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❆❣r❛❞❡❝✐♠❡♥t♦s

❘❡❣✐str♦ ❛q✉✐ ♠❡✉ ❛❣r❛❞❡❝✐♠❡♥t♦ às ♣❡ss♦❛s q✉❡ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ ❛ r❡❛❧✐✲
③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳

■♥✐❝✐♦ ♣❡❧♦ ♠❡✉ ♦r✐❡♥t❛❞♦r✱ ♦ Pr♦❢❡ss♦r✴●❡♥❡r❛❧ ❊r♥❡st♦ ❑❡♠♣✱ ❝♦♠ q✉❡♠
t✐✈❡ ♦ ♣r❛③❡r ❞❡ tr❛❜❛❧❤❛r ♥❡st❡s ❛♥♦s✳ ❆❧é♠ ❞❡ t❡r ❣✉✐❛❞♦ ♠❡✉ tr❛❜❛❧❤♦✱ s❡♠♣r❡
❝♦♠ ❜♦❛s ✐❞❡✐❛s ❡ s♦❧✉çõ❡s ♣❛r❛ t♦❞❛s ❛s ❞✐✜❝✉❧❞❛❞❡s✱ s❡✉ ♦t✐♠✐s♠♦✱ ❛♠✐③❛❞❡ ❡
❜♦♠ ❤✉♠♦r ❢♦r❛♠ ❢❛t♦r❡s ♠✉✐t♦ ✐♠♣♦rt❛♥t❡s ♣❛r❛ ♠❡ ♠❛♥t❡r ❞❡s♣r❡♦❝✉♣❛❞♦ ❡
♠♦t✐✈❛❞♦✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦ Pr♦❢✳ ❆♥❞❡rs♦♥ ❋❛✉t❤✱ ♣❡❧♦s ❡♥s✐♥❛♠❡♥t♦s ❡ ♦r✐❡♥t❛✲
çã♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛s ❛t✐✈✐❞❛❞❡s ♥♦ ❧❛❜♦r❛tór✐♦✳ ❙❡♠ s✉❛ ❡①♣❡r✐ê♥❝✐❛ ❝♦♠ ♦s
❞❡t❡❝t♦r❡s ❡ ❡❧❡trô♥✐❝❛✱ ❥❛♠❛✐s t❡r✐❛ ❛♣r❡♥❞✐❞♦ t✉❞♦ q✉❡ s❡✐ s♦❜r❡ ✐♥str✉♠❡♥t❛✲
çã♦✳ ■♥❢❡❧✐③♠❡♥t❡ t✐✈❡♠♦s ♣r♦❜❧❡♠❛s ❝♦♠ ♦s ❡q✉✐♣❛♠❡♥t♦s✱ t❡♥❞♦ ♦ ♣❡rí♦❞♦ ❞❡
❞✐✈❡rsã♦ ♥♦ ❜❛rr❛❝ã♦ ❛❝❛❜❛❞♦ ♣r❡❝♦❝❡♠❡♥t❡✳

❖✉tr❛ ♣❡ss♦❛ ❝✉❥❛ ♣❛rt✐❝✐♣❛çã♦ ❢♦✐ ❢✉♥❞❛♠❡♥t❛❧ é ♦ ▲✉❝❛s✱ ❝♦♠ q✉❡♠ ♣❛ss❡✐
♠✉✐t♦ t❡♠♣♦ tr❛❜❛❧❤❛♥❞♦✱ ♥✉♠ ♣r✐♠❡✐r♦ ♠♦♠❡♥t♦ ♣r♦❝✉r❛♥❞♦ ♦✉ ❡♥r♦❧❛♥❞♦
❝❛❜♦s ♥♦ ❧❛❜♦r❛tór✐♦ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❜r✐❣❛♥❞♦ ❝♦♠ ❛ ✐♥st❛❧❛çã♦ ❞♦ ❖✤✐♥❡✳
❯♠ ❛❧✉♥♦ ❜❛st❛♥t❡ ❝✉✐❞❛❞♦s♦ ❛♦ tr❛❜❛❧❤❛r✱ q✉❡ ❥á ❝♦♠❡ç♦✉ ❞❛♥❞♦ ♦ s❛♥❣✉❡ ♥♦
❜❛rr❛❝ã♦✱ ❡ ❤♦❥❡ é ♠❡✉ ❝♦♠♣❛♥❤❡✐r♦ ❞❡ s❛❧❛ ♥♦ ❞❡♣❛rt❛♠❡♥t♦✳ ❈♦♠ ❝❡rt❡③❛✱
✉♠ ♣❛r❝❡✐r♦ ♣❛r❛ ❛ ✈✐❞❛ t♦❞❛✳

❚❛♠❜é♠ é ✐♠♣♦rt❛♥t❡ ❧❡♠❜r❛r ♦ ❝♦♠♣❛♥❤❡✐r♦ ❞❡ s❛❧❛ ❘❛❢❛❡❧ ❙✉rt❛❞♦✱ s❡♠✲
♣r❡ ♣r❡s❡♥t❡ ❡ ♣❛rt✐❝✐♣❛t✐✈♦✱ ❛❥✉❞❛♥❞♦ ❞❡s❞❡ ❛ é♣♦❝❛ ❞❡ ✐♥✐❝✐❛çã♦ ❝✐❡♥tí✜❝❛✳
◆✉♥❝❛ ♠❡ ❡sq✉❡❝❡r❡✐ ❞❡ ♥♦ss❛s ✈✐❛❣❡♥s ✭♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛s ♣❡❧❛ ❆r❣❡♥t✐♥❛✮✱ ❞♦s
♠♦♠❡♥t♦s ❞❡ ❛♣r❡❝✐❛çã♦ ❞❡ ❜❡❧❡③❛s ❡①ót✐❝❛s ❡ ❞❛s ❞✐s❝✉ssõ❡s s♦❜r❡ ❧❡❣✐t✐♠✐❞❛❞❡
❞❛s ❣r❡✈❡s ❡ ✉s♦ ❞❡ ❜♦♥és✳

❆♦ ❛❣♦r❛ Pr♦❢❡ss♦r✱ ❘♦❣ér✐♦ ▼❡♥❡③❡s ❞❡ ❆❧♠❡✐❞❛✱ ❛❣r❛❞❡ç♦ ♣♦r t❡r ♠❡ ❝♦♥✲
✈✐❞❛❞♦ ♣❛r❛ tr❛❜❛❧❤❛r ♥♦ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛ ❞♦ q✉❛❧ ❢❛ç♦ ♣❛rt❡ ❤♦❥❡✳ ❙❡♠ s✉❛
✐♥✢✉ê♥❝✐❛✱ ♣♦❞❡r✐❛ t❡r s❡❣✉✐❞♦ ✉♠ ❝❛♠✐♥❤♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞✐❢❡r❡♥t❡ ❡♠ ♠✐♥❤❛
❝❛rr❡✐r❛✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐ ✉♠❛ ♣❡ss♦❛ ❝✉❥❛ ❛♠✐③❛❞❡ ❣✉❛r❞❛r❡✐ ♣❛r❛ s❡♠♣r❡✳

❆❣r❛❞❡ç♦ ❛ t♦❞♦s ♦s ♦✉tr♦s q✉❡ ❝♦♥tr✐❜✉ír❛♠ ❞✐r❡t❛♠❡♥t❡✱ ❝♦♠♦ ♦ ▲✉ís ❋❡r✲
♥❛♥❞♦ ♥♦ ♣❡rí♦❞♦ ✐♥✐❝✐❛❧ ❞❡ tr❛❜❛❧❤♦s ♥♦ ❧❛❜♦r❛tór✐♦✱ ▼ár❝✐♦ ▼✉❧❧❡r ❡ ❱❛♥❡ss❛✱
♣♦r ❢♦r♥❡❝❡r❡♠ ❛❧❣✉♠❛s ❞❛s s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛❞❛s ❡ ❛❥✉❞❛r❡♠ ❝♦♠ ♦s ♣r♦❜❧❡✲
♠❛s ♥♦ ❖✤✐♥❡✱ ❍❡♥❞r✐❦ ❡ Pr♦❢✳ ❱✐t♦r ❞❡ ❙♦✉③❛ ♣❡❧❛s ❞✐❝❛s s♦❜r❡ ♦ ❝❧✉st❡r ❞❡
❝♦♠♣✉t❛❞♦r❡s ❞❡ ❙ã♦ ❈❛r❧♦s✱ ❏❛✐r ♣♦r ❢♦r♥❡❝❡r s❡✉s ❞✐s♣♦s✐t✐✈♦s ❞❡ t❡❝♥♦❧♦❣✐❛
✐♠♣r♦✈✐s❛❞❛ ♣r♦✈❡♥✐❡♥t❡s ❞❡ ♠❛t❡r✐❛✐s r❡❛♣r♦✈❡✐t❛❞♦s ✭❣❛♠❜✐❛rr❛s ❏❛✐r❧✐♣s✮✱ ❋✉✲
♠❛ç❛ ❡ ♦✉tr♦s ♠❡♠❜r♦s ♠❛✐s ❛♥t✐❣♦s ❞♦ ❜❛rr❛❝ã♦ ♣♦r t❡r❡♠ ♠♦♥t❛❞♦ ♠✉✐t♦s
❞♦s ✐♥str✉♠❡♥t♦s q✉❡ ✉t✐❧✐③❡✐ ❡ ❛♦s ♣r♦❢❡ss♦r❡s ❞♦ ❉❘❈❈✳

❈✐t❛♥❞♦ ❛❣♦r❛ ❛s ♣❡ss♦❛s q✉❡ ♥ã♦ ❝♦♥tr✐❜✉ír❛♠ ❞✐r❡t❛♠❡♥t❡ ♣❛r❛ ♦ tr❛❜❛❧❤♦✱
♠❛s s✐♠ ♣❛r❛ ♠✐♥❤❛ ✈✐❞❛✱ ❝♦♠❡ç♦ ♣♦r ♠✐♥❤❛ ❢❛♠í❧✐❛✱ ♠❡✉s ♣❛✐s ❡ ✐r♠ã✱ r❡s♣♦♥✲
sá✈❡✐s ♣♦r t✉❞♦ q✉❡ ❝♦♥q✉✐st❡✐ ❛té ❤♦❥❡✳ ❖ ✐♥❝❡♥t✐✈♦ ❡ ❛♣♦✐♦ q✉❡ ♠❡ ❞❡r❛♠ ❢♦✐
❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ t♦♠❛r ♠✐♥❤❛s ❞❡❝✐sõ❡s ❡ ♣❡rs✐st✐r ♥✉♠❛ ❝❛rr❡✐r❛ tã♦ ❞✐❢í❝✐❧
q✉❛♥t♦ ❛ q✉❡ s❡❣✉✐✳ ◆ã♦ ❤á ♣❛❧❛✈r❛s q✉❡ ❞❡s❝r❡✈❛♠ ♣r❡❝✐s❛♠❡♥t❡ ♦ q✉❛♥t♦ s♦✉
❣r❛t♦ ❛ ❡❧❡s✳

❖✉tr❛ ♣❡ss♦❛ ✐♠♣♦rt❛♥t❡ é ♠✐♥❤❛ ♥♦✐✈❛ ❚❛♠✐r❡s✱ s❡♠ ❛ q✉❛❧ ❡✉ ♥ã♦ s❡r✐❛



❢❡❧✐③ ❞❡ ✈❡r❞❛❞❡✳ ❆❣r❛❞❡ç♦ ❛ ❡❧❛ ♣♦r t❡r ❡♥tr❛❞♦ ❡♠ ♠✐♥❤❛ ✈✐❞❛ ❡ ♣❛rt✐❝✐♣❛❞♦
❞❡❧❛ ✐♥t❡♥s❛♠❡♥t❡✳ ❙✉❛ ❝♦♠♣❛♥❤✐❛ ♥♦s ♠♦♠❡♥t♦s ❞✐❢í❝❡✐s ❡ ❝♦♠♣r❡❡♥sã♦ ♥❛s
s✐t✉❛çõ❡s ❡♠ q✉❡ ❡st✐✈❡ ❛✉s❡♥t❡ s❡♠♣r❡ s❡rã♦ ❧❡♠❜r❛❞♦s✳

❆❣r❛❞❡ç♦ t❛♠❜é♠ ❛♦s ♠❡✉s ❛♠✐❣♦s ❞❡ ❆♠❡r✐❝❛♥❛✿ ❉❡♥✐s✱ ❋❧á✈✐♦✱ ●❛❜✐✱
❍❡♥r✐q✉❡✱ ❋❡r♥❛♥❞❛✱ ❙❛r❛❤✱ ●✐♦✈❛♥♥✐✱ ❑❛r❡♥✱ ❍❡❧❧✱ ❏❛♥❛✱ ❆❞r✐❛♥❛✱ ❘♦♥✐✱ ▲✉❝❛s✱
▲✐s❛✱ ❙✉❡❧❡♥✱ ❘♦❞r✐❣♦ ❡ ♦✉tr♦s✱ q✉❡ ♣r♦♣♦r❝✐♦♥❛r❛♠ ❣r❛♥❞❡s ♠♦♠❡♥t♦s ❞❡ ❞✐✲
✈❡rsã♦✳ ❖ ❝♦♥t❛t♦ ❝♦♠ ❡st❛s ♣❡ss♦❛s✱ ❛❧❣✉♥s ❛♠✐❣♦s ❞❡s❞❡ ❛ ✐♥❢â♥❝✐❛✱ ♣❡r♠✐t❡
q✉❡ ❡✉ ♥ã♦ ♠❡ ✐s♦❧❡ ♥♦ ✉♥✐✈❡rs♦ ♣❛r❛❧❡❧♦ ❞♦ ■❋●❲✳

❆♦s ❛♠✐❣♦s ❞❛ ❯♥✐❝❛♠♣ ❛✐♥❞❛ ♥ã♦ ❝✐t❛❞♦s✱ ❉♦✉❣❧❛s✱ ▼❛t❤❡✉s✱ ◆♦r❜❛s✱ P❡✲
❞r♦✱ ❇❛✐❛♥♦✱ ❈❤✐❝♦ ❇❛❧❛♥❝❡❛❞♦✱ ❆♠❜rós✐❛✱ ❍❡r♠✐♥✐❛♥❡✱ ❈áss✐❛✱ ❆rt✉r✱ ❇r✉♥♦
▼✐❣✉❡③✱ ❩❛✈❛♥✐♥✱ ❉❛♥✐❡❧ ✭✧❖ ❉❛♥✐❡❧✧✮✱ ●✐❧s♦♥✱ ❇✉❧❜❛✱ ❇❡t✐♥❤♦✱ ❚❤❛②s✱ ❯óst♦♥✱
Ú❧t♦♥✱ ●✐á❝♦♠♦✱ ●r❡❣♦r②✱ ❚❤✐❛❣♦✱ ❳❛♥❞ã♦✱ ❆❡❧✐t♦♥✱ ❈❛r❧ã♦✱ ❙❛❦❛❧❛✉s❦❛s✱ ❡♥tr❡
♠✉✐t♦s ♦✉tr♦s✱ s♦✉ ❣r❛t♦ ♣❡❧♦s ♠♦♠❡♥t♦s ❞❡ ❞✐str❛çã♦ ❡♠ ♥♦ss♦s ❝❛❢és✱ ❝❤✉r✲
r❛s❝♦s✱ ✈✐❛❣❡♥s ❞❡ ô♥✐❜✉s ♦✉ ❛❧♠♦ç♦s ♥♦ ❜❛♥❞❡❥ã♦✱ q✉❡ ♠✉✐t❛s ✈❡③❡s ❧❡✈❛r❛♠
♠❛✐s t❡♠♣♦ q✉❡ ♦ ♣r❡✈✐st♦✱ ♠❛s ❝❡rt❛♠❡♥t❡ ✈❛❧❡r❛♠ ❛ ♣❡♥❛✳ ❋❛ç♦ ✉♠❛ ♠❡♥çã♦
❡s♣❡❝✐❛❧ ❛♦ ❛♠✐❣♦ ❏✉❧✐❛♥♦ ●r✐❣♦❧❡t♦✱ ❝♦♠ q✉❡♠ ♠♦r❡✐ ❞✉r❛♥t❡ ❝❡r❝❛ ❞❡ ❞♦✐s ❛♥♦s
❡ ❢♦✐ ✉♠ ❣r❛♥❞❡ ❝♦♠♣❛♥❤❡✐r♦ ❡♠ ♠✐♥❤❛ ❥♦r♥❛❞❛✳

❆❣r❛❞❡ç♦ ❛♦ ♣❡ss♦❛❧ ❞❛ ❈P●✱ ❉❘❈❈ ❡ s❡❝r❡t❛r✐❛ ❞❡ ❣r❛❞✉❛çã♦✱ ●✐❧✈❛♥✐✱
❆r♠❛♥❞♦✱ ▲✐♥❞✐♥❛❧✈❛✱ ❈❧♦t✐❧❞❡✱ ❏ú❧✐❛✱ ❙❛♥❞r❛✱ ◆✐✈❛❧❞♦✱ ❊❧✐❡♥❡✱ ❈✐❞❛ ❡ t♦❞♦s ♦s
♣r♦❢❡ss♦r❡s✱ ♣♦r ❡st❛r❡♠ s❡♠♣r❡ ❞✐s♣♦st♦s ❛ ❛❥✉❞❛r ❝♦♠ ♦ q✉❡ ❢♦✐ ♥❡❝❡ssár✐♦✳

P♦r ú❧t✐♠♦✱ ✉♠ ❛❣r❛❞❡❝✐♠❡♥t♦ à ❯◆■❈❆▼P ❡ ■❋●❲ ♣♦r ❢♦r♥❡❝❡r❡♠ ❛ ❡s✲
tr✉t✉r❛ ❡ s✉♣♦rt❡ ♣❛r❛ ♠❡✉ tr❛❜❛❧❤♦ ❡ ❡st✉❞♦✱ ❡ às ❛❣ê♥❝✐❛s ❞❡ ✜♥❛♥❝✐❛♠❡♥t♦✱
❈❆P❊❙✱ ❈◆P◗ ❡ ❋❆P❊❙P✳

▼✉✐t♦ ♦❜r✐❣❛❞♦ ❛ t♦❞♦s✦



❘❡s✉♠♦

❖ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡st✉❞❛r ♦s
r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✭> 1018 eV ✮✱ ❝✉❥♦ ✢✉①♦ é ❡①tr❡♠❛♠❡♥t❡
❜❛✐①♦✳ ❙✉❛ ❝♦♥✜❣✉r❛çã♦ ❤í❜r✐❞❛ ❝♦♥s✐st❡ ❡♠ ✶✻✵✵ ❞❡t❡❝t♦r❡s ❞❡ r❛❞✐❛çã♦ ❈❤❡✲
r❡♥❦♦✈✱ ♣r♦❞✉③✐❞❛ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ ♣❛rtí❝✉❧❛s ❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ♥❛
á❣✉❛✱ ❡ ✹ ❡st❛çõ❡s ❝♦♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ q✉❡ ❞❡t❡❝t❛♠ ❛ ❡♠✐ssã♦ ❞❡
❧✉③ q✉❡ ♦❝♦rr❡ ❛♣ós ❛ ❡①❝✐t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦❣ê♥✐♦ ❞❛ ❛t♠♦s❢❡r❛✳ ❖
♦❜s❡r✈❛tór✐♦ ❝♦❜r❡ ✉♠❛ ár❡❛ ❞❡ ❝❡r❝❛ ❞❡ 3000 km2✳

◆❡st❡ tr❛❜❛❧❤♦ s❡rá ❢❡✐t❛ ✉♠❛ ❞❡s❝r✐çã♦ ❞❡t❛❧❤❛❞❛ ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í✲
❝✐❡ ❡ ❞❡ s❡✉ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s✱ ♥♦ q✉❛❧ sã♦ ❞❡t❡r♠✐♥❛❞❛s
❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳ ❙❡rã♦ ♠♦str❛❞♦s ❛❧✲
❣✉♥s r❡s✉❧t❛❞♦s ❞❛ ❝❛r❛❝t❡r✐③❛çã♦ ❡ t❡st❡ ❞♦ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞❡ ❈❛♠♣✐♥❛s ❡
❛♥á❧✐s❡s r❡❛❧✐③❛❞❛s s♦❜r❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦✱ ♥❛s q✉❛✐s sã♦ ❡st✉✲
❞❛❞❛s ❛s ❝♦♥s❡q✉ê♥❝✐❛s ❞❛ ❡①❝❧✉sã♦ ❞❡ ✉♠❛ ❡st❛çã♦ ❡ ♦ ✐♠♣❛❝t♦ ❞❛ ✉t✐❧✐③❛çã♦
❞❡ t❛♥q✉❡s ✐rr❡❣✉❧❛r❡s✱ ❝♦♠ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞❡ ❣❛♥❤♦ ❛❧t❡r❛❞♦ ♦✉ ❞❡s❧✐❣❛✲
❞❛s✳ ❖s r❡s✉❧t❛❞♦s ❞❡st❡s ❡st✉❞♦s ♠♦str❛♠ q✉❡ ♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❝❛❧✐❜r❛çã♦
❡ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❛t✉❛❧♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r sã♦
❡✜❝✐❡♥t❡s✱ ❣❛r❛♥t✐♥❞♦ ❛ q✉❛❧✐❞❛❞❡ ❞♦s ❞❛❞♦s✱ ♠❛s q✉❡ ❛❧❣✉♠❛s ♠♦❞✐✜❝❛çõ❡s ♣♦✲
❞❡r✐❛♠ tr❛③❡r ✉♠ ❛✉♠❡♥t♦ ♥❛ t❛①❛ ❞❡ ❞❡t❡❝çã♦✱ ❡ t❛♠❜é♠ q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦
♠❡♥❝✐♦♥❛❞❛ ❡♠ ❛❧❣✉♠❛s ♣r♦♣♦st❛s ❞❡ ❡①♣❛♥sã♦ ❞♦ ♦❜s❡r✈❛tór✐♦✱ ❝♦♠ ❛♣❡♥❛s
✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ♣♦r t❛♥q✉❡✱ ♣♦❞❡ r❡❞✉③✐r ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦s ❡✈❡♥t♦s✳



❆❜str❛❝t

❚❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r② ✇❛s ❞❡s✐❣♥❡❞ t♦ st✉❞② t❤❡ ✉❧tr❛✲❤✐❣❤ ❡♥❡r❣②
✭> 1018 eV ✮ ❝♦s♠✐❝ r❛②s✱ ✇❤♦s❡ ✢✉① ✐s ❡①tr❡♠❡❧② ❧♦✇✳ ■ts ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥
❝♦♥s✐sts ♦♥ ✶✻✵✵ ❞❡t❡❝t♦rs ♦❢ ❈❤❡r❡♥❦♦✈ r❛❞✐❛t✐♦♥✱ ♣r♦❞✉❝❡❞ ❜② t❤❡ ♣❛ss❛❣❡
♦❢ ♣❛rt✐❝❧❡s ❢r♦♠ t❤❡ ❛✐r s❤♦✇❡rs ❜② ✇❛t❡r✱ ❛♥❞ ✹ ✢✉♦r❡s❝❡♥❝❡ t❡❧❡s❝♦♣❡ st❛t✐✲
♦♥s✱ t♦ ❞❡t❡❝t ❧✐❣❤t ❡♠♠✐t❡❞ ❛❢t❡r t❤❡ ❡①❝✐t❛t✐♦♥ ♦❢ ♥✐tr♦❣❡♥ ♠♦❧❡❝✉❧❡s ♦❢ t❤❡
❛t♠♦s♣❤❡r❡✳ ❚❤❡ ♦❜s❡r✈❛t♦r② ❝♦✈❡rs ❛♥ ❛r❡❛ ♦❢ 3000 km2✳

❚❤✐s ✇♦r❦ ✇✐❧❧ ❣✐✈❡ ❛ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ s✉r❢❛❝❡ ❞❡t❡❝t♦rs ❛♥❞ ✐ts
❡✈❡♥t r❡❝♦♥str✉❝t✐♦♥ ♣r♦❝❡❞✉r❡✱ ✇❤❡r❡ t❤❡ ❡♥❡r❣② ❛♥❞ ❛rr✐✈❛❧ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
♣r✐♠❛r② ❝♦s♠✐❝ r❛② ✐s ❞❡t❡r♠✐♥❡❞✳ ❙♦♠❡ r❡s✉❧ts ♦❢ t❤❡ ❝❛r❛❝t❡r✐③❛t✐♦♥ ❛♥❞ t❡st
♦❢ t❤❡ ❈❤❡r❡♥❦♦✈ t❛♥❦ ♦❢ ❈❛♠♣✐♥❛s ✇✐❧❧ ❜❡ s❤♦✇❡❞✱ ❛♥❞ ❛❧s♦ s♦♠❡ ❛♥❛❧②s✐s
❛❜♦✉t t❤❡ r❡❝♦♥str✉❝t✐♦♥✱ ✇✐t❤ st✉❞✐❡s ♦❢ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ♦❢ t❤❡ ❡①❝❧✉s✐♦♥ ♦❢
❛ st❛t✐♦♥ ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ✉s❡ ♦❢ ✐rr❡❣✉❧❛r t❛♥❦s✱ ✇✐t❤ ♣❤♦t♦♠✉❧t✐♣❧✐❡rs
♦♣❡r❛t✐♥❣ ✐♥ ❧♦✇ ❣❛✐♥ ♦r t✉r♥❡❞ ♦✛✳ ❚❤✐s st✉❞✐❡s s❤♦✇ t❤❛t t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❛♥❞
❡✈❡♥t s❡❧❡❝t✐♦♥ ♣r♦❝❡❞✉r❡s ✉s❡❞ ❛t t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r② ❛r❡ ❡✣❝✐❡♥t✱
♣r♦✈✐❞✐♥❣ ❤✐❣❤ q✉❛❧✐t② ❢♦r t❤❡ ❞❛t❛ t❛❦❡♥✱ ❜✉t s♦♠❡ ♠♦❞✐✜❝❛t✐♦♥s ❝♦✉❧❞ ❜r✐♥❣
❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ r❛t❡✳ ■t ✐s ❛❧s♦ s❤♦✇♥ t❤❛t t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ❢♦r
t❤❡ t❛♥❦s ♠❡♥t✐♦♥❡❞ ✐♥ s♦♠❡ ♣r♦♣♦s❛❧s ♦❢ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ♦❜s❡r✈❛t♦r②✱ ✇✐t❤ ❛
s✐♥❣❧❡ ♣❤♦t♦♠✉❧t✐♣❧✐❡r ❜② t❛♥❦✱ ❝♦✉❧❞ r❡❞✉❝❡ t❤❡ ❝♦♥✜❛❜✐❧✐t② ♦❢ t❤❡ ❡✈❡♥ts✳



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ✼

✷ ❘❛✐♦s ❝ós♠✐❝♦s ❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ✾
✷✳✶ ❘❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷✳✶✳✶ ❖r✐❣❡♠ ❡ ♠❡❝❛♥✐s♠♦s ❞❡ ❛❝❡❧❡r❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✶✳✷ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❡ ♣r♦♣❛❣❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✷✳✶✳✸ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✷✳✷ ❈❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✷✳✶ ❈♦♠♣♦♥❡♥t❡s ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✷✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✷✳✷✳✸ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧❛t❡r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
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✼ ❈♦♥❝❧✉sã♦ ✼✸



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❉❡s❞❡ s✉❛ ❞❡s❝♦❜❡rt❛✱ ♥♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳■❳✱ ♦s r❛✐♦s ❝ós♠✐❝♦s tê♠ s✐❞♦
✉♠❛ ✐♠♣♦rt❛♥t❡ ❢♦♥t❡ ❞❡ ❡st✉❞♦s ❡♠ ❋ís✐❝❛✳ ❆tr❛✈és ❞❡❧❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s
✐♥ú♠❡r❛s ❞❡s❝♦❜❡rt❛s ♥❛ ár❡❛ ❞❡ ♣❛rtí❝✉❧❛s ❡❧❡♠❡♥t❛r❡s✱ ❝♦♥tr✐❜✉✐♥❞♦ ♣❛r❛ ♦
❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ ♣❛❞rã♦✳ ❍♦❥❡✱ ♦ ✐♥t❡r❡ss❡ ♥❡st❛ r❛❞✐❛çã♦ s❡ ❞❡✈❡
t❛♠❜é♠ à ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉t✐❧✐③á✲❧❛ ❡♠ ❛str♦♥♦♠✐❛ ❡ ❛str♦❢ís✐❝❛✳ ❖ ❝♦♥❤❡❝✐✲
♠❡♥t♦ ❞❛ ♦r✐❣❡♠✱ ♣r♦♣❛❣❛çã♦ ❡ ♠❡❝❛♥✐s♠♦s ❞❡ ❛❝❡❧❡r❛çã♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s
❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✭s✉♣❡r✐♦r ❛ 1018 eV ✮ ♣♦❞❡ tr❛③❡r ♥♦✈❛s ❢❡rr❛♠❡♥t❛s ♣❛r❛
♦❜s❡r✈❛çã♦ ❞♦ ❡s♣❛ç♦ ❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ♦❜❥❡t♦s ❛♦s q✉❛✐s ♥ã♦ s❡ t❡♠ ❛❝❡ss♦✱
❛❧é♠ ❞❡ ♣❡r♠✐t✐r ♦ ❡st✉❞♦ ❞❡ ❢❡♥ô♠❡♥♦s ❞❡ ❡♥❡r❣✐❛ ✐♥❛t✐♥❣í✈❡❧ ❝♦♠ ❛❝❡❧❡r❛❞♦r❡s
❞❡ ♣❛rtí❝✉❧❛s✳

◆♦ ✐♥í❝✐♦ ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✾✵✱ ❢♦✐ ✐❞❡❛❧✐③❛❞♦ ✉♠ ❡①♣❡r✐♠❡♥t♦ q✉❡ ♣❡r♠✐t✐ss❡
❛✉♠❡♥t❛r ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ❛ ❡st❛tíst✐❝❛ ❞❡ ❡✈❡♥t♦s ♥❡st❛s ❡♥❡r❣✐❛s✱ ♦ q✉❡ só
s❡r✐❛ ♣♦ssí✈❡❧ ❛tr❛✈és ❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❞❡t❡❝t♦r q✉❡ ❝♦❜r✐ss❡ ✉♠❛ ár❡❛ ❣✐✲
❣❛♥t❡s❝❛✱ ❥á q✉❡ ♦ ❢❛t♦r ❧✐♠✐t❛♥t❡ ♣❛r❛ ♦ ❡st✉❞♦ ❞❡st❛s ♣❛rtí❝✉❧❛s é s❡✉ ❜❛✐①♦
✢✉①♦✳ ❉❡st❛ ✐❞❡✐❛ s✉r❣✐✉ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ❝♦♥str✉í❞♦ ♥❛ ❝✐❞❛❞❡
❞❡ ▼❛❧❛r❣✉❡ ♥❛ ❆r❣❡♥t✐♥❛✱ ❝♦❜r✐♥❞♦ ✉♠❛ ár❡❛ ❞❡ ♠❛✐s ❞❡ 3000 km2✳ ❖ ❡①✲
♣❡r✐♠❡♥t♦ ❞❡t❡❝t❛ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ❣❡r❛❞♦s ♣♦r r❛✐♦s ❝ós♠✐❝♦s
✉❧tr❛✲❡♥❡r❣ét✐❝♦s ❛♦ ♣❡♥❡tr❛r❡♠ ♥❛ ❛t♠♦s❢❡r❛✱ ❛tr❛✈és ❞❡ ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í✲
❝✐❡ ❡ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❆ ❝♦♥str✉çã♦ ❞♦ ♣r✐♠❡✐r♦ sít✐♦ ❞♦ ♦❜s❡r✈❛tór✐♦
❥á ❢♦✐ ✜♥❛❧✐③❛❞❛✱ ♣❡❧♦ ❡s❢♦rç♦ ❞❡ ✉♠❛ ❝♦❧❛❜♦r❛çã♦ ✐♥t❡r♥❛❝✐♦♥❛❧ ❞❛ q✉❛❧ ♦ ❇r❛s✐❧
é ✉♠ ♠❡♠❜r♦ ❜❛st❛♥t❡ ❛t✐✈♦✳

❖ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r é ❢♦r♠❛❞♦ ♣♦r ✶✻✵✵
t❛♥q✉❡s✱ ♥♦s q✉❛✐s ❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ ❡♠✐t✐❞❛ ♥❛ á❣✉❛ ♣♦r ♣❛rtí❝✉❧❛s ❞♦ ❝❤✉✲
✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ é r❡❣✐str❛❞❛ ♣♦r três ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❆tr❛✈és ❞♦s s✐♥❛✐s
❞❛s ❡st❛çõ❡s q✉❡ r❡❣✐str❛r❛♠ ♣❛rtí❝✉❧❛s ❡ ❞❡ s✉❛s ❞✐❢❡r❡♥ç❛s ❞❡ t❡♠♣♦✱ é ♣♦ssí✲
✈❡❧ r❡❝♦♥str✉✐r ♦ ❝❤✉✈❡✐r♦ ❡ ❞❡t❡r♠✐♥❛r ❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ r❛✐♦
❝ós♠✐❝♦ ♣r✐♠ár✐♦✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦ ♥ã♦ é ♥❛❞❛ tr✐✈✐❛❧✱ ❡ s❡rá
♦ ❛ss✉♥t♦ ♣r✐♥❝✐♣❛❧ ❞❡st❡ tr❛❜❛❧❤♦✳

Pr✐♠❡✐r❛♠❡♥t❡✱ s❡rá ❢❡✐t❛ ✉♠❛ ❜r❡✈❡ r❡✈✐sã♦ s♦❜r❡ ❛s♣❡❝t♦s t❡ór✐❝♦s ❡ ❛❧❣✉♥s
r❡s✉❧t❛❞♦s ❝♦♥❤❡❝✐❞♦s ❞❛ ár❡❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ s❡♥❞♦ ❡st❡
♦ ❝♦♥t❡ú❞♦ ❞♦ ❝❛♣ít✉❧♦ ✷✳ ◆♦ ❝❛♣ít✉❧♦ ✸✱ s❡rã♦ ❞✐s❝✉t✐❞❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦
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✉t✐❧✐③❛❞❛s ❡♠ ❋ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s ❡ r❛✐♦s ❝ós♠✐❝♦s✱ ✐♥❝❧✉✐♥❞♦ ✉♠❛ ❛♣r❡s❡♥t❛çã♦
❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳

❖ ❝❛♣ít✉❧♦ ✹ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ❞❡s❝r✐çã♦ ❞❡t❛❧❤❛❞❛ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈
❞♦ ♦❜s❡r✈❛tór✐♦✱ ❞✐s❝✉t✐♥❞♦ s♦❜r❡ s❡✉ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✱ ❝❛❧✐❜r❛çã♦ ❡ s✐st❡♠❛ ❞❡
❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳ ❚❛♠❜é♠ s❡rã♦ ♠♦str❛❞♦s ❛❧❣✉♥s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠
♦ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞❡ ❈❛♠♣✐♥❛s✱ q✉❡ é ✐❞ê♥t✐❝♦ ❛♦s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡
❆✉❣❡r✳

◆♦s ú❧t✐♠♦s ❝❛♣ít✉❧♦s s❡rá ❞✐s❝✉t✐❞❛ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡
s✉♣❡r❢í❝✐❡✱ ❝♦♠ ❛ ❞❡s❝r✐çã♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛❞rã♦ ❞♦ ♦❜s❡r✈❛tór✐♦ ♥♦ ❝❛♣ít✉❧♦
✺✳ ◆♦ ❝❛♣ít✉❧♦ ✻✱ s❡rã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ❛❧❣✉♥s ❡st✉❞♦s✱ ♥♦s q✉❛✐s
sã♦ ❛♥❛❧✐s❛❞❛s ❛s ❝♦♥s❡q✉ê♥❝✐❛s ❞❡ ♠♦❞✐✜❝❛çõ❡s ♥❛s ❡st❛çõ❡s s♦❜r❡ ♦ r❡s✉❧t❛❞♦
❞❛ r❡❝♦♥str✉çã♦✳ ❆s ✐rr❡❣✉❧❛r✐❞❛❞❡s ❡st✉❞❛❞❛s s❡rã♦ ❛ ❡①❝❧✉sã♦ ❞❡ ❡st❛çõ❡s ❡ ♦
✉s♦ ❞❡ t❛♥q✉❡s ❝♦♠ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡♠ ♠❡♥♦r ♥ú♠❡r♦✳

❖ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞♦ tr❛❜❛❧❤♦ é r❡✈✐s❛r ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦
❡ ❝❤❡❝❛r ❛ ✈❛❧✐❞❛❞❡ ❞❡ ❛❧❣✉♥s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ ✉t✐❧✐③❛❞♦s✱ q✉❡ ♣♦❞❡♠ ❡st❛r
❝❛✉s❛♥❞♦ ♣❡r❞❛ ❞❡ ❡✈❡♥t♦s✳ ❆❧é♠ ❞✐ss♦✱ é ✐♠♣♦rt❛♥t❡ t❡st❛r ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦
❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ ♣❛r❛ q✉❡ ♥✉♠❛ ❢✉t✉r❛ ❡①♣❛♥sã♦ ❞♦ ♦❜s❡r✈❛tór✐♦ ❡❧❡ ♣♦ss❛
s❡r ♠❡❧❤♦r❛❞♦✳
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❈❛♣ít✉❧♦ ✷

❘❛✐♦s ❝ós♠✐❝♦s ❡ ❝❤✉✈❡✐r♦s

❛t♠♦s❢ér✐❝♦s

❘❛✐♦s ❝ós♠✐❝♦s sã♦ ♣❛rtí❝✉❧❛s s✉❜❛tô♠✐❝❛s q✉❡ s❡ ♣r♦♣❛❣❛♠ ♥♦ ❡s♣❛ç♦ s✐❞❡✲
r❛❧✱ ❝♦♠ ❡♥❡r❣✐❛s q✉❡ ♣♦❞❡♠ ✈❛r✐❛r ❞❡ ♠✉✐t❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛✱ ❝♦♠♦ ♣♦❞❡
s❡r ✈✐st♦ ♥♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✷✳✶✱ ♥♦ q✉❛❧ é ♠♦str❛❞♦ ♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s
♥❛ ❚❡rr❛ ❡♠ ❢✉♥çã♦ ❞❡ s✉❛ ❡♥❡r❣✐❛✳ ◆❡st❡ tr❛❜❛❧❤♦ s❡rã♦ tr❛t❛❞♦s ♦s r❛✐♦s ❝ós✲
♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ♠❛✐♦r q✉❡ 1018 eV ✭❯❍❊❈❘s✮✱ r❡❣✐ã♦ ❝❤❛♠❛❞❛ ❞❡ ❛❧tíss✐♠❛
❡♥❡r❣✐❛✱ ♦✉ ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ ♣❛r❛ ❛ q✉❛❧ ♦ ✢✉①♦ é ❡①tr❡♠❛♠❡♥t❡ ❜❛✐①♦✳ ❆♦
❛t✐♥❣✐r ❛ ❛t♠♦s❢❡r❛✱ ❡st❛s ♣❛rtí❝✉❧❛s ✐♥t❡r❛❣❡♠✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛ ♥♦✈❛s ♣❛rtí❝✉✲
❧❛s✱ q✉❡ t❛♠❜é♠ ✐♥t❡r❛❣❡♠✳ ❊st❡ ♣r♦❝❡ss♦ ✈❛✐ s❡ r❡♣❡t✐♥❞♦✱ ❞❡ ❢♦r♠❛ q✉❡ ✉♠❛
❣r❛♥❞❡ ❝❛s❝❛t❛ é ❝r✐❛❞❛✱ ❝❤❡❣❛♥❞♦ ❛ q✉✐❧ô♠❡tr♦s ❞❡ ❡①t❡♥sã♦ ♥❛ s✉♣❡r❢í❝✐❡ t❡r✲
r❡str❡✳ ❊st❡s sã♦ ♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✱ q✉❡ ♣❡r♠✐t❡♠ ❛ ❞❡t❡❝çã♦ ❞❡
r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ❝♦♠ ❡①♣❡r✐♠❡♥t♦s ❝♦♥str✉í❞♦s ♥❛ s✉♣❡r❢í❝✐❡
t❡rr❡str❡✱ ♣♦✐s s✉❛ ❞❡t❡❝çã♦ ❞✐r❡t❛ é ♣r❛t✐❝❛♠❡♥t❡ ✐♠♣♦ssí✈❡❧✳

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❞❡s❝r✐t♦s ♦s ❝♦♥❝❡✐t♦s ❜ás✐❝♦s ❡ ❢✉♥❞❛♠❡♥t❛✐s s♦❜r❡ ❡st❛s
♣❛rtí❝✉❧❛s ❡ ♦s ❝❤✉✈❡✐r♦s ❣❡r❛❞♦s✱ ♦ q✉❡ ♣❡r♠✐t✐rá ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ t❡①t♦✱
s❡r✈✐♥❞♦ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ❛ ❞❡s❝r✐çã♦ ❞♦s ♠ét♦❞♦s ❞❡ ❞❡t❡❝çã♦✱ ❡♥tr❡ ♦s q✉❛✐s s❡rá
❞❡st❛❝❛❞♦ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❡ s❡✉ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✳ ▼❛✐♦r❡s ❞❡t❛❧❤❡s
s♦❜r❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❡ ♦s ❢❡♥ô♠❡♥♦s ❛ ❡❧❛ ❛ss♦❝✐❛❞♦s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s
❡♠ ❬✶❪✱ ❬✷❪ ❡ ❬✸❪✳

✷✳✶ ❘❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛

❖ ❡st✉❞♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ 1018 eV ✱ ♦✉ 1 EeV ✱ t❡♠
❝♦♠♦ ♣r✐♥❝✐♣❛✐s ♦❜❥❡t✐✈♦s ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ s✉❛ ♦r✐❣❡♠✱
♠❡❝❛♥✐s♠♦s ❞❡ ❛❝❡❧❡r❛çã♦✱ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛✱ ♣r♦♣❛❣❛çã♦ ❡ ❝♦♠♣♦s✐çã♦ q✉í✲
♠✐❝❛✳ ●❡r❛❧♠❡♥t❡ ❛s q✉❡stõ❡s r❡❧❛❝✐♦♥❛❞❛s ❛ ❡st❛s ✐♥❢♦r♠❛çõ❡s ❡stã♦ ✐♥t❡r❧✐❣❛✲
❞❛s✱ t♦r♥❛♥❞♦ ❛✐♥❞❛ ♠❛✐s ❞✐❢í❝✐❧ s✉❛ ❝♦♠♣r❡❡♥sã♦✳
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✷✳✶ ✲ ❘❆■❖❙ ❈Ó❙▼■❈❖❙ ❉❊ ❊◆❊❘●■❆ ❯▲❚❘❆✲❆▲❚❆

❋✐❣✉r❛ ✷✳✶✿ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✱ ♣r♦❞✉③✐❞♦ ❛tr❛✈és ❞❛ ❝♦♠✲
♣✐❧❛çã♦ ❞❡ r❡s✉❧t❛❞♦s ❞❡ ❞✐✈❡rs♦s ❡①♣❡r✐♠❡♥t♦s✳

✷✳✶✳✶ ❖r✐❣❡♠ ❡ ♠❡❝❛♥✐s♠♦s ❞❡ ❛❝❡❧❡r❛çã♦

◆❛ ✜❣✉r❛ ✷✳✷ é ❛♣r❡s❡♥t❛❞♦ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❍✐❧❧❛s✱ q✉❡ ♠♦str❛ ♦s ♦❜❥❡t♦s
❛str♦❢ís✐❝♦s ❝❛♣❛③❡s ❞❡ ❛❝❡❧❡r❛r ♣❛rtí❝✉❧❛s ❛tr❛✈és ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❛té
❡♥❡r❣✐❛s ❞❛ ♦r❞❡♠ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ✉❧tr❛✲❡♥❡r❣ét✐❝♦s✳ P♦❞❡✲s❡ ♥♦t❛r q✉❡ ❤á
♣♦✉❝♦s ❝❛♥❞✐❞❛t♦s✱ ❥á q✉❡ ❛ ♦❜t❡♥çã♦ ❞❡ ❡♥❡r❣✐❛s tã♦ ❛❧t❛s r❡q✉❡r ❣r❛♥❞❡s r❛✐♦s
❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♠✉✐t♦ ✐♥t❡♥s♦s✳ ❍á ❛✐♥❞❛ ♦✉tr♦s ♠♦❞❡❧♦s q✉❡ ♣r♦♣õ❡♠ ❛
❛❝❡❧❡r❛çã♦ ❛tr❛✈és ❞❡ ❞❡❝❛✐♠❡♥t♦s ❞❡ ♦❜❥❡t♦s ❡①ót✐❝♦s✱ ❞❡ ♦r✐❣❡♠ ❝♦s♠♦❧ó❣✐❝❛✳
❉❡ q✉❛❧q✉❡r ❢♦r♠❛✱ ♦ ❡st✉❞♦ ❞❛ ♦r✐❣❡♠ ❞❡st❛s ♣❛rtí❝✉❧❛s é ❞✐✜❝✉❧t❛❞♦ ♣❡❧♦
❢❛t♦ ❞❡ s❡r❡♠ ❝❛rr❡❣❛❞❛s✱ s✉❥❡✐t❛s à ❛çã♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s q✉❡ ❞❡s✈✐❛♠
s✉❛s tr❛❥❡tór✐❛s✳ P♦rt❛♥t♦✱ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ♥ã♦ é ♣♦ssí✈❡❧ s❡♠ ♦
❝♦♥❤❡❝✐♠❡♥t♦ ❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❝ós♠✐❝♦s✳

❯♠ r❡s✉❧t❛❞♦ r❡❝❡♥t❡ ✐♠♣♦rt❛♥t❡✱ r❡❧❛❝✐♦♥❛❞♦ à ♦r✐❣❡♠ ❞♦s ❯❍❊❈❘s✱ ❢♦✐ ❛
❝♦rr❡❧❛çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❝♦♠ ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á✲
①✐❛s ✭❆●◆s✮ ❬✹❪✳ ◆❛ ✜❣✉r❛ ✷✳✸ é ♠♦str❛❞♦ ✉♠ ♠❛♣❛ ❞❡ ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞❡
r❛✐♦s ❝ós♠✐❝♦s✱ ❝♦♠ ♦s ✷✼ ❡✈❡♥t♦s ❞❡ ❡♥❡r❣✐❛ ♠❛✐♦r q✉❡ 57 EeV r❡♣r❡s❡♥t❛❞♦s
♣❡❧♦s ❝ír❝✉❧♦s ❡ ❛ ❞✐r❡çã♦ ❞♦s ❆●◆s ❞✐st❛♥t❡s ❛té 75 Mpc ❞❛ ❚❡rr❛ ♣❡❧♦s ❛s✲
t❡r✐s❝♦s ✈❡r♠❡❧❤♦s✳ ❆♣ós ❛ ♣✉❜❧✐❝❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ❝♦♠ ❛ ❞❡t❡❝çã♦ ❞❡ ♠❛✐s
❡✈❡♥t♦s ♥❡st❛s ❡♥❡r❣✐❛s✱ ❢♦✐ ♥♦t❛❞❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❝♦rr❡❧❛çã♦ ❝♦♠ ❡st❡ t✐♣♦
❞❡ ♦❜❥❡t♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✷✳✹✱ ♠❛s ♦ r❡s✉❧t❛❞♦ ❛✐♥❞❛
♠♦str❛ q✉❡ ❡st❡s ❡✈❡♥t♦s ♥ã♦ ♣♦❞❡♠ t❡r s✐❞♦ ❣❡r❛❞♦s ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ✐s♦✲
tró♣✐❝❛ ❞❡ ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛✱ ❝♦♠ 99% ❞❡ ❝♦♥✜❛♥ç❛ ❬✺❪✳ ❆❧é♠ ❞✐ss♦✱ ❛ r❡❣✐ã♦
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❋✐❣✉r❛ ✷✳✷✿ ❉✐❛❣r❛♠❛ ❞❡ ❍✐❧❧❛s✱ ♠♦str❛♥❞♦ ❛s ♣♦ssí✈❡✐s ❢♦♥t❡s ❞❡ r❛✐♦s ❝ós♠✐❝♦s
❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✳

♣ró①✐♠❛ ❞♦ ❆●◆ ❝♦♥❤❡❝✐❞♦ ♠❛✐s ♣ró①✐♠♦ ❞❛ ❚❡rr❛✱ ❈❡♥t❛✉r✉s ❆✱ ♠❛r❝❛❞♦ ❝♦♠
♦ ❛st❡r✐s❝♦ ❜r❛♥❝♦ ♥❛ ✜❣✉r❛ ✷✳✸✱ ❛♣r❡s❡♥t❛ ✉♠ ❡①❝❡ss♦ ❞❡ ❡✈❡♥t♦s ❡♠ r❡❧❛çã♦
❛♦ ❡s♣❡r❛❞♦ ❬✺❪✱ ♦ q✉❡ ✐♥❞✐❝❛ ✉♠❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡st✉❞❛r ♠❛✐s ❞❡t❛❧❤❛❞❛♠❡♥t❡
❡st❛ r❡❣✐ã♦✳

✷✳✶✳✷ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❡ ♣r♦♣❛❣❛çã♦

❈♦♠♦ ♠♦str❛❞♦ ♥❛ ❝♦♠♣✐❧❛çã♦ ❞❡ r❡s✉❧t❛❞♦s ❞❡ ❞✐✈❡rs♦s ❡①♣❡r✐♠❡♥t♦s ❞❛
✜❣✉r❛ ✷✳✶✱ ♦ ❡s♣❡❝tr♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s s❡ ❡st❡♥❞❡ ♣♦r ♠❛✐s ❞❡ ✶✵ ♦r❞❡♥s ❞❡
❣r❛♥❞❡③❛ ❡♠ ❡♥❡r❣✐❛ ❡ ♠❛✐s ❞❡ ✸✵ ❡♠ ✢✉①♦✳ ❙❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ é ✉♠❛ ❧❡✐ ❞❡
♣♦tê♥❝✐❛✱ ♠❛s ❛♣r❡s❡♥t❛ q✉❡❜r❛s✱ ❝♦♠ ♠✉❞❛♥ç❛ ♥♦ í♥❞✐❝❡ ❡s♣❡❝tr❛❧✱ ❡♠ 1015 eV ✱
❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♦ ✧❥♦❡❧❤♦✧ ❞♦ ❡s♣❡❝tr♦✱ ❡ ❡♠ 1018 eV ✱ ♥♦ ❝❤❛♠❛❞♦ ✧t♦r♥♦③❡❧♦✧✳
❊st❛s ♠✉❞❛♥ç❛s ♥ã♦ sã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❝♦♠♣r❡❡♥❞✐❞❛s✱ ♠❛s ♦s ♣r✐♥❝✐♣❛✐s ♠♦✲
❞❡❧♦s ❛tr✐❜✉❡♠ ♦ ✧❥♦❡❧❤♦✧ ❛ ❡s♣❡❝✐✜❞❛❞❡s ❞♦s ♠❡❝❛♥✐s♠♦s ❞❡ ♣r♦♣❛❣❛çã♦ ❬✻❪ ❡ ♦
✧t♦r♥♦③❡❧♦✧ ❛ ✉♠❛ tr❛♥s✐çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❣❛❧á❝t✐❝♦s ♣❛r❛ ❡①tr❛✲❣❛❧á❝t✐❝♦s
❬✼❪✳

❯♠❛ q✉❡stã♦ ✐♠♣♦rt❛♥t❡✱ r❡❧❛❝✐♦♥❛❞❛ t❛♠❜é♠ à ♣r♦♣❛❣❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s✱
é ♦ ❝❤❛♠❛❞♦ ❝♦rt❡ ●❩❑✱ ♣r❡✈✐st♦ t❡♦r✐❝❛♠❡♥t❡ ♥❛ ❞é❝❛❞❛ ❞❡ ✻✵✱ q✉❡ ❝♦♥s✐st❡
❡♠ ✉♠❛ s✉♣r❡ssã♦ ❞♦ ✢✉①♦ ❛ ♣❛rt✐r ❞❡ 5.1019 eV ✱ ❞❡✈✐❞❛ à ✐♥t❡r❛çã♦ ❝♦♠ ❛
r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ❢✉♥❞♦ ♣❛r❛ ♣❛rtí❝✉❧❛s ♦r✐❣✐♥❛❞❛s ❛ ♠❛✐s ❞❡ 50Mpc ❞❛ ❚❡rr❛✳
❈❡♥t❡♥❛s ❞❡ ❡✈❡♥t♦s ❛❝✐♠❛ ❞❡st❡ ❧✐♠✐❛r ❥á ❢♦r❛♠ r❡❣✐str❛❞♦s✱ ♠❛s ♦s ❜❛✐①♦s
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❋✐❣✉r❛ ✷✳✸✿ Pr♦❥❡çã♦ ❆✐t♦✛ ❞♦ ❝é✉ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱ ♠♦str❛♥❞♦ ❛s
♣♦s✐çõ❡s ❞♦s ❆●◆s ❛ ♠❡♥♦s ❞❡ 75 Mpc ❞❛ ❚❡rr❛ ✭❛st❡r✐s❝♦s ✈❡r♠❡❧❤♦s✮ ❡ ♦s
❡✈❡♥t♦s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❝♦♠ ❡♥❡r❣✐❛ ♠❛✐♦r q✉❡ 57 EeV ✭❝ír❝✉✲
❧♦s✮✳ ❆s ❝♦r❡s ♠❛✐s ❡s❝✉r❛s r❡♣r❡s❡♥t❛♠ ❛s r❡❣✐õ❡s ♣❛r❛ ❛s q✉❛✐s ❛ ❡①♣♦s✐çã♦ ❞♦
♦❜s❡r✈❛tór✐♦ é ♠❛✐♦r ❡ ❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ❝♦rr❡s♣♦♥❞❡ ❛♦ ♣❧❛♥♦ s✉♣❡r❣❛❧á❝t✐❝♦✳

❋✐❣✉r❛ ✷✳✹✿ ▼♦♥✐t♦r❛♠❡♥t♦ ❞❛ ❝♦rr❡❧❛çã♦ ❞♦s ❡✈❡♥t♦s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛ ❝♦♠ ❆●◆s✱
s❡♣❛r❛♥❞♦ ❡♠ ❞♦✐s ♣❡rí♦❞♦s✿ ❛♥t❡s ❡ ❞❡♣♦✐s ❞❛ ♣✉❜❧✐❝❛çã♦ ❞♦ r❡s✉❧t❛❞♦ ❞❡ ❝♦r✲
r❡❧❛çã♦ ❡♠ ✷✵✵✼ ❬✹❪✳

✶✷



✷✳✶ ✲ ❘❆■❖❙ ❈Ó❙▼■❈❖❙ ❉❊ ❊◆❊❘●■❆ ❯▲❚❘❆✲❆▲❚❆

❋✐❣✉r❛ ✷✳✺✿ ❊s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛✱ ♣❡s❛❞♦ ♣❡❧❛
❡♥❡r❣✐❛ ❛♦ ❝✉❜♦✳

✢✉①♦s ❢❛③❡♠ ❝♦♠ q✉❡ ❛ ✐♥❝❡rt❡③❛ ♥❛s ♠❡❞✐❞❛s s❡❥❛ ♠❛✐♦r✱ ❝♦♥❢♦r♠❡ ♣♦❞❡ s❡r
✈✐st♦ ♥❛ ✜❣✉r❛ ✷✳✺✱ ♥❛ q✉❛❧ t❛♠❜é♠ ♣♦❞❡ s❡r ♥♦t❛❞♦ q✉❡ ❤á ❞✐s❝♦r❞â♥❝✐❛ ❡♥tr❡
♦s ❡①♣❡r✐♠❡♥t♦s✳ ❆✐♥❞❛ ❛ss✐♠✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❖❜s❡r✈❛tór✐♦
P✐❡rr❡ ❆✉❣❡r ❤á ✉♠❛ s✉♣r❡ssã♦ ❬✽❪✱ q✉❡ ♣♦❞❡ s❡r ❡✈✐❞ê♥❝✐❛ ❞❛ ❡①✐stê♥❝✐❛ ❞♦ ❝♦rt❡
●❩❑✱ ❝♦♠♦ t❛♠❜é♠ ♣♦❞❡ s❡r ♥♦t❛❞♦ ♥♦s ❞❛❞♦s ❞♦ ❡①♣❡r✐♠❡♥t♦ ❍✐❘❡s ❬✾❪✳

✷✳✶✳✸ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛

P❛r❛ ❡♥❡r❣✐❛s ♠❛✐s ❜❛✐①❛s✱ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s é ❜❡♠
❝♦♥❤❡❝✐❞❛✱ s❡♥❞♦ ❡♠ s✉❛ ♠❛✐♦r ♣❛rt❡ ♣rót♦♥s✳ ❏á ♣❛r❛ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s✱ ❛
✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡ r❡❛❧✐③❛r ♠❡❞✐❞❛s ❞✐r❡t❛s ❞✐✜❝✉❧t❛ s❡✉ ❡st✉❞♦✳ ◆♦s ❡①♣❡r✐✲
♠❡♥t♦s ❞❡st❡ t✐♣♦✱ ♦ q✉❡ s❡ ❢❛③ é ✉t✐❧✐③❛r ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❡ s✐♠✉❧❛çõ❡s ❞❡
▼♦♥t❡ ❈❛r❧♦✱ ❢❛③❡♥❞♦ ✉♠❛ r❡❝♦♥str✉çã♦ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳ ❆ ♣❛rt✐r ❞❡
❝♦♠♣❛r❛çõ❡s ❝♦♠ s✐♠✉❧❛çõ❡s✱ é ♣♦ssí✈❡❧ ❡st✉❞❛r t❡♥❞ê♥❝✐❛s ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦
❡ ❝❤❡❝❛r ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❝♦♠ ❛❧❣✉♠ t✐♣♦ ❞❡ ♣❛rtí❝✉❧❛✳ ◆✉♠ tr❛❜❛❧❤♦ r❡❝❡♥t❡
❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❬✶✵❪✱ ♣♦r ❡①❡♠♣❧♦✱ ❢♦✐ ❛♥❛❧✐s❛❞♦ s❡ ♦s ❡✈❡♥t♦s s❡
❛♣r♦①✐♠❛♠ ♠❛✐s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦ ♣❛r❛ ♣rót♦♥s ♦✉ ♣♦r ♥ú❝❧❡♦s ♠❛✐s
♣❡s❛❞♦s✱ ❝♦♠♦ ♦ ❢❡rr♦✳ ◆❛ ✜❣✉r❛ ✷✳✻ é ♠♦str❛❞♦ ❡st❡ r❡s✉❧t❛❞♦✱ q✉❡ ✐♥❞✐❝❛ ✉♠❛
t❡♥❞ê♥❝✐❛ ❞❡ ♣rót♦♥s ♣❛r❛ ❢❡rr♦ ❛ ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s✳

◆ã♦ ❛♣❡♥❛s ❤á❞r♦♥s✱ ♠❛s ♦✉tr♦s t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s sã♦ ❝❛♥❞✐❞❛t❛s ❛ ♣r✐♠á✲
r✐♦s ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s✱ ❝♦♠♦ ❢ót♦♥s ♦✉ ♥❡✉tr✐♥♦s✳ ❉❡ ❛❝♦r❞♦
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❋✐❣✉r❛ ✷✳✻✿ ❘❡s✉❧t❛❞♦ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r s♦❜r❡ ❛ ❝♦♠♣♦s✐çã♦ ❞♦s
r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ❬✶✵❪✳

❝♦♠ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ♦ ❧✐♠✐t❡ ♣❛r❛ ❛ ❢r❛çã♦ ❞❡ ❢ót♦♥s é ♠❡♥♦r q✉❡
0, 4% ❡ 8, 9% ♣❛r❛ ❡♥❡r❣✐❛s ♠❛✐♦r❡s q✉❡ 1 EeV ❡ 10 EeV ✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❬✶✶❪✱
r❡s✉❧t❛❞♦ q✉❡ ♣❡r♠✐t❡ ❛ ❡①❝❧✉sã♦ ❞❡ ❞✐✈❡rs♦s ♠♦❞❡❧♦s ♣❛r❛ ♣❛r❛ ❣❡r❛çã♦ ❞❡ r❛✐♦s
❝ós♠✐❝♦s ❞❡ ❛❧tíss✐♠❛s ❡♥❡r❣✐❛s ❛ ♣❛rt✐r ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ♠❛tér✐❛ ❡s❝✉r❛ s✉♣❡r✲
♠❛ss✐✈❛s✱ ❝❤❛♠❛❞♦s ♠♦❞❡❧♦s t♦♣✲❞♦✇♥ ❬✶✷✱ ✶✸❪✳ ◆❛ ❜✉s❝❛ ♣♦r ♥❡✉tr✐♥♦s ❞❡ ❛❧t❛s
❡♥❡r❣✐❛s ♥❡♥❤✉♠ ❝❛♥❞✐❞❛t♦ ❛ ❡✈❡♥t♦ ❢♦✐ ❞❡t❡❝t❛❞♦ ❛té ♦ ♠♦♠❡♥t♦ ❬✶✹❪✱ ♠❛s ♦
❧✐♠✐t❡ ♠❡❞✐❞♦ ♣❛r❛ ♦ ✢✉①♦ ❛✐♥❞❛ ♥ã♦ ♣❡r♠✐t❡ ❛ ❡①❝❧✉sã♦ ❞❡ ♠♦❞❡❧♦s ❛str♦❢ís✐❝♦s
q✉❡ ❞❡s❝r❡✈❡♠ ❝♦♠♦ ❡st❛s ♣❛rtí❝✉❧❛s ♣♦❞❡♠ s❡r ❣❡r❛❞❛s✳

✷✳✷ ❈❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s

❆♦ ✐♥❝✐❞✐r ♥❛ ❛t♠♦s❢❡r❛✱ ♦ r❛✐♦ ❝ós♠✐❝♦ ✐♥t❡r❛❣❡✱ ❞❛♥❞♦ ✐♥í❝✐♦ à ♣r♦❞✉çã♦ ❞❡
♣❛rtí❝✉❧❛s✱ q✉❡ ❢♦r♠❛♠ ✉♠❛ ❝❛s❝❛t❛ q✉❡ ❝r❡s❝❡ ❡♠ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❛té ✉♠❛
♣♦♥t♦ ❝rít✐❝♦✱ ♥♦ q✉❛❧ ❝❛❞❛ ♣❛rtí❝✉❧❛ ♥ã♦ ♣♦ss✉✐ ❡♥❡r❣✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ♣r♦❞✉③✐r
♦✉tr❛s✱ ❡ s❡✉ ♥ú♠❡r♦ ❝♦♠❡ç❛ ❛ ❞✐♠✐♥✉✐r✳ ❊st❡s ❝❤✉✈❡✐r♦s ♣❡r♠✐t❡♠ ❛ ❞❡t❡❝çã♦
✐♥❞✐r❡t❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ s❡♥❞♦ ✐♠♣♦rt❛♥t❡ ❝♦♥❤❡❝❡r s✉❛s ❝❛r❛❝t❡ríst✐❝❛s
♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✳

✷✳✷✳✶ ❈♦♠♣♦♥❡♥t❡s ❞❡ ✉♠ ❝❤✉✈❡✐r♦

❆ ✜❣✉r❛ ✷✳✼ ♠♦str❛ ✉♠ ❡sq✉❡♠❛ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t✲
♠♦s❢ér✐❝♦✳ ❆ ✐♥t❡r❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ♣r♦❞✉③ ♣í♦♥s ❡ ❤á❞r♦♥s✳ ❊st❡s
❤á❞r♦♥s ♣r♦❞✉③✐rã♦ ♠❛✐s ♣í♦♥s ❡ ♦✉tr♦s ❤á❞r♦♥s✱ ❞❡ ❢♦r♠❛ q✉❡ ✉♠❛ ❝♦♠♣♦✲
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❋✐❣✉r❛ ✷✳✼✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦✳

♥❡♥t❡ ❤❛❞rô♥✐❝❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛✳ ❖s ♣í♦♥s ❝❛rr❡❣❛❞♦s✱ ❝❛s♦ ♥ã♦ s♦❢r❛♠
❛❧❣✉♠❛ ✐♥t❡r❛çã♦✱ ❞❡❝❛✐rã♦ ❡♠ ♠ú♦♥s ❡ ♥❡✉tr✐♥♦s✱ ♦r✐❣✐♥❛♥❞♦ ❛s ❝♦♠♣♦♥❡♥t❡s
♠✉ô♥✐❝❛ ❡ ❞❡ ♥❡✉tr✐♥♦s✳ ❖s ♠ú♦♥s tê♠ ✉♠ ♣❛♣❡❧ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♥❛ ❞❡t❡❝çã♦
❞❡ r❛✐♦s ❝ós♠✐❝♦s✱ ♣♦✐s sã♦ ❜❛st❛♥t❡ ♣❡♥❡tr❛♥t❡s✱ ❡ ♣♦r ❡st❡ ♠♦t✐✈♦ ❜❛st❛♥t❡
❛❜✉♥❞❛♥t❡s ♥❛ s✉♣❡r❢í❝✐❡ t❡rr❡str❡✳ ❏á ♦s ♣í♦♥s ♥❡✉tr♦s ❞❛rã♦ ♦r✐❣❡♠ ❛ ❢ót♦♥s✱
q✉❡ ♣♦r s✉❛ ✈❡③ ♣r♦❞✉③❡♠ ♣❛r❡s ❡❧étr♦♥✲♣ós✐tr♦♥✱ ❞❛♥❞♦ ♦r✐❣❡♠ à ❝♦♠♣♦♥❡♥t❡
❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞♦ ❝❤✉✈❡✐r♦✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ à ♠❛✐♦r ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧✱
❝❡r❝❛ ❞❡ 90% ♥♦ ❝❛s♦ ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ✳

✷✳✷✳✷ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧

❆ ♣r♦♣❛❣❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ ♥❛ ❛t♠♦s❢❡r❛ é ❞❡s❝r✐t❛ ❛tr❛✈és ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡
♠❛tér✐❛ ❛tr❛✈❡ss❛❞❛✱ ❣❡r❛❧♠❡♥t❡ ❞❡♥♦t❛❞❛ ♣♦r ❳✱ ♠❡❞✐❞♦ ❡♠ g/cm2✳ ❖ ♥ú♠❡r♦
❞❡ ♣❛rtí❝✉❧❛s ❡♠ ❢✉♥çã♦ ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡✱ ❝❤❛♠❛❞♦ ❞❡ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧✱ ♣♦❞❡
s❡r ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞♦ t✐♣♦ ●❛✐ss❡r✲❍✐❧❧❛s✱ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❡ s✐♠✉❧❛✲
çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦✱ ❝✉❥❛ ❢♦r♠❛ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✷✳✽✳ P❛rtí❝✉❧❛s ✈ã♦ s❡♥❞♦
♣r♦❞✉③✐❞❛s✱ ❛✉♠❡♥t❛♥❞♦ s❡✉ ♥ú♠❡r♦✱ ❛té q✉❡ ✉♠ ♠á①✐♠♦ é ❛t✐♥❣✐❞♦✱ r❡❧❛❝✐♦✲
♥❛❞♦ ❛ ✉♠❛ ❡♥❡r❣✐❛ ❝rít✐❝❛✱ ❛ ♣❛rt✐r ❞❛ q✉❛❧ ❛ ❛❜s♦rçã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣❛ss❛ ❛
❞♦♠✐♥❛r ❛ ♣r♦❞✉çã♦✱ ❝❛✉s❛♥❞♦ ❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ♥ú♠❡r♦ t♦t❛❧✳ ❖ ♣♦♥t♦ ♦♥❞❡ ❛
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❋✐❣✉r❛ ✷✳✽✿ ❋♦r♠❛ ❞♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦✳

❡♥❡r❣✐❛ ❝rít✐❝❛ é ❛t✐♥❣✐❞❛ é ❝❤❛♠❛❞♦ ❞❡ Xmax ❞♦ ❝❤✉✈❡✐r♦✱ ❡ é ✉♠ ♣❛râ♠❡tr♦
❜❛st❛♥t❡ ✐♠♣♦rt❛♥t❡✱ ♣♦✐s ❡stá r❡❧❛❝✐♦♥❛❞♦ ❞✐r❡t❛♠❡♥t❡ à ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛
❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳

✷✳✷✳✸ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧❛t❡r❛❧

❆ ❝❛❞❛ ✐♥t❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞♦ ❝❤✉✈❡✐r♦✱ ❤á ✉♠ ❡s♣❛❧❤❛♠❡♥t♦ ❝✉❥♦ â♥✲
❣✉❧♦ ❞❡♣❡♥❞❡ ❞♦ ♠♦♠❡♥t♦ tr❛♥s✈❡rs❛❧ ❞❛ ♣❛rtí❝✉❧❛✳ ❈♦♠♦ ❛s ♣❛rtí❝✉❧❛s sã♦
r❡❧❛t✐✈íst✐❝❛s✱ ❡st❡s â♥❣✉❧♦s sã♦ ❜❛st❛♥t❡ ♣❡q✉❡♥♦s✱ ♠❛s ❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡
❞❡ ✐♥t❡r❛çõ❡s ❢❛③ ❝♦♠ q✉❡ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❧❛t❡r❛❧ t♦t❛❧ ❞♦ ❝❤✉✈❡✐r♦ s❡❥❛ ♠✉✐t♦
❣r❛♥❞❡✱ r❡s✉❧t❛♥❞♦ ❡♠ q✉✐❧ô♠❡tr♦s ❞❡ ❡①t❡♥sã♦✳ ❆ ❞❡s❝r✐çã♦ ❞❛ ❞✐str✐❜✉✐çã♦
❧❛t❡r❛❧ ❞❛s ♣❛rtí❝✉❧❛s é ❞❛❞❛ ♣♦r ✉♠❛ ❢✉♥çã♦✱ ❝❤❛♠❛❞❛ ❞❡ ▲❉❋ ✭❧❛t❡r❛❧ ❞✐str✐✲
❜✉t✐♦♥ ❢✉♥❝t✐♦♥✮✱ ❝✉❥❛ ❢♦r♠❛ ♠❛✐s ✉t✐❧✐③❛❞❛ é ❞❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡s❡♥✈♦❧✈✐❞♦
♣♦r ◆✐s❤✐♠✉r❛✱ ❑❛♠❛t❛ ❡ ●r❡✐s❡♥ ❬✶✺✱ ✶✻❪✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❢✉♥çã♦ ◆❑●✳ ❊st❛
❡q✉❛çã♦ é ❛❞❛♣t❛❞❛ ❛♦s ♣❛râ♠❡tr♦s ❞♦s ❡①♣❡r✐♠❡♥t♦s✱ ❡ ❞❡s❝r❡✈❡ ♦ ♥ú♠❡r♦ ❞❡
♣❛rtí❝✉❧❛s ✭♦✉ ♦ s✐♥❛❧ ❞❡ ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✮ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦
❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❊❧❛ s❡rá ❞❡s❝r✐t❛ ♣❛r❛ ♦ ❝❛s♦ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r
♣♦st❡r✐♦r♠❡♥t❡✳
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✷✳✷✳✹ ▼ú♦♥s ❛t♠♦s❢ér✐❝♦s

❈♦♠♦ ❥á ❝✐t❛❞♦✱ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛✱ ❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ♠❛✐s ❛❜✉♥✲
❞❛♥t❡s sã♦ ♦s ♠ú♦♥s✳ ❊st❛s ♣❛rtí❝✉❧❛s✱ ♣r♦❞✉③✐❞❛s ♥♦ ❞❡❝❛✐♠❡♥t♦ ❞❡ π± ❡ K±✱
♣♦ss✉❡♠ ✉♠ ❛❧t♦ ♣♦❞❡r ❞❡ ♣❡♥❡tr❛çã♦ ♥❛ ❛t♠♦s❢❡r❛ ❡ s✉❛ ❞❡t❡❝çã♦ ♣♦❞❡ s❡r
r❡❛❧✐③❛❞❛ ❞❡ ♠❛♥❡✐r❛ ❜❛st❛♥t❡ s✐♠♣❧❡s✳ P♦r ❡st❡s ♠♦t✐✈♦s✱ ♦s ♠ú♦♥s sã♦ ♠✉✐t♦
✐♠♣♦rt❛♥t❡s ♥♦ ❡st✉❞♦ ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✱ ♣❡r♠✐t✐♥❞♦ ❛ ❞❡t❡❝çã♦ ✐♥❞✐r❡t❛
❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ s✉♣❡r❢í❝✐❡✳ ❊❧❡s sã♦ ♣r♦❞✉③✐❞♦s ❡♠ ✐♥t❡r❛çõ❡s ❞❡ ❞✐❢❡r❡♥✲
t❡s ❡♥❡r❣✐❛s✱ ❝♦♠♦ ❛s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛s ❜❛✐①❛s✱ ❝✉❥♦ ✢✉①♦ é ♠✉✐t♦
❛❧t♦✳ ◆♦ ❡st✉❞♦ ❞❡ ❯❍❊❈❘s✱ ❣❡r❛❧♠❡♥t❡ r❡❢❡r❡✲s❡ ❛ ❡st❡s ♠ú♦♥s ♣r♦✈❡♥✐❡♥t❡s
❞❡ ❡✈❡♥t♦s ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s ❝♦♠♦ s❡♥❞♦ ❛t♠♦s❢ér✐❝♦s✱ ❡ ❡❧❡s r❡♣r❡s❡♥t❛♠ ✉♠
r✉í❞♦ ♣❛r❛ ♦s ❞❡t❡❝t♦r❡s✱ ♣♦✐s ♣r♦❞✉③❡♠ s✐♥❛✐s ✐❞ê♥t✐❝♦s ❛♦s ❞♦s ♠ú♦♥s ❣❡r❛❞♦s
♣♦r ❝❤✉✈❡✐r♦s ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❝♦♠♦ ♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛
❡ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❞♦s ♠ú♦♥s ❛t♠♦s❢ér✐❝♦s é ❜❡♠ ❝♦♥❤❡❝✐❞♦✱ ❡❧❡s t❛♠❜é♠
sã♦ ✉s❛❞♦s ♥❛ ❝❛❧✐❜r❛çã♦ ❞❡ ❞❡t❡❝t♦r❡s✱ ❥á q✉❡ sã♦ ✉♠❛ ❢♦♥t❡ ✐♥❡s❣♦tá✈❡❧ ❞❡
♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❝♦♥❤❡❝✐❞♦✳
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❈❛♣ít✉❧♦ ✸

❉❡t❡❝çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡

♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r

P♦❞❡✲s❡ ❞✐③❡r q✉❡ ♦s ❡①♣❡r✐♠❡♥t♦s ❡♠ ❢ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s s❡ ✐♥✐❝✐❛r❛♠ ♥♦ ✜♠
❞♦ sé❝✉❧♦ ❳■❳✱ ❝♦♠ ❛ ❞❡s❝♦❜❡rt❛ ❞♦s r❛✐♦s✲❳✱ ❞❛s r❛❞✐❛çõ❡s ♥❛t✉r❛✐s ❡ ❞♦ ❡❧é✲
tr♦♥✳ ◆❡st❡ ♣❡rí♦❞♦✱ ❡♠ q✉❡ ♣♦✉❝♦ s❡ ❝♦♥❤❡❝✐❛ s♦❜r❡ ❛ ❡str✉t✉r❛ ❞❛ ♠❛tér✐❛✱ ❛
❞❡t❡❝çã♦ ❡r❛ r❡❛❧✐③❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ❡❧❡tr♦s❝ó♣✐♦s✱ ❝❤❛♣❛s ❢♦t♦❣rá✜❝❛s ♦✉ ❝â♠❛r❛s
❞❡ ♥✉✈❡♥s✳ P♦r ♠❡✐♦ ❞❡st❛s té❝♥✐❝❛s ❡ ♦✉tr❛s q✉❡ ❝♦♠❡ç❛✈❛♠ ❛ s❡r ❞❡s❡♥✈♦❧✈✐✲
❞❛s✱ ♠✉✐t♦s ❛✈❛♥ç♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♥♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳✱ é♣♦❝❛ t❛♠❜é♠ ❞❡
❣r❛♥❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈❛s ❡ ✐♠♣♦rt❛♥t❡s t❡♦r✐❛s✳ ❯♠❛ ❞❛s ❞❡s❝♦❜❡rt❛s
❞❛ é♣♦❝❛ ❢♦r❛♠ ♦s r❛✐♦s ❝ós♠✐❝♦s ❬✶✼❪✱ q✉❡ ❢♦r❛♠ ♦❜s❡r✈❛❞♦s ❡♠ ❡①♣❡r✐♠❡♥t♦s
❡♠ ❜❛❧õ❡s✱ ♥♦s q✉❛✐s ❱✐❝t♦r ❍❡ss ♦❜s❡r✈♦✉ ✉♠ ❛✉♠❡♥t♦ ♥❛ ❡❧❡tr✐③❛çã♦ ❞♦ ❛r ❝♦♠
♦ ❛✉♠❡♥t♦ ❞❛ ❛❧t✐t✉❞❡✳ ❆ ♣❛rt✐r ❞❛í✱ ♦s r❛✐♦s ❝ós♠✐❝♦s ❢♦r❛♠ ❛ ♣r✐♥❝✐♣❛❧ ❢♦r♠❛
❞❡ ❡st✉❞♦ ❞❡ ♣❛rtí❝✉❧❛s ❡❧❡♠❡♥t❛r❡s ❡ s✉❛s ✐♥t❡r❛çõ❡s✱ ❛té ♦ ✐♥í❝✐♦ ❞♦ ❞❡s❡♥✈♦❧✲
✈✐♠❡♥t♦ ❞♦s ❣r❛♥❞❡s ❛❝❡❧❡r❛❞♦r❡s✳ ❆✐♥❞❛ ❤♦❥❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ é ✉t✐❧✐③❛❞❛
♥❡st❡ t✐♣♦ ❞❡ ❡st✉❞♦✱ ❥á q✉❡ ♦s ❛t✉❛✐s ❛❝❡❧❡r❛❞♦r❡s ❞❡ ♣❛rtí❝✉❧❛s ❛t✐♥❣❡♠ ❡♥❡r❣✐❛s
♠❡♥♦r❡s q✉❡ ♠✐❧✐♦♥és✐♠♦s ❞❛ ❡♥❡r❣✐❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ✉❧tr❛✲❡♥❡r❣ét✐❝♦s✳

❚❛♥t♦ ♦s ❞❡t❡❝t♦r❡s ❞❡ ♣❛rtí❝✉❧❛s q✉❛♥t♦ ♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ r❛✐♦s ❝ós♠✐❝♦s
❡✈♦❧✉ír❛♠ ♠✉✐t♦✱ ❛♣ós ♠❛✐s ❞❡ ✶✵✵ ❛♥♦s✳ ❍♦❥❡ ❛ ❞❡t❡❝çã♦ é r❡❛❧✐③❛❞❛ ❛tr❛✈és
❞❡ ❣❛s❡s✱ ♠❛t❡r✐❛✐s ❝✐♥t✐❧❛❞♦r❡s✱ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈✱ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❛♥t❡♥❛s
❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❡♥tr❡ ♦✉tr❛s té❝♥✐❝❛s✱ ❡ ♦s ❡①♣❡r✐♠❡♥t♦s ❝r❡s❝❡r❛♠ ❡♠ ❝♦♠♣❧❡✲
①✐❞❛❞❡✱ ❝♦♠ ✈ár✐♦s ❞❡t❡❝t♦r❡s tr❛❜❛❧❤❛♥❞♦ ❡♠ ❝♦♥❥✉♥t♦ ❞❡ ❢♦r♠❛ ❛✉t♦♠❛t✐③❛❞❛✳
❯♠ ót✐♠♦ ❡①❡♠♣❧♦ ❞❡ ❡①♣❡r✐♠❡♥t♦ ♠♦❞❡r♥♦ ❞❡st❛ ár❡❛ é ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡
❆✉❣❡r ❞❡ r❛✐♦s ❝ós♠✐❝♦s✱ q✉❡ ✉t✐❧✐③❛ ♠❛✐s ❞❡ ✶✻✵✵ ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✱ ❛❧é♠
❞❡ ✹ ❡st❛çõ❡s ❝♦♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ❝♦❜r✐♥❞♦ ✉♠❛ ár❡❛ ♠❛✐♦r q✉❡
3000 km2 ♥✉♠❛ r❡❣✐ã♦ ❞❡sért✐❝❛ ♥❛ ❆r❣❡♥t✐♥❛✳ ❉❡t❛❧❤❡s s♦❜r❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦
❞❡st❡ ♦❜s❡r✈❛tór✐♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ❛♦ ❧♦♥❣♦ ❞❡st❡ tr❛❜❛❧❤♦✳

◆❡st❡ ❝❛♣ít✉❧♦ s❡rá ❢❡✐t❛ ✉♠❛ r❡✈✐sã♦ s♦❜r❡ ❛s ♣r✐♥❝✐♣❛✐s té❝♥✐❝❛s ❞❡ ❞❡t❡❝✲
çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❡ r❛✐♦s ❝ós♠✐❝♦s✱ ❞❛♥❞♦ ê♥❢❛s❡ às ♠❛✐s r❡❧❡✈❛♥t❡s ♣❛r❛ ❡st❡
tr❛❜❛❧❤♦✳ ❚❛♠❜é♠ s❡rá ❞❡s❝r✐t♦ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❡ ❛s♣❡❝t♦s ❣❡r❛✐s
❞❡ s❡✉s ❞❡t❡❝t♦r❡s✳
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✸✳✶ ✲ ❉❊❚❊❈❚❖❘❊❙ ❉❊ P❆❘❚❮❈❯▲❆❙

❋✐❣✉r❛ ✸✳✶✿ ■♠❛❣❡♠ ♦❜t✐❞❛ ❝♦♠ ✉♠❛ ❝â♠❛r❛ ❞❡ ♥✉✈❡♥s ❞❛ ♣r✐♠❡✐r❛ ♦❜s❡r✈❛çã♦
❞♦ ♣ós✐tr♦♥ ❬✶✾❪✳

✸✳✶ ❉❡t❡❝t♦r❡s ❞❡ ♣❛rtí❝✉❧❛s

❖s ❞✐✈❡rs♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s ✉s❛❞♦s ❡♠ ❋ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s ❜❛s❡✐❛♠✲s❡ ♥♦s
❢✉♥❞❛♠❡♥t♦s ❞❛ ✐♥t❡r❛çã♦ ❡♥tr❡ r❛❞✐❛çã♦ ❡ ♠❛tér✐❛✱ ✐❞❡♥t✐✜❝❛♥❞♦ ✉♠ ❢❡♥ô♠❡♥♦
q✉❡ ♣♦ss❛ s❡r ❢❛❝✐❧♠❡♥t❡ ♠❡❞✐❞♦✳ ◆❛s ♣r✐♠❡✐r❛s té❝♥✐❝❛s ✉t✐❧✐③❛❞❛s ❛ r❡s♣♦st❛
❞♦s ❞❡t❡❝t♦r❡s ❡r❛ ♦❜t✐❞❛ ❛tr❛✈és ❞❡ ❢❡♥ô♠❡♥♦s ✈✐s✉❛✐s✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✐♠❛✲
❣❡♠ ❞❛ ✜❣✉r❛ ✸✳✶✱ q✉❡ ❛♣r❡s❡♥t❛ ✉♠ ♠❡❞✐❞❛ r❡❛❧✐③❛❞❛ ❝♦♠ ❝❤❛♣❛s ❢♦t♦❣rá✜❝❛s✱
q✉❡ ❡①✐❜❡♠ ♠❛♥❝❤❛s ♥♦s ❧♦❝❛✐s ♣♦r ♦♥❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❛tr❛✈❡ss♦✉✳ ❯t✐❧✐③❛♥❞♦
✉♠❛ ♠♦❞✐✜❝❛çã♦ ❞❡st❛s ❝❤❛♣❛s✱ ❝♦♠ ❛ ❛❞✐çã♦ ❞❡ ❡♠✉❧sõ❡s ♣❛r❛ r❡❣✐str♦ ❞❡ tr❛✲
❥❡tór✐❛✱ ❡ ❝♦♥❤❡❝❡♥❞♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ♦ t❛♠❛♥❤♦ ❞❛s ♠❛r❝❛s ♥♦ ♠❛t❡r✐❛❧ ❡ ❛
❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛✱ ❡st❛ té❝♥✐❝❛ ♣ô❞❡ s❡r ✉s❛❞❛ ❡♠ ❞✐✈❡rs❛s ❞❡s❝♦❜❡rt❛s ✐♠✲
♣♦rt❛♥t❡s✱ ❝♦♠♦ ❛ ❞♦ ♠és♦♥ P✐ ♣♦r ❈és❛r ▲❛tt❡s ❬✶✽❪✳ ◆❛s ❝â♠❛r❛s ❞❡ ♥✉✈❡♥s✱
♦✉ ❝â♠❛r❛s ❞❡ ❲✐❧s♦♥✱ ✉t✐❧✐③❛❞❛s ♥❛ ❞❡s❝♦❜❡rt❛ ❞♦ ♣ós✐tr♦♥ ❬✶✾❪✱ sã♦ ❛♥❛❧✐s❛❞♦s
♦s tr❛ç♦s ❞❡✐①❛❞♦s ❡♠ ✉♠ ❛♠❜✐❡♥t❡ ❞❡ ✈❛♣♦r s✉♣❡rs❛t✉r❛❞♦ ❛♣ós s✉❛ ✐♦♥✐③❛çã♦
♣♦r ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s✳ ◆♦s ❡❧❡tr♦s❝ó♣✐♦s✱ ✉t✐❧✐③❛❞♦s ♥❛ ❞❡s❝♦❜❡rt❛ ❞♦s r❛✐♦s
❝ós♠✐❝♦s✱ ❝♦♥❢♦r♠❡ ❥á ❝✐t❛❞♦✱ ❡r❛ ♦❜s❡r✈❛❞❛ ❛ ❞❡✢❡①ã♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♠❡tá❧✐❝♦
❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❡ ❝❛r❣❛s ❡❧étr✐❝❛s✳

❆♣ós ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❡❧❡trô♥✐❝❛✱ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛r ♣✉❧s♦s ❡❧é✲
tr✐❝♦s ♣♦ss✐❜✐❧✐t♦✉ ❛ ❝r✐❛çã♦ ❞❡ ♥♦✈♦s ❞✐s♣♦s✐t✐✈♦s ♣❛r❛ ❞❡t❡❝çã♦✳ ❆ s❡❣✉✐r sã♦
❞❡s❝r✐t♦s ❛❧❣✉♥s ❞❡❧❡s✱ q✉❡ ❝♦♥s✐st❡♠ ♥♦s ❝♦♠♣♦♥❡♥t❡s ❜ás✐❝♦s ❞❡ ❞❡t❡❝t♦r❡s
♠❛✐s ❛✈❛♥ç❛❞♦s✱ ❢♦r♠❛❞♦s ♣♦r ✈❡rsõ❡s ❝♦♠ ❛❧❣✉♠❛s ♠♦❞✐✜❝❛çõ❡s ♦✉ ❣r❛♥❞❡s
❛rr❛♥❥♦s ❞❡ ✈ár✐♦s ❞❡t❡❝t♦r❡s✱ ❝♦♠♦ ♥♦s str❡❛♠❡rs✱ ❣r❛♥❞❡s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈
♣❛r❛ ❛str♦❢ís✐❝❛ ❞❡ ♥❡✉tr✐♥♦s✱ ❚P❈s ✭t✐♠❡ ♣r♦❥❡❝t✐♦♥ ❝❤❛♠❜❡rs✮✱ ✇✐r❡✲❝❤❛♠❜❡rs✱
❞❡t❡❝t♦r❡s r❛❞✐♦✲q✉í♠✐❝♦s✱ ♥♦✈❛s ✈❛r✐❛♥t❡s ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ❘P❈s ✭r❡s✐s✲
t✐✈❡ ♣❧❛t❡ ❝❤❛♠❜❡rs✮✱ ✜❜r❛s ❝✐♥t✐❧❛❞♦r❛s✱ ❢♦t♦✲❞✐♦❞♦s✱ ❞✐♦❞♦s ❞❡ ❛✈❛❧❛♥❝❤❡✱ ❡♥tr❡
♦✉tr♦s✳ ▼❛✐s ❞❡t❛❧❤❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❡♠ ❬✷✵❪ ❡ ❬✷✶❪✳
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❋✐❣✉r❛ ✸✳✷✿ ❚í♣✐❝♦ s✐♥❛❧ ❞❡ ✉♠ ❞❡t❡❝t♦r ❞❡ ♣❛rtí❝✉❧❛s ❛ ❣ás✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛
t❡❧❛ ❞❡ ✉♠ ♦s❝✐❧♦s❝ó♣✐♦ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✳

✸✳✶✳✶ ❉❡t❡❝t♦r❡s ❛ ❣ás

❖s ❞❡t❡❝t♦r❡s ❞❡ ✐♦♥✐③❛çã♦ ❛ ❣ás ❢♦r❛♠ ✉♠ ❞♦s ♣r✐♠❡✐r♦s ❛ tr❛❜❛❧❤❛r ❝♦♠
♣✉❧s♦s ❡❧étr✐❝♦s✳ ❙✉❛ ❝♦♥✜❣✉r❛çã♦ ❜ás✐❝❛ ❝♦♥s✐st❡ ❡♠ ✉♠ r❡❝✐♣✐❡♥t❡ ❞❡ ♣❛r❡❞❡s
❝♦♥❞✉t♦r❛s ♥♦ q✉❛❧ é ❛♣❧✐❝❛❞♦ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦ ❛tr❛✈és ❞❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡
♣♦t❡♥❝✐❛❧✱ q✉❡ ♣r♦♣✐❝✐❛ ♦ tr❛♥s♣♦rt❡ ❞♦s ❡❧étr♦♥s✴í♦♥s ❝r✐❛❞♦s ❛♣ós ❛ ♣❛ss❛❣❡♠
❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♣♦r ✉♠ ❣ás ✭❣❡r❛❧♠❡♥t❡ ✉♠ ❣ás ♥♦❜r❡✱ ❝♦♠♦ ❛r❣ô♥✐♦✮✳ ❆ ❝❛r❣❛
é ❝♦❧❡t❛❞❛ ♥✉♠ ❛♥♦❞♦✱ ❣❡r❛♥❞♦ ✉♠ ♣✉❧s♦ ❡❧étr✐❝♦ ❝♦♠♦ ♦ ❞❛ ✜❣✉r❛ ✸✳✷✳ ❍á
❞✐❢❡r❡♥t❡s ❢♦r♠❛s ❞❡ ♦♣❡r❛çã♦ ❞❡st❡s ❞❡t❡❝t♦r❡s✱ s❡♥❞♦ ✉♠❛ ❞❛s ♠❛✐s ❝♦♠✉♥s ♦s
❝♦♥t❛❞♦r❡s ●❡✐❣❡r✲▼✉❧❧❡r✱ ♥♦s q✉❛✐s ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❛♣❧✐❝❛❞♦ é tã♦ ✐♥t❡♥s♦ q✉❡
❛♣ós ❛ ✐♦♥✐③❛çã♦ ❞♦ ❣ás ♦s í♦♥s ♣r♦❞✉③✐❞♦s sã♦ ❛❝❡❧❡r❛❞♦s ❡ ❝❛✉s❛♠ ❛ ✐♦♥✐③❛çã♦
❞❡ ♦✉tr♦s át♦♠♦s✱ ❣❡r❛♥❞♦ ✉♠❛ ❛✈❛❧❛♥❝❤❡ q✉❡ s❡ ♣r♦♣❛❣❛ ♣♦r t♦❞♦ ♦ ❞❡t❡❝t♦r ❡
♣r♦❞✉③ ✉♠ s✐♥❛❧ s❛t✉r❛❞♦ ✭❞❡ ✐♥t❡♥s✐❞❛❞❡ ❝♦♥st❛♥t❡✮✳ ❆ ❡✜❝✐ê♥❝✐❛ ❞❡ ❞❡t❡❝çã♦
❝♦♠ ❡st❛ té❝♥✐❝❛ é ❜❛st❛♥t❡ ❛❧t❛✱ ♠❛s só ♣❡r♠✐t❡ ❛ ❝♦♥t❛❣❡♠ ❞❡ ♣❛rtí❝✉❧❛s✳
P❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ s✐♥❛✐s ♣r♦♣♦r❝✐♦♥❛✐s ❛♦ ♥ú♠❡r♦ ✐♥✐❝✐❛❧ ❞❡ í♦♥s ❣❡r❛❞♦s✱ é
♥❡❝❡ssár✐♦ tr❛❜❛❧❤❛r ❝♦♠ ❝❛♠♣♦s ❡❧étr✐❝♦s ❞❡ ♠❡♥♦r ❛♠♣❧✐t✉❞❡✱ ❝❛r❛❝t❡r✐③❛♥❞♦
♦ ♠♦❞♦ ❞❡ ❝â♠❛r❛ ♣r♦♣♦r❝✐♦♥❛❧✳

❆ ✈❛♥t❛❣❡♠ ❞❡st❡s ❞❡t❡❝t♦r❡s✱ ❛❧é♠ ❞♦ ❢❛t♦ ❞❡ tr❛❜❛❧❤❛r❡♠ ❝♦♠ ♣✉❧s♦s ❡❧é✲
tr✐❝♦s✱ é q✉❡ ♦ s❡✉ ❝✉st♦ ❡ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❝♦♥str✉çã♦ sã♦ ❜❛st❛♥t❡ ♣❡q✉❡♥♦s✳ ❖
✉s♦ ❞❡ ❝♦♥t❛❞♦r❡s ●❡✐❣❡r✲▼✉❧❧❡r ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❜❛❧ã♦✱ ♣❡r♠✐t✐✉ ♦ ❡st✉❞♦
❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛ ❛❧t✐t✉❞❡s ♠✉✐t♦ ♠❛✐♦r❡s✱ ❥á q✉❡ ♥ã♦ ❤❛✈✐❛ ♠❛✐s ♥❡❝❡ss✐❞❛❞❡
❞❡ tr✐♣✉❧❛çã♦✳ ◆♦s ❞✐❛s ❞❡ ❤♦❥❡✱ ❞❡t❡❝t♦r❡s ❛ ❣ás ♥ã♦ sã♦ ♥♦r♠❛❧♠❡♥t❡ ✉t✐❧✐③❛✲
❞♦s ❡♠ ❣r❛♥❞❡s ❡①♣❡r✐♠❡♥t♦s✱ ❛ ♥ã♦ s❡r ❡♠ ❛rr❛♥❥♦s ♠❛✐s s♦✜st✐❝❛❞♦s✱ ♥♦s q✉❛✐s
❛ ✐♥❢♦r♠❛çã♦ t❡♠♣♦r❛❧ ❞♦ s✐♥❛❧ é ✉t✐❧✐③❛❞❛ ♣❛r❛ r❛str❡❛♠❡♥t♦ ❞❡ ♣♦s✐çã♦✱ ♥❛s
❝❤❛♠❛❞❛s ❞❡ ❝â♠❛r❛s ❞❡ ♣r♦❥❡çã♦ t❡♠♣♦r❛❧ ✭❚P❈ ✲t✐♠❡ ♣r♦❥❡❝t✐♦♥ ❝❤❛♠❜❡rs✮✳
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❋✐❣✉r❛ ✸✳✸✿ ❊sq✉❡♠❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛✳

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

❯♠ ✐♥str✉♠❡♥t♦ q✉❡ ♣❡r♠✐t✐✉ ❛ ❝♦♥str✉çã♦ ❞❡ ♥♦✈♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s ❢♦✐ ♦
t✉❜♦ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r✱ ♦✉ s✐♠♣❧❡s♠❡♥t❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ✭P▼❚ ✲ ♣❤♦t♦♠✉❧✲

t✐♣❧✐❡r t✉❜❡✮✳ ❊st❡ ❞✐s♣♦s✐t✐✈♦ ❝♦♥✈❡rt❡ ❢ót♦♥s ❡♠ s✐♥❛✐s ❡❧étr✐❝♦s✱ ♣♦ss✐❜✐❧✐t❛♥❞♦
♦ r❡❣✐str♦ ❞❛ ❧✉③ ♣r♦✈❡♥✐❡♥t❡ ❞❡ ♠❛t❡r✐❛✐s ❝✐♥t✐❧❛❞♦r❡s ♦✉ ♦✉tr❛s ❢♦♥t❡s✱ ❢✉♥❝✐✲
♦♥❛♥❞♦ ❛té ♣❛r❛ ♣♦✉❝❛s ❞❡③❡♥❛s ❞❡ ❢ót♦♥s✳ ❖ ❡sq✉❡♠❛ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s
P▼❚s é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✸✳ ●✉✐❛❞♦s ♣♦r ❛❧❣✉♠ t✐♣♦ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ó♣t✐❝♦
♥❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ♦ ♠❛t❡r✐❛❧ ♦❜s❡r✈❛❞♦✱ ♦s ❢ót♦♥s ❛t✐♥❣❡♠ ♦ ❢♦t♦❝át♦❞♦✱ ♦♥❞❡
♦❝♦rr❡ ❡❢❡✐t♦ ❢♦t♦❡❧étr✐❝♦✳ ❖ ♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ♣r♦❞✉③✐❞♦s ♣❛r❛ ❝❛❞❛ ❢ót♦♥
✭❝❤❛♠❛❞♦ ❞❡ ❡✜❝✐ê♥❝✐❛ q✉â♥t✐❝❛✮ ❞❡✈❡ s❡r ♦ ♠á①✐♠♦ ♣♦ssí✈❡❧✱ ♦ q✉❡ ❣❡r❛❧♠❡♥t❡
é ♦❜t✐❞♦ ❝♦♠ ♠❛t❡r✐❛✐s s❡♠✐❝♦♥❞✉t♦r❡s✳ ❆ ❡✜❝✐ê♥❝✐❛ q✉â♥t✐❝❛ ❞❡♣❡♥❞❡ ❞♦ ❝♦♠✲
♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢ót♦♥ ✐♥❝✐❞❡♥t❡✱ ❡♥tã♦ é ✐♠♣♦rt❛♥t❡ q✉❡ ✐st♦ s❡❥❛ ❧❡✈❛❞♦
❡♠ ❝♦♥s✐❞❡r❛çã♦ ♥❛ ❡s❝♦❧❤❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧✳ ❖s ♣r✐♠❡✐r♦s ❡❧étr♦♥s ❡♠✐t✐❞♦s sã♦
❛tr❛í❞♦s ❛té ♦ ♣r✐♠❡✐r♦ ❞✐♥♦❞♦ ❛tr❛✈és ❞❡ ✉♠ ❡❧❡tr♦❞♦✱ ♥♦ q✉❛❧ ❝❛♠♣♦s ❡❧étr✐❝♦s
sã♦ ❛♣❧✐❝❛❞♦s ❞❡ ❢♦r♠❛ ❛ ❢♦❝❛❧✐③❛r ♦ ❢❡✐①❡ ❞❡ ♣❛rtí❝✉❧❛s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥❡st❡
♣r♦❝❡ss♦ q✉❡ ♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❛té ♦ ❞✐♥♦❞♦ s❡❥❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ♣♦s✐çã♦
❞❡ ❡♥tr❛❞❛ ❞♦ ❡❧étr♦♥✱ ♠❡❧❤♦r❛♥❞♦ ❛ r❡s♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ P▼❚✳ ◆♦ ❞✐♥♦❞♦
♦❝♦rr❡ ✉♠ ❡❢❡✐t♦ ❞❡ ❡♠✐ssã♦ s❡❝✉♥❞ár✐❛✱ ❣❡r❛♥❞♦ ♠❛✐s ❡❧étr♦♥s✳ ❊♥tr❡ ❝❛❞❛ ✉♠
❞♦s ♣ró①✐♠♦s ❞✐♥♦❞♦s✱ q✉❡ ♣♦❞❡♠ s❡r ❞✐s♣♦st♦s ❡♠ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❣❡♦♠❡✲
tr✐❛s✱ ❤á s❡♠♣r❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ q✉❡ ❛tr❛✐ ♦s ❡❧étr♦♥s✱ ❣❡r❛♥❞♦ ❝❛❞❛
✈❡③ ♠❛✐s ♣❛rtí❝✉❧❛s✳ ❆♣ós ♦ ú❧t✐♠♦ ❞✐♥♦❞♦✱ ❛ ❝❛r❣❛ t♦t❛❧ ♣r♦❞✉③✐❞❛ é ❝♦❧❡t❛❞❛
♣❡❧♦ ❛♥♦❞♦✱ ❢♦r♥❡❝❡♥❞♦ ✉♠ s✐♥❛❧ ❛♠♣❧✐✜❝❛❞♦✳

❆ ❡✜❝✐ê♥❝✐❛ ❞❡ ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ❡stá ❧✐❣❛❞❛ à ❡✜❝✐ê♥❝✐❛ q✉â♥t✐❝❛ ❞♦
❢♦t♦❝át♦❞♦ ❡ à t❛①❛ ❞❡ ❡♠✐ssã♦ s❡❝✉♥❞ár✐❛ ♥♦s ❞✐♥♦❞♦s✳ ●❡r❛❧♠❡♥t❡✱ ♦s t✉❜♦s
sã♦ ❞❡✐①❛❞♦s ❡♠ ✈á❝✉♦✱ ♣❛r❛ ❡✈✐t❛r ❛ ✐♦♥✐③❛çã♦ ❞❡ ❣❛s❡s✱ q✉❡ ❣❡r❛♠ r✉í❞♦s✳ ❖✉✲
tr❛ ❢♦♥t❡ ✐♥❡✈✐tá✈❡❧ ❞❡ r✉í❞♦s é ❛ ❡♠✐ssã♦ ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ❞♦s ♠❡t❛✐s ❞♦ t✉❜♦
♣♦r ❡❢❡✐t♦ t❡r♠✐ô♥✐❝♦✱ ❝✉❥❛ t❛①❛ ❛✉♠❡♥t❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✳ ❖ ❢❛t♦r ❞❡ ❛♠✲
♣❧✐✜❝❛çã♦ t♦t❛❧ é ❝❤❛♠❛❞♦ ❞❡ ❣❛♥❤♦✱ ❝♦♠ ✈❛❧♦r❡s ❞❛ ♦r❞❡♠ ❞❡ 106✱ ❡ t❛♠❜é♠ é
❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♥sã♦ ❛♣❧✐❝❛❞❛ ❡♥tr❡ ♦ ♣r✐♠❡✐r♦ ❞✐♥♦❞♦ ❡ ♦ ❝❛t♦❞♦✳ ❖ s✐♥❛❧ ❣❡✲
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r❛❞♦ ❝♦st✉♠❛ s❡r ❜❛st❛♥t❡ ❝❧❛r♦✱ ❢❛❝✐❧♠❡♥t❡ s❡♣❛rá✈❡❧ ❞♦ r✉í❞♦✳ P♦r ❡st❡ ♠♦t✐✈♦✱
❛s P▼❚s t✐✈❡r❛♠ ✉♠❛ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❢ís✐❝❛ ❞❡ ♣❛r✲
tí❝✉❧❛s ❡✱ ❛♣❡s❛r ❞❡ ❥á ❡①✐st✐r❡♠ ❞✐s♣♦s✐t✐✈♦s s❡♠✐❝♦♥❞✉t♦r❡s s❡♥sí✈❡✐s ❛ ❢ót♦♥s✱
❡❧❛s ❝♦♥t✐♥✉❛♠ s❡♥❞♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞❛s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦s ❞❡t❡❝t♦r❡s q✉❡
✉t✐❧✐③❛♠ ♠❛t❡r✐❛✐s ❝✐♥t✐❧❛❞♦r❡s✳

❖s ❝✐♥t✐❧❛❞♦r❡s sã♦ ♦ t✐♣♦ ♠❛✐s ❝♦♠✉♠ ❞❡ ❞❡t❡❝t♦r❡s ♥♦s ❡①♣❡r✐♠❡♥t♦s ❛t✉❛✐s✳
❆ ✐❞❡✐❛ ❜ás✐❝❛ ❞❡ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ é r❡❣✐str❛r ❛ ❧✉③ ❡♠✐t✐❞❛ ♣♦r ✉♠ ♠❛t❡r✐❛❧
❛♣ós ❛ ❡①❝✐t❛çã♦ ❞❡ s✉❛s ♠♦❧é❝✉❧❛s ♦✉ át♦♠♦s ✭❝✐♥t✐❧❛çã♦✮ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠❛
♣❛rtí❝✉❧❛✳ ❆s ✈❛♥t❛❣❡♥s ❞❡st❛ té❝♥✐❝❛ sã♦ ♦ rá♣✐❞♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛✱ ♦ q✉❡
r❡❞✉③ ♦ t❡♠♣♦ ♠♦rt♦ ❞♦ s✐st❡♠❛✱ ❛ ❧✐♥❡❛r✐❞❛❞❡ ❡♥tr❡ ♦ s✐♥❛❧ ❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛r✲
tí❝✉❧❛ ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❞✐st✐♥çã♦ ❡♥tr❡ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ❛tr❛✈és
❞❛ ❛♥á❧✐s❡ ❞❛ ❢♦r♠❛ ❞♦ s✐♥❛❧ r❡❣✐str❛❞♦✳ P❛r❛ q✉❡ ✉♠ ♠❛t❡r✐❛❧ s❡❥❛ ✉t✐❧✐③❛❞♦ ❡♠
✉♠ ❞❡t❡❝t♦r ❞❡st❡ t✐♣♦✱ ❡❧❡ ❞❡✈❡ ❛♣r❡s❡♥t❛r ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ❝♦♥✈❡rt❡r ❛ ❡♥❡r❣✐❛
❝✐♥ét✐❝❛ ❛❜s♦r✈✐❞❛ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ❧✉③✱ ❞❡ ❢♦r♠❛ ❧✐♥❡❛r✱ ❞❡✈❡ s❡r tr❛♥s♣❛r❡♥t❡
❛♦ ♣ró♣r✐♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡♠✐t✐❞♦ ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ ❝♦❧❡t❛ ❞❛ ❧✉③✱ t❡r í♥❞✐❝❡
❞❡ r❡❢r❛çã♦ ♣ró①✐♠♦ ❛♦ ❞♦ ✈✐❞r♦✱ ♣❛r❛ ❢❛❝✐❧✐t❛r ♦ ❛❝♦♣❧❛♠❡♥t♦ ❝♦♠ ❛ P▼❚✱ ❡
♦ t❡♠♣♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❡♠✐t✐❞❛ ❞❡✈❡ s❡r ♣❡q✉❡♥♦✳ ●❡✲
r❛❧♠❡♥t❡ ♥ã♦ é ♣♦ssí✈❡❧ s❛t✐s❢❛③❡r ❛ t♦❞♦s ♦s r❡q✉✐s✐t♦s s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❡♥tã♦
❡s❝♦❧❤❡✲s❡ ✉♠ ♠❛t❡r✐❛❧ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ♥❡❝❡ss✐❞❛❞❡s ❞♦ ❡①♣❡r✐♠❡♥t♦ ❡ ❝♦♠
✉♠ ❡s♣❡❝tr♦ ❞❡ ❡♠✐ssã♦ ❝♦♥s✐st❡♥t❡ ❝♦♠ ❛ P▼❚ ✉t✐❧✐③❛❞❛✳ ❖s ♠❛✐s ❝♦♠✉♥s sã♦
❝✐♥t✐❧❛❞♦r❡s ♣❧ást✐❝♦s✱ ❧íq✉✐❞♦s ♦✉ ❝r✐st❛✐s ♦r❣â♥✐❝♦s✱ ❝r✐st❛✐s ✐♥♦r❣â♥✐❝♦s✱ ❣❛s❡s ❡
✈✐❞r♦s✳

❯♠ ❡①❡♠♣❧♦ ♣❡❝✉❧✐❛r ❞❡ ❞❡t❡❝çã♦ ❞❡ ❝✐♥t✐❧❛çã♦ ❝♦♠ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s sã♦
♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✉t✐❧✐③❛❞♦s ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳ ❆
❡①❝✐t❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦❣ê♥✐♦ ❞❛ ❛t♠♦s❢❡r❛ ❛♣ós ❛ ♣❛ss❛❣❡♠ ❞❛s ♣❛rtí❝✉✲
❧❛s ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❝❛✉s❛ ❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ✭✢✉♦r❡s❝ê♥❝✐❛✮✳ ❯t✐❧✐③❛✲s❡ ✉♠ ❡s♣❡❧❤♦
♣❛r❛ ❢♦❝❛❧✐③❛r ❡st❛ ❧✉③ ❡♠ ❛rr❛♥❥♦s ❜✐❞✐♠❡♥s✐♦♥❛✐s ❞❡ ✈ár✐❛s P▼❚s✱ r❡❣✐str❛♥❞♦
♦ tr❛ç♦ ❞❡✐①❛❞♦✳

✸✳✶✳✸ ❉❡t❡❝t♦r❡s ❈❤❡r❡♥❦♦✈

◗✉❛♥❞♦ ✉♠❛ ♣❛rtí❝✉❧❛ s❡ ♣r♦♣❛❣❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✐♦r à ❞❛ ❧✉③ ♥♦ ♠❡✐♦✱ é
❡♠✐t✐❞❛ ❛ ❝❤❛♠❛❞❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ ❬✷✷❪✳ ❊st❡ ❢❡♥ô♠❡♥♦ é ♦❜s❡r✈❛❞♦ q✉❛♥❞♦
❛ s❡❣✉✐♥t❡ ❝♦♥❞✐çã♦ é s❛t✐s❢❡✐t❛

βn > 1, ✭✸✳✶✮

♦♥❞❡ β é ❛ r❛③ã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ♣❡❧❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥♦ ✈á❝✉♦ ✭c✮
❡ n é ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦ ❡♠ q✉❡ ❡❧❛ ✐♥❝✐❞✐✉✳ ❈♦♠ ❡st❛ ❝♦♥❞✐çã♦✱ ❤á
✉♠ ❧✐♠✐❛r ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ q✉❡ ♦ ❡❢❡✐t♦ ♦❝♦rr❛✱ q✉❡ é ❞❛❞♦ ♣♦r

Emin = m0c
2 n√

n2 − 1
, ✭✸✳✷✮

s❡♥❞♦ mo ❛ ♠❛ss❛ ❞❡ r❡♣♦✉s♦ ❞❛ ♣❛rtí❝✉❧❛✳ ◆♦ ❝❛s♦ ❞❡ ❡❧étr♦♥s s❡ ♣r♦♣❛❣❛♥❞♦
♥✉♠ ❝✐♥t✐❧❛❞♦r ♣❧ást✐❝♦✱ ❡st❡ ❧✐♠✐❛r é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 660 keV ✱ ❡ ❞❡ 879
keV ♥❛ á❣✉❛✳

❆ ❡♠✐ssã♦ ❞❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ é ✉♠ ❢❡♥ô♠❡♥♦ ❜❛st❛♥t❡ rá♣✐❞♦✱ ❞❛ ♦r❞❡♠
❞❡ 10−12 s❡❣✉♥❞♦s✳ ❊❧❛ ♦❝♦rr❡ ❝♦♠♦ ❡♠ ♦♥❞❛s ❞❡ ❝❤♦q✉❡✱ ❝♦♥❢♦r♠❡ r❡♣r❡s❡♥t❛❞♦
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❋✐❣✉r❛ ✸✳✹✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❞❛ ❡♠✐ssã♦ ❞❡ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈✳

♥❛ ✜❣✉r❛ ✸✳✹✱ ❢♦r♠❛♥❞♦ ✉♠ ❝♦♥❡ ♥❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✱ ❝✉❥♦
â♥❣✉❧♦ ❞❡ ❛❜❡rt✉r❛ θC é ❞❛❞♦ ♣♦r

cosθ =
1

βn
, ✭✸✳✸✮

♣♦ss✉✐♥❞♦ ✉♠ ✈❛❧♦r ♠á①✐♠♦ q✉❛♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ s❡ ✐❣✉❛❧❛ à ❞❛ ❧✉③
♥♦ ♠❡✐♦✳ ❚✐♣✐❝❛♠❡♥t❡✱ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❡♠✐t✐❞♦s ✈ã♦ ❞♦ ✉❧tr❛✲✈✐♦❧❡t❛
♣ró①✐♠♦ ❛♦ ✈✐sí✈❡❧ ❛té ♦ ❛③✉❧✳

❆ ❝♦♥str✉çã♦ ❞❡ ❞❡t❡❝t♦r❡s q✉❡ ✉t✐❧✐③❛♠ ❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ é ❛♥á❧♦❣❛ à
❞♦s ❝✐♥t✐❧❛❞♦r❡s✱ ♣♦s✐❝✐♦♥❛♥❞♦ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞❡ ❢♦r♠❛ ❛ ❝♦❧❡t❛r ❛ ♠❛✐♦r
q✉❛♥t✐❞❛❞❡ ❞❡ ❢ót♦♥s ♣♦ssí✈❡❧✳ ❆❧é♠ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s✱ ♣♦❞❡♠ s❡r ❞❡t❡❝✲
t❛❞♦s r❛✐♦s ❣❛♠❛✱ ❞❡s❞❡ q✉❡ s♦❢r❛♠ ♣r♦❞✉çã♦ ❞❡ ♣❛r❡s ♦✉ ❡s♣❛❧❤❛♠❡♥t♦ ❈♦♠♣✲
t♦♥✱ r❡s✉❧t❛♥❞♦ ❡♠ ❡❧étr♦♥s ❛❝✐♠❛ ❞♦ ❧✐♠✐❛r ❞❡ ❡♠✐ssã♦ ❞❛ r❛❞✐❛çã♦✳ ❯♠❛ ❞❛s
✈❛♥t❛❣❡♥s ❞❡st❛ té❝♥✐❝❛ sã♦ ♦s ❝✉rt♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❞❡ ❡♠✐ssã♦✱ q✉❡ ❣❛✲
r❛♥t❡♠ ✉♠❛ ❜♦❛ r❡s♦❧✉çã♦ t❡♠♣♦r❛❧✱ ❣❡r❛❧♠❡♥t❡ ❧✐♠✐t❛❞❛ ❛♣❡♥❛s ♣❡❧❛ r❡s♦❧✉çã♦
❞❛ P▼❚✳ ❆ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ é ♦ ❢❛t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❣❡r❛❞♦s s❡r ❜❛st❛♥t❡
♣❡q✉❡♥♦✱ ❞❛ ♦r❞❡♠ ❞❡ ❝❡♥t❡♥❛s ♥♦ ❝❛s♦ ❞❡ ❡❧étr♦♥s ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1 MeV ✱
❡ ♥ã♦ s❡r❡♠ ❡♠✐t✐❞♦s ✐s♦tr♦♣✐❝❛♠❡♥t❡✳ ❆ s♦❧✉çã♦ é ✉t✐❧✐③❛r ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s
q✉❡ ❝✉❜r❛♠ ✉♠❛ ❣r❛♥❞❡ ár❡❛ ♥❛ s✉♣❡r❢í❝✐❡ ✐♥t❡r♥❛ ❡ ❣❛r❛♥t✐r q✉❡ ♦s ❢ót♦♥s s❡❥❛♠
r❡✢❡t✐❞♦s ❛té ❡❧❛s✳

❆ ❡s❝♦❧❤❛ ❞♦ ♠❛t❡r✐❛❧ ♣❛r❛ ❡st❡s ❞❡t❡❝t♦r❡s é ❢❡✐t❛ ❛ ♣❛rt✐r ❞♦ í♥❞✐❝❡ ❞❡
r❡❢r❛çã♦✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❧✐♠✐❛r ❞❡ ❡♥❡r❣✐❛ q✉❡ s❡ ❞❡s❡❥❛✳ ❆❧é♠ ❞✐ss♦✱ ❡❧❡ ❞❡✈❡
❛♣r❡s❡♥t❛r ❜♦❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ tr❛♥s♠✐ssã♦ ó♣t✐❝❛ ❡ ♥ã♦ ❞❡✈❡ ❡♠✐t✐r ❧✉③ ♣♦r
❝✐♥t✐❧❛çã♦ ♥❛ ♠❡s♠❛ r❡❣✐ã♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳ P♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s
♠❛t❡r✐❛✐s ❝♦♠♦ sí❧✐❝❛✱ ❣❛s❡s ❛ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s✱ ❣❛s❡s ❧✐q✉❡❢❡✐t♦s✱ á❣✉❛ ❡ ❛té
só❧✐❞♦s tr❛♥s♣❛r❡♥t❡s✱ ❝♦♠♦ ✈✐❞r♦s✳

❯♠❛ ❛♣❧✐❝❛çã♦ ✐♠♣♦rt❛♥t❡ ❝♦♠ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ sã♦ ♦s ❞❡t❡❝t♦r❡s ❘■❈❍
✭r✐♥❣✲✐♠❛❣✐♥❣ ❈❤❡r❡♥❦♦✈✮✱ q✉❡ ✉t✐❧✐③❛♠ ♦ ❝♦♥❡ ♣r♦❞✉③✐❞♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦
❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✳ ◆❡st❡ ❝❛s♦✱ sã♦ r❡❝♦♥str✉í❞♦s ♦s ❛♥é✐s ♦✉ ❡❧✐♣s❡s
❢♦r♠❛❞♦s ♣❡❧♦ ❝♦♥❡ ❈❤❡r❡♥❦♦✈✱ ♥ã♦ ❜❛st❛♥❞♦ ❛♣❡♥❛s ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛
♣❛r❛ ❞❡t❡❝çã♦✳ ❊st❡ t✐♣♦ ❞❡ ❞❡t❡❝t♦r ❡stá ♣r❡s❡♥t❡ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞♦ ▲❍❈✱
❝♦♠♦ ♦ ▲❍❈❜ ❬✷✸❪✱ ♦♥❞❡ sã♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❡♥tr❡ ♦s ❞✐❢❡r❡♥t❡s

✷✸



✸✳✷ ✲ ❉❊❚❊❈➬➹❖ ❉❊ ❘❆■❖❙ ❈Ó❙▼■❈❖❙

t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s✳

✸✳✶✳✹ ❉❡t❡❝t♦r❡s ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s

❖ ♠♦❞♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ❞❡t❡❝t♦r❡s ❜❛s❡❛❞♦s ❡♠ ❝♦♥❝❡✐t♦s ❞❡ ❢ís✐❝❛
❞♦ ❡st❛❞♦ só❧✐❞♦ é ❛♥á❧♦❣♦ ❛♦ ❞♦s ❛ ❣ás✳ ❆ ♣❛ss❛❣❡♠ ❞❡ ♣❛rtí❝✉❧❛s ✐♦♥✐③❛♥t❡s
♥♦ ♠❛t❡r✐❛❧ s❡♠✐❝♦♥❞✉t♦r ❝❛✉s❛ ❛ ❝r✐❛çã♦ ❞❡ ♣❛r❡s ❡❧étr♦♥✲❜✉r❛❝♦ ✭❛♦ ✐♥✈és ❞❡
❡❧étr♦♥✲í♦♥✮✱ q✉❡ sã♦ ❝♦❧❡t❛❞♦s ❛tr❛✈és ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ❡❧étr✐❝♦✳ ➱
♣♦ssí✈❡❧ ❝♦♥str✉✐r ❞❡t❡❝t♦r❡s ❡♠ t❛♠❛♥❤♦s ❜❛st❛♥t❡ r❡❞✉③✐❞♦s ❡ ❝♦♠ t❡♠♣♦s
❞❡ r❡s♣♦st❛ ♠✉✐t♦ ♣❡q✉❡♥♦s✱ s❡♥❞♦ ♦❜t✐❞❛s r❡s♦❧✉çõ❡s ❡s♣❛❝✐❛✐s ♠✉✐t♦ ♠❡❧❤♦✲
r❡s✱ t♦r♥❛♥❞♦ ❡st❛ té❝♥✐❝❛ ❜❛st❛♥t❡ ❡✜❝✐❡♥t❡ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❝♦❧✐sõ❡s ❡♠
❛❝❡❧❡r❛❞♦r❡s ❞❡ ♣❛rtí❝✉❧❛s✱ ♥♦s q✉❛✐s ❞❡s❡❥❛✲s❡ r❛str❡❛r ❛ tr❛❥❡tór✐❛ ❞❡ ✐♥ú♠❡✲
r❛s ♣❛rtí❝✉❧❛s s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❝♦♠ ❛❧t❛ ♣r❡❝✐sã♦✳ ❆ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛
❣❡r❛çã♦ ❞❡ ✉♠ s✐♥❛❧ t❛♠❜é♠ é ♠❡♥♦r q✉❡ ❡♠ ♦✉tr♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s✱ r❡✲
s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❛❧t❛ r❡s♦❧✉çã♦ t❛♠❜é♠ ❡♠ ♠❡❞✐❞❛s ❞❡ ❡♥❡r❣✐❛✳ ❆ ♣r✐♥❝✐♣❛❧
❞❡s✈❛♥t❛❣❡♠ é ♦ ❛❧t♦ ❝✉st♦✱ ❞❡✈✐❞♦ ❛♦s ♠❛t❡r✐❛✐s ✉t✐❧✐③❛❞♦s ✭♥♦r♠❛❧♠❡♥t❡ s✐❧í❝✐♦
♦✉ ❣❡r♠â♥✐♦✮✱ ❝✉❥❛s ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s sã♦ ❞❛♥✐✜❝❛❞♦s r❛♣✐❞❛♠❡♥t❡ q✉❛♥❞♦
s✉❥❡✐t❛s ❛ r❛❞✐❛çã♦✱ ❡ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ r❡s❢r✐❛♠❡♥t♦ ❛té t❡♠♣❡r❛t✉r❛s ♠✉✐t♦
❜❛✐①❛s✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ ✉♠ ✐♥✈❡st✐♠❡♥t♦ ❡♠ s✐st❡♠❛s ❞❡ ❝r✐♦❣❡♥✐❛✳

❊st❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦ t❡♠ s✐❞♦ ❛♠♣❧❛♠❡♥t❡ ❡①♣❧♦r❛❞❛s ❡♠ ♠❡❞✐❞❛s ❞❡
❡s♣❡❝tr♦s❝♦♣✐❛ ❡ r❛str❡❛♠❡♥t♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♠ ❡①♣❡r✐♠❡♥t♦s ❞❡ ❢ís✐❝❛ ♥✉✲
❝❧❡❛r✳ ◆❛ ár❡❛ ❞❡ ❢ís✐❝❛ ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s✱ ♠✉✐t❛s ✈❡③❡s s❡✉ ✉s♦ é ✐♥✈✐á✈❡❧✱ ❥á q✉❡
sã♦ ♥❡❝❡ssár✐♦s ❞❡t❡❝t♦r❡s ❣r❛♥❞❡s ♦✉ ❡♠ ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s✱ ♦ q✉❡ t♦r♥❛ ♦
❝✉st♦ t♦t❛❧ ❛✐♥❞❛ ♠❛✐s ❛❧t♦ q✉❡ ✉t✐❧✐③❛♥❞♦ ♦✉tr❛s té❝♥✐❝❛s✳ ➱ ♠❛✐s ❝♦♠✉♠ s❡✲
r❡♠ ✉t✐❧✐③❛❞♦s ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ♦✉tr♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s✱ ❝❛❞❛ ✉♠ s❛t✐s❢❛③❡♥❞♦
✉♠❛ ♥❡❝❡ss✐❞❛❞❡ ❞✐❢❡r❡♥t❡ ♥♦ ❡①♣❡r✐♠❡♥t♦✱ ❝♦♠♦ ♦❝♦rr❡ ♥♦ ▲❍❈ ❬✷✹❪✳

✸✳✷ ❉❡t❡❝çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

❖s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ r❛✐♦s ❝ós♠✐❝♦s s❡ ✐♥✐❝✐❛r❛♠ ❝♦♠ ❛s ♠❡❞✐❞❛s q✉❡ ✈✐s❛✲
✈❛♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ s✉❛ ♦r✐❣❡♠✱ ❥á q✉❡ ♥❡♠ s❡q✉❡r s❡ s❛❜✐❛ s❡ ❡st❛ r❛❞✐❛çã♦
♦❜s❡r✈❛❞❛ ♥❛ ❛t♠♦s❢❡r❛ ❡r❛ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ✐♥t❡r✐♦r ❞❛ ❚❡rr❛ ♦✉ ❞❡ ❢♦r❛ ❞❡❧❛✳
❈♦♠♦ ❥á ❝✐t❛❞♦✱ ❱✐t♦r ❍❡ss ❡ ♦✉tr♦s r❡❛❧✐③❛r❛♠ ♠❡❞✐❞❛s ❛ ❛❧t✐t✉❞❡s ❝❛❞❛ ✈❡③
♠❛✐♦r❡s ❡ ♥♦t❛r❛♠ ✉♠ ❛✉♠❡♥t♦ ♥♦ ✢✉①♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❞❡t❡r♠✐♥❛♥❞♦ q✉❡ ❡r❛♠
♣r♦✈❡♥✐❡♥t❡s ❞♦ ❝♦s♠♦✳ ❉❡s❞❡ ❡♥tã♦✱ ♥♦✈♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ❝r✐❛❞♦s ❡ ♦
❝♦♥❤❡❝✐♠❡♥t♦ ♥❡st❛ ár❡❛ ❢♦✐ s❡ ❝♦♥s♦❧✐❞❛♥❞♦✳

❖s ♣r✐♠❡✐r♦s r❡s✉❧t❛❞♦s ❬✷✱ ✸❪ ❢♦r❛♠ ♥❛ r❡❣✐ã♦ ❞❡ ❡♥❡r❣✐❛s ♠❛✐s ❜❛✐①❛s✱ ❛té
1015 eV ✱ ♣❛r❛ ❛s q✉❛✐s é ♣♦ssí✈❡❧ r❡❛❧✐③❛r ♠❡❞✐❞❛s ❞✐r❡t❛s ♥♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛
❝♦♠ ❞❡t❡❝t♦r❡s ❡♠ ❜❛❧õ❡s ✭❡ ♠❛✐s r❡❝❡♥t❡♠❡♥t❡ ❡♠ s❛té❧✐t❡s✮✳ ❋❡♥ô♠❡♥♦s ❝♦♠♦
❛ ❡♠✐ssã♦ ❞❡ r❛✐♦s ❣❛♠❛ ❞♦ ❙♦❧✱ ♦ ❡❢❡✐t♦ ❞♦ ❝❛♠♣♦ ❣❡♦♠❛❣♥ét✐❝♦ ❡ ❛ ❛ss✐♠❡tr✐❛
❡♥tr❡ ♦s ✢✉①♦s ❞♦ ❧❡st❡ ❡ ♦❡st❡ ❢♦r❛♠ ❡st✉❞❛❞♦s✳ ■♥❢♦r♠❛çõ❡s ✐♠♣♦rt❛♥t❡s ❢♦r❛♠
♦❜t✐❞❛s s♦❜r❡ ♦ ❡s♣❡❝tr♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✱ ✐♥❝❧✉✐♥❞♦ ♠❡❞✐❞❛s ❞❡ ❝♦♠♣♦s✐çã♦ ❡
❞❡ ✢✉①♦✳ ❚❛♠❜é♠ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❣r❛♥❞❡s ♣r♦❣r❡ss♦s ❡♠ r❡❧❛çã♦ à ✐♥t❡r❛çã♦
❞❛s ♣❛rtí❝✉❧❛s✱ ❝♦♠ ❛ ♦❜s❡r✈❛çã♦ ❞❡ ❞✉❛s ❝♦♠♣♦♥❡♥t❡s ❞✐❢❡r❡♥t❡s ♥❛s ❝❛s❝❛t❛s
❣❡r❛❞❛s ♣♦r r❛✐♦s ❝ós♠✐❝♦s✱ ✉♠❛ ❢❛❝✐❧♠❡♥t❡ ❛❜s♦r✈✐❞❛ ❡ ♦✉tr❛ ♠❛✐s ♣❡♥❡tr❛♥t❡✱
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❢❛t♦ ❡♥t❡♥❞✐❞♦ ❛♣❡♥❛s ❛♥♦s ❞❡♣♦✐s✱ ❝♦♠ ♥♦✈♦s ❡①♣❡r✐♠❡♥t♦s ❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
t❡ór✐❝♦ ❞❛ ❢ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s✳

◆❛ ❞é❝❛❞❛ ❞❡ ✶✾✸✵✱ ❡st✉❞♦s ❞❡ ❇r✉♥♦ ❘♦ss✐ ❡ P✐❡rr❡ ❆✉❣❡r ❬✸❪ ❧❡✈❛r❛♠ à
❞❡s❝♦❜❡rt❛ ❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✳ ▲♦❣♦ s❡ ♣❡r❝❡❜❡✉ q✉❡ ❡st❡s
❡r❛♠ ❣❡r❛❞♦s ♣♦r r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛s ❡①tr❡♠❛♠❡♥t❡ ❛❧t❛s✱ ❝❛✉s❛♥❞♦ ✉♠
❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♣♦r s❡✉ ❡st✉❞♦✳ P♦ré♠✱ s❡✉ ✢✉①♦ ❡r❛ ♠✉✐t♦ ♣❡q✉❡♥♦✱ ♥ã♦ s❡♥❞♦
♠❛✐s ✈✐á✈❡❧ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ❜❛❧õ❡s ♣❛r❛ ❞❡t❡❝çã♦ ❞✐r❡t❛✳ ❖ ♣r✐♠❡✐r♦ ❣r❛♥❞❡
❡①♣❡r✐♠❡♥t♦ ♣❛r❛ ❞❡t❡❝çã♦ ✐♥❞✐r❡t❛ ❢♦✐ ❝♦♥str✉í❞♦ ❡♠ ✶✾✺✾ ❡♠ ❱♦❧❝❛♥♦ ❘❛♥❝❤
❬✶❪✱ ❝♦♠ q✉❛s❡ 10 km2✱ ❡ ♣ô❞❡ ❞❡t❡❝t❛r ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ♠❛✐♦r q✉❡ 10
EeV ✳ ❉❡s❞❡ ❡♥tã♦✱ ❢♦r❛♠ ❝♦♥str✉í❞♦s ✈ár✐♦s ♦✉tr♦s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡st✉❞❛r
❡st❛s ♣❛rtí❝✉❧❛s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✳

❆ ♣r✐♠❡✐r❛ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ❬✶❪ ❢♦✐ ❛ ❞❡t❡❝çã♦ ❞♦s ❯❍❊❈❘s ❛tr❛✈és ❞❡ ❞❡✲
t❡❝t♦r❡s ♥❛ s✉♣❡r❢í❝✐❡✱ ♦❜t❡♥❞♦ ❛♠♦str❛s ❞♦ ❝❤✉✈❡✐r♦ ❡♠ ❞✐❢❡r❡♥t❡s ♣♦s✐çõ❡s ❡
❞❡t❡r♠✐♥❛♥❞♦ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ r❡✲
❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛✳ ❆ ♣r✐♥❝✐♣❛❧ ❞✐✜❝✉❧❞❛❞❡ ❞❡st❡ ♠ét♦❞♦ é ❛ ♦❜t❡♥çã♦ ❞❛
❡♥❡r❣✐❛ ❡ ♣♦s✐çã♦ ❞❡ ♠á①✐♠♦ ❞♦ ❝❤✉✈❡✐r♦✱ ♣♦✐s sã♦ ❞❡♣❡♥❞❡♥t❡s ❞❡ ♠♦❞❡❧♦s
t❡ór✐❝♦s✱ q✉❡ ♣♦❞❡♠ ♣r♦❞✉③✐r ❡rr♦s s✐st❡♠át✐❝♦s ♥♦s r❡s✉❧t❛❞♦s✳ ❖s ♣r✐♥❝✐♣❛✐s
❡①♣❡r✐♠❡♥t♦s ❬✶❪ q✉❡ ✉t✐❧✐③❛r❛♠ ❡st❛ té❝♥✐❝❛ ❢♦r❛♠ ♦s ❞❡ ❱♦❧❝❛♥♦ ❘❛♥❝❤ ✭❊st❛✲
❞♦s ❯♥✐❞♦s✮✱ ❍❛✈❡r❛❤ P❛r❦ ✭■♥❣❧❛t❡rr❛✮✱ ❨❛❦✉ts❦ ✭❯♥✐ã♦ ❙♦✈✐ét✐❝❛✮ ❡ ♦ ❆●❆❙❆
❡♠ ❆❦❡♥♦ ✭❏❛♣ã♦✮✳ ▼❛✐s ❞❡t❛❧❤❡s s♦❜r❡ ❡st❡ ♠ét♦❞♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ♥❡st❡
t❡①t♦✳

P❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❞♦ ❝❤✉✈❡✐r♦ ❝❛✉s❛♠ ❛ ❡①❝✐t❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦✲
❣ê♥✐♦ ❞❛ ❛t♠♦s❢❡r❛✳ ❊st❛s ♠♦❧é❝✉❧❛s ❡♠✐t❡♠ ❢ót♦♥s ❝♦♠ ❛ ❡♥❡r❣✐❛ ❛❞q✉✐r✐❞❛✱
❣❡r❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♥❛ ❛t♠♦s❢❡r❛✱ q✉❡ ♣❡r♠✐t❡ ❛ ♦❜s❡r✈❛çã♦ ❞❛
♣r♦♣❛❣❛çã♦ ❞❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ ❬✶❪✳ P❛r❛ ✐st♦✱ sã♦ ♥❡❝❡ssár✐♦s t❡❧❡s❝ó♣✐♦s s❡♥✲
sí✈❡✐s ❛ ❡st❡ t✐♣♦ ❞❡ r❛❞✐❛çã♦ ❡ ❝♦♠ ❛❜❡rt✉r❛ ❛♥❣✉❧❛r s✉✜❝✐❡♥t❡✳ ❆ ✈❛♥t❛❣❡♠
❞❡st❡ ♠ét♦❞♦ s♦❜r❡ ❛ ❞❡t❡❝çã♦ ♥❛ s✉♣❡r❢í❝✐❡ é ♦ ❢❛t♦ ❞❛ ♠❡❞✐❞❛ s❡r ♣r❛t✐❝❛♠❡♥t❡
❝❛❧♦r✐♠étr✐❝❛✱ ♦❜t❡♥❞♦ ❞❡ ❢♦r♠❛ ❞✐r❡t❛ ❛ ❡♥❡r❣✐❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳ ❆
❞❡s✈❛♥t❛❣❡♠ ✈❡♠ ❞❛ ❞✐✜❝✉❧❞❛❞❡ ❡♠ r❡❛❧✐③❛r✲s❡ ♠❡❞✐❞❛s ❞✉r❛♥t❡ ♦ ❞✐❛ ♦✉ ❡♠
♥♦✐t❡s ❝❧❛r❛s✱ ❧✐♠✐t❛♥❞♦ ♦ t❡♠♣♦ ❞❡ ♦❜s❡r✈❛çã♦ ❡ ❞✐♠✐♥✉✐♥❞♦ ❛ ❡①♣♦s✐çã♦ ❞♦ ❞❡✲
t❡❝t♦r✳ ❊st❛ té❝♥✐❝❛ ❢♦✐ ❡♠♣r❡❣❛❞❛ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡ ❡ ❡♠ s✉❛ ♠❡❧❤♦r✐❛✱
♦ ❍✐❘❡s✱ q✉❡ ♦❜s❡r✈❛r❛♠ ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛s s✉♣❡r✐♦r❡s ❛ 1018 ❡❱ ❬✾❪✳

❯♠❛ ♦✉tr❛ ❢♦r♠❛ ❞❡ ❡st✉❞❛r ❡st❛s ♣❛rtí❝✉❧❛s é ❛tr❛✈és ❞❡ ❡❢❡✐t♦s ❞❡ ❡♠✐ssã♦
❞❡ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ ❬✶❪✱ q✉❡ ♦❝♦rr❡♠ ❞✉r❛♥t❡ ❛ ♣❡♥❡tr❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s
❝❛rr❡❣❛❞❛s ❞♦ ❝❤✉✈❡✐r♦ ♥❛ ❛t♠♦s❢❡r❛✳ ❆ ❞❡t❡❝çã♦ é ❜❛st❛♥t❡ ♣❛r❡❝✐❞❛ ❝♦♠ ❛
té❝♥✐❝❛ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ♠❛s ♥❡st❡ ❝❛s♦ ❛ ❡♠✐ssã♦ ❞❛ ❧✉③ ♥ã♦ é ✐s♦tró♣✐❝❛✱ s❡♥❞♦
♥❡❝❡ssár✐♦ ♣♦s✐❝✐♦♥❛r ♦ t❡❧❡s❝ó♣✐♦ ♥❛ ❞✐r❡çã♦ ❡♠✐t✐❞❛✱ ♦ q✉❡ ❧✐♠✐t❛ ❛ ❛❜❡rt✉r❛ ❞❡
♦❜s❡r✈❛çã♦ ❡ r❡❞✉③ ❛✐♥❞❛ ♠❛✐s ❛ ❡①♣♦s✐çã♦ ❞♦ ❞❡t❡❝t♦r✳ ❊st❡ t✐♣♦ ❞❡ ❞❡t❡❝t♦r
t❡✈❡ ✉♠ ♣❛♣❡❧ ♠✉✐t♦ ✐♠♣♦rt❛♥t❡ ♥♦ ❡st✉❞♦ ❞❛ ❛str♦♥♦♠✐❛ ❞❡ r❛✐♦s✲❣❛♠❛ ❡ r❛✐♦s
❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✐♥t❡r♠❡❞✐ár✐❛✳ ❏á ♣❛r❛ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s✱ ❡st❛ té❝♥✐❝❛ ❢♦✐
✉t✐❧✐③❛❞❛ ❞❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r ❛♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ❡①♣❡r✐♠❡♥t♦s
❝♦♠♦ ♦ ❞❡ ❍❛✈❡r❛❤ P❛r❦ ❬✷✺❪ ❡ ❨❛❦✉ts❦ ❬✷✻❪✱ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡
✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✳

❆♣ós ♠✉✐t♦s ❛♥♦s✱ ♦s r❛✐♦s ❝ós♠✐❝♦s ❞❡✐①❛r❛♠ ❞❡ s❡r ♦ ♣r✐♥❝✐♣❛❧ ♠❡✐♦ ❞❡ ❡s✲
t✉❞♦ ❞❡ ❢ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s✱ s❡♥❞♦ s✉❜st✐t✉í❞♦s ♣❡❧♦s ❣r❛♥❞❡s ❛❝❡❧❡r❛❞♦r❡s✳ ▼❛s
❛✐♥❞❛ r❡st❛✈❛♠ q✉❡stõ❡s ❢✉♥❞❛♠❡♥t❛✐s s♦❜r❡ ♦s ❛s♣❡❝t♦s ❛str♦❢ís✐❝♦s ❞❡st❛ r❛❞✐✲

✷✺



✸✳✸ ✲ ❖ ❖❇❙❊❘❱❆❚Ó❘■❖ P■❊❘❘❊ ❆❯●❊❘

❛çã♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ ❝❛s♦ ❞❡ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s✳ ❖s ❡①♣❡r✐♠❡♥t♦s ❝✐t❛❞♦s✱
❝♦♥str✉í❞♦s ❛té ❛ ❞é❝❛❞❛ ❞❡ ✶✾✾✵✱ ♥ã♦ s❛t✐s❢❛③✐❛♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❡st❛tíst✐❝❛ ❞❛s
♣❡sq✉✐s❛s s♦❜r❡ ❛ ♦r✐❣❡♠✱ ❝♦♠♣♦s✐çã♦ ❡ ♣r♦♣❛❣❛çã♦ ❞♦s ❯❍❊❈❘s✳ ■st♦ só s❡✲
r✐❛ r❡s♦❧✈✐❞♦ ❛tr❛✈és ❞❛ ❝♦♥str✉çã♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s q✉❡ ❝♦❜r✐ss❡♠ ár❡❛s ♠✉✐t♦
❣r❛♥❞❡s✱ ❛✉♠❡♥t❛♥❞♦ ❛ t❛①❛ ❞❡ ❞❡t❡❝çã♦✳ ❈♦♠ ❡st❡ ♦❜❥❡t✐✈♦✱ ❢♦r❛♠ ♣r♦♣♦st♦s
❡①♣❡r✐♠❡♥t♦s ❛t✉❛❧♠❡♥t❡ ❡♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♦✉ ❡♠ ❢❛s❡ ♣❧❛♥❡❥❛♠❡♥t♦✱ ❝♦♠♦ ♦
❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❬✷✼❪✱ ♦ ❈❚❆ ✭❈❤❡r❡♥❦♦✈ ❚❡❧❡s❝♦♣❡ ❆rr❛② ❬✷✽❪✮ ❡ ♦
❏❊▼✲❊❯❙❖ ❬✷✾❪✱ q✉❡ sã♦ t♦❞♦s ❡s❢♦rç♦s ❞❡ ❝♦❧❛❜♦r❛çõ❡s ✐♥t❡r♥❛❝✐♦♥❛✐s✳ ❊st❡
ú❧t✐♠♦ ♣♦ss✉✐ ✉♠❛ ♣r♦♣♦st❛ ❜❛st❛♥t❡ ✐♥♦✈❛❞♦r❛ ❡ ♦✉s❛❞❛✿ ♦ ✉s♦ ❞❡ ❞❡t❡❝t♦r❡s
❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ✉♠❛ ❡st❛çã♦ ❡s♣❛❝✐❛❧✱ ♦❜s❡r✈❛♥❞♦ ❛ ❛t♠♦s❢❡r❛ ❞❡ ❝✐♠❛ ♣❛r❛
❜❛✐①♦✱ ❛♦ ❝♦♥trár✐♦ ❞♦ ✉s✉❛❧✳

✸✳✸ ❖ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r

❆ ♣❛rt✐r ❞❡ ✉♠❛ s✉❣❡stã♦ ❞❡ ❆❧❛♥ ❲❛ts♦♥ ❡ ❏✐♠ ❈r♦♥✐♥ ♥♦ ❛♥♦ ❞❡ ✶✾✾✷ ❬✸✵❪✱
♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡st✉❞❛r ♦s r❛✐♦s
❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛ ❛❧t❛✱ ❝✉❥♦ ✢✉①♦ é ♠✉✐t♦ ❜❛✐①♦✳ ❆♣ós ✉♠❛ ♣r♦❝✉r❛
♣♦r ❧♦❝❛✐s ♣❧❛♥♦s✱ ❝♦♠ ❛❧t✐t✉❞❡ q✉❡ ❢❛✈♦r❡❝❡ss❡ ❛ ❞❡t❡❝çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ❝♦♠
♥♦✐t❡s ❞❡ ❝é✉ ❧✐♠♣♦ ❡ ❝♦♠ ♣♦✉❝❛ ♣♦❧✉✐çã♦ ❧✉♠✐♥♦s❛✱ ❢♦✐ ❝♦♥str✉í❞♦ ♥❛ ❝✐❞❛❞❡
❞❡ ▼❛❧❛r❣ü❡✱ ♥❛ ❆r❣❡♥t✐♥❛✱ ♣❡❧♦ ❡s❢♦rç♦ ❞❡ ✉♠❛ ❝♦❧❛❜♦r❛çã♦ ✐♥t❡r♥❛❝✐♦♥❛❧ ❞❡
✶✽ ♣❛ís❡s✱ ✐♥❝❧✉✐♥❞♦ ♦ ❇r❛s✐❧✱ s❡♥❞♦ ♦ ♠❛✐♦r ❡①♣❡r✐♠❡♥t♦ ❛té ♦ ♠♦♠❡♥t♦ ♥❡st❛
ár❡❛ ❞❡ ♣❡sq✉✐s❛ ❬✷✼❪✳ ❆❧é♠ ❞❡ ❝♦❜r✐r ✉♠❛ ár❡❛ ❣✐❣❛♥t❡s❝❛✱ ♦ ♦❜s❡r✈❛tór✐♦ é ♣✐♦✲
♥❡✐r♦ ❡♠ ✉t✐❧✐③❛r ✉♠❛ té❝♥✐❝❛ ❤í❜r✐❞❛ ❞❡ ❞❡t❡❝çã♦✱ ❝♦♠ ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡
❡ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢✉♥❝✐♦♥❛♥❞♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❝♦♥❢♦r♠❡ ❡sq✉❡♠❛✲
t✐③❛❞♦ ♥❛ ✜❣✉r❛ ✸✳✺✳ ❖ ❡①♣❡r✐♠❡♥t♦ t♦♠❛ ❞❛❞♦s ❞❡s❞❡ ✷✵✵✹✱ t❡♥❞♦ ❛ ♣r✐♠❡✐r❛
❡t❛♣❛ ❞❡ s✉❛ ❝♦♥str✉çã♦ ❝♦♠♣❧❡t❛❞❛ ♥♦ ❛♥♦ ❞❡ ✷✵✵✽✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♠❛♣❛ ❞❛
✜❣✉r❛ ✸✳✻✱ ♥♦ q✉❛❧ ♦s ♣♦♥t♦s r❡♣r❡s❡♥t❛♠ ❛s ❡st❛çõ❡s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í✲
❝✐❡ ❡ ♦s tr❛ç♦s ✈❡r❞❡s ❞❡❧✐♠✐t❛♠ ♦s ✐♥t❡r✈❛❧♦s ❡♠ ❛③✐♠✉t❡ ♦❜s❡r✈❛❞♦s ♣♦r ❝❛❞❛
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❊r❛ ♣r❡✈✐st♦ ✉♠ ♣❡rí♦❞♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ ✷✵ ❛♥♦s✱
♠❛s ♦ ♦❜s❡r✈❛tór✐♦ ❛✐♥❞❛ ♣♦❞❡rá t❡r ✉♠❛ ❡①♣❛♥sã♦ ❞❡ s✉❛ ár❡❛✱ ❛ ❝♦♥str✉çã♦
❞❡ ✉♠ ♥♦✈♦ sít✐♦ ♥♦ ❤❡♠✐s❢ér✐♦ ♥♦rt❡ ♦✉ ❛ ❛❞✐çã♦ ❞❡ ♦✉tr♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s✱
♣♦❞❡♥❞♦ s❡r ♣r♦❧♦♥❣❛❞♦ ♦ t❡♠♣♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦✳

✸✳✸✳✶ ❉❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡

❈♦♠♦ ❥á ❞✐s❝✉t✐❞♦✱ ❛ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ s✉♣❡r❢í❝✐❡ t❡rr❡str❡ é
♣♦ssí✈❡❧ ❛tr❛✈és ❞❛ r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✱ ♣r♦❝❡✲
❞✐♠❡♥t♦ ✉t✐❧✐③❛❞♦ ❝♦♠ s✉❝❡ss♦ ♣❡❧♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❆❦❡♥♦ ❡ ❨❛❦✉ts❦✳ ◆♦
❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r sã♦ ✉t✐❧✐③❛❞❛s ❡st❛çõ❡s s❡♣❛r❛❞❛s ♣♦r 1, 5 km✱ ❝♦✲
❜r✐♥❞♦ ✉♠❛ ár❡❛ ❞❡ ♠❛✐s ❞❡ 3000 km2✳ ❈❛❞❛ ❡st❛çã♦ ❝♦♥s✐st❡ ❡♠ ✉♠ t❛♥q✉❡
✭✜❣✉r❛ ✸✳✼✮ ❝♦♠ 12000 ❧✐tr♦s ❞❡ á❣✉❛ ❡ três ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♣❛r❛ ❞❡t❡❝çã♦
❞❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈✳ ❖s ❞❡t❡❝t♦r❡s t❛♠❜é♠ ♣♦ss✉❡♠ ✉♠ s✐st❡♠❛ ❞❡ ●P❙✱
❛♥t❡♥❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦✱ ♣❛✐♥❡❧ s♦❧❛r✱ ❜❛t❡r✐❛ ❡ t♦❞❛ ❛ ❡❧❡trô♥✐❝❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡
❞❛❞♦s✳

✷✻
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❋✐❣✉r❛ ✸✳✺✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❞❡t❡❝çã♦ ❤í❜r✐❞❛ ❞❡ ✉♠ ❡✈❡♥t♦✳

❋✐❣✉r❛ ✸✳✻✿ ❙✐t✉❛çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❡♠ ✷✵✵✽✳

✷✼
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❋✐❣✉r❛ ✸✳✼✿ ❯♠ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ♥♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳

◗✉❛♥❞♦ sã♦ ♦❜s❡r✈❛❞♦s s✐♥❛✐s ❡♠ três ♦✉ ♠❛✐s ❡st❛çõ❡s ♣ró①✐♠❛s✱ ♥✉♠ ✐♥t❡r✲
✈❛❧♦ ❞❡ t❡♠♣♦ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ♥❛q✉❡❧❛
ár❡❛✱ ♦s ❞❛❞♦s ❞❡ ❝❛❞❛ t❛♥q✉❡ ✭s✐♥❛✐s ❞❛s P▼❚s✱ t❡♠♣♦ ❞♦ ●P❙✱ r❡s✉❧t❛❞♦s ❞❛
❝❛❧✐❜r❛çã♦✱ ❡t❝✮ sã♦ ❡♥✈✐❛❞♦s ✈✐❛ rá❞✐♦ ♣❛r❛ ♦ ♣ré❞✐♦ ❝❡♥tr❛❧ ❞♦ ♦❜s❡r✈❛tór✐♦✱
♦♥❞❡ sã♦ ❛r♠❛③❡♥❛❞♦s ❡ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ♣❛r❛ ♦ ✉s♦ ❞❛ ❝♦❧❛❜♦r❛çã♦✳ ❖s ❡✈❡♥t♦s
❛✐♥❞❛ ♣❛ss❛♠ ♣♦r ♦✉tr♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦✱ ❛♣❧✐❝❛❞♦s ✈✐❛ s♦❢t✇❛r❡✱ ❛♥t❡s ❞❡ s❡r
r❡❛❧✐③❛❞❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♦❜t❡r✲s❡ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛
❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦ ❬✸✶❪✳

❆ ❡✜❝✐ê♥❝✐❛ ❞❡st❡s ✐♥str✉♠❡♥t♦s ♣❛r❛ ♦ ♣r♦♣ós✐t♦ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❢♦✐ t❡st❛❞❛
❡ ❝♦♠♣r♦✈❛❞❛ ❛♥t❡s ♠❡s♠♦ ❞♦ ♣❡rí♦❞♦ ❞❡ t❡st❡s ❞♦ ♦❜s❡r✈❛tór✐♦ ❬✷✼❪✳ ❖ ❡s♣❛ç❛✲
♠❡♥t♦ ♥❡❝❡ssár✐♦ ❡♥tr❡ ❝❛❞❛ ❡st❛çã♦ t❛♠❜é♠ ❢♦✐ ❡st✉❞❛❞♦ ♣r❡✈✐❛♠❡♥t❡✱ t❡♥❞♦
❝♦♠♦ r❡s✉❧t❛❞♦ ✉♠❛ ❞✐stâ♥❝✐❛ q✉❡ é ✉♠ ❝♦♠♣r♦♠✐ss♦ ❡♥tr❡ ♦ ❝✉st♦ ❡ ♦ ❧✐♠✐❛r ❞❡
❡♥❡r❣✐❛✱ ❥á q✉❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❡♥❡r❣✐❛ ❞❡s❡❥❛❞❛✱ ❤á ✉♠❛ ❛♠♦str❛❣❡♠ ♠í♥✐♠❛
♥❡❝❡ssár✐❛ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠ q✉❛❧✐❞❛❞❡✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ ✉♠
♠á①✐♠♦ ❞❡ s❡♣❛r❛çã♦ ❡♥tr❡ ♦s ❞❡t❡❝t♦r❡s✳

❖ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r s❡rá ♦ ♣r✐♥❝✐♣❛❧ ❢♦❝♦
❞❡st❡ t❡①t♦✳ ❉❡t❛❧❤❡s s♦❜r❡ s✉❛ ❡str✉t✉r❛✱ s✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡ ❝❛❧✐✲
❜r❛çã♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ♥♦ ♣ró①✐♠♦ ❝❛♣ít✉❧♦ ❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦
❞❡ ❞❛❞♦s s❡rá tr❛t❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✺✳

✸✳✸✳✷ ❚❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛

◆♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r t❛♠❜é♠ ❤á ♦ ❉❡t❡❝t♦r ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛ ❬✸✷❪✱
❢✉♥❝✐♦♥❛♥❞♦ ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✳ ❊❧❡ é ❝♦♠♣♦st♦
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❋✐❣✉r❛ ✸✳✽✿ ❯♠❛ ❞❛s ❡st❛çõ❡s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❖❜s❡r✈❛tór✐♦
P✐❡rr❡ ❆✉❣❡r✳

♣♦r ✹ ❡st❛çõ❡s ❝♦♠♦ ❛ ❞❛ ✜❣✉r❛ ✸✳✽✱ ❝❛❞❛ ✉♠❛ ❝♦♥t❡♥❞♦ ✻ t❡❧❡s❝ó♣✐♦s ❝✉❥❛
❛❜❡rt✉r❛ é ❞❡ 30×30➦✭❡❧❡✈❛çã♦ ❡ ❛③✐♠✉t❡✮✳ ◆❛ ❡st❛çã♦ ❞❡ ❈♦✐❤✉❡❝♦ t❛♠❜é♠ ❤á
♠❛✐s ❞♦✐s ❞❡t❡❝t♦r❡s✱ ❝❤❛♠❛❞♦s ❞❡ ❍❊❆❚ ❬✸✸❪✱ ❞❡s❡♥✈♦❧✈✐❞♦s ♣❛r❛ ♦❜s❡r✈❛çã♦
♠❛✐s ❡❧❡✈❛❞❛ ❞♦ ❝é✉✱ ❝♦♠ ✉♠❛ ❥❛♥❡❧❛ ❞❡ ✻✵➦✳ ❊♠ ♥♦✐t❡s ❝♦♠ ♣♦✉❝❛ ❝❧❛r✐❞❛❞❡ ❞❛
❧✉❛ ❡ ❡♠ ❝♦♥❞✐çõ❡s ❝❧✐♠át✐❝❛s q✉❡ ♥ã♦ ❡①♣♦♥❤❛♠ ♦s ✐♥str✉♠❡♥t♦s ❛♦ ♣❡r✐❣♦ ❞❡
❞❛♥♦s✱ ❛s ❣r❛♥❞❡s ❥❛♥❡❧❛s ❞♦s ♣ré❞✐♦s s❡ ❛❜r❡♠ ♣❛r❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳ ❈♦♠♦
♥♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✱ ♦s ❞❛❞♦s r❡❣✐str❛❞♦s sã♦ ❡♥✈✐❛❞♦s ♣❛r❛ ♦ ♣ré❞✐♦
❝❡♥tr❛❧ ♣❛r❛ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❞✐s♣♦♥✐❜✐❧✐③❛çã♦ ♣❛r❛ ❛ ❝♦❧❛❜♦r❛çã♦✳

❆ ❞✐s♣♦s✐çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s✱ ❝♦♥❢♦r♠❡ ✈✐st♦ ♥❛ ✜❣✉r❛ ✸✳✻✱ ♣❡r♠✐t❡ ✉♠❛
❝♦❜❡rt✉r❛ q✉❛s❡ t♦t❛❧ ❞❛ ár❡❛ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ ❞❡t❡❝çã♦
❤í❜r✐❞❛✳ ❆s ♠❡❞✐❞❛s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦r♥❡❝❡♠ ♣❛râ♠❡tr♦s ♣❛r❛ ❝❛❧✐❜r❛çã♦ ❞♦
❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ ♠❡❧❤♦r❛♥❞♦ ❛ ♣r❡❝✐sã♦ ❞❛s r❡❝♦♥str✉çõ❡s ❞❡ ❡♥❡r❣✐❛ ❡
Xmax✱ ❡ ♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♠♣❡♥s❛ ❛ ❜❛✐①❛ t❛①❛ ❞❡ ❡✈❡♥t♦s ♦❜t✐❞❛s
❛♣❡♥❛s ❝♦♠ ♦s t❡❧❡s❝ó♣✐♦s✳

❈❛❞❛ ✉♠ ❞♦s ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣♦ss✉✐ ✉♠ ❡s♣❡❧❤♦ ❡s❢ér✐❝♦ ❞❡ 3, 4 m
❞❡ ❝✉r✈❛t✉r❛ ❝♦♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♥♦ ❢♦❝♦✱ ❞✐s♣♦st❛s ❡♠ ✉♠❛
♠❛tr✐③ ❝♦♠ 22×20✱ t♦t❛❧✐③❛♥❞♦ ✹✹✵ ♣✐①❡✐s ✭✜❣✉r❛ ✸✳✾✮✳ ❆ ❛❜❡rt✉r❛ ❞♦ t❡❧❡s❝ó♣✐♦
é ❡s❢ér✐❝❛✱ ❝♦♠ ❛♥é✐s ❝♦rr❡t♦r❡s ♣❛r❛ ❡❧✐♠✐♥❛çã♦ ❞❡ ❛❜❡rr❛çõ❡s ó♣t✐❝❛s✳ ❖s ❢ót♦♥s
sã♦ r❡✢❡t✐❞♦s ♣❛r❛ ♦ ❢♦❝♦ ❞♦ ❡s♣❡❧❤♦✱ ♦♥❞❡ sã♦ r❡❣✐str❛❞♦s ❡ ♦ s✐♥❛❧ é ♣r♦❝❡ss❛❞♦✱
❣❡r❛♥❞♦ ✐♠❛❣❡♥s ❝♦♠♦ ❛ ❞❛ ✜❣✉r❛ ✸✳✶✵✱ q✉❡ ♠♦str❛♠ ♦ r❛str♦ ❞❛ ♣r♦♣❛❣❛çã♦
❞♦ ❝❤✉✈❡✐r♦ ❡♠ ❢✉♥çã♦ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ â♥❣✉❧♦ ♦❜s❡r✈❛❞♦s✳ ❯t✐❧✐③❛♥❞♦ ❡st❡s
❡✈❡♥t♦s é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✱ ♠❡❞✐♥❞♦ ❝♦♠
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❋✐❣✉r❛ ✸✳✾✿ ❚❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❝♦♠ s❡✉ ❡s♣❡❧❤♦ ❡s❢ér✐❝♦ ❡ ♦ ❛rr❛♥❥♦ ❞❡
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♥♦ ❝❡♥tr♦✳

♣r❡❝✐sã♦ s✉❛ ❡♥❡r❣✐❛✱ q✉❡ é ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❝♦❧❡t❛❞♦s✳
❖ ❡st✉❞♦ ❞❛s ❝♦♥❞✐çõ❡s ❝❧✐♠át✐❝❛s é ❡①tr❡♠❛♠❡♥t❡ ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ ❢✉♥✲

❝✐♦♥❛♠❡♥t♦ ❞♦s t❡❧❡s❝ó♣✐♦s✱ ♥ã♦ ❛♣❡♥❛s ♣❡❧♦ ❢❛t♦ ❞❡ ♣♦❞❡r❡♠ s❡r ❞❛♥✐✜❝❛❞♦s
♣❡❧♦ ✈❡♥t♦ ♦✉ ❝❤✉✈❛✱ ♠❛s ♣♦r ✐♥✢✉❡♥❝✐❛r❡♠ ❞✐r❡t❛♠❡♥t❡ ♥♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s✱ ❥á
q✉❡ ✈❛r✐❛çõ❡s ♥❛ ♣r❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ❞❛ ❛t♠♦s❢❡r❛ ❛❢❡t❛♠ ❛ ♣r♦♣❛❣❛çã♦ ❞❛s
♣❛rtí❝✉❧❛s ❡ ♦ ❢❡♥ô♠❡♥♦ ❞❛ ✢✉♦r❡s❝ê♥❝✐❛✳ P♦r ✐ss♦ ❡①✐st❡♠ ❡st❛çõ❡s ❞❡ ♠♦♥✐t♦✲
r❛♠❡♥t♦ ❞❛ ❛t♠♦s❢❡r❛ ❡ ❝♦♥st❛♥t❡♠❡♥t❡ sã♦ r❡❛❧✐③❛❞❛s ♠❡❞✐❞❛s ❞❡ ❝❛❧✐❜r❛çã♦
✉t✐❧✐③❛♥❞♦ ❧❛s❡rs ❬✷✼❪✳
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❋✐❣✉r❛ ✸✳✶✵✿ ❊✈❡♥t♦ ♦❜t✐❞♦ ♣♦r ✉♠ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❈❛❞❛ ♣♦♥t♦
r❡♣r❡s❡♥t❛ ✉♠❛ ❥❛♥❡❧❛ ❞❡ 1, 36× 1, 5➦❞♦ ❝é✉✳

✸✶



❈❛♣ít✉❧♦ ✹

❚❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ❞♦

❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r

❈♦♠♦ ❞✐s❝✉t✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❡st✉❞♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛tr❛✈és ❞❛ ❞❡✲
t❡❝çã♦ ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ♥❛ s✉♣❡r❢í❝✐❡ t❡rr❡str❡ ♠♦str♦✉✲s❡ ♥ã♦ ❛♣❡♥❛s
♣♦ssí✈❡❧✱ ♠❛s ❡✜❝✐❡♥t❡✱ ❝♦♠♦ ♣r♦✈❛❞♦ ♣❡❧♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❆❦❡♥♦ ❬✸✹❪✱ ❨❛✲
❦✉ts❦ ❬✷✻❪ ❡ ❍❛✈❡r❛❤ P❛r❦ ❬✷✺❪✱ t❡♥❞♦ ❡st❡ ú❧t✐♠♦ ❝♦♠♣r♦✈❛❞♦ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛
✉t✐❧✐③❛çã♦ ❞❡ ❞❡t❡❝t♦r❡s ❞❡ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ ♥❛ á❣✉❛✳ ◆♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡
❆✉❣❡r ♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ t❛♠❜é♠ ✉t✐❧✐③❛ ❡st❛ té❝♥✐❝❛✳

❖ ✉s♦ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❜❛r❛t♦ ❡ ❞❡ ❢á❝✐❧ ♦❜t❡♥çã♦ ❝♦♠♦ ❛ á❣✉❛ é ❜❛st❛♥t❡
❝♦♥✈❡♥✐❡♥t❡ ♥❛ ❝♦♥str✉çã♦ ❞❡ ❞❡t❡❝t♦r❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♠ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❡♠
q✉❡ ❝❡r❝❛ ❞❡ ✶✻✵✵ ❞❡❧❡s sã♦ ♥❡❝❡ssár✐♦s✳ ❆ ❡s❝♦❧❤❛ ❞❡st❛ té❝♥✐❝❛ s❡ ❞❡✈❡ t❛♠❜é♠
❛♦ ❢❛t♦ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ♣♦❞❡r❡♠ ❢✉♥❝✐♦♥❛r ♦ t❡♠♣♦ t♦❞♦✱ ♦❜t❡♥❞♦ ✉♠❛
❡①♣♦s✐çã♦ ♣r❛t✐❝❛♠❡♥t❡ ✉♥✐❢♦r♠❡ ❛♣ós ✉♠ ❧♦♥❣♦ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦✱ ❡ s❡r❡♠
s❡♥sí✈❡✐s t❛♥t♦ ❛ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s✱ q✉❛♥t♦ ❛ ❢ót♦♥s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛ ❬✷✼❪✳ ❖
✉s♦ ❞❡ ♦✉tr♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s✱ ❝♦♠♦ ♦s ❛ ❣ás ♣♦r ❡①❡♠♣❧♦✱ ❛❧é♠ ❞❡ s❡r ♠❛✐s
❝❛r♦✱ ♣♦❞❡r✐❛ tr❛③❡r ♠❛✐♦r❡s ❞✐✜❝✉❧❞❛❞❡s ♥❛ ♠❛♥✉t❡♥çã♦✱ ❥á q✉❡ s❡ tr❛t❛ ❞❡ ✉♠❛
ár❡❛ ❞❡ 3000 km2✳

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❞✐s❝✉t✐❞♦s ❞❡t❛❧❤❡s s♦❜r❡ ❛ ❡str✉t✉r❛ ❡ ❢✉♥❝✐♦♥❛♠❡♥t♦
❞♦s t❛♥q✉❡s✱ ❛❧é♠ ❞❡ ❛❧❣✉♥s ❛s♣❡❝t♦s s♦❜r❡ ❛ ❝❛❧✐❜r❛çã♦ ❞♦s ❞❡t❡❝t♦r❡s✳ ❚❛♠❜é♠
s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛❧❣✉♠❛s ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❝♦♠ ♦ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞♦
▲❛❜♦r❛tór✐♦ ❞❡ ▲é♣t♦♥s ❞❛ ❯◆■❈❆▼P✳

✹✳✶ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s ❞❡t❡❝t♦r❡s

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s ❞❡t❡❝t♦r❡s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r t❡✈❡ ❛ ♣❛r✲
t✐❝✐♣❛çã♦ ❞❡ ♠❡♠❜r♦s ❞❛ ❝♦❧❛❜♦r❛çã♦ ❞♦ ♠✉♥❞♦ t♦❞♦✳ ❆♣ós ✉♠ ♣❧❛♥❡❥❛♠❡♥t♦
❡ t❡st❡ ❞❡ ♣r♦tót✐♣♦s✱ ❢♦r❛♠ ✐♥st❛❧❛❞❛s ❛s ♣r✐♠❡✐r❛s ✉♥✐❞❛❞❡s ♥❛ ❝✐❞❛❞❡ ❞❡ ▼❛✲
❧❛r❣ü❡✱ ❝♦♥st✐t✉✐♥❞♦ ♦ ❝❤❛♠❛❞♦ ❊♥❣❡♥❡❡r✐♥❣ ❆rr❛② ❬✷✼❪✱ ♥♦ q✉❛❧ ❢♦r❛♠ r❡❛❧✐③❛❞❛s
❛q✉✐s✐çõ❡s ❞❡ ❞❛❞♦s ♣❛r❛ t❡st❡ ❞♦s ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s✳
❆ s❡❣✉✐r✱ s❡rã♦ ❞❡s❝r✐t♦s ❛❧❣✉♥s ❞❡t❛❧❤❡s s♦❜r❡ ♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈✱ ❞❡st❛✲
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❋✐❣✉r❛ ✹✳✶✿ ■♥st❛❧❛çã♦ ❡ ❝❛❧✐❜r❛çã♦ ❞❡ ✉♠ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ♥♦ sít✐♦ s✉❧
❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳

❝❛♥❞♦ ♦s ❢❛t♦r❡s ❧❡✈❛❞♦s ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♥❡st❡ ♣❡rí♦❞♦ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s
✐♥str✉♠❡♥t♦s✳ ▼❛✐s ✐♥❢♦r♠❛çõ❡s ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ♥❛ r❡❢❡rê♥❝✐❛ ❬✸✺❪✳

❈♦♠♦ ❥á ❝✐t❛❞♦✱ ❝❛❞❛ ❡st❛çã♦ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♥s✐st❡ ❡♠ ✉♠ t❛♥✲
q✉❡ ❝✐❧í♥❞r✐❝♦ ❝♦♠ á❣✉❛✱ ❝♦♠♦ ♦ ❞❛ ✜❣✉r❛ ✹✳✶✳ ❆ ár❡❛ ❞❡ ❝❛❞❛ ❡st❛çã♦ ❞❡✈❡
s❡r t❛❧ q✉❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❞❡t❡❝t♦r ❛t✐♥❥❛ s❡✉ ♠á①✐♠♦ ❡♠ 1019 eV à ❞✐stâ♥❝✐❛
❞❡t❡r♠✐♥❛❞❛ ❞❡ 1, 5 km ❡♥tr❡ ❝❛❞❛ t❛♥q✉❡✱ ♦ q✉❡ é ♦❜t✐❞♦ ❝♦♠ 10 m2✱ ❝♦rr❡s✲
♣♦♥❞❡♥❞♦ ❛ 3, 6 m ❞❡ ❞✐â♠❡tr♦✳ ❏á ❛ ❛❧t✉r❛ ❞♦ ❝✐❧✐♥❞r♦ ❞❡✈❡ s❡r s✉✜❝✐❡♥t❡ ♣❛r❛
q✉❡ s❡❥❛♠ ♦❜s❡r✈❛❞♦s s✐♥❛✐s ❝❧❛r♦s✳ ❈♦♠ 1, 2 m ❞❡ á❣✉❛ sã♦ ❝♦❧❡t❛❞♦s ❝❡r❝❛ ❞❡
✾✵ ❢♦t♦❡❧étr♦♥s ❡♠ ❝❛❞❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ♣❛r❛ ♠ú♦♥s ✈❡rt✐❝❛✐s✱ ✈❛❧♦r s✉✜❝✐❡♥t❡
♣❛r❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡s❡❥❛❞♦✳ ❙♦♠❛♥❞♦ ♦ ❡s♣❛ç♦ ♣❛r❛ ❛❝♦♠♦❞❛çã♦ ❞❛s P▼❚s✱
❝❛❜♦s ❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s✱ r❡s✉❧t❛✲s❡ ❡♠ ✉♠ t♦t❛❧ ❞❡ 1, 6 m ❞❡ ❛❧t✉r❛✳

❆ ❡str✉t✉r❛ ❞♦s t❛♥q✉❡s ❞❡✈❡ s❡r ❝❛♣❛③ ❞❡ s✉♣♦rt❛r ♦s ✷✵ ❛♥♦s ❞❡ ♦♣❡r❛çã♦
♣r❡✈✐st♦s✱ s✉❥❡✐t❛ ❛ t❡♠♣❡r❛t✉r❛s ❡♥tr❡ −15 ❡ 50➦C✱ ✐♥t❡♥s❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ r❛❞✐✲
❛çã♦ ✉❧tr❛✲✈✐♦❧❡t❛✱ ✈❡♥t♦s ❞❡ ❛té 160 km/h✱ ♣♦❡✐r❛✱ ❝❤✉✈❛s✱ ✐♥✉♥❞❛çõ❡s✱ ♥❡✈❡✱
❣r❛♥✐③♦ ❡ s❛✐s ❝♦rr♦s✐✈♦s ❞♦ s♦❧♦✳ ❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✹✳✶✱ ❛ ❡str✉✲
t✉r❛ t❛♠❜é♠ ❞❡✈❡ s❡r ❝❛♣❛③ ❞❡ s✉♣♦rt❛r ✉♠❛ ♣❡ss♦❛ ❡♠ s❡✉ t♦♣♦ ❡ ❛ ❛çã♦ ❞❡
✐♥s❡t♦s ❡ r♦❡❞♦r❡s✱ ❛❧é♠ ❞♦s ❣r❛♥❞❡s ❛♥✐♠❛✐s✱ ❝♦♠♦ ✈❛❝❛s ❡ ❝❛❜r❛s✳ P❛r❛ ✐st♦
❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ ♣♦❧✐❡t✐❧❡♥♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❞❡ ❝♦r ❜❡❣❡ ♣❛r❛ s❡ ❝❛♠✉✢❛r ♥♦
❝❡♥ár✐♦ ❞♦ ♦❜s❡r✈❛tór✐♦✮✱ ❢❛❜r✐❝❛❞♦ ❝♦♠ ✉♠❛ té❝♥✐❝❛ ❞❡ ♠♦❧❞❛❣❡♠ r♦t❛❝✐♦♥❛❧
q✉❡ ❢♦r♥❡❝❡ ✉♠❛ ❡s♣❡ss✉r❛ ♠é❞✐❛ ❞❡ 13± 3 mm✱ ❝♦♠ ❝❡r❝❛ ❞❡ 530 kg✳ ❆♣❡s❛r
❞❡ ❜❛r❛t♦✱ ♦ ♠❛t❡r✐❛❧ ❛♣r❡s❡♥t❛ ❜♦❛ ✉♥✐❢♦r♠✐❞❛❞❡ ❡ é r♦❜✉st♦ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛

✸✸



✹✳✶ ✲ ❉❊❙❊◆❱❖▲❱■▼❊◆❚❖ ❉❖❙ ❉❊❚❊❈❚❖❘❊❙

❋✐❣✉r❛ ✹✳✷✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ❞♦ ❖❜s❡r✲
✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳

❛t❡♥❞❡r ♦s r❡q✉✐s✐t♦s ❞♦ ❞❡t❡❝t♦r✳ ❊❧❡ ♣♦ss✉✐ ❛❧❣✉♥s ❛❞✐t✐✈♦s q✉❡ ❝♦♥tr✐❜✉❡♠
♣❛r❛ ❛❜s♦rçã♦ ❞❛ r❛❞✐❛çã♦ ✉❧tr❛✲✈✐♦❧❡t❛ ❡ ♥♦ ✐♥t❡r✐♦r ❞❛ ❡str✉t✉r❛ é ✉t✐❧✐③❛❞♦
✉♠ ♣✐❣♠❡♥t♦ ♣r❡t♦✱ ♣❛r❛ ❣❛r❛♥t✐r s✉❛ ♦♣❛❝✐❞❛❞❡✳

❖s t❛♥q✉❡s ❥á sã♦ ♣r❡♣❛r❛❞♦s ♣❛r❛ ❛ ♠♦♥t❛❣❡♠ ❞❡ t♦❞♦s ♦s s❡✉s ❝♦♠♣♦♥❡♥✲
t❡s✱ ❝♦♠ ♦r✐❢í❝✐♦s ♣❛r❛ ❡♥❝❛✐①❡ ❞❡ ❝❛❞❛ ❡str✉t✉r❛✱ ❛❧é♠ ❞❡ ❥á ♣♦ss✉ír❡♠ ❛s ❛❧ç❛s
♣❛r❛ s✉st❡♥t❛çã♦✱ ✉t✐❧✐③❛❞❛s ❡♠ s❡✉ tr❛♥s♣♦rt❡ ❡ ✐♥st❛❧❛çã♦✳ ❍á três ❛❜❡rt✉r❛s
♥❛ ♣❛rt❡ s✉♣❡r✐♦r q✉❡ ♣❡r♠✐t❡♠ ❛ ♠❛♥✐♣✉❧❛çã♦ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❊st❛s
sã♦ ❞❡✈✐❞❛♠❡♥t❡ t❛♠♣❛❞❛s ❡ ✈❡❞❛❞❛s✱ s❡♥❞♦ q✉❡ ✉♠❛ ❞❡❧❛s ♣♦ss✉✐ ✉♠❛ t❛♠♣❛
♠❛✐♦r✱ ♦♥❞❡ é ♠♦♥t❛❞❛ ❛ ❡❧❡trô♥✐❝❛ ❞♦ ❞❡t❡❝t♦r✳ Pr♦t❡❣✐❞❛ ❛♦ ❧❛❞♦ ❞♦ t❛♥✲
q✉❡✱ ❤á ✉♠❛ ❝❛✐①❛✱ t❛♠❜é♠ ❡♠ ♣♦❧✐❡t✐❧❡♥♦✱ q✉❡ ❝♦♥té♠ ❛ ❜❛t❡r✐❛ q✉❡ ❛❧✐♠❡♥t❛
♦s ❞✐s♣♦s✐t✐✈♦s✳ ❊st❛✱ ❞❡s❡♥✈♦❧✈✐❞❛ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ ❡st❡ t✐♣♦ ❞❡ ❛♣❧✐❝❛çã♦✱ é
❝❛rr❡❣❛❞❛ ♣♦r ✉♠ ♣❛✐♥❡❧ s♦❧❛r ✐♥st❛❧❛❞♦ ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❞♦ t❛♥q✉❡✱ ❛♣♦♥t❛♥❞♦
♣❛r❛ ♦ ♥♦rt❡ ❡ ❛ ✉♠❛ ✐♥❝❧✐♥❛çã♦ q✉❡ ♠❛①✐♠✐③❛ ❛ ❛❜s♦rçã♦ ❞❡ ❧✉③ ♥♦ ✐♥✈❡r♥♦✳ ❖
♣♦♥t♦ ❞❡ s✉st❡♥t❛çã♦ ❞♦ ♣❛✐♥❡❧ s♦❧❛r t❛♠❜é♠ s❡r✈❡ ❝♦♠♦ s✉♣♦rt❡ ♣❛r❛ ❛s ❛♥✲
t❡♥❛s ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ❞♦ ●P❙✱ q✉❡ ❢♦r❛♠ ♣r❡♣❛r❛❞❛s ♣❛r❛ s✉♣♦rt❛r ♦s ❢♦rt❡s
✈❡♥t♦s✳ ❆ ✜❣✉r❛ ✹✳✷ r❡♣r❡s❡♥t❛ ♦s t❛♥q✉❡s ❡ ❛❧❣✉♥s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❝✐t❛❞♦s✳

❆♦ ❝♦♥trár✐♦ ❞♦ q✉❡ s❡ ♣♦❞❡ ♣❡♥s❛r✱ ❛ á❣✉❛ ♥♦ ✐♥t❡r✐♦r ❞❡ ❝❛❞❛ ❡st❛çã♦ ♥ã♦
t❡♠ ❝♦♥t❛t♦ ❞✐r❡t♦ ❝♦♠ ❛ ❡str✉t✉r❛ ❞❡ ♣♦❧✐❡t✐❧❡♥♦✳ ❊❧❛ é ❡♥✈♦❧✈✐❞❛ ♣♦r ✉♠❛
❜♦❧s❛ ♣❧ást✐❝❛ ✢❡①í✈❡❧ ✭✜❣✉r❛ ✹✳✸✮ q✉❡ ❛❥✉st❛✲s❡ ❛♦ ❢♦r♠❛t♦ ❝✐❧í♥❞r✐❝♦ ❞♦ t❛♥q✉❡✱
❝❤❛♠❛❞❛ ❞❡ ❧✐♥❡r✱ ❝✉❥❛ ❢✉♥çã♦ é ✐s♦❧❛r ❛ á❣✉❛ ❞♦ ♠❡✐♦ ❡①t❡r♥♦✱ ♣r❡✈❡♥✐♥❞♦ ❛
❝♦♥t❛♠✐♥❛çã♦ ❡ ❡♥tr❛❞❛ ❞❡ ❧✉③✱ ❛❧é♠ ❞❡ r❡✢❡t✐r ❛ r❛❞✐❛çã♦ ❞❡ ♠❛♥❡✐r❛ ❞✐❢✉s❛
♥❛ s✉♣❡r❢í❝✐❡ ✐♥t❡r♥❛✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ❣r❛♥❞❡ ♣❛rt❡ ❞❡❧❛ ❛t✐♥❥❛ ❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛✲
❞♦r❛s✳ ❖ ♠❛t❡r✐❛❧ ✉t✐❧✐③❛❞♦ é ❝♦♠♣♦st♦ ♣♦r ✹ ❝❛♠❛❞❛s ❞❡ ♣♦❧✐❡t✐❧❡♥♦ ❞❡ ❜❛✐①❛
❞❡♥s✐❞❛❞❡ ✭▲❉P❊✮ ❡ ✉♠❛ ❞❡ ❚②✈❡❦ ♣❛r❛ ❣❛r❛♥t✐r ❛ r❡✢❡t✐✈✐❞❛❞❡ ♥❛ s✉♣❡r❢í❝✐❡
✐♥t❡r♥❛✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❧✐♥❡r ❞❡✈❡ ♣❡r♠✐t✐r ♦ ❛❝❡ss♦ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s à
á❣✉❛✳ P❛r❛ ✐st♦ ❤á três ❥❛♥❡❧❛s ❞❡ ❛❝❡ss♦✱ ♥❛s q✉❛✐s sã♦ ✐♥st❛❧❛❞❛s ❛s P▼❚s ❝♦♠
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❋✐❣✉r❛ ✹✳✸✿ ▲✐♥❡r ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ✐♥✢❛❞♦ ❝♦♠ ❛r✳

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

❆ á❣✉❛ ✉t✐❧✐③❛❞❛ ❞❡✈❡ ❛♣r❡s❡♥t❛r ❡st❛❜✐❧✐❞❛❞❡ ❛ ❧♦♥❣♦ ♣r❛③♦ ❡ ❛ ♠❡♥♦r ❛t❡✲
♥✉❛çã♦ ♣♦ssí✈❡❧ ♣❛r❛ ❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈✳ ❙ã♦ ✉t✐❧✐③❛❞♦s 12000 l ❞❡ á❣✉❛
✉❧tr❛✲♣✉r❛✱ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡✐♦♥✐③❛❞❛ ❡ ❧✐✈r❡ ❞❡ ♠✐❝r♦r❣❛♥✐s♠♦s ❡ ♥✉tr✐❡♥t❡s✳
❖ ♣r♦❝❡ss♦ ❞❡ ♣✉r✐✜❝❛çã♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ✜❧tr❛❣❡♥s✱ tr❛t❛✲
♠❡♥t♦ q✉í♠✐❝♦✱ ❡❧❡tr♦❞❡✐♦♥✐③❛çã♦ ❡ ❞❡s✐♥❢❡❝çã♦ ❛tr❛✈és ❞❡ r❛❞✐❛çã♦ ✉❧tr❛✈✐♦❧❡t❛✱
é r❡❛❧✐③❛❞♦ ❡♠ ✉♠❛ ❡st❛çã♦ ❞❡ tr❛t❛♠❡♥t♦ ❛✉t♦♠❛t✐③❛❞❛ ❝♦♥str✉í❞❛ ♥♦ ♣ré❞✐♦
♣r✐♥❝✐♣❛❧ ❞♦ ♦❜s❡r✈❛tór✐♦ ❡ r❡s✉❧t❛ ❡♠ ✉♠❛ r❡s✐t✐✈✐❞❛❞❡ ❞❡ 15 MΩcm✳ ➱ ✉t✐❧✐✲
③❛❞❛ á❣✉❛ ❞❡ ✉♠ ♣♦ç♦ ❡ ❞❛ r❡❞❡ ❞❡ ❛❜❛st❡❝✐♠❡♥t♦ ❞❡ ▼❛❧❛r❣ü❡✱ ❛r♠❛③❡♥❛❞❛ ❡♠
✉♠❛ ❝✐st❡r♥❛ ❡ ❡♠ ✉♠ t❛♥q✉❡ ❞❡ 50000 l ❛♣ós ❛ ♣✉r✐✜❝❛çã♦✳ ❈✉✐❞❛❞♦s sã♦ t♦✲
♠❛❞♦s t❛♠❜é♠ ♥♦ tr❛♥s♣♦rt❡✱ q✉❡ é r❡❛❧✐③❛❞♦ ❛tr❛✈és ❞❡ ✉♠ ❝❛♠✐♥❤ã♦ ❝♦♠ ✉♠
t❛♥q✉❡ ♣r❡♣❛r❛❞♦ ♣❛r❛ ❡st❡ ♣r♦♣ós✐t♦✱ ♦♥❞❡ sã♦ ❢❡✐t♦s t❡st❡s r❡❣✉❧❛r❡s ❞❡ ❝♦♥✲
❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❡ ❛t✐✈✐❞❛❞❡ ❜✐♦❧ó❣✐❝❛✳ ❆ q✉❛❧✐❞❛❞❡ ❞❛ á❣✉❛ ♥♦s ❞❡t❡❝t♦r❡s
♣♦❞❡ s❡r ♠♦♥✐t♦r❛❞❛ ❛tr❛✈és ❞❛ ❢♦r♠❛ ❞♦s s✐♥❛✐s r❡❣✐str❛❞♦s ♣❡❧❛s P▼❚s✳

✹✳✷ ❙✐st❡♠❛ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s

❆ ❞❡t❡❝çã♦ ❞❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈ ♥♦s t❛♥q✉❡s é r❡❛❧✐③❛❞❛ ♣♦r três ❢♦t♦♠✉❧t✐✲
♣❧✐❝❛❞♦r❛s ❞❡ 9′′ P❤♦t♦♥✐s ❳P✶✽✵✺ ❬✸✻❪ ✭✜❣✉r❛ ✹✳✹✮✱ ❡s❝♦❧❤✐❞❛s ♣♦r ❛♣r❡s❡♥t❛r❡♠
♦ ♠á①✐♠♦ ❞❡ ❡✜❝✐ê♥❝✐❛ q✉â♥t✐❝❛ ✭23%✮ ❡♠ 420 nm✱ ✈❛❧♦r ♣ró①✐♠♦ ❞♦ ❝♦♠♣r✐✲
♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❛ r❛❞✐❛çã♦ ❈❤❡r❡♥❦♦✈✳ ❖ s✐♥❛❧ ♣♦❞❡ s❡r ❧✐❞♦ t❛♥t♦ ♥♦ ❛♥♦❞♦✱
q✉❛♥t♦ ♥♦ ú❧t✐♠♦ ❞✐♥♦❞♦✱ ❝♦♠ ❛♠♣❧✐✜❝❛çã♦ ❞❡ ✸✷ ✈❡③❡s✳ ❖ r❡❣✐str♦ ❞♦s s✐♥❛✐s é
r❡❛❧✐③❛❞♦ ♣♦r ✻ ❋❆❉❈s ✭❋❧❛s❤ ❆♥❛❧♦❣ t♦ ❉✐❣✐t❛❧ ❈♦♥✈❡rt❡rs✮ ❞❡ 40 MHz✱ ❝♦♠
✶✵ ❜✐ts ♣❛r❛ ❧❡✐t✉r❛ ❞❛ t❡♥sã♦ ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦✱ ❡♠ ✼✻✽ ✐♥t❡r✈❛❧♦s ❞❡ 25
ns ❬✷✼❪✳ ❊♠ ❝❛❞❛ ❡✈❡♥t♦ sã♦ r❡❣✐str❛❞♦s ♦s s✐♥❛✐s ❞♦ ❛♥♦❞♦ ❡ ❞✐♥♦❞♦ ❞❡ t♦❞❛s
❛s P▼❚s✱ s❡♥❞♦ ♦s ♣r✐♠❡✐r♦s ✐♠♣♦rt❛♥t❡s ♥♦s ❝❛s♦s ❡♠ q✉❡ ♦ s✐♥❛❧ é ♠✉✐t♦ ✐♥✲
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❋✐❣✉r❛ ✹✳✹✿ ❋♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ P❤♦t♦♥✐s ❳P✶✽✵✺ ❬✸✻❪✳

t❡♥s♦ ❡ ❝❛✉s❛ s❛t✉r❛çã♦ ✭♠❡❞✐❞❛ s✉♣❡r✐♦r ❛♦ ♠á①✐♠♦ ❞❛ ❡s❝❛❧❛ ❞♦ ❋❆❉❈✮✱ ♦
q✉❡ ❣❡r❛❧♠❡♥t❡ ♦❝♦rr❡ q✉❛♥❞♦ ❛ ❡st❛çã♦ ❡stá ♠✉✐t♦ ♣ró①✐♠❛ ❞♦ ♣♦♥t♦ ✐♠♣❛❝t♦
❞♦ ❝❤✉✈❡✐r♦ ♥❛ s✉♣❡r❢í❝✐❡✳ ❯♠ s✐♥❛❧ tí♣✐❝♦ ❞❡ ♠ú♦♥s r❡❣✐str❛❞♦s ♣❡❧♦ ❞❡t❡❝t♦r
é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✺✱ ♥❛ q✉❛❧ ❛ ❡s❝❛❧❛ ❞❡ ♠❡❞✐❞❛ é ❛r❜✐trár✐❛✳ ◆♦ ♣r♦❝❡❞✐✲
♠❡♥t♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❬✸✼❪ ❛s ♠❡❞✐❞❛s sã♦ ❝♦♥✈❡rt✐❞❛s ❞❡ ❝❛♥❛✐s ❞❡ ❋❆❉❈ ♣❛r❛
✉♥✐❞❛❞❡s ❞❡ ❝❛r❣❛ ❞❡ ♠ú♦♥ ✈❡rt✐❝❛❧✳

❖s s✐♥❛✐s ❞♦s ❋❆❉❈s sã♦ ❡♥✈✐❛❞♦s ♣❛r❛ ❞✐s♣♦s✐t✐✈♦s ❞❡ ❧ó❣✐❝❛ ♣r♦❣r❛♠á✈❡❧
✭P▲❉✮✱ ♥♦s q✉❛✐s sã♦ r❡❛❧✐③❛❞❛s ✈❡r✐✜❝❛çõ❡s ♣❛r❛ s❡❧❡çã♦ ♦✉ ♥ã♦ ❞❡ ❡✈❡♥t♦s✱
❞❡ ❛❝♦r❞♦ ❝♦♠ ❝r✐tér✐♦s ❡st❛❜❡❧❡❝✐❞♦s ❞❡ tr✐❣❣❡r✱ q✉❡ s❡rã♦ ❞✐s❝✉t✐❞♦s ♣♦st❡r✐♦r✲
♠❡♥t❡✳ ❈❛❞❛ ❡st❛çã♦ t❛♠❜é♠ ♣♦ss✉✐ ✉♠ ❝♦♥tr♦❧❛❞♦r ■❇▼ P♦✇❡r P❈ ✹✵✸●❈❳
❞❡ 40MHz✱ q✉❡ ❢❛③ ❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ♦s P▲❉s✳ ❖ ❝♦♥tr♦❧❛❞♦r é r❡s♣♦♥sá✈❡❧ t❛♠✲
❜é♠ ♣❡❧♦ ❣❡r❡♥❝✐❛♠❡♥t♦ ❞❡ ♦✉tr♦s ❝♦♠♣♦♥❡♥t❡s ❞❛ ❡❧❡trô♥✐❝❛✱ ❝♦♠♦ ♦s s✐st❡♠❛s
❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ❞❡ ●P❙✱ ❡ r❡❛❧✐③❛ ❛ ❧❡✐t✉r❛ ❞❡ ❞✐✈❡rs❛s ✐♥❢♦r♠❛çõ❡s ❞❡ ♠♦♥✐✲
t♦r❛♠❡♥t♦✱ ❝♦♠♦ ❛s t❡♥sõ❡s ❡ t❡♠♣❡r❛t✉r❛s ♥❛s P▼❚s ❡ ♦✉tr♦s ❞✐s♣♦s✐t✐✈♦s✳

✹✳✸ ❈❛❧✐❜r❛çã♦

❖ ♦❜❥❡t✐✈♦ ❞❛ ❝❛❧✐❜r❛çã♦ ❬✸✼❪ ❞❡ ❝❛❞❛ ❡st❛çã♦ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ é
❛ ♦❜t❡♥çã♦ ❞❛ ❝❛r❣❛ ✐♥t❡❣r❛❞❛ ❞♦ s✐♥❛❧ r❡❣✐str❛❞♦ ♥❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠ ♠ú♦♥
✈❡rt✐❝❛❧✱ QV EM ✳ ❊st❛ ❣r❛♥❞❡③❛ é ✉t✐❧✐③❛❞❛ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛s ♠❡❞✐❞❛s ❞❡
❝❛r❣❛✱ q✉❡ sã♦ ❝♦♥✈❡rt✐❞❛s ❞❡ ✉♥✐❞❛❞❡s ❞❛ ❡❧❡trô♥✐❝❛ ✭❝❛♥❛✐s ❞♦ ❋❆❉❈✮ ♣❛r❛
QV EM ✳ ❉❡st❛ ❢♦r♠❛ ♦s s✐♥❛✐s ❞❡ t♦❞♦s ♦s t❛♥q✉❡s sã♦ ♣❛❞r♦♥✐③❛❞♦s✳ ❖✉tr❛
❣r❛♥❞❡③❛ ❞❛ ❝❛❧✐❜r❛çã♦✱ ❝♦♠✉♠❡♥t❡ ✉t✐❧✐③❛❞❛ q✉❛♥❞♦ s❡ tr❛❜❛❧❤❛ ❝♦♠ ♥í✈❡✐s ❞❡
❞✐s❝r✐♠✐♥❛çã♦ ❞❡ s✐♥❛❧✱ é ♦ ♣✐❝♦ ❞❡ ❝❛r❣❛ ❞♦ ♠ú♦♥ ✈❡rt✐❝❛❧ ✭IV EM ✮✱ ❞❡✜♥✐❞♦ ❞❡
♠❛♥❡✐r❛ ❛♥á❧♦❣❛ à ❝❛r❣❛ QV EM ✱ ♠❛s ♥❡st❡ ❝❛s♦ é ❝♦♥s✐❞❡r❛❞♦ ♦ ♠á①✐♠♦ ❞❡
❛♠♣❧✐t✉❞❡ ❞♦ tr❛ç♦ ❞♦ ❋❆❉❈✱ ❡ ♥ã♦ ❛ ❝❛r❣❛ ✐♥t❡❣r❛❞❛✳ ➱ ❝♦♠✉♠ s❡ r❡❢❡r✐r às
✉♥✐❞❛❞❡s ❞❡ QV EM ❡ IV EM s✐♠♣❧❡s♠❡♥t❡ ❝♦♠♦ ❱❊▼✳

❆ ♣❛rt✐r ❞❡ ♠❡❞✐❞❛s ✉t✐❧✐③❛♥❞♦ ♣❡q✉❡♥♦s ❞❡t❡❝t♦r❡s ❡①t❡r♥♦s✱ ♠♦♥t❛❞♦s ❝♦♠
❝✐♥t✐❧❛❞♦r❡s✱ ❢♦r♠❛♥❞♦ ✉♠ t❡❧❡s❝ó♣✐♦✱ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡
❝❛r❣❛s ♣❛r❛ ♠ú♦♥s ✈❡rt✐❝❛✐s ♥♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈✱ q✉❡ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛
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❋✐❣✉r❛ ✹✳✺✿ ❙✐♥❛❧ ❣❡r❛❞♦ ♣♦r ✉♠ ♠ú♦♥ ♥✉♠ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈✱ r❡❣✐str❛❞♦ ❡♠
✉♥✐❞❛❞❡s ❛r❜✐trár✐❛s ❞♦ ❋❆❉❈ ❬✸✼❪✳
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❋✐❣✉r❛ ✹✳✻✿ ❍✐st♦❣r❛♠❛s ❞❡ ❝❛r❣❛ ✐♥t❡❣r❛❞❛ ♣❛r❛ ♠ú♦♥s ✈❡rt✐❝❛✐s ✭❧✐♥❤❛ tr❛✲
❝❡❥❛❞❛ ✈❡r♠❡❧❤❛✮ ❡ ♣❛r❛ ❝♦✐♥❝✐❞ê♥❝✐❛s tr✐♣❧❛s ❡♥tr❡ ❛s P▼❚s ✭❧✐♥❤❛ ❝♦♥tí♥✉❛
♣r❡t❛✮✳ ❬✸✼❪

✹✳✻ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦ ♦❜t✐❞❛ ❛♣❡♥❛s ♣❡❧❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❞❛s três
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ s❡♠ s❡❧❡çã♦ ❝♦♠ ❞❡t❡❝t♦r❡s ❡①t❡r♥♦s✳ ❖ ♣✐❝♦ ❞❡✈✐❞♦ ❛♦s
♠ú♦♥s ✈❡rt✐❝❛✐s t❛♠❜é♠ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❞✐str✐❜✉✐çã♦ ♦❜t✐❞❛ ♣❡❧❛ ❝♦✐♥✲
❝✐❞ê♥❝✐❛✱ ❧♦❝❛❧✐③❛❞♦ ❡♠ 1, 03 ± 0, 02 QV EM ❡♠ ❝❛❞❛ P▼❚✳ ❈♦♥❤❡❝❡♥❞♦ ❡st❛s
❞✐str✐❜✉✐çõ❡s✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ✈❛❧♦r ❞❡ IV EM ♦✉ QV EM ♣❛r❛ q✉❛❧q✉❡r
t❛♥q✉❡✱ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉t✐❧✐③❛r ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s✳

❆ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❛ ❝❛❧✐❜r❛çã♦ ❡♠ ❱❊▼ ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ é r❡❛✲
❧✐③❛❞❛ ❛♣❡♥❛s ❞✉r❛♥t❡ ❛ ✐♥st❛❧❛çã♦ ♦✉ ♠❛♥✉t❡♥çã♦ ❞❡ ✉♠ t❛♥q✉❡✳ ❆ t❡♥sã♦ ❞❡
❝❛❞❛ P▼❚ é ❛✉♠❡♥t❛❞❛ ❛té q✉❡ s✉❛ ❝♦♥t❛❣❡♠ ❞❡ ❡✈❡♥t♦s ❛❝✐♠❛ ❞❡ ✉♠ ❧✐♠✐❛r
❞❡ ✶✺✵ ❝❛♥❛✐s ❞❡ ❋❆❉❈ ✭❛♣r♦①✐♠❛❞❛♠❡♥t❡ 3IV EM ✮ ❛t✐♥❥❛ 100 Hz✳ ❊st❡ ❧✐♠✐❛r
❢♦✐ t❡st❛❞♦ ❡ ❡s❝♦❧❤✐❞♦ ♣♦r s✉❛ ❝♦♥✈❡♥✐ê♥❝✐❛ ❡♠ t❡r♠♦s ❞❡ ❡✜❝✐ê♥❝✐❛ ❡ ❣❛♥❤♦✳ ❖
♣r♦❝❡❞✐♠❡♥t♦ ♥ã♦ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦ ❛ ❞✐stâ♥❝✐❛✱ ♠❛s ❝♦♠♦ ♣❡q✉❡♥♦s ❞❡s✈✐♦s
❞❡ ❝❛❧✐❜r❛çã♦✱ ✐♥❡✈✐tá✈❡✐s ❞❡✈✐❞♦ ❛ ✈❛r✐❛çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛✱ ♥ã♦ ❛❢❡t❛♠ ♦ ❞❡✲
s❡♠♣❡♥❤♦ ❞♦ ❞❡t❡❝t♦r✱ sã♦ ♣♦✉❝♦ ❢r❡q✉❡♥t❡s ❛s s✐t✉❛çõ❡s ❡♠ q✉❡ é ♥❡❝❡ssár✐♦
r❡♣❡t✐✲❧♦✳

❆♣ós ❛ ✐♥st❛❧❛çã♦ ❞❛s ❡st❛çõ❡s é r❡❛❧✐③❛❞♦ ✉♠ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛ ❝❛❧✐❜r❛çã♦✱
♠❛s s❡♠ ♠❡❞✐❞❛s ❞✐r❡t❛s ❞❡ ❝❛r❣❛✱ q✉❡ ❛✉♠❡♥t❛r✐❛♠ ♦ t❡♠♣♦ ♠♦rt♦ ❞♦ ❞❡t❡❝t♦r✳
❖ q✉❡ s❡ ❢❛③ é ✉♠❛ ❡st✐♠❛t✐✈❛ ❛tr❛✈és ❞❡ ✉♠❛ ❛❧❣♦r✐t♠♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱ ♥♦ q✉❛❧
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sã♦ r❡❛❧✐③❛❞❛s ❝♦♥t❛❣❡♥s ♣❛r❛ ✉♠ ❧✐♠✐❛r ❞❡ ❝❛❧✐❜r❛çã♦ ❞❡ 2, 5IV EM ✱ ♥❛s q✉❛✐s
s❡ ❡s♣❡r❛ ♦❜t❡r 70 Hz✳ ◗✉❛♥❞♦ ❛ ❝♦♥t❛❣❡♠ é ❞✐❢❡r❡♥t❡✱ ♥ã♦ é ♥❡❝❡ssár✐♦ ❛❧t❡r❛r
❛s t❡♥sõ❡s ❞❛s P▼❚s✱ ❛♣❡♥❛s ❝♦♠♣❡♥sá✲❧❛s ❝♦♠ ✉♠ ❛✉♠❡♥t♦ ♦✉ ❞✐♠✐♥✉✐çã♦
❞♦ IV EM ❡st✐♠❛❞♦✳ ❖ ♣r♦❝❡ss♦ é r❡♣❡t✐❞♦✱ ❝♦♠ ✉♠ ❧✐♠✐❛r ❞✐❢❡r❡♥t❡ ❞♦ ✐♥✐❝✐❛❧✱
❞❡✈✐❞♦ à ❛❧t❡r❛çã♦ ❡♠ IV EM ✱ ❛té q✉❡ s❡ ♦❜t❡♥❤❛ ❛ t❛①❛ ❡s♣❡r❛❞❛✱ ❝♦♠♣❧❡t❛♥❞♦
❛ ❡st✐♠❛t✐✈❛ ❞❡ IV EM ✳ ◆♦ ❝❛s♦ ❞❡ s❡r❡♠ ♦❜s❡r✈❛❞♦s ❞❡s✈✐♦s ♠❛✐♦r❡s q✉❡ 20
❝❛♥❛✐s ❡♠ r❡❧❛çã♦ ❛♦ ❡s♣❡r❛❞♦ ✭IV EM = 50 ❝❛♥❛✐s✮ ❛ ❡st❛çã♦ é r❡✐♥✐❝✐❛❞❛ ❛tr❛✈és
❞❛ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❡s❝r✐t❛✳ ❖ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ QV EM t❛♠❜é♠ é r❡❛❧✐③❛❞♦✱
s❡❣✉✐♥❞♦ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ s✉❛ ❡st✐♠❛t✐✈❛✳

◗✉❛♥❞♦ ✉♠ ❡✈❡♥t♦ s❛t✐s❢❛③ ♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐✲
❝♦s é ✐♥❝❧✉í❞♦ ✉♠ ❤✐stór✐❝♦ ❞❛s ú❧t✐♠❛s ❡st✐♠❛t✐✈❛s ❞❡ IV EM ❡ QV EM ❞❡ ❝❛❞❛
❞❡t❡❝t♦r ♣❛rt✐❝✐♣❛♥t❡ ♥♦ ❝♦♥❥✉♥t♦ ❞❡ ✐♥❢♦r♠❛çõ❡s q✉❡ sã♦ ❡♥✈✐❛❞❛s ♣❛r❛ ❛ ❡st❛✲
çã♦ ❝❡♥tr❛❧✳ ❆❧é♠ ❞✐ss♦✱ ❝❛❞❛ t❛♥q✉❡ ♣♦ss✉✐ ❡♠ s✉❛ ❡❧❡trô♥✐❝❛ ✉♠ s✐st❡♠❛ ♣❛r❛
❛q✉✐s✐çã♦ ❞❡ ❡✈❡♥t♦s ❛ ✉♠ ❧✐♠✐❛r ❜❛✐①♦ ✭0, 1IV EM ✮✱ s❡♣❛r❛❞♦ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛
♠❡❞✐❞❛s ❞❡ ❝❛r❣❛ ❝♦♠ ❛❧t❛ ❡st❛tíst✐❝❛✱ ♠❛s ❝♦♠ ♣♦✉❝♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ✭✷✵
❛♦ ✐♥✈és ❞♦s ✼✻✽ ❞❛ ❛q✉✐s✐çã♦ ♥♦r♠❛❧✮✳ ◗✉❛♥❞♦ ❛ ❝❛❧✐❜r❛çã♦ é ❡st❛❜✐❧✐③❛❞❛✱ ❡st❡
s✐st❡♠❛ r❡❣✐str❛ ❛ ❝❛❞❛ 60 s ❤✐st♦❣r❛♠❛s ❞❡ ❝❛r❣❛ ❡ ❛♠♣❧✐t✉❞❡ ❞❡ ❝❛❞❛ P▼❚ ❡
❞❛ ❧✐♥❤❛ ❞❡ ❜❛s❡ ❞❡ ❝❛❞❛ ❋❆❉❈✳ ❊st❛s ♠❡❞✐❞❛s t❛♠❜é♠ sã♦ ❡♥✈✐❛❞❛s à ❡st❛çã♦
❝❡♥tr❛❧ ❝♦♠ ❝❛❞❛ ❡✈❡♥t♦✱ ❡ s❡r✈✐rã♦ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛çã♦ ♣r❡❝✐s❛ ❞❡ IV EM ✱
QV EM ❡ ❞❛ ❧✐♥❤❛ ❞❡ ❜❛s❡✱ ♣❛râ♠❡tr♦s ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♥♦ ♣r♦❝❡❞✐♠❡♥t♦
❞❡ r❡❝♦♥str✉çã♦ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✳

✹✳✹ ❖ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞❡ ❈❛♠♣✐♥❛s

❆s ✐♥st✐t✉✐çõ❡s ❡ ♣❡sq✉✐s❛❞♦r❡s ❜r❛s✐❧❡✐r♦s ♣❛rt✐❝✐♣❛♠ ❞❡ ❢♦r♠❛ ❜❛st❛♥t❡ ❛t✐✈❛
❞❛ ❝♦❧❛❜♦r❛çã♦ P✐❡rr❡ ❆✉❣❡r✳ ❚❛♠❜é♠ ❢♦✐ ❛ss✐♠ ❞✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡
❝♦♥str✉çã♦ ❞♦ ❡①♣❡r✐♠❡♥t♦✱ t❡♥❞♦ ❣r❛♥❞❡ ♣❛rt❡ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ s✐❞♦
♣r♦❞✉③✐❞♦s ♣♦r ✐♥❞ústr✐❛s ❜r❛s✐❧❡✐r❛s✳ ◆❡st❡ ♣❡rí♦❞♦✱ ✉♠ ❞❡t❡❝t♦r ✐❞ê♥t✐❝♦ ❛♦s
✉t✐❧✐③❛❞♦s ♥♦ sít✐♦ s✉❧ ❞♦ ♦❜s❡r✈❛tór✐♦ ❢♦✐ ❡♥✈✐❛❞♦ ♣❛r❛ ❛ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧
❞❡ ❈❛♠♣✐♥❛s ✭q✉❡ ❝♦♥t❛ ❝♦♠ ✉♠ ❣r❛♥❞❡ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛❞♦r❡s ❡♥✈♦❧✈✐❞♦s ♥♦
❡①♣❡r✐♠❡♥t♦✮✱ ♣❛r❛ s✉❛ ✐♥st❛❧❛çã♦ ♥♦ ▲❛❜♦r❛tór✐♦ ❞❡ ▲é♣t♦♥s ✭✜❣✉r❛ ✹✳✼✮✳ ❆
♠♦♥t❛❣❡♠ ❡ t❡st❡ s❡ ✐♥✐❝✐❛r❛♠ ♥♦ ❛♥♦ ❞❡ ✷✵✵✸✱ ❝♦♠ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ♠❛✐s
r❡❝❡♥t❡s ❞❡ s✉❛ ❝❛r❛❝t❡r✐③❛çã♦ ♠♦str❛❞♦s ♥♦ tr❛❜❛❧❤♦ ❞❡ ❈♦♥s❛❧t❡r ❡ ❋❛✉t❤ ❞❡
✷✵✵✾ ❬✸✽❪✳

❆❧❣✉♠❛s ♠♦❞✐✜❝❛çõ❡s ❡♠ r❡❧❛çã♦ ❛♦s ❞❡t❡❝t♦r❡s ♦r✐❣✐♥❛✐s ❢♦r❛♠ r❡❛❧✐③❛❞❛s
♥❛ ✐♥st❛❧❛çã♦ ❞♦ t❛♥q✉❡ ❡♠ ❈❛♠♣✐♥❛s✳ ❆ ❝♦♠✉♥✐❝❛çã♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♥ã♦ é
✈✐❛ rá❞✐♦✱ ♠❛s ♣♦r ❝❛❜♦s q✉❡ ✈ã♦ ❛té ❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞♦ ❧❛❜♦r❛tór✐♦ ♣♦r t✉❜♦s
❞❡ P❱❈✱ ♣♦rt❛♥t♦ ♥ã♦ ❤á ❛♥t❡♥❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦✳ ❖ s✐st❡♠❛ ❞❡ ❛❧✐♠❡♥t❛çã♦
❡❧étr✐❝❛ ♥ã♦ ✉t✐❧✐③❛ ❜❛t❡r✐❛s✱ ♥❡♠ ♦ ♣❛✐♥❡❧ s♦❧❛r✳ ❚❛♠❜é♠ ♥ã♦ é ♥❡❝❡ssár✐♦
✉♠ s✐st❡♠❛ ❞❡ ●P❙✱ ❥á q✉❡ ❤á ✉♠❛ ú♥✐❝❛ ❡st❛çã♦✱ s❡♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡❝t❛r
❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✳ ◆❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s é ✉t✐❧✐③❛❞❛ ❛ ❡❧❡trô♥✐❝❛ ✉s✉❛❧ ❞♦
❧❛❜♦r❛tór✐♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ♦s❝✐❧♦s❝ó♣✐♦s ❡ ♠ó❞✉❧♦s ♣❛❞rã♦ ◆■▼ ❡ ❈❆▼❆❈
♣❛r❛ ❝♦✐♥❝✐❞ê♥❝✐❛✱ ❝♦♥t❛❣❡♠✱ ❞✐s❝r✐♠✐♥❛çã♦✱ ❞✐❢❡r❡♥ç❛s ❞❡ t❡♠♣♦ ❡ ♠❡❞✐❞❛s ❞❡
❝❛r❣❛s ❞❡ s✐♥❛✐s✱ ❡♥tr❡ ♦✉tr❛s ❢✉♥çõ❡s✳

❖ ♣r✐♥❝✐♣❛❧ ♣r♦❜❧❡♠❛ ❡♥❝♦♥tr❛❞♦ ❞✉r❛♥t❡ s✉❛ ✐♥st❛❧❛çã♦ ❢♦✐ ❛ ♣r❡s❡♥ç❛ ❞❡
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❋✐❣✉r❛ ✹✳✼✿ ❚❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞♦ ▲❛❜♦r❛tór✐♦ ❞❡ ▲é♣t♦♥s ❞❛ ❯◆■❈❆▼P✳

✉♠✐❞❛❞❡ ♥♦ ✐♥t❡r✐♦r ❞❛ ❡str✉t✉r❛ ❞♦ t❛♥q✉❡✱ q✉❡ ♣♦❞❡r✐❛ ❝❛✉s❛r ❞❛♥♦s à ❡❧❡trô✲
♥✐❝❛✳ ❊st❛ ❞✐✜❝✉❧❞❛❞❡ s❡ ❛❣r❛✈♦✉ ♣❡❧♦ ❢❛t♦ ❞❛ t❛♠♣❛ ❡ ✈❡❞❛çã♦ ❞❛s ❛❜❡rt✉r❛s
t❡r s✐❞♦ ✐♠♣r♦✈✐s❛❞❛✳ ❆ s♦❧✉çã♦ ❡♥❝♦♥tr❛❞❛ ❢♦✐ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ♣r♦❞✉t♦
❛♥t✐✲♠♦❢♦ ❞❡ ✉s♦ ❞♦♠ést✐❝♦ ♥♦ ❡s♣❛ç♦ ❛❝✐♠❛ ❞♦ ❧✐♥❡r ♣❛r❛ ❛❜s♦rçã♦ ❞♦ ❡①❝❡ss♦
❞❡ ✉♠✐❞❛❞❡✳ ❚❛♠❜é♠ ❢♦✐ ✐♥st❛❧❛❞♦ ✉♠ ❡q✉✐♣❛♠❡♥t♦ ✭t❡r♠♦✲❤✐❣rô♠❡tr♦✮ ♣❛r❛
♠♦♥✐t♦r❛♠❡♥t♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ✉♠✐❞❛❞❡ ❡ t❡♠♣❡r❛t✉r❛✱ ❝♦♠ s❡✉ ♠❛r❝❛❞♦r ♥♦
✐♥t❡r✐♦r ❞♦ ❧❛❜♦r❛tór✐♦✱ ♣❡r♠✐t✐♥❞♦ ❛ ❛✈❛❧✐❛çã♦ ❞❛ s✐t✉❛çã♦ ❡ ❡✈✐t❛♥❞♦ ❞❛♥♦s ♥♦
✉s♦ ❞♦ ❞❡t❡❝t♦r✳

❆♣ós ❛ ♣r❡♣❛r❛çã♦ ❞♦ ❞❡t❡❝t♦r ❢♦r❛♠ ❢❡✐t❛s ❞✐✈❡rs❛s ♠❡❞✐❞❛s ❞❡ ❝❛r❛❝t❡r✐③❛✲
çã♦✱ ❝♦♠♦ ❛ ❝❛❧✐❜r❛çã♦ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡ ♦❜t❡♥çã♦ ❞❡ ❝✉r✈❛s ❞❡ ❡✜❝✐ê♥❝✐❛
❞❡ ❝♦♥t❛❣❡♠ ❡ t❡♠♣♦ ♠♦rt♦ ❞♦ s✐st❡♠❛✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❝✐♥t✐❧❛❞♦✲
r❡s ♣❧ást✐❝♦s ♣❛r❛ s❡❧❡çã♦ ❞❡ ♠ú♦♥s ❛tr❛✈❡ss❛♥❞♦ ♦ t❛♥q✉❡✳ ❖s ❞♦✐s ❞❡t❡❝t♦r❡s
❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s✱ ♣♦❞❡♥❞♦ s❡r ♣♦s✐❝✐♦♥❛❞♦s ❛❝✐♠❛ ❡
❛❜❛✐①♦ ❞♦ t❛♥q✉❡ ❛tr❛✈és ❞❡ ✉♠❛ ❡str✉t✉r❛ ❝♦♥str✉í❞❛ ♣❛r❛ ♦ ❡❧❡✈❛r ❡ ❞❡✐①❛r
❡s♣❛ç♦ ❧✐✈r❡ ❡♠❜❛✐①♦✳ ❈♦♠ ❡st❛s ♠❡❞✐❞❛s ❢♦✐ ♣♦ssí✈❡❧ ❡st✉❞❛r ♦ ❡s♣❡❝tr♦ ❞❡
❝❛r❣❛ ❞♦ ❞❡t❡❝t♦r ❈❤❡r❡♥❦♦✈ ♣❛r❛ ♠ú♦♥s ✈❡rt✐❝❛✐s✱ r❡❛❧✐③❛♥❞♦ ♠❡❞✐❞❛s ❡♠ ❞✐❢❡✲
r❡♥t❡s ♣♦s✐çõ❡s✿ ❞✐st❛♥t❡s ♦✉ ♣ró①✐♠❛s ❞❛s P▼❚s ♦✉ ❛té ♣❛ss❛♥❞♦ ❡①❛t❛♠❡♥t❡
♣♦r ❡❧❛s✱ ♦♥❞❡ é ♦❜t✐❞♦ ✉♠ ♣✐❝♦ ❞✉♣❧♦ ♥♦ ❡s♣❡❝tr♦✳ ❚❛♠❜é♠ ❢♦✐ ❡st✉❞❛❞❛ ❛
♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❡♥tr❡ ❛ ❝❛r❣❛ r❡❣✐str❛❞❛ ❡ ♦ t❛♠❛♥❤♦ ❞♦ tr❛ç♦ ❞❛ ♣❛rtí❝✉❧❛
♥❛ á❣✉❛✳

❋❡✐t❛s ❡st❛s ♠❡❞✐❞❛s✱ ♦ ✐♥str✉♠❡♥t♦ s❡ ❡♥❝♦♥tr❛✈❛ ♣r♦♥t♦ ♣❛r❛ ♦ ✉s♦ ❡♠ ♥♦✲
✈♦s ♣r♦❥❡t♦s✳ ◆♦ ❛♥♦ ❞❡ ✷✵✶✵✱ ❢♦✐ ✐♥✐❝✐❛❞♦ ♦ tr❛❜❛❧❤♦ ❞❡st❛ ❞✐ss❡rt❛çã♦✱ t❡♥❞♦
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❋✐❣✉r❛ ✹✳✽✿ ❉✐str✐❜✉✐çã♦ ❞❛s ♠❡❞✐❞❛s ❞❡ ❝❛r❣❛ ❞♦ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞❡ ❈❛♠♣✐✲
♥❛s r❡❛❧✐③❛❞❛s ❞✉r❛♥t❡ ❡st❡ tr❛❜❛❧❤♦✳ ❙ã♦ s❡❧❡❝✐♦♥❛❞♦s ❡✈❡♥t♦s ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛
tr✐♣❧❛ ❡♥tr❡ ❛s P▼❚s✳

❝♦♠♦ ✉♠ ❞❡ s❡✉s ♦❜❥❡t✐✈♦s ♦ ❡st✉❞♦ ❞❡ ✉♠ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❝♦♠ ❛♣❡♥❛s ✉♠❛
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛✳ P❛r❛ ✐st♦ s❡r✐❛ ✉t✐❧✐③❛❞♦ ♦ ❞❡t❡❝t♦r ❞❡ ❈❛♠♣✐♥❛s✱ ❛♣r♦✈❡✐✲
t❛♥❞♦ q✉❡ ❥á ❤❛✈✐❛ s✐❞♦ ❞❡✈✐❞❛♠❡♥t❡ ❝❛r❛❝t❡r✐③❛❞♦✱ r❡st❛♥❞♦ ❛♣❡♥❛s r❡♣❡t✐r
❛❧❣✉♠❛s ♠❡❞✐❞❛s ❞❡ t❡st❡ ♣❛r❛ ❞❡♣♦✐s ♦❜t❡r ❡s♣❡❝tr♦s ❞❡ ❝❛r❣❛ q✉❡ ♣❡r♠✐t✐ss❡♠
❞❡t❡r♠✐♥❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❛♥q✉❡ ♥✉♠❛ ❝♦♥✜❣✉r❛çã♦ ❞✐❢❡r❡♥t❡ ❞❡ P▼❚s✳

❯♠ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✹✳✽✳ ❋♦r❛♠ r❡❛❧✐③❛❞❛s
♠❡❞✐❞❛s ❞❡ ❝❛r❣❛✱ s❡❧❡❝✐♦♥❛♥❞♦ ❡✈❡♥t♦s ❡♠ q✉❡ ❤❛✈✐❛ ❝♦✐♥❝✐❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞❡
s✐♥❛❧ ❡♠ t♦❞❛s ❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ❛❝❡✐t❛♥❞♦ ♣❛rtí❝✉❧❛s ❞❡ t♦❞❛s ❛s ❞✐r❡çõ❡s✳
❆ ❝♦♠♣❛r❛çã♦ ❞♦ ❡s♣❡❝tr♦ ❝♦♠ s✐♠✉❧❛çõ❡s ✭✜❣✉r❛ ✹✳✾✮ ♠♦str❛ q✉❡ s✉❛ ❢♦r♠❛
❡stá ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡s♣❡r❛❞♦✳ ▼❛s ❛♦ ❝♦♠♣❛r❛r ❝♦♠ ❛s ♠❡❞✐❞❛s ❞❛ ✜❣✉r❛ ✹✳✶✵✱
❛♣r❡s❡♥t❛❞❛s ❡♠ ❬✸✽❪✱ ♥♦t❛✲s❡ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❞♦ ♣✐❝♦ ❞❡ ❝❛r❣❛✱ ❞❡ ❝❡r❝❛ ❞❡ 30
pC✳ ❊st❡ é ✉♠ ✐♥❞✐❝❛t✐✈♦ ❞❡ ♣❡r❞❛ ❞❡ ❣❛♥❤♦ ✭♠❛✐s ❞❡ 25% ❞❡ ♣❡r❞❛✮✱ ♦ q✉❡ ♣♦❞❡
s❡r ❞❡✈✐❞♦ ❛ ♣r♦❜❧❡♠❛s ♥❛ ❡❧❡trô♥✐❝❛ ♦✉ ❛té ❝♦♥t❛♠✐♥❛çã♦ ❞❛ á❣✉❛✳ ❆♣ós ✉♠❛
❛❜❡rt✉r❛ ❞♦ t❛♥q✉❡ ♣❛r❛ t❡st❡s ❞❡ ❝❛❜♦s ❡ t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛✱ ♥ã♦ ❢♦r❛♠
❝♦♥st❛t❛❞♦s ♣r♦❜❧❡♠❛s✳ ❈♦♥❝❧✉✐✉✲s❡ q✉❡ ❛ ♣❡r❞❛ ❞❡ ❣❛♥❤♦ ♥ã♦ ✐♥✈✐❛❜✐❧✐③❛r✐❛ ❛s
♠❡❞✐❞❛s q✉❡ s❡ ❞❡s❡❥❛✈❛ r❡❛❧✐③❛r✳

❉✉r❛♥t❡ ❛ r❡❛❧✐③❛çã♦ ❞❡ ♥♦✈❛s ♠❡❞✐❞❛s ❝♦♠ ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s✱ ❢♦✐ ♥♦✲
t❛❞♦ ✉♠ sér✐♦ ♣r♦❜❧❡♠❛ ❝♦♠ r✉í❞♦s ❡ ❛t❡rr❛♠❡♥t♦ ♥❛ ❡❧❡trô♥✐❝❛ ❞♦ ❧❛❜♦r❛tór✐♦✱
❛❢❡t❛♥❞♦ s❡r✐❛♠❡♥t❡ ❛ q✉❛❧✐❞❛❞❡ ❞❛s ♠❡❞✐❞❛s✳ ◆♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✭❛❧❣✉♠❛s
s❡♠❛♥❛s✮ ❛té ❛ s♦❧✉çã♦ ❞❡st❡s ♣r♦❜❧❡♠❛s ♥♦t♦✉✲s❡ q✉❡ ♦ ❞❡t❡❝t♦r ❈❤❡r❡♥❦♦✈ ❝♦✲
♠❡ç❛✈❛ ❛ ❛♣r❡s❡♥t❛r s✐♥❛✐s ❞❡ ❞❡❣r❛❞❛çã♦✿ ❛ ✉♠✐❞❛❞❡ ❤❛✈✐❛ ❛✉♠❡♥t❛❞♦✱ t❡♥sõ❡s
❞❡ ❝♦♥tr♦❧❡ ❞❛ ❡❧❡trô♥✐❝❛ ❡st❛✈❛♠ ❛❜❛✐①♦ ❞♦ ♣r❡✈✐st♦ ❡✱ ♦ ♠❛✐s ♣r❡♦❝✉♣❛♥t❡✱ ❛
❡str✉t✉r❛ ❞❡ ♠❛❞❡✐r❛ q✉❡ s✉st❡♥t❛✈❛ ♦ t❛♥q✉❡ ❡st❛✈❛ ❝❡❞❡♥❞♦✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦

✹✶



✹✳✹ ✲ ❖ ❚❆◆◗❯❊ ❈❍❊❘❊◆❑❖❱ ❉❊ ❈❆▼P■◆❆❙

❋✐❣✉r❛ ✹✳✾✿ ❊s♣❡❝tr♦ ❞❡ ❝❛r❣❛s ❞❡ ❝❛❞❛ P▼❚ ❞❡ ✉♠ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ s✐♠✉❧❛❞♦
♥♦ s♦❢t✇❛r❡ ●❊❆◆❚✹ ❬✸✾❪✳

❋✐❣✉r❛ ✹✳✶✵✿ ❉✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛s ❞❡ ✉♠❛ ❞❛s P▼❚s ❞♦ t❛♥q✉❡ ❈❤❡r❡♥❦♦✈ ❞❡
❈❛♠♣✐♥❛s✳ ▼❡❞✐❞❛s r❡❛❧✐③❛❞❛s ♣♦r ❈♦♥s❛❧t❡r ❡ ❋❛✉t❤ ❬✸✽❪✳

✹✷



✹✳✹ ✲ ❖ ❚❆◆◗❯❊ ❈❍❊❘❊◆❑❖❱ ❉❊ ❈❆▼P■◆❆❙

q✉❡ s❡ s✉❜✐ss❡ ♥♦ ❞❡t❡❝t♦r ♣❛r❛ ♣♦s✐❝✐♦♥❛r ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s ♦✉ ❛❜r✐r
❛ t❛♠♣❛ ❞❡ ♣r♦t❡çã♦ ❞❛ ❡❧❡trô♥✐❝❛✳ ❈♦♠♦ ♥ã♦ ❤❛✈✐❛ ♣r❡✈✐sã♦ ♣❛r❛ ♦ r❡t♦r♥♦
à ♥♦r♠❛❧✐❞❛❞❡ ♥♦ ❧❛❜♦r❛tór✐♦✱ ♦♣t♦✉✲s❡ ♣♦r ✉t✐❧✐③❛r ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞✐❢❡r❡♥t❡
♥♦ tr❛❜❛❧❤♦✱ ✉t✐❧✐③❛♥❞♦ s✐♠✉❧❛çõ❡s ❡ ❞❛❞♦s ❞❡ t❛♥q✉❡s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡
❆✉❣❡r✳ ❉❡st❛ ❢♦r♠❛ t❛♠❜é♠ s❡r✐❛ ♣♦ssí✈❡❧ ❡st✉❞❛r ❡✈❡♥t♦s ❣❡r❛❞♦s ♣♦r r❛✐♦s
❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ ❡ ♥ã♦ ❛♣❡♥❛s ♠ú♦♥s ❛t♠♦s❢ér✐❝♦s ♣r♦✈❡♥✐❡♥t❡s
❞❡ ❝❤✉✈❡✐r♦s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛✳

✹✸



❈❛♣ít✉❧♦ ✺

❘❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦

❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡

❆ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ ♦✉ s❡❥❛✱ ❛ ❞❡t❡r♠✐♥❛çã♦
❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✱ é r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞♦s
s✐♥❛✐s ❞❡ t❛♥q✉❡s ♣ró①✐♠♦s q✉❡ r❡❣✐str❛r❛♠ ♣❛rtí❝✉❧❛s ❡ ❞❡ s✉❛s ❞✐❢❡r❡♥ç❛s ❞❡
t❡♠♣♦✱ q✉❡ ♣❡r♠✐t❡♠ ❡st✐♠❛r ❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦
❡ s✉❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧✳ ❆♣ós ❛ s❡❧❡çã♦ ❞♦s ❡✈❡♥t♦s✱ sã♦ ❡❢❡t✉❛❞♦s
❞✐✈❡rs♦s ❛❥✉st❡s ❡ ♠✐♥✐♠✐③❛çõ❡s ♥♦s ❞❛❞♦s✱ s❡❣✉✐♥❞♦ ❞✐✈❡rs❛s ❡t❛♣❛s✱ q✉❡ s❡rã♦
❞❡s❝r✐t❛s ♥❡st❡ ❝❛♣ít✉❧♦✳

✺✳✶ ❙❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s

◆❛s ❡st❛çõ❡s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ sã♦ ♦❜s❡r✈❛❞♦s s✐♥❛✐s ♣r♦✈❡♥✐❡♥t❡s ❞❡
❞✐❢❡r❡♥t❡s ♦r✐❣❡♥s✱ ♦❝♦rr❡♥❞♦ ❛ ✉♠❛ t❛①❛ ❜❛st❛♥t❡ ❛❧t❛✳ ❉❡s❡❥❛✲s❡ ✐❞❡♥t✐✜❝❛r
q✉❛✐s ❞❡st❡s ♣♦❞❡♠ t❡r s✐❞♦ ❣❡r❛❞♦s ♣♦r ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✳ P❛r❛ ✐ss♦✱ sã♦
❛♣❧✐❝❛❞♦s ❛❧❣✉♥s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦✱ ❞❡t❡r♠✐♥❛❞♦s ♥♦ ♣❡rí♦❞♦ ❞❡ ♣❧❛♥❡❥❛♠❡♥t♦
❞♦ ❡①♣❡r✐♠❡♥t♦ ❬✹✵❪ ❡ t❡st❛❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❬✷✼❪ ❛♥t❡s ❞♦ ✐♥í❝✐♦ ❞❛ ❝♦❧❡t❛
❞❡ ❞❛❞♦s ♦✜❝✐❛❧✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ s❡❧❡çã♦ s❡ ✐♥✐❝✐❛ ♥❛ ❡❧❡trô♥✐❝❛ ❞❡ ❝❛❞❛ ❡st❛✲
çã♦✱ ♣❛ss❛ ♣♦r ❝♦♥❞✐çõ❡s ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞❡ ✈ár✐❛s ❡st❛çõ❡s✱ ✐♠♣♦st❛s
♥♦ s✐st❡♠❛ ❝❡♥tr❛❧ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✱ ❡ s❡❣✉❡ ❛té ♦ s♦❢t✇❛r❡ ❞❡ r❡❝♦♥str✉çã♦
❖✤✐♥❡✳ ❈❛❞❛ ✉♠ ❞❡st❡s ❝r✐tér✐♦s s❡rá ❞❡s❝r✐t♦ ❛ s❡❣✉✐r✳

❆ ♣❛rt✐r ❞❡st❡ ♣♦♥t♦ ❞♦ t❡①t♦✱ ❛ ♣❛❧❛✈r❛ ✧❡✈❡♥t♦✧ s❡rá ✉t✐❧✐③❛❞❛ ❛♣❡♥❛s ♣❛r❛
❞❡t❡❝çõ❡s ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✳ ◗✉❛♥❞♦ ♦ t❡①t♦ r❡❢❡r✐r✲s❡ ❛ ♦✉tr♦s t✐♣♦s ❞❡
s✐♥❛✐s ♥♦s ❞❡t❡❝t♦r❡s✱ ❝♦♠♦ ♦s ❣❡r❛❞♦s ♣♦r ♠ú♦♥s ❛t♠♦s❢ér✐❝♦s✱ ♦✉ ♠❡s♠♦ s✐♥❛✐s
❞❡s❝♦♥❤❡❝✐❞♦s✱ q✉❡ ♣♦❞❡rã♦ s❡r ♣❛rt❡ ❞❡ ✉♠ ❡✈❡♥t♦✱ s❡rá ✉t✐❧✐③❛❞❛ ❛ ♣❛❧❛✈r❛
✧♦❝♦rrê♥❝✐❛✧✳
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✺✳✶ ✲ ❙❊▲❊➬➹❖ ❉❊ ❊❱❊◆❚❖❙

❋✐❣✉r❛ ✺✳✶✿ ❊sq✉❡♠❛ ❞♦ tr✐❣❣❡r ❧♦❝❛❧ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❬✹✶❪✳

✺✳✶✳✶ ❚r✐❣❣❡r ❧♦❝❛❧

❆ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ ✉♠ ❡✈❡♥t♦ r❡q✉❡r ❛ s❡♣❛r❛çã♦ ❡♥tr❡ s✐♥❛✐s ❣❡r❛❞♦s ❛❝✐❞❡♥✲
t❛❧♠❡♥t❡ ✭♠ú♦♥s ❛t♠♦s❢ér✐❝♦s ♦✉ r✉í❞♦s ♥♦s ❋❆❉❈s✮ ❡ ❞❡✈✐❞♦s ❛ r❛✐♦s ❝ós♠✐❝♦s
❞❡ ❛❧t❛ ❡♥❡r❣✐❛✳ ❖s três ♣r✐♠❡✐r♦s ♥í✈❡✐s ❞❡ tr✐❣❣❡r✱ r❡❛❧✐③❛❞♦s ❧♦❝❛❧♠❡♥t❡✱ ❝♦♥✲
❢♦r♠❡ ♦ ❡sq✉❡♠❛ ❞❛ ✜❣✉r❛ ✺✳✶✱ tê♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ r❡❛❧✐③❛r ❡st❛ s❡♣❛r❛çã♦✳

◆♦ ❝r✐tér✐♦ ❚✶ ❤á ❞♦✐s ♠♦❞♦s ❞✐❢❡r❡♥t❡s✳ ❖ ♣r✐♠❡✐r♦ ✭t❤r❡s❤♦❧❞ ✲ ❚❍ ✮ r❡q✉❡r
❛ ❝♦✐♥❝✐❞ê♥❝✐❛ tr✐♣❧❛ ❡♥tr❡ ❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ t♦❞❛s ❝♦♠ s✐♥❛❧ ❛❝✐♠❛ ❞❡
✶✱✼✺ ❱❊▼✱ s❡❧❡❝✐♦♥❛♥❞♦ s✐♥❛✐s ❝✉rt♦s ❡ ❞❡ ❛❧t❛ ❛♠♣❧✐t✉❞❡✱ ❝♦♠♦ ♦s ❣❡r❛❞♦s ♣♦r
❝❤✉✈❡✐r♦s ❤♦r✐③♦♥t❛✐s✱ ❛ ✉♠❛ t❛①❛ ♣ró①✐♠❛ ❞❡ ✶✵✵❍③✳ ◆♦ ♦✉tr♦ ♠♦❞♦ ✭t✐♠❡ ♦✈❡r

t❤r❡s❤♦❧❞ ✲ ❚♦❚ ✮ sã♦ s❡❧❡❝✐♦♥❛❞❛s ❝♦✐♥❝✐❞ê♥❝✐❛s ❡♥tr❡ ♣❡❧♦ ♠❡♥♦s ❞✉❛s P▼❚s✱
❝♦♠ s✐♥❛✐s ❛❝✐♠❛ ❞❡ ✵✱✷ ❱❊▼ ❡♠ ♣❡❧♦ ♠❡♥♦s ✶✸ ✐♥t❡r✈❛❧♦s ❞♦ ❋❆❉❈✱ ♦✉ s❡❥❛✱
❝♦♠ ❧❛r❣✉r❛ ♠❛✐♦r q✉❡ ✸✷✺ ♥s✳ ❊st❡s s✐♥❛✐s ♠❛✐s ❧❛r❣♦s ❡♠ t❡♠♣♦ ♣♦❞❡♠ s❡r
❞❡✈✐❞♦s ❛ ❝❤✉✈❡✐r♦s ♣ró①✐♠♦s ❝♦♠ ❡♥❡r❣✐❛s ♠❡♥♦r❡s✱ ♦✉ ❛♦s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛✱ ♠❛s
❝♦♠ ♦ ❝❡♥tr♦ ♠❛✐s ❛❢❛st❛❞♦ ❞❛ ❡st❛çã♦ ❬✹✷❪✱ ❡ ♦❝♦rr❡♠ ❛ t❛①❛s ♣ró①✐♠❛s ❞❡ ✷

❍③✳ ◆❛s ✜❣✉r❛s ✺✳✷ ❡ ✺✳✸ sã♦ ♠♦str❛❞♦s ❡①❡♠♣❧♦s ❞❡ s✐♥❛✐s ❞♦ t✐♣♦ ❚❍✲❚✶ ❡
❚❍✲❚♦❚ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❋✐❣✉r❛ ✺✳✷✿ ❊①❡♠♣❧♦ ❞❡ s✐♥❛❧ ❞♦ t✐♣♦ ❚❍✲❚✶✳
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❋✐❣✉r❛ ✺✳✸✿ ❊①❡♠♣❧♦ ❞❡ s✐♥❛❧ ❞♦ t✐♣♦ ❚❍✲❚♦❚✳

◆♦ ❝♦♥tr♦❧❛❞♦r ❞♦ t❛♥q✉❡✱ ❛s ♦❝♦rrê♥❝✐❛s ❚❍✲❚✶ tê♠ s❡✉ ❧✐♠✐❛r ❛✉♠❡♥t❛❞♦
♣❛r❛ ✸✱✷ ❱❊▼✱ ❝♦♠ ❝♦✐♥❝✐❞ê♥❝✐❛ tr✐♣❧❛ ❡♥tr❡ ❛s P▼❚s✱ ❝❛r❛❝t❡r✐③❛♥❞♦ ♦ tr✐❣❣❡r

❚❍✲❚✷✱ ❡♥q✉❛♥t♦ ♦s ❚♦❚✲❚✶ sã♦ ❞✐r❡t❛♠❡♥t❡ ♣r♦♠♦✈✐❞♦s ❛ ❚♦❚✲❚✷✳ ❉❡st❛
❢♦r♠❛✱ ♥♦ ♥í✈❡❧ ❚✷ ❛s t❛①❛s sã♦ r❡❞✉③✐❞❛s ❛ ✷✵ ❍③✱ ✈❛❧♦r ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦s
❧✐♠✐t❡s ❞♦ s✐st❡♠❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❛ ❝❡♥tr❛❧ ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ✭❈❉❆❙✮✳

❆✐♥❞❛ r❡❛❧✐③❛❞♦ ❧♦❝❛❧♠❡♥t❡✱ ♠❛s ♣❡❧♦ ❈❉❆❙✱ ♦ tr✐❣❣❡r ❚✸ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦
s❡❧❡❝✐♦♥❛r ❡✈❡♥t♦s ❞❡✈✐❞♦s ❛ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s q✉❡ ♣♦❞❡♠ s❡r r❡❝♦♥str✉í✲
❞♦s✱ ♦✉ s❡❥❛✱ q✉❡ ❢♦r❛♠ ❞❡t❡❝t❛❞♦s s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣♦r ✈ár✐♦s t❛♥q✉❡s ✈✐③✐♥❤♦s✳
◆❡st❡ ❝❛s♦ t❛♠❜é♠ ❤á ❞♦✐s ♠♦❞♦s✳ ❯♠ r❡q✉❡r ❝♦✐♥❝✐❞ê♥❝✐❛ t❡♠♣♦r❛❧ ❞❡ ❝❡r❝❛
❞❡ 10 µs ❡♥tr❡ três ♦❝♦rrê♥❝✐❛s ❞❡ ❚♦❚✲❚✷✱ ❡st❛♥❞♦ ✉♠❛ ❞❡❧❛s ❡♥tr❡ ♦s t❛♥✲
q✉❡s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ❡ ❛ s❡❣✉♥❞❛ ♥♦ ♣ró①✐♠♦ ♥í✈❡❧ ❞❡ ✈✐③✐♥❤♦s✱ ❝♦♠♦
♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✹ à ❡sq✉❡r❞❛✳ ❉❡st❛ ❢♦r♠❛✱ sã♦ ❞❡t❡❝t❛❞♦s ❝❡r❝❛ ❞❡ ✶✻✵✵
❝❛♥❞✐❞❛t♦s ❛ ❡✈❡♥t♦s ♣♦r ❞✐❛✱ ❝♦♠ ❛♣❡♥❛s 10% ❝❛✉s❛❞♦s ♣♦r ❢❛❧s❛s ❝♦✐♥❝✐❞ê♥✲
❝✐❛s ♥❛ ❥❛♥❡❧❛ ❞❡ t❡♠♣♦ ❝♦♥s✐❞❡r❛❞❛✳ ❖ ♦✉tr♦ ♠♦❞♦ r❡q✉❡r ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❡♥tr❡
q✉❛tr♦ ♦❝♦rrê♥❝✐❛s ❞❡ q✉❛❧q✉❡r ❚✷✱ s❡♥❞♦ ✉♠ ❡♥tr❡ ♦s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s✱
✉♠ ♥♦ s❡❣✉♥❞♦ ♥í✈❡❧ ❞❡ ✈✐③✐♥❤♦s ❡ ♦ ♦✉tr♦ ♥♦ q✉❛rt♦ ♥í✈❡❧✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞♦
à ❞✐r❡✐t❛ ♥❛ ✜❣✉r❛ ✺✳✹✳ ◆❡st❡ ❝❛s♦✱ ✾✵✪ ❞♦s ✶✷✵✵ ❝❛♥❞✐❞❛t♦s ❞❡t❡❝t❛❞♦s sã♦
❛❝✐❞❡♥t❛✐s✱ s❡♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛ ♠❛✐♦r ♣❛r❛ ❝❤✉✈❡✐r♦s ❤♦r✐③♦♥t❛✐s✳

❋✐❣✉r❛ ✺✳✹✿ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ❞♦✐s ♠♦❞♦s ❞♦ tr✐❣❣❡r ❚✸✳
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✺✳✶ ✲ ❙❊▲❊➬➹❖ ❉❊ ❊❱❊◆❚❖❙

❋✐❣✉r❛ ✺✳✺✿ ❊sq✉❡♠❛ ❞❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ♣❛r❛ r❡✲
❝♦♥str✉çã♦ ❬✹✶❪✳

✺✳✶✳✷ ❙❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ♥♦ ❖✤✐♥❡

❖ ❖✤✐♥❡ ❬✹✸✱ ✹✹❪ é ✉♠ ♣❛❝♦t❡ ❞❡ s♦❢t✇❛r❡ q✉❡ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧❛ ♣ró♣r✐❛
❝♦❧❛❜♦r❛çã♦ P✐❡rr❡ ❆✉❣❡r✱ ❝♦♠ ✐♥t✉✐t♦ ❞❡ ❢♦r♥❡❝❡r ♦ s✉♣♦rt❡ ♥❡❝❡ssár✐♦ ♣❛r❛
❞✐❢❡r❡♥t❡s t❛r❡❢❛s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ❊♥tr❡ ❡❧❛s✱ ❛s ♣r✐♥❝✐♣❛✐s sã♦ ♦ ♣r♦❝❡ss❛♠❡♥t♦
❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✱ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❤í❜r✐❞♦s✱
❛❧é♠ ❞❛s ❢❡rr❛♠❡♥t❛s ♣❛r❛ s✐♠✉❧❛çã♦✳ ❖ ❝ó❞✐❣♦ é ❡s❝r✐t♦ ❡♠ ❈✰✰✱ ❝♦♠ ❜❧♦❝♦s
❞❡ ❢✉♥çõ❡s ❝♦♠✉♥s✱ q✉❡ ♣♦❞❡♠ s❡r ♦r❣❛♥✐③❛❞❛s ♥❛ ♦r❞❡♠ ❞❡s❡❥❛❞❛✱ ❝♦♠ ❛s
❝♦♥✜❣✉r❛çõ❡s ♥❡❝❡ssár✐❛s s❡♥❞♦ ❛❧t❡r❛❞❛s ❛♣❡♥❛s ❡♠ ❛rq✉✐✈♦s ❞❡ ❡♥tr❛❞❛✱ s❡♥❞♦
❞❡s♥❡❝❡ssár✐♦ ✉♠ ❝♦♥❤❡❝✐♠❡♥t♦ ❛✈❛♥ç❛❞♦ ❞❛ ❧✐♥❣✉❛❣❡♠ ❞❡ ♣r♦❣r❛♠❛çã♦✳ ❖
♣r♦❣r❛♠❛ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❞❡ ❢♦r♠❛ r♦❜✉st❛ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ♣❡r♠✐t✐r ❛❧t❡r❛çõ❡s
r❡❛❧✐③❛❞❛s ♣♦r q✉❛❧q✉❡r ✉s✉ár✐♦ ❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ♥♦✈♦s ♠ét♦❞♦s ✉t✐❧✐③❛❞♦s
♥♦ ♣r♦❝❡ss❛♠❡♥t♦ ❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❞♦ ♦❜s❡r✈❛tór✐♦✳

❙❡♠♣r❡ q✉❡ ❛ ❝♦♥❞✐çã♦ ❞❡ tr✐❣❣❡r ❚✸ é s❛t✐s❢❡✐t❛✱ ♦s ❞❛❞♦s ❞❡ t♦❞♦s ♦s
t❛♥q✉❡s ♣❛rt✐❝✐♣❛♥t❡s ❞❛ ❞❡t❡❝çã♦ sã♦ ❣r❛✈❛❞♦s✳ ❆ ♣❛rt✐r ❞❛í✱ ❛ r❡❝♦♥str✉çã♦ é
r❡❛❧✐③❛❞❛ ♥♦ ❖✤✐♥❡✱ ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❛q✉✐s✐çã♦✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ s❡
✐♥✐❝✐❛ ❝♦♠ ❛ s❡❧❡çã♦ ❞♦s ❡✈❡♥t♦s ❝♦♠ ♦s ❝r✐tér✐♦s ❚✹ ❡ ❚✺✱ ❝♦♠♦ ❡sq✉❡♠❛t✐③❛❞♦
♥❛ ✜❣✉r❛ ✺✳✺✳

❖ ♣r✐♠❡✐r♦ ♠♦❞♦ ❞❡ ❚✹✱ ✸❚♦❚✱ r❡q✉❡r ♦❝♦rrê♥❝✐❛s ❞❡ ❚♦❚✲❚✷ ❡♠ três
t❛♥q✉❡s ✈✐③✐♥❤♦s✱ ❢♦r♠❛♥❞♦ ✉♠ ♣❛❞rã♦ tr✐❛♥❣✉❧❛r✱ ❡ ♦ s❡❣✉♥❞♦✱ ✹❈✶✱ ♣❡r♠✐t❡
❛ ♣❛ss❛❣❡♠ ❞❡ q✉❛❧q✉❡r ❚✷✱ ♠❛s ❡♠ q✉❛tr♦ ❡st❛çõ❡s ✈✐③✐♥❤❛s✳ ❊♠ ❛♠❜♦s ♦s
❝❛s♦s✱ ♦s t❡♠♣♦s ❞♦s s✐♥❛✐s ❞❡✈❡♠ s❡r ❝♦♠♣❛tí✈❡✐s ❝♦♠ ✉♠❛ ❢r❡♥t❡ ♣❧❛♥❛ ❞❡
❝❤✉✈❡✐r♦ s❡ ♠♦✈❡♥❞♦ ♥❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✱ s❡♥❞♦ ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦ ❛❝✐❞❡♥t❛✐s
♦s ❞✐s♣❛r♦s ❞❡ ♦✉tr♦s t❛♥q✉❡s ✈✐③✐♥❤♦s q✉❡ ♥ã♦ s❛t✐s❢❛ç❛♠ ❡st❛ ❝♦♥❞✐çã♦✳ ❈♦♠
❛ ❡①✐❣ê♥❝✐❛ ❞❡st❡s ❝r✐tér✐♦s✱ ❝✉❥❛s ❣❡♦♠❡tr✐❛s ♣♦ssí✈❡✐s sã♦ ♠♦str❛❞❛s ♥❛s ✜❣✉r❛s
✺✳✻ ❡ ✺✳✼✱ é ♦❜t✐❞❛ ✉♠❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✶✵✵✪ ♣❛r❛ ❡✈❡♥t♦s ❞❡ â♥❣✉❧♦ ③❡♥✐t❛❧ ♠❡♥♦r
q✉❡ 60➦✳ ❆ ❞✐str✐❜✉✐çã♦ ❡♠ â♥❣✉❧♦ ③❡♥✐t❛❧ é ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✺✳✽ ♣❛r❛ ♦s
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✺✳✷ ✲ ❘❊❈❖◆❙❚❘❯➬➹❖ ❉❊ ❊❱❊◆❚❖❙

❋✐❣✉r❛ ✺✳✻✿ ❊①❡♠♣❧♦s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❞♦ ❝r✐tér✐♦ ✸❚♦❚✳

❋✐❣✉r❛ ✺✳✼✿ ❊①❡♠♣❧♦s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❞♦ ❝r✐tér✐♦ ✹❈✶✳

❡✈❡♥t♦s ❞❡st❡s ❞♦✐s ♠♦❞♦s ❞❡ ❚✹✱ ♠♦str❛♥❞♦ s✉❛ ❝♦♠♣❧❡♠❡♥t❛r✐❞❛❞❡✱ ❝♦♠ ♦
✹❈✶ ❢❛✈♦r❡❝❡♥❞♦ ❝❤✉✈❡✐r♦s ♠❛✐s ✐♥❝❧✐♥❛❞♦s✳

▼❡s♠♦ ❝♦♠ ❛ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ♦❜t✐❞❛ ❝♦♠ ❚✹✱ é ♥❡❝❡ssár✐♦ ❡st❛❜❡❧❡❝❡r ✉♠
❝r✐tér✐♦ ♣❛r❛ ❝♦rr❡çã♦ ❞❡ ❡❢❡✐t♦s ❞❡✈✐❞♦s às ❜♦r❞❛s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ q✉❡
♣♦❞❡♠ ❝❛✉s❛r ♣❡r❞❛s ❞❡ ✐♥❢♦r♠❛çã♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦✱ r❡s✉❧t❛♥❞♦
❡♠ ❡st✐♠❛t✐✈❛s ✐♥❝♦rr❡t❛s ♣❛r❛ ♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ❡♥❡r❣✐❛ ❬✹✺❪✳ ◆♦ tr✐❣❣❡r

❚✺ sã♦ s❡❧❡❝✐♦♥❛❞♦s ❛♣❡♥❛s ♦s ❡✈❡♥t♦s ❡♠ q✉❡ ♦ t❛♥q✉❡ ❞❡ ♠❛✐♦r s✐♥❛❧ t❡♠
t♦❞♦s ♦s s❡✉s ✈✐③✐♥❤♦s ♠❛✐s ♣ró①✐♠♦s ❢✉♥❝✐♦♥❛♥❞♦ ♥♦ ♠♦♠❡♥t♦ ❞❛ ❞❡t❡❝çã♦✱
❝♦♠♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✾✱ à ❡sq✉❡r❞❛✳ ■st♦ ❡①❝❧✉✐ ♥ã♦ ❛♣❡♥❛s ❡✈❡♥t♦s
♦❝♦rr✐❞♦s ♥❛s ❜♦r❞❛s ❞♦ ❞❡t❡❝t♦r✱ ♠❛s t❛♠❜é♠ ❡♠ r❡❣✐õ❡s ♦♥❞❡ ❤á ❡st❛çõ❡s
❝♦♠ ♣r♦❜❧❡♠❛s✳

❖ ✉s♦ ❞❡ ❚✺ é r❡❛❧✐③❛❞♦ ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉✲
çã♦✳ ❊❧❡ ❣❛r❛♥t❡ q✉❡ ♦s ❡✈❡♥t♦s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ♦❜s❡r✈❛❞♦s ♣♦r ✉♠ ♥ú♠❡r♦ ❞❡
❡st❛çõ❡s s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦✳ P♦ré♠✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❞❡ ❡st✉❞♦
❡♠ q✉❡stã♦✱ s❡✉ ✉s♦ t❛♠❜é♠ ❝❛✉s❛ ✉♠❛ ♣❡r❞❛ s✐❣♥✐✜❝❛t✐✈❛ ❞❡ ❜♦♥s ❡✈❡♥t♦s✱ q✉❡
♣♦❞❡♠ s❡r r❡❝✉♣❡r❛❞♦s ✉t✐❧✐③❛♥❞♦ ♦ ❝❤❛♠❛❞♦ ❚✺ ♣♦st❡r✐♦r✱ ♥♦ q✉❛❧ ❛ ❝♦♥❞✐çã♦
❞❡ tr✐❣❣❡r é r❡❞✉③✐❞❛ ❛ ❝✐♥❝♦ t❛♥q✉❡s ❡♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❛♦ r❡❞♦r ❞♦ ❞❡ ♠❛✐♦r
s✐♥❛❧✳ ❆❧é♠ ❞✐ss♦✱ é ❡①✐❣✐❞♦ q✉❡ ♦ ❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ❡st❡❥❛ ❝♦♥t✐❞♦ ❡♠ ✉♠
tr✐â♥❣✉❧♦ ❡q✉✐❧át❡r♦ ❞❡ ❡st❛çõ❡s q✉❡ ❢♦r❛♠ ❞✐s♣❛r❛❞❛s✱ ❝♦♠♦ ♠♦str❛❞♦ t❛♠❜é♠
♥❛ ✜❣✉r❛ ✺✳✾✱ à ❞✐r❡✐t❛✱ ♥❛ q✉❛❧ ❛ ár❡❛ ❝✐♥③❛ ❡s❝✉r♦ é ♣❡r♠✐t✐❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠
♦ ❚✺ ♣♦st❡r✐♦r✳ ❆ ❡✜❝✐ê♥❝✐❛ ❞❡st❡ ❝r✐tér✐♦ ❢♦✐ ❡st✉❞❛❞❛ ❡♠ ❬✹✺❪ ❡ ❛t✉❛❧♠❡♥t❡ ❢❛③
♣❛rt❡ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ♦✜❝✐❛❧ ❞❡ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s✳
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❋✐❣✉r❛ ✺✳✽✿ ❉✐str✐❜✉✐çã♦ ❞♦s ❡✈❡♥t♦s ❞❡ ✸❚♦❚ ✭❡♠ ❛③✉❧ ❡ s❡♠ ♣r❡❡♥❝❤✐♠❡♥t♦✮
❡ ✹❈✶ ✭❡♠ ✈❡r♠❡❧❤♦✮ ❡♠ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ❬✹✶❪✳

❋✐❣✉r❛ ✺✳✾✿ ❈r✐tér✐♦s ❞❡ s❡❧❡çã♦ ❚✺ ✭à ❡sq✉❡r❞❛✮ ❡ ❚✺ ♣♦st❡r✐♦r ✭à ❞✐r❡✐t❛✮✳ ❆
❝♦r ❝✐♥③❛ ♠❛✐s ❡s❝✉r❛ r❡♣r❡s❡♥t❛ ❛ ár❡❛ ♦♥❞❡ ♦s r❡q✉✐s✐t♦s sã♦ s❛t✐s❢❡✐t♦s
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✺✳✷ ❘❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s

❆♣ós ❛ s❡❧❡çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✱ é ✐♥✐❝✐❛❞❛ s✉❛ r❡❝♦♥str✉çã♦✱ q✉❡ ❝♦♥s✐st❡ ❡♠
✈ár✐❛s ❡t❛♣❛s ❞❡ ❛❥✉st❡s ❞❡ ❢✉♥çõ❡s✱ ❝♦♠ ❡st✐♠❛t✐✈❛s ❝❛❞❛ ✈❡③ ♠❛✐s ♣r❡❝✐s❛s ❞♦s
♣❛râ♠❡tr♦s ❞♦ ❝❤✉✈❡✐r♦✳

✺✳✷✳✶ ❉❡t❡r♠✐♥❛çã♦ ❞♦ ♣❧❛♥♦ ❞♦ ❝❤✉✈❡✐r♦

❯♠❛ ♣r✐♠❡✐r❛ ❡st✐♠❛t✐✈❛ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ é r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞❛ ❛♣r♦①✐✲
♠❛çã♦ ❞❡ s✉❛ ❢r❡♥t❡ ♣♦r ✉♠ ♣❧❛♥♦✳ ➱ ❞❡✜♥✐❞❛ ❛ ♦r✐❣❡♠ ❞♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡✲
♥❛❞❛s ❛tr❛✈és ❞♦ ❜❛r✐❝❡♥tr♦ ❝❛❧❝✉❧❛❞♦ ❝♦♠ ❛s ♣♦s✐çõ❡s ❞❡ ❝❛❞❛ ❡st❛çã♦✱ ♣❡s❛♥❞♦
❝♦♠ ❛s ❛♠♣❧✐t✉❞❡s ❞♦s s✐♥❛✐s✳ ❚❛♠❜é♠ é ❞❡✜♥✐❞♦ ♦ ✐♥st❛♥t❡ ✐♥✐❝✐❛❧ t0 ❝♦♠♦ ❛
♠é❞✐❛ ❞♦s t❡♠♣♦s ❞❡ ✐♥í❝✐♦ ❞♦s s✐♥❛✐s✱ ♣❡s❛♥❞♦ ❞❛ ♠❡s♠❛ ❢♦r♠❛✳ ❈♦♥s✐❞❡r❛♥❞♦
♦ ❝❤✉✈❡✐r♦ ❝♦♠♦ ✉♠ ♣♦♥t♦ ❡♠ ~x(t) s❡ ♣r♦♣❛❣❛♥❞♦ à ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥❛ ❞✐r❡çã♦
❞❡ ✉♠ ✈❡t♦r ✉♥✐tár✐♦ ~a ✭❛♣♦♥t❛❞♦ ♣❛r❛ s✉❛ ❢♦♥t❡✮✱ ❝♦♠ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ♥❛
♦r✐❣❡♠ ♥✉♠❛ ♣r✐♠❡✐r❛ ❛♣r♦①✐♠❛çã♦✱ t❡♠♦s

~x(t) = −c(t− t0)~a. ✭✺✳✶✮

❖ ♣❧❛♥♦ ❞♦ ❝❤✉✈❡✐r♦ é ♣❡r♣❡♥❞✐❝✉❧❛r ❛ ~a✱ ❡ ♦ ✐♥st❛♥t❡ t(~x) ❡♠ q✉❡ ❡❧❡ ♣❛ss❛
♣♦r ✉♠ ♣♦♥t♦ é ❞❛❞♦ ♣♦r s✉❛ ♣r♦❥❡çã♦ ♥♦ ❡✐①♦✿

ct(~x) = ct0 − ~x~a ✭✺✳✷✮

❯♠ ❡sq✉❡♠❛ ❝♦♠ ❛s ❣r❛♥❞❡③❛s ❞❡✜♥✐❞❛s é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✵✳ ❆ss✉✲
♠✐♥❞♦ q✉❡ ❛s ♣♦s✐çõ❡s ❞❡ ❝❛❞❛ t❛♥q✉❡ ✭~xi✮ sã♦ ❝♦♥❤❡❝✐❞❛s ❝♦♠ ❛❜s♦❧✉t❛ ♣r❡✲
❝✐sã♦✱ ♦s ❞❡s✈✐♦s ❡♥✈♦❧✈✐❞♦s s❡ ❞❡✈❡♠ às ✐♥❝❡rt❡③❛s ✭σt✮ ♥❛s ♠❡❞✐❞❛s ❞♦ t❡♠♣♦
❞❡ ✐♥í❝✐♦ ❞♦ s✐♥❛❧ ✭ti✮ ❡♠ ❝❛❞❛ ❡st❛çã♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ s❡❣✉✐♥t❡ ❢✉♥çã♦ ❞❡✈❡ s❡r
♠✐♥✐♠✐③❛❞❛✿

χ2 =
1

σ2
t

∑

i

[ti − t(~x)]2 =
1

c2σ2
t

∑

i

[cti − ct0 + ~xi~a]
2. ✭✺✳✸✮

❊s❝r❡✈❡♥❞♦ ♦ ✈❡t♦r ❞♦ ❡✐①♦ ❝♦♠♦ ~a = (u, v, w)✱ ~xi = (xi, yi, zi) ❡ ❞❡✜♥✐♥❞♦
cσt = σ✱ t❡♠♦s

χ2 =
1

σ2

∑

i

[cti − ct0 + xiu+ yiv + ziw]
2, ✭✺✳✹✮

❝♦♠ u2 + v2 + w2 = 1✳ ❊st❛ ❝♦♥❞✐çã♦ t♦r♥❛ ♦ ♣r♦❜❧❡♠❛ ♥ã♦✲❧✐♥❡❛r✳ ▼❛s ❛
s♦❧✉çã♦ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛✱ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦s t❛♥q✉❡s ❡♥✈♦❧✈✐❞♦s ♥♦ ❡✈❡♥t♦
❡stã♦ ❝♦♥t✐❞♦s ❡♠ ✉♠ ♣❧❛♥♦✱ ♦✉ s❡❥❛✱ zi ≪ xi, yi✱ ♦ q✉❡ é ❜❡♠ ♣ró①✐♠♦ ❞❛
r❡❛❧✐❞❛❞❡✱ ♣♦✐s ❛s ❞✐❢❡r❡♥ç❛s ❞❡ ❛❧t✐t✉❞❡ sã♦ s❡♠♣r❡ ♠❡♥♦r❡s q✉❡ ✷✵ ♠❡tr♦s✳
❉❡st❛ ❢♦r♠❛ é ♣♦ssí✈❡❧ r❡s♦❧✈❡r ♦ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ♦r✐❣✐♥❛❞♦ ♥♦ ♣r♦❝❡❞✐♠❡♥t♦
❞❡ ♠✐♥✐♠✐③❛çã♦ ❞❡ χ2✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ❡♠ ❞❡t❛❧❤❡s ❡♠ ❬✹✸❪✱ ❞❡t❡r♠✐♥❛♥❞♦ ❛s
❝♦♠♣♦♥❡♥t❡s ❞♦ ✈❡t♦r ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ s❡✉s ❞❡s✈✐♦s✳ ❆ s♦❧✉çã♦ só ❢❛❧❤❛ ♥♦s
❝❛s♦s ❡♠ q✉❡ ❤á ❞❡♣❡♥❞ê♥❝✐❛ ❧✐♥❡❛r ❡♥tr❡ ❛s ♣♦s✐çõ❡s ❞❛s ❡st❛çõ❡s✱ ❝♦♠♦ q✉❛♥❞♦
❡stã♦ ❛❧✐♥❤❛❞❛s✱ ♦ q✉❡ r❛r❛♠❡♥t❡ ♦❝♦rr❡ ♣❛r❛ ❡✈❡♥t♦s ❞❡ ♠❛✐♦r❡s ♠✉❧t✐♣❧✐❝✐❞❛❞❡s✳
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❋✐❣✉r❛ ✺✳✶✵✿ ❆♣r♦①✐♠❛çã♦ ❞❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ ♣♦r ✉♠ ♣❧❛♥♦✳

❖ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞♦ ❝❤✉✈❡✐r♦✱ ✐♥✐❝✐❛❧♠❡♥t❡ ❡st✐♠❛❞♦ ❝♦♠♦ ♦ ❜❛r✐❝❡♥tr♦
❞❛s ♣♦s✐çõ❡s ❞♦s t❛♥q✉❡s ♣❡s❛❞❛s ❝♦♠ s❡✉s s✐♥❛✐s✱ ♣♦❞❡ s❡r r❡❞❡✜♥✐❞♦ ❛ ♣❛rt✐r
❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❞❡t❡r♠✐♥❛❞♦✳ ❆❞♦t❛✲s❡ ♦ ♣♦♥t♦ ♣❡rt❡♥❝❡♥t❡ ❛ ❡st❡ ❡✐①♦✱ ♥❛
♣♦s✐çã♦ ♦♥❞❡ ✐♥t❡r❝❡♣t❛ ♦ ♣❧❛♥♦ t❛♥❣❡♥t❡ à s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛ q✉❡ ❝♦♥té♠ ♦
❜❛r✐❝❡♥tr♦ ❞❛s ❡st❛çõ❡s✳

✺✳✷✳✷ ❆ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧❛t❡r❛❧ ❞♦ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❣❡r❛❧♠❡♥t❡ é ❞❡s❝r✐t♦ ♣♦r
✉♠❛ ❢✉♥çã♦ q✉❡ ❢♦r♥❡❝❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s ♥✉♠ ♣❧❛♥♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦
❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛ ❡st❡ ❡✐①♦✳ ❯♠❛ ❞❛s ❢✉♥çõ❡s ♠❛✐s
❝♦♠✉♠❡♥t❡ ✉t✐❧✐③❛❞❛s ♣❛r❛ ❡st❛ ❞❡s❝r✐çã♦ é ❛ ❞❡ ◆✐s❤✐♠✉r❛✲❑❛♠❛t❛✲●r❡✐s❡♥
✭◆❑●✮ ❬✶✺✱ ✶✻❪✱ q✉❡ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ♠✉❧t✐♣❧✐❝❛çã♦ ❞❡ ❞✉❛s ❡①♣♦♥❡♥❝✐❛✐s ❝♦♠
❡①♣♦❡♥t❡s ❞❡♣❡♥❞❡♥t❡s ✉♠ ♣❛râ♠❡tr♦ ❞❡ ✧✐❞❛❞❡✧ ❞♦ ❝❤✉✈❡✐r♦✱ q✉❡ ❡stá r❡❧❛❝✐♦✲
♥❛❞♦ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧✳ ◆♦ ❝❛s♦ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱
❛ ▲❉❋ ✭❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥✮ é ❡s❝r✐t❛ ✉t✐❧✐③❛♥❞♦ ❛ ❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧
♥♦s t❛♥q✉❡s✱ ❡ ♥ã♦ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✱ ♥❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

S(r) = S1000fLDF (r), ✭✺✳✺✮

♥❛ q✉❛❧ S1000 é ♦ s✐♥❛❧ ❛ ♠✐❧ ♠❡tr♦s ❡ fLDF (r) é ✉♠❛ ❢✉♥çã♦ ♥♦r♠❛❧✐③❛❞❛✱ t❛❧
q✉❡ fLDF (1000) = 1✳ ❉✐❢❡r❡♥t❡s ❢♦r♠❛s ❢♦r❛♠ t❡st❛❞❛s ♣❛r❛ ❛ ▲❉❋ ❬✹✻❪✱ s❡♥❞♦
❛ ❢✉♥çã♦ ❞♦ t✐♣♦ ◆❑● ✉♠❛ ❞❛s q✉❡ ♠❡❧❤♦r ❞❡s❝r❡✈❡♠ ♦s ❞❛❞♦s✳ ❊❧❛ é ❡s❝r✐t❛
❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

fLDF (r) =
( r

1000

)β
(

r + 700

1000 + 700

)β+γ

, ✭✺✳✻✮

✺✶



✺✳✷ ✲ ❘❊❈❖◆❙❚❘❯➬➹❖ ❉❊ ❊❱❊◆❚❖❙

♦♥❞❡ r é ❞❛❞♦ ❡♠ ♠❡tr♦s✳ ❖ ♣❛râ♠❡tr♦ β✱ r❡❧❛❝✐♦♥❛❞♦ à ✐❞❛❞❡ ❞♦ ❝❤✉✈❡✐r♦✱
é ❞❡♣❡♥❞❡♥t❡ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ✭θ✮✱ ♣♦❞❡♥❞♦ s❡r ❞❡t❡r♠✐♥❛❞♦ ❛tr❛✈és ❞❡ ✉♠❛
♣❛r❛♠❡tr✐③❛çã♦ ❝♦♥❤❡❝✐❞❛✱ ♦✉ ✉s❛❞♦ ❝♦♠♦ ♣❛râ♠❡tr♦ ❧✐✈r❡ ♥♦s ❛❥✉st❡s ❡ ♠✐✲
♥✐♠✐③❛çõ❡s r❡❛❧✐③❛❞♦s✱ ❛ss✐♠ ❝♦♠♦ é ❢❡✐t♦ ❝♦♠ γ✱ ❝♦♠ ❛ ❡s❝♦❧❤❛ ❞❡♣❡♥❞❡♥❞♦
❞❛ ❡t❛♣❛ ❡♠ q✉❡ ❛ r❡❝♦♥str✉çã♦ s❡ ❡♥❝♦♥tr❛✳ ❊st❡s ❡①♣♦❡♥t❡s ❞❡t❡r♠✐♥❛rã♦ ❛
❢♦r♠❛ ❞❛ ▲❉❋ ♥♦s ❛❥✉st❡s✱ ❡ ♦ ♣❛râ♠❡tr♦ ♠✉❧t✐♣❧✐❝❛t✐✈♦ S1000 s❡rá ✉t✐❧✐③❛❞♦ ♥❛
❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❡✈❡♥t♦✳

✺✳✷✳✸ ❆❥✉st❡s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝❤✉✲

✈❡✐r♦

❍á ❞✉❛s ❢♦r♠❛s ❞✐st✐♥t❛s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡tr♦s q✉❡ ❝❛r❛❝t❡r✐✲
③❛♠ ♦ ❝❤✉✈❡✐r♦ ✭❞✐r❡çã♦✱ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦✱ β✱ γ ❡ S1000✮✳ ❯♠❛ ❝♦♥s✐st❡ ❡♠ ✉♠❛
♠✐♥✐♠✐③❛çã♦ ❞❡ χ2 ❡ ❛ ♦✉tr❛ ♥✉♠ ♠ét♦❞♦ ❞❡ ♠á①✐♠❛ ✈❡r♦ss✐♠✐❧❤❛♥ç❛✳

❯t✐❧✐③❛♥❞♦ ♦ χ2✱ ❡s❝r❡✈❡✲s❡ s✉❛ ❡①♣r❡ssã♦ ✉t✐❧✐③❛♥❞♦ ♦s s✐♥❛✐s ♠❡❞✐❞♦s ❞❡
❝❛❞❛ ❡st❛çã♦ ✭Si✮ ❡ ♦s t❡ór✐❝♦s ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ✭ρi✮✿

χ2 =
∑

i

[Si − S(ρi)]
2

S(ρi)
. ✭✺✳✼✮

❆ ♠✐♥✐♠✐③❛çã♦ ❞❡st❛ ❢✉♥çã♦ ♣❡r♠✐t❡ ❛ ♦❜t❡♥çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡s❡❥❛❞♦s✳
◆♦ ♠ét♦❞♦ ❞❛ ♠á①✐♠❛ ✈❡r♦ss✐♠✐❧❤❛♥ç❛✱ ♦ s✐♥❛❧ é ❝♦♥✈❡rt✐❞♦ ❡♠ ♥ú♠❡r♦ ❞❡

♣❛rtí❝✉❧❛s ❡ tr❛t❛❞♦ ❛tr❛✈és ❞❡ ♠♦❞❡❧♦s ❡st❛tíst✐❝♦s✳ ❆ ❝♦♥✈❡rsã♦ é ❞❛❞❛ ♣♦r

n =

{

S.fS(θ)
−2, se fS(θ) > 1

S, se fS(θ) ≤ 1
, ✭✺✳✽✮

s❡♥❞♦ fS(θ) = 0, 32 + 0, 42/cosθ✳ ❆ ❢✉♥çã♦ ❞❡ ✈❡r♦ss✐♠✐❧❤❛♥ç❛ ❧❡✈❛ ❡♠ ❝♦♥✲
s✐❞❡r❛çã♦ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ❝❛❞❛ t✐♣♦ ❞❡ ❡st❛çã♦✱ ✉t✐❧✐③❛♥❞♦ s✉❛s ❞❡♥s✐❞❛❞❡s
❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❡ ♦s ♥ú♠❡r♦s ❞❡ ♣❛rtí❝✉❧❛s ♠❡❞✐❞♦s ♣♦r ❝❛❞❛ ❡st❛çã♦ ✭ni✮ ♦✉
❡s♣❡r❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡①♣r❡ssã♦ t❡ór✐❝❛ ❞❛ ▲❉❋ ✭µi✮✳ ❖s ❝❛s♦s ♣♦ssí✈❡✐s
sã♦ ❞❡s❝r✐t♦s ❛ s❡❣✉✐r✳

❙✐♥❛✐s ♣❡q✉❡♥♦s✿ ❘❡♣r❡s❡♥t❛♠ ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣❛rtí❝✉❧❛s✱
❡♥tã♦ sã♦ ♠♦❞❡❧❛❞♦s ❝♦♠ ❡st❛tíst✐❝❛ P♦✐ss♦♥✐❛♥❛✿

fP (ni, µi) =
µni

i e−µi

ni!
. ✭✺✳✾✮

❙✐♥❛✐s ❣r❛♥❞❡s✿ ◆♦ ❝❛s♦ ❞❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s✱ é ♣♦ssí✈❡❧
✉t✐❧✐③❛r ✉♠❛ ❛♣r♦①✐♠❛çã♦ ●❛✉ss✐❛♥❛✿

fG(ni, µi) =
1√
2πσi

exp

[

− (ni − µi)
2

2σ2
i

]

. ✭✺✳✶✵✮

❙✐♥❛✐s s❛t✉r❛❞♦s✿ ❖ tr❛t❛♠❡♥t♦ ❞❡ s✐♥❛✐s ❛❝✐♠❛ ❞♦ ❧✐♠✐t❡ ♣♦ssí✈❡❧ é r❡❛❧✐✲
③❛❞♦ ✐♥t❡❣r❛♥❞♦ fG ♣❛r❛ t♦❞♦s ♦s ✈❛❧♦r❡s ❛❝✐♠❛ ❞❡ ni✿

Fsat(ni, µi) =

∫ ∞

ni

fG(n, µi)dn. ✭✺✳✶✶✮

✺✷
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❊st❛çõ❡s s❡♠ s✐♥❛❧✿ ❊♠ ❡st❛çõ❡s ❛❜❛✐①♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s
✭nmin✮ é ♥❡❝❡ssár✐♦ s♦♠❛r ❛s ♣r♦❜❛❜✐❧✐❞❛❞❡s P♦✐ss♦♥✐❛♥❛s s♦❜r❡ t♦❞❛s ❛s ♣♦ss✐✲
❜✐❧✐❞❛❞❡s✿

Fzero(nmin, µi) =

nmin
∑

n=0

fP (n, µi). ✭✺✳✶✷✮

❆ ❡①♣r❡ssã♦ t♦t❛❧ é ❞❛❞❛ ♣♦r

L =
∏

i

fP (ni, µi)
∏

i

fG(ni, µi)
∏

i

Fsat(ni, µi)
∏

i

Fzero(ni, µi). ✭✺✳✶✸✮

❖ ❧♦❣❛r✐t♠♦ ❞❡st❛ ❢✉♥çã♦ é ♠❛①✐♠✐③❛❞♦ ♣♦r ♠ét♦❞♦s ♥✉♠ér✐❝♦s✱ ❢♦r♥❡❝❡♥❞♦ ♦s
♣❛râ♠❡tr♦s ❞❡s❡❥❛❞♦s✱ ❝♦♠♦ ♥♦ ♠ét♦❞♦ ❞♦ χ2✳

✺✳✷✳✹ ❉❡t❡r♠✐♥❛çã♦ ❞❛ ❢r❡♥t❡ ❝✉r✈❛ ❞♦ ❝❤✉✈❡✐r♦

❆♣ós ♦s ♣r✐♠❡✐r♦s ❛❥✉st❡s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ é ♣♦ssí✈❡❧
♣❛ss❛r ♣❛r❛ ✉♠ ♠♦❞❡❧♦ ♠❛✐s r❡❛❧ ❞❡ s✉❛ ❢r❡♥t❡ ❞❡ ♣r♦♣❛❣❛çã♦✱ ♥♦ q✉❛❧ s✉❛
❢♦r♠❛ é ♣❛r❛❜ó❧✐❝❛✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✶✳ P❛r❛ ✐st♦✱ ❜❛st❛ ❛❞✐❝✐♦♥❛r
✉♠ t❡r♠♦ à ❡q✉❛çã♦ ✺✳✷✱ q✉❡ ❧❡✈❡ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❡st❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛✱ Rc✱
r❡s✉❧t❛♥❞♦ ❡♠

ct(~x) = ct0 − ~x~a+
ρ(~x)2

2Rc

, ✭✺✳✶✹✮

♦♥❞❡ ρ(~x)2 = x2−(~a~x)2✳ ❘❡❡s❝r❡✈❡♥❞♦ ❛ ❢✉♥çã♦ χ2 ❛ s❡r ♠✐♥✐♠✐③❛❞❛✱ ♦❜té♠✲s❡✿

χ2 =
∑

i

[cti − ct0 − |Rc~a− ~xi|]2
c2σ2

ti

. ✭✺✳✶✺✮

✺✳✷✳✺ ❊st✐♠❛t✐✈❛ ❞❛ ❡♥❡r❣✐❛

❆ ❞❡s❝r✐çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❛tr❛✈és ❞❡ ♠♦❞❡❧♦s ❡stá s✉❥❡✐t❛ ❛ ✐♠✲
♣r❡❝✐sõ❡s ❞❡✈✐❞❛s ❛ ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s✳ ◆♦ ❝❛s♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧❛t❡r❛❧✱
❤á ✉♠❛ ♣♦s✐çã♦ ♥❛ q✉❛❧ ❡st❛s ✢✉t✉❛çõ❡s sã♦ ♠í♥✐♠❛s ❬✹✺❪✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛
❛♣r♦①✐♠❛❞❛♠❡♥t❡ 1000 ♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❛♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡
❡♥❡r❣✐❛s ❡ ❛❧t✐t✉❞❡ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳ P♦r ❡st❡ ♠♦t✐✈♦✱ ✐♥❝❧✉✐✲s❡ ♦
♣❛râ♠❡tr♦ S1000 ♥❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❛ ▲❉❋ ❡ ❡❧❡ é ✉t✐❧✐③❛❞♦ ♥❛ ❡st✐♠❛t✐✈❛ ❞❛
❡♥❡r❣✐❛ ❞♦ ❡✈❡♥t♦✳ ❈♦♥❢♦r♠❡ s❡rá ♠♦str❛❞♦ ♣♦st❡r✐♦r♠❡♥t❡✱ ❡♠ ❝❛❞❛ r❡❝♦♥s✲
tr✉çã♦ ❡st❡ ♣♦♥t♦ ❞❡ ♠❡♥♦r ✢✉t✉❛çã♦ ♥♦ ❝❤✉✈❡✐r♦ é ❡st✐♠❛❞♦ ❞❡ ♠❛♥❡✐r❛ ♠❛✐s
♣r❡❝✐s❛✱ ❥á q✉❡ ❡❧❡ t❛♠❜é♠ ✈❛r✐❛ ♣❛r❛ ❝❛❞❛ ❡✈❡♥t♦✳

❆ r❡❧❛çã♦ ❡♥tr❡ S1000 ❡ ❛ ❡♥❡r❣✐❛ ❞♦s ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ♥ã♦ é
tã♦ ❞✐r❡t❛✱ ♣♦✐s ❛ ✐♥❝❧✐♥❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ t❛♠❜é♠ t❡♠ ✐♥✢✉ê♥❝✐❛ ♥♦ s✐♥❛❧ ❣❡r❛❞♦
♥♦s t❛♥q✉❡s✳ ◆❛ ✜❣✉r❛ ✺✳✶✷ é ♠♦str❛❞♦ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠❛ ❛♥á❧✐s❡ ❝♦♠ ❝♦rt❡s
❞❡ ✐♥t❡♥s✐❞❛❞❡ ❝♦♥st❛♥t❡ ✭❈■❈✮ ❬✹✼❪✱ ♥❛ q✉❛❧ ♦❜té♠✲s❡ ❛ ❝✉r✈❛ ❞❡ ❛t❡♥✉❛çã♦ ❞❡
S1000✱ ❞❡♥♦t❛❞❛ ♣♦r CIC(θ)✳ ❊s❝♦❧❤❡♥❞♦ ✉♠ â♥❣✉❧♦ ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ 38➦✭✈❛❧♦r
♠é❞✐♦ ❞❛s ✐♥❝❧✐♥❛çõ❡s✮✱ ♣♦❞❡✲s❡ r❡❛❧✐③❛r ❛ ❝♦♥✈❡rsã♦ S38o = S1000/CIC(θ)✱ q✉❡
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❋✐❣✉r❛ ✺✳✶✶✿ Pr♦♣❛❣❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠ ❢r❡♥t❡ ♣❛r❛❜ó❧✐❝❛✳

❋✐❣✉r❛ ✺✳✶✷✿ ❈✉r✈❛ ❞❡ ❛t❡♥✉❛çã♦✱ CIC(θ)✱ r❡❧❛❝✐♦♥❛♥❞♦ S1000 ❝♦♠ ❛ ✐♥❝❧✐♥❛çã♦
❞♦s ❡✈❡♥t♦s✳
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❋✐❣✉r❛ ✺✳✶✸✿ ❘❡❧❛çã♦ ❡♥tr❡ ♦ ♣❛râ♠❡tr♦ S38o ❡ ❛ ❡♥❡r❣✐❛ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ ❞❡✲
t❡❝t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❬✹✼❪✳

❢♦r♥❡❝❡ ✉♠ ✈❛❧♦r ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ s✐♥❛❧ ♦❜s❡r✈❛❞♦ ❛ ♠✐❧ ♠❡tr♦s ❝❛s♦ ♦ ❡✈❡♥t♦
t✐✈❡ss❡ ✉♠❛ ✐♥❝❧✐♥❛çã♦ ❞❡ 38o✳

❯t✐❧✐③❛♥❞♦ ❡✈❡♥t♦s ❤í❜r✐❞♦s ♦❜té♠✲s❡ ❛ r❡❧❛çã♦ ❡♥tr❡ S38o ✱ ❞❡t❡r♠✐♥❛❞♦ ♥❛
r❡❝♦♥str✉çã♦ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♠♦ ♠♦str❛❞♦✱ ❡ ❛ ❡♥❡r❣✐❛ ♠❡❞✐❞❛ ❞❡
♠❛♥❡✐r❛ ❞✐r❡t❛ ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❖ r❡s✉❧t❛❞♦ ❞❡st❛ ❛♥á❧✐s❡ ♣❛r❛
✉♠ ❣r❛♥❞❡ ❝♦♥❥✉♥t♦ ❞❡ ❡✈❡♥t♦s é ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✶✸✱ ❡ ❢♦r♥❡❝❡ ❛ s❡❣✉✐♥t❡
r❡❧❛çã♦✿

E = 0, 149(S38o)
1,078EeV. ✭✺✳✶✻✮

✺✳✸ ❘❡s✉❧t❛❞♦s ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s

❆♦ ✜♥❛❧ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✱ ♦ ❖✤✐♥❡ ❣❡r❛ ✉♠ ❛rq✉✐✈♦ q✉❡ ❝♦♥té♠
✉♠ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s✱ ❛♣r❡s❡♥t❛❞♦ s❡♣❛r❛❞❛♠❡♥t❡ ♥❛s ✜❣✉r❛s ✺✳✶✹✱
✺✳✶✺✱ ✺✳✶✻ ❡ ✺✳✶✼✳ ❯♠❛ ❞❡s❝r✐çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞♦s ❣rá✜❝♦s ♣♦❞❡ s❡r ♦❜t✐❞❛
❡♠ ❬✹✹❪✳

◆♦s ♠❛♣❛s ❞❛ r❡❝♦♥str✉çã♦ sã♦ r❡♣r❡s❡♥t❛❞❛s ❛s ❡st❛çõ❡s ♣ró①✐♠❛s ❛♦ ♣♦♥t♦
❞❡ ✐♠♣❛❝t♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❊st❛çõ❡s q✉❡ ♣❛rt✐❝✐♣❛r❛♠ ❞❛ ❞❡t❡❝çã♦ ❛♣❛r❡❝❡♠ ❝♦♠
s✉❛s ✐❞❡♥t✐✜❝❛çõ❡s ♠❛r❝❛❞❛s ❡ ❝ír❝✉❧♦s ❝♦❧♦r✐❞♦s✱ ❝✉❥♦ ❞✐â♠❡tr♦ é ♣r♦♣♦r❝✐♦♥❛❧
à ❝❛r❣❛ r❡❣✐str❛❞❛✳ ❊st❛çõ❡s ❞❡ s✐♥❛❧ s❛t✉r❛❞♦ sã♦ ♠♦str❛❞❛s ❝♦♠♦ ❝ír❝✉❧♦s ♣r❡✲
t♦s s❡♠ ♣r❡❡♥❝❤✐♠❡♥t♦✳ ❖s ♣❡q✉❡♥♦s ❝ír❝✉❧♦s s❡♠ ✐❞❡♥t✐✜❝❛çã♦ r❡♣r❡s❡♥t❛♠ ❛s
❡st❛çõ❡s q✉❡ ♥ã♦ ❢♦r❛♠ ❞✐s♣❛r❛❞❛s✳ ❆❧é♠ ❞♦s t❛♥q✉❡s✱ é ♠♦str❛❞♦ ✉♠ tr✐â♥❣✉❧♦
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❋✐❣✉r❛ ✺✳✶✹✿ ❊①❡♠♣❧♦ ❞❡ ♠❛♣❛ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✳

✈❡r❞❡✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝♦♥❥✉♥t♦ ❞❛s ❡st❛çõ❡s ❝♦♠ ♠❛✐♦r s✐♥❛❧✱ ✉t✐❧✐③❛❞♦ ♥❛
r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ❞♦ ❡✈❡♥t♦✳ ❆ s❡t❛ r❡♣r❡s❡♥t❛ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ♦
❝ír❝✉❧♦ ❡♠ s❡✉ ✜♥❛❧ ♠♦str❛ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞♦ ❝❤✉✈❡✐r♦✳

❖ ❣rá✜❝♦ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ✭✜❣✉r❛ ✺✳✶✺✮ ♠♦str❛ ♦ s✐♥❛❧ ✭❡♠
❱❊▼✮ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ❝❡♥tr♦✱ s❡♥❞♦ ❝❛❞❛ ♣♦♥t♦ ♦ s✐♥❛❧ ❞❡ ✉♠❛
❡st❛çã♦✳ ❆ ❧✐♥❤❛ ✈❡r❞❡ é ♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞♦ ❛❥✉st❡ ❞❛ ❢✉♥çã♦✱ ❡ é ❛❝♦♠♣❛♥❤❛❞❛
♣♦r ✉♠❛ ár❡❛ ❝✐♥③❛ q✉❡ ♠♦str❛ ❛ r❡❣✐ã♦ ❞❡ 1σ ❞❡ ❝♦♥✜❛♥ç❛✳

◆♦ ❣rá✜❝♦ ❝♦♠ ♦ ❛❥✉st❡ t❡♠♣♦r❛❧✱ ♦s tr✐â♥❣✉❧♦s ♣r❡t♦s r❡♣r❡s❡♥t❛♠ ♦ t❡♠♣♦
❞❡ ✐♥í❝✐♦ ❞♦ s✐♥❛❧ ❞❡ ❝❛❞❛ ❡st❛çã♦ ❡ ❛s ❜❛rr❛s ❝✐♥③❛s ♠♦str❛♠ s✉❛ ❞✉r❛çã♦✳ ❖s
❝ír❝✉❧♦s ✈❡r❞❡s sã♦ ♦ t❡♠♣♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡s♣❡r❛❞♦ ♣❡❧♦ ❛❥✉st❡✱ ❡ ♦s ❞♦✐s
❝❛s♦s ❡①tr❡♠♦s ❞❡ ❛❢❛st❛♠❡♥t♦ ❞❡✜♥❡♠ ❛s ❧✐♥❤❛s tr❛❝❡❥❛❞❛s ♠❛r❝❛❞❛s✳

P♦r ú❧t✐♠♦✱ é ♠♦str❛❞❛ ✉♠❛ t❛❜❡❧❛ ❝♦♠ ❛s ❣r❛♥❞❡③❛s ♦❜t✐❞❛s ♥❛ r❡❝♦♥str✉✲
çã♦ ✭✜❣✉r❛ ✺✳✶✼✮✳ ❊♥tr❡ ❡❧❛s ❡stã♦ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞♦ ❡✈❡♥t♦✱ ✐♥st❛♥t❡ ❡♠ q✉❡
♦❝♦rr❡✉✱ t❡♠♣♦ ♠❛r❝❛❞♦ ♣❡❧♦ ●P❙✱ ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ ♣❡❧♦s q✉❛✐s ♣❛ss♦✉✱ ♥í✈❡❧
❞❡ ❛❥✉st❡s ✉t✐❧✐③❛❞♦s✱ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦✱ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✱ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛✱
S1000✱ β ❡ ❡♥❡r❣✐❛✳ ❯♠ ♦✉tr♦ ♣❛râ♠❡tr♦ ♣r❡s❡♥t❡ ♥❛ t❛❜❡❧❛ é ♦ ropt ✭♠❛r❝❛❞♦
t❛♠❜é♠ ❝♦♠♦ ✉♠ ❛st❡r✐s❝♦ ♥♦ ❣rá✜❝♦ ❞❛ ▲❉❋✮✱ q✉❡ ❝♦♥s✐st❡ ♥❛ ❞✐stâ♥❝✐❛ ♣❛r❛
❛ q✉❛❧ s❡ t❡♠ ♠❛✐♦r ❝♦♥✜❛♥ç❛ ♥♦ s✐♥❛❧✱ ❝♦♠ ✈❛❧♦r ❣❡r❛❧♠❡♥t❡ ♣ró①✐♠♦ ❞❡ 1000
♠❡tr♦s✳
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❋✐❣✉r❛ ✺✳✶✺✿ ❆❥✉st❡ ❞❛ ▲❉❋ ♥❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✳

❋✐❣✉r❛ ✺✳✶✻✿ ❆❥✉st❡ ❞♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ♥❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✳
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❋✐❣✉r❛ ✺✳✶✼✿ ❘❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦✳
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❈❛♣ít✉❧♦ ✻

■♠♣❛❝t♦ ❞❡ ❡st❛çõ❡s

✐rr❡❣✉❧❛r❡s ♥❛ r❡❝♦♥str✉çã♦

◆❡st❡ ❝❛♣ít✉❧♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s r❡s✉❧t❛❞♦s ❞❡ ❛❧❣✉♥s ❡st✉❞♦s s♦❜r❡ ❛
r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❡♠
s✐t✉❛çõ❡s ✐rr❡❣✉❧❛r❡s✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦♠ ❡st❛çõ❡s ❢♦r❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♦✉ ❝♦♠
✉♠❛ ♦✉ ❞✉❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞❡s❧✐❣❛❞❛s✳

✻✳✶ ❈♦♥s❡q✉ê♥❝✐❛s ❞❛ ❛✉sê♥❝✐❛ ❞❡ ❡st❛çõ❡s ❡♠

✉♠ ❡✈❡♥t♦

❯♠❛ q✉❡stã♦ ✐♠♣♦rt❛♥t❡ s♦❜r❡ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❞❡t❡❝t♦r ❞❡ s✉✲
♣❡r❢í❝✐❡ é ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ✉♠❛ ❡st❛çã♦ ❡♠ ♣❛rt✐❝✉❧❛r s♦❜r❡ ♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ❡ ❛s
❝♦♥s❡q✉ê♥❝✐❛s ❞❡ s✉❛ ❡①❝❧✉sã♦✳ ❆ ♦❝♦rrê♥❝✐❛ ❞❡ ✉♠ ❡✈❡♥t♦ ♣ró①✐♠♦ às ❜♦r❞❛s
❞♦ ♦❜s❡r✈❛tór✐♦ ♦✉ ♥✉♠❛ r❡❣✐ã♦ ♦♥❞❡ ✉♠ ♦✉ ♠❛✐s t❛♥q✉❡s ❡stã♦ ❢♦r❛ ❞❡ ❢✉♥❝✐♦✲
♥❛♠❡♥t♦✱ ♣♦❞❡ ❛✉♠❡♥t❛r ❛ ✐♠♣r❡❝✐sã♦ ❞❛s ❣r❛♥❞❡③❛s ❞❡t❡r♠✐♥❛❞❛s✳ P❛r❛ ❡✈✐t❛r
❡st❡s ♣r♦❜❧❡♠❛s sã♦ ✉t✐❧✐③❛❞♦s ♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ ❚✺✱ ♣r❡✈✐❛♠❡♥t❡ ❞❡s❝r✐✲
t♦s ♥❡st❡ t❡①t♦✱ q✉❡ ♠♦str❛r❛♠✲s❡ ❡✜❝✐❡♥t❡s✱ ❝♦♥❢♦r♠❡ ❞✐s❝✉t✐❞♦ ❡♠ ❬✹✺❪✱ ♠❛s
♣♦❞❡♠ ❛❝❛❜❛r ♣♦r ❡①❝❧✉✐r ❛❧❣✉♥s ❡✈❡♥t♦s q✉❡ s❡r✐❛♠ r❡❝♦♥str✉í❞♦s ❝♦♠ ♣r❡❝✐✲
sã♦✳ P❛r❛ ❝♦♥✜r♠❛r ❡st❛ ❤✐♣ót❡s❡ é ✐♠♣♦rt❛♥t❡ ❝♦♥❤❡❝❡r ♦ ❡❢❡✐t♦ ❞❛ ❛✉sê♥❝✐❛ ❞❡
❡st❛çõ❡s ❡♠ ✉♠❛ ❞❡t❡❝çã♦✳

P❛r❛ ❡st✉❞❛r ❡st❡ ♣r♦❜❧❡♠❛✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ❞❡ ❡✈❡♥t♦s✱ ❡①✲
❝❧✉✐♥❞♦ ❛❧❣✉♠ t❛♥q✉❡ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦♥str✉çã♦✳ ❆s ❡st❛çõ❡s ❡s❝♦❧❤✐❞❛s ❢♦✲
r❛♠ ❛ ♣r✐♥❝✐♣❛❧ ✭❞❡ ♠❛✐♦r s✐♥❛❧✱ ♦✉ s❡❥❛✱ ♠❛✐s ♣ró①✐♠❛ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞♦
❝❤✉✈❡✐r♦✮✱ ✉♠❛ ❞❡ s✐♥❛❧ ✐♥t❡r♠❡❞✐ár✐♦✱ ✈✐③✐♥❤❛ ❞❛ ♣r✐♥❝✐♣❛❧✱ ❡ ✉♠❛ ♠❛✐s ❞✐st❛♥t❡✳
❆s ❞✐stâ♥❝✐❛s ❞❡ ❝❛❞❛ ✉♠❛ ❞❡❧❛s✱ ❡st✐♠❛❞❛s ♥♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦✱
sã♦ ♠♦str❛❞❛s ♥♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✻✳✶✱ ♥♦ q✉❛❧ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ✺✵✵✵ s✐♠✉❧❛✲
çõ❡s✳ ❖ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ❣❡r❛❞♦ ♣♦r ♣rót♦♥s ❞❡ 1019 eV ✱ ❝♦♠
â♥❣✉❧♦ ③❡♥✐t❛❧ ❞❡ ✸✷✱✹➦✳ ◆❛ ✜❣✉r❛ ✻✳✷ é ♠♦str❛❞♦ ♦ ❞✐❛❣r❛♠❛ r❡♣r❡s❡♥t❛♥❞♦
❛s ❡st❛çõ❡s ❞✐s♣❛r❛❞❛s ❡♠ ✉♠❛ ❞❛s r❡❝♦♥str✉çõ❡s ❞❡st❡ ❡✈❡♥t♦✱ r❡❛❧✐③❛❞❛ s❡♠
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❋✐❣✉r❛ ✻✳✶✿ ❉✐stâ♥❝✐❛ r❡❝♦♥str✉í❞❛ ❞❛s ❡st❛çõ❡s ❛♦ ❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ♥❛ s✉♣❡r✲
❢í❝✐❡✳

q✉❛❧q✉❡r ♠♦❞✐✜❝❛çã♦ ♥♦ ❞❡t❡❝t♦r✳ ◆♦ ♠❛♣❛ é ♣♦ssí✈❡❧ ♥♦t❛r q✉❡ ❞❛s ❡st❛çõ❡s
❡s❝♦❧❤✐❞❛s✱ ✉♠❛ ✭✹✽✶✵✮ ❡stá ❝♦♥t✐❞❛ ♥♦ ♣r✐♠❡✐r♦ ❤❡①á❣♦♥♦ ❛♦ r❡❞♦r ❞❛ ♣r✐♥❝✐♣❛❧
✭✹✽✵✾✮ ❡ ❛ ♦✉tr❛ ✭✹✼✺✼✮ ♥♦ s❡❣✉♥❞♦ ❤❡①á❣♦♥♦✳

❆ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❞✐str✐❜✉✐çõ❡s ♥♦r♠❛❧✐③❛❞❛s ❞❛s ❣r❛♥❞❡③❛s ❞❛
r❡❝♦♥str✉çã♦ ❞♦s ❡✈❡♥t♦s✱ ♥❛s ✜❣✉r❛s ✻✳✸✱ ✻✳✹✱ ✻✳✺✱ ♠♦str❛♥❞♦ ❛ ❡♥❡r❣✐❛✱ â♥❣✉❧♦
③❡♥✐t❛❧ ✭θ✮ ❡ â♥❣✉❧♦ ❛③✐♠✉t❛❧ ✭φ✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠ ✉♠❛ s✐♠♣❧❡s ❝♦♠♣❛✲
r❛çã♦ ✈✐s✉❛❧ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❝❛❞❛ ❡st❛çã♦ ❡①❝❧✉í❞❛✱ ✜❝❛ ❝❧❛r♦
q✉❡ ❛ ♥ã♦ ✉t✐❧✐③❛çã♦ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ ✐♥✢✉❡♥❝✐❛ ♠✉✐t♦✳ ◆♦ ❝❛s♦ ❞❛ ❡①❝❧✉✲
sã♦ ❞❡ ❡st❛çõ❡s ♠❛✐s ❞✐st❛♥t❡s✱ ❛ ❞✐str✐❜✉✐çã♦ t❡♠ ❛ ❢♦r♠❛ ♠✉✐t♦ ♣❛r❡❝✐❞❛ ❡♠
t♦❞♦s ♦s ❝❛s♦s✱ ❛ss❡♠❡❧❤❛♥❞♦✲s❡ à ❞❛q✉❡❧❡ ❡♠ q✉❡ ♥❡♥❤✉♠❛ ❡st❛çã♦ ❢♦✐ r❡♠♦✲
✈✐❞❛ ❞❛ r❡❝♦♥str✉çã♦✳ ◆❛ t❛❜❡❧❛ ✻✳✶ sã♦ ♠♦str❛❞❛s ❛s ♠é❞✐❛s ❡ ❞❡s✈✐♦s ♦❜t✐❞♦s✱
r❡s✉♠✐♥❞♦ ♦ r❡s✉❧t❛❞♦ ❞♦s ❤✐st♦❣r❛♠❛s✳

❚❛❜❡❧❛ ✻✳✶✿ ❘❡s✉❧t❛❞♦s ❞❛ ❡①❝❧✉sã♦ ❞❡ ❡st❛çõ❡s ♥❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s✳
❊st❛çã♦ ❡①❝❧✉í❞❛ ❊♥❡r❣✐❛ ✭❊❡❱✮ θ ✭❣r❛✉s✮ φ ✭❣r❛✉s✮

◆❡♥❤✉♠❛ 5, 562± 0, 005 32, 735± 0, 007 50, 85± 0, 01
✹✽✵✾ 3, 148± 0, 005 34, 79± 0, 03 53, 12± 0, 04
✹✽✶✵ 5, 356± 0, 007 32, 76± 0, 01 50, 77± 0, 02
✹✼✺✼ 5, 478± 0, 007 32, 77± 0, 01 50, 93± 0, 02

❯t✐❧✐③❛♥❞♦ ❞❡s✈✐♦s r❡❧❛t✐✈♦s✱ ❡♠ r❡❧❛çã♦ ❛♦s ✈❛❧♦r❡s ♦❜t✐❞♦s s❡♠ ❛ ❡①❝❧✉sã♦ ❞❡
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❋✐❣✉r❛ ✻✳✷✿ ▼❛♣❛ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦ s✐♠✉❧❛❞♦✳

❋✐❣✉r❛ ✻✳✸✿ ❉✐str✐❜✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳
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❋✐❣✉r❛ ✻✳✹✿ ❉✐str✐❜✉✐çã♦ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳

❋✐❣✉r❛ ✻✳✺✿ ❉✐str✐❜✉✐çã♦ ❞♦ â♥❣✉❧♦ ❛③✐♠✉t❛❧ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳
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❡st❛çõ❡s✱ é ♣♦ssí✈❡❧ q✉❛♥t✐✜❝❛r ♦s r❡s✉❧t❛❞♦s✳ ◆❛ t❛❜❡❧❛ ✻✳✷ sã♦ ♠♦str❛❞♦s ❡st❡s
❞❡s✈✐♦s✱ ♥♦s q✉❛✐s ✜❝❛ ❝❧❛r♦ q✉❡ ❛ ❡①❝❧✉sã♦ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ tr❛③ ❝♦♥s❡q✉ê♥✲
❝✐❛s ♣r❛t✐❝❛♠❡♥t❡ ❞❡s❛str♦s❛s ❛♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦✱ ❝❛✉s❛♥❞♦ ✉♠
❞❡s✈✐♦ ❞❡ ♠❛✐s ❞❡ 40% ♥❛ ❡♥❡r❣✐❛✳ ❏á ❛s ♦✉tr❛s ❡st❛çõ❡s✱ ♣❛r❡❝❡♠ ✐♥✢✉❡♥❝✐❛r
♠❡♥♦s ♥❛ ❡♥❡r❣✐❛✱ ❡ ♣r❛t✐❝❛♠❡♥t❡ ♥❛❞❛ ♥❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ❡✈❡♥t♦✳

❚❛❜❡❧❛ ✻✳✷✿ ▼ó❞✉❧♦ ❞♦ ❞❡s✈✐♦ ♣❡r❝❡♥t✉❛❧ ❞❛s ❣r❛♥❞❡③❛s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦ ❡♠
q✉❡ ♥❡♥❤✉♠❛ ❡st❛çã♦ ❢♦✐ ❡①❝❧✉í❞❛✳

❊st❛çã♦ ❡①❝❧✉í❞❛ ∆❊ ✭✪✮ ∆θ ✭✪✮ ∆φ ✭✪✮
✹✽✵✾ ✹✸✱✹ ✻✱✸ ✹✱✺
✹✽✶✵ ✸✱✼ ✵✱✶ ✵✱✷
✹✼✺✼ ✶✱✺ ✵✱✶ ✵✱✷

❆ ✐♥✢✉ê♥❝✐❛ ❞❡ ❝❛❞❛ ❡st❛çã♦ ♣♦❞❡ s❡r ♠❡❧❤♦r ❝♦♠♣r❡❡♥❞✐❞❛ ♦❧❤❛♥❞♦✲s❡ ♣❛r❛
✉♠ ❣rá✜❝♦ ❞❡ ❛❥✉st❡ ❞❛ ▲❉❋ ✭✜❣✉r❛ ✻✳✻✮✳ ❊st❛çõ❡s ♠❛✐s ♣ró①✐♠❛s ❞♦ ❝❡♥tr♦ ❞♦
❝❤✉✈❡✐r♦ ❞❡t❡r♠✐♥❛♠ ❛ ❢♦r♠❛ ❞❛ ▲❉❋ ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ ❛♦s 1000 m✱ ♣♦rt❛♥t♦✱
s❡✉s s✐♥❛✐s ❡stã♦ ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞♦s ❛♦ ♣❛râ♠❡tr♦ S1000✱ ✉t✐❧✐③❛❞♦ ♥❛ ❞❡t❡r✲
♠✐♥❛çã♦ ❞❛ ❡♥❡r❣✐❛✳ ❊st❛çõ❡s ♠❛✐s ❞✐st❛♥t❡s ❝❛✉s❛rã♦ ♠✉❞❛♥ç❛s ♥❡st❛ ❢♦r♠❛✱
♠❛s ♣❛r❛ ✈❛❧♦r❡s ♠❛✐♦r❡s q✉❡ 1500 m✱ ❛❢❡t❛♥❞♦ ♠❡♥♦s ♥❛ ❡♥❡r❣✐❛✳ ◆♦ ❝❛s♦ ❞❛
❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✱ ♦ ❢❛t♦ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ t❡r ✉♠❛ ✐♥✢✉ê♥❝✐❛ ♠❛✐♦r✱ s❡ ❞❡✈❡
à r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ r❡❛❧✐③❛❞❛✱ ♥❛ q✉❛❧ sã♦ ✉t✐❧✐③❛❞❛s ❛s ❡st❛çõ❡s ❞❡ ♠❛✐♦r
s✐♥❛❧✱ ♠❛r❝❛❞❛s ♣❡❧♦ tr✐â♥❣✉❧♦ ✈❡r❞❡ ♥♦ ♠❛♣❛ ❞❛ r❡❝♦♥str✉çã♦✳ ❈♦♠♦ ♣♦❞❡ s❡r
♥♦t❛❞♦ ❝♦♠♣❛r❛♥❞♦ ♦ ♠❛♣❛ ❞❛ r❡❝♦♥str✉çã♦ ♦r✐❣✐♥❛❧ ✭✜❣✉r❛ ✻✳✷✮ ❝♦♠ ♦ ❞❛ ❡①✲
❝❧✉sã♦ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ ✭✜❣✉r❛ ✻✳✼✮✱ ❛ ❡①❝❧✉sã♦ ❞❡ ✉♠❛ ❡st❛çã♦ ♣ró①✐♠❛ ❛♦
❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ❝❛✉s❛ ❛ ♠✉❞❛♥ç❛ ❞❡st❡ tr✐â♥❣✉❧♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ❛❧t❡r❛çõ❡s
♥❛ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❆s ❞❡♠❛✐s ❡st❛çõ❡s ✐♥✢✉❡♥❝✐❛♠ ❛♣❡♥❛s
♥♦s ❛❥✉st❡s r❡❛❧✐③❛❞♦s ❡♠ ❡t❛♣❛s ♣♦st❡r✐♦r❡s✱ ♣❛r❛ r❡✜♥❛♠❡♥t♦ ❞❛ r❡❝♦♥str✉çã♦✱
❡♥tã♦ s✉❛ ❛✉sê♥❝✐❛ ♥ã♦ ♣r♦❞✉③ ❣r❛♥❞❡s ❡❢❡✐t♦s✳

❖s r❡s✉❧t❛❞♦s ❞❡st❛ ❛♥á❧✐s❡ ✐♥❞✐❝❛♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛r ♦ ❝r✐tér✐♦ ❞❡
s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❚✺✱ ❝♦♠♦ s❡ t❡♠ ❢❡✐t♦ ❛t✉❛❧♠❡♥t❡✱ ♣♦✐s ❛ r❡❝♦♥str✉çã♦ ❞❡
✉♠ ❡✈❡♥t♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❡st❛çõ❡s ♣ró①✐♠❛s ❛♦ ❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ é ✐♠♣r❡❝✐s❛✱
r❡s✉❧t❛ ❡♠ ❡✈❡♥t♦s ❝✉❥❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❡t❡r♠✐♥❛❞❛s ♥ã♦ sã♦ ❝♦♥✲
✜á✈❡✐s✳ ❆❧é♠ ❞❡ ♥❡❝❡ssár✐❛✱ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❚✺ ♣❛r❡❝❡ s✉✜❝✐❡♥t❡ ♣❛r❛ ❣❛r❛♥t✐r ❛
q✉❛❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦✱ ❥á q✉❡ ❢♦✐ ♠♦str❛❞♦ q✉❡ ❡st❛çõ❡s ❞✐st❛♥t❡s ❞❛ ❝❡♥tr❛❧✱
♥♦ s❡❣✉♥❞♦ ❤❡①á❣♦♥♦ ♦✉ ❞❡♣♦✐s✱ ❝❛✉s❛♠ ✉♠ ✐♠♣❛❝t♦ ♣❡q✉❡♥♦ ♥♦s ♣❛râ♠❡tr♦s
r❡❝♦♥str✉í❞♦s✳

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❛ ❝♦♥✜r♠❛çã♦ ❞❛s ❝♦♥❝❧✉sõ❡s r❡❛❧✐③❛❞❛s só s❡rá
♣♦ssí✈❡❧ ❝♦♠ ✉♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦✱ ❝♦♠ ❡✈❡♥t♦s ❞❡ ♦✉tr❛s ❡♥❡r❣✐❛s ❡ ♣r✐♥✲
❝✐♣❛❧♠❡♥t❡ ♦✉tr♦s â♥❣✉❧♦s ③❡♥✐t❛✐s✱ ❥á q✉❡ ❛ r❡❝♦♥str✉çã♦ ❞❡ ❝❤✉✈❡✐r♦s ♠❛✐s
✐♥❝❧✐♥❛❞♦s ❛♣r❡s❡♥t❛ ❛❧❣✉♠❛s ❞✐❢❡r❡♥ç❛s✳ ❚❛♠❜é♠ é ✐♠♣♦rt❛♥t❡ r❡❛❧✐③❛r t❡st❡s
❝♦♠ ❡✈❡♥t♦s r❡❛✐s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ♥♦s q✉❛✐s s❡ ❡stá s✉❥❡✐t♦ ❛ ✈✐❡s❡s
♥ã♦ ✐♥tr♦❞✉③✐❞♦s ♥❛s s✐♠✉❧❛çõ❡s✳
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❋✐❣✉r❛ ✻✳✻✿ ❆❥✉st❡ ❞❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ♣❛r❛ ✉♠ ❡✈❡♥t♦ s✐♠✉❧❛❞♦✳

❋✐❣✉r❛ ✻✳✼✿ ▼❛♣❛ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦ s✐♠✉❧❛❞♦✱ ❡①❝❧✉✐♥❞♦ ❛ ❡st❛çã♦
♣r✐♥❝✐♣❛❧✳

✻✹
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✻✳✷ ❯t✐❧✐③❛çã♦ ❞❡ t❛♥q✉❡s ✐rr❡❣✉❧❛r❡s

❆ ♠❛♥✉t❡♥çã♦ ❞❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❝♦♠♦ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ❝✉❥❛
ár❡❛ ✉❧tr❛♣❛ss❛ ♦s 3000 km2✱ r❡q✉❡r ✉♠ ❣r❛♥❞❡ ❡s❢♦rç♦ ❡♠ t❡r♠♦s ❞❡ s✉❜st✐✲
t✉✐çã♦ ❡ r❡♣❛r♦ ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✱ ❞❡✈✐❞♦ às ❧♦♥❣❛s ❞✐stâ♥❝✐❛s ❡♥tr❡
❛s ❡st❛çõ❡s ❡ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❛❝❡ss♦ ❛ ❛❧❣✉♠❛s ❞❡❧❛s✳ ❯♠❛ ❢♦r♠❛ ❞❡ ❧✐❞❛r ❝♦♠
♣r♦❜❧❡♠❛s ♥❛ ❡❧❡trô♥✐❝❛ é ♦ ❞❡s❧✐❣❛♠❡♥t♦ ❞♦ t❛♥q✉❡✱ q✉❡ ♣♦❞❡ s❡r ♣❛r❝✐❛❧✱ ❡①✲
❝❧✉✐♥❞♦ ❛♣❡♥❛s ✉♠❛ ♦✉ ❞✉❛s ❞❡ s✉❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ✉s✉❛❧
♥♦ ❝❛s♦ ❞❡st❛s ❡st❛çõ❡s ✐rr❡❣✉❧❛r❡s é ♠❛r❝á✲❧❛s ❝♦♠♦ ❞❡❢❡✐t✉♦s❛s✱ ❡①❝❧✉✐♥❞♦✲❛s
❞❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❛té q✉❡ s❡❥❛♠ r❡♣❛r❛❞❛s✳ ❈♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦
❛♥t❡r✐♦r✱ ❛ ❡①❝❧✉sã♦ ❞❡ ❡st❛çõ❡s ✐♥✢✉❡♥❝✐❛ ♥♦s r❡s✉❧t❛❞♦s ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠
❡✈❡♥t♦✱ s❡♥❞♦ ❡st❡ ❡①❝❧✉í❞♦ ♣❡❧♦ ❝r✐tér✐♦ ❞❡ s❡❧❡çã♦ ❚✺✳ P♦ré♠✱ ♣♦❞❡ s❡r ♣♦ssí✈❡❧
✉t✐❧✐③❛r ❡st❡ s✐♥❛❧✱ ❡✈✐t❛♥❞♦ ❛ ♣❡r❞❛ ❞❡ ❡✈❡♥t♦s q✉❡ ♣♦❞❡r✐❛♠ s❡r r❡❝♦♥str✉í❞♦s
❝♦♠ ♣r❡❝✐sã♦✳

❋♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦ ❞❡st❡ t✐♣♦ ❞❡ s✐t✉❛çã♦✱ ♥❛ q✉❛❧ ✉♠ t❛♥q✉❡ ♣❛rt✐❝✐♣❛
❞❡ ✉♠ ❡✈❡♥t♦ ❝♦♠ ❛♣❡♥❛s ✉♠❛ ♦✉ ❞✉❛s ❞❡ s✉❛s P▼❚s ❢✉♥❝✐♦♥❛♥❞♦✳ ❋♦r❛♠
✉t✐❧✐③❛❞❛s s✐♠✉❧❛çõ❡s✱ r❡❛❧✐③❛❞❛s ❞❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♥❛s ❛♥á❧✐s❡s ❛♥t❡r✐♦r❡s✱
✐♥❝❧✉s✐✈❡ ♣❛rt✐♥❞♦ ❞♦ ♠❡s♠♦ ❝❤✉✈❡✐r♦ s✐♠✉❧❛❞♦✳ ❖ t❛♥q✉❡ ♣r✐♥❝✐♣❛❧✱ ❝♦♠♦ ❥á
❞✐s❝✉t✐❞♦✱ é ♦ q✉❡ ♠❛✐s ❝♦♥tr✐❜✉✐ ♣❛r❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦✱ ❡♥tã♦ ❢♦✐
♦ ✉t✐❧✐③❛❞♦ ♥❡st❛ ❛♥á❧✐s❡✱ t❡♥❞♦ ✉♠❛ ❡ ❞❡♣♦✐s ❞✉❛s ❞❡ s✉❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s
❞❡s❧✐❣❛❞❛s✳ ❙✐♠✉❧❛♥❞♦ ❛ ❞❡t❡❝çã♦ ♥❡st❛s ❝♦♥✜❣✉r❛çõ❡s ❡ r❡❝♦♥str✉✐♥❞♦ ♦s ❡✈❡♥✲
t♦s✱ ❢♦r❛♠ ♦❜t✐❞❛s ❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❡♥❡r❣✐❛✱ â♥❣✉❧♦ ③❡♥✐t❛❧ ❡ â♥❣✉❧♦ ❛③✐♠✉t❛❧✱
❛♣r❡s❡♥t❛❞❛s ♥❛s ✜❣✉r❛s ✻✳✽✱ ✻✳✾ ❡ ✻✳✶✵✳ ❈♦♠ ✷ ♦✉ ✸ P▼❚s ♦s ❤✐st♦❣r❛♠❛s sã♦
❜❛st❛♥t❡ ♣❛r❡❝✐❞♦s✱ ♠❛s ♥♦ ❝❛s♦ ❝♦♠ ❛♣❡♥❛s ✉♠❛ é ♣♦ssí✈❡❧ ♥♦t❛r ❞✐❢❡r❡♥ç❛s✱
q✉❡ ♣♦❞❡♠ s❡r ❡♥t❡♥❞✐❞❛s ❛♦ ♦❧❤❛r ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❝❛r❣❛ t♦t❛❧ ❞❛ ❡st❛çã♦
♣r✐♥❝✐♣❛❧ ✭✜❣✉r❛ ✻✳✶✶✮✱ ♦♥❞❡ t❛♠❜é♠ ❤á ❞✐❢❡r❡♥ç❛s✳ ❆s ✈❛r✐❛çõ❡s ♣r♦❞✉③✐❞❛s ♥❛
❝❛r❣❛ ❞♦ t❛♥q✉❡ s❡ r❡✢❡t❡♠ ❡♠ ❛❧t❡r❛çõ❡s ♥❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s✳

◆❛ t❛❜❡❧❛ ✻✳✸ sã♦ ♠♦str❛❞♦s ♦s ❞❡s✈✐♦s r❡❧❛t✐✈♦s ❞❛ ♠é❞✐❛ ❞❡ ❝❛❞❛ ❞✐str✐✲
❜✉✐çã♦ ❛♣r❡s❡♥t❛❞❛ ❡♠ r❡❧❛çã♦ à r❡❝♦♥str✉çã♦ ❝♦♠ ♦ t❛♥q✉❡ ❝♦♠♣❧❡t♦✱ ❝♦♠ ✸
P▼❚s✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ❡st❡s r❡s✉❧t❛❞♦s✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ♥ú♠❡r♦ ♠❡♥♦r q✉❡ ✸
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♥ã♦ t❡r✐❛ ❣r❛♥❞❡s ❝♦♥s❡q✉ê♥❝✐❛s s♦❜r❡ ❛s ❣r❛♥❞❡③❛s r❡❝♦♥s✲
tr✉í❞❛s✱ ♣♦❞❡♥❞♦ ♦ s✐♥❛❧ ❞❡st❛s ❡st❛çõ❡s s❡r ✉t✐❧✐③❛❞♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s
❞♦ ♦❜s❡r✈❛tór✐♦✳

❚❛❜❡❧❛ ✻✳✸✿ ❉❡s✈✐♦ ❞❛s ❣r❛♥❞❡③❛s ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦ ❞♦s t❛♥q✉❡s r❡❣✉❧❛r❡s✳
◆ú♠❡r♦ ❞❡ P▼❚s ∆❊ ✭✪✮ ∆θ ✭✪✮ ∆φ ✭✪✮

✷ ✵✱✷ ✵✱✶ ✵✱✶
✶ ✶✱✶ ✵✱✸ ✵✱✸

❊♠ ❞❡t❡❝t♦r❡s r❡❛✐s ❤á ✉♠ ♣r♦❜❧❡♠❛ q✉❡ ♥ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♥❡st❛ ❛♥á❧✐s❡✿
❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❡✈❡♥t♦s ❛♦ ❛❝❛s♦✳ ❯♠ ❞♦s ♠♦t✐✈♦s ♣❛r❛ ♦ ✉s♦ ❞❡ ✸ ❢♦t♦♠✉❧t✐✲
♣❧✐❝❛❞♦r❛s ♥♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ é ❛ ❡❧✐♠✐♥❛çã♦ ❞❡ ♣✉❧s♦s ❛❧❡❛tór✐♦s✱ ❣❡r❛❞♦s
♣♦r ♠ú♦♥s ❛t♠♦s❢ér✐❝♦s ♦✉ r✉í❞♦ ♥❛s P▼❚s✱ r❡❛❧✐③❛♥❞♦ ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ t❡♠♣♦r❛❧
❞♦ s✐♥❛❧ ❞❛s ✸✳ ❈♦♠ ❛♣❡♥❛s ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛✱ ❛ ❝❤❛♥❝❡ ❞❡ ❞❡t❡❝çã♦ ❞❡
✉♠ ❞❡st❡s ❢❛❧s♦s ❡✈❡♥t♦s é ♠❛✐♦r✱ ♦ q✉❡ t♦r♥❛ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡st❡s t❛♥q✉❡s ♠❡♥♦r✳

✻✺



✻✳✷ ✲ ❯❚■▲■❩❆➬➹❖ ❉❊ ❚❆◆◗❯❊❙ ■❘❘❊●❯▲❆❘❊❙

❋✐❣✉r❛ ✻✳✽✿ ❉✐str✐❜✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ♥♦s ❝❛s♦s ❞❡ ❡st❛çõ❡s
✐rr❡❣✉❧❛r❡s✳

❋✐❣✉r❛ ✻✳✾✿ ❉✐str✐❜✉✐çã♦ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ♥♦s ❝❛s♦s ❞❡
❡st❛çõ❡s ✐rr❡❣✉❧❛r❡s✳

✻✻



✻✳✷ ✲ ❯❚■▲■❩❆➬➹❖ ❉❊ ❚❆◆◗❯❊❙ ■❘❘❊●❯▲❆❘❊❙

❋✐❣✉r❛ ✻✳✶✵✿ ❉✐str✐❜✉✐çã♦ ❞♦ â♥❣✉❧♦ ❛③✐♠✉t❛❧ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ♥♦s ❝❛s♦s
❞❡ ❡st❛çõ❡s ✐rr❡❣✉❧❛r❡s✳

❋✐❣✉r❛ ✻✳✶✶✿ ❉✐str✐❜✉✐çã♦ ❞❛ ❝❛r❣❛ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ ♣❛r❛ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s
♥♦s ❝❛s♦s ❞❡ ❡st❛çõ❡s ✐rr❡❣✉❧❛r❡s✳

✻✼



✻✳✸ ✲ ❊❙❚❯❉❖ ❉❊ ❊❱❊◆❚❖❙ ❘❊❆■❙ ❉❖ ❖❇❙❊❘❱❆❚Ó❘■❖ P■❊❘❘❊ ❆❯●❊❘

❆✐♥❞❛ ❛ss✐♠✱ é ♣♦ssí✈❡❧ ❛♣r♦✈❡✐t❛r ♦ s✐♥❛❧ ❞❡st❛s ❡st❛çõ❡s✱ ♣♦✐s ♦ ❝r✐tér✐♦ ❞❡
s❡❧❡çã♦ ❚✸ ❞❡✈❡ s❡r s✉✜❝✐❡♥t❡ ♣❛r❛ ❡❧✐♠✐♥❛r ❡st❡ t✐♣♦ ❞❡ r✉í❞♦✳

❊♠ ❛❧❣✉♠❛s ❞❛s ♣r♦♣♦st❛s ❞❡ ❡①♣❛♥sã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ q✉❡
s✉❣❡r❡♠ ❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ♥♦✈♦ sít✐♦ ♥♦ ❤❡♠✐s❢ér✐♦ ♥♦rt❡ ❬✹✽❪✱ ♦s t❛♥q✉❡s
❈❤❡r❡♥❦♦✈ ❛♣❛r❡❝❡♠ ❡♠ ✉♠❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦✱ ❝♦♠ ❛♣❡♥❛s ✉♠❛ ❢♦t♦♠✉❧t✐✲
♣❧✐❝❛❞♦r❛✳ ❆ ❛♥á❧✐s❡ ❛♣r❡s❡♥t❛❞❛ ♠♦str❛ q✉❡ é ♣♦ssí✈❡❧ r❡❝♦♥str✉✐r ♦s ❡✈❡♥t♦s
❝♦♠ ♦ s✐♥❛❧ ❢♦r♥❡❝✐❞♦ ♣♦r ❛♣❡♥❛s ✉♠❛ P▼❚✱ ♠❛s ♦s ♣r♦❜❧❡♠❛s r❡❧❛❝✐♦♥❛❞♦s ❛
♣✉❧s♦s ❢❛❧s♦s ♥ã♦ ♣♦❞❡r✐❛♠ s❡r ❡❧✐♠✐♥❛❞♦s s❡♠ ❛ ❝♦✐♥❝✐❞ê♥❝✐❛✳ ❉❡st❛ ❢♦r♠❛✱ é
♥❡❝❡ssár✐♦ ✉t✐❧✐③❛r ✉♠❛ P▼❚ ❝✉❥❛ ❡✜❝✐ê♥❝✐❛ ♥ã♦ ❝♦❧♦q✉❡ ❡♠ r✐s❝♦ ❛ q✉❛❧✐❞❛❞❡
❞♦s s✐♥❛✐s r❡❣✐str❛❞♦s✳ ❖ ✉s♦ ❞❡st❛ ❝♦♥✜❣✉r❛çã♦ ❛✐♥❞❛ tr❛③ ❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡
♥ã♦ ♣❡r♠✐t✐r ❛ ♦♣❡r❛çã♦ ❞❛ ❡st❛çã♦ ❛♣ós ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❛❧❣✉♠ ♣r♦❜❧❡♠❛ ♥❛
P▼❚✱ ❝❛✉s❛♥❞♦ ❛ ❡①❝❧✉sã♦ ❞❡st❡ t❛♥q✉❡ ❞❛ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s✳

◆♦✈❛♠❡♥t❡✱ é ✐♠♣♦rt❛♥t❡ ❧❡♠❜r❛r q✉❡ ♠❛✐s t❡st❡s ❞❡✈❡♠ s❡r r❡❛❧✐③❛❞♦s ♣❛r❛
q✉❡ ✉♠❛ ❝♦♥❝❧✉sã♦ ❝♦♥✜á✈❡❧ s❡❥❛ ♦❜t✐❞❛ s♦❜r❡ ♦ ✉s♦ ❞❛s ❡st❛çõ❡s ✐rr❡❣✉❧❛r❡s✳
❆♣❡♥❛s ✉♠ ❡st✉❞♦ ✉t✐❧✐③❛♥❞♦ ❡✈❡♥t♦s r❡❛✐s ♣♦❞❡ ❝♦♥✜r♠❛r ❡st❡ t✐♣♦ ❞❡ r❡s✉❧t❛❞♦✳
◆♦ ❝❛s♦ ❞♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ❝♦♠ ❛♣❡♥❛s ✉♠❛ P▼❚✱ é ♥❡❝❡ssár✐♦ r❡❛❧✐③❛r
t❡st❡s ❛tr❛✈és ❞❡ ♣r♦tót✐♣♦s ❞❡st❡s ❞❡t❡❝t♦r❡s✱ ❡ ♥ã♦ t✐r❛r ❝♦♥❝❧✉sõ❡s ❛ ♣❛rt✐r
❛♣❡♥❛s ❞♦s t❛♥q✉❡s ❛t✉❛✐s✳

✻✳✸ ❊st✉❞♦ ❞❡ ❡✈❡♥t♦s r❡❛✐s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐✲

❡rr❡ ❆✉❣❡r

❖ ✉s♦ ❞❡ s✐♠✉❧❛çõ❡s ♥♦ ❡st✉❞♦ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞♦ ❖❜s❡r✈❛tór✐♦
P✐❡rr❡ ❆✉❣❡r ♣❡r♠✐t❡ ❛ ❛♥á❧✐s❡ ❞❡ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s ❣❡r❛❞♦s ❛
♣❛rt✐r ❞❡ ✉♠❛ ♠❡s♠❛ s✐t✉❛çã♦ ❢ís✐❝❛✱ s✉❥❡✐t❛ ❛♣❡♥❛s às ✢✉t✉❛çõ❡s ❡st❛tíst✐❝❛s
❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ✉t✐❧✐③❛❞♦✳ P♦ré♠✱ ❛s ✐♥❢♦r♠❛çõ❡s ❣❡r❛❞❛s ♣♦❞❡♠ ❝♦♥t❡r ✈✐❡✲
s❡s✱ ❞❡✈✐❞♦s ❛ ❢❡♥ô♠❡♥♦s ❞❡s❝♦♥❤❡❝✐❞♦s ♥ã♦ ♣r❡s❡♥t❡s ♥♦s ♠♦❞❡❧♦s t❡ór✐❝♦s✱ ♦✉
❞❡✈✐❞♦ ❛ ♣❡❝✉❧✐❛r✐❞❛❞❡s ❞♦s ❞❡t❡❝t♦r❡s ✉t✐❧✐③❛❞♦s✳ P♦r ✐ss♦✱ é ✐♠♣♦rt❛♥t❡ q✉❡
❛s ❤✐♣ót❡s❡s ♦❜t✐❞❛s s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦
s❡❥❛♠ t❡st❛❞❛s ❝♦♠ ❡✈❡♥t♦s r❡❛✐s r❡❣✐str❛❞♦s ♣❡❧♦ ♦❜s❡r✈❛tór✐♦✳ P❛r❛ ✐st♦ ♥ã♦
é ♥❡❝❡ssár✐♦ q✉❡ ✉♠❛ ✐♥t❡r✈❡♥çã♦ ❞✐r❡t❛ s❡❥❛ r❡❛❧✐③❛❞❛ ♥♦s t❛♥q✉❡s ❈❤❡r❡♥❦♦✈✱
❜❛st❛ ✐♥tr♦❞✉③✐r ♠✉❞❛♥ç❛s ❞✉r❛♥t❡ ❛ r❡❝♦♥str✉çã♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❝❛r❣❛ ❞❡
✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ❞❡ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❡st❛çã♦ s❡❥❛ ③❡r❛❞❛✱ ♣♦r ❡①❡♠♣❧♦✱
♣r♦❞✉③✐♥❞♦ ✉♠ r❡s✉❧t❛❞♦ ❡q✉✐✈❛❧❡♥t❡ ❛♦ ❞❡s❧✐❣❛♠❡♥t♦ ❞❛ P▼❚✳

❯♠❛ ♣r✐♠❡✐r❛ ✐rr❡❣✉❧❛r✐❞❛❞❡ ❡st✉❞❛❞❛ ❢♦✐ ❛ ❛✉sê♥❝✐❛ ❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ ❡♠
✉♠ ❡✈❡♥t♦✳ ❋♦r❛♠ ✉t✐❧✐③❛❞♦s ❝❡r❝❛ ❞❡ ✸ ♠✐❧ ❡✈❡♥t♦s✱ ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 3EeV
❡ â♥❣✉❧♦ ③❡♥✐t❛❧ ♠❡♥♦r q✉❡ 60➦✱ ♦✉ s❡❥❛✱ ❞❡♥tr♦ ❞❛s ❝♦♥❞✐çõ❡s ♥❡❝❡ssár✐❛s ♣❛r❛
✉♠❛ r❡❝♦♥str✉çã♦ ❡✜❝✐❡♥t❡✳ ❖ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ❛♣ós ❛ ❡①❝❧✉sã♦ ❞❡st❛ ❡st❛çã♦
❢♦✐ ✉♠ ❞❡s✈✐♦ ♠é❞✐♦ ♥❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 14% ♣❛r❛
❛ ❡♥❡r❣✐❛ ❡ 3% ♣❛r❛ ♦s â♥❣✉❧♦s ③❡♥✐t❛❧ ❡ ❛③✐♠✉t❛❧✱ ✈❛❧♦r❡s ✉♠ ♣♦✉❝♦ ❛❝✐♠❛ ❞♦s
❡s♣❡r❛❞♦s ♣❡❧♦ ❡rr♦ s✐st❡♠át✐❝♦ ❞♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦✱ ♠❛s t❛♠❜é♠
♠❡♥♦r q✉❡ ♦s ♦❜t✐❞♦s ❛tr❛✈és ❞♦s ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳ P♦ré♠✱ ❛ ♠❛✐♦r ✐♥✢✉ê♥❝✐❛
❞❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ é s♦❜r❡ ♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦✿ ❢♦✐ ♦❜s❡r✈❛❞❛ ✉♠❛ ♣❡r❞❛ ❞❡
23% ❞♦s ❡✈❡♥t♦s✱ ❥á q✉❡ ❛❧❣✉♥s ♥❡♠ ♣✉❞❡r❛♠ s❡r r❡❝♦♥str✉í❞♦s s❡♠ ♦ t❛♥q✉❡

✻✽
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♣r✐♥❝✐♣❛❧✱ ❡ 62% ❞♦s ❡✈❡♥t♦s ❞❡✐①❛r❛♠ ❞❡ s❛t✐s❢❛③❡r ♦ ❝r✐tér✐♦ ❚✺✳
❚❛♠❜é♠ é ✐♥t❡r❡ss❛♥t❡ ♦❧❤❛r ❡st❡s r❡s✉❧t❛❞♦s s❡♣❛r❛♥❞♦ ♦s ❡✈❡♥t♦s ♣♦r ✐♥t❡r✲

✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ ♦✉ ✐♥❝❧✐♥❛çã♦✳ ◆❛s ✜❣✉r❛s ✻✳✶✷ ❡ ✻✳✶✸ sã♦ ♠♦str❛❞♦s ♦s ❞❡s✈✐♦s
❝❛✉s❛❞♦s ♥❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡♠ ❢✉♥çã♦ ❞♦s ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛
♦✉ ❞❡ â♥❣✉❧♦ ③❡♥✐t❛❧ s❡❧❡❝✐♦♥❛❞♦s✳ ❆s ❢r❛çõ❡s ❞❡ ❡✈❡♥t♦s q✉❡ ♥ã♦ ♣✉❞❡r❛♠ s❡r
r❡❝♦♥str✉í❞♦s ♦✉ ❞❡✐①❛r❛♠ ❞❡ s❛t✐s❢❛③❡r ❚✺ t❛♠❜é♠ sã♦ ♠♦str❛❞❛s ❡♠ ❢✉♥çã♦
❞❛ ❡♥❡r❣✐❛ ❡ â♥❣✉❧♦ ③❡♥✐t❛❧✱ ♥❛s ✜❣✉r❛s ✻✳✶✹ ❡ ✻✳✶✺✳ ◆❛ ♠❛✐♦r✐❛ ❞❡st❡s ❣rá✜✲
❝♦s é ♣♦ssí✈❡❧ ♥♦t❛r ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❝❧❛r❛♠❡♥t❡ ❞❡❝r❡s❝❡♥t❡✱ q✉❡ ♣♦❞❡ s❡r
❡①♣❧✐❝❛❞♦ ♣❡❧♦ ❢❛t♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❡st❛çõ❡s ❞✐s♣❛r❛❞❛s ❡♠ ✉♠ ❡✈❡♥t♦ ❛✉♠❡♥t❛r
❝♦♠ ❛ ❡♥❡r❣✐❛ ❡ ✐♥❝❧✐♥❛çã♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ✉♠❛ ú♥✐❝❛ ❡st❛çã♦
s❡❥❛ ♠❡♥♦r ❡ ♣❡r♠✐t✐♥❞♦ ❛ r❡❝♦♥str✉çã♦ ❝♦♠ ♠❛✐♦r ♣r❡❝✐sã♦✱ s❡♠ q✉❡ t❛♥t♦s
❡✈❡♥t♦s s❡❥❛♠ ♣❡r❞✐❞♦s✳ ◆♦ ❝❛s♦ ❞❡ ❡♥❡r❣✐❛s ♠❛✐♦r❡s q✉❡ 30 EeV ✱ ♣♦r ❡①❡♠♣❧♦✱
♥ã♦ ❤♦✉✈❡r❛♠ ❡✈❡♥t♦s q✉❡ ♥ã♦ ♣✉❞❡r❛♠ s❡r r❡❝♦♥str✉í❞♦s✱ ❛♣❡s❛r ❞❛ ❢r❛çã♦ ❞♦s
q✉❡ ❞❡✐①❛r❛♠ ❞❡ s❛t✐s❢❛③❡r ❚✺ t❡r s✐❞♦ ❜❛st❛♥t❡ ❛❧t❛✳ ❆ ❡①❝❧✉sã♦ ❞❛ ❡st❛çã♦
♣r✐♥❝✐♣❛❧ ❝❛✉s❛ ✉♠❛ ♠✉❞❛♥ç❛ ♥♦ ❤❡①á❣♦♥♦ ✉t✐❧✐③❛❞♦ ♥♦ t❡st❡ ❞❡ ❚✺✱ q✉❡ ♣❛ss❛
❛ ❝♦♥t❡r ❡♠ q✉❛s❡ t♦❞♦s ♦s ❝❛s♦s ❛ ❡st❛çã♦ q✉❡ ❢♦✐ ❞❡s❧✐❣❛❞❛✳ P♦r ✐ss♦ ❛ t❛①❛ ❞❡
❡✈❡♥t♦s q✉❡ ❞❡✐①❛♠ ❞❡ s❛t✐s❢❛③❡r ❡st❡ ❝r✐tér✐♦ é tã♦ ❛❧t❛ ❡♠ t♦❞♦s ♦s ❝❛s♦s✳

❖s r❡s✉❧t❛❞♦s sã♦ ❝♦♥s✐st❡♥t❡s ❝♦♠ ❛s ❤✐♣ót❡s❡s ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛s s✐♠✉✲
❧❛çõ❡s✳ ❆ ♣❡r❞❛ ❞❡ ✉♠❛ ❡st❛çã♦ ❝❛✉s❛ ❛❧t❡r❛çõ❡s ♥❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s✱
q✉❡ sã♦ ♣❡q✉❡♥❛s ♥♦s ❝❛s♦s ❡♠ q✉❡ ❤á ✉♠ ♥ú♠❡r♦ ❣r❛♥❞❡ ❞❡❧❛s✱ ❡ tr❛③ sér✐♦s
♣r♦❜❧❡♠❛s ♣❛r❛ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❡①♣❡r✐♠❡♥t♦✱ ❥á q✉❡ ♠✉✐t♦s ❡✈❡♥t♦s sã♦ ♣❡r❞✐❞♦s
♣♦r ♥ã♦ ♣♦❞❡r❡♠ s❡r r❡❝♦♥str✉í❞♦s ♦✉ ♣♦r ♥ã♦ s❛t✐s❢❛③❡r❡♠ ♦ ❝r✐tér✐♦ ❞❡ s❡❧❡çã♦
❚✺✱ q✉❡ ❣❛r❛♥t❡ ❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦✳
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❋✐❣✉r❛ ✻✳✶✷✿ ❉❡s✈✐♦s r❡❧❛t✐✈♦s ❞❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s ❡♠ ❢✉♥çã♦ ❞♦s ✐♥t❡r✲
✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ ❞♦s ❡✈❡♥t♦s✳

✼✵
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❋✐❣✉r❛ ✻✳✶✸✿ ❉❡s✈✐♦s r❡❧❛t✐✈♦s ❞❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s ❡♠ ❢✉♥çã♦ ❞♦s ✐♥t❡r✲
✈❛❧♦s ❞❡ â♥❣✉❧♦ ③❡♥✐t❛❧ ❞♦s ❡✈❡♥t♦s✳

❋✐❣✉r❛ ✻✳✶✹✿ ❋r❛çã♦ ❞❡ ❡✈❡♥t♦s ❝♦♠ ❛❧t❡r❛çõ❡s ❡♠ s✉❛s ❝♦♥❞✐çõ❡s ❞❡ s❡❧❡çã♦ ❡♠
❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✳
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❋✐❣✉r❛ ✻✳✶✺✿ ❋r❛çã♦ ❞❡ ❡✈❡♥t♦s ❝♦♠ ❛❧t❡r❛çõ❡s ❡♠ s✉❛s ❝♦♥❞✐çõ❡s ❞❡ s❡❧❡çã♦ ❡♠
❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧✳

✼✷



❈❛♣ít✉❧♦ ✼

❈♦♥❝❧✉sã♦

◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ r❡✈✐sã♦ ❞❡t❛❧❤❛❞❛ s♦❜r❡ ♦ ❞❡t❡❝t♦r ❞❡ s✉✲
♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ❞✐s❝✉t✐♥❞♦ s♦❜r❡ ❛ ✐♥str✉♠❡♥t❛çã♦ ❞♦s
t❛♥q✉❡s ❈❤❡r❡♥❦♦✈ ❡ s♦❜r❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s✱ r❡❛❧✐✲
③❛❞♦ ♥♦ s♦❢t✇❛r❡ ❖✤✐♥❡✳ ❋♦r❛♠ ❛♣r❡s❡♥t❛❞❛s ♠❡❞✐❞❛s ❞❡ ❝❛r❣❛ r❡❛❧✐③❛❞❛s ❝♦♠
♦ ❞❡t❡❝t♦r ❞❡ ❈❛♠♣✐♥❛s✱ q✉❡ ❛♣r❡s❡♥t❛r❛♠ ❛❧❣✉♠❛s ❞✐❢❡r❡♥ç❛s ❡♠ r❡❧❛çã♦ ❛ ♠❡✲
❞✐❞❛s ❛♥t❡r✐♦r❡s✳ Pr♦❜❧❡♠❛s ❞❡ ❡❧❡trô♥✐❝❛ ✐♠♣❡❞✐r❛♠ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦s t❡st❡s
❝♦♠ ♦ t❛♥q✉❡✳

❯t✐❧✐③❛♥❞♦ s✐♠✉❧❛çõ❡s ❞❡ ❡✈❡♥t♦s ♥♦ ❖✤✐♥❡✱ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦ s♦❜r❡
❛s ❝♦♥s❡q✉ê♥❝✐❛s ❞❛ ❡①❝❧✉sã♦ ❞❡ ❡st❛çõ❡s ♥❛ r❡❝♦♥str✉çã♦✳ ❋♦✐ ♠♦str❛❞♦ q✉❡ ❛
r❡❝♦♥str✉çã♦ ❞❡✐①❛ ❞❡ s❡r ❝♦♥✜á✈❡❧ q✉❛♥❞♦ ✉♠❛ ❡st❛çã♦ ♣ró①✐♠❛ ❛♦ ❝❡♥tr♦ ❞♦
❝❤✉✈❡✐r♦ é ❡①❝❧✉í❞❛✱ ❝❛✉s❛♥❞♦ ✉♠ ❞❡s✈✐♦ r❡❧❛t✐✈♦ ❞❡ ♠❛✐s ❞❡ 40% ♥❛ ❡♥❡r❣✐❛
❞♦ ❡✈❡♥t♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❛s♦ ❡♠ q✉❡ t♦❞❛s ❛s ❡st❛çõ❡s sã♦ ✉t✐❧✐③❛❞❛s✳ ❆ ❡①✲
❝❧✉sã♦ ❞❡ ❡st❛çõ❡s ♠❛✐s ❞✐st❛♥t❡s✱ ♥♦ ♣r✐♠❡✐r♦ ♦✉ s❡❣✉♥❞♦ ❤❡①á❣♦♥♦ ❡♠ t♦r♥♦
❞❛ ♣r✐♥❝✐♣❛❧✱ t❛♠❜é♠ ✐♥✢✉❡♥❝✐❛ ♥❛s ❣r❛♥❞❡③❛s r❡❝♦♥str✉í❞❛s✱ ♠❛s ♦s ❡❢❡✐t♦s sã♦
♠✉✐t♦ ♠❡♥♦r❡s✱ ♥ã♦ s❡♥❞♦ s✉❛ ♣❛rt✐❝✐♣❛çã♦ t♦t❛❧♠❡♥t❡ ♥❡❝❡ssár✐❛ ♣❛r❛ ❣❛r❛♥t✐r
❛ q✉❛❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦✳ ❉❡st❛ ❢♦r♠❛✱ ❝♦♥✜r♠❛✲s❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉s❛r
♦ ❝r✐tér✐♦ ❞❡ ❝♦rt❡ ❚✺✱ ❞❡ ❢♦r♠❛ ❛ ❡✈✐t❛r s✐t✉❛çõ❡s ❡♠ q✉❡ ❛ r❡❝♦♥str✉çã♦ ♥ã♦
♣r♦❞✉③ r❡s✉❧t❛❞♦s ❝♦♥✜á✈❡✐s✳

❊♠ ✉♠❛ ♦✉tr❛ ❛♥á❧✐s❡✱ ❢♦r❛♠ s✐♠✉❧❛❞♦s ❡✈❡♥t♦s s❡♥❞♦ ❞❡t❡❝t❛❞♦s ♣♦r ✉♠❛
❡st❛çã♦ ❝❡♥tr❛❧ q✉❡ t❡✈❡ s❡✉ ♥ú♠❡r♦ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s r❡❞✉③✐❞♦ ♣❛r❛ ❞✉❛s
❡ ❞❡♣♦✐s ❛♣❡♥❛s ✉♠❛✳ ❘❡❝♦♥str✉✐♥❞♦ ❡st❡s ❡✈❡♥t♦s✱ ♥♦t♦✉✲s❡ ✉♠ ✐♠♣❛❝t♦ ♠✉✐t♦
♣❡q✉❡♥♦ ♥❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✱ ❞❡✈✐❞♦ ❛ ❡st❛ ❛❧t❡r❛çã♦ ♥♦ t❛♥q✉❡✳
P♦rt❛♥t♦✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ é ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❛♣❡♥❛s ✉♠❛ P▼❚ ♥♦s ❞❡t❡❝t♦r❡s✱
♠❛s ♠❡❞✐❞❛s r❡❛✐s ❞❡✈❡♠ s❡r r❡❛❧✐③❛❞❛s ♣❛r❛ ❝♦♥✜r♠❛r ❡st❡ ❢❛t♦✱ ♣♦✐s ♣r♦❜❧❡✲
♠❛s r❡❧❛❝✐♦♥❛❞♦s ❛♦ tr✐❣❣❡r ♣♦❞❡♠ s✉r❣✐r✱ ❥á q✉❡ ♥♦r♠❛❧♠❡♥t❡ é ✉t✐❧✐③❛❞❛ ❛
❝♦✐♥❝✐❞ê♥❝✐❛ tr✐♣❧❛ ❞♦s s✐♥❛✐s ❡♠ ❝❛❞❛ t❛♥q✉❡✳ ❆❧é♠ ❞✐ss♦✱ ❡♠ ✉♠❛ ❡st❛çã♦
❝♦♠ ❛♣❡♥❛s ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛✱ q✉❛❧q✉❡r ♣r♦❜❧❡♠❛ té❝♥✐❝♦ ✐♥✉t✐❧✐③❛r✐❛ ♦
❞❡t❡❝t♦r✱ ❛té q✉❡ ❢♦ss❡ r❡❛❧✐③❛❞❛ ✉♠❛ ♠❛♥✉t❡♥çã♦✱ ♦ q✉❡ ♥❡♠ s❡♠♣r❡ ♦❝♦rr❡
♥♦s t❛♥q✉❡s ❝♦♠ três P▼❚s✱ q✉❡ ♣♦❞❡♠ ❝♦♥t✐♥✉❛r ♦♣❡r❛♥❞♦ ❝♦♠ ✉♠ ♥ú♠❡r♦
✐♥❢❡r✐♦r ❛té q✉❡ ✉♠❛ ✐♥t❡r✈❡♥çã♦ s❡❥❛ r❡❛❧✐③❛❞❛✳ ❈♦♠♦ ❥á ❞✐s❝✉t✐❞♦✱ ❛ ♣❡r❞❛
❞❡ ✉♠❛ ❡st❛çã♦ ♣♦❞❡ ✐♠♣❡❞✐r ❛ r❡❝♦♥str✉çã♦ ❞❡ ✉♠ ❡✈❡♥t♦ ♦❝♦rr✐❞♦ ❡♠ s✉❛s
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♣r♦①✐♠✐❞❛❞❡s✱ s❡♥❞♦ ❛❧❣♦ ✐♥❞❡s❡❥á✈❡❧✳
❆♥❛❧✐s❛♥❞♦ ❡✈❡♥t♦s r❡❛✐s ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❢♦✐ ♣♦ssí✈❡❧ ❝♦♥✜r✲

♠❛r ❛❧❣✉♥s r❡s✉❧t❛❞♦s ❛♥t❡r✐♦r❡s✱ ♠♦str❛♥❞♦ q✉❡ ❛ ❡st❛çã♦ ♣r✐♥❝✐♣❛❧ t❡♠ ❣r❛♥❞❡
✐♠♣♦rtâ♥❝✐❛ ♥❛ r❡❝♦♥str✉çã♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ q✉❛♥❞♦ ♣♦✉❝❛s ❡st❛çõ❡s ♣❛rt✐❝✐♣❛✲
r❛♠ ❞❛ ❞❡t❡❝çã♦✳ ❯♠ ❢❛t♦ ✐♠♣♦rt❛♥t❡ ❛ s❡ ❞❡st❛❝❛r✱ é q✉❡ ❛ ❡①❝❧✉sã♦ ❞❛ ❡st❛çã♦
♣r✐♥❝✐♣❛❧ ❝❛✉s❛ ✉♠❛ ❣r❛♥❞❡ ♣❡r❞❛ ❞❡ ❡✈❡♥t♦s✱ ❥á q✉❡ ❡❧❡s ❞❡✐①❛♠ ❞❡ s❛t✐s❢❛③❡r ❛s
❝♦♥❞✐çõ❡s ♠í♥✐♠❛s ♣❛r❛ r❡❝♦♥str✉çã♦ ♦✉ s✐♠♣❧❡s♠❡♥t❡ ♥ã♦ s❛t✐s❢❛③❡♠ ♦ ❝r✐tér✐♦
❚✺✱ ♣r♦✈❛♥❞♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ♠❛♥t❡r ❛s ❡st❛çõ❡s s❡♠♣r❡ ❡♠ ❢✉♥❝✐♦♥❛♠❡♥t♦✱
❛✜♠ ❞❡ ❡✈✐t❛r ✉♠❛ ♣❡r❞❛ ❞❡ ❡✜❝✐ê♥❝✐❛ ♥♦ ❡①♣❡r✐♠❡♥t♦✳

▼❛✐s ✉♠❛ ✈❡③✱ é ✐♠♣♦rt❛♥t❡ ❧❡♠❜r❛r q✉❡ ❛s ❛♥á❧✐s❡s r❡❛❧✐③❛❞❛s ♥ã♦ t✐✈❡r❛♠
✉♠❛ s✐st❡♠❛t✐③❛çã♦ ♠✉✐t♦ ❝♦♠♣❧❡①❛✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ r❡♣❡t✐✲❧❛s ♣❛r❛ ❞✐❢❡r❡♥t❡s
❝❛s♦s✱ ❝♦♠ ♠❛✐s ❡✈❡♥t♦s ❡ ❛ ♦✉tr❛s ❡♥❡r❣✐❛s ❡ ✐♥❝❧✐♥❛çõ❡s✳
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❡♥❡r❣② s♣❡❝tr✉♠ ❛❜♦✈❡ 1018 ❡❱ ♠❛❞❡ ✉s✐♥❣ t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱✑
Pr♦❝❡❡❞✐♥❣s ♦❢ ✸✷♥❞ ■❈❘❈✱ ✷✵✶✶✳

❬✾❪ ❈✳ ❙♦♥❣✱ ❩✳ ❈❛♦✱ ❇✳ ❘✳ ❉❛✇s♦♥✱ ❇✳ ❊✳ ❋✐❝❦✱ P✳ ❙♦❦♦❧s❦②✱ ❳✳ ❩❤❛♥❣✱ ✏❊♥❡r❣②
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❬✶✷❪ P✐❡rr❡ ❆✉❣❡r ❈♦❧❧❛❜♦r❛t✐♦♥✱ ✏❆♥ ✉♣♣❡r ❧✐♠✐t t♦ t❤❡ ♣❤♦t♦♥ ❢r❛❝t✐♦♥ ✐♥ ❝♦s✲
♠✐❝ r❛②s ❛❜♦✈❡ 1019 ❡✈ ❢r♦♠ t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱✑ ❆str♦♣❛rt✐❝❧❡
P❤②s✐❝s✱ ✈♦❧✳ ✷✼✱ ♣♣✳ ✶✺✺✕✶✻✽✱ ✷✵✵✼✳

❬✶✸❪ P✐❡rr❡ ❆✉❣❡r ❈♦❧❧❛❜♦r❛t✐♦♥✱ ✏❯♣♣❡r ❧✐♠✐t ♦♥ t❤❡ ❝♦s♠✐❝✲r❛② ♣❤♦t♦♥ ❢r❛❝t✐♦♥
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