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Pr♦♣r✐❡❞❛❞❡s ❊❧❡trô♥✐❝❛s✱ Ó♣t✐❝❛s ❡ ❱✐❜r❛❝✐♦♥❛✐s ❞❛

❘❡❣✐ã♦ ❈✲❚❡r♠✐♥❛❧ ❞❛ ❋♦s❢♦❧✐♣❛s❡ ❆2 ▲②s ✹✾

❉✐ss❡rt❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ s♦❜ ♦r✐❡♥t❛çã♦

❞♦ Pr♦❢✳ ❉r✳ ❏♦sé ❞❡ ▼✐r❛♥❞❛ ❍❡♥r✐✲

q✉❡s ◆❡t♦ ❡ ❈♦♦r✐❡♥t❛çã♦ ❞♦ Pr♦❢✳ ❉r✳

◆✐❧t♦♥ ❋❡rr❡✐r❛ ❋r❛③ã♦✱ ❛♣r❡s❡♥t❛❞❛ ❛♦

Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❈✐ê♥❝✐❛s

◆❛t✉r❛✐s ❡ ❇✐♦t❡❝♥♦❧♦❣✐❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡

❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ❡♠ ❝♦♠♣❧❡✲

♠❡♥t❛çã♦ ❛♦s r❡q✉✐s✐t♦s à ♦❜t❡♥çã♦ ❞♦ tí✲

t✉❧♦ ❞❡ ♠❡str❡✳

❈✉✐té✴P❇

✷✵✶✻

✸



Pr♦♣r✐❡❞❛❞❡s ❊❧❡trô♥✐❝❛s✱ Ó♣t✐❝❛s ❡

❱✐❜r❛❝✐♦♥❛✐s ❞❛ ❘❡❣✐ã♦ ❈✲❚❡r♠✐♥❛❧ ❞❛

❋♦s❢♦❧✐♣❛s❡ ❆2 ▲②s ✹✾

❈és❛r ❆✉❣✉st♦ ❙✐❧✈❛ ❞♦s ❙❛♥t♦s

❆♣r♦✈❛❞❛ ❡♠

❇❛♥❝❛ ❊①❛♠✐♥❛❞♦r❛

Pr♦❢✳ ❉r✳ ❏♦sé ❞❡ ▼✐r❛♥❞❛ ❍❡♥r✐q✉❡s ◆❡t♦ ✕ PP●❈◆❇✴❈❊❙✴❯❋❈●

❖r✐❡♥t❛❞♦r

Pr♦❢✳ ❉r✳ ◆✐❧t♦♥ ❋❡rr❡✐r❛ ❋r❛③ã♦ ✕ ❈❊❙✴❯❋❈●

❈♦♦r✐❡♥t❛❞♦r

Pr♦❢✳ ❉r✳ ❘❡♥♥❡r ❞❡ ❙♦✉③❛ ▲❡✐t❡ ✕ PP●❈◆❇✴❈❊❙✴❯❋❈●

❊①❛♠✐♥❛❞♦r ■♥t❡r♥♦

Pr♦❢✳ ❉r✳ ▼❛♥♦❡❧ ❙✐❧✈❛ ❞❡ ❱❛s❝♦♥❝❡❧♦s ✲ ❊❈❚✴❯❋❘◆

❊①❛♠✐♥❛❞♦r ❊①t❡r♥♦



➚ ♠✐♥❤❛ ❢❛♠í❧✐❛

❡ ❛♠✐❣♦s✳



✧❚✉❞♦ é ♣♦ssí✈❡❧ ❛♦ q✉❡ ❝rê✧

✭▼❛r❝♦s ✾✿✷✸ ✮



❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ❛ ❉❡✉s ♣❡❧❛ ✈✐❞❛ ❡ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ♥❛s❝❡r ♥✉♠❛ ❢❛♠í❧✐❛ q✉❡ ♠❡ ♣r♦♣♦r❝✐♦♥♦✉

❝r❡s❝❡r ❝♦♠ ❞✐❣♥✐❞❛❞❡✳ ❈♦♠ s❛t✐s❢❛çã♦✱ ♠❛♥✐❢❡st♦ ♠✐♥❤❛ ❣r❛t✐❞ã♦ ❛♦s ♠❡✉s q✉❡r✐❞♦s ♣❛✐s✱ ❆✉❣✉st♦

●❛❧❞✐♥♦ ❞♦s ❙❛♥t♦s ❡ ▼❛r✐❛ ❈é❧✐❛ P❡r❡✐r❛ ❞❛ ❙✐❧✈❛ ❙❛♥t♦s ♣♦r q✉❡♠ ❢✉✐ ❡♥s✐♥❛❞♦ ❛ ❛❣✐r ❝♦♠

❤♦♥❡st✐❞❛❞❡ ❡ ♣❡rs❡❣✉✐r ♦s ♠❡✉s ♦❜❥❡t✐✈♦s✳

❆ ♠✐♥❤❛ ❛♠❛❞❛ ❡s♣♦s❛ ❈❧❛✉❞✐❝❡❧② ❙❛❜✐♥♦ ▲✐♠❛ ❛ q✉❡♠ t❛♠❜é♠ s♦✉ ❛❣r❛❞❡❝✐❞♦ ♣♦r s❡✉

❝♦♠♣❛♥❤❡✐r✐s♠♦ ❡ ♣❛❝✐ê♥❝✐❛ ❞✉r❛♥t❡ ♦s ú❧t✐♠♦s ❛♥♦s✳ ❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦s ♠❡✉s s♦❣r♦s ❏♦sé

❈❛r❧✐t♦ ❞❡ ▲✐♠❛ ❡ ❙❡❧♠❛ ❆❞❡r✐t❛ ❙❛❜✐♥♦✱ ♣❡❧♦ ❝❛r✐♥❤♦ ❡ ✐♥❝❡♥t✐✈♦s✳

●r❛t♦ t❛♠❜é♠ ❛♦s ♠❡✉s ✐r♠ã♦s ❉❛♥✐❡❧ ❞❛ ❙✐❧✈❛ ❙❛♥t♦s✱ ❆❞❛❧❜❡rt♦ P❡r❡✐r❛ ●❛❧❞✐♥♦ ❞♦s ❙❛♥t♦s

❡ ❘❛q✉❡❧ ❞❛ ❙✐❧✈❛ ❙❛♥t♦s✱ ❡ t❛♠❜é♠ ❛ ♠✐♥❤❛ ❝✉♥❤❛❞❛ ❆♥tô♥✐❛ ■r❛♥í ❘♦❝❤❛ ❞♦s ❙♦♥t♦s✭❇r❛♥❝❛✮✳

❆♦ ♠❡✉ ❣r❛♥❞❡ ❛♠✐❣♦ ❆❞r✐❛♥♦ ❈❛♠♣❡❧♦ ❋❡rr❡✐r❛ ❡ s✉❛ ❡s♣♦s❛ ❱❛❧❞❡♥✐❧❞❛ ❞❛ ❙✐❧✈❛ ❙❛♥t♦s ❈❛♠♣❡❧♦✳

❆♦ Pr♦❢❡ss♦r ❏♦sé ❞❡ ▼✐r❛♥❞❛ ❍❡♥r✐q✉❡s ◆❡t♦ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ❞❡❞✐❝❛çã♦✱ ✐♥❝❡♥t✐✈♦ ❡ ❝♦✲

♥❤❡❝✐♠❡♥t♦s ❝♦♠♣❛rt✐❧❤❛❞♦s✳ ❆♦ ♣r♦❢❡ss♦r✱ ❛♠✐❣♦ ❡ ❝♦♠♣❛♥❤❡✐r♦ ◆✐❧t♦♥ ❋❡rr❡✐r❛ ❋r❛③ã♦✱ ♣❡❧❛

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

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

❆♦ Pr♦❢❡ss♦r ❞❛ ❯❋P■✱ ❘✐❝❛r❞♦ ●♦♥❞✐♠ ❙❛r♠❡♥t♦ ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦ ♥♦s ❝á❧❝✉❧♦s ❞❛ ❝✉r✈❛

❝♦rr❡♥t❡✲✈♦❧t❛❣❡♠ ✉s❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳

❆♦ Pr♦❣r❛♠❛ ❞❡ Pós✲❣r❛❞✉❛çã♦ ❡♠ ❈✐ê♥❝✐❛s ◆❛t✉r❛✐s ❡ ❇✐♦t❡❝♥♦❧❣✐❛✱ ♥❛ ♣❡ss♦❛ ❞❛ ❈♦♦r❞❡✲

♥❛❞♦r❛ ▼❛❣♥ó❧✐❛ ❞❡ ❆r❛ú❥♦ ❈❛♠♣♦s ♣❡❧❛ ❞❡❞✐❝❛çã♦ ❡ ❛t❡♥çã♦ ❞✐s♣❡♥s❛❞❛s✳ ❆♦ q✉❛❞r♦ ❞♦❝❡♥t❡ ❞♦

Pr♦❣r❛♠❛ ❞❡ Pós✲❣r❛❞✉❛çã♦ ❡♠ ❈✐ê♥❝✐❛s ◆❛t✉r❛✐s✳



❘❡s✉♠♦

◆❡st❡ tr❛❜❛❧❤♦✱ ❛♣r❡s❡♥t❛♠♦s ✉♠ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s✱ ó♣t✐❝❛s✱ ✈✐❜r❛❝✐♦♥❛✐s

❡ t❡r♠♦❞✐♥â♠✐❝❛s ❞❛ r❡❣✐ã♦ ❈✲❚❡r♠✐♥❛❧ ❞❡ ❋♦s❢♦❧✐♣❛s❡s ❆2 ▲✐s✐♥❛ ✹✾ ✭P▲❆2s ▲②s ✹✾✮✳ ❊st❡ ❢♦✐

r❡❛❧✐③❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ❝á❧❝✉❧♦s q✉â♥t✐❝♦s ❛tr❛✈és ❞❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✱

✉t✐❧✐③❛♥❞♦ ❛ ❛♣r♦①✐♠❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ✭▲♦❝❛❧ ❉❡♥s✐t② ❆♣♣r♦①✐♠❛t✐♦♥ ✲ ▲❉❆✮ ❡ ❛ ❛♣r♦①✐♠❛çã♦

❞♦ ❣r❛❞✐❡♥t❡ ❣❡♥❡r❛❧✐③❛❞♦ ✭●❡♥❡r❛❧✐③❡❞ ●r❛❞✐❡♥t ❆♣♣r♦①✐♠❛t✐♦♥ ✲ ●●❆✮✳ ❚❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞♦s

❝á❧❝✉❧♦s ❜❛s❡❛❞♦s ♥♦ ♠♦❞❡❧♦ t✐❣❤t ❜✐♥❞✐♥❣✳

❆s P▲❆2 ▲②s ✹✾ ❝♦♠♣õ❡ ✉♠ ❣r✉♣♦ ❞❡ ♠✐♦t♦①✐♥❛s q✉❡ ❛♣r❡s❡♥t❛♠ ♣♦✉❝❛ ♦✉ ♥❡♥❤✉♠❛ ❛t✐✲

✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ❡ ❛✐♥❞❛ ❛ss✐♠ sã♦ ❝❛♣❛③❡s ❞❡ ❛t✉❛r❡♠ ♥❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ♣♦r ♠❡✐♦ ❞❡ ✉♠

♠❡❝❛♥✐s♠♦ ❛❧t❡r♥❛t✐✈♦ ♣r♦♣✐❝✐❛♥❞♦ ❛ ♠♦rt❡ ❞❛ ❝é❧✉❧❛✳ ❆ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧ ❞❡st❛s ♣r♦t❡í♥❛s✱ ❡♠

♣❛rt✐❝✉❧❛r ❛ r❡❣✐ã♦ ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ ♦s ❛♠✐♥♦á❝✐❞♦s ✶✶✺✲✶✷✾✱ é ❛♣♦♥t❛❞❛ ❝♦♠♦ r❡s♣♦♥sá✈❡❧ ♣❡❧♦

❞❛♥♦ ❛s ♠❡♠❜r❛♥❛s✳ P♦✉❝♦ s❡ s❛❜❡ s♦❜r❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s q✉❡ ♣r♦♣✐❝✐❛♠ ❛ ❡st❛ r❡❣✐ã♦ t❛❧ ❝❛✲

♣❛❝✐❞❛❞❡ ❡ ❝♦♠♦ ❛❝♦♥t❡❝❡ ❛ s✉❛ ✐♥t❡r❛çã♦ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳ ❊st❡ tr❛❜❛❧❤♦ r❡❛❧✐③♦✉ ✉♠❛

❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞❡st❛ r❡❣✐ã♦✳ ❇✉s❝❛♥❞♦✱ ♣♦rt❛♥t♦✱ ❡st❛❜❡❧❡❝❡r ✉♠❛ r❡❧❛çã♦

❡♥tr❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❡①♣r❡ss❛s ♣♦r ❡ss❛ r❡❣✐ã♦ ❡ s❡✉ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❛♥♦ ❝❡❧✉❧❛r✳

❯♠ r❡s✉❧t❛❞♦ ✐♥✐❝✐❛❧ ♦❜t✐❞♦ ♣♦r ❡st❡ ❡st✉❞♦ ❢♦r❛♠ ❛s ❝✉r✈❛s ❝♦rr❡♥t❡✲✈♦❧t❛❣❡♠ ✭■✲❱ ✮ ♣❛r❛

♥♦✈❡ ❞✐❢❡r❡♥t❡s ♣❡♣tí❞❡♦s q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛s r❡❣✐õ❡s ✶✶✺✲✶✷✾ ❞❡ P▲❆2 ❞❡ ❞✐❢❡r❡♥t❡s ❡s♣é❝✐❡s ❞❡

s❡r♣❡♥t❡s✳ ❆s ❝✉r✈❛s ■✲❱ ❢♦r❛♠ ♦❜t✐❞❛s ♣♦r ♠❡✐♦ ❞♦ ♠♦❞❡❧♦ t✐❣❤t ❜✐♥❞✐♥❣✳ ❊❧❛s ❞❡♠♦str❛r❛♠ q✉❡

♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s ❛♣r❡s❡♥t❛♠ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s✳ ❚❛♠❜é♠ ❛♣r❡s❡♥t❛♠ s❡♠❡✲

❧❤❛♥ç❛ ❝♦♠ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ♣♦r ▲❖▼❖◆❚❊ ❡t ❛❧✱ ✷✵✵✸✳ ❯s❛♥❞♦ ❛ ❉❋❚✱ ❢♦r❛♠

r❡❛❧✐③❛❞♦s ♦s ❝á❧❝✉❧♦s ❞❛ ár❡❛ ❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡✱ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛✱ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧



❞❡ ❝❛r❣❛s✱ ♦r❜✐t❛✐s ❞❡ ❢r♦♥t❡✐r❛✱ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s✳ ❚❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❝á❧❝✉❧♦s ❞❡ ♣r♦✲

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

t❡r♠♦❞✐♥â♠✐❝❛s ❝♦♠♦ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛✱ ❡♥tr♦♣✐❛✱ ❡♥t❛❧♣✐❛ ❡ ❡♥❡r❣✐❛ ❧✐✈r❡✳

❆s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s ❞❡♠♦str❛♠ q✉❡ ❤á ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ q✉❡ ❛ ✐♥t❡r❛çã♦ ❞❛ r❡❣✐ã♦

❈✲❚❡r♠✐♥❛❧ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ s❡❥❛ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ❡❧❡tr♦stát✐❝❛✳ ❆ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡

❝❛r❣❛ ❞❡♠♦str♦✉ q✉❡ ♦ ❛♠✐♥♦á❝✐❞♦ ▲✐s✐♥❛ ✶✷✷ ♣♦ss✉✐ ❝❛r❣❛ ✐❣✉❛❧ ❛ ③❡r♦✳ ❊st❡ ❢❛t♦ ✐♥❞✐❝❛ q✉❡ ❡❧❡

♣♦❞❡ ♥ã♦ ♣♦ss✉✐r ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ❝♦♠♦ é ❞❡s❝r✐t♦ ♥❛ ❧✐t❡r❛t✉r❛✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛

ár❡❛ ❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡ ✐♥❞✐❝❛♠ q✉❡ ✉♠ ♣❡♣tí❞❡♦ ❝♦♠ ♠❛✐♦r ár❡❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✐♥t❡r❛❣✐r ❝♦♠ ❛

♠❡♠❜r❛♥❛ ♥ã♦ ❝❛✉s❛rá ♠❛✐♦r ❞❛♥♦✳ ❖s r❡s✉❧t❛❞♦s ó♣t✐❝♦s ❛♣r❡s❡♥t❛r❛♠ ♣✐❝♦s ❞❡ ❛❜s♦rçã♦ ❞❡♥tr♦

❞❛ r❡❣✐ã♦ ✈✐sí✈❡❧✳ ❊st❡s r❡s✉❧t❛❞♦s ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ✈✐❜r❛❝✐♦♥❛✐s s❡r✈❡♠ ❝♦♠♦ ✉♠❛

✧❞✐❣✐t❛❧✧♣❛r❛ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✳ ❖s r❡s✉❧t❛❞♦s t❡r♠♦❞✐♥â♠✐❝♦s ❛♣r❡s❡♥t❛❞♦s

♥❡st❡ tr❛❜❛❧❤♦s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ❡♠ ❢✉t✉r❛s ♣❡sq✉✐s❛s ❡♥✈♦❧✈❡♥❞♦ P▲❆2s ▲✐s✐♥❛ ✹✾✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❋♦s❢♦❧✐♣❛s❡s ❆2✱ ❉❋❚✱ ❈✲t❡r♠✐♥❛❧✳



❆❜str❛❝t

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

♠♦❞②♥❛♠✐❝ ♦❢ t❤❡ ❈✲t❡r♠✐♥❛❧ P❤♦s♣❤♦❧✐♣❛s❡ ❆2 ▲②s✐♥❡ r❡❣✐♦♥ ✹✾ ✭P▲❆2 ▲②s ✹✾✮✳ ❚❤✐s ✇❛s ❞♦♥❡

❜② ♠❡❛♥s ♦❢ q✉❛♥t✉♠ ❝❛❧❝✉❧❛t✐♦♥s ❜② ❉❡♥s✐t② ❋✉♥❝t✐♦♥❛❧ ❚❤❡♦r② ✭❉❋❚✮✱ ✉s✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ♦❢

▲♦❝❛❧ ❉❡♥s✐t② ❆♣♣r♦①✐♠❛t✐♦♥ ✭▲❉❆✮ ❛♥❞ t❤❡ ❛♣♣r♦❛❝❤ ♦❢ t❤❡ ●❡♥❡r❛❧✐③❡❞ ●r❛❞✐❡♥t ❆♣♣r♦①✐♠❛t✐♦♥

✭●●❆✮✳ ❚❤❡② ✇❡r❡ ❛❧s♦ ♠❛❞❡ ❝❛❧❝✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ ♠♦❞❡❧ t✐❣❤t ❜✐♥❞✐♥❣✳

❚❤❡ P▲❆✷ ▲②s ✹✾ ❝♦♠♣♦s❡s ♠②♦t♦①✐♥s ❣r♦✉♣ t❤❛t ♣r❡s❡♥ts ❛ ❧✐tt❧❡ ♦r ♥♦ ❝❛t❛❧②t✐❝ ❛❝t✐✈✐t②

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

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

✶✶✺✲✶✷✾ ✐s ✐❞❡♥t✐✜❡❞ ❛s r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ❞❛♠❛❣❡ t❤❡ ♠❡♠❜r❛♥❡s✳ ▲✐tt❧❡ ✐s ❦♥♦✇♥ ❛❜♦✉t t❤❡

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

❝❡❧❧ ♠❡♠❜r❛♥❡✳ ❚❤✐s ✇♦r❦ ❝♦♥st✐t✉t❡s ❛ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤✐s r❡❣✐♦♥✳

❙❡❛r❝❤✐♥❣✱ t❤❡r❡❢♦r❡✱ ❡st❛❜❧✐s❤ ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❡①♣r❡ss❡❞ ❜② t❤✐s

r❡❣✐♦♥ ❛♥❞ ✐ts ♣♦t❡♥t✐❛❧ ❢♦r ❝❡❧❧ ❞❛♠❛❣❡✳

❆♥ ✐♥✐t✐❛❧ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤✐s st✉❞② ✇❡r❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝✉r✈❡s ✭■✲❱✮ ❢♦r ♥✐♥❡ ❞✐✛❡r❡♥t

♣❡♣t✐❞❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ r❡❣✐♦♥s ✶✶✺✲✶✷✾ P▲❆2 ❢r♦♠ ❞✐✛❡r❡♥t s♥❛❦❡ s♣❡❝✐❡s✳ ❚❤❡ ✭■✲❱✮ ❝✉r✈❡s

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

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

▲❖▼❖◆❚❊ ❡t ❛❧✳✱ ✷✵✵✸✳ ❯s✐♥❣ t❤❡ ❉❋❚ ✇❡r❡ ♣❡r❢♦r♠❡❞ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ♦❢ t❤❡ ❛r❡❛ ❛❝❝❡ss✐❜❧❡

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

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



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

❡♥❡r❣②✳

❚❤❡ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s s❤♦✇ t❤❛t t❤❡r❡ ✐s ❛ ♣♦ss✐❜✐❧✐t② t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ t❤❡ ❈✲t❡r♠✐♥❛❧
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✹✳✺ ▼♦❞♦s ♥♦r♠❛✐s ❡ ❛s r❡s♣❡❝t✐✈❛s ❛tr✐❜✉✐çõ❡s ✈✐❜r❛❝✐♦♥❛✐s ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❛♣r♦①✐✲

♠❛çã♦ ▲❉❆✴P❲❈ ♣❛r❛ ♦ P❡♣✳■■■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✹✳✻ ▼♦❞♦s ♥♦r♠❛✐s ❡ ❛s r❡s♣❡❝t✐✈❛s ❛tr✐❜✉✐çõ❡s ✈✐❜r❛❝✐♦♥❛✐s ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❛♣r♦①✐✲

♠❛çã♦ ●●❆✴P❇❊ ♣❛r❛ ♦ P❡♣✳■■■✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦ ❛s P❡ç♦♥❤❛s ❖❢í❞✐❝❛s

❆s ♣❡ç♦♥❤❛s ó✜❞✐❝❛s ♣♦ss✉❡♠ ♥❛ s✉❛ ❝♦♥st✐t✉✐çã♦ s✉❜stâ♥❝✐❛s ❞✐st✐♥t❛s q✉❡ ❛♣r❡s❡♥t❛♠ ❞✐❢❡✲

r❡♥t❡s ❛t✐✈✐❞❛❞❡s ❜✐♦❧ó❣✐❝❛s✳ ❈❡r❝❛ ❞❡ ✾✵✪ ❞♦ ♣❡s♦ s❡❝♦ ❞❡st❛s ♣❡ç♦♥❤❛s é ❝♦♥st✐t✉í❞♦ ♣♦r ♣r♦t❡í♥❛s✱

✐♥❝❧✉í♥❞♦ ❛s ❡♥③✐♠❛s✱ t♦①✐♥❛s ♥ã♦ ❡♥③✐♠át✐❝❛s ❡ ♣r♦t❡í♥❛s ♥ã♦ tó①✐❝❛s ✭❢♦s❢♦❧✐♣❛s❡s✱ ❤✐❛❧✉r♦♥✐❞❛✲

s❡s✱ ♣r♦t❡❛s❡s ❞❡ ❞✐✈❡rs❛s ❡s♣❡❝✐✜❝✐❞❛❞❡s✱ ❢♦s❢❛t❛s❡s✱ ❝♦❧❛❣❡♥❛s❡s✱ ♥✉❝❧❡❛s❡s✱ ❧❛♠✐♥♦á❝✐❞♦✲♦①✐❞❛s❡s✱

♥✉❝❧❡♦t✐❞❛s❡s✱ ❡t❝✮✳ P♦r s❡r ❡ss❛ ♠✐st✉r❛ ❞✐✈❡rs✐✜❝❛❞❛ ❞❡ ❛❣❡♥t❡s ❜✐♦❧♦❣✐❝❛♠❡♥t❡ ❛t✐✈♦s✱ ♣♦❞❡♠

✐♥t❡r❛❣✐r ❝♦♠ ✉♠❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ ❡str✉t✉r❛s ♥♦s s❡r❡s ✈✐✈♦s ✭♣r♦t❡í♥❛s✱ ❧✐♣í❞✐♦s✱ á❝✐❞♦s ♥✉❝❧❡✐❝♦s✱

s✉❜stâ♥❝✐❛ ❢✉♥❞❛♠❡♥t❛❧ ❛♠♦r❢❛ ❡ ♠❡♠❜r❛♥❛s ❝❡❧✉❧❛r❡s✮ ❬✶✱ ✷✱ ✸❪✳

❆s s✉❜stâ♥❝✐❛s ♣r❡s❡♥t❡s ♥❛s ♣❡ç♦♥❤❛s ❞❡ s❡r♣❡♥t❡s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ♥❡✉r♦✲

t♦①✐♥❛s✱ ❝❛r❞✐♦t♦①✐♥❛s ✭❝✐t♦t♦①✐♥❛s✮✱ ♠✐♦t♦①✐♥❛s ❡ ❢❛t♦r❡s q✉❡ ❛❧t❡r❛♠ ❛ ❤❡♠♦st❛s❡ ✭✐♥❝❧✉✐♥❞♦ ❛s

❤❡♠♦rr❛❣✐❛s✮✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t✐♣♦ ❞❡ ❝é❧✉❧❛ ❛❧✈♦ ❬✷✱ ✹✱ ✺❪✳ ❆❧❣✉♠❛s ❞❛s t♦①✐♥❛s ♣♦❞❡♠ ❛t✉❛r ❡♠

♠❛✐s ❞❡ ✉♠ t✐♣♦ ❞❡ ❝é❧✉❧❛✳

❆s ♠✐♦t♦①✐♥❛s ❢♦r♠❛♠ ✉♠ ❣r✉♣♦ ❞✐✈❡rs✐✜❝❛❞♦ ❞❡ t♦①✐♥❛s q✉❡ ❛t✉❛♠ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ❝❛✉✲

s❛♥❞♦ ❧❡sã♦ ♥♦ t❡❝✐❞♦ ♠✉s❝✉❧❛r✳ ❆s ♠✐♦t♦①✐♥❛s ♣r❡s❡♥t❡s ♥❛ ♣❡ç♦♥❤❛ ❞❛s s❡r♣❡♥t❡s ♣♦❞❡♠ ❛✐♥❞❛ s❡r

❞✐✈✐❞✐❞❛s ❡♠ ✸ ❣r✉♣♦s ♣r✐♥❝✐♣❛✐s✱ ❝♦♥st✐t✉í❞♦s ♣♦r ❢❛♠í❧✐❛s ❞❡ ♣r♦t❡í♥❛s ❝♦♠ ❡str✉t✉r❛s ❞✐❢❡r❡♥t❡s✿

♣❡♣tí❞❡♦s ♠✐♦tó①✐❝♦s✱ ❝❛r❞✐♦t♦①✐♥❛s ❡ ❢♦s❢♦❧✐♣❛s❡s ❆2 ♠✐♦tó①✐❝❛s ❬✻❪✳
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✶✳✶ ❋♦s❢♦❧✐♣❛s❡s

❆s ❢♦s❢♦❧✐♣❛s❡s sã♦ ❡♥③✐♠❛s q✉❡ r❡❛❧✐③❛♠ ❛ ❤✐❞ró❧✐s❡ ❞❡ ❢♦s❢♦❧í♣✐❞✐♦s✳ ❉✐✈❡rs♦s ♣r♦❞✉t♦s sã♦

♦❜t✐❞♦s ❞❡✈✐❞♦ ❛ ❛t✐✈✐❞❛❞❡ ❞❛s ❢♦s❢♦❧✐♣❛s❡s ❡ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦s✐çã♦ ❞♦ s✉❜str❛t♦ ♥♦ q✉❛❧ ♦❝♦rr❡ ❛

❤✐❞ró❧✐s❡ ❛s ❢♦s❢♦❧✐♣❛s❡s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❡♠ ❆1✱ ❆2✱ ❈ ❡ ❉✳ ❋✐❣✳ ✶✳✶✳

❋✐❣✉r❛ ✶✳✶✿ ❊str✉t✉r❛ ❞❡ ✉♠ ❢♦s❢♦❧✐♣í❞✐♦ ❡ ❛s r❡s♣❡❝t✐✈❛s ❧✐❣❛çõ❡s ♦♥❞❡ ❛t✉❛♠ ❛s ❋♦s❢♦❧✐♣❛s❡s

✶✳✷ ❋♦s❢♦❧✐♣❛s❡s ❆2

❆s ❋♦s❢♦❧✐♣❛s❡s ❆2 sã♦ ❡♥③✐♠❛s ❛❜✉♥❞❛♥t❡s ♥❛ ♥❛t✉r❡③❛✳ ❊❧❛s sã♦ ❡♥❝♦♥tr❛❞❛s ♥♦ r❡✐♥♦ ❛♥✐✲

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

♣r❡s❡♥t❡s ♥♦s ♠❡✐♦s ✐♥tr❛ ❡ ❡①tr❛❝❡❧✉❧❛r ❬✻❪✳ P♦ss✉❡♠ ❞✐✈❡rs❛s ❢✉♥çõ❡s ♥♦s ♦r❣❛♥✐s♠♦s ✈✐✈♦s ❛s

q✉❛✐s ❞❡♣❡♥❞❡♠ ❞♦ t✐♣♦ ❞❡ P▲❆2✱ s❡♥❞♦ ❝❛♣❛③❡s ❞❡ ♣❛rt✐❝✐♣❛r ❝♦♠♦ ♠❡❞✐❛❞♦r❛s ❡♠ ✈ár✐♦s ♣r♦✲

❝❡ss♦s ✐♥✢❛♠❛tór✐♦s✳ ❆❧❣✉♠❛s P▲❆2 ♠❡s♠♦ ❛♣r❡s❡♥t❛♥❞♦ ✉♠ ❛❧t♦ ❣r❛✉ ❞❡ s✐♠✐❧❛r✐❞❛❞❡ ❡str✉t✉r❛❧

♣♦ss✉❡♠ ❢✉♥çõ❡s ❞✐st✐♥t❛s✳ ❆s P▲❆2s ✐♥tr❛❝❡❧✉❧❛r❡s ♣♦ss✉❡♠ ❛❧t❛ ♠❛ss❛ ♠♦❧❡❝✉❧❛r ✭✽✺ ❦❉❛✮✶ ❡

tê♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ í♦♥ ❝á❧❝✐♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛ s✉❛ ❛t✐✈✐❞❛❞❡ ❡♥③✐♠át✐❝❛✳ ❊st❛♥❞♦ ❛ss♦❝✐✲

❛❞❛s ❛s ♠❡♠❜r❛♥❛s ♥♦ ♠❡t❛❜♦❧✐s♠♦ ❞❡ ❢♦s❢♦❧✐♣í❞✐♦s ✭♣❡rt✉r❜❛çõ❡s ❞❛s ♠❡♠❜r❛♥❛s✮✱ ♥❛ s✐♥❛❧✐③❛çã♦

❝❡❧✉❧❛r ❡ ♥♦ r❡♠♦❞❡❧❛♠❡♥t♦ ❞❡ ❢♦s❢♦❧✐♣í❞✐♦s ❬✼✱ ✽❪✳
✶✶ ❦❉❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✶✴✶✷ ❞❛ ♠❛ss❛ ❞♦ ❝❛r❜♦♥♦ ❈✲✶✷✱ ♦✉ ❛✐♥❞❛ 1, 660538921x10

−24 ❦❣✳
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❆s P▲❆2s ❡①tr❛❝❡❧✉❧❛r❡s sã♦ ❡♥③✐♠❛s ♣❡q✉❡♥❛s ✭✶✶✾ ❛ ✶✷✸ ❛♠✐♥♦á❝✐❞♦s✮ ❝♦♠ ❜❛✐①♦ ♣❡s♦

♠♦❧❡❝✉❧❛r ✭✶✷ ❛ ✶✺ ❦❉❛✮ ❡ ❛ss✐♠ ❝♦♠♦ ❛s ✐♥tr❛❝❡❧✉❧❛r❡s✱ ♥❛ s✉❛ ❣r❛♥❞❡ ♠❛✐♦r✐❛✱ ♥❡❝❡ss✐t❛♠ ❞❛

♣r❡s❡♥ç❛ ❞❡ í♦♥s ❞❡ ❝á❧❝✐♦ ♣❛r❛ ❡①❡r❝❡r ❛ ❛t✐✈✐❞❛❞❡ ❡♥③✐♠át✐❝❛✳ ❊❧❛s sã♦ ❡♥❝♦♥tr❛❞❛s ❡♠ ✢✉✐❞♦s

❜✐♦❧ó❣✐❝♦s ❝♦♠♦ s❡❝r❡çõ❡s ♣❛♥❝r❡át✐❝❛s✱ ❡①✉❞❛❞♦s ✐♥✢❛♠❛tór✐♦s ❡ ❡♠ ♣❡ç♦♥❤❛s ❞❡ ré♣t❡✐s ✭s❡r♣❡♥t❡s

❡ ❧❛❣❛rt♦s✮ ❡ ✐♥s❡t♦s ❬✽✱ ✾❪✳

❆s P▲❆2s ❤✐❞r♦❧✐s❛♠ ♦s ❢♦s❢♦❧✐♣í❞✐♦s ❞❡ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ♥❛ ♣♦s✐çã♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛

❧✐❣❛çã♦ ❞❡ ést❡r s♥✲✷ ❋✐❣✳ ✶✳✶✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ❞❡ss❡ ♣r♦❝❡ss♦ sã♦ ❧✐❜❡r❛❞♦s á❝✐❞♦s ❣r❛①♦s ❧✐✈r❡s ❡

❧✐s♦❢♦s❢♦❧✐♣í❞❡♦s ♦s q✉❛✐s sã♦ ❛❣❡♥t❡s ❞❡ ❞✐✈❡rs♦s ♣r♦❝❡ss♦s ✜s✐♦❧ó❣✐❝♦s ❡ ♣❛t♦❧ó❣✐❝♦s ❡ s❡r✈❡♠ ❝♦♠♦

♣r❡❝✉rs♦r❡s r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ❛ ♣r♦❧✐❢❡r❛çã♦✱ ♠✐❣r❛çã♦ ❡ ❝♦♥tr♦❧❡ ❞❛ ❛♣♦♣t♦s❡ ❡♠ ✈ár✐♦s ♣r♦❝❡ss♦s

✐♥✢❛♠❛tór✐♦s ❬✶✵❪✳ ❆s P▲❆2s ❛♣r❡s❡♥t❛♠ ❛t✐✈✐❞❛❞❡ ♠❛✐s ✐♥t❡♥s❛ q✉❛♥❞♦ ❛t✉❛♠ ❡♠ ❛❣r✉♣❛♠❡♥t♦ ❞❡

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

❡ss❡ ❢❡♥ô♠❡♥♦ ❞❡ ❛t✐✈❛çã♦ ✐♥t❡r❢❛❝✐❛❧ ❬✶✶✱ ✶✷✱ ✶✸✱ ✶✹❪✳

❆ ❢❛♠í❧✐❛ ❞❛s P▲❆2s ♣♦ss✉✐ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❡♥③✐♠❛s q✉❡ ✈❛r✐❛♠ ❡♠ ♣❡s♦ ♠♦❧❡❝✉❧❛r✱ ❤♦✲

♠♦❧♦❣✐❛ s❡q✉❡♥❝✐❛❧✱ ❡ ❝♦❢❛t♦r ❝❛t✐ô♥✐❝♦ ❬✶✶❪✳ ❆ ❝❧❛ss✐✜❝❛çã♦ ❞❛s ❢♦s❢♦❧✐♣❛s❡s ❆2 s❡ ❞á ♣♦r ❝r✐tér✐♦s

❡str✉t✉r❛✐s ❡ ❢✉♥❝✐♦♥❛✐s✳ ❊♠ ✶✾✾✹✱ ❛s P▲❆2s ❢♦r❛♠ ❝❧❛ss✐✜❝❛❞❛s s✐st❡♠❛t✐❝❛♠❡♥t❡ ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ s✉❛ s❡q✉ê♥❝✐❛ ❞❡ ❛♠✐♥♦á❝✐❞♦s ❡♠ três ❣r✉♣♦s ❬✶✺❪✳

❈♦♠ ❛ ❞❡s❝♦❜❡rt❛ ❞❡ ♥♦✈❛s P▲❆2s ❡ss❛ ❝❧❛ss✐✜❝❛çã♦ ❢♦✐ r❡✈✐s❛❞❛ ❛❧❣✉♠❛s ✈❡③❡s✳ ❆t✉❛❧♠❡♥t❡✱

❛s P▲❆2s ❝♦♥st✐t✉❡♠ ✉♠❛ s✉♣❡r❢❛♠í❧✐❛ ❞❡ ❡♥③✐♠❛s ❝♦♠♦ ✶✺ ❣r✉♣♦s ❡ ♠✉✐t♦s s✉❜❣r✉♣♦s✳ ❊ss❡s

❣r✉♣♦s ❡ s✉❜❣r✉♣♦s sã♦ ❢♦r♠❛❞♦s ♣♦r ❝✐♥❝♦ t✐♣♦s ❞❡ ❡♥③✐♠❛s q✉❡ sã♦ ❛s P▲❆2 s❡❝r❡t❛❞❛s ✭sP▲❆2✮✱ ❛s

P▲❆2 ❝✐t♦só❧✐❝❛s ✭❝P▲❆2✮✱ ❛s P▲❆2 Ca
2+ ✐♥❞❡♣❡♥❞❡♥t❡s ✭✐P▲❆2✮✱ ♦s ❢❛t♦r❡s ❞❡ ❛t✐✈❛çã♦ ♣❧❛q✉❡tár✐❛

❞♦ t✐♣♦ ❛❝❡t✐❧❤✐❞r♦❧❛s❡s ✭P❆❋❆❍✮ ❡ ❛s P▲❆2 ❧✐s♦ss♦♠❛✐s ❬✶✺❪✳

❆s sP▲❆2 ♣♦ss✉❡♠ ♣❡s♦ ♠♦❧❡❝✉❧❛r ✈❛r✐❛♥❞♦ ❞❡ ✶✸ ❛ ✶✽ ❦❉❛✱ ✐♥t❡r❢❡r❡♠ ♥♦s ♣r♦❝❡ss♦s ✜s✐♦❧ó✲

❣✐❝♦s ♥♦r♠❛✐s ❞❛ ✈ít✐♠❛ ❛tr❛✈és ❞❛ ❞❡str✉✐çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ❬✶✶✱ ✶✺❪✳ ❆s P▲❆2 ❞❡ ♣❡ç♦♥❤❛s

♦❢í❞✐❝❛s sã♦ ❞♦ t✐♣♦ s❡❝r❡t❛❞❛s ❡ ❡stã♦ ❝❧❛ss✐✜❝❛❞❛s ♥♦s s✉❜❣r✉♣♦s ■ ❆✱ ■■ ❆ ❡ ■■ ❇✳ P♦ss✉❡♠ ✉♠ ❛❧t♦

❣r❛✉ ❞❡ s✐♠✐❧❛r✐❞❛❞❡ ❡str✉t✉r❛❧✱ ♠❛s ❛♣r❡s❡♥t❛ ❡❢❡✐t♦s t♦①✐❝♦❧ó❣✐❝♦s ❞✐✈❡rs♦s ❝♦♠♦✿ ♥❡✉r♦t♦①✐❝✐❞❛❞❡✱
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♠✐♦t♦①✐❝✐❞❛❞❡✱ ❝❛r❞✐♦t♦①✐❝✐❞❛❞❡✱ ❛t✐✈❛çã♦ ❡✴♦✉ ✐♥✐❜✐çã♦ ❞❛ ❛❣r❡❣❛çã♦ ♣❧❛q✉❡tár✐❛✱ ❛♥t✐❝♦❛❣✉❧❛çã♦✱

❡❞❡♠❛✱ ❝♦♥✈✉❧sã♦✱ ❤✐♣♦t❡♥sã♦✱ ❤❡♠♦rr❛❣✐❛ ✐♥t❡r♥❛✱ ❞❡♥tr❡ ♦✉tr❛s✱ ♣♦ré♠✱ ♥❡♠ t♦❞❛s ❛s P▲❆2s

✐♥❞✉③❡♠ t♦❞♦s ❡ss❡s ❡❢❡✐t♦s ❬✶✻❪✳ ❆s P▲❆2 ♠✐♦t♦①✐❝❛s q✉❡ ❡stã♦ ♣r❡s❡♥t❡s ❡♠ s❡r♣❡♥t❡s ♣♦❞❡♠ s❡r

❞✐✈✐❞✐❞❛s ❡♠ ❞♦✐s t✐♣♦s✱ ❛s ♥❡✉r♦tó①✐❝❛s ❡ ♥ã♦ ♥❡✉r♦tó①✐❝❛s ❬✶✼❪✳ ❆s P▲❆2 ♣r❡s❡♥t❡s ♥♦ s✉❜❣r✉♣♦ ■

❆ sã♦ ❛❧t❛♠❡♥t❡ ♥❡✉r♦tó①✐❝❛s✱ ❝❛✉s❛♥❞♦ ♣❛r❛❧✐s✐❛ ❡ ♠♦rt❡ ❞❡✈✐❞♦ à ✐♥s✉✜❝✐ê♥❝✐❛ r❡s♣✐r❛tór✐❛ ❡ sã♦

❡♥❝♦♥tr❛❞❛s ❡♠ ✈❡♥❡♥♦s ❞❡ s❡r♣❡♥t❡s ❞❛s ❢❛♠í❧✐❛s ❊❧❛♣✐❞❛❡ ❡ ❍②❞r♦♣❤✐❞❛❡✳ ❖ s✉❜❣r✉♣♦ ■■ ✐♥❞✉③

❡❢❡✐t♦s ❧♦❝❛✐s✱ t❛✐s ❝♦♠♦ ❤❡♠♦rr❛❣✐❛✱ ♥❡❝r♦s❡ ❡ ❡❞❡♠❛s✱ ♥ã♦ ❝❛✉s❛♥❞♦ ❡❢❡✐t♦s ♥❡✉r♦tó①✐❝♦s ❡ sã♦

❡♥❝♦♥tr❛❞❛s ❡♠ ✈❡♥❡♥♦s ❞❡ s❡r♣❡♥t❡s ❞❛s ❢❛♠í❧✐❛s ❱✐♣❡r✐❞❛❡ ❡ ❈r♦t❛❧✐❞❛❡ ❬✽✱ ✶✶✱ ✶✺❪✳ ❆s ❡♥③✐♠❛s

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

❞♦s ❢♦s❢♦❧✐♣í❞✐♦s ❞❛ ♠❡♠❜r❛♥❛ ♠♦❞✐✜❝❛♥❞♦ ♦ ✐♥✢✉①♦ ❞❡ ❝á❧❝✐♦ ♥❛s ❝é❧✉❧❛s ♦❝❛s✐♦♥❛♥❞♦ ❛ss✐♠ ❛

♠✐♦♥❡❝r♦s❡ ✭♠♦rt❡ ❞❛s ❝é❧✉❧❛s ❞♦ t❡❝✐❞♦ ♠✉s❝✉❧❛r✮✳

❆s P▲❆2 ♠✐♦tó①✐❝❛s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ■ ❆ ❡ ■■ ❆✱ ♥♦ ❡♥t❛♥t♦ ❛s ❞♦ ❣r✉♣♦ ■■ ❆ sã♦ ❛✐♥❞❛

❞✐✈✐❞✐❞❛s ❡♠ ❞♦✐s s✉❜❣r✉♣♦s ❛s ❋♦s❢♦❧✐♣❛s❡s ❆2 ❆s♣❛rt❛t♦ ✹✾ ✭P▲❆2s ❆s♣ ✹✾✮ ❡ ❛s ❋♦s❢♦❧✐♣❛s❡s

❆2 ▲✐s✐♥❛ ✹✾ ✭P▲❆2s ▲②s ✹✾✮ ♦✉ ❤♦♠♦❧♦❣❛s✳ ❆❙ P▲❆2 ❆s♣ ✹✾ ❛♣r❡s❡♥t❛♠ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ❛♦

✐♥t❡r❛❣✐r❡♠ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳ ❏á ❛s P▲❆2 ▲②s ✹✾ ❛♣r❡s❡♥t❛♠ ♣♦✉❝❛ ♦✉ ♥❡❤✉♠❛ ❛t✐✈✐❞❛❞❡

❝❛t❛❧ít✐❝❛ ❛♦ ✐♥t❡r❛❣✐r❡♠ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ❬✾✱ ✶✼✱ ✶✽✱ ✶✾❪✳ ❏á ❢♦r❛♠ ✐s♦❧❛❞❛s ❛❧❣✉♠❛s

✈❛r✐❛♥t❡s ❞❛s P▲❆2s ▲②s ✹✾ ❡♠ ✈❡♥❡♥♦s ♦❢í❞✐❝♦s ❝♦♠♦ é ♦ ❝❛s♦ ❞❛ ❆r❣ ✹✾ ❡ ❙❡r ✹✾✱ ♣♦ré♠ ❝♦♠

❛❧t♦ ❣r❛✉ ❞❡ s✐♠✐❧❛r✐❞❛❞❡ ❝♦♠ ❛s ▲②s ✹✾ ❬✶✶❪✳ ❯♠ ♦✉tr♦ ❣r✉♣♦ ❞❡ ♣r♦t❡í♥❛s ♠✐♦tó①✐❝❛s tê♠

s✐❞♦ ❝♦♥s✐❞❡r❛❞♦✱ ❡st❛s ❞❛♥✐✜❝❛♠ ♦ ♠ús❝✉❧♦ ❡sq✉❡❧ét✐❝♦ ♣♦r ♠❡❝❛♥✐s♠♦ ✐♥❞✐r❡t♦✳ ❈♦♠♦ é ♦ ❝❛s♦

❞❛s t♦①✐♥❛s ❤❡♠♦rrá❣✐❝❛s q✉❡ ❝❛✉s❛♠ ✐sq✉❡♠✐❛ ❡ ♠✐♦♥❡❝r♦s❡ s❡❝✉♥❞ár✐❛ ❞❡ ✐♥í❝✐♦ ❧❡♥t♦✱ s❡♥❞♦

❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ ❢❛t♦r❡s ♠✐♦tó①✐❝♦s ✐♥❞✐r❡t♦s ❬✶✼✱ ✷✵❪✳

✶✳✸ ❊str✉t✉r❛

❆s s❡q✉ê♥❝✐❛s ❞❡ ❛♠✐♥♦á❝✐❞♦s q✉❡ ❢♦r♠❛♠ ❛s P▲❆2s ❛♣r❡s❡♥t❛♠ ✉♠ ❛❧t♦ ❣r❛✉ ❞❡ s✐♠✐❧❛r✐❞❛❞❡

❡str✉t✉r❛❧ ❝♦♠ ❛s s❡❣✉✐♥t❡s ❝❛r❛❝t❡ríst✐❝❛s α✲❤é❧✐❝❡ ❞❡ ❞♦③❡ r❡sí❞✉♦s ♥❛ r❡❣✐ã♦ ◆ t❡r♠✐♥❛❧✱ ✉♠ ❧♦♦♣
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r❡❧❛t✐✈❛♠❡♥t❡ ❧♦♥❣♦ ❝♦♥t❡♥❞♦ ♦ sít✐♦ ❞❡ ❧✐❣❛çã♦ ❞♦ í♦♥ ❝á❧❝✐♦✱ ✉♠ ♣❛r ❞❡ α✲❤é❧✐❝❡s ♣❛r❛❧❡❧❛s✱ ✉♠❛

❞✉♣❧❛ ✜t❛✲β ❛♥t✐♣❛r❛❧❡❧❛ ❝✉rt❛ ❡ ✉♠ ❧♦♦♣ ❈ t❡r♠✐♥❛❧ ❬✶✶✱ ✷✶✱ ✷✷❪✳ ❋✐❣✳ ✶✳✷✳

❋✐❣✉r❛ ✶✳✷✿ ■❧✉str❛çã♦ ❞❛ ❡str✉t✉r❛ ❞❛s P▲A2s ❞♦ ❣r✉♣♦ ■ ❆ ❡ ■■ ❆✳ ❊❧❡♠❡♥t♦s ❞❛ ❡str✉t✉r❛

s❡❝✉♥❞ár✐❛✿ três ❤é❧✐❝❡s✲α✱ ❛ ❛s❛✲β✱ ♦ ❧♦♦♣ ❞❡ ❧✐❣❛çã♦ ❞❡ Ca2+ ✭♣r❡s❡♥t❡ ♥❛s ❆s♣✹✾✲P▲❆2✮ ❡ ♦ ❧♦♦♣

❈✲t❡r♠✐♥❛❧ ✭❆♠❜r♦s✐♦ ✷✵✵✸✮

❖ ♠❡❝❛♥✐s♠♦ ❡ ♦ sít✐♦ ❝❛t❛❧ít✐❝♦ ❞❛s ♠✐♦t♦①✐♥❛s P▲❆2s ❆s♣ ✹✾ ❥á ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s✳ ❊st❛

t♦①✐♥❛ r❡q✉❡r ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝♦❢❛t♦r ♣❛r❛ ❡①❡r❝❡r ❛ s✉❛ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ♦ q✉❛❧ é í♦♥ ❞❡

❝á❧❝✐♦ ❞✐✈❛❧❡♥t❡ ✭Ca2+✮✱ ♥ã♦ ❛❝❡✐t❛♥❞♦ ♦✉tr♦ ❝♦❢❛t♦r ❬✶✶✱ ✷✸❪✳ Pr❡s❡♥t❡ ♥♦ ✐♥í❝✐♦ ❞♦ sít✐♦ ❝❛t❛❧ít✐❝♦

♦ Ca2+ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ✐♥t❡r❛çã♦ ✐♥✐❝✐❛❧ ❡♥tr❡ ❛ ❡♥③✐♠❛ ❡ ♦ s✉❜str❛t♦✳ ❙❡✉ sít✐♦ ❞❡ ❧✐❣❛çã♦ ✭✏❧♦♦♣

❞❡ ❧✐❣❛çã♦ ❞♦ Ca2+✑✮ t❛♠❜é♠ é ❝♦♥s❡r✈❛❞♦ ❡ ❝♦♠♣r❡❡♥❞❡ ♦s r❡sí❞✉♦s ❚②r✷✽✱ ●❧②✸✵ ❡ ●❧②✸✷✱ q✉❡

❡♠ ❝♦♠❜✐♥❛çã♦ ❝♦♠ ♦ r❡sí❞✉♦ ❞❡ ❆s♣✹✾ ❧✐❣❛ ♦ í♦♥ ❝á❧❝✐♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❝❛tá❧✐s❡✳ ❆ ♣r❡s❡♥ç❛ ❞♦

❛♠✐♥♦á❝✐❞♦ ❛s♣❛rt❛t♦ ♥❛ ♣♦s✐çã♦ ✹✾ é ❞❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ ♣❡r♠❛♥ê♥❝✐❛ ❞♦ í♦♥

❞❡ ❝á❧❝✐♦ ♥❛ ♠♦❧é❝✉❧❛✱ ✉♠❛ ✈❡③ q✉❡ ❛♣r❡s❡♥t❛ ❝❛r❣❛ ♥❡❣❛t✐✈❛ ❡ ❧❡✈❛ ❛♦ ❡q✉✐❧í❜r✐♦ ❡❧❡tr♦stát✐❝♦

❞❛ r❡❣✐ã♦✳ ❚rês ♦✉tr♦s ❛♠✐♥♦á❝✐❞♦s sã♦ t❛♠❜é♠ ✐♥✈❛r✐❛♥t❡s ❞❡♥tr♦ ❞❡st❛ ❝❧❛ss❡✿ ❍✐st✐❞✐♥❛ ✹✽✱

❚✐r♦s✐♥❛ ✼✸ ❡ ♦ ❆s♣❛rt❛t♦ ✾✾✳ ❆ ❍✐st✐❞✐♥❛ ✹✽ ❡ ♦ ❆s♣❛rt❛t♦ ✾✾ ❡stã♦ ❡♥✈♦❧✈✐❞♦s ♥♦ ♠❡❝❛♥✐s♠♦

❝❛t❛❧ít✐❝♦ ❞❛s ♠❡s♠❛s✳ ❖ s✉❜str❛t♦ ❞❡ss❛s ❡♥③✐♠❛s é ❧❡✈❛❞♦ ❛♦ sít✐♦ ❝❛t❛❧ít✐❝♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠

❝❛♥❛❧ ❤✐❞r♦❢ó❜✐❝♦ ❝♦♥st✐t✉í❞♦ ♣♦r ❤é❧✐❝❡s ❝♦♠ ❛♠✐♥♦á❝✐❞♦s ❛♣♦❧❛r❡s ✭❛❧❛♥✐♥❛s✱ ✈❛❧✐♥❛s✱ ❧❡✉❝✐♥❛s✱
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✐s♦❧❡✉❝✐♥❛s ❡ ❢❡♥✐❧❛❧❛♥✐♥❛s✮ ❡①♣♦st♦s ❛ ❝♦♥t❛t♦s ❞❡♥tr♦ ❞❡ss❛ ❝❛✈✐❞❛❞❡✳ ❖ ❤✐❞r♦❣ê♥✐♦ ❞♦ r❡sí❞✉♦ ❞❡

❍✐s✹✽ s❡ ❧✐❣❛ à ♠♦❧é❝✉❧❛ ❞❡ á❣✉❛ ✉s❛❞❛ ♣❛r❛ ❛ ❤✐❞ró❧✐s❡✱ ❡♥q✉❛♥t♦ q✉❡ ♦ r❡sí❞✉♦ ❞❡ ❆s♣✹✾ ❝♦♦r❞❡♥❛

❡ ♣♦s✐❝✐♦♥❛ ♦ í♦♥ ❝á❧❝✐♦✱ ♦ q✉❛❧ s❡ ❧✐❣❛ ❡ ♣♦❧❛r✐③❛ t❛♥t♦ ♦s ❣r✉♣♦s ❢♦s❢❛t♦ ❡ s♥✲✷ ❝❛r❜♦♥✐❧ ❞❛ ♠♦❧é❝✉❧❛

❞❡ ❢♦s❢♦❧✐♣í❞✐♦ ❞✉r❛♥t❡ ❛ ❤✐❞ró❧✐s❡ ❬✷✹❪✳

✶✳✹ ❋♦s❢♦❧✐♣❛s❡s ❆2 ▲✐s✐♥❛ ✹✾

❉❡✈✐❞♦ à ✐♠♣♦rtâ♥❝✐❛ ❞♦ ❛♠✐♥♦á❝✐❞♦ á❝✐❞♦ ❛s♣árt✐❝♦ ✭❆s♣❛rt❛t♦✮ ♥❛ ♣♦s✐çã♦ ✹✾ ♣❛r❛ ❛t✐✈✐✲

❞❛❞❡ ❡♥③✐♠át✐❝❛ ❞❛s P▲❆2s✱ ❡ ❡♠ ♣❛rt✐❝✉❧❛r ♣❛r❛ ❛s P▲❆2s ♠✐♦tó①✐❝❛s ❛ s✉❛ s✉❜st✐t✉✐çã♦ ♣❡❧♦

❛♠✐♥♦á❝✐❞♦ ▲✐s✐♥❛ ✐♠♣♦ss✐❜✐❧✐t❛ ❛ ❧✐❣❛çã♦ ❞♦ í♦♥ Ca2+✱ ♦ q✉❛❧ t❡♠ ♦ sít✐♦ ❞❡ ❧✐❣❛çã♦ ♦❝✉♣❛❞♦ ♣❡❧♦

❣r✉♣♦ ǫ✲❛♠✐♥♦ ❞❛ ❝❛❞❡✐❛ ❧❛t❡r❛❧ ❞❛ ▲②s✹✾✳ ❆❧❣✉♥s tr❛❜❛❧❤♦s tê♠ ♠♦str❛❞♦ q✉❡✱ ❝♦♠ ❡①❝❡çã♦ ❞♦

❆s♣ ✹✾✱ ❛s ✈❛r✐❛♥t❡s P▲❆2s ▲②s ✹✾ ♠❛♥té♠ ❝♦♥s❡r✈❛❞♦ t♦❞♦s ♦s ❞❡♠❛✐s r❡sí❞✉♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛

❛ ♠❛q✉✐♥❛r✐❛ ❝❛t❛❧ít✐❝❛ ❬✶✶❪✳

❆s P▲❆2s ❤♦♠ó❧♦❣❛s ❛♣r❡s❡♥t❛♠ ♠❡❝❛♥✐s♠♦ ❝❛t❛❧ít✐❝♦ ❝♦♠♣r♦♠❡t✐❞♦✱ ❡st❡ ❢❛t♦ t❡♠ s✐❞♦

❛ss♦❝✐❛❞♦ ❛ ❛✉sê♥❝✐❛ ❞♦ ❛♠✐♥♦á❝✐❞♦ ❛s♣❛rt❛t♦ ♥❛ ♣♦s✐çã♦ ✹✾✳ ◆♦ ❡♥t❛♥t♦✱ ❛✐♥❞❛ s✐♠ ❛♣r❡s❡♥t❛♠

❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝❛✉s❛r ❞❛♥♦s ♥❛s ❝é❧✉❧❛s✳ ❆s P▲❆2 ▲②s ✹✾ ❛♦ ❝♦♥trár✐♦ ❞❛s ❆s♣ ✹✾ ❛♦ ❡①❡r❝❡r❡♠

s✉❛s ❛t✐✈✐❞❛❞❡s ❜✐♦❧ó❣✐❝❛s ❛♣r❡s❡♥t❛♠ ♣♦✉❝❛ ♦✉ ♥❡♥❤✉♠❛ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ❬✶✶❪✳

❯♠❛ ❤✐♣ót❡s❡✱ ❝♦♥s✐❞❡r❛❞❛ ✐♥✐❝✐❛❧♠❡♥t❡✱ ❜❛s❡❛✈❛✲s❡ ❡♠ ❛♥á❧✐s❡s ❡str✉t✉r❛✐s ❡ ❡①♣❧✐❝❛✈❛ q✉❡

❛ ❛✉sê♥❝✐❛ ❞❡ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ s❡ ❞❛✈❛ ♣❡❧❛ ✐♥✈❡rsã♦ ❞❛ ❧✐❣❛çã♦ ♣❡♣tí❞✐❝❛ ❈②s✷✾✲●❧②✸✵ ❡ s✉❛

✐♥❝❛♣❛❝✐❞❛❞❡ ❞❡ s❡ ❧✐❣❛r ❛♦ í♦♥ ❞❡ ❝á❧❝✐♦ ❬✶✶❪✳ ◆♦ ❡♥t❛♥t♦✱ ❛❧❣✉♥s tr❛❜❛❧❤♦s ♠♦str❛r❛♠ q✉❡ ♣♦ss✐✲

✈❡❧♠❡♥t❡ ❛s P▲❆2s✱ ❡♠❜♦r❛ ♥ã♦ ❛♣r❡s❡♥t❡♠ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ❡♠ s✉❜str❛t♦s ❛rt✐✜❝✐❛✐s ✐♥ ✈✐tr♦✱

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

❬✶✾✱ ✷✵✱ ✷✺❪✳

P♦ré♠✱ ♦s ❡①♣❡r✐♠❡♥t♦s q✉❡ ❞❡♠♦str❛♠ ❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❛ss♦❝✐❛❞♦ ❛ ▲②s ✹✾ ♥ã♦ sã♦

s✉✜❝✐❡♥t❡s ♣❛r❛ ❛✜r♠❛r q✉❡ ❛s ♠❡s♠❛s ♣♦ss✉❡♠ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♣r❡s❡♥ç❛

❞♦s á❝✐❞♦s ❣r❛①♦s q✉❡ sã♦ ♣r♦❞✉t♦s ❛ss♦❝✐❛❞♦s ❛ ❛çã♦ ❞❛s P▲❆2s ♣♦❞❡ ❡st❛r ❛ss♦❝✐❛❞❛ ❛ ❛t✐✈❛çã♦
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✐♥❞✐r❡t❛ ❞❡ ❧✐♣❛s❡s ❝❡❧✉❧❛r❡s ❡♥❞ó❣❡♥♦s✱ s❡♥❞♦ ❡ss❛ ❤✐♣ót❡s❡ ❛❧t❛♠❡♥t❡ ♣r♦✈á✈❡❧ ❬✷✵❪✳

❍á q✉❡♠ ❞❡❢❡♥❞❛ q✉❡ ❛s P▲❆2s ▲②s ✹✾ ♥ã♦ ❛♣r❡s❡♥t❡♠ ♥❡♥❤✉♠❛ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛✱ ❧♦❣♦

❛ ❜❛✐①❛ ❛t✐✈✐❞❛❞❡ ❛♣r❡s❡♥t❛❞❛ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❡st❛r✐❛♠ ❛ss♦❝✐❛❞❛s ❛ ♣r❡s❡♥ç❛ ❞❡ r❡sí❞✉♦s ❆s♣

✹✾✱ ✉♠❛ ✈❡③ q✉❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ❞♦s ❡①♣❡r✐♠❡♥t♦s ✉t✐❧✐③❛♠✲s❡ ❞❡ ✈❡♥❡♥♦s ❡①tr❛í❞♦s ❞✐r❡t❛♠❡♥t❡

❞❡ s❡r♣❡♥t❡s✳ ◆❛ ❝♦♥tr❛♠ã♦ ❞❡st❛ ❧✐♥❤❛ ❞❡ ♣❡♥s❛♠❡♥t♦ ❡①✐st❡ ❛ ❤✐♣ót❡s❡ q✉❡ t❡♠ s✐❞♦ s✉st❡♥t❛❞❛

♣♦r ❛❧❣✉♥s ♣❡sq✉✐s❛❞♦r❡s✱ q✉❡ ❛ ❜❛✐①❛ ❛t✐✈✐❞❛❞❡ ❝❛t❛❧ít✐❝❛ ❛♣r❡s❡♥t❛❞❛ ❡st❡❥❛ r❡❛❧♠❡♥t❡ ❛ss♦❝✐❛❞❛

❛ ❛çã♦ ❞❛s P▲❆2s ▲②s ✹✾ ❬✶✶❪✳

❖ ❛r❣✉♠❡♥t♦ q✉❡ t❡♠ s✉st❡♥t❛❞♦ ❡st❛ ❤✐♣ót❡s❡ é q✉❡ ❛♣ós ❝❛t❛❧✐s❛r ❛ ♣r✐♠❡✐r❛ r❡❛çã♦ ❞❡

❤✐❞ró❧✐s❡ ♦ ♣r♦❞✉t♦ ❞❛ ♠❡s♠❛ ♥ã♦ ❝♦♥s❡❣✉✐r✐❛ s❡ ❞❡s♣r❡♥❞❡r ❞♦ sít✐♦ ❝❛t❛❧ít✐❝♦ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦

❛ss✐♠ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ♥♦ ❝✐❝❧♦ ❝❛t❛❧ít✐❝♦ ❬✶✶❪✳ ❊st✉❞♦s ❝♦♠ ❞✐❢r❛çã♦ ❞❡ r❛✐♦ ❳ r❡❛❧✐③❛❞♦s ❡♠ P▲❆2s

♠✐♦tó①✐❝❛s ❡①tr❛í❞❛s ❞♦ ✈❡♥❡♥♦ ❞❛ s❡r♣❡♥t❡❆✳ ❝♦♥t♦rtr✐① ❧❛t✐❝✐♥❝t✉s✱ ✐♥❞✐❝❛♠ ❛ ♣r❡s❡♥ç❛ ❞❡ r❡sí❞✉♦s

♥ã♦ ♣r♦t❡✐❝♦s ♥❛ r❡❣✐ã♦ ❞♦ sít✐♦ ❝❛t❛❧ít✐❝♦ ❞❛ ▲②s ✹✾ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ♦ ♣r♦❞✉t♦ ❞❛ ♣r✐♠❡✐r❛ ❝❛tá❧✐s❡

r❡❛❧♠❡♥t❡ ✜❝❛r✐❛ ♣r❡s♦ ♥♦ sít✐♦ ❛t✐✈♦ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ✉♠❛ ♥♦✈❛ r❡❛çã♦ ❬✶✶❪✳

▼❡s♠♦ s❡♥❞♦ ❝♦♥t❡st❛❞❛ ❛ s✉❛ ❛çã♦ ❝❛t❛❧ít✐❝❛✱ ❛s P▲❆2s ▲②s ✹✾ sã♦ ♦❜❥❡t♦ ❞❡ ♣❡sq✉✐s❛ ❡♠

❞✐✈❡rs❛s ár❡❛s ❡♠ ♣❛rt✐❝✉❧❛r ♥❛ ár❡❛ ❞❡ t♦①✐♥♦❧♦❣✐❛✱ ♣♦✐s s❡✉ ❝❛rát❡r ♠✐♦tó①✐❝♦ ❞❛♥✐✜❝❛ ❛s ❝é❧✉❧❛s

♠✉s❝✉❧❛r❡s ❛tr❛✈és ❞❡ ✉♠ ♠❡❝❛♥✐s♠♦ ❛❧t❡r♥❛t✐✈♦✳ ❊♠❜♦r❛ ❡①✐st❛♠ ♠✉✐t♦s tr❛❜❛❧❤♦s q✉❡ ✐♥❞✐❝❛♠

✉♠❛ ♣♦ssí✈❡❧ ❞❡s❝r✐çã♦ ♣❛r❛ t❛❧ ♠❡❝❛♥✐s♠♦✱ ❡❧❡ ❛✐♥❞❛ ♥ã♦ ❡stá ❜❡♠ ❞❡t❡r♠✐♥❛❞♦✳ ❙❛❜❡✲s❡ q✉❡ ❤á

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

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

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

❆ ❡①♣♦s✐çã♦ ❞❛s ❝é❧✉❧❛s ❛ P▲❆2s ▲②s ✹✾ ✐♥❞✉③ ❛ ✉♠❛ ♠✉❞❛♥ç❛ ♥❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞❛ ♠❡♠✲

❜r❛♥❛ ❝❡❧✉❧❛r✱ q✉❡ ❛❧t❡r❛ ♦ ✐♥✢✉①♦ ❞❡ ❝á❧❝✐♦ ❧❡✈❛♥❞♦ ❛ ❞❛♥♦s ✐rr❡✈❡rsí✈❡✐s✳ ❈♦♠ ♦s ♥í✈❡✐s ✐♥tr❛❝❡✲

❧✉❧❛r❡s ❞❡ ❝á❧❝✐♦ ❡❧❡✈❛❞♦s✱ ❛s ❝é❧✉❧❛s ♠✉s❝✉❧❛r❡s sã♦ ❧❡✈❛❞❛s ❛ ♥❡❝r♦s❡ ❬✷✻❪✳ ❆ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧

❞❡st❛s ♣r♦t❡í♥❛s✱ ❡♠ ♣❛rt✐❝✉❧❛r ❛ r❡❣✐ã♦ ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ ♦s ❛♠✐♥♦á❝✐❞♦s ✶✶✺✲✶✷✾✱ q✉❡ ✐♥❝❧✉✐

✉♠❛ ❝♦♠❜✐♥❛çã♦ ✈❛r✐á✈❡❧ ❞❡ ❝❛t✐ô♥✐❝♦ ❡ r❡sí❞✉♦s ❤✐❞ró❢♦❜♦s ✴ ❛r♦♠át✐❝♦s✱ é ✐♥❞✐❝❛❞❛ ❝♦♠♦ ♣r✐♥❝✐♣❛❧
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❞❡t❡r♠✐♥❛♥t❡ ❞❛ t♦①✐❝✐❞❛❞❡ ❞❛s P▲❆✷s ▲②s ✹✾ ❬✶✾✱ ✷✼✱ ✷✽❪✳

❆ ❞❡s❝♦❜❡rt❛ ❞❡st❛ r❡❣✐ã♦ s❡ ❞❡✉ ♣❡❧♦ ❢❛t♦ ❞❛ ❛t✐✈✐❞❛❞❡ ❞❛s P▲❆2s ▲②s ✹✾ s❡r ✐♥✐❜✐❞❛ ♣❡❧❛

❍❡♣❛r✐♥❛✱ ❛ q✉❛❧ t❡♠ s❡✉ sít✐♦ ❞❡ ❧✐❣❛çã♦ ♥❛ r❡❣✐ã♦ q✉❡ ❡♥❣❧♦❜❛ ♦s ❛♠✐♥♦á❝✐❞♦s ✶✶✺✲✶✷✾ ❬✷✽❪✳

❇❛s❡❛❞♦ ♥❡ss❡ ❢❛t♦✱ s✉r❣❡ ❛ ❤✐♣ót❡s❡ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❞❡ ♠❡♠❜r❛♥❛ q✉❡ ❛❣✐r✐❛ ❝♦♠♦

r❡❝❡♣t♦r ♣❛r❛ ❛s P▲❆2s ▲②s ✹✾✳ ■♥✈❡st✐❣❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❝♦♠ ♦❜❥❡t✐✈♦ ❞❡ ❛✈❡r✐❣✉❛r ❛ ❛t✉❛çã♦

❞♦ s✉❧❢❛t♦ ❞❡ ❤❡♣❛r❛♥♦✱ ✉♠ ❝♦♠♣♦♥❡♥t❡ ❝♦♠✉♠ ❡♠ s✉♣❡r❢í❝✐❡s ❝❡❧✉❧❛r❡s✱ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❛çã♦ ❞❛s

P▲❆2s ▲②s ✹✾✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❢♦✐ ❡❧✐♠✐♥❛❞❛ ✉♠❛ ✈❡③ q✉❡ ❛ ♠✐♦t♦①✐♥❛ ❛✐♥❞❛ ❛ss✐♠

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

♣♦r ✐♥✐❜✐çã♦ ❞❛ sí♥t❡s❡✱ ♦✉ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ♠✉t❛çã♦ ❡s♣❡❝í✜❝❛ ❝❡❧✉❧❛r ❬✶✼✱ ✷✾❪✳ ❆ ❞❡s❝♦❜❡rt❛ ❞❛

❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❞❡ ♠❡♠❜r❛♥❛ r❡❝❡♣t♦r❛ ❞❛s P▲❆2s ❡♥❞ó❣❡♥♦s ❡♠ ❝é❧✉❧❛s ❞❡ ♠❛♠í❢❡r♦s✱

t❡♠ s✉❣❡r✐❞♦ q✉❡ ❡st❛ ♣r♦t❡í♥❛ ❡st❡❥❛ ❛ss♦❝✐❛❞❛ ❛♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❛çã♦ ❞❛s P▲❆2s ▲②s ✹✾✳ ◆♦

❡♥t❛♥t♦ ♥ã♦ ❤á ❛✐♥❞❛ ♥❡♥❤✉♠❛ ❡✈✐❞ê♥❝✐❛ q✉❡ ❝♦♠♣r♦✈❡ t❛❧ ❤✐♣ót❡s❡ ❬✶✼❪✳

◆❛ ❝♦♥tr❛♠ã♦ ❞❛ ❝♦♠♣r♦✈❛çã♦ ❞❛ ❤✐♣ót❡s❡ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❞❡ ♠❡♠❜r❛♥❛

r❡❝❡♣t♦r❛ ♣❛r❛ ❛s P▲❆2s ▲②s ✹✾ ❤á ❡✈✐❞ê♥❝✐❛s q✉❡ ❧❡✈❛♠ ❛ ❝r❡r ♥❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❛ ♠❡s♠❛✳ ❙ã♦

❡❧❛s ♦ ❢❛t♦ ❞❛s P▲❆2s ▲②s ✹✾ ♣❡rt✉❜❛r❡♠ ❡str✉t✉r❛s ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❡ ❢♦s❢♦❧✐♣í❞✐♦s ❝♦♠ ♣r❡❢❡rê♥❝✐❛

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

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

❛ ❛t✉❛çã♦ ❞❛s P▲❆2s ▲②s ✹✾ ❡ ❡st✉❞♦s ❝♦♠ ❛ s❡q✉ê♥❝✐❛ ❞❡①tró❣✐r♦ ❞♦s ❛♠✐♥♦á❝✐❞♦s ✐♥❞✐❝❛❞♦s ❝♦♠♦

r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❛çã♦ ❞❛s ▲②s ✹✾ ❝❛✉s❛ ❡❢❡✐t♦ s❡♠❡❧❤❛♥t❡ ❛ s❡q✉ê♥❝✐❛ ❧❡✈ó❣✐r♦ ❬✶✼❪

❈♦♠ ❛ ♣♦ssí✈❡❧ ❛✉sê♥❝✐❛ ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❞❡ ♠❡♠❜r❛♥❛ r❡❝❡♣t♦r❛ ♣❛r❛ ❡ss❛s P▲❆2s✱ ♦ s❡✉

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

♥❡❣❛t✐✈❛s ❞♦s ❢♦s❢♦❧✐♣í❞✐♦s ❞❡ ♠❡♠❜r❛♥❛ ❛t✉❛♠ ❝♦♠♦ r❡❝❡♣t♦r❡s ❞❡ ✉♠❛ r❡❣✐ã♦ ❡s♣❡❝í✜❝❛ ❞❡st❛s

t♦①✐♥❛s✱ ♥♦ ❡♥t❛♥t♦ sã♦ ♥❡❝❡ssár✐♦s tr❛❜❛❧❤♦s ❛❞✐❝✐♦♥❛✐s ♣❛r❛ ❛ ❝♦♥✜r♠❛çã♦ ❞❡st❛ ❤✐♣ót❡s❡✳

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

P▲❆2s ▲②s ✹✾ ❡stá ❛ss♦❝✐❛❞♦ ❛ ❝♦♠❜✐♥❛çõ❡s ❞❡ ❛♠✐♥♦á❝✐❞♦s ♣r❡s❡♥t❡s ❡♠ r❡❣✐ã♦ ❡s♣❡❝í✜❝❛ ❞❡st❛
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♣r♦t❡í♥❛✱ ♦s q✉❛✐s ♣♦ss✉❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❧t❡r❛r ❛ ✐♥t❡❣r✐❞❛❞❡ ❞❛ ♠❡♠❜r❛♥❛ ❡♠ ❞✐✈❡rs❛s ❝é❧✉❧❛s

♥❛t✉r❛✐s ✭❡✉❝❛r✐ót✐❝❛s ❡ ♣r♦❝❛r✐ót✐❝❛s✮ ❡ ❛rt✐✜❝✐❛✐s ✭✐st♦ é✱ ❧✐♣♦ss♦♠♦s✮✱ s❡♥❞♦ ❛s ❝é❧✉❧❛s ♠✉s❝✉❧❛r❡s

♠❛✐s s✉s❝❡♣tí✈❡✐s ❬✶✾✱ ✷✽✱ ✷✾❪✳

❆ss♦❝✐❛✲s❡ ❡st❛ ❛t✐✈✐❞❛❞❡ à ✐♥t❡r❛çã♦ ❢ís✐❝❛ ❡♥tr❡ ✉♠❛ ❝♦♠❜✐♥❛çã♦ s❡q✉❡♥❝✐❛❧ ❞❡ ❛♠✐♥♦á❝✐✲

❞♦s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛ ❝❛t✐ô♥✐❝❛ ❡ ❛❧❣✉♥s r❡❝❡♣t♦r❡s ❛♥✐ô♥✐❝♦s q✉❡ ♣♦❞❡♠ ❝♦♥s✐st✐r ❞❡ ❢♦s❢♦❧✐♣í❞✐♦s

❝❛rr❡❣❛❞♦s ♥❡❣❛t✐✈❛♠❡♥t❡✳ ❍á ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡♥s❛ ❞❡ ❝❛r❣❛s ♣♦s✐t✐✈❛s ♥❛ ✐♥t❡r❢❛❝❡ ❞❡ r❡❝♦♥❤❡✲

❝✐♠❡♥t♦ ❞❛s P▲❆2s ▲②s ✹✾✱ s❡❣✉♥❞♦ ♦ q✉❡ é ❞❡s❝r✐t♦ ♥❛ ❧✐t❡r❛t✉r❛ ❞✉❛s r❡❣✐õ❡s ❞❡st❛ ♠✐♦t♦①✐♥❛

❛t✉❛♠ ♥❡st❡ ♠❡❝❛♥✐s♠♦ ❞❡ ❛çã♦✿ ❛ r❡❣✐ã♦ ◆✲t❡r♠✐♥❛❧ ❛♣♦♥t❛❞❛ ❝♦♠♦ ❛ r❡❣✐ã♦ q✉❡ ♣r✐♠❡✐r♦ ❡♥tr❛

❡♠ ❝♦♥t❛t♦ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❡st❛❜❡❧❡❝❡♥❞♦ ❢r❛❝❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛ ❡ ❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧

❛♣♦♥t❛❞❛ ❝♦♠♦ ❞❡s❡st❛❜✐❧✐③❛❞♦r ❞❛ ♠❡♠❜r❛♥❛ ❬✶✾✱ ✷✼✱ ✷✽✱ ✷✾❪✳

❉❡♥tr♦ ❞❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧ ❛ s❡q✉ê♥❝✐❛ ❞❡ ❛♠✐♥♦á❝✐❞♦s ✶✶✺✲✶✷✾ é ❛♣♦♥t❛❞❛ ❝♦♠♦ ♦ ♣r✐♥❝✐♣❛❧

❡❧❡♠❡♥t♦ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞❛♥♦ ❝❡❧✉❧❛r✳ ◆❛s ❞✐✈❡rs❛s P▲❆2s ▲②s ✹✾ ❡♥❝♦♥tr❛❞❛s ❡♠ ❞✐✈❡rs❛s

❡s♣é❝✐❡s ❞❡ s❡r♣❡♥t❡ ❛♣❡♥❛s ❞♦✐s ❛♠✐♥♦á❝✐❞♦s ♥❡st❛ s❡q✉ê♥❝✐❛ s❡ ♠♦str❛♠ ✐♥✈❛r✐❛♥t❡s✿ ❛ ▲②s ✶✶✺ ❡

❛ ▲②s ✶✷✷✳ ❊①♣❡r✐♠❡♥t♦s ♠♦str❛♠ q✉❡ ❛ ▲②s ✶✷✷ ♣♦❞❡ ❞❡s❡♠♣❡♥❤❛r ♣❛♣❡❧ ❝❡♥tr❛❧ ♥❡st❡ ♠❡❝❛♥✐s♠♦

❬✷✽❪✳

❖s ❡❢❡✐t♦s ❞♦s ❞❛♥♦s ❞❡st❛ r❡❣✐ã♦ ♣♦❞❡♠ ❛✐♥❞❛ s❡r ❛♠♣❧✐✜❝❛❞♦s ♣❡❧❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ r❡sí❞✉♦s

❤✐❞ró❢♦❜♦s ❡ ❛r♦♠át✐❝♦s ♣r❡s❡♥t❡s ♥❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧✳ ❊st❡s✱ ❛♦ ♣❡♥❡tr❛r ♥❛ ❜✐❝❛♠❛❞❛ ❧✐♣í❞✐❝❛ ❞❛

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

❞❛ ❝é❧✉❧❛✳ ❈♦♠ ✐ss♦ ♦ ✢✉①♦ ❞❡ í♦♥s ♥❛ ❝é❧✉❧❛ q✉❡ é r✐❣✐❞❛♠❡♥t❡ ❝♦♥tr♦❧❛❞♦ ♣❛ss❛ ❛ s❡r ❞❡s♦r❞❡♥❛❞♦✱

❛❝❛rr❡t❛♥❞♦ ❞❛♥♦s ✐♥tr❛❝❡❧✉❧❛r❡s ✐rr❡✈❡rsí✈❡✐s✱ ♦ q✉❡ ❧❡✈❛ ♠♦rt❡ ❝❡❧✉❧❛r ❬✶✾✱ ✷✼✱ ✷✽✱ ✷✾❪✳ ❋✐❣✳ ✶✳✸✳

❈♦♠ ❜❛s❡ ♥❛ ❞❡s❝♦❜❡rt❛ ❞❡ q✉❡ ♠✐♦tú❜✉❧♦s s✉❜♠❡t✐❞♦s ❛ ❛çã♦ ❞❛ P▲❆2s ▲②s ✹✾ ❧✐❜❡r❛♠

❆❚P ❬✸✵❪✱ t❡♠ s✐❞♦ s✉❣❡r✐❞♦ q✉❡ ♦ ❆❚P ❧✐❜❡r❛❞♦ ♣❡❧❛s ❝é❧✉❧❛s q✉❡ s♦❢r❡♠ ❛ ❛çã♦ ❞❡st❛s ♠✐♦t♦①✐♥❛s

❛t✉❛♠ ❡♠ ♦✉tr❛s r❡❣✐õ❡s ✐♥t❡r❛❣✐♥❞♦ ❝♦♠ r❡❝❡♣t♦r❡s ♣✉r✐♥ér❣✐❝♦s ❞♦ t✐♣♦ P✷①✱ ♣❡r♠✐t✐♥❞♦ ✢✉①♦

❞❡ K+✱ Na+ ❡ Ca2+ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❣r❛❞✐❡♥t❡s ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡st❡s í♦♥s✱ ♦ q✉❡ s❡ t♦r♥❛ ✉♠❛

❛♠♣❧✐✜❝❛çã♦ ❞♦s ❞❛♥♦s ❝❛✉s❛❞♦s ♣❡❧❛s ▲②s ✹✾✳
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❋✐❣✉r❛ ✶✳✸✿ ■❧✉str❛çã♦ ❞❛ ♣❡rt✉r❜❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ♣❡❧❛ P▲❆2s ▲②s ✹✾✳ ❆✮ ❆ ♣r♦t❡í♥❛ s❡ ❛♣ró①✐♠❛

❞❛ ♠❡♥❜r❛♥❛ ❝❡❧✉❧❛r ❝♦♠ ❛ r❡❣✐ã♦ ◆✲t❡r♠✐♥❛❧✱ ❇✮ sã♦ ❡st❛❜❡❧❡❝✐❞❛s ❛s ✐♥t❡r❛çõ❡s ❡❧❡tr♦stát✐❝❛s✱ ❈✮

❞❡s♦r❣❛♥✐③❛çã♦ ❞♦s ❢♦s❢♦❧✐♣í❞❡♦s ❞❡ ♠❡♥❜r❛♥❛✳ ❆❞❛♣t❛❞♦ ❘❡❢✳❬✷✵❪✳

❆❧❣✉♥s ❡st✉❞♦s tê♠ s❡ ❝♦♥❝❡♥tr❛❞♦s ♥❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧ t❛♥t♦ ✐♥ ✈✐✈♦ ❝♦♠♦ ✐♥ ✈✐tr♦✳ ❊♠

tr❛❜❛❧❤♦s r❡❛❧✐③❛❞♦s ♣♦r ▲❛♠♦♥t❡ ❡ ❝♦❧❛❜♦r❛❞♦r❡s t❡♠ s✐❞♦ ❡✈✐❞❡♥❝✐❛❞♦ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❛ s❡q✉ê♥❝✐❛

✶✶✺✲✶✷✾✳ ❖ ❡st✉❞♦ ❞❡s❝r✐t♦ ❡♠ ▲❛♠♦♥t❡ ❡t ❛❧✳ ✷✵✵✸ tr❛t❛ ❞❛ ❛çã♦ ❞❡st❡s ♣❡♣tí❞❡♦s ❞❡ ✶✺ ❛♠✐♥♦á✲

❝✐❞♦s ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❡str✉t✉r❛✐s ❞❛ ♣r♦t❡í♥❛✳ ❋♦r❛♠ ❛♥❛❧✐s❛❞❛s ✶✷

s❡q✉ê♥❝✐❛s ✶✶✺✲✶✷✾ ❞❡ P▲❆2s ▲②s ✹✾ ❞❡ ❡s♣é❝✐❡s ❞✐❢❡r❡♥t❡s✱ ❚❛❜❡❧❛ ✶✳✶✳ ❙❡♥❞♦ ♦s ❛♠✐♥♦á❝✐❞♦s r❡♣r❡✲

s❡♥t❛❞♦s ♣♦r✿ ▲✐s✐♥❛✲❑✱ ❆❧❛♥✐♥❛✲❆✱ ❚✐r♦s✐♥❛✲❨✱ ❋❡♥✐❧❛❧❛♥✐♥❛✲❋✱ ▲❡✉❝✐♥❛✲▲✱ ❈✐st❡✐♥❛✲❈✱ ❆r❣✐♥✐♥❛✲❘✱

Pr♦❧✐♥❛✲P✱ ❚r✐♣t♦❢❛♥♦✲❲✱ ❆s♣❛r❛❣✐♥❛✲◆✱ ❍✐st✐❞✐♥❛✲❍✱ ■s♦❧❡✉❝✐♥❛✲■✱ ❱❛❧✐♥❛✲❱✱ ●❧✐❝✐♥❛✲●✳

❖ r❡s✉❧t❛❞♦ ♦❜t✐❞♦✱ ❞❡ ❝❡rt❛ ❢♦r♠❛ ♣♦❞✐❛ s❡r ❡s♣❡r❛❞♦✱♦✉ s❡❥❛ ❛çã♦ ❞♦s ♣❡♣tí❞❡♦s ✐♥❞❡♣❡♥❞❡♥✲

t❡s ❞✐❢❡r❡♥❝✐❛✲s❡ ❞❛ ❛çã♦ ❞♦s ♠❡s♠♦s q✉❛♥❞♦ ❡stã♦ ❥✉♥t♦ ♥❛ ♣r♦t❡í♥❛✱ ♣♦r ✉♠❛ q✉❡stã♦ ❡str✉t✉r❛❧✳



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ❆❙ P❊➬❖◆❍❆❙ ❖❋❮❉■❈❆❙ ✷✸

❚❛❜❡❧❛ ✶✳✶✿ ❖s ♣❡♣tí❞❡♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ s❡q✉ê♥❝✐❛ ✶✶✺✲✶✷✾ ❞❛ r❡❣✐ã♦ ❞❡ P▲❆2s ▲②s ✹✾ ❞❡

s❡r♣❡♥t❡s ❞✐st✐♥t❛s✳ ❈❛❞❛ ❛♠✐♥♦á❝✐❞♦ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❧❡tr❛✳ ❆❞❛♣t❛❞♦ ❘❡❢✳❬✷✵❪✳

▼✐♦t♦①✐♥❛ ▲②s ✹✾ ❊s♣é❝✐❡ ❙❡q✉ê♥❝✐❛ ✶✶✺✲✶✷✾ ❈ó❞✐❣♦

❑ ✹✾ P❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❆❣❦✐str♦❞♦ ♣✐s✲

❝✐✈♦r✉s ♣✐s❝✐✈♦r✉s

❑❑❑❨❑❆❨❑❋❑▲❑❈❑❑ ❆♣♣❑

❑✹✾ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❆❣❦✐str♦❞♦♥ ♣✐s✲

❝✐✈♦r✉s ♣✐s❝✐✈♦r✉s

❑▲❑❋❑❨❑❑❑❆❈❑❑❨❑ ❆♣♣❑✭s❝r❛♠❜❧❡❞✮

❑✹✾ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❆❣❦✐str♦❞♦♥ ♣✐s✲

❝✐✈♦r✉s ♣✐s❝✐✈♦r✉s

❑❑❑❨❑❆❑❨❋❑▲❑❈❑❑ ❆♣♣❑✭❛❧❧✲❉✮

❆❈▲ ♠②♦t♦①✐♥ ❆❣❦✐str♦❞♦♥ ❝♦♥t♦rtr✐①

❧❛t✐❝✐♥❝t✉s

❑❑❑❨❑❆❑❨❋❑❋❑❈❑❑ ❆❝❧❛

▼②♦t♦①✐♥ ■■ ❇♦t❤r♦♣s ❛s♣❡r ❑❑❑❨❘❨❑❨▲❑P▲❈❑❑ ❇❛s♣✲■■

▼②♦t♦①✐♥ ■■✲❛❧t❡r♥❛t✐✈❡ ❢♦r♠a ❇♦t❤r♦♣s

❛s♣❡r

❑❑❑❨❘❨❑❨▲❑P❋❈❑❑ ❇❛s♣✲■■✲❋

▼②♦t♦①✐♥ ■■✲♠♦❞✐✜❡❞ ❇♦t❤r♦♣s ❛s♣❡r ❑❑❑❲❘❲❑❲▲❑❆▲❆❑❑ ❇❛s♣✲■■✲♣❊▼✲✷

▼②♦t♦①✐♥ ■■ ❇♦t❤r♦♣s ♠♦♦❥❡♥✐ ❑❑❑❨❘❨❑◆❨▲❑P❋❈❑❑ ❇♠♦♦✲■■

❇♦t❤r♦♣st♦①✐♥ ■ ❛♥❞ ♣✐r❛t♦①✐♥ ■■ ❇♦t❤✲

r♦♣s ❥❛r❛r❛❝✉ss✉ ❛♥❞ ❇✳ ♣✐r❛❥❛✐

❑❑❑❨❘❨❑❍▲❑P❋❈❑❑ ❇❥s✉✲■✴❇♣✐r✲■■

▼②♦t♦①✐♥ ■■ ❆tr♦♣♦✐❞❡s ♥✉♠♠✐❢❡r ❛♥❞

❈❡rr♦♣❤✐❞✐♦♥ ❣♦❞♠❛♥✐

❑❑◆❨❑■❑❨P❑P▲❈❑❑ ❆♥✉♠✲■■✴❈❣♦❞✲■■

▼②♦t♦①✐♥ ■■✲♠♦❞✐✜❡❞ ❆tr♦♣♦✐❞❡s ♥✉♠✲

♠✐❢❡r

❑❑❑❨❑■❑❨P❑P▲❈❑❑ ❆♥✉♠✲■■✴❈❣♦❞✲■■

✭♠♦❞✮

❆♠♠♦❞②t✐♥ ▲b ❱✐♣❡r❛ ❛♠♠♦❞②t❡s ❛♠✲

♠♦❞②t❡s

❑❑❑❨❑❱❑❨▲❘❋❑❈❑● ❱❛♠♠



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ❆❙ P❊➬❖◆❍❆❙ ❖❋❮❉■❈❆❙ ✷✹

❉❛s s❡q✉ê♥❝✐❛s ❛♥❛❧✐s❛❞❛s ♥♦ r❡❢❡r✐❞♦ tr❛❜❛❧❤♦ ♦❝♦rr❡✉ ✉♠❛ ✈❛r✐❛çã♦ ♥♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❛♥♦ ❛ ❝é❧✉❧❛

❡♠ r❡❧❛çã♦ ❛ ♣r♦t❡í♥❛ ✐♥t❡✐r❛✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ♠❡s♠♦ ❞❡♠♦str❛ q✉❡ ♠❡s♠♦ ✐s♦❧❛❞❛ ❞❛ P▲❆2 ▲②s ✹✾

❛ s❡q✉ê♥❝✐❛ ✶✶✺✲✶✷✾ é ❝❛♣❛③ ❞❡ ❝❛✉s❛r ❞❛♥♦s ❛s ❝é❧✉❧❛s ❡ ❡♠ ♣❛rt✐❝✉❧❛r ❛s ❝é❧✉❧❛s ♠✉s❝✉❧❛r❡s✳

❖ ❛✈❛♥ç♦ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❛çã♦ ❞❡st❛ t♦①✐♥❛s é ❞❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rtâ♥❝✐❛

♣❛r❛ ❛ s✉❛ ❝♦♠♣r❡❡♥sã♦✳ ◆❡st❡ s❡♥t✐❞♦ ❡st❡ tr❛❜❛❧❤♦ ❜✉s❝♦✉ ❢❛③❡r ✉♠❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ♣r♦♣r✐✲

❡❞❛❞❡s ó♣t✐❝❛s ❡ ❡❧❡trô♥✐❝❛s ❞❛ r❡❢❡r✐❞❛ s❡q✉ê♥❝✐❛ ❛♣♦♥t❛❞❛ ❝♦♠♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ ❡①❡❝✉çã♦ ❞♦

♠❡❝❛♥✐s♠♦ ❞❛s P▲❆2s ▲②s ✹✾✳ ❆ ✐❞❡✐❛ ♣r✐♥❝✐♣❛❧ é tr❛ç❛r ✉♠ ♣❛❞rã♦ ✉t✐❧✐③❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐✲

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

❯♠❛ ✈❡③ ❡st❛❜❡❧❡❝✐❞❛ ✉♠❛ r❡❧❛çã♦ ❞✐r❡t❛ ❡♥tr❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❡①♣r❡ss❛s ♣♦r ❞❡t❡r♠✐♥❛❞❛

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

s❡❣✉r❛ ❞❛ r❡❣✐ã♦ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ t♦①✐❝✐❞❛❞❡ ❡ ❛✐♥❞❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝♦♥t♦r♥❛r ♠❛✐s r❛♣✐❞❛♠❡♥t❡

♦s s❡✉s ❡❢❡✐t♦s ✐♥ ✈✐✈♦✳

❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ✉t✐❧✐③❛♥❞♦✲s❡ ❞❡ ♠❡✐♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❡ ❛♣❧✐❝❛♥❞♦ ❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦✲

♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❋❚✮✱ ❜✉s❝♦✉ t❛❧ ❝❛r❛❝t❡r✐③❛çã♦✳ ■♥✐❝✐❛❧♠❡♥t❡✱ ♣r♦❝❡❞❡✉✲s❡ ❝♦♠ ♦ tr❛t❛♠❡♥t♦

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

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

❞❛❞❡ ❡❧❡trô♥✐❝❛✱ ♣♦t❡♥❝✐❛❧ ❡❧❡tr♦stát✐❝♦✱ ♦r❜✐t❛✐s ❍❖▼❖ ✭❖r❜✐t❛❧ ▼♦❧❡❝✉❧❛r ❖❝✉♣❛❞♦ ♠❛✐s ❆❧t♦✮

❡ ▲❯▼❖ ✭❖r❜✐t❛❧ ▼♦❧❡❝✉❧❛r ♥ã♦ ❖❝✉♣❛❞♦ ♠❛✐s ❇❛✐①♦✮ ❡ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❝❛r❣❛✱ t❡♥❞♦

❡♠ ✈✐st❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛s ♥❛ r❡❣✐ã♦ ❛t✐✈❛ ❞❛ ♠✐♦t♦①✐♥❛✳ ■♥❝❧✉✐♠♦s ✉♠❛

❛♥á❧✐s❡ ❞❛ ❝✉r✈❛ ❝♦r❡♥t❡ ✈♦❧t❛❣❡♠ ❡ ❞♦ ✈♦❧✉♠❡ ❛❝❡ssí✈❡❧ ❛♦ s✐st❡♠❛✳ ❯♠ ❡st✉❞♦ ❞❛ ❛❜s♦rçã♦ ó♣✲

t✐❝❛ ❢♦✐ ❝♦♥t❡♠♣❧❛❞♦✱ ♦ q✉❛❧ ♣♦❞❡ s❡r ✉s❛❞♦ ❡♠ ❢✉t✉r❛s ✐♥✈❡st✐❣❛çõ❡s ❢ís✐❝♦✲q✉í♠✐❝❛s ❡ ❜✐♦❧ó❣✐❝❛s✳

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

❞❡ ❝❛r❛❝t❡r✐③❛r ❛s s❡q✉ê♥❝✐❛s ❞❡ ❛♠✐♥♦á❝✐❞♦s ❝♦♥s✐❞❡r❛❞❛s✳



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ❡ ▼❡t♦❞♦❧ó❣✐❝❛

❆ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛ ♠♦❞❡r♥❛ t❡♠ s❡✉ ✐♥í❝✐♦ ♠❛r❝❛❞♦ ♣❡❧❛ ♣r♦♣♦st❛ ❛♣r❡s❡♥t❛❞❛ ♣❡❧♦ ❢ís✐❝♦

❛✉strí❛❝♦ ❊r✇✐♥ ❙❝❤rö❞✐♥❣❡r ♥♦ ❛♥♦ ❞❡ ✶✾✷✺✳ ❊st❡ ♣r♦♣ôs ❛ ❡q✉❛çã♦ q✉❡ ❤♦❥❡ ❧❡✈❛ s❡✉ ♥♦♠❡ ❛ q✉❛❧

é ❝❛♣❛③ ❞❡ ❞❡s❝r❡✈❡r s✐st❡♠❛s q✉â♥t✐❝♦s ❝♦♠♦ át♦♠♦s✱ ♠♦❧é❝✉❧❛s ❡ ♣❛rtí❝✉❧❛s s✉❜❛tô♠✐❝❛s✿

i~
∂Ψ

∂t
= ĤΨ ✭✷✳✶✮

♦♥❞❡ Ψ(r, t) é ❝❤❛♠❛❞❛ ❋✉♥çã♦ ❞❡ ❖♥❞❛ ❡ H é ♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞♦ s✐st❡♠❛✳

❈♦♠♦ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♦❜té♠✲s❡ ❛ ❋✉♥çã♦ ❞❡ ❖♥❞❛ ✭t❛♠❜é♠ ❝❤❛♠❛❞❛ ❞❡

❢✉♥çã♦ ❞❡ ❡st❛❞♦✮✱ ❡st❛ é ❝❛♣❛③ ❞❡ ❞❡s❝r❡✈❡r ♦ ❡st❛❞♦ q✉â♥t✐❝♦ ❞❡ ✉♠ s✐st❡♠❛ ♦✉ ❞❡ ♣❛rtí❝✉❧❛s✱

❝♦♥t❡♥❞♦ t♦❞❛s ❛s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ✉♠ s✐st❡♠❛ ❝♦♥s✐❞❡r❛❞♦ ✐s♦❧❛❞♦✳ ❆ ❢✉♥çã♦ ❞❡ ♦♥❞❛ é ♦ ♦❜❥❡t♦

❞❡ ❡st✉❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❝♦♥❤❡❝❡♥❞♦✲❛ t❡♠✲s❡ t♦❞❛ ✐♥❢♦r♠❛çã♦

❞❡s❡❥❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛❞♦ s✐st❡♠❛✳

◆♦ ❡♥t❛♥t♦✱ ♣♦✉❝♦s sã♦ ♦s s✐st❡♠❛s r❡❛✐s q✉❡ ♣♦ss✉❡♠ ✉♠❛ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛ ✈✐á✈❡❧✱ s❡♥❞♦

✐♥ú♠❡r❛s ✈❡③❡s ✐♠♣♦ssí✈❡❧ ❛té ♠❡s♠♦ ✉♠❛ s♦❧✉çã♦ ♥✉♠❡r✐❝❛♠❡♥t❡ ❛♣r♦①✐♠❛❞❛✱ ♠❡s♠♦ ❝♦♠ ♦

❛✉①í❧✐♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❆ r❛③ã♦ ❞❡st❡ ❢❛t♦✱ é q✉❡ ❤á ✉♠ ❛✉♠❡♥t♦ ♥♦tá✈❡❧ ♥❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦

❝á❧❝✉❧♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛s ✈❛r✐á✈❡✐s ❡♥✈♦❧✈✐❞❛s ♥♦ ♣r♦❜❧❡♠❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠

s✐st❡♠❛ ❞❡ Ne ❡❧étr♦♥s✱ s✉❛ ❢✉♥çã♦ ❡st❛rá ❡♠ ❢✉♥çã♦ ❞❡ 4N ✈❛rá✈❡✐s✱ 3N ❝♦♦r❞❡♥❛❞❛s ❡s♣❛❝✐❛✐s ❡

✷✺
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N ❝♦♦r❞❡♥❛❞❛s ❞❡ s♣✐♥✳ ▲♦❣♦ ♦ ❝á❧❝✉❧♦ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡ ❛té ♠❡s♠♦ ❛ s✉❛ ❝♦♠♣r❡❡♥sã♦ é ❛❧❣♦

q✉❛s❡ s❡♠♣r❡ ✐♠♣♦ssí✈❡❧ ❬✸✶❪✳

❉❡✈✐❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝❛r❛❝t❡r✐③❛r ♦s ❡st❛❞♦s q✉â♥t✐❝♦s ♦s ❢ís✐❝♦s ❡ q✉í♠✐❝♦s ♣❛ss❛r❛♠ ❛♥♦s

t❡♥t❛♥❞♦ ❞❡s❝♦❜r✐r ❢♦r♠❛s ❛♣r♦①✐♠❛❞❛s ♣❛r❛ ❛ r❡s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✳ ❖ tr❛t❛♠❡♥t♦

❞♦s ♠❛✐s ❞✐✈❡rs♦s s✐st❡♠❛s só s❡ t♦r♥❛ ♣♦ssí✈❡❧ ❝♦♠ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠❛ ♥♦✈❛ t❡♦r✐❛ ❞❡♥♦♠✐♥❛❞❛

❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ✭❉❡♥s✐t② ❋✉♥❝t✐♦♥❛❧ ❚❤❡♦r②✲ ❉❋❚✮✳

✷✳✶ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡

❆ ❉❋❚ s✉r❣✐ ✐♥✐❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ❡♠ ✶✾✻✹ ♦ ♥♦rt❡✲❛♠❡r✐❝❛♥♦ ❲❛❧t❡r ❑♦❤♥ ♣✉❜❧✐❝♦✉✱ ❥✉♥t❛✲

♠❡♥t❡ ❝♦♠ ♦ s❡✉ ❛❧✉♥♦ ❢r❛♥❝ês P✐❡rr❡ ❍♦❤❡♥❜❡r❣✱ ✉♠ ❛rt✐❣♦ ♦♥❞❡ ❛♣r❡s❡♥t❛✈❛♠ ✉♠❛ r❡❢♦r♠✉❧❛çã♦

❞❛ ♠❡❝â♥✐❝❛ q✉â♥t✐❝❛ ❜❛s❡❛❞❛✱ ♥ã♦ ❡♠ ❢✉♥çõ❡s ❞❡ ♦♥❞❛✱ ♠❛s ♥❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) ♣❛r❛

✉♠ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s✳ ❯♠❛ ✈❡③ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ é ❡♠ ❢✉♥çã♦ ❛♣❡♥❛s ❞❛s três

✈❛r✐á✈❡✐s ❡s♣❛❝✐❛✐s✱ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ s✐st❡♠❛s q✉â♥t✐❝♦s t♦r♥❛✲s❡ ♠❛✐s ❢á❝✐❧ ❡ ✈✐á✈❡❧ ❡♠ r❡❧❛çã♦

❛♦ tr❛t❛♠❡♥t♦ ❜❛s❡❛❞♦ ♥❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛✳

◆❛ ❉❋❚ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r)✱ ♠❡❞❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ q✉❡ s❡ ❡♥❝♦♥tr❡ ✉♠ ❡❧étr♦♥ ❡♠ ✉♠

♣♦♥t♦ ❞❡ ❞❡t❡r♠✐♥❛❞❛ r❡❣✐ã♦✳ ❖✉tr❛s ✐♥❢♦r♠❛çõ❡s ❞♦ s✐st❡♠❛ q✉❡ sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧❛ ❢✉♥çã♦ ❞❡

♦♥❞❛ t❛♠❜é♠ sã♦ ❡①tr❛í❞❛s ❛ ♣❛rt✐r ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r)✳ ❖✉tr❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❡①tr❡♠❛

✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ✐♥✐❝✐❛❧ ❞❛ ❉❋❚✱ ❢♦✐ ♦ ❛rt✐❣♦ ♣✉❜❧✐❝❛❞♦ ♣♦r ❑♦❤♥ ❡ ▲✉ ❙❤❛♠

♥♦ ❛♥♦ ❞❡ ✶✾✻✺✳ ❊st❡ tr❛t❛✈❛ s♦❜r❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♣❛r❛ s✐st❡♠❛s r❡❛✐s✳

❊st❡s ❞♦✐s ❛rt✐❣♦s sã♦ ♦s ♣✐❧❛r❡s ❝❡♥tr❛✐s ❞❛ t❡♦r✐❛✳

❈♦♠ ♣r❡❝✐sã♦ ♥♦tá✈❡❧ ❡ s✉❛ s✐♠♣❧✐❝✐❞❛❞❡✱ ❛ ❉❋❚ s❡ ♣♦♣✉❧❛r✐③♦✉ ❡♥tr❡ ❢ís✐❝♦s ❡ q✉í♠✐❝♦s ♥❛

r❡s♦❧✉çã♦ ❞❡ ♣r♦❜❧❡♠❛s ❡♥✈♦❧✈❡♥❞♦ s✐st❡♠❛s ❝♦♠♦ át♦♠♦s✱ ♠♦❧é❝✉❧❛s ❡ só❧✐❞♦s ❝♦♥tr✐❜✉✐♥❞♦ ❝♦♠

❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s✱ ❝♦♠♦ ♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ ❜✐♦t❡❝♥♦❧♦❣✐❛✱ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ♠❛tér✐❛s ❡

❡t❝✳ ❖ s✉❝❡ss♦ ❞❛ t❡♦r✐❛ s❡ ❞❡✈❡ ❛♦ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ❛ s✉❛ ♣r❡❝✐sã♦ ❡ ♦ s❡✉ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❖ ♣rê♠✐♦ ◆♦❜❡❧ ❞❡ ◗✉í♠✐❝❛ ❡♠ ✶✾✾✽ ❢♦✐ ❛tr✐❜✉í❞♦ ❛ ❲❛❧t❡r ❑♦❤♥ ♣❡❧❛ ❝r✐❛çã♦ ❞❛ ❉❋❚ ❡ ❛ ❏♦❤♥
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P♦♣❧❡ ♣❡❧❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ t❡♦r✐❛ ❛♦ s✐st❡♠❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

✷✳✷ ❉❡♥s✐❞❛❞❡ ❊❧❡trô♥✐❝❛

■♥t❡♥❞❡✲s❡ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) ❞❡ ✉♠ ❞❛❞♦ ❡st❛❞♦ ❞❡ ✉♠ s✐st❡♠❛ ❝♦♠♦ s❡♥❞♦ ♦

♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡✳ ❆ ♣❛rt✐r ❞❛ q✉❛❧ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛

♠✉❧t✐♣❧✐❝❛♥❞♦✲❛ ♣❡❧❛ ❝❛r❣❛ ❡❧❡♠❡♥t❛r✳ ❖ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❝♦♥t✐❞♦ ♥♦ s✐st❡♠❛ t❛♠❜é♠ ♣♦❞❡

s❡r ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ✐♥t❡❣r❛❧ ❞❡ ρ(~r) s♦❜r❡ ♦ ✈♦❧✉♠❡✳ ❆♦ ❝♦♥❢r♦♥t❛r ♦ tr❛t❛♠❡♥t♦ ❞❡ ✉♠ ♠❡s♠♦

s✐st❡♠❛ ✈✐❛ ❉❋❚ ❡ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✱ ❛ ❉❋❚ s❡ ♠♦str❛ ❞❡ ❢á❝✐❧ r❡s♦❧✉çã♦✱ ✉♠❛ ✈❡③ q✉❡ ❛

❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ é ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♣♦r ♠❡✐♦

❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦ ❳✳

❆ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) é ❞❡✜♥✐❞❛ ❡♠ t❡r♠♦s ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❝♦♠♦ s❡♥❞♦ ❛ ✐♥t❡❣r❛❧

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

❡s♣❛❝✐❛✐s✿

ρ(~r) = N

∫

...

∫

| Ψ(~r, ~r2, ..., ~rN , s, s2, ..., sN |2 d~r2..dsN ✭✷✳✷✮

♦♥❞❡ ρ(~r) r❡♣r❡s❡♥t❛ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❡ ❡♥❝♦♥tr❛r q✉❛❧q✉❡r ✉♠ ❞♦s ◆ ❡❧étr♦♥s ♣r❡s❡♥t❡s ♥♦

❡❧❡♠❡♥t♦ ❞❡ ✈♦❧✉♠❡ d~r✱ ♠❛s ❝♦♠ s♣✐♥ ❛r❜✐trár✐♦✳ P❡r❝❡❜❡♠♦s ❡♥tã♦ q✉❡ ρ(~r) é ❢✉♥çã♦ ❞❡ três

✈❛r✐á✈❡✐s ❡s♣❛❝✐❛✐s ✭x, y, z✮ ❡ ♣♦ss✉✐ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ s❡ ❛♥✉❧❛r ♥♦ ✐♥✜♥✐t♦✱ ❛❧é♠ ❞♦ ❝á❧❝✉❧♦ ❞♦

♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ❝♦♠♦ ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✿

ρ(~r → ∞) = 0

∫

ρ(~r)d~r = N ✭✷✳✸✮

❆ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❲❛❧t❡r ❑♦❤♥ ❡ P✐❡rr❡ ❍♦❤❡♥❜❡r❣ ❡♠ ✶✾✻✹✱ ❡stá ❧✐❣❛❞❛ ❛ ❞❡♠♦♥str❛çã♦ q✉❡

❛ ❊q✳ ✷✳✷ ♣♦❞❡ s❡r ✐♥✈❡rt✐❞❛✱ ♦✉ s❡❥❛✱ ♣❛r❛ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ0 é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❢✉♥çã♦

❞❡ ♦♥❞❛ Ψ(~r1, ~r2... ~rN) ❝♦rr❡s♣♦♥❞❡♥t❡✳ ❖ q✉❡ q✉❡r ❞✐③❡r q✉❡ Ψ0 é ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ρ(~r)✳
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✷✳✸ ❆♣r♦①✐♠❛çã♦ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r

❊♠ ✉♠ s✐st❡♠❛ ❝♦♠ ◆ ❡❧étr♦♥s ❡ ▼ ♥ú❝❧❡♦s ♥♦ q✉❛❧ sã♦ ❧❡✈❛❞❛s ❡♠ ❝♦♥s✐❞❡r❛çã♦ t♦❞❛s ❛s

♣♦ssí✈❡✐s ✐♥t❡r❛çõ❡s✱ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❞♦ s✐st❡♠❛ ♣♦ss✉✐ t❡r♠♦s ❞❡ ✐♥t❡r❛çã♦ ❝♦✉❧♦♠❜✐❛♥❛ ❡❧étr♦♥✲

♥ú❝❧❡♦✱ ❡❧étr♦♥✲❡❧étr♦♥ ❡ ♥ú❝❧❡♦✲♥ú❝❧❡♦✳

Ĥ = −

1
︷ ︸︸ ︷

~
2

2me

Ne∑

i=1

∇2
i

2
︷ ︸︸ ︷

−~
2

2

Nn∑

I=1

∇2
I

MI

−

3
︷ ︸︸ ︷

1

4πǫ0

Ne∑

i=1

Nn∑

I=1

e2ZI

| ri −RI |
✭✷✳✹✮

+

4
︷ ︸︸ ︷

1

4πǫ0

Ne∑

i=1

Ne∑

j=i=1

e2

| ri − rj |
+

5
︷ ︸︸ ︷

1

4πǫ0

Nn∑

I=1

Nn∑

J=I+1

e2ZIZJ

| RI −RJ | ✭✷✳✺✮

♦♥❞❡ ♦s ❡❧étr♦♥s sã♦ r♦t✉❧❛❞♦s ❝♦♠ ❧❡tr❛s ♠✐♥ús❝✉❧❛s ❡ ♦s ♥ú❝❧❡♦s ❝♦♠ ❧❡tr❛s ♠❛✐ús❝✉❧❛s✳ ❖

❍❛♠✐❧t♦♥✐❛♥♦ é ♣♦rt❛♥t♦ ❡s❝r✐t♦ ❝♦♠♦ ❛ s♦♠❛ ❞♦s s❡❣✉✐♥t❡s t❡r♠♦s✿ ✶ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ❡❧étr♦♥s✱

✷ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ♥ú❝❧❡♦s✱ ✸ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ❝♦✉❧♦♠❜✐❛♥❛ ❞❡ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲♥ú❝❧❡♦✱ ✹

❡❧étr♦♥✲❡❧étr♦♥ ❡ ✺ ♥ú❝❧❡♦✲♥ú❝❧❡♦✳

❆ ♠❛ss❛ ❞❡ ✉♠ ♥ú❝❧❡♦ ❛tô♠✐❝♦ é ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛ ♠❛ss❛ ❞❡ ✉♠ ❡❧étr♦♥✱ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛

❞❡st❡ ❢❛t♦ ❛ ❛♣r♦①✐♠❛çã♦ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r ✐♥t❡r♣r❡t❛ q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦s ❡❧étr♦♥s q✉❡ ❝♦♠✲

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

❡❧étr♦♥s ❛♦ ♠♦✈✐♠❡♥t♦ ♥✉❝❧❡❛r é q✉❛s❡ ✐♥st❛♥tâ♥❡❛✳ ❈♦♠ ✐ss♦ ♦ ♠♦✈✐♠❡♥t♦ ♥✉❝❧❡❛r ♣♦❞❡ s❡r ❞❡✲

s❛❝♦♣❧❛❞♦ ❞♦ ❡❧❡trô♥✐❝♦✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❡❧❡trô♥✐❝♦ ♦❝♦rr❡ ♥✉♠ ❝❛♠♣♦ ❝♦♠ ♥ú❝❧❡♦s

✜①♦s✳ ❉❡s❝♦♥s✐❞❡r❛♥❞♦ ❡♥tã♦ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦s ♥ú❝❧❡♦s ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧

♥ú❝❧❡♦✲♥ú❝❧❡♦ ❝♦♥st❛♥t❡✱ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ♣♦❞❡ s❡r r❡❡s❝r✐t♦ ❝♦♠♦✿

Ĥ = −1

2

Ne∑

i=1

∇2
i +

Ne∑

i=1

v(~ri) +
Ne∑

i=1

Ne∑

j>i

1

| ~ri − ~rj |
✭✷✳✻✮

♣♦❞❡♥❞♦ s❡r ❡s❝r✐t♦ t❛♠❜é♠ ♥❛ ❢♦r♠❛ ❞❡ ♦♣❡r❛❞♦r❡s✿



❈❆P❮❚❯▲❖ ✷✳ ❋❯◆❉❆▼❊◆❚❆➬➹❖ ❚❊Ó❘■❈❆ ❊ ▼❊❚❖❉❖▲Ó●■❈❆ ✷✾

Ĥ = T̂ + V̂ne + V̂ee ✭✷✳✼✮

❆♣r♦①✐♠❛çã♦ ❞❡ ❇♦r♥✲❖♣♣❡♥❤❡✐♠❡r ♣♦ss✐❜✐❧✐t❛ ❛ r❡❞✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s

♣r♦♣♦st♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♣❡❧♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❛ ❊q✳✷✳✹✳ ❈♦♠ ♦ ♥♦✈♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❊q✳✷✳✻ t♦r♥❛✲s❡

♠❛✐s ❛❝❡ssí✈❡❧ ♦ ❛ s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s✳ ◆♦ ❡♥t❛♥t♦✱ ♥ã♦ é t❛r❡❢❛ ❢á❝✐❧ r❡s♦❧✈❡✲❧♦

s❡♥❞♦ ❛ ❉❋❚ ✉♠ ❞♦s ♠ét♦❞♦s q✉❡ ❢❛❝✐❧✐t❛♠ ❡ss❡ ♣r♦❝❡ss♦✳

❖ t❡r♠♦ v(~r) ♣r❡s❡♥t❡ ♥❛ ❊q✳ ✷✳✻ ❡ ❛ ❡♥❡r❣✐❛ ❞❡ r❡♣✉❧sã♦ ♥ú❝❧❡♦✲♥ú❝❧❡♦ V̂ee sã♦ ❞❛❞♦s ♣♦r✿

v(~r) =
M∑

A=1

ZA

| ~ri − ~RA |
V̂ee =

M∑

A=1

M∑

B>A

ZAZB

| ~RB − ~RA |
❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞♦ s✐st❡♠❛ ♣♦❞❡ ❡♥tã♦ s❡r ❡s❝r✐t❛ ❝♦♠♦✿

W = E + Vnn ✭✷✳✽✮

❆tr❛✈és ❞♦ ♠ét♦❞♦ ✈❛r✐❛❝✐♦♥❛❧✱ ♠✐♥✐♠✐③❛♥❞♦ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛ E[Ψ]✱ é ♣♦ssí✈❡❧ ❞❡t❡r✲

♠✐♥❛r t❛♥t♦ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ q✉❛♥t♦ ❛ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛✱ ♦✉ s❡❥❛✿

E[Ψ] =
〈Ψ|Ĥ|Ψ〉
〈Ψ|Ψ〉 ≥ E0 ✭✷✳✾✮

✷✳✹ ❚❡♦r❡♠❛s ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥

❖ q✉❡ ❢♦✐ ♣r♦♣♦st♦ ❡ ❞❡♠♦♥str❛❞♦ ♣♦r ❍♦❤❡♥❜❡r❣ ✫ ❑♦❤♥ ✭✶✾✻✹✮ ❛tr❛✈és ❞❡ s❡✉s ❞♦✐s t❡♦✲

r❡♠❛s✱ ♦s q✉❛✐s ❢✉♥❞❛♠❡♥t❛♠ ❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡✱ é q✉❡ ❛ ♣❛rt✐r ❞❛ ❞❡♥s✐❞❛❞❡

❡❧❡trô♥✐❝❛ é ♣♦ssí✈❡❧ ♦❜t❡r t♦❞❛ ❛ ✐♥❢♦r♠❛çã♦ ❡①tr❛í❞❛ ❞❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞❡ ♠✉✐t♦s ❡❧étr♦♥s✱ ❝♦♠♦

❛ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❡ ♦✉tr❛s ♣r♦♣r✐❡❞❛❞❡s✳
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❆ t❡♦r✐❛ ❞❡♠♦str❛❞❛ ❛tr❛✈és ❞❡ ❛♠❜♦s t❡♦r❡♠❛s é ❛♣❧✐❝❛❞❛ ❛ s✐st❡♠❛s ♠✉❧t✐❡❧❡trô♥✐❝♦s✱ s❡♥❞♦

❛♣❧✐❝❛❞❛ ❛ s✐st❡♠❛s q✉❡ ❡stã♦ s♦❜ ❛ ❛çã♦ ❞❡ ✉♠ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ Vext(~r)✱ ❝♦♠ ❛ ✐♥❝❧✉sã♦ ❞❡

♣r♦❜❧❡♠❛s ❞❡ ❡❧étr♦♥s ❡ ♥ú❝❧❡♦s ✜①❛❞♦s✱ ♦♥❞❡ é ♣♦ssí✈❡❧ ❡s❝r❡✈❡r ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❝♦♠♦✿

Ĥ = − ~
2

2me

∑

i

∇2
i +

∑

i

Vext(~r) +
1

2

∑

i 6=j

e2

| ~ri − ~rj |
✭✷✳✶✵✮

Pr✐♠❡✐r♦ t❡♦r❡♠❛ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✿ ♦ ♣♦t❡♥❝✐❛❧ Vext(~r) ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s

✐♥t❡r❛❣❡♥t❡s é ❞❡t❡r♠✐♥❛❞♦ ✉♥✐❝❛♠❡♥t❡ ♣♦r ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ ρ0(~r) ♥♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧

❞♦ s✐st❡♠❛✱ ❡①❝❡t♦ ♣♦r ✉♠❛ ❝♦♥st❛♥t❡✳

❙❡❣✉♥❞♦ t❡♦r❡♠❛ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✿ ❯♠ ❢✉♥❝✐♦♥❛❧ ✉♥✐✈❡rs❛❧ ♣❛r❛ ❛ ❡♥❡r❣✐❛ E[ρ] ❡♠

t❡r♠♦s ❞❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ♣♦❞❡ s❡r ❞❡✜♥✐❞♦✱ ✈❛❧❡♥❞♦ ♣❛r❛ q✉❛❧q✉❡r ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ Vext(~r)✳ ❚❛♥t♦

❡st❡ Vext(~r) ♣❛rt✐❝✉❧❛r✱ ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❡①❛t❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ q✉❛♥t♦ ♦ ✈❛❧♦r ♠í♥✐♠♦ ❣❧♦❜❛❧

❞❡ss❡ ❢✉♥❝✐♦♥❛❧ ❡ t❛♠❜é♠ ❛ ❞❡♥s✐❞❛❞❡ ρ(~r) q✉❡ ♠✐♥✐♠✐③❛ ♦ ❢✉♥❝✐♦♥❛❧ é ❛ ❞❡♥s✐❞❛❞❡ ❡①❛t❛ ❞♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧✳

◆♦t❡♠♦s q✉❡ ❡♠ ✉♠ s✐st❡♠❛ ❞❡ N ❡❧étr♦♥s✱ ♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❛ ❊q✳ ✷✳✻ é ❝♦♠♣❧❡t❛♠❡♥t❡

❝♦♥str✉í❞♦ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ v(~r)✳ ❉❡ss❡ ♠♦❞♦✱ t♦❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧

✭♥ã♦ ❞❡❣❡♥❡r❛❞♦✮ sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣♦r N ❡ v(~r)✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❍♦❤❡♥❜❡r❣ ❡ ❑♦❤♥✱ ❛♦ ✐♥✈és

❞❡ N ❡ v(~r) ❛ ✈❛r✐á✈❡❧ ❜ás✐❝❛ ❞❛ ❉❋❚ s❡r✐❛ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r)✳

❖ Pr✐♠❡✐r♦ t❡♦r❡♠❛ ♥♦s ❞✐③ ❡♥tã♦✱ q✉❡ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧

❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❡❧étr♦♥s ♣❡r♠✐t❡ ❞❡❞✉③✐r✱ ❛ ♠❡♥♦s ❞❡ ✉♠❛ ❝♦♥st❛♥t❡✱ ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦

♥♦ q✉❛❧ ♦s ❡❧étr♦♥s r❡s✐❞❡♠✳ ❊s❝r❡✈❡♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) ❡ ❛ ❡♥❡r❣✐❛ ❞♦ E ❡♠ t❡r♠♦ ❞❛

❢✉♥çã♦ ❞❡ ♦♥❞❛✱ t❡♠♦s ❛s s❡❣✉✐♥t❡s ❡①♣r❡ssõ❡s✿

ρ(~r) =
〈Ψ|ρ̂(~r)|Ψ〉

〈Ψ|Ψ〉 = N

∫
d3r2...d

3rN
∑

σ1
|Ψ(~r1, ~r2, ~r3, ..., ~rN |2

∫
d3r1, d3r2...d3rN |Ψ(~r1, ~r2, ~r3, ..., ~rN |2

✭✷✳✶✶✮

❡

ρ(~r) =
〈Ψ|Ĥ|Ψ〉
〈Ψ|Ψ〉 = 〈Ĥ〉 = 〈T̂ 〉+ 〈V̂int〉+

∫

d3rVext(~r)ρ(~r) + EII ✭✷✳✶✷✮
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➱ ♣♦ssí✈❡❧ ❞❡♠♦str❛r ❛ ✈❡r❛❝✐❞❛❞❡ ❞♦ ♣r✐♠❡✐r♦ t❡♦r❡♠❛ s✉♣♦♥❞♦ q✉❡ ❞♦✐s ♣♦t❡♥❝✐❛✐s ❡①t❡r♥♦s

V ′
ext(~r) ❡ V

′′
ext(~r) ❧❡✈❡♠ ❛ ✉♠❛ ♠❡s♠❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ❆ ♣❛rt✐r

❞♦s ♣♦t❡♥❝✐❛✐s sã♦ ♦❜t✐❞♦s ❞♦✐s ❤❛♠✐❧t♦♥✐❛♥♦s Ĥ ′ ❡ Ĥ ′′ q✉❡ ♣♦ss✉❡♠ ❞✉❛s ❢✉♥çõ❡s ❞❡ ♦♥❞❛s ♣❛r❛ ♦

❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ Ψ′ ❡ Ψ′′ ❡ q✉❡ ❧❡✈❛♠ ❛ ♠❡s♠❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ❙❡❥❛

❝♦♥s✐❞❡r❛❞♦ t❛♠❜é♠ q✉❡✱ Ψ′′ ♥ã♦ s❡❥❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ Ĥ ′✱ s❡❣✉❡ q✉❡✿

E ′ = 〈Ψ′|Ĥ ′|Ψ′〉 < 〈Ψ′′|Ĥ ′|Ψ′′〉, ✭✷✳✶✸✮

❡st❛ ✐♥❡q✉❛çã♦ ♥♦s ❞✐③ q✉❡✱ s❡ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ é ♥ã♦✲❞❡❣❡♥❡r❛❞♦ ✭♣❡❧♦ Pr✐♠❡✐r♦ t❡♦r❡♠❛

❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✮✱ ♥ã♦ ❤á ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠❛ ❛✉t♦✲❡♥❡r❣✐❛ ♠❡♥♦r q✉❡ ❛ ❞♦ ❡st❛❞♦

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

❞❡ Ĥ✳ ❘❡❡s❝r❡✈❡♥❞♦ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❊q✳ ✷✳✶✸✱ t❡♠♦s✿

〈Ψ′′|Ĥ ′|Ψ′′〉 = 〈Ψ′′|Ĥ ′′|Ψ′′〉+ 〈Ψ′′|Ĥ ′ − Ĥ ′′|Ψ′′〉

= E ′′ +

∫

d3r[V ′
ext(~r)− V ′′

ext(~r)]ρ0(~r), ✭✷✳✶✹✮

❡♥tã♦✱ t❡♠♦s✿

E ′ < E ′′ +

∫

d3r[V ′
ext(~r)− V ′′

ext(~r)]ρ0(~r), ✭✷✳✶✺✮

❝❛s♦ ❝♦♥s✐❞❡r❡♠♦s E ′′ ❞♦ ♠♦❞♦ ❛♥á❧♦❣♦ ❛♦ r❡❛❧✐③❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ❡♥❝♦♥tr❛r❡♠♦s ❛ ♠❡s♠❛ ❊q✳

✷✳✶✺✱ ❝♦♠ ♦s í♥❞✐❝❡s (′) ❡ (′′) ✐♥t❡r❝❛❧❛❞♦s✱ ♦✉ s❡❥❛✿

E ′′ = 〈Ψ′′|Ĥ ′′|Ψ′′〉 < 〈Ψ′|Ĥ ′′|Ψ′〉, ✭✷✳✶✻✮

t❡♠♦s ❡♥tã♦✿

〈Ψ′|Ĥ ′′|Ψ′〉 = 〈Ψ′|Ĥ ′|Ψ′〉+ 〈Ψ′|Ĥ ′′ − Ĥ ′|Ψ′〉
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= E ′ +

∫

d3r[V ′′
ext(~r)− V ′

ext(~r)]ρ0(~r), ✭✷✳✶✼✮

♣♦❞❡✲s❡ ❡♥tã♦ r❡❡s❝r❡✈❡r ❛ ❊q✳ ✷✳✶✻✿

E ′′ < E ′ +

∫

d3r[V ′′
ext(~r)− V ′

ext(~r)]ρ0(~r), ✭✷✳✶✽✮

❝♦♠♣❛r❛♥❞♦ ❛ ❊q✳ ✷✳✶✺ ❝♦♠ ❛ ❊q✳✷✳✶✽ ♦❜t❡♠✲s❡ ❛ s❡❣✉✐♥t❡ ❞❡s✐❣✉❛❧❞❛❞❡✿

E ′ + E ′′ < E ′ + E ′′ ✭✷✳✶✾✮

❛ ✐♥❝♦❡rê♥❝✐❛ ❞❡st❛ ✐♥❡q✉❛çã♦ ❞❡♠♦str❛ q✉❡ ❛ s✉♣♦s✐çã♦ q✉❡ ❞♦✐s ♣♦t❡♥❝✐❛s ❡①t❡r♥♦s ❧❡✈❛♠ ❛ ✉♠❛

♠❡s♠❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♥ã♦ é ✈❡r❞❛❞❡✐r❛✳ ❋✐❝❛ ❡♥tã♦✱ ❡st❛❜❡❧❡❝✐❞❛

✉♠❛ r❡❧❛çã♦ ✧ú♥✐❝❛✧❡♥tr❡ ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ Vext(~r) ❡ ❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) ❞♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧✳

❯♠ ♦✉tr♦ ♣✐❧❛r ❞❛ ❉❋❚ é ♦ s❡❣✉♥❞♦ t❡♦r❡♠❛ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✱ ❡st❡ ❞✐③ q✉❡ ❝♦♥❤❡❝❡♥❞♦

❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ é ♣♦ssí✈❡❧ ♦❜t❡r ❛s ❞❡♠❛✐s ♣r♦♣r✐❡❞❛❞❡s ♣❛r❛ ♣❛r❛ ❡ss❡ ❡s✲

t❛❞♦✳ ➱ ♣♦ssí✈❡❧ ♣r♦✈❛r♠♦s ❡st❡ t❡♦r❡♠❛ ❛♦ ❞❡✜♥✐r♠♦s ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛ E[ρ] ❡♠ r❡❧❛çã♦ ❛

❞❡♥s✐❞❛❞❡ ρ(~r) ❡ ❡♥t❡♥❞❡r♠♦s ♦ s❡✉ s✐❣♥✐✜❝❛❞♦✳ ❈❛❞❛ ❞❡♥s✐❞❛❞❡ é ❝❛♣❛③ ❞❡ ❞❡✜♥✐r ✉♠ ❝❤❛♠❛❞♦

✏❱✲r❡♣r❡s❡♥tá✈❡❧✑ ❬✸✷✱ ✸✸❪✳

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

❝❛♠❡♥t❡ ❞❡t❡r♠✐♥❛❞❛s ♣♦r ρ(~r) ❡s♣❡❝✐✜❝❛❞❛✱ ❧♦❣♦ ❝❛❞❛ ✉♠❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s r❡♣r❡s❡♥t❛rá ✉♠

❢✉♥❝✐♦♥❛❧ ❞❡ ρ(~r) ✱ ✐♥❝❧✉✐♥❞♦ ❢✉♥❝✐♦♥❛❧ ❡♥❡r❣✐❛ t♦t❛❧✳

EHK [ρ] = T [ρ] + Vint[ρ] +

∫

d3rVext(~r)ρ(~r) + EII

= FHK [ρ] +

∫

d3rVext(~r)ρ(~r) + EII , ✭✷✳✷✵✮
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♦♥❞❡✱ EII r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❞♦ ♥ú❝❧❡♦✳ ❖ ❢✉♥❝✐♦♥❛❧ FHK [ρ] ✭❋✉♥❝✐♦♥❛❧ ❞❡ ❍♦❤❡♥❜❡r❣✲

❑♦❤♥✮ ✐♥❝❧✉✐ t♦❞❛s ❛s ❡♥❡r❣✐❛s ✐♥t❡r♥❛s✱ ❝✐♥ét✐❝❛ ❡ ♣♦t❡♥❝✐❛❧ ❞♦ s✐st❡♠❛ ❞❡ ✐♥t❡r❛çã♦ ❞♦ ❡❧étr♦♥✳

FHK [ρ] = T [ρ] + Vint[ρ], ✭✷✳✷✶✮

❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❛ s♦♠❛ ❞♦s ♦♣❡r❛❞♦r❡s ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ T̂ ❡ r❡♣✉❧sã♦ ✐♥t❡r♥❛ ❡❧étr♦♥✲❡❧étr♦♥

V̂int✱ ♦ ❢✉♥❝✐♦♥❛❧ FHK ❞❡✈❡ s❡r ✉♥✐✈❡rs❛❧ ❝♦♠ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ Ψ s❡♥❞♦ ❛

ú♥✐❝❛ q✉❡ ❢♦r♥❡❝❡ ♠❡♥♦r ❡♥❡r❣✐❛✿

FHK [ρ] = T [ρ] + Vint[ρ] = 〈Ψ|T̂ − V̂int|Ψ〉 ✭✷✳✷✷✮

❆✐♥❞❛ ♥ã♦ ❤á ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❡①❛t❛ ♣❛r❛ FHK [ρ]✳ ❯♠❛ ✈❡③ ♦❜t✐❞❛ ✉♠ ❢♦r♠❛ ❡①♣❧✐❝✐t❛ ♣❛r❛ ❡ss❡

❢✉♥❝✐♦♥❛❧ ❝♦♥t❡♥❞♦ T [ρ] ❡ Vint[ρ]✱ ♣♦❞❡✲s❡ ❛♣❧✐❝❛r ❛ q✉❛❧q✉❡r s✐st❡♠❛✱ ❥á q✉❡ FHK [ρ] é ✉♠ ❢✉♥❝✐♦♥❛❧

✉♥✐✈❡rs❛❧ ❞❡ ρ(~r)✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ♣♦❞❡r✐❛✲s❡ ♦❜t❡r s♦❧✉çõ❡s s❡♠ ❛♣r♦①✐♠❛çõ❡s ♣❛r❛ ❛ ❡q✉❛çã♦ ❞❡

❙❝❤rö❞✐♥❣❡r ❬✸✷❪✳

P❛r❛ ✉♠ s✐st❡♠❛ q✉❡ ♣♦ss✉✐ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ρ′(~r) q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣♦✲

t❡♥❝✐❛❧ Vext(~r)✱ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥ é ✐❣✉❛❧ ❛♦ ✈❛❧♦r ❞♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❡♠ ✉♠

ú♥✐❝♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ q✉❡ ♣♦ss✉✐ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ Ψ′✱ ♦✉ s❡❥❛✿

E ′ = EHK [ρ
′] = 〈Ψ′|Ĥ ′|Ψ′〉 ✭✷✳✷✸✮

P❛r❛ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞✐❢❡r❡♥t❡✱ ρ′′(~r)✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ Ψ′′✱ é ♦❜t✐❞♦ ✉♠❛

❡♥❡r❣✐❛ E ′′ ♠❛✐♦r q✉❡ E ′✱

E ′ = 〈Ψ′|Ĥ ′|Ψ′〉 < 〈Ψ′′|Ĥ ′′|Ψ′′〉 = E ′′. ✭✷✳✷✹✮

P❛r❛ q✉❛❧q✉❡r ❞❡♥s✐❞❛❞❡ t❡♥t❛t✐✈❛ ρ′′(~r)✱ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ♦❜t✐❞❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❊q✳✷✳✷✵

s❡rá s❡♠♣r❡ ♠❛✐♦r q✉❡ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✳ ▲♦❣♦✱ ❛ ❡♥❡r❣✐❛ ♦❜t✐❞❛ ♣❡❧♦ ❢✉♥❝✐♦♥❛❧ ❞❡
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❍♦❤❡♥❜❡r❣✲❑♦❤♥ ❝♦♠ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ é ♠❡♥♦r ❡♥❡r❣✐❛ ♦❜t✐❞❛ ♣❛r❛ q✉❛❧q✉❡r

♦✉tr❛ ❞❡♥s✐❞❛❞❡✳

P♦❞❡✲s❡ ❛✜r♠❛r ❡♥tã♦✱ q✉❡ t♦❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✉♠ s✐st❡♠❛✱ ❞❡✜♥✐❞♦ ♣♦r ✉♠ ♣♦t❡♥❝✐❛❧

Vext(~r)sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ρ0(~r)✳ ❊st❡ ♠ét♦❞♦ ❧✐♠✐t❛✲s❡ ❛♦

❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❥á q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡st❡ ❡st❛❞♦ ❡ ❡①♣❧✐❝✐t❛♠❡♥t❡ ✉s❛❞❛✳ ❆ ❚❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧

❞❛ ❉❡♥s✐❞❛❞❡ é ♣♦rt❛♥t♦ ✉♠❛ t❡♦r✐❛ ❡①❛t❛ ❛♣❡♥❛s ♣❛r❛ ♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧❬✸✷✱ ✸✸❪✳

✷✳✺ ❋♦r♠❛❧✐s♠♦ ❞❡ ❑♦❤♥✲❙❤❛♠

❆ t❡♦r✐❛ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡ t❡♠ s❡ ♠♦str❛❞♦ ✉♠ ✐♠♣♦rt❛♥t❡ ♠ét♦❞♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦

❞❡ ❝á❧❝✉❧♦s ❞❡ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛✳ ■ss♦ ❞❡✈✐❞♦ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❑❤♦♥ ✫ ❙❤❛♠ ❡♠ ✶✾✻✺✱ ♣r♦♣♦♥❞♦

q✉❡ ♦ tr❛t❛♠❡♥t♦ ❞❡ ❝♦r♣♦s ✐♥t❡r❛❣❡♥t❡ s❡❥❛ s✉❜st✐t✉í❞♦ ♣❡❧♦ ♣r♦❜❧❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s✳

❖ ♠ét♦❞♦ ♣r♦♣♦st♦ ❧❡✈❛ ❛ ❢♦r♠✉❧❛çõ❡s ❛♣r♦①✐♠❛❞❛s ❝♦♠ ♥♦tá✈❡❧ s✉❝❡ss♦✳

✷✳✺✳✶ ❚r❛t❛♠❡♥t♦ ❞❡ ❑♦❤♥✲❙❤❛♠

❆ ❛♣r♦①✐♠❛çã♦ ❞❡ ❑♦❤♥✲❙❤❛♠ t❡♠ ♦ ✐♥t✉✐t♦ ❞❡ r❡❛❧✐③❛r ❛ s✉❜st✐t✉✐çã♦ ❞❡ ✐♥t❡r❛çõ❡s ❞❡ s✐st❡♠❛

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

Ĥ = −1

2

∑

i

∇2
i +

∑

i,I

ZIe
2

|~ri − ~RI |
+

1

2

∑

i 6=j

e2

|~ri − ~rj|
− 1

2

∑

I

∇2
i

MI

+
1

2

∑

I 6=J

ZIZJe
2

| ~RI − ~RJ |
,

♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡♥♦♠✐♥❛❞♦ ❛✉①✐❧✐❛r✱ ❝♦♠ r❡s♦❧✉çã♦ ♠❛✐s ✈✐á✈❡❧✳ P❛r❛ ✐ss♦ é ♣r♦♣♦st♦ ♣♦r ❑❤♦♥ ✫

❙❤❛♠ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ✐♥t❡r❛❣❡♥t❡s é ✐❣✉❛❧ ❛ ❞❡ ✉♠

s✐st❡♠❛ ♥ã♦✲✐♥t❡r❛❣❡♥t❡✳ ❆✐♥❞❛ s✐♠ ♣❛r❛ q✉❡ ♦ s✐st❡♠❛ ❞❡ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s ❞❡s❝r❡✈❛ ♣❡r✲

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

❈♦♠ ✐ss♦✱ ❡st❡s t❡r♠♦s sã♦ ✐♥❝❧✉í❞♦s ♥♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ✭❡①❝❤❛♥❣❡✲❝♦rr❡❧❛t✐♦♥✮ ❞❛

❞❡♥s✐❞❛❞❡✱ q✉❡ ❝♦♠♣õ❡♠ ♦ ❤❛♠✐❧t♦♥✐❛♥♦ ♥ã♦✲✐♥t❡r❛❣❡♥t❡✳ ❈♦♠ ❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ sã♦ ♦❜t✐❞♦s ❛
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❞❡♥s✐❞❛❞❡ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❜❡♠ ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛ ✐♥t❡r❛❣❡♥t❡ ♦r✐❣✐♥❛❧ ❝♦♠ ♣r❡❝✐sã♦

❧✐♠✐t❛❞❛✱ ✐ss♦ ❞❡✈✐❞♦ ❛s ❛♣r♦①✐♠❛çõ❡s ♥♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❬✸✸✱ ✸✷❪✳

✷✳✺✳✷ ❙✉♣♦s✐çõ❡s

❆ ♣r♦♣♦st❛ ❞❡ ❑♦❤♠ ✫ ❙❤❛♠ s❡ ❜❛s❡❛ ❡♠ ❞✉❛s s✉♣♦s✐çõ❡s✿

• P♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ❛ ❞❡♥s✐❞❛❞❡ ❡①❛t❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ♣❡❧❛ ❞❡♥s✐❞❛❞❡ ❢✉♥❞❛♠❡♥✲

t❛❧ ❞❡ ✉♠ s✐st❡♠❛ ❛✉①✐❧✐❛r ❞❡ ♣❛rtí❝✉❧❛s ♥ã♦✲✐♥t❡r❛❣❡♥t❡s✳ ■ss♦ ♣♦❞❡ s❡r ❝❤❛♠❛❞♦ ❞❡ ✏❱✲

r❡♣r❡s❡♥tá✈❡❧✲♥ã♦✲✐♥t❡r❛❣❡♥t❡✑ ❡ ❧❡✈❛ ❛ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦s s✐st❡♠❛s✳

• ➱ ❡s❝♦❧❤✐❞♦ ♦ ❤❛♠✐❧t♦♥✐❛♥♦ ♣❛r❛ t❡r ✉♠ ♦♣❡r❛❞♦r ❞❡ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ✉s✉❛❧ ❡ ✉♠ ♣♦t❡♥❝✐❛❧

❡❢❡t✐✈♦ V σ
eff (~r) ❛t✉❛♥❞♦ ♥♦ ❡❧étr♦♥ ❞❡ s♣✐♥ σ ♥♦ ♣♦♥t♦ ~r✳ ❆té ♦ ♠♦♠❡♥t♦ ❛ss✉♠✐♠♦s q✉❡

♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ V̂est é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ s♣✐♥ ✭✐♥t❡r❛çõ❡s s♣✐♥✲♦r❜✐t❛ sã♦ ❞❡s♣r❡③❛❞❛s✮❀

♣♦ré♠✱ ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ ❛✉①✐❧✐❛r V σ
eff (~r) ♣♦❞❡ s❡r ❞❡♣❡♥❞❡♥t❡ ❞♦ s♣✐♥✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦

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

❖ ❤❛♠✐❧t♦♥✐❛♥♦ ♣❛r❛ ♦ s✐st❡♠❛ ❛✉①✐❧✐❛r ✭❤❛♠✐❧t♦♥✐❛♥♦ ❛✉①✐❧✐❛r✮ ✜❝❛ ❞❡✜♥✐❞♦ ❝♦♠♦✿

Ĥaux = −1

2
∇2 + V (~r) ✭✷✳✷✺✮

♦♥❞❡✱ ✉s♦✉✲s❡ ❛s ✉♥✐❞❛❞❡s ❛tô♠✐❝❛s ❍❛rtr❡❡ ~ = me = e4π/ǫ0 = 1✳ ❆ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ ❛✉①✐❧✐❛r

é ❞❛❞❛ ♣❡❧♦ s♦♠❛tór✐♦ ❞♦ q✉❛❞r❛❞♦ ❞♦s ♦r❜✐t❛✐s

ρ(~r) =
N∑

i

|ψi(~r)|2, ✭✷✳✷✻✮

s❡♥❞♦ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s✲✐♥❞❡♣❡♥❞❡♥t❡s ❞❛❞❛ ♣♦r

Ts =
1

2

N∑

i

〈ψi|∇2|ψi〉 =
1

2

N∑

i=1

|∇ψi|2, ✭✷✳✷✼✮
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❛ ❡♥❡r❣✐❛ ❞❡ ✐♥t❡r❛çã♦ ❝♦✉❧♦♠❜✐❛♥❛ ❝❧áss✐❝❛ ❝♦♠♦ ❛✉t♦ ✐♥t❡r❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ρ(~r) é

❞❛❞❛ ♣♦r

EHartree =
1

2

∫ ∫

d3rd3r′
ρ(~r)ρ(~r′)

|~r − ~r′|
. ✭✷✳✷✽✮

P❛r❛ ❞❡s❝r❡✈❡r ❛ ✐♥t❡r❛çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❞❡ ♠✉✐t♦s ❝♦r♣♦s✱ ❛ ❡①♣r❡ssã♦ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥

♣❛r❛ ❡♥❡r❣✐❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧✱ ❊q✳✷✳✷✵✱ é r❡❡s❝r✐t❛ ✭❛♣r♦①✐♠❛çã♦ ❞❡ ❑♦❤♥✲❙❤❛♠✮

EKS = Ts[ρ] +

∫

d3rVext(~r)ρ(~r) + EHartree[ρ] + EII + Exc[ρ], ✭✷✳✷✾✮

s❡♥❞♦ Vext ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ ❞❡✈✐❞♦ ♦ ♥ú❝❧❡♦ ❡ ❛❧❣✉♠ ♦✉tr♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦✱ EII ❝♦♠♦ ❥á ❞✐t♦

❛♥t❡r✐♦r♠❡♥t❡ r❡♣r❡s❡♥t❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ♥ú❝❧❡♦s ❡ ♦ ♥♦✈♦ t❡r♠♦ q✉❡ s✉r❣❡ ✭Exc✮ é ❞❡♥♦♠✐♥❛❞♦

❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦✳ ❆ s♦♠❛ ❞❡ Vext✱ EHartree ❡ EII r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❝❧áss✐❝❛ ❞❡

❈♦✉❧♦♠❜✳ ❆ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s é ❡①♣r❡ss❛ ❝♦♠♦ ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❡ ♦r❜✐t❛✐s✳

P♦ré♠✱ ❞❡✈❡ s❡r ✉♠ ❢✉♥❝✐♦♥❛❧ ú♥✐❝♦ ❞❛ ❞❡♥s✐❞❛❞❡ ρ(~r) ♣❡❧♦s ❛r❣✉♠❡♥t♦s ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥

❛♣❧✐❝❛❞♦s ♥♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❡ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❊q✳✷✳✷✺✳

❖ ❢✉♥❝✐♦♥❛❧ Exc ❛❣r✉♣❛ t♦❞♦s ♦s ❡❢❡✐t♦s ❞❡ ❝♦rr❡❧❛çã♦ ❡ tr♦❝❛ ♣r❡s❡♥t❡s ♥❛ ✐♥t❡r❛çã♦ ❞❡ ♠✉✐t♦s

❝♦r♣♦s✱ ♣♦❞❡♥❞♦ s❡r ❡s❝r✐t♦ ❡♠ t❡r♠♦s ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✳ ❈♦♠♣❛r❛♥❞♦ ❛ ❊♥❡r❣✐❛

❞❡ ❍♦❤❡♥❜❡r❣✲❑♦❤♥✱ ❊q✳✷✳✷✵✱ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❡ ❑♦❤♥✲❙❤❛♠✱ ❊q✳✷✳✷✾

Exc[ρ] = FHK [ρ]− (Ts[ρ] + EHartree[ρ]), ✭✷✳✸✵✮

♦✉ ❛✐♥❞❛✱

Exc[ρ] = T̂ − Ts[ρ] + V̂int − EHartree[ρ]. ✭✷✳✸✶✮

P♦r ❡st❛ ❡q✉❛çã♦ ♣❡r❝❡❜❡✲s❡ q✉❡ Exc é ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❛ ❞❡♥s✐❞❛❞❡✱ ❡ q✉❡ é ❥✉st❛♠❡♥t❡ ❛

❞✐❢❡r❡♥ç❛ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❛ ✈❡r❞❛❞❡✐r❛ ✐♥t❡r❛çã♦ ❞♦ s✐st❡♠❛ ♠✉❧t✐✲

❡❧❡trô♥✐❝♦✱ ❝♦❧♦❝❛❞❛ ♥❡st❡ s✐st❡♠❛ ✜❝tí❝✐♦ ❞❡ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s✱ s❡♥❞♦ ❛ ✐♥t❡r❛çã♦ ❡❧étr♦♥✲

❡❧étr♦♥ r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❡♥❡r❣✐❛ ❞❡ ❍❛rtrr❡❡✳ ❈♦♠ ♦ ❢✉♥❝✐♦♥❛❧ Exc é ♣♦ssí✈❡❧ ♦❜t❡r ❛ ❡♥❡r❣✐❛ ❡①❛t❛
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❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♠✉✐t♦s ❡❧étr♦♥s r❡s♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ❞❡ ❑♦❤♥✲❙❤❛♠

♣❛r❛ ♣❛rtí❝✉❧❛s ✐♥❞❡♣❡♥❞❡♥t❡s✳

✷✳✺✳✸ ▼ét♦❞♦ ❞❡ ❑♦❤♥✲❙❤❛♠

❑♦❤♥ ✫ ❙❤❛♠ ❞❡ ✐♥tr♦❞✉③✐r❛♠ ♦ ❝♦♥❝❡✐t♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ♥ã♦✲✐♥t❡r❛❣❡♥t❡✱ ♠❛s

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

é ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❛tr❛✈és ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♦r❜✐t❛✐s✳ ❈♦♠ ❡ss❛ ♣r♦♣♦st❛ t♦r♥❛✲s❡ ♣♦ssí✈❡❧

❝❛❧❝✉❧❛r ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❝♦♠ ❜♦❛ ♣r❡❝✐sã♦✳ ❖ r❡st❛♥t❡ é s♦♠❛❞♦ ❝♦♠ ❛s ❞❡♠❛✐s

❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❡♥❡r❣✐❛s ❞❡ ❡♥❡r❣✐❛s ❞❡s❝♦♥❤❡❝✐❞❛s✱ ❝♦♠ ❛s ❝♦♥tr✐❜✉✐çõ❡s ♥ã♦ ❝❧áss✐❝❛s ❡❧étr♦♥✲

❡❧étr♦♥✱ s❡♥❞♦ t♦❞♦s ♣❡q✉❡♥❛s✳ ❈♦♠ ✐ss♦✱ ♦ ♠ét♦❞♦ ♣♦ss✐❜✐❧✐t❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❡❧étr♦♥s ✐♥t❡r❛❣❡♥t❡s✱ ❡ ❛ ♠❛✐♦r ♣❛rt❡ ❞♦s t❡r♠♦s é ❝❛❧❝✉❧❛❞♦ ❝♦♠

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

❛♣r♦①✐♠❛❞♦❬✸✸✱ ✸✷❪✳

❆ ❡♥❡r❣✐❛ t♦t❛❧ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠✉✐t♦s ❡❧étr♦♥s ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛

♣❡❧♦ ♠í♥✐♠♦ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡ ❡♥❡r❣✐❛✱

E[ρ] = FHK +

∫

d3rVext(~r)ρ(~r), ✭✷✳✸✷✮

s❡♥❞♦

FHK [ρ] = T [ρ] + EHartree + Encl[ρ], ✭✷✳✸✸✮

♦♥❞❡ ♦ ❢✉♥❝✐♦♥❛❧ ✉♥✐✈❡rs❛❧ FHK ❝♦♥té♠ ❛s ❝♦♥tr✐❜✉✐çõ❡s ✐♥❞✐✈✐❞✉❛✐s ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛✱ T [ρ]✱ ❛

✐♥t❡r❛çã♦ ❝♦✉❧♦♠❜✐❛♥❛ ❝❧áss✐❝❛✱ EHartree[ρ]✱ ❡ ❛ ♣❛rt❡ ♥ã♦✲❝❧áss✐❝❛ Encl[ρ]✱ ❞❡✈✐❞♦ ❛ ❝♦rr❡çã♦ ❞❡ ❛✉t♦

✐♥t❡r❛çã♦✱ ❡❢❡✐t♦s ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❡❧❡trô♥✐❝❛✳ ❉❡st❡s t❡r♠♦s✱ é ❝♦♥❤❡❝✐❞♦ ❛♣❡♥❛s EHartree[ρ]✳

P❛r❛ ♦ s✐st❡♠❛ ❞❡ ❡❧étr♦♥s ♥ã♦ ✐♥t❡r❛❣❡♠ ❞❡ ❑♦❤♠✲❙❤❛♠ ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❡❧❡trô♥✐❝♦ ❞❛❞♦

Ĥaux ❊q✳ ✷✳✷✺✱ é ❡s❝r✐t♦ ♣❛r❛ t♦❞♦s ♦s ❡❧étr♦♥s✱
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Ĥs = Ĥux =
1

2

N∑

i=1

∇2
i +

N∑

i=1

vs(~ra), ✭✷✳✸✹✮

❞❡ ♦♥❞❡ ♣♦❞❡♠♦s ♦❜t❡r ♦ ❍❛♠✐❧t♦♥✐❛♥♦ ❞❡ ✉♠ ❡❧étr♦♥ ❝♦♠♦

ĥs =
1

2
∇2

i + vs(~r). ✭✷✳✸✺✮

P❛r❛ ❡st❡ s✐st❡♠❛✱ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ ❡①❛t❛ ❞♦ ❡st❛❞♦ ❢✉♥❞❛♠❡♥t❛❧ s❡rá ✐❣✉❛❧ ❛ ✉♠ ❞❡t❡r♠✐♥❛♥t❡

❞❡ ❙❧❛t❡r ✭✶✾✻✺✮

ΨS =
1√
N !











ψ1
1 ψ1

2 ... ψ1
N

ψ2
1 ψ2

2 ... ψ2
N

✳✳✳
✳✳✳

✳✳✳
✳✳✳

ψN
1 ψN

2 ... ψN
N











✭✷✳✸✻✮

♦♥❞❡ ♦s ψj
i sã♦ ♦s ◆ ♦r❜✐t❛✐s ❞❡ ❑♦❤♥✲❙❤❛♠✳ ❊st❡s sã♦ ♦❜t✐❞♦s ♣❛r❛ ✉♠ ú♥✐❝♦ ❡❧étr♦♥ ❛tr❛✈és ❞❛

❡q✉❛çã♦ ❞❡ ❛✉t♦✈❛❧♦r✿

ĥsψi = [−1

2
∇2

i + vs(~r)]ψi = εiψi ✭✷✳✸✼✮

P❛r❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❡q✉✐✈❛❧ê♥❝✐❛ ❡♥tr❡ ♦ s✐st❡♠❛ ✜❝tí❝✐♦ ❡ ♦ s✐st❡♠❛ r❡❛❧✱ é ♥❡❝❡ssár✐♦

q✉❡ ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ vs s❡❥❛ ❞❡✜♥✐❞♦ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ r❡s✉❧t❛♥t❡ ❞❛ s♦♠❛ ❞♦ ♠ó❞✉❧♦

q✉❛❞r❛❞♦ ❞♦s ♦r❜✐t❛✐s ψj
i s❡❥❛ ✐❣✉❛❧ ❛ ❞❡♥s✐❞❛❞❡ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ s✐st❡♠❛ r❡❛❧✱

ρs(~r) =
N∑

i=1

∑

s

|ψi(~r, s)|2 = ρ0(~r). ✭✷✳✸✽✮

❈♦♠ ❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡①♣r❡ss❛r ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❛tr❛✈és ❞❡ ✉♠ ❢✉♥❝✐♦♥❛❧ ❡①♣❧✐❝✐t♦✱

❑❤♦♥ ❡ ❙❤❛♠ ❝♦♥❝❡♥tr❛r❛♠✲s❡ ♥♦ ❝á❧❝✉❧♦ ❞❛ ♠❛✐♦r ♣❛rt❡ ♣♦ssí✈❡❧ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ r❡❛❧ ❡①❛t❛✱

s❡♥❞♦ ♦ r❡st❛♥t❡ ❛♣r♦①✐♠❛çõ❡s✳ ❈♦♠ ✐ss♦✱ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❡①❛t❛ ❞♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ✜❝tí❝✐♦✱

❝♦♠ ♠❡s♠❛ ❞❡♥s✐❞❛❞❡ ❞♦ s✐st❡♠❛ r❡❛❧✱ é ❡s❝r✐t❛ ❝♦♠♦✿
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Ts[ρ] = 〈Ψs|
N∑

i=1

(−1

2
∇2

i )|Ψs〉, ✭✷✳✸✾✮

Ts[ρ] =
N∑

i=1

〈ψs|(−
1

2
∇2

i )|ψs〉. ✭✷✳✹✵✮

▼❡s♠♦ ♦s s✐st❡♠❛s ♣♦ss✉✐♥❞♦ ❞❡♥s✐❞❛❞❡s ✐❣✉❛✐s ❛s ❡♥❡r❣✐❛s ❝✐♥ét✐❝❛s sã♦ ❞✐❢❡r❡♥t❡s✱ s❛❜❡♥❞♦

❞✐ss♦ ❑♦❤♥ ❡ ❙❤❛♠ ♣r♦♣✉s❡r❛♠ s❡♣❛r❛r ♦ ❢✉♥❝✐♦♥❛❧ FHK ✱ ❊q✳ ✷✳✸✸✿

FHK [ρ] = T [ρ] + EHartree + Exc[ρ], ✭✷✳✹✶✮

♦♥❞❡ Exc[ρ] é ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦✱ ❞❡✜♥✐❞❛ ❛tr❛✈és ❞❛ ❊q✳ ✷✳✹✶ ❝♦♠♦✿

Exc = (T [ρ]− Ts[ρ]) + (Vint[ρ]− EHartree[ρ]), ✭✷✳✹✷✮

s❡♥❞♦ Vint[ρ] = EHartree + Encl[ρ]✳ ▲♦❣♦✱

Exc = (T [ρ]− Ts[ρ]) + Vncl[ρ], ✭✷✳✹✸✮

♦✉

Exc = Tc[ρ] + Vnclρ], ✭✷✳✹✹✮

♦♥❞❡ Tc[ρ] é ❛ ♣❛rt❡ r❡s✐❞✉❛❧ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ r❡❛❧✱ ❡ q✉❡ ♥ã♦ ❡stá ✐♥❝❧✉s❛ ❡♠ Ts ❡ é ❛❞✐❝✐♦♥❛❞❛

❛s ❝♦♥tr✐❜✉✐çõ❡s ♥ã♦ ❝❧áss✐❝❛s ♣❛r❛ ❢♦r♠❛r ♦ t❡r♠♦ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦✳ ❖✉ s❡❥❛✱ t♦❞❛ ❛ ♣❛rt❡

q✉❡ ❛✐♥❞❛ ♥ã♦ s❡ s❛❜❡ ❡①♣r❡ss❛r ❡①♣❧✐❝✐t❛♠❡♥t❡ ❝♦♠♦ ✉♠ ❢✉♥❝✐♦♥❛❧ ❡①❛t♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

❡stá ❝♦♥t✐❞♦ ❡♠ Exc✳
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✷✳✺✳✹ ❊q✉❛çõ❡s ❞❡ ❑❤♦♥✲❙❤❛♠

❍❛✈✐❛ ❛✐♥❞❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡ ❡♥❝♦♥tr❛r ✉♠❛ ♠❛♥❡✐r❛ ❞❡ ❝♦♠♦ ❞❡t❡r♠✐♥❛r ✉♥✐❝❛♠❡♥t❡

♦s ♦r❜✐t❛✐s ♥♦ s✐st❡♠❛ ✜❝tí❝✐♦✳ ▲♦❣♦✱ ♣❛r❛ ❑♦❤♥ ❡ ❙❤❛♠ ❡r❛ ♥❡❝❡ssár✐♦ ❞❡✜♥✐r ♦ ♣♦t❡♥❝✐❛❧ vs ❞❡

♠❛♥❡✐r❛ q✉❡ ❛ ❢✉♥çã♦ ❞❡ ♦♥❞❛ Ψs ❢♦ss❡ ✐❣✉❛❧ ❛ ✉♠ ú♥✐❝♦ ❞❡t❡r♠✐♥❛♥t❡ ❞❡ ❙❧❛t❡r ♣♦ss✉✐♥❞♦ ❛ ♠❡s♠❛

❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞♦ s✐st❡♠❛ r❡❛❧✳ ❋♦✐ ❡s❝r✐t❛ ❡♥tã♦ ✉♠❛ ❡①♣r❡ssã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❞♦ s✐st❡♠❛

r❡❛❧✱

E[ρ] = FHK [ρ] + Vext[ρ], ✭✷✳✹✺✮

✉s❛♥❞♦ ❛ ❊q✳ ✷✳✹✶

E[ρ] = Ts[ρ] + EHartree[ρ] + Exc[ρ] + Vext[ρ] ✭✷✳✹✻✮

❡①♣❧✐❝✐t❛♥❞♦ ♦s t❡r♠♦s ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❊q✳✷✳✸✽ ✱ t❡♠♦s q✉❡

E[ρ] = Ts[ρ] +
1

2

∫ ∫
ρ(~r)ρ(~r′)

|~r′ − ~r|
d3rd3r′ + Exc +

∫

ρ(~r)v(~r)d3r, ✭✷✳✹✼✮

♦✉ ❛✐♥❞❛

E[ρ] = −1

2

N∑

i=1

〈ψs|∇2
i |ψs〉+

1

2

N∑

i=1

N∑

j=1

∫ ∫

|ψi(~r)|2
1

|~r − ~r′|
|ψj

~r′|2d3rd3r′+

+Exc[ρ] +
N∑

i

∫

v(~r)|ψi(~r)|2d3r. ✭✷✳✹✽✮

P❡r❝❡❜❡✲s❡ ♥❛ ❡①♣r❡ssã♦ ❛❝✐♠❛ q✉❡ ♦ ú♥✐❝♦ t❡r♠♦ q✉❡ ♥ã♦ ❡stá ❡①♣❧✐❝✐t♦ é Exc✱ ✉♠❛ ✈❡③ q✉❡

v(~r) é ❝♦♥❤❡❝✐❞♦✳ P❛r❛ s✐st❡♠❛s ♣♦❧✐❛tô♠✐❝♦s ♦ ♣♦t❡♥❝✐❛❧ ❡①t❡r♥♦ v(~r) é ✐❣✉❛❧ ❛ ❛tr❛çã♦ ❡❧étr♦♥✲

♥ú❝❧❡♦✱
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v(~ri) = −
M∑

A

ZA

|~ri − ~RA|
, ✭✷✳✹✾✮

♦♥❞❡ ♦ í♥❞✐❝❡ A ❡stá ❛ss♦❝✐❛❞♦ ❛♦s ♥ú❝❧❡♦s ❡ ♦ í♥❞✐❝❡ i ❛♦s ❡❧étr♦♥s✳ ❆ ❡♥❡r❣✐❛ ♣❛r❛ ♦ ❡st❛❞♦

❢✉♥❞❛♠❡♥t❛❧ é ♣♦rt❛♥t♦ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ✈❛r✐❛❝✐♦♥❛❧✳ ▲♦❣♦✱ q✉❛♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛

s♦❢r❡ ♣❡q✉❡♥❛s ✈❛r✐❛çõ❡s δE[ρ] é ✐❣✉❛❧ ❛ ③❡r♦ ❡
∫
ρ(~r)d~r s❡rá ✐❣✉❛❧ ❛ ◆✳ ❯t✐❧✐③❛♥❞♦ ♦ ♠ét♦❞♦

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

L[{ψi(~r)}]✱

L[{ψi}] = E[ρ]−
N∑

i=1

N∑

j=1

εij

∫

ψ∗
i (~r)ψj(~r)d~r ✭✷✳✺✵✮

♦♥❞❡ E[ρ] é ✉♠ ❢✉♥❝✐♦♥❛❧ ❞❡ ψi ❡ εij sã♦ ♦s ♠✉❧t✐♣❧✐❝❛❞♦r❡s ❞❡ ▲❛❣r❛♥❣❡✳ P❛r❛ q✉❡ E[ρ] s❡r ✉♠

♠í♥✐♠♦✿

δL

δψ∗
i

= 0, ✭✷✳✺✶✮

❯s❛♥❞♦ ❛ ❊q✳ ✷✳✹✽ ♥❛ ❊q✳✷✳✺✵ ❡ ❡♠ s❡❣✉✐❞❛ ❞❡r✐✈❛♥❞♦ ❡♠ r❡❧❛çã♦ ❛ ψ∗
i ✱ ♦❜té♠✲s❡

(

−1

2
∇2 +

[

v(~r) +

∫
ρ(~r′)

|~r − ~r′|
d3r′ +

δExc

δρ

])

ψi = εiψi, ✭✷✳✺✷✮

♦✉

(

−1

2
∇2 + vef (~r)

)

ψi = εiψi , i = 1, 2..., N. ✭✷✳✺✸✮

❈♦♠♣❛r❛♥❞♦ ❡st❛ ❡①♣r❡ssã♦ ❝♦♠ ❛ ❡q✉❛çã♦ ♣❛r❛ ✉♠ ❡❧étr♦♥ ❞♦ s✐st❡♠❛ ✜❝tí❝✐♦ ❞❡ ❑♦❤♥✲❙❤❛♠✱

✭❊q✳✷✳✸✼✮✱ ♣❡r❝❡❜❡✲s❡ q✉❡ s❡ ♦ ♣♦t❡♥❝✐❛❧ ❡❢❡t✐✈♦ vef (~r) ❢♦r ✐❣✉❛❧ ❛♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❑❤♦♥✲❙❤❛♠ vs(~r)✱

❛ ❞✉❛s ❡①♣r❡ssõ❡s sã♦ ✐❞ê♥t✐❝❛s✱

vs(~r) ≡ vef (~r) = v(~r) +

∫
ρ(~r′)

|~r − ~r′|
d3r′ + vxc(~r), ✭✷✳✺✹✮
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♦♥❞❡

vxc = (~r) =
δExc

δρ
, ✭✷✳✺✺✮

s❡♥❞♦ vxc ♦ ♣♦t❡♥❝✐❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦✳

❆s ❊q✳✷✳✺✷ ❡ ❊q✳✷✳✺✸✱ sã♦ ❝❤❛♠❛❞❛s ❞❡ ❡q✉❛çõ❡s ❞❡ ❑♦❤♥✲❙❤❛♠✱ ♦❜t✐❞❛s ❞❡ ♠❛♥❡✐r❛ ❡①❛t❛

✭s❡♠ ❛♣r♦①✐♠❛çõ❡s✮✱ ❡❧❛s ❞❡♠♦str❛♠ ❛ ❡①✐stê♥❝✐❛ ❞❡ N ❡q✉❛çõ❡s ❞❡ ✉♠ ❡❧étr♦♥ q✉❡ ❞❡✈❡♠ s❡r

r❡s♦❧✈✐❞❛s ❞❡ ❢♦r♠❛ ❛✉t♦✲❝♦♥s✐st❡♥t❡✳

❙✉❜st✐t✉✐♥❞♦ ❛ ❊q✳ ✷✳✺✷ ♦✉ ❊q✳ ✷✳✺✸ ♥❛ ❊q✳ ✷✳✹✽ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧✱ ♦❜t❡♠♦s ✉♠❛ ❡q✉❛çã♦ ❡♠

❢✉♥çã♦ ❞❡ εi✱

E[ρ] =
N∑

i=1

εi −
1

2

∫ ∫
ρ(~r)ρ(~r′)

|~r − ~r′|
d3rd3r′ + Exc(ρ(~r))−

∫

vxc(~r)ρ(~r)d
3r, ✭✷✳✺✻✮

♦♥❞❡

N∑

i=1

εi =
N∑

i=1

〈

ψi

∣
∣
∣
∣
∣
−1

2
∇− i2 +

[

v(~r) +

∫
ρ(~r′)

|~r − ~r′|
d3r′ +

δExc

δρ

]∣
∣
∣
∣
∣
ψi

〉

=
N∑

i=1

〈

ψi

∣
∣
∣
∣
∣
−1

2
∇− i2 +

[

v(~r) +

∫
ρ(~r′)

|~r − ~r′|
d3r′ + δvxc

]∣
∣
∣
∣
∣
ψi

〉

=
N∑

i=1

〈

ψi

∣
∣
∣
∣
−1

2
∇2

i + vef (~r)

∣
∣
∣
∣
ψi

〉

= TKS[ρ] +

∫

vef (~r)ρ(~r)d
3r. ✭✷✳✺✼✮

❆♥❛❧✐s❛♥❞♦ ❛❛ ❊q✳ ✷✳✺✻✱ ♣❡r❝❡❜❡✲s❡ q✉❡ ❛ ❡♥❡r❣✐❛ ♥ã♦ é s✐♠♣❧❡s♠❡♥t❡ ❛ s♦♠❛ ❞❛s ❡♥❡r❣✐❛ ❞♦s

♦r❜✐t❛✐s εi✱ q✉❡ s✉r❣❡♠ ❞❛ ✐❞❡✐❛ ❞♦ s✐st❡♠❛ ✜❝tí❝✐♦ ✭s✐st❡♠❛ ❛✉①✐❧✐❛r ❞❡ ♣❛rtí❝✉❧❛s ♥ã♦✲✐♥t❡r❛❣❡♥t❡s✮✳

◆❛s ❡q✉❛çõ❡s ❞❡ ❑♦❤♥✲❙❤❛♠ ❛♣❡♥❛s ❛ ❞❡♥s✐❞❛❞❡ ♣♦ss✉✐ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦✱ ❝♦♠ ✐ss♦✱ ♦s ❛✉t♦✈❛❧♦r❡s
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❞❛ ❑❤♦♥✲❙❤❛♠ ❛♣r❡s❡♥t❛♠ ❛♣❡♥❛s ✉♠❛ s❡♠❡❧❤❛♥ç❛ s❡♠✐q✉❛♥t✐t❛t✐✈❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❡♥❡r❣✐❛

r❡❛❧✳

❊♠ sí♥t❡s❡✱ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❧❡✈❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞❡♥s✐✲

❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞♦ s✐st❡♠❛ ❡ ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❛s s♦❧✉çõ❡s ❞❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r✳ ❉❡ ♠♦❞♦✱

q✉❡ ♦ ❞❡s❛✜♦ ❞♦ ♠ét♦❞♦ ❞❡ ❑♦❤♥✲❙❤❛♠ é ❞❡✜♥✐r ✉♠ ❢✉♥❝✐♦♥❛❧ q✉❡ ❞❡t❡r♠✐♥❡ ♦s t❡r♠♦s ❞❡ tr♦❝❛ ❡

❝♦rr❡❧❛çã♦✳ ❆ss✐♠ ♦ s✉❝❡ss♦ ❞❛ ❉❋❚ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛s ❡q✉❛çõ❡s ❞❡ ❑♦❤♥✲❙❤❛♠ ❡stá ✐♥tr✐❝✐❝❛✲

♠❡♥t❡ ❧✐❣❛❞♦ ❛ ❡s❝♦❧❤❛ ❞♦ ♣♦t❡♥❝✐❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ Vxc[ρ(~r)]✳ ❊①✐st❡♠ ❞✐✈❡rs❛s ❛♣r♦①✐♠❛çõ❡s

Vxc[ρ(~r)]✱ ♥♦ ❡♥t❛♥t♦ ❤á ❞✉❛s ❝♦♠ ♠❛✐♦r ❞❡st❛q✉❡✿ ❛ ❆♣r♦①✐♠❛çã♦ ❞❡ ❉❡♥s✐❞❛❞❡ ▲♦❝❛❧ ✭▲❉❆✮ ❡ ❛

❆♣r♦①✐♠❛çã♦ ❞♦ ●r❛❞✐❡♥t❡ ●❡♥❡r❛❧✐③❛❞♦ ✭●●❆✮✳

✷✳✻ ❆♣r♦①✐♠❛çõ❡s

✷✳✻✳✶ ❆♣r♦①✐♠❛çã♦ ❞❛ ❉❡♥s✐❞❛❞❡ ▲♦❝❛❧

❆ ❆♣r♦①✐♠❛çã♦ ❞❛ ❉❡♥s✐❞❛❞❡ ▲♦❝❛❧ ✭▲❉❆ ✕ ▲♦❝❛❧ ❉❡♥s✐t② ❆♣♣r♦①✐♠❛t✐♦♥✮ é ❛ ❛♣r♦①✐♠❛çã♦

♠❛✐s s✐♠♣❧❡s ♣❛r❛ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ❬✸✷❪✳ ❇❛s❡❛❞❛ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s

✉♥✐❢♦r♠❡ ❛ ▲❉❆ é ✉♠❛ ❛♣r♦①✐♠❛çã♦ ✈á❧✐❞❛ ♣❛r❛ s✐st❡♠❛ ♥♦s q✉❛✐s ρ(~r) ✈❛r✐❛ ❧❡♥t❛♠❡♥t❡✱ s❡♥❞♦

Exc[ρ] ❞❛❞❛ ♣♦r ✉♠ ❢✉♥❝✐♦♥❛❧ ❧♦❝❛❧✱

ELDA
xc [ρ] =

∫

ρ(~r)εhomxc (ρ(~r))d3r, ✭✷✳✺✽✮

♦♥❞❡ εhomxc (ρ(~r)) r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ ♣♦r ❡❧étr♦♥ ❞❡ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ❤♦♠♦✲

❣ê♥❡♦ ❝♦♠ ❞❡♥s✐❞❛❞❡ ρ(~r)✳ ❈♦♠♦ ❞✐t♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r ❞❡r✐✈❛♥❞♦ Exc[ρ] ❡♠ r❡❧❛çã♦ ❛ ❞❡♥s✐❞❛❞❡

ρ(~r) ❞❡t❡r♠✐♥❛✲s❡ ♦ ♣♦t❡♥❝✐❛❧ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦✱ ❧♦❣♦ ❞❡r✐✈❛♥❞♦ ❛ ❊q✳ ✷✳✺✽ é ♦❜t✐❞♦✱

V LDA
xc =

δELDA
xc

δρ(~r)
= εhomxc (ρ(~r)) + ρ(~r)

∂εhomxc (ρ(~r))

∂ρ(~r)
✭✷✳✺✾✮
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❊ss❛ ❛♣r♦①✐♠❛çã♦ ♣❛r❛ Exc ❡ Vxc é ❛ ❞❡♥♦♠✐♥❛❞❛ ▲❉❆✱ ♥❛ q✉❛❧ ❛ ❡♥❡r❣✐❛ εhomxc (ρ(~r)) é ❛ s♦♠❛

❞❡ ❞♦✐s t❡r♠♦s✿ εhomx ✭tr♦❝❛✮ ❡ εhomc ✭❝♦rr❡❧❛çã♦✮✳

εhomxc (ρ) = εhomx (ρ) + εhomc (ρ) ✭✷✳✻✵✮

❖ t❡r♠♦ ❞❡ tr♦❝❛ é ❞❡t❡r♠✐♥❛❞♦ ❛ ♣❛rt✐r ❞❛ ✐❞❡✐❛ ❞❡ ✉♠ ❣ás ❞❡ ❡❧étr♦♥s ❤♦♠♦❣ê♥❡♦✱ s❡♥❞♦ εhomx (ρ) ∝

ρ1/3✳ P❛r❛ ♦ t❡r♠♦ ❞❡ ❝♦rr❡❧❛çã♦ ♥ã♦ ❤á ✉♠❛ ❢♦r♠❛ ❛♥❛❧ít✐❝❛✱ s❡♥❞♦ ❛ss✐♠ ❡st❡ ♣❛r❛♠❡tr✐③❛❞♦✳

❆ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡st❡ ❢✉♥❝✐♦♥❛✐s ❢♦✐ r❡❛❧✐③❛❞❛ ✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r P❡r❞❡✇ ❡ ❩✉♥❣❡r ✭✶✾✽✶✮✳ ❊st❡s

♦❜❥❡t✐✈❛r❛♠ tr❛ç❛r ✉♠ ♠♦❞❡❧♦ ❝❛❞❛ ✈❡③ ♠❛✐s ♣ró①✐♠♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❝❤❡❣❛♥❞♦ ❛♦s

s❡❣✉✐♥t❡s r❡s✉❧t❛❞♦s ✭❡♠ ✉♥✐❞❛❞❡s ❞❡ ❍❛rtr❡❡✮✿

εhomx (ρ) = − 3

4π
(3π2ρ)1/3 ✭✷✳✻✶✮

❡

εhomc (ρ) =







−1432/(1 + 1.9529r
1/2
s + 0.3334rs), rs ≥ 1

−0.0480 + 0.0311lnrs − 0.0116rs + 0.0020rslnrs, rs < 1
✭✷✳✻✷✮

s❡♥❞♦ rs ✐♥t❡r♣r❡t❛❞♦ ❝♦♠♦ ❛ ❞✐stâ♥❝✐❛ ♠é❞✐❛ ❡♥tr❡ ❞♦✐s ❡❧étr♦♥s ❞♦ s✐st❡♠❛ ❛✉①✐❧✐❛r ✭✜❝tí❝✐♦✮✱ ❝♦✲

♥❤❡❝✐❞♦ ❝♦♠♦ ♦ r❛✐♦ ❞❡ ❲✐❣♥❡r✲❙❡✐t③✱ é ✐♥❝❧✉í❞♦ ♥♦ t❡r♠♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛tr❛✈és ❞❡ ♣❛r❛♠❡tr✐③❛çã♦✳

❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✈✐❛ ▲❉❆ s❡ ♠♦str❛♠ s❛t✐s❢❛tór✐♦s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❝♦♠ r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❝á❧❝✉❧♦s ❞❡ ❡str✉t✉r❛ ❞❡ ❜❛♥❞❛ ❡ ❡♥❡r❣✐❛ t♦t❛❧ ❡♠ só❧✐❞♦s✳ ◆♦ ❡♥t❛♥t♦ s❡♥❞♦ ❛

❞❡♥s✐❞❛❞❡ ♥ã♦✲✉♥✐❢♦r♠❡✱ ❡st❛ ♥ã♦ é ✉♠❛ ❛♣r♦①✐♠❛çã♦ ✐❞❡❛❧ ♣❛r❛ ❡str✉t✉r❛s ♥❛s q✉❛✐s ❛ ❞❡♥s✐❞❛❞❡

ρ(~r) ✈❛r✐❛ r❛♣✐❞❛♠❡♥t❡ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛s ♠♦❧é❝✉❧❛s✱ ♣r♦t❡í♥❛ ❡ ❡t❝✳

✷✳✻✳✷ ❆♣r♦①✐♠❛çã♦ ❞♦ ●r❛❞✐❡♥t❡ ●❡♥❡r❛❧✐③❛❞♦

▼♦str❛♥❞♦✲s❡ ❛ ❆♣r♦①✐♠❛çã♦ ❞❛ ❉❡♥s✐❞❛❞❡ ▲♦❝❛❧ ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❞❡ ♣r♦❜❧❡♠❛s

r❡❛✐s ✉♠ ♥♦✈♦ ❡❧❡♠❡♥t♦ ❢♦✐ ❛❞✐❝✐♦♥❛❞♦✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛ ❆♣r♦①✐♠❛çã♦ ❞♦ ●r❛❞✐❡♥t❡ ●❡♥❡r❛❧✐③❛❞♦
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✭●●❆ ✕ ●❡♥❡r❛❧✐③❡❞ ●r❛❞✐❡♥t ❆♣♣r♦①✐♠❛t✐♦♥✮✳ ❖ ♥♦✈♦ ❡❧❡♠❡♥t♦ tr❛t❛✲s❡ ❣r❛❞✐❡♥t❡ ❞❡ ❞❡♥s✐❞❛❞❡

❡❧❡trô♥✐❝❛ [∇ρ(~r)]✱ q✉❡ é ✐♥❝❧✉í❞♦ ♥♦ ✐♥t❡❣r❛♥❞♦ ❞❛ ❡①♣r❡ssã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ Exc✳

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

♣❡❧♦ ❣r❛❞✐❡♥t❡ ❛❝r❡s❝❡♥t❛❞♦ ❛ ❡①♣r❡ssã♦✳

EGGA
xc [ρα, ρβ] =

∫

fxc
(
ρα(~r), ρβ(~r),∇ρα(~r),∇ρβ(~r)

)
d3r ✭✷✳✻✸✮

❊①✐st❡♠ ✈ár✐❛s s✉❣❡stõ❡s ♣❛r❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡①♣❧í❝✐t❛ ♣❛r❛ ♦ ❣r❛❞✐❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡ ❡ ♣❛r❛

❛ ❞❡♥s✐❞❛❞❡ q✉❡ ❝♦♠♣õ❡ ♦ ✐♥t❡❣r❛♥❞♦ fxc✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ t❡♠ s✐❞♦ r❡❛❧✐③❛❞♦ ❝♦♠ ❛ ✐♥❝❧✉sã♦

❞❡ ❢✉♥❝✐♦♥❛✐s s❡♠✐✲❡♠♣ír✐❝♦s ❛❥✉st❛❞♦ ❡♠ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ✈❛❧♦r❡s ♦❜t✐❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❛♦ ✐♥✈és

❞❡ ❞❡r✐✈❛❞♦s ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s✳

❆ ❡♥❡r❣✐❛ ❞❡ tr♦❝❛ ❡ ❝♦rr❡❧❛çã♦ é ❡s❝r✐t❛ ❡♠ ❞♦✐s t❡r♠♦s✿ EGGA
x ✭tr♦❝❛✮ ❡ EGGA

c ✭❝♦rr❡❧❛çã♦✮✱

EGGA
xc = EGGA

x + EGGA
c . ✭✷✳✻✹✮

❖s ❞♦✐s t❡r♠♦s sã♦ ❞❡t❡r♠✐♥❛❞♦s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ❝♦♥t❡♥❞♦ ♥❛s s✉❛s ❝♦♥str✉çõ❡s ✉♠ tr❛t❛♠❡♥t♦

♠❛t❡♠át✐❝♦ ❝♦♠♣❧❡①♦✱ ♥♦s q✉❛✐s sã♦ ❧❡✈❛❞❛s ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❛ s❡r❡♠

♦❜❡❞❡❝✐❞❛s ♣❡❧♦s ❢✉♥❝✐♦♥❛✐s r❡♥❞❡♥❞♦ ❞❡ss❛ ♠❛♥❡✐r❛ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✳

❖ t❡r♠♦ ❞❡ tr♦❝❛ ❡ ❡s❝r✐t♦ ❝♦♠♦✿

EGGA
x = ELDA

x −
∑

σ

∫

fxc(sσ)ρ
3/4
σ d3r, ✭✷✳✻✺✮

❖ ❛r❣✉♠❡♥t♦ ❞❛ ❢✉♥çã♦ fxc é ♦ ❣r❛❞✐❡♥t❡ ❞❛ ❞❡♥s✐❞❛❞❡ r❡❞✉③✐❞❛ ♣❛r❛ ♦ s♣✐♥ σ

sσ(~r) =
|∇ρσ(~r)|
ρ
4/3
σ (~r)

✭✷✳✻✻✮

♦ t❡r♠♦ sσ é ✉♠ ♣❛râ♠❡tr♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❛✉sê♥❝✐❛ ❞❡ ❤♦♠♦❣❡♥♥❡✐❞❛❞❡ ❞♦ s✐st❡♠❛✳ ❊st❡ ♣♦❞❡

❛ss✉♠✐r ✈❛❧♦r❡s ❛❧t♦s ♣❛r❛ ❣r❛♥❞❡s ❣r❛❞✐❡♥t❡s ❡ t❛♠❜é♠ ♣❛r❛ r❡❣✐õ❡s ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✱ ❝♦♠♦ é
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♦ ❝❛s♦ ❞❡ ♣♦♥t♦s ❞✐st❛♥t❡s ❞♦ ♥ú❝❧❡♦✳

❖ ❢✉♥❝✐♦♥❛❧ EGGA
xc t❡♠ s♦❢r✐❞♦ ✈ár✐❛s ♠♦❞✐✜❝❛çõ❡s ❝♦♠ ♦❜❥❡t✐✈♦ ❞❡ ❛♣❡r❢❡✐ç♦❛✲❧♦✳ ❊ss❛s

♠♦❞✐✜❝❛çõ❡s ❜✉s❝❛♠ ♠❡❧❤♦r✐❛s ❝♦♠♣♦rt❛♠❡♥t❛✐s ❡ ♦❝♦rr❡♠ ❝♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈♦s ❢✉♥✲

❝✐♦♥❛✐s✱ ❝♦rr❡çõ❡s ♥♦ ❥á ❡①✐st❡♥t❡s ♦✉ ❛✐♥❞❛ ❛ ❝♦♠♣♦s✐çã♦ ❞❡ ❢✉♥❝✐♦♥❛✐s✳ ❉❡♥tr❡ ♦s ♠❛✐s ✉s❛❞♦s

❡stã♦ ♦s ❜❛s❡❛❞♦s ♥♦s tr❛❜❛❧❤♦s ❞❡ P❡r❞❡✇✲❲❛♥❣✱ ❞❡ ▲❡❡✲❨❛♥❣✲P❛rr✲❇❡❝❦✱ ❞❡ P❡r❞❡✇✱ ❞❡ ❇❡❝❦

❡ P❡r❞❡✇✲❇✉r❦❡✲❊r♥③❡r❤♦❢✳ P❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡

P❡r❞❡✇✲❇✉r❦❡✲❊r♥③❡r❤♦❢✳ ❉❡st❛ ♠❛♥❡✐r❛ ❛ s❡❣✉✐r ❤á s✉❛ ❞❡s❝r✐çã♦✳

✷✳✻✳✸ P❡r❞❡✇✲❇✉r❦❡✲❊r♥③❡r❤♦❢ ✭P❇❊✮

❊♠ ✶✾✾✻✱ P❡r❞❡✇✱ ❇✉r❦❡ ❡ ❊r♥③❡r❤♦❢ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ♣r♦♣♦st❛ ♣❛r❛ ♦ ❢✉♥❝✐♦♥❛❧ ❞❡ tr♦❝❛

❡ ❝♦rr❡❧❛çã♦ ♥❛ ❛♣r♦①✐♠❛çã♦ ●●❆ ✱ ♥❡st❡ ♦s ♣❛râ♠❡tr♦s ❞❛ ❢✉♥çã♦ ❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❣r❛❞✐❡♥t❡

sã♦ ❝♦♥st❛♥t❡s ❢✉♥❞❛♠❡♥t❛✐s ❬✸✹❪✳ ❆ ❢✉♥çã♦ ♥✉♠ér✐❝❛ s❡♠✐❧♦❝❛❧ ♥❡st❡ ❝❛s♦ é ♥ã♦✲❡♠♣ír✐❝❛✱ fs ≡

fGGA
xc (s)✱

fPBE
x (s) = 1 + κ− κ

1− µs2/κ
✭✷✳✻✼✮

♦♥❞❡ µ = 0, 21951 ❡ κ = 0, 804✱ ❝♦♠ s ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ s = |∇ρ(~r)|
2κF ρ(~r)

❡ κF = (3π2ρ(~r))1/3✳

❆ ❡♥❡r❣✐❛ ❞❡ ❝♦rr❡❧❛çã♦ é ❞❛❞❛ ♣♦r✿

EPBE
c [ρα, ρβ] =

∫

ρ{εc(rs, ς) +HPBE(rs, ς, t)}d3r, ✭✷✳✻✽✮

♦♥❞❡

rs = (3/4πρ(~r))1/3, ✭✷✳✻✾✮

ς = (ρα − ρβ)/ρ, ✭✷✳✼✵✮
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t = |∇ρ(~r)|/2κsφρ, ✭✷✳✼✶✮

κs = (4κF/π)
1/2, ✭✷✳✼✷✮

φ =
1

2

[
(1 + ς)2/3 + (1− ς)2/3

]
, ✭✷✳✼✸✮

HPBE = γφ3ln

{

1 +
β

γ
t2
[

1 + At2

1 + At2 + A2t4

]}

✭✷✳✼✹✮

s❡♥❞♦✱

A =
β

γ
[❡①♣{−εhomc /γφ3} − 1]−1 ✭✷✳✼✺✮

♦♥❞❡ γ = 0.031091✱ β = 0.066725 ❡ ♦ ❣r❛❞✐❡♥t❡ s ❡ t sã♦ ♠❡❞✐❞❛s ❞❛ t❛①❛ ❞❡ ✈❛r✐❛çã♦ ❞❡ ρ(~r)

♥❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❋❡r♠✐ ❧♦❝❛❧ 2π/κF ❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❜❧✐♥❞❛❣❡♠ ❞❡

❚❤♦♠❛s✲❋❡r♠✐ ❧♦❝❛❧ 1/κs

✷✳✼ ❙✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧

❖ ♣r♦❣r❡ss♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❛❜r✐✉ ♥♦✈♦s ❝❛♠✐♥❤♦s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❋ís✐❝❛✱ ◗✉í♠✐❝❛✱

❇✐♦❧♦❣✐❛ ❡ ♦✉tr❛s ❝✐ê♥❝✐❛s✳ ❖ ✉s♦ ❞❛ ❝♦♠♣✉t❛çã♦ ♣♦ss✐❜✐❧✐t♦✉ ❡ ♣♦ss✐❜✐❧✐t❛ ♥♦✈❛s ❛❜♦r❞❛❣❡♥s ❛

♣r♦❜❧❡♠❛s ❛♥t❡s ❝♦♠ s♦❧✉çõ❡s ✐♥✈✐á✈❡✐s✳ ❈♦♠♦ ❡①❡♠♣❧♦ ♣♦❞❡♠♦s ❝✐t❛r ♥♦✈❛♠❡♥t❡ ❛ r❡s♦❧✉çã♦ ❞❛

❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ♣❛r❛ ♠✉✐t♦s ❝♦r♣♦s✳

❈❤❛♠❛✲s❡ ❞❡ ♠♦❞❡❧❛❣❡♠ ♠♦❧❡❝✉❧❛r ♦ ❝♦♥❥✉♥t♦ ♠ét♦❞♦s ❡ té❝♥✐❝❛s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♣❛r❛ ♠♦✲

❞❡❧❛r ❡ s✐♠✉❧❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♠♦❧é❝✉❧❛s✳ ❆ ♠♦❞❡❧❛❣❡♠ ♠♦❧❡❝✉❧❛r t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ r❡✲

♣r♦❞✉③✐r ✉♠❛ s✐t✉❛çã♦ r❡❛❧ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ♦✉ s✐st❡♠❛s ❝♦♠♣♦st♦s ♣♦r ♠♦❧é❝✉❧❛s✳ ❆s s✐♠✉❧❛çõ❡s
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❝♦♠♣✉t❛❝✐♦♥❛✐s tê♠ s❡ ❡st❛❜❡❝✐❞♦ t❛♠❜é♠ ❝♦♠♦ ✉♠ ❝❛♠✐♥❤♦ ❛❧t❡r♥❛t✐✈♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡

❢ár♠❛❝♦s✳ ❯♠❛ ✈❡③ q✉❡ s❡✉ ♣❧❛♥❡❥❛♠❡♥t♦ r❛❝✐♦♥❛❧ ❜❛s❡❛❞♦ ♥♦ s❡✉ ♠❡❝❛♥✐s♠♦ ❞❡ ❛çã♦ ❡ ❡str✉t✉r❛

t❡♠ s❡ ♠♦str❛❞♦ ✉♠❛ ♠❛♥❡✐r❛ ❡✜❝❛③ ❞❡ ♦t✐♠✐③❛r ♦ ♣r♦❝❡ss♦ ♣r♦❞✉t✐✈♦✱ ❞❡s❞❡ ❛ ❡❧❛❜♦r❛çã♦ ❞❡ ✉♠

♣r♦tót✐♣♦ ❛té ✉♠❛ ♣♦ssí✈❡❧ ❛♣❧✐❝❛çã♦ ❬✸✸❪✳

❆ ❥✉♥çã♦ ❞❡ ❝♦♥❝❡✐t♦s ❜ás✐❝♦s ❞❛ ▼❡❝â♥✐❝❛ ◗✉â♥t✐❝❛ ❝♦♠ ❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡✱

t❡♠ ❝♦♥tr✐❜✉í❞♦ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s♦❢t✇❛r❡s ❝❛❞❛ ✈❡③ ♠❛✐s ♣r❡❝✐s♦s ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠

♠♦❧❡❝✉❧❛r✳ ◆♦ ❡♥t❛♥t♦ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ té❝♥✐❝❛ ❡ ♦ ♠ét♦❞♦ ♣❛r❛ q✉❡ s❡ ♦❜t❡♥❤❛ r❡s✉❧t❛❞♦s

r❡❛❧✐st❛s ❞❡♣❡♥❞❡ ❞♦ ♣r♦❜❧❡♠❛ ❛ s❡r ❛♥❛❧✐s❛❞♦✳ ➱ ❢❛t♦ ♥♦tá✈❡❧ q✉❡ ❛❧❣✉♥s ♣r♦❜❧❡♠❛s ♥❡❝❡ss✐t❛♠

❞❡ ❛♣r♦①✐♠❛çõ❡s ❜❛s❡❛❞❛s ❡♠ ♣❛r❛♠❡tr✐③❛çõ❡s s❡♠✐✲❡♠♣ír✐❝❛s ♦✉ ❡♠♣ír✐❝❛s ❞♦ ♠♦❞❡❧♦ ✉t✐❧✐③❛❞♦✱

❡♠ ♣r✐♥❝í♣✐♦s ❢ís✐❝♦s ❞❡ ✐♥t❡r❛çõ❡s ❛tô♠✐❝❛s ♦✉ s✐♠✐❧❛r✐❞❛❞❡ ❞❡ ❞❛❞♦s ❡str✉t✉r❛✐s ❡ q✉í♠✐❝♦s ❥á

❝♦♥❤❡❝✐❞♦s✳

✷✳✼✳✶ ❙♦❢t✇❛r❡s

P❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♥♦ss♦ tr❛❜❛❧❤♦ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦ ❉▼♦❧3 ❡ ♦ ❋♦r❝✐t❡✱ s♦❢t✇❛r❡s

❞❡st✐♥❛❞♦s ❛♦ ✉s♦ ❡♠ ♠♦❞❡❧❛❣❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ❞✐str✐❜✉í❞♦ ♣❡❧❛ ❆❝❝❡❧r②s✱ ✉♠❛

❡♠♣r❡s❛ ❡s♣❡❝✐❛❧✐③❛❞❛ ❡♠ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ s♦❢t✇❛r❡s ❞❡st✐♥❛❞♦s ❛ ♣❡sq✉✐s❛❞♦r❡s ♥❛s ár❡❛s ❞❡ q✉í✲

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

❡♠❜❛❧❛❞♦s✱ ❛❡r♦❡s♣❛❝✐❛❧✱ ❡♥❡r❣✐❛ ❡ ♣r♦❞✉t♦s q✉í♠✐❝♦s✳

❆ ❡s❝♦❧❤❛ ❞♦s s♦❢t✇❛r❡s é ❥✉st✐✜❝❛❞❛ ♣❡❧❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡ tr❛❜❛❧❤♦ q✉❡ ♣♦❞❡♠

s❡r ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ s❡✉ ✉s♦✱ ❛❧é♠ ❞❛ ♣r❡❝✐sã♦ ♦❢❡rt❛❞❛ ❡♠ s❡✉s ❝á❧❝✉❧♦s✳ ❆ s❡❣✉✐r ❢❛r❡♠♦s ❛ ❞❡s✲

❝r✐çã♦ ❞♦s s♦❢t✇❛r❡s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣á❣✐♥❛ ❞❛ ❡♠♣r❡s❛ ♥❛ ✐♥t❡♥❡t✭❤tt♣✿✴✴❛❝❝❡❧r②s✳❝♦♠✴♣r♦❞✉❝ts✴♠❛t❡r✐❛❧s✲

st✉❞✐♦✴✐♥❞❡①✳❤t♠❧✮✳
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❉▼♦❧3

❯♠ ❛♠❜✐❡♥t❡ ❞❡ ♠♦❞❡❧❛❣❡♠ ❡ s✐♠✉❧❛çã♦ ❝♦♠♣❧❡t♦✱ ♦ ❉▼♦❧3 é ❝♦♥❝❡❜✐❞♦ ♣❛r❛ ♣❡r♠✐t✐r ❛

♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♣r❡✈❡r ❡ ❡♥t❡♥❞❡r ❛s r❡❧❛çõ❡s ❞❡ ❡str✉t✉r❛ ❛tô♠✐❝❛ ❡ ♠♦❧❡❝✉❧❛r ❝♦♠ ❛s s✉❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❡ ❝♦♠♣♦rt❛♠❡♥t♦✳ ➱ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♠♦❞❡❧❛r ❛ ❡str✉t✉r❛ ❡❧❡trô♥✐❝❛ ❡ ♣r♦♣r✐❡❞❛❞❡s ❞❡

♠♦❧é❝✉❧❛s ♦r❣â♥✐❝❛s ❡ ✐♥♦r❣â♥✐❝❛s✱ ❝r✐st❛✐s ♠♦❧❡❝✉❧❛r❡s✱ só❧✐❞♦s ❝♦✈❛❧❡♥t❡s✱ só❧✐❞♦s ♠❡tá❧✐❝♦s✱ ❜❡♠

❝♦♠♦ s✉♣❡r❢í❝✐❡s ✐♥✜♥✐t❛s ❛tr❛✈és ❞❡ ❉❋❚ ❬✸✺❪✳

❯t✐❧✐③❛ ❛ ❚❡♦r✐❛ ❞♦ ❋✉♥❝✐♦♥❛❧ ❞❛ ❉❡♥s✐❞❛❞❡ ♣❛r❛ s✐♠✉❧❛r ♣r♦❝❡ss♦s q✉í♠✐❝♦s ❡ ♣r❡✈❡r ♣r♦♣r✐✲

❡❞❛❞❡s ❝♦♠ r❛♣✐❞❡③ ❡ ♣r❡❝✐sã♦✳ Pr❡✈❡r ♦s ♣r♦❝❡ss♦s ❡♠ ❢❛s❡ ❣❛s♦s❛✱ s♦❧✉çã♦ ❡ ❛♠❜✐❡♥t❡s só❧✐❞♦s✳ ❖

❉♠♦❧3 é ❛♠♣❧❛♠❡♥t❡ ❛♣❧✐❝❛❞♦ ♣❛r❛ ♣❡sq✉✐s❛r ♣r♦❜❧❡♠❛s ❋❛r♠❛❝ê✉t✐❝♦s✱ ♣r♦❜❧❡♠❛s ❡♠ ◗✉í♠✐❝❛✱

❈✐ê♥❝✐❛ ❞♦s ▼❛t❡r✐❛✐s ❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✱ ❜❡♠ ❝♦♠♦ ❋ís✐❝❛ ❞♦ ❊st❛❞♦ ❙ó❧✐❞♦ ❬✸✺❪✳

❆t✐♥❣❡ s✉❛ ✈❡❧♦❝✐❞❛❞❡ ❡ ♣r❡❝✐sã♦ ✉s❛♥❞♦ ❢✉♥çõ❡s ♥✉♠ér✐❝❛s ❡♠ ✉♠❛ r❡❞❡ ❝❡♥tr❛❞❛ ♥♦ át♦♠♦

❝♦♠♦ s✉❛ ❜❛s❡✳ ❆s ❢✉♥çõ❡s ❞❡ ❜❛s❡ ❛tô♠✐❝❛ sã♦ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛ r❡s♦❧✉çã♦ ❞❡ ❡q✉❛çõ❡s ❞❛ ❉❋❚

♣❛r❛ át♦♠♦s ✐♥❞✐✈✐❞✉❛✐s ❡ sã♦✱ ♣♦rt❛♥t♦✱ ❜❛st❛♥t❡ ♣r❡❝✐s❛s✳ ❆ ❛❧t❛ q✉❛❧✐❞❛❞❡ ❞♦s ❝♦♥❥✉♥t♦s ❞❡ ❜❛s❡

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

❬✸✺❪✳

❋♦r❝✐t❡

❖ ❋♦r❝✐t❡ é ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❢❡rr❛♠❡♥t❛s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ s✐♠✉❧❛çõ❡s ❝❧áss✐❝❛s ✉s❛♥❞♦

t❛♥t♦ ♠❡❝â♥✐❝❛ ♠♦❧❡❝✉❧❛r ♦✉ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r✳ ❊st❡ s♦❢t✇❛r❡ ♣♦ss✐❜✐❧✐t❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ ❝á❧❝✉❧♦s

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

❡str✉t✉r❛✳ ➱ ✉♠❛ ❢❡rr❛♠❡♥t❛ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛ ❛♥á❧✐s❡ ❡ ♣r❡✈✐sã♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s✱ t❛✐s

❝♦♠♦ ♠ó❞✉❧♦ ❞❡ ❨♦✉♥❣✱ ♣r❡✈❡r ♣❛râ♠❡tr♦s ❞❡ ❞❡♥s✐❞❛❞❡ ❡♥❡r❣✐❛ ❡ ❞❡ s♦❧✉❜✐❧✐❞❛❞❡ ❝♦❡s❛s✱ ❡ s♦♥❞❛

❡str✉t✉r❛✐s ❬✸✺❪✳



❈❆P❮❚❯▲❖ ✷✳ ❋❯◆❉❆▼❊◆❚❆➬➹❖ ❚❊Ó❘■❈❆ ❊ ▼❊❚❖❉❖▲Ó●■❈❆ ✺✵

❚❛❜❡❧❛ ✷✳✶✿ ❆♠✐♥♦á❝✐❞♦s ✉s❛❞♦s ♥❛ ♣❡sq✉✐s❛ ❡ s❡✉s r❡s♣❡❝t✐✈♦s ❞❛❞♦s ❞♦ ❉r❛❣ ❇❛♥❦✳

❆♠✐♥♦á❝✐❞♦ ◆ú♠❡r♦ ❞❡ ❆❝❡ss♦ ❋ór♠✉❧❛ ▼❛ss❛

❆❧❛♥✐♥❛ ❉❇✵✵✶✻✵ ✭◆❯❚❘✵✵✵✶✸✮ C3H7NO2 ✽✾✳✵✽ ❣ ♠♦❧−1

❆r❣✐♥✐♥❛ ❉❇✵✵✶✷✺ ✭◆❯❚❘✵✵✵✶✹✮ C6H14N4O2 ✶✼✹✳✶✾ ❣ ♠♦❧−1

❆s♣❛r❛❣✐♥❛ ❉❇✵✵✶✼✹ ✭◆❯❚❘✵✵✵✶✺✮ C4H8N2O3 ✶✸✷✳✶ ❣ ♠♦❧−1

❈✐st❡✐♥❛ ❉❇✵✵✶✺✶ ✭❉❇✵✹✹✹✸✱ ◆❯❚❘✵✵✵✶✽✮ C3H7NO2❙ ✶✷✶✳✶✺ ❣ ♠♦❧−1

❋❡♥✐❧❛❧❛♥✐♥❛ ❉❇✵✵✶✷✵ ✭◆❯❚❘✵✵✵✹✹✮ C9H11NO2 ✶✻✺✳✶✽ ❣ ♠♦❧−1

●❧✐❝✐♥❛ ❉❇✵✵✶✹✺ ✭◆❯❚❘✵✵✵✷✽✮ C2H5NO2 ✼✺✳✵✻ ❣ ♠♦❧−1

❍✐st✐❞✐♥❛ ❉❇✵✵✶✶✼ ✭◆❯❚❘✵✵✵✸✵✮ C6H9N3O2 ✶✺✺✳✶✹ ❣ ♠♦❧−1

■s♦❧❡✉❝✐♥❛ ❉❇✵✵✶✻✼ ✭◆❯❚❘✵✵✵✸✶✮ C6H13NO2 ✶✸✶✳✶✻ ❣ ♠♦❧−1

▲✐s✐♥❛ ❉❇✵✵✶✷✸ ✭◆❯❚❘✵✵✵✸✼✮ C6H14N2O2 ✶✹✻✳✶✽ ❣ ♠♦❧−1

▲❡✉❝✐♥❛ ❉❇✵✵✶✹✾ ✭◆❯❚❘✵✵✵✸✸✮ C6H13NO2 ✶✸✶✳✶✻ ❣ ♠♦❧−1

Pr♦❧✐♥❛ ❉❇✵✵✶✼✷ ✭◆❯❚❘✵✵✵✹✼✮ C5H9NO2 ✶✶✺✳✶✷ ❣ ♠♦❧−1

❱❛❧✐♥❛ ❉❇✵✵✶✻✶ ✭◆❯❚❘✵✵✵✻✵✮ C5H11NO2 ✶✶✼✳✶✹ ❣ ♠♦❧−1

❚r✐♣t♦❢❛♥♦ ❉❇✵✵✶✺✵ ✭❊❳P❚✵✷✵✻✹✱ ◆❯❚❘✵✵✵✺✽✮ C11H12N2O2 ✷✵✹✳✷✶ ❣ ♠♦❧−1

❚✐r♦③✐♥❛ ❉❇✵✵✶✸✺ ✭◆❯❚❘✵✵✵✺✾✮ C9H11NO3 ✶✽✶✳✶✼ ❣ ♠♦❧−1

✷✳✼✳✷ ❉r✉❣ ❇❛♥❦

❖s ❛rq✉✐✈♦s ❞❡ ❡♥tr❛❞❛ ✉t✐❧✐③❛❞♦s t❛♥t♦ ♥♦ ❉▼♦❧3 ❝♦♠♦ ♥♦ ❋♦r❝✐t❡ ✭❛rq✉✐✈♦s ❡①t❡♥sã♦ ✳♠♦❧✮

♣❛r❛ ❛ ♠♦♥t❛❣❡♠ ❞❛s s❡q✉ê♥❝✐❛s ♣r♦t❡✐❝❛s ❢♦r❛♠ ❡①tr❛í❞♦s ❞♦ ❉r✉❣ ❇❛♥❦ ✭❤tt♣✿✴✴✇✇✇✳❞r✉❣❜❛♥❦✳❝❛✮✳

❊st❡ ❝♦♥st✐t✉✐✲s❡ ❞❡ ✉♠❛ ❜❛s❡ ❞❡ ❞❛❞♦s q✉❡ ❝♦♥té♠ ✐♥❢♦r♠❛çõ❡s ❞❡t❛❧❤❛❞❛s ✭s❡❥❛ ❡❧❛ q✉í♠✐❝❛✱ ❢❛r✲

♠❛❝ê✉t✐❝❛ ♦✉ ❢❛r♠❛❝♦❧ó❣✐❝❛✮ ❞❡ ❞✐✈❡rs❛s ❞r♦❣❛s ✉t✐❧✐③❛❞❛s ♠✉♥❞✐❛❧♠❡♥t❡ ❬✸✻❪✳

❊st❡ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ♣♦ss✉✐ ✼✳✼✺✾ ❞r♦❣❛s ❝❛t❛❧♦❣❛❞❛s✳ ❈❛❞❛ ❡♥tr❛❞❛ ❞❡ ❞❛❞♦s ♥♦ ❉r✉❣ ❇❛♥❦

❝♦♥té♠ ♠❛✐s ❞❡ ✷✵✵ ❝❛♠♣♦s ❞❡ ❞❛❞♦s ❛ s❡r❡♠ ❡❞✐t❛❞♦s✱ ❝♦♠ ♠❡t❛❞❡ ❞❛ ✐♥❢♦r♠❛çã♦ ❞❡❞✐❝❛❞❛ ❛

❞❛❞♦s ❞❡ ❞r♦❣❛s✴q✉í♠✐❝❛ ❡ ❛ ♦✉tr❛ ♠❡t❛❞❡ ❞❡❞✐❝❛❞❛ ❛ ❞r♦❣❛ ❛❧✈♦ ♦✉ ❞❛❞♦s ❞❡ ♣r♦t❡í♥❛ ❬✸✻❪✳

◆❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ✶✹ ❛♠✐♥♦á❝✐❞♦s ♦s q✉❛✐s ❡stã♦ ❞✐s♣♦st♦s ♥❛ ❚❛❜❡❧❛ ✷✳✶✳



❈❛♣ít✉❧♦ ✸

Pr♦♣r✐❡❞❛❞❡s ❊❧❡trô♥✐❝❛s

❈♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝✐❡♥tí✜❝♦ ❡ t❡❝♥♦❧ó❣✐❝♦ ❛ ❞❡s❝r✐çã♦ ❡str✉t✉r❛❧ ❡ ❢✉♥❝✐♦♥❛❧ ❞❛s ❜✐♦♠♦✲

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

q✉❛❧ ❝❛♠✐♥❤❛ ♥❛ ❞✐r❡çã♦ ❞❛ ♠✐♥✐❛t✉r✐③❛çã♦ ❡ ❡✜❝✐ê♥❝✐❛ ❞♦s ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s ❬✸✼❪✳ ❊♥q✉❛♥t♦

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

❝❛s✱ ❛ ♥❛t✉r❡③❛ r❡❛❧✐③❛ ❡st❛ t❛r❡❢❛ ❝♦♠ ❛❧tíss✐♠❛ ♣r❡❝✐sã♦ ❡ ❡✜❝✐ê♥❝✐❛ ❛tr❛✈és ❞❡ s✉❛s ❜✐♦♠♦❧é❝✉❧❛s✳

❚❛❧ ❢❛t♦✱ t❡♠ ❞❡s♣❡rt❛❞♦ ♦ ✐♥t❡r❡ss❡ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛s s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❡ q✉í♠✐❝❛s ♣❛r❛

♣♦ssí✈❡✐s ❛♣❧✐❝❛çõ❡s ❡❧❡trô♥✐❝❛s ❡ ó♣t✐❝❛s✳ ■ss♦ t❡♠ ❧❡✈❛❞♦ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ q✉❡ t❡♠ s✐❞♦

❝❤❛♠❛❞♦ ❞❡ ❊❧❡trô♥✐❝❛ ▼♦❧❡❝✉❧❛r ❬✸✽✱ ✸✾✱ ✹✵❪✳

❆ ♣r♦♣♦st❛ q✉❡ ✈❡♠ s❡♥❞♦ ❛❜r❛ç❛❞❛ ♣♦r ♣❡sq✉✐s❛❞♦r❡s é q✉❡ ❛s ❜✐♦♠♦❧é❝✉❧❛s s❡❥❛♠ ✉s❛❞❛s

❝♦♠♦ ❝♦♠♣♦♥❡♥t❡s ❡❧❡trô♥✐❝♦s✳ ◆♦ ❡♥t❛♥t♦✱ ♥ã♦ é ✉♠❛ ✐❞❡✐❛ ♥♦✈❛ ♣♦✐s ❥á ❡♠ ✶✾✼✹ ❆✈✐r❛♠ ❡ ❘❛t♥❡r

s✉❣❡r✐r❛♠ ♦ ✉s♦ ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ♦r❣â♥✐❝❛ s✐♠♣❧❡s ♥❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ r❡t✐✜❝❛❞♦r ❬✹✵❪✳ ❉❡s❞❡

❡♥tã♦✱ tr❛❜❛❧❤♦s sã♦ ❞✐r❡❝✐♦♥❛❞♦s ♣❛r❛ ♦ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s ❞❡ ❜✐♦♠♦❧é❝✉❧❛s✳

❆s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s ♥❡st❡ tr❛❜❛❧❤♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ♣❡❧❛ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡

❝❛r❣❛s✱ ✉t✐❧✐③❛♥❞♦ ❛ ❛♥á❧✐s❡ ❞❡ ▼✉❧❧✐❦❡♥ ✭▼P❆✮❀ ❛ ❛♥á❧✐s❡ ❞❡ ❍✐rs❤❢❡❧❞ ✭❍P❆✮ ❡ ✉♠❛ ♠♦♥t❛❣❡♠

❡❧❡tr♦stát✐❝❛ ❞❡ ❝❛r❣❛s ❡❧étr✐❝❛s ✭❊❙P✮✱ ❛ss✐♠ ❝♦♠♦ ♦s ♦r❜✐t❛✐s ♠♦❧❡❝✉❧❛r❡s ❞❡ ❢r♦♥t❡✐r❛ ✭❍❖▼❖

❡ ▲❯▼❖✮✳ ❆ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❡st❛❞♦s ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ t♦t❛❧ ✭❉❖❙✮

✺✶
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❡ ❛ ❞❡♥s✐❞❛❞❡ ♣❛r❝✐❛❧ ✭P❉❖❙✮ ♣❛r❛ r❡❢♦rç❛r ❛ ❞❡s❝r✐çã♦ ❞♦s ♦r❜✐t❛✐s ❞❡ ❢r♦♥t❡✐r❛✳ P❛r❛ ♠❡❧❤♦r

❝♦♠♣r❡❡♥sã♦ ❞♦ ♣r♦❜❧❡♠❛ ❡st✉❞❛❞♦ t❛♠❜é♠ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ❝✉r✈❛ ❝♦rr❡♥t❡✲✈♦❧t❛❣❡♠ ✭■✲❱✮ ❡ ❛ ár❡❛

❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡✳

✸✳✶ ❈✉r✈❛ ❈♦rr❡♥t❡ ✈❡rs✉s ❱♦❧t❛❣❡♠

❙❡❣✉♥❞♦ tr❛❜❛❧❤♦s ♣✉❜❧✐❝❛❞♦s ♣♦r ❆❧❜✉q✉❡rq✉❡✱ ❙❛r♠❡♥t♦ ❡ ❛❧❣✉♥s ♦✉tr♦s ♣❡sq✉✐s❛❞♦r❡s ✭✈❡r

❘❡❢✳ ❬✸✽✱ ✸✾✱ ✹✵✱ ✹✶✱ ✹✷✱ ✹✸❪✮ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ♦ tr❛♥s♣♦rt❡ ❞❡ ❝❛r❣❛ ❡♠ ❜✐♦♠♦❧é❝✉❧❛s ❛tr❛✈és ❞❡

✉♠❛ ❥✉♥çã♦ ❡❧❡tr♦❞♦✲♠♦❧é❝✉❧❛✲❡❧❡tr♦❞♦✳ P❛r❛ ❛❜♦r❞❛r t❛❧ ♣r♦❜❧❡♠❛ é ✉s❛❞❛ ❛ té❝♥✐❝❛ ❞❡ ♠❛tr✐③

❞❡ tr❛♥s❢❡rê♥❝✐❛ ♣❛r❛ r❡s♦❧✈❡r ✉♠❛ ❡q✉❛çã♦ ❞❡ ❙❝❤rö❞✐♥❣❡r ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦✳ ❙❡♥❞♦ ♦

❍❛♠✐❧t♦♥✐❛♥♦ ❞❛❞♦ ♣♦r✿

Htotal = Hprotéina +Heletrodo +Hcontato ✭✸✳✶✮

❖ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❊q✳ ✸✳✶ ❞❡s❝r❡✈❡ ♦ tr❛♥s♣♦rt❡ ❞❡ ❝❛r❣❛ ♣♦r ♠❡✐♦ ❞❛ ❝❛❞❡✐❛ ❞❡ ♣r♦t❡í♥❛✱

❡ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦

Hprotéina =
N∑

i=1

[εnα|n, 1〉〈n, 1|+ εnβ|n, 2〉〈n, 2| ✭✸✳✷✮

+
N∑

n=1

w[|n, 1〉〈n,±1, 1|+ |n, 2〉〈n,±1, 2|]

+
N∑

n=1

t[|n, 1〉〈n, 2|+ |n, 2〉〈n, 1|+ |n, 2〉〈n± 1, 1|

+ |n, 1〉〈n± 1, 2|],

♦♥❞❡ εnα,β r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♦♥✐③❛çã♦ ❞❡ ❝❛❞❛ ❛♠✐♥♦á❝✐❞♦ ♥❛ ♥✲és✐♠❛ ♣♦s✐çã♦✱ ❚❛❜❡❧❛ ✸✳✶✳ ❆

❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ✐♦♥✐③❛çã♦ ♣❛r❛ ♦s ❛♠✐♥♦á❝✐❞♦s s❡ ❞á ❛tr❛✈és ❞❡ ✉♠❛ ♠é❞✐❛ ❛r✐t♠ét✐❝❛

❞❛s ❡♥❡r❣✐❛s ❞❡ ✐♦♥✐③❛çã♦ ❞♦s s❡✉s r❡s♣❡❝t✐✈♦s ❝ó❞♦♥s✳ ❆s q✉❛✐s sã♦ ❝♦♠♣♦st❛s ♣♦r ♠é❞✐❛ ❣❡♦♠é✲
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tr✐❝❛ ❞❛s ❡♥❡r❣✐❛s ❞❡ ✐♦♥✐③❛çã♦ ❞♦s ♥✉❝❧❡♦tí❞❡♦s ❝♦rr❡s♣♦♥❞❡♥t❡s q✉❡ sã♦✿ εG = 7, 77 ❡❱✱ εC = 8, 68

❡❱✱ εA = 8, 26 ❡❱ ❡ εU = 9.32 ❡❱✳

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

Heletrodo =
0∑

i=−∞

2∑

m=1

[εns |n,m〉〈n,m|+ ts|n,m〉n± 1,m|] ✭✸✳✸✮

+
∞∑

n=N+1

2∑

m=1

[εns |n,m〉〈n,m|+ ts|n,m〉n± 1,m|],

♦♥❞❡ εns ❡ ts r❡♣r❡s❡♥t❛♠ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦ ❡❧❡tr♦❞♦✳ ❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❡❧❡tr♦❞♦ ❞❡ ♣❧❛t✐♥❛

❝✉❥❛ ❛ ❡♥❡r❣✐❛ ❞❡ ✐♦♥✐③❛çã♦ é εns = 5.36eV ❛ q✉❛❧ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❢✉♥çã♦ tr❛❜❛❧❤♦ ❞❡st❡

♠❡t❛❧ ❡ ts = 12.0eV ❬✸✾✱ ✹✵✱ ✹✶❪✳

❖ t❡r❝❡✐r♦ t❡r♠♦ ❞❛ ❊q✳ ✸✳✶ ❞❡❝r❡✈❡ ♦ ❝♦♥t❛t♦ ❡♥tr❡ ❛ ♣r♦t❡í♥❛ ❡ ♦s ❡❧❡tr♦❞♦s✱

Hcontato =
2∑

m=1

tc[|0,m〉〈1,m|+ |N,m〉〈N ± 1,m|], ✭✸✳✹✮

♦♥❞❡ tc = 0, 317eV r❡♣r❡s❡♥t❛ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ s❛❧t♦ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❡ ❛s ❡①tr❡♠✐❞❛❞❡s ❞❛ ♣r♦t❡í♥❛✱

s❡♥❞♦ N ♦ ♥ú♠❡r♦ ❞❡ r❡sí❞✉♦s ❞❡ ❛♠✐♥♦á❝✐❞♦s✳

❈♦♠ ♦ ❤❛♠✐❧t♦♥✐❛♥♦ ❞❡ ❧✐❣❛çã♦ ❢♦rt❡ ❞❛❞♦ ♣❡❧❛ ❊q✳✸✳✶ ♣♦❞❡✲s❡ ❝❛r❛❝t❡r✐③❛r ♦ tr❛♥s♣♦rt❡ ❞❡

❝❛r❣❛ ❛tr❛✈és ❞❛ ❝✉r✈❛ ❝♦rr❡♥t❡ ✈❡rs✉s ✈♦❧t❛❣❡♠ ✭■✲❱✮✳ ❊st❛ é ❞❛❞❛ ♣♦r✿

I(V ) =
2e

h

∫ +∞

−∞

TN(E)[fL(E)− fR(E)]dE, ✭✸✳✺✮

s❡♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❋❡r♠✐✲❉✐r❛❝✱

fL(R) =

[

❡①♣
[
E − µL(R)

kBT

]

+ 1

]−1

✭✸✳✻✮

♦♥❞❡ µL(R) r❡♣r❡s❡♥t❛ ♦ ♣♦t❡♥❝✐❛❧ ❡❧❡tr♦q✉í♠✐❝♦ ♥♦s ❡❧❡tr♦❞♦s✳ ❖ t❡r♠♦ TN(E) ❝♦rr❡s♣♦♥❞❡ ❛

tr❛♥s♠✐tâ♥❝✐❛✳ ❖ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❝♦rr❡♥t❡ ❞❡♣❡♥❞❡ ❝r✉❝✐❛❧♠❡♥t❡ ❞♦s ♣♦t❡♥❝✐❛✐s ❡❧❡tr♦q✉í♠✐❝♦s
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❚❛❜❡❧❛ ✸✳✶✿ ❊♥❡r❣✐❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦s ❛♠✐♥♦á❝✐❞♦s✳

❆♠✐♥♦á❝✐❞♦s ❙í♠❜♦❧♦s ❊♥❡r❣✐❛ ❞❡ ■♦♥✐③❛çã♦ ✭❡❱✮

❆❧❛♥✐♥❛ ✭❆✮ ✽✳✽✹

❈✐st❡✐♥❛ ✭❈✮ ✽✱✻✽

❆s♣❛rt❛t♦ ✭❉✮ ✽✳✸✹

➪❝✐❞♦ ●❧✉tâ♠✐❝♦ ✭❊✮ ✼✳✾✾

❋❡♥✐❧❛❧❛♥✐♥❛ ✭❋✮ ✾✳✷✹

●❧✐❝✐♥❛ ✭●✮ ✽✳✵✵

❍✐st✐❞✐♥❛ ✭❍✮ ✽✳✼✷

■s♦❧❡✉❝✐♥❛ ✭■✮ ✽✳✼✼

▲✐s✐♥❡ ✭❑✮ ✽✳✶✺

▲❡✉❝✐♥❛ ✭▲✮ ✽✳✽✽

▼❡t✐♦♥✐♥❛ ✭▼✮ ✽✳✹✶

❆s♣❛r❛❣✐♥❛ ✭◆✮ ✽✳✺✶

Pr♦❧✐♥❛ ✭P✮ ✽✳✼✺

●❧✉t❛♠✐♥❛ ✭◗✮ ✽✳✸✺

❆r❣✐♥✐♥❛ ✭❘✮ ✽✳✶✼

❙❡r✐♥❛ ✭❙✮ ✽✳✸✹

❚r❡♦♥✐♥❛ ✭❚✮ ✽✳✺✹

❱❛❧✐♥❛ ✭❱✮ ✽✳✺✶

❚r✐♣t♦❢❛♥♦ ✭❲✮ ✽✳✸✷

❚✐r♦s✐♥❛ ✭❨✮ ✽✳✽✼
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❬✹✵❪✳ ❆ ❝✉r✈❛ ❝♦rr❡♥t❡ ✲ ✈♦❧t❛❣❡♠ ✭■✲❱✮ é ✉♠ ✐♠♣♦rt❛♥t❡ r❡s✉❧t❛❞♦ ✉♠❛ ✈❡③ q✉❡ ♥♦s ✐♥❞✐❝❛ ❛ ♣♦ss✐✲

❜✐❧✐❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ❞❡ ❝❛r❣❛ ❛tr❛✈és ❞❡ ❝❡rt❛ ❡str✉t✉r❛✳ ❊st❛ ❞✐ss❡rt❛çã♦ ❝♦♠♦ ❞✐t♦ ♥♦ ❈❛♣ít✉❧♦

✶✱ ❜✉s❝♦✉ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞❡ s❡q✉ê♥❝✐❛s ♣r♦t❡✐❝❛s q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛

r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧ ❞❡ ♠✐♦t♦①✐♥❛s ❋♦s❢♦❧✐♣❛s❡s ▲✐s✐♥❛s ✹✾✳ ❆ r❡❣✐ã♦ ❛❧✈♦ ❞❡st❛ ❝❛r❛❝t❡r✐③❛çã♦ ❝♦rr❡s✲

♣♦♥❞❡ ❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✶✺ ❛♠✐♥♦á❝✐❞♦s ✭✶✶✺✲✶✷✾✮✳ ❊st❡ tr❛❜❛❧❤♦ t❡✈❡ ❝♦♠♦ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ✾

♣❡♣tí❞❡♦s ❞✐st✐♥t♦s ♦s q✉❛✐s sã♦ ❞❡s❝r✐t♦s ♥❛ ❚❛❜❡❧❛ ✶✳✶✳ ❆s ❝✉r✈❛s ■✲❱ ✭❋✐❣✳ ✸✳✶✮✱ ❢♦r❛♠ ♦❜t✐❞❛s

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

♣❡♣tí❞❡♦s✳ P♦❞❡♠♦s ❞✐✈✐❞✐r ♦s ♣❡♣tí❞❡♦s ♣♦r ♠❡✐♦ ❞❛ ❝✉r✈❛ ■✲❱ ❡♠ três ❣r✉♣♦s ❞✐st✐♥t♦s ❞❡ ❛❝♦r❞♦

❝♦♠ ❛ ❝♦rr❡♥t❡ ♠á①✐♠❛✿ ❣r✉♣♦ ■✱ q✉❡ ❡stá ❡♥tr❡ ✹✵✵✵ ♥❆ ❡ ✽✵✵✵ ♥❆✱ ♦ ❣r✉♣♦ ■■ q✉❡ s❡ ❡♥❝♦♥tr❛

❡♥tr❡ ✶✺✵✵ ♥❆ ❡ ✸✵✵✵ ♥❆ ❡ ♦ ❣r✉♣♦ ■■■ q✉❡ ❡stá ❡♥tr❡ ✵ ♥❆ ❡ ✶✺✵✵ ♥❆✳

❋✐❣✉r❛ ✸✳✶✿ ❈✉r✈❛ ❝♦rr❡♥t❡✲✈♦❧t❛❣❡♠ ♦❜t✐❞❛ ♣♦r ❝á❧❝✉❧♦s ❜❛s❡❛❞♦s ♥♦ ♠♦❞❡❧♦ t✐❣❤t✲❜✐♥❞✐♥❣ ♣❛r❛ ♦s

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

❈❛❞❛ ❣r✉♣♦ é ❝♦♠♣♦st♦ ♣♦r três ♣❡♣tí❞❡♦s q✉❡ ❛♣r❡s❡♥t❛♠ s❡❣✉♥❞♦ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦✱ ♣r♦✲

♣r✐❡❞❛❞❡s s❡♠❡❧❤❛♥t❡s✳ P❛rt✐♥❞♦ ❞❡st❛ ♣r✐♠í❝✐❛ ❡ ❝♦♠ ♦❜❥❡t✐✈♦ ❞❡ r❡❞✉③✐r ♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❢♦✐

❡s❝♦❧❤✐❞❛ ✉♠❛ s❡q✉ê♥❝✐❛ ♣❛r❛ r❡♣r❡s❡♥t❛r ❝❛❞❛ ❣r✉♣♦✿ ❣r✉♣♦ ■✱ ♣❡♣tí❞❡♦ ■ ✭P❡♣✳■✮ ✭❑❑❑❨❑❆❨❑❋✲
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❑▲❑❈❑❑✮ ♣r❡s❡♥t❡ ❡♠ ❋♦s❢♦❧✐♣❛s❡ ❆2 ▲✐s✐♥❛ ✹✾ ❡♥❝♦♥tr❛❞❛ ❡♠ s❡r♣❡♥t❡s ❆❣❦✐str♦❞♦ ♣✐s❝✐✈♦r✉s

♣✐s❝✐✈♦r✉s✱ ❣r✉♣♦ ■■✱ ♣❡♣tí❞❡♦ ■■ ✭P❡♣✳■■✮ ✭❑❑❑❨❘❨❍❑▲❑P❋❈❑❑✮ ♣r❡s❡♥t❡ ❡♠ ❋♦s❢♦❧✐♣❛s❡ ❆2

▲✐s✐♥❛ ✹✾ ❡♥❝♦♥tr❛❞❛ ❡♠ s❡r♣❡♥t❡s ❇♦t❤r♦♣s ❥❛r❛r❛❝✉ss✉ ❛♥❞ ❇✳ ♣✐r❛❥❛✐ ❡ ❣r✉♣♦ ■■■✱ ♣❡♣tí❞❡♦ ■■■

✭P❡♣✳■■■✮ ✭❑❑❑❨❘❨❨❑▲❑P❋❈❑❑✮ ♣r❡s❡♥t❡s ❡♠ ❋♦s❢♦❧✐♣❛s❡ ❆2 ▲✐s✐♥❛ ✹✾ ❡♥❝♦♥tr❛❞❛ ❡♠ s❡r♣❡♥✲

t❡s ❇♦t❤r♦♣s ❛s♣❡r✳ ❆♥❛❧✐s❛♥❞♦ ❛s ❝✉r✈❛s ■✲❱ ♣❡r❝❡❜❡♠♦s q✉❡ ❛ r❡❣✐ã♦ −5V < V < 5V ✱ ❞❡♠♦str❛

❝❛rát❡r ✐s♦❧❛♥t❡ ❡♥q✉❛♥t♦ ❛s r❡❣✐õ❡s ♥ã♦✲❧✐♥❡❛r❡s ❱ ❁ ✲✺ ❡ ❱ ❃ ✺ ✐♥❞✐❝❛♥❞♦ tr❛♥s✐çõ❡s ❡♠ ❞✐r❡çã♦

❛ ✉♠❛ ❝♦rr❡♥t❡ ❞❡ s❛t✉r❛çã♦✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛s ❝✉r✈❛s ■✲❱ ❛ss❡♠❡❧❤❛✲s❡ ❛ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡♥✲

❝♦♥tr❛❞♦s ♣♦r ▲♦♠♦♥t❡ ❡t ❛❧✳ ✷✵✵✸✳ ❆♦ ❡①♣♦r t❛✐s s❡q✉ê♥❝✐❛s ❛ ♣r❡s❡♥ç❛ ❞❡ ❝é❧✉❧❛s ♠✉s❝✉❧❛r❡s

❡ ♥ã♦ ♠✉s❝✉❧❛r❡s✱ ▲♦♠♦♥t❡ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ♦❜s❡r✈❛r❛♠ ❛ ♣r❡s❡♥ç❛ ❞❛♥♦s ♥❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳

❈♦♥st❛t♦✉✲s❡ t❛♠❜é♠ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ❞❛♥♦s ❝❛✉s❛❞♦s ✈❛r✐❛✈❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s r❡s♣❡❝t✐✈❛s

s❡q✉ê♥❝✐❛s ❛♥❛❧✐s❛❞❛s✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❛s ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ❛q✉✐ ❡st❛❜❡❧❡❝✐❞♦s ❛ ♣❛rt✐r ❞❛ ❝✉r✈❛

■✲❱✱ ❛♣r❡s❡♥t❛r❛♠ ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ▲♦♠❡♥t❡✱ ♠á①✐♠❛✱ ♠é❞✐❛ ❡ ♠í♥✐♠❛ ✐♥t❡♥s✐❞❛❞❡ ♥♦ ❞❛♥♦

❛s ♠❡♠❜r❛♥❛s✳

❆♦ t♦❞♦✱ ❛s s❡q✉ê♥❝✐❛s ❛♥❛❧✐s❛❞❛s sã♦ ❝♦♠♣♦st❛s ♣♦r ✶✹ t✐♣♦s ❛♠✐♥♦á❝✐❞♦s✱ ❞❡♥tr❡ ♦s q✉❛✐s

✾ sã♦ ❛♣♦❧❛r❡s✱ ✸ sã♦ ♣♦❧❛r❡s ❜ás✐❝♦s ❡ ✷ sã♦ ♣♦❧❛r❡s ♥❡✉tr♦s✳ ❆s s❡q✉ê♥❝✐❛s ✭❑❑❑✲❨❑❆✲❨❑❋✲

❑▲❑✲❈❑❑✮ ❡ ✭❑▲❑✲❋❑❨✲❑❑❑✲❆❈❑✲❑❨❑✮ ♣♦ss✉❡♠ ❛♠❜♦s ✾ ❛♠✐♥♦á❝✐❞♦s ♣♦❧❛r❡s ❜ás✐❝♦s✱ ✷

♣♦❧❛r❡s ♥❡✉tr♦s ❡ ✹ ❛♣♦❧❛r❡s s❡♥❞♦ ✾ ▲✐s✐♥❛s✱ ✷ ❚✐r♦s✐♥❛s✱ ✶ ❆❧❛♥✐♥❛✱ ✶ ❋❡♥✐❧❛❧❛♥✐♥❛✱ ✶ ❈✐st❡í♥❛ ❡ ✶

▲❡✉❝✐♥❛✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛♠❜❛s s❡q✉ê♥❝✐❛s é ✉♥✐❝❛♠❡♥t❡ ❛ ♣♦s✐çã♦ ❞♦s ❛♠✐♥♦á❝✐❞♦s ✳ ◆♦ ❡♥t❛♥t♦✱

❛♣r❡s❡♥t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦s ❡①tr❡♠❛♠❡♥t❡ ❞✐st✐♥t♦s ♥❛ ❝✉r✈❛ ■✲❱ ❡st❛♥❞♦ ♥♦s ❣r✉♣♦s ♠á①✐♠♦ ❡

♠í♥✐♠♦ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆s s❡q✉ê♥❝✐❛s ✭❑❑❑✲❨❘❨✲ ❍❑▲✲❑P❋✲❈❑❑✮ ❡ ✭❑❑❑✲❨❘❨✲❨❑▲✲❑P❋✲

❈❑❑✮ sã♦ s❡♠❡❧❤❛♥t❡s ❝♦♠ ❡①❝❡çã♦ ❞❛ s✉❜st✐t✉✐çã♦ ❞♦ ❍✐st✐❞✐♥❛ ✭❍✮ q✉❡ é ♣♦❧❛r ❜ás✐❝♦ ♣❡❧♦

❛♠✐♥♦á❝✐❞♦ ❚✐r♦s✐♥❛ ✭❨✮ q✉❡ é ♣♦❧❛r ♥❡✉tr♦✳ ❊♥tr❡t❛♥t♦✱ ❛♣r❡s❡♥t❛r❛♠ ❝♦♠♣♦rt❛♠❡♥t♦s ❞✐st✐♥t♦s

♦❝✉♣❛♥❞♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ❣r✉♣♦s ♠é❞✐♦ ❡ ♠í♥✐♠♦✳ ❆ s❡❣✉✐r ❛♣r❡s❡♥t❛r❡♠♦s ❛s ♣r♦♣r✐❡❞❛❞❡s

❡❧❡trô♥✐❝❛s ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■✳
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✸✳✷ ❖t✐♠✐③❛çã♦ ❞❡ ●❡♦♠❡tr✐❛

❆ q✉❛❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ♠ét♦❞♦s ❞❡ ♠♦❞❡❧❛❣❡♠ ♠♦❧❡❝✉❧❛r ❡stá r❡❧❛❝✐♦♥❛❞❛

❝♦♠ ❛ q✉❛❧✐❞❛❞❡ ❞♦s ❞❛❞♦s ❞❡ ❡♥tr❛❞❛✳ ❉❡ ♠❛♥❡✐r❛ q✉❡ ♣❛r❛ ♠ét♦❞♦s ❜❛s❡❛❞♦s ❡♠ ❉❋❚ ❢❛③✲s❡

♥❡❝❡ssár✐♦ ❣❛r❛♥t✐r q✉❡ ❛ ❡str✉t✉r❛ ❛ s❡r ❛♥❛❧✐s❛❞❛ s❡ ❡♥❝♦♥tr❡ ❡♠ ❡st❛❞♦ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛✳ ❆

♦t✐♠✐③❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛ é ✉♠ ♣r♦❝❡ss♦ ❞❡ r❡✜♥❛♠❡♥t♦ ♥♦ q✉❛❧ ❛s ❝♦♦r❞❡♥❛❞♦s ❞♦s át♦♠♦s sã♦

❛❥✉st❛❞❛s ♣❛r❛ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♠♦❧é❝✉❧❛ ❛t✐♥❥❛ ✉♠ ♣♦♥t♦ ❡st❛❝✐♦♥ár✐♦ ❡ s✉❛ ❡str✉t✉r❛ ❛♣r❡s❡♥t❡

❡str❡✐t❛ s❡♠❡❧❤❛♥t❡ ❝♦♠ ❛ ❡str✉t✉r❛ r❡❛❧✳

❆ ♦t✐♠✐③❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❛s ❡str✉t✉r❛s ❡♠ ❡st✉❞♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞♦✐s ♣r♦❣r❛♠❛s

❋♦r❝✐t❡ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ♣ré✲♦t✐♠✐③❛çã♦ ✭♠ét♦❞♦s ❝❧áss✐❝♦s✮ ❡ ♦ ❉▼♦❧3 r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ✜♥❛❧✐③❛çã♦

❞❛s ♦t✐♠✐③❛çõ❡s ✭♠ét♦❞♦s q✉â♥t✐❝♦s✮✳ P❛r❛ ❡ss❛ s❡❣✉♥❞❛ ❡t❛♣❛ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s t❛♥t♦ ❛ ❛♣r♦✲

①✐♠❛çã♦ ❞♦ ❣r❛❞✐❡♥t❡ ❣❡♥❡r❛❧✐③❛❞♦ ✭●●❆✮ ❢✉♥❝✐♦♥❛❧ P❇❊ ✭●●❆✴P❇❊✮ ❝♦♠♦ ❛ ❞❛ ❛♣r♦①✐♠❛çã♦

❞❡ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ✭▲❉❆✮ ❢✉♥❝✐♦♥❛❧ P❲❈ ✭▲❉❆✴P❲❈✮✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ t♦❞♦s ♦s ❡❧étr♦♥s ❞♦s

❛♠✐♥♦á❝✐❞♦s ❡♥✈♦❧✈✐❞♦s✳ ❆❧❣✉♥s ♣❛râ♠❡tr♦s sã♦ ❞❡✜♥✐❞♦s ❛♥t❡s ❞❛ ♦t✐♠✐③❛çã♦✱ ❡st❡s ❞❡✜♥❡♠ ♦s

❧✐♠✐❛r❡s ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ ♦t✐♠✐③❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ❡♥❡r❣✐❛✱ ❢♦rç❛ ♠á①✐♠❛ ❡

❞❡s❧♦❝❛♠❡♥t♦ ♠á①✐♠♦ ❡♥tr❡ ♦s ❝✐❝❧♦s ❞❡ ♦t✐♠✐③❛çã♦✳ ❖ ♣r♦❝❡ss♦ ❞❡ ♦t✐♠✐③❛çã♦ ✜♥❛❧✐③❛ q✉❛♥❞♦ ❛

❝♦♥✈❡r❣ê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ é s❛t✐s❢❡✐t❛ ❡♠ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ❛♦s ♣❛râ♠❡tr♦s ❛❧♦❝❛❞♦s✳ P❛r❛ ♦ ❉♠♦❧3

❤á três ❝♦♥❥✉♥t♦s ❞❡ ♣❛râ♠❡tr♦s✿ ❈❖❆❘❙❊✱ ▼❊❉■❯▼ ❡ ❋■◆❊✳

❚❛❜❡❧❛ ✸✳✷✿ P❛râ♠❡tr♦s ❞❡ ♦t✐♠✐③❛çã♦✳

●r❛♥❞❡③❛ ❈❖❆❘❙❊ ▼❊❉■❯▼ ❋■◆❊

❊♥❡r❣✐❛ ✭❍❛rtr❡❡✮ 1x10−4 2x10−5 2x10−5

❋♦rç❛ ▼á①✐♠❛ ✭❍❛rtr❡❡✴➴✮ ✵✱✵✷ ✵✱✵✵✹ ✵✱✵✵✷

❉❡s❧♦❝❛♠❡♥t♦ ♠á①✐♠♦ ✭➴✮ ✵✱✵✺ ✵✱✵✵✺ ✵✱✵✵✺

❆s ❡str✉t✉r❛s ❛♥❛❧✐s❛❞❛s ❡♠ ♥♦ss♦ tr❛❜❛❧❤♦ sã♦ s❡q✉ê♥❝✐❛s ❡①t❡♥s❛s ❞❡ ❛♠✐♥♦á❝✐❞♦s ♣♦ss✉✐♥❞♦

❡♠ ♠é❞✐❛ ✸✵✵ át♦♠♦s ❝❛❞❛✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛ ♦t✐♠✐③❛çã♦ ✐♠❡❞✐❛t❛ ❞❛s ❡str✉t✉r❛s ❝♦♠♣❧❡t❛s ❡r❛

✐♥✈✐á✈❡❧ ❞❡✈✐❞♦ ❛♦s r❡❝✉rs♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ❉❡st❛ ♠❛♥❡✐r❛ r❡❛❧✐③♦✉✲s❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❛ ♦t✐♠✐③❛çã♦
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❞❡ t♦❞♦s ♦s ❛♠✐♥♦á❝✐❞♦s ❡♥✈♦❧✈✐❞♦s ✭❚❛❜❡❧❛ ✷✳✶✮ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❢❛❝✐❧✐t❛r ❛ r❡❛❧✐③❛çã♦ ❞♦s

♣r♦❝❡ss♦s ❝♦♠ ❛s ❡str✉t✉r❛s ❝♦♠♣❧❡t❛s✳ ❆♣ós ❛ ♦t✐♠✐③❛çã♦ ❞♦s ❛♠✐♥♦á❝✐❞♦s✱❛ ❡t❛♣❛ s❡❣✉✐♥t❡ ❢♦✐ ♦

❛❣r✉♣❛♠❡♥t♦ ❡ ♦t✐♠✐③❛çã♦ ❡♠ ❜❧♦❝♦s ❞❡ três ❛♠✐♥♦á❝✐❞♦s✱ ❋✐❣✳ ✭✸✳✷✱ ✸✳✹ ❡ ✸✳✻✮✳ ❆♣ós ❡st❛ ❡t❛♣❛✱

r❡❛❧✐③♦✉✲s❡ ❛ ❥✉♥çã♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡st❡s ❜❧♦❝♦s ❛té ❛ ♦❜t❡♥çã♦ ❞❛s ❡str✉t✉r❛s ❝♦♠♣❧❡t❛s✱ ❡st❛s

♣❛ss❛r❛♠ ♣♦r ♥♦✈♦ ♣r♦❝❡ss♦ ❞❡ ♦t✐♠✐③❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛✳ ◆♦ ❡♥t❛♥t♦✱ ❞❡✈✐❞♦ ❛♦ ❣r❛♥❞❡ ♥ú♠❡r♦

❞❡ át♦♠♦s ❛s ❡str✉t✉r❛s ❝♦♠ ♦s ✶✺ ❛♠✐♥♦á❝✐❞♦s ❢♦r❛♠ ♦t✐♠✐③❛❞❛s s♦♠❡♥t❡ ♥♦ ♥í✈❡❧ ❈❖❆❘❙❊✳ ❆s

❡str✉t✉r❛s ✜♥❛✐s ❛♣r❡s❡♥t❛r❛♠ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ❛s s❡❣✉✐♥t❡s ❡♥❡r❣✐❛s ✲✶✽✵✾✽✸✱✹✽✷✷✶✻

❡❱ ♣❛r❛ ♦ P❡♣✳■✱ ✲✶✽✼✹✶✵✱✹✷✽✷✼✶ ❡❱ ♣❛r❛ ♦ P❡♣✳■■ ❡ ✲✶✽✾✻✵✾✱✺✼✼✵✼✷ ❡❱ ♣❛r❛ ♦ P❡♣✳■■■✳ ❊ ♣❡❧❛

❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ✲✶✽✷✷✺✺✱✼✷✼✹✸✵ ❡❱ ♣❛r❛ ♦ P❡♣✳■ ✲✶✽✽✼✷✼✱✻✼✽✼✶✶ ❡❱ ♣❛r❛ ♦ P❡♣✳■■ ❡ ✲

✶✾✵✾✺✶✱✾✶✼✻✵✶ ❡❱ ♣❛r❛ ♦ P❡♣✳ ■■■✳ ❆s ❡str✉t✉r❛s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛s ❋✐❣✳ ✭✸✳✸✱ ✸✳✺ ❡ ✸✳✼✮✳

❋✐❣✉r❛ ✸✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ P❡♣✳■ ❡♠ ❜❧♦❝♦s ❞❡ três ❛♠✐♥♦á❝✐❞♦s✳

❋✐❣✉r❛ ✸✳✹✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ P❡♣✳■■ ❡♠ ❜❧♦❝♦s ❞❡ três ❛♠✐♥♦á❝✐❞♦s✳
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❋✐❣✉r❛ ✸✳✸✿ ❊str✉t✉r❛s ♦❜t✐❞❛s ❛♣ós ❛ ♦t✐♠✐③❛çã♦ ♣❛r❛ ♦ P❡♣✳■ ❛✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ❡

❜✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈✳

❋✐❣✉r❛ ✸✳✺✿ ❊str✉t✉r❛s ♦❜t✐❞❛s ❛♣ós ❛ ♦t✐♠✐③❛çã♦ ♣❛r❛ ♦ P❡♣✳■■ ❛✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ❡

❜✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈✳
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❋✐❣✉r❛ ✸✳✻✿ ❘❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ P❡♣✳■■■ ❡♠ ❜❧♦❝♦s ❞❡ três ❛♠✐♥♦á❝✐❞♦s✳

❋✐❣✉r❛ ✸✳✼✿ ❊str✉t✉r❛s ♦❜t✐❞❛s ❛♣ós ❛ ♦t✐♠✐③❛çã♦ ♣❛r❛ ♦ P❡♣✳ ■■■ ❛✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊

❡ ❜✮ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈✳

✸✳✸ ❉✐str✐❜✉✐çã♦ ❞❡ ❈❛r❣❛s

✸✳✸✳✶ ❉❡♥s✐❞❛❞❡ ❊❧❡trô♥✐❝❛ ❡ ➪r❡❛ ❆❝❡ssí✈❡❧ ❛♦ ❙♦❧✈❡♥t❡

❙❡❣✉♥❞♦ ♦ q✉❡ é ❞❡❢❡♥❞✐❞♦ ❡♠ ❛❧❣✉♥s tr❛❜❛❧❤♦s ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❛ r❡❣✐ã♦ ❞❛ ♠✐♦t♦✲

①✐♥❛ ❋♦s❢♦❧✐♣❛s❡s ▲✐s✐♥❛ ✹✾ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❞❛♥♦ ❝❡❧✉❧❛r é ❛ s❡q✉ê♥❝✐❛ ❞❡ ❛♠✐♥♦á❝✐❞♦s ✶✶✺ ✲ ✶✷✾✳
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▲♦♠♦♥t❡ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❞❡❢❡♥❞❡♠ q✉❡ r❡❣✐õ❡s ❡❧❡tr✐❝❛♠❡♥t❡ ♣♦s✐t✐✈❛s ❞❡♥tr♦ ❞❡ss❛ s❡q✉ê♥❝✐❛ ✐♥✲

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

P❛r❛ ❡st✉❞❛r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛s s♦❜r❡ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛

❞❡ ❝❛r❣❛ ❢♦r❛♠ ♦❜t✐❞❛s ❛tr❛✈és ❞❛ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ♣❧♦t❛❞❛ s♦❜r❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ ♣♦t❡♥❝✐❛❧

❡❧❡tr♦stát✐❝♦✳ ❈♦♠ t❛✐s ♠❛♣❛s é ♣♦ssí✈❡❧ t❡r ✉♠❛ ✐❞❡✐❛ ❞❡ q✉❛✐s r❡❣✐õ❡s ❡st❛r✐❛♠ s❡❣✉♥❞♦ ▲♦♠♦♥t❡

❡♥✈♦❧✈✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❞❛♥♦ ❞❛ ♠❡♠❜r❛♥❛✱ ❋✐❣✳✸✳✽✳

❆ ár❡❛ s♦❜r❡ ♦ ♣❡♣tí❞❡♦ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦ s❡✉ ❛❧✈♦ ✭♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✮✱

♣♦❞❡ s❡r ✉♠ ❢❛t♦r ❞❡t❡r♠✐♥❛♥t❡ ♣❛r❛ ❛ s✉❛ ❛t✉❛çã♦✳ ❈♦♠♦ ♠♦str❛❞♦ ♥♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡

❡❧❡trô♥✐❝❛ ❤á ❝♦♥❝❡♥tr❛çã♦ ♠❛✐♦r ❞❡ ❝❛r❣❛ ❡♠ ♣♦♥t♦s ❡s♣❡❝í✜❝♦s✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ✉♠❛ ♠❛✐♦r ár❡❛

❞✐s♣♦♥í✈❡❧ ❛✉♠❡♥t❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ t❛✐s ♣♦♥t♦s ❡ ❛ ♠❡♠❜r❛♥❛✳ ◆♦ ❡♥t❛♥t♦✱ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥ã♦ s❡❣✉❡♠ ❡st❡ r❛❝✐♦❝í♥✐♦✱ ✉♠❛ ✈❡③ q✉❡ ❛s ❡str✉t✉r❛s ♦t✐♠✐③❛❞❛s ♣❡❧❛ ❛♣r♦①✐✲

♠❛çã♦ ●●❆✴P❇❊ ❛♣r❡s❡♥t❛r❛♠ ár❡❛ ❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡ ✭s✐st❡♠❛✮ ❞❡ 1821, 568 ➴2 ♣❛r❛ ♦ P❡♣✳

■✱ 2033, 169 ➴2 ♣❛r❛ ♦ P❡♣✳ ■■ ❡ 1826, 302 ➴2 ♣❛r❛ ♦ P❡♣✳■■■✳ ❆s ❡str✉t✉r❛s ♦t✐♠✐③❛❞❛s ♣❡❧❛ ❛♣r♦①✐✲

♠❛çã♦ ▲❉❆✴P❲❈ ❛♣r❡s❡♥t❛r❛♠ ár❡❛ ❛❝❡ss✐✈❡❧ ❛♦ s♦❧✈❡♥t❡ ❞❡ 1734, 353 ➴2 ♣❛r❛ ♦ P❡♣✳ ■✱ 1884, 813

➴2 ♣❛r❛ ♦ P❡♣✳ ■■ ❡ 1691, 332 ➴2 ♣❛r❛ ♦ P❡♣✳ ■■■✳

✸✳✸✳✷ ❆♥á❧✐s❡ P♦♣✉❧❛❝✐♦♥❛❧

❆ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❝❛r❣❛ ❝♦♠♣❧❡♠❡♥t❛ ❡♠ ♥ú♠❡r♦s ♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛✳

❆ ❝❛r❣❛ ❡❧étr✐❝❛ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ❛s ❞✐✈❡rs❛s r❡❣✐õ❡s ❞❛s ♠♦❧é❝✉❧❛s ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧

❞❡ ▼✉❧❧✐❦❡♥ ✭▼✉❧❧✐❦❡♥ ♣♦♣✉❧❛t✐♦♥ ❛♥❛❧②s✐s ✲ ▼P❆✮✱ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❍✐rs❤❢❡❧❞ ✭❍✐rs❤❢❡❧❞

♣♦♣✉❧❛t✐♦♥ ❛♥❛❧②s✐s ✲ ❍P❆✮ ❡ ♣❡❧♦ ❛❥✉st❡ ❡❧❡tr♦stát✐❝♦ ❞❡ ❝❛r❣❛s ✭❊❧❡❝t♦st❛t✐❝ ❢tt✐♥❣ ♦❢ ❡❧❡❝tr✐❝ ❝❛r❣❡s✲

❊❙P✮✳ ❆ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ▼✉❧❧✐❦❡♥ é ❛ ♠❛✐s tr❛❞✐❝✐♦♥❛❧ ❡ ✉s❛❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝á❧❝✉❧♦ ❞❡

❝❛r❣❛s ❛tô♠✐❝❛s t❡♥❞♦ ❝♦♠♦ ❜❛s❡ ♦s ♦r❜✐t❛✐s ♠♦❧é❝✉❧❛r❡s✳ ◆♦ ❡♥t❛♥t♦ ❛ ▼P❆ é ❧✐♠✐t❛❞❛✱ ❞❡✈✐❞♦ ❛

❞✐✈✐sã♦ ❛r❜✐trár✐❛ ❞❛ s✉♣❡r♣♦s✐çã♦ ♥❛ ♣♦♣✉❧❛çã♦ ❞❡ ❡❧étr♦♥s✳ ❆ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❍✐rs❤❢❡❧❞

t❡♠ ❝♦♠♦ ❜❛s❡ ❛ t♦♣♦❧♦❣✐❛ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s✳ ❊❧❛ t❡♥❞❡ ❛ s❡r ♠❛✐s ♣r❡❝✐s❛ ❛♣r❡s❡♥t❛♥❞♦

✉♠❛ ❝♦♥❝♦r❞â♥❝✐❛ ♠❛✐s r❡❛❧✐st❛ ❝♦♠ ❛ ♣r❡✈✐sã♦ ❞❡ t❡♥❞ê♥❝✐❛s ❞❡ r❡❛t✐✈✐❞❛❞❡ ❞❡♥tr♦ ❞❛ ♠♦❧é❝✉❧❛
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❋✐❣✉r❛ ✸✳✽✿ ▼❛♣❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛ ❞❡ ❝❛r❣❛ ♣❛r❛ ❛s s❡q✉ê♥❝✐❛s ❛♥❛❧✐s❛❞❛s ❛✮ P❡♣✳■ ●●❆✱

❜✮ P❡♣✳■ ▲❉❆✱ ❝✮ P❡♣✳■■ ●●❆✱ ❞✮ P❡♣✳■■ ▲❉❆✱ ❡✮ P❡♣✳■■■ ●●❆ ❡ ❢✮ P❡♣✳■■■ ▲❉❆✳ ❆s r❡❣✐õ❡s ❡♠

❛③✉❧ ❛♣r❡s❡♥t❛♠ ❝❛r❣❛ ♣♦s✐t✐✈❛ ❡ ❛s r❡❣✐õ❡s ❡♠ ✈❡r♠❡❧❤♦ ❛♣r❡s❡♥t❛♠ ❝❛r❣❛ ♥❡❣❛t✐✈❛✳
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❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ▼P❆✳ ❊ ❛✐♥❞❛ ♠✐♥✐♠✐③❛ ❛ ♣❡r❞❛ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡✈✐❞♦ ❛ ✉♥✐ã♦ ❞❡ át♦♠♦s

♣❛r❛ ❢♦r♠❛ ❛ ♠♦❧é❝✉❧❛ ❬✹✹✱ ✸✷❪✳ P♦r ✐ss♦✱ ❛ ❞✐s❝✉ssã♦ ♥❡ss❡ tr❛❜❛❧❤♦ ❞❛rá ♠❛✐s ❛t❡♥çã♦ às ❝❛r❣❛s

♦❜t✐❞❛s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ❍P❆✱ ❛ ▼P❆ ❡ ❊❙P sã♦ ♣❛r❛ ❡❢❡✐t♦ ❞❡ ❝♦♠♣❛r❛çã♦✳

❈♦♠♦ ♠♦str❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡ ♥♦s ♠❛♣❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❡❧❡trô♥✐❝❛✱ ❤á r❡❣✐õ❡s s♦❜r❡ ♦s ♣❡♣✲

tí❞❡♦s q✉❡ ❛♣r❡s❡♥t❛♠ ♠❛✐♦r ❡ ♠❡♥♦r ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❝❛r❣❛✳ ❖s ❞✐❛❣r❛♠❛s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✳

✸✳✾ ❡ ✸✳✶✵ ❡♠ ❝♦♥s♦♥â♥❝✐❛ ❝♦♠ ♦s ♠❛♣❛s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳ ✸✳✽✱ ♠♦str❛♠ ♣♦r ♠❡✐♦ ❞❛s ❛♥á❧✐s❡s

♣♦♣✉❧❛❝✐♦♥❛✐s ❍P❆✱ ▼P❆ ❡ ❊❙P ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❝❛r❣❛ ❡❧étr✐❝❛ s♦❜ ♦s ❛♠✐♥♦á❝✐❞♦s q✉❡ ❝♦♥st✐t✉❡♠

♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✳ ❖s ❝á❧❝✉❧♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣♦r ♠❡✐♦s ❞❛s ❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊ ❡

▲❉❆✴P❲❈✱ s❡♥❞♦ ❛ ❝❛r❣❛ ♣❛r❛ ❝❛❞❛ ❛♠✐♥♦á❝✐❞♦s ♦❜t✐❞❛ ♣❡❧♦ s♦♠❛tór✐♦ ❞❛s ❝❛r❣❛s ❞❡ s❡✉s át♦♠♦s✳

P❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ♦s ❛♠✐♥♦á❝✐❞♦s q✉❡ ❛♣r❡s❡♥t❛♠ ♠❛✐♦r ❡ ♠❡♥♦r ❝❛r❣❛ sã♦ r❡s♣❡❝t✐✲

✈❛♠❡♥t❡✿ P❡♣✳■✱ ▲✐s✐♥❛ ✭❑✮ ♥❛ ♣♦s✐çã♦ ✺✱ q = +0, 3256 ❡ ❈✐st❡í♥❛ ✭❈✮ q = −0, 253 ♣❛r❛ ♦ P❡♣✳ ■■✱

▲✐s✐♥❛ ✭❑✮ ♥❛ ♣♦s✐çã♦ ✶✺ ❝♦♠ q = +0, 207 ❡ ❆r❣✐♥✐♥❛ ✭❘✮ ❝♦♠ ❝❛r❣❛ q = −0, 140 ❡ ♣❛r❛ ♦ P❡♣✳ ■■■✱

❛s ▲✐s✐♥❛s ✶ ❡ ✶✺ ❛♣r❡s❡♥t❛♠ q = +0, 0771 ❡ ❛ ❚✐r♦s✐♥❛ ✭❨✮ ♥❛ ♣♦s✐çã♦ ✼ ❝♦♠ ❝❛r❣❛ q = −0, 1321✳

❖s ❞❡♠❛✐s ❛♠✐♥♦á❝✐❞♦s ♣♦ss✉❡♠ ❝❛r❣❛s ❞✐str✐❜✉í❞❛s ❡♥tr❡ ♦s ❞♦✐s ❡①tr❡♠♦s✱ s❡♥❞♦ q✉❡ ♦ ♦s P❡♣✳

■■ ❡ ■■■ ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♠❛✐s ✉♥✐❢♦r♠❡ ❡♥t♦r♥♦ ❞❡ q = 0 q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦

P❡♣✳ ■✳

P❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ♦s ♣❡♣tí❞❡♦s ❛♣r❡s❡♥t❛♠ ❝❛r❣❛ ♠á①✐♠❛ ❡ ♠í♥✐♠❛ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡ ❡♠✱ P❡♣✳ ■ ♥❛ ▲✐s✐♥❛ ✺ ❝♦♠ q = +0, 2736 ❡ ▲✐s✐♥❛ ✶ ❝♦♠ q = −0, 3504✱ P❡♣✳ ■■ ♥❛ ▲✐s✐♥❛ ✷

❝♦♠ q = +0, 251 ❡ ❆r❣✐♥✐♥❛ ❝♦♠ q = −0, 281 ❡ ♦ P❡♣✳ ■■■ ♥❛ ▲✐s✐♥❛ ✶ ❝♦♠ q = 0, 197 ❡ ❆r❣✐♥✐♥❛

❝♦♠ q = −0, 1006✳ ❖s ❞❡♠❛✐s ❛♠✐♥♦á❝✐❞♦s ♣♦ss✉❡♠ ❝❛r❣❛s ❞✐str✐❜✉í❞❛s ❡♥tr❡ ♦s ❞♦✐s ❡①tr❡♠♦s✱

❛ss✐♠ ❝♦♠♦ ♦❜t✐❞♦ ♥❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ♦s P❡♣✳ ■■ ❡ ■■■ ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

♠❛✐s ✉♥✐❢♦r♠❡ ❡♥t♦r♥♦ ❞❡ q = 0 q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦ P❡♣✳ ■✳

❈♦♠ ❞✐t♦ ♥♦ ❈❛♣ít✉❧♦ ✶✱ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣♦r ▲♦♠♦♥t❡ ❡ ❝♦❧❛❜♦r❛❞♦s r❡❧❛❝✐♦♥❛ ❛ ✐♥t❡r❛çã♦

❞❡ ❝❛r❣❛s ♣♦s✐t✐✈❛s ♥❛ r❡❣✐ã♦ ✶✶✺✲✶✷✾ ❞❛ P▲❆2 ▲②s ✹✾ ❝♦♠ ❢♦s❢♦❧✐♣í❞✐♦s ❞❡ ❝❛r❣❛ ♥❡❣❛t✐✈❛ ❝♦♠♦

❢❛t♦r ❞❡s❡st❛❜✐❧✐③❛❞♦r ❞❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ♥❛ ❛t✉❛çã♦ ❞❛ ♠✐♦t♦①✐♥❛✳ ➱ ❡s♣❡r❛❞♦ ♣♦rt❛♥t♦✱ q✉❡

♦ ❛✉♠❡♥t♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❝❛r❣❛ ♣♦s✐t✐✈❛ ♥❛ r❡❣✐ã♦ ❛♣♦♥t❛❞❛ ❝♦♠♦ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ♠❡❝❛♥✐s♠♦ ❞❡
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❋✐❣✉r❛ ✸✳✾✿ ❆♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❝❛r❣❛s ♦❜t✐❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s

❡st✉❞❛❞♦s✳ ❊♠ ❛③✉❧ ❊❙P ❡♠ ✈❡r♠❡❧❤♦ ▼P❆ ❡ ❡♠ ♣r❡t♦ ❍P❆✳
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❋✐❣✉r❛ ✸✳✶✵✿ ❆♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❝❛r❣❛s ♦❜t✐❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s

❡st✉❞❛❞♦s✳ ❊♠ ❛③✉❧ ❊❙P ❡♠ ✈❡r♠❡❧❤♦ ▼P❆ ❡ ❡♠ ♣r❡t♦ ❍P❆✳
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❞❛♥♦ ❝❡❧✉❧❛r ❞❛s P▲❆2s ❛❝❛rr❡t❡ ❡♠ ✉♠ ❛✉♠❡♥t♦ ♥♦ s❡✉ ♣♦t❡♥❝✐❛❧ ❞❡ ❞❛♥♦✳ ❆ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧

❞❡ ❝❛r❣❛ ♠♦str❛ q✉❡ ❛❧❣✉♥s ❛♠✐♥♦á❝✐❞♦s ♣r❡s❡♥t❡ ♥♦s ♣❡♣tí❞❡♦s ❛♣r❡s❡♥t❛♠ ♠❛✐♦r ❝❛r❣❛ ♣♦s✐t✐✈❛

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

❝❡❧✉❧❛r✳ ❈♦♠♣❛r❛♥❞♦ ♦s três ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✱ ♣❡r❝❡❜❡♠♦s q✉❡ ❡♠ r❡❧❛çã♦ ❛♦s ❛♠✐♥♦á❝✐❞♦s ♠❛✐s

❡❧❡tr✐❝❛♠❡♥t❡ ♣♦s✐t✐✈♦ t❡♠♦s✱ qPep.I > qPep.II > qPep.III✳ ❆ ▲✐s✐♥❛ ♥❛ ♣♦s✐çã♦ ✶✷✷ é ❝♦♥s❡r✈❛❞❛ ❡♠

t♦❞❛s ❛s P▲❆2s ▲②s ✹✾ ❡st✉❞❛❞❛s✱ ❞❡ ♠♦❞♦ q✉❡✱ ❛rt✐❣♦s s✉❣❡r❡♠ q✉❡ ❡❧❛ ♣♦❞❡ ❞❡s❡♠♣❡♥❤❛r ♣❛♣❡❧

❝❡♥tr❛❧ ♥♦ ♠❡❝❛♥✐s♠♦ tó①✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ é ♣♦ssí✈❡❧

♦❜s❡r✈❛r ♣♦r ♠❡✐♦ ❞❛ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ❝❛r❣❛✱ t❛❧ ❛♠✐♥♦á❝✐❞♦ ❛♣r❡ss❡♥t❛ ❝❛r❣❛ ♣ró①✐♠❛

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

❡♠ q✉❡stã♦✱ s✉❛ ❝♦♥tr✐❜✉✐çã♦ ♣♦❞❡ ♥ã♦ ❡st❛r r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ s✉❛ ✐♥t❡r❛çã♦ ❡❧❡tr♦stát✐❝❛ ❝♦♠ ❛

♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳

✸✳✹ ❊st✉❞♦s ❞♦s ❖r❜✐t❛✐s ▼♦❧❡❝✉❧❛r❡s

❖ ❝♦♥❝❡✐t♦ ❞❡ ❖r❜✐t❛❧ ▼♦❧❡❝✉❧❛r é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❡st✉❞♦ ❝♦♠♣♦rt❛♠❡♥t❛❧

❞❡ ♠♦❧é❝✉❧❛s✳ ❆ ❚❡♦r✐❛ ❞♦ ❖r❜✐t❛❧ ▼♦❧❡❝✉❧❛r ✭❚❖▼✮ é ❡♠♣r❡❣❛❞❛ ❡①t❡♥s✐✈❛♠❡♥t❡ ♣❛r❛ ❞❡s❝r❡✲

✈❡r ❝♦♠♣♦rt❛♠❡♥t♦s q✉í♠✐❝♦s✱ t❛✐s ❝♦♠♦ r❡❛t✐✈✐❞❛❞❡ ❡ ❝✐♥ét✐❝❛ ♠♦❧❡❝✉❧❛r✳ ❈♦♥tr✐❜✉❡♠ ❞❡ ♠❛♥❡✐r❛

✐♥❞✐s♣❡♥sá✈❡❧ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡❧❡trô♥✐❝♦ ♠♦❧❡❝✉❧❛r✱ ❝♦♠♦ ♦s ♣r♦❝❡ss♦s ❞❡ tr❛♥s✲

❢❡rê♥❝✐❛ ❞❡ ❝❛r❣❛ ❡ ❢♦t♦❡①❝✐t❛çã♦✳ ❖ ❡st✉❞♦ ❞♦s ♦r❜✐t❛✐s ♠♦❧❡❝✉❧❛r❡s ❞❡ ❢r♦♥t❡✐r❛ ❍❖▼❖ ✭❤✐❣❤❡st

♦❝❝✉♣✐❡❞ ♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧✮ ✱ ♦r❜✐t❛❧ ♠♦❧❡❝✉❧❛r ♠❛✐s ❛❧t♦ ♦❝✉♣❛❞♦✱ ❡ ▲❯▼❖ ✭❧♦✇❡st ✉♥✲♦❝❝✉♣✐❡❞

♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧✮✱ ♦r❜✐t❛❧ ♠❛✐s ❜❛✐①♦ ❞❡s♦❝✉♣❛❞♦ é ✐♠♣♦rt❛♥t❡ ♣♦✐s sã♦ ♥❡❧❡s q✉❡ ❡❢❡t✐✈❛♠❡♥t❡

♦❝♦rr❡♠ ❛s r❡❛çõ❡s q✉í♠✐❝❛s✳ ❖s ♠ét♦❞♦s q✉❡ ✉t✐❧✐③❛♠ ♦r❜✐t❛✐s ♠♦❧❡❝✉❧❛r❡s tê♠ s✐❞♦ ✉t✐❧✐③❛❞♦s

♥♦s ❝á❧❝✉❧♦s ❞❡ ❞✐✈❡rs♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ q✉í♠✐❝♦ ❡ ❢❛r♠❛❝♦❧ó❣✐❝♦✳
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✸✳✹✳✶ ❖r❜✐t❛✐s

❆s ❡♥❡r❣✐❛s ❞♦s ♦r❜✐t❛✐s ❍❖▼❖ ✭❜❛♥❞❛ ❞❡ ✈❛❧ê♥❝✐❛✮ ❡ ▲❯▼❖ ✭❜❛♥❞❛ ❞❡ ❝♦♥❞✉çã♦✮ sã♦ ✉s❛❞❛s

❝♦♠♦ í♥❞✐❝❡s ❞❡ r❡❛t✐✈✐❞❛❞❡ q✉í♠✐❝❛✱ s❡♥❞♦ ❝♦rr❡❧❛❝✐♦♥❛❞❛s ❝♦♠ í♥❞✐❝❡s ❝♦♠♦ ❛✜♥✐❞❛❞❡ ❡❧❡trô♥✐❝❛

❡ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♦♥✐③❛çã♦✳ ❆ ❡♥❡r❣✐❛ ❞♦ ❍❖▼❖ ❛♣♦♥t❛ ♦ ❝❛rát❡r ❡❧étr♦♥✲❞♦❛❞♦r ❞❡ ✉♠❛ ♠♦❧é❝✉❧❛✱

❡♥q✉❛♥t♦ q✉❡ ❛ ❡♥❡r❣✐❛ ❞♦ ▲❯▼❖ ❛♣♦♥t❛ ♦ ❝❛rát❡r ❡❧étr♦♥✲❛❝❡✐t❛❞♦r✳ ❉❡ ♠❛♥❡✐r❛ q✉❡ ✉♠❛ ♠❛✐♦r

❡♥❡r❣✐❛ ❍❖▼❖ ✐♥❞✐❝❛ ✉♠❛ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡ ❡♠ ❞♦❛r ❡❧étr♦♥s ❡ ✉♠❛ ♠❛✐♦r ❡♥❡r❣✐❛ ▲❯▼❖ ✐♥❞✐❝❛

✉♠❛ ♠❛✐♦r r❡s✐stê♥❝✐❛ ♣❛r❛ ❛❝❡✐t❛r ❡❧étr♦♥s✳ ❖ ❣❛♣ ✭❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛✮ ❞❡ ❡♥❡r❣✐❛ ❍❖▼❖✲

▲❯▼❖ ❞❡t❡r♠✐♥❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞♦ q✉❛♥❞♦ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦✳ ❊❧❡ é

✉♠ ✐♠♣♦rt❛♥t❡ ✐♥❞✐❝❛❞♦r ❞❡ ❡st❛❜✐❧✐❞❛❞❡ q✉í♠✐❝❛ ❞❛ ♠♦❧é❝✉❧❛✳ ❯♠ ❣❛♣ ❛❧t♦ s✐❣♥✐✜❝❛ q✉❡ ❛ ♠♦❧é❝✉❧❛

t❡♠ ❛❧t❛ ❡st❛❜✐❧✐❞❛❞❡ ❡ ♣♦ss✐✈❡❧♠❡♥t❡ ❜❛✐①❛ r❡❛t✐✈✐❞❛❞❡ ❡♠ r❡❛çõ❡s q✉í♠✐❝❛s✳ ❖ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡st❛

❞✐❢❡r❡♥ç❛ ❞❡ ❡♥❡r❣✐❛ t♦r♥❛ ♣♦ssí✈❡❧ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❛ ♣r✐♠❡✐r❛ ❡①❝✐t❛çã♦ ♠♦❧❡❝✉❧❛r ❬✹✺✱ ✹✻✱ ✹✼❪✳

❖s ♦r❜✐t❛✐s ❍❖▼❖ ❡ ▲❯▼❖ ❢♦r❛♠ ♦❜t✐❞♦s ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊ ❡ ▲❉❆✴P❲❈✱

❋✐❣✳ ✭✸✳✶✶✱ ✸✳✶✷✮✳ ❆ ❚❛❜❡❧❛ ✷✳✷ ❛♣r❡s❡♥t❛ ❛s ❡♥❡r❣✐❛s ❍❖▼❖ ❡ ▲❯▼❖ ❡ ♦ ❣❛♣ ❍❖▼❖✲▲❯▼❖

✭∆EH−L✮✳

❚❛❜❡❧❛ ✸✳✸✿ ❊♥❡r❣✐❛s ♦❜t✐❞❛s ♣❛r❛ ♦s ♦r❜✐t❛✐s ❍❖▼❖ ❡ ▲❯▼❖ ❡ ♦ ❣❛♣ ❞❡ ❡♥❡r❣✐❛ ∆EH−L ❡♥tr❡

❛♠❜♦s ♥❛s ❛♣r♦①✐♠❛çõ❡s ●●❆ ❡ ▲❉❆ ♣❛r❛ ❛ três s❡q✉ê♥❝✐❛s ❡st✉❞❛❞❛s✳

P❡♣tí❞❡♦s
●●❆ ▲❉❆

EHOMO ELUMO ∆EH−L EHOMO ELUMO ∆EH−L

P❡♣✳ ■ −3, 740eV −2, 028eV 1, 712eV −3, 695eV −2, 140eV 1, 555eV

P❡♣✳ ■■ −3.985eV −2.448eV 1, 537eV −3.746eV −2.576eV 1, 170eV

P❡♣✳ ■■■ −4, 166eV −1, 867eV 2, 299eV −4, 034eV −2, 163eV 1, 871eV

❈♦♥❢r♦♥t❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ♦❜✐t✐❞♦s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ✈❡r✐✜❝❛♠♦s q✉❡✱∆EH−LPep.II
<

∆EH−LPep.I
< ∆EH−LPep.III

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

❧✐❣❛çõ❡s q✉í♠✐❝❛s ❡♠ ✉♠ ♣♦ssí✈❡❧ ✐t❡r❛çã♦ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳ ❖ P❡♣✳ ■■■ é ♦ ♠❛✐s ❡stá✈❡❧✱

s❡♥❞♦ P❡♣✳ ■ ✷✺✱✻ ✪ ♠❡♥♦s ❡stá✈❡❧ ❡ ♦ P❡♣✳ ■■ ✸✸✱✷ ✪✳ P❛r❛ ❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ t❡♠♦s
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∆EH−LPep.II
< ∆EH−LPep.I

< ∆EH−LPep.III
✱ s❡♠❡❧❤❛♥t❡ ❛♦ ♦❜t✐❞♦ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊✱ ♦

P❡♣✳■■■ é ♦ ♠❛✐s ❡stá✈❡✐s s❡❣✉✐❞♦ ❞♦ P❡♣✳■ ✶✻✱✾✪ ♠❡♥♦s ❡stá✈❡❧ ❡ ❞♦ P❡♣✳ ■■ ✸✼✱✺✪ ✳ ❊♠ ✈❛❧♦r❡s

❛❜s♦❧✉t♦s ♦s ∆EH−L ♦❜t✐❞♦s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆ sã♦ ♠❛✐♦r❡s ✵✱✶✺✼ ✭✾✱✷✪✮✱ ✵✱✸✻✼ ✭✷✸✱✽ ✪✮ ❡

✵✱✹✷✽ ✭✶✽✱✼ ✪✮ ❡♠ r❡❧❛çã♦ ❛♦s ♦❜t✐❞♦s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆ ♣❛r❛ ♦s P❡♣✳ ■✱ P❡♣✳■■ ❡ P❡♣✳■■■✳
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❋✐❣✉r❛ ✸✳✶✶✿ ❖r❜✐t❛✐s ❍❖▼❖ ❡ ▲❯▼❖ ❞❛s s❡q✉ê♥❝✐❛ ♠á①✐♠❛✱ ♠é❞✐❛ ❡ ♠í♥✐♠❛ ❝❛❧❝✉❧❛❞♦s ♥❛

❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊✳
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❋✐❣✉r❛ ✸✳✶✷✿ ❖r❜✐t❛✐s ❍❖▼❖ ❡ ▲❯▼❖ ❞❛s s❡q✉ê♥❝✐❛ ♠á①✐♠❛✱ ♠é❞✐❛ ❡ ♠í♥✐♠❛ ❝❛❧❝✉❧❛❞♦s ♥❛

❛♣r♦①✐♠❛çã♦ ▲❉✴P❲❈✳



❈❆P❮❚❯▲❖ ✸✳ P❘❖P❘■❊❉❆❉❊❙ ❊▲❊❚❘Ô◆■❈❆❙ ✼✶

✸✳✹✳✷ ❉❡♥s✐❞❛❞❡ ❚♦t❛❧ ❡ P❛r❝✐❛❧ ❞❡ ❊st❛❞♦s

❆ ❉❡♥s✐❞❛❞❡ ❞❡ ❊st❛❞♦s ✭❉❡♥s✐t② ♦❢ ❙t❛t❡s✲ ❉❖❙✮ é ❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡ q✉❛♥t✐✜❝❛ ❛ ♣r♦①✐♠✐✲

❞❛❞❡ ❞♦s ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞❡ ✉♠ s✐st❡♠❛ q✉â♥t✐❝♦✳ ❆ ❉❖❙ é ♣♦rt❛♥t♦ ✉♠ ❡❧❡♠❡♥t♦ ❝♦♠♣❧❡♠❡♥t❛r

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

tr❛♥s✐çã♦ ❡❧❡trô♥✐❝❛✳ ❚❡♥❞♦ ❡♠ ✈✐st❛ ❛ ❝♦♥st❛t❛çã♦ ❞❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ♥í✈❡✐s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛

❛ ♦❝✉♣❛çã♦✳ ➱ ❢✉♥❞❛♠❡♥t❛❞❛ ♥❛ ✐♥t❡r♣♦❧❛çã♦ ❧✐♥❡❛r ❞♦ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ▼♦♥❦❤♦rst✲P❛❝❦✳ ❆

❞❡♥s✐❞❛❞❡ ♣❛r❝✐❛❧ ❞❡ ❡st❛❞♦s ✭ ❉❡♥s✐t② P❛rt✐❛❧ ♦❢ ❙t❛t❡s✲P❉❖❙✮ ❞❡♠♦str❛ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❝❛❞❛

❜❛♥❞❛ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ✉♠ ❞❛❞♦ ♦r❜✐t❛❧ ❛tô♠✐❝♦ ❡ t❡♠ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ♦s s❡✉s ❝á❧❝✉❧♦s ❛ ❛♥á❧✐s❡

♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡ ▼✉❧❧✐❦❡♥✳

❆s ❋✐❣✳ ✸✳✶✸ ❡ ✸✳✶✹ ❛♣r❡s❡♥t❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❉❖❙ ❡ P❉❖❙ ♥❛s ❛♣r♦①✐♠❛çõ❡s

●●❆✴P❇❊ ❡ ▲❉❆✴P❲❈ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✳ ❖s ❣rá✜❝♦s ❛♣r❡s❡♥t❛❞♦s ❛ ❞✐r❡✐t❛ ❞❛s

r❡s♣❡❝t✐✈❛s ✜❣✉r❛s sã♦ ❞✐❛❣r❛♠❛s ❉❖❙ ❞❡♠♦str❛♥❞♦ ❛ ❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❡❧❡trô♥✐❝♦s✳ ❆♦

❧❛❞♦ ❡sq✉❡r❞♦ ❞❛s ✜❣✉r❛s sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❞✐❛❣r❛♠❛s P❉❖❙✱ q✉❡ ♠♦str❛♠✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱ ❛

❝♦♠♣♦s✐çã♦ ❞♦s ♦r❜✐t❛✐s ❢r❛❣♠❡♥t❛❞♦s q✉❡ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ♦s ♦r❜✐t❛✐s ♠♦❧❡❝✉❧❛r❡s✳ ➱ ♥♦tá✈❡❧ ❛

❝♦♥tr✐❜✉✐çã♦ ❞♦s ♦r❜✐t❛✐s ♣ ❡ ❛ ♣♦✉❝❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦s ♦r❜✐t❛✐s s✳

❆ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐ ✭❡♥❡r❣✐❛ ❞♦ ú❧t✐♠♦ ♥í✈❡❧ ❡♥❡r❣ét✐❝♦ ♦❝✉♣❛❞♦✮ é ✉♠ ❞❛❞♦ ✐♠♣♦rt❛♥t❡ ♣❛r❛

❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡❧❡trô♥✐❝❛ t❛♥t♦ ❡♠ ❋ís✐❝❛ ❞♦ ❊st❛❞♦ ❙ó❧✐❞♦ ❝♦♠♦ t❛♠❜é♠ ♥♦ ❡st✉❞♦ ❞❡ ♠❛❝r♦✲

♠♦❧é❝✉❧❛s✳ ❆ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐ ♦❜t✐❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ♣❛r❛s ♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s

é✱ −3.740eV ✭P❡♣✳■✮✱ −3, 985eV ✭P❡♣✳■■✮ ❡ −4.166eV ✭P❡♣✳■■■✮✳ P❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ❛

❡♥❡r❣✐❛ ❞❡ ❢❡r♠✐ é −3.695eV ✭P❡♣✳ ■✮✱ −3.746eV ✭P❡♣✳ ■■✮ ❡ −4.034eV ✭P❡♣✳ ■■■✮✳



❈❆P❮❚❯▲❖ ✸✳ P❘❖P❘■❊❉❆❉❊❙ ❊▲❊❚❘Ô◆■❈❆❙ ✼✷

❋✐❣✉r❛ ✸✳✶✸✿ ❉✐❛❣r❛♠❛s ❉❖❙ ✭❉✐r❡✐t❛✮ ❡ P❉❖❙ ✭❊sq✉❡r❞❛✮ ♦❜t✐❞♦s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊

♣❛r❛ ♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✳



❈❆P❮❚❯▲❖ ✸✳ P❘❖P❘■❊❉❆❉❊❙ ❊▲❊❚❘Ô◆■❈❆❙ ✼✸

❋✐❣✉r❛ ✸✳✶✹✿ ❉✐❛❣r❛♠❛s ❉❖❙ ✭❉✐r❡✐t❛✮ ❡ P❉❖❙ ✭❊sq✉❡r❞❛✮ ♦❜t✐❞♦s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈

♣❛r❛ ♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ❛ ❡♥❡r❣✐❛ ❞❡ ❋❡r♠✐✳



❈❛♣ít✉❧♦ ✹

Pr♦♣r✐❡❞❛❞❡s Ó♣t✐❝❛s✱ ❱✐❜r❛❝✐♦♥❛✐s ❡

❚❡r♠♦❞✐♥â♠✐❝❛s

❆s ♣r♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ❡ ✈✐❜r❛❝✐♦♥❛✐s sã♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❝❛❞❛ ❝♦♠♣♦st♦ q✉í♠✐❝♦✱ ❞❡ ♠♦❞♦

q✉❡ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ t❛✐s ♣r♦♣r✐❡❞❛❞❡s ♣♦❞❡ s❡r ✉s❛❞♦ ❡♠ s✉❛ ✐❞❡♥t✐✜❝❛çã♦✳ ❊♠ ♥♦ss❛ ♣❡sq✉✐s❛

❝❛❧❝✉❧❛♠♦s ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊ ❡ ▲❉❆✴P❲❈ ♦s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦rçã♦ Ó♣t✐❝❛

❡ ■♥❢r❛✈❡r♠❡❧❤♦✳ ❈❛❧❝✉❧❛♠♦s ❛✐♥❞❛✱ ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❝♦♠♦ ❈❛♣❛❝✐❞❛❞❡ ❚ér♠✐❝❛✱

❊♥tr♦♣✐❛✱ ❊♥t❛❧♣✐❛ ❡ ❊♥❡r❣✐❛ ▲✐✈r❡ ❡♠ ❛♠❜❛s ❛♣r♦①✐♠❛çõ❡s✳

✹✳✶ ❆❜s♦rçã♦ Ó♣t✐❝❛

❆ ❛❜s♦rçã♦ ó♣t✐❝❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♥❛s ✐♥✈❡st✐❣❛çõ❡s ❢ís✐❝♦✲q✉í♠✐❝❛s ❡ ❜✐♦❧ó❣✐❝❛s✳ ❖s ❡s♣❡❝✲

tr♦s ❞❡ ❛❜s♦rçã♦ ó♣t✐❝❛ ♣❡r♠✐t❡♠ ❝♦♠♣❛r❛r ❛ r❛❞✐❛çã♦ ❛❜s♦r✈✐❞❛ ♣♦r ✉♠❛ s♦❧✉çã♦ ♦✉ ♠♦❧é❝✉❧❛✱ ❡

❞❡ss❡ ♠♦❞♦ ♣♦❞❡♠♦s ❞❡t❡❝t❛r ❛ ♣r❡s❡♥ç❛ ❞❡st❛s s✉❜stâ♥❝✐❛s✱ s❡❥❛ ♥♦ ❝♦r♣♦ ❤✉♠❛♥♦ ♦✉ ❡♠ ♦✉tr♦

❧✉❣❛r✳ ❚❛❧ ❛❜s♦rçã♦ ❞❡♣❡♥❞❡ ❞❛ ❡str✉t✉r❛ ❞❛s ♠♦❧é❝✉❧❛s✱ ❡ é ❝❛r❛❝t❡ríst✐❝❛ ♣❛r❛ ❝❛❞❛ s✉❜stâ♥❝✐❛

q✉í♠✐❝❛✳ ❈❛❧❝✉❧❛♠♦s ♦s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦rçã♦ ó♣t✐❝❛ ❞♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ✉s❛♥❞♦ ❛s ❛♣r♦①✐♠❛✲

çõ❡s ●●❆✴P❇❊ ❡ ▲❉❆✴P❲❈✳

P❛r❛ ♦ P❡♣✳■✱ ❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ r❡✈❡❧♦✉ ❞♦✐s ♣✐❝♦s ❞❡ ❛❜s♦rçã♦ s❡♥❞♦ ♦ ❞❡ ♠❛✐♦r

✼✹



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✼✺

✐♥t❡♥s✐❞❛❞❡ ❡♠ ✷✱✷✾ ❡❱ ❡ ♦ ♦✉tr♦ ❡♠ ✷✱✶✸ ❡❱✳ ❖ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♦❜t✐❞♦ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦

●●❆✴P❇❊ ❛♣r❡s❡♥t❛ três ♣✐❝♦s ❞❡ ❛❜s♦rçã♦✱ ❡♠ ✷✱✷✽ ❡❱✱ ✷✱✹✺ ❡❱ ❡ ✷✱✺✼ ❡❱ s❡♥❞♦ ❡st❡ ú❧t✐♠♦ ♦ ❞❡

♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✱ ❋✐❣ ✹✳✶✳

❋✐❣✉r❛ ✹✳✶✿ ❊s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ó♣t✐❝❛ ♦❜t✐❞♦ ♣❛r❛ ♦ P❡♣✳■✱ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ✭♣r❡t♦✮ ❡

❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ✭✈❡r♠❡❧❤♦✮✳

P❛r❛ ♦ P❡♣✳■■✱ ❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ r❡✈❡❧♦✉ ♣✐❝♦s ❞❡ ❛❜s♦rçã♦ ❡♠ ✶✱✸✼ ❡❱✱ ✶✱✾✵ ❡❱ ✱

✶✱✾✾ ❡❱ ❡ ✷✱✷✷ ❡❱ s❡♥❞♦ ❡st❡ ú❧t✐♠♦ ♦ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✳ ❖ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦rçã♦ ♦❜t✐❞♦ ❛trá✈❡s

❞❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ❛♣r❡s❡♥t❛ ♣✐❝♦s ❡♠ ✶✱✻✾ ❡❱✱ ✶✱✽✾ ❡❱✱ ✷✱✷✼❡❱ ✭♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✮ ❡ ✷✱✹✷

❡❱✱ ❋✐❣ ✹✳✷✳

P❛r❛ ♦ P❡♣✳■■■✱ ❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ r❡✈❡❧♦✉ ♣✐❝♦s ❞❡ ❛❜s♦rçã♦ ❡♠ ✷✱✷✼ ❡❱✱ ✷✱✸✹ ❡❱
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❆s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❛♣r❡s❡♥t❛❞❛s ♥❡ss❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s s❡❣✉♥❞♦ ♦

✧❍❡❧♣✧❞♦ ❞♦ ▼❙ ♠♦❞❡❧✐♥❣ ❛ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❡❧❛ ❛♥á❧✐s❡ ✈✐❜r❛❝✐♦♥❛❧✳ ❙❡♥❞♦ ❡❧❛s✱ ❛

❡♥t❛❧♣✐❛ ✭❍✮✱ ❛ ❡♥tr♦♣✐❛ ✭❙✮✱ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ✭●✮✱ ❡ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❛ ✉♠❛ ♣r❡ssã♦ ❝♦♥st❛♥t❡ ✭Cp✮

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

sã♦ ✉s❛❞♦s ♣❛r❛ ❝❛❧❝✉❧❛r ❍✱ ❙✱ ● ❡ Cp ❛ t❡♠♣❡r❛t✉r❛s ✜♥✐t❛s✳ ❖s ❝á❧❝✉❧♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♥❛s

❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊ ❡ ▲❉❆✴P❲❈✱ ❛ s❡❣✉✐r ❛♣r❡s❡♥t❛♠♦s ✉♠❛ ❜r❡✈❡ ✐♥tr♦❞✉çã♦ ❛ ❝❛❞❛ ✉♠❛

❞❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ♠❡♥❝✐♦♥❛❞❛s ❡ ❡♠ s❡❣✉✐❞❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✳
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✹✳✸✳✶ ❈❛♣❛❝✐❞❛❞❡ ❚ér♠✐❝❛

❆ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ é ✉♠❛ ❣r❛♥❞❡③❛ ❢ís✐❝❛ q✉❡ ❡①♣r❡ss❛ ❛ r❡❧❛çã♦ ❡♥tr❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛❧♦r

r❡❝❡❜✐❞❛ ♣♦r ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦ ❡ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ♦❜s❡r✈❛❞❛✳ ❙❡♥❞♦ ♣♦rt❛♥t♦ ❞❡✜♥✐❞❛

❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛❧♦r ✭◗✮ ❡ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ✭∆T ✮ ❊q✳✹✳✶✳ ◆♦ ❡♥t❛♥t♦✱

❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ é ✉♠❛ ❣r❛♥❞❡③❛ ❞❡♣❡♥❞❡♥t❡ ❞❛ ♠❛ss❛ s❡♥❞♦ ❛ss✐♠ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦

❝♦r♣♦ ❡ ♥ã♦ ❞❛ s✉❜stâ♥❝✐❛✳ ❖ ❝❛❧♦r ❡s♣❡❝í✜❝♦ q✉❡ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ♣♦r ✉♥✐❞❛❞❡

❞❡ ♠❛ss❛✱ ❊q✳✹✳✷✱ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ s✉❜stâ♥❝✐❛✳

C =
Q

∆T
✭✹✳✶✮

c =
C

m
✭✹✳✷✮

❖ tr❛t❛♠❡♥t♦ ♠❛t❡♠át✐❝♦ ✉s❛❞♦ ♣❡❧♦ ❉♠♦❧3 s❡❣✉♥❞♦ ♦ ✧❍❡❧♣✧❞♦ ❞♦ ▼❙ ♠♦❞❡❧✐♥❣ ♣❛r❛ ❛s

♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s✱ é ❜❛s❡❛❞♦ ♥♦ tr❛❜❛❧❤♦ ❞❡ ❍✐r❛♥♦✱ ❞❡ ✶✾✾✸✳ ❊♠ ❝❛❞❛ ❝❛s♦✱ sã♦

❢♦r♥❡❝✐❞❛s ❡①♣r❡ssõ❡s ♣❛r❛ ❛s ❝♦♥tr✐❜✉✐çõ❡s ✈✐❜r❛❝✐♦♥❛✐s✱ tr❛♥s❧❛❝✐♦♥❛✐s ❡ ❞✉❛s ❡①♣r❡ssõ❡s ♣❛r❛ ❛s

❝♦♥tr✐❜✉✐çõ❡s r♦t❛❝✐♦♥❛✐s✿ ✉♠❛ ♣❛r❛ s✐st❡♠❛s ❧✐♥❡❛r❡s ❡ ✉♠❛ ♣❛r❛ s✐st❡♠❛s ♥ã♦✲❧✐♥❡❛r❡s✳

P❛r❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❡st❛s ❝♦♥tr✐❜✉✐çõ❡s sã♦✿

Ctra =
5

2
R ✭✹✳✸✮

Crot(❧✐♥❡❛r) = R ✭✹✳✹✮

Crot(♥ã♦✲❧✐♥❛r) =
3

2
R ✭✹✳✺✮



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✽✽

Cvib = R
∑

i

(hνi/kT )
2e−hνi/kT

(1− e−hνi/kT )2
✭✹✳✻✮

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

❣❛s❡s✱ ❦ é ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✱ ❤ é ❛ ❝♦♥st❛♥t❡ ❞❡ P❧❛♥❝❦✱ ❡ νi sã♦ ❛s ❢r❡q✉ê♥❝✐❛s ✈✐❜r❛❝✐♦♥❛✐s

✐♥❞✐✈✐❞✉❛✐s✳

✹✳✸✳✷ ❊♥tr♦♣✐❛

❆ ❡♥tr♦♣✐❛ é ✉♠❛ ❣r❛♥❞❡③❛ ❢ís✐❝❛ ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❞✐✈❡rs❛s ár❡❛s ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦✱

♥♦ ❡♥t❛♥t♦ s❡✉ ❝♦♥❝❡✐t♦ é ❞❡ ❞✐❢í❝✐❧ ✐♥t❡r♣r❡t❛çã♦✳ ❙❡❣✉♥❞♦ ❛ t❡r♠♦❞✐♥â♠✐❝❛ ❝❧áss✐❝❛ ❛ ❡♥tr♦♣✐❛ ✭❙✮

é ✉♠❛ ❢✉♥çã♦ ❞❡ ❡st❛❞♦ ❛ q✉❛❧ r❡♣r❡s❡♥t❛ ♦ ❣r❛✉ ❞❡ ❞❡s♦r❞❡♠ ❞❡ ✉♠ s✐st❡♠❛✳ ❉♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛

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

❞♦ s✐st❡♠❛ ❝♦♠ ❜❛s❡ ♥♦s ❡st❛❞♦s ❞❡ s✉❛s ♣❛rtí❝✉❧❛s ❡❧❡♠❡♥t❛r❡s✳ ❆ ❡♥tr♦♣✐❛ ❡stá ❛ss♦❝✐❛❞❛ ❝♦♠ ♦

♥ú♠❡r♦ ❞❡ ♠✐❝r♦❡st❛❞♦s ❞✐st✐♥t♦s ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ s❡✉ ♠❛❝r♦❡st❛❞♦✳ ❉❡ ♠♦❞♦ q✉❡ ❛ ✈❛r✐❛çã♦

❞❛ ❡♥tr♦♣✐❛ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ✈❛r✐❛çã♦ r❡❧❛t✐✈❛ ♥♦ ♥ú♠❡r♦ ❞❡ ♠✐❝r♦❡st❛❞♦s ❞❡ ✉♠ s✐st❡♠❛✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❛ t❡r♠♦❞✐♥â♠✐❝❛ ❡♠ tr❛♥s❢♦r♠❛çõ❡s ✐rr❡✈❡rsí✈❡✐s ♣❛r❛ s✐st❡♠❛

✐s♦❧❛❞♦s ❛ ❡♥tr♦♣✐❛ s❡♠♣r❡ ❛✉♠❡♥t❛ ❡ ❡♠ tr❛♥s❢♦r♠❛çõ❡s r❡✈❡rsí✈❡✐s ❛ ❡♥tr♦♣✐❛ ♣❡r♠❛♥❡❝❡ ❛ ♠❡s♠❛✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ s✐st❡♠❛ q✉❡ ♣❛ss❛ ❞❡ ✉♠ ❡st❛❞♦ ♣❛r❛ ♦✉tr♦ ♠✉✐t♦ ♣ró①✐♠♦✱ ❛❜s♦r✈❡♥❞♦ ♦✉

♣❡r❞❡♥❞♦ ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ∆Q ♣♦r ❝❛❧♦r✱ ❞❡ ♠♦❞♦ q✉❡ s✉❛ ❡♥tr♦♣✐❛ t❡♥❤❛ ✉♠❛

♣❡q✉❡♥❛ ✈❛r✐❛çã♦ ∆S✱ t❡♠♦s✿

∆S ≥ ∆Q

T
, ✭✹✳✼✮

♦♥❞❡ ❛ ✐❣✉❛❧❞❛❞❡ é ✈á❧✐❞❛ ♣❛r❛ ♦s ♣r♦❝❡ss♦s ❡ r❡✈❡rsí✈❡✐s ❡ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ ♣❛r❛ ♦s ♣r♦❝❡ss♦s ❡

✐rr❡✈❡rsí✈❡✐s✳

❙❡❣✉♥❞♦ ♦ ✧❍❡❧♣✧❞♦ ❞♦ ▼❙ ♠♦❞❡❧✐♥❣ ♦ tr❛t❛♠❡♥t♦ ♠❛t❡♠át✐❝♦ ♣❛r❛ ❛ ❡♥tr♦♣✐❛ s❡ ❞❛ ♣♦r

♠❡✐♦ ❞❛s ❝♦♥tr✐❜✉✐çõ❡s✿
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Stra =
5

2
RlnT +

3

2
Rlnω −Rlnp− 2.31482 ✭✹✳✽✮

Srot(❧✐♥❡❛r) = Rln

[
8πIkT

σh2

]

+R ✭✹✳✾✮

Srot(♥ã♦✲❧✐♥❡❛r) =
R

2
ln

[

π√
σ

8π2cIA
h

8π2cIB
h

8π2cIC
h

(
kT

hc

)3
]

+
3

2
R ✭✹✳✶✵✮

Svib = R
∑

i

hνi/kTe
−hνi/kT

1− e−hνi/kT
−R

∑

i

ln[1− e−hνi/kT ] ✭✹✳✶✶✮

♦♥❞❡ ω é ❛ ♠❛ss❛ ♠♦❧❡❝✉❧❛r✱ Ix é ♦ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦ ①✱ σ é ♦ ♥ú♠❡r♦ ❞❡

s✐♠❡tr✐❛✳

✹✳✸✳✸ ❊♥t❛❧♣✐❛

❯♠ ❝♦♥❝❡✐t♦ ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛ t❡r♠♦❞✐♥â♠✐❝❛ é ♦ ❞❡ ❡♥❡r❣✐❛ ✐♥t❡r♥❛ ✭❯✮ q✉❡

é ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞❡ ✉♠ s✐st❡♠❛✳ ❊st❛ ❡♥❡r❣✐❛ é ❝♦♠♣r❡❡♥❞✐❞❛ ♣❡❧❛ s♦♠❛ ❞❛s ❡♥❡r❣✐❛s ❝✐♥ét✐❝❛ ❡

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

s✐st❡♠❛✱ ❡♥tr❡ ❞♦✐s ❡st❛❞♦s é ❞❛❞❛ ♣♦r✿

∆U = Uf − Ui, ✭✹✳✶✷✮

s❡♥❞♦ ❯ ✉♠❛ ❢✉♥çã♦ ❞❡ ❡st❛❞♦ q✉❛❧q✉❡r ✈❛r✐❛çã♦ ♥❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ✭✈♦❧✉♠❡✱ ♣r❡ssã♦ ❡ t❡♠✲

♣❡r❛t✉r❛✮ ❛❝❛rr❡t❛rá ✉♠❛ ✈❛r✐❛çã♦ ❞❛ ♠❡s♠❛✳ ➱ ♣♦ssí✈❡❧ ✈❛r✐❛r ❛ ❡♥❡r❣✐❛ ✐♥t❡r♥❛ ❞❡ ✉♠ s✐st❡♠❛

♣❡❧❛ r❡❛❧✐③❛çã♦ ❞❡ tr❛❜❛❧❤♦ ♦✉ tr♦❝❛s ❞❡ ❝❛❧♦r✱ ♦ q✉❡ é ❡①♣r❡ss♦ ♥❛ ♣r✐♠❡✐r❛ ❧❡✐ ❞❛ t❡r♠♦❞✐♥â♠✐❝❛✿

∆U = Q+W, ✭✹✳✶✸✮
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♦♥❞❡ ◗ r❡♣r❡s❡♥t❛ ♦ ❝❛❧♦r tr♦❝❛❞♦ ❝♦♠ ♦ s✐st❡♠❛ ❡ ❲ ♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦✳

❊♥t❛❧♣✐❛ ✭❍✮ ♣♦r s✉❛ ✈❡③ é ❛ ❡♥❡r❣✐❛ ♠á①✐♠❛ ❞❡ ✉♠ s✐st❡♠❛ t❡r♠♦❞✐♥â♠✐❝♦ q✉❡ ♣♦❞❡ s❡r

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

❝♦♥❥✉♥t♦ s✐st❡♠❛✲✈✐③✐♥❤❛♥ç❛✳ ◗✉❛♥❞♦ ♦ ✈♦❧✉♠❡ ♥ã♦ é ❝♦♥st❛♥t❡✱ ❛ ✈❛r✐❛çã♦ ❞❛ ❡♥❡r❣✐❛ ✐♥t❡r♥❛

❡①♣r❡ss❛ ♥❛ ♣r✐♠❡✐r❛ ❧❡✐ ❞❛ t❡r♠♦❞✐♥â♠✐❝❛ é ❞✐❢❡r❡♥t❡ ❞❛ ❡♥❡r❣✐❛ tr❛♥s❢❡r✐❞❛ ♥❛ ❢♦r♠❛ ❞❡ ❝❛❧♦r✱

♣♦✐s ♣❛rt❡ ❞❡ss❛ ❡♥❡r❣✐❛ tr❛♥s❢❡r✐❞❛ tr❛♥s❢♦r♠❛✲s❡ ❡♠ tr❛❜❛❧❤♦✳ ◗✉❛♥❞♦ ❛ ♣r❡ssã♦ é ❝♦♥st❛♥t❡ ❛

❡♥❡r❣✐❛ ❢♦r♥❡❝✐❞❛ ♥❛ ❢♦r♠❛ ❞❡ ❝❛❧♦r é ✐❣✉❛❧ ❛ ✈❛r✐❛çã♦ ❞❛ ❊♥t❛❧♣✐❛✳

▼❛t❡♠❛t✐❝❛♠❡♥t❡ ❛ ❡♥t❛❧♣✐❛ é ❞❡✜♥✐❞❛ ❝♦♠♦✿

H = U + pV, ✭✹✳✶✹✮

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

✈❡③ q✉❡ é ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛ ✈❛r✐á✈❡✐s ♣✱❱ ❡ ❚✳

❙❡❣✉♥❞♦ ♦ ✧❍❡❧♣✧❞♦ ❞♦ ▼❙ ♠♦❞❡❧✐♥❣ ♦ tr❛t❛♠❡♥t♦ ♠❛t❡♠át✐❝♦ ♣❛r❛ ❛ ❡♥t❛❧♣✐❛ s❡ ❞❛ ♣♦r

♠❡✐♦ ❞❛s ❝♦♥tr✐❜✉✐çõ❡s✿

Etra =
3

2
RT ✭✹✳✶✺✮

Erot(❧✐♥❡❛r) = RT ✭✹✳✶✻✮

Erot(♥ã♦✲❧✐♥❡❛r) =
3

2
RT ✭✹✳✶✼✮

Evib =
R

k

1

2

∑

i

hνi +
R

k

∑

i

hνie
−hνi/kT

1− e−hνi/kT
✭✹✳✶✽✮
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✹✳✸✳✹ ❊♥❡r❣✐❛ ▲✐✈r❡

❉♦ ❡♥✉♥❝✐❛❞♦ ❞❡ ❑❡❧✈✐♥ ♣❛r❛ ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❛ t❡r♠♦❞✐♥â♠✐❝❛ s❛❜❡♠♦s q✉❡ é ✐♠♣♦ssí✈❡❧ ❛

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

s✐st❡♠❛ q✉❡ ♣♦❞❡ s❡r ❝♦♥✈❡rt✐❞❛ ❡♠ tr❛❜❛❧❤♦ é ❞✐t❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❡ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❞✐❢❡r❡♥ç❛

❡♥tr❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞♦ s✐st❡♠❛ ❡ ♦ ♣r♦❞✉t♦ ❞❛ ❡♥tr♦♣✐❛ ✭❙✮ ♣❡❧❛ t❡♠♣❡r❛t✉r❛ ✭❚✮✳ ❆♦ ❢❛❧❛r♠♦s ❡♠

❡♥❡r❣✐❛ ✧t♦t❛❧✧é ♣♦ssí✈❡❧ ❛ss♦❝✐❛r♠♦s à ❡♥❡r❣✐❛ ✐♥t❡r♥❛ ❞♦ s✐st❡♠❛ ✭❯✮ ♦✉ à ❡♥t❛❧♣✐❛ ✭❍✮ ❞❡ ♠♦❞♦

q✉❡ é ♣♦ssí✈❡❧ ♦❜t❡r ❞✉❛s ❡♥❡r❣✐❛s ❧✐✈r❡ ♣❛r❛ ♦ s✐st❡♠❛✿ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ ❍❡❧♠❤♦❧t③ ✭❋✮ ❡ ❛ ❡♥❡r❣✐❛

❧✐✈r❡ ❞❡ ●✐❜❜s ✭●✮✳

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

q✉❡stã♦ s❡rá ❛ ❞❡ ❍❡❧♠❤♦❧t③✱ ❞❛❞♦ ♣♦r✿

F = U − TS ✭✹✳✶✾✮

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

❡♠ q✉❡stã♦ s❡rá ❛ ❞❡ ●✐❜❜s✱ ❞❛❞❛ ♣♦r✿

G = H − TS ✭✹✳✷✵✮

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

❢♦r♠❛çã♦✳ ❯♠❛ tr❛♥s❢♦r♠❛çã♦ ❛ t❡♠♣❡r❛t✉r❛ ❡ ♦ ✈♦❧✉♠❡ ❝♦♥st❛♥t❡s é ❡s♣♦♥tâ♥❡❛ s❡ ❤♦✉✈❡r ✉♠❛

❞✐♠✐♥✉✐çã♦ ♥❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞❡ ❍❡❧♠❤♦❧t③✱ ♦✉ s❡❥❛✱ dFT,V ≤ 0✳ ❙❡ ✐ss♦ ♥ã♦ s❡ ♦❜s❡r✈❛ ♦ s✐st❡♠❛

t❡♥❞❡ ❛ ❡✈♦❧✉✐r ♥♦ s❡♥t✐❞♦ ✐♥✈❡rs♦✳ ❆ ❝♦♥❞✐çã♦ ❞❡ ❡q✉✐❧í❜r✐♦ é ❞❛❞♦ ♣♦r dFT,V ≤ 0✳ ❚r❛♥s❢♦r♠❛çõ❡s

❛ ❚ ❡ ♣ ❝♦♥st❛♥t❡s✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ❡s♣♦♥t❛♥❡✐❞❛❞❡ é ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ●✐❜❜s✱ ♦✉ s❡❥❛✱

dGT,p ≤ 0✳ ❙❡ ✐ss♦ ♥ã♦ é ♦❜s❡r✈❛❞♦ ♦ s✐st❡♠❛ t❡♥❞❡ ❛ ❡✈♦❧✉✐r ♥♦ s❡♥t✐❞♦ ✐♥✈❡rs♦ t❡♥❞♦ ❛ ❝♦♥❞✐çã♦

❞❡ ❡q✉✐❧í❜r✐♦ ❞❛❞❛ ♣♦r dGT,p ≤ 0✳
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✹✳✸✳✺ ❘❡s✉❧t❛❞♦s ❚❡r♠♦❞✐♥â♠✐❝♦s

❖s ♣❡♣tí❞❡♦s ❛♥❛❧✐s❛❞♦s ♣♦ss✉❡♠ ♠❛ss❛s s❡♠❡❧❤❛♥t❡s ✶✾✸✶✱✺✵ ❣✴♠♦❧ ✭P❡♣✳■✮✱ ✶✾✾✺✱✺✷ ❣✴♠♦❧

✭P❡♣✳■■✮ ❡ ✷✵✷✶✱✺✺ ❣✴♠♦❧ ✭P❡♣✳■■■✮✳ ❙❡♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ✉♠❛ ❣r❛♥❞❡③❛ ❡①t❡♥s✐✈❛✱ é ❡s♣❡✲

r❛❞♦ q✉❡ P❡♣✳■ ❁ P❡♣✳■■ ❁ P❡♣✳■■■✳ ❆ ✈❛r✐❛çã♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ♦❜t✐❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦

▲❉❆✴P❲❈ é ❞❡ ✶✷✷✼✱✻✺✹ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■✱ ✶✷✸✷✱✵✵✸ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■■ ❡ ❞❡ ✶✷✻✺✱✶✶✶

❝❛❧✴♠♦❧ ❑✳ P❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ❛ ✈❛r✐❛çã♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ é ✶✷✶✹✱✼✼✽ ❝❛❧✴♠♦❧❑

♣❛r❛ ♦ P❡♣✳■✱ ✶✷✶✺✱✺✾✽ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■■ ❡ ❞❡ ✶✷✼✽✱✶✺✶ ❝❛❧✴♠♦❧ ❑ ♣❛r❛ ♦ P❡♣✳■■■✳ ❊st❡

r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳✹✳✼✳

❆♥❛❧✐s❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❛ ✈❛r✐❛çã♦ ❞❛ ❡♥tr♦♣✐❛ é ♥♦tá✈❡❧ q✉❡ ❡♠ ❛♠❜❛s ❛s

❛♣r♦①✐♠❛çõ❡s ▲❉❆✴P❲❈ ❡ ●●❆✴P❇❊ ♦s ♣❡♣tí❞❡♦s ❛♣r❡s❡♥t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡s✳ ◆♦

❡♥t❛♥t♦✱ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ✈❛r✐❛çõ❡s ❞❛ ❡♥tr♦♣✐❛ ♥❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ s❡ ♠♦str❛ ♠❡♥♦r

❞♦ q✉❡ ♥❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊✳ P❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ❛ ✈❛r✐❛çã♦ ❞❛ ❡♥tr♦♣✐❛ ❢♦✐ ❞❡

✶✻✺✵✱✶✶✼ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■✱ ✶✻✹✸✱✽✺✼ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■■ ❡ ❞❡ ✶✻✺✵✱✹✷✷ ❝❛❧✴♠♦❧❑✳ P❛r❛

❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ ❛ ✈❛r✐❛çã♦ ❞❛ ❡♥tr♦♣✐❛ ❢♦✐ ✶✻✸✾✱✹✻✻ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■✱ ✶✻✶✶✱✽✽✶

❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■■ ❡ ✶✼✹✾✱✾✼✻ ❝❛❧✴♠♦❧❑ ♣❛r❛ ♦ P❡♣✳■■■✳ ❊st❡s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛

❋✐❣✳✹✳✽✳

❆ ✈❛r✐❛çã♦ ❞❡ ❡♥t❛❧♣✐❛ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ▲❉❆✴P❲❈ ♦❝♦rr❡ ❡♠ t♦❞♦s ♦s ♣❡♣tí❞❡♦s

❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡✱ s❡♥❞♦ ✼✼✻✱✹✶✷ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■✱ ✼✼✼✱✽✺✼ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■ ❡

✼✽✽✱✼✼✻ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■■✳ ❆ ✈❛r✐❛çã♦ ❞❛ ❡♥t❛❧♣✐❛ ♦❜t✐❞❛ ♣❡❧❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ é ❞❡

✼✻✾✱✾✺✺ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■✱ ✼✻✹✱✾✸✺ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■ ❡ ✽✶✼✱✸✸✻ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■■✳

❊st❡s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳✹✳✾✳

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

♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡ ❡♠ t♦❞♦s ♦s ♣❡♣tí❞❡♦s✱ s❡♥❞♦ ❡♠ ✈❛❧♦r❡s ❛❜s♦❧✉t♦s ♣❛r❛ ❛ ❛♣r♦①✐♠❛çã♦

▲❉❆✴P❲❈ ✾✼✶✱✷✵✹ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■✱ ✾✻✽✱✶✽✻ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■ ❡ ❞❡ ✾✺✷✱✻✶✹ ❦❝❛❧✴♠♦❧✳

❆ ✈❛r✐❛çã♦ ♦❜t✐❞❛ ♣♦r ♠❡✐♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ●●❆✴P❇❊ é ❡♠ ✈❛❧♦r❡s ❛❜s♦❧✉t♦s ✾✻✽✱✹✶✺ ❦❝❛❧✴♠♦❧



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✾✸

❋✐❣✉r❛ ✹✳✼✿ ❈❛♣❛❝✐❞❛❞❡ ❚ér♠✐❝❛ ♦❜t✐❞❛ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s

●●❆✴P❇❊ ✭❙✉♣❡r✐♦r✮ ❡ ▲❉❆✴P❲❈ ✭■♥❢❡r✐♦r✮✳



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✾✹

❋✐❣✉r❛ ✹✳✽✿ ❊♥tr♦♣✐❛ ♦❜t✐❞❛ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊

✭❙✉♣❡r✐♦r✮ ❡ ▲❉❆✴P❲❈ ✭■♥❢❡r✐♦r✮✳



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✾✺

❋✐❣✉r❛ ✹✳✾✿ ❊♥t❛❧♣✐❛ ♦❜t✐❞❛ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s ●●❆✴P❇❊

✭❙✉♣❡r✐♦r✮ ❡ ▲❉❆✴P❲❈ ✭■♥❢❡r✐♦r✮✳



❈❆P❮❚❯▲❖ ✹✳ P❘❖P❘■❊❉❆❉❊❙ ÓP❚■❈❆❙✱ ❱■❇❘❆❈■❖◆❆■❙ ❊ ❚❊❘▼❖❉■◆➶▼■❈❆❙ ✾✻

♣❛r❛ ♦ P❡♣✳■✱ ✾✹✷✱✹✶✺ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■ ❡ ✶✵✸✷✱✷✼✷ ❦❝❛❧✴♠♦❧ ♣❛r❛ ♦ P❡♣✳■■■✳ ❊st❡ r❡s✉❧t❛❞♦s

sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✳ ✹✳✶✵✳

❋✐❣✉r❛ ✹✳✶✵✿ ❊♥❡r❣✐❛ ▲✐✈r❡ ♦❜t✐❞❛ ♣❛r❛ ♦s ♣❡♣tí❞❡♦s ■✱ ■■ ❡ ■■■ ♣♦r ♠❡✐♦ ❞❛s ❛♣r♦①✐♠❛çõ❡s

●●❆✴P❇❊ ✭❙✉♣❡r✐♦r✮ ❡ ▲❉❆✴P❲❈ ✭■♥❢❡r✐♦r✮✳



❈❛♣ít✉❧♦ ✺

❈♦♥❝❧✉sõ❡s

❖s ♣r♦♣r✐❡❞❛❞❡s ❡❧❡trô♥✐❝❛s ❛♣r❡s❡♥t❛❞❛s ♥❡st❡ ❝❛♣ít✉❧♦ ✐♥❞✐❝❛♠ q✉❡ ❛ ✐♥t❡r❛çã♦ ❈✲t❡r♠✐♥❛❧

❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r ♣♦❞❡ s❡r ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ❡❧❡tr♦stát✐❝❛✳ ❆ ❝✉r✈❛ ❝♦rr❡♥t❡ ✈♦❧t❛❣❡♠

❞❡♠♦♥str❛ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠✐❝♦♥❞✉t♦r ♣❛r❛ ♦s ♣❡♣tí❞❡♦s✳ P♦r ♠❡✐♦ ❞❛ ❛♥á❧✐s❡ ♣♦♣✉❧❛❝✐♦♥❛❧ ❞❡

❝❛r❣❛ ❞❡♠♦str❛♠♦s q✉❡ ♦ ❛♠✐♥♦á❝✐❞♦ ▲✐s✐♥❛ ✶✷✷ ♣♦ss✉✐ ❝❛r❣❛ ❡❧étr✐❝❛ ③❡r♦✳ ❋❛t♦ q✉❡ ✐♥❞✐❝❛ q✉❡

t❛❧ ❛♠✐♥♦á❝✐❞♦ ♣♦❞❡ ♥ã♦ ♣♦ss✉✐r ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥♦ ♠❡❝❛♥✐s♠♦ ❞❛ P▲❆2 ▲✐s✐♥❛ ✹✾✱ ❝♦♠♦ é

❞❡s❝r✐t♦ ♥❛ ❧✐t❡r❛t✉r❛✳ ❖ ❡st✉❞♦ ❞♦s ♦r❜✐t❛✐s ❞❡ ❢r♦♥t❡✐r❛ ♠♦str❛r❛♠ q✉❡ ♦ ♣❡♣tí❞❡♦ ♠❛✐s ❡stá✈❡❧ é

♦ ■■■ s❡❣✉✐❞♦ ❞♦ ■ ❡ ❞♦ ■■✳ ❈♦♠♣❛r❛♥❞♦ ❛ ár❡❛ ❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r

▲♦♠♦♥t❡ ❡t ❛❧✱ ✷✵✵✸ ♦❜s❡r✈❛✲s❡ q✉❡ ♥ã♦ é ♣♦ssí✈❡❧ ❡st❛❜❡❧❡❝❡r ✉♠❛ r❡❧❛çã♦ ❞✐r❡t❛ ❝♦♠ ❛ ✐♥t❡♥s✐❞❛❞❡

❞❡ ❞❛♥♦ ❛ ♠❡♠❜r❛♥❛✳ ❉❡♥tr❡ ♦s três ♣❡♣tí❞❡♦s s✐♠✉❧❛❞♦s ♦ q✉❡ ❝❛✉s❛ ♠❛✐♦r ❞❛♥♦ ❛ ♠❡♠❜r❛♥❛

♥ã♦ ♣♦ss✉✐ ♠❛✐♦r ár❡❛ ❛❝❡ssí✈❡❧ ❛♦ s♦❧✈❡♥t❡✳ ❊st❡ ❢❛t♦ ✐♥❞✐❝❛ q✉❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❛♥♦ ❛ ♠❡♠❜r❛♥❛

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

❝❛r❛❝t❡ríst✐❝❛s ♣❛rt✐❝✉❧❛r❡s ❞❡ ❝❛❞❛ ❝♦♠♣♦st♦ q✉í♠✐❝♦✳ ❉❡ ♠♦❞♦ q✉❡ ♦s ❞❛❞♦s ♦❜t✐❞♦s s❡r✈❡♠ ❝♦♠♦

✉♠❛ ✧❞✐❣✐t❛❧✧❞♦s ♣❡♣tí❞❡♦s ❡st✉❞❛❞♦s✱ ♣♦❞❡♥❞♦ s❡r ✉s❛❞♦s ❡♠ ❢✉t✉r❛s ✐❞❡♥t✐✜❝❛çõ❡s✳ ❖s ♣✐❝♦s ❞❡

❛❜s♦rçã♦ ó♣t✐❝❛ ♣❛r❛ ♦s três ♣❡♣tí❞❡♦s s❡ ❡♥❝♦♥tr❛♠ ❞❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧✱ ❝♦♠♦ é ❡s♣❡r❛❞♦

♣❛r❛ ♠♦❧é❝✉❧❛s ❜✐♦❧ó❣✐❝❛s✳ ❆s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❛♣r❡s❡♥t❛❞❛s ❞❡♠♦str❛♠ s✐♠✐❧❛r✐❞❛❞❡✳

❋❛t♦ ❡s♣❡r❛❞♦ ❞❡✈✐❞♦ ❛♦s ♣❡♣tí❞❡♦s ♣♦ss✉ír❡♠ ❡♠ s✉❛s ❝♦♠♣♦s✐çõ❡s ♦s ♠❡s♠♦s ❛♠✐♥♦á❝✐❞♦s✱ ❝♦♠

♣♦✉❝❛s ❡①❝❡çõ❡s✳ ❊ss❡s ❞❛❞♦s t❡r♠♦❞✐♥â♠✐❝♦s s❡r✈❡♠ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ❢✉t✉r❛s ✐♥✈❡st✐❣❛çõ❡s✳

✾✼



P❡rs♣❡❝t✐✈❛s

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

✶✳ ❘❡❛❧✐③❛r ♥♦✈❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛r ❛s ✐♥t❡r❛çõ❡s ❡♥tr❡ ♦s ♣❡♣❡tí❞❡♦s

❡st✉❞❛❞♦s ❡ ❛ ♠❡♠❜r❛♥❛ ❝❡❧✉❧❛r✳

✷✳ ❙✐♠✉❧❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ r❡❣✐ã♦ ❈✲t❡r♠✐♥❛❧ ❡♥✈♦❧✈✐❞❛ ❡♠ á❣✉❛✳

✸✳ ❘❡❛❧✐③❛r ❡st✉❞♦ s✐♠✐❧❛r ❝♦♠ ♦✉tr❛s ❡s♣é❝✐❡s ❡ ❝♦♥❢r♦♥t❛r ♦s ❞❛❞♦s ♦❜t✐❞♦s✳

✹✳ ❈❛r❛❝t❡r✐③❛r ❞❡ ♠♦❞♦ ❛♥á❧♦❣♦ ❛ ❡st❡ tr❛❜❛❧❤♦ r❡❣✐õ❡s ♣r♦t❡✐❝❛s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ t♦①✐❝✐❞❛❞❡

❡♠ ♦✉tr❛s t♦①✐♥❛s✳

✾✽



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❉❛❧t♦♥ ▲✉✐③ ❋❡rr❡✐r❛ ❆❧✈❡s✳ ❊st✉❞♦s ❡ ♣r♦♣♦s✐çõ❡s s♦❜r❡ ❛ ♣❛❞r♦♥✐③❛çã♦ ❞❡ ✈❡♥❡♥♦s ❡ ❛♥t✐✈❡✲

♥❡♥♦s ♦❢í❞✐❝♦s ❞❡ ✐♥t❡r❡ss❡ ♠é❞✐❝♦ ♣❛r❛ ♦ ❜r❛s✐❧✳ ✶✾✾✾✳

❬✷❪ ❊ ❈✉♥❤❛ ❛♥❞ ❖ ▼❛rt✐♥s✳ Pr✐♥❝✐♣❛✐s ❝♦♠♣♦st♦s q✉í♠✐❝♦s ♣r❡s❡♥t❡ ♥♦s ✈❡♥❡♥♦s ❞❡ ❝♦❜r❛s

❞♦s ❣ê♥❡r♦s ❜♦t❤r♦♣s ❡ ❝r♦t❛❧✉s✖✉♠❛ r❡✈✐sã♦✳ ❘❡✈✐st❛ ❊❧❡trô♥✐❝❛ ❞❡ ❊❞✉❝❛çã♦ ❡ ❈✐ê♥❝✐❛✱

✷✭✷✮✿✷✶✕✷✻✱ ✷✵✶✷✳

❬✸❪ ❑❛r❧❛ ●r❛③✐❡❧❧❛ ▼♦r❡✐r❛✳ ❊st✉❞♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♣r♦té✐❝♦s ❞❛ ♣❡ç♦♥❤❛ ❞❛ s❡r♣❡♥t❡ ♠✐❝r✉r✉s

❢r♦♥t❛❧✐s ✭s❡r♣❡♥t❡s✿ ❡❧❛♣✐❞❛❡✮✳ ✷✵✶✶✳

❬✹❪ Pr✐s❝✐❧❛ ▲ ❍❡ss ❛♥❞ ❈❛r❧❛ ❈ ❙q✉❛✐❡❧❧❛✲❇❛♣t✐stã♦✳ ❚♦①✐♥❛s ❛♥✐♠❛✐s✿ ❙❡r♣❡♥t❡s ❞❛ ❢❛♠í❧✐❛

❝♦❧✉❜r✐❞❛❡ ❡ s❡✉s ✈❡♥❡♥♦s✳

❬✺❪ ❏❖❙➱ ❱■❚❊▲■❖ ❘❯■❩ ❘■❱❊❘❖✳ ❆✈❛❧✐❛çã♦ ❞❛ ❛t✐✈✐❞❛❞❡ ♥ã♦ ❝✐t♦tó①✐❝❛ ❞♦ ✈❡♥❡♥♦ ❞❡ ❜♦t❤r♦♣s

❥❛r❛r❛❝✉ss✉ ❡♠ ❝é❧✉❧❛s ♠♦♥♦♥✉❝❧❡❛r❡s ❞♦ s❛♥❣✉❡ ♣❡r✐❢ér✐❝♦✳

❬✻❪ ❘❡♥♥❡r ❞❡ ❙♦✉③❛ ▲❡✐t❡✳ ❊❢❡✐t♦ ❞❡ ✉♠❛ ❢♦s❢♦❧✐♣❛s❡ ❆2 ❧✐s✐♥❛ ✹✾✱ ❆❈▲ ♠✐♦t♦①✐♥❛✱ ❞♦ ✈❡♥❡♥♦

❞❛ s❡r♣❡♥t❡ ❛❣❦✐str♦❞♦♥ ❝♦♥t♦rtr✐① ❧❛t✐❝✐♥❝t✉s s♦❜r❡ ♦ tr❛♥s♣♦t❡ ❞❡ á❣✉❛ ❡♠ ❜❡①✐❣❛ ✉r✐♥ár✐❛

✐s♦❧❛❞❛ ❞❡ s❛♣♦✳ ✷✵✶✵✳

❬✼❪ ❉❛✈✐❞ ❆ ❙✐① ❛♥❞ ❊❞✇❛r❞ ❆ ❉❡♥♥✐s✳ ❚❤❡ ❡①♣❛♥❞✐♥❣ s✉♣❡r❢❛♠✐❧② ♦❢ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❡♥③②♠❡s✿

❝❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥✳ ❇✐♦❝❤✐♠✐❝❛ ❡t ❇✐♦♣❤②s✐❝❛ ❆❝t❛ ✭❇❇❆✮✲▼♦❧❡❝✉❧❛r ❛♥❞ ❈❡❧❧

❇✐♦❧♦❣② ♦❢ ▲✐♣✐❞s✱ ✶✹✽✽✭✶✮✿✶✕✶✾✱ ✷✵✵✵✳
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❬✽❪ ❘❑ ❆r♥✐ ❛♥❞ ❘❏ ❲❛r❞✳ P❤♦s♣❤♦❧✐♣❛s❡ ❆2✖❛ str✉❝t✉r❛❧ r❡✈✐❡✇✳ ❚♦①✐❝♦♥✱ ✸✹✭✽✮✿✽✷✼✕✽✹✶✱ ✶✾✾✻✳

❬✾❪ ❈❤❛r❧♦tt❡ ▲ ❖✇♥❜②✱ ❍❡❧♦✐s❛ ❙ ❙❡❧✐str❡ ❞❡ ❆r❛✉❥♦✱ ❙t❡✈❡♥ P ❲❤✐t❡✱ ❛♥❞ ❏❡✛r❡② ❊ ❋❧❡t❝❤❡r✳

▲②s✐♥❡ ✹✾ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ♣r♦t❡✐♥s✳ ❚♦①✐❝♦♥✱ ✸✼✭✸✮✿✹✶✶✕✹✹✺✱ ✶✾✾✾✳

❬✶✵❪ ❈❛r❧♦s ❆❧❡①❛♥❞r❡ ❍❡♥r✐q✉❡ ❋❡r♥❛♥❞❡s✳ ❊st✉❞♦s ❡str✉t✉r❛✐s ❝♦♠ ❢♦s❢♦❧✐♣❛s❡s ❆2 ✐s♦❧❛❞❛s ❞❡

✈❡♥❡♥♦s ❞❡ s❡r♣❡♥t❡s ❞♦s ❣ê♥❡r♦s ❜♦t❤r♦♣s ❡ ❝r♦t❛❧✉s✳ ✷✵✶✸✳

❬✶✶❪ ❆♥❞r❡ ▲✉✐s ❇❡rt❡❧✐ ❆♠❜r♦s✐♦✳ ❊st✉❞♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ á❝✐❞♦s ❣r❛①♦s ❡ ▲②s✹✾✲❢♦s❢♦❧✐♣❛s❡s

❆2 ♣♦r ❞✐❢r❛çã♦ ❞❡ r❛✐♦s ❳ ❡ r❡ss♦♥â♥❝✐❛ ♠❛❣♥ét✐❝❛ ♥✉❝❧❡❛r✳ ▼❛st❡r✬s t❤❡s✐s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❞❡

❙ã♦ P❛✉❧♦✱ ✷✵✵✸✳

❬✶✷❪ P❛✉❧ ◆ ❇❛r❧♦✇✱ ▼❉ ▲✐st❡r✱ P❇ ❙✐❣❧❡r✱ ❛♥❞ ❊❆ ❉❡♥♥✐s✳ Pr♦❜✐♥❣ t❤❡ r♦❧❡ ♦❢ s✉❜str❛t❡ ❝♦♥❢♦r✲

♠❛t✐♦♥ ✐♥ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❛❝t✐♦♥ ♦♥ ❛❣❣r❡❣❛t❡❞ ♣❤♦s♣❤♦❧✐♣✐❞s ✉s✐♥❣ ❝♦♥str❛✐♥❡❞ ♣❤♦s♣❤❛✲

t✐❞②❧❝❤♦❧✐♥❡ ❛♥❛❧♦❣✉❡s✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐str②✱ ✷✻✸✭✷✻✮✿✶✷✾✺✹✕✶✷✾✺✽✱ ✶✾✽✽✳

❬✶✸❪ ❙❛r❛❤ ●❧♦✈❡r✱ ❚✐♠♦t❤② ❇❛②❜✉rt✱ ▼❡❝❤t❤✐❧❞ ❏♦♥❛s✱ ❊♠✐❧ ❈❤✐✱ ❛♥❞ ▼✐❝❤❛❡❧ ❍ ●❡❧❜✳ ❚r❛♥s❧♦✲

❝❛t✐♦♥ ♦❢ t❤❡ ✽✺✲❦❉❛ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❢r♦♠ ❝②t♦s♦❧ t♦ t❤❡ ♥✉❝❧❡❛r ❡♥✈❡❧♦♣❡ ✐♥ r❛t ❜❛s♦♣❤✐❧✐❝

❧❡✉❦❡♠✐❛ ❝❡❧❧s st✐♠✉❧❛t❡❞ ✇✐t❤ ❝❛❧❝✐✉♠ ✐♦♥♦♣❤♦r❡ ♦r ✐❣❡✴❛♥t✐❣❡♥✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡✲

♠✐str②✱ ✷✼✵✭✷✺✮✿✶✺✸✺✾✕✶✺✸✻✼✱ ✶✾✾✺✳

❬✶✹❪ ▼❛❤❡♥❞r❛ ❑✉♠❛r ❏❛✐♥✱ ❇❛♦✲❩❤✉ ❨✉✱ ❛♥❞ ❆r❡❦ ❑♦③✉❜❡❦✳ ❇✐♥❞✐♥❣ ♦❢ ♣❤♦s♣❤♦❧✐♣❛s❡ ❛2 t♦

③✇✐tt❡r✐♦♥✐❝ ❜✐❧❛②❡rs ✐s ♣r♦♠♦t❡❞ ❜② ❧❛t❡r❛❧ s❡❣r❡❣❛t✐♦♥ ♦❢ ❛♥✐♦♥✐❝ ❛♠♣❤✐♣❤✐❧❡s✳ ❇✐♦❝❤✐♠✐❝❛ ❡t

❇✐♦♣❤②s✐❝❛ ❆❝t❛ ✭❇❇❆✮✲❇✐♦♠❡♠❜r❛♥❡s✱ ✾✽✵✭✶✮✿✷✸✕✸✷✱ ✶✾✽✾✳

❬✶✺❪ ❘❛❧♣❤ ❍ ❙❝❤❛❧♦s❦❡ ❛♥❞ ❊❞✇❛r❞ ❆ ❉❡♥♥✐s✳ ❚❤❡ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 s✉♣❡r❢❛♠✐❧② ❛♥❞ ✐ts ❣r♦✉♣

♥✉♠❜❡r✐♥❣ s②st❡♠✳ ❇✐♦❝❤✐♠✐❝❛ ❡t ❇✐♦♣❤②s✐❝❛ ❆❝t❛ ✭❇❇❆✮✲▼♦❧❡❝✉❧❛r ❛♥❞ ❈❡❧❧ ❇✐♦❧♦❣② ♦❢

▲✐♣✐❞s✱ ✶✼✻✶✭✶✶✮✿✶✷✹✻✕✶✷✺✾✱ ✷✵✵✻✳

❬✶✻❪ ■✈♦ ▼❇ ❋r❛♥❝✐s❝❤❡tt✐✱ ❍❡❧❡♥❛ ❈ ❈❛str♦✱ ❘✉ss♦❧✐♥❛ ❇ ❩✐♥❣❛❧✐✱ ❈é❧✐❛ ❘ ❈❛r❧✐♥✐✱ ❛♥❞ ❏♦r❣❡ ❆

●✉✐♠❛rã❡s✳ ❇♦t❤r♦♣s s♣✳ s♥❛❦❡ ✈❡♥♦♠s✿ ❝♦♠♣❛r✐s♦♥ ♦❢ s♦♠❡ ❜✐♦❝❤❡♠✐❝❛❧ ❛♥❞ ♣❤②s✐❝♦❝❤❡♠✐❝❛❧
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♣r♦♣❡rt✐❡s ❛♥❞ ✐♥t❡r❢❡r❡♥❝❡ ✐♥ ♣❧❛t❡❧❡t ❢✉♥❝t✐♦♥s✳ ❈♦♠♣❛r❛t✐✈❡ ❇✐♦❝❤❡♠✐str② ❛♥❞ P❤②s✐♦❧♦❣②

P❛rt ❈✿ P❤❛r♠❛❝♦❧♦❣②✱ ❚♦①✐❝♦❧♦❣② ❛♥❞ ❊♥❞♦❝r✐♥♦❧♦❣②✱ ✶✶✾✭✶✮✿✷✶✕✷✾✱ ✶✾✾✽✳

❬✶✼❪ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✱ ❛♥❞ ▲❡♦♥❡❧ ❈❛❧❞❡ró♥✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❧②s✐♥❡✲✹✾ ♣❤♦s♣❤♦❧✐✲

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

❛❝t✐♦♥✳ ❚♦①✐❝♦♥✱ ✹✷✭✽✮✿✽✽✺✕✾✵✶✱ ✷✵✵✸✳

❬✶✽❪ ❏♦sé▼❛rí❛ ●✉t✐érr❡③ ❛♥❞ ❇r✉♥♦ ▲♦♠♦♥t❡✳ P❤♦s♣❤♦❧✐♣❛s❡ ❆2 ♠②♦t♦①✐♥s ❢r♦♠ ❜♦t❤r♦♣s s♥❛❦❡

✈❡♥♦♠s✳ ❚♦①✐❝♦♥✱ ✸✸✭✶✶✮✿✶✹✵✺✕✶✹✷✹✱ ✶✾✾✺✳

❬✶✾❪ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✱ ❙t❡❢❛♥♦ ❘✉✜♥✐✱ ❲♦♥❤✇❛ ❈❤♦✱ ❏♦sé ❘♦❜❡rt♦ ●✐❣❧✐♦✱ ▼♦t♦✲

♥♦r✐ ❖❤♥♦✱ ❏♦sé ❏✉❧✐á♥ ❉❛♥✐❡❧❡✱ P❛tr✐❝✐❛ ●❡♦❣❤❡❣❛♥✱ ❛♥❞ ❏♦sé ▼❛r✐❛ ●✉t✐érr❡③✳ ❈♦♠♣❛r❛t✐✈❡

st✉❞② ♦❢ t❤❡ ❝②t♦❧②t✐❝ ❛❝t✐✈✐t② ♦❢ ♠②♦t♦①✐❝ ♣❤♦s♣❤♦❧✐♣❛s❡s ❆2 ♦♥ ♠♦✉s❡ ❡♥❞♦t❤❡❧✐❛❧ ✭t❊♥❞✮

❛♥❞ s❦❡❧❡t❛❧ ♠✉s❝❧❡ ✭❈2❈12✮ ❝❡❧❧s ✐♥ ✈✐tr♦✳ ❚♦①✐❝♦♥✱ ✸✼✭✶✮✿✶✹✺✕✶✺✽✱ ✶✾✾✾✳

❬✷✵❪ ❈❛r❧♦s ❙❛♥t❛♠❛rí❛ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✳ ❈♦♠♠♣❛r❛t✐✈❡ st✉❞② ♦❢ s②♥t❤❡t✐❝ ♣❡♣t✐✲

❞❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ r❡❣✐♦♥ ✶✶✺✲✶✷✾ ✐♥ ▲②s✹✾ ♠②♦t♦①✐❝ ♣❤♦s♣❤♦❧✐♣❛s❡s ❆2 ❢r♦♠ s♥❛❦❡ ✈❡♥♦♠s✳

❊❧s❡✈✐❡r✱ ✷✵✵✸✳

❬✷✶❪ ▼ P❡r❜❛♥❞t✱ ❏❈ ❲✐❧s♦♥✱ ❙ ❊s❝❤❡♥❜✉r❣✱ ■ ▼❛♥❝❤❡✈❛✱ ❇ ❆❧❡❦s✐❡✈✱ ◆ ●❡♥♦✈✱ P ❲✐❧❧✐♥❣♠❛♥♥✱

❲ ❲❡❜❡r✱ ❚P ❙✐♥❣❤✱ ❛♥❞ ❈❤ ❇❡t③❡❧✳ ❈r②st❛❧ str✉❝t✉r❡ ♦❢ ✈✐♣♦①✐♥ ❛t ✷✳✵ å✿ ❛♥ ❡①❛♠♣❧❡ ♦❢

r❡❣✉❧❛t✐♦♥ ♦❢ ❛ t♦①✐❝ ❢✉♥❝t✐♦♥ ❣❡♥❡r❛t❡❞ ❜② ♠♦❧❡❝✉❧❛r ❡✈♦❧✉t✐♦♥✳ ❋❊❇❙ ❧❡tt❡rs✱ ✹✶✷✭✸✮✿✺✼✸✕✺✼✼✱

✶✾✾✼✳

❬✷✷❪ ❘♦❧❛♥❞ ❘❡♥❡ts❡❞❡r✱ ❙✐♠♦♥❡ ❇r✉♥✐❡✱ ❇❛✉❦❡ ❲ ❉✐❥❦str❛✱ ❏❛♥ ❉r❡♥t❤✱ ❛♥❞ P❛✉❧ ❇ ❙✐❣❧❡r✳ ❆

❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝r②st❛❧ str✉❝t✉r❡s ♦❢ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❢r♦♠ ❜♦✈✐♥❡ ♣❛♥❝r❡❛s ❛♥❞ ❝r♦t❛❧✉s

❛tr♦① ✈❡♥♦♠✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐str②✱ ✷✻✵✭✷✶✮✿✶✶✻✷✼✕✶✶✻✸✹✱ ✶✾✽✺✳

❬✷✸❪ ❆♥❞r❡ ▲❇ ❆♠❜r♦s✐♦✱ ▼ ❈r✐st✐♥❛ ◆♦♥❛t♦✱ ❍❡❧♦ís❛ ❙ ❙❡❧✐str❡ ❞❡ ❆r❛ú❥♦✱ ❘❛❣❤✉✈✐r ❆r♥✐✱ ❘✐✲

❝❤❛r❞ ❏ ❲❛r❞✱ ❈❤❛r❧♦tt❡ ▲ ❖✇♥❜②✱ ❉✉❧❝❡ ❍❋ ❞❡ ❙♦✉③❛✱ ❛♥❞ ❘✐❝❤❛r❞ ❈ ●❛rr❛tt✳ ❆ ♠♦❧❡❝✉✲
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❧❛r ♠❡❝❤❛♥✐s♠ ❢♦r ▲②s✹✾✲♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ❛❝t✐✈✐t② ❜❛s❡❞ ♦♥ ❧✐❣❛♥❞✲✐♥❞✉❝❡❞ ❝♦♥❢♦r♠❛t✐♦♥❛❧

❝❤❛♥❣❡✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐str②✱ ✷✽✵✭✽✮✿✼✸✷✻✕✼✸✸✺✱ ✷✵✵✺✳

❬✷✹❪ ❈✐❝✐❧✐❛ ❞❡ ❈❛r✈❛❧❤♦✳ ❆çã♦ ❞♦ ❡①tr❛t♦ ❜r✉t♦ ❞❛ t❛❜❡r♥❛❡♠♦♥t❛♥❛ ❝❛t❤❛r✐♥❡♥s✐s ❡ ❞❡ s❡✉ ❛❧❝❛✲

❧ó✐❞❡ ✐s♦❧❛❞♦ s♦❜r❡ ❛s ❛t✐✈✐❞❛❞❡s ❞❡ ❢♦s❢♦❧✐♣❛s❡s ❆2 ♦❢í❞✐❝❛s ❡♠ ♣r❡♣❛r❛çã♦ ♥❡✉r♦♠✉s❝✉❧❛r ❞❡

❝❛♠✉♥❞♦♥❣♦s✳ ✷✵✶✶✳

❬✷✺❪ ❏❡✛r❡② ❊ ❋❧❡t❝❤❡r ❛♥❞ ▼✐♥❣✲s❤✐ ❏✐❛♥❣✳ ▲②s✹✾ ♣❤♦s♣❤♦❧✐♣❛s❡ ❆2 ♠②♦t♦①✐♥s ❧②s❡ ❝❡❧❧ ❝✉❧t✉r❡s

❜② t✇♦ ❞✐st✐♥❝t ♠❡❝❤❛♥✐s♠s✳ ❚♦①✐❝♦♥✱ ✸✻✭✶✶✮✿✶✺✹✾✕✶✺✺✺✱ ✶✾✾✽✳

❬✷✻❪ ▼❛r✐❛♥❛ ❈✐♥tr❛✲❋r❛♥❝✐s❝❤✐♥❡❧❧✐✱ P❛♦❧❛ P✐③③♦✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✱ ❏♦sé ▼ ●✉t✐érr❡③✱ ❈❡s❛r❡ ▼♦♥✲

t❡❝✉❝❝♦✱ ❛♥❞ ❇r✉♥♦ ▲♦♠♦♥t❡✳ ❚❤❡ ❝✲t❡r♠✐♥❛❧ r❡❣✐♦♥ ♦❢ ❛ ❧②s ✹✾ ♠②♦t♦①✐♥ ♠❡❞✐❛t❡s ❝❛2+ ✐♥✢✉①

✐♥ ❈2❈12 ♠②♦t✉❜❡s✳ ❚♦①✐❝♦♥✱ ✺✺✭✷✮✿✺✾✵✕✺✾✻✱ ✷✵✶✵✳

❬✷✼❪ ▲✉❝✐♠❛r❛ ❈❤✐♦❛t♦✱ ❆rt❤✉r ❍❈ ❉❡ ❖❧✐✈❡✐r❛✱ ❘♦❜❡rt♦ ❘✉❧❧❡r✱ ❡t ❛❧✳ ❉✐st✐♥❝t s✐t❡s ❢♦r ♠②♦t♦①✐❝

❛♥❞ ♠❡♠❜r❛♥❡✲❞❛♠❛❣✐♥❣ ❛❝t✐✈✐t✐❡s ✐♥ t❤❡ ❈✲t❡r♠✐♥❛❧ r❡❣✐♦♥ ♦❢ ❛ ▲②s✹✾✲♣❤♦s♣❤♦❧✐♣❛s❡ ❆2✳

❇✐♦❝❤❡♠✐❝❛❧ ❏♦✉r♥❛❧✱ ✸✻✻✭✸✮✿✾✼✶✕✾✼✻✱ ✷✵✵✷✳

❬✷✽❪ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✱ ❛♥❞ ❈❛r❧♦s ❙❛♥t❛♠❛rí❛✳ ❈♦♠♣❛r❛t✐✈❡ st✉❞② ♦❢ s②♥t❤❡t✐❝

♣❡♣t✐❞❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ r❡❣✐♦♥ ✶✶✺✕✶✷✾ ✐♥ ▲②s✹✾ ♠②♦t♦①✐❝ ♣❤♦s♣❤♦❧✐♣❛s❡s ❆2 ❢r♦♠ s♥❛❦❡

✈❡♥♦♠s✳ ❚♦①✐❝♦♥✱ ✹✷✭✸✮✿✸✵✼✕✸✶✷✱ ✷✵✵✸✳

❬✷✾❪ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❆♥❞r❡❥ ❚❛r❦♦✇s❦✐✱ ❯❧❢ ❇❛❣❣❡✱ ❛♥❞ ▲❛rs ➴ ❍❛♥s♦♥✳ ◆❡✉tr❛❧✐③❛t✐♦♥ ♦❢ t❤❡

❝②t♦❧②t✐❝ ❛♥❞ ♠②♦t♦①✐❝ ❛❝t✐✈✐t✐❡s ♦❢ ♣❤♦s♣❤♦❧✐♣❛s❡s ❆2 ❢r♦♠ ❜♦t❤r♦♣s ❛s♣❡r s♥❛❦❡ ✈❡♥♦♠

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

✹✼✭✾✮✿✶✺✵✾✕✶✺✶✽✱ ✶✾✾✹✳

❬✸✵❪ ▼❛r✐❛♥❛ ❈✐♥tr❛✲❋r❛♥❝✐s❝❤✐♥❡❧❧✐✱ P❛♦❧❛ ❈❛❝❝✐♥✱ ❆♥❣❡❧❛ ❈❤✐❛✈❡❣❛t♦✱ P❛♦❧❛ P✐③③♦✱ ●✐♦r❣✐♦ ❈❛r✲

♠✐❣♥♦t♦✱ ❨❛♠✐❧❡t❤ ❆♥❣✉❧♦✱ ❇r✉♥♦ ▲♦♠♦♥t❡✱ ❏♦sé ▼❛rí❛ ●✉t✐érr❡③✱ ❛♥❞ ❈❡s❛r❡ ▼♦♥t❡❝✉❝❝♦✳

❇♦t❤r♦♣s s♥❛❦❡ ♠②♦t♦①✐♥s ✐♥❞✉❝❡ ❛ ❧❛r❣❡ ❡✤✉① ♦❢ ❆❚P ❛♥❞ ♣♦t❛ss✐✉♠ ✇✐t❤ s♣r❡❛❞✐♥❣ ♦❢ ❝❡❧❧
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❞❛♠❛❣❡ ❛♥❞ ♣❛✐♥✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✱ ✶✵✼✭✸✷✮✿✶✹✶✹✵✕✶✹✶✹✺✱

✷✵✶✵✳

❬✸✶❪ ❏♦sé ❞❡ ▼✐r❛♥❞❛ ❍❡♥r✐q✉❡s ◆❡t♦✳ ❈á❧❝✉❧♦s ❛❜ ✐♥✐t✐♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s✱ ❡❧❡trô♥✐❝❛s

❡ ó♣t✐❝❛s ❞❡ ❝♦♠♣♦st♦s ❈❛❳❖3✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ●r❛♥❞❡ ❞♦ ◆♦rt❡✱

✷✵✵✻✳

❬✸✷❪ ◆✐❧t♦♥ ❋❡rr❡✐r❛ ❋r❛③ã♦✳ ❇✐♦q✉í♠✐❝❛ ◗✉â♥t✐❝❛ ❞❡ ❋ár♠❛❝♦s ❆♥t✐✲P❛r❦✐♥s♦♥✐❛♥♦s✳ P❤❉ t❤❡s✐s✱

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ●r❛♥❞❡ ❞♦ ◆♦rt❡✱ ✷✵✶✷✳

❬✸✸❪ ❙❛♠✉❡❧ ❆♥❞r❛❞❡ ❞♦ ◆❛s❝✐♠❡♥t♦✳ ❈❛r❛❝t❡r✐③❛çã♦ ✈✐❜r❛❝✐♦♥❛❧✱ t❡r♠♦❞✐♥â♥✐❝❛ ❡ ♦♣t♦❡❧❡trô♥✐❝❛

❞❡ ✐♥✐❜✐❞♦r❡s ❞❡ ❛❝❡t✐❧❝♦❧✐♥❡st❡r❛s❡✳ ▼❛st❡r✬s t❤❡s✐s✱ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡✱

✷✵✶✹✳

❬✸✹❪ ❏♦❤♥ P P❡r❞❡✇✱ ❑✐❡r♦♥ ❇✉r❦❡✱ ❛♥❞ ▼❛tt❤✐❛s ❊r♥③❡r❤♦❢✳ ●❡♥❡r❛❧✐③❡❞ ❣r❛❞✐❡♥t ❛♣♣r♦①✐♠❛t✐♦♥

♠❛❞❡ s✐♠♣❧❡✳ P❤②s✐❝❛❧ r❡✈✐❡✇ ❧❡tt❡rs✱ ✼✼✭✶✽✮✿✸✽✻✺✱ ✶✾✾✻✳
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