
❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s

■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛ ●❧❡❜ ❲❛t❛❣❤✐♥

❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣❡♥t❡s ❞❡

❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ♣❛r❛ ♠❡tr♦❧♦❣✐❛

❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ♣r❡❝✐sã♦

●✐♦✈❛♥❛ ❚r❡✈✐s❛♥ ◆♦❣✉❡✐r❛

❚❡s❡ ❛♣r❡s❡♥t❛❞❛ ❛♦ ■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛ ❞❛ ❯♥✐✲
✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s ♣❛r❛ ♦❜t❡♥çã♦
❞♦ tít✉❧♦ ❞❡ ❉♦✉t♦r❛ ❡♠ ❈✐ê♥❝✐❛s✳

❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ❋❧á✈✐♦ ❈❛❧❞❛s ❞❛ ❈r✉③

❈❛♠♣✐♥❛s

✶✺ ❞❡ ❢❡✈❡r❡✐r♦ ❞❡ ✷✵✵✼
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✐✐✐



✐✈



❆♦ ♠❡✉ ♠❛r✐❞♦ ❏ú❧✐♦
❡ ❛♦s ♠❡✉s ♣❛✐s

❏♦sé ❈❛♥❞✐❞♦ ❡ ❊❧❡♥❛✳

✈



✈✐



❆❣r❛❞❡❝✐♠❡♥t♦s

❆❣r❛❞❡ç♦ ♣r✐♠❡✐r❛♠❡♥t❡ ❛♦ ♠❡✉ ♠❛r✐❞♦ ❏ú❧✐♦ ♣❡❧♦ ❝❛r✐♥❤♦✱ ❝♦♠♣r❡❡♥sã♦ ❡ ✐♥❝❡♥✲
t✐✈♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦s ♠♦♠❡♥t♦s ♠❛✐s ❝rít✐❝♦s ❞❡st❡ ❞♦✉t♦r❛❞♦✳ ❙❡♠ ♦ s❡✉ ❛♣♦✐♦
❡✉ ❝❡rt❛♠❡♥t❡ ♥ã♦ ❝❤❡❣❛r✐❛ ❛té ♦ ✜♠ ❞❡st❡ tr❛❜❛❧❤♦✳

❆♦s ♠❡✉s ♣❛✐s✱ ❏♦sé ❡ ❊❧❡♥❛✱ ❡ ❛♦s ♠❡✉s ✐r♠ã♦s✱ ▼ár❝✐❛ ❡ ❆♥❞ré✱ ♣❡❧♦ ❛♣♦✐♦ q✉❡
♠❡ ❞❡r❛♠ ❞✉r❛♥t❡ t♦❞♦ ♦ ❞♦✉t♦r❛❞♦✳

❆♦ ♠❡✉ ♦r✐❡♥t❛❞♦r ❋❧á✈✐♦ ❈❛❧❞❛s ❞❛ ❈r✉③ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛✱ ♣❡❧❛ ❝♦♥✜❛♥ç❛✱ ♣❡❧❛
❛t❡♥çã♦ ❡✱ ❡♠ ❡s♣❡❝✐❛❧✱ ♣❡❧❛ ♦r✐❡♥t❛çã♦✱ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ♣❛rt✐❝✐♣❛r ❞♦ ✇♦r❦s❤♦♣
♥❛ ❛❝❛❞❡♠✐❛ ❞❡ ❝✐ê♥❝✐❛s ❞❛ ❉✐♥❛♠❛r❝❛✱ ❡♠ ❈♦♣❡♥❤❛❣✉❡✱ ❡ ♣❡❧❛ ❡st❛❞✐❛ ♥♦ ◆■❙❚✱ ❡♠
❇♦✉❧❞❡r✱ ✐♥❝❧✉s✐✈❡ ❝♦♠ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦ ♣❛r❝✐❛❧ ❞❡st❛s ✐♥st✐t✉✐çõ❡s✳

➚ t♦❞♦s ♦s ♠❡♠❜r♦s ❡ ❡①✲♠❡♠❜r♦s ❞♦ ●r✉♣♦ ❞❡ ▲❛s❡rs ❡ ❆♣❧✐❝❛çõ❡s✿ ❆✉❣✉st♦✱
▲✉❝✐❛♥♦✱ ❙✐❧✈❛♥✐❛✱ ❉❛♥✐❡❧✱ ❉❛♥✐❧♦✱ ▲❡✈❡rs♦♥✱ ❏❛♥ss❡♥✱ ❆♥❞ré✱ ❉❛♥✐❡❧❛✱ ❉❛✈✐❞✱ ❉❛✈✐✱
❘♦♥❛❧❞♦❀ ❛♦s ♣r♦❢❡ss♦r❡s ❉❛♥✐❡❧ P❡r❡✐r❛ ❡ ▲✉✐s ❆r❛✉❥♦❀ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ ❘❡✐♥❛❧❞♦
❈❛✈❛ss♦ ❋✐❧❤♦ ♣❡❧❛ ❣r❛♥❞❡ ❛❥✉❞❛✱ ❡♥s✐♥❛♠❡♥t♦s ❡ ✐♥❝❡♥t✐✈♦ ♥♦ ✐♥í❝✐♦ ❞♦ ♠❡✉ tr❛❜❛❧❤♦
❞❡ ❞♦✉t♦r❛❞♦✱ ❛♦ ▼❛r❝♦s ♣❡❧♦ ❝❛r✐♥❤♦✱ ❛♠✐③❛❞❡✱ ❝♦♥✈❡rs❛s s♦❜r❡ ❛♥✐♠❡s ❡ ♠❛♥❣❛s
❡ ❛❥✉❞❛ ❝♦♠ ❛ ❡❧❡trô♥✐❝❛ ❡ ❛♦ ❏♦ã♦ ❇❛t✐st❛ ♣❡❧❛ ♣❛❝✐ê♥❝✐❛ ❡ ❡①❝❡❧❡♥t❡ tr❛❜❛❧❤♦ ♥❛
❝♦♥❢❡❝çã♦ ❞❛s ♣❡ç❛s ♠❡❝â♥✐❝❛s ❞♦s ❧❛s❡rs✳

❆♦s ♠❡✉s ❝♦❧❡❣❛s ❞♦s ❝♦r❛✐s✱ ❡♠ ❡s♣❡❝✐❛❧✱ ▲✉❝❛s✱ ❙♦❝♦rr♦✱ ❈❛r✐♥❛✱ ❊❧✐s❛✱ P❛✉❧♦✱
❋❛❜✐✱ ●✐✉❧✐❛♥❛✱ ❱♦❧♥❡✐✱ ▼ár❝✐♦ ❡ ▼❛r✐❛ ❈❧á✉❞✐❛ ♣❡❧♦s ♠♦♠❡♥t♦s ❞❡ ✧❞❡s❡str❡ss❡✧✳

❆ t♦❞♦s ♦s ♠❡✉s ❛♠✐❣♦s ❞❡ ❇♦✉❧❞❡r✱ ❡♠ ❡s♣❡❝✐❛❧ ❛♦ ▼✐❝❤❛❡❧✱ ❛♦ ❋á❜✐♦ ❡ à ▲♦r♥❛✱
♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❝♦♥✈í✈✐♦ q✉❡ ❢♦r❛♠ ❢✉♥❞❛♠❡♥t❛✐s ♥❛ ♠✐♥❤❛ ❡st❛❞✐❛ ❢♦r❛ ❞♦ ♣❛ís✳

❆♦ ♣❡ss♦❛❧ ❞♦ ◆■❙❚ ♣❡❧❛s ❞✐s❝✉ssõ❡s ❡ ♣❡❧❛ r❡❝❡♣çã♦ ❝❛❧♦r♦s❛✳ ❊♠ ❡s♣❡❝✐❛❧✱ ❛♦
❙❝♦tt ❉✐❞❞❛♠s ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r ♣❛rt❡ ❞❡ ♠✐♥❤❛ t❡s❡ ♥♦ ◆■❙❚✱ ❛♦
▼❛t❤ ♣❡❧❛ ❛❥✉❞❛ ❝♦♠ ♦ ✐♥t❡r❢❡rô♠❡tr♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ❡ à ❚❛r❛ ♣❡❧❛s ❞✐❝❛s s♦❜r❡ ❧❛s❡r
❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳

❆♦s ♣r♦❢❡ss♦r❡s ❙ér❣✐♦ ❈❛r❧♦s ❩✐❧✐♦ ❡ ▲✐♥♦ ▼✐s♦❣✉t✐ ❞❛ ❯❙P ❞❡ ❙ã♦ ❈❛r❧♦s ♣❡❧♦
❡♠♣rést✐♠♦ ❞♦ ❋❘❖● ❡ ❛✉①í❧✐♦ ♥❛s ♠❡❞✐❞❛s ❞❛ ❞✉r❛çã♦ ❞♦ ♣✉❧s♦ ❞♦ ❧❛s❡r✳

❆♦s ♣r♦❢❡ss♦r❡s ❏♦sé ❆♥t♦♥✐♦ ❘♦✈❡rs✐✱ ▲ú❝✐♦ ❆❝✐♦❧✐✱ ❙ér❣✐♦ ❈❛r❧♦s ❩✐❧✐♦ ❡ ◆❡✇t♦♥
❋r❛t❡s❝❤✐ ♣❡❧♦s ❝♦♠❡♥tár✐♦s ❡ s✉❣❡stõ❡s ❢❡✐t♦s ❞✉r❛♥t❡ ❛ ❞❡❢❡s❛ ❞❡st❛ t❡s❡✳

➚ ❈❆P❊❙ ♣❡❧❛ ❜♦❧s❛ ❞❡ ❞♦✉t♦r❛❞♦ ❡ à ❋❆P❊❙P ❡ ❈❊P❖❋ ♣❡❧♦ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦
❛♦ ❣r✉♣♦ ❞❡ ▲❛s❡rs ❡ ❆♣❧✐❝❛çõ❡s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ss❡ ♣r♦❥❡t♦ ♥♦ ❇r❛s✐❧✳
❆♦ ♠❡✉ ♠❛r✐❞♦ ❏ú❧✐♦ q✉❡ ❞❡✉✲♠❡ s✉♣♦rt❡ ✜♥❛♥❝❡✐r♦ ♣❛r❛ ♣❛rt✐❝✐♣❛çã♦ ♥♦ ❙❡❝♦♥❞
❲♦r❦s❤♦♣ ♦♥ ❈♦❧❞ ❆❧❦❛❧✐♥❡✲❊❛rt❤ ❆t♦♠s✱ ♥♦ ❛♥♦ ❞❡ ✷✵✵✸✱ ♥❛ ❝✐❞❛❞❡ ❞❡ ❈♦♣❡♥❤❛❣✉❡

✈✐✐



✈✐✐✐

✭❉✐♥❛♠❛r❝❛✮ ❡ ❛ ♠✐♥❤❛ ✈✐❛❣❡♠ ❛ ❇♦✉❧❞❡r✳ ❆♦ ◆■❙❚ ✭❇♦✉❧❞❡r✱❈❖✲❯❙❆✮ ♣❡❧❛ ❜♦❛
r❡❝❡♣çã♦ ❞✉r❛♥t❡ ❛ ❡st❛❞✐❛ ❞❡ ✹ ♠❡s❡s✳ ❆♦ Pr♦❢✳ ❉❛♥✐❡❧ P❡r❡✐r❛ ♣❡❧♦ ❛♣♦✐♦ ✜♥❛♥❝❡✐r♦
♥♦s ♠❡s❡s ✜♥❛✐s ❞❛ t❡s❡✱ ❡♠ ✉♠ ♣❡rí♦❞♦ ❥á s❡♠ ❜♦❧s❛✳

➚ ❝♦♠✐ssã♦ ❞❡ Pós✲❣r❛❞✉❛çã♦ ❞❡st❡ ✐♥st✐t✉t♦✱ ♣❡❧♦ ❛♣♦✐♦ ♦❢❡r❡❝✐❞♦ ❞✉r❛♥t❡ t♦❞♦
♦ ❞♦✉t♦r❛❞♦ ❡✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ às ♣❛rt✐❝✐♣❛çõ❡s ♥♦s ❈♦♥❣r❡ss♦s ❞❡ ❋ís✐❝❛ ❞❛ ▼❛tér✐❛
❈♦♥❞❡♥s❛❞❛ ❞❡ ✷✵✵✸✱ ✷✵✵✹ ❡ ✷✵✵✻✱ ❛♦ ✷✵✵✺ ■❊❊❊✴▲❊❖❙ ❙✉♠♠❡r ❚♦♣✐❝❛❧ ▼❡❡t✐♥❣s
❡♠ ✷✵✵✺✱ ❙❛♥ ❉✐❡❣♦✱ ❈❆✱ ❯❙❆✳



❘❡s✉♠♦

◆♦ ✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵✱ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❜❛s❡❛❞♦s ❡♠ ❧❛s❡rs ❞❡
❚✐✿s❛✜r❛ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s t♦r♥❛r❛♠✲s❡ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢❡rr❛♠❡♥t❛ ♥❛ ár❡❛ ❞❡
♠❡tr♦❧♦❣✐❛✳ ❊❧❡s tê♠ s✐❞♦ ✉s❛❞♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ❡♠ ♠❡❞✐❞❛s ❞✐r❡t❛s ❞❡ ❢r❡qüê♥❝✐❛s ❞❡
✈ár✐❛s ❝❡♥t❡♥❛s ❞❡ ❚❍③ ❡ ❡♠ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s✳

P❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ❞♦✐s s✐st❡♠❛s ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✱ ❞❡s❡♥✲
✈♦❧✈❡♠♦s ♥❡st❡ tr❛❜❛❧❤♦ ❞♦✐s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❛❧t❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦✱ q✉❡ ✉s❛♠ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ✭❝❤✐r♣❡❞ ♠✐rr♦s✮ ♥♦ ❧✉❣❛r ❞❡ ♣r✐s♠❛s ♣❛r❛
❝♦♠♣❡♥s❛r ❛ ❞✐s♣❡rsã♦ ❡♠ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦✳

❯♠ ❞♦s ❧❛s❡rs t❡♠ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡♠ ✼✼✵ ▼❍③ q✉❡ ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ❛❥✉st❛❞❛
❡♥tr❡ ✼✺✵ ▼❍③ ❛♥❞ ✶ ●❍③✳ ❆ ❞✐s♣❡rsã♦ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ é ❞❡ ✲✻✵ ❢s2✱ ♣r♦❞✉③✐♥❞♦ ✉♠
❡s♣❡❝tr♦ ❝❡♥tr❛❞♦ ❡♠ ✼✽✵ ♥♠ ❝♦♠ ❧❛r❣✉r❛ ❛ ♠❡✐❛ ❛❧t✉r❛ ❡♠ t♦r♥♦ ❞❡ ✶✵ ♥♠ ❡ ♣✉❧s♦s
❞❡ ✶✺✵ ❢s✳ ❊st❡ ❧❛s❡r t❡✈❡ s❡✉ ❡s♣❡❝tr♦ ❛❧❛r❣❛❞♦ ♣♦r ❞✉❛s ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛✱
❝♦❜r✐♥❞♦ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ✺✶✵ à ✶✶✵✵ ♥♠✳

❖ ♦✉tr♦ ❧❛s❡r ♣♦ss✉✐ ❝❛✈✐❞❛❞❡ ❝♦♠ t❛①❛ ❞❡ r❡♣❡t✐çã♦ s✐♥t♦♥✐③á✈❡❧ ❡♥tr❡ ✶ ❡ ✷✱✶✷
●❍③✱ ❡ ✉♠ ❡s♣❡❝tr♦ q✉❡ s❡ ❡st❡♥❞❡r ❞❡ ❞❡ ✺✽✺ ❛té ✶✷✵✵ ♥♠ ❛ ✲✷✵ ❞❇ ❛❜❛✐①♦ ❞♦ ♠á①✐♠♦
❡♠ ✾✽✻ ♥♠ s❡♠ ♦ ✉s♦ ❞❡ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛✳❆ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r t❡♠ ❞✐s♣❡rsã♦
t♦t❛❧ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ♣♦ré♠ ❝♦♠ ♦s❝✐❧❛çõ❡s ❡♥tr❡ ✲✺✵ ❛ ✰✶✵✵ ❢s2 ❡♥tr❡ ✼✵✵ ♥♠ ❡
✾✵✵ ♥♠✱ q✉❡ ❢♦✐ ♠❡❞✐❞❛ ♣♦r ✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛✳ ◆ós ♠♦str❛♠♦s q✉❡ ❝❡r❝❛
❞❡ ✶✼ ✪ ✭✼✻ ✪✮ ❞❛ ♣♦tê♥❝✐❛ ✐♥tr❛❝❛✈✐❞❛❞❡ ✭❞❡ s❛í❞❛✮ é ❣❡r❛❞❛ ❜❛s✐❝❛♠❡♥t❡ ♣♦r ❡❢❡✐t♦s
♥ã♦ ❧✐♥❡❛r❡s ❡♠ ♣❛ss❛❣❡♠ ú♥✐❝❛ ♥♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛✱ ♦❜s❡r✈❛❞❛ ♥❛ r❡❣✐ã♦ ✈❡r❞❡ ❞♦
❡s♣❡❝tr♦ ❡ ❡♥tr❡ ✾✻✵ ♥♠ ❡ ✶✷✵✵ ♥♠✱ ❢♦r❛ ❞❛ ❜❛♥❞❛ ❞❛ ❝❛✈✐❞❛❞❡ ❧❛s❡r ❡ ♦♥❞❡ ♦ ❣❛♥❤♦
❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ é ❜❛✐①♦✳

❆♠❜♦s ♦s ❧❛s❡rs t✐✈❡r❛♠ s✉❛s t❛①❛s ❞❡ r❡♣❡t✐çã♦ ♠❡❞✐❞❛s ❡ ❡st❛❜✐❧✐③❛❞❛s ❡♠ r❡❧❛çã♦
❛ ♦s❝✐❧❛❞♦r❡s ❡stá✈❡✐s✱ ♣♦❞❡♥❞♦ s❡r s✐♥t♦♥✐③❛❞♦s ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ✸✵ ❦❍③ ❛tr❛✈és
❞♦ ♦s❝✐❧❛❞♦r ❞❡ r❡❢❡rê♥❝✐❛✳

❈♦♥str✉í♠♦s ✐♥t❡r❢❡rô♠❡tr♦s ❞❡ ▼✐❝❤❡❧s♦♥ ❡ ▼❛❝❤✲❩❡♥❞❡r ♣❛r❛ ❛ ♠❡❞✐❞❛ ❞♦ ❞❡s❧♦✲
❝❛♠❡♥t♦ ❡♥tr❡ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❡ ❡♥✈❡❧♦♣❡ ❞♦ ♣✉❧s♦ ❞♦ s✐st❡♠❛ ❞♦ ❧❛s❡r ❝✉❥♦ ❡s♣❡❝tr♦
é ❛♠♣❧✐❛❞♦ ♣❡❧❛ ✜❜r❛✳ ❖ ❜❛t✐♠❡♥t♦ ❡♥tr❡ ❢r❡qüê♥❝✐❛s ❞♦ ♣❡♥t❡ ♣ró①✐♠❛s ❛ ✺✷✵ ♥♠ ❡
♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❞❛ ♣❛rt❡ ❞♦ ❡s♣❡❝tr♦ ❡♠ ✶✵✹✵ ♥♠ é ♠❡❞✐❞♦ ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r
rá♣✐❞♦✳

❊st❡s s✐st❡♠❛s s❡rã♦ ✐♥✐❝✐❛❧♠❡♥t❡ ✉t✐❧✐③❛❞♦ ❡♠ ✉♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦ ó♣t✐❝♦ ❜❛s❡❛❞♦
♥❛ tr❛♥s✐çã♦ ❞❡ ✐♥t❡r❝♦♠❜✐♥❛çã♦ ❞❡ át♦♠♦s ❞❡ ❝á❧❝✐♦ ❢r✐♦s ❡ ❛♣r✐s✐♦♥❛❞♦s✳ ❊♥tr❡t❛♥❞♦✱

✐①



①

❛❧é♠ ❞❡ ❛♣❧✐❝❛çõ❡s ❡♠ ♠❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦ ❡ ❢r❡qüê♥❝✐❛✱ ♦s ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣✲
t✐❝❛s ♣♦❞❡♠ s❡r ❢❡rr❛♠❡♥t❛s ❛tr❛t✐✈❛s ♣❛r❛ ✉s♦ ❡♠ ❡s♣❡❝tr♦s❝♦♣✐❛ ❛tô♠✐❝❛ ❡ ♠♦❧❡❝✉❧❛r
❞❡ ♣r❡❝✐sã♦ ❡ ❡st✉❞♦s ❞❡ ❞✐♥â♠✐❝❛s rá♣✐❞❛s q✉❡ ❡①♣❧♦r❛♠ ❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ❛❧t❛ r❡s✲
♦❧✉çã♦ ❡ ❝♦❜❡rt✉r❛ ❡s♣❡❝tr❛❧ ❧❛r❣❛ ❢♦r♥❡❝✐❞❛s ♣❡❧♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s✳



❆❜str❛❝t

❖♣t✐❝❛❧ ❢r❡q✉❡♥❝② ❝♦♠❜s ❜❛s❡❞ ♦♥ ❢❡♠t♦s❡❝♦♥❞ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡rs ❛♥❞ ✐♥tr♦❞✉❝❡❞
❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ✾✵s ❤❛✈❡ r❡✈♦❧✉t✐♦♥✐③❡❞ t❤❡ ♦♣t✐❝❛❧ ♠❡tr♦❧♦❣② ✜❡❧❞✳ ❚❤❡② ❤❛✈❡
❛❧❧♦✇❡❞ ✉❧tr❛♣r❡❝✐s❡ ♦♣t✐❝❛❧ s♣❡❝tr♦s❝♦♣②✱ ❜② ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢ ❢r❡q✉❡♥❝✐❡s ♦❢
s❡✈❡r❛❧ ❤✉♥❞r❡❞ ❚❍③✱ ❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♦♣t✐❝❛❧ ❛t♦♠✐❝ ❝❧♦❝❦s ✳ ❚♦ ✐♠♣❧❡♠❡♥t
♦♣t✐❝❛❧ ❢r❡q✉❡♥❝② ❝♦♠❜s✱ ✇❡ ❤❛✈❡ t♦ st❛❜✐❧✐③❡ ❜♦t❤ t❤❡ r❡♣❡t✐t✐♦♥ r❛t❡ ❛♥❞ t❤❡ ❝❛rr✐❡r✲
t♦✲❡♥✈❡❧♦♣❡ ♦✛s❡t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❢❡♠t♦s❡❝♦♥❞ ❧❛s❡r✳

❲❡ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ t✇♦ ✈❡rs✐♦♥s ♦❢ ♦♣t✐❝❛❧ ❢r❡q✉❡♥❝② ❝♦♠❜s ❜❛s❡❞ ♦♥ ❤✐❣❤✲r❡♣❡t✐✲
t✐♦♥ r❛t❡ ❢❡♠t♦s❡❝♦♥❞ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡rs✱ ✇❤✐❝❤ ✉s❡ ❝❤✐r♣❡❞ ♠✐rr♦rs ✐♥st❡❛❞ ♦❢ ♣r✐s♠s
❢♦r ❝♦♠♣❡♥s❛t✐♥❣ t❤❡ ❣r♦✉♣ ✈❡❧♦❝✐t② ❞✐s♣❡rs✐♦♥✳ ❚❤❡ ❝♦♠❜s ✇✐❧❧ ❜❡ ✐♥✐t✐❛❧❧② ✉s❡❞ ✐♥
❛♥ ♦♣t✐❝❛❧ ❛t♦♠✐❝ ❝❧♦❝❦ ❜❛s❡❞ ♦♥ t❤❡ ✐♥t❡r❝♦♠❜✐♥❛t✐♦♥ tr❛♥s✐t✐♦♥ ♦❢ ❝♦❧❞ ❛♥❞ tr❛♣♣❡❞
❝❛❧❝✐✉♠ ❛t♦♠s✳

❖♥❡ ♦❢ ♦✉r ❢s❡❝ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡rs ❤❛s ❛ r❡♣❡t✐t✐♦♥ r❛t❡ t❤❛t ❝❛♥ ❜❡ ❡❛s✐❧② ❛❞❥✉st❡❞
❜❡t✇❡❡♥ ✼✺✵ ▼❍③ ❛♥❞ ✶ ●❍③✳ ❚❤❡ t♦t❛❧ ❞✐s♣❡rs✐♦♥ ♦❢ t❤❡ ❝❛✈✐t② ✐s ✲✻✵ ❢s2✳ ■t ♣r♦❞✉❝❡s
♣✉❧s❡s ♦❢ ✶✺✵ ❢s ✇✐t❤ ❛ s♣❡❝tr✉♠ ❝❡♥t❡r❡❞ ❛t ✼✽✵ ♥♠✱ ✇✐t❤ ❛ ✇✐❞t❤ ♦❢ ✶✵ ♥♠✳ ❚❤❡
s♣❡❝tr✉♠ ♦❢ t❤✐s ❧❛s❡r ❤❛s ❜❡❡♥ ❜r♦❛❞❡♥❡❞ ✇✐t❤ ❛ ♠✐❝r♦str✉❝t✉r❡ ✜❜❡r✱ ❛♥❞ ❝♦✈❡rs ❛♥
♦♣t✐❝❛❧ ♦❝t❛✈❡ ❡①t❡♥❞✐♥❣ ❢r♦♠ ✺✷✵ ❛♥❞ ✶✵✹✵ ♥♠✳

❚❤❡ ♦t❤❡r ❢s❡❝ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡r ❤❛s ❛ r❡♣❡t✐t✐♦♥ r❛t❡ t❤❛t ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❢r♦♠
✶ t♦ ✷✳✶✷ ●❍③✱ ❛♥❞ ❛ s♣❡❝tr✉♠ t❤❛t ❡①t❡♥❞s ❢r♦♠ ✺✽✺ ♥♠ t♦ ✶✷✵✵ ♥♠✱ ✇✐t❤♦✉t ✉s❡
♦❢ ♠✐❝r♦str✉❝t✉r❡ ✜❜❡rs✳ ❚❤❡s❡ ✇❛✈❡❧❡♥❣t❤s ❛r❡ ♣♦✐♥ts ✐♥ t❤❡ s♣❡❝tr✉♠ ❛t ✲✷✵ ❞❇
❜❡❧♦✇ t❤❡ ♠❛①✐♠✉♠ ❛t ✾✽✻ ♥♠✳ ❚❤❡ ❧❛s❡r ❝❛✈✐t② ❤❛s t♦t❛❧ ✐♥tr❛❝❛✈✐t② ❞✐s♣❡rs✐♦♥
♥❡❛r ③❡r♦✱ ❜✉t ✇✐t❤ ♦s❝✐❧❧❛t✐♦♥s ❢r♦♠ ✲✺✵ t♦ ✰✶✵✵ ❢s2 ❜❡t✇❡❡♥ ✼✵✵ t♦ ✾✵✵ ♥♠✱ t❤❛t
❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ❜② ✇❤✐t❡ ❧✐❣❤t ✐♥t❡r❢❡r♦♠❡tr②✳ ❲❡ s❤♦✇❡❞ t❤❛t ✶✼ ✪ ✭✼✻ ✪✮
♦❢ t❤❡ ✐♥tr❛❝❛✈✐t② ✭♦✉t♣✉t✮ ♣♦✇❡r ✐s ❣❡♥❡r❛t❡❞ ❜② ♥♦♥❧✐♥❡❛r ❡✛❡❝ts ✐♥ ❛ s✐♥❣❧❡ ♣❛ss
t❤r♦✉❣❤ t❤❡ ❝r②st❛❧✱ ❛♥❞ ✇✐t❤ ❛ s♣❡❝tr❛❧ ❞✐str✐❜✉t✐♦♥ ❝♦♥❝❡♥tr❛t❡❞ ❜❡t✇❡❡♥ ✾✻✵ ♥♠
❛♥❞ ✶✷✵✵ ♥♠✱ t❤✉s ♦✉ts✐❞❡ t❤❡ ❧❛s❡r ❝❛✈✐t② ❜❛♥❞✇✐❞t❤ ❛♥❞ ✇❤❡r❡ t❤❡ ❚✐✿s❛♣♣❤✐r❡ ❣❛✐♥
✐s ❧♦✇❡r✳ ❊♠✐ss✐♦♥ ✐♥ t❤❡ ❣r❡❡♥ ❤❛s ❛❧s♦ ❜❡❡♥ ♦❜s❡r✈❡❞✱ ✇❤✐❝❤ ✐s ❛❧s♦ ♦✉ts✐❞❡ t❤❡ ❧❛s❡r
❝❛✈✐t② ❜❛♥❞✇✐❞t❤ ❛♥❞ t❤❡ ❡♠✐ss✐♦♥ ❣❛✐♥ ♣r♦✜❧❡ ♦❢ t❤❡ ❚✐✿s❛♣♣❤✐r❡ ❝r②st❛❧✳

❚❤❡ r❡♣❡t✐t✐♦♥ r❛t❡ ♦❢ ❜♦t❤ ❧❛s❡rs ❤❛✈❡ ❜❡❡♥ ♣❤❛s❡✲❧♦❝❦❡❞ t♦ st❛❜❧❡ ♠✐❝r♦✇❛✈❡
♦s❝✐❧❧❛t♦rs✱ ❛♥❞ ❝♦✉❧❞ ❛❧s♦ ❜❡ ❢r❡q✉❡♥❝② t✉♥❡❞ ✐♥ ❛ r❛♥❣❡ ♦❢ ✸✵ ❦❍③ ✇✐t❤ r❡s♣❡❝t t♦
t❤❡ r❡❢❡r❡♥❝❡ ♦s❝✐❧❧❛t♦r✳ ❲❡ ❤❛✈❡ ❜✉✐❧t ❢✲✷❢ ✐♥t❡r❢❡r♦♠❡t❡rs t♦ ♠❡❛s✉r❡ t❤❡ ❝❛rr✐❡r✲t♦✲
❡♥✈❡❧♦♣❡ ♦✛s❡t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❧❛s❡r ✇❤♦s❡ s♣❡❝tr✉♠ ✐s ❜r♦❛❞❡♥❡❞ ❜② t❤❡ ♠✐❝r♦str✉❝✲
t✉r❡ ✜❜❡r✳ ❈♦♠❜ ❢r❡q✉❡♥❝✐❡s ♥❡❛r ✺✹✵ ♥♠ ❛r❡ ❤❡t❡r♦❞②♥❡❞ ✐♥ ❛ ❢❛st ♣❤♦t♦❞❡t❡❝t♦r

①✐



①✐✐

✇✐t❤ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ♦❢ t❤❡ ❝♦♠❜ ❧✐❣❤t ❛t ✶✵✽✵ ♥♠✳
■♥ ❛❞❞✐t✐♦♥ t♦ ❛♣♣❧✐❝❛t✐♦♥s ✐♥ ♦♣t✐❝❛❧ t✐♠❡ ❛♥❞ ❢r❡q✉❡♥❝② ♠❡tr♦❧♦❣②✱ t❤❡ ♦♣t✐❝❛❧

❢r❡q✉❡♥❝② ❝♦♠❜s s❤♦✉❧❞ ❜❡ ❛ttr❛❝t✐✈❡ t♦♦❧s ❢♦r ✉s❡ ✐♥ ♣r❡❝✐s✐♦♥ ❛t♦♠✐❝ ❛♥❞ ♠♦❧❡❝✉❧❛r
s♣❡❝tr♦s❝♦♣②✱ ❝♦❤❡r❡♥t ❝♦♥tr♦❧ ✇❤✐❝❤ ❡①♣❧♦✐ts t❤❡ ❝♦❤❡r❡♥t ❛❝❝✉♠✉❧❛t✐♦♥ ❡✛❡❝t✱ ❛♥❞
st✉❞✐❡s ♦❢ ❢❛st t✐♠❡ ❞②♥❛♠✐❝s t❤❛t t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ✉❧tr❛
❤✐❣❤ r❡s♦❧✉t✐♦♥ ❛♥❞ ❜r♦❛❞❜❛♥❞ s♣❡❝tr❛❧ ❝♦✈❡r❛❣❡ ♣r♦✈✐❞❡❞ ❜② t❤❡ ❝♦♠❜✳



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ✶

✷ ▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s

ó♣t✐❝♦s ✺

✷✳✶ ❉✐✜❝✉❧❞❛❞❡ ❡♠ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✷ ▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✉s❛♥❞♦ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✳ ✳ ✳ ✽
✷✳✸ ❘❡❧ó❣✐♦s ❆tô♠✐❝♦s Ó♣t✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✹ ❚r❛❜❛❧❤♦s ✐♠♣♦rt❛♥t❡s ♥❛ ❧✐t❡r❛t✉r❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✹✳✶ ▼❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❞❛ ❧✐♥❤❛ D1 ❞♦ át♦♠♦ ❞❡ ❝és✐♦ ❡ ❞❡t❡r♠✐✲
♥❛çã♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ ❡str✉t✉r❛ ✜♥❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✹✳✷ ▼❡❞✐❞❛ ❞❡ f0 ♣♦r ✏❛✉t♦✲r❡❢❡rê♥❝✐❛✑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✷✳✹✳✸ ▼❡❞✐❞❛ ❞❡ r❛③ã♦ ❞❡ ❢r❡qüê♥❝✐❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✸ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ✶✺

✸✳✶ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ ♣✉❧s♦s ❞❡ ❧✉③ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✸✳✷ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛r❡♥t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✸✳✸ ●❡r❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✿ ▲❛s❡rs ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ✳ ✳ ✷✵
✸✳✹ Pr♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ♥ã♦ ❧✐♥❡❛r❡s ❛❝❡ssí✈❡✐s ❝♦♠ ❧❛s❡rs ♣✉❧s❛❞♦s ✳ ✳ ✳ ✷✹

✸✳✹✳✶ ❊❢❡✐t♦ ❞❡ ❧❡♥t❡ ❑❡rr ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹
✸✳✹✳✷ ❆✉t♦✲♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✸✳✺ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣✉❧s♦s ❝✉rt♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✸✳✺✳✶ ❋❘❖● ✭❋r❡q✉❡♥❝② r❡s♦❧✈❡❞ ♦♣t✐❝❛❧ ❣❛t✐♥❣✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✸✳✺✳✷ ■♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛ ✸✶

✹✳✶ ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
✹✳✷ ❈❛✈✐❞❛❞❡ ❞❡ ❧❛s❡rs ❞❡ ❡st❛❞♦ só❧✐❞♦✿ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❝✐♥t✉r❛

❞♦ ❢❡✐①❡ ✐♥tr❛❝❛✈✐❞❛❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
✹✳✸ ❆st✐❣♠❛t✐s♠♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✹✳✹ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✭♠♦❞❡✲❧♦❝❦❡❞✮ ✳ ✳ ✳ ✳ ✸✾

①✐✐✐



①✐✈ ❙✉♠ár✐♦

✺ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✹✼

✺✳✶ ●❡r❛çã♦ ❞❡ ✉♠ ❡s♣❡❝tr♦ s✉♣❡r❝♦♥tí♥✉♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✺✳✶✳✶ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❛ ♣❛rt✐r ❞❡ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ✹✾
✺✳✶✳✷ ▲❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❝♦♠ ❡s♣❡❝tr♦ ❝♦❜r✐♥❞♦ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ✳ ✺✶

✺✳✷ ❊sq✉❡♠❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✻ ❘❡s✉❧t❛❞♦s ✺✺

✻✳✶ ❚❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❛❧✐♥❤❛♠❡♥t♦ ❞❛s ❝❛✈✐❞❛❞❡s ✳ ✳ ✳ ✳ ✳ ✻✶
✻✳✷ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ✳ ✳ ✳ ✳ ✻✷
✻✳✸ ▲❛s❡r ❝♦♠ ●❱❉ ♥❡❣❛t✐✈❛✱ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶
✻✳✹ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❧❛s❡r ❡ ✜❜r❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺
✻✳✺ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✻✳✺✳✶ ❊st❛❜✐❧✐③❛çã♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✻✳✺✳✷ ▼❡❞✐❞❛ ❞❡ fo ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✼ ❈♦♥❝❧✉sã♦ ✾✶

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✾✹

❆♣ê♥❞✐❝❡s ✶✵✵

❆ ❊s♣❡❧❤♦s ❯t✐❧✐③❛❞♦s ✶✵✶

❇ ❋♦♥t❡s ❞♦s ♣r♦❣r❛♠❛s ♣❛r❛ ❝á❧❝✉❧♦ ❞❡ ❝✉r✈❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✉s❛♥❞♦

♦ ♣r♦❣r❛♠❛ ▼❛t❤❡♠❛t✐❝❛ ✺✳✵ ✶✵✸

❇✳✶ ❈á❧❝✉❧♦ ❞❡ â♥❣✉❧♦s ♣❛r❛ ❝♦♠♣❡♥s❛r ❛st✐❣♠❛t✐s♠♦ ❡♠ ❝❛✈✐❞❛❞❡s ✳ ✳ ✳ ✳ ✶✵✹
❇✳✷ ❈á❧❝✉❧♦ ❞❡ ❝✉r✈❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥tr❛❝❛✈✐❞❛❞❡ ✳ ✳ ✶✵✺
❇✳✸ ❈á❧❝✉❧♦ ❞♦ ♣❛râ♠❡tr♦ δ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

❈ P✉❜❧✐❝❛çõ❡s ✶✶✼



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✶✳✶ ❊s♣❡❝tr♦ tí♣✐❝♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✱ ❢♦r♠❛❞♦s ♣♦r ♠♦❞♦s ✐❣✉❛❧✲
♠❡♥t❡ ❡s♣❛ç❛❞♦s ♣❡❧❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ✭frep✮ s♦♠❛❞♦s ❛ ✉♠ ❞❡s❧♦✲
❝❛♠❡♥t♦ ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ f0 ❞❡✈✐❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡
❣r✉♣♦ ❡ ❞❡ ❢❛s❡ ❞♦s ♣✉❧s♦s ❬✶❀ ✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✷✳✶ ❉✐❛❣r❛♠❛ ❞❡ ✉♠❛ ❝❛❞❡✐❛ ❞❡ ❢r❡qüê♥❝✐❛ tr❛❞✐❝✐♦♥❛❧✱ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♠❡❞✐r ❛
❢r❡qüê♥❝✐❛ ❞❛ tr❛♥s✐çã♦ 1S0 −3 P1 ❞♦ ❝á❧❝✐♦✱ ❡♠ ✹✺✻ ❚❍③✱ ❡♠ r❡❧❛çã♦ ❛♦
♣❛❞rã♦ ❞❡ ❈és✐♦ ❡♠ ✾✳✷ ●❍③ ❬✸❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷ ●❛♥❤❛❞♦r❡s ❞♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ✷✵✵✺✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾
✷✳✸ ❊sq✉❡♠❛ ❞❡ ✉♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦✳ fo é ❛❥✉st❛❞♦ ♣❛r❛ ③❡r♦✱ ♣❡❧♦ ❛❥✉st❡ ❡♠

♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡ frep é ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠
♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛ ó♣t✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✷✳✹ ▼❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❛✉t♦✲❡st❛❜✐❧✐③❛❞♦ ❬✹❪✳ ✳ ✳ ✳ ✳ ✶✸

✸✳✶ ❈❛♠♣♦ ❡❧étr✐❝♦ ✭❡q✉❛çã♦ ✸✳✷✮ ❞❡ ✉♠ ♣✉❧s♦ ❝❤✐r♣❡❞ ❝♦♠ ❡♥✈❡❧♦♣❡ ❣❛❧ss✐❛♥♦
✭t❛❜❡❧❛ ✸✳✶✮ ♣❛r❛ ♦ ❝❛s♦ ❞❡ φ(t) = (αt)2/2 ✱ ♦♥❞❡ α ❂ ❝♦♥st❛♥t❡✱ ωo = 8α ❡
to = 5/(2α)✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸✳✷ ❊❢❡✐t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ♥❛ ❞✉r❛çã♦ ❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ♣✉❧s♦✱
✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✸✳✷✷✱ ♣❛r❛✿ ✭❛✮ ❝♦♥s✐❞❡r❛♥❞♦ ❢❛s❡ ✜①❛ ❡ ♥✉❧❛ ❝♦♠ N =

✶✱ ✷✱ ✺ ❡ ✶✵✵❀ ✭❜✮ ❝♦♥s✐❞❡r❛♥❞♦ ❢❛s❡ ❛❧❡❛tór✐❛ ❡ ❝♦♠ N = ✶✵✵✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
✸✳✸ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ t❡♠♣♦ ❡ ❢r❡qüê♥❝✐❛ ❡ r❡❧❛çã♦ ❡♥tr❡ ∆φ ❡ fo✳ ✭❆✮

◆♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✱ ❛ ❢❛s❡ r❡❧❛t✐✈❛ ❡♥tr❡ ❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ✭só❧✐❞♦✮ ❡ ♦
❡♥✈❡❧♦♣❡ ✭tr❛❝❡❥❛❞♦✮ ❡✈♦❧✉✐ ❞❡ ♣✉❧s♦ ♣❛r❛ ♣✉❧s♦ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ∆φ✳ ✭❇✮ ◆♦
❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛✱ ♦s ❡❧❡♠❡♥t♦s ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❞❡ ✉♠❛ ❝❛❞❡✐❛
❞❡ ♣✉❧s♦s sã♦ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ frep✳ ❖ ♣❡♥t❡ ✐♥t❡✐r♦ ✭só❧✐❞♦✮ é
❞❡s❧♦❝❛❞♦ ❞♦s ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ frep ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ fo ❂ ∆φ frep/2π ✷✸

✸✳✹ Pr✐♥❝í♣✐♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ❋❘❖● ✭❋r❡q✉❡♥❝② r❡s♦❧✈❡❞ ♦♣t✐❝❛❧ ❣❛t✐♥❣✮
❜❛s❡❛❞♦ ❡♠ ❣❡r❛çã♦ ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸✳✺ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼✐❝❤❡❧s♦♥✳ ❉✿ ❞❡t❡❝t♦r ✭♣✳ ❡①✳✱ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦
ó♣t✐❝♦✮❀ ❆✿ ❛♠♦str❛ ✭♣✳ ❡①✳✱ ❡s♣❡❧❤♦ ❝❤✐r♣❡❞ ♦✉ ❝r✐st❛❧ s❡❣✉✐❞♦ ❞❡ ✉♠ ❡s♣❡❧❤♦
❞❡ ♠❡t❛❧✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

①✈



①✈✐ ▲✐st❛ ❞❡ ✜❣✉r❛s

✸✳✻ ✭❛✮ ■♥t❡r❢❡r♦❣r❛♠❛ ❡s♣❡❝tr❛❧ ❡♥tr❡ ❞♦✐s ♣✉❧s♦s ❣❛✉ss✐❛♥♦s❀ ✭❜✮ ❚r❛♥s❢♦r♠❛❞❛
✐♥✈❡rs❛ ❞❡ ❋♦✉r✐❡r ❞♦ ✐♥t❡r❢❡r♦❣r❛♠❛ ❛❝✐♠❛❀ ✭❝✮ ❢❛s❡ ❡s♣❡❝tr❛❧ ✭❝✉r✈❛ só❧✐❞❛✮
❡ ❛♠♣❧✐t✉❞❡ ✭❝✉r✈❛ tr❛❝❡❥❛❞❛✮ ♦❜t✐❞❛ t♦♠❛♥❞♦✲s❡ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r
❞❛ ❝✉r✈❛ ✭❜✮✱ ♦♥❞❡ ♦s ♣♦♥t♦s ❡♠ t❡♠♣♦s ♥❡❣❛t✐✈♦s ❢♦r❛♠ ❛❥✉st❛❞♦s ❛ ③❡r♦✳ ✷✽

✹✳✶ ❈✉r✈❛s ❞❡ ❛❜s♦rçã♦ ❡ ❡♠✐ssã♦ ❞❡ ✉♠ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ❬✺❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
✹✳✷ ❈❛✈✐❞❛❞❡s ✭❛✮ ❡♠ ❛♥❡❧ ❡ ✭❜✮ ❧✐♥❡❛r ♥ã♦ s✐♠étr✐❝❛✱ ❝♦♠ ❢r❡❡ s♣❡❝tr❛❧

r❛♥❣❡ ❞❡ ✶ ●❍③✱ ❡ r❡s♣❡❝t✐✈❛s ❝✉r✈❛s ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ♥♦ ❝❡♥tr♦
❞♦ ❝r✐st❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳ ❊1 ❡ ❊2✿
❡s♣❡❧❤♦s ❝♦♠ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❡ ✸ ❝♠❀ ❊3✿ ❡s♣❡❧❤♦ ♣❧❛♥♦❀ ❊4✿ ❡s♣❡❧❤♦
❞❡ s❛í❞❛ ♣❧❛♥♦❀ ❞3 ❂ ✺ ❝♠❀ ❞4 ❂ ✼ ❝♠❀ ❞ ❂ ❞1 ✰ ❞2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✹✳✸ ✭❛✮✱ ✭❜✮ ❡ ✭❝✮✿ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ❝♦♠♦
❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ d ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧
❞❛ ✜❣✉r❛ ✹✳✷✱ ❝♦♥s✐❞❡r❛♥❞♦ d1 = d2✱ lc ❂ ✸ ❝♠ ❡ ✭❛✮ R ❂ ✸ ❝♠✱ ♣❛r❛
três ✈❛❧♦r❡s ❞♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ✭♦✉ t❛♠❛♥❤♦ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡✮✱ ✭❜✮ ♦
♠❡s♠♦ q✉❡ ✭❛✮ ♣♦ré♠ ❝♦♠ R ❂ ✺ ❝♠ ❡ ✭❝✮ ❝❛✈✐❞❛❞❡ ❝♦♠ FSR ❂ ✶ ●❍③
❡ ❞♦✐s ✈❛❧♦r❡s ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞♦s ❡s♣❡❧❤♦s❀ ✭❞✮ ❣rá✜❝♦ ❞❡ ❝✉r✈❛s ❞❡
❧✐♥❤❛s ♣❛r❛ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✹✳✶✱ ✈❛r✐❛♥❞♦ ❛s ❞✐stâ♥❝✐❛s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s
❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧✱d1 ❡ d2✳ ❈✉r✈❛s ❝❛❧❝✉❧❛❞❛s ♣❡❧♦ ♣r♦❣r❛♠❛
❧✐st❛❞♦ ♥♦ ❛♣ê♥❞✐❝❡ ❇✳✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✹✳✹ ❈❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ♠❡✐♦ ❞❡ ❣❛♥❤♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n

❡ ❡s♣❡ss✉r❛ t✳ ❖s â♥❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡✈❡♠ s❡r ❛❥✉st❛❞♦s ♣❛r❛
❝♦♠♣❡♥s❛r ♦ ❛st✐❣♠❛t✐s♠♦ ✐♥tr♦❞✉③✐❞♦ ♣❡❧♦ ❝r✐st❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✺ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ❢❡✐①❡ ♣♦r ✉♠ ❝r✐st❛❧✳ ✭❛✮ ✈✐st❛ ❞❡ ❧❛❞♦✳ ✭❜✮ ❱✐st❛ ❞❡ ❝✐♠❛✳ ✸✽
✹✳✻ ➶♥❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❧❛s❡r q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❧❛çã♦

✹✳✹✱ ♦♥❞❡ t ❂ ✸ ♠♠✱ n ❂ ✶✱✼ ❡ R ❂ ✸ ❝♠ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹✳✼ ✭❛✮ ❈❛✈✐❞❛❞❡ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ♣✉❧s❛❞♦ tí♣✐❝♦ ✉s❛♥❞♦ ♣r✐s♠❛s ♣❛r❛

❛ ❝♦♠♣❡♥s❛r ❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s ❡❧❡♠❡♥t♦s
ó♣t✐❝♦s✳ ✭❜✮ ❈♦♥✜❣✉r❛çã♦ ❞❡ ✉♠ ♣❛r ❞❡ ♣r✐s♠❛s ♣❛r❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❞✐s✲
♣❡rsã♦✳ ✭❝✮ ❊sq✉❡♠❛ ❞❡ ✉♠ ❡s♣❡❧❤♦ ❞❡ ✈❛rr❡❞✉r❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ s✉❜st✐t✉✐r
♦✉ ❝♦♠♣❧❡♠❡♥t❛r ❛ ❛t✉❛çã♦ ❞♦s ♣❛r❡s ❞❡ ♣r✐s♠❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✽ ❊❢❡✐t♦ ❞❡ ✉♠ ❛❜s♦r✈❡❞♦r s❛t✉rá✈❡❧ ♣r♦✈♦❝❛❞♦ ♣❡❧❛ ❛ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❢❡♥❞❛
❛ ✉♠ ♠❡✐♦ ❑❡rr✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✹✳✾ ❈✉r✈❛ ❞❡ ♥í✈❡❧ ♣❛r❛ ♦ ♣❛râ♠❡tr♦ δ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧✱ ❝❛❧❝✉❧❛❞♦ ♥✉♠❡r✐✲
❝❛♠❡♥t❡ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮ ♣❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧✱ ❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ✹✳✷✱
✈❛r✐❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ✭d1 ❡ d2✮ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝r✐st❛❧✳ ❊♠
✈❡r♠❡❧❤♦✿ ❜♦r❞❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ ❝❛✈✐❞❛❞❡ ✭❡q✉❛çã♦ ✹✳✶✮✳ ❊♠
❛③✉❧✿ ❝✉r✈❛ ♦♥❞❡ δ = 0✳ ❊♠ ✈❡r❞❡✿ ❝✉r✈❛ ♦♥❞❡ d1 = d2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✹✳✶✵ P❛râ♠❡tr♦ δ ❝❛❧❝✉❧❛❞♦ ♥✉♠❡r✐❝❛♠❡♥t❡ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮ ♣❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡
❡♠ ❛♥❡❧ ❞❛ ✜❣✉r❛ ✹✳✷✱ ✈❛r✐❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ✭d✮ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✱
♠❛♥t❡♥❞♦ d1 = d2 ✭❝♦rr❡s♣♦♥❞❡♥t❡ à ❧✐♥❤❛ ❡♠ ✈❡r❞❡ ❞❛ ✜❣✉r❛ ✹✳✾✮✳ ✳ ✳ ✳ ✳ ✹✺



▲✐st❛ ❞❡ ❋✐❣✉r❛s ①✈✐✐

✺✳✶ ❈♦♥tí♥✉♦ ❣❡r❛❞♦ ♣♦r ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❛ ♣❛rt✐r ❞❡ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛
❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❞❡ ✾✵ ▼❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❬✹❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✺✳✷ ❋✐❜r❛ ❞❡ ✜❜r❛ ❡str✉t✉r❛ ❢♦r♥❡❝✐❞❛ ♣❡❧❛ ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣② ❛♦ ❣r✉♣♦ ❞❡ ▲❛s❡r
❡ ❆♣❧✐❝❛çõ❡s ✲ ■❋●❲ ✲ ❯♥✐❝❛♠♣ ✭✷✵✵✵✮ ❬✻❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✺✳✸ ❊s♣❡❝tr♦ ❧❛r❣♦ ❞♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❞❡s❝r✐t♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✼❪ ❡♠ ❡s❝❛❧❛ ✭❛✮
❧♦❣❛rít♠✐❝❛ ❡ ✭❜✮ ❧✐♥❡❛r✳ ❖ ❡s♣❡❝tr♦ ❞❡ ✉♠ ❧❛s❡r tí♣✐❝♦ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s é
♠♦str❛❞♦ ❝♦♠ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ✲✷✵ ❞❇ ♥❛ ❝✉r✈❛ ✭❝✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✺✳✹ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦❜r✐♥❞♦ ✉♠❛ ♦✐t❛✈❛ ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧✳ ❙❡♥❞♦ fm =

mfrep + f0 ❛ ❢r❡qüê♥❝✐❛ ❞❛ ♠✲és✐♠❛ ❧✐♥❤❛ q✉❡ ❡stá ♥♦ ❧❛❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❞♦
❡s♣❡❝tr♦ ✭♣ró①✐♠♦ ❛ ✶✶✵✵ ♥♠✮✱ ❛ ❧✐♥❤❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ 2m t❡rá ❢r❡qüê♥❝✐❛
❞❡ f2m = 2mfrep+f0 ✭❡♠ ❛ ✺✺✵ ♥♠✮✳ ❉♦❜r❛♥❞♦ ❛ ❢r❡qüê♥❝✐❛ fm ❡ s✉❜tr❛✐♥❞♦
f2m✱ ♦❜t❡♠♦s 2fm − f2m = f0✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✺✳✺ ❊sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛✳ ❋✿✜❧tr♦❀
▼❆❖✿ ♠♦❞✉❧❛❞♦r ❛❝✉st✐❝♦✲ó♣t✐❝♦❀ P▲▲✿ s✐st❡♠❛ ❞❡ r❡tr♦✲❛❧✐♠❡♥t❛çã♦ ♣❛r❛
tr❛✈❛♠❡♥t♦ ❡♠ ❢❛s❡ ✭♣❤❛s❡✲❧♦❝❦ ❧♦♦♣✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✻✳✶ ❈❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛✳ E1 ❡ E2 sã♦ ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡
r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❘ ❂ ✸ ❝♠✳ E3 ❡ E4 sã♦ ❡s♣❡❧❤♦s ♣❧❛♥♦s✱ s❡♥❞♦ q✉❡ E4 é ♦
❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✻✳✷ ❈✉r✈❛s ❞❡ ♣♦tê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❡s♣❡❝tr♦s ❞❛ ✜❣✉r❛ ✻✳✸ ♣❛r❛ ❛ ❝❛✈✐✲
❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦ ❝♦♠ ❝r✐st❛❧ ❞❡ ✶✳✽ ♠♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✻✳✸ ❊s♣❡❝tr♦s ❝♦rr❡s♣♦♥❞❡♥t❡s às ❝✉r✈❛s ❞❡ ♣♦tê♥❝✐❛s ❞❛ ✜❣✉r❛ ✻✳✷ ♣❛r❛ ❛ ❝❛✈✐✲
❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ❝r✐st❛❧ ❞❡ ✶✳✽ ♠♠✳ ◆♦s ❞♦✐s ❝❛s♦s✱ ♦ ❧❛s❡r ❡st❛
❡♠ r❡❣✐♠❡ ❈❲✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✻✳✹ ❈✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ❝♦♠ ❝✐rst❛❧ ❞❡ ✸ ♠♠✳ ✺✾
✻✳✺ ❈❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵
✻✳✻ ❈✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ♠♦str❛❞❛

♥❛ ✜❣✉r❛ ✻✳✶ ✈❛r✐❛♥❞♦ ♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ❞❛ ❝❛✈✐❞❛❞❡ ✭❋❙❘✮ ❡ ♠❛♥t❡♥❞♦
❛ ❞✐stâ♥❝✐❛ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ ✸✱✸ ❝♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✻✳✼ ❈✉r✈❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✹✳✶ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ♠♦str❛❞❛ ♥❛
✜❣✉r❛ ✻✳✶ ✈❛r✐❛♥❞♦ ♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ❞❛ ❝❛✈✐❞❛❞❡ ✭❋❙❘✮ ❡ ♠❛♥t❡♥❞♦ ❛
❞✐stâ♥❝✐❛ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ ✸✱✸ ❝♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✻✳✽ P❛râ♠❡tr♦ δ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❝❛✈✐❞❛❞❡ ❞❛ ✜❣✉r❛ ✻✳✶ ❝♦♠ ❋❙❘ ❞❡ ✭❛✮ ✷ ●❍③✱
✭❜✮ ✶ ●❍③ ❡ ✭❝✮ ✼✻✵ ▼❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✻✳✾ ●❱❉ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ✐♥❝❧✉✐♥❞♦ ♦ ❝r✐st❛❧ ❡ ❡①❝❧✉✐♥❞♦
♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❈✉r✈❛ a✱ ♠❡❞✐❞❛ ♣♦r ✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛
❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ✻✳✶✵✱ s❡♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ ♥♦ ❧✉❣❛r ❞❡ E3❀ b ❡ c✱ ●❱❉
t♦t❛❧ ❝❛❧❝✉❧❛❞❛ ❞❛ ❝❛✈✐❞❛❞❡ ❜❛s❡❛❞❛ ♥❛s ❝✉r✈❛s ❢♦r♥❡❝✐❞❛s ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✱
s❡♥❞♦ E3 ♥♦ ♣r✐♠❡✐r♦ ❝❛s♦ ♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ❡ ♥♦ s❡❣✉♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦✱
❝♦♠❜✐♥❛❞♦ ❝♦♠ ✉♠❛ ❞✐s♣❡rsã♦ ♣❧❛♥❛ ❞❡ ✶✼✹ ❢s2 ❬✽❪ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛
❞❡ ✸ ♠♠❀ d é ❛ ●❱❉ ❝❛❧❝✉❧❛❞❛ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ t❛♠❜é♠ ❢♦r♥❡❝✐❞❛ ♣❡❧♦
❢❛❜r✐❝❛♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹



①✈✐✐✐ ▲✐st❛ ❞❡ ✜❣✉r❛s

✻✳✶✵ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ❞✐s♣❡rsã♦ ♠♦str❛❞❛s
♥♦ ❣rá✜❝♦ ✻✳✾✳ ▼✿ ❡s♣❡❧❤♦ ♠❡tá❧✐❝♦❀ ❇❙✿ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡❀ ❖❙❆✿ ❛♥❛❧✐s❛❞♦r
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✻✳✶✶ ❊s♣❡❝tr♦ ❞❡ s❛í❞❛ ♣❛r❛ ♦s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❈✉r✈❛ ✭❛✮✱
❧❛s❡r ❝♦♠ ❡s♣❡❝tr♦ ✉s✉❛❧✱ ❢❡✐t♦ ❝♦♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ●❱❉
❡♠ t♦r♥♦ ❞❡ ✲✻✵ ❢s2✳ ❈✉r✈❛ ✭❜✮✱ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦
❡s♣❡❧❤♦s ❡ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✳ ✭❝✮ ❡ ✭❞✮✱ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡
❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s q✉❛♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ é ❝♦❧♦❝❛❞♦ ♥♦ ❧✉❣❛r ❞♦ ❡s♣❡❧❤♦
♣❧❛♥♦ ♣❛r❛ ❞✉❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❧✐♥❤❛♠❡♥t♦ ❞✐❢❡r❡♥t❡s✳ ❈✉r✈❛s ❞❡ ❡♠✐ssã♦
✭❡✮ ❡ ❛❜s♦rçã♦ ✭❢✮ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛✳ ✭❣✮ ❘❡✢❡①ã♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳
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✻✳✶✷ P♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞♦ ❧❛s❡r ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❈✉r✈❛ ✭❛✮✱
♦♣❡r❛çã♦ ❝✇❀ ✭❜✮✱ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦rr❡s♣♦♥❞❡♥t❡ à ❝✉r✈❛ ✭❝✮ ❞❛
✜❣✉r❛ ✻✳✶✶❀ ✭❞✮✱ ♦♣❡r❛çã♦ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦rr❡s♣♦♥❞❡♥t❡ à
❝✉r✈❛ ✭❞✮ ❞❛ ✜❣✉r❛ ✻✳✶✶✳ ●rá✜❝♦ ♣❡q✉❡♥♦✱ ❜❛t✐♠❡♥t♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à t❛①❛
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❢❡✐①❡ ❝✐r❝✉❧❛♥❞♦ ✭❛✮ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❡ ✭❜✮ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r
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✻✳✶✺ P♦tê♥❝✐❛ ♦❜t✐❞❛ ✈s✳ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❖s ♣♦♥t♦s
❛ss✐♥❛❧❛❞♦s ❝♦♠ ❧❡tr❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❡s♣❡❝tr♦s ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✹✳ ✻✾

✻✳✶✻ ❈✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ♦ ❧❛s❡r ❝♦♠ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ✷✱✶✷ ●❍③✳ ❆♦ ✈❛r✐❛r
❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❡✈❡♥t✉❛❧♠❡♥t❡ ♦ ❧❛s❡r ♣❡r❞❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s
♠♦❞♦s✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ♠♦✈✐♠❡♥t❛r ❧✐❣❡✐r❛♠❡♥t❡ ✉♠ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳
◆❡st❛ ✜❣✉r❛✱ ❛ ♠✉❞❛♥ç❛ ♥♦ sí♠❜♦❧♦ s✐❣♥✐✜❝❛ q✉❡ ❡ss❡ ❛❥✉st❡ ❢♦✐ ♥❡❝❡ssár✐♦✳ ✼✵

✻✳✶✼ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ ❡s♣❡❝tr♦s ❞♦ ❧❛s❡r ❡ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ♣❛r❛
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✻✳✶✽ ❋♦r♠❛t♦ ❞♦ ♣✉❧s♦ ❡ ❢❛s❡ t❡♠♣♦r❛❧ ✭✭❛✮✱ ✭❝✮ ❡ ✭❡✮✮ ❡ ❡s♣❡❝tr♦ ✭✭❜✮✱ ✭❞✮ ❡ ✭❢✮✮
❞♦ ❧❛s❡r ❞❡ ✻ ❡s♣❡❧❤♦s✱ ♣❛r❛ três ♣♦s✐çõ❡s ❞♦ ❝r✐st❛❧✱ ❝♦❜r✐♥❞♦ t♦❞❛ ❛ r❡❣✐ã♦
❡♠ q✉❡ ♦ ❧❛s❡r ♣♦❞❡ ❡♥tr❛r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✿✭❛✮ ❡ ✭❜✮✱ ❝r✐st❛❧
♥♦ ❧✐♠✐t❡ ❞❡ss❛ r❡❣✐ã♦ ♠❛✐s ♣ró①✐♠♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛ ✭E1✱✜❣✉r❛ ✻✳✺✮❀
✭❝✮ ❡ ✭❞✮✱ ❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✶✷ ♠♠ ❡♠ ❞✐r❡çã♦ ❛♦ ❡s♣❡❧❤♦ E2❀ ✭❡✮ ❡ ✭❢✮✱
❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✽✻ ♠♠ ❡♠ r❡❧❛çã♦ ❛ ♣♦s✐çã♦ ❡♠ ✭❛✮ ❡ ✭❜✮✱ ❡♠ ❞✐r❡çã♦
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❡s♣❡❧❤♦s✳ ❈✉r✈❛ tr❛❝❡❥❛❞❛ ♣♦ss✉✐ ❧❛r❣✉r❛ ❛ ♠❡✐❛ ❛❧❣✉r❛ ❞❡ ✽ ♥♠✳ ✳ ✳ ✳ ✳ ✳ ✼✸
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❞♦s tr❛ç♦s r❡♣r❡s❡♥t❛♠ ✉♠❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ❧❛s❡r❀ ✭❜✮ ♣r♦♣❛❣❛çã♦
❞♦ ❧❛s❡r ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡✐♦✱ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s❀ ✭❝✮ ♣r♦♣❛❣❛çã♦ ♥♦ ♦✉tr♦ s❡♥t✐❞♦✱ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ✳ ✼✹
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❝✇✱ ♣♦ré♠ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❛❧✐♥❤❛❞❛ ♥❛ ❜♦r❞❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡❀
❝✉r✈❛s ✭❜✮✿ ❧❛s❡r ❡♠ ♦♣❡r❛çã♦ ♣✉❧s❛❞❛✱ ❝♦♠ ♦ ❢❡✐①❡ ♦s❝✐❧❛♥❞♦ ♥❛ ❝❛✈✐❞❛❞❡
♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❛♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦❀ ❝✉r✈❛s ✭❝✮✿ ♦ ♠❡s♠♦ q✉❡ ❛
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✐♥❝✐❞❡♥t❡ ♥❛ ✜❜r❛ ❂ ✼✵✵ ♠❲✱ ♣♦tê♥❝✐❛ s❛í♥❞♦ ❞❛ ✜❜r❛ ❂ ✷✽✵ ♠❲✱ ❝♦♠♣r✐✲
♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❂ ✼✻✵ ♥♠✱ ❧❛r❣✉r❛ ❞♦ ❧❛s❡r ❂ ✹✵ ♥♠✳ ●rá✜❝♦
✭❜✮✿ ♣♦tê♥❝✐❛ ✐♥❝✐❞❡♥t❡ ♥❛ ✜❜r❛ ❂ ✻✺✵ ♠❲✱ ♣♦tê♥❝✐❛ s❛í♥❞♦ ❞❛ ✜❜r❛ ❂ ✸✵✵
♠❲✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❂ ✼✽✾ ♥♠✱ ❧❛r❣✉r❛ ❞♦ ❧❛s❡r ❂ ✶✵
♥♠✳ ❖s ❣rá✜❝♦s ❣❡r❛❞♦s ❝♦♠❡ç❛♠ ❡♠ ✻✵✵ ♥♠ ♣♦r ❧✐♠✐t❛çã♦ ❞♦ ❛♥❛❧✐s❛❞♦r
❞❡ ❡s♣❡❝tr♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♠❡❞✐❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✻✳✷✺ ❊s♣❡❝tr♦s ❣❡r❛❞♦s ❝♦♠ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ❛ ✜❜r❛ ✷ ❞❛ t❛❜❡❧❛ ✻✳✷✱ ♣❛r❛
❞✐❢❡r❡♥t❡s t❛①❛s ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳ ❊♠ ❝✐♥③❛ ❝❧❛r♦✱ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
❞♦ ❧❛s❡r é ❞❡ ✼✺✵ ▼❍③❀ ❡♠ ♣r❡t♦✱ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r é ❞❡ ✾✹✵ ▼❍③✳ ✽✵

✻✳✷✻ ❊❢❡✐t♦ ❞❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ♥♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ♠♦str❛♥❞♦ q✉❡
❛ ✜❜r❛ ♥ã♦ ❝❛✉s❛ ❛❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✻✳✷✼ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ s✉♣❡r❝♦♥tí♥✉♦ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ✶
✭✻✳✷✮ ❡ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ●❱❉ ❞❛ ❝❛✈✐❞❛❞❡ ♥❡❣❛t✐✈❛ ✭❝✉r✈❛ ❜✮ ❝♦♠
❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡ ●❱❉ ❞❛ ❝❛✈✐❞❛❞❡ ♣ró①✐♠❛ ❞❡ ③❡r♦
✭❝✉r✈❛ ❝✮✳ ❈✉r✈❛ ✭❛✮✿ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛
❣❡r❛çã♦ ❞❛ ❝✉r✈❛ ✭❜✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✻✳✷✽ ❊sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ♠♦♥t❛❣❡♠ ❞♦s ❧❛s❡rs ♣❛r❛ ❛ ♠❡❞✐❞❛ ❡ ❡st❛❜✐❧✐③❛çã♦
❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡ ❞❡ fo✳ P❉✿ ❢♦t♦❞❡t❡❝t♦r❀ ❉❇❙✿ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡ ❞✐❝ró✐❝♦❀
❙❍●✿ ❝r✐st❛❧ ❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛❀ ❖❙❆✿ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦❀
▲✿ ❧â♠✐♥❛ ❞❡ ✈✐❞r♦❀ ❋✿❡s♣❡❧❤♦ r❡♠♦✈í✈❡❧❀ ●✿ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦❀ ❊1✿ ❡s♣❡❧❤♦
♠❡tá❧✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸



①① ▲✐st❛ ❞❡ ✜❣✉r❛s

✻✳✷✾ ❚❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ♦❜s❡r✈❛❞❛ ❡♠ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ s❡♠ ✭❛✮
❡ ❝♦♠ ✭❜✮ ❡st❛❜✐❧✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ❣❡r❛❞♦r ❞❡ s✐♥❛❧ ❍P✽✻✹✽❇✳ ❊♠ ❛♠❜♦s
♦s ❝❛s♦s ♦ ❝❡♥tr♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ é ❡♠ ✼✺✼ ▼❍③✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✻✳✸✵ ■♥t❡r❢❡rô♠❡tr♦s ♣❛r❛ ♠❡❞✐❞❛ ❞❡ fo✳ ❊❉✿❡s♣❡❧❤♦ ❞✐❝ró✐❝♦❀ P✿ ♣♦❧❛r✐③❛❞♦r❀ ❋✿
✜❧tr♦❀ ❙❍●✿ ❝r✐st❛❧ ♣❛r❛ ❣❡r❛r s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ♥❛ r❡❣✐ã♦ ❞❡ ✶✶✹✵ ♥♠❀ ❋❉✿
❢♦t♦❞❡t❡❝t♦r✳ E✱ E1 ❡ E2✿ ❡s♣❡❧❤♦s ❝♦♠✉♥s✳ ✭❛✮ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼❛❝❤✲
❩❡❤♥❞❡r✳ ✭❜✮ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼✐❝❤❡❧s♦♥✳ ❖ ❡s♣❡❧❤♦ ❊ ❡stá ❛❜❛✐①♦ ❞♦ ♥í✈❡❧
❞♦ ❢❡✐①❡ ❞❡ ❡♥tr❛❞❛✳ ✭❝✮ ♦ ♠❡s♠♦ q✉❡ ✭❜✮✱ ♣♦ré♠ ✉t✐❧✐③❛♥❞♦✲s❡ ♣r✐s♠❛s ♣❛r❛
s❡♣❛r❛r ♦ ❢❡✐①❡ ❡♠ ❞✉❛s ♣❛rt❡s ❡♠ ✈❡③ ❞❡ ✉♠ ❡s♣❡❧❤♦ ❞✐❝r♦✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✻✳✸✶ ❙✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ ♦❜s❡r✈❛❞♦ ❡♠ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ❝♦♠
✸✵✵ ❦❍③ ❞❡ r❡s♦❧✉çã♦ ✭r❡s♦❧✉t✐♦♥ ❜❛♥❞✇✐❞t❤✱ ❘❇❲✮✳ ✭❛✮ ♦ ♣✐❝♦ ♠❛✐♦r é ❛ t❛①❛
❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❡ ♦s ❞♦✐s ♠❡♥♦r❡s sã♦ ♦ r❡s✉❧t❛❞♦ ❞♦ ❜❛t✐♠❡♥t♦ ❡♥tr❡
2fm ❡ f2m✳ ❊✐①♦ ✈❡rt✐❝❛❧✿ ❛♠♣❧✐t✉❞❡ ❡♠ ❞❇♠✳ ❊✐①♦ ❤♦r✐③♦♥t❛❧✿ ❢r❡qüê♥❝✐❛
✶✵✵ ▼❍③✴❞✐✈✐sã♦✳ ✭❜✮ fo ♦❜s❡r✈❛❞♦ ❡♠ ✉♠❛ ❡s❝❛❧❛ ♠❡♥♦r✳ ❊✐①♦ ✈❡rt✐❝❛❧✿
❛♠♣❧✐t✉❞❡ ❡♠ ❞❇♠✳ ❊✐①♦ ❤♦r✐③♦♥t❛❧✿ ❢r❡qüê♥❝✐❛ ✺ ▼❍③✴❞✐✈✐sã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✻✳✸✷ ❊sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ♠❡❞✐❞❛ ❞❡ fo✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽
✻✳✸✸ fo ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ❣❡r❛❞♦r ❞❡ ❢✉♥çã♦✳ ❈✉r✈❛ ♠❡❞✐❞❛ ❝♦♠ ✶ ❑❍③

❞❡ r❡s♦❧✉çã♦ ❞♦ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦✳ ❖s ♣✐❝♦s ❧❛t❡r❛✐s ❛♣❛r❡❝❡♠ ❞❡✈✐❞♦
❛♦ ❜❛t✐♠❡♥t♦ ❞♦ ❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡♠ ✺✸✷ ♥♠ ❝♦♠ ♦s ♠♦❞♦s ❞♦ ♣❡♥t❡✳ ✽✽



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✷✳✶ ❈❛❞❡✐❛s ❞❡ ❢r❡qüê♥❝✐❛s r❡❛❧✐③❛❞❛s ♣♦r ❞✐✈❡rs♦s ❧❛❜♦r❛tór✐♦s✳❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✷ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❚❤✳ ❯❞❡♠ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✶✵❪✱ ✉t✐❧✐③❛♥❞♦ ❧❛s❡r ❞❡

❢❡♠t♦ss❡❣✉♥❞♦s ❡st❛❜✐❧✐③❛❞♦✳ ❊❍❋✿ ❡str✉t✉r❛ ❤✐♣❡r✲✜♥❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✸✳✶ ❱❛❧♦r❡s ❞❡ K ♥❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✸✳✺ ♣❛r❛ ❛❧❣✉♥s ❢♦r♠❛t♦s ❞❡ ♣✉❧s♦✳ Eo ❡ to
sã♦ ❝♦♥st❛♥t❡s q✉❡ ❞❡✜♥❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦
❞♦ ♣✉❧s♦ ❡ s✉❛ ❧❛r❣✉r❛ t❡♠♣♦r❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✹✳✶ ▼❛tr✐③ ❆❇❈❉ ♣❛r❛ ❡❧❡♠❡♥t♦s ó♣t✐❝♦s ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❞❡ ✉♠ ❧❛s❡r✳ ✳ ✳ ✳ ✳ ✸✹
✹✳✷ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ ❡s♣❡ss✉r❛ ❞♦ ❝r✐st❛❧✱ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❡ â♥❣✉❧♦ ❞♦s

❡s♣❡❧❤♦s ❝✉r✈♦s ♣❛r❛ ❝♦♠♣❡♥s❛r ❛st✐❣♠❛t✐s♠♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✻✳✶ ❈♦♥✜❣✉r❛çã♦ ❞❛ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ✭✜❣✉r❛ ✻✳✺✮✳ ❖ ❡s♣❡❧❤♦ E2 ❞❛
s❡❣✉♥❞❛ ❝♦♥✜❣✉r❛çã♦ ♥ã♦ ♣♦ss✉✐ ●❱❉ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✻✳✷ ❉❛❞♦s ❞❛s ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦✳ ✼✻
✻✳✸ ❊✜❝✐ê♥❝✐❛ ❞♦s ❝r✐st❛✐s ❞✉♣❧✐❝❛❞♦r❡s t❡st❛❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✭♠♦❞❡✲❧♦❝❦❡❞✮ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✶

♥❛ ❞é❝❛❞❛ ❞❡ ✾✵ ❬✶✷❪ ❛❜r✐✉ ♥♦✈❛s ♣♦ss✐❜✐❧✐❞❛❞❡s ❡♠ ár❡❛s ❝✐❡♥tí✜❝❛s ❡ t❡❝♥♦❧ó❣✐❝❛s
❜❛s❡❛❞❛s ❡♠ ♣r♦♣r✐❡❞❛❞❡s s✐♥❣✉❧❛r❡s ❞❡ ♣✉❧s♦s ❞❡ ❧✉③ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✿ ❡♥❡r❣✐❛
❝♦♥❝❡♥tr❛❞❛ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ t❡♠♣♦r❛❧ ❞❛ ♦r❞❡♠ ❞❡ 10−15 s ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ♣♦✉❝♦s
❝✐❝❧♦s ó♣t✐❝♦s ♥❛ r❡❣✐ã♦ ❞❛ ❧✉③ ✈✐sí✈❡❧✱ ♣♦tê♥❝✐❛ ❞❡ ♣✐❝♦ ❡①tr❡♠❛♠❡♥t❡ ❛❧t❛ ❡ ❡s♣❡❝tr♦
♥♦ ❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛ ❧❛r❣♦✳

❆s ❛♣❧✐❝❛çõ❡s ♠❛✐s ✐♠❡❞✐❛t❛s ❞❡ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s r❡❧❛❝✐♦♥❛♠✲s❡ ❛ ❡❢❡✐t♦s
q✉❡ ♦❝♦rr❡♠ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧✱ t❛✐s ❝♦♠♦ ❡st✉❞♦s ❞❡ ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s ❞❡✈✐❞♦
❛ ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦✱ ♦✉ ♠❡s♠♦ ❛♦ ❡st✉❞♦ ❞❡ ❢❡♥ô♠❡♥♦s q✉❡ ♦❝♦rr❡♠ ♥❛ ❡s❝❛❧❛
❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✳

❊♥tr❡t❛♥t♦✱ ❛ ♣❛rt✐r ❞♦ ✜♥❛❧ ❞❛ ❞é❝❛❞❛ ❞❡ ✾✵✱ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ♣❛ss❛r❛♠ ❛
s❡r ✉t✐❧✐③❛❞♦s ♥❛ ❣❡r❛çã♦ ❞❡ ✧♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✧✱ ♦s q✉❛✐s ❝♦♥s✐st❡♠ ❡♠ ✉♠
❡s♣❡❝tr♦ ❞❡ r❛❞✐❛çã♦ ❢♦r♠❛❞♦s ♣♦r ✉♠❛ sér✐❡ ❞❡ ❧✐♥❤❛s ✜♥❛s ✐❣✉❛❧♠❡♥t❡ ❡s♣❛ç❛❞❛s ❝♦♠
❢r❡qüê♥❝✐❛s ❝♦♥❤❡❝✐❞❛s✱ t♦r♥❛♥❞♦✲s❡ ✐♠♣♦rt❛♥t❡s ❢❡rr❛♠❡♥t❛s q✉❡ r❡✈♦❧✉❝✐♦♥❛r❛♠ ❛s
ár❡❛s ❞❡ ♠❡tr♦❧♦❣✐❛ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❡ t❡♠ s✐❞♦ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❞❡♠♦♥str❛çã♦
❞❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s ❬✶❀ ✷❪✳

❖ ❝♦♥❝❡✐t♦ ❝❡♥tr❛❧ ♣❛r❛ ❡st❡s ❛✈❛♥ç♦s é q✉❡ ♦ tr❡♠ ❞❡ ♣✉❧s♦ ❣❡r❛❞♦ ♣♦r ✉♠ ❧❛s❡r ❞❡
♠♦❞♦s tr❛✈❛❞♦s t❡♠ ✉♠ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛s q✉❡ ❝♦♥s✐st❡ ❡♠ ✉♠❛ sér✐❡ ❞❡ ❧✐♥❤❛s
❞✐s❝r❡t❛s✱ ✜♥❛s ❡ r❡❣✉❧❛r♠❡♥t❡ ❡s♣❛ç❛❞❛s✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ✜❣✉r❛ ✶✳✶✳ ❆ ❢r❡qüê♥❝✐❛
❞❛ ♠✲és✐♠❛ ❧✐♥❤❛ é ❞❛❞❛ ♣♦r fm = mfrep +f0✱ ♦♥❞❡ frep é ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r
❡ f0 r❡♣r❡s❡♥t❛ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r q✉❡ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ❞✐❢❡r❡♥ç❛
❡♥tr❡ ❛s ✈❡❧♦❝✐❞❛❞❡s ❞❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❡ ❞♦ ❡♥✈❡❧♦♣❡ ❞♦ ♣✉❧s♦ ❬✶❀ ✷❪✳

✶◆❡st❛ t❡s❡ ✉s❛r❡♠♦s ❛ ❣r❛✜❛ ✏❢❡♠t♦ss❡❣✉♥❞♦✑✱ ❡♠❜♦r❛ ❛ ❣r❛✜❛ ✏❢❡♥t♦ss❡❣✉♥❞♦✑ t❛♠❜é♠ s❡❥❛
❝♦rr❡t❛✳ ❆ ✐♥str✉çã♦ ❞♦ ■♥♠❡tr♦ ❡♠ s✉❛ ♣á❣✐♥❛ ♥❛ ✐♥t❡r♥❡t ✭❤tt♣✿✴✴✇✇✇✳✐♥♠❡tr♦✳❣♦✈✳❜r✴✮ é
q✉❡ ✏❢❡♥t♦✑ é ❛❝❡✐t♦ ❛♣❡♥❛s ❡♠ t❡①t♦s ♥ã♦ té❝♥✐❝♦s✳ ◆♦ s✐t❡ ❞❛ ❆❝❛❞❡♠✐❛ ❇r❛s✐❧❡✐r❛ ❞❡ ▲❡tr❛s
✭❤tt♣✿✴✴✇✇✇✳❛❝❛❞❡♠✐❛✳♦r❣✳❜r✴✮ ❡ ♥♦ ❞✐❝✐♦♥ár✐♦ ❆✉ré❧✐♦ ❬✶✶❪✱ ❡♥❝♦♥tr❛♠✲s❡ ♦s ♣r❡✜①♦s ✏❢❡♠t♦✑ ❡
✏❢❡♥t♦✑ ❝♦♠ ✐❣✉❛❧ s✐❣♥✐✜❝❛❞♦✳ ❊♠ ♥❡♥❤✉♠❛ ❞❡ss❛s ❢♦♥t❡s ❡①✐st❡ ❛ ♣❛❧❛✈r❛ ✏❢❡♠t♦ss❡❣✉♥❞♦✑ ❡♠ q✉❛❧✲
q✉❡r ❣r❛✜❛ ❡①♣❧✐❝✐t❛♠❡♥t❡✳ ❊♥tr❡t❛♥t♦✱ ♥❛s ♣á❣✐♥❛ ❞♦ ■♥♠❡tr♦ ❡ ❞❛ ❆❝❛❞❡♠✐❛ ❇r❛s✐❧❡✐r❛ ❞❡ ▲❡tr❛s
❡①✐st❡♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ✏♠✐❧✐s❡❣✉♥❞♦✑ ❡ ✏♠✐❧✐ss❡❣✉♥❞♦✑✳

✶



✷ ✶✳ ■♥tr♦❞✉çã♦

❙❡ ♦ ❡s♣❡❝tr♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❢♦r s✉✜❝✐❡♥t❡♠❡♥t❡ ❧❛r❣♦✱ ❝♦❜r✐♥❞♦
✉♠ ♦✐t❛✈❛ ó♣t✐❝❛✱ é ♣♦ssí✈❡❧ ♠❡❞✐r ❞✐r❡t❛♠❡♥t❡ ❛s ❞✉❛s ❢r❡qüê♥❝✐❛s ❞❡ ♠✐❝r♦♦♥❞❛s
q✉❡ ♦ ❞❡s❝r❡✈❡♠✱ ♦✉ s❡❥❛✱ frep ❡ f0 ❬✶❀ ✷❪✳ ❖ ❝♦♥❤❡❝✐♠❡♥t♦ ❡①❛t♦ ❞❡ss❡s ❞♦✐s ♣❛râ♠❡t✲
r♦s ❢❛③ ❝♦♠ q✉❡ ❝❛❞❛ ❧✐♥❤❛ ❞♦ ❡s♣❡❝tr♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s s❡❥❛ ❜❡♠
❞❡t❡r♠✐♥❛❞❛✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❡ss❡ ❡s♣❡❝tr♦ s❡❥❛ ✉s❛❞♦ ❝♦♠♦ ✉♠❛ ré❣✉❛ ♣❛r❛ ♠❡❞✐r
❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✳ P♦❞❡✲s❡ ♠❡❞✐r✱ ♣♦r ❡①❡♠♣❧♦✱ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❞✉❛s ❢r❡qüê♥❝✐❛s
ó♣t✐❝❛s ♦❜s❡r✈❛♥❞♦✲s❡ ♦ ❜❛t✐♠❡♥t♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❡❧❛s ❝♦♠ ♦ ♠♦❞♦ ❞♦ ♣❡♥t❡ ♠❛✐s ♣ró①✲
✐♠♦✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❡st❛s ❢r❡qüê♥❝✐❛s s❡rá ❞❛❞❛ ♣❡❧❛ s♦♠❛ ❞❛ ❢r❡qüê♥❝✐❛ ❞❡st❡s
❜❛t✐♠❡♥t♦s ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ♠♦❞♦s ❞♦ ♣❡♥t❡ ❡♥tr❡ ❡st❛s ❢r❡qüê♥❝✐❛s ♠✉❧t✐♣❧✐❝❛❞♦
♣❡❧❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳

❉❡♥tr❡ ♦✉tr❛s ❛♣❧✐❝❛çõ❡s✱ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛ ó♣t✐❝❛s t❡♠ ♣❡r♠✐t✐❞♦ ♦ ❞❡s❡♥✈♦❧✈✐✲
♠❡♥t♦ ❞❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ❜❛s❡❛❞♦s ❡♠ tr❛♥s✐çõ❡s ó♣t✐❝❛s✱ ❝✉❥❛ ❡st❛❜✐❧✐❞❛❞❡ s✉♣❡r❛
❛ ❞♦s r❡❧ó❣✐♦s ❜❛s❡❛❞♦s ❡♠ tr❛♥s✐çõ❡s ❡♠ ♠✐❝r♦♦♥❞❛s ❬✾❀ ✶✸❪✳ ❖ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ é
✉t✐❧✐③❛❞♦ ♥❡ss❡s s✐st❡♠❛s ♣❛r❛ tr❛♥s❢❡r✐r ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛ ó♣✲
t✐❝❛ ✭❧❛s❡r ❡st❛❜✐❧✐③❛❞♦ ❛ ✉♠❛ tr❛♥s✐çã♦ ❛tô♠✐❝❛ ó♣t✐❝❛ ❡str❡✐t❛✮ ♣❛r❛ ✉♠❛ ❢r❡qüê♥❝✐❛
♥❛ ❢❛✐①❛ ❞❡ ♠✐❝r♦♦♥❞❛s ✭t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛✮✳ P❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s
t❛♠❜é♠ t❡♠ s✐❞♦ ✉t✐❧✐③❛❞♦s ❡♠ ❡s♣❡❝tr♦s❝♦♣✐❛ ❛tô♠✐❝❛ ❞❡ ❛❧t❛ ♣r❡❝✐sã♦✱ ♦♥❞❡ ✈ár✐❛s
tr❛♥s✐çõ❡s ❛tô♠✐❝❛s ♣♦❞❡♠ s❡r ❛❝❡ss❛❞❛s ❡♠ ✉♠ ú♥✐❝♦ ❡①♣❡r✐♠❡♥t♦ ❬✶✹❀ ✶✺❀ ✶✻❪✳

❋✐❣✉r❛ ✶✳✶✿ ❊s♣❡❝tr♦ tí♣✐❝♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✱ ❢♦r♠❛❞♦s ♣♦r ♠♦❞♦s ✐❣✉❛❧✲
♠❡♥t❡ ❡s♣❛ç❛❞♦s ♣❡❧❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ✭frep✮ s♦♠❛❞♦s ❛ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ♣♦r ✉♠❛
❢r❡qüê♥❝✐❛ f0 ❞❡✈✐❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ❡ ❞❡ ❢❛s❡ ❞♦s ♣✉❧s♦s ❬✶❀ ✷❪✳

◆❡st❛ t❡s❡✱ ❛♣r❡s❡♥t❛r❡♠♦s ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s✐st❡♠❛s ♣❛r❛ ❣❡r❛çã♦ ❞❡ ♣❡♥t❡s
❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❛ ♣❛rt✐r ❞❛ ❝♦♥str✉çã♦ ❞❡ ❞♦✐s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦✳ ❯♠ ❞❡❧❡s✱ é ❝♦♠♣♦st♦ ♣♦r
✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✈❛r✐á✈❡❧ ❡♥tr❡ ✼✺✵ ▼❍③ ❛♥❞ ✶ ●❍③ ❡
❝♦♠ ❡s♣❡❝tr♦ ❡♠ t♦r♥♦ ❞❡ ✶✵ ♥♠ ❞❡ ❧❛r❣✉r❛ q✉❡ é ❛❧❛r❣❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ✜❜r❛
♠✐❝r♦❡str✉t✉r❛❞❛✱ ❝♦❜r✐♥❞♦ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ✺✻✽ à ✶✶✸✵ ♥♠✳ ❖ ♦✉tr♦ s✐st❡♠❛✱ ❜❛s❡✐❛✲
s❡ ❡♠ ✉♠ ❧❛s❡r ❝♦♠ t❛①❛ ❞❡ r❡♣❡t✐çã♦ s✐♥t♦♥✐③á✈❡❧ ❡♥tr❡ ✶ ❡ ✷✱✶✷ ●❍③✳ ❊st❡ ❧❛s❡r



✶✳ ■♥tr♦❞✉çã♦ ✸

❣❡r❛ ✉♠ ❡s♣❡❝tr♦ q✉❡ s❡ ❡st❡♥❞❡ ❞❡ ✺✽✺ ❛té ✶✷✵✵ ♥♠ ❛ ✲✷✵ ❞❇ ❛❜❛✐①♦ ❞♦ ♠á①✐♠♦ ❡♠
✾✽✻ ♥♠✱ s❡♠ ♦ ✉s♦ ❞❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛✳

❊st❛ t❡s❡ ❡stá ♦r❣❛♥✐③❛❞❛ ♥♦ s❡❣✉✐♥t❡ ❢♦r♠❛t♦✿ ♦ ❝❛♣ít✉❧♦ ✷ ❢❛③ ✉♠❛ ❝♦♥t❡①t✉✲
❛❧✐③❛çã♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s
ó♣t✐❝❛s❀ ♥♦ ❝❛♣ít✉❧♦ ✸ ❛♣r❡s❡♥t❛r❡♠♦s ♦s ♣r✐♥❝✐♣❛✐s ❛s♣❡❝t♦s r❡❧❛❝✐♦♥❛❞♦s ❛ ❢❡♥ô✲
♠❡♥♦s ❞❡ ♣✉❧s♦s ✉❧tr❛❝✉rt♦s✱ ✐♥❝❧✉s✐✈❡ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ❧❛s❡rs ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s❀ ♥♦ ❝❛♣ít✉❧♦ ✹ ❛♣r❡s❡♥t❛r❡♠♦s ❛ ❞❡s❝r✐çã♦ ❞♦s ♥♦ss♦s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡
♠♦❞♦s tr❛✈❛❞♦s❀ ♥♦ ❝❛♣ít✉❧♦ ✺ ❞❡s❝r❡✈❡r❡♠♦s ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❡ ❡sq✉❡♠❛s
❞❡ ❡st❛❜✐❧✐③❛çã♦ ❞❛s ❣r❛♥❞❡③❛s frep ❡ f0❀ ♥♦ ❝❛♣ít✉❧♦ ✻ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s
♦❜t✐❞♦s ♥❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✿ ❝♦♥str✉çã♦ ❞❡ ❧❛s❡rs ❞❡
❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❚✐✿s❛✜r❛✱ ♠❡❞✐❞❛ ❡ ❡st❛❜✐❧✐③❛çã♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✭frep✮ ❡ ❞❛
❢❛s❡ ❡♥tr❡ ❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❡ ❡♥✈❡❧♦♣❡ ❞♦s ♣✉❧s♦s ✭f0✮✳ ❊st❡s s✐st❡♠❛s s❡rã♦ ✉t✐❧✐③❛❞♦s
✐♥✐❝✐❛❧♠❡♥t❡ ❡♠ ✉♠ ❡sq✉❡♠❛ ♣❛r❛ ♠❡❞✐r ❞✐r❡t❛♠❡♥t❡ ❢r❡qüê♥❝✐❛ ót✐❝❛s ❡ ❡♠ ✉♠ r❡❧ó✲
❣✐♦ ❛tô♠✐❝♦ ❞❡ ❝á❧❝✐♦ ❜❛s❡❛❞♦ ♥❛ tr❛♥s✐çã♦ ❞❡ ✐♥t❡r❝♦♠❜✐♥❛çã♦ ❡♠ ✹✺✼ ❚❍③✳ ❊st❡s
❡sq✉❡♠❛s t❛♠❜é♠ ❞❡✈❡♠ s❡r ✉t✐❧✐③❛❞♦s ❡♠ ❡s♣❡❝tr♦s❝♦♣✐❛ ❡♠ ❧â♠♣❛❞❛ ❞❡ ❝❛t♦❞♦ ♦❝♦
❞❡ ❝á❧❝✐♦ ❡ ❡♠ át♦♠♦s ❢r✐♦s✳
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❈❛♣ít✉❧♦ ✷

▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡

❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s

ó♣t✐❝♦s

▼❡❞✐❞❛s ♣r❡❝✐s❛s ❞❡ ❢r❡qüê♥❝✐❛s ♥❛ ♣❛rt❡ ✈✐sí✈❡❧ ❞♦ ❡s♣❡❝tr♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ sã♦ ❞❡
❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rtâ♥❝✐❛ ❡♠ ♣❡sq✉✐s❛ ❜ás✐❝❛ ❡ ♠❡tr♦❧♦❣✐❛✳ ▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛ sã♦
✉s❛❞❛s ♣♦r ❡①❡♠♣❧♦✱ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❝♦♥st❛♥t❡s ❢✉♥❞❛♠❡♥t❛✐s ❞❛ ❢ís✐❝❛ ❬✶✼❪✱ t❛❧
❝♦♠♦ ❛ ❝♦♥st❛♥t❡ ❞❡ ❘②❞❜❡r❣✱ ♣❡r♠✐t✐♥❞♦ ❝❤❡❝❛r ❛ ✈❛❧✐❞❛❞❡ ❞❛ t❡♦r✐❛ ❡❧❡tr♦❞✐♥â♠✐❝❛
q✉â♥t✐❝❛ ❝♦♠ ❡♥♦r♠❡ ♣r❡❝✐sã♦✳ ❉✐r❛❝✱ ❡♥tr❡ ♦✉tr♦s✱ ❡s♣❡❝✉❧♦✉ q✉❡ ❝♦♥st❛♥t❡s ❢✉♥❞❛✲
♠❡♥t❛✐s ♣♦❞❡♠ ♥❛ ✈❡r❞❛❞❡ ✈❛r✐❛r ❝♦♠ ♦ t❡♠♣♦ ❬✶✽❪✳ ❊♠ ✶✾✾✾✱ ❏♦♥❤ ❲❡❜❜ ❡ ❝♦❧❛❜♦✲
r❛❞♦r❡s ❡♥❝♦♥tr❛r❛♠ ✉♠ ✐♥❞í❝✐♦ q✉❡ ❛ ❝♦♥st❛♥t❡ ❞❡ ❡str✉t✉r❛ ✜♥❛ ❬✶✾❪ ❡stá ♠✉❞❛♥❞♦✳
◆❛ ♣r❡❝✐sã♦ ❛❧❝❛♥ç❛❞❛ ❛té ❛ ❞é❝❛❞❛ ❞❡ ✾✵ ♣♦r ❡st❡ ❣r✉♣♦✱ s❡ ❛s ♠❡❞✐❞❛s ❢♦r❡♠ ❢❡✐t❛s
❞❡ ❛❣♦r❛ ❡♠ ❞✐❛♥t❡ ♣♦r ✶✵ ❛♥♦s✱ s❡r✐❛ ♦❜s❡r✈❛❞❛ ✉♠❛ ♠✉❞❛♥ç❛ ❞❛ ♦r❞❡♠ ❞❡ 10−15

♣♦r ❛♥♦ ❬✶✼❀ ✶✽❪✳

◆♦ ❝❛♠♣♦ ❞❛ ♠❡tr♦❧♦❣✐❛✱ ❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛ ó♣t✐❝❛s ♣r♦✈ê❡♠
❛ ❜❛s❡ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ❜❛s❡❛❞♦s ❡♠ tr❛♥s✐çõ❡s ❛tô♠✐✲
❝❛s ó♣t✐❝❛s✱ ✐st♦ é✱ tr❛♥s✐çõ❡s ❝♦♠ ❢r❡qüê♥❝✐❛ ❞❛ ♦r❞❡♠ ❞❡ ❝❡♥t❡♥❛s ❞❡ ❚❡r❛❤❡rt③✳ ❖
❝❛♠✐♥❤♦ ♣❛r❛ s❡ ❢❛③❡r ♠❡❧❤♦r❡s r❡❧ó❣✐♦s é ♦ ❞❡ ✉s❛r ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✱ s✐♠♣❧❡s♠❡♥t❡
♣♦rq✉❡ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ r❡❧ó❣✐♦ é ♣r♦♣♦r❝✐♦♥❛❧ à ❢r❡qüê♥❝✐❛ ❬✷✵❪✳ ❏á ♥❛ ❞é❝❛❞❛ ❞❡
✻✵✱ ❛❧❣✉♠❛s tr❛♥s✐çõ❡s ó♣t✐❝❛s ❛tô♠✐❝❛s ❡ ♠♦❧❡❝✉❧❛r❡s q✉❡ ❞❡✈❡r✐❛♠ s❡r ❛♣r♦♣r✐❛❞❛s
❝♦♠♦ r❡❢❡rê♥❝✐❛s ♣❛r❛ r❡❧ó❣✐♦s ❝❤❡❣❛r❛♠ ❛ s❡r ✐♥✈❡st✐❣❛❞❛s✳ ❊♥tr❡t❛♥t♦✱ ✉♠❛ ❡♥♦r♠❡
❜❛rr❡✐r❛ ❡①✐st✐❛✿ ♥❡♥❤✉♠ ❛♣❛r❛t♦ ❡r❛ rá♣✐❞♦ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ❝♦♥t❛r ♦s ❝✐❝❧♦s ó♣t✐❝♦s
♣❛r❛ ❣❡r❛r ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦✳ ❊st❡ ♣r♦❜❧❡♠❛ ❢♦✐ ♣r❛t✐❝❛♠❡♥t❡ s✉♣❡r❛❞♦ r❡❝❡♥✲
t❡♠❡♥t❡ ❝♦♠ ❛ ❞❡♠♦♥str❛çã♦ ❞❡ q✉❡ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s
♣❛r❛ ♠❡❞✐r ❢r❡qüê♥❝✐❛s q✉❡ ✈❛r✐❛♠ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❛♦ ✉❧tr❛✈✐♦❧❡t❛✳
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✻ ✷✳ ▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s

✷✳✶ ❉✐✜❝✉❧❞❛❞❡ ❡♠ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

❆té r❡❝❡♥t❡♠❡♥t❡✱ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❝♦♠ ❛❧t❛ ♣r❡❝✐sã♦ r❡q✉❡r✐❛♠ ❡s✲
❢♦rç♦s ❤❡ró✐❝♦s✳ ❉✐s♣♦s✐t✐✈♦s ❡❧étr✐❝♦s ♣❡r♠✐t❡♠ ❛ ♠❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛s ❞❛ ♦r❞❡♠ ❞❡
●✐❣❛❍❡rt③ ✭109 ❍③✮✱ ♠❛s ♥ã♦ ♥❛ ❢❛✐①❛ ❞❡ ❚❡r❛❍❡rt③ ✭1012 ❍③✮ ❡ P❡t❛❍❡rt③ ✭1015 ❍③✮✱
❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ❢r❡qüê♥❝✐❛s ♥❛s r❡❣✐õ❡s ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ✈✐sí✈❡❧ ❡ ✉❧tr❛✈✐♦❧❡t❛✳ ❆♦
✐♥✈és ❞✐ss♦✱ ❢♦r❛♠ ❝♦♥str✉í❞❛s ❡❧❛❜♦r❛❞❛s ❝❛❞❡✐❛s ❞❡ ❣❡r❛❞♦r❡s ❤❛r♠ô♥✐❝♦s ❡ ❧❛s❡rs
tr❛✈❛❞♦s ❡♠ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❛❞rã♦ ❞❡ ♠✐❝r♦♦♥❞❛s✱ ❞❡ ♠♦❞♦ ❛ ❣❡r❛r ❤❛r♠ô♥✐❝♦s ❞❡
♦r❞❡♠ ❝❛❞❛ ✈❡③ ♠❛✐s ❛❧t❛ ♣❛r❛ ♣❡r♠✐t✐r ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❛ ❢r❡qüê♥❝✐❛ ó♣t✐❝❛ ❛
s❡r ♠❡❞✐❞❛ ❡ ❡st❡ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛ ❞❡ ♠✐❝r♦♦♥❞❛s✱ t❛❧ ❝♦♠♦ ♦ ❈és✐♦✳ ❯♠❛ ❞❛s
♣r✐♠❡✐r❛s ❝❛❞❡✐❛s ❢♦✐ r❡❛❧✐③❛❞❛ ❡♠ ✶✾✼✷ ♥♦ ◆■❙❚ ✭♥❛ é♣♦❝❛ ◆❇❙✮ ❡ ♣r♦♣✐❝✐♦✉ ✉♠❛
♠❡❞✐❞❛ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ❝♦♠ ♣r❡❝✐sã♦ ❝❡r❝❛ ❞❡ ✶✵✵ ✈❡③❡s ♠❛✐♦r q✉❡ ❛ ♣r❡❝✐sã♦
❛♥t❡r✐♦r✳ ❉❡✈✐❞♦ à ♣r❡❝✐sã♦ ❛❧❝❛♥ç❛❞❛✱ ❡♠ ✶✾✽✸ ♦ ❈♦♠✐tê ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ P❡s♦s ❡
▼❡❞✐❞❛s ❞❡❝✐❞✐✉ q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♣❛ss❛r✐❛ ❛ s❡r ✉♠❛ ❣r❛♥❞❡③❛ ❞❡✜♥✐❞❛ ✭❝ ❂
✷✾✾ ✼✾✷ ✹✺✽ ♠✴s✮ ❡ ♦ ✏♠❡tr♦✑ s❡r✐❛ ❞❡r✐✈❛❞♦ ❛tr❛✈és ❞❡st❛ ❞❡✜♥✐çã♦ ❞❡ ❝ ❡ ❞♦ s❡❣✉♥❞♦✳
❯♠ ❡①❡♠♣❧♦ ❞❡ ✉♠❛ ❝❛❞❡✐❛ ❞❡ ❢r❡qüê♥❝✐❛✱ r❡❛❧✐③❛❞❛ ♥♦ P❚❇✲❆❧❡♠❛♥❤❛ ♣❛r❛ ♠❡❞✐r
♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❛ ❢r❡qüê♥❝✐❛ ❞❛ tr❛♥s✐çã♦ ❞❡ ✐♥t❡r❝♦♠❜✐♥❛çã♦ ❞♦ ❈á❧❝✐♦ ❬✸❪ é ❛♣r❡✲
s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✷✳✶✳ ❆ t❛❜❡❧❛ ✷✳✶ ❧✐st❛ ✈ár✐❛s ❝❛❞❡✐❛s ❞❡ ❢r❡qüê♥❝✐❛s r❡❛❧✐③❛❞❛s ❡♠
❞✐❢❡r❡♥t❡s ❧❛❜♦r❛tór✐♦s ❬✾❪✳

▲❛❜♦r❛tór✐♦ ❋r❡qüê♥❝✐❛ ❋r❡qüê♥❝✐❛
❞❡ r❡❢❡rê♥❝✐❛ ♠❡❞✐❞❛

◆■❙❚ ❘❡❧ó❣✐♦ ❞❡ ❈s ❈❍4 ✲ ❍❡◆❡

◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ❙t❛♥❞❛r❞s ❛♥❞ ❚❡❝❤♥♦❧♦❣② ❈❍4 ✲ ❍❡◆❡ ■2 ✲ ❍❡◆❡

■◆▼❙✴◆❘❈ ✲ ■♥st✐t✉t❡ ❢♦r ◆❛t✐♦♥❛❧ ▼❡❛s✉r❡♠❡♥t ❘❡❧ó❣✐♦ ❞❡ ❈s ❈❍4 ✲ ❍❡◆❡✱

❙t❛♥❞❛r❞s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ❈❛♥❛❞❛ ■2 ✲ ❍❡◆❡✱ ❙r+

P❚❇ ✲ P❤②s✐❦❛❧✐s❝❤ ❚❡❝❤♥✐s❝❤❡ ❇✉♥❞❡s❛♥st❛❧t ❘❡❧ó❣✐♦ ❞❡ ❈s ❈❍4 ✲ ❍❡◆❡

❖s❖4✱ ❈❛

▲P❚❋ ❘❡❧ó❣✐♦ ❞❡ ❈s ❖s❖4 ❈❖2

▲❛❜♦r❛t♦r✐❡ Pr✐♠❛✐r❡ ❞✉ ❚❡♠♣s ❡t ❞❡s ❋r❡q✉❡♥❝❡s ❖s❖4 ❈❍4 ✲ ❍❡◆❡

❖s❖4 ❈❖2 ■2 ✲ ❍❡◆❡

◆P▲ ✲ ◆❛t✐♦♥❛❧ P❤②s✐❝❛❧ ▲❛❜♦r❛t♦r② ❘❡❧ó❣✐♦ ❞❡ ❘❜ ❈❍4 ✲ ❍❡◆❡

■▲P ✲ ■♥st✐t✉t❡ ♦❢ ▲❛s❡rs P❤②s✐❝s ♦❢ ❙❇ ❘❆❙✱ ◆♦✈♦s✐❜✐rs❦ ❘❡❧ó❣✐♦ ❞❡ ❘❜ ❈❍4 ✲ ❍❡◆❡

❱◆■■❋❚❘■ ✲ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ▲❛❜♦r❛t♦r② ♦❢ ▼❡tr♦❧♦❣② ❘❡❧ó❣✐♦ ❞❡ ❈s ❈❍4 ✲ ❍❡◆❡

❢♦r P❤②s✐❝❛❧✲❚❡❝❤♥✐❝❛❧ ❛♥❞ ❘❛❞✐♦t❡❝❤♥✐❝❛❧ ▼❡❛s✉r❡♠❡♥ts

◆❘▲▼ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ▲❛❜♦r❛t♦r② ♦❢ ▼❡tr♦❧♦❣② ❘❡❧ó❣✐♦ ❞❡ ❈s ❈❍4 ✲ ❍❡◆❡

❚❛❜❡❧❛ ✷✳✶✿ ❈❛❞❡✐❛s ❞❡ ❢r❡qüê♥❝✐❛s r❡❛❧✐③❛❞❛s ♣♦r ❞✐✈❡rs♦s ❧❛❜♦r❛tór✐♦s✳❬✾❪

❊♠ ✶✾✼✽✱ ❚❤❡♦❞♦r ❍ä♥s❝❤ ❞♦ ▼❛① P❧❛♥❝❦ ■♥st✐t✉t❡✱ ❆❧❡♠❛♥❤❛✱ ❡ s❡✉s ❝♦❧❛❜✲
♦r❛❞♦r❡s ❞❡♠♦♥str❛r❛♠ q✉❡ ✉♠ tr❡♠ ❞❡ ♣✉❧s♦s ♣❡r✐ó❞✐❝♦s ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s ❝♦♠♣♦rt❛✲s❡ ♥♦ ❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦♠♦ ✉♠ ❝♦♥❥✉♥t♦ ♣r❡❝✐s♦ ❞❡ ♠♦❞♦s



✷✳✶✳ ❉✐✜❝✉❧❞❛❞❡ ❡♠ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✼

❋✐❣✉r❛ ✷✳✶✿ ❉✐❛❣r❛♠❛ ❞❡ ✉♠❛ ❝❛❞❡✐❛ ❞❡ ❢r❡qüê♥❝✐❛ tr❛❞✐❝✐♦♥❛❧✱ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♠❡❞✐r ❛
❢r❡qüê♥❝✐❛ ❞❛ tr❛♥s✐çã♦ 1S0 −3 P1 ❞♦ ❝á❧❝✐♦✱ ❡♠ ✹✺✻ ❚❍③✱ ❡♠ r❡❧❛çã♦ ❛♦ ♣❛❞rã♦ ❞❡ ❈és✐♦ ❡♠
✾✳✷ ●❍③ ❬✸❪✳



✽ ✷✳ ▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s

✐❣✉❛❧♠❡♥t❡ ❡s♣❛ç❛❞♦s✱ ♣❛r❡❝❡♥❞♦✲s❡ ❝♦♠ ♦s ❞❡♥t❡s ❞❡ ✉♠ ♣❡♥t❡ ❬✷✶❪✳ ❖ ❡s♣❛ç♦ ❡♥tr❡ ♦s
♠♦❞♦s é ❥✉st❛♠❡♥t❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ♣✉❧s♦✳ ❈♦♠ t❛✐s ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛✱ ❡❧❡s
❛❝r❡❞✐t❛✈❛♠ q✉❡ ❛ ❝❛❞❡✐❛ ❞❡ ❢r❡qüê♥❝✐❛ ♣♦❞❡r✐❛ ❡✈❡♥t✉❛❧♠❡♥t❡ s❡r ❡❧✐♠✐♥❛❞❛✳ ❊♥tr❡✲
t❛♥❞♦✱ ❤á ❞✉❛s ❞é❝❛❞❛s ❛trás✱ s♦♠❡♥t❡ ❧❛s❡rs ❞❡ ♣✐❝♦ss❡❣✉♥❞♦s ❡st❛✈❛♠ ❞✐s♣♦♥í✈❡✐s✳
❯♠❛ ✈❡③ q✉❡ ❛ ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧ ❞❡st❡s ❧❛s❡rs ❞❡ ♣✉❧s♦s ❝✉rt♦s ✈❛r✐❛ ✐♥✈❡rs❛♠❡♥t❡ ❝♦♠
❛ ❞✉r❛çã♦ ❞♦ ♣✉❧s♦✱ s♦♠❡♥t❡ ❝♦♠ ❛ ✐♥✈❡♥çã♦ ❞♦s ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦ ❢♦✐ ♣♦ssí✈❡❧
❛❧❝❛♥ç❛r ❞✐r❡t❛♠❡♥t❡ ❛ ❢❛✐①❛ ❞❡ t❡r❛❤❡rt③✳

❊♠ ✶✾✾✾✱ ❍ä♥s❝❤ ❡ s❡✉s ❝♦❧❛❜♦r❛❞♦r❡s ❞❡♠♦♥str❛r❛♠ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♦ ✉s♦ ❞❡
✉♠ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦ ❝♦♠♦ ✉♠ ❣❡r❛❞♦r ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ♣❛r❛ ❛ ♠❡❞✐❞❛ ❞❡
❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❛❜s♦❧✉t❛s ❬✶✵❪✳ ❊❧❡s ♠♦str❛r❛♠ q✉❡✱ ❝♦♥tr♦❧❛♥❞♦ ❛ ♣♦s✐çã♦ ❡♥tr❡
♦s ❞❡♥t❡s ❡ t❛♠❜é♠ ❛ ♣♦s✐çã♦ ❛❜s♦❧✉t❛ ❞♦ ♣❡♥t❡✱ ❛ s❛í❞❛ ❞♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s
t♦r♥❛✲s❡ ✉♠❛ ré❣✉❛ ❞❡ ❢r❡qüê♥❝✐❛s ♠✉✐t♦ ❜❡♠ ❞❡✜♥✐❞❛s✳ ❊st❛ ❞❡♠♦♥str❛çã♦ ❝♦✐♥❝✐❞✐✉✱
❡♠ ✶✾✾✾✱ ❝♦♠ ❛ ✐♥✈❡♥çã♦✱ ♣♦r ❏✐♥❡♥❞r❛ ❘❛♥❦❛✱ ❘♦❜❡rt ❲✐♥❞❡❧❡r ❡ ❆♥❞r❡✇ ❙t❡♥t③ ♥♦s
❧❛❜♦r❛tór✐♦s ❞❛ ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣✐❡s ✭❇❡❧❧ ▲❛❜s✮✱ ❞❡ ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❝♦♠
③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ♥❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧ q✉❡ ♣❡r♠✐t❡✱ ❛tr❛✈és ❞❡ ♣r♦❝❡ss♦s ♥ã♦✲❧✐♥❡❛r❡s✱
❛ ❣❡r❛çã♦ ❝♦❡r❡♥t❡ ❞❡ ♥♦✈❛s ❢r❡qüê♥❝✐❛s ❬✻❪✳ ❊st❛s ✜❜r❛s ♣❡r♠✐t❡♠ ✉♠ ❝♦♥s✐❞❡rá✈❡❧
❛❧❛r❣❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦ ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❣❡r❛❞♦ ♣❡❧♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦✳
■st♦ ♣♦ss✐❜✐❧✐t♦✉ q✉❡ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ❢♦ss❡ ❝♦❜❡rt❛ ♥♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r✱ ♦ q✉❡ ❛❜r✐✉
♥♦✈❛s ♣♦ss✐❜✐❧✐❞❛❞❡s✱ ❡♥tr❡ ❡❧❛s ❛ ♠❡❞✐❞❛ ❛❜s♦❧✉t❛ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✳

❊♠ ✷✵✵✺✱ ❞❡✈✐❞♦ às s✉❛s ❝♦♥tr✐❜✉✐çõ❡s ♣❛r❛ ❛ ár❡❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ♣r❡❝✐sã♦✱
✐♥❝❧✉s✐✈❡ ♣❡❧❛ té❝♥✐❝❛s ❜❛s❡❛❞❛s ❡♠ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✱ ❚❤❡♦❞♦r ❍ä♥s❝❤ ❡
❏♦❤♥ ❍❛❧❧✱ ❣❛♥❤❛r❛♠ ♦ ♣rê♠✐♦ ◆♦❜❡❧ ❞❡ ❋ís✐❝❛ ❞❡ ✷✵✵✺ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❘♦② ●❧❛✉❜❡r
✭✜❣✉r❛ ✷✳✷✮ ❬✷✷❀ ✷✸❪✳

✷✳✷ ▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✉s❛♥❞♦ ❧❛s❡rs ❞❡
♠♦❞♦s tr❛✈❛❞♦s

▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s sã♦ ❝♦♠✉♠❡♥t❡ ❢❡✐t❛s ♣❛r❛ ❞❡t❡r♠✐♥❛r✲s❡ ❛ ❢r❡qüê♥❝✐❛
❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞❡ ✉♠ át♦♠♦✱ ♠♦❧é❝✉❧❛ ♦✉ í♦♥✳ ◆❡ss❡s ❝❛s♦s✱ ✉♠ ❧❛s❡r ❞❡ ❢r❡qüê♥❝✐❛
ú♥✐❝❛ é ❡st❛❜✐❧✐③❛❞♦ ♥❛ tr❛♥s✐çã♦ ❡♠ q✉❡stã♦ ❡ ❡♥tã♦ ❛ ❢r❡qüê♥❝✐❛ ❞❡st❡ ❧❛s❡r é ♠❡❞✐❞❛✳
■st♦ é ❢❡✐t♦ ♣❡❧♦ ❜❛t✐♠❡♥t♦ ❞❡st❡ ❧❛s❡r ❝♦♠ ❛ ❧✐♥❤❛ ❞♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s ♠❛✐s ♣ró①✐♠❛ ✭❞✐❣❛♠♦s q✉❡ ❡st❡ s❡❥❛ ♦ ♥✲és✐♠♦ ♠♦❞♦✮✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠
s✐♥❛❧ ❞❡ r❢ ❞❛❞♦ ♣♦r✿

fb =| fl − fm |=| fl − (mfrep + fo) |, ✭✷✳✶✮

♦♥❞❡ fl é ❛ ❢r❡qüê♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❢r❡qüê♥❝✐❛ ú♥✐❝❛✱ ♠ é ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦✳
■ss♦ ♣r♦❞✉③ ♥♦ ❢♦t♦❞❡t❡❝t♦r ✉♠❛ ♣❛r ❞❡ ❜❛t✐♠❡♥t♦s✱ s❡♥❞♦ ✉♠ ❞❡❧❡s ❡♥tr❡ ♦ ❧❛s❡r

❡ ♦ ♠♦❞♦ ♦♥❞❡ fm > fl ❡ ♦ ♦✉tr♦ ♦♥❞❡ fm < fl✳ ❊st❡s ❞♦✐s s✐♥❛✐s ❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
♣♦❞❡♠ s❡r ❢❛❝✐❧♠❡♥t❡ ♠❡❞✐❞♦s ❝♦♠ ❡q✉✐♣❛♠❡♥t♦s ❞❡ r❢ ✉s✉❛✐s✳

❖ ♥ú♠❡r♦ ✐♥t❡✐r♦ m ♣♦❞❡ s❡r ❡st✐♠❛❞♦ ❝♦♠ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ ❞❡ fl ❝♦♠
♣r❡❝✐sã♦ ❞❡ ±frep/2✱ q✉❡ ♣♦❞❡ s❡r ♦❜t✐❞♦ ❝♦♠ ♠❡❞✐❞♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛



✷✳✷✳ ▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ✉s❛♥❞♦ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✾

❋✐❣✉r❛ ✷✳✷✿ ●❛♥❤❛❞♦r❡s ❞♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ✷✵✵✺✳

❝♦♠❡r❝✐❛✐s✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡s ♣♦ss✉❡♠ ♣r❡❝✐sã♦ ❞❛ ♦r❞❡♠ ❞❡ ✷✺ ▼❍③ ❡ ❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦ é ❣❡r❛❧♠❡♥t❡ ♠❛✐♦r q✉❡ ✽✵ ▼❍③✱ ❝❤❡❣❛♥❞♦ ❛té ❛ ✶ ●❍③✳ ❆❧t❡r♥❛t✐✈❛♠❡♥t❡✱
m ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞♦ ✈❛r✐❛♥❞♦✲s❡ frep ❡ ❛♥❛❧✐s❛♥❞♦✲s❡ ❛ ♠✉❞❛♥ç❛ r❡s✉❧t❛♥t❡ ♥♦
❜❛t✐♠❡♥t♦✳ ▲❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ sã♦ ♠❛✐s ❛❞❡q✉❛❞♦s
♣❛r❛ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛ ♣♦✐s ❞✐♠✐♥✉❡♠ ❛ ❡①✐❣ê♥❝✐❛ ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ ❞❛
❢r❡qüê♥❝✐❛ ❛ s❡r ♠❡❞✐❞❛ ❡ ♣r♦❞✉③❡♠ ❜❛t✐♠❡♥t♦s ❝♦♠ s✐♥❛✐s ♠❛✐s ❢♦rt❡s ✉♠❛ ✈❡③ q✉❡
❛ ♣♦tê♥❝✐❛ ❞❡ ❝❛❞❛ ♠♦❞♦ ✐♥❞✐✈✐❞✉❛❧ é ♠❛✐♦r✳

❆ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ✉s♦ ❞❡ ♠❡❞✐❞♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥♦s ❧❡✈❛ ❛ ♣❡r❣✉♥t❛r
q✉❛❧ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♠❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ✉♠❛ ✈❡③
q✉❡ ❡ss❛s q✉❛♥t✐❞❛❞❡s sã♦ r❡❧❛❝✐♦♥❛❞❛s✳ ▼❡❞✐❞❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ sã♦ ❢❡✐t❛s
❛tr❛✈és ❞❡ ✐♥t❡r❢❡rô♠❡tr♦s ❡ ♣r♦❞✉③❡♠ r❡s✉❧t❛❞♦s ❝♦♠ ♣r❡❝✐sã♦ ❞❛ ♦r❞❡♠ ❞❡ ✉♠❛
♣❛rt❡ ❡♠ ✶✵9✳ ▼❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛ ❡♥✈♦❧✈❡♠ ❛ ❝♦♥t❛❣❡♠ ❞✐r❡t❛ ❞♦s ❝✐❝❧♦s ❞❡ ✉♠



✶✵ ✷✳ ▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s

♦s❝✐❧❛❞♦r ❡ t❡♠ ❡♠ ♣r✐♥❝í♣✐♦ ♣r❡❝✐sã♦ ✐❧✐♠✐t❛❞❛✳
❆ ♠❡❞✐❞❛ ❞❡ f0 ❥á ♥ã♦ é tã♦ ❞✐r❡t❛✳ ❆ ♠❛♥❡✐r❛ ♠❛✐s s✐♠♣❧❡s ❞❡ s❡ ♦❜t❡r ❡st❛

q✉❛♥t✐❞❛❞❡ é ❡①♣❛♥❞✐r ♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❞❡ ❢♦r♠❛ q✉❡ ❡st❡ ♣❛ss❡ ❛
❝♦❜r✐r ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ✐♥t❡✐r❛✱ ♦✉ s❡❥❛✱ ❞❡ ✉♠❛ ❞❛❞❛ ❢r❡qüê♥❝✐❛ fm ❛té s❡✉ ❞♦❜r♦ f2m✳
❈♦♠♣❛r❛♥❞♦ ♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❞❡ ❢r❡qüê♥❝✐❛ fm ✭♦✉ s❡❥❛✱ 2fm = 2mfrep + 2f0)✱
❝♦♠ f2m t❡♠♦s✿

2fm − f2m = 2(mfrep + f0) − (2mfrep + f0) = f0 ✭✷✳✷✮

❆♣❡s❛r ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ frep ❡ f0 s❡r s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ ♠❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛s✱
❡st❡s ♣❛râ♠❡tr♦s ❡stã♦ s✉❥❡✐t♦s ❛ ✐♥st❛❜✐❧✐❞❛❞❡s ♣r♦✈♦❝❛❞❛s ♣♦r r✉í❞♦ tér♠✐❝♦✱ ❛❝úst✐❝♦
❡ ♠❡❝â♥✐❝♦ ✭✐♥❝❧✉í❞♦ sís♠✐❝♦✮✳ P♦rt❛♥t♦✱ ♣❛r❛ s❡ ♠❡❞✐r ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s é ♥❡❝❡ssár✐♦
q✉❡ s❡ ♠❡ç❛ frep ❡ f0 s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♦✉ q✉❡ ❡st❛s s❡❥❛♠ ❡st❛❜✐❧✐③❛❞❛s✳

✷✳✸ ❘❡❧ó❣✐♦s ❆tô♠✐❝♦s Ó♣t✐❝♦s

P❛❞rõ❡s ❞❡ ❢r❡qüê♥❝✐❛ ❛tô♠✐❝♦s ❬✷✹❪ ❜❛s❡❛❞♦s ❡♠ tr❛♥s✐çõ❡s ó♣t✐❝❛s ✭✐♥❢r❛✈❡r♠❡❧❤❛s ♦✉
✈✐sí✈❡✐s✱ ❣❡r❛❧♠❡♥t❡ ♠❛✐♦r❡s q✉❡ ✶✵✵ ❚❍③✮ sã♦ ♣♦t❡♥❝✐❛❧♠❡♥t❡ ♠✉✐t♦ ♠❡❧❤♦r❡s ❞♦ q✉❡
♦s ♣❛❞rõ❡s ❜❛s❡❛❞♦s ❡♠ tr❛♥s✐çõ❡s ♥❛ ❢❛✐①❛ ❞❡ ❘❋ ♦✉ ♠✐❝r♦♦♥❞❛s✳ ❆ r❛③ã♦ ❜ás✐❝❛ ♣❛r❛
✐st♦ é q✉❡ ❛ ❣r❛♥❞❡③❛ q✉❡ ♠❡❞❡ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛✱ ❛ ❝❤❛♠❛❞❛
✈❛r✐â♥❝✐❛ ❞❡ ❆❧❧❛♥ ❬✷✺❪✱ é ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ❢r❡qüê♥❝✐❛ ❞♦ ♦s❝✐❧❛❞♦r✳ P♦r ✐st♦
❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ♣❛❞rã♦ ó♣t✐❝♦ ✭f ≈ ❝❡♥t❡♥❛s ❞❡ ❚❍③✮ s❡r✐❛ ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛
s✉♣❡r✐♦r à ❞❡ ♣❛❞rõ❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❝♦♠♦ ♦s ❞❡ ❈és✐♦ ✭❢ ❂✾✳✷ ●❍③✮ ❡ ❘✉❜í❞✐♦ ✭❢ ❂
✻✳✽ ●❍③✮✳ ❊st❛ ❞✐❢❡r❡♥ç❛ é ♠✉✐t♦ r❡❧❡✈❛♥t❡✱ ♣♦✐s s✐❣♥✐✜❝❛ q✉❡ ✉♠❛ ❞❛❞❛ ♣r❡❝✐sã♦
♥✉♠❛ ♠❡❞✐❞❛ ♣♦❞❡ s❡r ❛❧❝❛♥ç❛❞❛ ❡♠ ✉♠ t❡♠♣♦ ♦r❞❡♥s ❞❡ ♠❛❣♥✐t✉❞❡ ♠❡♥♦r ✭♣♦r
❡①❡♠♣❧♦ ✉♠❛ ♣r❡❝✐sã♦ ❞❡ ✉♠❛ ♣❛rt❡ ❡♠ ✶✵15 ♣♦❞❡r✐❛ s❡r ♦❜t✐❞❛ ❡♠ s❡❣✉♥❞♦s ❛♦
✐♥✈és ❞❡ ♠❡s❡s✦✮✳ ❊♥tr❡t❛♥t♦ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ♣❛❞rã♦ ó♣t✐❝♦ ❡♥✈♦❧✈✐❛✱ ❛té
r❡❝❡♥t❡♠❡♥t❡✱ ✉♠ sér✐♦ ♦❜stá❝✉❧♦ t❡❝♥♦❧ó❣✐❝♦✱ ✈✐♥❞♦ ❞❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ s❡ ♠❡❞✐r ✉♠❛
❢r❡qüê♥❝✐❛ ♥❛ ❝❛s❛ ❞❡ ❝❡♥t❡♥❛s ❞❡ ❚❡r❛❤❡rt③✳ ❊ss❛ ❞✐✜❝✉❧❞❛❞❡ ❢♦✐ s✉♣❡r❛❞❛ ❝♦♠ ♦
❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❬✷✻❪✳
❘❡❧ó❣✐♦s ❜❛s❡❛❞♦s ❡♠ í♦♥s ❛♣r✐s✐♦♥❛❞♦s ✭♣♦r ❡①❡♠♣❧♦✱ 199❍❣+ ❬✷✼❀ ✷✽❪✮✱ ♠♦❧é❝✉❧❛s
✭✐♦❞♦ ♠♦❧❡❝✉❧❛r ❬✷✾❪✮ ♦✉ át♦♠♦s ❢r✐♦s ✭❈á❧❝✐♦ ❬✷✽❀ ✸✵❪✮ t❡♠ s✐❞♦ ❞❡♠♦♥str❛❞♦s ♥♦s
ú❧t✐♠♦s ❛♥♦s✳

❯♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦ ó♣t✐❝♦ ❝♦♥s✐st❡ ❡♠ ✉♠ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛ ó♣t✐❝♦ ❬✷✹❪ ✭❧❛s❡r
❡st❛❜✐❧✐③❛❞♦ ❛ ✉♠❛ tr❛♥s✐çã♦ ❛tô♠✐❝❛ ❡str❡✐t❛ ❡ ❞❡ ❢r❡qüê♥❝✐❛ ♥❛ r❡❣✐ã♦ ó♣t✐❝❛ ❞♦
❡s♣❡❝tr♦✮ ❝♦♠❜✐♥❛❞♦ ❛ ✉♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛✱ q✉❡ ❛t✉❛ ❝♦♠♦ ✉♠ ❝♦♥t❛❞♦r ❞❡ ❢r❡✲
qüê♥❝✐❛s ó♣t✐❝❛s✳

❆ ❋✐❣✉r❛ ✷✳✸ ♠♦str❛ ✉♠ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❡ ✉♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦✱ ❡♠❜♦r❛
❡st❛ ❛❜♦r❞❛❣❡♠ ♥ã♦ s❡❥❛ ú♥✐❝❛✳ ❆ ♣♦s✐çã♦ ❞♦ ♣❡♥t❡ ♥♦ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛ é
❛❥✉st❛❞❛ ❞❡ ❢♦r♠❛ q✉❡ ♦ s❡✉ ❞❡s❧♦❝❛♠❡♥t♦ s❡❥❛ ♥✉❧♦ ✭f0 = 0✮✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❝❛❞❛
✉♠ ❞♦s ♠♦❞♦s ❞♦ ♣❡♥t❡ s❡❥❛ ❡①❛t❛♠❡♥t❡ ✉♠ ♠ú❧t✐♣❧♦ ✐♥t❡✐r♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
❞❡st❡ ❧❛s❡r ✭fm = mfrep✮✳ ❋❡✐t♦ ✐ss♦✱ ✉♠ ❞♦s ♠♦❞♦s ❞♦ ♣❡♥t❡ é ❛❥✉st❛❞♦ ♣❛r❛ q✉❡ s❡❥❛



✷✳✹✳ ❚r❛❜❛❧❤♦s ✐♠♣♦rt❛♥t❡s ♥❛ ❧✐t❡r❛t✉r❛ ✶✶

✐❣✉❛❧ á ❢r❡qüê♥❝✐❛ ❞♦ ♣❛❞rã♦ ó♣t✐❝♦ ❞❡ ❢r❡qüê♥❝✐❛ ✭fopt✮✳ ❉❡st❛ ❢♦r♠❛✱ ❛ ❢r❡qüê♥❝✐❛
❞♦ ♠✲és✐♠♦ ♠♦❞♦ ♣❛ss❛ ❛ s❡r ❞❛❞❛ ♣♦r✿

fm = mfrep = fopt

❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ♣❛ss❛ ❛ s❡r ✉♠ s✉❜♠ú❧t✐♣❧♦ ❞❛ ❢r❡qüê♥❝✐❛ ❞♦
♣❛❞rã♦✿

frep = fopt/m.

❈♦♠♦ ♦ ♠♦❞♦ ♠ ❞♦ ♣❡♥t❡ ❡stá ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ à ❡ss❡ ♣❛❞rã♦✱ t♦❞❛ ❛
❡st❛❜✐❧✐❞❛❞❡ ❞♦ ♣❛❞rã♦ é tr❛♥s♠✐t✐❞❛ à t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❬✸✶❪✳ ❚❡r❡♠♦s ❛ss✐♠ ✉♠❛
✧s❛í❞❛✧❞❡ ❘❋✱ ❛ss♦❝✐❛❞❛ à t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✱ ❝✉❥❛ ❡st❛❜✐❧✐❞❛❞❡ s❡rá ❞❛❞❛
♣❡❧♦ ♣❛❞rã♦ ó♣t✐❝♦✳ ❊st❛ s❛í❞❛ é ❝♦♥✈❡♥✐❡♥t❡ ♣♦✐s ♣♦❞❡ s❡r ♠❡❞✐❞❛✱ ♠❛♥✐♣✉❧❛❞❛ ❡
✉t✐❧✐③❛❞❛ ♣♦r ♠❡✐♦s ❡❧❡trô♥✐❝♦s✳ ❊st❡ s✐♥❛❧ ❞❡ ❘❋ é ♦❜t✐❞♦ ♥❛ s❛í❞❛ ❞❡ ✉♠ ❢♦t♦❞❡t❡t♦r
q✉❡ ❞❡t❡❝t❛ ♦ ❜❛t✐♠❡♥t♦ ❡♥tr❡ ♦s ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s ❞♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✳
❚❡♠✲s❡ ❛ss✐♠ ✉♠ ✈❡r❞❛❞❡✐r♦ r❡❧ó❣✐♦ ❛tô♠✐❝♦ ó♣t✐❝♦ q✉❡ r❡♣r❡s❡♥t❛ ✉♠ ❡①❡♠♣❧♦ ❞♦
q✉❡ ❞❡✈❡ ✈✐r ❛ s❡r ❛ ♣ró①✐♠❛ ❣❡r❛çã♦ ❞❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s✳

❊st❡s ❞✐s♣♦s✐t✐✈♦s ❞❡✈❡♠ ❛❜r✐r ✉♠❛ ♥♦✈❛ ❡r❛ ❡♥✈♦❧✈❡♥❞♦ ♠❡❞✐❞❛s ❞❡ ♣r❡❝✐sã♦✱ ❝♦♠
✐♠♣❛❝t♦ ❡♠ ❝✐ê♥❝✐❛ ❜ás✐❝❛✱ ❡♠ t❡❝♥♦❧♦❣✐❛ ❡ ♥❛ ✐♥❞ústr✐❛✳ ❍♦❥❡ ❥á s❡ ❢❛❧❛✱ ♣♦r ❡①❡♠♣❧♦✱
♥❛ r❡❛❧✐③❛çã♦ ❞❡ s✐♥t❡t✐③❛❞♦r❡s ó♣t✐❝♦s ❞❡ ❢r❡qüê♥❝✐❛✱ ❛♥á❧♦❣♦s ❛♦s ❞❡ r❛❞✐♦❢r❡qüê♥❝✐❛s
❞✐s♣♦♥í✈❡✐s ❛t✉❛❧♠❡♥t❡✳ ❖✉tr❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ♠✉✐t♦ ✐♥t❡r❡ss❛♥t❡ q✉❡ ❞❡❝♦rr❡ ❞♦ ✉s♦ ❞❡
❧❛s❡rs é ❥✉st❛♠❡♥t❡ ♦ ❢❛t♦ ❞❡ q✉❡ ❡♠ ♣r✐♥❝í♣✐♦ ♣♦❞❡✲s❡ ❡♥✈✐❛r ❡st❛ ❢r❡qüê♥❝✐❛ ❡stá✈❡❧
♣♦r ✜❜r❛ ó♣t✐❝❛ ❛ ✉s✉ár✐♦s ❞✐st❛♥t❡s✳ ■st♦ s❡r✐❛ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ❛tr❛t✐✈♦ s❡ ♣❡♥s❛r♠♦s
♥❛ ✉t✐❧✐③❛çã♦ ❞❛ r❡❞❡ ❞❡ ✜❜r❛s ó♣t✐❝❛s ❥á ✐♠♣❧❛♥t❛❞❛ ♣❛r❛ t❡❧❡❝♦♠✉♥✐❝❛çõ❡s✳

✷✳✹ ❚r❛❜❛❧❤♦s ✐♠♣♦rt❛♥t❡s ♥❛ ❧✐t❡r❛t✉r❛

◆❡st❛ s❡çã♦ ❞❡s❝r❡✈❡r❡♠♦s r❡s✉♠✐❞❛♠❡♥t❡ ❛❧❣✉♥s tr❛❜❛❧❤♦s ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛
q✉❡ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛✳

✷✳✹✳✶ ▼❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❞❛ ❧✐♥❤❛ D1 ❞♦ át♦♠♦ ❞❡ ❝és✐♦ ❡
❞❡t❡r♠✐♥❛çã♦ ❞❛ ❝♦♥st❛♥t❡ ❞❡ ❡str✉t✉r❛ ✜♥❛

❆ ♣r✐♠❡✐r❛ ❞❡♠♦♥str❛çã♦ ❞❡ ♠❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ó♣t✐❝❛ ✉t✐❧✐③❛♥❞♦ ❧❛s❡r ❞❡ ❢❡♠✲
t♦ss❡❣✉♥❞♦s ❢♦✐ r❡❛❧✐③❛❞❛ ❡♠ ✶✾✾✾ ♣♦r ❚❤✳ ❯❞❡♠ ❡ s❡✉s ❝♦❧❛❜♦r❛❞♦r❡s ❬✶✵❪✱ ♦♥❞❡ ❢♦✐
♠❡❞✐❞❛ ❛ ▲✐♥❤❛ D1 ❞♦ át♦♠♦ ❞❡ ❝és✐♦ ❡♠ ✸✸✺ ❚❍③ ✭✽✾✹ ♥♠✮✱ ❝♦♠♣❛r❛♥❞♦✲❛ ❝♦♠ ♦
q✉❛rt♦ ❤❛r♠ô♥✐❝♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❍❡◆❡ ❡st❛❜✐❧✐③❛❞♦ ♥❛ ❧✐♥❤❛ ❞♦ ♠❡t❛♥♦ ❡♠ ✽✽✱✹ ❚❍③
✭✸✱✸✾ µ♠✮✳

❖ ❡①♣❡r✐♠❡♥t♦ ♣r♦❞✉③✐✉ r❡s✉❧t❛❞♦s ❝♦♠ ✉♠❛ ♣r❡❝✐sã♦ q✉❡ ❢♦✐ três ♦r❞❡♥s ❞❡
❣r❛♥❞❡③❛ ♠❛✐♦r q✉❡ ♠❡❞✐❞❛s ❛♥t❡r✐♦r❡s✳ ❈♦♠❜✐♥❛❞♦ ❝♦♠ ♦✉tr❛s ♠❡❞✐❞❛s✱ ❡st❡ r❡s✉❧✲
t❛❞♦ ♣r♦♣♦r❝✐♦♥♦✉ ✉♠ ✈❛❧♦r ♣❛r❛ ❛ ❝♦♥st❛♥t❡ ❞❡ ❡str✉t✉r❛ ✜♥❛ α✳ ❆ t❛❜❡❧❛ ✷✳✷ ♠♦str❛
♦s r❡s✉❧t❛❞♦s ❡♥❝♦♥tr❛❞♦s ❡ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡♠ ♠❡❞✐❞❛s ❛♥t❡r✐♦r❡s✳ P♦❞❡♠♦s ✈❡r



✶✷ ✷✳ ▼❡tr♦❧♦❣✐❛ ❞❡ t❡♠♣♦✱ ❢r❡qüê♥❝✐❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❡ r❡❧ó❣✐♦s ❛tô♠✐❝♦s ó♣t✐❝♦s

❋✐❣✉r❛ ✷✳✸✿ ❊sq✉❡♠❛ ❞❡ ✉♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦✳ fo é ❛❥✉st❛❞♦ ♣❛r❛ ③❡r♦✱ ♣❡❧♦ ❛❥✉st❡ ❡♠
♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡ frep é ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛
ó♣t✐❝♦✳

q✉❡ ❛s ✐♥❝❡rt❡③❛s ♦❜t✐❞❛s ♣❡❧❛s ♠❡❞✐❞❛s ❞❡❧❡s ❢♦r❛♠ ❞❛ ♦r❞❡♠ ❞❡ ❦❍③✱ ❡♥q✉❛♥t♦ q✉❡
♥❛s ♠❡❞✐❞❛s ❛♥t❡r✐♦r❡s ❛s ✐♥❝❡rt❡③❛s ❡r❛♠ ❞❛ ♦r❞❡♠ ❞❡ ▼❍③✳

❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❘❡s✉❧t❛❞♦s ❛♥t❡r✐♦r❡s
D1 ✸✸✺ ✶✶✻ ✵✹✽ ✽✵✼ ✭✹✶✮ ✭❦❍③✮ ✸✸✺ ✶✶✻ ✵✻✷ ✭✶✺✮ ✭▼❍③✮
❊❍❋ 6P1/2 ✶ ✶✻✼ ✻✽✽ ✭✽✶✮ ✭❦❍③✮ ✶ ✶✻✼✱✺✹ ✭✸✷✮ ✭▼❍③✮
α−1 ✶✸✼✱✵✸✺ ✾✾✷ ✹✭✹✶✮ ✶✸✼✱✵✸✺ ✾✾✾ ✾✸✭✺✷✮

❚❛❜❡❧❛ ✷✳✷✿ ❘❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❚❤✳ ❯❞❡♠ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✶✵❪✱ ✉t✐❧✐③❛♥❞♦ ❧❛s❡r ❞❡
❢❡♠t♦ss❡❣✉♥❞♦s ❡st❛❜✐❧✐③❛❞♦✳ ❊❍❋✿ ❡str✉t✉r❛ ❤✐♣❡r✲✜♥❛✳

✷✳✹✳✷ ▼❡❞✐❞❛ ❞❡ f0 ♣♦r ✏❛✉t♦✲r❡❢❡rê♥❝✐❛✑

❆ té❝♥✐❝❛ ❞❡ ❛✉t♦✲r❡❢❡rê♥❝✐❛ ❝♦♥s✐st❡ ❡♠ ♠❡❞✐r ♦ ✈❛❧♦r ❞❡ f0 ❝♦♠♣❛r❛♥❞♦✲s❡ ❤❛r♠ô♥✐✲
❝♦s ❞❡ ❞♦✐s ♠♦❞♦s ❞♦ ♣ró♣r✐♦ ❧❛s❡r ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♦▼✲és✐♠♦ ❤âr♠ô♥✐❝♦ ❞♦ ♠♦❞♦
fm ❡ ♦ ◆✲és✐♠♦ ❤âr♠ô♥✐❝♦ ❞♦ ♠♦❞♦ fn✳ ❊♥❝♦❧❤❡♥❞♦✲s❡ ❡st❡s ♠♦❞♦s ❞❡ ❢♦r♠❛ q✉❡
Mm = Nn✱ ♦ ❜❛t✐♠❡♥t♦ ❞❡st❡s ❞♦✐s ❤❛r♠ô♥✐❝♦s r❡s✉❧t❛ ❡♠ (M − N)f0✳ ❯♠❛ ♦✉tr❛
♠❛♥❡✐r❛ ❞❡ s❡ ❞❡t❡r♠✐♥❛r f0 s❡r✐❛ ❝♦♠♣❛r❛r ✉♠ ❞♦s ♠♦❞♦s ❞♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❝♦♠
✉♠ s❡❣✉♥❞♦ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛✳



✷✳✹✳ ❚r❛❜❛❧❤♦s ✐♠♣♦rt❛♥t❡s ♥❛ ❧✐t❡r❛t✉r❛ ✶✸

❊♠ ✷✵✵✵ ♦s ❣r✉♣♦s ❞♦ ❏■▲❆ ❡ ❞♦ ◆■❙❚ ♣✉❜❧✐❝❛r❛♠ ✉♠ tr❛❜❛❧❤♦ ❬✹❪ s♦❜r❡ ❛ té❝✲
♥✐❝❛ ❞❡ ❛✉t♦✲r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✱ ✉s❛♥❞♦ ♣❡❧❛
♣r✐♠❡✐r❛ ✈❡③ ❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛ ♣❛r❛ ❛❧❝❛♥ç❛r ✉♠ ❡s♣❡❝tr♦ q✉❡ ❝♦❜r❡ ✉♠❛
♦✐t❛✈❛ ó♣t✐❝❛✱ ❞❡ ♠♦❞♦ ❛ ♠❡❞✐r f0 ❝♦♠♣❛r❛♥❞♦✲s❡ ❛s ❞✉❛s ❜♦r❞❛s ❞❡st❡ ❡s♣❡❝tr♦✱ ♦♥❡
2m = n✱ M = 2 ❡ N = 1✳

❈♦♠♦ ❛♣❧✐❝❛çã♦ ❞❡st❡ ♠ét♦❞♦✱ ❡❧❡s ♠❡❞✐r❛♠ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ✉♠ ❧❛s❡r ❈❲ ❞❡
❚✐✿❙ ♦♣❡r❛♥❞♦ ❡♠ ✼✼✽ ♥♠ ❡ tr❛✈❛❞♦ ♥❛ tr❛♥s✐çã♦ ❞❡ ❞♦✐s ❢ót♦♥s 5S1/2 ✭❋❂✸✮ →
5D5/2✭❋❂✺✮ ❞♦ r✉❜í❞✐♦✳ ❆ ✜❣✉r❛ ✷✳✹ ♠♦str❛ ♦ ❡sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞♦✳ ❯♠❛
♣♦rçã♦ ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❡st❛❜✐❧✐③❛❞❛ é ❝♦♠❜✐♥❛❞❛ ❝♦♠ ♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡
❡s♣❡❝tr❛❧♠❡♥t❡ r❡s♦❧✈✐❞♦ ❡♠ ✉♠❛ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦✳ ❖ ❜❛t✐♠❡♥t♦ ❡♥tr❡ ♦ ♣❡♥t❡ ❞❡
❢r❡qüê♥❝✐❛ ❡ ♦ ❧❛s❡r ❈❲ é ♠❡❞✐❞♦ ❝♦♠ ✉♠ ❢♦t♦❞✐♦❞♦ ♣♦s✐❝✐♦♥❛❞♦ ❛trás ❞❡ ✉♠❛ ❢❡♥❞❛✳
❉❡t❡r♠✐♥❛♥❞♦✲s❡ frep✱ f0 ❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❜❛t✐♠❡♥t♦ ❡♥tr❡ ♦ ♣❡♥t❡ ❡ ♦ ❚✐✿s❛✜r❛ ❈❲✱
❡♥❝♦♥tr❛✲s❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡s❝♦♥❤❡❝✐❞❛✳ ❖ ✈❛❧♦r ♠é❞✐♦ ♦❜t✐❞♦ s♦❜r❡ ✈ár✐♦s ❞✐❛s ❢♦✐ ❞❡
✸✽✺✳✷✽✺✳✶✹✷✳✸✼✸✱✷ ± ✶✱✸ ❦❍③✱ s❡♥❞♦ ✸✽✺✳✷✽✺✳✶✹✷✳✸✼✽ ± ✺✱✺ ❦❍③ ♦ ✈❛❧♦r r❡❝♦♠❡♥❞❛❞♦
♣❡❧♦ ❈♦♠✐tê ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ P❡s♦s ❡ ▼❡❞✐❞❛s ♣❛r❛ ❛ tr❛♥s✐çã♦ ó♣t✐❝❛ ❞♦ r✉❜í❞✐♦✳

❋✐❣✉r❛ ✷✳✹✿ ▼❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❛✉t♦✲❡st❛❜✐❧✐③❛❞♦ ❬✹❪✳

✷✳✹✳✸ ▼❡❞✐❞❛ ❞❡ r❛③ã♦ ❞❡ ❢r❡qüê♥❝✐❛s

❊♠ ❢❡✈❡r❡✐r♦ ❞❡ ✷✵✵✷✱ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ✉♠ tr❛❜❛❧❤♦ ♦♥❞❡ ❏✳ ❙t❡♥❣❡r ❡ ❝♦❧❛❜♦r❛❞♦r❡s
❬✸✷❪ ❞❡s❝r❡✈❡♠ ✉♠❛ té❝♥✐❝❛ ♣❛r❛ ♠❡❞✐❞❛ ❞❡ ❢r❡qüê♥❝✐❛ ❜❛s❡❛❞❛ ♥❛ ♦♣❡r❛çã♦ ❞❡ ✉♠
❣❡r❛❞♦r ❞❡ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦♠♦ ✉♠ ♦s❝✐❧❛❞♦r ❞❡ tr❛♥s❢❡rê♥❝✐❛✳ ◆❡st❡ s✐st❡♠❛✱
♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ r❛③ã♦ ❡♥tr❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❞♦✐s
❧❛s❡rs✱ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ♠❡❞✐❞❛ ❞❡ frep ♦✉ fo✳ ❖ r❡s✉❧t❛❞♦ ♠❡❞✐❞♦ é ❧✐✈r❡ ❞❛s
✢✉t✉❛çõ❡s ✐♥❡r❡♥t❡s ❛ frep ♦✉ fo ❡ t❡♠ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ s❡r ♠❛✐s ♣r❡❝✐s♦ ❞♦ q✉❡ té❝♥✐❝❛s
❞❡ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛ ♠❛✐s ❝♦♠✉♥s✳ ❈♦♠ ❡st❛ té❝♥✐❝❛✱
❡❧❡s ♠❡❞✐r❛♠ ❛ r❛③ã♦ ❡♥tr❡ ♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ✭vSH = 532 nm✮ ❡ ❛ ❢r❡qüê♥❝✐❛
❢✉♥❞❛♠❡♥t❛❧ ✭vo = 1064 nm✮ ❞❡ ✉♠ ❧❛s❡r ◆❞✿❨❆●✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ✐♥❝❡rt❡③❛
r❡❧❛t✐✈❛ ❞❡ ✶✵−18 ♣❛r❛ ✶✵✵ s ❞❡ t❡♠♣♦ ❞❡ ♠❡❞✐❞❛ ❡ vSH/vo ❂ ✷✱✵✵✵ ✵✵✵ ✵✵✵ ✵✵✵ ✵✵✵
✵✵✶ ✭1 ± 7 × 10−19✮✳



✶✹



❈❛♣ít✉❧♦ ✸

●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡

❢❡♠t♦ss❡❣✉♥❞♦s

❊♠ r❡❣✐♠❡ ❞❡ ❜❛✐①❛ ✐♥t❡♥s✐❞❛❞❡✱ ♦❜t✐❞♦s ♣♦r ❧â♠♣❛❞❛s ✐♥❝❛♥❞❡s❝❡♥t❡s✱ ▲❊❉s✱ ❡ ♦
s♦❧✱ ♣r❡❞♦♠✐♥❛♠ ❡❢❡✐t♦s ❡♥✈♦❧✈❡♥❞♦ ✐♥t❡r❛çã♦ r❛❞✐❛çã♦ ✲ ♠❛tér✐❛ ♦♥❞❡ ♣❛râ♠❡tr♦s
❝❛r❛❝t❡ríst✐❝♦s t❛✐s ❝♦♠♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡ ❝♦❡✜❝✐❡♥t❡s ❞❡ ❛❜s♦rçã♦ ❡ r❡✢❡①ã♦ ♥ã♦
❞❡♣❡♥❞❡♠ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③✱ ♠❛s ❛♣❡♥❛s ❞❛ ♥❛t✉r❡③❛ ❞♦ ♠❡✐♦✳

❊♠ ❧❛s❡rs✱ ❛ ✐♥t❡♥s✐❞❛❞❡ ♣♦❞❡ s❡r ♠❛✐♦r q✉❡ ❦❲✴❝♠2✳ ▲❛s❡rs ❞❡ ♣✉❧s♦s ❝✉rt♦s
♣♦❞❡♠ ❣❡r❛r ♣♦tê♥❝✐❛s ❞❡ ♣✐❝♦ ❞❛ ♦r❞❡♠ ❞❡ ●❲✳ ◆❡ss❛s ❝♦♥❞✐çõ❡s✱ ♦s ♣❛râ♠❡tr♦s
ó♣t✐❝♦s ♣♦❞❡♠ ♣❛ss❛r ❛ s❡r ❞❡♣❡♥❞❡♥t❡s ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡✱ ❞❛♥❞♦ ♦r✐❣❡♠
❛♦s ❡❢❡✐t♦s ❞❡ ó♣t✐❝❛ ♥ã♦✲❧✐♥❡❛r✳ ❊ss❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ♣♦❞❡ s❡r
❡①♣r❡ss❛ ❛tr❛✈és ❞❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r ❞❛ ♣♦❧❛r✐③❛çã♦ ♠❛❝r♦s❝ó♣✐❝❛ ❞❡ ✉♠
♠❡✐♦ q✉❛♥❞♦ ✐❧✉♠✐♥❛❞❛ ♣♦r ✉♠❛ r❛❞✐❛çã♦ ❞❡ ❝❛♠♣♦ ❡❧étr✐❝♦ E✿

P = χ(1)E Ó♣t✐❝❛ ❧✐♥❡❛r ✭✸✳✶✮
+ χ(2)E2 Ó♣t✐❝❛ ♥ã♦ ❧✐♥❡❛r

❣❡r❛çã♦ ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦
❡❢❡✐t♦s ♣❛r❛♠étr✐❝♦s

+ χ(3)E3 ❣❡r❛çã♦ ❞❡ t❡r❝❡✐r♦ ❤❛r♠ô♥✐❝♦
+ . . .

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❧❛s❡rs ❞❡ ♣✉❧s♦s ✉❧tr❛❝✉rt♦s ♣❡r♠✐t✐✉ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠❛
♥♦✈❛ ❝❧❛ss❡ ❞❡ ❡❢❡✐t♦s ♦s q✉❛✐s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s à ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧ ❞♦s ♣✉❧s♦s ❡
❛♣❛r❡❝❡♠ q✉❛♥❞♦ ♦ ♣✉❧s♦ s❡ ♣r♦♣❛❣❛ ❡♠ ✉♠ ♠❡✐♦ ❞✐s♣❡rs✐✈♦ ❝✉❥♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦
❞❡♣❡♥❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

✶✺



✶✻ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

✸✳✶ ❈❛r❛❝t❡ríst✐❝❛s ❞❡ ♣✉❧s♦s ❞❡ ❧✉③

❯♠❛ ♠❛♥❡✐r❛ ♣rát✐❝❛ ❞❡ r❡♣r❡s❡♥t❛r ✉♠ ♣✉❧s♦ ❞❡ ❧✉③ é ♠✉❧t✐♣❧✐❝❛r ❛ s♦❧✉çã♦ ❞❛
❡q✉❛çã♦ ❞❡ ♦♥❞❛ ♣❧❛♥❛ ❬✸✸❪ ♣♦r ✉♠❛ ❢✉♥çã♦ ❜❡♠ ❞❡❧✐♠✐t❛❞❛ ✭❣❛✉ss✐❛♥❛ ♣♦r ❡①❡♠✲
♣❧♦✮✳ ❙✉♣♦♥❞♦ ✉♠ ♣✉❧s♦ ❝❡♥tr❛❞♦ ❡♠ ✉♠❛ ❢r❡qüê♥❝✐❛ ♠é❞✐❛ ωo✱ ❡ q✉❡ t❡♥❤❛ ✈❛❧♦r❡s
♥ã♦ ❞❡s♣r❡③í✈❡✐s ❛♣❡♥❛s ❡♠ ❞❡♥tr♦ ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ∆ω ♣❡q✉❡♥♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ωo✱
♣♦❞❡♠♦s ❡s❝r❡✈❡r ❡st❡ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧ ❝♦♠♦✿

ǫ(t) = ❘❡
{

ǫ̃(t)eiωot+iφ(t)
}

✭✸✳✷✮

♦♥❞❡ ǫ̃(t) é ❡♥✈♦❧tór✐❛ ❞♦ ♣✉❧s♦ ❡ φ(t) é ✉♠❛ ❢❛s❡ q✉❡ ♣♦❞❡ ❞❡♣❡♥❞❡r ❞♦ t❡♠♣♦✳
❊♠ ✉♠ ❝❛s♦ ❣❡r❛❧✱ ♦s ❡s♣❡❝tr♦s ❞♦ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛ ❡ ♥♦ ❞♦♠í♥✐♦

t❡♠♣♦r❛❧ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ✉♠ ❝♦♠ ♦ ♦✉tr♦ ❛tr❛✈és ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✿

E(ω) =
∫ +∞

−∞

ǫ(t)eiωtdt ✭✸✳✸✮

ǫ(t) =
1

2π

∫ +∞

−∞

E(ω)e−iωtdω ✭✸✳✹✮

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

∆t∆ω ≥ K, ✭✸✳✺✮

♦♥❞❡ K é ✉♠❛ ❝♦♥st❛♥t❡ q✉❡ ❞❡♣❡♥❞❡ ❞♦ ❢♦r♠❛t♦ ❞♦ ❡♥✈❡❧♦♣❡ ❞♦ ♣✉❧s♦✳ ❆ t❛❜❡❧❛ ✸✳✶
♠♦str❛ ❛❧❣✉♥s ✈❛❧♦r❡s ❞❡st❛ ❝♦♥st❛♥t❡s ♣❛r❛ ❢✉♥çõ❡s ♠❛✐s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❞❡s❝r❡✈❡r ♦
❡♥✈❡❧♦♣❡ ❞❡ ♣✉❧s♦s✳

❋✉♥çã♦ ❞♦ ❡♥✈❡❧♦♣❡ ǫ̃(t) ❑
●❛✉ss✐❛♥❛ Eo exp [−(t/to)

2/2] ✵✱✹✹✶
❊①♣♦♥❡♥❝✐❛❧ Eo exp [−t/to/2] ✵✱✶✹✵
❙❡❝❛♥t❡ ❤✐♣❡r❜ó❧✐❝❛ Eo1/ cosh [t/to] ✵✱✽✾✷

▲♦r❡♥t③✐❛♥❛ Eo [1 + (t/to)
2]

−1 ✵✱✶✹✷

❚❛❜❡❧❛ ✸✳✶✿ ❱❛❧♦r❡s ❞❡ K ♥❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✸✳✺ ♣❛r❛ ❛❧❣✉♥s ❢♦r♠❛t♦s ❞❡ ♣✉❧s♦✳ Eo ❡ to
sã♦ ❝♦♥st❛♥t❡s q✉❡ ❞❡✜♥❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞♦ ♣✉❧s♦ ❡ s✉❛
❧❛r❣✉r❛ t❡♠♣♦r❛❧✳

❊ss❛ r❡❧❛çã♦ ✐♠♣❧✐❝❛ q✉❡✱ ♣❛r❛ s❡ ♦❜t❡r ✉♠ ♣✉❧s♦ ❝♦♠ ♠❛✐♦r ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧✱
é ♥❡❝❡ssár✐♦ ♦❜t❡r✲s❡ ✉♠ ♣✉❧s♦ ❞❡ ❞✉r❛çã♦ t❡♠♣♦r❛❧ ❝✉rt❛✳ ❯♠ ♣✉❧s♦ ♦♥❞❡ ❡st❛
✐❣✉❛❧❞❛❞❡ é ❛❧❝❛♥ç❛❞❛ é ❝❤❛♠❛❞♦ ❞❡ ♣✉❧s♦ ✧❧✐♠✐t❛❞♦ ♣♦r tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✧✳

❱❛♠♦s ❛❣♦r❛ ❛♥❛❧✐s❛r ♦ s✐❣♥✐✜❝❛❞♦ ❞❛ ❢✉♥çã♦ ❞❡ ❢❛s❡ φ(t)✳ ❆ ❞❡❝♦♠♣♦s✐çã♦ ❞❛
♦♥❞❛ ♣♦rt❛❞♦r❛ ♥❛ ❡q✉❛çã♦ ✸✳✷ ❡♠ ω0 ❡ φ(t) ♦❜✈✐❛♠❡♥t❡ ♥ã♦ é ú♥✐❝❛✳ ❯♠❛ ♣rát✐❝❛



✸✳✷✳ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛r❡♥t❡ ✶✼

❝♦♠✉♠ é ❡s❝♦❧❤❡r ω0 ❞❡ ❢♦r♠❛ q✉❡ ❞φ(t)/❞t ♣♦ss✉❛ ♦ ♠❡♥♦r ✈❛❧♦r ♥❛ ♣❛rt❡ ♠❛✐s
✐♥t❡♥s❛ ❞♦ ♣✉❧s♦✳ ❆ ❞❡r✐✈❛❞❛ t❡♠♣♦r❛❧ ❞♦ ❢❛t♦r ❞❡ ❢❛s❡ ❞❛ ❡q✉❛çã♦ ✸✳✷ ❡st❛❜❡❧❡❝❡
✉♠❛ ❢r❡qüê♥❝✐❛ ♣♦rt❛❞♦r❛ ❞❡♣❡♥❞❡♥t❡ ❞♦ t❡♠♣♦ ✭❢r❡qüê♥❝✐❛ ✐♥st❛♥tâ♥❡❛✮✿

ω(t) = ωo +
❞
❞t

φ(t). ✭✸✳✻✮

P❛r❛ ❞φ(t)/❞t = b = ❝♦♥st❛♥t❡✱ ✉♠ ✈❛❧♦r ♥ã♦ ♥✉❧♦ ❞❡ b ❛♣❡♥❛s s✐❣♥✐✜❝❛ ✉♠
❞❡s❧♦❝❛♠❡♥t♦ ♥♦ ✈❛❧♦r ❞❛ ❢r❡qüê♥❝✐❛ ♣♦rt❛❞♦r❛ ω0✳ ❙❡ ❞φ(t)/❞t = f(t)✱ ❛ ❢r❡qüê♥❝✐❛
♣♦rt❛❞♦r❛ ✈❛r✐❛ ❝♦♠ ♦ t❡♠♣♦ ❡ s❡ ❞✐③ q✉❡ ♦ ♣✉❧s♦ é ✧♠♦❞✉❧❛❞♦ ❡♠ ❢r❡qüê♥❝✐❛ ✧♦✉
✧❝❤✐r♣❡❞✧✳ P❛r❛ ❞2φ(t)/❞t2 ❁ ✭❃✮ ✵✱ ❛ ❢r❡qüê♥❝✐❛ ♣♦rt❛❞♦r❛ ❞✐♠✐♥✉✐ ✭❛✉♠❡♥t❛✮ ❛♦
❧♦♥❣♦ ❞♦ ♣✉❧s♦✱ s❡♥❞♦ ❡st❡ ❝❤❛♠❛❞♦ ❞❡ ✧❞♦✇♥ ✭✉♣✮ ❝❤✐r♣❡❞✧✳ ❆ ✜❣✉r❛ ✸✳✶ ♠♦str❛ ✉♠
♣✉❧s♦ ❣❛✉ss✐❛♥♦ ❝♦♠ φ(t) ∝ t2✱ ♦♥❞❡ ❛ ❢r❡qüê♥❝✐❛ ❞❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❛✉♠❡♥t❛ ❝♦♠ ♦
t❡♠♣♦✳

❋✐❣✉r❛ ✸✳✶✿ ❈❛♠♣♦ ❡❧étr✐❝♦ ✭❡q✉❛çã♦ ✸✳✷✮ ❞❡ ✉♠ ♣✉❧s♦ ❝❤✐r♣❡❞ ❝♦♠ ❡♥✈❡❧♦♣❡ ❣❛❧ss✐❛♥♦
✭t❛❜❡❧❛ ✸✳✶✮ ♣❛r❛ ♦ ❝❛s♦ ❞❡ φ(t) = (αt)2/2 ✱ ♦♥❞❡ α ❂ ❝♦♥st❛♥t❡✱ ωo = 8α ❡ to = 5/(2α)✳

✸✳✷ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛✲
r❡♥t❡

❉❡✈✐❞♦ ❛ s✉❛ ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧ ❡ à ❞✐s♣❡rsã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦✱ ✉♠ ♣✉❧s♦ ❛♦ s❡
♣r♦♣❛❣❛r ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛r❡♥t❡ s♦❢r❡ ❞✐st♦rçã♦ ❡♠ s✉❛ ❢❛s❡ q✉❡ ❧❡✈❛ ❛♦ ❛✉♠❡♥t♦
❞❡ s✉❛ ❞✉r❛çã♦✳ P♦r s✐♠♣❧✐❝✐❞❛❞❡✱ ✈❛♠♦s ❝♦♥s✐❞❡r❛r ♦ ❝❛s♦ ❡♠ q✉❡ ♦ ❡♥✈❡❧♦♣❡ ❞♦
♣✉❧s♦ ǫ̃(t) ♥❛ ❡q✉❛çã♦ ✸✳✷ t❡♠ ✉♠ ❢♦r♠❛t♦ ❣❛✉ss✐❛♥♦✳ P❛r❛ ❡st❡ ❝❛s♦✱ ❛ ❡q✉❛çã♦ q✉❡
❞❡s❝r❡✈❡ ♦ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧ t♦r♥❛✲s❡✿

ǫ = ℜ
{

Eoe
−Γt2+iωot+iφ(t)

}

, ✭✸✳✼✮



✶✽ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

♦♥❞❡ Γ é ✉♠ ❢❛t♦r ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ q✉❛❞r❛❞♦ ❞❛ ❞✉r❛çã♦ ❞♦ ♣✉❧s♦ to
✭Γ = t−2

o ✮✳
❆ tr❛s♥❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❡ ✉♠ ♣✉❧s♦ ❣❛✉ss✐❛♥♦ ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✼ é ❞❛❞♦

♣♦r✿

E(ω) = exp

[

−(ω − ωo)
2

4Γ

]

. ✭✸✳✽✮

❉❡♣♦✐s ❞❡ s❡ ♣r♦♣❛❣❛r ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ x✱ s❡✉ ❡s♣❡❝tr♦ é ♠♦❞✐✜❝❛❞♦ ♣❛r❛✿

E(ω, x) = Eo(ω) exp [±ik(ω)x] , k(ω) = nω/c, ✭✸✳✾✮

♦♥❞❡ k(ω) é ❛❣♦r❛ ✉♠ ❢❛t♦r ❞❡♣❡♥❞❡♥t❡ ❞❛ ❢r❡qüê♥❝✐❛✳ P❛r❛ ♣♦❞❡r♠♦s ❢❛③❡r ✉♠ ❡st✉❞♦
❛♥❛❧ít✐❝♦ ❞♦s ❡❢❡✐t♦s ❞❡ss❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ❢r❡qüê♥❝✐❛✱ ✈❛♠♦s ❡①♣❛♥❞✐r ❡st❡ ❢❛t♦r ❡♠
sér✐❡ ❞❡ ❚❛②❧♦r✿

k(ω) = k(ωo) + k′(ω − ωo) + k′′(ω − ωo)
2 + . . . , ✭✸✳✶✵✮

♦♥❞❡

k′ =

(

❞k(ω)

❞ω

)

ωo

❡

k′′ =

(

❞2k(ω)

❞ω2

)

ωo

.

P❛r❛ ♦ ♣✉❧s♦ ❞❛ ❡q✉❛çã♦ ✸✳✾✱ ♦ ❡s♣❡❝tr♦ ❞♦ ♣✉❧s♦ t♦r♥❛✲s❡✿

E(ω, x) = exp
[

−ik(ωo)x − ik′(ω − ωo)x −
(

1

4Γ
+

i

2
k′′x

)

(ω − ωo)
2
]

. ✭✸✳✶✶✮

❆ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠ ♣✉❧s♦ ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✶ é ♦❜t✐❞❛ ♣❡❧❛ tr❛♥s❢♦r✲
♠❛❞❛ ✐♥✈❡rs❛ ❞❡st❛ ❢✉♥çã♦✱ s❡♥❞♦ ❞❛❞❛ ♣♦r✿

ǫ(t) =

√

Γ(x)

π
exp

[

iωo

(

t − x

vφ(ωo)

)]

× exp



−Γ(x)

(

t − x

vg(ωo)

)2


, ✭✸✳✶✷✮

♦♥❞❡

vφ(ωo) =
(

ω

k

)

ωo

, vg(ωo) =
(❞ω

❞k

)

ωo

,
1

Γ(x)
=

1

Γ
+ 2ik′′x. ✭✸✳✶✸✮

◆❛ ♣r✐♠❡✐r❛ ❡①♣♦♥❡♥❝✐❛❧ ❞❛ ❡q✉❛çã♦ ✸✳✶✷✱ ♦❜s❡r✈❛✲s❡ q✉❡ ❛ ❢❛s❡ ❞❛ ❢r❡qüê♥❝✐❛ ❝❡♥✲
tr❛❧ ωo é ❛tr❛s❛❞❛ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡ x/vφ✱ vφ s❡♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❢❛s❡✱ ❞❡♣♦✐s
❞❡ s❡ ♣r♦♣❛❣❛r ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ x✳ ❖ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✸✳✶✷ ♠♦str❛ q✉❡✱
❞❡♣♦✐s ❞❡ s❡ ♣r♦♣❛❣❛r ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ x✱ ♦ ♣✉❧s♦ ♠❛♥té♠ ✉♠ ❡♥✈❡❧♦♣❡ ❣❛✉ss✐❛♥♦✳



✸✳✷✳ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛r❡♥t❡ ✶✾

❊st❡ ❡♥✈❡❧♦♣❡ s♦❢r❡ ✉♠ ❛tr❛s♦ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❛❞❛ ♣♦r x/vg✱ vg s❡♥❞♦ ❛ ✈❡❧♦❝✐✲
❞❛❞❡ ❞❡ ❣r✉♣♦✳ ❉❛ ❡①♣r❡ssã♦ ♣❛r❛ ♦ ❢❛t♦r ❞❡ ♣r♦♣❛❣❛çã♦ k = 2π/λ ❡ ❞❛ ❡①♣r❡ssã♦
♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡♠ ✉♠ ♠❡✐♦✱ λ = 2πc/(ωn(ω))✱ ♦♥❞❡ n(ω) é ♦ í♥❞✐❝❡ ❞❡
r❡❢r❛çã♦✱ t❡♠♦s✿

vφ =
c

n(ω)
, ✭✸✳✶✹✮

vg =
❞ω

❞k
=

1

(❞k/❞ω)
,
❞k

❞ω
=

1

c

(

n(ω) + ω
❞n(ω)

❞ω

)

✭✸✳✶✺✮

vg ≈ vφ

(

1 − ω

n(ω)

❞n(ω)

❞ω

)

✭✸✳✶✻✮

❆ss✐♠✱ ✉♠ ♣✉❧s♦ ❝✉❥❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ω ✈✐❛❥❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ vφ = c/n ♣♦ss✉✐
✉♠❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❢❛s❡ ❡ ❞❡ ❣r✉♣♦ ✭∆ϕ✮ ❞❡♣♦✐s ❞❡ s❡ ♣r♦♣❛❣❛r ♣♦r
✉♠❛ ❞✐stâ♥❝✐❛ L ❞❛❞❛ ♣♦r✿

∆ϕ = ω

(

L

vg

− L

vφ

)

=
Lω

c

(

n + ω
❞n

❞ω
− n

)

=
Lω2

c

(

❞n

❞ω

)

= 2πL

(

❞n

❞λ

)

✭✸✳✶✼✮

❖ s❡❣✉♥❞♦ ❢❛t♦r ♥❛ ❡q✉❛çã♦ ✸✳✶✷ t❛♠❜é♠ ♠♦str❛ q✉❡ ♦ ♣✉❧s♦ é ❞✐st♦r❝✐❞♦ ❞✉r❛♥t❡
s✉❛ ♣r♦♣❛❣❛çã♦ ♣♦r ❝❛✉s❛ ❞♦ ❢❛t♦r Γ(x)✱ ❡q✉❛çã♦ ✸✳✶✸✱ ♦ q✉❛❧ ❞❡♣❡♥❞❡ ❞❛ ❢r❡qüê♥❝✐❛
❛♥❣✉❧❛r ω ❛tr❛✈és ❞❡ k′′(ω)✿

k′′ =

(

❞2k

❞ω2

)

ω0

=
❞
❞ω

(

1

vg(ω)

)

ω0

=
1

c

(

2
❞n

❞ω
+ ω

❞2n

❞ω2

)

=
λ3

2πc2

❞2n

❞λ2
. ✭✸✳✶✽✮

❖ ✐♥✈❡rs♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦✱ ∂k
∂ω

✱ é ❝❤❛♠❛❞♦ ❞❡ ❞✐s♣❡rsã♦✳ ❆ s❡❣✉♥❞❛ ❞❡r✐✈❛❞❛ é
❝❤❛♠❛❞❛ ❞❡ ❞✐s♣❡rsã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✭●❱❉✮✳ ❊st❛ é ✉♠❛ ♠❡❞✐❞❛ ❞♦ ❛❧❛r❣❛✲
♠❡♥t♦ ❞♦ ♣✉❧s♦ q✉❛♥❞♦ ❡st❡ ✈✐❛❥❛ ❡ é ❣❡r❛❧♠❡♥t❡ ❡①♣r❡ss❛ ❡♠ ❢s2✴❝♠✳

❘❡❡s❝r❡✈❡♥❞♦ Γ(x) ❝♦♠♦

Γ(x) =
Γ

1 + ξ2x2
− i

ξx

1 + ξ2x2
, ξ = 2Γk′′

❡ s✉❜st✐t✉✐♥❞♦ ❡st❛ ❡①♣r❡ssã♦ ♥♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✸✳✶✷✱ t❡♠♦s✿

exp



− Γ

1 + ξ2x2

(

t − x

vg(ωo)

)2

+ i
ξx

1 + ξ2x2

(

t − x

vg(ωo)

)2


. ✭✸✳✶✾✮

❆ s❡❣✉♥❞❛ ♣❛rt❡ ❞❛ ❡①♣r❡ssã♦ ✸✳✶✾ ❛✐♥❞❛ r❡♣r❡s❡♥t❛ ✉♠❛ ❢✉♥çã♦ ❣❛✉ss✐❛♥❛✱ ♣♦ré♠
❝♦♠ ✉♠ ❢❛t♦r ♠✉❧t✐♣❧✐❝❛t✐✈♦

Γ

1 + ξ2x2



✷✵ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

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

❆ ♣❛rt❡ ✐♠❛❣✐♥ár✐❛ ♥❛ ❡①♣r❡ssã♦ ✸✳✶✾ ❝♦♥té♠ ✉♠ t❡r♠♦ q✉❛❞rát✐❝♦ t❡♠♣♦r❛❧ q✉❡
❝r✐❛ ✉♠❛ ♠♦❞✉❧❛çã♦ ❧✐♥❡❛r ❡♠ ❢r❡qüê♥❝✐❛ ♥♦ ♣✉❧s♦✱ ❝♦♥❢♦r♠❡ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✼✳

❊♠ r❡s✉♠♦✱ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❡♠ ✉♠ ♠❡✐♦ tr❛♥s♣❛r❡♥t❡ r❡s✉❧t❛ ❡♠ ✉♠
❛tr❛s♦ ❞♦ ♣✉❧s♦✱ ✉♠ ❛❧❛r❣❛♠❡♥t♦ ♥❛ ❞✉r❛çã♦ ❡ ✉♠❛ ♠♦❞✉❧❛çã♦ ♥❛ ❢r❡qüê♥❝✐❛✳

✸✳✸ ●❡r❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✿ ▲❛s❡rs ❞❡
♠♦❞♦s ❛❝♦♣❧❛❞♦s

❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ❧❛s❡rs ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ ♣✉❧s♦s ✉❧tr❛✲❝✉rt♦s
❜❛s❡✐❛✲s❡ ♥♦ ❝♦♥tr♦❧❡ ❞♦s ♠♦❞♦s ❞❡ ♦s❝✐❧❛çã♦ ❞❛ ❝❛✈✐❞❛❞❡ r❡ss♦♥❛♥t❡✳ ❊ss❡s ❧❛s❡rs
r❡q✉❡r❡♠ ✉♠ ♠❡✐♦ ❞❡ ❣❛♥❤♦ ❝♦♠ ❜❛♥❞❛ ❞❡ ❡♠✐ssã♦ ❧❛r❣❛ q✉❡ ✐rá s✉st❡♥t❛r ♠❛✐s
❞❡ ✶✵✵✳✵✵✵ ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s ❡♠ ✉♠❛ ❝❛✈✐❞❛❞❡ ❞❡ ❧❛s❡r tí♣✐❝❛✳ ◆♦ ❞♦♠í♥✐♦ ❞❡
❢r❡qüê♥❝✐❛✱ ❧❛s❡rs ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ♣♦❞❡♠ s❡r ❞❡s❝r✐t♦s ❝♦♠♦ ❛ s✉♣❡r♣♦s✐çã♦ ❞❡st❡s
♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s✱ ♦s❝✐❧❛♥❞♦ ❝♦♠ r❡❧❛çã♦ ❡♥tr❡ ❛s ❢❛s❡s ✜①❛✳

❙❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r é L✱ ❡♥tã♦ s♦♠❡♥t❡ é ♣♦ssí✈❡❧ ❛ ♦s❝✐❧❛çã♦
❞♦s ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s ❞♦ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❝✉❥❛s ❢r❡qüê♥❝✐❛s✱ ❞❡s♣r❡③❛♥❞♦ ❛
❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ♥♦ ♠❡✐♦✱ sã♦ ❞❛❞❛s ♣♦r ❬✸✹❪✿

fm = m
1

τ0

= mfrep, ✭✸✳✷✵✮

♦♥❞❡ frep é ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✱ τ0 é ♦ t❡♠♣♦ q✉❡ ♦ ♣✉❧s♦ ❧❡✈❛ ♣❛r❛ ❞❛r
✉♠❛ ✈♦❧t❛ ❝♦♠♣❧❡t❛ ♥❛ ❝❛✈✐❞❛❞❡✱ s❡♥❞♦ ✐❣✉❛❧ ❛ 2L/c ♣❛r❛ ❝❛✈✐❞❛❞❡s ❧✐♥❡❛r❡s ❡ L/c
♣❛r❛ ❝❛✈✐❞❛❞❡s ❡♠ ❛♥❡❧✱ c é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ❡ m é ✉♠ ♥ú♠❡r♦ ✐♥t❡✐r♦✳ ◗✉❛♥t♦ ❡
q✉❛✐s ❞❡ss❡s ♠♦❞♦s ✐rã♦ ♦s❝✐❧❛r ❞❡♣❡♥❞❡ ❞♦ t✐♣♦ ❞❡ ❝❛✈✐❞❛❞❡✱ ❞♦s ❡✈❡♥t✉❛✐s ❡❧❡♠❡♥t♦s
❞❡ ❡❧✐♠✐♥❛çã♦ ❞♦s ♠♦❞♦s ❡①✐st❡♥t❡s ❡ ❞❛ ❧❛r❣✉r❛ ❞❡ ❢❛✐①❛ ❞♦ ❣❛♥❤♦ ❞♦ ♠❡✐♦ ❧❛s❡r
✉t✐❧✐③❛❞♦✳ ❖ ❝❛♠♣♦ ♥❛ s❛í❞❛ ❞♦ ❧❛s❡r é ❞❛❞♦ ♣❡❧❛ s♦♠❛ ❞♦s ❝❛♠♣♦s ❡①✐st❡♥t❡s ❡♠
❝❛❞❛ ✉♠❛ ❞❛s ❢r❡qüê♥❝✐❛s ♣❡r♠✐t✐❞❛s ♣❡❧♦ r❡ss♦♥❛❞♦r✿

E(t) =
∞
∑

m=−∞

Em(t)exp [i (2πfmt + θ(t))] ✭✸✳✷✶✮

◗✉❛♥❞♦ ♥ã♦ ❤á ♥❡♥❤✉♠ t✐♣♦ ❞❡ ❝♦♥tr♦❧❡ s♦❜r❡ ♦s ♠♦❞♦s ❞♦ ❧❛s❡r✱ t❛♥t♦ ❛ ❛♠♣❧✐t✉❞❡
❝♦♠♦ ❛ ❢❛s❡ ❞❡ ❝❛❞❛ ✉♠ ❞♦s ♠♦❞♦s ♣♦❞❡ ✈❛r✐❛r ♥♦ t❡♠♣♦ ❞❡✈✐❞♦ às ♣❡rt✉r❜❛çõ❡s
❡①t❡r♥❛s✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❢❛s❡ r❡❧❛t✐✈❛ ❡♥tr❡ ❝❛❞❛ ✉♠ ❞♦s ♠♦❞♦s ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛
✉♠ ♥ú♠❡r♦ ❛❧❡❛tór✐♦✳ ■ss♦ s❡ r❡✢❡t❡ ♥♦ ❡s♣❛ç♦ ❞❡ t❡♠♣♦ ❝♦♠♦ ✉♠ ❡s♣❡❝tr♦ ❞❡ ❧✉③
❝♦♥tí♥✉❛ ❝♦♠ ✉♠ r✉í❞♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❛❧❡❛tór✐♦✳

P❛r❛ ❛ ❣❡r❛çã♦ ❞❡ ♣✉❧s♦s ✉❧tr❛❝✉rt♦s✱ é ♥❡❝❡ssár✐♦ ♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡ ✉♠❛ s✐t✉✲
❛çã♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s ♠♦❞♦s ♦♥❞❡ ❛s ❢❛s❡s r❡❧❛t✐✈❛s ❡ ❛s ❛♠♣❧✐t✉❞❡s ❞♦s ✈ár✐♦s
♠♦❞♦s ♦s❝✐❧❛♥t❡s s❡❥❛♠ ♠❛♥t✐❞♦s ❝♦♥st❛♥t❡s ♥♦ t❡♠♣♦✳ ◆❡st❡ ❝❛s♦✱ ♦s ♠♦❞♦s ❞♦ ❧❛s❡r



✸✳✸✳ ●❡r❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✿ ▲❛s❡rs ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ✷✶

✐♥t❡r❢❡r❡♠✲s❡ ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❢❛s❡ ❡♥tr❡ ♦s ♠♦❞♦s
s❡❥❛ ✉♠ ♠ú❧t✐♣❧♦ ❞❡ 2π✳ ❉❡ss❛ ❢♦r♠❛✱ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ N ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s ❧❡✈❛
❛ ✉♠❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ tr❡♠ ❞❡ ♣✉❧s♦s✱ ♦♥❞❡ ❛ s❡♣❛r❛çã♦ ❡♥tr❡ ♦s ♣✉❧s♦s é ❞❛❞❛ ♣❡❧♦
t❡♠♣♦ ❞❡ ❝✐r❝✉❧❛çã♦ ❞♦ ♣✉❧s♦ ♥❛ ❝❛✈✐❞❛❞❡✱ τ0✳

❆ r❡❛❧✐③❛çã♦ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ♠♦❞♦s ♣♦ssí✈❡❧ é ❣❡r❛❧♠❡♥t❡
❢❡✐t❛ ❛tr❛✈és ❞♦ ✉s♦ ❞❡ ❞✉❛s té❝♥✐❝❛s ❛❧t❡r♥❛t✐✈❛s✿ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ♠♦❞♦s ❛t✐✈♦ ❡
♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ♠♦❞♦s ♣❛ss✐✈♦✳ ◆♦ ❝❛s♦ ❛t✐✈♦✱ é ✐♥s❡r✐❞♦ ✉♠ ♠♦❞✉❧❛❞♦r ❛❝úst✐❝♦✲
ó♣t✐❝♦ ♥❛ ❝❛✈✐❞❛❞❡✱ ❝♦♥tr♦❧❛❞♦ ♣♦r ✉♠ ❝✐r❝✉✐t♦ ❡①t❡r♥♦ ❝♦♥✈❡♥✐❡♥t❡✳ ◆♦ ❝❛s♦ ♣❛ss✐✈♦✱
✐♥s❡r❡✲s❡ ♥❛ ❝❛✈✐❞❛❞❡ ✉♠ ❡❧❡♠❡♥t♦ ó♣t✐❝♦ ♥ã♦ ❧✐♥❡❛r q✉❡ t❡♥❤❛ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡
t♦r♥❛r ❛s ♣❡r❞❛s ♠❡♥♦r❡s ♣❛r❛ ✐♥t❡♥s✐❞❛❞❡s ❝✐r❝✉❧❛♥t❡s ♠❛✐♦r❡s ❝♦♠♦✱ ♣♦r ❡①❡♠♣❧♦✱
✉♠ ❡❧❡♠❡♥t♦ ❛✉t♦❢♦❝❛❧✐③❛❞♦r ❛❝♦♣❧❛❞♦ ❛ ✉♠❛ ❛❜❡rt✉r❛✳

P❛r❛ ❡①❡♠♣❧✐✜❝❛r ♦ s✉r❣✐♠❡♥t♦ ❞♦s ♣✉❧s♦s✱ ✈❛♠♦s s✉♣♦r ❛ s✐t✉❛çã♦ ♦♥❞❡ ❛s ❢❛s❡s
❞❡ t♦❞♦s ♦s N ♠♦❞♦s ❞♦ ❧❛s❡r s❡❥❛♠ ❝♦♥st❛♥t❡s ❡ ✐❞❡♥t✐❝❛♠❡♥t❡ ♥✉❧❛s✱ ❡♥q✉❛♥t♦ q✉❡
❛ ❛♠♣❧✐t✉❞❡ Em(t) = constante = 1✳ ◆❡st❡ ❝❛s♦✱ ♦ ❝❛♠♣♦ r❡s✉❧t❛♥t❡ ♥❛ s❛í❞❛ ♣♦❞❡
s❡r ❝❛❧❝✉❧❛❞♦ ♣❡❧❛ s♦♠❛ ♠♦str❛❞❛ ♥❛ ❡q✉❛çã♦ ✸✳✷✶✱ ❝♦♠♦ s❡♥❞♦✿

E(t) = E0(t)exp [iN2πfrept]

[

s❡♥ (Nπfrept)

N s❡♥ (πfrept)

]

✭✸✳✷✷✮

♦♥❞❡ frep = 1/τ0✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❝♦rr❡s♣♦♥❞❡♥t❡ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ |E(t)|2 ❡ s❡rá✿

I(t) = Io

[

s❡♥ (Nπfrept)

N s❡♥ (πfrept)

]2

✭✸✳✷✸✮

❆ ✜❣✉r❛ ✸✳✷ ♠♦str❛ ❞♦✐s ❣rá✜❝♦s ♣❛r❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✱
✭❛✮ ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ✸✳✷✸✱ ❝♦♠ ❢❛s❡ ✜①❛ ❡♥tr❡ ♦s ♠♦❞♦s✱ ♣❛r❛ ♣❛r❛ N = ✶✱ ✷✱ ✺
❡ ✶✵✵ ❡ ✭❜✮ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✸✳✷✶✱ ❝♦♥s✐❞❡r❛♥❞♦ N = 100 ❡ ❢❛s❡ ❡♥tr❡ ♦s ♠♦❞♦s
❛❧❡❛tór✐❛✳ ❖❜s❡r✈❛♠♦s ♣❡❧❛ ✜❣✉r❛ ✸✳✷ ✭❛✮ q✉❡✱ ♣❛r❛ N = 1 t❡♠♦s ✉♠❛ ✐♥t❡♥s✐❞❛❞❡
❞❡ ❧✉③ ❝♦♥st❛♥t❡ ♥♦ t❡♠♣♦✱ s❡♠ r✉í❞♦✳ P❛r❛ ◆ ❂ ✷✱ t❡♠♦s ✉♠❛ ♦s❝✐❧❛çã♦ s❡♥♦✐❞❛❧ ♥♦
t❡♠♣♦✳ ◗✉❛♥❞♦ N = 5✱ ♦❜s❡r✈❛♠♦s ✉♠ ♣✉❧s♦ r❡❧❛t✐✈❛♠❡♥t❡ ❧❛r❣♦ ❛❝♦♠♣❛♥❤❛❞♦ ❞❡
♦s❝✐❧❛çõ❡s ❞❡ ♣❡q✉❡♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞✉r❛♥t❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❡♥tr❡ ♦s ♣✉❧s♦s✳ P❛r❛
N = 100✱ ❛ ❧❛r❣✉r❛ ❞♦ ♣✉❧s♦ ❡♥❝✉rt❛ ❜❛st❛♥t❡ ❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❝r❡s❝❡ ❛♦ ♠❡s♠♦ t❡♠♣♦
❡♠ q✉❡ ♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ♦s ♣✉❧s♦s t♦r♥❛✲s❡ ❜❛st❛♥t❡ ❧✐♠♣♦✳ ◗✉❛♥❞♦ ❛ ❢❛s❡ é ❛❧❡❛tór✐❛
✭✸✳✷ ✭❜✮✮✱ t❡♠♦s ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ❝♦♠ ✉♠ r✉í❞♦ ❛❧❡❛tór✐♦ ♥♦ t❡♠♣♦✳

❖ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ss❡s ♠♦❞♦s ❡♠ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s
✭✜❣✉r❛ ✸✳✸✮ é q✉❡✱ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✱ t❡♠♦s ✉♠ tr❡♠ ❞❡ ♣✉❧s♦s ❡s♣❛ç❛❞♦s ❡♥tr❡ s✐
♣❡❧♦ t❡♠♣♦ q✉❡ ❝❛❞❛ ♣✉❧s♦ ❞❡♠♦r❛ ♣❛r❛ ✈✐❛❥❛r ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r ✭τ0✮✳

❯♠❛ ✈❡③ q✉❡ ♦s ♠♦❞♦s ❞♦ ❧❛s❡r q✉❡ ✐♥t❡r❢❡r❡♠ ❝♦♥str✉t✐✈❛♠❡♥t❡ ❞❡♥tr♦ ❞❛ ❝❛✈✐✲
❞❛❞❡ sã♦ ❛q✉❡❧❡s ❝✉❥❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❢❛s❡ é ✉♠ ♠ú❧t✐♣❧♦ ✐♥t❡✐r♦ ❞❡ 2π✱ ❛ ❢❛s❡ ❞♦ ♠✲és✐♠♦
♠♦❞♦ é ❞❛❞❛ ♣♦r φm = 2πfmτ0 = 2πm✱ ♦✉ s❡❥❛✱ fm = mfrep✱ ♦♥❞❡ frep = 1/τ0 é ❛
t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❡ fm é ❛ ❢r❡qüê♥❝✐❛ ❞♦ ♠✲és✐♠♦ ♠♦❞♦✳

❉❡✈✐❞♦ à ❞✐s♣❡rsã♦ q✉❡ ♦ ♣✉❧s♦ s♦❢r❡ ❛♦ ✈✐❛❥❛r ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r✱ ❛
✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ❡ ❞❡ ❢❛s❡ sã♦ ❞✐❢❡r❡♥t❡s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦s s✉❝❡ss✐✈♦s ♣✉❧s♦s



✷✷ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

✭❛✮

✭❜✮

❋✐❣✉r❛ ✸✳✷✿ ❊❢❡✐t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ♥❛ ❞✉r❛çã♦ ❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ♣✉❧s♦✱
✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✸✳✷✷✱ ♣❛r❛✿ ✭❛✮ ❝♦♥s✐❞❡r❛♥❞♦ ❢❛s❡ ✜①❛ ❡ ♥✉❧❛ ❝♦♠ N = ✶✱ ✷✱ ✺ ❡ ✶✵✵❀
✭❜✮ ❝♦♥s✐❞❡r❛♥❞♦ ❢❛s❡ ❛❧❡❛tór✐❛ ❡ ❝♦♠ N = ✶✵✵✳

♣♦ss✉❛♠ r❡❧❛çã♦ ❡♥tr❡ ❛ ❢❛s❡ ❞❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❡ ❞♦ ❡♥✈❡❧♦♣❡ ❞✐❢❡r❡♥t❡s ✭❡q✉❛çã♦
✸✳✶✼✱ ✜❣✉r❛ ✸✳✸✮✳ ❆♦ ❝♦♥s✐❞❡r❛r♠♦s ❡ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❢❛s❡ q✉❡ ❡①✐st❡ ❞❡ ♣✉❧s♦ ♣❛r❛
♣✉❧s♦ ✭∆ϕ✮✱ ❛ ❢❛s❡ ❞♦ ♠✲és✐♠♦ ♠♦❞♦ s❡rá ❞❛❞❛ ♣♦r φm = 2πfmτ0 = 2πm+∆ϕ✳ ◆❡st❡
❝❛s♦✱ t❡♠♦s q✉❡ fm = m/τ0 + f0✱ ♦♥❞❡ f0 = ∆ϕ/2πτ ✳ ❖✉ s❡❥❛✱ ❛ ✈❛r✐❛çã♦ ❞❡ ∆ϕ
❞❡ ✉♠ ♣✉❧s♦ ♣❛r❛ ♦✉tr♦ s❡ r❡✢❡t❡ ♥♦ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛ ♣❡❧♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ss❡
❡s♣❡❝tr♦ ♣♦r ✉♠ ❢❛t♦r f0 ❞❛❞♦ ♣♦r✿

f0 =
frep

2π
∆ϕ, ✭✸✳✷✹✮



✸✳✸✳ ●❡r❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✿ ▲❛s❡rs ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ✷✸

❋✐❣✉r❛ ✸✳✸✿ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ t❡♠♣♦ ❡ ❢r❡qüê♥❝✐❛ ❡ r❡❧❛çã♦ ❡♥tr❡ ∆φ ❡ fo✳ ✭❆✮ ◆♦
❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✱ ❛ ❢❛s❡ r❡❧❛t✐✈❛ ❡♥tr❡ ❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ✭só❧✐❞♦✮ ❡ ♦ ❡♥✈❡❧♦♣❡ ✭tr❛❝❡❥❛❞♦✮
❡✈♦❧✉✐ ❞❡ ♣✉❧s♦ ♣❛r❛ ♣✉❧s♦ ♣❡❧❛ q✉❛♥t✐❞❛❞❡ ∆φ✳ ✭❇✮ ◆♦ ❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛✱ ♦s ❡❧❡♠❡♥t♦s
❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❞❡ ✉♠❛ ❝❛❞❡✐❛ ❞❡ ♣✉❧s♦s sã♦ s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ frep✳ ❖
♣❡♥t❡ ✐♥t❡✐r♦ ✭só❧✐❞♦✮ é ❞❡s❧♦❝❛❞♦ ❞♦s ♠ú❧t✐♣❧♦s ✐♥t❡✐r♦s ❞❡ frep ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ fo ❂ ∆φ
frep/2π

❞❡ ♠♦❞♦ q✉❡ ♦ ♠✲és✐♠♦ ♠♦❞♦ ♣❛ss❛ ❛ s❡r ❡s❝r✐t♦ ♣♦r✿

fm = mfrep + f0, ✭✸✳✷✺✮

∆ϕ ♠✉❞❛ ❞❡ ✉♠❛ ♠❛♥❡✐r❛ ♥ã♦ ❞❡t❡r♠✐♥íst✐❝❛ ❞❡ ✉♠ ♣✉❧s♦ ❛ ♦✉tr♦ ❬✹❪ ❞❡ ♠♦❞♦
q✉❡ f0 é ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞✐♥â♠✐❝❛✱ q✉❡ é s❡♥sí✈❡❧ à ♣❡rt✉r❜❛çã♦ ❞♦ ❧❛s❡r ❬✸✺❪✳



✷✹ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

✸✳✹ Pr♦♣r✐❡❞❛❞❡s ó♣t✐❝❛s ♥ã♦ ❧✐♥❡❛r❡s ❛❝❡ssí✈❡✐s ❝♦♠
❧❛s❡rs ♣✉❧s❛❞♦s

❉❡✈✐❞♦ ❛ ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞❡ ✉♠ ♣✉❧s♦✱ ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s t♦r♥❛♠✲s❡ ✐♠✲
♣♦rt❛♥t❡s q✉❛♥❞♦ tr❛t❛♠♦s ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❡♠ ♠❡✐♦s tr❛♥s♣❛r❡♥t❡s✳ ◆❡st❛
s❡çã♦ ❛♣r❡s❡♥t❛r❡♠♦s ❞❡ ❢♦r♠❛ r❡s✉♠✐❞❛ ♦s ❢❡♥ô♠❡♥♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ♦ ❞❡✲
s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❛ t❡s❡✳

✸✳✹✳✶ ❊❢❡✐t♦ ❞❡ ❧❡♥t❡ ❑❡rr

◗✉❛♥❞♦ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✐♥t❡♥s❛ ♣❛ss❛ ❡♠ ✉♠ ♠❡✐♦ ✐s♦tró♣✐❝♦ s✉❛ ♣❡r♠✐s✲
s✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ♠✉❞❛✿

ǫt = ǫ + ǫ2 〈❊.❊〉 ,

♦♥❞❡ 〈❊.❊〉 = 1
2
|❊|2 é ❛ ♠é❞✐❛ t❡♠♣♦r❛❧ ❞♦ q✉❛❞r❛❞♦ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦✳ ❉❡st❛ ❢♦r♠❛✱

♣♦❧❛r✐③❛çã♦ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦✿

P = ǫ0χ
(1)❊+ ǫ0χ

(3) 〈❊.❊〉❊,

♦♥❞❡ ǫ = 1 + χ(1) ❡ ǫ2 = 1 + χ(3)✳ χ(2) é ③❡r♦ ♣❡❧❛ ❡s❝♦❧❤❛ ❞❡ ✉♠ ♠❡✐♦ s✐♠étr✐❝♦✳
❈♦♠♦ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ é ❞❛❞♦ ♣❡❧❛ r❛✐③ q✉❛❞r❛❞❛ ❞❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛✱ é

❢á❝✐❧ ❡♥❝♦♥tr❛r q✉❡✿

n =
√

ǫt =
√

ǫ + ǫ2 〈❊.❊〉 ≈ n0 +
1

2
n2I,

♦♥❞❡ I é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③✳
❊♠ ❣❡r❛❧✱ ✉♠ ❢❡✐①❡ ❞❡ ❧✉③ ❧❛s❡r ♣♦ss✉✐ ❞❡♣❡♥❞ê♥❝✐❛ ❡s♣❛❝✐❛❧ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♥❛

❞✐r❡çã♦ tr❛♥s✈❡rs❛❧ ✭♣♦r ❡①❡♠♣❧♦✱ ✉♠ ❢❡✐①❡ ❝♦♠ ♣❡r✜❧ ❡s♣❛❝✐❛❧ ❣❛✉ss✐❛♥♦✮✳ ❊ss❛ ❞❡✲
♣❡♥❞ê♥❝✐❛ ♣♦❞❡ ❧❡✈❛r à ✈❛r✐❛çã♦ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❝♦♠ ♦ r❛✐♦ ❞♦ ❢❡✐①❡✱ q✉❡ ❧❡✈❛ ❛
✉♠❛ ❢♦❝❛❧✐③❛çã♦ ❞❡st❡ ❢❡✐①❡✳

❙❡❥❛ ✉♠ ❢❡✐①❡ ❝♦♠ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❡s♣❛❝✐❛❧ ❣❛✉ss✐❛♥❛ s❡ ♣r♦♣❛❣❛♥❞♦
❡♠ ✉♠ ♠❛t❡r✐❛❧ ❝♦♠ χ(3)✳ ❊st❡ ❢❡✐①❡ é ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ❢✉♥çã♦ ❣❛✉ss✐❛♥❛ ♥❛ ❞✐r❡çã♦
r❛❞✐❛❧ ❝♦♠ ✉♠ ❢❛t♦r ❞❡ ❢♦r♠❛ g✳ ◆❡st❡ ❝❛s♦✱ t❡♠♦s✿

n(r) = no +
1

2
n2I(r), ♦♥❞❡ I(r) = e−gr2

. ✭✸✳✷✻✮

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

❊♠ r❡s✉♠♦✱ ❞❡✈✐❞♦ ❛♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥ã♦ ❧✐♥❡❛r✱ ❛ ✈❛r✐❛çã♦ ❡s♣❛❝✐❛❧ ❞❛ ✐♥t❡♥✲
s✐❞❛❞❡ ❞❡ ✉♠ ❢❡✐①❡ ❧❛s❡r ❞❡ ♣✉❧s♦s ❝✉rt♦s ♣r♦✈♦❝❛ ✉♠ ❡❢❡✐t♦ ❞❡ ❢♦❝❛❧✐③❛çã♦✱ ❝♦♥❤❡❝✐❞♦
❝♦♠♦ ❧❡♥t❡ ❑❡rr✳



✸✳✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣✉❧s♦s ❝✉rt♦s ✷✺

✸✳✹✳✷ ❆✉t♦✲♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡

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

n(r) = no +
1

2
n2I(t), ♦♥❞❡ I(t) = e−Γt2 . ✭✸✳✷✼✮

P❛r❛ s✐♠♣❧✐✜❝❛r ❛ ❛♥á❧✐s❡ ❞❡ ❝♦♠♦ ❡ss❛ ❞❡♣❡♥❞ê♥❝✐❛ t❡♠♣♦r❛❧ ✐♥✢✉❡♥❝✐❛ ♥❛ ❢r❡✲
qüê♥❝✐❛ ❞❛ ❧✉③✱ ✈❛♠♦s ❝♦♥s✐❞❡r❛r ✉♠❛ ♦♥❞❛ ♣❧❛♥❛✿

E(t, x) = E0❡i(ω0t−kx), k =
ω0

c
n(t).

❆ ❢r❡qüê♥❝✐❛ ✐♥st❛♥tâ♥❡❛ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦ ❛ ❞❡r✐✈❛❞❛ ❞❛ ❢❛s❡✿

ω(t) =
∂

∂t
φ(t) = ω0 −

ω0

c

∂n(t)

∂t
x

❡ ❛ ✈❛r✐❛çã♦ ♥❛ ❢r❡qüê♥❝✐❛ ✿

δω(t) = ω(t) − ω0 =
ω0n2

2c
x
∂I(t)

∂t
.

❈♦♠♦ ✉♠❛ ❝♦♥s❡qüê♥❝✐❛ ❣❡r❛❧ ❞❛ ❞✉❛❧✐❞❛❞❡ ❞❡ ❋♦✉r✐❡r ❡♥tr❡ t❡♠♣♦ ❡ ❢r❡qüê♥❝✐❛✱
s❡♠♣r❡ q✉❡ ✉♠❛ ❛♠♣❧✐t✉❞❡ ♣❡r✐ó❞✐❝❛ ♦✉ ♠♦❞✉❧❛çã♦ ♥❛ ❢❛s❡ é ❛♣❧✐❝❛❞❛ ❡♠ ✉♠ s✐♥❛❧
♣❡r✐ó❞✐❝♦✱ ♥♦✈❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛ sã♦ ❝r✐❛❞❛s ♥❡st❡ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛✳

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

✸✳✺ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣✉❧s♦s ❝✉rt♦s

❆ ❡s❝❛❧❛ t❡♠♣♦r❛❧ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ♥ã♦ é ❛❝❡ssí✈❡❧ ❝♦♠ ❡❧❡trô♥✐❝❛ ♣❛❞rã♦✱ s❡♥❞♦
♥❡❝❡ssár✐♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠ét♦❞♦s ó♣t✐❝♦s ♣❛r❛ ❢❛③❡r ❛ ♣♦♥t❡ ❡♥tr❡ ❡ss❛ ❡s❝❛❧❛
❡ ❛ ❞❡ ❡q✉✐♣❛♠❡♥t♦s ❡❧❡trô♥✐❝♦s✳ ◆❡ss❡ s❡♥t✐❞♦ ♠ét♦❞♦s ♠❡❞✐❞❛s ❞❡ ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦
♣♦r ❛✉t♦❝♦rr❡❧❛çã♦ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❡ s✉❛s ❞❡s❝r✐çõ❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥❛
❧✐t❡r❛t✉r❛ ❬✸✻❀ ✸✼❀ ✸✽❪✳

◆❡st❛ s❡çã♦ ❢❛r❡♠♦s ✉♠❛ ✐♥tr♦❞✉çã♦ ❛ ❞♦✐s ♠ét♦❞♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ❝❛r❛❝t❡r✲
✐③❛çã♦ ❞❡ ❧❛s❡rs ♣✉❧s❛❞♦s q✉❡ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♥❡st❛ t❡s❡✿ ♦ ♣r✐♠❡✐r♦ ❞❡❧❡s✱ ❋r❡q✉❡♥❝②
r❡s♦❧✈❡❞ ♦♣t✐❝❛❧ ❣❛t✐♥❣ ✭❋❘❖●✮ ❬✸✽❪✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♠❡❞✐❞❛ ❞♦ ♣❡r✜❧ t❡♠♣♦r❛❧✱
❞❛ ❢❛s❡ ❡ ♦ r❡s♣❡❝t✐✈♦ ❡s♣❡❝tr♦ ❞♦ ♣✉❧s♦ ❝♦♠ ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❝♦♠❡r❝✐❛❧✳ ❖ s❡❣✉♥❞♦✱
✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛ ❬✸✼❪✱ ♣❡r♠✐t✐✉ ❛ ♠❡❞✐❞❛ ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❡❧❡♠❡♥t♦s ✐♥✲
tr❛❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r✳



✷✻ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

✸✳✺✳✶ ❋❘❖● ✭❋r❡q✉❡♥❝② r❡s♦❧✈❡❞ ♦♣t✐❝❛❧ ❣❛t✐♥❣✮

❋❘❖● ✭❋r❡q✉❡♥❝② ❘❡s♦❧✈❡❞ ❖♣t✐❝❛❧ ●❛t✐♥❣✮ ❬✸✽❪✱ é ✉♠❛ té❝♥✐❝❛ ♣❛r❛ ❝❛r❛❝t❡r✐③❛r
✉♠ ♣✉❧s♦ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ♥♦ t❡♠♣♦ q✉❡ ❝♦♠❜✐♥❛ ✉♠ ❛✉t♦✲❝♦rr❡❧❛❞♦r ❝♦♠ ✉♠
❡s♣❡❝trô♠❡tr♦✱ ❢♦r♥❡❝❡♥❞♦ ❞✐r❡t❛♠❡♥t❡ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞♦ ♣✉❧s♦ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦
❜✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ ❢r❡qüê♥❝✐❛ ❡ t❡♠♣♦✳

◆❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛ ❛ ✜❣✉r❛ ✸✳✹✱ ♦ ❡♥✈❡❧♦♣❡ ❞♦ ♣✉❧s♦ ❛
s❡r ♠❡❞✐❞♦ E(t) é ❞✐✈✐❞✐❞♦ ❡♠ ❞♦✐s ❝❛♠✐♥❤♦s✱ s❡♥❞♦ q✉❡ ✉♠ ❞❡❧❡s ♣♦ss✉✐ ❛❥✉st❡ ❞❡
❝♦♠♣r✐♠❡♥t♦✳ ❆ s❡❣✉✐r ♦s ♣✉❧s♦s sã♦ s♦❜r❡♣♦st♦s ♥♦✈❛♠❡♥t❡ ❡ ✐♥❝✐❞❡♠ s♦❜r❡ ✉♠ ♠❡✐♦
♥ã♦ ❧✐♥❡❛r ✭♣♦r ❡①❡♠♣❧♦✱ ✉♠ ❝r✐st❛❧ ❣❡r❛❞♦r ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦✮ q✉❡ ❡♠✐t❡ ✉♠❛
q✉❛♥t✐❞❛❞❡ ❞❡ ❧✉③ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♣r♦❞✉t♦ ❞❛s ✐♥t❡♥s✐❞❛❞❡s ❞♦s ❞♦✐s ♣✉❧s♦s ✐♥❝✐❞❡♥t❡s✳
❉❡s❧♦❝❛♥❞♦✲s❡ ♦ ❡s♣❡❧❤♦ ❞❡ ✉♠ ❞♦s ❜r❛ç♦s ❞♦ ❛✉t♦❝♦rr❡❧❛t♦r ✈❛r✐❛✲s❡ ♦ ❛tr❛s♦ r❡❧❛t✐✈♦
❡♥tr❡ ♦s ❞♦✐s ♣✉❧s♦s✱ ❡ ❛ss✐♠ ♠✉❞❛ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❧✉③ ❣❡r❛❞❛ ♥♦ ❝r✐st❛❧ ❞❡ s❡❣✉♥❞♦
❤❛r♠ô♥✐❝♦✳

❋✐❣✉r❛ ✸✳✹✿ Pr✐♥❝í♣✐♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ❋❘❖● ✭❋r❡q✉❡♥❝② r❡s♦❧✈❡❞ ♦♣t✐❝❛❧ ❣❛t✐♥❣✮
❜❛s❡❛❞♦ ❡♠ ❣❡r❛çã♦ ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦✳

❖ ❝❛♠♣♦ r❡s✉❧t❛♥t❡ ✈❛✐ s❡r ♣r♦♣♦r❝✐♦♥❛❧ ❛

Esig(t, τ) = E(t)E(t − τ) ✭✸✳✷✽✮

❊st❡ s✐♥❛❧ é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠ ❡s♣❡❝trô♠❡tr♦✱ ♦♥❞❡ ♦ ❛tr❛s♦ r❡❧❛t✐✈♦ τ ❡♥tr❡ ♦s ❞♦✐s
❜r❛ç♦s é r❡♣r❡s❡♥t❛❞♦ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❡✐①♦✳ ❖ ❡s♣❡❝trô♠❡tr♦ ❞✐s♣❡rs❛ ❛ ❧✉③ ♣♦r ✉♠❛
❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ❡ss❡ ❡✐①♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ✐♠❛❣❡♠ ❜✐✲❞✐♠❡♥s✐♦♥❛❧ ❝♦♠ ♦
❛tr❛s♦ t❡♠♣♦r❛❧ ❡ ❛ ❢r❡qüê♥❝✐❛ ❝♦♠♦ ❡✐①♦s✳ ❯♠ ❞❡t❡❝t♦r ❧✐♥❡❛r ✭✉♠❛ ❝â♠❡r❛ ❈❈❉✮
❞❡t❡❝t❛ ❛ ✐♥t❡♥s✐❞❛❞❡ r❡s✉❧t❛♥t❡✿

IFROG(ω, τ) =
∣

∣

∣

∣

∫ +∞

−∞

Esig(t, τ) exp (iωt) dt

∣

∣

∣

∣

2

. ✭✸✳✷✾✮

➱ ♣♦ssí✈❡❧ ♦❜t❡r E(t) ❞♦ ❡s♣❡❝tr♦❣r❛♠❛ ✸✳✷✾✱ ❛tr❛✈és ❞❡ ❛❧❣♦r✐t♠♦s ❞❡ ♣r♦❜❧❡♠❛ ❞❡
r❡❝♦♥str✉çã♦ ❞❡ ❢❛s❡ ❜✐❞✐♠❡♥s✐♦♥❛❧ ❬✸✻❪ ❬✸✾❪✱ q✉❡ ❧❡✈❛ ❛ ❢r❡qüê♥❝✐❛ ✐♥st❛♥tâ♥❡❛ ✈❡rs✉s
t❡♠♣♦ ❡ ❛♦ ❡s♣❡❝tr♦ ❞♦ ♣✉❧s♦ ✭✐♥t❡♥s✐❞❛❞❡ ✈s ❢r❡qüê♥❝✐❛ ❡✴♦✉ ✐♥t❡♥s✐❞❛❞❡ ✈s t❡♠♣♦✮✳



✸✳✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣✉❧s♦s ❝✉rt♦s ✷✼

✸✳✺✳✷ ■♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛

◆❡st❛ s❡çã♦ ❞✐s❝✉t✐r❡♠♦s ✉♠ ♠ét♦❞♦ ❜❛s❡❛❞♦ ❡♠ ✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛ ✭❝❛♣í✲
t✉❧♦ ✷ ❞❡ ❬✸✻❪ ❡ ❬✸✼❪✮ ♣❛r❛ ♠❡❞✐❞❛ ❞❡ ❞✐s♣❡rsã♦ q✉❡ ❡❧❡♠❡♥t♦s ó♣t✐❝♦s ♣r♦✈♦❝❛♠ ❡♠
♣✉❧s♦s ❞❡ ❧✉③✳ ❖ ♠ét♦❞♦ ❞✐s❝✉t✐❞♦ ❛q✉✐ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐s♣❡rsã♦
t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ✻✳✷ ✭✜❣✉r❛ ✻✳✾✮ ❬✹✵❪✳

❈♦♥s✐❞❡r❡ ♦ ✐♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼✐❝❤❡❧s♦♥ ❞❛ ✜❣✉r❛ ✸✳✺✳ ❯♠ ❞♦s ❜r❛ç♦s ❝♦♥té♠ ❝♦♠
✉♠ ❡s♣❡❧❤♦ ♠❡tá❧✐❝♦✱ ❝♦♠ ❞✐stâ♥❝✐❛ ❛❥✉stá✈❡❧✳ ◆♦ ♦✉tr♦ ❜r❛ç♦ é ❝♦❧♦❝❛❞♦ ♦ ♠❛t❡r✐❛❧
ó♣t✐❝♦ ❛ s❡r ❡st✉❞❛❞♦ ✭✉♠ ❡s♣❡❧❤♦ ❞✐❡❧étr✐❝♦ ♦✉ ✉♠❛ ♣❧❛❝❛ ❞❡ ♠❛t❡r✐❛❧ tr❛♥s♣❛r❡♥t❡
s❡❣✉✐❞♦ ❞❡ ✉♠ ❡s♣❡❧❤♦ ♠❡tá❧✐❝♦✮✳ P♦❞❡✲s❡ ✉s❛r ✉♠❛ ❢♦♥t❡ ❞❡ ❧✉③ ❜r❛♥❝❛✱ ✐♥❝♦❡r❡♥t❡
♦✉ ✉♠ ❧❛s❡r ♣✉❧s❛❞♦ ❝♦♠ ❡s♣❡❝tr♦ ❧❛r❣♦✳

❋✐❣✉r❛ ✸✳✺✿ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼✐❝❤❡❧s♦♥✳ ❉✿ ❞❡t❡❝t♦r ✭♣✳ ❡①✳✱ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦✮❀
❆✿ ❛♠♦str❛ ✭♣✳ ❡①✳✱ ❡s♣❡❧❤♦ ❝❤✐r♣❡❞ ♦✉ ❝r✐st❛❧ s❡❣✉✐❞♦ ❞❡ ✉♠ ❡s♣❡❧❤♦ ❞❡ ♠❡t❛❧✮✳

P❛r❛ ✉♠ ✐♥t❡r❢❡rô♠❡tr♦ ❝✉❥♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ❜r❛ç♦s ❞✐❢❡r❡♠ ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛
d = cτ ✱ ♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♣❡❧♦ ❡s♣❡❝trô♠❡tr♦ sã♦ ❢r❛♥❥❛s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛s ❞❛❞❛s ♣♦r
❬✸✼❪✿

So(ω) = |E(ω) exp(iωτ) + Eo(ω)|2 ✭✸✳✸✵✮
= |E(ω)|2 + |Eo(ω)|2 + 2ℜ{E(ω)Eo(ω) exp(iωτ)},

♦♥❞❡ E(ω) ❡ Eo(ω) sã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡ ♦s ❝❛♠♣♦s ❡❧étr✐❝♦s ♥♦ ❞♦♠í♥✐♦ ❞❡ ❢r❡qüê♥❝✐❛
r❡s✉❧t❛♥t❡s ❞❛ ✈✐❛❣❡♠ ♣❡❧♦s ❜r❛ç♦s s❡♠ ❡ ❝♦♠ ❛ ❛♠♦str❛✳

▼❡❞✐♥❞♦ ♦ ❡s♣❡❝tr♦ ❞❡ ❝❛❞❛ ❜r❛ç♦ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ♣♦❞❡♠♦s r❡t✐r❛r ❞❡ So(ω) ❛
✐♥t❡♥s✐❞❛❞❡ ❞❡ ❢✉♥❞♦ |E(ω)|2 + |Eo(ω)|2 ✭✜❣✉r❛ ✸✳✻ ✭❛✮✮✿



✷✽ ✸✳ ●❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s

S(ω) = 2ℜE(ω)Eo(ω) exp(iωτ), ✭✸✳✸✶✮

❋✐❣✉r❛ ✸✳✻✿ ✭❛✮ ■♥t❡r❢❡r♦❣r❛♠❛ ❡s♣❡❝tr❛❧ ❡♥tr❡ ❞♦✐s ♣✉❧s♦s ❣❛✉ss✐❛♥♦s❀ ✭❜✮ ❚r❛♥s❢♦r♠❛✲
❞❛ ✐♥✈❡rs❛ ❞❡ ❋♦✉r✐❡r ❞♦ ✐♥t❡r❢❡r♦❣r❛♠❛ ❛❝✐♠❛❀ ✭❝✮ ❢❛s❡ ❡s♣❡❝tr❛❧ ✭❝✉r✈❛ só❧✐❞❛✮ ❡ ❛♠♣❧✐t✉❞❡
✭❝✉r✈❛ tr❛❝❡❥❛❞❛✮ ♦❜t✐❞❛ t♦♠❛♥❞♦✲s❡ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛ ❝✉r✈❛ ✭❜✮✱ ♦♥❞❡ ♦s ♣♦♥t♦s
❡♠ t❡♠♣♦s ♥❡❣❛t✐✈♦s ❢♦r❛♠ ❛❥✉st❛❞♦s ❛ ③❡r♦✳

❯♠❛ ✈❡③ q✉❡ ♦ s✐♥❛❧ ♠❡❞✐❞♦ S(ω) é r❡❛❧✱ ♦✉ s❡❥❛✱ ✐❣✉❛❧ à s♦♠❛ ❞♦ ♣r♦❞✉t♦
E(ω)Eo(ω) exp(iωτ) ❡ s❡✉ ❝♦♠♣❧❡①♦ ❝♦♥❥✉❣❛❞♦✱ s✉❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ✐♥✈❡rs❛



✸✳✺✳ ❈❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣✉❧s♦s ❝✉rt♦s ✷✾

r❡s✉❧t❛ ❡♠ ❞♦✐s t❡r♠♦s r❡✈❡rt✐❞♦s t❡♠♣♦r❛❧♠❡♥t❡ ✉♠ ❡♠ r❡❧❛çã♦ ❛♦ ♦✉tr♦✱ ❝✉❥❛ s❡♣❛✲
r❛çã♦ ♥♦ t❡♠♣♦ ❛✉♠❡♥t❛ ❝♦♠ τ ✭✜❣✉r❛ ✸✳✻ ✭❜✮✮✿

F−1S(ω) = f̃(t − τ) + f̃(−t − τ), ✭✸✳✸✷✮

♦♥❞❡ f̃(t) = E∗(t)Eo(t) exp(iωτ)✳
❊s❝♦❧❤❡♥❞♦ τ s✉✜❝✐❡♥t❡♠❡♥t❡ ❣r❛♥❞❡ ♣❛r❛ q✉❡ ❛s ❞✉❛s ❢✉♥çõ❡s t❡♠♣♦r❛✐s ♥ã♦ s❡

s♦❜r❡♣♦♥❤❛♠✱ ♣♦❞❡♠♦s r❡❝✉♣❡r❛r ❛ ❛♠♣❧✐t✉❞❡ ❡ ❛ ❢❛s❡ ❞❡ E(ω) ♣❡❧❛ tr❛♥s❢♦r♠❛❞❛
❞❡ ❋♦✉r✐❡r ❞❡ f̃(t − τ)✳ ▼✉❧t✐♣❧✐❝❛♥❞♦ F−1S(ω) ♣❡❧❛ ❢✉♥çã♦ ❞❡ ❡♠ ❍❡❛✈✐s✐❞❡ Θ(t) ❡
❡①tr❛✐♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✱ t❡♠♦s✿

F (Θ(t)F−1S(ω)) = F (f̃(t − τ)) = E∗(ω)Eo(ω) exp(iωτ), ✭✸✳✸✸✮

❉❡ss❡ ♠♦❞♦✱ ♦ ❝❛♠♣♦ Eo(ω) ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦✿

Eo(ω) =
F (Θ(t)F−1S(ω))

E∗(ω) exp(iωτ)
✭✸✳✸✹✮

❆ss✉♠✐♥❞♦ q✉❡ ♦ ú♥✐❝♦ ❡❢❡✐t♦ ❞❛ ❛♠♦str❛ A é ❝❛✉s❛r ❞✐s♣❡rsã♦ ❡ s✉♣♦♥❞♦ q✉❡ ♦
❞✐✈✐s♦r ❞❡ ❢❡✐①❡ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ s❡❥❛ ❞❡ ✺✵✪✱ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ Eo ♣♦❞❡ s❡r ❡s❝r✐t♦
❝♦♠♦ ❬✸✻❪✿

Eo(ω) = E∗(ω) exp[iΦ(ω)], ✭✸✳✸✺✮

♦♥❞❡ Φ é ✉♠❛ ❢❛s❡ ✭r❡❛❧✮ q✉❡ s✉r❣❡ ♥♦ ❝❛♠♣♦ ❡❧étr✐❝♦ q✉❛♥❞♦ ♦ ❢❡✐①❡ ♣❛ss❛ ♣❡❧♦
♠❛t❡r✐❛❧ ❞✐s♣❡rs✐✈♦✳ ❉❡ ♠♦❞♦ q✉❡ ❛ ❡q✉❛çã♦ ✸✳✸✹ t♦r♥❛✲s❡ ✭✜❣✉r❛ ✸✳✻ ✭❝✮✮✿

|E(ω)| exp[iΦ(ω)] = F (Θ(t)F−1S(ω)) exp(−iωτ) ✭✸✳✸✻✮

❆ ❡q✉❛çã♦ ✸✳✸✻ ❢♦r♥❡❝❡ ❛ ♠♦❞✐✜❝❛çã♦ ♥❛ ❢❛s❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞♦ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡
❝❛✉s❛❞❛ ♣❡❧❛ ❛♠♦str❛ A✳ ❆ ❞❡r✐✈❛❞❛ s❡❣✉♥❞❛ ❞❡ Φ ❡♠ r❡❧❛çã♦ à ω ❢♦r♥❡❝❡ ❛ ❞✐s♣❡rsã♦
❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ s♦❢r✐❞❛ ♣♦r ✉♠ ♣✉❧s♦ ❛♦ ♣❛ss❛r ♣❡❧❛ ❛♠♦str❛✳



✸✵



❈❛♣ít✉❧♦ ✹

▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

▲❛s❡rs ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛ ✭❚✐✿s❛✜r❛✮ ❝♦♠ ♦s❝✐❧❛çã♦ ❝♦♥tí♥✉❛ ✭❈❲✮ ❢♦r❛♠ ♣r✐♠❡✐r❛♠❡♥t❡
❞❡♠♦♥str❛❞♦ ♥❛ ❞é❝❛❞❛ ❞❡ ✽✵ ❬✺❪ ❡ ❞❡s❞❡ ❡♥tã♦ t❡♠ s✐❞♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦✱ ❞❡✈✐❞♦
❛ s✉❛ r❡❧❛t✐✈❛ s✐♠♣❧✐❝✐❞❛❞❡ ❡ s✉❛ ❡①❝❡❧❡♥t❡ ❞❡s❡♠♣❡♥❤♦ ✭♣r♦❞✉③ ✉♠ ❢❡✐①❡ ❞❡ ❜♦❛
q✉❛❧✐❞❛❞❡ ❝♦♠ ♣❡r✜❧ ♠✉✐t♦ ♣ró①✐♠♦ ❞❡ ✉♠ ❣❛✉ss✐❛♥♦✱ é ❛❧t❛♠❡♥t❡ s✐♥t♦♥✐③á✈❡❧ ❡
♣♦ss✉✐ ❜♦❛ ❡st❛❜✐❧✐❞❛❞❡ ♠❡❝â♥✐❝❛✮✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ✐♥tr♦❞✉çã♦ ❞♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❚✐tâ♥✐♦✲❙❛✜r❛✱ ♥♦ ✐♥í❝✐♦
❞♦s ❛♥♦s ✾✵ ❬✶✷❪✱ ❢❡③ ❝♦♠ q✉❡ ♦s s✐st❡♠❛s ❞❡ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡✐①❛ss❡♠ ❞❡
s❡r ✉♠ ❝♦♠♣❧✐❝❛❞♦ ❡ t❡♠♣❡r❛♠❡♥t❛❧ ✐♥str✉♠❡♥t♦ q✉❡ r❡q✉❡r✐❛ ❤♦r❛s ❞❡ ♣r❡♣❛r❛çã♦ ❡
❛❥✉st❡✱ ♣❛ss❛♥❞♦ ❛ s❡r ✉♠ ✐♥str✉♠❡♥t♦ ♠✉✐t♦ ♠❛✐s ❝♦♥✜á✈❡❧ ❡ s✐♠♣❧❡s ❞❡ ✉s❛r✳

❆ ♠á①✐♠❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❈❲ é ♦❜t✐❞❛ ♣ró①✐♠♦ ❛♦ ♠á①✐♠♦
❞❡ ❣❛♥❤♦ ❡♠ t♦r♥♦ ❞❡ ✽✵✵ ♥♠✱ ♠❛s ❡❧❡ ♣♦❞❡ ❡♠✐t✐r ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✻✺✵ ♥♠ ❡
✶✶✵✵ ♥♠ ❞❡✈✐❞♦ à ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✭❋✐❣✉r❛ ✹✳✶✮✳

▲❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ♣✉❧s❛❞♦ ❡ ❈❲ ♣♦ss✉❡♠ ❝❛r❛❝t❡ríst✐❝❛s ♠✉✐t♦ ❞✐st✐♥t❛s t❛♥t♦
♥♦ ♠♦❞♦ ❞❡ ♦♣❡r❛çã♦ q✉❛♥t♦ ♥❛ ❡str✉t✉r❛ ❢ís✐❝❛✳ ❖s ❧❛s❡rs ❈❲ sã♦ ❝♦♥str✉í❞♦s ❝♦♠
❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ♦✉ ❧✐♥❡❛r✱ ✉t✐❧✐③❛♥❞♦ ❡❧❡♠❡♥t♦s ✐♥tr❛❝❛✈✐❞❛❞❡ ♣❛r❛ ❞❡✐①á✲❧♦ ❝♦♠ ✉♠
ú♥✐❝♦ ♠♦❞♦ ✭❡t❛❧♦♥s✮✱ ❝♦♠ ❛❥✉st❡ ❞❡ s✐♥t♦♥✐❛ ✭✜❧tr♦s ❜✐rr❡❢r✐♥❣❡♥t❡s✮ ❡ ✉♥✐❞✐r❡❝✐♦♥❛❧
✭❞✐♦❞♦ ó♣t✐❝♦✮✳ ❖s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ♣✉❧s❛❞♦s t❛♠❜é♠ sã♦ ❡♥❝♦♥tr❛❞♦s ❝♦♠ ❝❛✈✐❞❛❞❡s
❧✐♥❡❛r❡s ❡ ♦✉ ❡♠ ❛♥❡❧✱ ♣♦ré♠ é ♠❛✐s ❝♦♠✉♠ ❡♥❝♦♥tr❛r ❧❛s❡rs ❞❡ ❜❛✐①❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
✭❡♠ t♦r♥♦ ❞❡ ✶✵✵ ▼❍③✮ ❝♦♠ ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r ❡ ❧❛s❡rs ❞❡ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✭❡♠
t♦r♥♦ ❞❡ ✶ ●❍③✮ ❝♦♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧✳ ❈♦♠♦ sã♦ ❧❛s❡rs ♠✉❧t✐♠♦❞♦s ♣♦r ♥❛t✉r❡③❛✱
❡st❡s ❧❛s❡rs ❡♠ r❡❣✐♠❡ ♣✉❧s❛❞♦ ♥ã♦ ♣♦ss✉❡♠ ✜❧tr♦s ❜✐rr❡✜r♥❣❡♥t❡s ❡ ♥❡♠ ❡t❛❧♦♥s✳
❚❛♠❜é♠ ♥ã♦ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉s♦ ❞❡ ❞✐♦❞♦ ó♣t✐❝♦ ❡♠ ❧❛s❡rs ♣✉❧s❛❞♦s✱ ♣♦✐s ♥❡st❡
r❡❣✐♠❡ ❛ ❡♠✐ssã♦ ❧❛s❡r ❥á é ✉♥✐❞✐r❡❝✐♦♥❛❧✳ ❊♥tr❡t❛♥t♦✱ ❡♠ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ♣✉❧s❛❞♦s
✭♣r✐♥❝✐♣❛❧♠❡♥t❡ ♦s q✉❡ ♣♦ss✉❡♠ ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r✮ ♣♦❞❡♠ s❡r ❝♦❧♦❝❛❞♦s ♣r✐s♠❛s ♣❛r❛
❝♦♠♣❡♥s❛r ❛ ❞✐s♣❡rsã♦ ❞♦ ❝r✐st❛❧✳

❖s ♣r✐♥❝✐♣❛✐s ❛s♣❡❝t♦s ♥❛ ❝♦♥str✉çã♦ ❞❡ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ sã♦✿

• ❞♦♣❛❣❡♠ ❞♦ ♠❡✐♦ ❛t✐✈♦✿ ❛❥✉stá✈❡❧ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❛ s❡r
✉t✐❧✐③❛❞♦✱ s✉❛ s✐♥t♦♥✐❛ ❡ ❛ ♣♦tê♥❝✐❛ út✐❧ ❞❡ s❛í❞❛❀

✸✶



✸✷ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

• ❝❛✈✐❞❛❞❡ ó♣t✐❝❛✿ ♥♦ ❝❛s♦ ❞♦s ❧❛s❡rs ♣✉❧s❛❞♦s✱ ❞❡✜♥❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡ ♦s
♠♦❞♦s ❞♦ ❧❛s❡r❀

• ❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦ ❝♦♠ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦❀

• r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❛ ❝❛✈✐❞❛❞❡ ó♣t✐❝❛❀

• ❛st✐❣♠❛t✐s♠♦ ✐♥tr♦❞✉③✐❞♦ ♣❡❧♦ ❝r✐st❛❧❀

• ❡❧❡♠❡♥t♦s ✐♥tr❛❝❛✈✐❞❛❞❡✿ ❞✐♦❞♦ ó♣t✐❝♦✱ ❡t❛❧♦♥ ❡ ✜❧tr♦ ❜✐rr❡❢r✐♥❣❡♥t❡✱ ♣❛r❛ ❧❛s❡r
❈❲❀ ♣r✐s♠❛s ♣❛r❛ ❧❛s❡r ♣✉❧s❛❞♦✳

◆❛s ♣ró①✐♠❛s s❡çõ❡s ❛♣r❡s❡♥t❛r❡♠♦s ♦s ♣r✐♥❝✐♣❛✐s ❛s♣❡❝t♦s ❛ s❡r❡♠ ❝♦♥s✐❞❡r❛❞♦s
♥❛ ❝♦♥str✉çã♦ ❞❡ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ✱ ❞❛♥❞♦ ê♥❢❛s❡ ❛♦ ❧❛s❡r ♣✉❧s❛❞♦ ❡ ❢❛③❡♥❞♦ ❝♦♠✲
♣❛r❛çõ❡s ❝♦♠ ♦ ❧❛s❡r ❈❲✳ ❯♠❛ ✐♥tr♦❞✉çã♦ à ❢ís✐❝❛ ❞❡ ❧❛s❡rs ♣♦❞❡ ❡♥❝♦♥tr❛❞❛ ♥❛
r❡❢❡rê♥❝✐❛ ❬✹✶❪✳ ■♥❢♦r♠❛çõ❡s ♠❛✐s ♣r♦❢✉♥❞❛s s♦❜r❡ ❧❛s❡r ❞❡ ❡st❛❞♦ só❧✐❞♦s ♣♦❞❡♠ s❡r
❡♥❝♦♥tr❛❞❛s ❡♠ ❬✹✷❪ ❡ s♦❜r❡ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❡♠ ❬✸✻❪ ❡ ❬✹✷❪✳

✹✳✶ ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛

❈r✐st❛❧ ❞❡ t✐tâ♥✐♦✿s❛✜r❛ ✭❚✐✿s❛✜r❛ ✮ t❡♠ s✐❞♦ ✉♠ ✐♠♣♦rt❛♥t❡ ♠❡✐♦ ❞❡ ❣❛♥❤♦ ❞❡ ❧❛s❡r
❞❡✈✐❞♦ ❛ s✉❛ ❜❛♥❞❛ ❞❡ ❡♠✐ssã♦ ❧❛r❣❛ ♥❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭≈ ✵✱✼ ✲
✶✳✶µ ♠✱ ✜❣✉r❛ ✹✳✶ ❬✺❪✮✳ ❊ss❛ ❡♥♦r♠❡ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❛ss♦❝✐❛❞❛ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❞♦s ❡s♣❡❧❤♦s ❝♦♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ✈❛rr❡❞✉r❛ ❞❡ ❢r❡qüê♥❝✐❛ ✭❡s♣❡❧❤♦s t✐♣♦ ✧❝❤✐r♣❡❞✧✮
tr♦✉①❡r❛♠ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡ ♦❜t❡r ♣✉❧s♦s ♠❡♥♦r❡s q✉❡ ✶✵ ❢s ❡ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦✳

❋✐❣✉r❛ ✹✳✶✿ ❈✉r✈❛s ❞❡ ❛❜s♦rçã♦ ❡ ❡♠✐ssã♦ ❞❡ ✉♠ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ❬✺❪✳

❙✉❛ ❜❛♥❞❛ ❞❡ ❛❜s♦rçã♦ ✭✹✳✶✱ ❝✉r✈❛ ✭❛✮✮ ❡♥❝♦♥tr❛✲s❡ ♥❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧✱ s❡♥❞♦ q✉❡
♦s ❧❛s❡rs ♠❛✐s ✉t✐❧✐③❛❞♦s ♣❛r❛ ❜♦♠❜❡❛♠❡♥t♦ sã♦ ♦ ❧❛s❡r ❞❡ ❛r❣ô♥✐♦ ♠✉❧t✐❧✐♥❤❛✱ ❝✉❥❛s



✹✳✷✳ ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✸✸

❧✐♥❤❛s ♠❛✐s ❢♦rt❡s ❡stã♦ ❡♠ ✹✽✽ ♥♠ ❡ ✺✶✹ ♥♠ ❡ ♦ ◆❞✿❨❱❖✹ ❞♦❜r❛❞♦ ❡♠ ❢r❡qüê♥❝✐❛
q✉❡ ❡♠✐t❡ ❡♠ ✺✸✷ ♥♠✱ s❡♥❞♦ ❛ ❛❜s♦rçã♦ ❞♦ ❝r✐st❛❧ ♠❛✐♦r ♥❛s ❧✐♥❤❛s ❞♦ ❧❛s❡r ❞❡ ❛r❣ô♥✐♦
❞♦ q✉❡ ♥❛s ❧✐♥❤❛s ❞♦ ❧❛s❡r ❞❡ ◆❞✿❨❱❖✹✳ P❛r❛ ❜♦❛ ❡✜❝✐ê♥❝✐❛ ♥❛ ❝♦♥✈❡rsã♦ ❞♦ ❧❛s❡r ❞❡
❜♦♠❜❡❛♠❡♥t♦ ♣❛r❛ ✐♥❢r❛✈❡r♠❡❧❤♦✱ é ❣❡r❛❧♠❡♥t❡ ✉t✐❧✐③❛❞❛ ✉♠❛ ❞♦♣❛❣❡♠ ❞♦ ❝r✐st❛❧ t❛❧
q✉❡ ❡st❡ ❛❜s♦r✈❛ ✼✵✪ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳

❖✉tr♦ ❢❛t♦r ✐♠♣♦rt❛♥t❡ ❡♠ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ é q✉❡ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛ ♣❡r❞❛ ✐♥✲
tr♦❞✉③✐❞❛ ♥❛ ❝❛✈✐❞❛❞❡ ♣❡❧♦ ❝r✐st❛❧ é ❞❡✈✐❞❛ ❛ ❝❤❛♠❛❞❛ ❛❜s♦rçã♦ ♣❛r❛s✐t❛ ❞♦ ❝r✐st❛❧✳
❆ ♣r❡s❡♥ç❛ ❞❡ í♦♥s ❚✐+4 ♥♦ ❝r✐st❛❧ ✭í♦♥ ❛t✐✈♦ é ❚✐+3✮ q✉❡ ♣r♦✈♦❝❛ ❛❜s♦rçã♦ ❞❡ ✐♥✲
❢r❛✈❡r♠❡❧❤♦ ♣❡❧♦ ♣ró♣r✐♦ ❝r✐st❛❧✳ ❆ q✉❛❧✐❞❛❞❡ ❞♦ ❝r✐st❛❧ é ❝❛r❛❝t❡r✐③❛❞❛ ❡♠ t❡r♠♦s
❞❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ❞❡ ❛❜s♦rçã♦ ✭❋❖▼✮✱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❛❜s♦rçã♦ ❡♠
✹✾✵ ♥♠ ❡ ❛ ❛❜s♦rçã♦ ♣❛r❛s✐t❛ ❡♠ ✽✵✵ ♥♠✳ ❈r✐st❛✐s ❝♦♠ ❋❖▼ ❃ ✶✵✵ ✭♣❛r❛ ❧✉③ ❝♦♠
♣♦❧❛r✐③❛çã♦ π✮ sã♦ ❞✐s♣♦♥í✈❡✐s ❝♦♠❡r❝✐❛❧♠❡♥t❡✱ ❡♠❜♦r❛ ❛ ❋❖▼ ❣❡r❛❧♠❡♥t❡ ❞❡❝r❡sç❛
q✉❛♥❞♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❚✐ ❝r❡s❝❡✳

❆ ❜♦❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ ❞❛ s❛✜r❛ ♠✐♥✐♠✐③❛ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❡❢❡✐t♦s tér♠✐❝♦s
❡ ♣❡r♠✐t❡ ♦ ✉s♦ ❞❡ ❛❧t❛ ♣♦tê♥❝✐❛ ♥♦ ❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱ ❧❛s❡rs ❞❡
♠♦❞♦s tr❛✈❛❞♦s ✉t✐❧✐③❛♠ ❝r✐st❛✐s ♠❛✐s ✜♥♦s ❞❡ ❚✐✿s❛✜r❛ q✉❡ ❧❛s❡rs ❈❲✱ s❡♥❞♦ ❞❡ ❛té
✸ ♠♠ ❞❡ ❡s♣❡ss✉r❛ ♥♦ ♣r✐♠❡✐r♦ ❝❛s♦ ❡ ❞❡ ❝❡r❝❛ ❞❡ ✷ ❝♠ ♥♦ s❡❣✉♥❞♦✳ ■ss♦ ♣♦r q✉❡
♦ ❝r✐st❛❧ ✐♥tr♦❞✉③ ❞✐s♣❡rsã♦ ♣♦s✐t✐✈❛ ♥❛ ❝❛✈✐❞❛❞❡ ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ ❛ s✉❛ ❡s♣❡ss✉r❛
q✉❡ ❞❡✈❡ s❡r ❝♦♠♣❡♥s❛❞❛ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛ ♣❛r❛ ♣❡r♠✐t✐r ❛ ❢♦r♠❛çã♦ ❞♦ ♣✉❧s♦✳ P♦r
♦✉tr♦ ❧❛❞♦✱ ✉♠ ❝r✐st❛❧ ♠❛✐s ✜♥♦ ❡①✐❣❡ ❞♦♣❛❣❡♠ ♠❛✐s ❛❧t❛ ❡ ♣♦ss✉✐ ár❡❛ ❞✐s♣♦♥í✈❡❧
♣❛r❛ ❞✐ss✐♣❛çã♦ ❞❡ ❝❛❧♦r ♠❡♥♦r✳ ■ss♦ ✐♠♣❧✐❝❛ ♥❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡❢r✐❣❡r❛çã♦ à á❣✉❛
♣❛r❛ ❡✈✐t❛r ♣r♦❜❧❡♠❛s ❝♦♠♦ ❞❡ ❧❡♥t❡ tér♠✐❝❛✳ ▲❛s❡rs ❈❲ ❝♦♠ ❝r✐st❛✐s ❞❡ ✷ ❝♠ ❞❡
❝♦♠♣r✐♠❡♥t♦ ❡ ❜♦♠❜❡❛❞♦s ❝♦♠ ❝❡r❝❛ ❞❡ ✺ ❲ ❞❡ ♣♦tê♥❝✐❛ ✭✺✶✹ ♥♠ ♦✉ ✺✸✷ ♥♠✮ ♣♦❞❡♠
❞✐s♣❡♥s❛r ♦ ✉s♦ ❞❡ r❡❢r✐❣❡r❛çã♦ ❛ á❣✉❛ ❝♦♠ ✉♠ ❜♦♠ ❝♦♥t❛t♦ tér♠✐❝♦ ❝♦♠ ❛❧❣✉♠
♠❛t❡r✐❛❧ q✉❡ s❡❥❛ ❜♦♠ ❝♦♥❞✉t♦r ❞❡ ❝❛❧♦r✱ ❝♦♠♦ ♦ ❝♦❜r❡✳

✹✳✷ ❈❛✈✐❞❛❞❡ ❞❡ ❧❛s❡rs ❞❡ ❡st❛❞♦ só❧✐❞♦✿ r❡❣✐ã♦ ❞❡
❡st❛❜✐❧✐❞❛❞❡ ❡ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥tr❛❝❛✈✐❞❛❞❡✳

▲❛s❡rs ❞❡ ❚✐✿s❛✜r❛ sã♦ ❡♥❝♦♥tr❛❞♦s ❝♦♠ ❝❛✈✐❞❛❞❡s t✐♣♦ ❧✐♥❡❛r ♦✉ ❡♠ ❛♥❡❧✱ t❛✐s ❝♦♠♦
❛s ❞❛ ✜❣✉r❛ ✹✳✷✳ ❊♥tr❡t❛♥t♦✱ é ❝♦♠✉♠ ❧❛s❡rs ♣✉❧s❛❞♦ ❝♦♠ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
✭❡♠ t♦r♥♦ ❞❡ ✶ ●❍③✮ ♣♦ss✉✐r ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❡ ❧❛s❡rs ♣✉❧s❛❞♦s ❝♦♠ ❜❛✐①❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦ ✭❡♠ t♦r♥♦ ❞❡ ✶✵✵ ▼❍③✮ ♣♦ss✉✐r ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r✳ ◆❛ ❝♦♥str✉çã♦ ❞❡st❡ t✐♣♦
❞❡ ❧❛s❡r✱ ❞❡✈❡♠♦s ♦❜s❡r✈❛r ❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦✱
♣❛râ♠❡tr♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛❞❡q✉❛r ❛ ❝❛✈✐❞❛❞❡ ❛♦ r❡❣✐♠❡ ♣✉❧s❛❞♦ ❡ ♦t✐♠✐③❛r ❛
♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❝♦♠ ✉♠ ❜♦♠ ❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦s ❝♦♠ ♦ ❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦
❬✹✷❪✳

❆♥t❡s ❞❡ ✐♥✐❝✐❛r ❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❡st❛❞♦ só❧✐❞♦ ❈❲ ♦✉ ♣✉❧s❛❞♦✱ é
❡ss❡♥❝✐❛❧ ❝❛❧❝✉❧❛r ❛ ❝✉r✈❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ♠♦❞♦ ❛ ✐❞❡♥t✐✜❝❛r ♦s ❧✐♠✐t❡s ❡♠ q✉❡ s❡❥❛
♣♦ssí✈❡❧ ♠♦✈❡r ♦s ❡❧❡♠❡♥t♦s ❞❛ ❝❛✈✐❞❛❞❡ s❡♠ ❛ ♣❡r❞❛ ❞❡ ♦♣❡r❛çã♦ ❧❛s❡r✳ P❛r❛ ✉♠



✸✹ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

❧❛s❡r ❈❲ ❡ss❡ ❡st✉❞♦ é ❞❡t❡r♠✐♥❛♥t❡ ♣❛r❛ ❛ ♦t✐♠✐③❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛✳ P♦ré♠✱
♣❛r❛ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❛ ❝✉r✈❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛❞q✉✐r❡ ✉♠ ❛s♣❡❝t♦ ♠❛✐s
✐♠♣♦rt❛♥t❡✳ ➱ ♣♦ssí✈❡❧ ❛❧❝❛♥ç❛r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❛❥✉st❛♥❞♦ ♦ ❛❧✐♥❤❛♠❡♥t♦
❞❛ ❝❛✈✐❞❛❞❡ ❞❡ ❢♦r♠❛ ❛ ❢❛✈♦r❡❝❡r ❡st❡ r❡❣✐♠❡ ❡♠ ❞❡tr✐♠❡♥t♦ ❞❛ ♦s❝✐❧❛çã♦ ❈❲ ❬✹✸❀ ✹✹❪✳

❆ ♠❛♥❡✐r❛ ♠❛✐s s✐♠♣❧❡s ❞❡ ❢❛③❡r ❡st❡ t✐♣♦ ❞❡ ❛♥á❧✐s❡ é ✉t✐❧✐③❛r ♠❛tr✐③❡s ❆❇❈❉
❬✹✶❀ ✹✺❪✳ ❆ t❛❜❡❧❛ ✹✳✶ ❝♦♥té♠ ❛s ♠❛tr✐③❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ♣r✐♥❝✐♣❛✐s ❡❧❡♠❡♥t♦s
❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❧❛s❡r✳

❊❧❡♠❡♥t♦ ót✐❝♦ ▼❛tr✐③ ❆❇❈❉

❉✐stâ♥❝✐❛ d ♥♦ ❡s♣❛ç♦ ❧✐✈r❡
(

1 d
0 1

)

▲❡♥t❡ ✜♥❛ ❝♦♠ ❞✐stâ♥❝✐❛ ❢♦✲
❝❛❧ f

(

1 0
−1/f 1

)

❊s♣❡❧❤♦ ❞❡ r❛✐♦ ❘ ❝♦♠
â♥❣✉❧♦ θ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦
❞❡ ♣r♦♣❛❣❛çã♦ ♥♦ ♣❧❛♥♦
❧♦♥❣✐t✉❞✐♥❛❧

(

1 0
−2 cos(θ)/R 1

)

❊s♣❡❧❤♦ ❞❡ r❛✐♦ ❘ ❝♦♠ â♥✲
❣✉❧♦ θ ❛♦ ❡✐①♦ ❞❡ ♣r♦♣❛✲
❣❛çã♦ ♥♦ ♣❧❛♥♦ ♣❛r❛❧❡❧♦

(

1 0
−2

R cos(θ)
1

)

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

(

1 d/n
0 1

)

P❧❛❝❛ s♦❜r❡ â♥❣✉❧♦ ❞❡ ❇r❡✇✲
st❡r ❝♦♠ ❡s♣❡ss✉r❛ d✱ ♣❧❛♥♦
tr❛♥s✈❡rs❛❧

(

1 d/n3

0 1

)

❚❛❜❡❧❛ ✹✳✶✿ ▼❛tr✐③ ❆❇❈❉ ♣❛r❛ ❡❧❡♠❡♥t♦s ó♣t✐❝♦s ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❞❡ ✉♠ ❧❛s❡r✳

◆❡st❡ ❢♦r♠❛❧✐s♠♦✱ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ω(z1) ❞♦ ❧❛s❡r ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❧❛♥♦ ❡♠
z1 é ❞❛❞♦ ♣♦r ❬✹✶❪✿

ω2(z1) =
λ0

π

B
√

1 − (A+D
2

)2

♦♥❞❡ λ0 é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❢❡✐①❡✱ ❡ A✱ B✱ ❡ D sã♦ ♦s ❡❧❡♠❡♥t♦s
❞❛ ♠❛tr✐③ ❛❜❞❝ ❞❛ ❝❛✈✐❞❛❞❡✱ ❝❛❧❝✉❧❛❞❛ ❝♦♠❡ç❛♥❞♦✲s❡ ♥♦ ♣❧❛♥♦ z1✳ ❉❡st❛ ❡①♣r❡ssã♦✱
✈❡r✐✜❝❛✲s❡ q✉❡ ω(z1) só t❡♠ ✈❛❧♦r ✜♥✐t♦ ❡ ❜❡♠ ❞❡✜♥✐❞♦ q✉❛♥❞♦ ♦s ❡❧❡♠❡♥t♦s ❞❡ ♠❛tr✐③
❆ ❡ ❉ ♦❜❡❞❡❝❡♠ ❛ s❡❣✉✐♥t❡ r❡❧❛çã♦✿

(
A + D

2
)2 > 1 → −2 < A + D < 2 ✭✹✳✶✮



✹✳✷✳ ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✸✺

❖s ❡❧❡♠❡♥t♦s ❞❡ ♠❛tr✐③ ❞❛ ❝❛✈✐❞❛❞❡ ❞❡♣❡♥❞❡♠ ❞❛ ♣♦s✐çã♦ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s
❡♠ r❡❧❛çã♦ ❛♦ ❝r✐st❛❧ ❡ ❞♦ t❛♠❛♥❤♦ ❞❛ ❝❛✈✐❞❛❞❡✳ P❛r❛ ❛ ❛♥á❧✐s❡ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❛
❝❛✈✐❞❛❞❡✱ ❞❡✜♥✐♠♦s ❡♥tã♦ ❛ s❡❣✉✐♥t❡ ❢✉♥çã♦✿

❡st(d1, d2, FRS) = A + D,

♦♥❞❡ d1 ❡ d2 sã♦ ❛s ❞✐stâ♥❝✐❛s ❞❡ ❝❛❞❛ ✉♠ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝r✐st❛❧
❡ FRS é ♦ ✧❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡✧❞❛ ❝❛✈✐❞❛❞❡ ✭✐❣✉❛❧ ❛ ❝✴▲ ♦✉ ❝✴✷▲ s❡ ❛ ❝❛✈✐❞❛❞❡ ❢♦r
❡♠ ❛♥❡❧ ♦✉ ❧✐♥❡❛r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ▲ é ♦ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡✮✳ ❖ ❧❛s❡r
é ❡stá✈❡❧ ❡♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ d1✱ d2 ❡ FRS ♥❛ q✉❛❧ ❡st❛ ❢✉♥çã♦ ❛ss✉♠❡ ✈❛❧♦r❡s
❞❛❞♦s ♣♦r

−2 < ❡st(d1, d2, FSR) < 2

❆ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥tr❛❝❛✈✐❞❛❞❡ ❞❡♣❡♥❞❡♠✱
❛❧é♠ ❞❡ s❡✉s ❝♦♠♣♦♥❡♥t❡s ó♣t✐❝♦s✱ ❞❡ s❡✉ ❢♦r♠❛t♦ ✭❧✐♥❡❛r ♦✉ ❡♠ ❛♥❡❧✮✱ t❛♠❛♥❤♦ ❡ ❞♦
❣r❛✉ ❞❡ ❛st✐❣♠❛t✐s♠♦ ✐♠♣♦st♦ ❛♦ ❢❡✐①❡✳ ❆ ✜❣✉r❛ ✹✳✷ ♠♦str❛ ❞✉❛s ❝❛✈✐❞❛❞❡s ❧❛s❡rs✱ ✉♠❛
❧✐♥❡❛r ❡ ♦✉tr❛ ❡♠ ❛♥❡❧✱ ❡ ♦s r❡s♣❡❝t✐✈♦s ❣rá✜❝♦s ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❞❡♥tr♦ ❞♦ ❝r✐st❛❧ ❡♠
❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦
❝r✐st❛❧ ❝♦♥s✐❞❡r❛❞♦ ❢♦✐ ❞❡ ✸ ♠♠ ❡ ♦ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❢♦✐ ❞❡ ✸ ❝♠
♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❡ ❞❡ ✶✵ ❝♠ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r✳ ◆♦t❛✲s❡ q✉❡ ❝❛✈✐❞❛❞❡s ❡♠
❛♥❡❧ ♦✉ ❧✐♥❡❛r s✐♠étr✐❝❛s ♣♦ss✉❡♠ ❛♣❡♥❛s ✉♠❛ r❡❣✐ã♦ ❡stá✈❡❧✱ ❡♥q✉❛♥t♦ q✉❡ ❝❛✈✐❞❛❞❡s
❧✐♥❡❛r❡s ♥ã♦ s✐♠étr✐❝❛s ♣♦ss✉❡♠ ❞✉❛s✳ ❊♠ ♥❡♥❤✉♠ ❞♦s ❝❛s♦s✱ ♦ ❝❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞❡
❡st❛❜✐❧✐❞❛❞❡ ❝♦rr❡s♣♦♥❞❡ ❡①❛t❛♠❡♥t❡ à ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡✈✐❞♦ à
♣r❡s❡♥ç❛ ❞♦ ❝r✐st❛❧✳

❆ ✜❣✉r❛ ✹✳✸ ♠♦str❛ três ❣rá✜❝♦s ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝❡♥tr♦ ❞♦
❝r✐st❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s d ✭✜❣✉r❛s ✭❛✮✱ ✭❜✮ ❡ ✭❝✮✮ ❡
✉♠ ❣rá✜❝♦ ❞❡ ❝✉r✈❛s ❞❡ ❧✐♥❤❛s ♣❛r❛ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✹✳✶✱ ✈❛r✐❛♥❞♦ ❛s ❞✐stâ♥❝✐❛s ❞♦s
❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧✱ d1 ❡ d2 ✭✜❣✉r❛ ❞✮✳

❆s ✜❣✉r❛s ✹✳✸ ✭❛✮ ❡ ✭❜✮ r❡❢❡r❡♠✲s❡ à ❝✉r✈❛ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ três ✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s
❞♦ ❋❘❙ ✭❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡✮✱ ✶✵✵ ▼❍③✱ ✺✵✵ ▼❍③ ❡ ✶ ●❍③ ✭♦✉✱ ❞❡ ❢♦r♠❛ ❡q✉✐✈❛❧❡♥t❡✱
❞♦ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ L ❞❡ ✸ ♠✱ ✻✵ ❝♠ ❡ ✸✵ ❝♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣❛r❛
❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧✮ ❡ ❝♦rr❡s♣♦♥❞❡♠ ❛ ❘ ❂ ✸ ❝♠ ❡ ❘ ❂ ✺ ❝♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
❖❜s❡r✈❛♠♦s q✉❡ ❝♦♠ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ❋❙❘ ✭♦✉ ♦ ❛✉♠❡♥t♦ ❞❡ ▲✮✱ ♣❛r❛ ♦s ♠❡s♠♦s
❡s♣❡❧❤♦s ❝✉r✈♦s✱ ❛ ❧❛r❣✉r❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞✐♠✐♥✉✐✳ ❊♠ ❝❛✈✐❞❛❞❡s ❧❛s❡rs ❞❡
✶✵✵ ▼❍③ ❢❡✐t❛s ❝♦♠ ❡s♣❡❧❤♦s ❞❡ ✸ ❝♠✱ ❛ ❧❛r❣✉r❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ é ❞❡ ❛♣❡♥❛s
✵✱✵✺ ❝♠✱ ❡♠ q✉❛♥t♦ q✉❡ ✉s❛♥❞♦ ✉♠ ❡s♣❡❧❤♦ ❞❡ ✺ ❝♠ ❛ ❧❛r❣✉r❛ é ❞❡ ✵✱✶ ❝♠✳ P♦rt❛♥t♦✱
♣❛r❛ ❝❛✈✐❞❛❞❡s ❣r❛♥❞❡s✱ ❝♦♠ ❋❙❘ ♣❡q✉❡♥♦✱ é ♣r❡❢❡rí✈❡❧ ✉s❛r ❡s♣❡❧❤♦s ❝♦♠ ❞✐stâ♥❝✐❛
❢♦❝❛❧ ♠❛✐♦r❡s ❞❡ ❢♦r♠❛ ❛ ❛✉♠❡♥t❛r ❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❢❛③❡r ❝♦♠ q✉❡ ❛ ❝❛✈✐❞❛❞❡
♥ã♦ s❡❥❛ tã♦ s❡♥sí✈❡❧ ❛♦ ❛❧✐♥❤❛♠❡♥t♦✳

❖✉tr♦ ♣♦♥t♦ ✐♠♣♦rt❛♥t❡ é q✉❡ ♦ ❛✉♠❡♥t♦ ❞♦ ❋❙❘ ❛✉♠❡♥t❛ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥✲
❢r❛✈❡r♠❡❧❤♦✳ ■ss♦ ♣♦❞❡ ❢❛③❡r ❝♦♠ q✉❡ ♦ ❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦s ❝♦♠ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛✲
♠❡♥t♦ ❡✱ ❡♠ ❝♦♥s❡qüê♥❝✐❛✱ ❛ ♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❡✴♦✉ ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ r❡❣✐♠❡ ❞❡



✸✻ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

❋✐❣✉r❛ ✹✳✷✿ ❈❛✈✐❞❛❞❡s ✭❛✮ ❡♠ ❛♥❡❧ ❡ ✭❜✮ ❧✐♥❡❛r ♥ã♦ s✐♠étr✐❝❛✱ ❝♦♠ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡
❞❡ ✶ ●❍③✱ ❡ r❡s♣❡❝t✐✈❛s ❝✉r✈❛s ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ❡♠ ❢✉♥çã♦ ❞❛
❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳ ❊1 ❡ ❊2✿ ❡s♣❡❧❤♦s ❝♦♠ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❡ ✸ ❝♠❀
❊3✿ ❡s♣❡❧❤♦ ♣❧❛♥♦❀ ❊4✿ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ ♣❧❛♥♦❀ ❞3 ❂ ✺ ❝♠❀ ❞4 ❂ ✼ ❝♠❀ ❞ ❂ ❞1 ✰ ❞2✳

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

❆ ✜❣✉r❛ ✹✳✸ ✭❝✮ ♠♦str❛ ✉♠ ❣rá✜❝♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ❡♠ ❢✉♥çã♦
❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✱ ♣❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ ❞❡ ✶ ●❍③ ❝♦♠ R ❂ ✸ ❝♠
❡ R ❂ ✺ ❝♠✳ ❖❜s❡r✈❛♠♦s q✉❡ ❛ ♠✉❞❛♥ç❛ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❛ ❝❛✈✐❞❛❞❡ ❞❡ ✸ ❝♠
♣❛r❛ ✺ ❝♠✱ ♠❛s ♠❛♥t❡♥❞♦ ♦ ❋❙❘✱ t❛♠❜é♠ ♣r♦✈♦❝❛ ♦ ❛✉♠❡♥t♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❡
❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ❛❥✉st❡ ❞❛ ❧❡♥t❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳

❆ ✜❣✉r❛ ✹✳✸ ✭❞✮ ♠♦str❛ ✉♠ ❣rá✜❝♦ ❞❡ ❝✉r✈❛s ❞❡ ❧✐♥❤❛s ♣❛r❛ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✹✳✶✱
✈❛r✐❛♥❞♦ ❛s ❞✐stâ♥❝✐❛s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧✱d1 ❡ d2✳
◆❛ ♣rát✐❝❛✱ q✉❛♥❞♦ ♣r♦❝✉r❛♠♦s ❛ ♣♦s✐çã♦ ❞♦ ❧❛s❡r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱
❞❡s❧♦❝❛♠♦s ✉♠ ❞♦s ❡s♣❡❧❤♦s ❡ ♠❛♥t❡♠♦s ♦ ♦✉tr♦ ❡s♣❡❧❤♦ ❡ ♦ ❝r✐st❛❧ ♣❛r❛❞♦s✳ ■ss♦
s✐❣♥✐✜❝❛ q✉❡ ❛ ❝❛✈✐❞❛❞❡ ✏❛♥❞❛✑ ❡♠ ✉♠❛ ❧✐♥❤❛ ♣❛r❛❧❡❧❛ ❛ ✉♠ ❞♦s ❡✐①♦s ❞♦ ❣rá✜❝♦ ❞❛
✜❣✉r❛ ✹✳✸ ✭❞✮✱ ❞❛♥❞♦ ❛ ✐♠♣r❡ssã♦ ❞❡ q✉❡ ❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ é ♠❛✐♦r ❞♦ q✉❡
❛ ❛♣r❡s❡♥t❛❞❛ ♥♦s ❣rá✜❝♦s ✹✳✸ ✭❛✮✱ ✭❜✮ ❡ ✭❝✮✱ ♦♥❞❡ ♦ ❝r✐st❛❧ ♣❡r♠❛♥❡❝❡ ❡♠ ♣♦s✐çã♦
s✐♠étr✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s✳



✹✳✸✳ ❆st✐❣♠❛t✐s♠♦ ✸✼

❋✐❣✉r❛ ✹✳✸✿ ✭❛✮✱ ✭❜✮ ❡ ✭❝✮✿ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ❝♦♠♦ ❢✉♥çã♦
❞❛ ❞✐stâ♥❝✐❛ d ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❛ ✜❣✉r❛ ✹✳✷✱ ❝♦♥s✐❞❡r❛♥❞♦
d1 = d2✱ lc ❂ ✸ ❝♠ ❡ ✭❛✮ R ❂ ✸ ❝♠✱ ♣❛r❛ três ✈❛❧♦r❡s ❞♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ✭♦✉ t❛♠❛♥❤♦
t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡✮✱ ✭❜✮ ♦ ♠❡s♠♦ q✉❡ ✭❛✮ ♣♦ré♠ ❝♦♠ R ❂ ✺ ❝♠ ❡ ✭❝✮ ❝❛✈✐❞❛❞❡ ❝♦♠ FSR
❂ ✶ ●❍③ ❡ ❞♦✐s ✈❛❧♦r❡s ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞♦s ❡s♣❡❧❤♦s❀ ✭❞✮ ❣rá✜❝♦ ❞❡ ❝✉r✈❛s ❞❡ ❧✐♥❤❛s
♣❛r❛ ❛ ❞❡s✐❣✉❛❧❞❛❞❡ ✹✳✶✱ ✈❛r✐❛♥❞♦ ❛s ❞✐stâ♥❝✐❛s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞♦
❝r✐st❛❧✱d1 ❡ d2✳ ❈✉r✈❛s ❝❛❧❝✉❧❛❞❛s ♣❡❧♦ ♣r♦❣r❛♠❛ ❧✐st❛❞♦ ♥♦ ❛♣ê♥❞✐❝❡ ❇✳✷✳

✹✳✸ ❆st✐❣♠❛t✐s♠♦

◗✉❛❧q✉❡r ❡❧❡♠❡♥t♦ ✐♥tr❛❝❛✈✐❞❛❞❡ ❝♦❧♦❝❛❞♦ ❡♠ â♥❣✉❧♦ ❣❡r❛ ❛st✐❣♠❛t✐s♠♦✳ P❛r❛ ♦ ❝❛s♦
❞❡ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛✱ ❛s ❞✉❛s ♠❛✐♦r❡s ❢♦♥t❡s ❞❡ ❛st✐❣♠❛t✐s♠♦ sã♦ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s
❬✹✻❪ ❡ ♦ ♣ró♣r✐♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ❬✹✼❪✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡ é ❝♦❧♦❝❛❞♦ ♥❛ ❝❛✈✐❞❛❞❡ ❡♠
â♥❣✉❧♦ ❞❡ ❇r❡✇st❡r✳

P❛r❛ ❧❛s❡r ❈❲✱ ❛ ♥ã♦ ❝♦♠♣❡♥s❛çã♦ ❞♦ ❛st✐❣♠❛t✐s♠♦ ✐♥tr♦❞✉③✐❞♦ ♣❡❧♦ ❝r✐st❛❧ ❣❡r❛
✉♠ ❢❡✐①❡ ❝♦♠ ♣❡r✜❧ ❡❧í♣t✐❝♦ ❡♠ ✈❡③ ❞❡ ❝✐r❝✉❧❛r ❡ ♣♦❞❡ ❝❛✉s❛r ✉♠❛ ♣❡r❞❛ ❞❡ ♣♦tê♥✲
❝✐❛ ❞❡✈✐❞♦ ❛ ✉♠ ❞❡s❛rr❛♥❥♦ ♥♦ ❝❛s❛♠❡♥t♦ ❡♥tr❡ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡ ♦ ❢❡✐①❡
✐♥❢r❛✈❡r♠❡❧❤♦ ❞❡♥tr♦ ❞♦ ❝r✐st❛❧✳ P❛r❛ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❛ ♥ã♦ ❝♦♠✲
♣❡♥s❛çã♦ ❞♦ ❛st✐❣♠❛t✐s♠♦ ❛❧é♠ ❞❡ ♠♦❞✐✜❝❛r ♦ ❢♦r♠❛t♦ ❞♦ ❢❡✐①❡✱ ♣♦❞❡ ✐♥✐❜✐r ♦ ✐♥í❝✐♦
❞❛ ♦♣❡r❛çã♦ ♣✉❧s❛❞❛ ♦✉ ♣r♦✈♦❝❛r ✉♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✐♥stá✈❡❧ ♣♦r ❣❡r❛r



✸✽ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

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

P❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ ❝♦♠♣♦st❛ ❛♣❡♥❛s ♣❡❧♦s ❡s♣❡❧❤♦s ❡ ♣❡❧♦ ♠❡✐♦ ❞❡ ❣❛♥❤♦✱ ❝♦♥✲
❢♦r♠❡ ❛ ✜❣✉r❛ ✹✳✹✱ ♣♦❞❡♠♦s ❝♦♠♣❡♥s❛r ♦ ❛st✐❣♠❛t✐s♠♦ ✐♥tr♦❞✉③✐❞♦ ♣❡❧♦ ❝r✐st❛❧ ❛❥✉s✲
t❛♥❞♦ ♦ â♥❣✉❧♦ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ✭θ1 ❡ θ2✮✳

❋✐❣✉r❛ ✹✳✹✿ ❈❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ♠❡✐♦ ❞❡ ❣❛♥❤♦ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ n ❡ ❡s♣❡s✲
s✉r❛ t✳ ❖s â♥❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡✈❡♠ s❡r ❛❥✉st❛❞♦s ♣❛r❛ ❝♦♠♣❡♥s❛r ♦ ❛st✐❣♠❛t✐s♠♦
✐♥tr♦❞✉③✐❞♦ ♣❡❧♦ ❝r✐st❛❧✳

❋✐❣✉r❛ ✹✳✺✿ Pr♦♣❛❣❛çã♦ ❞❡ ✉♠ ❢❡✐①❡ ♣♦r ✉♠ ❝r✐st❛❧✳ ✭❛✮ ✈✐st❛ ❞❡ ❧❛❞♦✳ ✭❜✮ ❱✐st❛ ❞❡ ❝✐♠❛✳

❈♦♥s✐❞❡r❛♥❞♦ ✉♠ ❢❡✐①❡ ❣❛✉ss✐❛♥♦ s❡ ♣r♦♣❛❣❛♥❞♦ ❛tr❛✈és ❞❡ ✉♠❛ ♣❧❛❝❛ ❝♦♠ í♥❞✐❝❡
❞❡ r❡❢r❛çã♦ n✱ ❡s♣❡ss✉r❛ t ❡ ❝♦❧♦❝❛❞❛ ❡♠ â♥❣✉❧♦ ❞❡ ❇r❡✇st❡r ♥❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❡♥tr❡



✹✳✹✳ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✸✾

♦s ❞♦✐s ❡s♣❡❧❤♦s ❝✉r✈♦s✱ ❝♦♥❢♦r♠❡ ❛s ✜❣✉r❛s ✹✳✹ ❡ ✹✳✺✱ ♣♦❞❡✲s❡ ♠♦str❛r q✉❡ ♦s ❝❛♠✐♥❤♦s
ó♣t✐❝♦s ❡❢❡t✐✈♦s ♣r♦♣❛❣❛❞♦s ♣❡❧♦ ❢❡✐①❡ ♥♦s ♣❧❛♥♦s t❛♥❣❡♥❝✐❛❧ ✭①③✮ ❡ s❛❣✐t❛❧ ✭②③✮ sã♦✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❬✹✶❪✿

dx = t

√
1 + n2

n4
dy = t

√
1 + n2

n2
✭✹✳✷✮

P❛r❛ ✉♠ ❡s♣❡❧❤♦ ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ R ❡♠ â♥❣✉❧♦✱ ♦ ❢♦❝♦ ♥❛s ❞✉❛s ❞✐r❡çõ❡s ♣❛ss❛
❛ s❡r ❬✹✶❪✿

fx =
R

2
cos (θ) fy =

R

2

1

cos (θ)
. ✭✹✳✸✮

❖s â♥❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ♣❛r❛ ❝♦♠♣❡♥s❛r ♦ ❛st✐❣♠❛t✐s♠♦ ♥ã♦ ♣r❡❝✐s❛♠ s❡r
✐❣✉❛✐s✱ ♠❛s ❞❡✈❡♠ s❡r t❛❧ q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❞♦ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ❞❡ ❝❛❞❛ ♣❧❛♥♦ ❣❡r❛❞❛
♣❡❧♦ ❝r✐st❛❧ ❞❡✈❡ s❡r ✐❣✉❛❧ à ❞✐❢❡r❡♥ç❛ ❞❛ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ❞♦s ❞♦✐s ❡s♣❡❧❤♦s ❡♠ ❝❛❞❛
♣❧❛♥♦✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛ ❝❛✈✐❞❛❞❡ ❞❛ ✜❣✉r❛ ✹✳✹✱ ♦♥❞❡ ♦s ❞♦✐s ❡s♣❡❧❤♦s ❝✉r✈♦s ✭E1 ❡ E2✮
♣♦ss✉❡♠ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ✐❣✉❛❧ ❛ ❘✱ t❡♠♦s✿

dy − dx = fy1 − fx1 + fy2 − fx2

q✉❡ ❧❡✈❛ à s❡❣✉✐♥t❡ ❡q✉❛çã♦ ❬✸✻❪✿

t

√
1 + n2

n4

(

n2 − 1
)

=
R

2 cos (θ1)

(

1 − cos2(θ1)
)

+
R

2 cos (θ2)

(

1 − cos2(θ2)
)

♦✉ s❡❥❛✿

t

√
1 + n2

n4

(

n2 − 1
)

=
R

2

s❡♥2(θ1)

cos (θ1)
+

R

2

s❡♥2(θ2)

cos (θ2)
✭✹✳✹✮

❖ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✹✳✻ ♠♦str❛ ♦s â♥❣✉❧♦s ♣❛r❛ ♦s q✉❛✐s ❛ ❡q✉❛çã♦ ✹✳✹ é ✈á❧✐❞❛✱
❝❛❧❝✉❧❛❞♦s ♣❛r❛ ✉♠ ❧❛s❡r ❡♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧✱ ♦♥❞❡ t é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝r✐st❛❧
✭✷✱✵ ❝♠✮✱ n é ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✭✶✱✼✮ ❡ R é ♦ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛
❞♦s ❡s♣❡❧❤♦s ✭✶✺ ❝♠✮✳ ❖s â♥❣✉❧♦s ❞♦s ❞♦✐s ❡s♣❡❧❤♦s ♥ã♦ ♣r❡❝✐s❛♠ s❡r ✐❞ê♥t✐❝♦s✱ ❞❡s❞❡
q✉❡ ♦❜❡❞❡ç❛♠ ❛ r❡❧❛çã♦ ✹✳✹✳

❆ t❛❜❡❧❛ ✹✳✷ ♠♦str❛ ❛❧❣✉♥s â♥❣✉❧♦s ❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛❧❣✉♠❛s ❝❛✈✐❞❛❞❡s q✉❡ ✐r❡♠♦s
❛♥❛❧✐s❛r ❡♠ s❡çõ❡s ♣♦st❡r✐♦r❡s✳

✹✳✹ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s
✭♠♦❞❡✲❧♦❝❦❡❞✮

❊♠ ❧❛s❡rs ❞❡ ❡st❛❞♦ só❧✐❞♦ ❝♦♠ ♠♦❞♦s tr❛✈❛❞♦s ❞♦✐s ❢❛t♦r❡s ✐♠♣♦rt❛♥t❡s ❞❡✈❡♠ s❡r
s❡♠♣r❡ ❝♦♥s✐❞❡r❛❞♦s✿ ♣r✐♠❡✐r❛♠❡♥t❡✱ ♦ ❧❛s❡r ❞❡✈❡ ♣♦ss✉✐r ✉♠ ♠❡❝❛♥✐s♠♦ ♣❛r❛ ♦



✹✵ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

t ✭♠♠✮ ❘ ✭❝♠✮ 2θ1 ✭❣r❛✉s✮ 2θ2 ✭❣r❛✉s✮
✶✱✽ ✸ ✶✽✱✻ ✶✽✱✻
✸ ✸ ✷✹✱✵ ✷✹✱✵
✸ ✸ ✷✶✱✵ ✷✻✱✼
✷✵ ✶✺ ✷✼✱✽ ✷✼✱✽

❚❛❜❡❧❛ ✹✳✷✿ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ ❡s♣❡ss✉r❛ ❞♦ ❝r✐st❛❧✱ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❡ â♥❣✉❧♦ ❞♦s
❡s♣❡❧❤♦s ❝✉r✈♦s ♣❛r❛ ❝♦♠♣❡♥s❛r ❛st✐❣♠❛t✐s♠♦✳

❋✐❣✉r❛ ✹✳✻✿ ➶♥❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡ ✉♠❛ ❝❛✈✐❞❛❞❡ ❧❛s❡r q✉❡ ♦❜❡❞❡❝❡♠ ❛ r❡❧❛çã♦ ✹✳✹✱
♦♥❞❡ t ❂ ✸ ♠♠✱ n ❂ ✶✱✼ ❡ R ❂ ✸ ❝♠ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮✳

tr❛✈❛♠❡♥t♦ ❞♦s ♠♦❞♦s ❞♦ ❧❛s❡r ❧❡✈❛♥❞♦ ❛ ❢♦r♠❛çã♦ ❞♦s ♣✉❧s♦s❀ ❡♠ s❡❣✉♥❞♦ ❧✉❣❛r✱ ♠❛s
tã♦ ✐♠♣♦rt❛♥t❡ q✉❛♥t♦✱ ❛ ❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✐♥tr♦❞✉③✐❞❛ ♥❛ ❝❛✈✐❞❛❞❡
♣♦r ❝♦♠♣♦♥❡♥t❡s ó♣t✐❝♦s✱ t❛✐s ❝♦♠♦ ♦s ❡s♣❡❧❤♦s ❡ ♦ ♣ró♣r✐♦ ♠❡✐♦ ❞❡ ❣❛♥❤♦✱ ❞❡✈❡♠ s❡r
❝♦♠♣❡♥s❛❞❛s ❞❡ ❛❧❣✉♠❛ ♠❛♥❡✐r❛ ♣❛r❛ ♣❡r♠✐t✐r ❛ ❢♦r♠❛çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞♦ ♣✉❧s♦✳

❊♠ ✉♠❛ ♣r✐♠❡✐r❛ ❣❡r❛çã♦ ❞❡ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✱ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❛ ❞✐s✲
♣❡rsã♦ ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s ❡❧❡♠❡♥t♦s ó♣t✐❝♦s ❞❛ ❝❛✈✐❞❛❞❡ ❢♦✐ ❢❡✐t❛ ✉s❛♥❞♦✲s❡ ♣❛r❡s ❞❡
♣r✐s♠❛s✱ ❝♦♥❢♦r♠❡ ♠♦str❛♠ ❛ ✜❣✉r❛ ✹✳✼ ✭❛✮ ❡ ✭❜✮✳ ❊♠❜♦r❛ ♦ ♣❛r ❞❡ ♣r✐s♠❛s ♣♦ss✉❛
❞✐s♣❡rsã♦ ♥♦r♠❛❧✱ s✉❛ ❝♦♥✜❣✉r❛çã♦ ❣❡♦♠étr✐❝❛ ♣♦❞❡ s❡r ❢❡✐t❛ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ❛s ❝♦♠✲
♣♦♥❡♥t❡s ❞♦ ♣✉❧s♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❡♥♦r ✈✐❛❥❡ ♣❡❧♦s ♣r✐s♠❛s ♣♦r ✉♠ t❡♠♣♦
♠❛✐s ❝✉rt♦ q✉❡ ❛ ♣❛rt❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♠❛✐♦r❡s ❬✹✷❪✱ ♦✉ s❡❥❛✱ ❛❞✐❝✐♦♥❛♥❞♦
✉♠❛ ❞✐s♣❡rsã♦ ♥❡❣❛t✐✈❛✳

❯♠❛ s❡❣✉♥❞❛ ❣❡r❛çã♦ ❞❡ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❚✐✿s❛✜r❛ ❢❡③ ✉s♦ ❞♦ ❞❡s❡♥✲
✈♦❧✈✐♠❡♥t♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ ❡s♣❡❧❤♦s ❞✐❡❧étr✐❝♦s ❞❡ ✈❛rr❡❞✉r❛ ✭❝❤✐r♣❡❞ ♠✐rr♦rs ❬✸✽❪✮
❝♦♠ ❛❧t❛ r❡✢❡t✐✈✐❞❛❞❡ ♥✉♠❛ ❣r❛♥❞❡ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❡ ❛♦ ♠❡s♠♦ t❡♠♣♦ ❝✉❥♦ ❡❢❡✐t♦
❞✐s♣❡rs✐✈♦ s❡❥❛ ❧✐♠✐t❛❞♦✱ ♣r❡✈✐sí✈❡❧ ❡ ❝♦♥tr♦❧á✈❡❧✳ ❊st❡s ❡s♣❡❧❤♦s sã♦ ❝♦♥st✐t✉í❞♦s ♣♦r



✹✳✹✳ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✹✶

❋✐❣✉r❛ ✹✳✼✿ ✭❛✮ ❈❛✈✐❞❛❞❡ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ♣✉❧s❛❞♦ tí♣✐❝♦ ✉s❛♥❞♦ ♣r✐s♠❛s ♣❛r❛
❛ ❝♦♠♣❡♥s❛r ❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s ❡❧❡♠❡♥t♦s ó♣t✐❝♦s✳ ✭❜✮
❈♦♥✜❣✉r❛çã♦ ❞❡ ✉♠ ♣❛r ❞❡ ♣r✐s♠❛s ♣❛r❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❞✐s♣❡rsã♦✳ ✭❝✮ ❊sq✉❡♠❛ ❞❡ ✉♠
❡s♣❡❧❤♦ ❞❡ ✈❛rr❡❞✉r❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ s✉❜st✐t✉✐r ♦✉ ❝♦♠♣❧❡♠❡♥t❛r ❛ ❛t✉❛çã♦ ❞♦s ♣❛r❡s ❞❡
♣r✐s♠❛s✳

❞✐✈❡rs❛s ❝❛♠❛❞❛s ❞✐❡❧étr✐❝❛s ✭❝❡r❝❛ ❞❡ ✺✵✮ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ✜❣✉r❛ ✹✳✼ ✭❝✮ ❞❡ ♠♦❞♦
q✉❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐♦r❡s s❡❥❛♠ r❡✢❡t✐❞♦s ♥❛s ❝❛♠❛❞❛s ♠❛✐s ✐♥t❡r♥❛s ❡ ❛♥✲
❞❡♠ ♣♦r ✉♠ ❝❛♠✐♥❤♦ ó♣t✐❝♦ ♠❛✐♦r q✉❡ ❛ ♣❛rt❡ ❞♦ ♣✉❧s♦ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
♠❡♥♦r✳

❖ ✉s♦ ❞❡ ♣r✐s♠❛s ❡♠ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ♣❡r♠✐t❡ ✉♠ ♠❛✐♦r ❝♦♥tr♦❧❡ ❞❛
❞✐s♣❡rsã♦ ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡✱ ♣❡r♠✐t✐♥❞♦ ✉♠ ♠❛✐♦r ❝♦♥tr♦❧❡ ❞♦ ♣❡r✜❧ ❞♦ ♣✉❧s♦ ❡ ✉♠❛
s✐♥t♦♥✐❛ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❡s♣❡❝tr♦ ❡ sã♦ ✉t✐❧✐③❛❞♦s ❣❡r❛❧♠❡♥t❡ ❡♠
❧❛s❡rs ❞❡ ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r ❡ ❜❛✐①❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✭❡♠ t♦r♥♦ ❞❡ ✶✵✵ ▼❍③✮✳ P♦r ♦✉tr♦
❧❛❞♦✱ ♦s ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ♣❡r♠✐t❡♠ ❛ ❝♦♥str✉çã♦ ❞❡ ❝❛✈✐❞❛❞❡s ♠❛✐s s✐♠♣❧❡s✱ ❡♠
❛♥❡❧ ❡ ♠❡♥♦r❡s✱ t♦r♥❛♥❞♦ ♣♦ssí✈❡❧ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡ ❛❧t❛
t❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ♦✉ s❡❥❛✱ ❞❡ ✶ ●❍③ ♦✉ ♠❛✐s✳

◆♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ♦ ♠❡❝❛♥✐s♠♦ ❞❛ ❣❡r❛çã♦ ❞♦ ♣✉❧s♦ ✉❧tr❛❝✉rt♦ é ♦ ❡❢❡✐t♦ ❞❡
❧❡♥t❡✲❑❡rr ❬✹✽❪ q✉❡ ♦❝♦rr❡ ♥♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ❞❡✈✐❞♦ à ✐♥t❡♥s✐❞❛❞❡ ❞♦s ♣✉❧s♦s
♣r♦♣❛❣❛♥t❡s✳ ❊ss❡ ❡❢❡✐t♦ ❢❛③ ❝♦♠ q✉❡ ♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ❛t✉❡ ❝♦♠♦ ✉♠❛ ❧❡♥t❡ ❝♦♥✲
✈❡r❣❡♥t❡ ❝✉❥♦ ❢♦❝♦ ❞❡♣❡♥❞❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ✐♥tr❛❝❛✈✐❞❛❞❡✳ ❊♠ ❛❧❣✉♥s ❧❛s❡rs ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s✱ ✉t✐❧✐③❛✲s❡ ✉♠❛ ❢❡♥❞❛ ✐♥tr❛❝❛✈✐❞❛❞❡✱ ❣❡r❛❧♠❡♥t❡ ♣ró①✐♠❛ ❛ ✉♠ ❡s♣❡❧❤♦ ❝✉r✈♦
♣❛r❛ ♣r♦✈♦❝❛r✱ ❥✉♥t♦ ❝♦♠ ♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ ❑❡rr✱ ✉♠ ❡❢❡✐t♦ ❞❡ ❛❜s♦r✈❡❞♦r s❛t✉rá✈❡❧
♥❛ ❝❛✈✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ✜❣✉r❛ ✹✳✽ ❬✹✹❪✳ ◗✉❛♥❞♦ ♦ ❧❛s❡r ❡stá ❡♠ r❡❣✐♠❡ ❈❲✱
♥ã♦ ❤á ❢♦❝❛❧✐③❛çã♦ ❞❡✈✐❞♦ à ❧❡♥t❡ ❑❡rr ❡ ❛ ❢❡♥❞❛ ❜❛rr❛ ♣❛rt❡ ❞♦ ❢❡✐①❡ ✐♥tr❛❝❛✈✐❞❛❞❡✱
✐♥tr♦❞✉③✐♥❞♦ ♣❡r❞❛s ♣❛r❛ ❡st❡ r❡❣✐♠❡✳ P♦r ♦✉tr♦ ❧❛❞♦✱ q✉❛♥❞♦ ♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡



✹✷ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

♣✉❧s❛❞♦✱ ❛ ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ♣r♦✈♦❝❛ ✉♠❛ ❢♦❝❛❧✐③❛çã♦ ❞❡st❡ ❢❡✐①❡ ♣❡❧♦ ❝r✐st❛❧✱
❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡❧❡ ♣❛ss❡ ✐♥t❡✐r❛♠❡♥t❡ ♣❡❧❛ ❢❡♥❞❛✱ r❡❞✉③✐♥❞♦ ❛s ♣❡r❞❛s ❡ ❞❡✐①❛♥❞♦ ❛
❝❛✈✐❞❛❞❡ ♠❛✐s ❛❞❡q✉❛❞❛ ❛♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❊st❡ ♣r♦❝❡ss♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦
❞❡ ♠♦❞♦s ❢♦✐ ❞❡♥♦♠✐♥❛❞♦ ✏❑❡rr✲❧❡♥s ♠♦❞❡✲❧♦❝❦✐♥❣✑ ✭tr❛✈❛♠❡♥t♦ ❞❡ ♠♦❞♦s ♣♦r ❧❡♥t❡
❑❡rr✱ ❑▲▼✮ ❬✹✽❪✳

❊♥tr❡t❛♥t♦✱ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ♣♦❞❡♠ ❡♥tr❛r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s s❡♠
❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ✐♥tr♦❞✉çã♦ ❞❡st❛ ❢❡♥❞❛ ♥❛ ❝❛✈✐❞❛❞❡ ❬✹✹❀ ✹✽❪✳ ❯♠❛ ✏❢❡♥❞❛✑ ♣♦❞❡
s❡r ❝r✐❛❞❛ ♣❡❧♦ ♣❡r✜❧ ❡s♣❛❝✐❛❧ ❞♦ ❣❛♥❤♦ ♥♦ ❝r✐st❛❧✳ ❊♠ ❧❛s❡rs ❜♦♠❜❡❛❞♦s ❧♦♥❣✐t✉✲
❞✐♥❛❧♠❡♥t❡✱ ♦ ❣❛♥❤♦ t❡♠ ✉♠ ♣❡r✜❧ ❣❛✉ss✐❛♥♦ ❝✉❥♦ ♣✐❝♦ ❡stá ♥♦ ❝❡♥tr♦ ❞♦ ❢❡✐①❡ ❞❡
❜♦♠❜❡❛♠❡♥t♦ ♦♥❞❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡st❡ é ♠❛✐s ❛❧t❛✳ ❉❡st❛ ❢♦r♠❛✱ ❢❡✐①❡s ❝♦♠ ❝✐♥t✉r❛s
♠❡♥♦r❡s ❡①♣❡r✐♠❡♥t❛rã♦ ❣❛♥❤♦s ♠❛✐♦r❡s ❬✹✷❪✳

❋✐❣✉r❛ ✹✳✽✿ ❊❢❡✐t♦ ❞❡ ✉♠ ❛❜s♦r✈❡❞♦r s❛t✉rá✈❡❧ ♣r♦✈♦❝❛❞♦ ♣❡❧❛ ❛ss♦❝✐❛çã♦ ❞❡ ✉♠❛ ❢❡♥❞❛ ❛
✉♠ ♠❡✐♦ ❑❡rr✳

❊♥tr❡t❛♥t♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❛✉t♦✲❢♦❝❛❧✐③❛çã♦ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❛
❝❛✈✐❞❛❞❡✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❛ ♣♦s✐çã♦ ❞♦ ❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦ ❢♦❝♦ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s
❡ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❡ss❡s ❞♦✐s ❡s♣❡❧❤♦s✳ P❛r❛ ❛♥❛❧✐s❛r ❡♠ q✉❛✐s ❝♦♥❞✐çõ❡s ♦ ❡❢❡✐t♦ ❞❡
❧❡♥t❡ ❑❡rr é ❢♦rt❡✱ ❞❡✜♥✐♠♦s ♦ s❡❣✉✐♥t❡ ♣❛râ♠❡tr♦ ❬✹✹❀ ✹✾❪ ❝❤❛♠❛❞♦ ❛❧❣✉♠❛s ✈❡③❡s ❞❡
✏s❡♥s✐t✐✈✐❞❛❞❡ ❞❡ ❧❡♥t❡ ❑❡rr✑ ✭❑❡rr✲❧❡♥s s❡♥s✐t✐✈✐t②✮ ❬✹✷❪ ♦✉ ✏❢♦rç❛ ❞❡ tr❛✈❛♠❡♥t♦ ❞❡
♠♦❞♦s ♣♦r ❧❡♥t❡ ❑❡rr✑ ✭❑▲▼ str❡♥❣t❤✮❬✺✵❪✿

δ =
1

ω

(

❞ω

❞P

)

P=0

, ✭✹✳✺✮

♦♥❞❡ ω é ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ❡ P é ❛ ♣♦tê♥❝✐❛ ❝✐r❝✉❧❛♥t❡ ♥❛ ❝❛✈✐❞❛❞❡✳
❊ss❡ ♣❛râ♠❡tr♦ é ✉♠❛ ♠❡❞✐❞❛ ❞♦ ❡❢❡✐t♦ ❞❛ ♣♦tê♥❝✐❛ ❝✐r❝✉❧❛♥t❡ ♥❛ ❝❛✈✐❞❛❞❡ s♦✲

❜r❡ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✱ ❬✼❀ ✹✷❀ ✺✶❪✳ P❛r❛ ✉♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❡stá✈❡❧✱ ❡st❡
♣❛râ♠❡tr♦ ❞❡✈❡ s❡r ♥❡❣❛t✐✈♦✱ ❞❡ ❢♦r♠❛ q✉❡ ✉♠ ❛✉♠❡♥t♦ ♥❛ ♣♦tê♥❝✐❛ ❝✐r❝✉❧❛♥t❡ ✐♥❞✉③❛
❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✱ ✐♥✐❝✐❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❧❡♥t❡ ❑❡rr ❡✱ ❡♠ ❝♦♥s❡qüê♥✲
❝✐❛✱ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❖ ✈❛❧♦r ❞❡ δ é ❡①tr❡♠❛♠❡♥t❡ s❡♥sí✈❡❧ à ♣♦s✐çã♦ ❞♦
❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡ ❞❛ s❡♣❛r❛çã♦ ❡♥tr❡ ❡❧❡s✳ ❯♠❛ ❛♥á❧✐s❡ ❞❡t❛❧✲
❤❛❞❛ ♠♦str❛ q✉❡ ❡ss❡ ♣❛râ♠❡tr♦ ❛ss✉♠❡ ✈❛❧♦r ♥❡❣❛t✐✈♦ ♣❡rt♦ ❞❛ ❜♦r❞❛ ❞❛ r❡❣✐ã♦ ❞❡
❡st❛❜✐❧✐❞❛❞❡ ❞❛ ❝❛✈✐❞❛❞❡✳



✹✳✹✳ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✹✸

P❛r❛ ❝❛❧❝✉❧❛r ❡st❡ ♣❛râ♠❡tr♦ ✉t✐❧✐③❛♠♦s ♦ ❢♦r♠❛❧✐s♠♦ ❞❡ ♠❛tr✐③ ❆❇❈❉✱ ❝♦♥✲
s✐❞❡r❛♥❞♦ ♦ ❝r✐st❛❧ ❝♦♠♦ ✉♠❛ ❧❡♥t❡ ❞❡ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ ❞❛❞❛ ♣♦r ❬✺✵❪✿

fkerr =
ω2

4n2I0L
✭✹✳✻✮

♦✉

fkerr =
πω4

4n2PL
, ✭✹✳✼✮

♦♥❞❡ ω é ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✱ n2 é ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥ã♦ ❧✐♥❡❛r✱ I0 é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡
♣✐❝♦✱ P é ❛ ♣♦tê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❡ L é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝r✐st❛❧✳ ❈♦♥s✐❞❡r❛♥❞♦
✉♠❛ ♣♦tê♥❝✐❛ ✐♥tr❛❝❛✈✐❞❛❞❡ ❞❡ ✶✺✵ ❦❲ ❡ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❞❡ ✷✵ µ ❡♠ ✉♠ ❝r✐st❛❧ ❞❡
❚✐✿s❛✜r❛ ❞❡ ✸ ♠♠ ♣❛r❛ ♦ q✉❛❧ n2 ❂ ✸✱✹✺ ✶✵−16 ❝♠2✴❲✱ ♦❜t❡♠♦s ✉♠❛ ❞✐stâ♥❝✐❛ ❢♦❝❛❧
❞❡ ✽ ♠♠✳ P❛r❛ ✉♠❛ ❝✐♥t✉r❛ ❞❡ ✸✺ µ✱ ♦ ✈❛❧♦r ❞❛ ❞✐stâ♥❝✐❛ ❢♦❝❛❧ s♦❜❡ ♣❛r❛ ✼✺ ♠♠✳

❆ ✜❣✉r❛ ✹✳✾ ♠♦str❛ ✉♠❛ ❝✉r✈❛ ❞❡ ♥í✈❡❧ ❝❛❧❝✉❧❛❞❛ ♥✉♠❡r✐❝❛♠❡♥t❡ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮
❞❡ δ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ❝♦♠♦ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦
❛♦ ❝r✐st❛❧✱ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✹✳✷✱ ❞❡ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ❞❡
✶ ●❍③✱ ❝r✐st❛❧ ❞❡ ✸ ♠♠ ❞❡ ❡s♣❡ss✉r❛ ❡ ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❡ ✸ ❝♠✳
❆ ❝✉r✈❛ ✈❡r♠❡❧❤❛ ❞❡❧✐♠✐t❛ ❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✭❡q✉❛çã♦ ✹✳✶✮✳ ❊♠ ❛③✉❧✱ ❛ ❝✉r✈❛
♦♥❞❡ δ = 0✳ ❊♠ ✈❡r❞❡✱ ❛ ❝✉r✈❛ ♦♥❞❡ d1 = d2✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛
✹✳✶✵✳

❉❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ❡①✐st❡ ❛♣❡♥❛s ✉♠❛ ♣❡q✉❡♥❛ r❡❣✐ã♦ ♦♥❞❡ ♦ ♣❛râ✲
♠❡tr♦ δ ✈❛✐ ❛ ± ✐♥✜♥✐t♦✱ ♣ró①✐♠❛ à r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✐♥t❡r♥❛ ✭♦♥❞❡ ♦s ❡s♣❡❧❤♦s
❡stã♦ ♠❛✐s ♣ró①✐♠♦s ❞♦ ❝r✐st❛❧✮✳ P❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ s✐♠étr✐❝❛ ✭❝r✐st❛❧ ♥♦ ❝❡♥tr♦ ❞❛
❝❛✈✐❞❛❞❡✮✱ ❛ r❡❣✐ã♦ ♦♥❞❡ δ < 0 é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✸ ♠♠ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛
✜❣✉r❛ ✹✳✶✵✳ ◗✉❛♥❞♦ ❛ ❝❛✈✐❞❛❞❡ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ é ❛❥✉st❛❞❛ ♣❛r❛ ❡st❛r ♥❡st❛
r❡❣✐ã♦✱ ♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❡stá✈❡❧ ❝♦♠ ♣❡q✉❡♥❛s ♣❡rt✉r❜❛çõ❡s
❡♠ ❛❧❣✉♠ ❡❧❡♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡✱ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ✐♥tr♦❞✉çã♦ ❞❡ ❢❡♥❞❛s ♦✉ q✉❛❧✲
q✉❡r ♦✉tr♦ ❡❧❡♠❡♥t♦ ♣❛r❛ ❝❛✉s❛r ❛❜s♦rçã♦ s❛t✉r❛❞❛ ❬✺✷❪✳



✹✹ ✹✳ ▲❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛

❋✐❣✉r❛ ✹✳✾✿ ❈✉r✈❛ ❞❡ ♥í✈❡❧ ♣❛r❛ ♦ ♣❛râ♠❡tr♦ δ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧✱ ❝❛❧❝✉❧❛❞♦ ♥✉♠❡r✐❝❛♠❡♥t❡
✭❛♣ê♥❞✐❝❡ ❇✳✸✮ ♣❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧✱ ❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ✹✳✷✱ ✈❛r✐❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ✭d1 ❡
d2✮ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ r❡❧❛çã♦ ❛♦ ❝r✐st❛❧✳ ❊♠ ✈❡r♠❡❧❤♦✿ ❜♦r❞❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡
❞❛ ❝❛✈✐❞❛❞❡ ✭❡q✉❛çã♦ ✹✳✶✮✳ ❊♠ ❛③✉❧✿ ❝✉r✈❛ ♦♥❞❡ δ = 0✳ ❊♠ ✈❡r❞❡✿ ❝✉r✈❛ ♦♥❞❡ d1 = d2✳



✹✳✹✳ ▲❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ✹✺

❋✐❣✉r❛ ✹✳✶✵✿ P❛râ♠❡tr♦ δ ❝❛❧❝✉❧❛❞♦ ♥✉♠❡r✐❝❛♠❡♥t❡ ✭❛♣ê♥❞✐❝❡ ❇✳✸✮ ♣❛r❛ ✉♠❛ ❝❛✈✐❞❛❞❡ ❡♠
❛♥❡❧ ❞❛ ✜❣✉r❛ ✹✳✷✱ ✈❛r✐❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ✭d✮ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✱ ♠❛♥t❡♥❞♦ d1 = d2

✭❝♦rr❡s♣♦♥❞❡♥t❡ à ❧✐♥❤❛ ❡♠ ✈❡r❞❡ ❞❛ ✜❣✉r❛ ✹✳✾✮✳



✹✻



❈❛♣ít✉❧♦ ✺

P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

❯♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ❝♦♥s✐st❡ ❡♠ ✉♠ ❡s♣❡❝tr♦ ❞❡ r❛❞✐❛çã♦ ❢♦r♠❛❞♦ ♣♦r ✉♠❛ sér✐❡
❞❡ ❧✐♥❤❛s ✜♥❛s ✐❣✉❛❧♠❡♥t❡ ❡s♣❛ç❛❞❛s ❡ ❝♦♠ ❢r❡qüê♥❝✐❛s ❝♦♥❤❡❝✐❞❛s✳ ❯♠❛ ♠❛♥❡✐r❛ ❞❡
❣❡r❛r ✉♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s é ✐♥❥❡t❛r ✉♠ ❧❛s❡r ❈❲ ❞❡ ❢r❡qüê♥❝✐❛ ú♥✐❝❛ ❡♠ ✉♠❛
❝❛✈✐❞❛❞❡ ó♣t✐❝❛ ❝♦♠ ❛❧t♦ ❢❛t♦r ❞❡ q✉❛❧✐❞❛❞❡ q✉❡ ❝♦♥té♠ ✉♠ ♠♦❞✉❧❛❞♦r ❡❧étr♦✲ó♣t✐❝♦
✭❊❖▼✮ ❡①❝✐t❛❞♦ ♣♦r ✉♠❛ ❢r❡qüê♥❝✐❛ ✐❣✉❛❧ ❛♦ ❋❙❘ ❞❛ ❝❛✈✐❞❛❞❡ ❬✷❀ ✶❪✳ ◆❡st❡ ❝❛s♦✱
❜❛♥❞❛s ❧❛t❡r❛✐s ❡ ♠♦❞✉❧❛çã♦ ❡♠ ❢r❡qüê♥❝✐❛ sã♦ ❣❡r❛❞♦s ❡ ❛♠♣❧✐✜❝❛❞♦s ♣❡❧❛ ❝❛✈✐❞❛❞❡✳
❊st❡ t✐♣♦ ❞❡ s✐st❡♠❛ ♣♦❞❡ ❣❡r❛r ♣❡♥t❡s ❝♦♠ ❧❛r❣✉r❛ ❞❛ ♦r❞❡♠ ❞❡ ❞❡③❡♥❛s ❞❡ ❚❍③ ❬✷❪✳
◆❡st❡ ❡sq✉❡♠❛ t❡♠✲s❡ ❝♦♥❤❡❝✐♠❡♥t♦ ❛ ♣r✐♦r✐ ❞❛s ❢r❡qüê♥❝✐❛s ❞♦ ♣❡♥t❡✱ ❞❡✜♥✐❞❛s ♣❡❧♦
❧❛s❡r ❈❲ ❡ ♣❡❧❛ ♠♦❞✉❧❛çã♦ ❞♦ ❊❖▼✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ q✉❡ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✸✱ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s
t❛♠❜é♠ ❣❡r❛ ✉♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s✱ ❝♦♠ ❞✉❛s r❡ss❛❧✈❛s✿ ✭✶✮ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡
❝❛❞❛ ✉♠❛ ❞❛s ❧✐♥❤❛s ❞❡♣❡♥❞❡ ❞❛ ♠❡❞✐❞❛ ❞❡ frep ❡ f0❀ ✭✷✮ t❛♥t♦ frep ❝♦♠♦ f0 sã♦
✈❛r✐á✈❡✐s ❞✐♥â♠✐❝❛s s❡♥sí✈❡✐s ❛ ♣❡rt✉r❜❛çõ❡s ♥♦ ❧❛s❡r✱ ❡ ♣r❡❝✐s❛♠ s❡r ❡st❛❜✐❧✐③❛❞❛s
❬✸✺❪✳

❖ ✈❛❧♦r ❞❡ frep é t✐♣✐❝❛♠❡♥t❡ ❡♥tr❡ ✶✵✵ ▼❍③ ❡ ✶ ●❍③ ❡ ♣♦❞❡ s❡r ♠❡❞✐❞♦ ❞✐r❡t❛✲
♠❡♥t❡ ♣♦r ✉♠ ❢♦t♦❞❡t❡❝t♦r rá♣✐❞♦✳ P♦r s✉❛ ✈❡③✱ f0 ♥ã♦ ♣♦❞❡ s❡r ♠❡❞✐❞♦ ❞✐r❡t❛♠❡♥t❡✳
❆ ♠❛♥❡✐r❛ ♠❛✐s s✐♠♣❧❡s ❞❡ s❡ ♦❜t❡r ❡st❛ q✉❛♥t✐❞❛❞❡ é ❡①♣❛♥❞✐r ♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡
♠♦❞♦s tr❛✈❛❞♦s ❞❡ ❢♦r♠❛ q✉❡ ❡st❡ ♣❛ss❡ ❛ ❝♦❜r✐r ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ✐♥t❡✐r❛✱ ♦✉ s❡❥❛✱
❞❡ ✉♠❛ ❞❛❞❛ ❢r❡qüê♥❝✐❛ f ❛té 2f ✳

❆ ❡①♣❛♥sã♦ ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ♥♦ ♠❛✐♦r ✐♥t❡r✈❛❧♦ ♣♦ssí✈❡❧ é t❛♠❜é♠ ❞❡s❡❥á✈❡❧
♣♦✐s✱ ❛❧é♠ ❞❡ ♣❡r♠✐t✐r ❛ ♠❡❞✐❞❛ ❞❡ f0✱ ♣♦ss✐❜✐❧✐t❛ ♠❡❞✐❞❛ ❞❡ ✐♥t❡r✈❛❧♦s ❞❡ ❢r❡qüê♥❝✐❛
♠❛✐♦r❡s✳ ◗✉❛♥❞♦ ♦ ❡s♣❡❝tr♦ ❞❡ ❢r❡qüê♥❝✐❛ é s✉✜❝✐❡♥t❡♠❡♥t❡ ❧❛r❣♦✱ é ♣♦ssí✈❡❧ ❞❡t❡r✲
♠✐♥❛r ❛ ❢r❡qüê♥❝✐❛ ó♣t✐❝❛ ❛❜s♦❧✉t❛ ❞❛s ❧✐♥❤❛s ❞♦ ♣❡♥t❡ ❞✐r❡t❛♠❡♥t❡ ❞❡ ✉♠ ♦s❝✐❧❛❞♦r
❞❡ ♠✐❝r♦♦♥❞❛s✳

▲❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ♣♦ss✉❡♠ ❣❡r❛❧♠❡♥t❡ ✉♠ ❡s♣❡❝tr♦ ❞❡ ❝❡r❝❛ ❞❡ ✷✵ ❚❍③ ❞❡ ❧❛r❣✉r❛✱
q✉❡ ❝♦rr❡s♣♦♥❞❡ ❡♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ à ✉♠❛ ❧❛r❣✉r❛ ❞❡ ❝❡r❝❛ ❞❡ ✸✵ ♥♠✳ ❯♠❛
♠❛♥❡✐r❛ ❞❡ ❝♦♥s❡❣✉✐r ♣r♦❞✉③✐r ✉♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦❜r✐♥❞♦ ✉♠❛ ♦✐t❛✈❛ é ❛ss♦❝✐❛r
♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❛ ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛✳ ❈♦♠♦ s❡rá ❞✐s❝✉t✐❞♦ ♥❛
s❡çã♦ ✺✳✶✱ ❡ss❛ ✜❜r❛s ♣♦❞❡♠ s❡r ❢❛❜r✐❝❛❞❛s ♣❛r❛ ❛✉♠❡♥t❛r ♦s ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s✱ t❛✐s

✹✼



✹✽ ✺✳ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

❝♦♠♦ ❛✉t♦✲♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡✱ ♣❡r♠✐t✐♥❞♦ ❛ ❣❡r❛çã♦ ❞❡ ♥♦✈❛s ❢r❡qüê♥❝✐❛s ❡♠ t♦r♥♦
❞❛ ❢r❡qüê♥❝✐❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✳ ❆ ✜❣✉r❛ ✺✳✶ ♠♦str❛ ✉♠ ❡s♣❡❝tr♦
tí♣✐❝♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❡ ♦ s✉♣❡r❝♦♥tí♥✉♦ ❣❡r❛❞♦ ♣♦r ✉♠❛
✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛✳

❋✐❣✉r❛ ✺✳✶✿ ❈♦♥tí♥✉♦ ❣❡r❛❞♦ ♣♦r ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❛ ♣❛rt✐r ❞❡ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛
❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❞❡ ✾✵ ▼❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❬✹❪✳

❖s ❡❢❡✐t♦s q✉❡ ❧❡✈❛♠ ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❛ ❡①♣❛♥❞✐r ♦ ❡s♣❡❝tr♦ ❞❡ ❧❛s❡r ❞❡
♠♦❞♦s tr❛✈❛❞♦s t❡♠ s✐❞♦ ❜❛st❛♥t❡ ❡st✉❞❛❞♦s r❡❝❡♥t❡♠❡♥t❡✳ ❆✉t♦✲♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡
é ❛♣❡♥❛s ✉♠ ❞♦s ✈ár✐♦s ❡❢❡✐t♦s q✉❡ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ✐ss♦✳ ◆❛ s❡çã♦ ✺✳✶ ❛♣r❡s❡♥t❛r❡♠♦s
✉♠❛ ❞✐s❝✉ssã♦ s♦❜r❡ ✐ss♦✳ ❯♠ ❡sq✉❡♠❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ f0 s❡rá ❛♣r❡s❡♥t❛❞♦
♥❛ s❡çã♦ ✺✳✷✳

✺✳✶ ●❡r❛çã♦ ❞❡ ✉♠ ❡s♣❡❝tr♦ s✉♣❡r❝♦♥tí♥✉♦

●❡r❛çã♦ ❞❡ ❝♦♥tí♥✉♦ é ✉♠ ❞♦s ❡❢❡✐t♦s ♠❛✐s ✐♠♣r❡ss✐♦♥❛♥t❡s ❝♦♥s❡❣✉✐❞♦s ❝♦♠ ❧❛s❡rs ❞❡
❢❡♠t♦ss❡❣✉♥❞♦s✳ ❋♦❝❛❧✐③❛♥❞♦ ✉♠ ♣✉❧s♦ ❝♦♠ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❧t❛
❡♠ ✉♠ ♠❛t❡r✐❛❧ tr❛♥s♣❛r❡♥t❡✱ é ♣♦ssí✈❡❧ ♦❜t❡r ✉♠ ❛❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧ s✐❣♥✐✜❝❛♥t❡✳
❆ ❣❡r❛çã♦ ❞❡ ❝♦♥tí♥✉♦ ❢♦✐ ❞❡s❝♦❜❡rt❛ ♣r✐♠❡✐r❛♠❡♥t❡ ❝♦♠ ♣✉❧s♦s ❞❡ ♣✐❝♦ss❡❣✉♥❞♦s ♣♦r
❆❧❢❛♥♦ ❡ ❙❤❛♣✐r♦ ❬✺✸❪ ❡ ❞❡s❞❡ ❡♥tã♦ t❡♠ s✐❞♦ ❛♣❧✐❝❛❞❛ ❛ ♥✉♠❡r♦s♦s ❡①♣❡r✐♠❡♥t♦s✳

❆❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧ ❢♦✐ ♦❜s❡r✈❛❞♦ ❡♠ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s ✭♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡
tr❛♥s♣❛r❡♥t❡s✮ ✐♥❝❧✉✐♥❞♦ ❧íq✉✐❞♦s✱ só❧✐❞♦s ❡ ❣❛s❡s✳ ❉✐✈❡rs♦s ♣r♦❝❡ss♦s ♣♦❞❡♠ ❝♦♥✲
tr✐❜✉✐r ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❡♠ ❝❛❞❛ ✉♠ ❞❡ss❡s ♠❛t❡r✐❛✐s✳ ❈♦♠ ♣✉❧s♦s ❞❡
❢❡♠t♦ss❡❣✉♥❞♦s✱ ♦ ♣r♦❝❡ss♦ ❞♦♠✐♥❛♥t❡ é ❛✉t♦♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡ ❞❡✈✐❞♦ à ❞❡♣❡♥❞ê♥❝✐❛
❝♦♠ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦✳ ❊♥tr❡t❛♥t♦✱ ✉♠ ♥ú♠❡r♦ ❞❡ ♦✉tr♦s ❡❢❡✐t♦s ♥ã♦
❧✐♥❡❛r❡s ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞♦ ❝♦♥tí♥✉♦✱ t❛✐s ❝♦♠♦ ♣❛r❛♠❡tr✐❝ ❢♦✉r✲♣❤♦t♦♥
♠✐①✐♥❣ ❡ ❡s♣❛❧❤❛♠❡♥t♦ ❘❛♠❛♥✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❛✉t♦♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡✱ ❛s ❞✐❢❡r❡♥t❡s ❝♦♠♣♦♥❡♥t❡s
❞♦ ❡s♣❡❝tr♦ ❝♦♥t✐♥✉♦ ♥ã♦ sã♦ ✉♥✐❢♦r♠❡♠❡♥t❡ ❞✐str✐❜✉í❞❛s✱ ♠❡s♠♦ s❡ ❛ ❞✐s♣❡rsã♦ ❞❡
✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ♥ã♦ t✐✈❡r ✐♥✢✉ê♥❝✐❛✳ ❖ ♣✉❧s♦ é ❢♦rt❡♠❡♥t❡ ✏❝❤✐r♣❡❞ ✑ ❡ ♥ã♦ é



✺✳✶✳ ●❡r❛çã♦ ❞❡ ✉♠ ❡s♣❡❝tr♦ s✉♣❡r❝♦♥tí♥✉♦ ✹✾

❧✐♠✐t❛❞♦ ♣♦r tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r✳ ❊♥tr❡t❛♥t♦✱ ✉♠ ❝♦♥tí♥✉♦ ✐❞❡❛❧ ♣♦ss✉✐ r❡❧❛çã♦
❡♥tr❡ ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧ ❡ t❡♠♣♦r❛❧ ♣ró①✐♠❛ ❛♦ ❞♦ ♣✉❧s♦ ♦r✐❣✐♥❛❧✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠
♣✉❧s♦ ♠❛✐s ❡str❡✐t♦ t❡♠♣♦r❛❧♠❡♥t❡ q✉❡ ♦ ♦r✐❣✐♥❛❧✳

✺✳✶✳✶ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❛ ♣❛rt✐r ❞❡ ✜❜r❛s ♠✐❝r♦❡str✉✲
t✉r❛❞❛s

❆♣❡s❛r ❞♦ ❜❛✐①♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ♥ã♦ ❧✐♥❡❛r ❞❛ sí❧✐❝❛ ✭n2 = 2, 6 × 10−16 ❝♠2✴❲✮✱
✜❜r❛s ót✐❝❛s ❡♠ ❣❡r❛❧ ♣♦ss✉❡♠ ✉♠ ❧✐♠✐❛r ♣❛r❛ ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①♦✳
■ss♦ ♣♦❞❡ s❡r ✉♠❛ ✐♠♣♦rt❛♥t❡ ❞❡s✈❛♥t❛❣❡♠ ❡♠ ❝♦♠✉♥✐❝❛çõ❡s ó♣t✐❝❛s ♦♥❞❡ ❡❢❡✐t♦s ♥ã♦
❧✐♥❡❛r❡s ♣♦❞❡♠ ❞❡❣r❛❞❛r s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ tr❛s♠✐t✐r ✐♥❢♦r♠❛çã♦ ❞♦
s✐st❡♠❛✳ ❊♥tr❡t❛♥t♦✱ ❡①✐st❡ ✉♠❛ sér✐❡ ❞❡ ♦✉tr❛s ❛♣❧✐❝❛çõ❡s ❞❡ ✜❜r❛s ó♣t✐❝❛s✱ ❝♦♠♦ ❛
❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❡ r❡❣❡♥❡r❛çã♦ ❞❡ ♣✉❧s♦s✱ q✉❡ ❢❛③❡♠ ✉s♦ ❞❡ss❛ ❝❛r❛❝t❡ríst✐❝❛
❬✺✹❪✳

❊❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s sã♦ ❢❛✈♦r❡❝✐❞♦s ❡♠ ✜❜r❛s ó♣t✐❝❛s ❜❛s✐❝❛♠❡♥t❡ ♣♦r ❞♦✐s ♠♦t✐✈♦s✿
♦ t❛♠❛♥❤♦ ❞♦ ♥ú❝❧❡♦ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✜❜r❛✳ ❯♠ ♥ú❝❧❡♦ ♣❡q✉❡♥♦ ❡ ❜❛✐①❛s ♣❡r❞❛s
♣♦❞❡♠ ❢❛✈♦r❡❝❡r ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡s ó♣t✐❝❛s✳ ❯♠ ♦✉tr♦ ♣❛râ♠❡tr♦ ❞❡
❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡s ó♣t✐❝❛s✱ é ❛ ❞✐s♣❡rsã♦ ❞❡
✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✭●❱❉✮ ♥❛ ✜❜r❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✽✳ ❖ ❝❛s♦ ❡♠ q✉❡ k′′ > 0 ❡
k′′ < 0 ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞✐s♣❡rsã♦ ♥♦r♠❛❧ ❡ ❞✐s♣❡rsã♦ ❛♥ô♠❛❧❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦
r❡❣✐♠❡ ❞❡ ❞✐s♣❡rsã♦ ♥♦r♠❛❧✱ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐♦r❡s ✈✐❛❥❛♠ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡
♠❛✐♦r❡s ❡♥q✉❛♥t♦ q✉❡ ♥♦ r❡❣✐♠❡ ❞❡ ❞✐s♣❡rsã♦ ❛♥ô♠❛❧❛ sã♦ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛
♠❡♥♦r❡s q✉❡ ✈✐❛❥❛♠ ♠❛✐s rá♣✐❞♦✳ ❊♠ sí❧✐❝❛ ♣✉r❛✱ k′′ = 0 ❡♠ ✶✸✶✵ ♥♠✳

❆ ✜♠ ❞❡ ✉t✐❧✐③❛r ❡ss❡s ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s ❞❡ ♠❛♥❡✐r❛ ✈❛♥t❛❥♦s❛✱ ♥♦✈❛s ✜❜r❛s t❡♠
s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞❛s✳ ❋✐❜r❛s ót✐❝❛s ❛❧t❛♠❡♥t❡ ♥ã♦ ❧✐♥❡❛r❡s ♣♦❞❡♠ s❡r ♦❜t✐❞❛s r❡❞✉③✐♥❞♦✲
s❡ ❛ ár❡❛ ❡❢❡t✐✈❛ ❞♦ ♥ú❝❧❡♦ ❡ ❛✉♠❡♥t❛♥❞♦ ♦ ❝♦♥tr❛st❡ ❡♥tr❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦
♥ú❝❧❡♦ ❡ ❞❛ ❝❛♣❛✳ ◆❡st❡ s❡♥t✐❞♦ ❛ ✐♥✈❡♥çã♦ ❞❛s ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ❢♦✐ ❞❡ ❣r❛♥❞❡
✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❡♥✈♦❧✈❡♥❞♦ ❞❡ ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s✳

❋✐❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ♦✉ ✜❜r❛s ❞❡ ❝r✐st❛❧ ❢♦tô♥✐❝♦ sã♦ ✜❜r❛s ❢♦r♠❛❞❛s ♣♦r ✉♠
♣❡q✉❡♥♦ ♥ú❝❧❡♦ ❞❡ sí❧✐❝❛ ✭❞✐â♠❡tr♦ ❞❛ ♦r❞❡♠ ❞❡ ✶✱✺ ❛ ✷ µ♠✮ ❝❡r❝❛❞♦ ♣♦r t✉❜♦s ❞❡ ❛r
✭✜❣✉r❛ ✺✳✷✮✳ ❊st❛ r❡❞❡ ❞❡ t✉❜♦ ❞❡ ❛r ♣r♦✈♦❝❛ ✉♠❛ ❛❧t❛ ❞✐❢❡r❡♥ç❛ ❞❡ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦
❡❢❡t✐✈♦ ❡♠ r❡❧❛çã♦ ❛♦ ♥ú❝❧❡♦✱ ❝♦♥✜♥❛♥❞♦ ❛ ❧✉③ ❛❝♦♣❧❛❞❛ ♥❛ ✜❜r❛ ❡♠ ✉♠ ♥ú❝❧❡♦ ♠✉✐t♦
♣❡q✉❡♥♦✳ ❊♠ ✜❜r❛s tr❛❞✐❝✐♦♥❛✐s✱ ❛ ❞✐❢❡r❡♥ç❛ tí♣✐❝❛ ❡♥tr❡ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❡♥tr❡ ♦
♥ú❝❧❡♦ ❡ ❛ ❝❛s❝❛ é ❞❛ ♦r❞❡♠ ❞❡ ✶✱✹✽✿✶✱✹✻✱ ❡♥q✉❛♥t♦ q✉❡ ♣❛r❛ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s
é s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ♠❛✐♦r✱ ❝❤❡❣❛♥❞♦ ❛ ✶✱✵✵✿✶✱✹✻✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ ❡ ❛ ❝❛♣❛❝✐❞❛❞❡
❞❡ s❡ ♣r♦❞✉③✐r ✜❜r❛s ❝♦♠ ❝♦♥✜❣✉r❛çõ❡s ❞✐❢❡r❡♥t❡s ❞♦s ❜✉r❛❝♦s ❞❡ ❛r ♣r♦♣♦r❝✐♦♥❛♠ ❛
♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♣r♦❞✉çã♦ ❞❡ ✜❜r❛s ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ♠✉✐t♦ ♣❛rt✐❝✉❧❛r❡s✳

❊ss❛s ✜❜r❛s ♣♦❞❡♠✱ ♣♦r ❡①❡♠♣❧♦✱ s❡r ♣r♦❞✉③✐❞❛s ❞❡ ♠♦❞♦ ❛ s❡r s✐♥❣❧❡ ♠♦❞❡
❡♠ t♦❞♦ ♦ ❡s♣❡❝tr♦ ❞❛ ❧✉③ ✈✐sí✈❡❧ ❡ ✐♥❢r❛✈❡r♠❡❧❤♦✳ ◆❛ ♣rát✐❝❛✱ ✐ss♦ ♦❝♦rr❡ q✉❛♥❞♦
d/Λ ≤ 0, 45 ❬✺✹❪✱ ♦♥❞❡ d é ♦ ❞✐â♠❡tr♦ ❞♦s ❜✉r❛❝♦s ❡ Λ é ❛ s❡♣❛r❛çã♦ ❡♥tr❡ ❡❧❡s✳ ❙❡
d / Λ > 0, 45✱ ❡ss❛s ✜❜r❛s s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦ s✐♥❣❧❡ ♠♦❞❡ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡



✺✵ ✺✳ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

❋✐❣✉r❛ ✺✳✷✿ ❋✐❜r❛ ❞❡ ✜❜r❛ ❡str✉t✉r❛ ❢♦r♥❡❝✐❞❛ ♣❡❧❛ ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣② ❛♦ ❣r✉♣♦ ❞❡ ▲❛s❡r ❡
❆♣❧✐❝❛çõ❡s ✲ ■❋●❲ ✲ ❯♥✐❝❛♠♣ ✭✷✵✵✵✮ ❬✻❪✳

♦♥❞❛ ♠❛✐♦r❡s q✉❡ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ❝♦rt❡✳
❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡✱ é q✉❡ ❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✭●❱❉✮

❡♠ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s é ♠✉✐t♦ ❞✐❢❡r❡♥t❡ ❞❡ ✜❜r❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ♥❛s q✉❛✐s ❛
❞✐s♣❡rsã♦ ❞♦ ♠❛t❡r✐❛❧ é ♦ ❢❛t♦r ❞❡t❡r♠✐♥❛♥t❡ ♣❛r❛ ❛ ❞✐s♣❡rsã♦ t♦t❛❧ ❞❛ ✜❜r❛✳ ❋✐❜r❛s
s✐♥❣❧❡ ♠♦❞❡ ❝♦♥✈❡♥❝✐♦♥❛✐s só ✈ã♦ ♣♦ss✉✐r ●❱❉ ❛♥ô♠❛❧❛ q✉❛♥❞♦ ❛ ❞✐s♣❡rsã♦ ❞♦ ♠❛✲
t❡r✐❛❧ ❢♦r ❛♥ô♠❛❧❛✱ q✉❡ ♥♦ ❝❛s♦ ❞❛ ❛ sí❧✐❝❛ s❡r✐❛ ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ s✉♣❡r✐♦r❡s
á ✶✱✷✽ µ♠ ❬✺✺❪✳ ❊♠ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s✱ ❛ ❞✐s♣❡rsã♦ ❞❡♣❡♥❞❡ t❛♠❜é♠ ❞❛ ❝♦♥✲
✜❣✉r❛çã♦ ❞♦s ❜✉r❛❝♦s ❛♦ r❡❞♦r ❞♦ ♥ú❝❧❡♦ ✭❣❡♦♠❡tr✐❛✱ t❛♠❛♥❤♦ ❡ ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡
♦s ❜✉r❛❝♦s✮✱ ♣❡r♠✐t✐♥❞♦ ♦ ❞❡s❡♥❤♦ ❞❡ ✜❜r❛s ❝♦♠ ❞✐s♣❡rsã♦ ♥♦r♠❛❧✱ ③❡r♦ ♦✉ ❛♥ô♠❛❧❛
❡♠ q✉❛❧q✉❡r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❉❡st❛ ❢♦r♠❛✱ ❡♠ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s✱ ❛ ❞✐s♣❡rsã♦ t♦t❛❧ ♣♦❞❡ s❡r ❛♥ô♠❛❧❛
❡♥q✉❛♥t♦ q✉❡ ❛ ✜❜r❛ ♣❡r♠❛♥❡❝❡ ❡str✐t❛♠❡♥t❡ s✐♥❣❧❡ ♠♦❞❡✳ ■st♦ tr❛③ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡
❞❡ ♣r♦❞✉③✐r só❧✐t♦♥s ❡♠ q✉❛❧ q✉❡r ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡♥tr♦ ❞❛ s✐♥t♦♥✐❛ ❞♦ ❧❛s❡r ❞❡
❚✐✿s❛✜r❛ ♣✉❧s❛❞♦ ♥♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣ró①✐♠♦ ❬✺✺❪✳ ❆ ♣r♦♣❛❣❛çã♦ ❞❡ só❧✐t♦♥s ♥♦ ♥ú❝❧❡♦
♣❡r♠✐t❡ ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ✉❧tr❛✲❝✉rt♦s s♦❜r❡ ❧♦♥❣❛ ❞✐stâ♥❝✐❛s ❡♠ ✜❜r❛s ó♣t✐❝❛s
s❡♠ q✉❡ ♦❝♦rr❛ ✉♠ ❛❧❛r❣❛♠❡♥t♦ ♣♦r ❞✐s♣❡rsã♦✳

❊ss❛s ♣r♦♣r✐❡❞❛❞❡s ❡s♣❡❝✐❛✐s ❞❛s ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ✭❝♦♥✜♥❛♠❡♥t♦ ❞❡ ❛❧t❛
✐♥t❡♥s✐❞❛❞❡ ❞❡ ❧✉③ ❡♠ ✉♠ ♥ú❝❧❡♦ ♠✉✐t♦ ♣❡q✉❡♥♦ ❡ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❡♠ q✉❛❧q✉❡r
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✮ ❛s t♦r♥❛♠ ♠✉✐t♦ ❛❞❡q✉❛❞❛s ♣❛r❛ ❛ ♦❜s❡r✈❛çã♦ ❞❡ ❡❢❡✐t♦s ♥ã♦
❧✐♥❡❛r❡s✳ ❯♠ ❞♦s ♠❛✐s ✐♠♣r❡ss✐♦♥❛♥t❡s ❡❢❡✐t♦s é ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❛ ♣❛rt✐r
❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ♣✉❧s♦s ✉❧tr❛❝✉rt♦s ♣❡❧❛ ✜❜r❛✱ ❞❡✈✐❞♦ ❛ ✈ár✐♦s ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s
q✉❡ ♦❝♦rr❡♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❬✺✻❪✳

❖ ❡❢❡✐t♦ ❞❡ ❛✉♠❡♥t♦ ❞❡ ♣♦tê♥❝✐❛ ❛❝♦♣❧❛❞❛ ♥❛ ✜❜r❛ ❛✉♠❡♥t❛ ❡❢❡✐t♦s ❝♦♠♦ ❛✉t♦♠♦✲
❞✉❧❛çã♦ ❞❡ ❢❛s❡ ✭❙P▼✮✱ ♠✉❞❛♥❞♦ ❛ ❢♦r♠❛ ❞♦ ♣✉❧s♦ ❡ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❡st❡ s❡ ❡str❡✐t❡
❬✺✺❪✳ ❖✉tr♦s ❡❢❡✐t♦s ♣♦❞❡♠ ❛♣❛r❡❝❡r✱ t❛✐s ❝♦♠♦ ❡s♣❛❧❤❛♠❡♥t♦ ❇r✐❧❧♦✉✐♥ ❡st✐♠✉❧❛❞♦



✺✳✶✳ ●❡r❛çã♦ ❞❡ ✉♠ ❡s♣❡❝tr♦ s✉♣❡r❝♦♥tí♥✉♦ ✺✶

✭❙❇❙✮✱ ❡s♣❛❧❤❛♠❡♥t♦ ❘❛♠❛♥ ❡st✐♠✉❧❛❞♦✱ ♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡ ❝r✉③❛❞❛ ✭❳P▼✮ ♦✉ ♥❛
♠✐st✉r❛ ❞❡ ✈ár✐❛s ♦♥❞❛s ❡ ❣❡r❛çã♦ ❞❡ ♥♦✈❛s ❢r❡qüê♥❝✐❛s ✭✐♥st❛❜✐❧✐❞❛❞❡s ❞❡ ♠♦❞✉❧❛çã♦
❡ ♣r♦❝❡ss♦s ♣❛r❛♠étr✐❝♦s✱ t❛✐s ❝♦♠♦ ❢♦✉r✲✇❛✈❡ ♠✐①✐♥❣✮✳ ❙♦❜ ♣♦tê♥❝✐❛s ♠❛✐♦r❡s✱ ✈ár✐♦s
❞❡ss❡s ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s ❛♣❛r❡❝❡♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣r♦❞✉③✐♥❞♦ ♠✉✐t❛s ❝♦♠♣♦♥❡♥t❡s
❡s♣❡❝tr❛✐s q✉❡ s❡ ❡st❡♥❞❡♠ ❞♦ ✉❧tr❛✈✐♦❧❡t❛ ❛té ♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❬✻❪✳

P❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ ár❡❛s ❝♦♠♦ ♠❡tr♦❧♦❣✐❛ ❞❡ ❢r❡qüê♥❝✐❛✱ t❡❧❡❝♦♠✉♥✐❝❛çõ❡s✱ ❝♦♠✲
♣r❡ssã♦ ❞❡ ♣✉❧s♦ ❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❝♦❡r❡♥t❡✱ ❛ ❡s❝♦❧❤❛ ❞❛ ✜❜r❛ ❝♦rr❡t❛ ❡ ❞❛ ❢♦♥t❡ ❧❛s❡r
é ❝rít✐❝❛✳ ◆♦ ❝❛s♦ ❞❡ s✐st❡♠❛s ❞❡ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛✱ ♦♥❞❡ ❛ ❡①♣❛♥sã♦ ❡♠ ✉♠❛ ♦✐t❛✈❛
ó♣t✐❝❛ é ♥❡❝❡ssár✐❛✱ ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ♥❛
r❡❣✐ã♦ ❛♥ô♠❛❧❛ ❞❛ ✜❜r❛ sã♦ ♠❛✐s ❛❞❡q✉❛❞♦s✳ ❆ ♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r t❛♠❜é♠ ❞❡✈❡ s❡r
♦t✐♠✐③❛❞❛ ♣❛r❛ s❡ ♦❜t❡r ♦ ❡s♣❡❝tr♦ ♠❛✐s ❧❛r❣♦ ❝♦♠ ♦ ♠❡♥♦r ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✜❜r❛ ♣♦s✲
sí✈❡❧✳ ❖ ✉s♦ ❞❡ ❧❛s❡r ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥♦ r❡❣✐♠❡ ❞❡ ●❱❉ ♥♦r♠❛❧ ❞❡ ✉♠❛
✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ t❛♠❜é♠ ♣r♦❞✉③ ✉♠ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❜♦❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡
❝♦❡rê♥❝✐❛✱ ♣♦ré♠ ❝♦♠ ♠❡♥♦r ❛❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧✳ ❆ss✐♠✱ ♦ ❛❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧
❞❡♣❡♥❞❡ ❝r✐t✐❝❛♠❡♥t❡ ❞❛ ♣r♦①✐♠✐❞❛❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❛❝♦♣❧❛❞♦ ❝♦♠ ♦ ③❡r♦
❞❡ ❞✐s♣❡rsã♦ ❞❛ ✜❜r❛✳ ❯♠❛ ❧❛r❣✉r❛ ót✐♠❛ ❝♦♠ ✉♠ ❡s♣❡❝tr♦ ♣❧❛♥♦ ♣♦❞❡ s❡r ❝♦♥s❡❣✉✐❞♦
❝♦♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✐♥❥❡t❛❞♦ ♣ró①✐♠♦ ❛♦ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❬✺✼❪✳

✺✳✶✳✷ ▲❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❝♦♠ ❡s♣❡❝tr♦ ❝♦❜r✐♥❞♦ ✉♠❛ ♦✐t❛✈❛
ó♣t✐❝❛

❖❜t❡r ✉♠❛ ♦✐t❛✈❛ ❞✐r❡t❛♠❡♥t❡ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ♣❛r❡❝❡ ✐♠♣♦ssí✈❡❧ ❞❡✈✐❞♦ à
❧✐♠✐t❛çã♦ ♥❛ ❝✉r✈❛ ❞❡ ❣❛♥❤♦ ❞♦ ❧❛s❡r✱ q✉❡ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❞❡ ✸✵✵ ♥♠✳ ❊♥✲
tr❡t❛♥t♦✱ ♥♦s ú❧t✐♠♦s ❛♥♦s t❡♠✲s❡ ♦❜s❡r✈❛❞♦ ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❡♠✐t✐♥❞♦ ❢♦r❛ ❞❛ s✉❛
r❡❣✐ã♦ ❞❡ ❣❛♥❤♦ ❞♦ ❝r✐st❛❧✳

❊①✐st❡ ✉♠❛ ❝❡rt❛ ❞✐s❝✉ssã♦ s♦❜r❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❢✉♥❞❛♠❡♥t❛✐s ♥❡ss❡ t✐♣♦ ❞❡ ✉♠
❧❛s❡r ♣❛r❛ s❡ ❣❡r❛r ✉♠ ❡s♣❡❝tr♦ ❧❛r❣♦✳ ❘✳ ❊❧❧ ❛t ❛❧ ❞❡♠♦♥str❛r❛♠ ❡♠ ✷✵✵✶ ❬✺✽❪ ✉♠ ❧❛s❡r
❡♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ ✻✺ ▼❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❝✉❥♦ ❡s♣❡❝tr♦ ❝♦❜r❡ ✉♠ ✐♥t❡r✈❛❧♦
❡♥tr❡ ✻✵✵ ❡ ✶✷✵✵ ♥♠✳ ❖s ❛✉t♦r❡s ❛tr✐❜✉❡♠ ♦ ❡s♣❡❝tr♦ ❧❛r❣♦ ❝♦♠ ✉♠ ❝✉✐❞❛❞♦s♦ ❝♦♥tr♦❧❡
❞❡ ❞✐s♣❡rsã♦✱ ❛tr❛✈és ❞❡ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❡s♣❡❝✐❛❧♠❡♥t❡ ❞❡s❡♥❤❛❞♦s ❡ ♣❛r❡s ❞❡
♣r✐s♠❛s✱ ❡ ❛ ✉♠❛ ❧â♠✐♥❛ ❞❡ ✈✐❞r♦ ❝♦❧♦❝❛❞❛ ♥❛ ❝❛✈✐❞❛❞❡✳ ❆✳ ❇❛rt❡❧s ❛♥❞ ❍✳ ❑✉r③ ❡♠
✉♠ ❛rt✐❣♦ ❞❡ ✷✵✵✷ ❬✼❪ ❞❡s❝r❡✈❡♠ ✉♠ ❧❛s❡r ❞❡ ✶ ●❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ✉t✐❧✐③❛♥❞♦
❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ♥♦ ❧✉❣❛r ❞❡ ♣r✐s♠❛s✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❛✉t♦r❡s✱ ♦ ❡❧❡♠❡♥t♦
❝❤❛✈❡ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ é ✉♠ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ ❝♦❧♦❝❛❞♦ ♥❛ ❝❛✈✐❞❛❞❡✱ ❞❡
♠♦❞♦ ❛ ❛✉♠❡♥t❛r ❛ ❛✉t♦♠♦❞✉❧❛çã♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞♦ ♣✉❧s♦ ✐♥tr❛❝❛✈✐❞❛❞❡✳ ❉✐s♣❡rsã♦
♥❡❣❛t✐✈❛ ❡ s❡♠ ♦s❝✐❧❛çã♦ é ♥❡s❝❡ssár✐❛ ❛♣❡♥❛s ♥❛ ♣❛rt❡ ❝❡♥tr❛❧ ❞♦ ❡s♣❡❝tr♦✳ ❆ ✜❣✉r❛
✺✳✸ ♠♦str❛ ♦ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❡st❡ ❧❛s❡r✳

❊♠ ✷✵✵✸ ❚✳ ▼✳ ❋♦rt✐❡r✱ ❉❛✈✐❞ ❏✳ ❏♦♥❡s✱ ❛♥❞ ❙✳ ❚✳ ❈✉♥❞✐✛ ♣✉❜❧✐❝❛r❛♠ ✉♠ ❛rt✐❣♦
♦♥❞❡ ❞❡s❝r❡✈❡♠ ✉♠ ❧❛s❡r ❞❡ ✽✽ ▼❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ q✉❡ ♣r♦❞✉③ ❞✐r❡t❛♠❡♥t❡
✉♠ ❡s♣❡❝tr♦ q✉❡ ❝♦❜r❡ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ❬✺✾❪✳ ◆❡st❡ ❝❛s♦✱ ❛♦ ❝♦♥trár✐♦ ❞♦ q✉❡ ❢♦✐
❞❡s❝r✐t♦ ♣♦r ❘✳ ❊❧❧✱ ♦s ❛✉t♦r❡s ❞✐③❡♠ q✉❡ ♥ã♦ ❢♦r❛♠ ♥❡❝❡ssár✐♦s ❡s♣❡❧❤♦s ❡s♣❡❝✐❛✐s



✺✷ ✺✳ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

✭✉s❛r❛♠ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❝♦♠❡r❝✐❛✐s ❡ ♣r✐s♠❛s ♥❛ ❝❛✈✐❞❛❞❡✮ ♦✉ ✉♠ s❡❣✉♥❞♦
❢♦❝♦ ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡✳

◆♦ ❝❛♣ít✉❧♦ ✻ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❧❛s❡r ❞❡
❚✐✿s❛✜r❛ ♣✉❧s❛❞♦ ❝♦♠ ❡s♣❡❝tr♦ ❧❛r❣♦ ❞❡ ✶ ●❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠♦
♣❛rt❡ ❞❡st❛ t❡s❡✱ ♣✉❜❧✐❝❛❞♦s ❡♠ ✷✵✵✻ ❬✹✵❪✳ ❆ ❞✐s♣❡rsã♦ ♥❛ ❝❛✈✐❞❛❞❡ é ❧✐❣❡✐r❛♠❡♥t❡
♥❡❣❛t✐✈❛ ❡ ♣♦ss✉✐ ♦s❝✐❧❛çõ❡s ❡♠ t♦❞❛ ❡①t❡♥sã♦ ❞♦ ❡s♣❡❝tr♦✱ ❝❤❡❣❛♥❞♦ ❛ s❡r ♣♦s✐t✐✈❛
♣❡rt♦ ❞♦ ♣✐❝♦ ❞❡ ❡♠✐ssã♦ ❞♦ ❝r✐st❛❧✳ ◆❡st❡ ❝❛s♦✱ t❛♠❜é♠ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❡s♣❡❧❤♦s ❞❡
✈❛rr❡❞✉r❛ ❝♦♠❡r❝✐❛✐s✳

❋✐❣✉r❛ ✺✳✸✿ ❊s♣❡❝tr♦ ❧❛r❣♦ ❞♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❞❡s❝r✐t♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✼❪ ❡♠ ❡s❝❛❧❛ ✭❛✮
❧♦❣❛rít♠✐❝❛ ❡ ✭❜✮ ❧✐♥❡❛r✳ ❖ ❡s♣❡❝tr♦ ❞❡ ✉♠ ❧❛s❡r tí♣✐❝♦ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s é ♠♦str❛❞♦ ❝♦♠
✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞❡ ✲✷✵ ❞❇ ♥❛ ❝✉r✈❛ ✭❝✮✳

✺✳✷ ❊sq✉❡♠❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦

❈♦♠♦ ✈✐st♦ ♥♦s ❝❛♣ít✉❧♦s ✷ ❡ ✸✱ ♦ ❡s♣❡❝tr♦ ❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦♥s✐st❡ ❞❡
♠♦❞♦s ✭fm✮ ✐❣✉❛❧♠❡♥t❡✱ ❡s♣❛ç❛❞♦s ♣❡❧❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✭frep✮✱ ❞❡s❧♦❝❛❞♦s ♣♦r ✉♠❛
❢r❡qüê♥❝✐❛ f0 ❞❡✈✐❞♦ à ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ❡ ❛ ❞❡ ❢❛s❡✱ ❞❡ ♠♦❞♦ q✉❡
❛ ❢r❡qüê♥❝✐❛ ❞♦ ♠✲és✐♠♦ ♠♦❞♦ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❝♦♠♦✿

fm = mfrep + f0, ✭✺✳✶✮

♦♥❞❡

f0 =
frep

2π
∆ϕ ✭✺✳✷✮

s❡♥❞♦ vg é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ❡ ▲ é ♦ ❝❛♠✐♥❤♦ t♦t❛❧ ♣❡r❝♦rr✐❞♦ ♣❡❧♦ ♣✉❧s♦ ❞❡♥tr♦
❞❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r✳



✺✳✷✳ ❊sq✉❡♠❛ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ✺✸

frep é ♠❡❞✐❞♦ ❞✐r❡t❛♠❡♥t❡ ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r ❞❡✈✐❞♦ ❛♦ ❜❛t✐♠❡♥t♦ ❞❡ ♠♦❞♦s
❛❞❥❛❝❡♥t❡s ❞♦ ❡s♣❡❝tr♦✿

fm − fm−1 = mfrep + f0 − [(m − 1)frep + f0] = frep.

f0 é ♠❡❞✐❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ❡s♣❡❝tr♦ s✉♣❡r❝♦♥tí♥✉♦ q✉❡ ❝♦❜r❡ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛
✐♥t❡✐r❛✱ ♦✉ s❡❥❛✱ ❞❡ ✉♠❛ ❞❛❞❛ ❢r❡qüê♥❝✐❛ fm ❛té s❡✉ ❞♦❜r♦ f2m✳ ❈♦♠♣❛r❛♥❞♦ ♦ s❡❣✉♥❞♦
❤❛r♠ô♥✐❝♦ ❞❡ ❢r❡qüê♥❝✐❛ fm ✭♦✉ s❡❥❛✱ 2fm = 2mfrep + 2f0)✱ ❝♦♠ f2m = 2mfrep + f0

t❡♠♦s ❬✹❪ ✭✜❣✉r❛ ✺✳✹✮✿

2fm − f2m = 2(mfrep + f0) − (2mfrep + f0) = f0 ✭✺✳✸✮

❋✐❣✉r❛ ✺✳✹✿ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❝♦❜r✐♥❞♦ ✉♠❛ ♦✐t❛✈❛ ❞♦ ❡s♣❡❝tr♦ ✈✐sí✈❡❧✳ ❙❡♥❞♦ fm =
mfrep+f0 ❛ ❢r❡qüê♥❝✐❛ ❞❛♠✲és✐♠❛ ❧✐♥❤❛ q✉❡ ❡stá ♥♦ ❧❛❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❞♦ ❡s♣❡❝tr♦ ✭♣ró①✐♠♦
❛ ✶✶✵✵ ♥♠✮✱ ❛ ❧✐♥❤❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ 2m t❡rá ❢r❡qüê♥❝✐❛ ❞❡ f2m = 2mfrep+f0 ✭❡♠ ❛ ✺✺✵ ♥♠✮✳
❉♦❜r❛♥❞♦ ❛ ❢r❡qüê♥❝✐❛ fm ❡ s✉❜tr❛✐♥❞♦ f2m✱ ♦❜t❡♠♦s 2fm − f2m = f0✳

❆ ♣♦s✐çã♦ ❞♦ ♣❡♥t❡ ✭❞❡t❡r♠✐♥❛❞❛ ♣♦r f0✮ ❞❡♣❡♥❞❡ ❞♦ ❛tr❛s♦ ❡♠ ❢❛s❡✱ tφ✱ ❡ ❞♦ ❛tr❛s♦
❞❡ ❣r✉♣♦ tg ❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s q✉❛♥t✐❞❛❞❡s ❞❡♣❡♥❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡✳
❆❧é♠ ❞✐ss♦✱ f0 ❞❡♣❡♥❞❡ ❞♦ ❡s♣❡❝tr♦ ❞❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❛tr❛✈és ❞❡ ∆ϕ ✭❡q✉❛çã♦ ✸✳✶✼✮✳

❊♠ ✉♠ ❧❛s❡r ❝♦♠ ❝❛✈✐❞❛❞❡ ❧✐♥❡❛r ❡ q✉❡ ✉t✐❧✐③❛ ♣r✐s♠❛s ♣❛r❛ ❝♦♥tr♦❧❡ ❞❡ ❞✐s♣❡rsã♦✱
✉♠ ❝♦♥tr♦❧❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ♣♦❞❡ s❡r ♦❜t✐❞♦ ❛tr❛✈és ❞❛ r♦t❛çã♦ ❞♦ ❡s♣❡❧❤♦
q✉❡ ✜❝❛ ♣ró①✐♠♦ ❛♦ ♣r✐s♠❛ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦ ✈❡rt✐❝❛❧ ♥♦ ❜r❛ç♦ q✉❡ ❝♦♥té♠ ♦s ♣r✐s♠❛s✳
■st♦ ♣♦rq✉❡ ❛s ❞✐❢❡r❡♥t❡s ❝♦♠♣♦♥❡♥t❡s ❡s♣❡❝tr❛✐s ❡stã♦ ❡s♣❛❧❤❛❞❛s ❡s♣❛❝✐❛❧♠❡♥t❡ ❛♦
❧♦♥❣♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ❡s♣❡❧❤♦✳ ❆ ❞✐s♣❡rsã♦ ♥♦ ♣r✐s♠❛ r❡s✉❧t❛ ❡♠ ✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r
❡♥tr❡ ❛ ❝♦♦r❞❡♥❛❞❛ ❡s♣❛❝✐❛❧ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❆ss✐♠✱ ✉♠❛ r♦t❛çã♦ ♥♦ ❡s♣❡❧❤♦
♣r♦✈♦❝❛ ✉♠❛ ❢❛s❡ ❧✐♥❡❛r ❝♦♠ ❛ ❢r❡qüê♥❝✐❛✱ q✉❡ é ❡q✉✐✈❛❧❡♥t❡ ❛ ✉♠ ❛tr❛s♦ ♥♦ ❣r✉♣♦✳
P❛r❛ â♥❣✉❧♦s ❞❡ r♦t❛çã♦ ♣❡q✉❡♥♦s✱ ❡st❡ ❛tr❛s♦ é ❧✐♥❡❛r ❝♦♠ ❡st❡ â♥❣✉❧♦✳ ❖ â♥❣✉❧♦ ❞❡
r♦t❛çã♦ ❞♦ ❡s♣❡❧❤♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❡st❡ ❝♦♥tr♦❧❡ é ♣❡q✉❡♥♦ ✭❞❛ ♦r❞❡♠ ❞❡ 10−4 r❛❞✮
❞❡ ♠♦❞♦ q✉❡ ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r q✉❡ ❛ ❝❛✈✐❞❛❞❡ ♥ã♦ ♠✉❞❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❬✷❪✳

❯♠❛ ♦✉tr❛ ♠❛♥❡✐r❛ ❞❡ ❡st❛❜✐❧✐③❛r f0 é ❝♦♥tr♦❧❛♥❞♦ ❛ ♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛✲
♠❡♥t♦✱ q✉❡ ♣♦r s✉❛ ✈❡③ ♠♦❞✐✜❝❛ ❛ ♣♦tê♥❝✐❛ ❞♦ ♣✉❧s♦ ❝✐r❝✉❧❛♥t❡ ❞❡♥tr♦ ❞❛ ❝❛✈✐❞❛❞❡✳



✺✹ ✺✳ P❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s

❊♠♣✐r✐❝❛♠❡♥t❡ t❡♠ s✐❞♦ ♠♦str❛❞♦ q✉❡ ❡st❛ ✈❛r✐❛çã♦ ♥❛ ♣♦tê♥❝✐❛ ❞♦ ♣✉❧s♦ ♠✉❞❛ ❛
❢❛s❡ ❡♥tr❡ ✉♠ ♣✉❧s♦ ❡ ♦✉tr♦ ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ✈❛r✐❛ ♦ ✈❛❧♦r ❞❡ f0 ❬✷❪✳

❆ ✜❣✉r❛ ✺✳✺ ♠♦str❛ ✉♠ ❡sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ❧❛s❡r ❞❡
❢❡♠t♦ss❡❣✉♥❞♦s ❬✹❪✳ ❉❡♥tr♦ ❞♦ r❡tâ♥❣✉❧♦✱ t❡♠♦s ♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛✳ ❖ ❢❡✐①❡ ✐♥❢r❛✈❡r✲
♠❡❧❤♦ é ❡♥✈✐❛❞♦ ♣❛r❛ ❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ q✉❡ ❡①♣❛♥❞❡ s❡✉ ❡s♣❡❝tr♦ ❞❡ ❢♦r♠❛ ❛
❣❡r❛r ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛✳ ❖ ❢❡✐①❡ ❞❡ s❛í❞❛ é ❞✐✈✐❞✐❞♦ ❡♠ ❞♦✐s✿ ✉♠❛ ♣❛rt❡ é ❞✐r✐❣✐❞❛
♣❛r❛ ✉♠ ❝✐r❝✉✐t♦ q✉❡ ❡st❛❜✐❧✐③❛ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ frep❀ ❛ ♦✉tr❛ é ❞✐r✐❣✐❞❛ ♣❛r❛ ✉♠
✐♥t❡r❢rô♠❡tr♦ ♣❛r❛ ❛ ♠❡❞✐❞❛ ❞❡ f0✳

❋✐❣✉r❛ ✺✳✺✿ ❊sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛✳ ❋✿✜❧tr♦❀
▼❆❖✿ ♠♦❞✉❧❛❞♦r ❛❝✉st✐❝♦✲ó♣t✐❝♦❀ P▲▲✿ s✐st❡♠❛ ❞❡ r❡tr♦✲❛❧✐♠❡♥t❛çã♦ ♣❛r❛ tr❛✈❛♠❡♥t♦ ❡♠
❢❛s❡ ✭♣❤❛s❡✲❧♦❝❦ ❧♦♦♣✮✳

❖ s✐♥❛❧ ❞❡ frep ♦❜t✐❞♦ ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r rá♣✐❞♦ é ❝♦♠♣❛r❛❞♦ ❛ ✉♠ ♦s❝✐❧❛❞♦r
❡stá✈❡❧ ✭✉♠ ♣❛❞rã♦ ❞❡ ❢r❡qüê♥❝✐❛ ❞❡ ❝és✐♦ ♣♦r ❡①❡♠♣❧♦✮✳ ❖ s✐♥❛❧ r❡s✉❧t❛♥t❡ é ❡♥✈✐✲
❛❞♦ ❛ ✉♠ s✐st❡♠❛ ❞❡ r❡tr♦✲❛❧✐♠❡♥t❛çã♦ q✉❡ ❛❥✉st❛ ♦ t❛♠❛♥❤♦ ❞❛ ❝❛✈✐❞❛❞❡ ❛tr❛✈és ❞❡
✉♠ ♠❛t❡r✐❛❧ ♣✐❡③③♦✲❡❧étr✐❝♦ ♠♦♥t❛❞♦ ❡♠ ✉♠ ❞♦s ❡s♣❡❧❤♦s ♠❛♥t❡♥❞♦ frep ♥❛ ❢r❡qüê♥✲
❝✐❛ ❞❡st❡ ♦s❝✐❧❛❞♦r✳ ❊st❛❜✐❧✐③❛♥❞♦ frep✱ ♦ ❡s♣❛ç❛♠❡♥t♦ ❡♥tr❡ ♦s ♠♦❞♦s ❞♦ ♣❡♥t❡ ❞❡
❢r❡qüê♥❝✐❛ t♦r♥❛✲s❡ ✜①♦✳

❆ s❛í❞❛ ❞❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ é ❡s♣❡❝tr❛❧♠❡♥t❡ ❞✐✈✐❞✐❞❛ ♥♦ ✐♥t❡r❢❡rô♠❡tr♦
♣♦r ♠❡✐♦ ❞❡ ✉♠ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡ ❞✐❝ró✐❝♦✳ ❆ ♣❛rt❡ ❞♦ ✈✐sí✈❡❧ ✭✺✵✵ ❛ ✾✵✵ ♥♠✱ ♦✉ s❡❥❛✱
f2m✮ é ❡♥✈✐❛❞❛ ♣❛r❛ ✉♠ ❞♦s ❜r❛ç♦s✳ ❖ ❡s♣❡❝tr♦ ♣ró①✐♠♦ ❛♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭✾✵✵ ❛
✶✶✵✵ ♥♠✱ ♦✉ s❡❥❛✱ fm✮ é ❞✐r✐❣✐❞♦ ❛♦ ♦✉tr♦ ❜r❛ç♦ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ q✉❡ ♣♦ss✉✐ ✉♠
❝r✐st❛❧ ❞♦❜r❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛✳ ❖ ❝r✐st❛❧ é ❛❥✉st❛❞♦ ❡♠ â♥❣✉❧♦ ♣❛r❛ ❞♦❜r❛r ❢r❡qüê♥❝✐❛
❡✜❝✐❡♥t❡♠❡♥t❡ ❡♠ ✶✵✹✵ ♥♠✳ ❖s ❢❡✐①❡s ❞♦s ❞♦✐s ❝❛♠✐♥❤♦s✱ q✉❡ ❛❣♦r❛ ♣♦ss✉❡♠ ❛ ♠❡s♠❛
❢r❡qüê♥❝✐❛✱ sã♦ ❡♥tã♦ r❡❝♦♠❜✐♥❛❞♦s ❡ ❡♠ s❡❣✉✐❞❛ ♣❛ss❛♠ ♣♦r ✉♠ ✜❧tr♦ ❞❡ ✺✷✵ ♥♠ ❡
sã♦ ❢♦❝❛❧✐③❛❞♦s ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r✳ ❖ r❡s✉❧t❛❞♦ ❞♦ ❜❛t✐♠❡♥t♦ é ✐❣✉❛❧ ❛ f0 ❡ é ❡♥✈✐❛❞♦
♣❛r❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡❧❡trô♥✐❝❛ q✉❡ ❝♦♥tr♦❧❛ ❛ ✐♥❝❧✐♥❛çã♦ ❞♦ ❡s♣❡❧❤♦ ♦✉ ❛ ♣♦tê♥❝✐❛ ❞♦
❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ♠❛♥t❡♥❞♦ f0 ✜①♦✳



❈❛♣ít✉❧♦ ✻

❘❡s✉❧t❛❞♦s

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ✐♠♣❧❡♠❡♥t❛r ✉♠ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✱ ❞❡s❡♥✈♦❧✈❡♠♦s ♥♦
❞❡❝♦rr❡r ❞❡st❡ tr❛❜❛❧❤♦ ❞♦✐s ❧❛s❡rs ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s ❞❡ ❚✐✿s❛✜r❛✱ ❛♠❜♦s ❝♦♠ ❛❧t❛
t❛①❛ ❞❡ r❡♣❡t✐çã♦✱ q✉❡ ✉t✐❧✐③❛♠ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❡♠ ✈❡③ ❞❡ ♣r✐s♠❛s ♣❛r❛ ❝♦♠✲
♣❡♥s❛r ❛ ❞✐s♣❡rsã♦ ✐♥tr❛❝❛✈✐❞❛❞❡ ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦ ❝r✐st❛❧✳ ❆ ♠❛✐♦r ❞✐❢❡r❡♥ç❛ ❡♥tr❡
❡st❡s ❞♦✐s ❧❛s❡rs ❡stá ♥♦ ❡s♣❡❝tr♦ ❣❡r❛❞♦ q✉❡ é r❡s✉❧t❛❞♦ ❞❛ ❞✐s♣❡rsã♦ t♦t❛❧ ❞❡♥tr♦ ❞❛
❝❛✈✐❞❛❞❡✳

P❛r❛ ❝❤❡❣❛r ♥❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞❡ ❛♠❜♦s ♦s ❧❛s❡rs✱ tr❛❜❛❧❤❛♠♦s ❝♦♠ ❞✐✈❡rs♦s
t✐♣♦s ❞❡ ❝❛✈✐❞❛❞❡s✳ ❊♠❜♦r❛ ❡♠ ❛❧❣✉♠❛s ❞❡❧❛s ♥ã♦ t❡♥❤❛♠♦s t✐❞♦ s✉❝❡ss♦ ❡♠ ♦❜t❡r
❧❛s❡r ❡♠ r❡❣✐♠❡ ♠♦❞❡✲❧♦❝❦❡❞✱ ❡ss❛s ✈ár✐❛s ♠✉❞❛♥ç❛s tr♦✉①❡r❛♠ ♥♦✈❛s ❡①♣❡r✐ê♥❝✐❛s q✉❡
❞❡✈❡♠ s❡r r❡♣♦rt❛❞❛s✳ ❋❛r❡♠♦s ❡♥tã♦ ✉♠ r❡s✉♠♦ ❞❛s ❞✐✈❡rs❛s ❝❛✈✐❞❛❞❡s ✉t✐❧✐③❛❞❛s ❡
❡♠ s❡❣✉✐❞❛ ❛♣r❡s❡♥t❛r❡♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ❛s ❝♦♥✜❣✉r❛çõ❡s ✜♥❛✐s✳

❚♦❞❛s ❛s ❝❛✈✐❞❛❞❡s ❡st✉❞❛❞❛s ❢♦r❛♠ ♠♦♥t❛❞❛s ❡♠ ❛♥❡❧ ✭✜❣✉r❛ ✻✳✶✮✱ s❡♥❞♦ ♦s ❞♦✐s
❡s♣❡❧❤♦s ❝ô♥❝❛✈♦s ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❡ ❘ ❂ ✸ ❝♠✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡
❞✐s♣❡rsã♦ q✉❡ s❡ q✉❡r ❝♦❧♦❝❛r ♥❛ ❝❛✈✐❞❛❞❡✱ ✉t✐❧✐③❛♠♦s ✷ ♦✉ ✹ ❡s♣❡❧❤♦s ♣❧❛♥♦s ✭❧✐st❛❞♦s
♥♦ ❛♣ê♥❞✐❝❡ ❆✮✳ ◆♦ ✐♥í❝✐♦ ❞❡st❡ ♣r♦❥❡t♦✱ ❤❛✈✐❛♠ ❞✐s♣♦♥í✈❡✐s ❝♦♠❡r❝✐❛❧♠❡♥t❡ ❛♣❡♥❛s
❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❝♦♠ ●❱❉ ❡♥tr❡ ✲✹✵ ❢s2 ❡ ✲✼✵ ❢s2✳ ❍♦❥❡ ❡♠ ❞✐❛ ❥á ❡①✐st❡♠
❡s♣❡❧❤♦s ❝♦♠ ●❱❉ ❞❡ ❛té ✲✶✷✵ ❢s2✳

❯t✐❧✐③❛♠♦s ✐♥✐❝✐❛❧♠❡♥t❡ ✉♠ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ✜♥♦ ✭✶✱✽ ♠♠ ❞❡ ❡s♣❡ss✉r❛ ❡ ✰✶✵✽ ❢s2

❞❡ ●❉❱✮ ❡ ❝♦♠ ❛❧t❛ ❞♦♣❛❣❡♠ q✉❡ ❢♦✐ s✉❜st✐t✉í❞♦ ♣♦st❡r✐♦r♠❡♥t❡ ♣♦r ✉♠ ❡s♣❡ss♦ ✭✸
♠♠ ❞❡ ❡s♣❡ss✉r❛✱ ✰✶✽✵ ❢s2 ❞❡ ●❉❱✮ ❡ ♠❡♥♦s ❞♦♣❛❞♦✳ ❊♠ t♦❞♦s ♦s ❝❛s♦s ❧✐st❛❞♦s
❛❜❛✐①♦ ♦s ❧❛s❡rs ❢♦r❛♠ ❜♦♠❜❡❛❞♦s ♣♦r ✉♠ ❧❛s❡r ❞❡ ◆❞✿❨❱❖✹ ❞♦❜r❛❞♦ ❡♠ ❢r❡qüê♥❝✐❛
❡♠✐t✐♥❞♦ ❡♠ ✺✸✷ ♥♠✱ q✉❡ ❢♦r♥❡❝❡ ❛té ✶✵ ❲ ❞❡ ♣♦tê♥❝✐❛ ✭❱❡r❞✐ ❞❛ ❈♦❤❡r❡♥t✮✳

❈♦♥❢♦r♠❡ ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✹✳✹✱ ♦ ❛❧✐♥❤❛♠❡♥t♦ ❞❡st❡s ❧❛s❡rs é ❢❡✐t♦ ♣r♦❝✉r❛♥❞♦✲
s❡ ✉♠❛ ♣♦s✐çã♦ ❞♦ ❝r✐st❛❧ ❡ ❞♦ ❡s♣❡❧❤♦ ❝✉r✈♦ E2 ♦♥❞❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❧❡♥t❡ ❑❡rr é
❢❛✈♦r❡❝✐❞♦✳ ■ss♦ ♦❝♦rr❡ ❧❡✈❛♥❞♦ ❛ ❝❛✈✐❞❛❞❡ à ❜♦r❞❛ ✐♥t❡r♥❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡
❞❛ ❝❛✈✐❞❛❞❡✳

✶✳ ❈❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ●❱❉ t♦t❛❧ ❞❡ −52 ❢s2✱ ✏❋r❡❡

s♣❡❝tr❛❧ r❛♥❣❡✑ ❞❡ ✶ ●❍③✱ ✉s❛♥❞♦ ✉♠ ❝r✐st❛❧ ❛❧t❛♠❡♥t❡ ❞♦♣❛❞♦ ❞❡

✺✺



✺✻ ✻✳ ❘❡s✉❧t❛❞♦s

❍❍❍❍❍❍❍❍❍❍❍❍✟✟✟✟✟✟✟✟✟✟✟✟

✁ ✁
Ti : saE1 E2

E3 E4

✲
bombeamento

lente

✲✟✟✟✯

s❛í❞❛

d

❋✐❣✉r❛ ✻✳✶✿ ❈❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛✳ E1 ❡ E2 sã♦ ❡s♣❡❧❤♦s ❝✉r✈♦s ❞❡ r❛✐♦
❞❡ ❝✉r✈❛t✉r❛ ❘ ❂ ✸ ❝♠✳ E3 ❡ E4 sã♦ ❡s♣❡❧❤♦s ♣❧❛♥♦s✱ s❡♥❞♦ q✉❡ E4 é ♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳

✶✱✽ ♠♠ ❞❡ ❡s♣❡ss✉r❛

❆ ♣r✐♠❡✐r❛ ❝❛✈✐❞❛❞❡ ❝♦♥str✉í❞❛ é ❝♦♠♣♦st❛ ♣♦r ✹ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❡ ✉♠
❝r✐st❛❧ ❝♦♠ ❛❧t❛ ❞♦♣❛❣❡♠ ✭α = 8, 1 ❝♠−1✮ ❝♦rt❛❞♦ ❡♠ â♥❣✉❧♦ ❞❡ ❇r❡✇st❡r✱ ❝♦♠
❡s♣❡ss✉r❛ ❞❡ ✶✱✽ ♠♠✱ ❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ✻✳✶✳ ❖s ❡s♣❡❧❤♦s ❡ ♦ ❝r✐st❛❧ ✐♥tr♦❞✉③❡♠
r❡s♣❡❝t✐✈❛♠❡♥t❡ ❞✐s♣❡rsã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✭●❱❉✮ t♦t❛❧ ❞❡ ✲✶✻✵ ❢s2 ❡ ✶✵✽
❢s2 ✭✻✵ ❢s2✴♠♠✮✳ ❆ ✐❞é✐❛ ❡r❛ ❞❡ ❝♦♥str✉✐r ✉♠❛ ❝❛✈✐❞❛❞❡ ♠❛✐s s✐♠♣❧❡s✱ ✉t✐❧✐③❛♥❞♦
❛♣❡♥❛s ✹ ❡s♣❡❧❤♦s ❝♦♠ ✉♠ ❝r✐st❛❧ ♠❛✐s ✜♥♦ q✉❡ ♦ ✉s✉❛❧✳ ❊ss❛ ❝❛✈✐❞❛❞❡ ❢♦✐
❝♦♥str✉í❞❛ ❝♦♠ ♦s s❡❣✉✐♥t❡s ❝♦♠♣♦♥❡♥t❡s✿

• ▲❡♥t❡ ❞❡ ❡♥tr❛❞❛✿ ✸ ❝♠

• ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ⇒ ✶✱✽ ♠♠ ❞❡ ❡s♣❡ss✉r❛✱ ✽✵✪ ❞❡ ❛❜s♦rçã♦ ❞❡ ❧❛s❡r ❞❡
❛r❣ô♥✐♦ ♠✉❧t✐❧✐♥❤❛ ❡ ✼✺✪ ❞❡ ❧❛s❡r ❢r❡qüê♥❝✐❛ ú♥✐❝❛ ❡♠ ✺✸✷ ♥♠ ✭❱❡r❞✐✮

• ❊✶ ⇒ ❊s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✱ ♣❧❛♥♦✲❝♦♥❝❛✈♦✱ r ❂ ✸ ❝♠✱ ❍❘ ✭✼✷✵ ✲ ✽✷✵ ♥♠✮ >
✾✾✳✾✪✱ ❘ ✭✺✶✹ ✲ ✺✸✷ ♥♠✮ > ✺✪✱ ●❱❉ ❂ ✲✹✵ ± ✷✵ ❢s2

• ❊✷⇒ ♣❧❛♥♦ ✲ ❝♦♥❝❛✈♦✱ r ❂ ✸✵ ♠♠✱ ❍❘ ✭✻✼✵ ✲ ✶✵✵✵ ♥♠✮ > ✾✾✳✽✪✱ ●❱❉✭✼✵✵
✲ ✾✼✵ ♥♠✮❂ ✲✻✵ ± ✷✵ ❢s2

• ❊✸ ⇒ ♣❧❛♥♦✱ ❍❘ ✭✻✼✵ ✲ ✶✵✵✵ ♥♠✮ > ✾✾✳✽✪✱ ●❱❉ ✭✼✵✵ ✲ ✾✼✵ ♥♠✮ ❂ ✲✻✵ ±
✷✵ ❢s2

• ❊✹ ⇒ ❊s♣❡❧❤♦ ❞❡ s❛í❞❛✱ ♣❧❛♥♦✱ ❘ ✭✼✺✵ ✲ ✽✺✵ ♥♠✮ > ✾✽✳✵ ± ✵✳✺✪✱ ●❱❉ <
✷✵ ± ✷✵ ❢s2

❊♠❜♦r❛ ❛ ●❱❉ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ❢♦ss❡ ♥❡❣❛t✐✈❛✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ❡♥❝♦♥tr❛r ♦
r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❉❡✈✐❞♦ à ❛❧t❛ ❞♦♣❛❣❡♠ ❞♦ ❝r✐st❛❧ ❡ ♣♦✉❝❛ ár❡❛ ❞❡
❝♦♥t❛t♦ ❝♦♠ ♦ s✉♣♦rt❡✱ ❤♦✉✈❡ ✉♠ ❛q✉❡❝✐♠❡♥t♦ ❡①❝❡ss✐✈♦ ❞♦ ❝r✐st❛❧ ❡✱ ♠❡s♠♦
❝♦♠ r❡❢r✐❣❡r❛çã♦ ❛ á❣✉❛✱ ♦ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r ♥ã♦ ❢♦✐ s✉✜❝✐❡♥t❡ ♣❛r❛ ❡✈✐t❛r ♦
❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ❧❡♥t❡ tér♠✐❝❛ q✉❡ s✉♣r✐♠✐✉ ♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ ❑❡rr✳

❆s ✜❣✉r❛s ✻✳✷ ❡ ✻✳✸ ♠♦str❛♠ ❞✉❛s ❝✉r✈❛s ❞❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❝♦♠♦ ❢✉♥çã♦ ❞❛
♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡ ♦ ❡s♣❡❝tr♦ ❝♦rr❡s♣♦♥❞❡♥t❡✳ P❛r❛ ❛♠❜♦s ♦s ❝❛s♦s✱ ❛



✻✳ ❘❡s✉❧t❛❞♦s ✺✼

❝❛✈✐❞❛❞❡ ❢♦✐ ❛❧✐♥❤❛❞❛ ♣❛r❛ ♠❛①✐♠✐③❛r ❛ ♣♦tê♥❝✐❛ ❈❲✳ ◆❛s ❝✉r✈❛s ✭❛✮ ❞❡ ❛♠❜❛s
❛s ✜❣✉r❛s✱ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❢♦✐ ♠❡❞✐❞❛ ❝♦♠ ♦s ❞♦✐s ❢❡✐①❡s ❝♦♥tr❛♣r♦♣❛❣❛♥t❡s
q✉❡ ❝✐r❝✉❧❛♠ ♥❛ ❝❛✈✐❞❛❞❡ ✐♥❝✐❞✐♥❞♦ ♥♦ ♠❡❞✐❞♦r ❞❡ ♣♦tê♥❝✐❛✳ ◆❛s ❝✉r✈❛s ✭❜✮✱ ✉♠
❞♦s ❢❡✐①❡s ❢♦✐ r❡tr♦✲r❡✢❡t✐❞♦ ♣❛r❛ ♦ ❧❛s❡r✱ ❡❧✐♠✐♥❛♥❞♦ t♦❞❛ ❧✉③ ❧❛s❡r ♥❡st❡ ❢❡✐①❡✱
r❡s✉❧t❛♥❞♦ ❡♠ ♦s❝✐❧❛çã♦ ✉♥✐❞✐r❡❝✐♦♥❛❧✳ ◆ós ♣♦❞❡♠♦s ♦❜s❡r✈❛r ✉♠ ❜❛✐①♦ ❧✐♠✐❛r
❞❡ ✸✽✵ ♠❲✱ ❝♦♠ ✉♠❛ ♣♦tê♥❝✐❛ ♠á①✐♠❛ ❞❡ ✺✵✵ ♠❲ ♣❛r❛ ✺ ❲ ❞❡ ❜♦♠❜❡❛✲
♠❡♥t♦✳ ❊st❛ ♣♦tê♥❝✐❛ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①❛ é ❛tr✐❜✉í❞❛ ❛ ❡❢❡✐t♦s tér♠✐❝♦s✳ ❆
r❡tr♦✲r❡✢❡①ã♦ ❢♦✐ ❢❡✐t❛ ❝♦♠♦ ✉♠❛ t❡♥t❛t✐✈❛ ❞❡ ✐♥✐❝✐❛r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛✲
❞♦s✱ ❝♦♠♦ ❞❡s❝r❡✈❡♠ ❛s r❡❢❡rê♥❝✐❛s ❬✻✵❀ ✻✶❪✳ ❆♣❡s❛r ❞♦ ❡s♣❡❝tr♦ ♠♦str❛❞♦ ♥❛
✜❣✉r❛ ✻✳✸ ♦❜t✐❞♦ ❝♦♠ ❛ r❡tr♦✲r❡✢❡①ã♦ ❝♦❜r✐r ✷✵ ♥♠ ❞❡ ❧❛r❣✉r❛✱ ❡st❡ r❡❣✐♠❡ ❛✐♥❞❛
é ❈❲✳ ◆❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝❛✈✐❞❛❞❡s t❡st❛❞❛s ❡♠ q✉❡ ♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡
❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❛ r❡tr♦✲r❡✢❡①ã♦ ✐♥✐❜❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s ♠♦❞♦s ❡ ✐♠♣❡❞❡ ♦
✐♥í❝✐♦ ❞♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳

❋✐❣✉r❛ ✻✳✷✿ ❈✉r✈❛s ❞❡ ♣♦tê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❡s♣❡❝tr♦s ❞❛ ✜❣✉r❛ ✻✳✸ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡
❞❡ q✉❛tr♦ ❡s♣❡❧❤♦ ❝♦♠ ❝r✐st❛❧ ❞❡ ✶✳✽ ♠♠✳

✷✳ ❈❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ●❱❉ t♦t❛❧ ❞❡ ✰✷✵ ❢s2✱✏❋r❡❡ s♣❡❝tr❛❧

r❛♥❣❡✑ ❞❡ ✶ ●❍③✱ ✉s❛♥❞♦ ✉♠ ❝r✐st❛❧ ♠❡♥♦s ❞♦♣❛❞♦ ❞❡ ✸✱✵ ♠♠ ❞❡

❡s♣❡ss✉r❛✳

P❛r❛ ❡✈✐t❛r ♣r♦❜❧❡♠❛s ❝♦♠ ❡❢❡✐t♦s tér♠✐❝♦s✱ tr♦❝❛♠♦s ♦ ❝r✐st❛❧ ♣❡❧♦ ♠❛✐s ❧♦♥❣♦
❡ ♠❡♥♦s ❞♦♣❛❞♦✱ ❝♦♠ ✸ ♠♠ ❞❡ ❡s♣❡ss✉r❛ ❡ α ❂ ✹✳✺ ❝♠−1✱ q✉❡ ❛❜s♦r✈❡ ✼✵✪ ❞❛
♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❱❡r❞✐✳

◆❡st❡ ❝❛s♦✱ ♦ ❝r✐st❛❧ ♣❛ss♦✉ ❛ ✐♥tr♦❞✉③✐r ✶✽✵ ❢s2 ❞❡ ❞✐s♣❡rsã♦ ♣♦s✐t✐✈❛✱ ❡♥q✉❛♥t♦
♦s ❡s♣❡❧❤♦s ❛✐♥❞❛ ❝♦♥tr✐❜✉❡♠ ❝♦♠ ✲✶✻✵ ❢s2✳ ❈♦♠ ❡st❛ ❝❛✈✐❞❛❞❡ ❛✐♥❞❛ ♥ã♦ ❢♦✐



✺✽ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✸✿ ❊s♣❡❝tr♦s ❝♦rr❡s♣♦♥❞❡♥t❡s às ❝✉r✈❛s ❞❡ ♣♦tê♥❝✐❛s ❞❛ ✜❣✉r❛ ✻✳✷ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡
❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ❝r✐st❛❧ ❞❡ ✶✳✽ ♠♠✳ ◆♦s ❞♦✐s ❝❛s♦s✱ ♦ ❧❛s❡r ❡st❛ ❡♠ r❡❣✐♠❡ ❈❲✳

♣♦ssí✈❡❧ ♦❜t❡r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❞❡✈✐❞♦ à ❞✐s♣❡rsã♦ ♣♦s✐t✐✈❛ t♦t❛❧ ❞❛
❝❛✈✐❞❛❞❡✳

❆ ✜❣✉r❛ ✻✳✹ ♠♦str❛ ✉♠ ❣rá✜❝♦ ❞❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❝♦♠♦ ❢✉♥çã♦ ❞❛ ♣♦tê♥❝✐❛
❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ◆❡st❡ ❝❛s♦ ❛✐♥❞❛ t❡♠♦s ✉♠ ❜❛✐①♦ ❧✐♠✐❛r ❞❡ ✸✼✵ ♠❲ ❡ ❛❧t❛
❡✜❝✐ê♥❝✐❛ ✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ♠á①✐♠❛ ❞❡ ✶✳✺ ❲ ♣❛r❛ ✺ ❲
❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ◆❡st❛ ❝❛✈✐❞❛❞❡✱ ♥ã♦ ♦❜s❡r✈❛♠♦s q✉❛❧q✉❡r ❡❢❡✐t♦ tér♠✐❝♦ ❡
❛s ♦s❝✐❧❛çõ❡s ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✻✳✷ ✭❧✐♥❤❛ ♣r❡t❛✮✳ ◆ós t❛♠❜é♠ ✉t✐❧✐③❛♠♦s
✉♠ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ ❝♦♠ tr❛♥s♠✐ssã♦ ♠❛✐♦r ✭❘✭✻✽✵ ✲ ✶✶✵✵ ♥♠✮ > ✾✼ ± ✸✪✮✳
◆❡ss❡ ❝❛s♦ ♣♦ré♠✱ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞❡❝r❡s❝❡✉ ♣❛r❛ ✶✳✶✵ ❲ ❝♦♠ ✺ ❲ ❞❡
❜♦♠❜❡❛♠❡♥t♦✳ ❖ ❜❛✐①♦ ❧✐♠✐❛r ❡ ❛ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ❞❡st❛ ❝❛✈✐❞❛❞❡ ♣❛r❛ ❧❛s❡r
❝✇ ❞❡✈❡✲s❡ ❛♦ ❝r✐st❛❧ ❝✉rt♦ ❡ ❜❛st❛♥t❡ ❞♦♣❛❞♦✱ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❝✉rt❛ ❡ ❜♦♠
❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦ ❝♦♠ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❬✻✷❪✳

✸✳ ❈❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ❝♦♠ ●❱❉ t♦t❛❧ ❞❡ ✲✻✵ ❢s2✱ ✏❋r❡❡ s♣❡❝tr❛❧

r❛♥❣❡✑ ✈❛r✐❛♥❞♦ ❞❡ ✼✻✵ ▼❍③ ❛ ✶ ●❍③✱ ✉s❛♥❞♦ ♦ ❝r✐st❛❧ ♠❡♥♦s ❞♦♣❛❞♦

❞❡ ✸ ♠♠ ❞❡ ❡s♣❡ss✉r❛✳

P❛r❛ ❛❧❝❛♥ç❛r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❛❞✐❝✐♦♥❛♠♦s ♠❛✐s ❞♦✐s ❡s♣❡❧❤♦s ♥❛
❝❛✈✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦♥tr❛ ❛ ✜❣✉r❛ ✻✳✺✳ ❱❛r✐❛♠♦s ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡st❛
❝❛✈✐❞❛❞❡ ❡♥tr❡ ✼✻✵ ▼❍③ ❛ ✶ ●❍③✱ s❡♠ ♣❡r❞❡r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳
❖s ❡s♣❡❧❤♦s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ♦s ♠❡s♠♦s ❞❛ ❝❛✈✐❞❛❞❡ ❧✐st❛❞♦s ♥♦ ✐t❡♠ ✶✱ ❝♦♠
❡①❝❡çã♦ ❞❡ ▼✶✱ ▼✷ ❡ ❊✺ q✉❡ ♣❛ss❛r❛♠ ❛ s❡r✿

• ▼✶✱ ▼✷ ⇒ P❧❛♥♦✱ ❍❘ ✭✻✷✵ ✲✶✵✸✵ ♥♠✮ > ✾✾✳✽✪✱ ●❱❉ ✭✼✵✵ ✲ ✾✵✵ ♥♠✮ ❂



✻✳ ❘❡s✉❧t❛❞♦s ✺✾

❋✐❣✉r❛ ✻✳✹✿ ❈✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ❝♦♠ ❝✐rst❛❧ ❞❡ ✸ ♠♠✳

✲✼✵ ± ✷✵ ❢s2✱ ♣❛r ❝♦♠ ♦s❝✐❧❛çã♦ ❞❡ ●❱❉ ❝♦♠♣❡♥s❛❞❛✶

• ❊✺ ⇒ P❧❛♥❡✱ ❍❘ ✭✻✷✵ ✲ ✶✵✸✵ ♥♠✮ > ✾✾✳✽✪ ✭t❛♠❜é♠ t❡♥t❛♠♦s ♦ ❡s♣❡❧❤♦
❊✸ ⇒ P❧❛♥♦✱ ❍❘ ✭✻✼✵ ✲ ✶✵✵✵ ♥♠✮ > ✾✾✳✽✪✱ ●❱❉ ✭✼✵✵ ✲ ✾✼✵ ♥♠✮ ❂ ✲✻✵ ±
✷✵ ❢s2✱ ♠❛s ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ s❡♠❡❧❤❛♥t❡s✮

◆❡st❡ ❝❛s♦✱ ❛ ❞✐s♣❡rsã♦ ♥❡❣❛t✐✈❛ t♦t❛❧ ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s ❡s♣❡❧❤♦s ✭✲✷✹✵ ❢s2✮ ❢♦✐
s✉✜❝✐❡♥t❡ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ❞✐s♣❡rsã♦ ♥♦ ❝r✐st❛❧ ✭✶✽✵ ❢s2✮✳ P❛r❛ ❧❛s❡r ❈❲✱ ♦
❧✐♠✐❛r ❢♦✐ ♠❛✐s ❛❧t♦ ✭✼✷✵ ♠❲✮ ❡ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ♠á①✐♠❛ ♣❛r❛ ✺ ❲ ❞❡
❜♦♠❜❡❛♠❡♥t♦ ❢♦✐ ♠❡♥♦r ✭✾✺✵ ♠❲✮✳ ❈♦♠ ❡st❛ ❝❛✈✐❞❛❞❡✱ ❢♦✐ ♣♦ssí✈❡❧ ❛❧❝❛♥ç❛r
♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦♠ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞❡ ✺✺✵ ♠❲ ♣❛r❛ ✺ ❲ ❞❡
❜♦♠❜❡❛♠❡♥t♦✳ ❊st❡ ❧❛s❡r s❡rá ❞❡s❝r✐t♦ ❝♦♠ ♠❛✐s ❞❡t❛❧❤❡s ♥❛ s❡çã♦ ✻✳✸✳

✹✳ ❈❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❝♦♠ ●❱❉ t♦t❛❧ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ✏❋r❡❡

s♣❡❝tr❛❧ r❛♥❣❡✑ ❡♥tr❡ ✶ ●❍③ ❡ ✷✱✶✷ ●❍③✱ ✉s❛♥❞♦ ✉♠ ❝r✐st❛❧ ♠❡♥♦s

❞♦♣❛❞♦ ❞❡ ✸✱✵ ♠♠ ❞❡ ❡s♣❡ss✉r❛✳

❆ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❛♣r❡s❡♥t❛❞❛ ♥♦ ✐t❡♠ ✷ é ♣❛rt✐❝✉❧❛r♠❡♥t❡ ✐♥t❡r✲
❡ss❛♥t❡ ♣♦✐s ❛♣r❡s❡♥t❛ ❜❛✐①♦ ❧✐♠✐❛r ♣❛r❛ ❧❛s❡r ❝✇ ❡ ❛❧t❛ ❡✜❝✐ê♥❝✐❛✳ P♦r ✐ss♦✱
✈♦❧t❛♠♦s ❛ tr❛❜❛❧❤❛r ❝♦♠ ❡st❛ ❝♦♥✜❣✉r❛çã♦ ❡ tr♦❝❛♠♦s ♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛

✶❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ♣♦ss✉❡♠ ●❱❉ q✉❡ ♦s❝✐❧❛♠ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ ❯♠ ♣❛r ❞❡
❡s♣❡❧❤♦ ❝♦♠ ♦s❝✐❧❛çã♦ ❞❡ ●❱❉ ❝♦♠♣❡♥s❛❞❛✱ é ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞♦✐s ❡s♣❡❧❤♦s ❢❛❜r✐❝❛❞♦ ♣❛r❛ q✉❡ ❛
●❉❱ t♦t❛❧ ❞♦s ♦s❝✐❧❡ ♦ ♠í♥✐♠♦ ♣♦ssí✈❡❧✱ ❡♠❜♦r❛ ❛ ❞✐s♣❡rsã♦ ❞❡ ❝❛❞❛ ❡s♣❡❧❤♦ ❝♦♥t✐♥✉❡ ♦s❝✐❧❛♥❞♦ ❝♦♠
♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳



✻✵ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✺✿ ❈❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s✳

✭❝♦♠ ✲✹✵ ❢s2✮ ♣♦r ✉♠ ♦✉tr♦ ❝♦♠ ♠❡s♠♦ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❡ ✉♠ ♣♦✉❝♦ ♠❛✐s ❞❡
❞✐s♣❡rsã♦ ♥❡❣❛t✐✈❛✷ ✭✲✻✵ ❢s2✮✿

• E1 ⇒ ❊s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✱ ♣❧❛♥♦✲❝♦♥❝❛✈♦✱ r ❂ ✸ ❝♠✱ ❙✶✿ ❆❘✭✵◦✱✺✸✷ ♥♠✮ <
✵✳✷✺✪✱ ❙✷✿ r✷ = ✸✵ ♠♠✱ ❍❘✭✵◦✱✼✵✵✲✾✵✵ ♥♠✮ > ✾✾✳✽✪ ✰ ❘✭✵◦✱✺✸✷♥♠✮ < ✶✵ ✪✱
●❱❉✭✼✼✵✲✾✼✵ ♥♠✮ ❂ ✲✼✵±✷✵ ❢s2✳

◆❡st❡ ❝❛s♦ ❛ ●❱❉ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ✜❝♦✉ ❧✐❣❡✐r❛♠❡♥t❡ ♥❡❣❛t✐✈❛✳ ❊st❛ ❝♦♥✜❣✉✲
r❛çã♦ ♣r♦❞✉③✐✉ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❝♦♠ ✉♠ ❡s♣❡❝tr♦ ❧❛r❣♦✱ ❝♦❜r✐♥❞♦
❞❡ ✺✹✵ ♥♠ ❛ ✶✷✵✵ ♥♠ ❛ ✷✵ ❞❇ ❛❜❛✐①♦ ❞♦ ♠á①✐♠♦✳ ❖s r❡s✉❧t❛❞♦s ❞❡t❛❧❤❛❞♦s
♦❜t✐❞♦s ❝♦♠ ❡st❡ ❧❛s❡r s❡rã♦ ❞✐s❝✉t✐❞♦s ♥❛ s❡çã♦ ✻✳✷✳

❆ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡ ❝r✐st❛❧ ♠❡♥♦s ❞♦♣❛❞♦ ✭α ❂ ✹✳✺ ❝♠−1✮ ❢♦r♥❡❝❡✉✱
❡♠ ♦♣❡r❛çã♦ ❝✇✱ ✉♠ ❧✐♠✐❛r ❞❡ ✸✼✵ ♠❲ ❡ ✉♠❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞❡ ✶✳✺ ❲ ♣❛r❛ ✺ ❲
❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡♠ ✺✸✷ ♥♠✳ ❆ ♣❡r❢♦r♠❛♥❝❡ ❞❛ ❝❛✈✐❞❛❞❡ ❝♦♠ ♦ ❝r✐st❛❧ ♠❛✐s ❞♦♣❛❞♦
✭α ❂ ✽✳✶ ❝♠−1✮ ♣♦❞❡ s❡r ♠❡❧❤♦r❛❞❛ ❝♦♠ ✉♠ ❞✐ss✐♣❛❞♦r ❞❡ ❝❛❧♦r ♠❛✐s ❡✜❝✐❡♥t❡✳

❆ ✐♥tr♦❞✉çã♦ ❞❡ ♠❛✐s ❞♦✐s ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ♥❛ ❝❛✈✐❞❛❞❡ ❛✉♠❡♥t♦✉ ♦ ❧✐♠✐❛r
❡ ❞❡❝r❡s❝❡✉ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛✱ ♠❛s ✐ss♦ ❢♦✐ ♥❡❝❡ssár✐♦ ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ●❱❉ ❞♦
❝r✐st❛❧ ❡ ❛❧❝❛♥ç❛r ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳

❈♦♥s✐❞❡r❛♥❞♦ ❡st❡s r❡s✉❧t❛❞♦s✱ ✉♠❛ ❝❛✈✐❞❛❞❡ ❞❡ ❜❛✐①♦ ❧✐♠✐❛r ♣♦❞❡r✐❛ s❡r ❝♦♥s✲
tr✉í❞❛ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡ ♦ ❝r✐st❛❧ ♠❛✐s ❞♦♣❛❞♦ ❡ ♠❛✐s ✜♥♦ ❝♦♠
r❡s❢r✐❛♠❡♥t♦ ❛❞❡q✉❛❞♦✳ ❆ ❝♦♠❜✐♥❛çã♦ ❞❡ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❡ ♦ ❝r✐st❛❧ ❛❧t❛♠❡♥t❡
❞♦♣❛❞♦ ❝♦♠ ❝❛✈✐❞❛❞❡ ♠❛✐s ❝✉rt❛ é ✉♠❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❛tr❛❡♥t❡ ♣❛r❛ ✉♠ ❧❛s❡r ❝♦♠♣❛❝t♦
❞❡ ❜❛✐①♦ ❧✐♠✐❛r✳

❉❡st❛ ❢♦r♠❛✱ ♠♦♥t❛♠♦s ❞♦✐s ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ♣❛r❛ s❡r❡♠ ✉t✐❧✐③❛❞♦s ❡♠
✉♠ s✐st❡♠❛ ❞❡ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✳ ❯♠ ❞❡❧❡s✱ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦

✷❈r♦♥♦❧♦❣✐❝❛♠❡♥t❡✱ ❡st❛ ❢♦✐ ❛ ú❧t✐♠❛ ❝♦♥✜❣✉r❛çã♦ ♠♦♥t❛❞❛✱ ♣♦✐s ❡st❡ ❡s♣❡❧❤♦ ❝✉r✈♦ ❝♦♠ ●❱❉
❞❡ ✲✻✵ ❢s2 ❢♦✐ ❣❡♥t✐❧♠❡♥t❡ ❡♠♣r❡st❛❞♦ ♣♦r ❙❝♦tt ❉✐❞❞❛♠s ✭◆■❙❚ ✲ ❯❙❆✮ ❞❡♣♦✐s q✉❡ ❥á ❤❛✈✐❛♠♦s
tr❛❜❛❧❤❛❞♦ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s✳



✻✳✶✳ ❚❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❛❧✐♥❤❛♠❡♥t♦ ❞❛s ❝❛✈✐❞❛❞❡s ✻✶

❡s♣❡❧❤♦s✱ ❝r✐st❛❧ ❞❡ ✸ ♠♠ ❡ ●❱❉ t♦t❛❧ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ q✉❡ ♣r♦❞✉③ ✉♠ ❡s♣❡❝tr♦ q✉❡
❝♦❜r❡ ♠❛✐s ❞❡ ✺✵✵ ♥♠ ♥❛ r❡❣✐ã♦ ❡♥tr❡ ✈❡r❞❡ ❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ❡ ♦ ♦✉tr♦ ❧❛s❡r ❝♦♠ s❡✐s
❡s♣❡❧❤♦s✱ ❝r✐st❛❧ ❞❡ ✸ ♠♠ ❡ ●❱❉ t♦t❛❧ ♣ró①✐♠❛ ❞❡ ✲✻✵ ❢s2✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠
❡st❡s ❞♦✐s ❧❛s❡rs s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ♣ró①✐♠❛s s❡çõ❡s✳

✻✳✶ ❚❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ❡st❛❜✐❧✐❞❛❞❡ ❡ ❛❧✐♥❤❛♠❡♥t♦
❞❛s ❝❛✈✐❞❛❞❡s

❯♠❛ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ❧❛s❡rs ❝♦♥str✉í❞♦s ♥❡st❛ t❡s❡ ❢♦✐ ❛ ❢❛❝✐❧✐❞❛❞❡ ❡♠ ♠✉❞❛r ❛
t❛①❛ ❞❡ r❡♣❡t✐çã♦✳ ❈♦♠♦ ❢♦r❛ ❞✐s❝✉t✐❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷✱ ❛✉♠❡♥t❛r ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
✭♦✉ s❡❥❛✱ ❛ ❞✐♠✐♥✉✐r ♦ t❛♠❛♥❤♦ ❞❛ ❝❛✈✐❞❛❞❡✮ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛✉♠❡♥t❛r ❛ ❞✐stâ♥❝✐❛
❡♥tr❡ ♦s ♠♦❞♦s ❞♦ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛ ❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ❝❛❞❛ ♠♦❞♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱
♦ ❛✉♠❡♥t♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✐♠♣❧✐❝❛ ♥❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞♦
♣✉❧s♦✱ ♠✐♥✐♠✐③❛♥❞♦ ♦s ❡❢❡✐t♦s ❞❡s❡❥á✈❡✐s q✉❡ ❞❡♣❡♥❞❡♠ ❞❛ ✐♥t❡♥s✐❞❛❞❡✱ ♦ q✉❡ ♣♦❞❡
♣r❡❥✉❞✐❝❛r ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❬✸✺❪✳

❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✹✱ t❛♥t♦ ♦ ♣❛râ♠❡tr♦ δ ✭❡q✉❛çã♦ ✹✳✺✮ ❝♦♠♦ ❛ r❡❣✐ã♦
❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡♣❡♥❞❡♠ ❞♦s ♣❛râ♠❡tr♦s q✉❡ ❞❡✜♥❡♠ ❛ ❝❛✈✐❞❛❞❡✱ ✐♥❝❧✉s✐✈❡ ❞♦ ❋❙❘✳
P❛r❛ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ❤á ❞♦✐s ❛s♣❡❝t♦s ❛ s❡r❡♠ ♦❜s❡r✈❛❞♦s q✉❛♥❞♦ s❡ ❛✉♠❡♥t❛
❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✭❞✐♠✐♥✉✐çã♦ ❞♦ t❛♠❛♥❤♦ ❞❛ ❝❛✈✐❞❛❞❡✮✿ ❛✉♠❡♥t♦ ♥♦ t❛♠❛♥❤♦ ❞❛
❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✱ ♦ q✉❡ ❛❢❡t❛ ♦ ❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦ ❝♦♠ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡
♠✉❞❛♥ç❛ ♥❛ r❡❣✐ã♦ ❡♠ q✉❡ ♦ ♣❛râ♠❡tr♦ δ é ♥❡❣❛t✐✈♦✳

❖ ❝❛♣ít✉❧♦ ✹ t❛♠❜é♠ ❞❡s❝r❡✈❡ ❝♦♠♦ ♦ ❛✉♠❡♥t♦ ❞♦ ❋❙❘ ❛✉♠❡♥t❛ ❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡
✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝r✐st❛❧✳ ❯♠❛ ♠✉❞❛♥ç❛ ❞❡ ✷✵✵ ▼❍③ ♣❛r❛ ✶ ●❍③ ❛✉♠❡♥t❛ ♦ ✈❛❧♦r ❞❛
❝✐♥t✉r❛ ❞❡ ✽ µ♠ ♣❛r❛ ❝❡r❝❛ ❞❡ ✶✸ µ♠✱ ❝♦♠♦ ♠♦str❛ ❛ ✭✜❣✉r❛ ✻✳✻✮✱ ❞❡✈❡♥❞♦✲s❡ ❛❥✉st❛r ♦
❝❛s❛♠❡♥t♦ ❞❡ ♠♦❞♦s✳ ❊♥tr❡t❛♥t♦ ❡ss❛ ✈❛r✐❛çã♦ é ♠❛✐s s❡♥sí✈❡❧ ❡♠ ❝❛✈✐❞❛❞❡s ♠❡♥♦r❡s✳
P❛r❛ ❝❛✈✐❞❛❞❡s ❝♦♠ ❋❙❘ ❞❛ ♦r❞❡♠ ❞❡ ✶ ●❍③✱ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✷✵✵ ♦✉ ✸✵✵ ▼❍③ ♥ã♦
♣r♦✈♦❝❛ ❣r❛♥❞❡s ♠✉❞❛♥ç❛s ♥❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✳

❆ ✜❣✉r❛ ✻✳✼ ♠♦str❛ ❛s ❜♦r❞❛s ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✱ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✹✳✶✱
♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❞❛ ✜❣✉r❛ ✻✳✶✱ ✈❛r✐❛♥❞♦ ♦ ❋❘❙✱ ♠♦✈❡♥❞♦✲s❡ ❛♣❡♥❛s ♦s ❡s♣❡❧❤♦s E3 ❡
E4✳ ❯♠ ❧❛s❡r ❝✇ ♦t✐♠✐③❛❞♦ ♣r❡❝✐s❛ s❡r ❛❧✐♥❤❛❞♦ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❝❛✈✐❞❛❞❡ ♣❡r♠❛♥❡ç❛
s❡♠♣r❡ ♥♦ ❝❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ P❛r❛ ❡st❡ ❝❛s♦✱ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ❋❙❘
s❡♠ ❛❧t❡r❛çã♦ ♥❛ ♣♦s✐çã♦ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡✈❡♥t✉❛❧♠❡♥t❡ ❧❡✈❛ ❛ ❝❛✈✐❞❛❞❡ ♣❛r❛ ❛
r❡❣✐ã♦ ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡✳ ❯♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ♣♦r s✉❛ ✈❡③ ❞❡✈❡ s❡r ❛❧✐♥❤❛❞♦
♣ró①✐♠♦ ❛ r❡❣✐ã♦ ✐♥t❡r♥❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❛ q✉❛❧ ♥ã♦ s❡ ❛❧t❡r❛ ❝♦♠ ❛ ♠✉❞❛♥ç❛ ♥♦ ❋❙❘✳
P♦❞❡♠♦s ♦❜s❡r✈❛r t❛♠❜é♠ ♣❡❧❛ ✜❣✉r❛ ✻✳✽ q✉❡ ❛ ♠✉❞❛♥ç❛ ❞♦ t❛♠❛♥❤♦ ❞❛ ❝❛✈✐❞❛❞❡
♥ã♦ ❛❧t❡r❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ δ q✉❛♥❞♦ ❛ ❝❛✈✐❞❛❞❡ ❡stá ♥❛ ❜♦r❞❛
✐♥t❡r♥❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ P♦rt❛♥t♦✱ é ♣♦ssí✈❡❧ ❛❧t❡r❛r ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡
✉♠ ❧❛s❡r ♣✉❧s❛❞♦ s❡♠ ♣❡r❞❡r ❛s ❝♦♥❞✐çõ❡s ♣r♦♣í❝✐❛s ♣❛r❛ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳
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❋✐❣✉r❛ ✻✳✻✿ ❈✐♥t✉r❛ ❞♦ ❢❡✐①❡ ✐♥❢r❛✈❡r♠❡❧❤♦ ♥♦ ❝❡♥tr♦ ❞♦ ❝r✐st❛❧ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ♠♦str❛❞❛
♥❛ ✜❣✉r❛ ✻✳✶ ✈❛r✐❛♥❞♦ ♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ❞❛ ❝❛✈✐❞❛❞❡ ✭❋❙❘✮ ❡ ♠❛♥t❡♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❞♦s
❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ ✸✱✸ ❝♠✳

❋✐❣✉r❛ ✻✳✼✿ ❈✉r✈❛ ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡✜♥✐❞❛ ♥❛ ❡q✉❛çã♦ ✹✳✶ ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ♠♦str❛❞❛ ♥❛
✜❣✉r❛ ✻✳✶ ✈❛r✐❛♥❞♦ ♦ ❢r❡❡ s♣❡❝tr❛❧ r❛♥❣❡ ❞❛ ❝❛✈✐❞❛❞❡ ✭❋❙❘✮ ❡ ♠❛♥t❡♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❞♦s
❡s♣❡❧❤♦s ❝✉r✈♦s ❡♠ ✸✱✸ ❝♠✳

✻✳✷ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡
q✉❛tr♦ ❡s♣❡❧❤♦s

❖ ❧❛s❡r ❞❡s❝r✐t♦ ♥❡st❛ s❡çã♦ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❧❛s❡r ❡♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❝♦♠ q✉❛tr♦
❡s♣❡❧❤♦s✱ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✻✳✶✱ ❝♦♠♣♦st♦ ♣♦r ❞♦✐s ❡s♣❡❧❤♦s ❝✉r✈♦s ✭✐♥❝❧✉✐♥❞♦ ♦



✻✳✷✳ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ✻✸

❋✐❣✉r❛ ✻✳✽✿ P❛râ♠❡tr♦ δ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❝❛✈✐❞❛❞❡ ❞❛ ✜❣✉r❛ ✻✳✶ ❝♦♠ ❋❙❘ ❞❡ ✭❛✮ ✷ ●❍③✱ ✭❜✮
✶ ●❍③ ❡ ✭❝✮ ✼✻✵ ▼❍③✳

❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✮ ❝♦♠ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❡ ✸ ❝♠ ❡ ❜❛♥❞❛ ❞❡ r❡✢❡①ã♦ ❧❛r❣❛✱ ✉♠
❡s♣❡❧❤♦ ♣❧❛♥♦ q✉❡ ♣♦st❡r✐♦r♠❡♥t❡ ❢♦✐ tr♦❝❛❞♦ ♣♦r ✉♠ ❝♦♥✈❡①♦ ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛
❞❡ ✲✶ ♠✱ ❡ ✉♠ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ ♣❧❛♥♦ ❝♦♠ ✷✪ ❞❡ tr❛♥s♠✐ssã♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ✼✸✵ ❛
✽✼✵ ♥♠✳ ❖s ❡❧❡♠❡♥t♦s ó♣t✐❝♦s ✉t✐❧✐③❛❞♦s ♥❡st❛ ❝♦♥✜❣✉r❛çã♦ ❢♦r❛♠ ♦s s❡❣✉✐♥t❡s✿

• ▲❡♥t❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✿ ✸ ❝♠

• ❈r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛ ⇒ ✸ ♠♠ ❞❡ ❡s♣❡ss✉r❛

• ❊✶ ⇒ ❊s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✱ ♣❧❛♥♦✲❝ô♥❝❛✈♦✱ r ❂ ✸ ❝♠✱ ❙✶✿ ❆❘✭✵◦✱✺✸✷♥♠✮ <
✵✳✷✺✪✱ ❙✷✿ r✷ = ✸✵ ♠♠✱ ❍❘✭✵◦✱✼✵✵✲✾✵✵♥♠✮ > ✾✾✳✽✪ ✰ ❘✭✵◦✱✺✸✷♥♠✮ < ✶✵ ✪✱
●❱❉✭✼✼✵✲✾✼✵♥♠✮ ❂ ✲✼✵➧✷✵ ❢s2

• ❊✷ ⇒ ♣❧❛♥♦ ✲ ❝ô♥❝❛✈♦✱ r ❂ ✸✵♠♠✱ ❍❘ ✭✻✼✵ ✲ ✶✵✵✵ ♥♠✮ > ✾✾✳✽✪✱ ●❱❉✭✼✵✵ ✲
✾✼✵ ♥♠✮❂ ✲✻✵ ± ✷✵ ❢s2

• ❊✸ ⇒ ♣❧❛♥♦✱ ❍❘ ✭✻✼✵ ✲ ✶✵✵✵♥♠✮ > ✾✾✳✽✪✱ ●❱❉ ✭✼✵✵ ✲ ✾✼✵ ♥♠✮ ❂ ✲✻✵ ± ✷✵ ❢s2

♦✉

⇒ ♣❧❛♥♦✲❝♦♥✈❡①♦✱ r = ✶✵✵✵♠♠✱ ❍❘✭✵◦✱✻✼✵✲✶✵✵✵♥♠✮>✾✾✳✽✪✱ ●❱❉✭✼✵✵✲✾✼✵♥♠✮
❂ ✲✻✵± ✷✵ ❢s2

• ❊✹ ⇒ ❊s♣❡❧❤♦ ❞❡ s❛í❞❛✱ ♣❧❛♥♦✱ ❘ ✭✼✺✵ ✲ ✽✺✵ ♥♠✮ > ✾✽✳✵ ± ✵✳✺✪✱ ●❱❉ < ✷✵ ±
✷✵ ❢s2

❆ ❝❛✈✐❞❛❞❡ é s✐♠✐❧❛r à ✉s❛❞❛ ♥❛s r❡❢❡rê♥❝✐❛s ❬✼❪ ❡ ❬✺✾❪✱ ♣♦ré♠ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s
❡s♣❡❧❤♦s ❞✐❢❡r❡♥t❡s ❡ ✉♠ ❝r✐st❛❧ ♠❛✐s ❧♦♥❣♦✳ ❚♦❞♦s ♦s ❡s♣❡❧❤♦s sã♦ ❞✐s♣♦♥í✈❡✐s ❝♦♠✲
❡r❝✐❛❧♠❡♥t❡ ❡ ❞❡ ✈❛rr❡❞✉r❛✱ ❝♦♠ ❡①❝❡çã♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❊♠ ✉♠❛ ♦✉tr❛ ❝♦♥✜❣✲
✉r❛çã♦✱ ♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ❢♦✐ tr♦❝❛❞♦ ♣♦r ✉♠ ❝♦♥✈❡①♦ ❞❡ ❘ ❂ ✲✶ ♠ ♣❛r❛ ❛✉♠❡♥t❛r ❛
❛✉t♦✲♠♦❞✉❧❛çã♦ ❞❡ ❢❛s❡✳
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❆ ✜❣✉r❛ ✻✳✾ ♠♦str❛ ❛ ●❱❉ t♦t❛❧ ❞❡st❛ ❝❛✈✐❞❛❞❡✱ s❡♠ ♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❆
❝✉r✈❛ ❛ é ✉♠❛ ♠é❞✐❛ ❞❡ q✉❛tr♦ tr❛ç♦s ♦❜t✐❞❛s ♣♦r ✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛
✭✜❣✉r❛ ✻✳✶✵✱ ❬✸✼❪✮✳ ❆ ❝✉r✈❛ ❜ é ❛ ●❱❉ ❝❛❧❝✉❧❛❞❛ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡ ❞♦s ❡s♣❡✲
❧❤♦s✱ ❝♦♠ ♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ♥♦ ❧✉❣❛r ❞❡ E3✳ ❆ ❝✉r✈❛ ❝ é ❛ ♠❡s♠❛ q✉❡ ❜✱ ♣♦ré♠ ❝♦♠
♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ ❡♠ E3✳ ❆ ❝✉r✈❛ d é ❛ ❝✉r✈❛ ❝❛❧❝✉❧❛❞❛ ♣❛r❛ ♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✱
t❛♠❜é♠ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✳ ❆❧❣✉♥s ❝♦♠❡♥tár✐♦s ♣♦❞❡♠ s❡r ❢❡✐t♦s s♦❜r❡ ❛ ✜❣✉r❛
✻✳✾✿ ✭✶✮ ❆ ●❱❉ ♣♦s✐t✐✈❛ ❞♦ ❝r✐st❛❧ é ❝♦♠♣❡♥s❛❞❛ ♣❡❧❛ ●❱❉ ❵✶♥❡❣❛t✐✈❛ ✐♥tr♦❞✉③✐❞❛
♣❡❧♦s ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛✱ s❡♥❞♦ ❛ ❞✐s♣❡rsã♦ t♦t❛❧ ❧❡✈❡♠❡♥t❡ ♥❡❣❛t✐✈❛ ♣❛r❛ ❝❡rt♦s
❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ✭é s❛❜✐❞♦ q✉❡ ●❱❉ ❧❡✈❡♠❡♥t❡ ♥❡❣❛t✐✈❛ ♣r♦❞✉③ ♣✉❧s♦s ❝✉rt♦s
❬✻✸❀ ✻✹❀ ✻✺❪✮❀ ✭✷✮ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ♦s❝✐❧❛çã♦ ♥ã♦ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ ✉♠
❡s♣❡❝tr♦ ❧❛r❣♦❀ ❡ ✭✸✮ ❛ ●❱❉ ❝❤❡❣❛ ❛té ❛ s❡r ♣♦s✐t✐✈❛ ♣❡rt♦ ❞♦ ♣✐❝♦ ❞❡ ❡♠✐ssã♦ ❞♦
❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛✱ ❡♥tr❡ ✼✻✵ ❡ ✽✵✵ ♥♠✳

❋✐❣✉r❛ ✻✳✾✿ ●❱❉ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ✐♥❝❧✉✐♥❞♦ ♦ ❝r✐st❛❧ ❡ ❡①❝❧✉✐♥❞♦ ♦
❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❈✉r✈❛ a✱ ♠❡❞✐❞❛ ♣♦r ✐♥t❡r❢❡r♦♠❡tr✐❛ ❞❡ ❧✉③ ❜r❛♥❝❛ ❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ✻✳✶✵✱
s❡♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ ♥♦ ❧✉❣❛r ❞❡ E3❀ b ❡ c✱ ●❱❉ t♦t❛❧ ❝❛❧❝✉❧❛❞❛ ❞❛ ❝❛✈✐❞❛❞❡ ❜❛s❡❛❞❛ ♥❛s
❝✉r✈❛s ❢♦r♥❡❝✐❞❛s ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✱ s❡♥❞♦ E3 ♥♦ ♣r✐♠❡✐r♦ ❝❛s♦ ♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ❡ ♥♦ s❡❣✉♥❞♦
♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦✱ ❝♦♠❜✐♥❛❞♦ ❝♦♠ ✉♠❛ ❞✐s♣❡rsã♦ ♣❧❛♥❛ ❞❡ ✶✼✹ ❢s2 ❬✽❪ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛
❞❡ ✸ ♠♠❀ d é ❛ ●❱❉ ❝❛❧❝✉❧❛❞❛ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ t❛♠❜é♠ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✳

P❛r❛ ❡st❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ✉s❛♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ ❡ ✻❲ ❞❡ ❜♦♠❜❡❛✲
♠❡♥t♦✱ ❛♦ ♠♦✈❡r♠♦s ♦ ❡s♣❡❧❤♦ ❝✉r✈♦ E2 ✭✜❣✉r❛ ✻✳✶✮ ❡♠ ❞✐r❡çã♦ ❛♦ ❝r✐st❛❧✱ ♦❜s❡r✈❛♠♦s
três r❡❣✐õ❡s ❞✐st✐♥t❛s ♣❡rt♦ ❞❛ ❜♦r❞❛ ✐♥t❡r♥❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ ◆❛ ♣r✐♠❡✐r❛✱ ♦
❧❛s❡r ♦s❝✐❧❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❡♠ ✉♠❛ ❞✐r❡çã♦ ❞❛ ❝❛✈✐❞❛❞❡✳ ❊♠ ✉♠❛
r❡❣✐ã♦ ✐♥t❡r♠❡❞✐ár✐❛ ♠❛✐s s❡♥sí✈❡❧ ❛♦ ❛❧✐♥❤❛♠❡♥t♦✱ ♦ ❧❛s❡r ❛❧t❡r♥❛ ❡♥tr❡ ❛s ❞✉❛s ❞✐✲
r❡çõ❡s ❞❡ ♦s❝✐❧❛çã♦✱ s❡♠ ❝♦♠♣♦♥❡♥t❡ ❈❲✳ ❆ t❡r❝❡✐r❛ r❡❣✐ã♦ é s❡♠❡❧❤❛♥t❡ à ♣r✐♠❡✐r❛✱
♣♦ré♠ ❡❧❡ ♦s❝✐❧❛ ♥❛ ♦✉tr❛ ❞✐r❡çã♦✳ ◆ós ♥♦t❛♠♦s q✉❡ ❤á s✐♠✐❧❛r✐❞❛❞❡s ❡♥tr❡ ❡st❛ ❞❡s✲
❝r✐çã♦ ❡ ❛q✉❡❧❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛ ❬✼❪✳ ❆s ❝✉r✈❛s ✭❜✮ ❡ ✭❝✮ ♥❛ ✜❣✉r❛ ✻✳✶✶ sã♦ ♦s
❡s♣❡❝tr♦s tí♣✐❝♦s ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❞❡st❡ ❧❛s❡r ♥❛ ♣r✐♠❡✐r❛ ♦✉ ♥❛ t❡r❝❡✐r❛ r❡❣✐ã♦✳ ❊st❡s
❡s♣❡❝tr♦s sã♦ s❡♠❡❧❤❛♥t❡s ❛♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s r❡❢❡rê♥❝✐❛s ❬✼❪ ❡ ❬✺✾❪ ❡ sã♦ ♦❜t✐❞♦s



✻✳✷✳ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ✻✺

❋✐❣✉r❛ ✻✳✶✵✿ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ❧✉③ ❜r❛♥❝❛ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ❞✐s♣❡rsã♦ ♠♦str❛❞❛s
♥♦ ❣rá✜❝♦ ✻✳✾✳ ▼✿ ❡s♣❡❧❤♦ ♠❡tá❧✐❝♦❀ ❇❙✿ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡❀ ❖❙❆✿ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦❀
❈✿ ❡s♣❡❧❤♦ ❞❡ ✈❛rr❡❞✉r❛✳

❋✐❣✉r❛ ✻✳✶✶✿ ❊s♣❡❝tr♦ ❞❡ s❛í❞❛ ♣❛r❛ ♦s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❈✉r✈❛ ✭❛✮✱
❧❛s❡r ❝♦♠ ❡s♣❡❝tr♦ ✉s✉❛❧✱ ❢❡✐t♦ ❝♦♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ●❱❉ ❡♠ t♦r♥♦ ❞❡ ✲✻✵
❢s2✳ ❈✉r✈❛ ✭❜✮✱ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✳
✭❝✮ ❡ ✭❞✮✱ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s q✉❛♥❞♦ ♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦ é
❝♦❧♦❝❛❞♦ ♥♦ ❧✉❣❛r ❞♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ♣❛r❛ ❞✉❛s ❝♦♥❞✐çõ❡s ❞❡ ❛❧✐♥❤❛♠❡♥t♦ ❞✐❢❡r❡♥t❡s✳ ❈✉r✈❛s
❞❡ ❡♠✐ssã♦ ✭❡✮ ❡ ❛❜s♦rçã♦ ✭❢✮ ❞♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛✳ ✭❣✮ ❘❡✢❡①ã♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❇❛rr❛s
✈❡rt✐❝❛✐s✱ ❜❛♥❞❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡✳



✻✻ ✻✳ ❘❡s✉❧t❛❞♦s

t❛♥t♦ ❝♦♠ ♦ ❡s♣❡❧❤♦ ♣❧❛♥♦ ♦✉ ❝♦♠ ♦ ❝♦♥✈❡①♦ ♥❛ ❝❛✈✐❞❛❞❡✱ ♠♦str❛♥❞♦ q✉❡ ♦ ❡s♣❡❝tr♦
❧❛r❣♦ é ♦❜t✐❞♦ ❜❛s✐❝❛♠❡♥t❡ q✉❛♥❞♦ ❛ ●❱❉ ♥❡❣❛t✐✈❛ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ é ♣❡q✉❡♥❛✳ ❆
❝✉r✈❛ ✭❞✮ ♥❛ ✜❣✉r❛ ✻✳✶✶ ❝♦rr❡s♣♦♥❞❡ à ♦♣❡r❛çã♦ ♥❛ s❡❣✉♥❞❛ r❡❣✐ã♦✱ ✉s❛♥❞♦ ♦ ❡s♣❡❧❤♦
❝♦♥✈❡①♦✱ ♦ q✉❛❧ ❛❞✐❝✐♦♥❛ ✉♠ ❛❧❛r❣❛♠❡♥t♦ ♠❛✐♦r✳ ◆ã♦ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ❡st❛s
três r❡❣✐õ❡s ❡stã♦ ❛ss♦❝✐❛❞❛s ❛♦ ✉s♦ ❞♦ ❡s♣❡❧❤♦ ❝♦♥✈❡①♦✳ P❛r❛ ♣♦tê♥❝✐❛s ❛❜❛✐①♦ ❞❡ ✻
❲✱ ❛♣❡♥❛s ❛ ♣r✐♠❡✐r❛ ❡ ❛ t❡r❝❡✐r❛ r❡❣✐õ❡s sã♦ ♦❜s❡r✈❛❞❛s✳

❖ ❡s♣❡❝tr♦ ❞❛ ❝✉r✈❛ ✭❞✮ ❞❛ ✜❣✉r❛ ✻✳✶✶ ♣♦ss✉✐ ✉♠❛ ❧❛r❣✉r❛ ❝♦♥s✐❞❡rá✈❡❧✱ ❡st❡♥❞❡♥❞♦
❞❡s❞❡ ✺✽✺ á ✶✷✵✵ ♥♠ ♥♦ ♥í✈❡❧ ❞❡ ✲✷✵ ❞❇ ❞♦ ♠á①✐♠♦ ❡♠ ✾✽✻ ♥♠✱ ♦✉ ❡♠ ✲✶✵ ❞❇ ❝♦♠
r❡s♣❡✐t♦ à ♣♦tê♥❝✐❛ ❡♠ ✽✵✵ ♥♠✳ ❯♠❛ ✈❡③ q✉❡ ♥❛s ♥♦ss❛s ♠❡❞✐❞❛s ❛ ❞✐r❡çã♦ ❞❡ ♦s❝✐❧❛çã♦
❞♦ ❧❛s❡r t❡♠ s✐❞♦ ♦♣♦st❛ à ❞✐r❡çã♦ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❛ ❧✉③ q✉❡ ❞❡✐①❛ ♦ ❝r✐st❛❧
r❡✢❡t❡ ♥♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛ é tr❛♥s♠✐t✐❞❛ ❛tr❛✈és ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❖s ♣✐❝♦s ❞♦
❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❡♠ ✻✻✵✱ ✻✽✵✱ ❛♥❞ ✾✽✻ ♥♠ ♥❛s ❝✉r✈❛s ✭❝✮ ❡ ✭❞✮ ❞❛ ✜❣✉r❛ ✻✳✶✶ ♦❝♦rr❡♠
❞❡♥tr♦ ❞♦ ♠á①✐♠♦ ❞♦ ❡s♣❡❝tr♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ ❡ ♦s ❜✉r❛❝♦s ❡♠ ✶✶✾✵ ❛♥❞ ✶✷✺✵ ♥♠
sã♦ s✐♠♣❧❡s♠❡♥t❡ ❞❡✈✐❞♦ ❛♦s ♠í♥✐♠♦s ❞❡ r❡✢❡①ã♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✳ ❙✉♣♦♥❞♦ q✉❡
❛ ❧✉③ ❢♦r❛ ❞❛ ❜❛♥❞❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡ ❡ ❞❛ r❡❣✐ã♦ ❞❡ ❣❛♥❤♦ ❞♦ ❝r✐st❛❧ ❞❡
❚✐✿s❛✜r❛ é ❣❡r❛❞❛ ♣♦r ♣❛ss❛❣❡♠ ú♥✐❝❛ ♥♦ ❝r✐st❛❧✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r ❛✉t♦✲♠♦❞✉❧❛çã♦
❞❡ ❢❛s❡✱ ✉♠ ❝♦♥s✐❞❡rá✈❡❧ ❛✉♠❡♥t♦ ♥❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ♥❡ss❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦ s❡r✐❛
♣♦ssí✈❡❧ ♣❡❧❛ ♦t✐♠✐③❛çã♦ ❞❛ tr❛♥s♠✐ssã♦ ♦✉ r❡✢❡①ã♦ ❞♦s ❡s♣❡❧❤♦s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛✳

❙❡ ♦ ❡s♣❡❝tr♦ ❞❛ ❝✉r✈❛ ✭❞✮ ♥❛ ✜❣✉r❛ ✻✳✶✶ é ❝♦rr✐❣✐❞♦ ♣❡❧❛ r❡✢❡t✐✈✐❞❛❞❡ ❞♦s ❡s♣❡❧❤♦s
❞❡ s❛í❞❛ ❡ ❞❡ ❡♥tr❛❞❛ ✭✻✳✶✶✱ ❝✉r✈❛s ✭❡✮ ❡ ✭❢✮✮✱ ♥ós ♦❜t❡♠♦s ♦ ❡s♣❡❝tr♦ ✐♥tr❛❝❛✈✐❞❛❞❡✳
❉❡✜♥✐♥❞♦ ❛ ❜❛♥❞❛ ❞❡ ❝♦♥✜♥❛♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡ ❡♥tr❡ ✻✽✺ ❡ ✾✻✵ ♥♠✱ ❝♦rr❡s♣♦♥❞❡♥❞♦
❛♦s ♣♦♥t♦s ♦♥❞❡ ❛ tr❛♥s♠✐ssã♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛ ❝❛✐ ❡♠ ✷✵✪ ✭❧✐♥❤❛s ✈❡rt✐❝❛✐s ♥❛
✜❣✉r❛ ✻✳✶✶✮✱ ✐♥t❡❣r❛♠♦s ♦ ❡s♣❡❝tr♦ ✐♥tr❛❝❛✈✐❞❛❞❡ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ♣♦r❝❡♥t❛❣❡♠ t♦t❛❧ ❞❡
♣♦tê♥❝✐❛ ❣❡r❛❞❛ ❢♦r❛ ❞❛ ❜❛♥❞❛ ❞❛ ❝❛✈✐❞❛❞❡ ✭♦✉ s❡❥❛✱ ♣♦r ♣❛ss❛❣❡♠ ú♥✐❝❛ ♥♦ ❝r✐st❛❧✮✳
❖❜t✐✈❡♠♦s q✉❡ ✶✼✪ ❞❛ ♣♦tê♥❝✐❛ ✐♥tr❛❝❛✈✐❞❛❞❡ é ❣❡r❛❞❛ ♣♦r ♣❛ss❛❣❡♠ ú♥✐❝❛ ♥♦ ❝r✐st❛❧✳
❊st❛ ❢r❛çã♦ ❛✉♠❡♥t❛ ♣❛r❛ ✼✺✪ q✉❛♥❞♦ ❝♦♥s✐❞❡r❛♠♦s ❛ ♣♦tê♥❝✐❛ ❞✐s♣♦♥í✈❡❧ ❢♦r❛ ❞❛
❝❛✈✐❞❛❞❡✳ ❆ ♠❛✐♦r✐❛ ❞❡st❛ ♣♦tê♥❝✐❛ ❡stá ♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❡♥tr❡ ✾✻✵ ❡ ✶✷✵✵
♥♠✳ ➱ ♣♦ssí✈❡❧ q✉❡ ♦s ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ❝♦♠ ❜❛♥❞❛ ❧❛r❣❛✱ ♦♥❞❡ ❛ ❜❛♥❞❛ ❞❡
r❡✢❡①ã♦ ❡ ❛ ❞✐s♣❡rsã♦ ♥❡❣❛t✐✈❛ ❛❧❝❛♥ç❛♠ ✾✾✵ ♥♠ ❡ ♦ ❢♦❝♦ ♣❡q✉❡♥♦ ❡♠ ✉♠ ❝r✐st❛❧
r❡❧❛t✐✈❛♠❡♥t❡ ❧♦♥❣♦ t❡♥❤❛♠ ✉♠ ♣❛♣❡❧ ✐♠♣♦rt❛♥t❡ ♥♦ ❛✉♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ ❣❡r❛❞❛ ♥♦
✐♥❢r❛✈❡r♠❡❧❤♦✳

❚❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ ❡s♣❡❧❤♦ ❝♦♠ tr❛♥s♠✐ssã♦ r❡❞✉③✐❞❛ ♣❛r❛ ✶✪ s♦❜r❛ ❛
♠❡s♠❛ ❡①t❡♥sã♦ ❡s♣❡❝tr❛❧✳ ◆❡st❡ ❝❛s♦✱ ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❢♦✐ ❜❛s✐❝❛♠❡♥t❡ ❛ ♠❡s♠❛
❡ ♦ ❡s♣❡❝tr♦ ✜❝♦✉ ❧✐❣❡✐r❛♠❡♥t❡ ♠❛✐s ❡str❡✐t♦✳ ❯s❛♥❞♦ ✉♠❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛
♣r❡✈✐❛♠❡♥t❡ ✉s❛❞❛ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥t✐♥✉♦ ❝♦♠ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ♥ã♦
♦❜s❡r✈❛♠♦s ❛❧t❡r❛çã♦ ♥♦ ❡s♣❡❝tr♦✳

❆ ✜❣✉r❛ ✻✳✶✷ ♠♦str❛ ❛ ❝✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ❡st❛ ❝❛✈✐❞❛❞❡✳ ❆ ❝✉r✈❛ ✭❛✮ é
r❡❢❡r❡♥t❡ ❛ ❝❛✈✐❞❛❞❡ ♦t✐♠✐③❛❞❛ ♣❛r❛ ♦♣❡r❛çã♦ ❈❲✱ ❛❧✐♥❤❛❞❛ ♥♦ ❝❡♥tr♦ ❞❛ s✉❛ r❡❣✐ã♦
❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ ❆ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✸✷✪ ✭✶✳✺ ❲ ♣❛r❛ ✺ ❲ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✮ ❡ ♦ ❜❛✐①♦
❧✐♠✐❛r ✭✸✺✵ ♠❲✮ sã♦ ❝♦♥s❡qüê♥❝✐❛ ❞♦ ❞❡s❡♥❤♦ ❝♦♠♣❛❝t♦ ❝♦♠ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❞❡♥tr♦
❞♦ ❝r✐st❛❧ ♣❡q✉❡♥❛✳ ❆ ❝✉r✈❛ ✭❜✮ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❡s♣❡❝tr♦ ❞❛ ❝✉r✈❛ ✭❝✮ ♥❛ ✜❣✉r❛ ✻✳✶✶✱



✻✳✷✳ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ✻✼

❋✐❣✉r❛ ✻✳✶✷✿ P♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞♦ ❧❛s❡r ♣❛r❛ ❛ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❈✉r✈❛ ✭❛✮✱
♦♣❡r❛çã♦ ❝✇❀ ✭❜✮✱ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦rr❡s♣♦♥❞❡♥t❡ à ❝✉r✈❛ ✭❝✮ ❞❛ ✜❣✉r❛ ✻✳✶✶❀ ✭❞✮✱
♦♣❡r❛çã♦ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝♦rr❡s♣♦♥❞❡♥t❡ à ❝✉r✈❛ ✭❞✮ ❞❛ ✜❣✉r❛ ✻✳✶✶✳ ●rá✜❝♦
♣❡q✉❡♥♦✱ ❜❛t✐♠❡♥t♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳

♦❜t✐❞♦ ♥❛ ♣r✐♠❡✐r❛ r❡❣✐ã♦ ❞✐s❝✉t✐❞❛ ❛❝✐♠❛✳ ❋♦✐ ♦❜t✐❞❛ ✉♠❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✼✪ ✭✸✸✵ ♠❲
❡ ✺✻✵ ♠❲ ♣❛r❛ ✺ ❲ ❡ ✼ ❲ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮ ❡ ✉♠ ❧✐♠✐❛r ♣ró①✐♠♦
❞❡ ✸ ❲ ♣❛r❛ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❊♠❜♦r❛ ♦s❝✐❧❛çã♦ ❈❲ ♣♦ss❛ ♦❝♦rr❡r ♣❛r❛
♣♦tê♥❝✐❛s ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❛❜❛✐①♦ ❞❡ ✸ ❲✱ ✐st♦ ♥ã♦ é ♦❜s❡r✈❛❞♦ ♣❛r❛ ♣♦tê♥❝✐❛s ❞❡
❜♦♠❜❡❛♠❡♥t♦ ♠❛✐♦r❡s✳ ❆s ❈✉r✈❛s ✭❛✮✱ ✭❜✮ ❡ ✭❝✮ ❞❛ ✜❣✉r❛ ✻✳✶✶ ❢♦r❛♠ ♦❜t✐❞❛s ❝♦♠ ✺
❲ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❡ ❛ ❝✉r✈❛ ✭❞✮ ❝♦♠ ✽ ❲✳ ❊♥tr❡t❛♥t♦✱ ♥ã♦ ❤á ✈❛r✐❛çã♦ s✐❣♥✐✜❝❛t✐✈❛
♥♦ ❡s♣❡❝tr♦ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ❆ ❝✉r✈❛ ✭❝✮ ♥❛ ✜❣✉r❛
✻✳✶✷ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠❛✐♦r ❡s♣❡❝tr♦ ♦❜t✐❞♦ ✭❝✉r✈❛ ❞✱ ✜❣✉r❛ ✻✳✶✷✮✱ ❝♦rr❡s♣♦♥❞❡♥t❡ à
s❡❣✉♥❞❛ r❡❣✐ã♦ ❞✐s❝✉t✐❞❛ ❛❝✐♠❛✳ ❊st❛ ❝✉r✈❛ ♠♦str❛ ✉♠ r❡❣✐♠❡ ❜✐❡stá✈❡❧ s❡♠❡❧❤❛♥t❡ à
❤✐st❡r❡s❡ ❝♦♠ ❛ ♣♦tê♥❝✐❛ ♠✉❞❛♥❞♦ ❛❧❣✉♠❛s ✈❡③❡s ❞❡s❝♦♥t✐♥✉❛♠❡♥t❡ ❡ ❞❡ ♠❛♥❡✐r❛ q✉❡
❞❡♣❡♥❞❡ s❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡stá ❛✉♠❡♥t❛♥❞♦ ♦✉ ❞❡❝r❡s❝❡♥❞♦✳ ▼✉❞❛♥❞♦
s♦♠❡♥t❡ ❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❞✉❛s ♣♦tê♥❝✐❛s ❞❡ s❛í❞❛
♣❛r❛ ❛ ♠❡s♠❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱ ♥❡st❡ ❝❛s♦✱ ♦❜t❡♠♦s r❡❣✐♠❡ ❞❡
♠♦❞♦s tr❛✈❛❞♦s ❝♦♠ ❜♦♠❜❡❛♠❡♥t♦ ♠❛✐♦r q✉❡ ✻❲✳

❆s ✜❣✉r❛s ✻✳✶✸ ♠♦str❛♠ ❢♦t♦❣r❛✜❛s ❞♦ ❢❡✐①❡ ❞♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❆s
✜❣✉r❛s ✭❛✮ ❡ ✭❜✮ ❝♦rr❡s♣♦♥❞❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛♦s ❢❡✐①❡s q✉❡ ♦s❝✐❧❛♠ ♥❛ ❝❛✈✐❞❛❞❡ ♥❛
❞✐r❡çã♦ ❝♦♥trár✐❛ ❡ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ ❞♦ ❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ❆ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s
❞♦✐s ❢❡✐①❡s é ❣r✐t❛♥t❡✳ ◆♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ♦ ❢❡✐①❡ t❡♠ ✉♠ ❢♦r♠❛t♦ q✉❛s❡ q✉❡ ❡❧í♣t✐❝♦
❛❧♦♥❣❛❞♦ ♥❛ ✈❡rt✐❝❛❧✳ ❖ ♦✉tr♦ ❢❡✐①❡ t❡♠ ✉♠ ❢♦r♠❛t♦ ❛❧♦♥❣❛❞♦ ♣❛r❛ ❛ ❤♦r✐③♦♥t❛❧✳
❖✉tr❛ ❞✐❢❡r❡♥ç❛ é ❛ ❞✐✈❡r❣ê♥❝✐❛ ❞♦s ❢❡✐①❡s✳ ❖ ♣r✐♠❡✐r♦ ♣♦ss✉✐ ✉♠ t❛♠❛♥❤♦ ❞❛ ♦r❞❡♠
❞❡ ✶ ❛ ✷ ♠♠ ❞❡ ❧❛r❣✉r❛✴❛❧t✉r❛ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ✸✵ ❝♠ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✳ ❖
s❡❣✉♥❞♦ ♣♦ss✉✐ ❧❛r❣✉r❛ ❞❛ ♦r❞❡♠ ❞❡ ✼ ♠♠ ♥❡st❛ ♠❡s♠❛ ❞✐stâ♥❝✐❛✳



✻✽ ✻✳ ❘❡s✉❧t❛❞♦s

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✻✳✶✸✿ P❡r✜❧ ❞♦ ❢❡✐①❡ ❞♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ♣❛r❛ ♦ ❢❡✐①❡
❝✐r❝✉❧❛♥❞♦ ✭❛✮ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❡ ✭❜✮ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳

◆❡st❛ ❝❛✈✐❞❛❞❡ t❛♠❜é♠ ♠✉❞❛♠♦s ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ✶ ●❍③ ❛té ✷✱✶✷ ●❍③ ❡♠
✶✺ ♣❛ss♦s ✐♥t❡r♠❡❞✐ár✐♦s✳ ❍❛✈✐❛ ❞ú✈✐❞❛ s❡ ✐ss♦ s❡r✐❛ ♣♦ssí✈❡❧✱ ♣♦✐s q✉❛♥❞♦ s❡ ❛✉♠❡♥t❛
❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦✱ ❞✐♠✐♥✉✐✲s❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞♦ ♣✉❧s♦ ❡ ✐ss♦ ♣♦❞❡r✐❛ ❞✐♠✐♥✉✐r
♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ ❑❡rr✳ ❆❧❣✉♥s ❞♦s ❡s♣❡❝tr♦s ♦❜t✐❞♦s ❡ ❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ♣♦tê♥❝✐❛s
❛❧❝❛♥ç❛❞❛s sã♦ ♠♦str❛❞❛s ♥❛s ✜❣✉r❛s ✻✳✶✹ ❡ ✻✳✶✺✳ ❖ ❛✉♠❡♥t♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ♥ã♦
♠✉❞♦✉ s❡♥s✐✈❡❧♠❡♥t❡ ♦ ❢♦r♠❛t♦ ❞♦ ❡s♣❡❝tr♦✳ ❆ ♠✉❞❛♥ç❛ ❞❛ ♣♦tê♥❝✐❛ ❛♣r❡s❡♥t❛❞❛ ❛♦
✈❛r✐❛r frep ❞❡✈❡✲s❡ ❜❛s✐❝❛♠❡♥t❡ ❛ ♠✉❞❛♥ç❛s ♣r♦❞✉③✐❞❛s ♥♦ ❛❧✐♥❤❛♠❡♥t♦ ❞♦s ❡s♣❡❧❤♦s✱
♥ã♦ s❡♥❞♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✉♠ ✈❛❧♦r ♦t✐♠✐③❛❞♦✳

❋✐❣✉r❛ ✻✳✶✹✿ ❊s♣❡❝tr♦s ♦❜t✐❞♦s ❛♦ ❛✉♠❡♥t❛r ❣r❛❞❛t✐✈❛♠❡♥t❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r
❞❡ ✹ ❡s♣❡❧❤♦s✱ ❞❡ ✶ ●❍③ ♣❛r❛ ✷✱✶✷ ●❍③✳



✻✳✷✳ ▲❛s❡r ❝♦♠ ●❱❉ ♣ró①✐♠❛ ❞❡ ③❡r♦✱ ❝❛✈✐❞❛❞❡ ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ✻✾

❋✐❣✉r❛ ✻✳✶✺✿ P♦tê♥❝✐❛ ♦❜t✐❞❛ ✈s✳ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❖s ♣♦♥t♦s
❛ss✐♥❛❧❛❞♦s ❝♦♠ ❧❡tr❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❡s♣❡❝tr♦s ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✹✳

❖ ❛✉♠❡♥t♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ♣❛r❛ ✷✱✶✷ ●❍③✱ ♥ã♦ ♠✉❞♦✉ s❡♥sí✈❡❧♠❡♥t❡ ♦ ❧✐♠✐❛r
♣❛r❛ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ s❡♥❞♦ ❛❣♦r❛ ❞❡ ✸✱✺ ❲ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ✭✜❣✉r❛ ✻✳✶✻✮✳
P♦ré♠ ❛ ❡✜❝✐ê♥❝✐❛ ♣❛r❡❝❡ t❡r ❛✉♠❡♥t❛❞♦✱ ♣r♦❞✉③✐♥❞♦ ❛❣♦r❛ ❝❡r❝❛ ❞❡ ✾✺✵ ♠❲✱ s❡♠
♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❜✐❡st❛❜✐❧✐❞❛❞❡ ❛♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❝❛✈✐❞❛❞❡ ♥❛s ❝♦♥❞✐çõ❡s ❞❡s❝r✐t❛
♣❛r❛ ❛ ✜❣✉r❛ ✻✳✶✷✳ ❊♠❜♦r❛ ❝❛✈✐❞❛❞❡s ♣❡q✉❡♥❛s t❡♥❤❛♠ ❛ t❡♥❞ê♥❝✐❛ ❞❡ ❛♣r❡s❡♥t❛r
❡✜❝✐ê♥❝✐❛s ♠❛✐♦r❡s✱ ❛ ♠❡❧❤♦r❛ ♥❛ ❝✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♥❡st❡ ❝❛s♦ ♣♦❞❡ t❡r s✐❞♦ ❞❡❝♦r✲
rê♥❝✐❛ ❛♣❡♥❛s ❞❡ ✉♠ ❛❧✐♥❤❛♠❡♥t♦ ❞✐❢❡r❡♥t❡ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✱ ❝r✐st❛❧ ❡ ❧❡♥t❡ ❞❡
❡♥tr❛❞❛✳ ❊♠ ❧❛s❡rs ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ q✉❡ sã♦ s❡♥sí✈❡✐s ❛ ❡ss❡s ♣❛râ♠❡tr♦s ❡ ❛♣r❡✲
s❡♥t❛♠ ❞❡♣❡♥❞ê♥❝✐❛ ♥ã♦ ❧✐♥❡❛r ❞❡ ✈ár✐♦s ❢❛t♦r❡s✱ ♥ã♦ é tr✐✈✐❛❧ ✐❞❡♥t✐✜❝❛r ❡ s❡♣❛r❛r ❛
❝♦♥tr✐❜✉✐çã♦ ❞❡ ❝❛❞❛ ❡❧❡♠❡♥t♦ ❡♠ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦
❞❛ ♣♦tê♥❝✐❛ ♥ã♦ t❡r ✈❛r✐❛❞♦ ❞❡ ❢♦r♠❛ ❝♦♥st❛♥t❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
✭✜❣✉r❛ ✻✳✶✺✮ é ♠❛✐s ♣r♦✈á✈❡❧ q✉❡ ❡ss❛ ♠❡❧❤♦r❛ t❡♥❤❛ ♦❝♦rr✐❞♦ ♣♦r ✉♠ ♠❡❧❤♦r ❛❧✐♥✲
❤❛♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡ ❡ ♥ã♦ ♣❡❧❛ ❞✐♠✐♥✉✐çã♦ ❞❡ s❡✉ t❛♠❛♥❤♦✳

❖ ❡s♣❡❝tr♦ ❞❡ss❡ ❧❛s❡r t❛♠❜é♠ ♥ã♦ ♠✉❞❛ s❡♥s✐✈❡❧♠❡♥t❡ ❝♦♠ ❛ ♠✉❞❛♥ç❛ ♥❛ ♣♦tê♥✲
❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ✜❣✉r❛ ✻✳✶✼✳ ■ss♦ ✐♥❞✐❝❛ q✉❡✱ ❛ ♣❛rt✐r ❞❡ ✉♠
❝❡rt♦ ❧✐♠✐❛r ❞❡ ♣♦tê♥❝✐❛ ✐♥tr❛❝❛✈✐❞❛❞❡✱ ♦s ❡❢❡✐t♦ q✉❡ ❣❡r❛♠ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s ♠♦❞♦s
✭❧❡♥t❡ ❑❡rr✮ ❡ ♣r♦✈♦❝❛♠ ♦ ❛❧❛r❣❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦ ❞❡♣❡♥❞❡♠ ✭❡ ❞❡ ♠❛♥❡✐r❛ ❝rít✐❝❛✮
❞❡ ❞♦✐s ❢❛t♦r❡s ♣r✐♥❝✐♣❛✐s✿ ✭✶✮ ❛ ❞✐s♣❡rsã♦ t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ ❡st❛r ♣ró①✐♠❛ ❞❡ ③❡r♦ ❡ ✭✷✮
❝♦♥✜❣✉r❛çã♦ ❞❛ ❝❛✈✐❞❛❞❡ s❡r t❛❧ q✉❡ δ < 0 ✭❡q✉❛çã♦ ✹✳✺✮✱ q✉❡ é ❛❥✉st❛❞♦ ♣❡❧❛ ♣♦s✐çã♦
r❡❧❛t✐✈❛ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ❡ ♦ ❝r✐st❛❧ ❡ ♣❡❧❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❛st✐❣♠❛t✐s♠♦✳



✼✵ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✶✻✿ ❈✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ♦ ❧❛s❡r ❝♦♠ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ✷✱✶✷ ●❍③✳ ❆♦ ✈❛r✐❛r
❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❡✈❡♥t✉❛❧♠❡♥t❡ ♦ ❧❛s❡r ♣❡r❞❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞♦s ♠♦❞♦s✱ s❡♥❞♦
♥❡❝❡ssár✐♦ ♠♦✈✐♠❡♥t❛r ❧✐❣❡✐r❛♠❡♥t❡ ✉♠ ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳ ◆❡st❛ ✜❣✉r❛✱ ❛ ♠✉❞❛♥ç❛ ♥♦
sí♠❜♦❧♦ s✐❣♥✐✜❝❛ q✉❡ ❡ss❡ ❛❥✉st❡ ❢♦✐ ♥❡❝❡ssár✐♦✳

❋✐❣✉r❛ ✻✳✶✼✿ ❈♦rr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ ❡s♣❡❝tr♦s ❞♦ ❧❛s❡r ❡ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ♣❛r❛ ♦
❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s ❝♦♠ ✶ ●❍③ ❞❡ t❛①❛ ❞❡ r❡♣❡t✐çã♦✳



✻✳✸✳ ▲❛s❡r ❝♦♠ ●❱❉ ♥❡❣❛t✐✈❛✱ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ✼✶

✻✳✸ ▲❛s❡r ❝♦♠ ●❱❉ ♥❡❣❛t✐✈❛✱ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s✲
♣❡❧❤♦s

❖ ❧❛s❡r ❞❡ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ❢♦✐ ❝♦♥str✉í❞♦ ❡♠ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❡s♣❡❧❤♦s✱
❛♠❜❛s ❝♦♠ ❞✐s♣❡rsã♦ ♥❡❣❛t✐✈❛ ❡ q✉❡ ♣r♦❞✉③✐r❛♠ r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s✳ ❆s ❞✉❛s
❝♦♥✜❣✉r❛çõ❡s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ t❛❜❡❧❛ ✻✳✶✱ t❡♥❞♦ ❝♦♠♦ ❜❛s❡ ❛ ✜❣✉r❛ ✻✳✺✳ P♦r
♣♦ss✉✐r ❞✐s♣❡rsã♦ t♦t❛❧ ✐♥tr❛❝❛✈✐❞❛❞❡ ❜❛st❛♥t❡ ♥❡❣❛t✐✈❛ ✭✲✻✵ ❢s2✮✱ ♦ ❡s♣❡❝tr♦ ♣r♦❞✉③✐❞♦
❝♦♠ ❡st❡ ❧❛s❡r ❝♦❜r❡ ♥♦ ♠á①✐♠♦ ♣♦✉❝❛s ❞❡③❡♥❛s ❞❡ ♥♠✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ✜❜r❛
♠✐❝r♦❡str✉t✉r❛❞❛ ♣❛r❛ ♣r♦❞✉③✐r ✉♠ ❡s♣❡❝tr♦ ❞❡ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛✳

❊s♣❡❧❤♦s ❈♦♥✜❣✉r❛çã♦ ✶ ❈♦♥✜❣✉r❛çã♦ ✷
●❱❉ ●❱❉

E1✱ ❈✉r✈♦✱ ❘❂✸❝♠ ✹✵❢s2 ✹✵❢s2

E2✱ ❈✉r✈♦✱ ❘❂✸❝♠ ✻✵❢s2 ✲
E3✱ P❧❛♥♦ ✻✵❢s2 ✻✵❢s2

E4✱ ❊s♣❡❧❤♦ ❞❡ s❛í❞❛ ❚❂✷✪ < ✷✵❢s2 < ✷✵❢s2

M1 ❡ M1✱ ❡s♣❡❧❤♦s ❝♦♠ ✼✵❢s2 ✼✵❢s2

❝♦♠♣❡♥s❛çã♦ ❞❡ ♦s❝✐❧❛çã♦ ❞❡ ●❱❉

❚❛❜❡❧❛ ✻✳✶✿ ❈♦♥✜❣✉r❛çã♦ ❞❛ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ✭✜❣✉r❛ ✻✳✺✮✳ ❖ ❡s♣❡❧❤♦ E2 ❞❛ s❡❣✉♥❞❛
❝♦♥✜❣✉r❛çã♦ ♥ã♦ ♣♦ss✉✐ ●❱❉ ❢♦r♥❡❝✐❞❛ ♣❡❧♦ ❢❛❜r✐❝❛♥t❡✳

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛ ❛♦ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s✱ ❛ ♣♦s✐çã♦ ❞♦ ❝r✐st❛❧
❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s ❝✉r✈♦s t❛♠❜é♠ é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ♦ r❡❣✐♠❡ ❞❡ ♦♣❡r❛çã♦ ❞♦
❧❛s❡r✳ ❊♥tr❡t❛♥t♦✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♦❜s❡r✈❛❞♦ ♣❛r❛ ❛♠❜♦s ♦s ❧❛s❡rs é s❡♥s✐✈❡❧♠❡♥t❡
❞✐❢❡r❡♥t❡✳ ❆ss✐♠ ❝♦♠♦ ♥♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s✱ ❡①✐st❡ ❛♣❡♥❛s ✉♠❛ ♣❡q✉❡♥❛ r❡❣✐ã♦ ✭✵✱✽✻
♠♠ ❞❡ ❧❛r❣✉r❛✮ ❡♠ q✉❡ ♣♦❞❡♠♦s ♠♦✈❡r ♦ ❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s ❝✉r✈♦s ♦♥❞❡
♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❊♥tr❡t❛♥t♦✱ ♥❡st❡ ❝❛s♦ ❛ ♦s❝✐❧❛çã♦ ❞♦
❧❛s❡r ❡♠ ✉♠❛ ♦✉ ♦✉tr❛ ❞✐r❡çã♦ ♦❝♦rr❡ ❞❡ ♠❛♥❡✐r❛ ♠❛✐s ♦✉ ♠❡♥♦s ❛❧❡❛tór✐❛✳ ❆ ♣♦s✐çã♦
❞♦ ❡s♣❡❧❤♦ ❝✉r✈♦ ♠✉❞❛ ♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✧❝❤✐r♣✐♥❣✧✱ ✐♠♣❧✐❝❛♥❞♦
❡♠ ❞✐❢❡r❡♥t❡s ❢♦r♠❛t♦s ❞♦ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧✳

❆ ✜❣✉r❛ ✻✳✶✽ ♠♦str❛ ♦s ❣rá✜❝♦s ❞♦ ❢♦r♠❛t♦ ❞♦ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧ ✭✭❛✮✱
✭❝✮ ❡ ✭❡✮✮ ❡ ♦s r❡s♣❡❝t✐✈♦s ❡s♣❡❝tr♦s ✭✭❜✮✱ ✭❞✮ ❡ ✭❢✮✮ ♦❜t✐❞♦s ♣♦r ✉♠ ❋❘❖● ❬✸✾❪✳ ❆s
três s✐t✉❛çõ❡s ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞✐❢❡r❡♥t❡s ♣♦s✐çõ❡s ❞♦ ❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦ ❡s♣❡❧❤♦
❝✉r✈♦ ❞❡ ❡♥tr❛❞❛✱ ❝♦❜r✐♥❞♦ t♦❞❛ ❛ r❡❣✐ã♦ ♦♥❞❡ ♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s✿✭❛✮ ❡ ✭❜✮✱ ❝r✐st❛❧ ♥♦ ❧✐♠✐t❡ ❞❡ss❛ r❡❣✐ã♦ ♠❛✐s ♣ró①✐♠♦ ❞♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛
✭E1✱ ✜❣✉r❛ ✻✳✺✮❀ ✭❝✮ ❡ ✭❞✮✱ ❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✶✷ ♠♠ ❡♠ ❞✐r❡çã♦ ❛♦ ❡s♣❡❧❤♦ E2❀ ✭❡✮
❡ ✭❢✮✱ ❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✽✻ ♠♠ ❡♠ r❡❧❛çã♦ ❛ ♣♦s✐çã♦ ❡♠ ✭❛✮ ❡ ✭❜✮✱ ❡♠ ❞✐r❡çã♦ ❛♦
❡s♣❡❧❤♦ E2✳ ◗✉❛♥t♦ ♠❛✐s ♣ró①✐♠♦ ♦ ❝r✐st❛❧ ❡stá ❞♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛✱ ♠❛✐s ❧❛r❣♦ é ♦
❡s♣❡❝tr♦✳ ❆❧é♠ ❞✐ss♦✱ t❡♠♦s ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ s❡❣✉♥❞♦ ♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧✳
◗✉❛♥❞♦ ❛❢❛st❛♠♦s ♦ ❝r✐st❛❧ ❞❡st❡ ❡s♣❡❧❤♦✱ ✉♠ ❞♦s ♣✐❝♦s t❡♥❞❡ ❛ ❞❡s❛♣❛r❡❝❡r ❡ ♦
❡s♣❡❝tr♦ t❡♥❞❡ ❛ ✜❝❛r ♠❛✐s ✜♥♦✱ ♣♦ré♠ ♠❛✐s s✐♠étr✐❝♦✳ ❊ss❡s ❞❛❞♦s t❛♠❜é♠ ♥♦s
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♠♦str❛♠ q✉❡ ♣♦❞❡♠♦s ♠♦✈❡r ♦ ❝r✐st❛❧ ❞❡♥tr♦ ❞❡ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣❡♥❛s ✵✱✽✻ ♠♠
s❡♠ s❛✐r ❞❛ r❡❣✐ã♦ ♦♥❞❡ ♦ ❧❛s❡r ❡♥tr❛ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ♦ q✉❡ ✐♥❞✐❝❛ ❝♦♠♦
♦ ❛❧✐♥❤❛♠❡♥t♦ ❞❡st❡ ❧❛s❡r é ❝rít✐❝♦✳

❋✐❣✉r❛ ✻✳✶✽✿ ❋♦r♠❛t♦ ❞♦ ♣✉❧s♦ ❡ ❢❛s❡ t❡♠♣♦r❛❧ ✭✭❛✮✱ ✭❝✮ ❡ ✭❡✮✮ ❡ ❡s♣❡❝tr♦ ✭✭❜✮✱ ✭❞✮ ❡ ✭❢✮✮ ❞♦
❧❛s❡r ❞❡ ✻ ❡s♣❡❧❤♦s✱ ♣❛r❛ três ♣♦s✐çõ❡s ❞♦ ❝r✐st❛❧✱ ❝♦❜r✐♥❞♦ t♦❞❛ ❛ r❡❣✐ã♦ ❡♠ q✉❡ ♦ ❧❛s❡r ♣♦❞❡
❡♥tr❛r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✿✭❛✮ ❡ ✭❜✮✱ ❝r✐st❛❧ ♥♦ ❧✐♠✐t❡ ❞❡ss❛ r❡❣✐ã♦ ♠❛✐s ♣ró①✐♠♦
❞♦ ❡s♣❡❧❤♦ ❞❡ ❡♥tr❛❞❛ ✭E1✱✜❣✉r❛ ✻✳✺✮❀ ✭❝✮ ❡ ✭❞✮✱ ❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✶✷ ♠♠ ❡♠ ❞✐r❡çã♦
❛♦ ❡s♣❡❧❤♦ E2❀ ✭❡✮ ❡ ✭❢✮✱ ❝r✐st❛❧ ❞❡s❧♦❝❛❞♦ ❡♠ ✵✱✽✻ ♠♠ ❡♠ r❡❧❛çã♦ ❛ ♣♦s✐çã♦ ❡♠ ✭❛✮ ❡ ✭❜✮✱
❡♠ ❞✐r❡çã♦ ❛♦ ❡s♣❡❧❤♦ E2✳



✻✳✸✳ ▲❛s❡r ❝♦♠ ●❱❉ ♥❡❣❛t✐✈❛✱ ❝❛✈✐❞❛❞❡ ❞❡ s❡✐s ❡s♣❡❧❤♦s ✼✸

❖s ❣rá✜❝♦s ❞♦s ❡s♣❡❝tr♦s ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✽✱ ❝❛❧❝✉❧❛❞♦s ❛tr❛✈és ❞♦ ❢♦r♠❛t♦
❞♦ ♣✉❧s♦ ♠❡❞✐❞♦✱ ❛ss❡♠❡❧❤❛♠✲s❡ ♠✉✐t♦ ❛♦ q✉❡ é ♦❜t✐❞♦ ❝♦♠ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s✲
♣❡❝tr♦ ó♣t✐❝♦ ✭❖❙❆✮✱ ✜❣✉r❛ ✻✳✶✾✳ ❆ ❝✉r✈❛ ❡♠ ❧✐♥❤❛ só❧✐❞❛ r❡❢❡r❡✲s❡ ❛ ✉♠ ❡s♣❡❝tr♦
❝♦rr❡s♣♦♥❞❡♥t❡ á ❢♦r♠❛çã♦ ❞❡ ❞♦✐s ♣✉❧s♦s✱ ❝♦♥❢♦r♠❡ ♠♦str❛♠ ❛s ✜❣✉r❛s ✻✳✶✽ ✭❛✮ ❡ ✭❜✮
❡ ❛ ❝✉r✈❛ ❡♠ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ú♥✐❝♦ ♣✉❧s♦ ❝♦♠ ❧❛r❣✉r❛
❛ ♠❡✐❛ ❛❧t✉r❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✺✵ ❢s✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ✜❣✉r❛ ✻✳✶✽ ✭❡✮ ❡ ✭❢✮✳
◆❡st❡ ú❧t✐♠♦ ❝❛s♦✱ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s é ♠❛✐s s❡♥sí✈❡❧ ❛ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❡ ❛
r❡tr♦❛❧✐♠❡♥t❛çã♦ ó♣t✐❝❛ ❡ ❡①✐❣❡ ✉♠ ❝✉✐❞❛❞♦ ♠❛✐♦r ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ ❛❥✉st❡ ❞♦s â♥✲
❣✉❧♦s ❞♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳ ❆♣❡s❛r ❞✐ss♦ ❡ ❞❡ ♣♦ss✉✐r ❛ ♠❡♥♦r ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧✱ ❡st❛
s✐t✉❛çã♦ é ❛ ♠❛✐s ❞❡s❡❥❛❞❛✱ ♣♦✐s t♦❞❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ❡stá ❝♦♥❝❡♥tr❛❞❛ ❡♠ ✉♠ ú♥✐❝♦
♣✉❧s♦✳

❋✐❣✉r❛ ✻✳✶✾✿ ❊s♣❡❝tr♦s ♦❜t✐❞♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ♣♦s✐çõ❡s ❞♦ ❝r✐st❛❧ ♣❛r❛ ♦ ❧❛s❡r ❞❡ s❡✐s
❡s♣❡❧❤♦s✳ ❈✉r✈❛ tr❛❝❡❥❛❞❛ ♣♦ss✉✐ ❧❛r❣✉r❛ ❛ ♠❡✐❛ ❛❧❣✉r❛ ❞❡ ✽ ♥♠✳

❖ ♣❡r✜❧ ❡s♣❛❝✐❛❧ ❞❡ ❛♠❜♦s ♦s ❧❛s❡rs t❛♠❜é♠ ♠✉❞❛ s❡♥s✐✈❡❧♠❡♥t❡✳ ❆s ✜❣✉r❛s ✻✳✷✵
sã♦ ❢♦t♦❣r❛✜❛s ❞♦ ♣❡r✜❧ ❞♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡♠ três ❝♦♥❞✐çõ❡s✿ ✭❛✮ ♦s ❞♦✐s ❢❡✐①❡s
❝✐r❝✉❧❛♥t❡s ♥❛ ❝❛✈✐❞❛❞❡ q✉❛♥❞♦ ♦ ❧❛s❡r ❡♥❝♦♥tr❛✲s❡ ❡♠ r❡❣✐♠❡ ❝✇✳ ❆♠❜♦s ♦s ❢❡✐①❡s
✜❝❛♠ ❧✐❣❡✐r❛♠❡♥t❡ ❛❧♦♥❣❛❞♦s ♣♦✐s ❛ ❝❛✈✐❞❛❞❡ ❡♥❝♦♥tr❛✲s❡ ♣ró①✐♠❛ ❛ ❜♦r❞❛ ❞❛ r❡❣✐ã♦
❞❡ ❡st❛❜✐❧✐❞❛❞❡✳ ◆♦ ❝❡♥tr♦ ❞❡st❛ r❡❣✐ã♦✱ ♦ ❢♦r♠❛t♦ ❞♦ ❢❡✐①❡ é ❝✐r❝✉❧❛r❀ ✭❜✮ ❡ ✭❝✮ ❧❛s❡r
❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ♦s❝✐❧❛♥❞♦ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ ✭❜✮ ❡ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛
✭❝✮ ❛♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ q✉❡ ♦❝♦rr❡ ❝♦♠ ♦ ❧❛s❡r ❞❡ q✉❛tr♦
❡s♣❡❧❤♦s ✭✜❣✉r❛ ✻✳✶✸✮✱ ♦ ❢❡✐①❡ ❞♦ ❧❛s❡r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s t♦r♥❛✲s❡ ❜❡♠
❝✐r❝✉❧❛r✱ ❡♠❜♦r❛ ❛♣r❡s❡♥t❡ t❛♠❜é♠ ✉♠❛ ✏❝♦r♦❛ ✈❡r♠❡❧❤❛✑ ❡♠ t♦r♥♦ ❞♦ ❢❡✐①❡ ❝❡♥tr❛❧✳
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❊st❛s ✜❣✉r❛s ❝♦rr❡s♣♦♥❞❡♠ à ♠❡s♠❛ s✐t✉❛çã♦ ❞❡ ❛❧✐♥❤❛♠❡♥t♦ q✉❡ ❛s ✜❣✉r❛s ✻✳✶✽ ✭❛✮
❡ ✭❜✮✳ ◗✉❛♥❞♦ ❧❡✈❛♠♦s ♦ ❧❛s❡r ♣❛r❛ ❛ s✐t✉❛çã♦ ❞❛s ✜❣✉r❛s ✻✳✶✽ ✭❝✮ ❡ ✭❞✮✱ ❡st❛ ✏❝♦r♦❛
✈❡r♠❡❧❤❛✑ ❞❡s❛♣❛r❡❝❡ ❡ ✜❝❛♠♦s ❝♦♠ ✉♠ ❢❡✐①❡ ❜❡♠ ❝✐r❝✉❧❛r✳ ❉❡ ♠❛♥❡✐r❛ s❡♠❡❧❤❛♥t❡
❛♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s✱ ♦ ❢❡✐①❡ ♥❛ ❞✐r❡çã♦ ❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ♣♦ss✉✐ ❞✐â♠❡tr♦
♠❛✐♦r q✉❡ ♦ ❢❡✐①❡ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛✳ ❆ ✸✵ ❝♠ ❞♦ ❡s♣❡❧❤♦ ❞❡ s❛í❞❛✱ ♦ ❢❡✐①❡ ♥❛ ❞✐r❡çã♦
❞♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ♣♦ss✉✐ ❞✐â♠❡tr♦ ❡♥tr❡ ✶ ❡ ✶✱✺ ♠♠ ❞❡ ❞✐â♠❡tr♦✱ ❡♥q✉❛♥t♦ ♦
❢❡✐①❡ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❛♣r❡s❡♥t❛ ❞✐â♠❡tr♦ ♠❡♥♦r q✉❡ ✶ ♠♠✳ ■ss♦ s❡ ❞❡✈❡ ❛♦ ❢❛t♦
q✉❡ ♦ ❝r✐st❛❧ ♥ã♦ ❡stá ❡♠ ✉♠❛ ♣♦s✐çã♦ s✐♠étr✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✳

❆ ❝♦❧♦r❛çã♦ ❡ ♦ ❢♦r♠❛t♦ ❞♦s ❢❡✐①❡s ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❡ ❝✇ ✭❝✇ ❝♦♠
❝❛✈✐❞❛❞❡ ❛❧✐♥❤❛❞❛ ♣❛r❛ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✮ sã♦ ❢❛t♦r❡s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ♦
❛❧✐♥❤❛♠❡♥t♦ ❞❛ ❝❛✈✐❞❛❞❡✳ ❊st❡s ♣❛râ♠❡tr♦s ✐♥❞✐❝❛♠ q✉❛♥❞♦ ❛ ❝❛✈✐❞❛❞❡ ❞♦ ❧❛s❡r ❡stá
❡♠ ✉♠ ❛❧✐♥❤❛♠❡♥t♦ ❜♦♠ ♣❛r❛ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱ ♣ró①✐♠♦ ♦✉ ❧♦♥❣❡ ❞❡st❛
❝♦♥❞✐çã♦✳ ❊♠ ✉♠ ❧❛s❡r ❝✇✱ ❛ ♦t✐♠✐③❛çã♦ ❞♦ ❧❛s❡r é ❢❡✐t❛ ♦❜s❡r✈❛♥❞♦ ❛ ♣♦tê♥❝✐❛ ❞❡
s❛í❞❛✳ ◗✉❛♥t♦ ♠❛✐s ❛❧t❛ ❛ ♣♦tê♥❝✐❛✱ ♠❡❧❤♦r ♦ ❛❧✐♥❤❛♠❡♥t♦✳ ❊♠ ❧❛s❡rs ❞❡ ♠♦❞♦s
tr❛✈❛❞♦s✱ ❛❧t❛ ♣♦tê♥❝✐❛ ♥ã♦ s✐❣♥✐✜❝❛ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❜♦♠ ❛❧✐♥❤❛♠❡♥t♦✳ ◆❡st❡ ❝❛s♦✱
❞❡✈❡✲s❡ ♣r✐♠❡✐r❛♠❡♥t❡ ♠✉❞❛r ♦s ♣❛râ♠❡tr♦s ❞❛ ❝❛✈✐❞❛❞❡ ♦❜s❡r✈❛♥❞♦✲s❡ ♦ ❢♦r♠❛t♦
❡ ❝♦❧♦r❛çã♦ ❞♦ ❢❡✐①❡ ❡✴♦✉ ♦ ❡s♣❡❝tr♦ ❡♠ ✉♠ ❛♥❛❧✐③❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦ ❡✴♦✉ ♦
♣✉❧s♦ ❡♠ ✉♠ ❛✉t♦❝♦rr❡❧❛❞♦r ❡✱ ♣♦r ú❧t✐♠♦✱ ❛ ♣♦tê♥❝✐❛✳ ❊st❡s ✐♥❞✐❝❛❞♦r❡s✱ sã♦ ♠❛✐s
q✉❛❧✐t❛t✐✈♦s ❞♦ q✉❡ q✉❛♥t✐t❛t✐✈♦s✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ ✉♠❛ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ ♥❛ ♦t✐♠✐③❛çã♦
❞❡ ✉♠ ❧❛s❡r ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❞♦ q✉❡ ❞❡ ✉♠ ❧❛s❡r ❝✇✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❛ ✻✳✷✵✿ P❡r✜❧ ❡s♣❛❝✐❛❧ ♣❛r❛ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s✱ ♦♥❞❡ ✭❛✮ ❧❛s❡r ❝✇✱ ❝❛❞❛ ✉♠ ❞♦s
tr❛ç♦s r❡♣r❡s❡♥t❛♠ ✉♠❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ❧❛s❡r❀ ✭❜✮ ♣r♦♣❛❣❛çã♦ ❞♦ ❧❛s❡r ♥❛ ♠❡s♠❛
❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡✐♦✱ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s❀ ✭❝✮ ♣r♦♣❛❣❛çã♦ ♥♦ ♦✉tr♦
s❡♥t✐❞♦✱ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳

❆ ✜❣✉r❛ ✻✳✷✶ ♠♦str❛ ❛ ❝✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s✳ ❆ ❝✉r✈❛
✭❛✮ r❡❢❡r❡✲s❡ ❛♦ ❧❛s❡r ❡♠ ♦♣❡r❛çã♦ ❝✇✱ ♣♦ré♠ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❛❧✐♥❤❛❞❛ ♥❛ ❜♦r❞❛ ❞❛
r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡❀ ❛s ❝✉r✈❛s ✭❜✮ ❡ ✭❝✮ r❡❢❡r❡♠✲s❡ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛♦ ❧❛s❡r ❡♠
♦♣❡r❛çã♦ ♣✉❧s❛❞❛✱ ❝♦♠ ♦ ❢❡✐①❡ ♦s❝✐❧❛♥❞♦ ♥❛ ❝❛✈✐❞❛❞❡ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❡ ♥❛ ♠❡s♠❛
❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❡st❛ ✜❣✉r❛✱ ♦❜s❡r✈❛✲s❡ q✉❡
♦ ❧❛s❡r ♣♦ss✉✐ ✉♠ ❧✐♠✐❛r ❡♠ t♦r♥♦ ❞❡ ✼✵✵ ♠❲ ♣❛r❛ ♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✳ ❆
♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s ❝❛✐ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦
r❡❣✐♠❡ ❝✇✳ ❖s ♣✐❝♦s ❞❛ ❝✉r✈❛ ✭❜✮ ♦❝♦rr❡♠ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ q✉❡✱ ❛♦ ✈❛r✐❛r♠♦s ❛
♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡❛♠❡♥t♦✱ ❛❧❣✉♠❛s ✈❡③❡s ♦ ❧❛s❡r s❛✐ ❞♦ r❡❣✐♠❡ ❞❡ ♠♦❞♦s tr❛✈❛❞♦s✱



✻✳✹✳ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❧❛s❡r ❡ ✜❜r❛ ✼✺

s❡♥❞♦ ♥❡❝❡ssár✐♦ ❢❛③❡r ♣❡q✉❡♥♦s ❛❥✉st❡s ♥♦ ❡s♣❡❧❤♦ ❝✉r✈♦ E2✱ ✜❣✉r❛ ✻✳✺✳ ❆s s❡t❛s
♥❡st❛ ✜❣✉r❛ ✐♥❞✐❝❛♠ ♦s ♣♦♥t♦s ♦♥❞❡ ✐ss♦ ♦❝♦rr❡✉✳ ❖ ♠❡s♠♦ ❛❝♦♥t❡❝❡ ❝♦♠ ❛ ❝✉r✈❛ ✭❝✮✳
P♦ré♠✱ ♥❡st❡ ❝❛s♦✱ ❛ tr❛♥s✐çã♦ ❡♥tr❡ ❝❛❞❛ ♣❛rt❡ ❞❛ ❝✉r✈❛ é ♠❛✐s s✉❛✈❡✳

❋✐❣✉r❛ ✻✳✷✶✿ ❈✉r✈❛ ❞❡ ♣♦tê♥❝✐❛ ♣❛r❛ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s✳ ❈✉r✈❛ ✭❛✮✿ ❧❛s❡r ❡♠ ♦♣❡r❛çã♦
❝✇✱ ♣♦ré♠ ❝♦♠ ❛ ❝❛✈✐❞❛❞❡ ❛❧✐♥❤❛❞❛ ♥❛ ❜♦r❞❛ ❞❛ r❡❣✐ã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡❀ ❝✉r✈❛s ✭❜✮✿ ❧❛s❡r
❡♠ ♦♣❡r❛çã♦ ♣✉❧s❛❞❛✱ ❝♦♠ ♦ ❢❡✐①❡ ♦s❝✐❧❛♥❞♦ ♥❛ ❝❛✈✐❞❛❞❡ ♥❛ ❞✐r❡çã♦ ❝♦♥trár✐❛ ❛♦ ❧❛s❡r ❞❡
❜♦♠❜❡❛♠❡♥t♦❀ ❝✉r✈❛s ✭❝✮✿ ♦ ♠❡s♠♦ q✉❡ ❛ ❝✉r✈❛ ✭❜✮✱ ♣♦ré♠ ♥❛ ♠❡s♠❛ ❞✐r❡çã♦ q✉❡ ♦ ❧❛s❡r
❞❡ ❜♦♠❜❡❛♠❡♥t♦✳

✻✳✹ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❧❛s❡r ❡ ✜❜r❛

P❛r❛ ❣❡r❛r♠♦s ♦ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛✱ ✉t✐❧✐③❛♠♦s ♦ ❧❛s❡r ❞❡ s❡✐s
❡s♣❡❧❤♦s ❡ ❞✉❛s ✜❜r❛s ❞✐st✐♥t❛s✳ ◆❡st❛ s❡çã♦ ♠♦str❛r❡♠♦s ❛❧❣✉♥s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s
❝♦♠ ❡st❡ ❧❛s❡r ❡ ❛♠❜❛s ❛s ✜❜r❛s ♣❛r❛ ❛✉♠❡♥t❛r ❛ ❧❛r❣✉r❛ ❞♦ s✉♣❡r❝♦♥tí♥✉♦✳ ❖s
❛s♣❡❝t♦s ♠❛✐s ✐♠♣♦rt❛♥t❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ♥❛ ❧❛r❣✉r❛ ❞❡st❡ ❡s♣❡❝tr♦ sã♦✿

✶✳ ❧❛r❣✉r❛ ✐♥✐❝✐❛❧ ❞♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r

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



✼✻ ✻✳ ❘❡s✉❧t❛❞♦s

✸✳ ❢♦r♠❛t♦ ❞♦ ♣✉❧s♦

✹✳ ♣♦tê♥❝✐❛ ❞♦ ❧❛s❡r ✐♥❝✐❞❡♥t❡

✺✳ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r

✻✳ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❞❛ ✜❜r❛

✼✳ ❞✐â♠❡tr♦ ❞♦ ♥ú❝❧❡♦ ❝❡♥tr❛❧ ❞❛ ✜❜r❛

✽✳ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✜❜r❛

✾✳ ❛❝♦♣❧❛♠❡♥t♦ ❞❛ ❧✉③ ✐♥❝✐❞❡♥t❡ ✭❧❡♥t❡s ❞❡ ❛❝♦♣❧❛♠❡♥t♦✮

✶✵✳ ♣♦❧❛r✐③❛çã♦ ❞♦ ❧❛s❡r

❖❜s❡r✈❛♠♦s q✉❡ ♦s ❝✐♥❝♦ ♣r✐♠❡✐r♦s ✐t❡♥s r❡❢❡r❡♠✲s❡ ❛ ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❧❛s❡r ❡
✐♠♣❧✐❝❛♠ ♥❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠♦❞✐✜❝❛r s❡✉ ❛❧✐♥❤❛♠❡♥t♦ ♣❛r❛ ♦t✐♠✐③❛r ❛ ❧❛r❣✉r❛ ❞♦
s✉♣❡r❝♦♥tí♥✉♦✳ ❖s ✐t❡♥s ✶✱ ✸✱ ✹ ❡ ✺ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞♦
❧❛s❡r✳ ❯♠❛ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ ❡♠ ✉♠❛ r❡❣✐ã♦ ♠✉✐t♦ ♣❡q✉❡♥❛ ✭✐t❡♠ ✼ ❡ ✽✮ ❛✉♠❡♥t❛ ♦s
❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s ♥❛ ✜❜r❛✳ ❖s ✐t❡♥s ✶✱ ✷ ❡ ✻ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s à ❞✐s♣❡rsã♦ q✉❡ ♦ ♣✉❧s♦
s♦❢r❡ ❛♦ ♣r♦♣❛❣❛r ♥❛ ✜❜r❛✳ ❊♠ ❣❡r❛❧✱ ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ✉s❛❞❛s ❡♠ s✐st❡♠❛s
❞❡ ♣❡♥t❡ ❞❡ ❢r❡qüê♥❝✐❛s ♣♦ss✉❡♠ ❞✐s♣❡rsã♦ ♣♦s✐t✐✈❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♥❛
r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧✱ ❞✐s♣❡rsã♦ ♥✉❧❛ ❡♠ ❛❧❣✉♠ ♣♦♥t♦ ♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣ró①✐♠♦
❡ ♥❡❣❛t✐✈❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♠❛✐♦r❡s✳ ◆❛ r❡❣✐ã♦ ❡♠ q✉❡ ❡ss❛ ❞✐s♣❡rsã♦ ❢♦r
♣♦s✐t✐✈❛✱ ♦ ♣✉❧s♦ ♣♦❞❡ s❡ ❛❧❛r❣❛r ❛♥t❡s ❞❡ ❣❡r❛r ❢r❡qüê♥❝✐❛s ❛❞✐❝✐♦♥❛✐s✳

◆❡st❡ tr❛❜❛❧❤♦ ❡st✉❞❛♠♦s ♦ ✉s♦ ❞❡ ❞✉❛s ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ❝♦♠❡r❝✐❛✐s✳ ❯♠❛
❞❛ ❇❧❛③❡ P❤♦t♦♥✐❝s✱ ❝♦♠ ✶✺ ❝♠ ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❡♠ ✼✸✺ ♥♠ ❡
❞✐â♠❡tr♦ ❞♦ ♥ú❝❧❡♦ ❝❡♥tr❛❧ ❞❡ ✷✱✵ µ♠ ✭✜❜r❛ ✶✮ ❡ ♦✉tr❛ ❞❛ ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣②✱ ❝♦♠ ✶
♠ ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❡♠ ✼✻✼ ♥♠ ❡ ❞✐â♠❡tr♦ ❞♦ ♥ú❝❧❡♦ ❝❡♥tr❛❧ ❞❡ ✶✱✼
µ♠ ✭✜❜r❛ ✷✱ ✜❣✉r❛ ✻✳✷✷✮✳ ❆ t❛❜❡❧❛ ✻✳✷ r❡s✉♠❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❝❛❞❛ ✜❜r❛✳

❋✐❜r❛ ✶ ❋✐❜r❛ ✷
❋❛❜r✐❝❛♥t❡ ❇❧❛③❡ P❤♦t♦♥✐❝s ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣②
❈♦♠♣r✐♠❡♥t♦ ✶✺ ❝♠ ✶ ♠
❩❡r♦ ❞❡ ❞✐s♣❡rsã♦ ✼✸✺ ♥♠ ✼✻✼ ♥♠
❉✐â♠❡tr♦ ❞♦ ♥ú❝❧❡♦ ✷✱✵ µ♠ ✶✱✼ µ♠

❚❛❜❡❧❛ ✻✳✷✿ ❉❛❞♦s ❞❛s ✜❜r❛s ♠✐❝r♦❡str✉t✉r❛❞❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦✳

◆❛ ✜❣✉r❛ ✻✳✷✹✱ t❡♠♦s ❞♦✐s ❡s♣❡❝tr♦s ❣❡r❛❞♦s ♣❡❧❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ✷ ❞❡s❝r✐t❛
♥❛ t❛❜❡❧❛ ✻✳✷✳ ◆♦ ♣r✐♠❡✐r♦ ✭❣rá✜❝♦ ✭❛✮✮ ♦ ❡s♣❡❝tr♦ ❣❡r❛❞♦ ♣❡❧♦ ❧❛s❡r é ❝❡♥tr❛❞♦ ❡♠
✼✻✵ ♥♠ ❡ ♣♦ss✉✐ ❝❡r❝❛ ❞❡ ✹✵ ♥♠ ❞❡ ❧❛r❣✉r❛✳ ◆♦ s❡❣✉♥❞♦ ❝❛s♦✭❣rá✜❝♦ ✭❜✮✮✱ ♦ ❡s♣❡❝tr♦
❣❡r❛❞♦ ♣❡❧♦ ❧❛s❡r é ❝❡♥tr❛❞♦ ❡♠ ✼✽✾ ♥♠ ❡ ♣♦ss✉✐ ❝❡r❝❛ ❞❡ ✶✵ ♥♠ ❞❡ ❧❛r❣✉r❛✳ ❆♣❡s❛r ❞♦



✻✳✹✳ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❧❛s❡r ❡ ✜❜r❛ ✼✼

❋✐❣✉r❛ ✻✳✷✷✿ ❋♦t♦❣r❛✜❛ ❞❛ s❡çã♦ r❡t❛ ❞❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❞❛ ▲✉❝❡♥t ❚❡❝❤♥♦❧♦❣②✳
❋♦t♦ t✐r❛❞❛ ♥♦ ❞❡♣❛rt❛♠❡♥t♦ ❞❡ ❊❧❡trô♥✐❝❛ ◗✉â♥t✐❝❛ ✭✷✵✵✸✮✳

❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞♦ ❣rá✜❝♦ ✭❛✮ ♣♦ss✉✐r ✉♠❛ ❧❛r❣✉r❛ ♠❛✐♦r ❡♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱
❞❛♥❞♦ ❛ ✐♠♣r❡ssã♦ ❞❡ ✉♠❛ ❧❛r❣✉r❛ ♠❡♥♦r ♥♦ ❡s♣❛ç♦ t❡♠♣♦r❛❧ ❡✱ ❡♠ ❝♦♥s❡qüê♥❝✐❛✱ ✉♠
✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ♠❛✐♦r✱ ♦ ❡s♣❡❝tr♦ ❣❡r❛❞♦ ♥❛ ✜❜r❛ ♣♦r ❡st❡ ❧❛s❡r ❛t✐♥❣✐✉ ❛♣❡♥❛s
✶✵✺✵ ♥♠✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❛♣r❡s❡♥t❛❞♦ ♥♦ ❣rá✜❝♦ ✭❜✮ ❛t✐♥❣✐✉ ✶✶✵✵
♥♠ ♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦✳ ❊①✐st❡♠ ❞♦✐s ❢❛t♦r❡s q✉❡ ♣♦❞❡♠ ✐♠♣❧✐❝❛r ♥❛ ♠❛✐♦r
❡✜❝✐ê♥❝✐❛ ♥♦ ❝❛s♦ ❞♦ ❡s♣❡❝tr♦ ❛♣r❡s❡♥t❛❞♦ ❞♦ ❣rá✜❝♦ ✭❜✮✳ ❖ ♣r✐♠❡✐r♦ ❞❡❧❡s é ♦ ❢♦r♠❛t♦
❞♦ ♣✉❧s♦✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✽✱ ♦ ♣✉❧s♦ ❞♦ ❝❛s♦ ✭❜✮
♣♦r s❡r ♠❛✐s s✐♠étr✐❝♦ ♥♦ ❡s♣❛ç♦ ❞❡ ❢r❡qüê♥❝✐❛ ❞❡✈❡ s❡r ❢♦r♠❛❞♦ ♣♦r ❛♣❡♥❛s ✉♠ ú♥✐❝♦
♣✉❧s♦ ♥♦ ❞♦♠í♥✐♦ ❞❡ t❡♠♣♦✳ ◆♦ ❝❛s♦ ✭❛✮ ♣♦r s✉❛ ✈❡③✱ ♦ ♣✉❧s♦ ❞❡✈❡ s❡r ❢♦r♠❛❞♦
♣♦r ❞♦✐s ♣✐❝♦s✳ ❆ss✐♠✱ ❛ ❡♥❡r❣✐❛ ❞♦ ♣✉❧s♦ é ❞✐✈✐❞✐❞❛ ❡♠ ❞♦✐s✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ✉♠❛
✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❡❢❡t✐✈❛ ♠❡♥♦r✳ ❖✉tr♦ ❢❛t♦r ✐♠♣♦rt❛♥t❡✱ é q✉❡ ♦ ❧❛s❡r ❞♦ ❝❛s♦ ✭❜✮
♣♦ss✉✐ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ✭✼✽✾ ♥♠✮ ♥❛ r❡❣✐ã♦ ❞❡ ❞✐s♣❡rsã♦ ❛♥ô♠❛❧❛ ❞❛
✜❜r❛✱ ❡♥q✉❛♥t♦ q✉❡ ❡♠ ✭❛✮ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✭✼✻✵ ♥♠✮ ❡st❛✈❛ ♣ró①✐♠♦ ❛♦ s❡✉
③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ✭✼✻✼ ♥♠✮✱ ♣♦ré♠ ♥❛ r❡❣✐ã♦ ❞❡ ❞✐s♣❡rsã♦ ♥♦r♠❛❧✳

❆ ✜❣✉r❛ ✻✳✷✸ ♠♦str❛ ♦ ❡s♣❡❝tr♦ ♦❜t✐❞♦ ❝♦♠ ❛ ✜❜r❛ ✷✱ t❛❜❡❧❛ ✻✳✷✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s
t❛①❛s ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳ ◆ós ✈❡r✐✜❝❛♠♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❛ ❞✐♠✐♥✉✐çã♦
❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ✐♠♣❧✐❝❛ ♥♦ ❛❧❛r❣❛♠❡♥t♦ ❞♦ ❡s♣❡❝tr♦✳ ■ss♦ ♦❝♦rr❡ s✐♠♣❧❡s♠❡♥t❡
♣♦rq✉❡✱ ♣❛r❛ ❛ ♠❡s♠❛ ♣♦tê♥❝✐❛ ♠é❞✐❛ ❞♦ ❢❡✐①❡✱ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
❛✉♠❡♥t❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞♦ ♣✉❧s♦✱ ❛✉♠❡♥t❛♥❞♦ ♦s ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s✳

❈✉r✐♦s❛♠❡♥t❡✱ ♦ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s ❡ ❡s♣❡❝tr♦ ❧❛r❣♦✱ ❞❡s❝r✐t♦ ♥❛ s❡çã♦
✻✳✷✱ ♥ã♦ s♦❢r❡ ♥❡♥❤✉♠❛ ♠✉❞❛♥ç❛ ❛♦ ♣❛ss❛r ♣❡❧❛ ✜❜r❛ ✭✜❣✉r❛ ✻✳✷✻✮✳ ❆ss✐♠ ❝♦♠♦
♦❝♦rr❡ ❝♦♠ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ♥♦s ❝❛s♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✶✽✱ s❡✉ ❡s♣❡❝tr♦
❧❛r❣♦ ♣♦❞❡ r❡♣r❡s❡♥t❛r ♠ú❧t✐♣❧♦s ♣✉❧s♦s ♥♦ ❞♦♠í♥✐♦ t❡♠♣♦r❛❧✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ ❛
✐♥t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s ♣✉❧s♦s s❡r✐❛ ♠✉✐t♦ ♣❡q✉❡♥❛ ❡♠ r❡❧❛çã♦ ❛♦ q✉❡
s❡r✐❛ s❡ t♦❞❛ ❛ ♣♦tê♥❝✐❛ ❡st✐✈❡ss❡ ❝♦♥❝❡♥tr❛❞❛ ❡♠ ✉♠ ú♥✐❝♦ ♣✉❧s♦✳ ❖✉tr♦ ♣r♦❜❧❡♠❛ é



✼✽ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✷✸✿ ❊s♣❡❝tr♦s ♦❜t✐❞♦s ❝♦♠ ✉♠ ❧❛s❡r ❝♦♠❡r❝✐❛❧ ❝❡♥tr❛❞♦ ❡♠ ✽✵✻ ♥♠ ❝♦♠ ❧❛r❣✉r❛
❛ ♠❡✐❛ ❛❧t✉r❛ ❞❡ ✷✻ ♥♠ ✭❡s♣❡❝tr♦ ❛♣r❡s❡♥t❛❞♦ ❞♦ ❣rá✜❝♦ ♠❡♥♦r✮ ♣❛r❛ ❛s ✜❜r❛s ❞❡s❝r✐t❛s ♥❛
t❛❜❡❧❛ ✻✳✷✿ ❝✉r✈❛ ✭❛✮✿ ✜❜r❛ ✶✱ ♣♦ré♠ ❝♦♠ ✸✵ ♠ ❞❡ ❝♦♠♣r✐♠❡♥t♦❀ ❝✉r✈❛ ✭❜✮✱ ✜❜r❛ ✶✱ ✶ ♠ ❞❡
❝♦♠♣r✐♠❡♥t♦❀ ❝✉r✈❛ ✭❝✮✱ ✜❜r❛ ✷✱ ✶✺ ❝♠ ❞❡ ❝♦♠♣r✐♠❡♥t♦✳

q✉❡ ✉♠❛ ❣r❛♥❞❡ ♣❛rt❡ ❞♦ ❡s♣❡❝tr♦ ❞❡st❡ ❧❛s❡r ❡♥❝♦♥tr❛✲s❡ ♥❛ r❡❣✐ã♦ ♦♥❞❡ ❛ ❞✐s♣❡rsã♦
❞❛ ✜❜r❛ é ♣♦s✐t✐✈❛✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ♣✉❧s♦ s❡ ❛❧❛r❣✉❡ r❛♣✐❞❛♠❡♥t❡✳

❈❛❞❛ ✉♠ ❞♦s s✐st❡♠❛s ❞✐s❝✉t✐❞♦s ❛q✉✐✱ ♦✉ s❡❥❛✱ ♦ ❧❛s❡r ❝♦♠ ❡s♣❡❝tr♦ ❧❛r❣♦ ❡ ♦
❧❛s❡r ❝♦♠ ❡s♣❡❝tr♦ ❡①♣❛♥❞✐❞♦ ♣❡❧❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡st✉t✉r❛✱ ♣♦ss✉❡♠ ❝❛r❛❝t❡ríst✐❝❛s
♣ró♣r✐❛s q✉❡ t♦r♥❛ ✐♥t❡r❡ss❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❛♠❜♦s✳ ❆ ✜❣✉r❛ ✻✳✷✼ ♠♦str❛
❛ ❝♦♠♣❛r❛çã♦ ❞♦ s✉♣❡r❝♦♥tí♥✉♦ ❣❡r❛❞♦ ♣❡❧❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ❡ ♦ ❧❛s❡r ❞❡ s❡✐s
❡s♣❡❧❤♦s ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✻✳✸ ❡ ♦ ❡s♣❡❝tr♦ ❧❛r❣♦ ♣r♦❞✉③✐❞♦ ❞✐r❡t❛♠❡♥t❡ ♣❡❧♦
❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✻✳✷✳ ❆ ❝✉r✈❛ ✭❛✮ ♠♦str❛ ♦ ❡s♣❡❝tr♦



✻✳✹✳ ●❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ❧❛s❡r ❡ ✜❜r❛ ✼✾

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✻✳✷✹✿ ❙✉♣❡r❝♦♥tí♥✉♦ ❣❡r❛❞♦ ♣♦r ❞♦✐s ❡s♣❡❝tr♦s ❞✐❢❡r❡♥t❡s ❞♦ ♠❡s♠♦ ❧❛s❡r✱ ❣❡r❛❞♦s
♣❡❧❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ✷ ❞❡s❝r✐t❛ ♥❛ t❛❜❡❧❛ ✻✳✷✳ ●rá✜❝♦ ✭❛✮✿ ♣♦tê♥❝✐❛ ✐♥❝✐❞❡♥t❡ ♥❛ ✜❜r❛
❂ ✼✵✵ ♠❲✱ ♣♦tê♥❝✐❛ s❛í♥❞♦ ❞❛ ✜❜r❛ ❂ ✷✽✵ ♠❲✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❂ ✼✻✵
♥♠✱ ❧❛r❣✉r❛ ❞♦ ❧❛s❡r ❂ ✹✵ ♥♠✳ ●rá✜❝♦ ✭❜✮✿ ♣♦tê♥❝✐❛ ✐♥❝✐❞❡♥t❡ ♥❛ ✜❜r❛ ❂ ✻✺✵ ♠❲✱ ♣♦tê♥❝✐❛
s❛í♥❞♦ ❞❛ ✜❜r❛ ❂ ✸✵✵ ♠❲✱ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❂ ✼✽✾ ♥♠✱ ❧❛r❣✉r❛ ❞♦ ❧❛s❡r
❂ ✶✵ ♥♠✳ ❖s ❣rá✜❝♦s ❣❡r❛❞♦s ❝♦♠❡ç❛♠ ❡♠ ✻✵✵ ♥♠ ♣♦r ❧✐♠✐t❛çã♦ ❞♦ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦
✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♠❡❞✐❞❛✳

❞♦ ❧❛s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛ ❣❡r❛r ♦ s✉♣❡r❝♦♥tí♥✉♦ ♠♦str❛❞♦ ♥❛ ❝✉r✈❛ ✭❜✮ ❝♦♠ ❛ ✜❜r❛
♠✐❝r♦❡str✉t✉r❛❞❛ ✶✱ ❛♣r❡s❡♥t❛❞❛ ♥❛ t❛❜❡❧❛ ✻✳✷✳ ❆ ❝✉r✈❛ ✭❝✮ é ♦ ❡s♣❡❝tr♦ ♣r♦❞✉③✐❞♦
❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✳ ❊♠❜♦r❛ t❡♥❤❛♠♦s ✉♠ ❡s♣❡❝tr♦ q✉❡ ❝♦❜r❡
✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ♦ s✐st❡♠❛ ❝♦♠ ❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ♣r♦❞✉③
♠❛✐♦r ♣♦tê♥❝✐❛ ♥❛ r❡❣✐ã♦ ❞♦ ✈❡r❞❡ ✭✺✻✺ ♥♠✮ ❡ ♥❛ r❡❣✐ã♦ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭✶✶✸✵ ♥♠✮
♣❡r♠✐t✐♥❞♦ ❛ ♦❜t❡♥çã♦ ❞❡ f0 ♠❛✐s ❢❛❝✐❧♠❡♥t❡✳ ❊ss❡ s✐st❡♠❛ t❛♠❜é♠ ♣❡r♠✐t❡ ❛ ♠❡❞✐❞❛
❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❡♠ ♣r❛t✐❝❛♠❡♥t❡ t♦❞❛ ❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♦
s✐st❡♠❛ ❝♦♠ ❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ♣♦ss✉✐ ❛❧❣✉♠❛s ❞❡s✈❛♥t❛❣❡♥s✳ Pr✐♠❡✐r❛♠❡♥t❡✱
❝♦♠ ♦ ✉s♦ ❝♦♥st❛♥t❡ ❞❡ss❛ ✜❜r❛✱ ♣♦❞❡ ♦❝♦rr❡r ❛ q✉❡✐♠❛ ❞❛s ♣♦♥t❛s ❞❛ ✜❜r❛✱ ❞❡✈✐❞♦
à ❛❧t❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❧✉③ ❝♦♥❝❡♥tr❛❞❛ ♥❛q✉❡❧❛ r❡❣✐ã♦✱ ❤❛✈❡♥❞♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛
♥♦✈❛ ❝❧✐✈❛❣❡♠ ❡ ♥♦✈♦ ❛❧✐♥❤❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱ ♣❡q✉❡♥❛s ❛❧t❡r❛çõ❡s ♥❛ ♣♦❧❛r✐③❛çã♦
❞♦ ❧❛s❡r ♣❡❧❛ ✜❜r❛ ♣r♦✈♦❝❛♠ ♣❡q✉❡♥❛s ✢✉t✉❛çõ❡s ♥❛ ❧❛r❣✉r❛ ❞♦ ❡s♣❡❝tr♦ ❡①♣❛♥❞✐❞♦✱
❞✐✜❝✉❧t❛♥❞♦ ♠❡❞✐❞❛s ❞❡ ❧♦♥❣❛ ❞✉r❛çã♦✳ ❖ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s é ✉♠❛ ❛❧t❡r♥❛t✐✈❛
✈✐á✈❡❧ ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ❧♦♥❣❛ ❞✉r❛çã♦ ✉♠❛ ✈❡③ q✉❡ s❡✉ ❡s♣❡❝tr♦ ♥ã♦ s♦❢r❡ ❛❧t❡r❛çõ❡s
♣❡r❝❡♣tí✈❡✐s ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❞✐❛ ✐♥t❡✐r♦✱ ❛♣❡s❛r ❞❛ ♦❜t❡♥çã♦ ❞❡ f0 s❡r ♠❛✐s ❞✐❢í❝✐❧ ❡
♣❡r♠✐t✐r ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛s ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ♠❡♥♦r ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳



✽✵ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✷✺✿ ❊s♣❡❝tr♦s ❣❡r❛❞♦s ❝♦♠ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ❛ ✜❜r❛ ✷ ❞❛ t❛❜❡❧❛ ✻✳✷✱ ♣❛r❛
❞✐❢❡r❡♥t❡s t❛①❛s ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳ ❊♠ ❝✐♥③❛ ❝❧❛r♦✱ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r é ❞❡ ✼✺✵
▼❍③❀ ❡♠ ♣r❡t♦✱ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r é ❞❡ ✾✹✵ ▼❍③✳

✻✳✺ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo

❆ ✜❣✉r❛ ✻✳✷✽ ♠♦str❛ ❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ❡♠ q✉❡ s❡ ❡♥❝♦♥tr❛♠ ❛♠❜♦s ♦s ❧❛s❡rs
❞✐s❝✉t✐❞♦s ♥❛s s❡çõ❡s ✻✳✷ ❡ ✻✳✸✳ ❆ ♠♦♥t❛❣❡♠ ❢♦✐ ❢❡✐t❛ ♣❛r❛ ♣❡r♠✐t✐r ❛ tr♦❝❛ ❢á❝✐❧ ❞♦
❧❛s❡r ✉t✐❧✐③❛❞♦✳ ❯♠ ❧❛s❡r ❞❡ ◆❞✿❨❱❖✹ ❞♦❜r❛❞♦ ❡♠ ❢r❡qüê♥❝✐❛ ❡♠ ✺✸✷ ♥♠ é ✉t✐❧✐③❛❞♦
♣❛r❛ ❜♦♠❜❡❛r ❛❧t❡r♥❛❞❛♠❡♥t❡ ♦s ❞♦✐s ❧❛s❡rs ❞❡ ❚✐✿s❛✜r❛✳

◆❛ s❛í❞❛ ❞❡ ❛♠❜♦s ♦s ❧❛s❡rs ❤á ✉♠❛ ❧â♠✐♥❛ ❞❡ ✈✐❞r♦ q✉❡ ❞❡s✈✐❛ ❝❡r❝❛ ❞❡ ✶✵ ♠❲
❞♦ ❢❡✐①❡ ♣❛r❛ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦ ✭❖❙❆✮ ♦✉ ♣❛r❛ ✉♠ ❢♦t♦❞❡t❡❝t♦r ✭❋❉✮
rá♣✐❞♦✳ ❖ s✐♥❛❧ ❞❡st❡ ❢♦t♦❞❡t❡❝t♦r é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ♦✉
♣❛r❛ ✉♠ s✐st❡♠❛ ❞❡ r❡tr♦✲❛❧✐♠❡♥t❛çã♦✱ q✉❡ ❡st❛❜✐❧✐③❛ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❡♠
q✉❡stã♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ❣❡r❛❞♦r ❞❡ r❢ ❞❡ ♣r❡❝✐sã♦✳

❈❡r❝❛ ❞❡ ✻✺✵ ♠❲ ❞♦ ❢❡✐①❡ ❞♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠❛ ✜❜r❛
♠✐❝r♦❡str✉t✉r❛❞❛✱ ♦♥❞❡ s❡✉ é ❡s♣❡❝tr♦ ❛❧❛r❣❛❞♦ ❛té ❛t✐♥❣✐r ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛✳ ❖
❢❡✐①❡ ♦❜t✐❞♦ ❞❡st❛ ♠❛♥❡✐r❛ ♦✉ ♦ ❢❡✐①❡ ❣❡r❛❞♦ ❞✐r❡t❛♠❡♥t❡ ♣❡❧♦ ❧❛s❡r ❞❡ ✹ ❡s♣❡❧❤♦s
é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠ ✐♥t❡r❢❡rô♠❡tr♦ ♠♦♥t❛❞♦ ♣❛r❛ ♠❡❞✐r♠♦s ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡♥tr❡ ♦
❡♥✈❡❧♦♣❡ ❡ ❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ❞♦ ♣✉❧s♦ ✭fo✮✳

◆❡st❡ ✐♥t❡r❢❡rô♠❡tr♦✱ ❛ ♣❛rt❡ ✐♥❢r❛✈❡r♠❡❧❤❛ ❡ ❛ ✈✐sí✈❡❧ sã♦ s❡♣❛r❛❞❛s ♣♦r ✉♠ ❞✐✈✐✲



✻✳✺✳ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✽✶

❋✐❣✉r❛ ✻✳✷✻✿ ❊❢❡✐t♦ ❞❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ♥♦ ❧❛s❡r ❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s✱ ♠♦str❛♥❞♦ q✉❡
❛ ✜❜r❛ ♥ã♦ ❝❛✉s❛ ❛❧❛r❣❛♠❡♥t♦ ❡s♣❡❝tr❛❧✳

s♦r ❞❡ ❢❡✐①❡ ❞✐❝ró✐❝♦ ❡ ❡♥✈✐❛❞❛s ♣❛r❛ ❜r❛ç♦s ❞✐st✐♥t♦s✱ s❡♥❞♦ ✉♠ ❞❡❧❡s ❝♦♠ ❛❥✉st❡ ❞❡
❝♦♠♣r✐♠❡♥t♦✳ ❖s ❢❡✐①❡s ♣r♦✈❡♥✐❡♥t❡s ❞❡ ❝❛❞❛ ✉♠ ❞♦s ❜r❛ç♦s sã♦ s♦❜r❡♣♦st♦s ❡♠ ✉♠
♠❡s♠♦ ❝❛♠✐♥❤♦ ❡ ❡♥✈✐❛❞♦s ♣❛r❛ ✉♠ ❝r✐st❛❧ ❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛ ✭❙❍●✮ ❛❥✉st❛❞♦
♣❛r❛ ❣❡r❛r s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❛♣❡♥❛s ❞❛ ♣❛rt❡ ✐♥❢r❛✈❡r♠❡❧❤❛ ❡♠ ✶✵✹✵ ♥♠✳ ❖ ❢❡✐①❡
r❡s✉❧t❛♥t❡ ✐♥❝✐❞❡ ❡♠ ✉♠❛ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦ q✉❡ ❡♥✈✐❛ ❛ ♣❛rt❡ ❡♠ ✺✹✵ ♥♠ r❡s✉❧t❛♥t❡
❞✐r❡t❛♠❡♥t❡ ♣❛r❛ ✉♠ ❢♦t♦❞❡t❡❝t♦r ❝♦♥❡❝t❛❞♦ ❛ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦✳ ◆♦ ❛♥❛❧✲
✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ✈❡♠♦s ♦ s✐♥❛❧ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦s ❞♦✐s ❜r❛ç♦s ❝♦♠
❛ ♠❡s♠❛ ❛♠♣❧✐t✉❞❡✳

✻✳✺✳✶ ❊st❛❜✐❧✐③❛çã♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦

❆ ❡st❛❜✐❧✐③❛çã♦ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ é ❢❡✐t❛ ❛tr❛✈és ❞❡ ✉♠ s✐st❡♠❛ ❞❡ r❡tr♦❛❧✐♠❡♥t❛çã♦
♦♥❞❡ ❡❧❛ é ❝♦♠♣❛r❛❞❛ ❛♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ ❢♦r♥❡❝✐❞♦ ♣♦r ✉♠ ♦s❝✐❧❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛
❡stá✈❡❧✳

❖ ❜❛t✐♠❡♥t♦ ❞♦s ✈ár✐♦s ♠♦❞♦s ❞♦ ❢❡✐①❡ ♣r♦❞✉③ ♥♦ ❢♦t♦❞❡t❡t♦r ✭✜❣✉r❛ ✻✳✷✽✮ ✉♠
s✐♥❛❧ ❝♦♠♣♦st♦ ♣♦r ✉♠❛ ♦♥❞❛ s❡♥♦✐❞❛❧ ❝♦♠ ❛ ❢r❡qüê♥❝✐❛ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦✳ ❊st❡
s✐♥❛❧ é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠ ♠✐①❡r ♦♥❞❡ é ♠✉❧t✐♣❧✐❝❛❞♦ ❛♦ s✐♥❛❧ ❞♦ ♦s❝✐❧❛❞♦r ❞❡ r❡❢❡rê♥❝✐❛✳
❆ s❛í❞❛ ❞♦ ♠✐①❡r ❢♦r♥❡❝❡ ✉♠ s✐♥❛❧ ❝♦♠ ❢r❡qüê♥❝✐❛ ✐❣✉❛❧ ❛ ❞✐❢❡r❡♥ç❛ ❞❛s ❢r❡qüê♥❝✐❛s
❞❡ ❡♥tr❛❞❛ ❞♦ ♠✐①❡r✳ ❊st❡ s✐♥❛❧ é ❡♥✈✐❛❞♦ ♣❛r❛ ✉♠ ✜❧tr♦ ❛t✐✈♦✳ P❛r❛ ♣❡q✉❡♥❛s
❢r❡qüê♥❝✐❛s✱ ♦ s✐♥❛❧ ❞❡ s❛í❞❛ é ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦ ❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ r❡❢❡rê♥❝✐❛✳



✽✷ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✷✼✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ s✉♣❡r❝♦♥tí♥✉♦ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ✜❜r❛ ♠✐❝r♦❡str✉t✉r❛❞❛ ✶
✭✻✳✷✮ ❡ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ●❱❉ ❞❛ ❝❛✈✐❞❛❞❡ ♥❡❣❛t✐✈❛ ✭❝✉r✈❛ ❜✮ ❝♦♠ ❡s♣❡❝tr♦ ❞♦ ❧❛s❡r
❞❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡ ●❱❉ ❞❛ ❝❛✈✐❞❛❞❡ ♣ró①✐♠❛ ❞❡ ③❡r♦ ✭❝✉r✈❛ ❝✮✳ ❈✉r✈❛ ✭❛✮✿ ❡s♣❡❝tr♦ ❞♦
❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞❛ ❝✉r✈❛ ✭❜✮✳

❙❡❥❛
Vl(t) = Vol s❡♥(2πfrept + φl)

❡
Vr(t) = Vor s❡♥(2πfrt + φr),

❛ t❡♥sã♦ ♦❜t✐❞❛ ♥♦ ❢♦t♦❞❡t❡❝t♦r ❡ ♦ s✐♥❛❧ ❢♦r♥❡❝✐❞♦ ♣❡❧♦ ❣❡r❛❞♦r ❞❡ r❡❢❡rê♥❝✐❛ r❡s♣❡❝✲
t✐✈❛♠❡♥t❡✱ Vol ❡ Vor ❛♠♣❧✐t✉❞❡s ✐♥❞❡♣❡♥❞❡♥t❡s ❞♦ t❡♠♣♦✱ φl ❡ φr ❢❛s❡s ❛r❜✐trár✐❛ ❡
frep ❡ fr sã♦ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❡ ❛ ❢r❡qüê♥❝✐❛ ❞❡ r❡❢❡rê♥❝✐❛✳

◆❛ s❛í❞❛ ❞♦ ✧♠✐①❡r✧✭V (t)✮ t❡♠♦s ✉♠ s✐♥❛❧ ♣r♦♣♦r❝✐♦♥❛❧ à s❡❣✉✐♥t❡ s♦♠❛✿

V (t) = A s❡♥[2π(frep − fr)t + φl − φr] + B s❡♥[2π(frep + fr)t + φl + φr]

P❛ss❛♥❞♦ ❡st❡ s✐♥❛❧ ♣♦r ✉♠ ✜❧tr♦ ♣❛ss❛ ❜❛✐①❛ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ♣❡q✉❡♥❛s ❞✐❢❡r❡♥ç❛s
❡♥tr❡ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡ ♦ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ t❡♠♦s✿

V (t) = A s❡♥[2π(frep − fr)t + φl − φr] ≈ 2π(frep − fr)t + φl − φr.

P♦rt❛♥t♦✱ ❛ s❛í❞❛ ❞♦ ❝✐r❝✉✐t♦ é ✉♠ s✐♥❛❧ ♣r♦♣♦r❝✐♦♥❛❧ à ❞✐❢❡r❡♥ç❛ ❡♥tr❡ frep ❡ fr✱ q✉❡✱
❛♦ s❡r ❡♥✈✐❛❞♦ ❛♦ P❩❚ ❞❛ ❝❛✈✐❞❛❞❡✱ ❝♦rr✐❣❡ ♦ t❛♠❛♥❤♦ ❞❡st❛ ❞❡ ❢♦r♠❛ ❛ ♠❛♥t❡r frep



✻✳✺✳ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✽✸

❋✐❣✉r❛ ✻✳✷✽✿ ❊sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ♠♦♥t❛❣❡♠ ❞♦s ❧❛s❡rs ♣❛r❛ ❛ ♠❡❞✐❞❛ ❡ ❡st❛❜✐❧✐③❛çã♦
❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡ ❞❡ fo✳ P❉✿ ❢♦t♦❞❡t❡❝t♦r❀ ❉❇❙✿ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡ ❞✐❝ró✐❝♦❀ ❙❍●✿ ❝r✐st❛❧
❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛❀ ❖❙❆✿ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ó♣t✐❝♦❀ ▲✿ ❧â♠✐♥❛ ❞❡ ✈✐❞r♦❀ ❋✿❡s♣❡❧❤♦
r❡♠♦✈í✈❡❧❀ ●✿ ❣r❛❞❡ ❞❡ ❞✐❢r❛çã♦❀ ❊1✿ ❡s♣❡❧❤♦ ♠❡tá❧✐❝♦✳

✐❣✉❛❧ ❛ fr✳ ❆ss✐♠✱ ♣♦❞❡♠♦s ✉t✐❧✐③❛r ♦ ♦s❝✐❧❛❞♦r ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ s✐♥t♦♥✐③❛r ❞❛ t❛①❛
❞❡ r❡♣❡t✐çã♦✳

P❛r❛ ❡st❛❜✐❧✐③❛r♠♦s ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ❛♠❜♦s ♦s ❧❛s❡rs t❡st❛♠♦s ❞♦✐s ❣❡r❛❞♦r❡s
❝♦♠♦ r❡❢❡rê♥❝✐❛✿

✶✳ ❙✐♥t❡t✐③❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛s ❍P✽✸✹✶❇❀

✷✳ ●❡r❛❞♦r ❞❡ s✐♥❛❧ ❍P✽✻✹✽❇✳

❉✐❢❡r❡♥ç❛s ♥♦ ✉s♦s ❞♦s ❞♦✐s ❣❡r❛❞♦r❡s ❝♦♠♦ r❡❢❡rê♥❝✐❛✿
◆♦ ❝❛s♦ ❞♦ s✐♥t❡t✐③❛❞♦r ❍P✽✸✹✶❇✿

✶✳ ❢♦r♥❡❝❡ s✐♥❛❧ ❝♦♠ ❢r❡qüê♥❝✐❛ ❞❡ ✼✻✵ ▼❍③ ❝♦♠ ♣r❡❝✐sã♦ ❞❡ ✶ ❍③✳

✷✳ ♣❡r♠✐t❡ ✈❛rr❡❞✉r❛ ❞❛ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❛ss♦s ♠❛✐♦r❡s ♦✉ ✐❣✉❛✐s ❛ ✶ ❍③✳



✽✹ ✻✳ ❘❡s✉❧t❛❞♦s

✸✳ ❝♦♥s❡❣✉✐♠♦s ✈❛rr❡r ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦s ❧❛s❡rs ❞❡ s❡✐s ❡ q✉❛tr♦ ❡s♣❡❧❤♦s ❡♠ ✉♠
✐♥t❡r✈❛❧♦ ❞❡ ✸✺ ❑❍③ ❡ ✸✵ ❑❍③✱ ❝❡♥tr❛❞♦s ❡♠ ✼✻✵✱✾✽✵✻✼✺ ▼❍③ ❡ ✷✱✶✷✷✵✻✺✹✸✸✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊st❡s ✐♥t❡r✈❛❧♦s ❡stã♦ ❧✐♠✐t❛❞♦s ♣❡❧❛ ❡①❝✉rsã♦ ♠á①✐♠❛ ❞♦s
♣③ts✳

✹✳ ✐♥t❡r✈❛❧♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ❞♦ s✐♥t❡t✐③❛❞♦r q✉❡ ♣r♦❞✉③ ✉♠ ❜❛t✐♠❡♥t♦ ❝♦♠
✐♥t❡♥s✐❞❛❞❡ ❛❞❡q✉❛❞❛ ♣❛r❛ ♦ tr❛✈❛♠❡♥t♦ ❞❡ ❢❛s❡✿ ♠❡♥♦r❡s q✉❡ ✲✶✺ ❞❇♠ ♣❛r❛
✉♠ s✐♥❛❧ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ✲✷✼ ❞❇♠✳

◆♦ ❝❛s♦ ❞♦ ❣❡r❛❞♦r ❍P✽✻✹✽❇✿

✶✳ ❢♦r♥❡❝❡ s✐♥❛❧ ❝♦♠ ❢r❡qüê♥❝✐❛ ❞❛ ♦r❞❡♠ ❞❡ ✼✻✵ ▼❍③ ❝♦♠ ♣r❡❝✐sã♦ ❞❡ ✶✵ ❍③❀

✷✳ ♣❡r♠✐t❡ ✈❛rr❡❞✉r❛ ❞❛ ❢r❡qüê♥❝✐❛ ❝♦♠ ♣❛ss♦s ♠❛✐♦r❡s ♦✉ ✐❣✉❛❧ ❛ ✶✵ ❍③❀

✸✳ ❡♠❜♦r❛ ♦ ❣❡r❛❞♦r ♣❡r♠✐t❛ ✈❛rr❡r ♥♦ t❡♠♣♦ ❛ t❛①❛ ❢r❡qüê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡ s❛í❞❛✱
♥ã♦ ❝♦♥s❡❣✉✐♠♦s ✉sá✲❧♦ ♣❛r❛ ✈❛rr❡r ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r✳ ❯s❛♥❞♦ ❡st❡
❣❡r❛❞♦r ❝♦♠♦ r❡❢❡rê♥❝✐❛✱ ♦ s✐st❡♠❛ ❞❡ r❡tr♦❛❧✐♠❡♥t❛çã♦ ♥ã♦ ❝♦♥s❡❣✉✐✉ ❢❛③❡r ❛
❢r❡qüê♥❝✐❛ ❞♦ ❧❛s❡r s❡❣✉✐r ✉♠❛ ✈❛rr❡❞✉r❛ ♥♦ ❣❡r❛❞♦r✳

✹✳ ❛♣❡s❛r ❞❡ ♥ã♦ ❝♦♥s❡❣✉✐r♠♦s s✐♥t♦♥✐③❛r ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❛tr❛✈és ❞♦
❣❡r❛❞♦r✱ ❢♦✐ ♣♦ssí✈❡❧ ❡st❛❜✐❧✐③❛r ❡st❡ ❧❛s❡r ❡♠ r❡❧❛çã♦ ❛ ✉♠ ❢r❡qüê♥❝✐❛ ✜①❛ ❞♦
❣❡r❛❞♦r✳

✺✳ ✐♥t❡r✈❛❧♦ ❞❡ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ❞♦ s✐♥t❡t✐③❛❞♦r q✉❡ ♣r♦❞✉③ ✉♠ ❜❛t✐♠❡♥t♦ ❝♦♠
✐♥t❡♥s✐❞❛❞❡ ❛❞❡q✉❛❞❛ ♣❛r❛ ♦ tr❛✈❛♠❡♥t♦ ❞❡ ❢❛s❡✿ ❛♠♣❧✐t✉❞❡ ❡♥tr❡ ✲✷✾ ❞❇♠ ❡ ✶
❞❇♠ ♣❛r❛ ✉♠ s✐♥❛❧ ❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ✲✷✼ ❞❇♠✳

❆ ✜❣✉r❛ ✻✳✷✾ ♠♦str❛ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s s❡♠ ❡st❛❜✐❧✐③❛çã♦
❛t✐✈❛ ✭❛✮ ❡ ❡st❛❜✐❧✐③❛❞❛ ✭❜✮ ❡♠ r❡❧❛çã♦ ❛♦ ❣❡r❛❞♦r ❞❡ s✐♥❛❧ ❍P✽✻✹✽❇✳ ▼❡s♠♦ s❡♠
❡st❛❜✐❧✐③❛çã♦✱ ♦ r✉í❞♦ ♥❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❡♠ ♣r❛③♦ ❝✉rt♦ é ♣❡q✉❡♥♦✳ ❊♠ ♣r❛③♦s
❧♦♥❣♦s✱ ❡st❡ s✐♥❛❧ ♣♦ss✉✐ ✉♠ ✏❞r✐❢t✑ ❞❛ ♦r❞❡♠ ❞❡ ✶✵ ▼❍③ ♣♦r ♠✐♥✉t♦✳ P♦rt❛♥t♦✱ ♣❛r❛
♠❡❞✐❞❛s ❝♦♠ r❡s♦❧✉çã♦✴♣r❡❝✐sã♦ ❞❛ ♦r❞❡♠ ❞❡ ✶ ▼❍③ q✉❡ s❡❥❛♠ rá♣✐❞❛s✱ ❝♦♠ ❞✉r❛çã♦
❞❡ ♣♦✉❝♦s s❡❣✉♥❞♦s✱ ♥ã♦ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ❧❛s❡r✳

✻✳✺✳✷ ▼❡❞✐❞❛ ❞❡ fo

❆ ♠❡❞✐❞❛ ❞❡ fo ❛ ♣❛rt✐r ❞❡ ✉♠ ❡s♣❡❝tr♦ ❞❡ ✉♠❛ ♦✐t❛✈❛ ✭❡q✉❛çã♦ ✺✳✸✮ ♣♦❞❡ s❡r ❢❡✐t❛
❝♦♠ ✈ár✐♦s t✐♣♦s ❞❡ ✐♥t❡r❢❡rô♠❡tr♦s✱ ♦♥❞❡ ❡♠ ✉♠ ❞♦s ❜r❛ç♦s é ❡♥✈✐❛❞♦ ❛ ♣❛rt❡ ✈✐sí✈❡❧
✭✺✷✵ ♥♠✮ ❡ ♥♦ ♦✉tr♦ ❛ ♣❛rt❡ ✐♥❢r❛✈❡r♠❡❧❤❛ ✭✶✵✷✵ ♥♠✮✳ ❈♦♠ ✜❜r❛s ❡s♣❡❝í✜❝❛s✱ é
♣♦ssí✈❡❧ ♠❡❞✐r ❞❡ fo s❡♠ ❛ ❞✐✈✐sã♦ ❞♦ s✉♣❡r❝♦♥tí♥✉♦ ❡♠ ❞♦✐s ❜r❛ç♦s✱ ❡♥✈✐❛♥❞♦ ♦
❢❡✐①❡ ❞❛ s❛í❞❛ ❞❛ ✜❜r❛ ❞✐r❡t❛♠❡♥t❡ ♣❛r❛ ✉♠ ❝r✐st❛❧ ❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛ ❬✻✻❪✳
❊♥tr❡t❛♥t♦✱ ❛ ♠❛✐♦r✐❛ ❞❛s ✜❜r❛s ❝❛✉s❛ ❛tr❛s♦s ❞✐❢❡r❡♥t❡s ♣❛r❛ ❛ ♣❛rt❡ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦
❡ ❞♦ ✈✐sí✈❡❧✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ ❞❡ ❞♦✐s ❜r❛ç♦s ♣❛r❛ ❛❥✉st❡ ❞♦
❝❛♠✐♥❤♦ ó♣t✐❝♦ ❞♦s ❢❡✐①❡s✳



✻✳✺✳ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✽✺

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✻✳✷✾✿ ❚❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ♦❜s❡r✈❛❞❛ ❡♠ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ s❡♠ ✭❛✮ ❡
❝♦♠ ✭❜✮ ❡st❛❜✐❧✐③❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ❣❡r❛❞♦r ❞❡ s✐♥❛❧ ❍P✽✻✹✽❇✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s ♦ ❝❡♥tr♦
❞❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ é ❡♠ ✼✺✼ ▼❍③✳

❚rês ❡①❡♠♣❧♦s ❞❡ ✐♥t❡r❢❡rô♠❡tr♦s sã♦ ♠♦str❛❞♦s ♥❛ ✜❣✉r❛ ✻✳✸✵✳ ❊♠ t♦❞♦s ❡❧❡s✱
❛ ♣❛rt❡ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ✭♣❡rt♦ ❞❡ ✶✵✹✵ ♥♠✮ é s❡♣❛r❛❞❛ ❞❛ ♣❛rt❡ ❡♠ ✈❡r❞❡ ✭❡♠
t♦r♥♦ ❞❡ ✺✷✵ ♥♠✮ ♣♦r ✉♠ ❡s♣❡❧❤♦ ❞✐❝ró✐❝♦ ♦✉ ♣♦r ♣r✐s♠❛s✱ ❢♦r♠❛♥❞♦ ❞♦✐s ❜r❛ç♦s ❞♦
✐♥t❡r❢❡rô♠❡tr♦✳ ◆♦ ❡sq✉❡♠❛ ❞❛ ✜❣✉r❛ ✭❛✮✱ ❛ ♣❛rt❡ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣❛ss❛ ♣♦r ✉♠
❝r✐st❛❧ ❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛ ❡ ❡♠ s❡❣✉✐❞❛ é r❡❝♦♠❜✐♥❛❞❛ ❝♦♠ ❛ ♣❛rt❡ ✈✐sí✈❡❧ ❡
❡♥✈✐❛❞❛ ♣❛r❛ ✉♠ ❢♦t♦❞❡t❡❝t♦r✳ ◆♦s ❡sq✉❡♠❛s ✭❜✮ ❡ ✭❝✮✱ ♦ ❢❡✐①❡ ❝♦♠ ❛ ❧✉③ ✈✐sí✈❡❧ ❡ ♦
✐♥❢r❛✈❡r♠❡❧❤♦ s❡ r❡❝♦♠❜✐♥❛♠ ❡♠ ✉♠ ❡s♣❡❧❤♦ ❝♦❧♦❝❛❞♦ ❡♠ ✉♠ ♣❧❛♥♦ ❛❜❛✐①♦ ❞♦ ❢❡✐①❡
❞❡ ❡♥tr❛❞❛✱ ♣❛ss❛♠ ❥✉♥t♦s ♣❛r❛ ✉♠ ❝r✐st❛❧ ♦r✐❡♥t❛❞♦ ♣❛r❛ ❞✉♣❧✐❝❛r ❛♣❡♥❛s ❛ ♣❛rt❡ ❡♠
✶✵✹✵ ♥♠ ❡ ✐♥❝✐❞❡♠ ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r✳

❊♠❜♦r❛ t♦❞♦s ❡st❡s ❡sq✉❡♠❛s s❡❥❛♠ ❡q✉✐✈❛❧❡♥t❡s✱ ❝❛❞❛ ✉♠ ❞❡❧❡s ♣♦ss✉✐ ❝❛r❛❝✲
t❡ríst✐❝❛s ♣ró♣r✐❛s✳ ❖ ✐♥t❡r❢❡rô♠❡tr♦ ✭❜✮ é ♦ ♠❛✐s s✐♠♣❧❡s ❡ ♠❛✐s ❢á❝✐❧ ❞❡ ❛❧✐♥❤❛r✳ ❖
✐♥t❡r❢❡rô♠❡tr♦ ✭❛✮ ♣❡r♠✐t❡ ✉♠ ♠❛✐♦r ❝♦♥tr♦❧❡ ❞♦ ❝❛♠✐♥❤♦ ♣❡r❝♦rr✐❞♦ ❡♠ ❝❛❞❛ ❢❡✐①❡✳
❖ ✐♥t❡r❢❡rô♠❡tr♦ ✭❝✮ ♣❡r♠✐t❡ s❡♣❛r❛r ❛ ♣❛rt❡ ❞♦ ❢❡✐①❡ ❡♠ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛s q✉❡
♥ã♦ sã♦ ♥❡❝❡ssár✐♦s ♣❛r❛ ♠❡❞✐r fo✱ ♣♦ré♠ ✐♥tr♦❞✉③ ♠❛✐♦r ♣❡r❞❛ ❞❡ ♣♦tê♥❝✐❛✳

❆ ✜❣✉r❛ ✻✳✸✶ ♠♦str❛ ♦ s✐♥❛❧ ♦❜t✐❞♦ ❡♠ ✉♠ ❢♦t♦❞❡t❡❝t♦r rá♣✐❞♦ ♥❛ s❛í❞❛ ❞♦ ✐♥✲
t❡r❢❡rô♠❡tr♦ ❞❡ ✉♠❛ ♠♦♥t❛❣❡♠ ♣❛r❛ ♠❡❞✐r ❡ ❡st❛❜✐❧✐③❛r f0 ❞❡ ✉♠ ❧❛s❡r ❝♦♠❡r❝✐❛❧ ❞❡
❚✐✿s❛✜r❛ ❞❡ ❢❡♠t♦ss❡❣✉♥❞♦s✱ r❡❛❧✐③❛❞❛ ❞✉r❛♥t❡ ✉♠ ❡stá❣✐♦ ♥♦ ◆■❙❚ ✭◆❛t✐♦♥❛❧ ■♥st✐t✉t❡
♦❢ ❙t❛♥❞❛r❞ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱❈❖✲❊❯❆✮✳ ❖ ♣✐❝♦ ♠❛✐♦r ❞❛ ✜❣✉r❛ ✭❛✮ é ♦ s✐♥❛❧ ❞❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦ ❞♦ ❧❛s❡r ✭❡♠ ✽✵✵ ▼❍③✮✳ ❖s ❞♦✐s ♣✐❝♦s ♠❡♥♦r❡s sã♦ r❡s✉❧t❛❞♦s ❞♦ ❜❛t✐♠❡♥t♦
❡♥tr❡ ♦s ❞♦✐s ❜r❛ç♦s ❞♦ ✐♥t❡r❢❡rô♠❡tr♦✱ ♦✉ s❡❥❛✱ f0 ❡ s❡✉ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦✳ ◆❛ ✜❣✉r❛
✭❜✮ t❡♠♦s ♦ ♠❡s♠♦ s✐♥❛❧ ❞❡ f0 q✉❡ ❡♠ ✭❛✮✱ s❡♠ ❡st❛❜✐❧✐③❛çã♦ ❛t✐✈❛✱ ❡♠ ❡s❝❛❧❛ ❞✐❢❡r✲
❡♥t❡✳ ❱❡♠♦s q✉❡✱ s❡♠ ❡st❛❜✐❧✐③❛çã♦✱ ❡st❡ s✐♥❛❧ ♣♦ss✉✐ ✉♠ r✉✐❞♦ ❝♦♥s✐❞❡rá✈❡❧ ❞❡ ❝✉rt♦
t❡r♠♦✱ t❡♥❞♦ ❧❛r❣✉r❛ ❡s♣❡❝tr❛❧ ❞❡ ❝❡r❝❛ ❞❡ ✷ ▼❍③✳ P❛r❛ ❡ss❛ ♠❡❞✐❞❛✱ ❢♦✐ ❝♦♥str✉í❞♦
♦ ✐♥t❡r❢❡rô♠❡tr♦ ❞❛ ✜❣✉r❛ ✻✳✸✵ ✭❜✮✱ ✉t✐❧✐③❛♥❞♦ ✉♠ ❝r✐st❛❧ ❇❇❖✱ ❝♦rt❛❞♦ ♣❛r❛ ❣❡r❛r
s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❡♠ ✶✵✼✻ ♥♠ ❝♦♠ ✐♥❝✐❞ê♥❝✐❛ ♥♦r♠❛❧✳ ❆ ♣♦tê♥❝✐❛ ❞♦s ❢❡✐①❡s ❞♦s
❜r❛ç♦s ❝♦♠ ❛s ♣❛rt❡s ❡♠ ✺✸✽ ♥♠ ❡ ❡♠ ✶✵✼✻ ♥♠ ❡ ❛ ♣♦tê♥❝✐❛ ❞♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦



✽✻ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✸✵✿ ■♥t❡r❢❡rô♠❡tr♦s ♣❛r❛ ♠❡❞✐❞❛ ❞❡ fo✳ ❊❉✿❡s♣❡❧❤♦ ❞✐❝ró✐❝♦❀ P✿ ♣♦❧❛r✐③❛❞♦r❀ ❋✿
✜❧tr♦❀ ❙❍●✿ ❝r✐st❛❧ ♣❛r❛ ❣❡r❛r s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ♥❛ r❡❣✐ã♦ ❞❡ ✶✶✹✵ ♥♠❀ ❋❉✿ ❢♦t♦❞❡t❡❝t♦r✳
E✱ E1 ❡ E2✿ ❡s♣❡❧❤♦s ❝♦♠✉♥s✳ ✭❛✮ ■♥t❡r❢❡rô♠❡tr♦ ❞❡ ▼❛❝❤✲❩❡❤♥❞❡r✳ ✭❜✮ ■♥t❡r❢❡rô♠❡tr♦ ❞❡
▼✐❝❤❡❧s♦♥✳ ❖ ❡s♣❡❧❤♦ ❊ ❡stá ❛❜❛✐①♦ ❞♦ ♥í✈❡❧ ❞♦ ❢❡✐①❡ ❞❡ ❡♥tr❛❞❛✳ ✭❝✮ ♦ ♠❡s♠♦ q✉❡ ✭❜✮✱
♣♦ré♠ ✉t✐❧✐③❛♥❞♦✲s❡ ♣r✐s♠❛s ♣❛r❛ s❡♣❛r❛r ♦ ❢❡✐①❡ ❡♠ ❞✉❛s ♣❛rt❡s ❡♠ ✈❡③ ❞❡ ✉♠ ❡s♣❡❧❤♦
❞✐❝r♦✐❝♦✳

♥❛ s❛í❞❛ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ ❡r❛♠ ❞❡ ✷✽✵ µ❲✱ ✶✻✵ µ❲ ❡ ✹✺ µ❲✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳
❊st❡ s✐♥❛❧ ❢♦✐ ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ à ✉♠ ❣❡r❛❞♦r ❞❡ ❢✉♥çã♦ ❞❛ ❙t❛♥❢♦r❞ ❘❡✲

s❡❛r❝❤ ❙②st❡♠s ♠♦❞❡❧♦ ❉❙✸✹✺✱ ❝♦♥❢♦r♠❡ ♦ ❡sq✉❡♠❛ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✻✳✸✷✱ q✉❡
❢♦r♥❡❝❡ s✐♥❛❧ ❝♦♠ ❢r❡qüê♥❝✐❛ ❞❡ ❛té ✸✵ ▼❍③ ❝♦♠ ♣r❡❝✐sã♦ ❞❡ ✶✵−3 ❍③✳ ❆ s❛í❞❛ ❞♦
✐♥t❡r❢❡rô♠❡tr♦ ♣❛ss❛ ♣♦r ✉♠ ✜❧tr♦ ♣❛ss❛✲❜❛♥❞❛ ❡ ♣♦r ✉♠ ❞✐✈✐s♦r ❞❡ ❢r❡qüê♥❝✐❛ ✭÷
✶✻✮ ❞❡ ♠♦❞♦ ❛ ❝❛✐r ♣❛r❛ ✉♠ ✈❛❧♦r ❡♠ t♦r♥♦ ❞❡ ✶✼ ▼❍③✳ ❊♠ s❡❣✉✐❞❛ é ❡♥✈✐❛❞♦ ❛
✉♠ ♠✐①❡r✱ ♦♥❞❡ é ❝♦♠❜✐♥❛❞♦ ❝♦♠ ♦ s✐♥❛❧ ❞♦ ♦s❝✐❧❛❞♦r ❞❡ r❡❢❡rê♥❝✐❛ ✭♠❡s♠♦ ♣r✐♥❝í♣✐♦
❞❛ ❡st❛❜✐❧✐③❛çã♦ ❞❡ frep s❡çã♦ ✻✳✺✳✶✮✳ ❖ s✐♥❛❧ r❡s✉❧t❛♥t❡ é ✉s❛❞♦ ♣❛r❛ ❝♦♥tr♦❧❛r ✉♠
♠♦❞✉❧❛❞♦r ❛❝úst✐❝♦ ó♣t✐❝♦ q✉❡ ♠✉❞❛ ❛ ♣♦tê♥❝✐❛ ❞❡ ❜♦♠❜❡✐♦ ❞❡ ♠♦❞♦ ❛ ♠❛♥t❡r f0

✜①♦ ✭✜❣✉r❛ ✻✳✸✸✮✳
P❛r❛ ♠❡❞✐r fo ❞♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s✱ ♠♦♥t❛♠♦s ♦ ✐♥t❡r❢❡rô♠❡tr♦ ✭❜✮✱ ✉t✐❧✐③❛♥❞♦

❇❇❖ ♦✉ ❇■❇❖ ♣❛r❛ ❛ ❣❡r❛çã♦ ❞♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ✭t❛❜❡❧❛ ✻✳✸✮✳ P♦r s❡r ❣❡r❛çã♦ ❞❡
s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❝♦♠ ❝❛s❛♠❡♥t♦ ❞❡ ❢❛s❡ ❝rít✐❝♦✱ ✉♠ ❛❥✉st❡ ♥❛ ❢r❡qüê♥❝✐❛ ❞✉♣❧✐❝❛❞❛
é ❢❡✐t♦ ♠✉❞❛♥❞♦✲s❡ ❛ ♦r✐❡♥t❛çã♦ ❞♦ ❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦ ❢❡✐①❡ ✐♥❝✐❞❡♥t❡✳ ❖ ❇❇❖
❡ ♦ ❇■❇❖ ❢♦r❛♠ ❝♦rt❛❞♦s ♣❛r❛ ❞✉♣❧✐❝❛r ✶✵✻✵ ♥♠ ❡ ✽✺✵ ♥♠ ❡♠ ✐♥❝✐❞ê♥❝✐❛ ♥♦r♠❛❧✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❈♦♠♦ ❡st❛♠♦s tr❛❜❛❧❤❛♥❞♦ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡♠ t♦r♥♦ ❞❡ ✶✵✹✵ ♥♠ ♣❛r❛
❞✉♣❧✐❝❛çã♦ ✭✜❣✉r❛ ✻✳✷✺✮✱ é ♥❡❝❡ssár✐♦ ✉♠ ♣❡q✉❡♥♦ ❣✐r♦ ❞❡ ❛♠❜♦s ♦s ❝r✐st❛✐s✳ ❊♠
❣❡r❛❧✱ q✉❛♥❞♦ ♦ ❢❡✐①❡ ❛ s❡r ❞✉♣❧✐❝❛❞♦ ✐♥❝✐❞❡ ❡♠ â♥❣✉❧♦ ♥♦ ❝r✐st❛❧✱ ♦ ❢❡✐①❡ ❞♦ s❡❣✉♥❞♦
❤❛r♠ô♥✐❝♦ s❛✐ ❡♠ â♥❣✉❧♦ ❡♠ r❡❧❛çã♦ ❛♦ ❢❡✐①❡ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❢✉♥❞❛♠❡♥t❛❧✳
■ss♦ ♣r♦✈♦❝❛ ✉♠ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ♥♦ ✐♥t❡r❢❡rô♠❡tr♦ q✉❡ ✐♠♣♦ss✐❜✐❧✐t❛ ♦ ❜❛t✐♠❡♥t♦ ❡♥tr❡
❛s ❞✉❛s ♣❛rt❡s ❡♠ ✺✷✵ ♥♠✳ ◆❡st❡ s❡♥t✐❞♦✱ ♦ ❝♦rt❡ ❞♦ ❝r✐st❛❧ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
❝♦rr❡t♦ ♦✉ ♦ ✉s♦ ❞❡ ✉♠ ❝r✐st❛❧ q✉❡ ♣r♦✈♦❝❛ ✉♠ ❞❡s✈✐♦ ♠í♥✐♠♦ é ✐♠♣♦rt❛♥t❡✳ P❛r❛



✻✳✺✳ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✽✼

✭❛✮

✭❜✮

❋✐❣✉r❛ ✻✳✸✶✿ ❙✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ ♦❜s❡r✈❛❞♦ ❡♠ ✉♠ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦ ❝♦♠
✸✵✵ ❦❍③ ❞❡ r❡s♦❧✉çã♦ ✭r❡s♦❧✉t✐♦♥ ❜❛♥❞✇✐❞t❤✱ ❘❇❲✮✳ ✭❛✮ ♦ ♣✐❝♦ ♠❛✐♦r é ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
❞♦ ❧❛s❡r ❡ ♦s ❞♦✐s ♠❡♥♦r❡s sã♦ ♦ r❡s✉❧t❛❞♦ ❞♦ ❜❛t✐♠❡♥t♦ ❡♥tr❡ 2fm ❡ f2m✳ ❊✐①♦ ✈❡rt✐❝❛❧✿
❛♠♣❧✐t✉❞❡ ❡♠ ❞❇♠✳ ❊✐①♦ ❤♦r✐③♦♥t❛❧✿ ❢r❡qüê♥❝✐❛ ✶✵✵ ▼❍③✴❞✐✈✐sã♦✳ ✭❜✮ fo ♦❜s❡r✈❛❞♦ ❡♠ ✉♠❛
❡s❝❛❧❛ ♠❡♥♦r✳ ❊✐①♦ ✈❡rt✐❝❛❧✿ ❛♠♣❧✐t✉❞❡ ❡♠ ❞❇♠✳ ❊✐①♦ ❤♦r✐③♦♥t❛❧✿ ❢r❡qüê♥❝✐❛ ✺ ▼❍③✴❞✐✈✐sã♦



✽✽ ✻✳ ❘❡s✉❧t❛❞♦s

❋✐❣✉r❛ ✻✳✸✷✿ ❊sq✉❡♠❛ s✐♠♣❧✐✜❝❛❞♦ ♣❛r❛ ♠❡❞✐❞❛ ❞❡ fo✳

❋✐❣✉r❛ ✻✳✸✸✿ fo ❡st❛❜✐❧✐③❛❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠ ❣❡r❛❞♦r ❞❡ ❢✉♥çã♦✳ ❈✉r✈❛ ♠❡❞✐❞❛ ❝♦♠ ✶ ❑❍③
❞❡ r❡s♦❧✉çã♦ ❞♦ ❛♥❛❧✐s❛❞♦r ❞❡ ❡s♣❡❝tr♦✳ ❖s ♣✐❝♦s ❧❛t❡r❛✐s ❛♣❛r❡❝❡♠ ❞❡✈✐❞♦ ❛♦ ❜❛t✐♠❡♥t♦ ❞♦
❢❡✐①❡ ❞❡ ❜♦♠❜❡❛♠❡♥t♦ ❡♠ ✺✸✷ ♥♠ ❝♦♠ ♦s ♠♦❞♦s ❞♦ ♣❡♥t❡✳

♦s ❞♦✐s ❝r✐st❛✐s q✉❡ t❡st❛♠♦s ✭t❛❜❡❧❛ ✻✳✸✮✱ ♦ ♠❛✐s ❛❞❡q✉❛❞♦ é ♦ ❇■❇❖✳ ❊st❡ ❝r✐st❛❧
❛♣r❡s❡♥t❛ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦♥✈❡rsã♦ ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❡ ♣r♦✈♦❝❛ ✉♠ ❞❡s✈✐♦
♠❡♥♦r ❞♦ ❢❡✐①❡ ❞♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦✳

❆♣❡s❛r ❞❡ t❡r♠♦s ♦❜t✐❞♦ ♣♦tê♥❝✐❛ ❞❛ ♣❛rt❡ ♥❛ r❡❣✐ã♦ ❞♦ ✈✐sí✈❡❧ ❡ ❞♦ s❡❣✉♥❞♦
❤❛r♠ô♥✐❝♦ ❞❛ ♣❛rt❡ ❞♦ ✐♥❢r❛✈❡r♠❡❧❤♦ s❡♠❡❧❤❛♥t❡s ❛♦ ♦❜t✐❞♦ ♥❛ ♠♦♥t❛❣❡♠ ❝♦♠ ♦
❧❛s❡r ❝♦♠❡r❝✐❛❧✱ ♥ã♦ ❝♦♥s❡❣✉✐♠♦s ♠❡❞✐r f0 ♥❡st❡ ❝❛s♦✳ ❖ s✐♥❛❧ r✉í❞♦ ❞❛ t❛①❛ ❞❡
r❡♣❡t✐çã♦ ♠❡❞✐❞❛ ❛tr❛✈és ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ t❛♠❜é♠ ♣♦ss✉í❛ ✈❛❧♦r❡s ❞❡ ❛♠♣❧✐t✉❞❡



✻✳✺✳ ❊st❛❜✐❧✐③❛çã♦ ❞❡ frep ❡ fo ✽✾

❈r✐st❛❧ ❇❇❖ ❇■❇❖
❊s♣❡ss✉r❛ ✹ ♠♠ ✷ ♠♠
P♦tê♥❝✐❛ t♦t❛❧ ♥❛ s❛í❞❛ ❞❛
✜❜r❛ ✸✵✵ ♠❲ ✷✽✵ ♠❲

P♦tê♥❝✐❛ ❡♠ ✺✷✵ ♥♠ ❣❡r❛❞♦
♣❡❧❛ ✜❜r❛ ✹✵✵ µ❲ ✻✺✵ µ❲

❙❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❣❡r❛❞♦
❡♠ t♦r♥♦ ❞❡ ✺✷✵ ♥♠ ✸✵ µ❲ ✼✽ µ❲

❚❛❜❡❧❛ ✻✳✸✿ ❊✜❝✐ê♥❝✐❛ ❞♦s ❝r✐st❛✐s ❞✉♣❧✐❝❛❞♦r❡s t❡st❛❞♦s✳

❜❛st❛♥t❡ s❡♠❡❧❤❛♥t❡ ❛♦ ❝❛s♦ ❞♦ ❧❛s❡r ❝♦♠❡r❝✐❛❧ ✭r❛③ã♦ s✐♥❛❧✲r✉í❞♦ ❞❡ ✹✵ ❞❇ ♠❡❞✐❞♦s
❝♦♠ r❡s♦❧✉çã♦ ❞❡ ✸✵✵ ❑❍③✮✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♥ã♦ ❤❛✈✐❛ ♣r♦❜❧❡♠❛ ❝♦♠ ♦s ❞❡t❡❝t♦r❡s
♦✉ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡st❛ ♠♦♥t❛❣❡♠✳ ❆ ú♥✐❝❛ ❞✐❢❡r❡♥ç❛ ❡st❛✈❛ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡
♦♥❞❛ ♣❛r❛ ♦ q✉❛❧ ♦s ❝r✐st❛✐s ❢♦r❛♠ ❝♦rt❛❞♦s✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦s ❞❡s✈✐♦s ❣❡r❛❞♦s ♥♦
s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❢♦r❛♠ ❞❡❝✐s✐✈♦ ♣❛r❛ ✐♠♣❡❞✐r ❛ ♠❡❞✐❞❛ ❞❡ fo ❝♦♠ ❡st❡ s✐st❡♠❛✳
❯♠❛ ❛❧t❡r♥❛t✐✈❛ ✈✐á✈❡❧ s❡r✐❛ tr♦❝❛r ♦ ✐♥t❡r❢❡rô♠❡tr♦ ♣❡❧♦ t✐♣♦ ▼❛❝❤✲❩❡❤♥❞❡r✱ ✜❣✉r❛
✻✳✸✵ ✭❛✮✱ ❡ ❝♦rr✐❣✐r ♦ â♥❣✉❧♦ ❞♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❝♦♠ ❞♦✐s ❡s♣❡❧❤♦s ✐♥❞❡♣❡♥❞❡♥t❡s✳



✾✵



❈❛♣ít✉❧♦ ✼

❈♦♥❝❧✉sã♦

◆❡st❡ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈❡♠♦s ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ♣❛r❛ ✉s♦ ❡♠ ▼❡tr♦❧♦❣✐❛
❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❛❧t❛ r❡s♦❧✉çã♦ ❡ ♣r❡❝✐sã♦✳ ❉✉❛s ✈❡rsõ❡s ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥✲
❝✐❛s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s✿ ✉♠❛ ❜❛s❡❛❞❛ ❡♠ ✉♠ ❧❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛ ❝♦♠ ❡s♣❡❝tr♦
❛❧❛r❣❛❞♦ ♣♦r ✉♠❛ ✜❜r❛ ❢♦tô♥✐❝❛✱ ❡ ♦✉tr❛ ❜❛s❡❛❞❛ ❡♠ ✉♠ ❧❛s❡r ❞❡ ❚✐tâ♥✐♦✿s❛✜r❛ q✉❡
♣r♦❞✉③ ❞✐r❡t❛♠❡♥t❡ ✉♠ ❡s♣❡❝tr♦ ❧❛r❣♦✱ q✉❡ ❝♦❜r❡ ✉♠❛ ♦✐t❛✈❛ ó♣t✐❝❛ ❡ ❞✐s♣❡♥s❛ ♦ ✉s♦
❞❛ ✜❜r❛✳ ❆♠❜♦s ♦s ❧❛s❡rs ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❡ ❝♦♥str✉í❞♦s ❡♠ ♥♦ss♦s ❧❛❜♦r❛tór✐♦s
s❡♥❞♦ ♦s ♣r✐♠❡✐r♦s ❞❡st❡ t✐♣♦ ❛ s❡r❡♠ ❞❡s❡♥✈♦❧✈✐❞♦s ♥♦ ❇r❛s✐❧✳ ❊❧❡s ♣♦ss✉❡♠ ❛❧t❛ t❛①❛
❞❡ r❡♣❡t✐çã♦✱ q✉❡ ♣♦❞❡ s❡r s✐♥t♦♥✐③á✈❡❧✱ ❡ ✉s❛♠ ❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ✭❝❤✐r♣❡❞ ♠✐r✲
r♦r✮ ♥♦ ❧✉❣❛r ❞❡ ♣r✐s♠❛s ♣❛r❛ ❝♦♠♣❡♥s❛r ❛ ❞✐s♣❡rsã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❣r✉♣♦ ✭●❱❉✮
❡ ❣❛r❛♥t✐r ♦s❝✐❧❛çã♦ ❡♠ r❡❣✐♠❡ ❞❡ ♠♦❞♦s ❛❝♦♣❧❛❞♦s ✭♠♦❞❡✲❧♦❝❦❡❞✮ ❛tr❛✈és ❞♦ ❡❢❡✐t♦ ❞❡
❧❡♥t❡ ❑❡rr✳ ❆ ❛❧t❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ é ♣r❡❢❡rí✈❡❧ ❡♠ ❧❛s❡rs ✉t✐❧✐③❛❞♦s ❡♠ ♠❡❞✐❞❛s ❞❡
❢r❡qüê♥❝✐❛ ó♣t✐❝❛s✱ ♣♦✐s ♣♦ss✐❜✐❧✐t❛ ♦ ❛✉♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦s ♠♦❞♦s ❧♦♥❣✐t✉❞✐♥❛✐s✱
❢❛❝✐❧✐t❛♥❞♦ ❛ss✐♠ ♦ ❜❛t✐♠❡♥t♦ ❝♦♠ ♦ ❧❛s❡r ❝✉❥❛ ❢r❡qüê♥❝✐❛ s❡ q✉❡r ♠❡❞✐r✱ ❡ t❛♠❜é♠
r❡❞✉③✐♥❞♦ ❛ ❡①✐❣ê♥❝✐❛ ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ♣ré✈✐♦ ❞❡st❛ ❢r❡qüê♥❝✐❛✳

❯♠ ❞♦s ❧❛s❡rs ✭s❡çã♦ ✻✳✸✮ ❢♦✐ ❝♦♥str✉í❞♦ ❝♦♠ ❝❛✈✐❞❛❞❡ ❡♠ ❛♥❡❧ ❝♦♥t❡♥❞♦ s❡✐s
❡s♣❡❧❤♦s ❞❡ ✈❛rr❡❞✉r❛ ✭❝❤✐r♣❡❞ ♠✐rr♦rs✮✱ ❞❡ ❢♦r♠❛ ❛ t❡r ❞✐s♣❡rsã♦ t♦t❛❧ ✐♥tr❛❝❛✈✐❞❛❞❡
❞❡ ✲✻✵ ❢s2✳ ❖ ❢♦r♠❛t♦ ❞♦ ❡s♣❡❝tr♦ ❣❡r❛❞♦ é ❜❛st❛♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ ❛❧✐♥❤❛♠❡♥t♦ ❞❛
❝❛✈✐❞❛❞❡ ❡✱ ❡♠ ❡s♣❡❝✐❛❧✱ ❞❛ ♣♦s✐çã♦ ❞♦ ❝r✐st❛❧ ❡♠ r❡❧❛çã♦ ❛♦s ❡s♣❡❧❤♦s ❝✉r✈♦s✱ ❝♦♠
❧❛r❣✉r❛ ✈❛r✐❛♥❞♦ ❡♥tr❡ ✶✵ ♥♠ ❡ ✹✵ ♥♠ ❡ ❞✉r❛çã♦ ❞♦ ♣✉❧s♦ t✐♣✐❝❛♠❡♥t❡ ❞❡ ✶✺✵ ❢s✳ ❆
t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❢♦✐ ✈❛r✐❛❞❛ ❡♥tr❡ ✼✺✵ ▼❍③ ❡ ✶ ●❍③✱ ♠❛s ❡s❝♦❧❤❡♠♦s ♠❛♥tê✲❧❛ ❡♠
✼✻✵ ▼❍③ ❡♠ ✉♠ ❝♦♠♣r♦♠✐ss♦ ♣❛r❛ q✉❡ s❡❥❛ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❧t❛ ❞❡ ❢♦r♠❛ q✉❡ ♦s
♠♦❞♦s s❡❥❛♠ r❡s♦❧✈✐❞♦s ❡♠ ✉♠ ✇❛✈❡♠❡t❡r✱ ♣♦ré♠ s❡♠ ❞✐♠✐♥✉✐r ❞❡♠❛s✐❛❞❛♠❡♥t❡ ❛
♣♦tê♥❝✐❛ ❞❡ ♣✐❝♦ ❞♦ ♣✉❧s♦ ❬✸✺❪✱ ♦ q✉❡ ❧✐♠✐t❛r✐❛ ♦s ❡❢❡✐t♦s ♥ã♦✲❧✐♥❡❛r❡s ♥❛ ✜❜r❛✳

❖ ❡s♣❡❝tr♦ ❞❡st❡ ❧❛s❡r ❢♦✐ ❛❧❛r❣❛❞♦ ♣♦r ❞♦✐s t✐♣♦s ❞❡ ✜❜r❛s ❞❡ ♠✐❝r♦❡str✉t✉r❛✱
s❡♥❞♦ q✉❡ ❛ ♠❛✐s ❡✜❝✐❡♥t❡ ❢♦✐ ❛q✉❡❧❛ ❝♦♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦
✭✼✸✹ ♥♠✮ ♠❡♥♦r q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ✭✼✽✵ ♥♠✮✳

❆ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❢❡✐t❛ ❝♦♠ ❡st❡ ❧❛s❡r ♥✉♠❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛
❞❡♣❡♥❞❡ ❞❡ ❛s♣❡❝t♦s ✐♥❡r❡♥t❡s ❛♦ ❧❛s❡r ❡ ❛ ✜❜r❛✳ ❈♦♠♣r✐♠❡♥t♦ ❡ ③❡r♦ ❞❡ ❞✐s♣❡rsã♦ ❞❛
✜❜r❛✱ ♣♦tê♥❝✐❛✱ ❢♦r♠❛t♦✱ ❧❛r❣✉r❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝❡♥tr❛❧ ❞♦ ❧❛s❡r ❞❡✈❡♠ s❡r

✾✶



✾✷ ✼✳ ❈♦♥❝❧✉sã♦

❛❥✉st❛❞♦s ♣❛r❛ s❡ ♦❜t❡r ❛ ♠❛✐♦r ❧❛r❣✉r❛ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❡ ♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ♣✐❝♦s
❡♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❛❞❡q✉❛❞♦s à ♠❡❞✐❞❛ ❛ s❡r r❡❛❧✐③❛❞❛✳

❖ s❡❣✉♥❞♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❝♦♥str✉í❞♦ ✭s❡çã♦ ✻✳✷✮ é ♣❛rt✐❝✉❧❛r♠❡♥t❡ ✐♥t❡r❡ss❛♥t❡
♣♦✐s ♣r♦❞✉③ ✉♠ ❡s♣❡❝tr♦ q✉❡ s❡ ❡st❡♥❞❡ ❞❡ ✺✽✺ ❛té ✶✷✵✵ ♥♠✱ ❛ ✲✷✵ ❞❇ ❛❜❛✐①♦ ❞♦
♠á①✐♠♦ ❡♠ ✾✽✻ ♥♠✱ s❡♠ ✉s♦ ❞❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛✳ ■st♦ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛ ❞✐s♣❡rsã♦
t♦t❛❧ ❞❛ ❝❛✈✐❞❛❞❡ s❡r ♣ró①✐♠❛ ❞❡ ③❡r♦✳ ❊♥tr❡t❛♥t♦✱ ❡st❛ ❞✐s♣❡rsã♦ ✭●❱❉✮ ❛♣r❡s❡♥t❛
♦s❝✐❧❛çõ❡s ❡♥tr❡ ✲✺✵ ❡ ✰✶✵✵ ❢s2✱ ❝❤❡❣❛♥❞♦ ❛ s❡r ♣♦s✐t✐✈❛ ♣ró①✐♠♦ ❛♦ ♣✐❝♦ ❞❡ ❣❛♥❤♦ ❞♦
❝r✐st❛❧ ❡♠ ✽✵✵ ♥♠✱ ♦ q✉❡ ✐♠♣❧✐❝❛ q✉❡ ❛ ❝♦♠♣❡♥s❛çã♦ ♣r❡❝✐s❛ ❞❛ ❞✐s♣❡rsã♦ ♣❛r❡❝❡ ♥ã♦
s❡r ✐♠♣♦rt❛♥t❡✳ ◆ós ♠♦str❛♠♦s q✉❡ ❝❡r❝❛ ❞❡ ✶✼ ✪ ✭✼✻ ✪✮ ❞❛ ♣♦tê♥❝✐❛ ✐♥tr❛❝❛✈✐❞❛❞❡
✭❞❡ s❛í❞❛✮✱ ❝♦♥❝❡♥tr❛❞❛ ❡♥tr❡ ✾✻✵ ♥♠ ❡ ✶✷✵✵ ♥♠✱ é ❣❡r❛❞❛ ♣♦r ❡❢❡✐t♦s ♥ã♦ ❧✐♥❡❛r❡s
❡♠ ♣❛ss❛❣❡♠ ú♥✐❝❛ ♥♦ ❝r✐st❛❧ ❞❡ ❚✐✿s❛✜r❛✱ ♣♦rt❛♥t♦ ❢♦r❛ ❞❛ ❜❛♥❞❛ ❞❛ ❝❛✈✐❞❛❞❡ ❧❛s❡r
❡ ♦♥❞❡ ♦ ❣❛♥❤♦ ❞♦ ❝r✐st❛❧ é ❜❛✐①♦✳ ❆ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡st❡ ❧❛s❡r ❢♦✐ ✈❛r✐❛❞❛ ❡♥tr❡
✶ ❡ ✷✱✶✷ ●❍③✱ s❡♠ ❛❧t❡r❛çã♦ ♥❛ ❧❛r❣✉r❛ ❞♦ ❡s♣❡❝tr♦✳ ❆ ❧❛r❣✉r❛ t❡♠♣♦r❛❧ ❞❡st❡ ❧❛s❡r
♥ã♦ ♣ô❞❡ s❡r ♠❡❞✐❞❛ ♣♦✐s ❛ té❝♥✐❝❛ ❞❡ ❛✉t♦❝♦rr❡❧❛çã♦✱ ✉t✐❧✐③❛❞❛ ❝♦♠ ♦ ♣r✐♠❡✐r♦ ❧❛s❡r✱
❡①✐❣✐r✐❛ ❛ ❣❡r❛çã♦ ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞♦ ♦ ❡s♣❡❝tr♦✱ ♦ q✉❡ ♥ã♦ é
♣♦ssí✈❡❧ ❞❛❞❛ ❛ ❣r❛♥❞❡ ❧❛r❣✉r❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✼✵✵ ♥♠✳

❖ ✉s♦ ❞♦ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❝♦♠ ❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉r❛ t❡♠ ❛❧❣✉♠❛s ❞❡s✈❛♥t❛✲
❣❡♥s✱ t❛✐s ❝♦♠♦ ✐♥st❛❜✐❧✐❞❛❞❡s ❞❡✈✐❞♦ ❛ ♣❡q✉❡♥❛s ♠✉❞❛♥ç❛s ♥❛ ♣♦❧❛r✐③❛çã♦ ❞♦ ❧❛s❡r
♣❡❧❛ ✜❜r❛ q✉❡ ❞✐✜❝✉❧t❛♠ ✉♠❛ ♦♣❡r❛çã♦ ♣r♦❧♦♥❣❛❞❛✳ ❆❧é♠ ❞✐ss♦✱ ❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦
❞♦ ❧❛s❡r ♥ã♦ ♣♦❞❡ s❡r ♠✉✐t♦ ❡❧❡✈❛❞❛✱ ❝♦♠♦ ❥á ♠❡♥❝✐♦♥❛❞♦✱ ♣❛r❛ ♥ã♦ ❞✐♠✐♥✉✐r ❛ ✐♥✲
t❡♥s✐❞❛❞❡ ❞❡ ♣✐❝♦ ❞♦s ♣✉❧s♦s ❡ ❝♦♥s❡qü❡♥t❡♠❡♥t❡ ♦s ❡❢❡✐t♦s ♥ã♦✲❧✐♥❡❛r❡s✳ ❖ ❧❛s❡r ❝♦♠
❡s♣❡❝tr♦ ❧❛r❣♦ s✉r❣❡ ❝♦♠♦ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✈✐á✈❡❧ ♣♦r ♣r♦❞✉③✐r ✉♠ ❡s♣❡❝tr♦ ❧❛r❣♦ s❡♠
❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ss❡ t✐♣♦ ❞❡ ✜❜r❛✱ ♥ã♦ ❡st❛♥❞♦ s✉❥❡✐t♦ ❛ ❡ss❛s ✐♥st❛❜✐❧✐❞❛❞❡s ❡ t❡♥❞♦
❛ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❧✐♠✐t❛❞❛ ❛♣❡♥❛s ♣❡❧♦ t❛♠❛♥❤♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞❛ ❝❛✈✐❞❛❞❡✳
❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛ ✜❜r❛ ♣❡r♠✐t❡ ❛ ❣❡r❛çã♦ ❞❡ s✉♣❡r❝♦♥tí♥✉♦ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♠✉✐t♦ ♠❛✐♦r✱ ❝♦♠❜r✐♥❞♦ q✉❛s❡ t♦❞♦ ♦ ❡s♣❡❝tr♦ ❞❡ ❧✉③ ✈✐sí✈❡❧✱
♣♦ss✐❜✐❧✐t❛♥t♦ ♠❡❞✐❞❛s ❞❡ ❢r❡qüê♥❝✐❛ ❡♠ ✉♠❛ ❡①t❡♥sã♦ ♠❛✐♦r ❡ ❢❛❝✐❧✐t❛♥❞♦ ❛ ♠❡❞✐❞❛
❞❡ f0✳

❆ t❛①❛ ❞❡ r❡♣❡t✐çã♦ ❞❡ ❛♠❜♦s ♦s ❧❛s❡rs ❢♦✐ ❡st❛❜✐❧✐③❛❞❛ ❡♠ r❡❧❛çã♦ ❛ s✐♥t❡t✐③❛❞♦r❡s
❞❡ ❢r❡qüê♥❝✐❛ ❡stá✈❡✐s ✭s❡çã♦ ✻✳✺✳✶✮ ❡ ♣✉❞❡r❛♠ s❡r s✐♥t♦♥✐③❛❞❛s ❛tr❛✈és ❞❡❧❡s ❡♠ ✉♠
✐♥t❡r✈❛❧♦ ❞❡ ✸✵ ❑❍③✱ ❧✐♠✐t❛❞♦ ♣❡❧❛ ❡①❝✉rsã♦ ♠á①✐♠❛ ❞♦ P❩❚✳ ❊♥tr❡t❛♥t♦✱ ❛ t❛①❛
❞❡ r❡♣❡t✐çã♦ ♣♦ss✉✐ ✉♠❛ r❡❧❛t✐✈❛ ❡st❛❜✐❧✐❞❛❞❡ q✉❡✱ ♠❡s♠♦ s❡♠ ✉♠ ❝♦♥tr♦❧❡ ❛t✐✈♦✱
♣♦ss✐❜✐❧✐t❛ q✉❡ ♠❡❞✐❞❛s ❢❡✐t❛s ❡♠ ❝✉rt♦ t❡♠♣♦ ✭❁ ✶ s❡❣✉♥❞♦✮ s❡❥❛♠ ❢❡✐t❛s ❝♦♠ ♣r❡❝✐sã♦
❁✶ ▼❍③✳

❆ ♠❡❞✐❞❛ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡♥tr❡ ♦ ❡♥✈❡❧♦♣❡ ❞♦ ♣✉❧s♦ ❡ ❛ ♦♥❞❛ ♣♦rt❛❞♦r❛ ✭f0✱ s❡çã♦
✻✳✺✳✷✮ ❡♥✈♦❧✈❡ ❛ ❝♦♥str✉çã♦ ❝✉✐❞❛❞♦s❛ ❞❡ ✉♠ ✐♥t❡r❢❡rô♠❡tr♦ ♣❛r❛ ♦ ❜❛t✐♠❡♥t♦ ❡♥tr❡
❛ ♣❛rt❡ ✈✐sí✈❡❧ ❞♦ s✉♣❡r❝♦♥tí♥✉♦ ❝♦♠ ♦ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ❞❛ ♣❛rt❡ ✐♥❢r❛✈❡r♠❡❧❤❛✳
❆ ♣♦❧❛r✐③❛çã♦ ❞❡ ❛♠❜♦s ♦s ❢❡✐①❡s ❡ ❛ s♦❜r❡♣♦s✐çã♦ ❡♥tr❡ ❡❧❡s sã♦ ❢❛t♦r❡s ❝rít✐❝♦s✳ ◆❛
♠♦♥t❛❣❡♠ ❝♦♠ ♦ ❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❡ ❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛✱ ❝♦♥str✉í♠♦s ✐♥t❡r✲
❢❡rô♠❡tr♦s ❞❡ ▼✐❝❤❡❧s♦♥ ❡ ❞❡ ▼❛❝❤✲❩❡♥❞❡r ♦♥❞❡ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ✶✵✹✵ ♥♠
❡ ✺✷✵ ♥♠ ❣❡r❛❞♦s ♣❡❧❛ ✜❜r❛ ❡ t❛♠❜é♠ ♣♦r ✉♠ ❝r✐st❛❧ ❞✉♣❧✐❝❛❞♦r ❞❡ ❢r❡qüê♥❝✐❛ sã♦



✼✳ ❈♦♥❝❧✉sã♦ ✾✸

❞✐r❡❝✐♦♥❛❞♦s ♣❛r❛ ❜r❛ç♦s ❞✐❢❡r❡♥t❡s✱ s❡❣✉✐♥❞♦ ❡♥tã♦ ♣❛r❛ ✉♠ ❢♦t♦❞❡t❡❝t♦r rá♣✐❞♦ ❝✉❥❛
❢✉♥çã♦ é ❞❡t❡❝t❛r f0✱ ❝♦♠♦ ✉♠ ❜❛t✐♠❡♥t♦ ❡♥tr❡ ❛s ❝♦♠♣♦♥❡♥t❡s ✈✐sí✈❡✐s✳

❊♠ ✉♠❛ ❡st❛❞✐❛ ❞❡ q✉❛tr♦ ♠❡s❡s ♥♦ ◆■❙❚✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❛ ♠❡❞✐❞❛ ❡ ❛ ❡st❛❜✐✲
❧✐③❛çã♦ ❞❡ f0 ❞❡ ✉♠ ❧❛s❡r ❞❡ ❚✐✿s❛✜r❛ ❝♦♠❡r❝✐❛❧ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ✜❜r❛ ❞❡ ♠✐❝r♦❡str✉t✉r❛✳
❆s ♣♦tê♥❝✐❛s ❡♠ ✺✸✽ ♥♠ ❞✐r❡t♦ ❞❛ ✜❜r❛ ❡ ❞❛q✉❡❧❡ ❣❡r❛❞♦ ♣♦r ❞✉♣❧✐❝❛çã♦ ❡♠ ❢r❡qüê♥✲
❝✐❛ ❞❡ ✶✵✼✻ ♥♠ ♦❜t✐❞❛s ❝♦♠ ❡st❡ ❧❛s❡r ❡r❛♠ s❡♠❡❧❤❛♥t❡s ❛♦ ✈❛❧♦r❡s ♦❜t✐❞♦s ❝♦♠ ♦
❧❛s❡r ❞❡ s❡✐s ❡s♣❡❧❤♦s ❞✐s❝✉t✐❞♦ ♥❡st❛ t❡s❡✳ ■st♦ ✐♥❞✐❝❛ q✉❡ ♦ s✐♥❛❧ ❞❡ fo ❞♦ ❧❛s❡r ❞❡ s❡✐s
❡s♣❡❧❤♦s ♣♦❞❡ s❡r ♦❜t✐❞♦ ❝♦♠ ❛ tr♦❝❛ ❞♦ ❝r✐st❛❧ ❣❡r❛❞♦r ❞❡ s❡❣✉♥❞♦ ❤❛r♠ô♥✐❝♦ ♣♦r ✉♠
♦✉tr♦ ❝♦rt❛❞♦ ♣❛r❛ ❞✉♣❧✐❝❛r ❢r❡qüê♥❝✐❛ ❡♠ ✶✵✹✵ ♥♠ ❡♠ ✐♥❝✐❞ê♥❝✐❛ ♥♦r♠❛❧ ♦✉ ❝♦♠ ❛
r❡❝♦♥str✉çã♦ ❞♦ ✐♥t❡r❢❡rô♠❡tr♦ ❞❡ ❢♦r♠❛ q✉❡ ♦s ❝❛♠✐♥❤♦s ❞♦s ❢❡✐①❡s ❡♠ ✺✷✵ ♥♠ ✈✐♥❞♦
❞❛ ✜❜r❛ ❡ ♦ ❣❡r❛❞♦ ♣♦r ❞✉♣❧✐❝❛çã♦ ❡♠ ❢r❡qüê♥❝✐❛ ♣♦ss❛♠ s❡r ❛❥✉st❛❞♦s ❞❡ ♠❛♥❡✐r❛
✐♥❞❡♣❡♥❞❡♥t❡✳

❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ s✐st❡♠❛s ❞❡ ♣❡♥t❡s ❞❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s✱ ❞✐s❝✉t✐❞❛ ♥❡st❛
t❡s❡✱ é ❛ ♣r✐♠❡✐r❛ ❛ s❡r r❡❛❧✐③❛❞❛ ♥♦ ❇r❛s✐❧✳ ❊st❡s s✐st❡♠❛s s❡rã♦ ✉t✐❧✐③❛❞♦s ✐♥✐❝✐❛❧♠❡♥t❡
♣❛r❛ ♠❡❞✐r ❞✐r❡t❛♠❡♥t❡ ❢r❡qüê♥❝✐❛s ó♣t✐❝❛s ❡ ♥❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ r❡❧ó❣✐♦ ❛tô♠✐❝♦
ó♣t✐❝♦ ❜❛s❡❛❞♦ ♥❛ tr❛♥s✐çã♦ ❞❡ ✐♥t❡r❝♦♠❜✐♥❛çã♦ ❞♦ át♦♠♦ ❞❡ ❝á❧❝✐♦✱ ❡♠ ✹✺✼ ❚❍③ ✭✻✺✼
♥♠✮✳ ❊st❡s ♣❡♥t❡s t❛♠❜é♠ ♣♦❞❡rã♦ s❡r ✉t✐❧✐③❛❞♦s ❡♠ ❡s♣❡❝tr♦s❝♦♣✐❛ ❛tô♠✐❝❛ ❬✶✻❪✱ ❡♠
❡①♣❡r✐♠❡♥t♦s ❞❡ ❝♦♥tr♦❧❡ ❝♦❡r❡♥t❡ ❬✶✹❪ ❡ ♥❛ ❣❡r❛çã♦ ❞❡ ❛❧t♦s ❤❛r♠ô♥✐❝♦s ❬✻✼❀ ✻✽❪✳ ❯♠❛
♣♦ss✐❜✐❧✐❞❛❞❡ ❡♠ ❡st✉❞♦ é ♦ ✉s♦ ❞♦s ♣❡♥t❡s ♣❛r❛ ❝❛❧✐❜r❛çã♦ ❞❛ ❢r❡qüê♥❝✐❛ ❞❡ ❧❛s❡rs
♠❡tr♦❧ó❣✐❝♦s✱ ♣♦ss✐✈❡❧♠❡♥t❡ ❝♦♠♦ ❧❛❜♦r❛tór✐♦ ❝r❡❞❡♥❝✐❛❞♦ ♣❛r❛ t❛❧ ♣❡❧♦ ■♥♠❡tr♦✳



✾✹



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❙t❡✈❡♥ ❚✳ ❈✉♥❞✐✛ ❛♥❞ ❏✉♥ ❨❡✳ ❈♦❧❧♦q✉✐✉♠✿ ❋❡♠t♦s❡❝♦♥❞ ♦♣t✐❝❛❧ ❢r❡q✉❡♥❝②
❝♦♠❜s✳ ❘❡✈✳ ▼♦❞✳ P❤②s✳✱ ✼✺✭✶✮✿✸✷✺ ✕ ✸✹✷✱ ✷✵✵✸✳

❬✷❪ ❙t❡✈❡♥ ❚✳ ❈✉♥❞✐✛✱ ❏✉♥ ❨❡✱ ❛♥❞ ❏♦❤♥ ▲✳ ❍❛❧❧✳ ❖♣t✐❝❛❧ ❢r❡q✉❡♥❝② s②♥t❤❡s✐s ❜❛s❡❞
♦♥ ♠♦❞❡✲❧♦❝❦❡❞ ❧❛s❡rs✳ ❘❡✈✳ ❙❝✐✳ ■♥str✉♠✳✱ ✼✷✭✶✵✮✿✸✼✹✾ ✕ ✸✼✼✶✱ ✷✵✵✶✳

❬✸❪ ❍✳ ❙❝❤♥❛t③✱ ❇✳ ▲✐♣♣❤❛r❞t✱ ❏✳ ❍❡❧♠❝❦❡✱ ❋✳ ❘✐❡❤❧❡✱ ❛♥❞ ●✳ ❩✐♥♥❡r✳ ❋✐rst ♣❤❛s❡✲
❝♦❤❡r❡♥t ❢r❡q✉❡♥❝② ♠❡❛s✉r❡♠❡♥t ♦❢ ✈✐s✐❜❧❡ r❛❞✐❛t✐♦♥✳ P❤②s✳ ❘❡✇✳ ▲❡tt✳✱ ✼✻✭✶✮✿✶✽✱
❏❛♥✉❛r② ✶✾✾✻✳

❬✹❪ ❉❛✈✐❞ ❏✳ ❏♦♥❡s✱ ❙❝♦tt ❆✳ ❉✐❞❞❛♠s✱ ❏✐♥❡♥❞r❛ ❑✳ ❘❛♥❦❛✱ ❆♥❞r❡✇ ❙t❡♥t③✱ ❘♦❜❡rt ❙✳
❲✐♥❞❡❧❡r✱ ❏♦❤♥ ▲✳ ❍❛❧❧✱ ❛♥❞ ❙t❡✈❡♥ ❚✳ ❈✉♥❞✐✛✳ ❈❛rr✐❡r✲❡♥✈❡❧♦♣❡ ♣❤❛s❡ ❝♦♥tr♦❧ ♦❢
❢❡♠t♦s❡❝♦♥❞ ♠♦❞❡✲❧♦❝❦❡❞ ❧❛s❡rs ❛♥❞ ❞✐r❡❝t ♦♣t✐❝❛❧ ❢r❡q✉❡♥❝② s②♥t❤❡s✐s✳ ❙❝✐❡♥❝❡✱
✷✽✽✭✷✽✮✿✻✸✺ ✕ ✻✸✾✱ ✷✵✵✵✳

❬✺❪ P✳ ❋✳ ▼♦✉❧t♦♥✳ ❙♣❡❝tr♦s❝♦♣✐❝ ❛♥❞ ❧❛s❡r ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❚✐✿❆❧2✵3✳ ❏✳ ❖♣t✳ ❙♦❝✳
❆♠✳ ❇✱ ✸✭✶✮✿✶✷✺✕✶✸✸✱ ✶✾✽✻✳

❬✻❪ ❏✐♥❡♥❞r❛ ❑✳ ❘❛♥❦❛✱ ❘♦❜❡rt ❙✳ ❲✐♥❞❡❧❡r✱ ❛♥❞ ❆♥❞r❡✇ ❏✳ ❙t❡♥t③✳ ❱✐s✐❜❧❡ ❝♦♥t✐♥✲
✉✉♠ ❣❡♥❡r❛t✐♦♥ ✐♥ ❛✐r✲s✐❧✐❝❛ ♠✐❝r♦str✉❝t✉r❡ ♦♣t✐❝❛❧ ✜❜❡rs ✇✐t❤ ❛♥♦♠❛❧♦✉s ❞✐s♣❡r✲
s✐♦♥ ❛t ✽✵✵ ♥♠✳ ❖♣t✳ ▲❡tt✳✱ ✷✺✭✶✮✿✷✺ ✕ ✷✼✱ ✷✵✵✵✳

❬✼❪ ❆✳ ❇❛rt❡❧s ❛♥❞ ❍✳ ❑✉r③✳ ●❡♥❡r❛t✐♦♥ ♦❢ ❛ ❜r♦❛❞❜❛♥❞ ❝♦♥t✐♥✉✉♠ ❜② ❛ t✐✿s❛♣♣❤✐r❡
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❋❡♠t♦s❡❝♦♥❞✲❧❛s❡r✲❜❛s❡❞ ♦♣t✐❝❛❧ ❝❧♦❝❦✇♦r❦ ✇✐t❤ ✐♥st❛❜✐❧✐t② ≤ l6.3 × 10−16 ✐♥
✶ s✳ ❖♣t✳ ▲❡tt✳✱ ✷✼✭✶✮✿✺✽✱ ✷✵✵✷✳
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❬✸✹❪ ❈❛r❧♦s ❍❡♥r✐q✉❡ ❞❡ ❇r✐t♦ ❈r✉③ ❛♥❞ ❍✉❣♦ ▲✉✐s ❋r❛❣♥✐t♦✳ ❋❡♥ô♠❡♥♦s ✉❧tr❛rá♣✐❞♦s✿
●❡r❛çã♦ ❞❡ ♣✉❧s♦s ❧❛s❡r ✉❧tr❛❝✉rt♦s ❡ s✉❛s ❛♣❧✐❝❛çõ❡s✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ◆❡①❋♦t✱
◆ú❝❧❡♦ ❞❡ ❊①❝❡❧ê♥❝✐❛ ❡♠ ❋♦tô♥✐❝❛✱ ■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛✱ ❯♥✐❝❛♠♣✱ ✷✵✵✵✳

❬✸✺❪ ❑❡✈✐♥ ❲✳ ❍♦❧♠❛♥✱ ❘✳ ❏❛s♦♥ ❏♦♥❡s✱ ❆❞❡❧❛ ▼❛r✐❛♥✱ ❙t❡✈❡♥ ❈✉♥❞✐✛✱ ❛♥❞ ❏✉♥
❨❡✳ ❉❡t❛✐❧❡❞ st✉❞✐❡s ❛♥❞ ❝♦♥tr♦❧ ♦❢ ✐♥t❡♥s✐t② ✲ r❡❧❛t❡❞ ❞②♥❛♠✐❝s ♦❢ ❢❡♠t♦s❡❝♦♥❞
❢r❡q✉❡♥❝② ❝♦♠❜s ❢r♦♠ ♠♦❞❡✲❧♦❝❦❡❞ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡rs✳ ■❊❊❊ ❏♦✉♥❛❧ ♦❢ ❙❡❧❡❝✳
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❬✸✻❪ ❏❡❛♥✲❈❧❛✉❞❡ ❉✐❡❧s ❛♥❞ ❲♦❧❢❣❛♥❣ ❘✉❞♦❧♣❤✳ ❯❧tr❛s❤♦rt ❧❛s❡r ♣✉❧s❡ ♣❤❡♥♦♠❡♥❛✿
❢✉♥❞❛♠❡♥t❛❧s✱ t❡❝❤♥✐q✉❡s✱ ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦♥ ❛ ❢❡♠t♦s❡❝♦♥❞ t✐♠❡ s❝❛❧❡✳ ❆❝❛✲
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❬✸✼❪ ▲✳ ▲❡♣❡t✐t✱ ●✳ ❈❤➫❡r✐❛✉①✱ ❛♥❞ ▼✳ ❏♦✛r❡✳ ▲✐♥❡❛r t❡❝❤♥✐q✉❡s ♦❢ ♣❤❛s❡ ♠❡❛s✉r❡♠❡♥t
❜② ❢❡♠t♦s❡❝♦♥❞ s♣❡❝tr❛❧ ✐♥t❡r❢❡r♦♠❡tr② ❢♦r ❛♣♣❧✐❝❛t✐♦♥s ✐♥ s♣❡❝tr♦s❝♦♣②✳ ❏✳ ❖♣t✳
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❬✸✽❪ ●ü♥t❡r ❙t❡✐♥♠❡②❡r✳ ❆ r❡✈✐❡✇ ♦❢ ✉❧tr❛❢❛st ♦♣t✐❝s ❛♥❞ ♦♣t♦❡❧❡❝tr♦♥✐❝s✳ ❏✳ ❖♣t✳ ❆✿
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❬✸✾❪ ❑✳ ❲✳ ❉❡▲♦♥❣✱ ❘✐❝❦ ❚r❡❜✐♥♦✱ ❏✳ ❍✉♥t❡r✱ ❛♥❞ ❲✳ ❊✳ ❲❤✐t❡✳ ❋r❡q✉❡♥❝②✲r❡s♦❧✈❡❞
♦♣t✐❝❛❧ ❣❛t✐♥❣ ✇✐t❤ t❤❡ ✉s❡ ♦❢ s❡❝♦♥❞✲❤❛r♠♦♥✐❝ ❣❡♥❡r❛t✐♦♥✳ ❏✳ ❖♣t✳ ❙♦❝✳ ❆♠✳ ❇✱
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❬✹✵❪ ●✐♦✈❛♥❛ ❚✳ ◆♦❣✉❡✐r❛ ❛♥❞ ❋❧❛✈✐♦ ❈✳ ❈r✉③✳ ❊✣❝✐❡♥t ✶ ●❍③ ❚✐✿s❛♣♣❤✐r❡ ❧❛s❡r ✇✐t❤
✐♠♣r♦✈❡❞ ❜r♦❛❞❜❛♥❞ ❝♦♥t✐♥✉✉♠ ✐♥ t❤❡ ✐♥❢r❛r❡❞✳ ❖♣t✳ ▲❡tt✳✱ ✸✶✭✶✸✮✿✷✵✻✾✱ ❏✉❧②
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❬✹✶❪ ❏♦s❡♣❤ ❚❤♦♠❛s ❱❡r❞❡②❡♥✳ ▲❛s❡r ❊❧❡tr♦♥✐❝s✳ ❊♥❣❧❡✇♦♦❞ ❈❧✐✛s ✿ Pr❡♥t✐❝❡✲❍❛❧❧✱
✷♦✳ ❡❞✐t✐♦♥✱ ✶✾✽✶✳

❬✹✷❪ ❲❛❧t❡r ❑♦❡❝❤♥❡r✳ ❙♦❧✐❞✲❙t❛t❡ ▲❛s❡r ❊♥❣✐♥❡❡r✐♥❣✳ ❙♣r✐♥❣❡r✱ ❇❡r❧✐♥✱ ✺♦✳ ❡❞✐t✐♦♥✱
✶✾✾✾✳

❬✹✸❪ ❱✐tt♦r✐♦ ▼❛❣♥✐✱ ❙❛♥❞r♦ ❉❡ ❙✐❧✈❡str✐✱ ❛♥❞ ❈②❜♦✲❖tt♦♥❡✳ ❖♥ t❤❡ st❛❜✐❧✐t②✱ ♠♦❞❡
♣r♦♣❡rt✐❡s✱ ❛♥❞ ♠✐s❛❧✐❣♥♠❡♥t s❡♥s✐t✐✈✐t② ♦❢ ❢❡♠t♦s❡❝♦♥❞ ❞②❡ ❧❛s❡r r❡s♦♥❛t♦rs✳
❖♣t✳ ❈♦♠♠✳✱ ✽✷✭✶✱ ✷✮✿✶✸✼ ✕ ✶✹✹✱ ✶✾✾✶✳

❬✹✹❪ ●✳ ❈❡r✉❧❧♦✱ ❙✳ ❉❡ ❙✐❧✈❡str✐✱ ❱✳ ▼❛❣♥✐✱ ❛♥❞ ▲✳ P❛❧❧❛r♦✳ ❘❡s♦♥❛t♦rs ❢♦r ❦❡rr✲❧❡♥s
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❬✹✻❪ ❍❡r✇✐❣ ❲✳ ❑♦❣❡❧♥✐❦✱ ❊r✐❝❤ P✳ ■♣♣❡♥✱ ❆♥❞r❡✇ ❉✐❡♥❡s✱ ❛♥❞ ❈❤❛r❧❡s ❱✳ ❙❤❛♥❦✳
❆st✐❣♠❛t✐❝❛❧❧② ❝♦♠♣❡♥s❛t❡❞ ❝❛✈✐t✐❡s ❢♦r ❈❲ ❞②❡ ❧❛s❡rs✳ ■❊❊❊ ❏♦✉r♥❛❧ ♦❢ ◗✉❛♥✲
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❬✺✷❪ ❉✳ ❊✳ ❙♣❡♥❝❡✱ P✳ ◆✳ ❑❡❛♥✱ ❛♥❞ ❲✳ ❙✐❜❜❡tt✳ ✻✵✲❢s❡❝ ♣✉❧s❡ ❣❡♥❡r❛t✐♦♥ ❢r♦♠ ❛
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❱✳ ❙❝❤❡✉❡r✱ ❚✳ ❚s❝❤✉❞✐✱ ▼✳ ❏✳ ▲❡❛❞❡r❡r✱ ❆✳ ❇♦✐❦♦✱ ❛♥❞ ❇✳ ▲✉t❤❡r✲❉❛✈✐❡s✳ ●❡r❡✲
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❆♣ê♥❞✐❝❡ ❆

❊s♣❡❧❤♦s ❯t✐❧✐③❛❞♦s

❊s♣❡✲

❧❤♦s

❊s♣❡❝✐✜❝❛ç✄❡s ●❱❉ ▲❛s❡r

❛t✉❛❧

EO1 ❖✉t♣✉t ❈♦✉♣❧❡r✿ ❋❙✱ ♣❧❛♥❡✱ ✇❡❞❣❡ =
✸✵♠✐♥✱
❙✶✿ ❆❘✭✵◦✱✼✺✵✲✽✺✵♥♠✮ < ✵✳✷✪✱
❙✷✿ P❘✭✵◦✱✼✺✵✲✽✺✵♥♠✮ = ✾✽➧✵✳✺✪✱

●❱❉ < ✷✵❢s2 ✹ ❡ ✻ ❡s♣

EO2 ❖✉t♣✉t ❈♦✉♣❧❡r✿ ❋❙✱ ♣❧❛♥❡✱
✇❡❞❣❡=✸✵♠✐♥✱
❙✶✿▲ ❆❘✭✵◦✱✻✽✵✲✶✶✵✵♥♠✮ < ✵✳✻✪✱
❙✷✿ P❘✭✵◦✱✻✽✵✲✶✶✵✵♥♠✮ = ✾✼ ± ✶ ✪

ECX ▲❛s❡r ▼✐rr♦r✿ ❋❙✱ ♣❧✲❝♦♥✈❡①✱
r✷ = ✶✵✵✵♠♠✱
❍❘✭✵◦✱✻✼✵✲✶✵✵✵♥♠✮>✾✾✳✽✪✱

●❱❉✭✼✵✵✲
✾✼✵♥♠✮ = ✲✻✵ ±
✷✵ ❢s2

✹ ❡s♣

◆■❙❚
EC1

P✉♠♣ ▼✐rr♦r✿ ❋❙✱ ♣❧✲❝♦♥❝❛✈❡✱
❙✶✿❆❘✭✵◦✱✺✸✷♥♠✮ < ✵✳✷✺✪✱
❙✷✿ r✷ = ✸✵♠♠✱ ❍❘✭✵◦✱✼✵✵✲✾✵✵♥♠✮ >
✾✾✳✽✪ ✰ ❘✭✵◦✱✺✸✷♥♠✮ < ✶✵ ✪

●❱❉✭✼✼✵✲
✾✼✵♥♠✮ = ✲✼✵ ±
✷✵ ❢s2

✹ ❡s♣

EC2 ▲❛s❡r ▼✐rr♦r✿ ❋❙✱ ♣❧✲❝♦♥❝❛✈❡✱
r✷ = ✸✵♠♠✱ ❍❘✭✵◦✱✻✼✵✲✶✵✵✵♥♠✮ >
✾✾✳✽✪✱

●❱❉✭✼✵✵✲
✾✼✵♥♠✮ = ✲✻✵ ±
✷✵ ❢s2 ❢s2

✹ ❡s♣

✶✵✶



✶✵✷ ❆♣ê♥❞✐❝❡ ❆✳ ❊s♣❡❧❤♦s ❯t✐❧✐③❛❞♦s

❊s♣❡✲

❧❤♦s

❊s♣❡❝✐✜❝❛ç✄❡s ●❱❉ ▲❛s❡r

❛t✉❛❧

EC3 P✉♠♣ ▼✐rr♦r✿ ❋❙✱ ♣❧✲❝♦♥❝❛✈❡✱
❙✶✿ ❆❘✭✵◦✱✺✶✹✲✺✸✷♥♠✮ < ✵✳✷✺✪✱
❙✷✿ r✷ = ✸✵♠♠✱ ❍❘✭✵◦✱✼✷✵✲✽✷✵♥♠✮ >
✾✾✳✾✪ ✰ ❘✭✵◦✱✺✶✹✲✺✸✷♥♠✮ < ✺✪✱

●❱❉ = ✲✹✵ ± ✶✵
❢s2

✻ ❡s♣

EC4 P✉♠♣ ▼✐rr♦r✿ ❋❙✱ ♣❧✲❝♦♥❝❛✈❡✱
❙✶✿❆❘✭✵◦✱✹✽✽✲✺✸✷♥♠✮ < ✵✳✷✺✪✱
❙✷✿ r✷ = ✸✵♠♠✱ ❍❘✭✵◦✱✻✺✵✲✶✶✵✵♥♠✮
> ✾✾✳✾✪ ✰ ❘✭✵◦✱✹✽✽✲✺✸✷♥♠✮ < ✺✪

✻ ❡s♣

EP1 ▲❛s❡r ▼✐rr♦r✿ ❋❙✱ ♣❧❛♥❡✱
❍❘✭✵◦✱✻✼✵✲✶✵✵✵♥♠✮ > ✾✾✳✽✪

●❱❉✭✼✵✵✲
✾✼✵♥♠✮ = ✲✻✵ ±
✷✵ ❢s2

✻ ❡s♣

EP2 P✉♠♣ ▼✐rr♦r✿ ❋❙✱ ♣❧❛♥❡✱
❙✶✿❆❘✭✵◦✱✺✸✷♥♠✮<✵✳✷✺✪✱
❙✷✿ ❍❘✭✵◦✱✻✷✵✲✶✵✸✵♥♠✮>✾✾✳✾✪ ✰
❘✭✵◦✱✺✶✹✲✺✸✷♥♠✮ < ✺✪✱

●❱❉✭✼✵✵✲
✾✵✵♥♠✮ = ✲✼✵
❢s2✱
✭♣❛✐r ♦s❝✐❧❛t✐♦♥
❝♦♠♣✳✮

✻ ❡s♣
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❋♦♥t❡s ❞♦s ♣r♦❣r❛♠❛s ♣❛r❛ ❝á❧❝✉❧♦ ❞❡

❝✉r✈❛s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✉s❛♥❞♦ ♦

♣r♦❣r❛♠❛ ▼❛t❤❡♠❛t✐❝❛ ✺✳✵

✶✵✸
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