
❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡

❈❡♥tr♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❡ ■♥❢♦r♠át✐❝❛

Pr♦❣r❛♠❛ ❞❡ Pós✲●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

❈❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦

❞❡ tr❛♥s❞✉t♦r❡s ó♣t✐❝♦s ❜❛s❡❛❞♦s ♥♦ ♣r✐♥❝í♣✐♦

❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

❚✐❛❣♦ ❆❜r❡✉ ❚❛✈❛r❡s ❞❡ ❙♦✉s❛

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✽



❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦
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❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛

●r❛♥❞❡ ✲ ❈❛♠♣✉s ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s

♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ❚ít✉❧♦ ❞❡ ❉♦✉t♦r ❡♠ ❈✐ê♥❝✐❛s ♥♦

❉♦♠í♥✐♦ ❞❛ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

➪r❡❛ ❞❡ ❈♦♥❤❡❝✐♠❡♥t♦✿ Pr♦❝❡ss❛♠❡♥t♦ ❞❡ ■♥❢♦r♠❛çã♦

❚✐❛❣♦ ❆❜r❡✉ ❚❛✈❛r❡s ❞❡ ❙♦✉s❛

❆❧✉♥♦

❆♥t♦♥✐♦ ▼❛r❝✉s ◆♦❣✉❡✐r❛ ▲✐♠❛✱ ❉r✳

❖r✐❡♥t❛❞♦r

❋r❛♥③ ◆❡✛ ❍❡❧♠✉t✱ ❉r✳

❖r✐❡♥t❛❞♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛✱ ❇r❛s✐❧

❋❡✈❡r❡✐r♦ ❞❡ ✷✵✶✽
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❘❡s✉♠♦

❖ ✉s♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥ ❞❡ s✉♣❡r❢í❝✐❡ ✭❙P❘✮ ❝♦♠♦ ❜✐♦✲tr❛♥s❞✉t♦r r❡q✉❡r ❛ ❢♦r♠❛çã♦

❞❡ ✉♠❛ ❝❛♠❛❞❛ r❡❝♦♥❤❡❝✐♠❡♥t♦ s♦❜r❡ ✉♠ ✜❧♠❡ ♠❡tá❧✐❝♦✳ ❙♦❜r❡ ♦ ♠❡t❛❧ é ❢♦r♠❛❞❛ ✉♠❛

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

❞❡ ✉♠ ✐♠✉♥♦✲❡♥s❛✐♦✳ ❆ ♣r♦t❡í♥❛ é ❞❡♣♦s✐t❛❞❛ ❞❡ ♠♦❞♦ ♥ã♦ ❤♦♠♦❣ê♥❡♦ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡

♠❡tá❧✐❝❛ ♣♦r ♠❡✐♦ ❞❡ ❛❞s♦rçã♦✳ ❯♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ s✐♠✉❧❛r t♦❞♦

♦ ♣r♦❝❡ss♦ ♣❛r❛ ❢♦r♠❛çã♦ ❞❡ss❛ ❝❛♠❛❞❛ ❞❡ ♣r♦t❡í♥❛ ✭tr❛♥s♣♦rt❡ ❞❛ s♦❧✉çã♦ ❡ ❛❞s♦rçã♦✮ ❡ ❛

❡①❝✐t❛çã♦ ❞♦ ❙P❘ ❝♦♥s✐❞❡r❛♥❞♦ ❝❛♠❛❞❛s ✐rr❡❣✉❧❛r❡s ❡ ♥ã♦ ❤♦♠♦❣ê♥❡❛s✳ ❆ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦

♠♦❞❡❧♦ ✐♠♣♦ss✐❜✐❧✐t❛ s✉❛ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛✱ s❡♥❞♦ ✉t✐❧✐③❛❞♦ ♦ ♠ét♦❞♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s

♣♦r ♠❡✐♦ ❞♦ s♦❢t✇❛r❡ ❈❖▼❙❖▲ ▼✉❧t✐♣❤②s✐❝s✳ ❚❛♠❜é♠ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ✉♠❛ t❡♦r✐❛ ❞❡

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

r❡❣✉❧❛r ❡ ❤♦♠♦❣ê♥❡❛✳ ❯♠ ♠ét♦❞♦ ✐t❡r❛t✐✈♦ ❜❛s❡❛❞♦ ❡♠ ♦t✐♠✐③❛çã♦ ❢♦✐ ❝r✐❛❞♦ ❝♦♠ ❡ss❛

t❡♦r✐❛ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❡♠ ✉♠ ❜✐♦✲tr❛♥s❞✉t♦r ❛ ♣❛rt✐r ❞❡

s✉❛ r❡s♣♦st❛ ❙P❘✳ ❖ ♠ét♦❞♦ ❢♦✐ ❛♣❧✐❝❛❞♦ ♣❛r❛ tr❛t❛r ❞❛❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❛❞s♦rçã♦

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

❧✐t❡r❛t✉r❛✳

P❛❧❛✈r❛s ❝❤❛✈❡✿ ❆❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s✱ ■❞❡♥t✐✜❝❛çã♦ ❞❡ s✐st❡♠❛s✱ ▼ét♦❞♦ ❞♦s ❡❧❡♠❡♥t♦s

✜♥✐t♦s✱ ❘❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥ ❞❡ s✉♣❡r❢í❝✐❡✳



❆❜str❛❝t

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

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

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

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

t❡✐♥ ❧❛②❡r ❢♦r♠❛t✐♦♥ ♣r♦❝❡ss❡s ✭✢✉✐❞ tr❛♥s♣♦rt ❛♥❞ ❛❞s♦r♣t✐♦♥✮ ❛♥❞✱ ❢♦r t❤❡ ✜rst t✐♠❡✱ t❤❡

❙P❘ ❡①❝✐t❛t✐♦♥ ♦✈❡r ✐rr❡❣✉❧❛r ❛♥❞ ✐♥❤♦♠♦❣❡♥❡♦✉s r❡❝♦❣♥✐t✐♦♥ ❧❛②❡rs✳ ❚❤❡ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t②

♣r❡✈❡♥ts ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥s✳ ❚❤✉s t❤❡ ✜♥✐t❡ ❡❧❡♠❡♥t ♠❡t❤♦❞ ✭❋❊▼✮✱ ✉t✐❧✐③✐♥❣ t❤❡ ❈❖▼✲

❙❖▲ ▼✉❧t✐♣❤②s✐❝s s♦❢t✇❛r❡ ✇❛s ❛♣♣❧✐❡❞ ❢♦r ❛ ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ t❤❡♦r② ♦❢

❡q✉✐✈❛❧❡♥t ❧❛②❡rs ✇❛s ❞❡✈❡❧♦♣❡❞ t♦ r❡♣r❡s❡♥t ❛♥ ✐rr❡❣✉❧❛r ❛♥❞ ✐♥❤♦♠♦❣❡♥❡♦✉s ❧❛②❡r ❛s r❡❣✉✲

❧❛r ❛♥❞ ❤♦♠♦❣❡♥❡♦✉s✳ ❆♣♣❧②✐♥❣ t❤✐s t❤❡♦r②✱ ❛♥ ✐♥t❡r❛❝t✐✈❡ ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ ♦♣t✐♠✐③❛t✐♦♥

✇❛s ❝r❡❛t❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ r❡❝♦❣♥✐t✐♦♥ ❧❛②❡r ✐♥ ❛ ❜✐♦✲tr❛♥s❞✉❝❡r ❜② ♠❡❛♥s ♦❢ ✐ts ❙P❘

r❡s♣♦♥s❡✳ ❚❤❡ ♠❡t❤♦❞ ✇❛s ❛♣♣❧✐❡❞ t♦ ❞❛t❛ ❢r♦♠ ❛❞s♦r♣t✐♦♥ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ♥❡✉tr❛✈✐❞✐♥✱

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

P❛❧❛✈r❛s ❝❤❛✈❡✿ ❋✐♥✐t❡ ❡❧❡♠❡♥t ♠❡t❤♦❞✱ Pr♦t❡✐♥ ❛❞s♦r♣t✐♦♥✱ ❙✉r❢❛❝❡ ♣❧❛s♠♦♥ r❡s♦♥❛♥❝❡✱

❙②st❡♠ ✐❞❡♥t✐✜❝❛t✐♦♥✳



▲✐st❛ ❞❡ ❋✐❣✉r❛s

❋✐❣✉r❛ ✷✳✶✿ ❈♦♥✜❣✉r❛çõ❡s ♣❛r❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ♣r♦♣♦st❛s ♣♦r

❖tt♦ ✭❡sq✉❡r❞❛✮ ❡ ♣♦r ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r ✭❞✐r❡✐t❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

❋✐❣✉r❛ ✷✳✷✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ✉♠ tr❛♥s❞✉t♦r ❙P❘ ❝♦♠ ê♥❢❛s❡ ♥❛ r❡ss♦♥â♥✲

❝✐❛ ❞❡ ♣❧❛s♠♦♥ ❞❡ s✉♣❡r❢í❝✐❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

❋✐❣✉r❛ ✷✳✸✿ ❘❡❢r❛çã♦ ❞❛ ❧✉③ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ α ❞❡ ✉♠ ♠❡✐♦ ❝♦♠ í♥❞✐❝❡ ni

♣❛r❛ ✉♠ ❞❡ í♥❞✐❝❡ nt ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

❋✐❣✉r❛ ✷✳✹✿ ■❧✉str❛çã♦ ❞♦ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡ ❣❡r❛❞♦ ❞✉r❛♥t❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás✲

♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

❋✐❣✉r❛ ✷✳✺✿ ❊sq✉❡♠❛ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ♣r❡♣❛r❛❞❛ ♣❛r❛ ❞❡t❡❝t❛r ✉♠❛

✐♥t❡r❛çã♦ ❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

❋✐❣✉r❛ ✷✳✻✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♣❛r❛ ❝✉r✈❛s ❙P❘ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ❛✮ ❧✐✲

❣❛çõ❡s r❡✈❡rsí✈❡✐s ❛♣❡♥❛s ❡ ❝♦♠ ❜✮ ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

❋✐❣✉r❛ ✷✳✼✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s❞✉t♦r ❱■❘✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

❋✐❣✉r❛ ✷✳✽✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘❊❊❚❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

❋✐❣✉r❛ ✷✳✾✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s❞✉t♦r PP❇■❖✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

❋✐❣✉r❛ ✷✳✶✵✿ ■❧✉str❛çã♦ ❞♦s ❢❡♥ô♠❡♥♦s ❞❡ r❡✢❡①ã♦ ❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③

❡♠ ✉♠ ❛rr❛♥❥♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸



❋✐❣✉r❛ ✷✳✶✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ♥ã♦ ❤♦♠♦❣ê♥❡❛ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐✲

♠❡♥t♦ ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✭❛✮ ✈✐st❛ ❧❛t❡r❛❧ ❞❛s ♠♦❧é❝✉❧❛s r❡❝é♠ ❛❞s♦r✈✐✲

❞❛s❀ ✭❜✮ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❛❧❣✉♥s ❢❡♥ô♠❡♥♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛✱

s❡♥❞♦ ✶✲ ♣❡q✉❡♥❛ ❞❡❢♦r♠❛çã♦✱ ✷✲ ❞❡❢♦r♠❛çã♦✱ ✸✲ ❞❡ss♦rçã♦✱ ✹✲r♦t❛çã♦✱

✺✲ s❡♠ ✈❛r✐❛çã♦❀ ✭❝✮ ✈✐st❛ ❧❛t❡r❛❧ ❛♣ós ❞❡♣♦s✐çã♦ ❞❡ ❛♥t✐❝♦r♣♦s❀ ✭❞✮ ✈✐st❛

s✉♣❡r✐♦r ❛♣ós ❞❡♣♦s✐çã♦ ❞❡ ❛♥t✐❝♦r♣♦s ✭❡✮ ✐♠❛❣❡♠ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡ ✉♠❛

❝❛♠❛❞❛ ♥ã♦✲❤♦♠♦❣ê♥❡❛ ❞❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

❋✐❣✉r❛ ✸✳✶✿ ▼♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠ ♦ ❛❞✐❝✐♦♥❛❧ ✷✯ ❛♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❝♦♠ ❡s♣❡ss✉r❛

✈❛r✐❛♥t❡✱ ✈❛r✐❛♥❞♦ ǫ2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

❋✐❣✉r❛ ✹✳✶✿ ❆rr❛♥❥♦ ó♣t✐❝♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ♣❛r❛ ❡①❝✐t❛çã♦ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás✲

♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ✭❛✮ ❡ ♠♦❞❡❧♦ ♣r♦❥❡t❛❞♦ ♣❛r❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ✭❜✮✳

❖s ✈❡t♦r❡s ❞❡ ♦♥❞❛✱ ❝♦♥st❛♥t❡s ❞✐❡❧étr✐❝❛s✱ ❡s♣❡ss✉r❛ ❞❛s ❝❛♠❛❞❛s ❡stã♦

✐♥❞✐❝❛❞❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

❋✐❣✉r❛ ✹✳✷✿ ❈♦♠♣❛r❛çã♦ ❞❛s ❝✉r✈❛s t❡ór✐❝❛s ❞❡ r❡✢❡tâ♥❝✐❛ ❙P❘ ♦❜t✐❞♦s ❝♦♠ ❛s ❡q✉❛✲

çõ❡s ❞❡ ❋r❡s♥❡❧ ❡ ❝♦♠ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦✳ ❖s ♣❛râ♠❡tr♦s s✐♠✉❧❛❞♦s ❡♠

❝❛❞❛ ❣rá✜❝♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

❋✐❣✉r❛ ✹✳✸✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✈❛❧✐❞❛çã♦ ❞♦ ♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦✳ ✳ ✳ ✳ ✳ ✻✻

❋✐❣✉r❛ ✹✳✹✿ ❆❞s♦rçã♦ ❝♦♦♣❡r❛t✐✈❛✿ ✭❛✮ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛✱ ❛s ♠♦❧é❝✉❧❛s ❥á ❛❞❡r✐❞❛s

❛tr❛❡♠ ❛s ❞❡♠❛✐s ♠❡❧❤♦r❛♥❞♦ ❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦❀ ✭❜✮ ❝♦♦♣❡r❛çã♦ ♥❡✲

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

❞❡ ❛❞s♦rçã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

❋✐❣✉r❛ ✹✳✺✿ ●❡♦♠❡tr✐❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡❞❡✜♥✐r ❛ s✉♣❡r❢í❝✐❡ S9 ♥♦ ♠♦❞❡❧♦ ▼❊❋

♣r♦♣♦st♦✳ ❆s ❡q✉❛çõ❡s ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥♦ ❛♣ê♥❞✐❝❡ ❆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

❋✐❣✉r❛ ✹✳✻✿ ❙❡♥s♦r❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ♣r♦✈♦❝❛❞♦ ♣♦r ✉♠❛ s♦❧✉çã♦ ❞❡

◆❡✉tr❛✈✐❞✐♥❛ ❝♦♠ ❝♦♥❝❡♥tr❛çã♦ 0, 21 µ▼✴▲ ✭❡sq✉❡r❞❛✮ ❡ 3, 3 µ▼✴▲ ✭❞✐✲

r❡✐t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

❋✐❣✉r❛ ✹✳✼✿ ❱✐st❛s ❞❛ r❡❣✐ã♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ❧✉③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

❋✐❣✉r❛ ✹✳✽✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❝✉r✈❛s ❙P❘ s✐♠✉❧❛❞❛s ❝♦♠ ❞✐❢❡r❡♥t❡s ❣❡♦♠❡tr✐❛s

♣❛r❛ q✉❛tr♦ ✈❛❧♦r❡s ❞❡ ❝♦❜❡rt✉r❛ ❞✐str✐❜✉í❞♦s ❞❡ ❢♦r♠❛ ✉♥✐❢♦r♠❡ ❡s♣❛✲

ç❛❞♦s ❡♥tr❡ ✵ ❛ ✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶



❋✐❣✉r❛ ✹✳✾✿ ❆ss♦❝✐❛çã♦ ♣❛r❛❧❡❧❛ ❞❡ ❞✐❡❧étr✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

❋✐❣✉r❛ ✹✳✶✵✿ ❈♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❞❡ s✐♠✉❧❛çõ❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦✲

r❡s ❞❡ ❝♦❜❡rt✉r❛✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦ ❡ s♦❧✉❝✐♦♥❛❞♦ ✉t✐✲

❧✐③❛♥❞♦ ♦ ❈♦♠s♦❧ ❡ ♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ❡①♣❛♥❞✐❞♦✿ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s✲

♥❡❧ ❝♦♠ ♦ ❞✐❡❧étr✐❝♦ ❡q✉✐✈❛❧❡♥t❡✳ ❖ ❞❡s✈✐♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ✭❘▼❙❉✮ é

❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ❝❛❞❛ ♣❛r ❞❡ ❝✉r✈❛s ♣❛r❛ ❛ ♠❡s♠❛ ❝♦❜❡rt✉r❛✳ ✳ ✳ ✳ ✳ ✳ ✼✷

❋✐❣✉r❛ ✺✳✶✿ P❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s❡♥✈♦❧✈✐❞❛ s♦❜r❡ ♦ ❜✐♦✲❝❤✐♣ ❙P❘❊❊❚❆✳ ✳ ✳ ✳ ✼✺

❋✐❣✉r❛ ✺✳✷✿ ❊s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❙P❘❊❊❚❆ ♠❡❞✐❞❛ ❝♦♠ ♦

❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛ ❖❝❡❛♥ ❖♣t✐❝s ✭❞❡t❡❝t♦r ❚❈❉✶✸✵✹❆P ❝♦♠

s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ✻✵ ❢ót♦♥s✴❝♦✉♥t✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

❋✐❣✉r❛ ✺✳✸✿ ❈✉r✈❛s ❙P❘ s✐♠✉❧❛❞❛s✿ ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ✭Rm✮ ❡ ❝♦♠ ♦ ♠♦❞❡❧♦

❞❡ ❋r❡s♥❡❧ ▼♦❞✐✜❝❛❞♦ ✭Rp✮✳ ❈✉r✈❛s ❙P❘ ❡①♣❡r✐♠❡♥t❛✐s✿ s❡♠ ❝❛❧✐❜r❛çã♦

✭Re✮ ❡ ❝♦♠ ❝❛❧✐❜r❛çã♦ C(Rp) ❡ C(Re)✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

❋✐❣✉r❛ ✺✳✹✿ ❋❧✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ❜✐♦✲tr❛♥s❞✉t♦r✳ ✼✽

❋✐❣✉r❛ ✺✳✺✿ ❋❧✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r

♦s ✈❛❧♦r❡s ❞❡ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ❡♠ ❢♦r♠❛çã♦✳ ❈❛s♦ ❛ ❝♦♥st❛♥t❡

❞✐❡❧étr✐❝❛ ❞❛ ♣r♦t❡í♥❛ ❡♠ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ♥ã♦ s❡❥❛ ❝♦♥❤❡❝✐❞❛✱ ♦

♣r♦❝❡❞✐♠❡♥t♦ ❡♠ ♣♦♥t✐❧❤❛❞♦ ❞❡✈❡ s❡r r❡❛❧✐③❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

❋✐❣✉r❛ ✺✳✻✿ ❱❛❧♦r❡s ❡st✐♠❛❞♦s ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ♥❡✉✲

tr❛✈✐❞✐♥❛ ✭nNA = 1, 5785✮ ❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛ ✭nBSA = 1, 5530✮✳ ✳ ✳ ✳ ✳ ✳ ✽✷

❋✐❣✉r❛ ✺✳✼✿ ❱❛❧♦r❡s ❡st✐♠❛❞♦s ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❤❡✲

♠♦❜❧♦❣✐♥❛ ✭nhemo = 1, 6043✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

❚❛❜❡❧❛ ✹✳✶✿ ❱❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❣❡r❛r ❛s ❝✉r✈❛s ❙P❘ ♥❛ ✜❣✉r❛

✹✳✷✳ ❆s ❡s♣❡ss✉r❛s ❞❛ ♣r✐♠❡✐r❛ ❡ ú❧t✐♠❛ ❝❛♠❛❞❛s sã♦ ✐rr❡❧❡✈❛♥t❡s ♣♦r

s❡r❡♠ ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛s ❞❡♠❛✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

❚❛❜❡❧❛ ✺✳✶✿ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s t❡ór✐❝♦s ❡ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ ♣r♦t❡í♥❛✳ ✽✷



▲✐st❛ ❞❡ sí♠❜♦❧♦s

• α ✲ ➶♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ❧✉③ ♥♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s

• β ✲ ➶♥❣✉❧♦ ❞❡ tr❛♥s♠✐ssã♦ ❞❛ ❧✉③ ❛tr❛✈és ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s

• αc ✲ ➶♥❣✉❧♦ ❞❡ ❝rít✐❝♦ ❞❡ r❡✢❡①ã♦ t♦t❛❧

• n1 ✲ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ s✉❜str❛t♦ ó♣t✐❝♦

• ε1 ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ s✉❜str❛t♦ ó♣t✐❝♦

• n2 ✲ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• ε2 ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• d2 ✲ ❊s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• λ ✲ ❈♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③

• ε′ ✲ P❛rt❡ r❡❛❧ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• ε′′ ✲ P❛rt❡ ✐♠❛❣✐♥ár✐❛ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• n3 ✲ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦

• ε3 ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❛ ♣r♦t❡➹➢♥❛

• εeq ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✳

• d3 ✲ ❊s♣❡ss✉r❛ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦

• n4 ✲ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ s♦❧✉çã♦ ❛q✉♦s❛ ♥♦ ♠❡✐♦ ❡①t❡r♥♦



• ε4 ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❛ s♦❧✉çã♦ ❛q✉♦s❛ ♥♦ ♠❡✐♦ ❡①t❡r♥♦

• n❡✛ ✲ ❮♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❡❢❡t✐✈♦ s♦❜r❡ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• ε❡✛ ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡✐♦ ❡❢❡t✐✈♦ s♦❜r❡ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦

• ~E ✲ ❱❡t♦r ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ❞✐❡❧étr✐❝♦

• ~B ✲ ❱❡t♦r ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

• ~D ✲ ❱❡t♦r ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ❞✐❡❧étr✐❝♦

• ~B ✲ ❱❡t♦r ❞❡♥s✐❞❛❞❡ ❞❡ ✢✉①♦ ♠❛❣♥ét✐❝♦

• ~J ✲ ❱❡t♦r ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡

• t ✲ ❚❡♠♣♦

• ε ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡✐♦ ✭♣❡r♠✐ss✐✈✐❛❞❡ ❡❧étr✐❝❛✮

• ε0 ✲ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ✈á❝✉♦

• µ ✲ ❈♦♥st❛♥t❡ ♠❛❣♥ét✐❝❛ ❞♦ ♠❡✐♦ ✭♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥é✐❝❛✮

• µ0 ✲ ❈♦♥st❛♥t❡ ♠❛❣♥ét✐❝❛ ❞♦ ✈á❝✉♦

• σ ✲ ❈♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ♠❡✐♦

• ω ✲ ❋r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❞❛ ♦♥❞❛

• c ✲ ❱❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥♦ ✈á❝✉♦

• ~ki ✲ ❱❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

• ~kxi ✲ ❈♦♠♣♦♥❡♥t❡ ♥❛ ❞✐r❡çã♦ ① ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

• ~kyi ✲ ❈♦♠♣♦♥❡♥t❡ ♥❛ ❞✐r❡çã♦ ② ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡

• ~ki ✲ ❱❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛

• ~kxt ✲ ❈♦♠♣♦♥❡♥t❡ ♥❛ ❞✐r❡çã♦ ① ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛



• ~kyt ✲ ❈♦♠♣♦♥❡♥t❡ ♥❛ ❞✐r❡çã♦ ② ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛

• R ✲ ❘❡✢❡tâ♥❝✐❛ ❞❛ ❧✉③

• Φi ✲ ❋❧✉①♦ ❞❡ ✐rr❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✐♥❝✐❞❡♥t❡ ♥❛ s✉♣❡r❢í❝✐❡

• Φr ❋❧✉①♦ ❞❡ ✐rr❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ r❡✢❡t✐❞♦ ♣❡❧❛ s✉♣❡r❢í❝✐❡

• rp ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ♣❛r❛ ❛ ♦♥❞❛ ❝♦♠ ♣♦❧❛r✐③❛çã♦ tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛✳

• Θ ✲ ❈♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛

• Va ✲ ❱♦❧✉♠❡ ❞❡ ❛❜s♦r❜❛t♦

• Vm ✲ ❱♦❧✉♠❡ ♠á①✐♠♦ ❞❡ ❛❜s♦r❜❛t♦

• ma ✲ ▼❛ss❛ ❞❡ ❛❜s♦r❜❛t♦

• mm ✲ ▼❛ss❛ ♠á①✐♠❛ ❞❡ ❛❜s♦r❜❛t♦

• cS ✲ ❈♦♥❝❡♥tr❛çã♦ ❞❛ s✉❜stâ♥❝✐❛ ❛❜s♦r✈❡♥t❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛❝✐♠❛ ❞❛ s✉♣❡r❢í❝✐❡ s❡♥sí✈❡❧

• kon ✲ ❈♦♥st❛♥t❡ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛

• koff ✲ ❈♦♥st❛♥t❡ ❞❡ ❞❡ss♦rçã♦ ❞❛ ❝❛♠❛❞❛



▲✐st❛ ❞❡ s✐❣❧❛s

❆■▼ ✲ ▼♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ✭❆♥❣✉❧❛r ■♥t❡rr♦❣❛t✐♦♥ ▼♦❞❡✮

❇❙❆ ✲ ❙♦r♦ ❞❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛ ✭❇♦✈✐♥❡ ❙❡r✉♠ ❆❧❜✉♠✐♥✮

❋❉❚❉ ✲ ▼ét♦❞♦ ❞❛s ❞✐❢❡r❡♥ç❛s ✜♥✐t❛s ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭❋✐♥✐t❡✲❞✐✛❡r❡♥❝❡ t✐♠❡✲❞♦♠❛✐♥✮

■▼ ✲ ▼♦❞✉❧❛çã♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ✭■♥t❡♥s✐t② ▼♦❞✉❧❛t✐♦♥✮

▼❊❋ ✲ ▼ét♦❞♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s ✭❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞✮

▼♦▼ ✲ ▼ét♦❞♦ ❞♦s ♠♦♠❡♥t♦s ✭▼❡t❤♦❞ ♦❢ ▼♦♠❡♥ts✮

▼❯▼P❙ ✲ ▼❯❧t✐❢r♦♥t❛❧ ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ s♣❛rs❡ ❞✐r❡❝t ❙♦❧✈❡r

P❆❘❉■❙❖ ✲ P❛r❛❧❧❡❧ ❉✐r❡❝t ❙♣❛rs❡ ❙♦❧✈❡r

P❇❙ ✲ ❙♦❧✉çã♦ t❛♠♣ã♦ ❢♦s❢❛t♦✲s❛❧✐♥❛ ✭P❇❙ ✲ P❤♦s♣❤❛t❡ ❇✉✛❡r❡❞ ❙❛❧✐♥❡✮

P❈▼ ✲ ▼❡♥s✉r❛çã♦ ❞❡ ❢❛s❡ ✭P❤❛s❡ ❈❤❛♥❣❡ ▼❡❛s✉r❡♠❡♥t✮

P▼ ✲ ▼❡♥s✉r❛çã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ✭P♦❧❛r✐③❛t✐♦♥ ▼❡❛s✉r❡♠❡♥t✮
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

■♥t❡r❛çõ❡s ❜✐♦♠♦❧❡❝✉❧❛r❡s ✭❢ár♠❛❝♦s✱ ❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦✱ á❝✐❞♦s ♥✉❝❧❡✐❝♦s✱ ❡♥s❛✐♦s ❡♥③✐✲

♠át✐❝♦s ❡ ♣r♦t❡í♥❛s✮ sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ ❛t✐✈✐❞❛❞❡ ❜✐♦❧ó❣✐❝❛✱ ♦❝♦rr❡♥❞♦ ♥♦s ♦r❣❛♥✐s♠♦s ❛

t♦❞♦ ♠♦♠❡♥t♦✳ ❙ã♦ ❡ss❛s ✐♥t❡r❛çõ❡s q✉❡ ♣❡r♠✐t❡♠✱ ♣♦r ❡①❡♠♣❧♦✱ ❛ ♦r❣❛♥✐③❛çã♦ ❡ ❢✉♥❝✐♦✲

♥❛♠❡♥t♦ ❝❡❧✉❧❛r✳ ❊♠ sí♥t❡s❡✱ t♦❞♦ ♣r♦❝❡ss♦ ❜✐♦❧ó❣✐❝♦ ❡♥✈♦❧✈❡ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✐♥t❡r❛çõ❡s

❡♥tr❡ ♠♦❧é❝✉❧❛s✳

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

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

❞❛ ✈✐❞❛ ❛ ♥í✈❡❧ ♠♦❧❡❝✉❧❛r ❡♠ ❣❡r❛❧✳ P❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞r♦❣❛s✱ ♣♦r ❡①❡♠♣❧♦✱ sã♦

♥❡❝❡ssár✐♦s ❝❡r❝❛ ❞❡ ✶✵ ❛♥♦s ❡ ✻✵✵ ❛ ✼✵✵ ♠✐❧❤õ❡s ❞❡ ❞ó❧❛r❡s ❬✶❪✳ ❆ ❝♦rr❡t❛ s❡❧❡çã♦ ❞❛s

s✉❜stâ♥❝✐❛s ❝❛♥❞✐❞❛t❛s à ❝♦♠♣♦s✐çã♦ ❞❛ ❞r♦❣❛ ♣♦❞❡ s❡r ❛❝❡❧❡r❛❞❛ s❡ s✉❛s ✐♥t❡r❛çõ❡s ❜✐♦♠♦✲

❧❡❝✉❧❛r❡s ❢♦r❡♠ ❝♦♥❤❡❝✐❞❛s✱ ♦ q✉❡ ❛❥✉❞❛r✐❛ ❛ ❡✈✐t❛r ❡rr♦s ❣r❛✈❡s ❝♦♠♦ ❡❧✐♠✐♥❛r ❡rr♦♥❡❛♠❡♥t❡

s✉❜stâ♥❝✐❛s q✉❡ s❡r✐❛♠ ❜♦❛s ❝❛♥❞✐❞❛t❛s à ❝♦♠♣♦s✐çã♦✳

P❛r❛ ❞❡t❡❝t❛r ❡ q✉❛♥t✐✜❝❛r ✉♠❛ ✐♥t❡r❛çã♦ é ♥❡❝❡ssár✐♦ ♣r❡♣❛r❛r ♦ ♠❛t❡r✐❛❧ ❜✐♦❧ó❣✐❝♦

♣❛r❛ ✐♥t❡r❛çã♦ s♦❜r❡ ✉♠ tr❛♥s❞✉t♦r s❡♥sí✈❡❧ ❛ ❛❧t❡r❛çõ❡s ♥♦ ♠❛t❡r✐❛❧ ♣r❡♣❛r❛❞♦✳ ❯♠ s❡♥s♦r

♣r❡♣❛r❛❞♦ ❝♦♠ ❡ss❡ ✜♠ t❡♠ s✉❛ s❡❧❡t✐✈✐❞❛❞❡ r❡❣✐❞❛ ♣❡❧❛ ❡s❝♦❧❤❛ ❡ ♣r❡♣❛r❛çã♦ ❞♦ ♠❛t❡r✐❛❧

❜✐♦❧ó❣✐❝♦✳ ❏á ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ♣r❡❝✐sã♦ ❞❡♣❡♥❞❡♠ ❞♦ tr❛♥s❞✉t♦r ✉t✐❧✐③❛❞♦✳

❆ s❡❧❡t✐✈✐❞❛❞❡ ❛❧♠❡❥❛❞❛ ♥❡ss❡ t✐♣♦ ❞❡ s❡♥s♦r é ♦❜s❡r✈❛❞❛ ❡♠ ✉♠ s✐st❡♠❛ ✐♠✉♥♦❧ó❣✐❝♦✱ ♥♦

q✉❛❧ ✉♠❛ ♣r♦t❡í♥❛ ❡s♣❡❝í✜❝❛ é ♣r♦❞✉③✐❞❛ ♣❛r❛ r❡❛❣✐r ❛♣❡♥❛s ❝♦♠ ♦ ❝♦r♣♦ ❡str❛♥❤♦ ✭❛♥tí❣❡♥♦✮

♣❛r❛ ♦ q✉❛❧ ❢♦✐ ♣r♦❞✉③✐❞♦✳ P♦r ❡ss❡ ♠♦t✐✈♦ ♦ ❛♥t✐❝♦r♣♦ é ✉♠ ❢♦rt❡ ❝❛♥❞✐❞❛t♦ ♣❛r❛ ❝♦♠♣♦r

♦ ♠❛t❡r✐❛❧ ❜✐♦❧ó❣✐❝♦ ❞♦ ❜✐♦✲s❡♥s♦r✳



❏á ♣❛r❛ ♦ tr❛♥s❞✉t♦r✱ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ❡✜❝❛③ é ❛ ♣❧❛s♠ô♥✐❝❛✱ ♦ ❡st✉❞♦ ❞❛ ✐♥t❡r❛çã♦

❡♥tr❡ ♦♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s ❡ ❡❧étr♦♥s ❧✐✈r❡s ❡♠ ✉♠ ♠❡✐♦✳ ❆ ✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛ ♣♦❞❡

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

❛ss♦❝✐❛❞❛s✳ ❉❡♥tr❡ ❛s té❝♥✐❝❛s ❞❡ ♣❧❛s♠ô♥✐❝❛ s❡ ❞❡st❛❝❛ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡

s✉♣❡r❢í❝✐❡ ✭❙P❘ ✲ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❘❡s♦♥❛♥❝❡✮ ♣❡❧❛ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡✱ ❛❧é♠

❞❡ ♥ã♦ ✉t✐❧✐③❛r ♠❛r❝❛❞♦r❡s✳

❆ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ é ✉♠❛ ♦s❝✐❧❛çã♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ q✉❡ s❡

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

♠❡t❛❧✲❞✐❡❧étr✐❝♦ r❡❝❡❜❡♠ ❡♥❡r❣✐❛ ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❈r✐❛♥❞♦ ✉♠

❛rr❛♥❥♦ ❝♦♠ s✉❜stâ♥❝✐❛s ❡s♣❡❝í✜❝❛s✱ ♦r❣❛♥✐③❛❞❛s ❡♠ ❝❛♠❛❞❛s ❛♣r♦♣r✐❛❞❛♠❡♥t❡ ♦r❞❡♥❛❞❛s✱

❜❛st❛ ✐♥❝✐❞✐r ❝♦rr❡t❛♠❡♥t❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ t❛♠❜é♠ ❡s♣❡❝í✜❝♦

♣❛r❛ ♣r♦♣✐❝✐❛r ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s✳ ❖ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡ tr❛♥s♠✐t❡ ✉♠❛ ❢r❛çã♦ ❞❡ s✉❛

❡♥❡r❣✐❛ ♣❛r❛ ♦s ❡❧étr♦♥s ❡ ❛ ❢r❛çã♦ r❡st❛♥t❡ é r❡✢❡t✐❞❛ ❝♦♠ ✉♠❛ ❛ss✐♥❛t✉r❛ ❞♦ ❙P❘✳

❆ ❞❡t❡❝çã♦ ❡ ❛♥á❧✐s❡ ❛❝✉r❛❞❛ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ♣❡r♠✐t❡✱ ♣♦r ♠❡✐♦ ❞❡ss❛ ❛ss✐♥❛t✉r❛✱ ✐♥❢❡✲

r✐r ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ❝♦♠♣❧❡①♦ ❞❡ ❝❛♠❛❞❛s q✉❡ ♣r♦♣✐❝✐♦✉ ❛ r❡ss♦♥â♥❝✐❛✳ ❉❡t❡❝t❛♥❞♦ ❛

♦❝♦rrê♥❝✐❛✱ ♦✉ ♥ã♦✱ ❞❛ ✐♥t❡r❛çã♦ ❜✐♦♠♦❧❡❝✉❧❛r ♣❛r❛ ❛ q✉❛❧ ♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❞♦ ❛rr❛♥❥♦ ❞❡

❝❛♠❛❞❛s ❡st✐✈❡r ♣r❡♣❛r❛❞❛✳

❆ ♣r❡♣❛r❛çã♦ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✱ ❝♦♥t✉❞♦✱ é ✉♠ ♣♦♥t♦ ❝❤❛✈❡ ❞❛ ✉t✐❧✐③❛çã♦ ❞❡ss❡ t✐♣♦

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

❞❛s s✉❜stâ♥❝✐❛s q✉❡ ❝♦♠♣õ❡ ♦ ❛rr❛♥❥♦✳ ❆ s❡♥s✐❜✐❧✐❞❛❞❡ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛ ✉♠ ♣r♦❝❡ss♦

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

❖ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s ❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡✱ ❝♦♥t✉❞♦✱ é ❝♦♠♣❧✐❝❛❞♦ ❬✷❪✱ ♠❛s

❞❡s♣❡rt❛ ✐♥t❡r❡ss❡ ❡♠ ♣❡sq✉✐s❛❞♦r❡s ❞❡ ❞✐✈❡rs❛s ár❡❛s✳ ❆❧❣✉♥s ❡①❡♠♣❧♦s ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ss❡

t✐♣♦ ❞❡ ❡st✉❞♦ sã♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❜✐♦♠❛t❡r✐❛✐s ❬✸❪✱ ❞❡ ✐♠♣❧❛♥t❡s ❜✐♦♠é❞✐❝♦s ❬✹❪✱ ❛❧é♠

❞♦ ❡st✉❞♦✱ ❛♣❧✐❝❛çã♦ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥❛♥♦♣❛rtí❝✉❧❛s ❬✺✕✼❪✱ ❡♥tr❡ ♦✉tr❛s ár❡❛s ❝♦♠♦

❝✐ê♥❝✐❛ ❢❛r♠❛❝ê✉t✐❝❛✱ ❜✐♦t❡❝♥♦❧♦❣✐❛✱ ❜✐♦❧♦❣✐❛ ❝❡❧✉❧❛r ❡ ❜✐♦❢ís✐❝❛ ❬✷❪✳ ❙❡♥❞♦ ❛ ❝♦❜❡rt✉r❛ ❞❛

s✉♣❡r❢í❝✐❡ ❛❞s♦r✈✐❞❛ ✉♠ tó♣✐❝♦ q✉❡ ❝♦♥❝❡♥tr❛ ✐♥t❡r❡ss❡ ❞♦s ♣❡sq✉✐s❛❞♦r❡s ❞❛ ár❡❛✱ s❡❥❛ ♣❛r❛

✐❞❡♥t✐✜❝❛r ♦ ❛❧❝❛♥❝❡ ❞❡ s✉❛ ✐♥✢✉ê♥❝✐❛ ❬✸✱ ✽✱ ✾❪ ♦✉ ♣❛r❛ s✉❛ ♠❡♥s✉r❛çã♦ ❬✹✱ ✺✱ ✼❪✳

P♦r ❡ss❡s ♠♦t✐✈♦s✱ ❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ✉t✐❧✐③❛r ❛ r❡ss♦♥â♥❝✐❛

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

♣r♦❝❡ss♦ ❞❡ ❢♦r♠❛çã♦ ❡ ❡st✐♠❛r s✉❛ ♣r♦♣r✐❡❞❛❞❡ ❞✐❡❧étr✐❝❛ ❡ ❝♦❜❡rt✉r❛✳ P♦ss✐❜✐❧✐t❛♥❞♦✱ ❛ss✐♠✱

✶✽



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

t❡♠♣♦ ❡ ♠❛t❡r✐❛❧ ❜✐♦❧ó❣✐❝♦ ✭❝✉st♦✮✱ ❛❧é♠ ❞❡ ❛♠♣❧✐❛r ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ♣r❡❝✐sã♦✳

❯♠ ❡st✉❞♦ t❡ór✐❝♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❙P❘ à ❝♦❜❡rt✉r❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛✱ ♥♦ ❡♥t❛♥t♦✱

é ❞✐✜❝✉❧t❛❞♦ ♣❡❧❛ ❛✉sê♥❝✐❛ ❞❡ ❢❡rr❛♠❡♥t❛s ❞❡ s✐♠✉❧❛çã♦ q✉❡ ❝♦♥t❡♠♣❧❡♠ ❡ss❛ ✈❛r✐á✈❡❧✳ ❆s

❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ sã♦ ✉♠ ♠ét♦❞♦ ❝♦♥s♦❧✐❞❛❞♦ ❞❡ ❝❛❧❝✉❧❛r ❛ r❡ss♦♥â♥❝✐❛✱ ♠❛s tê♠ ❝♦♠♦

✉♠❛ ❞❡ s✉❛s ❤✐♣ót❡s❡s ✉♠ ❛rr❛♥❥♦ ❝♦♠ ❝❛♠❛❞❛s ❤♦♠♦❣ê♥❡❛s✱ r❡❣✉❧❛r❡s ❡ ✉♥✐❢♦r♠❡s✱ s❡♥❞♦

♥❡❝❡ssár✐❛ ❛♣❡♥❛s ❛ ❡s♣❡ss✉r❛ ❡ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞✐❡❧étr✐❝❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r

s✉❛ ✐♥✢✉ê♥❝✐❛ ♥❛ r❡ss♦♥â♥❝✐❛✳ ❊s♣❡ss✉r❛ q✉❡ ♥ã♦ é ❝❧❛r❛♠❡♥t❡ ❞❡✜♥✐❞❛ q✉❛♥❞♦ ✉♠❛ ❝❛♠❛❞❛

✐rr❡❣✉❧❛r✱ ♥ã♦ ✉♥✐❢♦r♠❡ ❡ ❝♦♠ ❧❛❝✉♥❛s é ♦❜s❡r✈❛❞❛✳ ◆❡st❡ ❝❛s♦ ❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ❞❡✈❡

s❡r ❝♦♥s✐❞❡r❛❞❛✳

❯♠ ♠♦❞❡❧♦ t❡ór✐❝♦ ❞♦ ❙P❘ ❡♠ ✉♠ ❛rr❛♥❥♦ ❝♦♠ ❝❛♠❛❞❛s ✐rr❡❣✉❧❛r❡s ❡ ♥ã♦ ❤♦♠♦❣ê♥❡❛s

❢♦✐ ♣r♦♣♦st♦ ✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧ ♣❛r❛ ❡st✉❞❛r ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ r❡ss♦♥â♥❝✐❛✳

❍✐♣ót❡s❡s ❝♦♠♦ ✐s♦tr♦♣✐❛✱ ❧✐♥❡❛r✐❞❛❞❡ ❡ r❡❢r❛çã♦✴r❡✢❡①ã♦ s❡♠ ♠✉❞❛♥ç❛ ❞❡ ♣♦❧❛r✐③❛çã♦ ❢♦r❛♠

♠❛♥t✐❞❛s ❞❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳ ❆ ❛♣❧✐❝❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧ ♣❛r❛ ♦♥❞❛s ♣❧❛♥❛s

❡♠ s✉♣❡r❢í❝✐❡s ✐rr❡❣✉❧❛r❡s ❛❞✐❝✐♦♥♦✉ ❛♦ ♠♦❞❡❧♦ ✉♠❛ ❝♦♠♣❧❡①✐❞❛❞❡ ♠❛t❡♠át✐❝❛ q✉❡ só ♣♦❞❡

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

✭▼❊❋✮ ❢♦✐ ❡s❝♦❧❤✐❞♦✳

❊ss❡ ♠♦❞❡❧♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠♦ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❛ ♣❡sq✉✐s❛✱ ❝♦♥t❡♠♣❧❛♥❞♦ ❛ ❞✐❢✉sã♦

❞♦ ✢✉✐❞♦ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

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

❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ♥❡✉tr❛✈✐❞✐♥❛ ❡ ❡st✉❞❛r ❛ ❣❡♦♠❡tr✐❛ ❞❛ ❝❛♠❛❞❛ ❡♠ ❛❞s♦rçã♦✳

P♦r ✜♠✱ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❥✉st✐✜❝❛r ❞❡❝✐sõ❡s t♦♠❛❞❛s ❛♦ ❡❧❛❜♦r❛r

✉♠ ♠ét♦❞♦ ❞❡ ♦t✐♠✐③❛çã♦ ♣❛r❛ ❡st✐♠❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❛t❡r✐❛❧✱ ❛ ❝♦❜❡rt✉r❛ ❞❛

❝❛♠❛❞❛ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ♠♦❧é❝✉❧❛ ❛❞❡r✐❞❛ à s✉♣❡r❢í❝✐❡✳

✶✳✶ ❖❜❥❡t✐✈♦ ●❡r❛❧

❈❛r❛❝t❡r✐③❛r ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ ✉♠ ❜✐♦✲tr❛♥s❞✉t♦r ❙P❘ q✉❛♥t♦ à s✉❛

❝♦❜❡rt✉r❛ ❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ❝✉r✈❛ ❙P❘ ♠❡❞✐❞❛

✶✾



✶✳✷ ❖❜❥❡t✐✈♦s ❊s♣❡❝í✜❝♦s

• ❊st✉❞❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ tr❛♥s♣♦rt❡ ❞❡ ✢✉✐❞♦ s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ♠♦❧❡❝✉❧❛r

❞❡ ♣r♦t❡í♥❛s ❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛❀

• Pr♦♣♦r ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ q✉❡ ❝♦♥t❡♠♣❧❡ ❛ ✐♥t❡r❛çã♦ ❞❛ ❢ís✐❝❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱

✐♥❡r❡♥t❡ à r❡ss♦♥â♥❝✐❛✱ ❝♦♠ ❛ ❢ís✐❝❛ ❞❛ ❛❞s♦rçã♦✱ ✐♥❡r❡♥t❡ à ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛❀

• P❧❛♥❡❥❛r ❡ ❡①❡❝✉t❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❛❞s♦rçã♦ ♣❛r❛ ✈❛❧✐❞❛r ♦ ♠♦❞❡❧♦

♠❛t❡♠át✐❝♦ ♣r♦♣♦st♦❀

• ❆♥❛❧✐s❛r ❡ ❡①♣❧♦r❛r ♦ ♣♦t❡♥❝✐❛❧ ❞❡ s✐♠✉❧❛çã♦ ❞♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣r♦♣♦st♦ ❡♥❢❛t✐✲

③❛♥❞♦ s✉❛ r♦❜✉st❡③ ❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡❀

• ■♥✈❡st✐❣❛r✱ ♣♦r ♠❡✐♦ ❞♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣r♦♣♦st♦✱ ❛ ♦r❣❛♥✐③❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s

❛❞s♦r✈✐❞❛s ♥❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ❡ s✉❛ ✐♥✢✉ê♥❝✐❛ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉✲

♣❡r❢í❝✐❡❀

• ❯t✐❧✐③❛r ♠ét♦❞♦s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ s✐st❡♠❛s ♣❛r❛ ❛♥❛❧✐s❛r ❛ ❝✉r✈❛ ❙P❘ ❣❡r❛❞❛ ♣♦r

✉♠ ❜✐♦✲tr❛♥s❞✉t♦r ❙P❘ ❡ ✐♥❢❡r✐r ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡ ❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ❞❡

r❡❝♦♥❤❡❝✐♠❡♥t♦ ♥♦ ❛rr❛♥❥♦✳

✶✳✸ ❊str✉t✉r❛ ❞♦ ❞♦❝✉♠❡♥t♦

◆♦ ❈❛♣ít✉❧♦ ✷ é ❛♣r❡s❡♥t❛❞♦✱ ❞❡ ❢♦r♠❛ r❡s✉♠✐❞❛✱ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❜ás✐❝♦ ♥❡❝❡ssár✐♦

♣❛r❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦✳ ❆ ❛❜♦r❞❛❣❡♠ ❢♦❝❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ❡①❝✐t❛çã♦ ❞❡

♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ♦ ♠♦❞❡❧♦ ❞❡ ❢r❡s♥❡❧ ❡ ❛ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s✳

◆♦ ❈❛♣ít✉❧♦ ✸✿ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣r✐♥❝✐♣❛✐s ❝♦♥tr✐❜✉✐çõ❡s ♥♦s ú❧t✐♠♦s ❛♥♦s ❡♥❝♦♥✲

tr❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛ ❝✐❡♥tí✜❝❛ ❞❛s ár❡❛s q✉❡ ♦ ♠♦❞❡❧♦ ❛❜r❛♥❣❡✳

◆♦❈❛♣ít✉❧♦ ✹✿ é ❛♣r❡s❡♥t❛❞♦ ♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣r♦♣♦st♦ ♣❛r❛ s✐♠✉❧❛r ❛ r❡ss♦♥â♥❝✐❛

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

❚❛♠❜é♠ é ❡①♣❧♦r❛❞❛ ❛ ♦r❣❛♥✐③❛çã♦ ♠♦❧❡❝✉❧❛r ❞❛ ♣r♦t❡í♥❛ ❛❞s♦r✈✐❞❛ ♥❛ s✉♣❡r❢í❝✐❡ ❡ ♣r♦♣♦st♦

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

❞♦ tr❛♥s❞✉t♦r ❙P❘ ❝♦♠♦ r❡❢r❛tô♠❡tr♦ ♣❛r❛ ❝❛❧✐❜r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳

✷✵



◆♦ ❈❛♣ít✉❧♦ ✺✿ ❖s ♠♦❞❡❧♦s ♣r♦♣♦st♦s ♥♦ ❝❛♣ít✉❧♦ ✸ sã♦ ❛♣❧✐❝❛❞♦s ❡♠ ✉♠ ♠ét♦❞♦ ♣❛r❛

❝❛r❛❝t❡r✐③❛r ❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❜✐♦✲tr❛♥s❞✉t♦r ❙P❘✳

◆♦ ❈❛♣ít✉❧♦ ✻✿ ❖s r❡s✉❧t❛❞♦s ❛❧❝❛♥ç❛❞♦s sã♦ ❛♥❛❧✐s❛❞♦s ❡ ❛✈❛❧✐❛❞♦s ❡♥❢❛t✐③❛♥❞♦ ❛

❝♦♥tr✐❜✉✐çã♦ ❞♦ tr❛❜❛❧❤♦✳ ❚❛♠❜é♠ sã♦ ❛♣r❡s❡♥t❛❞❛s s✉❣❡stõ❡s ♣❛r❛ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦

tr❛❜❛❧❤♦ r❡ss❛❧t❛♥❞♦ ♣♦ssí✈❡✐s ❛♣❧✐❝❛çõ❡s ❞♦ ♠❡s♠♦✳

✷✶



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞♦s✱ ❞❡ ❢♦r♠❛ r❡s✉♠✐❞❛✱ ♦ ♣r✐♥❝í♣✐♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás✲

♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡✱ ♦ tr❛♥s❞✉t♦r ❙P❘ ❡ s❡✉s ♠♦❞♦s ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦✱

❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ r❡s✉❧t❛♥t❡ ❞❡ ✉♠ tr❛♥s❞✉t♦r ❙P❘ ❡ ♣r✐♥❝í♣✐♦s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦✳

✷✳✶ ❆ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

❯♠ ❢❡✐①❡ ❧✉♠✐♥♦s♦ ✐♥❝✐❞❡♥t❡ s♦❜r❡ ✉♠❛ ✐♥t❡r❢❛❝❡ ❞❡ ♠❛t❡r✐❛✐s ó♣t✐❝♦s q✉❛✐sq✉❡r ❝♦♠

â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♠❛✐♦r q✉❡ ♦ â♥❣✉❧♦ ❝rít✐❝♦ ❞❡✈❡ s❡r t♦t❛❧♠❡♥t❡ r❡✢❡t✐❞♦✱ ✐ss♦ é ♦ q✉❡

s❡ ♣❡♥s❛✈❛ ❛té ♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳✱ ♠❛s ❡ss❡ r❡s✉❧t❛❞♦ ♥ã♦ ❢♦✐ ♦❜t✐❞♦ ♣♦r ❲♦♦❞ ✭✶✾✵✷✮

❬✶✵❪ ❡♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❡s♣❡❝í✜❝❛ ❞❡ ♠❡t❛❧ ❡ ❞✐❡❧étr✐❝♦✳ ❈♦♥t✉❞♦✱ ❛♣❡♥❛s ♥❛ ❞é❝❛❞❛ ❞❡

✻✵ ❞♦ sé❝✉❧♦ ❳❳ ❛rr❛♥❥♦s ❡①♣❡r✐♠❡♥t❛✐s q✉❡ ❡①♣❧♦r❛✈❛♠ ❛ ❡♥tã♦ ❝❤❛♠❛❞❛ ✏r❡✢❡①ã♦ t♦t❛❧

❢r✉str❛❞❛✑ ❢♦r❛♠ ❝r✐❛❞♦s ♣❛r❛ ❡st✉❞❛r ♦ q✉❡ ❤♦❥❡ s❡ ❞❡♥♦♠✐♥❛ ♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡

♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳ ❙ã♦ ❡st❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❖tt♦✱ ♥❛ q✉❛❧ ❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ✜❝❛

❡♥tr❡ ♦ s✉❜str❛t♦ ó♣t✐❝♦ ❡ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ❡ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r✱

♥❛ q✉❛❧ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ s❡ ♣♦s✐❝✐♦♥❛ ❡♥tr❡ ❛ ❞✐❡❧étr✐❝❛ ❡ ♦ s✉❜str❛t♦ ó♣t✐❝♦✱ ✈❡r ❋✐❣✉r❛

✷✳✶ ❬✶✶❪✳

❆ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ s✐♠✐❧❛r ❡♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉✲

r❛çõ❡s✱ ♥♦ ❡♥t❛♥t♦ ❛ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r é ♠❛✐s ✉t✐❧✐③❛❞❛ ♣♦r q✉❡stõ❡s ❞❡ ❢❛❝✐❧✐❞❛❞❡ ❞❡

✐♥str✉♠❡♥t❛çã♦ ❬✶✷❪✳ ❆ ❛♣r❡s❡♥t❛çã♦ ❢ís✐❝❛ ❡ ♠❛t❡♠át✐❝❛ ❞♦ ❙P❘ ♥❡st❡ ❝❛♣ít✉❧♦ é ❢❡✐t❛ ❝♦♠

❜❛s❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r✱ ♣♦✐s ❡st❛ ❢♦✐ ❛ ❝♦♥✜❣✉r❛çã♦ ✉t✐❧✐③❛❞❛ ♥❡st❡



❋✐❣✉r❛ ✷✳✶✿ ❈♦♥✜❣✉r❛çõ❡s ♣❛r❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ♣r♦♣♦st❛s ♣♦r ❖tt♦
✭❡sq✉❡r❞❛✮ ❡ ♣♦r ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r ✭❞✐r❡✐t❛✮

tr❛❜❛❧❤♦✳

❊♠ ✉♠ ❜✐♦✲s❡♥s♦r ❝♦♠ ❡st❛ ❝♦♥✜❣✉r❛çã♦ ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ ❞❛ ♣r♦t❡í♥❛ ❡♠ ❛♥á❧✐s❡

é ❜♦♠❜❡❛❞❛ ❛tr❛✈és ❞❡ ✉♠❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ♥❛ q✉❛❧ ❡stá ❡①♣♦st❛ ❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳

❆ss✐♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s ❛❝♦♥t❡❝❡ s♦❜r❡ ♦ ♠❡t❛❧✱ ❢♦r♠❛♥❞♦ ❛ ♠❡♠❜r❛♥❛

❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✳

❙♦❜r❡ ❡ss❡ ❛rr❛♥❥♦✱ ❞❡✈❡ ✐♥❝✐❞✐r ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❝♦♠ ❝♦♥❞✐çõ❡s ❡s♣❡❝í✜❝❛s ❞❡ ♣♦❧❛r✐③❛çã♦✱

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ❊ss❡ ❢❡✐①❡ ✐rá ❡①❝✐t❛r✱ ♥❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✲

❞✐❡❧étr✐❝♦✱ ✉♠❛ ♦s❝✐❧❛çã♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛✱ ❣❡r❛♥❞♦ ✉♠❛ ♦♥❞❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡

✭❙P❲ ✲ ❙✉r❢❛❝❡ P❧❛s♠♦♥ ❲❛✈❡✮✳ ❆♣❡♥❛s ❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ❝♦♠ ♣♦❧❛r✐③❛çã♦

tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛ é ❝❛♣❛③ ❞❡ ❡①❝✐t❛r ❛ ❙P❲✱ ❛ ❝♦♠♣♦♥❡♥t❡ tr❛♥s✈❡rs♦✲❡❧étr✐❝❛ s♦❢r❡

r❡✢❡①ã♦ t♦t❛❧ ❬✶✶❪✳ P♦r ✐ss♦✱ ❛ ❧✉③ ❞❡✈❡ s❡r ♣♦❧❛r✐③❛❞❛ ❛♥t❡s ❞❡ ❡①❝✐t❛r ❛ r❡ss♦♥â♥❝✐❛✱ ❝❛s♦

❝♦♥trár✐♦ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ s❡rá t♦t❛❧♠❡♥t❡ r❡✢❡t✐❞❛ ❞❡ ♠♦❞♦ ❛ ❛t❡♥✉❛r ❛ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛

♣❡r❝❡❜✐❞❛ ♣❡❧♦s ❢♦t♦❞❡t❡❝t♦r❡s ❛❞❡q✉❛❞❛♠❡♥t❡ ♣♦s✐❝✐♦♥❛❞♦s ♣❛r❛ ❝❛♣t❛r ❛ ❧✉③ r❡✢❡t✐❞❛✳

❆s ❞❡♠❛✐s ❝♦♥❞✐çõ❡s ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ ❡①❝✐t❛ ❛ ❙P❲ sã♦ ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡s ❞♦s

♠❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s ♥♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ♥♦ q✉❛❧ ♦❝♦rr❡ ❛ r❡ss♦♥â♥❝✐❛✳ ❙❡♥❞♦ ♥❡❝❡ssár✐♦

❛♣❡♥❛s ❣❛r❛♥t✐r ❛ ❝♦♥❞✐çã♦ ❞❡ r❡✢❡①ã♦ t♦t❛❧✱ ♦✉ s❡❥❛✱ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✭α✮ ❞❛ ❧✉③ ♥❛

✐♥t❡r❢❛❝❡ ❞❡✈❡ s❡r ♠❛✐♦r q✉❡ ♦ â♥❣✉❧♦ ❝rít✐❝♦ ✭αc✮✳

P♦r ❡ss❡ ♠♦t✐✈♦✱ ♦ ♣r✐♠❡✐r♦ ♠❛t❡r✐❛❧ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❞❡✈❡ s❡r ✉♠ s✉❜str❛t♦ ó♣t✐❝♦

❝♦♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭n1 =
√
ε1✮ ❛❧t♦ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ r❡❞✉③✐r ♦ ✈❛❧♦r ❞❡ αc ❛ ✉♠ ✈❛❧♦r

❛❜❛✐①♦ ❞❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ❧✉③ q✉❡ ❡①❝✐t❛♠ ❛ ❙P❲ ♥♦s ❞❡♠❛✐s ♠❛t❡r✐❛✐s ❞♦

✷✸



❛rr❛♥❥♦✳ ❆ q✉❛❧✐❞❛❞❡ ❞❛ r❡s♣♦st❛ ❞♦ tr❛♥s❞✉t♦r ❞❡♣❡♥❞❡ ❞❡ss❡ s✉❜str❛t♦ ó♣t✐❝♦ ❛ss♦❝✐❛❞♦

❬✶✸❪

❆ s❡❣✉♥❞❛ ❝❛♠❛❞❛ ❞❡✈❡ s❡r ✉♠ ✜❧♠❡ ♠❡tá❧✐❝♦ ✜♥♦ ❞❡ ❡s♣❡ss✉r❛ ✭d2✮ ♥❛♥♦♠étr✐❝❛✳ ➱

❝♦♥❤❡❝✐❞♦ q✉❡ ♦s ♠❡t❛✐s tê♠ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ❡ ❝♦♠ ❛❧t❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠

♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ε2(λ) = ε′(λ) + jε′′(λ) q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛ à

❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♦✉tr♦s ♠❛t❡r✐❛✐s✳ ❖s ♠❡t❛✐s ♥♦s q✉❛✐s ♦❝♦rr❡♠ ❛ ❙P❲ ❝♦♠ ♠❛✐♦r ❡♥❡r❣✐❛

sã♦ ❛q✉❡❧❡s q✉❡ tê♠ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♠ ❛ ♣❛rt❡ r❡❛❧ ♥❡❣❛t✐✈❛ ❡ ♠❛✐♦r✱ ❡♠ ♠ó❞✉❧♦✱ ❞♦

q✉❡ ❛ s✉❛ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ✭|ε′| > ε′′✮✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❡ss❡s ❝r✐tér✐♦s ♦s ♠❡t❛✐s q✉❡ ♣r♦♣✐❝✐❛♠

♠❡❧❤♦r r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧á♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ sã♦ ♦ ♦✉r♦✱ ❛ ♣r❛t❛✱ ♦ ❝♦❜r❡✱ ♦ ❛❧✉♠í♥✐♦ ❬✶✹✱ ✶✺❪

❡ ♦ ❝❤✉♠❜♦✳

❙♦❜r❡ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❞❡✈❡ ❤❛✈❡r ✉♠ ♠❡✐♦ ❞✐❡❧étr✐❝♦✱ ♣♦✐s ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ❞❡st❡ t✐♣♦

♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ❣r❛♥❞❡ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ❣❡r❛r ✉♠❛

❙P❲ ❛♦ s❡r❡♠ ❡①❝✐t❛❞♦s ♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③✳ P♦r ❞❡♣❡♥❞❡r ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ❧✐✈r❡s

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

s❡ ❛♦ ❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ❡ ♣❡r❞❡ ✐♥t❡♥s✐❞❛❞❡ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❛♦ ♣❡♥❡tr❛r ❡♠ q✉❛❧q✉❡r

❞♦s ♠❛t❡r✐❛✐s✳ ❉❡ss❡ ♠♦❞♦✱ ❛ ❙P❲ é s❡♥sí✈❡❧ ❛♣❡♥❛s ❛ ❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s

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

❞❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✲❞✐❡❧étr✐❝♦✳

P❛r❛ q✉❡ ♦ ❙P❘ ♣♦ss❛ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠♦ ♠ét♦❞♦ ❞❡ tr❛♥s❞✉çã♦ ❞❛ ✐♥❢♦r♠❛çã♦ ❜✐♦❧ó❣✐❝❛✱

♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❞❡✈❡ ❝♦♠♣♦r ❞✉❛s ❝❛♠❛❞❛s ❞♦ ❛rr❛♥❥♦✳ ❙ã♦ ❡❧❛s ✉♠❛ ✜♥❛ ♠❡♠❜r❛♥❛

❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❝♦♠ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ (ε3✮ ❡ ❡s♣❡ss✉r❛ ✭d3✮ ❡ ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛

❝♦♠ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ✭ε4✮ ❝♦♥❤❡❝✐❞❛✳ ❉❡ss❡ ♠♦❞♦✱ q✉❛❧q✉❡r ✈❛r✐❛çã♦ ♥❛ ♠❡♠❜r❛♥❛ ❞❡

r❡❝♦♥❤❡❝✐♠❡♥t♦ ✐♥✢✉❡♥❝✐❛rá ❛ ❙P❲ ♠❡s♠♦ q✉❡ ε4 ♥ã♦ ✈❛r✐❡✳ ❈♦♠♦ ❛ ♦♥❞❛ ❞❡ ♣❧ás♠♦♥s ❞❡

s✉♣❡r❢í❝✐❡ r❡❝❡❜❡ ❡♥❡r❣✐❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③✱ ✈❛r✐❛çõ❡s ♥❛ ❙P❲ ✐♠♣❧✐❝❛♠ ❡♠ ✈❛r✐❛çõ❡s ♥❛ ♣❡r❞❛

❞❡ ❡♥❡r❣✐❛ s♦❢r✐❞❛ ♣❡❧♦ ❢❡✐①❡ ❞❡ ❧✉③ r❡✢❡t✐❞♦✳

❆♦ ❢♦r♥❡❝❡r ❡ss❛ ❡♥❡r❣✐❛ ♦ ❢❡✐①❡ ❞❡ ❧✉③ é r❡✢❡t✐❞♦ ❝♦♠ ♠❡♥♦r ❡♥❡r❣✐❛✳ ❊ss❛ ♣❡r❞❛ ❞❡

❡♥❡r❣✐❛ é ♦❜s❡r✈❛❞❛ ❝♦♠♦ ✉♠❛ r❡❣✐ã♦ ❡s❝✉r❛ ♥♦ ❢❡✐①❡ ❞❡ ❧✉③✱ ❡st❛ ❝❛rr❡❣❛ ✉♠❛ ❛ss✐♥❛t✉r❛

❞❛ ❙P❲✳ ❆ss✐♠✱ ♠♦♥✐t♦r❛♥❞♦ ❛ r❡❣✐ã♦ ❡s❝✉r❛ ❞♦ ❢❡✐①❡ r❡✢❡t✐❞♦✱ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❛

♣r❡s❡♥ç❛ ❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✉♠❛ s✉❜stâ♥❝✐❛ ❛❧✈♦ q✉❛❧q✉❡r q✉❡ ✐♥t❡r❛❥❛ ❝♦♠ ❛ ❝❛♠❛❞❛ ❞❡

r❡❝♦♥❤❡❝✐♠❡♥t♦✳ ❯♠ ❡sq✉❡♠❛ ❞♦ ❜✐♦✲tr❛♥s❞✉t♦r ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✳

✷✹



❋✐❣✉r❛ ✷✳✷✿ ❊sq✉❡♠❛ r❡♣r❡s❡♥t❛t✐✈♦ ❞❡ ✉♠ tr❛♥s❞✉t♦r ❙P❘ ❝♦♠ ê♥❢❛s❡ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡
♣❧❛s♠♦♥ ❞❡ s✉♣❡r❢í❝✐❡✳

✷✳✶✳✶ ❆♣r❡s❡♥t❛çã♦ ♠❛t❡♠át✐❝❛

❆ ✐♥t❡r❛çã♦ ❧✉③✲♠❛tér✐❛✱ q✉❡ ❡①❝✐t❛ ❛ ♦♥❞❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ é ✉♠ ❢❡♥ô♠❡♥♦

q✉â♥t✐❝♦✱ ❡st✉❞❛❞♦ ♣❡❧❛ ♣❧❛s♠ô♥✐❝❛✳ ❈♦♥t✉❞♦✱ ❛ ✐♥tr✉♠❡♥t❛çã♦ ❞♦ tr❛♥s❞✉t♦r é ♣r❡♣❛r❛❞❛

♣❛r❛ ♠♦♥✐t♦r❛r ❛ ❧✉③ r❡✢❡t✐❞❛✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ó♣t✐❝❛ ❝❧áss✐❝❛ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❞❡s❝r❡✈❡r ❛

r❡ss♦♥â♥❝✐❛ ♦❜s❡r✈❛❞❛✳

❈♦♠♦ s❡ tr❛t❛ ❞❡ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❧✉③ ♣♦❞❡ s❡r ❛♥❛❧✐s❛❞♦

♣♦r ♠❡✐♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧✿

~∇ · ~D = ρ ✭▲❡✐ ❞❡ ●❛✉ss✮ ✭✷✳✶✮

~∇ · ~B = 0 ✭▲❡✐ ♠❛❣♥ét✐❝❛ ❞❡ ●❛✉ss✮ ✭✷✳✷✮

~∇× ~H =
∂ ~D

∂t
+ ~J ✭▲❡✐ ❞❡ ❆♠♣èr❡✮ ✭✷✳✸✮

✷✺



~∇× ~E = −∂ ~B

∂t
✭▲❡✐ ❞❡ ❋❛r❛❞❛②✲◆❡✉♠❛♥♥✲▲❡♥③✮ ✭✷✳✹✮

❆ss✉♠✐♥❞♦ ❛✉sê♥❝✐❛ ❞❡ ❢♦♥t❡s ❡ q✉❡ ♣❛r❛ ❡ss❡s ♠❛t❡r✐❛✐s ❝♦♠♦ ❧✐♥❡❛r❡s✱ ❤♦♠♦❣ê♥❡♦s ❡

✐s♦tró♣✐❝♦s✱ ✈❛❧❡♠ ~D = ε ~E✱ ~J = σ ~E ❡ ~B = µ ~H✱ ❡ss❛s ❡q✉❛çõ❡s s❡ t♦r♥❛♠

~∇ · ~E = 0 ✭✷✳✺✮

~∇ · ~H = 0 ✭✷✳✻✮

~∇× ~H = ε
∂ ~E

∂t
+ σ ~E ✭✷✳✼✮

~∇× ~E = −µ
∂ ~H

∂t
✭✷✳✽✮

❆♣❧✐❝❛♥❞♦ ♦ ♦♣❡r❛❞♦r r♦t❛❝✐♦♥❛❧ ♥❛ ❡q✉❛çã♦ ✭✷✳✽✮✱ t❡♠✲s❡ q✉❡✿

~∇×
(
~∇× ~E

)
= − ∂

∂t
µ
(
~∇× ~H

)
✭✷✳✾✮

❆♣❧✐❝❛♥❞♦ ❛ s❡❣✉✐♥t❡ ✐❞❡♥t✐❞❛❞❡ ✈❡t♦r✐❛❧ ♥❛ ❡q✉❛çã♦ ✭✷✳✾✮

~∇×
(
~∇× ~V

)
= ~∇

(
~∇~V
)
− ~∇2~V

t❡♠✲s❡ q✉❡✿

~∇
(
~∇ ~E
)
− ~∇2 ~E = − ∂

∂t
µ
(
~∇× ~H

)
✭✷✳✶✵✮

❆♣❧✐❝❛♥❞♦ ❛s ❡q✉❛çõ❡s ✭✷✳✺✮ ❡ ✭✷✳✼✮ ❡♠ ✭✷✳✶✵✮✱ t❡♠✲s❡ q✉❡✿

~∇2 ~E =
∂

∂t
µ

(
ε
∂ ~E

∂t
+ σ ~E

)

~∇2 ~E = µε
∂2 ~E

∂t2
+ µσ

∂ ~E

∂t
✭✷✳✶✶✮

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

~E = ~E0e
j(ωt−~k.~r) ✭✷✳✶✷✮

✷✻



❡♠ q✉❡ ~k = kxâx + kyây + kzâz r❡♣r❡s❡♥t❛ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ♥❛ ♣♦s✐çã♦ ~r = xâx + yây + zâz

❡ âx✱ ây✱ âz ♦s ✈❡t♦r❡s ✉♥✐tár✐♦s ♥❛s ❞✐r❡çõ❡s x✱ y ❡ z r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❙❡♠ ♣❡r❞❛ ❞❡ ❣❡♥❡r❛❧✐❞❛❞❡ ♣♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r q✉❡ ♦ ❢❡✐①❡ ❞❡ ❧✉③ s❡ ♣r♦♣❛❣❛ ♥♦ ❛rr❛♥❥♦

♥♦ ♣❧❛♥♦ xy✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✱ ❞❡ ♠♦❞♦ q✉❡ ❛ kz = 0 ❡

~E = ~E0e
jωt−j(kxx+kyy), ✭✷✳✶✸✮

❡ss❡ r❡s✉❧t❛❞♦ ✐♠♣❧✐❝❛ q✉❡
∂ ~E

∂t
= jω ~E ✭✷✳✶✹✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✼✮ ♥❛ ❡q✉❛çã♦ ✭✷✳✾✮ ❡ ✉t✐❧✐③❛♥❞♦ ❛ ✐❣✉❛❧❞❛❞❡ ❡♠ ✭✷✳✶✹✮✱ ♦❜tê♠✲

s❡ ❛ ❡q✉❛çã♦ q✉❡ r❡s✉♠❡ ❛s q✉❛tr♦ ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧ ❡♠ ❢✉♥çã♦ ❛♣❡♥❛s ❞❡ ~E✱ ♥❛ ❢♦r♠❛

❞❛ ❡q✉❛çã♦ ❞❡ ❍❡❧♠❤♦❧t③✿

~∇× µ−1
r

(
~∇× ~E

)
− k2

0εc
~E = 0 ✭✷✳✶✺✮

❝♦♠

k2
0 = ω2µ0ε0

❡

εc ≡ ε′r − j
σ

ωε0
.

s❡♥❞♦ µ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❞♦ ♠❛t❡r✐❛❧✱ µr ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ r❡❧❛t✐✈❛

✭µr = µ/µ0✮✱ k0 ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ♥♦ ✈á❝✉♦ ❡ εc ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❝♦♠♣❧❡①❛

❞♦ ♠❛t❡r✐❛❧✳ P♦r ❞❡✜♥✐çã♦✿

εc = ε′ − jε′′ ≡ ε− jσ

ω
❡ εr = ε′r − jε′′r ≡

ε

ε0
− jσ

ωε0
, ✭✷✳✶✻✮

❡♠ q✉❡ σ é ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ♠❡✐♦ ❡ ω ❛ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ❞❛ ♦♥❞❛✳

❆ ❡q✉❛çã♦ ✭✷✳✶✺✮ ❡✈✐❞❡♥❝✐❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡

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

♠❛✐s ✉t✐❧✐③❛❞♦s ♥❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❛♣r❡s❡♥t❛♠ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣ró①✐♠❛

à ❞♦ ✈á❝✉♦✱ ♣♦r ✐ss♦ ♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞♦ ❙P❘ ❝♦♥s✐❞❡r❛ µr = 1 ❬✶✶❪✳ ❉❡ss❡ ♠♦❞♦✱ ❛

r❡❧❛çã♦ ❡♥tr❡ í♥❞✐❝❡ n ❞❡ r❡❢r❛çã♦ ❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ε s❡ t♦r♥❛ n =
√
ε✳

✷✼



P❛r❛ ✉♠❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♠♣❧❡①❛ ✭εc = ε′ − jε′′✮ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ t❛♠❜é♠

❞❡✈❡ s❡r ❝♦♠♣❧❡①♦

n = η − jκ, ✭✷✳✶✼✮

s❡♥❞♦ η ♦ í♥❞✐❝❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦ ❡♠ r❡❧❛çã♦ à ✈❡❧♦❝✐❞❛❞❡ ♥♦

✈á❝✉♦✱ ❡ κ ♦ í♥❞✐❝❡ ❞❛ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ♣♦r ❛❜s♦rçã♦ ❞♦ ♠❡✐♦ ❞✉r❛♥t❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛

❡❧❡tr♦♠❛❣♥ét✐❝❛ ❛tr❛✈és ❞♦ ♠❛t❡r✐❛❧✱ ❞❡ ♠♦❞♦ q✉❡✿

ε′r = η2 − κ2 ❡ ε′′r = 2ηκ ✭✷✳✶✽✮

♦✉

η2 =
1

2

(
ε′r +

√
ε′r

2 + ε′′r
2

)
❡ κ2 =

1

2

(
−ε′r +

√
ε′r

2 + ε′′r
2

)
. ✭✷✳✶✾✮

✷✳✶✳✷ ❆ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡

❈♦♥s✐❞❡r❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ s❡ ♣r♦♣❛❣❛ ❡♠ ✉♠ ♠❡✐♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n1 ❡ ✐♥❝✐❞❡

s♦❜r❡ ❛ ✐♥t❡r❢❛❝❡ ❞❡st❡ ❝♦♠ ✉♠ s❡❣✉♥❞♦ ♠❡✐♦ ❞❡ í♥❞✐❝❡ n2 ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ α

❡♠ r❡❧❛çã♦ à ♥♦r♠❛❧ à ✐♥t❡r❢❛❝❡✳ ❉❡ss❡ ♠♦❞♦✱ ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❢❡✐①❡ ❞❡✈❡ ❛tr❛✈❡ss❛r ❛

✐♥t❡r❢❛❝❡ s♦❢r❡♥❞♦ r❡❢r❛çã♦✱ s❡♥❞♦ tr❛♥s♠✐t✐❞❛ ❝♦♠ â♥❣✉❧♦ β ❡♠ r❡❧❛çã♦ à ♥♦r♠❛❧✱ ✈❡r ❋✐❣✉r❛

✷✳✸✳ ❊ss❡s â♥❣✉❧♦s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❡♥tr❡ s✐ ❡ ❝♦♠ ♦s ♠❡✐♦s ❡♥✈♦❧✈✐❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛

❧❡✐ ❞❡ ❙♥❡❧❧ ❬✶✻❪✿

ni sin(α) = nt sin(β). ✭✷✳✷✵✮

◗✉❛♥t♦ ♠❛✐♦r ♦ â♥❣✉❧♦ α ❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ♠❛✐♦r t❛♠❜é♠ s❡rá ♦ â♥❣✉❧♦ β ❞❛ ❧✉③ tr❛♥s♠✐t✐❞❛

❛tr❛✈és ❞❛ ✐♥t❡r❢❛❝❡✱ ❛té ✉♠ ❧✐♠✐t❡ ♥♦ q✉❛❧ β = 90◦✱ ✐♠♣❧✐❝❛♥❞♦ q✉❡ ❛ ❧✉③ tr❛♥s♠✐t✐❞❛ s❡

♣r♦♣❛❣❛ ♣❛r❛❧❡❧❛♠❡♥t❡ à s✉♣❡r❢í❝✐❡✱ ✈❡r ❋✐❣✉r❛ ✷✳✸✳ ❖ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ♣❛r❛ ♦ q✉❛❧ ✐ss♦

♦❝♦rr❡ é ❝❤❛♠❛❞❛ ❞❡ â♥❣✉❧♦ ❝rít✐❝♦ αc✳ ◗✉❛♥❞♦ α > αc ♥ã♦ ❤á ❧✉③ tr❛♥s♠✐t✐❞❛ ❡ t♦❞❛ ❛

❡♥❡r❣✐❛ ✐♥❝✐❞❡♥t❡ é r❡✢❡t✐❞❛ ❝♦♠ ♦ ♠❡s♠♦ â♥❣✉❧♦ ❡♠ r❡❧❛çã♦ à ♥♦r♠❛❧✳

◗✉❛♥❞♦ ♦s ♠❡✐♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ✐♥t❡r❢❛❝❡ tê♠ ❝♦♥st❛♥t❡s ❞✐❡❧étr✐❝❛s ❝♦♠ s✐♥❛✐s ♦♣♦st♦s ♥❛

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

❛ ❧✉③ ❡ ❛❜s♦r✈❡r ♣❛rt❡ ❞❡ s✉❛ ❡♥❡r❣✐❛✱ ❞❡ ♠♦❞♦ q✉❡ ❛ r❡✢❡①ã♦ t♦t❛❧ ♣♦❞❡ ♥ã♦ s❡r ♦❜s❡r✈❛❞❛✳

❙❛❜❡♥❞♦ q✉❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ♣❡❧❛ r❛③ã♦ ❞♦s

✷✽



❋✐❣✉r❛ ✷✳✸✿ ❘❡❢r❛çã♦ ❞❛ ❧✉③ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ α ❞❡ ✉♠ ♠❡✐♦ ❝♦♠ í♥❞✐❝❡ ni ♣❛r❛ ✉♠
❞❡ í♥❞✐❝❡ nt

♠ó❞✉❧♦s ❞♦s ✈❡t♦r❡s ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ♥❡ss❡ ♠❛t❡r✐❛❧ ❡ ♥♦ ✈á❝✉♦✿ ni = ki/k0✱ ♣♦❞❡✲s❡ r❡❡s❝r❡✈❡r

❛ ❧❡✐ ❞❡ ❙♥❡❧❧ ❞❡ ❢♦r♠❛✿

ki
k0

sin(α) =
kt
k0

sin(β). ✭✷✳✷✶✮

❈♦♥s✐❞❡r❛♥❞♦✱ s❡♠ ♣❡r❞❛ ❞❡ ❣❡♥❡r❛❧✐❞❛❞❡✱ q✉❡ ❛ ❧✉③ s❡ ♣r♦♣❛❣❛ ♥♦ ♣❧❛♥♦ ①② ❡ ❛ ✐♥t❡r❢❛❝❡

❡stá ❡♠ y = 0✱ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ki ♣♦❞❡ s❡r ❞❡❝♦♠♣♦st♦ ❡♠ kxi ❡ kyi✱ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✷✳✸✱ ♦❜t❡♥❞♦ ki sin(α) = kxi ❝♦♠ ki =
√
k2
xi + k2

yi✳ ❆♥❛❧♦❣❛♠❡♥t❡ ♣❛r❛ kt✿ kt sin(β) = kxt✳

❙✉❜st✐t✉✐♥❞♦ ❡ss❡s r❡s✉❧t❛❞♦s ♥❛ ❡q✉❛çã♦ ✭✷✳✷✶✮ tê♠✲s❡ ❛ ✐❣✉❛❧❞❛❞❡ ❞❡ss❛s ❝♦♠♣♦♥❡♥t❡s ❞♦

✈❡t♦r❡s ❞❡ ♦♥❞❛✱ q✉❡ s❡rá ❝❤❛♠❛❞❛ ❛♣❡♥❛s ❞❡ kx✿

kxi = kxt = kx.

❙❛❜❡♥❞♦ q✉❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ é ❞❛❞♦ ♣♦r k = n
(
ω
c

)
✱ t❡♠✲s❡✿

kt
2 = kx

2 + kyt
2 = nt

2
(ω
c

)2
, ✭✷✳✷✷✮

ki
2 sin2(α) + kyt

2 = nt
2
(ω
c

)2
,

ni
2
(ω
c

)2
sin2(α) + kyt

2 = nt
2
(ω
c

)2

❡

kyt
2 = ni

2
(ω
c

)2 [nt
2

ni
2
− sin2(α)

]
✭✷✳✷✸✮

✷✾



❖ ❝❛s♦ ❡♠ q✉❡ ni é ❣r❛♥❞❡ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ♥ã♦ ❡①✐st✐r r❡❢r❛çã♦ ❞❛ ❧✉③ ✐♠♣❧✐❝❛ q✉❡

sin(α) > nt/ni✱ ❞❡ ♠♦❞♦ q✉❡ kyt2 é ♥❡❣❛t✐✈♦✳ ❈♦♥s❡q✉❡♥t❡♠❡♥t❡✱ kyt é ♣✉r❛♠❡♥t❡ ✐♠❛❣✐♥ár✐♦

❡ ❞❡✜♥❡✲s❡ Kyt = jkyt ♣✉r❛♠❡♥t❡ r❡❛❧✳ ◆❡ss❛ ❝❛s♦✱ ❛ ❡q✉❛çã♦ ✭✷✳✶✸✮ r❡♣r❡s❡♥t❛ ✉♠❛ ♦♥❞❛

✈✐❛❥❛♥t❡ ♥♦ ♠❡✐♦ ✷ ❛♣❡♥❛s ♥❛ ❞✐r❡çã♦ ♣❛r❛❧❡❧❛ à ✐♥t❡r❢❛❝❡✱ ♦✉ s❡❥❛✱

Et = E0e
−Kytyejωt−jkxx. ✭✷✳✷✹✮

❉❛s ❝♦♥❞✐çõ❡s ❞❡ ❢r♦♥t❡✐r❛ ♥❛ ✐♥t❡r❢❛❝❡✱ s❛❜❡✲s❡ q✉❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❝❛♠♣♦ ❡❧étr✐❝♦

❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ✐♥t❡r❢❛❝❡ ❞❡✈❡♠ s❡r ✐❞ê♥t✐❝❛s ❡♠ ❛♠❜♦s ♦s ♠❡✐♦s✿ Exi = Ext ❡

Hxi = Hxt✱ s❡♥❞♦ ♦ s✉❜✲í♥❞✐❝❡ i ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❝❛♠♣♦ ✐♥❝✐❞❡♥t❡ ❡ ♦ s✉❜✲í♥❞✐❝❡ t ♣❛r❛ ♦

❝❛♠♣♦ tr❛♥s♠✐t✐❞♦✳ ❆ss♦❝✐❛♥❞♦ ❡st❛s ✐❣✉❛❧❞❛❞❡s ❝♦♠ ❛s ❧❡✐s ❞❡ ❋❛r❛❞❛② ❡ ➚♠♣❡r❡✲▼❛r①✇❡❧❧

❬✶✶❪✱ t❡♠✲s❡ q✉❡
kyi
εi

+
kyt
εt

= 0. ✭✷✳✷✺✮

❙✉❜st✐t✉✐♥❞♦ kyi ❡ kyt ♦❜t✐❞♦s ♣♦r ♠❡✐♦ ❞❛ ❡q✉❛çã♦ ✭✷✳✷✷✮ ♥❛ ❡q✉❛çã♦ ✭✷✳✷✺✮✱ ❛ s♦❧✉çã♦

❞♦ ✈❡t♦r ❞❛ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡ ♥❛ ❞✐r❡çã♦ ① ♣♦❞❡ s❡r ♦❜t✐❞❛✿

ks♣ =
ω

c

(
εiεt

εi + εt

)1/2

. ✭✷✳✷✻✮

❏á ♥❛ ❞✐r❡çã♦ ② ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✈❛r✐❛ ❡♠ ✐♥t❡♥s✐❞❛❞❡✱ ❝♦♠ Kyt r❡❛❧✱ ♦ ♠ó❞✉❧♦ ❞♦

❝❛♠♣♦ ❡❧étr✐❝♦ tr❛♥s♠✐t✐❞♦ é ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ❞❡♣❡♥❞❡♥t❡ ✉♥✐❝❛♠❡♥t❡ ❞❡ y✿

|Et(y)| = E0e
−Kyty. ✭✷✳✷✼✮

❊ss❛ ❣r❛♥❞❡③❛✱ ♣♦rt❛♥t♦✱ ❞❡❝❛✐ ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❝♦♠ ❛ ♣❡♥❡tr❛çã♦ ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦✳ ❊ss❛

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

♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡✱ ♣♦r s❡r ❡♥❝♦♥tr❛❞❛ ❛♣❡♥❛s ♥❛ ✐♥t❡r❢❛❝❡✳

➱ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡ ♣❡♥❡tr❛çã♦ ❞❛ ♦♥❞❛ ♥♦ ♠❡✐♦ ✷ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦

✭✷✳✷✼✮✳ ❉❡✜♥✐♥❞♦ ❡ss❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❝♦♠♦ ❛ ❞✐stâ♥❝✐❛ ❡♠ q✉❡ ♦ ❝❛♠♣♦ t❡♠ ✐♥t❡♥s✐❞❛❞❡ E0/e✱

s❡♥❞♦ e ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r✳ ❆ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡ ♣❡♥❡tr❛çã♦ ♥♦s ♠❡✐♦s 1 ❡ 2 é ❞❛ ♦r❞❡♠ ❞❡

♠❡t❛❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠ 1/Kyi ❡ 1/Kyt✱

r❡s♣❡❝t✐✈❛♠❡♥t❡ ❬✶✼❪✳ ◆❛ ❋✐❣✉r❛ ✷✳✹ ❡stá ✐❧✉str❛❞❛ ❛ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡ ♥❛ ✐♥t❡r❢❛❝❡ ❞♦s

✸✵



♠❡✐♦s ♠❡tá❧✐❝♦ ❡ ❞✐❡❧étr✐❝♦✳ ❚❛♠❜é♠ ❡stá r❡♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ❛ ✈❛r✐❛çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡

❞❛ ♦♥❞❛ ❝♦♠ ❛ ❞✐stâ♥❝✐❛ ❞❛ ✐♥t❡r❢❛❝❡✳

❋✐❣✉r❛ ✷✳✹✿ ■❧✉str❛çã♦ ❞♦ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡ ❣❡r❛❞♦ ❞✉r❛♥t❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡
s✉♣❡r❢í❝✐❡

❊ss❛ ❝❛r❛❝t❡ríst✐❝❛ ❡✈❛♥❡s❝❡♥t❡ ❞❛ ❙P❲ ❣❛r❛♥t❡ q✉❡ ❡❧❛ só s❡❥❛ ✐♥✢✉❡♥❝✐❛❞❛ ♣♦r ♠✉❞❛♥✲

ç❛s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐❡❧étr✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ à ✐♥t❡r❢❛❝❡✳ Pr♦♣r✐❡❞❛❞❡s

❡st❛s q✉❡ ✈❛r✐❛♠ ❝♦♠ ♦s ♠❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s✱ ❝♦♠ ♦ ♣r♦❝❡ss♦ ❞❡ ✜①❛çã♦ ❞❛s ❞✉❛s ❝❛♠❛❞❛s✱

❝♦♠ s✉❛s ❡s♣❡ss✉r❛s ❡ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛ ❬✶✼✱ ✶✽❪✳

✷✳✷ ❖ tr❛♥s❞✉t♦r ❙P❘

❉❡✈✐❞♦ à ❝❛r❛❝t❡ríst✐❝❛ ❡✈❛♥❡s❝❡♥t❡ ❞❛ ❙P❲ ❡ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❛♣❡♥❛s ❛♦s ♠❡✐♦s ♣ró①✐✲

♠♦s à ✐♥t❡r❢❛❝❡ ✭❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s✮✱ ❛ té❝♥✐♥❛ ❞❡ tr❛♥s❞✉çã♦ ❙P❘ t❡♠ ❝♦♠♦

♣♦♥t♦ ❝rít✐❝♦ ❛ ♣r❡♣❛r❛çã♦ ❞❡ ✉♠❛ ✜♥❛ ♠❡♠❜r❛♥❛ ❝♦♠♦ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ s♦❜r❡

♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❡ ❡①♣ô✲❧❛ à ✉♠❛ s♦❧✉çã♦ ❛q✉♦s❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✳

❆ ❢♦r♠❛çã♦ ❞❡ss❛ ♠❡♠❜r❛♥❛ ♦❝♦rr❡ ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❡ ❞✐✈❡rs❛s ✐♥t❡r❛çõ❡s ❢ís✐❝❛s ❡ q✉í✲

♠✐❝❛s ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❡ ❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛✳ ❖ ♣r♦❝❡ss♦ r❡s✉❧t❛♥t❡

❞❡ss❛s ✐♥t❡r❛çõ❡s é ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❛❞s♦rçã♦✱ ❡ss❡ ♣r♦❝❡ss♦ ❛❝♦♥t❡❝❡ ❞❡♥tr♦ ❞❛ ❝é❧✉❧❛ ❞❡
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✢✉①♦ ❞♦ ❜✐♦✲s❡♥s♦r✳ ❯♠ ❡①❡♠♣❧♦ é ❛ ♣r❡♣❛r❛çã♦ ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ ♦✉r♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❡

✉♠ ✈ír✉s ❡s♣❡❝í✜❝♦✳ ❯♠❛ s♦❧✉çã♦ ❝♦♠ ❛❧t❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ♣r♦t❡í♥❛ ❆✈✐❞✐♥❛ é ❜♦♠❜❡❛❞❛

❛tr❛✈és ❞❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✳ ❉❡✈✐❞♦ à ❛✜♥✐❞❛❞❡ ❡♥tr❡ ♦✉r♦ ❡ ❆✈✐❞✐♥❛✱ ❛ ♣r♦t❡í♥❛ s❡ ❛ss♦❝✐❛

❢♦rt❡♠❡♥t❡ à s✉♣❡r❢í❝✐❡✳ ❈♦♥t✉❞♦✱ ❛ ❛ss♦❝✐❛çã♦ ♣❡r♠✐t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❧❛❝✉♥❛s q✉❡ ♣♦❞❡♠

s❡r ♣r❡❡♥❝❤✐❞❛s ♣♦r s✉❜stâ♥❝✐❛s ❞❡s❝♦♥❤❡❝✐❞❛s ❡ ✐♥❞❡s❡❥❛❞❛s✳ P❛r❛ ❡✈✐tá✲❧❛s ✉♠❛ ♠♦❧é❝✉❧❛

❞❡ t❛♠❛♥❤♦ ♠❡♥♦r é ❛♣❧✐❝❛❞❛ ❡♠ ✉♠❛ s♦❧✉çã♦ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❛♣ós ❝♦♠♣❧❡t❛❞❛ ❛ ❛❞s♦rçã♦

❞❛ ❆✈✐❞✐♥❛✱ ❛ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛ ✭❇❙❆ ✲ ❇♦✈✐♥❡ ❙❡r✉♠ ❆❧❜✉♠✐♥✮ é ❜❛st❛♥t❡ ✉t✐❧✐③❛❞❛✳ ❖ ❇❙❆

s❡ ❛ss♦❝✐❛ à ❝❛♠❛❞❛ ♣ré✲❢♦r♠❛❞❛✱ ♣r❡❡♥❝❤❡♥❞♦ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛s ❧❛❝✉♥❛s ❡ r❡❞✉③✐♥❞♦✲❛s ❛

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

❡st❡s ✐♥t❡r❛❥❛♠ ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐❡♠❡♥t♦✳ ◆❛ ❋✐❣✉r❛ ✷✳✺ ❡stá ✐❧✉str❛❞♦ ❡ss❡

❡①❡♠♣❧♦ ❞❡ ♠❡♠❜r❛♥❛✱ s❡♥❞♦ n❡✛ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡❢❡t✐✈♦ ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ s♦❜r❡ ♦

✜❧♠❡ ♠❡tá❧✐❝♦ ❡ n2 ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠♣❧❡①♦ ❞♦ ♦✉r♦✳ ❆ ❧✐❣❛çã♦ ❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦ é

❡s♣❡❝í✜❝❛✱ ❞❡ ♠♦❞♦ q✉❡ ❛♣❡♥❛s ♥❛ ♣r❡s❡♥ç❛ ❞❛q✉❡❧❡ ❛♥tí❣❡♥♦ ❡♠ ❡s♣❡❝í✜❝♦ ♥❛ s♦❧✉çã♦ ♥❛

❝é❧✉❧❛ ❞❡ ✢✉①♦ ♣♦❞❡ ❤❛✈❡r ✐♥t❡r❛çã♦ ❞❡ ❛ss♦❝✐❛çã♦ ❞♦ ✈ír✉s ❝♦♠ ❛ ♠❡♠❜r❛♥❛ ❡ ❝♦♥s❡q✉❡♥t❡

❛❧t❡r❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❬✶✽❪✳

❋✐❣✉r❛ ✷✳✺✿ ❊sq✉❡♠❛ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ♣r❡♣❛r❛❞❛ ♣❛r❛ ❞❡t❡❝t❛r ✉♠❛ ✐♥t❡r❛çã♦
❛♥tí❣❡♥♦✲❛♥t✐❝♦r♣♦✳

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

✉♠❛ ✐♥t❡r❛çã♦ ✐rr❡✈❡rsí✈❡❧ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s ❞❡✈❡ ❛❝♦♥t❡❝❡r ❛❧t❡r❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛

♠❡♠❜r❛♥❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛ ❙P❲ ❡ ❛ ❡♥❡r❣✐❛ ❛❜s♦r✈✐❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡✳

❈♦♥t✉❞♦✱ ♣❛r❛ ❡✈✐t❛r q✉❡ ✈❛r✐❛çõ❡s ♥❛ s♦❧✉çã♦ ❛q✉♦s❛ ❛❧t❡r❡♠ ❛ ❙P❲✱ ✉♠❛ s♦❧✉çã♦ ❞❡

r❡❢❡rê♥❝✐❛ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞❛✳ ❯♠❛ s♦❧✉çã♦ t❛♠♣ã♦ ❢♦s❢❛t♦✲s❛❧✐♥❛ ✭P❇❙ ✲ P❤♦s♣❤❛t❡ ❇✉✛❡r❡❞

❙❛❧✐♥❡✮ é ♥♦r♠❛❧♠❡♥t❡ ✉t✐❧✐③❛❞❛✳ ❆ss✐♠✱ ♦ tr❛♥s❞✉t♦r ❞❡✈❡ s❡r ❡①♣♦st♦ ❛♦ P❇❙ ❛♥t❡s ❡ ❞❡♣♦✐s

✸✷



❞❛ s♦❧✉çã♦ ❛♥❛❧✐s❛❞❛✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ✈❛r✐❛çã♦ ❞❛ ❙P❲ ♣❛r❛ ❛s ❞✉❛s ❛♠♦str❛s ❞❡ P❇❙ ♣♦❞❡

s❡r ❝♦♠♣❛r❛❞❛✳ ❙❡ s✉❜stâ♥❝✐❛s ❞❛ s♦❧✉çã♦ ❛q✉♦s❛ ✐♥t❡r❛❣✐r❡♠ ✜s✐❝❛♠❡♥t❡ ❛s ❧✐❣❛çõ❡s sã♦

❢r❛❝❛s ❡ sã♦ r❡✈❡rsí✈❡✐s✱ ❛ ❡①♣♦s✐çã♦ ❞♦ ❛rr❛♥❥♦ ❛♦ P❇❙ ❞❡✈❡ r❡♠♦✈❡r ❡ss❛s ❧✐❣❛çõ❡s ❡ ♥❡♥❤✉♠❛

✈❛r✐❛çã♦ ❞❡✈❡ s❡r ♦❜s❡r✈❛❞❛✳ ❏á ❛s ✐♥t❡r❛çõ❡s q✉í♠✐❝❛s ♣r♦❞✉③❡♠ ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✱ q✉❡

♥ã♦ sã♦ r❡♠♦✈✐❞❛s ♥♦ ♣r♦❝❡ss♦ ❞❡ ❧❛✈❛❣❡♠ ❝♦♠ ♦ P❇❙✳ ❉❡ ♠♦❞♦ q✉❡ ❛ ✈❛r✐❛çã♦ ♥❛ ❙P❲

♣❛r❛ ❛s ❞✉❛s ❛♠♦str❛s ❞❛ s♦❧✉çã♦ t❛♠♣ã♦ ♣❡r♠❛♥❡❝❡✳ ❇❛st❛♥❞♦ ❛♦ ✉s✉ár✐♦ ❞♦ tr❛♥s❞✉t♦r

r❛str❡❛r ❛s ✈❛r✐❛çõ❡s ♦❝♦rr✐❞❛s ♥❛ ❙P❲✳

❊ss❡ r❛str❡✐♦✱ ❝♦♥t✉❞♦✱ ❞❡♣❡♥❞❡ ❞❛ ✐♥str✉♠❡♥t❛çã♦ ✉t✐❧✐③❛❞❛✱ ♦ q✉❡ ❞❡t❡r♠✐♥❛ ♦s ❝❤❛✲

♠❛❞♦s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦ ❞♦ ❙P❘✳

✷✳✷✳✶ ▼♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦

❆ ✈❛r✐❡❞❛❞❡ ❞❡ ♣❛râ♠❡tr♦s ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ♣♦ss✐❜✐❧✐t❛ q✉❡ ❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦s ❡❧étr♦♥s ❞❛

✐♥t❡r❢❛❝❡ ♠❡t❛❧ ❞✐❡❧étr✐❝❛ ♣♦ss❛ s❡r ♣❡r❝❡❜✐❞❛ ❛ ♣❛rt✐r ❞❡ q✉❛❧q✉❡r ✉♠ ❞❡ss❡s ♣❛râ♠❡tr♦s✳ P♦r

❡ss❡ ♠♦t✐✈♦✱ ❛ r❡s♣♦st❛ ❙P❘ ♣♦❞❡ s❡r ♠♦♥✐t♦r❛❞❛ ❞❡ ❝✐♥❝♦ ❢♦r♠❛s ❞✐❢❡r❡♥t❡s ❬✶✾❪✿ â♥❣✉❧♦

❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ✐♥t❡♥s✐❞❛❞❡✱ ❢❛s❡ ❡ ♣♦❧❛r✐③❛çã♦✳ ❊ss❛s ❢♦r♠❛s sã♦

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

❞❡ ✐♥str✉♠❡♥t❛çã♦ ❛ss♦❝✐❛❞♦s ❡ ✉♠ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦ ❡s♣❡❝í✜❝♦ ❞♦ tr❛♥s❞✉t♦r✿

▼♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r ✭❆■▼ ✲ ❆♥❣✉❧❛r ■♥t❡rr♦❣❛t✐♦♥ ▼♦❞❡✮ ✿ ♥❡st❡ ❝❛s♦ ❞❡✈❡✲

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

❧✉③ ❡♠✐t✐❞❛ s♦❜r❡ ♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❡ ✈❛r✐❛r s❡✉ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳ ❆♦ ♠❡❞✐r ❛

✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✉♠❛ ❝✉r✈❛ ❞❡ r❡✢❡✲

tâ♥❝✐❛ ♣❛r❛ ♦ tr❛♥s❞✉t♦r ♣♦❞❡ s❡r tr❛ç❛❞❛✳ ❖ â♥❣✉❧♦ ❡♠ q✉❡ ❛ r❡✢❡tâ♥❝✐❛ ❢♦r ♠í♥✐♠❛

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

r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳

■♥✐❝✐❛❧♠❡♥t❡ ✉♠ ❛♣❛r❛t♦ ♠❡❝â♥✐❝♦ ❡r❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ ✈❛r✐❛r ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛✳

❍♦❥❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ❞✐❢r❛çã♦ ó♣t✐❝❛ ❬✷✵❪ é ♠✉✐t♦ ✉s❛❞♦ ♣❛r❛ ❡st❡ ✜♠✳ ❖✉tr❛ ❢♦r♠❛

s✐♠♣❧❡s ❡ ♣rát✐❝❛ é ♦ ♣r✐s♠❛ ♣♦❧✐♠ér✐❝♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❜✐♦❧♦❣✐❝❛ ✭PP❇■❖✮✱ ❞❡s❡♥✈♦❧✈✐❞♦

♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❜✐♦✲s❡♥s♦r❡s ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ✭❯❋❈●✮✳

❊st❡ ♣r✐s♠❛ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ t❛♠❜é♠ ♣❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛ ❞❡s❝r✐t♦ ❛ s❡❣✉✐r✳

✸✸



▼♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ♣♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✭❲■▼ ✲ ❲❛✈❡❧❡♥❣t❤ ■♥t❡rr♦❣❛t✐♦♥

▼♦❞❡✮✿ ❖ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡ ❞❡✈❡ s❡r ❣❡r❛❞♦ ♣♦r ❢♦♥t❡ ❞❡ ❧✉③ ❝♦♠ ✉♠❛ ❢❛✐①❛ ❞❡

✈❛❧♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✭♣♦❧✐❝r♦♠át✐❝❛✮✳ P❛r❛ ✐ss♦✱ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ✉♠❛

❢♦♥t❡ ❤❛❧ó❣❡♥❛ ♦✉ ✉♠ ❞✐♦❞♦ ❞❡ ❧✉③ ❜r❛♥❝❛✳ ❊ss❡ ❢❡✐①❡ ❞❡✈❡ ✐♥❝✐❞✐r s♦❜r❡ ♦ ❛rr❛♥❥♦

❝♦♠ â♥❣✉❧♦✱ ✐♥t❡♥s✐❞❛❞❡ ❡ ♣♦❧❛r✐③❛çã♦ ❝♦♥st❛♥t❡s✳ ❆♦ ✉t✐❧✐③❛r ✉♠ ❡s♣❡❝trô♠❡tr♦ ❝♦♠♦

❢♦t♦❞❡t❡❝t♦r é ♣♦ssí✈❡❧ ♠♦♥t❛r ❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ ❞♦ tr❛♥s❞✉t♦r ❡♠ ❢✉♥çã♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❆♥❛❧♦❣❛♠❡♥t❡ ❛♦ ♠♦❞♦ ❆■▼✱ ❛ ❝♦♥❞✐çã♦ ❞❡

r❡ss♦♥â♥❝✐❛ é ❞❛❞❛ ♣❡❧♦ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ♥❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛✳

▼♦❞✉❧❛çã♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ✭■▼ ✲ ■♥t❡♥s✐t② ▼♦❞✉❧❛t✐♦♥✮✿ ❆♣ós ✐♥t❡r❛çã♦ ❝♦♠ ❛ ♦♥❞❛ ❞❡

♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛ ✐♥t❡♥s✐❞❛❞❡ ❧✉♠✐♥♦s❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ r❡✢❡t✐❞♦ é ♠❡♥s✉r❛❞❛✱

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

▼❡♥s✉r❛çã♦ ❞❡ ❢❛s❡ ✭P❈▼ ✲ P❤❛s❡ ❈❤❛♥❣❡ ▼❡❛s✉r❡♠❡♥t✮✿ ❆ ✐♥t❡r❛çã♦ ❞❛ ❧✉③ ❝♦♠ ♦s

❡❧étr♦♥s ❧✐✈r❡s ♥❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦✱ q✉❡ ❣❡r❛ ❛ ❙P❲✱ ♣r♦❞✉③ ✉♠❛ ❛❧t❡r❛çã♦

❞❡ ❢❛s❡ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ r❡✢❡t✐❞♦✳ ❊ss❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ ♣♦❞❡ s❡r ♠♦♥✐t♦r❛❞❛ ♣❛r❛

✐❞❡♥t✐✜❝❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛✳

▼❡♥s✉r❛çã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ✭P▼ ✲ P♦❧❛r✐③❛t✐♦♥ ▼❡❛s✉r❡♠❡♥t✮✿ ▼❡s♠♦ s❛❜❡♥❞♦ q✉❡

❛♣❡♥❛s ♦ ❢❡✐①❡ ❞❡ ❧✉③ ❝♦♠ ♣♦❧❛r✐③❛çã♦ tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛ ❡①❝✐t❛ ❛ ❙P❲✱ é ♣♦ssí✈❡❧

✐❞❡♥t✐✜❝❛r ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❛♦ ✉t✐❧✐③❛r ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③ ❝♦♠ ❝♦♠♣♦♥❡♥t❡

tr❛♥s✈❡rs♦✲❡❧étr✐❝❛✳ P❛r❛ ✐ss♦✱ ❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ r❡✢❡t✐❞❛ ❞❡✈❡ s❡r ♠♦♥✐t♦r❛❞❛ ❛♣ós

❛ ✐♥t❡r❛çã♦ ❝♦♠ ❛ ❙P❲✳

❖s ♠♦❞♦s ❝♦♠ ♠❛✐♦r ♣r❡❝✐sã♦✱ ❡ ♣♦r ✐ss♦ ♠❛✐s ✉t✐❧✐③❛❞♦s✱ sã♦ ♦ ❆■▼ ❡ ♦ ❲■▼✳ ❆♠❜♦s ♦s

♠♦❞♦s tê♠ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❛❧t❡r❛❞❛ ❝♦♠ ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✉t✐❧✐③❛❞❛✳ P❛r❛

♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✱ ♦ ❜✐♦✲s❡♥s♦r ❙P❘ é ♠❛✐s s❡♥sí✈❡❧ à ✈❛r✐❛çã♦ ❞❛ ❡s♣❡ss✉r❛

❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠ ✉♠ ♠❡♥♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✳ ❖ ❝♦♥trár✐♦

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

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❬✷✶✕✷✸❪
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✷✳✷✳✷ ❆ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛

❆ r❡ss♦♥â♥❝✐❛ é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧♦ ♠❛✐♦r tr❛♥s❢❡rê♥❝✐❛ ♣♦ssí✈❡❧ ❞❡ ❡♥❡r❣✐❛ ❞♦ ❢❡✐①❡ ❞❡

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

❢❡✐①❡ ❞❡ ❧✉③ ♥❛ ❞✐r❡çã♦ ❞❛ ✐♥t❡r❢❛❝❡ ~kx s❡ ✐❣✉❛❧❛ ❛♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❙P❲ ~kSP ✿

~kx = ~ks♣. ✭✷✳✷✽✮

❈♦♠♦ ❛ ❧✉③ ✐♥✐❝✐❛❧♠❡♥t❡ s❡ ♣r♦♣❛❣❛ ♥♦ s✉❜str❛t♦ ó♣t✐❝♦✱ ✐♥❝✐❞✐♥❞♦ ♥❛ ✐♥t❡r❢❛❝❡ ❝♦♠ â♥❣✉❧♦

α ❝♦♥❤❡❝✐❞♦✱ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r

kx = n1 sin(α). ✭✷✳✷✾✮

❆♣❧✐❝❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✷✻✮ ♥❛ ❡q✉❛çã♦ ✭✷✳✷✾✮ é ♣♦❞❡✲s❡ ❡s❝r❡✈❡r ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦✲

♥â♥❝✐❛ ♣❛r❛ ✉♠ ❛rr❛♥❥♦ ❝♦♠ três ❝❛♠❛❞❛s ❬✷✹❪✿

n1 sin(α) =
ω

c

(
ε′2(λ)ε❡✛(λ)

ε′2(λ) + ε❡✛(λ)

)1/2

, ✭✷✳✸✵✮

s❡♥❞♦ n1 ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ s✉❜str❛t♦ ó♣t✐❝♦ ✭♠❡✐♦ ✶✮ ✱ ε′2(λ) é ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛

❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ✭♠❡✐♦ ✷✮ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ❡ ε❡✛(λ) ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦

❞✐❡❧étr✐❝♦ ✭♠❡✐♦ ✸✮ ♣❛r❛ ♦ ♠❡s♠♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❖ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ❙P❲✱ ❡q✉❛çã♦ ✭✷✳✷✻✮✱ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❞♦✐s ♠❡✐♦s

s♦❜r❡ ♦ s✉❜str❛t♦ ó♣t✐❝♦✿ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❡ ♦ ❞✐❡❧étr✐❝♦✳ ❈♦♥t✉❞♦✱ ❛♦ ✉t✐❧✐③❛r ❛ r❡ss♦♥â♥❝✐❛

❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♠♦ tr❛♥s❞✉t♦r✱ t❡♠✲s❡ q✉❛tr♦ ♠❡✐♦s ❡♥✈♦❧✈✐❞♦s ♥♦ ❛rr❛♥❥♦✿ ♦

s✉❜str❛t♦ ó♣t✐❝♦ ✭♠❡✐♦ ✶✮✱ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ✭♠❡✐♦ ✷✮✱ ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ✭♠❡✐♦

✸✮ ❡ ❛ s♦❧✉çã♦ ❛q✉♦s❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ✭♠❡✐♦ ✹✮✳ P❛r❛ ❝♦♠♣❛r❛r ♦s ❞♦✐s ♠♦❞❡❧♦s ❞♦ ❛rr❛♥❥♦✱

❞❡ três ❡ q✉❛tr♦ ❝❛♠❛❞❛s✱ s❡rã♦ ✉t✐❧✐③❛❞♦s ♦ s✉❜✲í♥❞✐❝❡ ✹ ♣❛r❛ ❛ s♦❧✉çã♦ ❛q✉♦s❛✱ ♦ s✉❜✲í♥❞✐❝❡

3 ♣❛r❛ ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ✭❛♠❜❛s ❞♦ ♠♦❞❡❧♦ ❞❡ 4 ❝❛♠❛❞❛s✮ ❡ ♦ s✉❜✲í♥❞✐❝❡ ❡✛

♣❛r❛ ♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❡❢❡t✐✈♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ✸ ❝❛♠❛❞❛s q✉❡ ♣r♦❞✉③ ❛ ♠❡s♠❛ r❡ss♦♥â♥❝✐❛

❞♦ ♠♦❞❡❧♦ ❞❡ ✹ ❝❛♠❛❞❛s✱ ♣❛r❛ ♠❛✐♦r❡s ❞❡t❛❧❤❡s ❝♦♥s✉❧t❡ ❬✷✵✱ ✷✺❪✳ ❖s s✉❜✲í♥❞✐❝❡s ✶ ❡ ✷

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

♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ❞♦ ❛rr❛♥❥♦✳

❆ss✐♠✱ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❡q✉❛çã♦ ✭✷✳✸✵✮ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛

✸✺



❝❛❧❝✉❧❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❡❢❡t✐✈♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❙P❘✿

n❡✛ =

√
ε′2(λR)(n1 sin(αR))2

ε′2(λR)− (n1 sin(αR))2
, ✭✷✳✸✶✮

s❡♥❞♦ αR ♦ â♥❣✉❧♦ ❝♦♠ ♦ q✉❛❧ ❛ ❧✉③ q✉❡ ♣r♦✈♦❝❛ ❛ r❡ss♦♥â♥❝✐❛ ✐♥❝✐❞❡ s♦❜r❡ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦

❡ λR ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ss❛ ❧✉③✳ ❆ss✐♠✱ s❡ ♦s ♠❡✐♦s ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❢♦r❡♠

❜❡♠ ❝♦♥❤❡❝✐❞♦s✱ ❜❛st❛ ❡♥❝♦♥tr❛r ♦s ♣❛râ♠❡tr♦s ❞❛ ❧✉③ ❡①❝✐t❛♥t❡ q✉❡ ❛t❡♥❞❛♠ às ❝♦♥❞✐çõ❡s

❞❡ r❡ss♦♥â♥❝✐❛ αR ❡ λR ♣❛r❛ ✐♥❢❡r✐r ✐♥❢♦r♠❛çõ❡s ❞♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦ ❞❡s❝♦♥❤❡❝✐❞♦✳ ❆ ❡q✉❛çã♦

✭✷✳✸✶✮✱ ❝♦♥t✉❞♦✱ s❡ ❛♣❧✐❝❛ ❛♣❡♥❛s ❛♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✳ P❛r❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡r✲

r♦❣❛çã♦ ♣♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ é ♥❡❝❡ssár✐♦ ❝♦♥s✐❞❡r❛r ❛ ✐♥✢✉ê♥❝✐❛ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ❡①❡r❝❡ s♦❜r❡ ♦s ♣❛râ♠❡tr♦s ❞✐❡❧étr✐❝♦s ❞♦s ♠❛t❡r✐❛✐s✱ r❡s✉❧t❛♥❞♦ ❡♠✿

n❡✛ =

√√
ε′❡✛

2(λ) + ε′′❡✛
2(λ) + ε′❡✛

2(λ)/2, ✭✷✳✸✷✮

s❡♥❞♦✿

ε❡✛ =
(ε′2 − 1 + ε′′2

2)(n1 sin(α))
2 + ε′2

(ε′2 − n1
2 sin2(α))2 + ε2i2

− i
ε′′2n1

4 sin4(α)

(ε′2 − n1
2 sin2(α)2)2 + ε′′2

2 ,

♣♦r s✐♠♣❧✐❝✐❞❛❞❡ ❢♦✐ ♦♠✐t✐❞❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ r❡❛❧ ❡ ✐♠❛❣✐♥ár✐❛ ❞♦ ♠❡✐♦

♠❡tá❧✐❝♦ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ❡①❝✐t❛♥t❡✳

❊♠ q✉❛❧q✉❡r ✉♠ ❞♦s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦ é ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r ✉♠❛ r❡❣✐ã♦ ❞❡ ♠❡♥♦r

❡♥❡r❣✐❛ ♥♦ ❢❡✐①❡ r❡✢❡t✐❞♦ ❛♦ ♠♦♥t❛r ❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ R ❞♦ ❛rr❛♥❥♦✳ ❊ss❛ ❝✉r✈❛ ❛♣r❡s❡♥t❛

❛ ♣r♦♣♦rçã♦ ❡♥tr❡ ♦ ✢✉①♦ ❞❡ ✐rr❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✐♥❝✐❞❡♥t❡ ✭Φi✮ ♥❛ s✉♣❡r❢í❝✐❡ ❡ ♦ ✢✉①♦

r❡✢❡t✐❞♦ ✭Φr✮✳ ◗✉❛♥❞♦ ❛ r❡✢❡①ã♦ s❡ ❞á ❡♠ ✉♠ ♠❛t❡r✐❛❧ ❤♦♠♦❣ê♥✐♦ s❡♠✐✲✐♥✜♥✐t♦✱ q✉❡ ❡♠

t❡r♠♦s ♣rát✐❝♦s é ♦ ❝❛s♦ ❞♦ ❙P❘✱ ❛ r❡✢❡tâ♥❝✐❛ é ✐❣✉❛❧ à r❡✢❡t✐✈✐❞❛❞❡✱ q✉❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛

❝♦♠♦ ♦ q✉❛❞r❛❞♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ✭rp✮✿

R =
Φr

Φi

= |rp|2, rp =
Er

Ei

. ✭✷✳✸✸✮

❖ ✈❛❧♦r ❞❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ ♥♦ q✉❛❧ ♦ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ é ♦ ✈❛❧♦r

❡①❛t♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛✱ s❡❥❛ αR ♣❛r❛ ❆■▼ ♦✉ λR ♣❛r❛ ❲■▼✳ ❉❡ss❡ ♠♦❞♦✱ q✉❛❧q✉❡r

✈❛r✐❛çã♦ ♥❛ ❙P❲ ❛❧t❡r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ tr❛♥s❞✉t♦r✳ ❆♦ r❛str❡❛r ♦ ♠í♥✐♠♦

❞❛ ❝✉r✈❛ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ❡ ❛♣❧✐❝❛♥❞♦ ❛ ❡q✉❛çã♦ ❛❞❡q✉❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r n❡✛✱ é ♣♦ssí✈❡❧

r❡♣r❡s❡♥t❛r ❡ss❛ ✈❛r✐❛çã♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ♦ q✉❡ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ s❡♥s♦r❣r❛♠❛ ❬✶✼❪✳
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◆❛ ❋✐❣✉r❛ ✷✳✻ ❡stá ✐❧✉str❛❞♦ ♦ s❡♥s♦r❣r❛♠❛ ❡s♣❡r❛❞♦ ♣❛r❛ ❞♦✐s ❡①♣❡r✐♠❡♥t♦s ❞✐❢❡r❡♥t❡s✱

s❡♥❞♦ ♦ ❛✮ q✉❡ ♣r♦❞✉③ ❛♣❡♥❛s ❧✐❣❛çõ❡s r❡✈❡rsí✈❡✐s ❡ ♦ ❜✮ q✉❡ ♣r♦❞✉③ ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✳

P❛r❛ ❝❛❞❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ ck ♦❜t✐❞❛✱ ♦ s❡✉ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ✭αR,k✮ é r❛str❡❛❞♦ ❡ ✉t✐❧✐③❛❞♦

♣❛r❛ ❝❛❧❝✉❧❛r ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡❢❡t✐✈♦ n❡✛,k ❝♦rr❡s♣♦♥❞❡♥t❡✳ ◆♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✐♥✐❝✐❛❧

✭t0 → t1✮✱ ❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❡stá ♣r❡❡♥❝❤✐❞❛ ❞❡ P❇❙ ❡ ❛ ❝✉r✈❛ c1 é ❛❞q✉✐r✐❞❛✱ ❝♦♠ αR,1 ❡ n❡✛,1✳

◆♦ ✐♥st❛♥t❡ t1✱ ✉♠❛ s♦❧✉çã♦ ❞❡ ♣r♦t❡í♥❛ é ❜♦♠❜❡❛❞❛ ❛tr❛✈és ❞❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✱ ❛ ✐♥t❡r❛çã♦

❝♦♠ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❛❝♦♥t❡❝❡ ❢♦r♠❛♥❞♦ ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❡ ✈❛r✐❛♥❞♦ ❛ ❝✉r✈❛

❞❡ r❡✢❡❝tâ♥✐❝❛ ❞❡ c1 ♣❛r❛ c2 ❡ ❡st❛❜✐❧✐③❛♥❞♦ ❡♠ c3 ♥♦ ✐♥st❛♥t❡ t3✳ ◆♦ ✐♥st❛♥t❡ t3 ❛ s♦❧✉çã♦

❞❡ P❇❙ é ♥♦✈❛♠❡♥t❡ ❜♦♠❜❡❛❞❛ ❛tr❛✈és ❞❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✱ ✐♥✐❝✐❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❧❛✈❛❣❡♠

q✉❡ r❡♠♦✈❡ ❛s ❧✐❣❛çõ❡s r❡✈❡rsí✈❡✐s✳ ◆♦ ❝❛s♦ ❛✮ ♦ s❡♥s♦r❣r❛♠❛ ✈♦❧t❛ ♣❛r❛ ♦ ❡st❛❞♦ ✐♥✐❝✐❛❧

❞❡♣♦✐s ❞❛ ❧❛✈❛❣❡♠✱ ♠❛s ♥♦ ❝❛s♦ ❜✮✱ ❞❡✈✐❞♦ às ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✱ ❛ ❝✉r✈❛ ❞❡ r❡ss♦♥â♥❝✐❛

❡st❛❜✐❧✐③❛ ❡♠ c2✱ ❝♦♠ ♠í♥✐♠♦ ❡♠ αR,2 q✉❡ ✐♠♣❧✐❝❛ ❡♠ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡❢❡t✐✈♦ n❡✛,2✳

❋✐❣✉r❛ ✷✳✻✿ ❙❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ♣❛r❛ ❝✉r✈❛s ❙P❘ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ❛✮ ❧✐❣❛çõ❡s
r❡✈❡rsí✈❡✐s ❛♣❡♥❛s ❡ ❝♦♠ ❜✮ ❧✐❣❛çõ❡s ✐rr❡✈❡rsí✈❡✐s✳

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

çõ❡s ❞❡ r❡ss♦♥â♥❝✐❛ ❞♦ ❛rr❛♥❥♦✳ ❚❛♥t♦ ❛s ❞✐♠❡♥sõ❡s ❢ís✐❝❛s✱ ❞❡✈✐❞♦ à ❞✐❧❛t❛çã♦✱ ❝♦♠♦ ❛s

♣r♦♣r✐❡❞❛❞❡s ✐♥trí♥s❡❝❛s✱ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ sã♦ ✐♥✢✉❡♥❝✐❛❞❛s✳ ❈❛r❛❝t❡ríst✐❝❛s ❞❛
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❢♦♥t❡ ❞❡ ❧✉③ ❡ ❞♦s ❢♦t♦s❡♥s♦r❡s t❛♠❜é♠ sã♦ ✐♥✢✉❡♥❝✐❛❞❛s ♣❡❧❛ ✈❛r✐❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳

❊❢❡t✐✈❛♠❡♥t❡✱ ♣❛r❛ ❛ ♣r❛t❛✱ ❝♦♠♦ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣r♦✈♦❝❛

✉♠ ❝r❡s❝✐♠❡♥t♦ ♥❛ ❧❛r❣✉r❛ ❞❛ ❝✉r✈❛ ❙P❘ ❡ ✈❛r✐❛ ♦ â♥❣✉❧♦ ❞❡ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♠

✉♠❛ t❛①❛ ❞❡ −0, 05◦/◦C ❬✷✻❪✳ ■ss♦ ♣♦rq✉❡ ❛ t❡♠♣❡r❛t✉r❛ ✐♥✢✉❡♥❝✐❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ♣❛rt❡

✐♠❛❣✐♥ár✐❛ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ q✉❡ é ✉♠ ✐♥❞✐❝❛❞♦r ❞❛ ❛❜s♦rçã♦ ❞❡

❡♥❡r❣✐❛ ♣❡❧♦ ♠❛t❡r✐❛❧✳

✷✳✷✳✸ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦

❖ ♣r♦❥❡t♦ ❞❡ ✉♠ ❜✐♦✲s❡♥s♦r ❡♥✈♦❧✈❡ ❛ ❡s❝♦❧❤❛ ❞♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ✉t✐❧✐③❛❞♦ ❡

❛ ❞❡✜♥✐çã♦ ❞❡ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠ ❛ ❢♦♥t❡ ❞❡ ❧✉③ ❡ ♦s

❢♦t♦❞❡t❡❝t♦r❡s✳ ❖ ♣❡r❝✉rs♦ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡✱ s✉❛ ✐♥❝✐❞ê♥✐❛ ♥♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s

❡ ❛ r❡✢❡①ã♦ ❡♠ ❞✐r❡çã♦ ❛♦s s❡♥s♦r❡s ó♣t✐❝♦s ❞❡✈❡♠ s❡r ❛❥✉st❛❞♦s ♣♦r ♠❡✐♦ ❞♦ ❛❝♦♣❧❛♠❡♥t♦

ó♣t✐❝♦✳ ◆❡st❛ s✉❜s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞❛s s♦❧✉çõ❡s ❞✐s♣♦♥í✈❡✐s ♥♦ ▲❛❜♦r❛tór✐♦ ❞❡ ❇✐♦✲s❡♥s♦r❡s

✭❡❇■❖❙✮ ❞❛ ❯❋❈●✳ ❙ã♦ s♦❧✉çõ❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣❛r❛ ♦s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦

❛♥❣✉❧❛r ❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❱■❘

Pr♦♣♦st♦ ❡♠ ✷✵✵✸ ♣❡❧❛ ❡♠♣r❡s❛ ❱■❘✱ ♦ ❜✐♦✲❝❤✐♣ t❡♠ ♦ ♠❡s♠♦ ♥♦♠❡ ❞❛ ❡♠♣r❡s❛ ❡

✉t✐❧✐③❛ ❡❧❡♠❡♥t♦s ❞✐❢r❛t✐✈♦s ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ✭❉❖❈❊ ✲ ❉✐✛r❛❝t✐✈❡ ❖♣t✐❝❛❧ ❈♦✉♣❧✐♥❣

❊❧❡♠❡♥ts✮✳ ❖ ❉❖❈❊ é ✉♠❛ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦ ♣r♦❥❡t❛❞❛ ♣❛r❛ q✉❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③✱ ❝♦♠

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡s♣❡❝í✜❝♦✱ q✉❡ ✐♥❝✐❞❛ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ✭αi = 90o✮ s❡❥❛ r❡✢❡t✐❞♦ ❞❡

♠♦❞♦ ❛ ❝♦♥✈❡r❣✐r ♣❛r❛ ✉♠ ❢♦❝♦ f ✳ ❙❡ ✉♠ ❢❡✐①❡ ❞✐✈❡r❣❡♥t❡✱ ❝♦♠ ♦ ♠❡s♠♦ ❢♦❝♦✱ ✐♥❝✐❞✐r s♦❜r❡

♦ ❉❖❈❊✱ ❡❧❡ é r❡✢❡t✐❞♦ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❬✷✵❪✳

❉♦✐s ❉❖❈❊s sã♦ ♣♦s✐❝✐♦♥❛❞♦s s✐♠❡tr✐❝❛♠❡♥t❡ ♦♣♦st♦s à s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ❡①♣♦st❛ à

❝é❧✉❧❛ ❞❡ ✢✉①♦✱ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❤♦r✐③♦♥t❛❧ ✐❣✉❛❧ à ❞✐stâ♥❝✐❛ ❤♦r✐③♦♥t❛❧ ❞♦ ❢♦❝♦✳ ❆ ❢♦♥t❡ ❞❡

❧✉③ ❡♠✐t❡ ✉♠ ❢❡✐①❡ s♦❜r❡ ✉♠❛ ❧❡♥t❡ ❝♦❧✐♠❛❞♦r❛ ♣❛r❛ q✉❡ ❡st❡ ✐♥❝✐❞❛ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❡♠

✉♠ ❉❖❈❊ ❡ s❡❥❛ r❡✢❡t✐❞♦ ❞❡ ❢♦r♠❛ ❝♦♥✈❡r❣❡♥t❡✳ P♦r ♠❡✐♦ ❞❡ r❡✢❡①ã♦ t♦t❛❧ ❞❛ ❧✉③✱ ❡ss❡ ❢❡✐①❡

❝♦♥✈❡r❣❡♥t❡ é r❡❞✐r❡❝✐♦♥❛❞♦ ♣❛r❛ ❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ♦♥❞❡ ❞❡✈❡ ❛❝♦♥t❡❝❡r ❛ r❡ss♦♥â♥❝✐❛✳

❖ ❢❡✐①❡ r❡✢❡t✐❞♦ é ❞✐✈❡r❣❡♥t❡✱ s♦❢r❡ r❡✢❡①ã♦ t♦t❛❧ ♣❛r❛ ✐♥❝✐❞✐r s♦❜r❡ ♦ ❉❖❈❊ q✉❡ ♦ r❡✢❡t❡

❝♦♠♦ ✉♠ ❢❡✐①❡ ❞❡ r❡t❛s ♣❛r❛❧❡❧❛s ♣❡r♣❡♥❞✐❝✉❧❛r❡s ♣❛r❛ ❞❡✐①❛r ♦ s✉❜str❛t♦ ó♣t✐❝♦ s❡♠ s♦❢r❡r

✸✽



r❡✢❡①ã♦ ❬✷✵❪✳ ❯♠ ❞✐❛❣r❛♠❛ ❞❡ss❡ ❛❝♦♣❧❛♠❡♥t♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✷✳✼✳ ❆ ❢❛❜r✐❝❛çã♦

❞♦s ❡❧❡♠❡♥t♦s ❉❖❈❊ r❡q✉❡r ✉♠ ❛♣❛r❛t♦ ❞❡ ♥❛♥♦✲t❡❝♥♦❧♦❣✐❛ ❤♦❧♦❣rá✜❝❛ ♣❛r❛ ❛ ♣r♦❞✉çã♦

❞♦ ♠♦❧❞❡ ✐♥✐❝✐❛❧ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ♣r♦❥❡t♦✱ ❞❡ ♠♦❞♦ q✉❡ ❡ss❡

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

❙♣r❡❡t❛

❯♠❛ ❢♦r♠❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞❡s❡♥✈♦❧✈✐❞❛ ❡ ✐♥str✉♠❡♥t❛❞❛ ❡♠ ✶✾✾✻ ♣❡❧❛ ❚❡①❛s

■♥str✉♠❡♥ts ✭❚■✮✱ ♦ ❜✐♦✲❝❤✐♣ ❙♣r❡❡t❛ t❛♠❜é♠ ✉t✐❧✐③❛ ♦ ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✳

❆ ❚■ ♣r♦♣ôs ✉♠ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ❞❡♥♦♠✐♥❛❞♦ ❙P❘❊❊❚❆➋❊✈❛❧✉❛t✐♦♥ ❑✐t✱ ♥♦ q✉❛❧ ✉♠

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

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

❢♦r♠❛ ❛❞❡q✉❛❞❛✳ ❆ss✐♠✱ ♦ ❙P❘❊❊❚❆ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ú♥✐❝❛ ♣❡ç❛ ❞❡ ✸ ❝♠× ✵✱✼ ❝♠ × ✶✱✺

❝♠✳ ◆❡ss❡ s✐st❡♠❛ ❛ ❧✉③ é ♣♦❧❛r✐③❛❞❛ ❡ ❡♠✐t✐❞❛ ❞✐r❡t❛♠❡♥t❡ s♦❜r❡ ♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✳

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

❋✐❣✉r❛ ✷✳✽✳

❋✐❣✉r❛ ✷✳✼✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s✲
❞✉t♦r ❱■❘✳

❋✐❣✉r❛ ✷✳✽✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s✲
❞✉t♦r ❙P❘❊❊❚❆✳

◆❡ss❛ ❝♦♥✜❣✉r❛çã♦ ♦ ✉s✉ár✐♦ t❡♠ ❛❝❡ss♦ ❛♣❡♥❛s à ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ s♦❜r❡ ❛ q✉❛❧ ❞❡✈❡

♦❝♦rr❡r ❞❡♣♦s✐çã♦ ❞❡ ♠❛t❡r✐❛❧ ❜✐♦❧ó❣✐❝♦✱ ❡ ❛♦s t❡r♠✐♥❛✐s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❡❧❡trô♥✐❝♦s ♣❛r❛

❡♠✐ssã♦ ❞❡ s✐♥❛✐s ❞❡ ❝♦♥tr♦❧❡ ❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳ ❉❡ss❡ ♠♦❞♦✱ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❙P❘❊✲

❊❚❆ é ❝r✐t✐❝❛♠❡♥t❡ ❞❡♣❡♥❞❡ ❞❛ ♣❧❛t❛❢♦r♠❛ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳

❆♣❡s❛r ❞♦ ❜❡♥❡❢í❝✐♦ ❞♦ ❜❛✐①♦ ❝✉st♦ ❡ ✈♦❧✉♠❡✱ ♦s ♠❡♥♦r❡s ❞♦ ♠❡r❝❛❞♦✱ ❡st❡ ❡q✉✐♣❛♠❡♥t♦

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

♠❡♥t♦s ✐♥t❡r♥♦s ❞♦ ❙P❘❊❊❚❆✱ ❛ ♣♦s✐çã♦ ❡ ❛ ❣❡♦♠❡tr✐❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s✱ ✐♥✢✉❡♥❝✐❛♥❞♦ ♥❛

✸✾



♣♦s✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❜✐♦✲s❡♥s♦r✳

❖ ❦✐t ❞❛ ❚■✱ ❤♦❥❡ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ❙❡♥s❛t❛✱ t❡♠ ✉♠ ♠ó❞✉❧♦ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛q✉✐s✐çã♦ ❞❡

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

❙P❘❊❊❚❆✺ ♣♦ss❛ ❝♦♥tr♦❧❛r ♦ ❡q✉✐♣❛♠❡♥t♦✱ ❝♦❧❡t❛r✱ ♣r♦❝❡ss❛r ❡ ❛♣r❡s❡♥t❛r ♦s ❞❛❞♦s ❙P❘✳

❈♦♥t✉❞♦ ❡ss❡ s♦❢t✇❛r❡ é ❛♥t✐❣♦ ❡ ❧✐♠✐t❛❞♦ ❡♠ ❛♣❧✐❝❛çã♦✱ ❛❧é♠ ❞❡ s✉❜✉t✐❧✐③❛r ♦s r❡❝✉rs♦s ❞❛

♠áq✉✐♥❛ ♣♦r ♣r❡❝✐s❛r ❞♦▼✐❝r♦s♦❢t ❲✐♥❞♦✇s ✾✽ ♣❛r❛ ❢✉♥❝✐♦♥❛♠❡♥t♦✳ P♦r ✐ss♦✱ ♦s ♠ó❞✉❧♦s ❞❡

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

❛ t❡❝♥♦❧♦❣✐❛✳ ❖ ❝♦♥tr♦❧❡ é ✐♠♣❧❡♠❡♥t❛❞♦ ❡♠ ♥í✈❡❧ ❞❡ ❤❛r❞✇❛r❡ ♣♦r ♠❡✐♦ ❞❡ ❧✐♥❣✉❛❣❡♠ ❞❡

❞❡s❝r✐çã♦ ❞❡ ❤❛r❞✇❛r❡ ❡♠ ✉♠ ❛rr❛♥❥♦ ❞❡ ♣♦rt❛s ♣r♦❣r❛♠á✈❡❧ ❡♠ ❝❛♠♣♦ ✭❋P●❆ ✲ ❋✐❡❧❞

Pr♦❣r❛♠♠❛❜❧❡ ●❛t❡ ❆rr❛②✮ ❡ ❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s é r❡❛❧✐③❛❞❛ ♣♦r ✉♠ ♠ó❞✉❧♦ ❞❡ ❛q✉✐s✐çã♦

❞❛ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts ♣❛r❛ ❣❛r❛♥t✐r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡♠ t❡♠♣♦ r❡❛❧ ❬✷✼❪✳

Pr✐s♠❛ P♦❧✐♠ér✐❝♦ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❇✐♦❧ó❣✐❝❛ ✲ PP❇■❖

Pr♦♣♦st♦ ❡♠ tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s ♥♦ ♣ró♣r✐♦ ❡❇■❖❙ ❬✶✾✱ ✷✽❪ ♣❛r❛ ❞❡t❡❝çã♦ rá♣✐❞❛✱

♦ PP❇■❖ t❡♠ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❞❡s❝❛rt❛❜✐❧✐❞❛❞❡✱ ❜❛✐①♦ ❝✉st♦ ❡ ✢❡①✐❜✐❧✐❞❛❞❡✳ ❖ ❜✐♦✲❝❤✐♣

PP❇■❖ ✉t✐❧✐③❛ ✉♠ ♣r✐s♠❛ ó♣t✐❝♦ tr❛♣❡③♦✐❞❛❧ ❢❛❜r✐❝❛❞♦ ❝♦♠ ♦ ♣♦❧í♠❡r♦ ❈❖❈ ❚❖P❆❙ ✺✵✶✸✱

✉s❛♥❞♦ té❝♥✐❝❛s ❞❡ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦✳ ❖ tr❛♣é③✐♦ é ♣r♦❥❡t❛❞♦ ♣❛r❛ q✉❡ ✉♠ ❢❡✐①❡ ❞❡

❧✉③ q✉❡ ✐♥❝✐❞❛ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ à ❜❛s❡ ♠❛✐♦r s❡❥❛ r❡✢❡t✐❞♦ ♥❛ ♣❡ç❛ ♣❛r❛ ✐♥❝✐❞✐r s♦❜r❡ ♦

❝❡♥tr♦ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦✳ ❖ tr❛♣é③✐♦ é s✐♠étr✐❝♦ ❞❡ ♠♦❞♦ q✉❡ ❛ ❧✉③ r❡✢❡t✐❞❛ s❡❣✉❡ ❝❛♠✐♥❤♦

❛♥á❧♦❣♦ ❡ ❞❡✐①❛ ❛ ♣❡ç❛ ❢♦r♠❛♥❞♦ â♥❣✉❧♦ r❡t♦ ❝♦♠ ❛ ❜❛s❡ ♠❛✐♦r✳ P❛r❛ ✐ss♦✱ ❛s ❢❛❝❡s ♥ã♦

♣❛r❛❧❡❧❛s ❞❡✈❡♠ s❡r ✐♥t❡r♥❛♠❡♥t❡ ❡s♣❡❧❤❛❞❛s✳ P❛r❛ ♠❡❧❤♦r ❝♦♠♣r❡❡♥sã♦ ✈❡r ❞✐❛❣r❛♠❛ ❞❛

❋✐❣✉r❛ ✷✳✾✳

❊ss❡ t✐♣♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠ ♦s ♠♦❞♦s ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r

❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ◆♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ♦ ❢❡✐①❡ ❞❡ ❧✉③ ❞❡✈❡ ✐♥❝✐❞✐r ♥❛ ❜❛s❡ ♠❛✐♦r ❞❡

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

❈â♠❡r❛s ❞❡ ❢♦t♦❞✐♦❞♦s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ♥❛ ❝❛♣t❛çã♦ ❞❛ ❧✉③ r❡✢❡t✐❞❛✳ ◆♦ s❡❣✉♥❞♦ ❝❛s♦✱

❧❡♥t❡s ❝✐❧í♥❞r✐❝❛s ❡①t❡r♥❛s ❞❡✈❡♠ s❡r ❛❝r❡s❝❡♥t❛❞❛s ♣❛r❛ ❣❛r❛♥t✐r ✉♠ â♥❣✉❧♦ r❡t♦ ❞♦ ❢❡✐①❡

❞❡ ❧✉③ ❝♦♠ ❛ ❜❛s❡ ❞♦ tr❛♣é③✐♦✱ ♣❛r❛ q✉❡ ❛ ♠✉❞❛♥ç❛ ❞❡ ♠❡✐♦s ♥ã♦ ❝❛✉s❡ r❡✢❡①ã♦ ❞❛ ❧✉③✳ ❯♠

❡s♣❡❝trô♠❡tr♦ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞♦ ♥❛ ❞❡t❡❝çã♦ ❞❛ ❧✉③✳
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❋✐❣✉r❛ ✷✳✾✿ ❆❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ tr❛♥s❞✉t♦r PP❇■❖✳

✷✳✸ ▼♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ♣❛r❛ r❡✢❡tâ♥❝✐❛

❖ ❡st✉❞♦ t❡ór✐❝♦ ❞♦ ❙P❘ é r❡❛❧✐③❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❝❛♣❛③❡s ❞❡ ❝❛❧❝✉❧❛r

♦s r❡s✉❧t❛❞♦s ❞❡ r❡✢❡tâ♥❝✐❛ ♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✳ ❯♠ ♠♦❞❡❧♦ ♠✉✐t♦

✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ é ❞❛❞♦ ♣❡❧❛s ❡q✉❛çõ❡s ❞❡

❋r❡s♥❡❧✳

✷✳✸✳✶ ❊q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧

❊♠ ✶✽✷✶✱ ❋r❡s♥❡❧ ❝❛❧❝✉❧♦✉ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ✭r✮ ❡ tr❛♥s♠✐ssã♦ ✭t✮ ❞❡ ✉♠❛ ❧✉③

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

❡❧étr✐❝❛ ✲ ❚❊✮ q✉❛♥t♦ ❝♦♠ ♣♦❧❛r✐③❛çã♦ ♣❛r❛❧❡❧❛ ✭tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛ ✲ ❚▼✮ ❛♦ ♣❧❛♥♦ ❞❛

✐♥t❡r❢❛❝❡✳ ◆❡st❡ t❡①t♦ ❛♣❡♥❛s ❛s ❡q✉❛çõ❡s ♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ❚▼ sã♦ ❞❡s❝r✐t❛s✱ ♣♦✐s ❛♣❡♥❛s

❡ss❛ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ ♣r♦❞✉③ ❛ r❡ss♦♥â♥❝✐❛✳

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ q✉❛♥t✐✜❝❛ q✉❛♥t♦ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ❢♦✐ r❡✢❡t✐❞❛✳ P❛r❛ ❛ ❧✉③

❚▼ ♣♦❧❛r✐③❛❞❛✱ é ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ r❡✢❡t✐❞♦ Er ❡ ❛

✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ✐♥❝✐❞❡♥t❡ Ei✳ ❋r❡s♥❡❧ ♠♦str♦✉ q✉❡ ❡ss❡ ❝♦❡✜❝✐❡♥t❡ ♣♦❞❡ s❡r

❝❛❧❝✉❧❛❞♦ s❡ ❢♦r❡♠ ❝♦♥❤❡❝✐❞♦s ♦s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✭α✮ ❡ tr❛♥s♠✐ssã♦ ✭β✮ ❞❛ ❧✉③✿

rp =
Er

Ei

= |rp|ejφ =

∣∣∣∣
tg(α− β)

tg(α + β)

∣∣∣∣ ejφ ✭✷✳✸✹✮

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦ q✉❛♥t✐✜❝❛ q✉❛♥t♦ ❞❛ ❧✉③ ❢♦✐ tr❛♥s♠✐t✐❞❛ ♣❛r❛ ♦ ♦✉tr♦ ♠❡✐♦

❞❛ ✐♥t❡r❢❛❝❡✳ P❛r❛ ❛ ❧✉③ ❚▼ ♣♦❧❛r✐③❛❞❛ é ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ ❛ r❛③ã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦

❡❧étr✐❝♦ tr❛♥s♠✐t✐❞♦ ✭Et✮ ❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ✐♥❝✐❞❡♥t❡ ✭Ei✮✳ ❯t✐❧✐③❛♥❞♦ ❛s

❡q✉❛çõ❡s ❞❡ ❋r❡♥s❡❧✱ ❡ss❡ ❝♦❡✜❝✐❡♥t❡ t❛♠❜é♠ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ✉t✐❧✐③❛❞♦ ♦s â♥❣✉❧♦s ❞❡
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✐♥❝✐❞ê♥❝✐❛ ❡ tr❛♥s♠✐ssã♦ ❞❛ ❧✉③❀

tp =
Et

Ei

= |tp|ejφ =

∣∣∣∣
2 sin(α) cos(β)

sin(α + β) cos(α− β)

∣∣∣∣ ejφ, ✭✷✳✸✺✮

❆ ✈❛r✐á✈❡❧ φ r❡♣r❡s❡♥t❛ ❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ q✉❡ ♦❝♦rr❡ ❡♥tr❡ ♦ ❝❛♠♣♦ ✐♥❝✐❞❡♥t❡ ❡ ♦ ❝❛♠♣♦

r❡✢❡t✐❞♦✳ ❈♦♥t✉❞♦✱ ❛ ♠✉❞❛♥ç❛ ❞❡ ❢❛s❡ ❞❛ ❧✉③ ♥ã♦ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦s ♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦

❛♥❣✉❧❛r ❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ♣♦r ✐ss♦ ♦ ❝á❧❝✉❧♦ ❞❡ss❛ ✈❛r✐á✈❡❧ ❢♦✐ ♦♠✐t✐❞♦✳

❆ ❣r❛♥❞❡③❛ ❞❡ ✐♥t❡r❡ss❡ ♥♦ ❡st✉❞♦ ❞♦ ❡❢❡✐t♦ ❙P❘ é ❛ r❡✢❡tâ♥❝✐❛✱ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦

✭✷✳✸✸✮ ❝♦♠♦ ❛ r❛③ã♦ ❞♦ ✢✉①♦ ❧✉♠✐♥♦s♦ r❡✢❡t✐❞♦ ❡ ♦ ✐♥❝✐❞❡♥t❡✱ ♣♦❞❡♥❞♦ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ♦

q✉❛❞r❛❞♦ ❞♦ ♠ó❞✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡✳ P❛r❛ ✐♥❞✐❝❛r q✉❡ ❡ss❡ r❡s✉❧t❛❞♦ é ✈á❧✐❞♦

♣❛r❛ ✉♠❛ ❧✉③ ♠♦♥♦❝r♦♠át✐❝❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ✱ ❛ ❡q✉❛çã♦ ✭✷✳✸✸✮ ❢♦✐ r❡❡s❝r✐t❛ ❝♦♠

♦ s✉❜✲í♥❞✐❝❡ m✿

Rm,λ(α) = |rp(α)|2. ✭✷✳✸✻✮

❈♦♥t✉❞♦✱ ❛♦ s❡ tr❛t❛r ❞❡ ✉♠ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✱ ❡①✐st❡♠ ❛❧❣✉♠❛s ✐♥t❡r❢❛❝❡s q✉❡ ♣r♦♣✐✲

❝✐❛♠ r❡✢❡①ã♦ ❡ tr❛♥s♠✐ssã♦ ❞❛ ❧✉③✳ ❯♠ ú♥✐❝♦ ❢❡✐①❡ q✉❡ é tr❛♥s♠✐t✐❞♦ ♣❛r❛ ♦ s❡❣✉♥❞♦ ♠❡✐♦✱

♣♦r ❡①❡♠♣❧♦ s♦❢r❡ r❡✢❡①ã♦ ❛♦ ❛t✐♥❣✐r ❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ♦ t❡r❝❡✐r♦ ♠❡✐♦ ❡ r❡t♦r♥❛ à ♣r✐♠❡✐r❛

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

♠❡✐♦ ♦♥❞❡ s♦❢r❡rá ♠❛✐s r❡✢❡①õ❡s ❡ tr❛♥s♠✐ssõ❡s✱ ❣❡r❛♥❞♦ ✐♥ú♠❡r❛s ❝♦♠♣♦♥❡♥t❡s ❝♦♠ ♠❡♥♦r

❡♥❡r❣✐❛✳ ❆ss✐♠✱ ♦ ❢❡✐①❡ ❞❡ ❧✉③ r❡✢❡t✐❞♦ ♣❡❧♦ ❛rr❛♥❥♦✱ é ❢♦r♠❛❞♦ ♣♦r ✐♥ú♠❡r❛s ❝♦♠♣♦♥❡♥✲

t❡s r❡✢❡t✐❞❛s ❞♦ ♠❡✐♦ ✶ ❡ ♦✉tr❛s ❝♦♠♣♦♥❡♥t❡s tr❛♥s♠✐t✐❞❛s ❞♦ ♠❡✐♦ ✷✳ ❖ ♠❡s♠♦ ♣♦❞❡ s❡r

♦❜s❡r✈❛❞♦ ♣❛r❛ ♦ ❢❡✐①❡ tr❛♥s♠✐t✐❞♦ ♣❡❧♦ ❛rr❛♥❥♦✱ ♥♦ ♠❡✐♦ ✹✱ é ❢♦r♠❛❞♦ ♣♦r ❝♦♠♣♦♥❡♥t❡s

❞♦s ❢❡✐①❡s r❡✢❡t✐❞♦s ❡ tr❛♥s♠✐t✐❞♦s ♥♦s ♠❡✐♦s ❛♥t❡r✐♦r❡s✳ ❊ss❛s r❡✢❡①õ❡s ❡ r❡❢r❛çõ❡s ❡stã♦

✐❧✉str❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✳✶✵✳

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

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

❞♦s s❡♥s♦r❡s ó♣t✐❝♦s✳ P♦r ✐ss♦ ♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣r❡❝✐s❛ ❝♦♥t❡♠♣❧❛r ♦ ❝❛s♦ ♠✉❧t✐✲❝❛♠❛❞❛

❬✶✼❪✳

✹✷



❋✐❣✉r❛ ✷✳✶✵✿ ■❧✉str❛çã♦ ❞♦s ❢❡♥ô♠❡♥♦s ❞❡ r❡✢❡①ã♦ ❡ tr❛♥s♠✐ssã♦ ❞❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❡♠ ✉♠
❛rr❛♥❥♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s✳

❖ ♠♦❞❡❧♦ ♠✉❧t✐✲❝❛♠❛❞❛

❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ ❡ r❡❢r❛çã♦

❞❡ ✉♠❛ ♦♥❞❛ ó♣t✐❝❛ ✐♥❝✐❞❡♥t❡✱ ❝♦♠ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❝♦♥❤❡❝✐❞♦✱ ❡♠ ✉♠ s✐st❡♠❛ ❝♦♠ N

❝❛♠❛❞❛s ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s✱ ♦✉ s❡❥❛✱ N − 1 ✐♥t❡r❢❛❝❡s✳ ❚ê♠ s✐❞♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥❛❧✐s❛r

❛s ❝❛r❛❝t❡ríst✐❝❛s ❡ ❛ ❡①❝✐t❛çã♦ ó♣t✐❝❛ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❬✶✼✱ ✷✹❪✳

➱ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ ❡ r❡❢r❛çã♦ ❛♣❧✐❝❛♥❞♦ r❡♣❡t✐❞❛♠❡♥t❡ ❛s

❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳ ❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ♣❛r❛ ✉♠ ❛rr❛♥❥♦ ❞❡ N ❝❛♠❛❞❛s ❝♦♠ ❝♦♥st❛♥t❡

❞✐❡❧étr✐❝❛ εi ❡ ❡s♣❡ss✉r❛ di✱ s❡♥❞♦ i = 1, 2, ..., N ✱ é ❞❛❞♦ ♣♦r✿

rp =

(
M11 +M12

ky,N
εN

)
ky,1
ε1

−
(
M21 +M22

ky,N
εN

)

(
M11 +M12

ky,N
εN

)
ky,1
ε1

+
(
M21 +M22

ky,N
εN

) , ✭✷✳✸✼✮

s❡♥❞♦ Mjk ♦s t❡r♠♦s ❞❛ ❧✐♥❤❛ j ❡ ❝♦❧✉♥❛ k ❞❡ ✉♠❛ ♠❛tr✐③ ❞❡ tr❛♥s❢❡rê♥❝✐❛ M q✉❡ ❞❡♣❡♥❞❡

❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛s ❝❛♠❛❞❛s ✐♥t❡r♥❛s ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s i = 2, 3, ..., N − 1✿

M = M2.M3. · · · .MN−1 ✭✷✳✸✽✮

s❡♥❞♦

Mi =


 cos(ky,idi)

−jεi
ky,i

sin(ky,idi)

−jky,i
εi

sin(ky,idi) cos(ky,idi)


 . ✭✷✳✸✾✮

✹✸



❈♦♠ ky,i ❡①♣r❡ss♦ ❞❡ ♠♦❞♦ ❛♥á❧♦❣♦ à ❡q✉❛çã♦ ✭✷✳✷✸✮

ky,i = n1
2π

λ

√(
ni

2

n1
2
− sin2(α)

)
✭✷✳✹✵✮

❖ ✈❡t♦r ❞❡ ♦♥❞❛ ky,i ❞❡♣❡♥❞❡ ❞♦ â♥❣✉❧♦ α✱ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

ni✳ ❆ ♠❛tr✐③ tr❛♥s❢❡rê♥❝✐❛ M ❞❡♣❡♥❞❡ ❞❛s ❡s♣❡ss✉r❛s di✱ ♣♦rt❛♥t♦ rp é ❢✉♥çã♦ ❞❡ α✱ λ✱ ni(λ✮

❡ di✱ ❝♦♠ i = 1, 2, .., N ✳

❆ r❡✢❡tâ♥❝✐❛ ♣❛r❛ ♦ ❝❛s♦ ♠✉❧t✐✲❝❛♠❛❞❛ t❛♠❜é♠ é ❝❛❧❝✉❧❛❞❛ ♣♦r ♠❡✐♦ ❡q✉❛çã♦ ✭✷✳✸✸✮✳

✷✳✸✳✷ ❖ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ♠♦❞✐✜❝❛❞♦

❖ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ t❡♠ ❧✐♠✐t❛çõ❡s ❡♠ s❡✉ ✉s♦✱ ❝♦♠♦ ❛s ❞❡❣❡♥❡r❛çõ❡s ❞❡s❝r✐t❛s ♣♦r

P❤❡❧♣s ✭✶✾✾✻✮ ❬✷✾❪ ❡ ❞❡ ❇r✉✐❥♥ ✭✶✾✾✶✮ ❬✷✺❪✳ ❯♠❛ ❢♦rt❡ ❧✐♠✐t❛çã♦ ❞♦ ♠♦❞❡❧♦ é ❝♦♥s✐❞❡r❛r q✉❡

❛ ❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❢❡♥ô♠❡♥♦ ♣♦ss✉✐ ✉♠ ú♥✐❝♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❝♦♠♦ é ❡①✐❣✐❞♦ ♣❡❧♦

♠♦❞♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✳ ❖s ✜❧tr♦s ❧✉♠✐♥♦s♦s ♥♦r♠❛❧♠❡♥t❡ ✉t✐❧✐③❛❞♦s sã♦ ♣r❡❝✐s♦s ♦

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

s❡❥❛♠ ❞❡s❝♦♥s✐❞❡r❛❞❛s✳ ❈♦♥t✉❞♦✱ ♣❛r❛ s♦❧✉çõ❡s ❞❡ ❜✐♦✲tr❛♥s❞✉t♦r ❞❡ ❜❛✐①♦ ❝✉st♦✱ ❝♦♠♦

♦ ❙P❘❊❊❚❆✱ ❡ss❡s ✜❧tr♦s ♥ã♦ sã♦ ❛♣❧✐❝❛❞♦s✱ ❞❡ ♠♦❞♦ q✉❡✱ ♠❡s♠♦ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞♦ ❞❡

✐♥t❡rr♦❣❛çã♦ ❛♥❣✉❧❛r✱ ♦ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ ❡①❝✐t❛ ♦ ❢❡♥ô♠❡♥♦ ♥ã♦ é ♠♦♥♦❝r♦♠át✐❝♦✳ P❛r❛

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

♣♦r ▼❡❧è♥❞❡③ ❬✸✵❪✱ q✉❡✱ ♥❡st❡ tr❛❜❛❧❤♦✱ ❢♦✐ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❋r❡s♥❡❧ ♠♦❞✐✜❝❛❞♦✳

P❛r❛ ❝♦♥s✐❞❡r❛r ♦s ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ q✉❡ ❝♦♠♣õ❡♠ ♦ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡

❡①❝✐t❛ ♦ ❙P❘ ♥♦ ❝á❧❝✉❧♦ ❞❛ r❡✢❡tâ♥❝✐❛✱ r❡❝♦rr❡✲s❡ à ♣ró♣r✐❛ ❞❡✜♥✐çã♦ ❞❡ r❡✢❡tâ♥❝✐❛ ❡s♣❡❝tr❛❧

❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ♦s ✢✉①♦s ❞❡ ✐rr❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ

✐♥❝✐❞❡♥t❡ ✭Φi,λ✮ ❡ r❡✢❡t✐❞❛ ✭Φr,λ✮ ♥❛ ✐♥t❡r❢❛❝❡ ♠❡t❛❧✴❞✐❡❧étr✐❝♦✿

Rm,λ =
Φi,λ

Φr,λ

, ❝♦♠ Φλ =
∂Φ

∂λ
. ✭✷✳✹✶✮

❆ss✉♠✐♥❞♦✱ ❛ss✐♠✱ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❞❛ r❡✢❡tâ♥❝✐❛ ❝♦♠ r❡❧❛çã♦ ❛♦ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛✱ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ r❡✢❡tâ♥❝✐❛ r❡s✉❧t❛♥t❡ ❝♦♠♦ ❛ s♦❜r❡♣♦s✐çã♦ ❞❛s r❡✢❡tâ♥❝✐❛s

✐♥❞✐✈✐❞✉❛✐s ❞❡ ❝❛❞❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♣♦♥❞❡r❛❞❛s ♣❡❧❛ ✐♥t❡♥s✐❞❛❞❡ ρ(λ) ❞❛ ❧✉③ ♥♦ ❝♦♠✲

✹✹



♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ✿

R[λI ,λF ]
p =

∫ λF

λI

Rm,λρ(λ)dλ

∫ λF

λI

ρ(λ)dλ

, ✭✷✳✹✷✮

s❡♥❞♦ Rp ❛ r❡✢❡tâ♥❝✐❛ ♣♦❧✐❝r♦♠át✐❝❛ ♥❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ λI ❛ λF ❡ Rm,λ

❛ r❡✢❡tâ♥❝✐❛ ♠♦♥♦❝r♦♠át✐❝❛ ❞❡✈✐❞♦ ❛ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ✳

❈♦♠♦ ♦ ♠❡✐♦ s♦❜r❡ ♦ q✉❛❧ ❛ ❧✉③ ✐♥❝✐❞❡ é ❤♦♠♦❣ê♥❡♦ ❡ s❡♠✐✲✐♥✜♥✐t♦✱ t❡♠✲s❡ q✉❡ ❛ r❡✢❡❝✲

t✐✈✐❞❛❞❡ ❡ ❛ r❡✢❡tâ♥❝✐❛ s❡ ❝♦♥❢✉♥❞❡♠✱ ♣♦rt❛♥t♦ Rm ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ♦ q✉❛❞r❛❞♦ ❞♦

♠ó❞✉❧♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ❡✱ ❢♦r♠❛❧♠❡♥t❡ ❬✸✵❪✿

Rp (α, λ, n1, d1, ..., ρ(λ)) =

∫ λF

λI

Rm (α, λ, n1(λ), d1, ...) ρ(λ)dλ

∫ λF

λI

ρ(λ)dλ

, ✭✷✳✹✸✮

❡♠ q✉❡ N r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s ❞♦ ❛rr❛♥❥♦✱ ✐♥✐❝✐❛♥❞♦ ❞♦ ♣r✐s♠❛ ✭♠❡✐♦ ✶✮ ❛té ♦

♠❡✐♦ ❡①t❡r♥♦ ✭♠❡✐♦ N✮✱ λI ❡ λF s❡♥❞♦ ♦s ❧✐♠✐t❡s ✐♥✐❝✐❛❧ ❡ ✜♥❛❧ ❞❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦s

❞❡ ♦♥❞❛ ❝♦♥s✐❞❡r❛❞♦s ♥♦ ❡s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛ ❧✉③ ❡ ρ(λ) ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❞❡

❧✉③ ♣❛r❛ ❝❛❞❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ ❞❛ ❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❙P❘✳ ◆♦r♠❛❧♠❡♥t❡ ρ(λ) ♣♦❞❡

s❡r ❛♣r♦①✐♠❛❞❛ ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ❣❛✉ss✐❛♥❛✳ ➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦s í♥❞✐❝❡s ❞❡

r❡❢r❛çã♦ ❞♦s ♠❡t❛✐s ✈❛r✐❛♠ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ❧✉③ q✉❡ s❡ ♣r♦♣❛❣❛ ♥♦

♠❡✐♦✳ ◆❛ ❧✐t❡r❛t✉r❛ ❡stá ❞✐s♣♦♥í✈❡❧ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ss❛ ✈❛r✐❛çã♦ ♣❛r❛ ♦ ♦✉r♦ ❡ ❛ ♣r❛t❛

❬✸✶❪✱ ❡ss❡s sã♦ ♦s ♠❡t❛✐s ♠❛✐s ✉t✐❧✐③❛❞♦s✱ ♣♦✐s ♥❡❧❡s ♦ ❡s♣❡❝tr♦ ❞❡ ❧✉③ ✈✐sí✈❡❧ é s✉✜❝✐❡♥t❡ ♣❛r❛

q✉❡ ♦❝♦rr❛ ♦ ❙P❘ ❬✸✷❪✳

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

❝❛♠❛❞❛ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛ r❡❣✉❧❛r ❡ ❝♦♠ ❡s♣❡ss✉r❛ ❝♦♥❤❡❝✐❞❛✳ ❏á ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦✲

♥❤❡❝✐♠❡♥t♦ t❡♠ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❢♦r♠❛çã♦ ♥ã♦ ❝♦♥tr♦❧❛❞♦ ❡✱ ♣❛r❛ ❡❢❡✐t♦s ♣rát✐❝♦s✱ ❛❧❡❛tór✐♦✳

P♦r ✐ss♦ é ♥❡❝❡ssár✐♦ ❝♦♥❤❡❝❡r ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ♣♦r ♠❡✐♦ ❞♦ q✉❛❧ ❡ss❛ ♠❡♠❜r❛♥❛ é

❢♦r♠❛❞❛✳

✹✺



✷✳✹ ❈♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ❡ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❡♠ s✉✲

♣❡r❢í❝✐❡

❖ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❡♠ ✉♠❛ s✉♣❡r❢í❝✐❡ é ♦ r❡s✉❧t❛❞♦ ❞❡ ❞✐✈❡rs♦s ♣r♦❝❡ss♦s ❢ís✐❝♦s

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

r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❛❞❡rê♥❝✐❛ ❞❛s ♠♦❧é❝✉❧❛s à s✉♣❡r❢í❝✐❡✳ ❖ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rsã♦ ❡♠ s✉♣❡r✲

❢í❝✐❡s é ❞❡s❝r✐t♦ ♣♦r ◆❛❦❛♥✐s❤✐ ❬✸✸❪ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❝♦♠♣❧✐❝❛❞♦✱ ❛♣❡s❛r ❞❡ ❝♦♠✉♠✳ ❊ss❛

❛✜r♠❛çã♦ ❢♦✐ r❡✐t❡r❛❞❛ ✉♠❛ ❞é❝❛❞❛ ❞❡♣♦✐s ♣♦r ❘❛❜❡ ❬✷❪✳

➱ ♣♦r ♠❡✐♦ ❞❡ss❡ ♣r♦❝❡ss♦ q✉❡ ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ é ❢♦r♠❛❞❛ s♦❜r❡ ♦ ✜❧♠❡

♠❡tá❧✐❝♦ ❞♦ ❛rr❛♥❥♦✳ P❛r❛ ✐ss♦ é ♥❡❝❡ssár✐♦ q✉❡ ❛ s✉❜stâ♥❝✐❛ ❞❛ ♠❡♠❜r❛♥❛ t❡♥❤❛ ❛✜♥✐❞❛❞❡

❝♦♠ ❛s ♣❛rtí❝✉❧❛s ♠❡tá❧✐❝❛s✳ ❊♠ ✉♠❛ ❛♣❧✐❝❛çã♦ ❞❡ tr❛♥s❞✉çã♦ ❙P❘ sã♦ ✉t✐❧✐③❛❞❛s s♦❧✉çõ❡s

❝♦♠ s✉❜stâ♥❝✐❛s q✉❡ tê♠ ❛✜♥✐❞❛❞❡ ❛♣❡♥❛s ❝♦♠ ♦ ♠❡t❛❧✱ ❝♦♠ ♣♦✉❝❛ ♦✉ ♥❡♥❤✉♠❛ ✐♥t❡r❛çã♦

❞❡ ❛❞s♦rçã♦ ❡♥tr❡ s✐✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦ ❤á ❡♠♣✐❧❤❛♠❡♥t♦ ❞❡ ♠♦❧é❝✉❧❛s ❡ ✉♠❛ ú♥✐❝❛ ❝❛♠❛❞❛

é ❢♦r♠❛❞❛✱ ❞❡♥♦♠✐♥❛❞❛ ♠♦♥♦❝❛♠❛❞❛✳

❆ ❢♦r♠❛çã♦ ❞❛ ♠♦♥♦❝❛♠❛❞❛ ♥ã♦ ❛❝♦♥t❡❝❡ ❞❡ ❢♦r♠❛ ♦r❞❡♥❛❞❛✱ ♦ q✉❡ ❣❡r❛ ❧❛❝✉♥❛s ❝♦♠

❡s♣❛ç♦ ✐♥s✉✜❝✐❡♥t❡ ♣❛r❛ ✉♠❛ ♥♦✈❛ ♠♦❧é❝✉❧❛✱ ❞❡ ♠♦❞♦ ❛ ♥ã♦ s❡r❡♠ ♣r❡❡♥❝❤✐❞❛s✳ ❚❛♠❜é♠

♦❝♦rr❡♠ ♣r♦❝❡ss♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛ ♠♦❧é❝✉❧❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ s✉♣❡r❢í❝✐❡s✱ ✐♥t❡r❛çõ❡s ❡❧é✲

tr✐❝❛s✱ r♦t❛çã♦✱ ❞❡ss♦rçã♦✱ ❡♥tr❡ ♦✉tr♦s ♣r♦❝❡ss♦s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ❝❛♠❛❞❛ r❡s✉❧t❛♥t❡✳

❆❧❣✉♥s ❞❡ss❡s ♣r♦❝❡ss♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✷✳✶✶❛✲❜✳

❆ss✐♠✱ ❛ ❝❛♠❛❞❛ ❢♦r♠❛❞❛ ♥ã♦ é ❤♦♠♦❣ê♥❡❛✱ ✉♥✐❢♦r♠❡✱ ♥❡♠ r❡❣✉❧❛r ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✶✶❝✲❞✳ ❉❡ ♠♦❞♦ q✉❡ s✉❛ ❡s♣❡ss✉r❛ ♥ã♦ é ❜❡♠ ❞❡✜♥✐❞❛✳ P❛r❛ ♠❡❧❤♦r ❝❛r❛❝t❡r✐③❛r

❡ss❛ ♠❡♠❜r❛♥❛✱ é ✉t✐❧✐③❛❞♦ ♦ ❝♦♥❝❡✐t♦ ❞❡ ❝♦❜❡rt✉r❛ ❞❛ s✉♣❡r❢í❝✐❡✱ q✉❡ q✉❛♥t✐✜❝❛ ❛ ❢r❛çã♦

❞❛ s✉♣❡r❢í❝✐❡ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ❛❞s♦rçã♦ ✭❛❜s♦r✈❡♥t❡✮ ♦❝✉♣❛❞❛ ❝♦♠ ♦ ♠❛t❡r✐❛❧ ❛ s❡r ❛❞s♦r✈✐❞♦

✭❛❜s♦r❜❛t♦✮✿

Θ =
r❡❣✐ã♦ ♦❝✉♣❛❞❛
r❡❣✐ã♦ ❞✐s♣♦♥í✈❡❧

=
Va

Vm

=
ma

mm

, ✭✷✳✹✹✮

s❡♥❞♦ Va ♦ ✈♦❧✉♠❡ ❞♦ ❛❜s♦r❜❛t♦ ❛❞❡r✐❞♦✱ Vm ♦ ✈♦❧✉♠❡ ♠á①✐♠♦ ❞❡ ❛❜s♦r❜❛t♦ ❡♠ ✉♠❛

♠♦♥♦❝❛♠❛❞❛✱ma ♦ ♥ú♠❡r♦ ❞❡ ♠♦❧❡s ❛❞❡r✐❞♦s ❡mm ♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ♠♦❧❡s ❞♦ ❛❜s♦r❜❛t♦

❡♠ ✉♠❛ ♠♦♥♦❝❛♠❛❞❛✳ ❙❡♥❞♦ Θ = 0 q✉❛♥❞♦ ♥ã♦ ❤á ❢♦r♠❛çã♦ ❞❡ ❝❛♠❛❞❛ ❡ Θ = 1 ♣❛r❛ ♦

❝❛s♦ ✐❞❡❛❧ ❡♠ q✉❡ t♦❞❛ ❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ é ❝♦❜❡rt❛✳

✹✻



❋✐❣✉r❛ ✷✳✶✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ♥ã♦ ❤♦♠♦❣ê♥❡❛ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦
❞♦ tr❛♥s❞✉t♦r ❙P❘ ✭❛✮ ✈✐st❛ ❧❛t❡r❛❧ ❞❛s ♠♦❧é❝✉❧❛s r❡❝é♠ ❛❞s♦r✈✐❞❛s❀ ✭❜✮ r❡♣r❡s❡♥t❛çã♦ ❞❡
❛❧❣✉♥s ❢❡♥ô♠❡♥♦s ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛✱ s❡♥❞♦ ✶✲ ♣❡q✉❡♥❛ ❞❡❢♦r♠❛çã♦✱ ✷✲ ❞❡❢♦r♠❛çã♦✱
✸✲ ❞❡ss♦rçã♦✱ ✹✲r♦t❛çã♦✱ ✺✲ s❡♠ ✈❛r✐❛çã♦❀ ✭❝✮ ✈✐st❛ ❧❛t❡r❛❧ ❛♣ós ❞❡♣♦s✐çã♦ ❞❡ ❛♥t✐❝♦r♣♦s❀
✭❞✮ ✈✐st❛ s✉♣❡r✐♦r ❛♣ós ❞❡♣♦s✐çã♦ ❞❡ ❛♥t✐❝♦r♣♦s ✭❡✮ ✐♠❛❣❡♠ ♠✐❝r♦s❝ó♣✐❝❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛
♥ã♦✲❤♦♠♦❣ê♥❡❛ ❞❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛✳

Pr✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ❛s ♣r♦t❡í♥❛s ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ s♦❢t ♣♦r s♦❢r❡r❡♠ ❣r❛♥❞❡ ❞❡❢♦r♠❛çã♦

❡♠ ❝♦♥t❛t♦ ❝♦♠ s✉♣❡r❢í❝✐❡s ❬✸✸❪ ❛ ✐♥❢♦r♠❛çã♦ ❞❡ ❝♦❜❡rt✉r❛ é ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛✱ ♣♦✐s ♥❡♠ ♦

❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ ❞♦ ❢♦r♠❛t♦ ❞❛ ♠♦❧é❝✉❧❛ ❛✉①✐❧✐❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛✲

♠❛❞❛✳ ❆s ♣r♦t❡í♥❛s ✉t✐❧✐③❛❞❛s ❛ ♣❛rt❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ss❡ tr❛❜❛❧❤♦✱ ♥❡✉tr❛✈✐❞✐♥❛✱ ❛❧❜✉♠✐♥❛

❜♦✈✐♥❛ ❡ ❤❡♠♦❣❧♦❜✐♥❛ sã♦ ❞♦ t✐♣♦ s♦❢t✳

❈♦♥t❡♠♣❧❛r ❝❛❞❛ ✉♠ ❞♦s ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❛✉♠❡♥t❛ ❛

❝♦♠♣❧❡①✐❞❛❞❡ ❞❡ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣❛r❛ ❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦✳ ❈♦♠♦ ♦ ♦❜❥❡t✐✈♦

❞❡ss❡ tr❛❜❛❧❤♦ ♥ã♦ é ♦ ❡st✉❞♦ ❞❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦ ❡♠ s✐✱ ❛♣❡♥❛s ♠♦❞❡❧♦s ♠❛✐s s✐♠♣❧❡s

❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❛ s❡❣✉✐r✳

■s♦t❡r♠❛ ❞❡ ▲❛♥❣♠✉✐r

❆ ❞❡s❝r✐çã♦ ♠❛✐s s✐♠♣❧❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❡♠ ♠♦♥♦❝❛♠❛❞❛ é ❛ ✐s♦t❡r♠❛ ❞❡

▲❛♥❣♠✉✐r ❬✸✹❪✱ q✉❡ ❝♦♥s✐❞❡r❛ ❛s ♠♦❧é❝✉❧❛s ❝♦♠♦ ❡s❢ér✐❝❛s q✉❡ s♦❢r❡♠ ❛♣❡♥❛s ❛❞s♦rçã♦ ♦✉

❞❡s♦rçã♦ q✉❛♥❞♦ ❡♠ ❝♦♥t❛♥t♦ ❝♦♠ ✉♠❛ s✉♣❡r❢í❝✐❡✳ ◆ã♦ ❤á ❝♦♥s❡♥s♦ ❡♥tr❡ ♦s ♣❡sq✉✐s❛❞♦r❡s

❞❡ ✉♠❛ ✐s♦t❡r♠❛ ✐❞❡❛❧ ♣❛r❛ ❛ ❛❞s♦rçã♦✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ✐s♦t❡r♠❛ ❞❡ ▲❛♥❣♠✉✐r ❢♦✐ ❡s❝♦❧❤✐❞♦
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♣♦r s✉❛ s✐♠♣❧✐❝✐❞❛❞❡ ♠❛t❡♠át✐❝❛✳ ❆ ✐s♦t❡r♠❛ ❞❡ ▲❛♥❣♠✉✐r ❝♦♥s✐❞❡r❛ q✉❡ ❤á ✉♠❛ ❛❞s♦rçã♦

❞❛s ♠♦❧é❝✉❧❛s ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ✭Θ✮✱ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ s♦❧✉çã♦ ✭cS✮ ❡

❞❡ ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛ ✭kon✮✿

dΘ

dt
= koncS [1−Θ(t)] ✭✷✳✹✺✮

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

❛❞❡r✐❞❛s sã♦ ♣❡r❞✐❞❛s✱ ♦ q✉❡ s❡ ❞❡♥♦♠✐♥❛ ❞❡ss♦rçã♦✳ ❊ss❛ ♣❡r❞❛ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ ❝❛♠❛❞❛

❥á ❢♦r♠❛❞❛ ✭Θ✮ ❡ ❞❡ ✉♠❛ ❝♦♥st❛♥t❡ ❞❡ ♣❡r❞❛ ✭koff ✮✿

dΘ

dt
= −koffΘ(t). ✭✷✳✹✻✮

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

❡q✉❛çã♦ ✭✷✳✹✺✮✱ ❡ ❞❡ss♦rçã♦✱ ✭✷✳✹✻✮✱ r❡s✉❧t❛♥❞♦ ❡♠✿

dΘ

dt
= koncS [1−Θ(t)]− koffΘ(t) ✭✷✳✹✼✮

❆s ❝♦♥st❛♥t❡s ❞❛ ✐s♦t❡r♠❛ ♣♦❞❡♠ s❡r ❡s❝r✐t❛s ❝♦♠♦ ❢✉♥çõ❡s ❞❛ ❝♦❜❡rt✉r❛ ♣❛r❛ ❝♦♥s✐❞❡r❛r

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

kon,off = f(Θ) ✭✷✳✹✽✮

❖ t❡r♠♦ [1−Θ(t)] ♥❛ ❡q✉❛çã♦ ✭✷✳✹✼✮ r❡♣r❡s❡♥t❛ ❛ r❡❞✉çã♦ ❝♦♥tí♥✉❛ ❞❡ r❡❣✐õ❡s ❞✐s♣♦♥í✈❡✐s

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

❝♦❜❡rt✉r❛ Φ(Θ) ♣❛r❛ t♦r♥❛r ♦ ♠♦❞❡❧♦ ♠❛✐s ❝♦♠♣❧❡t♦✳ ❯t✐❧✐③❛r ❡ss❛ ❢✉♥çã♦ ❞❡ s✉♣❡r❢í❝✐❡ é

✉♠❛ ❢♦r♠❛ ❡✜❝✐❡♥t❡ ♣❛r❛ ♦❜t❡r ✉♠❛ ✐s♦t❡r♠❛ ♠❛✐s ♣r❡❝✐s❛ ♣❛r❛ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s s❡♠

❡❧❡✈❛r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦✳

❖ ♠♦❞❡❧♦ ❞❡ ❛❞s♦rçã♦ s❡q✉❡♥❝✐❛❧ ❛❧❡❛tór✐❛ ✭r❛♥❞♦♠ s❡q✉❡♥t✐❛❧ ❛❞s♦r♣t✐♦♥ ✲ ❘❙❆✮ é ♠✉✐t♦

✉t✐❧✐③❛❞♦ ♣❛r❛ ❡ss❛ ❢✉♥çã♦ ❞❛ ❝♦❜❡rt✉r❛ Φ(Θ) ❬✷❪✳ ❊st❡ ❝♦♥s✐❞❡r❛ q✉❡ ✉♠❛ ♠♦❧é❝✉❧❛ só ❛❞❡r❡

à ❝❛♠❛❞❛ s❡ ♥ã♦ ❤♦✉✈❡r s♦❜r❡♣♦s✐çã♦ ❝♦♠ ✉♠❛ ♠♦❧é❝✉❧❛ ❥á ❛❞❡r✐❞❛✳ P❛r❛ ❡ss❡ ♠♦❞❡❧♦✱ ❛

❢✉♥çã♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞✐s♣♦♥í✈❡❧ ΦRSA(Θ) é ❝❛❧❝✉❧❛❞❛ ♣♦r✿
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ΦRSA(Θ) =

(
1− Θ

Θj

)3

1− 0, 812
(

Θ
Θj

)
+ 0, 2336

(
Θ
Θj

)2
+ 0, 0845

(
Θ
Θj

)3 ✭✷✳✹✾✮

❖s ♣❛râ♠❡tr♦s ❞❛ ❡q✉❛çã♦ sã♦ ❛❥✉s❛t❛❞♦s ❡♠♣✐r✐❝❛♠❡♥t❡✳ ❖ ✈❛❧♦r ♠á①✐♠♦ ❞❛ ❛t✐♥❣✐❞♦

♣❡❧❛ ❝♦❜❡rt✉r❛ ✭Θj✮✱ q✉❛♥❞♦ ❤á s❛t✉r❛çã♦ ❞❛ ❝❛♠❛❞❛✱ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ❞✐s❝♦s só❧✐❞♦s

❝♦♠♦ ♠♦❞❡❧♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❘❙❆✱ ♦❜t❡♥❞♦ Θj = 54, 7%

❬✷❪✳ ▼♦❞❡❧♦s ♠❛✐s ♣r❡❝✐s♦s ♣♦❞❡♠ s❡r ♦❜t✐❞♦s ❛♦ ❝♦♥s✐❞❡r❛r ♦ ❢♦r♠❛t♦ ♥ã♦ ❡s❢ér✐❝♦ ❞❛s

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

❡♠ q✉❡ ♣♦s✐çã♦ ❡❧❛ ❛❞❡r❡ à s✉♣❡r❢í❝✐❡✳

✷✳✺ ❈♦♥s✐❞❡r❛çõ❡s ●❡r❛✐s

❆ ❛♣❧✐❝❛çã♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♠♦ té❝♥✐❝❛ ❞❡ tr❛♥s❞✉çã♦ ♣❛r❛

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

♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠❛r❝❛❞♦r❡s✳ ❈♦♥t✉❞♦✱ ❡ss❡ tr❛♥s❞✉t♦r é ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ♣r♦❝❡ss♦

❞❡ ❛❞s♦rçã♦ q✉❡ ♦❝♦rr❡ ♥♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ♣❛r❛ ❢♦r♠❛r ❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✳

❊ss❡ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦✱ é ❝♦♠♣❧❡①♦ ❬✷✱ ✸✸❪ ❡ ♥ã♦ ❝♦♥tr♦❧❛❞♦✱ ♣♦r ✐ss♦ ♣r❡❝✐s❛ s❡r ♠♦♥✐✲

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

❞❡♣❡♥❞❡ ♦ tr❛♥s❞✉t♦r✳

❊ss❡ ♠♦♥✐t♦r❛♠❡♥t♦ t❛♠❜é♠ ♣♦❞❡ ❛❥✉❞❛r ❛✿ ❞❡t❡r♠✐♥❛r ♦ ✐♥st❛♥t❡ ❞❡ tér♠✐♥♦ ❞❛ ❢♦r✲

♠❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✱ ❞❡ ♠♦❞♦ ❛ ❝❡ss❛r ❛ ❛♣❧✐❝❛çã♦ ❞❡ ♠❛t❡r✐❛❧ ❜✐♦❧ó❣✐❝♦

❡ r❡❞✉③✐r ❝✉st♦s❀ ✈❡r✐✜❝❛r ♦ ❡st❛❞♦ ❞❡ ❧✐♠♣❡③❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❛♥t❡s ❞❡ s❡✉ ✉s♦❀ ❞❡t❡❝t❛r

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

❈♦♥t✉❞♦✱ ❛♣❡s❛r ❞❡ ❡①✐st✐r❡♠ ❡q✉❛çõ❡s ❝♦♥s♦❧✐❞❛❞❛s ♣❛r❛ s✐♠✉❧❛r ❛ r❡✢❡tâ♥❝✐❛ ❞✉r❛♥t❡

❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❡ ✐♥ú♠❡r♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ♣❛r❛ ❛ ❛❞s♦rçã♦✱

♥ã♦ ❤á ❞✐s♣♦♥í✈❡❧ ♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠♦ ❛ss♦❝✐❛r ❡ss❡s ♠♦❞❡❧♦s ❡ s✐♠✉❧❛r ❛ r❡ss♦♥â♥❝✐❛ ❛♦ ❧♦♥❣♦

❞♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❡ ❣❡r❛r ✉♠ s❡♥s♦r❣r❛♠❛ ❡s♣❡r❛❞♦✳

P♦r ❡ss❡ ♠♦t✐✈♦ ♦ ❡st✉❞♦ ❞❡s❝r✐t♦ ♥❡st❡ ❞♦❝✉♠❡♥t♦ ❢♦✐ ✐♥✐❝✐❛❞♦ ❝♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

❞❡ ✉♠ ♠♦❞❡❧♦ ♣❛r❛ ♦ ❙P❘ q✉❡ ❝♦♥t❡♠♣❧❡ ❝❛♠❛❞❛s ✐rr❡❣✉❧❛r❡s ♥♦ ❛rr❛♥❥♦✱ ❝♦♠♦ ❛ ❝♦❜❡rt✉r❛

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

✹✾



❡ss❡ ♠♦❞❡❧♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ❡♠ ✉♠ ❡st✉❞♦ ❞❛ ❝♦❜❡rt✉r❛ q✉❡ ❛✉①✐❧✐♦✉ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡

✉♠ ♠ét♦❞♦ ❞❡ ♠❡♥s✉r❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛ ❡♠ ✉♠ tr❛♥s❞✉t♦r ❙P❘✳

✺✵



❈❛♣ít✉❧♦ ✸

❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

❙ã♦ ❛♣r❡s❡♥t❛❞❛s ❛q✉✐ r❡✈✐sõ❡s ❞♦s ❡st✉❞♦s r❡❛❧✐③❛❞♦s ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s ❡t❛♣❛s ❞♦ ♠♦❞❡❧♦

♣r♦♣♦st♦ ♣❛r❛ s✐♠✉❧❛çã♦ ❞♦ ❜✐♦✲s❡♥s♦r ❙P❘✿ tr❛♥s♣♦rt❡ ❞❡ ✢✉✐❞♦s✱ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s✱

s✐♠✉❧❛çõ❡s ❙P❘ ❡ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐✲

♠❡♥t♦✳

✸✳✶ ❚r❛♥s♣♦rt❡ ❞❡ ✢✉✐❞♦s

❉❡✈✐❞♦ à q✉❛♥t✐❞❛❞❡ ❞❡ ✢✉✐❞♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ❞❡t❡❝çã♦ ♣♦r ❜✐♦✲s❡♥s♦r ❙P❘✱ ♦ tr❛♥s♣♦rt❡

❞❡ ✢✉✐❞♦s é ❡st✉❞❛❞♦ ♣♦r ♠❡✐♦ ❞❡ s✐st❡♠❛s ♠✐❝r♦✢✉í❞✐❝♦s✳ ❆ ❝♦♠❜✐♥❛çã♦ ❞❛ ❡q✉❛çã♦ ❞❡

✢✉①♦ ❝♦♥✈❡❝t✐✈♦ ❞✐❢✉s✐✈♦ ✭❊❈❉✮ ❝♦♠ ❛ ❡q✉❛çã♦ ❤✐❞r♦❞✐♥â♠✐❝❛ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ✭❊◆❙✮ é

✉t✐❧✐③❛❞❛ ♣❛r❛ tr❛t❛r ❡ss❡ t✐♣♦ ❞❡ s✐st❡♠❛✳ ❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡♠♣♦r❛❧✱ ❛ ❞✐str✐❜✉✐çã♦

❡s♣❛❝✐❛❧ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ s♦❧✉t♦ ❡ ♦ ♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✉♠ s✐st❡♠❛ ♠✐❝r♦✢ú✐❞✐❝♦

♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞♦s ♣♦r ♠❡✐♦ ❞❡ss❛s ❡q✉❛çõ❡s ❬✸✹❪✳

❈♦♥t✉❞♦✱ ❛ s♦❧✉çã♦ ❞❡ss❛s ❡q✉❛çõ❡s ♥ã♦ é tr✐✈✐❛❧✳ ❆ ❞❡✜♥✐çã♦ ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞❡

❝♦♥t♦r♥♦ ❛❞✐❝✐♦♥❛ ❣r❛♥❞❡ ❝♦♠♣❧❡①✐❞❛❞❡ ❛♦ ♣r♦❜❧❡♠❛ ♣♦r ❞❡♣❡♥❞❡r❡♠ ❞♦s ♣r♦❝❡ss♦s ❢ís✐❝♦s ❡

❜✐♦q✉í♠✐❝♦s ♥❛s s♦❧✉çõ❡s✳ ❖ s✐st❡♠❛ s❡ t♦r♥❛ ❛✐♥❞❛ ♠❛✐s ❝♦♠♣❧❡①♦ ❡♠ ❝❛s♦s q✉❡ ❡♥✈♦❧✈❡♠

✉♠❛ r❡❣✐ã♦ ❛t✐✈❛ ❞❡ ✐♥t❡r❛çã♦ ♠♦❧❡❝✉❧❛r✱ q✉❡ é ♦ ❝❛s♦ ❞❛ r❡❣✐ã♦ s❡♥sí✈❡❧ ❡♠ ✉♠ ❜✐♦✲s❡♥s♦r

❙P❘✳

P♦r ✐ss♦✱ ♦s s✐st❡♠❛s ♠✐❝r♦✢✉í❞✐❝♦s tê♠ ❛tr❛í❞♦ ❛ ❛t❡♥çã♦ ❞❡ ♣❡sq✉✐s❛❞♦r❡s ♣♦r ❞é❝❛❞❛s✳

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



❙P❘✿

• ❊♠ ✶✾✽✹ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ tr❛t❛♠❡♥t♦ ♠❛t❡♠át✐❝♦ ♣❛r❛ tr❛♥s♣♦rt❡ ❞✐❢✉s✐✈♦✲❝♦♥✈❡❝t✐✈♦

❞❡ í♦♥s ❡♠ ❝❛♥❛✐s r❡t❛♥❣✉❧❛r❡s ❬✸✺❪❀

• ❊♠ ✶✾✾✶ ❛♣r♦①✐♠❛çõ❡s ❡ ❝♦♥❝❡✐t♦s ❛♥❛❧ít✐❝♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ q✉❛♥t✐✜❝❛r ♦ tr❛♥s✲

♣♦rt❡ ❞❡ s♦❧✉t♦ ❡♠ ❝❛♥❛❧ ❞❡ ✢✉①♦ ♠✐❝r♦✢✉í❞✐❝♦ ❬✸✻❪❀

• ❊♠ ✶✾✾✾ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ❞❡ ♠♦❧é❝✉❧❛s ❢♦✐ ❞❡t❡r♠✐♥❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠ s❡♥s♦r✲

❚✱ ♠✐❝r♦✢✉✐❞✐❝♦✱ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ✉♠ ♠ét♦❞♦ ó♣t✐❝♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ ♣❛rtí❝✉❛s ❬✸✼❪❀

• ❊♠ ✷✵✵✸ ❡ ✷✵✵✹ ✐♥✈❡st✐❣❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ♠✐❝r♦✢✉①♦ ❢♦r❛♠ r❡❛❧✐③❛❞❛s r❡✈❡❧❛♥❞♦

❞✐s❝r❡♣â♥❝✐❛s s✐❣♥✐✜❝❛t✐✈❛s ❝♦♠ ♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛s ❝♦♥❞✐çõ❡s

❞❡ ❢r♦♥t❡✐r❛ ❬✸✽❪✳ ❋♦r❛♠ ❛✈❛❧✐❛❞♦s ♦s ❡❢❡✐t♦s ❞❡ ❝❛♠❛❞❛s ❧✐♠✐t❡s✱ ❛s ♦s❝✐❧❛çõ❡s ❞❡ ✢✉①♦

❡ ♠♦✈✐♠❡♥t❛çõ❡s ❞❡ ✢✉①♦✱ ♣❛r❛ ❝❛♠❛❞❛s ♠❡♥♦r❡s q✉❡ ✺ µm ♦ ♣❡r✜❧ ♣❛r❛❜ó❧✐❝♦ ❞❡

✢✉①♦ ❢♦✐ ✈❛❧✐❞❛❞♦ ❬✸✾✱ ✹✵❪✳

• ❆✐♥❞❛ ❡♠ ✷✵✵✹ ❢♦✐ ❞✐✈✉❧❣❛❞❛ ✉♠❛ s♦❧✉çã♦ ❞❛ ❊❈❉ ♣❛r❛ ✉♠ ❡❧❡tr♦❞♦ ❞❡ ❞✐s❝♦ r♦t❛t✐✈♦

♣♦r ♠❡✐♦ ❞❡ sér✐❡s ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ❬✹✶❪✳

• ❊♠ ✷✵✵✼ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ ♠ét♦❞♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡r♦s ❞❡

tr❛♥s♣♦rt❡ ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞❛s ♣❛r❡❞❡s ❞❡ ✉♠ ♠✐❝r♦❝❛♥❛❧ ❬✹✷❪✳ ❖ ♣r♦❝❡ss♦ ❝♦♥✈❡t✐✈♦

♣ró①✐♠♦ às ♣❛r❡❞❡s r❡✈❡❧♦✉ ✉♠ ♣❡r✜❧ ❞❡ ✢✉①♦ ♣❛r❛❜ó❧✐❝♦ ❝♦♠ ❞✐st♦rçõ❡s✱ ✐♥❞✐❝❛♥❞♦

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

✉♠ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦ ❬✹✸❪✳

• ❊♠ ✷✵✵✾ ✉♠ ♠ét♦❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ♣❛r❛ ♠❡❞✐r ❛ ❞✐❢✉sã♦ ♠út✉❛ ❞❡ s♦❧✉✲

çõ❡s ♠♦❧❡❝✉❧❛r❡s ❡♠ ✉♠ s✐st❡♠❛ ♠✐❝r♦✢✉✐❞✐❝♦ ❬✹✹❪✳

• ❊♠ ✷✵✶✺ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ ♠ét♦❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡ tr❛♥s♣♦rt❡✱

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

♠ét♦❞♦ ♣❛r❛ ❛✈❛❧✐❛r ❛s ❝♦♥st❛♥t❡s ❝✐♥ét✐❝❛s ❡ t❡r♠♦❞✐♥â♠✐❝❛s ❞❡ ❧✐❣❛çõ❡s ❞❡ s✉❜stâ♥✲

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

s❡♥♦sr ❙P❘ ❬✸✹❪✳

✺✷



✸✳✷ ❆❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s

◆ã♦ ❤á ❞ú✈✐❞❛s q✉❡ ❛ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s é ✉♠ ❢❡♥ô♠❡♥♦ ❝♦♠✉♠✳ ❙❡♠♣r❡ q✉❡ ♣r♦t❡í✲

♥❛s ❡♥tr❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ s✉♣❡r❢í❝✐❡s só❧✐❞❛s✱ ♠✉✐t♦ ♣r♦✈❛✈❡❧♠❡♥t❡ ❤❛✈❡rá ❛ ❛❞s♦rçã♦ ❬✹✺❪✳

❈♦♥t✉❞♦✱ é ✉♠ ❢❡♥ô♠❡♥♦ ❞❡ ✧❛❧t❛ ❝♦♠♣❧❡①✐❞❛❞❡✧ ❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛❬✷❪✳ P♦r ❡ss❡ ♠♦t✐✈♦

❛ ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s ✈❡♠ ❛tr❛✐♥❞♦ ❛ ❛t❡♥çã♦ ❞❡ ♣❡sq✉✐s❛❞♦r❡s ❤á ♠❛✐s ❞❡ ✉♠ sé❝✉❧♦✿

• ❊♠ ✉♠ ❡①t❡♥s♦ tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ❞✉❛s ♣❛rt❡s ✭✶✾✶✻ ❡ ✶✾✶✽✮ ▲❛♥❣♠✉✐r ❢❛③ ✉♠

❡st✉❞♦ t❡ór✐❝♦ ❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❧íq✉✐❞♦s ❡ só❧✐❞♦s ❡♥❢❛t✐③❛♥❞♦ ❛s

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

♠♦❧é❝✉❧❛s ♣❛r❛ ❛ ❛❞s♦rçã♦ ❞❡ ❧íq✉✐❞♦s ❡♠ só❧✐❞♦s ❬✹✻✱ ✹✼❪❀

• ❊♠ ✶✾✶✽ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠❛ t❡♦r✐❛ ❞❡ ❛❞s♦rçã♦ ❞❡ ❣❛s❡s ❡♠ s✉♣❡r❢í❝✐❡s só❧✐❞❛s✱ ♥❡st❡

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

♠✐❝❛✱ ❡ ♣❧❛t✐♥❛✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠♣r♦✈❛♠ ❛ ❢♦r♠❛çã♦ ❞❡ ♠♦♥♦❝❛♠❛❞❛s

❡♠ s✉♣❡r❢í❝✐❡s só❧✐❞❛s ❬✹✽❪❀

• ❊♠ ✶✾✸✷ ▲❛♥❣♠✉✐r ❞❡s❡♥✈♦❧✈❡✉ ✉♠❛ t❡♦r✐❛ ♣❛r❛ ❛ ❛❞s♦rçã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ ❣ás ❡♠

✉♠❛ s✉♣❡r❢í❝✐❡✱ ❡ss❛ t❡♦r✐❛ q✉❡ ❝♦♥s✐❞❡r❛ ❛♣❡♥❛s ❛ ❛❞s♦rçã♦ ❡ ❛ ❞❡s♦rçã♦ ❞❛s ♠♦❧é❝✉❧❛s

♥❛ s✉♣❡r❢í❝✐❡ é ❛ ❢❛♠♦s❛ ■s♦t❡r♠❛ ❞❡ ❛❞s♦rçã♦ ❞❡ ▲❛♥❣♠✉✐r ❬✹✾❪❀

• ❊♠ ✶✾✸✼ ▲❛♥❣♠✉✐r ♣✉❜❧✐❝♦✉ ❛❧❣✉♥s tr❛❜❧❤♦s ❝♦♠♣r♦✈❛♥❞♦ q✉❡ ✉♠❛ ♠♦♥♦❝❛♠❛❞❛

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

❡ss❡ r❡s✉❧t❛❞♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♠❡❞✐r ❛ ❡s♣❡ss✉r❛ ❞❛ ♠♦♥♦❝❛♠❛❞❛ ❬✺✵❪❀

• ❆✐♥❞❛ ❡♠ ✶✾✸✼ ▲❛♥❣♠✉✐r ♣✉❜❧✐❝♦✉ ♠ét♦❞♦s ♣❛r❛ ❝♦♥❞✐❝✐♦♥❛r ✉♠❛ s✉♣❡r❢í❝✐❡ ♣❛r❛

❛❞s♦rçã♦ ❬✺✶❪❀

• ❊♠ ✶✾✸✾ ♦s ♠ét♦❞♦s ❞❡ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ♠♦♥♦❝❛♠❛❞❛✱ ❜❡♠ ❝♦♠♦ s✉❛ ❡str✉t✉r❛ ❡

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

❛♥✐s♦tr♦♣✐❛✱ ❝♦♠♣r❡ss✐❜✐❧✐❞❛❞❡ ❡ ✐♥s♦❧✉❜✐❧✐❞❛❞❡ ❬✺✷❪❀

• ❊♠ ✶✾✽✵ ▲❡♦ ❱r♦♠❛♠ ❡t✳ ❛❧✳ ❡st✉❞♦✉ ❛ ❛❞s♦rçã♦ ❞❡ ❛♠♦str❛s ❞❡ s❛♥❣✉❡ ❡ ❡①♣❧✐❝♦✉✱

♣♦r ♠❡✐♦ ❞♦ ❤♦❥❡ ❝♦♥❤❡❝✐❞♦ ❊✜t♦ ❱r♦♠❛♠✱ ❞✐s❝r❡♣â❝✐❛s ♦❜s❡r✈❛❞❛s ❡♥tr❡ ❛ t❡♦r✐❛ ❞❡

▲❛♥❣♠✉✐r ❡ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❙❡❣✉♥❞♦ s✉❛ t❡♦r✐❛ ❛s ♣r♦t❡í♥❛s ❝♦♠ ♠❛✐♦r

✺✸



♠♦❜✐❧✐❞❛❞❡ ❛❞s♦r✈❡♠ ♣r✐♠❡✐r♦s✱ ♠❛s ❧♦❣♦ ❝❡❞❡♠ ❡s♣❛ç♦ ♣❛r❛ ♣♦rt❡í♥❛s ❝♦♠ ♠❛✐♦r

❛✜♥✐❞❛❞❡ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡✳ ❬✺✸❪

• ❊♠ ✶✾✽✻ ❈♦rs❡❧ ❡t✳ ❛❧✳ ♣✉❜❧✐❝♦✉ q✉❡ ❛ ❝♦♥❝❡♥tr❛çã♦ s✉♣❡r✜❝✐❛❧ ❞❡ ✉♠❛ ♣r♦t❡í♥❛ ❡♠

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

♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛ ❝♦♥st❛♥t❡✳ ❬✺✹❪

• ❆✐♥❞❛ ❡♠ ✶✾✽✻ ❍✐♥r✐❝❤s❡♥ ❡t✳ ❛❧✳ ♣✉❜❧✐❝❛r❛♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❛❞s♦rçã♦ q✉❡ s✉♣❡r❛

♠✉✐t❛s ❞❛s ❞✐✜❝✉❧❞❛❞❡s ❞♦ ♠♦❞❡❧♦ ❞❡ ▲❛♥❣♠✉✐r✳ ❖ ♠♦❞❡❧♦ ❞❡ ❛❞s♦rçã♦ s❡q✉❡♥❝✐❛❧

❛❧❡❛tór✐❛ ✭❘❛♥❞♦♠ ❙❡q✉❡♥t✐❛❧ ❆❞s♦r♣t✐♦♥ ✲ ❘❙❆✮ ❡ ✈❡rsõ❡s r❡✜♥❛❞❛s sã♦ ♠✉✐t♦ ♣♦♣✉✲

❧❛r❡s ♣❛r❛ ❞❡s❝r❡✈❡r ❛❞s♦rçã♦ ❞❡ ♣r♦t❡í♥❛s ❬✺✺❪✳

• ❊♠ ✶✾✽✾ ▲❡❡ ❡ ❇❡❧❢♦rt ✉t✐❧✐③❛r❛♠ ♠❡❞✐çã♦ ❞❛s ❢♦rç❛s ❡♥tr❡ ❝❛♠❛❞❛s ♣r♦té✐❝❛s ♣❛r❛

❡①♣❧✐❝❛r ❛ ♦r❣❛♥✐③❛çã♦ ♠♦❧❡❝✉❧❛r ❞✉r❛♥t❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦✳ ❬✺✻❪

• ◆❛ ❞é❝❛❞❛ ❞❡ ✾✵ ♠✉✐t♦s ❡st✉❞♦s ❢♦r❛♠ ♣✉❜❧✐❝❛❞♦s ❝♦♥t❡♠♣❧❛♥❞♦ ❛ ♦r❣❛♥✐③❛çã♦ ♠♦❧❡✲

❝✉❧❛r ❞❡ ♠♦♥♦❝❛♠❛❞❛s ❛❞♦s♦r✈✐❞❛s ❡♠ s✉♣❡r❢í❡❝❡s✱ ❝♦♠ ❢♦❝♦ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s

❞❛s ♣r♦t❡í♥❛s ❬✺✼✱ ✺✽❪✱ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❤✐❞r♦❢í❧✐❝❛s ❡ ❤✐❞r♦❢ó❜✐❝❛s ❞❛ s✉♣❡r❢í❝✐❡ ❬✺✾✕✻✸❪

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

❡♠ s✉♣❡r❢í❝✐❡s só❧✐❞❛s ❬✺✼✕✻✺❪✳ ◆❡st❛ ❞é❝❛❞❛ t❛♠❜é♠ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ ♠♦❞❡❧♦ ❞❡

❛❞s♦rçã♦ ♠❛✐s ❝♦♠♣❧❡①♦✿ ❛ tr♦❝❛ ❡♥tr❡ ♠♦♥ô♠❡r♦s ❡ ❞í♠❡r♦s ❬✻✻❪✳

• ◆❛ ❞é❝❛❞❛ s❡❣✉✐♥t❡ ♠❛✐s ♠♦❞❡❧♦s ❞❡ ❛❞s♦rçã♦ ❢♦r❛♠ ♣r♦♣♦st♦s✱ ❝♦♠♦ ♦ ♠♦❞❡❧♦ ❞♦s

❛❣❧♦♠❡r❛❞♦s ❬✻✼❪✱ ♦ ♠♦❞❡❧♦ ❞❛ ❛❞s♦rçã♦ ❡ r❡♦r✐❡♥t❛çã♦ ❬✻✽❪✱ ♦ ♠♦❞❡❧♦ ❞❡ ♠ú❧t✐♣❧♦s

❡st❛❞♦s ❬✻✾❪✱ ♦ ♠♦❞❡❧♦ ❞❡ três ❡st❛❞♦s ❬✼✵❪ ❡ ♦ ♠♦❞❡❧♦ ❞❡ r❛str❡❛♠❡♥t♦ ❬✼✶❪✳ ❉❡st❛

❞é❝❛❞❛ t❛♠❜é♠ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛s ✐♥ú♠❡r❛s ❝♦♥tr✐❜✉✐çõ❡s ♥❛ ár❡❛ ❞❡ s✐♠✉❧❛çã♦

❝♦♠♣✉t❛❝✐♦♥❛❧ ❡♠ ♥í✈❡❧ ♠♦❧❡❝✉❧❛r✱ s❡ ❞❡st❛❝❛♠ ❛s s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛♥❞♦ ♠❡❝â♥✐❝❛

q✉â♥t✐❝❛ ❬✼✷❪✱ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❬✼✸✱ ✼✹❪ ❡ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❬✼✺✱ ✼✻❪✳

✸✳✸ ❈❛r❛❝t❡r✐③❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦

❈❛r❛❝t❡r✐③❛r ❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✱ q✉❛♥t♦ ❛♦ s❡✉ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ s✉❛ ❡s✲

♣❡ss✉r❛✱ ❢♦✐ ✉♠ ✐♠♣♦rt❛♥t❡ ❛ss✉♥t♦ ❞❡ ♣❡sq✉✐s❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ❞é❝❛❞❛ ❞❡ ✾✵✳ ❋♦r❛♠

✺✹



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

❙P❘ ✐♥❞❡♣❡♥❞❡♥t❡s ♦✉ t✐♥❤❛ ❧✐♠✐t❛çõ❡s ❡♠ s✉❛ ❛♣❧✐❝❛çã♦✿

• ❞❡ ❇r✉✐❥✐♥ ❛t✳ ❛❧✳ ✭✶✾✾✶✮ ❬✷✺❪ s✉❣❡r✐r❛♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❞✉❛s s♦❧✉çõ❡s ❞✐❢❡r❡♥t❡s

♥❛ ❝❛♠❛❞❛ ❡①t❡r♥❛ ❞♦ ❛rr❛♥❥♦ ♣❛r❛ ✉♠❛ ♠❡s♠❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✳ ❆♣ós

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

♦❜t❡♥çã♦ ❞❡ ✉♠❛ ❝✉r✈❛ ❙P❘✳ ❊♠ s❡❣✉✐❞❛✱ ❛ s♦❧✉çã♦ é tr♦❝❛❞❛ ❡ ✉♠❛ s❡❣✉♥❞❛ ❝✉r✈❛

❛❞q✉✐r✐❞❛✳ ❆ss✐♠✱ sã♦ ❣❡r❛❞♦s ❞♦✐s ❝♦♥❥✉t♦s ❞❡ s♦❧✉çõ❡s ♣♦ssí✈❡✐s ♣❛r❛ ♦s ✈❛❧♦r❡s ❞❡

❡s♣❡ss✉r❛ ✭d✮ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ✭n✮✳ ❆ ✐♥t❡rs❡❝çã♦ ❞♦s ❝♦♥❥✉♥t♦s ♣❡r♠✐t❡ ❞❡t❡r♠✐♥❛r

✉♠❛ r❡s♣♦st❛ ú♥✐❝❛ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛✳

❋✐❣✉r❛ ✸✳✶✿ ▼♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❝♦♠ ♦ ❛❞✐❝✐♦♥❛❧ ✷✯ ❛♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❝♦♠ ❡s♣❡ss✉r❛ ✈❛r✐❛♥t❡✱
✈❛r✐❛♥❞♦ ǫ2✳

• ◆♦ ♠❡s♠♦ ❛rt✐❣♦ ❞❡ ❇r✉✐❥✐♥ ❛t✳ ❛❧✳ ✭✶✾✾✶✮ ❬✷✺❪ t❛♠❜é♠ s✉❣❡r❡♠ ❛ ✈❛r✐❛çã♦ ❛ ❡s♣❡ss✉r❛

❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ♣r❡s❡♥t❡ ♥♦ ❛rr❛♥❥♦✱ ❛ ❝❛♠❛❞❛ ✷ ♥❛ ❋✐❣✉r❛ ✸✳✶✱ ❛ss✐♠ ❞✐❢❡r❡♥t❡s

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

• P❤❡❧♣s ❡ ❚❛②❧♦r ✭✶✾✾✻✮ ❬✷✾❪ r❡❧❛t❛r❛♠ ♦ ✉s♦ ❞❡ té❝♥✐❝❛s ❞❡ ♠✐♥✐♠✐③❛çã♦ ♣♦r ♠í♥✐♠♦s

q✉❛❞r❛❞♦s ✭▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t✱ ♣♦r ❡①❡♠♣❧♦✮ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠✐ss✐✈✐❞❛❞❡

r❡❧❛t✐✈❛ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ♣♦r ♠❡✐♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳

❈♦♥t✉❞♦✱ ❡ss❡ ♠ét♦❞♦ só ❢✉♥❝✐♦♥❛ ♣❛r❛ ❝❛♠❛❞❛s ❝♦♠ ❡s♣❡ss✉r❛ ♠❡♥♦r q✉❡ ✷ ♥♠✱ ❡

❞❛❞♦s ❞❡✈❡♠ s❡r ❛❞q✉✐r✐❞♦s ❝♦♠ ♣r❡❝✐sã♦ ❞❡ ✶✷✲❜✐ts ❝♦♠ r✉í❞♦ ❞❡ ♣♦tê♥❝✐❛ ♠❡♥♦r q✉❡

✵✱✺✪ ❞❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧✳

• P❡t❡r❧✐♥③ ✭✶✾✾✻✮ ✉t✐❧✐③♦✉ ❢❡✐①❡s ❧✉♠✐♥♦s♦s ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♣❛r❛

❡①❝✐t❛r ♦ ❙P❘ ♥♦ ♠❡s♠♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✳ ❆ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s r❡s✉❧t❛

✺✺



❡♠ ✉♠ ú♥✐❝♦ ♣❛r ❞❡ ❡s♣❡ss✉r❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ q✉❡ ❞❡s❝r❡✈❡ ❛ ♠❡♠❜r❛♥❛ ❞❡

r❡❝♦♥❤❡❝✐♠❡♥t♦ ❬✼✼✱ ✼✽❪✳ ❆ ✈❛r✐❛çã♦ ❞♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞❛

❬✼✾❪✳

• ❈❤✐♥♦✇s❦②✱ ❏✉♥❣ ❡ ❨❡❡ ✭✶✾✾✾✮ ❬✽✵❪ ♣r♦♣✉s❡r❛♠ ✉♠❛ té❝♥✐❝❛ ❞❡ ❛♥á❧✐s❡ ❧✐♥❡❛r q✉❡ ♣❡r✲

♠✐t❡ ❞❡t❡r♠✐♥❛r ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❝♦♠ ✉♠❛ r❛③ã♦ s✐♥❛❧✲r✉í❞♦ ót✐♠❛

✭t❡♦r✐❝❛♠❡♥t❡✮✳ ❖✉tr♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥t❡r❡ss❡ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❝♦♠♦ ♦ í♥❞✐❝❡ ❞❡ r❡✲

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

r✉í❞♦ ✳ ❈♦♥t✉❞♦✱ ❡ss❛ té❝♥✐❝❛ t❡♠ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ ❧✐♠✐t❛çã♦ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❛♦ r✉í❞♦

❜r❛♥❝♦ ❝♦♠ ❡❧❡✈❛❞❛ ✈❛r✐â♥❝✐❛ ❡ ❛♦ r✉í❞♦ ❝♦❧♦r✐❞♦ ❬✽✶❪✳

• ❈❤②♦✉ ❛t✳ ❛❧✳ ✭✷✵✵✻✮ ❬✽✶❪ ♣r♦♣✉s❡r❛♠ ❛❧❣✉♠❛s té❝♥✐❝❛s ❞❡ ❛❥✉st❡ ❞❡ ❝✉r✈❛s q✉❡ s❡

❛♣❧✐❝❛♠ ♠❡❧❤♦r ♣❛r❛ ❝✉r✈❛s ❞❡ r❡✢❡❝tâ♥❝✐❛ s✐♠étr✐❝❛s ❡ ❡str❡✐t❛s✱ ❝❛r❛❝t❡ríst✐❝❛s ♣♦✉❝♦

❝♦♠✉♥s ♥❡ss❛s ❝✉r✈❛s✳

❆ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❙P❘✱ ❡✈✐❞❡♥❝✐❛❞❛ ❡♠ ✈ár✐♦s ❡st✉❞♦s ❬✷✶✕✷✸✱ ✽✷✕✽✹❪✱ ❛❝❡♥t✉❛

❛s ❧✐♠✐t❛çõ❡s ❞❛s té❝♥✐❝❛s ❛♣r❡s❡♥t❛❞❛s✳ ❊ss❛ s❡♥s✐❜✐❧✐❞❛❞❡ t❛♠❜é♠ t♦r♥❛ ♥❡❝❡ssár✐❛ ✉♠❛

❝❛r❛❝t❡r✐③❛çã♦ ♣r❡❝✐s❛ ❞❛ ❝❛♠❛❞❛✳ ❍á ✉♠ ❝♦♥s❡♥s♦ s♦❜r❡ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ s❡ ❞❡t❡r♠✐♥❛r

❡ss❡s ♣❛râ♠❡tr♦s ❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❞✉❛s ❢♦♥t❡s ❞❡ ❧✉③ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞✐st✐♥t♦s

❬✼✼❪ é ♦ ♠ét♦❞♦ ♠❛✐s ❛❝❡✐t♦ ❡ ✉t✐❧✐③❛❞♦ ❞❡s❞❡ ❡♥tã♦✳ ❈♦♥t✉❞♦✱ ♥❡♥❤✉♠ ❞❡ss❡s ♠ét♦❞♦s tr❛t❛

❞❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛✱ ✈❛r✐á✈❡❧ ✐♥❡r❡♥t❡ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ q✉❡ ❢♦r♠❛ ❛ ❝❛♠❛❞❛ ❞❡

r❡❝♦♥❤❡❝✐♠❡♥t♦✳

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

❜✐♦❧ó❣✐❝❛ ❡♠ t❡♠♣♦ r❡❛❧ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦✱ ❣❡r❛♥❞♦ ♣✉❜❧✐❝❛çã♦ ❡♠ ✷✵✶✽ ❬✽✺❪✳

✺✻



❈❛♣ít✉❧♦ ✹

▼♦❞❡❧♦s

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

♣❛râ♠❡tr♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❢❡♥ô♠❡♥♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s✳

✹✳✶ ❋♦r♠✉❧❛çã♦ ❞♦ ♠♦❞❡❧♦

❯♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❞❡✈❡

s❡r r❡❣✐❞♦ ♣❡❧❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧✳ P❛rt✐♥❞♦ ❞❡ss❛s ❡q✉❛çõ❡s✱ ♣♦❞❡✲s❡ ❛ss✉♠✐r q✉❡ ♥♦

❞♦♠í♥✐♦ ❤á ❛✉sê♥❝✐❛ ❞❡ ❢♦♥t❡ ❡ ✈❛❧❡♠ ~D = ε ~E✱ ~J = σ ~E✱ ~B = µ ~H✱ µ = µ0✱ ❛ss✐♠✱ ❛s ❡q✉❛çõ❡s

❞❡ ▼❛①✇❡❧❧ sã♦ r❡s✉♠✐❞❛s ♥❛ ❢♦r♠❛ ❞❛ ❡q✉❛çã♦ ❞❡ ❍❡❧♠❤♦❧③ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✶✺✳

∇×
(
∇× ~E

)
− k0

2εr ~E = 0

❊ss❛ ❡q✉❛çã♦ r❡❣❡ ♦ ❞♦♠í♥✐♦ ♥♦ q✉❛❧ ♦❝♦rr❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳✳

✹✳✶✳✶ ●❡♦♠❡tr✐❛

❋♦✐ ❞❡✜♥✐❞♦ ✉♠ ❞♦♠í♥✐♦ V ♣❛r❛ ♠♦❞❡❧❛r ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❛❝♦♥✲

t❡❝❡♥❞♦ ❡♠ ✉♠ ❛rr❛♥❥♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ❝♦♠ ❝♦♥st❛♥t❡s ❞✐❡❧étr✐❝❛s εj ❡ ❡s♣❡ss✉r❛s dj✱

❝♦♠ j = 1, 2, 3, 4✳ ❊ss❡ ❞♦♠í♥✐♦✱ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✱ é ✉♠ ❜❧♦❝♦ r❡t❛♥❣✉❧❛r ❧✐♠✐✲

t❛❞♦ ♣❡❧❛s s✉♣❡r❢í❝✐❡s S1 ✭❜❛s❡ ✐♥❢❡r✐♦r✮✱ S2 ✭❧❛t❡r❛❧ ❡sq✉❡r❞❛✮✱ S3 ✭❧❛t❡r❛❧ tr❛s❡✐r❛✮✱ S4 ✭❜❛s❡



s✉♣❡r✐♦r✮✱ S5 ✭❧❛t❡r❛❧ ❞✐r❡✐t❛✮ ❡ S6 ✭❧❛t❡r❛❧ ❞✐❛♥t❡✐r❛✮ ❡ ❝♦♥té♠ ❛s s✉♣❡r❢í❝✐❡s

S7 : z = 0, S8 : z = d2, ❡ S9 : z = d2 + d3, ✭✹✳✶✮

q✉❡ ❞❡❧✐♠✐t❛♠ ♦s s✉❜❞♦♠í♥✐♦s

V1 : z < S1, V2 : S1 < z < S2, V3 : S2 < z < S3; ❡ V4 : Z3 < z, ✭✹✳✷✮

s❡♥❞♦ ♦ s✉❜❞♦♠í♥✐♦ Vj ❝♦rr❡s♣♦♥❞❡♥t❡ à ❝❛♠❛❞❛ j ❞♦ ❛rr❛♥❥♦ ♠♦❞❡❧❛❞♦✳

❋✐❣✉r❛ ✹✳✶✿ ❆rr❛♥❥♦ ó♣t✐❝♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ♣❛r❛ ❡①❝✐t❛çã♦ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡
s✉♣❡r❢í❝✐❡ ✭❛✮ ❡ ♠♦❞❡❧♦ ♣r♦❥❡t❛❞♦ ♣❛r❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ✭❜✮✳ ❖s ✈❡t♦r❡s ❞❡ ♦♥❞❛✱ ❝♦♥st❛♥t❡s
❞✐❡❧étr✐❝❛s✱ ❡s♣❡ss✉r❛ ❞❛s ❝❛♠❛❞❛s ❡stã♦ ✐♥❞✐❝❛❞❛s✳

✹✳✶✳✷ ❈♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦

❆tr❛✈és ❞❡ S1 ✐♥❝✐❞❡ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❝♦♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡♠ ✉♠ ♣♦♥t♦ ~P (x, y, z) ❞❛❞♦

♣♦r ~Ei(~P ) ❞❡✜♥✐❞♦ ♣♦r

~Ei(~P ) = Êie
i~ki. ~P−iωt, ✭✹✳✸✮

s❡♥❞♦ ♦ ✈❡t♦r ❞❡ ♦♥❞❛

~ki = (φi, βi, γi), ✭✹✳✹✮

✺✽



❝♦♠

φi = n1
2π

λ
sin(α) cos(ϕ), βi = n1

2π

λ
sin(α) sin(ϕ), γi = n1

2π

λ
cos(α), ✭✹✳✺✮

❡ Êi ♦ ✈❡t♦r ✉♥✐tár✐♦ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ✐♥❝✐❞❡♥t❡✳

❊st❡ ú❧t✐♠♦ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦ ❛ s♦♠❛ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ÊTM ♥♦ ♣❧❛♥♦ ❞❡ ✐♥❝✐✲

❞ê♥❝✐❛ ❡ r❡✢❡①ã♦ ❞❛ ❧✉③ ❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♣❡r♣❡♥❞✐❝✉❧❛r ÊTE ♣❛r❛❧❡❧❛ à ✐♥t❡r❢❛❝❡ S9✿

Êi = ÊTE cos(δ) + ÊTM sin(δ), ✭✹✳✻✮

s❡♥❞♦

ÊTE = (sin(ϕ),− cos(ϕ), 0) ✭✹✳✼✮

ÊTM = (cos(α) sin(ϕ), cos(α) cos(ϕ), sin(α)) ✭✹✳✽✮

❡ δ ♦ â♥❣✉❧♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛✿

• δ = 0◦ ⇒ Êi = ÊTE✱ ♦❝♦rr❡ ♣♦❧❛r✐③❛çã♦ s ♦✉ ♣♦❧❛r✐③❛çã♦ tr❛♥s✈❡rs♦ ❡❧étr✐❝❛❀

• δ = 90◦ ⇒ Êi = ÊTM ✱ ♦❝♦rr❡ ♣♦❧❛r✐③❛çã♦ ♣ ♦✉ ♣♦❧❛r✐③❛çã♦ tr❛♥s✈❡rs♦ ♠❛❣♥ét✐❝❛✳

❙❛❜❡♥❞♦ q✉❡ ❛♣❡♥❛s ❛ ❝♦♠♣♦♥❡♥t❡ tr❛♥s✈❡rs♦✲♠❛❣♥ét✐❝❛ ❞❛ ❧✉③ ❡①❝✐t❛ ❛ r❡ss♦♥â♥❝✐❛ ❞❡

♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛ ♣♦❧❛r✐③❛çã♦ δ = 90◦ ❢♦✐ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ♠♦❞❡❧❛r ♦ ❙P❘✳ ❚❛♠❜é♠ é

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

xz✱ ♦✉ s❡❥❛ φ = 0◦✳

❆tr❛✈és ❞❡ S4 s❡ ♣r♦♣❛❣❛ ❛ ❧✉③ r❡❢r❛t❛❞❛ ❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s✿

~ER(~P ) = ÊRe
i ~kR. ~P−iωt, ✭✹✳✾✮

❝♦♠

~kR = (ϕR, βR, γR), ✭✹✳✶✵✮

s❡♥❞♦

αR = n4
2π

λ
sin(α), βR = n4

2π

λ
sin(α), ❡ γR = n4

2π

λ
cos(α). ✭✹✳✶✶✮

❖ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ♥♦ q✉❛❧ ♦❝♦rr❡ ❛ r❡ss♦♥â♥❝✐❛ ❝♦st✉♠❛ t❡r ❞✐♠❡♥sõ❡s ❞❛ ♦r❞❡♠

✺✾



❞❡ ♠✐❧í♠❡tr♦s✱ ❡♥q✉❛♥t♦ ❛❧❣✉♠❛s ❞❡ s✉❛s ❝❛♠❛❞❛s tê♠ ❡s♣❡ss✉r❛ ❞❛ ♦r❞❡♠ ❞❡ ♥❛♥ô♠❡tr♦s✳

P❛r❛ ❝♦♥t♦r♥❛r ❡ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❞✐♠❡♥sõ❡s✱ ❛♣❡♥❛s ✉♠❛ s❡çã♦ ♥❛♥♦♠étr✐❝❛ ❞♦ ❝♦♠♣r✐♠❡♥t♦✱

❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ①✱ é ♠♦❞❡❧❛❞♦ ✳ ❆ss✉♠✐♥❞♦ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❞❡ ❢♦r♠❛ s✐♠✐❧❛r ♥♦

r❡st♦ ❞❛ ♣❡ç❛✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞❡ ❋❧♦q✉❡t ❢♦✐ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ❛s s✉♣❡r❢í❝✐❡s S2 ❡

S5✱ ❛ss✐♠✱ ♦ ♠♦❞❡❧♦ é ❝❛♣❛③ ❞❡ r❡♣r❡s❡♥t❛r ✉♠❛ ♣❡ç❛ ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦s ❧✐♠✐t❡s ❞♦ s❡✉

❞♦♠í♥✐♦✳

❯s❛♥❞♦ ❛ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞❡ ❋❧♦q✉❡t ♣♦❞❡✲s❡ ❞❡✜♥✐r ♦ ❝❛♠♣♦ ♥❛ s✉♣❡r❢í❝✐❡ S5 ❡♠ ❢✉♥çã♦

❞♦ ❝❛♠♣♦ ♥❛ s✉♣❡r❢í❝✐❡ S2✿

ES5
= ES2

e−i~k.~dS2S5 ✭✹✳✶✷✮

s❡♥❞♦ ~dS2S5
❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ✈❡t♦r❡s ♣♦s✐çã♦ ❞♦s ❞♦✐s ♣❧❛♥♦s✳

P❛r❛ ❛s s✉♣❡r❢í❝✐❡s S3 ❡ S6 ❢♦✐ ❡s❝♦❧❤✐❞❛ ✉♠❛ ❝♦♥❞✐çã♦ q✉❡ ♥ã♦ ✐♥t❡r❢❡r❡ ♥❛s ♦♥❞❛s ♥♦

✐♥t❡r✐♦r ❞♦ ❞♦♠í♥✐♦✳ ❈♦♠♦ ♥❡♥❤✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✐♥❝✐❞❡♥t❡✱ r❡❢r❛t❛❞❛ ♦✉ r❡✢❡t✐❞❛

❞❡✈❡ s❡r ♣r♦♣❛❣❛r ♥❛ ❞✐r❡çã♦ y✱ ❛ ❝♦♥❞✐çã♦ n̂ × ~H = 0 ♣♦❞❡ s❡r ❡st❛❜❡❧❡❝✐❞❛✳ ❙❡♥❞♦ n̂ ♦

✈❡t♦r ✉♥✐tár✐♦ ♥❛ ❞✐r❡çã♦ ♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡✱ n̂ = (1, 0, 0) ♣❛r❛ S3 ❡ n̂ = (−1, 0, 0) ♣❛r❛ S6✳

❊ss❛ ❡s❝♦❧❤❛ s✐❣♥✐✜❝❛ q✉❡ ❛ ❧❛r❣✉r❛ ❞♦ ♠♦❞❡❧♦ t❡♠ ♣♦✉❝❛ ♦✉ ♥❡♥❤✉♠❛ ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ♦

r❡s✉❧t❛❞♦ ❝❛❧❝✉❧❛❞♦✳

✹✳✶✳✸ ❖ ♠ét♦❞♦ ❞❡ ❙♦❧✉çã♦

❉❛❞❛s ❛ ❣❡♦♠❡tr✐❛ ❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦ ♠♦❞❡❧♦✱ é ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r

♦s ❝❛♠♣♦s ❡❧étr✐❝♦ ❡ ♠❛❣♥ét✐❝♦ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞♦ ♦ ❞♦♠í♥✐♦✳ ❆ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛ ❡q✉❛✲

çã♦ q✉❡ r❡❣❡ ♦ ❞♦♠í♥✐♦ ✐♠♣❧✐❝❛ ♥❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ♠ét♦❞♦s ♥✉♠ér✐❝♦s ♣❛r❛ ♦

❝á❧❝✉❧♦ ❞❛ s♦❧✉çã♦✳ ❆ ❡s❝♦❧❤❛ ❝♦rr❡t❛ ❞♦ ♠ét♦❞♦ ❡✈✐t❛ ❡rr♦s ❞❡ r❡s✉❧t❛❞♦ ❡ ♣♦❞❡ r❡❞✉③✐r

❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♦ t❡♠♣♦ ❞❡ ❝á❧❝✉❧♦✳

❖s ♣r✐♥❝✐♣❛✐s ♠ét♦❞♦s ♥✉♠ér✐❝♦s ❛♣❧✐❝❛❞♦s ❛♦ ❡❧❡tr♦♠❛❣♥❡t✐s♠♦ sã♦ ❜❛s✐❝❛♠❡♥t❡ três✿

❖ ♠ét♦❞♦ ❞♦s ♠♦♠❡♥t♦s ✭▼♦▼ ✲ ▼❡t❤♦❞ ♦❢ ▼♦♠❡♥ts✮✱ ♦ ♠ét♦❞♦ ❞❛s ❞✐❢❡r❡♥ç❛s ✜♥✐t❛s

♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭❋❉❚❉ ✲ ❋✐♥✐t❡✲❞✐✛❡r❡♥❝❡ t✐♠❡✲❞♦♠❛✐♥✮ ❡ ♦ ♠ét♦❞♦ ❞♦s ❡❧❡♠❡♥t♦s

✜♥✐t♦s ✭❋❊▼ ✲ ❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞✮ ❬✽✻❪✳ ❖ ♣r✐♠❡✐r♦ é ❜❡♠ ❝♦♥❞✐❝✐♦♥❛❞♦ ♣❛r❛ ♣r♦❜❧❡♠❛s

❝♦♠ ♣❡q✉❡♥❛ r❛③ã♦ s✉♣❡r❢í❝✐❡✴✈♦❧✉♠❡✳ ❊ ♦ s❡❣✉♥❞♦ é ❜❡♠ ❝♦♥❞✐❝✐♦♥❛❞♦ ♣❛r❛ s✉♣❡r❢í❝✐❡s

r❡❣✉❧❛r❡s✳ ❈♦♠♦ ♦ ❞♦♠í♥✐♦ ❙P❘ ♥ã♦ s❡ ❡♥❝❛✐①❛ ❡♠ ♥❡♥❤✉♠❛ ❞❡ss❛s ❝♦♥❞✐çõ❡s✱ ♦ ♠ét♦❞♦

❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦✐ ❡s❝♦❧❤✐❞♦✳

✻✵



❆ ❡s❝♦❧❤❛ ❞♦ ♠ét♦❞♦✱ ❝♦♥t✉❞♦✱ ♥ã♦ é ♦ ú♥✐❝♦ ♣r♦❜❧❡♠❛ ♣❛r❛ s✉❛ ❛♣❧✐❝❛çã♦✳ ❉❡s❝r❡✈❡r ♦

♣r♦❜❧❡♠❛✱ ❡s❝♦❧❤❡r s✉❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✱ ❞✐s❝r❡t✐③❛r ♦ ❞♦♠í♥✐♦ ❡ ❡s❝♦❧❤❡r ♦s ♠ét♦❞♦s

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

❝á❧❝✉❧♦✳

❙❡✐s ♣❛ss♦s sã♦ ♥❡❝❡ssár✐♦s à ❛♣❧✐❝❛çã♦ ❞♦ ▼❊❋✿

• ❉✐s❝r❡t✐③❛çã♦✿ ❖ ❞♦♠í♥✐♦ ❞♦ ♠♦❞❡❧♦ ❞❡✈❡ s❡r ❞✐✈✐❞✐❞♦ ❡♠ ✉♠❛ q✉❛♥t✐❞❛❞❡ ✜♥✐t❛

❞❡ ❡❧❡♠❡♥t♦s✳ ❊ss❡s ❡❧❡♠❡♥t♦s ❞❡✈❡♠ s❡r ♣❡q✉❡♥♦s ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡✱ ❡♥tr❡ ♦s

s❡✉s ✈ért✐❝❡s✱ ❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s q✉❡ r❡❣❡♠ ♦ ❞♦♠í♥✐♦ ♣♦ss❛♠ s❡r ❡s❝r✐t❛s ❝♦♠♦

❡q✉❛çõ❡s ❞❡ ❞✐❢❡r❡♥ç❛✳

• ❊q✉❛çõ❡s ❞♦s ❊❧❡♠❡♥t♦s✿ ❙❡ ♦s ❡❧❡♠❡♥t♦s ❢♦r❡♠ ❞❡✜♥✐❞♦s ❝♦rr❡t❛♠❡♥t❡✱ é ♣♦ssí✈❡❧

❞❡✜♥✐r ❡q✉❛çõ❡s✱ ❣❡r❛❧♠❡♥t❡ ♣♦❧✐♥♦♠✐❛✐s✱ ♣❛r❛ ❛♣r♦①✐♠❛r ❛s s♦❧✉çõ❡s ♥❡st❡s ❡❧❡♠❡♥✲

t♦s✳ ❊♠ s❡❣✉✐❞❛ ♦s ❝♦❡✜❝✐❡♥t❡s ❞♦ ♣♦❧✐♥ô♠✐♦ ❞❡✈❡♠ s❡r ❞❡t❡r♠✐♥❛❞♦s ♣❛r❛ q✉❡ ❛

❛♣r♦①✐♠❛çã♦ s❡❥❛ ót✐♠❛✳

• ▼♦♥t❛❣❡♠✿ ◆❡ss❡ ♣❛ss♦ ❛s ❡q✉❛çõ❡s ❞❡✈❡♠ s❡r ❛❣r✉♣❛❞❛s✱ ♦✉ ♠♦♥t❛❞❛s✱ ❡♠ ✉♠

s✐st❡♠❛ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✉♥✐✜❝❛❞♦ ❞♦ s✐st❡♠❛ ✐♥t❡✐r♦✳ ❖ ❝♦♥❝❡✐t♦

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

• ❈♦♥❞✐çõ❡s ❞❡ ❈♦♥t♦r♥♦✿ ❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞❡✈❡ s❡r ❛❥✉st❛❞♦ ♣❛r❛ ❝♦♥s✐❞❡r❛r

❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞♦ ♠♦❞❡❧♦✳

• ❙♦❧✉çã♦✿ ❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞❡✈❡ s❡r r❡s♦❧✈✐❞♦ ♥✉♠❡r✐❝❛♠❡♥t❡ ♣♦r ♠ét♦❞♦s ✐♥✲

t❡r❛t✐✈♦s ♦✉ ❞✐r❡t♦s✳

• Pós✲♣r❡❝❡ss❛♠❡♥t♦✿ ❍❛✈❡♥❞♦ ♦ ✐♥t❡r❡ss❡✱ ✈❛r✐á✈❡✐s s❡❝✉♥❞ár✐❛s ❞❡✈❡♠ s❡r ❝❛❧❝✉❧❛❞❛s

♥❡st❡ ♣❛ss♦ ✜♥❛❧✳

❖ s♦❢t✇❛r❡ ❈❖▼❙❖▲ ▼✉❧t✐♣❤②s✐❝s➤ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ♠♦❞❡❧♦ ♣r♦✲

♣♦st♦ ❡ ❛♣❧✐❝❛çã♦ ❞♦ ▼❊❋ ♥❛ s✉❛ s♦❧✉çã♦✳ ❉❡ss❡ ♠♦❞♦✱ ♦s ♣❛ss♦s ❞❡ ❣❡r❛r ❛s ❡q✉❛çõ❡s

❞♦s ❡❧❡♠❡♥t♦s✱ ❛❣r✉♣á✲❧❛s ❡♠ ✉♠ s✐st❡♠❛✱ ❛❞✐❝✐♦♥❛r ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❡ ❝❛❧❝✉❧❛r

❛ s♦❧✉çã♦ sã♦ t♦❞♦s r❡❛❧✐③❛❞♦s ♣❡❧♦ s♦❢t✇❛r❡✳ ❖ ✉s✉ár✐♦ ❞❡✈❡ ♠♦❞❡❧❛r ♦ s✐st❡♠❛✱ ❝♦♥✜✲

❣✉r❛r ❛ ❞✐s❝r❡t✐③❛çã♦✱ s❡❧❡❝✐♦♥❛r ♦ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ ✭✐♥t❡r❛t✐✈♦ ♦✉ ❞✐r❡t♦✮ ❡ r❡❛❧✐③❛r ♦

♣ós✲♣r♦❝❡ss❛♠❡♥t♦✳

✻✶



❉✐s❝r❡t✐③❛çã♦

❆ r❡❣r❛ ❣❡r❛❧ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ s✐st❡♠❛s ó♣t✐❝♦s é ♦ t❛♠❛♥❤♦ ♠á①✐♠♦ ❞♦s ❡❧❡♠❡♥t♦s ❞❡

❛té ✉♠ t❡rç♦ ❞♦ ♠❡♥♦r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ ❧✉③ ❡♥✈♦❧✈✐❞❛✳

❉❡✈✐❞♦ à ❞✐s❝r❡♣â♥❝✐❛ ❞❡ ❞✐♠❡♥sõ❡s ❞♦s ❞✐❢❡r❡♥t❡s s✉❜❞♦♠í♥✐♦s ❞♦ ♠♦❞❡❧♦✱ ✉♠❛ ♠❛❧❤❛

✐rr❡❣✉❧❛r ❞❡✈❡ s❡r ✉t✐❧✐③❛❞❛✳ ❉❡ss❡ ♠♦❞♦✱ ♦ ❧✐♠✐t❡ ❞❡ t❛♠❛♥❤♦ ❞♦s ❡❧❡♠❡♥t♦s só é s✐❣♥✐✜❝❛t✐✈♦

♣❛r❛ ♦s s✉❜❞♦♠í♥✐♦s V1 ❡ V4✳ ◆❛s r❡❣✐õ❡s ❡♠ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ♦❝♦rr❡ ❡❢❡t✐✈❛♠❡♥t❡ é

♥❡❝❡ssár✐♦ ♠❛✐♦r ♣r❡❝✐sã♦✱ ♣♦r ✐ss♦ ♦s ❡❧❡♠❡♥t♦s ❞♦s s✉❜❞♦♠✐♥✐♦s V2 ❡ V3 ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s

❝♦♠ t❛♠❛♥❤♦ ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞❡ ✉♠ ❞é❝✐♠♦ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ❡ ❞❛ ❝❛♠❛❞❛

❞✐❡❧étr✐❝❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠ t❛①❛ ♠á①✐♠❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❡♥tr❡ ❡❧❡♠❡♥t♦s ✈✐③✐♥❤♦s ❡♠

✸✵✪✳

❊ss❛s ❝♦♥✜❣✉r❛çõ❡s ❣❡r❛♠ ❡♠ t♦r♥♦ ❞❡ ✸✵ ♠✐❧ ❡❧❡♠❡♥t♦s ♥♦ ❞♦♠í♥✐♦ ❝♦♠♣❧❡t♦✳

▼ét♦❞♦ ❞❡ s♦❧✉çã♦

❖ ❈❖▼❙❖▲ ▼✉❧t✐♣❤②s✐❝s ➤ ♣❡r♠✐t❡ q✉❡ ♦ ✉s✉ár✐♦ s❡❧❡❝✐♦♥❡ ♦ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ ❞♦

s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s✳ P♦❞❡♥❞♦ s❡r ✉♠❛ s♦❧✉çã♦ ❞✐r❡t❛✱ ❜❛s❡❛❞❛ ❡♠ ❞❡❝♦♠♣♦s✐çã♦ ▲❯✱ ♦✉

✐♥t❡r❛t✐✈❛✳ ❆ ♣r✐♠❡✐r❛ é ♠❛✐s r♦❜✉st❛✱ ❝♦♥t✉❞♦ r❡q✉❡r ♠❛✐♦r ♠❡♠ór✐❛ ❞✐♥â♠✐❝❛✳

P❛r❛ ♦s ♠ét♦❞♦s ❞✐r❡t♦s ❛s ♦♣çõ❡s ❞✐s♣♦♥í✈❡✐s sã♦ ▼❯❧t✐❢r♦♥t❛❧ ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ s♣❛rs❡

❞✐r❡❝t ❙♦❧✈❡r ✭▼❯▼P❙✮✱ P❛r❛❧❧❡❧ ❉✐r❡❝t ❙♣❛rs❡ ❙♦❧✈❡r ✭P❆❘❉■❙❖✮ ❡ ❙P❛rs❡ ❖❜❥❡❝t ❖r✐❡♥t❡❞

▲✐♥❡❛r ❊q✉❛t✐♦♥s ❙♦❧✈❡r ✭❙P❖❖▲❊❙✮✳ ❚♦❞♦s ❡ss❡s ♠ét♦❞♦s sã♦ ❛❞❡q✉❛❞♦s ♣❛r❛ ♦ ♠♦❞❡❧♦ ❡♠

q✉❡stã♦✱ ✈❛r✐❛♥❞♦ ❛♣❡♥❛s ♦s r❡q✉✐s✐t♦s ❞❡ ♠❡♠ór✐❛ ❡ t❡♠♣♦ ❞❡ s♦❧✉çã♦✱ s❡♥❞♦ ♦ ❙P❖❖▲❊❙

♠❛✐s ❧❡♥t♦ ❝♦♠ ♠❡♥♦r r❡q✉✐s✐t♦ ❞❡ ♠❡♠ér✐❛ ❡ ♦ P❆❘❉■❙❖ ♠❛✐s rá♣✐❞♦ ❝♦♠ ♠❛✐♦r r❡q✉✐s✐t♦

❞❡ ♠❡♠ór✐❛✳ ❖ ♠ét♦❞♦ ▼❯▼P❙ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♣♦r ✉t✐❧✐③❛r s❡r ♠❛✐s ❛❞❡q✉❛❞❛ ♣❛r❛ ❛ ♠❡♠ór✐❛

❞✐s♣♦♥í✈❡❧ ♥♦ ❝♦♠♣✉t❛❞♦r ✉t✐❧✐③❛❞♦✿ ✉♠ ♣r♦❝❡ss❛❞♦r i7 ♦❝t❛✲❝♦r❡ ❝♦♠ 8 ●❜ ❞❡ ♠❡♠ór✐❛

❘❆▼✱ s❡♥❞♦ ♥❡❝❡ssár✐♦s 4 ❤ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✳

Pós✲♣r♦❝❡ss❛♠❡♥t♦

❖s ♣❛râ♠❡tr♦s ❞❡ ❞✐s♣❡rsã♦ ✭❙❝❛tt❡r✐♥❣ ♣❛r❛♠❡t❡rs ♦✉ ❙✲♣❛r❛♠❡t❡rs✮ sã♦✱ ♣♦r ❞❡✜♥✐çã♦✱

♠❛tr✐③❡s✱ ❞❡♣❡♥❞❡♥t❡s ❞❛ ❢r❡q✉ê♥❝✐❛✱ q✉❡ ❞❡s❝r❡✈❡♠ ❛ tr❛♥s♠✐ssã♦ ❡ r❡✢❡①ã♦ ❞❡ ♦♥❞❛s ❡❧❡✲

tr♦♠❛❣♥ét✐❝❛s✳ P❛r❛ ❜❛✐①❛s ❢r❡q✉ê♥❝✐❛s ♦s ♣❛râ♠❡tr♦s ❙ sã♦ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ❜❛s❡ ♥❛ t❡♥sã♦

r❡✢❡t✐❞❛✱ ♠❛s ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❛❧t❛s ❢r❡q✉ê♥❝✐❛s ❡st✉❞❛❞♦ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ é ✉t✐❧✐③❛❞♦✳ ❈♦♠♦

✻✷



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

t❛♥t♦ ❞♦ ♣❛râ♠❡tr♦ ❙ q✉❡ ❛ ♣♦rt❛ ❡♠ S2 ❡①❡r❝❡ s♦❜r❡ ❡❧❛ ♠❡s♠❛ ✭SS2,S2
✮✱ q✉❛♥t♦ ❞♦ ♣❛râ✲

♠❡tr♦ ❙ q✉❡ ❛ ♣♦rt❛ ❡♠ S2 ❡①❡r❝❡ s♦❜r❡ S1 ✭SS2,S1
✮ é r❡❛❧✐③❛❞♦ ♣♦r ♠❡✐♦ ❞❡ s✐♠♣❧❡s ✐♥t❡❣r❛✐s

♥✉♠ér✐❝❛s✿

SS2,S2
=

∫
S2

(
( ~Ec − ~E2) ~E

∗

2

)
dS2

∫
S2

(
~E2

~E∗

2

)
dS2

SS2,S1
=

∫
S1

(
~Ec

~E∗

1

)
dS1

∫
S1

(
~E1

~E∗

1

)
dS1

, ✭✹✳✶✸✮

s❡♥❞♦ ~E2 ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❡✜♥✐❞♦ ♣❛r❛ ❛ ♣♦rt❛ ❡♠ S2✱ ~E1 ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❡✜♥✐❞♦ ♣❛r❛

❛ ♣♦rt❛ ❡♠ S1✱ ❡ ~Ec ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ r❡s✉❧t❛♥t❡ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ♦ ❝♦♥t♦r♥♦ ❞❡ ✐♥t❡❣r❛çã♦✳

❆ss✐♠✱ ❞❡✜♥✐❞♦s SS2,S2
❡ SS2,S1

✱ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ✐♥t❡r❡ss❡ sã♦✿

R = |SS2,S2
|2 T = |SS2,S1

|2, ✭✹✳✶✹✮

s❡♥❞♦ R ❛ r❡✢❡tâ♥❝✐❛ ❡ T ❛ tr❛♥s♠✐tâ♥❝✐❛✳

❏á ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ ❝❛♠♣♦ ❡✈❛♥❡s❝❡♥t❡✱ ❜❛st❛ tr❛ç❛r ❛ ❝✉r✈❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦

❡❧étr✐❝♦ | ~Ec| ❝❛❧❝✉❧❛❞♦ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ r❡t❛ ♣❡r♣❡♥❞✐❝✉❧❛r às ♣♦rt❛s ♣❛ss❛♥❞♦ ♣❡❧♦ ❝❡♥tr♦

❞♦ ❞♦♠í♥✐♦✳

✹✳✶✳✹ ❊st✉❞♦ ❝♦♠♣❛r❛t✐✈♦

❈♦♠♦ ♣r♦❝❡ss♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ ❝♦rr❡t✉❞❡ ❞❛s ❝✉r✈❛s r❡✢❡tâ♥❝✐❛ ✭R✮ ❝❛❧❝✉❧❛❞❛s ❞❡ ❞♦

♠♦❞❡❧♦ ❞♦ tr❛♥s❞✉t♦r ❜❛s❡❛❞♦ ♥♦ ♠ét♦❞♦ ❞♦s ❡❧❡♠❡♥t♦s ✜♥✐t♦s ✭♠♦❞❡❧♦ ▼❊❋✮ ❢♦r❛♠ r❡❛❧✐✲

③❛❞❛s ❝♦♠♣❛r❛çõ❡s ♣♦♥t♦ ❛ ♣♦♥t♦ ❞❡ ❝✉r✈❛s ❙P❘ r❡s✉❧t❛♥t❡s ❞♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ❝♦♠ ❝✉r✈❛s

♦r✐✉♥❞❛s ❞♦ ♠♦❞❡❧♦ ❜❛s❡❛❞♦ ♥❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✱ ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳ P❛r❛

✐ss♦ ❢♦r❛♠ s✐♠✉❧❛❞❛s ❡str✉t✉r❛s ❝✉❥❛s ❝❛♠❛❞❛s sã♦ t♦❞❛s ♣❡r❢❡✐t❛♠❡♥t❡ ❧✐s❛s ❡ ✉♥✐❢♦r♠❡s✱

❥á q✉❡ ❡st❛ é ✉♠❛ ❧✐♠✐t❛çã♦ ❞♦ ♠ét♦❞♦ ✉t✐❧✐③❛❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳ ❉✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s

❞♦ ❛rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s ❢♦r❛♠ s✐♠✉❧❛❞❛s✱ ✈❛r✐❛♥❞♦ ❛s s✉❜stâ♥❝✐❛s ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦✱ s✉❛

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

❋♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ♣❛r❛ ❡str✉t✉r❛s ❞❡ três ❝❛♠❛❞❛s ✭❋✐❣s✳ ✹✳✷ ✭❛✮ ❡ ✭❞✮✮✱

q✉❛tr♦ ❝❛♠❛❞❛s ✭❋✐❣s✳ ✹✳✷ ✭❜✮ ❡ ✭❡✮✮ ❡ ❝✐♥❝♦ ❝❛♠❛❞❛s ✭❋✐❣s✳ ✹✳✷ ✭❝✮ ❡ ✭❢✮✮✳ ◆❛ ❚❛❜❡❧❛

✹✳✶ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♥❛s s✐♠✉❧❛çõ❡s✳ P❛r❛ t♦❞❛s

✻✸



❡ss❛s ❝♦♥✜❣✉r❛çõ❡s✱ ♦ ❡rr♦ ♠é❞✐♦ q✉❛❞rát✐❝♦ ♠á①✐♠♦ ♦❜t✐❞♦ é ♠❡♥♦r q✉❡ 8, 5× 10−4✳ ❊ss❡

r❡s✉❧t❛❞♦ é ✉♠ ❢♦rt❡ ✐♥❞í❝✐♦ ❞❛ ♣r❡❝✐sã♦ ❞♦ ♠♦❞❡❧♦ ▼❊❋ ❞❛❞❛ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦

❋r❡s♥❡❧✳

❋✐❣✉r❛ ✹✳✷✿ ❈♦♠♣❛r❛çã♦ ❞❛s ❝✉r✈❛s t❡ór✐❝❛s ❞❡ r❡✢❡tâ♥❝✐❛ ❙P❘ ♦❜t✐❞♦s ❝♦♠ ❛s ❡q✉❛çõ❡s
❞❡ ❋r❡s♥❡❧ ❡ ❝♦♠ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦✳ ❖s ♣❛râ♠❡tr♦s s✐♠✉❧❛❞♦s ❡♠ ❝❛❞❛ ❣rá✜❝♦ ❡stã♦
❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳✶✳

❆ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ ♦ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ♥❡❝❡ssár✐♦s ❛♦ ✉s♦ ❞♦ ♠♦❞❡❧♦ ▼❊❋ ♥ã♦

❥✉st✐✜❝❛♠ s❡✉ ✉s♦ ❡♠ ❝❛s♦s q✉❡ ♣♦❞❡♠ s❡r s✐♠✉❧❛❞♦s ❝♦♠ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧✳ ❈♦♥t✉❞♦✱

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

❝❛s♦s q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ♥ã♦ é ❝❛♣❛③✳ ❖ ♠♦❞❡❧♦ ▼❊❋ ♣♦❞❡ s❡r ❛♣r✐♠♦r❛❞♦ ♣❛r❛ r❡✲

✻✹



❚❛❜❡❧❛ ✹✳✶✿ ❱❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❣❡r❛r ❛s ❝✉r✈❛s ❙P❘ ♥❛ ✜❣✉r❛ ✹✳✷✳ ❆s
❡s♣❡ss✉r❛s ❞❛ ♣r✐♠❡✐r❛ ❡ ú❧t✐♠❛ ❝❛♠❛❞❛s sã♦ ✐rr❡❧❡✈❛♥t❡s ♣♦r s❡r❡♠ ♠✉✐t♦ ♠❛✐♦r q✉❡ ❛s
❞❡♠❛✐s✳

❋✐❣✉r❛ λ ❆rr❛♥❥♦ ❞❡ ❝❛♠❛❞❛s
✹✳✷✭❛✮ ✽✺✵ ♥♠ ❇❑✼ ✴ ♦✉r♦ ✭✺✵ ♥♠✮ ✴ á❣✉❛
✹✳✷✭❜✮ ✽✺✵ ♥♠ ❇❑✼ ✴ ♦✉r♦ ✭✺✵ ♥♠✮ ✴ P❇❙ ✭✶✵ ♥♠✮ ✴ á❣✉❛
✹✳✷✭❝✮ ✼✷✵ ♥♠ ❇❑✼ ✴ t❡✢♦♥ ✭✹✶✵ ♥♠✮ ✴ ♦✉r♦ ✭✺✵ ♥♠✮ ✴ P❇❙ ✭✶✵ ♥♠✮ ✴ á❣✉❛
✹✳✷✭❞✮ ✽✵✵ ♥♠ ❇❑✼ ✴ ♣r❛t❛ ✭✻✵ ♥♠✮ ✴ á❣✉❛
✹✳✷✭❡✮ ✽✵✵ ♥♠ ❇❑✼ ✴ ♣r❛t❛ ✭✻✵ ♥♠✮ ✴ P❇❙ ✭✶✵ ♥♠✮ ✴ á❣✉❛
✹✳✷✭❢✮ ✼✷✵ ♥♠ ❇❑✼ ✴ t❡✢♦♥ ✭✹✶✵ ♥♠✮ ✴ ♣r❛t❛ ✭✻✵ ♥♠✮ ✴ P❇❙ ✭✶✵ ♥♠✮ ✴ á❣✉❛

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

❆ s❡çã♦ ❛ s❡❣✉✐r tr❛t❛ ❞❡ ❛❧❣✉♠❛s ❛✈❛❧✐❛çõ❡s ❞♦ tr❛♥s❞✉t♦r ❙P❘ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ▼❊❋

q✉❡ ♥ã♦ ♣♦❞❡r✐❛♠ s❡r r❡❛❧✐③❛❞❛s ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❋r❡s♥❡❧ ❛♣r❡s❡♥t❛❞♦✳

✹✳✶✳✺ ❆♣❧✐❝❛çã♦

❊①♣❧♦r❛♥❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ▼❊❋ ❡♠ r❡♣r❡s❡♥t❛r ❣❡♦♠❡tr✐❛s ✐rr❡❣✉❧❛r❡s✱ é ♣♦ssí✈❡❧

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

❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ❞❡ ✉♠❛ ❝❛♠❛❞❛

❆ ♣r✐♥❝✐♣❛❧ ❛♣❧✐❝❛çã♦ ❞❡ss❡ ♠ét♦❞♦ ❞❡ s✐♠✉❧❛çã♦ é ❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ ❝❛♠❛❞❛s ♥ã♦ ❤♦♠♦✲

❣ê♥❡❛s✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ✐♥❝❧✉✐r ♦ ❝♦♥❝❡✐t♦ ❞❡ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ♣❛r❛ s❡r❡♠ ❝♦rr❡t❛♠❡♥t❡

❝❛r❛❝t❡r✐③❛❞❛s✳

P❛r❛ ❝♦♥s✐❞❡r❛r ❛ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛✱ é ♣r❡❝✐s♦ r❡❞❡✜♥✐r ❛ s✉♣❡r❢í❝✐❡ S9 ❞♦ ♠♦❞❡❧♦

♣❛r❛ ✉♠❛ s✉♣❡r❢í❝✐❡ S9∗ t❛❧ q✉❡ ❛ r❛③ã♦ ❞♦s ✈♦❧✉♠❡s ♦r✐❣✐♥❛❧ V3 ❡ ♦ ✈♦❧✉♠❡ r❡❞❡✜♥✐❞♦ V3∗
❡st❡❥❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❞❡✜♥✐çã♦ ❞❡ ❝♦❜❡rt✉r❛ ❞❛❞❛ ♥❛ ❡q✉❛çã♦ ✭✷✳✹✹✮✿

Θ =
V3∗
V3

. ✭✹✳✶✺✮

❆ ✐s♦t❡r♠❛ ❞❡ ❛❞s♦rçã♦ ❞❡ ▲❛♥❣♠✉✐r ❢♦✐ ❛♣❧✐❝❛❞❛ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦❜❡rt✉r❛ Θ ❡s♣❡r❛❞❛✳

❘❡❞❡✜♥✐♥❞♦ ❛ s✉♣❡r❢í❝✐❡ S9 ♣❛r❛ s❡r ❛♣❧✐❝❛❞❛ ♥♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛

❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ αR✳

P❛r❛ ❡st✐♠❛r ❛ ❝♦❜❡rt✉r❛ ❞❛ s✉♣❡r❢í❝✐❡ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❞❛❞❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ R

✻✺



t❡ór✐❝❛ ♦✉ ❡①♣❡r✐♠❡♥t❛❧✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ r❡s✉❧t❛❞♦ ♣✉❜❧✐❝❛❞♦ ♣❡❧❛ ❡q✉✐♣❡ ❞♦ ❧❛❜♦r❛tór✐♦✱

✉♠❛ ❛♣r♦①✐♠❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ♣♦r ♠❡✐♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❬✽✼❪✳ ❙❡❥❛∆n3
max

❛ ♠❛✐♦r ✈❛r✐❛çã♦ ♣♦ssí✈❡❧ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡♥tr❡ ❛ ❛✉sê♥❝✐❛ ❞❡ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❡ ❛

❝❛♠❛❞❛ ✐❞❡❛❧ ❝♦♠ Θ = 1✱ s❡❥❛ t❛♠❜é♠ ∆n3
exp ♦ ❞❡s✈✐♦ r❡❛❧ ♠❡❞✐❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

❈❛❧❝✉❧❛✲s❡✱ ❡♥tã♦✱ ❝♦❜❡rt✉r❛ Θ ❝♦♠♦ ❛ r❛③ã♦ ❞♦s ❞❡s✈✐♦s ♠á①✐♠♦ ❡ ❡①♣❡r✐♠❡♥t❛❧✿

Θ ≈ ∆n3
exp

∆n3
max

. ✭✹✳✶✻✮

❊ss❛ ❡q✉❛çã♦ ❢♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦❜❡rt✉r❛ Θr❡❢ ❞❡ ❛❝♦r❞♦ ❝♦♠

αR✳ ❆ ❝♦♠♣❛r❛çã♦ ❞❛ ❝♦❜❡rt✉r❛ ❡s♣❡r❛❞❛ Θ ❡ ❛ ❝♦❜❡rt✉r❛ ❝❛❧❝✉❧❛❞❛ Θr❡❢ ❢♦✐ ✉t✐❧✐③❛❞❛ ♣❛r❛

✈❛❧✐❞❛r ♦ ♠♦❞❡❧♦✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ✈❛❧✐❞❛çã♦ ❝♦♥s✐st❡ ❡♠✿ ✶✲ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ s♦❧✉çã♦

c0✱ s❡✉ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ D ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✢✉①♦ v sã♦ ✉t✐❧✐③❛❞❛s ❡♠ ✉♠ ♠♦❞❡❧♦ ❞❡

tr❛♥s♣♦rt❡ ❞❡ ✢✉✐❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ✐♠❡❞✐❛t❛♠❡♥t❡ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ cS✳ ✷✲

❛ ✐s♦t❡r♠❛ ❞❡ ▲❛♥❣♠✉✐r é ✉t✐❧✐③❛❞❛ ❝♦♠♦ ♠♦❞❡❧♦ ❞❡ ❛❞s♦rçã♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦❜❡rt✉r❛

Θ ❞❛ ❝❛♠❛❞❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✳ ✸✲ ❛ s✉♣❡r❢í❝✐❡ S9 é r❡❞❡✜♥✐❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ Θ✳ ✹✲ ♦

♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦ é ❛♣❧✐❝❛❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ αR✳ ❖ ♠♦❞❡❧♦

❞❡ ❝♦❜❡rt✉r❛ ❞❡ ✭▲❛❜♦r❞❡✱ ✷✵✶✸✮ é ❛♣❧✐❝❛❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦❜❡rt✉r❛ ♠❡❞✐❞❛ Θr❡❢✱ ✉♠

✢✉①♦❣r❛♠❛ ❞❡ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✹✳✸✳

❋✐❣✉r❛ ✹✳✸✿ ❋❧✉①♦❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✈❛❧✐❞❛çã♦ ❞♦ ♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦✳

P❛r❛ ❞❡✜♥✐r ❝♦♠♦ r❡♣r❡s❡♥t❛r ❛ s✉♣❡r❢í❝✐❡ S9✱ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦ ❞❛ ♦r❣❛♥✐③❛çã♦

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

❖r❣❛♥✐③❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ♥❛ s✉♣❡r❢í❝✐❡

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

♥❛ s✉♣❡r❢í❝✐❡ ❛❞❡r✐❞❛✳ ❆ ❝❛♠❛❞❛ ❞❡ ❛♥❛❧✐t♦ ♣♦❞❡ ❡st❛r ♦r❣❛♥✐③❛❞❛ ❡♠ ♠✉❧t✐❝❛♠❛❞❛s ♦✉

❡♠ ♠♦♥♦❝❛♠❛❞❛s✳ ❆ ♠✉❧t✐❝❛♠❛❞❛ ♦❝♦rr❡ ❡♠ ❝♦♥❞✐çõ❡s ❡♠ q✉❡ ❛ ❛❣r❡❣❛çã♦ ❞❛s ♣r♦t❡í♥❛s
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é ❢❛✈♦r❡❝✐❞❛ ♦✉ ❛ r❡♣✉❧sã♦ ❞❛s ♠❡s♠❛s é ✐♥✐❜✐❞❛✳ ❏á ❛s ♠♦♥♦❝❛♠❛❞❛s ♦❝♦rr❡♠ q✉❛♥❞♦ ❛

❛tr❛çã♦ ❡♥tr❡ ❞✉❛s ♣r♦t❡í♥❛s é ❢r❛❝❛ ♦✉ ♥❡❣❛t✐✈❛✱ ❤❛✈❡♥❞♦ r❡♣✉❧sã♦✳ ❆ s❡❣✉♥❞❛ ❡str✉t✉r❛ é

♦ ❝❛s♦ ❞❛ ♥❡✉tr❛✈✐❞✐♥❛✱ s✉❜stâ♥❝✐❛ ✉t✐❧✐③❛❞❛ ♥❡st❡ ❡st✉❞♦✳

❆ ✐♥t❡r❛çã♦ ❞❡ ❛tr❛çã♦✱ ♦✉ r❡♣✉❧sã♦✱ ❡♥tr❡ ❛s ♠♦❧é❝✉❧❛s t❛♠❜é♠ ♦❝♦rr❡♠ ❧❛t❡r❛❧♠❡♥t❡✱

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

♦❝♦rr❡ q✉❛♥❞♦ ♦ ♣♦t❡♥❝✐❛❧ ❤✐❞r♦❣❡♥✐ô♥✐❝♦ ✭♣❍✮ ❞❛ s♦❧✉çã♦ é ✐❣✉❛❧ ❛♦ ♣♦t❡♥❝✐❛❧ ✐s♦❡❧étr✐❝♦ ❞❛

♠♦❧é❝✉❧❛✱ r❡s✉❧t❛♥❞♦ ❡♠ ♠♦❧é❝✉❧❛s s❡♠ ❝❛r❣❛ ❡❧étr✐❝❛ ❡ ✉♠❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦ ♦❜s❡r✈❛❞❛

♠❛✐♦r ❞♦ q✉❡ ❛ ❡s♣❡r❛❞❛ ♣❡❧❛ t❡♦r✐❛ ❞❡ ▲❛♥❣♠✉✐r✳ ■ss♦ ♣♦rq✉❡ ❛s ♠♦❧é❝✉❧❛s ❥á ❛❞s♦r✈✐❞❛s

♥♦ ♠❡t❛❧ ❢❛❝✐❧✐t❛♠ ❛ ❛❞s♦rçã♦ ❞❡ ♥♦✈❛s ♠♦❧é❝✉❧❛s✱ ❛tr❛❡♠ ❛s ♠♦❧é❝✉❧❛s ❛✐♥❞❛ ♥ã♦ ❛❣r❡❣❛❞❛s

♣❛r❛ ♣ró①✐♠♦ à s✉♣❡r❢í❝✐❡✱ ♠❛s q✉❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❞✐♠✐♥✉✐✱ ❛s ❢♦rç❛s ❞❡ r❡♣✉❧sã♦✱ ♥♦ ❝❛s♦

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

❧❛t❡r❛❧ ❬✷❪✳ ◆❡ss❡ ❝❛s♦ ❤á ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❛❣r✉♣❛♠❡♥t♦s ❞❡ ♠♦❧é❝✉❧❛s ♥❛ s✉♣❡r❢í❝✐❡✱ ✈❡r

❋✐❣✉r❛ ✹✳✹✭❛✮✳

❋✐❣✉r❛ ✹✳✹✿ ❆❞s♦rçã♦ ❝♦♦♣❡r❛t✐✈❛✿ ✭❛✮ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛✱ ❛s ♠♦❧é❝✉❧❛s ❥á ❛❞❡r✐❞❛s ❛tr❛❡♠
❛s ❞❡♠❛✐s ♠❡❧❤♦r❛♥❞♦ ❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦❀ ✭❜✮ ❝♦♦♣❡r❛çã♦ ♥❡❣❛t✐✈❛✱ ❛s ♠♦❧é❝✉❧❛s ❛❞❡r✐❞❛s
r❡♣❡❧❡♠ ❛s ❞❡♠❛✐s✱ ❞✐✜❝✉❧t❛♥❞♦ ❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦✳

◗✉❛♥❞♦ ♦ ♣♦t❡♥❝✐❛❧ ✐s♦❡❧étr✐❝♦ ❞❛ ♠♦❧é❝✉❧❛ é ❞✐❢❡r❡♥t❡ ❞♦ ♣❍ ❞❛ s♦❧✉çã♦✱ ❛s ♠♦❧é❝✉❧❛s

✜❝❛♠ ❡❧❡tr✐❝❛♠❡♥t❡ ❝❛rr❡❣❛❞❛s✱ ❞❡ ♠♦❞♦ q✉❡ ❛s ♠♦❧é❝✉❧❛s ❥á ❛❞❡r✐❞❛s r❡♣❡❧❡♠ ❛s ❞❡♠❛✐s✱

❞✐✜❝✉❧t❛♥❞♦ ❛ s✉❛ ❛❞s♦rçã♦ ❡ ❡✈✐t❛♥❞♦ ♦ ❛❣r✉♣❛♠❡♥t♦ ❞❡ ♠♦❧é❝✉❧❛s✱ ✈❡r ❋✐❣✉r❛ ✹✳✹✭❜✮✳

◗✉❛♥❞♦ ✐ss♦ ♦❝♦rr❡ ❛ ❝✐♥ét✐❝❛ ❞❡ ❛❞s♦rçã♦ ♦❜s❡r✈❛❞❛ é ♠❡♥♦r ❞♦ q✉❡ ❛ ❡s♣❡r❛❞❛ ♣❡❧❛ t❡♦r✐❛

❞❡ ▲❛♥❣♠✉✐r✳ ◆♦s ❝❛s♦s ❡♠ q✉❡ ❛ ✐s♦t❡r♠❛ ❞❡ ▲❛♥❣♠✉✐r ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝❛s♦ ♦❜s❡r✈❛❞♦✱

♣♦❞❡ t❡r ♦❝♦rr✐❞♦ ✉♠❛ ❛❞s♦rçã♦ ♥ã♦ ❝♦♦♣❡r❛t✐✈❛✳ ❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ é q✉❡ ❛s ✐♥t❡r❛çõ❡s

❞❡ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛ ❡ ♥❡❣❛t✐✈❛ t❡♥❤❛♠ s❡ ❡q✉✐❧✐❜r❛❞♦ ❬✷❪✳
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❆❧❣✉♠❛s ❣❡♦♠❡tr✐❛s ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡❞❡✜♥✐r S9 ♣❛r❛ q✉❡ ♦ ✈♦❧✉♠❡ ❞❛ ♠❡♠❜r❛♥❛

❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ✈❛r✐❛ss❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ✭✹✳✶✺✮✱ ❡ss❛s ❣❡♦♠❡tr✐❛s ❡stã♦ ❛♣r❡✲

s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✺✱ s❡♥❞♦ Si
9 ❡ S

ii
9 ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡♣r❡s❡♥t❛r ✉♠❛ ❝♦❜❡rt✉r❛ r❡s✉❧t❛♥t❡

❞❡ ❛❞s♦rçã♦ ❝♦♠ ❝♦♦♣❡r❛çã♦ ♥❡❣❛t✐✈❛ ❡ Siii
9 ✱ Svi

9 ✱ S
v
9 ❡ Svi

9 ♣❛r❛ ❝♦❜❡rt✉r❛s r❡s✉❧t❛♥t❡s ❞❡

❛❞s♦rçã♦ ❝♦♠ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛✳

❋✐❣✉r❛ ✹✳✺✿ ●❡♦♠❡tr✐❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡❞❡✜♥✐r ❛ s✉♣❡r❢í❝✐❡ S9 ♥♦ ♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦✳
❆s ❡q✉❛çõ❡s ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥♦ ❛♣ê♥❞✐❝❡ ❆✳

❆s ♣r♦t❡í♥❛s ✉t✐❧✐③❛❞❛s ♥❡st❡ ❡st✉❞♦ ❛♣r❡s❡♥t❛♠ ❢♦r♠❛t♦ ❡s❢ér✐❝♦ ♦✉ ❡❧✐♣s♦✐❞❛❧✱ ❝♦♥t✉❞♦

❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ❢♦r♠❛t♦s r❡t❛♥❣✉❧❛r ❡ tr✐❛♥❣✉❧❛r ♣♦r s✐♠♣❧✐❝✐❞❛❞❡ ❞❡ ❝á❧❝✉❧♦ ❞❛ ❝♦❜❡rt✉r❛

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

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

r❡s✉❧t❛❞♦s ♣❛r❛ ❛s ❞✉❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❞s♦rçã♦✱ ❢♦r❛♠ ❢❡✐t♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❛❞s♦rçã♦ ❝♦♠

❞✐❢❡r❡♥t❡s ❝♦♥❝❡♥tr❛çõ❡s ✭c1 = 0, 21 µ▼✴▲ ❡ c2 = 3, 3 µ▼✴▲✮ ❞❛ ♣r♦t❡í♥❛ ◆❡✉tr❆✈✐❞✐♥❛✱ ♦

♣r♦t♦❝♦❧♦ ❡①♣❡r✐♠❡♥t❛❧ ❡stá ❞❡t❛❧❤❛❞♦ ♥♦ ❛♣ê♥❞✐❝❡ ❇✳

◆♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❛♠❜❛s ❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❛ ♣r♦t❡í♥❛✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❢♦✐

♠♦♥✐t♦r❛❞♦✳ ❊♠ ❞❡③ ❞✐❢❡r❡♥t❡s ✐♥st❛♥t❡s ❞❡ t❡♠♣♦ ❞❡ss❡ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦✱ ❛ ❝♦❜❡r✲

t✉r❛ ♠❡❞✐❞❛ ❢♦✐ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❣❡r❛r ❛s s✉♣❡r❢í❝✐❡s Si
9 ❡ Sii

9 ❝♦♠♦ ❝♦♦♣❡r❛çã♦ ♥❡❣❛t✐✈❛ ❡ ❛s

s✉♣❡r❢í❝✐❡s Siii
9 ❡ Siv

9 ❝♦♠♦ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛✳ ❆ ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡❢❡t✐✈♦

❢♦✐ s✐♠✉❧❛❞❛ ❡ ❛ ❝♦❜❡rt✉r❛ ❡q✉✐✈❛❧❡♥t❡ ❝❛❧❝✉❧❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ❞✉❛s ♦r❣❛♥✐③❛çõ❡s ♠♦❧❡✲

❝✉❧❛r❡s ♣❛r❛ ❝❛❞❛ ✐♥st❛♥t❡ tn ❞❡ t❡♠♣♦✱ n = 1, ..., 10✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❡ ❞♦s

❡①♣❡r✐♠❡♥t♦s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✻✳

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

ú♥✐❝♦ ❛❣❧♦♠❡r❛❞♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠❛ ❛❞s♦rçã♦ ❝♦♠ ❝♦♦♣❡r❛çã♦ ♣♦s✐t✐✈❛ é ♦ ♠❛✐s ♣ró①✐♠♦ ❞❛

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

✻✽



❞✐♥❛✱ ❛✐♥❞❛ é ♥❡❝❡ssár✐♦ ✉♠ ❡st✉❞♦ ♣❛r❛ t❡r ❞✐♠❡♥sã♦ ❞❛ ✐♥✢✉ê♥❝✐❛ ❞❡ss❛ s✐♠♣❧✐✜❝❛çã♦ ❞♦

♠♦❞❡❧♦ ♠♦❧❡❝✉❧❛r✳

❋✐❣✉r❛ ✹✳✻✿ ❙❡♥s♦r❣r❛♠❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ♣r♦✈♦❝❛❞♦ ♣♦r ✉♠❛ s♦❧✉çã♦ ❞❡ ◆❡✉tr❛✈✐✲
❞✐♥❛ ❝♦♠ ❝♦♥❝❡♥tr❛çã♦ 0, 21 µ▼✴▲ ✭❡sq✉❡r❞❛✮ ❡ 3, 3 µ▼✴▲ ✭❞✐r❡✐t❛✮✳

P❛r❛ ✈❡r✐✜❝❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❢♦r♠❛ ❞♦ ❛❣❧♦♠❡r❛❞♦ ❞❡ ♠♦❧é❝✉❧❛s✱ ❢♦r❛♠ t❡st❛❞❛s ❛❧❣✉✲

♠❛s ❣❡♦♠❡tr✐❛s ♣❛r❛ s✐♠✉❧❛r ❡ss❡ ❛❣❧♦♠❡r❛❞♦ r❡s✉❧t❛♥t❡ ❞❡ ✉♠❛ ❛❞s♦rçã♦ ❝♦♦♣❡r❛t✐✈❛✳ ❆s

s✉♣❡r❢í❝✐❡s Sv
9 ❡ Svi

9 ❢♦r❛♠ t❛♠❜é♠ ✉t✐❧✐③❛❞❛s✳ ❆♣❡♥❛s ✈❛r✐❛çõ❡s ❞❛ ❝♦❜❡rt✉r❛ ❛♦ ❧♦♥❣♦ ❞♦

❡✐①♦ x ❢♦r❛♠ ❝♦♥t❡♠♣❧❛❞❛s ♣♦rq✉❡ ♦ ❢❡✐①❡ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡ ♦ ❢❛③ ❞❡ ❢♦r♠❛ ♣♦♥t✉❛❧ ♥♦s ❡✐①♦

y ❡ z ❝♦♠♦ r❡tr❛t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✼✳

❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s✱ ✉t✐❧✐③❛♥❞♦ ❛s s✉♣❡r❢í❝✐❡s ❞❡s❝r✐t❛s✱ ✈❡r ❋✐❣✉r❛ ✹✳✽✱ s✉❣❡r❡♠

q✉❡ ❛ ❣❡♦♠❡tr✐❛ ✉t✐❧✐③❛❞❛ ♥♦ ♠♦❞❡❧♦ ❞♦ ♠❛t❡r✐❛❧ ❞✐❡❧étr✐❝♦ tê♠ ♣♦✉❝❛ ✐♥✢✉ê♥❝✐❛ ♥❛ ❝✉r✈❛

❙P❘ r❡s✉❧t❛♥t❡✳ ❖ ♠♦❞❡❧♦ ❢♦✐ t❡st❛❞♦ ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s s✉♣❡r❢í❝✐❡s Siii
9 ✱ Siv

9 ✱ Sv
9 ❡ Svi

9 ✱

♦❜t❡♥❞♦ ❝✉r✈❛s ❙P❘ s✐♠✐❧❛r❡s ♣❛r❛ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❡ ❝♦❜❡rt✉r❛ Θ✳

❈♦♥❝❧✉✐✲s❡ q✉❡ ❛ ❢r❛çã♦ ❞♦ ✈♦❧✉♠❡ ❞♦ ♠❛t❡r✐❛❧ ❞✐❡❧étr✐❝♦ é s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐s ✐♥✢✉✲

❡♥t❡ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ q✉❡ ❛ ❢♦r♠❛ ♦✉ ❞✐str✐❜✉✐çã♦ ❞❡ss❡ ♠❛t❡r✐❛❧✳

❉❡ss❡ ♠♦❞♦ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ εeq ❞❛ ♠♦♥♦❝❛♠❛❞❛

❝♦♠♦ s❡♥❞♦ ♦ ✈❛❧♦r ❞❛ ❛ss♦❝✐❛çã♦ ❞♦s ❞✐❡❧étr✐❝♦s q✉❡ ❛ ❢♦r♠❛♠✳

❖✉ s❡❥❛✱ s❡ ✉♠❛ ♣r♦t❡í♥❛ q✉❛❧q✉❡r ❞❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♥❤❡❝✐❞❛ εp ❢♦r♠❛ ✉♠❛ ♠♦✲

✻✾



❋✐❣✉r❛ ✹✳✼✿ ❱✐st❛s ❞❛ r❡❣✐ã♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ❧✉③✳

♥♦❝❛♠❛❞❛ ✐♥❝♦♠♣❧❡t❛ ❡♠ ✉♠ ♠❡✐♦ ❛q✉♦s♦ ✭εw✮✱ s❡♥❞♦✿

εeq(Θ = 0, εp, εw) = εw ≤ εeq(Θ, εp, εw) ≤ εp = εeq(Θ = 1, εp, εw) ✭✹✳✶✼✮

✹✳✷ ❈á❧❝✉❧♦ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡

❆❞♠✐t✐♥❞♦ q✉❡ ♦ ❢♦r♠❛t♦ ❞♦s s✉❜❞♦♠í♥✐♦s ♥ã♦ ❡①❡r❝❡ ✐♥✢✉ê♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛✱ ♣♦❞❡✲s❡

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

P♦r ❢❛❝✐❧✐❞❛❞❡ ❞❡ ❝á❧❝✉❧♦✱ ❛ ❣❡♦♠❡tr✐❛ ♠❛✐s s✐♠♣❧❡s ❢♦✐ ❡s❝♦❧❤✐❞❛✱ ❛q✉❡❧❛ ❞❡✜♥✐❞❛ ♣❡❧❛

s✉♣❡r❢í❝✐❡ Svi
9 ✳ ❊ss❡ r❡s✉❧t❛❞♦ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ q✉❡ é ❢❡✐t♦ ♣❛r❛ ♦ ✜❧♠❡ ♠❡tá❧✐❝♦✱ ♣♦✐s ❡st❡

t❛♠❜é♠ é ✐rr❡❣✉❧❛r ❡ ♥ã♦ ❤♦♠♦❣ê♥❡♦ ❬✽✽❪✱ ♠❛s é r❡♣r❡s❡♥t❛❞♦ ❝♦♠♦ r❡❣✉❧❛r ❡ ❤♦♠♦❣ê♥❡♦✳

P❛r❛ ❝❛❧❝✉❧❛r ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡✱ ❢♦✐ ❛♣❧✐❝❛❞♦ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ ❛ss♦❝✐❛✲

çã♦ ♣❛r❛❧❡❧❛ ❞❡ ❞✐❡❧étr✐❝♦s✱ ♥♦r♠❛❧♠❡♥t❡ ❛♣❧✐❝❛❞❛ ❛ ❝❛♣❛❝✐t♦r❡s✿

1

Ceq

=
1

C1

+
1

C2

✭✹✳✶✽✮

❝♦♠

Ceq = εeq
A

d
; C3 = ε3

A

Θd
; C4 = ε4

A

(1−Θ)d
. ✭✹✳✶✾✮

s❡♥❞♦ A ❛ ár❡❛ ❞❛ ♣❡ç❛✱ Θd ❡ (1−Θ)d ❛s ❡s♣❡ss✉r❛s ❞❛s ❞✉❛s ❝❛♠❛❞❛s ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s

✼✵



❋✐❣✉r❛ ✹✳✽✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❝✉r✈❛s ❙P❘ s✐♠✉❧❛❞❛s ❝♦♠ ❞✐❢❡r❡♥t❡s ❣❡♦♠❡tr✐❛s ♣❛r❛
q✉❛tr♦ ✈❛❧♦r❡s ❞❡ ❝♦❜❡rt✉r❛ ❞✐str✐❜✉í❞♦s ❞❡ ❢♦r♠❛ ✉♥✐❢♦r♠❡ ❡s♣❛ç❛❞♦s ❡♥tr❡ ✵ ❛ ✶✳

❡ ε3 ❡ ε4 ❛s s✉❛s ❝♦♥st❛♥t❡s ❞✐❡❧étr✐❝❛s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❋✐❣✉r❛ ✹✳✾✳

❋✐❣✉r❛ ✹✳✾✿ ❆ss♦❝✐❛çã♦ ♣❛r❛❧❡❧❛ ❞❡ ❞✐❡❧étr✐❝♦s

❙✉❜st✐t✉✐♥❞♦✿

1

Ceq

=
Θd

ε3A
+

(1−Θ)d

ε4A

d

εeqA
=

Θd

ε3A
+

(1−Θ)d

ε4A

1

εeq
=

Θ

ε3
+

1−Θ

ε4
ε3ε4
εeq

= (1−Θ)ε3 +Θε4

εeq =
ε3ε4

(1−Θ)ε3 +Θε4
✭✹✳✷✵✮

❈♦♠ ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠❛ ❡①♣❛♥sã♦ ❞❛s

✼✶



❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❝✉r✈❛ ❙P❘ r❡s✉❧t❛♥t❡ ♣❛r❛ q✉❛❧q✉❡r ✈❛❧♦r ❞❡ ❝♦❜❡rt✉r❛

❞❛ ❝❛♠❛❞❛ ♠❡tá❧✐❝❛✱ ♥❛ ❋✐❣✉r❛ ✹✳✶✵ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❝✉r✈❛s t❡ór✐❝❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s

❝♦❜❡rt✉r❛s ♦❜t✐❞❛s ❝♦♠ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣❛r❛ s❡r ❝♦♠♣✉t❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ❡❧❡♠❡♥t♦s

✜♥✐t♦s RMEF (α)✱ ❡ ♦❜t✐❞❛s ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ❡①♣❛♥❞✐❞♦ RFE(α)✱ t❛♠❜é♠ ♣r♦♣♦st♦✳

❖ ❞❡s✈✐♦ ❡♥tr❡ ❛s ❡q✉❛çõ❡s ❢♦✐ ❝❛❧❝✉❧❛❞♦ ♣♦r ♠❡✐♦ ❞♦ ❞❡s✈✐♦ ♠é❞✐♦ q✉❛❞rát✐❝♦✿

RMSD =

√√√√ 1

N

N∑

i=1

(RMEF (αi)−RFE(αi))
2. ✭✹✳✷✶✮

❋✐❣✉r❛ ✹✳✶✵✿ ❈♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❞❡ s✐♠✉❧❛çõ❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡
❝♦❜❡rt✉r❛✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ▼❊❋ ♣r♦♣♦st♦ ❡ s♦❧✉❝✐♦♥❛❞♦ ✉t✐❧✐③❛♥❞♦ ♦ ❈♦♠s♦❧ ❡ ♦ ♠♦❞❡❧♦
❞❡ ❋r❡s♥❡❧ ❡①♣❛♥❞✐❞♦✿ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ❝♦♠ ♦ ❞✐❡❧étr✐❝♦ ❡q✉✐✈❛❧❡♥t❡✳ ❖ ❞❡s✈✐♦ ♠é❞✐♦
q✉❛❞rát✐❝♦ ✭❘▼❙❉✮ é ❛♣r❡s❡♥t❛❞♦ ♣❛r❛ ❝❛❞❛ ♣❛r ❞❡ ❝✉r✈❛s ♣❛r❛ ❛ ♠❡s♠❛ ❝♦❜❡rt✉r❛✳

✹✳✸ ❈♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ r❡s✉❧t❛♥t❡ εR ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ r❡s✉❧t❛♥t❡ λR

❉✉r❛♥t❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛

❧✉③ ❡①❝✐t❛♥t❡ q✉❡ s❡ ♣r♦♣❛❣❛ ❛♦ ❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ♠❡tá❧✐❝❛ ~kx ♣♦ss✉✐ ❛ ♠❡s♠❛ ❞✐r❡çã♦ ❡

♠❛❣♥✐t✉❞❡ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❞❛ ♦♥❞❛ ❞❡ s✉♣❡r❢í❝✐❡ ~kSP ❣❡r❛❞❛✳ ❆ss✐♠✱ ❞❛❞♦

kx =
2π

λ
n1 sin(α), ✭✹✳✷✷✮

✼✷



♣♦❞❡✲s❡ ✉t✐❧✐③❛r ❛ ❛♣r♦①✐♠❛çã♦ ❞❡❞✉③✐❞❛ ♣♦r ❬✶✶❪ ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞❡ três ❝❛♠❛❞❛s✿

kSP =
2π

λ

√
εmr + n2

3

εmr + n2
3

, ✭✹✳✷✸✮

♣❛r❛ ❞❡✜♥✐r ❛ ✐❣✉❛❧❞❛❞❡ ❡ ❝❛❧❝✉❧❛r ❛ ♣❛rt❡ r❡❛❧ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❛t❡r✐❛❧ ♠❡tá❧✐❝♦✿

εmr =
n2
3(n1 sinα)

2

n2
3 − (n1 sinα)2

, ✭✹✳✷✹✮

s❡♥❞♦ α ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡ n1 ❡ n3 ♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞♦ s✉❜str❛t♦ ó♣t✐❝♦ ❡ ❞❛

s♦❧✉çã♦ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❈♦♠ ❡st❡ r❡s✉❧t❛❞♦✱ é ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ ♣❛r❛ ♠❡❞✐r

♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❡ ✉♠ ✜❧♠❡ ♠❡tá❧✐❝♦✳ P❛r❛ ✐ss♦✱ ❜❛st❛ ❡①❝✐t❛r ♦ ❢❡♥ô♠❡♥♦ ❝♦♠

á❣✉❛ ♥♦ ♠❡✐♦ ❡①t❡r♥♦✱ ❛ss✐♠ n3 ♣♦❞❡ s❡r ❝♦♥❤❡❝✐❞♦✳ ❯♠❛ ❛♣❧✐❝❛çã♦ ✐♠❡❞✐❛t❛ é ❛ ❝❛❧✐❜r❛çã♦

❞♦ ❡q✉✐♣❛♠❡♥t♦ ❜✐♦✲s❡♥s♦r ❜❛s❡❛❞♦ ♥❛ r❡ss♦♥â♥❝✐❛ ❡♠ q✉❡stã♦✳

❆ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡t❛❧ é ❢♦rt❡♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛

❧✉③ q✉❡ ♦ ❛tr❛✈❡ss❛✳ ❆ss✐♠✱ ♠❡s♠♦ s❡ ❤♦✉✈❡r ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ♣♦❧✐❝r♦♠át✐❝❛✱ ❛

❡q✉❛çã♦ ✭✹✳✷✹✮ r❡♣r❡s❡♥t❛ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ r❡s✉❧t❛♥t❡ εR✱ ♦✉ s❡❥❛✱ ✉♠ ú♥✐❝♦ ✈❛❧♦r ❞❛

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

❡①❝✐t❛çã♦ ♣♦❧✐❝r♦♠át✐❝❛✳

❯t✐❧✐③❛♥❞♦ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❝♦♠♦ ♦s ❛♣r❡s❡♥t❛❞♦s ❡♠ ❬✸✶❪✱ é s✐♠♣❧❡s ❡♥❝♦♥tr❛r ✉♠

ú♥✐❝♦ ✈❛❧♦r ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λR ♣❛r❛ ♦ q✉❛❧ ♦ εmr(λR) = εR✱ ❡st❡ é ♦ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛ r❡s✉❧t❛♥t❡✳

✼✸



❈❛♣ít✉❧♦ ✺

❈❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛

◆❡st❡ ❝❛♣ít✉❧♦✱ s❡rá ❛♣r❡s❡♥t❛❞♦ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♠♣❧❡t♦ ♣❛r❛ ❡st✐♠❛çã♦ ❞♦s ♣❛râ✲

♠❡tr♦s ❢ís✐❝♦ ❡ ó♣t✐❝♦ ❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❢♦r♠❛❞❛ s♦❜r❡ ♦ ✜❧♠❡ ❞❡ ♦✉r♦✳

✺✳✶ P❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧

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

ó♣t✐❝♦ ❡ s❡♥s♦r✐❛♠❡♥t♦ ó♣t✐❝♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ✉t✐❧✐③❛❞♦✳ ❉❡ss❡ ♠♦❞♦✱ q✉❛❧q✉❡r ❜✐♦✲s❡♥s♦r

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

❡q✉✐♣❛♠❡♥t♦ t❛♠❜é♠ é ♣♦✉❝♦ r❡❧❡✈❛♥t❡✱ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♦ ♠ó❞✉❧♦ ❙P❘❊❊❚❆ ♣❛r❛ ❝♦❧❡t❛ ❞❡

❞❛❞♦s✱ ✈❡r ❋✐❣✉r❛ ✺✳✶✳

❖ ❙P❘❊❊❚❆ ✉t✐❧✐③❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❑r❡ts❝❤♠❛♥♥✲❘❛❡t❤❡r ♥♦ ♠♦❞♦ ❆■▼✱ s❡♥❞♦ ❡♥❝❛♣✲

s✉❧❛❞♦ ❡♠ ❡♣♦①② ♠♦❞❡❧❛❞♦ ✭❈✐❜❛✲●❡✐s②✱ ▲♦s ❆♥❣❡❧❡s✱ ❈❆✮ ❝♦♠ ✉♠ ▲❊❉ ❞❡ ❆❧●❛❆s ❞❡ ✽✸✵

♥♠ ✭■♥❢r❛t❡❝❤✱ ●❛r❧❛♥❞✱ ❚❳✮ ❡ ✉♠ ♣♦❧❛r✐③❛❞♦r ♣❛r❛ ❛ ❧✉③✳ ◆♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦ t❛♠❜é♠ ❤á

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

r✐❛çã♦ ❞❡ss❛ ❣r❛♥❞❡③❛✳ ❯♠ ✜♥♦ ✜❧♠❡ ❞❡ ♦✉r♦ ❞❡ ✺✵ ♥♠ ❝♦♠♣õ❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ s❡♥s♦r✳ ❊st❛

s✉♣❡r❢í❝✐❡ ✜❝❛ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠ ❜❧♦❝♦ ❞❡ ❚❡✢♦♥➋❝♦♠ três ❝❛♥❛✐s ❞❡ ❞❡ ✷×✶✵ ♠♠ ❝♦♠

✵✱✼✻✷ ♠♠ ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡ ❢❡✐t♦s ❛ ❧❛s❡r✳ ❖ ❙P❘❊❊❚❆ é ❝❛♣❛③ ❞❡ ♠❡❞✐r í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦

♥❛ ❢❛✐①❛ ❞❡ 1, 32 ❛ 1, 368✱ ❝♦♠ ♣r❡❝✐sã♦ ❞❡ 5 × 10−6 ❘■❯✱ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❞❡ ✺

❛ ✷✵✵✵ ❦❍③✳ ❬✽✾✱ ✾✵❪✳ ❆ ✐♥str✉♠❡♥t❛çã♦ ✐♥❝❧✉✐ ✉♠ ❛rr❛♥❥♦ ❞❡ ❢♦t♦❞❡t❡❝t♦r❡s ❝♦♠ r❡s♦❧✉çã♦

❞❡ 1 × 128✳ ◆❡st❡ tr❛❜❛❧❤♦ s❡rá ❝❤❛♠❛❞♦ ❞❡ ♣✐①❡❧ ❛♦ s✐♥❛❧ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝❛❞❛ ✉♠ ❞❡ss❡s



❋✐❣✉r❛ ✺✳✶✿ P❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s❡♥✈♦❧✈✐❞❛ s♦❜r❡ ♦ ❜✐♦✲❝❤✐♣ ❙P❘❊❊❚❆✳

❢♦t♦❞❡t❡❝t♦r❡s✳

◆♦ s✐♥❛❧ ❝❛♣t❛❞♦ ❝♦♠ ♦ ❙P❘❊❊❚❆ ♣♦❞❡ s❡r ♣❡r❝❡❜✐❞❛ ❛ ♥ã♦ ✉♥✐❢♦r♠✐❞❛❞❡ ❞♦s ❢♦t♦❞✐♦❞♦s

❛tr❛✈és ❞❡ ♣❛❞rõ❡s ❝♦♥st❛♥t❡s ❞❡ ♣❡rt✉r❜❛çã♦ ♥♦ s✐♥❛❧ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ s✐♥❛❧

♠❡❞✐❞♦❀ ♣❡rt✉r❜❛çõ❡s t❡♠♣♦r❛✐s ♣♦❞❡♠ s❡r ♣❡r❝❡❜✐❞❛s ♣♦r ♠❡✐♦ ❞❛ ✈❛r✐❛çã♦ ❛❧❡❛tór✐❛ ❞❡

❛té ✵✱✽✪ ❞♦ s✐♥❛❧ ♥♦s ✈❛❧♦r❡s ❞❡ ❝❛❞❛ ♣✐①❡❧ ♠❡❞✐❞♦s ♣❛r❛ ♦ ♠❡s♠♦ s✐♥❛❧❀ ❡ ♣❡rt✉r❜❛çõ❡s

❡s♣❛❝✐❛✐s ❢♦r❛♠ ♦❜s❡r✈❛❞❛s q✉❛♥❞♦ ♣✐①❡❧s ✈✐③✐♥❤♦s ❛♣r❡s❡♥t❛♠ ♣❡rt✉r❜❛çõ❡s s✐♠✐❧❛r❡s✱ ❝♦♠

❛♠♣❧✐t✉❞❡ ❞❡ ❛té ✷✪ ❞♦ s✐♥❛❧ ❡ ✐♥✢✉ê♥❝✐❛ ❞❡ ❞♦✐s ❛ três ♣✐①❡❧s ✈✐③✐♥❤♦s✳ ❈♦♥t✉❞♦✱ ✉♠ ✜❧tr♦

♣❛ss❛✲❜❛✐①❛s ♠✐♥✐♠✐③❛ ♦ ❡❢❡✐t♦ ❞❡ss❡s r✉í❞♦s ❞❡ ♠♦❞♦ s✉✜❝✐❡♥t❡ ❬✾✶❪✳

✼✺



✺✳✷ ❈❛❧✐❜r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦

❆ ❞✐s❝r❡♣â♥❝✐❛ ❡♥tr❡ ❛s ❝✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s ❡ t❡ór✐❝❛s ❛tr❛♣❛❧❤❛♠ ♦ ✉s♦ ❝♦♠❜✐♥❛❞♦

❞❡st❛s ♣❛r❛ ❛ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ❞❡s❝♦♥❤❡❝✐❞♦s✳ P♦✐s ♥ã♦ é s✐♠♣❧❡s ♦❜t❡r ✉♠❛ ❝✉r✈❛

❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ✉♠❛ ❝♦♠❜✐♥❛çã♦ q✉❛❧q✉❡r ❞❡ ♣❛râ♠❡tr♦s✳

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

♣ró♣r✐❛ ♠❛r❣❡♠ ❞❡ s❡✉s ❝♦♠♣♦♥❡♥t❡s✳ ◆♦ ❡q✉✐♣❛♠❡♥t♦ ❙P❘❊❊❚❆✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ s❡✉

♠❛♥✉❛❧ ✐♥❢♦r♠❛ q✉❡ ❛ ❢♦♥t❡ ❞❡ ❧✉③ é ♠♦♥♦❝r♦♠át✐❝❛ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ✽✹✵ ♥♠✱

♦ ❞❛t❛s❤❡❡t ❞♦ ❢♦t♦❞✐♦❞♦ ✉t✐❧✐③❛❞♦ ✐♥❢♦r♠❛ ✽✸✵ ♥♠ ❡ ❛♦ ♠❡❞✐r ✉t✐❧✐③❛♥❞♦ ✉♠ ❡s♣❡❝trô♠❡tr♦✱

♣❡r❝❡❜❡✲s❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❣❛✉ss✐❛♥❛ ❞❛ ❧✉③ ❝♦♠ ♣✐❝♦ ❡♠ ✽✺✵ ♥♠ ❝♦♠♦ ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✺✳✷✳

❋✐❣✉r❛ ✺✳✷✿ ❊s♣❛❧❤❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❞❛
❧✉③ ❡①❝✐t❛♥t❡ ❞♦ ❙P❘❊❊❚❆ ♠❡❞✐❞❛ ❝♦♠
♦ ❡s♣❡❝trô♠❡tr♦ ❯❙❇✹✵✵✵ ❞❛ ❖❝❡❛♥ ❖♣✲
t✐❝s ✭❞❡t❡❝t♦r ❚❈❉✶✸✵✹❆P ❝♦♠ s❡♥s✐❜✐❧✐✲
❞❛❞❡ ❞❡ ✻✵ ❢ót♦♥s✴❝♦✉♥t✮✳

❋✐❣✉r❛ ✺✳✸✿ ❈✉r✈❛s ❙P❘ s✐♠✉❧❛❞❛s✿ ❝♦♠
♦ ♠♦❞❡❧♦ ❞❡ ❋r❡s♥❡❧ ✭Rm✮ ❡ ❝♦♠ ♦ ♠♦❞❡❧♦
❞❡ ❋r❡s♥❡❧ ▼♦❞✐✜❝❛❞♦ ✭Rp✮✳ ❈✉r✈❛s ❙P❘
❡①♣❡r✐♠❡♥t❛✐s✿ s❡♠ ❝❛❧✐❜r❛çã♦ ✭Re✮ ❡ ❝♦♠
❝❛❧✐❜r❛çã♦ C(Rp) ❡ C(Re)✳

P♦rt❛♥t♦✱ é ♥❡❝❡ssár✐❛ ✉♠❛ ❝❛❧✐❜r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ♣❛r❛ ❛❥✉st❛r ❛ ❢❛✐①❛ ❞❡ â♥❣✉❧♦s

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

❡st❡❥❛ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧✳

P❛r❛ s✐♠✉❧❛çã♦✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ❛ ❡q✉❛çã♦ ❞❡ ❋r❡s♥❡❧ ♠♦❞✐✜❝❛❞❛ ❞❡✜♥✐❞❛ ♣♦r ❬✸✵❪

Rp (θ, λ, n1, d1, ..., nN(λ), dN , ρ(λ)) =

∫ λF

λI

Rm (α, λ, n1(λ), d1, ..., nN(λ), dN) ρ(λ)dλ

∫ λF

λI

ρ(λ)dλ

, ✭✺✳✶✮

✼✻



s❡♥❞♦ ni ❡ di ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ i ❝♦♠ i = 1, 2, ..., N ✱ Rm ❛

r❡✢❡❝tâ♥❝✐❛ ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ α ❡ ♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ λ✱ ❡ ρ(λ)✳

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

❡①♣❡r✐♠❡♥t❛çã♦ é r❡❞✉③✐❞❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡✱ ❝♦♠♦ ♣♦❞❡ s❡r ♣❡r❝❡❜✐❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✳ ❖

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

P❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❝♦♥s✐❞❡r❛✿

• ❆ t❡♠♣❡r❛t✉r❛ ❡ ✐♠♣❡r❢❡✐çõ❡s ❞♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ❛❧t❡r❛♠ ♦ ♣❡r❝✉rs♦ ❞❛ ❧✉③ r❡✢❡t✐❞❛

❝❛✉s❛♥❞♦ ✉♠❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡s❧♦❝❛❞❛ ♥♦s ❢♦t♦❞❡t❡❝t♦r❡s❀

• ❆ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❞❡té♠ ♦ ✈❛❧♦r ✈❡r❞❛❞❡✐r♦ ❞♦ â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡s♣❡r❛❞♦ ❞❛

r❡ss♦♥â♥❝✐❛❀

• ❆ ❝✉r✈❛ s✐♠✉❧❛❞❛ ♥ã♦ ❝♦♥t❡♠♣❧❛ ❛t❡♥✉❛çõ❡s s♦❢r✐❞❛s ♣❡❧❛ ❧✉③ ❡ ✐♠♣❡r❢❡✐çõ❡s ❞♦s ❢♦t♦✲

❞❡t❡❝t♦r❡s✳

P♦rt❛♥t♦✱ ❛ss✐♠✱ ❝♦♠♦ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡✈❡ s❡r ❝❛❧✐❜r❛❞♦ ♣❛r❛ ♠❡❞✐r ✵◦❈ ♥❛

t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ ❞❛ á❣✉❛✱ ♦ s✐♥❛❧ ❡①♣❡r✐♠❡♥t❛❧ t❛♠❜é♠ ❞❡✈❡ s❡r ❝❛❧✐❜r❛❞♦ ♣❛r❛ t❡r ❝♦♠♦

â♥❣✉❧♦ ❞❡ r❡ss♦♥â♥❝✐❛ ♣❛r❛ ❛ á❣✉❛ ♦ ♠❡s♠♦ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ t❡♦r✐❝❛♠❡♥t❡✳ ❆ r❡❧❛çã♦ ◦/pixel

t❛♠❜é♠ ❞❡✈❡ s❡r ❛❥✉st❛❞❛ ♥♦ s✐♥❛❧ ❡①♣❡r✐♠❡♥t❛❧✱ ❝♦♠♦ r❡❢❡rê♥❝✐❛ é ✉t✐❧✐③❛❞❛ ❛ ❧❛r❣✉r❛ ❞❛

❝✉r✈❛ s✐♠✉❧❛❞❛✳

❏á ❛ ❝✉r✈❛ s✐♠✉❧❛❞❛ ❞❡✈❡ t❡r s✉❛ ❛♠♣❧✐t✉❞❡ ❡ ✈❛❧♦r ❞❡ ♠í♥✐♠♦ ❛❥✉st❛❞♦s ♣❛r❛ q✉❡ ❛

♣r♦❢✉♥❞✐❞❛❞❡ ❞❛ ❝✉r✈❛ ❡①♣❡r✐♠❡♥t❛❧ s❡❥❛ r❡✢❡t✐❞❛✱ ♣❛r❛ ✐ss♦ ❝❛❧❝✉❧❛✲s❡ ✉♠ ❣❛♥❤♦ ❛❞✐t✐✈♦ ga

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

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

❞✐❡❧étr✐❝❛ r❡s✉❧t❛♥t❡ ❞♦ ♠❡t❛❧ ❛tr❛✈és ❞❛ ❊q✳ ✹✳✷✹ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ r❡s✉❧t❛♥t❡

❝♦♠♣❛r❛♥❞♦ ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❯♠ ✢✉①♦❣r❛♠❛ ❞♦

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

✼✼



❋✐❣✉r❛ ✺✳✹✿ ❋❧✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ❜✐♦✲tr❛♥s❞✉t♦r✳

✺✳✸ ❊st✐♠❛t✐✈❛ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡

❯♠ ❝♦♥❝❡✐t♦ ❝♦♥s♦❧✐❞❛❞♦ ♥♦ ✉s♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡ é ❛ ❝♦♥st❛♥t❡

❞✐❡❧étr✐❝❛ ❡❢❡t✐✈❛ εeff ✳ ❉❡✜♥✐❞♦ ♣♦r ❬✷✵❪✱

εeff =
εRε1 sin(α)

2

εR − ε1 sin(α)2
, ✭✺✳✷✮

é ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ♥❛ ❝❛♠❛❞❛ ❡①t❡r♥❛ ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❡ três ❝❛♠❛❞❛s q✉❡

r❡s✉❧t❛ ❡♠ ✉♠❛ ❝✉r✈❛ ❙P❘ ❡q✉✐✈❛❧❡♥t❡ à ❝✉r✈❛ r❡s✉❧t❛♥t❡ ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s✳

P❛r❛ ❝❛❧❝✉❧❛r ❡ss❛ ❝♦♥st❛♥t❡✱ é ♥❡❝❡ssár✐♦ ❞❡✜♥✐r✿

• k2 ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ q✉❡ s❡ ♣r♦♣❛❣❛ ♥❛ ❝❛♠❛❞❛ ✷ ✭♠❡tá❧✐❝❛✮ ❝♦♠ ❝♦♥st❛♥t❡

❞✐❡❧étr✐❝❛ ε2❀

• keff ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ♥♦ ♠♦❞❡❧♦ ❞❡ três ❝❛♠❛❞❛s ♣❛r❛ ♦ r❛✐♦ q✉❡ s❡ ♣r♦♣❛❣❛

♥❛ ❝❛♠❛❞❛ ✸ ✭♠❡✐♦ ❡①t❡r♥♦✮ ❝♦♠ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ εeff ❀

• k3 ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ♥♦ ♠♦❞❡❧♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ♣❛r❛ ♦ r❛✐♦ q✉❡ s❡ ♣r♦♣❛❣❛

♥❛ ❝❛♠❛❞❛ ✸ ✭❞✐❡❧étr✐❝♦✮ ❝♦♠ ❝♦♥st❛♥t❡ εeq❀

• k4 ♦ ♠ó❞✉❧♦ ❞♦ ✈❡t♦r ❞❡ ♦♥❞❛ ♥♦ ♠♦❞❡❧♦ ❞❡ q✉❛tr♦ ❝❛♠❛❞❛s ♣❛r❛ ♦ r❛✐♦ q✉❡ s❡ ♣r♦♣❛❣❛

♥❛ ❝❛♠❛❞❛ ✹ ✭♠❡✐♦ ❡①t❡r♥♦✮ ε4✳

✼✽



❆ss✐♠✱ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡ ♦❜s❡r✈❛❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ✸ ❝❛♠❛❞❛s é ❝❛❧❝✉❧❛❞♦ ♣♦r✿

r2eff =
k2/ε2 − keff/εeff
k2/ε2 + keff/εeff

✭✺✳✸✮

❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡t✐✈✐❞❛❞❡✱ ♦❜s❡r✈❛❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ✹ ❝❛♠❛❞❛s✱ é ❝❛❧❝✉❧❛❞♦ ♣♦r✿

r234 =
r23 + r34 exp(2ik3d3)

1 + r23r34 exp(2ik3d3)
, ✭✺✳✹✮

s❡♥❞♦

r23 =
k2/ε2 − k3/εeq
k2/ε2 + k3/εeq

✭✺✳✺✮

❡

r34 =
k3/ε3 − k4/ε4
k3/ε3 + k4/ε4

. ✭✺✳✻✮

❉❡✜♥✐❞❛s ❡st❛s ✈❛r✐á✈❡✐s✱ ♦ ♣r♦❜❧❡♠❛ ❞❡ ❡st✐♠❛çã♦ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡

❞❛ ❝❛♠❛❞❛ ❞✐❡❧étr✐❝❛ ❝♦♥s✐st❡ ❡♠ ❡♥❝♦♥tr❛r εeq q✉❡ s❛t✐s❢❛ç❛ ❛ ✐❣✉❛❧❞❛❞❡

r234 = r2eff . ✭✺✳✼✮

P❛r❛ ✐ss♦ ❢♦✐ ❞❡✜♥✐❞❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ❡rr♦

ξ =
√
(r234 − r2eff )2 ✭✺✳✽✮

❡ ❛♣❧✐❝❛❞♦ ♦ ♠ét♦❞♦ ❞❡ ♣r♦❣r❛♠❛çã♦ q✉❛❞rát✐❝❛ s❡q✉❡♥❝✐❛❧ ✭❙❡q✉❡♥t✐❛❧ q✉❛❞r❛t✐❝ ♣r♦❣r❛♠✲

♠✐♥❣ ✲ ❙◗P✮ ♣❛r❛ ❡♥❝♦♥tr❛r εeq q✉❡ ♠✐♥✐♠✐③❛ ξ✿

♠✐♥✐♠✐③❛r
(̂εeq ,d̂3)

ξ(ε̂eq, d̂3, αRES, λ, ε2) =
√

(r234(αi)− r2eff (αi))2

s✉❥❡✐t♦ ❛ ε′ < ε̂eq < ε′′

d′ < d̂3 < d′′

✭✺✳✾✮

✼✾



✺✳✹ ❊st✐♠❛t✐✈❛ ❞❛ ❝♦❜❡rt✉r❛ ❡ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❛

♣r♦t❡í♥❛

❙❡ ❢♦r ❝♦♥❤❡❝✐❞♦ ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ε3 ❞❛ ♣r♦t❡í♥❛✱ ❞❡t❡r♠✐♥❛r ❛ ❝♦❜❡rt✉r❛

❞❛ ❝❛♠❛❞❛ ❛tr❛✈és ❞❛ ❊q✳ ✹✳✷✵ é ✉♠ ♣r♦❜❧❡♠❛ s✐♠♣❧❡s ❞❛❞♦ q✉❡ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛

❡q✉✐✈❛❧❡♥t❡ ❢♦✐ ❡st✐♠❛❞❛ ❝♦rr❡t❛♠❡♥t❡✿

εeq =
ε3ε4

(1−Θ)ε3 +Θε4
✭✺✳✶✵✮

εeq (ε3 +Θ(ε4 − ε3)) = ε3ε4 ✭✺✳✶✶✮

Θ(ε4 − ε3)εeq = ε3ε4 − ε3εeq ✭✺✳✶✷✮

Θ =
ε3ε4 − ε3εeq
ε4εeq − ε3εeq

, ✭✺✳✶✸✮

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

③❛♥❞♦ ♦ ❜✐♦✲s❡♥s♦r ❜❛s❡❛❞♦ ♥❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s✳ ❯♠ ✢✉①♦❣r❛♠❛ ❞❡st❡ ♣r♦❝❡❞✐♠❡♥t♦

❡stá ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✺✱ ❡♠ ♣♦♥t✐❧❤❛❞♦ ❡stá ✉♠ ♠ét♦❞♦ ❞❡ ❡st✐♠❛çã♦ ❞❛ ❝♦♥st❛♥t❡ ❞✐✲

❡❧étr✐❝❛ ε3 ❞❛ ♣r♦t❡í♥❛✱ ♣❛r❛ s❡r ❛♣❧✐❝❛❞♦ s❡ ❡st❛ ♥ã♦ ❢♦r ❝♦♥❤❡❝✐❞❛✳ ❊ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ❡♠

♣♦♥t✐❧❤❛❞♦ só ❞❡✈❡ s❡r ❛♣❧✐❝❛❞♦ ✉♠❛ ✈❡③ ♣❛r❛ ❝❛❞❛ ♣r♦t❡í♥❛ ❛♥t❡s ❞❡ s✉❛ ❛♣❧✐❝❛çã♦ ♦♥✲❧✐♥❡

❡ s❡rá ❞❡s❝r✐t♦ ❛ s❡❣✉✐r✳

P❛r❛ ❡st❛ ❡st✐♠❛çã♦ ♠❛✐s ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ ❞❡✈❡ s❡r ❞❡✜♥✐❞♦✳ ❉❛❞♦ ✉♠

❝♦♥❥✉♥t♦ ❞❡M ❛♠♦str❛s ❞❛ ❝✉r✈❛ ❙P❘ ❛❞q✉✐r✐❞❛s ❞✉r❛♥t❡ ❛ ❢♦r♠❛çã♦ ❞❛ ❝❛♠❛❞❛✱ ❞❡✈❡♠ s❡r

❡st✐♠❛❞♦s M ✈❛❧♦r❡s ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ εeq✳ ❈♦♥t✉❞♦✱ ♦ ✈❛❧♦r ❞❛ ❝♦♥st❛♥t❡

❞✐❡❧étr✐❝❛ ❞❛ ♣r♦t❡í♥❛ ε3 ❞❡✈❡ s❡r ú♥✐❝♦ ♣❛r❛ t♦❞❛s ❛s ❛♠♦str❛s✳ ❆ ❝♦❜❡rt✉r❛ ✭Θ✮ ❞❛ ❝❛♠❛❞❛

❡♠ ❢♦r♠❛çã♦ ❞❡✈❡ ✈❛r✐❛r ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ❢♦r♠❛♥❞♦ ♦ ❝♦♥❥✉♥t♦ Υ ❝♦♠ M ✈❛❧♦r❡s ❞❡

❝♦❜❡rt✉r❛✿

Υ = [Θ1,Θ2, ...,ΘM−1,ΘM ] . ✭✺✳✶✹✮

s❡♥❞♦ Θi = Θ(ti)✳

✽✵



❋✐❣✉r❛ ✺✳✺✿ ❋❧✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛♥❞♦ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ♦s ✈❛❧♦r❡s
❞❡ ❝♦❜❡rt✉r❛ ❞❛ ❝❛♠❛❞❛ ❡♠ ❢♦r♠❛çã♦✳ ❈❛s♦ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞❛ ♣r♦t❡í♥❛ ❡♠ ♣r♦❝❡ss♦
❞❡ ❛❞s♦rçã♦ ♥ã♦ s❡❥❛ ❝♦♥❤❡❝✐❞❛✱ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡♠ ♣♦♥t✐❧❤❛❞♦ ❞❡✈❡ s❡r r❡❛❧✐③❛❞♦✳

❉❡✜♥✐❞❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ❝✉st♦

χ(ε3,Υ) =

√√√√ 1

M

M∑

i=1

(
εeq − ε3ε4/(ε3 −Θiε3 +Θiε4)

εeq

)2

, ✭✺✳✶✺✮

é ♣♦ssí✈❡❧ ❞❡✜♥✐r ♦ ♣r♦❜❧❡♠❛ ❞❡ ♦t✐♠✐③❛çã♦ ❝♦♠♦✿

♠✐♥✐♠✐③❛r
(ε3,Υ)

χ(ε3,Υ) =

√√√√ 1

M

M∑

i=1

(
εeq − ε3ε4/(ε3 −Θiε3 +Θiε4)

εeq

)2

s✉❥❡✐t♦ ❛ ε′p < ε3 < ε′′p,

0 ≤ Θ ≤ 1.

✭✺✳✶✻✮

✽✶



✺✳✺ ❘❡s✉❧t❛❞♦s

❖ ♠ét♦❞♦ ❞❡ ❡st✐♠❛çã♦ ❞❛ ❝♦❜❡rt✉r❛✱ ❡s♣❡ss✉r❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❝❛♠❛❞❛ ❢♦✐

❛♣❧✐❝❛❞♦ ❛ ❞❛❞♦s ♦❜t✐❞♦s ♣♦r ♠❡✐♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❛❞s♦rçã♦ r❡❛❧✐③❛❞♦s ❝♦♠ ❛s ♣r♦t❡í♥❛s

♥❡✉tr❛✈✐❞✐♥❛ ❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛ ✭❇❙❆✮✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ ❛♣❧✐❝❛❞♦ ❢♦✐ ♦ ♠❡s♠♦

❞❡s❝r✐t♦ ♥♦ ❛♣ê♥❞✐❝❡ ❇✳

❋✐❣✉r❛ ✺✳✻✿ ❱❛❧♦r❡s ❡st✐♠❛❞♦s ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ♥❡✉tr❛✈✐❞✐♥❛
✭nNA = 1, 5785✮ ❡ ❛❧❜✉♠✐♥❛ ❜♦✈✐♥❛ ✭nBSA = 1, 5530✮✳

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

❞❛ ❝❛♠❛❞❛✱ ❝♦❜❡rt✉r❛ ❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ♣r♦t❡í♥❛ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✺✳✻✳ ❱❛❧♦r❡s

❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡ ♦s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✺✳✶ ♣❛r❛

❝♦♠♣❛r❛çã♦✳

❚❛❜❡❧❛ ✺✳✶✿ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s t❡ór✐❝♦s ❡ ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛ ❝❛♠❛❞❛ ❞❡ ♣r♦t❡í♥❛✳
❚❡ór✐❝♦ ❈❛❧❝✉❧❛❞♦

n3 d3 ✭♥♠✮ Θr❡❢❬✽✼❪ n3 d3 ✭♥♠✮ Θ
◆❡✉tr❛✈✐❞✐♥❛ ✶✳✺✺ ❬✾✷❪ ✺✳✽±✶✳✽ ❬✾✸❪ ✵✳✸✾ ✶✳✺✽ ✹✳✹ ✵✳✹✻
❇❙❆ ✶✳✺✼ ❬✾✹✱ ✾✺❪ ✹±✷ ❬✸✸❪ ✵✳✸✷ ✶✳✺✸ ✹✳✾ ✵✳✷✾
❍❡♠♦❣❧♦❜✐♥❛ ✶✳✹✽✺ ❬✾✺❪ ✹❬✾✺❪ ✵✳✹✶ ✶✳✻✵ ✺ ✵✳✸✾

❖s ✈❛❧♦r❡s ❡st✐♠❛❞♦s ❡♠ ❛♠❜♦s ♦s ❡①♣❡r✐♠❡♥t♦s sã♦ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦s ❡s♣❡r❛❞♦s✳

❆♠❜♦s ♦s ♠❛t❡r✐❛✐s ❛♣r❡s❡♥t❛♠ s✉❛ ♠❡♥♦r ❞✐♠❡♥sã♦ ❡♠ t♦r♥♦ ❞❡ ✺ ♥♠✱ ❝♦♠♦ ❢♦✐ ❡st✐♠❛❞♦✱

✽✷



❡ ❛ ❜❛✐①❛ ❝♦❜❡rt✉r❛ ♦❜s❡r✈❛❞❛ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❝♦♠ ❇❙❆ ♣♦❞❡ s❡r ❡①♣❧✐❝❛❞♦ ♣♦r q✉❡ ❛

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

❞❡❣❡♥❡r❛çã♦✳ ➱ ✐♠♣♦rt❛♥t❡ t❛♠❜é♠ r❡ss❛❧t❛r q✉❡ ♦s ✈❛❧♦r❡s ❞❛ ❧✐t❡r❛t✉r❛ sã♦ ❡st✐♠❛t✐✈❛s

♦❜t✐❞❛s ❡♠ ❡①♣❡r✐♠❡♥t♦s✳

❖ ♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ t❛♠❜é♠ ❢♦✐ t❡st❛❞♦ ❡♠ ✉♠❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❜❛s❡❛❞❛ ♥♦

❜✐♦✲❝❤✐♣ ❱■❘✳ ❊st❛ ♣❧❛t❛❢♦r♠❛ tr❛❜❛❧❤❛ ❡♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ✻✼✵ ♥♠ ❡ t❡♠ r❡s❧✉çã♦

❞❡ ✶✵✷✹×✶✵✷✹ ♣✐①❡❧s✳ ❆ ♣r♦t❡í♥❛ ❤❡♠♦❣❧♦❜✐♥❛ ❢♦✐ ✉t✐❧✐③❛❞❛ ♥❡ss❛ ♣❧❛t❛❢♦r♠❛✱ ❣❡r❛♥❞♦ ♦

r❡s✉❧t❛❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✼✳

❋✐❣✉r❛ ✺✳✼✿ ❱❛❧♦r❡s ❡st✐♠❛❞♦s ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❡ ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ❤❡♠♦❜❧♦❣✐♥❛
✭nhemo = 1, 6043✮✳

✺✳✻ ❈♦♥❝❧✉sã♦

❯♠ ♠♦❞❡❧♦ ♠❛✐s ❝♦♠♣❧❡①♦ ❞♦ q✉❡ ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ♦ ❡st✉❞♦

t❡ór✐❝♦ ❞❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s ❞❡ s✉♣❡r❢í❝✐❡✳ P♦❞❡♥❞♦ ❝♦♥t❡♠♣❧❛r ✐♠♣❡r❢❡✐çõ❡s ♥❛s

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

❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❡ss❡ ♠♦❞❡❧♦ s✉❣❡r❡♠ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ♠♦❧é❝✉❧❛s ♥❛ s✉✲

♣❡r❢í❝✐❡ tê♠ ♠❛✐♦r ✐♥✢✉ê♥❝✐❛ ♥❛ r❡ss♦♥â♥❝✐❛ ❞♦ q✉❡ ❛ ❢♦r♠❛ q✉❡ ❛s ♠♦❧é❝✉❧❛s ❛ss✉♠❡♠ ❛♦

✽✸



❛❞❡r✐r❡♠ ♦✉ s❡ ❛❣❧♦♠❡r❛r❡♠ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡✳ ❊ss❛ ❝♦♥❝❧✉sã♦ ♣♦ss✐❜✐❧✐t❛ ♦ ✉s♦ ❞❡ ❛ss♦❝✐✲

❛çã♦ ❞❡ ❞✐❡❧étr✐❝♦s ♣❛r❛ r❡❧❛❝✐♦♥❛r ❛s ❝♦♥st❛♥t❡s ❞✐❡❧étr✐❝❛s ❞❛s s✉❜stâ♥❝✐❛s q✉❡ ❝♦♠♣õ❡♠

✉♠❛ ♠♦♥♦❝❛♠❛❞❛ ❡ ❝❛❧❝✉❧❛r ✉♠❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ ❞❡ ✉♠❛ ❝❛♠❛❞❛ ❤✐♣♦tét✐❝❛

✉♥✐❢♦r♠❡✳ ❊ss❡ ✈❛❧♦r ❡q✉✐✈❛❧❡♥t❡ t♦r♥❛ ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❛s ❡q✉❛çõ❡s ❞❡ ❋r❡s♥❡❧ ♣❛r❛ s✐♠✉❧❛r

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

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

❞✐❡❧étr✐❝❛ ❡q✉✐✈❛❧❡♥t❡ ❡ ❞❛ ❡s♣❡ss✉r❛ ❞❡ss❛ ❝❛♠❛❞❛ ❤✐♣♦tét✐❝❛ q✉❡ ♠❡❧❤♦r s❡ ❡♥q✉❛❞r❛♠ ♥❛

r❡ss♦♥â♥❝✐❛ ♦❜s❡r✈❛❞❛✳

◆♦ ❝❛s♦ ❞❡ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❛t❡r✐❛❧ s❡r ❝♦♥❤❡❝✐❞❛✱ ♣♦❞❡✲s❡ ✉t✐❧✐③❛r ✉♠❛ ❡q✉❛çã♦

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

♦t✐♠✐③❛çã♦ ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ♣❛r❛ ❡st✐♠❛r ❡ss❛ ❝♦♥st❛♥t❡✳

➱✱ ♣♦rt❛♥t♦✱ ♣♦ssí✈❡❧ ❝❛r❛❝t❡r✐③❛r ✉♠❛ ❝❛♠❛❞❛ ❡♠ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ q✉❛♥t♦ à s✉❛

❡s♣❡ss✉r❛✱ s❡✉ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✱ ❡ s✉❛ ❝♦❜❡rt✉r❛✳

✽✹



❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sõ❡s

❈♦♠♦ ♣r✐♥❝✐♣❛❧ ❝♦♥tr✐❜✉✐çã♦ ❞❛ ♣❡sq✉✐s❛✱ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ✉♠ ♠ét♦❞♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦

❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ ✉♠ tr❛♥s❞✉t♦r ❙P❘ ♣♦r ♠❡✐♦ ❞❛ ❛♥á❧✐s❡ ❞❛ ❝✉r✈❛ ❞❡ r❡✲

✢❡tâ♥❝✐❛ ♦❜t✐❞❛ ❝♦♠♦ r❡s♣♦st❛ ❞♦ tr❛♥s❞✉t♦r✱ ❝❛r❛❝t❡r✐③❛çã♦ ❡st❛ q✉❡ ❡r❛ ❝♦♥s✐❞❡r❛❞❛ ❞✐❢í❝✐❧

♦✉ ✐♠♣♦ssí✈❡❧ ❞❡ ❝❛r❛❝t❡r✐③❛r ❬✷✺❪ s✐♠✉❧t❛♥❡❛ ❡ s❡♣❛r❛❞❛♠❡♥t❡✳ ❆❧❝❛♥ç❛♥❞♦✱ ❞❡ss❡ ♠♦❞♦✱

♦ ♦❜❥❡t✐✈♦ tr❛ç❛❞♦ ❛♦ ✐♥✐❝✐❛r ❛ ♣❡sq✉✐s❛✳ ❖ ♠ét♦❞♦ ❢♦✐ t❡st❛❞♦ ❡♠ ✉♠❛ ♣❧❛t❛❢♦r♠❛ ❡①♣❡✲

r✐♠❡♥t❛❧ ❜❛s❡❛❞❛ ♥♦ ❙P❘❊❊❚❆✱ ♠❛s ♥ã♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❡ss❛ ♣❧❛t❛❢♦r♠❛ ❡s♣❡❝í✜❝❛✱

❞❡ ♠♦❞♦ q✉❡ ♣♦❞❡ s❡r ❛❞❛♣t❛❞♦ ♣❛r❛ ♦✉tr♦s ❡q✉✐♣❛♠❡♥t♦s s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠♦❞✐✜❝❛çõ❡s

❞❛ ♣❧❛t❛❢♦r♠❛✳

❚❛♠❜é♠ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ✉♠ ♠♦❞❡❧♦ ❞❡ s✐♠✉❧❛çã♦ ❞❛ ❙P❘ q✉❡ ❝♦♥t❡♠♣❧❡ ❛ ❞✐❢✉sã♦ ❞♦

✢✉✐❞♦ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❛❞s♦rçã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦✳ P❛r❛

✐ss♦ ❢♦r❛♠ ❞❡s❝♦♥s✐❞❡r❛❞❛s ♠✉❞❛♥ç❛s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ ❞✉r❛♥t❡ ♦ ❢❡♥ô♠❡♥♦ ❡ ❛ss✉♠✐❞❛s

❤✐♣ót❡s❡s ❞❡ ✐s♦tr♦♣✐❛ ❡ ❧✐♥❡❛r✐❞❛❞❡ ❞♦s ♠❛t❡r✐❛✐s✱ ❛❧é♠ ❞❛ s❡♣❛r❛çã♦ ❞✐♥â♠✐❝❛ ❞♦ ♣r♦❝❡ss♦

❞❡ ❛❞s♦rçã♦ ❡ ❛ r❡ss♦♥â♥❝✐❛ ❞❡ ♣❧ás♠♦♥s✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ❛ r❡ss♦♥â♥❝✐❛ ❛❝♦♥t❡❝❡ ❡♠ ✉♠❛

❡s❝❛❧❛❞❛ ❞❡ t❡♠♣♦ q✉❛s❡ q✉❡ ✐♥st❛♥tâ♥❡❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ à ❛❞s♦rçã♦✳ ❆ ✈❛❧✐❞❛❞❡ ❞❡ss❛s

❤✐♣ót❡s❡s é ❝♦♥✜r♠❛❞❛ ♣♦r ♠❡✐♦ ❞❛ ❝♦♥❣r✉ê♥❝✐❛ ❡♥tr❡ ♦s s❡♥s♦r❣r❛♠❛s ♦❜t✐❞♦s ❝♦♠ ♦ ♠♦❞❡❧♦

♣r♦♣♦st♦ ❡ ❝♦♠ ♦s ❡①♣❡r✐♠❡♥t❛✐s✳

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

s✐♠✉❧❛çõ❡s t❡ór✐❝❛s r❡s✉❧t❛♥❞♦ ♥❛ ♣r♦♣♦s✐çã♦ ❞❡ ♠❛✐s ✉♠ ♠♦❞❡❧♦ ♣❛r❛ ❛ t❡♦r✐❛ ❞♦ ♠❡✐♦

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

s✉♣❡r❢í❝✐❡✳



P♦r ✜♠✱ ❢♦✐ ♣r♦♣♦st♦ ✉♠ ♠ét♦❞♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ tr❛♥s❞✉t♦r ♣❛r❛ ♠❡❞✐r ❛ ♣r♦♣r✐❡❞❛❞❡

❞✐❡❧étr✐❝❛ ❞♦ ✜❧♠❡ ♠❡tá❧✐❝♦ ♣♦r ♠❡✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡✢❡tâ♥❝✐❛ ❞♦ tr❛♥s❞✉t♦r ❝♦♠ á❣✉❛ ♦✉

♦✉tr❛ s✉❜stâ♥❝✐❛ ❝♦♥❤❡❝✐❞❛ ♥❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦✳

✻✳✶ P❡rs♣❡❝t✐✈❛s ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s

❈♦♠♦ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ♣❡sq✉✐s❛ ❞❡s❡♥✈♦❧✈✐❞❛ sã♦ s✉❣❡r✐❞♦s✿

• ❊①♣❛♥❞✐r ♦ ♠ét♦❞♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ♠❡♠❜r❛♥❛ ❞❡ r❡❝♦♥❤❡❝✐♠❡♥t♦ ♣❛r❛ ❛♣❧✐❝❛çã♦

❝♦♠ ♦✉tr♦s ♠❛t❡r✐❛✐s ♠❡tá❧✐❝♦s❀

• ❊①♣❧♦r❛r ❛ ❛♣❧✐❝❛çã♦ ❞♦ ♠ét♦❞♦ ❛♦ s♦❜r❡♣♦r ❝❛♠❛❞❛s ❞❡ ❞✐❢❡r❡♥t❡s ♠♦❧é❝✉❧❛s❀

• ❊st✉❞❛r ❛ ♣❡♥❡tr❛çã♦ ❞❛ ❙P❲ ♣❛r❛ ❡①♣❛♥❞✐r ❛ ❛♣❧✐❝❛çã♦ ❞♦ ♠❡✐♦ ❡❢❡t✐✈♦ ♣❛r❛ ✐♥❝❧✉✐r

❝❛♠❛❞❛ ❡①t❡r♥❛❀

• ❆♣❧✐❝❛r ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❝♦❜❡rt✉r❛ ♣❛r❛ q✉❛❧✐✜❝❛r ♦ ♣r♦❝❡ss♦ ❞❡ ❧✐♠♣❡③❛ ❞❛ s✉♣❡r✲

❢í❝✐❡ ♠❡tá❧✐❝❛ ❛♣ós ♦ ✉s♦ ❞❡ tr❛♥s❞✉t♦r❀

• ❆♣❧✐❝❛r ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❝♦❜❡rt✉r❛ ♣❛r❛ ♠♦♥✐t♦r❛r ♦ ❡♥✈❡❧❤❡❝✐♠❡♥t♦ ❞♦ ✜❧♠❡ ♠❡✲

tá❧✐❝♦✳

✽✻



❆♣ê♥❞✐❝❡ ❆

❊q✉❛çõ❡s s✐♠✉❧❛❞❛s ♥♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦

Π(x, x0, r) =





0, s❡ |x− x0| > r

1, ♦t❤❡r✇✐s❡
✭❆✳✶✮

∆(x, x0, r) =





0, ✐❢ |x− x0| > 2r

2r − |x− x0|, ♦t❤❡r✇✐s❡
✭❆✳✷✮

Ω(x, x0, a, b) =
√

b2 − x2b2/a2 ✭❆✳✸✮

Si
9(x,Θ, dS, r) =

k<1+dSΘ/2r∑

k=0

2rΠ(x,mod(dS, 2r/Θ)/2− r(1− 2k)/Θ, r) ✭❆✳✹✮

Sii
9 (x,Θ, dS, r) =

k<1+dSΘ/4r∑

k=0

2r∆(x,mod(dS, 4r/Θ)/2− r(2− 4k)/Θ, r) ✭❆✳✺✮

Siii
9 (x,Θ, dS, r) = Π(x, dS/2,ΘdS) ✭❆✳✻✮

Siv
9 (x,Θ, dS, r) =





∆(x, dS/2, 2ΘdS), ✐❢ Θ ≤ 0.5

2r(2Θ− 1) + 2(1−Θ)∆(x, dS/2, 2ΘdS), ♦t❤❡r✇✐s❡
✭❆✳✼✮



Sv
9 (x,Θ, dS, r) = 2rΘ ✭❆✳✽✮

Svi
9 (x,Θ, dS, r) =





0, ✐❢ Θ ≤ π
4
❛♥❞ |x− r

2
| > 2ΘdS

π

Ω(x, dS/2, 2r, 2ΘdS/π), ✐❢ Θ ≤ π
4
❛♥❞ |x− r

2
| ≤ 2ΘdS

π

2r
(

Θ−π/4
1−π/4

)
+ Ω(x, dS

2
, 2r(1−Θ)

1−π/4
, dS

2
), ♦t❤❡r✇✐s❡

✭❆✳✾✮

✽✽



❆♣ê♥❞✐❝❡ ❇

Pr♦t♦❝♦❧♦ ❊①♣❡r✐♠❡♥t❛❧

P❛r❛ ❣❛r❛♥t✐r ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡ r❡♣❡t✐❜✐❧✐❞❛❞❡ ❛♦s ❞❛❞♦s ♦❜t✐❞♦s ❡♠ ❡①♣❡r✐♠❡♥t♦s ❧❛✲

❜♦r❛t♦r✐❛✐s✱ ✉♠ ♣r♦t♦❝♦❧♦ ❞❡ ❡①♣❡r✐♠❡♥t❛çã♦ é s❡❣✉✐❞♦ ❛♦ ✉t✐❧✐③❛r ✉♠ ❜✐♦✲s❡♥s♦r ❙P❘✳ ❖

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

Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❧✐♠♣❡③❛ ❞❛ s✉♣❡r❢í❝✐❡

◆❛ ❡t❛♣❛ ❞❡ ❧✐♠♣❡③❛ sã♦ ✉t✐❧✐③❛❞♦s✿ á❣✉❛ ❞❡✐♦♥✐③❛❞❛✱ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ✉♠❛ s♦❧✉çã♦

t❛♠♣ã♦ ❢♦s❢❛t♦✲s❛❧✐♥❛ ✭P❇❙✮✳

Pr♦❝❡❞✐♠❡♥t♦ ❈♦♠♣❧❡t♦

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

✉♠ tr❛♥s❞✉t♦r✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♠♣❧❡t♦ ❝♦♥s✐st❡ ❡♠✿

✶✳ ❈♦♠ ❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ s❡❝❛✱ ❝❛♣t✉r❛r ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛❀

✷✳ ❆♣❧✐❝❛r á❣✉❛ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿

✸ ♠✐♥❀

✸✳ ❆♣❧✐❝❛r P❇❙ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿

✶ ♠✐♥❀

✹✳ ❆♣❧✐❝❛r ✉♠❛ s♦❧✉çã♦ ❞❡ ✶✷✱✺✪ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛

❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥❀



✺✳ ❆♣❧✐❝❛r ✉♠❛ s♦❧✉çã♦ ❞❡ ✷✺✪ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦

❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥❀

✻✳ ❆♣❧✐❝❛r ✉♠❛ s♦❧✉çã♦ ❞❡ ✺✵✪ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦

❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥❀

✼✳ ❆♣❧✐❝❛r ✉♠❛ s♦❧✉çã♦ ❞❡ ✷✺✪ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦

❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥❀

✽✳ ❆♣❧✐❝❛r ✉♠❛ s♦❧✉çã♦ ❞❡ ✶✷✱✺✪ ❞❡ ❤✐♣♦❝❧♦r✐t♦ ❞❡ só❞✐♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛

❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥❀

✾✳ ❆♣❧✐❝❛r P❇❙ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿

✷ ♠✐♥❀

✶✵✳ ❱❡r✐✜❝❛r s❡ ❛♦ ✜♠ ❞♦s ✐t❡♥s ✸ ❡ ✾❀ ❞♦s ✐t❡♥s ✹ ❡ ✽❀ ❡ ❞♦s ✐t❡♥s ✺ ❡ ✼ ❛s ❝♦♥❞✐çõ❡s ❞❡

r❡ss♦♥â♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♠✳ ❊♠ ❝❛s♦ ♥❡❣❛t✐✈♦✱ é ♥❡❝❡ssár✐♦ r❡♣❡t✐r ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❛

♣❛rt✐r ❞♦ ✐t❡♠ ✸✳

✶✶✳ ❆♣❧✐❝❛r á❣✉❛ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧ ✱ t❡♠♣♦ ♠é❞✐♦✿

✶ ♠✐♥❀

✶✷✳ ❆♥♦t❛r ❛ ✈❛r✐❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❛♦ ❛♣❧✐❝❛r á❣✉❛ ❡ P❇❙ ♣❛r❛ ✉s♦ ♣♦st❡r✐♦r

♥♦ ♣r♦❝❡❞✐♠❡♥t♦ r❡s✉♠✐❞♦✿ ∆θR = θPBS = θa❀

✶✸✳ ❙❡❝❛r ❛ ❝é❧✉❧❛ ❞❡ ✢✉①♦ ♣❛r❛ ❝❛♣t❛çã♦ ❞❡ ✉♠❛ ♥♦✈❛ ❝✉r✈❛ ❞❡ r❡❢❡rê♥❝✐❛✳

Pr♦❝❡❞✐♠❡♥t♦ ❞❡ ❊①♣❡r✐♠❡♥t❛çã♦

❆♣ós ❛ ❧✐♠♣❡③❛ ❞❛ s✉♣❡r❢í❝✐❡✱ ❛ ♣r♦t❡í♥❛ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞❛ ♣❛r❛ ❛❞s♦rçã♦ ❞❡ ❛❝♦r❞♦ ❝♦♠

♦ s❡❣✉✐♥t❡ ♣r♦❝❡❞✐♠❡♥t♦✿

✶✳ ❆♣❧✐❝❛r á❣✉❛ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧ ♣❛r❛ ❝❛❧✐❜r❛çã♦

❞♦ tr❛♥s❞✉t♦r✱ t❡♠♣♦ ♠é❞✐♦✿ ✸ ♠✐♥❀

✷✳ ❆♣❧✐❝❛r P❇❙ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿

✶ ♠✐♥❀

✾✵



✸✳ ❆♣❧✐❝❛r ♣♦r ❞♦✐s s❡❣✉♥❞♦s ❡t❛♥♦❧ ♣❛r❛ t♦r♥❛r ❛ s✉♣❡r❢í❝✐❡ ❤✐❞r♦❢í❧✐❝❛ ✱ t❡♠♣♦ ♠é❞✐♦✿ ✶

s❀

✹✳ ❆♣❧✐❝❛r ❛ ♣r♦t❡í♥❛ ♣❛r❛ ❛❞s♦rçã♦ ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❜✐♦✲s❡♥s♦r ✜q✉❡

❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✸ ♠✐♥❀

✺✳ ❆♣❧✐❝❛r P❇❙ ♣❛r❛ r❡♠♦çã♦ ❞❛s ❧✐❣❛çõ❡s r❡✈❡rsí✈❡✐s ❡ ❛❣✉❛r❞❛r ❛té q✉❡ ❛ r❡s♣♦st❛ ❞♦

❜✐♦✲s❡♥s♦r ✜q✉❡ ❡stá✈❡❧✱ t❡♠♣♦ ♠é❞✐♦✿ ✷ ♠✐♥✳

✾✶



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

✶ ❙❆❉❆◆❆✱ ❆✳❀ ❙❆❉❆◆❆✱ ◆✳ ❍❛♥❞❜♦♦❦ ♦❢ ❇✐♦s❡♥s♦rs ❛♥❞ ❇✐♦s❡♥s♦r ❦✐♥❡❝ts✳ ❊❧s❡✈✐❡r✱

✷✵✶✶✳

✷ ❘❆❇❊✱ ▼✳❀ ❱❊❘❉❊❙✱ ❉✳❀ ❙❊❊●❊❘✱ ❙✳ ❯♥❞❡rst❛♥❞✐♥❣ ♣r♦t❡✐♥ ❛❞s♦r♣t✐♦♥ ♣❤❡♥♦♠❡♥❛

❛t s♦❧✐❞ s✉r❢❛❝❡s✳ ❆❞✈❛♥❝❡s ✐♥ ❈♦❧❧♦✐❞ ❛♥❞ ■♥t❡r❢❛❝❡ ❙❝✐❡♥❝❡✱ ✈✳ ✶✻✷✱ ♣✳ ✽✼ ✕ ✶✵✻✱ ✷✵✶✶✳

■❙❙◆ ✵✵✵✶✲✽✻✽✻✳

✸ ❑❯❘❑❈❯❖●▲❯✱ ❙✳ ❙✳❀ ❑❯❘❑❈❯❖●▲❯✱ ❖✳❀ ●Ü◆❊❘✱ ❋✳ ❙✳ ❆ ♠✉❧t✐s❝❛❧❡ ✐♥✈❡st✐❣❛t✐♦♥

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

❆♣♣❧✐❡❞ P♦❧②♠❡r ❙❝✐❡♥❝❡✱ ✈✳ ✶✸✺✱ ♥✳ ✷✱ ♣✳ ✹✺✻✻✾✕♥✴❛✱ ✷✵✶✽✳ ■❙❙◆ ✶✵✾✼✲✹✻✷✽✳ ✹✺✻✻✾✳

✹ ❖▼❇❊▲▲■✱ ▼✳❀ ❈❖▼P❖❙❚❖✱ ❘✳ ❏✳❀ ▼❊◆●✱ ◗✳ ❈✳❀ ❊❈❑▼❆◆◆✱ ❉✳ ▼✳ ❆ q✉❛♥t✐t❛t✐✈❡
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