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▼❛r✐♥❛ ❖❧✐✈❡✐r❛ ❞❡ ❙♦✉③❛ ❉✐❛s

❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡ ❛ ♣❛rt✐r

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

❈❛♠♣✐♥❛s
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▼❛r✐♥❛ ❖❧✐✈❡✐r❛ ❞❡ ❙♦✉③❛ ❉✐❛s

❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡ ❛ ♣❛rt✐r

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦ ❛♣r❡s❡♥t❛❞❛ à

❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❝♦♠♦

♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ❡①✐❣✐❞♦s ♣❛r❛ ♦❜t❡♥çã♦

❞♦ tít✉❧♦ ❞❡ ❉♦✉t♦r ❡♠ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛

❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ❘✉❜❡♥s ▼❛❝✐❡❧ ❋✐❧❤♦

❈❛♠♣✐♥❛s
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❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ♣❛r❛ ♠✐♥❤❛ q✉❡r✐❞❛ ❢❛♠í❧✐❛✿

▼✉r✐❧❧♦✱ ■♥ês✱ ◆✐❝♦❧❛✉ ❡ ❆❧❢r❡❞♦

✈✐



✏◆ã♦ s❡ ❞❡✈❡ ✐r ❛trás ❞❡ ♦❜❥❡t✐✈♦s ❢á❝❡✐s✳ ➱ ♣r❡❝✐s♦ ❜✉s❝❛r

♦ q✉❡ só ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞♦ ♣♦r ♠❡✐♦ ❞♦s ♠❛✐♦r❡s ❡s❢♦rç♦s✑

✏◆❛❞❛ ❜❡♥❡✜❝✐❛rá t❛♥t♦ ❛ s❛ú❞❡ ❤✉♠❛♥❛ ❡ ❛✉♠❡♥t❛rá ❛s

❝❤❛♥❝❡s ❞❡ s♦❜r❡✈✐✈ê♥❝✐❛ ❞❛ ✈✐❞❛ ♥❛ t❡rr❛ q✉❛♥t♦ ❛

❡✈♦❧✉çã♦ ♣❛r❛ ✉♠❛ ❞✐❡t❛ ✈❡❣❡t❛r✐❛♥❛✑

❆❧❜❡rt ❊✐♥st❡✐♥

✈✐✐



❆❣r❛❞❡❝✐♠❡♥t♦s

●♦st❛r✐❛ ❞❡ ❛❣r❛❞❡❝❡r ❛ ❛❧❣✉♠❛s ♣❡ss♦❛s q✉❡ t✐✈❡r❛♠ ♣❛rt✐❝✐♣❛çã♦ ✐♠♣♦rt❛♥t❡ ♥♦ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦✿

❆♦ ♠❡✉ ♠❛r✐❞♦✱ ♣♦r t✉❞♦✱ ❡ ❛♦s ♠❡✉s ♣❛✐s✱ q✉❡ s❡♠♣r❡ ♠❡ ❛♣♦✐❛r❛♠ ❡ ♠❡ ✐♥❝❡♥t✐✈❛r❛♠

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

❣✉❡rr❡✐r♦ ✲ s❡✉ ♦t✐♠✐s♠♦ ♠❡ ❛❥✉❞❛ ❛ ❝♦♥t✐♥✉❛r✳

❆♦ ♠❡✉ ♦r✐❡♥t❛❞♦r✱ ♣r♦❢❡ss♦r ❘✉❜❡♥s✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ❝♦♠♣r❡❡♥sã♦ ❡ ❛♣♦✐♦✳ ❆♦s ♣r♦❢❡ss♦r❡s

❘♦ss❡❧❧ ❡ ❇♦♥♦♠✐✱ ♣❡❧❛ ❛❥✉❞❛ ❢✉♥❞❛♠❡♥t❛❧ ❝♦♠ ❡st❡ tr❛❜❛❧❤♦✱ ♣❡❧♦ ❛♣♦✐♦ ❡ ♣❡❧❛ ❝♦♥✜❛♥ç❛✳

➚ ❚❛ss✐❛✱ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❝♦♥tr✐❜✉✐çã♦ ❡ss❡♥❝✐❛❧ ♥❡st❡ tr❛❜❛❧❤♦✳ ❆♦ ❈❤❛r❧❡s ❡ à ❙❛r✐t❛✱ ♣❡❧❛

❛♠✐③❛❞❡✱ ❛❥✉❞❛ ❡ ✐♥✈❡♥t✐✈♦✳ ❆♦ ▼❛r❝❡❧♦✱ ♣❡❧❛ ❛❥✉❞❛ ❝♦♠ ❛s ❛♥á❧✐s❡s ❡❝♦♥ô♠✐❝❛s ❡ ❛♦ ▼❛♥t❡❧❛tt♦✱

♣♦r t♦❞❛s ❛s ✐♥❢♦r♠❛çõ❡s ❞♦ ♣r♦❝❡ss♦✳ ❆♦s ❞❡♠❛✐s ❛♠✐❣♦s ❞♦ ❈❚❇❊✿ ❖tá✈✐♦✱ ❚❡r❡③✐♥❤❛✱ ▼❛r✐❛

❚❡r❡s❛✱ ❮s✐s✱ ♣r♦❢✳ ●❡♦r❣❡✱ ❊❞❣❛r❞♦✱ ❈❡❧✐♥❛ ❡ t❛♥t♦s ♦✉tr♦s✱ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ♣❡❧❛s ❝♦♥tr✐❜✉✐çõ❡s

♥❡st❡ tr❛❜❛❧❤♦✱ ✐♥❝❧✉✐♥❞♦ ❘♦s❛♥❣❡❧❛ ❡ ▼❛r❣❛r✐❞❛✱ ❞❛ ❜✐❜❧✐♦t❡❝❛ ❞❛ ❆❇❚▲✉❙✳

➚ ♣r♦❢❡ss♦r❛ ❙✐❧✈✐❛✱ ♣♦r s✉❛s ✈❛❧✐♦s❛s s✉❣❡stõ❡s✳ ❆♦ ❘❡②♥❛❧❞♦✱ ♣❡❧❛ ❛❥✉❞❛ ❡ ❛♠✐③❛❞❡✳ ❆♦s

❝♦❧❡❣❛s✱ ❢✉♥❝✐♦♥ár✐♦s ❡ ♣r♦❢❡ss♦r❡s ❞❛ ❋❊◗✱ ❡s♣❡❝✐❛❧♠❡♥t❡ à ♣r♦❢❡ss♦r❛ ▼❛r✐❛ ❘❡❣✐♥❛ ❡ à ❊❧❡♥✐s❡✳

❆♦s ❛♠✐❣♦s ❞❛ ❢❛❝✉❧❞❛❞❡✱ q✉❡ s❡♠♣r❡ ❛❥✉❞❛r❛♠✿ ▼♦t✐✱ ▼á✱ ❚♦♥♦❧✐✱ ❙♦rô ❡ ❏❛♣❛✳ ❆ t♦❞♦s ♦s

❞❡♠❛✐s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ❛ ❆❧✐❝❡✱ ▼✐r♥❛✱ ❉❡♥✐s❡✱ ❋❡❧✐s❛✱ ▲í✈✐❛ ❡ ♦s ❛♠✐❣♦s ❞♦ ▲❡✐t❡ ♥❛ P✐st❛✳

➚s t✐❛s✱ t✐♦s✱ ✈ô ❡ ♣r✐♠♦s✱ q✉❡ ❛❥✉❞❛r❛♠ ♠✐♥❤❛ ♠ã❡ ❡♥q✉❛♥t♦ ❡✉ ❡st❛✈❛ ❧♦♥❣❡✱ ♠❡s♠♦ à

❞✐stâ♥❝✐❛✳ ❆♦s ♠❡♥✐♥♦s✱ ♣♦r ♠❡ r❡❝❡❜❡r❡♠ ❡♠ ❝❛s❛ ❝♦♠♦ s❡ ❡✉ ❢♦ss❡ ✉♠❛ ❞♦s ❇❡❛t❧❡s ❡ ❛❧❡❣r❛r❡♠

♠❡✉s ❞✐❛s✱ ❡ ❛ t♦❞♦s ♦s ♦✉tr♦s q✉❡ ❞✐r❡t❛ ♦✉ ✐♥❞✐r❡t❛♠❡♥t❡ ❝♦♥tr✐❜✉ír❛♠ ❝♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❡st❡ tr❛❜❛❧❤♦✳

✈✐✐✐



❘❡s✉♠♦

❖ ❛✉♠❡♥t♦ ♥❛ ❞❡♠❛♥❞❛ ♣♦r ❜✐♦❝♦♠❜✉stí✈❡✐s ♠♦t✐✈♦✉ ❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧ ❛ ♣❛r✲

t✐r ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ✭❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✮✳ ❇✐♦❡t❛♥♦❧ é ♣r♦❞✉③✐❞♦ ❡♠ ❧❛r❣❛

❡s❝❛❧❛ ♥♦ ❇r❛s✐❧ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦✮ ❤á ♠❛✐s ❞❡ tr✐♥t❛ ❛♥♦s✳

●r❛♥❞❡s q✉❛♥t✐❞❛❞❡s ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ✭❜❛❣❛ç♦ ❡ ♣❛❧❤❛✮ sã♦ ❣❡r❛❞❛s ❞✉r❛♥t❡

♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ♦ ❜❛❣❛ç♦ é q✉❡✐♠❛❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛✱ ❡ ❛

♣❛❧❤❛ é q✉❡✐♠❛❞❛ ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦❧❤❡✐t❛ ♦✉ ❞❡✐①❛❞❛ ♥♦ ❝❛♠♣♦✳ ❇✉s❝♦✉✲s❡ ♥❡st❡ ❡st✉❞♦

❞❡t❡r♠✐♥❛r ❛s ♠❡❧❤♦r❡s ❝♦♥❞✐çõ❡s ♣❛r❛ ✐♥s❡rçã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ♥♦

❇r❛s✐❧ ❛ ♣❛rt✐r ❞❛s ❢r❛çõ❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝❛s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ q✉❡ ♣♦ss✐❜✐❧✐t❛ ♦ ❛✉♠❡♥t♦ ❞❛

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✉s❛♥❞♦ ❛ ♠❡s♠❛ ár❡❛ ❝✉❧t✐✈❛❞❛ ❡ ♣❡r♠✐t❡ ♦ ✉s♦ ❞❡ ♣❛rt❡ ❞❛ ✐♥❢r❛❡str✉✲

t✉r❛ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ◆❡st❡ s❡♥t✐❞♦✱ sã♦ ❡st✉❞❛❞❛s t❡❝♥♦❧♦❣✐❛s q✉❡ ♠❛①✐♠✐③❛♠ ❛

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ✐♥❝❧✉✐♥❞♦ ❛q✉❡❧❛s q✉❡ ❞✐♠✐♥✉❡♠ ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✲

✈❡♥❝✐♦♥❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❞✐❢❡r❡♥t❡s t❡❝♥♦❧♦❣✐❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦

❢♦r❛♠ ❝♦♠♣❛r❛❞❛s✱ ✐♥❝❧✉✐♥❞♦ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❤✐❞ró❧✐s❡

❡♥③✐♠át✐❝❛✳ ❙✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s ♣❛r❛ ❝♦♠♣❛r❛r ❛s t❡❝♥♦❧♦❣✐❛s❀

♦s r❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡✿ ❛ ♦t✐♠✐③❛çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧

❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡ ♦ ✉s♦ ❞❡ ♣❛rt❡ ❞❛ ♣❛❧❤❛ sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛✉♠❡♥t❛r s✐❣♥✐✜❝❛t✐✲

✈❛♠❡♥t❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ♦ t❡♦r ❞❡ só❧✐❞♦s ✉t✐❧✐③❛❞♦ ♥❛s

r❡❛çõ❡s ❞❡ ❤✐❞ró❧✐s❡ ❛♣r❡s❡♥t❛ ✉♠ ❣r❛♥❞❡ ✐♠♣❛❝t♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ t♦t❛❧❀ ❣❛♥❤♦s

♣♦❞❡♠ s❡r ♦❜t✐❞♦s ❛♦ s❡ ✐♥t❡❣r❛r ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡ ❡♠ ✉♠❛

❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ❝♦♥✈❡♥❝✐♦♥❛❧✳

✐①



❆❜str❛❝t

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

❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧s ✭✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧✮✳ ❇✐♦❡t❤❛♥♦❧ ❤❛s ❜❡❡♥ ♣r♦❞✉❝❡❞ ✐♥ ❧❛r❣❡ s❝❛❧❡

✐♥ ❇r❛③✐❧ ❢r♦♠ s✉❣❛r❝❛♥❡ ✭✶st ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧✮ ❢♦r ♠♦r❡ t❤❛♥ ✸✵ ②❡❛rs✳ ▲❛r❣❡ ❛♠♦✉♥ts

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

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

❤❛r✈❡st ♦r ❧❡❢t ✐♥ t❤❡ ✜❡❧❞✳ ❚❤❡ ❜❡st ❝♦♥❞✐t✐♦♥s ❢♦r ✐♥s❡rt✐♦♥ ♦❢ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥ ✐♥ ❇r❛③✐❧ ✉s✐♥❣ s✉❣❛r❝❛♥❡ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❢r❛❝t✐♦♥s ❛s ❢❡❡❞st♦❝❦ ✇❡r❡ ✐♥✈❡st✐✲

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

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

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

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

❡✈❛❧✉❛t❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ❞✐✛❡r❡♥t t❡❝❤♥♦❧♦❣✐❡s ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

✇❡r❡ ❝♦♠♣❛r❡❞✱ ✐♥❝❧✉❞✐♥❣ ❞✐✛❡r❡♥t ♣r❡tr❡❛t♠❡♥t ♠❡t❤♦❞s ❛♥❞ ❝♦♥❞✐t✐♦♥s ❢♦r ❡♥③②♠❛t✐❝

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

♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❞❡♠❛♥❞ ♦❢ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ❛♥❞ ✉s❡

♦❢ ♣❛rt ♦❢ t❤❡ tr❛s❤ ✐♥ t❤❡ ✐♥❞✉str② ❛r❡ ❝r✉❝✐❛❧ ✐♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠

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

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥❀ s✐❣♥✐✜❝❛♥t ❣❛✐♥s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✇❤❡♥ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ❛♥❞

❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❛r❡ ✐♥t❡❣r❛t❡❞ ✐♥ ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳
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❆❘❚ ❆çú❝❛r❡s r❡❞✉t♦r❡s t♦t❛✐s

❆❘❘❚ ❆çú❝❛r❡s r❡❞✉t♦r❡s r❡s✐❞✉❛✐s t♦t❛✐s

❇r✐① ❚❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s

❊▼❊ ❊✈❛♣♦r❛❞♦r ♠ú❧t✐♣❧♦ ❡❢❡✐t♦

➦●▲ ❚❡♦r ❛❧❝♦ó❧✐❝♦ ❡♠ ✈♦❧✉♠❡ ❛ ✶✺ ❽

▼❊● ▼♦♥♦❡t✐❧❡♥♦❣❧✐❝♦❧

◆❘❚▲ ◆♦♥✲r❛♥❞♦♠ t✇♦ ❧✐q✉✐❞✱ ♠♦❞❡❧♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡

❞❡ ❛t✐✈✐❞❛❞❡

P❈■ P♦❞❡r ❝❛❧♦rí✜❝♦ ✐♥❢❡r✐♦r

P❈❙ P♦❞❡r ❝❛❧♦rí✜❝♦ s✉♣❡r✐♦r

♣♦❧ ❋r❛çã♦ ❞❡ s❛❝❛r♦s❡ ❛♣❛r❡♥t❡✱ ♠❡❞✐❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠ ♣♦❧❛rí♠❡tr♦

❚❈ ❚♦♥❡❧❛❞❛s ❞❡ ❝❛♥❛

❯◆■◗❯❆❈ ❯♥✐✈❡rs❛❧ ◗✉❛s✐❈❤❡♠✐❝❛❧✱ ♠♦❞❡❧♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡

❞❡ ❛t✐✈✐❞❛❞❡

①①✐✈



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❯♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ♥❛ ❞❡♠❛♥❞❛ ♣♦r ❜✐♦❡t❛♥♦❧ é ♣r❡✈✐st♦ ♥♦s ♣ró①✐♠♦s ❛♥♦s

✭❍❊■◆■▼Ö❀ ❏❯◆●■◆●❊❘✱ ✷✵✵✾✮✱ ❞❡✈✐❞♦ ❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❢❛t♦r❡s✿ ❛s ♠✉❞❛♥ç❛s ❝❧✐♠át✐✲

❝❛s✱ q✉❡ ❧❡✈❛♠ à ❜✉s❝❛ ♣♦r ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ ❝♦♠ ♠❡♥♦r ❡♠✐ssã♦ ❞❡ ❣❛s❡s ❝❛✉s❛❞♦r❡s ❞♦

❡❢❡✐t♦ ❡st✉❢❛✱ t❛✐s ❝♦♠♦ ♦s ❜✐♦❝♦♠❜✉stí✈❡✐s ✭❑❯▼❆❘ ❡t ❛❧✳✱ ✷✵✶✵✮❀ ❛s ✢✉t✉❛çõ❡s ♥♦ ♣r❡ç♦

❞♦ ♣❡tró❧❡♦✱ q✉❡ ♠♦t✐✈❛r❛♠ ❛ ❜✉s❝❛ ♣♦r ❝♦♠❜✉stí✈❡✐s ❛❧t❡r♥❛t✐✈♦s✱ s❡♥❞♦ q✉❡ ♦ ❜✐♦❡t❛♥♦❧

❞❡ ✷❛ ❣❡r❛çã♦ ✭♣r♦❞✉③✐❞♦ ❛ ♣❛rt✐r ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✮ r❡❝❡❜❡✉ ❣r❛♥❞❡ ❛t❡♥çã♦✱ ❞❡✲

✈✐❞♦ ❛♦s ❜❛✐①♦s ❝✉st♦s ❞❛ ♠❛tér✐❛ ♣r✐♠❛ ❡ à ♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦ ✉s♦ ❞♦ ❜✐♦❡t❛♥♦❧ ❡♠ ♠✐st✉r❛

❝♦♠ ❛ ❣❛s♦❧✐♥❛ ✭❏■▼➱◆❊❩✲●❖◆❩➪▲❊❩❀ ❲❖❖❉▲❊❨✱ ✷✵✶✵✮❀ ♦ ❛✉♠❡♥t♦ ♥❛ ❞❡♠❛♥❞❛ ♣♦r

❜✐♦❡t❛♥♦❧ ♣❛r❛ ✉t✐❧✐③❛çã♦ ❡♠ ♠♦t♦r❡s ✢❡① ✭❙❖❈❈❖▲ ❡t ❛❧✳✱ ✷✵✶✵✮✱ q✉❡ ❝♦♠♣õ❡♠ ❛ ♠❛✐♦r

♣❛rt❡ ❞❛ ❢r♦t❛ ❞❡ ✈❡í❝✉❧♦s ❧❡✈❡s ♥♦ ♥♦ ❇r❛s✐❧ ✭▲❊■❚❊ ❡t ❛❧✳✱ ✷✵✵✾✮❀ ❛ ❜✉s❝❛ ♣❡❧❛ ✐♥❞❡♣❡♥✲

❞ê♥❝✐❛ ❡♥❡r❣ét✐❝❛✱ t❡♥❞♦ ❡♠ ✈✐st❛ ❛ ✐♥stá✈❡❧ s✐t✉❛çã♦ ♣♦❧ít✐❝❛ ❞♦s ♠❛✐♦r❡s ♣r♦❞✉t♦r❡s ❞❡

♣❡tró❧❡♦ ♥♦ ♠✉♥❞♦✱ ❡ ❛ ♣r❡✈✐st❛ ❡①❛✉stã♦ ❞♦s r❡❝✉rs♦s ❞❡ ♦r✐❣❡♠ ❢óss✐❧ ✭◆■●❆▼❀ ❙■◆●❍✱

✷✵✶✶✮✳ ❆❧é♠ ❞✐ss♦✱ t❡♠ s❡ ❜✉s❝❛❞♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❡t❛♥♦❧ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ♥❛ ✐♥❞ústr✐❛

q✉í♠✐❝❛✱ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s ❞❡ ♦r✐❣❡♠ r❡♥♦✈á✈❡❧ ✈✐s❛♥❞♦ ❛ s✉❜st✐t✉✐çã♦

❞❡ r❡❝✉rs♦s ❢óss❡✐s ♥❛ r♦t❛ ♣❡tr♦q✉í♠✐❝❛ ✭❇❘❊❍▼❊❘ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❖ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❝❛❧❞♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭✶❛

❣❡r❛çã♦✮ ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞♦ ♥❛ ✐♥❞ústr✐❛ é ❝♦♠♣♦st♦ ♣❡❧❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿ r❡❝❡♣çã♦✱

✶



❧✐♠♣❡③❛ ❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s❀ tr❛t❛♠❡♥t♦ ❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦

❝❛❧❞♦❀ ❢❡r♠❡♥t❛çã♦✱ ❞❡st✐❧❛çã♦ ❡ ❞❡s✐❞r❛t❛çã♦✳ ❊♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ tér♠✐❝❛ ♥❡❝❡ssár✐❛ ♣❛r❛

s✉♣r✐r ♦ ♣r♦❝❡ss♦ é ♣r♦❞✉③✐❞❛ ♥❛ ♣ró♣r✐❛ ✉s✐♥❛✱ ✉t✐❧✐③❛♥❞♦ ♦ ❜❛❣❛ç♦✱ ✉♠ s✉❜♣r♦❞✉t♦ ❞♦

♣r♦❝❡ss♦ ❣❡r❛❞♦ ♥❛s ♠♦❡♥❞❛s✱ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ❡♠ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦✳

❆❧é♠ ❞❡ s❡r✈✐r ❝♦♠♦ ❝♦♠❜✉stí✈❡❧✱ ♦ ❜❛❣❛ç♦ t❛♠❜é♠ ♣♦❞❡ s❡r tr❛♥s❢♦r♠❛❞♦ ❡♠ ❡t❛♥♦❧

✭✷❛ ❣❡r❛çã♦✮ ♣♦r ♠❡✐♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ❤✐❞ró❧✐s❡✱ ♥♦ q✉❛❧ ❛ ❝❡❧✉❧♦s❡ ❡ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❛ ❤❡♠✐✲

❝❡❧✉❧♦s❡ ❞♦ ❜❛❣❛ç♦ sã♦ ❝♦♥✈❡rt✐❞❛s ❛ ❛çú❝❛r❡s ❢❡r♠❡♥t❡s❝í✈❡✐s q✉❡ ♣♦❞❡♠ s❡r ❢❡r♠❡♥t❛❞♦s ❛

❡t❛♥♦❧✳ ❈♦♠♦ ♦ ❝♦♠❜✉stí✈❡❧ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ é t❛♠❜é♠ ❝♦♥s✉♠✐❞♦ ❝♦♠♦

♠❛tér✐❛ ♣r✐♠❛✱ t♦r♥❛✲s❡ ♥❡❝❡ssár✐♦ r❡❞✉③✐r ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦✱ ❞❡ ❢♦r♠❛ ❛ ♣r♦❞✉③✐r ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s ❞❡ ❜❛❣❛ç♦✳

❆ss✐♠✱ ♥❡st❡ tr❛❜❛❧❤♦ ❜✉s❝❛✲s❡ ❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

✶❛ ❡ ✷❛ ❣❡r❛çã♦ ❞❡ ❢♦r♠❛ ❛ ❛♣♦♥t❛r ♦s ♣r✐♥❝✐♣❛✐s ❣❛r❣❛❧♦s ❡ ♣♦♥t♦s q✉❡ ❞❡✈❡♠ s❡r ❡st✉❞❛❞♦s

♣❛r❛ ✈✐❛❜✐❧✐③❛r ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ♥♦ ❇r❛s✐❧✳ P❛r❛ ❛t✐♥❣✐r ♦s ♦❜❥❡t✐✈♦s ❞❡st❛

t❡s❡✱ ❞✐❢❡r❡♥t❡s ❢❡rr❛♠❡♥t❛s sã♦ ❡♠♣r❡❣❛❞❛s✿ ❞♦✐s s✐♠✉❧❛❞♦r❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ❙✉♣❡rPr♦

❉❡s✐❣♥❡r ❡ ❆s♣❡♥ P❧✉s✱ ❡ ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s✳

✶✳✶ ❖❜❥❡t✐✈♦s

❖s ♦❜❥❡t✐✈♦s ❣❡r❛✐s ❞❡st❡ ♣r♦❥❡t♦ ❞❡ ❞♦✉t♦r❛❞♦ sã♦✿

❼ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

♣r✐♠❡✐r❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡✱ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀

❼ ❊st✉❞♦ ❞❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛

❣❡r❛çã♦✱✈✐s❛♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡✴♦✉ ❞❡ ❜❛❣❛ç♦❀

❼ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s✐♠✉❧❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦

✉t✐❧✐③❛♥❞♦ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛❀

❼ ❊st✉❞♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛❣❡r❛çã♦❀

✷



❼ ❊st✉❞♦ ❞❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✳

✶✳✷ ❖r❣❛♥✐③❛çã♦ ❞❛ t❡s❡

◆♦ ❈❛♣ít✉❧♦ ✷ é ❛♣r❡s❡♥t❛❞❛ ❛ ❞❡s❝r✐çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛

❣❡r❛çã♦✱ s❡♥❞♦ ❛♣r❡s❡♥t❛❞♦s ❞❛❞♦s ♦❜t✐❞♦s ♥❛ ✐♥❞ústr✐❛ ❡ ♥❛ ❧✐t❡r❛t✉r❛✳

❖ ❈❛♣ít✉❧♦ ✸ ❛♣r❡s❡♥t❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♥❛ s✐♠✉❧❛çã♦ ❞♦s ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳ ➱ ❛♣r❡s❡♥t❛❞♦ ❡♠ ❞❡t❛❧❤❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛

r❡❛❧✐③❛r ❛s s✐♠✉❧❛çõ❡s ✉s❛♥❞♦ ♦ s♦❢t✇❛r❡ ❆s♣❡♥ P❧✉s✱ ❛❧é♠ ❞❡ ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s s♦❜r❡

♦ s♦❢t✇❛r❡ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✳

◆♦ ❈❛♣ít✉❧♦ ✹ sã♦ ❛♣r❡s❡♥t❛❞♦s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s ✉t✐❧✐③❛♥❞♦✲s❡ ♦ s✐♠✉❧❛❞♦r ❙✉✲

♣❡rPr♦ ❉❡s✐❣♥❡r✳ ❊st❡s tr❛❜❛❧❤♦s tr❛t❛♠ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡ ❡❧❡tr✐❝✐❞❛❞❡ ❡♠ ❞❡st✐❧❛r✐❛s

❛✉tô♥♦♠❛s✱ ✐♥t❡❣r❛❞❛s ♦✉ ♥ã♦ à ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✳

▼❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦✱ ✈✐s❛♥❞♦ ❛

♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ♦✉ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡①❝❡❞❡♥t❡✱ sã♦

❛♣r❡s❡♥t❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ✺✱ s❡♥❞♦ ❛♥❛❧✐s❛❞♦ t❛♠❜é♠ ♦ ❛✉♠❡♥t♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

q✉❛♥❞♦ é ✐♥t❡❣r❛❞❛ ❛♦ ♣r♦❝❡ss♦ ♦t✐♠✐③❛❞♦ ✉♠❛ ♣❧❛♥t❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✳

❯♠ ❡st✉❞♦ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛✱ ❝♦♠♣❛✲

r❛♥❞♦ ❢❡r♠❡♥t❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ✭❜❛t❡❧❛❞❛ ❛❧✐♠❡♥t❛❞❛ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉❧❛s✮✱ ❢❡r♠❡♥t❛çã♦

❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ✉t✐❧✐③❛♥❞♦ á❣✉❛ ❣❡❧❛❞❛ ♣r♦❞✉③✐❞❛ ❡♠ s✐st❡♠❛ ❞❡ ❛❜s♦rçã♦ ❝♦♠ ❜r♦✲

♠❡t♦ ❞❡ ❧ít✐♦ ❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦ é ❛♣r❡s❡♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✻✳

❆ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ❡

♣r♦❝❡ss♦s ✐♥t❡❣r❛❞♦s ❝♦♠ ❛ ♣❧❛♥t❛ ❞❡ ✶❛ ❣❡r❛çã♦✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s t❡❝♥♦❧ó❣✐❝♦s ♥❛

❤✐❞ró❧✐s❡✱ é ❛♣r❡s❡♥t❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✼✳

❉✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞♦s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❤✐❞ró❧✐s❡ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡✲

❧✉❧ós✐❝♦ sã♦ ❛♥❛❧✐s❛❞❛s ❡♠ ✉♠ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦

✸



♥♦ ❈❛♣ít✉❧♦ ✽✱ s❡♥❞♦ ❛♣♦♥t❛❞❛s ❛s ❝♦♥❞✐çõ❡s ♥❛s q✉❛✐s ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ é ♠❛①✐♠✐③❛❞❛✳

❆♥á❧✐s❡ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛✲

çã♦ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♣r♦❝❡ss♦✱ t❛✐s ❝♦♠♦ ✈ár✐♦s ♣ré✲tr❛t❛♠❡♥t♦s✱

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

❞❛s ♥♦ ❈❛♣ít✉❧♦ ✾✳

❆s ❝♦♥❝❧✉sõ❡s ❡ s✉❣❡stõ❡s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ✶✵✳

✶✳✸ ❈♦♥tr✐❜✉✐çõ❡s ❞❛ t❡s❡

❉❡♥tr❡ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡st❛ t❡s❡✱ ❞❡st❛❝❛♠✲s❡✿

❼ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡✲

❣✉♥❞❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡✱ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀

❼ ❆✈❛❧✐❛çã♦ ❞♦ ✐♠♣❛❝t♦ ❞❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛✲

♥♦❧ ❡ ❞❛ ✐♥s❡rçã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ♥❛ ♣❧❛♥t❛

♦t✐♠✐③❛❞❛❀

❼ ❆✈❛❧✐❛çã♦ ❞♦ ✐♠♣❛❝t♦ ❞❛ ✐♥s❡rçã♦ ❞❡ ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦ ♥♦ ♣r♦✲

❝❡ss♦ ❝♦♠♣❧❡t♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛❀

❼ ❆✈❛❧✐❛çã♦ ❞♦s ✐♠♣❛❝t♦s ❞♦ ✉s♦ ❞❡ ❞✐❢❡r❡♥t❡s s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡✲

❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✱ ♠♦str❛♥❞♦ q✉❡ ♣❡q✉❡♥♦s

❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♣♦❞❡♠ s❡r ♦❜t✐❞♦s q✉❛♥❞♦ ❝❛❧❞❡✐r❛s ❞❡ ❜❛✐①❛ ♣r❡ssã♦

✭✷✷ ❜❛r✮ sã♦ ❡♠♣r❡❣❛❞❛s✱ ♣♦ré♠ ❝♦♠ ❞✐♠✐♥✉✐çã♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛❀

❼ ❆✈❛❧✐❛çã♦ ❞❛ ♣r♦❞✉çã♦ s✐♠✉❧tâ♥❡❛ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡ ❡♠

❞❡st✐❧❛r✐❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ♠♦str❛♥❞♦ q✉❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ❛✉♠❡♥t❛ ❛

r❡♥t❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦❀

✹



❼ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛

❣❡r❛çã♦✱ ❡ ♦ ♣r♦❝❡ss♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✱ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱

♠♦str❛♥❞♦ q✉❡ ♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♥s s♦❜r❡ ♦ ✐♥❞❡♣❡♥❞❡♥t❡❀

❼ ❆♥á❧✐s❡ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✱ ✐♥❞✐❝❛♥❞♦ ❛s ♠❡❧❤♦r❡s ❝♦♥❞✐çõ❡s ♣❛r❛ ✐♥s❡rçã♦

❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡♠ ❞❡st✐❧❛r✐❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♥♦ ❇r❛s✐❧✳

✺



❈❛♣ít✉❧♦ ✷

❘❡✈✐sã♦ ❞❛ ❧✐t❡r❛t✉r❛

✷✳✶ ❈❛♥❛✲❞❡✲❛çú❝❛r

❆ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣❡rt❡♥❝❡ ❛♦ ❣ê♥❡r♦ ❙❛❝❝❤❛r✉♠✱ ❞❛ ❢❛♠í❧✐❛ ❞❛s ❣r❛♠í♥❡❛s✳ ❆ ♣❧❛♥t❛

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ r❡♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✶✱ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ♥❛s s❡❣✉✐♥t❡s ♣❛rt❡s✿

♣♦♥t❛s✱ ❢♦❧❤❛s ✭✈❡r❞❡s ❡ s❡❝❛s✮✱ ❝♦❧♠♦s ✭q✉❡ ❛r♠❛③❡♥❛♠ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ s❛❝❛r♦s❡✮ ❡

s✐st❡♠❛ r❛❞✐❝✉❧❛r✳

❖s ❝♦❧♠♦s ❞❛ ❝❛♥❛ sã♦ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❛çú❝❛r ❡ ❡t❛♥♦❧✱

♣♦✐s sã♦ r✐❝♦s ❡♠ s❛❝❛r♦s❡✳ ❖ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ❝♦♥st✐t✉í❞♦ ♣♦r ✉♠❛ ❢r❛çã♦ ❞♦s

❝♦❧♠♦s ❡ é ♦❜t✐❞♦ ❝♦♠♦ s✉❜♣r♦❞✉t♦ ❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✳ ❆s ♣♦♥t❛s✱ ❢♦❧❤❛s ✈❡r❞❡s

❡ s❡❝❛s ❝♦♠♣õ❡♠ ❛ ♣❛❧❤❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ q✉❡✐♠❛❞❛ ♦✉ ❞❡✐①❛❞❛ ♥♦

❝❛♠♣♦ ✭❉■❆❙✱ ✷✵✵✽❀ P■PP❖ ❡t ❛❧✳✱ ✷✵✶✶❛✮✱ ♠❛s q✉❡ ✈❡♠ s❡♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ✉t✐❧✐③❛❞❛ ♥❛

✐♥❞ústr✐❛ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ❡♠ ❝❛❧❞❡✐r❛s✳

❆ ❝♦♠♣♦s✐çã♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✈❛r✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❝❛♥❛✱ ❞♦ s♦❧♦✱ ❞♦

❝❧✐♠❛✱ ❞❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ á❣✉❛ ❡ ❞❛ é♣♦❝❛ ♥❛ s❛❢r❛✱ ❞❡♥tr❡ ♦✉tr♦s ❛s♣❡❝t♦s✳ ❆ ❝❛♥❛✲

❞❡✲❛çú❝❛r é ❡ss❡♥❝✐❛❧♠❡♥t❡ ✉♠❛ ♠✐st✉r❛ ❞❡ ❝❛❧❞♦ ✭s♦❧✉çã♦ ❛q✉♦s❛ ❞❡ ❛çú❝❛r❡s ❡ ♦✉tr❛s

s✉❜stâ♥❝✐❛s ♦r❣â♥✐❝❛s ❡ ✐♥♦r❣â♥✐❝❛s✮ ❡ ✜❜r❛ ✭♠❛t❡r✐❛❧ ✐♥s♦❧ú✈❡❧✮✳ ❆ ❝♦♠♣♦s✐çã♦ ❜ás✐❝❛ ❞❛

✻



❝❛♥❛✲❞❡✲❛çú❝❛r é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✷✳✶✳

❋✐❣✉r❛ ✷✳✶✿ P❛rt❡s ❞❛ ♣❧❛♥t❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❛❞❛♣t❛❞♦ ❞❡ ❍❛ss✉❛♥✐ ❡t ❛❧✳ ✭✷✵✵✺✮✮✳

❆ q✉❛♥t✐❞❛❞❡ ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s é ❣❡r❛❧♠❡♥t❡ ❡①♣r❡ss❛ ❡♠ ❇r✐①✱ q✉❡ r❡♣r❡s❡♥t❛ ❛

❝♦♥❝❡♥tr❛çã♦ ♠áss✐❝❛ ✭✪✮ ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s t♦t❛✐s ❛♣❛r❡♥t❡s✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ s❛❝❛r♦s❡

❞✐s♣♦♥í✈❡❧ ♥❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ♠✉✐t❛s ✈❡③❡s ♠❡❞✐❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠ ♣♦❧❛rí♠❡tr♦✱ ❡ ❛

s❛❝❛r♦s❡ ♠❡❞✐❞❛ ❞❡st❛ ❢♦r♠❛ é ❝❤❛♠❛❞❛ ❞❡ ♣♦❧✳ ❯♠ ❡①❡♠♣❧♦ ❞♦ t❡♦r ❞❡ ❛çú❝❛r❡s ❡ ✜❜r❛s

♣r❡s❡♥t❡ ♥❛ ❝❛♥❛✱ ♦❜t✐❞♦ ♥❛ s❛❢r❛ ✷✵✵✻✴✷✵✵✼ ❞❛ ❯s✐♥❛ ❞❛ P❡❞r❛✱ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❚❛❜❡❧❛

✷✳✷✳

✼



❚❛❜❡❧❛ ✷✳✶✿ ❈♦♠♣♦s✐çã♦ ❜ás✐❝❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✼✮✳
❈♦♠♣♦♥❡♥t❡ ❚❡♦r ✭✪ ❡♠ ♠❛ss❛✮
❙ó❧✐❞♦s ❚♦t❛✐s ✷✹ ❛ ✷✼
❙ó❧✐❞♦s ❙♦❧ú✈❡✐s ✶✵ ❛ ✶✻
❋✐❜r❛s ✭❜❛s❡ s❡❝❛✮ ✶✶ ❛ ✶✻
➪❣✉❛ ✼✸ ❛ ✼✻

❚❛❜❡❧❛ ✷✳✷✿ ❋r❛çã♦ ♠é❞✐❛ ❞❡ s❛❝❛r♦s❡ ✭♣♦❧✮✱ ✜❜r❛ ❡ ❛çú❝❛r❡s r❡❞✉t♦r❡s ♥❛ ❝❛♥❛✲❞❡✲❛çú❝❛r
✭s❛❢r❛ ✷✵✵✻✴✷✵✵✼ ❞❛ ❯s✐♥❛ ❞❛ P❡❞r❛✮✳

❈♦♠♣♦♥❡♥t❡ ❚❡♦r ✭✪ ❡♠ ♠❛ss❛✮
P♦❧ ✶✹✱✵✷
❋✐❜r❛ ✶✸✱✷✶
❆çú❝❛r❡s r❡❞✉t♦r❡s ✵✱✻✷

❖s ❛çú❝❛r❡s r❡❞✉t♦r❡s sã♦ ❝♦♠♣♦st♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r ❣❧✐❝♦s❡ ❡ ❢r✉t♦s❡✱ ❡ ❛s ✜❜r❛s

r❡♣r❡s❡♥t❛♠ ❛ ♠❛✐♦r ♣❛rt❡ ❞♦ ❜❛❣❛ç♦ ❡ ❞❛ ♣❛❧❤❛✳ ❖ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣♦ss✉✐

❝❡r❝❛ ❞❡ ✹✵ ❛ ✺✵✪ ❞❡ ❝❡❧✉❧♦s❡ ✭♣♦❧í♠❡r♦ ❝r✐st❛❧✐♥♦ ❞❡ ❣❧✐❝♦s❡✮ ❡ ❞❡ ✷✺ ❛ ✸✺✪ ❤❡♠✐❝❡❧✉❧♦s❡

✭♣♦❧í♠❡r♦ ❛♠♦r❢♦ ❝♦♥t❡♥❞♦ ❣❡r❛❧♠❡♥t❡ ①✐❧♦s❡✱ ❛r❛❜✐♥♦s❡✱ ❣❛❧❛❝t♦s❡✱ ❣❧✐❝♦s❡ ❡ ♠❛♥♦s❡✮❀ ♦

r❡st❛♥t❡ é ❝♦♠♣♦st♦ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ♣♦r ❧✐❣♥✐♥❛✱ ♠❛s t❛♠❜é♠ ♣♦r tr❛ç♦s ❞❡ ♠✐♥❡r❛✐s✱

❝❡r❛s ❡ ♦✉tr♦s ❝♦♠♣♦st♦s ✭❙❯◆ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▼❛✐♦r❡s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ❝♦♠♣♦s✐çã♦ ❞♦

❜❛❣❛ç♦ ❡ ❞❛ ♣❛❧❤❛ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ s❡çã♦ ✸✳✸✳✶✳

✷✳✶✳✶ ❈♦❧❤❡✐t❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

❚❡♥❞♦ ❡♠ ✈✐st❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ♦✉ ❜✐♦❡❧❡tr✐❝✐❞❛❞❡✱ ❞❡✈❡✲s❡

♣r✐♦r✐③❛r ❛ ❝♦❧❤❡✐t❛ ♠❡❝❛♥✐③❛❞❛ ❞❛ ❝❛♥❛ ❝r✉❛✱ ✐st♦ é✱ s❡♠ ❛ q✉❡✐♠❛ ❞❛ ♣❛❧❤❛ ♥♦ ❝❛♥❛✈✐❛❧❀

❛ss✐♠✱ ♣❛rt❡ ❞❛ ♣❛❧❤❛ ♣r♦❞✉③✐❞❛ ♥♦ ❝❛♠♣♦ ♣♦❞❡ s❡r tr❛♥s♣♦rt❛❞❛ ❛té ❛ ✉s✐♥❛ ❡ ✉t✐❧✐③❛❞❛

❝♦♠♦ ✐♥s✉♠♦ ♦✉ ❝♦♠❜✉stí✈❡❧✳ ❚❡❝♥♦❧♦❣✐❛s ✈✐s❛♥❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞♦ tr❛♥s♣♦rt❡

❞❡ ♣❛❧❤❛ ❞♦ ❝❛♠♣♦ ♣❛r❛ ❛ ✉s✐♥❛ ❡stã♦ s❡♥❞♦ ❡st✉❞❛❞❛s ✭P■PP❖ ❡t ❛❧✳✱ ✷✵✶✶❜❀ ❍❆❙❙❯❆◆■

❡t ❛❧✳✱ ✷✵✵✺✮✳

✽



✷✳✷ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲

❞❡✲❛çú❝❛r

❆s s❡❣✉✐♥t❡s ♦♣❡r❛çõ❡s sã♦ ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞❛s ♥❛ ✐♥❞ústr✐❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❝❛❧❞♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦✮✿ r❡❝❡♣çã♦✱ ❧✐♠♣❡③❛ ❡

♣r❡♣❛r♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s❀ tr❛t❛♠❡♥t♦ ❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦❀

❢❡r♠❡♥t❛çã♦❀ ❞❡st✐❧❛çã♦ ❡ ❞❡s✐❞r❛t❛çã♦❀ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ tér♠✐❝❛✳ ❆ s❡❣✉✐r

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

♣r♦❝❡ss♦ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ sã♦ ❛♣r❡s❡♥t❛❞♦s✳

✷✳✷✳✶ ❘❡❝❡♣çã♦ ❡ ❧✐♠♣❡③❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

❖ t❡♦r ❞❡ t❡rr❛ ✭✐♠♣✉r❡③❛s ♠✐♥❡r❛✐s✮ ❛rr❛st❛❞❛ ❝♦♠ ❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✈❛r✐❛ ❡♥tr❡ ✵✱✸ ❡

✶✱✻✪ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✹✮❀ ♥❛ s❛❢r❛ ✷✵✵✻✴✷✵✵✼ ❞❛ ❯s✐♥❛ ❞❛ P❡❞r❛ ✈❡r✐✜❝♦✉✲s❡ ♦ ✈❛❧♦r

♠é❞✐♦ ❞❡ ✵✱✻✪✳ ❯s✉❛❧♠❡♥t❡ ❛ ❝❛♥❛ ❞❡s❝❛rr❡❣❛❞❛ ♥❛s ♠❡s❛s ♦✉ ❡st❡✐r❛s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❛

✉♥✐❞❛❞❡ ❞❡ ❡①tr❛çã♦ ❞♦ ❝❛❧❞♦ ♣❛ss❛ ♣♦r ✉♠ s✐st❡♠❛ ❞❡ ❧✐♠♣❡③❛ q✉❡ ✉t✐❧✐③❛ á❣✉❛ ❡♠ ❝✐r❝✉✐t♦

❢❡❝❤❛❞♦✱ ♦ q✉❡ ♣r♦♠♦✈❡ ❛ r❡♠♦çã♦ ❞❡ ❝❡rt❛ q✉❛♥t✐❞❛❞❡ ❞❡ t❡rr❛ ❞❛ ❝❛♥❛✱ ❡ ❛♣ós ❞❡❝❛♥t❛çã♦

❞♦s só❧✐❞♦s ❡ss❛ á❣✉❛ é ✉t✐❧✐③❛❞❛ ♥♦✈❛♠❡♥t❡ ♥❛ ❧✐♠♣❡③❛✳ ❆ ♣r✐♥❝✐♣❛❧ ❞❡s✈❛♥t❛❣❡♠ ❞❛

✉t✐❧✐③❛çã♦ ❞❡ á❣✉❛ ♥❛ ❧✐♠♣❡③❛ ❞❛ ❝❛♥❛ é ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ♣❡r❞❛s ❝♦♥s✐❞❡rá✈❡✐s ❞❡ ❛çú❝❛r❡s✱

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

❝❛♥❛ ✈❡r❞❡ ♦✉ q✉❡✐♠❛❞❛✮✳

❯♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❧❛✈❛❣❡♠ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠ á❣✉❛ ❢♦✐ ❝♦♥❞✉③✐❞♦

♣♦r ❇✐r❦❡tt ❡ ❙t❡✐♥ ✭❛♣✉❞ ❘❊■◆✱ ✷✵✵✼✮✱ q✉❡ ✈❡r✐✜❝❛r❛♠ ❣r❛♥❞❡s ♣❡r❞❛s ❞❡ ❛çú❝❛r ✭♠é❞✐❛

❞❡ ✸✱✷ ❦❣✴❚❈ ♣❛r❛ ❝❛♥❛ ♣✐❝❛❞❛✱ ❝♦♠ r❡❞✉çã♦ ❞❡ ✷✺✪ ♣❛r❛ ❝❛♥❛ ✐♥t❡✐r❛✮✳ ❆❧é♠ ❞❡ ❞✐♠✐♥✉✐r

❛s ♣❡r❞❛s ❞❡ ❛çú❝❛r✱ ❛ ❡❧✐♠✐♥❛çã♦ ❞❛ ❧❛✈❛❣❡♠ ❝♦♠ á❣✉❛ ❢♦r♥❡❝❡ ✉♠❛ sér✐❡ ❞❡ ✈❛♥t❛❣❡♥s

✭▼❖◆●❊❀ ❙❈❍❯❉▼❆❑✱ ✷✵✵✷ ❛♣✉❞ ❘❊■◆✱ ✷✵✵✼✮✱ t❛✐s ❝♦♠♦ r❡❞✉çã♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛❧

♥❡❝❡ssár✐❛ ♥❛ ❡t❛♣❛ ❞❡ ❝❧❛r✐✜❝❛çã♦ ❡ ❝♦♥tr♦❧❡ ❞♦ ♣❍ ❞♦ ❝❛❧❞♦✱ ❛✉♠❡♥t♦ ♥❛ ♣✉r❡③❛ ❞♦ ❝❛❧❞♦✱

❛✉♠❡♥t♦ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❡①tr❛çã♦ ❡ ❛✉♠❡♥t♦ ♥❛ r❡❝✉♣❡r❛çã♦ ❞❡ ❛çú❝❛r❡s❀ ♥♦ ❡♥t❛♥t♦✱ ❛

✾



q✉❛♥t✐❞❛❞❡ ❞❡ ❝✐♥③❛s ♥♦ ❜❛❣❛ç♦ ❛✉♠❡♥t❛✱ ❝♦♠ ❝♦♥s❡qü❡♥t❡ ❞✐♠✐♥✉✐çã♦ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞❛

❝❛❧❞❡✐r❛ ❡ ❞❡s❣❛st❡ ❞♦ ❡q✉✐♣❛♠❡♥t♦✱ ❛❧é♠ ❞❡ ♦❝♦rr❡r ♠❛✐♦r ❛rr❛st❡ ❞❡ só❧✐❞♦s ♥♦ ❝❛❧❞♦✳

❖ ✉s♦ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ♥♦ ❇r❛s✐❧ ✈❛r✐❛ ❡♥tr❡ ✶✱✹ ❛ ✽✱✷✻ ♠3✴❚❈✱ ♥❛s ✉s✐♥❛s ❝♦♥✈❡✲

♥✐❛❞❛s ❛♦ ❈❡♥tr♦ ❞❡ ❚❡❝♥♦❧♦❣✐❛ ❈❛♥❛✈✐❡✐r❛ ✭❈❚❈✮ ✭❊▲■❆ ◆❊❚❖✱ ✷✵✵✽✮✱ s❡♥❞♦ ♦❜s❡r✈❛❞♦

♦ ✈❛❧♦r ♠é❞✐♦ ❞❡ ✷✱✷ ♠3✴❚❈ ✭❊▲■❆ ◆❊❚❖✱ ✷✵✵✾✮❀ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ r❡♠♦çã♦ ❞❡ t❡rr❛ é ❞❛

♦r❞❡♠ ❞❡ ✾✵✪ ✭❇◆❉❊❙❀ ❈●❊❊✱ ✷✵✵✽✮✱ ❡ ❝❡r❝❛ ❞❡ ✼✱✺ t✴✶✵✵ ❚❈ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ sã♦

♣❡r❞✐❞♦s ♥❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❇■❘❑❊❚❚❀ ❙❚❊■◆✱ ✷✵✵✽ ❛♣✉❞ ❘❊■◆✱ ✷✵✵✼✮✳

❖ tr❛t❛♠❡♥t♦ ❞❛ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ❞❡ ❝❛♥❛ ❝♦♥s✐st❡ ♥❛ ❛❞✐çã♦ ❞❡ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡

❡ ❝❛❧✱ ♥❛ ♣r♦♣♦rçã♦ ❛♣r♦①✐♠❛❞❛ ❞❡ ✷ ♣♣♠ ❡ ✶✵✵ ❣✴♠➩✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❡✜❝✐ê♥❝✐❛ ❞❡

r❡♠♦çã♦ ❞❡ ♣❛rtí❝✉❧❛s só❧✐❞❛s ❞❛ á❣✉❛ é ❞❡ ✾✾✪✱ ❡ ❛ ♣❡r❞❛ ❞❡ á❣✉❛ ♥♦ ❧♦❞♦ é ❞❛ ♦r❞❡♠ ❞❡

✷✱✺✪ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳

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

❞❡✲❛çú❝❛r ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞♦✳ ❯♠ ❡①❡♠♣❧♦ s❡r✐❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❧✐♠♣❡③❛

❛ s❡❝♦ q✉❡ ❝♦♥s✐st❡ ❞❡ ✈❡♥t✐❧❛❞♦r❡s✱ q✉❡ ♣r♦♠♦✈❡♠ ❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ✈❡❣❡t❛✐s

✭♣❛❧❤✐ç♦✮✱ ❡ ✉♠ s✐st❡♠❛ ❞❡ ❛çã♦ ♠❡❝â♥✐❝❛✱ q✉❡ ♣r♦♠♦✈❡ ❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♠✐♥❡r❛✐s

♣♦r ♠❡✐♦ ❞❡ s❡♣❛r❛❞♦r❡s ♦✉ ♠❡s❛s ❝♦♠ ❢✉♥❞♦ ♣❡r❢✉r❛❞♦ ♥♦s q✉❛✐s ❛ ❝❛♥❛ é r❡✈♦❧✈✐❞❛✳

❊✜❝✐ê♥❝✐❛ ❞❡ r❡♠♦çã♦ ❞❡ t❡rr❛ ❞❛ ♦r❞❡♠ ❞❡ ✼✵✪ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❡♠ ✉♠ s✐st❡♠❛ ❝♦♠♦

❡ss❡✳ ❆s ♣❡r❞❛s ❞❡ ❛çú❝❛r❡s✱ ♥❡st❡ ❝❛s♦✱ s❡r✐❛♠ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ♣❡r❞❛s ❞❡ ♣❡❞❛ç♦s ❞❡

❝❛♥❛ ♥❛ ❡st❡✐r❛✱ ❡ sã♦ ❞❛ ♦r❞❡♠ ❞❡ ✵✱✺✪✳

✷✳✷✳✷ Pr❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s

Pr❡✈✐❛♠❡♥t❡ à ❛❧✐♠❡♥t❛çã♦ ♥♦ s✐st❡♠❛ ❞❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✱ ❛s ❝é❧✉❧❛s ❞❛ ❝❛♥❛ ♣r❡✲

❝✐s❛♠ s❡r r♦♠♣✐❞❛s✱ ❞❡ ♠♦❞♦ ❛ ❛✉♠❡♥t❛r ❛ r❡❝✉♣❡r❛çã♦ ❞♦s ❛çú❝❛r❡s ♥❛ ❡t❛♣❛ ❞❡ ❡①tr❛çã♦✳

❖ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é r❡❛❧✐③❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ♥✐✈❡❧❛❞♦r❡s✱ ♣✐❝❛❞♦r❡s ❡ ❞❡s✜❜r❛❞♦✲

r❡s✿ ❛ ❝❛♥❛ ❧✐♠♣❛ ♣❛ss❛ ♣♦r ✉♠❛ sér✐❡ ❞❡ ♥✐✈❡❧❛❞♦r❡s ✭❢❛❝❛s ❣✐r❛tór✐❛s✮✱ ♣✐❝❛❞♦r❡s ✭❢❛❝❛s

♦s❝✐❧❛♥t❡s✮ ❡ ❞❡s✜❜r❛❞♦r❡s ✭♠❛rt❡❧♦s ❣✐r❛tór✐♦s✮ q✉❡ tê♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦

t❛♠❛♥❤♦ ❞❛ ♣❛rtí❝✉❧❛ ❡ ❛ ✉♥✐❢♦r♠✐③❛çã♦ ❞♦ ♠❛t❡r✐❛❧ ❛ s❡r ❛❧✐♠❡♥t❛❞♦ ♥❛ ❡t❛♣❛ ❞❡ ❡①tr❛çã♦

✶✵



❞♦s ❛çú❝❛r❡s✳ ◆❡st❡s ❡q✉✐♣❛♠❡♥t♦s✱ ❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ❡s♠❛❣❛❞❛ ❡ ♣✐❝❛❞❛✱ ♦ q✉❡ ❛✉♠❡♥t❛

❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❡①tr❛çã♦ ♥❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞♦ ♣r♦❝❡ss♦✳ ❆ ♣♦r❝❡♥t❛❣❡♠ ❞❡ ❝é❧✉❧❛s ❛❜❡rt❛s

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ❝❤❛♠❛❞❛ ❞❡ í♥❞✐❝❡ ❞❡ ♣r❡♣❛r♦✱ ❡ ❞❡✈❡ s❡r ✐❣✉❛❧ ♦✉ s✉♣❡r✐♦r ❛ ✽✷✪ ♥♦

❝❛s♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠♦❡♥❞❛s ❡ s✉♣❡r✐♦r ❛ ✾✷✪ ♥♦ ❝❛s♦ ❞❡ ❞✐❢✉s♦r❡s ✭▲❊❆▲✱ ✷✵✵✺✮✳

❆ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s é ❢❡✐t❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ✉t✐❧✐③❛♥❞♦✲s❡ ♠♦❡♥❞❛s✱ ♠❛s ♦s ❞✐❢✉s♦r❡s

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

❞✐❢✉s♦r❡s ❛♣r❡s❡♥t❛♠ ❛❧❣✉♠❛s ✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ às ♠♦❡♥❞❛s✳ ❆ s❡❣✉✐r ✐♥❢♦r♠❛çõ❡s

s♦❜r❡ ❡st❡s ❞♦✐s s✐st❡♠❛s sã♦ ❞❡t❛❧❤❛❞❛s✳

✷✳✷✳✷✳✶ ▼♦❡♥❞❛s

❆s ♠♦❡♥❞❛s sã♦ ❡♠♣r❡❣❛❞❛s ♥❛ ♠❛✐♦r ♣❛rt❡ ✭✾✽✪✮ ❞❛s ✉s✐♥❛s ❜r❛s✐❧❡✐r❛s ✭▲❊❆▲✱ ✷✵✵✺✮✳

❯s✉❛❧♠❡♥t❡ sã♦ ✉t✐❧✐③❛❞♦s ❡♥tr❡ ✹ ❡ ✻ t❡r♥♦s ❞❡ ♠♦❡♥❞❛s ❡♠ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ ❡①tr❛çã♦✱ ❡

é ✉t✐❧✐③❛❞❛ á❣✉❛ ❞❡ ❡♠❜❡❜✐çã♦ ♣❛r❛ ❛✉♠❡♥t❛r ❛ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✳ ❆ t❛①❛ ❞❡ á❣✉❛

❞❡ ❡♠❜❡❜✐çã♦ ❡♠♣r❡❣❛❞❛ é ❞❛ ♦r❞❡♠ ❞❡ ✷✽✵ ❦❣ á❣✉❛✴❚❈ ✭❞❡ ❛❝♦r❞♦ ❝♦♠ ❞❛❞♦s ❞❛ s❛❢r❛

✷✵✵✻✴✷✵✵✼ ❞❛ ❯s✐♥❛ ❞❛ P❡❞r❛✮✳ ❖ s✐st❡♠❛ ❞❡ ❡♠❜❡❜✐çã♦ ♥♦r♠❛❧♠❡♥t❡ ❡♠♣r❡❣❛❞♦ é ♦

❝♦♠♣♦st♦✱ ♥♦ q✉❛❧ á❣✉❛ ❞❡ ❡♠❜❡❜✐çã♦ é ❛❧✐♠❡♥t❛❞❛ ❛♥t❡s ❞♦ ú❧t✐♠♦ t❡r♥♦ ❞❡ ♠♦❡♥❞❛s❀ ♦

❝❛❧❞♦ ♦❜t✐❞♦ ♥❡st❡ t❡r♥♦ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❡♠❜❡❜✐çã♦ ❞♦ ♣❡♥ú❧t✐♠♦ ❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡

❛té ♦ s❡❣✉♥❞♦ t❡r♥♦✳ ◆♦ ♣r✐♠❡✐r♦ t❡r♥♦ ♥ã♦ ❤á ❡♠❜❡❜✐çã♦✱ ❡ ♦ ❝❛❧❞♦ ♦❜t✐❞♦ ♥♦ ♣r✐♠❡✐r♦ ❡

s❡❣✉♥❞♦ t❡r♥♦s é ❡♥✈✐❛❞♦ ♣❛r❛ ❛s ♣❡♥❡✐r❛s ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ r❡♠♦✈❡r ❛s ✜❜r❛s ❛rr❛st❛❞❛s❀

♦ t❡♦r ❞❡ ❜❛❣❛❝✐❧❤♦ ♥♦ ❝❛❧❞♦ ✈❛r✐❛ ❡♥tr❡ ✵✱✶✪ ❡ ✶✪ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✾✮✳ ❆s ✜❜r❛s

r❡t✐r❛❞❛s ♥❛s ♣❡♥❡✐r❛s sã♦ ❛❧✐♠❡♥t❛❞❛s ♥♦✈❛♠❡♥t❡ ♥❛s ♠♦❡♥❞❛s✱ ❧♦❣♦ ❛♣ós ♦ ♣r✐♠❡✐r♦ t❡r♥♦✳

◆♦ ú❧t✐♠♦ t❡r♥♦ é ♦❜t✐❞♦ ♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ q✉❡ ❝♦♥té♠ ❝❡r❝❛ ❞❡ ✺✵✪ ❞❡ ✉♠✐❞❛❞❡✳

❖ ❝❛❧❞♦ ♠✐st♦ é ♦❜t✐❞♦ ♥❛s ♣❡♥❡✐r❛s ❡ ❛r♠❛③❡♥❛❞♦✱ ❛♥t❡s ❞❡ s❡r ❡♥✈✐❛❞♦ ❛ ✉♠ t❛♥q✉❡

♣✉❧♠ã♦✳ ❆ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s ♥❛s ♠♦❡♥❞❛s é ❞❛ ♦r❞❡♠ ❞❡ ✾✻✪ ✭❲❆▲❚❊❘ ❡t ❛❧✳✱

✷✵✵✽✮✱ ♠❛s ♣♦❞❡ ❛t✐♥❣✐r ✈❛❧♦r❡s ❞❡ ❛té ✾✽ ✪ ✭▲❊❆▲✱ ✷✵✵✺✮✳ ❯♠ ❡sq✉❡♠❛ ❞♦ ♣r♦❝❡ss♦ é

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✳

✶✶



❋✐❣✉r❛ ✷✳✷✿ ❊sq✉❡♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❝❡♣çã♦✱ ❧✐♠♣❡③❛✱ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦ ❞♦
❝❛❧❞♦ ✉s❛♥❞♦ ♠♦❡♥❞❛s ❝♦♠ s✐st❡♠❛ ❞❡ ❡♠❜❡❜✐çã♦ ❝♦♠♣♦st❛ ✭■●▲❊❙■❆❙✱ ✷✵✵✾✮✳

❆ á❣✉❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❡♠❜❡❜✐çã♦ é ♥♦r♠❛❧♠❡♥t❡ ♣r♦✈❡♥✐❡♥t❡ ❞♦s ❝♦♥❞❡♥s❛❞♦s ❞♦s

❡✈❛♣♦r❛❞♦r❡s ❡♠♣r❡❣❛❞♦s ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦✱ ❡ ❡stá ❞✐s♣♦♥í✈❡❧ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛

❞❛ ♦r❞❡♠ ❞❡ ✺✵❽✳ ❖s ❛❝✐♦♥❛♠❡♥t♦s ❞❛s ♠♦❡♥❞❛s✱ ♣✐❝❛❞♦r❡s✱ ♥✐✈❡❧❛❞♦r❡s ❡ ❞❡s✜❜r❛❞♦r❡s

sã♦ ✉s✉❛❧♠❡♥t❡ ❢❡✐t♦s ♣♦r ❛❝✐♦♥❛♠❡♥t♦ ❞✐r❡t♦✿ ❛ ♣r❡ssã♦ ✉s✉❛❧ ❞♦ ✈❛♣♦r ❞❡ ❛❧✐♠❡♥t❛çã♦

❞❛s t✉r❜✐♥❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ é ❞❡ ✷✷ ❜❛r✱ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✵✵❽ ✭é ✉t✐❧✐③❛❞♦ ✈❛♣♦r

s✉♣❡r❛q✉❡❝✐❞♦✮❀ ❛ ♣r❡ssã♦ ❞♦ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ é ✐❣✉❛❧ ❛ ✷✱✺ ❜❛r✱ ❡ ❡st❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ s✉♣r✐r

♥❡❝❡ss✐❞❛❞❡s tér♠✐❝❛s ❞♦ ♣r♦❝❡ss♦✳ ❖ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦ é ❞❡

❝❡r❝❛ ❞❡ ✶✻ ❦❲❤✴❚❈ ✭❊◆❙■◆❆❙✱ ✷✵✵✽✮✳ ❆ ❡❧❡tr✐✜❝❛çã♦ ❞♦s ❛❝✐♦♥❛♠❡♥t♦s ♣r♦♠♦✈❡ ✉♠❛

r❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛✱ ❥á q✉❡ ❡st❡ t✐♣♦ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ♣❡r♠✐t❡ ✉♠ ✉s♦

♠❛✐s ❡✜❝✐❡♥t❡ ❞♦ ✈❛♣♦r ❞❡ ❛❧t❛ ♣r❡ssã♦ ✭▲❊❆▲✱ ✷✵✵✺✮✳

✷✳✷✳✷✳✷ ❉✐❢✉s♦r❡s

❖ ❞✐❢✉s♦r é ♦✉tr♦ ❡q✉✐♣❛♠❡♥t♦ q✉❡ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❡①tr❛✐r ♦s ❛çú❝❛r❡s ♣r❡s❡♥t❡s

♥❛ ❝❛♥❛✳ ◆♦ ❞✐❢✉s♦r✱ ❝❛❧❞♦ é r❡t✐r❛❞♦ ❞❛ ❝❛♥❛ ❡♠ ❝♦♥tr❛❝♦rr❡♥t❡ ❝♦♠ á❣✉❛ ✭✼✵ ❛ ✽✵❽✮✱ q✉❡

é ❜♦♠❜❡❛❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ❜♦♠❜❛s ❝❡♥trí❢✉❣❛s✳ ❖ ❜❛❣❛ç♦ ♦❜t✐❞♦ ❛♦ ✜♥❛❧ ❞♦ ❞✐❢✉s♦r ♣♦ss✉✐

✉♠✐❞❛❞❡ r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞❛✱ ❞❛ ♦r❞❡♠ ❞❡ ✽✵✪✱ ❡ ❞❡✈❡ ♣❛ss❛r ♣♦r ✉♠ ♦✉ ❞♦✐s t❡r♥♦s ❞❡

♠♦❡♥❞❛ ♣❛r❛ r❡t✐r❛❞❛ ❞❛ á❣✉❛ ❡ ❛çú❝❛r❡s ❝❛rr❡❣❛❞♦s ✭▲❊❆▲✱ ✷✵✵✺✮✳

◆♦ ❞✐❢✉s♦r✱ ♦ ❧❡✐t♦ ❞❡ ❝❛♥❛ ❝♦♠ ✉♠❛ ❡s♣❡ss✉r❛ ❞❡ ✶ ❛ ✶✱✺ ♠✱ é ❧❡✈❛❞♦ ❛♦ ❧♦♥❣♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞♦ ❞✐❢✉s♦r s♦❜r❡ ✉♠❛ ♣❧❛❝❛ ♣❡r❢✉r❛❞❛❀ ♦ ❝♦♥t❡ú❞♦ ❞♦ ❝❛❧❞♦ ❞❡♥tr♦ ❞♦ ❞✐❢✉s♦r

✶✷



❞❡✈❡ s❡r s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ♦ ♥í✈❡❧ ❞♦ ❧íq✉✐❞♦ s❡❥❛ ✐❣✉❛❧ ❛♦ ♥í✈❡❧ ❞❛ ❝❛♥❛✱ ♠❛♥t❡♥❞♦ ♦ ❧❡✐t♦

s❛t✉r❛❞♦ ❝♦♠ ❧íq✉✐❞♦ ❡ ❡✈✐t❛♥❞♦ ♠✐st✉r❛s ✐♥❞❡s❡❥á✈❡✐s ❡ ❛ ❢♦r♠❛çã♦ ❞❡ ❜♦❧sõ❡s ❞❡ ❛r✱ q✉❡

♣r❡❥✉❞✐❝❛r✐❛♠ ♦ ❝♦♥t❛t♦ ❡♥tr❡ ❛s ❞✉❛s ❢❛s❡s ✭▲❊❆▲✱ ✷✵✵✺✮✳

❖ ❝❛❧❞♦ é s❡♣❛r❛❞♦ ❞❛s ✜❜r❛s ♣♦r ♠❡✐♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ❞✐❢✉sã♦ ❡ ❧✐①✐✈✐❛çã♦✳ ◆❡st❡ ♣r♦✲

❝❡ss♦ é ♥❡❝❡ssár✐♦ q✉❡ ❛ ❝❛♥❛ ❛♣r❡s❡♥t❡ ❡❧❡✈❛❞♦s í♥❞✐❝❡s ❞❡ ♣r❡♣❛r♦✱ ❡ ♣♦rt❛♥t♦ ♦ ♣r❡♣❛r♦

❞❛ ❝❛♥❛ ♣r❡❝✐s❛ s❡r ♠❛✐s r✐❣♦r♦s♦✳ ❖ ✉s♦ ❞❡ ❞✐❢✉s♦r❡s ♣❡r♠✐t❡ ❛ ♦❜t❡♥çã♦ ❞❡ ❡✜❝✐ê♥❝✐❛s

❞❡ ❡①tr❛çã♦ s✉♣❡r✐♦r❡s ❛ ✾✽✪ ❡ ✉♠ ❝❛❧❞♦ ♠❛✐s ❧✐♠♣♦✱ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ❝❛❧❞♦ ♣r♦✲

❞✉③✐❞♦ ♥❛s ♠♦❡♥❞❛s✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❞✐❢✉s♦r tr❛❜❛❧❤❛ ❝♦♠ ✈❛♣♦r ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ✭❘❊■◆✱

✷✵✵✼✮✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ❜❛❣❛ç♦ ♣r♦❞✉③✐❞♦ ♥♦s ❞✐❢✉s♦r❡s ❝♦♥té♠ ♠❛✐♦r t❡♦r ❞❡ ❝✐♥③❛s ❞♦ q✉❡

❛q✉❡❧❡ ♣r♦❞✉③✐❞♦ ♥❛s ♠♦❡♥❞❛s✱ ♦ q✉❡ ❡①✐❣❡ ❛❧t❡r❛çõ❡s ♥♦ ♣r♦❥❡t♦ ❞❛s ❝❛❧❞❡✐r❛s ♦✉ ♠❛✐♦r

♠❛♥✉t❡♥çã♦ ✭▲❊❆▲✱ ✷✵✵✺✮✳ ❆❧é♠ ❞✐ss♦✱ ♦❝♦rr❡ ♠❛✐♦r ❢♦r♠❛çã♦ ❞❡ ❝♦r ❞♦ ❝❛❧❞♦ ♣r♦❞✉③✐❞♦

♥♦s ❞✐❢✉s♦r❡s✱ ♦ q✉❡ é ✉♠❛ ❞❡s✈❛♥t❛❣❡♠ q✉❛♥❞♦ ♦ ♦❜❥❡t✐✈♦ ❞♦ ♣r♦❝❡ss♦ é ❛ ♣r♦❞✉çã♦ ❞❡

❛çú❝❛r ❜r❛♥❝♦ ✭❘❊■◆✱ ✷✵✵✼✮✳ ❈♦♠♦ ✈❛♥t❛❣❡♥s ❞♦ ❞✐❢✉s♦r ❡♠ r❡❧❛çã♦ às ♠♦❡♥❞❛s ♣♦❞❡♠

s❡r ❝✐t❛❞♦s t❛♠❜é♠ ♠❡♥♦r ❝♦♥s✉♠♦ ❞❡ ♣♦tê♥❝✐❛ ✭❘❊■◆✱ ✷✵✵✼✮✱ ♠❡♥♦r❡s í♥❞✐❝❡s ❞❡ ✐♥❢❡❝✲

çã♦✱ ♠❡♥♦r ❞❡s❣❛st❡✱ ♠❡♥♦r❡s q✉❛♥t✐❞❛❞❡s ❞❡ só❧✐❞♦s ♥♦ ❝❛❧❞♦ ❡ ♥í✈❡❧ ❞❡ ❡①tr❛çã♦ ✐❣✉❛❧ ♦✉

s✉♣❡r✐♦r àq✉❡❧❡ ❞❛s ♠♦❡♥❞❛s ✭▼❖❉❊❙❚❖ ❡t ❛❧✳✱ ✷✵✵✻✮✳

❆♣❡s❛r ❞❛s ✈❛♥t❛❣❡♥s ❞♦ ❞✐❢✉s♦r ❡♠ r❡❧❛çã♦ às ♠♦❡♥❞❛s✱ ❛s ú❧t✐♠❛s sã♦ ✉t✐❧✐③❛❞❛s

♥❛ ♠❛✐♦r✐❛ ❞❛s ✉s✐♥❛s ❜r❛s✐❧❡✐r❛s✱ ❞❡✈✐❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛♦ ❝♦♥s❡r✈❛❞♦r✐s♠♦ ❞♦ s❡t♦r ❡ à

♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥✈❡st✐♠❡♥t♦ ❣r❛❞✉❛❧ ❝♦♥t❛♥❞♦ ❝♦♠ ❛ ❛q✉✐s✐çã♦ ✐♥✐❝✐❛❧ ❞❡ ❛♣❡♥❛s ✹ t❡r♥♦s

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

❡q✉✐♣❛♠❡♥t♦ ✭❞✐❢✉s♦r ❡ ♣❡❧♦ ♠❡♥♦s ✉♠ t❡r♥♦ ❞❡ ♠♦❡♥❞❛✮✳

✷✳✷✳✸ ❚r❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦

❖ ❝❛❧❞♦ ♦❜t✐❞♦ ♥❛s ♠♦❡♥❞❛s ♦✉ ❞✐❢✉s♦r❡s ❞❡✈❡ ♣❛ss❛r ♣♦r ✉♠❛ ❡t❛♣❛ ❞❡ tr❛t❛♠❡♥t♦

q✉❡ ✈✐s❛ r❡♠♦✈❡r ❛s ✐♠♣✉r❡③❛s q✉❡ ♣♦❞❡♠ ♣r❡❥✉❞✐❝❛r ♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦✱ ♣r❡s❡r✈❛♥❞♦

♦s ❛çú❝❛r❡s r❡❞✉t♦r❡s ❡ ❛ s❛❝❛r♦s❡✳

❖ ❝❛❧❞♦ ♠✐st♦ é ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ ❞❡ ❛çú❝❛r❡s ✭s❛❝❛r♦s❡ ❡ ❛çú❝❛r❡s r❡❞✉t♦r❡s✮✱ ♠✐♥❡✲

✶✸



r❛✐s ❡ ✐♠♣✉r❡③❛s ♦r❣â♥✐❝❛s ❡ ✐♥♦r❣â♥✐❝❛s✳ ◆❛ ❚❛❜❡❧❛ ✷✳✸ é ❛♣r❡s❡♥t❛❞❛ ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣♦s✐çã♦

tí♣✐❝❛ ❞♦s ❝❛❧❞♦s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳

❚❛❜❡❧❛ ✷✳✸✿ ❈♦♠♣♦s✐çã♦ ♠é❞✐❛ ❞♦s ❝❛❧❞♦s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✼✮✳
❈♦♠♣♦♥❡♥t❡ ❚❡♦r ✭✪ ❡♠ ♠❛ss❛✮
➪❣✉❛ ✼✺ ❛ ✽✽
❙❛❝❛r♦s❡ ✶✵ ❛ ✷✶
❆çú❝❛r❡s r❡❞✉t♦r❡s ✵✱✸ ❛ ✷✱✺
◆ã♦✲❛çú❝❛r❡s ♦r❣â♥✐❝♦s ✵✱✺ ❛ ✶✱✺
◆ã♦✲❛çú❝❛r❡s ✐♥♦r❣â♥✐❝♦s ✵✱✷ ❛ ✵✱✼
❙ó❧✐❞♦s t♦t❛✐s ✭❜r✐①✮ ✶✷ ❛ ✷✸

❖s só❧✐❞♦s t♦t❛✐s ✭❜r✐①✮ ♣r❡s❡♥t❡s ♥♦ ❝❛❧❞♦ sã♦ ❞❡t❛❧❤❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✳✹✱ q✉❡ ❛♣r❡s❡♥t❛

♦ t❡♦r ❞❡ ❛çú❝❛r❡s✱ á❝✐❞♦s✱ ♣r♦t❡í♥❛s ❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s ❡ ♥❛ ❚❛❜❡❧❛ ✷✳✺✱ ♦♥❞❡ ♦ t❡♦r ❞❡

♠✐♥❡r❛✐s ❞❡♥tr❡ ♦s só❧✐❞♦s s♦❧ú✈❡✐s ♥ã♦✲❛çú❝❛r❡s é ❛♣r❡s❡♥t❛❞♦✳

❚❛❜❡❧❛ ✷✳✹✿ ❚❡♦r ♠é❞✐♦ ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s ♥♦s ❝❛❧❞♦s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭▼❆◆❚❊▲❆❚❚❖✱
✷✵✵✺✮✳

❈♦♠♣♦♥❡♥t❡ ❚❡♦r ✭✪ ❡♠ ♠❛ss❛✮
❆çú❝❛r❡s ✼✺ ❛ ✾✸
✲ ❙❛❝❛r♦s❡ ✼✵ ❛ ✾✶
✲ ●❧✐❝♦s❡ ✷ ❛ ✹
✲ ❋r✉t♦s❡ ✷ ❛ ✹
❙❛✐s ✸ ❛ ✺
➪❝✐❞♦s ✐♥♦r❣â♥✐❝♦s ✶✱✺ ❛ ✹✱✺
➪❝✐❞♦s ♦r❣â♥✐❝♦s ✶ ❛ ✸
✲ ➪❝✐❞♦s ❝❛r❜♦①í❧✐❝♦s ✶✱✶ ❛ ✸✱✵
✲ ❆♠✐♥♦á❝✐❞♦s ✵✱✺ ❛ ✷✱✺
Pr♦t❡í♥❛s ✵✱✺ ❛ ✵✱✻
❆♠✐❞♦ ✵✱✵✵✶ ❛ ✵✱✵✺
●♦♠❛s ✵✱✸ ❛ ✵✱✶✺
❈❡r❛s ❡ ❣r❛①❛s ✵✱✵✺ ❛ ✵✱✶✺
❈♦r❛♥t❡s ❡ ♦✉tr♦s ✸ ❛ ✺

❆ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞♦ tr❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦ ❝♦♥s✐st❡ ❞❡ ✉♠ tr❛t❛♠❡♥t♦ ❢ís✐❝♦ q✉❡ ✈✐s❛

❛ r❡♠♦çã♦ ❞❡ ✜❜r❛s ❛rr❛st❛❞❛s ♥♦ ❝❛❧❞♦ ❞✉r❛♥t❡ ❛ ❡t❛♣❛ ❞❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✳ ❊st❛

❡t❛♣❛ é r❡❛❧✐③❛❞❛ ♥❛ ✐♥❞ústr✐❛ ❡♠♣r❡❣❛♥❞♦✲s❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡♥❡✐r❛s r♦t❛t✐✈❛s✱ q✉❡ s❡

❜❛s❡✐❛♠ ♥❛ s❡♣❛r❛çã♦ ❞❡ só❧✐❞♦s ✐♥s♦❧ú✈❡✐s✱ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❛❜❡rt✉r❛ ❞❛ t❡❧❛ ✉t✐❧✐③❛❞❛ ♥❛

✶✹



♣❡♥❡✐r❛✱ s❡❣✉✐❞❛ ❞❡ ♣❡♥❡✐r❛s ❡stát✐❝❛s ❛✉t♦❧✐♠♣❛♥t❡s ✭❉❙▼✮✳

❚❛❜❡❧❛ ✷✳✺✿ ❈♦♥❝❡♥tr❛çã♦ ❞❡ ♠✐♥❡r❛✐s ❞❡♥tr❡ ♦s só❧✐❞♦s s♦❧ú✈❡✐s ♥ã♦✲❛çú❝❛r❡s ♥♦ ❝❛❧❞♦
♠✐st♦ ✭❈❍❊◆✱ ✶✾✾✸✮✳

▼✐♥❡r❛❧ ❚❡♦r ❞❡♥tr❡ ♦s só❧✐❞♦s s♦❧ú✈❡✐s
♥ã♦ ❛çú❝❛r ✭✪ ❡♠ ♠❛ss❛✮

P♦táss✐♦ (K2O) ✵✱✹ ✲ ✷
❙ó❞✐♦ (Na2O) ✵✱✸ ✲ ✵✱✶✵
❙✉❧❢❛t♦ (SO3) ✵✱✶✶ ✲ ✵✱✺✷
❈❧♦r❡t♦ (Cl) ✵✱✶ ✲ ✵✱✷✾
❈á❧❝✐♦ (CaO) ✵✱✶✼ ✲ ✵✱✸✷
▼❛❣♥és✐♦ (MgO) ✵✱✷ ✲ ✵✱✸✸
❙í❧✐❝❛ (SiO2) ✵✱✵✻ ✲ ✵✱✼✶
❋♦s❢❛t♦ (P2O4) ✵✱✵✶ ✲ ✵✱✹
❋❡rr♦ (Fe2O3) ✵✱✵✻ ✲ ✵✱✶✹
❈✐♥③❛s ✭s✉❧❢❛t♦✮ ✸✱✻ ✲ ✹✱✹
❈✐♥③❛s ✸✱✹ ✲ ✹✱✹
P♦r❝❡♥t❛❣❡♠ ❞♦s só❧✐❞♦s t♦t❛✐s ✽✱✹✶ ✲ ✶✸✱✻✶

❖✉tr♦ ❡q✉✐♣❛♠❡♥t♦ q✉❡ ♣♦❞❡ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞♦ ❝❛❧❞♦ ♣♦r ♠❡✐♦ ❞❛ r❡♠♦çã♦ ❞❛s

♣❛rtí❝✉❧❛s ✐♥s♦❧ú✈❡✐s é ♦ ❤✐❞r♦❝✐❝❧♦♥❡✱ ♥♦ q✉❛❧ ❛s ♣❛rtí❝✉❧❛s ♠❛✐s ♣❡s❛❞❛s ✭t❡rr❛ ❡ ❛r❡✐❛✮ sã♦

r❡♠♦✈✐❞❛s ♣♦r ♠❡✐♦ ❞♦ ♣r✐♥❝í♣✐♦ ❞❡ s❡♣❛r❛çã♦ ❝❡♥trí❢✉❣❛✳

❖ ❝❛❧❞♦ ♦❜t✐❞♦ ❛♦ ✜♠ ❞❛s ♣❡♥❡✐r❛s é ❡♥❝❛♠✐♥❤❛❞♦ ❛♦ tr❛t❛♠❡♥t♦ q✉í♠✐❝♦✱ ♥♦ q✉❛❧

sã♦ r❡♠♦✈✐❞❛s ❞♦ ❝❛❧❞♦ ♦✉tr❛s ✐♠♣✉r❡③❛s✱ ♥❛ ❢♦r♠❛ ❞❡ ❝♦♠♣♦st♦s s♦❧ú✈❡✐s ♦✉ ✐♥s♦❧ú✈❡✐s✱

♣❛rtí❝✉❧❛s ❝♦❧♦✐❞❛✐s ❡ s✉s♣❡♥sõ❡s❀ ♦❝♦rr❡ t❛♠❜é♠ ❛ ♥❡✉tr❛❧✐③❛çã♦ ❞♦ ❝❛❧❞♦✱ ♣❛r❛ ❡✈✐t❛r ❛

✐♥✈❡rsã♦ ❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❛ s❛❝❛r♦s❡✳ ❉✐❛s ✭✷✵✵✽✮ ❛♣r❡s❡♥t❛ ♦s ❛s♣❡❝t♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s

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

❊♠ ♠✉✐t❛s ✉s✐♥❛s ❜r❛s✐❧❡✐r❛s ♦ tr❛t❛♠❡♥t♦ ❞❡ ❝❛❧❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ é ❢❡✐t♦

❞❡ ❢♦r♠❛ ♠❡♥♦s r✐❣♦r♦s❛ ❞♦ q✉❡ ❛q✉❡❧❡ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❛çú❝❛r✳ ❉✉r❛♥t❡ ❛ s❛❢r❛ ❞❡

✷✵✵✻✴✷✵✵✼✱ ❛ ❯s✐♥❛ ❞❛ P❡❞r❛ r❡❛❧✐③♦✉ ✉♠ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♥s✐st✐♥❞♦ ❞❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿

♣❡♥❡✐r❛♠❡♥t♦ ❞♦ ❝❛❧❞♦✱ ♣ré✲❛q✉❡❝✐♠❡♥t♦ ❞♦ ❝❛❧❞♦ ♣♦r ♠❡✐♦ ❞❡ ❝♦♥t❛t♦ ❞✐r❡t♦ ✭❆P❈❉✮

❛té ❝❡r❝❛ ❞❡ ✼✵❽✱ ❛q✉❡❝✐♠❡♥t♦ ❡♠ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r ❛té ❝❡r❝❛ ❞❡ ✶✶✵❽✱ r❡♠♦çã♦ ❞❡

❣❛s❡s ♣♦r ♠❡✐♦ ❞♦ t❛♥q✉❡ ✢❛s❤✱ ❛❞✐çã♦ ❞❡ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡✱ ❞❡❝❛♥t❛çã♦✱ ♣❡♥❡✐r❛♠❡♥t♦✱

❝♦♥❝❡♥tr❛çã♦ ❡♠ ❡✈❛♣♦r❛❞♦r s✐♠♣❧❡s ❡❢❡✐t♦✱ ♠✐st✉r❛ ❝♦♠ ♠❡❧❛ç♦ ❡ á❣✉❛✳ ❊♠ ✶✾✾✵✱ ♦

✶✺



■P❚ r❡❝♦♠❡♥❞♦✉ q✉❡ ♦ tr❛t❛♠❡♥t♦ ❞❡ ❝❛❧❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❢♦ss❡ ❝♦♠♣♦st♦ ♣♦r

♣❡♥❡✐r❛♠❡♥t♦✱ ❝❛❧❛❣❡♠✱ ❛q✉❡❝✐♠❡♥t♦✱ ❞❡❝❛♥t❛çã♦ ❡ ❝♦♥❝❡♥tr❛çã♦ ✭❡st❛ ú❧t✐♠❛ ♦♣❡r❛çã♦✱ ♥♦

❝❛s♦ ❞❡ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s❀ ♥♦ ❝❛s♦ ❞❡ ❞❡st✐❧❛r✐❛s ❛♥❡①❛s é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❝♦♥❝❡♥tr❛çã♦

❞❡ ❛çú❝❛r❡s ❛❞❡q✉❛❞❛ ♥♦ ♠♦st♦ ♣♦r ♠❡✐♦ ❞❡ ♠✐st✉r❛ ❡♥tr❡ ❝❛❧❞♦ ❡ ♠❡❧❛ç♦✮ ✭❈❆▼❆❘●❖✱

✶✾✾✵✮✳ ❊st❛s ♦♣❡r❛çõ❡s sã♦ ❞❡s❝r✐t❛s ❛ s❡❣✉✐r✳

✷✳✷✳✸✳✶ ❆q✉❡❝✐♠❡♥t♦ ❞♦ ❝❛❧❞♦

❖ ❛q✉❡❝✐♠❡♥t♦ ❞♦ ❝❛❧❞♦ é ❢❡✐t♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡✈✐t❛r ♣❡r❞❛s ❞❡ ❛çú❝❛r❡s ❞✉r❛♥t❡

♦ tr❛t❛♠❡♥t♦✱ ❥á q✉❡ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ❢❛✈♦r❡❝❡♠ ❛ ♣r♦❧✐❢❡r❛çã♦ ❞❡ ♠✐❝r♦♦r❣❛♥✐s♠♦s❀

❛ss✐♠✱ ♦ ❛q✉❡❝✐♠❡♥t♦ ✈✐s❛ ❛ ❞❡str✉✐çã♦ ❞❡ ❜❛❝tér✐❛s✱ ❛ ❞❡❣r❛❞❛çã♦ ❞❡ ❛♠✐❞♦s ❡ ♣r♦t❡í♥❛s✱

❛❧é♠ ❞❡ ❢❛❝✐❧✐t❛r ❛ r❡♠♦çã♦ ❞❡ ❣❛s❡s ♥❛ ❡t❛♣❛ ❞❡ ❞❡❣❛s❛❣❡♠ ❡ ❝❛t❛❧✐s❛r ❛ r❡❛çã♦ ❡♥tr❡

❤✐❞ró①✐❞♦ ❞❡ ❝á❧❝✐♦ ❡ á❝✐❞♦ ❢♦s❢ór✐❝♦ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✵✾✮✳ ❖ ❝❛❧❞♦ é ❛q✉❡❝✐❞♦ ❛té

t❡♠♣❡r❛t✉r❛s ❡♥tr❡ ✶✵✸ ❡ ✶✵✺❽ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✾✮✱ r❡❛❧✐③❛♥❞♦✲s❡ ♦✉ ♥ã♦ ❛ ❝❛❧❛❣❡♠ ❛

t❡♠♣❡r❛t✉r❛s ✐♥t❡r♠❡❞✐ár✐❛s✳

❯♠❛ ♦♣çã♦ ❞❡ ♣r♦❝❡ss♦ ❝♦♥s✐st❡ ♥❛ r❡❛❧✐③❛çã♦ ❞❡ ❞✉❛s ❡t❛♣❛s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❞♦ ❝❛❧❞♦✿

♥❛ ♣r✐♠❡✐r❛✱ ♦ ❝❛❧❞♦ é ❛q✉❡❝✐❞♦ ❛té ✼✵❽ ❡ r❡❝❡❜❡ ❛❞✐çã♦ ❞❡ ❧❡✐t❡ ❞❡ ❝❛❧❀ ♣♦st❡r✐♦r♠❡♥t❡✱ é

❛q✉❡❝✐❞♦ ❛té ✶✵✺❽✳ ❈❛s♦ ♦ ❛q✉❡❝✐♠❡♥t♦ s❡❥❛ ❢❡✐t♦ ❛ t❡♠♣❡r❛t✉r❛s ✐♥❢❡r✐♦r❡s✱ ♣♦❞❡♠ ♦❝♦r✲

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

✐♥❝♦♠♣❧❡t❛ ❞❡ ❣❛s❡s✳ ◆♦ ❝❛s♦ ❞❡ t❡♠♣❡r❛t✉r❛s ❡❧❡✈❛❞❛s ♣♦❞❡♠ ♦❝♦rr❡r ❞❡str✉✐çã♦ ❡ ♣❡r❞❛s

❞❡ ❛çú❝❛r❡s✱ ❛❧é♠ ❞❡ ❤❛✈❡r ❝♦♥s✉♠♦ ❡①❝❡ss✐✈♦ ❡ ❞❡s♥❡❝❡ssár✐♦ ❞❡ ✈❛♣♦r ❞❡ ❛q✉❡❝✐♠❡♥t♦✳

❖ ♣r✐♠❡✐r♦ ❛q✉❡❝✐♠❡♥t♦ ♣♦❞❡ s❡r ❢❡✐t♦ ♣♦r ♠❡✐♦ ❞❡ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r ♣♦r ❝♦♥t❛t♦ ❞✐r❡t♦✱

♦♥❞❡ ♦ ❝❛❧❞♦ ♠✐st♦ ❛ ✸✵❽ é ♠✐st✉r❛❞♦ ❛♦ ✈❛♣♦r ♦❜t✐❞♦ ♣♦r ♠❡✐♦ ❞♦ ✢❛s❤❡❛♠❡♥t♦ ❞♦ ❝❛❧❞♦

❝❧❛r✐✜❝❛❞♦ ❡♠ ♠✉❧t✐❥❛t♦s ✭P■❩❆■❆ ❡t ❛❧✳✱ ✶✾✽✻✮❀ ❛❧t❡r♥❛t✐✈❛♠❡♥t❡✱ ♦ ❛q✉❡❝✐♠❡♥t♦ ♣♦❞❡ s❡r

❢❡✐t♦ ✉t✐❧✐③❛♥❞♦✲s❡ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r r❡❣❡♥❡r❛t✐✈♦s✱ ♥♦ q✉❛❧ ♦ ❝❛❧❞♦ q✉❡♥t❡ ♦❜t✐❞♦ ❛♣ós

♦s ❡✈❛♣♦r❛❞♦r❡s tr♦❝❛ ❝❛❧♦r ❝♦♠ ♦ ❝❛❧❞♦ ♠✐st♦✳ ❖ s❡❣✉♥❞♦ ❛q✉❡❝✐♠❡♥t♦ ✭❛té ✶✵✺❽✮ ❞❡✈❡

s❡r ❢❡✐t♦ ✉t✐❧✐③❛♥❞♦✲s❡ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ ❞❛s t✉r❜✐♥❛s ♦✉ ✈❛♣♦r ✈❡❣❡t❛❧ ✭♣✉r❣❛s ❞♦ ♣r✐♠❡✐r♦

❡stá❣✐♦ ❞♦ ❡✈❛♣♦r❛❞♦r ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✮✳

✶✻



❆ ✉t✐❧✐③❛çã♦ ❞♦ ❆P❈❉✱ ❛♣❡s❛r ❞❡ ❞✐❧✉✐r ♦ ❝❛❧❞♦ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ s❡rá ❝♦♥❝❡♥tr❛❞♦✱

❛♣r❡s❡♥t❛ ✉♠❛ sér✐❡ ❞❡ ✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ ❛♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ♣♦r ❝♦♥t❛t♦ ✐♥❞✐r❡t♦

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

♠❡♥♦r❡s ❝✉st♦s ❞❡ ✐♥✈❡st✐♠❡♥t♦✱ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ tr♦❝❛❞♦r❡s ❞❡ t✉❜♦s ❡ ❞❡ ♣❧❛❝❛s❀ ❛

♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉s♦ ❞❡ ✈❛♣♦r❡s ♠❡♥♦s ♥♦❜r❡s❀ ♠❡♥♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ q✉❡ ♦❝♦rr❛ ❜❧♦q✉❡✐♦ ❞♦

tr♦❝❛❞♦r✱ ❥á q✉❡ ❡st❡ ❧✐❞❛ ❝♦♠ só❧✐❞♦s❀ ♠❡♥♦r ❡s♣❛ç♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❝♦♥str✉çã♦ ❞♦ ❡q✉✐♣❛✲

♠❡♥t♦✱ q✉❡ t❛♠❜é♠ ♥ã♦ ♣r❡❝✐s❛ s❡r ❧✐♠♣♦ ❢r❡qü❡♥t❡♠❡♥t❡ ❥á q✉❡ ♥ã♦ ♦❝♦rr❡♠ ✐♥❝r✉st❛çõ❡s

✭❘❊■◆✱ ✷✵✵✼✮✳ ❆ ♣r✐♥❝✐♣❛❧ ❞❡s✈❛♥t❛❣❡♠ ❞♦ tr♦❝❛❞♦r ♣♦r ❝♦♥t❛t♦ ❞✐r❡t♦ ♥❡ss❡ ❝❛s♦ é ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡♠♦çã♦ ❞❛ á❣✉❛ ❛❞✐❝✐♦♥❛❞❛ ♥♦s ❡stá❣✐♦s ♣♦st❡r✐♦r❡s ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦

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

❛♥t❡s ❞♦ ❡t❛♣❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦✱ ❥á q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❝❛❧❞♦ ❝♦♥❝❡♥tr❛❞♦ ❡♠ ❡✈❛♣♦r❛❞♦✲

r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦ é ♠✉✐t♦ ❜❛✐①❛ ✭❞❛ ♦r❞❡♠ ❞❡ ✻✵❽✮ ♣❛r❛ q✉❡ s❡❥❛ ❢❡✐t♦ ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦

❞❡ s❡✉s ✈❛♣♦r❡s ❡♠ ✉♠ ✢❛s❤✳

✷✳✷✳✸✳✷ ❆❞✐çã♦ ❞❡ ❝❛❧

❆ ❛❞✐çã♦ ❞❡ ❝❛❧ ❡❧✐♠✐♥❛ ❛ ♠❛✐♦r ♣❛rt❡ ❞♦s á❝✐❞♦s ♦r❣â♥✐❝♦s✱ ❥á q✉❡ ♦s s❛✐s ❢♦r♠❛❞♦s

❝♦♠ ❡st❡s á❝✐❞♦s sã♦ ✐♥s♦❧ú✈❡✐s ✭♣✳ ❡①✳ ♦①❛❧❛t♦ ❞❡ ❝á❧❝✐♦✱ t❛rt❛r❛t♦ ❞❡ ❝á❧❝✐♦✱ ❡t❝✮❀ ❛

♠❛tér✐❛ ♣r♦té✐❝❛ ✭❛❧❜✉♠✐♥❛✮ é ❝♦❛❣✉❧❛❞❛✱ ❡ ♣❛rt❡ ❞❛ ♣❡❝t✐♥❛ ❡ ❛❣❡♥t❡s q✉❡ ❝♦♥❢❡r❡♠ ❝♦r

❛♦ ❝❛❧❞♦ sã♦ ❞❡str✉í❞♦s ♦✉ s❡ t♦r♥❛♠ ✐♥s♦❧ú✈❡✐s✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ♣✉r❡③❛ ❞♦ ❝❛❧❞♦ ❝❛❧❛❞♦

é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ àq✉❡❧❛ ❞♦ ❝❛❧❞♦ ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦✳ ❆ ♣✉r✐✜❝❛çã♦ ♦❝♦rr❡ ♥❛

❡t❛♣❛ ❞❡ ❞❡❝❛♥t❛çã♦✱ ❝♦♠ ❛ r❡t✐r❛❞❛ ❞♦ ♠❛t❡r✐❛❧ ♣r❡❝✐♣✐t❛❞♦ ✭❍❯●❖❚✱ ✶✾✽✻✮✳ P❛r❛ ✉♠

♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝❛❧❛❣❡♠✱ ❡st❡ ❞❡✈❡ s❡r r❡❛❧✐③❛❞♦ ❛ q✉❡♥t❡✿ ♦ ❝❛❧❞♦ é

❛q✉❡❝✐❞♦ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ✐♥t❡r♠❡❞✐ár✐❛ ✭✼✵❽✮✱ s❡♥❞♦ r❡❛❧✐③❛❞❛ ❛ ❛❞✐çã♦ ❞❡ ❝❛❧ s❡❣✉✐❞❛

❞❡ ✉♠ ❛q✉❡❝✐♠❡♥t♦ ✜♥❛❧ ❛té ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥♦ ✢❛s❤ ✭✶✵✸ ❛ ✶✵✺❽✮✳ ➱

✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦ ♣❍ ❞♦ ❝❛❧❞♦ ❝❛❧❡❛❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡✈❡

s❡r ✉♠ ♣♦✉❝♦ ♠❡♥♦r ❞♦ q✉❡ ❛q✉❡❧❡ ✉t✐❧✐③❛❞♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ ❛çú❝❛r ✭✼ ❛ ✼✱✷✮✱ ♣♦✐s ❛ ❝❛❧

♣♦❞❡ ♣r♦♠♦✈❡r ✉♠❛ ✐♠♣❡r♠❡❛❜✐❧✐③❛çã♦ ♥❛ ♣❛r❡❞❡ ❝❡❧✉❧❛r✱ ♣r❡❥✉❞✐❝❛♥❞♦ ❛ ❢❡r♠❡♥t❛çã♦ ❡

t❛♠❜é♠ ✐♥❞✉③✐♥❞♦ ❛ ✢♦❝✉❧❛çã♦ ❡ ❢❛✈♦r❡❝❡♥❞♦ ❛ ❢♦r♠❛çã♦ ❞❡ ✐♥❝r✉st❛çõ❡s ♥❛s ❝♦❧✉♥❛s ❞❡

✶✼



❞❡st✐❧❛çã♦ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✼✮✳

✷✳✷✳✸✳✸ ❉❡❣❛s❛❣❡♠ ✭✢❛s❤✮

●❛s❡s ✐♥❝♦♥❞❡♥sá✈❡✐s q✉❡ ♣r❡❥✉❞✐❝❛♠ ❛ ❡t❛♣❛ ❞❡ ❞❡❝❛♥t❛çã♦ sã♦ r❡♠♦✈✐❞♦s ❞♦ ❝❛❧❞♦

✉t✐❧✐③❛♥❞♦ ✉♠ t❛♥q✉❡ ✢❛s❤✱ ♦ q✉❡ ❢❛③ ❝♦♠ q✉❡ ♦ ❝❛❧❞♦ ❛t✐♥❥❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝❡r❝❛ ❞❡

✾✽❽✳ ❊st❛ ❡t❛♣❛ ♣r♦♠♦✈❡ ❛ r❡❞✉çã♦ ❞❡ ❜♦❧❤❛s ❞❡ ❛r✱ q✉❡ ❞❡ ♦✉tr❛ ❢♦r♠❛ ♣❡r♠❛♥❡❝❡r✐❛♠

❛❞❡r✐❞❛s ❛♦s ✢♦❝♦s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ r❡♠♦çã♦ ❞❡ ✐♠♣✉r❡③❛s ♥❛ ❡t❛♣❛ ❞❡ ❝❧❛r✐✜❝❛çã♦ ✭❈❖P❊❘✲

❙❯❈❆❘✱ ✶✾✽✾✮✳ ❆ss✐♠✱ ♦ ❝❛❧❞♦ q✉❡♥t❡ ✭✶✵✸ ❛ ✶✵✺❽✮ é ❡♥✈✐❛❞♦ ❛ ✉♠ ❜❛❧ã♦ ❞❡ ✢❛s❤ q✉❡

♦♣❡r❛ ❛ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛ ♣❛r❛ ✉♠❛ ❝♦♠♣❧❡t❛ ❡❧✐♠✐♥❛çã♦ ❞♦ ❛r✳

✷✳✷✳✸✳✹ ❉❡❝❛♥t❛çã♦ ❡ ✜❧tr❛çã♦ ❞♦ ❧♦❞♦

❖ ❝❛❧❞♦ ♦❜t✐❞♦ ♥♦ ✢❛s❤ r❡❝❡❜❡ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡✱ ❣❡r❛❧♠❡♥t❡ ✉♠ ❝♦♣♦❧í♠❡r♦ ❞❡ ❛❝r✐✲

❧❛♠✐❞❛ ❞❡ ❛❧t♦ ♣❡s♦ ♠♦❧❡❝✉❧❛r ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✼✮✱ q✉❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❛ ♣r♦♠♦çã♦

❞❛ ❢♦r♠❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♠❛✐♦r❡s ❡ ♠❛✐s ❞❡♥s❛s ♥❛ ❡t❛♣❛ ❞❡ ❞❡❝❛♥t❛çã♦✳ ❉✉r❛♥t❡ ❛s r❡❛✲

çõ❡s ❞❡ ❝❛❧❛❣❡♠ ❡ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛ ❞❛ ❛❞✐çã♦ ❞♦ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡✱ ♦❝♦rr❡ ✢♦❝✉❧❛çã♦

❞❛s ✐♠♣✉r❡③❛s ❞♦ ❝❛❧❞♦✱ q✉❡ t❡♥❞❡♠ ❛ s❡ ❞❡♣♦s✐t❛r ♥♦ ❞❡❝❛♥t❛❞♦r✳ ❆ ❡✜❝✐ê♥❝✐❛ ❞♦ ❞❡✲

❝❛♥t❛❞♦r ❞❡♣❡♥❞❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞♦ ♣❍ ❞♦ ❝❛❧❞♦ ❛♣ós ❛ ❝❛❧❛❣❡♠✱ t❡♠♣❡r❛t✉r❛ ❞♦ ❝❛❧❞♦✱

✈❛③ã♦ ✉♥✐❢♦r♠❡ ❞♦ ❝❛❧❞♦✱ r❡♠♦çã♦ ❞❡ ❣❛s❡s ✐♥❝♦♥❞❡♥sá✈❡✐s ♥♦ ✢❛s❤✱ q✉❛♥t✐❞❛❞❡ ❞❡ ❢♦s❢❛t♦

♥♦ ❝❛❧❞♦✱ ❛❞✐çã♦ ❞❡ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡ ❡ ❞❛ ♣ró♣r✐❛ q✉❛❧✐❞❛❞❡ ❞❛ ❝❛♥❛ ✭❈❖P❊❘❙❯❈❆❘✱

✶✾✽✾✮✳

❖ ❞❡❝❛♥t❛❞♦r tr❛❜❛❧❤❛ ❝♦♠ t❡♠♣❡r❛t✉r❛s ❞❡ ❝❡r❝❛ ❞❡ ✾✽❽❀ t❡♠♣❡r❛t✉r❛s ♠❡♥♦r❡s

♥❛ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❞❡❝❛♥t❛❞♦r ❧❡✈❛♠ ❛ ♠❡♥♦r❡s ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❞❡❝❛♥t❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s

❡♠ s✉s♣❡♥sã♦ ❡ ❝♦❛❣✉❧❛çã♦ ✐♥❝♦♠♣❧❡t❛✳ ❆ q✉❡❞❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♥♦ ❞❡❝❛♥t❛❞♦r ❞❡✈❡ s❡r

♣❡q✉❡♥❛✱ ♣♦✐s t❡♠♣❡r❛t✉r❛s ♠✉✐t♦ ❜❛✐①❛s ❧❡✈❛♠ ❛ ♣❡r❞❛s ❞❡ ❛çú❝❛r❡s ❞❡✈✐❞♦ à ❛çã♦ ❞❡

♠✐❝r♦♦r❣❛♥✐s♠♦s✱ ❡ ♦ t❡♠♣♦ ❞❡ ❞❡❝❛♥t❛çã♦ ♥ã♦ ❞❡✈❡ s❡r ♠✉✐t♦ ❧♦♥❣♦✿ ❛ ❢❛✐①❛ r❡❝♦♠❡♥❞❛❞❛

é ❞❡ ✷✱✺ ❛ ✸✱✺ ❤ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✾✮✳ ❊st❛s ✐♠♣✉r❡③❛s sã♦ r❡♠♦✈✐❞❛s ♥♦ ❧♦❞♦✱ ❡♥q✉❛♥t♦

♦ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ é ♦❜t✐❞♦ ♥♦ t♦♣♦✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❧♦❞♦ ♣r♦❞✉③✐❞❛ ♥♦ ❞❡❝❛♥t❛❞♦r

✶✽



r❡♣r❡s❡♥t❛ ❡♥tr❡ ✶✺ ❡ ✷✵✪ ❞♦ ❝❛❧❞♦ q✉❡ ❡♥tr❛ ♥♦ ❞❡❝❛♥t❛❞♦r✱ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ só❧✐❞♦s

♥♦ ❧♦❞♦ ✈❛r✐❛ ❡♥tr❡ ✽ ❡ ✶✷ ✪ ✭❈❖P❊❘❙❯❈❆❘✱ ✷✵✵✽❀ ▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳

❖ ❧♦❞♦ ♦❜t✐❞♦ ♥♦ ❞❡❝❛♥t❛❞♦r é ✜❧tr❛❞♦ ♥♦r♠❛❧♠❡♥t❡ ❡♠ ✜❧tr♦s r♦t❛t✐✈♦s ❛ ✈á❝✉♦ ♣❛r❛

r❡❝✉♣❡r❛çã♦ ❞♦ ❛çú❝❛r ❛rr❛st❛❞♦✱ ❡♠ ✉♠❛ ♦♣❡r❛çã♦ q✉❡ ❡♠♣r❡❣❛ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ❞❛ t♦rt❛

❡ ❛❞✐çã♦ ❞❡ ❜❛❣❛❝✐❧❤♦ ♣❛r❛ ❛✉♠❡♥t❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ r❡❝✉♣❡r❛çã♦ ❞♦s ❛çú❝❛r❡s✳ ❖ ✜❧tr❛❞♦

é r❡❝✐❝❧❛❞♦ ❛♦ ♣r♦❝❡ss♦✱ s❡♥❞♦ ♠✐st✉r❛❞♦ ❛♦ ❝❛❧❞♦ ❛♥t❡s ❞❛ ❛❞✐çã♦ ❞❡ ❧❡✐t❡ ❞❡ ❝❛❧✳ ❊♥tr❡

✸✵ ❡ ✹✵ ❦❣ ❞❡ t♦rt❛ sã♦ ♣r♦❞✉③✐❞♦s ♣❛r❛ ❝❛❞❛ t♦♥❡❧❛❞❛ ❞❡ ❝❛♥❛ ♠♦í❞❛ ✭❈❖❘❚❊❩ ❡t ❛❧✳✱

✶✾✾✷✮❀ ❛ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ❞♦ ✜❧tr♦ ❞❡✈❡ t❡r ✈❛③ã♦ ❡q✉✐✈❛❧❡♥t❡ à ✶✺✵✪ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡

t♦rt❛ ♣r♦❞✉③✐❞❛ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✾✮✱ ❡ s✉❛ t❡♠♣❡r❛t✉r❛ ❞❡✈❡ s❡r ❞❛ ♦r❞❡♠ ❞❡ ✽✵❽ ❞❡

❢♦r♠❛ ❛ ❢❛❝✐❧✐t❛r ❛ ✜❧tr❛çã♦✱ ♣r♦♠♦✈❡♥❞♦ ❛ r❡❞✉çã♦ ❞❛ ✈✐s❝♦s✐❞❛❞❡ ❞❛ ♠✐st✉r❛ ✭❈❆▼❆❘●❖✱

✶✾✾✵✮✳ ❇❛❣❛❝✐❧❤♦ é ✉t✐❧✐③❛❞♦ ♥♦ ✜❧tr♦ ♥❛ r❛③ã♦ ❡♥tr❡ ✵✱✺ ❡ ✵✱✼ t✴✶✵✵ ❚❈ ✭▼❆◆❚❊▲❆❚❚❖✱

✷✵✵✾✮ ❞❡ ❢♦r♠❛ ❛ ♠❡❧❤♦r❛r ❛ r❡t❡♥çã♦ ❞❡ ✢♦❝♦s ♥♦ ✜❧tr♦✳ ❆ t♦rt❛ ❞❡✈❡ ❝♦♥t❡r t❡♦r ❞❡ á❣✉❛

❡♥tr❡ ✼✺ ❡ ✽✵✪ ✭❈❖P❊❘❙❯❈❆❘✱ ✶✾✽✾✮✳

✷✳✷✳✸✳✺ ❈♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦

❖ ❝❛❧❞♦ é ❝♦♥❝❡♥tr❛❞♦ ❡♠ ❡✈❛♣♦r❛❞♦r❡s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❛çú✲

❝❛r❡s ❛❞❡q✉❛❞❛ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦✳ ❉✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❡ ❡✈❛♣♦r❛❞♦r❡s ♣♦❞❡♠

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

✐♥❞ústr✐❛ ❜r❛s✐❧❡✐r❛✳ ❊✈❛♣♦r❛❞♦r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦ ❝♦♠ q✉❛tr♦ ♦✉ ❝✐♥❝♦ ❡stá❣✐♦s ♦♣❡r❛♥❞♦

❞❡ ❢♦r♠❛ ❝♦✲❝♦rr❡♥t❡ t❛♠❜é♠ sã♦ ❡♥❝♦♥tr❛❞♦s❀ ♥❡ss❡s ❡q✉✐♣❛♠❡♥t♦s ♦ ❝❛❧❞♦✱ q✉❡ ❛♣r❡s❡♥t❛

✐♥✐❝✐❛❧♠❡♥t❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✶✹ ✲ ✶✻ ➦❇r✐①✱ é ❝♦♥❝❡♥tr❛❞♦ ❛ ✺✺ ✲ ✻✺ ➦❇r✐① ♥♦s ❡✈❛♣♦r❛❞♦r❡s✳

✷✳✷✳✸✳✻ ❈♦rr❡çã♦ ❞♦ t❡♦r ❞❡ ❢♦s❢❛t♦s

❆ ❛❞✐çã♦ ❞❡ á❝✐❞♦ ❢♦s❢ór✐❝♦ é ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞❛ ♣❛r❛ ♠❡❧❤♦r❛r ♦ tr❛t❛♠❡♥t♦ ❞♦

❝❛❧❞♦✳ ❖ á❝✐❞♦ ❢♦s❢ór✐❝♦ é ❛❞✐❝✐♦♥❛❞♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛✉♠❡♥t❛r ♦ t❡♦r ❞❡ ❢♦s❢❛t♦s ❞♦

❝❛❧❞♦✱ ❥á q✉❡ ♥❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❝❛❧❛❣❡♠ ♦ s❛❧ ❢♦s❢❛t♦ ❞❡ ❝á❧❝✐♦ é ♣r♦❞✉③✐❞♦ ❡ ♣r❡❝✐♣✐t❛❞♦✱

❛✉♠❡♥t❛♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ r❡♠♦çã♦ ❞❡ ✐♠♣✉r❡③❛s ♥❛ ❡t❛♣❛ ❞❡ ❞❡❝❛♥t❛çã♦✳ ❚❡♦r ♠í♥✐♠♦

✶✾



❞❡ ❢♦s❢❛t♦ ♥♦ ❝❛❧❞♦ ❞❡ ✷✺✵ ♣♣♠ é r❡❝♦♠❡♥❞❛❞♦ ♣❛r❛ q✉❡ s❡❥❛ ♦❜t✐❞❛ ✉♠❛ ❜♦❛ ❝❧❛r✐✜❝❛çã♦

✭❈❆▼❆❘●❖✱ ✶✾✾✵✮✳

✷✳✷✳✹ ❋❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛

❆ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ é ♦ ♣r♦❝❡ss♦ ♠❛✐s ❡♠♣r❡❣❛❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ❆ ❢❡r✲

♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❛çã♦ ❞❡ ❧❡✈❡❞✉r❛s s♦❜r❡ ❛çú❝❛r❡s ❢❡r♠❡♥tá✈❡✐s

❝♦♥t✐❞♦s ❡♠ ✉♠❛ s♦❧✉çã♦ ♦✉ s✉s♣❡♥sã♦❀ é ✉♠ ♣r♦❝❡ss♦ ❜✐♦❧ó❣✐❝♦ ♥♦ q✉❛❧ ❛ ❡♥❡r❣✐❛ ❢♦r♠❛❞❛

♣♦r r❡❛çõ❡s ❞❡ ♦①✐❞❛çã♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❝r❡s❝✐♠❡♥t♦✱ ❡ ❛ ♦①✐❞❛çã♦ ♣❛r❝✐❛❧ ❛♥❛❡✲

ró❜✐❛ ❞❛ ❞✲❣❧✐❝♦s❡ ♣r♦❞✉③ ❡t❛♥♦❧ ❡ ❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦✱ ❛❧é♠ ❞❡ ❧✐❜❡r❛r ❝❛❧♦r✳ ❉❡ss❛ ❢♦r♠❛✱

❛ ❧❡✈❡❞✉r❛ r❡❛❧✐③❛ ❛ ❢❡r♠❡♥t❛çã♦ ❞♦ ❛çú❝❛r ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛

♣❛r❛ s✉❛ s♦❜r❡✈✐✈ê♥❝✐❛✱ s❡♥❞♦ ♦ ❡t❛♥♦❧ ❛♣❡♥❛s ♦ s✉❜♣r♦❞✉t♦ ❞♦ ♣r♦❝❡ss♦✳

❉❡♥tr❡ ❛s ♠❛tér✐❛s ❛ç✉❝❛r❛❞❛s✱ ❝♦st✉♠❛✲s❡ ❞✐st✐♥❣✉✐r ❡♥tr❡ ❛s ❢❡r♠❡♥t❡s❝í✈❡✐s ✭♠♦✲

♥♦ss❛❝❛rí❞❡♦s✮ ❡ ❛s ♥ã♦✲❞✐r❡t❛♠❡♥t❡ ❢❡r♠❡♥t❡s❝í✈❡✐s ✭❞✐ss❛❝❛rí❞❡♦s✮✳ ❖s ❞✐ss❛❝❛rí❞❡♦s sã♦

❢❡r♠❡♥t❛❞♦s ❛♣ós ✉♠❛ r❡❛çã♦ ❞❡ ❤✐❞ró❧✐s❡✱ ♥❛ q✉❛❧ sã♦ ❢♦r♠❛❞♦s ♠♦♥♦ss❛❝❛rí❞❡♦s✳ ◆♦ ❝❛s♦

❞❡ ♠❛t❡r✐❛✐s ❛♠✐❧á❝❡♦s✱ t❛✐s ❝♦♠♦ ♦ ♠✐❧❤♦✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ❛ s❛❝❛r✐✜❝❛çã♦ q✉í♠✐❝❛

♦✉ ❡♥③✐♠át✐❝❛ ❞♦ ♠❛t❡r✐❛❧ ♣r❡✈✐❛♠❡♥t❡ à ❢❡r♠❡♥t❛çã♦✳ ◆♦ ❝❛s♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠❛t❡r✐❛✐s

❧✐❣♥♦❝❡❧✉❧ós✐❝♦s✱ ❝♦♠♦ ♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ♣ré✲tr❛t❛♠❡♥t♦ ❞♦

♠❛t❡r✐❛❧ ❡ ❤✐❞ró❧✐s❡ ❞❛ ❝❡❧✉❧♦s❡ ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ♠♦♥♦ss❛❝❛rí❞❡♦s✳

❖ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❣❧♦❜❛❧ é r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ sér✐❡ ❞❡ r❡❛çõ❡s ♣❛r❝✐❛✐s s✉❝❡ss✐✲

✈❛s✱ ❝♦♠ ❢♦r♠❛çã♦ ❞❡ ✈ár✐♦s ❝♦♠♣♦st♦s ✐♥t❡r♠❡❞✐ár✐♦s ❡♠ r❡❛çõ❡s q✉❡ ♦❝♦rr❡♠ ❡♠ ❛❧t❛

✈❡❧♦❝✐❞❛❞❡✳ ❊st❛s r❡❛çõ❡s sã♦ ❝❛t❛❧✐s❛❞❛s ♣♦r ✉♠ ♠✐❝r♦♦r❣❛♥✐s♠♦✱ s❡♥❞♦ ♦ ♠❛✐s ❝♦♠✉♠ ❛

❧❡✈❡❞✉r❛ ❙❛❝❝❤❛r♦♠②❝❡s ❝❡r❡✈✐s✐❛❡✳

❆s r❡❛çõ❡s r❡❛❧✐③❛❞❛s ♣❡❧♦s ♠✐❝r♦r❣❛♥✐s♠♦s ✈✐✈♦s sã♦✱ ♥❛ s✉❛ ❣r❛♥❞❡ ♠❛✐♦r✐❛✱ ❝❛t❛✲

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

r❡❛çõ❡s ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❛s ❡①✐❣ê♥❝✐❛s ♠❡t❛❜ó❧✐❝❛s✳ ❆s ❧❡✈❡❞✉r❛s ♣r♦❞✉③❡♠ ❛s ✐♥✈❡rt❛s❡s✱

q✉❡ ❝❛t❛❧✐s❛♠ ❛ ❤✐❞ró❧✐s❡ ❞❛ s❛❝❛r♦s❡ ❢♦r♠❛♥❞♦ ♦s ♠♦♥ô♠❡r♦s ❣❧✐❝♦s❡ ❡ ❢r✉t♦s❡ ✭PÚ●▲■❆✱

✷✵✵✻✮✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✷✳✶✿

✷✵



C12H22O11 +H2O → 2C6H12O6 ✭✷✳✶✮

❆s ❤❡①♦s❡s ✭❣❧✐❝♦s❡ ❡ ❢r✉t♦s❡✮ ❣❡r❛❞❛s sã♦ ❝♦♥✈❡rt✐❞❛s ❛ ❡t❛♥♦❧ ❡ ❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦✿

C6H12O6 → 2C2H5OH + 2CO2 ✭✷✳✷✮

❆ ❡q✉❛çã♦ ✷✳✷ ❢♦✐ ❞❡s❝r✐t❛ ♣r✐♠❡✐r❛♠❡♥t❡ ♣♦r ●❛②✲▲✉ss❛❝ ❡♠ ✶✽✶✵ ✭●▲❆❩❊❘❀ ◆■✲

❑❆■❉❖✱ ✷✵✵✼✮✳ ❆ ♣❛rt✐r ❞❡st❛ ❡q✉❛çã♦ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ♦ r❡♥❞✐♠❡♥t♦ ❡st❡q✉✐♦♠étr✐❝♦

❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✭❡q✳ ✷✳✸✮✿

η =
✾✷ ❣ ❡t❛♥♦❧
✶✽✵❣ ❣❧✐❝♦s❡

= 0, 511❣ ❡t❛♥♦❧✴❣ ❣❧✐❝♦s❡ ✭✷✳✸✮

◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ♦ ❡t❛♥♦❧ é ✉♠ s✉❜♣r♦❞✉t♦ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❧❡✈❡❞✉r❛✱ ✉♠❛ ♣❛rt❡

❞♦ s✉❜str❛t♦ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ♣r♦❞✉③✐r ♠❛✐s ❝é❧✉❧❛s✳ ❆❧é♠ ❞❡ ❡t❛♥♦❧ ❡ ❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦✱

❛ ❢❡r♠❡♥t❛çã♦ ❞❡ ✉♠ ♠♦❧ ❞❡ ❣❧✐❝♦s❡ ♣r♦❞✉③ ✷ ♠♦❧s ❞❡ ❆❚P✱ q✉❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ♠❛♥✉✲

t❡♥çã♦ ❞❛s ❢✉♥çõ❡s ❝❡❧✉❧❛r❡s ❡ ♣r♦❞✉çã♦ ❞❡ ♥♦✈❛s ❝é❧✉❧❛s❀ ♦✉tr♦s s✉❜♣r♦❞✉t♦s sã♦ ❢♦r♠❛❞♦s

❡♠ r❡❛çõ❡s ❛❞✐❝✐♦♥❛✐s✱ s❡♥❞♦ ♦s ♣r✐♥❝✐♣❛✐s ♦ ❣❧✐❝❡r♦❧✱ á❧❝♦♦✐s s✉♣❡r✐♦r❡s ✭á❧❝♦♦✐s ❛♠í❧✐❝♦s✱

❜✉t❛♥♦❧✮✱ á❝✐❞♦s ♦r❣â♥✐❝♦s ✭❛❝ét✐❝♦✱ s✉❝❝í♥✐❝♦ ❡ ❧át✐❝♦✮✱ ❡t❝✳ ✭❇❆❙❙❖✱ ✷✵✵✻✮✳

❉❡♥tr❡ ♦s s✉❜♣r♦❞✉t♦s ❣❡r❛❞♦s ♥❛ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛✱ ♦ ❣❧✐❝❡r♦❧ é ❛q✉❡❧❡ ❢♦r♠❛❞♦

❡♠ ♠❛✐♦r q✉❛♥t✐❞❛❞❡✳ ❆ ❢♦r♠❛çã♦ ❞❡ ❣❧✐❝❡r♦❧ ♥❛ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ ❡stá ❛❝♦♣❧❛❞❛ ❛♦

❝r❡s❝✐♠❡♥t♦✱ à ❢♦r♠❛çã♦ ❞❡ á❝✐❞♦s ❡ ❛ s✐t✉❛çõ❡s ❞❡ str❡ss ♣❛r❛ ❛ ❧❡✈❡❞✉r❛✱ t❛✐s ❝♦♠♦ str❡ss

♦s♠ót✐❝♦ ❝❛✉s❛❞♦ ♣♦r ❡❧❡✈❛❞❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❛çú❝❛r❡s ♦✉ s❛✐s ♥♦ ♠♦st♦✱ ❝♦♥t❛♠✐♥❛çã♦

❜❛❝t❡r✐❛♥❛✱ ♣r❡s❡♥ç❛ ❞❡ s✉❧✜t♦ ♥♦ ♠♦st♦ ❡ t❡♠♣❡r❛t✉r❛ ❡❧❡✈❛❞❛ ✭❇❆❙❙❖✱ ✷✵✵✻✮✳ ◗✉❛♥❞♦ ❛

❧❡✈❡❞✉r❛ ❙❛❝❝❤❛r♦♠②❝❡s ❝❡r❡✈✐s✐❛❡ ❝r❡s❝❡ ❡♠ ♠❡✐♦ ❝♦♠ ❡❧❡✈❛❞❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❛çú❝❛r❡s✱

❛ ♠❛✐♦r r❛③ã♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❣❧✐❝❡r♦❧ ❡♠ r❡❧❛çã♦ ❛ ❡t❛♥♦❧ ♦❝♦rr❡ ♥♦ ✐♥í❝✐♦ ❞❛ ❢❡r♠❡♥t❛✲

çã♦✱ q✉❛♥❞♦ ❛ ♣r❡ssã♦ ♦s♠ót✐❝❛ ❡ ❛ t❛①❛ ❞❡ ❢❡r♠❡♥t❛çã♦ sã♦ ♠❛✐s ❡❧❡✈❛❞❛s ✭●▲❆❩❊❘❀

◆■❑❆■❉❖✱ ✷✵✵✼✮✳

✷✶



❖ ó❧❡♦ ❢ús❡❧ é ✉♠❛ ♠✐st✉r❛ ❞❡ á❧❝♦♦✐s s✉♣❡r✐♦r❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ á❧❝♦♦✐s ❛♠í❧✐❝♦s ❡

❜✉tí❧✐❝♦s✱ q✉❡ sã♦ ♣r♦❞✉③✐❞♦s ❛ ♣❛rt✐r ❞❛ ❞❡❣r❛❞❛çã♦ ❞❡ ❛♠✐♥♦á❝✐❞♦s✱ q✉❡ ♣♦r s✉❛ ✈❡③ sã♦

♦r✐✉♥❞♦s ❞❡ r❡❛çõ❡s ❞❡ q✉❡❜r❛ ❞❡ ♣r♦t❡í♥❛s ♣r❡s❡♥t❡s ♥❛ ♠❛tér✐❛ ♣r✐♠❛✳ ❖ ❝❛❧❞♦ ❞❛ ❝❛♥❛✲

❞❡✲❛çú❝❛r ♣♦ss✉✐ ❜❛✐①♦s t❡♦r❡s ❞❡ ♣r♦t❡í♥❛s✱ ♣♦rt❛♥t♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ó❧❡♦ ❢ús❡❧ ❢♦r♠❛❞❛

♥❛ ❢❡r♠❡♥t❛çã♦ é ♠❡♥♦r ❞♦ q✉❡ ♥♦ ❝❛s♦ ❞❡ ♦✉tr❛s ♠❛tér✐❛s ♣r✐♠❛s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ q✉❛♥❞♦

sã♦ ✉t✐❧✐③❛❞♦s ❣rã♦s ✭●▲❆❩❊❘❀ ◆■❑❆■❉❖✱ ✷✵✵✼✮✳

❆ ♣r♦❞✉çã♦ ❞❡ á❝✐❞♦s ❧á❝t✐❝♦s é ❢❛✈♦r❡❝✐❞❛ q✉❛♥❞♦ ♦ ♣❍ ❞❛ ❢❡r♠❡♥t❛çã♦ ❛t✐♥❣❡ ✈❛❧♦r❡s

s✉♣❡r✐♦r❡s ❛ ✺✱ ♦ q✉❡ ❢❛✈♦r❡❝❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ▲❛❝t♦❜❛❝✐❧❧✉s✳ ❊st❛s ❜❛❝tér✐❛s ❢❡r♠❡♥t❛♠

❛ ❣❧✐❝♦s❡✱ ♣r♦❞✉③✐♥❞♦ ❛❝❡t❛t♦s ❡ ❧❛❝t❛t♦s✱ ❛❧é♠ ❞❡ ❡t❛♥♦❧✳ P❛r❛ ❡✈✐t❛r ❛ ❝♦♥t❛♠✐♥❛çã♦ ❞♦

r❡❛t♦r✱ ❛ ❢❡r♠❡♥t❛çã♦ ❞❡✈❡ s❡r ❝♦♥❞✉③✐❞❛ ❛ ♣❍ ✐♥❢❡r✐♦r❡s ❛ ✺ ✭●▲❆❩❊❘❀ ◆■❑❆■❉❖✱ ✷✵✵✼✮✳

✷✳✷✳✹✳✶ ❊❢❡✐t♦s ✐♥✐❜✐tór✐♦s

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

❖s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ♠✐❝r♦r❣❛♥✐s♠♦ ❛♦ ❡t❛♥♦❧ sã♦ ❛ t❡♠♣❡r❛t✉r❛✱

❛ ❛❡r❛çã♦ ❡ ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ♠❡✐♦ ✭❆❚❆▲❆✱ ✷✵✵✹✮✳

❆s ♠❡♠❜r❛♥❛s ❝✐t♦♣❧❛s♠át✐❝❛s ❞❡ ❧❡✈❡❞✉r❛s ❡ ❜❛❝tér✐❛s ❝♦♥s✐st❡♠ ❞❡ ✉♠❛ ❜✐❝❛♠❛❞❛

❧✐♣í❞✐❝❛ ❝♦♠ ❝♦♠♣❧❡①♦s ♣r♦té✐❝♦s✱ q✉❡ s❡r✈❡♠ ❞❡ ❝❛♥❛✐s ❛tr❛✈és ❞♦s q✉❛✐s ♦❝♦rr❡♠ ✐♥t❡r❛çõ❡s

❡♥tr❡ ♦s ♠❡✐♦s ✐♥t❡r✐♦r ❡ ❡①t❡r✐♦r à ❝é❧✉❧❛✱ ♦✉ q✉❡ ❛t✉❛♠ ❝♦♠♦ ♠❡❝❛♥✐s♠♦s r❡❣✉❧❛❞♦r❡s ❞♦s

❣r❛❞✐❡♥t❡s ✐ô♥✐❝♦s ❡①✐st❡♥t❡s ♥❡st❡s ♠❡✐♦s✳ ❆ss✐♠✱ ❛ ♠❡♠❜r❛♥❛ ❝✐t♦♣❧❛s♠át✐❝❛ ❛t✉❛ ❝♦♠♦

✉♠❛ ❜❛rr❡✐r❛ à ❞✐❢✉sã♦ ❞❡ ♣rót♦♥s ❡ ♦✉tr♦s í♦♥s ❡ à ♣❛ss❛❣❡♠ ❞❡ ♣❡q✉❡♥❛s ♠♦❧é❝✉❧❛s ❞❛

❝é❧✉❧❛ ♣❛r❛ ♦ ♠❡✐♦ ❡①t❡r♥♦ ❡ ✈✐❝❡✲✈❡rs❛ ✭●▲❆❩❊❘❀ ◆■❑❆■❉❖✱ ✷✵✵✼✮✳

❆ ♠❡♠❜r❛♥❛ ❝✐t♦♣❧❛s♠át✐❝❛ ♣❡r♠✐t❡ q✉❡ ♠♦❧é❝✉❧❛s ❞❡ ❡t❛♥♦❧ ♣❛ss❡♠ ❛tr❛✈és ❞❡❧❛ ❧✐✈r❡✲

♠❡♥t❡✱ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ❞❡♥tr♦ ❞❛s ❝é❧✉❧❛s ❡stá ❡♠ ❡q✉✐❧í❜r✐♦

❝♦♠ ❛q✉❡❧❛ ❞♦ ♠❡✐♦ ❡①t❡r♥♦✳ ❯♠ ❛✉♠❡♥t♦ ♥❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ❛❧t❡r❛ ❛ ❡st❛❜✐❧✐③❛✲

çã♦ ❞❛ ❝❛♠❛❞❛ ❧✐♣í❞✐❝❛✱ ♣❡rt✉r❜❛♥❞♦ ✐♥t❡r❛çõ❡s ❧✐♣í❞❡♦✲❧✐♣í❞❡♦ ❡ ❧✐♣í❞❡♦✲♣r♦t❡í♥❛✳ ❆ss✐♠✱ ❛

♠❡♠❜r❛♥❛ ♥ã♦ ❛t✉❛ ❞❡ ❢♦r♠❛ ❡✜❝✐❡♥t❡ ❡ ♣♦❞❡ s♦❢r❡r ✉♠ ❝♦❧❛♣s♦✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ♠♦❧é❝✉❧❛s

♣❡q✉❡♥❛s ❡s❝❛♣❡♠ ❞❛ ❝é❧✉❧❛ ✭●▲❆❩❊❘❀ ◆■❑❆■❉❖✱ ✷✵✵✼✮✳
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❖ ❡t❛♥♦❧ ❛♣r❡s❡♥t❛ ✉♠ ❡❢❡✐t♦ s✐❣♥✐✜❝❛t✐✈♦ s♦❜r❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❝❡❧✉❧❛r

❡♠ ❝♦♥❝❡♥tr❛çõ❡s ❛❝✐♠❛ ❞❡ ✶✺ ❣✴▲❀ ❛ ♠á①✐♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ q✉❛❧ ❛s

❝é❧✉❧❛s ❝❡ss❛♠ ♦ ❝r❡s❝✐♠❡♥t♦ é ❞❛ ♦r❞❡♠ ❞❡ ✶✵✵ ❣✴▲ ✭▲❯❖◆●✱ ✶✾✽✺✮✱ ♠❛s ❛ t❡♠♣❡r❛t✉r❛

❞❛ ❢❡r♠❡♥t❛çã♦ ♣♦❞❡ ❛✉♠❡♥t❛r ♦✉ ❞✐♠✐♥✉✐r ❡ss❡ ✈❛❧♦r✳

✷✳✷✳✹✳✷ Pr♦❝❡ss♦s ✐♥❞✉str✐❛✐s ❞❡ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛

❉♦✐s t✐♣♦s ❞❡ ♣r♦❝❡ss♦s sã♦ ♠❛✐s ❢r❡qü❡♥t❡♠❡♥t❡ ❡♠♣r❡❣❛❞♦s ♥❛s ✉♥✐❞❛❞❡s ✐♥❞✉str✐❛✐s

♥♦ ❇r❛s✐❧ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✿ ▼❡❧❧❡✲❇♦✐♥♦t ✭❜❛t❡❧❛❞❛ ❛❧✐♠❡♥t❛❞❛ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉✲

❧❛s✮ ❡ ❝♦♥tí♥✉♦ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉❧❛s✳ ❯♠❛ ❞❡s❝r✐çã♦ ❞❡st❡s ❞♦✐s ♣r♦❝❡ss♦s é ❛♣r❡s❡♥t❛❞❛

❛ s❡❣✉✐r✳

Pr♦❝❡ss♦ ▼❡❧❧❡✲❇♦✐♥♦t ❖ ♣r♦❝❡ss♦ ❜❛t❡❧❛❞❛ ❛❧✐♠❡♥t❛❞❛ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉❧❛s ✭▼❡❧❧❡✲

❇♦✐♥♦t✮ é ♦ ♣r♦❝❡ss♦ ♠❛✐s ❝♦♠✉♠❡♥t❡ ❡♠♣r❡❣❛❞♦ ♥❛s ✉s✐♥❛s ❜r❛s✐❧❡✐r❛s✱ s❡♥❞♦ ✉t✐❧✐③❛❞♦ ❡♠

❝❡r❝❛ ❞❡ ✽✺✪ ❞❛s ✉♥✐❞❛❞❡s ✐♥❞✉str✐❛✐s ✜❧✐❛❞❛s ❛♦ ❈❚❈ ✭❈❡♥tr♦ ❞❡ ❚❡❝♥♦❧♦❣✐❛ ❈❛♥❛✈✐❡✐r❛✮✳

❖ ❡♠♣r❡❣♦ ❞❡st❡ ♣r♦❝❡ss♦ ♥❛ ✐♥❞ústr✐❛ s❡ ❣❡♥❡r❛❧✐③♦✉ ❛ ♣❛rt✐r ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✻✵✱ ❡ s♦♠❡♥t❡

❛ ♣❛rt✐r ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✽✵ ♦✉tr♦s ♣r♦❝❡ss♦s✱ ❝♦♠♦ ♦ ❝♦♥tí♥✉♦✱ ❝♦♥s♦❧✐❞❛r❛♠✲s❡ ❝♦♠♦ ✉♠❛

❛❧t❡r♥❛t✐✈❛ ✈✐á✈❡❧✱ ❥á q✉❡ ❣r❛♥❞❡s ✐♥✈❡st✐♠❡♥t♦s ❡r❛♠ ♥❡❝❡ssár✐♦s ♣❛r❛ ♣r♦♠♦✈❡r ♣❡q✉❡♥♦s

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

◆❡st❡ ♣r♦❝❡ss♦✱ ✉♠❛ s✉s♣❡♥sã♦ ❞❡ ❧❡✈❡❞✉r❛s ❝❤❛♠❛❞❛ ❞❡ ✏♣é✲❞❡✲❝✉❜❛✑✱ q✉❡ ❝♦♥té♠

❝❡r❝❛ ❞❡ ✸✵✪ ❞❡ ❝é❧✉❧❛s ❡♠ ✈♦❧✉♠❡✱ é ❛❧✐♠❡♥t❛❞❛ ❛ ✉♠❛ ❞♦r♥❛ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛té ❝♦♠♣❧❡t❛r

❝❡r❝❛ ❞❡ ✉♠ q✉❛rt♦ ❞❡ s❡✉ ✈♦❧✉♠❡✳ ❆ ❢♦♥t❡ ❞❡ ❛çú❝❛r❡s ✭♠♦st♦✱ ❝♦♠♣♦st♦ ♣♦r ❝❛❧❞♦ ❞❡

❝❛♥❛✲❞❡✲❛çú❝❛r ♣✉r♦ ♦✉ ❡♠ ♠✐st✉r❛ ❝♦♠ ♦ ♠❡❧❛ç♦✮ é ❛❧✐♠❡♥t❛❞❛ ❡♠ s❡❣✉✐❞❛❀ ♦ t❡♠♣♦

t♦t❛❧ ❞❡ ❡♥❝❤✐♠❡♥t♦ ❞❡ ✉♠❛ ❞♦r♥❛ é ❞❡ ❝❡r❝❛ ❞❡ ✺❤✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t❛♠❛♥❤♦ ❞❛ ❞♦r♥❛✱

❡ ♦ t❡♠♣♦ t♦t❛❧ ❞❡ ❢❡r♠❡♥t❛çã♦ ✈❛r✐❛ ❡♥tr❡ ✽ ❡ ✶✸❤✱ ❞❡♣❡♥❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞♦ ♣r♦❝❡ss♦✳

❉✉r❛♥t❡ ♦ ❡♥❝❤✐♠❡♥t♦ ❞❛ ❞♦r♥❛✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❡r♠❡♥t❛çã♦ é ♠❛✐♦r✱ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡

❛ ❧✐❜❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛✱ ❥á q✉❡ ❛ r❡❛çã♦ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❛çú❝❛r❡s ❛ ❡t❛♥♦❧ é ❡①♦tér♠✐❝❛✳ ❖

r❡s❢r✐❛♠❡♥t♦ ❞❛ ❞♦r♥❛ é ✉s✉❛❧♠❡♥t❡ ❢❡✐t♦ ♣♦r ♠❡✐♦ ❞❡ s❡r♣❡♥t✐♥❛s ♦✉ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r

✷✸



❛ ♣❧❛❝❛s✱ ❛té t❡♠♣❡r❛t✉r❛s ❞❡ ❝❡r❝❛ ❞❡ ✸✵ ❛ ✸✺❽✳ ◆❡st❛s t❡♠♣❡r❛t✉r❛s✱ ♦ ✈✐♥❤♦ ♦❜t✐❞♦ ❛♦

✜♠ ❞❛ ❢❡r♠❡♥t❛çã♦ ❝♦♥té♠ t❡♦r ❞❡ ❡t❛♥♦❧ ❡♥tr❡ ✽ ❡ ✶✷➦●▲ ✭t❡♦r ❞❡ ❡t❛♥♦❧ ❡♠ ✈♦❧✉♠❡✮✳

■♥❞✉str✐❛❧♠❡♥t❡ s❡ ❞❡t❡r♠✐♥❛ ♦ ✜♠ ❞❛ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ ❝♦♠♦ ♦ t❡♠♣♦ ♥♦ q✉❛❧ ❛

❝♦♥❝❡♥tr❛çã♦ ❞❡ ❛çú❝❛r❡s ♥❛ ❞♦r♥❛✱ ♠❡❞✐❞❛ ❡♠ t❡r♠♦s ❞❡ ➦❇r✐① ✭t❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s✮✱

♥ã♦ ✈❛r✐❛ ❛♣ós ♦ ✐♥t❡r✈❛❧♦ ❞❡ ✉♠❛ ❤♦r❛✳ ❆♣ós ♦ ✜♠ ❞❛ ❢❡r♠❡♥t❛çã♦✱ ❛s ❞♦r♥❛s sã♦ ❡s✈❛③✐❛❞❛s

❡ ♦ ✈✐♥❤♦ ❧❡✈❡❞✉r❛❞♦✱ q✉❡ ❝♦♥té♠ ❝❡r❝❛ ❞❡ ✶✵✪ ✭♠❛ss❛✮ ❞❡ ❧❡✈❡❞♦✱ é ♥❡✉tr❛❧✐③❛❞♦ ♣♦r ♠❡✐♦

❞❛ ❛❞✐çã♦ ❞❡ s♦❞❛✱ s❡♥❞♦ ❡♠ s❡❣✉✐❞❛ ❡♥❝❛♠✐♥❤❛❞♦ às ❝❡♥trí❢✉❣❛s✱ ♦♥❞❡ ♦❝♦rr❡ ❛ s❡♣❛r❛çã♦

❞♦ ❢❡r♠❡♥t♦✳ ❊st❡ ❢❡r♠❡♥t♦ é r❡❝✉♣❡r❛❞♦ ❡ ❡♥❝❛♠✐♥❤❛❞♦ à ✉♥✐❞❛❞❡ ❞❡ tr❛t❛♠❡♥t♦ ❞❡

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

❞❡st✐❧❛çã♦✱ ♦♥❞❡ é r❡❛❧✐③❛❞❛ ❛ ♣✉r✐✜❝❛çã♦ ❞♦ ♣r♦❞✉t♦✳

Pr♦❝❡ss♦ ❝♦♥tí♥✉♦ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉❧❛s ◆❛ ❢❡r♠❡♥t❛çã♦ ❝♦♥tí♥✉❛ ♦❝♦rr❡ ❛❞✐çã♦ ❞❡

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

❛ss✐♠ ♦ ✈♦❧✉♠❡ r❡❛❝✐♦♥❛❧ ❝♦♥st❛♥t❡✳ ❊st❡ é ✉♠ ♣r♦❝❡ss♦ q✉❡ ✈❡♠ s❡♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s

✉t✐❧✐③❛❞♦ ♥❛ ✐♥❞ústr✐❛ ❜r❛s✐❧❡✐r❛✳ ▼❛✐♦r❡s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ❢❡r♠❡♥t❛çã♦ ❝♦♥tí♥✉❛ ❡stã♦

❛♣r❡s❡♥t❛❞❛s ❡♠ ❆♥❞r✐❡tt❛ ✭✶✾✾✹✮✱ ❉✐❛s ✭✷✵✵✽✮ ❡ ●♦✉✈ê✐❛ ✭✷✵✵✵✮✳

✷✳✷✳✹✳✸ Pr♦❝❡ss♦s ❢❡r♠❡♥t❛t✐✈♦s ❝♦♠ r❡♠♦çã♦ ❝♦♥tí♥✉❛ ❞❡ ❡t❛♥♦❧

❈♦♠♦ ♦ ❡t❛♥♦❧ ♣r♦❞✉③✐❞♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ✐♥✐❜❡ ❛ ❛t✐✈✐❞❛❞❡ ♠❡t❛❜ó❧✐❝❛

❞❛ ❧❡✈❡❞✉r❛✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ té❝♥✐❝❛s ❞❡ ❡①tr❛çã♦ ❞♦ ❡t❛♥♦❧ ❞♦ ♠❡✐♦ ❢❡r♠❡♥t❛t✐✈♦ s✐♠✉❧t❛✲

♥❡❛♠❡♥t❡ à s✉❛ ♣r♦❞✉çã♦ ♠❡❧❤♦r❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ♣r♦❝❡ss♦ ✭❆❚❆▲❆✱ ✷✵✵✹✮✳ ❉✐❢❡r❡♥t❡s

♣r♦❝❡ss♦s ❧✐❞❛♥❞♦ ❝♦♠ ❛ r❡♠♦çã♦ ❞♦ ❡t❛♥♦❧ ❞✉r❛♥t❡ ❛ ❢❡r♠❡♥t❛çã♦ sã♦ ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐✲

t❡r❛t✉r❛❀ ❡①✐st❡♠ ❛q✉❡❧❡s ❜❛s❡❛❞♦s ♥❛ ❢❡r♠❡♥t❛çã♦ s♦❜ ✈á❝✉♦ ✭❈❨❙❊❲❙■❀ ❲■▲❑❊✱ ✶✾✼✽❀

❘❆▼❆▲■◆●❍❆▼❀ ❋■◆◆✱ ✶✾✼✼✮✱ ❡♠ té❝♥✐❝❛s ❞❡ ♣❡r✈❛♣♦r❛çã♦ ✭❈❍❘■❙❚❊◆ ❡t ❛❧✳✱ ✶✾✾✵✮✱

♥❛ ✐♥t❡❣r❛çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❡①tr❛çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❛♦ r❡❛t♦r ❞❡ ❢❡r♠❡♥t❛çã♦ ✭❉❆❯✲

●❯▲■❙ ❡t ❛❧✳✱ ✶✾✾✹✮ ♦✉ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❞❡st✐❧❛çã♦ ✢❛s❤ ❛♦ ♣r♦❝❡ss♦ ✭■❙❍■❉❆❀ ❙❍■▼■❩❯✱

✶✾✾✻❀ ▼❆■❖❘❊▲▲❆ ❡t ❛❧✳✱ ✶✾✽✹✮✳

✷✹



❖ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❛ ✈á❝✉♦ ❛♣r❡s❡♥t❛ ❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ ❛s♣❡❝t♦s

♣♦s✐t✐✈♦s q✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r❛ ❛ r❡❛❧✐❞❛❞❡ ❜r❛s✐❧❡✐r❛ ✭❙■▲❱❆✱ ✶✾✾✼✮✳

Pr♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❛ ✈á❝✉♦ ◆♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ✉♠

♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❝♦♥tí♥✉❛ é ❛❝♦♣❧❛❞♦ ❛ ✉♠ s✐st❡♠❛ ❞❡ ❡①tr❛çã♦ ❛ ✈á❝✉♦✱ ♦ q✉❡

❢❛③ ❝♦♠ q✉❡ ♦ ❡t❛♥♦❧ s❡❥❛ r❡t✐r❛❞♦ ❛♦ ♠❡s♠♦ t❡♠♣♦ ❡♠ q✉❡ é ♣r♦❞✉③✐❞♦✱ ♣❡r♠✐t✐♥❞♦ q✉❡

s✉❛ ❝♦♥❝❡♥tr❛çã♦ ♥♦ r❡❛t♦r ♣❡r♠❛♥❡ç❛ ❡♠ ♥í✈❡✐s ❜❛✐①♦s ❛♦ ❧♦♥❣♦ ❞♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛✲

t✐✈♦✳ ❆ss✐♠✱ ❛ ✐♥✐❜✐çã♦ ❞❛ ❧❡✈❡❞✉r❛ ♣❡❧♦ ♣r♦❞✉t♦ ❞✐♠✐♥✉✐✱ ❛✉♠❡♥t❛♥❞♦ ❛ ♣r♦❞✉t✐✈✐❞❛❞❡

❞♦ ♣r♦❝❡ss♦✳ ❖ ❡t❛♥♦❧ é r❡♠♦✈✐❞♦ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠ ❡✈❛♣♦r❛❞♦r ✢❛s❤ ❛ ✈á❝✉♦✱ ❡ é ♣♦ssí✈❡❧

♦♣❡rá✲❧♦ ❡♠ ✉♠❛ t❡♠♣❡r❛t✉r❛ q✉❡ ❡❧✐♠✐♥❡ ♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ♥❛ ❞♦r♥❛ ❞❡ ❢❡r♠❡♥t❛çã♦✱ ❥á

q✉❡ ✉♠❛ ♣❛rt❡ ❞❛ ❢❛s❡ ❧íq✉✐❞❛ ♦❜t✐❞❛ ♥♦ ✢❛s❤ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ é r❡❝✐❝❧❛❞❛ ❛♦ r❡❛t♦r✳

❉❡st❛ ❢♦r♠❛✱ s❡r✐❛ ♣♦ssí✈❡❧ ❞✐♠✐♥✉✐r ♦s ❝✉st♦s ✜①♦s ❡ ❞❡ ♠❛♥✉t❡♥çã♦ ❞♦ ♣r♦❝❡ss♦ ✭❆❚❆▲❆✱

✷✵✵✹✮✳

❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ✈❛♥t❛❣❡♥s ❞❡st❡ ♣r♦❝❡ss♦ é ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦ ❡♠♣r❡❣♦ ❞❡ s✉❜s✲

tr❛t♦ ❝♦♠ ❡❧❡✈❛❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❛çú❝❛r❡s✱ ❥á q✉❡ ♦ ♣r✐♥❝✐♣❛❧ ♣r♦❞✉t♦ ✐♥✐❜✐❞♦r ✭❡t❛♥♦❧✮

é r❡♠♦✈✐❞♦ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡ s✉❛ ❝♦♥❝❡♥tr❛çã♦ ♣❡r♠❛♥❡❝❡ ❡♠ ❜❛✐①♦s ♥í✈❡✐s ❞❡♥tr♦ ❞♦ r❡✲

❛t♦r✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ♣r♦❞✉çã♦ ❞❡ ✈✐♥❤❛ç❛✱ q✉❡ é ♦ ♣r✐♥❝✐♣❛❧ r❡sí❞✉♦ ❣❡r❛❞♦ ♥❛ ❡t❛♣❛ ❞❛

❞❡st✐❧❛çã♦✱ é ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ❛q✉❡❧❛ ❞♦s ♣r♦❝❡ss♦s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ❢❡r♠❡♥t❛çã♦✱ q✉❡

✉t✐❧✐③❛♠ ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ s✉❜str❛t♦✳

❯t✐❧✐③❛♥❞♦ ♠❡❧❛ç♦ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛✱ ❆t❛❧❛ ✭✷✵✵✹✮ ♦❜t❡✈❡ t❡♦r ❛❧❝♦ó❧✐❝♦ ♥♦ ❢❡r♠❡♥✲

t❛❞♦r ❞❡ ✺ ➦●▲✱ ✈❛❧♦r q✉❡ é ♣♦✉❝♦ ✐♥✐❜✐tór✐♦ ♣❛r❛ ❛ ❧❡✈❡❞✉r❛ ♠❡s♠♦ ❡♠ ❢❛❝❡ ❞❡ ♠❛✐♦r❡s

❝♦♥❝❡♥tr❛çõ❡s ❞❡ s✉❜str❛t♦✱ ❡ á❧❝♦♦❧ ❡✈❛♣♦r❛❞♦ ✭✈✐♥❤♦✮ ❝♦♠ ❝❡r❝❛ ❞❡ ✺✵ ➦●▲✳ ❆ss✐♠✱ ♦ ✈✐♥❤♦

é ❛❧✐♠❡♥t❛❞♦ ♥❛ ✉♥✐❞❛❞❡ ❞❡ ♣✉r✐✜❝❛çã♦ ❞♦ ♣r♦❞✉t♦ ✭❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦✮ ❝♦♠ ♠❛✐♦r t❡♦r

❞❡ ❡t❛♥♦❧✱ ♦ q✉❡ ❧❡✈❛ à ♣r♦❞✉çã♦ ❞❡ ♠❡♥♦r q✉❛♥t✐❞❛❞❡ ❞❡ ✈✐♥❤❛ç❛ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱

♠❡♥♦r❡s ♣❡r❞❛s ❞❡ ❡t❛♥♦❧ ♥❛ ✈✐♥❤❛ç❛✳

❯♠ ❡sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦ é ❛♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✷✳✸✳

✷✺



❋✐❣✉r❛ ✷✳✸✿ ❊sq✉❡♠❛ ❞♦ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❛ ✈á❝✉♦ ✭❛❞❛♣t❛❞♦ ❞❡ ▼❛✉❣❡r✐ ❡
❆t❛❧❛ ✭✷✵✵✻✮✮✳

✷✳✷✳✺ ❉❡st✐❧❛çã♦ ❛❧❝♦ó❧✐❝❛

◆❛ ❞❡st✐❧❛çã♦ é ❢❡✐t❛ ❛ ♣✉r✐✜❝❛çã♦ ❞♦ ✈✐♥❤♦✱ q✉❡ ❝♦♥té♠ t❡♦r ❞❡ ❡t❛♥♦❧ ❡♥tr❡ ✼ ❡ ✶✵✪

❡♠ ♠❛ss❛✳ ◆❛ ❝♦♥✜❣✉r❛çã♦ ♠❛✐s ❢r❡qü❡♥t❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ❛❧❝♦ó❧✐❝❛ ✉t✐❧✐③❛❞♦

♥❛s ✉s✐♥❛s ❜r❛s✐❧❡✐r❛s ❡①✐st❡♠ ✺ ❝♦❧✉♥❛s✿ ❆✱ ❆✶✱ ❉✱ ❇ ❡ ❇✶✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛

✷✳✹✳ ❆ ❝♦❧✉♥❛ ❆ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝♦❧✉♥❛ ❞❡ ❡s❣♦t❛♠❡♥t♦ ❞♦ ✈✐♥❤♦✱ ❆✶ ❞❡ ❡♣✉r❛çã♦ ❞♦

✈✐♥❤♦ ❡ ❉ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ á❧❝♦♦❧ ❞❡ ✷❛✳ ❖ ❝♦♥❥✉♥t♦ ❞❡st❛s três ❝♦❧✉♥❛s é ❝❤❛♠❛❞♦ ❞❡

❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦✳ ❆ ❝♦❧✉♥❛ ❇ é ❛ ❝♦❧✉♥❛ ❞❡ r❡t✐✜❝❛çã♦✱ ❡ ❛ ❝♦❧✉♥❛ ❇✶✱ ❞❡ ❡s❣♦t❛♠❡♥t♦✳

❊st❡ s❡❣✉♥❞♦ ❝♦♥❥✉♥t♦ é ❝❤❛♠❛❞♦ ❞❡ ❝♦♥❥✉♥t♦ ❞❡ r❡t✐✜❝❛çã♦✱ ❡ ♥❡❧❡ ♦❜té♠✲s❡ ♦ ❆❊❍❈✱

✷✻



❝♦♠ t❡♦r ❞❡ ❡t❛♥♦❧ ❡♥tr❡ ✾✷✱✻ ❡ ✾✸✱✽✪ ❡♠ ♠❛ss❛✳ ▼❛✐s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡

❞❡st✐❧❛çã♦ ❛❧❝♦ó❧✐❝❛ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ❉✐❛s ✭✷✵✵✽✮ ❡ ❏✉♥q✉❡✐r❛ ✭✷✵✶✵✮✳

❋✐❣✉r❛ ✷✳✹✿ ❊sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❛s ❝♦❧✉♥❛s ❡♠♣r❡❣❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❞❡
❞❡st✐❧❛çã♦ ❛❧❝♦ó❧✐❝❛✳

P♦❞❡♠ s❡r ❞❡st❛❝❛❞♦s ❝♦♠♦ ♦♣çõ❡s ❞❡ ♠❡❧❤♦r✐❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ❡♠♣r❡❣❛❞♦

♥❛ ✐♥❞ústr✐❛✿ ♦t✐♠✐③❛çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♣r❛t♦s ❞❛s ❝♦❧✉♥❛s ✭▼❊■❘❊▲▲❊❙✱ ✷✵✵✻✮✱ ✉t✐❧✐③❛çã♦

❞❡ ✈✐♥❤♦s ❞❡ ♠❛✐♦r❡s t❡♦r❡s ❛❧❝♦ó❧✐❝♦s ✭❉■❆❙✱ ✷✵✵✽✮✱ ❡st✉❞♦s ❞❡ ✐♥t❡r♥♦s ❞❡ t♦rr❡s ❡ ❞❡

❝♦♥✜❣✉r❛çõ❡s ❞✉♣❧♦ ❡ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ♦t✐♠✐③❛çã♦ ❞❛ ♣♦s✐çã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❞❛ r❛③ã♦ ❞❡

r❡✢✉①♦ ❞❛s ❝♦❧✉♥❛s✳

❆ ✉t✐❧✐③❛çã♦ ❞❡ ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❡♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ ♣r❡ssã♦ ♣❡r♠✐t❡ ❛ r❡❞✉çã♦

❞♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ♥♦s r❡❢❡r✈❡❞♦r❡s✱ ❥á q✉❡ sã♦ ♦❜t✐❞♦s ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ t❡♠♣❡r❛✲

t✉r❛ ♥❛s ❝♦❧✉♥❛s✱ ♦ q✉❡ ♣❡r♠✐t❡ ❛ r❡❝✉♣❡r❛çã♦ ❞❛ ❝❛r❣❛ tér♠✐❝❛ ❞❡ ✈❛♣♦r❡s ♦❜t✐❞♦s ♥♦s

r❡❢❡r✈❡❞♦r❡s ❞❡ ❝♦❧✉♥❛s ♦♣❡r❛♥❞♦ ❛ ♠❡♥♦r❡s ♣r❡ssõ❡s✳
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✷✳✷✳✻ ❉❡s✐❞r❛t❛çã♦

P❛r❛ s✉❛ ✉t✐❧✐③❛çã♦ ❝♦♠♦ ❛❞✐t✐✈♦ ♥❛ ❣❛s♦❧✐♥❛✱ ♦ ❆❊❍❈ ♣r♦❞✉③✐❞♦ ♥❛ ❞❡st✐❧❛çã♦ ❞❡✈❡

s❡r ❞❡s✐❞r❛t❛❞♦ ❞❡ ♠♦❞♦ ❛ ❛t✐♥❣✐r t❡♦r ❛❧❝♦ó❧✐❝♦ ❞❡✱ ♥♦ ♠í♥✐♠♦✱ ✾✾✱✸✪ ❡♠ ♠❛ss❛✳ ❏á q✉❡

❡t❛♥♦❧ ❡ á❣✉❛ ❢♦r♠❛♠ ✉♠ ❛③❡ótr♦♣♦ ❝♦♠ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡t❛♥♦❧ ✐❣✉❛❧ ❛ ✾✺✱✻✪ ✭♠❛ss❛✱

❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✽✾✪ ♠♦❧✮✱ ♥ã♦ é ♣♦ssí✈❡❧ ♦❜t❡r ❡t❛♥♦❧ ❛♥✐❞r♦ ♣♦r ♠❡✐♦ ❞❡ ❞❡st✐❧❛çã♦

❝♦♥✈❡♥❝✐♦♥❛❧ ❞♦ ❆❊❍❈✳ ◆♦ ❇r❛s✐❧ ♦s ♣r✐♥❝✐♣❛✐s ♠ét♦❞♦s ❞❡ ❞❡s✐❞r❛t❛çã♦ ✉t✐❧✐③❛❞♦s ♥❛

✐♥❞ústr✐❛ ❛❧❝♦♦❧❡✐r❛ sã♦✿ ❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ ❤❡t❡r♦❣ê♥❡❛ ❝♦♠ ❝✐❝❧♦❡①❛♥♦✱ ❞❡st✐❧❛çã♦

❛③❡♦tró♣í❝❛ ❤♦♠♦❣ê♥❡❛ ❝♦♠ ▼❊● ❡ ❛❞s♦rçã♦ ❡♠ ♣❡♥❡✐r❛s ♠♦❧❡❝✉❧❛r❡s✳ ■♥❢♦r♠❛çõ❡s s♦❜r❡

♦s ♣r✐♥❝✐♣❛✐s ♠ét♦❞♦s ❞❡ ❞❡s✐❞r❛t❛çã♦ ❞❡ ❡t❛♥♦❧ ❡♥❝♦♥tr❛❞♦s ♥❛ ✐♥❞ústr✐❛ ♦✉ ❝♦♠ ♣♦t❡♥❝✐❛❧

❞❡ ❛♣❧✐❝❛çã♦ ✐♥❞✉str✐❛❧ sã♦ ❛♣r❡s❡♥t❛❞❛s ♣♦r ❉✐❛s ✭✷✵✵✽✮ ❡ ❏✉♥q✉❡✐r❛ ✭✷✵✶✵✮✳

✷✳✸ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞♦ ❜❛❣❛ç♦

❡ ❞❛ ♣❛❧❤❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

❉❡♥tr❡ ❛s ❞✐❢❡r❡♥t❡s ♦♣çõ❡s ♣❛r❛ ♦t✐♠✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧✱

❞❡st❛❝❛♠✲s❡ ❛ ♣r♦♣♦s✐çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♣r♦❝❡ss♦ ❡ ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞❛

❝❛♥❛ ✐♥t❡❣r❛❧✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞♦ ❜❛❣❛ç♦ ❡ ❞❛ ♣❛❧❤❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❜✐♦❡t❛♥♦❧✳ ◆♦ ♣r♦❝❡ss♦ ❡♠♣r❡❣❛❞♦ ❛t✉❛❧♠❡♥t❡✱ ❛ ♠❛✐♦r ♣❛rt❡ ❞❡st❡s ❞♦✐s ✐♠♣♦rt❛♥t❡s s✉❜✲

♣r♦❞✉t♦s sã♦ q✉❡✐♠❛❞♦s✱ s❡❥❛ ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦❧❤❡✐t❛✱ ♥♦ ❝❛s♦ ❞❛ ♣❛❧❤❛✱ s❡❥❛ ♣❛r❛ ♣r♦❞✉çã♦

❞❡ ❡♥❡r❣✐❛ tér♠✐❝❛ ❡ ❡❧étr✐❝❛ ❡♠ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦✱ ♥♦ ❝❛s♦ ❞♦ ❜❛❣❛ç♦ ✭❊◆❙■◆❆❙ ❡t

❛❧✳✱ ✷✵✵✼✮✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❡s ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ♣r♦❞✉çã♦

❞❡ ❜✐♦❡t❛♥♦❧ ♣♦r ♠❡✐♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❤✐❞ró❧✐s❡✱ q✉❡ ♣❡r♠✐t❡♠ ❛ ♦❜t❡♥çã♦

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

✭❘❆❇❊▲❖✱ ✷✵✵✼✮✱ ♣r❡s❡♥t❡s ♥❛ ❡str✉t✉r❛ ❞♦ ❜❛❣❛ç♦ ❡ ❞❛ ♣❛❧❤❛✳ ◆❛ ❤✐❞ró❧✐s❡ ❞❛ ❝❡❧✉❧♦s❡ s❡

♦❜té♠ ❣❧✐❝♦s❡✱ q✉❡ é ❢❛❝✐❧♠❡♥t❡ ❢❡r♠❡♥t❡s❝í✈❡❧ ❡♠♣r❡❣❛♥❞♦✲s❡ ♠✐❝r♦r❣❛♥✐s♠♦s ❝♦♠✉♠❡♥t❡

❡♠♣r❡❣❛❞♦s ♥❛ ✐♥❞ústr✐❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❤✐❞ró❧✐s❡ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ ❣❡r❛ ♣❡♥t♦s❡s✱ q✉❡ ❛✐♥❞❛

♥ã♦ ♣♦ss✉✐ t❡❝♥♦❧♦❣✐❛ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛ ❡t❛♥♦❧ ❡♠ ♥í✈❡❧ ❝♦♠❡r❝✐❛❧✳
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❖ ✉s♦ ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧

t❡♠ s✐❞♦ ✐♥✈❡st✐❣❛❞♦ ❝♦♠ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥♦s ú❧t✐♠♦s ❛♥♦s✱ ♠❛s s❡✉ ✉s♦ ❡♠ ♣r♦❝❡ss♦s ❞❡

❡s❝❛❧❛ ✐♥❞✉str✐❛❧ ❛✐♥❞❛ ♥ã♦ s❡ t♦r♥♦✉ ✈✐á✈❡❧ ✭❇❆▲❆❚ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❊st✉❞♦s ❝♦♥s✐❞❡r❛♥❞♦

❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❡ ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧✱ ✉t✐❧✐③❛♥❞♦ t❛♥t♦ ♦ ❝❛❧❞♦ q✉❛♥t♦ ♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛✱

❛✐♥❞❛ sã♦ ♥❡❝❡ssár✐♦s ♣❛r❛ ♣r♦♠♦✈❡r ❛ ✈✐❛❜✐❧✐③❛çã♦ té❝♥✐❝❛ ❡ ❡❝♦♥ô♠✐❝❛ ❞❛ t❡❝♥♦❧♦❣✐❛ ❞❡

❤✐❞ró❧✐s❡✳ ❆❧é♠ ❞✐ss♦✱ é ❡ss❡♥❝✐❛❧ ♦t✐♠✐③❛r ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦

✈✐s❛♥❞♦ ❛ ♦❜t❡♥çã♦ ❞❡ ♠❛✐♦r❡s ❢r❛çõ❡s ❞❡ ❜❛❣❛ç♦ ❡①❝❡❞❡♥t❡✱ ❞❡ ❢♦r♠❛ ❛ ❞✐s♣♦♥✐❜✐❧✐③❛r ❛

♠❛✐♦r q✉❛♥t✐❞❛❞❡ ♣♦ssí✈❡❧ ❞❡st❡ ♣r♦❞✉t♦ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛✲

çã♦✳ ◆❡st❡ ❝❡♥ár✐♦✱ ❛ s✐♠✉❧❛çã♦ ❞❡ ♣r♦❝❡ss♦s é ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢❡rr❛♠❡♥t❛✱ ♣♦✐s ♣❡r♠✐t❡ ♦

❡st✉❞♦ r❡❧❛t✐✈❛♠❡♥t❡ rá♣✐❞♦ ❞❡ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ♣r♦❝❡ss♦s ❡ ♦ ❧❡✈❛♥t❛♠❡♥t♦ ❞♦ r❡s♣❡❝t✐✈♦

❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳ ❆ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ♣♦❞❡ ❢♦r♥❡❝❡r ❜❛s❡s ♣❛r❛ ❛ ❞❡✜♥✐çã♦ ❞❛

❝♦♥✜❣✉r❛çã♦ ❛ s❡r t❡st❛❞❛ ❡♠ ❡s❝❛❧❛ ♣✐❧♦t♦✱ ❛❧é♠ ❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ✈❛❧✐❞❛r ❞❛❞♦s ❡①♣❡✲

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

♥❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥❞✉str✐❛❧✳

❖ ❜❛❣❛ç♦ é ✉♠ ♠❛t❡r✐❛❧ ♠✉✐t♦ ♣r♦♠✐ss♦r ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧✿ ❡❧❡ ❡stá ❞✐s✲

♣♦♥í✈❡❧ ♥❛ ✉♥✐❞❛❞❡ ✐♥❞✉str✐❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ ✭✶●✮✱ ❥á q✉❡ é

✉♠ s✉❜♣r♦❞✉t♦ ❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❡ ♠❡❧❤♦r❡s t❡❝♥♦❧♦❣✐❛s ❞❡ ❝♦❣❡r❛çã♦

♣❡r♠✐t❡♠ ❛ ❣❡r❛çã♦ ❞❡ ♠❛✐♦r❡s q✉❛♥t✐❞❛❞❡s ❞❡ ❜❛❣❛ç♦ ❡①❝❡❞❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❜❛❣❛ç♦ ✭✷●✮ ♣♦❞❡ ❝♦♠♣❛rt✐❧❤❛r ♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ❞♦ ♣r♦❝❡ss♦ ❞❡

♣r♦❞✉çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡t❛♥♦❧ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ t❛✐s ❝♦♠♦ ❢❡r♠❡♥t❛çã♦ ❡ ❞❡st✐❧❛çã♦✱ ♦

q✉❡ ♣r♦♠♦✈❡ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥♦s ❝✉st♦s ❞❡ ❡q✉✐♣❛♠❡♥t♦s✳ ❖ ❧✐❝♦r ❞❡ ❛çú❝❛r❡s ♦❜t✐❞♦ ♥❛

❤✐❞ró❧✐s❡ ♣♦❞❡ s❡r ❞✐❧✉í❞♦ ♥♦ ❝❛❧❞♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❞✐♠✐♥✉✐♥❞♦ ❞❡st❛ ❢♦r♠❛ ♦ ✐♠♣❛❝t♦

❞❡ ✐♥✐❜✐❞♦r❡s ❞❛ ❢❡r♠❡♥t❛çã♦ ❡✈❡♥t✉❛❧♠❡♥t❡ ❢♦r♠❛❞♦s ♥❛ ❡t❛♣❛ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦✱ t❛✐s

❝♦♠♦ ❢✉r❢✉r❛❧ ❡ s❡✉s ❞❡r✐✈❛❞♦s✳

❆ ❡❧✐♠✐♥❛çã♦ ❣r❛❞❛t✐✈❛ ❞❛ q✉❡✐♠❛ ❞❛ ♣❛❧❤❛✱ q✉❡ ❥á ✈❡♠ s❡♥❞♦ ✐♠♣❧❛♥t❛❞❛ ♥♦ ❡st❛❞♦ ❞❡

❙ã♦ P❛✉❧♦ ❡ ❞❡✈❡ ♦❝♦rr❡r ❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❡♠ ♦✉tr♦s ❡st❛❞♦s✱ ❛✉♠❡♥t❛ ❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡

❞❡st❡ ✐♠♣♦rt❛♥t❡ r❡sí❞✉♦ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✳ ❯♠❛ ❢r❛çã♦ ❞❛ ♣❛❧❤❛ ❞❡✈❡ s❡r ❞❡✐①❛❞❛ ♥♦ ❝❛♠♣♦✱

✷✾



❞❡ ❢♦r♠❛ ❛ ❝♦♥tr✐❜✉✐r ♣❛r❛ ♦ ❝♦♥tr♦❧❡ ❞❡ ❞♦❡♥ç❛s ❡ ❡✈✐t❛r ♦ ❝r❡s❝✐♠❡♥t♦ ❞❡ ♦✉tr❛s ❡s♣é❝✐❡s✱

❛❧é♠ ❞❡ ❢♦r♠❛r ✉♠❛ ❝❛♠❛❞❛ ♣r♦t❡t♦r❛ ❞♦ s♦❧♦✳ ❊st✐♠❛✲s❡ q✉❡ ❝❡r❝❛ ❞❡ ✻✵✪ ❞❛ ♣❛❧❤❛

❞❡✈❡ s❡r ❞❡✐①❛❞❛ ♥♦ ❝❛♠♣♦ ✭❍❆❙❙❯❆◆■ ❡t ❛❧✳✱ ✷✵✵✺✮❀ ❛ ❢r❛çã♦ r❡♠❛♥❡s❝❡♥t❡ ♣♦❞❡ s❡r

tr❛♥s♣♦rt❛❞❛ ♣❛r❛ ❛ ✉s✐♥❛ ❡ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡✴♦✉

❡❧❡tr✐❝✐❞❛❞❡✳

P❛r❛ ♣❡r♠✐t✐r ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❛çú❝❛r❡s

♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ❛ r❡s✐stê♥❝✐❛ ❞❛ ♣❛r❡❞❡ ❝❡❧✉❧❛r ❞❛ ♣❧❛♥t❛ à ❞❡❝♦♥str✉çã♦ ❜✐♦❧ó❣✐❝❛

♦✉ ❡♥③✐♠át✐❝❛ ✭r❡❝❛❧❝✐trâ♥❝✐❛ ❞❛ ❜✐♦♠❛ss❛✮ ❞❡✈❡ s❡r ❝♦♥s✐❞❡r❛❞❛✳ ❊st❛ r❡s✐stê♥❝✐❛ ❛❢❡t❛

♦ tr❛♥s♣♦rt❡ ❞❡ ♠❛ss❛ ❡ ❛ ❛ss❡ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s às ❡str✉t✉r❛s ❞❛ ❜✐♦♠❛ss❛✱ ♦

q✉❡ ♣r❡❥✉❞✐❝❛ ❛ ❝♦♥✈❡rsã♦ ❞♦ ♣r♦❝❡ss♦ ✭❍■▼▼❊▲ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❉❡st❛ ❢♦r♠❛✱ é ♥❡❝❡ssár✐♦

r❡❛❧✐③❛r ✉♠ ♣ré✲tr❛t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ♣r❡✈✐❛♠❡♥t❡ à s✉❛ s❛❝❛r✐✜❝❛çã♦✳ ◆❛s s❡çõ❡s ❛

s❡❣✉✐r é ❢❡✐t❛ ✉♠❛ r❡✈✐sã♦ ❞♦s ♣r✐♥❝✐♣❛✐s ♠ét♦❞♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❞✐s♣♦♥í✈❡✐s✳

✷✳✸✳✶ Pré✲tr❛t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦

❖ ♦❜❥❡t✐✈♦ ❞♦ ♣ré✲tr❛t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é r❡♠♦✈❡r ♦✉ ♠♦❞✐✜❝❛r ❛

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

♣r❡s❡r✈❛❞❛ s✉❛ ❡str✉t✉r❛✳ ❖s ♣r♦❝❡ss♦s ❡♠♣r❡❣❛❞♦s ♣♦❞❡♠ s❡r ❢ís✐❝♦s✱ q✉í♠✐❝♦s✱ ❜✐♦❧ó❣✐❝♦s

♦✉ ❝♦♠❜✐♥❛❞♦s✳ ❊st❛ é ✉♠❛ ❡t❛♣❛ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♠❛t❡r✐❛❧

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

❝❡❧✉❧♦s❡✳

➱ ❞❡s❡❥á✈❡❧ q✉❡ ✉♠❛ ❡t❛♣❛ ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ s✐♠✉❧tâ♥❡❛ ♦✉ s❡qü❡♥❝✐❛❧ ❛♦ ♣ré✲tr❛t❛♠❡♥t♦

s❡❥❛ ❝♦♥❞✉③✐❞❛✱ ❞❡ ❢♦r♠❛ ❛ ❛✉♠❡♥t❛r ♦s r❡♥❞✐♠❡♥t♦s ❞❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐✲

♠át✐❝❛✳

❯♠ r❡s✉♠♦ ❞❡ ❛❧❣✉♥s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ é ❛♣r❡s❡♥t❛❞♦ ❛ s❡❣✉✐r✳

✸✵



✷✳✸✳✶✳✶ ❊①♣❧♦sã♦ ❛ ✈❛♣♦r

◆♦ ♣r♦❝❡ss♦ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ♣♦r ❡①♣❧♦sã♦ ❛ ✈❛♣♦r ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é s✉❥❡✐t♦

❛ tr❛t❛♠❡♥t♦ ❛ ✈❛♣♦r ❛ t❡♠♣❡r❛t✉r❛s ♥❛ ❢❛✐①❛ ❞❡ ✶✽✵ ❛ ✷✵✵❽ ♣♦r ❛❧❣✉♥s ♠✐♥✉t♦s✱ ❡t❛♣❛

♣♦st❡r✐♦r ♦✉ ♥ã♦ à ✐♠♣r❡❣♥❛çã♦ ♣♦r ❝❛t❛❧✐s❛❞♦r❡s ❝♦♠♦ á❝✐❞♦ s✉❧❢úr✐❝♦ ❡ ❞✐ó①✐❞♦ ❞❡ ❡♥①♦❢r❡✳

◆❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s✱ ♦❝♦rr❡♠ r❡❛çõ❡s ❞❡ ❛✉t♦❤✐❞ró❧✐s❡✱ ♥❛s q✉❛✐s ♦ á❝✐❞♦ ❛❝ét✐❝♦

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

♠❡✐♦ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ♣❍ ❞♦ ♠❡✐♦ ✭❈❆❘❘❆❙❈❖ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❉✐❢❡r❡♥t❡s tr❛❜❛❧❤♦s ❡♥✈♦❧✈❡♥❞♦ ♦ tr❛t❛♠❡♥t♦ ❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣♦r ❡①♣❧♦✲

sã♦ ❛ ✈❛♣♦r ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ✭❈❆❘❘❆❙❈❖ ❡t ❛❧✳✱ ✷✵✶✵❀ ❑❆❆❘ ❡t ❛❧✳✱

✶✾✾✽❀ ▼❆❘❚❮◆ ❡t ❛❧✳✱ ✷✵✵✷❀ ❙■▲❱❆✱ ✶✾✾✺✮✳

✷✳✸✳✶✳✷ ❊①♣❧♦sã♦ ❝♦♠ ❛♠ô♥✐❛

❖ ♣r♦❝❡ss♦ ❆❋❊❳ ✭❆♠♠♦♥✐❛ ✜❜❡r ❡①♣❛♥s✐♦♥✮ é ✉♠ ♣r♦❝❡ss♦ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❛❧❝❛❧✐♥♦

♥♦ q✉❛❧ ❛♠ô♥✐❛ ❝♦♥❝❡♥tr❛❞❛ ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ s♦❜ t❡♠♣❡r❛✲

t✉r❛s ♠♦❞❡r❛❞❛s✱ ❛✉♠❡♥t❛♥❞♦ ❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞❛ ❝❡❧✉❧♦s❡ à ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ✭❉❆▲❊

❡t ❛❧✳✱ ✷✵✶✵✮ s❡♠ r❡♠♦✈❡r ❛ ❧✐❣♥✐♥❛ ♦✉ ❛ ❤❡♠✐❝❡❧✉❧♦s❡ ❞♦ ♠❛t❡r✐❛❧ ✭❈❍❯◆❉❆❲❆❚ ❡t ❛❧✳✱

✷✵✶✶✮✳ ➱ ✉♠ ♣r♦❝❡ss♦ ❛❞❡q✉❛❞♦ ♣❛r❛ ♦ ♣ré✲tr❛t❛♠❡♥t♦ ❞❡ ❣r❛♠í♥❡❛s ❡ r❡sí❞✉♦s ❛❣rí❝♦❧❛s✱

♠❛s ♥ã♦ ♣❛r❛ ♠❛❞❡✐r❛✳ ◆♦✈❛s ❝♦♥✜❣✉r❛çõ❡s ❡stã♦ s❡♥❞♦ ❞❡s❡♥✈♦❧✈✐❞❛s ♣❛r❛ ♣❡r♠✐t✐r ♦ ✉s♦

❞❡ ❡❧❡✈❛❞♦ t❡♦r ❞❡ só❧✐❞♦s ♥♦ ♣ré✲tr❛t❛♠❡♥t♦ ❡ r❡❝✉♣❡r❛çã♦ ❞❡ ❣r❛♥❞❡ ♣❛rt❡ ❞❛ ❛♠ô♥✐❛✱

❝♦♠ ❜❛✐①♦s ❝✉st♦s ❞❡ ♦♣❡r❛çã♦ ✭❉❆▲❊✱ ✷✵✶✶✮✳

✷✳✸✳✶✳✸ Pr♦❝❡ss♦ ❤✐❞r♦tér♠✐❝♦

◆❡st❡ ♣r♦❝❡ss♦ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é s✉❜♠❡t✐❞♦ à ❛çã♦ ❞❡ á❣✉❛ q✉❡♥t❡ ❧íq✉✐❞❛

♣r❡ss✉r✐③❛❞❛ s♦❜ ❡❧❡✈❛❞❛s t❡♠♣❡r❛t✉r❛s ✭❡♥tr❡ ✶✺✵ ❡ ✷✸✵❽✮ ♣♦r ❝✉rt♦s ♣❡rí♦❞♦s✱ ♦ q✉❡

♣r♦♠♦✈❡ ❛ r❡♠♦çã♦ ❞❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ ❡ ❞❡ ♣❛rt❡ ❞❛ ❧✐❣♥✐♥❛✳ ◆❡st❡ ❝❛s♦✱ ♦

á❝✐❞♦ ❛❝ét✐❝♦ ❢♦r♠❛❞♦ ❛ ♣❛rt✐r ❞❛ ❜✐♦♠❛ss❛ ❛t✉❛ ❝♦♠♦ ❝❛t❛❧✐s❛❞♦r ❞❛s r❡❛çõ❡s ❞❡ ❤✐❞ró❧✐s❡✱

✸✶



♣r♦♠♦✈❡♥❞♦ ❛ ❞❡s♣♦❧✐♠❡r✐③❛çã♦ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ ✭❙■▲❱❆ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❆ss✐♠✱ é ♣♦ssí✈❡❧

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

só❧✐❞❛ ❝♦♠♣♦st❛ ♣♦r ❝❡❧✉❧♦s❡ ❡ ❧✐❣♥✐♥❛ ✭❇❖❯❙❙❆❘❙❆❘ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❉❡ ❢♦r♠❛ ❛ ♦❜t❡r

♠❛✐♦r❡s r❡♥❞✐♠❡♥t♦s ♥❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❞❛ ❝❡❧✉❧♦s❡✱ ❛ r❡♠♦çã♦ ❞❡

❧✐❣♥✐♥❛ ❡♠ ✉♠❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❞❡✈❡ s❡r ❝♦♥❞✉③✐❞❛ ✭❘❊❩❊◆❉❊✱ ✷✵✶✵✮✳

❆ ❛✉sê♥❝✐❛ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s á❝✐❞♦s ♣r❡✈✐♥❡ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❝♦rr♦sã♦ ❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡

❡t❛♣❛s ❞❡ ♥❡✉tr❛❧✐③❛çã♦ ❡ r❡❝✉♣❡r❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r✱ s❡♥❞♦ ✉♠❛ ✈❛♥t❛❣❡♠ ❞♦ tr❛t❛♠❡♥t♦

❤✐❞r♦tér♠✐❝♦ ❡♠ r❡❧❛çã♦ ❛ ♦✉tr♦s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ✭❇❖❯❙❙❆❘❙❆❘ ❡t ❛❧✳✱ ✷✵✵✾❀

❙■▲❱❆ ❡t ❛❧✳✱ ✷✵✶✶✮✳

✷✳✸✳✶✳✹ Pr♦❝❡ss♦s ♦①✐❞❛t✐✈♦s

❊st❡s ♣r♦❝❡ss♦s ♣♦❞❡♠ s❡r ❝♦♥❞✉③✐❞♦s ❞❡ ❞✐❢❡r❡♥t❡s ❢♦r♠❛s❀ ❛ ♠✐st✉r❛ ❞❡ á❣✉❛ ❡ ❛r

♦✉ ♦①✐❣ê♥✐♦✱ ♣♦r ❡①❡♠♣❧♦✱ ❛ ❡❧❡✈❛❞❛ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ♣r♦♠♦✈❡ ❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡

❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ ✭❞❛ ❢❛s❡ só❧✐❞❛ ♣❛r❛ ❧íq✉✐❞❛✮✱ s❡♠ ❝❛t❛❧✐s❛r ❛s ♠♦❧é❝✉❧❛s ❧✐❜❡r❛❞❛s ❞❡ ❤❡✲

♠✐❝❡❧✉❧♦s❡ ✭❈❆❘❉❖◆❆ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❖ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛❧❝❛❧✐♥♦✱ ✉t✐❧✐③❛❞♦ s♦❜

❝♦♥❞✐çã♦ ❛♠❜✐❡♥t❡ ❞❡ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛✱ é ✉♠ ❛❣❡♥t❡ ❡❢❡t✐✈♦ ♥❛ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❡ s♦✲

❧✉❜✐❧✐③❛çã♦ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡✱ ❛✉♠❡♥t❛♥❞♦ ❛ s✉s❝❡♣t✐❜✐❧✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ à

❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳ ◆❡st❡ ❝❛s♦✱ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é s✉❜♠❡t✐❞♦ ❛ s♦❧✉çõ❡s ❝♦♠

❜❛✐①❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ H2O2 ✭❡♥tr❡ ✶ ❡ ✶✵✪✮✱ ♣♦r ♣❡rí♦❞♦s r❡❧❛t✐✈❛♠❡♥t❡ ❝✉rt♦s ✭❛té ✷✹❤✮ ❡

t❡♠♣❡r❛t✉r❛s ❛♠❡♥❛s ✭✷✵ ❛ ✻✵❽✮✳ ❖ ♣r♦❝❡ss♦ ❝♦♠ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛♣r❡s❡♥t❛ ❝♦♠♦

✈❛♥t❛❣❡♠ ♠❡♥♦r ❝♦♥s✉♠♦ ❞❡ ❡♥③✐♠❛s ♥❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✱ ❡♠ ❝♦♠✲

♣❛r❛çã♦ ❛ ♦✉tr♦s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠♦ ♦ ❝❛t❛❧✐s❛❞♦ ♣♦r ❝❛❧ ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳

❯♠❛ ❞❡s✈❛♥t❛❣❡♠ ❞♦s ♣r♦❝❡ss♦s ♦①✐❞❛t✐✈♦s é ❛ ♦①✐❞❛çã♦ ♣❛r❝✐❛❧ ❞❛ ❧✐❣♥✐♥❛✱ q✉❡ ♣r♦♠♦✈❡

✉♠❛ r❡❞✉çã♦ ♥♦ s❡✉ ♣♦❞❡r ❝❛❧♦rí✜❝♦✳

✸✷



✷✳✸✳✶✳✺ Pré✲❤✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦

❆ ♣ré✲❤✐❞ró❧✐s❡ é ❛ ❤✐❞ró❧✐s❡ ❞❛ ❢r❛çã♦ ❤❡♠✐❝❡❧✉❧ós✐❝❛ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❛ t❡♠✲

♣❡r❛t✉r❛s ♠♦❞❡r❛❞❛s ✭✶✵✵ ❛ ✶✺✵❽✮ s♦❜ ❛ ♣r❡s❡♥ç❛ ❞❡ á❝✐❞♦s ❞✐❧✉í❞♦s ✭s✉❧❢úr✐❝♦✱ ❝❧♦rí❞r✐❝♦✱

❛❝ét✐❝♦✱ ❢♦s❢ór✐❝♦ ❡ ♥ítr✐❝♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡✮ ♣♦r ♣❡rí♦❞♦s q✉❡ ✈❛r✐❛♠ ❞❡ ❛❧❣✉♥s ♠✐♥✉t♦s ❛

♣♦✉❝❛s ❤♦r❛s✳ ❆s ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ á❝✐❞♦ ♣❡r♠✐t❡♠ q✉❡ ❛s ❢r❛çõ❡s ❧✐❣♥✐♥❛ ❡ ❝❡❧✉❧♦s❡

♣❡r♠❛♥❡ç❛♠ ✐♥❛❧t❡r❛❞❛s ♥❛ ❢❛s❡ só❧✐❞❛ ✭❈❆❘❉❖◆❆ ❡t ❛❧✳✱ ✷✵✶✵✮✳

✷✳✸✳✶✳✻ ❉❡s❧✐❣♥✐✜❝❛çã♦

❆ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❞♦ ♠❛t❡r✐❛❧ é ♦❜t✐❞❛ ✉s✉❛❧♠❡♥t❡ ♣♦r ♠❡✐♦ ❞❛ ❛çã♦ ❞❡ ❛❣❡♥t❡s ❛❧❝❛❧✐♥♦s

✭❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛✮ ✭❘❯❊❉❆✱ ✷✵✶✵✮✱ ❝♦♠♦ ❤✐❞ró①✐❞♦ ❞❡ ❝á❧❝✐♦ ❡ só❞✐♦✱ ❡ ❞❡ s♦❧✈❡♥t❡s

♦r❣â♥✐❝♦s ✭❞❡s❧✐❣♥✐✜❝❛çã♦ ♦r❣❛♥♦s♦❧✈✮ ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳ ◆❡st❡s ♣r♦❝❡ss♦s sã♦ ❡♠♣r❡❣❛❞❛s

❜❛✐①❛s r❡❧❛çõ❡s só❧✐❞♦✴❧íq✉✐❞♦ ❡ ❛s t❡♠♣❡r❛t✉r❛s sã♦ ♠♦❞❡r❛❞❛s ✭❞❛ ♦r❞❡♠ ❞❡ ✶✵✵❽ ♣❛r❛

❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛ ❡ ✶✽✵❽ ♣❛r❛ ♦r❣❛♥♦s♦❧✈✮✱ ♣♦r ♣❡rí♦❞♦s ❞❛ ♦r❞❡♠ ❞❡ ❤♦r❛s ✭❘❯❊❉❆✱

✷✵✶✵❀ ▼❊❙❆ ❡t ❛❧✳✱ ✷✵✶✵✮✳

✷✳✸✳✷ ❍✐❞ró❧✐s❡

❖ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♣ré✲tr❛t❛❞♦ ❝♦♥té♠ ❝❡❧✉❧♦s❡ ♠❛✐s ❛❝❡ssí✈❡❧ à ❛çã♦ ❞❡ ❝❛t❛❧✐s❛✲

❞♦r❡s ❞❡ r❡❛çõ❡s ❞❡ ❤✐❞ró❧✐s❡✱ ✉s✉❛❧♠❡♥t❡ á❝✐❞♦s ♦✉ ❡♥③✐♠át✐❝♦s✱ q✉❡ ♣❡r♠✐t❡♠ ❛ ♣r♦❞✉çã♦

❞❡ ❛çú❝❛r❡s ❢❡r♠❡♥t❡s❝í✈❡✐s✳ ◆❛ ❤✐❞ró❧✐s❡ ❛ ❝❡❧✉❧♦s❡ é ❝♦♥✈❡rt✐❞❛ ❛ ❣❧✐❝♦s❡✱ ❝♦♥❢♦r♠❡ ✐♥❞✐✲

❝❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✷✳✹✳

(C6H10O5)n + nH2O → nC6H12O6 ✭✷✳✹✮

❚rês ❞✐❢❡r❡♥t❡s ♣r♦❝❡ss♦s ♣♦❞❡♠ s❡r ❡♠♣r❡❣❛❞♦s ♣❛r❛ ♣r♦❞✉③✐r t❛✐s ❛çú❝❛r❡s ❛ ♣❛rt✐r

❞❛ ❜✐♦♠❛ss❛✿ ❤✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❝♦♥❝❡♥tr❛❞♦ ♦✉ ❞✐❧✉í❞♦ ❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳

✸✸



✷✳✸✳✷✳✶ ❍✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦

❖ ♣r♦❝❡ss♦ ❞❡ ❤✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦ ❢♦✐ ♦ ♣r✐♠❡✐r♦ ♣r♦❝❡ss♦ ✐♠♣❧❛♥t❛❞♦ ♣❛r❛ ❝♦♥✲

✈❡rt❡r ❝❡❧✉❧♦s❡ ❛ ❡t❛♥♦❧✳ ❆ ❤✐❞ró❧✐s❡ ❞❛ ❢r❛çã♦ ❝❡❧✉❧ós✐❝❛ ♦❝♦rr❡ s♦❜ t❡♠♣❡r❛t✉r❛s r❡❧❛t✐✈❛✲

♠❡♥t❡ ❡❧❡✈❛❞❛s ✭❞❛ ♦r❞❡♠ ❞❡ ✷✵✵❽✮ ❡ ❜❛✐①❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ á❝✐❞♦ ✭✵✱✹✪✮✱ ♥♦r♠❛❧♠❡♥t❡

❞❡♣♦✐s ❞❡ ✉♠❛ ❡t❛♣❛ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦ ✭♣ré✲❤✐❞ró❧✐s❡✮ ❝♦♠ s❡♣❛r❛çã♦

❞♦ ❧✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ❞❡ ♣❡♥t♦s❡s ♣❛r❛ ❡✈✐t❛r ❛ ❞❡❝♦♠♣♦s✐çã♦ ❞♦s ❛çú❝❛r❡s ❣❡r❛❞♦s ♥❛ ♣ré✲

❤✐❞ró❧✐s❡ ❛ ❢✉r❢✉r❛❧ ✭❍❆▼❊▲■◆❈❑ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ◆♦ ❡♥t❛♥t♦✱ ❛s ❡❧❡✈❛❞❛s t❡♠♣❡r❛t✉r❛s

❡♠♣r❡❣❛❞❛s ♥❛ ❤✐❞ró❧✐s❡ ❞❛ ❝❡❧✉❧♦s❡ ❧❡✈❛♠ ❛ ♣❡r❞❛s ❝♦♥s✐❞❡rá✈❡✐s ❞❡ ❛çú❝❛r❡s ❡ ❧✐❣♥✐♥❛✱

❣❡r❛♥❞♦ ❝♦♠♣♦st♦s ✐♥✐❜✐❞♦r❡s ❞❛ ❢❡r♠❡♥t❛çã♦ ❝♦♠♦ ❤✐❞r♦①✐♠❡t✐❧❢✉r❢✉r❛❧ ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳

❩❤❛♥❣ ❡t ❛❧✳ ✭✷✵✵✾✮ ❛✜r♠❛♠ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❤✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦ é ♦ ♠❛✐s

♣ró①✐♠♦ ❞❛ ❡s❝❛❧❛ ❝♦♠❡r❝✐❛❧❀ ❛❧é♠ ❞✐ss♦✱ ♦ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦ ♣♦❞❡ s❡r

❡♠♣r❡❣❛❞♦ ❝♦♠♦ ♣ré✲tr❛t❛♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❡♥③✐♠át✐❝♦s✱ ❡ ❡❧❡✈❛❞♦s r❡♥❞✐♠❡♥t♦s ❡ ❝♦♥✲

❝❡♥tr❛çõ❡s ❞❡ ❛çú❝❛r❡s ♣♦❞❡♠ s❡r ♦❜t✐❞♦s✳ ❘❡♥❞✐♠❡♥t♦s ❞❡ ❣❧✐❝♦s❡ ❞❛ ♦r❞❡♠ ❞❡ ✺✵✪ sã♦

♦❜t✐❞♦s ❛♣ós ❝❡r❝❛ ❞❡ ✸ ♠✐♥✉t♦s ❞❡ r❡❛çã♦ ❝❛t❛❧✐s❛❞❛ ♣♦r á❝✐❞♦ s✉❧❢úr✐❝♦ ❞✐❧✉í❞♦ ✭❍❆▼❊✲

▲■◆❈❑ ❡t ❛❧✳✱ ✷✵✵✺✮✳

✷✳✸✳✷✳✷ ❍✐❞ró❧✐s❡ ❝♦♠ á❝✐❞♦ ❝♦♥❝❡♥tr❛❞♦

◆❡st❡ ♣r♦❝❡ss♦ ❡❧❡✈❛❞♦s r❡♥❞✐♠❡♥t♦s ✭❞❛ ♦r❞❡♠ ❞❡ ✾✵✪ ♣❛r❛ ❣❧✐❝♦s❡✮ ♣♦❞❡♠ s❡r ♦❜✲

t✐❞♦s✱ ♠❛s ♦ ✉s♦ ❞❡ s♦❧✉çõ❡s ❛q✉♦s❛s ❞❡ á❝✐❞♦s ❡♠ ❡❧❡✈❛❞❛ ❝♦♥❝❡♥tr❛çã♦ r❡q✉❡r ♦ ✉s♦ ❞❡

❡q✉✐♣❛♠❡♥t♦s ❛❧t❛♠❡♥t❡ r❡s✐st❡♥t❡s à ❝♦rr♦sã♦ ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳ ❆ r❡❛çã♦ é r❡❧❛t✐✈❛♠❡♥t❡

rá♣✐❞❛ ✭✶✵ ✲ ✶✷ ❤♦r❛s✮ ❡ ❛ ❞❡❣r❛❞❛çã♦ ❞♦s ❛çú❝❛r❡s é ❜❛✐①❛✱ ♠❛s ♦ ❝✉st♦ ❞❡ r❡❝✉♣❡r❛çã♦

❞♦s á❝✐❞♦s é ❡❧❡✈❛❞♦ ✭❍❆▼❊▲■◆❈❑ ❡t ❛❧✳✱ ✷✵✵✺✮✳

✷✳✸✳✷✳✸ ❍✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛

❆ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ t❡♠ ❛♣r❡s❡♥t❛❞♦ ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ❞♦ q✉❡ ❛ ❤✐❞ró❧✐s❡ ❝♦♠

á❝✐❞♦s✱ ❥á q✉❡ ♥ã♦ sã♦ ❣❡r❛❞♦s ♥❡st❡ ♣r♦❝❡ss♦ ❝♦♠♣♦st♦s ✐♥✐❜✐❞♦r❡s ❞❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡

✸✹



❢❡r♠❡♥t❛çã♦✱ ❛♣❡s❛r ❞❡ ♦ ♣r♦❝❡ss♦ s❡r ♠❛✐s ❧♦♥❣♦ ✭❈❆❘❉❖◆❆ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆s ❝♦♥❞✐çõ❡s

❡♠♣r❡❣❛❞❛s ♥♦ ♣r♦❝❡ss♦ sã♦ ❜r❛♥❞❛s ✭♣❍ ✹✱✽✱ ✹✺ ✲ ✺✵❽✮ ✭❘❆❇❊▲❖✱ ✷✵✵✼✮❀ ♦ t❡♠♣♦ ❞❡

r❡❛çã♦✱ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥③✐♠❛s ❡ ❛ r❡❧❛çã♦ só❧✐❞♦✲❧íq✉✐❞♦ ❞❡♣❡♥❞❡♠ ❞♦ s✉❜str❛t♦✱ ❞♦

t✐♣♦ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❝♦♠♣❧❡①♦ ❡♥③✐♠át✐❝♦ ✉t✐❧✐③❛❞♦ ✭❘❆❇❊▲❖✱

✷✵✶✵✮✳

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

♠❛s ♦s ❝✉st♦s ❞❡ ❡q✉✐♣❛♠❡♥t♦s ❡ ❞❡ ✉t✐❧✐❞❛❞❡s é ♠❡♥♦r ❞♦ q✉❡ ❛q✉❡❧❡s ❞❡ ♣r♦❝❡ss♦s á❝✐✲

❞♦s ✭❇❆▲❆❚ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❆s ❝❡❧✉❧❛s❡s ❡♠♣r❡❣❛❞❛s ♥❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❝♦♥st✐t✉❡♠

✉♠❛ ♠✐st✉r❛ ❞❡ ❣r✉♣♦s ❞❡ ❡♥③✐♠❛s ❝♦♠♦ ❡♥❞♦❣❧✉❝❛♥❛s❡s✱ ❡①♦❣❧✉❝❛♥❛s❡s ❡ β✲❣❧✐❝♦s✐❞❛s❡s

q✉❡ ✐♥t❡r❛❣❡♠ ❝♦♠ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❞❛ ❝❡❧✉❧♦s❡✱ r❡♠♦✈❡♥❞♦ ❛ ❝❡❧♦❜✐♦s❡ ❞❛ ❝❛❞❡✐❛ ❡

❤✐❞r♦❧✐s❛♥❞♦✲❛ ❛ ❣❧✐❝♦s❡ ✭❑❯▼❆❘ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❆ ár❡❛ s✉♣❡r✜❝✐❛❧ ❡ ❛ ❝r✐st❛❧✐♥✐❞❛❞❡ sã♦ ♦s ❢❛t♦r❡s ❡str✉t✉r❛✐s q✉❡ ♠❛✐s ✐♥✢✉❡♥❝✐❛♠ ❛

❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛❀ ❛❧é♠ ❞❡st❡s✱ ❛ ✐♥✐❜✐çã♦ ❞❛s ❡♥③✐♠❛s ♣❡❧♦ ♣r♦❞✉t♦ ✜♥❛❧ ❡ ❞❡s❛t✐✈❛çã♦

❞❡✈✐❞♦ à ❛❣✐t❛çã♦ ♠❡❝â♥✐❝❛ r❡❞✉③ ❛ t❛①❛ ❞❡ r❡❛çã♦ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱ ♦ r❡♥❞✐♠❡♥t♦ ❞❛

❤✐❞ró❧✐s❡ ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳

✷✳✸✳✸ ❋❡r♠❡♥t❛çã♦

❆ ❢❡r♠❡♥t❛çã♦ ❞♦ ❧✐❝♦r ❞❡ ❣❧✐❝♦s❡ ✭❈✻✮ ♣r♦❞✉③✐❞♦ ♥❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❞❛ ❝❡❧✉❧♦s❡

❛ ❡t❛♥♦❧ é r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s✱ ❝♦♥t❛♥t♦ q✉❡ ♥ã♦ ❡①✐st❛♠ ♥♦ ♠❡✐♦ ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s

❞❡ s✉❜stâ♥❝✐❛s ✐♥✐❜✐tór✐❛s ❝♦♠♦ ❢✉r❢✉r❛❧ ❡ ❤✐❞r♦①✐♠❡t✐❧❢✉r❢✉r❛❧✳ ❆ ✐♥❝❧✉sã♦ ❞❛ ❢❡r♠❡♥t❛✲

çã♦ ❞❛s ♣❡♥t♦s❡s ✭❈✺✮ ❣❡r❛❞❛s ❛ ♣❛rt✐r ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡✱ ♥♦ ❡♥t❛♥t♦✱ ❛✐♥❞❛ ♥ã♦ é ♣♦ssí✈❡❧

✉t✐❧✐③❛♥❞♦ ♦s ♠❡s♠♦s ♠✐❝r♦r❣❛♥✐s♠♦s ❡♠♣r❡❣❛❞♦s ♥❛ ❢❡r♠❡♥t❛çã♦ ❞❛ ❣❧✐❝♦s❡✱ ❛♣❡s❛r ❞♦s

❣r❛♥❞❡s ❛✈❛♥ç♦s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠✐❝r♦r❣❛♥✐s♠♦s ♠♦❞✐✜❝❛❞♦s ✭❙■▼❙ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❆ ❢❡r♠❡♥t❛çã♦ ❞♦s ❤✐❞r♦❧✐s❛❞♦s ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ é ✈✐st❛ ❝♦♠♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♦ s✉❝❡ss♦

❡❝♦♥ô♠✐❝♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ✭●❮❘■❖ ❡t ❛❧✳✱

✷✵✶✵✮✳

❈♦♠♦ ❛s ♣❡♥t♦s❡s r❡♣r❡s❡♥t❛♠ ✉♠❛ ❡❧❡✈❛❞❛ ❢r❛çã♦ ❞♦s ❛çú❝❛r❡s ❞✐s♣♦♥í✈❡✐s✱ s✉❛ ❢❡r✲

✸✺



♠❡♥t❛çã♦ ❛ ❡t❛♥♦❧ r❡♣r❡s❡♥t❛ ✉♠ ✐♠♣♦rt❛♥t❡ ❢❛t♦r ♥❛ ✈✐❛❜✐❧✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦❀ ❛ ❢♦r♠❛çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ①✐❧♦s❡ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❡q✉❛çã♦

✷✳✺ ✭❍❆▼❊▲■◆❈❑ ❡t ❛❧✳✱ ✷✵✵✺✮✿

3C5H10O5 → 5C2H5OH + 5CO2 ✭✷✳✺✮

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

♠❡♥t❛çã♦ ❞❡ ❈✺ ❡ ❈✻ ❡♠ s❡♣❛r❛❞♦✱ ❞♦ q✉❡ ❛ ❝♦✲❢❡r♠❡♥t❛çã♦ ✭❢❡r♠❡♥t❛çã♦ s✐♠✉❧tâ♥❡❛ ❞❡ ❈✺

❡ ❈✻✮ ✭❑❆❩■ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆ s❡❧❡çã♦ ❡ ♠❡❧❤♦r✐❛ ❞❡ ❧❡✈❡❞✉r❛s q✉❡ ❢❡r♠❡♥t❛♠ ♥❛t✉r❛❧♠❡♥t❡

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

✈✐s✐❛❡ tê♠ s✐❞♦ ❢♦❝♦ ❞❡ ❡st✉❞♦s ♥♦s ú❧t✐♠♦s ❛♥♦s ✭❘❆❇❊▲❖✱ ✷✵✶✵✮✳ ◆♦ ❡♥t❛♥t♦✱ ❛❝r❡❞✐t❛✲s❡

q✉❡ ❛ ❝♦✲❢❡r♠❡♥t❛çã♦ ❝♦♠ ❛ ❢r❛çã♦ ❝❡❧✉❧ós✐❝❛ s❡❥❛ ❛ ❝♦♥✜❣✉r❛çã♦ ♠❛✐s ❛❞❡q✉❛❞❛ ✭●❮❘■❖

❡t ❛❧✳✱ ✷✵✶✵✮✳

✷✳✸✳✹ Pr♦❝❡ss♦ ❝♦♥s♦❧✐❞❛❞♦

❖ ♣r♦❝❡ss♦ ❝♦♥s♦❧✐❞❛❞♦ ✭❈❇P✱ ❝♦♥s♦❧✐❞❛t❡❞ ❜✐♦♣r♦❝❡ss✐♥❣✮ é ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ♣r♦❝❡ss♦

❞❡ tr❛♥s❢♦r♠❛çã♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❛ ❡t❛♥♦❧ r❡❛❧✐③❛♥❞♦ t♦❞❛s ❛s ❡t❛♣❛s ✭♣r♦❞✉çã♦

❞❡ ❡♥③✐♠❛s ✲ ❝❡❧✉❧❛s❡s ❡ ❤❡♠✐❝❡❧✉❧❛s❡s❀ ❤✐❞ró❧✐s❡ ❞♦s ❝❛r❜♦✐❞r❛t♦s ♣r❡s❡♥t❡s ♥♦ ♠❛t❡r✐❛❧ ♣ré✲

tr❛t❛❞♦ ❛ ❛çú❝❛r❡s❀ ❢❡r♠❡♥t❛çã♦ ❞❛s ❤❡①♦s❡s ✲ ❣❧✐❝♦s❡✱ ♠❛♥♦s❡ ❡ ❣❛❧❛❝t♦s❡❀ ❢❡r♠❡♥t❛çã♦ ❞❛s

♣❡♥t♦s❡s ✲ ①✐❧♦s❡ ❡ ❛r❛❜✐♥♦s❡✮ ❡♠ ✉♠❛ ú♥✐❝❛ ♦♣❡r❛çã♦✱ ✉t✐❧✐③❛♥❞♦ ♣❛r❛ t❛♥t♦ ♠✐❝r♦r❣❛♥✐s♠♦s

❣❡♥❡t✐❝❛♠❡♥t❡ ♠♦❞✐✜❝❛❞♦s✳ ❊st❡ ♣r♦❝❡ss♦ ❛♣r❡s❡♥t❛ ♣♦t❡♥❝✐❛❧ ❞❡ r❡❞✉çã♦ ❞❡ ❝✉st♦s ❡

❛✉♠❡♥t♦ ❞❛ ❡✜❝✐ê♥❝✐❛✱ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♣r♦❝❡ss♦s ❡♥✈♦❧✈❡♥❞♦ ❛ ♣r♦❞✉çã♦ ✐s♦❧❛❞❛ ❞❡

❡♥③✐♠❛s ❝❡❧✉❧♦❧ít✐❝❛s ✭▲❨◆❉ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ◆♦ ❝♦♥t❡①t♦ ❜r❛s✐❧❡✐r♦✱ ✉♠❛ ❜❛rr❡✐r❛ ❛♦ ✉s♦ ❞❡st❡

♣r♦❝❡ss♦ s❡r✐❛ ❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♠♣❛rt✐❧❤❛r ♣❛rt❡ ❞♦s ❡q✉✐♣❛♠❡♥t♦s ✭❝♦♥❝❡♥tr❛çã♦ ❡

❢❡r♠❡♥t❛çã♦✮ ❝♦♠ ❛ ✐♥❢r❛❡str✉t✉r❛ ❡①✐st❡♥t❡ ♥♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ✶❛ ❣❡r❛çã♦✱ ♠❛s ❛s ✈❛♥t❛❣❡♥s ❡♠ s❡ ✉t✐❧✐③❛r ♦ ❈❇P ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦

❜❛❣❛ç♦ ❛✐♥❞❛ ❞❡✈❡♠ s❡r ❡st✉❞❛❞❛s✳

✸✻



✷✳✹ ❯t✐❧✐❞❛❞❡s

❆s ✉♥✐❞❛❞❡s ♣r♦❞✉t♦r❛s ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r sã♦ ❛✉t♦✲s✉✜❝✐❡♥t❡s ❡♠

s✉❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛✱ ♣♦✐s ✉t✐❧✐③❛♠ ♦ ❜❛❣❛ç♦ ♣r♦❞✉③✐❞♦ ♥❛s ♠♦❡♥❞❛s ❝♦♠♦ ❝♦♠❜✉stí✈❡❧

❡♠ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦✱ ❣❡r❛♥❞♦ ✈❛♣♦r ♣❛r❛ ❛❝✐♦♥❛♠❡♥t♦s ❞✐r❡t♦s ❡ ❛q✉❡❝✐♠❡♥t♦✱ ❛❧é♠

❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡♠ t✉r❜♦❣❡r❛❞♦r❡s ✭P❆▲❆❈■❖✱ ✷✵✶✵✮✳ ◆♦ ❝❛s♦ ❞♦ ✉s♦ ❞❡ ❡q✉✐♣❛♠❡♥t♦s

❞❡ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛✱ ❡①❝❡❞❡♥t❡s ✭❞❡ ❜❛❣❛ç♦ ♦✉ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡✮ ♣♦❞❡♠ s❡r ♣r♦❞✉③✐❞♦s✳

❆❧é♠ ❞❡ ✈❛♣♦r ❡ ❡❧❡tr✐❝✐❞❛❞❡✱ ♣♦❞❡ s❡r ♣r♦❞✉③✐❞❛ t❛♠❜é♠ á❣✉❛ ❣❡❧❛❞❛ ♣❛r❛ r❡s❢r✐❛♠❡♥t♦✳

✷✳✹✳✶ ❈♦❣❡r❛çã♦

❈♦❣❡r❛çã♦ é ✉♠ t❡r♠♦ ❡♠♣r❡❣❛❞♦ ♣❛r❛ ❞❡s✐❣♥❛r ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❝♦♥❥✉♥t❛ ❞❡

❡♥❡r❣✐❛ tér♠✐❝❛ ❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♦✉ ♠❡❝â♥✐❝❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ú♥✐❝❛ ❢♦♥t❡ ❝♦♠❜✉stí✈❡❧✱

❛♣r❡s❡♥t❛♥❞♦ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ q✉❡ ❛q✉❡❧❛ ♦❜t✐❞❛ ❡♠ s✐st❡♠❛s ❞❡ ❣❡r❛çã♦ ❡①❝❧✉s✐✈❛ ❞❡ ✈❛♣♦r

♦✉ ♣♦tê♥❝✐❛ ✭❲❆▲❚❊❘✱ ✶✾✾✹✮✳

❖s s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦ ❡①✐st❡♥t❡s ❤♦❥❡ ♥❛s ✉s✐♥❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r sã♦ ❜❛s❡❛❞♦s ❡♠

❝✐❝❧♦s ❘❛♥❦✐♥❡✱ ❡ sã♦ ✐❧✉str❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✺✳ ❖ ✈❛♣♦r ❣❡r❛❞♦ ♥❛s ❝❛❧❞❡✐r❛s é ❡①♣❛♥❞✐❞♦ ❡♠

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

tér♠✐❝❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳

◆♦ ❝❛s♦ ❡♠ q✉❡ ♥ã♦ ♦❝♦rr❡ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞♦ ❜❛❣❛ç♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✭✷●✮✱

t♦❞♦ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♣♦❞❡ s❡r q✉❡✐♠❛❞♦✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✻✱ ❡♠ q✉❡

♦ ❡①❝❡❞❡♥t❡ ❞❡ ✈❛♣♦r ❣❡r❛❞♦ é ❝♦♥❞❡♥s❛❞♦ ✉s❛♥❞♦✲s❡ t✉r❜✐♥❛s ❞❡ ❡①tr❛çã♦ ❡ ❝♦♥❞❡♥s❛çã♦❀

♥♦ ❝❛s♦ ❡♠ q✉❡ ♦❝♦rr❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✷●✱ s♦♠❡♥t❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✈❛♣♦r ♥❡❝❡ssár✐❛

♣❛r❛ ❛t❡♥❞❡r à ❞❡♠❛♥❞❛ tér♠✐❝❛ ❞♦ ♣r♦❝❡ss♦ é ❣❡r❛❞❛✱ s❡♥❞♦ ✉t✐❧✐③❛❞❛s s♦♠❡♥t❡ t✉r❜✐♥❛s

❞❡ ❝♦♥tr❛✲♣r❡ssã♦ ✭❋✐❣✉r❛ ✷✳✺✮✱ ❧✐♠✐t❛♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r à ❞❡♠❛♥❞❛ ❞♦ ♣r♦❝❡ss♦

✭P❆▲❆❈■❖✱ ✷✵✶✵✮✳

✸✼



❋✐❣✉r❛ ✷✳✺✿ ❙✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ❜❛s❡❛❞♦ ♥♦ ❝✐❝❧♦ ❘❛♥❦✐♥❡ ❡♠♣r❡❣❛❞♦ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦
❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❛❞❛♣t❛❞♦ ❞❡ ❉✐❛s ❡t ❛❧✳ ✭✷✵✶✶✮✮✱ t✉r❜✐♥❛s ❞❡ ❝♦♥tr❛✲♣r❡ssã♦✳

❋✐❣✉r❛ ✷✳✻✿ ❙✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ❜❛s❡❛❞♦ ♥♦ ❝✐❝❧♦ ❘❛♥❦✐♥❡ ❡♠♣r❡❣❛❞♦ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦
❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❛❞❛♣t❛❞♦ ❞❡ ❉✐❛s ❡t ❛❧✳ ✭✷✵✶✶✮✮✱ t✉r❜✐♥❛s ❞❡ ❝♦♥❞❡♥s❛çã♦✳

❉❡✈✐❞♦ ❛♦ ❢❛t♦ q✉❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ✭❜❛❣❛ç♦ ❡ ♣❛❧❤❛✮ sã♦ ✉t✐❧✐③❛❞♦s t❛♥t♦ ❝♦♠♦

♠❛tér✐❛ ♣r✐♠❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ q✉❛♥t♦ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ♣❛r❛ ❣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛✱

✸✽



❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛

❡♠ ✉♠ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✱ ✐♥t❡❣r❛❞❛ ❛♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦✱ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦❀ ❡st❡✱ ♣♦r s✉❛ ✈❡③✱

t❛♠❜é♠ é ❛❢❡t❛❞♦ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❤✐❞r♦❧✐s❛❞♦ ❥á q✉❡ r❡sí❞✉♦s

❞❡st❡ ♣r♦❝❡ss♦ ✭♣♦r ❡①❡♠♣❧♦✱ ❧✐❣♥✐♥❛ ❡ ❝❡❧✉❧♦s❡ ♥ã♦ ❝♦♥s✉♠✐❞❛✮ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ❝♦♠♦

❝♦♠❜✉stí✈❡❧✱ ❛❧é♠ ❞♦ ❢❛t♦ q✉❡ ♦ ❡t❛♥♦❧ ♣r♦❞✉③✐❞♦ ❛ ♣❛rt✐r ❞❛ ❝❡❧✉❧♦s❡ ❛✉♠❡♥t❛ ♦ ❝♦♥s✉♠♦

❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦✳

❆ss✐♠✱ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ♥❛ ❤✐❞ró✲

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

✭✶● ❡ ✷●✮ ❡ ❞❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦❣❡r❛çã♦✳

✷✳✹✳✶✳✶ ❊✜❝✐ê♥❝✐❛ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛

❖ ❛✉♠❡♥t♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ✈❛♣♦r ✉t✐❧✐③❛❞♦ ❡♠ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦ ❧❡✈❛ ❛♦ ❛✉✲

♠❡♥t♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❝✐❝❧♦✳ ❆ ❛✉t♦✲s✉✜❝✐ê♥❝✐❛ ❡♠ ❡♥❡r❣✐❛ ❞❛ ♣❧❛♥t❛ é ❛t✐♥❣✐❞❛ ❝♦♠

s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦ ❜❛s❡❛❞♦s ❡♠ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✷✶ ❦❣❢✴❝♠2 ❡ ✸✵✵❽

✭❆❘◆❆❖✱ ✷✵✵✼✮❀ ❛t✉❛❧♠❡♥t❡✱ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✶✷✵ ❦❣❢✴❝♠2 ❡ ✺✸✵❽

❡stã♦ ❞✐s♣♦♥í✈❡✐s✱ ♣❡r♠✐t✐♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❣r❛♥❞❡s ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ✭P❆✲

▲❆❈■❖✱ ✷✵✶✵✮✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ❝❛❧❞❡✐r❛s ❡ t✉r❜✐♥❛s tê♠ ✈✐❞❛ út✐❧ ❛❝✐♠❛ ❞❡ ✷✺ ❛♥♦s✱

♠✉✐t❛s ✉s✐♥❛s ❛✐♥❞❛ ❡♠♣r❡❣❛♠ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❞❡ ❜❛✐①❛ ♣r❡ssã♦✱ s❡♠

♣r♦❞✉çã♦ ❞❡ ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ◆❛ ✈❡r❞❛❞❡✱ s♦♠❡♥t❡ ❛ ♣❛rt✐r ❞❡ ✶✾✾✾✱ ❛♣ós ❛

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

♠❡t❛ ♥♦ s❡t♦r ✭❙❊❆❇❘❆✱ ✷✵✵✽✮✳ ❆ ❞❡❝✐sã♦ ❡♥tr❡ ✐♥✈❡st✐r ♦✉ ♥ã♦ ❡♠ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦

❛✈❛♥ç❛❞♦s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❞❡✈❡ s❡r ❜❛s❡❛❞❛ ♥♦s ♣r❡ç♦s ❞❛

❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ ♥♦ ♠❡r❝❛❞♦ ❡①✐st❡♥t❡ ♥❛ r❡❣✐ã♦ ♦♥❞❡ s❡ ❧♦❝❛❧✐③❛ ❛ ✉s✐♥❛✱ ❞❡♥tr❡ ♦✉tr♦s

❢❛t♦r❡s✳

❆t✉❛❧♠❡♥t❡✱ ❛s ❝❛❧❞❡✐r❛s ❢❛❜r✐❝❛❞❛s ♥♦ ❇r❛s✐❧ ❛♣r❡s❡♥t❛♠ ❡✜❝✐ê♥❝✐❛ ❡♥tr❡ ✽✵ ❡ ✽✾✪

✭❜❛s❡ P❈■✮✳ ❈❛❧❞❡✐r❛s ❛♥t✐❣❛s✱ ♥♦ ❡♥t❛♥t♦✱ ❛✐♥❞❛ sã♦ ❛♠♣❧❛♠❡♥t❡ ❡♥❝♦♥tr❛❞❛s ♥❛s ✉s✐♥❛s

✸✾



❜r❛s✐❧❡✐r❛s✱ ❡ ♣♦ss✉❡♠ ❡✜❝✐ê♥❝✐❛ ♠❛✐s ❜❛✐①❛ ✭❡♥tr❡ ✻✺ ❡ ✽✵✪✮ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳

✷✳✹✳✷ Pr♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛

❆❧❣✉♠❛s ♦♣❡r❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♣♦❞❡♠ r❡q✉❡r❡r á❣✉❛ ❣❡❧❛❞❛

❝♦♠♦ ✉t✐❧✐❞❛❞❡ ♣❛r❛ ♠❛♥t❡r ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ♥í✈❡✐s ✐♥❢❡r✐♦r❡s àq✉❡❧❡s ♣♦ssí✈❡✐s ❞❡ s❡r❡♠

♦❜t✐❞♦s ✉t✐❧✐③❛♥❞♦✲s❡ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❝♦♠✉♠ ✭♣r♦❞✉③✐❞❛ ❡♠ t♦rr❡s ❞❡ r❡s❢r✐❛♠❡♥t♦✮✳

❯♠❛ ❞❛s ❢♦r♠❛s ❞❡ s❡ ♣r♦❞✉③✐r á❣✉❛ ❣❡❧❛❞❛ é ♦ ♣r♦❝❡ss♦ ❞❡ ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦ ❞❡

❧ít✐♦✱ q✉❡ ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞♦ ❡♠ ✉♠❛ ♣❧❛♥t❛ ❞❡♠♦♥str❛çã♦ s❡♠✐✲✐♥❞✉str✐❛❧ ♣❡❧❛ ❉❡❞✐♥✐

❡♠ ✉♠❛ ✉s✐♥❛ ❞♦ ❣r✉♣♦ ❈♦s❛♥ ✭❖▲■❱➱❘■❖ ❡t ❛❧✳✱ ✷✵✶✵✮ ♣❛r❛ ♣r♦❞✉③✐r á❣✉❛ ❣❡❧❛❞❛ ✉s❛❞❛

♥♦ r❡s❢r✐❛♠❡♥t♦ ❞❡ ❞♦r♥❛s ❞❡ ❢❡r♠❡♥t❛çã♦✳

❖s s✐st❡♠❛s ❞❡ r❡❢r✐❣❡r❛çã♦ ♣♦r ❛❜s♦rçã♦ ✉t✐❧✐③❛♠ ✉♠❛ ❢♦♥t❡ ❞❡ ❝❛❧♦r ♣❛r❛ s❡✉ ❢✉♥✲

❝✐♦♥❛♠❡♥t♦✱ ❡ ❛♣r❡s❡♥t❛♠ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ♠❡♥♦r q✉❡ ❛q✉❡❧❡s ❞❡ s✐st❡♠❛s

❞❡ ❝♦♠♣r❡ssã♦ ❞❡ ✈❛♣♦r✱ ❛❧é♠ ❞❡ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ❯♠ ❞♦s t✐♣♦s ♠❛✐s

❝♦♠✉♥s ❞❡ s✐st❡♠❛ ❞❡ ❛❜s♦rçã♦ é ♦ s✐st❡♠❛ ❞❡ s✐♠♣❧❡s ❡❢❡✐t♦✱ ♥♦ q✉❛❧ ❝❛❧♦r ✐♥❣r❡ss❛ ♥♦

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

❝❛❧♦r ❞❛ ❝♦rr❡♥t❡ q✉❡ s❡ ❞❡s❡❥❛ r❡s❢r✐❛r✳ ❖✉tr♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ s✐st❡♠❛ sã♦ ♦ ❝♦♥❞❡♥s❛❞♦r

❡ ♦ ❛❜s♦r✈❡❞♦r✱ ♦♥❞❡ ♦ ❝❛❧♦r é r❡♠♦✈✐❞♦ ❞♦ s✐st❡♠❛ ✭P❆▲❆❈■❖❙ ❇❊❘❊❈❍❊✱ ✷✵✵✼✮✳

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡s❡♠♣❡♥❤♦ ✭❈❖P✮ ❞❡ s✐st❡♠❛s ❞❡ r❡❢r✐❣❡r❛çã♦ ♣♦r ❛❜s♦rçã♦ é ❞❡✜♥✐❞♦

❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ✷✳✻✿

COP =
❋❧✉①♦ ❞❡ ❝❛❧♦r ♥♦ ❡✈❛♣♦r❛❞♦r
❋❧✉①♦ ❞❡ ❝❛❧♦r ♥♦ ❣❡r❛❞♦r

✭✷✳✻✮

❆ á❣✉❛ ❣❡❧❛❞❛ ♣♦❞❡ s❡r ❡♠♣r❡❣❛❞❛ ♣❛r❛ r❡s❢r✐❛r ❞♦r♥❛s ❞❡ ❢❡r♠❡♥t❛çã♦ ♦✉ ❝♦♥❞❡♥s❛❞♦✲

r❡s ❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ❛✉♠❡♥t❛♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦ ✭❉■❆❙✱

✷✵✵✽✮✳

❖✉tr♦s s✐st❡♠❛s ❞❡ ♣r♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛ q✉❡ ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ♥❛ ✐♥❞ústr✐❛

✹✵



s✉❝r♦❛❧❝♦♦❧❡✐r❛ ♣♦❞❡♠ s❡r ❜❛s❡❛❞♦s ❡♠ ❡❥❡t♦r❡s ♦✉ t❛♥q✉❡s ♣❛r❛ ❛❝ú♠✉❧♦ ❞❡ á❣✉❛ r❡s❢r✐❛❞❛

❡♠ t♦rr❡s ❞❡ r❡s❢r✐❛♠❡♥t♦ ❡✜❝✐❡♥t❡s ✭❉■❆❙ ❡t ❛❧✳✱ ✷✵✵✼✮✳

✷✳✺ ❙✐♠✉❧❛çã♦ ❞❡ ❜✐♦rr❡✜♥❛r✐❛s

❋❡rr❛♠❡♥t❛s ❞❡ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛✐s tê♠ s✐❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ✉t✐❧✐③❛❞❛s ♥♦ ❞❡✲

s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❜✐♦rr❡✜♥❛r✐❛s ♥♦s ú❧t✐♠♦s ❛♥♦s✱ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ tr❛♥s❢♦r♠❛çã♦ ❞❛

❜✐♦♠❛ss❛ ❛ ❜✐♦❝♦♠❜✉stí✈❡✐s ❡ ♦✉tr♦s ♣r♦❞✉t♦s q✉í♠✐❝♦s✳ ◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s

❛❧❣✉♥s tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❛ss✉♥t♦ ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛✳

✷✳✺✳✶ ❯s♦ ❞♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s

❆ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❢♦✐ ❡st✉❞❛❞❛ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦ ✉s❛♥❞♦ ❆s♣❡♥ P❧✉s ♣♦r ✈ár✐♦s

❛✉t♦r❡s ✭❆❉❊◆❀ ❋❖❯❙❚✱ ✷✵✵✾❀ ❆▲❩❆❚❊❀ ❚❖❘❖✱ ✷✵✵✻❀ ❉❯❚❚❆ ❡t ❛❧✳✱ ✷✵✶✵❀ ❋❖❯❙❚ ❡t

❛❧✳✱ ✷✵✵✾❀ ❑❆❩■ ❡t ❛❧✳✱ ✷✵✶✵❀ ▲❊■❇❇❘❆◆❉❚ ❡t ❛❧✳✱ ✷✵✶✶❀ ❖❏❊❉❆ ❡t ❛❧✳✱ ✷✵✶✶❜❀ P❆▲❆❈■❖❙

❇❊❘❊❈❍❊✱ ✷✵✶✶❀ P■❈❈❖▲❖❀ ❇❊❩❩❖✱ ✷✵✵✾❀ ❙❆❙❙◆❊❘ ❡t ❛❧✳✱ ✷✵✵✽❀ ❚❆❖❀ ❆❉❊◆✱ ✷✵✵✾✮✱

❝❛❞❛ ✉♠ ❝♦♥s✐❞❡r❛♥❞♦ s✐t✉❛çõ❡s ❡s♣❡❝í✜❝❛s ❡ ❝♦♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ ❞❡t❛❧❤❛♠❡♥t♦✳ ❆❧❣✉♥s

❡①❡♠♣❧♦s sã♦ ♠♦str❛❞♦s ❛ s❡❣✉✐r✳

❊♠ ✷✵✵✻✱ ❆❧③❛t❡ ❡ ❚♦r♦ ✭✷✵✵✻✮ ❛♥❛❧✐s❛r❛♠ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦✲

❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❡ ♠❛❞❡✐r❛ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡♥❡r❣ét✐❝♦✱ ❡♠♣r❡❣❛♥❞♦ ♦ s✐♠✉❧❛❞♦r

❆s♣❡♥ P❧✉s ❡ ✉♠ s♦❢t✇❛r❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ♣ró♣r✐♦ ❣r✉♣♦ ♣❛r❛ ❝á❧❝✉❧♦ ❞❛ ❞❡s✐❞r❛t❛✲

çã♦ ❞♦ ❡t❛♥♦❧✳ ❋♦r❛♠ ❝♦♠♣❛r❛❞❛s ✼ ❝♦♥✜❣✉r❛çõ❡s✱ q✉❡ ❝♦♠❜✐♥❛r❛♠ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠

á❝✐❞♦ ❞✐❧✉í❞♦✱ ❞❡t♦①✐✜❝❛çã♦✱ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❡ ❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s ❡ ❤❡①♦s❡s ❡♠

♦♣❡r❛çõ❡s s❡♣❛r❛❞❛s✱ ❙❙❋ ✭❤✐❞ró❧✐s❡ ❡ ❢❡r♠❡♥t❛çã♦ s✐♠✉❧tâ♥❡❛s✮ ♦✉ ❙❙❈❋ ✭❤✐❞ró❧✐s❡ ❡ ❝♦✲

❢❡r♠❡♥t❛çã♦ s✐♠✉❧tâ♥❡❛s✮✱ ❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ ♦✉ ♣❡r✈❛♣♦r❛çã♦ ♣❛r❛ ❞❡s✐❞r❛t❛çã♦ ❞♦

❡t❛♥♦❧✱ ❡t❝✳ ❆s s✐♠✉❧❛çõ❡s ♣❡r♠✐t✐r❛♠ ❛ ❛✈❛❧✐❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡ ❞♦ ❝♦♥s✉♠♦ ❞❡

❡♥❡r❣✐❛ ❡♠ ❝❛❞❛ ❝❛s♦✱ ♠❛s ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ♣r♦❞✉③✐❞❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❡

✐♥❢♦r♠❛çõ❡s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛✳ ❖s ❛✉t♦r❡s ❝♦♥❝❧✉❡♠ q✉❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❛❞♦t❛❞♦
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✭❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐❢❡r❡♥t❡s s✐♠✉❧❛çõ❡s✱ ❝♦♠❜✐♥❛♥❞♦ ✈ár✐❛s ♦♣çõ❡s t❡❝♥♦❧ó❣✐❝❛s ♣❛r❛

❝❛❞❛ ❡t❛♣❛ ❞♦ ♣r♦❝❡ss♦✮ ❢♦✐ ❡✜❝✐❡♥t❡ ♥❛ ❛♥á❧✐s❡ ❝♦♥❞✉③✐❞❛✱ ♣❡r♠✐t✐♥❞♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ ❣❧♦❜❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❝♦♥❝❧✉❡♠ t❛♠❜é♠ q✉❡ ♦ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛

❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é ♠❛✐s ❢❛✈♦rá✈❡❧ ❞♦ q✉❡ ❛q✉❡❧❡ ♦r✐✉♥❞♦ ❞❡ ❝❛♥❛✲❞❡✲

❛çú❝❛r ♦✉ ♠✐❧❤♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ s❡ sã♦ ❝♦♥s✐❞❡r❛❞♦s ♣r♦❝❡ss♦s ✐♥t❡❣r❛❞♦s ✭❙❙❋✱ r❡❝✐❝❧♦ ❞❡

❝♦rr❡♥t❡s ❞❡ ❡✢✉❡♥t❡s✱ ❝♦❣❡r❛çã♦✮✳

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

❛ ♣❛rt✐r ❞❡ ❞✐❢❡r❡♥t❡s ♠❛tér✐❛s ♣r✐♠❛s ❢♦✐ ❝♦♥❞✉③✐❞❛ ♣♦r ❙❛ss♥❡r ❡t ❛❧✳ ✭✷✵✵✽✮✱ t❛♠❜é♠

❡♠♣r❡❣❛♥❞♦ ♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s✳ ❖ ♠♦❞❡❧♦ é ❢♦❝❛❞♦ ♥❛s ♦♣❡r❛çõ❡s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦

❡ ❙❙❋✱ ❡ ❞❡♠♦♥str❛ ❛ ✐♠♣♦rtâ♥❝✐❛ q✉❡ ❡❧❡✈❛❞♦s r❡♥❞✐♠❡♥t♦s ❛ ❡t❛♥♦❧ ❡ ❜❛✐①❛ ❞❡♠❛♥❞❛ ❞❡

❡♥❡r❣✐❛ ❛♣r❡s❡♥t❛♠ ♥❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞♦ ♣r♦❝❡ss♦✳

❯♠ ♠♦❞❡❧♦ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❡ ❝♦r♥ st♦✈❡r t❡♠

s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ❛♣r✐♠♦r❛❞♦ ♣❡❧♦ ◆❘❊▲ ✭◆❛t✐♦♥❛❧ ❘❡♥❡✇❛❜❧❡ ❊♥❡r❣② ▲❛❜♦r❛t♦r②✮ ♥♦s

ú❧t✐♠♦s ❛♥♦s✱ s❡♥❞♦ ♣✉❜❧✐❝❛❞♦s r❡❧❛tór✐♦s ❞❡t❛❧❤❛❞♦s ❡♠ ✷✵✶✶ ❡ ✷✵✵✷ ✭❆❉❊◆ ❡t ❛❧✳✱ ✷✵✵✷❀

❍❯▼❇■❘❉ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❖ ♠♦❞❡❧♦ ❞❡s❝r❡✈❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♣♦r ♠❡✐♦ ❞❡ ♣ré✲

tr❛t❛♠❡♥t♦ ❞❛ ❜✐♦♠❛ss❛ ❝♦♠ á❝✐❞♦ ❞✐❧✉í❞♦✱ s❡❣✉✐❞♦ ♣♦r ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❞❛ ❝❡❧✉❧♦s❡ ❡

❢❡r♠❡♥t❛çã♦ ❞❛ ①✐❧♦s❡ ❡ ❞❛s ❤❡①♦s❡s ❛ ❡t❛♥♦❧✳ ❊st❡ ♠♦❞❡❧♦ é ❜❛s❡❛❞♦ ♥♦ s✐♠✉❧❛❞♦r ❆s♣❡♥

P❧✉s✱ ❡ ❢❛③ ✉s♦ ❞❡ ♣❛râ♠❡tr♦s ❞❡t❡r♠✐♥❛❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ t❛✐s ❝♦♠♦ ❝♦♥✈❡rsõ❡s ❞♦s

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

r❡♣r❡s❡♥t❛r ❡q✉✐♣❛♠❡♥t♦s ❞❡ s❡♣❛r❛çã♦ só❧✐❞♦✲❧íq✉✐❞♦✳ P❛râ♠❡tr♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❡st✐✲

♠❛r ♦ ❝✉st♦ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❝❛❞❛ ❡q✉✐♣❛♠❡♥t♦ ❢♦r❛♠ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❡ ❝♦t❛çõ❡s ❝♦♠

❢♦r♥❡❝❡❞♦r❡s ❞❡ ❡q✉✐♣❛♠❡♥t♦s ❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦s r❡❧❛tór✐♦s✳ ❖s r❡❧❛tór✐♦s ❛♣r❡s❡♥✲

t❛♠ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ r❡s✉❧t❛❞♦ ♦ ♣r❡ç♦ ♠í♥✐♠♦ ❞❡ ✈❡♥❞❛ ✭▼❊❙P✮ ❞♦ ❡t❛♥♦❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✱

❝♦♥s✐❞❡r❛♥❞♦✲s❡ ✉♠❛ ✏♥✲és✐♠❛✑ ♣❧❛♥t❛ ❞❡ ♣r♦❞✉çã♦✱ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛ ♣❧❛♥t❛ q✉❡ s✉❝❡❞❡

❛ ✐♥st❛❧❛çã♦ ❞❡ ✑♥✑ ♣❧❛♥t❛s ❜❡♠ s✉❝❡❞✐❞❛s✳

❖✉tr♦s tr❛❜❛❧❤♦s t❛♠❜é♠ ❞❡s❡♥✈♦❧✈✐❞♦s ♣❡❧♦s ♣❡sq✉✐s❛❞♦r❡s ❞♦ ◆❘❊▲ ❡stã♦ ❞✐s♣♦♥í✈❡✐s

♥❛ ❧✐t❡r❛t✉r❛✳ ❚❛♦ ❡ ❆❞❡♥ ✭✷✵✵✾✮ ❛❜♦r❞❛♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❝♦♠❜✉stí✈❡✐s ❛t✉❛❧♠❡♥t❡ ❡♠

❡s❝❛❧❛ ❝♦♠❡r❝✐❛❧ ✭❡t❛♥♦❧ ❞❡ ♠✐❧❤♦ ❡ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❜✐♦❞✐❡s❡❧ ❞❡ s♦❥❛✮✱ ❝♦♠♣❛r❛❞❛ à
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♣r♦❞✉çã♦ ❞❡ ❜✐♦❝♦♠❜✉stí✈❡✐s q✉❡ ❡stã♦ ❛✐♥❞❛ ♣♦r s❡ t♦r♥❛r ❝♦♠❡r❝✐❛✐s ✭❡t❛♥♦❧ ❝❡❧✉❧ós✐❝♦

❡ ❜✐♦❜✉t❛♥♦❧✮✳ ◆♦ ❝❛s♦ ❞♦s ❜✐♦❝♦♠❜✉stí✈❡✐s ❝♦♠❡r❝✐❛✐s✱ ♦s ❛✉t♦r❡s ♠♦str❛♠ q✉❡ ✉♠❛

♣❛r❝❡❧❛ s✐❣♥✐✜❝❛t✐✈❛ ❞♦ ❝✉st♦ ❞❡ ♣r♦❞✉çã♦ ❞❡✈❡✲s❡ à ♠❛tér✐❛ ♣r✐♠❛✱ ♠❛s ♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠

❡q✉✐♣❛♠❡♥t♦s é ♠✉✐t♦ ♠❛✐♦r ♥♦ ❝❛s♦ ❞♦s ❜✐♦❝♦♠❜✉stí✈❡✐s q✉❡ ❛✐♥❞❛ ♥ã♦ sã♦ ♣r♦❞✉③✐❞♦s

❡♠ ❡s❝❛❧❛ ❝♦♠❡r❝✐❛❧✳ ❋♦✉st ❡t ❛❧✳ ✭✷✵✵✾✮ t❛♠❜é♠ ❢❛③❡♠ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❞✐❢❡r❡♥t❡s

♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧❀ ♦ ♣r✐♠❡✐r♦ é ❜❛s❡❛❞♦ ♥❛ r♦t❛ ❜✐♦q✉í♠✐❝❛ ❡ ✉t✐❧✐③❛ ❝♦r♥

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

❧❛s❝❛s ❞❡ ♠❛❞❡✐r❛✳ ❆❧é♠ ❞❡ r❡❛❧✐③❛r ❛♥á❧✐s❡ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛✱ ❜❛s❡❛❞❛ ❡♠ s✐♠✉❧❛çõ❡s

❡♠ ❆s♣❡♥ P❧✉s ❡ ❛♥á❧✐s❡ ❞❡ ✢✉①♦s ❞❡ ❝❛✐①❛ ❡♠ ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s✱ ♦s ❛✉t♦r❡s t❛♠❜é♠

❛♥❛❧✐s❛♠ ❛s ❡♠✐ssõ❡s ❞❡ ❣❛s❡s ❝❛✉s❛❞♦r❡s ❞♦ ❡❢❡✐t♦ ❡st✉❢❛✱ ❞❡♥tr❡ ♦✉tr♦s ❢❛t♦r❡s✳ ❖s ❛✉t♦r❡s

r❡ss❛❧t❛♠ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❡ s❡ ✉t✐❧✐③❛r ❛s ♠❡s♠❛s ❜❛s❡s ✭♣r♦❞✉t♦✱ ❞✐♠❡♥sõ❡s ❞❛ ♣❧❛♥t❛✱

❝♦♥s✐❞❡r❛çõ❡s ❡❝♦♥ô♠✐❝❛s✮ q✉❛♥❞♦ sã♦ ❝♦♠♣❛r❛❞❛s ❞✐❢❡r❡♥t❡s t❡❝♥♦❧♦❣✐❛s✱ ❡ ♠♦str❛♠ q✉❡

❞❡♥tr♦ ❞❛s ❝♦♥s✐❞❡r❛çõ❡s ❞❛s ❛♥á❧✐s❡s✱ ♦s ❞♦✐s ♣r♦❝❡ss♦s ❡st✉❞❛❞♦s ❢♦r♥❡❝❡♠ r❡s✉❧t❛❞♦s

s✐♠✐❧❛r❡s✳

✷✳✺✳✷ ❯s♦ ❞♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r

❆❧é♠ ❞♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s✱ t❛♠❜é♠ sã♦ ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ tr❛❜❛❧❤♦s r❡✲

❧❛❝✐♦♥❛❞♦s à s✐♠✉❧❛çã♦ ❞❡ ❜✐♦rr❡✜♥❛r✐❛s ❜❛s❡❛❞♦s ♥♦ s♦❢t✇❛r❡ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✳ ❑❧❡✐♥✲

▼❛r❝✉s❝❤❛♠❡r ❡t ❛❧✳ ✭✷✵✶✵✮ ❞✐s♣♦♥✐❜✐❧✐③❛r❛♠ ♥❛ ✐♥t❡r♥❡t ✶ ✉♠ ♠♦❞❡❧♦ ❞❡ ❛✈❛❧✐❛çã♦ té❝♥✐❝♦✲

❡❝♦♥ô♠✐❝❛ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✳ ❖ ♠♦❞❡❧♦ ✐♥❝❧✉✐ t♦❞❛s ❛s

♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ♣r❡s❡♥t❡s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❝♦r♥ st♦✈❡r ❛ ❡t❛♥♦❧✱ ❞❛❞♦s ❞❡

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

❝❡♥ár✐♦s ❝♦♥s✐❞❡r❛♥❞♦ ❛❧t❡r❛çõ❡s ♥❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❛tér✐❛ ♣r✐♠❛✱ ♥❛ ❛t✐✈✐❞❛❞❡ ❡♥③✐♠át✐❝❛✱

♥❛ ❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s ❡ ♥❛ t♦❧❡râ♥❝✐❛ ❞❛s ❧❡✈❡❞✉r❛s ❛♦ á❝✐❞♦ ❛❝ét✐❝♦ ❡ ❡t❛♥♦❧✳ ❯t✐❧✐✲

③❛♥❞♦ ♦ ♠♦❞❡❧♦✱ ♦s ❛✉t♦r❡s ❡st✐♠❛r❛♠ ♦ ❝✉st♦ ♠í♥✐♠♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✭▼❊❙P✮✱ ❛❧é♠

❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ✐♥✈❡st✐♠❡♥t♦ ❡ ❝✉st♦s ♦♣❡r❛❝✐♦♥❛✐s ❡♠ ❝❛❞❛ ❝❡♥ár✐♦✳ ❆❧é♠ ❞✐ss♦✱

♦ ♠♦❞❡❧♦ ♣❡r♠✐t❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ ❛♥á❧✐s❡s ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡✱ ✈✐s❛♥❞♦ ❞✐r❡❝✐♦♥❛r ❛ ♣❡sq✉✐s❛
✶❉✐s♣♦♥í✈❡❧ ♥♦ s✐t❡ ❤tt♣✿✴✴❡❝♦♥✳❥❜❡✐✳♦r❣

✹✸



r❡❧❛❝✐♦♥❛❞❛ à ♣r♦❞✉çã♦ ❞❡ ❜✐♦❝♦♠❜✉stí✈❡✐s✳

❯♠ ♣r♦❝❡ss♦ ❛❧t❡r♥❛t✐✈♦ ✭♠♦❛❣❡♠ ú♠✐❞❛ ❡♥③✐♠át✐❝❛✮ à ♣r♦❞✉çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❡t❛✲

♥♦❧ ❞❡ ♠✐❧❤♦ ✭♠♦❛❣❡♠ ú♠✐❞❛✮ ❢♦✐ ❡st✉❞❛❞♦ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦ ✉s❛♥❞♦ ❙✉♣❡rPr♦ ❉❡s✐❣✲

♥❡r ♣♦r ❘❛♠ír❡③ ❡t ❛❧✳ ✭✷✵✵✾✮✳ ◆❡st❡ tr❛❜❛❧❤♦ ♦s ❛✉t♦r❡s ❝♦♥str✉ír❛♠ ✉♠ ♠♦❞❡❧♦ té♥✐❝♦✲

❡❝♦♥ô♠✐❝♦ ❝❛♣❛③ ❞❡ ♣r❡❞✐③❡r ♦ ✐♠♣❛❝t♦ ❞❡ ♠♦❞✐✜❝❛çõ❡s ♥♦s ♣r❡ç♦s ❞♦ ♠✐❧❤♦ ❡ ❞❡ ❡♥③✐♠❛s

♥♦s ❝✉st♦s ♦♣❡r❛❝✐♦♥❛✐s ❞♦ ♣r♦❝❡ss♦✳ ❖ ♠❡s♠♦ ❣r✉♣♦ ❞❡s❡♥✈♦❧✈❡✉ t❛♠❜é♠ ❡st✉❞♦s r❡❧❛✲

❝✐♦♥❛❞♦s ❛♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♠♦❛❣❡♠ ú♠✐❞❛ ❞♦ ♠✐❧❤♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❛♠✐❞♦✱

✉t✐❧✐③❛♥❞♦ ♦ ♠❡s♠♦ s✐♠✉❧❛❞♦r ✭❘❆▼❮❘❊❩ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❆ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡ ❛r❛❜✐♥♦①✐❧❛♥♦✱ ❞❡♥tr❡ ♦✉tr♦s ♣r♦❞✉t♦s✱ ❡♠ ✉♠❛ ❜✐♦rr❡✜♥❛r✐❛

q✉❡ ✉t✐❧✐③❛ tr✐❣♦ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ t❛♠❜é♠ ❢♦✐ ❡st✉❞❛❞❛ ✉t✐❧✐③❛♥❞♦ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦

❉❡s✐❣♥❡r ✭▼■❙❆■▲■❉■❙ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ◆❡st❡ tr❛❜❛❧❤♦ sã♦ ❛♥❛❧✐s❛❞❛s três ❝♦♥✜❣✉r❛çõ❡s✿ ♦

♣r♦❝❡ss♦ ❜❛s❡ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❡ tr✐❣♦✱ ❡ ❞♦✐s ♣r♦❝❡ss♦s ❞❡ ❝♦✲♣r♦❞✉çã♦ ❞❡ ❛r❛❜✐♥♦①✐❧❛♥♦

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

❛r❛❜✐♥♦①✐❧❛♥♦✱ sã♦ ❝r✉❝✐❛✐s ♣❛r❛ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛ ❞❡ ❜✐♦rr❡✜♥❛r✐❛s✳

❖✉tr♦s tr❛❜❛❧❤♦s ❜❛s❡❛❞♦s ❡♠ s✐♠✉❧❛çõ❡s ✉s❛♥❞♦ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ❡stã♦ ❞✐s♣♦♥í✈❡✐s

♥❛ ❧✐t❡r❛t✉r❛❀ ❣r❛♥❞❡ ♣❛rt❡ é r❡❧❛❝✐♦♥❛❞❛ ❛ ♣r♦❝❡ss♦s ❜✐♦t❡❝♥♦❧ó❣✐❝♦s✱ ❝♦♠♦ ❛ ♣r♦❞✉çã♦ ❞❡

❢ár♠❛❝♦s ❡ ❜✐♦♠❛t❡r✐❛✐s ✭❇■❲❊❘❀ ❍❊■◆❩▲❊✱ ✷✵✵✹❀ ▲■▼❆ ❡t ❛❧✳✱ ✷✵✵✽✮ ❡ tr❛t❛♠❡♥t♦ ❞❡

r❡sí❞✉♦s ✭❑❖❚❖❯P❆❙ ❡t ❛❧✳✱ ✷✵✵✼❀ ❆❈❖❙❚❆✲❊❙◗❯■❏❆❘❖❙❆ ❡t ❛❧✳✱ ✷✵✵✻✮✳

✷✳✺✳✸ ❙✐♠✉❧❛çã♦ ❞❡ ❜✐♦rr❡✜♥❛r✐❛s ❜❛s❡❛❞❛s ❡♠ ❝❛♥❛✲❞❡✲❛çú❝❛r

❆ ♠❛✐♦r ♣❛rt❡ ❞♦s tr❛❜❛❧❤♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s ❢♦✐ ❝♦♥❞✉③✐❞❛ ♣♦r ♣❡s✲

q✉✐s❛❞♦r❡s ❡str❛♥❣❡✐r♦s ❡ ❡stá r❡❧❛❝✐♦♥❛❞❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ à ✉t✐❧✐③❛çã♦ ❞♦ ♠✐❧❤♦ ❝♦♠♦ ♠❛✲

tér✐❛ ♣r✐♠❛✳ ❆♥á❧✐s❡s ❞♦ ✉s♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠♦ ♠❛t❡r✐❛ ♣r✐♠❛ ❡♠ ❜✐♦rr❡✜♥❛r✐❛s

t❛♠❜é♠ ❡♥❝♦♥tr❛♠✲s❡ ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛❀ ❛❧❣✉♥s tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s à s✐♠✉❧❛çã♦

❞♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❡ss❛ s❡çã♦✳

❯♠ ❡st✉❞♦ r❡❝❡♥t❡ s♦❜r❡ ❛ ✐♥t❡❣r❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡✲
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r❛çã♦ ✉t✐❧✐③❛♥❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠ ❛ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ ❢♦✐ r❡❛❧✐③❛❞♦ ✉t✐❧✐③❛♥❞♦✲

s❡ ♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s ✭P❆▲❆❈■❖❙ ❇❊❘❊❈❍❊✱ ✷✵✶✶✮✱ ❝♦♥s✐❞❡r❛♥❞♦ r❡❞✉çã♦ ❞♦ ❝♦♥✲

s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ♣♦r ♠❡✐♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ P✐♥❝❤✲P♦✐♥t✱ ❝♦♠ ê♥❢❛s❡

♥❛ ♠♦❞❡❧❛❣❡♠ ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✳ ❖ ❛✉t♦r ♠♦str❛ q✉❡ ❛ ♠✐♥✐♠✐③❛çã♦ ❞♦ ❝♦♥s✉♠♦

❞❡ ✉t✐❧✐❞❛❞❡s q✉❡♥t❡s ❞♦ ♣r♦❝❡ss♦ ❧❡✈❛ ❛ ✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❛✉t♦r t❛♠❜é♠ ❛✈❛❧✐♦✉ ♦ ✉s♦ ❞❡ ♠❡♠❜r❛♥❛s ♣❛r❛ ❝♦♥✲

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

❞♦ q✉❡ ❡✈❛♣♦r❛❞♦r❡s✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠ ❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳

❙❡❛❜r❛ ❡t ❛❧✳ ✭✷✵✶✵✮ ❝♦♠♣❛r❛r❛♠ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛s ❢r❛çõ❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝❛s ❞❛ ❝❛♥❛✲

❞❡✲❛çú❝❛r ♣♦r ♠❡✐♦ ❞❛s r♦t❛s ❜✐♦q✉í♠✐❝❛ ❡ t❡r♠♦q✉í♠✐❝❛ ❡♠ ♣❧❛♥t❛s ❛❞❥❛❝❡♥t❡s ❛ ✉♥✐❞❛❞❡s

❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♥♦ ❇r❛s✐❧✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝♦✳ ❖s

♠♦❞❡❧♦s ❡♠♣r❡❣❛❞♦s ❢♦r❛♠ ❜❛s❡❛❞♦s ❡♠ ♠♦❞❡❧♦s ❞❡s❡♥✈♦❧✈✐❞♦s ♣❡❧♦ ◆❘❊▲ ❡♠ ❆s♣❡♥ P❧✉s

❡ ❡♠ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s ♦t✐♠✐③❛❞❛s ✭❡✜❝✐❡♥t❡ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✱ ❝♦♠ ❝♦♥s✉♠♦ ❞❡

✈❛♣♦r r❡❞✉③✐❞♦ ❡ ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❡❧❡✈❛❞❛ ✲ ✶✵✵✵ ❚❈✴❤✮✳ ❋♦r❛♠ ❝♦♠♣❛r❛✲

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

❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡♠ ✉♠❛ ♣❧❛♥t❛ ❛❞❥❛❝❡♥t❡ à

❞❡st✐❧❛r✐❛✳ ❆ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♣♦❞❡ ❛✉♠❡♥t❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ q✉❛♥❞♦ ❛❧é♠ ❞♦ ❜❛✲

❣❛ç♦ ❢♦r ✉t✐❧✐③❛❞❛ t❛♠❜é♠ ❛ ♣❛❧❤❛ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛✱ t❛♥t♦ ♥❛ r♦t❛ ❜✐♦q✉í♠✐❝❛ q✉❛♥t♦

t❡r♠♦q✉í♠✐❝❛✳ ◆❛s ❞✉❛s r♦t❛s ❛ ❡❧❡tr✐❝✐❞❛❞❡ é ✉♠ ❝♦✲♣r♦❞✉t♦ ✐♠♣♦rt❛♥t❡✱ ♠❛s ♠❛✐♦r❡s

❡①❝❡❞❡♥t❡s ❢♦r❛♠ ♦❜t✐❞♦s q✉❛♥❞♦ ❛ r♦t❛ ❜✐♦q✉í♠✐❝❛ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛✳ ❆♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❢♦✐

❝♦♥❞✉③✐❞❛ ♣❛r❛ ❡st✐♠❛r ♦ ♣r❡ç♦ ♠í♥✐♠♦ ❞❡ ✈❡♥❞❛ ❞♦ ❡t❛♥♦❧✱ q✉❡ ❢♦✐ s❡♠❡❧❤❛♥t❡ ♣❛r❛ ❛s

❞✉❛s r♦t❛s✳

❈♦♥s✐❞❡r❛♥❞♦✲s❡ q✉❡ ❛t✉❛❧♠❡♥t❡ ❛ ❢r❛çã♦ ❧✐❣♥♦❝❡❧✉❧ós✐❝❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ✉t✐❧✐③❛❞❛

❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡✱ ❙❡❛❜r❛ ❡ ▼❛❝❡❞♦ ✭✷✵✶✶✮ ❝♦♠♣❛r❛r❛♠

♦ ✉s♦ ❞❛ ❢r❛çã♦ ❧✐❣♥♦❝❡❧✉❧ós✐❝❛ ❡①❝❡❞❡♥t❡ ♣❛r❛ ❣❡r❛çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ♦✉ ❞❡ ❡t❛♥♦❧ ❞❡

s❡❣✉♥❞❛ ❣❡r❛çã♦ ❡♠ ♣❧❛♥t❛s ❛❞❥❛❝❡♥t❡s ❛ ✉♥✐❞❛❞❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

♣r✐♠❡✐r❛ ❣❡r❛çã♦✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ té❝♥✐❝♦✱ ❡❝♦♥ô♠✐❝♦ ❡ ❛♠❜✐❡♥t❛❧✳ ❖s ❛✉t♦r❡s ♠♦str❛♠

q✉❡ ❛s ❛♥á❧✐s❡s sã♦ ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞❛s ❝♦♥s✐❞❡r❛çõ❡s té❝♥✐❝❛s ❡ ❞❛ r❡❣✐ã♦ ♥❛ q✉❛❧

✹✺



❛ ♣❧❛♥t❛ ❡stá ✐♥s❡r✐❞❛✱ ❡ ♣♦r ✐ss♦ ❛✈❛❧✐❛çõ❡s ❡s♣❡❝í✜❝❛s ❞❡✈❡♠ s❡r ❝♦♥❞✉③✐❞❛s ♣❛r❛ ❛✈❛❧✐❛r

♦ ✉s♦ ❞♦ ❜❛❣❛ç♦ ♥♦ ❇r❛s✐❧✳ ❖s ♠♦❞❡❧♦s ❢♦r❛♠ ❜❛s❡❛❞♦s ❡♠ s✐♠✉❧❛çõ❡s ❞❡s❡♥✈♦❧✈✐❞❛s ❡♠

❆s♣❡♥ P❧✉s ❡ ✐♥❝❧✉❡♠ t❛♠❜é♠ ♦ ✉s♦ ❞❡ ♣❛rt❡ ❞❛ ♣❛❧❤❛ ♣r♦❞✉③✐❞❛ ♥♦ ❝❛♠♣♦✳ P❛r❛ ❛

r♦t❛ ❜✐♦q✉í♠✐❝❛ ❝♦♥s✐❞❡r♦✉✲s❡ ♦ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦ ♣♦r ❙❡❛❜r❛ ❡t ❛❧✳ ✭✷✵✶✵✮✱ ❜❛s❡❛❞♦ ♥♦

♠♦❞❡❧♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ◆❘❊▲ ✭❆❉❊◆ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❖s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ❞❡♥tr♦

❞❛s ❝♦♥s✐❞❡r❛çõ❡s ❛ss✉♠✐❞❛s ♥♦ ❡st✉❞♦✱ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❧❡✈❛ ❛

❝♦♥✈❡rsã♦ ♠❛✐s ❡✜❝✐❡♥t❡ ❞❛ ❡♥❡r❣✐❛ ❡ ♠❡♥♦r❡s ❡♠✐ssõ❡s ❞❡ ❣❛s❡s ❝❛✉s❛❞♦r❡s ❞♦ ❡❢❡✐t♦ ❡st✉❢❛✱

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ à ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡✱ ♠❛s ❛t✉❛❧♠❡♥t❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡

é ♠❛✐s r❡♥tá✈❡❧✳

❲❛❧t❡r ❡ ❊♥s✐♥❛s ✭✷✵✶✵✮ t❛♠❜é♠ ❛♥❛❧✐s❛r❛♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ❡ ❜✐♦❝♦♠❜✉s✲

tí✈❡✐s ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞❡ r❡sí❞✉♦s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ♠❛s ♦ ♠♦❞❡❧♦ ❝♦♠♣✉✲

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

❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❡♠ ♣❧❛♥t❛s ❛❞❥❛❝❡♥t❡s ❛ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s ♣r♦❝❡ss❛♥❞♦ ❞♦✐s ♠✐❧❤õ❡s

❞❡ t♦♥❡❧❛❞❛s ❞❡ ❝❛♥❛ ♣♦r ❛♥♦✳ ❉❡♥tr♦ ❞❛s ❝♦♥❞✐çõ❡s ❞♦ ❡st✉❞♦ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛ r♦t❛

t❡r♠♦q✉í♠✐❝❛✱ ❜❛s❡❛❞❛ ❡♠ ❣❛s❡✐✜❝❛çã♦ ❞❛ ❜✐♦♠❛ss❛ ❡ ❝♦♥✈❡rsã♦ ❞❡ ❋✐s❝❤❡r✲❚r♦♣s❝❤ ✭♣r♦✲

❞✉çã♦ ❞❡ ❞✐❡s❡❧ ❡ ❣❛s♦❧✐♥❛✮✱ é ♠❛✐s ❡✜❝✐❡♥t❡✱ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ ❡♥❡r❣✐❛✱ ❞♦

q✉❡ ❛ ♦♣çã♦ ❜✐♦q✉í♠✐❝❛✳

▼❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❛çú❝❛r✱ ❡t❛♥♦❧ ❡ ❡❧❡✲

tr✐❝✐❞❛❞❡ ❢♦r❛♠ ♣r♦♣♦st❛s ♣♦r ❊♥s✐♥❛s ❡t ❛❧✳ ✭✷✵✵✾✮ ❡ ❙❡rr❛ ❡t ❛❧✳ ✭✷✵✵✾✮ ✉s❛♥❞♦ s✐♠✉❧❛çõ❡s

❡ ❛♥á❧✐s❡s ❡①❡r❣ét✐❝❛s✱ ✉t✐❧✐③❛♥❞♦ ♣❛r❛ t❛♥t♦ ♦ s♦❢t✇❛r❡ ❊❊❙✳ ❖ ❢♦❝♦ ❞❡st❡s tr❛❜❛❧❤♦s ❢♦✐

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

❞♦ s✐st❡♠❛✳ ❖s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ❛ ✐♥❞ústr✐❛ ❜r❛s✐❧❡✐r❛ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❝❛♥❛✲❞❡✲

❛çú❝❛r ❛♣r❡s❡♥t❛ ✉♠ ♣♦t❡♥❝✐❛❧ s✐❣♥✐✜❝❛t✐✈♦ ♣❛r❛ r❡❞✉çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❡ r❡❝✉rs♦s

♥❛t✉r❛✐s✳ ❖✉tr♦s tr❛❜❛❧❤♦s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ♠♦str❛♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡✲

❣✉♥❞❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ♠❛s ♥ã♦ sã♦ r❡❧❛❝✐♦♥❛❞♦s à ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦✳ ❖❥❡❞❛ ❡t ❛❧✳ ✭✷✵✶✶❛✮✱ ❖❥❡❞❛ ❡t ❛❧✳ ✭✷✵✶✶❜✮ ❝♦♠♣❛r❛♠ ❞✐❢❡✲

r❡♥t❡s ♦♣çõ❡s t❡❝♥♦❧ó❣✐❝❛s ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞♦ ❜❛❣❛ç♦

❡①❝❡❞❡♥t❡ ❞❡ ✉♠❛ ♣❧❛♥t❛ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦✱ ♠❛s s❡♠ ✐♥t❡❣r❛çã♦ ❛ ❡ss❛ ♣❧❛♥t❛✳ ▼♦❞❡❧♦s
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❜❛s❡❛❞♦s ❡♠ ❆s♣❡♥ P❧✉s ❢♦r❛♠ ❝♦♥str✉í❞♦s ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ ♣ré✲tr❛t❛♠❡♥t♦✱ ❤✐❞ró❧✐s❡✱

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

r❡❛❧✐③❛çã♦ ❞❡ ❛♥á❧✐s❡ ❡①❡r❣ét✐❝❛✱ ❡ ❙✐♠❛Pr♦ ♣❛r❛ ❛♥á❧✐s❡ ❞♦ ❝✐❝❧♦ ❞❡ ✈✐❞❛✳

✷✳✺✳✹ ❙✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

✶❛ ❡ ✷❛ ❣❡r❛çã♦

❆❧é♠ ❞♦s tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s à ♣r♦❞✉çã♦ ✐♥t❡❣r❛❞❛ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦

❝✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡ ✭P❆▲❆❈■❖❙ ❇❊❘❊❈❍❊✱ ✷✵✶✶❀ ❲❆▲❚❊❘❀ ❊◆❙■◆❆❙✱ ✷✵✶✵✮✱ ♦✉tr♦s

tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s ❡stã♦ ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ✉s❛♥❞♦ ♦✉tr❛s ♠❛tér✐❛s ♣r✐♠❛s ❛❧é♠

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❷✉↔❡❦ ❡t ❛❧✳ ✭✷✵✶✶✮ r❡❛❧✐③❛r❛♠ ❛ s✐♠✉❧❛çã♦ ❞❡ ✉♠❛ ❜✐♦rr❡✜♥❛r✐❛ ❜❛s❡❛❞❛

❡♠ ♠✐❧❤♦ ✉s❛♥❞♦ ♦ s✐♠✉❧❛❞♦r ▼■P❙❨◆ ✭▼✐①❡❞✲■♥t❡❣❡r Pr♦❝❡ss ❙❨◆t❤❡s✐③❡r✮ ♣r♦❞✉③✐♥❞♦

❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❣rã♦ ❡ ❛ ♣❛rt✐r ❞❛ ❣❛s❡✐✜❝❛çã♦ ❞♦ ❝♦r♥ st♦✈❡r✳ ❖s ❛✉t♦r❡s r❡❛❧✐③❛r❛♠

❡st✉❞♦s ❞❡ ✐♥t❡❣r❛çã♦ ♠áss✐❝❛✱ ❡♥❡r❣ét✐❝❛ ❡ ♦t✐♠✐③❛çã♦ ❞♦ ✉s♦ ❞❡ á❣✉❛✱ ❛❧é♠ ❞❡ ❛♥á❧✐s❡

❡❝♦♥ô♠✐❝❛ ❞❡ ❞✉❛s ❛❧t❡r♥❛t✐✈❛s ❞❡ ♣r♦❝❡ss♦ ✭❣❛s❡✐✜❝❛çã♦ s❡❣✉✐❞❛ ❞❡ ❢❡r♠❡♥t❛çã♦ ❞♦ ❣ás ❞❡

sí♥t❡s❡ ♦✉ sí♥t❡s❡ ❝❛t❛❧ít✐❝❛✮✱ ✈❡r✐✜❝❛♥❞♦ q✉❡ ♦s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ♣❛r❛ ♦

♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❝♦♠ ❛ r♦t❛ ❝❛t❛❧ít✐❝❛✳

❯♠ ❡st✉❞♦ ❞❡ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛ ✐♥t❡❣r❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦

❛♠✐❞♦ ❞❡ ♠✐❧❤♦ ❡ ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s t❛♠❜é♠ ❢♦✐ ❝♦♥❞✉③✐❞♦ ♣❡❧♦ ◆❘❊▲ ✭❲❆▲✲

▲❆❈❊ ❡t ❛❧✳✱ ✷✵✵✺✮ ❝♦♥s✐❞❡r❛♥❞♦ ❞✐❢❡r❡♥t❡s ❝❡♥ár✐♦s✳ ❖s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ♦ ♣r♦❝❡ss♦

✐♥t❡❣r❛❞♦ ❛♣r❡s❡♥t❛ ❜❡♥❡❢í❝✐♦s ❡❝♦♥ô♠✐❝♦s ✐♥t❡r♠❡❞✐ár✐♦s ❡♥tr❡ ❛ ♣❧❛♥t❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❛ ♣❛rt✐r ❞♦ ❝♦r♥ st♦✈❡r ❡ ❛ ♣❧❛♥t❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❛♠✐❞♦ ❞♦ ♠✐❧❤♦✳
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❈❛♣ít✉❧♦ ✸

▼❡t♦❞♦❧♦❣✐❛ ❞❡ s✐♠✉❧❛çã♦

❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ ❝♦♥❞✉③✐❞❛s ✉t✐❧✐③❛♥❞♦✲s❡ ❞✐❢❡r❡♥t❡s s✐♠✉❧❛❞♦r❡s ❝♦♠❡r❝✐❛✐s✿ ✐♥✐❝✐✲

❛❧♠❡♥t❡ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✱ ✈✳ ✼✳✺ ✭■◆❚❊▲▲■●❊◆✱ ■◆❈✳✱ ✷✵✵✾✮❀

♣♦r ú❧t✐♠♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❆s♣❡♥ P❧✉s ✈✳ ✼✳✶ ✭❆❙P❊◆❚❊❈❍✱ ✷✵✶✵✮✳

✸✳✶ ❙✐♠✉❧❛çã♦ ❝♦♠ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r

❖ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ♣♦❞❡ s❡r ❡♠♣r❡❣❛❞♦ ❡♠ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ✐♥❞ústr✐❛s

✭q✉í♠✐❝❛✱ ❢❛r♠❛❝ê✉t✐❝❛✱ ❛❧✐♠❡♥t♦s✱ tr❛t❛♠❡♥t♦ ❞❡ r❡sí❞✉♦s✱ ❡t❝✮✳ ➱ ✉♠ s✐♠✉❧❛❞♦r ❞❡ rá♣✐❞♦

❛♣r❡♥❞✐③❛❞♦ q✉❡ r❡❛❧✐③❛ ❜❛❧❛♥ç♦s ❞❡ ♠❛ss❛ ❡ ❡♥❡r❣✐❛ ❞❡ ♣r♦❝❡ss♦✱ ❛❧é♠ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦

❞❡ ❡q✉✐♣❛♠❡♥t♦s ❡ ❡st✐♠❛t✐✈❛s ❞❡ ✐♥✈❡st✐♠❡♥t♦s✱ ❞❡ ❢♦r♠❛ rá♣✐❞❛ ❡ ♣rát✐❝❛✱ ❛♣r❡s❡♥t❛♥❞♦

t❛♠❜é♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❧✐❞❛r ❝♦♠ ❝♦♠♣♦♥❡♥t❡s só❧✐❞♦s ❡ ♣r♦❝❡ss♦s ❜❛t❡❧❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱

♥❛ ✈❡rsã♦ ✉t✐❧✐③❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ✭✼✳✺✮ ♥ã♦ ❡st❛✈❛♠ ❞✐s♣♦♥í✈❡✐s ❛s ❢❡rr❛♠❡♥t❛s ♣❛r❛ r❡♣r❡✲

s❡♥t❛r ♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ❝♦♠♦ ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❝♦♠♣❧❡①❛s✱ t✉r❜✐♥❛s✱ ❡t❝✱ ❡①✐❣✐♥❞♦ ♦

✉s♦ ❞❡ ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s ♣❛r❛ ❝♦♠♣❧❡t❛r ❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛✲

♥♦❧ ✐♥❝❧✉✐♥❞♦ ♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✳ ❊st❡s ❡ ♦✉tr♦s ♣r♦❜❧❡♠❛s✱ ❝♦♠♦ ❛ ❢❛❧t❛ ❞❡ ♠♦❞❡❧♦s

t❡r♠♦❞✐♥â♠✐❝♦s✱ t♦r♥❛r❛♠ ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ s✐♠✉❧❛❞♦r❡s ♠❛✐s ❝♦♠♣❧❡①♦s✱ ❝♦♠♦ ♦ ❆s♣❡♥

P❧✉s✳ ◆♦ ❡♥t❛♥t♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r é ❛❞❡q✉❛❞♦ ♣❛r❛ ❢❛③❡r
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❡st✐♠❛t✐✈❛s ✐♥✐❝✐❛✐s ❞❡ r❡♥❞✐♠❡♥t♦ ❞❡ ♣r♦❝❡ss♦s ❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❡ ❡q✉✐♣❛♠❡♥t♦s❀ ❛❧é♠

❞✐ss♦✱ ❛♣r❡s❡♥t❛ ❣❡r❛❧♠❡♥t❡ rá♣✐❞❛ ❝♦♥✈❡r❣ê♥❝✐❛✱ ❡①✐❣✐♥❞♦ ♠❡♥♦r t❡♠♣♦ ❞♦ q✉❡ s✐♠✉❧❛❞♦r❡s

❝♦♠♦ ❆s♣❡♥ P❧✉s✳

◆♦ ❝❛♣ít✉❧♦ ✹ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♥s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡r✲

Pr♦ ❉❡s✐❣♥❡r✳

✸✳✷ ❙✐♠✉❧❛çã♦ ❝♦♠ ❆s♣❡♥ P❧✉s

❖ ❆s♣❡♥ P❧✉s é ♦ s✐♠✉❧❛❞♦r ❞❡ ♣r♦❝❡ss♦s ♠❛✐s ✉t✐❧✐③❛❞♦ ♥♦ ♠✉♥❞♦✱ t❛♠❜é♠ ❡♠ ✈ár✐❛s

✐♥❞ústr✐❛s❀ ❛♣r❡s❡♥t❛ ✉♠ ♣❛❝♦t❡ ❞❡ ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❡ ♠ét♦❞♦s ❞❡ ❡st✐♠❛t✐✈❛s

❜❡♠ ♠❛✐s ❝♦♠♣❧❡t♦ ❞♦ q✉❡ ♦ s♦❢t✇❛r❡ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✳ ❆❧é♠ ❞✐ss♦✱ ♣♦ss✉✐ ❛❧❣✉♠❛s

♦♣❡r❛çõ❡s ✉♥✐tár✐❛s q✉❡ ♣❡r♠✐t❡♠ r❡♣r❡s❡♥t❛r ♦ ♣r♦❝❡ss♦ ❞❡ ❢♦r♠❛ ♠❛✐s r❡❛❧✐st❛✱ ❝♦♠♦

❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❝♦♠♣❧❡①❛s✱ ❡ ♠♦❞❡❧♦s q✉❡ ♣r❡❞✐③❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ t❡r♠♦❞✐♥â♠✐❝♦

❞❡ ♠✐st✉r❛s ❞❡ ❢♦r♠❛ ❛❝✉r❛❞❛✳ ❆ ❡①❡❝✉çã♦ ❞❡ ♣r♦❜❧❡♠❛s ❞❡ ❛♥á❧✐s❡ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❡

❞❡ ♦t✐♠✐③❛çã♦ t❛♠❜é♠ é ♣♦ssí✈❡❧✱ ❢❛❝✐❧✐t❛♥❞♦ ❛ ❝♦♠♣❛r❛çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ❝❡♥ár✐♦s✳ ◆♦

❡♥t❛♥t♦✱ ♦ ✉s✉ár✐♦ ♣r❡❝✐s❛ ❞❡ ✉♠ t❡♠♣♦ ♠❛✐♦r ❞❡ ❛♣r❡♥❞✐③❛❞♦ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦

❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ s❡ ❢♦r❡♠ ✉t✐❧✐③❛❞♦s ♦✉tr♦s ♣r♦❣r❛♠❛s ❞❛ ❆s♣❡♥❚❡❝❤

❡♠ ❝♦♥❥✉♥t♦✱ ❝♦♠♦ ❆s♣❡♥ ❊❝♦♥♦♠✐❝ ❆♥❛❧②③❡r✱ q✉❡ ❢❛③ ❡st✐♠❛t✐✈❛s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡

❝✉st♦s ❞❡ ❡q✉✐♣❛♠❡♥t♦s✱ ❡ ❆s♣❡♥ ❊♥❡r❣② ❆♥❛❧②③❡r✱ q✉❡ ❢❛③ ♦ ♣r♦❥❡t♦ ❞❡ r❡❞❡ ❞❡ tr♦❝❛❞♦r❡s

❞❡ ❝❛❧♦r ♣❛r❛ ✐♥t❡❣r❛çã♦ ❡♥❡r❣ét✐❝❛✳ ❯♠❛ ❞❛s ♣r✐♥❝✐♣❛✐s ❞❡s✈❛♥t❛❣❡♥s ❞❛ ✈❡rsã♦ ✼✳✶ ❞♦

❆s♣❡♥ P❧✉s ❡♠ r❡❧❛çã♦ ❛♦ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r é ❛ ❢❛❧t❛ ❞❡ ❡st✐♠❛t✐✈❛ ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦

❞❡ ❡q✉✐♣❛♠❡♥t♦s ♥❛ s✐♠✉❧❛çã♦✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ♦✉tr♦ s♦❢t✇❛r❡ ♣❛r❛ r❡❛❧✐③❛r t❛❧

❛t✐✈✐❞❛❞❡✳

▲❡✈❛♥❞♦✲s❡ ❡♠ ❝♦♥t❛ ❛s ✈❛♥t❛❣❡♥s ❞♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s✱ ❡st❡ ❢♦✐ ♦ s✐♠✉❧❛❞♦r ❡♠✲

♣r❡❣❛❞♦ ♥❛ ♠❛✐♦r ♣❛rt❡ ❞♦ tr❛❜❛❧❤♦✳ ◆❛s ♣ró①✐♠❛s s❡çõ❡s sã♦ ❛♣r❡s❡♥t❛❞♦s ❞❡t❛❧❤❡s s♦❜r❡

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

✹✾



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

◆❡♥❤✉♠ ❞♦s ❞♦✐s s✐♠✉❧❛❞♦r❡s ✉t✐❧✐③❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ❡♠ s✉❛ ❜❛s❡ ❞❡ ❞❛❞♦s

♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✱ ❛❧é♠ ❞❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s ✐♠♣♦rt❛♥t❡s ♣❛r❛

r❡♣r❡s❡♥t❛r ❛ ❜✐♦rr❡✜♥❛r✐❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳

❆ ✐♥s❡rçã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♥♦ s✐♠✉❧❛❞♦r ❞❡✈❡ ❧❡✈❛r ❡♠ ❝♦♥t❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛ ♠❛té✲

r✐❛ ♣r✐♠❛✱ ❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ q✉❡ ❛♣r❡s❡♥t❛ ❝♦♠♣♦s✐çã♦ ✈❛r✐á✈❡❧✱ s❡♥❞♦ ❛❢❡t❛❞❛ ♣❡❧♦ ❝❧✐♠❛✱

t✐♣♦ ❞❡ s♦❧♦ ❡ é♣♦❝❛ ❞❛ s❛❢r❛✱ ❞❡♥tr❡ ♦✉tr♦s ❢❛t♦r❡s✳ ◆❛ s❡çã♦ ✸✳✸✳✶ é ❛♣r❡s❡♥t❛❞♦ ♦ ♣r♦❝❡ss♦

♣❛r❛ ❞❡✜♥✐çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❞❛ ♠❛tér✐❛ ♣r✐♠❛ ✭❝❛♥❛✲❞❡✲❛çú❝❛r ❡ s✉❛s ❢r❛çõ❡s ❧✐❣♥♦❝❡❧✉✲

❧ós✐❝❛s✮ ✉t✐❧✐③❛❞❛ ♥❛s s✐♠✉❧❛çõ❡s✳

✸✳✸✳✶ ❉❡✜♥✐çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❞❛ ♠❛tér✐❛ ♣r✐♠❛

❆s ❝❛r❛❝t❡ríst✐❝❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❡ ❡❧❡tr✐❝✐❞❛❞❡ sã♦ ♦ t❡♦r ❞❡ ❛çú❝❛r❡s ❡ ❞❡ ✜❜r❛s✳ ❱✐st♦ q✉❡ ❛ ❝♦♠♣♦s✐çã♦ ❞❛

❝❛♥❛✲❞❡✲❛çú❝❛r ✈❛r✐❛ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝❧✐♠❛ ❡ s♦❧♦ ❡ ❞❛ r❡❣✐ã♦✱ ❞❡♥tr❡

♦✉tr♦s ❢❛t♦r❡s✱ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s sã♦ ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡ ♥❛ ✐♥❞ústr✐❛ ♣❛r❛ ❡st❛s

✐♠♣♦rt❛♥t❡s ✈❛r✐á✈❡✐s✳ ❙❡❛❜r❛ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛✜r♠❛♠ q✉❡ ❡♠ ✉♠❛ t♦♥❡❧❛❞❛ ❞❡ ❝♦❧♠♦s ❞❡

❝❛♥❛✲❞❡✲❛çú❝❛r ❡stã♦ ♣r❡s❡♥t❡s ❝❡r❝❛ ❞❡ ✶✺✵ ❦❣ ❞❡ ❛çú❝❛r❡s ❡ ✶✷✺ ❦❣ ❞❡ ✜❜r❛s ✭❜❛s❡ s❡❝❛✮✱

❛❧é♠ ❞❡ ✶✹✵ ❦❣ ❞❡ ❢♦❧❤❛s ❡ ♣♦♥t❛s ✭♣❛❧❤❛✮ ♣♦r t♦♥❡❧❛❞❛ ❞❡ ❝♦❧♠♦✳ ❖ t❡♦r ❞❡ ✜❜r❛s ♥♦s ❝♦❧♠♦s

✈❛r✐❛ ❡♥tr❡ ✶✶ ❡ ✶✻✪✱ ❡ ♦ ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s t♦t❛✐s✱ q✉❡ ✐♥❝❧✉❡♠ ♦s ❛çú❝❛r❡s ❡ ✐♠♣✉r❡③❛s✱

✈❛r✐❛ ❡♥tr❡ ✶✵ ❡ ✶✻✪ ✭▼❖❘❆◆❉■◆ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ◆❛ ❚❛❜❡❧❛ ✸✳✶ sã♦ ❛♣r❡s❡♥t❛❞♦s ✈❛❧♦r❡s

♠é❞✐♦s ❡ ♣r♦❥❡çõ❡s ♣❛r❛ t❡♦r ❞❡ s❛❝❛r♦s❡ ❡ ❞❡ ✜❜r❛ ♥❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ♥♦ ❇r❛s✐❧✳

❚❛❜❡❧❛ ✸✳✶✿ ❚❡♦r ❞❡ s❛❝❛r♦s❡ ❡ ✜❜r❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭▼❆❈❊❉❖ ❡t ❛❧✳✱ ✷✵✵✽✮✳
❈♦♠♣♦♥❡♥t❡ ▼é❞✐❛ ❡♠ ✷✵✵✷ ▼é❞✐❛ ❡♠ ✷✵✵✺ Pr♦❥❡çã♦ ♣❛r❛ ✷✵✷✵
❙❛❝❛r♦s❡ ✭✪ ❞❛ ❝❛♥❛✮ ✶✹✱✺✸ ✶✹✱✷✷ ✶✺✱✷✺
❋✐❜r❛ ✭✪ ❞❛ ❝❛♥❛✮ ✶✸✱✹✻ ✶✷✱✼✸ ✶✸✱✼✸

◆❛ ❚❛❜❡❧❛ ✸✳✷ é ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ❝♦♠♣✐❧❛çã♦ ❞❡ ❞❛❞♦s ❞❡ t❡♦r ❞❡ s❛❝❛r♦s❡ ❡ ❞❡ ✜❜r❛

✺✵



♥♦s ❝♦❧♠♦s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛✳

❚❛❜❡❧❛ ✸✳✷✿ ❚❡♦r❡s ♠é❞✐♦s ❞❡ ✜❜r❛ ❡ ❞❡ s❛❝❛r♦s❡ ✭♣♦❧✮ ♥❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♥s✐❞❡r❛❞♦s ♣♦r
❞✐❢❡r❡♥t❡s ❛✉t♦r❡s✳

❚❡♦r ❞❡ ✜❜r❛ ♥❛ ❝❛♥❛ ✭✪ ♠❛ss❛✮ P♦❧ ❞❛ ❝❛♥❛ ✭✪ ♠❛ss❛✮ ❘❡❢❡rê♥❝✐❛
✶✹✱✵ ✶✹✱✵ ❊♥s✐♥❛s ✭✷✵✵✽✮
✶✸✱✵ ✶✹✱✺ ❙❡❛❜r❛ ✭✷✵✵✽✮
✶✹✱✵ ✶✹✱✵ ❊♥s✐♥❛s ❡t ❛❧✳ ✭✷✵✵✼✮
✶✸✱✺ ✶✺✱✵❛ ▲❡❛❧ ✭✷✵✵✽✮
✶✷✱✾ ✶✹✱✵ ▲❡❛❧ ✭✷✵✵✺✮
✶✷✱✼ ✶✹✱✷ ❋✐♥❣✉❡r✉t ✭✷✵✵✻✮
✶✷✱✵ ✶✸✱✸ ❉✐❛s ❡t ❛❧✳ ✭✷✵✵✾✮

❛■♥❝❧✉✐ t❛♠❜é♠ ♦✉tr♦s ❛çú❝❛r❡s

❆ss✐♠✱ t❡♦r❡s ❞❡ ✜❜r❛ ❡♥tr❡ ✶✷ ❡ ✶✹✪✱ ❡ ❞❡ s❛❝❛r♦s❡ ❡♥tr❡ ✶✸ ❡ ✶✹✱✺✪ sã♦ ❢r❡qü❡♥t❡♠❡♥t❡

❛❞♦t❛❞♦s ❡♠ ❡st✉❞♦s ❡ tr❛❜❛❧❤♦s ♥❛ ár❡❛✳

❆s ✜❜r❛s ❞❛ ❝❛♥❛ sã♦ ❝♦♠♣♦st❛s ♣♦r ❝❡❧✉❧♦s❡✱ ❤❡♠✐❝❡❧✉❧♦s❡ ❡ ❧✐❣♥✐♥❛✱ ❛❧é♠ ❞❡ ♦✉tr♦s

❝♦♠♣♦st♦s q✉❡ ❝♦♠♣õ❡♠ ❛s ❝✐♥③❛s✳ ❆s ✜❜r❛s sã♦ ♦s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❜❛❣❛ç♦❀

✈❛❧♦r❡s ♣❛r❛ ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ❡ ❞❡ s✉❛s ❢r❛çõ❡s ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ sã♦ ❛♣r❡✲

s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✸✳✸✳

❚❛❜❡❧❛ ✸✳✸✿ ❈♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❡ ❞❡ s✉❛s ❢r❛çõ❡s ✭❈●❊❊✱ ✷✵✵✾✮✳

❈♦♠♣♦♥❡♥t❡
❋r❛çã♦ ✭✪ ❜❛s❡ s❡❝❛✮

❇❛❣❛ç♦ ❋✐❜r❛ ▼❡❞✉❧❛
❈❡❧✉❧♦s❡ ✹✻✱✻ ✹✼✱✼ ✹✶✱✷
P❡♥t♦s❛♥♦s ✷✺✱✷ ✷✺✱✵ ✷✻✱✵
▲✐❣♥✐♥❛ ✷✵✱✼ ✶✾✱✺ ✷✶✱✼
❖r❣❛♥♦s♦❧ú✈❡✐s ✷ ✲ ✸
❆q✉♦s♦❧ú✈❡✐s ✷ ✲ ✸
❈✐♥③❛s ✷ ✲ ✸

❉✐❢❡r❡♥t❡s ❛✉t♦r❡s ❝♦♠♣✐❧❛r❛♠ ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ❡♥❝♦♥tr❛❞❛

♥❛ ❧✐t❡r❛t✉r❛✱ ❡♠ t❡r♠♦s ❞♦ t❡♦r ❞❡ ❝❡❧✉❧♦s❡✱ ❤❡♠✐❝❡❧✉❧♦s❡ ❡ ❧✐❣♥✐♥❛❀ ❛❧❣✉♥s ✈❛❧♦r❡s ❡stã♦

❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✹✳

✺✶



❚❛❜❡❧❛ ✸✳✹✿ ❱❛❧♦r❡s ♣❛r❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ✭✪ ❡♠ ♠❛ss❛✮ ✲ ❝♦❧❡tâ♥❡❛ ❞❡ ❞❛❞♦s ❞✐s♣♦✲
♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛ ✭▼❆❈❍❆❉❖✱ ✷✵✵✾✮✳

❋r❛çã♦ ✲ ✪ ✭❜❛s❡ s❡❝❛✮
❈❡❧✉❧♦s❡ ❍❡♠✐❝❡❧✉❧♦s❡ ▲✐❣♥✐♥❛

✸✼ ◆❉ ✷✹✱✻
✸✷ ❛ ✹✽ ✶✾ ❛ ✷✹ ✷✸ ❛ ✸✷
✹✻✱✽✻ ✷✼✱✺ ✷✻✱✷✼
✸✽✱✻ ✷✸ ✷✸
✸✹✱✹ ✷✷✱✹ ✷✵✱✸
✺✹✱✺✺ ✷✻✱✼✺ ✶✵✱✹✹
✹✶ ❛ ✹✹ ✷✺ ❛ ✷✼ ✷✵ ❛ ✷✷
✹✸✱✽ ✷✺✱✽ ✷✷✱✶
✹✻✱✻ ✷✺✱✷ ✷✵✱✼

❘❡s✉❧t❛❞♦s ❞❡ ❛♥á❧✐s❡ ❝♦♠♣♦s✐❝✐♦♥❛❧ ❞♦ ❜❛❣❛ç♦ ❡stã♦ t❛♠❜é♠ ❞✐s♣♦♥í✈❡✐s✱ ❝♦♠♦ ♠♦s✲

tr❛❞♦ ♥❛s ❚❛❜❡❧❛s ✸✳✺ ❡ ✸✳✻✳

❚❛❜❡❧❛ ✸✳✺✿ ❘❡s✉❧t❛❞♦s ♠é❞✐♦s ♦❜t✐❞♦s ♥❛ ❛♥á❧✐s❡ ❝♦♠♣♦s✐❝✐♦♥❛❧ ❞♦ ❜❛❣❛ç♦ ♣♦r ❞✐✈❡rs♦s
❛✉t♦r❡s ✭❈❚❈✱ ✷✵✶✵✮✳

❋r❛çã♦ ✲ ✪ ✭❜❛s❡ s❡❝❛✮
❘❡❢❡rê♥❝✐❛

❈❡❧✉❧♦s❡ ❍❡♠✐❝❡❧✉❧♦s❡ ▲✐❣♥✐♥❛ ❈✐♥③❛s
✸✼ ✷✽ ✷✶ ◆❉ ❇♦♥ ✭❛♣✉❞ ❈❚❈✱ ✷✵✶✵✮

✷✻ ❛ ✹✼ ✶✾ ❛ ✸✸ ✶✹ ❛ ✷✸ ✶ ❛ ✺ P❛t✉r❛✉ ✭❛♣✉❞ ❈❚❈✱ ✷✵✶✵✮
✸✽ ✸✸ ✷✷ ✸ ❲❛❧❢♦r❞ ✭❛♣✉❞ ❈❚❈✱ ✷✵✶✵✮

❚❛❜❡❧❛ ✸✳✻✿ ❱❛❧♦r❡s ♣❛r❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ✭✪ ❡♠ ♠❛ss❛✮ ✭●❖❯❱❊■❆ ❡t ❛❧✳✱ ✷✵✵✾✮✱
✭❘❖❈❍❆❀ ❙■▲❱❆✱ ✷✵✵✻ ❛♣✉❞ ●❖❯❱❊■❆ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❋r❛çã♦ ✲ ✪ ✭❜❛s❡ s❡❝❛✮
❈❡❧✉❧♦s❡ ❍❡♠✐❝❡❧✉❧♦s❡ ▲✐❣♥✐♥❛ ❈✐♥③❛s ❊①tr❛t✐✈♦s

✹✷✱✽ ✷✺✱✽ ✷✷✱✶ ✶✱✹ ✻✱✶
✹✸✱✾ ✷✻✱✹ ✷✷✱✷ ◆❉ ◆❉

❘❛❜❡❧♦ ✭✷✵✵✼✮ ❛♣r❡s❡♥t❛ r❡s✉❧t❛❞♦s ❞❛ ❛♥á❧✐s❡ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦ ❜❛❣❛ç♦ ♣❡✲

♥❡✐r❛❞♦ ❡ ♥ã♦ ♣❡♥❡✐r❛❞♦✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❚❛❜❡❧❛ ✸✳✼✳

❖✉tr♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛♥á❧✐s❡ q✉í♠✐❝❛ ❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r sã♦ ♠♦s✲

tr❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✽✳

✺✷



❚❛❜❡❧❛ ✸✳✼✿ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦ ❜❛❣❛ç♦ ♥ã♦ ♣❡♥❡✐r❛❞♦ ❡ ♣❡♥❡✐r❛❞♦ ✭❘❆❇❊▲❖✱ ✷✵✵✼✮✳
❈♦♠♣♦s✐çã♦ ❇❛❣❛ç♦ ♥ã♦ ♣❡♥❡✐r❛❞♦ ✭✪✮ ❇❛❣❛ç♦ ♣❡♥❡✐r❛❞♦ ✭✪✮
❊①tr❛t✐✈♦s ✵✱✻±✵✱✸ ✷✱✸±✵✱✶
❈✐♥③❛s ✸✱✽±✵✱✶ ✺✱✸±✵✱✶
▲✐❣♥✐♥❛ t♦t❛❧ ✷✺✱✽±✵✱✷ ✷✾✱✸±✶✱✻
❈❡❧✉❧♦s❡ ✸✾✱✻±✶✱✻ ✸✹✱✶±✵✱✾
❍❡♠✐❝❡❧✉❧♦s❡ ✶✾✱✼±✵✱✻ ✶✼✱✼±✵✱✺
●r✉♣♦s ❛❝❡t✐❧❛ ✷✱✺±✵✱✷ ✷✱✹±✵✱✶

❚❛❜❡❧❛ ✸✳✽✿ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛♥á❧✐s❡s q✉í♠✐❝❛s ❞♦ ❜❛❣❛ç♦ ✭✪ ❡♠ ♠❛ss❛✱ ❜❛s❡ s❡❝❛✮✳
❈❡❧✉❧♦s❡ ❍❡♠✐❝❡❧✉❧♦s❡ ▲✐❣♥✐♥❛ ❈✐♥③❛s ❊①tr❛t✐✈♦s ❖✉tr♦s ❘❡❢❡rê♥❝✐❛
✸✼✱✸✺±✵✱✺ ✷✸✱✻✻±✵✱✾ ✷✺✱✶✵±✵✱✺ ✶✱✼✾±✵✱✵✷ ✸✱✷✺±✵✱✷ ◆❉ ●❛r❝✐❛ ✭✷✵✵✾✮
✸✼✱✸✺ ✷✸✱✻✺ ✷✺✱✵✾ ✶✱✺✺ ✸✱✷✺ ✾✱✶✶ ❋✉❡♥t❡s ✭✷✵✵✾✮

✹✸✱✼±✵✱✼ ✷✶✱✽±✵✱✷ ✷✽✱✵±✷✱✵ ◆❉ ◆❉ ◆❉ ❘✉③❡♥❡ ✭✷✵✵✺✮

❘♦❝❤❛ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛♥❛❧✐s♦✉ ❛ ❝♦♠♣♦s✐çã♦ ❞❡ ✺✵ ❢r❛çõ❡s ❞❡ ❜❛❣❛ç♦ ♦❜t✐❞❛s ❡♠ ❞✐❢❡✲

r❡♥t❡s ✉s✐♥❛s✱ é♣♦❝❛s ❞❛ s❛❢r❛✱ ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦✱ ❡t❝✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛

❝♦♠♣♦s✐çã♦ ♠é❞✐❛✱ ♣❛❞r♦♥✐③❛❞♦s ♣❛r❛ ✶✵✵✪✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✾✳

❚❛❜❡❧❛ ✸✳✾✿ ❈♦♠♣♦s✐çã♦ ❞♦ ❜❛❣❛ç♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❜❛s❡ s❡❝❛✮ ✲ ♣❛❞r♦♥✐③❛çã♦ ❞♦ ✈❛❧♦r
♠é❞✐♦ ♣❛r❛ ✺✵ ❛♠♦str❛s ✭❘❖❈❍❆ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❈♦♠♣♦♥❡♥t❡ ❚❡♦r ✭✪ ♠❛ss❛✮
❈❡❧✉❧♦s❡ ✹✸✱✸✽
❍❡♠✐❝❡❧✉❧♦s❡ ✷✺✱✻✸
▲✐❣♥✐♥❛ ✷✸✱✷✹
❈✐♥③❛s ✷✱✾✹
❊①tr❛t✐✈♦s ✹✱✽✷

❈♦♥s✐❞❡r♦✉✲s❡ q✉❡ ❡st❡s r❡s✉❧t❛❞♦s r❡♣r❡s❡♥t❛r✐❛♠ ❛❞❡q✉❛❞❛♠❡♥t❡ ❛ ❝♦♠♣♦s✐çã♦ ♠é❞✐❛

❞♦ ❜❛❣❛ç♦✱ ❡ ♦s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✾ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ❜❛s❡ ♥❛ s✐♠✉❧❛çã♦✳

❈♦♥s✐❞❡r♦✉✲s❡ q✉❡ ✷✴✸ ❞❛s ❝✐♥③❛s ♦❜t✐❞❛s ♥❛s ❛♥á❧✐s❡s ❞❡ ❜❛❣❛ç♦ sã♦ ✐♥❡r❡♥t❡s à ✜❜r❛✱

❡ ❛ ❢r❛çã♦ r❡st❛♥t❡ é ♦r✐✉♥❞❛ ❞❛ ♣❧❛♥t❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❆❧é♠ ❞❛s ✜❜r❛s ❡ ❛çú❝❛r❡s✱

❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ❝♦♠♣♦st❛ ♣♦r á❝✐❞♦s ♦r❣â♥✐❝♦s✱ s❛✐s✱ ♠✐♥❡r❛✐s ❡ ♦✉tr❛s ✐♠♣✉r❡③❛s✳ ◆❛

❞❡✜♥✐çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❝♦♥s✐❞❡r♦✉✲s❡ q✉❡ ❝❡r❝❛ ❞❡ ✶✸✪ ❞❛ ❝❛♥❛✲❞❡✲

❛çú❝❛r ❧✐♠♣❛ ✭s❡♠ t❡rr❛✮ é ❝♦♠♣♦st❛ ♣♦r ❜❛❣❛ç♦ ✭❝❡❧✉❧♦s❡✱ ❤❡♠✐❝❡❧✉❧♦s❡✱ ❧✐❣♥✐♥❛ ❡ ❝✐♥③❛s✮✱

✺✸



♣r♦❞✉③✐♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✸✵ ❦❣ ❜❛❣❛ç♦✴❚❈ ✭❜❛s❡ s❡❝❛✮✱ ♦✉ ✷✻✵ ❦❣✴❚❈ ❞❡ ❜❛❣❛ç♦

✭✉♠✐❞❛❞❡ ❞❡ ✺✵✪✮✳ ❉❡✜♥✐✉✲s❡ ❛ ❢r❛çã♦ ❞❡ ❛çú❝❛r❡s ❝♦♠♦ ✶✺✱✸✪ ❞❡ ❆❘❚ ✭✶✹✪ ❞❡ s❛❝❛r♦s❡✮✳

❆ ❝♦♠♣♦s✐çã♦ ❞♦ ❝♦❧♠♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭s❡♠ t❡rr❛✮ ❡ ❞❛ ❝❛♥❛ r❡❝❡❜✐❞❛ ♥❛ ✉s✐♥❛ ✭❝♦♠

t❡rr❛✮ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✶✵✳

❚❛❜❡❧❛ ✸✳✶✵✿ ❈♦♠♣♦s✐çã♦ ✭✪ ❡♠ ♠❛ss❛✮ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♥s✐❞❡r❛❞❛ ♥❛ s✐♠✉❧❛çã♦✳

❈♦♠♣♦♥❡♥t❡
❋r❛çã♦ ♥❛ ❝❛♥❛ ❋r❛çã♦ ♥❛ ❝❛♥❛ r❡❝❡❜✐❞❛

s❡♠ t❡rr❛ ♥❛ ✉s✐♥❛ ✭❝♦♠ t❡rr❛✮
➪❝✐❞♦s ♦r❣â♥✐❝♦s ✵✱✺✻ ✵✱✺✻
●❧✐❝♦s❡ ✵✱✻ ✵✱✻
▼✐♥❡r❛✐s ✵✱✷ ✵✱✷
❙❛✐s ✶✱✸✶ ✶✱✸
❋♦s❢❛t♦ ✵✱✵✸ ✵✱✵✸
❚❡rr❛ ✵ ✵✱✻
❙❛❝❛r♦s❡ ✶✹✱✵✵ ✶✸✱✾✷
➪❣✉❛ ✼✵✱✷✾ ✻✾✱✽✼
❈❡❧✉❧♦s❡ ✺✱✾✾ ✺✱✾✺
❍❡♠✐❝❡❧✉❧♦s❡ ✸✱✺✹ ✸✱✺✷
▲✐❣♥✐♥❛ ✸✱✷✶ ✸✱✶✾
❈✐♥③❛s ✭❞♦ ❜❛❣❛ç♦✮ ✵✱✷✼ ✵✱✷✼

✸✳✸✳✷ ■♥s❡rçã♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❞❛ ❜✐♦♠❛ss❛

❆ ❜❛s❡ ❞❡ ❞❛❞♦s ♣❛r❛ ❝♦♠♣♦♥❡♥t❡s ❞❡ ❜✐♦♠❛ss❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❡❧♦ ◆❘❊▲ ✭❲❖❖▲❊❨❀

P❯❚❙❈❍❊✱ ✶✾✾✻✮✱ ❞✐s♣♦♥í✈❡❧ ❡♠ ◆❘❊▲ ✭✷✵✵✼✮ ❢♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ✐♥s❡rçã♦ ❞♦s

❝♦♠♣♦♥❡♥t❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ✭❝❡❧✉❧♦s❡✱ ❤❡♠✐❝❡❧✉❧♦s❡ ❡ ❧✐❣♥✐♥❛✮✳ P❛r❛ ✈❡r✐✜❝❛r s❡ ♦s r❡s✉❧✲

t❛❞♦s ❢♦r♥❡❝✐❞♦s ♣❡❧♦ s✐♠✉❧❛❞♦r ❡st❛✈❛♠ ❝♦rr❡t♦s✱ ❢♦✐ ❢❡✐t❛ ❛ ❛✈❛❧✐❛çã♦ ❞❛ ❡st✐♠❛t✐✈❛ ❞♦

♣♦❞❡r ❝❛❧♦rí✜❝♦ s✉♣❡r✐♦r ✭P❈❙✮ ❞❡st❡s ❝♦♠❜✉stí✈❡✐s✳

✸✳✸✳✷✳✶ ❱❡r✐✜❝❛çã♦ ❞♦ P♦❞❡r ❈❛❧♦rí✜❝♦ ❙✉♣❡r✐♦r ✭P❈❙✮ ✕ s✐♠✉❧❛çã♦ ❞❡ ✉♠

❝❛❧♦rí♠❡tr♦

P❛r❛ r❡♣r❡s❡♥t❛r ✉♠ ❝❛❧♦rí♠❡tr♦✱ ❢♦✐ s✐♠✉❧❛❞❛ ❛ ❝♦♠❜✉stã♦ ❝♦♠♣❧❡t❛ ❞❡ ✶ ❦❣✴s ❞❡

♠❛t❡r✐❛❧ ❝♦♠ ❛ q✉❛♥t✐❞❛❞❡ ❡st❡q✉✐♦♠étr✐❝❛ ❞❡ ♦①✐❣ê♥✐♦ ♥❡❝❡ssár✐❛✱ ❛♠❜♦s ❛ ✷✺❽✱ ❡♠ ✉♠

✺✹



r❡❛t♦r ❡st❡q✉✐♦♠étr✐❝♦ ❝♦♠ ❝♦♥✈❡rsã♦ ❞❡ ✶✵✵✪✳ ❖s ♣r♦❞✉t♦s ❞❛ r❡❛çã♦ ✭❣❛s❡s ❞❡ ❝♦♠❜✉s✲

tã♦✮ sã♦ r❡s❢r✐❛❞♦s ❡♠ ✉♠ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❛té ✷✺❽✳ ❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥❡st❡ tr♦❝❛❞♦r ❞❡

❝❛❧♦r é ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ P❈❙ ❞♦ ♠❛t❡r✐❛❧ q✉❡✐♠❛❞♦✳

❯♠ ❡①❡♠♣❧♦ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ❝❛❧♦rí♠❡tr♦ ♣❛r❛ ❛ ❝❡❧✉❧♦s❡ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✿

❋✐❣✉r❛ ✸✳✶✿ ❊sq✉❡♠❛ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ❝❛❧♦rí♠❡tr♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ P❈❙ ❞❛ ❝❡❧✉❧♦s❡✳

❈♦♥s✐❞❡r♦✉✲s❡ ❛ ✉♥✐❞❛❞❡ r❡♣❡t✐t✐✈❛ ❞❛ ❝❡❧✉❧♦s❡ ✭C6H10O5✮ ❡ ♦ ✈❛❧♦r ❞❡ ❡♥t❛❧♣✐❛ ❞❡

❢♦r♠❛çã♦ ❞❛ ❝❡❧✉❧♦s❡ ❢♦r♥❡❝✐❞♦ ♣❡❧♦ ◆❘❊▲ ✭✲✾✼✻✸✻✷✵✵✵ ❏✴❦♠♦❧✮ ✭❲❖❖▲❊❨❀ P❯❚❙❈❍❊✱

✶✾✾✻✮✳ ✶ ❦❣✴s ❞❡ ❝❡❧✉❧♦s❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✷✷✱✷✵✷ ❦♠♦❧✴❤ ❞❡ ❝❡❧✉❧♦s❡✳ ❈♦♥s✐❞❡r❛♥❞♦✲s❡ ❛

❡st❡q✉✐♦♠❡tr✐❛ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦✿

C6H10O5 + 6O2 → 5H2O + 6CO2 ✭✸✳✶✮

❙ã♦ ♥❡❝❡ssár✐♦s ✶✸✸✱✷ ❦♠♦❧✴❤ ❞❡ ♦①✐❣ê♥✐♦✳ ❆ ❡♥t❛❧♣✐❛ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦ ❞❛

❝❡❧✉❧♦s❡ ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ✭❍❡❛t ♦❢ ❘❡❛❝t✐♦♥✮ é ✐❣✉❛❧ ❛ ✲✷✺✾✹✸✾✽ ❦❏✴❦♠♦❧✱ ♦ q✉❡

❝♦rr❡s♣♦♥❞❡ ❛ ✲✶✻✵✵✵ ❦❏✴❦❣✳ ❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❚❈ é ✐❣✉❛❧ ❛ ✶✼✷✾✾✶✷✼

❲✳ ▲♦❣♦✱ ♦ P❈❙ ❞❛ ❝❡❧✉❧♦s❡ é ✐❣✉❛❧ ❛✿

PCS =
17299127J/s

1kg/s
= 17299, 127kJ/kg = 4131, 825kcal/kg ✭✸✳✷✮

✺✺



❙❡❣✉♥❞♦ ❉♦♠❛❧s❦✐ ❡t ❛❧✳ ✭✶✾✽✻✮✱ ♦ P❈❙ ✭●r♦ss ❍❡❛t ♦❢ ❈♦♠❜✉st✐♦♥✮ ❞❛ ❝❡❧✉❧♦s❡ ✭❛✈✐❝❡❧✮

❞❡t❡r♠✐♥❛❞♦ ❛ ✷✽❽ é ✐❣✉❛❧ ❛ ✶✼✸✹✵✱✼✻ ❦❏✴❦❣❀ ❞❛ ❝❡❧✉❧♦s❡ ❞❡ ❛❧❣♦❞ã♦ ✭❝♦tt♦♥ ❧✐♥t❡r✮ ❡ ❞❡

♣♦❧♣❛ ❞❡ ♠❛❞❡✐r❛ ❛ ✸✵❽✱ ✐❣✉❛❧ ❛ ✶✼✹✷✻ ❡ ✶✼✹✺✺ ❦❏✴❦❣✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ▲♦❣♦✱ ❝♦♥❝❧✉✐✲s❡

q✉❡ ❛ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥❛ q✉❡✐♠❛ ❞❛ ❝❡❧✉❧♦s❡ é ❜❡♠ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ❆s♣❡♥

P❧✉s✱ ❝♦♠ ♣❛râ♠❡tr♦s ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦ ◆❘❊▲ ✭❲❖❖▲❊❨❀ P❯❚❙❈❍❊✱ ✶✾✾✻✮✳

❙✐♠✐❧❛r♠❡♥t❡✱ ❢♦r❛♠ ❢❡✐t♦s ❝á❧❝✉❧♦s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ P❈❙ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡✱ ❧✐❣♥✐♥❛

❡ ❜❛❣❛ç♦✳ ◆♦ ❝❛s♦ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡✱ t❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞❛ s✉❛ ✉♥✐❞❛❞❡ r❡♣❡t✐t✐✈❛ ✭C5H8O4✮

❡ ♦ ✈❛❧♦r ❞❡ ❡♥t❛❧♣✐❛ ❞❡ ❢♦r♠❛çã♦ ❝❛❧❝✉❧❛❞♦ ♣♦r ❲♦♦❧❡② ❡ P✉ts❝❤❡ ✭✶✾✾✻✮✿ ✲✼✻✷✹✶✻✵✵✵

❏✴❦♠♦❧✳ ✶ ❦❣✴s ❞❡ ❤❡♠✐❝❡❧✉❧♦s❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ✷✼✱✷ ❦♠♦❧✴❤❀ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ r❡❛çã♦ ❞❡

❝♦♠❜✉stã♦✿

C5H8O4 + 5O2 → 4H2O + 5CO2 ✭✸✳✸✮

❙ã♦ ♥❡❝❡ssár✐♦s ✶✸✻✱✷ ❦♠♦❧✴❤ ❞❡ ♦①✐❣ê♥✐♦✳ ❆ ❡♥t❛❧♣✐❛ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦ ❞❛

❤❡♠✐❝❡❧✉❧♦s❡ ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ✭❍❡❛t ♦❢ ❘❡❛❝t✐♦♥✮ é ✐❣✉❛❧ ❛ ✲✷✶✼✷✽✾✾ ❦❏✴❦♠♦❧✱ ♦

q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✲✶✻✹✹✻ ❦❏✴❦❣✳

❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❚❈ é ✐❣✉❛❧ ❛ ✶✼✼✶✾✺✹✽ ❲✳ ▲♦❣♦✱ ♦ P❈❙ ❞❛

❤❡♠✐❝❡❧✉❧♦s❡ é ✐❣✉❛❧ ❛ ✶✼✼✶✾ ❦❏✴❦❣✳ ◆❛ ❧✐t❡r❛t✉r❛ ✭❉❖▼❆▲❙❑■ ❡t ❛❧✳✱ ✶✾✽✻✮ é ❛♣r❡s❡♥t❛❞♦

♦ ✈❛❧♦r ❞❡ ✶✻✻✻✻ ❦❏✴❦❣ ♣❛r❛ ♦ P❈❙ ❞❛ ❤❡♠✐❝❡❧✉❧♦s❡ ❡①tr❛í❞❛ ❞❡ ♠❛❞❡✐r❛ ✭♥♦rt❤❡r♥ r❡❞ ♦❛❦✮

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

❝♦♠ ♦ t✐♣♦ ❞❡ ♣❧❛♥t❛✱ ❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ✈❛❧♦r ♦❜t✐❞♦ ♥♦ s✐♠✉❧❛❞♦r ❡ ♥❛ ❧✐t❡r❛t✉r❛ ♥ã♦

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

❜❡♠ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s✱ ❝♦♠ ♣❛râ♠❡tr♦s ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦ ◆❘❊▲

✭❲❖❖▲❊❨❀ P❯❚❙❈❍❊✱ ✶✾✾✻✮✳

◆♦ ❝❛s♦ ❞❛ ❧✐❣♥✐♥❛ ❝♦♥s✐❞❡r♦✉✲s❡ ❛❧t❡r❛çã♦ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡t❡r♠✐♥❛❞❛s ♣♦r ❲♦♦❧❡②

❡ P✉ts❝❤❡ ✭✶✾✾✻✮✱ ❥á q✉❡ ❛ ❧✐❣♥✐♥❛ s❡❧❡❝✐♦♥❛❞❛ ♣❡❧♦ ◆❘❊▲ r❡♣r❡s❡♥t❛ ❧✐❣♥✐♥❛s ❞❡ ♠❛❞❡✐r❛✱

❝♦♠ ❢ór♠✉❧❛ ❜ás✐❝❛ C7,3H13,9O1,3✳ ❆ss✐♠✱ ❜✉s❝♦✉✲s❡ ♥❛ ❧✐t❡r❛t✉r❛ ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛

✺✻



❢ór♠✉❧❛ ❞❛ ❧✐❣♥✐♥❛ ❞♦ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ▼❛r❛❜❡③✐ ✭✷✵✵✽✮ ❛✜r♠❛ q✉❡ ❛ ❢ór♠✉❧❛

C9O2,9H8,6(OCH3) r❡♣r❡s❡♥t❛ ❛❞❡q✉❛❞❛♠❡♥t❡ ❛ ❧✐❣♥✐♥❛ ❞❛ ❝❛♥❛ ❞❡ ❛çú❝❛r✳ ❆ss✐♠✱ ❢♦✐

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

♥♦✈❛ ♠❛ss❛ ♠♦❧❡❝✉❧❛r✳ P❛r❛ t❛♥t♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✈❛❧♦r ❞❡ P❈❙ ♣❛r❛ ❛ ❧✐❣♥✐♥❛ ❞♦ ❜❛❣❛ç♦

❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❞✐s♣♦♥í✈❡❧ ♥❛ ❧✐t❡r❛t✉r❛ ❞❡ ✷✼✵✵✵ ❦❏✴❦❣ ✭❚❯❘◆❙✱ ✷✵✵✵❀ ❙❚❆◆▼❖❘❊✱

✷✵✶✵✮✳

❆ ♠❛ss❛ ♠♦❧❡❝✉❧❛r ❞❛ ❧✐❣♥✐♥❛ ❞♦ ❜❛❣❛ç♦ é ✐❣✉❛❧ ❛ ✶✾✹✱✷ ❦❣✴❦♠♦❧❀ ❛ss✐♠✱ ❛ ❡♥t❛❧♣✐❛ ❞❡

❝♦♠❜✉stã♦ ❞❛ ❧✐❣♥✐♥❛ é ✐❣✉❛❧ ❛ ✲✺✷✹✸✸✶✸ ❦❏✴❦♠♦❧✳ ❆ ❡♥t❛❧♣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❧✐❣♥✐♥❛ ♣♦❞❡

s❡r ❞❡t❡r♠✐♥❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ s✉❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦✿

C9O2,9H8,6(OCH3) + 10, 95O2 → 5, 8H2O + 10CO2 ✭✸✳✹✮

❈♦♠♦✿

∆Hcomb,lignina = 5, 8∆Hf
água,l + 10∆Hf

CO2
−∆Hf

lignina ✭✸✳✺✮

❊ ❛ ❡♥t❛❧♣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ á❣✉❛ ❧íq✉✐❞❛ ❡ ❞♦ ❈❖2 sã♦ ✐❣✉❛✐s ❛ ✲✻✽✱✸✶✼✹ ❡ ✲✾✹✱✵✺✷

❦❝❛❧✴♠♦❧ ✭❙❆◆❉▲❊❘✱ ✶✾✽✾✮ ✭q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ✲✷✽✺✽✹✵✵✵✷ ❡ ✲✸✾✸✺✶✸✺✻✽ ❏✴❦♠♦❧✱ r❡s✲

♣❡❝t✐✈❛♠❡♥t❡✮✱ ❛ ❡♥t❛❧♣✐❛ ♣❛❞rã♦ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❧✐❣♥✐♥❛ é ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ✲✸✹✾✻✾✺✵✻✶

❏✴❦♠♦❧✳

❙✉❜st✐t✉✐♥❞♦✲s❡ ❡st❡ ✈❛❧♦r ♥❛ ❡♥t❛❧♣✐❛ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❧✐❣♥✐♥❛ ♥❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❞❡s❡♥✲

✈♦❧✈✐❞❛ ♣❡❧♦ ◆❘❊▲✱ ❛ss✐♠ ❝♦♠♦ ♦ ✈❛❧♦r s✉❛ ♠❛ss❛ ♠♦❧❡❝✉❧❛r✱ ♦❜té♠✲s❡ ♦ ✈❛❧♦r ❞❡ ✷✻✾✷✹✺✾✻

❲ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❚❈❀ ❧♦❣♦✱ ♦ P❈❙ ❞❛ ❧✐❣♥✐♥❛ ❝❛❧❝✉❧❛❞♦ ♣❡❧♦

s✐♠✉❧❛❞♦r é ✐❣✉❛❧ ❛ ✷✻✾✷✹✱✺✾✻ ❦❏✴❦❣❀ ♣ró①✐♠♦✱ ♣♦rt❛♥t♦✱ ❞♦ ✈❛❧♦r t❡ór✐❝♦✳ ❖ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦

♣❛r❛ ❛ ❡♥t❛❧♣✐❛ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦ ❞❛ ❧✐❣♥✐♥❛ é ✐❣✉❛❧ ❛ ✲✷✺✻✽✾ ❦❏✴❦❣✳

P♦r ✜♠✱ ❢♦✐ ❢❡✐t♦ ♦ ❝á❧❝✉❧♦ ❞♦ P❈❙ ❞♦ ❜❛❣❛ç♦ ❝♦♠ ❝♦♠♣♦s✐çã♦ ❝♦♥s✐❞❡r❛❞❛ ♥❛ s✐♠✉❧❛çã♦✱

q✉❡ ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✾✳

✺✼



❈♦♥s✐❞❡r❛♥❞♦✲s❡ ✉♠❛ ✉♥✐❞❛❞❡ ♣r♦❞✉t♦r❛ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦✱ ❝♦♠ ♠♦❛❣❡♠

❞❡ ✺✵✵ ❚❈✴❤✱ ❛ ✈❛③ã♦ ❞❡ ❜❛❣❛ç♦ ♣r♦❞✉③✐❞♦ ♥❛s ♠♦❡♥❞❛s é ✐❣✉❛❧ ❛ ✸✻✱✽✻ ❦❣✴s✳ ❆❧é♠ ❞❛s

r❡❛çõ❡s ❞❡ ❝♦♠❜✉stã♦ ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡ ✭❡q✉❛çõ❡s ✸✳✶ ❛ ✸✳✹✮✱ ❢♦r❛♠ ✐♥❝❧✉í❞❛s t❛♠❜é♠

❛s r❡❛çõ❡s ❞❡ ❝♦♠❜✉stã♦ ❞❡ s❛❝❛r♦s❡ ✭❡q✉❛çã♦ ✸✳✻✮✱ ❣❧✐❝♦s❡ ✭❡q✉❛çã♦ ✸✳✼✮ ❡ á❝✐❞♦s ♦r❣â♥✐❝♦s

✭❡q✉❛çã♦ ✸✳✽✮✱ q✉❡ r❡♣r❡s❡♥t❛♠ ♦s ❡①tr❛t✐✈♦s✿

C12H22O11 + 12O2 → 11H2O + 12CO2 ✭✸✳✻✮

C6H12O6 + 6O2 → 6H2O + 6CO2 ✭✸✳✼✮

➪❝✐❞♦s + 4, 5O2 → 6CO2 + 3H2O ✭✸✳✽✮

❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❚❈ é ✐❣✉❛❧ ❛ ✸✺✷✵✵✹✸✻✷❲ ♣❛r❛ ❛ ❡♥❡r❣✐❛ tr♦❝❛❞❛

♥♦ tr♦❝❛❞♦r ❚❈✱ ❞✉r❛♥t❡ ❛ q✉❡✐♠❛ ❞❡ ✸✻✱✽✻ ❦❣✴s ❞❡ ❜❛❣❛ç♦ ú♠✐❞♦✱ s❡♥❞♦ ♦❜t✐❞♦ ♦ ✈❛❧♦r ❞❡

✾✺✺✵ ❦❏✴❦❣ ♣❛r❛ ♦ P❈❙ ❞♦ ❜❛❣❛ç♦ ú♠✐❞♦✳ P❛r❛ ♦ ❜❛❣❛ç♦ s❡❝♦✱ ♦❜té♠✲s❡ P❈❙ ✐❣✉❛❧ ❛ ✶✾✶✵✺

❦❏✴❦❣✱ ✈❛❧♦r ♣ró①✐♠♦✱ ♣♦rt❛♥t♦✱ ❞❛q✉❡❧❡ ❞✐s♣♦♥í✈❡❧ ♥❛ ❧✐t❡r❛t✉r❛ ✭✹✻✵✵ ❦❝❛❧✴❦❣ ✭❍❯●❖❚✱

✶✾✽✻✮✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❝❡r❝❛ ❞❡ ✶✾✷✺✵ ❦❏✴❦❣✮✳

❈♦♥❝❧✉✐✲s❡ ❡♥tã♦ q✉❡ ♦ s✐♠✉❧❛❞♦r é ❝❛♣❛③ ❞❡ ❡st✐♠❛r ❝♦♠ ♣r❡❝✐sã♦ ❛ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥❛

q✉❡✐♠❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s q✉❡ ♦❝♦rr❡ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳

✸✳✸✳✸ ❈♦♠♣♦♥❡♥t❡s ✉s❛❞♦s ♥❛ s✐♠✉❧❛çã♦

◆❛ ❚❛❜❡❧❛ ✸✳✶✶ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦

❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳

✺✽



❚❛❜❡❧❛ ✸✳✶✶✿ ❈♦♠♣♦♥❡♥t❡s ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳
❈♦♠♣♦♥❡♥t❡ ❋ór♠✉❧❛ ❊st❛❞♦ ❢ís✐❝♦ ❛ ❇❛♥❝♦ ❞❡ ❞❛❞♦s ❜

➪❝✐❞♦ ❛❝ét✐❝♦ ❈2❍4❖2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❆❝♦♥✐t❛t♦ ❞❡ ❝á❧❝✐♦ ❙ó❧✐❞♦ ❍✐♣♦tét✐❝♦
➪❝✐❞♦s ♦r❣â♥✐❝♦s ❈6❍6❖6 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❍✐❞ró①✐❞♦ ❞❡ ❝á❧❝✐♦ ❈❛✭❖❍✮2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❉✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦ ❈❖2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❊t❛♥♦❧ ❈2❍6❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
●❧✐❝♦s❡ ❈6❍12❖6 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
●❧✐❝❡r♦❧ ❈3❍8❖3 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
▼✐♥❡r❛✐s ❑2❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❙❛✐s ❑❈❧ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
➪❝✐❞♦ s✉❧❢úr✐❝♦ ❍2❙❖4 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❍✐❞ró①✐❞♦ ❞❡ ❛♠ô♥✐♦ ◆❍4❖❍ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❚❡rr❛ ❙✐❖2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❙❛❝❛r♦s❡ ❈12❍22❖11 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
➪❣✉❛ ❍2❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❈❡❧✉❧♦s❡ C6H10O5 ❙ó❧✐❞♦ ❍✐♣♦tét✐❝♦
❍❡♠✐❝❡❧✉❧♦s❡ C5H8O4 ❙ó❧✐❞♦ ❍✐♣♦tét✐❝♦
▲✐❣♥✐♥❛ C9O2,9H8,6(OCH3) ❙ó❧✐❞♦ ❍✐♣♦tét✐❝♦
▲❡✈❡❞✉r❛ CH1,8O0,9N0,145 ❙ó❧✐❞♦ ❍✐♣♦tét✐❝♦
❋❧♦❝✉❧❛♥t❡ ❙ó❧✐❞♦ ❆s♣❡♥ P❧✉s
❖①✐❣ê♥✐♦ ❖2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
◆✐tr♦❣ê♥✐♦ ◆2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❈✐❝❧♦❡①❛♥♦ ❈6❍12 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❉✐ó①✐❞♦ ❞❡ ❡♥①♦❢r❡ ❙❖2 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
■s♦❜✉t❛♥♦❧ ❈4❍10❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
➪❧❝♦♦❧ ✐s♦❛♠í❧✐❝♦ ❈5❍12❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
➪❝✐❞♦ ❢♦s❢ór✐❝♦ ❍3P❖4 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
Ó①✐❞♦ ❞❡ ❝á❧❝✐♦ ❈❛❖ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❋♦s❢❛t♦ ❞❡ ❝á❧❝✐♦ ❈❛3✭P❖4✮2 ❙ó❧✐❞♦ ❆s♣❡♥ P❧✉s
❳✐❧♦s❡ C5H10O5 ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❍✐❞ró①✐❞♦ ❞❡ só❞✐♦ ◆❛❖❍ ❈♦♥✈❡♥❝✐♦♥❛❧ ❆s♣❡♥ P❧✉s
❊♥③✐♠❛s ❈♦♥✈❡♥❝✐♦♥❛❧ ❍✐♣♦tét✐❝♦

❛❈♦♠♣♦♥❡♥t❡s ❞❡ ❡st❛❞♦ ❢ís✐❝♦ ✏❈♦♥✈❡♥❝✐♦♥❛❧✑ ♣♦❞❡♠ s❡r ❧íq✉✐❞♦s✱ ❣❛s❡s ♦✉ só❧✐❞♦s ❡♠ s♦❧✉çã♦
❜❈♦♠♣♦♥❡♥t❡s ❞♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ✏❍✐♣♦tét✐❝♦✑ ❢♦r❛♠ ✐♥s❡r✐❞♦s ♥❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❞♦ s✐♠✉❧❛❞♦r

❖s ❝♦♠♣♦♥❡♥t❡s á❝✐❞♦s ♦r❣â♥✐❝♦s✱ ❣❧✐❝♦s❡✱ ♠✐♥❡r❛✐s✱ s❛✐s✱ t❡rr❛✱ s❛❝❛r♦s❡✱ á❣✉❛✱ ❝❡❧✉❧♦s❡✱

❤❡♠✐❝❡❧✉❧♦s❡✱ ❧✐❣♥✐♥❛ ❡ á❝✐❞♦ ❢♦s❢ór✐❝♦ ✭r❡♣r❡s❡♥t❛♥❞♦ ♦ ❢♦s❢❛t♦✮ ❢❛③❡♠ ♣❛rt❡ ❞❛ ❝♦♠♣♦s✐çã♦

❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r❀ ó①✐❞♦ ❞❡ ❝á❧❝✐♦✱ ❤✐❞ró①✐❞♦ ❞❡ só❞✐♦✱ á❝✐❞♦ s✉❧❢úr✐❝♦✱ ❞✐ó①✐❞♦ ❞❡ ❡♥①♦❢r❡✱

✺✾



♦①✐❣ê♥✐♦✱ ♥✐tr♦❣ê♥✐♦✱ ❝✐❝❧♦❡①❛♥♦✱ ❤✐❞ró①✐❞♦s ❞❡ ❛♠ô♥✐♦ ❡ ❞❡ ❝á❧❝✐♦✱ ❡♥③✐♠❛s✱ ❧❡✈❡❞✉r❛ ❡

✢♦❝✉❧❛♥t❡ sã♦ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ✐♥s✉♠♦s✱ r❡❛❣❡♥t❡s ♦✉ s♦❧✈❡♥t❡s ♥♦ ♣r♦❝❡ss♦✳ ❳✐❧♦s❡✱ ❢♦s❢❛t♦

❞❡ ❝á❧❝✐♦✱ á❧❝♦♦❧ ✐s♦❛♠í❧✐❝♦✱ ✐s♦❜✉t❛♥♦❧✱ ❡t❛♥♦❧✱ á❝✐❞♦ ❛❝ét✐❝♦✱ ❣❧✐❝❡r♦❧✱ ❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦

sã♦ ♣r♦❞✉t♦s ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s ✭❢❡r♠❡♥t❛çã♦✱ ❤✐❞ró❧✐s❡✱ ❡t❝✳✮ q✉❡ ♦❝♦rr❡♠ ❛♦ ❧♦♥❣♦ ❞♦

♣r♦❝❡ss♦✳

✸✳✹ ❊s❝♦❧❤❛ ❞♦ ♣❛❝♦t❡ t❡r♠♦❞✐♥â♠✐❝♦ ✭❆s♣❡♥ P❧✉s✮

❆ ❡s❝♦❧❤❛ ❞♦ ♣❛❝♦t❡ t❡r♠♦❞✐♥â♠✐❝♦ ❝♦♥s✐st✐✉ ♥❛ ❝♦♠♣❛r❛çã♦ ❞❡ ❡st✐♠❛t✐✈❛s ❞❡ ❡❧❡✈❛çã♦

❞♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦ ❞❡ s♦❧✉çõ❡s ❛q✉♦s❛s ❞❡ s❛❝❛r♦s❡ ❡ ❞❡ ❡st✐♠❛t✐✈❛s ❞❛ ❝❛♣❛❝✐❞❛❞❡

❝❛❧♦rí✜❝❛ ❞❡ ❝❛❧❞♦s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠ ❞✐❢❡r❡♥t❡s ❝♦♠♣♦s✐çõ❡s✱ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ❞♦

s✐♠✉❧❛❞♦r ❡ ❞❛❞♦s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡r❛t✉r❛✳

✸✳✹✳✶ ❊❧❡✈❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❡❜✉❧✐çã♦

❋♦r❛♠ ❛♥❛❧✐s❛❞❛s ❛s ❡st✐♠❛t✐✈❛s ❢♦r♥❡❝✐❞❛s ♣❡❧♦ s✐♠✉❧❛❞♦r ✉t✐❧✐③❛♥❞♦✲s❡ ♦s ♠♦❞❡❧♦s

◆❘❚▲ ❡ ❯◆■◗❯❆❈✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦ ♠♦❞❡❧♦ ❯◆■◗❯❆❈ ❛♣r❡✲

s❡♥t❛✈❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♠✉✐t♦ ❞✐st❛♥t❡ ❞♦ r❡❛❧✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥♦ ♣♦♥t♦

❞❡ ❜♦❧❤❛ ❞❛ s♦❧✉çã♦ ❝♦♠ ✉♠ ❛✉♠❡♥t♦ ♥♦ t❡♦r ❞❡ s❛❝❛r♦s❡ ❞❛ s♦❧✉çã♦✳ ❯s❛♥❞♦ ◆❘❚▲✱ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ♣r❡❞✐t♦ ♣❡❧♦ s✐♠✉❧❛❞♦r ❛♣r♦①✐♠♦✉✲s❡ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❢r❛çõ❡s

❞❡ s❛❝❛r♦s❡ ❞❡ ❛té ✻✵✪ ❡♠ ♠❛ss❛✳ ❆ss✐♠✱ ❜✉s❝❛r❛♠✲s❡ ♥❛ ❧✐t❡r❛t✉r❛ ♦✉tr♦s ♣❛râ♠❡tr♦s

❞❡ ✐♥t❡r❛çã♦ ❜✐♥ár✐❛✳ ❙t❛r③❛❦ ❡ ▼❛t❤❧♦✉t❤✐ ✭✷✵✵✻✮ ❡st✐♠❛r❛♠ ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦

❯◆■◗❯❆❈ ♣❛r❛ ♦ s✐st❡♠❛ á❣✉❛✲s❛❝❛r♦s❡✱ q✉❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✷✳

❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡stã♦ r❡♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✷✳
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❚❛❜❡❧❛ ✸✳✶✷✿ P❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❯◆■◗❯❆❈ ♣❛r❛ ♦ s✐st❡♠❛ á❣✉❛ ✲ s❛❝❛r♦s❡ ✭❙❚❆❘❩❆❑❀
▼❆❚❍▲❖❯❚❍■✱ ✷✵✵✻✮✳

P❛râ♠❡tr♦ ✈❛❧♦r
❆água,sacarose ✷✷✼✱✸
❆sacarose,água ✲✷✷✹✱✼✷
❇água,sacarose ✲✽✱✸✸✺✾
❇sacarose,água ✶✷✱✺✺✹
❈água,sacarose ✶✱✷✺✷
❈sacarose,água ✲✶✱✽✷✺✼
❉água,sacarose −5, 0513× 10−4

❉sacarose,água −4, 41× 10−4

❋✐❣✉r❛ ✸✳✷✿ ❊❧❡✈❛çã♦ ❞♦ ♣♦♥t♦ ❞❡ ❜♦❧❤❛ ❞❡ s♦❧✉çõ❡s ❛q✉♦s❛s ❞❡ s❛❝❛r♦s❡ ✲ ❝♦♠♣❛r❛çã♦ ❡♥tr❡
❞❛❞♦s ❞❛ ❧✐t❡r❛t✉r❛ ✭❍❯●❖❚✱ ✶✾✽✻✮ ❡ ❡st✐♠❛❞♦s ✉s❛♥❞♦ ♣❛râ♠❡tr♦s ❞♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦s
s✐♠✉❧❛❞♦r ♦✉ ❞❛ ❧✐t❡r❛t✉r❛ ✭❙❚❆❘❩❆❑❀ ▼❆❚❍▲❖❯❚❍■✱ ✷✵✵✻✮✳

➱ ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r ❡♥tã♦ q✉❡ ♥❛ ❢❛✐①❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ s❛❝❛r♦s❡ ✭❛té ✻✺✪ ❡♠ ♠❛ss❛✮

✉t✐❧✐③❛❞❛ ♥♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ t❛♥t♦ ♦s ♠♦❞❡❧♦s ❯◆■◗❯❆❈

❝♦♠ ♣❛râ♠❡tr♦s ❞❛ ❧✐t❡r❛t✉r❛ ✭❙❚❆❘❩❆❑❀ ▼❆❚❍▲❖❯❚❍■✱ ✷✵✵✻✮ q✉❛♥t♦ ♦ ♠♦❞❡❧♦ ◆❘❚▲

❝♦♠ ♣❛râ♠❡tr♦s ❞❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❞♦ s✐♠✉❧❛❞♦r ❆s♣❡♥ P❧✉s r❡♣r❡s❡♥t❛♠ ❛❞❡q✉❛❞❛♠❡♥t❡

♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ P❛r❛ ❡❧❡✈❛❞❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ s❛❝❛r♦s❡✱ ❛♠❜♦s ❢♦r♥❡❝❡♠ r❡s✉❧✲

t❛❞♦s ❞✐❢❡r❡♥t❡s ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❈♦♥❝❧✉✐✲s❡✱ ❡♥tã♦✱ q✉❡ ♦ ♠♦❞❡❧♦ ◆❘❚▲ ❝♦♠

♦s ♣❛râ♠❡tr♦s ❞✐s♣♦♥í✈❡✐s ♥♦ s✐♠✉❧❛❞♦r ♣♦❞❡ s❡r ❡♠♣r❡❣❛❞♦ ❝♦♠ r❡❧❛t✐✈❛ ♣r❡❝✐sã♦✳ ❊st❡

✻✶



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

❝♦♥trár✐♦✳

❆ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ❘❑ ✭❘❡❞❧✐❝❤✲❑✇♦♥❣✮ ❢♦✐ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❢❛s❡ ✈❛♣♦r✱

❡①❝❡t♦ ♥♦ ❝❛s♦ ❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ♦♥❞❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ❞❡

❍❛②❞❡♥✲❖✬❈♦♥♥❡❧❧✳

✸✳✹✳✷ ❈❛♣❛❝✐❞❛❞❡ ❝❛❧♦rí✜❝❛

❖✉tr❛ ❝♦♠♣❛r❛çã♦ r❡❛❧✐③❛❞❛ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ✈❡r✐✜❝❛r ❛ ♣r❡❝✐sã♦ ❞❛ ❡st✐♠❛t✐✈❛ r❡❛❧✐③❛❞❛

♣❡❧♦ s✐♠✉❧❛❞♦r ❢♦✐ ❢❡✐t❛ ❡♥tr❡ ♦s ❞❛❞♦s ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❝❛❧♦rí✜❝❛ ❡st✐♠❛❞♦s ♣❡❧♦ s✐♠✉❧❛❞♦r✱

✉s❛♥❞♦ ♦ ♠♦❞❡❧♦ ◆❘❚▲✱ ❡ ❛q✉❡❧❡s ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❡ ❝♦rr❡❧❛çõ❡s ❞✐s♣♦♥í✈❡✐s ♥❛ ❧✐t❡✲

r❛t✉r❛✳ ❊st❛ ❝♦♠♣❛r❛çã♦ ❢♦✐ ❢❡✐t❛ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦

❡✈❛♣♦r❛❞♦r ❞❡ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ♥♦ q✉❛❧ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❛✉♠❡♥t❛

❞❡ ✷✵ ❛ ✻✺ ➦❇r✐①✳

❆s ❡q✉❛çõ❡s ✸✳✾ ✭●❊❖❘●■❊❱❆ ❡t ❛❧✳✱ ✷✵✵✸✮ ❡ ✸✳✶✵ ✭❍❯●❖❚✱ ✶✾✽✻✮ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s

♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❝❛❧♦rí✜❝❛ ✭❈♣✮ ❞❛ ♠✐st✉r❛ ❡♠ ❝❛❞❛ ❡❢❡✐t♦✳

Cp = 4186, 8− 29, 7Bx+ 4, 61BxPur + 0, 075BxT ✭✸✳✾✮

❊♠ q✉❡ ❇① é ♦ ❜r✐① ✭t❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s✱ ✪✮✱ P✉r é ❛ ♣✉r❡③❛ ✭r❛③ã♦ ❡♥tr❡ t❡♦r ❞❡

s❛❝❛r♦s❡ ❡ t❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s✮ ❡ ❚ é ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❝♦rr❡♥t❡ ✭❽✮✳ ❈♣ é ❝❛❧❝✉❧❛❞♦

❡♠ ❏✴❦❣❽✳

Cp = 1− [0, 6− 0, 0018T + 0, 0008 (100− Pur)]
Bx

100
✭✸✳✶✵✮

◆❡st❡ ❝❛s♦✱ P✉r é ❛ ♣✉r❡③❛ ✭❞❛❞❛ ❡♠ ✪✮ ❡ ❈♣ é ❝❛❧❝✉❧❛❞♦ ❡♠ ❝❛❧✴❣❽✳

❖s ♣❛râ♠❡tr♦s ❡♠♣r❡❣❛❞♦s ♥♦s ❝á❧❝✉❧♦s ❡ ♦s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛

✻✷



✸✳✶✸✳

❚❛❜❡❧❛ ✸✳✶✸✿ P❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ❡ ❝❛♣❛❝✐❞❛❞❡ ❝❛❧♦rí✜❝❛ ❡st✐♠❛❞♦s ✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s
✸✳✾ ❡ ✸✳✶✵ ❡ ♦❜t✐❞♦s ♥♦ ❆s♣❡♥✳
❊❢❡✐t♦ ❇r✐① ❚ P♦❧ ❈♣ ❡q✳ ✸✳✾ ❈♣ ❡q✳ ✸✳✶✵ ❈♣ ❆s♣❡♥ ❉✐❢✳ ✭❡q✳ ❉✐❢✳ ✭❡q✳

✪ ❽ ✪ ❏✴❦❣❽ ❏✴❦❣❽ ❏✴❦❣❽ ✸✳✾✮✪ ✸✳✶✵✮✪
✶ ✷✵✱✺ ✶✶✺✱✼ ✶✼✱✺ ✸✽✸✺ ✸✽✸✸ ✸✾✾✽ ✲✹✱✷ ✲✹✱✸
✷ ✷✹✱✸ ✶✵✾✱✵ ✷✵✱✼ ✸✼✻✵ ✸✼✺✾ ✸✽✶✼ ✲✶✱✺ ✲✶✱✻
✸ ✸✵✱✵ ✶✵✵✱✽ ✷✺✱✻ ✸✻✹✵ ✸✻✸✾ ✸✺✻✻ ✷✱✵ ✷✱✵
✹ ✹✵✱✻ ✽✸✱✾ ✸✹✱✻ ✸✸✾✻ ✸✸✾✼ ✸✶✷✸ ✽✱✵ ✽✱✶
✺ ✻✺✱✵ ✺✽✱✾ ✺✺✱✹ ✷✼✾✾ ✷✽✵✾ ✷✷✽✵ ✶✽✱✺ ✶✽✱✽

❱❡r✐✜❝❛✲s❡ ❡♥tã♦ q✉❡✱ ❝♦♠ ❡①❝❡çã♦ ❞♦ ú❧t✐♠♦ ❡❢❡✐t♦ ❞♦ ❡✈❛♣♦r❛❞♦r ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ♦♥❞❡

♦ t❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s é ♦ ♠❛✐♦r ❡♠ t♦❞❛ ❛ s✐♠✉❧❛çã♦ ✭❡♠ t♦❞❛s ❛s ♦✉tr❛s ❡t❛♣❛s ♦ t❡♦r ❞❡

só❧✐❞♦s s♦❧ú✈❡✐s ♣❡r♠❛♥❡❝❡ ❛❜❛✐①♦ ❞❡ ✷✺✪✮✱ ❛ ❞✐❢❡r❡♥ç❛ ✭❉✐❢✳✮ ❡♥tr❡ ♦ ✈❛❧♦r ❞❛ ❝❛♣❛❝✐❞❛❞❡

❝❛❧♦rí✜❝❛ ❡st✐♠❛❞♦ ♣❡❧♦ s✐♠✉❧❛❞♦r ❡ ♦ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ✉t✐❧✐③❛♥❞♦✲s❡ ❝♦rr❡❧❛çõ❡s ❞✐s♣♦♥í✈❡✐s

♥❛ ❧✐t❡r❛t✉r❛ é ♠❡♥♦r q✉❡ ✶✵✪✳

✸✳✺ ❙✐♠✉❧❛çã♦ ❞♦s ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✉s❛♥❞♦

❆s♣❡♥ P❧✉s

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❞❡s❝r✐t❛s ❛s ♣r✐♥❝✐♣❛✐s s✐♠✉❧❛çõ❡s ❞❡s❡♥✈♦❧✈✐❞❛s ❡♠ ❆s♣❡♥ P❧✉s

❡st✉❞❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✳ ❋♦r❛♠ ❡st✉❞❛❞❛s ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s✱ ♥❛s q✉❛✐s t♦❞❛ ❛ ❝❛♥❛

é ✉t✐❧✐③❛❞❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ❡ ❛ ✐♥t❡❣r❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

✷❛ ❣❡r❛çã♦ ❡♠ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s ♦t✐♠✐③❛❞❛s✱ ❡♠ ✉♥✐❞❛❞❡s q✉❡ ♣r♦❝❡ss❛♠ ✺✵✵ ❚❈✴❤✳

✸✳✺✳✶ ❉❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♣❛❞rã♦

❆ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♣❛❞rã♦ ❛♣r❡s❡♥t❛ ♣❛râ♠❡tr♦s ♦♣❡r❛❝✐♦♥❛✐s ♠é❞✐♦s ❡♥❝♦♥tr❛❞♦s

♥♦ s❡t♦r ❛t✉❛❧♠❡♥t❡✳ ❆ s✐♠✉❧❛çã♦ ❢♦✐ ❞✐✈✐❞✐❞❛ ❡♠ ❜❧♦❝♦s ❤✐❡r❛rq✉✐❛✱ ❝❛❞❛ ✉♠ r❡♣r❡s❡♥t❛♥❞♦

❛s ♣r✐♥❝✐♣❛✐s ❡t❛♣❛s ❞♦ ♣r♦❝❡ss♦✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✳

✻✸



❋✐❣✉r❛ ✸✳✸✿ ❋❧✉①♦❣r❛♠❛ ❣❡r❛❧ ❞❛ s✐♠✉❧❛çã♦ ❞❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♣❛❞rã♦ ♥♦ ❆s♣❡♥ P❧✉s✳

❆ss✐♠✱ ❛s ♦♣❡r❛çõ❡s ❞❡ ♣r❡♣❛r♦ ❡ ❡①tr❛çã♦ ✭❜❧♦❝♦ P❘❊P✲❊❳❚ ✮✱ tr❛t❛♠❡♥t♦✱ ❝♦♥❝❡♥✲

tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡ ❢❡r♠❡♥t❛çã♦ ✭❜❧♦❝♦ ❊❚❆◆❖▲✮✱ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ✭❜❧♦❝♦ ❈❖●❊❘✮✱

❞❡st✐❧❛çã♦ ✭❜❧♦❝♦ ❉❊❙❚■▲❆❈ ✮ ❡ ❞❡s✐❞r❛t❛çã♦ ✭❜❧♦❝♦ ❉✲❆❩❊❖✮ ❢♦r❛♠ r❡♣r❡s❡♥t❛❞❛s ♥❛

s✐♠✉❧❛çã♦✳ ◆❛s s❡çõ❡s ✸✳✺✳✶✳✶ ❛ ✸✳✺✳✶✳✺ é ❞❡s❝r✐t♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ s✐♠✉❧❛r

❝❛❞❛ ❡t❛♣❛✳

✸✳✺✳✶✳✶ ❇❧♦❝♦ ♣r❡♣❛r♦ ❡ ❡①tr❛çã♦

◆♦ ❜❧♦❝♦ P❘❊P✲❊❳❚ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ❛s ♦♣❡r❛çõ❡s ❞❡ ❧✐♠♣❡③❛ ❞❛ ❝❛♥❛ ✭❝♦♠ á❣✉❛✮✱

♠♦❡♥❞❛s✱ ♣❡♥❡✐r❛s ❞❡ ❝❛❧❞♦ ♠✐st♦ ❡ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠✳ ❖ ✢✉①♦❣r❛♠❛ ❞❡st❡

❜❧♦❝♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✹✳

◆♦ s✐♠✉❧❛❞♦r ♦s ❝♦♠♣♦♥❡♥t❡s só❧✐❞♦s ❞❛ ❝♦rr❡♥t❡ sã♦ ✐♥s❡r✐❞♦s ♥❛ s✉❜str❡❛♠ ❈■❙❖▲■❉ ❀

♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s sã♦ ✐♥s❡r✐❞♦s ♥❛ ❙✉❜str❡❛♠ ▼✐①❡❞✳ ❆ ❝♦♠♣♦s✐çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡

❛❧✐♠❡♥t❛çã♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r é ♠♦str❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✶✹✿

❆ ❣❧✐❝♦s❡ r❡♣r❡s❡♥t❛ ♦s ❛çú❝❛r❡s r❡❞✉t♦r❡s ❡ ♦ á❝✐❞♦ ❢♦s❢ór✐❝♦✱ ♦s ❢♦s❢❛t♦s ❞❛ ❝❛♥❛

✭❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ❝❡r❝❛ ❞❡ ✷✷✵ ♣♣♠ ❞❡ ❢♦s❢❛t♦ ♥❛ ❝❛♥❛ t♦t❛❧✮✳ ❆ ✈❛③ã♦ t♦t❛❧ ❞❡ ❝❛♥❛ ❢♦✐

❞❡✜♥✐❞❛ ❝♦♠♦ ✺✵✸✵✶✽ ❦❣✴❤✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ✺✵✵ t♦♥❡❧❛❞❛s ❞❡ ❝❛♥❛ ✭s❡♠ t❡rr❛✮ ♣♦r

❤♦r❛✳

✻✹



❋✐❣✉r❛ ✸✳✹✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞❡ ❧✐♠♣❡③❛ ❞❛ ❝❛♥❛✱ ♠♦❡♥❞❛s✱ ♣❡♥❡✐r❛s ❞❡ ❝❛❧❞♦
♠✐st♦ ❡ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠✳

❚❛❜❡❧❛ ✸✳✶✹✿ ❱❛③ã♦ ❡ ❝♦♠♣♦s✐çã♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❛❞♦t❛❞❛ ♥❛ s✐♠✉❧❛çã♦✳
❙✉❜str❡❛♠ ▼✐①❡❞

❈♦♠♣♦♥❡♥t❡ ❱❛③ã♦ ♠áss✐❝❛ ✭❦❣✴❤✮ ❋r❛çã♦ ♠áss✐❝❛ ✭✪✮
➪❝✐❞♦s ♦r❣â♥✐❝♦s ✷✽✶✽ ✵✱✻✹
●❧✐❝♦s❡ ✸✵✶✾ ✵✱✻✽
▼✐♥❡r❛✐s ✾✾✵ ✵✱✷✷
❙❛✐s ✼✾✷✵ ✶✱✽✵
❚❡rr❛ ✸✵✶✽ ✵✱✻✽
❙❛❝❛r♦s❡ ✼✵✵✵✵ ✶✺✱✾✸
➪❣✉❛ ✸✺✶✹✺✻ ✼✾✱✾✾
➪❝✐❞♦ ❢♦s❢ór✐❝♦ ✶✺✷ ✵✱✵✸

❙✉❜str❡❛♠ ❈■❙❖▲■❉

❈♦♠♣♦♥❡♥t❡ ❱❛③ã♦ ♠áss✐❝❛ ✭❦❣✴❤✮ ❋r❛çã♦ ♠áss✐❝❛ ✭✪✮
❈❡❧✉❧♦s❡ ✷✾✾✸✵ ✹✼✱✵✷
❍❡♠✐❝❡❧✉❧♦s❡ ✶✼✻✽✶ ✷✼✱✼✽
▲✐❣♥✐♥❛ ✶✻✵✸✷ ✷✺✱✶✾

◆ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ♥❛ s✐♠✉❧❛çã♦ ❛ ❡t❛♣❛ ❞❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛✱ ❥á q✉❡ ❡st❛ ♦♣❡r❛çã♦ ❢❛③

❛♣❡♥❛s tr❛♥s❢♦r♠❛çõ❡s ❢ís✐❝❛s ♥❛ ❡str✉t✉r❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ❝♦♥s✉♠♦ ❞❡

❡♥❡r❣✐❛ ❞❡st❛ ❡t❛♣❛ é ❝♦♥s✐❞❡r❛❞♦ ♥❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦❣❡r❛çã♦✳

❱ár✐❛s ❡s♣❡❝✐✜❝❛çõ❡s sã♦ ✐♥s❡r✐❞❛s ♥❡st❛ s❡çã♦ ❝♦♠♦ ❉❡s✐❣♥ ❙♣❡❝s✱ ♥❛s q✉❛✐s ❛ ✈❛③ã♦

❞❡ á❣✉❛ ❞❡ ❡♠❜❡❜✐çã♦ ❡ ❞❡ ❧❛✈❛❣❡♠✱ ❛s ♣❡r❞❛s ❞❡ ❛çú❝❛r❡s ❡ ♦✉tr♦s ♣❛râ♠❡tr♦s sã♦ ❝❛❧✲

❝✉❧❛❞♦s ❛✉t♦♠❛t✐❝❛♠❡♥t❡ ♣❡❧♦ s✐♠✉❧❛❞♦r ❡♠ ❢✉♥çã♦ ❞❛ ✈❛③ã♦ ❞❡ ❝❛♥❛ ❡ ❞❛s ❡s♣❡❝✐✜❝❛çõ❡s

✻✺



❢♦r♥❡❝✐❞❛s✳ ❖s ♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞❡st❛ ❡t❛♣❛ ❞♦ ♣r♦❝❡ss♦ sã♦

♠♦str❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✺✳

❚❛❜❡❧❛ ✸✳✶✺✿ Pr✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞❛ ✉♥✐❞❛❞❡ ❞❡ ♣r❡♣❛r♦ ❡ ❡①tr❛✲
çã♦✳

P❛râ♠❡tr♦ ❱❛❧♦r
➪❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ✷✱✷ ♠3✴❚❈
❘❡♠♦çã♦ ❞❡ t❡rr❛ ♥❛ ❧❛✈❛❣❡♠ ✾✵✪
P❡r❞❛s ❞❡ ❛çú❝❛r❡s ♥❛ ❧❛✈❛❣❡♠ ✵✱✽ ❦❣✴❚❈
❆rr❛st❡ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ♥❛ ❝❛♥❛ ✼✱✺ ❦❣✴❚❈
➪❣✉❛ ❞❡ ❡♠❜❡❜✐çã♦ ✷✽✵ ❦❣✴❚❈
❊✜❝✐ê♥❝✐❛ ❞❡ ❡①tr❛çã♦ ✾✻✪
❯♠✐❞❛❞❡ ❞♦ ❜❛❣❛ç♦ ✺✵✪
❋❧♦❝✉❧❛♥t❡ ♥♦ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ✷ ♣♣♠
❈❛❧ ♥♦ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ✶✵✵ ❣✴♠3

P❡r❞❛ ❞❡ á❣✉❛ ❡ ❛çú❝❛r❡s ♥♦ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ✷✱✺✪
❘❡♠♦çã♦ ❞❡ só❧✐❞♦s ♥♦ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ✾✾✪
❚❡♦r ❞❡ ✜❜r❛s ♥♦ ❝❛❧❞♦ ❞❛s ♠♦❡♥❞❛s ✵✱✺✺✪
❘❡♠♦çã♦ ❞❡ ✜❜r❛s ❡ t❡rr❛ ♥❛s ♣❡♥❡✐r❛s ✻✺✪
❯♠✐❞❛❞❡ ❞❛s ✜❜r❛s r❡t✐❞❛s ♥❛s ♣❡♥❡✐r❛s ✼✷✪

❉♦✐s t✐♣♦s ❞❡ ✉t✐❧✐❞❛❞❡s q✉❡♥t❡s sã♦ ❞❡✜♥✐❞❛s ♥❛ s✐♠✉❧❛çã♦✿ ❱❆P✲✷❇❆❘ ❡ ❱❆P✶✶✺ ❊❚❀

❛ ♣r✐♠❡✐r❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ ♣r♦❞✉③✐❞♦ ♥♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✱ ❡♥q✉❛♥t♦ q✉❡

❛ s❡❣✉♥❞❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❛♣♦r ✈❡❣❡t❛❧ ♦❜t✐❞♦ ♥♦ ❡✈❛♣♦r❛❞♦r✱ ♦♥❞❡ ♦ ❝❛❧❞♦ é ❝♦♥❝❡♥tr❛❞♦✱

❝♦♠♦ é ✉s✉❛❧♠❡♥t❡ ❢❡✐t♦ ♥❛ ✐♥❞ústr✐❛✳

✸✳✺✳✶✳✷ ❇❧♦❝♦ ❡t❛♥♦❧

◆♦ ❜❧♦❝♦ ❊❚❆◆❖▲ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ❛s ♦♣❡r❛çõ❡s ❞❡ tr❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦✱ ❞❡♥tr♦ ❞♦

❜❧♦❝♦ ❚❘❆❚✲❊❚✱ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦✱ ❞❡♥tr♦ ❞♦ ❜❧♦❝♦ ❈❖◆❈✱ ❢❡r♠❡♥t❛çã♦ ❡ tr❛t❛♠❡♥t♦

❞♦ ❢❡r♠❡♥t♦ ✭❞❡♥tr♦ ❞♦ ❜❧♦❝♦ ❈❊◆❚❘■❋ ✮✳ ❖ ✢✉①♦❣r❛♠❛ ❞♦ ❜❧♦❝♦ ❊❚❆◆❖▲ é ❛♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✸✳✺✳

❖ ✢✉①♦❣r❛♠❛ ❞❛ s✐♠✉❧❛çã♦ ❞♦ tr❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✻✳ ❖ ❝❛❧❞♦

é ❝♦♥❝❡♥tr❛❞♦ ♥♦ ❜❧♦❝♦ ❈❖◆❈✱ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼✳

✻✻



❋✐❣✉r❛ ✸✳✺✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❊❚❆◆❖▲ ✳

❋✐❣✉r❛ ✸✳✻✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❚❘❆❚✲❊❚ ✳

❆ss✐♠✱ ♦ ❝❛❧❞♦ ♦❜t✐❞♦ ♥❛s ♣❡♥❡✐r❛s ❞❡ ❝❛❧❞♦ ♠✐st♦ é ❞✐r❡❝✐♦♥❛❞♦ ❛♦ tr❛t❛♠❡♥t♦ ❞♦

❝❛❧❞♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ❛q✉❡❝✐♠❡♥t♦ r❡❣❡♥❡r❛t✐✈♦ ❝♦♠ ❝❛❧❞♦ ❝♦♥❝❡♥tr❛❞♦ ✭❝♦rr❡♥t❡ ❈✲✷✷

♣r♦✈❡♥✐❡♥t❡ ❞♦ ❜❧♦❝♦ ❈❖◆❈ ✮ ❛té ✼✵❽✱ ❛❞✐çã♦ ❞❡ á❝✐❞♦ ❢♦s❢ór✐❝♦ ❡ ❞❡ ❝❛❧✱ ❛q✉❡❝✐♠❡♥t♦

❛ ✶✵✺❽ ✭✉t✐❧✐③❛♥❞♦ ✈❛♣♦r✮✱ ❞❡❣❛s❛❣❡♠✱ ❛❞✐çã♦ ❞❡ ✢♦❝✉❧❛♥t❡✱ ❞❡❝❛♥t❛çã♦ ❞❡ ✐♠♣✉r❡③❛s✱

✜❧tr❛çã♦ ❞♦ ❧♦❞♦✱ ❡ ♣❡♥❡✐r❛♠❡♥t♦ ❞♦ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦✳

✻✼



❋✐❣✉r❛ ✸✳✼✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❈❖◆❈ ✳

◆❡st❛ ✉♥✐❞❛❞❡ t❛♠❜é♠ sã♦ ♣r♦❞✉③✐❞♦s ❧❡✐t❡ ❞❡ ❝á❧❝✐♦ ✭❝❛❧✮ ❡ s♦❧✉çã♦ ♣♦❧✐♠ér✐❝❛ ✉t✐❧✐③❛✲

❞♦s ❡♠ t♦❞♦ ♦ ♣r♦❝❡ss♦✱ ✐♥❝❧✉✐♥❞♦ ♣♦rt❛♥t♦ ❛ ❝❛❧ ❡ ♦ ♣♦❧í♠❡r♦ ✉t✐❧✐③❛❞♦ ♥❛ ❡t❛♣❛ ❛♥t❡r✐♦r

❞❡ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ❞❡ ❝❛♥❛ ✭r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✻ ♣❡❧❛ ❝♦rr❡♥t❡ ❈❆▲✲

❚❆ ❡ ❋▲❖❈✲❚❆✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ❖ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r P❊❘❉◗❉❊❈ r❡♣r❡s❡♥t❛ ❛s ♣❡r❞❛s

❞❡ ❝❛❧♦r q✉❡ ♦❝♦rr❡♠ ♥♦ ❞❡❝❛♥t❛❞♦r✱ ♥ã♦ s❡♥❞♦ ♣♦rt❛♥t♦ ✉♠ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r r❡❛❧✳ ❖s

♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ tr❛t❛♠❡♥t♦ ❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❝❛❧❞♦ sã♦

♠♦str❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✻✳

◆♦ ❜❧♦❝♦ ❈❖◆❈ ♦ ❝❛❧❞♦ é ♣ré✲❛q✉❡❝✐❞♦ ✉t✐❧✐③❛♥❞♦✲s❡ ✈❛♣♦r ✈❡❣❡t❛❧ ❛♥t❡s ❞❡ s❡r ❛❧✐♠❡♥✲

t❛❞♦ ♥♦ ❡✈❛♣♦r❛❞♦r✱ ♦♥❞❡ t♦❞♦ ♦ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ é ❝♦♥❝❡♥tr❛❞♦ ❛té ✉♠ t❡♦r ❞❡ só❧✐❞♦s ❞❡

❝❡r❝❛ ❞❡ ✶✾✪✱ ✉t✐❧✐③❛♥❞♦ ✈❛♣♦r ❞❡ ❡s❝❛♣❡✳ ❉❡♥tr❡ ❛s ❉❡s✐❣♥ ❙♣❡❝s ✉t✐❧✐③❛❞❛s ♥❡st❡ ❜❧♦❝♦✱

✉♠❛ ❞❡❧❛s ✈❛r✐❛ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ á❣✉❛ ❡✈❛♣♦r❛❞❛ ♥♦ ❡✈❛♣♦r❛❞♦r ❞❡ ♠♦❞♦ ❛ ❛t✐♥❣✐r t❡♦r

❞❡ ❡t❛♥♦❧ ♥♦ ✈✐♥❤♦ ❛❧✐♠❡♥t❛❞♦ ♥❛s ❝♦❧✉♥❛s ❞❡ ✽✱✺ ➦●▲✳ ❆ ❝♦rr❡♥t❡ ❞❡ ✈❛♣♦r ❱❊●❊❚❆▲

♣r♦❞✉③✐❞❛ ♥♦ ❡✈❛♣♦r❛❞♦r ❊❱✶ é ✉t✐❧✐③❛❞❛ ❝♦♠♦ ✉t✐❧✐❞❛❞❡ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♥♦s r❡❢❡r✈❡❞♦r❡s

❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❆ ❡ ❇✱ ♠✐♥✐♠✐③❛♥❞♦ ❛ ✈❛③ã♦ ❞❛ ❝♦rr❡♥t❡ ❙❖❇❘❆✳

◆♦ r❡❛t♦r ❞❡ ❢❡r♠❡♥t❛çã♦✱ s✐♠✉❧❛❞♦ ❝♦♠♦ ✉♠ r❡❛t♦r ❡st❡q✉✐♦♠étr✐❝♦✱ ❢♦r❛♠ ✐♥s❡r✐❞❛s ✼

r❡❛çõ❡s q✉í♠✐❝❛s❀ ❛s ❡q✉❛çõ❡s ✸✳✶✶ ❡ ✸✳✶✷ r❡♣r❡s❡♥t❛♠ ❛ ❢❡r♠❡♥t❛çã♦ ❞❛ s❛❝❛r♦s❡ ❛ ❡t❛♥♦❧✿

C12H22O11 +H2O → 2C6H12O6 ✭✸✳✶✶✮

✻✽



❚❛❜❡❧❛ ✸✳✶✻✿ Pr✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞❛s ✉♥✐❞❛❞❡s ❞❡ tr❛t❛♠❡♥t♦ ❡
❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳

P❛râ♠❡tr♦ ❱❛❧♦r
❈♦♥❝❡♥tr❛çã♦ ❞♦ á❝✐❞♦ ❢♦s❢ór✐❝♦ ✽✺✪
❚❡♦r ❞❡ ❢♦s❢❛t♦ ♥♦ ❝❛❧❞♦ ❛♣ós ❛❞✐çã♦ ❞❡ ❍3P❖4 ✷✺✵ ♣♣♠
❚❡♦r ❞❡ á❣✉❛ ♥♦ ❧❡✐t❡ ❞❡ ❝❛❧ ✻✪ ✭♠❛ss❛✮
◗✉❛♥t✐❞❛❞❡ ❞❡ ❈❛❖ ✉t✐❧✐③❛❞❛ ♥♦ tr❛t❛♠❡♥t♦ ✵✱✻ ❦❣✴❚❈
❈♦♥❝❡♥tr❛çã♦ ❞❛ s♦❧✉çã♦ ♣♦❧✐♠ér✐❝❛ ✲ ✶❛ ❞✐❧✉✐çã♦ ✵✱✶✪
❈♦♥❝❡♥tr❛çã♦ ❞❛ s♦❧✉çã♦ ♣♦❧✐♠ér✐❝❛ ✲ ✷❛ ❞✐❧✉✐çã♦ ✵✱✵✺✪
❆❞✐çã♦ ❞❡ ♣♦❧í♠❡r♦ ✢♦❝✉❧❛♥t❡ ✷✱✺ ❣✴❚❈
❊✜❝✐ê♥❝✐❛ ❞❡ ❞❡❝❛♥t❛çã♦ ❞❡ ✐♥s♦❧ú✈❡✐s ✾✾✱✼✪
❚❡♠♣❡r❛t✉r❛ ♥❛ s❛í❞❛ ❞♦ ❞❡❝❛♥t❛❞♦r ✾✽❽
❯♠✐❞❛❞❡ ❞♦ ❧♦❞♦ ✾✵✪
❆❞✐çã♦ ❞❡ á❣✉❛ ♥♦ ✜❧tr♦ ✶✺✵✪ ❞❛ t♦rt❛
❚❡♠♣❡r❛t✉r❛ ❞❛ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ✾✵❽
❆❞✐çã♦ ❞❡ ❜❛❣❛❝✐❧❤♦ ♥♦ ✜❧tr♦ ✻ ❦❣✴❚❈
◗✉❛♥t✐❞❛❞❡ ❞❡ t♦rt❛ ❞❡ ✜❧tr♦ ✷✺ ❦❣✴❚❈
❘❡t❡♥çã♦ ❞❡ só❧✐❞♦s ♥♦ ✜❧tr♦ ✻✺✪
P♦❧ ❞❛ t♦rt❛ ❞❡ ✜❧tr♦ ✶✱✺✪
❘❡♠♦çã♦ ❞❡ ✐♥s♦❧ú✈❡✐s ♥❛ ♣❡♥❡✐r❛ ❞❡ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ ✻✺✪
❈♦♥❝❡♥tr❛çã♦ ❞❡ ✐♥s♦❧ú✈❡✐s r❡t✐❞♦s ♥❛ ♣❡♥❡✐r❛ ✸✵✪

C6H12O6 → 2C2H5OH + 2CO2 ✭✸✳✶✷✮

❆ ❝♦♥✈❡rsã♦ ❞❛s ❡q✉❛çõ❡s ✸✳✶✶ ❡ ✸✳✶✷ ❢♦r❛♠ ❞❡✜♥✐❞❛s ❝♦♠♦ ✶✵✵ ❡ ✾✵✪✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❖s ♦✉tr♦s s✉❜♣r♦❞✉t♦s sã♦ r❡♣r❡s❡♥t❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❡q✉❛çõ❡s ❛❜❛✐①♦❀ ❛ ❡q✉❛çã♦

✸✳✶✸ r❡♣r❡s❡♥t❛ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❧❡✈❡❞✉r❛❀ ❛s ❡q✉❛çõ❡s ✸✳✶✹ ❡ ✸✳✶✺ r❡♣r❡s❡♥t❛♠ ♦s á❧❝♦♦✐s

s✉♣❡r✐♦r❡s ✭✐s♦❛♠í❧✐❝♦ ❡ ✐s♦❜✉t❛♥♦❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮❀ ❣❧✐❝❡r♦❧ ❡ á❝✐❞♦ ❛❝ét✐❝♦ sã♦ ❢♦r♠❛❞♦s

❝♦♠♦ ✐♥❞✐❝❛♠ ❛s ❡q✉❛çõ❡s ✸✳✶✻ ❡ ✸✳✶✼✳

3, 3C6H12O6+2, 8NH4OH+2, 1CO2 → C2H4O2+6, 9H2O+19, 6CH1,8O0,9N0,145 ✭✸✳✶✸✮

✻✾



0, 8C6H12O6 → 0, 6C5H12O + 1, 6CO2 +H2O ✭✸✳✶✹✮

0, 7C6H12O6 → 0, 7C4H10O + 1, 5CO2 + 0, 7H2O ✭✸✳✶✺✮

0, 6C6H12O6 + 0, 5H2O → C3H5(OH)3 + 0, 5CO2 ✭✸✳✶✻✮

C6H12O6 → 3C2H4O2 ✭✸✳✶✼✮

❖s ❝♦❡✜❝✐❡♥t❡s ❡st❡q✉✐♦♠étr✐❝♦s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ❞❡ ❢♦r♠❛ ❛ ❜❛❧❛♥❝❡❛r ❛s ❡q✉❛çõ❡s❀ ❛

❝♦♥✈❡rsã♦ ❞❡ ❝❛❞❛ r❡❛çã♦ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ♣r♦❞✉çã♦ r❡❧❛t✐✈❛ ❞❡ ❝❛❞❛ s✉❜♣r♦❞✉t♦

❡♠ r❡❧❛çã♦ ❛♦ ❡t❛♥♦❧✱ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✸✳✶✼✿

❚❛❜❡❧❛ ✸✳✶✼✿ ❋♦r♠❛çã♦ ❞❡ s✉❜♣r♦❞✉t♦s ❞❛ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ ✲ r❡❧❛çã♦ ♠áss✐❝❛ ❝♦♠ ❛
♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳

P❛râ♠❡tr♦ ❱❛❧♦r ✭✪✮
●❧✐❝❡r♦❧✴❊t❛♥♦❧ ✻✱✸✸
➪❝✐❞♦s✴❊t❛♥♦❧ ✸✱✺✻
❆❘❘❚✴❊t❛♥♦❧ ✵✱✷✺
▲❡✈❡❞✉r❛✴❊t❛♥♦❧ ✺✱✽✺

❆ss✐♠✱ ❛ ❝♦♥✈❡rsã♦ ❞❛s ❡q✉❛çõ❡s ✸✳✶✻✱ ✸✳✶✼ ❡ ✸✳✶✸ ❢♦r❛♠ ❡♥tã♦ ❝❛❧❝✉❧❛❞❛s ✉t✐❧✐③❛♥❞♦✲s❡

❉❡s✐❣♥ ❙♣❡❝s r❡❧❛❝✐♦♥❛♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡st❡s s✉❜♣r♦❞✉t♦s à ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ✭♥♦ ❝❛s♦

❞❛ ❢♦r♠❛çã♦ ❞❡ ❧❡✈❡❞✉r❛ ❝♦♥s✐❞❡r♦✉✲s❡ t❛♠❜é♠ ❛ ❛❞✐çã♦ ❞❡ ♥✉tr✐❡♥t❡✱ ◆❍4❖❍ ♥❛ ❝♦rr❡♥t❡

◆❯❚❘■❊◆❚✮✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❛çú❝❛r❡s r❡❞✉t♦r❡s r❡s✐❞✉❛✐s t♦t❛✐s ✭❆❘❘❚✮ ❢♦✐ ✉t✐❧✐③❛❞❛

♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦♥✈❡rsã♦ ❞❛s r❡❛çõ❡s ✸✳✶✹ ❡ ✸✳✶✺✳

❈♦♥s✐❞❡r♦✉✲s❡ q✉❡ ♦ ✈♦❧✉♠❡ ❞❡ ♣é✲❞❡✲❝✉❜❛ ✭s✉s♣❡♥sã♦ ❞❡ ❝é❧✉❧❛s ❛❧✐♠❡♥t❛❞❛ ❛♦ r❡❛t♦r✮

❡♠ r❡❧❛çã♦ ❛♦ ✈♦❧✉♠❡ ❞❡ ♠♦st♦ é ✐❣✉❛❧ ❛ ✷✺✪❀ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝é❧✉❧❛s ✭❜❛s❡ s❡❝❛✮ ♥♦ ♣é✲❞❡✲

❝✉❜❛ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✐❣✉❛❧ ❛ ✶✵✪ ✭❡♠ ♠❛ss❛✮✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❝❡r❝❛ ❞❡ ✸✵✪ ❡♠ ❜❛s❡

✼✵



ú♠✐❞❛✳ ❖ ✈✐♥❤♦ ❧❡✈❡❞✉r❛❞♦ ♦❜t✐❞♦ ❛♦ ✜♠ ❞❛ ❢❡r♠❡♥t❛çã♦ é tr❛t❛❞♦ ♥♦ ❜❧♦❝♦ ❈❊◆❚❘■❋✱

❝♦♠♦ ♠♦str❛❞♦ ♥♦ ✢✉①♦❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✸✳✽✿

❋✐❣✉r❛ ✸✳✽✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❈❊◆❚❘■❋ ✳

❆ s❡♣❛r❛çã♦ ❞❛s ❝é❧✉❧❛s ❞♦ ✈✐♥❤♦ ♦❝♦rr❡ ♥❛ ❝❡♥trí❢✉❣❛✱ ♦♥❞❡ ❛ s❡♣❛r❛çã♦ ❢♦✐ ❞❡✜♥✐❞❛

❝♦♥s✐❞❡r❛♥❞♦✲s❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❝é❧✉❧❛s ✭❜❛s❡ s❡❝❛✮ ♥♦ ❝r❡♠❡ ❞❡ ✷✷✪ ❡ ✻✱✺✪ ❡♠ ♠❛ss❛ ❞❡

❡t❛♥♦❧✱ ❝♦♠ ❡✜❝✐ê♥❝✐❛ ❞❡ r❡t❡♥çã♦ ❞❡ só❧✐❞♦s ❞❡ ✾✾✪✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❍2❙❖4 ❛❞✐❝✐♦♥❛❞❛

♥♦ tr❛t❛♠❡♥t♦ ❞❡ ❝é❧✉❧❛s ❢♦✐ ❞❡✜♥✐❞❛ ❝♦♠♦ ✺ ❦❣✴♠✸ ❞❡ ❡t❛♥♦❧ ♣r♦❞✉③✐❞♦✱ ❡ ❛ q✉❛♥t✐❞❛❞❡

❞❡ á❣✉❛ ❛q✉❡❧❛ ❡♠ q✉❛♥t✐❞❛❞❡ s✉✜❝✐❡♥t❡ ♣❛r❛ ❛t✐♥❣✐r ✶✵✪ ❞❡ ❝é❧✉❧❛s ✭❡♠ ♠❛ss❛✱ ❜❛s❡ s❡❝❛✮

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

❢♦r♠❛ ❛ ❛t✐♥❣✐r ❢r❛çã♦ ❞❡ ♣é✲❞❡✲❝✉❜❛ ♥♦ r❡❛t♦r ❞❡ ❢❡r♠❡♥t❛çã♦ ❞❡ ✷✺✪✳

❖s ❣❛s❡s ♣r♦❞✉③✐❞♦s ♥❛ ❢❡r♠❡♥t❛çã♦ sã♦ ❝♦❧❡t❛❞♦s ❡ ♦ ❡t❛♥♦❧ ❛rr❛st❛❞♦ é r❡❝✉♣❡r❛❞♦

✉t✐❧✐③❛♥❞♦✲s❡ ❝♦❧✉♥❛ ❞❡ ❛❜s♦rçã♦✳ ❊s♣❡❝✐✜❝♦✉✲s❡ q✉❡ ♦ t❡♦r ❞❡ ❡t❛♥♦❧ ♥❛ s♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛

❞❛ ❧❛✈❛❣❡♠ ❞❡ ❣❛s❡s é ❞❡ ✸✪ ❡♠ ♠❛ss❛✳

❖ ✈✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦ ♦❜t✐❞♦ ♥❛s ❝❡♥trí❢✉❣❛s é ♠✐st✉r❛❞♦ à s♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ ❞❛ ❧❛✈❛❣❡♠

❞♦s ❣❛s❡s ❡ ❡♥❝❛♠✐♥❤❛❞♦ à ❞❡st✐❧❛çã♦✳

✸✳✺✳✶✳✸ ❇❧♦❝♦ ❞❡st✐❧❛çã♦

❖ ✈✐♥❤♦ é ♣ré✲❛q✉❡❝✐❞♦ ♥♦ ❝♦♥❞❡♥s❛❞♦r ❞❛ ❝♦❧✉♥❛ ❇ ✭tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❊✮ ❛té ✼✸❽

❡ tr♦❝❛♥❞♦ ❝❛❧♦r ❝♦♠ ❛ ✈✐♥❤❛ç❛ ❛té ✽✷❽✱ ❛♥t❡s ❞❡ s❡r ❛❧✐♠❡♥t❛❞♦ ♥♦ t♦♣♦ ❞❛ ❝♦❧✉♥❛ ❆✶✳

✼✶



❊t❛♥♦❧ ❤✐❞r❛t❛❞♦ ❝♦♠ ✾✸✪ ❞❡ ❡t❛♥♦❧ ❡♠ ♠❛ss❛ é ♣r♦❞✉③✐❞♦ ♥❛ ❝♦❧✉♥❛ ❇✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✸✳✾✳

❋✐❣✉r❛ ✸✳✾✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❉❊❙❚■▲❆❈ ✳

❖s ♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❞❛ s✐♠✉❧❛çã♦ ❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ sã♦ ♠♦str❛❞♦s ♥❛

❚❛❜❡❧❛ ✸✳✶✽✳

❚❛❜❡❧❛ ✸✳✶✽✿ P❛râ♠❡tr♦s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦✳
P❛râ♠❡tr♦ ❱❛❧♦r
◆ú♠❡r♦ ❞❡ ♣r❛t♦s ✲ ❝♦❧✉♥❛ ❆ ✷✵
◆ú♠❡r♦ ❞❡ ♣r❛t♦s ✲ ❝♦❧✉♥❛ ❆✶ ✽
◆ú♠❡r♦ ❞❡ ♣r❛t♦s ✲ ❝♦❧✉♥❛ ❉ ✻
◆ú♠❡r♦ ❞❡ ♣r❛t♦s ✲ ❝♦❧✉♥❛ ❇✱ ❇✶ ✻✵
❚❡♦r ❞❡ ❡t❛♥♦❧ ♥❛ ✈✐♥❤❛ç❛ ✵✱✵✷✪ ✭♠❛ss❛✮
❚❡♦r ❞❡ ❡t❛♥♦❧ ♥♦ ❆❊❍❈ ✾✸✱✵✪ ✭♠❛ss❛✮

❆s ❝♦❧✉♥❛s ❆ ❡ ❇ tr❛❜❛❧❤❛♠ ❝♦♠ ❛q✉❡❝✐♠❡♥t♦ ✉t✐❧✐③❛♥❞♦ r❡❢❡r✈❡❞♦r❡s ✭❛q✉❡❝✐♠❡♥t♦

✐♥❞✐r❡t♦✮ q✉❡ ♦♣❡r❛♠ ❝♦♠ ✈❛♣♦r ✈❡❣❡t❛❧ ♦✉ ❞❡ ❡s❝❛♣❡✳
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✸✳✺✳✶✳✹ ❇❧♦❝♦ ❞❡s✐❞r❛t❛çã♦

◆❛ ❞❡st✐❧❛r✐❛ ♣❛❞rã♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣r♦❞✉③✐r

❡t❛♥♦❧ ❛♥✐❞r♦✳ ◆♦ ♣r♦❝❡ss♦ ❝♦♠♣❧❡t♦✱ ❛ ❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ é r❡♣r❡s❡♥t❛❞❛ s♦♠❡♥t❡ ♣♦r

♠❡✐♦ ❞❡ ✉♠ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❝♦♠ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ ♣r♦♣♦r❝✐♦♥❛❧ à ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❛♥✐❞r♦ ✭✶✱✾ ❦❣ ❞❡ ✈❛♣♦r ✷✱✺ ❜❛r ♣♦r ❧✐tr♦ ❞❡ ❡t❛♥♦❧ ❛♥✐❞r♦✮ ✭▼❊■❘❊▲▲❊❙✱ ✷✵✵✻✮✳

✸✳✺✳✶✳✺ ❇❧♦❝♦ ❝♦❣❡r❛çã♦

◆♦ ❜❧♦❝♦ ❈❖●❊❘ é s✐♠✉❧❛❞❛ ❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❡ ❡❧❡tr✐❝✐❞❛❞❡ ✉t✐❧✐③❛♥❞♦ ❜❛❣❛ç♦ ✭❡

❡✈❡♥t✉❛❧♠❡♥t❡ ♣❛❧❤❛✮ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧✳ ❖ ✢✉①♦❣r❛♠❛ ❞❛ s✐♠✉❧❛çã♦ ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡✲

r❛çã♦ ♣❛r❛ ♣r♦❞✉③✐r ✈❛♣♦r ❛ ✷✷ ❜❛r ✭r❡♣r❡s❡♥t❛♥❞♦ ❛ s✐t✉❛çã♦ ♠é❞✐❛ ♣r❡s❡♥t❡ ♥❛ ✐♥❞ústr✐❛

❛t✉❛❧♠❡♥t❡✮ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✵✳

❋✐❣✉r❛ ✸✳✶✵✿ ❋❧✉①♦❣r❛♠❛ ❞❛s ♦♣❡r❛çõ❡s ❞♦ ❜❧♦❝♦ ❈❖●❊❘ ✳

❖ ❜❛❣❛ç♦ ♣r♦❞✉③✐❞♦ ♥❛s ♠♦❡♥❞❛s é ❛❧✐♠❡♥t❛❞♦ ♥♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✳ ❯♠❛ ❢r❛çã♦

❞♦ ❜❛❣❛ç♦ é s❡♣❛r❛❞❛ ❝♦♠♦ r❡s❡r✈❛ ♣❛r❛ s❡r ✉t✐❧✐③❛❞♦ ❡♠ ♣❛rt✐❞❛s ❞❛ ♣❧❛♥t❛✳ ❆ q✉❡✐♠❛ ❞♦

❜❛❣❛ç♦ ♦❝♦rr❡ ❡♠ ✉♠ r❡❛t♦r ❡st❡q✉✐♦♠étr✐❝♦✱ ♦♥❞❡ ♦❝♦rr❡♠ t♦❞❛s ❛s r❡❛çõ❡s ❞❡ ❝♦♠❜✉stã♦

❛♣r❡s❡♥t❛❞❛s ♥❛ s❡çã♦ ✸✳✸✳✷✳✶✱ ❝♦♠ ❝♦♥✈❡rsã♦ ❞❡ ✶✵✵✪✳ ❆r ❡♠ ❡①❝❡ss♦ é ❛❞✐❝✐♦♥❛❞♦ ❛♦

r❡❛t♦r✱ ❢♦r♥❡❝❡♥❞♦ ♦ ♦①✐❣ê♥✐♦ ♥❡❝❡ssár✐♦✳ ❯♠❛ ❢r❛çã♦ ❞♦s ❣❛s❡s q✉❡♥t❡s ♣r♦❞✉③✐❞♦s ♥♦

r❡❛t♦r é s❡♣❛r❛❞❛ ❡ ✐♥✉t✐❧✐③❛❞❛ ♥❛ s✐♠✉❧❛çã♦✱ ❛ ✜♠ ❞❡ q✉❡ s❡❥❛ ♦❜❡❞❡❝✐❞❛ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛

❝❛❧❞❡✐r❛❀ ♦ r❡st❛♥t❡ ❞♦s ❣❛s❡s é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛q✉❡❝❡r ❛ á❣✉❛ ♣r❡ss✉r✐③❛❞❛ ❞❡ ❢♦r♠❛ ❛
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❛t❡♥❞❡r ❛ ❞❡♠❛♥❞❛ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ❡ ♠❛♥t❡♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ❞♦s ❣❛s❡s

❞❛ ❝❛❧❞❡✐r❛ ❡♠ ✉♠ ✈❛❧♦r ❞❡t❡r♠✐♥❛❞♦✱ q✉❡ ✈❛r✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣r❡ssã♦ ❞❛ ❝❛❧❞❡✐r❛ ✭♦s

♣❛râ♠❡tr♦s ❡♠♣r❡❣❛❞♦s ♥❛ s✐♠✉❧❛çã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛♦ ❧♦♥❣♦ ❞❡st❡ tr❛❜❛❧❤♦✮✳

❱❛♣♦r s✉♣❡r❛q✉❡❝✐❞♦ é ♣r♦❞✉③✐❞♦ ♥♦ ❜❧♦❝♦ ❈❆▲❉❊■❘❆❀ ♣❛rt❡ ❞♦ ✈❛♣♦r é ✉t✐❧✐③❛❞♦ ❡♠

t✉r❜✐♥❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞✐r❡t♦ ✲ ❚❯❘❇❖❆❈ ✭✉t✐❧✐③❛❞❛s ♣❛r❛ ❛❝✐♦♥❛r ♠♦❡♥❞❛s ❡ ♦✉tr♦s

❡q✉✐♣❛♠❡♥t♦s ❞❛ ✉♥✐❞❛❞❡ ❞❡ ♣r❡♣❛r♦ ❡ ❡①tr❛çã♦✮ ✲ ❛ ❢r❛çã♦ ❞❡ ✈❛♣♦r q✉❡ é ❛❧✐♠❡♥t❛❞❛ ♥♦

❚❯❘❇❖❆❈ é ❛q✉❡❧❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à ❞❡♠❛♥❞❛

❞♦ ♣r♦❝❡ss♦✳ ❖✉tr❛ ♣❛rt❡ ❞♦ ✈❛♣♦r é ❛❧✐♠❡♥t❛❞❛ ❡♠ ✉♠ t✉r❜♦❣❡r❛❞♦r ✭❚❯❘❇❖●✮✱ ♥♦ q✉❛❧

é ♣r♦❞✉③✐❞❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ◆♦ ❝❛s♦ ❞♦ s✐st❡♠❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✷✷ ❜❛r✱ ♦

r❡st❛♥t❡ ❞♦ ✈❛♣♦r ❞✐s♣♦♥í✈❡❧ é ❡①♣❛♥❞✐❞♦ ❡♠ ✉♠❛ ✈á❧✈✉❧❛❀ s✉❛ ✈❛③ã♦ é ❜❡♠ ♠❡♥♦r ❞♦ q✉❡

❛q✉❡❧❛ ❞❛s ❝♦rr❡♥t❡s ❞❡ ✈❛♣♦r ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❡ ❛❧✐♠❡♥t❛❞♦ ♥♦ ❣❡r❛❞♦r ✲ ❛ q✉❛♥t✐❞❛❞❡ ❞❡

✈❛♣♦r ❡①♣❛♥❞✐❞❛ é ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ❝♦♠♦ ❛q✉❡❧❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ③❡r❛r ♦ ❡①❝❡❞❡♥t❡

❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♠❛s ❛t❡♥❞❡♥❞♦ à ❞❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✭♥♦ ❝❛s♦ ❞❛

❞❡st✐❧❛r✐❛ q✉❡ ♥ã♦ ✈❡♥❞❡ ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ✲ q✉❛♥❞♦ é ♣r♦❞✉③✐❞❛ ❡❧❡tr✐❝✐❞❛❞❡ ❡①❝❡❞❡♥t❡✱

♦ s✐st❡♠❛ é s✐♠✉❧❛❞♦ ❞❡ ♠❛♥❡✐r❛ ❞✐❢❡r❡♥t❡✱ ❝♦♠♦ s❡rá ♠♦str❛❞♦ ♥❛ s❡çã♦ ✸✳✺✳✷✳✷✮ ✳

❖ ✈❛♣♦r ♦❜t✐❞♦ ♥❛ s❛í❞❛ ❞❛s t✉r❜✐♥❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞✐r❡t♦✱ ❞♦ t✉r❜♦❣❡r❛❞♦r ❡ ❞❛

✈á❧✈✉❧❛ ❡stã♦ ❛ ✷✱✺ ❜❛r ❡ s✉♣❡r❛q✉❡❝✐❞♦s❀ á❣✉❛ ♣❛r❛ ❞❡ss✉♣❡r❛q✉❡❝✐♠❡♥t♦ é ❢♦r♥❡❝✐❞❛✱

♣r♦❞✉③✐♥❞♦ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ ❛ ✷✱✺ ❜❛r ❡ ❝❡r❝❛ ❞❡ ✶✺✵❽✳ ❊st❡ ✈❛♣♦r ❢♦r♥❡❝❡ ❛ ❡♥❡r❣✐❛ tér♠✐❝❛

♥❡❝❡ssár✐❛ ❛♦ ♣r♦❝❡ss♦✱ q✉❡ é r❡♣r❡s❡♥t❛❞♦ ❝♦♠♦ ✉♠ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r✳ ❆ss✉♠✐✉✲s❡ q✉❡ ✉♠❛

♣❛rt❡ ❞♦s ❝♦♥❞❡♥s❛❞♦s ♦❜t✐❞♦s ♥♦ ♣r♦❝❡ss♦ é ♣❡r❞✐❞❛✱ ♦ r❡st❛♥t❡ é ❛❧✐♠❡♥t❛❞♦ ♥♦ ❞❡s❛❡r❛❞♦r✱

♥♦ q✉❛❧ ✉♠❛ ❢r❛çã♦ ❞♦ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ é ❛❧✐♠❡♥t❛❞❛ ✈✐s❛♥❞♦ ♠❛♥t❡r t❡♠♣❡r❛t✉r❛ ❡❧❡✈❛❞❛✱

❥✉♥t❛♠❡♥t❡ ❛ á❣✉❛ ❞❡ r❡♣♦s✐çã♦✳ ➪❣✉❛ ❞❡ r❡♣♦s✐çã♦ é ✉t✐❧✐③❛❞❛ ♣❛r❛ r❡♣♦r ❛s ♣❡r❞❛s ❡ é

❝❛❧❝✉❧❛❞❛ ❞❡ ❢♦r♠❛ ❛ ✐❣✉❛❧❛r ❛ ✈❛③ã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ á❣✉❛ ♥❛ s❛í❞❛ ❞❛ ❜♦♠❜❛ ✭❝♦rr❡♥t❡

❆●❯❆✲❈▲❉✮ à ✈❛③ã♦ ❞❛ ❝♦rr❡♥t❡ ❛❧✐♠❡♥t❛❞❛ ♥❛ ❝❛❧❞❡✐r❛ ✭❝♦rr❡♥t❡ ❆●❯❆✲✷✷✮✳

◆♦s ❡q✉✐♣❛♠❡♥t♦s q✉❡ ✉t✐❧✐③❛♠ á❣✉❛ ✭❝♦♠♦ ❝❛❧❞❡✐r❛s✱ t✉r❜✐♥❛s✱ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r✮ ❢♦✐

✉t✐❧✐③❛❞♦ ♦ ♣❛❝♦t❡ t❡r♠♦❞✐♥â♠✐❝♦ ❙❚❊❆▼◆❇❙✱ r❡❝♦♠❡♥❞❛❞♦ ♣❛r❛ ❡st✐♠❛r ♣r♦♣r✐❡❞❛❞❡s

❞♦ ✈❛♣♦r ❡ ❞❛ á❣✉❛ ♣✉r❛ ✭❆❙P❊◆❚❊❈❍✱ ✷✵✶✵✮✳ ◆♦s ❡q✉✐♣❛♠❡♥t♦s ♦♥❞❡ ❝♦rr❡♥t❡s ❞❡

❡❧❡✈❛❞❛s t❡♠♣❡r❛t✉r❛s ✭♠❛✐♦r❡s q✉❡ ✶✵✵✵❽✮ ✱ ❝♦♠♦ ♦ r❡❛t♦r ♦♥❞❡ ♦❝♦rr❡ ❛ q✉❡✐♠❛ ❡ ♣♦r
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♦♥❞❡ ❝✐r❝✉❧❛♠ ♦s ❣❛s❡s✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♦ ♣❛❝♦t❡ ❘❑❙✲❇▼ ✭❡q✉❛çã♦ ❞❡ ❡st❛❞♦ ❘❡❞❧✐❝❤✲

❑✇♦♥❣✲❙♦❛✈❡ ❡ ❇♦st♦♥✲▼❛t❤✐❛s✮✳

❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❜❛❣❛ç♦ q✉❡✐♠❛❞❛ é ❝❛❧❝✉❧❛❞❛ ♣❡❧♦ s✐♠✉❧❛❞♦r ❝♦♠♦ ❛q✉❡❧❛ s✉✜❝✐❡♥t❡

♣❛r❛ ♠❛♥t❡r ❛ t❡♠♣❡r❛t✉r❛ ❞♦s ❣❛s❡s ♥♦ ✈❛❧♦r ❡s♣❡❝✐✜❝❛❞♦❀ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ á❣✉❛ ❛❧✐✲

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

❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ✭❛ ✈❛③ã♦ ❞❛ ❝♦rr❡♥t❡ ❱❆P✲P❘❖❈ é ✐❣✉❛❧ à ❞❡♠❛♥❞❛ ❞❛ ✉t✐❧✐❞❛❞❡

❱❆P✲✷❇❆❘✮✳

❖s ♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❞❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♣❛❞rã♦ sã♦ ❛♣r❡s❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛

✸✳✶✾✳

❚❛❜❡❧❛ ✸✳✶✾✿ P❛râ♠❡tr♦s ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ✭❊◆❙■◆❆❙✱ ✷✵✵✽❀ ❙❊❆❇❘❆✱ ✷✵✵✽✮✳
P❛râ♠❡tr♦ ❱❛❧♦r
❘❡s❡r✈❛ ❞❡ ❜❛❣❛ç♦ ✺✪
❊①❝❡ss♦ ❞❡ ❛r ♥❛ q✉❡✐♠❛ ✸✵✪
❊✜❝✐ê♥❝✐❛ ❞❛ ❝❛❧❞❡✐r❛ ✷✷ ❜❛r ✭❜❛s❡ P❈■✮ ✼✺✪
❚❡♠♣❡r❛t✉r❛ ❞♦ ✈❛♣♦r ♣r♦❞✉③✐❞♦ ♥❛ ❝❛❧❞❡✐r❛ ✸✵✵❽
❚❡♠♣❡r❛t✉r❛ ❞♦s ❣❛s❡s ♥❛ s❛í❞❛ ❞❛ ❝❛❧❞❡✐r❛ ✶✼✵❽
❊✜❝✐ê♥❝✐❛ ✐s❡♥tró♣✐❝❛ ❞❛ t✉r❜✐♥❛ ✼✷✪
❊✜❝✐ê♥❝✐❛ ❞♦ ❣❡r❛❞♦r ✾✽✪
❊✜❝✐ê♥❝✐❛ ✐s❡♥tró♣✐❝❛ ❞❛ t✉r❜✐♥❛ ❞❡ ❛❝✐♦♥❛♠❡♥t♦ ❞✐r❡t♦ ✺✺✪
❉❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✶✷ ❦❲❤✴❚❈
❉❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✶✻ ❦❲❤✴❚❈
P❡r❞❛s ❞❡ ❝♦♥❞❡♥s❛❞♦s ✺✪
Pr❡ssã♦ ♥♦ ❞❡s❛❡r❛❞♦r ✶✱✹ ❜❛r
❚❡♠♣❡r❛t✉r❛ ♥♦ ❞❡s❛❡r❛❞♦r ✶✵✺❽

✸✳✺✳✷ ❉❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♦t✐♠✐③❛❞❛

❆ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦ é ❜❛s❡❛❞❛

❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♦t✐♠✐③❛❞❛✱ ♥❛ q✉❛❧ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❡ ♣r♦❝❡ss♦ é r❡❞✉✲

③✐❞♦ ❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ é ♠❛①✐♠✐③❛❞❛✳ ❆ r❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦

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

✉t✐❧✐③❛❞♦ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦❀ ❥á ❛ ♠❛①✐♠✐③❛çã♦ ❞❛

✼✺



♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ é ✈✐s❛❞❛ ♥♦s ♣r♦❝❡ss♦s ❡♠ q✉❡ ♥ã♦ ♦❝♦rr❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ✷❛ ❣❡r❛çã♦ ❡ t♦❞♦ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ❡♠

❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ❖s ✐t❡♥s ✐♥❝❧✉í❞♦s ♥❛ ♦t✐♠✐③❛çã♦ ❞❛ ❞❡st✐❧❛r✐❛

❛✉tô♥♦♠❛ ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s sã♦ ❞✐s❝✉t✐❞♦s ❛ s❡❣✉✐r❀ ♦s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦

❈❛♣ít✉❧♦ ✺✳

✸✳✺✳✷✳✶ ❯s♦ ❞❛ ♣❛❧❤❛

❈♦♠ ❛ ♣r♦✐❜✐çã♦ ❞❛ q✉❡✐♠❛ ❞❛ ♣❛❧❤❛ ♥♦ ❝❛♠♣♦ ✭P■PP❖ ❡t ❛❧✳✱ ✷✵✶✶❛✮✱ ❣r❛♥❞❡s q✉❛♥✲

t✐❞❛❞❡s ❞❡st❡ ♠❛t❡r✐❛❧ ♣♦❞❡rã♦ ❡st❛r ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ✉s♦ ♥♦ ♣r♦❝❡ss♦ ✐♥❞✉str✐❛❧✳ ❆ q✉❛♥✲

t✐❞❛❞❡ ❞❡ ♣❛❧❤❛ q✉❡ ❞❡✈❡ s❡r ❞❡✐①❛❞❛ ♥♦ ❝❛♠♣♦ ❞❡♣❡♥❞❡ ❞❡ ❝♦♥❞✐çõ❡s ❡s♣❡❝í✜❝❛s ❝♦♠♦

✈❛r✐❡❞❛❞❡ ❞❛ ❝❛♥❛✱ ❝❧✐♠❛✱ ❡t❝✳ ✭❍❆❙❙❯❆◆■ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ♠❛s ❞✐❢❡r❡♥t❡s ❛✉t♦r❡s ❝♦♥s✐❞❡✲

r❛♠ q✉❡ ♦ tr❛♥s♣♦rt❡ ❞❡ ✺✵✪ ❞❛ ♣❛❧❤❛ ♣❛r❛ ❛ ✉s✐♥❛ ❞❡✈❡ s❡ t♦r♥❛r r❡❛❧✐❞❛❞❡ ♥♦s ♣ró①✐♠♦s

❛♥♦s ✭❉■❆❙ ❡t ❛❧✳✱ ✷✵✵✾❀ ❲❆▲❚❊❘❀ ❊◆❙■◆❆❙✱ ✷✵✶✵❀ P■PP❖ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳

❆ss✉♠✐✉✲s❡ t❡♦r ❞❡ ❝❡❧✉❧♦s❡✱ ❤❡♠✐❝❡❧✉❧♦s❡✱ ❧✐❣♥✐♥❛ ❡ ❝✐♥③❛s ❞❛ ♣❛❧❤❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

✐❣✉❛❧ ❛♦ ❞♦ ❜❛❣❛ç♦❀ ❛ ✉♠✐❞❛❞❡ ❞❛ ♣❛❧❤❛ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✐❣✉❛❧ ❛ ✶✺✪ ✭♠❛ss❛✮✳ ◆♦s ❝❡♥ár✐♦s

❡♠ q✉❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ r❡❝✉♣❡r❛çã♦ ❞❛ ♣❛❧❤❛✱ ❛ss✉♠✐✉✲s❡ q✉❡ ♠❡t❛❞❡ ❞♦s ✶✹✵ ❦❣ ❞❡ ♣❛❧❤❛

♣♦r t♦♥❡❧❛❞❛ ❞❡ ❝❛♥❛ ❡stã♦ ❞✐s♣♦♥í✈❡✐s✳

✸✳✺✳✷✳✷ Pr♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ❛❧t❛ ♣r❡ssã♦

❆ ♣r♦❞✉çã♦ ❞❡ ❣r❛♥❞❡s ❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ é ♣♦ssí✈❡❧ ♠❡❞✐❛♥t❡ ♦ ❡♠♣r❡❣♦

❞❡ ❝❛❧❞❡✐r❛s ❞❡ ❛❧t❛ ♣r❡ssã♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r✳ ❆t✉❛❧♠❡♥t❡✱ ❝❛❧❞❡✐r❛s ❞❡ ✾✵ ❜❛r ♦✉

♠❛✐♦r ♣r❡ssã♦ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥❛ ✐♥❞ústr✐❛✳ ◆❛ ❋✐❣✉r❛ ✸✳✶✶ ❡stá r❡♣r❡s❡♥t❛❞❛ ❛

s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦❣❡r❛çã♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✾✵ ❜❛r ❝♦♠ q✉❡✐♠❛ ❞❡ t♦❞♦

♦ ♠❛t❡r✐❛❧ ❞✐s♣♦♥í✈❡❧✳

✼✻



❋✐❣✉r❛ ✸✳✶✶✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦❣❡r❛çã♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✾✵ ❜❛r✱ ❝♦♠
q✉❡✐♠❛ ❞❡ t♦❞♦ ♦ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛✳

◆❡st❡ ❝❛s♦ á❣✉❛ ❛ ✾✵ ❜❛r ✭❆●❯❆✲✾✵✮ é ❛❧✐♠❡♥t❛❞❛ ♥❛ ❝❛❧❞❡✐r❛✱ ♣r♦❞✉③✐♥❞♦ ✈❛♣♦r

❛ ✾✵ ❜❛r ❡ ✺✷✵❽✳ ❊st❡ ✈❛♣♦r é ❡①♣❛♥❞✐❞♦ ♥❛ t✉r❜✐♥❛ ❚✻✱ ♣r♦❞✉③✐♥❞♦ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱

♦♥❞❡ ✈❛♣♦r ❛ ✻ ❜❛r é ♣r♦❞✉③✐❞♦ ♣❛r❛ ❛❧✐♠❡♥t❛r ♦ s✐st❡♠❛ ❞❡ ❞❡s✐❞r❛t❛çã♦ ❝♦♠ ♣❡♥❡✐r❛s

♠♦❧❡❝✉❧❛r❡s✳ ❱❛♣♦r ❛ ✻ ❜❛r é ❛❧✐♠❡♥t❛❞♦ ♥❛ t✉r❜✐♥❛ ❚✷✱ ♦♥❞❡ ✈❛♣♦r ❛ ✷✱✺ ❜❛r é ♣r♦❞✉③✐❞♦

♣❛r❛ s✉♣r✐r ♦ ♣r♦❝❡ss♦✳ ❈♦♠♦ t♦t♦ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é q✉❡✐♠❛❞♦✱ ❛ q✉❛♥t✐❞❛❞❡

❞❡ ✈❛♣♦r ❣❡r❛❞❛ ♥❛s ❝❛❧❞❡✐r❛s é ♠❛✐♦r q✉❡ ❛ ❞❡♠❛♥❞❛ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦❀ ❛ss✐♠✱ ✉♠❛

t✉r❜✐♥❛ ❞❡ ❡①tr❛çã♦✲❝♦♥❞❡♥s❛çã♦ ✭❚❈✮ é ❡♠♣r❡❣❛❞❛✱ ♦♥❞❡ ✈❛♣♦r ❛ ✵✱✶✶ ❜❛r é ♣r♦❞✉③✐❞♦ ❡

❝♦♥❞❡♥s❛❞♦ ♥♦ ❝♦♥❞❡♥s❛❞♦r ❈❖◆❉✳ ❈♦♥s✐❞❡r♦✉✲s❡ ♥❛ ❞❡st✐❧❛r✐❛ ♦t✐♠✐③❛❞❛ ❛❝✐♦♥❛♠❡♥t♦ ❞♦s

❡q✉✐♣❛♠❡♥t♦s t♦t❛❧♠❡♥t❡ ❡❧❡tr✐✜❝❛❞♦✱ ♣♦rt❛♥t♦ ♥ã♦ sã♦ ✉t✐❧✐③❛❞❛s t✉r❜✐♥❛s ❞❡ ❛❝✐♦♥❛♠❡♥t♦

❞✐r❡t♦✳

◆♦ ❝❛s♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ s✐st❡♠❛s ❞❡ ❝♦❣❡r❛çã♦ ❛ ✾✵ ❜❛r ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛

❣❡r❛çã♦✱ s♦♠❡♥t❡ ♦ ✈❛♣♦r ♥❡❝❡ssár✐♦ ♣❛r❛ ❛t❡♥❞❡r à ❞❡♠❛♥❞❛ ❞♦ ♣r♦❝❡ss♦ é ♣r♦❞✉③✐❞♦ ❡

❛ss✐♠✱ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡①❝❡❞❡♥t❡ ✭❊❳❈✲▲■●◆✮ é ❡♥✈✐❛❞♦ ♣❛r❛ ❛ ✉♥✐❞❛❞❡ ✷●✱ ♥ã♦

❡①✐st✐♥❞♦ ❡♥tã♦ ❛ t✉r❜✐♥❛ ❞❡ ❝♦♥❞❡♥s❛çã♦ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✷✳

❖s ♣❛râ♠❡tr♦s ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ♦t✐♠✐③❛❞♦ sã♦ ♠♦str❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✵✳

✼✼



❋✐❣✉r❛ ✸✳✶✷✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦❣❡r❛çã♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✾✵ ❜❛r✱ ❝♦♠
♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡①❝❡❞❡♥t❡✳

❚❛❜❡❧❛ ✸✳✷✵✿ P❛râ♠❡tr♦s ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✾✵ ❜❛r ✭❛❞❛♣✲
t❛❞♦ ❞❡ ✭❊◆❙■◆❆❙✱ ✷✵✵✽❀ ❙❊❆❇❘❆✱ ✷✵✵✽❀ ❉■❆❙ ❡t ❛❧✳✱ ✷✵✵✾✮✮✳

P❛râ♠❡tr♦ ❱❛❧♦r
❘❡s❡r✈❛ ❞❡ ❜❛❣❛ç♦ ✺✪
❊①❝❡ss♦ ❞❡ ❛r ♥❛ q✉❡✐♠❛ ✸✵✪
❊✜❝✐ê♥❝✐❛ ❞❛ ❝❛❧❞❡✐r❛ ✾✵ ❜❛r ✭❜❛s❡ P❈■✮ ✽✻✱✻✪
❚❡♠♣❡r❛t✉r❛ ❞♦ ✈❛♣♦r ♣r♦❞✉③✐❞♦ ♥❛ ❝❛❧❞❡✐r❛ ✺✷✵❽
❚❡♠♣❡r❛t✉r❛ ❞♦s ❣❛s❡s ♥❛ s❛í❞❛ ❞❛ ❝❛❧❞❡✐r❛ ✶✻✵❽
❊✜❝✐ê♥❝✐❛ ✐s❡♥tró♣✐❝❛ ❞❛ t✉r❜✐♥❛ ✲ ❛❧t❛ ♣r❡ssã♦ ✼✷✪ ❛

❊✜❝✐ê♥❝✐❛ ✐s❡♥tró♣✐❝❛ ❞❛ t✉r❜✐♥❛ ✲ ♣r❡ssã♦ ✐♥t❡r♠❡❞✐ár✐❛ ✽✶✪
❊✜❝✐ê♥❝✐❛ ✐s❡♥tró♣✐❝❛ ❞❛ t✉r❜✐♥❛ ❞❡ ❝♦♥❞❡♥s❛çã♦ ✼✵✪
❊✜❝✐ê♥❝✐❛ ❞♦ ❣❡r❛❞♦r ✾✽✪
Pr❡ssã♦ ❞❡ ❝♦♥❞❡♥s❛çã♦ ✵✱✶✶ ❜❛r
❉❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❞♦ ♣r♦❝❡ss♦ ✸✵ ❦❲❤✴❚❈
P❡r❞❛s ❞❡ ❝♦♥❞❡♥s❛❞♦s ✺✪
Pr❡ssã♦ ♥♦ ❞❡s❛❡r❛❞♦r ✶✱✹ ❜❛r
❚❡♠♣❡r❛t✉r❛ ♥♦ ❞❡s❛❡r❛❞♦r ✶✵✺❽

❛❊✜❝ê♥❝✐❛ ❞❛s t✉r❜✐♥❛s ❢♦r♥❡❝✐❞❛s ♣❡❧❛ ◆● ♠❡t❛❧úr❣✐❝❛ ✭❊◆❙■◆❆❙✱ ✷✵✵✽✮

✼✽



➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ♣r❡ssã♦ ❞♦ ✈❛♣♦r ❣❡r❛❞♦ ♥❛ ❝❛❧❞❡✐r❛ ❧❡✈❛ ❛

✉♠ ❛✉♠❡♥t♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♥♦ t✉r❜♦❣❡r❛❞♦r✱ ♠❛s t❛♠❜é♠ ❛✉♠❡♥t❛ ♦

❝♦♥s✉♠♦ ❞❡ ❜❛❣❛ç♦ ♥❛ ❝❛❧❞❡✐r❛✳ ❋♦r❛♠ ❢❡✐t❛s s✐♠✉❧❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r

❝♦♠ ♣r♦❞✉çã♦ ❞❡ ❜❛❣❛ç♦ ❡①❝❡❞❡♥t❡ ♣❛r❛ ❝❛❧❞❡✐r❛s ♣r♦❞✉③✐♥❞♦ ✈❛♣♦r ❛ ✷✷✱ ✻✺ ❡ ✾✵ ❜❛r✳ ❆

t❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ❞♦s ❣❛s❡s ❢♦✐ ✜①❛❞❛ ✭✶✻✵❽ ♣❛r❛ ❝❛❧❞❡✐r❛s ❞❡ ✻✺ ❡ ✾✵ ❜❛r ❡ ✶✽✵❽ ♣❛r❛

❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r✮ ✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❜❛❣❛ç♦ ❡①❝❡❞❡♥t❡ ♣❛r❛ ✉♠

❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ✜①♦ ❡♠ ❝❛❞❛ ❝❛s♦ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✸✳

❋✐❣✉r❛ ✸✳✶✸✿ Pr♦❞✉çã♦ ❞❡ ❜❛❣❛ç♦ ❡①❝❡❞❡♥t❡ ❡♠ ❢✉♥çã♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❝❛❧❞❡✐r❛✳

❆ss✐♠✱ ❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r ❝♦♠ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛ ✭❛t✉❛❧♠❡♥t❡ sã♦ ❡♥❝♦♥tr❛❞❛s ❝❛❧❞❡✐✲

r❛s ♥♦✈❛s ❞❡ ✷✷ ❜❛r ❝♦♠ ❡✜❝✐ê♥❝✐❛ ❞❡ ✽✻✪✮ ♣❡r♠✐t❡♠ ❛ ♣r♦❞✉çã♦ ❞❡ ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s

❞❡ ❜❛❣❛ç♦ ❞♦ q✉❡ ❝❛❧❞❡✐r❛s ❡✜❝✐❡♥t❡s ❞❡ ✾✵ ❜❛r ✭❤♦❥❡✱ ❝♦♠ ❡✜❝✐ê♥❝✐❛ ❞❛ ♦r❞❡♠ ❞❡ ✽✽✪

✭▼❆◆❚❊▲❆❚❚❖✱ ✷✵✶✵✮✮✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡①❝❡❞❡♥t❡ ❛✉♠❡♥t❛

❞❡ ❝❡r❝❛ ❞❡ ✶✼ ❦❲❤✴❚❈ ✭❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r✮ ♣❛r❛ ✻✹ ❦❲❤✴❚❈ ✭❝❛❧❞❡✐r❛s ❞❡ ✾✵ ❜❛r✮✳

✼✾



✸✳✺✳✷✳✸ ❘❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦

❉✐❢❡r❡♥t❡s ♣r♦❝❡❞✐♠❡♥t♦s ♣♦❞❡♠ s❡r ❛❞♦t❛❞♦s ♥❛ ✐♥❞ústr✐❛ ♣❛r❛ r❡❞✉③✐r ♦ ❝♦♥s✉♠♦ ❞❡

✈❛♣♦r ❞♦ ♣r♦❝❡ss♦✱ ♣r♦❞✉③✐♥❞♦ ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✳ ❖s ♣r✐♥❝✐✲

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

❈♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡♠ ❡✈❛♣♦r❛❞♦r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦ ❊♠ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦✲

♠❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❛♥t❡s ❞❛ ❢❡r♠❡♥t❛çã♦ é r❡❛❧✐③❛❞❛ ❡♠♣r❡❣❛♥❞♦✲s❡

❡✈❛♣♦r❛❞♦r❡s s✐♠♣❧❡s✱ ♥♦s q✉❛✐s é ♣r♦❞✉③✐❞♦ ✈❛♣♦r ✈❡❣❡t❛❧ q✉❡ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ✉t✐❧✐❞❛❞❡

♥♦ ♣r♦❝❡ss♦✳ ❯♠❛ ❢♦r♠❛ ❞❡ ❞✐♠✐♥✉✐r ♦ ❝♦♥s✉♠♦ ❞❡st❛ ♦♣❡r❛çã♦ é ♦ ❡♠♣r❡❣♦ ❞❡ ❡✈❛♣♦✲

r❛❞♦r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦ ✭❊▼❊✮ ❝♦♠♦ ♦s ❥á ✉t✐❧✐③❛❞♦s ♥❛ ❢á❜r✐❝❛ ❞❡ ❛çú❝❛r✱ ♦♥❞❡ ♦ ❝❛❧❞♦ é

❝♦♥❝❡♥tr❛❞♦ ❛té ✻✺ ➦❇r✐①✳ ◆♦ ❝❛s♦ ❞❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛✱ ❛♣❡♥❛s ✉♠❛ ❢r❛çã♦ ❞♦ ❝❛❧❞♦

❞❡✈❡ s❡r ❝♦♥❝❡♥tr❛❞❛✱ ❥á q✉❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❛❧✐♠❡♥t❛❞♦ ♥❛ ❢❡r♠❡♥t❛çã♦ ❞❡✈❡ s❡r

❞❛ ♦r❞❡♠ ❞❡ ✷✵ ➦❇r✐①✳

❯♠ ❡sq✉❡♠❛ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ❡✈❛♣♦r❛❞♦r ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ❜❛s❡❛❞♦ ❡♠ ❉✐❛s ✭✷✵✵✽✮✱ é

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✹✳

❋✐❣✉r❛ ✸✳✶✹✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡♠ ❡✈❛♣♦r❛❞♦r❡s ♠ú❧t✐♣❧♦
❡❢❡✐t♦✳

❖ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ♥♦ ❊▼❊ é ❝❡r❝❛ ❞❡ ❝✐♥❝♦ ✈❡③❡s ♠❡♥♦r ❞♦ q✉❡ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r

♥♦ ❡✈❛♣♦r❛❞♦r s✐♠♣❧❡s ✭♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✼✮✱ s❡♠ ❝♦♥s✐❞❡r❛r s❛♥❣r✐❛s ❞❡ ✈❛♣♦r q✉❡

♣♦❞❡♠ s❡r ❢❡✐t❛s ♥♦s ♣r✐♠❡✐r♦s ❡stá❣✐♦s ❞♦ ❊▼❊ ♣❛r❛ s✉♣r✐r ♣❛rt❡ ❞❛ ❞❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛

✽✵



❞♦ ♣r♦❝❡ss♦✳ ◆❡st❡ tr❛❜❛❧❤♦ ❝♦♥s✐❞❡r♦✉✲s❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ s❛♥❣r✐❛ ❞❡ ✈❛♣♦r ♥♦ ♣r✐♠❡✐r♦

❡❢❡✐t♦ ❞♦ ❡✈❛♣♦r❛❞♦r ❞❡ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ❝♦♠♦ é ✉s✉❛❧♠❡♥t❡ ❢❡✐t♦ ♥❛ ✐♥❞ústr✐❛❀ ♥♦ ❡♥t❛♥t♦✱

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

s❛♥❣r✐❛s ❞❡ ✈❛♣♦r ❞♦ s❡❣✉♥❞♦ ❡ t❡r❝❡✐r♦ ❡❢❡✐t♦s✳

❉❡st✐❧❛çã♦ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦ ❆ ♦♣❡r❛çã♦ ❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❡♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡

♣r❡ssã♦ ♣❡r♠✐t❡ ❛ ✐♥t❡❣r❛çã♦ ❡♥tr❡ ❝♦♥❞❡♥s❛❞♦r❡s ❡ r❡❢❡r✈❡❞♦r❡s ❞❛s ❝♦❧✉♥❛s ❞❡ r❡t✐✜❝❛çã♦

❡ ❞❡st✐❧❛çã♦✱ r❡❞✉③✐♥❞♦ ❛ss✐♠ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦✳

❈♦♠♦ ♦ ♠❛✐♦r ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ♦❝♦rr❡ ♥❛ ❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦ ✭❝♦❧✉♥❛ ❆✮✱ ❣❛♥❤♦s

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

❞❛ ❝♦❧✉♥❛ ❇✳ ■st♦ ♣♦❞❡ s❡r ❢❡✐t♦ ♣♦r ♠❡✐♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ♣r❡ssõ❡s s✉❜✲❛t♠♦s❢ér✐❝❛s ♥❛s

❝♦❧✉♥❛s ❆✱ ❆✶ ❡ ❉✱ ♠❛♥t❡♥❞♦✲s❡ ♣r❡ssõ❡s ❞❛ ♦r❞❡♠ ❞❛ ❛t♠♦s❢ér✐❝❛ ♥❛ ❝♦❧✉♥❛ ❇✱ ♦ q✉❡ ❧❡✈❛

❛ ❞✐❢❡r❡♥ç❛s ❞❡ t❡♠♣❡r❛t✉r❛ ❡♥tr❡ ♦s ❞♦✐s ❡q✉✐♣❛♠❡♥t♦s ❞❡ ❝❡r❝❛ ❞❡ ✶✵❽✳

❯♠ ❡sq✉❡♠❛ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ❞✉♣❧♦ ❡❢❡✐t♦ ❝♦♠ ✈á❝✉♦ ♥❛ ❝♦❧✉♥❛

❞❡ r❡t✐✜❝❛çã♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✺✳

◆❛ ❝♦♥✜❣✉r❛çã♦ ❡st✉❞❛❞❛ ♥❛ s✐♠✉❧❛çã♦✱ ❛ ✐♥t❡❣r❛çã♦ ❡♥tr❡ ♦ r❡❢❡r✈❡❞♦r ❞❛ ❝♦❧✉♥❛ ❆

✭❘❊❇✲❆✮ ❡ ♦ ❝♦♥❞❡♥s❛❞♦r ❞❛ ❝♦❧✉♥❛ ❇ ✭❊✮ é r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❝♦rr❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ◗■◆❚❀

❛♣❡♥❛s ✉♠❛ ❢r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥♦ ❝♦♥❞❡♥s❛❞♦r ❞❛ ❝♦❧✉♥❛ ❇ é s✉✜❝✐❡♥t❡ ♣❛r❛ s✉♣r✐r

❛ ♥❡❝❡ss✐❞❛❞❡ ❡♥❡r❣ét✐❝❛ ❞❛ ❝♦❧✉♥❛ ❆✱ ❡ ♦ r❡st❛♥t❡ ❞❛ ❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧ é tr❛♥s❢❡r✐❞♦ à

á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥♦ ❝♦♥❞❡♥s❛❞♦r ❊✶✳

❈♦♠♦ ❛ ♣r❡ssã♦ ♥❛ ❝♦❧✉♥❛ ❆ é ♠❡♥♦r q✉❡ ♥❛ ❝♦❧✉♥❛ ❇✱ é ♥❡❝❡ssár✐♦ ❡❧❡✈❛r ❛ ♣r❡ssã♦ ❞❛

❝♦rr❡♥t❡ ❞❡ ✢❡❣♠❛ ✈❛♣♦r ✭❋▲❊●▼❆✲❱✮ ✉t✐❧✐③❛♥❞♦ ✉♠ ❝♦♠♣r❡ss♦r ✭❈❖▼P✶✮✱ ❝♦♥s✉♠✐♥❞♦

♣❛r❛ t❛♥t♦ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✳ ❈♦♠♦ ♣♦❞❡ ❡①✐s✐t✐r ✉♠ ❡①❝❡❞❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♥♦ ♣r♦✲

❝❡ss♦✱ ❝❛s♦ s❡❥❛♠ ❡♠♣r❡❣❛❞❛s ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❞❡ ❛❧t❛ ♣r❡ssã♦✱ ♦ ❛✉♠❡♥t♦

♥♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♥♦ ♣r♦❝❡ss♦ ♥ã♦ r❡♣r❡s❡♥t❛ ✉♠ ♦❜stá❝✉❧♦ à ✉t✐❧✐③❛çã♦ ❞❡st❡

s✐st❡♠❛ ❞❡ ❞❡st✐❧❛çã♦✳

✽✶



❋✐❣✉r❛ ✸✳✶✺✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✳

❈♦♠♦ ❛ ♣r❡ssã♦ ♥❛ ❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦ é ❜❛✐①❛✱ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ t♦♣♦ ❞❛ ❝♦❧✉♥❛ ❉

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

♦r❞❡♠ ❞❡ ✷✺❽ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s✱ ♠❛s ♣❛r❛ ✐ss♦ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞❛ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦

❛ t❡♠♣❡r❛t✉r❛s ♠❡♥♦r❡s ❞♦ q✉❡ ❛s ✉s✉❛❧♠❡♥t❡s ✉t✐❧✐③❛❞❛s ❡♠ ♣❧❛♥t❛s ❞❡ ❛çú❝❛r ❡ á❧❝♦♦❧✳

◆❡st❡s ❝❛s♦s ✉♠ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛ ❜❛s❡❛❞♦ ❡♠ ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦ ❞❡

❧ít✐♦ ❢♦✐ ✉t✐❧✐③❛❞♦❀ ❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❢♦✐ ❜❛s❡❛❞❛ ♥❛q✉❡❧❛ ❞❡s❝r✐t❛ ♣♦r ❙♦♠❡rs ✭✷✵✵✾✮

❡ s❡✉ ✢✉①♦❣r❛♠❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✻✳

❖s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✶ ❢♦r❛♠ ❡♠♣r❡❣❛❞♦s ♥❛ s✐♠✉❧❛çã♦✳

❆❧é♠ ❞❡ ✈❛♣♦r✱ ❢♦✐ ✉t✐❧✐③❛❞❛ t❛♠❜é♠ ❛ ✈✐♥❤❛ç❛ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♥♦ s✐st❡♠❛

❞❡ ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦✳ ◆❛ s✐♠✉❧❛çã♦ ❞❡st❡ ♣r♦❝❡ss♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ♣❛❝♦t❡ t❡r✲

♠♦❞✐♥â♠✐❝♦ ❊▲❊❈◆❘❚▲ ♣❛r❛ ❝♦♥s✐❞❡r❛r ❛ ♣r❡s❡♥ç❛ ❞❡ í♦♥s ❡ s❛✐s✱ ❡ ♦ ♣❛❝♦t❡ ❙❚❊❆▼◆❇❙

♥♦ ❧❛❞♦ ❞♦s tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r q✉❡ ♦♣❡r❛♠ ❝♦♠ á❣✉❛ ♦✉ ✈❛♣♦r ❞✬á❣✉❛✳

✽✷



❋✐❣✉r❛ ✸✳✶✻✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛ ♣♦r ❛❜s♦rçã♦ ❝♦♠ ❜r♦✲
♠❡t♦ ❞❡ ❧ít✐♦✳

❚❛❜❡❧❛ ✸✳✷✶✿ P❛râ♠❡tr♦s ❞♦ s✐st❡♠❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛ ♣♦r ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦
❞❡ ❧ít✐♦

P❛râ♠❡tr♦ ❱❛❧♦r
❚❡♠♣❡r❛t✉r❛ ❞❛ á❣✉❛ ❣❡❧❛❞❛ ✶✹❽
❚❡♠♣❡r❛t✉r❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❛ á❣✉❛ ❢r✐❛ ✷✼❽
❚❡♠♣❡r❛t✉r❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❛ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ✷✼❽
❚❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ❞❛ á❣✉❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ✸✵❽
Pr❡ssã♦ ❞♦ ✈❛♣♦r ✷✱✺ ❜❛r
❚❡♠♣❡r❛t✉r❛ ❞♦ ✈❛♣♦r ✶✺✵❽
❈♦♥❝❡♥tr❛çã♦ ❞❛ s♦❧✉çã♦ ❞❡ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦ ✺✼✱✹✪
❊❢❡t✐✈✐❞❛❞❡ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❙❍❳ ✵✱✻✹

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ ♣❡r❢♦r♠❛♥❝❡ ✭❈❖P✮ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ♦ s✐st❡♠❛ ❢♦✐ ❞❡ ✵✱✼✺✳

✽✸



❉❡s✐❞r❛t❛çã♦ ❝♦♠ ♣❡♥❡✐r❛s ♠♦❧❡❝✉❧❛r❡s ❖ ♣r♦❝❡ss♦ ❞❡ ❞❡s✐❞r❛t❛çã♦ ❝♦♠ ♣❡♥❡✐r❛s

♠♦❧❡❝✉❧❛r❡s ❛♣r❡s❡♥t❛ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r✱ ❡♥tr❡ ✵✱✺✺ ❡ ✵✱✻ ❦❣ ✈❛♣♦r✴▲ ❆❊❆❈✱ ✈❛❧♦r

♠❡♥♦r ❞♦ q✉❡ ❛q✉❡❧❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ ❝♦♠ ❝✐❝❧♦❡①❛♥♦ ✭❝❡r❝❛ ❞❡ ✷ ❦❣✴▲

❆❊❆❈✮ ✭▼❊■❘❊▲▲❊❙✱ ✷✵✵✻✮✳

❖ ❆s♣❡♥ P❧✉s ♥ã♦ ❛♣r❡s❡♥t❛ ❡♠ s✉❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❛ ♦♣❡r❛çã♦ ✉♥✐tár✐❛ ❞❡ ❛❞s♦rçã♦❀

❛ss✐♠✱ ❡st❛ ❢♦✐ s✐♠✉❧❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ s♣❧✐tt❡r✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ q✉❡ ✽✶✪ ❞♦ ❡t❛♥♦❧ é

r❡❝✉♣❡r❛❞♦ ♥♦ ❆❊❆❈ ❡ ♦ r❡st❛♥t❡ é r❡❝✐❝❧❛❞♦ à ❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦ ✭▼❆◆❚❊▲❆❚❚❖✱

✷✵✶✵✮✳ ❖ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ✻ ❜❛r ❢♦✐ ❡s♣❡❝✐✜❝❛❞♦ ❝♦♠♦ ✵✱✻ ❦❣✴▲ ❆❊❆❈ ✭▼❊■❘❊▲▲❊❙✱

✷✵✵✻✮✳

✸✳✺✳✷✳✹ Pr♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦

❉✉❛s ❝♦♥✜❣✉r❛çõ❡s ❛❧t❡r♥❛t✐✈❛s ❛♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ❢❡r♠❡♥t❛çã♦ ✭❜❛t❡❧❛❞❛ ❛❧✐✲

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

❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ✉t✐❧✐③❛♥❞♦ á❣✉❛ ❣❡❧❛❞❛ ♣r♦❞✉③✐❞❛ ❡♠ s✐st❡♠❛s ❞❡ ❛❜s♦rçã♦ ❝♦♠ ❜r♦✲

♠❡t♦ ❞❡ ❧ít✐♦✱ ❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦✳ ❯♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞❛s

s✐♠✉❧❛çõ❡s ❞❡st❡s ❞♦✐s ♣r♦❝❡ss♦s é ❛♣r❡s❡♥t❛❞❛ ❛ s❡❣✉✐r✳

❋❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ◆❛ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ✭✸✵❽✮✱ á❣✉❛

❣❡❧❛❞❛ é ✉t✐❧✐③❛❞❛ ♣❛r❛ r❡s❢r✐❛r ♦ ♠❡✐♦ r❡❛❝✐♦♥❛❧✱ ❝♦♥❢♦r♠❡ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✼✳

❖s ♣❛râ♠❡tr♦s ❡♠♣r❡❣❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❢♦r❛♠ ❡st✐♠❛❞♦s ❡♠ ❞❛❞♦s ❢♦r♥❡❝✐❞♦s ♣♦r

❖❧✐✈ér✐♦ ❡t ❛❧✳ ✭✷✵✶✵✮✱ ❡ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✷✱ ❛ ♣❛rt✐r ❞♦s q✉❛✐s ❢♦✐ ❝❛❧❝✉❧❛❞❛

✉♠❛ ❝♦♥✈❡rsã♦ ❞❡ ❣❧✐❝♦s❡ ❛ ❡t❛♥♦❧ ✐❣✉❛❧ ❛ ✾✷✱✼✪ ♥❛s ❝♦♥❞✐çõ❡s ❞❛ s✐♠✉❧❛çã♦✳

❖s ♣❛râ♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✶ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ s✐♠✉❧❛r ♦ ♣r♦❝❡ss♦

❞❡ r❡s❢r✐❛♠❡♥t♦ ♣♦r ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦✱ ♠❛s ♥❡st❡ ❝❛s♦ ❛ ✈✐♥❤❛ç❛ ♣r♦❞✉③✐❞❛ ♥❛s

❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❢♦r♥❡❝❡ ♣❛rt❡ ❞♦ ❝❛❧♦r ♥❡❝❡ssár✐♦ ❛♦ ❣❡r❛❞♦r❀ s❡ ♦ ❝❛❧♦r ❢♦r♥❡❝✐❞♦ ♣❡❧❛

✈✐♥❤❛ç❛ ♥ã♦ ❢♦r s✉✜❝✐❡♥t❡✱ ❝♦♠♦ ♣♦❞❡ ❛❝♦♥t❡❝❡r ❥á q✉❡ ❛ ✈❛③ã♦ ❞❡ ✈✐♥❤❛ç❛ é r❡❧❛t✐✈❛♠❡♥t❡

❜❛✐①❛ ❞❡✈✐❞♦ ❛♦ ❡❧❡✈❛❞♦ t❡♦r ❛❧❝♦ó❧✐❝♦ ❞♦ ✈✐♥❤♦✱ ✈❛♣♦r ❞❡ ❡s❝❛♣❡ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❢♦♥t❡
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q✉❡♥t❡✳

❋✐❣✉r❛ ✸✳✶✼✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✳

❚❛❜❡❧❛ ✸✳✷✷✿ Pr✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❡♠♣r❡❣❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦
❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✳

P❛râ♠❡tr♦ ❱❛❧♦r
❆❘❚ ❞♦ ♠♦st♦ ✷✽✪
❚❡♠♣❡r❛t✉r❛ ❞❛ ❢❡r♠❡♥t❛çã♦ ✸✵❽
❚❡♦r ❞❡ ❡t❛♥♦❧ ❞♦ ✈✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦ ✶✸✱✽✷ ➦●▲

❋❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦ ❆ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛

❛ ✈á❝✉♦ ❢♦✐ ❜❛s❡❛❞❛ ♥♦ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❏✉♥q✉❡✐r❛ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❝♦♠ ❛❧❣✉♠❛s

❛❞❛♣t❛çõ❡s✳ ❆ s✐♠✉❧❛çã♦ ❢♦✐ ❢❡✐t❛ ❞❡ ♠♦❞♦ ❛ ♣❡r♠✐t✐r ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❡st❡ ♣r♦❝❡ss♦ ❡

❛ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ♦✉ s❡❥❛✱ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ❝♦♥❝❡♥tr❛çõ❡s ✐❣✉❛✐s ❞❡ ❆❘❚

♥♦ ♠♦st♦✱ t❡♠♣❡r❛t✉r❛ ♥♦ r❡❛t♦r ❡ ❝♦♥✈❡rsã♦ ❛ ❡t❛♥♦❧✳

◆❡st❡ tr❛❜❛❧❤♦ ❝♦♥s✐❞❡r♦✉✲s❡ ♦ ✢✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✽✱ ♦♥❞❡ ♦ ✈✐♥❤♦

❧❡✈❡❞✉r❛❞♦ ♦❜t✐❞♦ ♥♦ r❡❛t♦r é ❝❡♥tr✐❢✉❣❛❞♦ ♣❛r❛ r❡❝✉♣❡r❛çã♦ ❞❛s ❝é❧✉❧❛s✱ q✉❡ ♣❛ss❛♠ ♣♦r
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tr❛t❛♠❡♥t♦ ❡ sã♦ r❡❝✐❝❧❛❞❛s ❛♦ r❡❛t♦r❀ ❡♠ s❡❣✉✐❞❛✱ ♦ ✈✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦ é s❡♣❛r❛❞♦ ❡♠

❞✉❛s ❝♦rr❡♥t❡s✿ ✉♠❛ ❞❡❧❛s é ❛❧✐♠❡♥t❛❞❛ ♥♦ t❛♥q✉❡ ✢❛s❤✱ q✉❡ ♦♣❡r❛ ❛ ✈á❝✉♦✱ ❡♥q✉❛♥t♦ ❛

♦✉tr❛ é ♠✐st✉r❛❞❛ à s♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ ♦❜t✐❞❛ ♥❛ ❝♦❧✉♥❛ ❞❡ ❛❜s♦rçã♦ ♣❛r❛ ❧❛✈❛❣❡♠ ❞♦s ❣❛s❡s

❞❛ ❢❡r♠❡♥t❛çã♦✳ ◆♦ t❛♥q✉❡ ✢❛s❤ sã♦ ♣r♦❞✉③✐❞♦s ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ✈❛♣♦r ✭r✐❝❛ ❡♠ ❡t❛♥♦❧✮

❡ ✉♠❛ ❧íq✉✐❞❛✱ q✉❡ é r❡❝✐❝❧❛❞❛ ❛♦ r❡❛t♦r✳ ❆ ❝♦rr❡♥t❡ ❞❡ ✈❛♣♦r é ❝♦♠♣r✐♠✐❞❛ ✉s❛♥❞♦ ✉♠❛

sér✐❡ ❞❡ ❝♦♠♣r❡ss♦r❡s ❝♦♠ r❡s❢r✐❛♠❡♥t♦ ✐♥t❡r♠❡❞✐ár✐♦ ❛té ❛ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛✱ ❞❡ ❢♦r♠❛

❛ s❡r ❛❧✐♠❡♥t❛❞❛ ♥❛ ❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦❀ ♣❛r❛ r❡❛❧✐③❛r ♦ r❡s❢r✐❛♠❡♥t♦✱ ❛ ♣ró♣r✐❛ ❝♦rr❡♥t❡

❞❡ s♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ é ✉t✐❧✐③❛❞❛ ❡♠ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r r❡❣❡♥❡r❛t✐✈♦s✱ s❡♥❞♦ ❞❡ss❛ ❢♦r♠❛

♣ré✲❛q✉❡❝✐❞❛ ❛♥t❡s ❞❡ s❡r ❡♥✈✐❛❞❛ à ❝♦❧✉♥❛ ❞❡ ❞❡st✐❧❛çã♦✳ ❆ ❢r❛çã♦ ❞❡ ✈✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦

q✉❡ é ❛❧✐♠❡♥t❛❞❛ ♥♦ t❛♥q✉❡ ✢❛s❤ é ♠❛♥✐♣✉❧❛❞❛ ❞❡ ❢♦r♠❛ ❛ s❡ ♠❛♥t❡r ♦ r❡❛t♦r ❛ ✸✵❽✱ ❡♠

❝♦♥❥✉♥t♦ ❝♦♠ ❛s ✈❛r✐á✈❡✐s ❞♦ ✢❛s❤✳ ❆ ♣r❡ssã♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ t❛♥q✉❡ ✢❛s❤ ❢♦✐ ❞❡✜♥✐❞❛

❝♦♠♦ ✵✱✵✻ ❜❛r✳

❋✐❣✉r❛ ✸✳✶✽✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦✳

▼❛✐♦r❡s ❞❡t❛❧❤❡s s♦❜r❡ ❛s s✐♠✉❧❛çõ❡s ❞♦s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦ sã♦

❛♣r❡s❡♥t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✻✳
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✸✳✺✳✸ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦

❆ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ❝♦♥s✐❞❡r♦✉ ✉♠ ♣r♦❝❡ss♦

❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♣♦r ❡①♣❧♦sã♦ ❛ ✈❛♣♦r s❡❣✉✐❞♦ ♦✉ ♥ã♦ ♣♦r

❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛✱ ❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳ ❊st❛s ♦♣❡r❛çõ❡s ❢♦r❛♠ ✐♥s❡r✐❞❛s ♥❛ s✐♠✉✲

❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦ ♥♦ ❜❧♦❝♦ ✷●✱ ❝♦♠♦

♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✾✳

❋✐❣✉r❛ ✸✳✶✾✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳

■♥✐❝✐❛❧♠❡♥t❡ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ❞♦✐s ♥í✈❡✐s t❡❝♥♦❧ó❣✐❝♦s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛

❣❡r❛çã♦❀ ♥♦ ♣r✐♠❡✐r♦ ✭❋✐❣✉r❛ ✸✳✷✵✮ é ❝♦♥s✐❞❡r❛❞♦ ✉♠ ♥í✈❡❧ ❛t✉❛❧ ❞❡ t❡❝♥♦❧♦❣✐❛✱ ❡♥q✉❛♥t♦

♥♦ s❡❣✉♥❞♦ ✭❋✐❣✉r❛ ✸✳✷✶✮ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦ sã♦ ❛♥❛❧✐s❛❞❛s✳

◆❛ ❤✐❞ró❧✐s❡ ❛t✉❛❧✱ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡①❝❡❞❡♥t❡ ❞❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦❣❡r❛çã♦ ✭❇❆●✲

❊❳❈✮✱ ❝♦♠♣♦st♦ ♣♦r ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ q✉❡ ♥ã♦ sã♦ q✉❡✐♠❛❞♦s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛✱ é

❛❧✐♠❡♥t❛❞♦ ♥♦ r❡❛t♦r ❞❡ ❡①♣❧♦sã♦ ❛ ✈❛♣♦r ❥✉♥t♦ ❛ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ ✈❛♣♦r ✭❙❚❊❆▼✮✳ ◆♦

r❡❛t♦r ❞❡ ❡①♣❧♦sã♦ ♦❝♦rr❡♠ r❡❛çõ❡s ❞❡ ❤✐❞ró❧✐s❡ ❞❛ ❝❡❧✉❧♦s❡ ❡ ❤❡♠✐❝❡❧✉❧♦s❡✳ ❖ ✈❛♣♦r é

❧✐❜❡r❛❞♦ ❡ ♦ ❜❛❣❛ç♦ ♣ré✲tr❛t❛❞♦ ✭❇❆●❊❳P✮ é ✜❧tr❛❞♦ ♣❛r❛ r❡♠♦çã♦ ❞♦ ❧✐❝♦r ❞❡ ♣❡♥t♦s❡s

✭▲■❈❖❘✲P✮✱ q✉❡ é ❜✐♦❞✐❣❡r✐❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❣ás✳ ❖ ❜❛❣❛ç♦ ♣ré✲tr❛t❛❞♦ ✭❇P❚✮ é

❛❧✐♠❡♥t❛❞♦ ♥♦ r❡❛t♦r ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛❀ ♦s ♣r♦❞✉t♦s ❞❛ ❤✐❞ró❧✐s❡ sã♦ ✜❧tr❛❞♦s ❡ ❛ ❢❛s❡
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só❧✐❞❛ ✭❈❊▲❯▲■●◆✮✱ q✉❡ ❝♦♥té♠ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ❧✐❣♥✐♥❛✱ é ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧

♥❛s ❝❛❧❞❡✐r❛s ❞❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦❣❡r❛çã♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❧✐❝♦r ❞❡ ❣❧✐❝♦s❡ ✭▲■❈✲❍❊❳❖✮ é

❡♥✈✐❛❞♦ à ❢❡r♠❡♥t❛çã♦ ❥✉♥t♦ ❝♦♠ ♦ ❝❛❧❞♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳

❋✐❣✉r❛ ✸✳✷✵✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ✲ t❡❝♥♦❧♦❣✐❛
❛t✉❛❧✳

◆❛ ❤✐❞ró❧✐s❡ ❝♦♠ t❡❝♥♦❧♦❣✐❛ ❢✉t✉r❛ é ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ ❡t❛♣❛ ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛

♣♦st❡r✐♦r ❛♦ ♣ré✲tr❛t❛♠❡♥t♦❀ ❡st❛ ♦♣❡r❛çã♦ ♣r♦♠♦✈❡ ❛ s♦❧✉❜✐❧✐③❛çã♦ ❞❛ ❧✐❣♥✐♥❛ ❞♦ ❜❛❣❛ç♦

♣ré✲tr❛t❛❞♦✱ ❛✉♠❡♥t❛♥❞♦ ♦ r❡♥❞✐♠❡♥t♦ ❞❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳ ❆♣ós ❛ ❞❡s❧✐❣♥✐✜❝❛çã♦

❛ ❢❛s❡ só❧✐❞❛ é s❡♣❛r❛❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ✉♠ ✜❧tr♦✱ ♥♦ q✉❛❧ ❛ ♣♦❧♣❛ ❞❡ ❝❡❧✉❧♦s❡ ✭❇❉❊❙▲✮ é

s❡♣❛r❛❞❛ ❞❛ ❧✐❣♥✐♥❛ ❞✐ss♦❧✈✐❞❛ ✭▲■●◆■◆✮✱ q✉❡ é ♣r❡❝✐♣✐t❛❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ á❝✐❞♦ s✉❧❢úr✐❝♦✳

❆♣ós ❛ ❛❞✐çã♦ ❞❡ á❝✐❞♦ ❛ ♠✐st✉r❛ é ♥♦✈❛♠❡♥t❡ ✜❧tr❛❞❛ ♣❛r❛ r❡❝✉♣❡r❛çã♦ ❞❛ ❧✐❣♥✐♥❛ ✭▲■●✲

◆■◆❆✮✱ q✉❡ é ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ♥❛ ❝❛❧❞❡✐r❛✳ ❆ ♣♦❧♣❛ ❞❡ ❝❡❧✉❧♦s❡ ♦❜t✐❞❛ ❛♣ós ❛

❞❡s❧✐❣♥✐✜❝❛çã♦ é ❤✐❞r♦❧✐s❛❞❛❀ ❛ ❝❡❧✉❧♦s❡ ♥ã♦ ❝♦♥s✉♠✐❞❛ ✭❈❊▲❯▲❖❙❊✮ t❛♠❜é♠ é ✉t✐❧✐③❛❞❛

❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ♥❛ ❝❛❧❞❡✐r❛✳ ❖ ❧✐❝♦r ❞❡ ♣❡♥t♦s❡s ✭▲■❈❖❘✲P✮ ♦❜t✐❞♦ ♥♦ ♣ré✲tr❛t❛♠❡♥t♦

é ♠✐st✉r❛❞♦ ❛♦ ❧✐❝♦r ❞❡ ❤❡①♦s❡s ✭▲■❈✲❍❊❳❖✮ ♦❜t✐❞♦ ♥❛ ❤✐❞ró❧✐s❡✱ q✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r❛ ❛

❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s ❛ ❡t❛♥♦❧✳

❖s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✸✳
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❋✐❣✉r❛ ✸✳✷✶✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ✲ t❡❝♥♦❧♦❣✐❛
❢✉t✉r❛✳

❚❛❜❡❧❛ ✸✳✷✸✿ P❛râ♠❡tr♦s ❞♦s ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ s✐♠✉❧❛❞♦s✳
P❛râ♠❡tr♦ ❍✐❞ró❧✐s❡ ❛t✉❛❧ ❍✐❞ró❧✐s❡ ❢✉t✉r❛

❊①♣❧♦sã♦
❈♦♥✈❡rsã♦ ❞❡ ❤❡♠✐❝❡❧✉❧♦s❡ ✼✵✪ ✼✵✪

❈♦♥✈❡rsã♦ ❞❡ ❝❡❧✉❧♦s❡ ✷✪ ✷✪

❛ ✈❛♣♦r
❚❡♠♣♦ ❞❡ r❡❛çã♦ ✶✺ ♠✐♥ ✶✺ ♠✐♥
❚❡♠♣❡r❛t✉r❛ ✶✾✵❽ ✶✾✵❽

❉❡s❧✐❣♥✐✜❝❛çã♦
❚❡♠♣❡r❛t✉r❛ ✲ ✶✵✵❽

❚❡♠♣♦ ❞❡ r❡❛çã♦ ✲ ✶ ❤

❛❧❝❛❧✐♥❛
❈♦♥❝❡♥tr❛çã♦ ❞❡ ◆❛❖❍ ✲ ✶✪

▲✐❣♥✐♥❛ ❞✐ss♦❧✈✐❞❛ ✲ ✾✵ ✪

❍✐❞ró❧✐s❡
❈♦♥✈❡rsã♦ ❞❡ ❝❡❧✉❧♦s❡ ✻✵✪ ✼✵✪

❚❡♦r ❞❡ só❧✐❞♦s ✶✵✪ ✶✺✪

❡♥③✐♠át✐❝❛
❚❡♠♣❡r❛t✉r❛ ✺✵❽ ✺✵❽

❚❡♠♣♦ ❞❡ r❡❛çã♦ ✼✷ ❤ ✹✽ ❤

◆♦s ❝❡♥ár✐♦s ❡♠ q✉❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s ❛ ❡t❛♥♦❧✱ ❝♦♥✈❡rsã♦ ❞❡

✽✵✪ ❢♦✐ ✉t✐❧✐③❛❞❛❀ ♥♦s ❝❡♥ár✐♦s ❡♠ q✉❡ ♦ ❧✐❝♦r ❞❡ ♣❡♥t♦s❡s ❢♦✐ ❜✐♦❞✐❣❡r✐❞♦✱ ❝♦♥s✐❞❡r♦✉✲s❡

❡✜❝✐ê♥❝✐❛ ❞❡ r❡♠♦çã♦ ❞❡ ❉◗❖ ✭❞❡♠❛♥❞❛ q✉í♠✐❝❛ ❞❡ ♦①✐❣ê♥✐♦✮ ❞❡ ✼✵✪ ✭❝♦♥✈❡rsã♦ ❞❛s

❡q✉❛çõ❡s ✸✳✶✽ ❡ ✸✳✶✾✮ ❡ r❡❛çõ❡s ❞❡ ❢♦r♠❛çã♦ ❞❡ ♠❡t❛♥♦ ❛ ♣❛rt✐r ❞❛s ♣❡♥t♦s❡s ❡ ❞❛s ❤❡①♦s❡s

✽✾



❞♦ ❧✐❝♦r✿

C5H10O5 → 2, 5CH4 + 2, 5CO2 ✭✸✳✶✽✮

C6H12O6 → 3CH4 + 3CO2 ✭✸✳✶✾✮

❆ss✐♠✱ ♦ ❜✐♦❣ás ♣r♦❞✉③✐❞♦ ♣♦ss✉✐ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ♠❡t❛♥♦ ✐❣✉❛❧ ❛ ✺✵✪✳

❊♠ t♦❞♦s ♦s ✜❧tr♦s ❝♦♥s✐❞❡r♦✉✲s❡ ✈❛③ã♦ ❞❡ á❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ✐❣✉❛❧ à q✉❛♥t✐❞❛❞❡ ❞❡ t♦rt❛

♣r♦❞✉③✐❞❛✱ ❛ ✽✵❽✱ ❝♦♠ ❡✜❝✐ê♥❝✐❛ ❞❡ r❡t❡♥çã♦ ❞❡ só❧✐❞♦s ✐♥s♦❧ú✈❡✐s ❞❡ ✾✾✱✺✪ ❡ ♣❡r❞❛s ❞❡

s♦❧ú✈❡✐s ❞❡ ✶✵✪✳ ❆ ✉♠✐❞❛❞❡ ❞❛s ♣♦❧♣❛s ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✐❣✉❛❧ ❛ ✺✵✪ q✉❛♥❞♦ ♦ ♣r♦❞✉t♦

é q✉❡✐♠❛❞♦ ♥❛ ❝❛❧❞❡✐r❛ ✭♣❛r❛ ♦s r❡sí❞✉♦s✮ ❡ ✻✺✪ ♣❛r❛ ❛ ♣♦❧♣❛ ❞❡ ❝❡❧✉❧♦s❡ ❛❧✐♠❡♥t❛❞❛ ♥❛

❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳

❘❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❞♦s ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ sã♦

❛♣r❡s❡♥t❛❞♦s ♥♦s ❈❛♣ít✉❧♦s ✼ ❛ ✾✳

✸✳✻ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❛♥á❧✐s❡ ❞❡ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛

❯♠❛ ❞❛s ♣♦ssí✈❡✐s ❢♦r♠❛s ❞❡ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛❧t❡r♥❛t✐✈❛s ❞❡ ♣r♦❝❡ss♦ é ❛ r❡❛❧✐③❛çã♦

❞❡ ❛♥á❧✐s❡ ❞❡ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ❛ ❛♥á❧✐s❡ ❞❡ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛ ❞❡

❞✐❢❡r❡♥t❡s ❛❧t❡r♥❛t✐✈❛s ❞❡ ♣r♦❝❡ss♦ ❢♦✐ ❜❛s❡❛❞❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ t❛①❛ ✐♥t❡r♥❛ ❞❡ r❡t♦r♥♦

✭❚■❘✮ ❡ ❝✉st♦s ❞❡ ♣r♦❞✉çã♦ ♣❛r❛ ✉♠ ✢✉①♦ ❞❡ ❝❛✐①❛ ♥♦ q✉❛❧ t♦❞❛s ❛s r❡❝❡✐t❛s ❡ ❞❡s♣❡s❛s

❡stã♦ ✐♥❝❧✉í❞❛s✳ ❖s ♣r✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♣❛r❛ ❛ ❡❧❛❜♦r❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❝❛✐①❛

♥❡st❡ tr❛❜❛❧❤♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✷✹✳

◆❡st❡ tr❛❜❛❧❤♦✱ ❛s s✐♠✉❧❛çõ❡s ❞❡s❝r✐t❛s ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s ❢♦r♥❡❝❡♠ ♦s ♣❛râ♠❡tr♦s

♣❛r❛ ❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞♦ ♣r♦❝❡ss♦✱ t❛✐s ❝♦♠♦ ❝♦♥s✉♠♦ ❞❡ ✐♥s✉♠♦s ✭♣♦r ❡①❡♠♣❧♦✱ ❝❛♥❛✲

❞❡✲❛çú❝❛r✱ ❝❛t❛❧✐s❛❞♦r❡s✱ ♣❛❧❤❛ ❡ ♦✉tr♦s✮ ❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣r♦❞✉t♦s ✭❡t❛♥♦❧ ❡ ❡❧❡tr✐❝✐❞❛❞❡✮✳

✾✵



❚❛❜❡❧❛ ✸✳✷✹✿ Pr✐♥❝✐♣❛✐s ♣❛râ♠❡tr♦s ❛❞♦t❛❞♦s ♣❛r❛ ❡❧❛❜♦r❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❝❛✐①❛✳
P❛râ♠❡tr♦ ❱❛❧♦r
❱✐❞❛ út✐❧ ❞♦ ♣r♦❥❡t♦ ✷✺ ❛♥♦s
❱❛❧♦r r❡s✐❞✉❛❧ ❞♦s ❡q✉✐♣❛♠❡♥t♦s ✵
❈♦♥str✉çã♦ ❡ st❛rt✲✉♣ ✷ ❛♥♦s
❉❡♣r❡❝✐❛çã♦ ✭❧✐♥❡❛r✮ ✶✵ ❛♥♦s
■♠♣♦st♦s ✭❞❡ r❡♥❞❛ ❡ ❝♦♥tr✐❜✉✐çõ❡s s♦❝✐❛✐s✮ ✸✹ ✪

❖ ✐♥✈❡st✐♠❡♥t♦ é ❝❛❧❝✉❧❛❞♦ ❜❛s❡❛❞♦ ❡♠ ❞❛❞♦s ❢♦r♥❡❝✐❞♦s ♣❡❧❛ ✐♥❞ústr✐❛ ✭❝♦♠♦ ♠♦str❛❞♦

♥❛ s❡çã♦ ✹✳✶ ❡ ♥♦ ❆♣ê♥❞✐❝❡ ❆✮❀ ♣r❡ç♦s ♣❛r❛ ✐♥s✉♠♦s ❡ ♣r♦❞✉t♦s sã♦ ❝❛❧❝✉❧❛❞♦s ❝♦♠♦ ♣r❡ç♦s

♠é❞✐♦s ♦❜t✐❞♦s ♥♦s ú❧t✐♠♦s ❛♥♦s ✭❈❊P❊❆✱ ✷✵✶✶❀ ❯❉❖P✱ ✷✵✶✶✮✳

◆❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ✶✻✵ ❡♠♣r❡❣❛❞♦s ♥❛ ❞❡st✐❧❛r✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧

✭♣r♦❞✉çã♦ ❞❡ ✷ ♠✐❧❤õ❡s ❞❡ t♦♥❡❧❛❞❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣♦r ❛♥♦✮✱ ❝♦♠ s❛❧ár✐♦s ❡ ❡♥❝❛r❣♦s

♠é❞✐♦s ♣♦r tr❛❜❛❧❤❛❞♦r ❞❡ ❘✩ ✸✵✵✵✴♠ês❀ ❛ ♣❛rt✐❝✐♣❛çã♦ ❞♦ ❝✉st♦ ❞❡ ♦✉tr♦s ✐♥s✉♠♦s ❡♠

r❡❧❛çã♦ ❛♦ ❝✉st♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❢♦✐ ❞❡✜♥✐❞❛ ❝♦♠♦ ✷✼✪✳

❯♠❛ ❞❛s ✈❛r✐á✈❡✐s ❡♠♣r❡❣❛❞❛s ♣❛r❛ ❢♦r♥❡❝❡r ❜❛s❡s ♥❛ ❛✈❛❧✐❛çã♦ ❞❛ ❝♦♠♣❡t✐t✐✈✐❞❛❞❡

❞♦ ❡t❛♥♦❧ ❝❡❧✉❧ós✐❝♦ ♥❛ ❧✐t❡r❛t✉r❛ é ♦ ▼❊❙P ✭♠✐♥✐♠✉♠ ❡t❤❛♥♦❧ s❡❧❧✐♥❣ ♣r✐❝❡✮✱ ❝❛❧❝✉❧❛❞♦

❝♦♠♦ ♦ ♣r❡ç♦ ❞❡ ✈❡♥❞❛ ❞♦ ❡t❛♥♦❧ ♥❛ ♣♦rt❛ ❞❛ ❢á❜r✐❝❛ q✉❡ ❢♦r♥❡❝❡ ✈❛❧♦r ♣r❡s❡♥t❡ ❧íq✉✐❞♦

✭❱P▲✮ ③❡r♦ ♣❛r❛ ✉♠❛ ❚■❘ ❞❡ ✶✵✪✱ ❞❡s❝♦♥t❛❞♦s ♦s ✐♠♣♦st♦s ✭❍❯▼❇■❘❉ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ◆♦

❡♥t❛♥t♦✱ ♥❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❛♣❡♥❛s ❛ ❚■❘ ❡ ♦ ❝✉st♦ ❞❡ ♣r♦❞✉çã♦✳ ❖ ❝✉st♦

❞❡ ♣r♦❞✉çã♦ é ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ♦ ♣r❡ç♦ ♣❛❣♦ ❛♦ ♣r♦❞✉t♦r ♣♦r t♦❞♦s ♦s ♣r♦❞✉t♦s ❞❡ ❢♦r♠❛

q✉❡ ❛ ❚■❘ ❞♦ ❡♠♣r❡❡♥❞✐♠❡♥t♦ s❡❥❛ ✐❣✉❛❧ ❛ ✵✱ ❞✐♠✐♥✉✐♥❞♦✲s❡ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❡ ❝♦♠ ❛

♠❡s♠❛ ♣r♦♣♦rçã♦ ♦ ♣r❡ç♦ ❞❡ t♦❞♦s ♦s ♣r♦❞✉t♦s ❛ ♣❛rt✐r ❞♦s ♣r❡ç♦s ❞❡ ✈❡♥❞❛ ❝♦♥s✐❞❡r❛❞♦s✳

❆ss✐♠✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ✉♠❛ ♣❧❛♥✐❧❤❛ ❡❧❡trô♥✐❝❛✶ q✉❡ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞❛ ❚■❘ ❡ ❞♦s ❝✉st♦s ❞❡

♣r♦❞✉çã♦ ❛ ♣❛rt✐r ❞❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ✐♥✈❡st✐♠❡♥t♦✱ ♣r♦❞✉t♦s ❡ ❝✉st♦s ❡♥✈♦❧✈✐❞♦s✳

✶P❧❛♥✐❧❤❛ ❡❧❡trô♥✐❝❛ ♣❛r❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ▼❛r❝❡❧♦ P❡r❡✐r❛ ❞❛ ❈✉♥❤❛

✾✶



❈❛♣ít✉❧♦ ✹

❆✈❛❧✐❛çã♦ ❞❡ ♣❧❛♥t❛s ❞❡ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ✉s❛♥❞♦ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♥s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s ✉t✐❧✐③❛♥❞♦✲s❡ ♦ s✐♠✉❧❛✲

❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ✭■◆❚❊▲▲■●❊◆✱ ■◆❈✳✱ ✷✵✵✾✮✳

❊♠ t♦❞♦s ♦s tr❛❜❛❧❤♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❡ ❝❛♣ít✉❧♦✱ ❛ s✐♠✉❧❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ✉s❛♥❞♦ ♦

❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ❢♦r♥❡❝❡✉ ♦s r❡s✉❧t❛❞♦s ✭♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ❡❧❡tr✐❝✐❞❛❞❡✮ ❡ ❛ ❞❡♠❛♥❞❛

❞❡ ✈❛♣♦r❀ ❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ♣❧❛♥✐❧❤❛s ❡❧❡✲

trô♥✐❝❛s✱ q✉❡ ♣♦r s✉❛ ✈❡③ ✉t✐❧✐③❛✈❛♠ ❝♦♠♦ ❜❛s❡ ♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦✳ ❆ ❛♥á❧✐s❡

❡❝♦♥ô♠✐❝❛ ❞♦ ♣r♦❝❡ss♦ t❛♠❜é♠ ❢♦✐ r❡❛❧✐③❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s✳

✹✳✶ ❆✈❛❧✐❛çã♦ ♣r❡❧✐♠✐♥❛r ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❡ ❡❧❡tr✐✲

❝✐❞❛❞❡ ❡♠ ❞❡st✐❧❛r✐❛s ❛✉tô♥♦♠❛s

❆ ❛✈❛❧✐❛çã♦ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ é

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

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

✾✷



❛t✉❛❧♠❡♥t❡ ❡♠ ❢❛s❡ ❞❡ r❡✈✐sã♦✳ ◆❡st❡ tr❛❜❛❧❤♦ ❞✐❢❡r❡♥t❡s ❝❡♥ár✐♦s ❢♦r❛♠ s✐♠✉❧❛❞♦s ✉s❛♥❞♦

♦ s✐♠✉❧❛❞♦r ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ♣❛r❛ ❛✈❛❧✐❛çã♦ ❞♦ ✐♠♣❛❝t♦ ❞❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦✱ ✐♥✲

❝❧✉✐♥❞♦ ❛✉♠❡♥t♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ ♥❛ t❛①❛ ✐♥t❡r♥❛ ❞❡ r❡t♦r♥♦ ❡ ♥♦s ❝✉st♦s

❞❡ ♣r♦❞✉çã♦✳ P❛r❛ ❛♥❛❧✐s❛r ♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦ ❡ ♦s ❛s♣❡❝t♦s ❡❝♦♥ô♠✐❝♦s ❢♦r❛♠ ✉t✐❧✐✲

③❛❞❛s ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s✳ ❖s r❡s✉❧t❛❞♦s ❞❡st❡ tr❛❜❛❧❤♦ ♠♦str❛♠ q✉❡ ♦ ✉s♦ ✐♥t❡❣r❛❧ ❞❛

❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ r❡❝✉♣❡r❛çã♦ ❞❡ ♣❛rt❡ ❞❛ ♣❛❧❤❛ ♣r♦❞✉③✐❞❛ ♥♦ ❝❛♠♣♦ ♣❛r❛

♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♥❛ ✉s✐♥❛ ❛✉♠❡♥t❛ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❡❝♦♥ô♠✐❝❛ ❞♦ ♣r♦❝❡ss♦✳ ❯♠❛

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

♥❛ r❡♥t❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ q✉❛♥❞♦ ✺✵✪ ❞❛ ♣❛❧❤❛ ♣r♦❞✉③✐❞❛ ♥♦ ❝❛♠♣♦ é tr❛♥s♣♦rt❛❞❛

❛té ❛ ✐♥❞ústr✐❛✿ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ t❛①❛ ✐♥t❡r♥❛ ❞❡ r❡t♦r♥♦ ❞♦ ❡♠♣r❡❡♥❞✐♠❡♥t♦ ♥ã♦ é s✐❣♥✐✲

✜❝❛t✐✈❛♠❡♥t❡ ❛❧t❡r❛❞❛ ♣❛r❛ ❛❧t❡r❛çõ❡s ❞❡ ✶✺✪ ♥♦ ♣r❡ç♦ ♠é❞✐♦ ❞❛ ♣❛❧❤❛✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡

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

✾✸



❊✈❛❧✉❛t✐♦♥ ♦❢ ❡t❤❛♥♦❧ ❛♥❞ ❜✐♦❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥

❢r♦♠ s✉❣❛r❝❛♥❡ ✐♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r✐❡s ✯

❆❜str❛❝t

Pr♦❞✉❝t✐♦♥ ♦❢ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ❛♥❞ ❜✐♦❡❧❡❝tr✐❝✐t② ❢r♦♠ s✉❣❛r❝❛♥❡ ✐♥ ❛♥

❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✇❛s ❡✈❛❧✉❛t❡❞ t❤r♦✉❣❤ s✐♠✉❧❛t✐♦♥ ✉s✐♥❣ s♦❢t✇❛r❡ ❙✉♣❡rPr♦ ❉❡✲

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

❛♥❞ ❜✐♦❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❢♦r ❞✐✛❡r❡♥t ♣r♦❞✉❝t✐♦♥ s❝❡♥❛r✲

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

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

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

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

t❤❡ ■❘❘ ❛♥❞ ♣r♦❞✉❝t✐♦♥ ❝♦sts✳ ■t ✇❛s ✈❡r✐✜❡❞ t❤❛t s❡❧❧✐♥❣ ♦❢ s✉r♣❧✉s ❜✐♦❡❧❡❝tr✐❝✐t②

♣♦s✐t✐✈❡❧② ✐♥✢✉❡♥❝❡s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ❛♥❞ t❤❡ ■❘❘✳

✶ ■♥tr♦❞✉❝t✐♦♥

❇r❛③✐❧ ♣r♦❞✉❝❡s ❜✐♦❡t❤❛♥♦❧ ❢r♦♠ s✉❣❛r❝❛♥❡ ♦♥ ❛ ❧❛r❣❡ s❝❛❧❡ ❜❛s✐s s✐♥❝❡ t❤❡ ✶✾✼✵s ✭❇❛❦❡

❡t ❛❧✳✱ ✷✵✵✾❀ ❇♦rr❡r♦ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ■♥❝r❡❛s❡ ♦♥ t❤❡ ❞❡♠❛♥❞ ❢♦r t❤❡ ❜✐♦❢✉❡❧ ❛s ❛ s✉❜st✐t✉t❡

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

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

✭❈❤❡♥❣ ❛♥❞ ❲❛♥❣✱ ✷✵✵✽✮✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ❡t❤❛♥♦❧ ♣r♦✲

❞✉❝t✐♦♥ ❛♥❞ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❝r✐t✐❝❛❧ ♣r♦❝❡ss ♣❛r❛♠❡t❡rs ❛r❡ r❡q✉✐r❡❞✳ ❇r❛③✐❧ ❛♥❞ t❤❡

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

✇♦r❧❞ ✭❇❛❧❛t ❡t ❛❧✳✱ ✷✵✵✽✮❀ ❤♦✇❡✈❡r✱ ♥❡t ❡♥❡r❣② ♦❢ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡ ✐s

♠♦r❡ ♣♦s✐t✐✈❡ t❤❛♥ t❤❛t ❢r♦♠ ❝♦r♥ ✭▲❡✐t❡ ❡t ❛❧✳✱ ✷✵✵✾✮✿ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✱ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥

✯❈♦✲❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✿ ▼✳P✳ ❈✉♥❤❛✱ ❈✳❉✳❋✳ ❏❡s✉s✱ ❈✳❊✳❱✳ ❘♦ss❡❧❧✱ ❘✳ ▼❛❝✐❡❧ ❋✐❧❤♦ ❡ ❆✳ ❇♦♥♦♠✐

✾✹



❜②✲♣r♦❞✉❝ts ♦❢ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣✱ ✐s ✉s❡❞ ❛s ❢✉❡❧ ✐♥ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✭❇❡❡❤❛rr②✱

✶✾✾✻✮✱ ♣r♦✈✐❞✐♥❣ st❡❛♠ ❛♥❞ ❡❧❡❝tr✐❝ ❡♥❡r❣② t♦ s✉♣♣❧② t❤❡ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳

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

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

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

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

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

❜❡❝♦♠❡ ❛ ♣r♦❞✉❝t ❛s ✐♠♣♦rt❛♥t ❛s ❡t❤❛♥♦❧ ♦r s✉❣❛r ✭❲❛❧t❡r ❛♥❞ ❊♥s✐♥❛s✱ ✷✵✶✵✮✳

❚♦❞❛② s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ♣❧❛♥t✱ ♦♥ ✇❤✐❝❤ s✉❣❛r❝❛♥❡ ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ ❢✉❡❧ ✭❡t❤❛♥♦❧✮✱

❢♦♦❞ ✭s✉❣❛r✮✱ ❡♥❡r❣② ✭❡❧❡❝tr✐❝✐t②✮ ❛♥❞ ♦t❤❡r ✉s❡❢✉❧ ❜②♣r♦❞✉❝ts ✭❧✐❦❡ ❜❛❣❛ss❡✱ ✉s❡❞ ❛s ❢✉❡❧

♦r ❛s ❝❛tt❧❡ ❢❡❡❞✱ ✈✐♥❛ss❡ ❛♥❞ ✜❧t❡r ❝❛❦❡✱ ✇❤✐❝❤ ❛r❡ ✉s❡❞ ❛s ❢❡rt✐❧✐③❡rs✮ ❛❧r❡❛❞② ✜ts ✐♥t♦ t❤❡

❝♦♥❝❡♣ts ♦❢ ❛ ❜✐♦r❡✜♥❡r② ✭❯✐❤❧❡✐♥ ❛♥❞ ❙❝❤❡❜❡❦✱ ✷✵✵✾✮✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣❡t❡ ✇✐t❤ ❝♦♥✈❡♥✲

t✐♦♥❛❧ ♣❡tr♦✲❝❤❡♠✐❝❛❧ ♣r♦❝❡ss❡s✱ ❜✐♦r❡✜♥❡r✐❡s✱ ❛♠♦♥❣ ♦t❤❡r ✐ss✉❡s✱ ♠✉st ❛❝❤✐❡✈❡ ♠❛①✐♠✉♠

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

❢r♦♠ ❛ s②st❡♠s ♣❡rs♣❡❝t✐✈❡ ✭❑♦❦♦ss✐s ❛♥❞ ❨❛♥❣✱ ✷✵✶✵✮✳ ❚❤❡ ♣r♦❝❡ss✐♥❣ ♦❢ r❡♥❡✇❛❜❧❡ ❢❡❡❞✲

st♦❝❦ ✐s ♣r❡s❡♥t❡❞ ❛s ❛♥ ❡♠❡r❣✐♥❣ ✜❡❧❞ ♦❢ ♣r♦❝❡ss s②st❡♠s ❡♥❣✐♥❡❡r✐♥❣ ✭P❙❊✮ ❜② ❑❧❛tt ❛♥❞

▼❛rq✉❛r❞t ✭✷✵✵✾✮✱ ✇❤♦ ❤✐❣❤❧✐❣❤t t❤❡ ♥❡❡❞ t♦ ❞❡✈❡❧♦♣ ♥♦✈❡❧✱ ❧❛r❣❡ s❝❛❧❡ ♣r♦❝❡ss❡s t❤❛t ❞❡❛❧

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

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

❝r❡❛s✐♥❣❧② ✐♥✈❡st✐❣❛t❡❞ ❢♦r t❤❡ ♣❛st ❢❡✇ ②❡❛rs ✭❍✉❛♥❣ ❡t ❛❧✳✱ ✷✵✵✾❀ ❆❧✈❛r❛❞♦✲▼♦r❛❧❡s ❡t ❛❧✳✱

✷✵✵✾❀ ❈❛r❞♦♥❛ ❛♥❞ ❙á♥❝❤❡③✱ ✷✵✵✼❀ ❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾❀ ❑❧❡✐♥✲▼❛r❝✉s❝❤❛♠❡r ❡t ❛❧✳✱ ✷✵✶✵❀

❘❛♠ír❡③ ❡t ❛❧✳✱ ✷✵✵✽❀ ❙❡❛❜r❛ ❡t ❛❧✳✱ ✷✵✶✵❀ ❚❛♦ ❛♥❞ ❆❞❡♥✱ ✷✵✵✾✮✱ ❛✐♠✐♥❣ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢

♣r♦❝❡ss r♦✉t❡s ❛♥❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❡❝♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝ts ♦❢ ❞✐✛❡r❡♥t ♣r♦❝❡ss

❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞ ❢❡❡❞ st♦❝❦s✳

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

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

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

❧♦✇ ✈❛❧✉❡ ♦r ♦❜t❛✐♥❡❞ ❛s ❛ ♣r♦❝❡ss r❡s✐❞✉❡✱ ❧✐❦❡ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✮ ✭❏✐♠é♥❡③✲●♦♥③á❧❡③ ❛♥❞

❲♦♦❞❧❡②✱ ✷✵✶✵✮✳ ■♥ ❇r❛③✐❧✱ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇✐❧❧ ♠♦st ❧✐❦❡❧② ❜❡ ❞❡r✐✈❡❞

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

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

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

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

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

✾✺



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

✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❢✉t✉r❡✳

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

❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ✼✳✺ ✭■♥t❡❧❧✐❣❡♥✱ ■♥❝✮ ✐♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ❛♥❞

♣r♦❞✉❝t✐♦♥ ❝♦sts ✇✐t❤✐♥ t❤❡ ✐♥❞✉str✐❛❧ s✐t❡✳ ❆ ✧st❛♥❞❛r❞✧ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✐s ❝♦♥✲

s✐❞❡r❡❞✱ ✐♥ ✇❤✐❝❤ ✺✵✵ ♠❡tr✐❝ t♦♥s ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮ ♣❡r ❤♦✉r ❛r❡ ♣r♦❝❡ss❡❞✱ ♣r♦❞✉❝✐♥❣

❛♣♣r♦①✐♠❛t❡❧② ✶✵✵✵ ♠➩✴❞❛② ♦❢ ❛♥❤②❞r♦✉s ❜✐♦❡t❤❛♥♦❧✱ ❞✉r✐♥❣ r♦✉❣❤❧② ✶✼✵ ❞❛②s✴②❡❛r ✭s✉❣✲

❛r❝❛♥❡ ❤❛r✈❡st s❡❛s♦♥✮✳ Pr♦❝❡ss ❞❛t❛ ✉s❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ✉♥✐t ♦♣❡r❛t✐♦♥s ✇❡r❡ ♦❜t❛✐♥❡❞

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

❜② ❉❡❞✐♥✐ ■♥❞ústr✐❛s ❞❡ ❇❛s❡ ❙✴❆✱ t❤❡ ❧❛r❣❡st ❇r❛③✐❧✐❛♥ ♠❛♥✉❢❛❝t✉r❡r ♦❢ s✉❣❛r❝❛♥❡ ♣❧❛♥ts

✭❉❡❞✐♥✐✱ ✷✵✵✾✮✳ ❚❤❡ ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ✐♥ t❤✐s ✇♦r❦ ❛❧❧♦✇s t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐✈✲

✐t② ✭❜♦t❤ ❜✐♦❡t❤❛♥♦❧ ❛♥❞ ❜✐♦❡❧❡❝tr✐❝✐t②✮ ❛s ✇❡❧❧ ❛s ❡❝♦♥♦♠✐❝ ✐♠♣❛❝ts ♦❢ ❞✐✛❡r❡♥t ♣r♦❝❡ss

❝♦♥✜❣✉r❛t✐♦♥s✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ❣r♦✉♥❞ ❢♦r ❝♦♠♣❛r✐♥❣ t❤❡ ❝♦♠♣❡t✐t✐✈❡♥❡ss ♦❢ ❞✐✛❡r❡♥t ♣r♦✲

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

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

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

❢♦r ❜✐♦❡♥❡r❣② ♣r♦❞✉❝t✐♦♥✳

✷ ▼❛t❡r✐❛❧s ❛♥❞ ▼❡t❤♦❞s

✷✳✶ Pr♦❝❡ss ❜❛s✐s

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

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

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

♣r♦❝❡ss ✐♥ ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳

■♥ t❤✐s ✇♦r❦ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ❢r♦♠ s✉❣✲

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

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

t❤♦✉❣❤ ❝❡rt❛✐♥ ✢✉❝t✉❛t✐♦♥s ♦♥ t❤❡s❡ ✈❛❧✉❡s ♦❝❝✉r ✐♥ ♣r❛❝t✐❝❡❀ ❡❧❡❝tr✐❝❛❧ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧

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

t②♣✐❝❛❧ ♣❛r❛♠❡t❡rs ❢♦✉♥❞ ✐♥ t❤❡ ✐♥❞✉str② ✭❊♥s✐♥❛s ❡t ❛❧✳✱ ✷✵✵✼✮✳

✾✻



❋✐❣✉r❡ ✶✿ ❙✐♠♣❧✐✜❡❞ ❜❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✶st ❣❡♥❡r❛t✐♦♥ ❛♥❤②❞r♦✉s ❜✐♦❡t❤❛♥♦❧ ♣r♦✲
❞✉❝t✐♦♥ ♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡ ✐♥ ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳

✷✳✷ Pr♦❝❡ss s✐♠✉❧❛t✐♦♥ ♣r♦❝❡❞✉r❡

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

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

♦♣❡r❛t✐♦♥s t②♣✐❝❛❧ ♦❢ t❤♦s❡ ❢♦✉♥❞ ✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ❜✐♦❡t❤❛♥♦❧ ✐♥❞✉str②✳ ✺✵✵ ❚❈ ♣❡r ❤♦✉r

❛r❡ ♣r♦❝❡ss❡❞ ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ❛r♦✉♥❞ ✶✵✵✵ ♠➩✴❞❛② ♦❢ ❛♥❤②❞r♦✉s ❜✐♦❡t❤❛♥♦❧ ✭✾✾✳✸ ✇t ✪

❡t❤❛♥♦❧✮✳

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

✉s✉❛❧ ✐♥❞✉str✐❛❧ ♣❛r❛♠❡t❡rs ✭❡✣❝✐❡♥❝② ♦❢ ✉♥✐t ♦♣❡r❛t✐♦♥s✱ ❛♠♦✉♥t ♦❢ ✐♥♣✉t ♠❛t❡r✐❛❧s ❛♥❞

②✐❡❧❞s✮ ✇❡r❡ ❡♠♣❧♦②❡❞❀ t❤❡s❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✶✳ ❚❤❡♥✱ s✐♠✉❧❛t✐♦♥ ✇❛s ❝❛rr✐❡❞ ♦✉t

✉s✐♥❣ s♦❢t✇❛r❡ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ✼✳✺ ❢r♦♠ ■♥t❡❧❧✐❣❡♥✱ ■♥❝✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ✉♥✐t ♦♣❡r❛t✐♦♥s

✐♥❞✐❝❛t❡❞ ✐♥ ❋✐❣✳ ✶✱ ❡①❝❡♣t ❢♦r t❤❡ ♦♣❡r❛t✐♦♥s r❡❧❛t❡❞ t♦ t❤❡ ❡♥❡r❣② ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠✳

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

❛s ❝♦♠♣♦♥❡♥t s❡♣❛r❛t✐♦♥ ♦♥ s♣❧✐ts r❡♣r❡s❡♥t✐♥❣ ✉♥✐t ♦♣❡r❛t✐♦♥s ✭❧✐❦❡ ♠✐❧❧s ❛♥❞ s❡tt❧❡rs✱

❛♠♦♥❣ ♦t❤❡rs✮ t❤❛t ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ s✐♠✉❧❛t♦r✳

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

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

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

❙✉♣❡rPr♦ ❉❡s✐❣♥❡r ✢♦✇s❤❡❡t✱ ❞✐s♣❧❛②✐♥❣ ♦♥❧② t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✉♥✐t ♦♣❡r❛t✐♦♥s ♦❢ t❤❡

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

✾✼



❚❛❜❧❡ ✶✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✧st❛♥❞❛r❞✧ ♣❧❛♥t✳
P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t
❙✉❣❛r❝❛♥❡ ❝r✉s❤✐♥❣ r❛t❡ ✺✵✵ ❚❈✴❤ ❛

❉❛②s ♦❢ ♦♣❡r❛t✐♦♥ ✶✻✼ ❞❛②s✴②❡❛r
❋✐❜r❡ ♦♥ s✉❣❛r❝❛♥❡ ✶✷ ✇t ✪
❚❘❙ ✭t♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs✮ ♦♥ s✉❣❛r❝❛♥❡ ✶✹✳✼ ✇t✪
❆♠♦✉♥t ♦❢ s✉❣❛r❝❛♥❡ tr❛s❤ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✜❡❧❞ ✶✹✵ ❦❣✴❚❈ ❜

❉✐rt r❡♠♦✈❛❧ ♦♥ s✉❣❛r❝❛♥❡ ❝❧❡❛♥✐♥❣ ✾✵ ✪
❙✉❣❛r ❧♦ss❡s ♦♥ s✉❣❛r❝❛♥❡ ❝❧❡❛♥✐♥❣ ✵✳✽ ❦❣✴❚❈
❙✉❣❛rs r❡❝♦✈❡r② ♦♥ t❤❡ ♠✐❧❧s ✾✻ ✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ✇❛t❡r ❝♦♥t❡♥t ✺✵ ✇t ✪
❘❡❝♦✈❡r② ♦❢ s✉❣❛rs ♦♥ ❥✉✐❝❡ tr❡❛t♠❡♥t ✾✾✳✺ ✪
❋❡r♠❡♥t❛t✐♦♥ ②✐❡❧❞ ✾✵ ✪
❊t❤❛♥♦❧ r❡❝♦✈❡r② ♦♥ ❞✐st✐❧❧❛t✐♦♥ ❛♥❞ ❞❡❤②❞r❛t✐♦♥ ✾✾✳✼ ✪

❛❚❈✿ ❚♦♥s ♦❢ s✉❣❛r❝❛♥❡
❜❉r② ❜❛s✐s

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

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

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

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

s✉❣❛r❝❛♥❡ ✭❞✐rt✮✱ ❜②✲♣r♦❞✉❝ts ✭s✉❝❤ ❛s ❛❝♦♥✐t❛t❡✱ ❢♦r♠❡❞ ❞✉r✐♥❣ ❥✉✐❝❡ tr❡❛t♠❡♥t✮ ♦r ✐♥♣✉t

♠❛t❡r✐❛❧ ✭✢♦❝❝✉❧❛♥t ♣♦❧②♠❡r✱ ✉s❡❞ ♦♥ ❥✉✐❝❡ tr❡❛t♠❡♥t ✐♥ t❤❡ s❡tt❧❡r✮✳ ❉❛t❛ ❢♦r t❤❡s❡ ❝♦♠✲

♣♦♥❡♥ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭❲♦♦❧❡② ❛♥❞ P✉ts❝❤❡✱ ✶✾✾✻❀ ▼❛♥t❡❧❛tt♦✱ ✷✵✵✺✮✳

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

♠♦st ✐♠♣♦rt❛♥t ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♦♣❡r❛t✐♦♥✳ ❊①❛♠♣❧❡s ❛r❡ t❤❡ ♠✐❧❧s ✉s❡❞ t♦ ❡①tr❛❝t t❤❡

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

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

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

❛s ❡①tr❛❝t✐♦♥ ♦❢ s✉❣❛rs ✐♥ t❤❡ ♠✐❧❧s✱ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ❛♥❞ ❛❞s♦r♣t✐♦♥ ♦♥t♦ ♠♦❧❡❝✉❧❛r

s✐❡✈❡s ✭♣r♦❝❡ss❡s ✉s❡❞ ♦♥ ❡t❤❛♥♦❧ ❞❡❤②❞r❛t✐♦♥✮✱ ✇❡r❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭❊♥s✐♥❛s

❡t ❛❧✳✱ ✷✵✵✼❀ ❆♥❞r✐❡tt❛✱ ✷✵✵✾✮✳

✷✳✸ ❇✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss

■♥ ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✱ ❛❧❧ t❤❡ st❡♣s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶ ✭s✉❣❛r❝❛♥❡ r❡❝❡♣t✐♦♥

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

❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳

❋✐❣✉r❡ ✷✿ ❙✐♠♣❧✐✜❡❞ ✢♦✇s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✶st ❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥
♣r♦❝❡ss ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✳

❉✐rt ❝❛rr✐❡❞ ❛❧♦♥❣ ❢r♦♠ t❤❡ ✜❡❧❞ ✐s ✉s✉❛❧❧② r❡♠♦✈❡❞ ❢r♦♠ s✉❣❛r❝❛♥❡ ✉s✐♥❣ ✇❛s❤ ✇❛t❡r✱

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

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

✇❛t❡r ✐s ✉s❡❞ t♦ ✐♠♣r♦✈❡ s✉❣❛rs r❡❝♦✈❡r② ❛t ❛ r❛t❡ ♦❢ ✷✽ ✇t✪ ♦❢ s✉❣❛r❝❛♥❡ ✢♦✇✳

■♠♣✉r✐t✐❡s ♣r❡s❡♥t ♦♥ s✉❣❛r❝❛♥❡ ❥✉✐❝❡ ✭♠✐♥❡r❛❧s✱ s❛❧ts✱ ♦r❣❛♥✐❝ ❛❝✐❞s✱ ❞✐rt ❛♥❞ ✜❜❡r

♣❛rt✐❝❧❡s✮ ♠✉st ❜❡ r❡♠♦✈❡❞ ♣r✐♦r t♦ ❢❡r♠❡♥t❛t✐♦♥✳ ■♥ t❤✐s ✇♦r❦ ❛ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧ tr❡❛t♠❡♥t

❝♦♥s✐st✐♥❣ ♦❢ s❡♣❛r❛t✐♦♥ ♦❢ ✜❜❡rs ❛♥❞ s❛♥❞ ✐♥ s❝r❡❡♥s✱ ❤❡❛t✐♥❣ ♦❢ ❥✉✐❝❡ ❢r♦♠ ✸✵ t♦ ✼✵❽✱

❛❞❞✐t✐♦♥ ♦❢ ❧✐♠❡ ❛❧♦♥❣ ✇✐t❤ ❛ s❡❝♦♥❞ ❤❡❛t✐♥❣✱ ✉♣ t♦ ✶✵✺❽✱ r❡♠♦✈❛❧ ♦❢ ❛✐r ✭✢❛s❤✮ ❛♥❞

❛❞❞✐t✐♦♥ ♦❢ ❛ ✢♦❝❝✉❧❛♥t ♣♦❧②♠❡r ❛♥❞ ✜♥❛❧ r❡♠♦✈❛❧ ♦❢ ✐♠♣✉r✐t✐❡s ✉s✐♥❣ ❛ s❡tt❧❡r ✐s ❛ss✉♠❡❞✳

▼✉❞ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ s❡tt❧❡r ✐s ✜❧tr❛t❡❞ t♦ ✐♠♣r♦✈❡ s✉❣❛rs r❡❝♦✈❡r②✳

❈❧❛r✐✜❡❞ ❥✉✐❝❡ ❝♦♥t❛✐♥s ❛r♦✉♥❞ ✶✺ ✇t ✪ s♦❧✐❞s✱ ♠❛✐♥❧② s✉❣❛rs ✭s✉❝r♦s❡ ❛♥❞ r❡❞✉❝✐♥❣
✾✾



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

❣❧✉❝♦s❡✮❀ ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❝❧❛r✐✜❡❞ ❥✉✐❝❡ ✐s ❝♦♥❝❡♥tr❛t❡❞ ♦♥ ✺✲st❛❣❡ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦✲

r❛t♦rs ✭▼❊❊✮ ✉♣ t♦ ✻✺ ✇t✪ s♦❧✐❞s✳ ❚❤❡ ❝♦♥❝❡♥tr❛t❡❞ ❥✉✐❝❡ ✐s ♠✐①❡❞ ✇✐t❤ t❤❡ r❡♠❛✐♥✐♥❣

❝❧❛r✐✜❡❞ ❢r❛❝t✐♦♥ t♦ ♣r♦❞✉❝❡ ❛ ✜♥❛❧ ❥✉✐❝❡ ❝♦♥t❛✐♥✐♥❣ ✷✷✳✺ ✇t✪ s♦❧✐❞s t❤❛t ✐s ❝♦♦❧❡❞ ❛♥❞ ❢❡❞

t♦ t❤❡ ❢❡r♠❡♥t♦rs✳

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

❝❡❧❧s r❡❝②❝❧❡✱ t❤❡ t②♣✐❝❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ❡♠♣❧♦②❡❞ ✐♥ ❇r❛③✐❧✐❛♥ ❡t❤❛♥♦❧ ♣❧❛♥ts ✭❇r❡t❤❛✉❡r ❛♥❞

❲②♠❛♥✱ ✷✵✶✵❀ P❡❧❧❡❣r✐♥✐ ❛♥❞ ❖❧✐✈❡✐r❛ ❏✉♥✐♦r✱ ✷✵✶✶✮❀ ♦♥ t❤✐s ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥✱ ②❡❛st

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

♣r✐♦r t♦ t❤❡ ❥✉✐❝❡❀ ❛❢t❡r ❛❞❞✐t✐♦♥ ♦❢ t❤❡ ❥✉✐❝❡✱ t❤❡ ♠✐①t✉r❡ r❡♠❛✐♥s ✐♥ t❤❡ r❡❛❝t♦r ❢♦r ❛ ❢❡✇

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

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

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

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

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

✭❛r♦✉♥❞ ✾✸ ✇t✪✮ ❡t❤❛♥♦❧✳ ❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭✾✾✳✸ ✇t✪✮ ✐s ♣r♦❞✉❝❡❞ ✉s✐♥❣ ❛❧t❡r♥❛t✐✈❡

s❡♣❛r❛t✐♦♥ ♣r♦❝❡ss❡s ❞✉❡ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛♥ ❛③❡♦tr♦♣❡ ❜❡t✇❡❡♥ ✇❛t❡r ❛♥❞ ❡t❤❛♥♦❧ ✭✾✺✳✻

✇t✪✮✳

❚✇♦ ❞❡❤②❞r❛t✐♦♥ ♣r♦❝❡ss❡s ✇❡r❡ ❝♦♥s✐❞❡r❡❞✿ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ✉s✐♥❣ ❝②❝❧♦❤❡①❛♥❡

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

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

s✉♠♣t✐♦♥ ❛♠♦♥❣ t❤❡ ❝♦♠♠❡r❝✐❛❧ ❞❡❤②❞r❛t✐♦♥ ♣r♦❝❡ss❡s ❛✈❛✐❧❛❜❧❡ ✭❙✐♠♦ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ❛❧✲

t❤♦✉❣❤ ✐t r❡q✉✐r❡s ❛ ❧❛r❣❡ ✐♥✈❡st♠❡♥t ✭❉❡❞✐♥✐✱ ✷✵✵✾✮✳

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

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

❝❛❧ ✐♥❞✉str✐❛❧ ♣❛r❛♠❡t❡rs ❢♦r s❡♣❛r❛t✐♦♥ ✭♣r♦❞✉❝t✐♦♥ ♦❢ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✇✐t❤ ✾✾✳✸ ✇t✪

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

❡t❤❛♥♦❧ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❛❞s♦r♣t✐♦♥ s②st❡♠ ❛♥❞ ✶✳✺✵ ❦❣ ♦❢ ✷✳✺ ❜❛r st❡❛♠ ♣❡r ❧✐t❡r ♦❢ ❛♥✲

❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝❡❞ ❜② ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ✇✐t❤ ❝②❝❧♦❤❡①❛♥❡✮ ✭❆♥❞r✐❡tt❛✱ ✷✵✵✾❀

▼❡✐r❡❧❧❡s✱ ✷✵✵✻✮✳

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

❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✶✳

✶✵✵



✷✳✹ ❈♦❣❡♥❡r❛t✐♦♥ s②st❡♠s

❈♦♥✈❡♥t✐♦♥❛❧ ♣❧❛♥ts ❛r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ❜♦✐❧❡rs ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✷✷ ❜❛r st❡❛♠✱ ✐♥

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

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

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

❥✉✐❝❡ ❡①tr❛❝t✐♦♥ s②st❡♠s✳

❆ ✾✵ ❜❛r ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✇✐t❤ ❜❛❝❦ ♣r❡ss✉r❡ ❛♥❞ ❝♦♥❞❡♥s✐♥❣ st❡❛♠ t✉r❜✐♥❡s ❢♦r

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

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

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

♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝♦♣r♦❞✉❝t✐♦♥ ♦❢ ❤❡❛t ❛♥❞ ♣♦✇❡r ✭❈❍P✮ ♣❧❛♥t❀ ❛s ❛ r❡s✉❧t✱ t❤❡ ❛♠♦✉♥t ♦❢

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

♦❢ t❤❡ ❈❍P s②st❡♠ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷✳

❇❡s✐❞❡s t❤❡ ✉s❡ ♦❢ ♠♦r❡ ❡✣❝✐❡♥t ❜♦✐❧❡rs ✭✾✵ ❜❛r✮✱ t❤r❡❡ ♦t❤❡r ♣r♦❝❡ss ✐♠♣r♦✈❡♠❡♥ts✱

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

❡q✉✐♣♠❡♥ts✱ r❡♣❧❛❝✐♥❣ t❤❡ ❧♦✇❡r✲❡✣❝✐❡♥❝② ♠❡❝❤❛♥✐❝❛❧ ❞r✐✈❡rs ✭❊♥s✐♥❛s ❡t ❛❧✳✱ ✷✵✵✼✮❀ r❡❞✉❝✲

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

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

❙t❡❛♠ r❡❞✉❝t✐♦♥ ♠❛② ❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ✉s✐♥❣ P✐♥❝❤ ❆♥❛❧②s✐s ✲ ❞✐✛❡r❡♥t ❛✉t❤♦rs ✭❊♥s✐♥❛s

❡t ❛❧✳✱ ✷✵✵✼❀ ❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾❀ ❋r❛♥❝❡s❝❤✐♥ ❡t ❛❧✳✱ ✷✵✵✽❀ P❢❡✛❡r ❡t ❛❧✳✱ ✷✵✵✼✮ ❛♣♣❧✐❡❞ t❤✐s

♠❡t❤♦❞ t♦ ❛♥❛❧②③❡ t❤❡ t❤❡r♠❛❧ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss❀ ✷✵✪ ♦❢

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

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

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

t❤❡ ♣❧❛♥t✳ ■♥ t❤✐s ✇♦r❦✱ ✺✵ ✪ ♦❢ tr❛s❤ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✜❡❧❞ ✐s tr❛♥s♣♦rt❡❞ t♦ t❤❡ ♣❧❛♥t

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

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

✭❇r❛✉♥❜❡❝❦ ❡t ❛❧✳✱ ✶✾✾✾❀ ❍❛ss✉❛♥✐ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ❛s ✇❡❧❧ ❛s r❡❝②❝❧✐♥❣ ♥✉tr✐❡♥ts ❢♦r s✉❣❛r❝❛♥❡

❣r♦✇t❤✳

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

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

❋✐❣✉r❡ ✸✳

✶✵✶



❚❛❜❧❡ ✷✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❈❍P s②st❡♠ ✭❉✐❛s ❡t ❛❧✳✱
✷✵✵✾✮✳
P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t
✷✷ ❜❛r ✲ ❜♦✐❧❡r t❤❡r♠❛❧ ❡✣❝✐❡♥❝② ✼✺ ✪
✾✵ ❜❛r ✲ ❜♦✐❧❡r t❤❡r♠❛❧ ❡✣❝✐❡♥❝② ✽✻ ✪
❍✐❣❤ ♣r❡ss✉r❡ st❡❛♠ t✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✼✷ ✪
■♥t❡r♠❡❞✐❛t❡ ♣r❡ss✉r❡ st❡❛♠ t✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✽✶ ✪
❈♦♥❞❡♥s❛t✐♦♥ t✉r❜✐♥❡ ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✼✵ ✪
▼❡❝❤❛♥✐❝❛❧ ❞r✐✈❡rs ✲ t✉r❜✐♥❡ ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✺✺ ✪
●❡♥❡r❛t♦r ❡✣❝✐❡♥❝② ✾✽ ✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ▲❍❱ ✭✺✵ ✇t✪ ✇❛t❡r✮ ✼✺✻✺ ❦❏✴❦❣
❙✉❣❛r❝❛♥❡ tr❛s❤ ▲❍❱ ✭✶✺ ✇t ✪ ✇❛t❡r✮ ✶✷✾✻✵ ❦❏✴❦❣
❊❧❡❝tr✐❝ ♣♦✇❡r ❞❡♠❛♥❞ ♦❢ t❤❡ ❞✐st✐❧❧❡r② ✶✷ ❦❲❤✴❚❈
▼❡❝❤❛♥✐❝❛❧ ♣♦✇❡r ❞❡♠❛♥❞ ✲ ❝❛♥❡ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✶✻ ❦❲❤✴❚❈
❊❧❡❝tr✐❝ ♣♦✇❡r ❞❡♠❛♥❞ ♦❢ t❤❡ ❞✐st✐❧❧❡r② ✲ ❡❧❡❝tr✐❝ ❞r✐✈❡rs ✸✵ ❦❲❤✴❚❈
❖✉t❧❡t ♣r❡ss✉r❡ ♦❢ ❤✐❣❤ ♣r❡ss✉r❡ st❡❛♠ t✉r❜✐♥❡ ✷✷ ❜❛r
✶st ❡①tr❛❝t✐♦♥ ♣r❡ss✉r❡ ✻ ❜❛r
✷♥❞ ❡①tr❛❝t✐♦♥ ♣r❡ss✉r❡ ✷✳✺ ❜❛r
Pr♦❝❡ss st❡❛♠ ♣r❡ss✉r❡ ✷✳✺ ❜❛r

❋✐❣✉r❡ ✸✿ ❙✐♠♣❧✐✜❡❞ s❝❤❡♠❡ ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s✿ ✭❛✮ ✷✷ ❜❛r ❜♦✐❧❡rs✱ ✇✐t❤ ❜❛❝❦
♣r❡ss✉r❡ st❡❛♠ t✉r❜✐♥❡s ✭s✉r♣❧✉s ❜❛❣❛ss❡✮❀ ✭❜✮ ✾✵ ❜❛r ❜♦✐❧❡rs ✇✐t❤ ❝♦♥❞❡♥s✐♥❣✲❡①tr❛❝t✐♥❣
st❡❛♠ t✉r❜✐♥❡s ✭s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✮✳ ■✿ ❜♦✐❧❡r❀ ■■✿ ❚✉r❜✐♥❡❀ ■■■✿ Pr♦❝❡ss❀ ■❱✿ ❈♦♥❞❡♥s❡r✳

✷✳✺ ❊❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥

❖♥ ❚❛❜❧❡s ✸ ❛♥❞ ✹ t❤❡ ❜❛s✐❝ ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ ❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ❛r❡ ♣r❡s❡♥t❡❞✳

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

♣❛r❛♠❡t❡rs ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡s ✸ ❛♥❞ t❤❡ ♠❡❞✐✉♠ ❝♦sts ❛♥❞ ♣r✐❝❡s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✱

❡✈❛❧✉❛t✐♥❣ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮ ❢♦r ❡❛❝❤ s❝❡♥❛r✐♦✳ Pr♦❞✉❝t✐♦♥ ❝♦sts ✇❡r❡ t❤❡♥

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

s❛♠❡ ♣r♦♣♦rt✐♦♥✱ ✉♥t✐❧ r❡❛❧ ♣r♦✜ts r❡❛❝❤❡❞ ③❡r♦ ✭✐✳❡✱ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ♣❡r ②❡❛r ❡q✉❛❧

t♦ ③❡r♦✮✳

✶✵✷



❚❛❜❧❡ ✸✿ ❇❛s✐❝ ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ ❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s✳
P❛r❛♠❡t❡r ❱❛❧✉❡
Pr♦❥❡❝t ❧✐❢❡t✐♠❡ ✷✺ ②❡❛rs
❙❛❧✈❛❣❡ ✈❛❧✉❡ ♦❢ ❡q✉✐♣♠❡♥t ✵
❈♦♥str✉❝t✐♦♥ ❛♥❞ st❛rt✲✉♣ ✷ ②❡❛rs
❉❡♣r❡❝✐❛t✐♦♥ ✭❧✐♥❡❛r✮ ✶✵ ②❡❛rs
❚❛① r❛t❡ ✭✐♥❝♦♠❡ ❛♥❞ s♦❝✐❛❧ ❝♦♥tr✐❜✉t✐♦♥s✮ ✸✹✳✵✪

❚❛❜❧❡ ✹✿ ❇❛s✐❝ ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✳
P❛r❛♠❡t❡r ▼✐♥✐♠✉♠ ▼❡❞✐✉♠ ▼❛①✐♠✉♠
❖✈❡r❛❧❧ ✐♥✈❡st♠❡♥t xmin x xmax

❙✉❣❛r❝❛♥❡ ❝♦sts ✭❯❙✩✴t✮ ✶✽✳✸✺ ✶✾✳✹✶ ✷✵✳✹✼
❙✉❣❛r❝❛♥❡ tr❛s❤ ❝♦sts ✭❯❙✩✴t✮ ✶✵✳✵✵ ✶✺✳✵✵ ✷✵✳✵✵
❊❧❡❝tr✐❝✐t② ♣r✐❝❡ ✭❯❙✩✴▼❲❤✮ ✺✾✳✵✵ ✼✵✳✺✵ ✽✷✳✵✵
❊t❤❛♥♦❧ ♣r✐❝❡ ✭❯❙✩✴▲✮ ✵✳✹✻ ✵✳✺✵ ✵✳✺✺
❇❛❣❛ss❡ ♣r✐❝❡ ✭❯❙✩✴t✮ ✶✽✳✸✺ ✶✾✳✹✶ ✷✵✳✹✼

x st❛♥❞s ❢♦r t❤❡ ❛✈❡r❛❣❡ ✐♥✈❡st♠❡♥t r❡q✉✐r❡❞ ❢♦r ❡❛❝❤ s❝❡♥❛r✐♦❀ xmin ❛♥❞ xmax ❝♦♥s✐❞❡r

❛♥ ❡st✐♠❛t❡❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✻✳✼✪❀ s✉❣❛r❝❛♥❡ ♣r✐❝❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ✻ ②❡❛rs ♠♦✈✐♥❣

❛✈❡r❛❣❡ ✭❉❡❝ ✷✵✵✾ ✈❛❧✉❡s✮ ✐♥ ❙ã♦ P❛✉❧♦ st❛t❡ ✭❙P✮✱ ❢r♦♠ ❏✉❧② ✷✵✵✵ t♦ ❉❡❝❡♠❜❡r ✷✵✵✾

✭❯❉❖P✱ ✷✵✵✾✮❀ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♠✐♥✐♠✉♠✱ ♠❡❞✐✉♠ ❛♥❞ ♠❛①✐♠✉♠ ♣r✐❝❡s

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

❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r✐❝❡s ♣❛✐❞ t♦ t❤❡ ♣r♦❞✉❝❡r ✭❉❡❝ ✷✵✵✾ ✈❛❧✉❡s✮ ✐♥ ❙P✱ ❢r♦♠ ❏✉❧② ✷✵✵✵ t♦

❉❡❝❡♠❜❡r ✷✵✵✾ ✭❈❊P❊❆✱ ✷✵✵✾✮ ❛♥❞ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ♣r✐❝❡ ✐s ❡st✐♠❛t❡❞ t♦ ❜❡ ❡q✉❛❧ t♦

t❤❛t ♦❢ s✉❣❛r❝❛♥❡✳

✸ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

✸✳✶ ❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts

❉✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ✇❡r❡ ❛♥❛❧②③❡❞✱ ❝♦♠❜✐♥✐♥❣ t❤❡ ♦♣t✐♦♥s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✺✳ ❙❝❡✲

♥❛r✐♦ ■ ♣r❡s❡♥ts t❤❡ t②♣✐❝❛❧ tr❛❞✐t✐♦♥❛❧ ✶st ❣❡♥❡r❛t✐♦♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②❀ s❝❡♥❛r✐♦s ■■

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

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

tr✐❝✐t② t♦ ❜❡ s♦❧❞ t♦ t❤❡ ❣r✐❞✳

✶✵✸
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✶st ❣❡♥❡r❛t✐♦♥ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❳ ❳ ❳ ❳
✷✷ ❜❛r ❜♦✐❧❡rs ❳
❙❡❧❧ ♦❢ s✉r♣❧✉s ❜❛❣❛ss❡ ❳
❉❡❤②❞r❛t✐♦♥ ❜② ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ❳
❉❡❤②❞r❛t✐♦♥ ❜② ❛❞s♦r♣t✐♦♥ ♦♥t♦ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ❳ ❳ ❳
✾✵ ❜❛r ❜♦✐❧❡rs ❳ ❳ ❳
❇✉r♥✐♥❣ ♦❢ s✉r♣❧✉s ❜❛❣❛ss❡ ❳ ❳ ❳
❙❡❧❧ ♦❢ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ❳ ❳ ❳
❊❧❡❝tr✐✜❝❛t✐♦♥ ♦❢ ❞r✐✈❡rs ❳ ❳
❘❡❞✉❝t✐♦♥ ♦❢ ✷✵ ✪ ♦♥ ♣r♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ❳ ❳
✺✵ ✪ ♦❢ tr❛s❤ ✉s❡❞ ❳

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

✈✐❞❡❞ ❜② t❤❡ ✐♥❞✉str② ✭❉❡❞✐♥✐✱ ✷✵✵✾✮✿ ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ♣r♦❝❡ss✐♥❣ ✺✵✵ t♦♥s ♦❢

s✉❣❛r❝❛♥❡ ♣❡r ❤♦✉r✱ ✉s✐♥❣ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ❛♥❞ ❝♦❣❡♥❡r❛t✐♦♥ ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✷✷

❜❛r st❡❛♠ r❡q✉✐r❡s ❛♥ ✐♥✈❡st♠❡♥t ♦❢ ❯❙✩ ✶✺✵ ♠✐❧❧✐♦♥❀ ❚❛❜❧❡ ✻ ♣r❡s❡♥ts t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢

t❤❡ ✐♥✈❡st♠❡♥t ❝♦sts ❛♠♦♥❣ s❡❝t♦rs ♦❢ t❤❡ ♣❧❛♥t✳

❚❛❜❧❡ ✻✿ ■♥✈❡st♠❡♥t ❞❛t❛ ❢♦r t❤❡ tr❛❞✐t✐♦♥❛❧ ✶st ❣❡♥❡r❛t✐♦♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✭❉❡❞✐♥✐✱
✷✵✵✾✮✳

■♥✈❡st♠❡♥t ❜② s❡❝t♦r ❙❤❛r❡ ✭✪✮
❙✉❣❛r❝❛♥❡ r❡❝❡♣t✐♦♥ ❛♥❞ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✶✺
❏✉✐❝❡ tr❡❛t♠❡♥t✱ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ❞✐st✐❧❧❛t✐♦♥ ✶✼
❈♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✸✵
❖t❤❡r s❡❝t♦rs ✸✽

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

❝♦♥s✐❞❡r❡❞✿ ✹✵✪ ✐♥❝r❡❛s❡ ♦♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ s❡❝t♦r ❢♦r t❤❡ ❛❞s♦r♣t✐♦♥ ✇✐t❤ ♠♦❧❡❝✉❧❛r s✐❡✈❡s

♣r♦❝❡ss✱ ✹✵✪ ✐♥❝r❡❛s❡ ♦♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s❡❝t♦r ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ✾✵ ❜❛r ❜♦✐❧❡rs ✭❉❡❞✐♥✐✱

✷✵✵✾✮ ❛♥❞ ✶✵✪ ✐♥❝r❡❛s❡ ♦♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ s❡❝t♦r ❞✉❡ t♦ t❤❡ ❤❡❛t ❡①❝❤❛♥❣❡r ♥❡t✇♦r❦ ❢♦r

t❤❡ ✷✵ ✪ r❡❞✉❝t✐♦♥ ♦♥ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ ✐♥✈❡st♠❡♥t r❡q✉✐r❡❞ ❢♦r ✐♥st❛❧❧✐♥❣ ❡❧❡❝tr✐❝

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

✇❛s ❝♦♥s✐❞❡r❡❞ ❢♦r t❤✐s ✐♠♣r♦✈❡♠❡♥t✳ ❚❤❡ ❝❛♣❛❝✐t②✲r❛t✐♦ ❡①♣♦♥❡♥t ♦❢ ✵✳✻ ✇❛s ✉s❡❞ ❢♦r

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

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

s❝❡♥❛r✐♦s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✼✳

✶✵✹



❚❛❜❧❡ ✼✿ ❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ st✉❞✐❡❞ s❝❡♥❛r✐♦s✳
P❛r❛♠❡t❡rs ■ ■■ ■■■ ■❱
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✲ ▲✴t s✉❣❛r❝❛♥❡ ✽✸✳✸ ✽✸✳✸ ✽✸✳✸ ✽✸✳✸
❙✉r♣❧✉s ❜❛❣❛ss❡ ✲ ❦❣✴t s✉❣❛r❝❛♥❡ ✶✻✳✻ ✵ ✵ ✵
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② s♦❧❞ ✲ ❦❲❤✴t s✉❣❛r❝❛♥❡ ✵ ✻✽✳✷ ✽✵✳✸ ✶✻✶✳✺
■♥✈❡st♠❡♥t ❝♦sts ✲ ✶✵✻ ❯❙✩ ✶✺✵ ✶✾✶ ✶✾✹ ✷✶✺

✸✳✷ ❊❝♦♥♦♠✐❝ ❛♥❛❧②s✐s

❚❛❜❧❡ ✽ ♣r❡s❡♥ts t❤❡ ❝❛❧❝✉❧❛t❡❞ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts✱ ❜❡s✐❞❡s t❤❡

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

❚❛❜❧❡ ✽✿ ❊t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts ❛♥❞ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ❢♦r ❡❛❝❤
st✉❞✐❡❞ s❝❡♥❛r✐♦✳

P❛r❛♠❡t❡rs ■ ■■ ■■■ ■❱
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ✲ ❯❙✩✴▲ ✵✳✸✺✾ ✵✳✸✸✺ ✵✳✸✸✶ ✵✳✸✶✶
❊❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts ✲ ❯❙✩✴▼❲❤ ✹✼✳✸✶ ✹✻✳✺✾ ✹✸✳✾✷
■♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✲ ✪ ♣❡r ②❡❛r ✶✸✳✺ ✶✸✳✻ ✶✸✳✽ ✶✺✳✵

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

t❤❡ ❣r✐❞ ❜✐♦❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝❡❞ ♦♥ t❤❡ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ♣❧❛♥t✳ ❚❤❡ ✈❛❧✉❡s ♣r❡s❡♥t❡❞

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

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

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

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

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

✾✾✳✼ ✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❢♦r t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ♦♥ ❡❛❝❤ s❝❡♥❛r✐♦ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥

❋✐❣✉r❡ ✹✳

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

♣r♦❞✉❝t✐♦♥ ❝♦sts✱ ✐♥ ❛ ✾✾✳✼ ✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✱ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡s ✺ ❛♥❞ ✻✳

❚❤❡ r❡s✉❧ts ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡s ✹✱ ✺ ❛♥❞ ✻ s❤♦✇ t❤❛t t❤❡ ✉s❡ ♦❢ t❤❡ ✇❤♦❧❡ s✉❣❛r❝❛♥❡

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

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

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

♣r♦❞✉❝t✐♦♥ ❝♦sts✱ t❤❡ ❛✈❡r❛❣❡ ■❘❘ ✐♥❝r❡❛s❡❞ ❢r♦♠ ❧❡ss t❤❛♥ ✶✹✪ ♦♥ s❝❡♥❛r✐♦s ✇❤❡r❡ s✉❣❛r✲

❝❛♥❡ tr❛s❤ ✐s ♥♦t ✉s❡❞✱ t♦ ✶✺✪ ♦♥ s❝❡♥❛r✐♦ ■❱✱ ✇❤❡r❡ ✺✵✪ ♦❢ t❤❡ tr❛s❤ ✐s ✉s❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱

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

✶✵✺



■ t♦ s❝❡♥❛r✐♦ ■❱✳

❋✐❣✉r❡ ✹✿ ■♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮ ❢♦r ❡❛❝❤ s❝❡♥❛r✐♦ ✲ ✾✾✳✼ ✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✳

❋✐❣✉r❡ ✺✿ ❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ✲ ✾✾✳✼✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✳

❆♥♦t❤❡r ✐♠♣♦rt❛♥t ♦❜t❛✐♥❡❞ r❡s✉❧t ✐s t❤❛t t❤❡ r❛♥❣❡ ♦❢ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ■❘❘ ❢♦r ❛ ✾✾✳✼✪

❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ✐s s♠❛❧❧❡r ❢♦r s❝❡♥❛r✐♦ ■❱✱ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♦t❤❡r s❝❡♥❛r✐♦s❀

✶✵✻



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

✭t❤r♦✉❣❤ t❤❡ r❡❝♦✈❡r② ❛♥❞ ✉s❡ ♦❢ ✺✵✪ ♦❢ t❤❡ tr❛s❤ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ✜❡❧❞ ❛s ❢✉❡❧ ✐♥ ❜♦✐❧❡rs✮

❛♥❞ s✉❜st❛♥t✐❛❧ ♣r♦❞✉❝t✐♦♥ ♦❢ ❜✐♦❡❧❡❝tr✐❝✐t② ❞❡❝r❡❛s❡ t❤❡ r✐s❦ ♦❢ t❤❡ ❜✉s✐♥❡ss✳

❋✐❣✉r❡ ✻✿ ❊❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts ✲ ✾✾✳✼✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✳

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

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

s❝❡♥❛r✐♦s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✳ ❘❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡s ✼ t❤r♦✉❣❤ ✶✶✳

❋✐❣✉r❡ ✼✿ ■♠♣❛❝t ♦❢ ±✶✺✪ ❝❤❛♥❣❡s ♦♥ t❤❡ ✐♥✈❡st♠❡♥t ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮
❢♦r ❡❛❝❤ s❝❡♥❛r✐♦✳

✶✵✼



❋✐❣✉r❡ ✽✿ ■♠♣❛❝t ♦❢ ± ✶✺✪ ❝❤❛♥❣❡s ♦♥ s✉❣❛r❝❛♥❡ ❝♦sts ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮✳

❋✐❣✉r❡ ✾✿ ■♠♣❛❝t ♦❢ ± ✶✺✪ ❝❤❛♥❣❡s ♦♥ s✉❣❛r❝❛♥❡ tr❛s❤ ❝♦sts ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥
✭■❘❘✮✳

❊t❤❛♥♦❧ ♣r✐❝❡s ✭❋✐❣✳ ✶✵✮ ♣r❡s❡♥t t❤❡ ❧❛r❣❡st ✐♠♣❛❝t ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮

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

✈❡r✐✜❡❞ t❤❛t ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❡❧❡❝tr✐❝✐t② ✐s ♥♦t ❛ ❝♦✲♣r♦❞✉❝t ♦♥ s❝❡♥❛r✐♦ ■✱ t❤❡ ✐♠♣❛❝t

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

s❝❡♥❛r✐♦s✳

✶✵✽



❋✐❣✉r❡ ✶✵✿ ■♠♣❛❝t ♦❢ ±✶✺✪ ❝❤❛♥❣❡s ♦♥ ❡t❤❛♥♦❧ ♣r✐❝❡s ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮✳

❚❤❡ ♠♦st ✐♥t❡r❡st✐♥❣ r❡s✉❧t ✐s t❤❡ ✐♠♣❛❝t ♦❢ s✉❣❛r❝❛♥❡ tr❛s❤ ❝♦sts ♦♥ t❤❡ ■❘❘ ✭❋✐❣✉r❡

✾✮✱ ✇❤✐❝❤ ✐s ♥♦t s♦ s✐❣♥✐✜❝❛♥t ✐♥ s❝❡♥❛r✐♦ ■❱✱ ♦♥ ✇❤✐❝❤ ✺✵✪ ♦❢ t❤❡ tr❛s❤ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡

✜❡❧❞ ✐s ✉s❡❞ ❛s ❢✉❡❧ ✐♥ t❤❡ ❜♦✐❧❡r❀ ❝♦♥s✐❞❡r✐♥❣ ✈❛r✐❛t✐♦♥s ♦❢ ±✶✺✪ ♦♥ t❤❡ ❛✈❡r❛❣❡ s✉❣❛r❝❛♥❡

tr❛s❤ ❝♦st✱ t❤❡ ■❘❘ ♦❢ t❤❡ ✇❤♦❧❡ ❜✉s✐♥❡ss ✈❛r✐❡s ❢r♦♠ ✶✹✳✽ t♦ ✶✺✳✷✪✳ ❙✉❣❛r❝❛♥❡ tr❛s❤ ✐s

❝✉rr❡♥t❧② ❜✉r♥t ♦r ❧❡❢t ✐♥ t❤❡ ✜❡❧❞ ❜❡❝❛✉s❡ tr❛♥s♣♦rt❛t✐♦♥ ❝♦sts ❛r❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ ❞✉❡ t♦

t❤❡ ❧♦✇ ❞❡♥s✐t② ♦❢ t❤✐s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧✱ ❛♥❞ ❛ ❧♦t ♦❢ ❡✛♦rt ❤❛s ❜❡❡♥ s♣❡♥t tr②✐♥❣ t♦

❞❡✈❡❧♦♣ ❡✣❝✐❡♥t ♠❡❛♥s ❢♦r tr❛s❤ r❡❝♦✈❡r② ❛♥❞ tr❛♥s♣♦rt❛t✐♦♥ t♦ t❤❡ ❢❛❝t♦r②❀ ❤♦✇❡✈❡r r❡s✉❧ts

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

❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ♣r♦❞✉❝✐♥❣ ❜✐♦❡t❤❛♥♦❧ ❛♥❞ ❜✐♦❡❧❡❝tr✐❝✐t② ❛r❡ ♠✉❝❤ ❧❡ss s✐❣♥✐✜❝❛♥t

❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ❡✈❛❧✉❛t❡❞ ♣❛r❛♠❡t❡rs✱ ❛❧t❤♦✉❣❤ t❤❡ ✉s❡ ♦❢ t❤❡ tr❛s❤ ✐s ✈❡r② ✐♠♣♦rt❛♥t

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

❙✐♥❝❡ s✉❣❛r❝❛♥❡ ❝♦sts ❛r❡ ❡q✉✐✈❛❧❡♥t t♦ r♦✉❣❤❧② ✻✵✪ ♦❢ t❤❡ ✜♥❛❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ♦❢

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

❝♦sts ♦♥ t❤❡ ✜♥❛❧ ❡t❤❛♥♦❧ ❝♦st❀ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✶✷✳

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

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

♥❛r✐♦ ■❱❀ ❤♦✇❡✈❡r✱ ❝❤❛♥❣❡s ♦♥ ❡t❤❛♥♦❧ ❝♦sts ❞✉❡ t♦ ✐♥❝r❡❛s✐♥❣ s✉❣❛r❝❛♥❡ ❝♦st ❛r❡ s❧✐❣❤t❧②

s♠❛❧❧❡r ❢♦r s❝❡♥❛r✐♦ ■❱✱ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ❛♠♦✉♥t ♦❢ ❜✐♦❡❧❡❝tr✐❝✐t② s♦❧❞ t♦ t❤❡ ❣r✐❞

✐s r❡❧❛t✐✈❡❧② ❧❛r❣❡r✳

✶✵✾



❋✐❣✉r❡ ✶✶✿ ■♠♣❛❝t ♦❢ ±✶✺✪ ❝❤❛♥❣❡s ♦♥ ❡❧❡❝tr✐❝✐t② ♣r✐❝❡s ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥
✭■❘❘✮✳

❋✐❣✉r❡ ✶✷✿ ❊✈❛❧✉❛t✐♦♥ ♦❢ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ✐♥ s❝❡♥❛r✐♦s ■ ❛♥❞ ■❱ ❢♦r
❞✐✛❡r❡♥t s✉❣❛r❝❛♥❡ ♣r✐❝❡s ✭❢♦r ♠✈✴▼❱✿ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ ✻✲②❡❛rs ♠♦✈✐♥❣ ❛✈❡r❛❣❡
✈❛❧✉❡s ❢♦r s✉❣❛r❝❛♥❡ ❝♦sts✱ r❡s♣❡❝t✐✈❡❧② ❛♥❞ ❢♦r ✈❛r✐❛t✐♦♥s ♦❢ ✶✺✪ ♦♥ t❤❡ ❛✈❡r❛❣❡ ✭❛✈✮
s✉❣❛r❝❛♥❡ ❝♦sts✮✳

✹ ❈♦♥❝❧✉s✐♦♥s

■♥ t❤✐s ✇♦r❦ s✐♠✉❧❛t✐♦♥ ♦❢ ❛ t②♣✐❝❛❧ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ❢♦r ✶st ❣❡♥❡r❛t✐♦♥ ❛♥❤②❞r♦✉s

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

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

✶✶✵



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

t❤❡ st✉❞✐❡❞ s❝❡♥❛r✐♦s✳

■♥t❡❣r❛❧ ✉s❡ ♦❢ t❤❡ s✉❣❛r❝❛♥❡ ❛♥❞ s❡❧❧✐♥❣ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭s❝❡♥❛r✐♦s ■■ t❤r♦✉❣❤ ■❱✮

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

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

s②st❡♠s ❝❛♥ ✉❧t❡r✐♦r❧② r❡❞✉❝❡ ✶st ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts✱ s✐♥❝❡ ❧❛r❣❡ ❛♠♦✉♥ts

♦❢ ❡❧❡❝tr✐❝✐t② ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r s❛❧❡✳

✺ ❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❚❤❡ ❛✉t❤♦rs ❛❝❦♥♦✇❧❡❞❣❡ ❉❡❞✐♥✐ ■♥❞ústr✐❛s ❞❡ ❇❛s❡ ❙✴❆ ❢♦r s✉♣♣❧②✐♥❣ ❞❛t❛ ❢♦r ✐♥✈❡st✲

♠❡♥t ❝❛❧❝✉❧❛t✐♦♥s ❛♥❞ ❋❆P❊❙P ❢♦r ✜♥❛♥❝✐❛❧ s✉♣♣♦rt t♦ ♣r❡s❡♥t t❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ ❛t

❊❙❈❆P❊✲✷✵ ✭■s❝❤✐❛✲■t❛❧②✮✱ ♦♥ ❏✉♥❡ ✷✵✶✵✳

❘❡❢❡r❡♥❝❡s

❆❧✈❛r❛❞♦✲▼♦r❛❧❡s✱ ▼✳✱ ❚❡rr❛✱ ❏✳✱ ●❡r♥❛❡②✱ ❑✳✱ ❲♦♦❞❧❡②✱ ❏✳✱ ●❛♥✐✱ ❘✳✱ ✷✵✵✾✳ ❇✐♦r❡✜♥✐♥❣✿

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

❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥ ✽✼✱ ✶✶✼✶✕✶✶✽✸✳

❆♥❞r✐❡tt❛✱ ❙✳✱ ✷✵✵✾✳ ❖♣t✐♠❛❧ ✐♥❞✉str✐❛❧ ❢❡r♠❡♥t❛t✐♦♥✳ ■♥✿ ❇■❖❊◆ ❲♦r❦s❤♦♣ ♦♥ Pr♦❝❡ss ❢♦r

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳ ❋❆P❊❙P✱ ❙ã♦ P❛✉❧♦✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳❢❛♣❡s♣✳❜r✴❡✈❡♥t♦s✴✷✵✵✾✴✵✾✴✶✵❴❜✐♦❡♥✴❙✐❧✈✐♦❴❘♦❜❡rt♦✳♣❞❢

❇❛❦❡✱ ❏✳✱ ❏✉♥❣✐♥❣❡r✱ ▼✳✱ ❋❛❛✐❥✱ ❆✳✱ P♦♦t✱ ❚✳✱ ❲❛❧t❡r✱ ❆✳✱ ✷✵✵✾✳ ❊①♣❧❛✐♥✐♥❣ t❤❡ ❡①♣❡r✐❡♥❝❡

❝✉r✈❡✿ ❈♦st r❡❞✉❝t✐♦♥s ♦❢ ❜r❛③✐❧✐❛♥ ❡t❤❛♥♦❧ ❢r♦♠ s✉❣❛r❝❛♥❡✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✸✱

✻✹✹✕✻✺✽✳

❇❛❧❛t✱ ▼✳✱ ❇❛❧❛t✱ ❍✳✱ Ö③✱ ❈✳✱ ✷✵✵✽✳ Pr♦❣r❡ss ✐♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❝❡ss✐♥❣✳ Pr♦❣r❡ss ✐♥ ❊♥❡r❣②

❛♥❞ ❈♦♠❜✉st✐♦♥ ❙❝✐❡♥❝❡ ✸✹✱ ✺✺✶✕✺✼✸✳

❇❡❡❤❛rr②✱ ❘✳✱ ✶✾✾✻✳ ❊①t❡♥❞❡❞ s✉❣❛r❝❛♥❡ ❜✐♦♠❛ss ✉t✐❧✐s❛t✐♦♥ ❢♦r ❡①♣♦rt❛❜❧❡ ❡❧❡❝tr✐❝✐t② ♣r♦✲

❞✉❝t✐♦♥ ✐♥ ♠❛✉r✐t✐✉s✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✶✶✱ ✻✺✺✕✻✻✶✳

❇♦rr❡r♦✱ ▼✳✱ P❡r❡✐r❛✱ ❏✳✱ ▼✐r❛♥❞❛✱ ❊✳✱ ✷✵✵✸✳ ❆♥ ❡♥✈✐r♦♥♠❡♥t❛❧ ♠❛♥❛❣❡♠❡♥t ♠❡t❤♦❞ ❢♦r

s✉❣❛r ❝❛♥❡ ❛❧❝♦❤♦❧ ♣r♦❞✉❝t✐♦♥ ✐♥ ❜r❛③✐❧✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✷✺✱ ✷✽✼✕✷✾✾✳

✶✶✶



❇r❛✉♥❜❡❝❦✱ ❖✳✱ ❇❛✉❡♥✱ ❆✳✱ ❘♦s✐❧❧♦✲❈❛❧❧❡✱ ❋✳✱ ❈♦rt❡③✱ ▲✳✱ ✶✾✾✾✳ Pr♦s♣❡❝ts ❢♦r ❣r❡❡♥ ❝❛♥❡

❤❛r✈❡st✐♥❣ ❛♥❞ ❝❛♥❡ r❡s✐❞✉❡ ✉s❡ ✐♥ ❜r❛③✐❧✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✶✼✱ ✹✾✺✕✺✵✻✳

❇r❡t❤❛✉❡r✱ ❙✳✱ ❲②♠❛♥✱ ❈✳✱ ✷✵✶✵✳ ❘❡✈✐❡✇✿ ❈♦♥t✐♥✉♦✉s ❤②❞r♦❧②s✐s ❛♥❞ ❢❡r♠❡♥t❛t✐♦♥ ❢♦r

❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✹✽✻✷✕✹✽✼✹✳

❈❛r❞♦♥❛✱ ❈✳ ❆✳✱ ❙á♥❝❤❡③✱ ❖✳ ❏✳✱ ✷✵✵✼✳ ❋✉❡❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✿ Pr♦❝❡ss ❞❡s✐❣♥ tr❡♥❞s ❛♥❞

✐♥t❡❣r❛t✐♦♥ ♦♣♣♦rt✉♥✐t✐❡s✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✾✽✱ ✷✹✶✺✕✷✹✺✼✳

❈❊P❊❆✱ ✷✵✵✾✳ ❊t❤❛♥♦❧ ♣r✐❝❡s✳ ❚❡❝❤✳ r❡♣✳✱ ❈❡♥t❡r ❢♦r ❆❞✈❛♥❝❡❞ ❙t✉❞✐❡s ♦♥ ❆♣♣❧✐❡❞ ❊❝♦✲

♥♦♠✐❝s✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳❝❡♣❡❛✳✉s♣✳❜r✴❡t❛♥♦❧

❈❤❡♥❣✱ ❍✳✲❖✳✱ ❲❛♥❣✱ ❋✳✲❙✳✱ ✷✵✵✽✳ ❖♣t✐♠❛❧ ❜✐♦❝♦♠♣❛t✐❜❧❡ s♦❧✈❡♥t ❞❡s✐❣♥ ❢♦r ❛ t✇♦✲st❛❣❡

❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ✇✐t❤ ❝❡❧❧ r❡❝②❝❧✐♥❣✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣

✸✷✱ ✶✸✽✺✕✶✸✾✻✳

❉❡❞✐♥✐✱ ✷✵✵✾✳ ■♥✈❡st♠❡♥t ❞❛t❛ ❢♦r s✉❣❛r❝❛♥❡ ♠✐❧❧s✱ ♣r✐✈❛t❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳

❉✐❛s✱ ▼✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧✱ ▼✳✱ ✷✵✵✾✳ Pr♦❞✉❝t✐♦♥

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

❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥

✽✼✱ ✶✷✵✻✕✶✷✶✻✳

❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ▲♦③❛♥♦✱ ▼✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞

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

❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✹✽✱ ✷✾✼✽✕✷✾✽✼✳

❋r❛♥❝❡s❝❤✐♥✱ ●✳✱ ❩❛♠❜♦♥✐✱ ❆✳✱ ❇❡③③♦✱ ❋✳✱ ❇❡rt✉❝❝♦✱ ❆✳✱ ✷✵✵✽✳ ❊t❤❛♥♦❧ ❢r♦♠ ❝♦r♥✿ ❛ t❡❝❤♥✐❝❛❧

❛♥❞ ❡❝♦♥♦♠✐❝❛❧ ❛ss❡ss♠❡♥t ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤

❛♥❞ ❉❡s✐❣♥ ✽✻✱ ✹✽✽✕✹✾✽✳

❍❛ss✉❛♥✐✱ ❙✳✱ ▲❡❛❧✱ ▼✳✱ ▼❛❝❡❞♦✱ ■✳ ✭❊❞s✳✮✱ ✷✵✵✺✳ ❇✐♦♠❛ss ♣♦✇❡r ❣❡♥❡r❛t✐♦♥ ✲ ❙✉❣❛r ❝❛♥❡

❜❛❣❛ss❡ ❛♥❞ tr❛s❤✳ P◆❯❉ ❡ ❈❚❈✱ P✐r❛❝✐❝❛❜❛✳

❍✉❛♥❣✱ ❍✳✲❏✳✱ ❘❛♠❛s✇❛♠②✱ ❙✳✱ ❆❧✲❉❛❥❛♥✐✱ ❲✳✱ ❚s❝❤✐r♥❡r✱ ❯✳✱ ❈❛✐r♥❝r♦ss✱ ❘✳✱ ✷✵✵✾✳ ❊✛❡❝t ♦❢

❜✐♦♠❛ss s♣❡❝✐❡s ❛♥❞ ♣❧❛♥t s✐③❡ ♦♥ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧✿ ❆ ❝♦♠♣❛r❛t✐✈❡ ♣r♦❝❡ss ❛♥❞ ❡❝♦♥♦♠✐❝

❛♥❛❧②s✐s✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✸✱ ✷✸✹✕✷✹✻✳

✶✶✷



❏✐♠é♥❡③✲●♦♥③á❧❡③✱ ❈✳✱ ❲♦♦❞❧❡②✱ ❏✳✱ ✷✵✶✵✳ ❇✐♦♣r♦❝❡ss❡s✿ ▼♦❞❡❧✐♥❣ ♥❡❡❞s ❢♦r ♣r♦❝❡ss ❡✈❛❧✉❛✲

t✐♦♥ ❛♥❞ s✉st❛✐♥❛❜✐❧✐t② ❛ss❡ss♠❡♥t✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✸✹✱ ✶✵✵✾✕✶✵✶✼✳

❑❧❛tt✱ ❑✳✲❯✳✱ ▼❛rq✉❛r❞t✱ ❲✳✱ ✷✵✵✾✳ P❡rs♣❡❝t✐✈❡s ❢♦r ♣r♦❝❡ss s②st❡♠s ❡♥❣✐♥❡❡r✐♥❣ ✲ ♣❡rs♦♥❛❧

✈✐❡✇s ❢r♦♠ ❛❝❛❞❡♠✐❛ ❛♥❞ ✐♥❞✉str②✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✸✸✱ ✺✸✻✕✺✺✵✳

❑❧❡✐♥✲▼❛r❝✉s❝❤❛♠❡r✱ ❉✳✱ ❖❧❡s❦♦✇✐❝③✲P♦♣✐❡❧✱ P✳✱ ❙✐♠♠♦♥s✱ ❇✳✱ ❇❧❛♥❝❤✱ ❍✳✱ ✷✵✶✵✳ ❚❡❝❤✲

♥♦❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ♦❢ ❜✐♦❢✉❡❧s✿ ❆ ✇✐❦✐✲❜❛s❡❞ ♣❧❛t❢♦r♠ ❢♦r ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❜✐♦r❡✜♥❡r✐❡s✳

❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✹✱ ✶✾✶✹✕✶✾✷✶✳

❑♦❦♦ss✐s✱ ❆✳✱ ❨❛♥❣✱ ❆✳✱ ✷✵✶✵✳ ❖♥ t❤❡ ✉s❡ ♦❢ s②st❡♠s t❡❝❤♥♦❧♦❣✐❡s ❛♥❞ ❛ s②st❡♠❛t✐❝ ❛♣✲

♣r♦❛❝❤ ❢♦r t❤❡ s②♥t❤❡s✐s ❛♥❞ t❤❡ ❞❡s✐❣♥ ♦❢ ❢✉t✉r❡ ❜✐♦r❡✜♥❡r✐❡s✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧

❊♥❣✐♥❡❡r✐♥❣ ✸✹✱ ✶✸✾✼✕✶✹✵✺✳

▲❡✐t❡✱ ❘✳✱ ▲❡❛❧✱ ▼✳✱ ❈♦rt❡③✱ ▲✳✱ ●r✐✣♥✱ ❲✳✱ ❙❝❛♥❞✐✣♦✱ ▼✳✱ ✷✵✵✾✳ ❈❛♥ ❜r❛③✐❧ r❡♣❧❛❝❡ ✺✪ ♦❢

t❤❡ ✷✵✷✺ ❣❛s♦❧✐♥❡ ✇♦r❧❞ ❞❡♠❛♥❞ ✇✐t❤ ❡t❤❛♥♦❧❄ ❊♥❡r❣② ✸✹✱ ✻✺✺✕✻✻✶✳

▼❛♥t❡❧❛tt♦✱ P✳ ❊✳✱ ✷✵✵✺✳ ❊st✉❞♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝r✐st❛❧✐③❛çã♦ ❞❡ s♦❧✉çõ❡s ✐♠♣✉r❛s ❞❡ s❛❝❛r♦s❡

❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣♦r r❡s❢r✐❛♠❡♥t♦✳ ▼❛st❡r✬s t❤❡s✐s✱ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✳

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❙ã♦ ❈❛r❧♦s✱ ❙ã♦ ❈❛r❧♦s✳

▼❡✐r❡❧❧❡s✱ ❆✳✱ ✷✵✵✻✳ ❊①♣❛♥sã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧ ❡ ♠❡❧❤♦r✐❛ t❡❝♥♦❧ó❣✐❝❛ ❞❛ ❞❡st✐❧❛çã♦

❛❧❝♦ó❧✐❝❛✳ ■♥✿ ❲♦r❦s❤♦♣ ❞♦ Pr♦❥❡t♦ ❉✐r❡tr✐③❡s ❞❡ P♦❧ít✐❝❛s Pú❜❧✐❝❛s ♣❛r❛ ❛ ❆❣r♦✐♥❞ústr✐❛

❈❛♥❛✈✐❡✐r❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ❋❆P❊❙P✱ ▲♦r❡♥❛✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳❛♣t❛✳s♣✳❣♦✈✳❜r✴❝❛♥❛✴

P❡❧❧❡❣r✐♥✐✱ ▲✳✱ ❖❧✐✈❡✐r❛ ❏✉♥✐♦r✱ ❙✳✱ ✷✵✶✶✳ ❈♦♠❜✐♥❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ s✉❣❛r✱ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝✲

tr✐❝✐t②✿ ❚❤❡r♠♦❡❝♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛♥❛❧②s✐s ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥✳ ❊♥❡r❣② ✸✻✱ ✸✼✵✹✕

✸✼✶✺✳

P❢❡✛❡r✱ ▼✳✱ ❲✉❦♦✈✐ts✱ ❲✳✱ ❇❡❝❦♠❛♥✱ ●✳✱ ❋r✐❡❞❧✱ ❆✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ❛♥❞ ❞❡❝r❡❛s❡ ♦❢ t❤❡

❡♥❡r❣② ❞❡♠❛♥❞ ♦❢ ❜✐♦❡t❤❛♥♦❧✲♣r♦❞✉❝t✐♦♥ ❜② ♣r♦❝❡ss ✐♥t❡❣r❛t✐♦♥✳ ❆♣♣❧✐❡❞ ❚❤❡r♠❛❧ ❊♥❣✐✲

♥❡❡r✐♥❣ ✷✼✱ ✷✻✺✼✕✷✻✻✹✳

❘❛♠ír❡③✱ ❊✳✱ ❏♦❤♥st♦♥✱ ❉✳✱ ▼❝❆❧♦♦♥✱ ❆✳✱ ❨❡❡✱ ❲✳✱ ❙✐♥❣❤✱ ❱✳✱ ✷✵✵✽✳ ❊♥❣✐♥❡❡r✐♥❣ ♣r♦❝❡ss

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

✷✼✱ ✾✶✕✾✼✳

✶✶✸



❙❡❛❜r❛✱ ❏✳✱ ❚❛♦✱ ▲✳✱ ❈❤✉♠✱ ❍✳✱ ▼❛❝❡❞♦✱ ■✳✱ ✷✵✶✵✳ ❆ t❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

❡✛❡❝ts ♦❢ ❝❡♥tr❛❧✐③❡❞ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ❛♥❞ ❝♦✲♣r♦❞✉❝ts r❡✜♥❡r② ♦♣t✐♦♥s ✇✐t❤ s✉❣❛r❝❛♥❡

♠✐❧❧ ❝❧✉st❡r✐♥❣✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✹✱ ✶✵✻✺✕✶✵✼✽✳

❙✐♠♦✱ ▼✳✱ ❇r♦✇♥✱ ❈✳✱ ❍❧❛✈❛❝❡❦✱ ❱✳✱ ✷✵✵✽✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ s✇✐♥❣ ❛❞s♦r♣t✐♦♥ ✐♥ ❢✉❡❧

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈♦♠♣✉t❡rs ✫ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✸✷✱ ✶✻✸✺✕✶✻✹✾✳

❚❛♦✱ ▲✳✱ ❆❞❡♥✱ ❆✳✱ ✷✵✵✾✳ ❚❤❡ ❡❝♦♥♦♠✐❝s ♦❢ ❝✉rr❡♥t ❛♥❞ ❢✉t✉r❡ ❜✐♦❢✉❡❧s✳ ■♥ ❱✐tr♦ ❈❡❧❧✉❧❛r ✫

❉❡✈❡❧♦♣♠❡♥t❛❧ ❇✐♦❧♦❣② ✲ P❧❛♥t ✹✺✱ ✶✾✾✕✷✶✼✳

❯❉❖P✱ ✷✵✵✾✳ ❙✉❣❛r❝❛♥❡ ♣r✐❝❡s✳ ❚❡❝❤✳ r❡♣✳✱ ❯♥✐♦♥ ♦❢ ❇✐♦❢✉❡❧ Pr♦❞✉❝❡rs✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳✉❞♦♣✳❝♦♠✳❜r✴✐♥❞❡①✳♣❤♣❄✐t❡♠❂❝❛♥❛

❯✐❤❧❡✐♥✱ ❆✳✱ ❙❝❤❡❜❡❦✱ ▲✳✱ ✷✵✵✾✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝ts ♦❢ ❛ ❧✐❣♥♦❝❡❧❧✉❧♦s❡ ❢❡❡❞st♦❝❦ ❜✐♦r❡✲

✜♥❡r② s②st❡♠✿ ❆♥ ❛ss❡ss♠❡♥t✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✸✱ ✼✾✸✕✽✵✷✳

❲❛❧t❡r✱ ❆✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ✷✵✶✵✳ ❈♦♠❜✐♥❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ s❡❝♦♥❞✲❣❡♥❡r❛t✐♦♥ ❜✐♦❢✉❡❧s ❛♥❞

❡❧❡❝tr✐❝✐t② ❢r♦♠ s✉❣❛r❝❛♥❡ r❡s✐❞✉❡s✳ ❊♥❡r❣② ✸✺✱ ✽✼✹✕✽✼✾✳
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a b s t r a c t

Much of the controversy surrounding second generation ethanol production arises from the assumed
competition with first generation ethanol production; however, in Brazil, where bioethanol is produced
from sugarcane, sugarcane bagasse and trash will be used as feedstock for second generation ethanol pro-
duction. Thus, second generation ethanol production may be primarily in competition with electricity
production from the lignocellulosic fraction of sugarcane. A preliminary technical and economic analysis
of the integrated production of first and second generation ethanol from sugarcane in Brazil is presented
and different technological scenarios are evaluated. The analysis showed the importance of the integrated
use of sugarcane including the biomass represented by surplus bagasse and trash that can be taken from
the field. Second generation ethanol may favorably compete with bioelectricity production when sugar-
cane trash is used and when low cost enzyme and improved technologies become commercially
available.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Current efforts to meet the increased demand for fuel ethanol in
Brazil and elsewhere are primarily based on building new plants
and increasing acreage for sugar cane cultivation (Soccol et al.,
2010; Goldemberg and Guardabassi, 2009); however, further pro-
duction increases will also have to be based on improved sugar-
cane cultivation to allow the production of more ethanol per
hectare. Development of new technologies and improvements in
existing processes will also be necessary to obtain more ethanol
per ton of sugarcane. Agricultural productivity can be improved
by such practices as low impact mechanization for no-till farming
(CTBE, 2010), the use of new sugarcane varieties and perhaps, in
the future, of transgenic sugarcane. Processing productivity can
be increased by using the entire sugarcane plant as a feedstock
(Soccol et al., 2010) through chemical and biochemical hydrolysis
of surpluses bagasse and sugarcane trash or by production of other
renewable fuels (BTL – biomass to liquid thermochemical route)
(Naik et al., 2010; Walter and Ensinas, 2010) or chemicals (Fu
and Holtzapple, 2010).

Utilization of the lignocellulosic biomass for ethanol production
(second generation ethanol) would be preferable over sugar and

starch-based ethanol production (first generation ethanol) because
of limited competition with food production and fewer changes in
land use and less deforestation (Fu and Holtzapple, 2010; Sánchez
and Cardona, 2008; Nigam and Singh, 2011).

The use of lignocellulosic materials as feedstock for second gen-
eration bioethanol production has not yet become an industrial
reality due to the lack of efficient and low cost technologies which
results in prohibitive investment and production costs as well as
poor returns on investment (Cardona et al., 2010; Dias et al.,
2010). The structure of the plant cell wall and the difficulties in
hydrolyzing its main components (cellulose, hemicellulose and lig-
nin) limit the application of plant biomass (Rodrigues et al., 2010).
Sugarcane trash, comprised of sugarcane tops and leaves, and ba-
gasse are lignocellulosic residues obtained during sugarcane culti-
vation and processing that are currently burnt, left in the field, or
used for energy production.

It is possible to utilize these materials more efficiently. Sugar-
cane bagasse, especially, is already available at the sugarcane pro-
cessing plant site, and ethanol production from bagasse may share
part of the available conventional bioethanol production infra-
structure (Dias et al., 2009). Analogous to an oil refinery, where
all fractions of the petroleum barrel are exploited, the entire sugar-
cane plant should be transformed in the biorefinery as it already
contributes roughly 70% to the cost of first generation ethanol
(CGEE, 2009). The introduction of second generation ethanol or
fuel production needs to take into account the demand from both
domestic and international markets and competition from use of
lignocellulosic biomass in electricity cogeneration plants (Cardona
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et al., 2010). The decision regarding second generation ethanol pro-
duction should be made considering the opportunity prices for the
different biomass derived products (ethanol and other biofuels,
bioelectricity and sugar, among others). In this study, several eco-
nomic analyses were performed, considering different process con-
figurations for first and second generation plants. Technological
improvements of first generation units, use of sugarcane trash
along with bagasse for cogeneration of electricity or second gener-
ation ethanol production based on different levels of technological
development were evaluated. Furthermore, sensitivity analyses
were performed varying the prices of sugarcane, trash (transported
to the plant) and enzymes for the cellulose hydrolysis, as well as
the opportunity prices for bioelectricity and ethanol and the facil-
ity investment required for each process configuration.

First and second generation ethanol production plants were
simulated using the SuperPro Designer simulation platform; the
cogeneration system was simulated using an electronic spread-
sheet, because the unit operations required are not yet available
in the simulator’s database. Economic data applicable to the Brazil-
ian situation were collected and an electronic spreadsheet was
developed to calculate economic impacts (internal rate of return
– IRR, and production costs, always excluding return on capital).
First generation ethanol production was simulated using represen-
tative Brazilian industrial parameters from large scale plants (over
1 million liters of bioethanol/day), while for second generation eth-
anol production, data obtained in laboratory-scale experiments
were employed.

2. Process description

2.1. Ethanol production in Brazil – first generation plants

Ethanol is produced from sugarcane in Brazil, either in autono-
mous distilleries, in which all extracted sugarcane juice is con-
verted to ethanol, or in annexed plants, where a fraction of the
sugarcane juice is used for sugar production and ethanol is ob-
tained using the remaining part of the juice, along with molasses

(residue of the sugar production). For this analysis, it was assumed
that 500 tons of sugarcane (TC) are processed per hour (two mil-
lion TC per year) on a relatively large scale autonomous distillery,
producing approximately 1000 m3/day of anhydrous ethanol in a
conventional first generation plant. The following process opera-
tions were considered in anhydrous ethanol production in an
autonomous distillery: sugarcane cleaning and preparation, extrac-
tion of sugars, juice treatment and concentration, fermentation,
distillation and dehydration of ethanol, cogeneration (combined
heat and power generation). Details about these unit operations
have previously been published (Dias et al., 2010).

The unit operations present in sugarcane processing for ethanol
production were simulated with data obtained from large scale
units. A simplified SuperPro Designer flow sheet constructed to
represent a first generation ethanol plant is shown in Fig. 1.

First, a conventional plant with an azeotropic distillation sys-
tem for ethanol dehydration was simulated since it is the most
common configuration found in Brazilian industrial units. How-
ever, new plants are considering the use of alternative dehydration
processes such an adsorption process with molecular sieves, which
consumes less energy, avoids contamination of the product with
solvent (Simo et al., 2008), and decreases ethanol losses when
compared to the conventional azeotropic distillation process. En-
ergy consumption of these operations was obtained from the liter-
ature (Meirelles, 2006; Andrietta, 2009), as the process simulator
does not include the unit operations required to represent these
processes. Table 1 presents the basic parameters used in the simu-
lation of first generation ethanol plants.

2.2. Cogeneration systems

During sugarcane processing, large amounts (approximately
140 kg/TC, dry basis) of bagasse are produced when sugarcane
juice is separated from the fiber. This bagasse is usually burnt in
low efficiency cogeneration systems (22 bar) to produce steam
and electricity for the plant (Ensinas et al., 2007). For the past
few years, more efficient boilers and turbines have been employed

Fig. 1. Simplified SuperPro Designer flowsheet representing the simulation of a first generation ethanol production plant from sugarcane.
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that are usually able to generate 65-bar steam, and produce large
amounts of electricity with steam turbines. When the plant is lo-
cated close to the power grid, surplus electricity can be sold, thus
improving the revenues of the enterprise.

The amount of electricity produced by the sugarcane processing
plant may be increased significantly when sugarcane trash is col-
lected from the field and transported to be processed in the factory.
Huge amounts of trash will be available in the near future as burn-
ing practices are eliminated (Seabra et al., 2010). Around 140 kg of
residues (trash, dry basis) are produced per ton of sugarcane stalks,
but some part of the trash must be left in the field in order to pro-
vide weed and diseases control as well as nutrient recycling
(Hassuani et al., 2005). Removal of 50% of the trash from the fields
is considered feasible (Dias et al., 2009; Hassuani et al., 2005; Wal-
ter and Ensinas, 2010). In a plant where the amount of sugarcane,
bagasse and trash available for energy production exceeds the
amount needed to supply the energy required for the process, con-
densing–extracting steam turbines may be employed to produce
surplus electricity through expansion and condensation of excess
steam produced in the boiler. If a plant produces a bagasse/trash
surplus, only conventional backpressure steam turbines should
be used, since the amount of steam produced is equal to the
amount required to supply the thermal energy demand of the

process. These two configurations were employed in the simula-
tions, depending on the final use of the lignocellulosic material
available at plant site, and the main parameters of the cogenera-
tion system are displayed in Table 2.

2.3. Second generation ethanol production

Besides being used as a fuel in boilers for the production of
steam and electricity, sugarcane bagasse may be used as feedstock
for ethanol production. Since it is composed of cellulose, hemicel-
lulose and lignin, it may be converted into fermentable sugars
through pretreatment and hydrolysis processes. In this analysis,
steam explosion is adopted as the pretreatment method in which
most of the hemicellulose is converted into pentoses and, simulta-
neously, cellulose becomes susceptible to enzymatic hydrolysis
(Carrasco et al., 2010; Martín et al., 2002). Three levels of techno-
logical developments are assumed in the second generation pro-
duction process based on current conditions observed in
laboratory and future scenarios. The current hydrolysis technolo-
gies produce relatively low yields (60%), low solids loading
(10 wt.%) in the hydrolysis reactor are assumed, and only the glu-
cose fraction obtained from the lignocellulosic materials is fer-
mented to ethanol. The pentose fraction obtained in the
pretreatment process is anaerobically biodigested to produce bio-
gas, which is employed in the cogeneration system. At the second
technological level, hydrolysis is improved (70% yield and 15% sol-
ids loading). This improvement in hydrolysis is achieved when an
alkaline delignification step is introduced, that removes most of
the lignin and produces a cellulose pulp of high purity that is more
susceptible to enzymatic attack. At the third level, pentoses are
also fermented to ethanol with an 80% conversion. Table 3 presents
the basic parameters adopted in the simulations of the second gen-
eration unit operations, while Fig. 2 shows the simplified flowsheet
of the second generation process simulation for the current and fu-
ture hydrolysis technology levels, respectively.

The glucose liquor obtained after cellulose hydrolysis is mixed
with the sugarcane juice and fermented; possible impacts on fer-
mentation yields due to the presence of potential inhibitors gener-
ated during pretreatment reactions are disregarded, since their

Table 1

Basic parameters adopted in the simulation of the first generation ethanol production
plant.

Parameter Value Unit

Sugarcane crushing rate 500 TC/h a

Days of operation 167 days/year
Sugarcane sugars content 15 wt.%
Sugarcane fiber content 14 wt.%
Sugarcane trash produced in the field 140 kg/TC
Sugars losses on sugarcane cleaning 0.8 kg/TC
Sugars recovery on the mills 96 %
Sugars recovery on juice treatment 99.5 %
Fermentation yield 90 %
Ethanol recovery on distillation and dehydration 99.7 %
2.5 bar steam consumption – azeotropic distillation 1.5 kg/L b

6 bar steam consumption – molecular sieves 0.65 kg/L b

a TC: tons of sugarcane.
b Steam consumption based on the amount of anhydrous ethanol produced.

Table 2

Basic parameters adopted in the simulations of the cogeneration systems (Dias et al.,
2009; Ensinas, 2008; Seabra, 2008).

Parameter Value Unit

22 bar – boiler thermal efficiencya 75 %
90 bar – boiler thermal efficiencya 86 %
High pressure steam turbines isentropic efficiency 72 %
Intermediate pressure steam turbines isentropic

efficiency
81 %

Condensation turbine isentropic efficiency 70 %
Mechanical drivers – turbine isentropic efficiency 55 %
Generator efficiency 98 %
Sugarcane bagasse LHV (50 wt.% moisture) 7565 kJ/kg
Sugarcane trash LHV (15 wt.% moisture) 12960 kJ/kg
Electric power demand of the distillery 12 kWh/TC
Electric power demand of the 2nd generation production

process
12 kWh/tb

Mechanical power demand – cane preparation and juice
extraction

16 kWh/TC

Electric power demand of the distillery – electric drivers 30 kWh/TC
Outlet pressure of high pressure steam turbine 22 bar
1st extraction pressure 6 bar
2nd extraction pressure 2.5 bar
Process steam pressure 2.5 bar
Adsorption on molecular sieves – steam pressure 6 bar

a Low heating value (LHV) basis.
b Power demand required to process the lignocellulosic material.

Table 3

Basic parameters adopted in the simulations of the operations in second generation
ethanol production from sugarcane bagasse and trash.

Parameter Value Unit

Sugarcane bagasse cellulose content (dry basis) 40.7 wt.%
Sugarcane bagasse hemicellulose content (dry basis) 26.5 wt.%
Sugarcane bagasse lignin content (dry basis) 21.9 wt.%
Steam explosion: temperature 190 �C
Steam explosion: reaction time 15 min
Steam explosion: hemicellulose hydrolysis 70 %
Steam explosion: cellulose hydrolysis 2 %
Lignin LHV (50 wt.% water) 12360 kJ/kg
Biogas LHV 21320 kJ/Nm3

Pentose biodigestion: COD removal 70 %
Pentose biodigestion: temperature 55 �C
Pentose biodigestion: biogas production 0.35 Nm3/kg

COD
Hydrolysis yield – current technology 60 %
Hydrolysis solids loading – current technology 10 wt.%
Hydrolysis reaction time – current technology 72 h
Alkaline delignification – temperature 100 �C
Alkaline delignification – solids loading 10 wt.%
Alkaline delignification – NaOH content 1 wt/V%
Alkaline delignification – lignin solubilization 96 %
Hydrolysis yield – future technology 70 %
Hydrolysis solids loading – future technology 15 wt.%
Hydrolysis reaction time – future technology 48 h
Conversion of pentose to ethanol – future technology 80 %
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concentration on the fermentation media would be very low. Thus,
the same conversion that is achieved nowadays in the first gener-
ation ethanol production process (conversion of 90% of the C-6
sugars to ethanol) was assumed.

Pentoses produced during pretreatment are separated from the
cellulignin and converted to biogas through biodigestion (or fer-
mented to ethanol, in the most advanced scenario). Similarly, unre-
acted solids obtained after filtration of the hydrolysis products are
used as fuel in boilers, along with the necessary amount of trash
and bagasse. The same efficiencies as that of conventional boilers
(Table 2) were assumed in this case.

3. Methodology

In order to construct the configurations that will allow the com-
parison of second generation ethanol production that replaces part
of the surplus electricity, the following conditions for the basic first
generation plant described earlier were included: commercializa-
tion of the surplus electricity in the first generation plant; increase
of the boiler pressure from 22 to 90 bar (Ensinas et al., 2007); sub-
stitution of azeotropic distillation for adsorption on molecular
sieves, in the ethanol dehydration (Hu and Xie, 2001); complete
electrification of the first generation plant (Ensinas et al., 2007);
20% reduction of the process steam consumption – considering
thermal integration of the process (Dias et al., 2011); use of 50%
of the sugarcane trash produced in the field (Hassuani et al.,
2005). In the second generation ethanol production process, three
situations were compared: hydrolysis yields of 60%, with solids
loading on hydrolysis of 10 wt% (representing the ‘‘current’’ tech-
nology), an increase (to 70%) of the hydrolysis yield with solids
loading of 15 wt% (representing the ‘‘future technology’’), pentose
biodigestion or fermentation into ethanol (Balat et al., 2008). Nine
scenarios were constructed, assuming increasing levels of techno-
logical improvements from the ‘‘basic’’ plant – scenario I. Table 4
defines their major characteristics.

The proposed scenarios were simulated using SuperPro De-
signer to generate the process data, and in an Excel spreadsheet

to simulate the cogeneration system. Although this is a simplified
way to simulate the process, it is a suitable representation for the
objectives of this study. Economic analyses were carried out by
estimating the internal rate of return (IRR) per year, and the pro-
duction costs for each scenario. Data compatible with the reality
of the industrial sector was used. The project lifetime was assumed
to be 25 years, including 2 years for construction and start-up. Lin-
ear 10 years depreciation was assumed as well. Income taxes and
social contributions accounted for 34% of the taxable income. The
investment required for a typical autonomous distillery processing
2 million tons of sugarcane per year (scenario I) is equal to US$ 150
million. Fifteen percent are required for sugarcane reception and
juice extraction; 17% for juice treatment, fermentation and distilla-
tion; 30% for cogeneration; the remaining fraction is used for auto-
mation, buildings, etc. (Dedini, 2009). These values were used to
estimate the investment required for all the other scenarios,
assuming a 40% increase in the juice treatment, fermentation and
distillation sectors due to adsorption with molecular sieves pro-
cess, a 40% increase in the cogeneration sector due to the use of
90 bar boilers (Dedini, 2009) and a 10% increase in the distillation
sector due to the heat exchanger network required for the 20%
reduction in steam consumption. The investment required for
installing electric drivers was considered the same as for mechan-
ical drivers, thus no change in investment was considered for this
improvement. A capacity-ratio exponent of 0.6 was included for
evaluating changes on the investment required for the cogenera-
tion sector as a function of the amount of steam produced with
each scenario.

For second generation ethanol production plants, two invest-
ment figures were considered. These figures were estimated by
CGEE (2009), who evaluated the investment for a second genera-
tion ethanol production plant using sugarcane bagasse as feed-
stock, integrated with a conventional first generation ethanol
production unit. The investment includes equipment required for
bagasse collection, storage area, conveying, cleaning, classification,
transportation, pretreatment and hydrolysis operations. The
hydrolyzed liquor is concentrated and fermented in a mixture with
sugarcane juice. The additional investment for concentration,

Fig. 2. Simplified flowsheet of the simulation of the second generation ethanol production process – (a) current (low yield and solids loading) and (b) future (high yield and
solids loading) technologies.
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fermentation, distillation and ethanol storage in the first genera-
tion plant was included in the second generation investment fig-
ures, and utilities are provided by the first generation plant
(CGEE, 2009). For the current state of the technology, a higher
investment is required based on the processing capacity per year
(approximately US$ 460/ton of bagasse), while for the future tech-
nology, increased processing capacity along with other improve-
ments lead to a decrease in required investment (approximately
US$ 288/ton of bagasse) (CGEE, 2009). This reduction in invest-
ment required for the hydrolysis plant was estimated based on
the improvements of the technology over the years, mainly due
to a decrease in reaction time from 72 to 48 h, which decreases
the size of the hydrolysis reactors capacity and thus equipment
costs (CGEE, 2009). A capacity-ratio exponent of 0.6 was included
for estimating the investment variation for different processing
capacities, calculated in each scenario.

The economic analysis of each of the studied scenarios was car-
ried out using the medium costs and prices presented in Table 5,
evaluating the average internal rate of return (IRR) for each sce-
nario. Ethanol and electricity production costs – excluding return
on capital – were calculated as follows: their prices were reduced
simultaneously at the same rate until the IRR per year reached
zero.

An economic risk analysis was also carried out to assess the im-
pacts of increased electricity and ethanol production using surplus
lignocellulosic material as feedstock. An electronic spreadsheet

was developed to evaluate the IRR and ethanol and electricity pro-
duction costs, and a normal distribution of overall investment,
average prices of ethanol, electricity, enzyme, sugarcane and sug-
arcane trash (presented in Table 5) was assumed for each alterna-
tive. The confidence interval for each scenario was estimated using
Monte Carlo simulations. In order to obtain a smooth distribution
for this analysis, 10,000 runs were calculated using random values
of these variables.

4. Results and discussion

Table 6 shows the results obtained in the simulation of the nine
proposed scenarios.

In spite of decreasing process profitability (IRR), when com-
pared to the conventional autonomous distillery (scenario I), the
production of second generation ethanol from cellulose (scenarios
III, V, VII and VIII) decreased the overall ethanol production costs,
in the integrated process using sugarcane as raw material. When
compared to the alternative scenario (VI), in which bagasse and
50% of the trash are used for steam and electricity production, sig-
nificant gains in the integrated first and second generation ethanol
production process were only achieved when pentose fermenta-
tion to ethanol took place (scenario IX). The results, with a 99.7%
confidence interval (mean ± 3 standard deviations) for the internal
rate of return and production costs (for ethanol and electricity) of
each scenario, are shown in Fig. 3. Although a confidence interval
of 95% is usually employed (mean ± 2 standard deviations), the
wider 99.7% confidence interval was chosen to guarantee the rep-
resentation of the true value of the IRR and costs within the nearly
full range of values. The figure shows that even with a larger inter-
val, the scenarios were still profitable.

The results demonstrated that it was possible to improve the
IRR of the conventional autonomous distillery when the whole
sugarcane plant is used and electricity is sold to the grid. Second
generation ethanol can become attractive only when the conven-
tional bioethanol production process is optimized, a fraction of
the sugarcane trash is used, and improved hydrolysis technologies
are commercially available, as shown by the results obtained for
scenario VIII. Significant gains can be obtained when pentose fer-
mentation to ethanol is accessible (scenario IX). This result was
even clearer when different sensitivity analyses were performed
(investment, prices of sugarcane, trash, enzyme, ethanol and elec-
tricity). Fig. 4 presents the variation of the IRR of selected scenarios
when changes in prices (feedstock, products, consumables and
investment) take place.

Even though there is great uncertainty regarding the costs of
sugarcane trash transportation from the field to the processing site,
the impact of changes of ±15% in sugarcane trash prices on the IRR
of different scenarios is practically negligible, as shown in Fig. 4b.

Table 4

Main characteristics of the scenarios.

Characteristics Scenarios

I II III IV V VI VII VIII IX

First generation ethanol production X X X X X X X X X
22 bar boilers X
90 bar boilers X X X X X X X X
Surplus electricity credit X X X X X X X X
Molecular sieves for ethanol dehydration X X X X X X X X
Second generation – current technology X X X
Complete electrification of the plant X X X X X X
20% reduction in process steam demand X X X X X X
50% of trash used X X X X
Second generation – future technology X X
C5 fermentation to ethanol X

Table 5

Main prices adopted in the economic risk analysis.

Parameter Lower Medium Higher

Overall investmenta x-3r x x + 3r
Sugarcane average price (US$/TC)b 18.35 19.41 20.47
Sugarcane trash average price (US$/t) 10.00 15.00 20.00
Electricity average price (US$/MWh)c 59.00 70.50 82.00
Ethanol average price (US$/L)d 0.46 0.50 0.54
Enzyme average price (US$/L cellulosic

ethanol)e
0.05 0.15 0.25

Enzyme average price (US$/ L cellulosic
ethanol)f

0.03 0.04 0.05

a x stands for the average investment required for each scenario; xmin and xmax

consider an estimated standard deviation of 6.7%.
b Six years moving average of sugarcane prices (Dec 2009 values) in São Paulo

state (SP), from July 2000 to December 2009 (UDOP, 2009).
c Minimum, medium and maximum prices on renewable energy auctions, values

for 2009.
d Six years moving average of anhydrous ethanol prices paid to the producer (Dec

2009 values) in SP, from July 2000 to December 2009 (CEPEA, 2009).
e Enzyme prices for the ‘‘current hydrolysis technology’’ – scenarios III, V and VII.
f Enzyme prices for the ‘‘future hydrolysis technology’’ – scenarios VIII and IX;

the exchange rate of US$ 1.00 = R$ 2.00 (2009 average currency exchange rate) was
adopted.
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However, sugarcane prices have a significant impact on the IRR of
the enterprise, especially for scenario I, where there is no surplus
electricity (Fig. 4a). The impact of sugarcane prices on the IRR is
also significant for the other scenarios, but when the raw material
was used with the largest efficiency (i.e., maximization of electric-
ity – scenario VI, or ethanol production – scenario IX), the impact of
sugarcane price is less intense.

Another variable of significant uncertainty is the investment,
especially for the second generation plant. Fig. 4c shows the impact
of changes in investment on the IRR. Changes of ±15% in the invest-
ment have an important effect on the IRR but its magnitude is

smaller than that of ethanol prices (Fig. 4d). Even if an increase
of 15% in investment occurs, the IRR for scenario IX (which pre-
sented the best results) was similar to that of scenario VI using
the average investment.

Enzyme prices in a large scale use scenario, such as the one
envisioned for biofuels, are also unknown; the impact of changes
in enzyme prices in the scenarios where second generation ethanol
production takes place is shown in Fig. 4f. Since enzyme price is
proportional to the amount of cellulosic ethanol produced, the
IRR of scenarios III and V was not significantly affected by changes
in its price, contrary to scenarios VIII and IX.

Table 6

Simulations and economic analysis results.

Scenarios Surplus
electricity
(kWh/TC)

Surplus
bagassea

(kg/TC)

Hydrolyzed
bagasse + trasha

(kg/TC)

Ethanol
production
(L/TC)

Overall
investment
(million US$)

Average IRR
(% per year)

Average ethanol
production costs
(US$/L)

Average electricity
production costs (US$/
MWh)

I 0 28.5 – 88.9 150 15.9 0.332 –
II 92.6 – – 89.3 199 15.7 0.307 45.26
III 65.1 – 53.0 96.6 255 12.9 0.321 42.68
IV 104.6 – – 89.3 202 15.9 0.303 44.97
V 65.4 – 86.0 101.1 276 12.6 0.319 40.58
VI 185.8 – – 89.3 222 16.9 0.288 44.70
VII 92.8 – 161.4 110.7 329 12.2 0.317 41.30
VIII 62.3 – 155.3 113.7 286 14.5 0.293 35.59
IX 72.7 – 135.9 131.5 281 18.4 0.253 43.25

a Dry basis.

Fig. 3. Results of the economic analysis: (a) internal rate of return (IRR), (b) ethanol and (c) electricity production prices for each scenario – 99.7% confidence interval.
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5. Conclusions

Sugarcane processing may be improved by using the whole
plant for electricity or second generation ethanol production. Un-
der the conditions assumed in this study, results showed that
improvements can be obtained with the available technology in
the scenarios where electricity production is maximized, while
for second generation ethanol better IRR are consistently obtained
only when using sugarcane trash and improved hydrolysis technol-
ogies. Nevertheless, even with the current hydrolysis technology
(relatively low yield, low solids loading on hydrolysis and no pen-
tose fermentation to ethanol), the integrated first and second gen-
eration production process decreases ethanol production cost.
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✶✷✹



s✐♠✉❧❛çã♦ ❝♦♠♣❧❡①❛ ❡ ❛tr❛♣❛❧❤❛♠ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ s✐st❡♠❛✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡

❢❡rr❛♠❡♥t❛s ❞❡ ♦t✐♠✐③❛çã♦ ♣r❡s❡♥t❡s ♥♦ s✐♠✉❧❛❞♦r✳ ❉❡st❛ ❢♦r♠❛✱ ♣❛r❛ ❛♥❛❧✐s❛r ♦ ♣r♦❝❡ss♦

✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❢♦r❛♠ ♣r♦♣♦st♦s ❞✐❢❡r❡♥t❡s

❝❡♥ár✐♦s ✈❛r✐❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❞♦ ♣r♦❝❡ss♦✳

❈♦♠♦ ♠♦str❛❞♦ ♥❛ s❡çã♦ ✹✳✷✱ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ só ❞❡✈❡ s❡

t♦r♥❛r ❛tr❛t✐✈❛ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞♦ ♠❡r❝❛❞♦ q✉❛♥❞♦ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦

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

♣r♦❞✉çã♦ ❞❡ ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✱ ❛❧é♠ ❞❡ ♦✉tr♦s ✐♠♣♦rt❛♥t❡s

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

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

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

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

❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✳

✺✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦

❉✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ♣❧❛♥t❛s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❢♦r❛♠ ❛✈❛❧✐❛❞❛s✿ ❞❡st✐❧❛r✐❛ ❛✉tô✲

♥♦♠❛ ♣❛❞rã♦ ❡ ♦t✐♠✐③❛❞❛✳ ❆ ❞❡st✐❧❛r✐❛ ♣❛❞rã♦ ❛♣r❡s❡♥t❛ ✉♠ ♥í✈❡❧ t❡❝♥♦❧ó❣✐❝♦ ✏♠é❞✐♦✑✱ q✉❡

❝♦♥s✐❞❡r❛ ♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ❡ ❞✐♠❡♥sõ❡s tí♣✐❝❛s ❡♥❝♦♥tr❛❞❛s ♥❛ ✐♥❞ústr✐❛ ❛t✉❛❧♠❡♥t❡✳ ❏á

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

♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ ❞✐♠✐♥✉✐r ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦✳ ❉✉❛s s✐t✉❛çõ❡s sã♦

❝♦♠♣❛r❛❞❛s ♥❛ ❞❡st✐❧❛r✐❛ ♦t✐♠✐③❛❞❛✿ ♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ ♠❛①✐✲

♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡①❝❡❞❡♥t❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✳ ◆♦ ❝❛s♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠

♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡①❝❡❞❡♥t❡✱ ❢♦✐ ✐♥t❡❣r❛❞❛ ❛ ♣r♦❞✉çã♦

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

❝♦♠ ❡st❛ t❡❝♥♦❧♦❣✐❛✳ ❖s ❝❡♥ár✐♦s q✉❡ ✐♥❝❧✉❡♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ sã♦

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

s❡çã♦ ✸✳✺✳✸✳ ❆s s✐♠✉❧❛çõ❡s ❡ s❡✉s r❡s✉❧t❛❞♦s sã♦ ❞✐s❝✉t✐❞♦s ♥♦ tr❛❜❛❧❤♦ ■♠♣r♦✈✐♥❣ s❡❝♦♥❞
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❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ t❤r♦✉❣❤ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ✜rst ❣❡♥❡r❛t✐♦♥ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss

❢r♦♠ s✉❣❛r❝❛♥❡✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ❞❡ ♣ôst❡r ♥♦ ✸✸r❞ ❙②♠♣♦s✐✉♠ ♦♥ ❇✐♦t❡❝❤♥♦❧♦❣② ❢♦r

❋✉❡❧s ❛♥❞ ❈❤❡♠✐❝❛❧s✱ r❡❛❧✐③❛❞♦ ♥♦s ❊❯❆ ❡♠ ✷✵✶✶ ❡ s✉❜♠❡t✐❞♦ ♣❛r❛ ♣✉❜❧✐❝❛çã♦ ♥❛ r❡✈✐st❛

❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣②✳

❖✉tr♦ ✐♠♣♦rt❛♥t❡ ❛s♣❡❝t♦ ❛✈❛❧✐❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ é ❛ ❝♦♠♣❡t✐çã♦ ❡♥tr❡ ❛ ♣r♦❞✉çã♦ ❞❡

❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✳ ◆❡st❡ tr❛❜❛❧❤♦ ♠♦str♦✉✲s❡ q✉❡ ❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ♣♦❞❡ ♦❝♦rr❡r s✐♠✉❧t❛♥❡❛♠❡♥t❡ à ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡✱

❛♣❡s❛r ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ s❡r ✉t✐❧✐③❛❞♦ t❛♥t♦ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ q✉❛♥t♦ ❝♦♠♦ ♠❛✲

tér✐❛ ♣r✐♠❛✳ ❆ ❡①♣❛♥sã♦ ❞♦ ✈❛♣♦r ❣❡r❛❞♦ ♥❛s ❝❛❧❞❡✐r❛s ♣❛r❛ ❛t❡♥❞❡r à ❞❡♠❛♥❞❛ ❞❡ ❡♥❡r❣✐❛

❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❡♠ t✉r❜♦❣❡r❛❞♦r❡s ❣❡r❛ ❡♥❡r❣✐❛ ❡❧étr✐❝❛❀ ❝♦♠♦ ❛ ❞❡♠❛♥❞❛ ❞❡ ✈❛♣♦r

❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ é r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞❛✱ ♣♦❞❡ ♦❝♦rr❡r ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛

❡♠ q✉❛♥t✐❞❛❞❡ s✉♣❡r✐♦r àq✉❡❧❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛t❡♥❞❡r ❛ ❞❡♠❛♥❞❛ ❞♦ ♣r♦❝❡ss♦ ❝❛s♦ s❡❥❛♠

❡♠♣r❡❣❛❞❛s ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❞❡ ♠é❞✐❛ ✲ ❛❧t❛ ♣r❡ssã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❝❛s♦

t♦❞♦ ♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧ s❡❥❛ q✉❡✐♠❛❞♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱

❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♣r♦❞✉③✐❞❛ é ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ❛q✉❡❧❛ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡✲

❣r❛❞♦ ❞❡ ♣r✐♠❡✐r❛ ❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❡♠♣r❡❣♦ ❞❡ ❝❛❧❞❡✐r❛s ❞❡ ❜❛✐①❛ ♣r❡ssã♦✱

q✉❡ ❛♣r❡s❡♥t❛♠ ♠❡♥♦r ✐♥✈❡st✐♠❡♥t♦ ❞♦ q✉❡ ❛s ❞❡ ❛❧t❛ ♣r❡ssã♦ ✭❉❊❉■◆■✱ ✷✵✵✾✮✱ ♣♦ss✐❜✐❧✐t❛

♣❡q✉❡♥♦s ❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ❥á q✉❡ ❝❛❧❞❡✐r❛s ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ❝♦♥s♦♠❡♠ ♠❡♥♦s

❜❛❣❛ç♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r✳ ❆ss✐♠✱ ❝❛s♦ ♥ã♦ ❡①✐st❛ ♠❡r❝❛❞♦ ♣❛r❛ ✈❡♥❞❛ ❞❡ ❡♥❡r❣✐❛

❡❧étr✐❝❛ ♥❛ r❡❣✐ã♦ ♦♥❞❡ ❛ ✉s✐♥❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦ ❡stá ✐♥st❛❧❛❞❛✱

❝❛❧❞❡✐r❛s ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ♣♦❞❡♠ s✉♣r✐r s✉❛s ♥❡❝❡ss✐❞❛❞❡s ❡♥❡r❣ét✐❝❛s ❡ ❛✐♥❞❛ ♣r♦♣♦r❝✐♦♥❛r

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

t❤r♦✉❣❤ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ✜rst ❣❡♥❡r❛t✐♦♥ ♣r♦❞✉❝t✐♦♥

♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡ ✯

❆❜str❛❝t

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

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

t✐♦♥❛❧ ✜rst ❣❡♥❡r❛t✐♦♥ ♣❧❛♥ts ♣r♦❝❡ss✐♥❣ s✉❣❛r❝❛♥❡ ♣r❡s❡♥ts s❡✈❡r❛❧ ❛❞✈❛♥t❛❣❡s s✉❝❤

❛s t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ t❤❡ ❢❡❡❞st♦❝❦ ✭❜❛❣❛ss❡✮ ❛t ♣❧❛♥t s✐t❡ ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② t♦ s❤❛r❡

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

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

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

❋♦r t❤✐s r❡❛s♦♥✱ ♣r♦❝❡ss ♦♣t✐♠✐③❛t✐♦♥ ❧❡❛❞✐♥❣ t♦ r❡❞✉❝t✐♦♥ ♦♥ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥

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

♣r♦❝❡ss ✐♠♣r♦✈❡♠❡♥ts ✭✉s❡ ♦❢ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs✱ ❞♦✉❜❧❡ ❡✛❡❝t ❞✐st✐❧❧❛t✐♦♥✱

❞❡❤②❞r❛t✐♦♥ ✇✐t❤ ♠♦❧❡❝✉❧❛r s✐❡✈❡s✱ ❡❧❡❝tr✐❝ ❞r✐✈❡s ❛♥❞ ❡✣❝✐❡♥t ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠✮

❛♥❞ t❤❡ r❡❝♦✈❡r② ♦❢ tr❛s❤ ❢r♦♠ t❤❡ ✜❡❧❞ ✇❡r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②

♣r♦❝❡ss✐♥❣ s✉❣❛r❝❛♥❡ t❤r♦✉❣❤ s✐♠✉❧❛t✐♦♥ ✉s✐♥❣ ❆s♣❡♥ P❧✉s✳ ❚❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇❛s ✐♥t❡❣r❛t❡❞ t♦ t❤❡ ♦♣t✐♠✐③❡❞ s❝❡♥❛r✐♦s✳ ❘❡s✉❧ts s❤♦✇ t❤❛t t❤❡

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

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

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

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

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

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

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

✯❈♦✲❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✿ ❚✳▲✳ ❏✉♥q✉❡✐r❛✱ ❈✳❉✳❋✳ ❏❡s✉s✱ P✳❊✳ ▼❛♥t❡❧❛tt♦✱ ❘✳ ▼❛❝✐❡❧ ❋✐❧❤♦✱ ❈✳❊✳❱✳

❘♦ss❡❧❧ ❡ ❆✳ ❇♦♥♦♠✐

✶✷✼



✶ ■♥tr♦❞✉❝t✐♦♥

P♦❧✐t✐❝❛❧ ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ ✇♦r❧❞✬s ❧❛r❣❡st ♦✐❧ ♣r♦❞✉❝❡rs ❛♥❞ ❡♥❡r❣② s❡❝✉r✐t② ❝♦♥❝❡r♥s✱

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

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

s♦✉r❝❡s ♦❢ ❡♥❡r❣② ✭❆❧✈✐r❛ ❡t ❛❧✳✱ ✷✵✶✵❀ ◆✐❣❛♠ ❛♥❞ ❙✐♥❣❤✱ ✷✵✶✶✮✳ ❋✐rst ❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧

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

❝♦♥s❡q✉❡♥❝❡ ♦❢ ❛ ❣♦✈❡r♥♠❡♥t ♣r♦❣r❛♠ st❛rt❡❞ ✐♥ t❤❡ ✶✾✼✵s ✭❙♦❝❝♦❧ ❡t ❛❧✳✱ ✷✵✶✵✮❀ s✉❣❛r❝❛♥❡

✐s t❤❡ ❢❡❡❞st♦❝❦ ✉s❡❞ ✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ❡t❤❛♥♦❧ ✐♥❞✉str②✱ ✇❤✐❝❤ ♣r♦❞✉❝❡s ❧❛r❣❡ ❛♠♦✉♥ts ♦❢

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

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

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

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

♥♦t ②❡t ❛ r❡❛❧✐t② ✐♥ t❤❡ ✐♥❞✉str✐❛❧ s❝❛❧❡ ✭❑❛③✐ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧s ❛r❡

❛❜✉♥❞❛♥t ❛♥❞ ❝❤❡❛♣✱ ❞♦ ♥♦t ❝♦♠♣❡t❡ ✇✐t❤ ❢♦♦❞ ❝r♦♣s ✭❖❥❡❞❛ ❡t ❛❧✳✱ ✷✵✶✶❀ ❩❤❛♦ ❛♥❞ ❳✐❛✱

✷✵✶✵✮ ❛♥❞ ❝♦♥s❡q✉❡♥t❧②✱ ❤❛✈❡ ❧❛r❣❡r ♣♦t❡♥t✐❛❧ t♦ ❜❡ ✉s❡❞ ❛s ❢❡❡❞st♦❝❦ ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥

♦❢ s✉st❛✐♥❛❜❧❡ ❜✐♦❢✉❡❧s ✭◆❛✐❦ ❡t ❛❧✳✱ ✷✵✶✵✮✳

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

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

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

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

♠♦st ♦❢ t❤❡ tr❛s❤ ✐s ❜✉r♥t ✐♥ t❤❡ ✜❡❧❞ t♦ ❡❛s❡ t❤❡ ❤❛r✈❡st ♦♣❡r❛t✐♦♥s ✭P✐♣♣♦ ❡t ❛❧✳✱ ✷✵✶✶✮

❛♥❞ ❢♦r ❛❣r♦♥♦♠✐❝❛❧ ♣✉r♣♦s❡s ✭✇❡❡❞ ❛♥❞ ❞✐s❡❛s❡s ❝♦♥tr♦❧✱ ♥✉tr✐❡♥ts r❡❝②❝❧✐♥❣✮✳ ◆❡✈❡rt❤❡✲

❧❡ss✱ t❤❡ ❛♠♦✉♥t ♦❢ tr❛s❤ ❛✈❛✐❧❛❜❧❡ ❢♦r ✉s❡ ✐♥ t❤❡ ✐♥❞✉str② ✇✐❧❧ ✐♥❝r❡❛s❡ s✐❣♥✐✜❝❛♥t❧② ✇✐t❤

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

●♦✈❡r♥♠❡♥t ✭❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✵✮✳

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

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

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

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

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

s❤❛r❡❞ ❜❡t✇❡❡♥ ❜♦t❤ ♣❧❛♥ts ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❇❡s✐❞❡s✱ ❢❡r♠❡♥t❛t✐♦♥ ✐♥❤✐❜✐t♦rs ❣❡♥❡r❛t❡❞

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

❤②❞r♦❧②③❡❞ ❧✐q✉♦r ✇✐❧❧ ❜❡ ❢❡r♠❡♥t❡❞ ♠✐①❡❞ ✇✐t❤ s✉❣❛r❝❛♥❡ ❥✉✐❝❡✳

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

✶✷✽



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

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

❝♦♥s✉♠♣t✐♦♥ ♦❢ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss❡s ✭❜♦t❤ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✮✳ P❡♥✲

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

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

❢♦r ❝♦❣❡♥❡r❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❖♣t✐♦♥s

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

❛♥❞ ❝♦♥s❡q✉❡♥t❧② ♠❛①✐♠✐③✐♥❣ s✉r♣❧✉s ❜❛❣❛ss❡ ❛♥❞ tr❛s❤ ♠✉st ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ♦r❞❡r

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

❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳

❈♦♥✈❡♥t✐♦♥❛❧ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❡♠♣❧♦②❡❞ ✐♥ ❇r❛③✐❧✐❛♥ ✉♥✐ts ❛r❡ ❜❛s❡❞ ♦♥ r❡❧❛t✐✈❡❧②

❧♦✇ ❡✣❝✐❡♥t s②st❡♠s✱ ♣r♦❞✉❝✐♥❣ st❡❛♠ ❛t ✷✷ ❜❛r ❛♥❞ ✸✵✵❽ ✭❊♥s✐♥❛s ❡t ❛❧✳✱ ✷✵✵✼✮✱ ❛❧❧♦✇✐♥❣

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

♣r❡ss✉r❡ st❡❛♠ ♠✉st ❜❡ ♣r♦❞✉❝❡❞❀ ♥❡✇ ✉♥✐ts t❡♥❞ t♦ ❜❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ❜♦✐❧❡rs t❤❛t ♣r♦❞✉❝❡

st❡❛♠ ❛t ✻✺ ❜❛r ❛♥❞ ✹✽✵❽ ✭❙❡❛❜r❛ ❡t ❛❧✳✱ ✷✵✶✵✮✳

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

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

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

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

❝♦✲❡①✐st ✇✐t❤ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✐❢ ❤✐❣❤ ♣r❡ss✉r❡ ❜♦✐❧❡rs ❛r❡ ❡♠♣❧♦②❡❞✱ ❛♥❞ t❤❛t s♠❛❧❧

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

♣r♦❝❡ss ❛r❡ ♣♦ss✐❜❧❡ ✇❤❡♥ ❡✣❝✐❡♥t ❧♦✇ ♣r❡ss✉r❡ ❜♦✐❧❡rs ❛r❡ ❡♠♣❧♦②❡❞✳

✷ ▼❛t❡r✐❛❧s ❛♥❞ ▼❡t❤♦❞s

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

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

✷✳✶ ❘❛✇ ♠❛t❡r✐❛❧s

❙✉❣❛r❝❛♥❡ ❝♦♠♣♦s✐t✐♦♥ ✇❛s ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ ❧✐t❡r❛t✉r❡ ❛♥❞ ✐♥❞✉str② ❞❛t❛❀ t❤❡ ✈❛❧✉❡s

❛ss✉♠❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✶✳

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

✇❤❡r❡ ✺✵ s❛♠♣❧❡s ♦❢ ❜❛❣❛ss❡ ❢r♦♠ ♠✐❧❧s ❧♦❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t ♣❛rts ♦❢ ❇r❛③✐❧ ❛♥❞ ✐♥ ❞✐✛❡r❡♥t

t✐♠❡s ✇❡r❡ ❛♥❛❧②③❡❞✳ ❚❤❡ ❛✈❡r❛❣❡ ❝♦♠♣♦s✐t✐♦♥ ✐s ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✷✳
✶✷✾



❚❛❜❧❡ ✶✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ s✉❣❛r❝❛♥❡ r❡❝❡✐✈❡❞ ✐♥ t❤❡ ❢❛❝t♦r②✳
❈♦♠♣♦♥❡♥t ❋r❛❝t✐♦♥ ✭✇t✪✮
❖r❣❛♥✐❝ ❛❝✐❞s ✵✳✺✻
●❧✉❝♦s❡ ✵✳✻✵
▼✐♥❡r❛❧s ✵✳✷✵
❙❛❧ts ✶✳✸✵
P❤♦s♣❤❛t❡s ✵✳✵✸
❉✐rt ✵✳✻✵
❙✉❝r♦s❡ ✶✸✳✾✷
❲❛t❡r ✻✾✳✽✼
❋✐❜❡rs ✶✷✳✾✸

❚❛❜❧❡ ✷✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ✭❘♦❝❤❛ ❡t ❛❧✳✱
✷✵✶✵✮✳

❈♦♠♣♦♥❡♥t ❋r❛❝t✐♦♥ ✭✇t✪✮
❈❡❧❧✉❧♦s❡ ✹✸✳✸✽
❍❡♠✐❝❡❧❧✉❧♦s❡ ✷✺✳✻✸
▲✐❣♥✐♥ ✷✸✳✷✹
❆s❤ ✷✳✾✹
❊①tr❛❝t✐✈❡s ✹✳✽✷

▼♦✐st✉r❡ ❝♦♥t❡♥t ♦❢ t❤❡ ❜❛❣❛ss❡ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ♠✐❧❧s ✇❛s s❡t ❛s ✺✵✪✳ ✷✴✸ ♦❢ t❤❡

❛s❤ ❞❡t❡r♠✐♥❡❞ ♦♥ t❤❡ ❜❛❣❛ss❡ ❛♥❛❧②s✐s ✇❡r❡ ❛ss✉♠❡❞ t♦ ❜❡ ✐♥❤❡r❡♥t t♦ t❤❡ ✜❜❡r❀ t❤✉s✱

t❤❡ r❡♠❛✐♥✐♥❣ ✶✴✸ ♦❢ t❤❡ ❛s❤ ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ s✉❣❛r❝❛♥❡ ♣❧❛♥t ✐ts❡❧❢✳ ❙✉❣❛r❝❛♥❡ tr❛s❤

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

s♦❧✐❞s ❝♦♥t❡♥t t❤❛t ✇❛s s❡t ♦♥ ✽✺✪✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts t❤❛t ✇❡r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ❛t t❤❡ s✐♠✉✲

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

P✉ts❝❤❡ ✭✶✾✾✻✮✳ ▲✐❣♥✐♥ str✉❝t✉r❡✱ ❤♦✇❡✈❡r✱ ✇❛s ♠♦❞✐✜❡❞ t♦ r❡♣r❡s❡♥t s✉❣❛r❝❛♥❡ ❧✐❣♥✐♥✱

✇✐t❤ ♠♦❧❡❝✉❧❛r ❢♦r♠✉❧❛ C9O2.9H8.6(OCH3) ✭▼❛r❛❜❡③✐✱ ✷✵✵✽✮✳

✷✳✷ Pr♦❝❡ss ❜❛s✐s

❉✐✛❡r❡♥t ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥s ✇❡r❡ ❛♥❛❧②③❡❞ ❢♦r ❛♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ♣r♦❝❡ss✐♥❣

✺✵✵ ♠❡tr✐❝ t♦♥s ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮ ♣❡r ❤♦✉r ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ❛♥❤②❞r♦✉s ✭✾✾✳✻ ✇t✪✮ ❡t❤❛♥♦❧✳

❖t❤❡r ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ ❛❧❧ s❝❡♥❛r✐♦s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✸✳

❇❛❣❛ss❡ ❛♥❞ tr❛s❤ ❧♦✇ ❤❡❛t✐♥❣ ✈❛❧✉❡s ✭▲❍❱✮ ✇❡r❡ ❡st✐♠❛t❡❞ ♦♥ s✐♠✉❧❛t✐♦♥ ❜❛s❡❞ ♦♥

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

❧♦s❡✱ ❧✐❣♥✐♥ ❛♥❞ ❡①tr❛❝t✐✈❡s✮❀ ❢♦r ❜❛❣❛ss❡ ✭✺✵✪ ♠♦✐st✉r❡✮✱ ✼✳✺ ▼❏✴❦❣ ❛♥❞ ❢♦r tr❛s❤ ✭✶✺✪

✶✸✵



♠♦✐st✉r❡✮✱ ✶✺✳✶ ▼❏✴❦❣ ✇❡r❡ ♦❜t❛✐♥❡❞✳

❚❛❜❧❡ ✸✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳
P❛r❛♠❡t❡r ❱❛❧✉❡
❊✣❝✐❡♥❝② ♦❢ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✐♥ t❤❡ ♠✐❧❧s ✾✻✪
❋❡r♠❡♥t❛t✐♦♥ ❡✣❝✐❡♥❝② ✾✵✪
❊t❤❛♥♦❧ ❝♦♥t❡♥t ♦❢ t❤❡ ✇✐♥❡ ❢❡❞ ✐♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s ✽✳✺➦●▲
❍②❞r❛t❡❞ ❡t❤❛♥♦❧ ✭❍❊✮ ♣✉r✐t② ✾✸ ✇t✪
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣✉r✐t② ✾✾✳✻ ✇t✪
❋r❛❝t✐♦♥ ♦❢ ❜❛❣❛ss❡ ❢♦r st❛rt✲✉♣s ♦❢ t❤❡ ♣❧❛♥t ✺✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ❤✐❣❤ ♣r❡ss✉r❡ ✼✷✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ✐♥t❡r♠❡❞✐❛t❡ ♣r❡ss✉r❡ ✽✶✪
●❡♥❡r❛t♦r ❡✣❝✐❡♥❝② ✾✽✪
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♣r♦❝❡ss ✷✳✺ ❜❛r
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✻ ❜❛r
❆✐r ✐♥❧❡t t❡♠♣❡r❛t✉r❡ ✷✺❽
❊①❝❡ss ❛✐r ✐♥ t❤❡ ❜♦✐❧❡r ✸✵✪
❉❡❛❡r❛t♦r t❡♠♣❡r❛t✉r❡ ✶✵✺❽
❉❡❛❡r❛t♦r ♣r❡ss✉r❡ ✷✳✺ ❜❛r

✷✳✷✳✶ ❙t❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②

❚❤❡ st❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ❡✈❛❧✉❛t❡❞ ✐♥ t❤✐s ✇♦r❦ r❡♣r❡s❡♥ts ❛♥ ❛✉t♦♥♦♠♦✉s

❞✐st✐❧❧❡r② ✇✐t❤ ♦♣❡r❛t✐♥❣ ♣❛r❛♠❡t❡rs ❛♥❞ ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥ t②♣✐❝❛❧ ♦❢ t❤❡ ❇r❛③✐❧✐❛♥

✐♥❞✉str② t♦❞❛②✳ ■ts ❝♦♥✜❣✉r❛t✐♦♥ ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳

■♥ t❤❡ st❛♥❞❛r❞ ❞✐st✐❧❧❡r②✱ ❥✉✐❝❡ tr❡❛t♠❡♥t ✐s ❝♦♠♣r✐s❡❞ ❜② ❤❡❛t✐♥❣ ♦♣❡r❛t✐♦♥s✱ ❛❞❞✐t✐♦♥

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

❝❧❛r✐✜❡❞ ❥✉✐❝❡✳ ❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ❝❧❛r✐✜❡❞ ❥✉✐❝❡ ✐s r❛✐s❡❞ ♦♥ ❡✈❛♣♦r❛t♦rs❀ t❤❡ ❛♠♦✉♥t ♦❢

✇❛t❡r r❡♠♦✈❡❞ ✐♥ t❤❡ ❡✈❛♣♦r❛t♦rs ✐s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❛t r❡q✉✐r❡❞ t♦ ♣r♦✈✐❞❡ ❛ ✇✐♥❡ ❝♦♥❝❡♥tr❛✲

t✐♦♥ ♦♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s ♦❢ ✽✳✺ ➦●▲ ❛❢t❡r ❥✉✐❝❡ ❢❡r♠❡♥t❛t✐♦♥✳ ❋❡r♠❡♥t❛t✐♦♥ ✐s ❝❛rr✐❡❞

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

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

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

❆✱ ❆✶ ❛♥❞ ❉ ✭❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s✮ ♣r♦❞✉❝❡ ♣❤❧❡❣♠s ✭❡t❤❛♥♦❧✲r✐❝❤ str❡❛♠s✱ ✇✐t❤ ❡t❤❛♥♦❧

❝♦♥t❡♥t ❜❡t✇❡❡♥ ✹✵ ✕ ✺✵ ✇t✪✮ t❤❛t ❛r❡ ❢❡❞ t♦ ❝♦❧✉♠♥s ❇ ❛♥❞ ❇✶ ✭r❡❝t✐✜❝❛t✐♦♥ ❝♦❧✉♠♥s✮✱

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

❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s✳

❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ st❛♥❞❛r❞ ❞✐st✐❧❧❡r② ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✹✳
✶✸✶



❋✐❣✉r❡ ✶✿ ❇❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ♣r♦❞✉❝✐♥❣ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧
❢r♦♠ s✉❣❛r❝❛♥❡✳

❚❛❜❧❡ ✹✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ st❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳
P❛r❛♠❡t❡r ❱❛❧✉❡
✷✷ ❜❛r ❜♦✐❧❡r ❡✣❝✐❡♥❝② ✲ ▲❍❱ ❜❛s✐s ✼✺✪
●❛s❡s ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✶✼✵❽
▲✐✈❡ st❡❛♠ t❡♠♣❡r❛t✉r❡ ✸✵✵❽
❊✣❝✐❡♥❝② ♦❢ t❤❡ ♠❡❝❤❛♥✐❝❛❧ t✉r❜✐♥❡ ✺✺✪
▼❡❝❤❛♥✐❝❛❧ ♣♦✇❡r ❞❡♠❛♥❞ ✶✻ ❦❲❤✴❚❈
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞ ✶✷ ❦❲❤✴❚❈
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✲ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥ ✶✳✾ ❦❣✴▲ ❆❊

✷✳✷✳✷ ❖♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②

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

♦♥ s✉r♣❧✉s ❜❛❣❛ss❡ ♦r ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❛r❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s

❞✐st✐❧❧❡r② s✐♠✉❧❛t✐♦♥s✿

❼ ❚r❛s❤ r❡❝♦✈❡r②

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

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

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

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

❡❛s❡s ❝♦♥tr♦❧✮ ❞❡♣❡♥❞s ♦♥ s❡✈❡r❛❧ ❛s♣❡❝ts s✉❝❤ ❛s s✉❣❛r❝❛♥❡ ✈❛r✐❡t②✱ ❝❧✐♠❛t❡✱ s♦✐❧✱ ❡t❝✳

✭❍❛ss✉❛♥✐ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❉✐✛❡r❡♥t ❛✉t❤♦rs ❝♦♥s✐❞❡r t❤❛t r❡❝♦✈❡r✐♥❣ ✺✵✪ ♦❢ t❤❡ tr❛s❤

s❤♦✉❧❞ ❜❡ ❢❡❛s✐❜❧❡ ✐♥ t❤❡ ②❡❛rs t♦ ❝♦♠❡ ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾❀ ❲❛❧t❡r ❛♥❞ ❊♥s✐♥❛s✱ ✷✵✶✵✮✳
✶✸✷



❼ ❏✉✐❝❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦♥ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs

▼✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ❛r❡ ✉s❡❞ ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ s②r✉♣ ❞✉r✐♥❣ s✉❣❛r ♣r♦❞✉❝t✐♦♥✳

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

❡✛❡❝ts ♦❢ t❤❡ s②st❡♠✳ ■♥ ❛❞❞✐t✐♦♥✱ ✈❛♣♦r ❜❧❡❡❞s ♦♥ t❤❡ ✜rst ❡✛❡❝ts ♠❛② ❜❡ ❞♦♥❡ t♦

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

❼ ❉♦✉❜❧❡ ❡✛❡❝t ❞✐st✐❧❧❛t✐♦♥

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

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

♦♣❡r❛t❡ ✉♥❞❡r ✈❛❝✉✉♠ ♣r❡ss✉r❡s ✭✸✵ ✕ ✸✺ ❦P❛✮✱ ✇❤✐❧❡ t❤❡ r❡❝t✐✜❝❛t✐♦♥ ❝♦❧✉♠♥s ♦♣❡r❛t❡

✉♥❞❡r ❛t♠♦s♣❤❡r✐❝ ♣r❡ss✉r❡s ✭✶✶✻ ✕ ✶✸✺ ❦P❛✮❀ t❤✉s✱ t❤❡ r❡❝t✐✜❝❛t✐♦♥ ❝♦❧✉♠♥ ❝♦♥❞❡♥s❡r

♦♣❡r❛t❡s ❛t ✽✷❽ ❛♥❞ ♣r♦✈✐❞❡s ❛❧❧ t❤❡ ❤❡❛t r❡q✉✐r❡❞ t♦ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥ r❡❜♦✐❧❡r✱

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

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

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

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

❝♦❧✉♠♥s✱ t❤✉s r❡q✉✐r✐♥❣ ❡❧❡❝tr✐❝✐t②✳

❼ ❉❡❤②❞r❛t✐♦♥ ✉s✐♥❣ ♠♦❧❡❝✉❧❛r s✐❡✈❡s

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

✭❙✐♠♦ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ❜❡✲

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

❝♦♥t❛♠✐♥❛t❡❞ ❜② s♦❧✈❡♥ts✳

❼ ■♥❝r❡❛s❡ ♦❢ ❜♦✐❧❡r ♣r❡ss✉r❡

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

t❤❡ t✉r❜♦ ❣❡♥❡r❛t♦rs✱ ♣r♦❞✉❝✐♥❣ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✳

❼ ❊❧❡❝tr✐✜❝❛t✐♦♥ ♦❢ ❞r✐✈❡rs

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

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

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

❚✇♦ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✇❡r❡ s✐♠✉❧❛t❡❞ ✐♥ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉✲

t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✿ t❤❡ ✜rst ♦♥❡ ❝♦rr❡s♣♦♥❞s t♦ ❛ s✐t✉❛t✐♦♥ ♦♥ ✇❤✐❝❤ ♣r♦❞✉❝t✐♦♥ ♦❢

✶✸✸



❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✐s ♠❛①✐♠✐③❡❞ ✭❖P❚✲▲■●◆✮✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞ ♦♥❡ r❡♣r❡s❡♥ts t❤❡

♠❛①✐♠✐③❛t✐♦♥ ♦❢ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✭❖P❚✲❊❊✮✳ ■♥ t❤❡ ❖P❚✲▲■●◆ s❝❡♥❛r✐♦s✱ ❞✐✛❡r❡♥t

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

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

s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧✳ ■♥ t❤❡ ❖P❚✲❊❊ s❝❡♥❛r✐♦✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❧❧ t❤❡ ♠❛✲

t❡r✐❛❧ ❛✈❛✐❧❛❜❧❡ ✐s ❜✉r♥t❀ ❝♦♥s❡q✉❡♥t❧② t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ❝♦♥t❛✐♥s ❜❛❝❦ ♣r❡ss✉r❡ ❛♥❞

❝♦♥❞❡♥s✐♥❣ st❡❛♠ t✉r❜✐♥❡s✳

❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ t❤❛t

r❡♣r❡s❡♥ts ♠❛①✐♠✐③❛t✐♦♥ ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✺✳

❚❛❜❧❡ ✺✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✲
❖P❚✲▲■●◆✳

P❛r❛♠❡t❡r ❱❛❧✉❡
❚r❛s❤ r❡❝♦✈❡r❡❞ ❢r♦♠ t❤❡ ✜❡❧❞ ✺✵✪
◆✉♠❜❡r ♦❢ ❡✛❡❝ts ✲ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ✺
✻✺ ❜❛r ❜♦✐❧❡r ❡✣❝✐❡♥❝② ✲ ▲❍❱ ❜❛s✐s ✽✼✪
●❛s❡s ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✶✻✵❽
▲✐✈❡ st❡❛♠ t❡♠♣❡r❛t✉r❡ ✹✽✺❽
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞ ✸✵ ❦❲❤✴❚❈
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✲ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✵✳✻ ❦❣✴▲ ❆❊

❉✐✛❡r❡♥t ♣r❡ss✉r❡ ❧❡✈❡❧s ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ st❡❛♠ ✐♥ ❜♦✐❧❡rs ✇❡r❡ ❡✈❛❧✉❛t❡❞✳ ❇♦✐❧❡rs

♣❛r❛♠❡t❡rs ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✻✳

❚❛❜❧❡ ✻✿ ❙t❡❛♠ ❛♥❞ ❜♦✐❧❡r ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ❡✈❛❧✉❛t❡❞ ♦♥ t❤❡ ❖P❚✲▲■●◆
s❝❡♥❛r✐♦s✳

P❛r❛♠❡t❡r ❇♦✐❧❡r ♣r❡ss✉r❡
✷✷ ✹✷ ✻✺ ✾✵

❙t❡❛♠ ♣r❡ss✉r❡ ✭❜❛r✮ ✷✷ ✹✷ ✻✺ ✾✵
❙t❡❛♠ t❡♠♣❡r❛t✉r❡ ✭❽✮ ✸✵✵ ✹✵✵ ✹✽✺ ✺✷✵
❇♦✐❧❡r ❡✣❝✐❡♥❝②

✽✻✳✸ ✽✼✳✼ ✽✼✳✼ ✽✼✳✼
✲ ▲❍❱ ❜❛s✐s ✭✪✮
●❛s❡s ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✭❽✮ ✶✽✵ ✶✻✵ ✶✻✵ ✶✻✵

❚❤❡ ❡❧❡❝tr✐❝✐t② ❞❡♠❛♥❞ ♦♥ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✭✸✵ ❦❲❤✴❚❈✮ ✐s ❧❛r❣❡r t❤❛♥ t❤❛t ♦❢

t❤❡ st❛♥❞❛r❞ ❞✐st✐❧❧❡r② ✭✶✷ ❦❲❤✴❚❈✮ ❜❡❝❛✉s❡ t❤❡ ❞r✐✈❡rs ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥

s②st❡♠ ❛r❡ ❡❧❡❝tr✐✜❡❞✳ ❚❤✐s ✈❛❧✉❡ ✭✸✵ ❦❲❤✴❚❈✮ ❞♦❡s ♥♦t ✐♥❝❧✉❞❡ t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ ✐♥

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

✶✸✹



■♥ t❤✐s ❝❛s❡✱ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✇✐t❤ ✷✷ ❜❛r ❜♦✐❧❡rs ✐s ❛ss✉♠❡❞ t♦ ❤❛✈❡ ❛ ♠♦❞✲

❡r♥ t❡❝❤♥♦❧♦❣②✱ ✇✐t❤ ❤✐❣❤❡r ❡✣❝✐❡♥❝② t❤❛♥ t❤❛t ♦❢ t❤❡ st❛♥❞❛r❞ ❇r❛③✐❧✐❛♥ ❞✐st✐❧❧❡r②✳ ❚❤❡

❡✣❝✐❡♥❝② ♦❢ ❛❧❧ t❤❡ ❜♦✐❧❡rs ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r✐❡s ❛r❡ t❤♦s❡ ♦❢ t❤❡ st❛t❡✲♦❢✲

t❤❡✲❛rt t❡❝❤♥♦❧♦❣② ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♥♦✇❛❞❛②s ✭❉❡❞✐♥✐✱ ✷✵✵✾✮✳

❖♥ ❚❛❜❧❡ ✼ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♣❧❛♥t ✇✐t❤ ♠❛①✐♠✐③❡❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❛r❡

❞✐s♣❧❛②❡❞✳

❚❛❜❧❡ ✼✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✲
❖P❚✲❊❊✳

P❛r❛♠❡t❡r ❱❛❧✉❡
❚r❛s❤ r❡❝♦✈❡r❡❞ ❢r♦♠ t❤❡ ✜❡❧❞ ✺✵✪
◆✉♠❜❡r ♦❢ ❡✛❡❝ts ✲ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ✺
✾✵ ❜❛r ❜♦✐❧❡r ❡✣❝✐❡♥❝② ✕ ▲❍❱ ❜❛s✐s ✽✼✪
●❛s❡s ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✶✻✵❽
▲✐✈❡ st❡❛♠ t❡♠♣❡r❛t✉r❡ ✺✷✵❽
❈♦♥❞❡♥s✐♥❣ t✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✼✵✪
❈♦♥❞❡♥s❛t✐♦♥ ♣r❡ss✉r❡ ✵✳✶✶ ❜❛r
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞ ✸✵ ❦❲❤✴❚❈
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✲ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✵✳✻ ❦❣✴▲ ❆❊

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

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

♣r♦✈✐❞❡❞ ❛s ✉t✐❧✐t②✳ ❆ s✐♥❣❧❡✲❡✛❡❝t ❧✐t❤✐✉♠✲❜r♦♠✐❞❡ ❛❜s♦r♣t✐♦♥ s②st❡♠ ✇❛s s✐♠✉❧❛t❡❞✱ ❜❛s❡❞

♦♥ ♣❛r❛♠❡t❡rs ❞❡s❝r✐❜❡❞ ❜② ❙♦♠❡rs ✭✷✵✵✾✮✳ ❚❤✐s s②st❡♠ ♦♣❡r❛t❡s ✇✐t❤ ❧♦✇ ♣r❡ss✉r❡ ✭✷✳✺

❜❛r✱ ✶✺✵❽✮ st❡❛♠ ❛s ❤❡❛t s♦✉r❝❡✱ ❛♥❞ t❤❡ ❝❛❧❝✉❧❛t❡❞ ❈❖P ✭❝♦❡✣❝✐❡♥t ♦❢ ♣❡r❢♦r♠❛♥❝❡✮ ✐s

❡q✉❛❧ t♦ ✵✳✼✺✳

✷✳✷✳✸ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥

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

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

❞❡❧✐❣♥✐✜❝❛t✐♦♥✱ ❧✐❣♥✐♥ r❡♠♦✈❛❧ ❛♥❞ ❝❡❧❧✉❧♦s❡ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s✳ ❚❤❡ ❣❧✉❝♦s❡ ❧✐q✉♦r ♦❜✲

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

✐♥ t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②❀ t❤✉s✱ t❤❡ ✐♥❤✐❜✐t♦r② ❡✛❡❝ts ♦❢ t❤❡ ❜②♣r♦❞✉❝ts r❡❧❡❛s❡❞ ❞✉r✲

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

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

✇❤✐❝❤ ✐s ❜✉r♥t ✐♥ ❜♦✐❧❡rs✳ ❆ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✶st ❛♥❞ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✐s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✷✳
✶✸✺



❋✐❣✉r❡ ✷✿ ❇❧♦❝❦✲✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝✲
t✐♦♥ ♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡✳

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

❞✉❝t✐♦♥ ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✽✳

✸ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

✸✳✶ ❆✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②

❚❤❡ st❛♥❞❛r❞ ❛♥❞ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r✐❡s ✇❡r❡ ❝♦♠♣❛r❡❞ r❡❣❛r❞✐♥❣ ❡t❤❛♥♦❧

❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥✱ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s✳ ❘❡s✉❧ts

❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✾✱ ❢♦r t❤❡ st❛♥❞❛r❞ ❞✐st✐❧❧❡r② ❛♥❞ ❢♦r t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ♠❛①✐♠✐③❡❞

❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✭❖P❚✲❊❊✮✳

❘❡s✉❧ts ❢♦r t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✇✐t❤ ♠❛①✐♠✐③❛t✐♦♥ ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r✲

♣❧✉s✱ ✇✐t❤ ❞✐✛❡r❡♥t ♣r❡ss✉r❡s ❢♦r t❤❡ ❜♦✐❧❡rs✱ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✵✳

✶✸✻



❚❛❜❧❡ ✽✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥
♣r♦❝❡ss✳

P❛r❛♠❡t❡r ❱❛❧✉❡
Pr❡tr❡❛t♠❡♥t ✲ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵✪
Pr❡tr❡❛t♠❡♥t ✲ ❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✷ ✪
Pr❡tr❡❛t♠❡♥t ✲ t❡♠♣❡r❛t✉r❡ ✶✾✵❽
Pr❡tr❡❛t♠❡♥t ✲ r❡❛❝t✐♦♥ t✐♠❡ ✶✺ ♠✐♥
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ❧✐❣♥✐♥ s♦❧✉❜✐❧✐③❛t✐♦♥ ✾✵✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ t❡♠♣❡r❛t✉r❡ ✶✵✵❽
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ r❡❛❝t✐♦♥ t✐♠❡ ✶ ❤
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ s♦❧✐❞s ❧♦❛❞✐♥❣ ✶✵✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ◆❛❖❍ ❝♦♥t❡♥t ✶✪ ✭♠✴❱✮
❍②❞r♦❧②s✐s ✲ ❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵✪
❍②❞r♦❧②s✐s ✲ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵✪
❍②❞r♦❧②s✐s ✲ s♦❧✐❞s ❧♦❛❞✐♥❣ ✶✺✪
❍②❞r♦❧②s✐s ✲ t❡♠♣❡r❛t✉r❡ ✺✵❽
❍②❞r♦❧②s✐s ✲r❡❛❝t✐♦♥ t✐♠❡ ✹✽ ❤
❋✐❧t❡rs ✲ s♦❧✐❞s r❡♠♦✈❛❧ ✾✾✳✺✪
❋✐❧t❡rs ✲ s♦❧✉❜❧❡ s♦❧✐❞s ❧♦ss ✶✵✪

❚❛❜❧❡ ✾✿ Pr♦❞✉❝t✐♦♥ ♦❢ ❡t❤❛♥♦❧✱ ❡❧❡❝tr✐❝✐t②✱ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧s ❛♥❞ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥
♦♥ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✕ st❛♥❞❛r❞ ❛♥❞ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r✐❡s
✭❡❧❡❝tr✐❝✐t②✮✳
P❛r❛♠❡t❡r ❙t❛♥❞❛r❞ ❞✐st✐❧❧❡r② ❖P❚✲❊❊
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮ ✽✶✳✽ ✽✸✳✷
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✵✳✵ ✶✼✸✳✷
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ✭✪✮ ✸✳✼ ✵✳✵
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ✭t✴❞❛②✱ ❞r② ❜❛s✐s✮ ✺✶✳✾ ✵✳✵
Pr♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣ st❡❛♠✴❚❈✮ ✺✶✽✳✸ ✸✶✻✳✾
❖✈❡r❛❧❧ st❡❛♠ ♣r♦❞✉❝t✐♦♥ ✭❦❣ st❡❛♠✴❚❈✮ ✺✸✵✳✵ ✾✵✸✳✸

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

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

✐♥t♦ st❡❛♠ ❛t ❧♦✇❡r ♣r❡ss✉r❡s✳ ❍♦✇❡✈❡r✱ t❤❡ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❞❡❝r❡❛s❡s ❢♦r ❧♦✇❡r ♣r❡s✲

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

✐s ♦❜t❛✐♥❡❞ ✭❖P❚✲▲■●◆ ✷✷✮ t❤❡ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝❡❞ ❞♦❡s ♥♦t ♠❡❡t t❤❡ ❡♥❡r❣② ❞❡♠❛♥❞ ♦❢

t❤❡ ♣❧❛♥t✱ ✇❤✐❝❤ ✐s ❡q✉❛❧ t♦ ✶✼✳✷ ▼❲ ✭✸✹✳✹ ❦❲❤✴❚❈✮✳

✶✸✼



❚❛❜❧❡ ✶✵✿ Pr♦❞✉❝t✐♦♥ ♦❢ ❡t❤❛♥♦❧✱ ❡❧❡❝tr✐❝✐t②✱ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧s ❛♥❞ st❡❛♠ ❝♦♥s✉♠♣✲
t✐♦♥ ♦♥ t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✭♠❛①✐♠✐③❛t✐♦♥ ♦❢ s✉r♣❧✉s
❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧✮ ❢♦r ❜♦✐❧❡r ♣r❡ss✉r❡s ♦❢ ✷✷✱ ✹✷✱ ✻✺ ❛♥❞ ✾✵ ❜❛r✳

P❛r❛♠❡t❡r ❇♦✐❧❡r ♣r❡ss✉r❡
✷✷ ✹✷ ✻✺ ✾✵

❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮
✽✸✳✷ ✽✸✳✷ ✽✸✳✷ ✽✸✳✷

♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✲✻✳✾ ✺✳✵ ✶✹✳✾ ✷✵✳✹
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ✭✪✮ ✻✽✳✸ ✻✻✳✺ ✻✺✳✺ ✻✹✳✻
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s

✶✺✵✽ ✶✹✻✾ ✶✹✹✼ ✶✹✷✼
✭t✴❞❛②✱ ❞r② ❜❛s✐s✮
Pr♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✸✶✼ ✸✶✼ ✸✶✻ ✸✶✼
❖✈❡r❛❧❧ st❡❛♠ ♣r♦❞✉❝t✐♦♥ ✭❦❣✴❚❈✮ ✸✷✵ ✸✷✵ ✸✶✾ ✸✷✵

❆❧❧ t❤❡ s❝❡♥❛r✐♦s ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✶✵ ❛ss✉♠❡ t❤❛t ✺✵✪ ♦❢ t❤❡ s✉❣❛r❝❛♥❡ tr❛s❤ ♣r♦❞✉❝❡❞

✐♥ t❤❡ ✜❡❧❞ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ✉s❡ ❛s ❛ ❢✉❡❧ ✐♥ t❤❡ ✐♥❞✉str②✳ ❇❡❝❛✉s❡ t❤✐s ✐s ♥♦t ②❡t ❢❡❛s✐❜❧❡

✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ✐♥❞✉str②✱ s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✇✐t❤♦✉t t❤❡ ✉s❡ tr❛s❤

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

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

❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✶✳

❚❛❜❧❡ ✶✶✿ ❙✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ♦♥ t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦✲
❞✉❝t✐♦♥ ♣r♦❝❡ss ✭♠❛①✐♠✐③❛t✐♦♥ ♦❢ s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧✮ ✇✐t❤ ♥♦ tr❛s❤ ❝♦❧❧❡❝t✐♦♥
❢r♦♠ t❤❡ ✜❡❧❞✳

P❛r❛♠❡t❡r ❇♦✐❧❡r ♣r❡ss✉r❡
✷✷ ✹✷ ✻✺ ✾✵

▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ✭t✴❞❛②✱ ❞r② ❜❛s✐s✮ ✻✺✼ ✻✶✼ ✺✾✹ ✺✼✸

❚❤✉s✱ t❤❡ ❛♠♦✉♥t ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✇✐t❤♦✉t

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

❛s ❛ ❢✉❡❧✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ ✐❢ tr❛s❤ r❡❝♦✈❡r② ✐s ♥♦t ♣♦ss✐❜❧❡✱ ♣r♦❝❡ss ♦♣t✐♠✐③❛t✐♦♥ ❛❧♦♥❡ ♠❛②

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

✐♥ t❤❡ st❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✭❢r♦♠ ✺✷ t♦ ✺✼✸ t✴❞❛②✱ ❞r② ❜❛s✐s✮✱ t❤r♦✉❣❤ ❞❡❝r❡❛s❡

♦❢ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ✐♠♣r♦✈❡❞ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠✳

✶✸✽



✸✳✷ ■♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

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

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

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

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

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

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

t❤❡ ❛♠♦✉♥t ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ❤②❞r♦❧②③❡❞✳

❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ♣r♦❞✉❝t✐♦♥✱ ✉s✐♥❣ t❤❡ ♣❛r❛♠❡t❡rs ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✽ ❢♦r

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

♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r② ✇✐t❤ ♠❛①✐♠✐③❛t✐♦♥ ♦❢ s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✭❞✐s♣❧❛②❡❞

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

❡❧❡❝tr✐❝✐t② s✉r♣❧✉s✳ ❚❤❡ ♠❛✐♥ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✷✳

❚❛❜❧❡ ✶✷✿ ❘❡s✉❧ts ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ❢♦r
❞✐✛❡r❡♥t ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✭❜♦✐❧❡rs ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✷✷✱ ✹✷✱ ✻✺ ♦r ✾✵ ❜❛r st❡❛♠✮✳

P❛r❛♠❡t❡r ❇♦✐❧❡r ♣r❡ss✉r❡
✷✷ ✹✷ ✻✺ ✾✵

❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮ ✶✶✸✳✼ ✶✶✷✳✷ ✶✶✶✳✼ ✶✶✵✳✶
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✶✹✳✷ ✸✻✳✸ ✺✹✳✻ ✻✻✳✼
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ❤②❞r♦❧②③❡❞ ✭✪✮ ✾✶✳✶ ✽✻✳✸ ✽✺✳✶ ✽✵✳✶
▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ❤②❞r♦❧②③❡❞

✷✵✶✷ ✶✾✵✺ ✶✽✽✵ ✶✼✼✵
✭t✴❞❛②✱ ❞r② ❜❛s✐s✮
Pr♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✺✺✻ ✺✺✾ ✺✺✶ ✺✺✻
❖✈❡r❛❧❧ st❡❛♠ ♣r♦❞✉❝t✐♦♥ ✭❦❣✴❚❈✮ ✻✸✻ ✻✸✸ ✻✶✽ ✻✷✶

❚❤❡ r❡s✉❧ts ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✶✷ s❤♦✇ t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♣r♦❞✉❝❡ s✐❣♥✐✜❝❛♥t ❛♠♦✉♥ts

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

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

❛r❡ ♣r♦❞✉❝❡❞ ❛t ❤✐❣❤❡r ❜♦✐❧❡r ♣r❡ss✉r❡s ✭✻✺ ♦r ✾✵ ❜❛r✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ♦♥ ♦✈❡r❛❧❧ ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥ ❞✉❡ t♦ t❤❡ ❝❤❛♥❣❡ ♦♥ ❜♦✐❧❡r ♣r❡ss✉r❡ ❢r♦♠ ✷✷ t♦ ✾✵ ❜❛r ✐s ♥♦t s♦ s✐❣♥✐✜❝❛♥t ✭✸✳✶✪

❞❡❝r❡❛s❡✮✱ ✇❤✐❧❡ t❤❡ ❣❛✐♥s ♦♥ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❛r❡ ♠✉❝❤ ❧❛r❣❡r ✭♦✈❡r ✸✵✵✪ ✐♥❝r❡❛s❡✮✳

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

s❡❧❧ ♦♥ t❤❡ r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ♣❧❛♥t ✐s ✐♥st❛❧❧❡❞✳

✶✸✾



✹ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ♣r♦❝❡ss ✐♠♣r♦✈❡♠❡♥ts ❛♥❛❧②③❡❞ ✐♥ t❤✐s ✇♦r❦ ✭✉s❡ ♦❢ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs✱

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

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

t✐❧❧❡r② ❢r♦♠ ✺✸✵ ✭st❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✮ t♦ ✸✷✵ ✭♦♣t✐♠✐③❡❞ ❞✐st✐❧❧❡r②✮ ❦❣ ♦❢ st❡❛♠

♣❡r t♦♥ ♦❢ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss❡❞✳ ❆❧♦♥❣ ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❡✣❝✐❡♥t ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❛♥❞

t❤❡ r❡❝♦✈❡r② ♦❢ ✺✵✪ ♦❢ t❤❡ tr❛s❤ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ✜❡❧❞✱ t❤❡ ❛♠♦✉♥t ♦❢ s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉✲

❧♦s✐❝ ♠❛t❡r✐❛❧ ✐♥❝r❡❛s❡s ❢r♦♠ ✺✷ t✴❞❛② t♦ ♦✈❡r ✶✹✵✵ t✴❞❛② ✭❞r② ❜❛s✐s✮✳ ❚❤❡r❡❢♦r❡✱ s✐❣♥✐✜❝❛♥t

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

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

♣r♦✈❡♠❡♥ts ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳

❘❡❢❡r❡♥❝❡s

❆❧✈✐r❛✱ P✳✱ ❚♦♠ás✲P❡❥ó✱ ❊✳✱ ❇❛❧❧❡st❡r♦s✱ ▼✳✱ ◆❡❣r♦✱ ▼✳✱ ✷✵✶✵✳ Pr❡tr❡❛t♠❡♥t t❡❝❤♥♦❧♦❣✐❡s

❢♦r ❛♥ ❡✣❝✐❡♥t ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ❜❛s❡❞ ♦♥ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s✿ ❆ r❡✈✐❡✇✳

❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✹✽✺✶✕✹✽✻✶✳

❉❡❞✐♥✐✱ ✷✵✵✾✳ ❉❛❞♦s s♦❜r❡ ♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠ ✉s✐♥❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❝♦♠✉♥✐❝❛çã♦ ♣❡s✲

s♦❛❧✳

❉✐❛s✱ ▼✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧✱ ▼✳✱ ✷✵✵✾✳ Pr♦❞✉❝t✐♦♥

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

❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥

✽✼✱ ✶✷✵✻✕✶✷✶✻✳

❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ▲♦③❛♥♦✱ ▼✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞

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

❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✹✽✱ ✷✾✼✽✕✷✾✽✼✳

❍❛ss✉❛♥✐✱ ❙✳✱ ▲❡❛❧✱ ▼✳✱ ▼❛❝❡❞♦✱ ■✳ ✭❊❞s✳✮✱ ✷✵✵✺✳ ❇✐♦♠❛ss ♣♦✇❡r ❣❡♥❡r❛t✐♦♥ ✲ ❙✉❣❛r ❝❛♥❡

❜❛❣❛ss❡ ❛♥❞ tr❛s❤✳ P◆❯❉ ❡ ❈❚❈✱ P✐r❛❝✐❝❛❜❛✳

❑❛③✐✱ ❋✳✱ ❋♦rt♠❛♥✱ ❏✳✱ ❆♥❡①✱ ❘✳✱ ❍s✉✱ ❉✳✱ ❆❞❡♥✱ ❆✳✱ ❉✉tt❛✱ ❆✳✱ ❑♦t❤❛♥❞❛r❛♠❛♥✱ ●✳✱ ✷✵✶✵✳

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

❢r♦♠ ❝♦r♥ st♦✈❡r✳ ❋✉❡❧s ✽✷✱ ❙✷✵✕❙✷✽✳

✶✹✵



▼❛r❛❜❡③✐✱ ❑✳✱ ✷✵✵✽✳ ❊st✉❞♦ s✐st❡♠át✐❝♦ ❞❛s r❡❛çõ❡s ❡♥✈♦❧✈✐❞❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s t❡♦r❡s

❞❡ ❧✐❣♥✐♥❛ ❡ ❤♦❧♦❝❡❧✉❧♦s❡ ❡♠ ❛♠♦str❛s ❞❡ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ▼❛st❡r✬s

t❤❡s✐s✱ ■♥st✐t✉t♦ ❞❡ ◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❙ã♦ P❛✉❧♦✱ ❙ã♦ ❈❛r❧♦s✳

◆❛✐❦✱ ❙✳✱ ●♦✉❞✱ ❱✳✱ ❘♦✉t✱ P✳✱ ❉❛❧❛✐✱ ❆✳✱ ✷✵✶✵✳ Pr♦❞✉❝t✐♦♥ ♦❢ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

❜✐♦❢✉❡❧s✿ ❆ ❝♦♠♣r❡❤❡♥s✐✈❡ r❡✈✐❡✇✳ ❘❡♥❡✇❛❜❧❡ ❛♥❞ ❙✉st❛✐♥❛❜❧❡ ❊♥❡r❣② ❘❡✈✐❡✇s ✶✹✱ ✺✼✽✕

✺✾✼✳

◆✐❣❛♠✱ P✳✱ ❙✐♥❣❤✱ ❆✳✱ ✷✵✶✶✳ Pr♦❞✉❝t✐♦♥ ♦❢ ❧✐q✉✐❞ ❜✐♦❢✉❡❧s ❢r♦♠ r❡♥❡✇❛❜❧❡ r❡s♦✉r❝❡s✳ Pr♦❣r❡ss

✐♥ ❊♥❡r❣② ❛♥❞ ❈♦♠❜✉st✐♦♥ ❙❝✐❡♥❝❡ ✸✼✱ ✺✷✕✻✽✳

❖❥❡❞❛✱ ❑✳✱ ➪✈✐❧❛✱ ❖✳✱ ❙✉ár❡③✱ ❏✳✱ ❑❛❢❛r♦✈✱ ❱✳✱ ✷✵✶✶✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ❛❧t❡r♥❛t✐✈❡s

❢♦r ♣r♦❝❡ss ✐♥t❡❣r❛t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❢♦r s✉st❛✐♥❛❜❧❡ ❜✐♦❢✉❡❧s ♣r♦❞✉❝t✐♦♥ ✲ ♣❛rt ✶✳

❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥ ✽✾✱ ✷✼✵✕✷✼✾✳

P✐♣♣♦✱ ❲✳ ❆✳✱ ▲✉❡♥❣♦✱ ❈✳✱ ❆❧❜❡rt❡r✐s✱ ▲✳ ❆✳ ▼✳✱ ●❛r③♦♥❡✱ P✳✱ ❈♦r♥❛❝❝❤✐❛✱ ●✳✱ ✷✵✶✶✳ ❊♥❡r❣②

r❡❝♦✈❡r② ❢r♦♠ s✉❣❛r❝❛♥❡✲tr❛s❤ ✐♥ t❤❡ ❧✐❣❤t ♦❢ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❢✉❡❧s✳ P❛rt ✶✿ ❈✉rr❡♥t

s✐t✉❛t✐♦♥ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛s♣❡❝ts✳ ❲❛st❡ ❇✐♦♠❛ss ❱❛❧♦r ✷✱ ✶✕✶✻✳

❘♦❝❤❛✱ ●✳✱ ●♦♥ç❛❧✈❡s✱ ❆✳✱ ❖❧✐✈❡✐r❛✱ ❇✳✱ ●ó♠❡③✱ ❊✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ✷✵✶✵✳ ❈♦♠♣♦s✐t✐♦♥❛❧ ✈❛r✐✲

❛❜✐❧✐t② ♦❢ r❛✇✱ st❡❛♠✲❡①♣❧♦❞❡❞ ❛♥❞ ❞❡❧✐❣♥✐✜❝❛t❡❞ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✳ ■♥✿ ❈♦♥❣r❡ss♦ ■♥✲

t❡r♥❛❝✐♦♥❛❧ s♦❜r❡ ●❡r❛çã♦ ❉✐str✐❜✉í❞❛ ❡ ❊♥❡r❣✐❛ ♥♦ ▼❡✐♦ ❘✉r❛❧ ✭❆●❘❊◆❊❘ ●❉ ✷✵✶✵✮✳

◆■P❊✴❯◆■❈❆▼P✱ ❈❛♠♣✐♥❛s✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳♥✐♣❡✉♥✐❝❛♠♣✳♦r❣✳❜r✴❛❣r❡♥❡r✴❛♥❛✐s✴✷✵✶✵✴✶✹✲✶✷✴✶✷✴✻✸✳♣❞❢

❙❡❛❜r❛✱ ❏✳✱ ❚❛♦✱ ▲✳✱ ❈❤✉♠✱ ❍✳✱ ▼❛❝❡❞♦✱ ■✳✱ ✷✵✶✵✳ ❆ t❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

❡✛❡❝ts ♦❢ ❝❡♥tr❛❧✐③❡❞ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ❛♥❞ ❝♦✲♣r♦❞✉❝ts r❡✜♥❡r② ♦♣t✐♦♥s ✇✐t❤ s✉❣❛r❝❛♥❡

♠✐❧❧ ❝❧✉st❡r✐♥❣✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✹✱ ✶✵✻✺✕✶✵✼✽✳

❙✐❧✈❛✱ ❆✳✱ ■♥♦✉❡✱ ❍✳✱ ❊♥❞♦✱ ❚✳✱ ❨❛♥♦✱ ❙✳✱ ❇♦♥✱ ❊✳✱ ✷✵✶✵✳ ▼✐❧❧✐♥❣ ♣r❡tr❡❛t♠❡♥t ♦❢ s✉❣❛r✲

❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ str❛✇ ❢♦r ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s ❛♥❞ ❡t❤❛♥♦❧ ❢❡r♠❡♥t❛t✐♦♥✳ ❇✐♦r❡s♦✉r❝❡

❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✼✹✵✷✕✼✹✵✾✳

❙✐♠♦✱ ▼✳✱ ❇r♦✇♥✱ ❈✳✱ ❍❧❛✈❛❝❡❦✱ ❱✳✱ ✷✵✵✽✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ s✇✐♥❣ ❛❞s♦r♣t✐♦♥ ✐♥ ❢✉❡❧

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈♦♠♣✉t❡rs ✫ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✸✷✱ ✶✻✸✺✕✶✻✹✾✳

❙♦❝❝♦❧✱ ❈✳✱ ❱❛♥❞❡♥❜❡r❣❤❡✱ ▲✳✱ ▼❡❞❡✐r♦s✱ ❆✳✱ ❑❛r♣✱ ❙✳✱ ❇✉❝❦❡r✐❞❣❡✱ ▼✳✱ ❘❛♠♦s✱ ▲✳✱ P✐t❛r❡❧♦✱

❆✳✱ ❋❡rr❡✐r❛✲▲❡✐tã♦✱ ❱✳✱ ●♦tts❝❤❛❧❦✱ ▲✳✱ ❋❡rr❛r❛✱ ▼✳✱ ❇♦♥✱ ❊✳✱ ▼♦r❛❡s✱ ▲✳✱ ❆r❛ú❥♦✱ ❆✳✱

✶✹✶



❚♦rr❡s✱ ❋✳✱ ✷✵✶✵✳ ❇✐♦❡t❤❛♥♦❧ ❢r♦♠ ❧✐❣♥♦❝❡❧❧✉❧♦s❡s✿ st❛t✉s ❛♥❞ ♣❡rs♣❡❝t✐✈❡s ✐♥ ❇r❛③✐❧✳

❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✹✽✷✵✕✹✽✷✺✳

❙♦♠❡rs✱ ❈✳✱ ✷✵✵✾✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❛❜s♦r♣t✐♦♥ ❝②❝❧❡s ❢♦r ✐♥t❡❣r❛t✐♦♥ ✐♥t♦ r❡✜♥✐♥❣ ♣r♦❝❡ss❡s✳

▼❛st❡r✬s t❤❡s✐s✱ ❯♥✐✈❡rs✐t② ♦❢ ▼❛r②❧❛♥❞✱ ❈♦❧❧❡❣❡ P❛r❦✳

❲❛❧t❡r✱ ❆✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ✷✵✶✵✳ ❈♦♠❜✐♥❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ s❡❝♦♥❞✲❣❡♥❡r❛t✐♦♥ ❜✐♦❢✉❡❧s ❛♥❞

❡❧❡❝tr✐❝✐t② ❢r♦♠ s✉❣❛r❝❛♥❡ r❡s✐❞✉❡s✳ ❊♥❡r❣② ✸✺✱ ✽✼✹✕✽✼✾✳

❲♦♦❧❡②✱ ❘✳✱ P✉ts❝❤❡✱ ❱✳✱ ✶✾✾✻✳ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛♥ ❛s♣❡♥ ♣❧✉s ♣❤②s✐❝❛❧ ♣r♦♣❡t✐❡s ❞❛t❛❜❛s❡

❢♦r ❜✐♦❢✉❡❧s ❝♦♠♣♦♥❡♥ts✳ ❚❡❝❤✳ r❡♣✳✱ ◆❛t✐♦♥❛❧ ❘❡♥❡✇❛❜❧❡ ❊♥❡r❣② ▲❛❜♦r❛t♦r②✱ ●♦❧❞❡♥✱

❈❖✱ r❡♣♦rt ◆♦✳ ◆❘❊▲✴▼P✲✹✷✺✲✷✵✻✽✺✳

❩❤❛♦✱ ❏✳✱ ❳✐❛✱ ▲✳✱ ✷✵✶✵✳ ❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ ❝♦r♥ st♦✈❡r ❤❡♠✐❝❡❧❧✉❧♦s✐❝ ❤②❞r♦❧②s❛t❡

✉s✐♥❣ ✐♠♠♦❜✐❧✐③❡❞ r❡❝♦♠❜✐♥❛♥t ②❡❛st ❝❡❧❧s✳ ❇✐♦❝❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❏♦✉r♥❛❧ ✹✾✱ ✷✽✕✸✷✳

✶✹✷



❈❛♣ít✉❧♦ ✻

❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛ ❡ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦

✻✳✶ ■♥tr♦❞✉çã♦

❆ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ é ❛ ❡t❛♣❛ ♦♥❞❡ ♦❝♦rr❡♠ ❛s ♠❛✐♦r❡s ♣❡r❞❛s ♥❛ ♣r♦❞✉çã♦ ❞❡

❜✐♦❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♣r♦❝❡ss♦s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡♠♣r❡❣❛❞♦s

♥❛ ✐♥❞ústr✐❛ ✉s❛♠ s✉❜str❛t♦ ❝♦♠ ❜❛✐①❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❛çú❝❛r❡s✱ ♦ q✉❡ ♣r♦❞✉③ ✈✐♥❤♦s

❝♦♠ ❜❛✐①♦ t❡♦r ❞❡ ❡t❛♥♦❧✱ ♦ q✉❡ ❧❡✈❛ ❛ ❡❧❡✈❛❞♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ♥❛ ❡t❛♣❛ ❞❡ ♣✉r✐✜❝❛çã♦✳

❆❧t❡r♥❛t✐✈❛s ❛♦s ♣r♦❝❡ss♦s ❝♦♥✈❡♥❝✐♦♥❛✐s q✉❡ ✈ê♠ s❡♥❞♦ ❡st✉❞❛❞❛s ♥♦ ❇r❛s✐❧ sã♦ ❛ ❢❡r♠❡♥✲

t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ❡♠♣r❡❣❛♥❞♦ á❣✉❛ ❣❡❧❛❞❛ ♣r♦❞✉③✐❞❛ ❡♠ s✐st❡♠❛s ❞❡ ❛❜s♦rçã♦

❝♦♠ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦✱ ❡ ❛ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦✳ ❖ ♣r✐♠❡✐r♦ ♣r♦❝❡ss♦ ✈❡♠ s❡♥❞♦

❡st✉❞❛❞♦ ❡♠ ✉♠❛ ♣❧❛♥t❛ ❞❡♠♦♥str❛çã♦ ♣❡❧❛ ❉❡❞✐♥✐ ✭❖▲■❱➱❘■❖ ❡t ❛❧✳✱ ✷✵✶✵✮✱ ❡♥q✉❛♥t♦

q✉❡ ♦ s❡❣✉♥❞♦ ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞♦ ❡♠ ❡s❝❛❧❛ ♣✐❧♦t♦ ♥♦ ❈❚❈ ✭❈❚❈✱ ✷✵✶✶✮✳ ❊st❡s ❞♦✐s ♣r♦✲

❝❡ss♦s ❛♣r❡s❡♥t❛♠ ❝♦♠♦ ✈❛♥t❛❣❡♥s ♦ ❛✉♠❡♥t♦ ❞♦ t❡♦r ❛❧❝♦ó❧✐❝♦ ❞♦ ✈✐♥❤♦ ❡ ❛ ❝♦♥s❡qü❡♥t❡

r❡❞✉çã♦ ♥♦ ✈♦❧✉♠❡ ❞❡ ✈✐♥❤❛ç❛ ♣r♦❞✉③✐❞♦ ♥❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦❀ ♦s ❞♦✐s ❛s♣❡❝t♦s tê♠

s✐❞♦ ❡st✉❞❛❞♦s ✭❆❚❆▲❆✱ ✷✵✵✹❀ ❖▲■❱➱❘■❖ ❡t ❛❧✳✱ ✷✵✶✵❀ ❙■▲❱❆ ❡t ❛❧✳✱ ✶✾✾✾✮✱ ♠❛s ♦s ✐♠♣❛❝✲

t♦s ❞❡ ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❛ ❢❡r♠❡♥t❛çã♦ ♥♦ ♣r♦❝❡ss♦ ♣r♦❞✉t✐✈♦ ❝♦♠♦ ✉♠ t♦❞♦ ❛✐♥❞❛ ♥ã♦

✶✹✸



❢♦r❛♠ ❛✈❛❧✐❛❞♦s✳

✻✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦

◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ ❝❛♣ít✉❧♦ é ✐♥❝❧✉í❞♦ ♦ tr❛❜❛❧❤♦ ■♠♣r♦✈✐♥❣ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝✲

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

❢♦r♠❛ ❞❡ ♣ôst❡r ♥♦ ✶st ❇r❛③✐❧✐❛♥ ❇✐♦❊♥❡r❣② ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ❈♦♥❢❡r❡♥❝❡✱ ❡♠ ❈❛♠✲

♣♦s ❞❡ ❏♦r❞ã♦ ❡♠ ✷✵✶✶✱ ❡ s✉❜♠❡t✐❞♦ ♣❛r❛ ♣✉❜❧✐❝❛çã♦ ♥❛ r❡✈✐st❛ ❆♣♣❧✐❡❞ ❊♥❡r❣②✳ ◆❡st❡

tr❛❜❛❧❤♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❝♦♠♣❧❡t♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛♥✐❞r♦ ❛

♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ❝♦♠ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ três ♣r♦❝❡ss♦s

❞❡ ❢❡r♠❡♥t❛çã♦✿ ❝♦♥✈❡♥❝✐♦♥❛❧ ✭❜❛t❡❧❛❞❛ ❛❧✐♠❡♥t❛❞❛ ❝♦♠ r❡❝✐❝❧♦ ❞❡ ❝é❧✉❧❛s✮✱ ❢❡r♠❡♥t❛çã♦ ❛

❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❝♦♠ ❛❜s♦rçã♦ ❡♠ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦ ❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦✳ ◆♦

❝❛s♦ ❞❛ ❢❡r♠❡♥t❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❡st✉❞❛❞❛ ✐♥❝❧✉✐✉ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛

✈✐♥❤❛ç❛✱ ❞❡ ♠♦❞♦ ❛ ♣r♦❞✉③✐r ❛ ♠❡s♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✈✐♥❤❛ç❛ ❞❛ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛✳

❱❡r✐✜❝♦✉✲s❡ q✉❡ ♦❝♦rr❡ ✉♠❛ r❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❛s ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❡

✉♠❛ ❞✐♠✐♥✉✐çã♦ ❡①♣r❡ss✐✈❛ ♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✈✐♥❤❛ç❛ ♣r♦❞✉③✐❞❛✱ ❛❧é♠ ❞❡ ✉♠ ❛✉♠❡♥t♦ s✐❣♥✐✲

✜❝❛t✐✈♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ♥❛ ❡t❛♣❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ♥♦s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s

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

t❛♠❜é♠ q✉❡ ❛ ✈✐♥❤❛ç❛ ♣r♦❞✉③✐❞❛ ♥♦ ♣r♦❝❡ss♦ q✉❡ ✉t✐❧✐③❛ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛

♥ã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❢♦r♥❡❝❡r t♦❞♦ ♦ ❝❛❧♦r ♥❡❝❡ssár✐♦ ♥♦ s✐st❡♠❛ ❞❡ ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦

❞❡ ❧ít✐♦✱ ♦ q✉❡ ❛✉♠❡♥t♦✉ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❡st❡ ♣r♦❝❡ss♦✳ ❖s ❞♦✐s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s

♣❡r♠✐t✐r❛♠ ❛✉♠❡♥t♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♣♦r t♦♥❡❧❛❞❛ ❞❡ ❝❛♥❛✱ ❡♠ ❝♦♠♣❛r❛çã♦ à ❢❡r✲

♠❡♥t❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❆ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛ ❛ ✈á❝✉♦ ❛♣r❡s❡♥t♦✉ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❛

♦r❞❡♠ ❞❛q✉❡❧❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠ ❢❡r♠❡♥t❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ♣♦ré♠ q✉❛♥❞♦

❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ✈✐♥❤❛ç❛ é ❝♦♥s✐❞❡r❛❞❛✱ ♦ ♣r♦❝❡ss♦ ❡①tr❛t✐✈♦ ❛♣r❡s❡♥t❛ ♦ ♠❡♥♦r ❝♦♥s✉♠♦

❞❡ ✈❛♣♦r✱ ❝♦♠ ❝♦♥s❡qü❡♥t❡ ♣r♦❞✉çã♦ ❞❡ ♠❛✐♦r❡s ❡①❝❡❞❡♥t❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦✱

♠❛s t❛♠❜é♠ ❛♣r❡s❡♥t❛ ❛ ♠❡♥♦r ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ♣❛r❛ ✈❡♥❞❛✳ ❖ ♣r♦❝❡ss♦ ❞❡

❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ❛♣r❡s❡♥t❛ ♦ ♠❛✐♦r ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞❡♥tr❡ ❛s ♦♣çõ❡s

✶✹✹



❡st✉❞❛❞❛s✳

❊st❡ tr❛❜❛❧❤♦ ♠♦str♦✉ q✉❡ ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦ ♣♦❞❡♠ ❛♣r❡s❡♥t❛r

✈❛♥t❛❣❡♥s ❡♠ r❡❧❛çã♦ ❛♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡♠♣r❡❣❛❞♦ ♥❛ ✐♥❞ústr✐❛ s✉❝r♦❛❧❝♦♦❧❡✐r❛❀ ♥♦

❡♥t❛♥t♦✱ ❡st✉❞♦s ♠❛✐s ❞❡t❛❧❤❛❞♦s ❡♥✈♦❧✈❡♥❞♦ ❛ ♦t✐♠✐③❛çã♦ ❞♦s ❞♦✐s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s

❞❡✈❡♠ s❡r ❝♦♥❞✉③✐❞♦s ♣❛r❛ q✉❡ s❡❥❛ ❡♥❝♦♥tr❛❞❛ ❛ ❝♦♥✜❣✉r❛çã♦ ót✐♠❛ ❞♦ ♣r♦❝❡ss♦✳ P❛r❛

t❛♥t♦✱ ❞❡✈❡♠ s❡r ❛✈❛❧✐❛❞♦s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ á❣✉❛ ❣❡❧❛❞❛ ❡ ❛ ✐♥t❡❣r❛✲

çã♦ ❡♥❡r❣ét✐❝❛ ♣❛r❛ r❡❞✉çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ❡♠♣r❡❣❛♥❞♦ ❢❡r♠❡♥t❛çã♦ ❛

❜❛✐①❛ t❡♠♣❡r❛t✉r❛✳ ◆♦ ❝❛s♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛✱ ❞✐❢❡r❡♥t❡s ❛rr❛♥❥♦s ❞❡

t❛♥q✉❡s ✢❛s❤ ❡ ✐♥t❡❣r❛çã♦ ❡♥❡r❣ét✐❝❛ t❛♠❜é♠ ♣♦❞❡r✐❛♠ ❧❡✈❛r ❛ ✉♠❛ r❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦

❞❡ ❡♥❡r❣✐❛✳

✶✹✺



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

❜❡t✇❡❡♥ ❡①tr❛❝t✐✈❡ ❛♥❞ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ✯

❆❜str❛❝t

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

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

✐s ❝♦♥s✐❞❡r❡❞✱ ✐s t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss✳ Pr♦❝❡ss ❡♥❡r❣② ❞❡♠❛♥❞

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

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

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

❢❛❝t t❤❛t ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ s②st❡♠s ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ✐♥❞✉str② r❡q✉✐r❡ ❧♦✇

s✉❜str❛t❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞✱ ❝♦♥s❡q✉❡♥t❧②✱ ♣r♦❞✉❝❡ ✇✐♥❡ ♦❢ ❧♦✇ ✭❛r♦✉♥❞ ✽✳✺ ➦●▲✮

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

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

✐♥❞✉str② ✭❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ✈❛❝✉✉♠ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✮ ✇❡r❡

❛ss❡ss❡❞✱ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❛ ❧❛r❣❡ s❝❛❧❡ s✉❣❛r❝❛♥❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✱ t❤r♦✉❣❤

❝♦♠♣✉t❡r s✐♠✉❧❛t✐♦♥✳ ❊❧❡❝tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s ♦♥

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

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

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

t✐♦♥ ✭❢♦r t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✮ ♦r st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❢♦r ❧♦✇ t❡♠♣❡r❛t✉r❡

❢❡r♠❡♥t❛t✐♦♥✮❀ ✇❤❡♥ ✈✐♥❛ss❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♣r♦❝❡ss✱

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

✶ ■♥tr♦❞✉❝t✐♦♥

❊t❤❛♥♦❧ ❢♦r ✉s❡ ❛s ❜✐♦❢✉❡❧ ❤❛s ❜❡❡♥ ♣r♦❞✉❝❡❞ ♦♥ ❛ ❧❛r❣❡ s❝❛❧❡ ❜❛s✐s ✐♥ ❇r❛③✐❧ ❢♦r ♦✈❡r t❤r❡❡

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

✯❈♦✲❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✿ ❚✳▲✳ ❏✉♥q✉❡✐r❛✱ ❈✳❉✳❋✳ ❏❡s✉s✱ ❈✳❊✳❱✳ ❘♦ss❡❧❧✱ ❆✳ ❇♦♥♦♠✐ ❡ ❘✳ ▼❛❝✐❡❧ ❋✐❧❤♦

✶✹✻



♣r♦❝❡ss ✐♥ t❤❡ ✐♥❞✉str✐❛❧ ♣❧❛♥ts ✉♥t✐❧ t❤❡ ✶✾✾✵s✱ ✇❤❡♥ ❝♦♥t✐♥✉♦✉s ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss❡s

✇❡r❡ ✐♥tr♦❞✉❝❡❞❀ ❤♦✇❡✈❡r✱ ❢❡❞ ❜❛t❝❤ ❢❡r♠❡♥t❛t✐♦♥ st✐❧❧ ❛❝❝♦✉♥ts ❢♦r ♠♦st ♦❢ t❤❡ ❝♦♥✜❣✉✲

r❛t✐♦♥s ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❇r❛③✐❧✐❛♥ ✐♥❞✉str② ✭▼✉ss❛tt♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❇♦t❤ ♦❢ t❤❡s❡ ♣r♦❝❡ss

❛r❡ ❝♦♥❞✉❝t❡❞ ✉♥❞❡r r❡❧❛t✐✈❡❧② ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ✭❛r♦✉♥❞ ✸✹❽✮✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡ ②❡❛st s✉❜✲

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

t❤❡ ❇r❛③✐❧✐❛♥ ❜✐♦❡t❤❛♥♦❧ ✐♥❞✉str② r❡q✉✐r❡ ❧♦✇ s✉❜str❛t❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞ ♣r♦❞✉❝❡ ✇✐♥❡ ♦❢

❧♦✇ ❡t❤❛♥♦❧ ❝♦♥t❡♥t ✭❛r♦✉♥❞ ✽✳✺ ➦●▲✮✳ ■♥ ♦r❞❡r t♦ ❜❡ ✉s❡❞ ❛s ❛ ❢✉❡❧✱ ❡t❤❛♥♦❧ ❝♦♥❝❡♥tr❛t✐♦♥

♠✉st ❜❡ ♦❢ ❛t ❧❡❛st ✾✺ ➦●▲❀ t❤✉s✱ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❢♦r ♣✉r✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❢❡r♠❡♥t❛t✐♦♥

♣r♦❞✉❝t ✐s s✐❣♥✐✜❝❛♥t ✭❊♥s✐♥❛s ❡t ❛❧✳✱ ✷✵✵✼❀ ▼♦r❛♥❞✐♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳

▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ✭s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✮ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✐♥ ❇r❛③✐❧✱ ❛s ✇❡❧❧ ❛s ✐♥ ♦t❤❡r

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

s✉❣❛r❝❛♥❡ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❢r❛❝t✐♦♥s ✭❜❛❣❛ss❡ ❛♥❞ tr❛s❤✮✳ ❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ✐s ♣r♦❞✉❝❡❞ ✐♥

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

✐♥ t❤❡ ✜❡❧❞ ✭P✐♣♣♦ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❇❛❣❛ss❡ ✐s ✉s❡❞ ❛s ❢✉❡❧ ✐♥ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s✱ s✉♣♣❧②✐♥❣

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

❛♥❞✱ ✐♥ ❝❛s❡ ❡✣❝✐❡♥t ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❛r❡ ❡♠♣❧♦②❡❞✱ ♣r♦❞✉❝✐♥❣ ❡❧❡❝tr✐❝✐t② s✉r♣❧✉s ❢♦r

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

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

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

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

♣❛st ❢❡✇ ②❡❛rs❀ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❛♥❞ ❡t❤❛♥♦❧ ❞❡❤②❞r❛t✐♦♥ t❤r♦✉❣❤ ♣❡r✲

✈❛♣♦r❛t✐♦♥ ❛r❡ s♦♠❡ ♦❢ t❤❡ ♣r♦❝❡ss❡s ✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t ✐♥ ❇r❛③✐❧ ✭P❡❧❧❡❣r✐♥✐ ❛♥❞ ❖❧✐✈❡✐r❛

❏✉♥✐♦r✱ ✷✵✶✶✮✳

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

✈❛❝✉✉♠ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ✭❆t❛❧❛✱ ✷✵✵✹✮✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s r❡♠♦✈❛❧ ♦❢ ❡t❤❛♥♦❧ ❢r♦♠ t❤❡

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

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

❛❜s♦r♣t✐♦♥ ❝❤✐❧❧❡rs ✭❖❧✐✈ér✐♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳

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

❛t✉r❡s ❜❡❧♦✇ ✸✷❽ ❤❛s ❜❡❡♥ st✉❞✐❡❞ ✉♥❞❡r ♣✐❧♦t s❝❛❧❡ ✐♥ ❇r❛③✐❧ ❢♦r t❤❡ ♣❛st ❢❡✇ ②❡❛rs

✭❖❧✐✈ér✐♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ■♥ t❤✐s ♣r♦❝❡ss ❛❜s♦r♣t✐♦♥ ❝❤✐❧❧❡rs ✉s✐♥❣ ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ s♦❧✉t✐♦♥s

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

✐♥❤✐❜✐t✐♦♥ t♦✇❛r❞s s✉❜str❛t❡ ❛♥❞ ♣r♦❞✉❝t ✭P❤✐s❛❧❛♣❤♦♥❣ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❛❧❧♦✇✐♥❣ t❤❡ ✉s❡ ♦❢

❝♦♥❝❡♥tr❛t❡❞ ❢❡❡❞✳

✶✹✼



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

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

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

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

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

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

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

s✉❣❛r❝❛♥❡ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❆s♣❡♥ P❧✉s✳ ❋♦✉r ♣r♦❝❡ss ❛❧t❡r♥❛t✐✈❡s ✇❡r❡ ❝♦♠♣❛r❡❞✿

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

❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ✈❛❝✉✉♠ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✳ ❚❤❡ ✈❛r✐❛❜❧❡s ❛♥❛❧②③❡❞

✇❡r❡ st❡❛♠ ❛♥❞ ❡❧❡❝tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥✱ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✱ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❧♦ss❡s✱

❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ s✉r♣❧✉s✳

✷ Pr♦❝❡ss ❞❡s❝r✐♣t✐♦♥

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

s✉❣❛r❝❛♥❡ r❡❝❡♣t✐♦♥ ❛♥❞ ❝❧❡❛♥✐♥❣❀ ❡①tr❛❝t✐♦♥ ♦❢ s✉❣❛rs❀ ❥✉✐❝❡ tr❡❛t♠❡♥t✱ ❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞

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

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

✶✳

❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤ ❛r❡ ✉s❡❞ ❛s ❢✉❡❧s ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ t♦ ♣r♦✈✐❞❡ t❤❡

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

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

t❤❡ ♣r♦❝❡ss✳ ❙✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t t♦ r❡♣r❡s❡♥t ❛♥ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②❀

✻✺ ❜❛r ❜♦✐❧❡rs✱ ✇❤✐❝❤ r❡♣r❡s❡♥t t❤❡ ❝✉rr❡♥t tr❡♥❞ ✐♥ ❇r❛③✐❧✐❛♥ ❞✐st✐❧❧❡r✐❡s ✭❙❡❛❜r❛ ❡t ❛❧✳✱

✷✵✶✵✮✱ ❛r❡ ❡♠♣❧♦②❡❞✱ ❛❧❧♦✇✐♥❣ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✳ ❆❧❧ t❤❡ ❞r✐✈❡rs ♦❢ t❤❡

♠✐❧❧ ❛r❡ ❡❧❡❝tr✐✜❡❞✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ✉s❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✳

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

s❡❝t✐♦♥s ✷✳✶ t❤r♦✉❣❤ ✷✳✸✳

✷✳✶ ❈♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥

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

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

♣r♦❞t✐♦♥ ♣❧❛♥ts ✐♥ ❇r❛③✐❧ ✭P❡❧❧❡❣r✐♥✐ ❛♥❞ ❖❧✐✈❡✐r❛ ❏✉♥✐♦r✱ ✷✵✶✶✮✳

✶✹✽



❋✐❣✉r❡ ✶✿ ❇❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡ ❛❞♦♣t❡❞
✐♥ t❤✐s ✇♦r❦✳

■♥ t❤✐s ♣r♦❝❡ss✱ ✷✺✪ ♦❢ t❤❡ ❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t♦r ✐s ✜❧❧❡❞ ✇✐t❤ ❛ ♠✐①t✉r❡ ❝♦♥t❛✐♥✐♥❣

②❡❛st ❝❡❧❧s ✭❛r♦✉♥❞ ✸✵ ✇t✪ ②❡❛st✱ ✇❡t ❜❛s✐s✮❀ s✉❜s❡q✉❡♥t❧②✱ ❝❧❛r✐✜❡❞ s✉❣❛r❝❛♥❡ ❥✉✐❝❡ ✐s

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

❢❡r♠❡♥t❛t✐♦♥ ❣❛s❡s✳ ❆❢t❡r ❛❜♦✉t ✽✲✶✷ ❤♦✉rs ❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t✐♦♥s ❝❡❛s❡✱ ❛♥❞ t❤❡ ❧✐q✉✐❞

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

t❤❡ ②❡❛st ❝❡❧❧s ❛r❡ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ❝❧❛r✐✜❡❞ ✇✐♥❡ ✭✇❤✐❝❤ ❝♦♥t❛✐♥s ♠♦st ♦❢ t❤❡ ❡t❤❛♥♦❧

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

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

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

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

s❡❝t✐♦♥✳

❋❡r♠❡♥t❛t✐♦♥ r❡❛❝t✐♦♥s ❛r❡ ❡①♦t❤❡r♠✐❝ ❛♥❞ r❡❛❝t♦r t❡♠♣❡r❛t✉r❡ ✐s ✉s✉❛❧❧② ❦❡♣t ❜❡t✇❡❡♥

✸✸ ❛♥❞ ✸✻❽ ✉s✐♥❣ ❝♦♦❧✐♥❣ ✇❛t❡r ✐♥ ❤❡❛t ❡①❝❤❛♥❣❡rs✱ ♦♥ ✇❤✐❝❤ ❢❡r♠❡♥t❛t✐♦♥ ♠❡❞✐❛ ✢♦✇s✳

▲♦✇ s✉❜str❛t❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s r❡q✉✐r❡❞ ✭❛r♦✉♥❞ ✷✵ s♦❧✉❜❧❡ ✇t✪ s♦❧✐❞s ✐♥ t❤❡ s✉❣❛r ❢❡❡❞✮✱

✶✹✾



♣r♦❞✉❝✐♥❣ ✇✐♥❡ ♦❢ r❡❧❛t✐✈❡❧② ❧♦✇ ❡t❤❛♥♦❧ ❝♦♥t❡♥t ✭❛r♦✉♥❞ ✽✳✺➦●▲✮✳

❚❛❜❧❡ ✶✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳
P❛r❛♠❡t❡r ❱❛❧✉❡
❚♦♥s ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮ ♣r♦❝❡ss❡❞ ✺✵✵ ❚❈✴❤
❙✉❣❛r❝❛♥❡ t♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ❝♦♥t❡♥t ✶✺✳✸✪
❙✉❣❛r❝❛♥❡ ✜❜❡rs ❝♦♥t❡♥t ✶✸✪
❙✉❣❛r❝❛♥❡ tr❛s❤ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭❞r② ❜❛s✐s✮ ✶✹✵ ❦❣✴❚❈
❋r❛❝t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ tr❛s❤ tr❛♥s♣♦rt❡❞ t♦ t❤❡ ✐♥❞✉str② ✺✵✪
❊✣❝✐❡♥❝② ♦❢ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✐♥ t❤❡ ♠✐❧❧s ✾✻✪
❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ s②r✉♣ ✐♥ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ✻✺ ✇t✪
❍②❞r❛t❡❞ ❡t❤❛♥♦❧ ✭❍❊✮ ♣✉r✐t② ✾✸ ✇t✪
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣✉r✐t② ✾✾✳✻ ✇t✪
✻✺ ❜❛r ❜♦✐❧❡r ❡✣❝✐❡♥❝② ✭▲❍❱ ❜❛s✐s✮ ✽✼✪
✻✺ ❜❛r st❡❛♠ t❡♠♣❡r❛t✉r❡ ✹✽✺❽
❋r❛❝t✐♦♥ ♦❢ ❜❛❣❛ss❡ ❢♦r st❛rt✲✉♣s ♦❢ t❤❡ ♣❧❛♥t ✺✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ❤✐❣❤ ♣r❡ss✉r❡ ✼✷✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ✐♥t❡r♠❡❞✐❛t❡ ♣r❡ss✉r❡ ✽✶✪
●❡♥❡r❛t♦r ❡✣❝✐❡♥❝② ✾✽ ✪
Pr♦❝❡ss ❡❧❡❝tr✐❝ ❡♥❡r❣② ❞❡♠❛♥❞ ✸✵ ❦❲❤✴❚❈
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♣r♦❝❡ss ✷✳✺ ❜❛r
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✻ ❜❛r
❙t❡❛♠ ❞❡♠❛♥❞ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✵✳✻ ❦❣✴▲ ❆❊

✷✳✷ ▲♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥

❚❡♠♣❡r❛t✉r❡ r❡♣r❡s❡♥ts ❛ ❝r✐t✐❝❛❧ ❢❛❝t♦r ✐♥ ❛❧❝♦❤♦❧✐❝ ❢❡r♠❡♥t❛t✐♦♥✳ ■♥ tr♦♣✐❝❛❧ ❝♦✉♥tr✐❡s

❧✐❦❡ ❇r❛③✐❧✱ ✇❛t❡r ❢r♦♠ ❝♦♦❧✐♥❣ t♦✇❡rs ✐s ✉s❡❞ t♦ r❡♠♦✈❡ t❤❡ ❤❡❛t r❡❧❡❛s❡❞ ❞✉r✐♥❣ ❡①♦t❤❡r✲

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

t❡♠♣❡r❛t✉r❡s t♦ ❜❡ ❦❡♣t ✉♥❞❡r ✸✷❽✳ ❍✐❣❤ t❡♠♣❡r❛t✉r❡s ❛✛❡❝t ❢❡r♠❡♥t❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✱

✐♥❤✐❜✐t✐♥❣ ❝❡❧❧s ❣r♦✇t❤ ✭P❤✐s❛❧❛♣❤♦♥❣ ❡t ❛❧✳✱ ✷✵✵✻❀ ❘✐✈❡r❛ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❇❡❝❛✉s❡ ❧♦✇ t❡♠✲

♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ❞❡❝r❡❛s❡s ②❡❛st ✐♥❤✐❜✐t♦r② ❡✛❡❝ts t♦✇❛r❞s ♣r♦❞✉❝t ❛♥❞ s✉❜str❛t❡✱

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

♠✐♥✐♠✐③❡s ❧♦ss❡s ✭▼❛r✐❛♥♦ ❡t ❛❧✳✱ ✷✵✶✵❀ ❖❧✐✈ér✐♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❉❡❞✐♥✐✱ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r ❡q✉✐♣♠❡♥t ♠❛♥✉❢❛❝t✉r❡rs ♦❢ t❤❡ ❡t❤❛♥♦❧ ✐♥❞✉str② ✐♥ ❇r❛③✐❧✱ ❤❛s

st✉❞✐❡❞ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ✭✷✽ ✲ ✸✵❽✮ ❢❡❞ ❜❛t❝❤ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ✐♥ s❡♠✐✲✐♥❞✉str✐❛❧

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

■♥ t❤✐s ♣r♦❝❡ss ❝❤✐❧❧❡❞ ✇❛t❡r ✭✶✻ ✲ ✷✵❽✮ ♣r♦❞✉❝❡❞ ✐♥ ❛ r❡❢r✐❣❡r❛t✐♦♥ ❝②❝❧❡ ✐s ✉s❡❞ t♦ ❝♦♦❧ t❤❡

✶✺✵



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

♦r ❝♦♥❝❡♥tr❛t❡❞ s✉❣❛r❝❛♥❡ ❥✉✐❝❡ ✲ s②r✉♣✮✱ ❦❡❡♣✐♥❣ t❤❡ r❡❛❝t♦r t❡♠♣❡r❛t✉r❡ ❛t ✷✽✱ ✸✵ ♦r ✸✷❽✳

❚❤❡ ❛✉t❤♦rs ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ♦♣t✐♠✉♠ ❢❡r♠❡♥t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✐s ✸✵❽✱ ❢❡r♠❡♥t✐♥❣ ❛

❥✉✐❝❡ ✇✐t❤ ✷✽✪ ♦❢ t♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ✭❚❘❙✮✱ ♣r♦❞✉❝✐♥❣ ✇✐♥❡ ✭❛❢t❡r ❝❡♥tr✐❢✉❣❛t✐♦♥✮ ✇✐t❤

❛♥ ❛✈❡r❛❣❡ ♦❢ ✶✸✳✽✷➦●▲ ✭❖❧✐✈ér✐♦ ❡t ❛❧✳✱ ✷✵✶✵✮✳

✷✳✸ ❊①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ✈❛❝✉✉♠ ✢❛s❤ ❝❤❛♠❜❡r

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

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

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

❝❤❛♠❜❡r✳ ❇❡s✐❞❡s✱ r❡♠♦✈❛❧ ♦❢ ❡t❤❛♥♦❧ ❢r♦♠ t❤❡ r❡❛❝t♦r r❡❞✉❝❡s ✐ts ✐♥❤✐❜✐t♦r② ❡✛❡❝ts ♦♥

②❡❛st ❝❡❧❧s ✭❙✐❧✈❛ ❡t ❛❧✳✱ ✶✾✾✾✮✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ✈❛❝✉✉♠ ❛♥❞ t❤❡ r❡❝②❝❧❡ ♦❢ t❤❡ ❧✐q✉✐❞ str❡❛♠✱

t❤❡ r❡❛❝t♦r ♠❛② ❜❡ ❦❡♣t ❛t r❡❧❛t✐✈❡❧② ❧♦✇ t❡♠♣❡r❛t✉r❡s ✭❢r♦♠ ✷✽ t♦ ✸✷❽✮ ✇✐t❤♦✉t r❡q✉✐r✐♥❣

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

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

❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳

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

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

t♦ t❤❡ ❝❡♥tr✐❢✉❣❡s✳ ❚❤❡ ❤❡❛✈② ♣❤❛s❡ ❝♦♥t❛✐♥✐♥❣ ②❡❛st ❝❡❧❧s ✐s s❡♥t t♦ t❤❡ tr❡❛t♠❡♥t ✉♥✐t✱

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

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

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

✇❤✐❝❤ ✐s r❡t✉r♥❡❞ t♦ t❤❡ r❡❛❝t♦r✳ ❖♣❡r❛t✐♦♥ ♦❢ t❤❡ ✈❛❝✉✉♠ ✢❛s❤ ❝❤❛♠❜❡r ❜❡t✇❡❡♥ ✷✽❽

❛♥❞ ✸✵❽✱ ✉♥❞❡r ♣r❡ss✉r❡s ❜❡t✇❡❡♥ ✹ ❛♥❞ ✺✳✸✸ ❦P❛✱ ❛❧❧♦✇ r❡❛❝t♦r t❡♠♣❡r❛t✉r❡ t♦ ❜❡ ❦❡♣t

❛t ✸✸❽ ✇✐t❤♦✉t r❡q✉✐r✐♥❣ ❡①t❡r♥❛❧ ❤❡❛t ❡①❝❤❛♥❣❡rs ✭❙✐❧✈❛ ❡t ❛❧✳✱ ✶✾✾✾✮✳

❆ s✐♠♣❧✐✜❡❞ s❝❤❡♠❡ ♦❢ t❤✐s ♣r♦❝❡ss ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳

✸ ❙✐♠✉❧❛t✐♦♥

❙✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❆s♣❡♥ P❧✉s✳ ❆ s✐♠♣❧✐✜❡❞ ❣❡♥❡r✐❝ ✢♦✇ s❤❡❡t ♦❢ t❤❡

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

❋✐❣✉r❡ ✸✳

✶✺✶



❋✐❣✉r❡ ✷✿ ❙✐♠♣❧✐✜❡❞ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ✈❛❝✉✉♠
✢❛s❤ ❝❤❛♠❜❡r ✭❛❞❛♣t❡❞ ❢r♦♠ ▼❛✉❣❡r✐ ❛♥❞ ❆t❛❧❛ ✭✷✵✵✻✮✮✳

❋✐❣✉r❡ ✸✿ ❙✐♠♣❧✐✜❡❞ ✢♦✇ s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t ❛♥❤②❞r♦✉s
❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳

❆❧❧ t❤❡ ✉♥✐t ♦♣❡r❛t✐♦♥s r❡q✉✐r❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ♣r♦❝❡ss ✇❡r❡ ✐♥s❡rt❡❞ ♦♥ t❤❡ ❝♦rr❡s♣♦♥✲

❞❡♥t ❤✐❡r❛r❝❤② ❜❧♦❝❦ ✭▼■▲▲❙ ❢♦r s✉❣❛r❝❛♥❡ ❝❧❡❛♥✐♥❣ ❛♥❞ ❡①tr❛❝t✐♦♥ ♦❢ s✉❣❛rs❀ ❚❘❊❆❚▼ ❢♦r

❥✉✐❝❡ tr❡❛t♠❡♥t❀ ❋❊❘▼ ❢♦r ❢❡r♠❡♥t❛t✐♦♥❀ ❉■❙❚■▲ ❢♦r ❞✐st✐❧❧❛t✐♦♥❀ ❉❊❍❨❉ ❢♦r ❞❡❤②❞r❛t✐♦♥

❛♥❞ ❈❖●❊◆ ❢♦r ❝♦❣❡♥❡r❛t✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✮✳ ❙❡✈❡r❛❧ ♦♣❡r❛t✐♦♥s ✭♠✐❧❧s✱ ✜❧t❡rs✱ s❡t✲

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

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

✶✺✷



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

❝♦♥✜❣✉r❛t✐♦♥s ✇❡r❡ ✐♥s❡rt❡❞ ✐♥ t❤❡ ❋❊❘▼ ❤✐❡r❛r❝❤② ❜❧♦❝❦ ❛♥❞ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥s

✸✳✶ t❤r♦✉❣❤ ✸✳✸✳

✸✳✶ ❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss

❇❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t✐♦♥s✱ ♦♥❧② ❛ ❢❡✇ ♣r♦❞✉❝ts ✇❡r❡ ❝♦♥✲

s✐❞❡r❡❞✳ ❚❤❡s❡ r❡❛❝t✐♦♥s ❝♦♠♣r✐s❡ s✉❝r♦s❡ ❤②❞r♦❧②s✐s ✭✶✮✱ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭✷✮✱ ②❡❛st

❣r♦✇t❤ ✭✸✮ ❛♥❞ ❢♦r♠❛t✐♦♥ ♦❢ ❜②♣r♦❞✉❝ts ✭✐s♦❛♠②❧ ❛❧❝♦❤♦❧ ✭✹✮✱ ✐s♦❜✉t❛♥♦❧ ✭✺✮✱ ❣❧②❝❡r♦❧ ✭✻✮

❛♥❞ ❛❝❡t✐❝ ❛❝✐❞ ✭✼✮✮✳

C12H22O11 +H2O → 2C6H12O6 ✭✶✮

C6H12O6 → 2C2H5OH + 2CO2 ✭✷✮

3.3C6H12O6 + 2.8NH4OH + 2.1CO2 → C2H4O2 + 6.9H2O + 19.6CH1,8O0,9N0,145 ✭✸✮

0.8C6H12O6 → 0.6C5H12O + 1.6CO2 + 0.9H2O ✭✹✮

0.7C6H12O6 → 0.7C4H10O + 1.5CO2 + 0.7H2O ✭✺✮

0.6C6H12O6 + 0.5H2O → C3H5(OH)3 + 0.5CO2 ✭✻✮

C6H12O6 → 3C2H4O2 ✭✼✮

■t ✇❛s ❛ss✉♠❡❞ t❤❛t t❤❡s❡ r❡❛❝t✐♦♥s ♦❝❝✉r s❡q✉❡♥t✐❛❧❧②✳ ❈♦♥✈❡rs✐♦♥ ♦❢ r❡❛❝t✐♦♥ ✶ ✇❛s

✜①❡❞ ❛s ✶✵✵✪✳ ■♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✱ ❛✈❡r❛❣❡ ②✐❡❧❞s ♦❢ ✾✵✪ ✭❝♦♥✈❡rs✐♦♥

♦❢ r❡❛❝t✐♦♥ ✷✮ ❛r❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ✐♥❞✉str②✳

❘❡❛❝t✐♦♥s r❡♣r❡s❡♥t❡❞ ❜② ❡q✉❛t✐♦♥s ✸ t❤r♦✉❣❤ ✼ ❤❛❞ t❤❡✐r st♦✐❝❤✐♦♠❡tr✐❝ ❝♦❡✣❝✐❡♥ts

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

❜❛s❡❞ ♦♥ ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② t❤❡ ✐♥❞✉str②✱ ❞❡♣✐❝t❡❞ ✐♥ ❚❛❜❧❡ ✷✿
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❚❛❜❧❡ ✷✿ ❋❡r♠❡♥t❛t✐♦♥ ❜②♣r♦❞✉❝ts ❛♥❞ r❡s✐❞✉❛❧ s✉❣❛rs ❜❛s❡❞ ♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▼❛♥✲
t❡❧❛tt♦✱ ✷✵✶✵✮✳

P❛r❛♠❡t❡r ❱❛❧✉❡ ✭✇✴✇✪✮
●❧②❝❡r♦❧✴❊t❤❛♥♦❧ ✻✳✸✸
❆❝✐❞s✴❊t❤❛♥♦❧ ✸✳✺✻
❚❘❙✴❊t❤❛♥♦❧ ✵✳✷✺
❨❡❛st✴❊t❤❛♥♦❧ ✺✳✽✺

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

❛❧❝♦❤♦❧s ✭✐s♦❛♠②❧ ❛♥❞ ✐s♦❜✉t②❧✮❀ t❤❡r❡❢♦r❡✱ ❝♦♥✈❡rs✐♦♥ ♦❢ r❡❛❝t✐♦♥ ✺ ✇❛s ✜①❡❞ ❛s ✶✵✪ ♦❢

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

r❡s✐❞✉❛❧ s✉❣❛rs s♣❡❝✐✜❡❞✳ ❋❡r♠❡♥t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✇❛s ✜①❡❞ ❛s ✸✸❽✳

❚❤❡ ✢♦✇s❤❡❡t ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ✐s s❤♦✇♥

✐♥ ❋✐❣✉r❡ ✹✳

❋✐❣✉r❡ ✹✿ ❋❧♦✇ s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥
♣r♦❝❡ss ✐♥ ❆s♣❡♥ P❧✉s✳

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

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

❛♥❞ ❛♥ ❛❞✈❛♥❝❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ ♦♥ ✇❤✐❝❤ ✈✐♥❛ss❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s ❝❛rr✐❡❞ ♦✉t✳ ❱✐♥❛ss❡

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

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

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

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

♦❜s❡r✈❡❞ t♦❞❛②✳ ❈♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✈✐♥❛ss❡ ✐♥ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ✇❛s s✐♠✉❧❛t❡❞❀

t❤❡ ✜♥❛❧ ✈♦❧✉♠❡ ♦❢ ✈✐♥❛ss❡ ✇❛s ✜①❡❞ ❛s ❡q✉❛❧ t♦ t❤❛t ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✈❛❝✉✉♠ ❡①tr❛❝t✐✈❡

❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳

✸✳✷ ❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥

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

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

✐♥s❡rt❡❞✳ ■♥ t❤✐s ❝❛s❡✱ r❡❛❝t♦r ♣r♦❞✉❝ts ❛t ✸✵❽ ❛r❡ ❝♦♦❧❡❞ ❞♦✇♥ t♦ ✷✺❽ ✇✐t❤ ❝❤✐❧❧❡❞ ✇❛t❡r

❛t ✶✹❽✳ ❚❤❡ ❛♠♦✉♥t ♦❢ ♣r♦❞✉❝t t❤❛t ♠✉st ❜❡ r❡❝②❝❧❡❞ ✭str❡❛♠ ❲■◆❊✸✵✮ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛s

t❤❛t r❡q✉✐r❡❞ t♦ ♠❛✐♥t❛✐♥ r❡❛❝t♦r t❡♠♣❡r❛t✉r❡ ❛t ✸✵❽✳ ❘❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ❖❧✐✈ér✐♦ ❡t ❛❧✳

✭✷✵✶✵✮ ✇❡r❡ ✉s❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✳ ❚❤❡ ❞❡✈❡❧♦♣❡❞ ✢♦✇ s❤❡❡t ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳

❋❡r♠❡♥t❛t✐♦♥ r❡❛❝t✐♦♥s ✇❡r❡ ❛ss✉♠❡❞ t♦ ❜❡ t❤❡ s❛♠❡ ❛s t❤♦s❡ ✐❧❧✉str❛t❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✶❀

❝♦♥✈❡rs✐♦♥ ♦❢ r❡❛❝t✐♦♥ ✷ ✭❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✮ ✇❛s ❝❛❧❝✉❧❛t❡❞ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ♣r♦❞✉❝t✐♦♥

♦❢ ✇✐♥❡ ✇✐t❤ ✶✸✳✽✷ ➦●▲ ❢r♦♠ ❛ s✉❜str❛t❡ ❝♦♥t❛✐♥✐♥❣ ✷✽✪ ❚❘❙ ❛t ✸✵❽✱ ✇❤❛t ❝♦rr❡s♣♦♥❞s t♦

✾✷✳✼✪✳ ❚❤❡r❡❢♦r❡✱ ❝♦♥✈❡rs✐♦♥ ♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ✇❛s ❛ss✉♠❡❞ t♦ ❜❡ ✷✳✼✪

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

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

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

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

❛❜s♦r♣t✐♦♥ s②st❡♠✱ ✇♦r❦✐♥❣ ✇✐t❤ ❝♦♦❧✐♥❣ ✇❛t❡r ♣r♦❞✉❝❡❞ ✐♥ ❝♦♦❧✐♥❣ t♦✇❡rs✱ ♦♥ ✇❤✐❝❤ ❤❡❛t ✐s

♣r♦✈✐❞❡❞ ❜② ✈✐♥❛ss❡ ✭r❡s✐❞✉❡ ♦❢ t❤❡ ♣✉r✐✜❝❛t✐♦♥ st❡♣✮ ❛♥❞ ❜② ❡①❤❛✉st st❡❛♠ ✕ ❞✉❡ t♦ t❤❡ ❤✐❣❤

❡t❤❛♥♦❧ ❝♦♥t❡♥t ♦❢ t❤❡ ✇✐♥❡ ✭✶✸✳✽✷ ➦●▲✮✱ t❤❡ ❛♠♦✉♥t ♦❢ ✈✐♥❛ss❡ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥

❝♦❧✉♠♥ ✐s ♥♦t ❡♥♦✉❣❤ t♦ ♣r♦✈✐❞❡ t❤❡ ❤❡❛t r❡q✉✐r❡❞ ❜② t❤❡ ❛❜s♦r♣t✐♦♥ s②st❡♠✳ ❙✐♠✉❧❛t✐♦♥

♦❢ t❤❡ s✐♥❣❧❡ ❡✛❡❝t ❛❜s♦r♣t✐♦♥ s②st❡♠ ✇❛s ❜❛s❡❞ ♦♥ ❙♦♠❡rs ✭✷✵✵✾✮✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs

♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❛♥❞ t❤❡ ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ ❛❜s♦r♣t✐♦♥ s②st❡♠

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✸✳

✶✺✺



❋✐❣✉r❡ ✺✿ ❋❧♦✇ s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳

❚❛❜❧❡ ✸✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ ❛❜✲
s♦r♣t✐♦♥ s②st❡♠✳

P❛r❛♠❡t❡r ❱❛❧✉❡
❚♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ✭❚❘❙✮ ✐♥ t❤❡ s✉❜str❛t❡ ✷✽✪
❋❡r♠❡♥t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✸✵❽
❊t❤❛♥♦❧ ❝♦♥t❡♥t ♦❢ t❤❡ ❝❧❛r✐✜❡❞ ✇✐♥❡ ✭❈▲✲❲■◆❊✮ ✶✸✳✽✷➦●▲
❈❤✐❧❧❡❞ ✇❛t❡r t❡♠♣❡r❛t✉r❡ ✶✹❽
❈♦♦❧✐♥❣ ✇❛t❡r ✐♥❧❡t t❡♠♣❡r❛t✉r❡ ✷✼❽
▲✐t❤✐✉♠ ❜r♦♠✐❞❡ s♦❧✉t✐♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ ✺✼✳✹
❙♦❧✉t✐♦♥ ❤❡❛t ❡①❝❤❛♥❣❡r ❡✛❡❝t✐✈❡♥❡ss ✵✳✻✹
❱✐♥❛ss❡ ✐♥❧❡t t❡♠♣❡r❛t✉r❡ ✶✵✶✳✸❽
❱✐♥❛ss❡ ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✽✺❽
❙t❡❛♠ ✐♥❧❡t t❡♠♣❡r❛t✉r❡ ✶✺✵❽
❙t❡❛♠ ♣r❡ss✉r❡ ✷✳✺ ❜❛r
❈❖P ✭❝♦❡✣❝✐❡♥t ♦❢ ♣❡r❢♦r♠❛♥❝❡✮ ✵✳✼✺

✸✳✸ ❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❝♦✉♣❧❡❞ ✇✐t❤

❛ ✈❛❝✉✉♠ ✢❛s❤ ❝❤❛♠❜❡r

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

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

❞❡s❝r✐❜❡❞✳ ❚❤❡ ❝❧❛r✐✜❡❞ ✇✐♥❡ ✭str❡❛♠ ❈▲✲❲■◆❊✮ ✐s s♣❧✐t ✐♥ t✇♦ str❡❛♠s✿ ♦♥❡ ♦❢ t❤❡♠ ✐s

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

✶✺✻



t❤❡ ❤❡❛✈② ❝♦♠♣♦♥❡♥ts✱ ❧✐❦❡ ❣❧②❝❡r♦❧✱ ❢r♦♠ t❤❡ ❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t♦r✳ ❚❤❡ ♣✉r❣❡ str❡❛♠ ✐s

♣r❡❤❡❛t❡❞ ❛♥❞ ❝♦♠♣r✐s❡s ❛ ❧♦✇✲❡t❤❛♥♦❧ ❝♦♥t❡♥t ✇✐♥❡ ✭❲■◆❊✲▲❈✮✳ ■♥ t❤❡ ✢❛s❤ ❝❤❛♠❜❡r✱

t✇♦ str❡❛♠s ❛r❡ ♣r♦❞✉❝❡❞✿ ❛ ✈❛♣♦r ♣❤❛s❡ str❡❛♠ ✭❱❆P❖❘✮✱ r✐❝❤ ✐♥ ❡t❤❛♥♦❧✱ ❛♥❞ ❛ ❧✐q✉✐❞

str❡❛♠ ✭▲■◗❯■❉✮✱ ✇❤✐❝❤ ✐s r❡❝②❝❧❡❞ t♦ t❤❡ r❡❛❝t♦r ❛♥❞ ♠❛✐♥t❛✐♥s ✐ts t❡♠♣❡r❛t✉r❡ ❛t ✸✵❽✳

❉✉❡ t♦ ✐ts ❧♦✇ ♣r❡ss✉r❡✱ t❤❡ ❱❆P❖❘ str❡❛♠ ✐s ❝♦♠♣r❡ss❡❞ ✐♥ ❛ s❡r✐❡s ♦❢ ❝♦♠♣r❡ss♦rs❀ t❤❡

✐♥t❡r♠❡❞✐❛t❡ ✈❛♣♦r str❡❛♠s ❛r❡ ✉s❡❞ t♦ ♣r❡❤❡❛t t❤❡ ❧♦✇ ❡t❤❛♥♦❧ ❝♦♥t❡♥t str❡❛♠ ✭❲■◆❊✲

▲❈✮✳ ❚❤❡ ✜♥❛❧ ✈❛♣♦r str❡❛♠ ❝♦♠♣r✐s❡s t❤❡ ❡t❤❛♥♦❧✲r✐❝❤ str❡❛♠ ✭❲■◆❊✲❍❈✮ ✇❤✐❝❤ ✐s ❢❡❞

t♦ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s✳ ❚❤❡ ✢♦✇ s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳

❋✐❣✉r❡ ✻✿ ❋❧♦✇ s❤❡❡t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❝♦✉♣❧❡❞ ✇✐t❤
❛ ✈❛❝✉✉♠ ✢❛s❤ ❝❤❛♠❜❡r✳

■♥st❡❛❞ ♦❢ ❝♦♥❞❡♥s✐♥❣ t❤❡ ✈❛♣♦r str❡❛♠ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ✢❛s❤ ❝❤❛♠❜❡r✱ ❛s ✐♥❞✐❝❛t❡❞

✐♥ ❋✐❣✉r❡ ✷✱ ❝♦♠♣r❡ss♦rs ✇❡r❡ ✉s❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ❈❖✷ ✐♥ t❤✐s str❡❛♠ ✕

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

❛✈❛✐❧❛❜❧❡ ❛t t❤❡ ♣❧❛♥t s✐t❡✱ t♦ ♣r❡✈❡♥t ❡t❤❛♥♦❧ ❧♦ss❡s✳

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

t❡♠♣❡r❛t✉r❡ ❛♥❞ ❝♦♥✈❡rs✐♦♥ ♦❢ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ✈❛❝✉✉♠

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

♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♣r♦❝❡ss ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳

✶✺✼



❚❛❜❧❡ ✹✿ ▼❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ✈❛❝✉✉♠ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳
P❛r❛♠❡t❡r ❱❛❧✉❡
❚♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ✭❚❘❙✮ ✐♥ t❤❡ s✉❜str❛t❡ ✷✽✪
❋❡r♠❡♥t❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ✸✵❽
❈♦♥✈❡rs✐♦♥ ♦❢ s✉❣❛rs t♦ ❡t❤❛♥♦❧ ✾✷✳✼✪
❋❧❛s❤ ❢❡❡❞ t❡♠♣❡r❛t✉r❡ ✸✵❽
❋❧❛s❤ ♣r❡ss✉r❡ ✵✳✵✻ ❜❛r
❊t❤❛♥♦❧ ❝♦♥t❡♥t ♦❢ t❤❡ ❝❧❛r✐✜❡❞ ✇✐♥❡ ✽✳✾➦●▲

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

✐♥ ♠✉❧t✐♣❧❡ ✭✺✮ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ t❤❡ r❡q✉✐r❡❞ ❥✉✐❝❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥

t❤❡ ❢❡❡❞ ♦❢ t❤❡ ❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t♦r❀ ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❥✉✐❝❡ ✐s ❝♦♥❝❡♥tr❛t❡❞ ✉♣ t♦ ✻✺ ✇t✪

s♦❧✐❞s✱ ❜❡✐♥❣ ♠✐①❡❞ ✇✐t❤ t❤❡ r❡♠❛✐♥✐♥❣ ❝❧❛r✐✜❡❞ ❥✉✐❝❡✳ ❇♦t❤ ❡①tr❛❝t✐✈❡ ❛♥❞ ❧♦✇ t❡♠♣❡r❛t✉r❡

❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss❡s ✉s❡ ❛ s✉❜str❛t❡ ♦❢ ❤✐❣❤❡r ❝♦♥❝❡♥tr❛t✐♦♥ ✭✷✽✪ ❚❘❙✮ t❤❛♥ ❝♦♥✈❡♥✲

t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ✭❛r♦✉♥❞ ✶✼✪ ❚❘❙✮❀ t❤❡r❡❢♦r❡✱ ♠♦r❡ ❥✉✐❝❡ ♠✉st ❜❡ ❝♦♥❝❡♥tr❛t❡❞ ✐♥ t❤❡

❛❧t❡r♥❛t✐✈❡ ♣r♦❝❡ss❡s t❤❛♥ ✐♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♣r♦❝❡ss✳

✹ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥s

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

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

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

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

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

❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✱ ❛ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ✈✐♥❛ss❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦♥ ♠✉❧t✐♣❧❡ ✭✺✮ ❡✛❡❝ts

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

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

❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✐s ❧❛r❣❡r ❢♦r t❤❡ ❛❧t❡r♥❛t✐✈❡ ♣r♦❝❡ss❡s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✱ ✇❤✐❝❤

❞✐s♣❧❛②s s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❛s ✇❡❧❧✳ ❊❧❡❝tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥ ✐♥ t❤❡ ❡①tr❛❝t✐✈❡

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

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

❝❤❛♠❜❡r❀ t❤✉s✱ t❤❡ ❛♠♦✉♥t ♦❢ ❡❧❡❝tr✐❝✐t② ❛✈❛✐❧❛❜❧❡ ❢♦r s❛❧❡ ✐♥ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ✐s t❤❡ ❧♦✇✲

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

❢❡r♠❡♥t❛t✐♦♥✳

✶✺✽



❋✐❣✉r❡ ✼✿ ❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ❛♥❞ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✐♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥
♣r♦❝❡ss ✉s✐♥❣ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥✱ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ✇✐t❤ ✈✐♥❛ss❡ ❝♦♥❝❡♥✲
tr❛t✐♦♥✱ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✳

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

♣r♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥✳ ❖♥ ❋✐❣✉r❡ ✽ ❡①❤❛✉st st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ♦♥ ❡❛❝❤ ❝♦♥✜❣✉r❛t✐♦♥

✐s ❞✐s♣❧❛②❡❞✳

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

❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss❡s✱ s✐♥❝❡ ❡t❤❛♥♦❧ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❢❡❡❞

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

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

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

♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs✳ ■♥ ❛❞❞✐t✐♦♥✱ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❥✉✐❝❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ t❤❡

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

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

❢❡r♠❡♥t❛t✐♦♥✳

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

❢❡r♠❡♥t❛t✐♦♥ r❡❛❝t♦rs ✐♥ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✱ ♣❛rt ♦❢ t❤❡ ❤❡❛t r❡✲

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

❝♦♥t❡♥t ♦❢ t❤❡ ✇✐♥❡ ✐♥ t❤✐s ❝❛s❡ ✭✶✸✳✽✷ ➦●▲✮✱ t❤❡ ❛♠♦✉♥t ♦❢ ✈✐♥❛ss❡ ♣r♦❞✉❝❡❞ ✐s ♠✉❝❤ ❧♦✇❡r

✶✺✾



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

✈✐♥❛ss❡ ✐s ♥♦t s✉✣❝✐❡♥t t♦ ♣r♦❞✉❝❡ ❛❧❧ t❤❡ ❝❤✐❧❧❡❞ ✇❛t❡r r❡q✉✐r❡❞✳ ❚❤❡r❡❢♦r❡✱ ❡①❤❛✉st st❡❛♠

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

❋✐❣✉r❡ ✽✿ ❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♠❛✐♥ st❡♣s ✐♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢♦r t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧
❢❡r♠❡♥t❛t✐♦♥✱ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ✇✐t❤ ✈✐♥❛ss❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ ❧♦✇ t❡♠♣❡r❛t✉r❡ ❢❡r✲
♠❡♥t❛t✐♦♥ ❛♥❞ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✳

❱✐♥❛ss❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ ♠✉❧t✐♣❧❡ ❡✛❡❝t ❡✈❛♣♦r❛t♦rs r❡❞✉❝❡❞ ✈✐♥❛ss❡ ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡

❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss ❜② ♠♦r❡ t❤❛♥ ✹✵✪✱ ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✺✱ ♣r♦❞✉❝✐♥❣ t❤❡

s❛♠❡ ❛♠♦✉♥t ♦❢ ✈✐♥❛ss❡ ❛s t❤❛t ♦❢ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✱ ❝♦♥s✉♠✐♥❣ ❡①❤❛✉st

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

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

❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ r❡q✉✐r❡s ❛❜♦✉t ❛s ♠✉❝❤ st❡❛♠ ❛s t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥

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

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

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

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

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

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

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

♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❧❛tt❡r ❝❛s❡✳
✶✻✵



❚❛❜❧❡ ✺✿ ❱✐♥❛ss❡ ♣r♦❞✉❝t✐♦♥✱ ❡t❤❛♥♦❧ ❧♦ss❡s ❛♥❞ s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ❢♦r ❡❛❝❤
❝♦♥✜❣✉r❛t✐♦♥✳
P❛r❛♠❡t❡r ❈♦♥✈❡♥t✐♦♥❛❧ ❈♦♥✈❡♥t✐♦♥❛❧ ▲♦✇ t❡♠♣❡r❛t✉r❡ ❊①tr❛❝t✐✈❡

✭✈✐♥❛ss❡ ❝♦♥❝✳✮
❱✐♥❛ss❡ ♣r♦❞✉❝t✐♦♥

✶✶✳✵ ✺✳✾ ✻✳✷ ✺✳✼
✭♠✸✴♠✸ ❡t❤❛♥♦❧✮
❊t❤❛♥♦❧ ❧♦ss❡s ✭✪✮ ✵✳✹ ✵✳✹ ✵✳✸ ✵✳✻
❙✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝

✺✷✳✾ ✹✹✳✸ ✸✺✳✺ ✺✸✳✶
♠❛t❡r✐❛❧ ✭✪✮

❊t❤❛♥♦❧ ❧♦ss❡s ✐♥ t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ❛r❡ t❤❡ ❤✐❣❤❡st ❛♠♦♥❣ t❤❡ st✉❞✐❡❞ ❝♦♥✜❣✲

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

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

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

❜✉t✱ ❡✈❡♥ ✇✐t❤ t❤✐s r❡❝♦✈❡r② s②st❡♠✱ ♠♦r❡ ❡t❤❛♥♦❧ ✐s ❧♦st ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ❝♦♥✜❣✉r❛t✐♦♥s✳

◆❡✈❡rt❤❡❧❡ss✱ ❡t❤❛♥♦❧ ❧♦ss❡s ✐♥ t❤✐s s②st❡♠ ❛❝❝♦✉♥ts ❢♦r ♦♥❧② ✵✳✻✪ ♦❢ t❤❡ t♦t❛❧ ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥✳

❙✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✐s t❤❡ ❧❛r❣❡st ❢♦r t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✱

❛❝❝♦✉♥t✐♥❣ ❢♦r ✺✸✪ ♦❢ t❤❡ ♦✈❡r❛❧❧ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ❛✈❛✐❧❛❜❧❡ ✭s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞

✺✵✪ ♦❢ t❤❡ tr❛s❤ r❡❝♦✈❡r❡❞ ❢r♦♠ t❤❡ ✜❡❧❞✮✳

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

❞✉❝❡s t❤❡ ❧❛r❣❡st ❛♠♦✉♥t ♦❢ ❡t❤❛♥♦❧ ✭✽✼✳✸ ▲ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣❡r t♦♥ ♦❢ s✉❣❛r❝❛♥❡✱ ❛s

♦♣♣♦s❡❞ t♦ ✽✸✳✸ ❢♦r t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ✽✻✳✺ ❢♦r t❤❡ ❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✮

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

t❤❡ ❧♦✇❡st s✉r♣❧✉s ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧✳ ◆❡❛r❧② ✶✺✪ ♦❢ t❤❡ ❡♥t✐r❡ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥

♦❢ t❤❡ ♣r♦❝❡ss ✭❝♦♥s✐❞❡r✐♥❣ ❡①❤❛✉st st❡❛♠ ♦♥❧②✮ ♦❝❝✉rs ✐♥ t❤❡ ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ ❛❜s♦r♣t✐♦♥

s②st❡♠❀ ❛❧t❡r♥❛t✐✈❡s ❢♦r ❝❤✐❧❧❡❞ ✇❛t❡r ♣r♦❞✉❝t✐♦♥✱ s✉❝❤ ❛s st❡❛♠ ❥❡t ❡❥❡❝t♦rs✱ ♠❛② r❡❞✉❝❡

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

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

♠❛② ♣r♦✈✐❞❡ ♣❛rt ♦❢ t❤❡ ❤❡❛t r❡q✉✐r❡❞ ❜② t❤✐s s②st❡♠✱ r❡❞✉❝✐♥❣ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤✐s

❝♦♥✜❣✉r❛t✐♦♥✳

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

tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥✳ ❆♥ ❡①❛♠♣❧❡ ✐s t❤❡ ✉s❡ ♦❢ ❛ s❡r✐❡s ♦❢ ✢❛s❤ ❝❤❛♠❜❡rs ❛t t❡♠♣❡r❛t✉r❡s

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

✈❛♣♦r str❡❛♠s ❛♥❞ ✇✐♥❡ ✕ t❤✐s ❛❧t❡r♥❛t✐✈❡ ❝♦✉❧❞ r❡❞✉❝❡ ❡❧❡❝tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥ s✐❣♥✐✜❝❛♥t❧②✱

✶✻✶



❜✉t r❡♠❛✐♥s t♦ ❜❡ ❡✈❛❧✉❛t❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧✳

✺ ❈♦♥❝❧✉s✐♦♥s

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

♣❛r✐♥❣ t❤r❡❡ ❞✐✛❡r❡♥t ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss❡s✿ ❝♦♥✈❡♥t✐♦♥❛❧ ✭❢❡❞✲❜❛t❝❤✮✱ ❧♦✇ t❡♠♣❡r❛t✉r❡

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

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

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

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

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

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

❝♦♥❝❡♥tr❛t✐♦♥ ✐s ❝❛rr✐❡❞ ♦✉t t♦ ♣r♦❞✉❝❡ t❤❡ s❛♠❡ ❛♠♦✉♥t ♦❢ ✈✐♥❛ss❡ ❛s t❤❛t ♣r♦❞✉❝❡❞ ✐♥ t❤❡

❡①tr❛❝t✐✈❡ ❢❡r♠❡♥t❛t✐♦♥✱ t❤❡r❡ ✐s ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ ❛♠♦✉♥t

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

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

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

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

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

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

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

♣r♦❞✉❝❡❞ ❢♦r s❛❧❡ ✐♥ t❤❡ ✜rst ❝❛s❡✳ ▼♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s❡s ❝♦♥❝❡r♥✐♥❣ t❤❡ ♦♣t✐♠✐③❛t✐♦♥

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

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

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

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

❛♥❞ r❡❞✉❝✐♥❣ t❤❡ ✈✐♥❛ss❡ ♣r♦❞✉❝t✐♦♥✳

✻ ❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❚❤❡ ❛✉t❤♦rs ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❈✳ ❨❛♠❛❦❛✇❛ ❢♦r ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❧♦✇ t❡♠♣❡r❛t✉r❡

❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳

✶✻✷



❘❡❢❡r❡♥❝❡s

❆t❛❧❛✱ ❉✳✱ ✷✵✵✹✳ ▼♦♥t❛❣❡♠✱ ✐♥str✉♠❡♥t❛çã♦✱ ❝♦♥tr♦❧❡ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❡

✉♠ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ P❤✳❉✳ t❤❡s✐s✱ ❋❛❝✉❧❞❛❞❡ ❞❡

❊♥❣❡♥❤❛r✐❛ ❞❡ ❆❧✐♠❡♥t♦s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✳

❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ▲♦③❛♥♦✱ ▼✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞

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

❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✹✽✱ ✷✾✼✽✕✷✾✽✼✳

▼❛♥t❡❧❛tt♦✱ P✳✱ ✷✵✶✵✳ ❙✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ❞❛t❛✱ ♣r✐✈❛t❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳

▼❛r✐❛♥♦✱ ❆✳✱ ❈♦st❛✱ ❈✳✱ ❆♥❣❡❧✐s✱ ❉✳✱ ▼❛✉❣❡r✐ ❋✐❧❤♦✱ ❋✳✱ ❆t❛❧❛✱ ❉✳✱ ▼❛❝✐❡❧✱ ▼✳ ❲✳✱ ❋✐❧❤♦✱

❘✳ ▼✳✱ ✷✵✶✵✳ ❖♣t✐♠✐s❛t✐♦♥ ♦❢ ❛ ❝♦♥t✐♥✉♦✉s ✢❛s❤ ❢❡r♠❡♥t❛t✐♦♥ ❢♦r ❜✉t❛♥♦❧ ♣r♦❞✉❝t✐♦♥

✉s✐♥❣ t❤❡ r❡s♣♦♥s❡ s✉r❢❛❝❡ ♠❡t❤♦❞♦❧♦❣②✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥ ✽✽✱

✺✻✷✕✺✼✶✳

▼❛✉❣❡r✐✱ ❋✳✱ ❆t❛❧❛✱ ❉✳✱ ✷✵✵✻✳ Pr♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❛ ✈á❝✉♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧✳ ❚❡❝❤✳ r❡♣✳✱ ❇r❛s✐❧✱ ♣❛t❡♥t❡ P■ ✵✺✵✵✸✷✶✲✵ ❆✳

▼♦r❛♥❞✐♥✱ ▼✳✱ ❚♦✛♦❧♦✱ ❆✳✱ ▲❛③③❛r❡tt♦✱ ❆✳✱ ▼❛ré❝❤❛❧✱ ❋✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❆✳✱ ✷✵✶✶✳ ❙②♥✲

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

✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛ ❈❍P s②st❡♠✳ ❊♥❡r❣② ✸✻✱ ✸✻✼✺✕✸✻✾✵✳

▼✉ss❛tt♦✱ ❙✳✱ ❉r❛❣♦♥❡✱ ●✳✱ ●✉✐♠❛rã❡s✱ P✳✱ ❙✐❧✈❛✱ ❏✳✱ ❈❛r♥❡✐r♦✱ ▲✳✱ ❘♦❜❡rt♦✱ ■✳✱ ❱✐❝❡♥t❡✱ ❆✳✱

❉♦♠✐♥❣✉❡s✱ ▲✳✱ ❚❡✐①❡✐r❛✱ ❏✳✱ ✷✵✶✵✳ ❚❡❝❤♥♦❧♦❣✐❝❛❧ tr❡♥❞s✱ ❣❧♦❜❛❧ ♠❛r❦❡t✱ ❛♥❞ ❝❤❛❧❧❡♥❣❡s

♦❢ ❜✐♦✲❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳ ❇✐♦t❡❝❤♥♦❧♦❣② ❆❞✈❛♥❝❡s ✷✽✱ ✽✶✼✕✽✸✵✳

❖❧✐✈ér✐♦✱ ❏✳✱ ❇❛rr❡✐r❛✱ ❙✳ ❚✳✱ ❇♦s❝❛r✐♦❧✱ ❋✳✱ ❈és❛r✱ ❆✳✱ ❨❛♠❛❦❛✇❛✱ ❈✳✱ ✷✵✶✵✳ ❆❧❝♦❤♦❧✐❝ ❢❡r✲

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

✻✸✼✕✻✹✷✳

P❡❧❧❡❣r✐♥✐✱ ▲✳✱ ❖❧✐✈❡✐r❛ ❏✉♥✐♦r✱ ❙✳✱ ✷✵✶✶✳ ❈♦♠❜✐♥❡❞ ♣r♦❞✉❝t✐♦♥ ♦❢ s✉❣❛r✱ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝✲

tr✐❝✐t②✿ ❚❤❡r♠♦❡❝♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛♥❛❧②s✐s ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥✳ ❊♥❡r❣② ✸✻✱ ✸✼✵✹✕

✸✼✶✺✳

P❤✐s❛❧❛♣❤♦♥❣✱ ▼✳✱ ❙r✐r❛tt❛♥❛✱ ◆✳✱ ❚❛♥t❤❛♣❛♥✐❝❤❛❦♦♦♥✱ ❲✳✱ ✷✵✵✻✳ ▼❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✐♥❣

t♦ ✐♥✈❡st✐❣❛t❡ t❡♠♣❡r❛t✉r❡ ❡✛❡❝t ♦♥ ❦✐♥❡t✐❝ ♣❛r❛♠❡t❡rs ♦❢ ❡t❤❛♥♦❧ ❢❡r♠❡♥t❛t✐♦♥✳ ❇✐♦✲

❝❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❏♦✉r♥❛❧ ✷✽✱ ✸✻✕✹✸✳

✶✻✸



P✐♣♣♦✱ ❲✳✱ ▲✉❡♥❣♦✱ ❈✳✱ ❆❧❜❡rt❡r✐s✱ ▲✳ ❆✳ ▼✳✱ ●❛r③♦♥❡✱ P✳✱ ❈♦r♥❛❝❝❤✐❛✱ ●✳✱ ✷✵✶✶✳ ❊♥❡r❣②

r❡❝♦✈❡r② ❢r♦♠ s✉❣❛r❝❛♥❡✲tr❛s❤ ✐♥ t❤❡ ❧✐❣❤t ♦❢ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❢✉❡❧s✳ P❛rt ✶✿ ❈✉rr❡♥t

s✐t✉❛t✐♦♥ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛s♣❡❝ts✳ ❲❛st❡ ❇✐♦♠❛ss ❱❛❧♦r ✷✱ ✶✕✶✻✳

❘✐✈❡r❛✱ ❊✳✱ ❈♦st❛✱ ❆✳✱ ❆t❛❧❛✱ ❉✳✱ ▼❛✉❣❡r✐✱ ❋✳✱ ▼❛❝✐❡❧✱ ▼✳ ❲✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ✷✵✵✻✳ ❊✈❛❧✉❛t✐♦♥

♦❢ ♦♣t✐♠✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ❢♦r ♣❛r❛♠❡t❡r ❡st✐♠❛t✐♦♥✿ ❆♣♣❧✐❝❛t✐♦♥ t♦ ❡t❤❛♥♦❧ ❢❡r♠❡♥t❛✲

t✐♦♥ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❡✛❡❝t ♦❢ t❡♠♣❡r❛t✉r❡✳ Pr♦❝❡ss ❇✐♦❝❤❡♠✐str② ✹✶✱ ✶✻✽✷✕✶✻✽✼✳

❙❡❛❜r❛✱ ❏✳✱ ❚❛♦✱ ▲✳✱ ❈❤✉♠✱ ❍✳✱ ▼❛❝❡❞♦✱ ■✳✱ ✷✵✶✵✳ ❆ t❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

❡✛❡❝ts ♦❢ ❝❡♥tr❛❧✐③❡❞ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ❛♥❞ ❝♦✲♣r♦❞✉❝ts r❡✜♥❡r② ♦♣t✐♦♥s ✇✐t❤ s✉❣❛r❝❛♥❡

♠✐❧❧ ❝❧✉st❡r✐♥❣✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✹✱ ✶✵✻✺✕✶✵✼✽✳

❙✐❧✈❛✱ ❋✳✱ ❘♦❞r✐❣✉❡s✱ ▼✳✱ ▼❛✉❣❡r✐✱ ❋✳✱ ✶✾✾✾✳ ❉②♥❛♠✐❝ ♠♦❞❡❧❧✐♥❣✱ s✐♠✉❧❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛✲

t✐♦♥ ♦❢ ❛♥ ❡①tr❛❝t✐✈❡ ❝♦♥t✐♥✉♦✉s ❛❧❝♦❤♦❧✐❝ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss✳ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧

❚❡❝❤♥♦❧♦❣② ❛♥❞ ❇✐♦t❡❝❤♥♦❧♦❣② ✼✹✱ ✶✼✻✕✶✽✷✳

❙♦♠❡rs✱ ❈✳✱ ✷✵✵✾✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❛❜s♦r♣t✐♦♥ ❝②❝❧❡s ❢♦r ✐♥t❡❣r❛t✐♦♥ ✐♥t♦ r❡✜♥✐♥❣ ♣r♦❝❡ss❡s✳

▼❛st❡r✬s t❤❡s✐s✱ ❯♥✐✈❡rs✐t② ♦❢ ▼❛r②❧❛♥❞✱ ❈♦❧❧❡❣❡ P❛r❦✳

✶✻✹



❈❛♣ít✉❧♦ ✼

Pr♦❝❡ss♦s ✐♥❞❡♣❡♥❞❡♥t❡s ❡ ✐♥t❡❣r❛❞♦s ❞❡

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦

✼✳✶ ■♥tr♦❞✉çã♦

❆♦ ❝♦♥trár✐♦ ❞♦ ❇r❛s✐❧✱ ♦♥❞❡ ♦s ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ❞❡r✐✈❛❞♦s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r

✭❜❛❣❛ç♦ ❡ ♣❛❧❤❛✮ sã♦ ❝♦♥s✐❞❡r❛❞♦s ❛ ♠❛tér✐❛ ♣r✐♠❛ ❝♦♠ ♠❛✐♦r ♣♦t❡♥❝✐❛❧ ❞❡ ✉s♦ ♥❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✱ ♦✉tr♦s ♣❛ís❡s tê♠ ❜✉s❝❛❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❧✐❣♥♦❝❡❧✉❧ó✲

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

❣❡r❛çã♦ ✭❑❆❩■ ❡t ❛❧✳✱ ✷✵✶✵❀ ●❖◆❩❆▲❊❩ ❡t ❛❧✳✱ ✷✵✶✶❀ P■❈❈❖▲❖❀ ❇❊❩❩❖✱ ✷✵✵✾✮✳ ❈♦♠♦ ♦

❜❛❣❛ç♦ ❥á ❡stá ❞✐s♣♦♥í✈❡❧ ♥❛ ♣❧❛♥t❛ ♦♥❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ é ♣r♦❞✉③✐❞♦✱ ♦ ♣r♦❝❡s✲

s❛♠❡♥t♦ ❞♦ ❜❛❣❛ç♦ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ♣♦❞❡ ❝♦♠♣❛rt✐❧❤❛r ♣❛rt❡

❞♦s ❡q✉✐♣❛♠❡♥t♦s ❡①✐st❡♥t❡s✱ ❝♦♠♦ ❛s ✉♥✐❞❛❞❡s ❞❡ ❝♦♥❝❡♥tr❛çã♦✱ ❢❡r♠❡♥t❛çã♦✱ ❞❡st✐❧❛çã♦✱

❝♦❣❡r❛çã♦ ❡ ❛r♠❛③❡♥❛♠❡♥t♦ ✭❉■❆❙ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❆❧é♠ ❞✐ss♦✱ ❡✈❡♥t✉❛✐s ✐♥✐❜✐❞♦r❡s ❢♦r♠❛❞♦s

♥❛ ❡t❛♣❛ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❞❛ ♠❛tér✐❛ ♣r✐♠❛ t❡rã♦ ❡❢❡✐t♦s r❡❞✉③✐❞♦s ♥♦s r❡♥❞✐♠❡♥t♦s ❡

♣r♦❞✉t✐✈✐❞❛❞❡ ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✱ ❥á q✉❡ ♦ ❧✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ♣♦❞❡ s❡r ❢❡r♠❡♥t❛❞♦ ❡♠

♠✐st✉r❛ ❝♦♠ ♦ ❝❛❧❞♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ◆♦ ❡♥t❛♥t♦✱ é ♥❡❝❡ssár✐♦ ❞❡t❡r♠✐♥❛r ❛ ✈✐❛❜✐❧✐❞❛❞❡

❞❡ ♣❧❛♥t❛s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ✉s❛♥❞♦ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛

✶✻✺



❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛✱ ❥á q✉❡ ❛✐♥❞❛ ♥ã♦ ❡stá ❞❡✜♥✐❞❛ ❛ ❝♦♥✜❣✉r❛çã♦ ót✐♠❛

❞❡st❡ ♣r♦❝❡ss♦✳

✼✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦

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

s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤✱ ♣✉❜❧✐❝❛❞♦ ♥❛ r❡✈✐st❛ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣②✶✱ ❛ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❛ ♣❛rt✐r ❞❛s ❢r❛çõ❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝❛s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r é ❛✈❛✲

❧✐❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ✭♣❧❛♥t❛ ✐♥t❡❣r❛❞❛ ❛♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧

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

r❡♥❞✐♠❡♥t♦s ❡ t❡♦r❡s ❞❡ só❧✐❞♦s ♥❛ ❤✐❞ró❧✐s❡✱ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞❛s ♣❡♥t♦s❡s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❡♥❡r❣✐❛ ♣♦r ❜✐♦❞✐❣❡stã♦ ♦✉ ❢❡r♠❡♥t❛çã♦ ❛ ❡t❛♥♦❧✮✱ q✉❡ sã♦ ❝♦♠♣❛r❛❞❛s à ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ ❡ ❡❧❡tr✐❝✐❞❛❞❡✳ ❆♥á❧✐s❡ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞❛s ❛❧t❡r♥❛t✐✈❛s ♠♦str♦✉ q✉❡

❛t✉❛❧♠❡♥t❡✱ ♦ ✉s♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ❡♠ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦

❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❡♠ ♣❧❛♥t❛s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ é ♠❛✐s ✈❛♥t❛❥♦s♦✱

❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❡❝♦♥ô♠✐❝♦✱ q✉❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ✉s❛♥❞♦ ❜❛✲

❣❛ç♦ ❡ ♣❛❧❤❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦ ♠é❞✐♦ ♣r❛③♦✱ q✉❛♥❞♦

t❡❝♥♦❧♦❣✐❛s ♠❛✐s ❛✈❛♥ç❛❞❛s ❞❡ ❤✐❞ró❧✐s❡ ❡ ❛♣r♦✈❡✐t❛♠❡♥t♦ ❞❛s ♣❡♥t♦s❡s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❡st✐✈❡r❡♠ ❞✐s♣♦♥í✈❡✐s✱ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ✐♥t❡❣r❛❞❛ ❛ ♣❧❛♥t❛s

❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ é ♠❛✐s ❧✉❝r❛t✐✈❛✳ ❆ ♣❧❛♥t❛ ✐♥❞❡♣❡♥❞❡♥t❡ ♣❛r❛ ♣r♦❞✉✲

çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ✉s❛♥❞♦ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ ❡①❝❡❞❡♥t❡s ❞❡ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡

♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ ❛♣r❡s❡♥t❛ ✐♥✈❡st✐♠❡♥t♦ r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞♦✱ ❡

♠❡s♠♦ ❝♦♠ t❡❝♥♦❧♦❣✐❛s ❛✈❛♥ç❛❞❛s ❞❡ ❤✐❞ró❧✐s❡ ❛♣r❡s❡♥t❛ ♣✐♦r❡s r❡s✉❧t❛❞♦s ❡❝♦♥ô♠✐❝♦s q✉❡
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a b s t r a c t

Ethanol production from lignocellulosic materials is often conceived considering independent, stand-
alone production plants; in the Brazilian scenario, where part of the potential feedstock (sugarcane
bagasse) for second generation ethanol production is already available at conventional first generation
production plants, an integrated first and second generation production process seems to be the most
obvious option. In this study stand-alone second generation ethanol production from surplus sugarcane
bagasse and trash is compared with conventional first generation ethanol production from sugarcane and
with integrated first and second generation; simulations were developed to represent the different tech-
nological scenarios, which provided data for economic and environmental analysis. Results show that the
integrated first and second generation ethanol production process from sugarcane leads to better eco-
nomic results when compared with the stand-alone plant, especially when advanced hydrolysis technol-
ogies and pentoses fermentation are included.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing concerns about climate change and energy security
have motivated the search for alternative forms of energy
(Karuppiah et al., 2008). Since the transportation sector is responsi-
ble for a significant fraction of the greenhouse gases emissions, sub-
stitution of oil derived fuels by biofuels, like ethanol, could
significantly decrease environmental impacts, besides providing
gains on the socio-economic levels as well.

Brazil and the US are the world’s largest bioethanol producers,
using sugarcane and corn as feedstock, respectively. In the
Brazilian sugarcane industry, large amounts of lignocellulosic
materials (sugarcane bagasse and trash) are produced during sugar
and ethanol production. Sugarcane bagasse is currently used as
fuel, supplying the energy required for the plant, while sugarcane
trash, previously burnt to improve the harvest procedure, is today
mostly left in the field for agricultural purposes (Alonso Pippo
et al., 2011). Therefore, banning of burning practices significantly
improved the amount of sugarcane trash available for use in the
industry (Seabra et al., 2010).

Second generation bioethanol, produced from lignocellulosic
materials, has been envisioned as the biofuel with the largest po-
tential to replace fossil derived fuels with lower impacts than the
conventional, first generation bioethanol (Martín and Grossmann,
in press; Ojeda et al., 2011; Seabra et al., 2010). Besides being
cheap and abundant, production of lignocellulosic materials has
limited competition with food production, thus they do not com-
promise food security (Alvira et al., 2010; Čuček et al., 2011). In
the sugarcane industry another advantage for the use of lignocellu-
losic material as feedstock for bioethanol production is clear: since
they are already available at plant site (for bagasse), or close to it
(trash), second generation bioethanol production may share part
of the infrastructure where first generation ethanol production
takes place (for instance concentration, fermentation, distillation,
storage and cogeneration facilities). In addition, potential fermen-
tation inhibitors generated in the lignocellulosic material pretreat-
ment may have a decreased effect on fermentation yields, since the
hydrolyzed liquor may be fermented mixed with sugarcane juice,
diluting these inhibitors. Nevertheless, the recalcitrance of ligno-
cellulosic materials hinders the transformation of cellulose into
fermentable sugars; the second generation ethanol production pro-
cesses therefore require more sophisticated equipment and invest-
ment than conventional first generation ethanol production
(Nigam and Singh, 2011).

Since second generation ethanol production is not yet a com-
mercial reality, different process configurations have been investi-
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gated in order to develop efficient conversion processes. Several
authors have analyzed biorefineries configurations through model-
ing and simulation (Alvarado-Morales et al., 2009; Čuček et al.,
2011; Dias et al., 2009; Huang et al., 2009; Kazi et al., 2010; Seabra
et al., 2010; Tao and Aden, 2009). Čuček et al. (2011) studied the
integration of the first and second generation ethanol production
from the entire corn plant (corn grain and stover). Seabra and
Macedo (2011) indicate that the conclusions of such strategies
are dependent on the assumptions and geographical region of
application, thus the analyses made should be carried out consid-
ering local and specific technical parameters in order to correspond
to reality.

Production of second generation ethanol from sugarcane ba-
gasse and trash was evaluated for stand-alone and integrated (with
first generation ethanol production from sugarcane juice) plants.
An optimized first generation plant, with decreased steam con-
sumption and recovery of 50% of the trash produced in the field,
among other improvements over conventional bioethanol produc-
tion, was used as basis for the analysis. Different hydrolysis tech-
nologies, including improvements on hydrolysis yields, pentoses
biodigestion and fermentation to ethanol, were evaluated. The in-
crease on ethanol production due to the use of sugarcane lignocel-
lulosic fractions as feedstock for second generation was evaluated
for the selected technologies. Sensitivity analyses were carried out
to assess the impact of changes of important parameters (prices,
investment and inputs) on the economic and environmental
indicators.

2. Methods

2.1. First generation ethanol production

For first generation bioethanol production process, data were
collected from the literature (Ensinas et al., 2007; Macedo et al.,
2008), obtained at an industrial plant or from interviews with spe-
cialists. Anhydrous bioethanol production from sugarcane in an
autonomous distillery is comprised by the major steps illustrated

in Fig. 1. Details about the process may be found in a previous
study (Dias et al., 2011a).

Because sugarcane bagasse is used as a fuel in the conven-
tional bioethanol production from sugarcane, the autonomous
distillery must reduce its process steam consumption in order
to produce larger amounts of lignocellulosic material surplus,
which will be used as feedstock for second generation ethanol
production.

An optimized autonomous first generation distillery is assumed
in this study, on which efficient 90 bar boilers are employed, and
ethanol dehydration is done employing molecular sieves (which
present lower steam consumption in comparison with other com-
mercial dehydration methods) (Simo et al., 2008). All the drivers
are electrified, which represents the current trend for new plants
in Brazil (Seabra et al., 2010). In addition, a 20% reduction on pro-
cess (2.5 bar) steam consumption was assumed: it may be
achieved by means of process integration (Dias et al., 2011b).

The main parameters of the optimized first generation plant are
displayed in Table 1.

2.2. Second generation ethanol production

Second generation ethanol production consists of pretreatment
and hydrolysis of the lignocellulosic material. The available ligno-
cellulosic material is sent to the pretreatment operation, comprised
by steam explosion followed, or not, by an alkaline delignification
step (depending on the scenario configuration). In the steam explo-
sion, most (70%) of the hemicellulose is hydrolyzed into pentoses,
with small cellulose losses and no lignin solubilization (Ojeda
et al., 2011). The pretreated solids are separated from the obtained
pentoses liquor using a filter; pentoses are either fermented into
ethanol or biodigested (producing biogas for the cogeneration sys-
tem), depending on the scenario configuration.

In some configurations pretreatment is followed by an alkaline
delignification step, where most of the lignin is removed from the
pretreated material decreasing its inhibitory effects on enzymes in
the enzymatic hydrolysis step (Rocha et al., 2012).

Fig. 1. Block flow diagram of the optimized autonomous distillery producing anhydrous bioethanol from sugarcane.
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The solid fraction obtained after filtration of the material is sent
to enzymatic hydrolysis. The hydrolyzed liquor produced in the
enzymatic hydrolysis, rich in glucose, is separated from the unre-
acted solids (residual cellulignin), which are used as fuels in the
cogeneration system. In the integrated process, the hydrolyzed li-
quor is mixed with sugarcane juice; thus, concentration, fermenta-
tion, distillation and dehydration operations are shared between
both processes. The same conversion of first generation fermenta-
tion reactions (conversion of glucose to ethanol) was assumed for
the second generation process, both in the integrated and
stand-alone configurations.

Three technological scenarios were created in order to evaluate
second generation ethanol production from sugarcane bagasse and
trash, considering different yields, solids loading on hydrolysis and
destination of pentoses (biodigestion to biogas used in the cogene-
ration system or fermentation to ethanol). Two levels for hydrolysis
were considered: current technology (low yield, low solids loading)
and a second level, potentially available in 2015 (higher yields and
solids loading, lower investment and lower enzyme cost). In both
scenarios steam explosion is the pretreatment method, but in the
2015 technology scenario it is followed by an alkaline delignifica-
tion step, which leads to higher yields on the subsequent enzymatic
hydrolysis step due to removal of lignin (Yin et al., 2011). Pentoses
produced during pretreatment are either biodigested, producing
biogas for use as a fuel, increasing the amount of surplus lignocel-
lulosic material, or fermented to ethanol. Fermentation of pentoses
to ethanol is assumed to be available only at themost futuristic sce-
narios (possible scenario in 2015–2020) because conventional
microorganisms employed in industrial fermentation processes
are not able to ferment pentoses. Gírio et al. (2010) provided an
extensive review on the processes through which hemicellulose
may be converted to ethanol. Fermentation yields of 95% have been
reported, but several problems (microorganism tolerance to etha-
nol and other inhibitors and low productivity among them) remain
to be solved in order for those high yields to be achieved at indus-

trial operations. In this work a conversion of 80% of pentoses to eth-
anol was adopted in the scenarios where pentoses fermentation is
assumed.

A block-flow diagram of the integrated first and second genera-
tion ethanol production from sugarcane is displayed in Fig. 2.

Characteristics of the different technologies including yields
and operating conditions are reported in Table 2, and are based
on literature data (Leibbrandt et al., 2011; Ojeda et al., 2011) and
on information provided by specialists.

In addition to the technical parameters displayed in Table 2, the
2015 technology for second generation ethanol production would
present lower investment, mainly due to the decrease on hydroly-
sis reactors size, as well as lower enzymes costs, when compared
with current technology. These data are shown in Section 2.5.

2.3. Scenarios definition

In order to compare integrated and stand-alone second genera-
tion ethanol production, different scenarios were simulated and
evaluated. Their characteristics are shown in Table 3. In all scenarios
a 20% reduction on process (2.5 bar) steam consumption was as-
sumed, including thosewith second generation ethanol production.

Scenario 1 represents the optimized autonomous distillery with
maximization of surplus electricity (all the bagasse and trash are
used as fuels for electricity production). In scenario 1a bagasse
and trash are burnt only to supply the energy demand of the plant;
thus, there is a surplus of lignocellulosic material which is sold to
be processed in the stand-alone second generation plant (scenario
5). Nevertheless, surplus electricity is sold in all scenarios because
efficient, high pressure boilers are employed and the amount of
electricity produced due to steam expansion on back pressure
steam turbines is larger than the electricity demand of the pro-
cesses. In scenario 2, integrated first and second generation (with
current hydrolysis technology) and pentoses biodigestion takes
place. Scenarios 3 and 4 represent integrated first and second gen-
eration (with 2015 expected hydrolysis technology) and pentoses
biodigestion and fermentation, respectively. Scenario 5 represents
the stand-alone second generation plant with 2015 expected tech-
nology and pentoses fermentation; this plant presents, besides the
pretreatment and hydrolysis units, independent fermentation, dis-
tillation and cogeneration sections, since it is not integrated to a
first generation facility.

2.4. Process simulation procedure

Simulations of the different scenarios were carried out using
software Aspen Plus. Since components of the lignocellulosic mate-
rial were not available in the Aspen Plus databank, their properties
were obtained from the databank for biofuels components devel-
oped by the NREL (Wooley and Putsche, 1996); however, lignin
structure was modified to represent sugarcane lignin, with molec-
ular formula C9O2.9H8.6(OCH3) and its enthalpy of formation was
determined based on enthalpy of combustion (27,000 kJ/kg) given
by Stanmore (2010), resulting in 25,689 kJ/kg. Fiber components
(cellulose, hemicellulose and lignin) were inserted as solids;
streams containing those components are defined as MIXCISLD
streams in the simulation, which represent streams with conven-
tional solids with no particle distribution.

As an example, the simulation flowsheet developed to represent
scenario 3 is illustrated in Fig. 3; in this configuration the pentoses
released during pretreatment are sent to the cogeneration system,
where biodigestion takes place.

All the unit operations necessary to represent the process were
inserted into the correspondent hierarchy block (MILLS for sugar-
cane cleaning and extraction of sugars; TREATFER for juice treat-
ment and fermentation; DISTILL for distillation; DEHYD for

Table 1

Parameters adopted in the simulation of the optimized autonomous distillery.

Parameter Value

Sugarcane processed (wet basis) 500 TC/ha

Days of operation 167 days/year
Sugarcane trash produced (dry basis) 140 kg/TC
Sugarcane total reducing sugars content (wet basis) 15.3%
Sugarcane fibers content (wet basis) 13%
Sugarcane bagasse/trash cellulose content (dry basis) 43.38%
Sugarcane bagasse/trash hemicellulose content (dry

basis)
25.63%

Sugarcane bagasse/trash lignin content (dry basis) 23.24%
Sugarcane bagasse moisture 50%
Sugarcane trash moisture 15%
Efficiency of juice extraction in the mills 96%
Fermentation efficiency 90%
Ethanol content of the wine fed in the distillation

columns
8.5�GL

Hydrated ethanol (HE) purity 93 wt.%
Anhydrous ethanol (AE) purity 99.6 wt.%
Fraction of bagasse for start-ups of the plant 5%
Fraction of trash recovered from the field 50%
90 bar boiler efficiency – LHV basis 87%
90 bar steam temperature 520 �C
Turbines isentropic efficiency – 1st stage 72%
Turbines isentropic efficiency – 2nd stage 81%
Generator efficiency 98%
Steam pressure – process 2.5 bar
Steam pressure – molecular sieves 6 bar
Process electric energy consumption 30 kWh/TC
Molecular sieves steam consumption 0.6 kg steam/

LAEb

a TC: metric tons of sugarcane.
b LAE: liter of anhydrous ethanol.
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dehydration, COGEN for cogeneration and 2G for second genera-
tion – pretreatment and hydrolysis, as shown in Fig. 3). The main
parameters used to simulate the first generation ethanol produc-

tion were displayed in Table 1. More details about the simulation
are provided in the Appendix.

Due to the various recycle streams present in the simulation,
convergence of the process is not easily achieved. This is a conse-
quence of the fact that the exact amount of surplus lignocellulosic
material (stream LM in Fig. 3) directed for 2G process depends on
the amount of residues (LIGNIN, CELLULOS and PENTOSE) pro-
duced in second generation operations (represented by the block
2G) and on the entire steam consumption of the process, which
in turn depends on the amount of hydrolyzed liquor (HYDROL)
sent to fermentation with the sugarcane juice.

2.5. Economic analysis

Investment data for the first generation autonomous distillery
were calculated based on data provided by Dedini (one of the ma-
jor equipment manufacturer for the ethanol industry in Brazil): a
conventional autonomous distillery, crushing two million tons of
sugarcane per year, operating with 22 bar boilers and with azeo-
tropic distillation as the ethanol dehydration method costs around
US$ 180 million (exchange rate of R$ 1.76 = US$ 1.00 – 2010 aver-
age). Most of the investment lies on the extraction sector (US$ 27
million), juice treatment, fermentation and distillation (US$ 31
million) and cogeneration (US$ 54 million). Since an optimized dis-
tillery was considered as a basis in this study, an increase of 40% on
the investment of the distillation and cogeneration sectors was as-
sumed due to the use of molecular sieves as dehydration method
and of 90 bar boilers for steam generation. An additional increase
of 10% on the investment of the distillation sector was assumed
to account for the heat exchanger network, which accounts for
the theoretical decrease of 20% on process steam consumption.
Changes in equipment capacity were correlated to costs consider-
ing a coefficient of 0.6 (Tao and Aden, 2009).

Investment for the second generation ethanol production plant
was based on data provided in the literature (CGEE, 2009), for two
technological levels: an integrated second generation ethanol pro-
duction plant processing 268 thousand tons of sugarcane bagasse
per year in 2015 costs around US$ 75 million, while a plant pro-
cessing 426 thousand tons of sugarcane bagasse per year in 2025
costs about US$ 80 million (values for 2010). In these figures a
reduction on the investment over time is assumed mainly due to
the decrease on hydrolysis reactors size. More details about the

Fig. 2. Simplified block flow diagram of the integrated first and second generation bioethanol production from sugarcane.

Table 2

Parameters adopted in the simulation of the second generation ethanol production
process.

Parameter Value

Pretreatment – hemicellulose conversion 70%
Pretreatment – cellulose conversion 2%
Pretreatment – temperature 190 �C
Pretreatment – reaction time 15 min
Alkaline delignification – lignin solubilization (2015

technology)
90%

Alkaline delignification – temperature (2015 technology) 100 �C
Alkaline delignification – reaction time (2015 technology) 1 h
Alkaline delignification – solids loading (2015 technology) 10%
Alkaline delignification – NaOH content (2015 technology) 1% (m/V)
Hydrolysis – cellulose conversion (current/2015

technology)
60/70%

Hydrolysis – hemicellulose conversion (current/2015
technology)

60/70%

Hydrolysis – solids loading (current/2015 technology) 10/15%
Hydrolysis – reaction time (current/2015 technology) 72/48 h
Pentose biodigestion – chemical oxygen demand (COD)

removal
70%

Pentose fermentation to ethanol conversion 80%
Filters – efficiency of solids recovery 99.5%
Filters – soluble solids losses 10%
Electricity consumption 24 kWh/ton

LMa

a LM: lignocellulosic material for second generation (wet basis).

Table 3

Characteristics of the evaluated scenarios.

Parameter Scenario

1 1a 2 3 4 5

1st generation ethanol production X X X X X
2nd generation ethanol production X X X X
Sell of surplus electricity X X X X X X
Sell of surplus bagasse X
Current technology for 2nd generation X
2015 technology for 2nd generation X X X
Pentoses biodigestion X X
Pentoses fermentation X X
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assumptions in the investment for second generation plants are
provided in a previous work (Dias et al., 2011c). The first value
was used to calculate the investment required on the current
hydrolysis technology scenario (scenario 2), while the second rep-
resents the 2015 expected hydrolysis technology (scenarios 3–5),
considering the amount of lignocellulosic material processed on
each scenario.

Economic analysis was carried out assuming the parameters
displayed in Table 4.

The internal rate of return (IRR) was evaluated using the param-
eters displayed on Table 4; the products production costs were cal-
culated as the prices which correspond to an IRR equal to zero,
considering the same reduction on ethanol and electricity prices
on each scenario. No differentiation between first and second gen-
eration ethanol was made when determining production costs.

2.6. Life cycle analysis

Environmental assessment was made by using the Life Cycle
Assessment (LCA). LCA is a method for determining the environ-
mental impact of a product (good or service) during its entire life
cycle or, as in the case of this study, from production of raw mate-
rials, transport of inputs and outputs and ethanol industrial pro-
cessing. The method consists of four main steps: goal and scope
definition, inventory analysis, impact assessment and interpreta-
tion (ISO, 1998, 2006a,b).

In goal and scope definition the intended application of the
study, system boundaries, functional unit and the level of detail
to be considered are defined. In this study system boundaries are
defined as cradle-to-gate and include all raw materials and emis-
sions of sugarcane cultivation, transport and industrial processing,
but the use and discard of the products are not included. Func-
tional unit considered is one kg of anhydrous ethanol.

Life cycle inventory (LCI) is the methodological step where an
overview is given of the environmental interventions (energy
use, resource extraction or emission to an environmental compart-
ment) caused by or required for the processes within the bound-
aries of the studied system. In this study, the inventories of the
sugarcane industrial biorefinery scenarios are based on the results
from computer simulations of the process, described in Sections
2.1–2.4. For agricultural stage, inventory is based on typical values
for sugarcane production in Center-South region of Brazil. It is
important to point out that differences in the agricultural produc-
tion system were considered because different amounts of vinasse
are returned to the agricultural field for fertirrigation in each sce-

nario and, consequently, different inputs for vinasse spreading
and different amounts of fertilizers are used in the agricultural
stage.

Impact assessment examines the environmental pressures of the
emissions and resource use quantified in the inventory analysis. The
software package SimaPro� (PRé Consultants B.V.) and the CML 2
Baseline 2000 v2.05methodhave been used as tools for the environ-
mental impact assessment (Guineé et al., 2002). The environmental
impacts are categorized into 10 environmental categories: Abiotic
Depletion (ADP) measured in kg of Sbeq.; Acidification (AP) mea-
sured in kg of SO2eq.; Eutrophication (EP) measured in kg of
PO�34 eq.; Global Warming (GWP) measured in kg of CO2eq.; Ozone
Layer Depletion (ODP)measured in kg of CFC-11eq.; Human Toxicity
(HTP) measured in kg of 1,4 DBeq. (dichlorobenzene); Fresh Water
Aquatic Ecotoxicity (FWAET) measured in kg of 1,4 DBeq; Marine
Aquatic Ecotoxicity (MAET) measured in kg of 1,4 DBeq.; Terrestrial
Ecotoxicity (TET) measured in kg of 1,4 DBeq.; and Photochemical
Oxidation (POP) measured in kg of C2H4eq. Identification of signifi-
cant issues, conclusions and recommendations are made in the
interpretation step. The approach applied is compliant with the
ISO 14040-14044 standards and follows the current state of the art
of LCA methodology documents (ISO, 2006a,b).

According to LCA methodology, allocation is required for multi-
output processes. In this study economic allocation based on the
market value of the process output (the same used for the produc-
tion costs) was applied, as specified in the ISO 14040-14044 docu-
ments (ISO, 2006a,b).

3. Results and discussion

3.1. Techno-economic analysis

The main results for the process simulation and economic anal-
ysis (anhydrous ethanol and surplus electricity production, ligno-
cellulosic material (LM) hydrolyzed, second generation ethanol
production, investment, internal rate of return (IRR) and produc-
tion costs) for each scenario are displayed in Table 5.

Besides ethanol and electricity, surplus lignocellulosic material
is sold as well in scenario 1a (for the stand-alone plant of scenario
5). The lignocellulosic material price in scenario 1a was calculated
to provide an IRR for scenario 1a equal to that of scenario 1; thus,
an opportunity price for the lignocellulosic material, that is, the
price it should have in order to grant the same profitability ob-
tained selling electricity on scenario 1, was calculated (approxi-
mately US$ 60/ton dry lignocellulosic material, using the average

Fig. 3. Simulation flow sheet developed in Aspen Plus for scenario 3: integrated first and second generation ethanol production from sugarcane, using advanced hydrolysis
technologies and pentoses biodigestion (TREATFER: juice treatment and fermentation; DISTILL: distillation; DEHYD: dehydration; HE: hydrated ethanol; COGEN:
cogeneration).
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prices for all the products and feedstock during the 2001–2010
period). This was the price of the feedstock for scenario 5.

Scenario 2, which represents the integrated first and second
generation ethanol production with the current hydrolysis tech-
nology, has the largest investment among the studied scenarios;
its IRR is only greater than that of the stand-alone second genera-
tion plant (scenario 5), but it presents the higher ethanol produc-
tion costs. The use of advanced hydrolysis technologies in the
integrated process improves ethanol production (scenarios 3 and
4), but only when pentoses fermentation takes place (scenario 4)
the IRR is larger than that of the optimized first generation auton-
omous distillery (scenario 1). The stand-alone second generation
plant (scenario 5) has the lowest IRR mainly due to large invest-
ment, which is close to that of scenario 1a, and low ethanol
production.

Second generation ethanol production increases from scenario 2
(158 L/ton dry lignocellulosic material – LM) to 3 (181 L/ton) due
to the use of more advanced hydrolysis technologies (higher yields
and solids loading), but significant improvements are only
achieved when pentoses are fermented to ethanol (scenarios 3
and 4), when ethanol production reaches 335 L/ton dry LM. The
difference in specific second generation ethanol production in sce-
narios 2 and 3 (158 and 181 L/ton LM – around 15%) is smaller than
the difference in second generation ethanol production in these
scenarios (19 and 24 L/TC – around 25%) because in scenario 3
higher solids loading are employed in hydrolysis reactors, leading
to a decrease on energy consumption (from 682 to 642 kg of steam
per ton of sugarcane in the entire process) and allowing for a larger
amount of lignocellulosic material to be hydrolyzed; thus, even
though higher hydrolysis yields produce less residues (unreacted
cellulose and lignin) that are used as fuels in the boiler, reduced
steam consumption leads to higher ethanol production in scenario
3.

It can be verified that the amount of ethanol and electricity pro-
duced adding the production of scenarios 1a (first generation plant
that produces the feedstock for the stand alone plant) and 5 (stand-
alone plant) is about the same as that produced on scenario 4 (inte-
grated process with advanced hydrolysis and pentoses fermenta-
tion), but the investment required is about 30% larger; the
internal rate of return of the stand-alone second generation plant
is significantly reduced, when compared with the integrated pro-
duction. In addition, ethanol production cost in scenario 4 is the
lowest among the evaluated scenarios. It is clear that mass and
energy integration between first and second generation ethanol

production and reduced steam consumption will play a significant
role in the feasibility of second generation ethanol production from
sugarcane. Thus, the integration of first and second generation eth-
anol production presents several advantages over the stand-alone,
second generation ethanol production plant, but more detailed
analyses considering important variables not evaluated in this
work, such as water use, and a detailed energy integration study
like that presented by Čuček et al. (2011), must be carried out.

3.2. Life cycle analysis

Fig. 4 compares the environmental impact indicators obtained
for the evaluated scenarios. These scores give the comparison of
environmental impact emanating from the life cycle of ethanol
production including agricultural production process, transport of
sugarcane, raw-materials, consumables and industrial residues
back to the field and industrial conversion in the biorefinery.

Considering only the first generation processes, it can be
observed that the scenario maximizing electricity output (scenario
1) outperforms scenario with lignocellulosic material output
(scenario 1a). The inputs for these two processes are similar; how-
ever, differences observed on their environmental impacts are
mainly due to higher allocation factor to the ethanol production
in scenario 1a derived from lower electricity production, not com-
pensated by the lignocellulosic material output.

Results show that integrating first and second generation pro-
cesses using current technology for second generation ethanol pro-
duction and pentoses biodigestion (scenario 2) presents the best
environmental indicators for most categories among all the evalu-
ated alternatives. In addition, integrated first and second genera-
tion ethanol production shares some equipment (concentration,
fermentation, distillation and cogeneration), thus requiring less
steel and yielding more electricity output per unit of ethanol pro-
duced than stand-alone second generation ethanol production.
However, sensitivity analyses presented in Section 3.3 indicated
that steel used in the industrial equipment has little influence on
the ethanol environmental impacts. Higher environmental impacts
presented in the future second generation ethanol scenarios (3–5)
are mainly related to high sodium hydroxide consumption for
alkaline delignification prior to hydrolysis. These results show that
technological improvements are necessary in this process for
improving environmental sustainability of the future second gen-
eration ethanol production; if sodium hydroxide recycling or other
methods of delignification using environmentally friendly solvents
are employed, the advanced second generation ethanol production
considered in this study will present lower environmental impacts.
It is also important to highlight that the databank used in this
assessment was updated with Brazilian sodium hydroxide produc-
tion data, which presents environmental impacts remarkably low-
er than European and American production processes. Scenario 5
presented the highest environmental impacts because it produces
only second generation ethanol and, contrary to scenarios 2–4, it
does not have the first generation ethanol production to ‘‘dilute’’
the environmental impacts of second generation process. However,
comparing the environmental impacts of integrated first and sec-
ond generation ethanol production in scenario 4 with the equiva-
lent stand alone plant in scenario 1a plus 5 (weighted average),
results show that ethanol production in the integrated scenario 4
present lower environmental impacts. For example, GWP is re-
duced 16%; EP is reduced 26% and MAET is reduced 42% for ethanol
production in scenario 4 compared with the weighted average eth-
anol production in scenario 1a plus 5.

In some environmental impact categories such as acidification
potential and global warming potential, first generation ethanol
production exporting lignocellulosic material (scenario 1a) and
integrated first and second generation ethanol production with

Table 4

Prices, taxes and project parameters used in the economic analysis.

Parameters Value

Project lifetime 25 years
Salvage value of equipment 0
Construction and start-up 2 years
Depreciation (linear) 10 years
Tax rate (income and social contributions) 34.0%
Sugarcane price (US$/TC)a 23.25
Sugarcane trash price (US$/ton)b 17.05
Electricity price (US$/MWh)c 84.88
Anhydrous ethanol price (US$/L)d 0.60
Enzyme price – current technology (US$/L cellulosic ethanol)e 0.11
Enzyme price – 2015 technology (US$/L cellulosic ethanol)b 0.05

a Six years moving average of sugarcane prices (per ton of sugarcane – TC)
(December 2010 values) in São Paulo state (SP), from January 2001 to December
2010 (UDOP, 2011); US$1.00 = R$ 1.76 (2010 average exchange rate).

b Values provided by specialists of the sugarcane industry.
c Average prices obtained at renewable energy auctions in Brazil (2010 values).
d Six years moving average of anhydrous ethanol prices paid to the producer

(December 2010 values) in SP, from January 2001 to December 2010 (CEPEA, 2011).
e Enzyme price for the current technology is based on an estimate provided by

Novozymes.
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future technology and pentoses fermentation to ethanol (scenario
4) present equivalent impacts. This means that the integrated first
and second ethanol plant is able to produce ethanol with environ-
mental impact categories equivalent to a modern first generation
scenario, in spite of producing a larger amount of ethanol per unit
of biomass (around 30% more). This fact highlights the benefits of
integrating second generation ethanol production to the first gen-
eration units in Brazil, as well in countries with similar conditions.

Melamu and von Blottnitz (2011) showed that diverting bagasse
(which is replaced by coal as source of energy for the process) for
second generation ethanol production without efficiency improve-
ments from its current use in an ethanol biorefinery in South Africa
would backfire for its environmental impacts. However, results
from the present study show that current technologies for second
generation ethanol production in Brazil (scenario 2) present better
environmental impacts in relation to the first generation ethanol
production process (scenarios 1 and 1a). This is achievedmainly be-
cause partial trash recovery from the sugarcane field, significant
improvements in the industrial process energy efficiency and the
use of residues (pentoses and lignin) as fuels provide surplus energy
and lignocellulosic material for second generation ethanol produc-
tion,without requiring extra sources of energy from fossil fuels. This
reinforces that energy efficiency improvements in the industrial
process, considering energy integration amongfirst and second gen-
eration ethanol production, as well as efficient technologies for
trash recovery are crucial points for the success of the integration
of second generation ethanol production process into the first
generation sugarcane biorefineries in Brazil.

3.3. Sensitivity analyses

In order to evaluate the impact of changes of prices and invest-
ment on the internal rate of return (IRR), taking into consideration
eventual uncertainties on the investment and market fluctuations,
sensitivity analyses were carried out. For ethanol, electricity and
sugarcane prices and investment, changes on the IRR due to varia-
tion of ±25% over the average value of these variables (displayed in
Tables 4 and 5) were assumed. For enzyme and sugarcane trash
costs, changes of ±50% on prices were evaluated. Results are shown
in Fig. 5.

It can be verified that among the studied variables, the one
which presents the most significant impact on the IRR is ethanol
price: variation of ±25% causes the largest changes on the IRR in
all the scenarios evaluated. Changes of ±25% on the investment
and sugarcane prices also affect the IRR significantly, but with less
intensity than ethanol prices. Changes in electricity prices have
small impacts on the IRR, and changes of ±50% on enzyme and sug-
arcane trash prices have very little effect on the IRR in all the
scenarios.

Sugarcane trash is not yet transported in large scale to the
industrial plant in Brazil because of its low density and consequent
high transportation costs. Nevertheless, the impact of changes of
±50% in sugarcane trash price on the IRR of whole enterprise over
all the project lifetime is very low, even when an increase of 50% on
sugarcane trash price is considered (in this situation, sugarcane
trash (with 15% moisture) costs more than sugarcane – US$
25.58/ton trash against US$ 17.05/TC). For enzyme price, a similar

Table 5

Main results of the simulation (ethanol and electricity production, steam and lignocellulosic material (LM) consumption) and economic analysis (internal rate of return (IRR),
ethanol and electricity production costs).

Parameter Scenario

1 1a 2 3 4 5a

Anhydrous ethanol production (L/TCb) 82 82 102 107 116 35
Surplus electricity (kWh/TC) 173 34 86 77 81 42
Process steam consumption (kg steam/TC) 902c 373 682 642 649 270
Lignocellulosic material hydrolyzed (kg/TC, dry basis) – – 123 133 102 104
Second generation ethanol production (L/ton dry LM) – – 158 181 335 338
Second generation ethanol production (L/TC) – – 19 24 34 35
Investment (million US$) 263 218 367 346 316 200
IRR (% per year) 14.9 14.9 11.6 13.4 16.8 10.0
Ethanol production costs (US$/L) 0.37 0.39 0.39 0.36 0.33 0.35
Electricity production costs (US$/MWh) 52.63 55.69 55.53 51.83 46.48 49.25

a No sugarcane is processed in scenario 5 (results are provided on a sugarcane basis for comparison purposes only).
b TC: tons of sugarcane.
c All the lignocellulosic material is burnt to produce steam; steam required in the production process is equal to 373 kg of steam/TC; the rest is processed in condensing

turbines.

Fig. 4. Comparative environmental impact indicators of the different scenarios.
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situation is observed: very small effects on the IRR for changes of
±50% on enzyme prices, considering an average value of
US$ 0.11/L cellulosic ethanol. Since the fraction of costs in the
industrial process concerning enzymes is proportional to the
amount of cellulosic ethanol produced, which correspond to a
small fraction of the overall ethanol produced, the impact of en-
zymes on all the costs is not so significant in the entire project
lifetime.

An important observation is that in scenario 5, an increase in
electricity prices does not lead to an increase on the IRR, differently
from the other scenarios, since feedstock price in scenario 5 (ligno-
cellulosic material) is calculated as the opportunity price of the lig-
nocellulosic material in scenario 1a. Thus, higher electricity prices
lead to higher feedstock prices on scenario 5, and as a consequence
the IRR is decreased.

IRR on scenario 4, which represents the integrated first and sec-
ond generation with advanced hydrolysis technologies and pen-
toses fermentation, reaches the highest values considering the

changes on the selected variables. For this scenario, the worst sit-
uation (lower ethanol prices) causes an IRR of 10%, which is the
highest value obtained for the worst result in the IRR among all
the scenarios in the sensitivity analysis. The stand-alone second
generation plant presents the lowest IRR values for all the
variables.

A sensitivity analysis was performed to assess the impact of se-
lected environmental impact categories as well. In this analysis
scenario 4 was selected because it presented the best results in
the economic evaluation. Three important environmental impact
categories were selected: Global Warming Potential (GWP), Eutro-
phication Potential (EP) and Human Toxicity Potential (HTP)
(Fig. 6). Quantity variation in five important process inputs were
evaluated: sodium hydroxide, zeolite and equipment weight (steel)
for the ethanol industrial process; and nitrogen fertilizer and diesel
used in the agricultural operations for sugarcane growing and har-
vesting. As expected by the results already discussed in this study,
sodium hydroxide is the most impacting parameter in GWP

Fig. 5. Sensitivity analyses for the impact of investment and ethanol, electricity, sugarcane, sugarcane trash and enzymes prices on the internal rate of return (IRR) for the
studied scenarios.
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(Fig. 6a), EP (Fig. 6b) and HTP (Fig. 6c). Nitrogen fertilizers and die-
sel used in the agricultural operations also play an important role
in the three environmental impacts evaluated while zeolite and
equipment used in the industrial process have minor influence in
the ethanol production environmental impacts.

Based on the sensitivity analysis, scenarios 3–5 were evaluated
considering that all the sodium hydroxide is recovered in the indus-
trial production process. Results indicate that ethanol production in
scenario 4 presents lower environmental impacts than scenarios 1,
1a, 2 and 3. Ethanol production in scenario 5 would present the
lowest environmental impacts if all the sodium hydroxide would
be recovered; this is mainly due the low economic value of the lig-
nocellulosic material reflecting on its allocation factor (because
economic allocation is used in this paper). The economic value of
the lignocellulosic material was evaluated in this study as the
opportunity price of electricity generation. Using economic alloca-
tion criteria, most of the ethanol production environmental impacts
in scenario 1a are attributed to ethanol (81%) and smaller part to the
lignocellulosic material (14%) and electricity (5%) output. Because
of that, second generation ethanol production in scenario 5 is car-
ried out using this ‘‘clean’’ lignocellulosic material from scenario
1a. However, scenario 4 still presents a better environmental profile
in comparison to ethanol production in the equivalent stand alone
plant in scenario 1a plus 5 (weighted average) even if would be pos-
sible to recover all the sodium hydroxide in the second generation
ethanol production process.

4. Conclusions

Evaluation of scenarios considering different levels of integra-
tion between first and second generation ethanol production plants
from sugarcane showed that the integrated first and second gener-
ation process using advanced hydrolysis technologies and pentoses
fermentation presents several advantages over the stand-alone sec-
ond generation ethanol production plants, besides the largest

ethanol production and the best economic results. If the solvent
used in the alkaline delignification is recovered, this configuration
also presents the best environmental indicators among the
alternatives.

Acknowledgement

The authors would like to thank Dedini Indústrias de Base S.A.
for data used to calculate the investment on the first generation
ethanol production process.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biortech.2011.09.120.

References

Alonso Pippo, W., Luengo, C.A., Alonsoamador Morales Alberteris, L., Garzone, P.,
Cornacchia, G., 2011. Energy recovery from sugarcane-trash in the light of 2nd
generation biofuels. Part 1: Current situation and environmental aspects. Waste
Biomass Valor 2, 1–16.

Alvarado-Morales, M., Terra, J., Gernaey, K.V., Woodley, J.M., Gani, R., 2009.
Biorefining: computer aided tools for sustainable design and analysis of
bioethanol production. Chem. Eng. Res. Des. 87, 1171–1183.

Alvira, P., Tomás-Pejó, E., Ballesteros, M., Negro, M.J., 2010. Pretreatment
technologies for an efficient bioethanol production process based on
enzymatic hydrolysis: a review. Bioresour. Technol. 101, 4851–4861.

CEPEA – Center for Advanced Studies on Applied Economics, 2011.
<http://www.cepea.esalq.usp.br> (retrieved 15.03.2011).

CGEE, 2009. Bioethanol as a Fuel: An Opportunity for Brazil. Brasília (in Portuguese).
CGEE, Brasília. <www.cgee.org.br/atividades/redirect/5913> (retrieved
30.01.2010).
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❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♥♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❛❢❡t❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡

❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ❤✐❞ró❧✐s❡ ✲ ❛ ♥ã♦ s❡r q✉❡ s❡❥❛♠ ✉t✐❧✐③❛❞♦s ❝♦♠✲

❜✉stí✈❡✐s ❢óss❡✐s ♣❛r❛ s✉♣r✐r ❛s ♥❡❝❡ss✐❞❛❞❡s ❡♥❡r❣ét✐❝❛s ❞♦ ♣r♦❝❡ss♦✱ ♦ q✉❡ ♥ã♦ é ❛❝❡✐tá✈❡❧

♥❛ r❡❛❧✐❞❛❞❡ ❜r❛s✐❧❡✐r❛✳

✽✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦

◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ ❝❛♣ít✉❧♦ é ❛♣r❡s❡♥t❛❞♦ ♦ tr❛❜❛❧❤♦ ■♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡✲

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

♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ❞❡ ♣ôst❡r ♥♦ ✶st ❇r❛③✐❧✐❛♥ ❇✐♦❊♥❡r❣② ❙❝✐❡♥❝❡

❛♥❞ ❚❡❝❤♥♦❧♦❣② ❈♦♥❢❡r❡♥❝❡✱ ❡♠ ❈❛♠♣♦s ❞❡ ❏♦r❞ã♦ ❡♠ ✷✵✶✶✱ ❡ s✉❜♠❡t✐❞♦ ♣❛r❛ ♣✉❜❧✐❝❛çã♦

♥❛ r❡✈✐st❛ ❋✉❡❧ Pr♦❝❡ss✐♥❣ ❚❡❝❤♥♦❧♦❣② ❡♠ ✷✵✶✶✳ ◆❡st❡ tr❛❜❛❧❤♦ sã♦ ❡st✉❞❛❞❛s ❞✐❢❡r❡♥t❡s

❝♦♥❞✐çõ❡s ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❤✐❞ró❧✐s❡✱ ✈✐s❛♥❞♦ ❛ ♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❝♦♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♦t✐♠✐③❛❞❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡

❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦✳ ❋♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❜❛s❡ ❛ ❞❡st✐❧❛✐r❛ ❛✉tô♥♦♠❛ ♦t✐♠✐③❛❞❛✱ ❝♦♠

♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❡♠ ❝❛❧❞❡✐r❛s ❞❡ ✻✺ ❜❛r ✭q✉❡ sã♦ ❛s ♠❛✐s ❝♦♠✉♥s ❡♠ ♥♦✈♦s ❡♠♣r❡❡♥❞✐✲

♠❡♥t♦s ♥♦ ❇r❛s✐❧ ❛t✉❛❧♠❡♥t❡ ✭❙❊❆❇❘❆ ❡t ❛❧✳✱ ✷✵✶✵✮ ❛♣r❡s❡♥t❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✺✳

❋♦r❛♠ ❡st✐♠❛❞♦s ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❞❛ ❝❡❧✉❧♦s❡ ♥❛ ❡t❛♣❛ ❞❡ ❤✐❞ró❧✐s❡

❡♥③✐♠át✐❝❛ ♣❛r❛ ❝❛❞❛ t❡♦r ❞❡ só❧✐❞♦s✱ ❤❛✈❡♥❞♦ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥❛ ❝♦♥✈❡rsã♦ ♣❛r❛ ✉♠

❛✉♠❡♥t♦ ♥♦ t❡♦r ❞❡ só❧✐❞♦s ♥❛ ❤✐❞ró❧✐s❡✱ ❛❧é♠ ❞❛ ✐♥❝❧✉sã♦ ❞❡ ❡t❛♣❛ ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛

✭❝♦♠ ❝♦♥s❡q✉❡♥t❡ ❛✉♠❡♥t♦ ♥♦ r❡♥❞✐♠❡♥t♦ ❞❛ ❤✐❞ró❧✐s❡✮ ❡ ❢❡r♠❡♥t❛çã♦ ♦✉ ❜✐♦❞✐❣❡stã♦ ❞❛s

♣❡♥t♦s❡s✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❞❡♥tr♦ ❞❛s ❝♦♥❞✐çõ❡s ❛❞♦t❛❞❛s ♥♦ ❡st✉❞♦✱ ❛ r❡❛❧✐③❛çã♦ ❞❡ ✉♠❛

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

❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♦❝♦rr❡ ❛ t❡♠♣❡r❛t✉r❛s r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞❛s ✭✶✵✵❽✮ ❡ ❜❛✐①♦ t❡♦r ❞❡

só❧✐❞♦s ✭✶✵✪✮✳ ❆❧é♠ ❞✐ss♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛s ♠❛✐♦r❡s ❝♦♥✈❡rsõ❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦

❛ ❡t❛♥♦❧ ♦❝♦rr❡♠ ♣❛r❛ ♦s ❝❡♥ár✐♦s ♥♦s q✉❛✐s sã♦ ❡♠♣r❡❣❛❞♦s ❜❛✐①♦s t❡♦r❡s ❞❡ só❧✐❞♦s✱ ❡

✶✼✽



❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♠❛✐♦r ❝♦♥✈❡rsã♦ ❞❛ ❝❡❧✉❧♦s❡ ♥❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛❀ ♣♦ré♠✱ ❞❡✈✐❞♦ ❛♦

❢❛t♦ ❞❡ q✉❡ ♦ ♠❡✐♦ ❛♣r❡s❡♥t❛✲s❡ ♠✉✐t♦ ❞✐❧✉í❞♦✱ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❝♦♥❝❡♥tr❛r ♦ ❧✐❝♦r

❤✐❞r♦❧✐s❛❞♦ é ♠✉✐t♦ ❡❧❡✈❛❞❛✱ ❞✐♠✐♥✉✐♥❞♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧

♣❛r❛ ❤✐❞ró❧✐s❡✳ ❆ss✐♠✱ ♣r♦❝❡ss♦s ❝♦♠ ❜❛✐①♦s t❡♦r❡s ❞❡ só❧✐❞♦s ✭✺✪✮ ❡ ❡❧❡✈❛❞❛s ❝♦♥✈❡rsõ❡s

✭✽✵✪✮ ❧❡✈❛♠ ❛ ♣r♦❞✉çã♦ ❣❧♦❜❛❧ ❞❡ ❡t❛♥♦❧ ♠❡♥♦r❡s ❞♦ q✉❡ ❛q✉❡❧❛s ♦❜t✐❞❛s ❡♠ ❝♦♥❞✐çõ❡s

✐♥t❡r♠❡❞✐ár✐❛s ✭♣♦r ❡①❡♠♣❧♦✱ ✶✺✪ ❞❡ só❧✐❞♦s ❡ ✻✵✪ ❞❡ ❝♦♥✈❡rsã♦✮✱ ❥á q✉❡ ♦ ❝♦♥s✉♠♦ ❞❡

❡♥❡r❣✐❛ é ♠✉✐t♦ ❡❧❡✈❛❞♦✳

❙❡♥❞♦ ❛ss✐♠✱ ❛ ♦❜t❡♥çã♦ ❞❡ ❡❧❡✈❛❞♦s r❡♥❞✐♠❡♥t♦s ❡♠ ✉♠ ♣r♦❝❡ss♦ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡

❤✐❞ró❧✐s❡ ❞❡ ♠❛t❡r✐❛✐s ❧✐❣♥♦❝❡❧✉❧ós✐❝♦s ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❧❡✈❛ à ♠❛✐♦r ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱

❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦ ❝❡♥ár✐♦ ❜r❛s✐❧❡✐r♦ ♥♦ q✉❛❧ ♦ ♣ró♣r✐♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ é ✉t✐❧✐③❛❞♦

❝♦♠♦ ❝♦♠❜✉stí✈❡❧ ♣❛r❛ ❛t❡♥❞❡r à ❞❡♠❛♥❞❛ ❡♥❡r❣ét✐❝❛ ❞♦ ♣r♦❝❡ss♦✳ ➱ ❡ss❡♥❝✐❛❧ q✉❡ ❡st❡

♣r♦❝❡ss♦ ❛♣r❡s❡♥t❡ t❛♠❜é♠ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳

✶✼✾



■♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧

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

❛❧t❡r♥❛t✐✈❡ ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥s ✯

❆❜str❛❝t

❙✐♥❝❡ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤ ❛r❡ ✉s❡❞ ❛s ❢✉❡❧s ✐♥ ❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦✲

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

♣r♦❞✉❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss❡s✳ ❘❡s✐❞✉❡s

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

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

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

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

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

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

✇♦r❦ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss

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

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

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

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

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

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

✶ ■♥tr♦❞✉❝t✐♦♥

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

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

✯❈♦✲❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✿ ❚✳▲✳ ❏✉♥q✉❡✐r❛✱ ❈✳❊✳❱✳✱ ❘♦ss❡❧❧✱ ❘✳ ▼❛❝✐❡❧ ❋✐❧❤♦ ❡ ❆✳ ❇♦♥♦♠✐

✶✽✵



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

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

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

❢❡❡❞st♦❝❦ t❤❛t ❞♦ ♥♦t ❝♦♠♣r♦♠✐s❡ ❢♦♦❞ s❡❝✉r✐t② ✭◆✐❣❛♠ ❛♥❞ ❙✐♥❣❤✱ ✷✵✶✶❀ ❙✐♠s ❡t ❛❧✳✱ ✷✵✶✵✮✳

◆❡✈❡rt❤❡❧❡ss✱ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ t❡❝❤♥♦❧♦❣✐❡s ❛r❡ st✐❧❧ ✉♥❞❡r ❞❡✈❡❧✲

♦♣♠❡♥t✿ t❤❡ ✐♥t❡♥s❡ str✉❝t✉r❡ ❝♦♥♥❡❝t✐♥❣ t❤❡ t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝

❜✐♦♠❛ss ✭❝❡❧❧✉❧♦s❡✱ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❛♥❞ ❧✐❣♥✐♥✮ ❤✐♥❞❡rs ✐ts tr❛♥s❢♦r♠❛t✐♦♥ ✐♥t♦ ❢❡r♠❡♥t❛❜❧❡

s✉❣❛rs ✭❉❛♠❛rt③✐s ❛♥❞ ❩❛❜❛♥✐♦t♦✉✱ ✷✵✶✶❀ ◆✐❣❛♠ ❛♥❞ ❙✐♥❣❤✱ ✷✵✶✶❀ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❇r❛③✐❧ ❤❛s ❜❡❡♥ ♣r♦❞✉❝✐♥❣ ❜✐♦❡t❤❛♥♦❧ ♦♥ ❛ ❧❛r❣❡ s❝❛❧❡ ❜❛s✐s ❢♦r ❢✉❡❧ ❢♦r ♠♦r❡ t❤❛♥ ✸✵

②❡❛rs✳ ❉✉r✐♥❣ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣✱ ❧❛r❣❡ ❛♠♦✉♥ts ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✲ s✉❣❛r❝❛♥❡

❜❛❣❛ss❡ ❛♥❞ tr❛s❤ ✭❝♦♠♣r✐s❡❞ ❜② s✉❣❛r❝❛♥❡ ❧❡❛✈❡s ❛♥❞ t♦♣s✮✱ ❛r❡ ♣r♦❞✉❝❡❞❀ ❜❛❣❛ss❡ ✐s

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

❡❧❡❝tr✐❝✐t② t♦ t❤❡ ❣r✐❞✱ ✇❤✐❧❡ ♠♦st ♦❢ t❤❡ tr❛s❤ ✐s ❜✉r♥t ♦r ❧❡❢t ✐♥ t❤❡ ✜❡❧❞ ✭P✐♣♣♦ ❡t ❛❧✳✱

✷✵✶✶✮✳

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

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

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

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

✉t✐❧✐t✐❡s ❛♥❞ st♦r❛❣❡ s❡❝t♦rs ♠❛② ❜❡ s❤❛r❡❞ ❜❡t✇❡❡♥ ❜♦t❤ ♣❧❛♥ts ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾✮✳ ■♥

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

②✐❡❧❞s s✐♥❝❡ t❤❡ ❤②❞r♦❧②③❡❞ ❧✐q✉♦r ✇✐❧❧ ❜❡ ❢❡r♠❡♥t❡❞ ♠✐①❡❞ ✇✐t❤ s✉❣❛r❝❛♥❡ ❥✉✐❝❡✳

■♥ t❤❡ ❇r❛③✐❧✐❛♥ s❝❡♥❛r✐♦✱ ✇❤❡r❡ t❤❡ ♣♦t❡♥t✐❛❧ ❢❡❡❞st♦❝❦ ❢♦r s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

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

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

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

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

❜❛❣❛ss❡ ❛♥❞ tr❛s❤❀ s❡✈❡r❛❧ ❛✉t❤♦rs ❤❛✈❡ st✉❞✐❡❞ ❢♦r♠s ♦❢ ✐♥❝r❡❛s✐♥❣ ❡♥❡r❣② ❡✣❝✐❡♥❝② ❞✉r✲

✐♥❣ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✶✶❛✱❜❀ ❊♥s✐♥❛s ❡t ❛❧✳✱ ✷✵✵✼✱ ✷✵✵✾❀ ▼♦r❛♥❞✐♥ ❡t ❛❧✳✱

✷✵✶✶❀ ❙❡rr❛ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

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

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

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

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

❧✐❦❡ t❤❡ ✇♦r❦ ❞❡✈❡❧♦♣❡❞ ❜② ❇r✐❡♥③♦ ❡t ❛❧✳ ✭✷✵✵✾✮ ❛♥❞ ❳✉ ❛♥❞ ❈❤❡♥❣ ✭✷✵✶✶✮✱ ❛♠♦♥❣ ♦t❤❡rs✳

✶✽✶



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

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

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

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

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

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

✉s✐♥❣ ❆s♣❡♥ P❧✉s ✭✈✳ ✼✳✶✮✳ ❚❤❡ r❡s✉❧ts s❤♦✇ ✇❤✐❝❤ ♣r♦❝❡ss ❛❧t❡r♥❛t✐✈❡s ♠❛② ❧❡❛❞ t♦ ❤✐❣❤❡r

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

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

✷ ▼❡t❤♦❞♦❧♦❣②

✷✳✶ ❋✐rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss

❚❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✐s ❜❛s❡❞ ♦♥ ❛♥ ♦♣t✐♠✐③❡❞ ❛✉t♦♥♦♠♦✉s

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

❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥✳ ❋✐❣✉r❡ ✶ s❤♦✇s t❤❡ ❜❛s✐❝ ❞✐❛❣r❛♠ ❢♦r t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥

♣❧❛♥t✳

❋✐❣✉r❡ ✶✿ ❇❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss
❢r♦♠ s✉❣❛r❝❛♥❡✳

✶✽✷



❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥ ♣❧❛♥t ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❚❛❜❧❡ ✶✳

❚❛❜❧❡ ✶✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✳
P❛r❛♠❡t❡r ❱❛❧✉❡
❚♦♥s ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮ ♣r♦❝❡ss❡❞ ✺✵✵ ❚❈✴❤
❙✉❣❛r❝❛♥❡ t♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ❝♦♥t❡♥t ✶✺✳✸ ✪
❙✉❣❛r❝❛♥❡ ✜❜❡rs ❝♦♥t❡♥t ✶✸ ✪
❙✉❣❛r❝❛♥❡ tr❛s❤ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭❞r② ❜❛s✐s✮ ✶✹✵ ❦❣✴❚❈
❋r❛❝t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ tr❛s❤ tr❛♥s♣♦rt❡❞ t♦ t❤❡ ✐♥❞✉str② ✺✵ ✪
❊✣❝✐❡♥❝② ♦❢ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✐♥ t❤❡ ♠✐❧❧s ✾✻ ✪
❋❡r♠❡♥t❛t✐♦♥ ❡✣❝✐❡♥❝② ✾✵ ✪
❊t❤❛♥♦❧ ❝♦♥t❡♥t ♦❢ t❤❡ ✇✐♥❡ ❢❡❞ ✐♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ ❝♦❧✉♠♥s ✽✳✺ ➦●▲
❍②❞r❛t❡❞ ❡t❤❛♥♦❧ ✭❍❊✮ ♣✉r✐t② ✾✸ ✇t✪
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣✉r✐t② ✾✾✳✻ ✇t✪
✻✺ ❜❛r ❜♦✐❧❡r ❡✣❝✐❡♥❝② ✭▲❍❱ ❜❛s✐s✮ ✽✼ ✪
✻✺ ❜❛r st❡❛♠ t❡♠♣❡r❛t✉r❡ ✹✽✺❽
❋r❛❝t✐♦♥ ♦❢ ❜❛❣❛ss❡ ❢♦r st❛rt✲✉♣s ♦❢ t❤❡ ♣❧❛♥t ✺ ✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ✶st st❛❣❡ ✼✷ ✪
❚✉r❜✐♥❡s ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✕ ✷♥❞ st❛❣❡ ✽✶ ✪
●❡♥❡r❛t♦r ❡✣❝✐❡♥❝② ✾✽ ✪
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♣r♦❝❡ss ✷✳✺ ❜❛r
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✻ ❜❛r
❙t❡❛♠ ❞❡♠❛♥❞ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✵✳✻ ❦❣✴▲ ❆❊

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

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

❝♦♠♣♦s✐t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ❛♥❛❧②s❡s ❝❛rr✐❡❞ ♦✉t ♦♥ ✺✵ ❞✐✛❡r❡♥t ❜❛❣❛ss❡ s❛♠♣❧❡s ❜② ❘♦❝❤❛ ❡t ❛❧✳

✭✷✵✶✵✮❀ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥ ♦♥ ❚❛❜❧❡ ✷✳

❚❛❜❧❡ ✷✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ✭❘♦❝❤❛ ❡t ❛❧✳✱
✷✵✶✵✮✳

❈♦♠♣♦♥❡♥t ❋r❛❝t✐♦♥ ✭✇t ✪✮
❈❡❧❧✉❧♦s❡ ✹✸✳✸✽
❍❡♠✐❝❡❧❧✉❧♦s❡ ✷✺✳✻✸
▲✐❣♥✐♥ ✷✸✳✷✹
❆s❤ ✷✳✾✹
❊①tr❛❝t✐✈❡s ✹✳✽✷

❙✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss❡s ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ s♦❢t✇❛r❡ ❆s♣❡♥ P❧✉s✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts

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

✶✽✸



t❤❡✐r ♣r♦♣❡rt✐❡s ✇❡r❡ ♦❜t❛✐♥❡❞ ❛t ❲♦♦❧❡② ❛♥❞ P✉ts❝❤❡ ✭✶✾✾✻✮✳ ▲✐❣♥✐♥ str✉❝t✉r❡✱ ❤♦✇❡✈❡r✱

✇❛s ♠♦❞✐✜❡❞ t♦ r❡♣r❡s❡♥t s✉❣❛r❝❛♥❡ ❧✐❣♥✐♥✱ ✇✐t❤ ♠♦❧❡❝✉❧❛r ❢♦r♠✉❧❛ C9O2.9H8.6(OCH3)

✭▼❛r❛❜❡③✐✱ ✷✵✵✽✮✳

❚❤❡ ❞♦✉❜❧❡ ❡✛❡❝t ❞✐st✐❧❧❛t✐♦♥ s②st❡♠ ✇❛s ❝♦♥s✐❞❡r❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ❛s ❞❡s❝r✐❜❡❞ ❜② ❉✐❛s

❡t ❛❧✳ ✭✷✵✵✾✮❀ ❛ s✐♠♣❧❡✲❡✛❡❝t ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ ❛❜s♦r♣t✐♦♥ s②st❡♠ ✇❛s ❡♠♣❧♦②❡❞ t♦ s✉♣♣❧②

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

✇❛s ❝❛rr✐❡❞ ♦✉t ❜❛s❡❞ ♦♥ ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② ❙♦♠❡rs ✭✷✵✵✾✮✳ ❙t❡❛♠ ✐s ✉s❡❞ ❛s ✉t✐❧✐t②✱ ❛♥❞

t❤❡ ❝❛❧❝✉❧❛t❡❞ ❝♦❡✣❝✐❡♥t ♦❢ ♣❡r❢♦r♠❛♥❝❡ ✭❈❖P✮ ♦❢ t❤❡ s②st❡♠ ✐s ❡q✉❛❧ t♦ ✵✳✼✺✳

✷✳✷ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss

❉✐✛❡r❡♥t ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥s ✇❡r❡ ❡✈❛❧✉❛t❡❞ ❢♦r t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦✲

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

❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥✱ ❛♥❞ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s❡❝♦♥❞

❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✸✳

❚❛❜❧❡ ✸✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥
♣r♦❝❡ss✳

P❛r❛♠❡t❡r ❱❛❧✉❡
Pr❡tr❡❛t♠❡♥t ✲ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵ ✪
Pr❡tr❡❛t♠❡♥t ✲ ❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✷ ✪
Pr❡tr❡❛t♠❡♥t ✲ t❡♠♣❡r❛t✉r❡ ✶✾✵❽
Pr❡tr❡❛t♠❡♥t ✲ r❡❛❝t✐♦♥ t✐♠❡ ✶✺ ♠✐♥
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ❧✐❣♥✐♥ s♦❧✉❜✐❧✐③❛t✐♦♥ ✾✵ ✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ t❡♠♣❡r❛t✉r❡ ✶✵✵❽
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ r❡❛❝t✐♦♥ t✐♠❡ ✶ ❤
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ s♦❧✐❞s ❧♦❛❞✐♥❣ ✶✵ ✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ◆❛❖❍ ❝♦♥t❡♥t ✶ ✪ ✭♠✴❱✮
❍②❞r♦❧②s✐s ✲ ②✐❡❧❞ ❢♦r ✺✪ s♦❧✐❞s ❧♦❛❞✐♥❣ ✽✵ ✪
❍②❞r♦❧②s✐s ✲ ②✐❡❧❞ ❢♦r ✶✵✪ s♦❧✐❞s ❧♦❛❞✐♥❣ ✼✵ ✪
❍②❞r♦❧②s✐s ✲ ②✐❡❧❞ ❢♦r ✶✺✪ s♦❧✐❞s ❧♦❛❞✐♥❣ ✻✵ ✪
❍②❞r♦❧②s✐s ✲ ②✐❡❧❞ ❢♦r ✷✵✪ s♦❧✐❞s ❧♦❛❞✐♥❣ ✺✵ ✪
❍②❞r♦❧②s✐s ✲ t❡♠♣❡r❛t✉r❡ ✺✵❽
❍②❞r♦❧②s✐s ✲ r❡❛❝t✐♦♥ t✐♠❡ ✹✽ ❤
❋✐❧t❡rs ✲ s♦❧✐❞s r❡♠♦✈❛❧ ✾✾✳✺ ✪
❋✐❧t❡rs ✲ s♦❧✉❜❧❡ s♦❧✐❞s ❧♦ss ✶✵ ✪

❉✐✛❡r❡♥t ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ❤②❞r♦❧②s✐s ♣r♦❝❡ss ✭s♦❧✐❞s ❧♦❛❞✐♥❣ ❛♥❞ ②✐❡❧❞s ✕ ❝♦♥✈❡rs✐♦♥

♦❢ ❝❡❧❧✉❧♦s❡ ✐♥t♦ ❣❧✉❝♦s❡ ❛♥❞ ♦❢ ❤❡♠✐❝❡❧❧✉❧♦s❡ t♦ ♣❡♥t♦s❡✮ ✇❡r❡ ❛♥❛❧②③❡❞❀ ❢♦r ❤✐❣❤ s♦❧✐❞s
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❝♦♥❝❡♥tr❛t✐♦♥ ♦♥ t❤❡ r❡❛❝t♦r✱ r❡❧❛t✐✈❡❧② ❧♦✇ ②✐❡❧❞s ✇❡r❡ ❛ss✉♠❡❞✱ ❛♥❞ ✈✐❝❡ ✈❡rs❛✱ ❛s s❤♦✇♥

✐♥ ❚❛❜❧❡ ✸✳ ❙✐♥❝❡ r❡♠♦✈❛❧ ♦❢ ❧✐❣♥✐♥ ✐♠♣r♦✈❡s ❝❡❧❧✉❧♦s❡ ❛❝❝❡ss✐❜✐❧✐t② t♦ ❡♥③②♠❡s ✭❍❡r♥á♥❞❡③✲

❙❛❧❛s ❡t ❛❧✳✱ ✷✵✵✾✮✱ ✇❤❡♥ t❤❡ ❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ st❡♣ ✇❛s ✐♥s❡rt❡❞ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ✶✵✪

♦♥ t❤❡ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s ②✐❡❧❞s ❞❡♣✐❝t❡❞ ✐♥ ❚❛❜❧❡ ✸ ✇❛s ❛ss✉♠❡❞❀ t❤✉s✱ ✇❤❡♥ t❤❡ ♣r❡✲

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

❢♦r ✷✵✪ s♦❧✐❞s ❧♦❛❞✐♥❣ ✇❡r❡ ❡q✉❛❧ t♦ ✺✺✪✳

❱❛♣♦r r❡❧❡❛s❡❞ ❞✉r✐♥❣ st❡❛♠ ❡①♣❧♦s✐♦♥ ✇❛s ✉s❡❞ t♦ ♣r❡✲❤❡❛t t❤❡ ♣r❡tr❡❛t❡❞ ❜❛❣❛ss❡ ♣r✐♦r

t♦ ❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥✱ ✇❤❡♥ t❤✐s st❡♣ ✇❛s ❝♦♥s✐❞❡r❡❞✳ ❆❢t❡r ❡❛❝❤ st❡♣ ♦❢ t❤❡ ♣r♦❝❡ss

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

❢r♦♠ t❤❡ ❧✐q✉♦r✳

✷✳✸ ■♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦✲

❝❡ss

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

❛t✐♦♥ s②st❡♠✱ ❛♥❞ t❤❡ ❛♠♦✉♥t t❤❛t ❡①❝❡❡❞s t❤❡ r❡q✉✐r❡♠❡♥t t♦ s✉♣♣❧② t❤❡ t❤❡r♠❛❧ ❡♥❡r❣②

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

♣r♦❝❡ss✳ ❆ s✐♠♣❧✐✜❡❞ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ♣r♦❝❡ss ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳

❋✐❣✉r❡ ✷✿ ❇❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝✲
t✐♦♥ ♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡ ✲ ❞❛s❤❡❞ ❧✐♥❡s r❡♣r❡s❡♥t ❛❧t❡r♥❛t✐✈❡s ❢♦r ♣❡♥t♦s❡ ✉s❡✳
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❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✱ r❡s✐❞✉❡s ♦❢ t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♣r♦❝❡ss ❛r❡ ❛❧s♦ ✉s❡❞ ❛s ❢✉❡❧s

✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠✳ ❲❤❡♥ ♦♥❧② st❡❛♠ ❡①♣❧♦s✐♦♥ ✐s ❡♠♣❧♦②❡❞✱ t❤❡ ✉♥r❡❛❝t❡❞ s♦❧✐❞s

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

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

r❡♠♦✈❛❧ ♦❢ t❤❡ ❣❧✉❝♦s❡ ❧✐q✉♦r ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s r❡❛❝t♦r ❝♦♥t❛✐♥s ♠❛✐♥❧②

r❡s✐❞✉❛❧ ❝❡❧❧✉❧♦s❡❀ ❜♦t❤ ❧✐❣♥✐♥ ❛♥❞ ✉♥r❡❛❝t❡❞ ❝❡❧❧✉❧♦s❡ ❛r❡ ❢❡❞ t♦ t❤❡ ❜♦✐❧❡rs✳ P❡♥t♦s❡s

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

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

✸ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥s

❙❡✈❡r❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ❝♦♠❜✐♥✐♥❣ st❡❛♠ ❡①♣❧♦s✐♦♥ ♣r❡tr❡❛t♠❡♥t✱ ❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥✱

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

✸✮ ✇❡r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ ❆s♣❡♥ P❧✉s✳ ❚❤❡ ✢♦✇s❤❡❡t ❞❡✈❡❧♦♣❡❞ ❛❧❧♦✇❡❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

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

❞r♦❧②③❡❞ ❧✐q✉♦r ❛❧s♦ ❛✛❡❝ts t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t②

♣r♦❞✉❝t✐♦♥ ✇❡r❡ ❛ss❡ss❡❞✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ✢♦✇s❤❡❡t ❞❡✈❡❧♦♣❡❞ ✐♥ ❆s♣❡♥ P❧✉s ❢♦r ❛ s❝❡✲

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

✐♥ ❋✐❣✉r❡ ✸✳

❋✐❣✉r❡ ✸✿ ❋❧♦✇s❤❡❡t ❢♦r t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧
♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✐♥ ❆s♣❡♥ P❧✉s✳
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❆❧❧ t❤❡ ✉♥✐t ♦♣❡r❛t✐♦♥s ♥❡❝❡ss❛r② t♦ r❡♣r❡s❡♥t t❤❡ ♣r♦❝❡ss ✇❡r❡ ✐♥s❡rt❡❞ ♦♥ t❤❡ ❝♦rr❡✲

s♣♦♥❞❡♥t ❤✐❡r❛r❝❤② ❜❧♦❝❦ ✭▼■▲▲❙ ❢♦r s✉❣❛r❝❛♥❡ ❝❧❡❛♥✐♥❣ ❛♥❞ ❡①tr❛❝t✐♦♥ ♦❢ s✉❣❛rs❀ ❚❘❊❆❚✲

❋❊❘ ❢♦r ❥✉✐❝❡ tr❡❛t♠❡♥t ❛♥❞ ❢❡r♠❡♥t❛t✐♦♥❀ ❉■❙❚■▲▲ ❢♦r ❞✐st✐❧❧❛t✐♦♥❀ ❉❊❍❨❉ ❢♦r ❞❡❤②❞r❛✲

t✐♦♥✱ ❈❖●❊◆ ❢♦r ❝♦❣❡♥❡r❛t✐♦♥✱ ❇❘▲■ ❢♦r ❧✐t❤✐✉♠ ❜r♦♠✐❞❡ ❛❜s♦r♣t✐♦♥ ❝❤✐❧❧❡rs ❛♥❞ ✷● ❢♦r

s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✕ ♣r❡tr❡❛t♠❡♥t ❛♥❞ ❤②❞r♦❧②s✐s✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✮✳ ❙❡✈❡r❛❧ ♦♣❡r✲

❛t✐♦♥s ✭♠✐❧❧s✱ ✜❧t❡rs✱ s❡tt❧❡rs ❛♥❞ ❛❞s♦r♣t✐♦♥ ❝♦❧✉♠♥✱ ❛♠♦♥❣ ♦t❤❡rs✮ ✇❡r❡ r❡♣r❡s❡♥t❡❞ ❛s

❝♦♠♣♦♥❡♥t s♣❧✐tt❡rs✱ ❞✉❡ t♦ t❤❡ ❧❛❝❦ ♦❢ ♠♦r❡ ❛❞❡q✉❛t❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ s✉❝❤ ✉♥✐t ♦♣❡r❛t✐♦♥s

✐♥ t❤❡ s✐♠✉❧❛t♦r ❞❛t❛❜❛s❡✳

❉✉❡ t♦ t❤❡ ✈❛r✐♦✉s r❡❝②❝❧❡ str❡❛♠s ♣r❡s❡♥t ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥✱ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ ♣r♦❝❡ss

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

♠❛t❡r✐❛❧ s✉r♣❧✉s ✭str❡❛♠ ▲▼✮ ❞✐r❡❝t❡❞ ❢♦r ✷● ♣r♦❝❡ss ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ r❡s✐❞✉❡s

✭▲■●◆■◆✱ ❈❊▲▲❯▲❖❙ ❛♥❞ P❊◆❚❖❙❊✮ ♣r♦❞✉❝❡❞ ♦♥ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✭r❡♣r❡s❡♥t❡❞ ❜② t❤❡

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

t❤❡ ❛♠♦✉♥t ♦❢ ❤②❞r♦❧②③❡❞ ❧✐q✉♦r ✭❍❨❉❘❖▲✮ s❡♥t t♦ ❢❡r♠❡♥t❛t✐♦♥ ✇✐t❤ t❤❡ s✉❣❛r❝❛♥❡ ❥✉✐❝❡✳

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

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

✭✉t✐❧✐t② str❡❛♠s ❛r❡ ♥♦t s❤♦✇♥ ✐♥ t❤❡ ✢♦✇s❤❡❡t✮✳

❊t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❡✈❛❧✉❛t❡❞ ❝♦♥✜❣✉r❛t✐♦♥s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡

✹✳ ❘❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹ s❤♦✇ t❤❛t ❡✈❡♥ t❤♦✉❣❤ ❤✐❣❤ ❤②❞r♦❧②s✐s ②✐❡❧❞s ✭✽✵✪✮ ❛r❡

❛ss✉♠❡❞ ❢♦r ❧♦✇ s♦❧✐❞s ❧♦❛❞✐♥❣ ♦♥ ❤②❞r♦❧②s✐s ✭✺✪✮✱ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ❛❧✇❛②s ♣r❡s❡♥ts t❤❡

❧♦✇❡st ♦✈❡r❛❧❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✮✳ ◆❡✈❡rt❤❡❧❡ss✱

t❤❡ ❤✐❣❤❡st s♦❧✐❞s ❧♦❛❞✐♥❣ ❛♥❛❧②③❡❞ ✭✷✵✪✮ ❞♦❡s ♥♦t ♣r❡s❡♥t t❤❡ ❤✐❣❤❡st ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✱

❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❧♦✇ ❤②❞r♦❧②s✐s ②✐❡❧❞ ❛ss✉♠❡❞ ✭✺✵✪✮✳ ■♥ ❢❛❝t t❤❡ ❧❛r❣❡st ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥ ✐s ♦❜t❛✐♥❡❞ ❢♦r ✐♥t❡r♠❡❞✐❛t❡ ❝♦♥❞✐t✐♦♥s ✭✶✺✪ s♦❧✐❞s ❛♥❞ ✻✵✪ ②✐❡❧❞✮✳

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

②✐❡❧❞s ✭❛ss✉♠❡❞ t♦ ❜❡ ♦❢ ✶✵✪✮✱ ♦✈❡r❛❧❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ ✐♥ t❤❡ s❝❡♥❛r✐♦s

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

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

❡♥❡r❣② ❞❡♠❛♥❞ ♦❢ t❤❡ ❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ st❡♣✱ ✇❤✐❝❤ t❛❦❡s ♣❧❛❝❡ ❛t ✶✵✵ ➦❈✱ ❛s ✇❡❧❧ ❛s

♦♥ t❤❡ r❡❧❛t✐✈❡❧② ❧♦✇ s♦❧✐❞s ❧♦❛❞✐♥❣ ✭✶✵✪✮ ✐♥ t❤✐s ♦♣❡r❛t✐♦♥✳ ❖✈❡r❛❧❧ ✐♥❝r❡❛s❡ ♦♥ ❡t❤❛♥♦❧

♣r♦❞✉❝t✐♦♥ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ✭✶●✮ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✈❛r✐❡s

❢r♦♠ ✷✵✪ ✭❢♦r ❧♦✇ s♦❧✐❞s ❧♦❛❞✐♥❣ ♦♥ ❤②❞r♦❧②s✐s ✲ ✺✪✱ st❡❛♠ ❡①♣❧♦s✐♦♥✱ ♣❡♥t♦s❡ ❜✐♦❞✐❣❡st✐♦♥

s❝❡♥❛r✐♦✮ t♦ ✺✷✪ ✭❤✐❣❤ s♦❧✐❞s ❧♦❛❞✐♥❣ ✕ ✷✵ ♦r ✶✺✪✱ st❡❛♠ ❡①♣❧♦s✐♦♥ ❛♥❞ ♣❡♥t♦s❡ ❢❡r♠❡♥t❛t✐♦♥

t♦ ❡t❤❛♥♦❧ s❝❡♥❛r✐♦✮✳

✶✽✼



❋✐❣✉r❡ ✹✿ ❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ❛♥❞ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ♣❡r t♦♥ ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮
♦♥ ❡❛❝❤ ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥ ✭s st❛♥❞s ❢♦r s♦❧✐❞s ❧♦❛❞✐♥❣ ♦♥ ❤②❞r♦❧②s✐s ✭✪✮ ❛♥❞ ② ❢♦r ②✐❡❧❞s
♦♥ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s ✭✪✮✮✳

❊❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ♦♥ ❡❛❝❤ s❝❡♥❛r✐♦ ✐s ❛❧s♦ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✱ ❛♥❞ ✐t ♠❛② ❜❡ ♦❜s❡r✈❡❞

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

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

♣r♦❞✉❝t✐♦♥ ♦♥ t✉r❜♦ ❣❡♥❡r❛t♦rs✳

▼♦st ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❝♦♥❝❡r♥✐♥❣ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✭✷●✮

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

♠❛①✐♠✐③✐♥❣ ♦❢ ❡✐t❤❡r t❤❡ ❛♠♦✉♥t ♦❢ ❡t❤❛♥♦❧ ✭♦r s✉❣❛rs✮ r❡❧❡❛s❡❞ ♣❡r ❛♠♦✉♥t ♦❢ ❧✐❣♥♦❝❡❧❧✉✲

❧♦s✐❝ ♠❛t❡r✐❛❧ ✭▲▼✮ ❤②❞r♦❧②③❡❞ ♦r t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ ❝❡❧❧✉❧♦s❡ ✐♥t♦ ❣❧✉❝♦s❡ ✭❈❛rr❛s❝♦ ❡t ❛❧✳✱

✷✵✶✵❀ ❍❡r♥á♥❞❡③✲❙❛❧❛s ❡t ❛❧✳✱ ✷✵✵✾❀ ▼♦♥t❡ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ ✐♥

t❤❡ ❇r❛③✐❧✐❛♥ s❝❡♥❛r✐♦✱ ♦r ✐♥ ❛♥② ♦t❤❡r s✐t✉❛t✐♦♥ ✇❤❡r❡ t❤❡ ▲▼ ✐s ❛❧s♦ ✉s❡❞ ❛s ❢✉❡❧ ❢♦r t❤❡

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

t♦ ❛♥❛❧②③❡ t❤❡ ❡♥❡r❣② ❞❡♠❛♥❞ ♦❢ t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss✱ s✐♥❝❡ t❤❡ ❛♠♦✉♥t ♦❢ ❡t❤❛♥♦❧ ♣r♦❞✉❝❡❞

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

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

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

✐♥❣ s✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ✐♥ ❇r❛③✐❧✱ ✇❛s ❡✈❛❧✉❛t❡❞ ❢♦r ❡❛❝❤ ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❛❧②③❡❞✳

❘❡s✉❧ts ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✺✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❛♠♦✉♥t ♦❢ ▲▼ ❤②❞r♦❧②③❡❞✱ s❡❝♦♥❞ ❣❡♥❡r✲

❛t✐♦♥ ✭✷●✮ ❡t❤❛♥♦❧ ♣r♦❞✉❝❡❞ ❝❛❧❝✉❧❛t❡❞ ♣❡r t♦♥ ♦❢ ❞r② ▲▼ ❛♥❞ ♦✈❡r❛❧❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳

✶✽✽



❋✐❣✉r❡ ✺✿ ❖✈❡r❛❧❧ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮✱ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✭▲▼✮ ❤②❞r♦❧②③❡❞✱
s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ✭✷●✮ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣❡r t♦♥ ♦❢ ❞r② ▲▼ ❛♥❞ st❡❛♠ ❝♦♥s✉♠♣t✐♦♥
♣❡r t♦♥ ♦❢ s✉❣❛r❝❛♥❡ ✭❚❈✮ ♦♥ ❡❛❝❤ ♣r♦❝❡ss ❝♦♥✜❣✉r❛t✐♦♥ ✭s st❛♥❞s ❢♦r s♦❧✐❞s ❧♦❛❞✐♥❣ ♦♥
❤②❞r♦❧②s✐s ✭✪✮ ❛♥❞ ② ❢♦r ②✐❡❧❞s ♦♥ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s ✭✪✮✮✳

❘❡s✉❧ts ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✉r❡ ✺ s❤♦✇ t❤❛t t❤❡ ❢r❛❝t✐♦♥ ♦❢ ▲▼ ❤②❞r♦❧②③❡❞ ✐s ✐♥✈❡rs❡❧②

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

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

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

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

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

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

t❤❡ ❢❛❝t t❤❛t t❤❡ ❛❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦ ✭✶✵✪ ✐♥❝r❡❛s❡ ♦♥ ❤②❞r♦❧②s✐s

②✐❡❧❞s✮ ♣r♦✈✐❞❡s ♥♦ s✐❣♥✐✜❝❛♥t ❣❛✐♥s ♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✿ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ✇✐t❤ ❛❧❦❛❧✐♥❡

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

❲❤❡♥ t❤❡ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s st✉❞✐❡❞ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ❝♦♠♣❛r❡❞✱ ✐t ❝❛♥ ❜❡ ✈❡r✐✜❡❞ t❤❛t

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

❤②❞r♦❧②③❡❞ ✐s ❧♦✇❡r t❤❛♥ t❤♦s❡ ♦♥ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ✇❤❡r❡ ♣❡♥t♦s❡s ❛r❡ ❜✐♦❞✐❣❡st❡❞✳ ❚❤✐s ✐s

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

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

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

♣r♦❞✉❝t✐♦♥✳

✶✽✾



✹ ❈♦♥❝❧✉s✐♦♥s

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

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

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

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

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

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

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

♣r♦❞✉❝❡❞ ♣❡r t♦♥ ♦❢ s✉❣❛r❝❛♥❡✳

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

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

❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥✳

❘❡❢❡r❡♥❝❡s

❇r✐❡♥③♦✱ ▼✳✱ ❙✐q✉❡✐r❛✱ ❆✳✱ ▼✐❧❛❣r❡s✱ ❆✳✱ ✷✵✵✾✳ ❙❡❛r❝❤ ❢♦r ♦♣t✐♠✉♠ ❝♦♥❞✐t✐♦♥s ♦❢ s✉❣❛r❝❛♥❡

❜❛❣❛ss❡ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❡①tr❛❝t✐♦♥✳ ❇✐♦❝❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❏♦✉r♥❛❧ ✹✻✱ ✶✾✾✕✷✵✹✳

❈❛rr❛s❝♦✱ ❈✳✱ ❇❛✉❞❡❧✱ ❍✳✱ ❙❡♥❞❡❧✐✉s✱ ❏✳✱ ▼♦❞✐❣✱ ❚✳✱ ❘♦s❧❛♥❞❡r✱ ❈✳✱ ●❛❧❜❡✱ ▼✳✱ ❍❛❤♥✲

❍ä❣❡r❞❛❧✱ ❇✳✱ ❩❛❝❝❤✐✱ ●✳✱ ▲✐❞é♥✱ ●✳✱ ✷✵✶✵✳ ❙❖2✲❝❛t❛❧②③❡❞ st❡❛♠ ♣r❡tr❡❛t♠❡♥t ❛♥❞ ❢❡r♠❡♥✲

t❛t✐♦♥ ♦❢ ❡♥③②♠❛t✐❝❛❧❧② ❤②❞r♦❧②③❡❞ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✳ ❊♥③②♠❡ ❛♥❞ ▼✐❝r♦❜✐❛❧ ❚❡❝❤♥♦❧♦❣②

✹✻✱ ✻✼✕✼✸✳

❉❛♠❛rt③✐s✱ ❚✳✱ ❩❛❜❛♥✐♦t♦✉✱ ❆✳✱ ✷✵✶✶✳ ❚❤❡r♠♦❝❤❡♠✐❝❛❧ ❝♦♥✈❡rs✐♦♥ ♦❢ ❜✐♦♠❛ss t♦ s❡❝♦♥❞ ❣❡♥✲

❡r❛t✐♦♥ ❜✐♦❢✉❡❧s t❤r♦✉❣❤ ✐♥t❡❣r❛t❡❞ ♣r♦❝❡ss ❞❡s✐❣♥ ✲ ❛ r❡✈✐❡✇✳ ❘❡♥❡✇❛❜❧❡ ❛♥❞ ❙✉st❛✐♥❛❜❧❡

❊♥❡r❣② ❘❡✈✐❡✇s ✶✺✱ ✸✻✻✕✸✼✽✳

❉✐❛s✱ ▼✳✱ ❈✉♥❤❛✱ ▼✳✱ ❏❡s✉s✱ ❈✳✱ ❘♦❝❤❛✱ ●✳✱ Pr❛❞❡❧❧❛✱ ❏✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧ ❋✐❧❤♦✱ ❘✳✱

❇♦♥♦♠✐✱ ❆✳✱ ✷✵✶✶❛✳ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ✐♥ ❜r❛③✐❧✿ ❝❛♥ ✐t ❝♦♠♣❡t❡ ✇✐t❤ ❡❧❡❝tr✐❝✐t②

♣r♦❞✉❝t✐♦♥❄ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✷✱ ✽✾✻✹✕✽✾✼✶✳

❉✐❛s✱ ▼✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧✱ ▼✳✱ ✷✵✵✾✳ Pr♦❞✉❝t✐♦♥

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

❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥

✽✼✱ ✶✷✵✻✕✶✷✶✻✳

✶✾✵



❉✐❛s✱ ▼✳✱ ▼♦❞❡st♦✱ ▼✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ✷✵✶✶❜✳ ■♠♣r♦✈✐♥❣

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

❛♥❞ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s✳ ❊♥❡r❣② ✸✻✱ ✸✻✾✶✕✸✼✵✸✳

❊♥s✐♥❛s✱ ❆✳✱ ▼♦❞❡st♦✱ ▼✳✱ ◆❡❜r❛✱ ❙✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✾✳ ❘❡❞✉❝t✐♦♥ ♦❢ ✐rr❡✈❡rs✐❜✐❧✐t② ❣❡♥❡r❛t✐♦♥

✐♥ s✉❣❛r ❛♥❞ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳ ❊♥❡r❣② ✸✹✱ ✻✽✵✕✻✽✽✳

❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ▲♦③❛♥♦✱ ▼✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞

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

❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✹✽✱ ✷✾✼✽✕✷✾✽✼✳

❍❡r♥á♥❞❡③✲❙❛❧❛s✱ ❏✳✱ ❱✐❧❧❛✲❘❛♠ír❡③✱ ▼✳✱ ❱❡❧♦③✲❘❡♥❞ó♥✱ ❏✳✱ ❘✐✈❡r❛✲❍❡r♥á♥❞❡③✱ ❑✳✱

●♦♥③á❧❡③✲❈és❛r✱ ❘✳✱ P❧❛s❝❡♥❝✐❛✲❊s♣✐♥♦s❛✱ ▼✳✱ ❚r❡❥♦✲❊str❛❞❛✱ ❙✳✱ ✷✵✵✾✳ ❈♦♠♣❛r❛t✐✈❡ ❤②✲

❞r♦❧②s✐s ❛♥❞ ❢❡r♠❡♥t❛t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ ❛♥❞ ❛❣❛✈❡ ❜❛❣❛ss❡✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✵✱

✶✷✸✽✕✶✷✹✺✳

▼❛r❛❜❡③✐✱ ❑✳✱ ✷✵✵✽✳ ❊st✉❞♦ s✐st❡♠át✐❝♦ ❞❛s r❡❛çõ❡s ❡♥✈♦❧✈✐❞❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s t❡♦r❡s

❞❡ ❧✐❣♥✐♥❛ ❡ ❤♦❧♦❝❡❧✉❧♦s❡ ❡♠ ❛♠♦str❛s ❞❡ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ▼❛st❡r✬s

t❤❡s✐s✱ ■♥st✐t✉t♦ ❞❡ ◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❙ã♦ P❛✉❧♦✱ ❙ã♦ ❈❛r❧♦s✳

▼♦♥t❡✱ ❏✳✱ ❇r✐❡♥③♦✱ ▼✳✱ ▼✐❧❛❣r❡s✱ ❆✳✱ ✷✵✶✶✳ ❯t✐❧✐③❛t✐♦♥ ♦❢ ♣✐♥❡❛♣♣❧❡ st❡♠ ❥✉✐❝❡ t♦ ❡♥❤❛♥❝❡

❡♥③②♠❡✲❤②❞r♦❧②t✐❝ ❡✣❝✐❡♥❝② ❢♦r s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛❢t❡r ❛♥ ♦♣t✐♠✐③❡❞ ♣r❡✲tr❡❛t♠❡♥t ✇✐t❤

❛❧❦❛❧✐♥❡ ♣❡r♦①✐❞❡✳ ❆♣♣❧✐❡❞ ❊♥❡r❣② ✽✽✱ ✹✵✸✕✹✵✽✳

▼♦r❛♥❞✐♥✱ ▼✳✱ ❚♦✛♦❧♦✱ ❆✳✱ ▲❛③③❛r❡tt♦✱ ❆✳✱ ▼❛ré❝❤❛❧✱ ❋✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❆✳✱ ✷✵✶✶✳ ❙②♥✲

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

✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛ ❈❍P s②st❡♠✳ ❊♥❡r❣② ✸✻✱ ✸✻✼✺✕✸✻✾✵✳

◆✐❣❛♠✱ P✳✱ ❙✐♥❣❤✱ ❆✳✱ ✷✵✶✶✳ Pr♦❞✉❝t✐♦♥ ♦❢ ❧✐q✉✐❞ ❜✐♦❢✉❡❧s ❢r♦♠ r❡♥❡✇❛❜❧❡ r❡s♦✉r❝❡s✳ Pr♦❣r❡ss

✐♥ ❊♥❡r❣② ❛♥❞ ❈♦♠❜✉st✐♦♥ ❙❝✐❡♥❝❡ ✸✼✱ ✺✷✕✻✽✳

P✐♣♣♦✱ ❲✳ ❆✳✱ ▲✉❡♥❣♦✱ ❈✳✱ ❆❧❜❡rt❡r✐s✱ ▲✳ ❆✳ ▼✳✱ ●❛r③♦♥❡✱ P✳✱ ❈♦r♥❛❝❝❤✐❛✱ ●✳✱ ✷✵✶✶✳ ❊♥❡r❣②

r❡❝♦✈❡r② ❢r♦♠ s✉❣❛r❝❛♥❡✲tr❛s❤ ✐♥ t❤❡ ❧✐❣❤t ♦❢ ✷♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❢✉❡❧s✳ P❛rt ✶✿ ❈✉rr❡♥t

s✐t✉❛t✐♦♥ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛s♣❡❝ts✳ ❲❛st❡ ❇✐♦♠❛ss ❱❛❧♦r ✷✱ ✶✕✶✻✳

❘♦❝❤❛✱ ●✳✱ ●♦♥ç❛❧✈❡s✱ ❆✳✱ ❖❧✐✈❡✐r❛✱ ❇✳✱ ●ó♠❡③✱ ❊✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ✷✵✶✵✳ ❈♦♠♣♦s✐t✐♦♥❛❧ ✈❛r✐✲

❛❜✐❧✐t② ♦❢ r❛✇✱ st❡❛♠✲❡①♣❧♦❞❡❞ ❛♥❞ ❞❡❧✐❣♥✐✜❝❛t❡❞ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✳ ■♥✿ ❈♦♥❣r❡ss♦ ■♥✲

t❡r♥❛❝✐♦♥❛❧ s♦❜r❡ ●❡r❛çã♦ ❉✐str✐❜✉í❞❛ ❡ ❊♥❡r❣✐❛ ♥♦ ▼❡✐♦ ❘✉r❛❧ ✭❆●❘❊◆❊❘ ●❉ ✷✵✶✵✮✳

✶✾✶



◆■P❊✴❯◆■❈❆▼P✱ ❈❛♠♣✐♥❛s✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳♥✐♣❡✉♥✐❝❛♠♣✳♦r❣✳❜r✴❛❣r❡♥❡r✴❛♥❛✐s✴✷✵✶✵✴✶✹✲✶✷✴✶✷✴✻✸✳♣❞❢

❙❡rr❛✱ ▲✳✱ ▲♦③❛♥♦✱ ▼✳✲❆✳✱ ❘❛♠♦s✱ ❏✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ✷✵✵✾✳ P♦❧②❣❡♥❡r❛t✐♦♥ ❛♥❞

❡✣❝✐❡♥t ✉s❡ ♦❢ ♥❛t✉r❛❧ r❡s♦✉r❝❡s✳ ❊♥❡r❣② ✸✹✱ ✺✼✺✕✺✽✻✳

❙✐❧✈❛✱ ❆✳✱ ■♥♦✉❡✱ ❍✳✱ ❊♥❞♦✱ ❚✳✱ ❨❛♥♦✱ ❙✳✱ ❇♦♥✱ ❊✳✱ ✷✵✶✵✳ ▼✐❧❧✐♥❣ ♣r❡tr❡❛t♠❡♥t ♦❢ s✉❣❛r✲

❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ str❛✇ ❢♦r ❡♥③②♠❛t✐❝ ❤②❞r♦❧②s✐s ❛♥❞ ❡t❤❛♥♦❧ ❢❡r♠❡♥t❛t✐♦♥✳ ❇✐♦r❡s♦✉r❝❡

❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✼✹✵✷✕✼✹✵✾✳

❙✐♠s✱ ❘✳✱ ▼❛❜❡❡✱ ❲✳✱ ❙❛❞❞❧❡r✱ ❏✳✱ ❚❛②❧♦r✱ ▼✳✱ ✷✵✶✵✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

❜✐♦❢✉❡❧ t❡❝❤♥♦❧♦❣✐❡s✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✶✺✼✵✕✶✺✽✵✳

❙♦♠❡rs✱ ❈✳✱ ✷✵✵✾✳ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❛❜s♦r♣t✐♦♥ ❝②❝❧❡s ❢♦r ✐♥t❡❣r❛t✐♦♥ ✐♥t♦ r❡✜♥✐♥❣ ♣r♦❝❡ss❡s✳

▼❛st❡r✬s t❤❡s✐s✱ ❯♥✐✈❡rs✐t② ♦❢ ▼❛r②❧❛♥❞✱ ❈♦❧❧❡❣❡ P❛r❦✳

❲♦♦❧❡②✱ ❘✳✱ P✉ts❝❤❡✱ ❱✳✱ ✶✾✾✻✳ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛♥ ❛s♣❡♥ ♣❧✉s ♣❤②s✐❝❛❧ ♣r♦♣❡t✐❡s ❞❛t❛❜❛s❡

❢♦r ❜✐♦❢✉❡❧s ❝♦♠♣♦♥❡♥ts✳ ❚❡❝❤✳ r❡♣✳✱ ◆❛t✐♦♥❛❧ ❘❡♥❡✇❛❜❧❡ ❊♥❡r❣② ▲❛❜♦r❛t♦r②✱ ●♦❧❞❡♥✱

❈❖✱ r❡♣♦rt ◆♦✳ ◆❘❊▲✴▼P✲✹✷✺✲✷✵✻✽✺✳

❳✉✱ ❏✳✱ ❈❤❡♥❣✱ ❏✳✱ ✷✵✶✶✳ Pr❡tr❡❛t♠❡♥t ♦❢ s✇✐t❝❤❣r❛ss ❢♦r s✉❣❛r ♣r♦❞✉❝t✐♦♥ ✇✐t❤ t❤❡ ❝♦♠❜✐✲

♥❛t✐♦♥ ♦❢ s♦❞✐✉♠ ❤②❞r♦①✐❞❡ ❛♥❞ ❧✐♠❡✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✷✱ ✸✽✻✶✕✸✽✻✽✳

✶✾✷



❈❛♣ít✉❧♦ ✾

❆♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞❡ ❞✐❢❡r❡♥t❡s

❛❧t❡r♥❛t✐✈❛s

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦✉tr♦s tr❛❜❛❧❤♦s ❡♥✈♦❧✈❡♥❞♦ ❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞❡

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

♥♦s ❝❛♣ít✉❧♦s ❛♥t❡r✐♦r❡s✳

✾✳✶ ❊st✉❞♦ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦✲

❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦

◆❡st❛ s❡çã♦ é ❛♣r❡s❡♥t❛❞♦ ✉♠ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈✐❞♦ ✉t✐❧✐③❛♥❞♦✲s❡ ♦ s✐♠✉❧❛❞♦r ❙✉♣❡r✲

Pr♦ ❉❡s✐❣♥❡r✱ ♥♦ q✉❛❧ ❞✐❢❡r❡♥t❡s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❡

❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ❤✐❞ró❧✐s❡ ✭t❡♦r ❞❡ só❧✐❞♦s ❡ t❡♠♣♦ ❞❡ r❡❛çã♦✮ sã♦ ✉t✐❧✐③❛❞♦s ❡♠ ✉♠

♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳ ❖ tr❛❜❛❧❤♦ ❙✐♠✉❧❛t✐♦♥ ♦❢

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

❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❜✐♦♠❛ss ♣r❡tr❡❛t♠❡♥t ♠❡t❤♦❞s ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❢♦r♠❛ ❞❡ ♣ôst❡r ♥♦ ✸✷♥❞

❙②♠♣♦s✐✉♠ ♦♥ ❇✐♦t❡❝❤♥♦❧♦❣② ❢♦r ❋✉❡❧s ❛♥❞ ❈❤❡♠✐❝❛❧s✱ ♥♦s ❊❯❆ ❡♠ ✷✵✶✵ ❡ ♣✉❜❧✐❝❛❞♦ ♥❛
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r❡✈✐st❛ ❏♦✉r♥❛❧ ♦❢ ■♥❞✉str✐❛❧ ▼✐❝r♦❜✐♦❧♦❣② ❛♥❞ ❇✐♦t❡❝❤♥♦❧♦❣②✶✳ ◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ s✐♠✉❧❛❞♦

♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦ ❝♦♠♣❛r❛♥❞♦ ❞✐❢❡r❡♥t❡s ♣r♦✲

❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ✭❡①♣❧♦sã♦ ❛ ✈❛♣♦r✱ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛❧❝❛❧✐♥♦ ❡ ♦r❣❛♥♦s♦❧✈✮

s❡❣✉✐❞♦s ♦✉ ♥ã♦ ❞❡ ✉♠❛ ❡t❛♣❛ ❛❞✐❝✐♦♥❛❧ ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛✱ ✈❛r✐❛♥❞♦✲s❡ ❛s ❝♦♥❞✐çõ❡s

❞❡ ❤✐❞ró❧✐s❡ ✭t❡♦r ❞❡ só❧✐❞♦s ❞❡ ✺ ♦✉ ✶✺✪ ❡ t❡♠♣♦ ❞❡ ❤✐❞ró❧✐s❡ ❞❡ ✷✹✱ ✹✽ ♦✉ ✼✷ ❤♦r❛s✮✳

❖ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦ é ❜❛s❡❛❞♦ ❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛

♦t✐♠✐③❛❞❛✱ q✉❡ ♣r♦❝❡ss❛ ✺✵✵ ❚❈✴❤✱ ❝♦♠ ❛❧❣✉♠❛s ♠❡❧❤♦r✐❛s ❞♦ ♣r♦❝❡ss♦ ✭♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r

❛ ❛❧t❛ ♣r❡ssã♦✱ ❡❧❡tr✐✜❝❛çã♦ ❞♦s ❛❝✐♦♥❛♠❡♥t♦s✱ r❡❞✉çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ♣♦r ♠❡✐♦ ❞❡

✐♥t❡❣r❛çã♦ ❡♥❡r❣ét✐❝❛✱ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡♠ ❡✈❛♣♦r❛❞♦r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱ ❡t❝✳✮✳ ◆♦

♣r♦❝❡ss♦ ❞❡ ✷❛ ❣❡r❛çã♦✱ r❡s✉❧t❛❞♦s ❞❡ ❝♦♥✈❡rsã♦ ♥❛s ♦♣❡r❛çõ❡s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡ ❤✐❞ró❧✐s❡

❢♦r❛♠ ♦❜t✐❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ s❡♥❞♦ q✉❡ ♣❛r❛ ❤✐❞ró❧✐s❡ ❝♦♠ t❡♦r ❞❡ só❧✐❞♦s ❞❡ ✶✺✪ ❝♦♥s✐❞❡r♦✉✲

s❡ ❛ ♠❡s♠❛ ❝♦♥✈❡rsã♦ ❞❛ ❤✐❞ró❧✐s❡ ❝♦♠ t❡♦r ❞❡ só❧✐❞♦s ❞❡ ✺✪ ✭r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✮✱ ❡♠

✉♠ ❝❡♥ár✐♦ ❤✐♣♦tét✐❝♦ ❞❡ ♠❡❧❤♦r✐❛ ❞❛ t❡❝♥♦❧♦❣✐❛✳ ❆ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦❣❡r❛çã♦ ❢♦✐

❝♦♥❞✉③✐❞❛ ✉s❛♥❞♦ ♣❧❛♥✐❧❤❛s ❡❧❡trô♥✐❝❛s❀ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧

♣❛r❛ ❤✐❞ró❧✐s❡ ❡♠ ❝❛❞❛ ❝❛s♦ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣r♦❝❡ss♦

✐♥t❡❣r❛❞♦✱ ❥á q✉❡ ♣❛rt❡ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❞✐s♣♦♥í✈❡❧ ♥♦ ♣r♦❝❡ss♦ é ✉t✐❧✐③❛❞❛ ❝♦♠♦

❝♦♠❜✉stí✈❡❧ ♥❛s ❝❛❧❞❡✐r❛s✳

❘❡s✉❧t❛❞♦s s✐♠✐❧❛r❡s ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♥♦s ♣r♦❝❡ss♦s q✉❡ ❡♠♣r❡❣❛♠ ♣❡ró①✐❞♦

❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❡①♣❧♦sã♦ ❛ ✈❛♣♦r ❝♦♠♦ ♠ét♦❞♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❢♦r❛♠ ♦❜t✐❞♦s✳ ❱❡r✐✜❝♦✉✲

s❡ q✉❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ✐♥st❛❧❛❞❛ ❡♠ r❡❛t♦r❡s ❞❡ ❤✐❞ró❧✐s❡ ♥❡❝❡ssár✐❛ ♣❛r❛ ♦s ♣r♦❝❡ss♦s q✉❡

❝♦♥s✐❞❡r❛♠ ✼✷ ❤♦r❛s ❞❡ r❡❛çã♦ é ❡①❝❡ss✐✈❛♠❡♥t❡ ❣r❛♥❞❡✱ ❡ q✉❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛t❛❧✐s❛❞♦r

♥❡❝❡ssár✐❛ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❝♦♠ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛❧❝❛❧✐♥♦ ✐♥✈✐❛❜✐❧✐③❛ ♦ ♣r♦❝❡ss♦✳ ❯♠❛

❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ♣r❡❧✐♠✐♥❛r ❢♦✐ ❝♦♥❞✉③✐❞❛✱ ♣❡r♠✐t✐♥❞♦ ❝♦♥❝❧✉✐r q✉❡ ♦s ♠❡❧❤♦r❡s ❝❡♥ár✐♦s

♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ✐♥t❡❣r❛❞❛ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦ ❞❡✈❡ ❝♦♥s✐❞❡r❛r t❡♠♣♦

❞❡ ❤✐❞ró❧✐s❡ r❡❞✉③✐❞♦ ✭❡♥tr❡ ✷✹ ❡ ✹✽ ❤♦r❛s✮ ❡ ❡❧❡✈❛❞♦ t❡♦r ❞❡ só❧✐❞♦s✳

✶❲✐t❤ ❦✐♥❞ ♣❡r♠✐ss✐♦♥ ❢r♦♠ ❙♣r✐♥❣❡r ❙❝✐❡♥❝❡✰❇✉s✐♥❡ss ▼❡❞✐❛✿ ❏♦✉r♥❛❧ ♦❢ ■♥❞✉str✐❛❧ ▼✐❝r♦❜✐♦❧♦❣② ❛♥❞
❇✐♦t❡❝❤♥♦❧♦❣②✱ ❙✐♠✉❧❛t✐♦♥ ♦❢ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✿
❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❜✐♦♠❛ss ♣r❡tr❡❛t♠❡♥t ♠❡t❤♦❞s✱ ✸✽✱ ✷✵✶✶✱ ♣✳ ✾✺✺✲✾✻✻✱ ▼✳❖✳❙✳ ❉✐❛s ❡t ❛❧✳✱
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Abstract Sugarcane bagasse is used as a fuel in con-

ventional bioethanol production, providing heat and power

for the plant; therefore, the amount of surplus bagasse

available for use as raw material for second generation

bioethanol production is related to the energy consumption

of the bioethanol production process. Pentoses and lignin,

byproducts of the second generation bioethanol production

process, may be used as fuels, increasing the amount of

surplus bagasse. In this work, simulations of the integrated

bioethanol production process from sugarcane, surplus

bagasse and trash were carried out. Selected pre-treatment

methods followed, or not, by a delignification step were

evaluated. The amount of lignocellulosic materials avail-

able for hydrolysis in each configuration was calculated

assuming that 50% of sugarcane trash is recovered from the

field. An economic risk analysis was carried out; the best

results for the integrated first and second generation etha-

nol production process were obtained for steam explosion

pretreatment, high solids loading for hydrolysis and

24–48 h hydrolysis. The second generation ethanol pro-

duction process must be improved (e.g., decreasing

required investment, improving yields and developing

pentose fermentation to ethanol) in order for the integrated

process to be more economically competitive.

Keywords Simulation � Sugarcane � Sugarcane bagasse �
Ethanol � Pretreatment � Enzymatic hydrolysis

Introduction

Bioethanol has been produced from sugarcane in Brazil on

a large scale for more than 30 years [14]. Until 2005,

Brazil was the largest ethanol producer in the world, but

international interest in ethanol as a fuel aroused and

motivated an increase of ethanol production from corn in

the USA. Nevertheless, sugarcane remains the most effi-

cient raw material for bioethanol production, with lower

consumption of fossil energy for ethanol production, pro-

ducing an average of 9.3 units of renewable energy for one

unit of fossil energy consumed [22].

In the search for the expansion of bioethanol production

without compromising food security and assuring fuel

supplies, the use of lignocellulosic materials such as sur-

plus bagasse, trash and other agricultural residues has been

encouraged; it is estimated that the use of these raw

materials for bioethanol production will improve process

efficiency as well as reduce environmental impacts [23,

37]. Bioethanol production from lignocellulosic materials

(second generation (2G) bioethanol), including pretreat-

ment processes and enzymes technology for cellulose

saccharification, has been investigated with increasing

interest for the past few years [36], due to the growing

concerns about climate change, increased energy demand

and the forecast depletion of fossil resources [10, 32].

One of the major lignocellulosic materials that can be

employed for bioethanol production is sugarcane bagasse,
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the fibrous lignocellulosic residue generated in large

amounts (approximately 140 kg/ton of sugarcane, dry

basis) during sugarcane processing for sugar and ethanol

production [20]. Where bioethanol is produced from sug-

arcane (first generation (1G)), such as in Brazil, sugarcane

bagasse is already available at plant sites, and production

of second generation bioethanol can share part of the

infrastructure where first generation bioethanol is pro-

duced, such as juice concentration, fermentation and dis-

tillation [7], and the utilities sector (cogeneration and water

cooling systems). Another important residue that may be

employed for bioethanol production in the sugarcane

industry is sugarcane trash, which includes sugarcane

leaves and tops, usually burnt or left in the field; trash is

produced at a rate of approximately 140 kg/ton of sugar-

cane (dry basis). With the elimination of burning practices,

large amounts of trash will be available for use as an

energy source [34].

Since sugarcane bagasse is used as a fuel in conven-

tional bioethanol production, providing heat and power for

the plant [11], the amount of surplus bagasse available for

use as raw material for second generation bioethanol pro-

duction is directly related to the energy consumption of

bioethanol production processes (both first and second

generation). Pentose and lignin, byproducts of the second

generation bioethanol production, may be used as fuels

[21] to increase the amount of surplus bagasse, along with

improved technologies for cogeneration and optimization

of the conventional bioethanol production process [11].

In order to be used as raw materials for bioethanol

production, lignocellulosic materials such as sugarcane

bagasse and trash must undergo a pretreatment process

through which the hemicellulose is removed and the cel-

lulose is made more accessible to enzymatic attack during

hydrolysis [28, 31]. Different pretreatment processes have

been investigated including physical (comminution),

chemical (alkali, acid and solvents attack), physico-chem-

ical (steam explosion) and biological (white-rot fungi

attack) approaches [35], but none have yet upgraded sec-

ond generation to levels of production competitive with

conventional first generation ethanol production.

In order to point toward the most adequate configuration

of the second generation ethanol production process, in a

process integrated with conventional first generation from

sugarcane, simulations of the integrated bioethanol pro-

duction process from sugarcane, surplus bagasse and trash

were carried out using the SuperPro Designer process

simulator [17]. Selected pre-treatment methods (steam

explosion, hydrogen peroxide and organosolv) followed, or

not, by an alkaline delignification step were evaluated,

along with the subsequent enzymatic hydrolysis step. The

amount of lignocellulosic material available for hydrolysis

on each configuration was calculated assuming that 50% of

sugarcane trash is recovered from the field [7, 39] and used

either as fuel in the cogeneration system or as raw material

for bioethanol production, if the thermal requirements of

the plant are low enough, resulting in surplus trash. Yields,

process and conversion parameters were obtained in the

literature and from the industry for the first generation

process, and bioethanol production was evaluated for each

process configuration.

This work provides a basis for economic evaluations to

determine the feasibility of integrated second generation

bioethanol production.

Process description

Sugarcane is comprised of sugars (mainly sucrose and

small fractions of the reducing sugars fructose and glu-

cose), water, fibers and impurities. Sugarcane composition

varies greatly among varieties, climate, soil and age. It is

expected that over the next few years sugarcane quality

will be enhanced, with an increase in its sugars and fiber

content [22]; thus, an improvement in these parameters is

considered in this work, in comparison with present sug-

arcane quality in Brazil.

In this work an autonomous distillery is considered, that

is, a plant in which all the processed sugarcane is diverted

for ethanol production. A typical large scale plant (crushing

around 12,000 tons of sugarcane—TC per day) is simu-

lated. The main parameters of the plant are displayed in

Table 1.

First generation bioethanol production from sugarcane

The conventional bioethanol production process in an

autonomous distillery follows these main steps: sugarcane

reception and cleaning, extraction of sugars, juice treat-

ment and concentration, fermentation, distillation and

dehydration.

Upon reception in the factory, sugarcane must be

cleaned to remove part of the dirt carried along from the

Table 1 Plant design: main parameters

Parameter Value Unit

Sugarcane crushing rate 500 TC/h

Days of operation 180 days/year

Fiber content 14 wt%

Sugars content 15 wt%

Amount of sugarcane trash
produced in the field

140 kg/TC

Fraction of sugarcane trash
recovered from the field

50 %

TC tons of sugarcane
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field. Sugarcane cleaning is usually carried out using wash

water, which is recycled to the cleaning process after

removal of dirt and other impurities.

Extraction of sugars is done using mills, where sugarcane

juice and bagasse are separated. Water at a rate of 28 wt% of

sugarcane flow is used to improve sugars recovery. Sugar-

cane juice contains water, sucrose and reducing sugars,

along with impurities such as minerals, salts, organic acids,

dirt and fiber particles which must be removed prior to

fermentation. First, screens are used to remove sand and fine

particles of bagasse [5]. Juice then receives a chemical

treatment to remove other impurities. In the process con-

sidered in this work, juice undergoes heating from 30 to

70�C; addition of lime takes place afterwards along with a

second heating, up to 105�C. Hot juice is flashed to remove

dissolved air and, after addition of a flocculant polymer,

impurities are removed in a settler, where mud and clarified

juice are obtained. A filter is used to recover some of the

sugars carried along with the mud, and the filtrate is recy-

cled to the process prior to the second heating operation.

Clarified juice contains around 15 wt% solids; a fraction

of the clarified juice is concentrated in a 5-stage multiple

effect evaporators (MEE) up to 65 wt% solids. The con-

centrated juice is mixed with the remaining clarified frac-

tion to produce a final juice containing 22.5 wt% solids

which is cooled and fed to the fermentors.

A fed-batch fermentation process with cell recycling

(Melle-Boinot process) is used [33]. In this process, yeast

(recovered from a previous fermentation batch) is fed to the

fermentor prior to the juice; the mixture remains in the

reactor for a few hours, and the sugars (sucrose, glucose

and fructose) are converted into ethanol, carbon dioxide

and by-products (alcohols, organic acids, etc.). Since fer-

mentation reactions are exothermic, fermentation vats are

cooled in order to attain high ethanol concentration in the

fermented liquor (also called wine) [9]. The wine produced

in fermentation is centrifuged to remove yeast cells, which

undergo a chemical treatment using water and sulfuric acid

to reduce bacterial contamination. Yeast cells are used in

the next batch, while centrifuged wine is purified in dis-

tillation and rectification columns, producing hydrous

(around 93 wt%) ethanol. Anhydrous ethanol (99.3 wt%) is

produced in an adsorption process using molecular sieves.

The main parameters of the unit operations of the bio-

ethanol production process that constitutes an autonomous

distillery are represented in Table 2. The efficiencies and

other parameters displayed in Table 2 represent equipment

commercially available in Brazil.

Second generation bioethanol production processes

Second generation biofuels are produced from lignocellu-

losic biomass, which is basically composed of three

polymers: cellulose, hemicelluloses (mainly xylan) and

lignin [1]. While the hemicellulosic fraction is converted

into monomeric sugars (mainly pentoses) under mild pro-

cess conditions, hydrolysis of cellulose into glucose, which

is easily fermented to ethanol, is considerably harder to

accomplish [30].

Due to the close association of the three components

(cellulose, hemicellulose and lignin) in the structure of the

biomass, an intense pretreatment process is required to

separate lignin and hemicellulose from the cellulose by

promoting their solubilization or degradation, reducing

cellulose crystallinity and increasing porosity of the lig-

nocellulosic material, thus improving accessibility of the

remaining cellulose to enzymatic attack [19, 26, 31].

The process of production of bioethanol from lignocel-

lulosic materials consists of the following operations:

biomass pretreatment, hydrolysis, concentration, fermen-

tation, separation, purification and effluent treatment and

disposal [36].

In Brazil, sugarcane bagasse is an important raw mate-

rial to be considered for ethanol production, via hydrolysis,

due to its low costs and the possibility of sharing infra-

structure in existing mills, thus reducing required invest-

ments [39]. In addition, another lignocellulosic residue

obtained from sugarcane—sugarcane trash—may be

recovered from the fields and used as raw material for

second generation bioethanol production. However, a

fraction of the trash produced must be left in the field in

order to provide weed and disease control as well as soil

conservation and fertilizer recycling. The exact amount of

trash that must be left in the field depends on local con-

ditions such as variety, climate, pests and others [15], but

several authors consider that the use of 50% of the trash in

the mills is a feasible figure in the years to come [7, 39].

In this work, different pretreatment methods were con-

sidered and compared: steam explosion, hydrogen peroxide

and organosolv, followed, or not, by an alkaline delignifi-

cation step.

Table 2 Unit operation design: main parameters

Parameter Value Unit

Efficiency of dirt removal on sugarcane cleaning 90 %

Sugar losses on sugarcane cleaning 0.8 kg/TC

Sugarcane wash water 2.2 m3/TC

Efficiency of sugars extraction on the mills 97.5 %

Sugarcane bagasse moisture content 50 wt%

Recovery of sugars on juice treatment 99.5 %

Fermentation yield 92 %

Ethanol recovery on distillation and dehydration 99.7 %

Pressure of steam produced in the boilers 90 bar

TC tons of sugarcane
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SO2 catalyzed steam explosion

Experimental results of the steam pretreatment process of

sugarcane bagasse and the subsequent enzymatic hydro-

lysis were obtained by Carrasco et al. [3]. The authors

performed a series of experiments in which 300 g of

bagasse (dry weight) was steam pretreated in a 10 L

steam-pretreatment reactor, using SO2 as a catalyst, fol-

lowed by enzymatic hydrolysis (1 L reactors) and

fermentation.

The highest values for soluble xylose recovery were

obtained for SO2 catalyzed steam pretreatment at 190�C for

5 min, which also provided the highest overall sugar yields

(including monosaccharides produced upon pretreatment

and hydrolysis) after enzymatic hydrolysis [3].

Alkaline hydrogen peroxide

Alkaline processes are expected to cause less sugar deg-

radation than acid processes; since hydrogen peroxide

degrades into water and oxygen, it does not contaminate

biomass. Another advantage of this process is the fact that

it takes place under mild process conditions (pressure,

temperature and no acid catalysts) [28]. In this work, we

used results obtained by Garcia [13] for the enzymatic

hydrolysis of hydrogen peroxide pretreated bagasse at a

solids content of 5%. The optimum pretreatment condi-

tions were defined as 1 h of reaction, 25�C, 11% H2O2,

pH = 11.5 and 8% bagasse (wt/v). The subsequent

enzymatic hydrolysis step was carried out for up to 72 h

[13].

Organosolv pretreatment

Sugarcane bagasse was submitted to ethanol organosolv

pretreatment using a 50 L pilot scale reactor [24], in which

an aqueous ethanol solution (50% v/v) and a solid to liquid

ratio of 1:5 were employed, at a constant temperature of

175�C. Different concentrations of catalysts were evalu-

ated, with varying pretreatment times. The subsequent

enzymatic hydrolysis step was performed on the washed

water-insoluble residue of pretreated bagasse at 5% (w/v)

substrate content on a laboratory scale (25 mL) for up to

24 h. The best pretreatment results in terms of overall

glucose yield (20.9 g glucose/100 g bagasse) were

obtained using 1.25% H2SO4 as catalyst for 60 min [24].

Alkaline delignification

Alkali pretreatment decreases both lignin and hemicellu-

lose content of the biomass; combination of dilute NaOH

pretreatment and other treatments seems more efficient

than the exclusive use of alkali pretreatment [1]. Removal

of lignin from the pretreated material improves cellulose

accessibility to enzymes in the hydrolysis step.

Cogeneration: co-production of heat and power

Fibrous sugarcane residues (bagasse produced in the mills

and trash recovered from the fields) are used as fuels for

production of steam and electric energy in the cogeneration

system, supplying the entire thermal and electrical

requirements of the ethanol production process.

In the production of first generation bioethanol, all the

bagasse and trash available are used as fuel in boilers,

producing high pressure steam. Steam is fed to extraction-

condensation steam turbines, in which low pressure steam

is produced to supply the thermal requirements of the

process as well as electrical energy, while surplus steam is

condensed. When second generation bioethanol is pro-

duced, surplus bagasse and trash are used as raw materials

in the pretreatment and hydrolysis processes, and in this

case the process determines the amount of steam that is

produced in the boilers; thus, back-pressure steam turbines

(no condensation) are employed [11]. A simplified scheme

of the cogeneration systems for first and second generation

bioethanol production is illustrated in Fig. 1.

When second generation bioethanol production is inte-

grated with the first generation, the exact amount of lig-

nocellulosic material available for hydrolysis is determined

according to the thermal requirements of the entire process,

since a portion of the material available must be burnt in

the boilers to supply the energy requirements of the inte-

grated plant. Thus, lower energy demand of the production

process leads to higher amounts of bagasse and trash

available for hydrolysis. One of the tools that can be

employed to reduce the thermal energy requirements of the

process is the Pinch Analysis [7], through which thermal

integration of the process streams is evaluated. Different

authors applied this method to analyze the thermal inte-

gration of the bioethanol production process [7, 8, 11, 12,

16, 27], promoting a significant reduction in steam con-

sumption of the process.

Fig. 1 Simplified scheme of the cogeneration system for the first
(a) and second (b) generation bioethanol production. I: boiler; II:
steam turbines; III: process; IV: condenser
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Process simulation

Simulations were carried out using the SuperPro Designer

process simulator from Intelligen, Inc. An autonomous

distillery with modern commercial technologies was con-

sidered for the first generation bioethanol production. A

simplified scheme of the simulation of the first generation

ethanol production is displayed in Fig. 2.

In order to represent the process more accurately, sev-

eral components that are part of sugarcane composition

(cellulose, hemicellulose, lignin, aconitic acid, which rep-

resents the acids present in sugarcane structure, and

potassium oxide, which represents all the minerals),

material dragged along with sugarcane (dirt), by-products

(such as aconitate, formed during juice treatment, and

pentoses produced during pretreatment and hydrolysis

reactions in the simulation of the second generation pro-

cess) and input material (flocculant polymer, used on juice

treatment in the settler) were inserted into the simulator

database.

First, a mass balance of the first generation process was

carried out using an electronic spreadsheet, using data

collected in the industry (Usina da Pedra, a mill producing

sugar and ethanol located in the state of São Paulo) and

from the literature; the main parameters are the ones

reported in Table 2. Simulation of the production process

was carried out using SuperPro Designer; the current ver-

sion of this software (v. 7.5) does not allow the simulation

of the cogeneration system, which was calculated using a

spreadsheet and integrated with the SuperPro simulation.

The parameters adopted for the simulation of the cogene-

ration system are listed in Table 3.

Simulation was performed considering no thermal

integration of process streams. However, a reduction of

30.8% on the 2.5 bar steam consumption calculated by the

process simulator was taken into account; this reduction

was obtained after applying Pinch Analysis on the simu-

lation of an autonomous distillery by Dias et al. [8].

Simulation of the second generation production process

was carried out considering conversion parameters calcu-

lated from the results published in Carrasco et al. [3] for the

steam explosion (SE), Garcia [13] for the hydrogen per-

oxide (H2O2) and Mesa et al. [24] for the organosolv

pretreatment (OS). The main parameters for the 2G pro-

cesses analyzed are presented in Table 4.

The values presented in Table 4 were obtained for the

hydrolysis of sugarcane bagasse at a solid load of 5%; these

figures were used in the simulations. An advanced hydro-

lysis scenario was also considered for each studied pre-

treatment process, in which enzymatic hydrolysis is carried

out at a solids load of 15%, assuming that the same

hydrolysis yields illustrated in Table 4 are achieved. In

addition, alkaline delignification of pretreated bagasse for

both steam explosion and hydrogen peroxide pretreatments

was considered; in this case, a hypothetical increase of 20%

on the hydrolysis yields displayed in Table 4 was assumed.

The integrated 1G and 2G production process considers

fermentation of mixed sugarcane juice and hydrolyzed

glucose liquor; a block-flow diagram of the integrated

process is shown in Fig. 3.

Fig. 2 Simplified scheme of the
simulation of the first generation
ethanol production from
sugarcane in an autonomous
distillery
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The 2G bioethanol production in this work considered

exclusively the fermentation of the glucose obtained from

cellulose hydrolysis; the pentose fraction, obtained from

the hemicellulose, is biodigested, producing biogas which

is used as a fuel. Cellulignin, another by-product of the 2G

production, which comprises the remaining solid material

after hydrolysis, is also used as fuel in boilers, besides the

lignin obtained after alkaline delignification. The use of the

process by-products (pentose, lignin and unreacted cellu-

lose) as fuels allows processing of larger fractions of

bagasse, since they supply part of the energy required to

run the process.

In order to calculate the energy provided by cellulignin

burning, Eq. 1 was employed [6]:

HHV ¼ 0:0877ðLÞ þ 16:4951 ð1Þ

in which the higher heating value (HHV, kJ/g) is calculated

based on the lignin content of the lignocellulosic material

(L, wt%). The value calculated using this correlation pre-

sented a difference from the experimental value of less than

2% for materials such as tobacco leaf, corncob, corn straw

and wheat straw, among others [6]. Lower heating values

(LHV) for unreacted cellulignin (moisture content around

50% and varying composition according to the pretreat-

ment and hydrolysis yields) around 10,000 kJ/kg were

obtained.

Economic assumptions and parameters

A preliminary economic risk analysis was carried out,

considering the basic parameters displayed in Table 5

and the most relevant costs and prices presented in

Table 6.

Investment data for the first generation biorefinery was

calculated based on data provided by Dedini (one of the

major equipment manufacturers for the ethanol industry in

Brazil). Table 7 shows these data for an autonomous dis-

tillery crushing 2,000,000 tons of sugarcane per year,

operating with 22 bar boilers and with azeotropic distilla-

tion as the ethanol dehydration method.

Process improvements considered dehydration with

molecular sieves (increase of 40% on the distillation sec-

tor), boilers for production of 90 bar steam (increase of

40% on the cogeneration sector) and a heat exchanger

network (increase of 10% on the distillation sector).

Table 3 Cogeneration design:
main parameters

TC tons of sugarcane
a Electricity demand as a
function of the lignocellulosic
material processed in the second
generation production process

Parameter Value Unit

Boiler pressure 90 bar

Boiler efficiency—LHV basis 86 %

Live steam temperature 520 �C

Isentropic efficiency—first stage of steam turbine 72 %

First extraction—steam pressure 22 bar

Isentropic efficiency—second stage of steam turbine 81 %

Generator efficiency 98 %

Isentropic efficiency—condensing turbine 70 %

Condensation pressure 0.11 bar

LHV sugarcane bagasse—50% moisture 7565 kJ/kg

Electricity demand—1G production process 30 kWh/TC

Electricity demand—2G production process 24 kWh/ta

LHV sugarcane trash—15% moisture 12960 kJ/kg

LHV biogas 21320 kJ/Nm3

Process steam pressure 2.5 bar

Molecular sieves—steam pressure 6 bar

Steam explosion pretreatment—steam pressure 12.5 bar

Organosolv pretreatment—steam pressure 10 bar

Table 4 Second generation pretreatment process design: steam
explosion (SE), hydrogen peroxide (H2O2) and organosolv (OS):
main parameters

Parameter SE H2O2 OS

Conversion of xylan during pretreatment (%) 57 67 57

Conversion of cellulose during pretreatment (%) 5 0.7 0

Conversion of cellulose—24 h hydrolysis (%) 50 61 38

Conversion of cellulose—48 h hydrolysis (%) 70 70 NA

Conversion of cellulose—72 h hydrolysis (%) 72 77 NA

Enzymatic load—cellulase (FPU/g dry biomass) 15 10 15

Enzymatic load—b-glucosidase (IU/g dry biomass) 24 20 15

NA data not available
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Changes in equipment capacity were correlated to costs

considering a coefficient of 0.6.

Investment calculation on the 2G process considered

results obtained for equipment dimensions and data

available from SuperPro Designer [17], and values for

individual equipment available at the ‘‘Corn Stover to

Ethanol Model’’ [18].

Results and discussions

Nineteen Alternatives (hereafter named scenarios) were

simulated, considering production of 1G and 2G ethanol,

different pretreatment methods, such as steam explosion

(SE) and hydrogen peroxide (H2O2) followed, or not, by an

alkaline delignification step (NaOH) and organosolv

pretreatments, considering different length of hydrolysis

Fig. 3 Block-flow diagram of
the integrated 1G and 2G
production process

Table 5 Economic analysis: main adopted parameters

Parameter Value

Project lifetime 25 years

Salvage value of equipment –

Construction and start-up 2 years

Depreciation (linear) 10 years

Tax rate (income and social contributions) 34.0%

Table 6 Average costs and prices adopted in the economic risk analysis

Parameter Lower Medium Higher

Overall investment x - 3r x x ? 3r

Sugarcane average cost (US$/TC)a 18.37 19.44 20.50

Sugarcane trash average cost (US$/t) 10.02 15.02 20.03

Electricity average price (US$/MWh)b 59.09 70.61 82.14

Ethanol average price (US$/L)c 0.46 0.50 0.54

Enzyme average cost (US$/t)d 40.27 118.44 196.61

Hydrogen peroxide average cost (US$/t)e 308.45 462.44 616.44

Sulfur average cost (US$/t)e 43.00 126.46 209.92

Sulfuric acid average cost (US$/t)e 32.24 65.79 99.35

Sodium hydroxide average cost (US$/t)e 104.08 189.24 274.40

a 6-year moving average of sugarcane prices (Dec 2009 values) in São Paulo state (SP), from July 2000 to December 2009 [38]
b Minimum, medium and maximum prices on renewable energy auctions, values for 2009
c 6-year moving average of anhydrous ethanol prices paid to the producer (Dec 2009 values) in SP, from July 2000 to December 2009 [4]
d Enzyme prices correspond to approximately between US$ 0.50 and US$ 1.25/gal 2G ethanol [25], for a steam explosion pretreatment with 5%
solids loading on hydrolysis
e Catalyst average prices obtained from Brazilian average import and export prices from 2000 to 2009 [2]; the exchange rate of US$ 1.00 = R$
1.99 was adopted
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(24, 48 and 72 h) and different solids loading on hydrolysis

(5 and 15%). The amount of lignocellulosic material

available for hydrolysis in each scenario was calculated.

The main results are displayed in Table 8.

Ethanol production in the integrated process

It can be verified that for the same hydrolysis conditions,

the overall ethanol productions (L/TC liters per ton of

sugarcane processed) are very similar for both hydrogen

peroxide and steam explosion pretreatments, considering

the conversion parameters obtained in the literature

(Table 4)—for instance, 108.6 and 107.5 for H2O2 and SE

pretreatments at 5% solids for 24 h hydrolysis, respec-

tively. In addition, the increase on overall ethanol pro-

duction obtained when hydrolysis is carried out at a 5%

solids load for 72 h is not significant (less than 3%) when

compared to that obtained after only 24 h of hydrolysis.

The organosolv pretreatment presented the overall lowest

ethanol production in the integrated process, due to the fact

that it requires a larger amount of energy during pretreat-

ment, leading to lower amounts of surplus lignocellulosic

material for 2G ethanol production.

On the other hand, increasing the solids load during

hydrolysis leads to a decrease in energy consumption of the

process, and so has a significant impact on the amount of

lignocellulosic materials available for hydrolysis, thus

improving 2G ethanol production.

Equipment size

While installed capacity in pretreatment reactors is a

function of the amount of lignocellulosic materials pro-

cessed and the solids content on the pretreatment operation,

hydrolysis reactor sizes also vary tremendously depending

on the hydrolysis time (24, 48 or 72 h) and solids loading

on hydrolysis (5 or 15%), as can be verified in Fig. 4.

Thus, increasing the time of hydrolysis leads to extre-

mely large hydrolysis reactors (up to 77,000 m3). As

mentioned before, increasing the time of hydrolysis from

24 to 72 h leads to small increments on overall ethanol

production: from 2.6% for the hydrogen peroxide (H2O2)

pretreatment with 5% solids to 6.2% for the steam explo-

sion (SE) pretreatment with 15% solids.

In addition, performing an alkaline delignification step

(NaOH) after pretreatment promotes a reduction in the size

Table 7 Investment data for an autonomous distillery

Parameter Value

Overall investment (million US$) 150

Investment on sugarcane reception and juice extraction (%) 15

Investment on juice treatment, fermentation
and distillation (%)

17

Investment on the cogeneration system (%) 30

Investment on other sectors (%) 38

Table 8 Overall anhydrous
ethanol production, surplus
electricity and 2G ethanol
production based on the amount
of sugarcane (TC—tons of
sugarcane) and amount of
lignocellulosic materials used as
feedstock for second generation
ethanol production for each
scenario

1G, first generation ethanol
production; H2O2, hydrogen
peroxide pretreatment; SE,
steam explosion; OS,
organosolv; NaOH, alkaline
delignification after
pretreatment; 5 and 15%, solids
loading on hydrolysis; 24, 48
and 72 h, hydrolysis length

Scenario Ethanol
production
(L/TC)

Surplus
electricity
(kWh/TC)

Lignocellulosic
material processed
(t/day, dry basis)

2G ethanol
(L/TC)

1G 92.7 173.4 0 0.00

1G ? H2O2, 5%, 24 h 108.6 98.0 1,311 15.84

1G ? H2O2, 5%, 48 h 110.3 95.9 1,260 17.58

1G ? H2O2, 5%, 72 h 111.4 94.5 1,226 18.69

1G ? H2O2, 15%, 24 h 116.0 62.8 1,923 23.31

1G ? H2O2, 15%, 48 h 119.0 62.7 1,879 26.29

1G ? H2O2, 15%, 72 h 120.8 62.4 1,835 28.04

1G ? SE, 5%, 24 h 107.5 115.2 1,532 14.74

1G ? SE, 5%, 48 h 111.3 108.7 1,396 18.57

1G ? SE, 5%, 72 h 111.6 107.9 1,379 18.92

1G ? SE, 15%, 24 h 113.5 72.7 2,143 20.73

1G ? SE, 15%, 48 h 119.9 71.8 2,033 27.20

1G ? SE, 15%, 72 h 120.6 71.6 2,018 27.82

1G ? OS, 5%, 24 h 105.4 107.3 766 12.68

1G ? OS, 15%, 24 h 110.2 98.5 1,056 17.51

1G ? H2O2, 5%, 24 h, NaOH 112.4 83.8 1,379 19.67

1G ? H2O2, 15%, 24 h, NaOH 118.5 59.7 1,805 25.80

1G ? SE, 5%, 24 h, NaOH 111.7 97.5 1,685 18.97

1G ? SE, 15%, 24 h, NaOH 116.0 68.0 2,055 23.28
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of the hydrolysis reactors, due to the fact that most of the

lignin present in the pretreated bagasse (which comprises

around 40% of the dry cellulignin) is removed. Conse-

quently, the best configurations for the production of 2G

seem to be those that consider 24 h hydrolysis with

increased solids load and delignification of the pretreated

material.

Input materials and catalysts

Another issue that must be addressed when evaluating 2G

ethanol production is the consumption of catalysts and

other substances. Due to the fact that the hydrogen per-

oxide pretreatment takes place in a reactor with 8 wt%

solids and 11% peroxide (v/v), enormous amounts of H2O2

are required to run the process: from 60 t/h (for the

hydrogen peroxide pretreatment with 5% solids and 72 h of

hydrolysis) to 95 t/h (15% solids, 24 h hydrolysis) of H2O2

(100%); the actual amount employed would be larger, since

industrialH2O2 is obtained at concentrations up to 70% (v/v).

In fact, the amount of hydrogen peroxide consumed in this

process is larger than the amount of overall anhydrous

ethanol produced, including 1G ethanol. Thus, unless the

amount of catalyst is reduced dramatically, this process

requires a large industrial plant for hydrogen peroxide pro-

duction to be placed next to the sugarcane processing plant.

Studies considering reduction on catalyst consumption are

under development [29].

In the organosolv pretreatment, an aqueous ethanol

solution (50% v/v) is employed at a solid to liquid ratio of

1:5; after pretreatment, the mixture is filtered and the liquid

fraction is fed to a distillation column, where solvent

recovery takes place. In this column, some ethanol loss on

the bottom stream occurs, thus decreasing the overall

production of ethanol. In addition, the extreme pretreat-

ment conditions (175�C, around 20 bar) involve a large

consumption of energy, which reduces the amount of sur-

plus bagasse and trash available for 2G ethanol production

when compared to the other pretreatment methods ana-

lyzed in this work. Sulfuric acid is used in this process as

well.

Sulfur dioxide for the steam explosion pretreatment is

produced on site by consuming up to 0.9 t/h of sulfur on

combustion chambers. This process is already used in some

sugarcane mills, since sulfur dioxide is used as a bleach to

reduce color in the sugar production process.

The amount of enzymes required on the hydrolysis step

of each process was evaluated based on the values provided

in the literature: 10 FPU/g and 10 CBU/g of dry biomass

material (DM) for the hydrogen peroxide pretreatment

[13], 15 FPU/g and 15 IU/g DM [24] for the organosolv

pretreatment and around 15 FPU/g and 24 IU/g DM [3] for

the steam explosion pretreatment (these conditions were

defined for 5% solids on hydrolysis). The amount of

enzymes was estimated considering that the enzymes

employed have the following activities, based on values

determined by Carrasco et al. [3]: 65 FPU/g for cellulase

and 376 IU/g of b-glucosidase.

Economic analysis

Results for the overall investment for each alternative are

shown in Fig. 5.

A significant increase of investment is required for the

integrated process where 2G considers hydrolysis at 5%

solids loading and longer hydrolysis times.

An economic risk analysis was carried out in order to

evaluate the processes for 2G ethanol production employed

in an integrated sugarcane plant. The values depicted in

Tables 5 and 6 were employed. An electronic spreadsheet

was developed to evaluate the internal rate of return for the

different alternatives of integrated 1G and 2G ethanol

Fig. 4 Installed capacity of
hydrolysis and pretreatment
reactors for each process
alternative
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production. A normal distribution of overall investment,

ethanol and electricity average prices, sugarcane, sugar-

cane trash, chemicals and enzyme average costs, presented

in Table 6, was assumed for each alternative, considering

10,000 possible scenarios with random combinations of

these variables.

It was verified that in order to achieve similar IRR

values obtained for steam explosion or organosolv pre-

treatments, the hydrogen peroxide pretreatment requires

that the catalyst (H2O2) price be reduced to 5% of its ori-

ginal value, or the ethanol price paid to the producer must

be raised extremely (at least double that of the other

alternatives). Thus, results for the economic evaluation of

the integrated process with hydrogen peroxide pretreatment

are not presented. In addition, due to the massive installed

capacity of hydrolysis reactors required for the integrated

processes with 72 h of hydrolysis, their results of the

economic analyses are also omitted.

The results obtained for the average internal rate of

return (IRR) on each scenario is illustrated in Fig. 6, and in

Fig. 7 the IRR for a 99.7% confidence interval is presented.

Results in Figs. 6 and 7 for the steam explosion

pretreatment with 5% solids load on hydrolysis (SE 5%

24/48 h) present a decrease of the IRR value, in spite of an

increase in hydrolysis time. This is due to the fact that, for

dilute solutions, an increase in hydrolysis time requires

larger investments and provides few gains in overall

ethanol production. Thus, increasing hydrolysis time (and

Fig. 5 Investment for the
process alternatives evaluated

Fig. 6 Ethanol and surplus
electricity production and
average internal rate of return
(IRR) for the integrated 1G and
2G bioethanol—selected
scenarios

Fig. 7 Internal rate of return
(IRR) of selected scenarios:
99.7% confidence interval
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consequently, its yields) does not necessarily lead to an

increase in process profitability; other factors, such as

solids loading on hydrolysis, must be addressed.

Ethanol and surplus electricity production costs were

evaluated, proportionally decreasing the prices of both

products until the internal rate of return is equal to zero.

Results for calculated production costs are shown in Fig. 8.

Several sensitivity analyses were performed as well.

Sugarcane and enzyme costs have significant impact on the

IRR of the integrated process. Results for these two sen-

sitivity analyses are shown in Fig. 9.

It can be observed that large (66%) changes in the

enzyme cost leads to similar impacts on the IRR as rela-

tively small (15%) changes on sugarcane costs. Therefore,

research towards development of sugarcane varieties that

lead to decreased sugarcane costs may eventually yield

greater economic gains than decreases in enzyme costs.

Conclusions

In this work, simulations of the integrated bioethanol

production process from sugarcane, bagasse and trash were

carried out using the SuperPro Designer process simulator.

Selected pre-treatment methods (steam explosion, hydro-

gen peroxide and organosolv) followed, or not, by an

alkaline delignification step were evaluated, along with

the subsequent enzymatic hydrolysis step, considering

different solids loading on hydrolysis (5 or 15%) and

hydrolysis length (24, 48 or 72 h). The amount of ligno-

cellulosic material available for hydrolysis was determined

for each configuration, considering that the thermal

requirements of the integrated plant are supplied by using

part of the lignocellulosic material as fuel in boilers. An

economic risk analysis was carried out, allowing evaluation

of the internal rate of return of each scenario. Similar

results for overall ethanol production for the integrated first

and second generation processes with both hydrogen per-

oxide and steam explosion pretreatments were obtained for

the same process conditions (solids loading and hydrolysis

time). Performing hydrolysis for long periods (72 h)

requires extremely large hydrolysis reactors and provides

only small increments on yield; thus, the best conditions

for 2G production integrated with the conventional 1G

process seems to be those that consider around 24–48 h of

hydrolysis and increased solids loading on the hydrolysis

reactor. The amount of catalyst used in the hydrogen per-

oxide pretreatment and its price must be reduced in order

for the process to become feasible. The 2G production

process must be improved (e.g. decreasing investment,

improving yields, developing pentose fermentation to eth-

anol) in order to improve competitiveness of 2G integrated

with 1G production process, reaching higher forecasted

IRR values.
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6. Demirbaş A (2001) Relationships between lignin contents and
heating values of Biomass. Energy Convers Manag 42:183–188

7. Dias MOS, Ensinas AV, Nebra SA, Maciel Filho R, Rossell CEV,
Maciel MRW (2009) Production of bioethanol and other bio-based
materials from sugarcane bagasse: integration to conventional
bioethanol production process. Chem Eng Res Des 87:1206–1216

8. Dias MOS, Ensinas AV, Modesto M, Nebra SA, Maciel Filho R,
Rossell CEV (2009) Energy efficiency in anhydrous bioethanol
production from sugarcane. Part 1: Process simulation and ther-
mal integration. Proc ECOS 2009:425–436

9. DiasMOS,Maciel Filho R, Rossell CEV (2007) Efficient cooling of
fermentation vats in ethanol production—Part 1. Sugar J 70:11–17
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❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳

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

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

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

❛s ❢❡❡❞st♦❝❦ ✐♥ ❤②❞r♦❧②s✐s✳ ❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✭❜♦✐❧❡r ♣r❡s✲

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

❛♠♦♥❣ ♦t❤❡rs✮ ❤❛s ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❢✉❡❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♦✉t✲

♣✉t❀ ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✱ ✐t ❛❧s♦ ❤❛s ❛♥ ✐♠♣♦rt❛♥t ✐♠♣❛❝t

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

s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss❡s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❆s♣❡♥ P❧✉s✱

❝♦♠♣❛r✐♥❣ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡

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

❊❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ✇❛s ❝❛rr✐❡❞ ♦✉t ❛s ✇❡❧❧✱ ❢♦r ❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✳

❘❡s✉❧ts s❤♦✇ t❤❛t ❝♦♣r♦❞✉❝t✐♦♥ ♦❢ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ✐♥❝r❡❛s❡s

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

✯❈♦✲❛✉t♦r❡s ❞❡st❡ tr❛❜❛❧❤♦✿ ❚✳▲✳ ❏✉♥q✉❡✐r❛✱ ❖✳ ❈❛✈❛❧❡tt✱ ❈✳❉✳❋✳ ❏❡s✉s✱ P✳❊✳ ▼❛♥t❡❧❛tt♦✱ ❈✳❊✳❱✳ ❘♦ss❡❧❧✱
❘✳ ▼❛❝✐❡❧ ❋✐❧❤♦ ❡ ❆✳ ❇♦♥♦♠✐

✷✵✽



✶ ■♥tr♦❞✉❝t✐♦♥

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

t❤❡ s❡❛r❝❤ ❢♦r r❡♥❡✇❛❜❧❡ ❢✉❡❧s✱ s✉❝❤ ❛s ❜✐♦❡t❤❛♥♦❧ ✭▲✉♦ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ✇❤✐❝❤ ✐s ❢♦r❡s❡❡♥ ❛s t❤❡

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

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

❛s ♥♦ ❝♦♠♣❡t✐t✐♦♥ ✇✐t❤ ❢♦♦❞ ♣r♦❞✉❝t✐♦♥ ❛♥❞ ❛❜✉♥❞❛♥❝❡ ❛♥❞ ❧♦✇ ♣r✐❝❡ ♦❢ ❢❡❡❞st♦❝❦ ✭❷✉↔❡❦

❡t ❛❧✳✱ ✷✵✶✶✮✳ ❚❤✉s✱ ✐♥❝r❡❛s✐♥❣ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✉s✐♥❣ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❢❡❡❞st♦❝❦ ✐s ♦❢

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

❙✐♥❣❤✱ ✷✵✶✶✮✳

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

t❤✐rt② ②❡❛rs ✐♥ ❇r❛③✐❧ ✭❙♦❝❝♦❧ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧

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

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

t❤❡ ✐♥t❡❣r❛t❡❞ ♣r♦❝❡ss ✇✐❧❧ r❡q✉✐r❡ ❛ ❧♦✇❡r ✐♥✈❡st♠❡♥t✱ s✐♥❝❡ s♦♠❡ ♦♣❡r❛t✐♦♥s ✭❡✳❣✳ ❝♦♥❝❡♥✲

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

♣❧❛♥ts ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✵✾✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ❢❡r♠❡♥t❛t✐♦♥ ✐♥❤✐❜✐t♦rs ❣❡♥❡r❛t❡❞ ❞✉r✐♥❣ ♣r❡tr❡❛t✲

♠❡♥t ✇✐❧❧ ❤❛✈❡ ♠✐♥♦r ❡✛❡❝ts ♦♥ ②✐❡❧❞s s✐♥❝❡ t❤❡ ❤②❞r♦❧②③❡❞ ❧✐q✉♦r ✇✐❧❧ ❜❡ ❢❡r♠❡♥t❡❞ ♠✐①❡❞

✇✐t❤ s✉❣❛r❝❛♥❡ ❥✉✐❝❡ ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✶✷✮✳

❙✐♥❝❡ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤ ❛r❡ ✉s❡❞ ❛s ❢✉❡❧s ✐♥ ❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦✲

❞✉❝t✐♦♥ ❢♦r ❣❡♥❡r❛t✐♦♥ ♦❢ st❡❛♠ ❛♥❞ ❡❧❡❝tr✐❝✐t② ✐♥ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✭❊♥s✐♥❛s ❡t ❛❧✳✱

✷✵✵✼✮✱ t❤❡ ❛♠♦✉♥t ♦❢ s✉r♣❧✉s ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✉s❡❞ ❛s ❢❡❡❞st♦❝❦ ❢♦r ❜✐♦❡t❤❛♥♦❧ ♣r♦✲

❞✉❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❘❡s✐❞✉❡s ♦❢ t❤❡

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

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

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

s✐s✳ ❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✭❜♦✐❧❡r ♣r❡ss✉r❡✱ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧

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

✐♠♣❛❝t ♦♥ ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❢✉❡❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♦✉t♣✉t❀ ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞

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

■♥ t❤✐s st✉❞② s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝✲

t✐♦♥ ♣r♦❝❡ss❡s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❆s♣❡♥ P❧✉s✱ ❝♦♠♣❛r✐♥❣ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ♦❢

t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ ♠♦st s✉✐t❛❜❧❡ ♦♥❡s ❢♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢

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

❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✳
✷✵✾



✷ Pr♦❝❡ss ❞❡s❝r✐♣t✐♦♥

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

✇❛s ❡✈❛❧✉❛t❡❞ ✐♥ t❤✐s st✉❞②❀ t❤❡ ♠❛✐♥ st❡♣s ♦❢ t❤❡ ♣r♦❝❡ss ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✶✳

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

✭❉✐❛s ❡t ❛❧✳✱ ✷✵✶✷✮✳

❋✐❣✉r❡ ✶✿ ❇❧♦❝❦ ✢♦✇ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝✲
t✐♦♥ ♣r♦❝❡ss ❢r♦♠ s✉❣❛r❝❛♥❡ ✭❞❛s❤❡❞ ❧✐♥❡s r❡♣r❡s❡♥t ❛❧t❡r♥❛t✐✈❡s ❢♦r ♣❡♥t♦s❡s ✉s❡✳

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

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

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

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

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

♦♣❡r❛t✐♦♥s ♦❢ t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✳

✷✶✵



❚❛❜❧❡ ✶✿ P❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥
❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳
P❛r❛♠❡t❡r ❱❛❧✉❡
❙✉❣❛r❝❛♥❡ ♣r♦❝❡ss❡❞ ✺✵✵ ❚❈✴❤ ❛

❉❛②s ♦❢ ♦♣❡r❛t✐♦♥ ✶✻✼ ❞❛②s✴②❡❛r
❙✉❣❛r❝❛♥❡ t♦t❛❧ r❡❞✉❝✐♥❣ s✉❣❛rs ❝♦♥t❡♥t ✶✺✳✸✪
❙✉❣❛r❝❛♥❡ ✜❜❡rs ❝♦♥t❡♥t ✶✸✪
❙✉❣❛r❝❛♥❡ tr❛s❤ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭❞r② ❜❛s✐s✮ ✶✹✵ ❦❣✴❚❈
❋r❛❝t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ tr❛s❤ tr❛♥s♣♦rt❡❞ t♦ t❤❡ ✐♥❞✉str② ✺✵✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✴tr❛s❤ ❝❡❧❧✉❧♦s❡ ❝♦♥t❡♥t ✭❞r② ❜❛s✐s✮ ✹✸✳✸✽✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✴tr❛s❤ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥t❡♥t ✭❞r② ❜❛s✐s✮ ✷✺✳✻✸✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✴tr❛s❤ ❧✐❣♥✐♥ ❝♦♥t❡♥t ✭❞r② ❜❛s✐s✮ ✷✸✳✷✹✪
❙✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ♠♦✐st✉r❡ ✺✵✪
❙✉❣❛r❝❛♥❡ tr❛s❤ ♠♦✐st✉r❡ ✶✺✪
❊✣❝✐❡♥❝② ♦❢ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✐♥ t❤❡ ♠✐❧❧s ✾✻✪
❋❡r♠❡♥t❛t✐♦♥ ❡✣❝✐❡♥❝② ✾✵✪
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭❆❊✮ ♣✉r✐t② ✾✾✳✻ ✇t✪
❋r❛❝t✐♦♥ ♦❢ ❜❛❣❛ss❡ ❢♦r st❛rt✲✉♣s ♦❢ t❤❡ ♣❧❛♥t ✺✪
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♣r♦❝❡ss ✷✳✺ ❜❛r
❙t❡❛♠ ♣r❡ss✉r❡ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✻ ❜❛r
❙t❡❛♠ ❞❡♠❛♥❞ ✕ ♠♦❧❡❝✉❧❛r s✐❡✈❡s ✵✳✻ ❦❣✴▲ ❆❊
Pr❡tr❡❛t♠❡♥t ✲ ❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵✪
Pr❡tr❡❛t♠❡♥t ✲ ❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✷✪
Pr❡tr❡❛t♠❡♥t ✲ t❡♠♣❡r❛t✉r❡ ✶✾✵❽
Pr❡tr❡❛t♠❡♥t ✲ r❡❛❝t✐♦♥ t✐♠❡ ✶✺ ♠✐♥
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ❧✐❣♥✐♥ s♦❧✉❜✐❧✐③❛t✐♦♥ ✾✵✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ t❡♠♣❡r❛t✉r❡ ✶✵✵❽
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ r❡❛❝t✐♦♥ t✐♠❡✴s♦❧✐❞s ❧♦❛❞✐♥❣ ✶ ❤✴✶✵✪
❆❧❦❛❧✐♥❡ ❞❡❧✐❣♥✐✜❝❛t✐♦♥ ✲ ◆❛❖❍ ❝♦♥t❡♥t ✶✪ ✭♠✴❱✮
❍②❞r♦❧②s✐s ✲ ❝❡❧❧✉❧♦s❡✴❤❡♠✐❝❡❧❧✉❧♦s❡ ❝♦♥✈❡rs✐♦♥ ✼✵✪ ✴ ✼✵✪
❍②❞r♦❧②s✐s ✲ s♦❧✐❞s ❧♦❛❞✐♥❣✴r❡❛❝t✐♦♥ t✐♠❡ ✶✺✪ ✴ ✹✽ ❤
P❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥ ✲ ❈❖❉ r❡♠♦✈❛❧ ✼✵✪
P❡♥t♦s❡s ❢❡r♠❡♥t❛t✐♦♥ t♦ ❡t❤❛♥♦❧ ❝♦♥✈❡rs✐♦♥ ✽✵✪
❋✐❧t❡rs ✲ ❡✣❝✐❡♥❝② ♦❢ s♦❧✐❞s r❡❝♦✈❡r② ✾✾✳✺✪
❋✐❧t❡rs ✲ s♦❧✉❜❧❡ s♦❧✐❞s ❧♦ss❡s ✶✵✪
❊❧❡❝tr✐❝✐t② ❝♦♥s✉♠♣t✐♦♥ ✭s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✮ ✷✹ ❦❲❤✴t ▲▼❜

❛❚❈✿ ❚♦♥s ♦❢ s✉❣❛r❝❛♥❡
❜▲▼✿ ▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧

❉✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✇❡r❡ ❡✈❛❧✉❛t❡❞❀ ♣❛r❛♠❡t❡rs ❢♦r ❜♦✐❧✲

❡rs ✇❡r❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ✐♥❞✉str② ✭▼❛♥t❡❧❛tt♦✱ ✷✵✶✵✮✱ ❛♥❞ r❡♣r❡s❡♥t t❤♦s❡ ❝♦♠♠❡r❝✐❛❧❧②

✷✶✶



❛✈❛✐❧❛❜❧❡ t♦❞❛②✳ ■♥ ♠♦st ♦❢ t❤❡ ✐♥❞✉str✐❛❧ ♣❧❛♥ts✱ ❤♦✇❡✈❡r✱ ❧♦✇ ❡✣❝✐❡♥❝② ❝♦❣❡♥❡r❛t✐♦♥ s②s✲

t❡♠s ❛r❡ ❡♠♣❧♦②❡❞✱ s✐♥❝❡ t❤❡✐r ❧✐❢❡t✐♠❡ ❡①♣❛♥❞s ♦✈❡r ✷✺ ②❡❛rs ❛♥❞ ♦♥❧② ❛❢t❡r ✶✾✾✾ t❤❡ ♠✐❧❧s

❞❡❝✐❞❡❞ t♦ ✐♥✈❡st ♠♦r❡ ♦♥ ❡❧❡❝tr✐❝✐t② ❣❡♥❡r❛t✐♦♥ ✭❙❡❛❜r❛✱ ✷✵✵✽✮✳

❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷✳

❚❛❜❧❡ ✷✿ P❛r❛♠❡t❡rs ♦❢ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❡✈❛❧✉❛t❡❞✳
P❛r❛♠❡t❡r ❇♦✐❧❡r ♣r❡ss✉r❡

✷✷ ✹✷ ✻✺ ✽✷
❙t❡❛♠ ♣r❡ss✉r❡ ✭❜❛r✮ ✷✷ ✹✷ ✻✺ ✽✷
❙t❡❛♠ t❡♠♣❡r❛t✉r❡ ✭❽✮ ✸✵✵ ✹✵✵ ✹✽✺ ✺✷✵
❙t❡❛♠ ♣r♦❞✉❝t✐♦♥

✷✳✺✵ ✷✳✸✻ ✷✳✷✸ ✷✳✶✽
✭❦❣ st❡❛♠✴❦❣ ❜❛❣❛ss❡✮
❇♦✐❧❡r ❡✣❝✐❡♥❝②

✽✺✳✽ ✽✼✳✵ ✽✼✳✷ ✽✼✳✸
✲ ▲❍❱ ❜❛s✐s ✭✪✮
●❛s❡s ♦✉t❧❡t t❡♠♣❡r❛t✉r❡ ✭❽✮ ✶✽✵ ✶✻✵ ✶✻✵ ✶✻✵
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞

✶✷ ✶✷ ✲ ✲
✲ ❞✐r❡❝t ❞r✐✈❡rs ✭❦❲❤✴❚❈✮
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞

✶✻ ✶✻ ✲ ✲
✲ ❞✐r❡❝t ❞r✐✈❡rs ✭❦❲❤✴❚❈✮
❊❧❡❝tr✐❝✐t② ❞❡♠❛♥❞

✸✵ ✸✵ ✸✵ ✸✵
✲ ❡❧❡❝tr✐❝ ❞r✐✈❡rs ✭❦❲❤✴❚❈✮
❙t❡❛♠ t✉r❜✐♥❡s ❡✣❝✐❡♥❝② ✭▼❡❧❧♦✱ ✷✵✵✼✮✭✪✮ ✼✽ ✼✽ ✽✺ ✽✺
▼❡❝❤❛♥✐❝❛❧ ❞r✐✈❡s ❡✣❝✐❡♥❝② ✭✪✮ ✺✺ ✺✺ ✲ ✲

✸ ▼❡t❤♦❞♦❧♦❣②

✸✳✶ ❙✐♠✉❧❛t✐♦♥

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

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

❜❡ ❢♦✉♥❞ ✐♥ ❛ ♣r❡✈✐♦✉s ✇♦r❦ ✭❉✐❛s ❡t ❛❧✳✱ ✷✵✶✷✮✳

❉✉❡ t♦ t❤❡ ✈❛r✐♦✉s ✐♥t❡r❛❝t✐♦♥s ❛♠♦♥❣ ❡❛❝❤ s✐♠✉❧❛t✐♦♥ ❜❧♦❝❦✱ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ t❤❡ s✐♠✉✲

❧❛t✐♦♥ ✐s ♥♦t ❡❛s✐❧② ❛❝❤✐❡✈❡❞❀ ✐t❡r❛t✐✈❡ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ ❝❛rr✐❡❞ ♦✉t ✉♥t✐❧ t❤❡ ❡♥❡r❣② ✭st❡❛♠✮

♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✐s ❡q✉❛❧ t♦ t❤❡ ❡♥❡r❣② ❞❡♠❛♥❞ ♦❢ t❤❡ ♣r♦❝❡ss ✭❜♦t❤

✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥✮✱ ✇❤✐❝❤ ✐♥ t✉r♥ ♣r♦✈✐❞❡ ❢✉❡❧s ✭✉♥r❡❛❝t❡❞ s♦❧✐❞s✮ t♦ ❜❡ ✉s❡❞ ✐♥

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

♣r♦❝❡ss✳

✷✶✷



❋✐❣✉r❡ ✷✿ ❙✐♠♣❧✐✜❡❞ s❝❤❡♠❡ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst
❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳

❙✐♠✉❧❛t✐♦♥s ✇❡r❡ ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♣r♦✲

❝❡ss ✇✐t❤ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✷✷✱ ✹✷✱ ✻✺ ❛♥❞ ✽✷ ❜❛r st❡❛♠✳ ❋♦r

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

❛♥❛❧②③❡❞❀ ❢♦r ✻✺ ❛♥❞ ✽✷ ❜❛r ❜♦✐❧❡rs✱ ♦♥❧② ❡❧❡❝tr✐❝ ❞r✐✈❡rs ✇❡r❡ ❡✈❛❧✉❛t❡❞✳ P❡♥t♦s❡s ❜✐♦❞✐✲

❣❡st✐♦♥✱ ♣r♦❞✉❝✐♥❣ ❜✐♦❣❛s t♦ ❜❡ ✉s❡❞ ❛s ❢✉❡❧ ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠✱ ❛♥❞ ❢❡r♠❡♥t❛t✐♦♥

t♦ ❡t❤❛♥♦❧ ✇❡r❡ ❡✈❛❧✉❛t❡❞✳

❇❡s✐❞❡s ❜❛❣❛ss❡✱ ♦t❤❡r ❢✉❡❧s ❛r❡ ✉s❡❞ ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞

✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✭tr❛s❤✱ r❡s✐❞✉❛❧ ❝❡❧❧✉❧♦s❡ ❛♥❞ ❧✐❣♥✐♥✱

❜✐♦❣❛s ❢r♦♠ ♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥✮❀ t❤❡ s❛♠❡ ❜♦✐❧❡r ❡✣❝✐❡♥❝✐❡s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷ ✇❡r❡

❛ss✉♠❡❞ ❢♦r t❤❡s❡ ❢✉❡❧s✳

✸✳✷ ❊❝♦♥♦♠✐❝ ❛♥❛❧②s✐s

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

❇r❛③✐❧✐❛♥ s❝❡♥❛r✐♦ ✇❡r❡ ✐♥s❡rt❡❞✳ ❚❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs ❛❞♦♣t❡❞ ✐♥ t❤❡ ❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s

❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳

■♥✈❡st♠❡♥t ✇❛s ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ ❞❛t❛ ♣r♦✈✐❞❡❞ ❜② ❉❡❞✐♥✐✿ ❛ st❛♥❞❛r❞ ❛✉t♦♥♦♠♦✉s

❞✐st✐❧❧❡r② ♣r♦❝❡ss✐♥❣ t✇♦ ♠✐❧❧✐♦♥ t♦♥s ♦❢ s✉❣❛r❝❛♥❡ ♣❡r ②❡❛r✱ ✉s✐♥❣ ❛③❡♦tr♦♣✐❝ ❞✐st✐❧❧❛t✐♦♥

❛♥❞ ❝♦❣❡♥❡r❛t✐♦♥ ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✷✷ ❜❛r st❡❛♠ r❡q✉✐r❡s ❛♥ ✐♥✈❡st♠❡♥t ♦❢ ❘✩ ✸✵✵

♠✐❧❧✐♦♥ ✭✷✵✵✾ ✈❛❧✉❡✮✱ ❞✐str✐❜✉t❡❞ ✐♥t♦ ❡❛❝❤ s❡❝t♦r ♦❢ t❤❡ ♣❧❛♥t ❛❝❝♦r❞✐♥❣ ✇✐t❤ t❤❡ ❢r❛❝t✐♦♥s

❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✹❀ ✷✵✵✾ ✈❛❧✉❡s ✇❡r❡ ✉♣❞❛t❡❞ ❢♦r ✷✵✶✵ ❛❝❝♦r❞✐♥❣ ✇✐t❤ ✐♥✢❛t✐♦♥ ❢♦r t❤❡

♣❡r✐♦❞ ✭✺✳✾✪✮✳

✷✶✸



❚❛❜❧❡ ✸✿ ❉❛t❛ ✉s❡❞ ✐♥ t❤❡ ❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ✭✈❛❧✉❡s ❢♦r ✷✵✶✵✮✳
P❛r❛♠❡t❡r ❱❛❧✉❡
Pr♦❥❡❝t ❧✐❢❡t✐♠❡ ✷✺ ②❡❛rs
❙❛❧✈❛❣❡ ✈❛❧✉❡ ♦❢ ❡q✉✐♣♠❡♥t ✵
❈♦♥str✉❝t✐♦♥ ❛♥❞ st❛rt✲✉♣ ✷ ②❡❛rs
❉❡♣r❡❝✐❛t✐♦♥ ✭❧✐♥❡❛r✮ ✶✵ ②❡❛rs
❚❛① r❛t❡ ✭✐♥❝♦♠❡ ❛♥❞ s♦❝✐❛❧ ❝♦♥tr✐❜✉t✐♦♥s✮ ✸✹✳✵✪
❙✉❣❛r❝❛♥❡ ♣r✐❝❡ ✭❘✩✴❚❈✮❛ ✹✵✳✾✶
❙✉❣❛r❝❛♥❡ tr❛s❤ ♣r✐❝❡ ✭❘✩✴t♦♥✮ ✸✵✳✵✵
❊❧❡❝tr✐❝✐t② ♣r✐❝❡ ✭❘✩✴▼❲❤✮ ✶✹✾✳✸✸
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r✐❝❡ ✭❘✩✴▲✮❜ ✶✳✵✺
❊♥③②♠❡ ♣r✐❝❡ ✭❘✩✴▲ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧✮ ✵✳✵✽

❛✻ ②❡❛rs ♠♦✈✐♥❣ ❛✈❡r❛❣❡ ♦❢ s✉❣❛r❝❛♥❡ ♣r✐❝❡s✱ ❢r♦♠ ❏❛♥✉❛r② ✷✵✵✶
t♦ ❉❡❝❡♠❜❡r ✷✵✶✵ ✭❯❉❖P✱ ✷✵✵✾✮

❜✻ ②❡❛rs ♠♦✈✐♥❣ ❛✈❡r❛❣❡ ♦❢ ❛♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r✐❝❡ ♣❛✐❞ t♦ t❤❡
♣r♦❞✉❝❡r✱ ❢r♦♠ ❏❛♥✉❛r② ✷✵✵✶ t♦ ❉❡❝❡♠❜❡r ✷✵✶✵ ✭❈❊P❊❆✱ ✷✵✵✾✮

❚❛❜❧❡ ✹✿ ■♥✈❡st♠❡♥t ❞❛t❛ ❢♦r t❤❡ tr❛❞✐t✐♦♥❛❧ ✶st ❣❡♥❡r❛t✐♦♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✭❉❡❞✐♥✐✱
✷✵✵✾✮✳

■♥✈❡st♠❡♥t ❜② s❡❝t♦r ❙❤❛r❡ ✭✪✮
❙✉❣❛r❝❛♥❡ r❡❝❡♣t✐♦♥ ❛♥❞ ❥✉✐❝❡ ❡①tr❛❝t✐♦♥ ✶✺
❏✉✐❝❡ tr❡❛t♠❡♥t✱ ❢❡r♠❡♥t❛t✐♦♥ ❛♥❞ ❞✐st✐❧❧❛t✐♦♥ ✶✼
❈♦❣❡♥❡r❛t✐♦♥ s②st❡♠ ✸✵
❇✉✐❧❞✐♥❣s✱ ❧❛❜♦r❛t♦r✐❡s✱ ✇❛t❡r tr❡❛t♠❡♥t ✺
❈♦♥tr♦❧ ❛♥❞ ❛✉t♦♠❛t✐♦♥✱ ✐♥s✉❧❛t✐♦♥ ✼
P❛❝❦❛❣✐♥❣ ❛♥❞ tr❛♥s♣♦rt❛t✐♦♥ ✸
❙❡t ✉♣ ✷✵
❊♥❣✐♥❡❡r✐♥❣✱ s❡r✈✐❝❡s ✸

❆❝❝♦r❞✐♥❣ t♦ ❉❡❞✐♥✐ ✭✷✵✵✾✮✱ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ✹✵✪ ✐♥ t❤❡ ✐♥✈❡st♠❡♥t ♦❢ t❤❡ s❡❝t✐♦♥ ✐♥✲

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

♠♦❧❡❝✉❧❛r s✐❡✈❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐♥❝r❡❛s❡s ♦❢ ✹✵✪ ❛♥❞ ✸✵✪ ✐♥ t❤❡ ✐♥✈❡st♠❡♥t ♦❢ t❤❡ ❝♦❣❡♥✲

❡r❛t✐♦♥ s②st❡♠ ♠✉st ❜❡ ❛ss✉♠❡❞ ✇❤❡♥ ❜♦✐❧❡rs ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✽✷ ❛♥❞ ✻✺ ❜❛r st❡❛♠✱

r❡s♣❡❝t✐✈❡❧②✱ ❛r❡ ✉s❡❞✳ ❆♥ ✐♥❝r❡❛s❡ ♦❢ ✷✵✪ ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s❡❝t♦r ✇❛s ❛ss✉♠❡❞ ❢♦r ✹✷

❜❛r ❜♦✐❧❡rs✳ ◆♦ ❝❤❛♥❣❡s ♦♥ ✐♥✈❡st♠❡♥t ✇❡r❡ ❛ss✉♠❡❞ ✇❤❡♥ ❡❧❡❝tr✐❝ ❞r✐✈❡rs ✇❡r❡ ❡♠♣❧♦②❡❞✱

❛♥❞ ❛ ✶✵✪ ✐♥❝r❡❛s❡ ♦♥ t❤❡ ❞✐st✐❧❧❛t✐♦♥ s❡❝t♦r ✇❛s ❛ss✉♠❡❞ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❤❡❛t ❡①❝❤❛♥❣❡r

♥❡t✇♦r❦ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ✷✵✪ ✐♥ ♣r♦❝❡ss st❡❛♠ ❝♦♥s✉♠♣t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②

t♦ t❤❡ ✈❛❧✉❡s ♣r❡✈✐♦✉s❧② s❤♦✇♥✱ ❛♥ ✐♥✈❡st♠❡♥t ♦❢ ❘✩ ✷✵ ♠✐❧❧✐♦♥ ❢♦r tr❛♥s♠✐ss✐♦♥ ❧✐♥❡s ✇❛s ✐♥✲

❝❧✉❞❡❞ ✲ t❤✐s ✈❛❧✉❡ r❡♣r❡s❡♥ts ❛♥ ❡st✐♠❛t❡ ❢♦r t❤❡ ✐♥✈❡st♠❡♥t ✐♥ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡s ♦❢ ✹✵ ❦♠✱
✷✶✹



✇❤✐❝❤ ✐s t❤❡ ❛✈❡r❛❣❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ♠✐❧❧s ❛♥❞ ❞✐str✐❜✉t✐♦♥ st❛t✐♦♥s ✐♥ t❤❡ ❈❡♥t❡r✲❙♦✉t❤

r❡❣✐♦♥ ✐♥ ❇r❛③✐❧✳

❋♦r t❤❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ♣❧❛♥t✱ ✐♥✈❡st♠❡♥t ❞❛t❛ ✇❛s ❜❛s❡❞ ♦♥ ❈●❊❊ ✭✷✵✵✾✮✱ ✇❤✐❝❤

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

❛♥♥❡①❡❞ t♦ ❛ ✜rst ❣❡♥❡r❛t✐♦♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✱ ❝♦♥s✐❞❡r✐♥❣ t✇♦ t❡❝❤♥♦❧♦❣✐❝❛❧ ❧❡✈❡❧s✳

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

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

✇❤✐❝❤ ❛♥ ✐♥✈❡st♠❡♥t ♦❢ ❘✩ ✶✸✸ ♠✐❧❧✐♦♥ ✐s r❡q✉✐r❡❞ ❢♦r ♣r♦❝❡ss✐♥❣ ✹✻✷ t❤♦✉s❛♥❞ t♦♥s ♦❢

❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧ ✭✷✵✵✾ ✈❛❧✉❡✮✳ ❈❤❛♥❣❡s ✐♥ ♣r♦❝❡ss✐♥❣ ❝❛♣❛❝✐t② ✇❡r❡ ❝♦rr❡❧❛t❡❞ t♦

❝♦sts ❝♦♥s✐❞❡r✐♥❣ ❛ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✻ ✭❚❛♦ ❛♥❞ ❆❞❡♥✱ ✷✵✵✾✮✳

❊❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ✇❛s ❜❛s❡❞ ♦♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♥❛❧ r❛t❡ ♦❢ r❡t✉r♥ ✭■❘❘✮ ❛♥❞ ♣r♦✲

❞✉❝t✐♦♥ ❝♦sts✳ ❊t❤❛♥♦❧ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ❝♦sts ✇❡r❡ ❡✈❛❧✉❛t❡❞ ❛s t❤❡ ♣r✐❝❡s ✇❤✐❝❤

❧❡❛❞ t♦ ❛♥ ■❘❘ ❡q✉❛❧ t♦ ③❡r♦✱ ❞❡❝r❡❛s✐♥❣ t❤❡ ❛❝t✉❛❧ ♣r✐❝❡s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸ s✐♠✉❧t❛♥❡♦✉s❧②

❛t t❤❡ s❛♠❡ r❛t❡✳

✹ ❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥s

❘❡s✉❧ts ❢♦r t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♣❧❛♥t ✇✐t❤ ♠❛①✐♠✐③❛t✐♦♥ ♦❢ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✭✽✷

❜❛r ❜♦✐❧❡rs✱ ❝♦♥❞❡♥s✐♥❣ st❡❛♠ t✉r❜✐♥❡s ✲ ❛❧❧ t❤❡ ❧✐❣♥♦❝❡❧✉❧❧♦s✐❝ ♠❛t❡r✐❛❧ ❛✈❛✐❧❛❜❧❡ ✐s ❜✉r♥t✮

❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✺✳

❚❛❜❧❡ ✺✿ ❘❡s✉❧ts ❢♦r t❤❡ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r② ✭✶st ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♦♥❧②✮ ✇✐t❤ ♠❛①✐✲
♠✐③❛t✐♦♥ ♦❢ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✳

P❛r❛♠❡t❡r ❱❛❧✉❡
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✽✷✳✸ ▲✴❚❈
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✶✾✾ ❦❲❤✴❚❈
■♥✈❡st♠❡♥t ❘✩ ✹✻✷ ♠✐❧❧✐♦♥
■❘❘ ✶✺✳✾✪
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦st ❘✩ ✵✳✻✸✴▲

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

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

✹✳✶ ❯s❡ ♦❢ ❡❧❡❝tr✐❝ ♦r ❞✐r❡❝t ❞r✐✈❡rs

❋✐rst❧②✱ t❤❡ ✉s❡ ♦❢ ❞✐r❡❝t ✭st❡❛♠✮ ❛♥❞ ❡❧❡❝tr✐❝ ❞r✐✈❡rs ✇❛s ❝♦♠♣❛r❡❞ ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞

♣r♦❝❡ss ✇✐t❤ ✷✷ ❛♥❞ ✹✷ ❜❛r ❜♦✐❧❡rs ❛♥❞ ♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥✳ ❘❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡
✷✶✺



✻✳

❚❛❜❧❡ ✻✿ ❘❡s✉❧ts ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇✐t❤
♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥ ❛♥❞ ✷✷ ❛♥❞ ✹✷ ❜❛r ❜♦✐❧❡rs✱ ❞✐r❡❝t ❛♥❞ ❡❧❡❝tr✐❝ ❞r✐✈❡rs✳

P❛r❛♠❡t❡r
❈♦♥✜❣✉r❛t✐♦♥

✷✷ ❞✐r❡❝t ✷✷ ❡❧❡❝tr✐❝ ✹✷ ❞✐r❡❝t ✹✷ ❡❧❡❝tr✐❝
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭▲✴❚❈✮ ✶✵✾✳✷ ✶✵✾✳✵ ✶✵✽✳✻ ✶✵✽✳✶
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✷✵✳✸ ✷✺✳✷ ✹✺✳✸ ✺✵✳✽
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✼✵✼ ✼✵✽ ✻✼✷ ✻✽✵
❍②❞r♦❧②③❡❞ ▲▼ ✭❞r② ❦❣✴❚❈✮ ✶✹✽ ✶✹✼ ✶✹✹ ✶✹✷
❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

✶✽✶ ✶✽✶ ✶✽✶ ✶✽✶
❡t❤❛♥♦❧ ✭▲✴t ❞r② ▲▼✮
■♥✈❡st♠❡♥t ✭❘✩ ♠✐❧❧✐♦♥✮ ✺✽✷ ✺✽✶ ✺✾✽ ✺✾✼
■❘❘ ✭✪ ♣❡r ②❡❛r✮ ✶✷✳✽ ✶✷✳✾ ✶✸✳✶ ✶✸✳✷
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦st ✭❘✩✴▲✮ ✵✳✻✼ ✵✳✻✻ ✵✳✻✻ ✵✳✻✺

❊❧❡❝tr✐❝ ❞r✐✈❡s ❛r❡ ♠♦r❡ ❡✣❝✐❡♥t t❤❛♥ ❞✐r❡❝t ❞r✐✈❡s❀ t❤✉s✱ ❡✈❡♥ t❤♦✉❣❤ t❤❡ ❡❧❡❝tr✐❝ ❞r✐✈❡rs

✐♥❝r❡❛s❡ ❡❧❡❝tr✐❝✐t② ❞❡♠❛♥❞✱ s✐♥❝❡ st❡❛♠ ✐s ✉s❡❞ ♠♦r❡ ❡✣❝✐❡♥t❧② ♠♦r❡ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✐s

♣r♦❞✉❝❡❞ ✇❤❡♥ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ s②st❡♠s ❡♠♣❧♦②✐♥❣ ❞✐r❡❝t ❞r✐✈❡rs ❢♦r ♠✐❧❧s ❛♥❞ ♦t❤❡r

❡q✉✐♣♠❡♥t✳ ❚❤✐s ❧❡❛❞s t♦ s♠❛❧❧ ❣❛✐♥s ♦♥ t❤❡ ■❘❘ ❢♦r t❤❡ s②st❡♠s ❡♠♣❧♦②✐♥❣ ❡❧❡❝tr✐❝ ❞r✐✈❡rs✳

✷✷ ❜❛r ❜♦✐❧❡rs ❝♦♥s✉♠❡ ❧❡ss ❜❛❣❛ss❡ t♦ ♣r♦❞✉❝❡ st❡❛♠✱ ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷❀ t❤✉s✱ s♠❛❧❧

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

✇❤❡♥ ❝♦♠♣❛r❡❞ ✇✐t❤ ✹✷ ❜❛r ❜♦✐❧❡rs✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✐♥✈❡st♠❡♥t ❢♦r t❤❡ ❝♦❣❡♥❡r❛t✐♦♥

s②st❡♠ ✇✐t❤ ✷✷ ❜❛r ❜♦✐❧❡rs ✐s ❧♦✇❡r t❤❛♥ t❤❛t ♦❢ t❤❡ s②st❡♠ ✇✐t❤ ✹✷ ❜❛r✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡

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

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

t❤❡ ■❘❘ ♦❢ t❤❡ ♦♥❡s ❡♠♣❧♦②✐♥❣ ✹✷ ❜❛r ❜♦✐❧❡rs✳

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

♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥ ❛✉t♦♥♦♠♦✉s ❞✐st✐❧❧❡r②✱ ❡✈❡♥ t❤♦✉❣❤ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ✐♥t❡✲

❣r❛t❡❞ ♣r♦❝❡ss ✐s ✉♣ t♦ ✸✸✪ ❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♣❧❛♥t✳

❙✐♥❝❡ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ ♣r✐❝❡s t❤❛t ♣r♦✈✐❞❡ ❛♥ ■❘❘ ❡q✉❛❧

t♦ ③❡r♦✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✷✱ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦sts ❛❧s♦ ❞❡❝r❡❛s❡ ❢♦r ❡❧❡❝tr✐❝

❞r✐✈❡rs ❛♥❞ ❢♦r ✹✷ ❜❛r ❜♦✐❧❡rs✱ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❞✐r❡❝t ❞r✐✈❡rs ❛♥❞ ✷✷ ❜❛r ❜♦✐❧❡rs✱ r❡s♣❡❝✲

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

❝♦♥✜❣✉r❛t✐♦♥s✳

✷✶✻



✹✳✷ ❍✐❣❤ ♣r❡ss✉r❡ ❜♦✐❧❡rs

✻✺ ❜❛r ❜♦✐❧❡rs r❡♣r❡s❡♥t t❤❡ ❝✉rr❡♥t tr❡♥❞ ✐♥ ❇r❛③✐❧✐❛♥ s✉❣❛r❝❛♥❡ ♠✐❧❧s ✭❙❡❛❜r❛ ❡t ❛❧✳✱

✷✵✶✵✮✳ ◆❡✈❡rt❤❡❧❡ss✱ ❤✐❣❤❡r ♣r❡ss✉r❡ ❜♦✐❧❡rs✱ s✉❝❤ ❛s t❤♦s❡ ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ✽✷ ❜❛r st❡❛♠✱

❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ✐♥❞✉str②✳ ❚❤✉s✱ ✻✺ ❛♥❞ ✽✷ ❜❛r ❜♦✐❧❡rs ✇❡r❡ ❡✈❛❧✉❛t❡❞ ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞

♣r♦❝❡ss ✇✐t❤ ♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥ ❛s ✇❡❧❧✳ ❘❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼✳

❚❛❜❧❡ ✼✿ ❘❡s✉❧ts ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇✐t❤
♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥ ❛♥❞ ✻✺ ❛♥❞ ✽✷ ❜❛r ❜♦✐❧❡rs✳

P❛r❛♠❡t❡r
❇♦✐❧❡r ♣r❡ss✉r❡
✻✺ ❜❛r ✽✷ ❜❛r

❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮ ✶✵✻✳✼ ✶✵✺✳✽
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✼✾✳✵ ✽✾✳✺
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✻✺✽ ✻✺✶
❍②❞r♦❧②③❡❞ ▲▼ ✭❞r② ❦❣✴❚❈✮ ✶✸✹ ✶✷✾
❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▲✴t ❞r② ▲▼✮ ✶✽✶ ✶✽✶
■♥✈❡st♠❡♥t ✭❘✩ ♠✐❧❧✐♦♥✮ ✻✵✵ ✻✵✻
■❘❘ ✭✪ ♣❡r ②❡❛r✮ ✶✸✳✼ ✶✸✳✼
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦st ✭❘✩✴▲✮ ✵✳✻✹ ✵✳✻✸

❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✼ ✇✐t❤ t❤♦s❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✺✱ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥

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

❧❛r❣❡r ✲ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❛ ❤✐❣❤❡r ✐♥✈❡st♠❡♥t✳ ◆❡✈❡rt❤❡❧❡ss✱ ■❘❘ ♦❢ t❤❡ ♣r♦❝❡ss❡s ✇✐t❤

❤✐❣❤ ♣r❡ss✉r❡ ❜♦✐❧❡rs ✐s ❤✐❣❤❡r t❤❛♥ t❤♦s❡ ✇✐t❤ ❧♦✇ ♣r❡ss✉r❡ ❜♦✐❧❡rs✱ ❜✉t st✐❧❧ ❧♦✇❡r t❤❛♥

t❤❛t ♦❢ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣❧❛♥t ✭s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✺✮✳

✹✳✸ P❡♥t♦s❡s ❢❡r♠❡♥t❛t✐♦♥

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

♠❛t❡r✐❛❧ ♣r❡tr❡❛t♠❡♥t ✐s ❜✐♦❞✐❣❡st❡❞✱ ♣r♦❞✉❝✐♥❣ ❜✐♦❣❛s ❢♦r ❜✉r♥✐♥❣ ✐♥ t❤❡ ❝♦❣❡♥❡r❛t✐♦♥ s②s✲

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

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

♥♦ ♣❡♥t♦s❡s ❜✐♦❞✐❣❡st✐♦♥ t❛❦❡s ♣❧❛❝❡✱ ❛♥❞ ❛ ❝♦♥✈❡rs✐♦♥ ♦❢ ♣❡♥t♦s❡s t♦ ❡t❤❛♥♦❧ ♦❢ ✽✵✪ ✇❛s

❛ss✉♠❡❞✳

❘❡s✉❧ts ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇✐t❤ ♣❡♥✲

t♦s❡s ❢❡r♠❡♥t❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✽✳ ❊❧❡❝tr✐❝ ❞r✐✈❡rs ❛r❡ ✉s❡❞ ✐♥ t❤❡ ♣❧❛♥t ✐♥ ❛❧❧ t❤❡

❝♦♥✜❣✉r❛t✐♦♥s✳

✷✶✼



❚❛❜❧❡ ✽✿ ❘❡s✉❧ts ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇✐t❤ ✷✷✱
✹✷✱ ✻✺ ❛♥❞ ✽✷ ❜❛r ❜♦✐❧❡rs ❛♥❞ ♣❡♥t♦s❡s ❢❡r♠❡♥t❛t✐♦♥✳

P❛r❛♠❡t❡r
❇♦✐❧❡r ♣r❡ss✉r❡

✷✷ ✹✷ ✻✺ ✽✷
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ✭▲✴❚❈✮ ✶✷✶✳✼ ✶✶✾✳✺ ✶✶✼✳✾ ✶✶✺✳✼
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✷✻✳✺ ✺✷✳✸ ✽✵✳✵ ✾✶✳✼
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✼✵✸ ✻✼✽ ✻✺✹ ✻✺✹
❍②❞r♦❧②③❡❞ ▲▼ ✭❞r② ❦❣✴❚❈✮ ✶✶✼ ✶✶✶ ✶✵✻ ✶✵✵
❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥

✸✸✻ ✸✸✹ ✸✸✹ ✸✸✺
❡t❤❛♥♦❧ ✭▲✴t ❞r② ▲▼✮
■♥✈❡st♠❡♥t ✭❘✩ ♠✐❧❧✐♦♥✮ ✺✸✸ ✺✹✾ ✺✺✸ ✺✺✾
■❘❘ ✭✪ ♣❡r ②❡❛r✮ ✶✻✳✽ ✶✻✳✼ ✶✼✳✶ ✶✻✳✾
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦st ✭❘✩✴▲✮ ✵✳✺✽ ✵✳✺✽ ✵✳✺✼ ✵✳✺✼

❚❤✉s✱ t❤❡ ✉s❡ ♦❢ ❧♦✇ ♣r❡ss✉r❡ ✭✷✷ ❜❛r✮ ❜♦✐❧❡rs ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r✲

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

♣r♦❞✉❝t✐♦♥ ♦❢ ❛❧♠♦st ✺✵✪✱ ✇❤❡♥ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♣r♦❝❡ss❀ ❛♥ ✐♥❝r❡❛s❡

♦❢ ✹✶✪ ✐s ♦❜t❛✐♥❡❞ ❢♦r ❤✐❣❤ ♣r❡ss✉r❡ ✭✽✷ ❜❛r✮ ❜♦✐❧❡rs✳ ❲❤❡♥ ♣❡♥t♦s❡s ❢❡r♠❡♥t❛t✐♦♥ t❛❦❡s

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

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

❛❧❧ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ♣r❡s❡♥t ❛♥ ■❘❘ ❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ♦♣t✐♠✐③❡❞ ✜rst ❣❡♥❡r❛t✐♦♥

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❛s ✇❡❧❧✳

❚❤❡ ❤✐❣❤❡st ■❘❘ ✐s ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ♣r♦❝❡ss ✇✐t❤ ❜♦✐❧❡rs ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ✻✺ ❜❛r

st❡❛♠ ✲ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ♣r❡s❡♥ts ❛♥ ❡❧❡❝tr✐❝✐t② ♦✉t♣✉t ♦❢ ✽✵ ❦❲❤✴❚❈ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡

♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♦❢ ✹✸✪ ✭❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ✜rst ❣❡♥❡r❛t✐♦♥ ♣❧❛♥t✮✳ ❊✈❡♥ t❤♦✉❣❤

t❤❡ ♣r♦❝❡ss ✇✐t❤ ✽✷ ❜❛r ❜♦✐❧❡rs ♣r❡s❡♥ts ❛ ❤✐❣❤❡r ❡❧❡❝tr✐❝✐t② ♦✉t♣✉t ✭✾✶ ❦❲❤✴❚❈✮✱ ❤✐❣❤❡r

✐♥✈❡st♠❡♥t ❛♥❞ ❧♦✇❡r ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❧❡❛❞ t♦ ❛ ❧♦✇❡r ■❘❘✳ ❚❤❡ ♣r♦❝❡ss❡s ✇✐t❤ ❧♦✇ ♣r❡s✲

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

♦✉t♣✉t ✭✷✻ ❛♥❞ ✺✷ ❦❲❤✴❚❈ ❢♦r ✷✷ ❛♥❞ ✹✷ ❜❛r ❜♦✐❧❡rs✮ ❜❛❧❛♥❝❡ t❤♦s❡ ❛❞✈❛♥t❛❣❡s ❛♥❞ ❧❡❛❞ t♦

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

❢❡r♠❡♥t❛t✐♦♥ ❛r❡ s✐♠✐❧❛r✳

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

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

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

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

♠❡♥t ✐s r❡❞✉❝❡❞✱ s✐♥❝❡ ♥♦ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡s ❛r❡ r❡q✉✐r❡❞✳ ■ts r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡

✷✶✽



✾✳

❚❛❜❧❡ ✾✿ ❘❡s✉❧ts ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ ✜rst ❛♥❞ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❛♥❞
♣❡♥t♦s❡s ❢❡r♠❡♥t❛t✐♦♥ ✇✐t❤ ✷✷ ❜❛r ❜♦✐❧❡rs ✇✐t❤ ♥♦ ❡❧❡❝tr✐❝✐t② s❛❧❡✳

P❛r❛♠❡t❡r ✷✷ ❜❛r
❆♥❤②❞r♦✉s ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▲✴❚❈✮ ✶✷✷✳✷
❙✉r♣❧✉s ❡❧❡❝tr✐❝✐t② ✭❦❲❤✴❚❈✮ ✵
❙t❡❛♠ ❝♦♥s✉♠♣t✐♦♥ ✭❦❣✴❚❈✮ ✻✾✼
❍②❞r♦❧②③❡❞ ▲▼ ✭❞r② ❦❣✴❚❈✮ ✶✶✾
❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✭▲✴t ❞r② ▲▼✮ ✸✸✺
■♥✈❡st♠❡♥t ✭❘✩ ♠✐❧❧✐♦♥✮ ✺✶✹
■❘❘ ✭✪ ♣❡r ②❡❛r✮ ✶✻✳✻
❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❝♦st ✭❘✩✴▲✮ ✵✳✻✵

❘❡s✉❧ts ✐♥ ❚❛❜❧❡ ✾ s❤♦✇ t❤❛t s❛❧❡ ♦❢ s✉r♣❧✉s ❡❧❡❝tr✐❝✐t②✱ ❡✈❡♥ ✐♥ r❡❧❛t✐✈❡❧② ❧♦✇ ❛♠♦✉♥ts✱

❧❡❛❞s t♦ ❛ s♠❛❧❧ ✐♥❝r❡❛s❡ ♦♥ t❤❡ ■❘❘ ✲ t❤❡ r❡✈❡♥✉❡s ♦❢ ❡❧❡❝tr✐❝✐t② s❛❧❡ ❞♦ ♥♦t ❜❛❧❛♥❝❡ t❤❡

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

t❤❡r❡ ✐s ♥♦ ♠❛r❦❡t ❢♦r ❡❧❡❝tr✐❝✐t② s❛❧❡ ✐♥ t❤❡ r❡❣✐♦♥ ✇❤❡r❡ t❤❡ ♠✐❧❧ ✐s ✐♥st❛❧❧❡❞✱ s♠❛❧❧ ❣❛✐♥s

♠❛② ❜❡ ♦❜t❛✐♥❡❞ ✐♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✇❤❡♥ ❡♠♣❧♦②✐♥❣ ❡✣❝✐❡♥t✱ ❧♦✇ ✭✷✷ ❜❛r✮ ♣r❡ss✉r❡

❜♦✐❧❡rs✳

✺ ❈♦♥❝❧✉s✐♦♥s

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

t✐♦♥ ♣r♦❝❡ss ✇❡r❡ ❝♦♠♣❛r❡❞ t❤r♦✉❣❤ s✐♠✉❧❛t✐♦♥✳ ❉✐✛❡r❡♥t ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✭❜♦✐❧❡r

♣r❡ss✉r❡s ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥✮ ✇❡r❡ ❡✈❛❧✉❛t❡❞✱ ❛s ✇❡❧❧ ❛s ❞✐✛❡r❡♥t ❞❡st✐♥❛t✐♦♥s ❢♦r

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

❢❡r♠❡♥t❛t✐♦♥ t♦ ❡t❤❛♥♦❧✮✳ ❊❝♦♥♦♠✐❝ ❛♥❛❧②s❡s ❜❛s❡❞ ♦♥ ❡st✐♠❛t❡s ♣r♦✈✐❞❡❞ ❜② t❤❡ ✐♥❞✉str②

❛♥❞ ❜② s♣❡❝✐❛❧✐sts s❤♦✇❡❞ t❤❛t ❝♦✉♣❧✐♥❣ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❛♥❞ ❡❧❡❝tr✐❝✐t② ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡

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

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

❛❧❧♦✇ ❛♥ ✐♥❝r❡❛s❡ ♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♦✈❡r ✜rst ❣❡♥❡r❛t✐♦♥ ❜❡t✇❡❡♥ ✹✵ ❛♥❞ ✺✵✪✱ ✇❤❡♥

❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❣❛✐♥s ♦❢ ❛r♦✉♥❞ ✸✵✪ ♦❜t❛✐♥❡❞ ✇❤❡♥ ♣❡♥t♦s❡s ❛r❡ ❜✐♦❞✐❣❡st❡❞✳ ■♥ ❛❞❞✐✲

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

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

❡❧❡❝tr✐❝✐t② ✐♥ t❤❡ ♣r♦❝❡ss❡s ❡♠♣❧♦②✐♥❣ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s ✇✐t❤ ❤✐❣❤ ♣r❡ss✉r❡ ❜♦✐❧❡rs ♠❛②

♦✉t✇❡✐❣❤ t❤❡ ❧♦ss❡s ✐♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❛♥❞ t❤❡ ✐♥❝r❡❛s❡❞ ✐♥✈❡st♠❡♥t ♦❢ t❤❡s❡ s②st❡♠s✳
✷✶✾



❘❡❢❡r❡♥❝❡s

❈❊P❊❆✱ ✷✵✵✾✳ ❊t❤❛♥♦❧ ♣r✐❝❡s✳ ❚❡❝❤✳ r❡♣✳✱ ❈❡♥t❡r ❢♦r ❆❞✈❛♥❝❡❞ ❙t✉❞✐❡s ♦♥ ❆♣♣❧✐❡❞ ❊❝♦✲

♥♦♠✐❝s✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳❝❡♣❡❛✳✉s♣✳❜r✴❡t❛♥♦❧

❈●❊❊✱ ✷✵✵✾✳ ❇✐♦❡t❛♥♦❧ ❝♦♠❜✉stí✈❡❧✿ ✉♠❛ ♦♣♦rt✉♥✐❞❛❞❡ ♣❛r❛ ♦ ❇r❛s✐❧✳ ❈●❊❊✱ ❇r❛sí❧✐❛✳

❷✉↔❡❦✱ ▲✳✱ ▼❛rtí♥✱ ▼✳✱ ●r♦ss♠❛♥♥✱ ■✳✱ ❑r❛✈❛♥❥❛✱ ❩✳✱ ✷✵✶✶✳ ❊♥❡r❣②✱ ✇❛t❡r ❛♥❞ ♣r♦❝❡ss

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

❡♥t✐r❡ ❝♦r♥ ♣❧❛♥t✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✸✺✱ ✶✺✹✼✕✶✺✺✼✳

❉❡❞✐♥✐✱ ✷✵✵✾✳ ■♥✈❡st♠❡♥t ❞❛t❛ ❢♦r s✉❣❛r❝❛♥❡ ♠✐❧❧s✱ ♣r✐✈❛t❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳

❉✐❛s✱ ▼✳✱ ❈✉♥❤❛✱ ▼✳✱ ❏❡s✉s✱ ❈✳✱ ❘♦❝❤❛✱ ●✳✱ Pr❛❞❡❧❧❛✱ ❏✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧ ❋✐❧❤♦✱ ❘✳✱

❇♦♥♦♠✐✱ ❆✳✱ ✷✵✶✶✳ ❙❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ✐♥ ❜r❛③✐❧✿ ❝❛♥ ✐t ❝♦♠♣❡t❡ ✇✐t❤ ❡❧❡❝tr✐❝✐t②

♣r♦❞✉❝t✐♦♥❄ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✷✱ ✽✾✻✹✕✽✾✼✶✳

❉✐❛s✱ ▼✳✱ ❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ❋✐❧❤♦✱ ❘✳ ▼✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧✱ ▼✳✱ ✷✵✵✾✳ Pr♦❞✉❝t✐♦♥

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

❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥

✽✼✱ ✶✷✵✻✕✶✷✶✻✳

❉✐❛s✱ ▼✳✱ ❏✉♥q✉❡✐r❛✱ ❚✳✱ ❈❛✈❛❧❡tt✱ ❖✳✱ ❈✉♥❤❛✱ ▼✳✱ ❏❡s✉s✱ ❈✳✱ ❘♦ss❡❧❧✱ ❈✳✱ ▼❛❝✐❡❧ ❋✐❧❤♦✱ ❘✳✱

❇♦♥♦♠✐✱ ❆✳✱ ✷✵✶✷✳ ■♥t❡❣r❛t❡❞ ✈❡rs✉s st❛♥❞✲❛❧♦♥❡ s❡❝♦♥❞ ❣❡♥❡r❛t✐♦♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥

❢r♦♠ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✸✱ ✶✺✷✕✶✻✶✳

❊♥s✐♥❛s✱ ❆✳✱ ◆❡❜r❛✱ ❙✳✱ ▲♦③❛♥♦✱ ▼✳✱ ❙❡rr❛✱ ▲✳✱ ✷✵✵✼✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞

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

❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡♠❡♥t ✹✽✱ ✷✾✼✽✕✷✾✽✼✳

▲✉♦✱ ▲✳✱ ✈❛♥ ❞❡r ❱♦❡t✱ ❊✳✱ ❍✉♣♣❡s✱ ●✳✱ ✷✵✵✾✳ ❆♥ ❡♥❡r❣② ❛♥❛❧②s✐s ♦❢ ❡t❤❛♥♦❧ ❢r♦♠ ❝❡❧❧✉❧♦s✐❝

❢❡❡❞st♦❝❦ ✲ ❝♦r♥ st♦✈❡r✳ ❘❡♥❡✇❛❜❧❡ ❛♥❞ ❙✉st❛✐♥❛❜❧❡ ❊♥❡r❣② ❘❡✈✐❡✇s ✶✸✱ ✷✵✵✸✕✷✵✶✶✳

▼❛♥t❡❧❛tt♦✱ P✳✱ ✷✵✶✵✳ ❙✉❣❛r❝❛♥❡ ♣r♦❝❡ss✐♥❣ ❞❛t❛✱ ♣r✐✈❛t❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳

▼❡❧❧♦✱ ❏✳✱ ✷✵✵✼✳ ●❡r❛çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ❛ ♣❛rt✐r ❞❡ ❜✐♦♠❛ss❛ ❡ ❜✐♦❣ás✳ ❚❡❝❤✳ r❡♣✳✱ ❆♥❞r❛❞❡

✫ ❈❛♥❡❧❧❛s✱ ❙ã♦ P❛✉❧♦✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳s❛♥❡❛♠❡♥t♦✳s♣✳❣♦✈✳❜r✴♥♦t✐❝✐❛s✴s❡t✲✵✼✴❚❘✽❘❡❧❛tór✐♦✲▼✐♥✉t❛✳

♣❞❢

✷✷✵



◆✐❣❛♠✱ P✳✱ ❙✐♥❣❤✱ ❆✳✱ ✷✵✶✶✳ Pr♦❞✉❝t✐♦♥ ♦❢ ❧✐q✉✐❞ ❜✐♦❢✉❡❧s ❢r♦♠ r❡♥❡✇❛❜❧❡ r❡s♦✉r❝❡s✳ Pr♦❣r❡ss

✐♥ ❊♥❡r❣② ❛♥❞ ❈♦♠❜✉st✐♦♥ ❙❝✐❡♥❝❡ ✸✼✱ ✺✷✕✻✽✳

❙❡❛❜r❛✱ ❏✳✱ ✷✵✵✽✳ ❆✈❛❧✐❛çã♦ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞❡ ♦♣çõ❡s ♣❛r❛ ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ✐♥t❡❣r❛❧ ❞❛

❜✐♦♠❛ss❛ ❞❡ ❝❛♥❛ ♥♦ ❇r❛s✐❧✳ P❤✳❉✳ t❤❡s✐s✱ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✱ ❯♥✐✈❡rs✐✲

❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✳

❙❡❛❜r❛✱ ❏✳✱ ❚❛♦✱ ▲✳✱ ❈❤✉♠✱ ❍✳✱ ▼❛❝❡❞♦✱ ■✳✱ ✷✵✶✵✳ ❆ t❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

❡✛❡❝ts ♦❢ ❝❡♥tr❛❧✐③❡❞ ❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ❛♥❞ ❝♦✲♣r♦❞✉❝ts r❡✜♥❡r② ♦♣t✐♦♥s ✇✐t❤ s✉❣❛r❝❛♥❡

♠✐❧❧ ❝❧✉st❡r✐♥❣✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣② ✸✹✱ ✶✵✻✺✕✶✵✼✽✳

❙♦❝❝♦❧✱ ❈✳✱ ❱❛♥❞❡♥❜❡r❣❤❡✱ ▲✳✱ ▼❡❞❡✐r♦s✱ ❆✳✱ ❑❛r♣✱ ❙✳✱ ❇✉❝❦❡r✐❞❣❡✱ ▼✳✱ ❘❛♠♦s✱ ▲✳✱ P✐t❛r❡❧♦✱

❆✳✱ ❋❡rr❡✐r❛✲▲❡✐tã♦✱ ❱✳✱ ●♦tts❝❤❛❧❦✱ ▲✳✱ ❋❡rr❛r❛✱ ▼✳✱ ❇♦♥✱ ❊✳✱ ▼♦r❛❡s✱ ▲✳✱ ❆r❛ú❥♦✱ ❆✳✱

❚♦rr❡s✱ ❋✳✱ ✷✵✶✵✳ ❇✐♦❡t❤❛♥♦❧ ❢r♦♠ ❧✐❣♥♦❝❡❧❧✉❧♦s❡s✿ st❛t✉s ❛♥❞ ♣❡rs♣❡❝t✐✈❡s ✐♥ ❇r❛③✐❧✳

❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣② ✶✵✶✱ ✹✽✷✵✕✹✽✷✺✳

❚❛♦✱ ▲✳✱ ❆❞❡♥✱ ❆✳✱ ✷✵✵✾✳ ❚❤❡ ❡❝♦♥♦♠✐❝s ♦❢ ❝✉rr❡♥t ❛♥❞ ❢✉t✉r❡ ❜✐♦❢✉❡❧s✳ ■♥ ❱✐tr♦ ❈❡❧❧✉❧❛r ✫

❉❡✈❡❧♦♣♠❡♥t❛❧ ❇✐♦❧♦❣② ✲ P❧❛♥t ✹✺✱ ✶✾✾✕✷✶✼✳

❯❉❖P✱ ✷✵✵✾✳ ❙✉❣❛r❝❛♥❡ ♣r✐❝❡s✳ ❚❡❝❤✳ r❡♣✳✱ ❯♥✐♦♥ ♦❢ ❇✐♦❢✉❡❧ Pr♦❞✉❝❡rs✳

❯❘▲ ❤tt♣✿✴✴✇✇✇✳✉❞♦♣✳❝♦♠✳❜r✴✐♥❞❡①✳♣❤♣❄✐t❡♠❂❝❛♥❛

✷✷✶



❈❛♣ít✉❧♦ ✶✵

❈♦♥❝❧✉sõ❡s ❡ s✉❣❡stõ❡s ❞❡ tr❛❜❛❧❤♦s

❢✉t✉r♦s

❊st✉❞♦s r❡❧❛❝✐♦♥❛❞♦s à ✐♥s❡rçã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ♥♦ ❇r❛s✐❧ sã♦

❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ ✈✐❛❜✐❧✐③❛çã♦ ❞❡st❛ t❡❝♥♦❧♦❣✐❛ ❡ ❛ ♠❛♥✉t❡♥çã♦ ❞♦ P❛ís ♥❛ ♣♦s✐çã♦ ❞❡ ❣r❛♥❞❡

♣r♦❞✉t♦r ❞❡ ❡t❛♥♦❧ ♥♦ ♠✉♥❞♦✳ ❆ ♣r♦❞✉çã♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ❡♠ ❧❛r❣❛ ❡s❝❛❧❛ ♦❢❡r❡❝❡

✈❛♥t❛❣❡♥s ♣❛r❛ ❛ ✐♥s❡rçã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ♥♦ ❇r❛s✐❧ ❡♠ r❡❧❛çã♦ ❛ ♦✉tr♦s

♣❛ís❡s✱ t❛✐s ❝♦♠♦✿ ♣r♦❞✉çã♦ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♥❛ ♣ró♣r✐❛ ♣❧❛♥t❛ ♦♥❞❡ ❡t❛♥♦❧ ❞❡

✶❛ ❣❡r❛çã♦ é ♣r♦❞✉③✐❞♦ ✭❜❛❣❛ç♦✮✱ ♦✉ ♣ró①✐♠♦ ❛ ❡❧❛ ✭♣❛❧❤❛✮❀ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♠♣❛rt✐❧❤❛r

♣❛rt❡ ❞❛ ✐♥❢r❛❡str✉t✉r❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ♣r♦❞✉çã♦ s✐♠✉❧tâ♥❡❛ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✱

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

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

◆❡st❡ s❡♥t✐❞♦✱ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ✈✐s❛♥❞♦ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s

♠❡❧❤♦r❡s ❝♦♥❞✐çõ❡s ♣❛r❛ ✐♥s❡rçã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ♥♦

❇r❛s✐❧ ❛ ♣❛rt✐r ❞❛s ❢r❛çõ❡s ❧✐❣♥♦❝❡❧✉❧ós✐❝❛s ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r ✭❜❛❣❛ç♦ ❡ ♣❛❧❤❛✮✳

❆s ♣r✐♥❝✐♣❛✐s ❝♦♥❝❧✉sõ❡s ❛♣r❡s❡♥t❛❞❛s ❛♦ ❧♦♥❣♦ ❞❡st❡ tr❛❜❛❧❤♦ sã♦ r❡s✉♠✐❞❛s ♥♦ ✐t❡♠

✶✵✳✶✳

✷✷✷



✶✵✳✶ ❈♦♥❝❧✉sõ❡s

❖ ✉s♦ ✐♥t❡❣r❛❧ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✱ ❝♦♥s✐❞❡r❛♥❞♦ r❡❝✉♣❡r❛çã♦ ❡ tr❛♥s♣♦rt❡ ❞❡ ♣❛rt❡ ❞❛

♣❛❧❤❛ ♣r♦❞✉③✐❞❛ ♥♦ ❝❛♠♣♦ ❛té ❛ ✉s✐♥❛✱ ❛♣r❡s❡♥t❛ ✈❛♥t❛❣❡♥s t❛♥t♦ ♥♦ ❝❛s♦ ♦♥❞❡ s❡ ♠❛①✐♠✐③❛

❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ q✉❛♥t♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✳ ▼❡s♠♦ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛s

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

s❡r ♦❜t✐❞♦s✱ t❛♥t♦ ♥❛ ♣r♦❞✉çã♦✱ q✉❛♥t♦ ♥❛ r❡♥t❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦✱ sã♦ s✐❣♥✐✜❝❛t✐✈♦s✳

◗✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r❛ ❛ ✐♥t❡❣r❛çã♦ ❞❡ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦

❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛✱ só ♦❝♦rr❡♠ ❛✉♠❡♥t♦s s✐❣♥✐✜❝❛t✐✈♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

q✉❛♥❞♦ sã♦ ❝♦♥s✐❞❡r❛❞♦s ❛ r❡❝✉♣❡r❛çã♦ ❞❡ ♣❛rt❡ ✭✺✵✪ ❢♦✐ ♦ ✈❛❧♦r ❛✈❛❧✐❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✮

❞❛ ♣❛❧❤❛ ❡ ♠❡❧❤♦r✐❛s ♥♦ ♣r♦❝❡ss♦✱ ❝♦♠ r❡❞✉çã♦ ♥♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r✳

❆ ✐♥s❡rçã♦ ❞❡ ♠❡❧❤♦r✐❛s ✭❞❡st✐❧❛çã♦ ❞✉♣❧♦ ❡❢❡✐t♦✱ r❡❝✉♣❡r❛çã♦ ❞❡ ♣❛rt❡ ❞❛ ♣❛❧❤❛✱ ❞❡s✐✲

❞r❛t❛çã♦ ❝♦♠ ♣❡♥❡✐r❛s ♠♦❧❡❝✉❧❛r❡s✱ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡♠ ❡✈❛♣♦r❛❞♦r❡s ♠ú❧t✐♣❧♦ ❡❢❡✐t♦✱

✉s♦ ❞❡ ❝❛❧❞❡✐r❛s ❡✜❝✐❡♥t❡s✮ ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦ ❡♠ ❞❡st✐❧❛r✐❛s

❛✉tô♥♦♠❛s ♣❡r♠✐t❡ r❡❞✉çã♦ s✐❣♥✐✜❝❛t✐✈❛ ♥♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ❡♠ ❝♦♠♣❛r❛çã♦

❝♦♠ ✉♠ ♣r♦❝❡ss♦ ♣❛❞rã♦ ✭❞❡ ✺✷✵ ♣❛r❛ ✸✷✵ ❦❣ ❞❡ ✈❛♣♦r ♣♦r t♦♥❡❧❛❞❛ ❞❡ ❝❛♥❛✱ ❞❡♥tr♦ ❞❛s

❝♦♥❞✐çõ❡s ❡st✉❞❛❞❛s✮✳

❈♦♠♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ♠❛✐♦r ♣❛rt❡ ❞❛s ♣❡r❞❛s ♥❛ ♣r♦❞✉✲

çã♦ ❞❡ ❡t❛♥♦❧✱ ❢♦r❛♠ ❡st✉❞❛❞❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❛❧t❡r♥❛t✐✈❛s ❛♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦

❝♦♥✈❡♥❝✐♦♥❛❧ ❡♠♣r❡❣❛❞♦ ♥❛ ✐♥❞ústr✐❛✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❡①tr❛✲

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

♥❛ ❞❡st✐❧❛r✐❛ ❡ ❛✉♠❡♥t❛r ♦ r❡♥❞✐♠❡♥t♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✱ ♣♦ré♠ ❝♦♥s✉♠✐♥❞♦ ♠❛✐s

❡❧❡tr✐❝✐❞❛❞❡✱ ♠❛s ❛s ✈❛♥t❛❣❡♥s ❞❡st❡ ♣r♦❝❡ss♦ ❡♠ r❡❧❛çã♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❝♦♥✲

✈❡♥❝✐♦♥❛❧ só sã♦ ❡①♣r❡ss✐✈❛s q✉❛♥❞♦ é ❝♦♥s✐❞❡r❛❞❛ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ✈✐♥❤❛ç❛ ♥♦ ♣r♦❝❡ss♦

❝♦♥✈❡♥❝✐♦♥❛❧✳ ❆ ♦✉tr❛ ❛❧t❡r♥❛t✐✈❛ ❛✈❛❧✐❛❞❛ ❢♦✐ ❛ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛ ✉s❛♥❞♦

r❡s❢r✐❛♠❡♥t♦ ❝♦♠ á❣✉❛ ❣❡❧❛❞❛ ♣r♦❞✉③✐❞❛ ♣♦r ❛❜s♦rçã♦ ❝♦♠ ❜r♦♠❡t♦ ❞❡ ❧ít✐♦❀ ♥❡st❡ ❝❛s♦✱ ❛

✈✐♥❤❛ç❛ ♣r♦❞✉③✐❞❛ ♥❛ ❞❡st✐❧❛çã♦ ♥ã♦ é ❝❛♣❛③ ❞❡ ❢♦r♥❡❝❡r t♦❞♦ ♦ ❝❛❧♦r ♥❡❝❡ssár✐♦ ♣❛r❛ ♦♣❡r❛r

❡st❡ s✐st❡♠❛ ❞❡ r❡s❢r✐❛♠❡♥t♦✱ ♦ q✉❡ ❛✉♠❡♥t♦✉ ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦✱ ❛♣❡s❛r ❞❡

✷✷✸



s❡r❡♠ ♦❜t✐❞♦s ❛❧t❛s ❝♦♥❝❡♥tr❛çõ❡s ❡ ❡❧❡✈❛❞♦s r❡♥❞✐♠❡♥t♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ◆♦ ❡♥✲

t❛♥t♦✱ ✐♥t❡❣r❛çã♦ tér♠✐❝❛ ♣♦❞❡ ✈✐r ❛ r❡❞✉③✐r ♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❡ ❛✉♠❡♥t❛r ❛s ✈❛♥t❛❣❡♥s

❞❡st❡ ♣r♦❝❡ss♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦ ♣♦❞❡♠ r❡❞✉③✐r ♦

❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r ❞♦ ♣r♦❝❡ss♦ ❡ ❛ ♣r♦❞✉çã♦ ❞❡ ✈✐♥❤❛ç❛✱ ❡ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦s ❞❡✈❡♠

s❡r ❝♦♥❞✉③✐❞♦s ♣❛r❛ ♦t✐♠✐③❛r ♦ ♣r♦❝❡ss♦ ❝♦♠♣❧❡t♦✳

❈♦♠♣❛r❛♥❞♦✲s❡ ❛ ♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô✲

♥♦♠❛ ❛♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✱ ❛ r❡♥t❛❜✐❧✐❞❛❞❡ ❞♦

♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ só é ♠❛✐♦r q✉❡ ❛ ❞❛ ♣❧❛♥t❛ ❝♦♠ ♠❛①✐♠✐③❛✲

çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ q✉❛♥❞♦ sã♦ ✉t✐❧✐③❛❞❛s t❡❝♥♦❧♦❣✐❛s ❛✈❛♥ç❛❞❛s ❞❡ ❤✐❞ró❧✐s❡

❡ ❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s✳

❈♦♠♦ ✈ár✐♦s ♣❛ís❡s tê♠ ❝♦♥s✐❞❡r❛❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦ ❡♠ ♣❧❛♥t❛s

✐♥❞❡♣❡♥❞❡♥t❡s✱ ✐st♦ é✱ ♥ã♦ ❛♥❡①❛s ❛ ❞❡st✐❧❛r✐❛s ❝♦♥✈❡♥❝✐♦♥❛✐s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡

✶❛ ❣❡r❛çã♦✱ ❢♦✐ ❢❡✐t❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❡ ♦ ♣r♦❝❡ss♦ ✐♥❞❡♣❡♥❞❡♥t❡✳

❱❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❝♦♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡r❛çã♦ ♣❡r♠✐t❡ ✉♠❛

r❡❞✉çã♦ s✐❣♥✐✜❝❛t✐✈❛ ♥♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠ ❡q✉✐♣❛♠❡♥t♦s✱ ❥á q✉❡ ❛s ✉♥✐❞❛❞❡s ❞❡ ❝♦♥❝❡♥tr❛✲

çã♦✱ ❢❡r♠❡♥t❛çã♦✱ ❞❡st✐❧❛çã♦✱ ❞❡s✐❞r❛t❛çã♦ ❡ ❝♦❣❡r❛çã♦ sã♦ ❝♦♠♣❛rt✐❧❤❛❞❛s ❡♥tr❡ ♦s ❞♦✐s

♣r♦❝❡ss♦s✱ ♦ q✉❡ ❧❡✈❛ ❛ ❣❛♥❤♦s ❡①♣r❡ss✐✈♦s ♥❛ r❡♥t❛❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦✳

❆ r❡❛❧✐③❛çã♦ ❞❡ ✉♠❛ ❡t❛♣❛ ❞❡ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❛❧❝❛❧✐♥❛ ❛♣ós ♦ ♣ré✲tr❛t❛♠❡♥t♦✱ ❝♦♠ ✉♠

❣❛♥❤♦ ❤✐♣♦tét✐❝♦ ❞❡ ✶✵✪ ♥❛ ❝♦♥✈❡rsã♦ ❞❛ ❝❡❧✉❧♦s❡ ♥❛ ❡t❛♣❛ ❞❡ ❤✐❞ró❧✐s❡✱ ❡♠ ❝♦♠♣❛r❛çã♦

❛♦ ❜❛❣❛ç♦ ♣ré✲tr❛t❛❞♦ s❡♠ ❞❡s❧✐❣♥✐✜❝❛çã♦✱ ♥ã♦ ❧❡✈❛ ❛ ❣❛♥❤♦s s✐❣♥✐✜❝❛t✐✈♦s ♥❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ✭❡t❛♥♦❧ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✮ ❞❡✈✐❞♦ ❛♦ ❡❧❡✈❛❞♦ ❝♦♥s✉♠♦ ❞❡

❡♥❡r❣✐❛ ❞❡st❛ ❡t❛♣❛ ❞♦ ♣r♦❝❡ss♦✳ ◆♦ ❡♥t❛♥t♦✱ ❛ r❡♠♦çã♦ ❞❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ❧✐❣♥✐♥❛ ❧❡✈❛ ❛

✉♠❛ r❡❞✉çã♦ ♥♦ t❛♠❛♥❤♦ ❞♦ r❡❛t♦r ♥❛ ❡t❛♣❛ ♣♦st❡r✐♦r ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✳

❱❡r✐✜❝♦✉✲s❡ t❛♠❜é♠ q✉❡ ❡❧❡✈❛❞❛s ❝♦♥✈❡rsõ❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❛ ❡t❛♥♦❧✱ ❢r❡✲

q✉❡♥t❡♠❡♥t❡ ✉t✐❧✐③❛❞❛s ♣❛r❛ q✉❛♥t✐✜❝❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❡

❤✐❞ró❧✐s❡✱ ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❧❡✈❛♠ à ♠❛✐♦r ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦

❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳ ◆❡st❡s ❝❛s♦s✱ ❝♦♠♦ ❛q✉❡❧❡s q✉❡ ❡♠♣r❡❣❛♠ ❜❛✐①♦ t❡♦r ❞❡ só❧✐❞♦s ♥♦s

✷✷✹



r❡❛t♦r❡s ❞❡ ❤✐❞ró❧✐s❡✱ ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐♦ ♣❛r❛ ❝♦♥❝❡♥tr❛r ♦ ❧✐❝♦r ❤✐❞r♦❧✐s❛❞♦ é

♠✉✐t♦ ❡❧❡✈❛❞♦✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ❝♦♥s✉♠✐r ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦

❝♦♠♦ ❝♦♠❜✉stí✈❡❧✱ ❞✐♠✐♥✉✐♥❞♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉s♦ ❝♦♠♦ ♠❛tér✐❛

♣r✐♠❛ ♥❛ ✷❛ ❣❡r❛çã♦✳

❉❡♥tr❡ ♦s ❛s♣❡❝t♦s ❡s♣❡❝í✜❝♦s ❡st✉❞❛❞♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛✲

çã♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ✐♥st❛❧❛❞❛ ♥❡❝❡ssár✐❛ ♣❛r❛ r❡❛t♦r❡s ❞❡ ❤✐❞ró❧✐s❡ ❝♦♠ ✼✷❤

❞❡ t❡♠♣♦ ❞❡ r❡s✐❞ê♥❝✐❛ ❡ ❜❛✐①♦ t❡♦r ❞❡ só❧✐❞♦s é ❡♥♦r♠❡✱ ❝♦♠ ♣❡q✉❡♥♦s ❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ s❡ ❝♦♠♣❛r❛❞♦ ❛ ♠❡♥♦r❡s t❡♠♣♦s ❞❡ r❡❛çã♦ ✭❡t❛♥♦❧ ❞❡ ✶❛

❡ ✷❛ ❣❡r❛çã♦✮✳ ◗✉❛♥❞♦ ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s ♦s ♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ♣♦r ❡①♣❧♦sã♦ ❛

✈❛♣♦r ❡ ❝♦♠ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛t❛❧✐s❛❞♦r ♥❡❝❡ssá✲

r✐❛ ♥♦ ♣r♦❝❡ss♦ ♦①✐❞❛t✐✈♦ ✐♥✈✐❛❜✐❧✐③❛r✐❛ ♦ ♣r♦❝❡ss♦✱ s❡♥❞♦ ♥❡❝❡ssár✐♦s ♠❛✐♦r❡s ❡st✉❞♦s ♣❛r❛

r❡❞✉③✐r s❡✉ ❝♦♥s✉♠♦✳

❈❛❧❞❡✐r❛s ♥♦✈❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✷✷ ❜❛r ❛♣r❡s❡♥t❛♠ ♠❡♥♦r ❝♦♥s✉♠♦ ❡s♣❡❝í✲

✜❝♦ ❞❡ ❜❛❣❛ç♦ ❞♦ q✉❡ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❞❡ ❛❧t❛ ♣r❡ssã♦ ✭✽✷ ♦✉ ✾✵ ❜❛r✮✱

♣♦ré♠ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ q✉❡ ♣♦❞❡ s❡r ♣r♦❞✉③✐❞❛ ❡①♣❛♥❞✐♥❞♦✲s❡ ✈❛♣♦r ❛ ✷✷ ❜❛r

❡♠ t✉r❜✐♥❛s ❞❡ ❝♦♥tr❛✲♣r❡ssã♦ é ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ❛q✉❡❧❛ ♣r♦❞✉③✐❞❛ ♣❛r❛ ✾✵ ❜❛r✳ ❆s✲

s✐♠✱ ✈❡r✐✜❝❛♠✲s❡ ♣❡q✉❡♥♦s ❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ♥♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ✶❛ ❡

✷❛ ❣❡r❛çã♦ q✉❛♥❞♦ sã♦ ❡♠♣r❡❣❛❞❛s ❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r✱ ♠❛s ❛s ♣❡r❞❛s ♥❛ ♣r♦❞✉çã♦ ❞❡

❡❧❡tr✐❝✐❞❛❞❡ ❡♠ r❡❧❛çã♦ ❛ ❝❛❧❞❡✐r❛s ❞❡ ✾✵ ❜❛r sã♦ s✐❣♥✐✜❝❛t✐✈❛s✳ ❆♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ♠♦str♦✉

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

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

❡①❝❡❞❡♥t❡s ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ ❡ ♠❡s♠♦ ♥♦ ❝❛s♦ ❞❡ ❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r é ✐♥t❡r❡ss❛♥t❡ ✈❡♥❞❡r

♦ ♣❡q✉❡♥♦ ❡①❝❡❞❡♥t❡ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ♦❜t✐❞♦✳ ◆♦ ❡♥t❛♥t♦✱ s❡ ❡①✐st❡ ♠❡r❝❛❞♦ ♣❛r❛ ✈❡♥❞❛ ❞❡

❡♥❡r❣✐❛ ❡❧étr✐❝❛✱ ❝❛❧❞❡✐r❛s ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ❛❧t❛ ♣r❡ssã♦ ✭✻✺ ❡ ✽✷ ❜❛r✮ ♦❢❡r❡❝❡♠

♠❛✐♦r r❡♥t❛❜✐❧✐❞❛❞❡ ❛♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡ ✶❛ ❡ ✷❛ ❣❡r❛çã♦✳
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✶✵✳✷ ❙✉❣❡stõ❡s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s

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

❛♣r✐♠♦r❛♠❡♥t♦ ❡ ❞❡t❛❧❤❛♠❡♥t♦ ❞❛s s✐♠✉❧❛çõ❡s ❞❡s❡♥✈♦❧✈✐❞❛s❀ ❛❧❣✉♠❛s ❞❡st❛s s✉❣❡stõ❡s ❞❡

tr❛❜❛❧❤♦s ❢✉t✉r♦s sã♦ ❧✐st❛❞❛s ❛ s❡❣✉✐r✳

❈♦♥s✐❞❡r❛♥❞♦✲s❡ ❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ✶❛ ❣❡✲

r❛çã♦✱ é ♥❡❝❡ssár✐♦ ✈❛❧✐❞❛r ❛ s✐♠✉❧❛çã♦ ♣❛r❛ q✉❡ ❡❧❛ r❡♣r❡s❡♥t❡ ❛❞❡q✉❛❞❛♠❡♥t❡ ❛ r❡❛❧✐❞❛❞❡

❞❡ ✉♠❛ ❞❡st✐❧❛r✐❛✳ ❊st❛ ✈❛❧✐❞❛çã♦ ❞❡✈❡ s❡r ❢❡✐t❛ ✉t✐❧✐③❛♥❞♦✲s❡ ❝♦♠♦ ❜❛s❡ ❞❛❞♦s r❡❛✐s ❞❡ ✉♠❛

♣❧❛♥t❛ ♦♣❡r❛♥❞♦ ❡♠ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧✱ q✉❡ ❞❡✈❡♠ s❡r ✐♥s❡r✐❞♦s ♥❛ s✐♠✉❧❛çã♦ ❛♣ós ❛ ❛❞❡✲

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

❡st✉❞❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦❀ ❛ ♠❛✐♦r✐❛ ❞❡❧❛s ♥ã♦ sã♦ ❡♥❝♦♥tr❛❞❛s ❡♠ ♣❧❛♥t❛s ✐♥❞✉str✐❛✐s✱ ♠❛s

❛❧❣✉♠❛s ❥á ✈ê♠ s❡♥❞♦ ❡st✉❞❛❞❛s ❡♠ ♣❧❛♥t❛s ♣✐❧♦t♦ ❡ ✉♥✐❞❛❞❡s ❞❡ ❞❡♠♦♥str❛çã♦✳ ◆❡st❡s

❝❛s♦s✱ ❡st❡s ❞❛❞♦s ❞❡✈❡♠ s❡r ❝♦❧❡t❛❞♦s ❡ ✐♥s❡r✐❞♦s ♥❛ s✐♠✉❧❛çã♦✳

❖✉tr♦ ♣♦♥t♦ ✐♠♣♦rt❛♥t❡ q✉❡ ♠❡r❡❝❡ ❡st✉❞♦ é ♦ ❧❡✈❛♥t❛♠❡♥t♦ ❞❡t❛❧❤❛❞♦ ❞♦ ✐♥✈❡st✐✲

♠❡♥t♦ ❡♠ ❡q✉✐♣❛♠❡♥t♦s ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦✳ ◆❡st❡

❡st✉❞♦ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❞❛❞♦s ❣❧♦❜❛✐s ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ♣❡❧❛ ✐♥❞ústr✐❛✱ ♠❛s ♥♦t♦✉✲s❡ q✉❡

✐♥❢♦r♠❛çõ❡s ♠❛✐s ❞❡t❛❧❤❛❞❛s sã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ ❢❛③❡r ❡st✐♠❛t✐✈❛s ♠❛✐s ❝♦♥✜á✈❡✐s✱ ❥á q✉❡

♦ ✐♠♣❛❝t♦ ❞♦ ✐♥✈❡st✐♠❡♥t♦ ♥❛ ❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ é s✐❣♥✐✜❝❛t✐✈♦✳

❊st✉❞♦s ♠❛✐s ❞❡t❛❧❤❛❞♦s r❡❧❛❝✐♦♥❛❞♦s à ✐♥t❡❣r❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧

❞❡ ✷❛ ❣❡r❛çã♦ ♥♦ ❇r❛s✐❧ sã♦ ♥❡❝❡ssár✐♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ q✉❡ s❡ r❡❢❡r❡ ❛♦s ♣r♦❝❡ss♦s ❞❡ ♣ré✲

tr❛t❛♠❡♥t♦ ❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛✱ ❥á q✉❡ ♥❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❡ss❡♥❝✐❛❧♠❡♥t❡

❞❛❞♦s ❤✐♣♦tét✐❝♦s q✉❡✱ ❛♣❡s❛r ❞❡ ❝♦♥❞✐③❡♥t❡s ❝♦♠ ♦ q✉❡ é ♦❜t✐❞♦ ❡♠ ❡s❝❛❧❛ ❧❛❜♦r❛t♦r✐❛❧✱ ♥ã♦

❢♦r❛♠ ♦❜t✐❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❙❡♥❞♦ ❛ss✐♠✱ ❞❛❞♦s r❡❛✐s ♦❜t✐❞♦s ❡♠ ❧❛❜♦r❛tór✐♦ ♣❛r❛

♣r♦❝❡ss♦s ❞❡ ♣ré✲tr❛t❛♠❡♥t♦ ❞♦ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛✱ s❡❣✉✐❞♦ ❞❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ r❡❛❧✐③❛❞❛

♥❛s ❝♦♥❞✐çõ❡s ❡s♣❡r❛❞❛s ♣❛r❛ ✈✐❛❜✐❧✐③❛çã♦ ❞❡ ✉♠ ♣r♦❝❡ss♦ ❝♦♠❡r❝✐❛❧ ✭❝♦♠ t❡♦r ❞❡ só❧✐❞♦s

r❡❧❛t✐✈❛♠❡♥t❡ ❡❧❡✈❛❞♦✮ ❞❡✈❡♠ s❡r ✐♥s❡r✐❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ♣❛r❛ s❡

q✉❛♥t✐✜❝❛r ♦s ❣❛♥❤♦s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ❆❧é♠ ❞✐ss♦✱ ♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠ ✉♥✐❞❛❞❡s ❞❡

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

✷✷✻



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

◆♦ ❝❛s♦ ❞❛ r❡❛❧✐③❛çã♦ ❞❡ r❡❛çõ❡s ❞❡ ❤✐❞ró❧✐s❡ ❝♦♠ ❡❧❡✈❛❞♦ t❡♦r ❞❡ só❧✐❞♦s✱ ♦ ❝♦♥s✉♠♦ ❞❡

❡♥❡r❣✐❛ ♥❛ ❛❣✐t❛çã♦ ❞♦ r❡❛t♦r é ✉♠❛ ✈❛r✐á✈❡❧ q✉❡ ♣♦❞❡ ❛♣r❡s❡♥t❛r ✐♠♣❛❝t♦s s✐❣♥✐✜❝❛t✐✈♦s

♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✈❡♥❞❛ ❡ q✉❡ ♥ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ♥❡st❡

tr❛❜❛❧❤♦ ✭❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ✈❛❧♦r ✜①♦ ❞❡♣❡♥❞❡♥t❡ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ó✲

s✐❝♦ ♣r♦❝❡ss❛❞♦ ♥❛ ♣❧❛♥t❛ ❞❡ ❡t❛♥♦❧ ❞❡ ✷❛ ❣❡r❛çã♦✮✳ ❆ss✐♠✱ ♦ ❧❡✈❛♥t❛♠❡♥t♦ ❞❡st❛ ✈❛r✐á✈❡❧

é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❛♣r✐♠♦r❛♠❡♥t♦ ❞❛s s✐♠✉❧❛çõ❡s✳

❆ ❜✐♦❞✐❣❡stã♦ ❞♦ ❧✐❝♦r ❞❡ ♣❡♥t♦s❡s ❡ ❛ q✉❡✐♠❛ ❞♦ ❜✐♦❣ás ❡ ❞♦s r❡sí❞✉♦s ❞♦ ♣r♦❝❡ss♦ ❞❡

❤✐❞ró❧✐s❡ ✭❧✐❣♥✐♥❛ ❡ ❝❡❧✉❧♦s❡ ♥ã♦ ❝♦♥s✉♠✐❞❛✮ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ♥❡st❛ t❡s❡❀ ♥♦ ❡♥t❛♥t♦✱ ❛

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

r✐❛✐s ❝♦♠♦ ❝♦♠❜✉stí✈❡❧ é ❡ss❡♥❝✐❛❧ ♣❛r❛ ❛✉♠❡♥t❛r ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦

✭❜❛❣❛ç♦ ❡ ♣❛❧❤❛✮ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉s♦ ❝♦♠♦ ♠❛tér✐❛ ♣r✐♠❛ ♥❛ ✷❛ ❣❡r❛çã♦✳

❈♦♥s✐❞❡r❛♥❞♦✲s❡ ♦s ♣r♦❝❡ss♦s ❛❧t❡r♥❛t✐✈♦s ❞❡ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐✲

③❛r ❡st✉❞♦s ❞❡t❛❧❤❛❞♦s s♦❜r❡ ❛s ♦♣çõ❡s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ ✭❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛

❛ ✈á❝✉♦ ❡ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✮ ✈✐s❛♥❞♦ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛

❞❡st❡s ♣r♦❝❡ss♦s✳ ◆♦ ❝❛s♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛ ❜❛✐①❛ t❡♠♣❡r❛t✉r❛✱ ❛ ❛♥á❧✐s❡ ❞♦

♣r♦❝❡ss♦ ❝♦♠♣❧❡t♦ ❝♦♠ ❡st✉❞♦s ❞❡ ✐♥t❡❣r❛çã♦ ❡♥❡r❣ét✐❝❛ ♣♦❞❡ ❞✐♠✐♥✉✐r ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r✲

❣✐❛ ❡ ❛✉♠❡♥t❛r ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❡st❡ ♣r♦❝❡ss♦✳ ❆♥á❧✐s❡ ❞❡ ❞✐❢❡r❡♥t❡s ♣r♦❝❡ss♦s ❞❡ ♣r♦❞✉çã♦

❞❡ á❣✉❛ ❣❡❧❛❞❛ t❛♠❜é♠ ❞❡✈❡ s❡r ❝♦♥❞✉③✐❞❛✳ P❛r❛ ❛ ❢❡r♠❡♥t❛çã♦ ❡①tr❛t✐✈❛✱ ✉♠ ❡st✉❞♦ ♠❛✐s

❞❡t❛❧❤❛❞♦ ❞❡ ♦t✐♠✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ♣r❡ssã♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ t❛♥q✉❡ ✢❛s❤✱

❞❡✈❡ s❡r ❝♦♥❞✉③✐❞♦ ❞❡ ♠♦❞♦ ❛ ❞✐♠✐♥✉✐r ♦ ❝♦♥s✉♠♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ♥♦ s✐st❡♠❛ ❛ ✈á❝✉♦✳

✷✷✼



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆❈❖❙❚❆✲❊❙◗❯■❏❆❘❖❙❆✱ ❏✳ ❡t ❛❧✳ ❘❡❝♦✈❡r② ♦❢ ❛❝❡t♦♥✐tr✐❧❡ ❢r♦♠ ❛q✉❡♦✉s ✇❛st❡ ❜② ❛

❝♦♠❜✐♥❡❞ ♣r♦❝❡ss✿ s♦❧✈❡♥t ❡①tr❛❝t✐♦♥ ❛♥❞ ❜❛t❝❤ ❞✐st✐❧❧❛t✐♦♥✳ ❙❡♣❛r❛t✐♦♥ ❛♥❞ P✉r✐✜❝❛t✐♦♥

❚❡❝❤♥♦❧♦❣②✱ ✈✳ ✺✷✱ ♣✳ ✾✺✕✶✵✶✱ ✷✵✵✻✳

❆❉❊◆✱ ❆✳❀ ❋❖❯❙❚✱ ❚✳ ❚❡❝❤♥♦❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ♦❢ t❤❡ ❞✐❧✉t❡ s✉❧❢✉r✐❝ ❛❝✐❞ ❛♥❞ ❡♥③②♠❛t✐❝

❤②❞r♦❧②s✐s ♣r♦❝❡ss ❢♦r t❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ ❝♦r♥ st♦✈❡r t♦ ❡t❤❛♥♦❧✳ ❈❡❧❧✉❧♦s❡✱ ✈✳ ✶✻✱ ♣✳ ✺✸✺✕✺✹✺✱

✷✵✵✾✳

❆❉❊◆✱ ❆✳ ❡t ❛❧✳ ▲✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❇✐♦♠❛ss t♦ ❊t❤❛♥♦❧ Pr♦❝❡ss ❉❡s✐❣♥ ❛♥❞ ❊❝♦♥♦♠✐❝s ❯t✐✲

❧✐③✐♥❣ ❈♦✲❈✉rr❡♥t ❉✐❧✉t❡ ❆❝✐❞ Pr❡❤②❞r♦❧②s✐s ❛♥❞ ❊♥③②♠❛t✐❝ ❍②❞r♦❧②s✐s ❢♦r ❈♦r♥ ❙t♦✈❡r✳

❬❙✳❧✳❪✱ ✷✵✵✷✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳♦st✐✳❣♦✈✴❜r✐❞❣❡>✳ ❆❝❡ss♦ ❡♠✿ ❥✉♥✳ ✷✵✵✽✳

❆▲❩❆❚❊✱ ❈✳❆✳❈✳❀ ❚❖❘❖✱ ❖✳ ❏✳ ❙✳ ❊♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ❛♥❛❧②s✐s ♦❢ ✐♥t❡❣r❛t❡❞ ✢♦✇s❤❡❡ts

❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ❢✉❡❧ ❡t❤❛♥♦❧ ❢r♦♠ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❜✐♦♠❛ss✳ ❊♥❡r❣②✱ ✈✳ ✸✶✱ ♣✳ ✷✹✹✼✕✷✹✺✾✱

✷✵✵✻✳

❆◆❉❘■❊❚❚❆✱ ❙✳ ❘✳ ▼♦❞❡❧❛❣❡♠✱ s✐♠✉❧❛çã♦ ❡ ❝♦♥tr♦❧❡ ❞❡ ❢❡r♠❡♥t❛çã♦ ❛❧❝♦ó❧✐❝❛ ❝♦♥tí♥✉❛

❡♠ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❞❡ ❆❧✐♠❡♥t♦s✱ ❯♥✐✈❡r✲

s✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✶✾✾✹✳

❆❘◆❆❖✱ ❏✳❍✳❙✳ ❈❛❧❞❡✐r❛s ❛q✉❛t✉❜✉❧❛r❡s ❞❡ ❜❛❣❛ç♦ ✲ ❡st✉❞♦ ❞♦ s✐st❡♠❛ ❞❡ r❡❝✉♣❡r❛çã♦ ❞❡

❡♥❡r❣✐❛✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧

❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✵✼✳

✷✷✽



❆❙P❊◆❚❊❈❍✳ ❆s♣❡♥ P❧✉s✱ ✈✳ ✼✳✶✳ ✷✵✶✵✳

❆❚❆▲❆✱ ❉✳■✳P✳ ▼♦♥t❛❣❡♠✱ ✐♥str✉♠❡♥t❛çã♦✱ ❝♦♥tr♦❧❡ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❡

✉♠ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦ ❡①tr❛t✐✈♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡

❞❡ ❊♥❣❡♥❤❛r✐❛ ❞❡ ❆❧✐♠❡♥t♦s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✵✹✳

❇❆▲❆❚✱ ▼✳❀ ❇❆▲❆❚✱ ❍✳❀ Ö❩✱ ❈✳ Pr♦❣r❡ss ✐♥ ❜✐♦❡t❤❛♥♦❧ ♣r♦❝❡ss✐♥❣✳ Pr♦❣r❡ss ✐♥ ❊♥❡r❣②

❛♥❞ ❈♦♠❜✉st✐♦♥ ❙❝✐❡♥❝❡✱ ✈✳ ✸✹✱ ♣✳ ✺✺✶✕✺✼✸✱ ✷✵✵✽✳

❇❆❙❙❖✱ ▲✳❈✳ ❋✐s✐♦❧♦❣✐❛ ❡ ❡❝♦❧♦❣✐❛ ♠✐❝r♦❜✐❛♥❛✳ ■♥✿ ❋❆P❊❙P✳ ❲♦r❦s❤♦♣ ❞♦ Pr♦❥❡t♦ ❉✐✲

r❡tr✐③❡s ❞❡ P♦❧ít✐❝❛s Pú❜❧✐❝❛s ♣❛r❛ ❛ ❆❣r♦✐♥❞ústr✐❛ ❈❛♥❛✈✐❡✐r❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿
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❇❖❯❙❙❆❘❙❆❘✱ ❍✳❀ ❘❖●➱✱ ❇✳❀ ▼❆❚❍▲❖❯❚❍■✱ ▼✳ ❖♣t✐♠✐③❛t✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡

❝♦♥✈❡rs✐♦♥ ❜② ❤②❞r♦t❤❡r♠❛❧ tr❡❛t♠❡♥t ❢♦r t❤❡ r❡❝♦✈❡r② ♦❢ ①②❧♦s❡✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣②✱
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♣♦t❡♥t✐❛❧ ♦❢ ♣❡tr♦❝❤❡♠✐❝❛❧s ✈✐❛ ❜✐♦r❡✜♥❡r✐❡s✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥✱
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❈❆▼❆❘●❖✱ ❈✳ ❆✳ ❈♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♥❛ ✐♥❞ústr✐❛ ❞♦ ❛çú❝❛r ❡ ❞♦ á❧❝♦♦❧✿ ♠❛♥✉❛❧ ❞❡

r❡❝♦♠❡♥❞❛çõ❡s✳ ❙ã♦ P❛✉❧♦✿ ■♥st✐t✉t♦ ❞❡ P❡sq✉✐s❛s ❚❡❝♥♦❧ó❣✐❝❛s ❞❡ ❙ã♦ P❛✉❧♦✱ ✶✾✾✵✳

❈❆❘❉❖◆❆✱ ❈✳❆✳❀ ◗❯■◆❚❊❘❖✱ ❏✳❆✳❀ P❆❩✱ ■✳❈✳ Pr♦❞✉❝t✐♦♥ ♦❢ ❜✐♦❡t❤❛♥♦❧ ❢r♦♠ s✉❣❛r❝❛♥❡

❜❛❣❛ss❡✿ st❛t✉s ❛♥❞ ♣❡rs♣❡❝t✐✈❡s✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣②✱ ✈✳ ✶✵✶✱ ♣✳ ✹✼✺✹✕✹✼✻✻✱ ✷✵✶✵✳

❈❆❘❘❆❙❈❖✱ ❈✳ ❡t ❛❧✳ ❙❖2✲❝❛t❛❧②③❡❞ st❡❛♠ ♣r❡tr❡❛t♠❡♥t ❛♥❞ ❢❡r♠❡♥t❛t✐♦♥ ♦❢ ❡♥③②♠❛t✐✲

❝❛❧❧② ❤②❞r♦❧②③❡❞ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✳ ❊♥③②♠❡ ❛♥❞ ▼✐❝r♦❜✐❛❧ ❚❡❝❤♥♦❧♦❣②✱ ✈✳ ✹✻✱ ♣✳ ✻✼✕✼✸✱
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❈❍❊◆✱ ❏✳ ❈❛♥❡ s✉❣❛r ❤❛♥❞❜♦♦❦✿ ❛ ♠❛♥✉❛❧ ❢♦r ❝❛♥❡ s✉❣❛r ♠❛♥✉❢❛❝t✉r❡rs ❛♥❞ t❤❡✐r ❝❤❡✲
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❷❯❷❊❑✱ ▲✳ ❡t ❛❧✳ ❊♥❡r❣②✱ ✇❛t❡r ❛♥❞ ♣r♦❝❡ss t❡❝❤♥♦❧♦❣✐❡s ✐♥t❡❣r❛t✐♦♥ ❢♦r t❤❡ s✐♠✉❧t❛♥❡✲

♦✉s ♣r♦❞✉❝t✐♦♥ ♦❢ ❡t❤❛♥♦❧ ❛♥❞ ❢♦♦❞ ❢r♦♠ t❤❡ ❡♥t✐r❡ ❝♦r♥ ♣❧❛♥t✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧
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❈❨❙❊❲❙■✱ ●✳❘✳❀ ❲■▲❑❊✱ ❈✳❘✳ Pr♦❝❡ss ❞❡s✐❣♥ ❛♥❞ ❡❝♦♥♦♠✐❝ st✉❞✐❡s ♦❢ ❛❧t❡r♥❛t✐✈❡ ❢❡r✲

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

♣✳ ✶✹✷✶✕✶✹✹✹✱ ✶✾✼✽✳

❉❆▲❊✱ ❇✳ ❋✉♥❞❛♠❡♥t❛❧ ✐♥s✐❣❤ts t♦ t❤❡ ❆❋❊❳ ♣r♦❝❡ss t❤❛t ❝❛t❛❧②③❡s t❤❡ r❛♣✐❞ ❞❡❝♦♥s✲

tr✉❝t✐♦♥ ♦❢ ❧✐❣♥♦❝❡❧❧✉❧♦s❡ t♦ ❢✉❡❧s ❛♥❞ ❝❤❡♠✐❝❛❧s✳ ■♥✿ ✶st ❇r❛③✐❧✐❛♥ ❇✐♦❊♥❡r❣② ❙❝✐❡♥❝❡ ❛♥❞

❚❡❝❤♥♦❧♦❣② ❈♦♥❢❡r❡♥❝❡ ✭❇❇❊❙❚✮✳ ❈❛♠♣♦s ❞♦ ❏♦r❞ã♦✿ ❬s✳♥✳❪✱ ✷✵✶✶✳

❉❆▲❊✱ ❇✳ ❡t ❛❧✳ ❇✐♦❢✉❡❧s ❞♦♥❡ r✐❣❤t✿ ▲❛♥❞ ❡✣❝✐❡♥t ❛♥✐♠❛❧ ❢❡❡❞s ❡♥❛❜❧❡ ❧❛r❣❡ ❡♥✈✐r♦♥♠❡♥t❛❧

❛♥❞ ❡♥❡r❣② ❜❡♥❡✜ts✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ✈✳ ✹✹✱ ♣✳ ✽✸✽✺✕✽✸✽✾✱ ✷✵✶✵✳

❉❆❯●❯▲■❙✱ ❆✳❏✳ ❡t ❛❧✳ ❈♦♥t✐♥✉♦✉s ❢❡r♠❡♥t❛t✐♦♥ ♦❢ ❤✐❣❤✲str❡♥❣t❤ ❣❧✉❝♦s❡ ❢❡❡❞s t♦ ❡t❤❛♥♦❧✳

❇✐♦t❡❝❤♥♦❧♦❣② ▲❡tt❡rs✱ ✈✳ ✶✻✱ ♣✳ ✻✸✼✕✻✹✷✱ ✶✾✾✹✳

✷✸✶



❉❊❉■◆■✳ ❉❛❞♦s s♦❜r❡ ♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠ ✉s✐♥❛s ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❈♦♠✉♥✐❝❛çã♦ ♣❡ss♦❛❧✳

✷✵✵✾✳

❉■❆❙✱ ▼✳❖✳❙✳ ❙✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞♦ ❛çú❝❛r ❡ ❞♦ ❜❛❣❛ç♦✱

✈✐s❛♥❞♦ ❛ ✐♥t❡❣r❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❡ ❛ ♠❛①✐♠✐③❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ ❡①❝❡❞❡♥t❡s

❞❡ ❜❛❣❛ç♦✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡

❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✵✽✳

❉■❆❙✱ ▼✳❖✳❙✳ ❡t ❛❧✳ Pr♦❞✉❝t✐♦♥ ♦❢ ❜✐♦❡t❤❛♥♦❧ ❛♥❞ ♦t❤❡r ❜✐♦✲❜❛s❡❞ ♠❛t❡r✐❛❧s ❢r♦♠ s✉❣❛r❝❛♥❡

❜❛❣❛ss❡✿ ■♥t❡❣r❛t✐♦♥ t♦ ❝♦♥✈❡♥t✐♦♥❛❧ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣

❘❡s❡❛r❝❤ ❛♥❞ ❉❡s✐❣♥✱ ✈✳ ✽✼✱ ♣✳ ✶✷✵✻✕✶✷✶✻✱ ✷✵✵✾✳

❉■❆❙✱ ▼✳❖✳❙✳❀ ▼❆❈■❊▲ ❋■▲❍❖✱ ❘✳❀ ❘❖❙❙❊▲▲✱ ❈✳❊✳❱✳ ❊✣❝✐❡♥t ❝♦♦❧✐♥❣ ♦❢ ❢❡r♠❡♥t❛t✐♦♥

✈❛ts ✐♥ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✲ ♣❛rt ✶✳ ❙✉❣❛r ❏♦✉r♥❛❧✱ ✈✳ ✼✵✱ ♣✳ ✶✶✕✶✼✱ ✷✵✵✼✳

❉■❆❙✱ ▼✳❖✳❙✳ ❡t ❛❧✳ ■♠♣r♦✈✐♥❣ ❜✐♦❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✿ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❞✐st✐❧✲

❧❛t✐♦♥✱ t❤❡r♠❛❧ ✐♥t❡❣r❛t✐♦♥ ❛♥❞ ❝♦❣❡♥❡r❛t✐♦♥ s②st❡♠s✳ ❊♥❡r❣②✱ ✈✳ ✸✻✱ ♣✳ ✸✻✾✶✕✸✼✵✸✱ ✷✵✶✶✳

❉❖▼❆▲❙❑■✱ ❊✳❙✳❀ ❏❖❇❊✱ ❚▲✳❀ ▼■▲◆❊✱ ❚✳❆✳ ❚❤❡r♠♦❞②♥❛♠✐❝ ❞❛t❛ ❢♦r ❜✐♦♠❛ss ❝♦♥✈❡rs✐♦♥

❛♥❞ ✇❛st❡ ✐♥❝✐♥❡r❛t✐♦♥✳ ●♦❧❞❡♥✱ ❈❖✱ ✶✾✽✻✳

❉❯❚❚❆✱ ❆✳ ❡t ❛❧✳ ❆♥ ❡❝♦♥♦♠✐❝ ❝♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❢❡r♠❡♥t❛t✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥s t♦

❝♦♥✈❡rt ❝♦r♥ st♦✈❡r t♦ ❡t❤❛♥♦❧ ✉s✐♥❣ ❩✳ ♠♦❜✐❧✐s ❛♥❞ ❙❛❝❝❤❛r♦♠②❝❡s✳ ❇✐♦t❡❝❤♥♦❧♦❣② Pr♦❣r❡ss✱

✈✳ ✷✻✱ ♣✳ ✻✹✕✼✷✱ ✷✵✶✵✳

❊▲■❆ ◆❊❚❖✱ ❆✳ ➪❣✉❛ ♥❛ ✐♥❞ústr✐❛ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ■♥✿ ❋❆P❊❙P✳ ❲♦r❦s❤♦♣ ❞♦ Pr♦❥❡t♦

❉✐r❡tr✐③❡s ❞❡ P♦❧ít✐❝❛s Pú❜❧✐❝❛s ♣❛r❛ ❛ ❆❣r♦✐♥❞ústr✐❛ ❈❛♥❛✈✐❡✐r❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿

❆s♣❡❝t♦s ❆♠❜✐❡♥t❛✐s ❞❛ ❈❛❞❡✐❛ ❞♦ ❊t❛♥♦❧ ❞❛ ❈❛♥❛✲❞❡✲❛çú❝❛r✳ ❙ã♦ P❛✉❧♦✱ ✷✵✵✽✳ ❉✐s♣♦♥í✈❡❧

❡♠✿ <❤tt♣✿✴✴✇✇✇✳❛♣t❛✳s♣✳❣♦✈✳❜r✴❝❛♥❛✴>✳ ❆❝❡ss♦ ❡♠✿ ❞❡③✳ ✷✵✵✾✳

❊▲■❆ ◆❊❚❖✱ ❆✳ ❯s♦ ❡ r❡✉s♦ ❞❡ á❣✉❛ ♥❛ ✐♥❞ústr✐❛ ❝❛♥❛✈✐❡✐r❛✳ ■♥✿ ❈❚❇❊✳ ❲♦r❦s❤♦♣ ♦♥

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

❝②❝❧❡✳ ❈❛♠♣✐♥❛s✱ ✷✵✵✾✳

✷✸✷



❊◆❙■◆❆❙✱ ❆✳❱✳ ■♥t❡❣r❛çã♦ tér♠✐❝❛ ❡ ♦t✐♠✐③❛çã♦ t❡r♠♦❡❝♦♥ô♠✐❝❛ ❛♣❧✐❝❛❞❛s ❛♦ ♣r♦❝❡ss♦

✐♥❞✉str✐❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❛çú❝❛r ❡ ❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖

❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✵✽✳

❊◆❙■◆❆❙✱ ❆✳❱✳ ❡t ❛❧✳ ❘❡❞✉❝t✐♦♥ ♦❢ ✐rr❡✈❡rs✐❜✐❧✐t② ❣❡♥❡r❛t✐♦♥ ✐♥ s✉❣❛r ❛♥❞ ❡t❤❛♥♦❧ ♣r♦❞✉❝✲

t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳ ❊♥❡r❣②✱ ✈✳ ✸✹✱ ♣✳ ✻✽✵✕✻✽✽✱ ✷✵✵✾✳

❊◆❙■◆❆❙✱ ❆✳❱✳ ❡t ❛❧✳ ❆♥❛❧②s✐s ♦❢ ♣r♦❝❡ss st❡❛♠ ❞❡♠❛♥❞ r❡❞✉❝t✐♦♥ ❛♥❞ ❡❧❡❝tr✐❝✐t② ❣❡♥❡r❛✲

t✐♦♥ ✐♥ s✉❣❛r ❛♥❞ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✳ ❊♥❡r❣② ❈♦♥s❡r✈❛t✐♦♥ ❛♥❞ ▼❛♥❛❣❡✲

♠❡♥t✱ ✈✳ ✹✽✱ ♣✳ ✷✾✼✽✕✷✾✽✼✱ ✷✵✵✼✳

❋■◆●❯❊❘❯❚✱ ❏✳ Pr♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦✳ ■♥✿ ❋❆P❊❙P✳ ❲♦r❦s❤♦♣ ❞♦ Pr♦❥❡t♦ ❉✐r❡tr✐③❡s

❞❡ P♦❧ít✐❝❛s Pú❜❧✐❝❛s ♣❛r❛ ❛ ❆❣r♦✐♥❞ústr✐❛ ❈❛♥❛✈✐❡✐r❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿ Pr♦❞✉çã♦

❞❡ ❡t❛♥♦❧✳ ▲♦r❡♥❛✱ ✷✵✵✻✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳❛♣t❛✳s♣✳❣♦✈✳❜r✴❝❛♥❛✴>✳ ❆❝❡ss♦ ❡♠✿

❞❡③✳ ✷✵✵✼✳

❋❖❯❙❚✱ ❚✳❉✳ ❡t ❛❧✳ ❆♥ ❡❝♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛ ❜✐♦❝❤❡♠✐❝❛❧ ❛♥❞ ❛

t❤❡r♠♦❝❤❡♠✐❝❛❧ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❡t❤❛♥♦❧ ❝♦♥✈❡rs✐♦♥ ♣r♦❝❡ss❡s✳ ❈❡❧❧✉❧♦s❡✱ ✈✳ ✶✻✱ ♣✳ ✺✹✼✕✺✻✺✱

✷✵✵✾✳

❋❯❊◆❚❊❙✱ ▲✳▲✳ ❉❡t❡r♠✐♥❛çã♦ ❞❡ ❞❛❞♦s ❝✐♥ét✐❝♦s ❞❛ ❞❡s❧✐❣♥✐✜❝❛çã♦ ❞♦ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲

❞❡✲❛çú❝❛r ❡ ❞❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ♥♦ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠ ❤✐❞ró①✐❞♦ ❞❡ ❝á❧❝✐♦✳ ❉✐ss❡rt❛çã♦

✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱

❈❛♠♣✐♥❛s✱ ✷✵✵✾✳

●❆❘❈■❆✱ ❉✳❘✳ ❉❡t❡r♠✐♥❛çã♦ ❞❡ ❞❛❞♦s ❝✐♥ét✐❝♦s ❞♦ ♣ré✲tr❛t❛♠❡♥t♦ ❞❡ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲

❛çú❝❛r ❝♦♠ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛❧❝❛❧✐♥♦ ❡ ❞❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ♣♦st❡r✐♦r✳ ❉✐ss❡rt❛çã♦

✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱

❈❛♠♣✐♥❛s✱ ✷✵✵✾✳

●❊❖❘●■❊❱❆✱ P✳❀ ▼❊■❘❊▲❊❙✱ ▼✳ ❏✳❀ ❆❩❊❱❊❉❖✱ ❙✳ ❋✳ ❑♥♦✇❧❡❞❣❡✲❜❛s❡❞ ❤②❜r✐❞ ♠♦❞❡❧✲

❧✐♥❣ ♦❢ ❛ ❜❛t❝❤ ❝r②st❛❧❧✐s❛t✐♦♥ ✇❤❡♥ ❛❝❝♦✉♥t✐♥❣ ❢♦r ♥✉❝❧❡❛t✐♦♥✱ ❣r♦✇t❤ ❛♥❞ ❛❣❣❧♦♠❡r❛t✐♦♥

♣❤❡♥♦♠❡♥❛✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❙❝✐❡♥❝❡✱ ✈✳ ✺✽✱ ♣✳ ✸✻✾✾✕✸✼✶✸✱ ✷✵✵✸✳

✷✸✸



●❮❘■❖✱ ❋✳▼✳ ❡t ❛❧✳ ❍❡♠✐❝❡❧❧✉❧♦s❡s ❢♦r ❢✉❡❧ ❡t❤❛♥♦❧✿ ❆ r❡✈✐❡✇✳ ❇✐♦r❡s♦✉r❝❡ ❚❡❝❤♥♦❧♦❣②✱

✈✳ ✶✵✶✱ ♣✳ ✹✼✼✺✕✹✽✵✵✱ ✷✵✶✵✳

●▲❆❩❊❘✱ ❆✳◆✳❀ ◆■❑❆■❉❖✱ ❍✳ ▼✐❝r♦❜✐❛❧ ❇✐♦t❡❝❤♥♦❧♦❣②✿ ❋✉♥❞❛♠❡♥t❛❧s ♦❢ ❆♣♣❧✐❡❞ ▼✐❝r♦✲

❜✐♦❧♦❣②✳ ❈❛♠❜r✐❞❣❡✿ ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✱ ✷✵✵✼✳

●❖◆❩❆▲❊❩✱ ❘✳ ❡t ❛❧✳ ❈♦♥✈❡rt✐♥❣ ❊✉❝❛❧②♣t✉s ❜✐♦♠❛ss ✐♥t♦ ❡t❤❛♥♦❧✿ ❋✐♥❛♥❝✐❛❧ ❛♥❞ s❡♥s✐t✐✲

✈✐t② ❛♥❛❧②s✐s ✐♥ ❛ ❝♦✲❝✉rr❡♥t ❞✐❧✉t❡ ❛❝✐❞ ♣r♦❝❡ss✳ ♣❛rt ✐✐✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✺✱ ♣✳

✼✻✼✕✼✼✷✱ ✷✵✶✶✳

●❖❯❱❊■❆✱ ❊✳❘✳ ❡t ❛❧✳ ❱❛❧✐❞❛çã♦ ❞❡ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ q✉í♠✐❝❛ ❞❡ ❜❛❣❛ç♦

❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ◗✉í♠✐❝❛ ◆♦✈❛✱ ✈✳ ✸✷✱ ♣✳ ✶✺✵✵✕✶✺✵✸✱ ✷✵✵✾✳

●❖❯❱✃■❆✱ ❱✳ ▲✳ ❘✳▼♦❞❡❧❛❣❡♠ ❞✐♥â♠✐❝❛ ❞❡ ❜✐♦♣r♦❝❡ss♦s ♣♦r ♠♦❞❡❧♦s ❤í❜r✐❞♦s✳ ❉✐ss❡rt❛çã♦

✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱

❈❛♠♣✐♥❛s✱ ✷✵✵✵✳

❍❆▼❊▲■◆❈❑✱ ❈✳◆✳❀ ✈❛♥ ❍❖❖■❏❉❖◆❑✱ ●✳❀ ❋❆❆■❏✱ ❆✳P✳❈✳ ❊t❤❛♥♦❧ ❢r♦♠ ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝

❜✐♦♠❛ss✿ t❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ✐♥ s❤♦rt✲✱ ♠✐❞❞❧❡✲ ❛♥❞ ❧♦♥❣✲t❡r♠✳ ❇✐♦♠❛ss ❛♥❞

❇✐♦❡♥❡r❣②✱ ✈✳ ✷✽✱ ♣✳ ✸✽✹✕✹✶✵✱ ✷✵✵✺✳

❍❆❙❙❯❆◆■✱ ❙✳❏✳❀ ▲❊❆▲✱ ▼✳❘✳▲✳❱✳❀ ▼❆❈❊❉❖✱ ■✳❈✳ ✭❊❞✳✮✳ ❇✐♦♠❛ss ♣♦✇❡r ❣❡♥❡r❛t✐♦♥ ✲

❙✉❣❛r ❝❛♥❡ ❜❛❣❛ss❡ ❛♥❞ tr❛s❤✳ P✐r❛❝✐❝❛❜❛✿ P◆❯❉ ❡ ❈❚❈✱ ✷✵✵✺✳

❍❊■◆■▼Ö✱ ❏✳❀ ❏❯◆●■◆●❊❘✱ ▼✳ Pr♦❞✉❝t✐♦♥ ❛♥❞ tr❛❞✐♥❣ ♦❢ ❜✐♦♠❛ss ❢♦r ❡♥❡r❣② ✲ ❛♥ ♦✈❡r✲

✈✐❡✇ ♦❢ t❤❡ ❣❧♦❜❛❧ st❛t✉s✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✸✱ ♣✳ ✶✸✶✵✕✶✸✷✵✱ ✷✵✵✾✳

❍■▼▼❊▲✱ ▼✳❊✳ ❡t ❛❧✳ ❇✐♦♠❛ss r❡❝❛❧❝✐tr❛♥❝❡✿ ❊♥❣✐♥❡❡r✐♥❣ ♣❧❛♥ts ❛♥❞ ❡♥③②♠❡s ❢♦r ❜✐♦❢✉❡❧s

♣r♦❞✉❝t✐♦♥✳ ❙❝✐❡♥❝❡✱ ✈✳ ✸✶✺✱ ♣✳ ✽✵✹✕✽✵✼✱ ✷✵✵✼✳

❍❯●❖❚✱ ❊✳ ❍❛♥❞❜♦♦❦ ♦❢ ❝❛♥❡ s✉❣❛r ❡♥❣✐♥❡❡r✐♥❣✳ ❆♠st❡r❞❛♠✿ ❊❧s❡✈✐❡r✱ ✶✾✽✻✳

❍❯▼❇■❘❉✱ ❉✳ ❡t ❛❧✳ Pr♦❝❡ss ❉❡s✐❣♥ ❛♥❞ ❊❝♦♥♦♠✐❝s ❢♦r ❇✐♦❝❤❡♠✐❝❛❧ ❈♦♥✈❡rs✐♦♥ ♦❢ ▲✐❣✲

♥♦❝❡❧❧✉❧♦s✐❝ ❇✐♦♠❛ss t♦ ❊t❤❛♥♦❧ ✲ ❉✐❧✉t❡✲❆❝✐❞ Pr❡tr❡❛t♠❡♥t ❛♥❞ ❊♥③②♠❛t✐❝ ❍②❞r♦❧②s✐s ♦❢

✷✸✹



❈♦r♥ ❙t♦✈❡r✳ ❬❙✳❧✳❪✱ ✷✵✶✶✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳♦st✐✳❣♦✈✴❜r✐❞❣❡>✳ ❆❝❡ss♦ ❡♠✿ ♠❛✐✳

✷✵✶✶✳

■●▲❊❙■❆❙✱ ❏✳▼✳❈✳ ❙✐♠✉❧❛çã♦ ❞❡ s✐st❡♠❛s tér♠✐❝♦s ♣❛r❛ ❣❡r❡♥❝✐❛♠❡♥t♦ ❡♥❡r❣ét✐❝♦ ❞❡ ✉s✐♥❛

s✉❝r♦❛❧❝♦♦❧❡✐r❛✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✳ ❯♥✐✈❡rs✐✲

❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛✱ ❋❧♦r✐❛♥ó♣♦❧✐s✱ ✷✵✵✾✳

■◆❚❊▲▲■●❊◆✱ ■◆❈✳ ❙✉♣❡rPr♦ ❉❡s✐❣♥❡r✱ ✈✳ ✼✳✺✳ ✷✵✵✾✳

■❙❍■❉❆✱ ❑✳❀ ❙❍■▼■❩❯✱ ❑✳ ◆♦✈❡❧ r❡♣❡❛t❡❞ ❜❛t❝❤ ♦♣❡r❛t✐♦♥ ❢♦r ✢❛s❤ ❢❡r♠❡♥t❛t✐♦♥ s②st❡♠✿

❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛♥❞ ♠❛t❝❤❡♠❛t✐❝❛❧ ♠♦❞❡❧❧✐♥❣✳ ❏♦✉r♥❛❧ ♦❢ ❈❤❡♠✐❝❛❧ ❚❡❝❤♥♦❧♦❣② ❛♥❞

❇✐♦t❡❝❤♥♦❧♦❣②✱ ✈✳ ✻✻✱ ♣✳ ✸✹✵✕✸✹✻✱ ✶✾✾✻✳

❏■▼➱◆❊❩✲●❖◆❩➪▲❊❩✱ ❈✳❀ ❲❖❖❉▲❊❨✱ ❏✳▼✳ ❇✐♦♣r♦❝❡ss❡s✿ ▼♦❞❡❧✐♥❣ ♥❡❡❞s ❢♦r ♣r♦❝❡ss

❡✈❛❧✉❛t✐♦♥ ❛♥❞ s✉st❛✐♥❛❜✐❧✐t② ❛ss❡ss♠❡♥t✳ ❈♦♠♣✉t❡rs ❛♥❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣✱ ✈✳ ✸✹✱ ♣✳

✶✵✵✾✕✶✵✶✼✱ ✷✵✶✵✳

❏❯◆◗❯❊■❘❆✱ ❚✳▲✳ ❡t ❛❧✳ ❙✐♠✉❧❛t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡ ❝♦♥t✐♥✉♦✉s ✈❛❝✉✉♠ ❡①tr❛❝✲

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

♣r♦❝❡ss✳ ❈♦♠♣✉t❡r ❆✐❞❡❞ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣✱ ✈✳ ✷✻✱ ♣✳ ✽✷✼✕✽✸✷✱ ✷✵✵✾✳

❏❯◆◗❯❊■❘❆✱ ❚✳ ▲✳ ❙✐♠✉❧❛çã♦ ❞❡ ❝♦❧✉♥❛s ❞❡ ❞❡st✐❧❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡①tr❛t✐✈❛ ❡ ❛③❡♦✲

tró♣✐❝❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧ ❛tr❛✈és ❞❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ♥ã♦ ❡q✉✐❧í❜r✐♦ ❡ ❞❛

♠♦❞❡❧❛❣❡♠ ❞❡ ❡stá❣✐♦s ❞❡ ❡q✉✐❧í❜r✐♦ ❝♦♠ ❡✜❝✐ê♥❝✐❛✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡

❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✶✵✳

❑❆❆❘✱ ❲✳❊✳❀ ●❯❚■❊❘❘❊❩✱ ❈✳❱✳❀ ❑■◆❖❙❍■❚❆✱ ❈✳▼✳ ❙t❡❛♠ ❡①♣❧♦s✐♦♥ ♦❢ s✉❣❛r❝❛♥❡ ❜❛✲

❣❛ss❡ ❛s ❛ ♣r❡tr❡❛t♠❡♥t ❢♦r ❝♦♥✈❡rs✐♦♥ t♦ ❡t❤❛♥♦❧✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✶✹✱ ♣✳ ✷✼✼✕✷✽✼✱

✶✾✾✽✳

❑❆❩■✱ ❋✳❑✳ ❡t ❛❧✳ ❚❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣r♦❝❡ss t❡❝❤♥♦❧♦❣✐❡s ❢♦r ❜✐♦❝❤❡♠✐❝❛❧

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ ❝♦r♥ st♦✈❡r✳ ❋✉❡❧s✱ ✈✳ ✽✷✱ ♣✳ ❙✷✵✕❙✷✽✱ ✷✵✶✵✳

✷✸✺



❑▲❊■◆✲▼❆❘❈❯❙❈❍❆▼❊❘✱ ❉✳ ❡t ❛❧✳ ❚❡❝❤♥♦❡❝♦♥♦♠✐❝ ❛♥❛❧②s✐s ♦❢ ❜✐♦❢✉❡❧s✿ ❆ ✇✐❦✐✲❜❛s❡❞

♣❧❛t❢♦r♠ ❢♦r ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ❜✐♦r❡✜♥❡r✐❡s✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✹✱ ♣✳ ✶✾✶✹✕✶✾✷✶✱ ✷✵✶✵✳

❑❖❚❖❯P❆❙✱ ❆✳❀ ❘■●❆❙✱ ❋✳❀ ❈❍❆▲❆❘■❙✱ ▼✳ ❈♦♠♣✉t❡r✲❛✐❞❡❞ ♣r♦❝❡ss ❞❡s✐❣♥✱ ❡❝♦♥♦♠✐❝

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

❉❡s❛❧✐♥❛t✐♦♥✱ ✈✳ ✷✶✸✱ ♣✳ ✷✸✽✕✷✺✷✱ ✷✵✵✼✳

❑❯▼❆❘✱ ❙✳❀ ❙■◆●❍✱ ◆✳❀ P❘❆❙❆❉✱ ❘✳ ❆♥❤②❞r♦✉s ❡t❤❛♥♦❧✿ ❆ r❡♥❡✇❛❜❧❡ s♦✉r❝❡ ♦❢ ❡♥❡r❣②✳

❘❡♥❡✇❛❜❧❡ ❛♥❞ ❙✉st❛✐♥❛❜❧❡ ❊♥❡r❣② ❘❡✈✐❡✇s✱ ✈✳ ✶✹✱ ♣✳ ✶✽✸✵✕✶✽✹✹✱ ✷✵✶✵✳

▲❊❆▲✱ ▼✳❘✳▲✳❱✳ ❚❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ✐♥ ❜r❛③✐❧✳

❘❡❧❛tór✐♦ ❚é❝♥✐❝♦✳ ✷✵✵✺✳

▲❊❆▲✱ ▼✳❘✳▲✳❱✳ ❊✈♦❧✉çã♦ t❡❝♥♦❧ó❣✐❝❛ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✿ ♦ ♣❛ss❛❞♦✳ ■♥✿ ❙❇P❈✳ ✻✵a

❘❡✉♥✐ã♦ ❆♥✉❛❧ ❞❛ ❙❇P❈✳ ❈❛♠♣✐♥❛s✱ ✷✵✵✽✳

▲❊■❇❇❘❆◆❉❚✱ ◆✳❍✳❀ ❑◆❖❊❚❩❊✱ ❏✳❍✳❀ ●Ö❘●❊◆❙✱ ❏✳❋✳ ❈♦♠♣❛r✐♥❣ ❜✐♦❧♦❣✐❝❛❧ ❛♥❞ t❤❡r✲

♠♦❝❤❡♠✐❝❛❧ ♣r♦❝❡ss✐♥❣ ♦❢ s✉❣❛r❝❛♥❡ ❜❛❣❛ss❡✿ ❆♥ ❡♥❡r❣② ❜❛❧❛♥❝❡ ♣❡rs♣❡❝t✐✈❡✳ ❇✐♦♠❛ss ❛♥❞

❇✐♦❡♥❡r❣②✱ ✈✳ ✸✺✱ ♣✳ ✷✶✶✼✕✷✶✷✻✱ ✷✵✶✶✳

▲❊■❚❊✱ ❘✳❈✳❈✳ ❡t ❛❧✳ ❈❛♥ ❜r❛③✐❧ r❡♣❧❛❝❡ ✺✪ ♦❢ t❤❡ ✷✵✷✺ ❣❛s♦❧✐♥❡ ✇♦r❧❞ ❞❡♠❛♥❞ ✇✐t❤

❡t❤❛♥♦❧❄ ❊♥❡r❣②✱ ✈✳ ✸✹✱ ♣✳ ✻✺✺✕✻✻✶✱ ✷✵✵✾✳

▲■▼❆✱ ■✳▼✳❀ ▼❈❆▲❖❖◆✱ ❆✳❀ ❇❖❆❚❊◆●✱ ❆✳❆✳ ❆❝t✐✈❛t❡❞ ❝❛r❜♦♥ ❢r♦♠ ❜r♦✐❧❡r ❧✐tt❡r✿ Pr♦✲

❝❡ss ❞❡s❝r✐♣t✐♦♥ ❛♥❞ ❝♦st ♦❢ ♣r♦❞✉❝t✐♦♥✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✷✱ ♣✳ ✺✻✽✕✺✼✷✱ ✷✵✵✽✳

▲❯❖◆●✱ ❏✳❍✳❚✳ ❑✐♥❡t✐❝s ♦❢ ❡t❤❛♥♦❧ ✐♥❤✐❜✐t✐♦♥ ✐♥ ❛❧❝♦❤♦❧ ❢❡r♠❡♥t❛t✐♦♥✳ ❇✐♦t❡❝❤♥♦❧♦❣② ❛♥❞

❇✐♦❡♥❣✐♥❡❡r✐♥❣✱ ✈✳ ✷✼✱ ♣✳ ✷✽✵✕✷✽✺✱ ✶✾✽✺✳

▲❨◆❉✱ ▲✳❘✳ ❡t ❛❧✳ ❈♦♥s♦❧✐❞❛t❡❞ ❜✐♦♣r♦❝❡ss✐♥❣ ♦❢ ❝❡❧❧✉❧♦s✐❝ ❜✐♦♠❛ss✿ ❛♥ ✉♣❞❛t❡✳ ❈✉rr❡♥t

❖♣✐♥✐♦♥ ✐♥ ❇✐♦t❡❝❤♥♦❧♦❣②✱ ✈✳ ✶✻✱ ♣✳ ✺✼✼✕✺✽✸✱ ✷✵✵✺✳

▼❆❈❊❉❖✱ ■✳ ❈✳❀ ❙❊❆❇❘❆✱ ❏✳❊✳❆✳❀ ❙■▲❱❆✱ ❏✳ ❊✳ ❆✳ ❘✳ ●r❡❡♥ ❤♦✉s❡ ❣❛s❡s ❡♠✐ss✐♦♥s ✐♥ t❤❡

♣r♦❞✉❝t✐♦♥ ❛♥❞ ✉s❡ ♦❢ ❡t❤❛♥♦❧ ❢r♦♠ s✉❣❛r❝❛♥❡ ✐♥ ❜r❛③✐❧✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✽✱ ♣✳

✺✽✷✕✺✾✺✱ ✷✵✵✽✳
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▼❆❈❍❆❉❖✱ ❉✳❙✳ ❙❡❧❡çã♦ ❞❡ ❢✉♥❣♦s ❝❛♣❛③❡s ❞❡ ❤✐❞r♦❧✐s❛r ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣ré✲

tr❛t❛❞♦✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❊s❝♦❧❛ ❙✉♣❡r✐♦r ❞❡ ❆❣r✐❝✉❧t✉r❛ ✧▲✉✐③ ❞❡ ◗✉❡✐r♦③✧✱

P✐r❛❝✐❝❛❜❛✱ ✷✵✵✾✳

▼❆■❖❘❊▲▲❆✱ ❇✳▲✳❀ ❇▲❆◆❈❍✱ ❍✳❲✳❀ ❲■▲❑❊✱ ❈❘✳ ❊❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛❧t❡r♥❛t✐✈❡

❡t❤❛♥♦❧ ❢❡r♠❡♥t❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❇✐♦t❡❝❤♥♦❧♦❣② ❛♥❞ ❇✐♦❡♥❣✐♥❡❡r✐♥❣✱ ✈✳ ✷✻✱ ♣✳ ✶✵✵✸✕✶✵✷✺✱

✶✾✽✹✳

▼❆◆❚❊▲❆❚❚❖✱ P✳❊✳ Pr♦❝❡ss ❢♦r ❥✉✐❝❡ tr❡❛t♠❡♥t ✐♥ ✐♥❞✉str✐❛❧ ❧❛r❣❡ s❝❛❧❡ ♣❧❛♥t✳ ■♥✿ ❋❆✲

P❊❙P✳ ❲♦r❦s❤♦♣ ❇■❖❊◆ ❋❆P❊❙P ♦♥ ❊t❤❛♥♦❧ Pr♦❞✉❝t✐♦♥✳ ❙ã♦ P❛✉❧♦✱ ✷✵✵✾✳

▼❆◆❚❊▲❆❚❚❖✱ P✳❊✳ ❉❛❞♦s s♦❜r❡ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❈♦♠✉♥✐❝❛çã♦ ♣❡s✲

s♦❛❧✳ ✷✵✶✵✳

▼❆◆❚❊▲❆❚❚❖✱ P✳ ❊✳ ❊st✉❞♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝r✐st❛❧✐③❛çã♦ ❞❡ s♦❧✉çõ❡s ✐♠♣✉r❛s ❞❡ s❛❝❛r♦s❡

❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣♦r r❡s❢r✐❛♠❡♥t♦✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛

◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❙ã♦ ❈❛r❧♦s✱ ❙ã♦ ❈❛r❧♦s✱ ✷✵✵✺✳

▼❆❘❆❇❊❩■✱ ❑✳ ❊st✉❞♦ s✐st❡♠át✐❝♦ ❞❛s r❡❛çõ❡s ❡♥✈♦❧✈✐❞❛s ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s t❡♦r❡s

❞❡ ❧✐❣♥✐♥❛ ❡ ❤♦❧♦❝❡❧✉❧♦s❡ ❡♠ ❛♠♦str❛s ❞❡ ❜❛❣❛ç♦ ❡ ♣❛❧❤❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❉✐ss❡rt❛çã♦

✭▼❡str❛❞♦✮ ✖ ■♥st✐t✉t♦ ❞❡ ◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡ ❙ã♦ P❛✉❧♦✱ ❙ã♦ ❈❛r❧♦s✱ ✷✵✵✽✳

▼❆❘❚❮◆✱ ❈✳ ❡t ❛❧✳ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❢❡r♠❡♥t❛❜✐❧✐t② ♦❢ ❡♥③②♠❛t✐❝ ❤②❞r♦❧②③❛t❡s ♦❢ s✉❣❛r✲

❝❛♥❡ ❜❛❣❛ss❡ ♣r❡tr❡❛t❡❞ ❜② st❡❛♠ ❡①♣❧♦s✐♦♥ ✉s✐♥❣ ❞✐✛❡r❡♥t ✐♠♣r❡❣♥❛t✐♥❣ ❛❣❡♥ts✳ ❆♣♣❧✐❡❞

❇✐♦❝❤❡♠✐str② ❛♥❞ ❇✐♦t❡❝❤♥♦❧♦❣②✱ ✈✳ ✾✽✲✶✵✵✱ ♣✳ ✻✾✾✕✼✶✻✱ ✷✵✵✷✳

▼❆❯●❊❘■✱ ❋✳❀ ❆❚❆▲❆✱ ❉✳■✳P✳ Pr♦❝❡ss♦ ❋❡r♠❡♥t❛t✐✈♦ ❊①tr❛t✐✈♦ ❛ ❱á❝✉♦ ♣❛r❛ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧✳ ❇r❛s✐❧✱ ✷✵✵✻✳ P❛t❡♥t❡ P■ ✵✺✵✵✸✷✶✲✵ ❆✳

▼❊■❘❊▲▲❊❙✱ ❆✳❏✳❆✳ ❊①♣❛♥sã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❜✐♦❡t❛♥♦❧ ❡ ♠❡❧❤♦r✐❛ t❡❝♥♦❧ó❣✐❝❛ ❞❛ ❞❡s✲

t✐❧❛çã♦ ❛❧❝♦ó❧✐❝❛✳ ■♥✿ ❋❆P❊❙P✳ ❲♦r❦s❤♦♣ ❞♦ Pr♦❥❡t♦ ❉✐r❡tr✐③❡s ❞❡ P♦❧ít✐❝❛s Pú❜❧✐❝❛s ♣❛r❛

❛ ❆❣r♦✐♥❞ústr✐❛ ❈❛♥❛✈✐❡✐r❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧✳ ▲♦r❡♥❛✱ ✷✵✵✻✳

❉✐s♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳❛♣t❛✳s♣✳❣♦✈✳❜r✴❝❛♥❛✴>✳ ❆❝❡ss♦ ❡♠✿ ❞❡③✳ ✷✵✵✻✳
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▼❊▲▲❖✱ ❏✳❈✳ ●❡r❛çã♦ ❞❡ ❡❧❡tr✐❝✐❞❛❞❡ ❛ ♣❛rt✐r ❞❡ ❜✐♦♠❛ss❛ ❡ ❜✐♦❣ás✳ ❙ã♦ P❛✉❧♦✱ ✷✵✵✼✳ ❉✐s✲

♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳s❛♥❡❛♠❡♥t♦✳s♣✳❣♦✈✳❜r✴♥♦t✐❝✐❛s✴s❡t✲✵✼✴❚❘✽ ❘❡❧❛tór✐♦ ✲ ▼✐♥✉t❛✲

✳♣❞❢>✳ ❆❝❡ss♦ ❡♠✿ ❛❣♦✳ ✷✵✶✶✳

▼❊❙❆✱ ▲✳ ❡t ❛❧✳ Pr❡❧✐♠✐♥❛r② ❡✈❛❧✉❛t✐♦♥ ♦❢ ♦r❣❛♥♦s♦❧✈ ♣r❡✲tr❡❛t♠❡♥t ♦❢ s✉❣❛r ❝❛♥❡ ❜❛❣❛ss❡

❢♦r ❣❧✉❝♦s❡ ♣r♦❞✉❝t✐♦♥✿ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ ✷3 ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥✳ ❆♣♣❧✐❡❞ ❊♥❡r❣②✱ ✈✳ ✽✼✱ ♣✳
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▼■❙❆■▲■❉■❙✱ ◆✳ ❡t ❛❧✳ ❊✈❛❧✉❛t✐♥❣ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ ❝♦♠♠❡r❝✐❛❧ ❛r❛❜✐♥♦①②❧❛♥ ♣r♦❞✉❝t✐♦♥ ✐♥

t❤❡ ❝♦♥t❡①t ♦❢ ❛ ✇❤❡❛t ❜✐♦r❡✜♥❡r② ♣r✐♥❝✐♣❛❧❧② ♣r♦❞✉❝✐♥❣ ❡t❤❛♥♦❧✳ ♣❛rt ✷✳ ♣r♦❝❡ss s✐♠✉❧❛t✐♦♥
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▼❖❉❊❙❚❖✱ ▼✳❀ ❩❊▼P✱ ❘✳❏✳❀ ◆❊❇❘❆✱ ❙✳❆✳ ❊t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ❢r♦♠ s✉❣❛r❝❛♥❡✿ ❝♦♠♣❛✲

r✐s♦♥ ♦❢ ❥✉✐❝❡ ❝❛♥❡ ❡①tr❛❝t✐♦♥ s②st❡♠s ✲ ♠✐❧❧ ❛♥❞ ❞✐✛✉s❡r ✲ t❤r♦✉❣❤ ❡①❡r❣❡t✐❝ ❝♦st ❛♥❛❧②s✐s✳

■♥✿ Pr♦❝❡❡❞✐♥❣s ♦❢ ❊❈❖❙ ✷✵✵✻✳ ❈r❡t❡✱ ●r❡❡❝❡✿ ❬s✳♥✳❪✱ ✷✵✵✻✳ ♣✳ ✼✸✾✕✼✹✼✳

▼❖◆●❊✱ ❆✳❀ ❙❈❍❯❉▼❆❑✱ ❈✳ ❊✛❡❝ts ♦❢ ♥♦t ✇❛s❤✐♥❣ s✉❣❛r❝❛♥❡ ❛t ❝♦r❛ t❡①❛s✳ ■♥✿ ❆▼❊✲
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▼❖❘❆◆❉■◆✱ ▼✳ ❡t ❛❧✳ ❙②♥t❤❡s✐s ❛♥❞ ♣❛r❛♠❡t❡r ♦♣t✐♠✐③❛t✐♦♥ ♦❢ ❛ ❝♦♠❜✐♥❡❞ s✉❣❛r ❛♥❞

❡t❤❛♥♦❧ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss ✐♥t❡❣r❛t❡❞ ✇✐t❤ ❛ ❈❍P s②st❡♠✳ ❊♥❡r❣②✱ ✈✳ ✸✻✱ ♣✳ ✸✻✼✺✕✸✻✾✵✱
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❖❏❊❉❆✱ ❑✳ ❡t ❛❧✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❡❝❤♥♦❧♦❣✐❝❛❧ ❛❧t❡r♥❛t✐✈❡s ❢♦r ♣r♦❝❡ss ✐♥t❡❣r❛t✐♦♥ ♦❢ s✉❣❛r✲

❝❛♥❡ ❜❛❣❛ss❡ ❢♦r s✉st❛✐♥❛❜❧❡ ❜✐♦❢✉❡❧s ♣r♦❞✉❝t✐♦♥ ✲ ♣❛rt ✶✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❘❡s❡❛r❝❤
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❖▲■❱➱❘■❖✱ ❏✳▲✳ ❡t ❛❧✳ ❆❧❝♦❤♦❧✐❝ ❢❡r♠❡♥t❛t✐♦♥ ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡❞ ❜② ❡❝♦❧♦❣✐❝❛❧
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P❆▲❆❈■❖✱ ❏✳❈✳❊✳ ❆♥á❧✐s❡ t❡r♠♦❡❝♦♥ô♠✐❝❛ ✐♥t❡❣r❛❞❛ ❞❛s ♣❧❛♥t❛s ❞❡ ❝♦❣❡r❛çã♦ ❡ ❡t❛♥♦❧

❡♠ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ■♥st✐t✉t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✱
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P❆▲❆❈■❖❙ ❇❊❘❊❈❍❊✱ ❘✳ ❆✈❛❧✐❛çã♦ ❞❡ s✐st❡♠❛s ❞❡ r❡❢r✐❣❡r❛çã♦ ♣♦r ❛❜s♦rçã♦ H2O✴▲✐❇r

❡ s✉❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥s❡rçã♦ ♥♦ s❡t♦r t❡r❝✐ár✐♦ ✉t✐❧✐③❛♥❞♦ ❣ás ♥❛t✉r❛❧✳ ❉✐ss❡rt❛çã♦ ✭▼❡s✲

tr❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ▼❡❝â♥✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠✲
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❡t❛♥♦❧ ❛ ♣❛rt✐r ❞❛ ❜✐♦♠❛ss❛ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡✲
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P❆❚❯❘❆❯✱ ❏✳▼✳ ❇②✲♣r♦❞✉❝ts ♦❢ t❤❡ ❝❛♥❡ s✉❣❛r ✐♥❞✉str②✿ ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡✐r ✐♥❞✉str✐❛❧
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P❊❚❊❘❙❊◆✱ ▼✳❀ ▲❆❘❙❊◆✱ ❏✳❀ ❚❍❖▼❊◆✱ ▼✳❍✳ ❖♣t✐♠✐③❛t✐♦♥ ♦❢ ❤②❞r♦t❤❡r♠❛❧ ♣r❡tr❡✲

❛t♠❡♥t ♦❢ ✇❤❡❛t str❛✇ ❢♦r ♣r♦❞✉❝t✐♦♥ ♦❢ ❜✐♦❡t❤❛♥♦❧ ❛t ❧♦✇ ✇❛t❡r ❝♦♥s✉♠♣t✐♦♥ ✇✐t❤♦✉t
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r❡s❢r✐❛♠❡♥t♦ ♣♦r ✢❛s❤ ❛♣❧✐❝❛❞♦ ❛♦ tr❛t❛♠❡♥t♦ ❞❡ ❝❛❧❞♦ ♣❛r❛ ❞❡st✐❧❛r✐❛✳ ❘❡✈✐st❛ ❙❚❆❇✱ ♣✳

✶✷✹✕✶✷✻✱ ❥✉❧❤♦✲❛❣♦st♦ ✶✾✽✻✳

PÚ●▲■❆✱ ❆✳▲✳ ❉❡s❡♠♣❡♥❤♦ ❞❡ ❧❡✈❡❞✉r❛s s❡❧✈❛❣❡♥s ❝♦♠ ♣♦t❡♥❝✐❛❧ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡♥③✐♠❛s

❛♠✐❧♦❧ít✐❝❛s ❡♠ ♣r♦❝❡ss♦ ❢❡r♠❡♥t❛t✐✈♦✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s

❆❣rár✐❛s ❡ ❱❡t❡r✐♥ár✐❛s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ P❛✉❧✐st❛✱ ❏❛❜♦t✐❝❛❜❛❧✱ ✷✵✵✻✳

❘❆❇❊▲❖✱ ❙✳❈✳ ❆✈❛❧✐❛çã♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞♦ ♣ré✲tr❛t❛♠❡♥t♦ ❝♦♠ ♣❡ró①✐❞♦ ❞❡ ❤✐❞r♦❣ê♥✐♦

❛❧❝❛❧✐♥♦ ♣❛r❛ ❛ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❞❡ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❉✐ss❡rt❛çã♦ ✭▼❡str❛❞♦✮
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❘❆❇❊▲❖✱ ❙✳❈✳ ❆✈❛❧✐❛çã♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡ ♣ré✲tr❛t❛♠❡♥t♦s ❡ ❤✐❞ró❧✐s❡ ❡♥③✐♠át✐❝❛ ❞♦ ❜❛❣❛ç♦

❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖

❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✶✵✳

❘❆▼❆▲■◆●❍❆▼✱ ❆✳❀ ❋■◆◆✱ ❘✳❑✳ ❚❤❡ ✈❛❝✉❢❡r♠ ♣r♦❝❡ss✿ ❆ ♥❡✇ ❛♣♣r♦❛❝❤ t♦ ❢❡r♠❡♥t❛t✐♦♥
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❘❆▼❮❘❊❩✱ ❊✳❈✳ ❡t ❛❧✳ ❊♥❣✐♥❡❡r✐♥❣ ♣r♦❝❡ss ❛♥❞ ❝♦st ♠♦❞❡❧ ❢♦r ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ❝♦r♥ ✇❡t
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❘❆▼❮❘❊❩✱ ❊✳❈✳ ❡t ❛❧✳ ❊♥③②♠❛t✐❝ ❝♦r♥ ✇❡t ♠✐❧❧✐♥❣✿ ❡♥❣✐♥❡❡r✐♥❣ ♣r♦❝❡ss ❛♥❞ ❝♦st ♠♦❞❡❧✳ ❇✐✲

♦t❡❝❤♥♦❧♦❣② ❢♦r ❇✐♦❢✉❡❧s✱ ✈✳ ✷✱ ✷✵✵✾✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿ <❤tt♣✿✴✴✇✇✇✳❜✐♦t❡❝❤♥♦❧♦❣②❢♦r❜✐♦❢✉❡❧s✲

✳❝♦♠✴❝♦♥t❡♥t✴✷✴✶✴✷>✳ ❆❝❡ss♦ ❡♠✿ ❥❛♥✳ ✷✵✶✵✳
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❘❊❩❊◆❉❊✱ ❈✳❈✳ ❊st✉❞♦ ❈✐♥ét✐❝♦ ❞❡ ❘❡♠♦çã♦ ❞❛ ❋r❛çã♦ ❞❡ ❍❡♠✐❝❡❧✉❧♦s❡s ✭Pr♦❝❡ss♦ ❍✐✲

❞r♦tér♠✐❝♦✮ ❞♦ ❇❛❣❛ç♦ ❞❡ ❈❛♥❛✲❞❡✲❆çú❝❛r✳ ❈❛♠♣✐♥❛s✿ ❬s✳♥✳❪✱ ✷✵✶✵✳ ❘❡❧❛tór✐♦ ❞❡ ❡stá❣✐♦ ♥♦

▲❛❜♦r❛tór✐♦ ◆❛❝✐♦♥❛❧ ❞❡ ❈✐ê♥❝✐❛ ❡ ❚❡❝♥♦❧♦❣✐❛ ❞♦ ❇✐♦❡t❛♥♦❧ ✲ ❈❚❇❊✳

❘❖❈❍❆✱ ●✳❏✳▼✳ ❡t ❛❧✳ ❈♦♠♣♦s✐t✐♦♥❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛✇✱ st❡❛♠✲❡①♣❧♦❞❡❞ ❛♥❞ ❞❡❧✐❣♥✐✜✲
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❡♠✿ ❛❜r✳ ✷✵✶✵✳

❘❖❈❍❆✱ ●✳❏✳▼✳❀ ❙■▲❱❆✱ ❏✳❙✳ ❊st✉❞♦ ❝♦♠♣❛r❛t✐✈♦ ❞❡ ♣♦❧♣❛s ❝❡❧✉❧ós✐❝❛s ♦❜t✐❞❛s ❛ ♣❛rt✐r

❞❡ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r ♣ré✲tr❛t❛❞♦ ♣♦r s♦❧✉çã♦ á❝✐❞❛ ❡ ❡①♣❧♦sã♦ ❛ ✈❛♣♦r✳ ■♥✿ ❆♥❛✐s
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s❡rt❛çã♦ ✭▼❡str❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✳ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠✲

♣✐♥❛s✱ ❈❛♠♣✐♥❛s✱ ✷✵✶✵✳

❘❯❩❊◆❊✱ ❉✳❙✳ ❖❜t❡♥çã♦ ❞❡ ♣♦❧♣❛s ❞❡ ❞✐ss♦❧✉çã♦ ♣♦r ♣r♦❝❡ss♦s ♦r❣❛♥♦s♦❧✈ ❛ ♣❛rt✐r ❞❡ ♣❛❧❤❛

♦✉ ❜❛❣❛ç♦ ❞❡ ❝❛♥❛✲❞❡✲❛çú❝❛r✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❞❡
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❙♦♥s✱ ■♥❝✳✱ ✶✾✽✾✳

❙❆❙❙◆❊❘✱ P✳❀ ●❆▲❇❊✱ ▼✳❀ ❩❆❈❈❍■✱ ●✳ ❚❡❝❤♥♦✲❡❝♦♥♦♠✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❜✐♦❡t❤❛♥♦❧ ♣r♦✲

❞✉❝t✐♦♥ ❢r♦♠ t❤r❡❡ ❞✐✛❡r❡♥t ❧✐❣♥♦❝❡❧❧✉❧♦s✐❝ ♠❛t❡r✐❛❧s✳ ❇✐♦♠❛ss ❛♥❞ ❇✐♦❡♥❡r❣②✱ ✈✳ ✸✷✱ ♣✳

✹✷✷✕✹✸✵✱ ✷✵✵✽✳

❙❊❆❇❘❆✱ ❏✳❊✳❆✳ ❆✈❛❧✐❛çã♦ té❝♥✐❝♦✲❡❝♦♥ô♠✐❝❛ ❞❡ ♦♣çõ❡s ♣❛r❛ ♦ ❛♣r♦✈❡✐t❛♠❡♥t♦ ✐♥t❡❣r❛❧
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◆❡st❡ ❛♣ê♥❞✐❝❡ sã♦ ❛♣r❡s❡♥t❛❞❛s ✐♥❢♦r♠❛çõ❡s ♠❛✐s ❞❡t❛❧❤❛❞❛s ❞♦ ♣r♦❝❡ss♦ ✐♥t❡❣r❛❞♦ ❞❡

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

♥❛ s❡çã♦ ✾✳✷✱ ❝♦♠ ❢❡r♠❡♥t❛çã♦ ❞❛s ♣❡♥t♦s❡s ❡ ❝❛❧❞❡✐r❛ ♣❛r❛ ♣r♦❞✉çã♦ ❞❡ ✈❛♣♦r ❛ ✻✺ ❜❛r✳

❆✳✶ ❉❛❞♦s ❞❛s ❝♦rr❡♥t❡s

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛s ✈❛③õ❡s ❞❛s ❝♦rr❡♥t❡s ♣r✐♥❝✐♣❛✐s✱ ❛❧é♠ ❞❡ ❛❧❣✉♥s ♣❛râ✲

♠❡tr♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝♦rr❡♥t❡✳

❆✳✶✳✶ Pr❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s

◆❛ ❚❛❜❡❧❛ ❆✳✶ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ♣r❡♣❛r♦

❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✳

◆❛ ❚❛❜❡❧❛ ❆✳✷ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ❞❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s

❞❛s ✉♥✐❞❛❞❡s ❞❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✳

✷✹✺



❚❛❜❡❧❛ ❆✳✶✿ ❱❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦
❞♦s ❛çú❝❛r❡s✳

❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮
❈❛♥❛ ✺✵✸
➪❣✉❛ ❞❡ ❡♠❜❡❜✐çã♦ ✶✹✶
❈❛❧❞♦ ♠✐st♦ ✺✺✺
❇❛❣❛ç♦ ✶✸✻

❚❛❜❡❧❛ ❆✳✷✿ Pr✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛ ❡
❡①tr❛çã♦ ❞♦s ❛çú❝❛r❡s✳

P❛râ♠❡tr♦ ❱❛❧♦r
❆❘❚ ❞❛ ❈❛♥❛ ✶✺✷✱✺ ❦❣✴❚❈
P♦❧ ❞❛ ❝❛♥❛ ✶✹✪
❚❡rr❛ ♥❛ ❝❛♥❛ ✵✱✻✪
❇r✐① ❞♦ ❝❛❧❞♦ ♠✐st♦ ✶✹✱✻✪
❆❘❚ ❞♦ ❝❛❧❞♦ ♠✐st♦ ✶✸✱✹✪
❆❘❚ ❞♦ ❜❛❣❛ç♦ ✷✱✸✪
❋✐❜r❛ ❞♦ ❜❛❣❛ç♦ ✹✻✱✶✪
❯♠✐❞❛❞❡ ❞♦ ❜❛❣❛ç♦ ✹✻✱✶✪

❆✳✶✳✷ ❚r❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦

◆❛ ❚❛❜❡❧❛ ❆✳✸ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s ♦♣❡r❛çõ❡s ❞❡ tr❛t❛✲

♠❡♥t♦ ❞♦ ❝❛❧❞♦✳

❚❛❜❡❧❛ ❆✳✸✿ ❱❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ♣r❡♣❛r♦ ❞❛ ❝❛♥❛ ❡ ❡①tr❛çã♦
❞♦s ❛çú❝❛r❡s✳

❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮
❈❛❧❞♦ ♠✐st♦ ✺✺✺
❇❛❣❛❝✐❧❤♦ ✸
▲♦❞♦ ✶✹✻
❚♦rt❛ ✶✸
❋✐❧tr❛❞♦ ✶✾✽
❈❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ ✺✾✽

◆❛ ❚❛❜❡❧❛ ❆✳✹ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ❞❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s

❞❛ ✉♥✐❞❛❞❡ ❞❡ tr❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦✳
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❚❛❜❡❧❛ ❆✳✹✿ Pr✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s ❞❛ ✉♥✐❞❛❞❡ ❞❡ tr❛t❛♠❡♥t♦ ❞♦ ❝❛❧❞♦✳
P❛râ♠❡tr♦ ❱❛❧♦r
P♦❧ ❞❛ t♦rt❛ ✶✱✹✪
❯♠✐❞❛❞❡ ❞❛ t♦rt❛ ✻✹✱✾✪
◗✉❛♥t✐❞❛❞❡ ❞❡ t♦rt❛ ♣r♦❞✉③✐❞❛ ✷✻✱✼ ❦❣✴❚❈
❯♠✐❞❛❞❡ ❞♦ ❧♦❞♦ ✾✶✪
❇❛❣❛❝✐❧❤♦ ♥♦s ✜❧tr♦s ✵✱✻✪
❇r✐① ❞♦ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ ✶✹✪

❆✳✶✳✸ Pr♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ✭✷●✮

◆❛ ❚❛❜❡❧❛ ❆✳✺ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ✉♥✐❞❛❞❡ ✷●✱ ❡ ♥❛

❚❛❜❡❧❛ ❆✳✻ s✉❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s✳

❚❛❜❡❧❛ ❆✳✺✿ ❱❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ✉♥✐❞❛❞❡ ✷●✳
❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮
▼❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ❤✐❞r♦❧✐s❛❞♦ ✾✼
❇❛❣❛ç♦ ❡①♣❧♦❞✐❞♦ ✶✵✸
▲✐❝♦r ❞❡ ♣❡♥t♦s❡s ✶✵✸
❇❛❣❛ç♦ ❞❡s❧✐❣♥✐✜❝❛❞♦ ✽✽
▲✐❣♥✐♥❛ ♣❛r❛ ❝♦❣❡r❛çã♦ ✷✺
▲✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ✭❤❡①♦s❡s✮ ✶✾✶
❈❡❧✉❧♦s❡ r❡s✐❞✉❛❧ ♣❛r❛ ❝♦❣❡r❛çã♦ ✷✹

❚❛❜❡❧❛ ❆✳✻✿ Pr✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✳
P❛râ♠❡tr♦ ❱❛❧♦r
❯♠✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ✹✶✪
❇r✐① ❞♦ ❧✐❝♦r ❞❡ ♣❡♥t♦s❡s ✶✹➦❇①
❯♠✐❞❛❞❡ ❞♦ ❜❛❣❛ç♦ ❞❡s❧✐❣♥✐✜❝❛❞♦ ✽✽✪
❇r✐① ❞♦ ❧✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ✭❤❡①♦s❡s✮ ✶✶➦❇①
❯♠✐❞❛❞❡ ❞❛ ❧✐❣♥✐♥❛ ❡ ❞❛ ❝❡❧✉❧♦s❡ r❡s✐❞✉❛❧ ✹✾✪

❆✳✶✳✹ ❈♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❡ ❧✐❝♦r

◆❛ ❚❛❜❡❧❛ ❆✳✼ sã♦ ❛♣r❡s❡♥t❛❞♦s ✈❛③ã♦ ❡ t❡♦r ❞❡ só❧✐❞♦s ✭❜r✐①✮ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s

❞❛ ✉♥✐❞❛❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦✳ ◆❡st❛ ✉♥✐❞❛❞❡ é ❢❡✐t❛ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦ ❝❧❛r✐✜❝❛❞♦

❡♠ ♠✐st✉r❛ ❝♦♠ ♦ ❧✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ✭❧✐❝♦r ❞❡ ♣❡♥t♦s❡s ❡ ❤❡①♦s❡s✮ ♦❜t✐❞♦ ♥❛ ✉♥✐❞❛❞❡ ✷●✳
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❚❛❜❡❧❛ ❆✳✼✿ ❱❛③ã♦ ❡ t❡♦r ❞❡ só❧✐❞♦s s♦❧ú✈❡✐s ✭❜r✐①✮ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ✉♥✐❞❛❞❡ ❞❡
❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦✳

❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮ ❚❡♦r ❞❡ só❧✐❞♦s ✭➦❇①✮
❈❛❧❞♦ ❝❧❛r✐✜❝❛❞♦ ✺✺✻ ✶✹
▲✐❝♦r ❤✐❞r♦❧✐s❛❞♦ ✷✾✹ ✶✷
❈❛❧❞♦ ❝♦♥❝❡♥tr❛❞♦ ✺✽ ✻✺
▼♦st♦ ✻✷✺ ✶✽

❆✳✶✳✺ ❋❡r♠❡♥t❛çã♦

◆❛ ❚❛❜❡❧❛ ❆✳✽ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✱

❡ ♥❛ ❚❛❜❡❧❛ ❆✳✾ s✉❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s✳

❚❛❜❡❧❛ ❆✳✽✿ ❱❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✳
❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮
▼♦st♦ ✻✷✺
Pé ❞❡ ❝✉❜❛ ✷✶✵
❱✐♥❤♦ ❧❡✈❡❞✉r❛❞♦ ✼✽✽
●❛s❡s ❞❛ ❢❡r♠❡♥t❛çã♦ ✹✽
➪❣✉❛ ❞❡ ❧❛✈❛❣❡♠ ❞❡ ❣❛s❡s ✷✹
●❛s❡s ✭❈❖2✮ ✹✼
❙♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ ❞❛ ❧❛✈❛❣❡♠ ❞❡ ❣❛s❡s ✷✺
❱✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦ ✻✻✽
P✉r❣❛ ❞❡ ❝é❧✉❧❛s ✶✸
❱✐♥❤♦ ✻✾✹

❚❛❜❡❧❛ ❆✳✾✿ Pr✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝♦rr❡♥t❡s ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✳
P❛râ♠❡tr♦ ❱❛❧♦r ✭✪ ❡♠ ♠❛ss❛✮
❈é❧✉❧❛s ♥♦ ♣é ❞❡ ❝✉❜❛ ✭❜❛s❡ s❡❝❛✮ ✶✵✱✵
❈é❧✉❧❛s ♥♦ ✈✐♥❤♦ ❧❡✈❡❞✉r❛❞♦ ✭❜❛s❡ s❡❝❛✮ ✸✱✵
❊t❛♥♦❧ ♥♦ ✈✐♥❤♦ ❧❡✈❡❞✉r❛❞♦ ✼✱✵
❊t❛♥♦❧ ♥♦s ❣❛s❡s ❞❛ ❢❡r♠❡♥t❛çã♦ ✶✱✻
❈❖2 ♥♦s ❣❛s❡s ❞❛ ❢❡r♠❡♥t❛çã♦ ✾✻✱✹
❊t❛♥♦❧ ♥❛ s♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ ✸
❊t❛♥♦❧ ♥♦ ✈✐♥❤♦ ❞❡❧❡✈❡❞✉r❛❞♦ ✼✱✵
❈é❧✉❧❛s ♥❛ ♣✉r❣❛ ❞❡ ❧❡✈❡❞✉r❛ ✭❜❛s❡ s❡❝❛✮ ✶✾✱✽
❊t❛♥♦❧ ♥♦ ✈✐♥❤♦ ✻✱✽

✷✹✽



❆✳✶✳✻ ❉❡st✐❧❛çã♦ ❡ ❞❡s✐❞r❛t❛çã♦

◆❛ ❚❛❜❡❧❛ ❆✳✶✵ sã♦ ❛♣r❡s❡♥t❛❞♦s ✈❛③ã♦ ❡ t❡♦r ❞❡ ❡t❛♥♦❧ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s

✉♥✐❞❛❞❡s ❞❡ ❞❡st✐❧❛çã♦ ❡ ❞❡s✐❞r❛t❛çã♦ ✭❛❞s♦rçã♦ ❡♠ ♣❡♥❡✐r❛s ♠♦❧❡❝✉❧❛r❡s✮✳

❚❛❜❡❧❛ ❆✳✶✵✿ ❱❛③ã♦ ❡ t❡♦r ❞❡ ❡t❛♥♦❧ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ❞❡st✐❧❛çã♦ ❡
❞❡s✐❞r❛t❛çã♦✳

❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮ ❚❡♦r ❞❡ ❡t❛♥♦❧ ✭✪ ❡♠ ♠❛ss❛✮
❱✐♥❤♦ ✻✾✹ ✻✱✽
❋❧❡❣♠❛ ❧íq✉✐❞❛ ✺✵ ✹✼✱✺
❋❧❡❣♠❛ ✈❛♣♦r ✹✼ ✹✾✱✵
❆❊❍❈ ✻✶ ✾✸✱✵
❱✐♥❤❛ç❛ ✺✾✺ ❁✵✱✵✷
❋❧❡❣♠❛ç❛ ✺✵ ❁✵✱✵✷
❙♦❧✉çã♦ ❛❧❝♦ó❧✐❝❛ ❞❛s ♣❡♥❡✐r❛s ✶✺ ✼✷✱✶
❆❊❆❈ ✹✼ ✾✾✱✻

❆✳✶✳✼ ❈♦❣❡r❛çã♦

◆❛ ❚❛❜❡❧❛ ❆✳✶✶ é ❛♣r❡s❡♥t❛❞❛ ❛ ✈❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞♦ s✐st❡♠❛ ❞❡ ❝♦❣❡r❛çã♦✳

❚❛❜❡❧❛ ❆✳✶✶✿ ❱❛③ã♦ ❞❛s ♣r✐♥❝✐♣❛✐s ❝♦rr❡♥t❡s ❞❛ ❡t❛♣❛ ❞❡ ❢❡r♠❡♥t❛çã♦✳
❈♦rr❡♥t❡ ❱❛③ã♦ ✭t✴❤✮
❇❛❣❛ç♦ ✶✸✸
P❛❧❤❛ ✹✶
❘❡s❡r✈❛ ❞❡ ❜❛❣❛ç♦ ✼
▼❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ q✉❡✐♠❛❞♦ ✼✵
▼❛t❡r✐❛❧ ❧✐❣♥♦❝❡❧✉❧ós✐❝♦ ♣❛r❛ ✷● ✾✼
▲✐❣♥✐♥❛ r❡s✐❞✉❛❧ ✷✺
❈❡❧✉❧♦s❡ r❡s✐❞✉❛❧ ✷✹
●❛s❡s ✺✽✽
❱❛♣♦r ❛ ✻✺ ❜❛r ✸✷✾
❱❛♣♦r ♣❛r❛ ❡①♣❧♦sã♦ ✭✶✷ ❜❛r✮ ✶✽
❱❛♣♦r ♣❛r❛ ♣❡♥❡✐r❛s ✭✻ ❜❛r✮ ✸✺
❱❛♣♦r ♣❛r❛ ♣r♦❝❡ss♦ ✭✷✱✺ ❜❛r✮ ✷✻✺
❘❡♣♦s✐çã♦ ❞❡ á❣✉❛ ✸✵

✷✹✾



❆✳✷ ❊st✐♠❛t✐✈❛ ❞♦ ✐♥✈❡st✐♠❡♥t♦

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❜❛s❡s ♣❛r❛ ❛ ❡st✐♠❛t✐✈❛ ❞♦ ✐♥✈❡st✐♠❡♥t♦ ❛❞♦t❛❞❛ ♥❛

❛♥á❧✐s❡ ❡❝♦♥ô♠✐❝❛ ❞❡ ❞✐❢❡r❡♥t❡s ❝❡♥ár✐♦s✳

❆✳✷✳✶ ■♥✈❡st✐♠❡♥t♦ ♥❛ ❞❡st✐❧❛r✐❛ ❞❡ ♣r✐♠❡✐r❛ ❣❡r❛çã♦

❆ ❡st✐♠❛t✐✈❛ ❞♦ ✐♥✈❡st✐♠❡♥t♦ ❢♦✐ ❢❡✐t❛ ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❢♦r♥❡❝✐❞♦s ♣❡❧❛ ❉❡❞✐♥✐✿ ✉♠❛

❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ♣r♦❝❡ss❛♥❞♦ ✷ ♠✐❧❤õ❡s ❞❡ t♦♥❡❧❛❞❛s ❞❡ ❝❛♥❛ ♣♦r ❛♥♦✱ ❝♦♠ t❡❝♥♦❧♦❣✐❛s

✏❜ás✐❝❛s✑ ✭❞❡st✐❧❛çã♦ ❛③❡♦tró♣✐❝❛ ❡ ❝❛❧❞❡✐r❛s ❞❡ ✷✷ ❜❛r✮ ❝✉st❛r✐❛ ❘✩ ✸✵✵ ♠✐❧❤õ❡s ❡♠ ✷✵✵✾✳

❖ ✐♥✈❡st✐♠❡♥t♦ ♥❛ ♥♦s s❡t♦r❡s ❞❛ ✉s✐♥❛ é ❞✐✈✐❞✐❞♦ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❚❛❜❡❧❛ ❆✳✶✷✳

❚❛❜❡❧❛ ❆✳✶✷✿ ❉❛❞♦s ❞❡ ✐♥✈❡st✐♠❡♥t♦ ♣❛r❛ ❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛ ❞❡ ✶❛ ❣❡r❛çã♦ ✭❉❊❉■◆■✱
✷✵✵✾✮✳

❙❡t♦r
❋r❛çã♦ ❞♦

✐♥✈❡st✐♠❡♥t♦ ✭✪✮
❘❡❝❡♣çã♦ ❞❛ ❝❛♥❛✱ ♣r❡♣❛r♦ ❡ ❡①tr❛çã♦ ✶✺
❚r❛t❛♠❡♥t♦ ❡ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❝❛❧❞♦✱

✶✼
❢❡r♠❡♥t❛çã♦ ❡ ❞❡st✐❧❛çã♦
●❡r❛çã♦ ❞❡ ✈❛♣♦r✱ ❡♥❡r❣✐❛ ❡❧étr✐❝❛✱

✸✵
r❡❞❡ ❡❧étr✐❝❛ ✐♥❞✉str✐❛❧
Pré❞✐♦s✱ ❧❛❜♦r❛tór✐♦ ✐♥❞✉str✐❛❧✱

✺
♦✜❝✐♥❛s✱ tr❛t❛♠❡♥t♦ ❞❡ á❣✉❛
❙✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛✉t♦♠❛çã♦✱

✼
✐s♦❧❛♠❡♥t♦s✱ ✐♥t❡r❧✐❣❛çõ❡s
❊♠❜❛❧❛❣❡♠✱ tr❛♥s♣♦rt❡ ✸
❖❜r❛s ❝✐✈✐s✱ ♠♦♥t❛❣❡♠ ♠❡❝â♥✐❝❛ ✷✵
P❡ç❛s ❞❡ r❡♣♦s✐çã♦✱ s✉♣❡r✈✐sã♦✱

✸
❡♥❣❡♥❤❛r✐❛✱ s❡r✈✐ç♦s✱ ❡t❝

❉❡st❛ ❢♦r♠❛✱ ♦ ✈❛❧♦r ❞❡ ✐♥✈❡st✐♠❡♥t♦ ♣❛r❛ ❛ ❞❡st✐❧❛r✐❛ ❜ás✐❝❛ ✭❘✩ ✸✵✵ ♠✐❧❤õ❡s✮ ❢♦✐

❞✐str✐❜✉í❞♦ ❡♥tr❡ ♦s s❡t♦r❡s ❞❛ ❞❡st✐❧❛r✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛✲

❜❡❧❛ ❆✳✶✷✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❡st✐♠❛t✐✈❛s ❢♦r♥❡❝✐❞❛s ♣❡❧❛ ✭❉❊❉■◆■✱ ✷✵✵✾✮✱ ♣❛r❛ s✐st❡♠❛s ❞❡

❞❡s✐❞r❛t❛çã♦ ❞♦ ❡t❛♥♦❧ ❝♦♠♣♦st♦ ♣♦r ❛❞s♦rçã♦ ❡♠ ♣❡♥❡✐r❛s ♠♦❧❡❝✉❧❛r❡s✱ ❞❡✈❡ s❡r ❝♦♥s✐✲

❞❡r❛❞♦ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✹✵✪ ♥♦ ✐t❡♠ q✉❡ ✐♥❝❧✉✐ ❛ ❞❡st✐❧❛çã♦❀ ♣❛r❛ ❝❛❧❞❡✐r❛s ❞❡ ✻✺ ❡ ✾✵

✷✺✵



❜❛r✱ ❛✉♠❡♥t♦s ❞❡ ✸✵ ❡ ✹✵✪ ❞❡✈❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ♥♦ ✐t❡♠ q✉❡ ✐♥❝❧✉✐ ❣❡r❛çã♦ ❞❡ ✈❛♣♦r✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♥s✐❞❡r♦✉✲s❡ ✐♥✈❡st✐♠❡♥t♦ ❛❞✐❝✐♦♥❛❧ ❞❡ ✶✵✪ ❞♦ ✈❛❧♦r ❞♦ ✐t❡♠ q✉❡ ✐♥❝❧✉✐

❛ ❞❡st✐❧❛çã♦ q✉❛♥❞♦ s❡ ❝♦♥s✐❞❡r♦✉ r❡❞✉çã♦ ❞♦ ❝♦♥s✉♠♦ ❞❡ ✈❛♣♦r✱ r❡♣r❡s❡♥t❛♥❞♦ ♦ ❝✉st♦ ❞❛

r❡❞❡ ❞❡ tr♦❝❛❞♦r❡s ❞❡ ❝❛❧♦r✳

❆❧é♠ ❞✐ss♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ✈❛r✐❛çã♦ ❞♦ ❝✉st♦ ❝♦♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦

❆✳✶✿

Custo2 = Custo1 ·

(

Capacidade2
Capacidade1

)0,6

✭❆✳✶✮

❆ss✐♠✱ ❛ ❡q✉❛çã♦ ❆✳✶ ❢♦✐ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝♦rr❡❧❛❝✐♦♥❛r ♦ ❝✉st♦ ❝♦♠ ♠✉❞❛♥ç❛s ♥❛ ❝❛♣❛✲

❝✐❞❛❞❡✳ P♦r ❡①❡♠♣❧♦✱ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❣❡r❛çã♦ ❞❡ ✈❛♣♦r✱ ❛ss✉♠✐✉✲s❡ ♦ ✈❛❧♦r ❞❡ ✺✵✵ ❦❣

✈❛♣♦r✴❚❈ ♣❛r❛ ❛ ❞❡st✐❧❛r✐❛ ✏❜ás✐❝❛✑❀ ❛ss✐♠✱ ♦ ✐♥✈❡st✐♠❡♥t♦ ♥❛ ❝♦❣❡r❛çã♦ ❞❡ ❝❛❞❛ ❝❡♥ár✐♦

❢♦✐ ❡st✐♠❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛ ✈❛③ã♦ ❞❡ ✈❛♣♦r ♣r♦❞✉③✐❞❛✳

❆✳✷✳✷ ■♥✈❡st✐♠❡♥t♦ ♥❛ ✉♥✐❞❛❞❡ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛

❣❡r❛çã♦

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

✈❛s ❢♦r♥❡❝✐❞❛s ♣♦r ✭❈●❊❊✱ ✷✵✵✾✮✱ q✉❡ ❡st✐♠♦✉ ♦ ✐♥✈❡st✐♠❡♥t♦ ❡♠ ✉♠❛ ♣❧❛♥t❛ ❞❡ ♣r♦❞✉çã♦

❞❡ ❡t❛♥♦❧ ❞❡ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❛♥❡①❛ ❛ ✉♠❛ ❞❡st✐❧❛r✐❛ ❛✉tô♥♦♠❛✳ ❖ ♣r♦❝❡ss♦ é ❜❛s❡❛❞♦ ❡♠

♣ré✲tr❛t❛♠❡♥t♦ ♣♦r ❡①♣❧♦sã♦ ❛ ✈❛♣♦r ❝♦♠ ❛❞✐çã♦ ❞❡ á❝✐❞♦ s✉❧❢úr✐❝♦ s❡❣✉✐❞❛ ❞❡ ❤✐❞ró❧✐s❡

❡♥③✐♠át✐❝❛❀ ♦ ✐♥✈❡st✐♠❡♥t♦ ❛❞✐❝✐♦♥❛❧ ♥❛s ✉♥✐❞❛❞❡s ❞❡ ❢❡r♠❡♥t❛çã♦ ❡ ❞❡st✐❧❛çã♦✱ q✉❡ sã♦
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