
❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s
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❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦

❆♥á❧✐s❡ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r
q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ♣❛r❛
♠✐❣r❛çã♦ ✉s❛♥❞♦ ❛ ❡q✉❛çã♦ ❞❛ ♦♥❞❛

❛❝úst✐❝❛

❆✉t♦r✿ ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ❏♦❡r❣ ❉✐❡tr✐❝❤ ❲✐❧❤❡❧♠ ❙❝❤❧❡✐❝❤❡r

❈♦✲♦r✐❡♥t❛❞♦r✿ Pr♦❢❛✳ ❉r❛✳ ▼❛r✐❛ ❆♠é❧✐❛ ◆♦✈❛✐s ❙❝❤❧❡✐❝❤❡r

❈❆▼P■◆❆❙
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❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ✐♥✐❝✐❛❧♠❡♥t❡ ❛ ❉❡✉s✱ ♣♦r t❡r ♠❡ ❝❛♣❛❝✐t❛❞♦ ❛ ✈❡♥❝❡r ♠❛✐s ❡ss❡ ❞❡s❛✜♦✱ ♣♦r

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

r❡❢ú❣✐♦ ❡♠ ♠♦♠❡♥t♦s ❞❡ ❛♥❣úst✐❛✳ ❙❡♠ ❊❧❡ t✉❞♦ ♦ q✉❡ ❢♦✐ ❢❡✐t♦ ❛✐♥❞❛ ❡st❛r✐❛ ♣♦r ❢❛③❡r✳

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

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

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

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

❡st❛r✳ ❙❡ ❤♦❥❡ s♦✉ ♦ q✉❡ s♦✉ ❡ ❝♦♥q✉✐st❡✐ t✉❞♦ ♦ q✉❡ t❡♥❤♦ é ♣♦rq✉❡ ❡❧❡s s❡♠♣r❡ ♠❡

✐♥str✉ír❛♠ ❞❡ ❢♦r♠❛ ♣r❡❝✐s❛ ❡ ❝♦rr❡t❛✳

❆ ♠✐♥❤❛ q✉❡r✐❞❛ ❡ ❛♠❛❞❛ ❏✉❧✐ét❡✱ ❞♦♥❛ ❞♦ ♦❧❤❛r ♠❛✐s ♣✉r♦ ❡ ❞❡ ✉♠ s♦rr✐s♦ ✐♠♣❛r

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

â♥✐♠♦ ❡ ❢♦rç❛ ❡♠ t✉❞♦✳ ❙❛✐❜❛ q✉❡ ♦ s❡✉ ❛♠♦r ❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ s✉❛ ♣❛❝✐ê♥❝✐❛ é ♣❛rt❡

❢✉♥❞❛♠❡♥t❛❧ ❞✐ss♦ t✉❞♦✳

❆♦s ♠❡✉s ♣r♦❢❡ss♦r❡s ❞♦ ■▼❊❈❈✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦s ♠❡✉s ♦r✐❡♥t❛❞♦r❡s Pr♦❢✳ ❉r✳ ❏♦❡r❣

❙❝❤❧❡✐❝❤❡r ❡ Pr♦❢❛✳ ❉r❛✳ ▼❛r✐❛ ❆♠é❧✐❛ ◆♦✈❛✐s ❙❝❤❧❡✐❝❤❡r q✉❡ ❞❡♣♦s✐t❛r❛♠ s✉❛ ❝♦♥✜❛♥ç❛

❡♠ ♠✐♠✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡ss❡ tr❛❜❛❧❤♦ s❡ t♦r♥❛ss❡ ✉♠❛ r❡❛❧✐❞❛❞❡ ❡♠ ♠✐♥❤❛ ✈✐❞❛✳ ❈♦♠

❝❡rt❡③❛ ♦s ♥♦ss♦s ❡♥❝♦♥tr♦s ❡ ❞✐s❝✉ssõ❡s s♦❜r❡ ♦ tr❛❜❛❧❤♦ ✜③❡r❛♠ ❝♦♠ q✉❡ ❡✉ ❛♣r❡♥❞❡ss❡

♠✉✐t♦ ❡✱ ❛❧é♠ ❞❡ s❡ ♠♦str❛r❡♠ ❣r❛♥❞❡s ♠❡str❡s✱ t❡r❡♠ s❡ t♦r♥❛❞♦ ❣r❛♥❞❡s ❛♠✐❣♦s✳

❆♦ Pr♦❢✳ ❉r✳ ❏❡ssé ❈❛r✈❛❧❤♦ ❈♦st❛✱ q✉❡ ❢♦✐ ✉♠❛ ♣❡ss♦❛ ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦

❞❡st❡ tr❛❜❛❧❤♦ ❡ q✉❡ ♠❡ ❛❝♦❧❤❡✉✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛s s❡❝r❡tár✐❛s ❞❡ Pós✲❣r❛❞✉❛çã♦ ❇❡♥✐❧✲

❞❡s ❡ ❇❡❧❛✱ ❞❡ ✉♠❛ ❢♦r♠❛ t♦❞❛ ❡s♣❡❝✐❛❧ ♥❛ ❝✐❞❛❞❡ ❞❡ ❇é❧❡♠ ❞♦ P❛rá✳ ❆♦s ❛♠✐❣♦s q✉❡

✜③ ♣♦r ❧á✿ ❘❛✐③❛✱ ❆❞r✐❛♥♦ ❡✱ ❞❡ ✉♠❛ ❢♦r♠❛ t♦❞❛ ❡s♣❡❝✐❛❧✱ ❛♦s ❣r❛♥❞❡s ❛♠✐❣♦s ❘❛q✉❡❧✱

❆❧❡①❛♥❞r❡ ❡ ❋r❛♥❝✐s❝♦ ❖❧✐✈❡✐r❛✱ q✉❡ ♠❡ ❛❝♦❧❤❡r❛♠ ❞❡ ✉♠❛ ❢♦r♠❛ t♦❞❛ ❡s♣❡❝✐❛❧ ♦s ✷ ♠❡s❡s
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❆❣r❛❞❡❝✐♠❡♥t♦s ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

q✉❡ ♣❡r♠❛♥❡❝✐ ♣♦r ❧á✳ ❙❛✐❜❛♠ q✉❡ ✈♦❝ês t❛♠❜é♠ ❢❛③❡♠ ♣❛rt❡ ❞❡st❛ ❝♦♥q✉✐st❛✳

❆♦s ♠❡✉s ♣r♦❢❡ss♦r❡s ❞❛ ❯◆❊❙P ♣♦r t❡r❡♠ ♠❡ ♣r♦♣♦r❝✐♦♥❛❞♦ ✉♠❛ ❢♦r♠❛çã♦ ❜ás✐❝❛

só❧✐❞❛✱ t♦r♥❛♥❞♦ ♣♦ssí✈❡❧ ❡ss❛ ❡♠♣r❡✐t❛❞❛✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ Pr♦❢✳ ❉r✳ ▲✉✐s ❆♥tô♥✐♦ ❡ ❛ Pr♦❢❛✳

❘♦s❡❧✐ ❆r❜❛❝❤✱ ♠❡✉s ♦r✐❡♥t❛❞♦r❡s ❡ ❣r❛♥❞❡s ❛♠✐❣♦s ❞✉r❛♥t❡ ♦s ✹ ❛♥♦s ❞❡ ♠✐♥❤❛ ❣r❛❞✉❛çã♦

❡ ♦s ✐♥❡sq✉❡❝í✈❡✐s Pr♦❢✳ ❉r✳ ❏❛✐♠❡ ❘♦❞r✐❣✉❡s ❡ Pr♦❢✳ ❉r✳ ❊❞s♦♥ ❉♦♥✐③❡t❡✳ ❆❣r❛❞❡ç♦ ♣♦r

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

❆♦s ❣r❛♥❞❡s ❡ ✐♥❡sq✉❡❝í✈❡✐s ❛♠✐❣♦s q✉❡ ❝♦♥❤❡❝✐ ❞✉r❛♥t❡ ❛ ❣r❛❞✉❛çã♦ ❡♠ ■❧❤❛ ❙♦❧t❡✐r❛

q✉❡✱ ♠❡s♠♦ ❧♦♥❣❡✱ ❡st✐✈❡r❛♠ s❡♠♣r❡ tã♦ ♣❡rt♦✿ ❋❡❧✐♣❡ ❋✐❞❛❧❣♦✱ ❈❛r❧♦s✱ ❚❤✐❛❣♦✱ ❊✈❡rt♦♥✱

▲✉✐③ ❋❡rr❡✐r❛✱ ▼❛r✐❛ ❋❧á✈✐❛✱ ❆♠❛♥❞❛✱ ❙♦❧❛♥❣❡✱ ❱❛♥❡ss❛✱ ❞❡♥tr❡ ♦✉tr♦s ❡ ❡♠ ❡s♣❡❝✐❛❧ ❛s

♠✐♥❤❛s ✧✐r♠ãs✧ ❆❞r✐❛♥❛✱ ❚❤❛❧✐t❛✱ ❱â♥✐❛✱ ❉❛♥✐✱ ❆♥❞ré✐❛✱ ❊❧❡♥✱ ❋❡r♥❛♥❞❛✱ ❆❧❞✐♥❡ ❡ ❛♦s

♠❡✉s ✧✐r♠ã♦s✧ ❋❡❧✐♣❡ P✐♠❡♥t❛✱ ❘❡♥❛t♦✱ ❘❛❢❛❡❧ ❍❡❧❡♥♦✱ ❘❛❢❛❡❧ ❘♦ss❛t♦ ❡ ❋❡r♥❛♥❞♦✱ q✉❡

s❡♠♣r❡ ❡st✐✈❡r❛♠ ♣ró①✐♠♦s ❛ ♠✐♠✳ ❆♦s ❛♠✐❣♦s ❞❡ ❆♥❞r❛❞✐♥❛✱ ❋❛❜r✐❝✐♦ ❡ ❏❤♦♥❛t❛s ❱✐✲

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

♣♦r t✉❞♦✳ ❆ t♦❞♦s ♦s ❛♠✐❣♦s q✉❡ ✜③ ❡♠ ❈❛♠♣✐♥❛s✱ s❡❥❛ ❞❡♥tr♦ ♦✉ ❢♦r❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡✱

♠❡✉ ♠✉✐t♦ ♦❜r✐❣❛❞♦✳ ❆♦s ❛♠✐❣♦s ❡ ❝♦♠♣❛♥❤❡✐r♦s ❞❡ ♣❡sq✉✐s❛ ❞♦ ▲❛❜♦r❛tór✐♦ ❞❡ ●❡♦❢ís✐❝❛

❈♦♠♣✉t❛❝✐♦♥❛❧✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ ❏❛❞s♦♠✱ ❚❤✐❛❣♦ ❡ ❉❛♥✐❡❧ q✉❡ ❢♦r❛♠ ♣❡ç❛s ❢✉♥❞❛♠❡♥t❛✐s

❡♠ ❞✐✈❡rs♦s ♠♦♠❡♥t♦s ❞❡ss❡ tr❛❜❛❧❤♦✳ ❙❛✐❜❛♠ q✉❡ ✈♦❝ês t❛♠❜❡♠ ✜③❡r❛♠ t♦❞❛ ❛ ❞✐❢❡r❡♥ç❛

♣❛r❛ ♦ tér♠✐♥♦ ❞❡st❡ tr❛❜❛❧❤♦✳

❆♦s ❢✉♥❝✐♦♥ár✐♦s ❞❛ ❙❡❝r❡t❛r✐❛ ❞❡ Pós✲❣r❛❞✉❛çã♦✿ ❚â♥✐❛✱ ❊❞✐♥❛❧❞♦ ❡ ▲í✈✐❛ q✉❡ s❡♠♣r❡

s❡ ♠♦str❛r❛♠ tã♦ s♦❧í❝✐t♦s ❡ ♣r❡st❛t✐✈♦s ❡♠ t♦❞❛s ❛s ✈❡③❡s q✉❡ ♣r❡❝✐s❡✐✱ ❡ q✉❡ ♥ã♦ ❢♦r❛♠

♣♦✉❝❛s✳

P♦r ✜♠✱ ♠❛s ❞❡ ❢♦r♠❛ ❛❧❣✉♠❛ ♠❡♥♦s ✐♠♣♦rt❛♥t❡✱ ❛❣r❛❞❡ç♦ ❛ ❈❆P❊❙ ♣❡❧♦ ❛♣♦✐♦

✜♥❛♥❝❡✐r♦✳

✈



✧❚♦❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ✐♥✐❝✐❛✲s❡ ♥❛ ✐♠❛✲
❣✐♥❛çã♦✱ ♥♦ s♦♥❤♦❀ só ❞❡♣♦✐s ❞❡s❝❡ à
r❡❛❧✐❞❛❞❡ ♠❛t❡r✐❛❧ ❡ t❡rr❡♥❛ ♣♦r ♠❡✐♦
❞❛ ❧ó❣✐❝❛✧

❆❧❜❡rt ❊✐st❡✐♥

✈✐



❘❡s✉♠♦

❊♠ ✉♠❛ ♠✐❣r❛çã♦ sís♠✐❝❛✱ ❛♣ós ♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛✱ ✉♠ ✐♠♣♦rt❛♥t❡
♣❛ss♦ ♣❛r❛ s❡ ♦❜t❡r ✉♠❛ ✐♠❛❣❡♠ ♠✐❣r❛❞❛ é ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠✱ q✉❡
❞✐st✐♥❣✉❡ ❡♥tr❡ ♣♦♥t♦s r❡✢❡t♦r❡s ❡ ♥ã♦ r❡✢❡t♦r❡s✳ ❆ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ t❡ór✐❝❛ ❞❡s❡♥✲
✈♦❧✈✐❞❛ ♣♦r ❈❧❛❡r❜♦✉t ✉s❛ ✉♠❛ ❞❡❝♦♥✈♦❧✉çã♦ ❡♥tr❡ ♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛s ❞❡s❝❡♥❞❡♥t❡ ❡
❛s❝❡♥❞❡♥t❡ ✭♦✉ ✉♠❛ ❞✐✈✐sã♦ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛✮✳ ❯♠❛ ✈❡③ q✉❡ ♥ã♦ ❝♦♥❤❡❝❡♠♦s ❛
♣♦s✐çã♦ r❡❛❧ ❞♦ r❡✢❡t♦r✱ ❡st❛ ❞✐✈✐sã♦ ♣r❡❝✐s❛ s❡r ❡①❡❝✉t❛❞❛ ❡♠ t♦❞♦s ♦s ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠✱
❝❛✉s❛♥❞♦ ✉♠❛ ❝❡rt❛ ✐♥st❛❜✐❧✐❞❛❞❡ ♥♦ ♣r♦❝❡ss♦✱ ❥á q✉❡ ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡ é ✐❣✉❛❧
❛ ③❡r♦ ❡♠ ❞❡t❡r♠✐♥❛❞♦s ♣♦♥t♦s ❞♦ ♠❡✐♦✳ P❡♥s❛♥❞♦ ❡♠ t❡♥t❛r s♦❧✉❝✐♦♥❛r ❡ss❡ ♣r♦❜❧❡♠❛✱
❞✐❢❡r❡♥t❡s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❢♦r❛♠ ♣r♦♣♦st❛s✱ s❡♥❞♦ ❛ ♣r✐♠❡✐r❛ ✉♠❛ ❝♦rr❡❧❛çã♦ ❛♦
✐♥✈és ❞❛ ❞❡❝♦♥✈♦❧✉çã♦ t❡♦r✐❝❛♠❡♥t❡ ❡①✐❣✐❞❛✳ ❊♥tr❡t❛♥t♦ ❡st❡ ♣r♦❝❡ss♦ ❞❡stró✐ ❛s ✐♥❢♦r✲
♠❛çõ❡s ❞❡ ❛♠♣❧✐t✉❞❡ ❝♦♥t✐❞❛s ♥♦s ❞❛❞♦s✳ ❈♦♠♦ ✜❝❛ ❝❛❞❛ ✈❡③ ♠❛✐s ✐♠♣♦rt❛♥t❡ ❢♦r♥❡❝❡r
❝♦♠♣❡♥s❛çã♦ ❞❡ ✐❧✉♠✐♥❛çã♦ ❡ ♣r❡s❡r✈❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡s✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡✱ s❡ ♦ ♦❜❥❡t✐✈♦
é r❡❝✉♣❡r❛r ❝♦♠ s✉❝❡ss♦ ✉♠❛ r❡✢❡t✐✈✐❞❛❞❡ ❞♦ ♠❡✐♦✱ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ q✉❡ ❞❡s✲
tró✐ ❛♠♣❧✐t✉❞❡s é ✐♥❛❝❡✐tá✈❡❧✳ P♦r ❡st❛ r❛③ã♦✱ ✈ár✐❛s ❢♦r♠❛s ❛❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥❞✐çõ❡s ❞❡
✐♠❛❣❡♠ tê♠ s✉r❣✐❞♦ ♥♦s ú❧t✐♠♦s ❛♥♦s✱ q✉❡ sã♦ ❛✈❛❧✐❛❞❛s ♣❡❧❛ q✉❛❧✐❞❛❞❡ ❞❛s ❛♠♣❧✐t✉❞❡s
❡ ❛rt❡❢❛t♦s ♣r♦❞✉③✐❞♦s✳ ◆❡st❡ tr❛❜❛❧❤♦ ❡st✉❞❛♠♦s ✉♠❛ sér✐❡ ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠
❝♦♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ✐❧✉♠✐♥❛çã♦✳ ❆♣r❡s❡♥t❛♠♦s t❛♠❜é♠ ♥♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r
q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ❡ ❛s ❝♦♠♣❛r❛♠♦s ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❛♥t❡r✐♦r✲
♠❡♥t❡ ♣r♦♣♦st❛s✳ ◆♦ss♦s ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s ❡♠ ✉♠ s✐♠♣❧❡s ♠♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ q✉❡
✉t✐❧✐③❛ ✉♠ ♠♦❞❡❧♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❡rt✐❝❛❧ ♥ã♦ ❤♦♠♦❣ê♥❡♦ ❡ ♥♦ ❞❛❞♦ ▼❛r♠♦✉s✐ ♠♦str❛♠
q✉❡ t❛✐s ❝♦♥❞✐çõ❡s ♣r♦❞✉③❡♠ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✳ ❯♠❛ ♦❜s❡r✈❛çã♦ ❣❡r❛❧ s♦❜r❡ t♦❞❛s
❛s ❝♦♠♣❛r❛çõ❡s ❢❡✐t❛s é q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛✲
❜✐❧✐③❛❞♦s q✉❡ ③❡r❛ ♦s ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠ ♦♥❞❡ ♦ ❞❡♥♦♠✐♥❛❞♦r é ❞❡ ❜❛✐①♦ ✈❛❧♦r ♣r♦❞✉③✐✉
❛ ♠❡❧❤♦r ✐♠❛❣❡♠ ❝♦♠ ♦ ♠í♥✐♠♦ ❞❡ ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ❡ ♦ ♠í♥✐♠♦ ❞❡ ❛♠♣❧✐t✉❞❡s ❞❡
♠✐❣r❛çã♦ ❛❢❡t❛❞♦s✳ ❆ q✉❛❧✐❞❛❞❡ ❞❡st❛ ✐♠❛❣❡♠ ❝❤❡❣❛ ♠✉✐t♦ ♣ró①✐♠♦ ❞❛ s✐♠♣❧❡s ❝♦♥❞✐çã♦
❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦✳
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❆❜str❛❝t

■♥ ❛ s❡✐s♠✐❝ ♠✐❣r❛t✐♦♥✱ ❛❢t❡r t❤❡ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ♣r♦❝❡ss✱ ❛♥ ✐♠♣♦rt❛♥t st❡♣ t♦ ♦❜✲
t❛✐♥ ❛ ♠✐❣r❛t❡❞ ✐♠❛❣❡ ✐s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛♥ ✐♠❛❣❡ ❝♦♥❞✐t✐♦♥✱ t❤❛t ❞✐st✐♥❣✉✐s❤❡s ❜❡t✇❡❡♥
r❡✢❡❝t♦r ❛♥❞ ♥♦♥ r❡✢❡❝t♦r ♣♦✐♥ts✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ ✐♠❛❣✐♥❣ ❝♦♥❞✐t✐♦♥ ❛❞❞r❡ss❡❞ ❜② ❈❧❛❡r✲
❜♦✉t ✉s❡s ❛ ❞❡❝♦♥✈♦❧✉t✐♦♥ ❜❡t✇❡❡♥ ❞♦✇♥❣♦✐♥❣ ❛♥❞ ✉♣❝♦♠✐♥❣ ✇❛✈❡✜❡❧❞s ✭♦r ❛ ❞✐✈✐s✐♦♥ ✐♥
t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✮✳ ❙✐♥❝❡ ✇❡ ❞♦ ♥♦t ❦♥♦✇ t❤❡ ❛❝t✉❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ r❡✢❡❝t♦r✱ t❤✐s
❞✐✈✐s✐♦♥ ♠✉st ❜❡ ♣❡r❢♦r♠❡❞ ❛t ❛❧❧ ♣♦✐♥ts ♦❢ t❤❡ ✐♠❛❣❡✱ ❝❛✉s✐♥❣ ✐♥st❛❜✐❧✐t② ✐♥ t❤❡ ♣r♦❝❡ss✱
s✐♥❝❡ t❤❡ ❞♦✇♥❣♦✐♥❣ ✇❛✈❡✜❡❧❞ ✐s ③❡r♦ ❛t ❝❡rt❛✐♥ ♣♦✐♥ts✳ ❚r②✐♥❣ t♦ r❡♠❡❞② t❤✐s ♣r♦❜❧❡♠✱
❞✐✛❡r❡♥t st❛❜✐❧✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✱ ❜❡✐♥❣ t❤❡ ✜rst ❛ ❝r♦ss❝♦rr❡❧❛t✐♦♥
r❛t❤❡r t❤❛♥ t❤❡ t❤❡♦r❡t✐❝❛❧❧② r❡q✉✐r❡❞ ❞❡❝♦♥✈♦❧✉t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤✐s ♣r♦❝❡ss ❞❡str♦②s t❤❡
✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ❞❛t❛ ❛♠♣❧✐t✉❞❡s✳ ❆s ✐t ❜❡❝♦♠❡s ✐♥❝r❡❛s✐♥❣❧② ✐♠♣♦rt❛♥t t♦
♣r♦✈✐❞❡ ❝♦♠♣❡♥s❛t✐♦♥ ❢♦r ✐❧❧✉♠✐♥❛t✐♦♥ ❛♥❞ ❛♠♣❧✐t✉❞❡ r❡❝♦✈❡r②✱ ♣❛rt✐❝✉❧❛r❧②✱ ✐❢ t❤❡ ❣♦❛❧ ✐s
t♦ s✉❝❝❡ss❢✉❧❧② r❡❝♦✈❡r ❛ r❡✢❡❝t✐✈✐t② ♦❢ t❤❡ ♠❡❞✐✉♠✱ ❛ ❝♦♥❞✐t✐♦♥ t❤❛t ❞❡str♦②s t❤❡ ✐♠❛❣❡
❛♠♣❧✐t✉❞❡ ✐s ✉♥❛❝❝❡♣t❛❜❧❡✳ ❋♦r t❤✐s r❡❛s♦♥✱ s❡✈❡r❛❧ ❛❧t❡r♥❛t✐✈❡ ❢♦r♠s ♦❢ ✐♠❛❣✐♥❣ ❝♦♥✲
❞✐t✐♦♥s ❤❛✈❡ ❡♠❡r❣❡❞ ✐♥ t❤❡ r❡❝❡♥t ♣❛st t❤❛t ❛r❡ ❡✈❛❧✉❛t❡❞ ❜② t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♦✉t♣✉t
❛♠♣❧✐t✉❞❡s ❛♥❞ ❛rt✐❢❛❝ts ♣r♦❞✉❝❡❞✳ ■♥ t❤✐s ✇♦r❦ ✇❡ st✉❞② ❛ s❡t ♦❢ ✐♠❛❣✐♥❣ ❝♦♥❞✐t✐♦♥s ✇✐t❤
✐❧❧✉♠✐♥❛t✐♦♥ ❝♦♠♣❡♥s❛t✐♦♥✳ ❲❡ ❛❧s♦ ♣r❡s❡♥t ♥❡✇ st❛❜✐❧✐③❡❞ ❧❡❛st✲sq✉❛r❡s ✐♠❛❣❡ ❝♦♥❞✐t✐♦♥s
❛♥❞ ❝♦♠♣❛r❡ t❤❡♠ t♦ ♣r❡✈✐♦✉s❧② ♣r♦♣♦s❡❞ ❢♦r♠s✳ ❖✉r ♥✉♠❡r✐❝❛❧ ❡①♣❡r✐♠❡♥ts ♦♥ ❛ s✐♠♣❧❡
❤♦r✐③♦♥t❛❧ ✐♥t❡r❢❛❝❡ ♠♦❞❡❧ ✉s✐♥❣ ❛ ✈❡rt✐❝❛❧❧② ✐♥❤♦♠♦❣❡♥❡♦✉s ✈❡❧♦❝✐t② ♠♦❞❡❧ ❛♥❞ ♦♥ t❤❡
▼❛r♠♦✉s✐ ❞❛t❛ s❡t s❤♦✇ t❤❛t t❤❡② ♣r♦❞✉❝❡ s❛t✐s❢❛❝t♦r② r❡s✉❧ts✳ ❚❤❡ ❣❡♥❡r❛❧ ♦❜s❡r✈❛t✐♦♥
❢r♦♠ t❤❡ ♦✈❡r❛❧❧ ❝♦♠♣❛r✐s♦♥ ✐s t❤❛t t❤❡ st❛❜✐❧✐③❡❞ t♦t❛❧ ❧❡❛st✲sq✉❛r❡s ✐♠❛❣✐♥❣ ❝♦♥❞✐t✐♦♥
♣r♦❞✉❝❡❞ t❤❡ ❜❡st ✐♠❛❣❡ ✇✐t❤ t❤❡ ❧❡❛st ♠✐❣r❛t✐♦♥ ❛rt✐❢❛❝ts ❛♥❞ t❤❡ ❧❡❛st ❛✛❡❝t❡❞ ♠✐❣r❛t✐♦♥
❛♠♣❧✐t✉❞❡s✳ ■ts ✐♠❛❣❡ q✉❛❧✐t② ❝♦♠❡s ✈❡r② ❝❧♦s❡ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ s✐♠♣❧❡ ❝r♦ss❝♦rr❡❧❛t✐♦♥
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♠í♥✐♠♦s t♦t❛✐s Rtls ✭❡q✉❛çã♦ ✭✸✳✸✵✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✷✵ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠Rtls✳ Pr✐♠❡✐r♦
r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r✲
❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛
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✹✳✸✵ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠
Nx = 175✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✹✳✸✶ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠
Nx = 225✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✹✳✸✷ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠
Nx = 275✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✹✳✸✸ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠
Nx = 325✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✹✳✸✹ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rlsz ✭❡q✉❛çã♦ ✭✸✳✹✶✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷
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▲✐st❛ ❞❡ ❋✐❣✉r❛s ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

✹✳✸✺ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlsz✳ Pr✐✲
♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳
❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐✲
♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✹✳✸✻ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞♦ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮ ♣❛r❛ nx ❂ ✶✵✵✳ ✳ ✳ ✺✸

✹✳✸✼ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ❝♦♠
nx = 100✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✹✳✸✽ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ❝♦♠
nx = 300✳ Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳
◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✹✳✸✾ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s Rstls ✭❡q✉❛çã♦ ✭✸✳✹✸✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✹✳✹✵ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstls✳ Pr✐✲
♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳
❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐✲
♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✹✳✹✶ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ❛♠♦rt❡❝✐❞❛ Rstlsa ✭❡q✉❛çã♦ ✭✸✳✹✹✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✹✳✹✷ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlsa✳ Pr✐✲
♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳
❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐✲
♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✹✳✹✸ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rstlsz ✭❡q✉❛çã♦ ✭✸✳✹✺✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✹✳✹✹ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlsz✳ Pr✐✲
♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳
❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐✲
♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✹✳✹✺ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞❛ Rstlss ✭❡q✉❛çã♦ ✭✸✳✹✻✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽
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▲✐st❛ ❞❡ ❋✐❣✉r❛s ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

✹✳✹✻ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlss✳ Pr✐✲
♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳
❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐✲
♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✹✳✹✼ ▼♦❞❡❧♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ▼❛r♠♦✉s✐ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✹✽ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦
Rc ✭❡q✉❛çã♦ ✭✸✳✶✹✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✹✾ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦
❡stá✈❡❧ Rd ✭❡q✉❛çã♦ ✭✸✳✶✻✮✮ ❝♦♠ ε = 10−4✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✺✵ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r s✉❛✈✐③❛çã♦
Rs ✭❡q✉❛çã♦ ✭✸✳✷✵✮✮ ❝♦♠ ❥❛♥❡❧❛ ❞❡ t❛♠❛♥❤♦ nx = 75✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✹✳✺✶ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦
♣♦r ❛✉t♦❝♦rr❡❧❛çã♦ Rdaz ✭❡q✉❛çã♦ ✭✸✳✷✻✮✮ ❝♦♠ λ = 0.05 ❡ α = 10−6✳ ✳ ✳ ✳ ✳ ✻✹

✹✳✺✷ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦
♣♦r ❛✉t♦❝♦rr❡❧❛çã♦ Rdas ✭❡q✉❛çã♦ ✭✸✳✷✾✮✮ ❝♦♠ ❥❛♥❡❧❛ ❞❡ t❛♠❛♥❤♦ nx = 100✳ ✻✹

✹✳✺✸ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦
♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ③❡r❛❞❛ Rtlsz ✭❡q✉❛çã♦ ✭✸✳✸✹✮✮ ❝♦♠ λ = 0.05
❡ α = 10−6✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✺✹ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s s✉❛✈✐③❛❞❛ Rtlss ✭❡q✉❛çã♦ ✭✸✳✸✻✮✮ ❝♦♠ ❥❛♥❡❧❛ ❞❡ t❛♠❛♥❤♦
nx = 100✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✳✺✺ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s Rls ✭❡q✉❛çã♦ ✭✸✳✸✼✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✺✻ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s Rsls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮ ❝♦♠ Nx = 275 ❡ β = 1✳ ✳ ✳ ✳ ✳ ✻✽

✹✳✺✼ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rlsz ✭❡q✉❛çã♦ ✭✸✳✹✶✮✮ ❝♦♠ λ = 0.05 ❡ α =
10−6✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹✳✺✽ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞❛ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮ ❝♦♠ nx = 100✳ ✳ ✳ ✳ ✼✵

✹✳✺✾ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s Rstls ✭❡q✉❛çã♦ ✭✸✳✹✸✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

①✐✈



▲✐st❛ ❞❡ ❋✐❣✉r❛s ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

✹✳✻✵ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rstlsz ✭❡q✉❛çã♦ ✭✸✳✹✺✮✮ λ = 0.05 ❡ α =
10−6✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✳✻✶ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s
♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞❛ Rstlss ✭❡q✉❛çã♦ ✭✸✳✹✻✮✮ ❝♦♠ nx = 25✳ ✼✷

①✈



❙✉♠ár✐♦

❆❣r❛❞❡❝✐♠❡♥t♦s ✐✈

❘❡s✉♠♦ ✈✐✐

❆❜str❛❝t ✈✐✐✐

▲✐st❛ ❞❡ ❋✐❣✉r❛s ✐①

✶ ■♥tr♦❞✉çã♦ ✶

✷ ▼ét♦❞♦s ❞❡ ▼✐❣r❛çã♦ ❝♦♠ ❛ ❊q✉❛çã♦ ❞❛ ❖♥❞❛ ✺

✷✳✶ ❊q✉❛çã♦ ❞❛ ♦♥❞❛ ✉♥✐❞✐r❡❝✐♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷✳✷ ▼✐❣r❛çã♦ P❤❛s❡✲❙❤✐❢t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✸ ▼✐❣r❛çã♦ P❙P■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✸ ❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ✶✸

✸✳✶ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✸✳✷ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✸✳✷✳✶ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✷✳✷ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ❡stá✈❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✷✳✸ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r s✉❛✈✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
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❙✉♠ár✐♦ ❇r✉♥♦ ❉✐❛s ❆♠❛r♦

✸✳✷✳✹ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ❞❡ ❞✐✈✐sã♦ ♣♦r ❛✉t♦❝♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸✳✷✳✺ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✸✳✷✳✻ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✷✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✹ ❚❡st❡s ◆✉♠ér✐❝♦s ✷✼

✹✳✶ ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✶✳✶ ❈♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✹✳✶✳✷ ❉✐✈✐sã♦ ❊stá✈❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✹✳✶✳✸ ❙✉❛✈✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✹✳✶✳✹ ❉✐✈✐sã♦ ♣♦r ❛✉t♦❝♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✶✳✺ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✶✳✻ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✶✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✹✳✷ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✹✳✷✳✶ ❈♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✹✳✷✳✷ ❉✐✈✐sã♦ ❡stá✈❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✷✳✸ ❙✉❛✈✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✷✳✹ ❉✐✈✐sã♦ ♣♦r ❆✉t♦❝♦rr❡❧❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✳✷✳✺ ◗✉❛❞r❛❞♦s ▼í♥✐♠♦s ❚♦t❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✷✳✻ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✷✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

❈♦♥❝❧✉sõ❡s ✼✸

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✼✺

①✈✐✐



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ ●❡♦❢ís✐❝❛ é ❛ ❝✐ê♥❝✐❛ q✉❡ s❡ ❞❡❞✐❝❛ à ❞❡t❡r♠✐♥❛çã♦ ❞♦ ✐♥t❡r✐♦r ❞❛ ❚❡rr❛ ♣♦r ♠❡✐♦s

❢ís✐❝♦s ❛♣❧✐❝❛❞♦s ❛ s✉❛ s✉♣❡r❢í❝✐❡✳ ❊♥tr❡ ♦s ✈ár✐♦s ♠ét♦❞♦s ❢ís✐❝♦s ❡♠♣r❡❣❛❞♦s ♣❛r❛ ❡st❡

♦❜❥❡t✐✈♦✱ ❛ sís♠✐❝❛ t❡♠ ✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧✳

❖ ♠ét♦❞♦ sís♠✐❝♦ ♣♦❞❡ s❡r ❞✐✈✐❞♦ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ❞✉❛s té❝♥✐❝❛s✿ ❛ ❙ís♠✐❝❛ ❞❡ ❘❡✢❡①ã♦

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

P❡tró❧❡♦✳ ❚r❛t❛✲s❡ ❞❡ ✉♠ ♠ét♦❞♦ ❣❡♦❢ís✐❝♦ ❞❡ ✐♥✈❡st✐❣❛çã♦ ❞❛ s✉❜s✉♣❡r❢í❝✐❡ q✉❡ s❡ ❜❛s❡✐❛

♥❛ ❡♠✐sã♦ ❡ r❡❝❡♣çã♦ ❞❡ ♦♥❞❛s ❛ ♣❛rt✐r ❞❛ ❣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♣♦r ✉♠❛ ❢♦♥t❡ ✭❡①♣❧♦s✐✈❛

❡✴♦✉ ✈✐❜r❛tór✐❛✮✱ q✉❡ ♣♦❞❡ ❡st❛r ♥❛ s✉♣❡r❢í❝✐❡ ♦✉ ❡♥t❡rr❛❞❛ ❛ ✉♠❛ ♣❡q✉❡♥❛ ♣r♦❢✉♥❞✐❞❛❞❡✳

❆ ❡①❝✐t❛çã♦ ❞❡ss❛s ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ ❣❡r❛♠ ♦♥❞❛s q✉❡ s❡ ♣r♦♣❛❣❛♠ ♥♦ ♠❡✐♦ ❣❡♦❧ó❣✐❝♦ ❡✱

❛♣ós s❡r❡♠ r❡❢r❛t❛❞❛s✱ ❞✐❢r❛t❛❞❛s ❡ r❡✢❡t✐❞❛s ♥❛s ✐♥t❡r❢❛❝❡s ❞♦ ♠❡✐♦ r❡t♦r♥❛♠ ❛ s✉♣❡r❢í❝✐❡

♦♥❞❡ sã♦ ❝❛♣t❛❞❛s ♣♦r r❡❝❡♣t♦r❡s ❝♦♠♦ ♦s ❣❡♦❢♦♥❡s✱ ♥❛ ❛q✉✐s✐çã♦ t❡rr❡str❡✱ ❡ ♦s ❤✐❞r♦❢♦♥❡s

♥❛ ❛q✉✐s✐çã♦ ♠❛rít✐♠❛✳ P❛rt❡ ❞❛ ❡♥❡r❣✐❛ ✐♥❝✐❞❡♥t❡ é tr❛♥s♠✐t✐❞❛ ♣❛r❛ ❝❛♠❛❞❛s s✉❜❥❛❝❡♥t❡s

♦♥❞❡ ♥♦✈❛♠❡♥t❡ s♦❢r❡ r❡✢❡①õ❡s✱ r❡❢r❛çõ❡s ❡ ❞✐❢r❛çõ❡s ❛♦ ❛t✐♥❣✐r ❛s ✐♥t❡r❢❛❝❡s ❞♦ ♠❡✐♦✱ ❝♦♠♦

♠♦str❛ ❛ ❋✐❣✉r❛ ✶✳✶✳

❊♠ ✉♠ ❧❡✈❛♥t❛♠❡♥t♦ ❞❡ sís♠✐❝❛ ❞❡ r❡✢❡①ã♦ sã♦ r❡❛❧✐③❛❞❛s ♠❡❞✐❞❛s ❞❛ ❛♠♣❧✐t✉❞❡ ❞❛

✈✐❜r❛çã♦ ❡♠ ♣♦♥t♦s ❡s♣❡❝í✜❝♦s ❞♦ t❡rr❡♥♦ ❛tr❛✈és ❞♦s r❡❝❡♣t♦r❡s ♣♦r ✉♠ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦

❝❤❛♠❛❞♦ t❡♠♣♦ ❞❡ r❡❣✐str♦✳ ❖ t❡♠♣♦ ❞❡ r❡❣✐str♦ ❝♦rr❡s♣♦♥❞❡ ❛♦ t❡♠♣♦ ❣❛st♦ ♣❡❧❛ ♦♥❞❛

♥♦ ♣❡r❝✉rs♦ ❞❡s❞❡ s✉❛ s❛í❞❛ ❞❛ ❢♦♥t❡ ❛té s♦❢r❡r r❡✢❡①ã♦ ❡♠ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ✐♥t❡r❢❛❝❡

❞♦ ♠❡✐♦ ❡ r❡t♦r♥❛r ♥♦✈❛♠❡♥t❡ à s✉♣❡r❢í❝✐❡✱ ♦♥❞❡ é ❝❛♣t❛❞❛ ♣❡❧♦ r❡❝❡♣t♦r✳ ◗✉❛♥❞♦ ❡ss❛s

♠❡❞✐❞❛s ❞❡ ❛♠♣❧✐t✉❞❡ sã♦ r❡♣r❡s❡♥t❛❞❛s ❡♠ ✉♠ ❣rá✜❝♦ 2D ❞♦ t❡♠♣♦ ❞❡ r❡❣✐str♦ ✭t❡♠♣♦

✶



■♥tr♦❞✉çã♦

❋✐❣✉r❛ ✶✳✶✳ Pr♦❝❡ss♦ ❞❡ r❡✢❡①ã♦ ❡ tr❛♥s♠✐ssã♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ✭❨■▲▼❆❩✱ ✷✵✵✽✮✳

❞✉♣❧♦ ❞❡ trâ♥s✐t♦✮ ♣❡❧❛s ❞✐✈❡rs❛s ♣♦s✐çõ❡s ❞♦s r❡❝❡♣t♦r❡s✱ ❝♦♠♣õ❡✲s❡ ♦ q✉❡ s❡ ❝❤❛♠❛ ❞❡

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

♥♦ s✐♠♦❣r❛♠❛ é ❞❡♥♦♠✐❞❛❞❛ ❞❡ tr❛ç♦ sís♠✐❝♦ ✭♦✉ ❛♣❡♥❛s tr❛ç♦✮✳ ❆ ❋✐❣✉r❛ ✶✳✷ ♠♦str❛✲♥♦s

✉♠ ❡①❡♠♣❧♦ ❞❡ tr❛ç♦ sís♠✐❝♦✳

❆ ♣❛rt✐r ❞♦ s✐s♠♦❣r❛♠❛ ❡♥❝♦♥tr❛❞♦✱ ♣❛r❛ s❡ ❝♦♥s❡❣✉✐r ✧♦❜s❡r✈❛r✧ ❛s ❢❡✐çõ❡s ❣❡♦❧ó✲

❣✐❝❛s ❡♠ s✉❛s ✈❡r❞❛❞❡✐r❛s ♣♦s✐çõ❡s ❡♠ s✉❜s✉♣❡r❢í❝✐❡✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r ✉♠ ♣r♦❝❡ss♦

❝❤❛♠❛❞♦ ❞❡ ♠✐❣r❛çã♦ sís♠✐❝❛✳ ◆❡ss❡ ♣r♦❝❡ss♦✱ ❛tr❛✈és ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ❡ ❞❛

❡①tr❛♣♦❧❛çã♦ ❡♠ s✉❜s✉♣❡r❢í❝✐❡ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ r❡❣✐str❛❞♦ ♣❡❧♦s r❡❝❡♣t♦r❡s✱ r❡❛❧✐③❛✲s❡ ♦

♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s r❡✢❡t♦r❡s ❡♠ s✉❛s ✈❡r❞❛❞❡✐r❛s ♣♦s✐çõ❡s✳

❆ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ t❡ór✐❝❛ ❡❧❛❜♦r❛❞❛ ♣♦r ❈▲❆❊❘❇❖❯❚ ✭✶✾✼✶✮ ❝♦♥s✐st❡ ❡♠ ❞✐✈✐✲

❞✐r ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❛s❝❡♥❞❡♥t❡ ♣❡❧♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡ ❡ s♦♠á✲❧♦s s♦❜r❡ t♦❞❛s

❛s ❢r❡q✉ê♥❝✐❛s ❡ ❢♦♥t❡s ✉t✐❧✐③❛❞❛s✳ ❯♠❛ ✈❡③ q✉❡ ♥ã♦ ❝♦♥❤❡❝❡♠♦s ❛ ♣♦s✐çã♦ r❡❛❧ ❞♦ r❡✲

✢❡t♦r✱ ❡st❛ ❞✐✈✐sã♦ ♣r❡❝✐s❛ s❡r ❡①❡❝✉t❛❞❛ ❡♠ t♦❞♦s ♦s ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠✱ ❝❛✉s❛♥❞♦ ✉♠❛

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

❞❡t❡r♠✐♥❛❞♦s ♣♦♥t♦s ❞♦ ♠❡✐♦✳

✷



■♥tr♦❞✉çã♦

❋✐❣✉r❛ ✶✳✷✳ Pr✐♥❝í♣✐♦ ❞❛ ❢♦r♠❛çã♦ ❞♦ tr❛ç♦ sís♠✐❝♦ ✭❨■▲▼❆❩✱ ✷✵✵✽✮✳

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

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

❡①✐❣✐❞❛ ✭❈▲❆❊❘❇❖❯❚✱ ✶✾✼✶✮✳ ❊♥tr❡t❛♥t♦ ❡st❡ ♣r♦❝❡ss♦ ❞❡stró✐ ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ❛♠✲

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

❞❡❝♦♥✈♦❧✉❝✐♦♥❛❧ t❡♥t❛ ❡✈✐t❛r ✐st♦ ❡ r❡❝✉♣❡r❛r ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ♥♦ ♣♦♥t♦ ❞❛ ✐♠❛❣❡♠

✭❱❆▲❊◆❈■❆◆❖ ❡ ❇■❖◆❉■✱ ✷✵✵✸❀ ●❯■❚❚❖◆ ❡t ❛❧✳✱ ✷✵✵✼❀ ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳✱ ✷✵✵✽❀

❱■❱❆❙ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ♣♦❞❡ s❡r ❡st✐♠❛❞♦ ❛tr❛✈és ❞❡ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ q✉❛❞r❛❞♦s ♠í✲

♥✐♠♦s ✭❆❘■❊◆❚■ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❙✉❛ s♦❧✉çã♦ ❝♦♥s✐st❡ ❡♠ ❞✐✈✐❞✐r ❛ ❝♦rr❡❧❛çã♦ ❞♦s ❝❛♠♣♦s

❞❡ ♦♥❞❛ ❛s❝❡♥❞❡♥t❡s ❡ ❞❡s❝❡♥❞❡♥t❡s ♣❡❧❛ ❛✉t♦❝♦rr❡❧❛çã♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡✳

P❛r❛ ❡st❛❜✐❧✐③❛r ❡st❛ s♦❧✉çã♦✱ ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ♣r♦♣✉s❡r❛♠ três ♣♦ssí✈❡✐s

♠♦❞✐✜❝❛çõ❡s✿ ❛❞✐❝✐♦♥❛r ✉♠❛ ♣❡q✉❡♥❛ ❝♦♥st❛♥t❡ à ❛✉t♦❝♦rr❡❧❛çã♦ ❛♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s✲

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

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

❞❡♥♦♠✐♥❛❞♦r ❛♥t❡s ❞❛ ❞✐✈✐sã♦✱ ♠♦❞✐✜❝❛♥❞♦ ❛ ✐❞é✐❛ ♦r✐❣✐♥❛❧ ❞❡ ●❯■❚❚❖◆ ❡t ❛❧✳ ✭✷✵✵✼✮

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

P❛rt✐♥❞♦ ❞♦ ♠❡s♠♦ ♣r✐♥❝í♣✐♦✱ ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮ ♣r♦♣✉s❡r❛♠ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡

✸



■♥tr♦❞✉çã♦

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

❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s q✉❡ s♦♠❛✈❛ ❛s

❢♦♥t❡s ✉t✐❧✐③❛❞❛s ♥♦ ♣r♦❝❡ss♦ ❛♥t❡s ❞❛ ❞✐✈✐sã♦ ❞♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛s✳ P❛r❛ ❡st❛❜✐❧✐③❛r ❛

❞✐✈✐sã♦✱ ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮ s✉❜st✐t✉✐r❛♠ ♦ ❞❡♥♦♠✐♥❛❞♦r ❡♠ ♣♦♥t♦s ❞❡ ❜❛✐①♦ ✈❛❧♦r ♣♦r

✉♠❛ ♣r♦♣♦rçã♦ ❞❡ s❡✉ ✈❛❧♦r ♠é❞✐♦✳

◆❡st❡ tr❛❜❛❧❤♦ ❝♦♠❜✐♥❛♠♦s ❛s ✐❞é✐❛s ❞❛ ❝♦♥❞✐çã♦ ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❝♦♠ s♦♠❛ ❞❡

❢♦♥t❡s ❛♥t❡s ❞❛ ❞✐✈✐sã♦ ❛❞♦t❛❞❛ ♣♦r ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮ ❝♦♠ ❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦

❞❡ ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ■♥✐❝✐❛❧♠❡♥t❡ é ❢❡✐t❛✱ ♥♦ ❈❛♣ít✉❧♦ ✷✱ ✉♠❛ r❡✈✐sã♦ s♦❜r❡

♠ét♦❞♦s ❞❡ ♠✐❣r❛çã♦ ❝♦♠ ❛ ♦♥❞❛ ❛❝úst✐❝❛ ❡ ♣♦st❡r✐♦r♠❡♥t❡✱ ♥♦ ❈❛♣ít✉❧♦ ✸✱ ❛❜♦r❞❛♠♦s

❞✐✈❡rs♦s t✐♣♦s ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠✱ ❡♥❢♦q✉❡ ♣r✐♥❝✐♣❛❧ ❞❡st❡ tr❛❜❛❧❤♦✳ ◆♦ ❈❛♣ít✉❧♦ ✹

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

③❛❞♦s ❡♠ ✉♠ ♠♦❞❡❧♦ s✐♥tét✐❝♦ ❝♦♠ q✉❛tr♦ r❡✢❡t♦r❡s ❤♦r✐③♦♥t❛✐s✱ q✉❡ ✉t✐❧✐③❛ ✉♠ ♠♦❞❡❧♦

❞❡ ✈❡❧♦❝✐❞❛❞❡ ✈❡rt✐❝❛❧ ♥ã♦ ❤♦♠♦❣ê♥❡♦✱ ❜❡♠ ❝♦♠♦ ❛ ❛♥á❧✐s❡ ❞❛ ❛♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞❡ ❝❛❞❛

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

✐♠❛❣❡♥s ❛❞♦t❛❞❛s ♥❛ ❧✐t❡r❛t✉r❛✱ s❡❣✉✐❞♦ ❞❛s ❞❡✈✐❞❛s ❝♦♥❝❧✉sõ❡s ❡ r❡❢❡rê♥❝✐❛s ❜✐❜❧✐♦❣rá✜❝❛s✳

✹



❈❛♣ít✉❧♦ ✷

▼ét♦❞♦s ❞❡ ▼✐❣r❛çã♦ ❝♦♠ ❛ ❊q✉❛çã♦

❞❛ ❖♥❞❛

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

❞♦s ♠ét♦❞♦s ❞❡ ♠✐❣r❛çã♦ P❤❛s❡ ❙❤✐❢t ❡ P❤❛s❡ ❙❤✐❢t P❧✉s ■♥t❡r♣♦❧❛t✐♦♥ ✉t✐❧✐③❛❞❛s ♥❡st❛

❞✐ss❡rt❛çã♦✳

✷✳✶ ❊q✉❛çã♦ ❞❛ ♦♥❞❛ ✉♥✐❞✐r❡❝✐♦♥❛❧

❆ ♠✐❣r❛çã♦ ❞❛ ❡q✉❛çã♦ ❞❛ ♦♥❞❛ t❡♥t❛ ❞❡s❢❛③❡r ♦s ❡❢❡✐t♦s q✉❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ♦♥❞❛

r❡❛❧✐③♦✉ ♥♦s ❞❛❞♦s Q(xr, yr, ω) r❡❣✐str❛❞♦s ♥❛ s✉♣❡r❢í❝✐❡ ♥❛ ♣♦s✐çã♦ ❞♦ r❡❝❡♣t♦r ①r =

(xr, yr, z = 0)✳ ❊st❡s ❡❢❡✐t♦s sã♦✱ ♥❛ ♠❛✐♦r✐❛ ❞❛s ✈❡③❡s✱ ❞❡s❝r✐t♦s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♣❡❧❛

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

❛❜♦r❞❛❣❡♠ 3D é ❞❛❞❛ ♣♦r

∂2P (①, t)
∂x2

+
∂2P (①, t)

∂y2
+

∂2P (①, t)
∂z2

−
1

υ2(①)
∂2P (①, t)

∂t2
= δ(①− ①s)δ(t), ✭✷✳✶✮

♦♥❞❡ P (①, t) é ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❛ s❡r ♣r♦♣❛❣❛❞♦✱ υ(①) é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛

♦♥❞❛✱ ①s ❞❡♥♦t❛ ❛ ♣♦s✐çã♦ ❞❛ ❢♦♥t❡ ❡ ① = (x, y, z) ❞❡♥♦t❛ ❛ ♣♦s✐çã♦ ❡s♣❛❝✐❛❧✳

✺



▼ét♦❞♦s ❞❡ ▼✐❣r❛çã♦ ❝♦♠ ❛ ❊q✉❛çã♦ ❞❛ ❖♥❞❛ ❊q✉❛çã♦ ❞❛ ♦♥❞❛ ✉♥✐❞✐r❡❝✐♦♥❛❧

❘❡♣r❡s❡♥t❛♥❞♦ ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❛♥❣✉❧❛r ω✱ t❡♠♦s q✉❡ ❛

❡q✉❛çã♦ ✭✷✳✶✮ é ❞❛❞❛ ♣♦r

ω2

υ2(①)
p̂(①, ω) +

(
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
p̂(①, ω) = −δ(①− ①s)

❡✱ ♣♦rt❛♥t♦✱ tê♠✲s❡

(
ω2

υ2(①)
+

∂2

∂z2
+∆

)
p̂(①, ω) = −δ(①− ①s), ✭✷✳✷✮

♦♥❞❡ ∆ = ∂2

∂x2 + ∂2

∂y2
✳ ❆ s♦❧✉çã♦ ❞❡st❛ ❡q✉❛çã♦ ❡♠ ①r ❞❡✈❡ s❡r ✐❣✉❛❧ ❛♦ ❞❛❞♦ r❡❣✐str❛❞♦

Q(xr, yr;ω)✱ ✐st♦ é✱ ♦ ❝❛♠♣♦ p̂(xr, yr, z = 0, ω) ❞❡✈❡ s❛t✐s❢❛③❡r ❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦

p̂(xr, yr, z = 0, ω) = Q(xr, yr, ω). ✭✷✳✸✮

▼✐❣r❛r ♦ ❞❛❞♦ r❡❣✐str❛❞♦ Q(xr, yr, ω) s✐❣♥✐✜❝❛ ♠❛♣❡❛r ❛ s♦❧✉çã♦ ❞❡st❛ ❡q✉❛çã♦ ♣❛r❛ ❛

♣r♦❢✉♥❞✐❞❛❞❡✳ P❛r❛ ✐st♦✱ ❞❡❝♦♠♣õ❡✲s❡ ❛ ❡q✉❛çã♦ ✭✷✳✷✮ ❡♠ ❞✉❛s ❡q✉❛çõ❡s ❞❡ ♦♥❞❛ ✉♥✐❞✐r❡✲

❝✐♦♥❛✐s✱ q✉❡ sã♦ ♦❜t✐❞❛s ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ❞❛❞❛ ❛ ❡q✉❛çã♦ ❞❛ ♦♥❞❛ ❛❝úst✐❝❛ ❤♦♠♦❣ê♥❡❛

♥♦ ❞♦♠í♥✐♦ ω − ①

ω2

υ2(①)
p̂(①, ω) +

(
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
p̂(①, ω) = 0, ✭✷✳✹✮

q✉❡ ♣♦❞❡ s❡r ❡s❝r✐t❛ ♥❛ ❢♦r♠❛

∂2p̂(①, ω)
∂z2

−
(iω)2

υ2(①)

(
1−

υ2(①)
(iω)2

(
∂2

∂x2
+

∂2

∂y2

))
p̂(①, ω) = 0. ✭✷✳✺✮

❋❛t♦r❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✳✺✮ ❡ ♥❡❣❧✐❣❡♥❝✐❛♥❞♦ ❛s ❞❡r✐✈❛❞❛s ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♦❜tê♠✲s❡

[
∂

∂z
−

(iω)

υ(①)

√
1−

υ2(①)
(iω)2

∆

][
∂

∂z
+

(iω)

υ(①)

√
1−

υ2(①)
(iω)2

∆

]
p̂(①, ω) = 0. ✭✷✳✻✮

✻
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❉❛ ❡q✉❛çã♦ ✭✷✳✻✮ ♣♦❞❡✲s❡ r❡♣r❡s❡♥t❛r ❛s ❞✉❛s ♦♥❞❛s ✉♥✐❞✐r❡❝✐♦♥❛✐s

(
∂

∂z
− i

ω

υ(①)

√
1 +

υ2(①)
ω2

∆

)
PU(①, ω) = 0 ✭✷✳✼✮

❝♦♠ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ PU(x, y, z = 0, ω) = Q(x, y, ω) ❡

(
∂

∂z
+ i

ω

υ(①)

√
1 +

υ2(①)
ω2

∆

)
PD(①, ω) = 0 ✭✷✳✽✮

❝♦♠ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ PD(x, y, z = 0, ω) = δ(①− ①s)✱ ♦♥❞❡ PD ❡ PU r❡♣r❡s❡♥t❛♠ ❛s ♦♥❞❛s

❞❡s❝❡♥❞❡♥t❡ ❡ ❛s❝❡♥❞❡♥t❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❯s❛✲s❡ ❡st❛s ❡q✉❛çõ❡s ✉♥✐❞✐r❡❝✐♦♥❛✐s ♣❛r❛ s✐♠✉❧❛r ❛ ♣r♦♣❛❣❛çã♦ ❞❛s ♦♥❞❛s ❛ ♣❛rt✐r ❞❛s

❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ✐♥❞✐❝❛❞❛s ❡♠ z = 0 ♣❛r❛ ❞❡♥tr♦ ❞❛ s✉❜s✉♣❡r❢í❝✐❡✱ s❡♥❞♦ q✉❡ ❛s ♦♥❞❛s

❞❡s❝❡♥❞❡♥t❡ ♥❛ ❞✐r❡çã♦ ❛✈❛♥ç❛❞❛ ❡♠ t❡♠♣♦ ❛ ♣❛rt✐r ❞❡ t = 0 ❡ ❛s ♦♥❞❛s ❛s❝❡♥❞❡♥t❡ ♥❛

❞✐r❡çã♦ r❡tró❣r❛❞❛ ❡♠ t❡♠♣♦ ❛ ♣❛rt✐r ❞♦ t❡♠♣♦ ♠á①✐♠♦ ❞❡ r❡❣✐str♦ t = T ✳

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

❞♦s ❡①❛t❛♠❡♥t❡ ♥♦ ❞♦♠í♥✐♦ ❞❡ ❋♦✉r✐❡r ✭●❆❩❉❆●✱ ✶✾✼✽✮✳ P❛r❛ ♠❡✐♦s ❝♦♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡st❡s ♦♣❡r❛❞♦r❡s ❛❞♠✐t❡♠ ❝❡rt❛s ❛♣r♦①✐♠❛çõ❡s ✭❙❚❖❋❋❆ ❡t ❛❧✳✱ ✶✾✾✵ ❀ ❘■❙✲

❚❖❲ ❡ ❘Ü❍▲✱ ✶✾✾✹✮✱ ❛ q✉❛❧ ❞❡s❝r❡✈❡♠♦s ❝♦♠ ♠❛✐s ❞❡t❛❧❤❡s ♥❛s s❡çõ❡s ❛ s❡❣✉✐r✳

✷✳✷ ▼✐❣r❛çã♦ P❤❛s❡✲❙❤✐❢t

❙❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐❛r ❛♣❡♥❛s ❝♦♠ ❛ ♣r♦❢✉♥❞✐❞❛❞❡✱ ✐st♦ é✱ υ(①) = υ(z)✱ ♦s ♦♣❡r❛❞♦r❡s

❞❛s ❡q✉❛çõ❡s ✭✷✳✼✮ ❡ ✭✷✳✽✮ ❛❞♠✐t❡♠ s♦❧✉çã♦ ❡①❛t❛ ✭●❆❩❉❆●✱ ✶✾✼✽✮✳ ❘❡♣r❡s❡♥t❛♥❞♦ ♦

❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❛ ❢♦r♠❛

P (①, t) =
1

8π3

∫

R2

∫

R

p̂(Kx, z, ω)e
i(ωt−kxx−kyy)dωdKx ✭✷✳✾✮

❝♦♠ Kx = (kx, ky) ❛s ❝♦♠♣♦♥❡♥t❡s ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❡ x = (x, y)✱ ❡ s✉❜st✐✲

t✉✐♥❞♦ ❡st❛ ❡q✉❛çã♦ ♥❛ ❡q✉❛çã♦ ✭✷✳✹✮ ♦❜tê♠✲s❡

✼
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∂2p̂(Kx, z, ω)

∂z2
−

(
k2
x + k2

y −
ω2

υ2(z)

)
p̂(Kx, z, ω) = 0, ✭✷✳✶✵✮

q✉❡ é ❛ ❡q✉❛çã♦ ❞❛ ♦♥❞❛ ❛❝úst✐❝❛ ♥♦ ❞♦♠í♥✐♦ ω −Kx✳

■♥tr♦❞✉③✐♥❞♦ ❛ ♥♦t❛çã♦

k2
z = −k2

x − k2
y +

ω2

υ2(z)
, ✭✷✳✶✶✮

s✉❜st✐t✉✐♥❞♦ ✭✷✳✶✶✮ ❡♠ ✭✷✳✶✵✮✱ ♦❜tê♠✲s❡

∂2p̂(Kx, z, ω)

∂z2
+ k2

z p̂(Kx, z, ω) = 0. ✭✷✳✶✷✮

❊ss❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❤♦♠♦❣ê♥❡❛ ♣♦ss✉✐ ✉♠❛ s♦❧✉çã♦ ❣❡r❛❧ ❛♥❛❧ít✐❝❛ s✐♠♣❧❡s s❡ kz

❢♦r ✉♠❛ ❝♦♥st❛♥t❡✳ P❛r❛ t❛❧ υ(z) t❛♠❜é♠ ❞❡✈❡rá s❡r ❝♦♥st❛♥t❡✱ ♦✉ s❡❥❛✱ ❛ ❡q✉❛çã♦ ✭✷✳✶✷✮

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

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

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

p̂(Kx, z, ω) = e±ikzzp̂(Kx, z = 0, ω), ✭✷✳✶✸✮

♦♥❞❡ ❛ s♦❧✉çã♦ ❝♦♠ +ikzz r❡❢❡r❡✲s❡ às ♦♥❞❛s ❛s❝❡♥❞❡♥t❡s ❡ ❝♦♠ −ikzz ❛s ♦♥❞❛s ❞❡s❝❡♥✲

❞❡♥t❡s✳

◆♦ ❝❛s♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ✈❛r✐❛r ❛♣❡♥❛s ❝♦♠ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡✈❡✲s❡✱ s❡❣✉♥❞♦ ♦ ♠ét♦❞♦

P❤❛s❡✲❙❤✐❢t✱ r❡❛❧✐③❛r ❛ ❡①tr❛♣♦❧❛çã♦ ❡♠ ♣r♦❢✉♥❞✐❞❛❞❡ r❡❝✉rs✐✈❛♠❡♥t❡ ❡♠ ✐♥t❡r✈❛❧♦s ∆z✱

s✉♣♦♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❝♦♥st❛♥t❡ ❡♠ ❝❛❞❛ ✐♥t❡r✈❛❧♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❡q✉❛çã♦ ✭✷✳✶✸✮ ♣♦❞❡

s❡r r❡❡s❝r✐t❛ ❝♦♠♦

p̂(Kx, z +∆z, ω) = e±ikz∆zp̂(Kx, z, ω), ✭✷✳✶✹✮

q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♦♣❡r❛❞♦r ♣❤❛s❡✲s❤✐❢t✳ ❈♦♠♦ ♥❛ ♠✐❣r❛çã♦ ❡①tr❛♣♦❧❛✲s❡ ❛♣❡♥❛s ♦

❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡✱ s♦♠❡♥t❡ ♦ t❡r♠♦ r❡❢❡r❡♥t❡ ❛ ❡❧❛ s❡rá ❧❡✈❛❞♦ ❡♠ ❝♦♥t❛✳

P❛r❛ s❡ ♦❜t❡r ♦ ❞❛❞♦ ♠✐❣r❛❞♦ ♥❛ ♣r♦❢✉♥❞✐❞❛❞❡ z + ∆z ❞❡✈❡✲s❡ r❡t♦r♥❛r ♦ ❞❛❞♦ ❛♦

❞♦♠í♥✐♦ ω − ① ❡ ❢❛③❡r ✉s♦ ❞❡ ❛❧❣✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠✱ ❛❜♦r❞❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ✸✳

❙❡♥❞♦ ❛ss✐♠ r❡t♦r♥❛♥❞♦ ❛❣♦r❛ ❛♦ ❞♦♠í♥✐♦ t − ① ❡ ✉s❛♥❞♦ ❛ s♦❧✉çã♦ r❡❢❡r❡♥t❡ ❛s ♦♥❞❛s

✽
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❖ ♠ét♦❞♦ tr❛❜❛❧❤❛ ❛❧t❡r♥❛❞❛♠❡♥t❡ ♥♦s ❞♦♠í♥✐♦s ①− t ❡ ω −K① r❡❛❧✐③❛♥❞♦ ❛ ❡①tr❛✲

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

❞♦ ♦♣❡r❛❞♦r P❤❛s❡✲❙❤✐❢t✱ ❛❞♠✐t✐♥❞♦ ❛❣♦r❛ ✈❛r✐❛çõ❡s ❧❛t❡r❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ r❡❛❧✐③❛♥❞♦

❡①tr❛♣♦❧❛çõ❡s ❜❛s❡❛❞❛s ♥❛s ❝❤❛♠❛❞❛s ✈❡❧♦❝✐❞❛❞❡s ❞❡ r❡❢❡rê♥❝✐❛✳ ◆♦ ♠ét♦❞♦✱ ❝❛❧❝✉❧❛✲s❡

❡♠ ❝❛❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ z ✈ár✐♦s ❝❛♠♣♦s ❞❡ r❡❢❡rê♥❝✐❛✱ ❜❛s❡❛❞♦s ♥❡sss❛s ✈❡❧♦❝✐❞❛❞❡s q✉❡

sã♦ ❡s❝♦❧❤✐❞❛s ❞❡♥tr❡ ❛s ✈❡❧♦❝✐❞❛❞❡s ❡①✐st❡♥t❡s ♥❛q✉❡❧❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❡ ❢❛③❡♥❞♦ ♥♦ ✜♥❛❧ ❛

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

❚❡♠♦s✱ ♣♦rt❛♥t♦✱ ❞❡♣♦✐s ❞❡ r❡❛❧✐③❛❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ tr✐♣❧❛ ❞❡ ❋♦✉r✐❡r ♥♦ ❝❛♠♣♦ P (①, t)

♥ã♦ ❛♣❡♥❛s ✉♠ ❝❛♠♣♦ P (K①, z, ω) ♠❛s s✐♠ n ❝❛♠♣♦s P1(K①, z, ω)✱ P2(K①, z, ω)✱ ✳✳✳ ✱

Pn(K①, z, ω) ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❡ n ✈❡❧♦❝✐❞❛❞❡s ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ ❡stã♦ r❡str✐t❛s ❛ ✉♠

❞♦♠í♥✐♦ [υmin, υmax]✳ ❇❆●❆■◆■ ❡t ❛❧✳ ✭✶✾✾✺✮ ♣r♦♣✉s❡r❛♠ ✉♠ ♠ét♦❞♦ ♣❛r❛ s❡❧❡❝✐♦♥❛r ❛s

✈❡❧♦❝✐❞❛❞❡s ❞❡ r❡❢❡rê♥❝✐❛✳

❊sq✉❡♠❛t✐❝❛♠❡♥t❡ t❡♠♦s

P (x, z = 0, t)
FFTt−−−→P (x, z = 0, ω)

FFTx−−−→P (Kx, z = 0, ω). ✭✷✳✶✺✮

❊①tr❛♣♦❧❛✲s❡ ❡♥tã♦✱ ❡♠ ♣r♦❢✉♥❞✐❞❛❞❡✱ ♦s ❝❛♠♣♦s ♣❛r❛ ❝❛❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡❢❡rê♥❝✐❛

❞❛♥❞♦ ♦r✐❣❡♠ ❛♦s ❝❛♠♣♦s ❞❡ r❡❢❡rê♥❝✐❛✱ ✐st♦ é✱

P (Kx, z = 0, ω)
eikz∆z

−−−→





vel υ1−−−→ P1(Kx, z +∆z, ω)
vel υ2−−−→ P2(Kx, z +∆z, ω)
vel υ3−−−→ P3(Kx, z +∆z, ω)

✳✳✳
vel υn−−−→ Pn(Kx, z +∆z, ω).

✭✷✳✶✻✮

❊♠ s❡❣✉✐❞❛ ❝❛❞❛ ✉♠ ❞♦s n ❝❛♠♣♦s ❛❝✐♠❛ ♣❛ss❛♠ ♣♦r ✉♠❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ✐♥✲

✈❡rs❛ ❡♠ x ❡ r❡❛❧✐③❛✲s❡ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞♦s ♠❡s♠♦s✱ r❡s✉❧t❛♥❞♦ ✉♠ ♥♦✈♦ ❝❛♠♣♦ ✐♥t❡r♣♦❧❛❞♦

✶✵



▼ét♦❞♦s ❞❡ ▼✐❣r❛çã♦ ❝♦♠ ❛ ❊q✉❛çã♦ ❞❛ ❖♥❞❛ ▼✐❣r❛çã♦ P❙P■

P (x, z +∆z, ω)✱ ♣❛r❛ ❝❛❞❛ ♣♦s✐çã♦ (x, z)✿

P1(Kx, z +∆z, ω)

P2(Kx, z +∆z, ω)

P3(Kx, z +∆z, ω)
✳✳✳

Pn(Kx, z +∆z, ω)





FFT−1
x−−−−→

P1(x, z +∆z, ω)

P2(x, z +∆z, ω)

P3(x, z +∆z, ω)
✳✳✳

Pn(x, z +∆z, ω)





Interp

−−−→P (x, z +∆z, ω).

✭✷✳✶✼✮

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

✐♥t❡r♣♦❧❛❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ ❞❡ ❋♦✉r✐❡r ❡♠ ω ❡ ♦❜tê♠✲s❡ ❛ ✐♠❛❣❡♠ ✜♥❛❧ ♠✐❣r❛❞❛✳

❆ ❋✐❣✉r❛ ✷✳✷ ♠♦str❛ ❡sq✉❡♠❛t✐❝❛♠❡♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♠✐❣r❛çã♦ P❤❛s❡ ❙❤✐❢t P❧✉s ■♥t❡r♣♦✲

❧❛t✐♦♥✳

✶✶





❈❛♣ít✉❧♦ ✸

❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠

❆♣ós ❛ ❡t❛♣❛ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♦♥❞❛s✱ ❛❜♦r❞❛❞❛ ♥❛ ❙❡çã♦ ✷✳✶✱ é ♥❡❝❡ssár✐♦ ❛ ❛♣❧✐❝❛✲

çã♦ ❞❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣❛r❛ s❡ ♦❜t❡r ❛ ✐♠❛❣❡♠ ✜♥❛❧ ♠✐❣r❛❞❛✳ ◆❡st❡ ❝❛♣ít✉❧♦

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

❛ ♦❜t❡♥çã♦ ❞❛s ♠❡s♠❛s✳

✸✳✶ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧

❖ tr❛ç♦ sís♠✐❝♦ r❡❣✐str❛❞♦ ♣♦❞❡ s❡r ❡♥t❡♥❞✐❞♦ ❝♦♠♦ ♦ r❡s✉❧t❛❞♦ ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡

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

❢♦♥t❡ ❛té ♦ ♠♦♠❡♥t♦ ❡♠ q✉❡ ❛s r❡✢❡①õ❡s sã♦ r❡❣✐str❛❞❛s ♥♦s r❡❝❡♣t♦r❡s✳ ❊ss❛ ✐♥t❡r❛çã♦ é

❞❡s❝r✐t❛ ❛♥❛❧✐t✐❝❛♠❡♥t❡ ❛tr❛✈és ❞❡ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈♦❧✉çã♦✳ P❛r❛ ❛❥✉❞❛r ❛ ✜①❛r ❡ss❡

❝♦♥❝❡✐t♦ ✉t✐❧✐③❛♠♦s ✉♠ ♠♦❞❡❧♦ ❣❡♦❧ó❣✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❡ ❝♦♥s✐❞❡r❛♠♦s q✉❡ ♦ r❛✐♦ sís♠✐❝♦

✐♥❝✐❞❡ ✈❡rt✐❝❛❧♠❡♥t❡ ♥❛s ✐♥t❡r❢❛❝❡s ❞♦ ♠❡✐♦✳

❈♦♥s✐❞❡r❡ ✉♠❛ s✉❝❡ssã♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s s✉♣❡r♣♦st❛s ❝♦♠ s✉❛s r❡s♣❡❝t✐✈❛s

✐♠♣❡❞â♥❝✐❛s ❛❝úst✐❝❛s ❡ s❡✉s ❝♦rr❡s♣♦♥❞❡♥t❡s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡✢❡①ã♦ ❡ tr❛♥s♠✐ssã♦✱ ❝♦♠♦

♥❛ ❋✐❣✉r❛ ✸✳✶✳

❙✉♣♦♥❤❛ q✉❡ s❡ q✉❡✐r❛ r❡❣✐str❛r ✉♠ tr❛ç♦ sís♠✐❝♦ ❡♠ ✉♠❛ s✐t✉❛çã♦ ❡q✉✐✈❛❧❡♥t❡ à ❞♦

♠❡s♠♦ ♠♦❞❡❧♦✱ ❛❞♠✐t✐♥❞♦ q✉❡ ❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ❡ ♦ r❡❝❡♣t♦r sã♦ ❝♦✐♥❝✐❞❡♥t❡s ✭✐♥❝✐❞ê♥❝✐❛

✈❡rt✐❝❛❧✮✳ ❉❡ ❢♦r♠❛ s✐♠♣❧✐✜❝❛❞❛✱ ♦s ♣r♦❝❡ss♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ❣❡r❛çã♦ ❞❡ss❡ tr❛ç♦ sís♠✐❝♦

✶✸



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧

❋✐❣✉r❛ ✸✳✶✳ ▼♦❞❡❧♦ ❞❛ ❢♦r♠❛çã♦ ❞♦ tr❛ç♦ sís♠✐❝♦ ♣❡❧❛ ❝♦♥✈♦❧✉çã♦ ❞❛ ✇❛✈❡❧❡t ❝♦♠ ❛ ❢✉♥çã♦
r❡✢❡t✐✈✐❞❛❞❡ ✭❑❊❆❘❊❨ ❡t ❛❧✳✱ ✷✵✵✷✮✳

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

✶✳ ❆ ❢♦♥t❡ ❡♠✐t❡ ✉♠ ♣✉❧s♦ sís♠✐❝♦ q✉❡ ♣r♦♣❛❣❛ ♣❛r❛ ❜❛✐①♦✱ ♣❡♥❡tr❛♥❞♦ ♥♦ ♠❡✐♦ ❣❡♦✲

❧ó❣✐❝♦❀

✷✳ ❆♦ ❛t✐♥❣✐r ❛ ♣r✐♠❡✐r❛ ✐♥t❡r❢❛❝❡✱ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ❛♠♦str❛s ❞♦ ♣✉❧s♦

sís♠✐❝♦ é ♠✉❧t✐♣❧✐❝❛❞❛ ♣❡❧♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ❡ ❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ r❡s✉❧t❛♥t❡

r❡t♦r♥❛ à s✉♣❡r❢í❝✐❡✱ ♦♥❞❡ é r❡❣✐str❛❞❛❀

✸✳ ◆❛ ♠❡s♠❛ ✐♥t❡r❢❛❝❡✱ ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❞♦ ♣✉❧s♦✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ♣r♦❞✉t♦ ❡♥tr❡

s✉❛s ❛♠♣❧✐t✉❞❡s ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s♠✐ssã♦✱ ❛tr❛✈❡ss❛ ❛ ✐♥t❡r❢❛❝❡ ❡ ❝♦♥t✐♥✉❛ ❛

❞❡s❝❡r❀

✹✳ ❆ ❢r❛çã♦ ❞❡ ❡♥❡r❣✐❛ tr❛♥s♠✐t✐❞❛ ❛t✐♥❣❡ s✉❝❡ss✐✈❛♠❡♥t❡ ❛s ✐♥t❡r❢❛❝❡s s✉❜s❡qü❡♥t❡s✱

r❡♣❡t✐♥❞♦✲s❡ ❡♠ ❝❛❞❛ ✉♠❛ ❞❡❧❛s ♦ q✉❡ ♦❝♦rr❡✉ ♥❛ ♣r✐♠❡✐r❛❀

✶✹



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧

✺✳ ◆♦ tr❛❥❡t♦ ❛s❝❡♥❞❡♥t❡✱ r❡♣❡t❡♠✲s❡✱ ♥♦ s❡♥t✐❞♦ ✐♥✈❡rs♦✱ ♦s ❢❡♥ô♠❡♥♦s ❞❡s❝r✐t♦s ♥❛s

❡t❛♣❛s ✷ ❡ ✸❀

✻✳ ❖ s✐♥❛❧ q✉❡ ✈✐❛❥❛ ♣r❛ ❝✐♠❛ é r❡❣✐str❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡✱ ❝♦♠ ❝❛❞❛ r❡✢❡①ã♦ s❡♥❞♦

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

❙❡♥❞♦ ❛ss✐♠✱ t♦♠❛♥❞♦ ❛s ❡q✉❛çõ❡s ✭✷✳✼✮ ❡ ✭✷✳✽✮✱ ❛tr❛✈és ❞❛ t❡♦r✐❛ ❞❛ ❛♣r♦①✐♠❛çã♦ ❞❡

r❛✐♦s ❞❡✜♥✐♠♦s✿

PD(①, t) = Ad(①)δ (t− τd(①)) , ✭✸✳✶✮

PU(①, t) = Au(①)δ (t− τu(①)) , ✭✸✳✷✮

❝♦♠ Ad(①) ❡ Au(①) ❛s ❛♠♣❧✐t✉❞❡s ❞♦ ♣✉❧s♦ sís♠✐❝♦ ❞❛s ♦♥❞❛s ❞❡s❝❡♥❞❡♥t❡s ❡ ❛s❝❡♥❞❡♥t❡s✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❊♠ ✉♠ ♣♦♥t♦ ❞♦ r❡✢❡t♦r✱ ①r✱ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ R é ❝❛❧❝✉❧❛❞♦ ❛tr❛✈és ❞❛ r❛③ã♦ ❞❛

❛♠♣❧✐t✉❞❡ Au(①r) ❞♦ r❛✐♦ r❡✢❡t✐❞♦ ♣❡❧❛ ❛♠♣❧✐t✉❞❡ Ad(①r) ❞♦ r❛✐♦ ✐♥❝✐❞❡♥t❡✱ ✐st♦ é✱

R(①r) =
Au(①r)

Ad(①r)
. ✭✸✳✸✮

❚♦♠❛♥❞♦ ❛❣♦r❛ ❛s ❡q✉❛çõ❡s ✭✸✳✶✮ ❡ ✭✸✳✷✮ ♥♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛

PD(①, ω) = Ad(①)e
−iωτd(①), ✭✸✳✹✮

PU(①, ω) = Au(①)e
−iωτu(①), ✭✸✳✺✮

❛ ♣❛rt✐r ❞❡st❛s ❡ ❞❛ ❡q✉❛çã♦ ✭✸✳✸✮ t❡♠♦s✱ ❡♠ ✉♠ ♣♦♥t♦ ①r ❞♦ r❡✢❡t♦r

PU(①r, ω)

PD(①r, ω)
=

Au(①r)e
−iωτu(①r)

Ad(①r)e−iωτd(①r)
=

Au(①r)

Ad(①r)
e−iω(τu(①r)−τd(①r)) = R(①r)e

−iω(τu(①r)−τd(①r)). ✭✸✳✻✮

❈♦♠♦ ❡♠ ✉♠ ♣♦♥t♦ ①r ♥♦ r❡✢❡t♦r✱ τu(①r) = τd(①r)✱ ❛ ❡q✉❛çã♦ ✭✸✳✻✮ s❡ t♦r♥❛

PU(①r, ω)

PD(①r, ω)
= R(①r). ✭✸✳✼✮

✶✺



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧

❉❡✜♥✐♠♦s ❡♥tã♦✱ ❡♠ ✉♠ ♣♦♥t♦ ① q✉❛❧q✉❡r✱ ❛ q✉❛♥t✐❞❛❞❡

R(①, ω) =
PU(①, ω)
PD(①, ω)

=
Au(①)
Ad(①)

e−iω(τu(①)−τd(①)) ✭✸✳✽✮

❡ ♦❜s❡r✈❛♠♦s q✉❡✱ ♥♦ ♣♦♥t♦ ①r ❞♦ r❡✢❡t♦r✱ R(①r, ω) = R(①r)✳

❖ ❝♦♥❝❡✐t♦ ❞❡ ✐♠❛❣❡❛♠❡♥t♦ ♥♦s ❞✐③ q✉❡ ♦ r❡✢❡t♦r ❡①✐st❡ ♥♦s ♣♦♥t♦s ❞❛ s✉❜s✉♣❡r❢í❝✐❡

♦♥❞❡ ❛ ♣r✐♠❡✐r❛ ❝❤❡❣❛❞❛ ❞❛ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡ ❝♦✐♥❝✐❞❡ ❡♠ t❡♠♣♦ ❝♦♠ ❛ ♦♥❞❛ ❛s❝❡♥❞❡♥t❡

✭❈▲❆❊❘❇❖❯❚✱ ✶✾✼✶✮✳ ❊♥tr❡t❛♥t♦✱ ♣❛r❛ ❧♦❝❛❧✐③á✲❧♦✱ ✉t✐❧✐③❛♠♦s ❛s ♦♥❞❛s ❞❡s❝❡♥❞❡♥t❡s ♥❛

❞✐r❡çã♦ ❛✈❛♥ç❛❞❛ ❡♠ t❡♠♣♦ ❛ ♣❛rt✐r ❞❡ t = 0 ❡ ❛s ♦♥❞❛s ❛s❝❡♥❞❡♥t❡s ♥❛ ❞✐r❡çã♦ r❡tró❣r❛❞❛

❡♠ t❡♠♣♦ ❛ ♣❛rt✐r ❞♦ t❡♠♣♦ ❞❡ r❡❣✐str♦ T ✳ ❆ ❋✐❣✉r❛ ✸✳✷ ✐❧✉str❛ ❡ss❡ ❝♦♥❝❡✐t♦✳

❋✐❣✉r❛ ✸✳✷✳ ❖♥❞❛s ❞❡s❝❡♥❞❡♥t❡s ❡ ❛s❝❡♥❞❡♥t❡s ♦❜s❡r✈❛❞❛s ❝♦♠ r❡❝❡♣t♦r❡s ❡♥t❡rr❛❞♦s✳ ❖ r❡❝❡♣t♦r
G3 r❡❣✐str❛ ❛♠❜❛s ❛s ♦♥❞❛s ❛s❝❡♥❞❡♥t❡ ❡ ❞❡s❝❡♥❞❡♥t❡ ❡♠ t❡♠♣♦ ❝♦✐♥❝✐❞❡♥t❡ ❡ ♦s ❞❡♠❛✐s r❡❝❡♣t♦r❡s
❡♠ t❡♠♣♦ ❞✐st✐♥t♦✳ ✭❛❞❛♣t❛❞♦ ❞❡ ❈▲❆❊❘❇❖❯❚✱ ✶✾✽✺✮✳

❆ss✐♠✱ s❡ t1 ❢♦r ♦ t❡♠♣♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛ ♣❛rt✐♥❞♦ ❞❛ ❢♦♥t❡ ❛té ❛ s✉❜s✉♣❡r❢í❝✐❡

r❡✢❡t♦r❛ ❡ t2 ♦ t❡♠♣♦ q✉❡ ♣❛rt❡ ❞❛ s✉❜s✉♣❡r❢í❝✐❡ ❡ r❡t♦r♥❛ ❛ s✉♣❡r❢í❝✐❡ ❞❡ ♦r✐❣❡♠✱ ✉♠

✶✻



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❖ ♠♦❞❡❧♦ ❝♦♥✈♦❧✉❝✐♦♥❛❧

❋✐❣✉r❛ ✸✳✸✳ ●❡♦♠❡tr✐❛ ❞❡ r❡✢❡①ã♦ ❡♠ ✉♠❛ s✉❜s✉♣❡r❢í❝✐❡ ❤♦r✐③♦♥t❛❧ ♣❧❛♥❛ ✭❛❞❛♣❛t♦ ❞❡ ❈▲❆❊❘✲
❇❖❯❚✱ ✶✾✼✶✮✳

♣♦♥t♦ ❞♦ ♠❡✐♦ ❣❡♦❧ó❣✐❝♦ é ✉♠ ♣♦♥t♦ ❞❡ r❡✢❡①ã♦ q✉❛♥❞♦

t1 + t2 = T. ✭✸✳✾✮

❙❡ ❛ ♦♥❞❛ r❡✢❡t❡ ❡♠ ✉♠❛ ✐♥t❡r❢❛❝❡ ♣❧❛♥❛r ❤♦r✐③♦♥t❛❧ ♥♦ ♣♦♥t♦ x = (x, y) ❞♦ ♠❡✐♦ ❣❡♦❧ó❣✐❝♦

✭✈❡❥❛ ❋✐❣✉r❛ ✸✳✸✮✱ ✐❞❡♥t✐✜❝❛♠♦s τd(①) = t1 ❡ τu(①) = T−t2✳ P♦rt❛♥t♦✱ t❡r❡♠♦s ♥❛ ❡q✉❛çã♦

✭✸✳✽✮✱ τu = τd✳

❊♥tã♦ r❡♣r❡s❡♥t❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✳✽✮ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦

R(①, t) =
1

2π

∫ +∞

−∞

R(①, ω)eiωtdω, ✭✸✳✶✵✮

♦❜tê♠✲s❡✱ s✉❜st✐t✉✐♥❞♦ ✭✸✳✶✵✮ ❡♠ ✭✸✳✽✮✱

R(①, t) =
1

2π

∫ +∞

−∞

PU(①, ω)
PD(①, ω)

eiωtdω, ✭✸✳✶✶✮

✶✼



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❡✱ ❛❞♦t❛♥❞♦ R(①) = R(①, t = 0)✱ t❡♠♦s q✉❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦

❛tr❛✈és ❞❛ ❡q✉❛çã♦

R(①) =
1

2π

∫ +∞

−∞

PU(①, ω)
PD(①, ω)

dω, ✭✸✳✶✷✮

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

R(①) ≈
1

Nω∆t

Nω∑

j=1

PU(①, ωj)

PD(①, ωj)
. ✭✸✳✶✸✮

♦♥❞❡ Nω é ♦ ♥ú♠❡r♦ ❞❡ ❢r❡q✉ê♥❝✐❛s ✉t✐❧✐③❛❞❛ ♥♦ ♣r♦❝❡ss♦✳

❆ss✐♠✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ t❡♦r✐❝❛♠❡♥t❡ ❝♦rr❡t❛ é ❛ ❞❡❝♦♥✈♦❧✉çã♦ ✭❞✐✈✐sã♦ ♥♦ ❞♦✲

♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛✮ ❞♦s ❞♦✐s ❝❛♠♣♦s ❞❡ ♦♥❞❛ ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞♦ r❡✢❡t♦r ♣❛r❛ r❡❝✉♣❡r❛r

♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ❝♦♠♦ ❛♠♣❧✐t✉❞❡ ❞❛ ✐♠❛❣❡♠ ♦❜t✐❞❛✳

❯♠❛ ✈❡③ q✉❡ ❛ ♣♦s✐çã♦ ❞♦ r❡✢❡t♦r ♥ã♦ é ❝♦♥❤❡❝✐❞❛ ❛♥t❡s ❞❛ ♠✐❣r❛çã♦✱ ❡st❛ ❞✐✈✐sã♦

♣r❡❝✐s❛ s❡r ❡①❡❝✉t❛❞❛ ❡♠ t♦❞♦s ♦s ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠✳ ■ss♦ ✐♠♣❧✐❝❛ ✉♠❛ ❝❡rt❛ ✐♥st❛❜✐❧✐❞❛❞❡

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

❡q✉❛çã♦ ✭✸✳✶✸✮ s❡rá ③❡r♦ ❡♠ ❞❡t❡r♠✐♥❛❞♦s ♣♦♥t♦s ❞♦ ♠❡✐♦✳ P♦r ❡st❛ r❛③ã♦ ♥❡❝❡ss✐t❛✲s❡ ❞❡

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

♥❛s s❡çõ❡s ❛ s❡❣✉✐r✳

✸✳✷ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

◆❡st❛ s❡çã♦ ❛♣r❡s❡♥t❛♠♦s ♦s ✈❛r✐❛❞♦s t✐♣♦s ❞❡ ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❛❜♦r❞❛❞❛s ♣♦r

❈▲❆❊❘❇❖❯❚ ✭✶✾✼✶✮✱ ❱❆▲❊◆❈■❆◆❖ ❡ ❇■❖◆❉■ ✭✷✵✵✸✮ ●❯■❚❚❖◆ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❙❈❍✲

▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡ ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮ ❜❡♠ ❝♦♠♦ ❛s ♥♦ss❛s ♥♦✈❛s ❝♦♥❞✐çõ❡s ❞❡

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

✭✸✳✶✸✮ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❛ s❡❣✉✐r✳

✶✽



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

✸✳✷✳✶ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦

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

❈▲❆❊❘❇❖❯❚ ✭✶✾✼✶✮✳ ❊❧❛ ✉s❛ ✉♠❛ s✐♠♣❧❡s ❝♦rr❡❧❛çã♦ ❞♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛ ❛s❝❡♥❞❡♥t❡ ❡

❞❡s❝❡♥❞❡♥t❡✱ ✐st♦ é✱

Rc(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj), ✭✸✳✶✹✮

♦♥❞❡ ♦ ❛st❡r✐s❝♦ ❞❡♥♦t❛ ♦ ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦✳

❊st❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ é ♦❜t✐❞❛ ❝♦♠♦ s✐♠♣❧✐✜❝❛çã♦ ❞❛ ❡①♣r❡ssã♦

R(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

PD(①, ωj)P ∗

D(①, ωj)
, ✭✸✳✶✺✮

q✉❡ s❡ ♦❜té♠ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✭✸✳✶✸✮ ♣♦r ♠✉❧t✐♣❧✐❝❛çã♦ ❞♦ ♥✉♠❡r❛❞♦r ❡ ❞♦ ❞❡♥♦♠✐♥❛❞♦r

❞❡ P ∗

D(①, ωj)✱ ♦♣❡r❛çã♦ ❡st❛ q✉❡ t♦r♥❛ ♦ ❞❡♥♦♠✐♥❛❞♦r r❡❛❧✳

❆ ❡q✉❛çã♦ ✭✸✳✶✺✮ ♥ã♦ r❡s♦❧✈❡ ♦ ♣r♦❜❧❡♠❛ ❞❛ ❞✐✈✐sã♦ ♣♦r ③❡r♦✳ ❆ ✈❛♥t❛❣❡♠ ❞❡st❛

❢♦r♠❛ é ♦ ❢❛t♦ ❞❡ q✉❡ ♦ ❞❡♥♦♠✐♥❛❞♦r ❛❣♦r❛ s♦♠❡♥t❡ é ✉♠ ❢❛t♦r ❞❡ ❡s❝❛❧❛ q✉❡ ♥ã♦ ❝♦♥té♠

♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ❛ ❢❛s❡✱ ✐st♦ é✱ s♦❜r❡ ❛ ❧♦❝❛❧✐③❛çã♦ ❞♦ r❡✢❡t♦r✳ P♦rt❛♥t♦✱ s❡ ♦

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

s❡r ❞❡s♣r❡③❛❞♦✱ ♦❜t❡♥❞♦✱ ♣♦rt❛♥t♦✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ✭✸✳✶✹✮✳

◆♦t❛✲s❡ q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ✭✸✳✶✹✮ ♥ã♦ ♥❡❝❡ss✐t❛ ❞❡ ♥❡♥❤✉♠❛ ❞✐✈✐sã♦✳ ❉❡st❛

❢♦r♠❛ ♦s ♣r♦❜❧❡♠❛s ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡ ♥ã♦ ♦❝♦rr❡♠✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛✱ ❥✉♥t♦ ❝♦♠ ♦ ❢❛t♦

❞❡ q✉❡ ♥ã♦ s❡ t❡♠ ❞❛❞♦ ♠✉✐t❛ ✐♠♣♦rtâ♥❝✐❛ à ✐♥❢♦r♠❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s ♥❛ ❛♣❧✐❝❛çã♦ ❞❛

♠✐❣r❛çã♦ sís♠✐❝❛✱ ❢❡③ ❝♦♠ q✉❡ ❡st❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ t❡♥❤❛✲s❡ t♦r♥❛❞♦ ❛ ♠❛✐s ✉t✐❧✐③❛❞❛

♥❛ ♣rát✐❝❛✳

✸✳✷✳✷ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ❡stá✈❡❧

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❡✈✐t❛r ♦ ♣r♦❜❧❡♠❛ ❞❡ ③❡r❛r ♦ ❞❡♥♦♠✐♥❛❞♦r ♥❛ ❡q✉❛çã♦ ✭✸✳✶✺✮✱ ✉♠❛

♥♦✈❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ é ❞❛❞❛ s♦♠❛♥❞♦ ✉♠ ♣❛râ♠❡tr♦ ε ❛ ❛♦ ❞❡♥♦♠✐♥❛❞♦r ❞❛ ♠❡s♠❛✱

✐st♦ é✱

✶✾



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

Rd(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

PD(①, ωj)P ∗

D(①, ωj) + ε
. ✭✸✳✶✻✮

❊♥tr❡t❛♥t♦ ❛ ❡s❝♦❧❤❛ ❞❡ t❛❧ ♣❛râ♠❡tr♦ ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡ ♥♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❛

♠✐❣r❛çã♦✳ ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ✱ ♣♦r ❡①❡♠♣❧♦✱ ✉t✐❧✐③❛r❛♠ ❝♦♠♦ ♣❛râ♠❡tr♦

ε = ε(ω, z) = λ[max
x,y

(|PD(①, ω)|
2)], 0 < λ < 1, ✭✸✳✶✼✮

❝♦♠♦ t❛♠❜é♠ ✐♥tr♦❞✉③✐r❛♠ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

Rz(①) =
∑

①s

Nω∑

j=1

F (①, ωj), ✭✸✳✶✽✮

♦♥❞❡

F (①, ω) =





PU(①, ω)P ∗

D(①, ω)
PD(①, ω)P ∗

D(①, ω)
s❡ |PD(①, ω)|2 > ε,

0 s❡ |PD(①, ω)|2 ≤ ε,

✭✸✳✶✾✮

❞❡ ❢♦r♠❛ q✉❡ ε é ❞❡✜♥✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✶✼✮✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s ❛ ❡q✉❛çã♦ ✭✸✳✶✾✮ ♥♦s

❞✐③ q✉❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ é ❛t✐♥❣✐❞❛ ③❡r❛♥❞♦ t♦❞♦s ♦s ✈❛❧♦r❡s ❞❡ F (①, ω) ♦♥❞❡ ♦ ❞❡♥♦♠✐♥❛❞♦r

é ♠❡♥♦r q✉❡ ✉♠❛ ❢r❛çã♦ ❞♦ ✈❛❧♦r ♠á①✐♠♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡ ♥♦ r❡❢❡r✐❞♦ ♥í✈❡❧

❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✳

✸✳✷✳✸ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r s✉❛✈✐③❛çã♦

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♠❡❧❤♦r❛r ♦ ♣r♦❜❧❡♠❛ ❡♥❝♦♥tr❛❞♦ ♥❛ ❡s❝♦❧❤❛ ❞♦ ♣❛râ♠❡tr♦ ε ❞❛ ❙❡çã♦

✸✳✷✳✷✱ ●❯■❚❚❖◆ ❡t ❛❧✳ ✭✷✵✵✼✮ ♣r♦♣✉s❡r❛♠ ✉♠❛ ♥♦✈❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠✱ ❞❡♥♦♠✐♥❛❞❛

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

Rs(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

≪ PD(①, ωj)P ∗

D(①, ωj) ≫
, ✭✸✳✷✵✮

✷✵



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

♦♥❞❡ ♦ ♦♣❡r❛❞♦r ❞❡ s✉❛✈✐③❛çã♦ ✧≪ ≫ ✧ é ❞❛❞♦ ♣♦r

≪ Q(xi, yk, z, ω) ≫ =
1

(2nx + 1)(2ny + 1)

i+nx∑

l=i−nx

k+ny∑

m=k−ny

Q(xl, ym, z, ω) ✭✸✳✷✶✮

♦♥❞❡ nx ❡ ny r❡♣r❡s❡♥t❛♠ ♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ♥❛s ❞✐r❡çõ❡s x ❡ y✱ r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✳

✸✳✷✳✹ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ❞❡ ❞✐✈✐sã♦ ♣♦r ❛✉t♦❝♦rr❡❧❛çã♦

❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ♣r♦♣✉s❡r❛♠ ✉♠❛ ♥♦✈❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ❞❛❞❛ ♣♦r

Rda(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

Nω∑

j=1

PD(①, ωj)P
∗

D(①, ωj)

. ✭✸✳✷✷✮

❊st❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠♦ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ ✐♥✈❡rsã♦ ❞❡

q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❞❛ ❡q✉❛çã♦ PU(①) = R(①)PD(①) ✭❆❘■❊◆❚■ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❆❧é♠ ❞✐ss♦✱

❡❧❛ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡q✉✐✈❛❧❡♥t❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ✭✸✳✶✺✮✳ ❖ ♠♦t✐✈♦ é q✉❡ ❞❛

❡q✉❛çã♦ ✭✸✳✹✮ tê♠✲s❡

PD(①, ω)P
∗

D(①, ω) = Ad(①)e
−iωτd(①)A∗

d(①)e
iωτd(①) = |Ad(①)|

2 ✭✸✳✷✸✮

❞♦♥❞❡ ❛ ❡q✉❛çã♦ ✭✸✳✶✺✮ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠♦

R(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

PD(①, ωj)P ∗

D(①, ωj)
≈

1

|Ad|2

∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj). ✭✸✳✷✹✮

❈♦♠ ✐ss♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ✭✸✳✷✷✮ r❡♣r❡s❡♥t❛ |Ad|
2 ❝♦♠♦ s❡♥❞♦

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)✳

❆ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✭✸✳✷✷✮✱ ♦✉tr❛s ❢♦r♠❛s ❛❧t❡r♥❛t✐✈❛s t❡st❛❞❛s ♣♦r ❙❈❍▲❊■❈❍❊❘ ❡t

✷✶



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❛❧✳ ✭✷✵✵✽✮ ❢♦r❛♠

Rdad(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

Nω∑

j=1

PD(①, ωj)P
∗

D(①, ωj) + ε

, ✭✸✳✷✺✮

Rdaz(①) =





∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

Nω∑

j=1

PD(①, ωj)P
∗

D(①, ωj)

s❡ |D(①, ω)|2 > ε,

0 s❡ |D(①, ω)|2 ≤ ε,

✭✸✳✷✻✮

♦♥❞❡

D(①, ω) =
Nω∑

j=1

PD(①, ωj)P
∗

D(①, ωj) ✭✸✳✷✼✮

❡

ε = ε(z) = max{α, λmax
x,y

(|D(①, ω)|)} ✭✸✳✷✽✮

❝♦♠ α ✉♠ ♣❛râ♠❡tr♦ q✉❡ ♠❛♥tê♠ ε ♣❡q✉❡♥♦ ❡

Rdas(①) =
∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

≪

Nω∑

j=1

PD(①, ωj)P
∗

D(①, ωj) ≫

, ✭✸✳✷✾✮

♦♥❞❡ ” ≪ ≫ ” ❡stá ❞❡✜♥✐❞♦ ♥❛ ❡q✉❛çã♦ ✭✸✳✷✶✮✳

✷✷



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

✸✳✷✳✺ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s

❆ ♣❛rt✐r ❞❛ ✐❞é✐❛ ♣r♦♣♦st❛ ♣♦r ❆❘■❊◆❚■ ❡t ❛❧✳ ✭✷✵✵✷✮✱ q✉❡ ♦❜té♠ ❛ ❝♦♥❞✐çã♦ ❞❡

✐♠❛❣❡♠ Rda ✭❡q✉❛çã♦ ✭✸✳✷✷✮✮✱ ♣r♦♣♦♠♦s ♥❡st❛ ❞✐ss❡rt❛çã♦ ✉♠❛ ♥♦✈❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

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

Rtls(①) =
∑

①s

< PU , PD >

|< PU , PD >|
.
||PU ||

||PD||
, ✭✸✳✸✵✮

♦♥❞❡

< PU , PD >=
Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj) ✭✸✳✸✶✮

❡

||PL|| = (< PL, PL >)
1

2 , ✭✸✳✸✷✮

❝♦♠ L = U,D✳

❆ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✭✸✳✸✵✮✱ ❝r✐❛♠♦s três ❢♦r♠❛s ❛❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠✱

✉t✐❧✐③❛♥❞♦ ❛s ♠❡s♠❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦ t❡st❛❞❛s ♣♦r ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮✿

Rtlsa(①) =
∑

①s

< PU , PD > ||PU ||

|< PU , PD >| ||PD||+ ε
, ✭✸✳✸✸✮

Rtlsz(①) =





∑

①s

< PU , PD > ||PU ||

|< PU , PD >| ||PD||
s❡ |D̃(①, ω)|2 > ε,

0 s❡ |D̃(①, ω)|2 ≤ ε,

✭✸✳✸✹✮

♦♥❞❡

D̃(①, ω) = |< PU , PD >| ||PD|| ✭✸✳✸✺✮

✷✸



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❡

Rtlss(①) =
∑

①s

< PU , PD > ||PU ||

≪ |< PU , PD >| ||PD|| ≫
, ✭✸✳✸✻✮

♦♥❞❡ ❛ ❝♦♥st❛♥t❡ ε é ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✷✽✮ ❡ ” ≪ ≫ ” ✐♥❞✐❝❛ ❛ s✉❛✈✐③❛çã♦ ✉t✐❧✐③❛❞❛

♥❛ ❡q✉❛çã♦ ✭✸✳✷✵✮✳

✸✳✷✳✻ ❈♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

❉✐❢❡r❡♥t❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣r♦♣♦st❛s ❛♥t❡r✐♦r♠❡♥t❡✱ ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮

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

❞✐❞❛❞❡✱ ❛ ♠é❞✐❛✱ s♦❜r❡ ❛s ❝♦♦r❞❡♥❛❞❛s ❤♦r✐③♦♥t❛✐s ❞❛ ❡♥❡r❣✐❛ ❞♦ ❝❛♠♣♦ ❞❡s❝❡♥❞❡♥t❡✱ é

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

❞❛❞❛ ♣♦r ✉♠❛ ❢r❛çã♦ ❞♦ ✈❛❧♦r ♠é❞✐♦✱ ❡❧❛ é s✉❜st✐t✉✐❞❛ ♣♦r ❡ss❡ ✈❛❧♦r ❧✐♠✐t❡✳ ❖ ✈❛❧♦r

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

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

Rls(①) =

∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

∑

①s

Nω∑

j=1

|PD(①, ωj)|
2

. ✭✸✳✸✼✮

❆ ♠é❞✐❛ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❝❛♠♣♦ ❞❡s❝❡♥❞❡♥t❡ é ❞❛❞❛ ♣♦r

|PD(①, ω)|
2
av =

1

Nx

1

Ny

∑

x

∑

y

|PD(x, y, z, ω)|
2, ✭✸✳✸✽✮

♦♥❞❡ Nx ❡ Ny sã♦ ♦s ♥ú♠❡r♦s ❞❡ ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠ ♥❛s ❞✐r❡çõ❡s x ❡ y✳

❆ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✭✸✳✸✽✮✱ ❝❛❧❝✉❧❛✲s❡ ♦ ✈❛❧♦r ❡st❛❜✐❧✐③❛❞♦ ❞♦ ✢✉①♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ❝❛♠♣♦

✷✹



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡✱ ❞❛❞♦ ♣❡❧❛ ❡①♣r❡ssã♦

|PD(①, ω)|
2
st =





|PD(①, ω)|2, s❡ |PD(①, ω)|2 > β|PD(①, ω)|2av,

β|PD(①, ω)|2av, s❡ |PD(①, ω)|2 ≤ β|PD(①, ω)|2av,

✭✸✳✸✾✮

❝♦♠ β ✉♠❛ ❝♦♥st❛♥t❡ ♣♦s✐t✐✈❛ ❛r❜✐trár✐❛ ❡ ♦❜té♠✲s❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s

♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s ❞❛❞❛ ♣♦r

Rsls(①) =

∑

①s

Nω∑

j=1

PU(①, ωj)P
∗

D(①, ωj)

∑

①s

Nω∑

j=1

|PD(①, ωj)|
2
st

. ✭✸✳✹✵✮

❆ ❞✐❢❡r❡♥ç❛ ♣r✐♥❝✐♣❛❧ ❞❡st❛ ú❧t✐♠❛ ❝♦♥❞✐çã♦ ❡stá ♥♦ ❢❛t♦ ❞❡ q✉❡ ❛s ♣♦s✐çõ❡s ❞❛s ❢♦♥t❡s

sã♦ s♦♠❛❞❛s ❛♥t❡s ❞❛ ❞✐✈✐sã♦ ❞♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛s✳ ◆❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♥s ♣r♦♣♦st❛s

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

é✱ ❛♣ós ❛ ❞✐✈✐sã♦ ❞♦s ♠❡s♠♦s✳

✸✳✷✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

❈♦♠❜✐♥❛♥❞♦ ❛s ✐❞é✐❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❛❜♦r❞❛❞❛s ♥❛ s❡çõ❡s ❛♥t❡r✐♦r ❝♦♠ ❛s ❝♦♥❞✐çõ❡s

❞❡ ✐♠❛❣❡♠ ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✸✼✮ ❡ ✭✸✳✸✵✮✱ ♣r♦♣♦♠♦s ❛❧❣✉♠❛s ❛❧t❡r♥❛t✐✈❛s ❝♦♥❞✐çõ❡s

❞❡ ✐♠❛❣❡♠ ❞❛❞❛s ♣♦r

Rlsz(①) =





∑

①s

Nω∑

j=1

PU(①s,①, ωj)P
∗

D(①s,①, ωj)

∑

①s

Nω∑

j=1

|PD(①s,①, ωj)|
2

s❡ |D(①, ω)|2 > ε,

0 s❡ |D(①, ω)|2 ≤ ε.

✭✸✳✹✶✮

✷✺



❈♦♥❞✐çõ❡s ❞❡ ■♠❛❣❡♠ ❚✐♣♦s ❞❡ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❡

Rlss(①) =

∑

①s

Nω∑

j=1

PU(①s,①, ωj)P
∗

D(①s,①, ωj)

≪
∑

①s

Nω∑

j=1

|PD(①s,①, ωj)|
2 ≫

, ✭✸✳✹✷✮

♦♥❞❡ ❛ ❝♦♥st❛♥t❡ ❛❞✐t✐✈❛ ε✱ ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ D(①, ω) ❡ ♦ ♦♣❡r❛❞♦r ❞❡ s✉❛✈✐③❛çã♦ ” ≪ ≫ ”

sã♦ ❞❛❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✷✽✮✱ ✭✸✳✷✼✮ ❡ ✭✸✳✷✶✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱

Rstls(①) =

∑

①s

< PU , PD > ||PU ||

∑

①s

|< PU , PD >| ||PD||
, ✭✸✳✹✸✮

Rstlsa(①) =

∑

①s

< PU , PD > ||PU ||

∑

①s

|< PU , PD >| ||PD||+ ε
, ✭✸✳✹✹✮

Rstlsz(①) =





∑

①s

< PU , PD > ||PU ||

∑

①s

|< PU , PD >| ||PD||
s❡ |D̃(①, ω)|2 > ε,

0 s❡ |D̃(①, ω)|2 ≤ ε,

✭✸✳✹✺✮

❡

Rtslss(①) =

∑

①s

< PU , PD > ||PU ||

≪
∑

①s

|< PU , PD >| ||PD|| ≫
, ✭✸✳✹✻✮

♦♥❞❡ ❛ ❝♦♥st❛♥t❡ ❛❞✐t✐✈❛ ε ❡ ♦ ♦♣❡r❛❞♦r ❞❡ s✉❛✈✐③❛çã♦ ” ≪ ≫ ” sã♦ ♦s ♠❡s♠♦s ✉t✐❧✐③❛❞♦s

❛❝✐♠❛✱ < PU , PD >✱ ||PU || ❡ ||PD|| ❞❛❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✸✶✮ ❡ ✭✸✳✸✷✮ ❡ ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛

D̃(①, ω) ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✸✺✮✳

✷✻



❈❛♣ít✉❧♦ ✹

❚❡st❡s ◆✉♠ér✐❝♦s

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

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

❤♦r✐③♦♥t❛✐s ❡ ♥♦ ❞❛❞♦ ▼❛r♠♦✉s✐ ✭❱❊❘❙❚❊❊●✱ ✶✾✾✹✮✳ ❖ ♠ét♦❞♦ ❞❡ ♠✐❣r❛çã♦ ✉t✐❧✐③❛❞♦✱

❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❢♦✐ ❛ ♠✐❣r❛çã♦ P❤❛s❡ ❙❤✐❢t P❧✉s ■♥t❡r♣♦❧❛t✐♦♥ ✲ P❙P■ ✭❛❜♦r❞❛❞❛ ♥❛

❙❡çã♦ ✷✳✸✮ ❝♦♠ ✶✵ r❡❢❡rê♥❝✐❛s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡s❝♦❧❤✐❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❝r✐tér✐♦ ♠á①✐♠♦

❞❡ ❡♥tr♦♣✐❛ ❞❡ ❇❆●❆■◆■ ❡t ❛❧✳ ✭✶✾✾✺✮✳ P♦r s✐♠♣❧✐❝✐❞❛❞❡✱ t♦❞♦s ♦s t❡st❡s ♥✉♠ér✐❝♦s ❢♦r❛♠

r❡❛❧✐③❛❞♦s ❡♠ ❞✉❛s ❞✐♠❡♥sõ❡s✳ ❊♠ t♦❞♦s ♦s ❝❛s♦s ✉t✐❧✐③❛♠♦s ❛ ♠❡s♠❛ té❝♥✐❝❛ ❞❡ ♠✐❣r❛çã♦

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

♠♦❞❡❧♦ ▼❛r♠♦✉s✐✳ ❙❡♥❞♦ ❛ss✐♠✱ t♦❞❛s ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛s ✐♠❛❣❡♥s ❡①✐❜✐❞❛s ❡♠ t♦❞♦ ♦

❝❛♣ít✉❧♦ ❞❡♣❡♥❞❡♠ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ✉t✐❧✐③❛❞❛s✳

✹✳✶ ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

P❛r❛ ❝♦♥tr♦❧❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ ❛♠♣❧✐t✉❞❡ ♥♦s ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s✱ ♦s ♣r✐♠❡✐r♦s

t❡st❡s ❢♦r❛♠ ❡❢❡t✉❛❞♦s ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s ♠♦❞❡❧❛❞♦s ♣❡❧❛ ✐♥t❡❣r❛❧ ❞❡ ❑✐r❝❤❤♦✛ ❡♠ ✉♠ ♠❡✐♦

❝♦♠ ✉♠ ❣r❛❞✐❡♥t❡ ✈❡rt✐❝❛❧ ❝♦♥st❛♥t❡ ❞❡ ✵✳✸✴s✱ ❝♦♠ ✈❛❧♦r ✐♥✐❝✐❛❧ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ✷✵✵✵ ♠✴s✳

❖ ♠♦❞❡❧♦ ❝♦♥té♠ q✉❛tr♦ r❡✢❡t♦r❡s ❤♦r✐③♦♥t❛✐s✱ ♠♦❞❡❧❛❞♦s ♣♦r ❝♦♥tr❛st❡s ❞❡ ❞❡♥s✐❞❛❞❡✱

❞❡ ♠♦❞♦ ❛ ♣r♦❞✉③✐r ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ❝♦♥st❛♥t❡ ❞❡ ✵✳✷✳ ❉❡✈✐❞♦ ❛ ✉♠ ♣r♦❜❧❡♠❛ ❞❡

❡s❝❛❧❛ ♥ã♦ r❡s♦❧✈✐❞♦✱ ♦ ♣r♦❝❡ss♦ ❣❡r♦✉ ✉♠ ❢❛t♦r ❞❡ ✷✵✱ q✉❡ ❢♦✐ r❡♠♦✈✐❞♦ ♣♦st❡r✐♦r♠❡♥t❡ ❞❛s

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

✷✼



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

r❡✢❡t♦r❡s ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛s ❝✉r✈❛s só❧✐❞❛ ✭❛③✉❧✮✱ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✱ tr❛❝❡❥❛❞❛✲

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

✹✳✶✳✶ ❈♦rr❡❧❛çã♦

❆ ❋✐❣✉r❛ ✹✳✶ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rc ✭❡q✉❛çã♦ ✭✸✳✶✹✮✮✳

■♠❡❞✐❛t❛♠❡♥t❡ ♥♦t❛♠♦s ♥❛ ❋✐❣✉r❛ ✹✳✷ ❛s ❞✐❢❡r❡♥t❡s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞❡ ❞✐❢❡r❡♥t❡s

r❡✢❡t♦r❡s✳ ■st♦ é ✉♠❛ ❝♦♥s❡q✉ê♥❝✐❛ ❞✐r❡t❛ ❞❛ ♦♠✐ssã♦ ❞♦ ❞❡♥♦♠✐♥❛❞♦r✳ ❈♦♠♦ ✈❡r❡♠♦s

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

❡♥tr❡ ♦s r❡✢❡t♦r❡s ❡♠ ❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡✳ ❯♠❛ ✈❛♥t❛❣❡♠ ❞❡st❛ s✐♠♣❧❡s

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

❞❡ ❛rt❡❢❛t♦s ❞❛ ❋✐❣✉r❛ ✹✳✶ é ❛ r❡❢❡rê♥❝✐❛ ♣❛r❛ q✉❛❧q✉❡r ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ q✉❡ ✐♥❝❧✉✐

❝♦♠♣❡♥s❛çã♦ ❞❡ ✐❧✉♠✐♥❛çã♦✳

✹✳✶✳✷ ❉✐✈✐sã♦ ❊stá✈❡❧

❈♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ q✉❡ ❛♣r❡s❡♥t❛♠ ❞✐✈✐sã♦ t❡♥❞❡♠ ❛ ❝r✐❛r ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦✳

■st♦ t♦r♥❛✲s❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❝❧❛r♦ q✉❛♥❞♦ ❝♦♠♣❛r❛♠♦s ❛ ❋✐❣✉r❛ ✹✳✶ ❝♦♠ ❛ ❋✐❣✉r❛ ✹✳✸

q✉❡ ❛♣r❡s❡♥t❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ♠✐❣r❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rd ✭❡q✉❛✲

çã♦ ✭✸✳✶✻✮✮✳ ◆❛ ❡q✉❛çã♦ ✭✸✳✶✼✮ ❡s❝♦❧❤❡♠♦s λ = 10−3✳ ❊♥tr❡t❛♥t♦✱ ❡ss❛ ❡s❝♦❧❤❛ ♥ã♦ ❢♦✐

✉♠❛ ❡s❝♦❧❤❛ ❛❧❡❛tór✐❛✳ ❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥❛ ❙❡çã♦ ✸✳✷✳✷✱ ❛ ❡s❝♦❧❤❛ ❞♦ ♣❛râ♠❡tr♦ ε ✭q✉❡

❞❡♣❡♥❞❡ ❞❛ ❡s❝♦❧❤❛ ❞❡ ✉♠ λ ❛❞❡q✉❛❞♦✮ ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡ ♥♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❛ ♠✐✲

❣r❛çã♦✳ ❆ss✐♠✱ ❡ss❡ ✈❛❧♦r ♥ã♦ ♣♦❞❡ s❡r ♠✉✐t♦ ♣❡q✉❡♥♦✱ ❞❡ ♠♦❞♦ q✉❡ ♥ã♦ ❡st❛rí❛♠♦s

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

♣♦♥t♦ ❞❡ ♠✉❞❛r♠♦s ❛ ❡①♣r❡ssã♦ ♠❛t❡♠át✐❝❛ ❡♠ s✐✳ ◆❛ ❡q✉❛çã♦ ✭✸✳✶✻✮✱ ♣♦r ❡①❡♠♣❧♦✱

❛♦ s❡ ❛tr✐❜✉✐r λ = 0.05✱ ❛s ❛♠♣❧✐t✉❞❡s s♦❜r❡ ♦ ♣r✐♠❡✐r♦ ❡ s❡❣✉♥❞♦ r❡✢❡t♦r❡s ♥ã♦ ❢♦r❛♠

♣r❡s❡r✈❛❞❛s✱ ❝♦♠♦ ♠♦str❛ ❛ ❋✐❣✉r❛ ✹✳✾✳ ■st♦ ♥♦s ♠♦str❛ q✉❡ ❛ ❡s❝♦❧❤❛ ❞❡ t❛❧ ♣❛râ♠❡tr♦ λ

❢♦✐ ♠❛✐♦r ❞♦ q✉❡ ♦ ❛❞❡q✉❛❞♦✱ ❞❡t❡r✐♦r❛♥❞♦ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s✳

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

❡stã♦ ❢♦rt❡♠❡♥t❡ r❡❢♦rç❛❞♦s✳ ❊st❡ é ✉♠ ♣r♦❜❧❡♠❛ ❣❡r❛❧ s♦❢r✐❞♦ ♣♦r t♦❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡

✐♠❛❣❡♠ q✉❡ ❞❡♣❡♥❞❡♠ ❞❡ ✉♠❛ ❞✐✈✐sã♦✱ ❡♠❜♦r❛ ♦ ❣r❛✉ ❞❡ ❛♣r✐♠♦r❛♠❡♥t♦ ✈❛r✐❡✳

◆❛ ❋✐❣✉r❛ ✹✳✹✱ ❥á ♣❡r❝❡❜❡♠♦s ❛ ♣r❡s❡r✈❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s✳

✷✽



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

◆♦t❡ ❛ ❞✐❢❡r❡♥t❡ ❡s❝❛❧❛ ❞❛s ❛♠♣❧✐t✉❞❡s ❞❡ ♠✐❣r❛çã♦ s❡ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛ ❋✐❣✉r❛ ✹✳✷✳ ❊st❛

❡s❝❛❧❛ é ❛❧❝❛♥ç❛❞❛ ♣❡❧❛ ❞✐✈✐sã♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡✳

❘❡s✉❧t❛❞♦s ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rz ✭❡q✉❛çã♦ ✭✸✳✶✽✮✮ ❡stá ❞❡s❝r✐t♦ ♥❛ ❋✐❣✉r❛ ✹✳✺✳ ❆

♣r❡s❡♥ç❛ ❞❡ ❛rt❡❢❛t♦s ♣ró①✐♠♦s à s✉♣❡r❢í❝✐❡ é ❝❧❛r❛♠❡♥t❡ ✈✐st❛✱ ❞❡t❡r✐♦r❛♠❡♥t♦ ❛ q✉❛❧✐❞❛❞❡

❞❛ ✐♠❛❣❡♠ ♥❡st❛ r❡❣✐ã♦✳ ▼❛✐s ❛❜❛✐①♦✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ é ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝♦ ❛ ✐♠❛❣❡♠

❞❛ ❋✐❣✉r❛ ✹✳✸✱ ♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rd ✭❡q✉❛çã♦ ✭✸✳✶✻✮✮✳ ❆ ✉t✐❧✐③❛çã♦

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

✉♠ ❝❡rt♦ ❛❢❛st❛♠❡♥t♦✱ ♣❡r♠❛♥❡❝❡♠ ❝♦♥st❛♥t❡s ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ r❡✢❡t♦r❡s✱ s❡♥❞♦ ♦

♣r✐♠❡✐r♦ ❞❡ ♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡ ♥❡ss❛ r❡❣✐ã♦ ❡♠ r❡❧❛çã♦ ❛♦s ❞❡♠❛✐s ✭❋✐❣✉r❛ ✹✳✻✮✳ ■st♦ ♥♦s

♠♦str❛ q✉❡ ❞✐❢❡r❡♥t❡s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❡ s✉❛s r❡❣✉❧❛r✐③❛çõ❡s ♣♦❞❡♠ t❡r ❞✐❢❡r❡♥t❡s

❡❢❡✐t♦s s♦❜r❡ ❛s ❛♠♣❧✐t✉❞❡s✳

✹✳✶✳✸ ❙✉❛✈✐③❛çã♦

❆ ❋✐❣✉r❛ ✹✳✼ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rs ✭❡q✉❛çã♦ ✭✸✳✷✵✮✮✱

q✉❡ s✉❛✈✐③❛ ♦ ❞❡♥♦♠✐♥❛❞♦r ❝♦♠ ✉♠❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ❞❡ t❛♠❛♥❤♦ nx = 20✳ ❊st❛

✐♠❛❣❡♠ s❡ ❛ss❡♠❡❧❤❛ ♠✉✐t♦ àq✉❡❧❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✺✳ ❆♥❛❧♦❣❛♠❡♥t❡ ✈❡♠♦s ❛

s❡♠❡❧❤❛♥ç❛ ❞❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ r❡✢❡t♦r❡s ✭✈❡❥❛ ❋✐❣✉r❛ ✹✳✽✮✱ ❝♦♠ ✉♠❛

♣❡q✉❡♥❛ ❞✐❢❡r❡♥ç❛ ❛♣❡♥❛s ♥♦ ♣r✐♠❡✐r♦ s❡ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❋✐❣✉r❛s ✹✳✹ ❡ ✹✳✻✳

❆q✉✐✱ ❛ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛ ❡s❝♦❧❤❛ ❞♦ ♣❛râ♠❡tr♦ λ ❞❛ ❡q✉❛çã♦ ✭✸✳✶✼✮✱ ❛ ❡s❝♦❧❤❛

❞❡ ✉♠❛ ❥❛♥❡❧❛ ♠✉✐t♦ ❣r❛♥❞❡ t❛♠❜é♠ ❛❧t❡r❛ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s✱ ❝♦♠♦

♠♦str❛ ❛ ❋✐❣✉r❛ ✹✳✶✵✱ t❡st❛❞❛ ❝♦♠ ✉♠❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ❞❡ t❛♠❛♥❤♦ nx = 100✳
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❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦ Rc ✭❡q✉❛✲
çã♦ ✭✸✳✶✹✮✮✳

❋✐❣✉r❛ ✹✳✷✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rc✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✵



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ❡stá✈❡❧
❛♠♦rt❡❝✐❞❛ Rd ✭❡q✉❛çã♦ ✭✸✳✶✻✮✮✳

❋✐❣✉r❛ ✹✳✹✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rd✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✶



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✺✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ❡stá✈❡❧ ③❡r❛❞❛
Rz ✭❡q✉❛çã♦ ✭✸✳✶✽✮✮✳

❋✐❣✉r❛ ✹✳✻✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rz✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✷



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✼✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r s✉❛✈✐③❛çã♦ Rs

✭❡q✉❛çã♦ ✭✸✳✷✵✮✮✳

❋✐❣✉r❛ ✹✳✽✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rs✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✸



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✾✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rd✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ❆ ❡s❝♦❧❤❛ ❞♦ ♣❛râ♠❡tr♦ λ ✭❡q✉❛çã♦
✭✸✳✶✼✮✮ ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡ s♦❜r❡ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s✳

❋✐❣✉r❛ ✹✳✶✵✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rs✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳ ❆ ❡s❝♦❧❤❛ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛
nx ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡ s♦❜r❡ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s✳

✸✹



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

✹✳✶✳✹ ❉✐✈✐sã♦ ♣♦r ❛✉t♦❝♦rr❡❧❛çã♦

❆s ❋✐❣✉r❛s ✹✳✶✶✱ ✹✳✶✸✱ ✹✳✶✺ ❡ ✹✳✶✼ ♠♦str❛♠ ♦ r❡s✉❧t❛❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rda✱

Rdad✱ Rdaz ❡ Rdas ✭❡q✉❛çõ❡s ✭✸✳✷✷✮✱ ✭✸✳✷✺✮✱ ✭✸✳✷✻✮ ❡ ✭✸✳✷✾✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ P❛r❛ ❛s

❝♦♥❞✐çõ❡s Rdad ❡ Rdaz ❡s❝♦❧❤❡♠♦s λ = 10−3 ❡ α = 10−6 ♥❛ ❡q✉❛çã♦ ✭✸✳✷✽✮✳ ❆ ✐♠❛❣❡♠ ♥❛

❋✐❣✉r❛ ✹✳✶✶ é ♠✉✐t♦ ♠❛✐s ❝❧❛r❛ q✉❡ ❛s ❛♥t❡r✐♦r❡s✱ ❡♠❜♦r❛ ♦s ❛rt❡❢❛t♦s ♣❡rt♦ ❞❛ s✉♣❡r❢í❝✐❡

♣❡rs✐st❛♠✳ P♦ré♠✱ ❡❧❡s ❛♣❛r❡❝❡♠ ❛♣❡♥❛s ♥❛ r❡❣✐ã♦ ❞❡ ❢r♦♥t❡✐r❛ ❞❛ ✐♠❛❣❡♠ ♦♥❞❡ ♦s ❞❛❞♦s✱

❞❡ q✉❛❧q✉❡r ❢♦r♠❛✱ sã♦ ✐♥s✉✜❝✐❡♥t❡s✳ ❆❧❣✉♥s ❛rt❡❢❛t♦s sã♦ ✈✐sí✈❡✐s ❛❝✐♠❛ ❞❛ ♣❛rt❡ ❝❡♥tr❛❧

❞♦ ♣r✐♠❡✐r♦ r❡✢❡t♦r✳ ❆s ❛♠♣❧✐t✉❞❡s sã♦ ❝❧❛r❛s✱ ❧✐✈r❡s ❞❡ r✉í❞♦s ❡ ♣r❛t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡s✳

P❛r❛ t❡♥t❛r r❡❞✉③✐r ♦s ❛rt❡❢❛t♦s ♣ró①✐♠♦ ❛ s✉♣❡r❢í❝✐❡✱ ♥ós t❡st❛♠♦s ❛s ❝♦♥❞✐çõ❡s ❞❡

✐♠❛❣❡♠ Rdad✱ Rdaz ❡ Rdas ❡①✐❜✐❞❛s ♥❛s ❋✐❣✉r❛s ✹✳✶✸✱ ✹✳✶✺ ❡ ✹✳✶✼✳ ❆s ✐♠❛❣❡♥s ♥❛s ❋✐❣✉r❛s

✹✳✶✸ ❡ ✹✳✶✺ sã♦ ♠❡❧❤♦r❡s ❡ ♠❛✐s ❝❧❛r❛s✱ ❝♦♠ ❛rt❡❢❛t♦s ❢♦r❛ ❞❛ r❡❣✐ã♦ ❞❡ ✐❧✉♠✐♥❛çã♦ r❡✲

♠♦✈✐❞♦s✳ ◆❛ r❡❣✐ã♦ ✐♥t❡r♥❛ ♦♥❞❡ ♦s ❞❛❞♦s r❡❛❧♠❡♥t❡ sã♦ ❛✈❛❧✐❛❞♦s✱ ❤á ✉♠❛ ❝♦♥s✐❞❡rá✈❡❧

♠❡❧❤♦r❛ ♥♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ q✉❡ ❛♣❛r❡❝❡♠ ❛❝✐♠❛ ❞♦ ♣r✐♠❡✐r♦ r❡✢❡t♦r✳ P❛r❛ ♦s

❞❡♠❛✐s ❛s ✐♠❛❣❡♥s sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝❛s✳

❖ ❣rá✜❝♦ ❞❛s ❛♠♣❧✐t✉❞❡s ✹✳✶✷ ❡ ✹✳✶✹ ❞❛s ❋✐❣✉r❛s ✹✳✶✶ ❡ ✹✳✶✸ ♠♦str❛♠ q✉❡ ❛ ❛❞✐çã♦ ❞♦

♣❛râ♠❡tr♦ ε r❡❞✉③ ❧❡✈❡♠❡♥t❡ ❛s ❛♠♣❧✐t✉❞❡s✱ ❛❢❡t❛♥❞♦ ❧❡✈❡♠❡♥t❡ ❛♣❡♥❛s ♦ r❡✢❡t♦r s✉♣❡r✐♦r✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ♠❡s♠❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❋✐❣✉r❛s ✹✳✶✷ ❡ ✹✳✶✻ ♠♦str❛♠ q✉❡✱ ♥❡st❡

❝❛s♦✱ ❛s ❛♠♣❧✐t✉❞❡s sã♦ ✐❞ê♥t✐❝❛s ❞❡♥tr♦ ❞❛ ✐♠❛❣❡♠ ♠✐❣r❛❞❛ ✭r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ ✐♠❛❣❡♠✮✳

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

✉♠ ❛♥✉❧❛♠❡♥t♦ ❞❡ ❡❢❡✐t♦s ✐♥❞❡s❡❥❛❞♦s ❢♦r❛ ❞❛ ❛t✉❛❧ ✐♠❛❣❡♠✳

❋✐♥❛❧♠❡♥t❡ ❝♦♠♣❛r❛♥❞♦ ❛s ❛♠♣❧✐t✉❞❡s ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rda ❡ Rdas ✭❋✐❣✉r❛s

✹✳✶✷ ❡ ✹✳✶✽✮ ✈❡♠♦s q✉❡ ❛ ❝♦♥❞✐çã♦ Rdas ❞✐♠✐♥✐✉ ❛ q✉❛❧✐❞❛❞❡ ❞❛s ❛♠♣❧✐t✉❞❡s ❞♦ r❡✢❡t♦r

s✉♣❡r✐♦r✳ ◆♦t❡ q✉❡ ❛♣❡s❛r ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rda✱ Rdad✱ Rdaz ❡ Rdas ✭❡q✉❛çõ❡s

✭✸✳✷✷✮✱ ✭✸✳✷✺✮✱ ✭✸✳✷✻✮ ❡ ✭✸✳✷✾✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ r❡❛❧✐③❛r❡♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ✐❧✉♠✐♥❛çã♦ ♥❛

❞✐✈✐sã♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡✱ ♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♥❛s ❋✐❣✉r❛s ✹✳✶✶✱ ✹✳✶✸✱

✹✳✶✺ ❡ ✹✳✶✼ sã♦ ♠✉✐t♦ s✐♠✐❧❛r❡s àq✉❡❧❡s ❞❛ s✐♠♣❧❡s ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦ Rc

✭❡q✉❛çã♦ ✭✸✳✶✹✮✮ ❡①✐❜✐❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✳ ◆❛ ❋✐❣✉r❛ ✹✳✶✸✱ ♠❡s♠♦ ❝♦♠ ♦s ❡❢❡✐t♦s ❞❡ ❜♦r❞❛

❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rda✱ Rdad✱ Rdaz ❡ Rdas ❛s ✐♠❛❣❡♥s ❡♠ q✉❡stã♦ sã♦ ♣r❛t✐❝❛♠❡♥t❡

❛ ♠❡s♠❛✳

✸✺



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✶✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ♣♦r ❛✉t♦✲
❝♦rr❡❧❛çã♦ Rda ✭❡q✉❛çã♦ ✭✸✳✷✷✮✮✳

❋✐❣✉r❛ ✹✳✶✷✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rda✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✻



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✸✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ♣♦r ❛✉t♦✲
❝♦rr❡❧❛çã♦ ❛♠♦rt❡❝✐❞❛ Rdad ✭❡q✉❛çã♦ ✭✸✳✷✺✮✮✳

❋✐❣✉r❛ ✹✳✶✹✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rdad✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✼



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✺✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ♣♦r ❛✉t♦✲
❝♦rr❡❧❛çã♦ ③❡r❛❞❛ Rdaz ✭❡q✉❛çã♦ ✭✸✳✷✻✮✮✳

❋✐❣✉r❛ ✹✳✶✻✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rdaz✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✽



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✼✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ♣♦r ❛✉t♦✲
❝♦rr❡❧❛çã♦ s✉❛✈✐③❛❞❛ Rdas ✭❡q✉❛çã♦ ✭✸✳✷✾✮✮✳

❋✐❣✉r❛ ✹✳✶✽✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rdas✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✸✾



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

✹✳✶✳✺ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s

❆s ❋✐❣✉r❛s ✹✳✶✾✱ ✹✳✷✶✱ ✹✳✷✸ ❡ ✹✳✷✺ ♠♦str❛♠ ♦ r❡s✉❧t❛❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rtls✱

Rtlsa✱ Rtlsz ❡ Rtlss ✭❡q✉❛çõ❡s ✭✸✳✸✵✮✱ ✭✸✳✸✸✮✱ ✭✸✳✸✹✮ ❡ ✭✸✳✸✻✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ◆♦✈❛♠❡♥t❡✱

❛♣ós ✉♠❛ sér✐❡ ❞❡ t❡st❡s ♥✉♠ér✐❝♦s✱ ♣❛r❛ ❛s ❝♦♥❞✐çõ❡s Rtlsa ❡ Rtlsz ❡s❝♦❧❤❡♠♦s λ = 10−3

❡ α = 10−6 ♥❛ ❡q✉❛çã♦ ✭✸✳✷✽✮✳ ❆ ✐♠❛❣❡♠ ♥❛ ❋✐❣✉r❛ ✹✳✶✾ é ♠✉✐t♦ s❡♠❡❧❤❛♥t❡ àq✉❡❧❛

❛♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rda ✭❡q✉❛çã♦ ✭✸✳✷✷✮✮ ❡ ❡①✐❜✐❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✶✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♥ã♦ ❤á ❞✐❢❡r❡♥ç❛ s✐❣♥✐✜❝❛t✐✈❛ ❡♥tr❡ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦

r❡✢❡t♦r❡s ✭❋✐❣✉r❛s ✹✳✶✷ ❡ ✹✳✷✵✮✳

P❛r❛ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s Rtlsa✱ Rtlsz ❡ Rtlss✱ ♣❡r❝❡✲

❜❡♠♦s ✉♠❛ ❧❡✈❡ ♣❡r❞❛ ♥❛ ♣r❡s❡r✈❛çã♦ ❞❛ ❛♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦ ♣r✐♠❡✐r♦ r❡✢❡t♦r ✭❋✐❣✉r❛s

✹✳✷✷✱ ✹✳✷✹ ❡ ✹✳✷✻✮ s❡ ❝♦♠♣❛r❛❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rdad✱ Rdaz ❡ Rdas ✭q✉❛❞r❛❞♦s

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

✭❋✐❣✉r❛s ✹✳✶✹✱ ✹✳✶✻ ❡ ✹✳✶✽✮✳ P❛r❛ ♦s ❞❡♠❛✐s r❡✢❡t♦r❡s✱ ❡♠ t♦❞♦s ♦s ❝❛s♦s✱ ❛s ❛♠♣❧✐t✉❞❡s

sã♦ t♦t❛❧♠❡♥t❡ ♣r❡s❡r✈❛❞❛s✱ ❛ss❡♠❡❧❤❛♥❞♦✲s❡ àq✉❡❧❛s ❡①✐❜✐❞❛s ♥❛ s❡çã♦ ❛♥t❡r✐♦r✳

❉❡ ♠♦❞♦ ❛♥á❧♦❣♦✱ ❛s ✐♠❛❣❡♥s ❞❛s ❋✐❣✉r❛s ✹✳✷✶✱ ✹✳✷✸ ❡ ✹✳✷✺ ♥ã♦ ❛♣r❡s❡♥t❛♠ ❞✐❢❡r❡♥ç❛s

s✐❣♥✐✜❝❛t✐✈❛s q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❛s ❋✐❣✉r❛s ✹✳✶✸✱ ✹✳✶✺ ❡ ✹✳✶✼✳ ❆♣❡♥❛s ❛s ❝♦♥❞✐çõ❡s Rtlsa

❡ Rtlsz ✭❡q✉❛çõ❡s ✭✸✳✸✸✮ ❡ ✭✸✳✸✹✮✮ ♠♦str❛♠ ✉♠❛ ♣❡q✉❡♥❛ ❞✐❢❡r❡♥ç❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s

❝♦♠ ❛s ❝♦♥❞✐çõ❡s Rdad ❡ Rdaz ✭❡q✉❛çã♦ ✭✸✳✷✺✮ ❡ ✭✸✳✷✻✮✮✳ P❛r❛ ❛ ❝♦♥❞✐çã♦ Rtlsa ❤á ✉♠❛

❧❡✈❡ ♠❡❧❤♦r❛ ♥♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♣ró①✐♠♦s à s✉♣❡r❢í❝✐❡ ✭❋✐❣✉r❛ ✹✳✷✶✮ ❡♥q✉❛♥t♦ q✉❡

❛ ❝♦♥❞✐çã♦ Rtlsz t❛✐s ❛rt❡❢❛t♦s ❡stã♦ ♠❛✐s ❛❝❡♥t✉❛❞♦s ✭❋✐❣✉r❛ ✹✳✷✸✮✳

✹✵



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✶✾✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s Rtls ✭❡q✉❛çã♦ ✭✸✳✸✵✮✮✳

❋✐❣✉r❛ ✹✳✷✵✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rtls✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✶



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✷✶✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ❛♠♦rt❡❝✐❞❛ Rtlsa ✭❡q✉❛çã♦ ✭✸✳✸✸✮✮✳

❋✐❣✉r❛ ✹✳✷✷✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rtlsa✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✷



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✷✸✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ③❡r❛❞❛ Rtlsz ✭❡q✉❛çã♦ ✭✸✳✸✹✮✮✳

❋✐❣✉r❛ ✹✳✷✹✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rtlsz✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✸



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✷✺✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s s✉❛✈✐③❛❞❛ Rtlss ✭❡q✉❛çã♦ ✭✸✳✸✻✮✮✳

❋✐❣✉r❛ ✹✳✷✻✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rtlss✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✹



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

✹✳✶✳✻ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

❆s ❋✐❣✉r❛s ✹✳✷✼ ❡ ✹✳✷✾ ❡①✐❜❡♠ ♦s r❡s✉❧t❛❞♦s ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rls ❡ Rsls

✭❡q✉❛çã♦ ✭✸✳✸✼✮ ❡ ✭✸✳✹✵✮✮✳ P❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls r❡❛❧✐③❛♠♦s ✈ár✐♦s t❡st❡s ❝♦♠

❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ Nx ✭❡q✉❛çã♦ ✭✸✳✸✽✮✮ ❡ β ✭❡q✉❛çã♦ ✭✸✳✸✾✮✮✳ ❖s ♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s

❢♦r❛♠ ♦❜t✐❞♦s ♣❛r❛ Nx = 275 ❡ β = 1✳ ❈♦♠♣❛r❛♥❞♦ ❛s ✐♠❛❣❡♥s ❞❛s ❋✐❣✉r❛ ✹✳✷✼ ❡ ✹✳✷✾

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

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

♥❛s r❡❣✐õ❡s ❞❡ ❢r♦♥t❡✐r❛ ❞❛ ✐♠❛❣❡♠✳ ❖s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ q✉❡ ❛♣❛r❡❝❡♠ ♥❛ r❡❣✐ã♦

❝❡♥tr❛❧ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rd✱ Rz✱ Rs✱ Rda✱ Rdad✱ Rdaz ❡ Rdaz ✭❋✐❣✉r❛s ✹✳✸✱ ✹✳✺✱

✹✳✼✱ ✹✳✶✶✱ ✹✳✶✸✱ ✹✳✶✺ ❡ ✹✳✶✼✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ sã♦ ❡❧✐♠✐♥❛❞♦s ♣❡❧❛s ❝♦♥❞✐çõ❡s Rls ❡ Rsls✳

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

Rc ✭❡q✉❛çã♦ ✭✸✳✶✹✮✮ ❡①✐❜✐❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✳

◆❛ ❋✐❣✉r❛ ✹✳✷✽✱ ♠❡s♠♦ ❝♦♠ ❛ ❞✐✈✐sã♦ ❞❛ ❛✉t♦❝♦rr❡❧❛çã♦ ❞♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥✲

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

❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❋✐❣✉r❛ ✹✳✷ ♣❡r❝❡❜❡♠♦s ❛♣❡♥❛s ✉♠❛ ♠❛✐♦r ❛♣r♦①✐♠❛çã♦ ❡♥tr❡ ❛s ❝✉r✈❛s✱

✐st♦ é✱ ❤á ✉♠ ❝❡rt♦ ❣❛♥❤♦ ♥❛s ❛♠♣❧✐t✉❞❡s ❝♦♠ ❛ ❞✐✈✐sã♦ ♠❛s q✉❡ ♥ã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛

♣r❡s❡r✈á✲❧❛s t♦t❛❧♠❡♥t❡✳

◆❛s ❋✐❣✉r❛s ✹✳✸✵✱ ✹✳✸✶✱ ✹✳✸✷ ❡ ✹✳✸✸ ❛♣r❡s❡♥t❛♠♦s ♦s ✈❛r✐❛❞♦s ❣rá✜❝♦s ❞❛s ❛♠♣❧✐t✉❞❡s

❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ Nx ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ✭❡q✉❛çã♦

✭✸✳✹✵✮✮✳ ❱❡♠♦s q✉❡ ❛ ❡s❝♦❧❤❛ ❞❛ q✉❛♥t✐❞❛❞❡ Nx ❞❡ ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠ ♣❛r❛ ❝❛❧❝✉❧❛r ❛

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

❞♦s q✉❛tr♦ r❡✢❡t♦r❡s✳ ❊st❛s t❛♠❜é♠✱ ♣♦r s✉❛ ✈❡③✱ ♥ã♦ ♣r❡s❡r✈❛♠ t♦t❛❧♠❡♥t❡ ❛ ❛♠♣❧✐t✉❞❡✱

♠❛s ❥á ❡①✐❜❡♠ ✉♠❛ ❝♦♥s✐❞❡rá✈❡❧ ♠❡❧❤♦r❛ s❡ ❝♦♠♣❛r❛❞❛ ❛ ❝♦♥❞✐çã♦ Rls ✭❡q✉❛çã♦ ✭✸✳✸✼✮✮✳

P❛r❛ ♦ ❝❛s♦ ❞❡ Nx = 275✱ ♣♦r ❡①❡♠♣❧♦✱ ♦s s❡❣✉♥❞♦ ❡ t❡r❝❡✐r♦ r❡✢❡t♦r❡s ✭❝✉r✈❛s ✈❡r❞❡ ❡

✈❡r♠❡❧❤❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ♠♦str❛♠ ✉♠❛ ❜♦❛ ♣r❡s❡r✈❛çã♦ ❞❛ ❛♠♣❧✐t✉❞❡✳ ▼❛✐s ✉♠❛ ✈❡③

❤á ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡s❝❛❧❛ ❞❛s ❛♠♣❧✐t✉❞❡s ❞❡ ♠✐❣r❛çã♦✳ ❊ss❛✱ s❡ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❡s❝❛❧❛

❞❛s ❞❡♠❛✐s ♣r♦♣♦st❛s ❛♥t❡r✐♦r♠❡♥t❡ ✭❡①❝❡t♦ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦

Rc✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✶✹✮✮ ❞✐♠✐♥✉✐✳ ■ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ❛❣♦r❛ ❛ s♦♠❛ ❞❛s

❢♦♥t❡s ✉t✐❧✐③❛❞❛s ♥♦ ♣r♦❝❡ss♦ é r❡❛❧✐③❛❞❛ ❛♥t❡s ❞❛ ❞✐✈✐sã♦ ❞♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛s✳

✹✺



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✷✼✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
Rls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮✳

❋✐❣✉r❛ ✹✳✷✽✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rls✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✻



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✷✾✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s Rsls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮ ❝♦♠ Nx ❂ ✷✼✺ ❡ β = 1✳

❋✐❣✉r❛ ✹✳✸✵✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠ Nx = 175✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✼



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✶✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠ Nx = 225✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

❋✐❣✉r❛ ✹✳✸✷✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠ Nx = 275✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✽



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✸✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ❝♦♠ Nx = 325✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✹✳✶✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

❆s ❋✐❣✉r❛s ✹✳✸✹✱ ✹✳✸✻✱ ✹✳✸✾✱ ✹✳✹✶✱ ✹✳✹✸ ❡ ✹✳✹✺ ❛♣r❡s❡♥t❛♠ ❛s ✐♠❛❣❡♥s ♠✐❣r❛❞❛s ❞❛s

♣r♦♣♦st❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rlsz✱ Rlss✱ Rstls✱ Rstlsa✱ Rstlsz ❡ Rstlss✱ ✭❡q✉❛çõ❡s ✭✸✳✹✶✮✱

✭✸✳✹✷✮✱ ✭✸✳✹✸✮✱ ✭✸✳✹✹✮✱ ✭✸✳✹✺✮ ❡ ✭✸✳✹✻✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳

P❛r❛ ❛ ❝♦♥❞✐çã♦ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮✱ ❛ss✐♠ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛ ❝♦♥❞✐çã♦ Rsls✱ ✈ár✐❛s

❥❛♥❡❧❛s ❞❡ s✉❛✈✐③❛çã♦ ❢♦r❛♠ t❡st❛t❛s✳ ◆❛ ❋✐❣✉r❛ ✹✳✸✻ ❛♣r❡s❡♥t❛♠♦s ♦ r❡s✉❧t❛❞♦ ❝♦♠

nx = 100✳ ❊st❛ ✐♠❛❣❡♠ s❡ ❛ss❡♠❡❧❤❛ ♠✉✐t♦ ❝♦♠ ❛ ❋✐❣✉r❛ ✹✳✷✼ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

Rls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮✳

❉✐❢❡r❡♥t❡ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐✲

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

♠❡♥t❡✮✳ ❆tr❛✈és ❞❛s ❋✐❣✉r❛s ✹✳✸✼ ❡ ✹✳✸✽✱ q✉❡ ♠♦str❛♠ ❞♦✐s ❝❛s♦s ❝♦♠ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦

nx = 100 ❡ nx = 300✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦❞❡✲s❡ ✈❡r✐✜❝❛r ❝♦♠ ❝❧❛r❡③❛ q✉❡ ❞✐❢❡r❡♥t❡s r❡✢❡✲

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

❛✐♥❞❛ ❛ss✐♠ ❛s ❛♠♣❧✐t✉❞❡s ♥ã♦ sã♦ ♣r❡s❡r✈❛❞❛s✳ ◆♦ ❝❛s♦ ❡♠ q✉❡ nx = 100 ✭❋✐❣✉r❛ ✹✳✸✼✮

♣❡r❝❡❜❡♠♦s ✉♠❛ ❝❡rt❛ s❡♠❡❧❤❛♥ç❛ ❞♦s três ú❧t✐♠♦s r❡✢❡t♦r❡s ❡♠ r❡❧❛çã♦ ❛ ❋✐❣✉r❛ ✹✳✷✽ ❞❛

❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rls ✭❡q✉❛çã♦ ✭✸✳✸✼✮✮✳ ❊st❛ s❡♠❡❧❤❛♥ç❛ ❡①♣❧✐❝❛ ♦ ♣♦rq✉ê ❞❛s ✐♠❛❣❡♥s

❞❛s ❋✐❣✉r❛s ✹✳✷✼ ❡ ✹✳✸✻ s❡r❡♠ ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝❛s✳

✹✾



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❆♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✸✾ ✈❡♠♦s q✉❡ ❡stá s❡ ❛ss❡♠❡❧❤❛ ❢♦rt❡♠❡♥t❡ à ❋✐❣✉r❛ ✹✳✷✼ ❞❛

❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮✱ ❝♦♠ ❛♣❡♥❛s ❛❧❣✉♥s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♥❛

r❡❣✐ã♦ ❞❡ ❢r♦♥t❡✐r❛ ❞❛ ✐♠❛❣❡♠ ❡ ❡♠ s✉❛ ♣❛rt❡ ♠❛✐s ♣r♦❢✉♥❞❛✳ ❉✐❢❡r❡♥t❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡

✐♠❛❣❡♠ Rls✱ Rlsz ❡ Rlss ✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s

Rstls ❥á ❛♣r❡s❡♥t❛ ✉♠❛ ❝❡rt❛ ♠❡❧❤♦r✐❛ ♥❛ ♣r❡s❡r✈❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s ✸ ú❧t✐♠♦s

r❡✢❡t♦r❡s ✭❋✐❣✉r❛s ✹✳✹✵✱ ✹✳✷✽✱ ✹✳✸✺ ❡ ✹✳✸✼✮✳

❉✐❛♥t❡ ❞❡st❛ ♠❡❧❤♦r✐❛ é q✉❡ r❡s♦❧✈❡♠♦s ✉♥✐r ❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ♣r♦♣♦st❛s

♣♦r ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ❝♦♠ ❛ r❡❢❡r✐❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstls✱ ❡s♣❡r❛♥❞♦

q✉❡ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ r❡✢❡t♦r❡s ✭❡ ♥ã♦ ❛♣❡♥❛s ❞♦s três ú❧t✐♠♦s✮ ❢♦ss❡♠

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

t♦t❛✐s ❡stã♦ ❡①✐❜✐❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✹✷✱ ✹✳✹✹ ❡ ✹✳✹✻✳ ❈❧❛r❛♠❡♥t❡✱ ❛♦ ❝♦♠♣❛r❛r♠♦s t❛✐s

❝♦♥❞✐çõ❡s ❝♦♠ ❛s ❛♠♣❧✐t✉❞❡s ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠Rlsz ❡Rlss ✭❡q✉❛çõ❡s ✭✸✳✹✶✮ ❡ ✭✸✳✹✷✮✮

❡ ❡①✐❜✐❞❛s ♥❛s ❋✐❣✉r❛s ✭✹✳✸✺✮ ❡ ✭✹✳✸✼✮✱ ✈❡♠♦s q✉❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s

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

❛♥t❡r✐♦r❡s ♥ã♦✳

◆♦ ❝❛s♦ ❞❛ ❝♦♥❞✐çã♦ Rstlss✱ ❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ✉t✐❧✐③❛❞❛ ❢♦✐ nx = 25✱ ♠❡♥♦r q✉❡

àq✉❡❧❛ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮✳ ❆✐♥❞❛✱ ✈❛❧❡ r❡ss❛❧t❛r q✉❡✱ ♥❡st❡

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

r❡✢❡t♦r❡s✱ s✐t✉❛çã♦ ❡st❛ ♥ã♦ ❛t✐♥❣✐❞❛ ♣❛r❛ ❛ ❝♦♥❞✐çã♦ Rlss✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ t❛♠❛♥❤♦ ❞❛

❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ✉t✐❧✐③❛❞❛✳

P❛r❛ ❛s ❝♦♥❞✐çõ❡s Rlsz ❡ Rstlsz✱ ❝♦♠♦ ♠♦str❛♠ ❛s ❋✐❣✉r❛s ✹✳✸✹ ❡ ✹✳✹✸✱ ❛tr✐❜✉✐r ♦

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

❝❛♥❝❡❧❛♠❡♥t♦ ❞♦s ❡❢❡✐t♦s ✐♥❞❡s❡❥❛❞♦s ❢♦r❛ ❞❛ ✐♠❛❣❡♠✳ ◆❛ r❡❣✐ã♦ ❝❡♥tr❛❧✱ ❡♠ ❛♠❜♦s ♦s

❝❛s♦s✱ ♣♦✉❝♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ sã♦ ✈✐sí✈❡✐s✳

❙❡ ❝♦♠♣❛r❛r♠♦s ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rstls✱ Rstlsa✱ Rstlsz ❡ Rstlss ❝♦♠ ❛s ❝♦♥❞✐çõ❡s

♣r♦♣♦st❛s ♥❛s ❙❡çõ❡s ✹✳✶✳✷ ❛ ✹✳✶✳✺✱ q✉❡ ♣r❡s❡r✈❛♠ ❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ r❡✢❡✲

t♦r❡s ✭❝♦♠ ❡①❝❡sssã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦ Rc✮✱ ✈❡♠♦s q✉❡ ❛s ❝♦♥❞✐çõ❡s

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

❞❡ ❛♠♣❧✐t✉❞❡ ✈❡r❞❛❞❡✐r❛ ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ r❡✢❡t♦r❡s ❡♠ r❡❧❛çã♦ ❛♦ ❛❢❛st❛♠❡♥t♦ r❡❛❧✐✲

③❛❞♦✳ ◆❛s ❝♦♥❞✐çõ❡s ❛♥t❡r✐♦r❡s✱ ❛ r❡❣✐ã♦ ❞❡ ♠❡❧❤♦r ❡st❛❜✐❧✐❞❛❞❡ ❡st❡♥❞✐❛✲s❡ ❞❡ ✽✵✵✵ ♠ ❛

✶✺✵✵✵ ♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ♣❡r❞❡♥❞♦ ✐♥❢♦r♠❛çõ❡s ❞❡ ❛♠♣❧✐t✉❞❡ ❞❡ ✉♠❛ ♣❛r❝❡❧❛ s✐❣♥✐✜❝❛✲

t✐✈❛ ❞♦s r❡✢❡t♦r❡s✱ ❡♥q✉❛♥t♦ q✉❡ ❛s ♥♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ✈❛r✐❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

✺✵



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❞❡ ✻✵✵✵ ♠ ❛ ✶✽✵✵✵ ♠✳ ❊ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ ❡❢❡t✉❛r♠♦s ❛ s♦♠❛ ❞❛s

❢♦♥t❡s ❛♥t❡s ❞❛ ❞✐✈✐sã♦ ❞♦s ❝❛♠♣♦s ❞❡ ♦♥❞❛s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ r❡❣✐ã♦ ♠✐❣r❛❞❛ ❝♦♠

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

P♦r ✜♠✱ s❡ ♦ ♥♦ss♦ ♠♦❞❡❧♦ ❢♦✐ ❝♦♥str✉✐❞♦ ❞❡ ♠♦❞♦ ❛ ♣r♦❞✉③✐r ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦

❝♦♥st❛♥t❡ ❞❡ ✵✳✷ ♠❛s ❝♦♠ ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❡s❝❛❧❛ ❞❡ ❢❛t♦r ✷✵ ♥ã♦ ✐❞❡♥t✐✜❝❛❞♦✱ ❡r❛ ❞❡ s❡

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

q✉❛tr♦ r❡❧❢❡t♦r❡s ♣ró①✐♠❛s ❞❡ ✹ ✭0.2 · 20✮✳ ❊♥tr❡t❛♥t♦✱ ♦ q✉❡ ✈❡♠♦s ❡♠ t♦❞❛s ❛s ❝♦♥❞✐çõ❡s

❞❡ ✐♠❛❣❡♠ t❡st❛❞❛s é q✉❡ ❛♣❡♥❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s

❡st❛❜✐❧✐③❛❞♦s é q✉❡ ❛t✐♥❣✐r❛♠ t❛❧ ✈❛❧♦r✳ ❆s ❞❡♠❛✐s ✜❝❛r❛♠ ♣ró①✐♠❛s✱ ♠❛s s❡♠♣r❡ ❛❜❛✐①♦

❞♦ ✈❛❧♦r ✹ ❡s♣❡r❛❞♦✳

P♦rt❛♥t♦✱ ❞❡ t♦❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ t❡st❛❞❛s ❡ ❛♣r❡s❡♥t❛❞❛s ♥❛s ❋✐❣✉r❛s ✹✳✶

❛ ✹✳✹✻✱ t❡♠♦s q✉❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ❛♣r❡s❡♥t❛♠ ♦s

♠❡❧❤♦r❡s r❡s✉❧t❛❞♦s ♣♦✐s✱ ❛❧é♠ ❞❡ ♦❜t❡r♠♦s ✉♠❛ ♣r❡s❡r✈❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s ❛♦ ❧♦♥❣♦ ❞♦s

q✉❛tr♦ r❡❧❢❡t♦r❡s✱ t❡♠♦s ✉♠ ❛✉♠❡♥t♦ ♥❛ r❡❣✐ã♦ q✉❡ ❛♣r❡s❡♥t❛ ✉♠❛ ♠❡❧❤♦r ❡st❛❜✐❧✐❞❛❞❡

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

✺✶



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✹✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rlsz ✭❡q✉❛çã♦ ✭✸✳✹✶✮✮✳

❋✐❣✉r❛ ✹✳✸✺✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlsz✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✷



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✻✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞♦ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮ ♣❛r❛ nx ❂ ✶✵✵✳

❋✐❣✉r❛ ✹✳✸✼✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ❝♦♠ nx = 100✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✸



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✽✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ❝♦♠ nx = 300✳
Pr✐♠❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ tr❛❝❡❥❛❞❛✲♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✹



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✸✾✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s Rstls ✭❡q✉❛çã♦ ✭✸✳✹✸✮✮✳

❋✐❣✉r❛ ✹✳✹✵✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstls✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✺



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✹✶✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ❛♠♦rt❡❝✐❞❛ Rstlsa ✭❡q✉❛çã♦ ✭✸✳✹✹✮✮✳

❋✐❣✉r❛ ✹✳✹✷✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlsa✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✻



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✹✸✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rstlsz ✭❡q✉❛çã♦ ✭✸✳✹✺✮✮✳

❋✐❣✉r❛ ✹✳✹✹✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlsz✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✼



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ s❡♠ ✈❛r✐❛çã♦ ❧❛t❡r❛❧

❋✐❣✉r❛ ✹✳✹✺✳ ▼♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞❛ Rstlss ✭❡q✉❛çã♦ ✭✸✳✹✻✮✮✳

❋✐❣✉r❛ ✹✳✹✻✳ ❆♠♣❧✐t✉❞❡ ❛♦ ❧♦♥❣♦ ❞♦s r❡✢❡t♦r❡s ♣❛r❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlss✳ Pr✐♠❡✐r♦ r❡✢❡t♦r
❧✐♥❤❛ só❧✐❞❛ ✭❛③✉❧✮✳ ❙❡❣✉♥❞♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✭✈❡r❞❡✮✳ ❚❡r❝❡✐r♦ r❡✢❡t♦r ❧✐♥❤❛ tr❛❝❡❥❛❞❛✲
♣♦♥t✐❧❤❛❞❛ ✭✈❡r♠❡❧❤❛✮✳ ◗✉❛rt♦ r❡✢❡t♦r ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ✭♣r❡t❛✮✳

✺✽



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

✹✳✷ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

P❛r❛ ❡st✉❞❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛s ❛❜♦r❞❛❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❡♠ ✉♠ ♠♦❞❡❧♦ ♠❛✐s

r❡❛❧íst✐❝♦✱ ❛♣❧✐❝❛♠♦s ❛s ♠❡s♠❛s ♥♦ ♠♦❞❡❧♦ ▼❛r♠♦✉s✐ ✭❱❊❘❙❚❊❊●✱ ✶✾✾✹✮✳ ❊♠ t♦❞♦s

♦s ❝❛s♦s✱ ❝♦♠♦ ❥á ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ✉t✐❧✐③❛♠♦s ❛ ♠❡s♠❛ té❝♥✐❝❛ ❞❡ ♠✐❣r❛çã♦ ❡ ❛ r❡❛❧

❞✐str✐❜✉✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦ ▼❛r♠♦✉s✐ ✭❋✐❣✉r❛ ✹✳✹✼✮✱ ❞♦♥❞❡ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡

❛s ✐♠❛❣❡♥s ❞❡♣❡♥❞❡♠ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ✉t✐❧✐③❛❞❛s✳

✹✳✷✳✶ ❈♦rr❡❧❛çã♦

❆ ❋✐❣✉r❛ ✹✳✹✽ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♥❞✐çã♦ Rc ✭❡q✉❛çã♦ ✭✸✳✶✹✮✮✳ ❊st❛ ❝♦♥❞✐çã♦ ❞❡

✐♠❛❣❡♠ é ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ r❡❢❡rê♥❝✐❛ ♣❡❧♦ ❢❛t♦ ❞❡ s❡r ❛ ♠❛✐s ❡stá✈❡❧ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❝♦♥❤❡❝✐❞❛ ❡ é ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞❛ ♥❛ ♣rát✐❝❛✳ ❚♦❞❛s ❛s ♦✉tr❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠

s✉♣♦st❛♠❡♥t❡ ♥ã♦ ❞❡❣r❛❞❛♠ ❛ q✉❛❧✐❞❛❞❡ ❞❛ ✐♠❛❣❡♠ ❡♠ ❝♦♠♣❛r❛çã♦ ❛ ❡st❛✳

✺✾





❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

✹✳✷✳✷ ❉✐✈✐sã♦ ❡stá✈❡❧

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

❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❞✐✈✐sã♦ ❡stá✈❡❧ Rd ❞❛ ❡q✉❛çã♦ ✭✸✳✶✻✮✳ ❈♦♠♦ ❥á s❛❜❡♠♦s ❞♦s

t❡st❡s r❡❛❧✐③❛❞♦s ♥❛s ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s✱ ❡st❡ t✐♣♦ ❞❡ ❞✐✈✐sã♦ t❡♥❞❡ ❛ ❝r✐❛r ❛rt❡❢❛t♦s ❞❡

♠✐❣r❛çã♦✳ ❚❡st❡s ♥♦ ♠♦❞❡❧♦ ▼❛r♠♦✉s✐ ❝♦♥✜r♠❛♠ ✐st♦✳ ❖s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ sã♦

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

❢♦rt❡s✱ ♠❡s♠♦ ♣❛r❛ ❛❧t♦s ✈❛❧♦r❡s ❞❡ λ ♥❛ ❡q✉❛çã♦ ✭✸✳✶✼✮✳ ❆ss✐♠✱ ❛❜st❡♠♦✲♥♦s ❞❡ ♠♦str❛r

t❛✐s r❡s✉❧t❛❞♦s✳

❆ ❡st❛❜✐❧✐③❛çã♦ ❞❛ ✐♠❛❣❡♠ só ♣ô❞❡ s❡r ❛t✐♥❣✐❞❛ ✉s❛♥❞♦ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ ε = 10−4 ❡♠

t♦❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ♠✐❣r❛çã♦ ♣❛r❛ t♦❞♦s ♦s t✐r♦s ❡ ♥í✈❡✐s ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡ ❛♦ ✐♥✈és ❞❡ ✉♠

✈❛❧♦r ε ✈❛r✐á✈❡❧ s✉❣❡r✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✶✼✮✳ ❖ r❡s✉❧t❛❞♦ ❡stá ❡①✐❜✐❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✹✾✳

◆♦t❛♠♦s q✉❡ ❛s ✐♠❛❣❡♥s ❞❛s ❋✐❣✉r❛s ✹✳✹✽ ❡ ✹✳✹✾ sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝❛s✳ ❖ ♠♦t✐✈♦ é

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

♣♦r ✉♠ ❢❛t♦r ❞❡ ❡s❝❛❧❛ ❝♦♥st❛♥t❡✱ r❡s✉❧t❛♥❞♦ ❛ss✐♠ ❡♠ ❞✐❢❡r❡♥ç❛s ♥ã♦ s✐❣♥✐✜❝❛t✐✈❛s ❡♥tr❡

❛s ✐♠❛❣❡♥s✳

❆ s✐t✉❛çã♦ é ♣r❛t✐❝❛♠❡♥t❡ ❛ ♠❡s♠❛ s❡ ❛♦ ✐♥✈és ❞❡ ❛❞✐❝✐♦♥❛r♠♦s ε ❛♦ ❞❡♥♦♠✐♥❛❞♦r ❞❛

❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rd✱ r❡❛❧✐③❛r♠♦s ❛ ❞✐✈✐sã♦ ❛♣❡♥❛s ❝❛s♦ ♦ ❞❡♥♦♠✐♥❛❞♦r s❡❥❛ s✉♣❡r✐♦r

❛ ε✱ ❝♦♠♦ ♣r♦♣♦st♦ ♥❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rz ✭❡q✉❛çã♦ ✭✸✳✶✾✮✮✳ ◆♦✈❛♠❡♥t❡✱ s♦♠❡♥t❡

♣❡❧❛ s✉❜st✐t✉✐çã♦ ❞❡ ✉♠ ✈❛❧♦r ✜①♦ ε = 10−4✱ ❛ ✐♠❛❣❡♠ ♠❡❧❤♦r❛✱ ❡♠❜♦r❛ ♣❡r♠❛♥❡ç❛ ❝♦♠

❝❡rt♦s ❛rt❡❢❛t♦s✳ ❉❡✈✐❞♦ ❛ s❡♠❡❧❤❛♥ç❛ ❛ ✐♠❛❣❡♠ ❞❛ ❋✐❣✉r❛ ✹✳✹✾✱ ❛❜st❡♠♦✲♥♦s ❞❡ ♠♦str❛r

s✉❛ ✐♠❛❣❡♠ r❡s✉❧t❛♥t❡✳

✹✳✷✳✸ ❙✉❛✈✐③❛çã♦

❆ ❋✐❣✉r❛ ✹✳✺✵ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rs ✭❡q✉❛çã♦ ✭✸✳✷✵✮✮✱ q✉❡

s✉❛✈✐③❛ ♦ ❞❡♥♦♠✐♥❛❞♦r ❞❛ ❞✐✈✐sã♦✳ ❖ t❛♠❛♥❤♦ ❞❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ❞❡

nx = 75✳

❆ ❡str✉t✉r❛ ❞❛ ✐♠❛❣❡♠ t❡✈❡ ✉♠❛ ❧✐❣❡✐r❛ ♠❡❧❤♦r❛ ❡♠ ❝♦♠♣❛r❛çã♦ ❛ ✐♠❛❣❡♠ ❞❛ ❋✐❣✉r❛

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

❝♦♥s✐❞❡rá✈❡❧✳ ❆s r❡✢❡①õ❡s ♠❛✐s ❢♦rt❡s ♥❛s r❡❣✐õ❡s ♠❛✐s ♣r♦❢✉♥❞❛s ❞♦ ♠♦❞❡❧♦✱ ❜❡♠ ❝♦♠♦

❛s r❡✢❡①õ❡s ❞♦ r❡s❡r✈❛tór✐♦✱ tê♠ ❛♠♣❧✐t✉❞❡s ♠❛✐s ❢♦rt❡s ❞♦ q✉❡ ❛♥t❡s✳ ❊♥tr❡t❛♥t♦✱ ♦s

✻✶





❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

❋✐❣✉r❛ ✹✳✺✵✳ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r s✉❛✈✐③❛çã♦ Rs

✭❡q✉❛çã♦ ✭✸✳✷✵✮✮ ❝♦♠ ❥❛♥❡❧❛ ❞❡ t❛♠❛♥❤♦ nx = 75✳

✭❋✐❣✉r❛ ✹✳✹✽✮✳ ❊♠ ❣❡r❛❧✱ ❡♠❜♦r❛ ♥❡♥❤✉♠❛ ❝♦rr❡çã♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❢♦✐ ❛♣❧✐❝❛❞❛✱ ❛ ❢♦rç❛ ❞❛s

✐♠❛❣❡♥s ❞♦s r❡✢❡t♦r❡s ❞á ❛❧❣✉♠❛ ✐❞é✐❛ s♦❜r❡ ❛ ❢♦rç❛ r❡❧❛t✐✈❛ ❞♦s ❝♦♥tr❛st❡s ♥♦ ♠♦❞❡❧♦

▼❛r♠♦✉s✐ ♦r✐❣✐♥❛❧✳

❈♦♠♦ ❡s♣❡r❛❞♦ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s✱ ❞❡✜♥✐r ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

❝♦♠♦ s❡♥❞♦ ③❡r♦ ♦♥❞❡ ♦ ❝❛♠♣♦ ❞❡ ♦♥❞❛ ❞❡s❝❡♥❞❡♥t❡ é ♠✉✐t♦ ♣❡q✉❡♥♦ ✭♠❡♥♦r ♦✉ ✐❣✉❛❧ q✉❡

ε✮ ♥♦s ❢♦r♥❡❝❡ ✉♠❛ r❡❣✐ã♦ ♠✉t❛❞❛ ❞❡ ❡❢❡✐t♦s ✐♥❞❡s❡❥á✈❡✐s ♥❛ ✐♠❛❣❡♠✳ ◆♦t❡ q✉❡ ❛♣❡s❛r ❞❛s

❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rda✱ Rdad ❡ Rdaz ✭❡q✉❛çõ❡s ✭✸✳✷✷✮✱ ✭✸✳✷✺✮ ❡ ✭✸✳✷✻✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮

r❡❛❧✐③❛r❡♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ✐❧✉♠✐♥❛çã♦✱ ♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ❞❛ ❋✐❣✉r❛ ✹✳✺✶ ♥ã♦ sã♦

♣✐♦r❡s ❞♦ q✉❡ ❛q✉❡❧❡s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✹✽ ❞❛❞❛ ♣❡❧❛ s✐♠♣❧❡s ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠

♣♦r ❝♦rr❡❧❛çã♦ Rc ✭❡q✉❛çã♦ ✭✸✳✶✹✮✮✳

❙❡♠❡❧❤❛♥t❡ r❡s✉❧t❛❞♦ ❢♦✐ ♦❜t✐❞♦ ♣❡❧❛ ❝♦♥❞✐çã♦ ❞❡ ■♠❛❣❡♠ Rdas ✭❡q✉❛çã♦ ✭✸✳✷✾✮✮✱ ❝♦♠

✉♠❛ ❥❛♥❡❧❛ ❞❡ s✉❛✈✐③❛çã♦ ❞❡ t❛♠❛♥❤♦ nx = 100 ❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✺✷✳ ❊♠❜♦r❛ ❛

q✉❛❧✐❞❛❞❡ ❣❧♦❜❛❧ ❞❡ ❛♠❜❛s ❛s ✐♠❛❣❡♥s s❡❥❛♠ s❡♠❡❧❤❛♥t❡s✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rdas é

♠❡❧❤♦r ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❛ ✐♠❛❣❡♠ ❡♥q✉❛♥t♦ Rdaz ♣r♦❞✉③ ✐♠❛❣❡♥s ♠❛✐s ❝❧❛r❛s ❡♠ s✉❛

♣❛rt❡ ✐♥❢❡r✐♦r✳ ❆❧❣✉♥s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♣❡r♠❛♥❡❝❡♠ ❡♠ ❛♠❜❛s ❛s ✐♠❛❣❡♥s✳ ❖s ♠❛✐s

❢♦rt❡s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✺✷✳

✻✸





❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

✹✳✷✳✺ ◗✉❛❞r❛❞♦s ▼í♥✐♠♦s ❚♦t❛✐s

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

t♦t❛✐s Rtls ✭❡q✉❛çã♦ ✭✸✳✸✵✮✮ ❛♣r❡s❡♥t♦✉✲s❡ ✐♥stá✈❡❧✳ ❊♥tr❡t❛♥t♦✱ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠

Rtlsa✱ Rtlsz ❡ Rtlss✱ ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✸✸✮✱ ✭✸✳✸✹✮ ❡ ✭✸✳✸✻✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣r♦✲

❞✉③✐r❛♠ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✳ ▼❛✐s ✉♠❛ ✈❡③ ❛s ❝♦♥❞✐çõ❡s Rtlsa ❡ Rtlsz ❛♣r❡s❡♥t❛r❛♠

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

Rtlsz ♥❛ ❋✐❣✉r❛ ✹✳✺✸✳ P❛r❛ ❛s ❝♦♥❞✐çõ❡s Rtlsa ❡ Rtlsz t♦♠❛♠♦s ♥♦✈❛♠❡♥t❡ λ = 0.05 ❡

α = 10−6 ♥❛ ❡q✉❛çã♦ ✭✸✳✷✽✮ ❡ nx = 100 ♣❛r❛ ❛ ❝♦♥❞✐çã♦ Rtlss✳

❈♦♠♣❛r❛♥❞♦ ❛s ❋✐❣✉r❛s ✹✳✺✶ ❡ ✹✳✺✸✱ r❡❢❡r❡♥t❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rdaz ❡ Rtlsz✱

✈❡♠♦s q✉❡ ❡st❛s✱ ❡♠ ✉♠ ❛s♣❡❝t♦ ❣❧♦❜❛❧ sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝❛s✳ ❆❧❣✉♥s r❡✢❡t♦r❡s ❡stã♦

♠❛✐s r❡❢♦rç❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✺✸ ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❞❛ ✐♠❛❣❡♠ ❡♥q✉❛♥t♦ q✉❡ ❛ ❋✐❣✉r❛ ✹✳✺✶

❛♣r❡s❡♥t❛ ✉♠❛ ✐♠❛❣❡♠ ♠❛✐s ❝❧❛r❛ ❡♠ s✉❛ ♣❛rt❡ ✐♥❢❡r✐♦r✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s ♦s ❛rt❡❢❛t♦s

♣ró①✐♠♦s à s✉♣❡r❢í❝✐❡ ♣❡rs✐st❡♠✳ ■st♦ é ❝♦♥s✐st❡♥t❡ ❝♦♠ ♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✸✱ q✉❡ ♠♦str❛♠ q✉❡ ♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♣ró①✐♠♦s à s✉✲

♣❡r❢í❝✐❡ ❡stã♦ ♠❛✐s ❛❝❡♥t✉❛❞♦s ❡♠ r❡❧❛çã♦ à ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rdaz✱ ♠❛s ♣r❛t✐❝❛♠❡♥t❡

✐❞ê♥t✐❝♦s ❡♠ s✉❛ ♣❛rt❡ ♠❛✐s ♣r♦❢✉♥❞❛✳

P❛r❛ ❛s ❝♦♥❞✐çõ❡s Rdas ❡ Rtlss ❛♠❜❛s ✐♠❛❣❡♥s ♠✐❣r❛❞❛s sã♦ ✈✐rt✉❛❧♠❡♥t❡ ✐❞ê♥t✐❝❛s✱ r❡✲

s✉❧t❛❞♦ ❡st❡ t❛♠❜é♠ ❝♦♥❞✐③❡♥t❡ ❛♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s ❡ ❡①✐❜✐❞♦s ♥❛s ❋✐❣✉r❛s

✹✳✶✼ ❡ ✹✳✷✺
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❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

✹✳✷✳✻ ◗✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

❆s ✐♠❛❣❡♥s ❞❛s ❋✐❣✉r❛s ✹✳✺✺ ❡ ✹✳✺✻ ❛♣r❡s❡♥t❛♠ ♦ r❡s✉❧t❛❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠

Rls ❡ Rsls ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✭✸✳✸✼✮ ❡ ✭✸✳✹✵✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦✈❛♠❡♥t❡ t♦♠❛♠♦s ♥❛

❡q✉❛çã♦ ✭✸✳✸✾✮ β = 1✳ ❈♦♠♦ ✉♠❛ ♣r✐♠❡✐r❛ ✈❛♥t❛❣❡♠ ❞❡st❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r

q✉❛❞r❛❞♦s ♠í♥✐♠♦s✱ ♥♦t❛♠♦s q✉❡ ❡♠ t♦❞❛s ❛s ✜❣✉r❛s ❛s ✐♠❛❣❡♥s ✈ã♦ ♠✉✐t♦ ♠❛✐s ❧♦♥❣❡

♥❛ ③♦♥❛ ❞❡ ❢r♦♥t❡✐r❛ ❞♦ q✉❡ ♥❛s ❋✐❣✉r❛s ✹✳✺✶ ❡ ✹✳✺✷✳ ❆♣ós ✉♠❛ ✐♥s♣❡çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛

❞❛ ✐♠❛❣❡♠ ❞❛ ❋✐❣✉r❛ ✹✳✺✺✱ ✈❡♠♦s ❛ ♣r❡s❡♥ç❛ ❞❡ ❛rt❡❢❛t♦s ♣❡rt♦ ❞❛ s✉♣❡r❢í❝✐❡✱ ♣r♦❜❧❡♠❛

❡st❡ r❡s♦❧✈✐❞♦ ♣❡❧❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ✭❋✐❣✉r❛ ✹✳✺✻✮✳ ❊♥tr❡t❛♥t♦✱ ❝♦♠♦ ❥á ❡s♣❡r❛❞♦

❞♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s✱ ❡st❡s ❛rt❡❢❛t♦s ❛♣❛r❡❝❡♠ ❛♣❡♥❛s ♥❛ r❡❣✐ã♦ ❞❡ ❢r♦♥t❡✐r❛

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

❝❡♥tr❛❧ ❛s ✐♠❛❣❡♥s sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐❞ê♥t✐❝❛s✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s ♦s ❛rt❡❢❛t♦s ♣❡rs✐st❡♠

❡♠ ✉♠❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✺✵✵ ♠❡tr♦s✳ ❆s ❛♠♣❧✐t✉❞❡s ♥❛s ❋✐❣✉r❛s ✹✳✺✺

❡ ✹✳✺✻ sã♦ ✈✐s✐✈❡❧♠❡♥t❡ r❡❞✉③✐❞❛s s❡ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❋✐❣✉r❛s ✹✳✺✶ ❡ ✹✳✺✷✳

❋✐❣✉r❛ ✹✳✺✺✳ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
Rls ✭❡q✉❛çã♦ ✭✸✳✸✼✮✮✳

✻✼



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

❋✐❣✉r❛ ✹✳✺✻✳ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s Rsls ✭❡q✉❛çã♦ ✭✸✳✹✵✮✮ ❝♦♠ Nx = 275 ❡ β = 1✳

✹✳✷✳✼ ◆♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❡st❛❜✐❧✐③❛❞♦s

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

❡st❛❜✐❧✐③❛❞♦s ✭❡q✉❛çõ❡s ✭✸✳✸✼✮ ❡ ✭✸✳✹✵✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ♣r♦❞✉③✐r❛♠ ❜♦♥s r❡s✉❧t❛❞♦s ❝♦♠

❞✐❢❡r❡♥t❡s ❛rt❡❢❛t♦s r❡♠♦✈✐❞♦s ❡♠ r❡❧❛çã♦ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rdad✱ Rdaz ❡ Rdas✱ ♥♦s

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

❜❡♠ ❝♦♠♦ ♥❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rtls✱ ❡s♣❡r❛♥❞♦ q✉❡ ❡st❛s ❝♦♠❜✐♥❛çõ❡s ♣♦ss❛♠ ❛❥✉❞❛r ❛

r❡♠♦✈❡r t♦❞♦s ♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ♦❜s❡r✈❛❞♦s✳ ❖ r❡s✉❧t❛❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♥s

❝♦♠❜✐♥❛❞❛s Rlsz✱ Rlss✱ Rstls✱ Rstlsz ❡ Rstlss ✭❡q✉❛çõ❡s ✭✸✳✹✶✮✱ ✭✸✳✹✷✮✱ ✭✸✳✹✸✮✱ ✭✸✳✹✺✮ ❡ ✭✸✳✹✻✮✮

❡stã♦ ♥❛s ❋✐❣✉r❛s ✹✳✺✼✱ ✹✳✺✽✱ ✹✳✺✾✱ ✹✳✻✵ ❡ ✹✳✻✶✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P❛r❛ ❛s ❝♦♥❞✐çõ❡s Rlsz ❡

Rstlsz t♦♠❛♠♦s λ = 0.05 ❡ α = 10−6 ♥❛ ❡q✉❛çã♦ ✭✸✳✷✽✮ ❡ ♥❛s ❝♦♥❞✐çõ❡s s✉❛✈✐③❛❞❛s Rlss

❡ Rstlss t♦♠❛♠♦s ❥❛♥❡❧❛s ❞❡ t❛♠❛♥❤♦ nx = 100 ❡ nx = 25 ♥❛ ❡q✉❛çã♦ ✭✸✳✷✶✮✱ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✳ ▼❛✐s ✉♠❛ ✈❡③ ❛ ❝♦♥❞✐çã♦ Rstlsa ❛♣r❡s❡♥t♦✉ ✉♠ r❡s✉❧t❛❞♦ s❡♠❡❧❤❛♥t❡ à ❝♦♥❞✐çã♦

Rstlsz ❡ ♣♦r ❡st❡ ♠♦t✐✈♦✱ ❛❜st❡♠♦✲♥♦s ❞❡ ❡①✐❜í✲❧❛✳

P❡r❝❡❜❡♠♦s q✉❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ q✉❡ ✉t✐❧✐③❛♠ ❛ ♠❡s♠❛ té❝♥✐❝❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦

❛♣r❡s❡♥t❛♠ ✐♠❛❣❡♥s ❜❡♠ s❡♠❡❧❤❛♥t❡s✱ ❝♦♠♦ s❡ ♣♦❞❡ ✈❡r ♥❛s ❋✐❣✉r❛s ✹✳✺✼ ❡ ✹✳✻✵ ❡ ✹✳✺✽ ❡

✹✳✻✶ ✭✈✐st❛ ❝♦♠ s❡✉ r❡s♣❡❝t✐✈♦ ♣❛r✮✳ P♦ré♠✱ ❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ❡st❛❜✐❧✐③❛❞❛s Rlsz ❡

✻✽



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

Rlss✱ q✉❡ ✉s❛♠ ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rls✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✳✸✼✮

✭♠ét♦❞♦ ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s ❝♦♥✈❡♥❝✐♦♥❛✐s ❝♦♠ s♦♠❛ ❞❡ ❢♦♥t❡s ❛♥t❡s ❞❛s ❞✐✈✐sã♦✮✱

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

♣r♦❜❧❡♠❛ ❡st❡ s❛♥❛❞♦ ♣❡❧❛s ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s Rstlsz ❡

Rstlss✳ P❛rt✐❝✉❧❛r♠❡♥t❡✱ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮ ♣r❡s❡r✈♦✉ ❞❡ ❢♦r♠❛

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

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

♣❡q✉❡♥❛✳

❈♦♠♦ ❥á ❡s♣❡r❛❞♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠❛❞❛s ❤♦r✐③♦♥t❛✐s✱ t❛♠❜é♠ é ❣r❛♥❞❡ ❛ s❡♠❡❧❤❛♥ç❛

❡♥tr❡ ❛s ❋✐❣✉r❛s ✹✳✺✺ ❡ ✹✳✺✾ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rls ❡ Rstls ✭❡q✉❛çõ❡s ✭✸✳✸✼✮ ❡ ✭✸✳✹✸✮✮✳

▼❛✐s ✉♠❛ ✈❡③ ✈❡♠♦s ❛ ♣r❡s❡♥ç❛ ❞❡ ❛rt❡❢❛t♦s ♣ró①✐♠♦ ❛ s✉♣❡r❢í❝✐❡ ❡ ♥❛ r❡❣✐ã♦ ❞❡ ❢r♦♥t❡✐r❛

❞❛ ✐♠❛❣❡♠ ❡ ❛♠♣❧✐t✉❞❡s r❡❞✉③✐❞❛s s❡ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❋✐❣✉r❛s ✹✳✺✶ ❡ ✹✳✺✷✳

❆♠❜❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ Rstlsz ❡ Rstlss ❛♣r❡s❡♥t❛♠ ✉♠❛ ❝♦♥s✐❞❡rá✈❡❧ ♠❡❧❤♦r❛ ❡♠

r❡❧❛çã♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rsls ✭❋✐❣✉r❛ ✹✳✺✻✮✳ ◆♦ ❝❛s♦ ❞❛ ❝♦♥❞✐çã♦ Rstlsz ♣♦❞❡♠♦s ✈❡r

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

♣♦✉❝♦s ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ sã♦ ✈✐sí✈❡✐s ❡♠ ❛♠❜❛s ❛s ✐♠❛❣❡♥s✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ♥❛ ❋✐❣✉r❛

✹✳✻✵✳ ❘❡❝♦♥❤❡❝❡♠♦s q✉❡ ❛ ❡①t❡♥sã♦ ♣❛r❛ ❛ ③♦♥❛ ❞❡ ❢r♦♥t❡✐r❛ ❛❧❝❛♥ç❛❞❛ ♣❡❧❛s ❝♦♥❞✐çõ❡s

Rls ❡ Rsls é t❛♠❜é♠ r❡❛❧✐③❛❞❛ ♣❡❧❛s ♣r❡s❡♥t❡s ❝♦♥❞✐çõ❡s✳ ◆♦t❡ t❛♠❜é♠ q✉❡ ❛s ❛♠♣❧✐t✉❞❡s

❡♠ ❛♠❜❛s ❛s ✐♠❛❣❡♥s sã♦ ♠❡♥♦s ❛❢❡t❛❞❛s ♣❡❧❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ q✉❡ ❛q✉❡❧❛s ❡①✐❜✐❞❛s ♥❛s

❋✐❣✉r❛s ✹✳✺✺ ❡ ✹✳✺✻ ❡ ♠❛✐s ♣❡rt♦ ❞❛q✉❡❧❛s ❡①✐❜✐❞❛s ♥❛s ❋✐❣✉r❛s ✹✳✺✶ ❡ ✹✳✺✷✳ P♦rt❛♥t♦✱

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

❝r✐❛♥❞♦ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s q✉❡ ❝♦♠❜✐♥❛♠ ❛s ✈❛♥t❛❣❡♥s ❞❛s ❝♦♥❞✐çõ❡s ❛❞♦t❛❞❛s ♣♦r

❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡ ❱■❱❆❙ ❡t ❛❧✳ ✭✷✵✵✾✮✳

❯♠❛ ♦❜s❡r✈❛çã♦ ❣❡r❛❧ s♦❜r❡ t♦❞❛s ❛s ❝♦♠♣❛r❛çõ❡s ❢❡✐t❛s ❞❛s ❋✐❣✉r❛s ✹✳✹✽ ❛ ✹✳✻✶ é q✉❡

❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ Rstlsz ✭❡q✉❛çã♦ ✭✸✳✹✺✮✮✱ ♣♦r ♠❛✐s q✉❡ ❛♣r❡s❡♥t❡ ❛❧❣✉♥s ❛rt❡❢❛t♦s

❞❡ ♠✐❣r❛çã♦ ❜❡♠ ♣ró①✐♠♦s à s✉♣❡r❢í❝✐❡✱ ♣r♦❞✉③✐✉ ❛ ♠❡❧❤♦r ✐♠❛❣❡♠ ✭❋✐❣✉r❛ ✹✳✻✵✮✱ ❝♦♠

♦ ♠í♥✐♠♦ ❞❡ ❛rt❡❢❛t♦s ❞❡ ♠✐❣r❛çã♦ ❡ ♦ ♠í♥✐♠♦ ❞❡ ❛♠♣❧✐t✉❞❡s ❞❡ ♠✐❣r❛çã♦ ❛❢❡t❛❞♦s✳

❆ q✉❛❧✐❞❛❞❡ ❞❡st❛ ✐♠❛❣❡♠ ❝❤❡❣❛ ♠✉✐t♦ ♣ró①✐♠♦ ❞❛ s✐♠♣❧❡s ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r

❝♦rr❡❧❛çã♦ Rc ✭❋✐❣✉r❛ ✹✳✹✽✮ ❞❡ ❡q✉❛çã♦ ✭✸✳✶✹✮✳

✻✾



❚❡st❡s ◆✉♠ér✐❝♦s ▼♦❞❡❧♦ ▼❛r♠♦✉s✐

❋✐❣✉r❛ ✹✳✺✼✳ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s ③❡r❛❞❛ Rlsz ✭❡q✉❛çã♦ ✭✸✳✹✶✮✮ ❝♦♠ λ = 0.05 ❡ α = 10

−6✳

❋✐❣✉r❛ ✹✳✺✽✳ ▼♦❞❡❧♦ ▼❛r♠♦✉s✐ ♠✐❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s
❡st❛❜✐❧✐③❛❞♦s s✉❛✈✐③❛❞❛ Rlss ✭❡q✉❛çã♦ ✭✸✳✹✷✮✮ ❝♦♠ nx = 100✳

✼✵







❈♦♥❝❧✉sõ❡s

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

❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣❛❞rã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❈▲❆❊❘❇❖❯❚ ✭✶✾✼✶✮ ♥ã♦

♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛✱ ✉♠❛ ✈❡③ q✉❡ ❡st❛ ❞❡stró✐ ❛s ✐♥❢♦r♠❛çõ❡s ❞❛ ❛♠♣❧✐t✉❞❡✳ ❉✐✈❡rs❛s té❝♥✐✲

❝❛s ♣❛r❛ ♣r❡s❡r✈á✲❧❛s✱ ❡✈✐t❛♥❞♦ ❝❡rt♦s ♣r♦❜❧❡♠❛s ❝♦♠ ❞✐✈✐sõ❡s ❞❡ ✈❛❧♦r❡s ♣ró①✐♠♦s ❞❡ ③❡r♦✱

❢♦r❛♠ ❞✐s❝✉t✐❞❛s ❡♠ ✉♠ ♣❛ss❛❞♦ r❡❝❡♥t❡ ✭❱❆▲❊◆❈■❆◆❖ ❡ ❇■❖◆❉■✱ ✷✵✵✸❀ ●❯■❚❚❖◆

❡t ❛❧✳✱ ✷✵✵✼❀ ❙❈❍▲❊■❈❍❊❘ ❡t ❛❧✳✱ ✷✵✵✽❀ ❱■❱❆❙ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ◆❡st❡ tr❛❜❛❧❤♦ ❝♦♠❜✐✲

♥❛♠♦s ❛s ✐❞é✐❛s ❞❡st❛s ❞✐✈❡rs❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ♣❛r❛ ❝❤❡❣❛r♠♦s ❛ ♦✉tr♦s ♥♦✈♦s

❝r✐tér✐♦s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ♣❛r❛ ❝♦♥❞✐çõ❡s ❞❡ q✉❛❞r❛❞♦s ♠í♥✐♠♦s✳ ❊st❛s ♥♦✈❛s ❝♦♥❞✐çõ❡s✱

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

❝❡rt♦s ♣r♦❜❧❡♠❛s ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡ ♥❛ ✐♠❛❣❡♠ ♠✐❣r❛❞❛✳ ❆❧é♠ ❞✐ss♦✱ ❞❡❞✉③✐♠♦s ✉♠❛ ♥♦✈❛

❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ❜❛s❡❛❞❛ ❡♠ q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡ ❛ ❝♦♠❜✐♥❛♠♦s t❛♠❜é♠ ❝♦♠

❛s r❡❢❡r✐❞❛s té❝♥✐❝❛s ❞❡ ❡st❛❜✐❧✐③❛çã♦✳

◆♦ss♦s ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s✱ q✉❛♥❞♦ ❛♣❧✐❝❛❞♦s ♣r✐♠❡✐r❛♠❡♥t❡ ❡♠ ✉♠ s✐♠♣❧❡s ♠♦✲

❞❡❧♦ ❤♦r✐③♦♥t❛❧✱ ❜❡♠ ❝♦♠♦ ♥♦ ♠♦❞❡❧♦ ▼❛r♠♦✉s✐✱ ♠♦str❛♠ q✉❡ ❛s ❝♦♥❞✐çõ❡s ♣♦r q✉❛❞r❛❞♦s

♠í♥✐♠♦s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡st❛❜✐❧✐③❛❞♦s ♣r♦❞✉③❡♠ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s ❡ q✉❡ ❛❥✉❞❛♠ ❛ r❡✲

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

r❡❝❡♥t❡♠❡♥t❡ ♣r♦♣♦st❛s ❡ ❝✐t❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✳ ❯♠❛ sér✐❡ ❞❡ t❡st❡s ♥✉♠ér✐❝♦s ❢♦✐ ♥❡✲

❝❡ssár✐❛ ♣❛r❛ ❛ ❡s❝♦❧❤❛ ❞♦s ♠❡❧❤♦r❡s ♣❛râ♠❡tr♦s ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s✱ ❞❡

❛❝♦r❞♦ ❝♦♠ ❝❛❞❛ té❝♥✐❝❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❛❞♦t❛❞❛✱ ♣❛râ♠❡tr♦s ❡st❡s ❝♦♠♦ ♦ t❛♠❛♥❤♦ ❞❛s

❥❛♥❡❧❛s ❞❡ s✉❛✈✐③❛çã♦ ❡ ❝♦♥st❛♥t❡s q✉❡ ❧✐♠✐t❛✈❛♠ ♦s ❡❢❡✐t♦s ✐♥❞❡s❡❥á✈❡✐s ♥❛ ✐♠❛❣❡♠ ♦♥❞❡

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

❝❛❧✐❜r❛❞♦r ❝♦♥st❛♥t❡✮✳ ❆ ❡s❝♦❧❤❛ ❞❡ ❝❛❞❛ ✉♠ ❞❡ss❡s ♣❛râ♠❡tr♦s ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡ ♥♦

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

♥ã♦ ❡st❛rí❛♠♦s r❡❛❧✐③❛♥❞♦ ♥❡♥❤✉♠ t✐♣♦ ❞❡ ❡st❛❜✐❧✐③❛çã♦✱ ❝♦♠♦ t❛♠❜é♠ ♥ã♦ ♣♦❞❡♠ s❡r

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

✼✸



❈♦♥❝❧✉sõ❡s

♠♦❞❡❧♦ ❤♦r✐③♦♥t❛❧ ♠♦str❛♠ q✉❡ ❛♦ ❡s❝♦❧❤❡r♠♦s ✉♠ ♣❛râ♠❡tr♦ ❞❡ ❢♦r♠❛ ✐♥❝♦rr❡t❛ ♣♦❞❡✲

♠♦s ❛❧t❡r❛r ❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ❛♠♣❧✐t✉❞❡s ❞♦s ❞❛❞♦s✳ ■ss♦ ♥♦s ♠♦str❛ q✉❡ ❛ ❞❡♣❡♥❞ê♥❝✐❛

❞❡ss❡s ♣❛râ♠❡tr♦s é ♠✉✐t♦ ❢♦rt❡ ❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ♠♦❞❡❧♦ ❛❞♦t❛❞♦✱ ♣♦❞❡ ✐♥t❡r❢❡r✐r ♥♦ r❡✲

s✉❧t❛❞♦ ❞❛s ❛♠♣❧✐t✉❞❡s ❞♦s ❞❛❞♦s✳ ❊♠ ♥♦ss♦s ❡①♣❡r✐♠❡♥t♦s ♥ú♠ér✐❝♦s✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱

✉♠❛ ♣❡q✉❡♥❛ ✈❛r✐❛çã♦ ❞❡st❡s ♣❛râ♠❡tr♦s ✭♥❛ ♦r❞❡♠ ❞❡ 10−2 ♣❛r❛ ❛s ❝♦♥st❛♥t❡s ❧✐♠✐t❛✲

❞♦r❛s ♦✉ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✶✵ ♣♦♥t♦s ♥❛s ❥❛♥❡❧❛s ❞❡ s✉❛✈✐③❛çã♦✱ ♣♦r ❡①❡♠♣❧♦✮ ❥á ❛❧t❡r❛✈❛♠

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

❊♥tr❡t❛♥t♦✱ ♣♦r ♠❡❧❤♦r q✉❡ ❢♦ss❡ ❛ ❡s❝♦❧❤❛ ❞♦s ♣❛râ♠❡tr♦s ❞❡ ❡st❛❜✐❧✐③❛çã♦✱ ❛s ❛♠✲

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

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

❡st❡ s❛♥❛❞♦ ♣❡❧❛s ♥♦✈❛s ❝♦♥❞✐çõ❡s ❞❡ ✐♠❛❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s✳

❯♠❛ ♦✉tr❛ ✈❛♥t❛❣❡♠ é q✉❡ ♦s ♣❛râ♠❡tr♦s ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞❛s ❛♠♣❧✐t✉❞❡s t✐✈❡r❛♠ ✉♠

♠❡❧❤♦r ❝♦♠♣♦rt❛♠❡♥t♦ ❡ ✉♠❛ ♠❛✐♦r ✢❡①✐❜✐❧✐❞❛❞❡✱ s❡ ❝♦♠♣❛r❛❞♦s ❝♦♠ àq✉❡❧❡s ❛♣❧✐❝❛❞♦s

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

râ♠❡tr♦s ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❢♦r❛♠ ♦❜t✐❞♦s ❞❡ ❢♦r♠❛ ♠❛✐s rá♣✐❞❛ ❡ ❛✐♥❞❛ ❛ss✐♠ ♣r❡s❡r✈❛♥❞♦

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

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

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

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

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

♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ ✐♠❛❣❡♠✳

❯♠❛ ♦❜s❡r✈❛çã♦ ❣❡r❛❧ s♦❜r❡ t♦❞❛s ❛s ❝♦♠♣❛r❛çõ❡s ❢❡✐t❛s é q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ ✐♠❛✲

❣❡♠ ♣♦r q✉❛❞r❛❞♦s ♠í♥✐♠♦s t♦t❛✐s ❡st❛❜✐❧✐③❛❞♦s q✉❡ ③❡r❛ ♦s ♣♦♥t♦s ❞❛ ✐♠❛❣❡♠ ♦♥❞❡ ♦

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

❞❡ ♠✐❣r❛çã♦ ❡ ♦ ♠í♥✐♠♦ ❞❡ ❛♠♣❧✐t✉❞❡s ❞❡ ♠✐❣r❛çã♦ ❛❢❡t❛❞♦s✳ ❆ q✉❛❧✐❞❛❞❡ ❞❡st❛ ✐♠❛✲

❣❡♠ ❝❤❡❣❛ ♠✉✐t♦ ♣ró①✐♠♦ ❞❛ s✐♠♣❧❡s ❝♦♥❞✐çã♦ ❞❡ ✐♠❛❣❡♠ ♣♦r ❝♦rr❡❧❛çã♦✱ ♠❛s ❛❣♦r❛ ❝♦♠

❛♠♣❧✐t✉❞❡s ❝♦rr❡t❛♠❡♥t❡ ♣r❡s❡r✈❛❞❛s✳
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❬✶✷❪ ◆♦❧❡t✱ ●✳✱ ✷✵✵✽✱ ❆ ❇r❡✈✐❛r② ♦❢ ❙❡✐s♠✐❝ ❚♦♠♦❣r❛♣❤②✿ ■♠❛❣✐♥❣ t❤❡ ■♥t❡r✐♦r ♦❢ t❤❡
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