❧s✱ ❛ ❞❛r❦ ❜❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❜♦t❤ ●✲ ❛♥❞ ❋✲ ❛❝t✐♥ ✇❛s ♦❜s❡r✈❡❞✱ ✇❤✐❝❤✱ ✐♥

t✉r♥✱ ✇❛s ❧❡ss ✐♥t❡♥s❡ ✐♥ ❍❚✶✸✼✻ ❝❡❧❧s ✭✜❣✉r❡ ✻✳✸ ❆✮✳

✼✻



❋✐❣✉r❡ ✻✳✸✿ ❋✴●✲❛❝t✐♥ ❡①♣r❡ss✐♦♥ ✐♥ ❇❈ ❝❡❧❧s✳ ❆✮ ❆♥ ❡①❡♠♣❧❛r②
❲❡st❡r♥ ❜❧♦t ✐♠❛❣❡ s❤♦✇✐♥❣ ●✲ ❛♥❞ ❋✲❛❝t✐♥ ❡①♣r❡ss✐♦♥ ✐♥ ❤✉♠❛♥ ❜❧❛❞❞❡r
❝❛♥❝❡r ❝❡❧❧s✳ ❇♦t❤ ❜❛♥❞s ❝♦rr❡s♣♦♥❞ t♦ ✹✸ ❦❉❛✳ ❇✮ ❉❡t❡r♠✐♥❡❞ ●✴❋✲
❛❝t✐♥ r❛t✐♦✱ s❤♦✇♥ ❛s ♠❡❛♥ ± ❙❊▼✱ ❢r♦♠ ✸ t♦ ✹ ✐♥❞❡♣❡♥❞❡♥t r❡♣❡t✐t✐♦♥s✱
✯✯♣ ❁ ✵✳✵✵✶ ✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳✮

❇② ❛♣♣❧②✐♥❣ t❤❡ ❞❡♥s✐t♦♠❡tr② ❛♣♣r♦❛❝❤✱ t❤❡ ●✲ ❛♥❞ ❋✲ ❛❝t✐♥ r❛t✐♦ ✇❛s ❡st✐♠❛t❡❞

✭✜❣✉r❡ ✻✳✸ ❇✮✳ ❚❤❡ ❤✐❣❤❡st ●✴❋ ❛❝t✐♥ r❛t✐♦ ✇❛s ♦❜t❛✐♥❡❞ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✱ ✸✳✼✹

± ✵✳✼✹ ✭♥ ❂ ✸ r❡♣❡t✐t✐♦♥s✮✱ ✇❤✐❧❡ t❤❡ ❧♦✇❡st r❛t✐♦ ✇❛s s❡❡♥ ❢♦r ❚✷✹ ❝❡❧❧s ✭✶✱✶✷ ±
✵✳✶✺✮✳ ❚❤❡ ●✴❋ ❛❝t✐♥ r❛t✐♦ ❢♦r ❍❈❱✷✾ ❝❡❧❧s ✇❛s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ❝❡❧❧

❧✐♥❡s ✭✷✳✵✹ ± ✵✳✻✽✮✳ ✮✳ ■♥ s✉♠♠❛r②✱ ❛♠♦♥❣ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✱

❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥✱ ✇❤✐❧❡ ✐ts

❧♦✇❡st ❛♠♦✉♥t ✇❛s ♦❜s❡r✈❡❞ ❢♦r ❚✷✹ ❝❡❧❧s✳ ❖♥❡ ❝❛♥ ♥♦t✐❝❡ t❤❛t ❧♦✇❡r ●✲❛❝t✐♥ ✇❛s

♦❜s❡r✈❡❞ ❢♦r ❝❡❧❧s ✐♥ ✇❤✐❝❤ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ❛r❡ ❢♦r♠❡❞ ✭✜❣✉r❡ ✻✳✶✮✳ ❚❤❡r❡ ✐s

♥♦ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❛♠♦✉♥t ♦❢ ●✲❛❝t✐♥ ❛♥❞ t❤❡ st❛❣❡ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r

♣r♦❣r❡ss✐♦♥✳

✻✳✷✳✸ ◆❛♥♦♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

❚❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✇❡r❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ ❆❋▼✲

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

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

❛♥❛❧②s✐s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✮✳ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❆❋▼

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

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

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

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

❬✶✹✺❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s ♠✉st ❜❡ ❛❞❥✉st❡❞

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

❡t❡r ✐s t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ❬✽✽❪✳ ❲❤❡♥ t❤❡ ❆❋▼ t✐♣ st❛rts ✐♥❞❡♥t✐♥❣ ✐♥t♦ t❤❡

✼✼



❝❡❧❧✱ t❤❡ ✜rst str✉❝t✉r❡ ✐t ♠❡❡ts ✐s t❤❡ ❣❧②❝♦❝❛❧②① ❛tt❛❝❤❡❞ t♦ t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡✱

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

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

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

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

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

❝❡❧❧ ♥✉❝❧❡✉s ♦r ♠✐❝r♦t✉❜✉❧❛r ♥❡t✇♦r❦ ❬✶✷✻❪ ❬✶✹✻❪✳

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

❝❡❧❧s ✇❛s ❝♦♥❞✉❝t❡❞ ❛t ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s ✭✜❣✉r❡ ✻✳✹✮✳

❋✐❣✉r❡ ✻✳✹✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ ❍❈❱✷✾✱ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❛t s✐♥✲
❣❧❡ ❝❡❧❧ ❧❡✈❡❧ ❛t ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤✳ ❘❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞
❛s ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳

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

♦✉s❧② ❝♦♥✜r♠❡❞ ❜② ▲❡❦❦❛ ❡t ❛❧✳ ❬✶✷✻❪✳ ❍♦✇❡✈❡r✱ ❞❡s♣✐t❡ t❤✐s r❡❧❛t✐♦♥s❤✐♣✱ ❝❛♥❝❡r✲

♦✉s ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ s♦❢t❡r t❤❛♥ t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ ✇❤✐❝❤

❛❣r❡❡s ✇✐t❤ ❛❧r❡❛❞② ♣✉❜❧✐s❤❡❞ r❡s✉❧ts s❤♦✇✐♥❣ t❤❛t ❝❛♥❝❡r ❝❡❧❧s ❛r❡ s♦❢t❡r ❬✶✶✷❪✳

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

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

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

♦❢ t❤❡ ❝❡❧❧ ✭✜❣✉r❡ ✻✳✺✮✳
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❋✐❣✉r❡ ✻✳✺✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞
❍❚✶✸✼✻ ❝❡❧❧s ❛t s✐♥❣❧❡✲❝❡❧❧ ❛♥❞ ♠♦♥♦❧❛②❡r ❧❡✈❡❧s✳ ❇♦① ♣❧♦ts s❤♦✇✲
✐♥❣ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✈❛r✐❛❜✐❧✐t② ❢♦r ✷❉ ❝✉❧t✉r❡❞ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ▼▲❈❚
❝❛♥t✐❧❡✈❡rs✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r s✐♥❣❧❡ ❝❡❧❧s✳
❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ♠❡❛s✉r❡❞ ✇❛s ❜❡t✇❡❡♥ ✷✼ t♦ ✺✵ ❝❡❧❧s✱ ❞❡♣❡♥❞✲
✐♥❣ ♦♥ t❤❡ ❝❡❧❧ t②♣❡ ❛♥❞ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❜❧❛❝❦ ❞♦ts ❛♥❞ ❧✐♥❡s
❛r❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥❀ t❤❡ ❜♦① ❞❡♥♦t❡s st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥❀ ❡rr♦r ❜❛rs
r❡♣r❡s❡♥t ✶✵ % ❛♥❞ ✾✵ % ♣❡r❝❡♥t✐❧❡ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✱ ♥s ✕ ♥♦t st❛t✐st✐❝❛❧❧②
s✐❣♥✐✜❝❛♥t✮✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❬✶✹✹❪✮✳

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

❛r❡ s❤♦✇♥ ✐♥ t❛❜❧❡ ✻✳✶✳

❚❛❜❧❡ ✻✳✶✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ❛t
s✐♥❣❧❡✲❝❡❧❧ ❛♥❞ ♠♦♥♦❧❛②❡r ❧❡✈❡❧s ❢♦r t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ♦❢ ✽✵✵ ♥♠✳ ❉❛t❛ ❛r❡
♣r❡s❡♥t❡❞ ❛s ❛ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ◆ ❝❡❧❧s

❈❡❧❧ t②♣❡ ❙✐♥❣❧❡ ❝❡❧❧s ❈❡❧❧ ♠♦♥♦❧❛②❡r
✲ ◆➦ ❝❡❧❧s ❊ ❬❦P❛❪ ◆➦ ❝❡❧❧s ❊ ❬❦P❛❪

❍❈❱✷✾ ✺✺ ✻✳✽ ± ✵✳✺ ✹✺ ✶✻✳✺ ± ✶✳✵
❚✷✹ ✻✹ ✷✳✼ ± ✵✳✷ ✺✷ ✶✸✳✵ ± ✵✳✾

❍❚✶✸✼✻ ✺✽ ✺✳✸ ± ✵✳✹ ✷✼ ✺✳✸ ± ✵✳✸

❋✐rst✱ t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ✇❡r❡ r✐❣✐❞ ❝♦♠♣❛r❡❞ t♦ ❝❛♥❝❡r ❝❡❧❧s❀ t❤✉s✱

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

❚❤❡ ♠♦❞✉❧✐ ❝❤❛♥❣❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❝❡❧❧ t②♣❡s✳ ❍❈❱✷✾

❛♥❞ ❚✷✹ ❝❡❧❧s ❞✐s♣❧❛② ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡♠❡♥t ✐♥ ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ ✇❤✐❧❡ t❤❡ ♠❡✲

❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❍❚✶✸✼✻ ❝❡❧❧s r❡♠❛✐♥ ✉♥❛❧t❡r❡❞✳ ❚❤❡s❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t

✼✾



t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡s❡ ❝❡❧❧s ❛r❡ str✐❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢

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

♦♥❧② ✐♥ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ❝♦♥t❛✐♥✐♥❣ ❛❝t✐♥ str❡ss ✜❜❡rs✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ t❤❡

❛❜s❡♥❝❡ ♦❢ str❡ss ✜❜❡rs ✐♥ ❍❚✶✸✼✻ ❝❡❧❧s ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ ✉♥❛❧t❡r❡❞ ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ t❤✐s ❝❡❧❧ ❧✐♥❡✳

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

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

t✐♦♥ ✹✳✸❪✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s♣❤❡r♦✐❞s✱ ❧♦♥❣❡r ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs ✇❡r❡ ✉s❡❞ ❞✉r✐♥❣

❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✭t✐♣ ❤❡✐❣❤t ✇❛s ✶✸ µ♠✱ ❛❝❝♦r❞✐♥❣ t♦ ♠❛♥✉❢❛❝t✉r❡r ❞❛t❛✮✳

❚❤❡ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ♦❜t❛✐♥❡❞ ✇❛s ✷✲✸ µ♠✳ ❚❤❡ ❝❤♦✐❝❡ ✇❛s ❞✐❝t❛t❡❞ ❜② t❤❡ ❢❛❝t

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

t❡r♠✐♥❡❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s r❡✢❡❝ts t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❝❡❧❧s ❢♦r♠✐♥❣ t❤❡ s♣❤❡r♦✐❞s

❛♥❞ t❤❡ s✉rr♦✉♥❞✐♥❣ ♠✐❝r♦❡♥✈✐r♦♥♠❡♥t✳ ❑♥♦✇✐♥❣ t❤❛t s♣❤❡r♦✐❞ ❣r♦✇t❤ ❞❡♣❡♥❞s

♦♥ t❤❡ ✐♥✐t✐❛❧ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ❛♥❞ t✐♠❡ ✭❬✹✻❪✮✱ t❤❡ s♣❤❡r♦✐❞s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢

✹✵✵ µ♠✱ ❝✉❧t✉r❡❞ ❢♦r ✸ ❞❛②s ✇❡r❡ ❝♦♠♣❛r❡❞✳ ❚❤✐s ✇❛②✱ ❛❧❧ s♣❤❡r♦✐❞s ❢r♦♠ ❍❈❱✷✾✱

❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ❝♦✉❧❞ ❜❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❡q✉✐✈❛❧❡♥t ❞✐♠❡♥s✐♦♥s ❛♥❞ s✐♠✐❧❛r

❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❢♦r s♣❤❡r♦✐❞s ✐s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✻✳✻✳

❋✐❣✉r❡ ✻✳✻✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞
❍❚✶✸✼✻ s♣❤❡r♦✐❞s✱ ♠❡❛s✉r❡❞ ✇✐t❤ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs✳ ❋♦r ❡❛❝❤
❝❡❧❧ ❧✐♥❡✱ ✶✺ s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ ✭✷ ❢♦r❝❡ ♠❛♣s✴s♣❤❡r♦✐❞✱ ❡❛❝❤ ♣♦✐♥t
❞❡♥♦t❡s ❛♥ ✐♥❞✐✈✐❞✉❛❧ ❡❧❛st✐❝✐t② ♠❛♣✮✳ ❚❤❡ ❜❧❛❝❦ ❞♦ts ❛♥❞ ❧✐♥❡s ❛r❡ ♠❡❛♥
❛♥❞ ♠❡❞✐❛♥❀ t❤❡ ❜♦① ❞❡♥♦t❡s st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥❀ ❡rr♦r ❜❛rs r❡♣r❡s❡♥t ✶✵
% ❛♥❞ ✾✵ % ♣❡r❝❡♥t✐❧❡✳ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✱ ♥s ✕ ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜✲
❝❛♥t✮✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❬✶✹✹❪✮✳

❚❤❡ ❤✐❣❤❡st ❡❧❛st✐❝ ♠♦❞✉❧✉s ✈❛❧✉❡ ❝❤❛r❛❝t❡r✐③❡❞ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❍❈❱✷✾
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❝❡❧❧s✱ ✶✹✳✺ ± ✷✳✷ ❦P❛✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡② ❛r❡ r✐❣✐❞ str✉❝t✉r❡s✳ ❚❤❡ s♣❤❡r♦✐❞s

❢♦r♠❡❞ ❢r♦♠ t❤❡ ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ❞✐s♣❧❛②❡❞ ❛ s✐♠✐❧❛r ✈❛❧✉❡ ♦❢ ✷✳✼ ± ✵✳✸ ❦P❛ ❛♥❞

✷✳✹ ± ✵✳✷ ❦P❛✱ r❡s♣❡❝t✐✈❡❧②✱ ❢♦r ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❛t✱

✐♥ t❤❡ ✸❉ ❝✉❧t✉r❡✱ t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❢♦r♠ st✐✛❡r s♣❤❡r♦✐❞s t❤❛♥ t❤❡

❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✳

❚❤❡ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ♦❢ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞

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

t❛t✐♦♥ ❛♥❞ t✇♦ ❞✐✛❡r❡♥t ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤s✳ ❚❤✉s✱ t❤❡ r✐❣✐❞✐t② ✐♥❞❡① ✇❛s ❝❛❧❝✉✲

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

❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s ✭✜❣✉r❡ ✻✳✼✮✳ ❆♥❛❧♦❣♦✉s❧② ❛s ❢♦r

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

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

s❛♠♣❧❡✱ ✇❤✐❝❤ ✐♥ ♦✉r ❝❛s❡✱ ❛r❡ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

❝❡❧❧s✴♠♦♥♦❧❛②❡rs✴s♣❤❡r♦✐❞s ❬❉❡t❛✐❧s ❛r❡ ✐♥ s❡❝t✐♦♥ ✹✳✸✳✹❪✳

❋✐❣✉r❡ ✻✳✼✿ ❘✐❣✐❞✐t② ✐♥❞❡① ❞❡t❡r♠✐♥❡❞ ❢♦r s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱
❛♥❞ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✳ ■ts
♥❡❣❛t✐✈❡ ✈❛❧✉❡ ✐♥❞✐❝❛t❡s s♦❢t❡♥✐♥❣ ♦❢ ❝❛♥❝❡r s❛♠♣❧❡s ✲ t❤❡ ❧❛r❣❡st s♦❢t❡♥✐♥❣
✇❛s ♦❜s❡r✈❡❞ ❢♦r t❤❡ s♣❤❡r♦✐❞s✳ ✭✜❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t
❛❧✳ ❬✶✹✹❪✮✳

❚❤❡ r✐❣✐❞✐t② ✐♥❞❡① s❤♦✇s t❤❡ ❧❛r❣❡st s♦❢t❡♥✐♥❣ ♦❢ ❝❛♥❝❡r s♣❤❡r♦✐❞s ✭❘ ❂ ✲✵✳✼✺ ❛♥❞ ❘

❂ ✲✵✳✽✺✱ ❢♦r♠❡❞ ❢r♦♠ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ r❡s♣❡❝t✐✈❡❧②✮✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❝❛♥❝❡r

s♣❤❡r♦✐❞s ❛r❡ ♠♦r❡ ❞❡❢♦r♠❛❜❧❡ t❤❛♥ s♣❤❡r♦✐❞s ♠❛❞❡ ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

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

✽✶



❝❡❧❧s ❣r♦✇♥ ❛s ✷❉ ❝✉❧t✉r❡s ✭❡✐t❤❡r s✐♥❣❧❡ ❝❡❧❧s ♦r ❝❡❧❧ ♠♦♥♦❧❛②❡rs✮✳ ❋♦r ❚✷✹ ❝❡❧❧s✱

t❤❡ r✐❣✐❞✐t② ✐♥❞❡① ✐s t❤❡ ❧♦✇❡st ❢♦r ❝❡❧❧s ❝✉❧t✉r❡❞ ❛s ♠♦♥♦❧❛②❡rs✱ ✇❤✐❧❡ ✐♥ ❍❚✶✸✼✻

❝❡❧❧s✱ t❤❡ ♦♣♣♦s✐t❡ r❡❧❛t✐♦♥ ✐s ♦❜s❡r✈❡❞✳ ❚❤❡ r✐❣✐❞✐t② ✐♥❞❡① ✐s t❤❡ ❧♦✇❡st ❢♦r ❝❡❧❧s

❝✉❧t✉r❡❞ ❛s s✐♥❣❧❡ ❝❡❧❧s✳ ❚❤✐s ✐s ✐♥ ❣♦♦❞ r❡❧❛t✐♦♥ t♦ t❤❡ ❢❛❝t t❤❛t ❚✷✹ ❝❡❧❧s ❡①♣r❡ss

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

✻✳✸ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r

❝❡❧❧s

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

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

❝❡❧❧s ❛r❡ ❦♥♦✇♥ t♦ ❡①❤✐❜✐t ✈✐s❝♦❡❧❛st✐❝ ♥❛t✉r❡ ❬✶✹✼❪✳ ❚❤❡ ✈✐s❝♦❡❧❛st✐❝✐t② ♦❢ ❝❛♥❝❡r

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

✐♥ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❝❛♥❝❡rs✱ ✐♥❝❧✉❞✐♥❣ ❜❧❛❞❞❡r ❝❛♥❝❡r ❬✶✹✽❪ ❬✶✹✾❪ ❬✶✷✽❪✳ ❚❤❡r❡ ❛r❡

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

t❤❡ ❆❋▼ ❬✶✷✼❪✳ ❚✇♦ ❛♣♣r♦❛❝❤❡s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ t♦ ❡①♣❧♦r❡ t❤❡ ✈✐s❝♦❡❧❛st✐❝✐t② ♦❢

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

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

t♦ ✶✵ µ♠✴s✳ ■♥ t❤❡ ♦t❤❡r✱ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t✐♦♥s ❛t t❤❡ s♣❡❝✐✜❝ ❞❡♣t❤ ✇❡r❡ ❛♣♣❧✐❡❞

✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✳✺ ❍③ t♦ ✶✺✵ ❍③ ✭✷✺✵ ❍③✮ t♦ s✐♥❣❧❡ ❝❡❧❧s✱ ❝❡❧❧ ♠♦♥♦❧❛②❡rs✱ ❛♥❞

s♣❤❡r♦✐❞s✳

✻✳✸✳✶ ▲♦❛❞ s♣❡❡❞ ❡✛❡❝t ♦♥ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s✐♥❣❧❡

❝❡❧❧s

P❛rt ♦❢ t❤❡ ❆❋▼✲r❡❧❛t❡❞ st✉❞✐❡s ❡✈❛❧✉❛t❡s t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❧✐✈✐♥❣

❝❡❧❧s ❢r♦♠ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts r❡❝♦r❞❡❞ ❛t ❞✐✛❡r❡♥t ❧♦❛❞ s♣❡❡❞s ❬✶✺✵❪✳

❚❤❡ ❧♦❛❞ s♣❡❡❞ ✐s r❡❧❛t❡❞ t♦ t❤❡ ❧♦❛❞✐♥❣ r❛t❡✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s t✐♠❡✲r❡❧❛t❡❞ ❝❤❛♥❣❡s

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

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

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s ❛♥❞ t❤❡ ❧♦❛❞✐♥❣ r❛t❡ ❬✶✺✵❪ ❬✶✺✶❪ ❬✶✺✷❪✳

❇❛s❡❞ ♦♥ t❤♦s❡ ♣r❡✈✐♦✉s ✇♦r❦s✱ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥

t❤❡ t❤r❡❡ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡s ✭❍❈❱✷✾✱ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻✮ ❛t ❧♦❛❞ s♣❡❡❞s r❛♥❣✐♥❣

❢r♦♠ ✵✳✺ µ♠✴s t♦ ✶✵ µ♠✴s ✭✜❣✉r❡ ✻✳✽✮✳

✽✷



❋✐❣✉r❡ ✻✳✽✿ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ ❍❈❱✷✾✱ ❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s
♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❧♦❛❞ s♣❡❡❞s✳ ✭❆✲❈✮ ■♥ t❤❡ ❜♦① ♣❧♦t✱
t❤❡ ❧✐♥❡ ❛♥❞ t❤❡ ❝✐r❝❧❡ r❡♣r❡s❡♥t t❤❡ ♠❡❞✐❛♥ ❛♥❞ t❤❡ ♠❡❛♥ ✈❛❧✉❡s✱ r❡✲
s♣❡❝t✐✈❡❧②✳ ❚❤❡ s②♠❜♦❧s ❛r❡ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❝❛❧❝✉❧❛t❡❞ ❛s ❛ ♠❡❛♥ ❢r♦♠
❡❛❝❤ r❡❝♦r❞❡❞ ♠❛♣✳ ❚❤❡ ❜♦①❡s ✐♥❞✐❝❛t❡ t❤❡ q✉❛♥t✐❧❡s ✭✷✺ ✪ ❛♥❞ ✼✺ ✪✮✱
✇❤✐❧❡ t❤❡ ❡rr♦r ❜❛rs r❡♣r❡s❡♥t t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✳ ❉✮ ❈♦♠♣❛r✐s♦♥
♦❢ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ ❧♦❛❞ s♣❡❡❞ ❢♦r ❛❧❧ st✉❞✐❡❞
❝❡❧❧ ❧✐♥❡s✳ ❆ s✐♥❣❧❡ ♣♦✐♥t ❞❡♥♦t❡s ❛ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❝❛❧❝✉❧❛t❡❞
❢r♦♠ ♥ ✭✸✵✲✻✵✮ ❡❧❛st✐❝✐t② ♠❛♣s✳

❨♦✉♥❣✬s ♠♦❞✉❧✉s ✇❛s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ❍❡rt③ ❝♦♥t❛❝t ♠❡❝❤❛♥✐❝s ✇✐t❤ ❝♦♥❡ ❛♣✲

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

t✐♦♥ ❞❡♣t❤ ♦❢ ✽✵✵ ♥♠✳ ❋♦r ❍❈❱✷✾ ❝❡❧❧s✱ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ❧♦❛❞

s♣❡❡❞ ✉♣ t♦ ✹ µ♠✴s ✭❢r♦♠ ✷✳✸✸ ± ✵✳✸✻ ❦P❛ ❛t ✵✳✺ µ♠✴s t♦ ✻✳✹✾ ± ✵✳✸✽ ❦P❛ ❛t ✹

µ♠✴s✮✳ ❆❜♦✈❡ t❤✐s s♣❡❡❞✱ ✐t r❡♠❛✐♥s ❝♦♥st❛♥t ❛t t❤❡ ✻ ✲✼ ❦P❛✳ ❨♦✉♥❣✬s ♠♦❞✉❧✉s

❢♦r ❝❛♥❝❡r ❝❡❧❧s ✐♥❝r❡❛s❡s ♠♦♥♦t♦♥✐❝❛❧❧② ❢r♦♠ ✶✳✷✾ ± ✵✳✶✸ ❦P❛ ✭✵✳✺ µ♠✴s✮ t♦ ✸✳✼✸

± ✵✳✷✺ ❦P❛ ✭✶✵ µ♠✴s✮ ❛♥❞ ❢r♦♠ ✸✳✾✾ ± ✵✳✹✹ ❦P❛ ✭✵✳✺ µ♠✴s✮ t♦ ✺✳✽✽ ± ✵✳✸✶ ❦P❛

✭✶✵ µ♠✴s✮✱ ❢♦r ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ r❡s♣❡❝t✐✈❡❧②✳ ◆♦t✇✐t❤st❛♥❞✐♥❣✱ t❤❡ ✐♥❝r❡❛s❡

✐s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❢♦r ❚✷✹ ❝❡❧❧s✱ ♥♦t ❍❚✶✸✼✻ ❝❡❧❧s✳

❋♦❧❧♦✇✐♥❣ t❤❡ t❤❡♦r② ❞❡s❝r✐❜❡❞ ❜② ◆❛✇❛③ ❡t ❛❧✳ ❬✶✺✷❪✱ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✈✐s✲

❝♦❡❧❛st✐❝ ♣r♦♣❡rt② ♦❢ ❝❡❧❧s ❛t ❞✐✛❡r❡♥t ❧♦❛❞ r❛t❡s✱ t❤❡ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❨♦✉♥❣✬s

♠♦❞✉❧✉s ❛♥❞ ❧♦❛❞ s♣❡❡❞ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ ❢✉♥❝t✐♦♥ ❊✭✈✮ ❂ ❦➲✈α✱ ✇❤❡r❡ ✈ ✐s t❤❡

❧♦❛❞ s♣❡❡❞✱ ❛♥❞ α ✐s t❤❡ ♣♦✇❡r ❧❛✇ ❡①♣♦♥❡♥t ✭✜❣✉r❡ ✻✳✾✮✳

✽✸



❋✐❣✉r❡ ✻✳✾✿ P♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥ ✜tt❡❞ t♦ t❤❡ ❞❛t❛ s❤♦✇✐♥❣ t❤❡
r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ ❧♦❛❞ s♣❡❡❞✳ ❨♦✉♥❣✬s ♠♦❞✲
✉❧✉s ✐s ❡①♣r❡ss❡❞ ❛s ❛ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✸✵✲✻✵
❡❧❛st✐❝✐t② ♠❛♣s✳

❚❤❡ ♣♦✇❡r ❧❛✇ ❡①♣♦♥❡♥t ♦❜t❛✐♥❡❞ ❢♦r ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧

❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s ❤❛s s✐♠✐❧❛r ✈❛❧✉❡s✱ ✐✳❡✳✱ ✵✳✸✻ ± ✵✳✵✽ ❛♥❞ ✵✳✸✸ ± ✵✳✵✹✱

r❡s♣❡❝t✐✈❡❧②✳ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ♠✉❝❤ ❧♦✇❡r α✱ ✐✳❡✳✱ ✵✳✶✸ ±
✵✳✵✹✳ ❚❤❡ ♦❜s❡r✈❡❞ ❞✐✛❡r❡♥❝❡ s❡❡♠s t♦ ❛❣r❡❡ ✇✐t❤ t❤❡ ❝②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥

♦❢ t❤❡ ❝❡❧❧s✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛❝t✐♥ str❡ss ✜❜❡rs ♦❜s❡r✈❡❞ ❢♦r ❍❈❱✷✾ ❛♥❞ ❚✷✹

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

♦❢ t❤❡♠ ✐♥❝r❡❛s❡s t❤❡ ✈✐s❝♦❡❧❛st✐❝ ❝♦♠♣♦♥❡♥t ✐♥ t❤❡ ♠❡❝❤❛♥✐❝s ♦❢ ❍❚✶✸✼✻ ❝❡❧❧s✳

❆❞❞✐t✐♦♥❛❧❧②✱ ❧♦✇❡r ❛ ❝♦rr❡❧❛t❡s ✇✐t❤ t❤❡ ❤✐❣❤❡st ●✴❋✲❛❝t✐♥ r❛t✐♦✳

✻✳✸✳✷ ❙✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t♦r② ♠❡❛s✉r❡♠❡♥ts

❚❤❡ ❆❋▼✲❜❛s❡❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❝♦♠❡ ♠♦r❡ ❝♦♠♠♦♥

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

t❤❡ ❝❡❧❧ ✐s ✐♥❞❡♥t❡❞✱ ❛♥❞ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t✐♦♥s ❛r❡ ❛♣♣❧✐❡❞ ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♣❡r✲

♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❝❡❧❧ s✉r❢❛❝❡ ❬t❡❝❤♥✐❝❛❧ ❞❡t❛✐❧s ♠❛② ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✷✳✶✳✺❪✳

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

❞♦♠❛✐♥ ❜❡t✇❡❡♥ ✵✳✺ ❍③ t♦ ✶✺✵ ❍③ ✭s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs✮ ❛♥❞ ✷✺✵ ❍③

✭s♣❤❡r♦✐❞s✮✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✇❛s ❦❡♣t ❝♦♥st❛♥t ❛t ✺✵ ♥♠✳ ❆s ❛♥ ♦✉t✲

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

❢r❡q✉❡♥❝② ✇❡r❡ ♦❜t❛✐♥❡❞ ✭✜❣✉r❡ ✻✳✶✵✮✳
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❋✐❣✉r❡ ✻✳✶✵✿ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✐♥
✷❉ ❝✉❧t✉r❡s✱ ♠❡❛s✉r❡❞ ✇✐t❤ ▼▲❈❚ ❝❛♥t✐❧❡✈❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s✱
♠❡❛s✉r❡❞ ✇✐t❤ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s t❤❡ ♠❡❛♥ ±
st❛♥❞❛r❞ ❡rr♦r ♦❢ t❤❡ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✸✵ t♦ ✹✵ ❝❡❧❧s ❛♥❞ ✶✺ s♣❤❡r♦✐❞s
✭✷ ♠❛♣s✴s♣❤❡r♦✐❞s✮✳ ❚❤❡ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ✜tt❡❞ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥ t♦
t❤❡ ♦❜t❛✐♥❡❞ ❞❛t❛✳

■♥ t❤❡ ✜rst st❡♣✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ ♦❢ ❝❡❧❧s t♦ t❤❡ ❛♣♣❧✐❡❞ s✐♥✉s♦✐❞❛❧ ♦s✲

❝✐❧❧❛t✐♦♥s ✇❛s st✉❞✐❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✷❉ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳ ❆t ✜rst s✐❣❤t✱ t❤❡

r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛♥❞ ♦s❝✐❧❧❛t♦r② ❢r❡q✉❡♥❝② ✇❡r❡ ❝❤❛r❛❝t❡r✐st✐❝

❢♦r ❡❛❝❤ ❝❡❧❧ t②♣❡✳ ❙t♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✐ ✇❡r❡ t❤❡ ❧❛r❣❡st ❢♦r ❍❈❱✷✾ ❝❡❧❧s✱

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

❝❡❧❧s ❛r❡ s♦❢t❡r ❛❧s♦ ✇❤❡♥ t❤✐s t②♣❡ ♦❢ ♠❡❛s✉r❡♠❡♥t ✐s ❛♣♣❧✐❡❞✳ ■♥ ❍❈❱✷✾ ❛♥❞

❚✷✹ ❝❡❧❧s ♣♦ss❡ss✐♥❣ str❡ss ✜❜❡rs ✐♥ t❤❡✐r ❝②t♦s❦❡❧❡t❛❧ str✉❝t✉r❡✱ st♦r❛❣❡ ❛♥❞ ❧♦ss

♠♦❞✉❧✉s ✇❛s ❤✐❣❤❡r ❢♦r ❝❡❧❧s ❝✉❧t✉r❡❞ ❛s ♠♦♥♦❧❛②❡rs✳ ❚❤❡ ❡①❝❡♣t✐♦♥ ✇❛s ❍❚✶✸✼✻

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

❝♦♥❞✐t✐♦♥s✳ ❋♦r s♣❤❡r♦✐❞s✱ ✜rst ♦❢ ❛❧❧✱ t❤❡ ♦s❝✐❧❧❛t♦r② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣♦ss✐❜❧❡

✇✐t❤✐♥ t❤❡ ❧❛r❣❡r ❢r❡q✉❡♥❝② r❛♥❣❡✱ ✐✳❡✳✱ ✉♣ t♦ ✷✺✵ ❍③✳ ❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ r✐❣✐❞

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

❚❤❡ r❡❧❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✻✳✶✵ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ ♣♦✇❡r ❧❛✇ ❢✉♥❝t✐♦♥✱
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r❡s✉❧t✐♥❣ ✐♥ ❛ s❡t ♦❢ ♣❛r❛♠❡t❡rs ❞❡s❝r✐❜✐♥❣ t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❤✉♠❛♥

❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✭t❛❜❧❡ ✻✳✷✮✳

❚❤❡ st♦r❛❣❡ ●✬ ♠♦❞✉❧✉s ❝♦rr❡❧❛t❡s ✇❡❧❧ ✇✐t❤ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡

✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ■ts ✈❛❧✉❡ ✐s t❤❡ ❧❛r❣❡st ❢♦r ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s

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

❞✉r✐♥❣ t❤❡ ❝♦♠♣r❡ss✐♦♥ ✭❨♦✉♥❣✬s ♠♦❞✉❧✉s✮ ❛♥❞ ✇❤❡♥ s❤❡❛r ❢♦r❝❡s ❛r❡ ❛♣♣❧✐❡❞✳

❆ s✐♠✐❧❛r t❡♥❞❡♥❝② ✐s ♦❜s❡r✈❡❞ ❢♦r ❧♦ss ♠♦❞✉❧✉s ●✧✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡s ❤♦✇ ♠✉❝❤

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

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

❇❛s❡❞ ♦♥ ●✬ ❛♥❞ ●✧✱ t❤❡ ❧♦ss ❢❛❝t♦r ✇❛s ❝❛❧❝✉❧❛t❡❞✳ ■t ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡

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

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

❝❡❧❧s✱ ♠♦♥♦❧❛②❡r✱ ❛♥❞ s♣❤❡r♦✐❞s ✇❛s ✵✳✷✶ ± ✵✳✵✺ ❢♦r ❍❈❱✷✾ ❝❡❧❧s✱ ✵✳✷✽ ± ✵✳✵✼ ❢♦r

❚✷✹ ❝❡❧❧s✱ ❛♥❞ ✵✳✸✽ ± ✵✳✶✻ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✳ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜②

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

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

♦r❣❛♥✐③❛t✐♦♥ ✭❧❛❝❦ ♦❢ str❡ss ✜❜❡rs✮ ❛♥❞ ❤✐❣❤ ●✴❋ r❛t✐♦ ✭♠♦r❡ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥✮✳

✽✻



✻✳✸✳✸ ❚❤❡ ❡✛❡❝t ♦❢ ❝②t♦❝❤❛❧❛s✐♥ ❉ ♦♥ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣✲

❡rt✐❡s ♦❢ ❝❡❧❧s

❚❤❡ ❡✛❡❝ts ♦❢ ❝②t♦❝❤❛❧❛s✐♥ ❉ ✭❝②t♦✲❉✮ ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✐♥ ✷❉ ❝✉❧t✉r❡s

❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ s❤♦✇♥ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ❬✶✶✷❪ ❬✶✺✹❪✱ s❤♦✇✐♥❣ t❤❛t ❛❞❞✐♥❣

❝②t♦✲❉ ❝❤❛♥❣❡s t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ✐♥❞❡♥t❡❞ ❝❡❧❧s✳ ■♥ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧

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

❚❤❡r❡❢♦r❡✱ t♦ ✉♥r❛✈❡❧ t❤❡ r♦❧❡ ♦❢ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts ✐♥ t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣✲

❡rt✐❡s ♦❢ ❝❡❧❧s✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ✺ µ▼ ❝②t♦✲❉ ❛❞❞❡❞ t♦ ✷❉ ❝✉❧t✉r❡

❛♥❞ s♣❤❡r♦✐❞s ✭❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✸✳✶✮✳ ❋❧✉♦r❡s❝❡♥t ✐♠❛❣❡s ♦❢ ❝❡❧❧s ❛♥❞

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

❛❝t✐♥ ✜❧❛♠❡♥ts ♦r❣❛♥✐③❛t✐♦♥ ✭✜❣✉r❡s ✻✳✶✶ ❛♥❞ ✻✳✶✷✮✳

❋✐❣✉r❡ ✻✳✶✶✿ ❊①❡♠♣❧❛r② ❡♣✐✲✢✉♦r❡s❝❡♥t ✐♠❛❣❡s ♦❢ ❝②t♦❝❤❛❧❛s✐♥ ❉
tr❡❛t❡❞ ❝❡❧❧ ♠♦♥♦❧❛②❡rs ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ tr❛♥s✐t✐♦♥❛❧
❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❙t❛✐♥✐♥❣✿ ❋✲
❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽✳ ❚❤❡ s❝❛❧❡
❜❛r ✐s ✶✵ µ♠✳

❲❤❡♥ ❝❡❧❧s ❛r❡ ❝✉❧t✉r❡❞ ❛s ♠♦♥♦❧❛②❡rs✱ ✺ µ▼ ❝②t♦✲❉ tr❡❛t♠❡♥t ✇❡❛❦❡♥s t❤❡

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

s♠❛❧❧❡r✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ✐♠♣❛✐r♠❡♥ts ✐♥ ❝❡❧❧ ❛❞❤❡s✐♦♥✳ ❚❤❡ ❡✛❡❝t ♦❢ ❝②t♦✲❉ ♦♥

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

✭✜❣✉r❡ ✻✳✶✷✮✳
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❋✐❣✉r❡ ✻✳✶✷✿ ❊①❡♠♣❧❛r② ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❝②t♦❝❤❛❧❛s✐♥ ❉ tr❡❛t❡❞
s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧
❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❙t❛✐♥✐♥❣✿ ❋✲❛❝t✐♥
✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s
✶✵ µ♠✳ ✭❋✐❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠ ●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❬✶✹✹❪✮✳

❍❛✈✐♥❣ ✐♥ ♠✐♥❞ ❝②t♦✲❉ ✲ r❡❧❛t❡❞ ❝❤❛♥❣❡s ✐♥ ❛❝t✐♥ ✜❧❛♠❡♥ts ♦r❣❛♥✐③❛t✐♦♥✱ ♠✐❝r♦r❤❡✲

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

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

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

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

♠♦❞✉❧✉s ❛t ❧❛r❣❡r ❢r❡q✉❡♥❝✐❡s ✭❛❜♦✈❡ ✷✵ ❍③✱ ✜❣✉r❡ ✻✳✶✸✮✳
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❋✐❣✉r❡ ✻✳✶✸✿ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱
♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s tr❡❛t❡❞ ❛♥❞ ♥♦t tr❡❛t❡❞ ✇✐t❤ ✺ µ▼
❝②t♦❝❤❛❧❛s✐♥ ❉✳ ❚❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ●✬ ❛♥❞ t❤❡ ❧♦ss ♠♦❞✉❧✉s ●✑
❛r❡ ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♦s❝✐❧❧❛t✐♦♥✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥
❛♠♣❧✐t✉❞❡ ✇❛s ❦❡♣t ❝♦♥st❛♥t ❛t ✺✵ ♥♠✱ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ✈❛r✐❡❞ ❢r♦♠ ✶ ✲
✷✺✵ ❍③ ❢♦r s♣❤❡r♦✐❞s ❛♥❞ ❢r♦♠ ✶ ✲ ✶✵✵ ❍③ ❢♦r t❤❡ ❝❡❧❧s✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s
t❤❡ ♠❡❛♥ ± st❛♥❞❛r❞ ❡rr♦r ♦❢ t❤❡ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ♥ ✭✸✵✲✹✵ ❢♦r ❝❡❧❧s
❝✉❧t✉r❡❞ ✐♥ ✷❉✱ ✸✵ ❢♦r s♣❤❡r♦✐❞s✮ ❡❧❛st✐❝ ♠❛♣s✳ ❚❤❡ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ✜t
♦❢ t❤❡ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥ t♦ t❤❡ ♦❜t❛✐♥❡❞ ❞❛t❛✳ ✭❋✐❣✉r❡ r❡♣r✐♥t❡❞ ❢r♦♠
●♥❛♥❛❝❤❛♥❞r❛♥ ❡t ❛❧✳ ❬✶✹✹❪✮✳

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

❍❈❱✷✾ ❝❡❧❧s✳ ■t ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t ✐♥ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱

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

t❤❡ ❞❡t❛❝❤♠❡♥t ♦❢ t❤❡s❡ ❝❡❧❧s✳ ◆♦t❛❜❧②✱ ✐t ✐s ✈✐s✐❜❧❡ ♦♥❧② ✐♥ ✷❉ ❝✉❧t✉r❡s ✭s✐♥❣❧❡

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

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

❆♥❛❧♦❣♦✉s❧②✱ ❛s ❢♦r t❤❡ ♥♦♥✲tr❡❛t❡❞ s❛♠♣❧❡s✱ t❤❡ r❡❧❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✻✳✶✸

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

✽✾



t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s❛♠♣❧❡s tr❡❛t❡❞ ✇✐t❤ ❝②t♦✲❉ ✭t❛❜❧❡ ✻✳✸✮✳

❙t♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✉s ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s

❞r♦♣♣❡❞ ❜② ❛❜♦✉t ✷✵✲✹✵ ✪ ❛❢t❡r t❤❡ ❝②t♦✲❉ tr❡❛t♠❡♥t✳ ❚❤❡ ❞r♦♣ ✇❛s ✐♥❞❡♣❡♥❞❡♥t

♦❢ t❤❡ ✇❛② ♦❢ ❝✉❧t✉r❡✳ ❙✉❝❤ ❛ ❞r♦♣ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❞❡♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢

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

♦❢ ❍❈❱✷✾ ❝❡❧❧s s❤♦✇✐♥❣ str♦♥❣ ♠♦❞✐✜❝❛t✐♦♥s ✐♥ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥t ♦r❣❛♥✐③❛t✐♦♥✳

❆♥ ❛❧♠♦st ❛♥❛❧♦❣♦✉s r❡❧❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ❢♦r ❝❛♥❝❡r ❚✷✹ ❝❡❧❧s✳ ❆ ❞r♦♣ ✐♥ st♦r❛❣❡

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

❝❤❛♥❣❡s ✐♥ ❛❝t✐♥ ✜❧❛♠❡♥ts ♦r❣❛♥✐③❛t✐♦♥ s❤♦✇♥ ✐♥ ✢✉♦r❡s❝❡♥t ✐♠❛❣❡s✳ ❚❤❡ r❡s✉❧ts

♦❜t❛✐♥❡❞ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❞✐✛❡r❡♥t✳ ❙t♦r❛❣❡ ♠♦❞✉❧✉s ❞r♦♣♣❡❞ ❢♦r s✐♥❣❧❡

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

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

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

♦❢ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳

✾✵



✻✳✸✳✹ ❉❡s❝r✐❜✐♥❣ ❛ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ ✢✉✐❞✲❧✐❦❡ ❛♥❞ s♦❧✐❞✲

❧✐❦❡ ❝❡❧❧ ❜❡❤❛✈✐♦r

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

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

❛r❡ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ωT ❛♥❞ t❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t α ♦❜t❛✐♥❡❞ ❢r♦♠

t❤❡ ♣♦✇❡r✲❧❛✇ ✜t t♦ t❤❡ ♦❜t❛✐♥❡❞ ❞❛t❛ ❬❞❡t❛✐❧s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ s❡❝t✐♦♥ ✷✳✶✳✺❪✳ ❆

❣r❛♣❤✐❝❛❧ s✉♠♠❛r② ♦❢ ❝❤❛♥❣❡s ✐♥ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t

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

❋✐❣✉r❡ ✻✳✶✹✿ ❚r❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t ❞❡t❡r✲
♠✐♥❡❞ ❢♦r s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠
❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s✳ ❚❤❡ ✈❛❧✉❡s ♦❢ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡
♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t✱ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♣♦✇❡r✲❧❛✇ ✜t✱ ❛r❡ s❤♦✇♥ ❛s ❛ ❢✉♥❝✲
t✐♦♥ ♦❢ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r tr❡❛t♠❡♥t ✇✐t❤ ✺ µ▼ ❝②t♦✲❉✳

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

❡①♣♦♥❡♥ts ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♣♦✇❡r✲❧❛✇ ✜t✳

✾✶



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

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

t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡② ❛r❡

✶✹✸✳✷ ± ✵✳✸✱ ✶✻✺✳✽ ± ✶✳✻✱ ❛♥❞ ✷✶✹✳✽ ± ✶✳✾✱ r❡s♣❡❝t✐✈❡❧②✱ ❢♦r ❍❈❱✷✾ ❝✉❧t✉r❡❞ ❛s

s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s❀ ✽✾✳✻ ± ✵✳✹✱ ✶✵✵✳✼ ± ✵✳✶✱ ❛♥❞ ✶✵✻✳✼ ± ✵✳✾✱

r❡s♣❡❝t✐✈❡❧② ❢♦r ❚✷✹ ❝✉❧t✉r❡❞ ❛s s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡rs✱ ❛♥❞ s♣❤❡r♦✐❞s❀ ✼✵✳✵ ±
✵✳✼✱ ✻✵✳✻ ± ✵✳✼ ❛♥❞ ✼✸✳✾ ± ✵✳✾✱ ❢♦r ❍❚✶✸✼✻ r❡s♣❡❝t✐✈❡❧② ❝✉❧t✉r❡❞ ❛s s✐♥❣❧❡ ❝❡❧❧s✱

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

♦❜s❡r✈❡❞ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳ ❘❡s✉❧ts ♦❜t❛✐♥❡❞

❢♦r ❚✷✹ ❝❡❧❧s ❛r❡ ♣❧❛❝❡❞ ✐♥ ❜❡t✇❡❡♥✳ ❙✉❝❤ ❛ r❡❧❛t✐♦♥✱ ✐✳❡✳✱ ωT ❢♦r ❍❈❱✷✾ ❝❡❧❧s ❃

ωT ❢♦r ❚✷✹ ❝❡❧❧s ❃ ωT ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✱ ❞✐r❡❝t❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢

str❡ss ✜❜❡rs✳ ▲♦✇❡r ωT ♣♦✐♥ts t❤❛t ❍❚✶✸✼✻ ❝❡❧❧s ❜❡❝♦♠❡ ♠♦r❡ ✢✉✐❞✲❧✐❦❡ ♠❛t❡r✐❛❧s

❛t ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s t❤❛♥ t❤❡ ♦t❤❡r ❝❡❧❧s✱ ♣❛rt✐❝✉❧❛r❧② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳

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

❚❤✐s tr❡♥❞ ✐s ♠❛✐♥t❛✐♥❡❞ ✇❤❡♥ t❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t α ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛

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

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

❑♥♦✇✐♥❣ t❤❛t ♠❡❝❤❛♥✐❝❛❧ r❡s♣♦♥s❡ t♦ s❤❡❛r ❢♦r❝❡s ✐♥✈♦❧✈❡s t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts✱

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

❝②t♦❝❤❛❧❛s✐♥ ❉ tr❡❛t♠❡♥t✳ ❚❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❞❡❝r❡❛s❡s r❡❣❛r❞❧❡ss ♦❢ t❤❡

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

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

t❤❡ ✢✉✐❞✲❧✐❦❡ ❝❤❛r❛❝t❡r ✐s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❛❢t❡r ❞✐sr✉♣t✐♥❣ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts✳

❆♥❛❧♦❣♦✉s❧②✱ t❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t ✇❛s ❛♥❛❧②③❡❞✳ ■t ✐♥❝r❡❛s❡s ❝♦♥s✐st❡♥t❧② ✐♥

t❤❡ tr❡❛t❡❞ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s❀ ❤♦✇❡✈❡r✱ ✐ts ❝❤❛♥❣❡s ✐♥ ❝❛♥❝❡r♦✉s ❝❡❧❧s

✾✷



❛r❡ ❧❡ss ❝♦♥❝❧✉s✐✈❡ ✭♦♥❧② ❛ ❧❛❝❦ ♦❢ ❝❤❛♥❣❡s ✐s ❝♦♥st❛♥t❧② ♦❜s❡r✈❡❞ ✐♥ s♣❤❡r♦✐❞s✮✳

✻✳✹ ▼❡❝❤❛♥✐❝s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❛t ✷❉ ❛♥❞

✸❉ ❧❡✈❡❧s ✲ s✉♠♠❛r②

■♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ✇✐t❤ ❛t♦♠✐❝

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

❝❡❧❧s✿ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐♥♦♠❛

❍❚✶✸✼✻✳ ❉✉r✐♥❣ t❤❡ st✉❞②✱ t❤❡ ❝❡❧❧ ❝♦♥✢✉❡♥❝② ✭s✐♥❣❧❡ ❝❡❧❧s✱ ♠♦♥♦❧❛②❡r ♦❢ ❝❡❧❧s✱ ❛♥❞

s♣❤❡r♦✐❞s✮ ❛♥❞ t❤❡ r♦❧❡ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ✐♥ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s

✇❡r❡ ❡✈❛❧✉❛t❡❞✳

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

❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ♦❢ t❤❡ t❤r❡❡ ❝❡❧❧ ❧✐♥❡s ❛t t❤❡ s✐♥❣❧❡ ❝❡❧❧s ❧❡✈❡❧✳ ❚❤❡ ❛❝t✐♥ ❝②✲

t♦s❦❡❧❡t♦♥ ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s

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

♣♦♦r❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❝②t♦s❦❡❧❡t♦♥ ♦❢ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❍❚✶✸✼✻ ❝❡❧❧s ❤❛✈❡

t❤❡ ❤✐❣❤❡st ●✴❋ ❛❝t✐♥ r❛t✐♦✱ ✐♥❞✐❝❛t✐♥❣ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥ ✐♥ t❤❡s❡

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

♦r❣❛♥✐③❛t✐♦♥✳

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

♠♦♥♦❧❛②❡rs✱ ❛♥❞ ✸❉ ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ ❆❋▼ ♠❡❛✲

s✉r❡♠❡♥ts ❞✉r✐♥❣ ✐♥❞❡♥t❛t✐♦♥✳ ❚❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts s❤♦✇ t❤❛t ❝❛♥❝❡r ❝❡❧❧s✱ ❚✷✹

❛♥❞ ❍❚✶✸✼✻✱ ✇❡r❡ ♠♦r❡ ❞❡❢♦r♠❛❜❧❡ t❤❛♥ t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s r❡❣❛r❞✲

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

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

❞❡❢♦r♠❛❜❧❡ t❤❛♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❙t✐✛❡♥✐♥❣ ♦❢

❝❡❧❧ ♠♦♥♦❧❛②❡rs ❝♦♠♣♦s❡❞ ♦❢ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ✇❛s ♦❜s❡r✈❡❞✱ t♦♦✳ ❚❤❡ ❧❛r❣❡r

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

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

❝❤❛♥✐❝❛❧ r❡s✉❧ts ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s ❢♦r t❤♦s❡ t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s r❡♠❛✐♥❡❞ ❛t t❤❡

s❛♠❡ ❧❡✈❡❧✱ r❡❣❛r❞❧❡ss ♦❢ ✇❤❡t❤❡r t❤❡② ❣r❡✇ ❛s s✐♥❣❧❡ ❝❡❧❧s ♦r ♠♦♥♦❧❛②❡rs✳ ❍❚✶✸✼✻

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

✷❉ t♦ ✸❉ ❝✉❧t✉r❡s ❞✐❞ ♥♦t ❛✛❡❝t t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♥♦♥✲♠❛❧✐❣♥❛♥t

❛♥❞ ❝❛♥❝❡r ❝❡❧❧s✳ ❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❝❛♥❝❡r♦✉s ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s

✇❡r❡ ♠♦r❡ ❞❡❢♦r♠❛❜❧❡ t❤❛♥ s♣❤❡r♦✐❞s ❝♦♥s✐st✐♥❣ ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳

❉❡s♣✐t❡ ❛ ❧❛r❣❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♥♦♥✲♠❛❧✐❣♥❛♥t ❛♥❞ ❝❛♥❝❡r♦✉s ❝❡❧❧s✱ ❝❛♥❝❡r ❝❡❧❧s

✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② s✐♠✐❧❛r ❨♦✉♥❣✬s ♠♦❞✉❧✉s✲ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ♠❡❝❤❛♥✐❝❛❧

✾✸



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

❝❛♥❝❡r ❝❡❧❧s ❛t ✈❛r✐♦✉s st❛❣❡s ♦❢ ❝❛♥❝❡r ♣r♦❣r❡ss✐♦♥✳

❈❡❧❧s ❛r❡ ♥♦t ❛ ♣✉r❡❧② ❡❧❛st✐❝ ♠❛t❡r✐❛❧ ❜✉t ✈✐s❝♦❡❧❛st✐❝❀ t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡s ✇❡r❡ q✉❛♥t✐✜❡❞ ❢r♦♠ ❆❋▼ ♠❡❛s✉r❡✲

♠❡♥ts✱ ✐♥ t❤❡ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t✐♦♥s ✇❡r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡✳ ❈❛♥❝❡r♦✉s ❚✷✹

❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s s❤♦✇ ❧♦✇❡r st♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✐ ✈❛❧✉❡s t❤❛♥ ♥♦♥✲♠❛❧✐❣♥❛♥t

❍❈❱✷✾✳ ■t ❞❡♥♦t❡s t❤❡ ❧❛r❣❡r ❞❡❢♦r♠❛❜✐❧✐t② ♦❢ ❝❛♥❝❡r ❝❡❧❧s ✉♥❞❡r s❤❡❛r ❢♦r❝❡s

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

❛♥❞ ❧♦ss ♠♦❞✉❧✐ ❞✐s♣❧❛② ❛ s✐♠✐❧❛r tr❡♥❞ ❛s ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❢♦r s✐♥❣❧❡ ❝❡❧❧s ❛♥❞

♠♦♥♦❧❛②❡rs✳ ◆♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ ❝❛♥❝❡r♦✉s ❚✷✹ ❝❡❧❧s st✐✛❡♥ ✇❤❡♥ ♠♦✈✐♥❣

❢r♦♠ s✐♥❣❧❡ ❝❡❧❧s t♦ ♠♦♥♦❧❛②❡r ❝✉❧t✉r❡s✱ ✇❤✐❧❡ ♠♦❞✉❧✐ ✈❛❧✉❡s ❢♦r ❝❛♥❝❡r♦✉s ❍❚✶✸✼✻

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

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

❝♦♥s✐st✐♥❣ ♦❢ ❝❛♥❝❡r ❝❡❧❧s✳

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

❝♦♠♣♦♥❡♥ts✱ r❡✈❡❛❧s ❛ ❝♦♥s✐❞❡r❛❜❧② ❧❛r❣❡ ✈❛❧✉❡ ❢♦r ❝❛♥❝❡r ❍❚✶✸✼✻ ❝❡❧❧s✱ ✐♥❞✐❝❛t✲

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

✇✐t❤ t❤❡ ❛❜s❡♥❝❡ ♦❢ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ❛♥❞ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ●✲❛❝t✐♥ ♠♦♥♦♠❡rs✳ ❆

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

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

❢r❡q✉❡♥❝②✳ ❙✉❝❤ r❡❧❛t✐♦♥s ✜tt❡❞ ✇✐t❤ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧s ❝❛♥ ❞❡r✐✈❡ ✐♥❢♦r♠❛✲

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

✜tt❡❞ t♦ ❞❡r✐✈❡ ❛ ♣❛r❛♠❡t❡r ❞❡s❝r✐❜✐♥❣ t✇♦ r❡❣✐♠❡s ♦❢ ❝❡❧❧ ❜❡❤❛✈✐♦r✱ ✐✳❡✳✱ s♦❧✐❞✲❧✐❦❡

❛♥❞ ✢✉✐❞✲❧✐❦❡✳ ❖♥❡ ♠♦❞❡❧ ✉s❡s tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ✭❛ ❢r❡q✉❡♥❝② ❛t ✇❤✐❝❤ st♦r❛❣❡

❛♥❞ ❧♦ss ♠♦❞✉❧✐ t❛❦❡ ♦♥ t❤❡ s❛♠❡ ✈❛❧✉❡✮✱ ❛♥❞ t❤❡ ♦t❤❡r ❛♥❛❧②s❡s t❤❡ ♣♦✇❡r ❧❛✇

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

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

❢❛❝t♦r✳ ❈❛♥❝❡r♦✉s ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ♠♦r❡ ✈✐s❝♦✉s✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❧♦✇❡st

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

❍❈❱✷✾ ❝❡❧❧s ❡①❤✐❜✐t❡❞ ♠♦r❡ s♦❧✐❞✲❧✐❦❡✲ ❜❡❤❛✈✐♦r✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❤✐❣❤❡st

tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ❧♦✇❡st ♣♦✇❡r ❧❛✇ ❡①♣♦♥❡♥t✳ ■♠♣♦rt❛♥t❧②✱ t❤❡ tr❛♥✲

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

♣r♦♣❡rt✐❡s ♦❢ ❝❛♥❝❡r ❝❡❧❧s✳ ❋♦r ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱ ✐t ❛❧❧♦✇s t❤❡ ❞✐✛❡r❡♥t✐❛t✐♦♥

❜❡t✇❡❡♥ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✳

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

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

❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❝②t♦❝❤❛❧❛s✐♥ ❉ tr❡❛t♠❡♥t✳ ❈②t♦❝❤❛❧❛s✐♥ ❉ ✐♥❤✐❜✐ts t❤❡ ♣♦❧②♠❡r✲

✾✹



✐③❛t✐♦♥ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts❀ t❤✉s✱ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ✈✐s❝♦✉s ❝♦♠♣♦♥❡♥t ✐♥ ❝❡❧❧s ✇❛s

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

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

❧❛②❡rs✳ ❚❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❞❡❝r❡❛s❡❞ ❢♦r ❛❧❧ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✳

▼♦✈✐♥❣ ❢r♦♠ ✷❉ t♦ ✸❉ ❝✉❧t✉r❡s✱ t❤❡ ✐♥❝r❡❛s❡❞ ✈✐s❝♦✉s ❝♦♠♣♦♥❡♥t ❛❢t❡r ❝②t♦❝❤❛✲

❧❛s✐♥ ❉ tr❡❛t♠❡♥t ✇❛s ♦❜s❡r✈❡❞ ❢♦r ♥♦♥✲❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ ❝❛♥❝❡r♦✉s ❚✷✹ ❝❡❧❧s✱

✇❤✐❧❡ ♥♦ ❝❤❛♥❣❡ ✇❛s ♦❜s❡r✈❡❞ ❢♦r ❝❛♥❝❡r♦✉s ❍❚✶✸✼✻ ❝❡❧❧s✳ ❚❤✐s ❛❧❧♦✇s ❛ttr✐❜✉t✐♥❣

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

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

❛❧s♦ ❛t t❤❡ s♣❤❡r♦✐❞ ❧❡✈❡❧✳
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Chapter 7

▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s

✼✳✶ ❖❜❥❡❝t✐✈❡s

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

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

❛ ♣❧❛t❡❛✉ ✉♥t✐❧ t✉♠♦rs ❜❡❝♦♠❡ ♣♦t❡♥t✐❛❧❧② ✐♥✈❛s✐✈❡ ❬✹✻❪✳ ❆s s❤♦✇♥ ✐♥ ❈❤❛♣t❡r

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

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

❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s t❛❦❡♥ ❛t t❤❡ ❡❛r❧② ✭✸ ❞❛②s✮

❛♥❞ ❧❛t❡ ✭✶✹ ❞❛②s✮ ❣r♦✇t❤ ♣❤❛s❡s ❛r❡ ❝♦♠♣❛r❡❞✳ ❚❤❡ t✇♦ s❡❧❡❝t❡❞ t✐♠❡ ♣♦✐♥ts

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

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

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

✐♥t❡r♥❛❧ str✉❝t✉r❡✳ ❚❤❡ ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣❡ ✭❆❋▼✮ ❛♥❞ t❤❡ ❤②❞r❛✉❧✐❝ ❢♦r❝❡

s♣❡❝tr♦s❝♦♣❡ ✭❍❋❙✮ ✇❡r❡ ❛♣♣❧✐❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛t t❤❡

♥❛♥♦s❝❛❧❡ ✭❆❋▼✮ ❛♥❞ ♠❛❝r♦s❝❛❧❡ ✭❍❋❙✮ ❧❡✈❡❧s✳

✼✳✷ ●r♦✇t❤ r❛t❡ ♦❢ t✉♠♦r s♣❤❡r♦✐❞s

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

❛❞❥✉st❡❞ t♦ t❤❡ s♣❡❝✐✜❝ ❝❡❧❧ ❧✐♥❡✳ ❚♦ ♦❜t❛✐♥ s♣❤❡r♦✐❞s ♦❢ ❛ ❞✐❛♠❡t❡r ♦❢ ✹✵✵ ± ✺✵

µ♠✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ♣❡r ✇❡❧❧ ✇❡r❡ ❛♣♣❧✐❡❞✿ ✼✵✵✵ ❝❡❧❧s ❢♦r ❍❈❱✷✾

❝❡❧❧s✱ ✶✺✵✵ ❝❡❧❧s ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✱ ❛♥❞ ✶✵✵✵✵ ❝❡❧❧s ❢♦r ❚✷✹ ❝❡❧❧s✳ ❚❤❡♥✱ t❤❡ ❣r♦✇t❤

♦❢ s♣❤❡r♦✐❞s ✇❛s tr❛❝❡❞ ❛t ✸✱ ✺✱ ✼✱ ✶✸✱ ❛♥❞ ✶✺ ❞❛②s✳ ❊❛❝❤ ❞❛② t❤❡ s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r

✾✻



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

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

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

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

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

❋✐❣✉r❡ ✼✳✶✿ ❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r ❛♥❞ t❤❡ ❞❛②
♦❢ ❝✉❧t✉r❡ ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s✳ ❙♣❤❡r♦✐❞s ✇❡r❡
❢♦r♠❡❞ ❜② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹
❝❡❧❧s✱ ❛♥❞ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s ❛ ♠❡❛♥ ✈❛❧✉❡ ❢r♦♠
✶✵ s♣❤❡r♦✐❞s ♣❡r ❝❡❧❧ ❧✐♥❡✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❝❡❧❧s✴✇❡❧❧ r❡q✉✐r❡❞ t♦ ❢♦r♠
s♣❤❡r♦✐❞s ♦❢ ✸✺✵✲✹✺✵ µ♠ ❞✐❛♠❡t❡r ✐s ✐♥❞✐❝❛t❡❞✳

❆ ♣❧❛t❡❛✉ ✭s✐♠✐❧❛r s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r ❢r♦♠ ✺ t♦ ✶✺ ❞❛②s✮ ✐s ♥✐❝❡❧② ✈✐s✐❜❧❡ ❢♦r

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛

❚✷✹ ❝❡❧❧s ✭t❤❡s❡ ❝❡❧❧s ❞✐s♣❧❛② t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ✐♥ t❤❡✐r ❝②t♦s❦❡❧❡t♦♥✱ ❈❤❛♣t❡r ✻✮

❛❢t❡r ✜✈❡ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❋♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✱ ❛

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

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

♦❢ ❝❡❧❧s✴✇❡❧❧✳

❈❡❧❧✲❝❡❧❧ ✐♥t❡r❛❝t✐♦♥ ✐s ♣r✐♠❛r✐❧② ❣♦✈❡r♥❡❞ ❜② ❝❛❞❤❡r✐♥s ❬✶✺✺❪❀ t❤✉s✱ t❤❡② ❛r❡

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

✐♥ s♣❤❡r♦✐❞ ❝♦♠♣❛❝t✐♦♥ ❬✶✺✻❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡✐r ❡①♣r❡ss✐♦♥ ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣

t❤❡ ❲❡st❡r♥ ❜❧♦t t❡❝❤♥✐q✉❡ ✭✜❣✉r❡ ✼✳✷✮✳

✾✼



❋✐❣✉r❡ ✼✳✷✿ ◆✲ ❛♥❞ ❊✲❝❛❞❤❡r✐♥ ❡①♣r❡ss✐♦♥ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡
❲❡st❡r♥ ❇❧♦t ❢♦r ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾✱
❚✷✹✱ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧ ❧✐♥❡s✳ ◆✲❝❛❞❤❡r✐♥ ✇❛s ❞❡t❡❝t❡❞ ❛t ✶✸✵ ❦❉❛✱
✇❤✐❧❡ ❊✲❝❛❞❤❡r✐♥ r❡❧❛t❡❞ ❜❛♥❞ ✇❛s ❛t ✾✽✲✶✶✵ ❦❉❛✳

❚❤❡ ❲❡st❡r♥ ❜❧♦t r❡s✉❧ts s❤♦✇ t❤❛t ✐♥ ❍❚✶✸✼✻ ❝❡❧❧s✱ t❤❡ ❜❛♥❞s ✇❡r❡ ✈✐s✐❜❧❡ ❢♦r

❊✲❝❛❞❤❡r✐♥ ❛♥❞ ♥♦t ❢♦r ◆✲❝❛❞❤❡r✐♥✳ ❚❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧

❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s ❞✐s♣❧❛② t❤❡ ♦♣♣♦s✐t❡ tr❡♥❞✱ ✐✳❡✳✱ ◆✲❝❛❞❤❡r✐♥ ✇❛s ♣r❡s❡♥t✱

✇❤✐❧❡ ❊✲❝❛❞❤❡r✐♥ ✇❛s ❛❜s❡♥t✳ ❚❤❡s❡ r❡s✉❧ts ♦❜s❡r✈❡❞ ❢♦r ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

❛♥❞ ❝❛♥❝❡r♦✉s ❚✷✹ ❝❡❧❧s ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♣r❡✈✐♦✉s r❡s✉❧ts ❬✶✺✼❪✳ ■t ❤❛s ❜❡❡♥

s❤♦✇♥ t❤❛t ❊✲❝❛❞❤❡r✐♥ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ st❛❜✐❧✐③❛t✐♦♥ ♦❢ ❝❡❧❧ ❝♦♥t❛❝ts ❬✶✺✽❪✱ ✇❤✐❝❤

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

❍❚✶✸✼✻ ❝❡❧❧s✳

✼✳✸ ❆❋▼✲st✉❞✐❡s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s

✼✳✸✳✶ ❊❧❛st✐❝ ✭❨♦✉♥❣✬s✮ ♠♦❞✉❧✉s ✕ ❝♦♠♣r❡ss✐✈❡ ❢♦r❝❡s

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

t✐♠❡s✱ ✐✳❡✳✱ ❛❢t❡r ✸ ❛♥❞ ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❚❤❡ s♣❤❡r♦✐❞s ♣r❡♣❛r❡❞ ❢♦r ❆❋▼ ♠❡❛✲

s✉r❡♠❡♥ts ✇❡r❡ ✹✵✵ µ♠ ✐♥ ❞✐❛♠❡t❡r ✭❞❡t❛✐❧❡❞ ♣r❡♣❛r❛t✐♦♥ ♦❢ s♣❤❡r♦✐❞s ✐s ❞❡s❝r✐❜❡❞

✐♥ ▼❛t❡r✐❛❧s✮✳ ■♥ s✉❝❤ ❛ ✇❛②✱ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱

tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤

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

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

✐♥❣ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs ✭s♣r✐♥❣ ❝♦♥st❛♥t ♦❢ ✵✳✻ ◆✴♠✮✱ ✇❤✐❝❤ ❡♥❛❜❧❡❞ ❛ ❢♦r❝❡ ♦❢

t❤❡ ♦r❞❡r ♦❢ ✸✵ ♥◆✳ ❚❤❡ r❡s✉❧t✐♥❣ ✐♥❞❡♥t❛t✐♦♥ ❞❡♣t❤ ✐s ✻✲✽ µ♠✳ ❚❤❡ ♦❜t❛✐♥❡❞

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

✇❛s ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡❀ ❤♦✇❡✈❡r✱

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

♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ✭✜❣✉r❡ ✼✳✸✮✳
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❋✐❣✉r❡ ✼✳✸✿ ❈❤❛♥❣❡s ✐♥ ❡❧❛st✐❝ ✭❨♦✉♥❣✬s✮ ♠♦❞✉❧✉s ✐♥ ✸✲ ❛♥❞ ✶✹✲
❞❛② s♣❤❡r♦✐❞s ♠❡❛s✉r❡❞ ❜② ❆❋▼✳ ❋♦r ❡❛❝❤ ❝❡❧❧ ❧✐♥❡✱ ✶✺ s♣❤❡r♦✐❞s
✇❡r❡ ♠❡❛s✉r❡❞ ✭✷ ❢♦r❝❡ ♠❛♣s✴s♣❤❡r♦✐❞✱ ❡❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s ❛♥ ✐♥❞✐✈✐❞✉❛❧
❡❧❛st✐❝✐t② ♠❛♣✮✳ ❚❤❡ ❜❧❛❝❦ ❞♦ts ❛♥❞ ❧✐♥❡s ❛r❡ t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥✱
r❡s♣❡❝t✐✈❡❧②❀ t❤❡ ❜♦① ❞❡♥♦t❡s st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥❀ ❡rr♦r ❜❛rs r❡♣r❡s❡♥t ✶✵
% ❛♥❞ ✾✵ % ♣❡r❝❡♥t✐❧❡ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✮✳

❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜②

❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ ✻✳✶ ± ✸✳✺ ❦P❛ ❛♥❞ ✶✵✳✻ ± ✼✳✷ ❦P❛ ❢♦r ✸✲ ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✱

r❡s♣❡❝t✐✈❡❧②✳ ❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s ❞♦✉✲

❜❧❡❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❣r♦✇t❤✳ ❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❝❛r❝✐♥♦♠❛

❍❚✶✸✼✻ ❝❡❧❧s r❡♠❛✐♥❡❞ t❤❡ s♦❢t❡st✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝✉❧t✉r❡ t✐♠❡✳ ❚❤❡ s✉♠♠❛r②

♦❢ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✐s s❤♦✇♥ ✐♥ t❛❜❧❡ ✼✳✶✳

✾✾



❚❛❜❧❡ ✼✳✶✿ ❚❤❡ ❞❡t❡r♠✐♥❡❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲
♠❛❧✐❣♥❛♥t ❍❈❱✷✾✱ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹✱ ❛♥❞ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s
❛❢t❡r ✸ ❛♥❞ ✶✹ ❞❛②s ♦❢ ❣r♦✇t❤✳ ❚❤❡ ✈❛❧✉❡s ❛r❡ ❡①♣r❡ss❡❞ ❛s ♠❡❛♥ ± st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥✳

❈❡❧❧ t②♣❡ ✸ ❞❛②s ✶✹ ❞❛②s
✲ ◆➦ ♠❛♣s ❊ ❬❦P❛❪ ◆➦ ♠❛♣s ❊ ❬❦P❛❪

❍❈❱✷✾ ✸✵ ✻✳✶ ± ✸✳✺ ✹✷ ✶✵✳✻ ± ✼✳✷
❚✷✹ ✸✵ ✸✳✻ ± ✷✳✷ ✸✹ ✻✳✸ ± ✸✳✼

❍❚✶✸✼✻ ✺✻ ✷✳✺ ± ✵✳✾ ✸✸ ✹✳✹ ± ✸✳✹

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

❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❛♥❞ ❝❛♥❝❡r ❝❡❧❧s✳ ❋♦r ✸✲❞❛② s♣❤❡r♦✐❞s✱ ♣✲✈❛❧✉❡s ✇❡r❡ ✵✳✵✵✶✻

❛♥❞ ❁ ✵✳✵✵✵✶ ✉♥♣❛✐r❡❞ t✲t❡sts✱ ❢♦r ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ r❡s♣❡❝t✐✈❡❧②✳ ❋♦r ✶✹✲❞❛②

s♣❤❡r♦✐❞s✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣✲✈❛❧✉❡s ✇❡r❡ ✵✳✵✵✷✸ ❛♥❞ ❁✵✳✵✵✵✶✳ ❲❤✐❧❡ ❝♦♠♣❛r✲

✐♥❣ t❤❡ st❛t✐st✐❝❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❝❛♥❝❡r ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ t❤❡ ♣✲✈❛❧✉❡s

✇❡r❡ ✵✳✵✵✶✺ ❛♥❞ ✵✳✵✸✷✹ ❢♦r ✸✲ ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ❛♥❛❧②s✐s

❝♦♥❝❧✉❞❡s t❤❛t ❛❣✐♥❣ ❝❛♥ ❤✐❞❡ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❛♥❞

tr❛♥s✐t✐♦♥❛❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✳

✼✳✸✳✷ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ✸ ❞❛②s ❛♥❞ ✶✹ ❞❛②s

s♣❤❡r♦✐❞s ❜② ❆❋▼

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

s♣❡❝✐✜❝ t♦ ❝❛♥❝❡r✲r❡❧❛t❡❞ ❝❤❛♥❣❡s ❬✶✷✽❪ ❬✼✺❪✳ ❚❤❡r❡❢♦r❡✱ ❧✐❦❡ ❢♦r s✐♥❣❧❡ ❜❧❛❞❞❡r

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

❞❡t❛✐❧s ✐♥ s❡❝t✐♦♥ ✹✳✸✳✺❪✳ ❚❤✉s✱ t❤❡ st♦r❛❣❡ ●✬ ❛♥❞ ❧♦ss ●✧ ♠♦❞✉❧✐ ✇❡r❡ ♣❧♦tt❡❞

❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♦s❝✐❧❧❛t✐♦♥s ❛♥❞ ✜tt❡❞ ✇✐t❤ ❛ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥

✭✜❣✉r❡ ✼✳✹✮✳

✶✵✵



❋✐❣✉r❡ ✼✳✹✿ ❙t♦r❛❣❡ ●✬ ❛♥❞ ❧♦ss ●✧ ♠♦❞✉❧✉s ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❢♦r ✸✲ ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳ ❚❤❡
♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✇❛s ❦❡♣t ❝♦♥st❛♥t ❛t ✺✵ ♥♠✱ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝②
✈❛r✐❡❞ ❢r♦♠ ✶ ✲ ✷✺✵ ❍③✳ ◆❙❈✸✻ ❝❛♥t✐❧❡✈❡rs ✇❡r❡ ❛♣♣❧✐❡❞✳ ❊❛❝❤ ♣♦✐♥t
❞❡♥♦t❡s t❤❡ ♠❡❛♥ ± st❛♥❞❛r❞ ❡rr♦r ♦❢ t❤❡ ♠❡❛♥✳ ❚♦ t❤❡ ❞❛t❛✱ t❤❡ ♣♦✇❡r
❧❛✇ ✇❛s ✜tt❡❞ ✭❧✐♥❡✮✳

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

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

❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ ❛❣✐♥❣ ✐♥❞✉❝❡s st✐✛❡♥✐♥❣✳ ❇♦t❤ st♦r❛❣❡ ❛♥❞ ❧♦ss

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

❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✱ ❛ s♦❢t❡♥✐♥❣ ✇❛s ♦❜t❛✐♥❡❞✳ ❙t♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✐

❞❡❝r❡❛s❡❞ ✇✐t❤✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡✱ ✇❤✐❧❡ ❢♦r ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✱ ❛♥ ♦♣✲

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

❢r❡q✉❡♥❝② r❛♥❣❡ ❛♥❛❧♦❣♦✉s❧② ❛s ❢♦r s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

✶✵✶



❝❡❧❧s✳ ❇② ✜tt✐♥❣ t❤❡ ♦❜t❛✐♥❡❞ r❡❧❛t✐♦♥s❤✐♣s ✇✐t❤ t❤❡ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥✱ s✉❝❤

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

❛♥❞ ♣♦✇❡r ❧❛✇ ❡①♣♦♥❡♥t ✇❡r❡ ♦❜t❛✐♥❡❞ ✭t❛❜❧❡ ✼✳✷✮✳

❚❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s ♦❢ ❍❈❱✷✾ s♣❤❡r♦✐❞s ❢r♦♠ ✸✳✶✶ ± ✵✳✸✽ ❦P❛ ✭♥ ❂ ✷✺ ♠❛♣s✱

✸✲❞❛②✮ t♦ ✺✳✶✾ ± ✵✳✹✶ ❦P❛ ✭♥ ❂ ✸✷ ♠❛♣s✱ ✶✹✲❞❛②❀ ♣ ❂ ✵✳✵✵✵✼✮✳ ❆♥ ❛♥❛❧♦❣♦✉s

❝❤❛♥❣❡ ✇❛s ♦❜s❡r✈❡❞ ❢♦r t❤❡ ❧♦ss ♠♦❞✉❧✉s✿ ❢r♦♠ ✶✳✵✾ ± ✵✳✵✾ ❦P❛ ✭♥ ❂ ✷✺ ♠❛♣s✱ ✸✲

❞❛②✮ t♦ ✶✳✺✾ ± ✵✳✶✺ ❦P❛ ✭♥ ❂ ✸✷ ♠❛♣s✱ ✶✹✲❞❛②❀ ♣ ❂ ✵✳✵✵✶✸✮✳ ❉❡s♣✐t❡ t❤❡ ✐♥❝r❡❛s❡

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

s♣❤❡r♦✐❞s ❝♦❧❧❡❝t❡❞ ❛t ✸✲❞❛② ❛♥❞ ✶✹✲❞❛②s ✭✵✳✸✺ ± ✵✳✵✾ ✈❡rs✉s ✵✳✸✶ ± ✵✳✶✶✮✳ ■t

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

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

❢♦r♠❡❞ ❢r♦♠ ❝❛♥❝❡r♦✉s ❚✷✹ ❝❡❧❧s✱ ❧♦♥❣❡r ❝✉❧t✉r❡ t✐♠❡ ❞✐❞ ♥♦t ✐♥❞✉❝❡ s✐❣♥✐✜❝❛♥t

❝❤❛♥❣❡s ✐♥ t❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s✿ ✺✳✼✹ ± ✶✳✷✶ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✱ ✸✲❞❛②✮ ✈❡rs✉s

✹✳✾✺ ± ✶✳✻✶ ❦P❛ ✭♥ ❂ ✷✺ ♠❛♣s✱ ✶✹ ❞❛②❀ ♣ ❂ ✵✳✶✽✹✾✮✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡r❡ ✐s ❛

t✐♠❡✲r❡❧❛t❡❞ ❝❤❛♥❣❡ ✐♥ ✈✐s❝♦✉s ❝♦♥tr✐❜✉t✐♦♥ ❛s ❧♦ss ♠♦❞✉❧✉s ❞❡❝r❡❛s❡s ❢♦r ✶✹✲❞❛②

s♣❤❡r♦✐❞s✱ ❢r♦♠ ✷✳✹✾ ± ✵✳✷✽ ❦P❛ ✭♥ ❂ ✸✵ ♠❛♣s✮ t♦ ✶✳✹✸ ± ✵✳✶✶ ❦P❛ ✭♥ ❂ ✷✺ ♠❛♣s❀

♣ ❂ ✵✳✵✵✶✼✮✳ ❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❧♦ss ❢❛❝t♦r ❞❡❝r❡❛s❡❞ ❢♦r s♣❤❡r♦✐❞s ❢r♦♠ ✵✳✹✸ ±
✵✳✵✾ ✭✸✲❞❛②✮ t♦ ✵✳✷✾ ± ✵✳✵✷ ✭✶✹✲❞❛②✮✱ ♣♦✐♥t✐♥❣ t♦ t❤❡ ❧♦ss ♦❢ ✈✐s❝♦✉s ❝♦♥tr✐❜✉t✐♦♥

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

❍❚✶✸✼✻ ❝❡❧❧s r❡s❡♠❜❧❡ t❤❛t ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳

❇♦t❤ st♦r❛❣❡ ❛♥❞ ❧♦ss ♠♦❞✉❧✉s ✐♥❝r❡❛s❡❞ ✇✐t❤ ❝✉❧t✉r❡ t✐♠❡✱ ❢r♦♠ ✼✳✷✽ ± ✷✳✵✺ ❦P❛

✭♥ ❂ ✸✷ ♠❛♣s✱ ✸✲❞❛②✮ t♦ ✶✹✳✼✽ ± ✷✳✾✺ ❦P❛ ✭♥ ❂ ✷✽ ♠❛♣s✱ ✶✹✲❞❛②✮✱ ❛♥❞ ❢r♦♠ ✺✳✵✼

± ✵✳✻✻ ❦P❛ ✭♥ ❂ ✸✷ ♠❛♣s✱ ✸✲❞❛②✮ t♦ ✼✳✼✾ ± ✵✳✻✾ ❦P❛ ✭♥ ❂ ✷✽ ♠❛♣s✱ ✶✹✲❞❛②✮✱

r❡s♣❡❝t✐✈❡❧②✳ ❍♦✇❡✈❡r✱ t❤❡ ❧❛r❣❡ ✈❛❧✉❡s ♦❢ ❧♦ss ❢❛❝t♦rs✱ ✐✳❡✳✱ ✵✳✻✾ ± ✵✳✷✷ ✭✸✲❞❛②✮

✈❡rs✉s ✵✳✺✸ ± ✵✳✶✷ ✭✶✹✲❞❛②❀ ♣ ❂ ✵✳✵✵✵✶✮✱ ✐♥❞✐❝❛t❡ ❛ ♠✉❝❤ ❧❛r❣❡r ✈✐s❝♦✉s ❝♦♠✲

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

❍❈❱✷✾ ❛♥❞ ❝❛♥❝❡r♦✉s ❚✷✹ ❝❡❧❧s✳

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

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

✶✵✷



❋✐❣✉r❡ ✼✳✺✿ ❈❤❛♥❣❡s ✐♥ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ ♣♦✇❡r✲❧❛✇ ❡①♣♦✲
♥❡♥t ❞❡t❡r♠✐♥❡❞ ❢♦r t❤❡ ❛❣✐♥❣ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❜❧❛❞❞❡r
❝❛♥❝❡r ❝❡❧❧s ✭❛❢t❡r ✸ ❛♥❞ ✶✹ ❞❛②s ♦❢ s♣❤❡r♦✐❞ ❣r♦✇t❤✮✳

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

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

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

s♠❛❧❧❡st ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❛♥❞ ❧❛r❣❡r ❢♦r

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

t❤❛t ❝❛♥❝❡r ❝❡❧❧s ❜❡❤❛✈❡ ❧✐❦❡ ✢✉✐❞✲❧✐❦❡ ♠❛t❡r✐❛❧s ❛t ❢r❡q✉❡♥❝✐❡s ❛t ✇❤✐❝❤ ♥♦♥✲

♠❛❧✐❣♥❛♥t ♦r ❤❡❛❧t❤② ❝❡❧❧s ❛r❡ st✐❧❧ ❜❡❤❛✈✐♥❣ ❛s s♦❧✐❞✲❧✐❦❡ ❬✼✺❪ ❬✶✷✽❪✳ ❚❤❡ ❛❣✐♥❣

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

❜✉♥❞❧❡s ✐♥ t❤❡✐r str✉❝t✉r❡s✱ ✐✳❡✳✱ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s✳ ❚❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②

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

❢♦r♠❡❞ ❢r♦♠ ❍❚✶✸✼✻ ❝❡❧❧s ✭♥♦ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ♣r❡s❡♥t ✐♥ t❤❡ ❝❡❧❧ ❝②t♦s❦❡❧❡✲

t♦♥✮ r❡♠❛✐♥❡❞ ❧♦✇❡r✳ ❚❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t t✉r♥❡❞ ♦✉t t♦ ❜❡ ❛ ♣❛r❛♠❡t❡r

❜✉r❞❡♥ ❜② ❛ ❧❛r❣❡ ❡rr♦r✱ ♠❛❦✐♥❣ ✐t ❧❡ss s✉✣❝✐❡♥t ❛♥❞ ♥♦♥✲r❡❧✐❛❜❧❡ t♦ ❞❡s❝r✐❜❡ t❤❡

♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s✳

✶✵✸



✼✳✹ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s ❜②

❍❋❙

❚❤❡ ♠❛✐♥ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts r❡❛❧✐③❡❞ ❜② ❆❋▼

✐s t❤❡✐r ❧♦❝❛❧ ❝❤❛r❛❝t❡r ❧✐♠✐t❡❞ ❜② t❤❡ s✐③❡ ♦❢ t❤❡ r❡❝♦r❞❡❞ ❡❧❛st✐❝✐t② ♠❛♣s ❛♥❞ t❤❡

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

✭❍❋❙✱ ❞❡t❛✐❧s ❛❜♦✉t t❤❡ ❞❛t❛ ❛♥❛❧②s✐s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷✳✸ ✮ ✇❛s ❛♣♣❧✐❡❞

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

❜❡t✇❡❡♥ ❆❋▼ ❛♥❞ ❍❋❙ ✐s t❤❛t✱ ✐♥ ❍❙❋✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣❡t t❤❡ s✐❣♥❛❧ ❢r♦♠ ❛

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

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

t❤❡ ✇❛② t❤❡② ❛r❡ ♦r❣❛♥✐③❡❞ ❛♥❞ ❧✐♥❦❡❞ t♦ ❡❛❝❤ ♦t❤❡r ✐♥ t❤❡ ✸❉ str✉❝t✉r❡✳ ❚❤❡

s♣❤❡r♦✐❞s ✇❡r❡ ❝✉❧t✉r❡❞ s✐♠✐❧❛r❧② t♦ t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✱ ❜✉t t❤❡② ✇❡r❡ ♠❡❛✲

s✉r❡❞ ✐♥ P❇❙ ❜✉✛❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ♥♦t ✐♥ t❤❡✐r ❝✉❧t✉r❡ ♠❡❞✐✉♠ ❧✐❦❡ ❢♦r

❆❋▼✳ ❚❤❡ ❛s♣✐r❛t❡❞ ❧❡♥❣t❤ ♦❢ t❤❡ s❛♠♣❧❡ ✇❛s ❛❜♦✉t ✺✵ µ♠✱ ❛♥❞ ❡✈❡r② t✐♠❡ ❛

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

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts r❡✈❡❛❧s ❛ s✐♠✐❧❛r tr❡♥❞ ❛s ♦❜s❡r✈❡❞ ✐♥ t❤❡

❆❋▼ ❞❛t❛ ✭✜❣✉r❡ ✼✳✻✮✳

✶✵✹



❋✐❣✉r❡ ✼✳✻✿ ❆❣❡✲r❡❧❛t❡❞ ❝❤❛♥❣❡s ✐♥ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞
❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❞✐st✐♥❝t ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❜② ❍❋❙✳
❚❤❡ ❛❣✐♥❣ ❡✛❡❝t ✇❛s ❛ss❡ss❡❞ ❜② ❝♦♠♣❛r✐♥❣ s♣❤❡r♦✐❞s ❝✉❧t✉r❡ ❢♦r ✸ ❛♥❞
✶✹ ❞❛②s✳ ❋♦r ❡❛❝❤ s♣❤❡r♦✐❞s t②♣❡✱ ✹✵ ❡❧❛st✐❝✐t② ❝✉r✈❡s ✇❡r❡ ❛❝q✉✐r❡❞ ✐♥
✐♥❞✐✈✐❞✉❛❧ ❛r❡❛s ❛r♦✉♥❞ t❤❡ s♣❤❡r♦✐❞s ✇✐t❤✐♥ t❤❡ s❝❛♥ ❛r❡❛ ♦❢ ✺✵ µ♠ ① ✺✵
µ♠✳ ❚❤❡ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ ♠❡❞✐❛♥❀ ❡rr♦r ❜❛rs r❡♣r❡s❡♥t ✶✵ % ❛♥❞ ✾✵ %
♣❡r❝❡♥t✐❧❡✳ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✮✳

❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ✸✲❞❛② s♣❤❡r♦✐❞s s❤♦✇❡❞ ❛ s✐♠✐❧❛r r❡❧❛✲

t✐♦♥ ❛s ❢♦r t❤❡ ❆❋▼ ✐♥❞❡♥t❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♦❢ s♣❤❡r♦✐❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳

❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ✇❡r❡ st✐✛❡r t❤❛♥ s♣❤❡r♦✐❞s

❝♦♠♣♦s❡❞ ❢r♦♠ ❜♦t❤ ❝❛♥❝❡r ❝❡❧❧s ✭❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✮✳ ▼♦r❡♦✈❡r✱ ❜♦t❤ ❝❛♥✲

❝❡r ❝❡❧❧s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② s✐♠✐❧❛r ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✈❛❧✉❡s ❛♥❛❧♦❣♦✉s❧② ❛s ❢♦r

❆❋▼ r❡s✉❧ts✳ ❚❤❡ ❛❣✐♥❣ ❡✛❡❝t ✇❛s ❢✉❧❧② ❞✐st✐♥❝t ❢r♦♠ t❤❛t ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❆❋▼

r❡s✉❧ts✳ ❚❤❡ ❆❋▼ r❡s✉❧ts s❤♦✇ t❤❛t ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✐♥❝r❡❛s❡s ❢♦r s♣❤❡r♦✐❞s

❣r♦✇♥ ❢♦r ✶✹ ❞❛②s✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝❡❧❧ t②♣❡ ✉s❡❞ t♦ ❢♦r♠ s♣❤❡r♦✐❞s✱ ✇❤✐❧❡ ❍❋❙

♠❡❛s✉r❡♠❡♥ts s❤♦✇ ❝❡❧❧✲t②♣❡ ❞❡♣❡♥❞❡♥t ❝❤❛♥❣❡s ✐♥ t❤❡ s♣❤❡r♦✐❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s

✭t❛❜❧❡ ✼✳✷✮✳

✶✵✺



❚❛❜❧❡ ✼✳✷✿ ❊❧❛st✐❝ ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❡❞ ❢♦r ❜❧❛❞❞❡r s♣❤❡r♦✐❞s ❜❛s❡❞ ♦♥ ❍❋❙ ♠❡❛✲
s✉r❡♠❡♥ts✳ ❘❡s✉❧ts ❛r❡ ❡①♣r❡ss❡❞ ❛s ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ♥ ❂ ✹✵
❡❧❛st✐❝✐t② ❝✉r✈❡s✳

❈❡❧❧ t②♣❡ ✸ ❞❛②s ✶✹ ❞❛②s
❍❈❱✷✾ ✺✳✵✸ ± ✶✳✾✽ ❦P❛ ✷✳✹✹ ± ✶✳✺✵ ❦P❛
❚✷✹ ✶✳✻✾ ± ✶✳✸✸ ❦P❛ ✷✳✶✺ ± ✶✳✷✵ ❦P❛

❍❚✶✸✼✻ ✶✳✾✻ ± ✶✳✶✻ ❦P❛ ✶✳✽✽ ± ✶✳✸✶ ❦P❛

❚❤❡ ❧❛r❣❡st ❞❡❝r❡❛s❡ ✇❛s ♦❜t❛✐♥❡❞ ❢♦r s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ ❍❈❱✷✾ ❝❡❧❧s ❛♥❞

t❤❡ s♠❛❧❧❡st ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s✳ ❊❧❛st✐❝ ♠♦❞✉❧✉s ❞❡❝r❡❛s❡❞ ❢r♦♠ ✺✳✵✸ ± ✶✳✾✽ ❦P❛

t♦ ✷✳✹✹ ± ✶✳✺✵ ❦P❛ ✭♣ ❂ ✵✳✵✺✮✳ ❙♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ ❍❚✶✸✼✻ ❝❡❧❧s s❤♦✇ ❛ s♠❛❧❧

❜✉t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ❢r♦♠ ✶✳✾✻ ± ✶✳✶✻ ❦P❛ t♦ ✶✳✽✽ ± ✶✳✸✶ ❦P❛

✭♣ ❂ ✵✳✵✹✮✳ ❋♦r t❤❡s❡ s♣❤❡r♦✐❞s✱ ❛ s♦❢t❡♥✐♥❣ ✇❛s ♦❜s❡r✈❡❞✳ ❍❙❋ r❡s✉❧ts s❤♦✇ ♥♦

s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❢♦r s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ ❚✷✹ ❝❡❧❧s✱ ✐✳❡✳✱ ✶✳✻✾ ± ✶✳✸✸ ❦P❛

✭✸✲❞❛②✮ ✈❡rs✉s ✷✳✶✺ ± ✶✳✷✵ ❦P❛ ✭✶✹✲❞❛②❀ ♣ ❂ ✵✳✶✷✮✳

❚❤❡ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ ❆❋▼ ❛♥❞ ❍❋❙ r❡s✉❧ts ❝❛♥ ❜❡ r❡❧❛t❡❞ t♦ ♣r♦❜❡ ❣❡♦♠❡tr②✱

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

t❤❡ s♣❤❡r♦✐❞✳

✼✳✺ ❍✐st♦❧♦❣✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s

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

t✐♦♥ ♦♥ t❤❡ s♣❤❡r♦✐❞s✬ ❡①tr❛❝❡❧❧✉❧❛r ♠❛tr✐① ✭❊❈▼✮✳ ❚❤r❡❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ st❛✐♥✲

✐♥❣ ✇❡r❡ ♣❡r❢♦r♠❡❞✿ ✭✶✮ ❤❡♠❛t♦①②❧✐♥ ❛♥❞ ❡♦s✐♥ ✭❍&❊✮✱ ✭✷✮ ▼❛ss♦♥✬s ❚r✐❝❤r♦♠❡

✭▼❚✮✱ ❛♥❞ ✭✸✮ ❙✐r✐✉s ❘❡❞ ✭❙❘✮✳ ❍&❊ st❛✐♥s t❤❡ ❝❡❧❧ ♥✉❝❧❡✐ ✐♥ ♣✉r♣❧❡✲❜❧✉❡ ❛♥❞ t❤❡

❝②t♦♣❧❛s♠ ✐♥ ♣✐♥❦✳ ▼❚ st❛✐♥✐♥❣ ❛❧❧♦✇s t❤❡ ✈✐s✉❛❧✐③❛t✐♦♥ ♦❢ t❤❡ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡

✭✐♥ ❜❧✉❡✮✱ ✇❤✐❧❡ ❝♦❧❧❛❣❡♥ ❝❛♥ ❜❡ ❧♦❝❛❧✐③❡❞ ❜② ❛♣♣❧②✐♥❣ ❙❘ ✭✐♥ r❡❞✮✳ ❚❤❡ ✐♠❛❣❡s

❢r♦♠ t❤❡ ❤✐st♦❧♦❣✐❝❛❧ st❛✐♥✐♥❣ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡s ✼✳✼ ✭❍❈❱✷✾ s♣❤❡r♦✐❞s✮ ✼✳✽

✭❚✷✹ s♣❤❡r♦✐❞s✮ ✼✳✾ ✭❍❚✶✸✼✻ s♣❤❡r♦✐❞s✮✳

✶✵✻



❋✐❣✉r❡ ✼✳✼✿ ❍✐st♦❧♦❣✐❝❛❧ ❛ss❡ss♠❡♥t ♦❢ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② ❍❈❱✷✾
s♣❤❡r♦✐❞s✳ ❆✮ ❈r♦ss✲s❡❝t✐♦♥s ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t
❍❈❱✷✾ ❝❡❧❧s✱ st❛✐♥❡❞ ✇✐t❤ ❤❡♠❛t♦①②❧✐♥ ❛♥❞ ❡♦s✐♥ ✭❍&❊✮✱ ▼❛ss♦♥✬s
❚r✐❝❤r♦♠❡ ✭▼❚✮✱ ❛♥❞ ❙✐r✐✉s ❘❡❞ ✭❙❘✮✳ ❇✮ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢
t❤❡ t❤r❡❡ ❧❛②❡rs ♦❢ ❛ s♣❤❡r♦✐❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t❛❜❧❡ ✇✐t❤ t❤❡ r❡❧✲
❛t✐✈❡ r❛♥❣❡ ♦❢ ♣r♦❧✐❢❡r❛t✐♦♥✱ ♣r❡s❡♥❝❡ ♦❢ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡✱ ❛♥❞ ❝♦❧❧❛❣❡♥
✜❜❡rs ❢♦r t❤❡ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳

✶✵✼



❋✐❣✉r❡ ✼✳✽✿ ❍✐st♦❧♦❣✐❝❛❧ ❛ss❡ss♠❡♥t ♦❢ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s ❚✷✹
s♣❤❡r♦✐❞s✳ ❆✮ ❈r♦ss✲s❡❝t✐♦♥s ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ tr❛♥s✐t✐♦♥❛❧
❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✱ st❛✐♥❡❞ ✇✐t❤ ❤❡♠❛t♦①②❧✐♥ ❛♥❞ ❡♦s✐♥ ✭❍&❊✮✱
▼❛ss♦♥✬s ❚r✐❝❤r♦♠❡ ✭▼❚✮✱ ❛♥❞ ❙✐r✐✉s ❘❡❞ ✭❙❘✮✳ ❇✮ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥✲
t❛t✐♦♥ ♦❢ t❤❡ t❤r❡❡ ❧❛②❡rs ♦❢ ❛ s♣❤❡r♦✐❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t❛❜❧❡ ✇✐t❤
t❤❡ r❡❧❛t✐✈❡ r❛♥❣❡ ♦❢ ♣r♦❧✐❢❡r❛t✐♦♥✱ ♣r❡s❡♥❝❡ ♦❢ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡✱ ❛♥❞ ❝♦❧✲
❧❛❣❡♥ ✜❜❡rs ❢♦r t❤❡ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳

✶✵✽



❋✐❣✉r❡ ✼✳✾✿ ❍✐st♦❧♦❣✐❝❛❧ ❛ss❡ss♠❡♥t ♦❢ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s ❍❚✶✸✼✻
s♣❤❡r♦✐❞s✳ ❆✮ ❈r♦ss✲s❡❝t✐♦♥s ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ❝❛r❝✐♥♦♠❛
❍❚✶✸✼✻ ❝❡❧❧s✱ st❛✐♥❡❞ ✇✐t❤ ❤❡♠❛t♦①②❧✐♥ ❛♥❞ ❡♦s✐♥ ✭❍&❊✮✱ ▼❛ss♦♥✬s
❚r✐❝❤r♦♠❡ ✭▼❚✮✱ ❛♥❞ ❙✐r✐✉s ❘❡❞ ✭❙❘✮✳ ❇✮ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢
t❤❡ t❤r❡❡ ❧❛②❡rs ♦❢ ❛ s♣❤❡r♦✐❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t❛❜❧❡ ✇✐t❤ t❤❡ r❡❧✲
❛t✐✈❡ r❛♥❣❡ ♦❢ ♣r♦❧✐❢❡r❛t✐♦♥✱ ♣r❡s❡♥❝❡ ♦❢ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡✱ ❛♥❞ ❝♦❧❧❛❣❡♥
✜❜❡rs ❢♦r t❤❡ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳

✶✵✾



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

❛r❡✿

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

❛❧②③❡❞ s❛♠♣❧❡s✳ ❆♥ ♦✉t❡r ❧❛②❡r ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❤✐❣❤❧② ♣r♦❧✐❢❡r❛t✐♥❣ ❝❡❧❧s

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

❧❛②❡r ✇✐t❤ ❧❡ss ❞❡♥s❡ ♥✉❝❧❡✐ ♠❛② ✐♥❞✐❝❛t❡ ❛ q✉✐❡s❝❡♥t ❛r❡❛ ❝❤❛r❛❝t❡r✐③❡❞ ❜②

❛ ❧❡ss ♣r♦❧✐❢❡r❛t✐♥❣ r❛t❡✳ ❚❤❡ ❝♦r❡ ♦❢ t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s st✐❧❧ ❡①❤✐❜✐ts ♣r♦✲

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

❼ ■♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s✱ t❤❡ ♥✉♠❜❡r ♦❢ ❝❡❧❧ ♥✉❝❧❡✐

❛❢t❡r ✸ ❞❛②s ♦❢ ❝✉❧t✉r❡ ✐s ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❣r♦✇t❤✱ ✇❤✐❝❤

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

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

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

♣❧❛t❡❛✉✮✳ ❯♥❧✐❦❡ t❤❡s❡ t✇♦✱ t❤❡ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s s❤♦✇ ❛ ❤✐❣❤❡r ❞❡♥s✐t②

♦❢ ❝❡❧❧ ♥✉❝❧❡✐ ✐♥ t❤❡ ♦✉t❡r ❧❛②❡r ♦❢ t❤❡ ✶✹✲❞❛② ❝r♦ss✲s❡❝t✐♦♥s✱ ❛ s✐❣♥ ♦❢ t❤❡✐r

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

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

❍❈❱✷✾ ❝❡❧❧s ♥♦r ✐♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❝❛♥❝❡r ❚✷✹ ❝❡❧❧s✱ ❡✈❡♥ ❛❢t❡r ✶✹

❞❛②s ♦❢ ❝✉❧t✉r❡✳ ■t ❛♣♣❡❛rs ♦♥❧② ✐♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❍❚✶✸✼✻ ❝❡❧❧s

❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❚❤❡s❡ s♣❤❡r♦✐❞s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡

♦❢ ✇❡❧❧✲❞❡✜♥❡❞ ❝✐r❝✉❧❛r str✉❝t✉r❡s ❤❡r❡ ❛♥❞ t❤❡r❡ ✐♥ t❤❡ ✐♥♥❡r ❛r❡❛ ✭✐♥❞✐❝❛t❡❞

✐♥ r❡❞ ✐♥ ✜❣✉r❡ ✼✳✾✮✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ s♦♠❡ ❢♦r♠s ♦❢ ✈❛❝✉♦❧❡s t❤❛t ✐♥✐t✐❛t❡s

t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ♥❡❝r♦t✐❝ ❛r❡❛✳

❼ ❚❤❡ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡✱ ♣❛rt✐❝✉❧❛r❧② t❤❡ ❝♦❧❧❛❣❡♥ ✜❜❡rs ✭♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡

▼❚ ❛♥❞ ❙❘ st❛✐♥✐♥❣✮✱ ❛r❡ ♣r❡s❡♥t ♠❛✐♥❧② ✐♥ ✶✹✲❞❛② s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢

♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳

❚❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s t❤❛t ✇❡r❡ ♦❜s❡r✈❡❞ ✇✐t❤ t❤❡ ❍❋❙ ♠❡❛s✉r❡✲

♠❡♥ts ❢♦r t❤❡ ✶✹✲❞❛② s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❛♥❞ t❤❡

❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s ❝❛♥ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❝♦♥♥❡❝t✐✈❡ t✐ss✉❡

✐♥ ❍❈❱✷✾ s♣❤❡r♦✐❞s ❛♥❞ t❤❡ ♥❡❝r♦t✐❝ ❝♦r❡ ✐♥ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s✱ t❤❛t s♦♠❡❤♦✇

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

❛❣✐♥❣ ♣r♦❝❡ss✳

✶✶✵



✼✳✻ ❆❝t✐♥ ♦r❣❛♥✐③❛t✐♦♥ ✐♥ ❛❣✐♥❣ s♣❤❡r♦✐❞s

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

❆❋▼ ❛♥❞ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ❢♦r ❝❡❧❧s

❢♦r♠✐♥❣ t❤❡ s♣❤❡r♦✐❞s ✇❛s ✈✐s✉❛❧✐③❡❞ ❜② ❛ ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣❡✳ ❋✲❛❝t✐♥ ✭❛ ♣♦❧②✲

♠❡r✐③❡❞ ❢♦r♠ ♦❢ ❛❝t✐♥✮ ✇❛s st❛✐♥❡❞ ✇✐t❤ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r

✹✽✽ ✭✜❣✉r❡ ✼✳✶✵✮✳

❋✐❣✉r❡ ✼✳✶✵✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s
r❡❝♦r❞❡❞ ❢♦r s♣❤❡r♦✐❞s ❝✉❧t✉r❡❞ ❢♦r ✸ ❛♥❞ ✶✹ ❞❛②s✳ ❙t❛✐♥✐♥❣✿ ❜❧✉❡
✭♥✉❝❧❡✉s✮ ✕ ❍♦❡❝❤st ✸✸✸✹✷✱ ❣r❡❡♥ ✭❋✲❛❝t✐♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤
❆❧❡①❛ ❋❧✉♦r ✹✽✽✳ ❖♥❡ s❧✐❝❡ ❢r♦♠ t❤❡ ❩✲st❛❝❦ ♦❢ ❡❛❝❤ ❝❡❧❧ ❧✐♥❡ ✐s ♣r❡s❡♥t❡❞✳
❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵ µ♠✳

❆s ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✻✱ ✇❤❡♥ ❝❡❧❧s ❛r❡ ❝✉❧t✉r❡❞ ❛s s♣❤❡r♦✐❞s✱ ❋✲❛❝t✐♥

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

✶✶✶



t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❛♥❞ ❚✷✹✱ ✇❤✐❧❡ t❤❡ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s ❛r❡

♥✐❝❡❧② ♦r❣❛♥✐③❡❞ ✐♥ ❛ s❤❡❧❧✲❧✐❦❡ ♠❛♥♥❡r✳

■♥t❡r❡st✐♥❣❧②✱ t❤❡r❡ ❛r❡ ❝❧❡❛r ❡✛❡❝ts ♦❢ ❛❣✐♥❣ ✐♥ t❤❡ ✶✹✲❞❛② ❍❈❱✷✾ s♣❤❡r♦✐❞s✿ t❤❡

❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐s ♦r❣❛♥✐③❡❞ ✐rr❡❣✉❧❛r❧② ❝♦♠♣❛r❡❞ t♦ t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s✱ ❛♥❞

t❤❡r❡ ❛r❡ ❝❡❧❧s ✇✐t❤ ❛ ❝♦♥❞❡♥s❡❞ ♥✉❝❧❡✉s ✭s♠❛❧❧❡r s✐③❡ ❛♥❞ ♠✉❝❤ ♠♦r❡ ✐♥t❡♥s❡

❜❧✉❡ s✐❣♥❛❧✮✱ ❛ s✐❣♥ ♦❢ ❛♣♦♣t♦t✐❝ ❝❡❧❧s✳ ❆❣❛✐♥✱ t❤✐s ✐s ❝♦♥s✐st❡♥❝❡ ✇✐t❤ t❤❡ ❢❛❝t

t❤❛t ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✱ t❤❡ ❞✐❛♠❡t❡r ♦❢ ❍❈❱✷✾ r❡❞✉❝❡s✱ ♠❡❛♥✐♥❣ t❤❛t ❝❡❧❧s

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

❚✷✹ s♣❤❡r♦✐❞s✱ t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❛❝t✐♥ ♦r❣❛♥✐③❛t✐♦♥ ❜❡t✇❡❡♥

✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s✳ ❘❡❣❛r❞✐♥❣ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s✱ ✐t ✐s ✇♦rt❤

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

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

t❤❡ ♥❡❝r♦t✐❝ ❝♦r❡✬s ❡st❛❜❧✐s❤♠❡♥t✳

✼✳✼ ▼❡❝❤❛♥✐❝s ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s ✲ s✉♠♠❛r②

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

❢❡❝t ♠♦❞❡❧ s②st❡♠ ♠✐♠✐❝❦✐♥❣ ❝❛♥❝❡r ♣r♦❣r❡ss✐♦♥✳ ▲♦ts ❛r❡ ❦♥♦✇♥ ❛❜♦✉t t✉♠♦r

❣r♦✇t❤ ❢r♦♠ t❤❡ ❜✐♦❧♦❣✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇ ❬✹✶❪ ❬✹✸❪ ❬✹✻❪✱ ❜✉t t❤❡✐r ❜✐♦♣❤②s✐❝❛❧ ♣r♦♣✲

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

♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❛❣✐♥❣ ♣r♦❝❡ss ✐♥ s♣❤❡r♦✐❞s✳ ❙♣❤❡r♦✐❞s ❝♦❧❧❡❝t❡❞

❛t ✸ ❛♥❞ ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡ ✇❡r❡ ✉s❡❞ ❛s ❛ ♠♦❞❡❧ t♦ ♠✐♠✐❝ t❤❡ ❡❛r❧② ✭✸✲❞❛②✮ ❛♥❞

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

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

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

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

❝❡❧❧s ✇❛s ♠♦♥✐t♦r❡❞ ♦✈❡r ✶✺ ❞❛②s✳ ❖♥❧② t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❛♥❞

❚✷✹ ❝❡❧❧s ♣r❡s❡♥t❡❞ ❛ ❣r♦✇t❤ ♣❛tt❡r♥ ❧✐❦❡ t❤❛t ❢♦r s♦❧✐❞ t✉♠♦rs✱ ✇✐t❤ ❛ ❢❛st ✐♥✐✲

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

✐♥❝r❡❛s❡❞ ❧✐♥❡❛r❧② ✇✐t❤ t✐♠❡✱ ✇❤✐❧❡ ❛t t❤❡ ❧❛tt❡r✱ t❤❡ ❞✐❛♠❡t❡r r❡♠❛✐♥❡❞ ❝♦♥st❛♥t✳

❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ♠♦♥♦t♦♥♦✉s❧② ✐♥❝r❡❛s❡❞ ❞✐❛♠❡t❡r ✇✐t❤ ❝✉❧t✉r❡

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

t❤❡s❡ ❝❡❧❧ ❧✐♥❡s✿ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ❡①♣r❡ss❡❞ ◆✲❝❛❞❤❡r✐♥✱ ✇❤✐❧❡ ❍❚✶✸✼✻ ❝❡❧❧s

❡①♣r❡ss❡❞ ♦♥❧② ❊✲❝❛❞❤❡r✐♥✳

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

✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❛t ❞✐✛❡r❡♥t s❝❛❧❡s✱ ✐✳❡✳✱ ❧♦❝❛❧❧② ♣r♦❜❡❞ ✇✐t❤ t❤❡ ❆❋▼ ❛♥❞ ❣❧♦❜✲

❛❧❧② ❜② ❡♠♣❧♦②✐♥❣ ❍❋❙✳ ❚❤❡ ❆❋▼ r❡s✉❧ts s❤♦✇ t❤❡ ✐♥❝r❡❛s❡❞ r✐❣✐❞✐t② ♦❢ s♣❤❡r♦✐❞s

✶✶✷



❝♦❧❧❡❝t❡❞ ❛t ✶✹✲❞❛②✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ t②♣❡ ♦❢ ❝❡❧❧s ✉s❡❞ t♦ ❢♦r♠ t❤❡♠✳ ❍♦✇✲

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

❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ ✇❡r❡ s♦❢t❡r ❛♥❞ ♠♦r❡ ❞❡❢♦r♠❛❜❧❡ t❤❛♥ t❤♦s❡ ❢♦r♠❡❞ ❢r♦♠

♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ♠✐❝r♦r❤❡♦❧♦❣✐✲

❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❜② ❆❋▼ ❝♦♥✜r♠❡❞ t❤❡ ♠♦r❡ ✢✉✐❞✐❝✲❧✐❦❡ ❜❡❤❛✈✐♦r ♦❢ ❝❛♥❝❡r

s♣❤❡r♦✐❞s ✇✐t❤ r❡s♣❡❝t t♦ t❤♦s❡ ❝♦♠♣♦s❡❞ ♦❢ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ■t ✇❛s

❛❧s♦ ❝♦♥✜r♠❡❞ t❤❛t s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❍❚✶✸✼✻ ❝❡❧❧s ❛r❡ t❤❡ ♠♦st ✈✐s❝♦✉s

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

t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②✱ ❜♦t❤ ❢♦r s♣❤❡r♦✐❞s ❝♦❧❧❡❝t❡❞ ❛t ❞❛② ✸ ❛♥❞ ✶✹✳

❚❤❡ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts s❤♦✇❡❞ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❢♦r s♣❤❡r♦✐❞s

❝♦♠♣♦s❡❞ ♦❢ ❍❈❱✷✾ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ❝✉❧t✉r❡❞ ❢♦r ✶✹ ❞❛②s ❛♥❞ ♥♦ s✐❣♥✐✜❝❛♥t

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ✸✲❞❛② ❛♥❞ ✶✹✲❞❛② ❚✷✹ s♣❤❡r♦✐❞s✳ ❚❤✐s r❡s✉❧t ✐s ♦♣♣♦s✐t❡ t♦

t❤❡ ❆❋▼ ♦♥❡✳ ◆♦t✇✐t❤st❛♥❞✐♥❣✱ ❛❧s♦✱ ✐♥ t❤✐s ❝❛s❡✱ t❤❡ ❝❛♥❝❡r♦✉s ❝❡❧❧ ❧✐♥❡s ✇❡r❡

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

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

t❤❡✐r ✐♥♥❡r str✉❝t✉r❡ ✇❛s ❛ss❡ss❡❞ ✉s✐♥❣ ❤✐st♦❧♦❣✐❝❛❧ st❛✐♥✐♥❣✳ ■t ✇❛s s❡❡♥ t❤❛t t❤❡

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s ♣r♦❞✉❝❡❞ ❊❈▼ ❛♥❞ ♣r❡s❡♥t❡❞ ❝♦❧❧❛❣❡♥ ✜❜❡rs

❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❚❤❡ ❍❚✶✸✼✻ ✶✹✲❞❛② s♣❤❡r♦✐❞s ✇❡r❡ t❤❡ ♦♥❧② ♦♥❡s ❝❤❛r✲

❛❝t❡r✐③❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ♥❡❝r♦t✐❝ ❝♦r❡✳ ❚❤❡s❡ ❢❡❛t✉r❡s ❝♦✉❧❞ ❡①♣❧❛✐♥ t❤❡

s♦❢t❡♥✐♥❣ ♦❢ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡s❡ t✇♦ ❝❡❧❧ ❧✐♥❡s ♦❜s❡r✈❡❞ ❜② ❍❋❙✳ ❚❤✐s

s✉❣❣❡sts t❤❛t t❤❡ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s ♠❛② ♣❧❛② ❛ ❦❡② r♦❧❡ ✐♥ ❞❡✲

t❡r♠✐♥✐♥❣ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♣❤❡r♦✐❞s✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❛s ❢♦r t❤❡

♠❡❝❤❛♥✐❝❛❧ r❡s✉❧ts ❢r♦♠ ❍❋❙✱ ❛❧s♦ ❢r♦♠ t❤❡ ❤✐st♦❧♦❣✐❝❛❧ ✐♠❛❣❡s ♦❢ ❚✷✹ s♣❤❡r♦✐❞s✱

♥♦ r❡❧❡✈❛♥t ❞✐✛❡r❡♥❝❡s ✇❡r❡ ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s s♣❤❡r♦✐❞s✳

✶✶✸



Chapter 8

❊✛❡❝ts ♦❢ ❞♦❝❡t❛①❡❧ ♦♥ ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s

✽✳✶ ❖❜❥❡❝t✐✈❡s

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

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

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

tr❡❛t❡❞ ✇✐t❤ ❞♦❝❡t❛①❡❧ ✭❉❚❳✮✱ ❛♥ ❛♥t✐❝❛♥❝❡r ❞r✉❣ t❤❛t ✐s ✈❡r② ✇❡❧❧ ✉s❡❞ t♦ tr❡❛t

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

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

♦♥ t❤❡ s♣❤❡r♦✐❞s✳ ❋♦r t❤✐s ❛✐♠✱ ❍❋❙ ✇❛s ✉s❡❞✳ ❋✐❣✉r❡ ✽✳✶ s❤♦✇s t❤❡ s❝❤❡♠❛t✐❝

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

❋✐❣✉r❡ ✽✳✶✿ ❚✐♠❡❧✐♥❡ ♦❢ t❤❡ ❉❚❳ tr❡❛t♠❡♥t✳ ❚❤❡ s♣❤❡r♦✐❞s ❝✉❧t✉r❡❞
❢♦r ✸ ❞❛②s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❉❚❳ ❛t t❤❡ ❞❡s✐r❡❞ ❝♦♥❝❡♥tr❛t✐♦♥✱ ❛♥❞ t❤❡♥
❛❢t❡r ✷✹ ❤♦✉rs ❛♥❞ ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t✱ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❞r✉❣ ✇❡r❡
t❡st❡❞ ✇✐t❤ ❧✐✈❡✴❞❡❛❞ st❛✐♥✐♥❣✱ ✇❤✐❧❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✇❡r❡ ❞❡✲
t❡r♠✐♥❡❞ ✉s✐♥❣ ❍❋❙✳

✶✶✹



✽✳✷ ▼✐❝r♦t✉❜✉❧❡ ❞✐str✐❜✉t✐♦♥ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

■♥ t❤✐s st✉❞②✱ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞♦❝❡t❛①❡❧✱ ❛♥ ❛♥t✐✲

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

♦r❣❛♥✐③❛t✐♦♥ ❛♥❞ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐♥s✐❞❡ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱

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

❡①❡♠♣❧❛r② ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✽✳✷✳

❋✐❣✉r❡ ✽✳✷✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❝②t♦s❦❡❧❡t❛❧ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥
❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✭✷❉ ✈❡rs✉s ✸❉✮✳ ❙t❛✐♥✐♥❣✿ ❝❡❧❧ ♥✉❝❧❡✉s ✭❜❧✉❡✮ ✕
❍♦❡❝❤st ✸✸✸✹✷✱ ❋✲❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r
✹✽✽✱ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ✭r❡❞✮ ✕ ❛♥t✐✲β✲❚✉❜✉❧✐♥✲❈②✸✳ ❖♥ t❤❡ ❧❡❢t✱ t❤❡ ❝❡❧❧s
❝✉❧t✉r❡❞ ✐♥ t❤❡ ✷❉✱ ❛♥❞ ♦♥ t❤❡ r✐❣❤t✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✸❉ s♣❤❡r♦✐❞s ❛r❡
r❡♣r❡s❡♥t❡❞✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵ µ♠✳

✶✶✺



❚❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❛❜♦✈❡ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ❢r♦♠

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

❚❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s ♣r❡s❡♥t ✇❡❧❧✲

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

q✉❛♥t✐t✐❡s ✐♥ ❍❈❱✷✾ ❝❡❧❧s✳ ❈❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s ❞✐s♣❧❛② ❛ ♠✉❝❤ ❧♦✇❡r ❛♠♦✉♥t

♦❢ ❛❝t✐♥ ❛♥❞ ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ ❛♥② t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s✳ ❲❤❡♥ ♠♦✈✐♥❣ t♦ t❤❡ ✸❉ str✉❝✲

t✉r❡s✱ ❋✲❛❝t✐♥ ✐s ♠❛✐♥❧② ❞✐str✐❜✉t❡❞ ❛r♦✉♥❞ t❤❡ ❝❡❧❧s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐t ✐s ♦r❣❛♥✐③❡❞

✐♥ ❛ s❤❡❧❧✲❧✐❦❡ s❤❛♣❡ t♦ t❤❡ ❝❡❧❧s ❢♦r♠✐♥❣ t❤❡ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s✳ ▼❡❛♥✇❤✐❧❡✱ ✐♥

❍❈❱✷✾ s♣❤❡r♦✐❞s✱ s♦♠❡ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ❛r❡ st✐❧❧ s♣❛♥♥✐♥❣ ♦✈❡r t❤❡ ❝❡❧❧s✳ ❚❤❡

♠✐❝r♦t✉❜✉❧❡s ❛r❡ ❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ✐♥ t❤❡ t❤r❡❡ ❝❡❧❧ ❧✐♥❡s✱ ❝✉❧t✉r❡❞ ❜♦t❤ ❛s ✷❉

❛♥❞ ✸❉✳ ❚❤✉s✱ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ ♠✐❝r♦t✉❜✉❧❡s ✐♥ t❤❡ ✉♥tr❡❛t❡❞ ❝❡❧❧s ✐s ♥✐❝❡❧②

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

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

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

✇❤❡♥ ♠♦✈✐♥❣ ❢r♦♠ t❤❡ ♦✉ts✐❞❡ t♦ t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s ❬✶✺✾❪✳

■♥t❡r❡st✐♥❣❧②✱ ❢r♦♠ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♦❜s❡r✈❡ t❤❡ ♦♥❣♦✐♥❣ ♠✐t♦✲

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

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

❍❚✶✸✼✻ s♣❤❡r♦✐❞s ✭✜❣✉r❡ ✽✳✸✮✳

❋✐❣✉r❡ ✽✳✸✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡ ♦❢ ❍❚✶✸✼✻ s♣❤❡r♦✐❞✱ s❤♦✇✐♥❣ ♦♥❣♦✐♥❣
♠✐t♦s✐s✳ ❚❤❡ ❝②t♦s❦❡❧❡t❛❧ str✉❝t✉r❡ ♦❢ t❤❡ s♣❤❡r♦✐❞ ✐s s❤♦✇♥✳ ❙t❛✐♥✐♥❣✿
❝❡❧❧ ♥✉❝❧❡✉s ✭❜❧✉❡✮ ✕ ❍♦❡❝❤st ✸✸✸✹✷✱ ❋✲❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉✲
❣❛t❡❞ ✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽✱ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ✭r❡❞✮ ✕ ❛♥t✐✲β✲t✉❜✉❧✐♥✲❈②✸✳
❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵ µ♠✳

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

♥✉❝❧❡✉s ✭❜❧✉❡✮ ❛♥❞ t❤❡ ♠✐❝r♦t✉❜✉❧❡ ✜❧❛♠❡♥ts ❧♦❝❛t❡❞ ❛t ❡❛❝❤ ♣♦❧❡ ♦❢ t❤❡ ❝❡❧❧ ✭r❡❞✮✳

✽✳✸ ❊✛❡❝ts ♦❢ ❉❚❳ tr❡❛t♠❡♥t ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r

s♣❤❡r♦✐❞s

❯♥t✐❧ ♥♦✇✱ t❤❡r❡ ❤❛✈❡ ❜❡❡♥ ✈❡r② ❢❡✇ st✉❞✐❡s ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ❉❚❳ ♦♥ ❜❧❛❞❞❡r

❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ✉s❡❞ ✐♥ t❤❡ ❝✉rr❡♥t st✉❞②✱ ❛♥❞ t❤❡② ✇❡r❡ ❛❧❧ ❝♦♥❞✉❝t❡❞ ♦♥ ❝❡❧❧

♠♦♥♦❧❛②❡rs ❬✶✻✵❪ ❬✶✻✶❪✳ ❋r♦♠ t❤♦s❡ st✉❞✐❡s✱ ✐t ✐s ❦♥♦✇♥ t❤❛t t❤❡ ❊❈✺✵ ♦❢ ❉❚❳

✭❝♦♥❝❡♥tr❛t✐♦♥ r❡q✉✐r❡❞ t♦ ♦❜t❛✐♥ t❤❡ ✺✵ ✪ ❡✛❡❝t ♦❢ ❛ ❞r✉❣✮ ❢♦r ❍❚✶✸✼✻ ❝❡❧❧s ✐s

✹✳✷ ♥▼ ❛♥❞ ✸✳✽ ♥▼ ❢♦r t❤❡ ❚✷✹ ❝❡❧❧s✳ ❚❤❡r❡ ❛r❡ ♥♦ ❞❛t❛ t♦ r❡❢❡r t♦ t❤❡ ❍❈❱✷✾

❝❡❧❧ ❧✐♥❡✳ ❚❤❡r❡❢♦r❡✱ s♦♠❡ ♣r❡❧✐♠✐♥❛r② ❡①♣❡r✐♠❡♥ts ♥❡❡❞❡❞ t♦ ❜❡ ❞♦♥❡ t♦ ❛ss❡ss

t❤❡ t♦①✐❝✐t② ❧❡✈❡❧ ♦❢ t❤❡ ❞r✉❣ ♦♥ t❤❡ t❤r❡❡ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s✳ ❚❤❡ ▼❚❙ t❡st

♣❡r❢♦r♠❡❞ ♦♥ s♣❤❡r♦✐❞s ❞✐❞ ♥♦t ❣✐✈❡ s✉❝❝❡ss❢✉❧ r❡s✉❧ts✳ ■♥ t❤❡ ✜rst ❛tt❡♠♣t✱ t❤❡

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

❛♥❞ ♠♦st ♦❢ t❤❡ t✐♠❡✱ ✐t ✇❛s ✐♠♣♦ss✐❜❧❡ t♦ ❣❡t ❛♥② s✐❣♥❛❧ ❛t ❛❧❧✳ ❆❢t❡r✇❛r❞s✱ ✶✵

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

❤✐❣❤❡r s✐❣♥❛❧ ✐♥t❡♥s✐t②✳ ❉❡s♣✐t❡ t❤✐s✱ ✐t ✇❛s ♥♦t ❛❧✇❛②s ♣♦ss✐❜❧❡ t♦ ✜t t❤❡ ❞❛t❛

t♦ ❛ s✐❣♠♦✐❞❛❧ ❢✉♥❝t✐♦♥ ❛♥❞ ♦❜t❛✐♥ t❤❡ ❊❈✺✵ ✭❛♣♣✲❝❤❛♣t❡r✽✮✳ ❋♦r t❤✐s r❡❛s♦♥✱ ✐♥

♣❛r❛❧❧❡❧✱ t❤❡ ❡✛❡❝ts ♦❢ ❉❚❳ ♦♥ s♣❤❡r♦✐❞s ✇❡r❡ ❛♥❛❧②③❡❞ ❜② ♦❜s❡r✈✐♥❣ t❤❡ ❧✐❣❤t

❛♥❞ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s ❛❝q✉✐r❡❞ ❛❢t❡r ❡❛❝❤ t✐♠❡ ♣♦✐♥t ✭✷✹ ❛♥❞ ✼✷ ❤♦✉rs✮ ❛t t❤❡

✈❛r✐♦✉s ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ t❤❡ ❞r✉❣ ✭✜❣✉r❡s ✽✳✹ ✲ ✽✳✻✮✳

❚❤❡ ❡❛s✐❡st ✇❛② t♦ ♦❜s❡r✈❡ t❤❡ ❡✛❡❝ts ♦❢ ❉❚❳ ♦♥ s♣❤❡r♦✐❞s ✐s ❜② ❝❤❡❝❦✐♥❣ t❤❡✐r s✐③❡

❛❢t❡r ❡✈❡r② ❞♦s❡ ♦❢ tr❡❛t♠❡♥t✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ t❤r❡❡ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s✱

❜② ✉s✐♥❣ ❧♦✇ ❝♦♥❝❡♥tr❛t✐♦♥s ❝❧♦s❡ t♦ ❊❈✺✵ ♦❜t❛✐♥❡❞ ✐♥ ❝❡❧❧ ♠♦♥♦❧❛②❡rs✱ ✐t ✇❛s

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

❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳ ✇❡r❡ ✉s❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ tr❡❛t♠❡♥t ✇❛s ♠♦♥✐t♦r❡❞ ✐♠♠❡✲

❞✐❛t❡❧② ❛❢t❡r t❤❡ tr❡❛t♠❡♥t ✭✷✹ ❤♦✉rs✮ ❛♥❞ ❛❢t❡r ✼✷ ❤♦✉rs t♦ ♦❜s❡r✈❡ t❤❡ s♣❤❡r♦✐❞

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

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

❝❡❧❧s ✭r❡❞ s✐❣♥❛❧ ❢r♦♠ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s✮✳

■♥ ✜❣✉r❡ ✽✳✹✱ t❤❡ r❡s✉❧ts ❢r♦♠ ❍❈❱✷✾ s♣❤❡r♦✐❞s ❛r❡ s❤♦✇♥✳

✶✶✼



❋✐❣✉r❡ ✽✳✹✿ ❆♥❛❧②s✐s ♦❢ ❧✐✈❡✴❞❡❛❞ ❝❡❧❧s ❢r♦♠ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜②
♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t
❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✱ ❛ ♠✐❝r♦t✉❜✉❧❡✲st❛❜✐❧✐③✐♥❣ ❛♥t✐❝❛♥❝❡r ❞r✉❣✳ ❆❢t❡r
✷✹ ❛♥❞ ✼✷ ❤♦✉rs ❢r♦♠ t❤❡ tr❡❛t♠❡♥t✱ ❝❡❧❧s ✇❡r❡ st❛✐♥❡❞ ✇✐t❤ ❛ s♦❧✉t✐♦♥
❝♦♥t❛✐♥✐♥❣ ❝❛❧❝❡✐♥ ✭❧✐✈❡ ❝❡❧❧s ✕ ❣r❡❡♥✮ ❛♥❞ ♣r♦♣✐❞✐✉♠ ✐♦❞✐❞❡ ✭❞❡❛❞ ❝❡❧❧s ✲
r❡❞✮✳ ■♠❛❣❡s ✇❡r❡ t❛❦❡♥ ✉s✐♥❣ ❧✐❣❤t ❛♥❞ ✢✉♦r❡s❝❡♥❝❡ ♠✐❝r♦s❝♦♣❡s✳ ❚r❡❛t✲
♠❡♥t ✇✐t❤ ❉❚❳ ❝❛✉s❡❞ ❛♥ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ❞❡❛❞ ❝❡❧❧s ✭r❡❞✮ ❛t ❤✐❣❤
❞r✉❣ ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵✵ µ♠✱ ❛♥❞ t❤❡ s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r
✐s ✐♥❞✐❝❛t❡❞ ❛❢t❡r ❡❛❝❤ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳

❋♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✱ ✉♣ t♦ ❢♦r ❝♦♥❝❡♥tr❛t✐♦♥s

♦❢ ✷✺✵ ♥▼ ❉❚❳✱ t❤❡r❡ ✇❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ✐♥ t❤❡ s✐③❡ ❛❢t❡r ♥❡✐t❤❡r ✷✹

❤♦✉rs ♥♦r ✼✷ ❤♦✉rs✳ ❆ ❝❧❡❛r s✐❣♥ ♦❢ ❞✐sr✉♣t✐♦♥ ❛♣♣❡❛rs ❛t ✶ µ▼ ❉❚❳✳ ❚❤✉s✱ t❤❡

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ r❡q✉✐r❡❞ ❛ ❤✐❣❤ ❞♦s❛❣❡ t♦ s❤♦✇ s♦♠❡ ❡✛❡❝ts ✈✐s✉❛❧❧②✳

■♥ ✜❣✉r❡ ✽✳✺✱ t❤❡ r❡s✉❧ts ❢♦r t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❚✷✹ ❝❡❧❧s ❛r❡ s❤♦✇♥✳

✶✶✽



❋✐❣✉r❡ ✽✳✺✿ ❆♥❛❧②s✐s ♦❢ ❧✐✈❡✴❞❡❛❞ ❝❡❧❧s ❢r♦♠ s♣❤❡r♦✐❞s ❢♦r♠❡❞
❜② tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞
✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✱ ❛ ♠✐❝r♦t✉❜✉❧❡✲st❛❜✐❧✐③✐♥❣ ❛♥t✐✲
❝❛♥❝❡r ❞r✉❣✳ ❆❢t❡r ✷✹ ❛♥❞ ✼✷ ❤♦✉rs ❢r♦♠ t❤❡ tr❡❛t♠❡♥t✱ ❝❡❧❧s ✇❡r❡ st❛✐♥❡❞
✇✐t❤ ❛ s♦❧✉t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❝❛❧❝❡✐♥ ✭❧✐✈❡ ❝❡❧❧s ✕ ❣r❡❡♥✮ ❛♥❞ ♣r♦♣✐❞✐✉♠ ✐♦✲
❞✐❞❡ ✭❞❡❛❞ ❝❡❧❧s ✲ r❡❞✮✳ ■♠❛❣❡s ✇❡r❡ t❛❦❡♥ ✉s✐♥❣ ❧✐❣❤t ❛♥❞ ✢✉♦r❡s❝❡♥❝❡
♠✐❝r♦s❝♦♣❡s✳ ❚r❡❛t♠❡♥t ✇✐t❤ ❉❚❳ ❝❛✉s❡❞ ❛♥ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ❞❡❛❞
❝❡❧❧s ✭r❡❞✮ ❛t ❤✐❣❤ ❞r✉❣ ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵✵ µ♠✱ ❛♥❞ t❤❡
s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r ✐s ✐♥❞✐❝❛t❡❞ ❛❢t❡r ❡❛❝❤ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳

❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s ❤❛❞ ❛ ❝♦♥✲

t✐♥✉♦✉s ❞❡❝r❡❛s❡ ✐♥ ❞✐❛♠❡t❡r st❛rt✐♥❣ ❢r♦♠ tr❡❛t♠❡♥t ✇✐t❤ ✷✵ ♥▼ ❉❚❳✳ ❆❢t❡r

❝♦♥t✐♥✉♦✉s ❡①♣♦s✉r❡ t♦ t❤❡ ❞r✉❣✱ ✉♥❧✐❦❡ t❤❡ ♦t❤❡r t✇♦ t②♣❡s ♦❢ s♣❤❡r♦✐❞s✱ ❚✷✹

s♣❤❡r♦✐❞s ❞✐❞ ♥♦t ♠❛✐♥t❛✐♥ t❤❡✐r s✐③❡✱ ❛♥❞ t❤❡✐r ❞✐❛♠❡t❡r ❦❡♣t ❞❡❝r❡❛s✐♥❣ ✇✐t❤ t❤❡

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

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

❋✐❣✉r❡ ✽✳✻ ✐❧❧✉str❛t❡s t❤❡ ❡✛❡❝ts ♦❢ ❉❚❳ ♦♥ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s✳

✶✶✾



❋✐❣✉r❡ ✽✳✻✿ ❆♥❛❧②s✐s ♦❢ ❧✐✈❡✴❞❡❛❞ ❝❡❧❧s ❢r♦♠ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜②
❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥✲
❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✱ ❛ ♠✐❝r♦t✉❜✉❧❡✲st❛❜✐❧✐③✐♥❣ ❛♥t✐❝❛♥❝❡r ❞r✉❣✳ ❆❢t❡r ✷✹
❛♥❞ ✼✷ ❤♦✉rs ❢r♦♠ t❤❡ tr❡❛t♠❡♥t✱ ❝❡❧❧s ✇❡r❡ st❛✐♥❡❞ ✇✐t❤ ❛ s♦❧✉t✐♦♥ ❝♦♥✲
t❛✐♥✐♥❣ ❝❛❧❝❡✐♥ ✭❧✐✈❡ ❝❡❧❧s ✕ ❣r❡❡♥✮ ❛♥❞ ♣r♦♣✐❞✐✉♠ ✐♦❞✐❞❡ ✭❞❡❛❞ ❝❡❧❧s ✲ r❡❞✮✳
■♠❛❣❡s ✇❡r❡ t❛❦❡♥ ✉s✐♥❣ ❧✐❣❤t ❛♥❞ ✢✉♦r❡s❝❡♥❝❡ ♠✐❝r♦s❝♦♣❡s✳ ❚r❡❛t♠❡♥t
✇✐t❤ ❉❚❳ ❝❛✉s❡❞ ❛♥ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ❞❡❛❞ ❝❡❧❧s ✭r❡❞✮ ❛t ❤✐❣❤ ❞r✉❣
❝♦♥❝❡♥tr❛t✐♦♥s✳ ❚❤❡ s❝❛❧❡ ❜❛r ✐s ✶✵✵ µ♠✱ ❛♥❞ t❤❡ s♣❤❡r♦✐❞ ❞✐❛♠❡t❡r ✐s
✐♥❞✐❝❛t❡❞ ❛❢t❡r ❡❛❝❤ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳

❙✐♠✐❧❛r t♦ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ t❤♦s❡ ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❞✐❞ ♥♦t ❤❛✈❡ s✐❣♥✐✜❝❛♥t

❡✛❡❝ts ❛t ❧♦✇ ❞♦s❛❣❡✱ ❜✉t t❤❡✐r str✉❝t✉r❡ ❝❤❛♥❣❡❞ ❛t ❛ s♠❛❧❧❡r ❝♦♥❝❡♥tr❛t✐♦♥

❝♦♠♣❛r❡❞ t♦ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ ✷✺✵ ♥▼✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡s❡ s♣❤❡r♦✐❞s ❛❧s♦

❞✐❞ ♥♦t ❝❤❛♥❣❡ t❤❡✐r s✐③❡ ❛❢t❡r ❧♦♥❣ ❡①♣♦s✉r❡ t♦ ❧♦✇ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳

✶✷✵



✽✳✹ ❱✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❉❚❳✲tr❡❛t❡❞ s♣❤❡r♦✐❞s

❜② ❍❋❙

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

t❤❡ t❤r❡❡ s♣❤❡r♦✐❞s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ✈✐s✐❜❧❡ ❡✛❡❝ts ♦❢ ❉❚❳ ♦♥ t❤❡✐r str✉❝t✉r❡ ❛t

❞✐✛❡r❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❇❛s❡❞ ♦♥ t❤✐s ✐♥❢♦r♠❛t✐♦♥✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳

✉s❡❞ ❢♦r t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❜② ❍❋❙ ✇❡r❡ ❝❤♦s❡♥ ❞✐✛❡r❡♥t❧② ❢♦r ❡❛❝❤

❝❡❧❧ ❧✐♥❡✳ ❋♦r ✐♥st❛♥❝❡✱ ✐♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾✱ t❤❡r❡ ✇❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t

❡✛❡❝ts ❢♦r ❝♦♥❝❡♥tr❛t✐♦♥s ❧♦✇❡r t❤❛♥ ✶ µ▼✳ ❚❤✉s✱ ❢♦r t❤❡s❡ ❝❡❧❧ ❧✐♥❡s✱ t❤❡ ♠❡❛s✉r❡✲

♠❡♥ts ✇❡r❡ ❞♦♥❡ ❢r♦♠ ✺ ♥▼ t♦ ✶ µ▼ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❉✐✛❡r❡♥t❧②✱ ❢♦r t❤❡ s♣❤❡r♦✐❞s

❢♦r♠❡❞ ❜② ❚✷✹ ❝❡❧❧s✱ t❤❡ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ❢r♦♠ ✺ ♥▼ t♦ ✷✺✵ ♥▼✳

▼♦r❡♦✈❡r✱ ❢♦r ❍❚✶✸✼✻✱ ✶♥▼ t♦ ✺✵✵ ♥▼ ❞♦s❛❣❡s ✇❡r❡ ✉s❡❞✳

❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❜② ❍❋❙ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✭❞❡t❛✐❧s ✐♥

❝❤❛♣t❡r ✷✮✱ ❛♥❞ t✇♦ ♣❛r❛♠❡t❡rs ✇❡r❡ ❝❤♦s❡♥ t♦ ❞❡s❝r✐❜❡ t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡r✲

t✐❡s ♦❢ t❤❡ tr❡❛t❡❞ ❛♥❞ ♥♦t✲tr❡❛t❡❞ s♣❤❡r♦✐❞s✿ ✢✉✐❞✐t② ✐♥❞❡①✱ α✱ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥❛❧

❝♦♠♣❧✐❛♥❝❡✱ ❆✳ ❚❤❡ t✇♦ ♣❛r❛♠❡t❡rs ❛r❡ ✐♥t❡r❞❡♣❡♥❞❡♥t✳ ❲❤❡♥ α ❡q✉❛❧s ✵✱ t❤❡

♠❛t❡r✐❛❧ ✐s ♣✉r❡❧② ❡❧❛st✐❝✱ ✇❤✐❧❡ ✇❤❡♥ α ❡q✉❛❧s ✶✱ t❤❡ ♠❛t❡r✐❛❧ ✐s ♣✉r❡❧② ✈✐s❝♦✉s✳

❚❤❡ r❡s✉❧ts ❢♦r t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❛r❡ s❤♦✇♥

✐♥ ✜❣✉r❡ ✽✳✼

✶✷✶



❋✐❣✉r❡ ✽✳✼✿ ❱✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s
❢♦r♠❡❞ ❜② ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞
✇✐t❤ s❡✈❡r❛❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳ ✭❢r♦♠ ✺ ♥▼ t♦ ✶✵✵✵ ♥▼✮✳ ❆❢t❡r ✷✹
❛♥❞ ✼✷ ❤♦✉rs✱ t✐♠❡ ❞♦♠❛✐♥ ✈✐s❝♦❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞
✉s✐♥❣ ❍❋❙✳ ❚❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✭α✮ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✭❆✮ ❛r❡
♣❧♦tt❡❞ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❚❳ ❝♦♥❝❡♥tr❛t✐♦♥ ✭✶✲✷✮✱ ✐♥ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✱
✇❤❡r❡ ✵✳✶ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✉♥tr❡❛t❡❞ ❝❡❧❧s ✭❝tr✮✳ ❚❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✭α✮
✇❛s ♣❧♦tt❡❞ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✭❆✮ ❛❢t❡r ✷✹ ❤♦✉rs
✭✸✮ ❛♥❞ ✼✷ ❤♦✉rs ✭✹✮ ♦❢ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s t❤❡
♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✶✵ s♣❤❡r♦✐❞s ✭✷
♠❡❛s✉r❡♠❡♥ts✴s♣❤❡r♦✐❞✮✳

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

t❤❡r❡ ✐s ❛♥ ♦✈❡r❛❧❧ t❡♥❞❡♥❝② t♦ ❞❡❝r❡❛s❡ ❛❢t❡r ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t✱ ✐♥❞✐❝❛t✐♥❣

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

▲♦♦❦✐♥❣ ✐♥t♦ t❤❡ ♣❧♦ts s❤♦✇✐♥❣ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡

❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡✱ t❤❡ s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ ❉❚❳✱ ❛❢t❡r ✼✷ ❤♦✉rs✱ s❤♦✇ ❛

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

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

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

✇❡r❡ ✈❡r② s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ❧♦✇ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳

❚❤❡ ❍❋❙ r❡s✉❧ts ❢♦r t❤❡ ❝❛♥❝❡r ❚✷✹ s♣❤❡r♦✐❞s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✽✳✽

✶✷✷



❋✐❣✉r❡ ✽✳✽✿ ❱✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s
❢♦r♠❡❞ ❜② tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡
tr❡❛t❡❞ ✇✐t❤ s❡✈❡r❛❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳ ✭❢r♦♠ ✺ ♥▼ t♦ ✷✺✵ ♥▼✮✳
❆❢t❡r ✷✹ ❛♥❞ ✼✷ ❤♦✉rs✱ t✐♠❡ ❞♦♠❛✐♥ ✈✐s❝♦❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡
♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❍❋❙✳ ❚❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✭α✮ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠✲
♣❧✐❛♥❝❡ ✭❆✮ ❛r❡ ♣❧♦tt❡❞ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❚❳ ❝♦♥❝❡♥tr❛t✐♦♥ ✭✶✲✷✮✱ ✐♥
❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✱ ✇❤❡r❡ ✵✳✶ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✉♥tr❡❛t❡❞ ❝❡❧❧s ✭❝tr✮✳ ❚❤❡
✢✉✐❞✐t② ✐♥❞❡① ✭α✮ ✇❛s ♣❧♦tt❡❞ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✭❆✮
❛❢t❡r ✷✹ ❤♦✉rs ✭✸✮ ❛♥❞ ✼✷ ❤♦✉rs ✭✹✮ ♦❢ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳ ❊❛❝❤ ♣♦✐♥t
❞❡♥♦t❡s t❤❡ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✶✵
s♣❤❡r♦✐❞s ✭✷ ♠❡❛s✉r❡♠❡♥ts✴s♣❤❡r♦✐❞✮✳

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

✐♥❞❡① ❛♥❞ ❝♦♠♣❧✐❛♥❝❡✱ ♥❡✐t❤❡r ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳ ♥♦r t❤❡

t✇♦ ❛♥❛❧②③❡❞ t✐♠❡ ♣♦✐♥ts✳ ❚❤❡✐r ✈❛❧✉❡s ❛r❡ ❞✐str✐❜✉t❡❞ ✐rr❡❣✉❧❛r❧②✱ ✇❤✐❝❤ ❞♦❡s

♥♦t ❝❧❡❛r❧② ❡①♣❧❛✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❡✛❡❝ts ♦❢ ❉❚❳ ✐♥ t❤❡s❡ ❝❡❧❧s✳ ❋r♦♠ ❧✐✈❡✴❞❡❛❞

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

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

r❡s✉❧ts ❢r♦♠ ❍❋❙✳

❋✐♥❛❧❧②✱ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❝❛♥❝❡r ❍❚✶✸✼✻ ❝❡❧❧s ❛r❡ s❤♦✇♥

✐♥ ✜❣✉r❡ ✽✳✾

✶✷✸



❋✐❣✉r❡ ✽✳✾✿ ❱✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s
❢♦r♠❡❞ ❜② ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✳ ❙♣❤❡r♦✐❞s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤
s❡✈❡r❛❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳ ✭❢r♦♠ ✶ ♥▼ t♦ ✺✵✵ ♥▼✮✳ ❆❢t❡r ✷✹ ❛♥❞ ✼✷
❤♦✉rs✱ t✐♠❡ ❞♦♠❛✐♥ ✈✐s❝♦❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣
❍❋❙✳ ❚❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✭α✮ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✭❆✮ ❛r❡ ♣❧♦tt❡❞
✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❉❚❳ ❝♦♥❝❡♥tr❛t✐♦♥ ✭✶✲✷✮✱ ✐♥ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✱ ✇❤❡r❡
✵✳✶ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✉♥tr❡❛t❡❞ ❝❡❧❧s ✭❝tr✮✳ ❚❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✭α✮ ✇❛s
♣❧♦tt❡❞ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✭❆✮ ❛❢t❡r ✷✹ ❤♦✉rs ✭✸✮
❛♥❞ ✼✷ ❤♦✉rs ✭✹✮ ♦❢ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳ ❊❛❝❤ ♣♦✐♥t ❞❡♥♦t❡s t❤❡ ♠❡❛♥
± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✶✵ s♣❤❡r♦✐❞s ✭✷ ♠❡❛✲
s✉r❡♠❡♥ts✴s♣❤❡r♦✐❞✮✳

❋r♦♠ t❤❡ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s✱ ✐t ✇❛s ❝❧❡❛r t❤❛t t❤❡ str✉❝t✉r❡ ♦❢ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s

✇❛s ❝♦♠♣r♦♠✐s❡❞ ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳ ❆♣❛rt ❢r♦♠ t❤✐s✱ ✇❤❡♥ ❧♦♦❦✲

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

♦❢ t❤❡ ✢✉✐❞✐t② ✐♥❞❡① ❛r❡ ✈❡r② s✐♠✐❧❛r ❢♦r ✷✹ ❤♦✉rs ❛♥❞ ✼✷ ❤♦✉rs✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t

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

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

t❤❡ ❡①❛❝t ✈❛❧✉❡ ♦❢ t❤❡ ✢✉✐❞✐t② ✐♥❞❡① ❛t ✷✹ ❤ ❛♥❞ ✼✷ ❤✳ ■t ✇❛s ♥♦t t❤❡ ❝❛s❡ ✐♥

❍❈❱✷✾ ❛♥❞ ❚✷✹ s♣❤❡r♦✐❞s✳ ■t ❝♦✉❧❞ ❜❡ ❜❡❝❛✉s❡ ❜♦t❤ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ❣♦

t❤r♦✉❣❤ ❝♦♠♣❛❝t✐♦♥✱ ❛ r❡❞✉❝t✐♦♥ ✐♥ t❤❡✐r s✐③❡✱ ♦✈❡r t✐♠❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ♣r❡✈✐♦✉s❧②✱

✐t ✇❛s s❤♦✇♥ t❤❛t ❍❈❱✷✾ s♣❤❡r♦✐❞s ♣r♦❞✉❝❡ ❊❈▼✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝❡❧❧✲❝❡❧❧ ❛♥❞

❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s ♠❛② ❝❤❛♥❣❡ ❛❢t❡r ✼✷ ❤♦✉rs ❛❧s♦ ✐♥ t❤❡ ✉♥tr❡❛t❡❞ s♣❤❡r♦✐❞s✱

✇❤✐❝❤ ❝♦✉❧❞ ❡①♣❧❛✐♥ t❤❡ ❞✐✛❡r❡♥❝❡s ♦❜s❡r✈❡❞ ✐♥ t❤❡✐r ✈✐s❝♦❡❧❛st✐❝✐t② ✐♥❞❡①❡s✳

✶✷✹



❚♦ ❢✉rt❤❡r ✉♥❞❡rst❛♥❞ t❤❡ ❍❋❙ r❡s✉❧ts✱ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ✇❡r❡ t❛❦❡♥ ❛❢t❡r ✷✹

❤♦✉rs ✭✜❣✉r❡ ✽✳✶✵ ✮ ❛♥❞ ✼✷ ❤♦✉rs ✭✜❣✉r❡ ✽✳✶✶ ✮ ♦❢ ❉❚❳ tr❡❛t♠❡♥t ❛t ❝♦♥❝❡♥tr❛t✐♦♥s

r❛♥❣✐♥❣ ❢r♦♠ ✶ ♥▼ t♦ ✷✺✵ ♥▼✳

❋✐❣✉r❡ ✽✳✶✵✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❝②t♦s❦❡❧❡t❛❧ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥
❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✉♣♦♥ ✷✹✲❤♦✉rs ❉❚❳ tr❡❛t♠❡♥t✳ ❙♣❤❡r♦✐❞s
❢♦r♠❡❞ ❜② ❍❈❱✷✾ ✭♥♦♥✲♠❛❧✐❣♥❛♥t✮✱ ❚✷✹ ✭tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛✮ ❛♥❞
❍❚✶✸✼✻ ✭❝❛r❝✐♥♦♠❛✮ ❝❡❧❧s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢
❉❚❳ ✭❢r♦♠ ✶♥▼ t♦ ✷✺✵ ♥▼✮✳ ❆❢t❡r ✷✹ ❤♦✉rs✱ ✐♠❛❣❡s ✇❡r❡ t❛❦❡♥ ✉s✐♥❣ t❤❡
❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣❡✳ ❚❤❡ ❝❡❧❧✉❧❛r str✉❝t✉r❡s ❛r❡ s❤♦✇♥✳ ❙t❛✐♥✐♥❣✿ ❝❡❧❧
♥✉❝❧❡✉s ✭❜❧✉❡✮ ✕ ❍♦❡❝❤st ✸✸✸✹✷✱ ❋✲❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞
✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ✭r❡❞✮ ✕ ❛♥t✐✲β✲❚✉❜✉❧✐♥✲❈②✸✳

❆t ✷✹ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t✱ ❛s ❡①♣❡❝t❡❞✱ t❤❡r❡ ❛r❡ ♥♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❝②✲

t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s✳ ■♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞

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

✶✷✺



✐♥❝r❡❛s❡✱ ❡s♣❡❝✐❛❧❧② ❛t ✷✺✵ ♥▼ ❝♦♥❝❡♥tr❛t✐♦♥✳ ▼♦r❡♦✈❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ t❤❛t

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

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

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

❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳ ■♥ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s✱ ❡✈❡♥ t❤♦s❡

tr❡❛t❡❞ ✇✐t❤ ✶♥▼ ❉❚❳✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡❡ t❤❛t t❤❡ ♠✐❝r♦t✉❜✉❧❡ str✉❝t✉r❡ ✐s ❞✐s✲

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

✐s ♥♦t✐❝❡❛❜❧❡ t❤❛t t❤❡ s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ ✷✺✵ ♥▼ ❉❚❳ ❤❛✈❡ ❛ ❞❡str♦②❡❞ str✉❝✲

t✉r❡✳ ❚❤❡ s✐❣♥❛t✉r❡ s❤❡❧❧✲❧✐❦❡ str✉❝t✉r❡ ♦❢ ❍❚✶✸✼✻ s♣❤❡r♦✐❞ ✐s ♥♦ ♠♦r❡ ♣r❡s❡♥t

❛❢t❡r t❤❡ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ✇❡r❡ ❛❧s♦ t❛❦❡♥

❛❢t❡r ✼✷ ❤♦✉rs ♦❢ ❉❚❳ tr❡❛t♠❡♥t✱ ♦♥❧② ❢♦r t✇♦ ❝♦♥❝❡♥tr❛t✐♦♥s✱ ♦♥❡ ❧♦✇ ✭✶ ♥▼✮

❛♥❞ ♦♥❡ ❤✐❣❤ ✭✷✺✵ ♥▼✮✳ ❘❡♣r❡s❡♥t❛t✐✈❡ ✐♠❛❣❡s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✽✳✶✶✳

❋✐❣✉r❡ ✽✳✶✶✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❝②t♦s❦❡❧❡t❛❧ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥
❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✉♣♦♥ ✼✷✲❤♦✉rs ❉❚❳ tr❡❛t♠❡♥t✳ ❙♣❤❡r♦✐❞s
❢♦r♠❡❞ ❜② ❍❈❱✷✾ ✭♥♦♥✲♠❛❧✐❣♥❛♥t✮✱ ❚✷✹ ✭tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛✮ ❛♥❞
❍❚✶✸✼✻ ✭❝❛r❝✐♥♦♠❛✮ ❝❡❧❧s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢
❉❚❳ ✭❢r♦♠ ✶♥▼ t♦ ✷✺✵ ♥▼✮✳ ❆❢t❡r ✼✷ ❤♦✉rs✱ ✐♠❛❣❡s ✇❡r❡ t❛❦❡♥ ✉s✐♥❣ t❤❡
❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣❡✳ ❚❤❡ ❝❡❧❧✉❧❛r str✉❝t✉r❡s ❛r❡ s❤♦✇♥✳ ❙t❛✐♥✐♥❣✿ ❝❡❧❧
♥✉❝❧❡✉s ✭❜❧✉❡✮ ✕ ❍♦❡❝❤st ✸✸✸✹✷✱ ❋✲❛❝t✐♥ ✭❣r❡❡♥✮ ✕ ♣❤❛❧❧♦✐❞✐♥ ❝♦♥❥✉❣❛t❡❞
✇✐t❤ ❆❧❡①❛ ❋❧✉♦r ✹✽✽ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ✭r❡❞✮ ✕ ❛♥t✐✲β✲❚✉❜✉❧✐♥✲❈②✸✳ ❚❤❡
❞✐❛♠❡t❡r ♦❢ ❡❛❝❤ s♣❤❡r♦✐❞ ✐s ✐♥❞✐❝❛t❡❞✳

✶✷✻



❋r♦♠ t❤❡ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s✱ ❛❢t❡r ✼✷ ❤♦✉rs ✉♣♦♥ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✱ ✐t ✐s

❡✈✐❞❡♥t t❤❛t✱ ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ t❤❡ ❝②t♦s❦❡❧❡t❛❧

♦r❣❛♥✐③❛t✐♦♥ ✐s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ s❡❡♥ ✐♥ t❤❡ s♣❤❡r♦✐❞s ♦❜s❡r✈❡❞ ❛❢t❡r ✷✹ ❤♦✉rs

♦❢ tr❡❛t♠❡♥t✳ ❯♥❧✐❦❡ t❤❡s❡ t✇♦✱ ❚✷✹ s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ ✷✺✵ ♥▼ ❉❚❳ s❤♦✇

❛ ✇♦rs❡♥✐♥❣ ✐♥ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❞r✉❣ ❝♦♠♣❛r❡❞ t♦ ✷✹ ❤♦✉rs✱ ✇✐t❤ ♠✉❝❤ ♠♦r❡

❛♣♦♣t♦t✐❝ ♥✉❝❧❡✐✳

✽✳✺ ❊✛❡❝ts ♦❢ ❉❚❳ ♦♥ ♠❡❝❤❛♥✐❝s ♦❢ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s

✲ s✉♠♠❛r②

■♥ t❤✐s ✜♥❛❧ ❝❤❛♣t❡r✱ t❤❡ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾✱ ❚✷✹✱

❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✱ ❛♥❞ t❤❡✐r

✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ✇❡r❡ ❡❧❛❜♦r❛t❡❞ ✉s✐♥❣ ❍❋❙✳ ❯s✐♥❣ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s ❛♥❞

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

♦❜s❡r✈❡❞ t❤❛t s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ r❡q✉✐r❡❞ ❛ ✈❡r② ❤✐❣❤ ❛♠♦✉♥t ♦❢ t❤❡

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

t❤❛t t❤❡s❡ ❝❡❧❧s ♣r♦❞✉❝❡ ❊❈▼❀ t❤✉s✱ t❤❡② ❝❛✉s❡ ❞✐✣❝✉❧t✐❡s ✐♥ ❞r✉❣ ♣❡♥❡tr❛t✐♦♥✱

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

tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✱ t❤❡s❡ s♣❤❡r♦✐❞s ♠❛✐♥t❛✐♥❡❞ t❤❡✐r s❤❛♣❡ ❛♥❞ s✐③❡✳ ■t ❝♦✉❧❞

❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ ❝❡❧❧s ✉♥❞❡r♥❡❛t❤ t❤❡ s✉♣❡r✜❝✐❛❧ ❧❛②❡r ❛r❡ ♥♦t

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

t✐✈❡ ❡✛❡❝t ♦♥ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞✳ ❚❤✐s ❤②♣♦t❤❡s✐s ✇❛s ❝♦♥✜r♠❡❞ ❜② t❤❡ ❍❋❙

r❡s✉❧ts✱ ✇❤❡r❡ ❛❢t❡r ✼✷ ❤♦✉rs✱ ❛♣❛rt ❢r♦♠ t❤❡ s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ t❤❡ ❤✐❣❤❡st

❛♠♦✉♥ts ♦❢ ❉❚❳✱ t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ tr❡❛t❡❞ s♣❤❡r♦✐❞s ❜❡❝♦♠❡

❧✐❦❡ t❤♦s❡ ♦❢ t❤❡ ✷✹ ❤♦✉rs s♣❤❡r♦✐❞s✱ ❝❧♦s❡r t♦ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ✉♥tr❡❛t❡❞ ❝❡❧❧s✳

❆♥❛❧♦❣♦✉s❧②✱ t❤❡ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s ✇❡r❡ ❞❡str♦②❡❞ ♦♥❧② ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢

❉❚❳✱ ✇❤✐❧❡ ❛t ❧♦✇❡r ❝♦♥❝❡♥tr❛t✐♦♥s✱ t❤❡② s❤♦✇❡❞ t❤❡ r❡❝♦✈❡r② ♣❤❡♥♦♠❡♥❛ ❧✐❦❡ t❤❡

❍❈❱✷✾ s♣❤❡r♦✐❞s✳ ■t ✇❛s ❛s ✇❡❧❧ ❛s ❝♦♥✜r♠❡❞ ❜② t❤❡ ❍❋❙ r❡s✉❧ts✳ ❖♥ t❤❡ ❝♦♥✲

tr❛r②✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s✉❧ts ❢r♦♠ ❚✷✹ s♣❤❡r♦✐❞s ✇❡r❡ ❞✐✣❝✉❧t t♦ ❜❡ ✐♥t❡r♣r❡t❡❞✳

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

❤❛❞ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡s❡ s♣❤❡r♦✐❞s✱ ❡✈❡♥ ❛t ❧♦✇❡r ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❆♥❞

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

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

r❛♥❞♦♠❧② ❞✐str✐❜✉t❡❞✱ ❛♥❞ ❛ ❝❧❡❛r ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞r✉❣ tr❡❛t♠❡♥t ❛♥❞

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

t❤❡s❡ ❡①♣❡r✐♠❡♥ts s❤♦✇❡❞ t❤❛t t❤❡ t❤r❡❡ s♣❤❡r♦✐❞s✱ r❡♣r❡s❡♥t✐♥❣ t❤r❡❡ ❞✐✛❡r❡♥t

st❛❣❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r✱ r❡❛❝t❡❞ ✉♥✐q✉❡❧② t♦ t❤❡ tr❡❛t♠❡♥t ✇✐t❤ t❤❡ s❛♠❡ ❞r✉❣✳
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■t ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡✐r ❝②t♦s❦❡❧❡t❛❧ str✉❝t✉r❡ ✐s ♦r❣❛♥✐③❡❞

❞✐✛❡r❡♥t❧②✱ ❍❈❱✷✾ s♣❤❡r♦✐❞s ❛r❡ t❤❡ ♦♥❧② ♦♥❡s t♦ ♣r♦❞✉❝❡ ❊❈▼✱ ❛♥❞ ❍❚✶✸✼✻

❛r❡ t❤❡ ♦♥❡s t❤❛t ❧❛❝❦ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ❛♥❞ ❡①♣r❡ss ❊✲❝❛❞❤❡r✐♥✳ ❆❧t♦❣❡t❤❡r✱

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

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

❡✛❡❝ts ♦❢ ❛♥t✐❝❛♥❝❡r ❝♦♠♣♦✉♥❞s ♦♥ ✈❛r✐♦✉s t②♣❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡rs✳ ❍❋❙ ❝♦✉❧❞

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

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

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

❉✐s❝✉ss✐♦♥ ❛♥❞ ❝♦♥❝❧✉s✐♦♥s
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Chapter 9

❉✐s❝✉ss✐♦♥s ❛♥❞ ❝♦♥❝❧✉s✐♦♥s

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

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

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

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

t❛✐♥s t❤❡ ♠❛❥♦r✐t② ♦❢ ✢✉✐❞ ❝❡❧❧✉❧❛r ❝♦♥st✐t✉❡♥ts✮ ✐♥t❡r❧❛❝❡❞ ✇✐t❤ t❤❡ ♣♦❧②♠❡r✐③❡❞

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

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

❝❤❛❧❧❡♥❣✐♥❣ t♦ ❜❡ ❢✉❧❧② ✉♥❞❡rst♦♦❞ ❬✶✻✷❪ ❬✶✻✸❪✳ ❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ♠❡t❤♦❞s ✉s❡❞ t♦

❛ss❡ss t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧✐✈✐♥❣ ❝❡❧❧s ❛t t❤❡ s✐♥❣❧❡✲❝❡❧❧ ❧❡✈❡❧ ✐s t❤❡ ❛t♦♠✐❝

❢♦r❝❡ ♠✐❝r♦s❝♦♣❡ ✭❆❋▼✮✳ ❆❋▼ ❤❛s ❜❡❡♥ ✇✐❞❡❧② ✉s❡❞ ❛s ❛ r❡❧❡✈❛♥t ♠❡t❤♦❞ t♦ ❞✐s✲

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

♦❢ ❝❡❧❧s ❛♥❞ t❤❡ ♣r♦❝❡ss ♦❢ ❝②t♦s❦❡❧❡t♦♥ r❡♦r❣❛♥✐③❛t✐♦♥ ❬✶✷✻❪ ❬✶✻✹❪✳ ■t ❤❛s ❜❡❡♥

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

t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✱ ✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ ❜❡❤❛✈❡ ❧✐❦❡ ❛ ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧ ❬✶✻✺❪

❬✶✻✻❪✳ ❚❤✉s✱ ❜♦t❤ ❡❧❛st✐❝ ❛♥❞ ✈✐s❝♦✉s ❝♦♠♣♦♥❡♥ts ♠✉st ❜❡ ❝♦♥s✐❞❡r❡❞ t♦ ♦❜t❛✐♥

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

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

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

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

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

❝❛♥❝❡r ♦❢ t❤❡ ✉r❡t❡r✱ ❍❈❱✷✾ ❝❡❧❧s✮ ❛♥❞ ❛❞✈❛♥❝❡❞ ✭❜❧❛❞❞❡r ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻

❝❡❧❧s ❛♥❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛❚✷✹ ❝❡❧❧s✮ st❛❣❡s ♦❢ ❝❛♥❝❡r ♣r♦❣r❡ss✐♦♥✳ ❆

❞✐st✐♥❝t ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ♦r❣❛♥✐③❛t✐♦♥ ❝❤❛r❛❝t❡r✐③❡s ❡❛❝❤ ❝❤♦s❡♥ ❝❡❧❧ t②♣❡✱ ❛♥❞✱

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

❜❡❡♥ ❦♥♦✇♥ ❬✶✶✶❪ ❬✶✶✷❪ ❬✶✶✹❪✳ ❚❤❡ r❡s✉❧ts s❤♦✇❡❞ t❤❡ ❤✐❣❤❡st ❨♦✉♥❣✬s ♠♦❞✉❧✉s

✈❛❧✉❡ ❢♦r ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s ❛♥❞ t❤❡ ❧♦✇❡st ❢♦r ❝❛♥❝❡r♦✉s ❝❡❧❧s ✭❍❚✶✸✼✻
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❛♥❞ ❚✷✹ ❝❡❧❧s✮✳ ❚❤✐s ♠❛❦❡s t❤❡♠ ❛ s✉✐t❛❜❧❡ ♠♦❞❡❧ ❢♦r st✉❞②✐♥❣ t❤❡ ♠❡❝❤❛♥✐❝s ♦❢

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

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

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

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

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

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

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

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

✾✳✶ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

❇❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ❤❛✈❡ ❜❡❡♥ ❡①t❡♥s✐✈❡❧② ♠❡❛s✉r❡❞ ✐♥ ❆❋▼✲❜❛s❡❞ ♥❛♥♦✐♥✲

❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✱ s❤♦✇✐♥❣ t❤❛t t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❝❡❧❧s ❛r❡ st✐✛❡r t❤❛♥ t❤❡

❝❛♥❝❡r ❝❡❧❧s ❬✶✶✷❪ ❬✶✶✹❪ ❬✶✶✸❪✳ ▼♦st ♦❢ t❤♦s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥❧②

❛t t❤❡ s✐♥❣❧❡✲❝❡❧❧ ❧❡✈❡❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✐t ❤❛s ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ t❤❛t t❤❡ ❝♦♥t❡♥t

♦❢ β✲❛❝t✐♥ ✐♥ ❝❛♥❝❡r ❝❡❧❧ ❧✐♥❡s ✇❛s ✸✺ ✪ ❛♥❞ ✹✷ ✪ ❢♦r ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s✱ ❝♦rr❡✲

s♣♦♥❞✐♥❣❧②✳ ❚❤❡ β✲❛❝t✐♥ ❝♦♥t❡♥t ✇❛s ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ β✲❛❝t✐♥ ✐♥ ♥♦♥✲♠❛❧✐❣♥❛♥t

❍❈❱✷✾ ❝❡❧❧s ❬✶✶✷❪✳ ❚❤❡s❡ ♣r❡✈✐♦✉s r❡s✉❧ts ✐♠♣❧✐❡❞ t❤❛t t❤❡ ❛❝t✐♥ ❝♦♥t❡♥t ❞❡❝r❡❛s❡s

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

s♦❢t❡♥✐♥❣ ♦❢ ❝❛♥❝❡r ❝❡❧❧s✮✳

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

❛ ♥❡❡❞ t♦ r❡♠❡❛s✉r❡ t❤❡♠ ❞✉❡ t♦ t❤❡ ❧❛r❣❡ r❡❧❛t✐✈❡♥❡ss ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s✳ ■t ❤❛s

❜❡❡♥ ❞✐s❝✉ss❡❞ ✐♥ ✈❛r✐♦✉s ♣❛♣❡rs t❤❛t ❆❋▼ ❞❡❧✐✈❡rs t❤❡ ❛♣♣❛r❡♥t ❨♦✉♥❣✬s ♠♦❞✲

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

❬✶✹✵❪ ❬✶✹✶❪✳ ▼♦r❡♦✈❡r✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s✱ s✉❝❤ ❛s t❤❡ ❧♦❛❞ s♣❡❡❞✱ ❧♦❛❞

❢♦r❝❡✱ ♥✉♠❜❡r ♦❢ ❢♦r❝❡ ❝✉r✈❡s ❛❝q✉✐r❡❞ ❞✉r✐♥❣ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✱ ❛♥❞ ❢❛❝t♦rs

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

✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✈❛❧✉❡ ❬✶✹✺❪✳

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

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

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

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

❝❛♥❝❡r ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s ❛r❡ s♦❢t❡r ✭♠♦r❡ ❞❡❢♦r♠❛❜❧❡✮ t❤❛♥ ♥♦♥✲♠❛❧✐❣♥❛♥t

❍❈❱✷✾ ❝❡❧❧s✳ ❚❤❡ st✉❞✐❡s ✇❡r❡ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ✢✉♦r❡s❝❡♥t ✈✐s✉❛❧✐③❛t✐♦♥ ♦❢ ❛❝t✐♥

✜❧❛♠❡♥ts ✭❢♦r♠❡❞ ❢r♦♠ t❤❡ ♣♦❧②♠❡r✐③❡❞ ❢♦r♠ ♦❢ ❛❝t✐♥ ✕ ❋✲❛❝t✐♥✮✳ ■♥s✐❞❡ ❝❡❧❧s✱

t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ♠❛✐♥ ❢r❛❝t✐♦♥s✿ ✭✐✮ ❛ ♠❡s❤ ❝r❡❛t❡❞

✶✸✶



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

✇✐t❤♦✉t s♣❡❝✐✜❝ str✉❝t✉r❡✱ ❛♥❞ ✭✐✐✮ ❛ ♥❡t✇♦r❦ ♦❢ ❝❧❡❛r❧② ✈✐s✐❜❧❡ ❧♦♥❣ ❛❝t✐♥ ✜❧❛✲

♠❡♥ts✱ ♦❢t❡♥ ❜✉♥❞❧❡❞ t❤❛t ❝♦✉❧❞ ❜❡ ❛ttr✐❜✉t❡❞ t♦ str❡ss ✜❜❡rs✳ ❆♠♦♥❣ t❤❡ t❤r❡❡

st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡s✱ ♦♥❧② t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ✐♥ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ✇❡r❡

♦❜s❡r✈❡❞✱ ✇❤✐❧❡ ✐♥ ❍❚✶✸✼✻ ❝❡❧❧s✱ ♦♥❧② ❛ ♠❡s❤ ❢♦r♠❡❞ ❢r♦♠ s❤♦rt ❛❝t✐♥ ✜❧❛♠❡♥ts

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

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

♣✉❜❧✐s❤❡❞ r❡s✉❧ts✳ ▼♦r❡♦✈❡r✱ ✐t ✇❛s ✐♠♣♦ss✐❜❧❡ t♦ ❛ttr✐❜✉t❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣✲

❡rt✐❡s t♦ t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ✐♥s✐❞❡ t❤❡ ❝❡❧❧s✱ ❝♦♥✜r♠✐♥❣ t❤❛t ❛ ✷❉

♥❡t✇♦r❦ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ❝❛♥♥♦t ❡①♣❧❛✐♥ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

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

❛❧t❤♦✉❣❤ s✉❝❤ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✇✐❞❡❧② ❛❝❝❡♣t❡❞ ✐♥ t❤❡ ❆❋▼ ❝♦♠♠✉♥✐t②✱ ♥♦t

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

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

❜② ♣❡r❢♦r♠✐♥❣ t❤❡ ❆❋▼ ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ♦♥ ♠♦♥♦❧❛②❡rs ❢♦r♠❡❞ ❜②

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

s✐♥❣❧❡ ✐s♦❧❛t❡❞ ❝❡❧❧s✮✳ ❚❤❡ r❡s✉❧ts s❤♦✇❡❞ t❤❛t ❛❝t✐♥ ✜❧❛♠❡♥ts ♣❧❛②❡❞ ❛♥ ✐♠♣♦r✲

t❛♥t r♦❧❡ ✐♥ ♠❛✐♥t❛✐♥✐♥❣ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧ ♠♦♥♦❧❛②❡rs✳ ❖♥❧② t❤❡s❡

❝❡❧❧s ✭❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s✮✱ ✐♥ ✇❤✐❝❤ t❤✐❝❦ ❛❝t✐♥ ❜✉♥❞❧❡s ✇❡r❡ ♦❜s❡r✈❡❞✱ ❜❡❝❛♠❡

♠♦r❡ r✐❣✐❞✱ ✇❤✐❧❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❍❚✶✸✼✻ ❝❡❧❧s r❡♠❛✐♥❡❞ s✐♠✐❧❛r t♦

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

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

✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✐♥t❡r❝❡❧❧✉❧❛r ❝♦♥♥❡❝t✐♦♥s✳ ◆♦t✇✐t❤st❛♥❞✐♥❣✱ ❨♦✉♥❣✬s ♠♦❞✉✲

❧✉s ❢♦r ❍❈❱✷✾ ❝❡❧❧ ♠♦♥♦❧❛②❡r ✇❛s t❤❡ ❤✐❣❤❡st✱ ✇❤✐❧❡ ✐ts ✈❛❧✉❡ ❢♦r ❝❛♥❝❡r ❝❡❧❧s ✇❛s

s✐♠✐❧❛r❀ t❤✉s✱ ✐t ✇❛s ✐♠♣♦ss✐❜❧❡ t♦ ❞✐st✐♥❣✉✐s❤ ❍❚✶✸✼✻ ❝❡❧❧s ❢r♦♠ ❚✷✹ ❝❡❧❧s✳ ❚❤❡

♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s r❡♠❛✐♥❡❞ st✐✛❡r t❤❛♥ t❤❡ t✇♦ ❝❛♥❝❡r ❝❡❧❧s r❡❣❛r❞❧❡ss

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

♠❛❧✐❣♥❛♥t ❛♥❞ ♥♦♥✲♠❛❧✐❣♥❛♥t ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✳

✾✳✷ ▼✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r

❝❡❧❧s

❚♦ ✜♥❞ ❛ ❜❡tt❡r ♣❛r❛♠❡t❡r ❞❡s❝r✐❜✐♥❣ t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❝❤❛♥✐❝s ♦❢ ❜❧❛❞❞❡r

❝❛♥❝❡r ❝❡❧❧s✱ t❤❡ ✇♦r❦s ❜② ❆❜✐❞✐♥❡ ❡t ❛❧✳ ✇❡r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ■♥ t✇♦ ♣r❡✲

✈✐♦✉s ✇♦r❦s✱ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♠♦❞❡r❛t❡❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❘❚✶✶✷ ❜❧❛❞❞❡r

❝❛♥❝❡r ❝❡❧❧s ❛♥❞ ♣♦♦r❧② ❞✐✛❡r❡♥t✐❛t❡❞ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐♥♦♠❛ ❚✷✹ ❛♥❞ ❏✽✷✱

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

✶✸✷



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

❞✐✛❡r❡♥t ❜❧❛❞❞❡r ❝❛♥❝❡r ✐♥✈❛s✐✈❡♥❡ss ❬✶✷✽❪ ❬✶✷✾❪✳ ❇❡❝❛✉s❡ ♦❢ ❤♦✇ ❆❋▼ ♣r♦❜❡s✱

❝❡❧❧ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ❛❧s♦ r❡❧❛t❡❞ t♦ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥✳ ❚②♣✐❝❛❧❧②✱

❛♥ ✐♥❞❡♥t❛t✐♦♥ ❜❡❧♦✇ ✶ ♠✐❝r♦♥ ❛♥❞ ❛♥ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ♦❢ ✺✵ ♥♠ ❛r❡ ❛♣♣❧✐❡❞

❬✼✺❪✳ ❚❤✉s✱ ✐♥ t❤❡ ♥❡①t st❡♣✱ ✐t ✇❛s ♣♦st✉❧❛t❡❞ t❤❛t t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ❛r❡

r❡❧❛t❡❞ t♦ t❤❡ ❛♠♦✉♥t ♦❢ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥ ✭❛ ♥♦♥✲♣♦❧②♠❡r✐③❡❞ ❢♦r♠ ♦❢ ❛❝t✐♥✮✱

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

r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❝❡❧❧ ♠❡❝❤❛♥✐❝s ✭♥❛♥♦✐♥❞❡♥t❛t✐♦♥✮ ❛♥❞ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ ●✲❛❝t✐♥

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

♠♦♥♦❧❛②❡rs✱ t❤❡ ❧❛r❣❡st ❞❡❢♦r♠❛❜✐❧✐t② ✇❛s ♦❜s❡r✈❡❞ ❢♦r ❝❛r❝✐♥♦♠❛ ❍❚✶✸✼✻ ❝❡❧❧s✱

❢♦r ✇❤✐❝❤ t❤❡ ❛♠♦✉♥t ♦❢ ●✲❛❝t✐♥ ✇❛s ✷✲✸ ❧❛r❣❡r t❤❛♥ ✐♥ t❤❡ ♦t❤❡r t✇♦ ❝❡❧❧ ❧✐♥❡s✳

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

r❡❣❛r❞s t♦ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s r❡s✉❧t❡❞ ❢r♦♠ ❧♦✇ ❛❝t✐♥ ❝♦♥t❡♥t ❛♥❞ ❧❛r❣❡

●✲❛❝t✐♥ ❡①♣r❡ss✐♦♥✳

❚❤❡ r❡s✉❧ts ❢r♦♠ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ❡①♣❡r✐♠❡♥ts ❢♦❧❧♦✇❡❞ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❜✲

t❛✐♥❡❞ ❢r♦♠ ♥❛♥♦✐♥❞❡♥t❛t✐♦♥ ❡①♣❡r✐♠❡♥ts✳ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ❜❡❝♦♠❡ st✐✛❡r✱

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

t❤❡ ❍❚✶✸✼✻ ❝❡❧❧s ✭st♦r❛❣❡ ♠♦❞✉❧✉s ✇❛s ❧♦✇❡r✮✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ s❤❡❛r st♦r✲

❛❣❡ ♠♦❞✉❧✉s ❢♦❧❧♦✇❡❞ t❤❡ s❛♠❡ tr❡♥❞ ❛s ❨♦✉♥❣✬s ♠♦❞✉❧✉s✱ ✐t ✇❛s ❝❧❡❛r t❤❛t t❤✐❝❦

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

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

✐♥❞✉❝❡❞ ❜② ❞❡❢♦r♠❛t✐♦♥ ❢♦r❝❡s✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

❝❡❧❧s ❛r❡ ♠♦r❡ r❡s✐st❛♥t t♦ ❝♦♠♣r❡ss✐✈❡ ❛♥❞ s❤❡❛r ❢♦r❝❡s t❤❛♥ ❝❛♥❝❡r♦✉s ❚✷✹ ❛♥❞

❍❚✶✸✼✻ ❝❡❧❧s✳ ❚❤❡ ✈✐s❝♦❡❧❛st✐❝ ❝♦♠♣♦♥❡♥t ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② ❛♥❛❧②③✐♥❣ t❤❡ ❧♦ss

♠♦❞✉❧✉s✱ ✇❤✐❝❤ ❝♦♥st✐t✉t❡❞ ❝✳❛✳ ✷✵ ✪ t♦ ✺✵ ✪ ♦❢ t❤❡ st♦r❛❣❡ ♠♦❞✉❧✉s✱ ❞❡♣❡♥❞✐♥❣

♦♥ t❤❡ ❝❡❧❧ t②♣❡ ❛♥❞ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s ✭s✐♥❣❧❡ ❝❡❧❧s ♦r ♠♦♥♦❧❛②❡rs✮✳

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

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

❞♦✉❜❧❡ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥s ❬✶✻✼❪✳ ❚♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❢r❡q✉❡♥❝②✱ t✇♦ ♦t❤❡r

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

t♦rs✱ ♣♦✇❡r ❧❛✇ ❡①♣♦♥❡♥t✱ ❛♥❞✴♦r tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②✳ ■♥ t❤❡ ♣r❡s❡♥t❡❞ t❤❡s✐s✱

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

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

t❤❡ ❧♦ss ❛♥❞ st♦r❛❣❡ ♠♦❞✉❧✉s✳ ❆♠♦♥❣ t❤❡ st✉❞✐❡❞ ❜❧❛❞❞❡r ❝❡❧❧ ❧✐♥❡s✱ ❍❚✶✸✼✻

❝❡❧❧s s❤♦✇❡❞ ❛ ❝♦♥s✐❞❡r❛❜❧② ❤✐❣❤ ❧♦ss ❢❛❝t♦r ✈❛❧✉❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❍❈❱✷✾ ❛♥❞

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

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

✶✸✸



❛❝t✐♥ ❜✉♥❞❧❡s ❛♥❞ ❛ ♣♦♦r❧② ❞✐✛❡r❡♥t✐❛t❡❞ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ✐♥ t❤✐s ❝❡❧❧ ❧✐♥❡✳ ❘❡✲

❣❛r❞✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ✭❢r❡q✉❡♥❝② ❛t ✇❤✐❝❤ st♦r❛❣❡ ♠♦❞✉❧✉s ❡q✉❛❧s ❧♦ss

♠♦❞✉❧✉s✮✱ t❤❡ r❡s✉❧ts s❤♦✇❡❞ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ❢♦r t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾

❝❡❧❧s✱ ❝♦♠♣❛r❡❞ t♦ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝✉❧t✉r❡ ❝♦♥❞✐t✐♦♥s✳

❋♦r ❍❈❱✷✾ ❝❡❧❧s✱ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s ✇❤❡♥ ♠♦✈✐♥❣ ❢r♦♠ s✐♥❣❧❡ ❝❡❧❧s t♦

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

❖♥ t❤❡ ❝♦♥tr❛r②✱ ✇❤❡♥ t❤❡ ❝♦♥✢✉❡♥❝② ❛❧t❡r❡❞✱ t❤❡ ❍❚✶✸✼✻ ❝❡❧❧ ❧✐♥❡s ♠❛✐♥t❛✐♥❡❞

t❤❡✐r tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝② ✈❛❧✉❡✱ t❤✉s t❤❡✐r ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s✳ ❚❤❡s❡ r❡s✉❧ts

❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❝②t♦s❦❡❧❡t♦♥ str✉❝t✉r❡ ❛♥❞ ❝♦♠♣♦s✐t✐♦♥ ❞✐✛❡r❡♥❝❡s✳

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

❜② t❤❡ tr❛♥s✐t✐♦♥ ❢r❡q✉❡♥❝②✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❤❡♥ t❤❡r❡ ✇❛s ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ tr❛♥✲

s✐t✐♦♥ ❢r❡q✉❡♥❝② ✭❍❚✶✸✼✻ ❝❡❧❧s✮✱ t❤❡r❡ ✇❛s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t✱

❝♦♥✜r♠✐♥❣ t❤❡ ✢✉✐❞✲❧✐❦❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❛t ❝❡❧❧ ❧✐♥❡✳

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

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

✜❧❛♠❡♥ts✳ ❯♣♦♥ ♣r❡✈❡♥t✐♥❣ t❤❡ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts✱ ❛ ❞r♦♣ ✐♥

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

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

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

♠♦r❡ ✢✉✐❞✲❧✐❦❡ ❛❢t❡r t❤❡ tr❡❛t♠❡♥t ✇✐t❤ ❝♦♠♣♦✉♥❞s t❤❛t ❞✐sr✉♣t t❤❡ ❛❝t✐♥ ✜❧❛✲

♠❡♥ts ❬✶✷✽❪ ❬✶✻✻❪✳ ❙✐♠✉❧t❛♥❡♦✉s❧②✱ t❤❡ ✐♥❤✐❜✐t✐♦♥ ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ❢♦❧❧♦✇❡❞ ❜②

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

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

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

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

✾✳✸ ▼❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s

✸❉ ❝❡❧❧ ❝✉❧t✉r❡s✱ s✉❝❤ ❛s ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s✱ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ♠✐♠✐❝ t❤❡

♣❤②s✐♦❧♦❣✐❝❛❧ ❡♥✈✐r♦♥♠❡♥t ♦❢ ❝❡❧❧s ✐♥ s♦❧✐❞ t✉♠♦rs ❜❡tt❡r t❤❛♥ ✷❉ ❝✉❧t✉r❡s ❬✹✽❪✳

❖♥❧② r❡❝❡♥t❧②✱ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s♣❤❡r♦✐❞s ❜❡❝❛♠❡ ❛♥ ✐♥t❡r❡st ♦❢ ❆❋▼

st✉❞✐❡s ❞✉❡ t♦ t❤❡✐r ❝♦♠♣❧❡① ❛♥❞ ♠✉❧t✐❧❛②❡r str✉❝t✉r❡ ❬✶✻✽❪ ❬✶✻✾❪ ❬✶✼✵❪✳ ❊✈❡♥ ❢❡✇❡r

❛r❡ t❤❡ ❆❋▼♠❡❝❤❛♥✐❝❛❧ st✉❞✐❡s ♣❡r❢♦r♠❡❞ ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s ❬✶✷✾❪ ❬✶✼✶❪

❬✶✼✷❪✳ ❚❤❡s❡ st✉❞✐❡s ✇❡r❡ ❞♦♥❡ ♦♥ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ tr❛♥s✐t✐♦♥❛❧ ❝❡❧❧ ❝❛r❝✐✲

♥♦♠❛ ❚✷✹ ❝❡❧❧s✱ ✐♥ ✇❤✐❝❤ t❤❡ r♦❧❡ ♦❢ ❝♦❧❧❛❣❡♥ ✐♥ ♠❛✐♥t❛✐♥✐♥❣ s♣❤❡r♦✐❞ ♠❡❝❤❛♥✐❝s

✇❛s ❛ss❡ss❡❞✳ ■♥ t❤❡ t❤❡s✐s✱ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ t❤❡ ❝❤♦s❡♥

♣❛♥❡❧ ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✇❛s ♣❡r❢♦r♠❡❞✳ ❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ❍❚✶✸✼✻

✶✸✹



❝❡❧❧s ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ✉s❡❞ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r t❤❡r❛♣② ❬✶✼✸❪ ❬✶✼✹❪ ❬✶✼✺❪✱ ❜✉t s✉❝❤

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

❣♦❛❧ ✇❛s t♦ ❝♦♠♣❛r❡ t❤❡s❡ ♣r♦♣❡rt✐❡s ✇✐t❤ r❡❢❡r❡♥❝❡✱ ♥♦♥✲♠❛❧✐❣♥❛♥t ❍❈❱✷✾ ❝❡❧❧s

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

♠❡❝❤❛♥✐❝s ♦❢ s♣❤❡r♦✐❞s✳

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

♥❡❝❡ss❛r② t♦ ❞❡✜♥❡ t❤❡ ♣r♦t♦❝♦❧s t♦ ♣❡r❢♦r♠ ❆❋▼ ❡①♣❡r✐♠❡♥ts ❛♥❞ ✉♥❞❡rst❛♥❞

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

❛ ❜❛s✐s ❢♦r s♣❤❡r♦✐❞ ❢♦r♠❛t✐♦♥✿ ✭✐✮ ❤❡❛❧t❤② ❧✉♥❣ ✜❜r♦❜❧❛st ✭◆❍▲❋✮✱ ❝❤❛r❛❝t❡r✲

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

s♣❛♥♥✐♥❣ ♦✈❡r t❤❡ ❝❡❧❧ ❜♦❞②✱ ❛♥❞ ✭✐✐✮ s♠❛❧❧✲❧✉♥❣ ❝❛♥❝❡r ❝❡❧❧s ✭❆✺✹✾✮ ✇✐t❤ ❛ ♣♦♦r❧②

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

❝♦♥❞✉❝t❡❞ ✉s✐♥❣ ❝❛♥t✐❧❡✈❡rs ♦❢ ❞✐✛❡r❡♥t ❣❡♦♠❡tr②✱ ✐✳❡✳✱ ❝❛♥t✐❧❡✈❡rs ✇✐t❤ ♠♦✉♥t❡❞

♣②r❛♠✐❞❛❧ ❛♥❞ s♣❤❡r✐❝❛❧ t✐♣s ❛♥❞ ✇✐t❤♦✉t t✐♣s ✭s♦✲❝❛❧❧❡❞ t✐♣❧❡ss ❝❛♥t✐❧❡✈❡rs✮✳ ❚❤❡

r❡s✉❧ts s❤♦✇❡❞ t❤❛t t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ◆❍▲❋ ❝❡❧❧s ❤❛✈❡ ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢

❨♦✉♥❣✬s ♠♦❞✉❧✉s t❤❛♥ t❤♦s❡ ❢♦r♠❡❞ ❜② t❤❡ ❝❛♥❝❡r♦✉s ❆✺✹✾ ❝❡❧❧s✳ ❚❤❡ r❡s✉❧ts ✇❡r❡

✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ t②♣❡ ♦❢ ❆❋▼ ♣r♦❜❡s✳ ❍♦✇❡✈❡r✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❝❤❛♥❣❡s ✇❛s

r❡❧❛t❡❞ t♦ t❤❡ ♣r♦❜✐♥❣ ❣❡♦♠❡tr②✳ ❆ ♠♦st s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ✇❛s ♦❜s❡r✈❡❞ ❢♦r

s♣❤❡r✐❝❛❧ ♣r♦❜❡s ❛♥❞ ❧❛r❣❡ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ✹✲✺ ♠✐❝r♦♥s✳

❚❤❡ ♣r♦❜✐♥❣ ❣❡♦♠❡tr② ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❝♦♥t❛❝t ❛r❡❛✱ ✇❤✐❝❤ r❡♠❛✐♥s s✐♠✐❧❛r ✐❢

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

t❤❡ ♠❡❛s✉r❡♠❡♥ts ❝♦♥❞✉❝t❡❞ ♦♥ s✐♥❣❧❡ ❝❡❧❧s ❛♥❞ ♠♦♥♦❧❛②❡rs ❛♥❞ s✐♠✉❧t❛♥❡♦✉s❧②✱

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

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

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

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

♣r♦❜✐♥❣ t✐♣✱ ✇❤✐❝❤ ✇❛s ❝✳❛✳ ✶✸ ♠✐❝r♦♥s ❬✶✷✺❪✱ ✇❤✐❝❤ ❡♥❛❜❧❡❞ ❧❛r❣❡ ✐♥❞❡♥t❛t✐♦♥

❞❡♣t❤s✳

❚❤❡ r❡s✉❧ts ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ❞❡t❡r♠✐♥❛t✐♦♥ s❤♦✇❡❞ t❤❛t ✸✲❞❛② s♣❤❡r♦✐❞s ❢♦r♠❡❞

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

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

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

❡①♣❡r✐♠❡♥ts✳ ■ts ✈❛❧✉❡ ✐s t❤❡ ❧❛r❣❡st ❢♦r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t

❍❈❱✷✾ ❝❡❧❧s ❛♥❞ ❧♦✇❡r ❢♦r s♣❤❡r♦✐❞s ♠❛❞❡ ♦❢ ❝❛♥❝❡r ❝❡❧❧s✳ ■t ✐♥❞✐❝❛t❡s t❤❡ ❧❛r❣❡r

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

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

❤♦✇ ♠✉❝❤ ❡♥❡r❣② ✐s ❞✐ss✐♣❛t❡❞ ✐♥ t❤❡ s❛♠♣❧❡✳ ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞

✶✸✺



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

❝♦♠♣♦♥❡♥t✳ ■t ✐s ❛❣❛✐♥ ✐♥ ❛ ❣♦♦❞ r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ t❤❡ ❝②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥

✭❧❛❝❦ ♦❢ str❡ss ✜❜❡rs✮ ❛♥❞ ❤✐❣❤ ●✴❋ r❛t✐♦ ✭♠♦r❡ ♠♦♥♦♠❡r✐❝ ●✲❛❝t✐♥✮✳

✾✳✹ ▼❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢

❛❣✐♥❣ s♣❤❡r♦✐❞s

❋♦❧❧♦✇✐♥❣ t❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣✲

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

❙♣❤❡r♦✐❞s ❛r❡ ❦♥♦✇♥ t♦ ❤❛✈❡ ❛ ❣r♦✇t❤ s✐♠✐❧❛r t♦ s♦❧✐❞ t✉♠♦rs✱ ✇✐t❤ ❛♥ ✐♥✐t✐❛❧

❢❛st✲❣r♦✇✐♥❣ ♣❤❛s❡ ❢♦❧❧♦✇❡❞ ❜② ❛ ♣❧❛t❡❛✉ ❬✹✹❪ ❬✹✻❪ ❬✺✵❪✳ ❚❤❡ s♣❤❡r♦✐❞ ❣r♦✇t❤ ✇❛s

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

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

❣r♦✇t❤ ❝✉r✈❡ s❤♦✇❡❞ t❤❛t s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❜♦t❤ ❍❈❱✷✾ ❛♥❞ ❚✷✹ ❝❡❧❧s ❣r♦✇

❧✐❦❡ s♦❧✐❞ t✉♠♦rs ❞♦✱ ✇❤✐❧❡ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡ ♥♦t✳ ❚❤❡

❧❛tt❡r r❡q✉✐r❡❞ ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❝❡❧❧s t♦ ❢♦r♠ s♣❤❡r♦✐❞s ❝♦♠♣❛r❡❞ t♦ ❍❈❱✷✾ ❛♥❞

❚✷✹ ❝❡❧❧s✳ ❚♦ ✈❡r✐❢② t❤❛t t❤❡ ❢♦r♠❡❞ s♣❤❡r✐❝❛❧ str✉❝t✉r❡s ❛r❡ s♣❤❡r♦✐❞s✱ t❤❡ ❡①✲

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

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

♦❢ ❊✲❝❛❞❤❡r✐♥ ❡①♣r❡ss✐♦♥ ✐s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤❡ tr❛♥s✐t✐♦♥ t♦ ❛♥ ✐♥✈❛s✐✈❡ st❛t❡

❞✉❡ t♦ t❤❡ ❞✐sr✉♣t✐♦♥ ♦❢ t✐❣❤t ❝❡❧❧✲❝❡❧❧ ❝♦♥t❛❝ts ❬✶✺✽❪✳ ❚❤❡ ❲❡st❡r♥ ❜❧♦t r❡s✉❧ts

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

t❤❡ ❍❚✶✸✼✻ ❝❡❧❧ ❧✐♥❡ ✐s t❤❡ ♦♥❧② ❝❡❧❧ ❧✐♥❡ ❡①♣r❡ss✐♥❣ ❊✲❝❛❞❤❡r✐♥✳ ❚❤❡r❡ ✐s ❛ t✐❣❤t❡r

❝❡❧❧✲❝❡❧❧ ❝♦♥t❛❝t ♠❡❝❤❛♥✐s♠ ✐♥ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s✱ ✇❤✐❝❤ ❢❛✲

❝✐❧✐t❛t❡s t❤❡ s♣❤❡r♦✐❞ ❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡✐r ❣r♦✇t❤ ♦✈❡r t✐♠❡✳ ❇♦t❤ ❍❈❱✷✾ ❛♥❞

❚✷✹ ❝❡❧❧s ❡①♣r❡ss ◆✲❝❛❞❤❡r✐♥✳ ❆❧t❤♦✉❣❤ ❍❈❱✷✾ ❛r❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❝❡❧❧ ❧✐♥❡s✱ ❛♥❞

❚✷✹ ❛r❡ ❤✐❣❤❧② ✐♥✈❛s✐✈❡ ❝❛♥❝❡r ❝❡❧❧s ❬✶✼✻❪ ❬✶✼✼❪✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦

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

♦❢ ◆✲❝❛❞❤❡r✐♥ ❝♦♠♣❧❡①❡s ✇❡r❡ st✉❞✐❡❞ ✉s✐♥❣ t❤❡ ❆❋▼✱ ❛♥❞ ✐t ✇❛s s❤♦✇♥ t❤❛t

t❤❡ t✇♦ ❝❡❧❧ ❧✐♥❡s ❡①❤✐❜✐t❡❞ ❞✐✛❡r❡♥t ✐♥t❡r❛❝t✐♦♥ ❢♦r❝❡s ♦❢ ◆✲❝❛❞❤❡r✐♥ ❝♦♠♣❧❡①❡s✱

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

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

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

❍❈❱✷✾ ❝❡❧❧s ✇❡r❡ ✉s❡❞✳

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

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

✭♠✐♠✐❝❦✐♥❣ t❤❡ ❡❛r❧② st❛❣❡ ♦❢ t✉♠♦r ♣r♦❣r❡ss✐♦♥✮ ❛♥❞ ❛❢t❡r ✶✹ ❞❛②s r❡♣r❡s❡♥t✐♥❣

✶✸✻



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

❆❋▼ ✇❛s ❛♣♣❧✐❡❞✱ ✇❤✐❧❡ ❢♦r t❤❡ ♠❛❝r♦s❝❛❧❡ ❧❡✈❡❧ ♠❡❛s✉r❡♠❡♥ts✱ ❍❋❙ ✇❛s ✉s❡❞✳

❚❤❡s❡ r❡s✉❧ts ✇❡r❡ t❤❡♥ ❝♦rr❡❧❛t❡❞ t♦ t❤❡ ✐♥t❡r♥❛❧ str✉❝t✉r❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s ❛♥✲

❛❧②③❡❞ ❢r♦♠ ❤✐st♦❧♦❣✐❝❛❧ ❛♥❛❧②s✐s ❛♥❞ ❝♦♥❢♦❝❛❧ ✐♠❛❣✐♥❣✳ ❇♦t❤ t❡❝❤♥✐q✉❡s ❛♣♣❧② ❛

❝♦♠♣r❡ss✐✈❡ ❢♦r❝❡ t♦ s♣❤❡r♦✐❞s❀ ❤♦✇❡✈❡r✱ ❆❋▼ ✐s ❛ s✉r❢❛❝❡✲❜❛s❡❞ t❡❝❤♥✐q✉❡ t❤❛t

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

♣r♦♣❡rt✐❡s ♦❢ ❛ s♣❤❡r♦✐❞ ♦✉t❡r ❧❛②❡r ❝♦♠♣♦s❡❞ ♦❢ ♣r♦❧✐❢❡r❛t✐♥❣ ❝❡❧❧s ❬✶✻✽❪ ❬✶✼✵❪✳

❇② ✐♥❝r❡❛s✐♥❣ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ♣✐♣❡tt❡✱ ❍❙❋ ♠❛② ❞❡❧✐✈❡r ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ✈✐s✲

❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ s♣❤❡r♦✐❞s ❛t t❤❡ ♠❛❝r♦s❝❛❧❡ ❬✶✼✽❪ ❬✶✼✾❪✳ ❍❋❙ ✐s ❛ ♥♦✈❡❧✱

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

r✐❝ ♦♣t✐❝❛❧ r❡❛❞♦✉t t♦ ♠❛❦❡ r❡❛❧✲t✐♠❡ ♣r❡ss✉r❡ ❛♥❞ ❞✐s♣❧❛❝❡♠❡♥t ♠❡❛s✉r❡♠❡♥ts

❬✶✸✵❪✳

❇② ♣r♦❜✐♥❣ t❤❡ s♣❤❡r♦✐❞s ❧♦❝❛❧❧② ✇✐t❤ t❤❡ ❆❋▼✱ ✐t ✇❛s ♦❜s❡r✈❡❞ t❤❛t✱ r❡❣❛r❞❧❡ss

♦❢ t❤❡ ❞❛②s ♦❢ ❝✉❧t✉r❡✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ t❤❡ ❝❛♥❝❡r s♣❤❡r♦✐❞s

✭❢♦r♠❡❞ ❢r♦♠ ❚✷✹ ❛♥❞ ❍❚✶✸✼✻ ❝❡❧❧s✮ r❡♠❛✐♥❡❞ s♦❢t❡r ❛♥❞ ♠✉❝❤ ♠♦r❡ ❞❡❢♦r♠❛❜❧❡✳

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

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

❝❤❛r❛❝t❡r✐③❡s t❤❡ ❝❛♥❝❡r s♣❤❡r♦✐❞s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛❣✐♥❣ s♣❤❡r♦✐❞s✱ t❤❡ ❍❚✶✸✼✻

s♣❤❡r♦✐❞s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ❤✐❣❤❡st ❧♦ss ❢❛❝t♦r ✈❛❧✉❡ ❛♥❞ t❤❡ ❧♦✇❡st tr❛♥✲

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

♠✉❧t❛♥❡♦✉s❧②✱ ✐t ✇❛s ♥♦t✐❝❡❞ t❤❛t s♣❤❡r♦✐❞s✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❝❡❧❧ t②♣❡ ✉s❡❞ t♦

❢♦r♠ t❤❡♠✱ ❜❡❝♦♠❡ ♠♦r❡ r✐❣✐❞ ✇❤❡♥ ♠♦✈✐♥❣ ❢r♦♠ ✸ ❞❛②s t♦ ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳

❚❤❡ ✐♥❝r❡❛s❡❞ st✐✛♥❡ss ❝♦✉❧❞ ❡①♣❧❛✐♥ t❤✐s ❞✉❡ t♦ t❤❡ ❛❣✐♥❣ ❡✛❡❝t ♦❢ t❤❡ s♣❤❡r♦✐❞s✳

■t ✐s ✈❡r② ✇❡❧❧ ❦♥♦✇♥ t❤❛t t❤❡ ❛❣✐♥❣ ♣r♦❝❡ss ❛✛❡❝ts t❤❡ ❜✐♦♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s

♦❢ ♠❛♥② ❝❡❧❧ t②♣❡s ❬✶✽✵❪ ❬✶✽✶❪ ❬✶✽✷❪ ❬✶✽✸❪✳ ■t ❤❛s ❜❡❡♥ s✉❣❣❡st❡❞ t❤❛t t❤❡ ❛❣❡✲

❛ss♦❝✐❛t❡❞ ♠❡❝❤❛♥✐❝❛❧ ❝❤❛♥❣❡s ❛r❡ r❡❧❛t❡❞ ❡✐t❤❡r t♦ t❤❡ ❛❧t❡r❡❞ ♣♦❧②♠❡r✐③❛t✐♦♥ ♦❢

t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ❬✶✽✹❪ ♦r t♦ t❤❡ ❞❡♥s✐t② ♦❢ ❝②t♦s❦❡❧❡t❛❧ ✜❜❡rs ❬✶✽✶❪✳ ❚♦ ♦✉r

❦♥♦✇❧❡❞❣❡✱ t❤❡ ❛❧t❡r❛t✐♦♥s ✐♥ t❤❡ ❜✐♦♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s

❤❛✈❡ ♥♦t ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❞❛t❡✳ ❚❤✉s✱ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❝✉rr❡♥t st✉❞②

❝❛♥♥♦t ❜❡ ❝♦♠♣❛r❡❞ t♦ ❛♥② ♣r❡✈✐♦✉s ❞❛t❛✳ ❍♦✇❡✈❡r✱ ❜❛s❡❞ ♦♥ t❤❡ st✉❞✐❡s ♦♥

♦t❤❡r t②♣❡s ♦❢ ❝❡❧❧s✱ t❤❡ ❝②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ t❤❡ t❤r❡❡ ❜❧❛❞❞❡r s♣❤❡r♦✐❞s

✇❛s ❛♥❛❧②③❡❞ ✉s✐♥❣ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s✳ ❆ ❝❧❡❛r ❡✛❡❝t ♦❢ ❛❣✐♥❣ ✇❛s ✈✐s✐❜❧❡ ✐♥ t❤❡

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s✿ ❛❢t❡r ✶✹✲❞❛②s ♦❢ ❝✉❧t✉r❡✱ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡✲

t♦♥ ✇❛s ♦r❣❛♥✐③❡❞ ✐rr❡❣✉❧❛r❧②✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s✱ ❛♥❞ t❤❡r❡ ✇❛s

s✐❣♥✐✜❝❛♥t ❡✈✐❞❡♥❝❡ ♦❢ ❛♣♦♣t♦t✐❝ ❝❡❧❧s✳ ❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s

s❤♦✇ ❛❝t✐♥ ✜❜❡rs ✇❤✐❝❤ ❛r❡ ♥✐❝❡❧② ♦r❣❛♥✐③❡❞ ✐♥ ❛ s❤❡❧❧✲❧✐❦❡ ♠❛♥♥❡r✱ ❛❧♦♥❣ t❤❡

❜♦r❞❡rs ♦❢ t❤❡ ❝❡❧❧s✳ ❆❢t❡r ✶✹ ❞❛②s✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♦❜s❡r✈❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❛❝t✐♥

✶✸✼



❝②t♦s❦❡❧❡t♦♥✱ ✇❤✐❝❤ ❝r❡❛t❡❞ s♦♠❡ r♦✉♥❞❡❞ str✉❝t✉r❡s ❤❡r❡ ❛♥❞ t❤❡r❡ ✐♥ ❜❡t✇❡❡♥

❝❡❧❧s✳ ■t ❝♦✉❧❞ ❜❡ ❛ ♠❡❝❤❛♥✐s♠ ❢♦✉♥❞ ❜② t❤❡ ❝❡❧❧s t♦ ❡s❝❛♣❡ ❢r♦♠ t❤❡ ✐♥♥❡r ❛r❡❛ ♦❢

t❤❡ s♣❤❡r♦✐❞s✱ ✇❤❡r❡ t❤❡ ♥✉tr✐❡♥ts ❛♥❞ ♦①②❣❡♥s ❛r❡ ❧❛❝❦✐♥❣✱ ❛s ✇❡❧❧ ❛s ❡①♣❧❛✐♥✐♥❣

t❤❡✐r ❡♥❧❛r❣❡♠❡♥t ♦✈❡r t✐♠❡✱ ✉♥❧✐❦❡ t❤❡ ♦t❤❡r t✇♦ t②♣❡s ♦❢ s♣❤❡r♦✐❞s✳ ▼❡❛♥✇❤✐❧❡✱

t❤❡r❡ ✇❛s ♥♦ ❝❧❡❛r ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ ❜❡t✇❡❡♥ t❤❡ ✸✲ ❛♥❞ ✶✹✲❞❛②

s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❚✷✹ ❝❡❧❧s✳

◆❡①t✱ t❤❡ ❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♣❤❡r♦✐❞s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❛t t❤❡ ♠❛❝r♦s❝❛❧❡

✉s✐♥❣ ❍❋❙✳ ❚❤❡ r❡s✉❧ts s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ✐♥ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ❢♦r

t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s✱ ❛ ❧❡ss s✐❣♥✐✜❝❛♥t ❞❡❝r❡❛s❡ ❢♦r t❤♦s❡ ❢♦r♠❡❞

❜② ❍❚✶✸✼✻ ❝❡❧❧s✱ ❛♥❞ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② ❚✷✹

s♣❤❡r♦✐❞s✳ ❚❤❡ r❡❧❡✈❛♥t r❡s✉❧t ✐s t❤❛t✱ ✐♥ t❤✐s ❝❛s❡✱ t❤❡ ❝❛♥❝❡r♦✉s ❝❡❧❧s ✇❡r❡ ♠♦r❡

❞❡❢♦r♠❛❜❧❡ t❤❛♥ t❤❡ ♥♦♥✲♠❛❧✐❣♥❛♥t ❝❡❧❧ ❧✐♥❡✳

❚❤❡ s♣❤❡r♦✐❞ ✐♥♥❡r str✉❝t✉r❡s ✇❡r❡ ❛♥❛❧②③❡❞ ✉s✐♥❣ ❤✐st♦❧♦❣✐❝❛❧ st❛✐♥✐♥❣ t♦ ✉♥❞❡r✲

st❛♥❞ ❢✉rt❤❡r t❤❡ ❞✐✛❡r❡♥t r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛t t❤❡ ♠❛❝r♦s❝❛❧❡✳ ❋r♦♠ t❤❡ ❛♥❛❧②s✐s

♦❢ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❚✷✹ ❝❡❧❧s✱ ♥♦ ❝♦♥s✐❞❡r❛❜❧❡ ❞✐✛❡r❡♥❝❡s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞

❜❡t✇❡❡♥ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s ♦❢ s♣❤❡r♦✐❞ ❝✉❧t✉r❡✱ ❡①❝❡♣t ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ❝❡❧❧

♥✉❝❧❡✐ ✇❤✐❝❤ ✇❛s ❤✐❣❤❡r ✐♥ ✸✲❞❛② s♣❤❡r♦✐❞s t❤❛♥ ✐♥ ✶✹✲❞❛② ♦♥❡s✳ ■t ✐s ✐♥ ❣♦♦❞ r❡✲

❧❛t✐♦♥s❤✐♣ ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❣r♦✇t❤ ♦❢ t❤❡s❡ s♣❤❡r♦✐❞s✱ ✐✳❡✳✱ t❤❡ ❞✐❛♠❡t❡r

❜❡❝❛♠❡ s♠❛❧❧❡r ✇✐t❤ t❤❡ ❝✉❧t✉r❡ t✐♠❡✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ❝❡❧❧s ❢♦r♠❡❞ ❛ st❛❜❧❡

str✉❝t✉r❡✳ ❚❤❡ s❛♠❡ tr❡♥❞ ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s✳ ❯♥❧✐❦❡ t❤❡s❡ t✇♦

❝❡❧❧ ❧✐♥❡s✱ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s s❤♦✇❡❞ ❛ ❤✐❣❤❡r ❞❡♥s✐t② ♦❢ ❝❡❧❧s ✐♥

t❤❡ ♦✉t❡r ❧❛②❡r ♦❢ t❤❡ ✶✹✲❞❛② s♣❤❡r♦✐❞s✱ ✐♥❞✐❝❛t✐♥❣ ❛ ❝♦♥t✐♥✉♦✉s ♣r♦❧✐❢❡r❛t✐♦♥ ❛♥❞

❡♥❧❛r❣❡♠❡♥t ♦✈❡r t✐♠❡✳ ■♥ ❝♦♥tr❛st t♦ ❚✷✹ s♣❤❡r♦✐❞s✱ t❤♦s❡ ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❛♥❞

❍❚✶✸✼✻ ❝❡❧❧s s❤♦✇❡❞ s♦♠❡ ✐♥t❡r❡st✐♥❣ ❢❡❛t✉r❡s✳ ❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾

❝❡❧❧s✱ ❛❢t❡r ✶✹✲❞❛②s ♦❢ ❝✉❧t✉r❡✱ ♣r♦❞✉❝❡❞ ❛ ❤✐❣❤ ❛♠♦✉♥t ♦❢ ❊❈▼✱ ❝♦♠♣♦s❡❞ ♠❛✐♥❧②

♦❢ ❝♦❧❧❛❣❡♥ ✜❜❡rs✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ✇❡r❡

t❤❡ ♦♥❧② ♦♥❡s t♦ ❢♦r♠ ❛ ♥❡❝r♦t✐❝ ❝♦r❡ ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❚❤❡s❡ r❡s✉❧ts ❝♦✉❧❞

❡①♣❧❛✐♥ t❤❡ s♦❢t❡♥✐♥❣ ♦❜s❡r✈❡❞ ❜② ❍❋❙✱ ❝♦♥✜r♠✐♥❣ t❤❛t t❤❡ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼

✐♥t❡r❛❝t✐♦♥s ♣❧❛② ❛ ❦❡② r♦❧❡ ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♣❤❡r♦✐❞s✳ ❉✉r✐♥❣

❝❛♥❝❡r ♣r♦❣r❡ss✐♦♥✱ ❛❧t❡r❛t✐♦♥s ✐♥ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ❛♥❞ ❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s ❛r❡

❦♥♦✇♥ t♦ st✐♠✉❧❛t❡ ❝②t♦s❦❡❧❡t♦♥ r❡♠♦❞❡❧✐♥❣✱ ✇❤✐❝❤ ✐♥❞✉❝❡s t❤❡ ♠❡❝❤❛♥♦tr❛♥s✲

❞✉❝t✐♦♥ ♦❢ ❝❛♥❝❡r ❝❡❧❧s t♦ ❛❝t✐✈❛t❡ s✐❣♥❛❧✐♥❣ ♣❛t❤✇❛②s✱ ❛❧❧♦✇✐♥❣ t❤❡♠ t♦ ❢✉❧✜❧❧

t❤❡✐r s✉r✈✐✈❛❧ ♥❡❡❞s ❬✸✽❪✳

▲❛st ❜✉t ♥♦t ❧❡❛st✱ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ❧❛❝❦ ♦❢ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥ r❡♦r❣❛♥✐③❛✲

t✐♦♥ ✐♥ t❤❡ ❚✷✹ s♣❤❡r♦✐❞s ✐s ❧✐♥❦❡❞ ✇✐t❤ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✱ ❆❋▼ ✐♥❞❡♥t❛t✐♦♥

♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ s♣❤❡r♦✐❞ ❝r♦ss✲s❡❝t✐♦♥s✳ ❚❤❡ s♣❤❡r♦✐❞s ✇❡r❡

❝✉t ✐♥t♦ ✷✵ µ♠ t❤✐❝❦ s❡❝t✐♦♥s✱ ❛♥❞ ❡❧❛st✐❝✐t② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ s❡❝✲

✶✸✽



t✐♦♥s ❢r♦♠ t❤❡ ✸✲❞❛② ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳ ❚❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ❝♦♥✜r♠❡❞ t❤❡

st✐✛❡♥✐♥❣ ♦❢ t❤❡s❡ ❝❡❧❧s ❛❢t❡r ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ▼♦r❡♦✈❡r✱ ❢r♦♠ t❤❡ ❝♦♥❢♦❝❛❧

✐♠❛❣❡s ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥s✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ s❡❡ ❛ ❞✐✛❡r❡♥t ❝②t♦s❦❡❧❡t❛❧ ♦r❣❛♥✐✲

③❛t✐♦♥ ✐♥ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛② s♣❤❡r♦✐❞s✳ ❙✉r♣r✐s✐♥❣❧②✱ t❤❡ ✶✹✲❞❛② s♣❤❡r♦✐❞ s❡❝t✐♦♥

s❤♦✇❡❞ ❛ ♠♦r❡ ♦r❣❛♥✐③❡❞ ❛♥❞ ✉♥✐❢♦r♠ str✉❝t✉r❡ t❤❛♥ t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s✳ ❍♦✇✲

❡✈❡r✱ ✐t ✇❛s ❞✐✣❝✉❧t t♦ ♠❛❦❡ ♣r♦♣❡r ❝♦rr❡❧❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥

❛♥❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ r❡s✉❧ts ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣♦ss✐❜❧❡ ❞✐s❝r❡♣❛♥❝✐❡s ✐♥tr♦❞✉❝❡❞ ❞✉r✐♥❣

t❤❡ ❝r②♦s❡❝t✐♦♥ ♦❢ s♣❤❡r♦✐❞s✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ ✉s✐♥❣ t❤❡ s♣❤❡r♦✐❞ s❡❝t✐♦♥s

✇❛s t❤❛t ✐t ❛❧❧♦✇❡❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❞✐✛❡r❡♥t ❧❛②❡rs ❝♦♥st✐t✉t✐♥❣

t❤❡ s♣❤❡r♦✐❞✿ ♣r♦❧✐❢❡r❛t✐♥❣ ✭♦✉t❡r✮ ❛r❡❛✱ q✉✐❡s❝❡♥t ✭✐♥♥❡r✮ ❛r❡❛✱ ❛♥❞ ❝♦r❡✳ ❚❤✉s✱

✐t ✇❛s ✈❡r✐✜❡❞ ✇❤❡t❤❡r ❝❡❧❧s ✐♥ t❤❡ ❞✐✛❡r❡♥t ❛r❡❛s ❡①❤✐❜✐t❡❞ ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐❝❛❧

♣r♦♣❡rt✐❡s✳ ■t ✇❛s ✐♥t❡r❡st✐♥❣ t♦ ♥♦t✐❝❡ ❤♦✇ ❝❡❧❧s ✐♥❝r❡❛s❡❞ t❤❡✐r st✐✛♥❡ss ✇❤❡♥

♠♦✈✐♥❣ ❢r♦♠ t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ s♣❤❡r♦✐❞ t♦ t❤❡ ♦✉t❡r ❧❛②❡r✱ ❞❡♠♦♥str❛t✐♥❣ t❤❛t

❝❡❧❧s t❤❛t ❛r❡ ✐♥ ♣r♦❧✐❢❡r❛t✐♦♥ ❛♥❞ ❤✐❣❤❧② ♠❡t❛❜♦❧✐❝❛❧❧② ❛❝t✐✈❡ ❛r❡ st✐✛❡r t❤❛♥ t❤❡

❝❡❧❧s ✇✐t❤ ❛♥ ✐♥❛❝t✐✈❡ ♠❡t❛❜♦❧✐s♠ ❛♥❞ ✐♥ ❛ s❡♥❡s❝❡♥t st❛t❡✳

✾✳✺ ❊✛❡❝ts ♦❢ ❉❚❳ ♦♥ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢

❜❧❛❞❞❡r s♣❤❡r♦✐❞s

❚❤❡ ♠❛❥♦r ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ▼❈❙s ✐s ✐♥ t❤❡ ✜❡❧❞ ♦❢ ❛♥t✐❝❛♥❝❡r ❞r✉❣ ❞❡✈❡❧♦♣✲

♠❡♥t ❜❡❝❛✉s❡✱ ✉♥❧✐❦❡ t❤❡ tr❛❞✐t✐♦♥❛❧ ✷❉ ❝✉❧t✉r❡s✱ ▼❈❙s ❝❛♥ ❜❡tt❡r ♠✐♠✐❝ t❤❡ ✸❉

str✉❝t✉r❡ ♦❢ ❛ t✉♠♦r ♠❛ss ❛♥❞ ❛❧s♦ t❤❡ ♠✐❝r♦❡♥✈✐r♦♥♠❡♥t t♦ ✇❤✐❝❤ ❝❛♥❝❡r ❝❡❧❧

❛r❡ ❡①♣♦s❡❞ t♦ ❬✶✽✺❪✳ ❚❤❡ r❡s✉❧ts s❤♦✇ ❤♦✇ s♣❤❡r♦✐❞ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦✲

❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ❝❤❛♥❣❡ ✇❤✐❧❡ ♠✐♠✐❝❦✐♥❣ s♦❧✐❞ t✉♠♦r ❣r♦✇t❤✳ ■t ✇❛s ♣♦ss✐❜❧❡ t♦

❝♦♥❝❧✉❞❡ t❤❛t s♣❤❡r♦✐❞s✬ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ♠✐❝r♦r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ❝❛♥ ❜❡ ✉s❡❞

❛s ❛ ❣♦♦❞ ❜✐♦♠❛r❦❡r t♦ ✐❞❡♥t✐❢② st❛❣❡s ♦❢ t✉♠♦r ♣r♦❣r❡ss✐♦♥✳ ❚❤✉s✱ ♠✉❧t✐❝❡❧❧✉❧❛r

s♣❤❡r♦✐❞s ❛r❡ s❤♦✇♥ t♦ ❜❡ ❛ ❣♦♦❞ ✐♥ ✈✐tr♦ ♠♦❞❡❧ ❢♦r ❜❧❛❞❞❡r ❝❛♥❝❡rs✱ ✇❤✐❝❤ ❝♦✉❧❞

❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥s ♦♥ t❤❡ ❡✛❡❝ts ♦❢ ❛♥t✐❝❛♥❝❡r ❝♦♠♣♦✉♥❞s✳ ❚❤❡

r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s ✇❡r❡ ♠❡❛s✉r❡❞ t♦ ❞❡♠♦♥str❛t❡

s✉❝❤ ❛♣♣❧✐❝❛❜✐❧✐t②✳ ❖♥❧② ❍❙❋ ✇❛s ✉s❡❞ ❜❡❝❛✉s❡ ♦❢ ✐ts ♠❛❝r♦s❝❛❧❡ ❝❤❛r❛❝t❡r✳ ❋♦r

t❤✐s ♣✉r♣♦s❡✱ ❞♦❝❡t❛①❡❧ ✭❉❚❳✮✱ ❛ ♠✐❝r♦t✉❜✉❧❡✲st❛❜✐❧✐③✐♥❣ ❝♦♠♣♦✉♥❞✱ ✇❛s ❝❤♦s❡♥

t♦ tr❡❛t t❤❡ s♣❤❡r♦✐❞s✳ ❚❤❡ ❡✛❡❝ts ♦❢ ❞♦❝❡t❛①❡❧ ♦♥ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s ✇❡r❡ ♣r❡✈✐✲

♦✉s❧② s❤♦✇♥ ✐♥ ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s ❝✉❧t✉r❡❞ ❛s ♠♦♥♦❧❛②❡rs ❬✶✻✵❪✳ ❚❤❡ ■❈✺✵ ❢♦r

❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧s tr❡❛t❡❞ ✇✐t❤ ❉❚❳ ✇❛s ✹✳✶✽ ♥▼ ❛♥❞ ✸✳✼✽ ♥▼✱ r❡s♣❡❝t✐✈❡❧②✳

❆♥♦t❤❡r st✉❞② ♦♥ ❍❚✶✸✼✻ ❝❡❧❧s tr❡❛t❡❞ ✇✐t❤ ❉❚❳ r❡✈❡❛❧❡❞ t❤❡ ❛♣♦♣t♦t✐❝ ❡✈❡♥ts

✐♥❞✉❝❡❞ ❜② t❤❡ ♠✐❝r♦t✉❜✉❧❡✲✐♥t❡r❢❡r✐♥❣ ❛❣❡♥t ❬✶✻✶❪✳ ■t s❤♦✇❡❞ t❤❛t ❉❚❳ ❤❛❞ ❛♥

❛♥t✐♣r♦❧✐❢❡r❛t✐✈❡ ❡✛❡❝t ♦♥ ❍❚✶✸✼✻ ❝❡❧❧s st❛rt✐♥❣ ❢r♦♠ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✸✼ ♥▼✱

✶✸✾



❜♦t❤ ❛❢t❡r ❝♦♥t✐♥✉♦✉s ❡①♣♦s✉r❡ ♦❢ ✷✹ ❤♦✉rs t♦ t❤❡ ❞r✉❣ ❛♥❞ ❛ ✶✲❤♦✉r tr❡❛t♠❡♥t

❢♦❧❧♦✇❡❞ ❜② ❛ ✷✸✲❤♦✉r ✇❛s❤✲♦✉t✳ ❚♦ s❡❡ t❤❡ ♥❡❝r♦s✐s ❡✛❡❝ts✱ t❤❡② ✉s❡❞ ✸✳✼ µ▼✱

✇❤✐❝❤ ✐s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❉❚❳ ✉s❡❞ ✐♥ ✐♥ ✈✐✈♦ tr❡❛t♠❡♥t ♦❢ ♣❛t✐❡♥ts ❬✶✽✻❪✳

❯s✐♥❣ ❛ ✢♦✇ ❝②t♦♠❡tr② ❣❛✈❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♦r❞❡r ♦❢ t❤❡ ❛♣♦♣t♦t✐❝ ❡✈❡♥ts

✐♥ ❍❚✶✸✼✻ ❝❡❧❧s ✉♣♦♥ ❉❚❳ tr❡❛t♠❡♥t✱ ❛♥❞ t❤❡ ♦r❞❡r ✇❛s✿ ✶✮ ❝❡❧❧ ❝②❝❧❡ ❛rr❡st❀

✷✮ ❧♦ss ♦❢ ♠✐t♦❝❤♦♥❞r✐❛❧ ♠❡♠❜r❛♥❡ ♣♦t❡♥t✐❛❧❀ ✸✮ ❝❡❧❧ s❤r✐♥❦❛❣❡ ❛♥❞ ❞❡❝r❡❛s❡ ✐♥

❣r❛♥✉❧❛r✐t②❀ ✹✮✱ ❉◆❆ ❢r❛❣♠❡♥t❛t✐♦♥ ✻✮ ❧♦ss ♦❢ ♠❡♠❜r❛♥❡ ✐♥t❡❣r✐t② ❛♥❞ ✼✮ ❢✉rt❤❡r

❉◆❆ ❢r❛❣♠❡♥t❛t✐♦♥ ❬✶✻✶❪✳ ❍♦✇❡✈❡r✱ t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s t❤❛t ✐t ❞♦❡s

♥♦t ❝♦♥s✐❞❡r t❤❡ ❢❛❝t t❤❛t ♥♦t ❛❧❧ ❝❡❧❧s ❞✐❡ s✐♠✉❧t❛♥❡♦✉s❧② ❛❢t❡r ❞r✉❣ tr❡❛t♠❡♥t✱

❛s ❞❡❛t❤ ✐s ❞❡♣❡♥❞❡♥t ♦♥ ❢❛❝t♦rs s✉❝❤ ❛s t❤❡ ❝❡❧❧ ❝②❝❧❡ st❛t✉s ❛♥❞ t❤❡ ✐♥❞✐✈✐❞✉❛❧

❡♥❡r❣② ❧❡✈❡❧ ♦❢ ❛ ❝❡❧❧✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ✷❉ ❝✉❧t✉r❡s✱ t❤❡r❡ ✐s ❛ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❛s②♥✲

❝❤r♦♥♦✉s❧② ❣r♦✇✐♥❣ ❝❡❧❧s✱ ❝②❝❧✐♥❣ ❝❡❧❧s✱ ❝②❝❧❡✲❛rr❡st❡❞ ❝❡❧❧s✱ ❛♥❞ ❝❡❧❧s ✉♥❞❡r❣♦✐♥❣

❛♣♦♣t♦s✐s✱ ✐♠♣❧②✐♥❣ t❤❛t ✐t ✐s ♥♦t ❡❛s② t♦ ❞❡t❡❝t t❤❡ ❡✛❡❝ts ♦❢ ❛ ❞r✉❣ ♦♥ ❝❡❧❧ ❝✉❧✲

t✉r❡✳ ❲❤❡♥ ✐t ❝♦♠❡s t♦ t❤❡ ✸❉ ♠♦❞❡❧s✱ t❤❡r❡ ✐s ❛♥ ✐♥t❡r❡st✐♥❣ st✉❞② ♦♥ s♣❤❡r♦✐❞s

❢♦r♠❡❞ ❜② ❍❡▲❛ ✭❤✉♠❛♥ ❝❡r✈✐❝❛❧✮ ❛♥❞ ❍❚✷✾ ✭❝♦❧♦♥✮ ❝❛♥❝❡r ❝❡❧❧s ❬✶✽✼❪✳ ❚❤❡ ❛✉✲

t❤♦rs ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❛t ❝❡❧❧s ❝✉❧t✉r❡❞ ❛s s♣❤❡r♦✐❞s ❛r❡ ♠♦r❡ r❡s✐st❛♥t t♦

t❤❡ ❞r✉❣ tr❡❛t♠❡♥t t❤❛♥ t❤♦s❡ ❝✉❧t✉r❡❞ ❛s ♠♦♥♦❧❛②❡rs✳ ❚❤❡ ♣♦♦r ♣❡♥❡tr❛t✐♦♥ ♦❢

❉❚❳ ❡①♣❧❛✐♥❡❞ ✐t ✐♥ t❤❡ s♣❤❡r♦✐❞s ❬✶✽✽❪✳

❋❡✇ st✉❞✐❡s s❤♦✇❡❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦rs ♦❢ ❝❡❧❧s ✉♣♦♥ tr❡❛t♠❡♥t ✇✐t❤ ❛♥✲

t✐❝❛♥❝❡r ❞r✉❣s✱ ❛♥❞ t❤❡② ❛❧❧ s❤♦✇❡❞ st✐✛❡♥✐♥❣ ♦❢ ❝❡❧❧s ❛s ❛ r❡s♣♦♥s❡ t♦ t❤❡ ❞r✉❣

tr❡❛t♠❡♥t ❬✶✽✾❪✳ ■♥ t❤❡ ❝✉rr❡♥t ✇♦r❦✱ t❤❡ ❡✛❡❝ts ♦❢ ❛♥ ❛♥t✐❝❛♥❝❡r ❞r✉❣ ♦♥ t❤❡

♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r ❝❡❧❧s✱ ♥♦t ✐♥ ✷❉✱ ❜✉t ✸❉ ♠♦❞❡❧s✱ ✇❡r❡

✐♥✈❡st✐❣❛t❡❞✳ ❚♦ ♦❜t❛✐♥ t❤❡ ❝♦❧❧❡❝t✐✈❡ r❡s♣♦♥s❡ ❢r♦♠ ❝❡❧❧s✱ ✐♥st❡❛❞ ♦❢ ❆❋▼✱ ❍❋❙

✇❛s ✉s❡❞✳ ❙♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾✱ ❍❚✷✸✼✻✱ ❛♥❞ ❚✷✹ ❝❡❧❧s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤

❜♦t❤ ❧♦✇ ✭✶✲✷✵ ♥▼✮ ❛♥❞ ❤✐❣❤ ✭✷✺✵✲✶✵✵✵ ♥▼✮ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳ ❚❤❡ ❡✛❡❝ts

♦❢ t❤❡ ❞r✉❣ ✇❡r❡ t❡st❡❞ ❛❢t❡r ✷✹ ❤♦✉rs ❛♥❞ ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t ❜② ❛♥❛❧②③✐♥❣ ✭✶✮

t❤❡ s✐③❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s ✭❜② s✐♠♣❧② ✈✐s✉❛❧✐③✐♥❣ t❤❡♠ ♦♥ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡✮❀

✭✷✮ t❤❡ ❛♠♦✉♥t ♦❢ ❧✐✈❡✴❞❡❛❞ ❝❡❧❧s ✭✢✉♦r❡s❝❡♥t ♠✐❝r♦s❝♦♣❡✮❀ ✭✸✮ ❝②t♦s❦❡❧❡t♦♥ r❡✲

❛rr❛♥❣❡♠❡♥t ✭❝♦♥❢♦❝❛❧ ✐♠❛❣❡s✮❀ ✭✹✮ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧s ✭t✐♠❡ ❞♦♠❛✐♥

✈✐s❝♦❡❧❛st✐❝✐t② ❜② ❍❋❙✮✳

■♥ ❛❧❧ ❝❡❧❧ ❧✐♥❡s✱ ❛❢t❡r ✷✹ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t✱ ❛ ✈✐s✐❜❧❡ ❞❡❝r❡❛s❡ ✐♥ t❤❡ s♣❤❡r♦✐❞

❞✐❛♠❡t❡r ✇❛s ♦❜s❡r✈❡❞ ♦♥❧② ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳ ❆❢t❡r ✼✷ ❤♦✉rs ♦❢

tr❡❛t♠❡♥t✱ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s ❜❡❝❛♠❡ s♠❛❧❧❡r ♦♥❧② ❛t ✶ µ▼ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢

t❤❡ ❞r✉❣✱ ✇❤✐❧❡ ❚✷✹ s♣❤❡r♦✐❞s ❜❡❝❛♠❡ s♠❛❧❧❡r ✐♥ s✐③❡ ❛t ❜♦t❤ ❤✐❣❤ ❛♥❞ ❧♦✇ ❝♦♥✲

❝❡♥tr❛t✐♦♥s✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❍❚✶✸✼✻ s♣❤❡r♦✐❞s s❤♦✇❡❞ ❛ r❡❞✉❝❡❞ ❞✐❛♠❡t❡r ❛t ❤✐❣❤

❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳ ❋r♦♠ t❤❡ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s✱ ✐t ✇❛s ❝❧❡❛r t❤❛t t❤❡ ♥✉♠✲

❜❡r ♦❢ ❞❡❛❞ ❝❡❧❧s ✐♥❝r❡❛s❡❞ ✐♥ ❛❧❧ ❝❡❧❧ ❧✐♥❡s ❛❢t❡r ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t✱ ❡①❝❡♣t ❢♦r

✶✹✵



❍❈❱✷✾ s♣❤❡r♦✐❞s✱ ✇❤✐❝❤ r♦✉❣❤❧② s❤♦✇❡❞ t❤❡ s❛♠❡ ❛♠♦✉♥t ❛t t❤❡ t✇♦✲t✐♠❡ ♣♦✐♥ts✳

❯♥❧✐❦❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ t❤♦s❡ ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❛♥❞ ❚✷✹ ❝❡❧❧ ❧✐♥❡s ♣r❡s❡♥t❡❞ ❛

❝♦♠♣❧❡t❡❧② ❞✐sr✉♣t❡❞ str✉❝t✉r❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s ❛t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳✳

❆❢t❡r✇❛r❞✱ t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ tr❡❛t❡❞ ❛♥❞ ✉♥tr❡❛t❡❞ ❝❡❧❧s ✇❡r❡ ♦❜✲

t❛✐♥❡❞ ❜② ❍❋❙✱ ❛♥❞ t❤❡② ✇❡r❡ ❞❡s❝r✐❜❡❞ ✉s✐♥❣ t✇♦ ✐♥t❡r❞❡♣❡♥❞❡♥t ♣❛r❛♠❡t❡rs✿

✢✉✐❞✐t② ✐♥❞❡① ❛♥❞ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ ❍❋❙ ✇❡r❡ ♣❡❝✉❧✐❛r

❢♦r ❡❛❝❤ t②♣❡ ♦❢ s♣❤❡r♦✐❞s✳ ❙t❛rt✐♥❣ ✇✐t❤ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡

r❡s✉❧ts ❢r♦♠ ✷✹✲❤♦✉r ❛♥❞ ✼✷✲❤♦✉r tr❡❛t♠❡♥ts✱ t❤❡ ✢✉✐❞✐t② ✐♥❞❡① ❞❡❝r❡❛s❡❞ ❛t ❛❧❧

❉❚❳ ❝♦♥❝❡♥tr❛t✐♦♥s✱ ✐♥❞✐❝❛t✐♥❣ ❛ ♠♦❞✐✜❝❛t✐♦♥ t♦✇❛r❞s ❛ s♦❧✐❞✲❧✐❦❡ ❜❡❤❛✈✐♦r✳ ■♥✲

t❡r❡st✐♥❣❧②✱ ✇❤❡♥ ♣❧♦tt✐♥❣ t❤❡ ✢✉✐❞✐t② ✐♥❞❡① ✈❡rs✉s t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡✱ ❛❢t❡r

✼✷ ❤♦✉rs✱ t❤❡r❡ ✇❛s ❛♥ ♦✈❡r❛❧❧ s❤✐❢t ♦❢ t❤❡ tr❡❛t❡❞ s❛♠♣❧❡s t♦✇❛r❞s t❤❡ ✈❛❧✉❡s ♦❢

t❤❡ ✷✹ ❤♦✉rs ✉♥tr❡❛t❡❞ s❛♠♣❧❡✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡✐r ✈✐s❝♦❡❧❛st✐❝✐t② ❜❡❝❛♠❡ s✐♠✐❧❛r

t♦ t❤❡ ✉♥tr❡❛t❡❞ s♣❤❡r♦✐❞s✳ ■t ❝♦✉❧❞ ❜❡ ❛ s✐❣♥ ♦❢ r❡❝♦✈❡r② ❡✛❡❝t✱ ❛♥❞ ✐t ✐s ✐♥ ❣♦♦❞

t❡r♠s ✇✐t❤ t❤❡ ❧✐✈❡✴❞❡❛❞ ✐♠❛❣❡s ❛♥❞ t❤❡ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s✱ ✇❤❡r❡✱ ❛♣❛rt ❢r♦♠ t❤❡

❍❈❱✷✾ s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ ✶ µ▼ ❉❚❳✱ t❤❡r❡ ✇❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s

❜❡t✇❡❡♥ t❤❡ tr❡❛t❡❞ s♣❤❡r♦✐❞s ❛❢t❡r ✷✹ ❤♦✉rs ❛♥❞ ✼✷ ❤♦✉rs✳ ■t ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞

❜② t❤❡ ❢❛❝t t❤❛t ❍❈❱✷✾ s♣❤❡r♦✐❞s ♣r♦❞✉❝❡ ❊❈▼✳ ■t ✐s ✈❡r② ✇❡❧❧ ❦♥♦✇♥ t❤❛t t❤❡

❝❡❧❧✲❊❈▼ ✐♥t❡r❛❝t✐♦♥s ❝r❡❛t❡ ❛ ❜❛rr✐❡r t❤❛t ♣r❡✈❡♥ts t❤❡ ♣❡♥❡tr❛t✐♦♥ ❛♥❞ ❞✐str✐✲

❜✉t✐♦♥ ♦❢ ❛♥t✐❝❛♥❝❡r ❞r✉❣s ✐♥ t❤❡ t✉♠♦r ♠❛ss ❬✶✾✵❪ ❬✶✾✶❪✳ ❚❤✉s✱ ✐t ♠❛② ❜❡ t❤❡

r❡❛s♦♥ ✇❤② ✐♥ t❤❡ ❍❈❱✷✾ s♣❤❡r♦✐❞s✱ t❤❡r❡ ✇❡r❡ ♥♦ ✐♠♣♦rt❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥

t❤❡ ❝♦♥tr♦❧ ❛♥❞ t❤❡ tr❡❛t❡❞ s❛♠♣❧❡s✱ ❛♥❞ ❛ ✈❡r② ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❉❚❳ ✇❛s

♥❡❝❡ss❛r② t♦ s❡❡ s♦♠❡ r❡❧❡✈❛♥t ✈✐s✐❜❧❡ ❝❤❛♥❣❡s✳ ❉❡s♣✐t❡ t❤✐s✱ t❤❡ ❍❋❙ ❝♦✉❧❞ ❞❡t❡❝t

t❤❡ ✈✐s❝♦❡❧❛st✐❝ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜② t❤❡ ❞r✉❣ ❡✈❡♥ ❛t s♠❛❧❧❡r ❝♦♥❝❡♥tr❛t✐♦♥s✱ t❤✉s✱

♣r♦✈✐❞✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❞r✉❣ ❛❝t✐♦♥ ❛ ♣r✐♦r✐ t♦ ❜✐♦❧♦❣✐❝❛❧ ❛ss❛②s✳

▲♦♦❦✐♥❣ ❛t t❤❡ r❡s✉❧ts ❢♦r t❤❡ ❚✷✹ s♣❤❡r♦✐❞s✱ t❤❡r❡ ✇❡r❡ ♥♦ ❝♦♥s✐st❡♥t r❡❧❛t✐♦♥✲

s❤✐♣s ❜❡t✇❡❡♥ t❤❡ ✈✐s❝♦❡❧❛st✐❝ ♣❛r❛♠❡t❡rs ❛♥❞ t❤❡ ❉❚❳ ❝♦♥❝❡♥tr❛t✐♦♥s✱ ❛♥❞ ♥♦

❝❧❡❛r tr❡♥❞ ✇❛s ♣r❡s❡♥t ❜❡t✇❡❡♥ s♣❤❡r♦✐❞s tr❡❛t❡❞ ❢♦r ✷✹ ❤♦✉rs ❛♥❞ ✼✷ ❤♦✉rs✳ ❚✷✹

❝❡❧❧s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❞♦✉❜❧✐♥❣ t✐♠❡ ♦❢ ✷✶ ❤♦✉rs ❬✶✾✷❪✳ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t

t❤❡ ❚✷✹ s♣❤❡r♦✐❞s ✇❡r❡ ❝♦♠♣♦s❡❞ ♦❢ ❛s②♥❝❤r♦♥♦✉s❧② ❣r♦✇✐♥❣ ❝❡❧❧s✱ ❝②❝❧❡✲❛rr❡st❡❞

❝❡❧❧s✱ ❛♥❞ ❝❡❧❧s ✉♥❞❡r❣♦✐♥❣ ❛♣♦♣t♦s✐s✱ ♠❛❦✐♥❣ ✐t ❞✐✣❝✉❧t t♦ ❞❡t❡❝t t❤❡ ❡✛❡❝ts ♦❢

❉❚❳ ♦♥ t❤❡ ✇❤♦❧❡ str✉❝t✉r❡✳

◆❡①t✱ t❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❚✶✸✼✻ ❝❡❧❧s ❛t ❧♦✇❡r ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳

s❤♦✇❡❞ ❛ s✐♠✐❧❛r ✢✉✐❞✐t② ✐♥❞❡① ❛♥❞ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ❛❢t❡r ✷✹ ❛♥❞ ✼✷✲❤♦✉r

tr❡❛t♠❡♥ts✳ ❆t ❤✐❣❤ ❝♦♥❝❡♥tr❛t✐♦♥s✱ ❛s ✐♥❞✐❝❛t❡❞ ✐♥ t❤❡ ❧✐✈❡✴❞❡❛❞ ❛♥❞ ❝♦♥❢♦❝❛❧

✐♠❛❣❡s✱ t❤❡ ✇❤♦❧❡ str✉❝t✉r❡ ♦❢ t❤❡ s♣❤❡r♦✐❞ ✐s ❝♦♠♣r♦♠✐s❡❞✳ ■♥t❡r❡st✐♥❣❧②✱ ❛❢t❡r

✼✷ ❤♦✉rs✱ ✇❤❡♥ ♣❧♦tt✐♥❣ ❢r❛❝t✐♦♥❛❧ ❝♦♠♣❧✐❛♥❝❡ ✈❡rs✉s ✢✉✐❞✐t② ✐♥❞❡①✱ t❤❡ ❧♦✇❡r ❝♦♥✲

❝❡♥tr❛t✐♦♥ ✈❛❧✉❡s s❤✐❢t t♦✇❛r❞s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✉♥tr❡❛t❡❞ s❛♠♣❧❡✱ ✐♠♣❧②✐♥❣ ❛ ❝❧❡❛r

✶✹✶



r❡❝♦✈❡r② ♣❤❡♥♦♠❡♥♦♥✳ ❚❤✐s r❡s✉❧t ✐s s✉♣♣♦rt❡❞ ❜② t❤❡ ❞✐❛♠❡t❡r ✐♥❝r❡❛s❡ ♦❢ t❤❡

❍❚✶✸✼✻ s♣❤❡r♦✐❞s ❛❢t❡r ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t ✇✐t❤ ❧♦✇ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❉❚❳

✭t❤❡ ❞♦✉❜❧✐♥❣ t✐♠❡ ♦❢ ❍❚✶✸✼✻ ✐s ✸✶ ❤♦✉rs ❬✶✾✷❪✮✳ ❚❤❡ ❍❋❙ ♠❡❛s✉r❡♠❡♥ts ♣r♦✲

✈✐❞❡❞ s✉✣❝✐❡♥t ✐♥❢♦r♠❛t✐♦♥ t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t❤❡ ✈❛r✐♦✉s s♣❤❡r♦✐❞s tr❡❛t❡❞

✇✐t❤ ❉❚❳ ❜❛s❡❞ ♦♥ t❤❡✐r ❞②♥❛♠✐❝ ❝❤❛♥❣❡s✳ ❚❤❡ ♦❜s❡r✈❡❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❝❤❛♥✲

✐❝❛❧ ♣r♦♣❡rt✐❡s ♠❛② ❜❡ ❝❛✉s❡❞ ❜② ❉❚❳ t❤❛t ❧❡❛❞s t♦ ♠✐❝r♦t✉❜✉❧❡ r❡♠♦❞❡❧✐♥❣ ❛♥❞

♠❡♠❜r❛♥❡ ♣r♦t❡✐♥ ❛❣❣r❡❣❛t✐♦♥✱ ✇❤✐❝❤ ❛✛❡❝ts ❝❡❧❧ ♠✐❝r♦str✉❝t✉r❡ ❛♥❞ ✐♥❝r❡❛s❡s

❝❡❧❧ str❡♥❣t❤✳

✾✳✻ ❈♦♥❝❧✉s✐♦♥s

❋r♦♠ ❛❧❧ t❤❡s❡ r❡s✉❧ts✱ ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s ❝❛♥

❜❡ ✉s❡❞ ❛s ❛ ❣♦♦❞ ✐♥ ✈✐tr♦ ♠♦❞❡❧ t♦ r❡♣r❡s❡♥t ❞✐✛❡r❡♥t st❛❣❡s ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡rs✱

❛♥❞✱ ❛ss✉♠✐♥❣ t❤❛t ✉♥❞❡r ❝♦♠♣r❡ss✐♦♥ ❛♥❞ s❤❡❛r str❡ss ❝❛♥❝❡r ❝❡❧❧s ❛r❡ ❝❤❛r❛❝✲

t❡r✐③❡❞ ❜② ❛ ❧❛r❣❡r ❞❡❢♦r♠❛❜✐❧✐t②✱ t❤❡ s✐♥❣❧❡✲❝❡❧❧ ♠❡❝❤❛♥✐❝s ❝❛♥ ❜❡ tr❛♥s❧❛t❡❞ ✐♥t♦

s♣❤❡r♦✐❞s ♠❡❝❤❛♥✐❝s✱ ✐✳❡✳✱ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❢r♦♠ ♥♦♥✲♠❛❧✐❣♥❛♥t ❝❡❧❧s ❛r❡ st✐✛❡r

t❤❛♥ s♣❤❡r♦✐❞s ❝♦♠♣♦s❡❞ ♦❢ ❝❛♥❝❡r ❝❡❧❧s✳ ❖✉r ✜♥❞✐♥❣s s❤♦✇ t❤❛t t❤❡ r❡♠♦❞❡❧❧✐♥❣

♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts ✐s ♠❛✐♥❧② r❡s♣♦♥s✐❜❧❡ ❢♦t t❤❡ s♦❢t❡♥✐♥❣ ❛♥❞ ✢✉✐❞✐③❛t✐♦♥ ♦❢ ❜❧❛❞✲

❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❝♦♥✜r♠ t❤❛t ❛❧s♦ t❤❡ ❝❡❧❧✲❝❡❧❧ ❛♥❞ ❝❡❧❧✲❊❈▼

✐♥t❡r❛❝t✐♦♥s ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s♣❤❡r♦✐❞s✳

❚♦ s✉♠ ✉♣✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ♠❡❝❤❛♥✐❝❛❧✴r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s♣❤❡r♦✐❞s

♠❛② ❜❡ ✉s❡❞ ❛s ❛ ♠❡t❤♦❞ t♦ ♥♦t ♦♥❧② ❞✐st✐♥❣✉✐s❤ ♠❛❧✐❣♥❛♥t ❛♥❞ ♥♦♥✲♠❛❧✐❣♥❛♥t

❜❧❛❞❞❡r ❝❛♥❝❡rs✱ ❜✉t ❛❧s♦ t♦ ❞❡t❡❝t ❝❡❧❧✉❧❛r r❡s♣♦♥s❡ t♦ ❛♥t✐t✉♠♦r ❞r✉❣s ❛❝t✐♦♥

❜❡❢♦r❡ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❜✐♦❧♦❣✐❝❛❧ ♠❛r❦❡rs ✐♥❞✉❝❡❞ ❜② t❤❡ ❞r✉❣✳ ❚❤❡r❡❢♦r❡✱ ❜②

❛ss❡ss✐♥❣ ❝❤❛♥❣❡s ✐♥ t❤❡ ♣❤②s✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢ s♣❤❡r♦✐❞s✱ ✐t ✇♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t♦

♣r❡❞✐❝t ✇❤❡t❤❡r ♣❛rt✐❝✉❧❛r ❝❡❧❧s ✇✐❧❧ ❜❡ ♠♦r❡ ♦r ❧❡ss r❡s✐st❛♥t t♦ ❝❤❡♠♦t❤❡r❛♣❡✉t✐❝

❛❣❡♥ts✳ ■♥ t❤✐s ✇❛②✱ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ❝✉rr❡♥t st✉❞② ♣r♦✈✐❞❡ ❛ ♥❡✇ ❜✐♦♠❡❝❤❛♥✲

✐❝❛❧ ♠❛r❦❡r ❛♥❞ ❛ ♥❡✇ t♦♦❧ t♦ ❡✈❛❧✉❛t❡ ❞r✉❣ ❛❝t✐✈✐t② ✐♥ t✉♠♦r ♠♦❞❡❧s✱ ✇❤✐❝❤ ♠❛②

❜❡ ✉s❡❞ ✐♥ ❡①♣❛♥❞❡❞ t❤❡r❛♣② ✐♥ t❤❡ ❢✉t✉r❡✳

✶✹✷



❆♣♣❡♥❞✐①

✶✹✸



Appendix A

❆❋▼ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❚✷✹

s♣❤❡r♦✐❞s s❡❝t✐♦♥

❙♦ ❢❛r✱ ❛❧❧ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❡♥ ❞♦♥❡ ♦♥ s♣❤❡r♦✐❞s ❛s ❛

✇❤♦❧❡✳ ❚❤❡r❡❢♦r❡✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♦✉t❡r ❧❛②❡r ♦❢ t❤❡ ❝❡❧❧s ✇✐t❤

❛ ♠❛①✐♠✉♠ ✐♥❞❡♥t❛t✐♦♥ ♦❢ ✽ µ♠ ❢♦r ❆❋▼ ❛♥❞ ❛♥ ❛r❡❛ ♦❢ ✺✵ µ♠2 ❢♦r t❤❡ ❍❋❙✳

■♥ ❛♥② ❝❛s❡✱ ✇❡ ♦❜t❛✐♥❡❞ t❤❡ s✐❣♥❛❧ ♦♥❧② ❢r♦♠ t❤❡ ❝❡❧❧s ✐♥ t❤❡ ♣r♦❧✐❢❡r❛t✐♥❣ ❛r❡❛✳

❑♥♦✇✐♥❣ t❤❛t t❤❡ s♣❤❡r♦✐❞s ❤❛✈❡ ❛ ✉♥✐q✉❡ str✉❝t✉r❡✱ ✇❤❡r❡ t❤❡ ❝❡❧❧s ✐♥s✐❞❡ ❛r❡ ✐♥

❛ q✉✐❡s❝❡♥t ♠♦❞❡ ❛♥❞ ❧❡ss ♠❡t❛❜♦❧✐❝❛❧❧② ❛❝t✐✈❡✱ t♦ ❡①♣❧♦r❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ s✐❣♥❛❧s

❢r♦♠ t❤❡ ❞✐✛❡r❡♥t ❛r❡❛ ♦❢ t❤❡ s♣❤❡r♦✐❞s ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥

s♣❤❡r♦✐❞ s❡❝t✐♦♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ❧❛❝❦ ♦❢ ❛❝t✐♥ ❝②t♦s❦❡❧❡t♦♥

r❡♦r❣❛♥✐③❛t✐♦♥ ✐♥ t❤❡ ❚✷✹ s♣❤❡r♦✐❞s ✐s ❧✐♥❦❡❞ ✇✐t❤ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✱ t❤❡s❡

s♣❤❡r♦✐❞s ✇❡r❡ ❝❤♦s❡♥ ❢♦r t❤✐s t②♣❡ ♦❢ ♠❡❛s✉r❡♠❡♥t✳

❚❤❡ s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❚✷✹ ❝❡❧❧s ✇❡r❡ ❝✉t ✐♥t♦ s❡❝t✐♦♥s t❤✐❝❦ ✷✵ µ♠ ✭❞❡t❛✐❧s ❛r❡

✐♥ s❡❝t✐♦♥ ✸✳✽✮ ❛♥❞ ✉s❡❞ ❢♦r t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts✳ ■♥ ✜❣✉r❡ ❆✳✶ t❤❡ r❡s✉❧ts ❢♦r

t❤❡ s♣❤❡r♦✐❞s s❡❝t✐♦♥ ❢r♦♠ ❚✷✹ s♣❤❡r♦✐❞s✱ ✸ ❞❛②s ❛♥❞ ✶✹ ❞❛②s✱ ❛r❡ s❤♦✇♥✳

❚❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ♣②r❛♠✐❞❛❧ t✐♣ ◆❙❈✸✻✲❈ ❦❡❡♣✲

✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❧♦✇❡r t❤❛♥ ✷ µ♠✳ ❊✈❡♥ t❤♦✉❣❤ ♦♥❧② t✇♦ s❡❝t✐♦♥s ✇❡r❡ ♠❡❛✲

s✉r❡❞ ❢♦r ❡❛❝❤ t✐♠❡ ♣♦✐♥t✱ ❢r♦♠ ❡❛❝❤ s❡❝t✐♦♥ ✹ ♠❛♣s ✇❡r❡ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ ❛r❡❛✳

❚❤❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts ✐♥ ✜❣✉r❡ ❆✳✶ ❝♦♥✜r♠ t❤❡ r❡s✉❧ts t❤❛t ✇❡r❡ ❢♦✉♥❞ ♦✉t ❢♦r

t❤✐s ❝❡❧❧ ❧✐♥❡ ❢r♦♠ t❤❡ ♦t❤❡r ♠❡❛s✉r❡♠❡♥ts✳ ❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ❢♦r t❤❡

♦✉t❡r ❧❛②❡rs✱ t❤❡r❡ ✐s ❛ ❝❧❡❛r ✐♥❝r❡❛s❡ ♦❢ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✐♥ t❤❡ s♣❤❡r♦✐❞s ♦✈❡r ✶✹

❞❛②s✱ ❢r♦♠ ✷✱✹ ❦P❛ t♦ ✽✱✾ ❦P❛✳

■♥t❡r❡st✐♥❣❧②✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s❡✈❡r❛❧ ❛r❡❛s ♦❢ t❤❡ s♣❤❡r♦✐❞s ✐s ✈✐s✐❜❧❡

♦♥❧② ✐♥ t❤♦s❡ ❝✉❧t✉r❡❞ ❢♦r ✶✹ ❞❛②s✳ ❚❤✐s ✐s ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❢❛❝t t❤❛t✱ ❛t ✸ ❞❛②s✱

t❤❡ ❝❡❧❧s ❛r❡ st✐❧❧ ✐♥ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❣r♦✇t❤ ♣❤❛s❡ ❛♥❞✱ t❤❡② ❤❛✈❡ ♥♦t ❛❞❡q✉❛t❡❧②

r❡❛❝❤❡❞ t❤❡ ❡①♣❡❝t❡❞ str✉t✉r❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❢t❡r ✶✹ ❞❛②s✱ ❡✈❡♥ t❤♦✉❣❤

✶✹✹



❋✐❣✉r❡ ❆✳✶✿ ❊❧❛st✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❚✷✹ ✸✲❞❛②s ❛♥❞ ✶✹✲❞❛②s s♣❤❡r♦✐❞
s❡❝t✐♦♥s✳ ❇♦① ♣❧♦ts s❤♦✇✐♥❣ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ✈❛r✐❛❜✐❧✐t② ❢♦r ❚✷✹
s♣❤❡r♦✐❞s ❝✉❧t✉r❡❞ ❢♦r ✸ ❞❛②s ❛♥❞ ✶✹ ❞❛②s✳ ❚❤❡ ❜❧❛❝❦ ❞♦ts ❛♥❞ ❧✐♥❡s
❛r❡ t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥✱ r❡s♣❡❝t✐✈❡❧②❀ ❜♦① ❞❡♥♦t❡s st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥❀
❡rr♦r ❜❛rs r❡♣r❡s❡♥t ✶✵ % ❛♥❞ ✾✵ % ♣❡r❝❡♥t✐❧❡✳ ✭✯✯✯ ♣ ❁ ✵✳✵✵✶✱ ♥s ✕ ♥♦t
st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✮✳ ❖♥ t❤❡ r✐❣❤t✱ t❤❡r❡ ✐s t❤❡ s❝❤❡♠❡ ♦❢ t❤❡ s♣❤❡r♦✐❞
str✉❝t✉r❡ ❛♥❞ ❤♦✇ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ s❡❝t✐♦♥ ♦❢
❚✷✹✳ ❚✇♦ s♣❤❡r♦✐❞ s❡❝t✐♦♥s ♣❡r ❞❛② ❛♥❞ ✹ ♠❛♣s ✭✸✵①✸✵ µ♠2✮♣❡r ❡❛❝❤
❛r❡❛ ✇❡r❡ ♠❡❛s✉r❡❞✳

t❤❡r❡ ✐s ♥♦t ♣r❡s❡♥t ❛ ♥❡❝r♦t✐❝ ❝♦r❡ ✐♥s✐❞❡ t❤❡ s♣❤❡r♦✐❞✳ ■♥ t❤❡ ✐♥♥❡r ❧❛②❡r✱ t❤❡r❡

❛r❡ ❝❡❧❧s t❤❛t ❛r❡ ♥♦t ❛❝t✐✈❡❧② ♣r♦❧✐❢❡r❛t✐♥❣✳ ❚❤✉s✱ ❢r♦♠ t❤❡s❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts✱

✐t ❝❛♥ ❜❡ ❝♦♥✜r♠❡❞ t❤❛t t❤❡ ♣r♦❧✐❢❡r❛t✐♥❣ ❝❡❧❧s ✐♥ t❤❡ ♦✉t❡r ❧❛②❡r ❛r❡ st✐✛❡r t❤❛♥

t❤❛♥ ❝❡❧❧s ❧❡ss ❛❝t✐✈❡✱ ❛♥❞ t❤❛t t❤❡r❡ ✐s ❛ ♣r♦❣r❡ss s♦❢t❡♥✐♥❣ ✇❤❡♥ ♠♦✈✐♥❣ ❢r♦♠

t❤❡ ♦✉ts✐❞❡ t♦ t❤❡ ✐♥s✐❞❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s✳

❆✳✵✳✶ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❚✷✹ s♣❤❡r♦✐❞s s❡❝t✐♦♥

❚♦ ❢✉rt❤❡r ❛♥❛❧②③❡ t❤❡ ✐♥♥❡r str✉❝t✉r❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s✱ ❝♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ t❤❡

❚✷✹ s❡❝t✐♦♥s ✇❡r❡ t❛❦❡♥ ✭✜❣✉r❡ ❆✳✷✮✳

❚❤❡ s❡❝t✐♦♥s ✉s❡❞ ❢♦r t❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ t❤❡♥ ✜①❡❞ ❛♥❞ ♣r❡♣❛r❡❞ ❢♦r

t❤❡ st❛✐♥✐♥❣ ♦❢ t❤❡ ♥✉❝❧❡✉s✱ t❤❡ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛♥❞ t❤❡ ♠✐❝r♦t✉❜✉❧❡s✳ ❚❤❡ ✸ ❞❛②s

s❡❝t✐♦♥ ✐s ❢✉❧❧ ♦❢ ♥✉❝❧❡✐ ✇✐t❤ ❞✐✛❡r❡♥t s✐③❡s✱ ❛❝t✐♥ ❛♥❞ ♠✐❝r♦t✉❜✉❧❡s ♦r❣❛♥✐③❡❞✱

✐♥❞✐❝❛t✐♥❣ ❞✐✛❡r❡♥t st❛❣❡s ♦❢ ♣r♦❧✐❢❡r❛t✐♦♥✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ t❤❡ ✶✹ ❞❛②s s❡❝t✐♦♥

s❤♦✇s ❛ ♠♦r❡ ✉♥✐❢♦r♠ str✉❝t✉r❡✱ ❛ ❧♦✇ ❛♠♦✉♥t ♦❢ ❛❝t✐♥ ✜❧❛♠❡♥ts✱ ❛♥❞ t❤❡ ❛❜s❡♥❝❡

♦❢ t❤❡ ♠✐❝r♦t✉❜✉❧❡s ✐♥ t❤❡ ✐♥♥❡r ❛r❡❛✳

✶✹✺



❋✐❣✉r❡ ❆✳✷✿ ❈♦♥❢♦❝❛❧ ✐♠❛❣❡s ♦❢ ❚✷✹ s♣❤❡r♦✐❞s s❡❝t✐♦♥s✱ ❛t ✸ ❞❛②s
❛♥❞ ✶✹ ❞❛②s ♦❢ ❝✉❧t✉r❡✳ ❇❧✉❡✿ ♥✉❝❧❡✉s ✲ ●r❡❡♥✿ ❛❝t✐♥ ✜❧❛♠❡♥ts ✲ ❘❡❞✿
♠✐❝r♦t✉❜✉❧❡s✳

❆✳✵✳✷ ❙✉♠♠❛r②

❚❤❡ ❆❋▼ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ s❡❝t✐♦♥s ♦❢ s♣❤❡r♦✐❞s ♦❜t❛✐♥❡❞

❢r♦♠ ❚✷✹ ❛♥❞ ❝✉❧t✉r❡❞ ❢♦r ✸ ❛♥❞ ✶✹ ❞❛②s✳ ❚❤❡ ♠❛✐♥ ❛✐♠ ✇❛s t♦ ❡❧❛❜♦r❛t❡ ♦♥

❤♦✇ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❝❤❛♥❣❡ ✐♥ t❤❡ ♦✉t❡r ❧❛②❡r ❛♥❞ ✐♥♥❡r ❧❛②❡rs ♦❢ t❤❡

s♣❤❡r♦✐❞✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ ♦✉t❡r ❧❛②❡r ♦❢ t❤❡ ✶✹✲❞❛② s♣❤❡r♦✐❞s ✇❛s s✐❣♥✐✜❝❛♥t❧②

st✐✛❡r t❤❛♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❧❛②❡r ♦❢ t❤❡ ✸✲❞❛② s♣❤❡r♦✐❞s✱ ❝♦♥✜r♠✐♥❣ t❤❡ st✐✛❡♥✲

✐♥❣ ♦❢ t❤❡ ❛❣✐♥❣ s♣❤❡r♦✐❞s ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ ✇❤♦❧❡ s♣❤❡r♦✐❞s✳

❆ ❣r❛❞✉❛❧ st✐✛❡♥✐♥❣ ♦❢ t❤❡ ❝❡❧❧s ✇❛s ♦❜s❡r✈❡❞ ✇❤❡♥ ♠♦✈✐♥❣ ❢r♦♠ t❤❡ ✐♥♥❡r ❧❛②❡r t♦

t❤❡ ♦✉t❡r ❧❛②❡r✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ❝❡❧❧s t❤❛t ❛r❡ ♠❡t❛❜♦❧✐❝❛❧❧② ❛❝t✐✈❡ ❛♥❞ ❤✐❣❤❧②

❛❝t✐✈❡ ✐♥ ♣r♦❧✐❢❡r❛t✐♦♥ ❛r❡ st✐✛❡r t❤❛♥ t❤❡ ✐♥❛❝t✐✈❡ ❛♥❞ q✉✐❡s❝❡♥t ❝❡❧❧s✳

✶✹✻



Appendix B

▼❚❙ r❡s✉❧ts ❢♦r s♣❤❡r♦✐❞s tr❡❛t❡❞

✇✐t❤ ❉❚❳

❚❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❊❈✺✵ ✇❛s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ♦♥❧② ❢♦r s♣❤❡r♦✐❞s

❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s ❛❢t❡r ✼✷ ❤♦✉rs ♦❢ tr❡❛t♠❡♥t ✇✐t❤ ❉❚❳✳ ❚❤❡ ♦❜t❛✐♥❡❞ ❞❛t❛

❢♦r t❤❡ ✈❛r✐♦✉s ❝♦♥❝❡♥tr❛t✐♦♥s ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛ ❞♦s❡✲r❡s♣♦♥s❡ ❢✉♥❝t✐♦♥ ✭✜❣✉r❡

❇✳✶✮✳

❋✐❣✉r❡ ❇✳✶✿ ▼❚❙ ❛ss❛② ❛♣♣❧✐❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝②t♦t♦①✐❝✐t②
❧❡✈❡❧ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s ❢♦r♠❡❞ ❜② ❍❈❱✷✾ ❝❡❧❧s tr❡❛t❡❞
✇✐t❤ ❉❚❳✳ ❊❛❝❤ ♣♦✐♥t ❝♦rr❡s♣♦♥❞s t♦ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭♥
❂ ✷ r❡♣❡t✐t✐♦♥s✮✳ ❉❛t❛ ❛r❡ ✜tt❡❞ t♦ ❛ ❞♦s❡✲r❡s♣♦♥s❡ ❢✉♥❝t✐♦♥✱ ❛♥❞ ❊❈✺✵
✇❛s ❞❡t❡r♠✐♥❡❞✳

❚❤❡ ✜tt❡❞ ❊❈✺✵ ✈❛❧✉❡ ❞❡t❡r♠✐♥❡❞ ❢♦r ❍❈❱✷✾ ❝❡❧❧s ✇❛s ✸✳✶ ♥▼✳ ❍♦✇❡✈❡r✱ ❜❡✲

✶✹✼



❝❛✉s❡ t❤❡ ▼❚❙ t❡st ✇❛s ✉♥s✉❝❝❡ss❢✉❧ ✐♥ ❛❧❧ ❝❛s❡s ❞✉❡ t♦ t❤❡✐r ❞✐✣❝✉❧t ❛♣♣❧✐❝❛t✐♦♥

✐♥ ♠✉❧t✐❧❛②❡r s❛♠♣❧❡s ❧✐❦❡ s♣❤❡r♦✐❞s✱ t❤❡r❡ ✇❛s ♥♦ ❛ss✉r❛♥❝❡ t❤❛t t❤❡ ♦❜t❛✐♥❡❞

❊❈✺✵ ❝♦rr❡s♣♦♥❞❡❞ t♦ t❤❡ r❡❛❧ ✈❛❧✉❡ ❢♦r ❍❈❱✷✾ ❝❡❧❧s✳ ❚❤✉s✱ t❤❡ ▼❚❙ t❡st ✇❛s

♥♦t ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝②t♦t♦①✐❝✐t② ♦❢ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s✳

❚❤❡ r❡♠❛✐♥✐♥❣ r❡s✉❧ts ❢r♦♠ ▼❚❙ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ❇✳✷✳

❋✐❣✉r❡ ❇✳✷✿ ▼❚❙ ❛ss❛② ❛♣♣❧✐❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝②t♦t♦①✐❝✐t②
❧❡✈❡❧ ✐♥ ❜❧❛❞❞❡r ❝❛♥❝❡r s♣❤❡r♦✐❞s tr❡❛t❡❞ ✇✐t❤ ❉❚❳✳ ❊❛❝❤ ♣♦✐♥t
❝♦rr❡s♣♦♥❞s t♦ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭♥ ❂ ✷ r❡♣❡t✐t✐♦♥s✮✳

✶✹✽



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❲♦r❧❞ ❍❡❛❧t❤ ❖r❣❛♥✐③❛t✐♦♥ ✲ ●❧♦❜❛❧ ❈❛♥❝❡r ❖❜s❡r✈❛t♦r②✳

❬✷❪ ❆✳ ❘✐❝❤t❡rs✱ ❑❑❍ ❆❜❡♥✱ ▲❆▲▼ ❑✐❡♠❡♥❡②✱ ❚❤❡ ❣❧♦❜❛❧ ❜✉r❞❡♥ ♦❢ ✉r✐♥❛r②

❜❧❛❞❞❡r ❝❛♥❝❡r✿ ❛♥ ✉♣❞❛t❡✱ ❲♦r❧❞ ❏♦✉r♥❛❧ ♦❢ ❯r♦❧♦❣②✱ ✸✽✱ ✶✽✾✺✲✶✾✵✹ ✭✷✵✷✵✮✳

❬✸❪ ❋✳❍✳ ✈❛♥ ❖s❝❤✱ ❙✳❍✳ ❏♦❝❤❡♠s✱ ❋✳❏✳ ✈❛♥ ❙❝❤♦♦t❡♥✱ ❘✳❚✳ ❇r②❛♥✱ ▼✳P✳ ❩❡❡❣❡rs✱

◗✉❛♥t✐✜❡❞ r❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❡①♣♦s✉r❡ t♦ t♦❜❛❝❝♦ s♠♦❦✐♥❣ ❛♥❞ ❜❧❛❞❞❡r ❝❛♥❝❡r

r✐s❦✿ ❛ ♠❡t❛❛♥❛❧②s✐s ♦❢ ✽✾ ♦❜s❡r✈❛t✐♦♥❛❧ st✉❞✐❡s✱ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢

❊♣✐❞❡♠✐♦❧♦❣②✱ ✹✺✱ ✽✺✼✲✼✵ ✭✷✵✶✻✮✳

❬✹❪ ❏✳ ▼✉s❤t❛q✱ ❘✳ ❚❤✉r❛✐r❛❥❛✱ ❘✳ ◆❛✐r✱ ❇❧❛❞❞❡r ❈❛♥❝❡r✱ ❙✉r❣❡r②✱ ✸✼✱ ✺✷✾✲✺✸✼

✭✷✵✶✾✮✳

❬✺❪ ❑✳ ❙❛❣✐♥❛❧❛✱ ❆✳ ❇❛rs♦✉❦✱ ❏✳ ❆❧✉r✉✱ P✳ ❘❛✇❧❛✱ ❙✳ P❛❞❛❧❛✱ ❆✳ ❇❛rs♦✉❦✱ ❊♣✐✲

❞❡♠✐♦❧♦❣② ♦❢ ❜❧❛❞❞❡r ❈❛♥❝❡r✱ ▼❡❞✐❝❛❧ ❙❝✐❡♥❝❡s✱ ✽✱ ✶✲✶✷ ✭✷✵✷✵✮✳

❬✻❪ ❙✳P✳ ❏♦st✱ ❏✳❆✳ ●♦s❧✐♥❣✱ ❏✳❙✳ ❉✐①♦♥✱ ❚❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ ♥♦r♠❛❧ ❤✉♠❛♥ ❜❧❛❞✲

❞❡r ✉r♦t❤❡❧✐✉♠✱ ❏♣✉r♥❛❧ ♦❢ ❆♥❛t♦♠②✱ ✶✻✼✱ ✶✵✸✲✶✶✺ ✭✶✾✽✾✮

❬✼❪ P✳ ❑❤❛♥❞❡❧✇❛❧✱ ❙✳ ◆✳ ❆❜r❛❤❛♠✱ ●✳ ❆♣♦❞❛❝❛✱ ❈❡❧❧ ❜✐♦❧♦❣② ❛♥❞ ♣❤②s✐♦❧♦❣② ♦❢

t❤❡ ✉r♦❡♣✐t❤❡❧✐✉♠✱ ❚❤❡ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣② ✲ ❘❡♥❛❧ P❤②s✐♦❧♦❣②✱

✷✾✼✱ ❋✶✹✼✼✲✺✵✶ ✭✷✵✵✾✮✳

❬✽❪ ❖✳ ❙❛♥❧✐✱ ❏✳ ❉♦❜r✉❝❤✱ ▼✳❆✳ ❑♥♦✇❧❡s✱ ▼✳ ❇✉r❣❡r✱ ▼✳ ❆❧❡♠♦③❛✛❛r✱ ▼✳❊✳

◆✐❡❧s❡♥✱ ❨✳ ▲♦t❛♥✱ ❇❧❛❞❞❡r ❝❛♥❝❡r✱ ◆❛t✉r❡ ❘❡✈✐❡✇s ❉✐s❡❛s❡ Pr✐♠❡rs✱ ✸✱

✶✼✵✷✷ ✭✷✵✶✼✮✳

❬✾❪ ❏✳ ◗✉❛r❧❡s✱ ❏✳ ❘✐❝❤♠♦♥❞✱ ❱✳ ❙✇❛♠②✱ ❏✳ P❛♥❞❡②✱ ❊❞✉❝❛t✐♦♥❛❧ ❈❛s❡✿ ❇❧❛❞✲

❞❡r ❯r♦t❤❡❧✐❛❧ ❈❡❧❧ ❈❛r❝✐♥♦♠❛ ❚◆▼ ❙t❛❣❡✱ Pr♦❣♥♦s✐s ❛♥❞ ▼❛♥❛❣❡♠❡♥t✱

❆❝❛❞❡♠✐❝ ♣❛t❤♦❧♦❣②✱ ✷✾✱ ✭✷✵✷✶✮✳

✶✹✾



❬✶✵❪ ▼✳ ▲❡❦❦❛✱ P✳ ▲❛✐❞❧❡r✱ ❉✳ ●✐❧✱ ❏✳ ▲❡❦❦✐✱ ❩✳ ❙t❛❝❤✉r❛✱ ❆✳❩✳ ❍r②♥❦✐❡✇✐❝③✱

❊❧❛st✐❝✐t② ♦❢ ♥♦r♠❛❧ ❛♥❞ ❝❛♥❝❡r♦✉s ❤✉♠❛♥ ❜❧❛❞❞❡r ❝❡❧❧s st✉❞✐❡❞ ❜② s❝❛♥♥✐♥❣

❢♦r❝❡ ♠✐❝r♦s❝♦♣②✱ ❊✉r♦♣❡❛♥ ❇✐♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✷✽✱ ✸✶✷✲✸✶✻ ✭✶✾✾✾✮
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❬✶✼✾❪ ❑✳ ●✉❡✈♦r❦✐❛♥✱ ❉✳ ●♦♥③❛❧❡③✲❘♦❞r✐❣✉❡③✱ ❈✳ ❈❛r❧✐❡r✱ s✳ ❉✉❢♦✉r✱ ❋✳ ❇r♦❝❤❛r❞✲

❲②❛rt✱ ▼❡❝❤❛♥♦s❡♥s✐t✐✈❡ s❤✐✈❡r✐♥❣ ♦❢ ♠♦❞❡❧ t✐ss✉❡s ✉♥❞❡r ❝♦♥tr♦❧❧❡❞ ❛s♣✐✲

r❛t✐♦♥✱ P◆❆❙✱ ✶✵✽✱ ✶✸✸✽✼✲✶✸✸✾✷ ✭✷✵✶✶✮✳

✶✻✹



❬✶✽✵❪ ◆✳ ❇❛❦❡r✱ ▲✳❇✳ ❇♦②❡tt❡✱ ❘✳❙✳ ❚✉❛♥✱ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜♦♥❡ ♠❛rr♦✇✲

❞❡r✐✈❡❞ ♠❡s❡♥❝❤②♠❛❧ st❡♠ ❝❡❧❧s ✐♥ ❛❣✐♥❣✱ ❇♦♥❡✱ ✼✵✱ ✸✼✲✹✼ ✭✷✵✶✺✮✳

❬✶✽✶❪ ❚✳❑✳ ❇❡r❞②②❡✈❛✱ ❈✳❉✳ ❲♦♦❞✇♦rt❤✱ ■✳ ❙♦❦♦❧♦✈✱ ❍✉♠❛♥ ❡♣✐t❤❡❧✐❛❧ ❝❡❧❧s ✐♥✲

❝r❡❛s❡ t❤❡✐r r✐❣✐❞✐t② ✇✐t❤ ❛❣❡✐♥❣ ✐♥ ✈✐tr♦✿ ❉✐r❡❝t ♠❡❛s✉r❡♠❡♥ts✱ P❤②s✐❝s ✐♥

▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣②✱ ✺✵✱ ✽✶✲✾✷ ✭✷✵✵✺✮✳

❬✶✽✷❪ ❙✳❈✳ ▲✐❡❜❡r✱ ◆✳ ❆✉❜r②✱ ❏✳ P❛✐♥✱ ●✳ ❉✐❛③✱ ❙✳❏✳ ❑✐♠✱ ❙✳❋✳ ❱❛t♥❡r✱ ❆❣✐♥❣

✐♥❝r❡❛s❡s st✐✛♥❡ss ♦❢ ❝❛r❞✐❛❝ ♠②♦❝②t❡s ♠❡❛s✉r❡❞ ❜② ❛t♦♠✐❝ ❢♦r❝❡ ♠✐❝r♦s❝♦♣②

♥❛♥♦✐♥❞❡♥t❛t✐♦♥✱ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣②✲❍❡❛rt ❛♥❞ ❈✐r❝✉❧❛t♦r②

P❤②s✐♦❧♦❣②✱ ✷✽✼✱ ✻✹✺✲✻✺✶ ✭✷✵✵✹✮✳

❬✶✽✸❪ ■✳ ❉✉❧✐♥s❦❛✲▼♦❧❛❦✱ ▼✳ P❛s✐❧♦✇s❦❛✱ ❑✳ P♦❣♦❞❛✱ ▼✳ ▲❡✇❛♥❞♦✇s❦❛✱ ■✳ ❊r✐s✱

▼✳▲❡❦❦❛✱ ❆❣❡✲r❡❧❛t❡❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❤✉♠❛♥ ✜❜r♦❜✲

❧❛sts ❛♥❞ ✐ts ♣r♦s♣❡❝t✐✈❡ r❡✈❡rs❛❧ ❛❢t❡r ❛♥t✐✲✇r✐♥❦❧❡ tr✐♣❡♣t✐❞❡ tr❡❛t♠❡♥t✱ ■♥✲

t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ P❡♣t✐❞❡ ❘❡s❡❛r❝❤ ❛♥❞ ❚❤❡r❛♣❡✉t✐❝s✱ ✷✵✱ ✼✼✲✽✺ ✭✷✵✶✹✮✳
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The End 

 
 


