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■♥st✐t✉t♦ ❞❡ ❋✐s✐❝❛ ●❧❡❜ ❲❛t❛❣❤✐♥ ✲ ■❋●❲

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦

❊st✉❞♦ ❞❛s Pr♦♣r✐❡❞❛❞❡s❉✐♥â♠✐❝❛s ❡ ❊str✉t✉r❛✐s ❞♦
●á❧✐♦ ▲íq✉✐❞♦ ❙✉♣❡r✲❘❡s❢r✐❛❞♦ ❛tr❛✈és ❞❡ ❙✐♠✉❧❛çõ❡s

❆t♦♠íst✐❝❛s

❖s❝❛r ❙❛♠✉❡❧ ❈❛❥❛❤✉❛r✐♥❣❛ ▼❛❝♦❧❧✉♥❝♦

❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ❆❧❡① ❆♥t♦♥❡❧❧✐

❈♦✲❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ▼❛✉r✐❝❡ ❞❡ ❑♦♥✐♥❣

❉✐ss❡rt❛çã♦ ❞❡ ♠❡str❛❞♦ ❛♣r❡s❡♥t❛❞❛ ❛♦

■♥st✐t✉♦ ❞❡ ❋ís✐❝❛ ●❧❡❜ ❲❛t❛❣❤✐♥ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s ♣❛r❛

♦❜t❡♥çã♦ ❞♦ tít✉❧♦ ❞❡ ▼❡str❡ ❡♠ ❋ís✐❝❛✳

❊st❡ ❡①❡♠♣❧❛r ❝♦rr❡♣♦♥❞❡ à ✈❡rsã♦ ✜♥❛❧ ❞❛ ❞✐ss❡rt❛çã♦ ❞❡❢❡♥❞✐❞❛ ♣❡❧♦ ❛❧✉♥♦ ❖s❝❛r ❙❛♠✉❡❧

❈❛❥❛❤✉❛r✐♥❣❛ ▼❛❝♦❧❧✉♥❝♦ ❡ ❛♣r♦✈❛❞❛ ♣❡❧❛ ❝♦♠✐sã♦ ❥✉❣❛❞♦r❛ ✭✷✻✴✵✼✴✷✵✶✶✮✳

Pr♦❢✳ ❉r✳ ❆❧❡① ❆♥t♦♥❡❧❧✐

❈❛♠♣✐♥❛s✱ ✷✵✶✶



✐✐



✐✐✐



❆❣r❛❞❡❝✐♠❡♥t♦s

Pr✐♠❡✐r❛♠❡♥t❡ ❛ ❉❡✉s✳

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

❆♦ ♠❡✉ ♦r✐❡♥t❛❞♦r ♦ ♣r♦❢❡ss♦r ❆❧❡① ♣❡❧❛ ❞❡❞✐❝❛çã♦ ❝♦♥st❛♥t❡✱ ❞✐s❝✉ssõ❡s✱ ❛❥✉❞❛ ♥❛ r❡❞❛çã♦

❞❛ ❞✐ss❡rt❛çã♦ ❡ s✉❛ ❣r❛♥❞❡ ♣❛❝✐ê♥❝✐❛ ❞✉r❛♥t❡ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ t❡r ♠❡ ❛❝❡✐t❛❞♦ ♥♦

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

❆♦ ♣r♦❢❡ss♦r ▼❛✉r✐❝❡ ♠❡✉ ❝♦✲♦r❡✐♥t❛❞♦r ♣❡❧❛ ❛❥✉❞❛ ❡ s✉❛ ❞✐s♣♦♥✐❜✐❧✐❞❛❞❡ ❞✉r❛♥t❡ t♦❞♦ ❡st❡

tr❛❜❛❧❤♦✳

❆♦ ▼❛t❡✉s ♣❡❧❛ ❛❥✉❞❛ ❡ r❡❝♦♠❡♥❞❛çõ❡s ♥❛ ♠✐♥❤❛ ❡t❛♣❛ ❞❡ ❛♣r❡♥❞✐③❛❣❡♠ ❞♦ ❝ó❞✐❣♦ ❝♦♠✲

♣✉t❛❝✐♦♥❛❧ ▲❆▼▼P❙ ❛ ♣❛rt✐r ❞❛ ❡st❛❝❛ ③❡r♦✳

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

❝♦♠♣❛rt✐❧❤❛r t♦❞❛ s✉❛ ❛❧❡❣r✐❛ ❝♦♠✐❣♦✳

❆♦ ♣r♦❢❡ss♦r ❆r♠❛♥❞♦ ♣♦r t❡r ♠❡ ♠♦t✐✈❛❞♦ ❛ ❢❛③❡r ♦ ♠❡str❛❞♦✳

❆ ♠❡✉ ♣❛❞r✐♥❤♦ ❘♦❣❡r✐♦ ♣❡❧❛ s✉❛ ❛❥✉❞❛ ♥♦ ♠♦♠❡♥t♦ q✉❡ ❡✉ ♠❛✐s ♣r❡❝✐s❛✈❛✳

❆♦ ♠❡✉ ❛♠✐❣♦ ❊❞✉❛rt❡ ♣❡❧❛ ❛♠✐③❛❞❡ ❡ ❞✐s❝✉ssõ❡s ❞✉r❛♥t❡ ❛s ❞✐s❝✐♣❧✐♥❛s ♥♦ ♠❡str❛❞♦ ♦

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

♥♦ ✐♥✐❝✐♦ ❡ ❛✐♥❞❛ é ♠❡✉ ♣❡s❛r✳

❆♦ ❈◆Pq ♣❡❧❛ ❜♦❧s❛ ❞✉r❛♥t❡ ❡st❡s ❞♦✐s ❛♥♦s✳

✐✈



❘❡s✉♠♦

❆ ❢ís✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s é ✉♠ ❞♦s ♣r♦❜❧❡♠❛s ♣❛r❛ ♦ q✉❛❧ ❛✐♥❞❛ ♥ã♦ ❡①✐st❡

✉♠❛ ú♥✐❝❛ t❡♦r✐❛ q✉❡ t❡♥❤❛ ❝❛♣t✉r❛❞♦ ❝♦♠ s✉❝❡ss♦ t♦❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡st❡s ♠❛t❡r✐❛✐s✱

♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ♦r✐❣❡♠ ❞❛ ❞✐♥â♠✐❝❛ ❝♦♠♣❧❡①❛✱ ❡ t❛♠❜é♠ ❛ ♣♦ssí✈❡❧ ♦❝♦rrê♥❝✐❛ ❞❡ tr❛♥s✐çõ❡s

❧íq✉✐❞♦✲❧íq✉✐❞♦ ♥❡ss❡ r❡❣✐♠❡✳ ◆♦ss♦ tr❛❜❛❧❤♦ ❡stá ❢♦❝❛❞♦ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦✱

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

❧íq✉✐❞♦✲❧íq✉✐❞♦✳ Pr✐♠❡✐r♦✱ ❢♦r❛♠ ❢❡✐t❛s s✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ♥♦ ❣á❧✐♦ ❛tr❛✈és ❞❡ ❞✐♥â♠✐❝❛

♠♦❧❡❝✉❧❛r ✉s❛♥❞♦ ♦ ♠♦❞✐✜❡❞ ❡♠❜❡❞❞❡❞ ❛t♦♠ ♠♦❞❡❧ ✭▼❊❆▼✮ ❡ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥✲

t♦r♥♦ ❡♠ ✉♠❛ s✉♣❡r✲❝é❧✉❧❛ ❝♦♥t❡♥❞♦ ✶✶✺✷ át♦♠♦s✱ ❝♦♠ ♦ ♣r♦♣ós✐t♦ ❞❡ ♠♦str❛r ❛ tr❛♥s✐çã♦ ❞❡

❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ♦❜t✐❞❛ ❡♠ r❡❝❡♥t❡s ♣❡sq✉✐s❛s t❡ór✐❝❛s✳ P❛r❛ ❡st✉❞❛r ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛

❝♦♠♦ ✉♠ t♦❞♦✱ ❝❛❧❝✉❧❛♠♦s ♦ ❞❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦✱ q✉❡ r❡✈❡❧❛ ♦ ♣❧❛tô ❡♠ t❡♠♣♦s

✐♥t❡r♠❡❞✐ár✐♦s✱ ♦ q✉❛❧ s❡ t♦r♥❛ ♠❛✐s ♥♦tór✐♦ ❛♣ós ❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦✳ ❊ss❡ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ♣♦❞❡ s❡r ♦r✐❣✐♥❛❞♦ ♣♦r ✉♠❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤♦♠♦❣ê♥❡❛ ♦✉ ✉♠❛ ❞✐♥â♠✐❝❛

❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛✳ P❛r❛ s❛❜❡r q✉❛❧ ❞❛s ❞✉❛s ❤✐♣ót❡s❡s é ♠❛✐s r❡❧❡✈❛♥t❡ ❢♦✐ ♠❡❞✐❞♦

♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❞❡ ♦r❞❡♠ ✷✱ ♣♦rq✉❡ ❡st❡ ♥♦s ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çã♦ ❞♦ ❣r❛✉ ❞❡ ❤❡t✲

❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✱ ❡ q✉❡ ♠♦str♦✉ q✉❡ ♥♦ss♦ s✐st❡♠❛ ♣♦ss✉✐ ✉♠❛ ❞✐♥â♠✐❝❛

❤❡t❡r♦❣ê♥❡❛✳ P♦st❡r✐♦r♠❡♥t❡✱ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❛ ❛✉t♦✲❢✉♥çã♦ ✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ✉s✲

❛♥❞♦ ♦ ♠ét♦❞♦ ❞❛ tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r q✉❡ é ♠❛s ❡✜❝✐❡♥t❡ ♣❛r❛ t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦

❧♦♥❣♦s✳ ❊st❛ ❢✉♥çã♦ ❢♦r♥❡❝❡ ❛ ❝♦rr❡❧❛çã♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦✱ q✉❡

♠♦str❛ t❛♠❜é♠ ✉♠ ♣❧❛tô ❡♠ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s✳ ❈♦♠ ♦ ✜♠ ❞❡ ❛♥❛❧✐s❛r ❝♦♠♦ r❡❧❛①❛ ❝❛❞❛

♣❛rtí❝✉❧❛✱ ❜❛s❡❛❞♦s ♥❛ ✐❞❡✐❛ ❞❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛✱ ❢♦✐ ♣♦ssí✈❡❧ s❡♣❛r❛r ❛s

♣❛rtí❝✉❧❛s ♣❡❧❛ s✉❛ ❞✐♥â♠✐❝❛ ❡♠ ❞♦✐s ❣r✉♣♦s✱ ✉♠ ❣r✉♣♦ q✉❡ ♣♦ss✉✐ ❛ ❞✐♥â♠✐❝❛ ♠❛✐s ❞✐❢✉s✐✈❛ ❡

♦✉tr♦ q✉❡ ♣♦ss✉✐ ❛ ❞✐♥â♠✐❝❛ ♠❡♥♦s ❞✐❢✉s✐✈❛✳ ❋✐♥❛❧♠❡♥t❡✱ ❢♦r❛♠ ❝❛r❛❝t❡r✐③❛❞♦s ❡str✉t✉r❛❧♠❡♥t❡

❡ss❡s ❞♦✐s ❣r✉♣♦s ❡✱ ❝♦♠♣❛r❛♥❞♦✲♦s ❝♦♠ ❛s ❢✉♥çõ❡s ❡str✉t✉r❛✐s ❞♦ s✐st❡♠❛ t♦❞♦✱ ❝♦♥❝❧✉í♠♦s q✉❡

❛s ❞✉❛s ❢❛s❡s ♣r❡s❡♥t❡s ♥♦ ❧íq✉✐❞♦ ❞❡♣♦✐s ❞❛ tr❛♥s✐çã♦✱ ♦ ❧íq✉✐❞♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♣♦ss✉✐ ✉♠❛

❞✐♥â♠✐❝❛ ♠❛✐s ❞✐❢✉s✐✈❛ ❡ ♦ ❧íq✉✐❞♦ ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♣♦ss✉✐ ✉♠❛ ❞✐♥â♠✐❝❛ ♠❡♥♦s ❞✐❢✉s✐✈❛✳

❋♦✐ ♣♦ssí✈❡❧ ❝♦♠ ❡st❡s r❡s✉❧t❛❞♦s ✐❞❡♥t✐✜❝❛r ❡s♣❛❝✐❛❧♠❡♥t❡ ❛s ❞✉❛s ❢❛s❡s ❧íq✉✐❞❛s ❡ ♦❜s❡r✈❛r

❝❧❛r❛♠❡♥t❡ ♦s s❡✉s ♣ró♣r✐♦s ❞♦♠í♥✐♦s ❡ q✉❡ ❡st❡s ♥ã♦ ❡stã♦ ♠✐st✉r❛❞♦s✳

✈



❆❜str❛❝t

❚❤❡ ♣❤②s✐❝s ♦❢ s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞s st✐❧❧ ❧❛❝❦s ❛ s✐♥❣❧❡ t❤❡♦r② ✇❤✐❝❤ ❝❛♥ s✉❝❝❡ss❢✉❧❧② ❝❛♣t✉r❡

❛❧❧ ❢❡❛t✉r❡s ♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s✱ ♠❛✐♥❧② t❤❡ ❝❛✉s❡ ❢♦r t❤❡✐r ❝♦♠♣❧❡① ❞②♥❛♠✐❝s ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t②

♦❢ ❧✐q✉✐❞✲❧✐q✉✐❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥s ✐♥ t❤✐s r❡❣✐♠❡✳ ❖✉r ✇♦r❦ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❞②♥❛♠✐❝s ♦❢

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

❧✐q✉✐❞✲❧✐q✉✐❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥✳ ❋✐rst✱ ❛t♦♠✐st✐❝ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ♠♦❞✐✜❡❞

❡♠❜❡❞❞❡❞ ❛t♦♠ ♠♦❞❡❧ ✭▼❊❆▼✮ ❛♥❞ ♣❡r✐♦❞✐❝❛❧ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✐♥ ❛ ✶✶✺✷✲❛t♦♠ s✉♣❡r❝❡❧❧✱

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

❚♦ st✉❞② t❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠✱ ✇❡ ❝❛❧❝✉❧❛t❡ t❤❡ ♠❡❛♥ sq✉❛r❡ ❞✐s♣❧❛❝❡♠❡♥t✱ ✇❤✐❝❤

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

❧✐q✉✐❞ tr❛♥s✐t✐♦♥✳ ❚❤✐s ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ ❝❛✉s❡❞ ❜② ❡✐t❤❡r ❛ s♣❛t✐❛❧❧② ❤♦♠♦❣❡♥❡♦✉s ❞②♥❛♠✐❝s ♦r

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

♦✉r ❝❛s❡✱ t❤❡ s❡❝♦♥❞ ♦r❞❡r ♥♦♥✲●❛✉ss✐❛♥ ♣❛r❛♠❡t❡r ✇❛s ❞❡t❡r♠✐♥❡❞✱ s✐♥❝❡ ✐t ♣r♦✈✐❞❡s t❤❡ ❞❡❣r❡❡

♦❢ ❤❡t❡r♦❣❡♥❡✐t② ♦❢ t❤❡ ❞②♥❛♠✐❝s ♦❢ t❤❡ s②st❡♠✱ s❤♦✇✐♥❣ t❤❛t s②st❡♠ ❡①❤✐❜✐ts ❛ ❤❡t❡r♦❣❡♥❡♦✉s

❞②♥❛♠✐❝s✳ ▲❛t❡r✱ t❤❡ s❡❧❢✲✐♥t❡r♠❡❞✐❛t❡ s❝❛tt❡r✐♥❣ ❢✉♥❝t✐♦♥ ✇❛s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❢❛st ❋♦✉r✐❡r

tr❛♥s❢♦r♠ ♠❡t❤♦❞✱ ✇❤✐❝❤ ✐s ♠♦r❡ ❡✣❝✐❡♥t ❢♦r ❧♦♥❣ ❝♦rr❡❧❛t✐♦♥ t✐♠❡s✳ ❚❤✐s ❢✉♥❝t✐♦♥ ❣✐✈❡s t❤❡

❞❡♥s✐t② ♣❛rt✐❝❧❡ ❝♦rr❡❧❛t✐♦♥ ✐♥ r❡❝✐♣r♦❝❛❧ s♣❛❝❡✱ s❤♦✇✐♥❣ ❛ ♣❧❛t❡❛✉ ✐♥ ✐♥t❡r♠❡❞✐❛t❡ t✐♠❡s ❛s ✇❡❧❧✳

■♥ ♦r❞❡r t♦ ❛♥❛❧②③❡ ❤♦✇ ❡❛❝❤ ♣❛rt✐❝❧❡ r❡❧❛①❡s✱ ❜❛s❡❞ ♦♥ t❤❡ ✐❞❡❛ ♦❢ ❛ s♣❛t✐❛❧❧② ❤❡t❡r♦❣❡♥❡♦✉s

❞②♥❛♠✐❝s✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❣❛t❤❡r t❤❡ ♣❛rt✐❝❧❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ♠♦❜✐❧✐t② ✐♥ t✇♦ ❣r♦✉♣s✱ ♦♥❡

✇❤✐❝❤ ❤❛s ❛ ♠♦r❡ ❞✐✛✉s❡ ❞②♥❛♠✐❝s ❛♥❞ ❛♥♦t❤❡r ✇❤✐❝❤ ❤❛s ❛ ❧❡ss ❞✐✛✉s❡ ❞②♥❛♠✐❝s✳ ❋✐♥❛❧❧②✱

t❤❡s❡ t✇♦ ❣r♦✉♣s ✇❡r❡ str✉❝t✉r❛❧❧② ❝❤❛r❛❝t❡r✐③❡❞ ❛♥❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡♠ ✇✐t❤ t❤❡ str✉❝t✉r❛❧

❢✉♥❝t✐♦♥s ♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❛t t❤❡ ❧✐q✉✐❞ ♦❢ ❤✐❣❤❡r ❞❡♥s✐t② ❤❛s

❛ ♠♦r❡ ❞✐✛✉s✐✈❡ ❞②♥❛♠✐❝s✱ ✇❤❡r❡❛s t❤❡ ❧♦✇❡r ❞❡♥s✐t② ❧✐q✉✐❞ ❤❛s ❧❡ss ❞✐✛✉s✐✈❡ ❞②♥❛♠✐❝s✳ ❋r♦♠

t❤❡s❡ r❡s✉❧ts ✇❡ ✇❡r❡ ❛❜❧❡ t♦ s♣❛t✐❛❧❧② ✐❞❡♥t✐❢② t❤❡ t✇♦ ❧✐q✉✐❞ ♣❤❛s❡s✱ ✇❤✐❝❤ ❝❧❡❛r❧② ❞✐s♣❧❛②

t❤❡✐r ♦✇♥ ❞♦♠❛✐♥s t❤❛t ❞♦ ♥♦t ♠✐① ✇✐t❤ ❡❛❝❤ ♦t❤❡r✳

✈✐
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✷✳✷✳✶ ❋✉♥çõ❡s ❞❡ ✈❛♥ ❍♦✈❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✷✳✷ ❙✐st❡♠❛s ■❞❡❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✷✳✸ ❆♣r♦①✐♠❛çõ❡s ❣❛✉ss✐❛♥❛s ❡ ❝♦rr❡çõ❡s ♥ã♦✲❣❛✉ss✐❛♥❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✹ ▲íq✉✐❞♦s ❙✉♣❡r✲❘❡s❢r✐❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
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✷✳✻ Pr♦♣r✐❡❞❛❞❡s ❉✐♥â♠✐❝❛s ❞♦s ▲íq✉✐❞♦s ❙✉♣❡r✲❘❡s❢r✐❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✼ ▼ét♦❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✷✳✼✳✶ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✸ ❙✐♠✉❧❛çõ❡s ❡ ❘❡s✉❧t❛❞♦s ✹✸

✸✳✶ ❚r❛♥s✐çã♦ ▲íq✉✐❞♦✲❧íq✉✐❞♦ ❡♠ ❣á❧✐♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✸✳✷ Pr♦♣r✐❡❞❛❞❡s ❉✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✸✳✸ ❊①✐st❡♠ ❝♦rr❡❧❛çõ❡s ❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s ♥♦ ●á❧✐♦❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵

✹ ❈♦♥❝❧✉sõ❡s ✻✶

❆ ❈á❧❝✉❧♦ ❞❛s ❋✉♥çõ❡s ❞❡ ❈♦rr❡❧❛çã♦ ✻✸

❇ P♦t❡♥❝✐❛❧ ●❛✲▼❊❆▼ ✻✼
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❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❯♠ ❞♦s ♣r♦❜❧❡♠❛s ♠❛✐s ❞❡s❛✜❛❞♦r❡s ❞❛ ❢ís✐❝❛ ❞❛ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛ é ❛ ❝♦♠♣r❡❡♥sã♦ ❞❛

❞✐♥â♠✐❝❛ ❡ t❡r♠♦❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❬✶❪✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ ♦r✐❣❡♠ ❞❛ ❞✐♥â♠✐❝❛

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

♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞♦ ❧íq✉✐❞♦✳ ❙❡♥❞♦ ✉♠❛ ♣♦ssí✈❡❧ ❡①♣❧✐❝❛çã♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ ❞✐♥â♠✐❝❛

❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ♥♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ q✉❡ é ❢♦rt❡♠❡♥t❡ ❛♣♦✐❛❞❛ ♣♦r r❡❝❡♥t❡s

❡①♣❡r✐♠❡♥t♦s ❡ s✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ❬✷✱ ✸✱ ✹❪✳ ❖✉tr♦ ❢❡♥ô♠❡♥♦ q✉❡ ♣♦❞❡ ❛♣r❡s❡♥t❛r ❛❧✲

❣✉♥s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s é ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❬✺✱ ✻❪✱

✐ss♦ ♣♦❞❡r✐❛ ❡①♣❧✐❝❛r ❛s ❛♥♦♠❛❧✐❛s ♥❛s ❢✉♥çõ❡s ❞❡ r❡s♣♦st❛s ❞♦s ❧íq✉✐❞♦s ❝♦♠ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛

t❡♠♣❡r❛t✉r❛✱ ❛ ❡①✐stê♥❝✐❛ ❞❡st❡ t✐♣♦ ❞❡ tr❛♥s✐çã♦ ♣♦r r❡s❢r✐❛♠❡♥t♦ ❛✐♥❞❛ ♥ã♦ ❢♦✐ ❞❡♠♦str❛❞❛

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡♠ ❢♦r♠❛ ❝♦♠♣❧❡t❛ ❞❡✈✐❞♦ ❛ q✉❡ ♦ ♣♦♥t♦ ❝rít✐❝♦ é ✐♥❛❝❡ssí✈❡❧ ❡①♣❡r✐♠❡♥✲

t❛❧♠❡♥t❡✳ ▼❛s é ❞❡♠♦str❛❞❛ ♣♦r ❡st✉❞♦s ❞❡ s✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ❡ ❞❡ ♣r✐♠❡✐r♦s ♣r✐♥❝í♣✐♦s

♣❛r❛ ♠❛t❡r✐❛✐s ❝♦♠♦ ♦ á❣✉❛ ❬✼✱ ✽❪✱ s✐❧í❝✐♦ ❬✾❪✱ ❝❛r❜♦♥♦❬✶✵❪✱ ❣á❧✐♦❬✶✶✱ ✶✷❪✱ ❡t❝✱ ❞❡st❡ t✐♣♦ tr❛♥s✐çã♦

s✉r❣❡♠ ♣❡r❣✉♥t❛s ❝♦♠♦✿ ◗✉❛✐s sã♦ ♦s ♣❛râ♠❡tr♦s ❞❡ ♦r❞❡♠ q✉❡ ❝♦♥tr♦❧❛♠ ❡st❛ tr❛♥s✐çã♦❄✳ ❡

♦✉tr❛ q✉❡stã♦ q✉❡ s✉r❣❡ ♣❛r❛ ♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s q✉❡ ♣♦❞❡♠ t❡r ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡

é✱ ❡st❡s ❞♦✐s ❢❡♥ô♠❡♥♦s ❞✐♥â♠✐❝♦s ❡ ❡str✉t✉r❛✐s sã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s❄✱ ❡ s❡ ❡stã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s

❝♦♠♦ s❡ ♠❛♥✐❢❡st❛ ❡st❛ ❝♦rr❡❧❛çã♦ ♥♦ ♠❛t❡r✐❛❧❄

✶



❈❆P❮❚❯▲❖ ✶✳ ■◆❚❘❖❉❯➬➹❖ ✷

✶✳✶ ▲íq✉✐❞♦s ❙✉♣❡r✲❘❡s❢r✐❛❞♦s

❖ q✉❡ ❛❝♦♥t❡❝❡ ❝♦♠ ✉♠ ❧íq✉✐❞♦✱ ✉♠❛ ✈❡③ q✉❡ é r❡s❢r✐❛❞♦❄ ❉✉r❛♥t❡ ♦ r❡s❢r✐❛♠❡♥t♦ ♣❛rt✐♥❞♦

❞❡ ✉♠❛ ❛❧t❛ t❡♠♣❡r❛t✉r❛✱ ♦s ❧íq✉✐❞♦s ♣♦❞❡♠ ❝r✐st❛❧✐③❛r ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ Tm✱ ❝♦♠♦ é

♠♦str❛❞♦ ❡sq✉❡♠❛t✐❝❛♠❡♥t❡ ♥❛ ✜❣✉r❛ ✶✳✶✳ ❙❡ ✉♠ ❧íq✉✐❞♦ é r❡s❢r✐❛❞♦ ❞❡ ♠♦❞♦ q✉❡ ❛ ❝r✐st❛❧✐③❛çã♦

é ❡✈✐t❛❞❛✱ t♦r♥❛✲s❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ✭T < Tm✮ q✉❡ é ✉♠ ❡st❛❞♦ ❞❡ ❡q✉✐❧í❜r✐♦ ♠❡t❛❡stá✈❡❧✳ ◗✉❛♥❞♦

✉♠ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ é ♠❛✐s r❡s❢r✐❛❞♦✱ ❛s ♣❛rtí❝✉❧❛s s❡ ♠♦✈❡♠ ♠❛✐s ❧❡♥t❛♠❡♥t❡✱ ❡ s❡✉

♠♦✈✐♠❡♥t♦ é r❡t❛r❞❛❞♦ ❞❡ ❢♦r♠❛ tã♦ ❞rást✐❝❛ q✉❡✱ ❡♠ ❛❧❣✉♠❛ t❡♠♣❡r❛t✉r❛ ♠❛✐s ❜❛✐①❛✱ ❛s

♣❛rtí❝✉❧❛s ♥ã♦ s❡rã♦ ♠❛✐s ❝❛♣❛③❡s ❞❡ s❡ r❡♦r❣❛♥✐③❛r✱ q✉❡ é ♥❡❝❡ssár✐♦ ♣❛r❛ ✉♠ ❧íq✉✐❞♦ ❡♥❝♦♥tr❛r

s❡✉ ❡q✉✐❧í❜r✐♦✱ ❡ ❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ❧íq✉✐❞♦ ♣❛r❡❝❡♠ ❡st❛r ❝♦♥❣❡❧❛❞♦s✱ ♣❡❧♦ ♠❡♥♦s ♣❛r❛ ❛ ❡s❝❛❧❛

❞❡ t❡♠♣♦ ❡①♣❡r✐♠❡♥t❛❧✳ ◆❛ t❡♠♣❡r❛t✉r❛ Tg ♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ t♦r♥❛✲s❡ ✉♠ ✈✐❞r♦✭❡st❛❞♦

❞❡ ♥ã♦✲❡q✉✐❧í❜r✐♦✮✳ ❊st❛ tr❛♥s✐çã♦ é ❝❤❛♠❛❞❛ ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛✱ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ q✉❡ ✐ss♦

♦❝♦rr❡ é ❝❤❛♠❛❞♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛ Tg ✭✈❡r ✜❣✉r❛ ✶✳✶✮✳ Tg ❞❡♣❡♥❞❡ ❞❛ t❛①❛

❞❡ r❡s❢r✐❛♠❡♥t♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✶✳✶✱ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♠❡♥♦r✱ ♣r♦❞✉③

✉♠❛ t❡♠♣❡r❛t✉r❛ Tg ♠❛✐s ❜❛✐①❛✱ ♦ q✉❡ t♦r♥❛ ✉♠❛ ✐♠♣♦rt❛♥t❡ ♣r♦♣r✐❡❞❛❞❡ t❡❝♥♦❧ó❣✐❝❛ ❞❡ ✉♠

♠❛t❡r✐❛❧✱ ♣❡r♠✐t✐♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s ✈✐❞r♦s✳ ❯♠ tr❛t❛♠❡♥t♦ ❡①t❡♥s♦ ❞❛

❞✐♥â♠✐❝❛ ❡ ❞❛ t❡r♠♦❞✐♥â♠✐❝❛ ❞❡ ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ♥♦s ❧✐✈r♦s

❞✐❞át✐❝♦s ❡s❝r✐t♦s ♣♦r ❉❡❜❡♥❡❞❡tt✐❬✶✸❪✱ ❇✐♥❞❡r❬✶✹❪✳

◆ós ✜❝❛♠♦s ❝♦♠ ♣❡r❣✉♥t❛s ♥ã♦ r❡s♣♦♥❞✐❞❛s s♦❜r❡ ❛ ❞r❛♠át✐❝❛ ❞❡s❛❝❡❧❡r❛çã♦ ♥♦ ♠♦✈✐♠❡♥t♦

♠♦❧❡❝✉❧❛r✱ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♠❡♥♦r❡s ❞❡ Tg✱ ♦ q✉❡ ♥ã♦ s❡r✐❛ s✉r♣r❡❡♥❞❡♥t❡ ♣♦r s✐ só✱ ♠❛s ❡st❡

♣r♦❝❡ss♦ ♥ã♦ é ❛❝♦♠♣❛♥❤❛❞♦ ❝♦♠ ♣♦r ✉♠❛ ♠✉❞❛♥ç❛ s✐❣♥✐✜❝❛t✐✈❛ ♥❛ ❡str✉t✉r❛ ❬✶✺❪✳ ❈♦♠♦

é ♣♦ssí✈❡❧ s♦❢r❡r ♠✉❞❛♥ç❛s ❞✐♥â♠✐❝❛s ❞❡ ❢♦r♠❛ tã♦ ❞r❛♠át✐❝❛ q✉❛♥❞♦ ❛ ❡str✉t✉r❛ ♣❡r♠❛♥❡❝❡

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

❝r✉❝✐❛✐s ❞❛ ♣❡sq✉✐s❛ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✳ P❛r❛ s❡r ❝❛♣❛③ ❞❡ r❡s♣♦♥❞❡r ❛ ❡ss❛s q✉❡stõ❡s✱ t❡♠♦s

❞❡ ❝♦♠♣r❡❡♥❞❡r t♦t❛❧♠❡♥t❡ ❛ ❞✐♥â♠✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ♥í✈❡❧ ♠✐❝r♦s❝ó♣✐♦✱ ♦✉ s❡❥❛✱ q✉❛✐s

sã♦ ♦s ♣❛❞rõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❡ r❡❧❛❝✐♦♥á✲❧♦s ❛ ✉♠ ♠❡❝❛♥✐s♠♦ q✉❡ ♣r♦❞✉③ ✉♠❛

❞✐♥â♠✐❝❛ tã♦ ❧❡♥t❛✳

❊♠ t♦❞♦s ♦s ❧íq✉✐❞♦s ♥♦r♠❛✐s ❛s q✉❛♥t✐❞❛❞❡s ❝♦♠♦ ❛ ✈✐s❝♦s✐❞❛❞❡ ❡ ❝♦♥st❛♥t❡ ❞❡ ❞✐❢✉sã♦

♣♦ss✉✐ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❆rr❡❤❡♥✐✉s ✭❡①♣♦♥❡♥❝✐❛❧✮ s❡♥❞♦ ✈á❧✐❞❛ ❡♥tã♦ ❛

r❡❧❛çã♦ ❞❡ ❙t♦❦❡s✲❊✐♥st❡✐♥ ❬✶✹❪✱ q✉❡ r❡❧❛❝✐♦♥❛ ❛ ❞✐❢✉sã♦ D✱ ✈✐s❝♦s✐❞❛❞❡ η✱ t❡♠♣❡r❛t✉r❛ T ❡ ♦

❞✐â♠❡tr♦ ❞❛ ♣❛rtí❝✉❧❛ ❞♦ ❧íq✉✐❞♦ r ❝♦♠♦✿
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❋✐❣✉r❛ ✶✳✶✿ ❱♦❧✉♠❡ ♦✉ ❡♥t❛❧♣✐❛ ✈s ❚❡♠♣❡r❛t✉r❛ ❞❡ ✉♠ ❧íq✉✐❞♦ ❛ ♣r❡ssã♦ ❝♦♥st❛♥t❡✳ Tm é
❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦✳ ❆ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❧❡♥t♦ ♣r♦❞✉③ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦
✈ítr❡❛ Tga ❡ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♠❛✐s rá♣✐❞❛ ♣r♦❞✉③ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛
Tgb✳ ✭❛❞❛♣t❛❞♦ ❞❡ ❉❡❜❡♥❡❞❡tt✐ ❬✶✻❪✮

Dη

Tr
= constante ✭✶✳✶✮

❆ ✈✐s❝♦s✐❞❛❞❡ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛♠❡♥t♦ ❡str✉t✉r❛❧ ❞♦ ❧íq✉✐❞♦✳ ❆

❞✐❢✉sã♦ é ❞✐r❡t❛♠❡♥t❡ ❛❝♦♣❧❛❞❛ ❛♦ ❞❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛s ♣❛rtí❝✉❧❛s ♠❡❞✐❛♥t❡ ❛

▲❡✐ ❞❡ ❋✐❝❦✱ ❡♥tã♦ ❛ r❡❧❛çã♦ ❞❡ ❙t♦❦❡s✲❊✐♥st❡✐♥ ♠♦str❛ q✉❡ ❡①✐st❡ ✉♠ ❛❝♦♣❧❛♠❡♥t♦ ❞✐r❡t♦ ♥❛

❞✐stâ♥❝✐❛ ♠❡❞✐❛ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ❞♦s át♦♠♦s ❡ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛♠❡♥t♦ ❡str✉t✉r❛❧ ❞♦ ❧íq✉✐❞♦✳

❊♠ t♦❞♦s ♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✱ ❛❜❛✐①♦ ❞❡ ✶✳✷ Tg s❡♠♣r❡ ❤á ✉♠❛ q✉❡❜r❛ ❞❛ r❡❧❛çã♦ ❞❡

❙t♦❦❡s✲❊✐♥st❡✐♥✱ ♦✉ s❡❥❛ ♦s át♦♠♦s ♣r❡❝✐s❛♠ ♥❛ ♠é❞✐❛ ♠♦✈✐♠❡♥t❛r✲s❡ ♠❛✐s ❧♦♥❣❡ ♣❛r❛ ❛❧❝❛♥ç❛r

♦ r❡❧❛①❛♠❡♥t♦ ❡str✉t✉r❛❧✳ ◆♦ ❡♥t❛♥t♦ ♥♦s ❧íq✉✐❞♦s ❢rá❣❡✐s ❤á ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛

❞❡ ❙✉♣❡r✲❆rr❡❤❡♥✐✉s❬✶✻❪ ❞❛ ✈✐s❝♦s✐❞❛❞❡✳
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✶✳✷ ❇r❡✈❡ r❡s✉♠♦ ❞❡ ❛❧❣✉♠❛s ❞❛s t❡♦r✐❛s ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲

r❡s❢r✐❛❞♦s

❆♥t❡s ❞❡ ❛♥❛❧✐s❛r♠♦s ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❞❡ s✐♠✉❧❛çã♦ ♥❛ ♣❡sq✉✐s❛ s♦❜r❡ ❛ ❞✐♥â♠✐❝❛

❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ❡♠ ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✱ ♣r✐♠❡✐r♦ ❢❛❧❛r❡♠♦s ❞❛s t❡♦r✐❛s ♠❛❥♦r✐✲

t❛r✐❛♠❡♥t❡ ❛❝❡✐t❛s ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛ q✉❡ ❜✉s❝❛ ✉♠❛ ♠❛✐♦r ❝♦♠♣r❡❡♥sã♦ ❞♦s ❧íq✉✐❞♦s

s✉♣❡r✲r❡s❢r✐❛❞♦s ❡ ❛ tr❛♥s✐çã♦ ✈ítr❡❛✳ ❖ ❢❛t♦ ❞❡ q✉❡ ❡①✐st❡ ✉♠❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ t❡♦r✐❛s é ❝♦♥s❡✲

q✉ê♥❝✐❛ ❞❡ q✉❡ ❛té ❤♦❥❡ ♥❡♥❤✉♠❛ t❡♦r✐❛ ❝❛♣t✉r♦✉ ❝♦♠ s✉❝❡ss♦ t♦❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡st❡s

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

❝♦♥❤❡❝✐♠❡♥t♦ ❧✐♠✐t❛❞♦ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✳ P♦❞❡✲s❡ ❞✐✈✐❞✐r ❡st❛s t❡♦r✐❛s ❡♠ ❞✉❛s ❝❛t✲

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

❞❛ tr❛♥s✐çã♦ ✈ítr❡❛❬✶✼❪✳

✶✳✷✳✶ ❚❡♦r✐❛ ❞❡ ❆❝♦♣❧❛♠❡♥t♦s ❞❡ ▼♦❞♦s ✭▼❈❚✮

❆ t❡♦r✐❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦s ❞❡ ♠♦❞♦s ▼❈❚ é ❜❛s❡❛❞❛ ♥♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❛ ✈✐s❝♦s✐❞❛❞❡ à r❡❧❛①❛çã♦

❡str✉t✉r❛❧ ❞♦ ❧íq✉✐❞♦ ❞❡s❞❡ ✉♠ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ ❝✐♥ét✐❝❛ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✳ ❯♠❛ ❡①t❡♥s✐✈❛

r❡✈✐sã♦ ❞❛ t❡♦r✐❛ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥♦ ❧✐✈r♦ ❞❡ ●♦t③❡ ❬✶✽❪✱ ♦♥❞❡ ❛ q✉❛♥t✐❞❛❞❡ ❝❡♥tr❛❧ é ❛

❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛s ✢✉t✉❛çõ❡s ❞❛ ❞❡♥s✐❞❛❞❡✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❛ ❢✉♥çã♦ ❝♦❡r❡♥t❡

✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ F (k, t)✱ ♣r♦♣r✐❡❞❛❞❡s q✉❡ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❡ ❞✐s❝✉t✐❞❛s ♥♦

❝❛♣ít✉❧♦ ✷✳ ❆s ❡q✉❛çõ❡s ❞❡ ▼❈❚ ❞❡s❝r❡✈❡♠ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ F (k, t)✳ ❆ ▼❈❚ ♣r❡✈ê ❛

❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ Tc✱ ❛❝✐♠❛ ❞♦ q✉❛❧ ♦s s✐st❡♠❛s ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❡r❣ó❞✐❝♦✭❧✐q✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦✮ ❡ ❛❜❛✐①♦ ❞♦ q✉❛❧ ♦ s✐st❡♠❛s ♥ã♦ sã♦ ♠❛✐s ❡r❣ó❞✐❝♦s

✭✈✐❞r♦✮✱ ❡st❛ t❡♠♣❡r❛t✉r❛ ❞❡s❝r❡✈❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛ r❡❧❛①❛çã♦ ❡str✉t✉r❛❧ ❡ ✈✐s❝♦s✐❞❛❞❡

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

❝♦♥❣❡❧❛❞❛✳ ❆ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ Tc ♦r✐❣✐♥❛❧♠❡♥t❡ ♥❛ ▼❈❚ é ❛ss✉♠✐❞❛ ❝♦♠♦ ❛ t❡♠♣❡r❛t✉r❛

❞❡ tr❛♥s✐çã♦ ✈ítr❡❛ Tg✱ ♠❛s é ❜❡♠ ❝♦♥❤❡❝✐❞♦ ♣❡❧❛s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s q✉❡ ❛ Tc é ♠❛✐♦r

❛ Tg❬✷✱ ✸✱ ✶✽❪✳ ❆ ♣r♦✈á✈❡❧ r❛③ã♦ ♣❛r❛ ♦ ❢r❛❝❛ss♦ ❞♦ ▼❈❚ ♣❛r❛ t❡♠♣❡r❛t✉r❛ ♣ró①✐♠❛s Tg é s✉♣♦r

q✉❡ ♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ é ❤♦♠♦❣ê♥❡♦❬✸❪✱ q✉❡ ♥❛ ✈❡r❞❛❞❡ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❛ Tg

❡✈✐❞ê♥❝✐❛ ✉♠❛ ♠❛✐♦r ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛✳ ❖ s✉❝❡ss♦ ❞❛ ▼❈❚ é ❞❡s❝r❡✈❡r ♠♦❞❡r❛❞❛♠❡♥t❡

❜❡♠ ♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♠❛✐♦r❡s ❛ Tg✳

▼✉✐t❛s ✐❞❡✐❛s t❡r♠♦❞✐♥â♠✐❝❛s r❡❧❛t✐✈❛s à tr❛♥s✐çã♦ ✈ítr❡❛ ❞❛t❛♠ ❞♦ ❛rt✐❣♦ ♣✉❜❧✐❝❛❞♦ ♣♦r
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q✉❡ ❛ r♦❞❡✐❛✳ ■st♦ s✐❣♥✐✜❝❛ q✉❡ ❞✐❢❡r❡♥t❡s ♣❛rt❡s ❞❡ ✉♠❛ ❈❘❘ ♥ã♦ ♣♦❞❡♠ ❡s❝♦❧❤❡r s✉❛ ♣ró♣r✐❛

❝♦♥✜❣✉r❛çã♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ✉♠❛s ❞❛s ♦✉tr❛s ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ ♣♦❞❡♠ ❝♦♥tr✐❜✉✐r ♣❛r❛ ✉♠❛

❣r❛♥❞❡ ❝♦♠❜✐♥❛çã♦ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ♦✉ ❞❡ ❡st❛❞♦s ❞✐s♣♦♥í✈❡✐s ❬✶✹✱ ✶✻❪✳ ❈♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛

❞❡st❡ ❢❛t♦✱ ✉♠❛ tí♣✐❝❛ ❈❘❘ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠ ❛♣❡♥❛s ✉♠ ♥ú♠❡r♦ ♠✉✐t♦ ♣❡q✉❡♥♦ ❞♦s

❡st❛❞♦s ❧♦❝❛❧♠❡♥t❡ ❡stá✈❡✐s✳ ❖ r❡s✉❧t❛❞♦ ❞❡st❛ t❡♦r✐❛ ♠♦str❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛ r❡❧❛①❛çã♦

❡str✉t✉r❛❧ ✭τR✶✮ ❡ ❛ ❡♥tr♦♣✐❛ ❝♦♥✜❣✉r❛❝✐♦♥❛❧ SC(T )
✷✳

τR = A exp (B/TSC(T )) ✭✶✳✷✮

❖ s✉❝❡ss♦ ❞❛ t❡♦r✐❛ ❞❡ ❈❘❘✱ é q✉❡ ❡q✉❛çã♦ ✶✳✷ ❞❡s❝r❡✈❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ r❡❧❛①❛çã♦

❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❢rá❣❡✐s✱ r❡❝♦❜r❛♥❞♦ ❛❡ ❧❡✐ ❞❡ ❱♦❣❡❧✲❋✉❧❝❤❡r q✉❡ ❞❡s❝r❡✈❡ ♦ ❝♦♠✲

♣♦rt❛♠❡♥t♦ ❞❡ ❙✉♣❡r✲❆rr❤❡♥✐✉s ❞❛ ✈✐s❝♦s✐❞❛❞❡ ❝♦♠ r❡s♣❡✐t♦ à t❡♠♣❡r❛t✉r❛ ✭✈❡r ❝❛♣ít✉❧♦ ✷✮✳

◆❡st❛ t❡♦r✐❛ é ❛ss✉♠✐❞♦ ♦ ✈♦❧✉♠❡ ❞❛ ❈❈❘ é ♦ ♠❡s♠♦ ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s✱ ✐ss♦ ✐♠♣❧✐❝❛r✐❛

♥♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ s❡♥❞♦ ❤♦♠♦❣ê♥❡♦ ❞✐♥â♠✐❝❛♠❡♥t❡✳ ▼❛✐s t❛r❞❡✱ ❡ss❛s ✐❞❡✐❛s ❢♦r❛♠

✐♥t❡r♣r❡t❛❞❛s ❝♦♠♦ ✉♠❛ ♠❡❞✐❞❛ ❞♦ ♥ú♠❡r♦ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❛❝❡ssí✈❡❧ ❛♦ ❧íq✉✐❞♦✱ ❝♦♥❢♦r♠❡

❢♦✐ ❞❡s❝r✐t♦ ♣♦r ●♦❧❞st❡✐♥✳ ❊❧❡ ❛r❣✉♠❡♥t♦✉ q✉❡ ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣r❡✈✐st❛ ♣❡❧♦ ▼❈❚✱

♦ ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s é ❞♦♠✐♥❛❞♦ ♣♦r ❜❛rr❡✐r❛s ❞❡ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ q✉❡ sã♦ ❛❧t❛s ❡♠

❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s ❡♥❡r❣✐❛s tér♠✐❝❛s✱ ♦ q✉❡ s❡ ❝♦♥❤❡❝❡ ❝♦♠♦ ♣❛✐s❛❣❡♠ ❞❡ ❡♥❡r❣✐❛ ❬✷✵❪✳ ❯s❛♥❞♦

❛s ✐❞é✐❛s ❞❡ ●♦❧❞st❡✐♥✱ ❙t✐❧❧✐♥❣❡r ❡ ♦✉tr♦s ❞❡s❡♥✈♦❧✈❡r❛♠ ♦ ❝♦♥❝❡✐t♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ ✐♥❡r❡♥t❡✳

❆ ✐❞❡✐❛ ♣♦r trás ❞❛ ❡str✉t✉r❛ ✐♥❡r❡♥t❡ é ♠❛♣❡❛r ❛ ❡✈♦❧✉çã♦ ❞♦ s✐st❡♠❛ ♣❛r❛ ♦s ♠í♥✐♠♦s ❞❡

❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ s♦❜r❡ ♦ q✉❛❧ ♦s❝✐❧❛ ♦ s✐st❡♠❛✳ ❖ ❢♦r♠❛❧✐s♠♦ ❞❡ ❡str✉t✉r❛ ✐♥❡r❡♥t❡ é ❝❛♣❛③

❞❡ r❛❝✐♦♥❛❧✐③❛r ♠✉✐t❛s ♦❜s❡r✈❛çõ❡s ❞♦s ❧íq✉✐❞♦s ❡ ❞♦s ✈✐❞r♦s✱ ♠❛s ❛✐♥❞❛ ♥ã♦ ❢♦✐ ❡❧✉❝✐❞❛❞♦ ♦

♠❡❝❛♥✐s♠♦ ❢ís✐❝♦ q✉❡ é r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❞❡s❛❝❡❧❡r❛çã♦ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦✳

✶✳✷✳✸ ❚❡♦r✐❛ ❞♦ ✈♦❧✉♠❡ ❧✐✈r❡

❈♦❤❡♥ ❡ ❚✉r♥❜✉❧❧ sã♦ ♦s ❢✉♥❞❛❞♦r❡s ❞❛ t❡♦r✐❛ ❞♦ ✈♦❧✉♠❡ ❧✐✈r❡ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛ ❬✷✶❪✳ ❆

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

❞❡ q✉❡ ♦ tr❛♥s♣♦rt❡ ♠♦❧❡❝✉❧❛r ❡♠ ✢✉✐❞♦s ✈✐s❝♦s♦s ♦❝♦rr❡ s♦♠❡♥t❡ q✉❛♥❞♦ ❤á ❡s♣❛ç♦s ✈❛③✐♦s

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

r❡❞✐str✐❜✉✐çã♦ ❞❡ ❛❧❣✉♥s ✈♦❧✉♠❡s ❧✐✈r❡s✳ ❖ ♠❡❝❛♥✐s♠♦ ❞❡ ✈♦❧✉♠❡ ❧✐✈r❡✱ ❢✉♥❞❛♠❡♥t❛❧♠❡♥t❡ s❡
✶❆ r❡❧❛①❛çã♦ ❡str✉t✉r❛❧ é ♦ ❡q✉✐✈❛❧❡♥t❡ à ✈✐s❝♦s✐❞❛❞❡ η

✷➱ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❡♥tr♦♣✐❛ ❡♥tr❡ ♦ ❧íq✉✐❞♦ ❡ ♦ ❝r✐st❛❧ ♥❛ ♠❡s♠❛ t❡♠♣❡r❛t✉r❛
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❋✐❣✉r❛ ✶✳✸✿ ❱♦❧✉♠❡ ❛❝❡ssí✈❡❧ ❛ ❞♦✐s át♦♠♦s ♥♦ s✐st❡♠❛ ❞❡ ❞✐s❝♦ rí❣✐❞♦s ✭❛r❡á ❜r❛♥❝❛✮✳ ❆
♣❛rtí❝✉❧❛ ❆ ❡st❛ ❝♦♥✜♥❛❞❛ ♣❡❧♦s s❡✉s ✈✐③✐♥❤♦s ♣♦r t❛♥t♦ ♥ã♦ ♣♦❞❡ s❛✐r ❞❛ ❣❛✐♦❧❛✳ ❆ ♣❛rtí❝✉❧❛
❇ é ❝❛♣❛③ ❞❡ s❛✐r ❞❡ s✉❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ ❡ ❡♥tã♦ ❝♦♠❡ç❛ ❛ ❢❛③❡r ✉♠ ♠♦✈✐♠❡♥t♦ ❞❡ r❡❧❛①❛çã♦
✭❛❞❛♣t❛❞♦ ❞❡ ❇✐♥❞❡r ❬✶✹❪✮✳

❜❛s❡✐❛ ♥♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❡s❢❡r❛s ❞✉r❛s✭✈❡r ✜❣✉r❛ ✶✳✸✮ ❡♠ q✉❡ ❛ ❛t✐✈❛çã♦ tér♠✐❝❛ ♥ã♦ ❞❡s❡♠♣❡♥❤❛

♥❡♥❤✉♠ ♣❛♣❡❧✳ ❯♠❛ ♠♦❧é❝✉❧❛ ❡♠ ✉♠ ✢✉✐❞♦ ❞❡♥s♦ ❡stá ❝♦♥✜♥❛❞❛ ❛ ✉♠❛ ❣❛✐♦❧❛ ❢♦r♠❛❞❛ ♣♦r

s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ❡ ♦ ✈♦❧✉♠❡ ❧✐✈r❡ ❧♦❝❛❧ vf é ❛ ♣❛rt❡ ❞♦ ❡s♣❛ç♦ ❞❛ ❣❛✐♦❧❛ q✉❡

❡①❝❡❞❡ ♦ ✈♦❧✉♠❡ ♦❝✉♣❛❞♦ ♣♦r ✉♠❛ ♠♦❧é❝✉❧❛✳ ❚❛♠❜é♠ é ❛ss✉♠✐❞♦ q✉❡ ❡♥tr❡ ❞♦✐s ❡✈❡♥t♦s

q✉❡ ❝♦♥tr✐❜✉❛♠ ♣❛r❛ ♦ tr❛♥s♣♦rt❡ ♠♦❧❡❝✉❧❛r✱ ✉♠ r❡❛rr❛♥❥♦ ❞♦s ✈♦❧✉♠❡s ❧✐✈r❡s ❡♥tr❡ ❛s ❣❛✐♦❧❛s

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

❝♦rr❡❧❛❝✐♦♥❛❞♦s✳ ■st♦ ❧❡✈❛ ❛ ✉♠❛ ❡①♣r❡ssã♦ ♣❛r❛ ❛ ✈✐s❝♦s✐❞❛❞❡ s❡♠❡❧❤❛♥t❡ à ❧❡✐ ❞❡ ❱♦❣❡❧✲

❋✉❧❝❤❡r✳

η(T ) = η0 exp

(

K

vf (T )

)

✭✶✳✸✮

✶✳✸ ❚r❛♥s✐çã♦ ❞❡ ❋❛s❡ ▲íq✉✐❞♦✲▲íq✉✐❞♦ ✭▲▲P❚✮

❖ ❡st❛❞♦ ❞♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ❛❧é♠ ❞❡ ❛♣r❡s❡♥t❛r ❢❡♥ô♠❡♥♦s ♥❛s s✉❛s ♣r♦♣r✐❡❞❛❞❡s

❞✐♥â♠✐❝❛s ❡ ❢♦r♠❛çã♦ ❞❡ ✈✐❞r♦s✱ ❤á ✉♠ ♣❛rt✐❝✉❧❛r ✐♥t❡r❡ss❡ ❝r❡s❝❡♥t❡ ❡ ❡✈✐❞ê♥❝✐❛s t❡ór✐❝❛s

q✉❡ ❛♣♦✐❛♠ ❛ ❡①✐stê♥❝✐❛ ❞♦ ♣♦❧✐❛♠♦r✜s♠♦✱ ♦✉ s❡❥❛ ❡①✐stê♥❝✐❛ ❞❡ ❢❛s❡s ❞❡s♦r❞❡♥❛♥❞❛s ❞❡ ❞✐❢❡r✲

❡♥t❡s ❞❡♥s✐❞❛❞❡s ❡ ❡♥tr♦♣✐❛s✱ ♠❛s ❞❛ ♠❡s♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛✳ ●❡r❛❧♠❡♥t❡ s❡ ♠❛♥✐❢❡st❛

❡♠ ♣❛r❡s✱ ❛s ❢❛s❡s ♣♦❧✐❛♠ór✜❝❛s ❝♦♠♣r❡❡♥❞❡ ✉♠ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦s ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡
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❋✐❣✉r❛ ✶✳✹✿ ❊sq✉❡♠❛ ❞❛s ❛♥♦♠❛❧✐❛s ❞❛s ❢✉♥çõ❡s r❡s♣♦st❛s ❞♦ á❣✉❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✱
✭❛✮ ❝♦♠♣r❡ss✐❜✐❧✐❞❛❞❡ ✐s♦tér♠✐❝❛ KT ✱ ✭❜✮ ❈❛❧♦r ❡s♣❡❝✐✜❝♦ ❛ ♣r❡ssã♦ ❝♦♥st❛♥t❡ CP ✱ ✭❝✮ ❈♦❡✲
✜❝✐❡♥t❡ ❞❡ ❡①♣❛♥sã♦ tér♠✐❝❛ αP ✳ ❆ ❧✐♥❤❛ s♦❧✐❞❛ ✐♥❞✐❝❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ á❣✉❛ ❡ ❛ ❧✐♥❤❛
♣♦♥t✐❧❤❛❞❛ ♦ ❧íq✉✐❞♦ ❝♦♠✉♠ ✭❆❞❛♣t❛❞♦ ❞❡ ❙t❛♥❧❡② ❬✼❪✮✳

✭▲❉▲✮ ❡ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❍❉▲✮✱ s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❢r♦♥t❡✐r❛ ❞❡ ❢❛s❡ ❝✉❧♠✐♥❛♥❞♦ ❡♠ ✉♠

♣♦♥t♦ ❝rít✐❝♦ TcPc ❛❧é♠ ❞♦ q✉❛❧ ♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ♣♦ss✉✐ ✉♠❛ ú♥✐❝❛ ❢❛s❡❬✷✷❪✳

❊♠ s✐♠✉❧❛çõ❡s ❡ ❡①♣❡r✐♠❡♥t♦s r❡❝❡♥t❡s✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ✉♠ ❧íq✉✐❞♦ ❞❡ ✉♠ ú♥✐❝♦ ❝♦♠♣♦✲

♥❡♥t❡ ♣♦❞❡ t❡r ❞♦✐s ♦✉ ♠❛✐s t✐♣♦s ❞❡ ❡st❛❞♦s ❧íq✉✐❞♦ ❞❡ ❞✐❢❡r❡♥t❡s ❞❡♥s✐❞❛❞❡s✱ ❞❡♠♦♥str❛❞❛

♣❛r❛ s✐st❡♠❛s t❛✐s ❝♦♠♦ s✐❧í❝✐♦ ❬✾✱ ✷✸✱ ✷✹❪✱ ♥✐tr♦❣ê♥✐♦ ❬✷✺❪✱❡♥①♦❢r❡ ❬✷✻❪✱ ❝❛r❜♦♥♦❬✷✼✱ ✶✵✱ ✷✽❪✱

❜✐s♠✉t♦❬✷✾❪✱ ❢ós❢♦r♦ ❬✸✵✱ ✸✶❪ ❡ tr✐❢❡♥✐❧ ♣❤♦s♣❤✐t❡ ❬✸✷❪✱ ❣á❧✐♦ ❬✶✷✱ ✶✶❪✳ ◆❡st❡ tr❛❜❛❧❤♦ ❢❛❧❛r❡♠♦s

❞❡ ❢♦r♠❛ ❜r❡✈❡ ❛❧❣✉♥s ❝♦♥❝❡✐t♦s t❡ór✐❝♦s ❡ ❡✈✐❞ê♥❝✐❛s ❡①♣❡r✐♠❡♥t❛✐s ❞♦ ❢❡♥ô♠❡♥♦ ▲▲P❚✳

◆♦r♠❛❧♠❡♥t❡✱ ❛ ❢✉sã♦ ❞♦s ❝r✐st❛✐s ♣r♦✈♦❝❛ ✉♠❛ ♠✉❞❛♥ç❛ ♣♦s✐t✐✈❛ ♥♦ ✈♦❧✉♠❡✱ ♣♦rq✉❡ ♥♦

❧íq✉✐❞♦ ♦s át♦♠♦s ♣♦ss✉❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ❞❡ ♠❛✐♦r ♠♦❜✐❧✐❞❛❞❡ ❡ ♦❝✉♣❛♠ ♠❛✐s ❡s♣❛ç♦ ❞♦ q✉❡

♥♦ só❧✐❞♦ ♦r❞❡♥❛❞♦✳ ◆♦ ❡♥t❛♥t♦✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s q✉❡ ✐♥❝❧✉❡♠ ❛ ❝♦♥❤❡❝✐❞❛ á❣✉❛ ❬✸✸❪ ❡ ♠❛t❡r✐❛✐s

❞❡ s✐❧í❝✐♦✱ ✈ár✐♦s ❡❧❡♠❡♥t♦s t❛✐s ❝♦♠♦✱ ❝❛r❜♦♥♦✱ ❣á❧✐♦✱ ❣❡r♠â♥✐♦✱ t✐tâ♥✐♦✱ ♦ ❧íq✉✐❞♦ ♣♦ss✉✐ ✉♠❛

♠❛✐♦r ❞❡♥s✐❞❛❞❡ q✉❡ ♥❛ s✉❛ ❢❛s❡ ❝r✐st❛❧✐♥❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❬✺❪✳ ◗✉❛♥❞♦ ♦ ♣♦♥t♦ ❞❡ ❢✉sã♦ é

❛♥❛❧✐s❛❞♦ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❛ ♣r❡ssã♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ♣♦♥t♦ ❞❡ ❢✉sã♦ ✭Tm✮ ♣♦❞❡ s❡r ❞❡s❝r✐t♦

♣❡❧❛ ❡q✉❛çã♦ ❞❡ ❈❧❛✉s✐✉s✲❈❧❛♣❡②r♦♥✱ ♠♦str❛♥❞♦ ❛ss✐♠ ❝♦♠♣♦rt❛♠❡♥t♦s ❛♥ô♠❛❧♦s ♥❛s s✉❛s

❢✉♥çõ❡s r❡s♣♦st❛s ✭✈❡r ✜❣✉r❛ ✶✳✹✮ ❞❡✈✐❞♦ à ✐♥❝❧✐♥❛çã♦ ♥❡❣❛t✐✈❛ ♥♦ ♣♦♥t♦ ❞❡ ❢✉sã♦✱ ❛ ❡♥tr♦♣✐❛

❞♦ s✐st❡♠❛ ❛✉♠❡♥t❛ ❛❝✐♠❛ ❞♦ ♣♦♥t♦ ❞❡ ❢✉sã♦ ❡ ❛ ♠✉❞❛♥ç❛ ♥♦ ✈♦❧✉♠❡ é ♥❡❣❛t✐✈❛ ❬✻❪✳

dTm

dP
=

∆Vm

∆Sm

=
Vĺıquido − Vcristal

Sĺıquido − Scristal

✭✶✳✹✮

❖❜s❡r✈❛♠♦s ❛ss✐♠ q✉❡ ♦ ✐♥❝r❡♠❡♥t♦ ❞❛s ❢✉♥çõ❡s r❡s♣♦st❛s é ♠✉✐t♦ ♠❛✐s ♣r♦♥✉♥❝✐❛❞♦ ♥♦

r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦✳ ❊①✐st❡♠ três ✐♥t❡r♣r❡t❛çõ❡s ❛❝❡✐t❛s ♣❡❧❛ ♠❛✐♦r✐❛ ❞❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥✲
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tí✜❝❛ ♣❛r❛ ❡①♣❧✐❝❛r ❛s ❛♥♦♠❛❧✐❛s ❞❛s ❢✉♥çõ❡s r❡s♣♦st❛s ❞❛ á❣✉❛❬✽✱ ✸✹❪✳ ❆ t❡♠♣❡r❛t✉r❛ ♥❛ q✉❛❧

❛ ❞❡♥s✐❞❛❞❡ é ♠á①✐♠❛ ❛ ✉♠❛ ♣r❡ssã♦ ✜①❛ é ❝❤❛♠❛❞♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ♠á①✐♠❛ ❞❡♥s✐❞❛❞❡

✭❚▼❉✮✳

✶✳✸✳✶ ❈♦♥❥❡❝t✉r❛ ❞♦s ❧✐♠✐t❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡

❆ ❝♦♥❥❡t✉r❛ ❞♦s ❧✐♠✐t❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡❬✸✺✱ ✸✻✱ ✸✼❪✱ ♣r❡ss✉♣õ❡ q✉❡ ♦s ❧✐♠✐t❡s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ✭❛s

❝✉r✈❛s ❡s♣✐♥♦❞❛✐s✮ ❞❛ á❣✉❛ s✉♣❡r✲❛q✉❡❝✐❞❛✱ s✉♣❡r✲r❡s❢r✐❛❞❛ ❡ t❡♥s✐♦♥❛❞❛ ❢♦r♠❛♠ ✉♠❛ ú♥✐❝❛

❧✐♥❤❛ ❡s♣✐♥♦❞❛❧✱ ❝♦♠ ❞❡r✐✈❛❞❛ ♥❡❣❛t✐✈❛ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡s P✲❚ ❛ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s ❡

❞❡r✐✈❛❞❛ ♣♦s✐t✐✈❛ ❛ t❡♠♣❡r❛t✉r❛s ❛❧t❛s ✭❛ ❡s♣✐♥♦❞❛❧ ♠✉❞❛ ❞❡ ✐♥❝❧✐♥❛çã♦✮✳ ❊st❛ ❝♦♥❥❡❝t✉r❛ ♣r❡❞✐③

✉♠❛ ❞✐✈❡r❣ê♥❝✐❛ ♣❛r❛ ❛s ❢✉♥çõ❡s r❡s♣♦st❛s ❡♠ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣❛r❛ ❛ ❡s♣✐♥♦❞❛❧ ❞♦ ❧íq✉✐❞♦

s✉♣❡r✲r❡s❢r✐❛❞♦✳ ❊st❛ ♣r❡✈✐sã♦ é ❝♦♥s✐st❡♥t❡ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♠❛s ❛s ❡①♣❡r✐ê♥❝✐❛s ♥ã♦

♣♦❞❡♠ ❞✐s❝r✐♠✐♥❛r ❡♥tr❡ ✉♠❛ ❞✐✈❡r❣ê♥❝✐❛ r❡❛❧ ❡ ♦ rá♣✐❞♦ ❛✉♠❡♥t♦ ❝♦♠ ❝❡rt♦ ♠á①✐♠♦ ❬✸✹❪✳

◆❡♥❤✉♠❛ ❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ♦✉ ♥✉♠ér✐❝❛ ❞❡ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ♦r✐❡♥t❛çã♦ ❞❛ ❡s♣✐♥♦❞❛❧

❡stá ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ♠♦❞❡❧♦s r❡❛❧✐st❛s ❞❛ á❣✉❛✱ ♠❛s ❛s s♦❧✉çõ❡s ❞❡ t❡♦r✐❛s ❞❡ ❝❛♠♣♦ ♠é❞✐♦

✉s❛♥❞♦ ♠♦❞❡❧♦s ❞❡ r❡❞❡ ❡ ✉♠❛ ♠♦❞✐✜❝❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ✈❛♥ ❞❡r ❲❛❛❧s ♣❛r❛ ✉♠ ❧íq✉✐❞♦

❞❡ á❣✉❛ ♦♥❞❡ ❛ ❧✐❣❛çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ❢r❛❝❛✱ ♠♦str❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♣r❡✈✐st♦ ♣❡❧❛ ❛

❝♦♥❥❡❝t✉r❛ ❞❡ ❧✐♠✐t❡ ❞❡ ❡st❛❜✐❧✐❞❛❞❡✳

✶✳✸✳✷ ❈❡♥ár✐♦ ▲✐✈r❡ ❞❡ ❙✐♥❣✉❧❛r✐❞❛❞❡s

◆♦ ❝❡♥ár✐♦ ❧✐✈r❡ ❞❡ s✐♥❣✉❧❛r✐❞❛❞❡s ❬✸✽❪✱ ❛s ❢✉♥çõ❡s r❡s♣♦st❛ ♥ã♦ sã♦ ❝♦♥s✐❞❡r❛❞♦s ❞✐✈❡r❣❡♥t❡s✱

♠❛s ❛♣❡♥❛s tê♠ ✉♠ ♠á①✐♠♦✳ ❊ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♣♦❞❡ ❡st❛r ❛ss♦❝✐❛❞♦ à ❧✐♥❤❛ ❞❡ ❚▼❉ q✉❡

♠✉❞❛ ❞❡ ❞✐r❡çã♦ ♥♦ ♣❧❛♥♦ P✲❚✱ ❝♦♠ ❞❡r✐✈❛❞❛ ♥❡❣❛t✐✈❛ ❛ ♣r❡ssõ❡s ❛❧t❛s ✭❢❛s❡ ❧íq✉✐❞❛ ❡stá✈❡❧✮ ❡

❞❡r✐✈❛❞❛ ♣♦s✐t✐✈❛ ❛ ♣r❡ssõ❡s ❜❛✐①❛s ✭❢❛s❡ ❞♦ ❧íq✉✐❞♦ s✉♣❡r✲❛q✉❡❝✐❞♦✮✳ ❯♠❛ sér✐❡ ❞❡ ❛❜♦r❞❛❣❡♥s

t❡ór✐❝❛s t❡♠ ♣r❡✈✐st♦ ❡st❡ ❝❡♥ár✐♦ ❡♠ ✐♥t❡r✈❛❧♦s ❡s♣❡❝í✜❝♦s ❞❡ ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ s❡♥❞♦

❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ❢❛❧t❛ ❞❡ ❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ✐♥❝r❡♠❡♥t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝♦r✲

r❡❧❛çã♦ ❞♦ s✐st❡♠❛✱ ♠❛s ♥ã♦ ❤á ❝♦♥✜r♠❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❞✐r❡t❛ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♣❛rt❡

❞❛ ❧✐♥❤❛ ❞❡ ❚▼❉ ❝♦♠ ✐♥❝❧✐♥❛çã♦ ♥❡❣❛t✐✈❛✳
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✶✳✸✳✸ ❙❡❣✉♥❞♦ ♣♦♥t♦ ❝rít✐❝♦

❆ ❤✐♣ót❡s❡ ❞❡ ❞♦✐s ♣♦♥t♦s ❝rít✐❝♦s ❬✸✾❪ ♣♦❞❡ s❡r ✐♥t❡r♣r❡t❛❞❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ♥❛s ❢✉♥çõ❡s r❡✲

s♣♦st❛ ❝♦♠♦ ✉♠❛ ❞✐✈❡r❣ê♥❝✐❛ ❛ss♦❝✐❛❞❛ ❛ ✉♠ ♣♦♥t♦ ❝rít✐❝♦ ♥❛ r❡❣✐ã♦ ❞♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦✳

◆❡st❡ ♣♦♥t♦ ❝rít✐❝♦✱ ♥✉♠❛ t❡♠♣❡r❛t✉r❛ ✐♥❢❡r✐♦r ❛♦ ♣♦♥t♦ ❝rít✐❝♦ ❣ás✲❧íq✉✐❞♦✱ é ♣r❡✈✐st♦ ♥♦ ✜✲

♥❛❧ ❞❛ ❧✐♥❤❛ ❞❡ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✱ q✉❡ s❡♣❛r❛ ❞✉❛s ❢❛s❡s ❧íq✉✐❞❛s✱ ✉♠❛ ❞♦

❧íq✉✐❞♦ ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✭▲❉▲✮ ❡ ♦✉tr♦ ❧íq✉✐❞♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❍❉▲✮✱ ❞♦ q✉❛❧ s❡ ♣♦❞❡✲

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

❝✉❥❛ ❧✐♥❤❛ ❞❡ tr❛♥s✐çã♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ é ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡st✉❞❛❞♦✳ ❆ ✐❞❡✐❛ ❞♦ s❡❣✉♥❞♦

♣♦♥t♦ ❝rít✐❝♦ é ✐♥s♣✐r❛❞❛ ♣❡❧❛s s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ♣❛r❛ ♦ ♠♦❞❡❧♦ r❡❛❧✐st❛ ❞❛ á❣✉❛ ❡ ❢♦✐

r❛❝✐♦♥❛❧✐③❛❞❛ ♣♦r ♠♦❞❡❧♦s t❡ór✐❝♦s q✉❡ t❡♠ r❡❝❡❜✐❞♦ ❝♦♥✜r♠❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❝✐❛✐s✳ ❆s

❡✈✐❞ê♥❝✐❛s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ é ♠♦str❛❞❛ ♣❛r❛ ♦ ❢♦s❢♦r♦❬✸✵❪

❡ ♦ ❆❧✷❖✸✲❨✷❖✸❬✹✵❪✱ ❞❡✈✐❞♦ ❛ ❞✐✜❝✉❧❞❛❞❡ ♣❛r❛ s❡r❡♠ r❡❛❧✐③❛❞♦s✱ ❛✐♥❞❛ ❛ ♠❛✐♦r ❡✈✐❞ê♥❝✐❛ q✉❡

s✉❣❡r❡♠ ✉♠ ♣♦♥t♦ ❝rít✐❝♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ é ❞❛❞♦ ♣❡❧❛s s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ❝♦♠♦ ♥♦ ❝❛s♦ ❞♦

❝❛r❜♦♥♦✱ sí❧✐❝❛✱ á❣✉❛✱ ❡t❝✳

✶✳✹ ❯♠❛ ✈✐sã♦ t❡ór✐❝❛ ❞❡ ▲▲P❚

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

♦s ❝r✐st❛✐s ❝♦rr❡s♣♦♥❞❡♥t❡s✳ ❊♠ ✉♠ só❧✐❞♦ ❝r✐st❛❧✐♥♦✱ q✉❡ ♣❛ss❛ ♣♦r ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❡s✲

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

♣❛r❛ ♣r❡s❡r✈❛r ❛ s✐♠❡tr✐❛ tr❛♥s❧❛❝✐♦♥❛❧ ❞♦ s✐st❡♠❛✳ ◆♦ ❝❛s♦ ❞❡ ✉♠❛ s✉❜stâ♥❝✐❛ ❢✉♥❞✐❞❛✱ ♥ã♦ ❤á

✉♠❛ r❡str✐çã♦ ❞❡st❡ t✐♣♦✱ ❡ ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❜❛✐①❛ ❡ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♣♦❞❡♠ ❝♦❡①✐st✐r

❞❡♥tr♦ ❞❛ ❡str✉t✉r❛ ❞♦ ❧íq✉✐❞♦✳ ❋♦✐ ♣❛r❛ tr❛t❛r ❡st❡s ❝❛s♦s✱ q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡st❛❞♦s

❞❡ ❧íq✉✐❞♦s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦✳ ❊♠❜♦r❛ t❡♥❤❛ ❤❛✈✐❞♦ ✉♠❛ sér✐❡ ❞❡ s✐♠✉❧❛çõ❡s q✉❡ s✉❣❡r❡♠ ❛

❡①✐stê♥❝✐❛ ❞❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦✱ ❛✐♥❞❛ ♥ã♦ ❢♦✐ ❡st❛❜❧❡❝✐❞❛ ❝♦♠♦ ✉♠❛ tr❛♥s✐çã♦

❞❡ ❢❛s❡ ✉♥✐✈❡rs❛❧ ✱ ♦✉ q✉❛❧ é ❛ ❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ ✐ss♦✳ ❯♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦

t❡♠ s✐❞♦ ❞✐s❝✉t✐❞❛ ❞❡ ❢♦r♠❛ ❜❛st❛♥t❡ ❡s♣❡❝í✜❝❛ ♣❛r❛ ❞❡t❡r♠✐♥❛❞❛s s✉❜stâ♥❝✐❛s✱ ❛ ♣♦ssí✈❡❧ ♥❛✲

t✉r❡③❛ ❣❡r❛❧ s✉❣❡r❡ q✉❡ é r❡str✐t❛ ❛ ✉♠❛ ❢❛♠í❧✐❛ ♠✉✐t♦ ❡s♣❡❝✐❛❧ ❞❡ ❧íq✉✐❞♦s ✭♥❡t✇♦r❦✲❢♦r♠✐♥❣

❧✐q✉✐❞s✮❬✹✶❪✳
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❋✐❣✉r❛ ✶✳✺✿ ❊♠ ✭❛✮ r❡♣r❡s❡♥t❛çã♦ ❡sq✉❡♠át✐❝❛ ❞♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ P✲❚ ♠♦str❛♥❞♦ ❛ r❡❧❛çã♦
♥♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡st❛❞♦s ❡ ❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❝♦♥st❛♥t❡
✭❛❞❛♣t❛❞♦ ▼❝▼✐❧❧❛♥ ❬✹✷❪✮✳ ❊♠ ✭❜✮ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ P✲❚ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ❧íq✉✐❞♦s ❛♥ô♠❛❧♦s
✭❛❞❛♣t❛❞♦ ❞❡ ▼❝▼✐❧❧❛♥ ❬✺❪✮✳

✶✳✹✳✶ Pr❡✈✐sã♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡st❛❞♦s

❆s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❞❡ ✉♠ ❧íq✉✐❞♦ ❞❡ ❞♦✐s ❡st❛❞♦s sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧♦ ❞❡s❡♥✲

✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❡ ♠✐st✉r❛ q✉❡ ❝♦♥té♠ ❡s♣é❝✐❡s ❞❡ ❜❛✐①❛ ❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡✳ ❊♠❜♦r❛

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

♣♦s✐çã♦ q✉í♠✐❝❛ é ❛ ♠❡s♠❛✳ ❆ ♣r❡s❡♥ç❛ s✐♠✉❧tâ♥❡❛ ❞❡ ❞✐❢❡r❡♥t❡s ❡s♣é❝✐❡s ❝♦♠♦ ❡str✉t✉r❛s ♦✉

❞♦♠í♥✐♦s ❞❡♥tr♦ ❞♦ ❧íq✉✐❞♦ ❞❡✈❡rá t❡r ✉♠ ❡❢❡✐t♦ s♦❜r❡ ❛ ❡♥t❛❧♣✐❛ ❞♦ s✐st❡♠❛✳ ◆♦ ❡♥t❛♥t♦✱ ✉♠❛

❝❛r❛❝t❡ríst✐❝❛ ❡ss❡♥❝✐❛❧ ❞❡ t❛✐s ♠♦❞❡❧♦s é q✉❡ r❡s✉❧t❛♠ ♥❛ ❛♣❛r✐çã♦ ❞❡ ✉♠ ♣♦♥t♦ ❝rít✐❝♦ ❛ ❜❛✐①❛

t❡♠♣❡r❛t✉r❛✳ ❆❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛ ✭Tc✮✱ ✉♠❛ ❧✐♥❤❛ ❞❡ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦

❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ é ❡♥❝♦♥tr❛❞❛✱ ❡♥tr❡ ♦s ❧íq✉✐❞♦s ♣♦❧✐❛♠ór✜❝♦s q✉❡ tê♠ ❛ ♠❡s♠❛ ❝♦♠♣♦s✐çã♦

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

❆ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ q✉❡ t❛✐s tr❛♥s✐çõ❡s ♣♦❞❡♠ ♦❝♦rr❡r ❥á ❢♦✐ ♣r❡✈✐st❛ ❡♠ ❡st✉❞♦s ❛♥t❡r✐✲

♦r❡s✱ ♠❛s ❛ ✐❞é✐❛ ♥ã♦ t❡✈❡ ❝♦♥t✐♥✉✐❞❛❞❡ ♣♦r ❝❛✉s❛ ❞❛ ❢❛❧t❛ ❞❡ ❡✈✐❞ê♥❝✐❛s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛

t❛✐s ♣r❡✈✐sã♦✳ ◆♦ ❡♥t❛♥t♦✱ r❡❝❡♥t❡♠❡♥t❡ ❡✈✐❞ê♥❝✐❛s ❡①♣❡r✐♠❡♥t❛✐s ✐♥❞✐❝❛♠ q✉❡ t❛✐s tr❛♥s✐çõ❡s

❧íq✉✐❞♦✲❧íq✉✐❞♦ ♥ã♦ só ♦❝♦rr❡♠✱ ♠❛s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞❛ ❢❡♥♦♠❡♥♦❧♦❣✐❛ ❣❡r❛❧ ♣❛r❛ ✉♠❛ ❛♠♣❧❛

✈❛r✐❡❞❛❞❡ ❞❡ ❧íq✉✐❞♦s✳ ❖❜✈✐❛♠❡♥t❡✱ ♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡st❛❞♦s é ✉♠❛ s✐♠♣❧✐✜❝❛çã♦ ❞♦ s✐st❡♠❛

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

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

❝♦♥✜❣✉r❛çõ❡s q✉❡ sã♦ s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❜❛rr❡✐r❛ ❞❡ ❡♥❡r❣✐❛✱ q✉❡ ❞❡t❡r♠✐♥❛ ♦ ✈❛❧♦r ❞❡ Tc✳ ◆❛

✜❣✉r❛ ✶✳✺❛ ❛ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ♦ ❧íq✉✐❞♦ é ♠♦❞❡❧❛❞♦ ❝♦♠♦ ✉♠❛ ♠✐st✉r❛ ❞❡ ❞♦✐s ❡st❛❞♦s ❞❡ ❛❧t❛

❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✱ ❢♦r♠❛♥❞♦ ✉♠❛ ú♥✐❝❛ ❢❛s❡ ❧íq✉✐❞❛✳ P♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ❛ ❜❛✐①❛s ♣r❡ssõ❡s

♦ ❧íq✉✐❞♦ ♣♦ss✉✐ ✉♠❛ ♠❡♥♦r ❞❡♥s✐❞❛❞❡ q✉❡ s❡✉ ❝♦rr❡s♣♦♥❞❡♥t❡ ❡st❛❞♦ ❝r✐st❛❧✐♥♦ ❡ ♣♦rt❛♥t♦ ❛

❝✉r✈❛ ❞❡ ❢✉sã♦ t❡♠ ✐♥❝❧✐♥❛çã♦ ♣♦s✐t✐✈❛✱ ❛ ❛❧t❛s ♣r❡ssõ❡s ♦ ❧íq✉✐❞♦ ♣♦ss✉✐ ✉♠❛ ♠❛✐♦r ❞❡♥s✐❞❛❞❡

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

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

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

✭Tc✮✳ ❆❝✐♠❛ ❞❡ Tc✱ ♦ ❧íq✉✐❞♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ✉♠❛ ú♥✐❝❛ ❢❛s❡ ❞♦ s✐st❡♠❛ q✉❡ ❝♦♥té♠ ❡s♣é❝✐❡s

❞❡ ❛❧t❛✲❜❛✐①❛ ❞❡♥s✐❞❛❞❡ q✉❡ é ❞❡s❝r✐t♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐s ❡st❛❞♦s✳ ❆❜❛✐①♦ ❞♦ Tc ♦ ❧íq✉✐❞♦ é

s❡♣❛r❛❞♦ ❡♠ ❞✉❛s ❢❛s❡s ❧íq✉✐❞❛s ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❍❉▲✮ ❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✭▲❉▲✮✱ ❝♦♠ ✉♠❛

❧✐♥❤❛ ❞❡ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ s❡♣❛r❛♥❞♦ ♦s ❞♦✐s ❧íq✉✐❞♦ ♥♦ ❡s♣❛ç♦ P✲❚✳

❖s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ▲❉▲ ❡ ❍❉▲ ♣♦ss✉❡♠ r❡❣✐♠❡s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❡stá✈❡❧ ❡ ♠❡t❛❡stá✈❡❧

❡ t❡♠♣❡r❛t✉r❛s ❞❡ tr❛♥s✐çã♦ ✈ítr❡❛ ✭Tg,LDL ✱Tg,HDL✮✱ ❛❜❛✐①♦ ❞♦ q✉❛❧ ♦s só❧✐❞♦s ❛♠♦r❢♦s ▲❉❆

♦✉ ❍❉❆ sã♦ ♦❜t✐❞❛s✳ ◆❛ ✜❣✉r❛ ✶✳✺❜ ♣❛r❛ ❧íq✉✐❞♦s ❛♥ô♠❛❧♦s ❛ ❜❛✐①❛s ♣r❡ssõ❡s ❛♣r❡s❡♥t❛♠ ✉♠❛

✐♥❝❧✐♥❛çã♦ ♥❡❣❛t✐✈❛ ♥❛ ❝✉r✈❛ ❞❡ ❢✉sã♦ ❝♦♠♦ ♥❛ á❣✉❛❬✼✱ ✽❪✱ ❙✐❬✾✱ ✷✸❪ ❡ ●❛❬✶✶✱ ✶✷❪ ♦ ♠á①✐♠♦ ♥❛

❝✉r✈❛ ❞❡ ❢✉sã♦ é ❡s♣❡r❛❞❛ ♦❝♦rr❡r ❡♠ ♣r❡ssõ❡s ♥❡❣❛t✐✈❛s ❬✺❪✳

✶✳✺ ❊✈✐❞ê♥❝✐❛s ❞❡ ❢❡♥ô♠❡♥♦s ❞❡ ▲▲P❚ ♦❜s❡r✈❛❞♦s

▼♦str❛r❡♠♦s ❡✈✐❞ê♥❝✐❛s t❡ór✐❝♦✲❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦✳

❊♠ ♣r✐♥❝í♣✐♦ q✉❛❧q✉❡r ❧íq✉✐❞♦ ♣♦❞❡r✐❛ ❡①✐❜✐r t❛❧ tr❛♥s✐çã♦ ❡ ❡♠ ❡s♣❡❝✐❛❧ ❧✐♠✐t❛♥❞♦✲♥♦s ❛ ✉♠

❣r✉♣♦ r❡❞✉③✐❞♦ ❞♦s ❧íq✉✐❞♦ ❛♥ô♠❛❧♦s✳ ■♥❢❡❧✐③♠❡♥t❡ ❛s tr❛♥s✐çõ❡s tê♠ s✐❞♦ ♣r❡❞✐t❛s ❛ ❛❧t❛s

t❡♠♣❡r❛t✉r❛s ❡ ♣r❡ssõ❡s ✭♣❛r❛ ❧íq✉✐❞♦s ❛tô♠✐❝♦s✮ ♦✉ ♦❝✉❧t❛ ♣❡❧❛ ❝r✐st❛❧✐③❛çã♦ ✭♣♦r ❡①❡♠♣❧♦

á❣✉❛✮✱ ♦ q✉❡ ❞✐✜❝✉❧t❛ ❛ r❡❧❛✐③❛çã♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s✳

✶✳✺✳✶ ❈❛r❜♦♥♦

❆s ❡✈✐❞ê♥❝✐❛s ❞❡ ✉♠❛ ▲▲P❚ ❡♠ ❝❛r❜♦♥♦ ❢♦r❛♠ ❞❛❞❛s ♣♦r ▼✳ ❚♦❣❛②❛ ❬✷✼❪✱ q✉❡ ♠❡❞✐✉ ❛ t❡♠✲

♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ ❞♦ ❣r❛✜t❡ ❡ ❛ r❡s✐st✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ❝❛r❜♦♥♦ ❧íq✉✐❞♦ ❛ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ s❡✉ r❡s✉❧t❛❞♦✱ ♦ ❧✐♥❤❛ ❞❡ ❢✉sã♦ ❞♦ ❣r❛✜t❡ t❡♠ ✉♠ ♠á①✐♠♦ ❞❡ ✹✼✾✵ ❑ ❡♠ ✺✱✻
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❋✐❣✉r❛ ✶✳✻✿ ❊♠ ✭❛✮ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ ✈s ♣r❡ssã♦ ♣❛r❛ ♦ ❝❛r❜♦♥ ❡ ❡♠ ✭❜✮ r❡s✐st✐✈✐❞❛❞❡
❡❧étr✐❝❛ ❞♦ ❝❛r❜♦♥♦ ❧íq✉✐❞♦ ❛ ♣r❡ssã♦ ❛ ❧♦♥❣♦ ❞❛ ❧✐♥❤❛ ❞❡ ❢✉sã♦ ✭❛❞❛♣t❛❞♦ ❞❡ ▼✳ ❚♦❣♦②❛ ❬✷✼❪✮✳

●P❛ ✭✈❡r ✜❣✉r❛ ✶✳✻❛✮✳ ❆ ✐♥❝❧✐♥❛çã♦ ❞❛ ❧✐♥❤❛ ❞❡ ❢✉sã♦ ♠✉❞❛ ❞❡ s✐♥❛❧ ♥♦ ♣♦♥t♦ ♠á①✐♠♦✱ q✉❡

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

r❡s✐st✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ❝❛r❜♦♥♦ ❧íq✉✐❞♦ s❡ ❝♦♠♣♦rt❛ ✐rr❡❣✉❧❛r♠❡♥t❡ ♣❡rt♦ ❞♦ ♣♦♥t♦ ♠á①✐♠♦

❞❡ ❢✉sã♦ ✭✈❡r ✜❣✉r❛ ✶✳✻❜✮✱ ♦ q✉❡ ✐♥❞✐❝❛ ✉♠❛ ♠✉❞❛♥ç❛ ❞❡ ❡st❛❞♦ ❡❧étr✐❝♦ ❞❡✈✐❞♦ ❛ ✉♠❛ tr❛♥s✐çã♦

❞❡ ❢❛s❡ ❡str✉t✉r❛❧✳ ❙✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ❝♦♥❢❡r❡♠ ❡st♦s r❡s✉❧t❛❞♦s ❬✶✵✱ ✷✽❪✳

✶✳✺✳✷ ❋ós❢♦r♦

❖❜s❡r✈❛çõ❡s ❞❡ ❞✐❢r❛çã♦ ❞❡ r❛✐♦s ❳ ❡♠ t❡♠♣♦ r❡❛❧ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦s ❡♠ ❢ós❢♦r♦

❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣♦r ❑❛t❛♠❛②❛ ❡t ❛❧✳❬✸✵❪✱ ✐♥❞✉③✐❞❛ ♣♦r ♣r❡ssã♦ ♠♦str❛ ♠✉❞❛♥ç❛s ❡str✉t✉r❛✐s

❡♥tr❡ ❞✉❛s ❢♦r♠❛s ❞✐st✐♥t❛s ❞❡ ❧íq✉✐❞♦s✱ ✉♠ ❧íq✉✐❞♦ ♠♦❧❡❝✉❧❛r t❡tr❛é❞r✐❝♦ P4 q✉❡ é ❝♦♥❤❡❝✐❞♦✱

♠✉❞❛♥❞♦ ♣❛r❛ ✉♠❛ ❢♦r♠❛ ♣♦❧✐♠ér✐❝❛ ❛❝✐♠❛ ❞❡ ✶ ●P❛✳ ❆ tr❛♥s❢♦r♠❛çã♦ é ♥♦tór✐❛ ❡ rá♣✐❞❛✱

♦❝♦rr❡♥❞♦ ❞❡♥tr♦ ❞❡ ❛❧❣✉♥s ♠✐♥✉t♦s ❡♠ ✉♠❛ ❢❛✐①❛ ❞❡ ♣r❡ssã♦ ❞❡ ♠❡♥♦s ❞❡ ✵✱✵✷ ●P❛✳ ❉✉r❛♥t❡ ❛

tr❛♥s❢♦r♠❛çã♦✱ ❛s ❞✉❛s ❢♦r♠❛s ❞❡ ❧íq✉✐❞♦ ♣♦❞❡♠ ❝♦❡①✐st✐r✳ ❊st❛s ❝❛r❛❝t❡ríst✐❝❛s sã♦ ❢♦rt❡♠❡♥t❡

s✉❣❡st✐✈❛s ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✳

◆❛ ✜❣✉r❛ ✶✳✼❛ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ✉♠ ♠á①✐♠♦ ♥❛ ❝✉r✈❛ ❞❡ ❢✉sã♦ ❡♠ t♦r♥♦ ❞❡ ✶ ●P❛ ❡

♠✉❞❛♥ç❛ ♥❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❝✉r✈❛ ❞❡ ❢✉sã♦ ✐♥❞✐❝❛ q✉❡ tr❛t❛✲s❡ ❞❡ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♥ô♠❛❧♦✱
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❋✐❣✉r❛ ✶✳✼✿ ❊♠ ✭❛✮ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡ ❞❡ ❇❧❛❝❦ P✳ ❡ ❡♠ ✭❜✮ ❢❛t♦r ❞❡ ❡str✉t✉r❛ S(Q)✱ ❞♦ ❧íq✉✐❞♦ ❞❡
❢♦s❢♦r♦ ❛ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s✱ s✉❣❡r✐♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❡♠ t♦r♥♦ ❞❡ ✵✳✾✻✲✶✳✵✶
●P❛ ❡ ✶✵✺✵✲✶✵✺✺ 0C✳ ✭❆❞❛♣t❛❞♦ ❞❡ ❑❛t❛♠❛②❛ ❡t ❛❧✳❬✸✵❪✮

q✉❡ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞♦ ❛ ❞✐❢❡r❡♥t❡s ❧íq✉✐❞♦s ❝♦❡①✐st✐♥❞♦✱ ♥❛ ✜❣✉r❛ ❬✸✵❪❜ ♦❜s❡r✈❛♠♦s ❛

♠✉❞❛♥ç❛ ❡str✉t✉r❛❧ ♥♦tór✐❛ ❞♦s ❞♦✐s ❧íq✉✐❞♦s ❛❜❛✐①♦ ❡ ❛❝✐♠❛ ❞❡ ✉♠❛ ♣r❡ssã♦ ❞❡ ✶ ●P❛✳

✶✳✺✳✸ ➪❣✉❛

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❢ís✐❝♦ ❞❛ á❣✉❛ ❧íq✉✐❞❛ é ♠✐st❡r✐♦s♦ ❡ ❝♦♠♣❧✐❝❛❞♦✳ ❆ ❝♦♠♣r❡❡♥sã♦ ❞❡ t♦❞❛s ❛s

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

r❡s❢r✐❛❞♦✳ ▼✉✐t♦s ❡st✉❞♦s t❡ór✐❝♦s ❛♣♦♥t❛♠ ♥❛ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦

♠❛s ♦ ♣♦♥t♦ ❝rít✐❝♦ ♥ã♦ ❛❝❡ssí✈❡❧ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛ q✉❡ s❡ ❡♥❝♦♥tr❛ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

t❡♠♣❡r❛t✉r❛ ♦♥❞❡ ♦ á❣✉❛ ❝r✐st❛❧✐③❛ ❬✼❪✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ✜❣✉r❛ ✶✳✽❛✳ ❖s tr❛❜❛❧❤♦s

❞❡ ▼✐s❤✐♠❛ ♠♦str❛♠ ✉♠❛ tr❛♥s✐çã♦ ❞♦ ❣❡❧♦ ❛♠♦r❢♦ ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ✭▲❉❆✮ ❛ ✉♠ ❛♠♦r❢♦ ❞❡

❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❍❉▲✮ ✭✈❡r ✜❣✉r❛ ✶✳✽❜✮✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ❧✐♥❤❛ ❞❡ tr❛♥s✐çã♦ ❞❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦

❬✹✸❪✳

✶✳✺✳✹ ▲▲P❚ ❡♠ ❖①í❞♦ ❞❡ ❮tr✐♦✲❖①í❞♦ ❞❡ ❆❧✉♠í♥✐♦ ❢✉♥❞✐❞♦s

❖❜s❡r✈❛çõ❡s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ r❛✐♦s ❳ ❛ ♣❡q✉❡♥♦ â♥❣✉❧♦ ✭❙❆❳❙✮ ❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ r❛✐♦s ❳ ❛

❣r❛♥❞❡ â♥❣✉❧♦ ✭❲❆❳❙✮ ❝♦♠ té❝♥✐❝❛s ❞❡ ❧❡✈✐t❛çã♦ ❛❡r♦❞✐♥â♠✐❝❛ ♣❛r❛ ❡st✉❞❛r tr❛♥s✐çõ❡s ❞❡ ❢❛s❡
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❋✐❣✉r❛ ✶✳✶✵✿ ❊♠ ✭❛✮ ❡ ✭❜✮ é ♠♦str❛❞❛ ❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❡ ❛♥❣✉❧❛r ♦♥❞❡ ❍❉▲ ❝♦r✲
r❡s♣♦♥❞❡ ❛♦ ❧íq✉✐❞♦ ♥✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✻✷ ❑ ❡ ▲❉▲ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❧íq✉✐❞♦ ♥❛ t❡♠♣❡r❛t✉r❛
❞❡ ✸✺✵ ❑✳ ❊♠ ✭❝✮ sã♦ ♠♦str❛❞♦s ♦s ❤✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ❛ ❞✐❢❡r❡♥t❡s
t❛①❛s ❞❡ r❡❧❛①❛çã♦ ✭❛❞❛♣t❛❞♦ ❞❡ ❏❛r❛ ❡t ❛❧✳❬✶✷❪✮✳

✶✳✻ ❚r❛♥s✐çã♦ ▲íq✉✐❞♦✲▲íq✉✐❞♦ ❡♠ ❣á❧✐♦

❖ ❣á❧✐♦ t❛♠❜é♠ ❛♣r❡s❡♥t❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♥ô♠❛❧♦ ❡ ❡①✐st❡ ❡✈✐❞ê♥❝✐❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ✉♠❛

tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❬✶✶❪ ❡ r❡s✉❧t❛❞♦s r❡❝❡♥t❡s ❞❡ s✐♠✉❧❛çõ❡s ❛t♦♠íst✐❝❛s ❢❡✐t❛s ♣♦r

❏❛r❛ ❡t ❛❧✳❬✶✷❪ ❝♦♠❝♦r❞❛ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ◆♦ tr❛❜❛❧❤♦ é ♠♦str❛❞❛ ✉♠❛ ❤✐s✲

t❡r❡s❡ ♥♦ ✈♦❧✉♠❡ ❡♠ t♦r♥♦ ❞❡ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✺✵ ❑ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦s

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

♦❜s❡r✈❛r ✉♠❛ ♠✉❞❛♥ç❛ ♥♦tór✐❛ ♥❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❡ ❛♥❣✉❧❛r ❡♠ ❛♣❡♥❛s ✶✵ ❑

❞❡ ❞✐❢❡r❡♥ç❛ ♦ q✉❡ é ✐♥❝♦♠✉♠✱ ♣♦rq✉❡ ♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ♥♦r♠❛✐s ♥ã♦ ❛♣r❡s❡♥t❛♠

♠✉❞❛♥ç❛s ❡str✉t✉r❛✐s ❛❜r✉♣t❛s ✭✈❡r ✜❣✉r❛ ✶✳✶✵❛✱❜✮✳

❖s r❡s✉❧t❛❞♦ ❞❛s s✐♠✉❧❛çõ❡s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ✭✈❡r ✜❣✉r❛ ✶✳✶✵❝✮ ♠♦str❛♠ q✉❡
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❛ tr❛♥s✐çã♦ ❞❡ ✉♠ ❧íq✉✐❞♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ♣❛r❛ ✉♠ ❧íq✉✐❞♦ ❞❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡ ♥ã♦ é ✉♠❛

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

♦ s✐st❡♠❛✱ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✻✷ ❑ ♦ ❧íq✉✐❞♦ ♠♦str❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐♠♦❞❛❧ ♣ró♣r✐♦ ❞❡

✉♠ ❧íq✉✐❞♦ ♠♦♥♦✲❛tô♠✐❝♦✱ ♦✉ s❡❥❛ ❡①✐st❡ ✉♠❛ ú♥✐❝❛ ❢❛s❡✱ ♥♦ ❡♥t❛♥t♦ ♣❛r❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡

✸✺✵ ❑ ❛ ❞✐str✐❜✉✐çã♦ é ❜✐♠♦❞❛❧ ✐♥❞✐❝❛♥❞♦ q✉❡ ❡①✐st❡♠ ❛s ❞✉❛s ❢❛s❡s ❧íq✉✐❞❛s ❞❡ ❛❧t❛ ❡ ❜❛✐①❛

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

❞❡✐①❛ r❡❧❛①❛r ♦ s✐st❡♠❛✱ ❡st♦s r❡s✉❧t❛❞♦s ❡stã♦ ❡♠ ❛❝♦r❞♦ ❝♦♠ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣♦r ❙❛str② ❡t

❛❧✳❬✾❪ ♣❛r❛ ♦ s✐❧í❝✐♦✳

✶✳✼ ❖❜❥❡t✐✈♦ ❞❛ ❉✐ss❡rt❛çã♦

❉❡✈✐❞♦ ❛♦ ❣á❧✐♦ ❛♣r❡s❡♥t❛r ✉♠❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ♥ã♦ ❡str✉t✉r❛❧♠❡♥t❡ ❝♦♠✲

♣❧❡t❛ ♣❛r❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ♠❡♥♦r ❛ ✸✺✵ ❑ ♥ós ♣♦❞❡♠♦s ❢❛❧❛r q✉❡ s❡ tr❛t❛ ❞❡ ✉♠ s✐st❡♠❛

❡str✉t✉r❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡♦✳ ◆♦ss❛ ♣❡sq✉✐s❛ ❡st❛rá ❢♦❝❛❞❛ ♥♦s s❡❣✉✐♥t❡s ♣♦♥t♦s✿

✶✳ ❘❡♣r♦❞✉③✐r ❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❥á ❛♥t❡r✐♦r♠❡♥t❡ ♦❜t✐❞❛✳

✷✳ ❖ ❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦✱ ♠❡❞✐❛♥t❡ ❛s ❢✉♥çõ❡s

❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧✳

✸✳ ❖ ❣á❧✐♦ ❛♣r❡s❡♥t❛rá ✉♠❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ♦✉ ✉♠❛ ❞✐♥â♠✐❝❛ ❤♦✲

♠♦❣ê♥❡❛❄

✹✳ ❆♦ ❛❝♦rr❡r ✉♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ♥♦ ❣á❧✐♦ ♥♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ❤á ❛❧❣✉♠

❡❢❡✐t♦ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s✱ ♦✉ s❡❥❛ ❡①✐st✐rá ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛ ❡str✉t✉r❛ ❡ ❛

❞✐♥â♠✐❝❛❄

✺✳ ❈♦♠♦ ♦ ❧✐q✉✐❞♦ ♣♦ss✉✐ ✉♠❛ ❡str✉t✉r❛ ❤❡t❡r♦❣ê♥❡❛✱ ♦✉ s❡❥❛ ❞✉❛s ❢❛s❡s ❝♦❡①✐st✐♥❞♦✱ ❡ss❛

❢❛s❡s ❢♦r♠❛r❛♠ s❡✉s ♣ró♣r✐♦s ❞♦♠í♥✐♦s ♦✉ s❡rá ✉♠ s✐st❡♠❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ♠✐st✉r❛❞♦❄

◆❡st❡ tr❛❜❛❧❤♦ ❢♦❝❛♠♦s ❛ ♥♦ss❛ ❛t❡♥çã♦ ♥❛s q✉❡stõ❡s ♠❡♥❝✐♦♥❛❞❛s✳ P❛r❛ ✐ss♦ ✉t✐❧✐③❛r❡♠♦s

❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ❡ ♦ ♣♦t❡♥❝✐❛❧ ▼❊❆▼❬✻✶❪✱ t❛♠❜é♠ ✉s❛r❡♠♦s ❛ tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡

❋♦✉r✐❡r ♣❛r❛ ❢❛③❡r ❝á❧❝✉❧♦ ❡✜❝✐❡♥t❡ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❞❛s ✢✉t✉❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡✳



❈❛♣ít✉❧♦ ✷

❆s♣❡❝t♦s ❉✐♥â♠✐❝♦s ❡♠ ▲íq✉✐❞♦s

❙✉♣❡r✲r❡s❢r✐❛❞♦s

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ♠♦str❛❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥❝✐♣❛✐s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦s

❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s q✉❡ ♦s ❞✐❢❡r❡♥❝✐❛♠ ❞♦s ❧íq✉✐❞♦s ❝♦♠✉♥s✳ ❉✐s❝✉t✐r❡♠♦s ❝♦♠♦ ♦s ♠♦✈✐✲

♠❡♥t♦s ❛tô♠✐❝♦s ❞❡ ✢✉✐❞♦s s✐♠♣❧❡s ❝❧áss✐❝♦s ♣♦❞❡♠ s❡r ❞❡s❝r✐t♦s ❛tr❛✈és ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦r✲

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

♣❛r❛ ❝❛❧❝✉❧á✲❧❛s✳

❉❛r❡♠♦s ê♥❢❛s❡ ❛♦s ❡❢❡✐t♦s ♥❛ ❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❛♦ ♥í✈❡❧ ♠✐❝r♦s❝ó♣✐❝♦

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

❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦ ✭▼❙❉✮ ❡ ❛❧é♠ ❞✐ss♦ q✉❛♥t✐✜❝❛r ❛s ❝♦rr❡❧❛çõ❡s ❡s♣❛❝✐❛✐s ♥❛ ❞❡♥s✐❞❛❞❡

❛tr❛✈és ❞❛s ❢✉♥çõ❡s ❞❡ ✈❛♥ ❍♦✈❡ ♦✉ t❛♠❜é♠ ♣❡❧❛s ❢✉♥çõ❡s ✐♥t❡r♠❡❞✐ár✐❛s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ q✉❡

sã♦ ❝♦♠✉♠❡♥t❡ ✉s❛❞❛s ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ♥ê✉tr♦♥s ❡ s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛

♠♦❧❡❝✉❧❛r✱ ❛❜♦r❞❛r❡♠♦s ♠ét♦❞♦s ❛♣r♦①✐♠❛❞♦s ✉t✐❧✐③❛❞♦s ♥♦s ❝á❧❝✉❧♦s ❡♠ ❞✐❢❡r❡♥t❡s ❡s❝❛❧❛s ❞❡

t❡♠♣♦ q✉❡ s❡r✈✐rã♦ ❝♦♠♦ ♣❛râ♠❡tr♦s ❞❡ ♦r❞❡♠ ❞✐♥â♠✐❝♦s✳

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

❞❡ ❝♦rr❡❧❛çã♦✱ q✉❛♥t✐✜❝❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❝♦♠♦ ♦ ✜♠ ❞❡ ❝♦♠♣r❡❡♥❞❡r ♦s ♣r♦❞❡❝✐✲

♠❡♥t♦s ❡♠♣r❡❣❛❞♦s ❡♠ ♥♦ss❛ ♣❡sq✉✐s❛✳

✶✽
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✷✳✶ ❋✉♥çã♦ ❞❡ ❈♦rr❡❧❛çã♦

❉❡✜♥✐♠♦s ✉♠❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❝♦♠♦ ❛ ♠é❞✐❛ t❡r♠♦❞✐♥â♠✐❝❛ ❞♦s ♣r♦❞✉t♦s ❞❡

❞✉❛s ✈❛r✐á✈❡✐s ❞✐♥â♠✐❝❛s ✭❡q✉❛çã♦ ✷✳✶✮✱ ❝❛❞❛ ✉♠❛ ❞❡❧❛s ❡①♣r❡ss❛ ❛ ✢✉t✉❛çã♦ ✐♥st❛♥tâ♥❡❛ ❞❡

✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❞♦ ❧íq✉✐❞♦ ❞❡s❞❡ s❡✉ ✈❛❧♦r ❞❡ ❡q✉✐❧í❜r✐♦ ❡♠ ♣♦♥t♦s ♥♦ ❡s♣❛ç♦ ❡ ♥♦ t❡♠♣♦✳

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ é ✉♠❛ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❡ ❞♦ ❡s♣❛ç♦✱ ❞❡s❝r❡✈❡ ❛s ✢✉t✉❛çõ❡s

tér♠✐❝❛s q✉❡ ♦❝♦rr❡♠ ❡s♣♦♥t❛♥❡❛♠❡♥t❡ ♥♦ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦✳ ◆♦ ❡q✉✐❧í❜r✐♦ é ❡st❛❝✐♦♥❛r✐❛

✭♥ã♦ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✮❬✹✹❪✳

CAB(t) = 〈A(t
′

+ t)B(t
′

)〉 = lim
τ→∞

1

τ

ˆ τ

0

dt
′

A(t
′

+ t)B(t
′

) ✭✷✳✶✮

❖♥❞❡ ❆ ❡ ❇ sã♦ ❞✉❛s ✈❛r✐á✈✐❡s ❞✐♥â♠✐❝❛s ❞♦ s✐st❡♠❛✱ ❛❧❣✉♠❛s ♣r♦♣r✐❡❞❛❞❡s✿

lim
t→0

CAB(t) = 〈AB〉 ✭✷✳✷✮

lim
t→∞

CAB(t) = 〈A〉〈B〉 ✭✷✳✸✮

❖ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦ ❞❛s ❡q✉❛çõ❡s ✷✳✷ ❡ ✷✳✸ é q✉❡ ❛s ✈❛r✐á✈❡✐s sã♦ ❛❧t❛♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛❞❛s ❛

t❡♠♣♦s ❝✉rt♦s ❡ ♣❛r❛ t❡♠♣♦s ❧♦♥❣♦s ♥ã♦ ❡①✐st❡ ♠❛✐s ❝♦rr❡❧❛çã♦✳ ❚♦❞♦s ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s✲

♣♦rt❡ ♣♦❞❡♠ s❡r ❡①♣r❡ss❛❞♦s ❡♠ t❡r♠♦s ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧✱ ❡ss❛s ❢✉♥çõ❡s

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

♠♦❞✐♥â♠✐❝❛✱ s✉❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ♣♦❞❡ s❡r ♠❡❞✐❞❛ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛✳

❖s ♠❛✐s ❝♦♥❤❡❝✐❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♣♦rt❡ sã♦✿ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ D✱ ✈✐s❝♦s✐❞❛❞❡ η ❡

❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ k✳ ❊♠ ♠✉✐t♦s ♣r♦❜❧❡♠❛s ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♣♦rt❡ sã♦ ❝♦♥s✐❞❡r❛✲

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

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

❡♠ s✐t✉❛çõ❡s ♠❛✐s ❝♦♠♣❧❡①❛s ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ tr❛♥s♣♦rt❡ ♣♦❞❡♠ ❞❡♣❡♥❞❡r ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❧♦❝❛❧✱ ♦ ❡①❡♠♣❧♦ é ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ✈✐s❝♦s✐❞❛❞❡ s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ♥♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s

❡ ♠❛t❡r✐❛✐s ✈ítr❡♦s✳
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✷✳✶✳✶ ❋✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s

❈♦♥s✐❞❡r❡♠♦s ◆ ♣❛rtí❝✉❧❛s q✉❡ s❡ ♠♦✈✐♠❡♥t❛♠ ❛tr❛✈és ❞❡ ✉♠ ✢✉✐❞♦✱ ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲

❝♦rr❡❧❛çã♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s é ❞❡✜♥✐❞❛ ❝♦♠♦✿

Z(t) = 〈v(t).v(0)〉 =
1

N

N
∑

i=1

vi(t).vi(0) ✭✷✳✹✮

❊♠ t = 0✱ ♦ ✈❛❧♦r é ❞❛❞♦ ♣❡❧♦ t❡♦r❡♠❛ ❞❡ ❡q✉✐♣❛rt✐çã♦ ❞❛ ❡♥❡r❣✐❛

Z(0) = 〈v2〉 =
3kBT

2
✭✷✳✺✮

❊♠ t❡♠♣♦s ❧♦♥❣♦s✱ ❝♦♠♣❛r❛❞♦s ❝♦♠ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ♠✐❝r♦s❝ó♣✐❝♦ ❞♦ s✐st❡♠❛✱ ❛s

✈❡❧♦❝✐❞❛❞❡s ❡stã♦ ❝♦♠♣❧❡t❛♠❡♥t❡s ❞❡s❝♦rr❡❧❛❝✐♦♥❛❞❛s

Z(t → ∞) = 0 ✭✷✳✻✮

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ✉s❛♥❞♦ ❛ r❡❧❛çã♦ ❞❡ ❊✐♥st❡✐♥✿

D = lim
t→∞

〈|r(t)− r(0)|2〉

6t
✭✷✳✼✮

❊ss❡ r❡s✉❧t❛❞♦ é ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❧❡✐ ❞❡ ❋✐❝❦ ❞❛ ❞✐❢✉sã♦✱ ♦♥❞❡ ♦ ▼❙❉ é ✉♠❛ ❢✉♥çã♦ ❧✐♥❡❛r

❞❡ t ❡♠ t❡♠♣♦s ❧♦♥❣♦s✳

❆ ❢♦r♠✉❧❛ ❞❡ ●r❡❡♥✲❑✉❜♦ ♠♦str❛ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ ❞❛s ✈❡❧♦❝✐✲

❞❛❞❡s ✭❞❡s❝r✐çã♦ ♠✐❝r♦s❝ó♣✐❝❛✮ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ D✭❞❡s❝r✐çã♦ ♠❛❝r♦s❝ó♣✐❝❛✮✳

D =
1

3

ˆ ∞

0

Z(t)dt ✭✷✳✽✮

✷✳✷ ❈♦rr❡❧❛çã♦ ♥♦ ❊s♣❛ç♦ ❡ ❚❡♠♣♦

◆ós ❞❡✜♥✐♠♦s ✉♠❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❡♠ ❣❡r❛❧ ❝♦♠♦✿

CAB(r
′, r′′; t′, t′′) = 〈A(r′, t′)B(r′′, t′′)〉 ✭✷✳✾✮

◆♦ ❡q✉✐❧í❜r✐♦ é ❡st❛❝✐♦♥ár✐❛✱ ♣❛r❛ ❧íq✉✐❞♦s ❤♦♠♦❣ê♥❡♦s✱ q✉❡ sã♦ ✐s♦tr♦♣✐❝♦s ♥♦ ❡s♣❛ç♦✱ s✐❣✲
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♥✐✜❝❛ q✉❡ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛ ❝♦♦r❞❡♥❛❞❛ r❡❧❛t✐✈❛ r = r
′′−r

′ ❡ ❞✐❢❡r❡♥çã

❞♦ t❡♠♣♦ t = t′′ − t′ ❝❤❛♠❛❞♦ ❝♦♠✉♠❡♥t❡ t❡♠♣♦ ❞❡ ❝♦rr❡❧❛çã♦✳

CAB(r
′, r′′; t′, t′′) = CAB(r; t) ✭✷✳✶✵✮

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

❢♦r♠❛❞❛ ❛ ♣❛rt✐r ❞❛ ♠é❞✐❛ ❞❡ ❞✉❛s ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s s❡rá ❝❤❛♠❛❞❛ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡✲

❧❛çã♦ ❞❡ ❞❡♥s✐❞❛❞❡✳ ❊st❛ q✉❛♥t✐❞❛❞❡ é ✉♠❛ ❞❛s ❢✉♥çõ❡s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❡♠ q✉❛❧q✉❡r ❡st✉❞♦

❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ♥ã♦ ❡q✉✐❧í❜r✐♦ ❞❡ ✢✉✐❞♦s✱ ♣♦✐s ❡ss❡♥❝✐❛❧♠❡♥t❡ ❝♦♥té♠ t♦❞❛ ❛s ✐♥❢♦r♠❛çõ❡s

r❡❧❡✈❛♥t❡s s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛✳ ◗✉❛♥❞♦ ✉♠❛ t❡♦r✐❛ ❛❞❡q✉❛❞❛ ❡st✐✈❡r ❞✐s♣♦♥í✈❡❧✱

♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ♣❡r♠✐t✐rá ❡①tr❛✐r ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✲

✐♥â♠✐❝❛s✱ ❡str✉t✉r❛✐s ❡ ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❞♦ ✢✉✐❞♦❬✹✺❪✳ ❆ ✈❛r✐á✈❡❧ ❞✐♥â♠✐❝❛ ❞❡♥s✐❞❛❞❡

❞❡ ♣❛rtí❝✉❧❛s é ❞❡✜♥✐❞❛ ❝♦♠♦✿

ρ(r, t) =
N
∑

i=1

δ(r− ri(t)) ✭✷✳✶✶✮

✷✳✷✳✶ ❋✉♥çõ❡s ❞❡ ✈❛♥ ❍♦✈❡

❯♠❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛r❡s ♥♦ ❡s♣❛ç♦ ❡ t❡♠♣♦ ❣❡r❛❧ G(r, t) ❢♦✐ ♣r♦♣♦st❛ ♣♦r ✈❛♥

❍♦✈❡❬✹✹✱ ✹✺❪✳ ❆ ❢✉♥çã♦ ❞❡ ✈❛♥ ❍♦✈❡ ❝❧áss✐❝❛ ❞❡s❝r❡✈❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ❛ ♣❛rtí❝✉❧❛

j ❡♠ dr ❡♠ t♦r♥♦ ❞❡ rj ♥♦ t❡♠♣♦ t ❞❛❞♦ q✉❡ ❡♠ t = 0 ❛ ♣❛rtí❝✉❧❛ i s❡ ❡♥❝♦♥tr❛✈❛ ❡♠ ri✳

G(r, t) =
1

N
〈

N
∑

i,j=1

δ(r+ ri(0)− rj(t))〉 ✭✷✳✶✷✮

P♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

G(r, t) =
1

N
〈

ˆ

ρ(r
′

+ r, t)ρ(r
′

, 0)dr
′

〉 =
1

ρ
〈ρ(r, t)ρ(r, 0)〉 ✭✷✳✶✸✮

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

♣♦❞❡ s❡r ❞❡s❝♦♠♣♦st❛ ❡♠ ❞✉❛s ♣❛rt❡s Gs(r, t) q✉❡ ❝♦rr❡❧❛❝✐♦♥❛ ❛s ♣♦s✐çõ❡s ❞❛ ♠❡s♠❛ ♣❛rtí❝✉❧❛

✭❞✐❢✉sã♦✮ ❡ Gd(r, t) q✉❡ ❝♦rr❡❧❛❝✐♦♥❛ ❛s ♣♦s✐çõ❡s ❞❡ ❞✐❢❡r❡♥t❡s ♣❛rtí❝✉❧❛s✳
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Gs(r, t) =
1

N
〈

N
∑

i=1

δ(r+ ri(0)− ri(t))〉 ✭✷✳✶✹✮

Gd(r, t) =
1

N
〈

N
∑

i 6=j

δ(r+ ri(0)− rj(t))〉 ✭✷✳✶✺✮

❖♥❞❡ Gs(r, 0) = δ(r) ❡ Gd(r, 0) = ρg(r)✱ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ❝♦♠ ✐ss♦ q✉❡ G(r, 0) é ✉♠❛

❢♦r♠❛ ❣❡r❛❧ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛r❡s✳

❆s tr❛♥s❢♦r♠❛❞❛s ❡s♣❛❝✐❛✐s ❞❡ ❋♦✉r✐❡r ❞❛s ❢✉♥çõ❡s G(r, t) ❡ Gs(r, t) sã♦ q✉❛♥t✐❞❛❞❡s ❝♦♥✈❡✲

♥✐❡♥t❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❞❡♥s✐❞❛❞❡ ♥♦ ❡s♣❛ç♦ k✱ q✉❡ sã♦ ❝❤❛♠❛❞❛s

❞❡ ❢✉♥çã♦ ✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ F (k, t) ❡ ❢✉♥çã♦ ❛✉t♦✲✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦

Fs(k, t) ♠❡❞❡♠ ❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛ ❞❡♥s✐❞❛❞❡ ♥♦ s✐st❡♠❛ ❛ t❡♠♣♦ t ❡ ❛ ❞❡♥s✐❞❛❞❡ ♥♦ s✐st❡♠❛ ❛

t❡♠♣♦ t = 0 ♣❛r❛ ✉♠ ❝❡rt♦ ✈❡t♦r ❞❡ ♦♥❞❛✱ sã♦ ❝♦♠✉♠❡♥t❡ ✉s❛❞❛s ♥❛s s✐♠✉❧❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛

♠♦❧❡❝✉❧❛r✳

F (k, t) =
1

N
〈

N
∑

i=1

exp ik.ri(t)
N
∑

j=1

exp ik.rj(0)〉 ✭✷✳✶✻✮

Fs(k, t) =
1

N
〈

N
∑

i=1

exp ik.(ri(t)− ri(0))〉 ✭✷✳✶✼✮

❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ❛ ❞✐♥â♠✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ✢✉✐❞♦ ♣♦❞❡ s❡r

♦❜t✐❞❛ ♣♦r ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ♥ê✉tr♦♥s✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ❡♥❡r❣✐❛ ~ω

❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠♦♠❡♥t♦ ~k é ❞❡s❝r✐t❛ ♣❡❧❛ s❡çã♦ ❞❡ ❝❤♦q✉❡ ❞✐❢❡r❡♥❝✐❛❧ q✉❡ é ❛ s♦♠❛ ❞♦s

❡s♣❛❧❤❛♠❡♥t♦ ❝♦❡r❡♥t❡ ❡ ✐♥❝♦❡r❡♥t❡✿

d2σ

dΩdω
= (

d2σ

dΩdω
)coh + (

d2σ

dΩdω
)inc ✭✷✳✶✽✮

(
d2σ

dΩdω
)coh = N〈bi〉

2kf
ki
S(k, ω) ✭✷✳✶✾✮

(
d2σ

dΩdω
)inc = N(〈b2i 〉 − 〈bi〉

2)
kf
ki
Ss(k, ω) ✭✷✳✷✵✮
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❖♥❞❡ kf ❡ ki sã♦ ♦s ♠ó❞✉❧♦s ❞♦s ✈❡t♦r❡s ❞❡ ♦♥❞❛ ❞♦s ❢❡✐①❡s ❞❡ ♥ê✉tr♦♥s ✐♥❝✐❞❡♥t❡s ❡

❡s♣❛❧❤❛❞♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❡ bi sã♦ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞♦s ♥ú❝❧❡♦s ✐♥❞✐✈✐❞✉❛✐s

❬✶✹❪✳ S(k, ω) é ♦ ❢❛t♦r ❞❡ ❡str✉t✉r❛ ❞✐♥â♠✐❝♦ ❡ Ss(k, ω) é ♦ ❛✉t♦✲❢❛t♦r ❞❡ ❡str✉t✉r❛ ❞✐♥â♠✐❝♦✳

S(k, ω) ❡stá r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❡s♣❛❧❤❛♠❡♥t♦ ❝♦❡r❡♥t❡✱ ❡ss❡♥❝✐❛❧♠❡♥t❡ ❞❡s❝r❡✈❡ ❛ ✐♥t❡r❢❡rê♥❝✐❛

❡♥tr❡ ❛s ♦♥❞❛s ♣r♦❞✉③✐❞❛s ♣❡❧♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ✉♠ ú♥✐❝♦ ♥ê✉tr♦♥ ♣♦r t♦❞♦s ♦s ♥ú❝❧❡♦s ❞❛

❛♠♦str❛✳ Ss(k, ω) ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛♦ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❝♦❡r❡♥t❡✱ ❛s ♦♥❞❛s ❡s♣❛❧❤❛❞❛s ♣❡❧♦s

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

❢♦r♥❡❝❡ ✉♠ ❜♦♠ ♠ét♦❞♦ ❞❡ ❛♥á❧✐s❡ ❞❡ ♣r♦❝❡ss♦s ❡♠ q✉❡ ♦s át♦♠♦s ❞✐❢✉♥❞❡♠ ❬✹✻❪✳

❆s ❢✉♥çõ❡s ❞✐♥â♠✐❝❛s ❞♦ ❢❛t♦r ❞❡ ❡str✉t✉r❛ S(k, ω) ❡ Ss(k, ω✮ sã♦ ♦s ❡s♣❡❝tr♦s ❞❛s ❢✉♥çõ❡s

✐♥t❡r♠❡❞✐ár✐❛s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ F (k, t) ❡ Fs(k, t)✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❡ q✉❡ ♣♦❞❡♠ s❡r ♠❡❞✐❞❛s

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳

S(k, ω) =
1

2π

ˆ ∞

−∞

F (k, t) exp(iωt)dt ✭✷✳✷✶✮

Ss(k, ω) =
1

2π

ˆ ∞

−∞

Fs(k, t) exp(iωt)dt ✭✷✳✷✷✮

❖ S(k, ω) é ✉♠❛ ❢♦r♠❛ ❣❡r❛❧ ❞♦ ❢❛t♦r ❞❡ ❡str✉t✉r❛ S(k) q✉❡ ♣♦❞❡ s❡r r❡❝✉♣❡r❛❞♦ ❢❛③❡♥❞♦✿

S(k) =

ˆ ∞

−∞

S(k, ω)dω ✭✷✳✷✸✮

✷✳✷✳✷ ❙✐st❡♠❛s ■❞❡❛✐s

❊①♣❛♥sõ❡s ♥♦ ✈❡t♦r ❞❡ ♦♥❞❛ k ❡ ♦ t❡♠♣♦ t ♥♦s ❢♦r♥❡❝❡♠ ✉♠❛ ✐❞❡✐❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Fs(k, t)

✱ Gs(r, t) ❡ Ss(k, ω) ❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s❬✹✹✱ ✹✺❪✳ ❊st❛s ❡①♣❛♥sõ❡s ♥ã♦ sã♦ ❞❡st✐♥❛❞❛s ❛ ✉♠❛

r❡♣r❡s❡♥t❛çã♦ ❣❡r❛❧ ❞❡ Fs(k, t)✱ ❛ sér✐❡ ✐rá ❞✐✈❡r❣✐r ❡♠ ✈❡t♦r❡s ❞❡ ♦♥❞❛ s✉✜❝✐❡♥t❡♠❡♥t❡ ❣r❛♥❞❡s

♦✉ t❡♠♣♦s ❧♦♥❣♦s✳ P❛r❛ ♦❜t❡r ❛s ❞❡s❝r✐çõ❡s ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❡♠ t♦❞♦s ♦s ✈❛❧♦r❡s ❞❡ k

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

♣♦❞❡♠ s❡r ♦❜t✐❞♦s ❢❛❝✐❧♠❡♥t❡✳ ▼❡s♠♦ q✉❡ ❡ss❡s s✐st❡♠❛s s❡❥❛♠ ❡①tr❡♠❛♠❡♥t❡ ✐❞❡❛✐s✱ ❡❧❡s sã♦

r❛③♦á✈❡✐s ❛♣r♦①✐♠❛çõ❡s ♣❛r❛ ❞❡t❡r♠✐♥❛❞❛s ❢❛✐①❛s ❞❡ ✈❛❧♦r❡s ❞❡ k ❡ t✳ ❖s s✐st❡♠❛s sã♦ ♣❛rtí❝✉❧❛

❧✐✈r❡ ❡ ♦ át♦♠♦ ❞✐❢✉s✐✈♦✳ ❙❡ ♦❧❤❛r♠♦s ♣❛r❛ Gs(r, t) ❛ t❡♠♣♦s ❝✉rt♦s t → 0 ❡ ❞✐stâ♥❝✐❛s ❛tô♠✐❝❛s

❛s tr❛❥❡tór✐❛s ❞❛s ♣❛rtí❝✉❧❛s sã♦ ❧✐♥❡❛r❡sGs(r, t) é ❞❛❞♦ ♣❡❧❛ ❞✐str✐❜✉✐çã♦ ❞❡ ▼❛①✇❡❧❧ ❛ ♣❛rtí❝✉❧❛

t❡♠ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❝♦♥st❛♥t❡ v ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ v ♣❛r❛ v+dv✱ ♦♥❞❡ v = r/t✱ ❡ s✉❛s r❡s♣❡❝t✐✈❛s
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❢✉♥çõ❡s Fs(k, t)✭❛♣r♦①✐♠❛çã♦ só é ❛♣❧✐❝á✈❡❧ ♣❛r❛ ✈❡❝t♦r❡s ❞❡ ♦♥❞❛ ❝✉rt♦s✮ ❡ Ss(k, ω) sã♦ ❬✹✹❪✿

Gs(r, t) = (
βm

2πt2
)
3
2 exp−(

βmr2

2t2
) ✭✷✳✷✹✮

Fs(k, t) = exp−
k2t2

2βm
✭✷✳✷✺✮

Ss(k, ω) =

√

βm

2πk2
exp−(

βmω2

2k2
) ✭✷✳✷✻✮

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛♣ós ❛ ♣❛rtí❝✉❧❛ s♦❢r❡r ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦s ❞❡ ❝♦❧✐sõ❡s✱ ♦ q✉❡ ❡q✉✐✈❛❧❡ ❛ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ❞✐❢✉s✐✈♦ ❞❡ Gs(r, t)✱ ❛ ❣r❛♥❞❡s ❞✐stâ♥❝✐❛s ❛tô♠✐❝❛s ❡ t❡♠♣♦s ❧♦♥❣♦s ❛s ❢✉♥çõ❡s

sã♦ ❬✹✹❪✿

Gs(r, t) = (
1

4πDt
)
3
2 exp−(

r2

4Dt
) ✭✷✳✷✼✮

Fs(k, t) = exp−Dk2t ✭✷✳✷✽✮

Ss(k, ω) =
1

π

Dk2

ω2 + (Dk2)2
✭✷✳✷✾✮

✷✳✸ ❆♣r♦①✐♠❛çõ❡s ❣❛✉ss✐❛♥❛s ❡ ❝♦rr❡çõ❡s ♥ã♦✲❣❛✉ss✐❛♥❛s

❉❛s ❡q✉❛çõ❡s ✷✳✷✹✱ ✷✳✷✺✱ ✷✳✷✼ ❡ ✷✳✷✽ t❡♠♦s q✉❡ Gs(r, t) ❡ Fs(k, t) t❡♠ ❢♦r♠❛ ❣❛✉ss✐❛♥❛ ❡♠ r

❡ k r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦❞❡♠♦s s✉♣♦r q✉❡ ✐ss♦ é ✈❛❧✐❞♦ ♣❛r❛ Gs(r, t) ♣❛r❛ t♦❞♦s ♦s t❡♠♣♦s✳ ❆

❢♦r♠❛ ❣❡r❛❧ ❞❡ Gs(r, t) ❡♠ ❢✉♥çã♦ ❞❡ r é✿

Gs(r, t) = (
α(t)

π
)
3
2 exp−α(t)r2 ✭✷✳✸✵✮

❖♥❞❡ α(t) = βm/2t2 ❛ t❡♠♣♦s ❝✉rt♦s ✭♣❛rtí❝✉❧❛ ❧✐✈r❡✮ ♦✉ α(t) = 1/4Dt ❛ t❡♠♣♦s ❧♦♥❣♦s

✭♣❛rtí❝✉❧❛ ❞✐❢✉s✐✈❛✮✱ ♦ ❞❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦ é ❛♣❡♥❛s ♦ s❡❣✉♥❞♦ ♠♦♠❡♥t♦ ❞❡ Gs(r, t)✿

〈r2(t)〉 ≡ 〈|r(t)− r(0)|2〉 =

ˆ

r2Gs(r, t)dΩdr ✭✷✳✸✶✮

❆ss✐♠ 〈|r(t)− r(0)|2〉 = 3/2α(t)✱ ❝♦♠ ❡ss❡ r❡s✉❧t❛❞♦ ❛ ❢✉♥çã♦ Fs(k, t) t♦♠❛ ❛ ❢♦r♠❛✿
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Fs(k, t) = exp−
k2〈r(t)2〉

6
✭✷✳✸✷✮

P♦rt❛♥t♦✱ 〈|r(t) − r(0)|2〉 = 3kBTt
2 ❛ t❡♠♣♦s ❝✉rt♦s ❡ 〈|r(t) − r(0)|2〉 = 6Dt ❛ t❡♠♣♦s

❧♦♥❣♦s✱ ♦♥❞❡ kB é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳ ▼♦str❛♠♦s q✉❡ Fs(k, t) é ❣❛✉ss✐❛♥♦ ❡♠ k ❞❡

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

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

s✐❛♥❛✳ ❚❛❧ ❢♦r♠✉❧❛çã♦ ♥♦s ♣❡r♠✐t✐rá tr❛t❛r ❛s ♣❛rt❡s ❣❛✉ss✐❛♥❛s ❡ ❛s ❝♦rr❡çõ❡s ♥ã♦✲❣❛✉ss✐❛♥❛s

s❡♣❛r❛❞❛♠❡♥t❡ ❡♠ ✉♠ ❝á❧❝✉❧♦ ❡①♣❧í❝✐t♦ ❡ ❡st✉❞❛r q✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ♦s ❡❢❡✐t♦s ♥ã♦ ❣❛✉ss✐❛♥♦s

❡♠ Fs(k, t)✭✈❡r ❘❛❤♠❛♥ ❬✹✼❪ ❡ ✈❛♥ ❩♦♥ ❬✹✽❪✮✳

Fs(k, t) = exp(−k2ρ1(t)){1 +
1

2!
α2(t)[k

2ρ1(t)]
2 −

1

3!
[α3(t)− 3α2(t)][k

2ρ1(t)]
3 + . . . ✭✷✳✸✸✮

αn(t) =
〈r(t)2n〉

Cn〈r(t)2〉n
− 1 ✭✷✳✸✹✮

Cn =
1.3.5...(2n+ 1)

3n
✭✷✳✸✺✮

ρ1(t) =
〈r(t)2〉

6
✭✷✳✸✻✮

❖♥❞❡ αn sã♦ ♦s ♣❛râ♠❡tr♦s ♥ã♦✲❣❛✉ss✐❛♥♦s ❞❡ ♦r❞❡♠ n ❡ ❛ ❡q✉❛çã♦ ✷✳✸✻ é ✈á❧✐❞❛ ♣❛r❛

s✐st❡♠❛s ✐s♦tró♣✐❝♦s✳

✷✳✹ ▲íq✉✐❞♦s ❙✉♣❡r✲❘❡s❢r✐❛❞♦s

❖ ♦❜❥❡t✐✈♦ ❞❡st❛ s❡çã♦ é ❞❛r ✉♠❛ ✐♥tr♦❞✉çã♦ ❛ ❛❧❣✉♠❛s ❞❛s r❡❧❡✈❛♥t❡s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ❧íq✉✐❞♦s

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

q✉❡ sã♦ út❡✐s ♣❛r❛ ❝❛r❛❝t❡r✐③á✲❧❛s✳ ❱❛♠♦s ❝♦♥s✐❞❡r❛r ✉♠ s✐st❡♠❛ ❡♠ s❡✉ ❡st❛❞♦ ❧íq✉✐❞♦✳ ❆

t❡♠♣❡r❛t✉r❛s s✉✜❝✐❡♥t❡♠❡♥t❡ ❡❧❡✈❛❞❛s ♣♦❞❡✲s❡ ❡s♣❡r❛r q✉❡ ♦ t❡♠♣♦ tí♣✐❝♦ ❞❡ r❡❧❛①❛çã♦ τ é ❞❛

♦r❞❡♠ ❞❡ ♣s✳ ◆❛ ♣rát✐❝❛ s❡ ✈❡r✐✜❝❛ q✉❡ ❛ ♠❛✐♦r✐❛ ❞♦s ❧íq✉✐❞♦s ♣♦❞❡♠ s❡r s✉♣❡r✲r❡s❢r✐❛❞♦s✱ ♦✉

s❡❥❛✱ é ♣♦ssí✈❡❧ ❡st✉❞❛r ❛s s✉❛s ♣r♦♣r✐❡❞❛❞❡s ♥♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ✭♠❡t❛❡stá✈❡❧✮✳ ▼✉✐t❛s
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❋✐❣✉r❛ ✷✳✶✿ ❱✐s❝♦s✐❞❛❞❡ ♣❛r❛ ✈ár✐♦s ❧íq✉✐❞♦s ❢♦r♠❛❞♦r❡s ❞❡ ✈✐❞r♦s ❝♦♠♦ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛
r❡✲❡s❝❛❧❛❞❛ Tg/T ✭❛❞❛♣t❛❞♦ ❞❡ ❆♥❣❡❧❧ ❬✶✹❪✮✳

❡①♣❡r✐ê♥❝✐❛s ❡ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♠♦str❛♠ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❡ t❡r♠♦❞✲

✐♥â♠✐❝❛s ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ r❡❧❛t✐✈❛♠❡♥t❡ ❢r❛❝❛ ❝♦♠

❛ t❡♠♣❡r❛t✉r❛✳ ❊st❡ ♥ã♦ é ♦ ❝❛s♦ ❞❛ ♠❛✐♦r✐❛ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦

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

❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛✱ q✉❡ é ♠✉✐t♦ ♠❛✐s ♣r♦♥✉♥❝✐❛❞❛ ❞♦ q✉❡ s❡r✐❛ ❞❡ ❡s♣❡r❛r ♣❛r❛ ♦

❧íq✉✐❞♦ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦✳ ◆❛ ✜❣✉r❛ ✷✳✶ ✈❡♠♦s ❝♦♠♦ ❛ ✈✐s❝♦s✐❞❛❞❡ ❛♣r❡s❡♥t❛

✉♠❛ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛✳ ❱❡♠♦s q✉❡ ♥❡st❡ t✐♣♦ ❞❡ ❝✉r✈❛s ♣❛r❛ ♦s ❞✐❢❡r❡♥t❡s

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

❧❡✐ ❞❡ ❆rr❤❡♥✐✉s✳ ◆♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❡♠ ✈❡③ ❞✐ss♦ ✈ê✲s❡ q✉❡ ❝❡rt♦s ❧íq✉✐❞♦s ♣❛r❡❝❡♠

♠♦str❛r ❡♠ t♦❞❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛s q✉❡ sã♦ ❞❡s❝r✐t♦s ♣❡❧❛ ❧❡✐ ❞❡ ❆rr❤❡♥✐✉s✱ ❝♦♠♦ SiO2✱ ❡♥✲

q✉❛♥t♦ ♦✉tr♦s ♠♦str❛♠ ✉♠❛ ❝✉r✈❛t✉r❛ ♣r♦♥✉♥❝✐❛❞❛ ♣ró①✐♠❛ ❞❡ Tg/T = 0.7 q✉❡ é ❝❤❛♠❛❞♦ ❞❡

❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❙✉♣❡r✲❆rr❤❡♥✐✉s✳ ❖♥❞❡ ❡ss❡s ❝❛s♦s ❧✐♠✐t❡s sã♦ ❝❤❛♠❛❞♦ ❞❡ ❧íq✉✐❞♦s ❢♦rt❡s

❡ ❢rá❣❡✐s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ♣❛rt✐r ❞❛ ✜❣✉r❛ ✷✳✶✱ s✉r❣❡♠ ❛❧❣✉♠❛s q✉❡stõ❡s✱ q✉❛❧ é ♦ ♠♦t✐✈♦ ♣❛r❛ ❛ ❞❡s❛❝❡❧❡r❛çã♦

❞r❛♠át✐❝❛ ❞❛ ❞✐♥â♠✐❝❛ ♥♦s ❧íq✉✐❞♦s ❢rá❣❡✐s✳ ❈♦♠♦ s❡rá ♠♦str❛❞♦ ♣♦st❡r✐♦r♠❡♥t❡✱ t♦❞❛s ❛s
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q✉❛♥t✐❞❛❞❡s ❡str✉t✉r❛✐s ✐♥✈❡st✐❣❛❞❛s ❛té ❛❣♦r❛ ♥ã♦ ♠♦str❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❛♥ô♠❛❧♦ ❞❡✲

♣❡♥❞❡♥t❡s ❞❛ t❡♠♣❡r❛t✉r❛✳ ❯♠❛ ♦✉tr❛ q✉❡stã♦ ✐♠♣♦rt❛♥t❡✱ q✉❡ ❡stá r❡❧❛❝✐♦♥❛❞♦ à ♣r✐♠❡✐r❛

q✉❡stã♦✱ é ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ ✈✐s❝♦s✐❞❛❞❡ η(T ) ❡ s❡ ❡ss❛ ❞❡♣❡♥❞ê♥❝✐❛ é s✐♠✐❧❛r ❛

♦✉tr❛s q✉❛♥t✐❞❛❞❡s t❛✐s ❝♦♠♦ ❛ ❝♦♥st❛♥t❡ ❞✐❢✉sã♦ ♦✉ ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✳ ❆ ❜❛✐①❛s t❡♠♣❡r❛t✲

✉r❛s ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣❡❧♦ ❧❡✐ ❞❡ ❱♦❣❡❧✲❋✉❧❝❤❡r❬✶✻❪

η(T ) = η0 exp

(

B

T − T0

)

✭✷✳✸✼✮

❆ss✐♠✱ ❡st❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ♣r❡✈ê ❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❛ ✈✐s❝♦s✐❞❛❞❡ ❛ t❡♠♣❡r❛t✉r❛s ♣❡rt♦ ❞❡

T0✱ q✉❡ é ❝❤❛♠❛❞♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❱♦❣❡❧ ♠♦str❛♥❞♦ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ❙✉♣❡r✲❆rr❤❡♥✐✉s

♣❛r❛ ♦s ❧íq✉✐❞♦s ❢rá❣❡✐s✱ ♥♦ ❝❛s♦ ❞❡ T0 = 0 ❛ ✈✐s❝♦s✐❞❛❞❡ ♠♦str❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ❆rr❤❡♥✐✉s

❝❛r❛t❡ríst✐❝❛ ❞♦s ❧íq✉✐❞♦s ❢♦rt❡s✳ ❊♠❜♦r❛ ❡st❡ t✐♣♦ ❞❡ ❛❥✉st❡ ❞á ✉♠❛ ❜♦❛ r❡♣r❡s❡♥t❛çã♦ ❞♦s

❞❛❞♦s✱ ♥ã♦ ❤á ❢✉♥❞❛♠❡♥t❛çã♦ t❡ór✐❝❛ ♣❛r❛ ❡st❡ ❆♥s❛t③✳ ◆♦ ❡♥t❛♥t♦✱ é ♠✉✐t♦ út✐❧✱ ♣♦✐s ♣❡r♠✐t❡

✉♠❛ s✐♠♣❧❡s ♣❛r❛♠❡tr✐③❛çã♦ ❞♦s ❞❛❞♦s ❝♦♠ ✉♠❛ ♣r❡❝✐sã♦ ♠✉✐t♦ ❜♦❛✳ ❍á ✉♠❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧

♣❛r❛ ❛ ✈✐s❝♦s✐❞❛❞❡ ❬✶✽❪ ♣r❡✈✐st❛ ♣❡❧❛ t❡♦r✐❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ♠♦❞♦s ✭▼❈❚✮✿

η(T ) = η0 (T − TC)
−γ ✭✷✳✸✽✮

❖♥❞❡ TC é ❛ t❡♠♣❡r❛t✉r❛ ❝rít✐❝❛✱ é ❢r❡q✉❡♥t❡♠❡♥t❡ ❡♥❝♦♥tr❛❞❛ ✷✵✲✸✵% ❛❝✐♠❛ ❞❛ Tg✳ ❈♦♠♦

❛ ❡q✉❛çã♦ ✷✳✸✽ ♣r❡✈ê ✉♠❛ ❞✐✈❡r❣ê♥❝✐❛ ❞❡ ✈✐s❝♦s✐❞❛❞❡ ❛ TC ≥ Tg é ❡✈✐❞❡♥t❡ q✉❡ ❡st❛ ❢♦r♠❛

❢✉♥❝✐♦♥❛❧ ♥ã♦ ♣♦❞❡ s❡r ❝♦rr❡t❛ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❛ Tg✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ t❡♠♣❡r✲

❛t✉r❛s ♣❡rt♦ ❞❡ TC ✱ ❛ t❡♦r✐❛ é ❝❛♣❛③ ❞❡ ❞❡s❝r❡✈❡r ♠✉✐t❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦s ❧íq✉✐❞♦s

s✉♣❡r✲r❡s❢r✐❛❞♦s ❡ ♦s ♣❛râ♠❡tr♦s ❝♦♠♦ TC ❡ ♦ ❡①♣♦♥❡♥t❡ γ sã♦ ❝❛❧❝✉❧❛❞♦s ❛ ♣r✐♦r✐ ❬✶✽❪✳ ❆té

❛❣♦r❛ ❞✐s❝✉t✐♠♦s ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ q✉❛♥t✐❞❛❞❡s ♠❛❝r♦s❝ó♣✐❝❛✱ ❝♦♠♦ ❛ ✈✐s❝♦s✐✲

❞❛❞❡✳ ◆♦ ❡♥t❛♥t♦✱ ♠✉✐t♦s ❡①♣❡r✐♠❡♥t♦s✱ ❝♦♠♦ ❡s♣❛❧❤❛♠❡♥t♦ ✐♥❡❧ást✐❝♦ ❞❡ ♥ê✉tr♦♥s ❡ ♠❡❞✐❞❛s

❞✐❡❧étr✐❝❛s t❛♠❜é♠ ❞ã♦ ❛❝❡ss♦ ❞✐r❡t♦ às ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ ❛♦ ♥í✈❡❧ ♠✐❝r♦s❝ó♣✐❝♦✱

t❛✐s ❝♦♠♦ ❛s ❢✉♥çõ❡s ✷✳✶✻✱✷✳✶✼✳

◆❛ ✜❣✉r❛ ✷✳✷ ♠♦str❛♠♦s ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ Φ(t) ≡

Fs(k, t)✳ ❆ ❞✉❛s ❝✉r✈❛s ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞✉❛s t❡♠♣❡r❛t✉r❛s✿ ✉♠❛ ♥❛ q✉❛❧ ♦ s✐st❡♠❛ é ✉♠ ❧íq✉✐❞♦

♥♦r♠❛❧ ❡ ♦ ♦✉tr♦ é ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦✳ ❆ ❛❧t❛s t❡♠♣❡r❛t✉r❛s✱ ❛ r❡❧❛①❛çã♦ é r❡❧❛t✐✈❛♠❡♥t❡

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

❞❛ ❡q✉❛çã♦ ✷✳✷✺ ❡ ❡♠ t❡♠♣♦s ❧♦♥❣♦s ♥♦ r❡❣✐♠❡ ♠✐❝r♦s❝ó♣✐❝♦✱ ❛ ❢✉♥çã♦ é ❞❛ ❢♦r♠❛ ❞❛ ❡q✉❛çã♦
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❋✐❣✉r❛ ✷✳✷✿ ❉❡♣❡♥❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ Φ(t)✱ ❛s ❞✉❛s ❝✉r✈❛s ❝♦rr❡s♣♦♥❞❡♠
❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ q✉❡ é r❡❧❛t✐✈❛♠❡♥t❡ ❛❧t❛ ❡ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❜❛✐①❛ ♣❡rt♦ ❞❛ tr❛♥s✐çã♦
✈ítr❡❛ ♦♥❞❡ ❛ ❞✐♥â♠✐❝❛ ❞❡ r❡❧❛①❛çã♦ é ♠✉✐t♦ ❧❡♥t❛ ✭❛❞❛♣t❛❞♦ ❞❡ ❇✐♥❞❡r ❬✶✹❪✮✳

✷✳✷✽✳ ❆ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s ❛♣r❡s❡♥t❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ♦ t❡♠♣♦ ♠❛✐s ❝♦♠♣❧❡①❛✳ ❆

t❡♠♣♦s ♠✉✐t♦ ❝✉rt♦s ❡❧❛ t❛♠❜é♠ ♠♦str❛ ✉♠ r❡❣✐♠❡ ❜❛❧íst✐❝♦✳ ❆ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s ❛

❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♠♦str❛ ✉♠ ♣❧❛tô✱ ❡st❡ r❡❣✐♠❡ ❞❡ t❡♠♣♦ é ❝❤❛♠❛❞♦ ❞❡ r❡❧❛①❛çã♦✲β✱ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦ ❝r✐st❛❧ ♦♥❞❡ ♦ ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ♣♦r ✉♠ ❧♦♥❣♦ t❡♠♣♦ é ❞❡

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

❤á r❡❧❛①❛çã♦✳ ❆ r❛③ã♦ ♣❡❧❛ q✉❛❧ ❡st❡ ♠♦✈✐♠❡♥t♦ ❞❡ ✈✐❜r❛çã♦ t❛♠❜é♠ ❡stá ♣r❡s❡♥t❡ ♥♦s ❧íq✉✐❞♦s

s✉♣❡r✲r❡s❢r✐❛❞♦s ❡ ✈ítr❡♦s ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s✱ é q✉❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ s❡ ❡♥❝♦♥tr❛ ♣r❡s❛ ♥✉♠❛

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

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

❧✐✈r❡❬✷✶✱ ✶✽✱ ✶✸❪✳ ❆ ✐♠♣♦rtâ♥❝✐❛ ❞♦ ❡❢❡✐t♦ ❞❛ ❣❛✐♦❧❛ ♣♦❞❡ s❡r ❛♣r❡❝✐❛❞❛ ♦❜s❡r✈❛♥❞♦✲s❡ ✉♠❛

❝♦♥✜❣✉r❛çã♦ tí♣✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ❧íq✉✐❞♦ ✭✈❡r ✜❣✉r❛ ✷✳✸✮✳ ❆ ♣❛rtí❝✉❧❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r

✉♠ ❝ír❝✉❧♦ ❛❜❡rt♦ é ❝❡r❝❛❞❛ ♣♦r s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s✱ q✉❡ sã♦ ♠❛r❝❛❞♦s ❡♠ ♣r❡t♦✳ ❙❡

❛ss✉♠✐r♠♦s q✉❡ ❡st❡s ✈✐③✐♥❤♦s ♣❡r♠❛♥❡❝❡♠ ✜①♦s ✭❡❧❡s ❡st❛r✐❛♠ ✈✐❜r❛♥❞♦ s♦♠❡♥t❡✮✱ ❛ ♣❛rtí❝✉❧❛

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

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

❛t✉r❛s ❜❛✐①❛s ❛ ♣❛rtí❝✉❧❛ ✜♥❛❧♠❡♥t❡ s❛✐ ❞❛✐ ❣❛✐♦❧❛ ❡ ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡❝❛✐ ♥♦✈❛♠❡♥t❡✱
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❋✐❣✉r❛ ✷✳✸✿ ❯♠❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❞✐s❝♦s rí❣✐❞♦s✱ ♦ ❝ír❝✉❧♦ ❛❜❡rt♦ r❡♣r❡s❡♥t❛ ❛ ♣❛rtí❝✉❧❛ ♣r❡s❛ ❡
♦s s❡✐s ❞✐s❝♦s ♣r❡t♦s sã♦ ♦s s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ✭❛❞❛♣t❛❞♦ ❞❡ ●♦t③❡ ❬✶✽❪✮✳

❡st❡ r❡❣✐♠❡ é ❝❤❛♠❛❞♦ ❞❡ r❡❧❛①❛çã♦✲α✳ ❊♠ ❝♦♥tr❛st❡ ❝♦♠ ♦ ❝❛s♦ ❛ t❡♠♣❡r❛t✉r❛s ❛❧t❛s✱ ❛

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

❑♦❤❧r❛✉s❝❤✲❲✐❧❧✐❛♠s✲❲❛tts ✭❑❲❲✮

Φ(t) = A exp(−(t/τ)β) ✭✷✳✸✾✮

❖♥❞❡ β é ❝❤❛♠❛❞♦ ❡①♣♦♥❡♥t❡ ❞❡ ❑♦❤❧r❛✉s❝❤ ❡ β < 1✱ ❡st❛ ❢✉♥çã♦ ❞❡s❝r❡✈❡ ❜❡♠ ❛ ♣❛rt❡ ❞♦

❞❡❝❛✐♠❡♥t♦ ❞❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❛✐♥❞❛ q✉❡ ♥ã♦ t❡♥❤❛ ✉♠❛ ❡①♣❧✐❝❛çã♦ ♠✐❝r♦s❝ó♣✐❝❛❬✶✽✱ ✶✹❪✳

❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ q✉❡ ♠♦str❛ ❛ ❞✐♥â♠✐❝❛ ❞❡ r❡❧❛①❛çã♦ ❡♠ ✉♠ ❡st❛❞♦ ❧♦❝❛❧

✭❝❡rt♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s✮ ❡ ♠♦str❛ ✉♠ ♣❧❛tô ♥❛ ✈❡r❞❛❞❡ ❡❧❛ é ✉♠❛ ♠é❞✐❛ ❞❛s ❝♦♥tr✐❜✉✐çõ❡s

❞❡ ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❡q✉❛çã♦ ✷✳✶✼✳ ❆ ❡①✐stê♥❝✐❛ ❞♦ ♣❧❛tô ♥❛s ❢✉♥çõ❡s

❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧ t❡♠ ❞✉❛s ❡①♣❧✐❝❛çõ❡s ❞✐♥â♠✐❝❛s ♣♦ssí✈❡✐s✳ ❆ ♣r✐♠❡✐r❛ ❛ss✉♠❡ q✉❡ ❛

❛♠♦str❛ é ❤♦♠♦❣ê♥❡❛ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛ ▼❈❚✱ ❡♥tã♦ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s r❡❧❛①❛♠ ❞❛ ♠❡s♠❛

♠❛♥❡✐r❛✱ ♦✉ s❡❥❛ t♦❞❛s ♠♦str❛♠ ♦ ♠❡s♠♦ ❡①♣♦♥❡♥t❡ ❞❡ ❑♦❤❧r❛✉s❝❤✱ ♦ ❡①♣♦♥❡♥t❡ ♠❡❞✐❞♦ ♥❛

❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ s❡r✐❛ ♦ ♠❡s♠♦ ♣❛r❛ ❝❛❞❛ ♣❛rtí❝✉❧❛✳ ◆♦s ❡①♣❡r✐♠❡♥t♦ ❡ s✐♠✉❧❛çõ❡s ❝♦♠✲

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

♦✉tr❛ ❡①♣❧✐❝❛çã♦ ♦♥❞❡ ❝♦♥s✐❞❡r❛✲s❡ ❛♠♦str❛ ♣♦ss✉✐ ✉♠❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛✳
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❋✐❣✉r❛ ✷✳✺✿ ■♠❛❣❡♥s ❞❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛✳ ✭❛✮ ♠❛♣❛s ❞❛s ♣♦s✐çõ❡s ❞❛s
♣❛rtí❝✉❧❛s ❡♠ ✈ár✐♦s ✐♥st❛♥t❡s ❞♦ t❡♠♣♦ ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❜✐❞✐♠❡♥s✐♦♥❛❧ ❞❡ ❞✐s❝♦s ❞✉r♦s✳
✭❜✮ ■❧✉str❛çã♦ ❡sq✉❡♠át✐❝❛ ❞❛s r❡❣✐õ❡s ❞❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛✳ ❊st❛s r❡❣✐õ❡s
sã♦ ❞❛ ♦r❞❡♠ ❞❡ ξhet ❡♠ ❞✐♠❡♥sã♦ ✭t✐♣✐❝❛♠❡♥t❡ ✉♠ ❛❧❣✉♥s ♥❛♥ô♠❡tr♦s✮ ❡ ❡✈♦❧✉❡♠ ♥♦ t❡♠♣♦
✭❛❞❛♣t❛❞♦ ❞❡ ❊❞✐❣❡r ❬✷❪✮

❝♦♥❞✉③ ♣❛r❛ ✉♠❛ s❡r✐❡ ❞❡ ♣❡r❣✉♥t❛s✱ ◗✉ã♦ ❣r❛♥❞❡s sã♦ ❛s ❤❡t❡r♦❣❡♥❡✐❞❛❞❡s❄ ◗✉❛♥t♦ t❡♠♣♦

❞✉r❛♠❄ ❆té q✉❡ ♣♦♥t♦ ❛ ❞✐♥â♠✐❝❛ ✈❛r✐❛ ❡♥tr❡ ❛s r❡❣✐õ❡s ❞❡ ♠❛✐s rá♣✐❞❛s ❡ ♠❛✐s ❧❡♥t❛s❄ ❉❡

♦♥❞❡ ✈ê♠ ❛s ❤❡t❡r♦❣❡♥❡✐❞❛❞❡s❄✳ P❡rt♦ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✱ ❛ ❞✐♥â♠✐❝❛ ❡♠ ✉♠❛ r❡❣✐ã♦ ❞❡ ✉♠

❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ♣♦❞❡♠ s❡r ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐s rá♣✐❞❛ ❞❡ q✉❡ ❛ ❞✐♥â♠✐❝❛ ❡♠ ♦✉tr❛

r❡❣✐ã♦ ❛♣❡♥❛s ❛❧❣✉♥s ♥❛♥ô♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛✳ ❊st❛ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ♥❛ ❞✐♥â♠✐❝❛ t❡♠ ❝♦♥✲

s❡q✉ê♥❝✐❛s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡ ❡ ❛ ❝✐♥ét✐❝❛ ❞❡

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

❞✐♥â♠✐❝❛ é tã♦ ❧❡♥t❛ ❛❜r✉♣t❛♠❡♥t❡ ♣❡rt♦ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✱ ❡ ♣♦rq✉❡ ❛ ▼❈❚ ♥ã♦ ♣♦❞❡ s❡r

✉s❛❞❛ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❛ Tg✳

❆ ✜❣✉r❛ ✷✳✺❛ ♠♦str❛ ♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♣❛r❛ ✉♠ s✐st❡♠❛s ❞❡ ❞✐s❝♦s ❞✉r♦s ❬✷❪✳ ❆s

♣♦s✐çõ❡s ❞❡ ♣❛rtí❝✉❧❛s sã♦ ♣❧♦t❛❞♦s ❡♠ ♠✉✐t♦s ♠♦♠❡♥t♦s✳ ➱ ❝❧❛r♦ q✉❡ ❤á r❡❣✐õ❡s ❞❛ ❛♠♦str❛

♦♥❞❡ ❛ ❡str✉t✉r❛ ❧♦❝❛❧ s❡ ♠❛♥t❡✈❡ ❝♦♥st❛♥t❡✱ ❡ ♦✉tr❛s ♣❛rt❡s ❞❛ ❛♠♦str❛ sã♦ r❡♦r❣❛♥✐③❛❞❛s

s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✳ ❖✉tr❛s s✐♠✉❧❛çõ❡s ❡♥❝♦♥tr❛♠ r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s ❡♠ s✐♠✉❧❛çõ❡s ❞❡

▲❡♥♥❛r❞✲❏♦♥❡s ❜✐♥ár✐♦ ❬✹✾✱ ✺✵❪✳ ◆♦ ❡sq✉❡♠❛ ❞❛ ✜❣✉r❛ ✷✳✺❜ ♣♦❞❡✲s❡ ❞✐st✐♥❣✉✐r q✉❛❧✐t❛t✐✈❛ ❡

q✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ♣❡rt♦ ❞❡ Tg✳ ❆s ❡①♣❡r✐ê♥❝✐❛s ✐♥❞✐❝❛♠

✉♠ t❛♠❛♥❤♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ss❛s r❡❣✐õ❡s ❡♠ t♦r♥♦ ❞❡ ✸ ♥♠ ❡ ❛ ❞✐♥â♠✐❝❛s ❞✐❢❡r❡♠ ❞❡ ✶✲✺ ♦r❞❡♥s
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❞❡ ♠❛❣♥✐t✉❞❡ ❡♥tr❡ ❛s r❡❣✐õ❡s ♠❛✐s rá♣✐❞❛s ❡ ♠❛✐s ❧❡♥t❛s ♣❡rt♦ ❞❡ Tg✳ ▼♦❧é❝✉❧❛s q✉❡ ❡stã♦

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

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

t✉r❛ ✜①❛✳ ❆ ♦r✐❣❡♠ ❞❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ♥ã♦ ❡stá ❝❧❛r❛♠❡♥t❡ ❡st❛❜❡❧❡❝✐❞❛✳

❆s s✉❣❡stõ❡s ♣❛r❛ ❛ ♦r✐❣❡♠ ❞❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ sã♦ ❞❡ ❞✉❛s ❝❛t❡❣♦r✐❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡✳

❯♠❛ ❝❧❛ss❡ ❞❡ ❡①♣❧✐❝❛çõ❡s ✭❡♥tr♦♣✐❛ ❝♦♥✜❣✉r❛❝✐♦♥❛❧ ♦✉ ✢✉t✉❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡✮ ♦♥❞❡ ❛ ❤❡t✲

❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛ é ✈✐st❛ ❝♦♠♦ ✉♠ ❡❢❡✐t♦ s❡❝✉♥❞ár✐♦ ❞❛ ❞✐♥â♠✐❝❛ ❧❡♥t❛❬✷✱ ✷✶❪✳ ❖✉ s❡❥❛✱

♥ã♦ ✐♠♣♦rt❛ q✉❡ ♠❡❝❛♥✐s♠♦ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❞✐♥â♠✐❝❛ ❧❡♥t❛✱ s❡r✐❛ ❞❡ ❡s♣❡r❛r ❝♦♠♦ r❡s✉❧t❛❞♦

❡ss❛s ❤❡t❡r♦❣❡♥❡✐❞❛❞❡s✳ ❖ ♦✉tr♦ ❝♦♥❥✉♥t♦ ❞❡ ❡①♣❧✐❝❛çõ❡s ✭❞♦♠í♥✐♦s ❞❡ ❢r✉str❛çã♦ ❧✐♠✐t❛❞❛✱ ♦

♠♦❞❡❧♦ ❞❡ ♣❛✐s❛❣❡♠ ❞❡ ❡♥❡r❣✐❛✮ ❛ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ é ✈✐st❛ ❝♦♠♦ ♣❛rt❡ ✐♥t❡❣r❛♥t❡ ❞♦ ♠❡❝❛♥✐s♠♦

❞❡ ❞✐♥â♠✐❝❛ ❧❡♥t❛✳

✷✳✻ Pr♦♣r✐❡❞❛❞❡s ❉✐♥â♠✐❝❛s ❞♦s ▲íq✉✐❞♦s ❙✉♣❡r✲❘❡s❢r✐❛❞♦s

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

▲❡♥♥❛r❞✲❏♦♥❡s ❜✐♥ár✐♦ q✉❡ ♦ ❞✐❢❡r❡♥❝✐❛♠ ❞❡ ✉♠ ❧íq✉✐❞♦ ♥♦r♠❛❧✱ ❡st❡ s✐st❡♠❛ é ✉♠ ❜♦♠ ♠♦❞❡❧♦

♣❛r❛ ♦ ❡st✉❞♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✱ ✈ítr❡♦s ❡ t❡st❛r t❡♦r✐❛s ❝♦♠♦ ❛ ▼❈❚

❡ ❛ ❉✐♥â♠✐❝❛ ❍❡t❡r♦❣ê♥❡❛✱ ❝♦♠ ❡ss❡ ♠♦❞❡❧♦ ♣♦❞❡✲s❡ s✐♠✉❧❛r ♦ Ni80P20❬✺✶✱ ✺✷✱ ✺✸❪✳

❖ s✐st❡♠❛ ▲❡♥♥❛r❞✲❏♦♥❡s s✐♠♣❧❡s ♥ã♦ ♣♦❞❡ ❛t✐♥❣✐r ♥♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ♣♦rq✉❡ ❡❧❡

❝r✐st❛❧✐③❛ r❛♣✐❞❛♠❡♥t❡✱ ♠❡s♠♦ s❡ ❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❢♦r ❛❧t❛✳ P♦rt❛♥t♦✱ ❝♦♥s✐❞❡r❛✲s❡ ❣❡r❛❧✲

♠❡♥t❡ ✉♠ s✐st❡♠❛ ❜✐♥ár✐♦✱ ♣♦✐s ♦ ❞❡❢❡✐t♦ ✐♥tr♦❞✉③✐❞♦ ♣♦r ❞✐❢❡r❡♥t❡s ❡s♣❡❝✐❡s é s✉✜❝✐❡♥t❡ ♣❛r❛

✐♠♣❡❞✐r ♦ s✐st❡♠❛ ❞❡ ❝r✐st❛❧✐③❛r✱ ♣❡❧♦ ♠❡♥♦s ♥❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❞❛s s✐♠✉❧❛çõ❡s✳ ◆♦ ♠♦❞❡❧♦

t❡♠♦s ✉♠❛ ♠✐st✉r❛ ❞❡ ❞♦✐s t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ♥❛ r❛③ã♦ ❞❡ 80/20 ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s A ❡ B

✱r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆♠❜❛s ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ♠❛ss❛ ❡ ✐♥t❡r❛❣❡♠ ❛tr❛✈és ❞♦ ♣♦t❡♥❝✐❛❧✿

Vαβ(r) = 4ǫαβ[(σαβ/r)
12 − (σαβ/r)

6] ✭✷✳✹✵✮

❖s ♣❛râ♠❡tr♦s ❞♦ ♣♦t❡♥❝✐❛❧ sã♦ σAA = 1.0✱ǫAA = 1.0✱ σBB = 0.88✱ ǫBB = 0.5✱ σAB = 0.8

❡ ǫAB = 1.5✳ ◆❛s s✐♠✉❧❛çõ❡s sã♦ ♥♦r♠❛❧♠❡♥t❡ ✉s❛❞♦s σAA✱ ǫAA✱ τ =
√

mσ2
AA/48ǫAA✱ ❝♦♠♦

✉♥✐❞❛❞❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦✱ ❡♥❡r❣✐❛ ❡ t❡♠♣♦ ✭KB = 1✮✳ ❖ s✐st❡♠❛ t❡♠ ✶✵✵✵ ♣❛rtí❝✉❧❛s ♥✉♠❛

❝❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ L = 9.4σAA✳ ◆❛ ✜❣✉r❛ ✷✳✻ ❞♦ ❢❛t♦r ❞❡ ❡str✉t✉r❛ ❞❛s ♣❛rtí❝✉❧❛s ❆ ✭♥♦t❡

q✉❡ ♦ s✐st❡♠❛ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❜✐♥ár✐♦ ❛♣r❡s❡♥t❛ ✸ ❢❛t♦r❡s ❞❡ ❡str✉t✉r❛ SAA✱SBB✱SAB✮ ♥❛
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❋✐❣✉r❛ ✷✳✻✿ ❋❛t♦r ❞❡ ❡str✉t✉r❛ ❞❛s ♣❛rtí❝✉❧❛s ❆ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❡ t❡♠♣♦s ❞❡ r❡❧❛①❛çã♦
❞♦ s✐st❡♠❛ ✭❛❞❛♣t❛❞♦ ❞❡ ❈❛✈❛❣♥❛ ❬✶✺❪✮✳

t❡♠♣❡r❛t✉r❛ ❞❡ T = 1.0 é ✉♠ ❧íq✉✐❞♦ ♥♦r♠❛❧ ❡ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ T = 0.6 é ✉♠ ❧íq✉✐❞♦ s✉♣❡r✲

r❡s❢r✐❛❞♦ ❡ ❡♠ T = 0.446 ❡stá ♣❡rt♦ ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✳ P♦❞❡♠♦s r❡❝♦♥❤❡❝❡r q✉❡ ♥❛ ❢❛✐①❛ ❞❡

t❡♠♣❡r❛t✉r❛ ❝♦♥s✐❞❡r❛❞❛✱ ❛ ❡str✉t✉r❛ ♥ã♦ ♠✉❞❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✳ ❖ ú♥✐❝♦ ❡❢❡✐t♦ ♠♦str❛❞♦

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

♣r♦♥✉♥❝✐❛❞♦s✳ ❖s ♦✉tr♦s ❢❛t♦r❡s ❞❡ ❡str✉t✉r❛ t❛♠❜é♠ ♥ã♦ ♠♦str❛♠ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ♣r♦✲

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

às ♠✉❞❛♥ç❛s ❞❡ t❡♠♣❡r❛t✉r❛✱ ❡♠❜♦r❛ ❛s ♣r♦♣r✐❡❞❛❞❡s t❡r♠♦❞✐♥â♠✐❝❛s ❡ ❡str✉t✉r❛✐s ❞♦ s✐s✲

t❡♠❛ ♠♦str❛♠ ❛♣❡♥❛s ✉♠❛ ❧✐❣❡✐r❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s

♠♦str❛♠ ✉♠❛ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✱ ♥❛ ✜❣✉r❛ ✷✳✻ t❛♠❜é♠ ♠♦str❛ ♦ t❡♠♣♦ ❞❡

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

♦ t❡♠♣♦ ❛✉♠❡♥t❛ ♣♦r ✉♠ ❢❛t♦r ❞❡ 103✱ ♠♦str❛♥❞♦ q✉❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ s✐st❡♠❛

r❡❛❧♠❡♥t❡ ♠✉❞❛♠ ♠✉✐t♦ ♠❛✐s rá♣✐❞♦ q✉❡ ❛s ❡str✉t✉r❛✐s✳ ❖ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ τ ❝❛r❛❝t❡r✐③❛ ❛

❞✐♥â♠✐❝❛ ❛♣❡♥❛s ♥❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❞❛ r❡❧❛①❛çã♦✲α✱ ♦✉ s❡❥❛✱ ♥❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ♠❛✐s ❧♦♥❣♦ ❞♦

s✐st❡♠❛✳ ❆ ✜♠ ❞❡ ❝♦♠♣r❡❡♥❞❡r ❛ ❞✐♥â♠✐❝❛ ❞❡ r❡❧❛①❛çã♦ ❡ t❛♠❜é♠ s♦❜r❡ ❛s ❡s❝❛❧❛s ❞❡ t❡♠♣♦

é út✐❧ ❝♦♥s✐❞❡r❛r ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛❧✱ ❝♦♠♦ ♦ ❞❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦✳

◆❛ ✜❣✉r❛ ✷✳✼ ♠♦str❛♠♦s ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ t❡♠♣♦ ❞♦ 〈r2(t)〉 ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s ❆ ❡♠

❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳ ◆♦ ❧íq✉✐❞♦ ❛ t❡♠♣❡r❛t✉r❛s ❛❧t❛s✭T > 1.0✮ ❡ t❡♠♣♦s ❝✉rt♦s ✈❡♠♦s q✉❡

〈r2(t)〉 ∝ t2✭r❡❣✐♠❡ ❜❛❧íst✐❝♦✮✳ ❯♠❛ ✈❡③ q✉❡ 〈r2(t)〉 é ❞❛ ♦r❞❡♠ ❞❡ ✵✳✵✹✱ ♦✉ s❡❥❛ ❛ ❞✐stâ♥❝✐❛

é ♣❡rt♦ ❞❡ ✵✳✷✱ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❝♦♠ ♦ t❡♠♣♦ é ❧✐♥❡❛r 〈r2(t)〉 ∝ t ❡ ♦ s✐st❡♠❛ é ❞✐❢✉s✐✈♦✳ ❊st❛
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❋✐❣✉r❛ ✷✳✼✿ ❆s ❝✉r✈❛s ❞♦ ▼❙❉ ❝♦rr❡s♣♦♥❞❡♠ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ✭❚❂✺✳✵✱ ✹✳✵✱ ✸✳✵✱ ✷✳✵✱
✶✳✵✱ ✵✳✽✱ ✵✳✻✱ ✵✳✺✺✱ ✵✳✺✵✱ ✵✳✹✼✺✱ ✵✳✹✻✻✱ ✵✳✹✹✻✮ ❞❛ ❡sq✉❡r❞❛ ❛ ❞✐r❡✐t❛ ✭❛❞❛♣t❛❞♦ ❞❡ ●♦t③❡ ❬✶✽❪✮✳

♠✉❞❛♥ç❛ é ❞❡✈✐❞❛ ❛s ❝♦❧✐sõ❡s ❞❛s ♣❛rtí❝✉❧❛s ❝♦♠ s❡✉s ✈✐③✐♥❤♦s q✉❡ ❛ r♦❞❡✐❛♠✳ ❆♣❡s❛r ❞❛

♣r❡s❡♥ç❛ ❞❡ s❡✉s ✈✐③✐♥❤♦s ❛ ♣❛rtí❝✉❧❛ é ❛✐♥❞❛ ❝❛♣❛③ ❞❡ ❛❢❛st❛r✲s❡ r❛♣✐❞❛♠❡♥t❡ ❞❡ s✉❛ ♣♦s✐çã♦

✐♥✐❝✐❛❧✱ ♦✉ s❡❥❛ 〈r2(t)〉 ❛✉♠❡♥t❛ r❛♣✐❞❛♠❡♥t❡ ❝♦♠ ♦ t❡♠♣♦✳ ❚❛♠❜é♠ ❛ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s

T < 1.0 ✈❡♠♦s ❡♠ t❡♠♣♦s ❝✉rt♦s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❜❛❧íst✐❝♦✳ ❊♠ ❝♦♥tr❛st❡ ❝♦♠ ❛s ❝✉r✈❛s ❞❡

❛❧t❛ t❡♠♣❡r❛t✉r❛✱ ♦ 〈r2(t)〉 ♥♦ ✜♠ ❞♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ♥ã♦ ❛♣r❡s❡♥t❛ ✐♠❡❞✐❛t❛♠❡♥t❡ ♦ r❡❣✐♠❡

❞✐❢✉s✐✈♦✱ ♠♦str❛♠ ✉♠ ♣❧❛tô ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s✳ ❊st❡ ♣❧❛tô é ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❣❛✐♦❧❛✱ ♦✉

s❡❥❛✱ ❛ ❝❛♣t✉r❛ t❡♠♣♦rár✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣♦r s❡✉s ✈✐③✐♥❤♦s✳ ❙♦♠❡♥t❡ ♣❛r❛ t❡♠♣♦s s✉✜❝✐❡♥t❡♠❡♥t❡

❧♦♥❣♦s q✉❡ ❛ ♣❛rtí❝✉❧❛ é ❝❛♣❛③ ❞❡ s❛✐r ❞❛ ❣❛✐♦❧❛ ❡ ♦ 〈r2(t)〉 ∝ t ❡ ♦ s✐st❡♠❛ ✈♦❧t❛ ❛♦ r❡❣✐♠❡

❞✐❢✉s✐✈♦✳

❖ 〈r2(t)〉 ♠❡❞❡ ❛ ❞✐stâ♥❝✐❛ ♠é❞✐❛ q✉❡ ❛s ♣❛rtí❝✉❧❛s s❡ ♠♦✈✐♠❡♥t❛♠ ♥♦ t❡♠♣♦✱ é ❝❧❛r♦ q✉❡

t❛♠❜é♠ é ❞❡ ✐♥t❡r❡ss❡ ✐♥✈❡st✐❣❛r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ss❛s ❞✐stâ♥❝✐❛s✳ ■ss♦ ♣♦❞❡ s❡r ❢❡✐t♦ ♣♦r ♠❡✐♦

❞❛ ❢✉♥çã♦ GS(r, t)✱ ♦♥❞❡ GS(r, t) é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ q✉❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❞♦ t✐♣♦ ❆ t❡♥❤❛

♠♦✈✐♠❡♥t❛❞♦ ❞❡♥tr♦ ❞❡ ✉♠ t❡♠♣♦ t ✉♠❛ ❞✐stâ♥❝✐❛ r✳ ◆❛ ✜❣✉r❛ ✷✳✽ ♠♦str❛♠♦s 4πr2GS(r, t)

q✉❡ é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ❡♥❝♦♥tr❛r ✉♠❛ ♣❛rtí❝✉❧❛ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ r ♣♦✐s ♦ s✐st❡♠❛ é ✐s♦tró♣✐❝♦✱

❛ ✜❣✉r❛ ✷✳✽❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ t❡♠♣❡r❛t✉r❛ ❛❧t❛✱ ✈❡♠♦s q✉❡ ❛ t❡♠♣♦s ❝✉rt♦s ❛ ❢✉♥çã♦ ❞❡ ✈❛♥

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

❛ t2✱ t❛♠❜é♠ ❛ t❡♠♣♦s ❧♦♥❣♦s é ✉♠❛ ❢✉♥çã♦ ❣❛✉ss✐❛♥❛✱ só q✉❡ ❛❣♦r❛ ♦ ♣✐❝♦ s❡ ♠♦✈✐♠❡♥t❛

♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ ❛ t✳

P❛r❛ ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ❡♠ t❡♠♣♦s ❝✉rt♦s ♦❜s❡r✈❛♠♦s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s❡♠❡❧❤❛♥t❡
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❋✐❣✉r❛ ✷✳✽✿ ❋✉♥çõ❡s ❞❡ ✈❛♥ ❍♦✈❡ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦ t ♣❛r❛ ✉♠ ❧íq✉✐❞♦ ♥♦r♠❛❧
✭❛✮ ❡ ✉♠ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦s ✭❜✮ ✭❛❞❛♣t❛❞♦ ❞❡ ❇❛rr❛t ❬✺✹❪✮✳

❡ ❛ t❡♠♣♦s ❧♦♥❣♦s t❛♠❜é♠ ❛ ❢✉♥çã♦ é ✉♠❛ ❣❛✉ss✐❛♥❛✳ P❛r❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s ✈❡♠♦s

♥♦ ❡♥t❛♥t♦✱ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♠✉✐t♦ ❞✐❢❡r❡♥t❡ ♥❛s ❝✉r✈❛s ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s é ❢r❛❝❛✲

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

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

❖ GS(r, t) é ✉♠❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ♠✉✐t♦ út✐❧ ♣❛r❛ ❝♦♠♣r❡❡♥❞❡r ❛ ❞✐♥â♠✐❝❛ ❞❛s ♣❛rtí❝✉✲

❧❛s ♥♦ ❡s♣❛ç♦ r❡❛❧✳ ◆♦ ❡♥t❛♥t♦✱ t♦❞♦s ♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❢♦r♥❡❝❡♠ ❣r❛♥❞❡③❛s

❞♦ ❡s♣❛ç♦ r❡❝í♣r♦❝♦ ❡ ♣♦rt❛♥t♦ é út✐❧ ✐♥✈❡st✐❣❛r t❛♠❜é♠ ❛ ❢✉♥çã♦ ❛✉t♦✲✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧✲

❤❛♠❡♥t♦ FS(k, t)✳

❆ ✜❣✉r❛ ✷✳✾ ♠♦str❛ ❛ ❞❡♣❡♥❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞♦ FS(k, t) ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s ❆✳ ❱❡♠♦s q✉❡

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

♣❛rtí❝✉❧❛s ♥ã♦ t❡♠ ♥❡♥❤✉♠❛ ❝♦rr❡❧❛çã♦✳ ❆ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s ❛♣r❡s❡♥t❛ r❡❧❛①❛çã♦ ❡♠ ❞✉❛s

❡t❛♣❛s ♣♦❞❡♠♦s ❡ ♦❜s❡r✈❛r ✉♠❛ ❢♦rt❡ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ r❡❧❛①❛çã♦ ❝♦♠ r❡s♣❡✐t♦ à t❡♠♣❡r❛t✉r❛✳

❆s ❝✉r✈❛s ♠♦str❛♠ ✉♠ ♣❧❛tô ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s ✱r❡❧❛①❛çã♦✲β✱ ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❣❛✐♦❧❛

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

❞❡❝❛✐♠❡♥t♦ ♥ã♦ é ❡①♣♦♥❡♥❝✐❛❧✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ▼❈❚ ❛ ❢♦r♠❛ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ♣❛r❛

t❡♠♣❡r❛t✉r❛ ♣ró①✐♠❛ TC ✱ ❞❡✈❡ s❡r ✐♥❞❡♣❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛✳ P❛r❛ ♣r♦✈❛r ✐ss♦ ♣♦❞❡♠♦s ❞❡✜♥✐r

♦ t❡♠♣♦ ❞♦ r❡❧❛①❛çã♦✲α✱ ❝♦♠ ❛ ❝♦♥❞✐çã♦ Fs(k, τ) = e−1✳
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❋✐❣✉r❛ ✷✳✾✿ ❉❡♣❡♥❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞❛ ❢✉♥çã♦ ❛✉t♦✲✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❛ ❞✐❢❡r❡♥t❡s
t❡♠♣❡r❛t✉r❛s✳ ❖ ✈❡t♦r ❞❡ ♦♥❞❛ ❝♦rr❡s♣♦♥❞❡ à ❧♦❝❛❧✐③❛çã♦ ❞♦ ♣r✐♠❡✐r♦ ♠á①✐♠♦ ♥♦ ❢❛t♦r ❞❡
❡str✉t✉r❛ SAA ✭❛❞❛♣t❛❞♦ ❞❡ ❑♦❜ ❬✺✷❪✮✳

❋✐❣✉r❛ ✷✳✶✵✿ ❋✉♥çã♦ Fs(k, t) ✭✈❡r ✜❣✉r❛ ✷✳✾✮ ❝♦♠♦ ❢✉♥çã♦ ❞❡ t/τ ✳ ❖♥❞❡ é ✜t❛❞♦ ✉s❛♥❞♦ ❛
❢✉♥çã♦ ❞❡ ❑❲❲ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s✭✖✮ ✭❛❞❛♣t❛❞♦ ❞❡ ❇✐♥❞❡r ❬✶✹❪✮✳

❆ ✜❣✉r❛ ✷✳✶✵ ♠♦str❛ ❛ ❢✉♥çã♦ Fs(k, t) ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❡s❝❛❧❛❞❛ ❡♠ ❢✉♥çã♦ ❞❡

t/τ ✳ ❱❡♠♦s ❜❛s✐❝❛♠❡♥t❡ ❞♦✐s r❡❣✐♠❡s ❞❡ t❡♠♣❡r❛t✉r❛✳ ❆ t❡♠♣❡r❛t✉r❛s ❛❧t❛s ❛ t❡♠♣♦s ❧♦♥❣♦s

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

❡①♣♦♥❡♥❝✐❛❧ ❝♦♠ ♠❛✐♦r t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦✳ ❱❡♠♦s q✉❡ ❛ ❢✉♥çã♦ ❞❡ ❑❲❲ r❡♣r♦❞✉③ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❛ t❡♠♣♦s ❧♦♥❣♦s ♣❛r❛ T = 0.466✳ ❊st❡ r❡s✉❧t❛❞♦ ❝♦♥❢❡r❡ ❛s ♣r❡❞✐çõ❡s ❞❛ ▼❈❚✱



❈❆P❮❚❯▲❖ ✷✳ ❆❙P❊❈❚❖❙ ❉■◆➶▼■❈❖❙ ❊▼ ▲❮◗❯■❉❖❙ ❙❯P❊❘✲❘❊❙❋❘■❆❉❖❙ ✸✼

❋✐❣✉r❛ ✷✳✶✶✿ P❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❞❡ ♦r❞❡♠ ✷ ♣❛r❛ ✉♠ s✐st❡♠❛ ▲❡♥♥❛r❞✲❏♦♥❡s ❜✐♥ár✐♦
✭❛❞❛♣t❛❞♦ ❞❡ ❘♦♥❡♥ ❬✺✺❪✮✳

♣❛r❛ t❡♠♣❡r❛t✉r❛s ♠❛✐s ♣ró①✐♠❛ à tr❛♥s✐çã♦ ✈ítr❡❛ é T = 0.446 é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✼ ♦♥❞❡

♦ ♣❧❛tô é ♠❛s ♣r♦♥✉♥❝✐❛❞♦✳

❖ s✐st❡♠❛ ❞❡ ▲❡♥♥❛r❞✲❏♦♥❡s ❜✐♥ár✐♦ t❛♠❜é♠ ❛♣r❡s❡♥t❛ ✉♠❛ ❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t✲

❡r♦❣ê♥❡❛✱ ❝♦♠♦ ✐♥❞✐❝❛❞♦ ♣❡❧♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❣❛✉ss✐❛♥♦ ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s ❞❛s

❢✉♥çõ❡s Fs(k, t)✳ ❆ ♠❛❣♥✐t✉❞❡ ❞❡ss❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥ã♦ ❣❛✉ss✐❛♥♦ ♦✉ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛

♣♦❞❡ s❡r q✉❛♥t✐✜❝❛❞♦ ♣❡❧♦ ♣❛râ♠❡tr♦ α2(t) é q✉❛s❡ ③❡r♦ ❡♠ ❡s❝❛❧❛s ❞❡ t❡♠♣♦ ♠✉✐t♦ ❝✉rt♦s✱ ❡

❞❡♣♦✐s s♦❜❡ ❛té ❛t✐♥❣✐r ✉♠ ✈❛❧♦r ♠á①✐♠♦✳

◆❛ ✜❣✉r❛ ✷✳✶✶ ✈❡♠♦s q✉❡ ❛ t❡♠♣❡r❛t✉r❛s ❜❛✐①❛s ❛ ❞✐♥â♠✐❝❛ t♦r♥❛✲s❡ ♠❛✐s ❤❡t❡r♦❣ê♥❡❛✱

❛ t❡♠♣♦s ❝✉rt♦s ✭r❡❣✐♠❡ ❜❛❧íst✐❝♦✮ ♦ α2(t) = 0 ♣❛r❛ t♦❞❛s ❛s t❡♠♣❡r❛t✉r❛s✱ ♦♥❞❡ ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞❛ ❢✉♥çã♦ Fs(k, t) é ❣❛✉ss✐❛♥♦✱ ❡♠ t❡♠♣♦s ♠✉✐t♦ ❧♦♥❣♦s ❛ ♣❛rtí❝✉❧❛ s❛✐ ❞❛ ❣❛✐♦❧❛ ♦

α2(∞) = 0 ♣❛r❛ t♦❞❛s ❛s t❡♠♣❡r❛t✉r❛s✱ ❡ ❛ ❢✉♥çã♦ Fs(k, t) ✈♦❧t❛ ❛ s❡r ❣❛✉ss✐❛♥❛ ❬✹✽❪✳ ◆♦

❝♦♠♣♦rt❛♠❡♥t♦ ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦ ✈❡♠♦s ♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡

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

❡♠ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛✳ ❖ ❡❢❡✐t♦ ❞❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ ♥ã♦ ♣♦❞❡

s❡r ❡①♣❧✐❝❛❞♦ ♣❡❧❛ ▼❈❚✳ ❱❡♠♦s ❛ss✐♠ q✉❡ ♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ♣♦❞❡ s❡r ✉s❛❞♦ ❝♦♠♦

✉♠ ♣❛râ♠❡tr♦ ❞❡ ♦r❞❡♠ ❞✐♥â♠✐❝♦ q✉❡ ♠❡❞❡ ❛ ❣r❛✉ ❞❡ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛ ❞♦ ❧íq✉✐❞♦

❬✺✺✱ ✺✻❪✳
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✷✳✼ ▼ét♦❞♦s

✷✳✼✳✶ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r

❖ ♠ét♦❞♦ ❞❡ s✐♠✉❧❛çã♦ q✉❡ ✉s❛♠♦s ♣❛r❛ ❣❡r❛r ❞❛❞♦s ♣❛r❛ ♥♦ss❛ ❛♥á❧✐s❡ ❢♦✐ ❛ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✲

✉❧❛r ✭▼❉✮ ❝❧áss✐❝❛✳ ❊st❡ é ✉♠ ♠ét♦❞♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♥❛ ✐♥✈❡st✐❣❛çã♦ ❞❡ ❧íq✉✐❞♦s s✉♣❡r✲

r❡s❢r✐❛❞♦s✳ ❊❧❡ ❢♦r♥❡❝❡ ♣r♦♣r✐❡❞❛❞❡s ❡stát✐❝❛s ❡ ❞✐♥â♠✐❝❛s ♣❛r❛ ✉♠❛ ❝♦❧❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s✳ ❊♠

▼❉✱ ✉♠❛ ♣❛rtí❝✉❧❛ ♣♦❞❡ s❡r ✉♠ át♦♠♦✱ ♠♦❧é❝✉❧❛✱ ❝♦❧♦✐❞❡✱ ♦✉ q✉❛❧q✉❡r ♦✉tr♦ ♦❜❥❡t♦ ❝✉❥♦ ♠♦✈✐✲

♠❡♥t♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣❡❧❛s ❧❡✐s ❞♦ ♠♦✈✐♠❡♥t♦ ❞❡ ◆❡✇t♦♥✳ ❆ tr❛❥❡tór✐❛ ♣❛r❛ ❝❛❞❛ ♣❛rtí❝✉❧❛

é ♦❜t✐❞❛ r❡s♦❧✈❡♥❞♦ ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦✿

Fx,i = mi
d2xi

dt2
✭✷✳✹✶✮

Fy,i = mi
d2yi
dt2

✭✷✳✹✷✮

Fz,i = mi
d2zi
dt2

✭✷✳✹✸✮

♦♥❞❡ mi é ❛ ♠❛ss❛ ❞❛ ♣❛rtí❝✉❧❛ ✐✱ xi, yi, zi sã♦ s✉❛s ❝♦♦r❞❡♥❛❞❛s ❡ Fx,i, Fy,i, Fz,i sã♦ ❝♦♠♣♦✲

♥❡♥t❡s ❞❛ ❢♦rç❛ s♦❜r❡ ❛ ♣❛rtí❝✉❧❛ ✐✳ P❛r❛ ✉♠ s✐st❡♠❛ ❞❡ ◆ ♣❛rtí❝✉❧❛s✱ ❛s ❡q✉❛çõ❡s ✷✳✹✶✱ ✷✳✹✷✱

✷✳✹✸ s✐❣♥✐✜❝❛♠ q✉❡ ♣r❡❝✐s❛♠♦s r❡s♦❧✈❡r ✸◆ ❡q✉❛çõ❡s ♣❛r❛ ❞❡t❡r♠✐♥❛r ✉♠ ♣♦♥t♦ ❞♦ ❡st❛❞♦ ❞♦

s✐st❡♠❛✳ ▼❉ é ❞❡ ♥❛t✉r❡③❛ ❞❡t❡r♠✐♥íst✐❝❛✱ q✉❡ s✐❣♥✐✜❝❛ q✉❡ ❛ ❡✈♦❧✉çã♦ ❞♦ s✐st❡♠❛ ✭tr❛❥❡tór✐❛s✮

sã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡t❡r♠✐♥❛❞♦s ♣❡❧♦ ❡st❛❞♦ ✐♥✐❝✐❛❧✳ ❆s ♣❛rtí❝✉❧❛s ❝♦❧✐❞❡♠ ✉♠❛s ❝♦♠ ❛s ♦✉t✲

r❛s✱ s❡ ♠♦✈✐♠❡♥t❛♠✱ ♦s❝✐❧❛♠✱ ♦✉ ♠❡s♠♦ ♣♦❞❡ s❡ ❡✈❛♣♦r❛r✭❡♥s❡♠❜❧❡ ❣r❛♥❞❡ ❝❛♥ô♥✐❝♦✮ ❞❡ ✉♠❛

♠❛♥❡✐r❛ q✉❡ é s❡♠❡❧❤❛♥t❡ ❛s ♣❛rtí❝✉❧❛s ❡♠ s✐st❡♠❛s r❡❛✐s✳ ❙❡ ❞❡✜♥✐♠♦s ❜❡♠ ❛s ❝♦♥❞✐çõ❡s

✐♥✐❝✐❛✐s✱ ▼❉ ♣r♦❞✉③ ❝♦♥✜❣✉r❛çõ❡s ❞❛s ♣❛rtí❝✉❧❛s q✉❡ ♣♦❞❡♠ s❡r ❛♥❛❧✐s❛❞❛s ♣♦r ♠ét♦❞♦s ❞❛

♠❡❝â♥✐❝❛ ❡st❛tíst✐❝❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ♦❜s❡r✈á✈❡✐s ❞❡s❡❥❛❞♦s✳ ❆ss✐♠ ❝♦♠♦ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦

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

s❡❥❛❞❛✳ ❉❡♣♦✐s ❞❡ ❡s❝♦❧❤❡r ✉♠❛ ❛♠♦str❛ ✭❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡♥s❡♠❜❧❡ t❡r♠♦❞✐♥â♠✐❝♦✮ ❡ ♦

❝❛♠♣♦ ❞❡ ❢♦rç❛ ✭❋✮✱ ♣r♦ss❡❣✉✐♠♦s ♣♦r ❡t❛♣❛s ❜ás✐❝❛s ❞❛ ▼❉✳

✶✳ ■♥✐❝✐❛❧✐③❛çã♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ❝r✐❛r ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❢r♦♥t❡✐r❛✳

✷✳ ❈á❧❝✉❧♦ ❞❡ ❢♦rç❛✱ q✉❡ ❡♥✈♦❧✈❡ ♦ ❝á❧❝✉❧♦ ❞♦s ♣♦t❡♥❝✐❛✐s ❞❡ ♣❛r❡s✱ ❡①✐st❡♠ ♠✉✐t♦s ❝♦r♣♦s
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❡ s❡✉s ❞❡r✐✈❛❞♦s✱ ♠✉✐t♦s ❛❧❣♦r✐t♠♦s ♣❛r❛ ❛❝❡❧❡r❛r ❡ss❡s ❝á❧❝✉❧♦s ❝✉st♦s♦s ❝♦♠♣✉t❛❝✐♦♥❛❧✲

♠❡♥t❡✳

✸✳ ■♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s ✷✳✹✶✱ ✷✳✹✷✱ ✷✳✹✸ q✉❡ ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ ♣♦r ❞✐✈❡rs♦s ❡sq✉❡♠❛s ❞❡

✐♥t❡❣r❛çã♦ ✭♣♦r ❡①❡♠♣❧♦ ❛❧❣♦r✐t♠♦s ❞❡ ❱❡r❧❡t✱ ●❡❛r ♣r❡❞✐t♦r✲❝♦rr❡t♦r✱ ❡t❝✮✳

✹✳ ❘❡❣✐str♦ ❞♦s ❞❛❞♦s ♣❛r❛ ♣r♦❝❡ss❛♠❡♥t♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✐♥t❡r❡ss❡✳

❈♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦

❆ ❡s♣❡❝✐✜❝❛çã♦ ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞❛ ♣♦s✐çã♦ ❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ♣♦❞❡ s❡r ❢❡✐t❛

❞❡ ✈ár✐❛s ♠❛♥❡✐r❛s✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ s✐st❡♠❛ s✐♠✉❧❛❞♦✳ ◆♦ ❝❛s♦ ❞♦s só❧✐❞♦s

❝r✐st❛❧✐♥♦s ❛s ♣❛rtí❝✉❧❛s ✐♥✐❝✐❛♠ ❡♠ s✉❛s ♣♦s✐çõ❡s ❞❡ ❡q✉✐❧í❜r✐♦ ♥❛ r❡❞❡✱ ♥❛ ❝❛✐①❛ ❞❡ s✐♠✉✲

❧❛çã♦ é ✉♠ ♠ú❧t✐♣❧♦ ❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛✳ ❆s ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s sã♦ ❣❡r❛❧♠❡♥t❡ ❡s♣❡❝✐✜❝❛❞❛s✱

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

▼❛①✇❡❧❧✲❇♦❧t③♠❛♥♥✳ ❊ss❛s ✈❡❧♦❝✐❞❛❞❡s ✐♥✐❝✐❛✐s ♣♦❞❡♠ s❡r ❡s❝❛❧❛❞❛s ♣❛r❛ ♦❜t❡r ❛ t❡♠♣❡r❛t✉r❛

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

❛s ✈❡❧♦❝✐❞❛❞❡s ❞♦s át♦♠♦s✱ ✈❛r✐❛♥❞♦ ❛ss✐♠ ❛s ❞✐♠❡♥sõ❡s ❞❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦✱ ❛té ♦❜t❡r ❛

t❡♠♣❡r❛t✉r❛ ❡ ❞❡♥s✐❞❛❞❡ ♥♦ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦✳ P❛rt✐♥❞♦ ❞♦ ❧íq✉✐❞♦ ❡♠ ❡q✉✐❧í❜r✐♦ r❡s❢r✐❛♥❞♦

♣♦❞❡♠♦s ❛t✐♥❣✐r ♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ❡ ♣❛r❛ ♠❛✐s ❜❛✐①❛s t❡♠♣❡r❛t✉r❛s ♣♦❞❡ s❡r ♦❜t✐❞♦ ✉♠

s✐st❡♠❛ ❛♠♦r❢♦✳

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

P❛r❛ s✐♠✉❧❛r ✉♠ ❜✉❧❦ ❝♦st✉♠❛✲s❡ ✉t✐❧✐③❛r ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❡r✐ó❞✐❝❛s ♣❛r❛ ❡❧✐♠✐♥❛r ♦s

❡❢❡✐t♦s ❞❡ s✉♣❡r❢í❝✐❡✳ P❛r❛ ✐ss♦ ❛ ❝❛✐①❛ ❞❡ s✐♠✉❧❛çã♦ t❡♠ ✐♠❛❣❡♥s ♣❡r✐ó❞✐❝❛s ❝♦♥tí❣✉❛s ✐♥✜♥✐t❛s

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

♣❛rtí❝✉❧❛s ♥❛ ♠❡s♠❛ ❝❛✐①❛✱ ♠❛s t❛♠❜é♠ ❝♦♠ ♣❛rtí❝✉❧❛s ❞❡ ❝❛✐①❛s ❛❞❥❛❝❡♥t❡s ✭✈❡r ✜❣✉r❛ ✷✳✶✷✮✳

◆♦ ❝❛s♦ ❞❡ s✉♣❡r❢í❝✐❡s ❧✐✈r❡s ❡ ♦✉tr♦s ❞❡❢❡✐t♦s é ♥❡❝❡ssár✐♦ ❝♦♥s✐❞❡r❛r ♦✉tr❛s ❝♦♥❞✐çõ❡s✳

❈á❧❝✉❧♦ ❞❛s ❢♦rç❛s

❖ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ♦✉ ❞❛s ❢♦rç❛s ❡♠ ✉♠❛ s✐♠✉❧❛çã♦ é ❝✉st♦s♦ ❡♠ t❡r♠♦s ❞❡ t❡♠♣♦

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

❝♦r♣♦s r❡q✉❡r ♦♣❡r❛çõ❡s ❞❛ ♦r❞❡♠ O(N2)✱ ❡♥q✉❛♥t♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ✐♥t❡r❛çã♦ ❞❡ três ❝♦r♣♦s
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❋✐❣✉r❛ ✷✳✶✷✿ ❈♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦✳ ◗✉❛♥❞♦ ✉♠❛ ♣❛rtí❝✉❧❛ s❡ ♠♦✈❡ ♣❛r❛ ❢♦r❛ ❞❛
❝❛✐①❛ ❞❛ s✐♠✉❧❛çã♦✱ ✉♠❛ ♣❛rtí❝✉❧❛ ✐♠❛❣❡♠ s❡ ♠♦✈❡ ♣❛r❛ ❞❡♥tr♦ ♣❛r❛ s✉❜st✐t✉í✲❧❛✳ ◆♦ ❝á❧❝✉❧♦
❞❛s ❢♦rç❛s s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s é ❞❡♥tr♦ ❞❡ ✉♠ r❛✐♦ ❞❡ ❝♦rt❡✱ t❛♥t♦ ♦s ✈✐③✐♥❤♦s r❡❛✐s ❡ ✐♠❛❣❡♠s
sã♦ ✐♥❝❧✉í❞♦s ✭❛❞❛♣t❛❞♦ ❞❡ ❆❧❧❡♥ ❬✺✼❪✮✳

r❡q✉❡r ♦♣❡r❛çõ❡s ❞❛ ♦r❞❡♠ O(N3)✳ ❉❛í ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❞❡s❡♥✈♦❧✈❡r ♥♦✈❛s té❝♥✐❝❛s ♣❛r❛

❡❝♦♥♦♠✐③❛r t❡♠♣♦ ♥❡ss❛ t❛r❡❢❛✳

❚r✉♥❝❛♠❡♥t♦ ❞♦ ♣♦t❡♥❝✐❛❧✿ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✳✶✷ ❛ ❢♦rç❛ ♥❛ ♣❛rtí❝✉❧❛ ✐ é ❞❡✈✐❞♦

❛ s❡✉s ◆✲✶ ✈✐③✐♥❤♦s ❞❛ ❝❛✐①❛✳ ▼❛s✱ ❞❡✈✐❞♦ ❛s ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❞❡✈❡ t❛♠❜é♠

❛❞✐❝✐♦♥❛r ❛s s✉❛s ✐♠❛❣❡♥s✳ ❯♠❛ ❢♦r♠❛ ❢❛③❡r ✐ss♦ é ❛tr❛✈és ❞❛ ❝♦♥✈❡♥çã♦ ❞❛ ✐♠❛❣❡♠ ♠í♥✐♠❛❀ ❛

♣❛rt✐r ❞❛ ♣❛rtí❝✉❧❛ ✐ é ❝♦♥str✉í❞❛ ✉♠❛ ❝❛✐①❛ ✐♠❛❣✐♥ár✐❛ ❞❡ ✐❣✉❛❧ t❛♠❛♥❤♦ ❡ ❢♦r♠❛ ❝♦♠♦ ❛ ❝❛✐①❛

❞❡ s✐♠✉❧❛çã♦✱ ❡ ❛ ❢♦rç❛ ♥❛ ♣❛rtí❝✉❧❛ ✐ é ❝❛❧❝✉❧❛❞❛ s♦♠❡♥t❡ s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s ♥♦ s❡✉ ✐♥t❡r✐♦r✳

➱ ❝❧❛r♦ q✉❡✱ ♣❛r❛ ✉s❛r ❛ ❝♦♥✈❡♥çã♦ ❞❡ ✐♠❛❣❡♠ ♠í♥✐♠❛ ❡①✐❣❡ q✉❡ ♦ ❛❧❝❛♥❝❡ ❞♦ ♣♦t❡♥❝✐❛❧ s❡❥❛

✐♥❢❡r✐♦r ❛ ♠❡t❛❞❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❝❛✐①❛✳ ❆ ♣r✐♥❝✐♣❛❧ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❡ ❛s ❢♦rç❛s
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s♦❜r❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♣r♦✈é♠ ❞❡ s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s✳ ❆ss✐♠✱ ❛ ❢♦rç❛ ♥ã♦ é ❝❛❧❝✉❧❛❞❛

✉s❛♥❞♦ s❡✉s ◆✲✶ ✈✐③✐♥❤♦s✱ ♠❛s é r❡str✐t❛ ❛ ❛q✉❡❧❡s ❞❡♥tr♦ ❞❛ ❡s❢❡r❛ ❝♦♠ r❛✐♦ ❞❡ ❝♦rt❡✱❝♦♠♦

♠♦str❛❞♦ ♥❛ ✜❣✉r❛✷✳✶✷✳

▲✐st❛ ❞❡ ✈✐③✐♥❤♦s✿ ❛❣♦r❛ ♦ t❡♠♣♦ ❞❡ ❝♦♠♣✉t❛çã♦ ♥ã♦ é ❢❡✐t♦ ❝♦♥s✐❞❡r❛♥❞♦ ◆✲✶ ♣❛rtí❝✉❧❛s✱

♠❛s ♣❛r❛ ✉♠ ♥ú♠❡r♦ ♠✉✐t♦ ♠❡♥♦r✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ s❛❜❡r q✉❛✐s sã♦ ❛s ♣❛rtí❝✉❧❛s q✉❡ ❡stã♦

❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠❛✐♦r q✉❡ ♦ r❛✐♦ ❞❡ ❝♦rt❡✱ ❡✱ ♣♦r t❛♥t♦✱ ♥ã♦ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ♦✉

❢♦rç❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✱ ❞❡✈❡♠♦s ❝♦♥s✐❞❡r❛r ❡♠ ❝❛❞❛ ♣❛ss♦ ❞❡ ❝♦♠♣✉t❛çã♦✱ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡

t♦❞♦s ♦s ♣❛r❡s ❞❡ ♣❛rtí❝✉❧❛s✳ ❖ t❡♠♣♦ ❞❡st❛ ♦♣❡r❛çã♦ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ N2✳ P❛r❛ r❡❞✉③✐r ♦

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

♣❛rtí❝✉❧❛✱ q✉❡ é r❡♥♦✈❛❞♦ ❛ ❝❛❞❛ ♣♦✉❝♦s ♣❛ss♦s✳ ❖ ♠ét♦❞♦ ♣r❡ss✉♣õ❡ q✉❡ ♦s ✈✐③✐♥❤♦s ❝♦♠ ♦s

q✉❛✐s ✐♥t❡r❛❣❡ ♣❛rtí❝✉❧❛ ✐✱ ♦✉ s❡❥❛✱ ❛q✉❡❧❡s q✉❡ ❡stã♦ ❞❡♥tr♦ ❞❛ ❡s❢❡r❛ ❞❡ r❛✐♦ rC ✭✈❡r ✜❣✉r❛

✷✳✶✷✮ ♥ã♦ ✈❛r✐❛♠ ♠✉✐t♦ ❡♥tr❡ ❝❛❞❛ ♣❛ss♦ ❞❛ ✐♥t❡❣r❛çã♦ ❡ ❡♠ ✈❡③ ❞❡ ❡①❛♠✐♥❛r ♦ ❞✐stâ♥❝✐❛ ❞❛

♣❛rtí❝✉❧❛ ✐ ❝♦♠ t♦❞❛s ❛s ◆✲✶ ♣❛rtí❝✉❧❛s r❡st❛♥t❡s✱ s❡ ❢❛③ só ❝♦♠ ❛s ♣❛rtí❝✉❧❛s ❞❛ s✉❛ ❧✐st❛✳ ❊st❛

❧✐st❛ s❡ r❡♥♦✈❛ ❛ ❝❛❞❛ ♣♦✉❝♦s ♣❛ss♦s✳

■♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦

❯♠❛ ♣❛rt❡ ❝❡♥tr❛❧ ❞❡ q✉❛❧q✉❡r ♣r♦❣r❛♠❛ ❞❡ ▼❉ é ♦ ❛❧❣♦r✐t♠♦ ❞❡ ✐♥t❡❣r❛çã♦✳ ❆s ❡q✉❛çõ❡s ❞❡

◆❡✇t♦♥ sã♦ r❡s♦❧✈✐❞❛s ♥✉♠❡r✐❝❛♠❡♥t❡✳ ❉❛❞❛s ❛s ♣♦s✐çõ❡s ✐♥✐❝✐❛✐s ❡ ✈❡❧♦❝✐❞❛❞❡s ❡♠ ✉♠ t❡♠♣♦

✐♥✐❝✐❛❧ t0✱ ❛ t❛r❡❢❛ ❞♦ ❛❧❣♦r✐t♠♦ é ❛ ♦❜t❡♥çã♦ ❞❛s ♣♦s✐çõ❡s ❡ ✈❡❧♦❝✐❞❛❞❡s ♥♦ t❡♠♣♦ ♣♦st❡r✐♦r

t0 + t✳ ❊①✐st❡♠ ✐♥ú♠❡r♦s ❛❧❣♦r✐t♠♦s ♣❛r❛ ✐♥t❡❣r❛r ❡ss❛s ❡q✉❛çõ❡s ❞❡ ◆❡✇t♦♥✳ ❚♦❞♦s ❡❧❡s

tr❛♥s❢♦r♠❛♠ ❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❡♠ ❡q✉❛çõ❡s ❛ ❞✐❢❡r❡♥ç❛s ✜♥✐t❛s✳ ❆ ❡s❝♦❧❤❛ ❞♦ ❛❧❣♦r✐t♠♦

é ✉♠ ❝♦♠♣r♦♠✐ss♦ ❡♥tr❡ ♦ ❣r❛✉ ♥❡❝❡ssár✐♦ ❞❡ ♣r❡❝✐sã♦ ❡ ♦ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❖s ❛❧❣♦r✐t♠♦s

♠❛✐s ✉t✐❧✐③❛❞♦s sã♦ ♦s ❞❡ ❱❡r❧❡t✱ ✈❡❧♦❝✐t②✲❱❡r❧❡t✱ ❛❧❣♦r✐t♠♦ ❞❡ ❇❡❡♠❛♥✱ ♣r❡❞✐t♦r✲❝♦rr❡t♦r✳

❱❛♠♦s ❛♥❛❧✐s❛r✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ❱❡r❧❡t✳ P❛r❛ ❞❡❞✉③✐r ✐ss♦✱ ❝♦♠❡ç❛♠♦s ❝♦♠ ♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r ❞❡ ri(t)✿

ri(t+∆t) = ri(t) + vi(t)∆t+
Fi(t)

2mi

(

∆t2
)

+ . . . ✭✷✳✹✹✮

✐❣✉❛❧♠❡♥t❡ ♣❛r❛✿

ri(t−∆t) = ri(t)− vi(t)∆t+
Fi(t)

2mi

(

∆t2
)

+ . . . ✭✷✳✹✺✮
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❯s❛♥❞♦ ❛♠❜❛s ❡q✉❛çõ❡s ✷✳✹✹ ❡ ✷✳✹✺ ❛ ♣♦s✐çã♦ ♥♦ t❡♠♣♦ ♣♦st❡r✐♦r ❝♦♠ ✉♠ ❡rr♦ ❞❡ ❞❛ ♦r❞❡♠

❞❡ ∆t4 ❡ ✈❡❧♦❝✐❞❛❞❡ ❝♦♠ ✉♠ ❡rr♦ ❞❛ ♦r❞❡♠ ❞❡ ∆t2 sã♦✿

ri(t+∆t) ≈ 2ri(t)− ri(t−∆t) +
Fi(t)

2mi

∆t2 ✭✷✳✹✻✮

vi(t) ≈
ri(t+∆t)− ri(t−∆t)

2∆t2
✭✷✳✹✼✮

❈♦♠♦ é ❞✐s❝✉t✐❞♦ ❛❝✐♠❛✱ ❉✐♥â♠✐❝❛ ▼♦❧❡❝✉❧❛r ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ s✐♠✉❧❛çã♦ ♥♦ ❡♥s❡♠❜❧❡

♠✐❝r♦❝❛♥ô♥✐❝♦✳ ❊①✐st❡♠ ❣❡♥❡r❛❧✐③❛çõ❡s ❡♠ ♦✉tr♦s ❡♥s❡♠❜❧❡s ❝♦♠♦ ♦ ❝❛♥ô♥✐❝♦✳ ❖s ♠ét♦❞♦s

❝♦♥s✐st❡♠ ❡♠ ♠♦❞✐✜❝❛r ❛s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦ ♣❛r❛ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ s❡❥❛

s✐♠✐❧❛r ❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❇♦❧t③♠❛♥✱ ❝r✐❛♥❞♦ ✉♠❛ ❞✐♥â♠✐❝❛ ✜❝tí❝✐❛ ❛❝♦♣❧❛❞❛ ❛ ✉♠ r❡s❡r✲

✈❛tór✐♦ q✉❡ ♣♦❞❡ s❡r ❞❡ t❡♠♣❡r❛t✉r❛✱ ❝❛❧♦r✱ ♣r❡ssã♦✱ ❡t❝✳

❈á❧❝✉❧♦s ❞❛s ♣r♦♣r✐❡❞❛❞❡s

❖ ❝á❧❝✉❧♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❞✉r❛♥t❡ ❛ s✐♠✉❧❛çã♦ ♦✉ ♥♦ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦

❞♦s r❡s✉❧t❛❞♦s✳ ◆♦ss♦ ♣r♦♣ós✐t♦ é ❝❛❧❝✉❧❛r ♠é❞✐❛s ❞❡ ❡♥s❡♠❜❧❡ ❞❡ ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s✳ ▼❛s

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

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

✶✳ ❊q✉❛çõ❡s ❞❡ ❡st❛❞♦✿ ❡♥❡r❣✐❛ ❧✐✈r❡✱ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡✱ ❡t❝✳

✷✳ ❈❛r❛t❡r✐③❛çã♦ ❡str✉t✉r❛❧✿ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❣✭r✮✱ ❛♥❣✉❧❛r❡s✱❡t❝✳

✸✳ Pr♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♣♦rt❡✿❞✐❢✉sã♦✱ ✈✐s❝♦s✐❞❛❞❡✱ ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛✐s ❝♦♠♦

▼❙❉✱ ❋✉♥çõ❡s ❞❡ ❱❛♥ ❍♦✈❡✱ ❢✉♥çõ❡s ✐♥t❡r♠❡❞✐ár✐❛s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ❡t❝✳

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

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

❆❧❧❡♥ ❬✺✼❪✱ ❋r❡♥❦❡❧ ❬✺✽❪✱ ❘❛♣❛♣♦rt ❬✺✾❪ ❡ ❚✉❝❦❡r♠❛♥ ❬✻✵❪✳ ◆♦ ❝❛s♦ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦

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

é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ Npart́ıculasT
2
correlação✳ ◆♦ ❝❛s♦ ❞❡ s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❞❡ s✐st❡♠❛s ❞❡

❞✐♥â♠✐❝❛ ❧❡♥t❛ ❝♦♠♦ ♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s é ♣r❡❝✐s♦ ✉s❛r ❛❧❣♦r✐t♠♦s ♣❛r❛ ♣r♦❝❡ss❛r ♦s

❞❛❞♦s ❞❡ ❢♦r♠❛ ❡✜❝✐❡♥t❡ ♣♦r q✉❡ ♦ Tcorrelação ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ❛s ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡❝❛✐

❛ ③❡r♦ ♣♦❞❡ ❡st❛r ♥♦s ❧✐♠✐t❡s ❞❡ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛✐s ✭✈❡r ❛♣ê♥❞✐❝❡ ❆✮✳



❈❛♣ít✉❧♦ ✸

❙✐♠✉❧❛çõ❡s ❡ ❘❡s✉❧t❛❞♦s

◆❡st❡ ❝❛♣ít✉❧♦ ♠♦str❛♠♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s s✐♠✉❧❛♥❞♦ ♦ ❣á❧✐♦ ❛tr❛✈és ❞❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✲

✉❧❛r✱ ♦ ❝ó❞✐❣♦ q✉❡ ✉s❛♠♦s ❡♠ ♥♦ss❛s s✐♠✉❧❛çõ❡s ❢♦✐ ♦ ❝ó❞✐❣♦ ❝❤❛♠❛❞♦ ▲❆▼▼P❙ ✭▲❛r❣❡✲s❝❛❧❡

❆t♦♠✐❝✴▼♦❧❡❝✉❧❛r ▼❛ss✐✈❡❧② P❛r❛❧❧❡❧ ❙✐♠✉❧❛t♦r ❬✻✷❪✮✳ ❖ ♣♦t❡♥❝✐❛❧ ♠♦❞❡❧♦ ✉s❛❞♦ ♣❛r❛ ❞❡s❝r✲

❡✈❡r ♦ ❣á❧✐♦ é ❞♦ t✐♣♦ ♠♦❞✐✜❡❞ ❡♠❜❡❞❞❡❞ ❛t♦♠ ♠❡t❤♦❞✲▼❊❆▼ ✭♠ét♦❞♦ ❞♦ át♦♠♦ ❡♠❜❡❜✐❞♦

♠♦❞✐✜❝❛❞♦✮ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❇❛s❦❡s ❬✻✶❪✳ ❯t✐❧✐③❛♥❞♦ ❝♦♥❞✐çõ❡s ♣❡r✐ó❞✐❝❛s ❞❡ ❝♦♥t♦r♥♦ ❡♠

✉♠❛ s✉♣❡r✲❝é❧✉❧❛ ❝♦♥t❡♥❞♦ ✶✶✺✷ át♦♠♦s✳ ❆s ❡q✉❛çõ❡s ❞❡ ♠♦✈✐♠❡♥t♦s sã♦ ✐♥t❡❣r❛❞❛s ✉s❛♥❞♦

♦ ❛❧❣♦r✐t♠♦ ❞❡ ✈❡❧♦❝✐t②✲❱❡r❧❡t ❝♦♠ ♣❛ss♦ ❞❡ ✐♥t❡❣r❛çã♦ ❞❡ ✶ ❢s✳ Pr✐♠❡✐r♦ ✈❛♠♦s ❝♦rr♦❜♦r❛r

❛ ❡①✐stê♥❝✐❛ té♦r✐❝❛ ❞❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❡♠ ❣á❧✐♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ❬✶✷❪✱ ♥♦ss❛ ♣❡sq✉✐s❛

❡stá ❢♦❝❛❞❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ❛♥t❡s ❡ ❞❡♣♦✐s ❞❛ tr❛♥s✐çã♦ ❡

♣r♦❝✉r❛r s❡ ❤♦✉✈❡r ❝♦rr❡❧❛çõ❡s ♥❛ ❡str✉t✉r❛ ❡ ♥❛ ❞✐♥â♠✐❝❛✳

✸✳✶ ❚r❛♥s✐çã♦ ▲íq✉✐❞♦✲❧íq✉✐❞♦ ❡♠ ❣á❧✐♦

❊①♣❧♦r❛♠♦s ♦ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡s ❱✲❚ ❡♠ ✉♠❛ r❡❣✐ã♦ r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡ ❞❡ ✈♦❧✉♠❡ ❡ t❡♠♣❡r✲

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

❘❡❛❧✐③❛♠♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❡ r❡s❢r✐❛♠❡♥t♦ ♥♦ ❡♥s❡♠❜❧❡ ◆P❚ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡

t❡♠♣❡r❛t✉r❛ ❞❡ ✶✵ ❑ ❛ ✾✵✵ ❑ ❛ ♣r❡ssã♦ ③❡r♦✳

◆❛ ✜❣✉r❛ ✸✳✶❛ ♠♦str❛♠♦s ❛s ❝✉r✈❛s ❞❡ ❛q✉❡❝✐♠❡♥t♦✲r❡s❢r✐❛♠❡♥t♦✲❛q✉❡❝✐♠❡♥t♦ ❛ ♣r❡ssã♦ ✵ ❡

✉♠❛ t❛①❛ ❞❡ ✷✵✵ ❑✴♥s✳ ❊q✉✐❧✐❜r❛♠♦s ❛ ❢❛s❡ ●❛✲■ ✭✜❣✉r❛ ❇✳✶ ♥♦ ❛♣ê♥❞✐❝❡ ❇✮ ❡♠ ✶✵ ❑ ❡ ❛q✉❡❝❡✲

♠♦s ❛té ✾✵✵ ❑✳ ❉✉r❛♥t❡ ♦ ❛q✉❡❝✐♠❡♥t♦ ♦ ●❛✲■ é s✉♣❡r✲❛q✉❡❝✐❞❛ ♠♦str❛♥❞♦ ✉♠❛ t❡♠♣❡r❛t✉r❛

✹✸
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❋✐❣✉r❛ ✸✳✶✿ ❍✐st❡r❡s❡ ♥♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦✱ ❝✐❝❧♦s ❞❡ ❛q✉❡❝✐♠❡♥t♦✲r❡s❢r✐❛♠❡♥t♦✲❛q✉❡❝✐♠❡♥t♦✳ ❊♠
✭❛✮ s❡ ❢❡③ ✉♠ ❛q✉❡❝✐♠❡♥t♦ ❞❛ ❢❛s❡ ●❛✲■ ❛ ♣❛rt✐r ❞❡ ✺✵ ❑✱ ❞❡rr❡t❡♥❞♦ ♦ ❝r✐st❛❧ ❡♠ t♦r♥♦ ❞❡ ✼✻✵
❑ ❡ ❛q✉❡❝❡♥❞♦ ❛té ✾✵✵ ❑✱ ❛♣ós ❞❡ ❡q✉✐❧✐❜r❛r ❛ ❢❛s❡ ❧íq✉✐❞❛ r❡s❢r✐❛♠♦s ❛té ✶✵✵ ❑ ❡ ❛q✉❡❝❡♠♦s
♥♦✈❛♠❡♥t❡ ♦ ❧íq✉✐❞♦ ❛té ✹✺✵ ❑✳ ❊♠ ✭❜✮ ♠♦str❛♠♦s ❛ ❤✐st❡r❡s❡s ♥♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦ ♣❛r❛ ❞✉❛s
t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦✳ ❆s ❝✉r✈❛s sã♦ ♠é❞✐❛s ❝♦rr✐❞❛s ✭r✉♥✐♥❣ ❛✈❡r❛❣❡s✮ s♦❜r❡ 104 ♣♦♥t♦s✳

❞❡ ❢✉sã♦ ♠❡❝â♥✐❝❛ ❡♠ t♦r♥♦ ❞❡ ✼✻✵ ❑ ❡ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦✱ ✈❡♠♦s ❛ss✐♠

q✉❡ ♦ ♣♦t❡♥❝✐❛❧ ▼❊❆▼ ♠♦str❛ ✉♠❛ ❞❡s❝r✐çã♦ ❝♦♥s✐st❡♥t❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❘❡s❢r✐❛♠♦s ❛ ❢❛s❡ ❧íq✉✐❞❛ ❛❜❛✐①♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ t❡r♠♦❞✐♥â♠✐❝❛✱ ❡st✐♠❛❞❛ ❡♠ ✹✶✵ ❑

❬✶✷❪ ❛ ♣r❡ssã♦ ③❡r♦✱ ❛té ✶✵✵ ❑✱ ❛t✐♥❣✐♥❞♦ ♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦ ❡ ❛q✉❡❝❡♠♦s ♥♦✈❛♠❡♥t❡ ❛té

✹✺✵ ❑ ♦❜s❡r✈❛♥❞♦ ♦ ❝✐❝❧♦ ❞❡ ❤✐st❡r❡s❡✳ ◆❛ ✜❣✉r❛ ✸✳✶❜ ♠♦str❛♠♦s ❛ ❤✐st❡r❡s❡ ♥♦ ✈♦❧✉♠❡ ♣❛r❛

❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦ ❡♠ t♦r♥♦ ❞❡ ✸✺✵ ❑✱ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ♦ s❛❧t♦ ♥♦ ✈♦❧✉♠❡ ❛✉♠❡♥t❛

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

❝❛r❛❝t❡ríst✐❝♦s ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✳

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

❛s ♣r♦♣r✐❡❞❛❞❡s ❡str✉t✉r❛✐s ❞♦s ❞♦✐s ❧íq✉✐❞♦s ♥❛s ❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦✳ ❈❛r❛❝t❡r✐③❛♠♦s
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❋✐❣✉r❛ ✸✳✷✿ ❊♠ ✭❛✮ ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ♣❛r❛ ♦ ❧íq✉✐❞♦ ❍❉▲ ❡♠ ✸✻✷ ❑ ❡q✉✐❧✐❜r❛❞♦
❡ ♦s ❞♦s ❧íq✉✐❞♦s ▲❉▲ ❡♠ ✯✸✺✵ ❑ ♥❛ t❛①❛ ❞❡ ✷✵✵ ❑✴♥s ❡ ✸✺✵ ❑ ♥❛ t❛①❛ ❞❡ ✷✵ ❑✴♥s✳ ❊♠ ✭❜✮
♦s ❤✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ ♦ ❧íq✉✐❞♦ ❍❉▲ ❡♠ ✸✻✷ ❑ ❡q✉✐❧✐❜r❛❞♦ ❡ ♦s
❞♦✐s ❧íq✉✐❞♦s ▲❉▲ ❡♠ ✸✺✵❑ ❝♦♠ ❞♦✐s t❡♠♣♦s ❞❡ r❡❧❛①❛çã♦ ❞✐❢❡r❡♥t❡s✳

❡str✉t✉r❛❧♠❡♥t❡ ♦ ❧íq✉✐❞♦ ❛♥t❡s ❡ ❞❡♣♦✐s ❞❛ tr❛♥s✐çã♦ ❛tr❛✈és ❞❛ ❢✉♥çã♦ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❣✭r✮

❡ ❞♦ ❤✐st♦❣r❛♠❛ ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♥❛s t❡♠♣❡r❛t✉r❛s ❞❡ ✸✻✷ ❑ ❡ ✸✺✵ ❑ ❝❤❛♠❛♠♦s

❛ ❡ss❡s ❧íq✉✐❞♦s ❞❡ ❍❉▲✭❤✐❣❤ ❞❡♥s✐t② ❧✐q✉✐❞✮ ❡ ▲❉▲✭❧♦✇ ❞❡♥s✐t② ❧✐q✉✐❞✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

◆❛ ✜❣✉r❛ ✸✳✷❛✱ ♠♦str❛♠♦s ❛s ❢✉♥çõ❡s ❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧ ❞♦s ❧íq✉✐❞♦s ❍❉▲ ❡♠ ✸✻✷ ❑ ❡

❞❡ ▲❉▲ ❡♠ ✸✺✵ ❑✳ ◆♦t❛♠♦s q✉❡ ♥♦ ❝❛s♦ ❞♦ ❍❉▲ ♦ ❧íq✉✐❞♦ ❡st❛ ♥♦ ❡q✉✐❧í❜r✐♦ ❡ ♥❛ ♣r✐♠❡✐r❛

❝❛♠❛❞❛ ❞❡ s♦❧✈❛t❛çã♦ s❡✉ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ é ✾✱ ❡♥q✉❛♥t♦ ♦ ▲❉▲ t❡♠ ✉♠ ♥ú♠❡r♦ ❞❡

❝♦♦r❞❡♥❛çã♦ ❞❡ ✽ ♣❛r❛ ❛s ❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦✱ ❛ ❞✐❢❡r❡♥ç❛ q✉❡ ♣♦❞❡♠♦s ♥♦t❛r é q✉❡ ♦

❧íq✉✐❞♦ ▲❉▲ ♣❛r❛ ❛ t❛①❛ ❞❡ ✷✵ ❑✴♥s é ♠❛✐s ❡str✉t✉r❛❞♦ q✉❡ ♦ ❧íq✉✐❞♦ ▲❉▲ ♥❛ t❛①❛ ❞❡ ✷✵✵

❑✴♥s✱ ✐st♦ é ♣♦rq✉❡ ♣❛r❛ ✉♠❛ t❛①❛ ♠❡♥♦r ❞❡ r❡s❢r✐❛♠❡♥t♦ t❡♠♦s ✉♠❛ ♠❛✐♦r tr❛♥s❢♦r♠❛çã♦

❞♦ ❧íq✉✐❞♦ ❍❉▲→▲❉▲✳ ◆❛ ✜❣✉r❛ ✸✳✷❜✱ ♠♦str❛♠♦s ♦s ❤✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦

✈✐③✐♥❤♦ ❞♦ ❧íq✉✐❞♦ ❍❉▲ q✉❡ é ❡q✉✐❧✐❜r❛❞♦ ❡♠ ✸✻✷ ❑✱ ❡ ❞♦s ❞♦✐s ❧íq✉✐❞♦s ▲❉▲ ❡♠ ✸✺✵ ❑✱ ❞❡✈✐❞♦
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❛♦ ❢❛t♦ q✉❡ ❢❛s❡ ❧íq✉✐❞❛ é ♠❡t❛❡stá✈❡❧ ❞❡✐①❛♠♦s ♦ s✐st❡♠❛ r❡❧❛①❛r ♥♦ ❡♥s❡♠❜❧❡ ◆P❚✱ ♣❛r❛ ♦

▲❉▲ ❝♦rr❡s♣♦♥❞❡♥t❡ à t❛①❛ ❞❡ ✷✵✵ ❑✴♥s✭❝✉r✈❛ ✈❡r❞❡✮ ♦ s✐st❡♠❛ ❢♦✐ r❡❧❛①❛❞♦ ✵✳✺ ♥s ❡ ♣❛r❛ ♦

▲❉▲ ❝♦rr❡s♣♦♥❞❡♥t❡ à t❛①❛ ✷✵ ❑✴♥s✭❝✉r✈❛ ✈❡r♠❡❧❤❛✮ ♦ s✐st❡♠❛ ❢♦✐ r❡❧❛①❛❞♦ ❞✉r❛♥t❡ ✹✵ ♥s✱

✜♥❛❧♠❡♥t❡ ♦s ❤✐st♦❣r❛♠❛s ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ❞✉r❛♥t❡ ✶ ♥s ❞❡ r❡❧❛①❛çã♦ ♥♦ ❡♥s❡♠❜❧❡ ◆❱❚

✉s❛♥❞♦ ✶✵✵✵ ❝♦♥✜❣✉r❛çõ❡s✳ P♦❞❡♠♦s ♥♦t❛r q✉❡ ❛ ❞✐str✐❜✉✐çã♦ é ✉♥✐♠♦❞❛❧ ♥♦ ❧íq✉✐❞♦ ❍❉▲

q✉❡ é ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ✉♠ ❧íq✉✐❞♦ ❡str✉t✉r❛❧♠❡♥t❡ ❤♦♠♦❣ê♥❡♦✱ ❝❡♥tr❛❞❛ ❡♠ ∼ 3.25➴✱ ♥♦ ❝❛s♦

❞♦s ❞♦✐s ❧íq✉✐❞♦s ▲❉▲ ❛♣r❡s❡♥t❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❜✐♠♦❞❛❧ ❝♦♠ ✉♠ s❡❣✉♥❞♦ ♣✐❝♦ ❝❡♥tr❛❞♦ ❡♠

∼ 3.65➴ ❡st❡ r❡s✉❧t❛❞♦ é ✉♠ ✐♥❞✐❝❛t✐✈♦ ❞❡ q✉❡ ❛ ❢❛s❡ ▲❉▲ ❛✐♥❞❛ ♥ã♦ t❡♥❤❛ s❡ tr❛♥s❢♦r♠❛❞♦

❝♦♠♣❧❡t❛♠❡♥t❡ ❡ q✉❡✱ ♣♦rt❛♥t♦✱ ❞❡✈❡ ❛✐♥❞❛ ❤❛✈❡r ❡str✉t✉r❛s ❞♦ ❧íq✉✐❞♦ ❍❉▲ r❡♠❛♥❡s❝❡♥t❡s ♥❛

❢❛s❡ ▲❉▲✱ ❡♥tã♦ ❡st❡ ❧íq✉✐❞♦ é ❡str✉t✉r❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡♦✳

❆❝r❡❞✐t❛♠♦s q✉❡ ❛♦ ❞❡✐①❛r r❡❧❛①❛r ♦ ❧íq✉✐❞♦ ▲❉▲ ♥♦ ❡♥s❡♠❜❧❡ ◆P❚✱ ♦✉ s❡❥❛ ❛♦ ❞❡✐①❛r ♦

✈♦❧✉♠❡ ✢✉t✉❛r ❧✐✈r❡♠❡♥t❡ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✺✵ ❑ t❡♠♦s ❛s ❞✉❛s ❢❛s❡s✱ ❡ ❝♦♠♦ ♦ ❧íq✉✐❞♦ ▲❉▲

é ♠❛s ❡stá✈❡❧ q✉❡ ♦ ❧íq✉✐❞♦ ❍❉▲✱ ✐ss♦ ♦r✐❣✐♥❛ ✉♠❛ tr❛♥s❢♦r♠❛çã♦ ❞❛s ❢❛s❡s r❡♠❛♥❡s❝❡♥t❡s ❞♦

❧íq✉✐❞♦ ❍❉▲→▲❉▲✱ q✉❡ é ❡✈✐❞❡♥❝✐❛❞♦ ♣❡❧♦ ❛✉♠❡♥t♦ ❞♦ ✈♦❧✉♠❡ ❛tô♠✐❝♦✳ ❆ q✉❛♥t✐❞❛❞❡ ❞❛

tr❛♥s❢♦r♠❛çã♦ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞♦ t❡♠♣♦ ❡♠ q✉❡ ♦ s✐st❡♠❛ s❡ ❞❡✐①❛ r❡❧❛①❛r ❧✐✈r❡♠❡♥t❡✱ ❛♦

✜①❛r ♦ ✈♦❧✉♠❡ ✭❡♥s❡♠❜❧❡ ◆❱❚✮ s❡ ♠❛♥té♠ ❛ ♣r♦♣♦rçã♦ ❡♥tr❡ ♦ ❧íq✉✐❞♦ ❍❉▲ ❡ ♦ ▲❉▲✳

✸✳✷ Pr♦♣r✐❡❞❛❞❡s ❉✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦

◆♦ss❛ ♣❡sq✉✐s❛ ❡stá ❢♦❝❛❞❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ❣á❧✐♦ s✉♣❡r✲r❡s❢r✐❛❞♦ ♣❛r❛ ✐ss♦

♣r✐♠❡✐r♦ ❝❛r❛❝t❡r✐③❛♠♦s ❛ ❞✐❢✉sã♦ ❞❛s ♣❛rtí❝✉❧❛s ❛tr❛✈és ❞❛ ❢✉♥çã♦ ▼❙❉✳

◆❛ ✜❣✉r❛ ✸✳✸ ♠♦str❛♠♦s ♦ ▼❙❉ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❞♦ ❧íq✉✐❞♦ ✜①❛♥❞♦ ♦ ✈♦❧✉♠❡✱

♦✉ s❡❥❛ ✉s❛♥❞♦ ♦ ❡♥s❡♠❜❧❡ ◆❱❚✳ ◆♦t❛♠♦s q✉❡ ♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ é ❝♦♠✉♠ ❛ t♦❞♦s ♦s ❧íq✉✐❞♦s

❡ t❡♠ ✉♠❛ ❞✉r❛çã♦ ❞❡ ∼✵✳✶ ♣s✳ P❛r❛ ♦ ❧íq✉✐❞♦ ❡♠ ✹✺✵ ❑ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦

t❡r♠♦❞✐♥â♠✐❝❛ ❡ ❡♠ ✹✵✵ ❑ ❡♠ t♦r♥♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ t❡r♠♦❞✐♥â♠✐❝❛ ♦ ▼❙❉ ♠♦str❛

❛ ❞✐♥â♠✐❝❛ ❞❡ ✉♠ ❧íq✉✐❞♦ ♥♦r♠❛❧✱ ♦✉ s❡❥❛ ✐♠❡❞✐❛t❛♠❡♥t❡ ❞❡♣♦✐s ❞♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ✐♥✐❝✐❛ ♦

r❡❣✐♠❡ ❞✐❢✉s✐✈♦✳ P❛r❛ ♦s ❧íq✉✐❞♦s ❡♠ ✯✸✻✷ ❑✱ ✸✻✷ ❑✱ ✯✸✺✵ ❑ ❡ ✸✺✵ ❑ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ♦

r❡❣✐♠❡ ❞✐❢✉s✐✈♦ ♥ã♦ ✐♥✐❝✐❛ ✐♠❡❞✐❛t❛♠❡♥t❡ ❞❡♣♦✐s ❞♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ q✉❡ é ❝❛r❛❝t❡ríst✐❝♦ ❞❛

❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s✳

◆♦s ❧íq✉✐❞♦s ❍❉▲ ✯✸✻✷ ❑ ❡ ❍❉▲ ✸✻✷❑ ♦❜s❡r✈❛♠♦s q✉❡ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ♥ã♦ ❢❛③

❞✐❢❡r❡♥ç❛ ♥❛ ❞✐♥â♠✐❝❛ ♣♦rq✉❡ ❛ ❡str✉t✉r❛ é ❛ ♠❡s♠❛✱ ❛ ❞✐♥â♠✐❝❛ é ❞✐❢❡r❡♥t❡ ❞♦ ❧íq✉✐❞♦ ♥♦r♠❛❧
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450 K
400 K
HDL *362 K, equilibrado
LDL *350 K, τ = 0.5 ns
HDL   362 K,equilibrado
LDL   350 K, τ = 40 ns

❋✐❣✉r❛ ✸✳✸✿ ❉❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❛s ♣❛rtí❝✉❧❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❡♠
❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦✳ ❖ ▼❙❉ ♣❛r❛ ♦s ❧íq✉✐❞♦s ✹✺✵❑✱ ✹✵✵ ❑✱ ❍❉▲ ✯✸✻✷ ❑ ❡ ▲❉▲ ✯✸✺✵
❑ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❡ ♣❛r❛ ♦s ❧íq✉✐❞♦s ❍❉▲ ✸✻✷ ❑✱ ▲❉▲
✸✺✵ ❑ ❝♦rr❡s♣♦♥❞❡ ♣❛r❛ ✉♠❛ t❛①❛ ❞❡ ✷✵ ❑✴♥s✳ τ é ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ♥♦ ❡♥s❡♠❜❧❡ ◆P❚
❛♥t❡s ❞❡ ♠❡❞✐r ♦ ▼❙❉✳

♠❛s ♦ ❡❢❡✐t♦ é ❢r❛❝♦ ♣♦rq✉❡ ❡st❛♠♦s ♣ró①✐♠♦s ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ t❡r♠♦❞✐♥â♠✐❝❛✳ ◆♦

❡♥t❛♥t♦ ❛ ❞✐❢❡r❡♥ç❛ ♥♦tór✐❛ ♣❛r❛ ♦s ❧íq✉✐❞♦s ▲❉▲ ✯✸✺✵ ❑ ❡ ▲❉▲ ✸✺✵ ❑ ♦❜s❡r✈❛♠♦s ✉♠ ♣❧❛tô

❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s s❡♥❞♦ ♠❛✐s ♣r♦♥✉♥❝✐❛❞❛ ♣❛r❛ ♦ ❧íq✉✐❞♦ ❞❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵

❑✴♥s✳ ❊st❡ ♣❧❛tô ♣♦❞❡ s❡r ♦r✐❣✐♥❛❞♦ ♣❡❧♦ ❡❢❡✐t♦ ❣❛✐♦❧❛ ❡✴♦✉ ❛ ❡str✉t✉r❛ ❤❡t❡r♦❣ê♥❡❛ ❞♦ ❧íq✉✐❞♦✱

❛❝r❡❞✐t❛♠♦s q✉❡ ❛ ♣r✐♥❝✐♣❛❧ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛ ❡st❛ ❛♥♦♠❛❧✐❛ é ❞❡✈✐❞♦ ❛ ❡str✉t✉r❛ ❤❡t❡r♦❣ê♥❡❛

♣♦r q✉❡ ♦ ❡❢❡✐t♦ ❣❛✐♦❧❛ só é ♠❛s ♣r♦♥✉♥❝✐❛❞♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ♣ró①✐♠❛s ❞❛ tr❛♥s✐çã♦ ✈ítr❡❛

q✉❡ ♥ã♦ é ♥♦ss♦ ❝❛s♦✳

❈♦♠ ♦ ✜♠ ❡✈✐❞❡♥❝✐❛r ❡ q✉❛♥t✐✜❝❛r ❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ ❞♦s ❧íq✉✐❞♦s ♠♦str❛♠♦s ♥❛

✜❣✉r❛ ✸✳✹ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦ t❡♠♣♦ ❞♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳

P♦❞❡♠♦s ♥♦t❛r q✉❡ α2(t) ❛té ∼✵✳✶ ♣s é q✉❛s❡ ③❡r♦✱ ♦✉ s❡❥❛ r❡❣✐♠❡ ❜❛❧íst✐❝♦ t❡♠ ✉♠❛ ❞✉r❛çã♦
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450 K
400 K
HDL *362 K, equilibrado
LDL *350 K, τ = 0.5 ns
HDL 362 K, equilibrado
LDL 350 K, τ = 40 ns

❋✐❣✉r❛ ✸✳✹✿ P❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✳ ❖ α2(t)
♣❛r❛ ♦s ❧íq✉✐❞♦s ❡♠ ✹✺✵❑✱ ✹✵✵ ❑✱ ❍❉▲ ✯✸✻✷ ❑ ❡ ▲❉▲ ✯✸✺✵ ❑ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ t❛①❛ ❞❡
r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❡ ♣❛r❛ ♦s ❧íq✉✐❞♦s ❍❉▲ ✸✻✷ ❑✱ ▲❉▲ ✸✺✵ ❑ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ t❛①❛
❞❡ ✷✵ ❑✴♥s✳ τ é ♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ♥♦ ❡♥s❡♠❜❧❡ ◆P❚ ❛♥t❡s ❞❡ ♠❡❞✐r ♦ α2(t)✳

❞❡ ∼✵✳✶ ♣s✱ ♣❛r❛ t♦❞♦s ♦s ❧íq✉✐❞♦s✳ ❖❜s❡r✈❛♠♦s q✉❡ ♦s ❧íq✉✐❞♦s ❡♠ ✹✺✵ ❑ ❡ ✹✵✵ ❑ t❡♠ ✉♠

♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ♣ró①✐♠♦ ❞❡ ③❡r♦✱ ❡ss❡s ❧íq✉✐❞♦s ♠♦str❛♠ ✉♠❛ ❞✐♥â♠✐❝❛ ♣r❛t✐❝❛♠❡♥t❡

❤♦♠♦❣ê♥❡❛✳ P❛r❛ ♦s ❧íq✉✐❞♦s ❍❉▲ ✯✸✻✷ ❑ ❡ ❍❉▲ ✸✻✷ ❑ t❛♠❜é♠ ♦❜s❡r✈❛♠♦s ✉♠ ❧✐❣❡✐r♦

❛✉♠❡♥t♦ ❞♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❡ ❛✉♠❡♥t♦ ♥♦ t❡♠♣♦ ♣❛r❛ ✈♦❧t❛r ❛♦ r❡❣✐♠❡ ❞✐❢✉s✐✈♦ q✉❡

é ❝❛r❛❝t❡ríst✐❝♦ ❞♦s ❧íq✉✐❞♦s ♥♦ r❡❣✐♠❡ s✉♣❡r✲r❡s❢r✐❛❞♦✳ ❆ ❞✐❢❡r❡♥ç❛ ♥♦tór✐❛ é ♠♦str❛❞❛ ♥♦s

❧íq✉✐❞♦s ❍❉▲ ✯✸✺✵ ❑ ❡ ❍❉▲ ✸✺✵ ❑ s♦❢r❡♠ ✉♠ ❛✉♠❡♥t♦ ♥♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ ❡♠ t♦r♥♦

❞❡ ∼✶ ❡ ∼✸ ❛♠❜♦s ❧íq✉✐❞♦s t❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛✱ ♠❛s ♦ ❧íq✉✐❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡

à t❛①❛ ❞❡ ✷✵ ❑✴♥s t❡♠ ✉♠ ♠❛✐♦r ❣r❛✉ ❞❡ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡

♣❛r❛ ♦ ❧íq✉✐❞♦ ❍❉▲ ✸✺✵ ❑ ❛✐♥❞❛ ♥ã♦ ❡st❛ ♥❡♠ ♣❡rt♦ ❞❡ ✈♦❧t❛r ❛♦ r❡❣✐♠❡ ❞✐❢✉s✐✈♦✱ ♦✉ s❡❥❛ s✉❛

❞✐♥â♠✐❝❛ é ♠✉✐t♦ ❧❡♥t❛✳
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❋✐❣✉r❛ ✸✳✺✿ ❋✉♥çã♦ ❛✉t♦✲✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ FS(k, t) ❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✱
♦♥❞❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ k = 2π/r0✱ ♦♥❞❡ r0 ❝♦rr❡s♣♦♥❞❡ ❛♦ r❛✐♦ ❞♦ ♣r✐♠❡✐r♦ ♠á①✐♠♦ ❞❛ ❢✉♥çã♦
❞❡ ❞✐str✐❜✉✐çã♦ r❛❞✐❛❧✳ ❆ FS(k, t) ♣❛r❛ ♦s ❧íq✉✐❞♦s ✹✺✵ ❑✱ ✹✵✵ ❑✱ ❍❉▲ ✯✸✻✷❑ ❡ ▲❉▲ ✯✸✺✵ ❑
❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❡ ♦s ❧íq✉✐❞♦s ❍❉▲ ✸✻✷ ❑ ❡ ▲❉▲ ✸✺✵ ❑
❝♦rr❡♣♦♥❞❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s✳

❆ FS(k, t)
✶ ♥♦s ❞❛ ✐♥❢♦r♠❛çã♦ ❞❡ ❝♦♠♦ ♦ s✐st❡♠❛ r❡❧❛①❛ ❡ ♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ ♠❡❞❡ ❛s ✢✉✲

t✉❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡ ♥♦ ❡s♣❛ç♦ r❡❝✐♣r♦❝♦ ❡♠ t♦r♥♦ ❞❡ ✉♠❛ ❞✐stâ♥❝✐❛ ∼ 2.6➴✳ ◆❛ ✜❣✉r❛ ✸✳✺

♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♦ t❡♠♣♦ ❞❛s ✢✉t✉❛çõ❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ r❡❣✐♠❡ ❜❛❧íst✐❝♦ ❝♦♠✉♠ ❛

t♦❞♦s ♦s ❧íq✉✐❞♦s t❡♠ ✉♠❛ ❞✉r❛çã♦ ❞❡ ∼✵✳✶ ♣s ❡♠ ❛❝♦r❞♦ ❝♦♠ ❛s ♦✉tr❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐✲

❝❛s ❝♦♠♦ ▼❙❉ ❡ ♦ α2(t)✳ P❛r❛ ♦s ❧íq✉✐❞♦s ❡♠ ✹✺✵ ❑ ❡ ✹✵✵ ❑ ♦❜s❡r✈❛♠♦s ✉♠❛ r❡❧❛①❛çã♦

❞❛s ✢✉t✉❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❧íq✉✐❞♦s ❤♦♠♦❣ê♥❡♦s✱ ♦✉ s❡❥❛ ❞❡❝❛❡♠ ❞❡ ❢♦r♠❛

❡①♣♦♥❡♥❝✐❛❧ ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❛s ♣❛rtí❝✉❧❛s ❡stã♦ t♦t❛❧♠❡♥t❡ ❞❡s❝♦rr❡❧❛❝✐♦♥❛❞❛s✳

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

✶▼é❞✐❛ ❞❡ três ♠❡❞✐❞❛s✱ ✉s❛♥❞♦ ♦s ✈❡t♦r❡s kx✱ky ❡ kz ❞❛ ♠❡s♠❛ ♠❛❣♥✐t✉❞❡✱ ❛ ❢✉♥çã♦ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛
❞✐r❡çã♦ ❞❡ k ♣♦rq✉❡ ♦ ❧íq✉✐❞♦ é ✐s♦tró♣✐❝♦✳
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✷✵ ♣s ❡ ✹✵ ♣s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❯♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r é ♠♦str❛❞♦ ♣❛r❛ ♦s ❧íq✉✐❞♦s ❍❉▲

✯✸✻✷ ❑ ❡ ❍❉▲ ✸✻✷ ❑ ♠❛s ❛♣r❡s❡♥t❛ ✉♠❛ ❧✐❣❡✐r❛ ❞✐❢❡r❡♥ç❛✱ ❛ ❢✉♥çã♦ t❡♠ ♠❛✐♦r ❧❛r❣✉r❛ ❡♠

t♦r♥♦ ∼✷ ♣s q✉❡ é ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ✐st♦ ❢❛③ ❝♦♠ q✉❡

♦ ❞❡❝❛✐♠❡♥t♦ ❞❛s ✢✉t✉❛çõ❡s ❛ ③❡r♦ ❛✉♠❡♥t❛ ✉♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ∼✷✵✵ ♣s✱ ♠❛s ♣♦❞❡♠♦s

♦❜s❡r✈❛r q✉❡ ♦ ❧íq✉✐❞♦ ▲❉▲ ✯✸✺✵ ❑ ♠♦str❛ ✉♠ ♣❡q✉❡♥♦ ♣❧❛tô ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s q✉❡

✐♥✐❝✐❛ ❡♠ t♦r♥♦ ❡♠ ❞❡ ∼✷ ♣s ❡ ♦ t❡♠♣♦ ❡♠ q✉❡ ♦ ❞❡❝❛✐♠❡♥t♦ ❞❛s ✢✉t✉❛çõ❡s ❛ ③❡r♦ é ♠❛✐♦r ❛ ✺

♥s✱ ❡st❡ é ❡❢❡✐t♦ ♥♦tór✐♦ ❞❡✈✐❞♦ à ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ ❞♦ ❧íq✉✐❞♦✳ ❆ ❞✐❢❡r❡♥ç❛ é ♠❛✐s ♥♦tór✐❛

♣❛r❛ ♦ ❧íq✉✐❞♦ ▲❉▲ ✸✺✵ ❑ ♠♦str❛♥❞♦ ✉♠ ♣❧❛tô ♠❡❧❤♦r ♣r♦♥✉♥❝✐❛❞♦ q✉❡ ✐♥✐❝✐❛ ❡♠ t♦r♥♦ ❞❡ ∼✷

♣s ❡ ♦ t❡♠♣♦ ❡♠ q✉❡ ❛s ✢✉t✉❛çõ❡s ❞❡❝❛✐ ❛ ③❡r♦ é ♠✉✐t♦ ♠❛✐♦r ❛ ✷✵ ♥s q✉❡ s✉♣❡r❛ ♥♦ss♦s ❧✐♠✐t❡s

❝♦♠♣✉t❛❝✐♦♥❛✐s✳

✸✳✸ ❊①✐st❡♠ ❝♦rr❡❧❛çõ❡s ❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s ♥♦ ●á❧✐♦❄

❈♦♠ ❡st❡s r❡s✉❧t❛❞♦s ❛♥t❡r✐♦r❡s ✈❡♠♦s q✉❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ ❧íq✉✐❞♦ ❡♠ ✸✺✵ ❑ é ♠✉✐t♦ ❧❡♥t❛ s✐♠✐❧❛r

❛ ❞❡ ✉♠ ✢✉✐❞♦ ❛❧t❛♠❡♥t❡ ✈✐s❝♦s♦✳ ❙❛❜❡♠♦s ♥♦ ❝❛s♦ ❞♦s ♠❛t❡r✐❛✐s só❧✐❞♦s q✉❡ ❛♣r❡s❡♥t❛♠ ❞✉❛s

❢❛s❡s ♣♦❞❡✲s❡ ✐❞❡♥t✐✜❝❛r ❡str✉t✉r❛❧♠❡♥t❡ ❝❛❞❛ ❢❛s❡ ♦❜s❡r✈❛♥❞♦ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❡ ❡str✉t✉r❛ q✉❡

❢♦r♠❛♠ ❝♦♠ s❡✉s ✈✐③✐♥❤♦s✳ ◆♦ ❝❛s♦ ❞♦s ❧íq✉✐❞♦s ❛ s✐t✉❛çã♦ é ♠❛✐s ❝♦♠♣❧❡①❛ ♣♦r q✉❡ ❡❧❡s ♥ã♦

✜❝❛♠ ✈✐❜r❛♥❞♦ ❡♠ ♣♦s✐çõ❡s ✜①❛s ♣♦r ✉♠ ❧♦♥❣♦ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦✱ ❛s ♣❛rtí❝✉❧❛s ❞✐❢✉♥❞❡♠ ❡

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

❡♠ ✸✺✵ ❑ ❡ q✉❡ ♠♦str❛ ✉♠❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ q✉❡ ❞❡♣❡♥❞❡ ❢♦rt❡♠❡♥t❡ ❞❛ ♣r♦♣♦rçã♦ ❞♦

❍❉▲✰▲❉▲ ♣r❡s❡♥t❡ ♥❡st❛ ❢❛s❡ ❧íq✉✐❞❛✳

❆ t❡♦r✐❛ ❞❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ ♥♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ❞❡s❝r❡✈❡ q✉❡ ❡①✐st❡ ✉♠❛

❞✐♥â♠✐❝❛ ❡s♣❛❝✐❛❧♠❡♥t❡ ❤❡t❡r♦❣ê♥❡❛ ♣r❡s❡♥t❡✱ ♦✉ s❡❥❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ ♦✉ s✉❜✲❡♥s❡♠❜❧❡ t❡♠ s❡✉

♣ró♣r✐♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✱ ✐st♦ ✐♠♣❧✐❝❛ q✉❡ ❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ t❡♠♣♦r❛✐s sã♦ ✉♠❛ ♠é❞✐❛

❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ♣♦r ♣❛rtí❝✉❧❛ ♦✉ s✉❜✲❡♥s❡♠❜❧❡s ❝❛❞❛ ✉♠ ❝♦♠ s❡✉ ♣ró♣r✐♦ t❡♠♣♦ ❞❡

r❡❧❛①❛çã♦✱ ❝♦♠♦ t❡♠♦s ❞♦✐s ❧íq✉✐❞♦s ♣r❡s❡♥t❡s ♥❡st❛ ❢❛s❡ ❝❛❞❛ ❧íq✉✐❞♦ ❞❡✈❡ t❡r s✉❛ ♣ró♣✐❛

❞✐♥â♠✐❝❛✱ ♦✉ s❡❥❛ s❡✉ ♣ró♣r✐♦ t❡♠♣♦ ❞❡ r❡❧❛①❛çã♦✱ ✐ss♦ ✐♠♣❧✐❝❛r✐❛ ♥❛ ❡①✐stê♥❝✐❛ ❞❡ ❝♦rr❡❧❛çõ❡s

❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s ♣r❡s❡♥t❡s ♥❡st❛ ❢❛s❡✳

P❛r❛ t❡st❛r ❡ss❛ ❤✐♣ót❡s❡ ❛♥❛❧✐s❛♠♦s ❛ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ ❣❧♦❜❛❧ ❝♦♠♦ ♦ FS(k, t) ✭❡q✉❛çã♦

✷✳✶✼✮ ❡st❛ ❢✉♥çã♦ ♥❛ ✈❡r❞❛❞❡ é ✉♠❛ ♠é❞✐❛ ❞❛s ❢✉♥çõ❡s ❞❡ ❝♦rr❡❧❛çã♦ ♣♦r ♣❛rtí❝✉❧❛✳ ❈♦♠ ♦ ✜♠

❞❡ ♦❜s❡r✈❛r s❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ r❡❧❛①❛ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡ ❢♦r❛♠ ❢❡✐t♦s ❤✐st♦❣r❛♠❛s ❞♦s ✈❛❧♦r❡s ❞❡
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✭❜✮

❋✐❣✉r❛ ✸✳✻✿ ❍✐st♦❣r❛♠❛s ❞❛s ❢✉♥çõ❡s FS(k, t) ♣♦r ♣❛rtí❝✉❧❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦
❛♥t❡s ❞❛ tr❛♥s✐çã♦✳ ❊♠ ✭❛✮ ❡ ✭❜✮ ♦s ❤✐st♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❧íq✉✐❞♦s ♣❛r❛ ✉♠❛ t❛①❛ ❞❡
r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s ❡ ✷✵✵ ❑✴♥s✳

FS(k, t) ♣♦r ♣❛rtí❝✉❧❛ ❡♠ ❞✐❢❡r❡♥t❡s t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦✱ ❛té ♦ ♠❡♥♦r t❡♠♣♦ ❡♠ q✉❡ ❛ ❢✉♥çã♦

FS(k, t) ♣❛r❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❝♦♠❡ç❛ ❛ ✢✉t✉❛r ❡♠ t♦r♥♦ ❞❡ ③❡r♦✳ ◆❛ ✜❣✉r❛ ✸✳✻ ✈❡♠♦s q✉❡

♦s ❤✐st♦❣r❛♠❛s ❞❛s ❢✉♥çõ❡s FS(k, t) ♣♦r ♣❛rtí❝✉❧❛s t❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐♠♦❞❛❧ ❝♦♠✉♠ ❛

t♦❞♦s ♦s ❧íq✉✐❞♦s ❛♥❛❧✐s❛❞♦s ♦ q✉❡ ✐♥❞✐❝❛ q✉❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ r❡❧❛①❛ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡✳ P♦❞❡♠♦s

♦❜s❡r✈❛r ♥❛s ✜❣✉r❛s ✸✳✻❜ ❡ ✸✳✻❛ ❛s ❞✐str✐❜✉✐çõ❡s sã♦ t♦t❛❧♠❡♥t❡ s✐♠✐❧❛r❡s ♦ q✉❡ ♥♦s ✐♥❞✐❝❛r✐❛

q✉❡ ❛ ❞✐♥â♠✐❝❛ ♣❛r❛ ♦ ❧íq✉✐❞♦ ♥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✸✻✷ ❑ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦✱

✈❡♠♦s q✉❡ ❛s ❞✐str✐❜✉✐çõ❡s ❞❛s ❢✉♥çõ❡s FS(k, t) ♥ã♦ t❡♠ ✉♠❛ ❧❛r❣✉r❛ ♠❛✐♦r ✵✳✸ ❡ ♦ t❡♠♣♦

♠á①✐♠♦ é ♣ró①✐♠♦ ❞❡ ✷✵ ♣s✱ ❡st♦ ✐♥❞✐❝❛ q✉❡ ♥ã♦ ❡①✐st❡ ❞✐❢❡r❡♥ç❛s ♥♦tór✐❛s ♥❛ r❡❧❛①❛çã♦ ❞❛s

♣❛rtí❝✉❧❛s✱ ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s ♥♦s ❡①tr❡♠♦s ❞❛ ❞✐str✐❜✉✐çã♦✳

◆❛ ✜❣✉r❛ ✸✳✼❜ ❛ ❧❛r❣✉r❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❛✉♠❡♥t❛ ❛té ✉♠ ✈❛❧♦r ∼✵✳✼ ♥♦ t❡♠♣♦ ❞❡ ✷✵✵ ♣s

❡st♦ é ❞❡✈✐❞♦ ❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ q✉❡ ❛♣r❡s❡♥t❛ ♦ ❧íq✉✐❞♦ ♥❡st❛ ❢❛s❡✱ ✈❡♠♦s q✉❡ ♥♦ t❡♠♣♦

❞❡ ✷✵✵ ♣s ❡①✐st❡♠ ♣❛rtí❝✉❧❛s ❝♦♠ s✉❛ ❢✉♥çã♦ FS(k, t) ♠❡♥♦r q✉❡ ✵✳✷✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❡stã♦

♣ró①✐♠♦ ❞❡ r❡❧❛①❛çã♦✲α ❡ ♣❛rtí❝✉❧❛s ❝♦♠ ❢✉♥çã♦ FS(k, t) ♠❛✐♦r q✉❡ ✵✳✼✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❛✐♥❞❛

❡stã♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦✲β ♦✉ s❡❥❛ ❡st❛s ♣❛rtí❝✉❧❛s ❛✐♥❞❛ ♥ã♦ ❞✐❢✉♥❞❡♠✱ ❛ ❞✐str✐❜✉✐çã♦ é

❧✐❣❡✐r❛♠❡♥t❡ ❛ss✐♠étr✐❝❛ ✐♥❝❧✐♥❛❞❛ ❛ ❡sq✉❡r❞❛ ♣♦rq✉❡ ❡①✐st❡ ✉♠❛ ♣r♦♣♦rçã♦ ❧✐❣❡✐r❛♠❡♥t❡ ♠❛✐♦r

❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s q✉❡ ❞✐❢✉♥❞❡♠ ❡ ❛s q✉❡ ❛✐♥❞❛ ♥ã♦ ❞✐❢✉♥❞❡ ♥❡ss❡ t❡♠♣♦✳
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❋✐❣✉r❛ ✸✳✼✿ ❍✐st♦❣r❛♠❛s ❞❛s ❢✉♥çõ❡s FS(k, t) ♣♦r ♣❛rtí❝✉❧❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦
❞❡♣♦✐s ❞❛ tr❛♥s✐çã♦✳ ❊♠ ✭❛✮ ❡ ✭❜✮ ♦s ❤✐st♦❣r❛♠❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❧íq✉✐❞♦s ♣❛r❛ ✉♠❛ t❛①❛ ❞❡
r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s ❡ ✷✵✵ ❑✴♥s✳

❆ ❞✐❢❡r❡♥ç❛ ♥♦tór✐❛ q✉❡ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ✜❣✉r❛ ✸✳✼❛ é q✉❡ ❛s ❞✐str✐❜✉✐çõ❡s sã♦ ❛s✲

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

✈❛❧♦r ❞❡ ∼✵✳✾ ♥♦ t❡♠♣♦ ❞❡ ✷✵✵✵ ♣s ✐st♦ é ❝❧❛r♦ ❡❢❡✐t♦ ❞❛ ❞✐♥â♠✐❝❛ ❤❡t❡r♦❣ê♥❡❛ s❡r ♠❛✐s ♣r♦✲

♥✉♥❝✐❛❞❛ ♥❡st❛ ❢❛s❡ ❡ ♥❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♥❡st❡ t❡♠♣♦ q✉❡

❛ ❞✐str✐❜✉✐çã♦ ♠♦str❛ ✉♠❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ s✉❛ ❢✉♥çã♦ FS(k, t) é ♠❛✐♦r

q✉❡ ✵✳✼✱ ♦✉ s❡❥❛✱ ❛✐♥❞❛ ❡stã♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦✲β ❡ t❛♠❜é♠ ❡①✐st❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❡

♣❛rtí❝✉❧❛s ♥♦ ♦✉tr♦ ❡①tr❡♠♦ ❞❛ ❞✐str✐❜✉✐çã♦ ♦♥❞❡ s✉❛ ❢✉♥çã♦ FS(k, t) é ♠❡♥♦r q✉❡ ✵✳✷✱ ❡st❛s

♣❛rtí❝✉❧❛s ❡stã♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❧❛①❛çã♦✲α✳

❈♦♠ ❡ss❡s r❡s✉❧t❛❞♦s ♣♦❞❡♠♦s ❛✜r♠❛r q✉❡ ❡①✐st❡♠ ❣r✉♣♦s ❞❡ ♣❛rtí❝✉❧❛s q✉❡ r❡❧❛①❛♠ ❞❡

❢♦r♠❛ t♦t❛❧♠❡♥t❡ ❞✐❢❡r❡♥t❡ ♥♦s ❧íq✉✐❞♦s ▲❉▲ ✯✸✺✵ ❑ ❡ ▲❉▲ ✸✺✵ ❑ ❞❡✈✐❞♦ à ❤❡t❡r❡♦❣❡♥❡✐❞❛❞❡

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

❞❡ r❡❧❛①❛çã♦ ♥♦ ❡♥s❡♠❜❧❡ ◆P❚ ♠❛✐♦r❡s✳

P❛r❛ ♠♦str❛r ❛ ❤❡t❡r♦❣❡♥❡✐❞❛❞❡ ❞✐♥â♠✐❝❛ ❞♦s ❧íq✉✐❞♦s ▲❉▲ ✯✸✺✵ ❑ ❡ ▲❉▲ ✸✺✵ ❑ ❛♥❛❧✐s❛♠♦s

❛s ♣❛rtí❝✉❧❛s ♥♦s ❡①tr❡♠♦s ❞❛ ❞✐str✐❜✉✐çã♦ ❞❛s ✜❣✉r❛s ✸✳✼❜ ❡ ✸✳✼❛ s❡❧❡❝✐♦♥❛❞♦ ✶✵✵ ♣❛rtí❝✉❧❛s ♥♦

❡①tr❡♠♦ ❡sq✉❡r❞♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❡ ✶✵✵ ♣❛rtí❝✉❧❛s ♥♦ ❡①tr❡♠♦ ❞✐r❡✐t♦ ❞❛ ❞✐str✐❜✉✐çã♦✱ ♦✉ s❡❥❛

♣❛rtí❝✉❧❛s ❝♦♠ ❛ ♠❛✐♦r ❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛ ❡ ❛s q✉❡ ❛✐♥❞❛ ♥ã♦ ❞✐❢✉♥❞❡♠ q✉❡ ❝❤❛♠❛r❡♠♦s ❛ ❡ss❡s
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fast 1 id 762
fast 2 id 348
fast 3 id 455
fast 98 id 174
fast 99 id 747
fast 100 id 753
slow 1 id 472
slow 2 id 366
slow 3 id 840
slow 98 id 799
slow 99 id 926
slow 100 id 903

❋✐❣✉r❛ ✸✳✽✿ ❋✉♥çõ❡s FS(k, t) ♣♦r ♣❛rtí❝✉❧❛ ♣❛r❛ ♦ ❧íq✉✐❞♦ ▲❉▲ ✯✸✺✵ ❑ q✉❡ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛
✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ✳ ❆ ❝✉r✈❛ ♣r❡t❛ é ❢✉♥çã♦ FS(k, t) t♦t❛❧✱ ❛s ❝✉r✈❛s ❞❡ ❝♦r❡s
❝♦♥tí♥✉♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✻ ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❋❛st ❡ ❛s ❝✉r✈❛r ❞❡ ❝♦r❡s ♣♦♥t✐❧❤❛❞♦s
❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✻ ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇✳ ❖♥❞❡ é ♠♦str❛❞♦ ✉♠ ♥ú♠❡r♦ ❛♦ ❧❛❞♦ ❞♦
❣r✉♣♦ q✉❡ ♣❡rt❡♥❝❡ ✐♥❞✐❝❛♥❞♦ ❛ ❤✐❡r❛rq✉✐❛ ❞❡♥tr♦ ❞♦ ❣r✉♣♦✳

❞♦✐s ❣r✉♣♦s ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ❋❛st ❡ ❙❧♦✇✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛s ✜❣✉r❛s ✸✳✽ ❡ ✸✳✾ r❡❢❡r❡♥t❡s

❛♦ ❧íq✉✐❞♦ ▲❉▲ ♥❛s ❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦ é ♠♦str❛❞♦ ❛s ❢✉♥çõ❡s FS(k, t) t♦t❛❧ ✭❝✉r✈❛

♣r❡t❛✮ ❡ ❢✉♥çõ❡s FS(k, t) ♣❛r❛ ✻ ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❋❛st ❡ ❞❛s ❙❧♦✇✱ ❞♦ ❣r✉♣♦ ❞❛s ❋❛st

♠♦str❛♠♦s ✸ ♣❛rtí❝✉❧❛s ❝♦♠ ❛ ♠❛✐♦r ❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛ ❡ ✸ ❝♦♠ ❛ ♠❡♥♦r ❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛ ❞♦

♠❡s♠♦ ❣r✉♣♦ ❡ ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ ♠♦str❛♠♦s ✸ ♣❛rtí❝✉❧❛s ❛ ♠❛✐♦r ❞✐♥â♠✐❝❛ ♥ã♦ ❞✐❢✉s✐✈❛ ❡ ✸

❝♦♠ ❛ ♠❡♥♦r ❞✐♥â♠✐❝❛ ♥ã♦ ❞✐❢✉s✐✈❛ ♣❛r❛ ❛♠❜♦s ♦s ❧íq✉✐❞♦s✳

◆❛ ✜❣✉r❛ ✸✳✽ ✈❡♠♦s q✉❡ ❛s ❢✉♥çõ❡s FS(k, t) ❞♦ ❣r✉♣♦ ❞❛s ❋❛st sã♦ ♠❛✐s ❡str❡✐t❛✱ ❞❡❝❛❡♠

♠❛✐s rá♣✐❞♦ q✉❡ ❛ ❢✉♥çã♦ ♠é❞✐❛ FS(k, t) ❡♠ t♦r♥♦ ❞❡ ∼✷✵✵ ♣s✱ ♥♦ ❡♥t❛♥t♦ ❛s ❢✉♥çõ❡s FS(k, t)

❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ s✉❛ ❞✐str✐❜✉✐çã♦ é ♠❛✐s ❛❧❛r❣❛❞❛✱ s❡✉ t❡♠♣♦ ❞❡❝❛✐♠❡♥t♦ é ♠❛✐♦r ❛♦s ✺✵✵✵

♣s q✉❡ é ♦ t❡♠♣♦ ❞❛ ❢✉♥çã♦ ♠é❞✐❛ FS(k, t)✳ ❖❜s❡r✈❛♠♦s t❛♠❜é♠ q✉❡ ❛s ❢✉♥çõ❡s FS(k, t)
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fast 1 id 614
fast 2 id 661
fast 3 id 1138
fast 98 id 731
fast 99 id 75
fast 100 id 802
slow 1 id 139
slow 2 id 571
slow 3 id 324
slow 98 id 343
slow  99 id 539
slow 100 id 444

❋✐❣✉r❛ ✸✳✾✿ ❋✉♥çõ❡s FS(k, t) ♣♦r ♣❛rtí❝✉❧❛ ♣❛r❛ ♦ ❧íq✉✐❞♦ ▲❉▲ ✸✺✵ ❑ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛
t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s ✳ ❆ ❝✉r✈❛ ♣r❡t❛ é ❢✉♥çã♦ FS(k, t) t♦t❛❧✱ ❛s ❝✉r✈❛s ❞❡ ❝♦r❡s
❝♦♥tí♥✉♦s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✻ ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❋❛st ❡ ❛s ❝✉r✈❛r ❞❡ ❝♦r❡s ♣♦♥t✐❧❤❛❞♦s
❝♦rr❡♣♦♥❞❡♥t❡s ❛ ✻ ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇✳ ❖♥❞❡ é ♠♦str❛❞♦ ✉♠ ♥ú♠❡r♦ ❛♦ ❧❛❞♦ ❞♦
❣r✉♣♦ q✉❡ ♣❡rt❡♥❝❡ ✐♥❞✐❝❛♥❞♦ ❛ ❤✐❡r❛rq✉✐❛ ❞❡♥tr♦ ❞♦ ❣r✉♣♦✳

♣♦r ♣❛rtí❝✉❧❛ ❡stã♦ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ❞✐str✐❜✉í❞❛s ♥❛ ♣❛rt❡ ✐♥❢❡r✐♦r ❞❛ ❢✉♥çã♦ ♠é❞✐❛ FS(k, t)

❡♠ ❛❝♦r❞♦ ❝♦♠ ♦ ❤✐st♦❣r❛♠❛ ✸✳✼❜ ♦♥❞❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ❧✐❣❡✐r❛♠❡♥t❡ ♣♦ss✉✐ ✉♠ ♠❛✐♦r

♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛ ❡ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ só ❛té ✷✵✵ ♣s s❡ ♣♦❞❡ ❞✐❢❡r❡♥❝✐❛r

❛s ♣❛rtí❝✉❧❛s ♣❡❧❛ s✉❛ ❢✉♥çã♦ FS(k, t)✱ ♣❛r❛ t❡♠♣♦s ♣♦st❡r✐♦r❡s ♦ ❡rr♦ ❡st❛tíst✐❝♦ ❛✉♠❡♥t❛✳

◆❛ ✜❣✉r❛ ✸✳✾ ✈❡♠♦s q✉❡ ❛s ❢✉♥çõ❡s FS(k, t) ❞♦ ❣r✉♣♦ ❞❛s ❋❛st t❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ♠❛✐s

❛❧❛r❣❛❞❛ ❡ s❡✉ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❡stá ❡♠ t♦r♥♦ ❞❡ ∼✷✵✵✵ ♣s ♠❛s ❛✐♥❞❛ é ♠❡♥♦r q✉❡ ♦ t❡♠♣♦

❞❡ ❞❡❝❛✐♠❡♥t♦ ❞❛ ❢✉♥çã♦ ♠❡❞✐❛ FS(k, t)✳ ◆♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ s✉❛ ❞✐str✐❜✉✐çã♦ é ♠❛✐s ❡str❡✐t❛

❡ s❡✉ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ é s✉♣❡r✐♦r ❛♦s ✷✵✵✵ ♣s✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♦ ♣❧❛tô é q✉❛s❡ ✉♠❛

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

❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ❡st❡s r❡s✉❧t❛❞♦s ❡stã♦ ❡♠ ❛❝♦r❞♦ ❝♦♠ ♦ ❤✐st♦❣r❛♠❛ ✸✳✼❛ ♦♥❞❡ ❛ ❞✐♥â♠✐❝❛ ❞♦
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s✐st❡♠❛ ♣♦ss✉✐ ✉♠ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❛✐♥❞❛ ♥ã♦ ❞✐❢✉♥❞❡♠✱ ♦ ❛♥á❧✐s❡ ♣♦r ♣❛rtí❝✉❧❛

❢♦✐ ❢❛✐t❛ ❛té ✷✵✵✵ ♣s✱ ♣❛r❛ t❡♠♣♦s ♣♦st❡r✐♦r❡s ♦ ❡rr♦ ❡st❛tíst✐❝♦ ❛✉♠❡♥t❛ ❡ ❡st❛♠♦s ❡♠ ♥♦ss♦s

❧✐♠✐t❡s ❞❡ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛✐s✳

❈♦♠ ❡ss❡s r❡s✉❧t❛❞♦s ♠♦str❛♠♦s q✉❡ ♣♦❞❡♠♦s ❞✐❢❡r❡♥❝✐❛r ♦s ❞♦✐s ❣r✉♣♦s ❞❡ ♣❛rtí❝✉❧❛s ♣❡❧❛

s✉❛ ❞✐♥â♠✐❝❛ q✉❡ sã♦ ❝❛s♦s t♦t❛❧♠❡♥t❡ ♦♣♦st♦s✳ ◆♦ss♦ ✐♥t❡r❡ss❡ é s❛❜❡r ❛ ❡str✉t✉r❛ ❞♦s ❞♦✐s

❣r✉♣♦s ❞❡ ♣❛rtí❝✉❧❛s s❡❧❡❝✐♦♥❛❞❛s✱ s❡ sã♦ ❞✐❢❡r❡♥t❡s ❡ s❡ ❡stã♦ ❛ss♦❝✐❛❞❛s ❛♦s ❞♦✐s t✐♣♦s ❞❡

❧íq✉✐❞♦s ♦ ❍❉▲ ❡ ▲❉▲ ♣r❡s❡♥t❡ ♥❡st❛ ❢❛s❡ ♣❛r❛ ❛s ❞✉❛s t❛①❛s ❞❡ r❡s❢r✐❛♠❡♥t♦✳
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❋✐❣✉r❛ ✸✳✶✵✿ ❍✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s✱ ❣r✉♣♦ ❞❛s
❋❛st ✭❝✉r✈❛ ✈✐♦❧❡t❛✮✱ ❣r✉♣♦ ❞❛s ❙❧♦✇ ✭❝✉r✈❛ ❧❛r❛♥❥❛✮✳ ❊♠ ✭❛✮ ♦ ❧íq✉✐❞♦ ❝♦rr❡♣♦♥❞❡ ❛ ✉♠❛ t❛①❛
❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s✱ ❡ ♦ ❤✐st♦❣r❛♠❛ ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ✭❝✉r✈❛ ❛③✉❧✮✳ ❊♠ ✭❜✮ ♦
❧íq✉✐❞♦ ❝♦rr❡♣♦♥❞❡♥t❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❡ ♦ ❤✐st♦❣r❛♠❛ ♣❛r❛ t♦❞❛s ❛s
♣❛rtí❝✉❧❛s ✭❝✉r✈❛ ❛③✉❧✮✳

❈♦♠ ♦ ✜♠ ❞❡ ♠♦str❛r ❛s ❡str✉t✉r❛s ❛ss♦❝✐❛❞❛s ❛♦s ❞♦✐s ❣r✉♣♦s ❞❡ ♣❛rtí❝✉❧❛s ❋❛st ❡ ❙❧♦✇

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

s❡❣✉♥❞♦ s✉❛ ❞✐str✐❜✉✐çã♦ ♦s ♣♦❞❡♠♦s ❝♦♠♣❛r❛r ✉s❛♥❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ♦s ❤✐st♦❣r❛♠❛s ❛♦ ♥♦♥♦

✈✐③✐♥❤♦ ♣❛r❛ ♦s ❧íq✉✐❞♦s ❍❉▲ ✸✻✷ ❑✱ ▲❉▲ ✸✺✵ ❑ ❡ ▲❉▲ ✯✸✺✵ ❑✳ ◆❛ ✜❣✉r❛ ✸✳✶✵ sã♦ ♠♦str❛❞♦ ♦s
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❋✐❣✉r❛ ✸✳✶✶✿ ❍✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s✱ ❣r✉♣♦ ❞❛s
❋❛st ✭❝✉r✈❛ ✈✐♦❧❡t❛✮✱ ❣r✉♣♦ ❞❛s ❙❧♦✇ ✭❝✉r✈❛ ❧❛r❛♥❥❛✮✳ ❊♠ ✭❛✮ ♦ ❧íq✉✐❞♦ ❝♦rr❡♣♦♥❞❡ ❛ ✉♠❛ t❛①❛
❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s✱ ❡ ♦ ❤✐st♦❣r❛♠❛ ♣❛r❛ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ✭❝✉r✈❛ ✈❡r♠❡❧❤❛✮✳ ❊♠ ✭❜✮
♦ ❧íq✉✐❞♦ ❝♦rr❡♣♦♥❞❡♥t❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❡ ♦ ❤✐st♦❣r❛♠❛ ♣❛r❛ t♦❞❛s ❛s
♣❛rtí❝✉❧❛s ✭❝✉r✈❛ ✈❡r❞❡✮✳

❤✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦✳ ❊♠ ✭❛✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♣❛r❛ ♦ ❧íq✉✐❞♦ ❍❉▲

✸✻✷ ❑✭❝✉r✈❛ ❛③✉❧✮ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ t❛①❛ ❞❛ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s ❛s ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦

❞❛s ❋❛st✭❝✉r✈❛ ✈✐♦❧❡t❛✮ ❡ ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇✭❝✉r✈❛ ❧❛r❛♥❥❛✮ s✉❛s ❞✐str✐❜✉✐çõ❡s sã♦ ✉♥✐♠♦❞❛✐s

❝❡♥tr❛❞❛s ❡♠ ✸✳✷✻ ➴ ❛♠❜♦s ❣r✉♣♦s ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ❡str✉t✉r❛✱ s✐♠✐❧❛r r❡s✉❧t❛❞♦ é ♦❜s❡r✈❛❞♦

❡♠ ✭❜✮ ♣❛r❛ ♦ ❧íq✉✐❞♦ ❍❉▲ ✸✻✷ ❑ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s✱ ❝♦♠ ❡st❡s

r❡s✉❧t❛❞♦s ♠♦str❛♠♦s q✉❡ ❛♥t❡s ❞❛ tr❛♥s✐çã♦ ❞❡ ❢❛s❡ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❛ ❡str✉t✉r❛ ❡ ❛ ❞✐♥â♠✐❝❛

sã♦ ❤♦♠♦❣ê♥❡❛s ❡ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦✱ ♦✉ s❡❥❛ ♦ ❧íq✉✐❞♦ ♣♦ss✉✐ ✉♠❛ ú♥✐❝❛

❢❛s❡✳

◆❛ ✜❣✉r❛ ✸✳✶✶ sã♦ ♠♦str❛❞♦s ♦s ❤✐st♦❣r❛♠❛s ❞❛s ❞✐stâ♥❝✐❛s ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦✳ ❊♠ ✭❜✮ ♣♦❞❡✲

♠♦s ♦❜s❡r✈❛r q✉❡ ♣❛r❛ ♦ ❧íq✉✐❞♦ ▲❉▲ ✯✸✺✵ ❑✭❝✉r✈❛ ✈❡r❞❡✮ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ t❛①❛ ❞❛ r❡s❢r✐❛✲

♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s ❛s ♣❛rtí❝✉❧❛s ❞♦ ❣r✉♣♦ ❞❛s ❋❛st✭❝✉r✈❛ ✈✐♦❧❡t❛✮ s✉❛ ❞✐str✐❜✉✐çã♦✭❧✐❣❡✐r❛♠❡♥t❡
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❜✐♠♦❞❛❧✮ é ❝❡♥tr❛❞❛ ❡♠ ✸✳✷✻ ➴ ♦ q✉❡ ✐♥❞✐❝❛r✐❛ q✉❡ s✉❛ ❡str✉t✉r❛ é ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ❞♦ ❧íq✉✐❞♦

❍❉▲✱ ✈❡♠♦s q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❜✐♠♦❞❛❧ ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇✭❝✉r✈❛ ❧❛r❛♥❥❛✮ q✉❡ é ♣r✐♥❝✐♣❛❧✲

♠❡♥t❡ ❝❡♥tr❛❞❛ ❡♠ ✸✳✼✺ ➴ ✐st♦ ✐♥❞✐❝❛r✐❛ q✉❡ s✉❛ ❡str✉t✉r❛ é ❞♦ ❧íq✉✐❞♦ ▲❉▲ ❝♦♠ ✉♠❛ ♣❡q✉❡♥❛

♣r♦♣♦rçã♦ ❞♦ ❧íq✉✐❞♦ ❍❉▲✱ t❛♠❜é♠ ♥♦t❛♠♦s q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦ ❣r✉♣♦ ❞❛s ❋❛st t❡♠ ♠❛✐♦r

❧❛r❣✉r❛ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ ✐st♦ é ❞❡✈✐❞♦ ❛ q✉❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛ ♣♦ss✉✐

✉♠❛ ♠❛✐♦r ♣r♦♣♦rçã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞✐❢✉s✐✈❛s✳ ◆♦ ❡♥t❛♥t♦ ❡♠ ✭❛✮ ✈❡♠♦s q✉❡ ❛ s✐t✉❛çã♦ ♠✉❞❛

♣❛r❛ ♦ ❧íq✉✐❞♦ ▲❉▲ ✸✺✵ ❑✭❝✉r✈❛ ✈❡r♠❡❧❤❛✮ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵ ❑✴♥s

❛s ❞✐str✐❜✉✐çã♦✭❧✐❣❡r❛♠❡♥t❡ ❜✐♠♦❞❛❧✮ ♦ ❣r✉♣♦ ❞❛s ❋❛st✭❝✉r✈❛ ✈✐♦❧❡t❛✮ é ❝❡♥tr❛❞❛ ❡♠ ✸✳✷✻ ➴ ♦

q✉❡ ✐♥❞✐❝❛r✐❛ q✉❡ tr❛t❛✲s❡ ❞♦ ❧íq✉✐❞♦ ❍❉▲✱ ♣❛r❛ ♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ s✉❛ ❞✐str✐❜✉✐çã♦ é ❛❣♦r❛

✉♥✐♠♦❞❛❧ ❝❡♥tr❛❞❛ ❡♠ ✸✳✼✺ ➴ q✉❡ ✐♥❞✐❝❛ ❝❧❛r❛♠❡♥t❡ q✉❡ ❛ ❡str✉t✉r❛ ❞❡st❡ ❣r✉♣♦ é ❢♦r♠❛❞❛ só

♣♦r ♦ ❧íq✉✐❞♦ ▲❉▲✱ ♥♦t❛♠♦s ✉♠❛ ✐♥✈❡rsã♦ ♥❛s ❧❛r❣✉r❛s ❞❛s ❞✐str✐❜✉✐çõ❡s ♣❛r❛ ❛♠❜♦s ❣r✉♣♦s

❞❡✈✐❞♦ ❛ q✉❡ ♥❡st❡ ❧íq✉✐❞♦ ♣♦ss✉✐ ✉♠❛ ♠❛✐♦r ♣r♦♣♦rçã♦ ❞♦ ❧íq✉✐❞♦ ▲❉▲✳

3

3.5

4

4.5

5

r 9(t)

fast 1 id 614, <r9> = 3.29 Å, σ = 0.16 Å

slow 1 id 139, <r9> = 3.79 Å, σ = 0.12 Å

0 50 100 150 200
t [ps]

3

3.5

4

4.5

5

r 9(t)

fast 1 id 762, <r9> = 3.26 Å, σ = 0.18 Å

slow 1 id 472, <r9> = 3.70 Å, σ = 0.16 Å

a

b

❋✐❣✉r❛ ✸✳✶✷✿ ❉✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ r9(t) ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳ ❊♠ ✭❛✮ ♠♦str❛♠♦s ❛s
❞✐stâ♥❝✐❛s ♣❛r❛ ❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♠❛✐♦r ❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛ ❞♦ ❣r✉♣♦ ❞❛s ❋❛st ❡ ❛ ♣❛rtí❝✉❧❛ ❝♦♠
❞✐♥â♠✐❝❛ ♠❛✐s ❧❡♥t❛ ❞♦ ❣r✉♣♦ ❞❛s ❙❧♦✇ ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ✷✵ ❑✴♥s✱
✐❣✉❛❧♠❡♥t❡ ❡♠ ✭❜✮ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠❛ t❛①❛ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❞❡ ✷✵✵ ❑✴♥s✳
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◆❛ ✜❣✉r❛ ✸✳✶✷ é ♠♦str❛❞❛ ❛ ❡✈♦❧✉çã♦ ♥♦ t❡♠♣♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ ♣❛rtí❝✉✲

❧❛s ❞❡ ❞✐♥â♠✐❝❛s t♦t❛❧♠❡♥t❡ ❞✐❢❡r❡♥t❡s ❝♦♠ ♦ ✜♠ ❞❡ ♦❜s❡r✈❛r ❝♦♠♦ ❛s ♣❛rtí❝✉❧❛s ♠✉❞❛♠ ❞❡

❡str✉t✉r❛ ❍❉▲⇆▲❉▲✱ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ✜❣✉r❛ ✸✳✶✷❜ ❛ ♣❛rtí❝✉❧❛ ❢❛st ✶ s❡✉ 〈r9〉 = 3.26

➴ ✐♥❞✐❝❛♥❞♦ q✉❡ ♣❡rt❡♥❝❡ ❛♦ ❧íq✉✐❞♦ ❍❉▲✱ ♣♦r ❝✉rt♦s ♣❡rí♦❞♦s ❞❡ t❡♠♣♦ s✉❛ ❡str✉t✉r❛ é ❞♦

❧íq✉✐❞♦ ▲❉▲ ❡ ❛ ♣❛rtí❝✉❧❛s s❧♦✇ ✶ s❡✉ 〈r9〉 = 3.70 ➴ ♣❡rt❡♥❝❡♥❞♦ ❛ss✐♠ ❛♦ ❧íq✉✐❞♦ ▲❉▲ ❡ ❛♦

❧♦♥❣♦ ❞♦ t❡♠♣♦ ♥ã♦ ❛♣r❡s❡♥t❛ ♠✉❞❛♥ç❛s s✐❣♥✐✜❝❛t✐✈❛s✱ ♣❛r❛ ❛ ❡str✉t✉r❛ ❞♦ ❧íq✉✐❞♦ ❍❉▲✱ ♦❜✲

s❡r✈❛♠♦s q✉❡ ❛s ✢✉t✉❛çõ❡s ♠❡❞✐❞❛s sã♦ ♠❛✐♦r❡s ♥❛ ♣❛rtí❝✉❧❛ ❢❛st ✶ q✉❡ é ❞❡✈✐❞♦ ❛ t❡r ♠❛✐♦r

❞✐♥â♠✐❝❛ ❞✐❢✉s✐✈❛✳

◆❛ ✜❣✉r❛ ✸✳✶✷❛ ♠♦str❛♠♦s ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛ ♣❛rtí❝✉❧❛ ❢❛st ✶ t❡♠ 〈r9〉 = 3.29 ➴

s✉❛ ❡str✉t✉r❛ é ❞♦ ❧íq✉✐❞♦ ❍❉▲ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ♥ã♦ ❛♣r❡s❡♥t❛ ♠✉❞❛♥ç❛s ♣❛r❛ ❛ ❡str✉t✉r❛ ❞♦

❧íq✉✐❞♦ ▲❉▲✱ ❛ s❧♦✇ ✶ t❡♠ 〈r9〉 = 3.79 ➴ s✉❛ ❡str✉t✉r❛ é ❞♦ ❧íq✉✐❞♦ ▲❉▲ ❛ ♣r✐♥❝✐♣❛❧ ❞✐❢❡r❡♥ç❛ é

q✉❡ ❛s ✢✉t✉❛çõ❡s ❞✐♠✐♥✉ír❛♠ ♣❛r❛ ❛s ❞✉❛s ♣❛rtí❝✉❧❛s✱ ❡st❡ é ✉♠ ❡❢❡✐t♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦ s✐st❡♠❛

♣❛r ✉♠❛ t❛①❛ ❞❡ ✷✵ ❑✴♥s é ♠❛✐s ❧❡♥t❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ✉♠ s✐st❡♠❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠❛ t❛①❛

❞❡ ✷✵✵ ❑✴♥s✳

3

4

5

r 9(t)

fast 2 id 661, <r9> = 3.23 Å, σ = 0.2 Å

3

4

5

r 9(t)

fast 3 id 1138, <r9> = 3.26 Å, σ = 0.15 Å

3

4

5

r 9(t)

fast 98 id 731, <r9> = 3.35 Å, σ = 0.19 Å

3

4

5

r 9(t)

fast 99 id 75, <r9> = 3.69 Å, σ = 0.13 Å

0 50 100 150 200
t [ps]

3

4

5

r 9(t)

fast 100 id 802, <r9> = 3.83 Å, σ = 0.13 Å

❋✐❣✉r❛ ✸✳✶✸✿ ❉✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ r9(t) ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❞❛s ♣❛rtí❝✉❧❛s ❋❛st ❝♦rr❡✲
s♣♦♥❞❡♥t❡s ♥❛ ✜❣✉r❛ ✸✳✾✳
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◆❛ ✜❣✉r❛ ✸✳✶✸ ♠♦str❛♠♦s ❛ ❡✈♦❧✉çã♦ ♥♦ t❡♠♣♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ ❛s ♣❛rtí❝✉✲

❧❛s ❋❛st s❡❧❡❝✐♦♥❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✾ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ s❡✉s 〈r9〉 ∼ 3.26 ➴ ♥❛ ♠❛✐♦r✐❛ ♣❡r✲

t❡♥❝❡♥❞♦ ❛♦ ❧íq✉✐❞♦ ❍❉▲ ❡ ♠✉❞❛♥❞♦ à ❡str✉t✉r❛ ▲❉▲ ♣♦r ♣❡rí♦❞♦s ❝✉rt♦s ❞❡ t❡♠♣♦✱ ✈❡♠♦s

t❛♠❜é♠ q✉❡ s✉❛s ✢✉t✉❛çõ❡s ❞❡❝❛❡♠ ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s ❢❛st ✾✾ ❡ ❢❛st ✶✵✵ ❛ ❞❡✈✐❞♦ ❛ q✉❡ s✉❛

s✉❛ ❞✐♥â♠✐❝❛ é ♠❡♥♦s ❞✐❢✉s✐✈❛ ❡ ♠♦str❛♥❞♦ ❛ss✐♠ ✉♠❛ ❡str✉t✉r❛ ❞♦ ❧íq✉✐❞♦ ▲❉▲✳

3

4

5

r 9(t)

slow 2 id 571, <r9> = 3.65 Å, σ = 0.11 Å

3

4

5

r 9(t)

slow 3 id 324, <r9> = 3.78 Å, σ = 0.13 Å

3

4

5

r 9(t)

slow 98 id 343, <r9> = 3.77 Å, σ = 0.12 Å

3

4

5

r 9(t)

slow 99 id 539, <r9> = 3.43 Å, σ = 0.14 Å

0 50 100 150 200
t [ps]

3

4

5

r 9(t)

slow 100 id 444, <r9> = 3.68 Å, σ = 0.16 Å

❋✐❣✉r❛ ✸✳✶✹✿ ❉✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ r9(t) ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❞❛s ♣❛rtí❝✉❧❛s ❙❧♦✇ ❝♦rr❡✲
s♣♦♥❞❡♥t❡s ♥❛ ✜❣✉r❛ ✸✳✾✳

◆❛ ✜❣✉r❛ ✸✳✶✹ ♠♦str❛♠♦s ❛ ❡✈♦❧✉çã♦ ♥♦ t❡♠♣♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ♥♦♥♦ ✈✐③✐♥❤♦ ♣❛r❛ ❛s ♣❛rtí❝✉✲

❧❛s ❙❧♦✇ s❡❧❡❝✐♦♥❛❞❛s ♥❛ ✜❣✉r❛ ✸✳✾✱ ♦❜s❡r✈❛♠♦s q✉❡ s❡✉s 〈r9〉 ∼ 3.7 ➴ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ✐♥❞✐✲

❝❛♥❞♦ q✉❡ tr❛t❛✲s❡ ❞♦ ❧íq✉✐❞♦ ▲❉▲ s✉❛s ✢✉t✉❛çõ❡s sã♦ ♠❡♥♦r❡s q✉❡ ❛s ♣❛rtí❝✉❧❛s ❋❛st✱ ♣♦❞❡♠♦s

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

❛s ♣❛rtí❝✉❧❛s s❧♦✇ ✾✾ ❡ s❧♦✇ ✶✵✵✳

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

❝✐❛❞❛ ❛ ✉♠❛ ❡str✉t✉r❛ ❞♦ ❧íq✉✐❞♦ ❞♦ t✐♣♦ ❍❉▲ ❡ ❛ ❞✐♥â♠✐❝❛ ♦♥❞❡ ❛s ♣❛rtí❝✉❧❛s r❡❧❛①❛♠ ♠❛✐s

❧❡♥t❛♠❡♥t❡ ❡st❛ ❛ss♦❝✐❛❞❛ ❛ ✉♠❛ ❡str✉t✉r❛ ❞♦ ❧íq✉✐❞♦ ▲❉▲✱ ♣♦❞❡♥❞♦ ❝❛r❛❝t❡r✐③❛r ❡s♣❛❝✐❛❧♠❡♥t❡

❛s ❞✉❛s ❢❛s❡s ♣r❡s❡♥t❡s ♥♦ ❧íq✉✐❞♦ ❞❡♣♦✐s ❞❛ tr❛♥s✐çã♦✳ ◆❛ ✜❣✉r❛ ✸✳✶✺ sã♦ ♠♦str❛❞❛s ❛s ♣♦s✐çõ❡s
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❋✐❣✉r❛ ✸✳✶✺✿ P♦s✐çõ❡s ❞❛s ♣❛rtí❝✉❧❛s ❞♦s ❞♦✐s ❣r✉♣♦s ❋❛st✭✈✐♦❧❡t❛✮ ❡ ❙❧♦✇✭❧❛r❛♥❥❛✮ ♥♦ t❡♠♣♦
❞❡ ✶✵✵✵ ♣s✳

❞♦s ❞♦✐s ❣r✉♣♦s ❛ss♦❝✐❛❞♦s ❛♦s ❞♦✐s ❧íq✉✐❞♦s ❍❉▲✭✈✐♦❧❡t❛✮ ❡ ▲❉▲✭❧❛r❛♥❥❛✮ ♣r❡s❡♥t❡s ♥❡st❛ ❢❛s❡✱

♦♥❞❡ ❡✈✐❞❡♥❝✐❛♠♦s q✉❡ ♦s ❧íq✉✐❞♦s ❢♦r♠❛ ❝❧❛r❛♠❡♥t❡ s❡✉s ♣ró♣r✐♦s ❞♦♠í♥✐♦s ❡ q✉❡ ❡st❡s ♥ã♦

❡stã♦ ♠✐st✉r❛❞♦s✳



❈❛♣ít✉❧♦ ✹

❈♦♥❝❧✉sõ❡s

❋♦✐ r❡❛❧✐③❛❞❛ ✉♠ sér✐❡ ❞❡ s✐♠✉❧❛çõ❡s ❞♦ ●á❧✐♦ ♠❡❞✐❛♥t❡ ❞✐♥â♠✐❝❛ ♠♦❧❡❝✉❧❛r ✉s❛♥❞♦ ♦ ♣r♦❣r❛♠❛

▲❆▼▼P❙ ❡ ♦ ♣♦t❡♥❝✐❛❧ ▼❊❆▼✱ ❝❛♣❛③ ❞❡ r❡♣r♦❞✉③✐r q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ✈ár✐❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛

❢❛s❡ ❧íq✉✐❞❛✳ ❆ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ ❞♦ ●á❧✐♦ é ♦❜s❡r✈❛❞❛ ♣❡❧❛ ❤✐st❡r❡s❡ ♥♦ ✈♦❧✉♠❡ ❡ ❛

♠✉❞❛♥ç❛ ♥♦ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❡ ✾ ♥♦ ❧íq✉✐❞♦ ❍❉▲ ♣❛r❛ ✉♠ ♥ú♠❡r♦ ❞❡ ❝♦♦r❞❡♥❛çã♦ ❞❡

✾ ♥♦ ❧íq✉✐❞♦ ▲❉▲✱ ❡♠ ❛❝♦r❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦ ♣♦r ❏❛r❛ ❡t ❛❧✳❬✶✷❪✳

◆♦ss❛ ♣❡sq✉✐s❛ ❢♦✐ ❢♦❝❛❞❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞✐♥â♠✐❝❛s ❞♦ ●á❧✐♦ ❧íq✉✐❞♦ s✉♣❡r✲r❡s❢r✐❛❞♦

❡♠ t♦r♥♦ ❞❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠ ♣❧❛tô ❛ t❡♠♣♦s ✐♥t❡r♠❡❞✐ár✐♦s ♥♦

❞❡s❧♦❝❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♠é❞✐♦ ❡ ♥❛ ❛✉t♦✲❢✉♥çã♦ ✐♥t❡r♠❡❞✐ár✐❛ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ♣❛r❛ ✉♠❛ ❛

t❡♠♣❡r❛t✉r❛ ❛❜❛✐①♦ ❞❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦✳ ❊st❡ ❝♦♠♣♦rt❛♠❡♥t♦ é ❞❡✈✐❞♦ à ❞✐♥â♠✐❝❛

❤❡t❡r♦❣ê♥❡❛ ❞♦ ❧íq✉✐❞♦✱ ❝♦♠♦ é ♠♦str❛❞♦ ♣❡❧♦ ♣❛râ♠❡tr♦ ♥ã♦✲❣❛✉ss✐❛♥♦ q✉❡ é ❝♦♥s❡q✉ê♥❝✐❛ ❞✐✲

r❡✐t❛ ❞❛ ❡str✉t✉r❛ ❤❡t❡r♦❣ê♥❡❛ ❛♣ôs ❞❛ ▲▲P❚ ♦♥❞❡ ♦ ❧íq✉✐❞♦ é ♥❛ ✈❡r❞❛❞❡ ✉♠❛ ♠✐st✉r❛ ❞❡ ❞♦✐s

❧íq✉✐❞♦s ✭❞♦♠í♥✐♦s ❞❡ ❛❧t❛ ❡ ❜❛✐①❛ ❞❡♥s✐❞❛❞❡✮ ♥❛ q✉❛❧ ❝❛❞❛ ❧íq✉✐❞♦ r❡❧❛①❛ ❞❡ ❢♦r♠❛ ❞✐❢❡r❡♥t❡

❛♣r❡s❡♥t❛♥❞♦ ❛ss✐♠ ❝♦rr❡❧❛çõ❡s ❡str✉t✉r❛✐s ❡ ❞✐♥â♠✐❝❛s✳

❖♥❞❡ ❛ ❞✐♥â♠✐❝❛ ❞❡ ♠❛✐♦r ❞✐❢✉sã♦ é ❛tr✐❜✉í❞❛ ❛♦ ❧íq✉✐❞♦ ♠❛✐s ❞❡♥s♦ ♦ ❍❉▲ ❡ ❛ ❞✐♥â♠✐❝❛

❧❡♥t❛ é ❛ss♦❝✐❛❞❛ ❛♦ ❧íq✉✐❞♦ ♠❡♥♦s ❞❡♥s♦ ♦ ▲❉▲✱ ♠♦str❛♥❞♦ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦ ❞❡

✉♠ ❧íq✉✐❞♦ ❞❡ ❛❧t❛ ✈✐s❝♦s✐❞❛❞❡✱ s❡♥❞♦ ✉♠ ❢❡♥ô♠❡♥♦ t♦t❛❧♠❡♥t❡ ❝♦♥tr❛✲✐♥t✉✐t✐✈♦✱ ✉♠❛ ✈❡③ q✉❡ ♦

▲❉▲ ♣♦ss✉✐ ✉♠ ❡s♣❛ç♦ ♠❛✐♦r ♣❛r❛ ♦s át♦♠♦s s❡ ♠♦✈✐♠❡♥t❛r ❡ ✐ss♦ ♥ã♦ ❛❝♦♥t❡❝❡✱ ❛♦ ❝♦♥trár✐♦✱

s✉❛ ❞✐♥â♠✐❝❛ t♦r♥❛✲s❡ ❡①tr❡♠❛♠❡♥t❡ ❧❡♥t❛✱ ❛✉♠❡♥t❛♥❞♦ s✉❛ ✈✐s❝♦s✐❞❛❞❡✳ ❊s♣❡❝✉❧❛✲s❡ q✉❡ s❡✉s

át♦♠♦s s❡ ❛ss♦❝✐❡♠ ❡♠ ♣❡q✉❡♥♦s ❛❣❧♦♠❡r❛❞♦s ❝♦♠ ❡s♣❛ç♦s ✈❛③✐♦s✱ s✐♠✐❧❛r ❛ ✉♠ ✈✐❞r♦ ❞❡ ❛❧❣✉♥s

♣♦✉❝♦s ♥❛♥♦♠❡tr♦s q✉❡ é ❝❤❛♠❛❞♦ ❞❡ ❣❧❛ss②✱ ♦ q✉❡ ❢❛③ ❝♦♠ q✉❡ s✉❛ ❞❡♥s✐❞❛❞❡ ❞✐♠✐♥✉❛✱ ♠❛s

✻✶
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❛♦ ♠❡s♠♦ t❡♠♣♦ ❞✐✜❝✉❧t❛ ❛ ❞✐❢✉sã♦ ❞♦s át♦♠♦s✳

❈♦♠♦ ♣♦ssí✈❡✐s t❡♠❛s ❞❡ ❡st✉❞♦s ♣♦st❡r✐♦r❡s s❡r✐❛ ✐♥t❡r❡ss❛♥t❡ ❝á❧❝✉❧♦s ❛❜✲✐♥✐t✐♦ ♣❛r❛ ❝♦♠✲

♣r❡♥❞❡r ❛ ♥❛t✉r❡③❛ ❞❛s ❧✐❣❛çõ❡s q✉í♠✐❝❛s ♥♦ ❧íq✉✐❞♦ ❍❉▲ ❡ ▲❉▲✱ ❛❝r❡❞✐t❛♠♦s q✉❡ ❛s ❧✐❣❛çõ❡s

q✉í♠✐❝❛s ♥♦ ▲❉▲ sã♦ ♠❛✐s ❢♦rt❡s ♦ q✉❡ ❡①♣❧✐❝❛r✐❛ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ❛♦ ✉♠ ❣❧❛ss②✳

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

t❡r♠✐♥❛r s❡ ♦ ❧íq✉✐❞♦ é ❢♦rt❡ ♦ ❢rá❣✐❧✱ ❡ s❡ ❛ tr❛♥s✐çã♦ ❧íq✉✐❞♦✲❧íq✉✐❞♦ é ❛❝♦♠♣❛♥❤❛❞❛ ♣♦r ✉♠❛

♠✉❞❛♥ç❛ ❛❜r✉♣t❛ ♥❛ ✈✐s❝♦s✐❞❛❞❡✳



❆♣ê♥❞✐❝❡ ❆

❈á❧❝✉❧♦ ❞❛s ❋✉♥çõ❡s ❞❡ ❈♦rr❡❧❛çã♦

❈♦♥s✐❞❡r❡ ✉♠❛ sér✐❡ ✐♥✜♥✐t❛ ❞❡ fn✱ ❞❡ ❞❛❞♦s ❝♦♠♣❧❡①♦s✱ n ∈ Z✱ ❛ sér✐❡ é ❡st❛❝✐♦♥ár✐❛ ♥♦

s❡♥t✐❞♦ ❞❡ q✉❡ ♣r♦♣r✐❡❞❛❞❡s ❡st❛tíst✐❝❛s❬✻✸❪ ✭ ✈❛❧♦r ♠é❞✐♦✱ ✈❛r✐â♥❝✐❛✱ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦✮ q✉❡

sã♦ ❝❛❧❝✉❧❛❞♦s ❝♦♠ ✉♠❛ ❜♦❛ ♣r❡❝✐sã♦ ❡st❛tíst✐❝❛ ♥✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥t❡r✈❛❧♦ [i, . . . , i + N) é

✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ♦r✐❣❡♠ ✐✶✳ ❆ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ Ck q✉❡ é ❞✐s❝r❡t❛ ♥❡st❡ ❝❛s♦✱ é ❞❡✜♥✐❞❛

❝♦♠♦✿

Ck = lim
N→∞

1

N

N−1+i
∑

n=i

fnf
∗
n+k ✭❆✳✶✮

❖s ✈❛❧♦r❡s ❞❡ Ck ♥ã♦ ❞❡♣❡♥❞❡♠ ❞❛ ♦r✐❣❡♠ i❀ C0 é ✐❣✉❛❧ ❛♦ ✈❛❧♦r q✉❛❞rát✐❝♦ ♠é❞✐♦ ✭t❛♠❜é♠

❝❤❛♠❛❞♦ s❡❣✉♥❞♦ ♠♦♠❡♥t♦✮ ❞❡ f ✳ ❆ ❢✉♥çã♦ ❞❡ ❝♦rr❡❧❛çã♦ é s✐♠étr✐❝❛✷✿ Ck = C∗
−k✳ ❊♠ ❣❡r❛❧✱

❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ é ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ❛♣❧✐❝❛❞❛ ❛ ❢✉♥çõ❡s f t❡♠ ✉♠ ✈❛❧♦r ♠é❞✐♦ ③❡r♦✱

Ck t❡♥❞❡ ❛ ✵ ♣❛r❛ k ❣r❛♥❞❡ ❡ C0 é ❛ ✈❛r✐â♥❝✐❛ ❞❡ f ✳

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

❞✐s❝r❡t✐③❛çã♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ C(τ) ❝♦♥tí♥✉❛ ❞❡ ✉♠❛ ❢✉♥çã♦ ❝♦♥tí♥✉❛ ❡st❛✲

❝✐♦♥ár✐❛ ♥♦ t❡♠♣♦ f(t)✿

C(τ) = lim
T→∞

1

T

ˆ t0+T

to

f(t)f ∗(t+ τ)dt ✭❆✳✷✮

✶◆♦ ❝♦♥t❡①t♦ ❢ís✐❝♦ ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s
✷◆♦ ❝♦♥t❡①t♦ ❢ís✐❝♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t❡♦r❡♠❛ ❞❡ ✢✉t✉❛çã♦ ❡ ❞✐ss✐♣❛çã♦

✻✸
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♦♥❞❡ t0 é ♦ t❡♠♣♦ ❞❡ ♦r✐❣❡♠ ❡s❝♦❧❤✐❞♦ ❛r❜✐tr❛r✐❛♠❡♥t❡✳ ◆♦t❡✲s❡ q✉❡ C(0) é ♦ ✈❛❧♦r

q✉❛❞rát✐❝♦ ♠é❞✐♦ ❞❡ f(t) ❡ C(−τ) = C(τ)✳ ❆ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ ♦r✐❣❡♠

❡ ♣♦❞❡ s❡r ❡st✐♠❛❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛ sér✐❡ tr✉♥❝❛❞❛ ❞♦s ❞❛❞♦s ❞❡ fn✱ ♦♥❞❡ n ∈ [0, N − 1]✱ ❝♦♠♦

Ck ≈ Ctrun
k ✱ ❛ ❡①♣r❡ssã♦ ♥✉♠ér✐❝❛ ❞❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ é✿

Ctrun
k = Ctrun

−k =
1

N − k

N−k−1
∑

n=0

fnf
∗
n+k (0 ≤ k < N) ✭❆✳✸✮

♦♥❞❡ k é ♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ❞❡ ❝♦rr❡❧❛çã♦ ❡ N é ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ♠á①✐♠♦s ❞❡ ❝♦rr❡❧❛çã♦✳

P♦❞❡♠♦s ♦❜s❡r✈❛r ❞❛ ❡q✉❛çã♦ ❆✳✸ q✉❡ ♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ❞❡

❛✉t♦✲❝♦rr❡❧❛çã♦ é ❞❛ ♦r❞❡♠ ❞❡ N2 ❡ t❛♠❜é♠ ♦ ♥ú♠❡r♦ ❞❡ ❡❧❡♠❡♥t♦s ❞❛ ♠❛tr✐③ é ❞❡ss❛ ♦r❞❡♠

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

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

✐♥❝r❡♠❡♥t♦ ♥❛ ♠❡♠♦r✐❛ ❡ ♦ ♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s s❡r✐❛ ❞❛ ♦r❞❡♠ ❞❡ Npart́ıculasN
2✳ ❖ ♥ú♠❡r♦

❞❡ ♣❛rtí❝✉❧❛s é ✉♠❛ q✉❛♥t✐❞❛❞❡ q✉❡ s❡♠♣r❡ ♣❡r♠❛♥❡❝❡ ✜①❛✱ ❛s ✈❛r✐á✈❡✐s q✉❡ ♥♦s ♣♦❞❡♠♦s

❝♦♥tr♦❧❛r ♥❛ s✐♠✉❧❛çã♦ é ♦ t❡♠♣♦ ❞❡ ♣❛ss♦ ❡ ♦ t❡♠♣♦ t♦t❛❧ ❞❛ s✐♠✉❧❛çã♦✱ ❣❡r❛❧♠❡♥t❡ k = 1 é

❡q✉✐✈❛❧❡♥t❡ ✶✵ ❢s ❣❡r❛❧♠❡♥t❡✳ ◆♦ ❡st✉❞♦ ❞❡ ❧íq✉✐❞♦s ♥♦r♠❛✐s é ❝♦♠✉♠ q✉❡ ♦ t❡♠♣♦ ♠á①✐♠♦

❞❡ ❝♦rr❡❧❛çã♦ ♦♥❞❡ ❛ ❢✉♥çã♦ ❞❡❝❛✐ ❛ ③❡r♦ é ❞❛ ♦r❞❡♠ ❞❡ ✶✵ ♣s✱ ♦✉ s❡❥❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s

♠á①✐♠♦s ❞❡ ❝♦rr❡❧❛çã♦ s❡r✐❛ ❞❛ ♦r❞❡♠ ❞❡ 103 ❡ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠ s✐st❡♠❛ ❞❡ 103 ♣❛rtí❝✉❧❛s✱

❛ ♠❛tr✐③ ❡ ♦ ♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s s❡r✐❛ ❞❛ ♦r❞❡♠ ❞❡ 109 ♠❛s é ✉♠❛ q✉❛♥t✐❞❛❞❡ ❛❝❡ssí✈❡❧

❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡✱ ♥♦ ❡♥t❛♥t♦ ♥♦s ❧íq✉✐❞♦s s✉♣❡r✲r❡s❢r✐❛❞♦s ♣♦ss✉❡♠ ✉♠❛ ❞✐♥â♠✐❝❛ ❧❡♥t❛

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

♦r❞❡♠ ❞❡ ✶✵ ♥s ♦✉ ♠❛✐s✱ ♦✉ s❡❥❛ ♦ ♥ú♠❡r♦ ❞❡ ♣❛ss♦s ♠á①✐♠♦ ❞❡ ❝♦rr❡❧❛çã♦ é ❞❛ ♦r❞❡♠ ❞❡ 106

❛ ♠❛✐s✱ s❡♥❞♦ ❛ss✐♠ ❛ ♠❛tr✐③ ♣❛r❛ s❛❧✈❛r ♦s ❞❛❞♦s ❡ ♦ ♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s ❞❛ ♦r❞❡♠ ❞❡ 1015

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

♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s ✉s❛♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r ✭❋❋❚✮ ❬✻✹✱ ✻✺❪✳

P❛r❛ ✐ss♦ ♣r✐♠❡✐r♦ r❡❞❡✜♥✐♠♦s ❛ ❢✉♥çã♦ f ✿

fn =







fn, n = 0, . . . , N − 1

0, n = N, . . . , 2N − 1
✭❆✳✹✮

♦♥❞❡ ❛ ❢✉♥çã♦ f ✈✐r❛ ✉♠❛ ❢✉♥çã♦ ♣❡r✐ó❞✐❝❛✱ ❝♦♠ ♦ ✜♠ ❞❡ ❡✈✐t❛r ❝♦rr❡❧❛çõ❡s ♥♦s ❞❛❞♦s

q✉❛♥❞♦ ❛♣❧✐q✉❡♠♦s ❛s tr❛♥s❢♦r♠❛❞❛s ❞❡ ❋♦✉r✐❡r❬✻✻❪✿



❆P✃◆❉■❈❊ ❆✳ ❈➪▲❈❯▲❖ ❉❆❙ ❋❯◆➬Õ❊❙ ❉❊ ❈❖❘❘❊▲❆➬➹❖ ✻✺

fn = fn+2N

✉♠❛ ♥♦✈❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ ❞✐s❝r❡t❛ ❡ ♣❡r✐ó❞✐❝❛ é ❞❛❞❛ ♣♦r sk✿

sk =
2N−1
∑

n=0

fnf
∗
n+k (0 ≤ k < 2N) ✭❆✳✺✮

◆♦t❡ q✉❡ ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ Ck ♣♦❞❡ s❡r r❡❝♦❜r❛❞❛ ❢❛③❡♥❞♦✿

Ck =
1

N − k
sk (0 ≤ k < N − 1)

❉❡✜♥✐♥❞♦ ❛s tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❡ F{f} ❡ ❛ ✐♥✈❡rs❛ F−1{F} q✉❡ sã♦ ❞❛❞❛s ♣❡❧❛s

s❡❣✉❡♥t❡s r❡❧❛çõ❡s✿

Fm =
N−1
∑

n=0

fne
2πinm/N ✭❆✳✻✮

fn =
1

N

N−1
∑

m=0

Fme
−2πinm/N ✭❆✳✼✮

❈❛❧❝✉❧❡♠♦s ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❡ F{s}

2N−1
∑

k=0

e
2πikm/2N

2N−1
∑

n=0

fnf
∗
n+k

n+k→n′

=
2N−1+n
∑

n′=n

e
2πi(n′

−n)m/2N

2N−1
∑

n=0

fnf
∗
n′

=
2N−1
∑

n=0

fne
2πinm/2N

2N−1+n
∑

n′=n

f ∗
n′e

−2πin
′
m/2N n′→k

=
2N−1
∑

n=0

fne
2πinm/2N

(

2N−1
∑

k=0

fke
2πikm/2N

)∗

= FmF
∗
m

F{s} = |F{f}|2

▲♦❣♦ ❞❡♣♦✐s é ❢á❝✐❧ ✈❡r q✉❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ♦ Ck

Ck =
1

N − k
F−1{|F{f}|2} (0 ≤ k < N)



❆P✃◆❉■❈❊ ❆✳ ❈➪▲❈❯▲❖ ❉❆❙ ❋❯◆➬Õ❊❙ ❉❊ ❈❖❘❘❊▲❆➬➹❖ ✻✻

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

♦ tr❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r ✭❋❋❚✮✿

✶✳ ❉❡✜♥✐r ❛ ❢✉♥çã♦ ❞❡ ❛✉t♦✲❝♦rr❡❧❛çã♦ sk ❞❡ ♣❡rí♦❞♦ 2N ✱ ♦✉ s❡❥❛ ❛❞✐❝✐♦♥❛rN ③❡r♦s ♥❛ ❢✉♥çã♦

fn✳

✷✳ ❋❛③❡r ❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ fn ✉s❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❋❋❚✳

✸✳ ❈❛❧❝✉❧❛r ♦ ♠♦❞✉❧♦ q✉❛❞r❛❞♦ ❞❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ fn✳

✹✳ ❈❛❧❝✉❧❛r ❛ tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ ❞♦ |F{fn}|
2 → sk✱ ✉s❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❋❋❚✳

✺✳ ❘❡♥♦r♠❛❧✐③❛r ❛ ❢✉♥çã♦ sk ♣♦r ✉♠ ❢❛t♦r ❞❡ 1
N−k

✱ ♣❛r❛ ♦❜t❡r ❛ ❢✉♥çã♦ Ck✳

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

❛ q✉❡ ♦ ❋❋❚ ♦ ♥ú♠❡r♦ ❞❡ ♦♣❡r❛çõ❡s é ♣r♦♣♦r❝✐♦♥❛❧ ❛ NlnN ✱ ❡♥tã♦ ♦ t❡♠♣♦ ❞❡ ❝♦♠♣✉t♦ t♦t❛❧

❞❛ r♦t✐♥❛ é ♣r♦♣♦r❝✐♦♥❛❧ ❛ 2NlnN ✱ ♦ ❣❛♥❤♦ ❡♠ t❡♠♣♦ ❞❡ ❝♦♠♣❛r❛çã♦ ❛♦ ❝❛❧❝✉❧♦ ❞✐r❡✐t♦ é✿

usando− FFT

Direto
=

2lnN

N

P❛r❛ t❡♠♣♦s ❞❡ ❝♦rr❡❧❛çã♦ ❡❧❡✈❛❞♦s ♦✉ s❡❥❛ ♣❛r❛ ✈❛❧♦r❡s ❣r❛♥❞❡s ❞❡ N ♦ ❣❛♥❤♦ ❡♠ t❡♠♣♦

é ♠✉✐t♦ ❡❧❡✈❛❞♦✱ ♣♦r ❡①❡♠♣❧♦ ♥♦ ❝❛s♦ ❛♥t❡r✐♦r♠❡♥t❡ ❡①♣♦st♦ ♦♥❞❡ N6✱ ❛ ❞✐❢❡r❡♥ç❛ é 27.63
1000000

❛❜s✉r❞❛♠❡♥t❡ ❣r❛♥❞❡✱ ❛s ❞❡s✈❛♥t❛❣❡♠ ❞❡ss❛❡ ❡sq✉❡♠❛ é q✉❡ ❛ ❋❋❚ é ♠❛✐s ❡✜❝✐❡♥t❡ só ♣❛r❛

N = 2n ♦✉ ♣❛r❛ N q✉❡ ♣♦❞❡ s❡r ❞❡❝♦♠♣♦st♦ ❡♠ ❢❛t♦r❡s ♣r✐♠♦s ❝♦♠♦ ✷✱✸✱✺ ♠❛s ♥ã♦ ♣❛r❛

q✉❛❧q✉❡r ♥ú♠❡r♦✳ ❖✉tr❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡st❡ ❡sq✉❡♠❛ é q✉❡ ♣❛r❛ ✈❛❧♦r❡s ❞❡ N ❣r❛♥❞❡s ♣r❡❝✐s❛

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

♣❛r❛❧❡❧✐③❛r ♦ ❝ó❞✐❣♦ ❡ ❢❛③❡r ♠♦❞✐✜❝❛çõ❡s ♥♦ ❡sq✉❡♠❛ ❋❋❚ ♣❛r❛ ❢❛③❡r✲❧♦ ♠❛✐s ❡✜❝✐❡♥t❡ ❞❡✈✐❞♦

❛ q✉❡ ♥♦ ❡sq✉❡♠❛ ♥♦r♠❛❧ ♣r❡❝✐s❛ ❞❡ ✉♠❛ ♠❛✐♦r t❡♠♣♦ ♣❛r❛ ♠✐st✉r❛r ♦s ❞❛❞♦s ❬✻✼✱ ✻✽❪✳



❆♣ê♥❞✐❝❡ ❇

P♦t❡♥❝✐❛❧ ●❛✲▼❊❆▼

❖ ❣á❧✐♦ ❛♣r❡s❡♥t❛ ✉♠ ❞✐❛❣r❛♠❛ ❞❡ ❢❛s❡s ❜❛st❛♥t❡ ❝♦♠♣❧❡①♦ ❛♦ ♣♦ss✉✐r ✺ ❢❛s❡s ❡stá✈❡✐s

✭●❛✲■✱■■✱■■■✱■❱ ❡ ❱ ❬✻✾✱ ✼✵✱ ✼✶✱ ✼✷❪✮ ❡ ✼ ❢❛s❡s ♠❡t❛❡stá✈❡✐s ✭●❛✲β, γ, δ, ǫ, ζ, η e θ ❬✼✸✱ ✼✹✱ ✼✺✱ ✻✾✱

✼✻❪✮✳ ❆ ❢❛s❡ ●❛✲■ ♦✉ ●❛✲α é ❛ ❢❛s❡ só❧✐❞❛ ❡stá✈❡❧ ❛ ❜❛✐①❛s ♣r❡ssõ❡s é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧❛ ♣r❡s❡♥ç❛

❞❡ ❞í♠❡r♦s q✉❡ ❝♦♥❢❡r❡♠ ♦ ❝❛rát❡r ♠❡tá❧✐❝♦ ❡ ♠♦❧❡❝✉❧❛r ❬✼✼❪✱ ❢♦r♠❛❞♦ ♣♦r ❞♦✐s át♦♠♦s s❡♣❛r❛❞♦s

✉♠❛ ❞✐stâ♥❝✐❛ 2.44➴✳ ◆❛ ✜❣✉r❛ ❇✳✶ é ♠♦str❛❞❛ ❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ❝♦♠ ♦s ❞í♠❡r♦s ✈✐sí✈❡✐s✳

❆ ❝❧❛ss❡ ❝r✐st❛❧✐♥❛ ❞❡st❛ ❢❛s❡ é ♦rt♦rrô♠❜✐❝❛ ❝♦♠ s✐♠❡tr✐❛ Cmca ❝♦♠ ✉♠ t♦t❛❧ ❞❡ ✽ át♦♠♦s

♣♦r ❝❡❧✉❧❛✱ ♦♥❞❡ ♦s ♣❛r❛♠êtr♦s ❞❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ sã♦✿ a = 4.51➴✱ b = 4.52➴ ❡ c = 7.64➴✳

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

♠❡t❤♦❞✲▼❊❆▼ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❇❛s❦❡s ❡t ❛❧✳ ❬✻✶❪✱ q✉❡ é ✉♠❛ ❡①t❡♥sã♦ ❞♦ ❡♠❜❡❞❞❡❞ ❛t♦♠

♠❡t❤♦❞✲❊❆▼ q✉❡ é ✉♠ ♣♦t❡♥❝✐❛❧ s❡♠✐✲❡♠♣ír✐❝♦ ✉s❛♥❞♦ ♣❛r❛ ❡❧❡♠❡♥t♦s ♠❡tá❧✐❝♦s ♣r✐♥❝✐♣❛❧✲

♠❡♥t❡ ❡♠ ♠❡t❛✐s ❝♦♠ ❛ ❜❛♥❞❛ ❞ ❝❤❡✐❛ ♦✉ ✈❛③✐❛ ❬✼✽✱ ✼✾❪✱ ♥❡st❡ ♠♦❞❡❧♦ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✭Ecoh✮

é ✉♠❛ ❢✉♥çã♦ ❞❡ ✉♠❛ s♦♠❛ ❞❡ ❢✉♥çõ❡s ❞❛ s❡♣❛r❛çã♦ ❡♥tr❡ ✉♠ át♦♠♦ ❡ s❡✉s ✈✐③✐♥❤♦s✱ ♦♥❞❡

❢✉♥çã♦ ❞❡ s❡♣❛r❛çã♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s✳ ◆❡st❛ ❛❜♦r❞❛❣❡♠✱ ♥ós

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

✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ❧♦❝❛✐s ❢♦r♥❡❝✐❞♦s ♣❡❧♦s át♦♠♦s r❡st❛♥t❡ ❞♦ s✐st❡♠❛✳ ❆❧é♠ ❞✐ss♦✱ ❤á

✉♠❛ ✐♥t❡r❛çã♦ r❡♣✉❧s✐✈❛ ❞❡ ♣❛r❡s ❞❡ át♦♠♦s ♥❡❝❡ssár✐❛ ♣❛r❛ ❡st❛❜✐❧✐③❛r ♦ s✐st❡♠❛✳ ❖ ❛♥s❛t③

✉s❛❞♦ ♣❛r❛ ❝á❧❝✉❧♦ ❞❛ Ecoh é✿

EEAM =
∑

i

(

Fi(
∑

j 6=i

ρ(Rij)) +
1

2

∑

j 6=i

φ(Rij)

)

✭❇✳✶✮

✻✼
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❋✐❣✉r❛ ❇✳✶✿ ❈é❧✉❧❛ ♦rt♦rrô♠❜✐❝❛ ❞❛ ❢❛s❡ ●❛✲α ✭●❛✲■✮✱ ❡stá✈❡❧ à ♣r❡ssã♦ ③❡r♦✱ ❝❛r❛t❡r✐③❛❞❛ ♣♦r
❞í♠❡r♦s ●❛2✭✜❣✉r❛ ❣❡r❛❞❛ ♥♦ ❛♣♣❧❡t ❏♠♦❧✮✳

♦♥❞❡ Rij é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s át♦♠♦s ✐ ❡ ❥✱ φ(Rij) é ✉♠❛ ❢✉♥çã♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❞❡ ♣❛r❡s✱ ρ✶ é

❛ ❝♦♥tr✐❜✉✐çã♦ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ ❞♦ ❡❧étr♦♥ ❞♦ át♦♠♦ ❥ ♥♦ át♦♠♦ ✐ ❡ ❋ r❡♣r❡s❡♥t❛ ❛

❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ✐♥s❡r✐r ✉♠ át♦♠♦ ✐ ❡♠ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝❛r❣❛ ❡❧❡trô♥✐❝❛ ρ✳

❖ ❣á❧✐♦ é ✉♠ ❡❧❡♠❡♥t♦ ❝♦♠♣❧❡①♦ ♣♦r t❡r ❞✐✈❡rs❛s ❢❛s❡s ❝r✐st❛❧✐❛♥❛s t❛♥t♦ ❡stá✈❡✐s ❡ ♠❡t❛❡stá✈❡✐s✱

❛ ❛❞✐çã♦ ❞❡ ❢♦rç❛s ❛♥❣✉❧❛r❡s ❝♦♥s❡❣✉❡ ♠♦❞❡❧❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ❝♦♠✲

♣❧❡①❛s✱ ❛ss✐♠ ♦ ♣♦t❡♥❝✐❛❧ ▼❊❆▼ é ✉s❛❞♦ ♣❛r❛ ♠♦❞❡❧❛r ♦ ❣á❧✐♦✳ ❖ ❛♥s❛t③ ✉s❛❞♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦

❞❛ Ecoh é✿

EMEAM =
∑

i

(

Fi(
∑

j 6=i

ρ(Rij)) +
1

2

∑

j 6=i

φ(Rij)

)

✭❇✳✷✮

✶➱ ❞❛❞❛ ♣❡❧❛ s✉♣❡r♣♦s✐çã♦ ❧✐♥❡❛❧ ❞❡ ❞❡♥s✐❞❛❞❡s ❛tô♠✐❝❛s ❡s❢❡r✐❝❛s
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♥♦ ❝❛s♦ ❞♦ ▼❊❆▼ ρ ♣♦ss✉✐ ✉♠❛ ❞❡♣ê♥❞❡♥❝✐❛ ❛♥❣✉❧❛r ❬✽✵✱ ✽✶❪✱ ♦ ♣♦t❡♥❝✐❛❧ ❝♦♥s❡❣✉❡ ❞❡s❝r❡✈❡r ❛

❢❛s❡ ●❛✲α ❝♦♠♦ ❛ ❢❛s❡ ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❡♥tr❡ ❛s ♠✉✐t❛s ❢❛s❡s ❡stá✈❡✐s ❡ ♠❡t❛❡stá✈❡✐s✱ ❞❡s❝r❡✈❡

✈❛r✐❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡st❛ ❢❛s❡ ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❞í♠❡r♦ ●❛2✱ ♥♦

❡♥t❛♥t♦✱ ❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ é ❡♥❝♦♥tr❛❞❛ ♣❛r❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❞❡ ✹✶✵ ❑❬✶✷❪ s❡♥❞♦ ♦

✈❛❧♦r ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ✸✵✸ ❑✱ ❛♣❡s❛r ❞✐ss♦ ♦ ♠♦❞❡❧♦ é ❝❛♣❛③ ❞❡ r❡♣r♦❞✉③✐r ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❛♥ô♠❛❧♦✷ ❞♦ ❣á❧✐♦ ❧íq✉✐❞♦✳ ▼♦str❛♠♦s ✉♠❛ t❛❜❡❧❛ ❝♦♠ ♣❛r❛♠êtr♦s ❝♦♠♦ ❛ ❡♥❡r❣✐❛ ❞❡ ❝♦❡sã♦

Ec✱ ❛ ❞✐stâ♥❝✐❛ ❛♦ ♣r✐♠❡✐r♦ ✈✐③✐♥❤♦ re ❡ ❞❡♠❛✐s ♣❛r❛♠êtr♦s ♦❜t✐❞♦s ♣♦r ❇❛s❦❡s ❡t ❛❧✳❬✻✶❪✳

P❛r❛♠êtr♦ ✈❛❧♦r
Ec✭❡❱✴❛t♦♠✮ ✷✳✽✾✼

re(➴) ✸✳✵✵✸
α ✹✳✹✷
δ ✵✳✵✾✼
❆ ✵✳✾✼
β(0) ✹✳✽✵
β(1) ✸✳✶✵
β(2) ✻✳✵✵
β(3) ✵✳✺✵
t(1) ✷✳✼✵
t(2) ✷✳✵✻
t(3) ✲✹✳✵✵

❚❛❜❡❧❛ ❇✳✶✿ P❛r❛♠êtr♦s ❞♦ ♣♦t❡♥❝✐❛❧ ▼❊❆▼✲●❛

✷❉❡❝❧✐✈✐❞❛❞❡ ♥❡❣❛t✐✈❛ ❞❛ ❝✉r✈❛ ❞❡ ❢✉sã♦ ❞❛ ❢❛s❡ ●❛✲■ ❡ ❛ ❞❡❝❧✐✈✐❞❛❞❡ ♣♦s✐t✐✈❛ ❞❛ ❝✉r✈❛ ❞❡ ❢✉sã♦ ❞❛ ❢❛s❡ ●❛✲■■



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❬✶❪ ❱✳ ❏✳ ❆♥❞❡rs♦♥ ❛♥❞ ❍✳ ◆✳ ❲✳ ▲❡❦❦❡r❦❡r❦❡r✱ ■♥s✐❣❤ts ✐♥t♦ ♣❤❛s❡ tr❛♥s✐t✐♦♥ ❦✐♥❡t✐❝s ❢r♦♠

❝♦❧❧♦✐❞ s❝✐❡♥❝❡✱ ◆❛t✉r❡ ✹✶✻✱ ✽✶✶✲✽✶✺ ✭✷✵✵✷✮

❬✷❪ ❊❞✐❣❡r✱ ▼✳ ❉✳✱ ❙♣❛t✐❛❧❧② ❍❡t❡r♦❣❡♥❡♦✉s ❉②♥❛♠✐❝s ✐♥ ❙✉♣❡r❝♦♦❧❡❞ ▲✐q✉✐❞s✱ ❆♥♥✉✳ ❘❡✈✳

P❤②s✳ ❈❤❡♠✳ ✺✶✿ ✾✾✲✶✷✽ ✭✷✵✵✵✮

❬✸❪ ❘❛♥❦♦ ❘✐❝❤❡rt✱ ❍❡t❡r♦❣❡♥❡♦✉s ❞②♥❛♠✐❝s ✐♥ ❧✐q✉✐❞s✿ ✢✉❝t✉❛t✐♦♥s ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡✱ ❏✳

P❤②s✳✿ ❈♦♥❞❡♥s✳ ▼❛tt❡r ✶✹✱ ✼✵✸✲✼✸✽ ✭✷✵✵✷✮

❬✹❪ ❘✳ ❇♦❤♠❡r✱ ◆❛♥♦s❝❛❧❡ ❤❡t❡r♦❣❡♥❡✐t② ♦❢ ❣❧❛ss✲❢♦r♠✐♥❣ ❧✐q✉✐❞s✿ ❡①♣❡r✐♠❡♥t❛❧ ❛❞✈❛♥❝❡s✱

❈✉rr✳ ❖♣✐♥✳ ❙♦❧✐❞✳ ❙t❛t❡ ▼❛t❡r✳ ❙❝✐✳ ✸✱ ✸✼✽ ✭✶✾✾✽✮

❬✺❪ P❛✉❧ ❋✳ ▼❝▼✐❧❧❛♥✱ P♦❧②❛♠♦r♣❤✐❝ tr❛♥s❢♦r♠❛t✐♦♥s ✐♥ ❧✐q✉✐❞s ❛♥❞ ❣❧❛ss❡s✱ ❏✳ ▼❛t❡r✳ ❈❤❡♠✳✱

✶✹✿ ✶✺✵✻✲✶✺✶✷ ✭✷✵✵✹✮

❬✻❪ P✳ ❋✳ ▼❝▼✐❧❧❛♥✱ ▼✳ ❲✐❧s♦♥✱ ▼✳ ❈✳ ❲✐❧❞✐♥❣✱ ❉✳ ❉❛✐s❡♥❜❡r❣❡r✳ ▼✳ ▼❡③♦✉❛r✳ ❛♥❞ ●✳ ◆✳

●r❡❛✈❡s✱ P♦❧②❛♠♦r♣❤✐s♠ ❛♥❞ ❧✐q✉✐❞✕❧✐q✉✐❞ ♣❤❛s❡ tr❛♥s✐t✐♦♥s✿ ❝❤❛❧❧❡♥❣❡s ❢♦r ❡①♣❡r✐♠❡♥t

❛♥❞ t❤❡♦r②✱ ❏✳ P❤②s✳✿ ❈♦♥❞❡♥s✳ ▼❛tt❡r ✶✾✱ ✹✶✺✶✵✶ ✭✷✵✵✼✮

❬✼❪ P✳ ● ❉❡❜❡♥❡❞❡tt✐ ❛♥❞ ❍✳ ❊✳ ❙t❛♥❧❡②✱ ❙✉♣❡r❝♦♦❧❡❞ ❛♥❞ ❣❧❛ss② ✇❛t❡r✱ P❤②s✐❝s ❚♦❞❛② ✺✻✱

✹✵✲✹✻ ✭✷✵✵✸✮
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