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❆❣r❛❞❡❝✐♠❡♥t♦s

❖ ❡♥♦r♠❡ ❡s❢♦rç♦ ❡♠♣r❡❣❛❞♦ ♥❛ ❝♦♥❝❡♣çã♦ ❞❡st❛ t❡s❡ ❢♦✐ s❡❣✉✐❞♦ ❞❡ ♣❡rt♦ ❡ ❛♣♦✐❛❞♦ ✐♥✲

❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ♣❡❧❛ ♠✐♥❤❛ ❢❛♠í❧✐❛✳ ➱ ❝♦♠ t♦❞♦ ♦ ❝♦r❛çã♦ q✉❡ ❡①♣r❡ss♦ ♠❡✉s s✐♥❝❡r♦s

❛❣r❛❞❡❝✐♠❡♥t♦s ❛♦ ♠❡✉ ✐r♠ã♦✱ ♠❡✉ ♣❛✐ ❡ ♠✐♥❤❛ ♠ã❡✳ ❆♠♦ ♠✉✐t♦ t♦❞♦s ✈♦❝ês✳

❙♦✉ ❜❛st❛♥t❡ ❛❣r❛❞❡❝✐❞♦ ❛♦s ♠❡♠❜r♦s ❞♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❘❛✐♦s ❈ós♠✐❝♦s ❡

❈r♦♥♦❧♦❣✐❛✱ ❞♦ ■♥st✐t✉t♦ ❞❡ ❋ís✐❝❛ ●❧❡❜ ❲❛t❛❣❤✐♥ ❞❛ ❯♥✐❝❛♠♣✱ ❡ ❛♦s ♠❡♠❜r♦s ❞❛ ❈♦✲

❧❛❜♦r❛çã♦ ❆✉❣❡r q✉❡ ❝♦♥❤❡❝✐ ❛♦ ❧♦♥❣♦ ❞♦s ú❧t✐♠♦s ❛♥♦s✳ ❊ss❡s ót✐♠♦s ❝✐❡♥t✐st❛s s❡♠♣r❡

s❡ ♠♦str❛r❛♠ s♦❧í❝✐t♦s ❡♠ r❡s♣♦♥❞❡r ♠✐♥❤❛s q✉❡stõ❡s ❡ s✉❛s s✉❣❡stõ❡s ❢r❡qü❡♥t❡♠❡♥t❡

♠❡ ❧❡✈❛r❛♠ ❛♦ s✉❝❡ss♦✳

➚ ♣r♦❢❡ss♦r❛ ❈❛r♦❧❛✱ ♠✉✐t♦ ♠❛✐s ❞♦ q✉❡ ✉♠❛ ♣❡sq✉✐s❛❞♦r❛ ❢❛♥tást✐❝❛ ❡ ♦r✐❡♥t❛❞♦r❛

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

♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞❛ ♠✐♥❤❛ ♣❡ss♦❛✳ ❆ss✐♠ ❝♦♠♦ ❝♦♠ ♦✉tr♦s ❡①✲❛❧✉♥♦s✱ ❡s♣❡r♦ q✉❡ ♥♦ss♦

r❡❧❛❝✐♦♥❛♠❡♥t♦ s❡ ❡st❡♥❞❛ ❛❧é♠ ❞♦ ❞♦✉t♦r❛❞♦ ❡ q✉❡ s✉❛ ♣r❡s❡♥ç❛ ♥❛ ♠✐♥❤❛ ✈✐❞❛ ♥ã♦ s❡

t♦r♥❡ ❛♣❡♥❛s ✉♠❛ ❧❡♠❜r❛♥ç❛✳

P♦r ✜♠✱ ❛❣r❛❞❡ç♦ ❛ ❈♦♦r❞❡♥❛çã♦ ❞❡ ❆♣❡r❢❡✐ç♦❛♠❡♥t♦ ❞❡ P❡ss♦❛❧ ❞❡ ◆í✈❡❧ ❙✉♣❡✲

r✐♦r ✭❈❆P❊❙✮ ♣❡❧♦ ✜♥❛♥❝✐❛♠❡♥t♦ ❞❛ ♠✐♥❤❛ ♣❡sq✉✐s❛ ❡ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ tr❛❜❛❧❤❛r

❞✐r❡t❛♠❡♥t❡ ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♥❛ ❆r❣❡♥t✐♥❛✱ ❡♥tr❡ ❥✉♥❤♦ ❡ ❥✉❧❤♦ ❞❡ ✷✵✵✾✳ ❆♣❡s❛r

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

✢✉♦r❡s❝ê♥❝✐❛✱ ♦ ✈❛❧♦r ❞♦ ❛♣r❡♥❞✐③❛❞♦ ✐♥t❡❧❡❝t✉❛❧ ❡ ♣❡ss♦❛❧ ❥✉♥t♦ ❛ ♦✉tr♦s ♠❡♠❜r♦s ❞❛

❝♦❧❛❜♦r❛çã♦ ❢♦✐ ✐♥❡st✐♠á✈❡❧✳

✈
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❘❡s✉♠♦

❊st❛ t❡s❡ ❛♣r❡s❡♥t❛ ✉♠ ❡st✉❞♦ ❞❛s ❞❡✢❡①õ❡s ♥❛s tr❛❥❡tór✐❛s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r✲

❣✐❛ ✉❧tr❛✲❛❧t❛ ✭> 1018 ❡❱✮ ❞❡✈✐❞♦ à s✉❛ ♣r♦♣❛❣❛çã♦ ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳

P❛rt✐♥❞♦ ❞❡ ❞❛❞♦s ❝♦❧❡t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❆r❣❡♥t✐♥❛✱ ❛

té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❢♦✐ ❛♣❧✐❝❛❞❛ s♦❜ ❞✐✈❡rs❛s ❤✐♣ót❡s❡s r❡❧❛t✐✈❛s à ❝❛r❣❛ ❡❧étr✐❝❛ ❞♦

♥ú❝❧❡♦ ♣r✐♠ár✐♦✳

❯♠❛ s✐t✉❛çã♦ ❤✐stór✐❝❛ é ❢❡✐t❛ ❞❡s❞❡ ❛ é♣♦❝❛ ❞❛ ❞❡s❝♦❜❡rt❛ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛

❛té ❛s ú❧t✐♠❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦ ❞❡s❡♥✈♦❧✈✐❞❛s ♣♦r P✐❡rr❡ ❆✉❣❡r✱ ❞❡s❝♦❜r✐❞♦r ❞♦s

❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✳ ❆ ♥❛t✉r❡③❛ ❞❛s ❝❛s❝❛t❛s é ❞❡s❝r✐t❛ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦

❞❡ ❝♦♠♦ ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛s sã♦ ✐♥❢❡r✐❞❛s ❛tr❛✈és ❞♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❤♦❥❡✳

❆❧❣✉♥s ❞❡t❛❧❤❡s ❞♦ ❡s♣❡❝tr♦ ❞♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛s ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s sã♦

❡①♣♦st♦s✳

❆s ♠❡t♦❞♦❧♦❣✐❛s r❡❧❛t✐✈❛s ❛♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❛♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í✲

❝✐❡✱ ❡♠♣r❡❣❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ sã♦ ✐♥tr♦❞✉③✐❞❛s✳ ➱ ❡st❛❜❡❧❡❝✐❞❛ ✉♠❛ r❡❧❛çã♦

❡♥tr❡ ❛♠❜❛s ❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ✐♠♣♦rt❛♥t❡s✱ ♦❜t✐❞♦s ♥♦s ú❧t✐✲

♠♦s ❛♥♦s ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ sã♦ ❛♣r❡s❡♥t❛❞♦s✳

➱ ❢❡✐t❛ ✉♠❛ ❞❡s❝r✐çã♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡♠ ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s

❡ ❞❡ ❞❛❞♦s ♦❜s❡r✈❛❝✐♦♥❛✐s ❞❛ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ♣❛r❛ ❡♠❜❛s❛r ❛ ❡s❝♦❧❤❛ ❞♦s ♠♦❞❡❧♦s ❞❡

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

♣♦r q✉❡ é ✐♥t❡r❡ss❛♥t❡ ❝♦♥s✐❞❡r❛r ❝❡rt♦s ♦❜❥❡t♦s ❛❝❡❧❡r❛❞♦r❡s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡s ❞❡

r❛✐♦s ❝ós♠✐❝♦s✳

❆ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛ ♥❛ ❱✐❛ ▲á❝t❡❛ é ❡♥tã♦ ❝❛r❛❝t❡r✐③❛❞❛ ❡♠ r❡❧❛çã♦ ❛♦s

❞❛❞♦s ❞❡ ❡✈♦❧✉çã♦ ❡st❡❧❛r ❡ ♣❛ss❛ ❛ s❡r ❛ss✉♠✐❞❛ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛ ♥✉❝❧❡♦ssí♥t❡s❡

❡❧❡♠❡♥t❛r ♦❝♦rr❡ ❞❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡ ❡♠ ♦✉tr❛s ❣❛❧á①✐❛s✳ ❊♠ s❡❣✉✐❞❛✱ sã♦ ❞❡✜♥✐❞♦s ♦s

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

❡ ❤❛❧♦ ❞❛ ❣❛❧á①✐❛✳ ❆ s✉♣❡r♣♦s✐çã♦ ❞❡ ✉♠ ♠♦❞❡❧♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ✐rr❡❣✉❧❛r t❛♠❜é♠ é

❝♦♥s✐❞❡r❛❞❛✳

❆ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❞❡ ❛♥t✐♣❛rtí❝✉❧❛s ✭❡✱ ❡q✉✐✈❛❧❡♥t❡♠❡♥t❡✱ ♦ ❢♦r✇❛r❞tr❛❝❦✲

✐♥❣ ❞❡ ♣❛rtí❝✉❧❛s✮ é ❞❡s❝r✐t❛ s❡❣✉♥❞♦ ✉♠ ♥♦✈♦ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ❞❡ ♣❛ss♦s ❛❞❛♣t❛t✐✈♦s

✐♥tr♦❞✉③✐❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳ ❆❧❣✉♠❛s ❢❡rr❛♠❡♥t❛s ❞❡ ❛♥á❧✐s❡ sã♦ ♣r♦♣♦st❛s ❛ ♣❛rt✐r

❞♦s ❞❛❞♦s ❞❡ r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s✳ ❊♠ ú❧t✐♠❛ ❛♥á❧✐s❡✱ é ❞❡♠♦♥str❛❞♦ q✉❡ ❡ss❡

♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♥❝♦r❞❛ ❝♦♠ ♦ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ❞❡ ❘✉♥❣❡ ❡ ❑✉tt❛ ❞❡ q✉❛rt❛

♦r❞❡♠✳

✈✐✐



❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❛ t❡s❡ ❧❡✈❛♠ à ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ s❡ ♦s ♠♦❞❡❧♦s ♣r❡✲

s❡♥t❡s ❞❡s❝r❡✈❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛r❣❛ ❡s❝❛❧❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱

❡♥tã♦ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ sã♦ s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ❞❡✢❡t✐❞♦s ❞✉r❛♥t❡

❛ ♣r♦♣❛❣❛çã♦✳ P❛r❛ ✉♠ ❡✈❡♥t♦ r❡❛❧ ❞❡t❡❝t❛❞♦ ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛ ❡s❝♦❧❤❛ ❞❛

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♥ú❝❧❡♦s ♣r♦❞✉③✐❞♦s ♥❛s r❡❛çõ❡s ❞❡ ♥✉❝❧❡♦ssí♥t❡s❡

❡st❡❧❛r ♣❡r♠✐t✐✉ ✐♥❞✐❝❛r r❡❣✐õ❡s ❞❛ ❱✐❛ ▲á❝t❡❛ q✉❡ ♣♦❞❡♠ ❛❜r✐❣❛r ♦❜❥❡t♦s ❛str♦❢ís✐✲

❝♦s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡✳ ❆ss✉♠✐♥❞♦ q✉❡ ✉♠ ♠❛❣♥❡t❛r ❣❛❧á❝t✐❝♦ ❛t✐✈♦ ❝♦♥❤❡❝✐❞♦ r❛❞✐❡

♣❛rtí❝✉❧❛s ❝♦♠ E > 1019 ❡❱✱ ❢♦✐ ♣♦ssí✈❡❧ ♣r❡✈❡r ❡①❝❡ss♦s ❞♦ ✢✉①♦ ❜❡♠ ❧♦❝❛❧✐③❛❞♦s ❡♠

❝❡rt❛s ❞✐r❡çõ❡s ❞♦ ❝é✉✳ ❏á ❛ ❞❡♣❧❡çã♦ ❞❡ss❡ ✢✉①♦ ♥❛ ❞✐r❡çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠

♣♦❞❡ s❡r ❡①♣❧✐❝❛❞❛ ❛tr❛✈és ❞❛ ✐♠♣♦s✐çã♦ ❞❡ ❧✐♠✐t❡s ♥❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ r❛❞✐❛çã♦

❝ós♠✐❝❛ ❝♦♠ ✐♥❝✐❞ê♥❝✐❛ ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦✳ P♦r ú❧t✐♠♦✱ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡

❆●◆s s❡❥❛♠ ❛s ❢♦♥t❡s ❞♦s ♥ú❝❧❡♦s ❛tô♠✐❝♦s ✉❧tr❛✲❡♥❡r❣ét✐❝♦s ♦❜s❡r✈❛❞♦s✱ ✉♠❛ r❡❧❛çã♦

❡♥tr❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é ❞❡r✐✈❛❞❛✳

✈✐✐✐



❆❜str❛❝t

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ st✉❞② ♦❢ t❤❡ ❞❡✢❡❝t✐♦♥s ♦❢ ✉❧tr❛✲❤✐❣❤ ❡♥❡r❣② ✭> 1018 ❡❱✮ ❝♦s♠✐❝

r❛②s ❝❛✉s❡❞ ❜② ✐ts ♣r♦♣❛❣❛t✐♦♥ t❤r♦✉❣❤ t❤❡ ❧❛r❣❡ s❝❛❧❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ t❤❡ ▼✐❧❦② ❲❛②✳

❋r♦♠ ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱ ✐♥ ❆r❣❡♥t✐♥❛✱ t❤❡ ❜❛❝❦tr❛❝❦✐♥❣

t❡❝❤♥✐q✉❡ ✇❛s ❛♣♣❧✐❡❞ ✉♥❞❡r s❡✈❡r❛❧ ❤②♣♦t❤❡s❡s r❡❧❛t✐✈❡ t♦ t❤❡ ❡❧❡❝tr✐❝ ❝❤❛r❣❡ ♦❢ t❤❡

♣r✐♠❛r② ♥✉❝❧❡✉s✳

❆ ❤✐st♦r✐❝❛❧ r❡✈✐❡✇ ✐s ❣✐✈❡♥ s✐♥❝❡ t❤❡ ❞✐s❝♦✈❡r② ♦❢ t❤❡ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ ✉♥t✐❧ t❤❡

❧❛st ❞❡t❡❝t✐♦♥ t❡❝❤♥✐q✉❡s ❞❡✈❡❧♦♣❡❞ ❜② P✐❡rr❡ ❆✉❣❡r✱ ✇❤♦ ✇❛s t❤❡ ❞✐s❝♦✈❡r❡r ♦❢ ❡①t❡♥s✐✈❡

❛✐r s❤♦✇❡rs✳ ❚❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❝❛s❝❛❞❡s ✐s ❞❡s❝r✐❜❡❞ ❢♦r ❛♥ ✉♥❞❡rst❛♥❞✐♥❣ ❛❜♦✉t ❤♦✇ t❤❡

❛rr✐✈❛❧ ❞✐r❡❝t✐♦♥s ❛♥❞ ❡♥❡r❣✐❡s ❛r❡ ✐♥❢❡rr❡❞ ❢r♦♠ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ t♦❞❛②✳ ❙♦♠❡

❞❡t❛✐❧s r❡❣❛r❞✐♥❣ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ❝♦s♠✐❝ r❛② ✢✉① ❛t t❤❡ ❤✐❣❤❡st ❡♥❡r❣✐❡s ❛r❡ ❡①♣♦s❡❞✳

❚❤❡ ♠❡t❤♦❞♦❧♦❣✐❡s r❡❧❛t✐✈❡ t♦ t❤❡ ✢✉♦r❡s❝❡♥❝❡ t❡❧❡s❝♦♣❡s ❛♥❞ t❤❡ s✉r❢❛❝❡ ❛rr❛②✱

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

❜♦t❤ t❡❝❤♥✐q✉❡s ♦❢ ❞❡t❡❝t✐♦♥ ❛♥❞ s♦♠❡ ✐♠♣♦rt❛♥t r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❧❛st ②❡❛rs ❜②

t❤❡ ❆✉❣❡r ❈♦❧❧❛❜♦r❛t✐♦♥ ❛r❡ ♣r❡s❡♥t❡❞✳

❆ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❞②♥❛♠✐❝s ✐♥ ❛str♦♣❤②s✐❝❛❧ ♣❧❛s♠❛s ❛♥❞ t❤❡

♦❜s❡r✈❛t✐♦♥❛❧ ❞❛t❛ ♦❢ ❋❛r❛❞❛② r♦t❛t✐♦♥ s❡r✈❡ ❛s ❛ ❜❛s✐s ❢♦r t❤❡ ❝❤♦✐❝❡ ♦❢ ❣❛❧❛❝t✐❝ ♠❛❣♥❡t✐❝

✜❡❧❞ ♠♦❞❡❧s✳ ▼❛❣♥❡t♦❤②❞r♦❞②♥❛♠✐❝s ✐s ❛❧s♦ ✉s❡❞ t♦ ❡①♣❧❛✐♥ ✇❤② ✐t ✐s ✐♥t❡r❡st✐♥❣ t♦

❝♦♥s✐❞❡r ❝❡rt❛✐♥ ♦❜❥❡❝ts ❛s ❝❛♥❞✐❞❛t❡s ❢♦r t❤❡ s♦✉r❝❡ ❛♥❞ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ❝♦s♠✐❝ r❛②s✳

❚❤❡ ▼✐❧❦② ❲❛② ✐s t❤❡♥ ❝❤❛r❛❝t❡r✐③❡❞ ✐♥ r❡s♣❡❝t t♦ st❡❧❧❛r ❡✈♦❧✉t✐♦♥ ❞❛t❛ ❛♥❞ t❤❡

❤②♣♦t❤❡s❡s t❤❛t t❤❡ ♥✉❝❧❡♦s②♥t❤❡s✐s ♦❢ t❤❡ ❡❧❡♠❡♥ts ♦❝❝✉rs ✐♥ ❛ s✐♠✐❧❛r ✇❛② ✐♥ ♦t❤❡r

❣❛❧❛①✐❡s ✐s ❛ss✉♠❡❞✳ ❋✐♥❛❧❧②✱ ♠♦❞❡❧s t♦ ❞❡s❝r✐❜❡ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞s ✐♥ t❤❡ ❜✉❧❣❡✱ ❞✐s❦

❛♥❞ ❤❛❧♦ r❡❣✐♦♥s ❛r❡ ❞❡✜♥❡❞✳ ❚❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❛ ♠♦❞❡❧ ❢♦r t❤❡ ✐rr❡❣✉❧❛r ❝♦♠♣♦♥❡♥t

✐s ❛❧s♦ ❝♦♥s✐❞❡r❡❞✳

❚❤❡ ❜❛❝❦tr❛❝❦✐♥❣ t❡❝❤♥✐q✉❡ ♦❢ ❛♥t✐♣❛rt✐❝❧❡s ✭❛♥❞ ❡q✉✐✈❛❧❡♥t❧②✱ t❤❡ ❢♦r✇❛r❞tr❛❝❦✲

✐♥❣ ♦❢ ♣❛rt✐❝❧❡s✮ ✐s ❞❡s❝r✐❜❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ ♥❡✇ ♥✉♠❡r✐❝❛❧ ❛❞❛♣t✐✈❡ st❡♣s✐③❡ ♠❡t❤♦❞

✐♥tr♦❞✉❝❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❙♦♠❡ ❛♥❛❧②s✐s t♦♦❧s ❛r❡ ♣r♦♣♦s❡❞ ❜❛s❡❞ ♦♥ ❞❛t❛ ❢r♦♠ t❤❡

r❡❝♦♥str✉❝t❡❞ tr❛❥❡❝t♦r✐❡s✳ ▲❛st❧②✱ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ♠❡t❤♦❞ ❞❡✈❡❧♦♣❡❞ ❤❡r❡ ❛❣r❡❡s

✇✐t❤ t❤❡ ❢♦✉rt❤✲♦r❞❡r ❘✉♥❣❡✲❑✉tt❛ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞✳

❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐s t❤✐s t❤❡s✐s ❧❡❛❞ t♦ t❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t ✐❢ t❤❡ ♣r❡s❡♥t

♠♦❞❡❧s ❞❡s❝r✐❜❡ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ ❧❛r❣❡ s❝❛❧❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦❢ t❤❡ ▼✐❧❦② ❲❛②✱ t❤❡♥

✉❧tr❛✲❤✐❣❤ ❡♥❡r❣② ❝♦s♠✐❝ r❛②s ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❞❡✢❡❝t❡❞ ❞✉r✐♥❣ ♣r♦♣❛❣❛t✐♦♥✳ ❋♦r ❛

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

✐①



❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♥✉❝❧❡✐ ♣r♦❞✉❝❡❞ ✐♥ st❡❧❧❛r ♥✉❝❧❡♦s②♥t❤❡s✐s r❡❛❝t✐♦♥s ❛❧❧♦✇❡❞ t♦

♣✐♥♣♦✐♥t r❡❣✐♦♥s ✐♥s✐❞❡ t❤❡ ▼✐❧❦② ❲❛② t❤❛t ❝❛♥ ❤♦✉s❡ ❛str♦♣❤②s✐❝❛❧ ♦❜❥❡❝ts ❛s ❝❛♥❞✐❞❛t❡

s♦✉r❝❡s✳ ❆ss✉♠✐♥❣ t❤❛t ❛ ❦♥♦✇♥ ❛❝t✐✈❡ ❣❛❧❛❝t✐❝ ♠❛❣♥❡t❛r r❛❞✐❛t❡s ♣❛rt✐❝❧❡s ✇✐t❤ E >

1019 ❡❱✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♣r❡❞✐❝t ✇❡❧❧ ❧♦❝❛❧✐③❡❞ ✢✉① ❡①❝❡ss❡s ✐♥ ❝❡rt❛✐♥ ❞✐r❡❝t✐♦♥s ♦❢ t❤❡

s❦②✳ ❚❤❡ ❞❡♣❧❡t✐♦♥ ♦❢ t❤❛t ✢✉① ✐♥ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❱✐r❣♦ ❈❧✉st❡r ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜②

t❤❡ ✐♠♣♦s✐t✐♦♥ ♦❢ ❧✐♠✐ts ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ ✇✐t❤ ✐♥❝✐❞❡♥❝❡

♥♦r♠❛❧ t♦ t❤❡ ❣❛❧❛❝t✐❝ ♣❧❛♥❡✳ ■♥ t❤❡ ❧❛st ♣❧❛❝❡✱ ✉♥❞❡r t❤❡ ❤②♣♦t❤❡s✐s t❤❛t ❆●◆ ❛r❡

s♦✉r❝❡s ♦❢ t❤❡ ♦❜s❡r✈❡❞ ✉❧tr❛✲❤✐❣❤ ❡♥❡r❣② ❛t♦♠✐❝ ♥✉❝❧❡✐✱ ❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ♣❛rt✐❝❧❡ ❡♥❡r❣② ✐s ❞❡r✐✈❡❞✳

①



❙✉♠ár✐♦

■♥tr♦❞✉çã♦ ✶

✶ ❘❛✐♦s ❝ós♠✐❝♦s ✺

✶✳✶ ❘❛❞✐❛çõ❡s ✐♦♥✐③❛♥t❡s✿ ♣r✐♠❡✐r♦s ❡①♣❡r✐♠❡♥t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✷ ❖s tr❛❜❛❧❤♦s ❞❡ P✐❡rr❡ ❆✉❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✶✳✸ ❈❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✸✳✶ ❊♥❡r❣✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸✳✷ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✶✳✹ ❖ ❝♦rt❡ ❞❡ ●r❡✐s❡♥✲❩❛ts❡♣✐♥✲❑✉③✬♠✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✳✺ ❉❡t❛❧❤❡s ❞♦ ❡s♣❡❝tr♦ ❞❡ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷ ❖ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ✸✶

✷✳✶ ❙✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❧♦❝❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷✳✷ ❖s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✷✳✷✳✶ ❉❡t❡r♠✐♥❛çã♦ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❊❆❙ ♥♦ ♣❧❛♥♦ ❝❤✉✈❡✐r♦✲❞❡t❡❝t♦r ✳ ✳ ✸✼

✷✳✷✳✷ ❘❡❝♦♥str✉çã♦ ❞❛ ❡♥❡r❣✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✷✳✸ ❖ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✷✳✸✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❊❆❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

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

✷✳✹ ❈❛❧✐❜r❛çã♦ ❡ ❛ ❛♥á❧✐s❡ ❤í❜r✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✷✳✺ ❆q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ✐♠♣♦rt❛♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✸ ❈❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡♠ ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s ✺✼

✸✳✶ ❊s❝❛❧❛s ❣❛❧á❝t✐❝❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✳✷ ❖ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✸ ❖❜s❡r✈❛çã♦ ❞✐r❡❝✐♦♥❛❧ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✸✳✹ ❆ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✸✳✺ ❊❧❡tr♦❞✐♥â♠✐❝❛ ❞❡ ❝❛♠♣♦s ♠é❞✐♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✸✳✻ ■♥✈❛r✐â♥❝✐❛ ❛❞✐❛❜át✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✸✳✼ ❖ ♠❡❝❛♥✐s♠♦ ❞❡ ❋❡r♠✐ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✸✳✽ ▼❛❣♥❡t♦s❢❡r❛s ❞❡ ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✸✳✾ ◆ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s ✭❆●◆s✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

①✐



✹ ❆ ❱✐❛ ▲á❝t❡❛ ✾✶

✹✳✶ ▼♦r❢♦❧♦❣✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✹✳✷ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✹✳✸ ▲♦❝❛✐s ❞❡ ♣r♦❞✉çã♦ ❡ ❛❝❡❧❡r❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✹✳✸✳✶ ❊str❡❧❛s ❲♦❧❢✲❘❛②❡t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✹✳✸✳✷ ▼❛❣♥❡t❛r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾

✹✳✹ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✹✳✹✳✶ ❖ ❝❛♠♣♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✹✳✹✳✷ ❖ ❝❛♠♣♦ ♥♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✹✳✹✳✸ ❖ ❝❛♠♣♦ t♦t❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✺ ❆ té❝♥✐❝❛ ❞❡ ❜❛❝❦tr❛❝❦✐♥❣ ✶✷✾

✺✳✶ ▼ét♦❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✺✳✷ ❘❡❣✐õ❡s ♦♥❞❡ B (~r) ≈ 0 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✺✳✸ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Bmod (δ, ~r) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✺✳✹ ▼❛❣♥✐t✉❞❡ ❞♦s ✐♥❝r❡♠❡♥t♦s ❡s♣❛❝✐❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✺ ❚❡st❡ ❞❡ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✺✳✻ ❆ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛ ❞♦ ❝❛♠♣♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽

✺✳✼ ❖ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

✺✳✽ ❙✐st❡♠❛s ❞❡ r❡❢❡rê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✶

✺✳✾ ❱❛❧✐❞❛çã♦ ❞♦ ♠ét♦❞♦ ❞♦s ♣❛ss♦s ❛❞❛♣t❛t✐✈♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✺✳✾✳✶ Pr❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✉♥✐❢♦r♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✺✳✾✳✷ Pr❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❡♠ ✉♠♠♦❞❡❧♦ ♣❛r❛♠étr✐❝♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❣❛❧á❝t✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✺✳✾✳✸ ❖ ❜❡♥❝❤♠❛r❦ ❝♦♠ ♦s 27 ❡✈❡♥t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✺✳✾✳✹ ❈♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ♦s ♠ét♦❞♦s ♣❛r❛ 91 ❡✈❡♥t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

①✐✐



✻ ❘❡s✉❧t❛❞♦s ✶✺✶

✻✳✶ ❖ ❡✈❡♥t♦ 200433900047 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸
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■♥tr♦❞✉çã♦

❖ ♦❜❥❡t✐✈♦ ❞❡st❛ t❡s❡ é ✐♥✈❡st✐❣❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ s♦❜r❡

r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✭E & 1018 ❡❱✮ ❝♦♠ ♦ ✉s♦ ❞❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✳

❆ ❛♥á❧✐s❡ é ❜❛s❡❛❞❛ ♥❛ ❡s❝♦❧❤❛ ❡s♣❡❝í✜❝❛✱ ❡ ♣♦r ✈❡③❡s ❞❡❧✐❝❛❞❛✱ ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✳ ❖s r❡s✉❧t❛❞♦s✱ ❡♥tã♦✱ sã♦ ✉s❛❞♦s ♥❛

❜✉s❝❛ ♣❡❧❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧✱ ❛♥❣✉❧❛r ❡ t❡♠♣♦r❛❧ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ♦❜❥❡t♦s

❛str♦❢ís✐❝♦s r❡❧❛❝✐♦♥❛❞♦s à ♣r♦❞✉çã♦ ❞❡ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ❡ q✉❡ ♣♦ss✉❡♠ ❛t✐✈✐❞❛❞❡

♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛ s✐❣♥✐✜❝❛t✐✈❛✳ ❊♠ ♦✉tr♦s ❝❛s♦s✱ t✐♣♦s ❡st❡❧❛r❡s ♦✉ ❣❛❧á❝t✐❝♦s q✉❡

t❡♥❤❛♠ s✐❞♦ ❝❛r❛❝t❡r✐③❛❞♦s ❡ ❝❛t❛❧♦❣❛❞♦s sã♦ ✉s❛❞♦s✱ ❞❡ ❢♦r♠❛ ✐s♦❧❛❞❛ ♦✉ ❡♠ ❝♦♥❥✉♥t♦✱

❝♦♠♦ ❢♦♥t❡s ❤✐♣♦tét✐❝❛s ❞❡ r❛❞✐❛çã♦ ❝ós♠✐❝❛✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r

❞♦s ♥ú❝❧❡♦s s✐♠✉❧❛❞♦s✱ é ♣♦ssí✈❡❧ ♣r❡✈❡r q✉❛✐s ♣❛rtí❝✉❧❛s s❡r✐❛♠ ♣❛ssí✈❡✐s ❞❡ ❞❡t❡❝çã♦✱

❛❧é♠ ❞❡ s✉❛s ❞✐r❡çõ❡s ❛♣❛r❡♥t❡s ❞❡ ❝❤❡❣❛❞❛ ♥❛ ❚❡rr❛✳ ❆ ❡st❛ s❡❣✉♥❞❛ té❝♥✐❝❛ é ❞❛❞♦ ♦

♥♦♠❡ ❞❡ ❢♦r✇❛r❞tr❛❝❦✐♥❣✳

❖ ♣r✐♠❡✐r♦ ❝❛♣ít✉❧♦✱ ❞❡❞✐❝❛❞♦ ✐♥✐❝✐❛❧♠❡♥t❡ à ❤✐stór✐❛ ❞❛ ❞❡s❝♦❜❡rt❛ ❞♦s r❛✐♦s ❝ós✲

♠✐❝♦s ❛tr❛✈és ❞❛ ♦❜s❡r✈❛çã♦ ❞♦ ❡①❝❡ss♦ ❞❡ r❛❞✐❛çã♦ ♥♦ ❛♠❜✐❡♥t❡✱ s❡❣✉❡ ❡①♣♦♥❞♦ t♦❞♦s

♦s tr❛❜❛❧❤♦s ❞❡ P✐❡rr❡ ❱✐❝t♦r ❆✉❣❡r✱ ❢ís✐❝♦ ❢r❛♥❝ês q✉❡ ✐♥✐❝✐♦✉ ✉♠ ❡st✉❞♦ s✐st❡♠át✐❝♦

❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✳ ❆ s❡çã♦ s✉❜s❡qü❡♥t❡ tr❛③ ✉♠❛ ❜r❡✈❡ ❝❛r❛❝t❡r✐③❛çã♦

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

q✉í♠✐❝❛ ♣r✐♠ár✐❛✱ s❡♠ ❛ ♣r❡♦❝✉♣❛çã♦ ❞❡ ❞❡❜❛t❡r q✉❛❧q✉❡r ❤✐♣ót❡s❡ ❛❝❡r❝❛ ❞❛ ♦r✐❣❡♠ ❞❛

r❛❞✐❛çã♦✳ ❖s ♣r✐♠❡✐r♦s ♣❛ss♦s ♥❡ss❛ ❞✐r❡çã♦ sã♦ ❞❛❞♦s ♥❛s ❞✉❛s ú❧t✐♠❛s s❡çõ❡s ❞♦ ❝❛♣í✲

t✉❧♦ ✶✱ ♥❛s q✉❛✐s ❛ q✉❡stã♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s é tr❛t❛❞❛ ❝♦♠♦ ✉♠❛

✐♥✈❡st✐❣❛çã♦ ✐♥✐❝✐❛❧ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ❞❡t❡r♠✐♥❛r ❛s ❞✐stâ♥❝✐❛s ♣❡r❝♦rr✐❞❛s ❡ ♦s ♣r♦❝❡ss♦s

❡♥✈♦❧✈✐❞♦s ♥❛ ❛❝❡❧❡r❛çã♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✳

❯♠ ❛♣❛♥❤❛❞♦ ❞❡ tó♣✐❝♦s ❡ss❡♥❝✐❛✐s ❢♦✐ s✐♥t❡t✐③❛❞♦ ♥♦ ❝❛♣ít✉❧♦ ✷ ❛ ✜♠ ❞❡ ❡①♣❧✐❝❛r

♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❣❡r❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳ ❖s ❝♦♥❥✉♥t♦s ❞❡ t❡❧❡s❝ó♣✐♦s ❞❡

✢✉♦r❡s❝ê♥❝✐❛ ❡ ♦ ❛rr❛♥❥♦ ❞❡ ❞❡t❡❝t♦r❡s ❷❡r❡♥❦♦✈ sã♦ ❞❡s❝r✐t♦s ❥✉♥t♦ à ❢ís✐❝❛ q✉❡ ♣❡r♠✐t❡

✐♥❢❡r✐r ❛ ❞❡♣♦s✐çã♦ ❡♥❡r❣ét✐❝❛ ❞♦s ❝❤✉✈❡✐r♦s ❡①t❡♥s♦s ♥❛ ❛t♠♦s❢❡r❛✱ ❛❧é♠ ❞❛ r❡❝♦♥str✉✲

çã♦ ❞❛ ❞✐r❡çã♦ ❝❡❧❡st❡ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ à ❚❡rr❛✳ ❆ ❛♥á❧✐s❡ ❤í❜r✐❞❛

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

s❡♣❛r❛❞❛♠❡♥t❡ ❛tr❛✈és ❞❡ té❝♥✐❝❛s ❞✐st✐♥t❛s ♥♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❡ t❡❧❡s❝ó♣✐♦s✱

sã♦ ✈✐♥❝✉❧❛❞♦s ❡ r❡❛♥❛❧✐③❛❞♦s✳ ❆ ú❧t✐♠❛ s❡çã♦ ❞♦ ❝❛♣ít✉❧♦ ♠♦str❛ q✉❛✐s r❡s✉❧t❛❞♦s

sã♦ ♦❜t✐❞♦s ❡♠ ❝❛❞❛ ❢❛s❡ ❡✱ ♣♦r ✜♠✱ ❝♦♠♦ t♦❞❛s ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s ✐♥trí♥s❡❝❛s ❛♦

❖❜s❡r✈❛tór✐♦ ❆✉❣❡r sã♦ ✐♥t❡❣r❛❞❛s✱ ♣r♦❞✉③✐♥❞♦ ♦s r❡s✉❧t❛❞♦s q✉❡ ✈ê♠ s❡♥❞♦ ♣✉❜❧✐❝❛❞♦s

✶



♣❡❧❛ ❝♦❧❛❜♦r❛çã♦✳

◆♦ ❝❛♣ít✉❧♦ ✸✱ é ❝♦♥str✉í❞❛ ✉♠❛ ❜❛s❡ ♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❞♦s ♣r♦❝❡ss♦s ❡♥✈♦❧✈✐✲

❞♦s ♥❛ ❣❡r❛çã♦✱ ❞✐♥â♠✐❝❛ ❡ ♠❛♥✉t❡♥çã♦ ❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❛str♦❢ís✐❝♦s ❡♠ ❞✐✈❡rs❛s

❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡♥tr♦ ❞❛ ❣❛❧á①✐❛✳ ❯♠❛ ❜r❡✈❡ ✐♥tr♦❞✉çã♦ às ❞✐stâ♥❝✐❛s ❝♦♥✲

s✐❞❡r❛❞❛s é ❢❡✐t❛✱ ❛❝♦♠♣❛♥❤❛❞❛ ♣♦r ❡①❡♠♣❧♦s ♦❜s❡r✈❛❝✐♦♥❛✐s✳ ❚❛♠❜é♠ sã♦ ❥✉st✐✜❝❛❞❛s

❛s ❡s❝♦❧❤❛s ❞❛s ✉♥✐❞❛❞❡s ❞❡ ♠❡❞✐❞❛ ❞♦s ♣❛râ♠❡tr♦s q✉❡ s❡ r❡❧❛❝✐♦♥❛♠ ❝♦♠ ❡ss❛s ❞✐s✲

tâ♥❝✐❛s ♥❛ ❛♥á❧✐s❡ ❞❡st❛ t❡s❡✳ P❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♥♦ t❡①t♦✱ ❛ ♦r❞❡♠ ❞❡ ♠❛❣♥✐t✉❞❡ ❞❛

✐♥✢✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ s♦❜r❡ ❛s tr❛❥❡tór✐❛s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡

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

❞❛ ❞❡✢❡①ã♦ r❡s✉❧t❛♥t❡✳ ❆s s❡çõ❡s q✉❡ s❡❣✉❡♠ tr❛③❡♠ ✉♠❛ ❞❡s❝r✐çã♦ ❢ís✐❝♦✲♠❛t❡♠át✐❝❛ ❡

❤✐stór✐❝❛ ❞❡s❞❡ ❛s ♣r✐♠❡✐r❛s ✐♥❢❡rê♥❝✐❛s ❛ r❡s♣❡✐t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ ❛té ❛s ♠❡❞✐❞❛s ❛t✉❛✐s✱ q✉❡ ♣❡r♠✐t❡♠ ✐❞❡♥t✐✜❝❛r ❞❡t❛❧❤❡s

❧♦❝❛❧✐③❛❞♦s ❞❛ ❡str✉t✉r❛ ❞♦ ❝❛♠♣♦ ❡♠ t♦❞❛s ❛s r❡❣✐õ❡s ❣❛❧á❝t✐❝❛s✳ ❆s té❝♥✐❝❛s ♠♦❞❡r✲

♥❛s ❡♠♣r❡❣❛❞❛s ♥❡ss❛s ♦❜s❡r✈❛çõ❡s s❡ ❢✉♥❞❛♠❡♥t❛♠ ❝♦♠♣❧❡t❛♠❡♥t❡ ♥❛ ❤✐❞r♦❞✐♥â♠✐❝❛

♠❛❣♥ét✐❝❛ ❞❡ ♣❧❛s♠❛s✱ ♦✉ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛✳ ▼❛✐s ❞♦ q✉❡ ✐ss♦✱ ❛ t❡♦r✐❛ ❡①♣❧✐❝❛

❝♦♠ s✉❝❡ss♦ ❛ ❞✐♥â♠✐❝❛ ❞♦s ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s ❡♠ ❣❡r❛❧ ❡ t❡♠✱ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ ❛

❛♠♣❧✐✜❝❛çã♦✱ ❡①❝✐t❛çã♦ ❡ ❛✉t♦✲s✉st❡♥t❛çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❛❧é♠ ❞❛ ❛❝❡❧❡r❛çã♦ ❞❡

♣❛rtí❝✉❧❛s ♣r♦✈✐❞❛s ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ às ❡♥❡r❣✐❛s q✉❡ ❛s ❞❡✜♥❡♠ ❝♦♠♦ r❛✐♦s ❝ós♠✐❝♦s✳

❖ r❡st❛♥t❡ ❞♦ ❝❛♣ít✉❧♦ é ❞❡❞✐❝❛❞♦ à ❞❡s❝r✐çã♦ ❞❡ss❡s ♠❡❝❛♥✐s♠♦s ❡♠ ♦❜❥❡t♦s ❞❡ ❞✐✈❡r✲

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

❡str❡❧❛s ❝♦♠♣❛❝t❛s ❡ ❥❛t♦s ❞❡ ♠❛tér✐❛ ❞♦s ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s✳

◆♦ tr❛t❛♠❡♥t♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠♦ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ❝✉❥❛s tr❛❥❡tór✐❛s

sã♦ r❡❝♦♥str✉í❞❛s ❛ ♣❛rt✐r ❞❛ ❚❡rr❛ ❛té ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ♣♦s✐çã♦ ♥♦ ❡s♣❛ç♦✱ ♦✉ ✏❝♦♥s✲

tr✉í❞❛s✑ ✭s✐♠✉❧❛❞❛s✮ ❛ ♣❛rt✐r ❞❡ ✉♠ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ ❛té ❛ ❚❡rr❛✱ ❛s ❤✐♣ót❡s❡s ❡♠ t♦r♥♦

❞❛ ♦r✐❣❡♠ ❡ ❛❝❡❧❡r❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s sã♦ ❝♦♥s✐❞❡r❛❞❛s✱ ♥❡st❛ t❡s❡✱ t❛♥t♦ ❞❡♥tr♦ ❝♦♠♦

❢♦r❛ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ◆♦ ❝❛♣ít✉❧♦ ✹✱ é ❞❛❞❛ ✉♠❛ ✐♥tr♦❞✉çã♦ à ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛

❡ ❛♦ ❝✐❝❧♦ ❞♦♠✐♥❛♥t❡ ❞❛ sí♥t❡s❡ ❞❡ ❡❧❡♠❡♥t♦s ♥❛ ❣❛❧á①✐❛✳ ❈♦♠ ❜❛s❡ ❡♠ ♦❜s❡r✈❛çõ❡s

❡①♣❡r✐♠❡♥t❛✐s✱ ❡str❡❧❛s ❞♦ t✐♣♦ ❲♦❧❢✲❘❛②❡t ❡ ♠❛❣♥❡t❛r❡s sã♦ ❞❡t❛❧❤❛❞❛s ❝♦♠♦ ❡①❡♠✲

♣❧♦s ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ♣♦t❡♥❝✐❛❧♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s ❛ r❛✐♦s ❝ós♠✐❝♦s ♥❛s ❢❛✐①❛s ❞❡

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❡♥❡r❣✐❛s ❞❡ ✐♥t❡r❡ss❡ ✭Z 6 26✱ E > 1018 ❡❱✮✳ ❆❧é♠ ❞❛ ♣r❡s❡♥ç❛

❞❡ss❡s t✐♣♦s ❡st❡❧❛r❡s t❡r s✐❞♦ ❝♦♥✜r♠❛❞❛ ❞❡♥tr♦ ❞❛ ♥♦ss❛ ❣❛❧á①✐❛✱ ❛ ♣r❡s❡♥ç❛ ❞❡ ❛♠❜♦s

é ❝❛❞❛ ✈❡③ ♠❛✐s ❡✈✐❞❡♥t❡ ❡♠ r❡❣✐õ❡s ❡①tr❛❣❛❧á❝t✐❝❛s✳ ◆❛ ú❧t✐♠❛ ♣❛rt❡ ❞♦ ❝❛♣ít✉❧♦✱ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ é ❞❡s❝r✐t♦ r❡❧❛❝✐♦♥❛♥❞♦✲s❡ ❛ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛

♣❡rt✉r❜❛t✐✈❛✱ ❛♣r❡s❡♥t❛❞❛ ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ às ♦❜s❡r✈❛çõ❡s ❞❛ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛②✳

❆ ❞❡s❝r✐çã♦ é ❢♦rt❡♠❡♥t❡ ❜❛s❡❛❞❛ ♥❛ ♠♦r❢♦❧♦❣✐❛ ❣❛❧á❝t✐❝❛✱ ❧❡✈❛♥❞♦ à ✐♥tr♦❞✉çã♦ ❞❡ ✉♠❛

✷



♣❛r❛♠❡tr✐③❛çã♦ ❣❧♦❜❛❧ ♣❛r❛ ♦ ❝❛♠♣♦ s❡♣❛r❛❞❛ ♥❛s r❡❣✐õ❡s ❞♦ ❜♦❥♦ ❡ ❞♦ ❞✐s❝♦✳

❖ ❝❛♣ít✉❧♦ ✺ ❝♦♠♣r❡❡♥❞❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ r❡❧❛❝✐♦♥❛❞♦ à r❡❝♦♥✲

str✉çã♦ ❡ à s✐♠✉❧❛çã♦ ❞❡ tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s ♣♦rt❛❞♦r❛s ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ q✉❡

s❡ ♣r♦♣❛❣❛♠ ♣♦r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✱ té❝♥✐❝❛s ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ❜❛❝❦tr❛❝❦✐♥❣ ❡ ❢♦r✲

✇❛r❞tr❛❝❦✐♥❣✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❝✐♥❡♠át✐❝❛ é ❞❡s❝r✐t❛ ♣♦r ♣❛ss♦s ❝✉❥♦s ❝♦♠♣r✐♠❡♥t♦s

✈❛r✐❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❣r❛❞✐❡♥t❡ ❞♦ ❝❛♠♣♦ ✭❡♠ ♣r✐♠❡✐r❛ ♦r❞❡♠✮✳ ◗✉❛♥❞♦ ❛♣❧✐❝❛❞❛ às

♣❛r❛♠❡tr✐③❛çõ❡s ❛❞♦t❛❞❛s✱ ❤♦✉✈❡ t❛♠❜é♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ✐♥tr♦❞✉çã♦ ❞❡ ✉♠❛ ❢✉♥çã♦

q✉❡ ❡✈✐t❛ ❞✐♥❛♠✐❝❛♠❡♥t❡ r❡❣✐õ❡s ♦♥❞❡ ♦ ❝❛♠♣♦ é ♥✉❧♦✳ ❯♠❛ ❛♥á❧✐s❡ ❜r❡✈❡ ❞♦s ✐♥❝r❡✲

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

r❡❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❊♠ s❡❣✉✐❞❛✱ é ♠♦str❛❞♦ ❝♦♠♦ ❛ ❝♦♠♣♦♥❡♥t❡ ❛❧❡❛tór✐❛ ❞♦

❝❛♠♣♦ ❣❛❧á❝t✐❝♦ é ✐♥s❡r✐❞❛ ♥♦ ❝ó❞✐❣♦ ❞❡ r❡❝♦♥str✉çã♦ s❡♠ q✉❡ s❡❥❛♠ ✈✐♦❧❛❞♦s ♦s ❝♦♠✲

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

♠ét♦❞♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ s✐♠✉❧❛r ❞✐r❡çõ❡s ❞✐str✐❜✉í❞❛s ✉♥✐❢♦r♠❡♠❡♥t❡

❡♠ â♥❣✉❧♦ só❧✐❞♦✳ ❚♦❞❛ ❛ ❛♥á❧✐s❡ ❡s♣❛❝✐❛❧ ❝♦♥t✐❞❛ ♥❡st❛ ♣❛rt❡ ❞❛ t❡s❡ é ❢✉♥❞❛♠❡♥t❛❞❛

❡♠ s✐st❡♠❛s ❞❡ r❡❢❡rê♥❝✐❛ ❡s♣❡❝í✜❝♦s ❡ ♥❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡♥tr❡ ❡❧❡s✱ ♦

q✉❡ é ❢❡✐t♦ ♥♦ ❡♥❝❡rr❛♠❡♥t♦ ❞♦ ❝❛♣ít✉❧♦✳

❖ ♣♦t❡♥❝✐❛❧ ❞❛ té❝♥✐❝❛ ❞♦ tr❛ç❛♠❡♥t♦ ❞❛s tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s é ❡①♣❧♦r❛❞♦

❞❡ q✉❛tr♦ ♠❛♥❡✐r❛s ❞✐❢❡r❡♥t❡s ♥♦ ❝❛♣ít✉❧♦ ✻✱ s❡❣✉✐❞❛s ♣❡❧❛ ❛♣r❡s❡♥t❛çã♦ ❞♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ❡ ✐♠♣❧✐❝❛çõ❡s✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s ❡✈❡♥t♦s q✉❛♥t♦ à s✉❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡

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

❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❝♦♠♦ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ♥♦ ❝ó❞✐❣♦ ❞❡ ❜❛❝❦tr❛❝❦✐♥❣ q✉❡ ❞❡✉ ♦r✐❣❡♠ ❛ ❡st❡

❡st✉❞♦✳ P❛rt✐♥❞♦ ❞♦ ♣r❡ss✉♣♦st♦ ❞❡ q✉❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s sã♦ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s✱

❛ ♣r♦♣❛❣❛çã♦ ❢♦✐ r❡❝♦♥str✉í❞❛ ✈❛r✐❛♥❞♦✲s❡ ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ ♥ú♠❡r♦s

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

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

♣♦r ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛s s❡❝✉♥❞ár✐❛s ❞✐str✐❜✉í❞♦s ♣❡❧❛ ♠❡s♠❛ r❡❣✐ã♦ ❝❡❧❡st❡✱ ❞❡t❡❝t❛❞♦s

♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❖ ♦❜❥❡t✐✈♦ é ❞❡t❛❧❤❛r ♦ q✉❡ ❞❡✈❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ♥❛ t❡♥t❛t✐✈❛

❞❡ r❡❧❛❝✐♦♥❛r ♣❛rtí❝✉❧❛s ♥♦ ❡s♣❛ç♦ ❡ t❡♠♣♦ ❛♦s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡s ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳

❜❛❝❦tr❛❝❦✐♥❣ t❛♠❜é♠ ❢♦✐ ✉t✐❧✐③❛❞♦ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ✐♥❢❡r✐r✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ♦ ❡s♣❡❝tr♦

❞❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ r❛❞✐❛çã♦ ♣r✐♠ár✐❛✱ ❞❡t❡❝t❛❞❛ ❛té ❤♦❥❡ ♣❡❧♦ ♦❜s❡r✈❛tór✐♦✱ s♦❜

❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛ ❛❝❡❧❡r❛çã♦ ❛té ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s ♦❝♦rr❡ ❡♠ ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡

❣❛❧á①✐❛s✳

❖ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❢♦✐ ✉t✐❧✐③❛❞♦ ♥♦s ♦✉tr♦s ❞♦✐s ❝❛s♦s ❛❜♦r❞❛❞♦s ♥♦ ❝❛♣ít✉❧♦ ✻✳ ❖

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

❝✉❥❛ ❧♦❝❛❧✐③❛çã♦ ♥❛ ❱✐❛ ▲á❝t❡❛ é ❜❡♠ ❡st❛❜❡❧❡❝✐❞❛✱ ❛ ♣❛rt✐r ❞❛ q✉❛❧ ❛ ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉✲

✸



❧❛s ❢♦✐ s✐♠✉❧❛❞❛✳ P❛rt✐❝✉❧❛r♠❡♥t❡ ♣❛r❛ ♦ ♠❛❣♥❡t❛r ❙●❘ 1806−20✱ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛

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

s✐♠ ❝♦♠♦ ❡st❛ ❢♦✐ ❛ ú♥✐❝❛ ❛♥á❧✐s❡ ❡♠ q✉❡ ❛ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❣❛❧á❝t✐❝♦ ❢♦✐ ✐♥s❡r✐❞❛ ♥♦ ❝ó❞✐❣♦ ❞❡ r❡❝♦♥str✉çã♦✳ ❊ss❛ ❝✐r❝✉♥s♣❡çã♦ ✈✐s❛ ♣r❡✈❡r ❞✐r❡çõ❡s

❝❡❧❡st❡s ♦♥❞❡ ❡①❝❡ss♦s ♥♦ ✢✉①♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛✱ ❛❞✈✐♥❞♦s ❞❛s ❡①♣❧♦sõ❡s r❡❝♦rr❡♥t❡s

❞❛ ❡str❡❧❛✱ s❡r✐❛♠ ♣❛ssí✈❡✐s ❞❡ ♦❜s❡r✈❛çã♦✳ ◆♦ s❡❣✉♥❞♦ ❝❛s♦✱ ❛ ❡♠✐ssã♦ ❞❡ ♥ú❝❧❡♦s ❛tô♠✐✲

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

❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❣❛❧á①✐❛s ❡♥❡r❣ét✐❝❛s ♣♦t❡♥❝✐❛❧♠❡♥t❡ ❝❛♥❞✐✲

❞❛t❛s ❛ ❢♦♥t❡s✱ ❧♦❝❛❧✐③❛❞♦ ❢♦r❛ ❞♦ ●r✉♣♦ ▲♦❝❛❧✳ P❛r❛ ❝❛❞❛ ✈❛❧♦r ❞♦ ♥ú♠❡r♦ ❛tô♠✐❝♦✱

♣❛rtí❝✉❧❛s sã♦ ❛t✐r❛❞❛s ♥❛ ❞✐r❡çã♦ ❞❛ ❚❡rr❛ ❝♦♠ ❡♥❡r❣✐❛s ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐♦r❡s ❛té

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

❆ ❛♥á❧✐s❡ ♣❡❧♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ t❛♠❜é♠ ♣❡r♠✐t❡ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛

❱✐❛ ▲á❝t❡❛ s❡❥❛ ❡st✉❞❛❞♦ ❛tr❛✈és ❞❛ ♦❜s❡r✈❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳ P❛rtí❝✉❧❛s s✐♠✉❧❛❞❛s

❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ♠❛❣♥❡t❛r ❙●❘ 1806−20 ❡♠ ❞✐r❡çã♦ à ❚❡rr❛ ♣♦ss✉❡♠ tr❛❥❡tór✐❛s

❞❡❧✐♥❡❛❞❛s ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❡♥q✉❛♥t♦ ❛

s✐t✉❛çã♦ ❡q✉✐✈❛❧❡♥t❡ ♣❛r❛ ♥ú❝❧❡♦s ❣❡r❛❞♦s ♥♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❞❡♠♦♥str❛ q✉❡ ♦

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

r❡s✉❧t❛♥t❡s ❞❡ s✐♠✉❧❛çõ❡s ❡ ♦❜s❡r✈❛çõ❡s s❡rá ✐♠♣♦rt❛♥t❡ ♥❛ ❝♦♥✜r♠❛çã♦ ✭♦✉ ❞❡s❝❛rt❡✮

❞❛s ❣❡♦♠❡tr✐❛s ❡ ✐♥t❡♥s✐❞❛❞❡s ❡♥✈♦❧✈✐❞❛s ♥❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❜❛s❡❛❞❛s ❡♠ ♠❡❞✐❞❛s ❞❡

r♦t❛çã♦ ❞❡ ❋❛r❛❞❛②✳

❆ ❝♦♥❝❧✉sã♦ ❞❛ t❡s❡ s❡ ❞á ♥♦ ú❧t✐♠♦ ❝❛♣ít✉❧♦✱ ♥♦ q✉❛❧ ❝❛❞❛ s❡çã♦ tr❛③ ✉♠❛ ❞❡s❝r✐✲

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

❞♦s ♦❜t✐❞♦s ❡ s✉❛s ✐♠♣❧✐❝❛çõ❡s✳ ❆♦ ❧♦♥❣♦ ❞♦s ❛♥♦s ❞❡ ❡st✉❞♦ ❞❡❞✐❝❛❞♦s ❛♦ ❡♠❜❛s❛♠❡♥t♦

❞❡st❛ ♣❡sq✉✐s❛✱ ✜❝♦✉ ❝❧❛r♦ q✉❡ ♦s ❛✈❛♥ç♦s ♥♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❛ r❡s♣❡✐t♦ ❞❛ ❝♦♠♣♦s✐çã♦

q✉í♠✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ♣❡r♠✐t✐rã♦ q✉❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s

❣❛❧á❝t✐❝♦s s❡❥❛♠ ❡st✉❞❛❞♦s ❛ ♣❛rt✐r ❞❡ ♠❡❞✐❞❛s ❞❡ss❡ t✐♣♦ ❞❡ r❛❞✐❛çã♦✳ ❆ ❜✉s❝❛ ❞❡ss❛s

❛ss✐♥❛t✉r❛s ❞❛ ❱✐❛ ▲á❝t❡❛ ❡♠ ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r é ✐♥❝❡♥t✐✈❛❞❛ ❛tr❛✈és ❞❡

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

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

✹



✶ ❘❛✐♦s ❝ós♠✐❝♦s

✶✳✶ ❘❛❞✐❛çõ❡s ✐♦♥✐③❛♥t❡s✿ ♣r✐♠❡✐r♦s ❡①♣❡r✐♠❡♥t♦s

❆ ❡♠✐ssã♦ ♥❛t✉r❛❧ ❞❛s r❛❞✐❛çõ❡s ✐♦♥✐③❛♥t❡s α✱ β ❡ γ✱ ❞❡s❝♦❜❡rt❛s ♣♦r ✈♦❧t❛ ❞❡ ✶✾✵✵

❡ ❝❛r❛❝t❡r✐③❛❞❛s✱ ♥❡ss❛ é♣♦❝❛✱ ❛♣❡♥❛s ♣❡❧♦ s❡✉ ✏♣♦❞❡r ❞❡ ♣❡♥❡tr❛çã♦✑ ♥♦s ♠❛t❡r✐❛✐s✱

♥ã♦ ❢♦✐ s✉✜❝✐❡♥t❡ ♣❛r❛ ❡①♣❧✐❝❛r ❛ ❞❡s❝❛r❣❛ ❞❡ ❡❧❡tr♦s❝ó♣✐♦s✱ ♠❡s♠♦ q✉❛♥❞♦ ❝♦♠♣❧❡t❛✲

♠❡♥t❡ ✐s♦❧❛❞♦s✱ ♦❜s❡r✈❛❞❛ ♥♦s ❧❛❜♦r❛tór✐♦s✳ ❊♠ ✶✾✶✵✱ ❲✉❧❢ ✭r❡❢✳ ❬✶❪✮ ✉s♦✉ ✉♠ ❞❡ss❡s

❛♣❛r❡❧❤♦s ♣❛r❛ ♠❡❞✐r ❛ t❛①❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦ ❛r ♥❛ ❜❛s❡ ❞❛ ❚♦rr❡ ❊✐✛❡❧✱ ♦♥❞❡ ♦❜t❡✈❡

6 í♦♥s✴✭❝♠3 s✮✱ ❡ ❝♦♠♣❛r❛r ❝♦♠ ♦ ✈❛❧♦r ♥♦ t♦♣♦ ❞❛ t♦rr❡✱ ❛ 330 ♠ ❞❡ ❛❧t✉r❛✱ ♦♥❞❡

♠❡❞✐✉ 3.7 í♦♥s✴✭❝♠3 s✮✳ ◆♦ ❛♥♦ s❡❣✉✐♥t❡✱ ❊✈❡ ✭r❡❢✳ ❬✷❪✮ ❝♦♥s✐❞❡r♦✉ q✉❡ ❢♦♥t❡s ♣♦♥t✉❛✐s

s❡r✐❛♠ ♦❜s❡r✈❛❞❛s ❛ ✉♠❛ ❞✐stâ♥❝✐❛✶ r ❝♦♠ ✐♥t❡♥s✐❞❛❞❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ r−2 exp (−λr)✱

✐♥t❡❣r❛♥❞♦ ❡ss❛ q✉❛♥t✐❞❛❞❡ s♦❜r❡ ✉♠ ♣❧❛♥♦ ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ s♦❧♦✳ ❖ ♣❛râ♠❡tr♦ λ

r❡♣r❡s❡♥t❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❜s♦rçã♦ ❞❡ r❛✐♦s✲γ ♣❡❧♦ ❛r r❡❢❡r❡♥t❡ à ❡♠✐ssã♦ ❞♦ ❡❧❡♠❡♥t♦✷

rá❞✐♦ ❈✳ ❆ ❡st✐♠❛t✐✈❛ ❞♦ ❞❡❝rés❝✐♠♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ r❛❞✐❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ✈❛❧♦r ♥♦

❝♦♥t❛t♦ ❝♦♠ ♦ s♦❧♦✱ ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❛❧t✉r❛✱ é ❛♣r❡s❡♥t❛❞❛ ♥❛ t❛❜❡❧❛ ✶✳

❚❛❜❡❧❛ ✶✿ ❈♦♠♣❛r❛çã♦ ❞❡ ❊✈❡ ❡♥tr❡ ❛s ✐♥t❡♥s✐❞❛❞❡s ❞❛ r❛❞✐❛çã♦ ❛ ✉♠❛ ❞❛❞❛ ❛❧t✉r❛ ❡ ♥♦
❝♦♥t❛t♦ ❝♦♠ s♦❧♦✱ ✉s❛♥❞♦ ❝♦♠♦ ♣❛râ♠❡tr♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❛t❡♥✉❛çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡
❞❡ ❡♠✐ssã♦ ❞❡ r❛✐♦s✲γ ❞♦ ❘❛ ❈✳

❆❧t✉r❛ ✭♠✮ ✵ ✶ ✶✵ ✶✵✵ ✶✵✵✵
■♥t❡♥s✐❞❛❞❡ r❡❧❛t✐✈❛ ✭✪✮ ✶✵✵ ✾✽ ✽✸ ✸✻ ✵✳✶

❆s ❡✈✐❞ê♥❝✐❛s ❞♦ ❡①❝❡ss♦ ❞❡ r❛❞✐❛çã♦ ❛♠❜✐❡♥t❡ ❧❡✈❛r❛♠ ❍❡ss ✭r❡❢✳ ❬✸❪✮✱ ❡♠ ✶✾✶✷✱

❛ r❡❛❧✐③❛r ✉♠ ✈ô♦ ❞❡ ❜❛❧ã♦ ❡♠ q✉❡✱ ❞✉r❛♥t❡ s❡✐s ❤♦r❛s ❛té ❛t✐♥❣✐r ❛ ❛❧t✐t✉❞❡ ♠á①✐♠❛ ❞❡

5200 ♠ ❡ ✈♦❧t❛r✱ r❡❣✐str♦✉ ❛ t❛①❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦ ❛r ♠❡❞✐❞❛ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣♦r três

❡❧❡tr♦s❝ó♣✐♦s✳ ❆ ✜❣✉r❛ ✶ ♠♦str❛ ❛ ♠é❞✐❛ ❞♦s r❡s✉❧t❛❞♦s ❞❡ss❡ ❡①♣❡r✐♠❡♥t♦✳ ❍❡ss ❞❡s❝❛r✲

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

♣❛r❛ ❛ ❛❜✉♥❞â♥❝✐❛ ❞❡ ✐♦♥✐③❛çã♦ ❡ ❝♦♥❝❧✉✐✉ q✉❡ ✉♠❛ r❛❞✐❛çã♦ ❝♦♠ ❣r❛♥❞❡ ❝❛♣❛❝✐❞❛❞❡

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

❝♦♠♦ ♦ ♠❛r❝♦ ❞♦ ✐♥í❝✐♦ ❞❛ ♣❡sq✉✐s❛ ♥❛ ár❡❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳

✶◆❛s ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s ~r =
(

r ≡
√

x2 + y2 + z2, ϕ, θ
)

✳
✷❘á❞✐♦ ❈ ❡r❛ ♦ ♥♦♠❡ ❞❛❞♦ ❛ ✉♠ ❞♦s ♣r♦❞✉t♦s ❞♦ ❞❡❝❛✐♠❡♥t♦ ❞♦ rá❞✐♦✱ ♦ ❜✐s♠✉t♦✲✷✶✹✱ t❛♠❜é♠

r❛❞✐♦❛t✐✈♦✳

✺
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❋✐❣✉r❛ ✶✿ ❱❛❧♦r❡s ♠é❞✐♦s ❞❛ t❛①❛ ❞❡ ✐♦♥✐③❛çã♦ ❞♦ ❛r ❡♠ ❢✉♥çã♦ ❞❛ ❛❧t✐t✉❞❡✱ ♥♦ ❡①♣❡r✐✲
♠❡♥t♦ ❞❡ ❍❡ss ❞❡ ✶✾✶✷✳

▲♦❣♦ ❛♣ós ♦ ❛♣r✐♠♦r❛♠❡♥t♦ ❞♦ ❝♦♥t❛❞♦r ●❡✐❣❡r✲▼ü❧❧❡r ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ t♦❞♦s

♦s t✐♣♦s ❞❡ r❛❞✐❛çõ❡s ✐♦♥✐③❛♥t❡s✱ ❝♦♠ ♦ q✉❛❧ é ♣♦ssí✈❡❧ r❡❣✐str❛r ❡✈❡♥t♦s ✐♥❞✐✈✐❞✉❛✐s✱

❇♦t❤❡ ❡ ❑♦❧❤örst❡r ✭✶✾✷✾✱ r❡❢✳ ❬✹❪✮ ♦❜s❡r✈❛r❛♠ q✉❡ ❞♦✐s ❞❡ss❡s ✐♥str✉♠❡♥t♦s✱ ♠♦♥t❛✲

❞♦s ✈❡rt✐❝❛❧♠❡♥t❡ ✉♠ s♦❜r❡ ♦ ♦✉tr♦✱ ❛♣r❡s❡♥t❛✈❛♠ ❢r❡qü❡♥t❡♠❡♥t❡ ❞❡s❝❛r❣❛s q✉❡ ❝♦✐♥✲

❝✐❞✐❛♠✸ ✭❝♦♠ ♣r❡❝✐sã♦ ❞❡ 10−2 s✮✱ ♠❡s♠♦ q✉❛♥❞♦ ❜❧♦❝♦s ❞❡ ❝❤✉♠❜♦ ❡ ♦✉r♦✹ ❞❡ 4 ❝♠

❡r❛♠ ✐♥tr♦❞✉③✐❞♦s ❡♥tr❡ ❡❧❡s✳ ❉❡✈✐❞♦ à ✐♠♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ q✉❡ ❡❧étr♦♥s s❡❝✉♥❞ár✐♦s✱

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

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

❢♦rt❡♠❡♥t❡ q✉❡ ❛ ♥❛t✉r❡③❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❢♦ss❡ ❝♦r♣✉s❝✉❧❛r ❡✱ ❞❡✈✐❞♦ à ❝❛♣❛❝✐❞❛❞❡

❞❡ ♣❡r❝♦rr❡r ❞✐stâ♥❝✐❛s ❣r❛♥❞❡s ♥❛ ♠❛tér✐❛✱ ♦s ❛✉t♦r❡s ❡st✐♠❛r❛♠ q✉❡ ❡❧❡s ❞❡✈❡r✐❛♠

♣♦ss✉✐r ❡♥❡r❣✐❛s ❡♥tr❡ 109 − 1010 ❡❱✳ ❉✐✈❡rs♦s ❣r✉♣♦s ❝♦♠❡ç❛r❛♠ ❛ ❢♦t♦❣r❛❢❛r ❛ ♣❛s✲

s❛❣❡♠ ❞❡ss❛s ♣❛rtí❝✉❧❛s ❡♠ ❝â♠❛r❛s ❞❡ ❲✐❧s♦♥ s✉❜♠❡t✐❞❛s ❛ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡ ❛s
✸❖ ♠ét♦❞♦ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛✱ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❇♦t❤❡✱ ❡r❛ ❜❛s❡❛❞♦ ♥♦ r❡❣✐str♦ ✜❧♠♦❣rá✜❝♦ ❞♦s ♣♦♥✲

t❡✐r♦s ❞♦s ❝♦♥t❛❞♦r❡s✳ ❙❡❣✉♥❞♦ ♦ ♣ró♣r✐♦ ✐♥✈❡♥t♦r✱ ✏♦ ❝♦♥s✉♠♦ ❞❡ ✜❧♠❡ ❡r❛ ❡♥♦r♠❡✑ ✭r❡❢✳ ❬✺❪✮✳
✹❖ ❜❧♦❝♦ ❞❡ ♦✉r♦ ❢♦✐ ♦❜t✐❞♦ ❝♦♠♦ ✉♠ ❡♠♣rést✐♠♦ t❡♠♣♦rár✐♦ ❞❡ ✉♠ ❜❛♥❝♦ ❧♦❝❛❧✱ ❝❛✉s❛♥❞♦ ❝❡rt❛

♣r❡♦❝✉♣❛çã♦ ❛❝❡r❝❛ ❞❡ s✉❛ s❡❣✉r❛♥ç❛ ✭r❡❢✳ ❬✻❪✮✳

✻



❝✉r✈❛t✉r❛s ❞❛s tr❛❥❡tór✐❛s r❡✈❡❧❛r❛♠ q✉❡ ❡❧❛s sã♦ ❝❛rr❡❣❛❞❛s ❡❧❡tr✐❝❛♠❡♥t❡✱ ❛❧é♠ ❞❡

❝♦♥✜r♠❛r ❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛ ❡st✐♠❛❞❛ ♣♦r ❇♦t❤❡ ❡ ❑♦❧❤örst❡r✳

❆♦ t♦♠❛r ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ss❛ ❡①♣❡r✐ê♥❝✐❛✱ ❘♦ss✐ ❞❡s❡♥✈♦❧✈❡✉ ✉♠ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦✺

♣❛r❛ r❡❣✐str❛r ❝♦✐♥❝✐❞ê♥❝✐❛s ❡♥tr❡ ❝♦♥t❛❞♦r❡s ●❡✐❣❡r✲▼ü❧❧❡r ❝♦♠ ✉♠❛ r❡s♦❧✉çã♦ t❡♠♣♦✲

r❛❧ 100 ✈❡③❡s ♠❛✐♦r ❡♠ r❡❧❛çã♦ ❛♦ ❛♣❛r❛t♦ ❞❡ ❇♦t❤❡✱ ❧❡✈❛♥❞♦ ❛ ✐♥✈❡♥çã♦ ❛ s❡r ❛❞♦t❛❞❛

r❛♣✐❞❛♠❡♥t❡ ♥♦s ❧❛❜♦r❛tór✐♦s ❛♦ r❡❞♦r ❞♦ ♠✉♥❞♦✳ ❊♠ ✶✾✸✸ ✭r❡❢✳ ❬✼❪✮✱ ❘♦ss✐ ♠♦♥t♦✉

✉♠ ❛rr❛♥❥♦ tr✐❛♥❣✉❧❛r ❞❡ ❞❡t❡❝t♦r❡s✱ ♥❛ ♣♦s✐çã♦ ✈❡rt✐❝❛❧✱ ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❡st✉❞❛r ❛

♥❛t✉r❡③❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❧♦❝❛✐s ❛tr❛✈és ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛s ❝❛✉s❛❞❛s ♣♦r ♣❛rtí❝✉❧❛s s❡✲

❝✉♥❞ár✐❛s✳ ❯s❛♥❞♦ ❡s❝✉❞♦s ❞❡ ❢❡rr♦ ❡ ❝❤✉♠❜♦ ❞❡ ✈ár✐❛s ❡s♣❡ss✉r❛s ♥❛ ♣❛rt❡ s✉♣❡r✐♦r✱ ❡❧❡

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

❞❡ ❝r✐❛r ♣❛rtí❝✉❧❛s ❡♠ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡✱ ♣♦ré♠ ❛t❡♥✉❛❞❛ r❛♣✐❞❛♠❡♥t❡ ♣❡❧♦ ❝❤✉♠❜♦✱

❡ ✉♠❛ ❞✉r❛✱ ❝❛♣❛③ ❞❡ ❛tr❛✈❡ss❛r ✈ár✐♦s ❝❡♥tí♠❡tr♦s ❞♦ ♠❛t❡r✐❛❧ ❣❡r❛♥❞♦✱ ❛♣❡♥❛s ♦❝❛s✐✲

♦♥❛❧♠❡♥t❡✱ ❝❤✉✈❡✐r♦s✳ ❖✉tr♦s ❡①♣❡r✐♠❡♥t♦s ✐❞❡♥t✐✜❝❛r❛♠✱ ♣♦✉❝♦ t❡♠♣♦ ❞❡♣♦✐s✱ ❛ ♣❛rt❡

♠❡♥♦s ♣❡♥❡tr❛♥t❡ ❝♦♠♦ s❡♥❞♦ ❝♦♠♣♦st❛ ♣♦r ❢ót♦♥s ❡ ❡❧étr♦♥s✳ ❆s ♣❛rtí❝✉❧❛s ♠❡♥♦s

✐♥t❡r❛❣❡♥t❡s✱ ❞❡ ♠❛ss❛ ✐♥t❡r♠❡❞✐ár✐❛ ❡♥tr❡ ❛s ♠❛ss❛s ❞♦ ♣rót♦♥ ❡ ❡❧étr♦♥✱ ❢♦r❛♠ ❞❡s❝❛r✲

t❛❞❛s ❝♦♠♦ ♠és♦♥s ❡ ✐❞❡♥t✐✜❝❛❞❛s ❝♦♠♦ ✉♠ ♥♦✈♦ t✐♣♦✱ ♦s ♠ú♦♥s✱ ❛❧❣✉♥s ❛♥♦s ♠❛✐s

t❛r❞❡✳

◆❛ ♠❡s♠❛ é♣♦❝❛✱ ❘♦ss✐ ♦r❣❛♥✐③♦✉ ✉♠❛ ❡①♣❡❞✐çã♦ ♣❛r❛ ❆s♠❛r❛✱ ❝❛♣✐t❛❧ ❞❛ ❊r✐✲

tré✐❛✱ ♥❛ ➪❢r✐❝❛✱ ♣❛r❛ t❡st❛r ❛ ❤✐♣ót❡s❡ ❞❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❛ss✐♠❡tr✐❛ ❛③✐♠✉t❛❧ ♥❛

❞✐str✐❜✉✐çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ✐♥❝✐❞❡♥t❡s ♥♦ s♦❧♦ ❞❡✈✐❞♦ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛

❚❡rr❛ ❡♠ ❧❛t✐t✉❞❡s r❡❧❛t✐✈❛♠❡♥t❡ ♣ró①✐♠❛s ❛♦ ❡q✉❛❞♦r✻✱ ♦♥❞❡ ❛s ❧✐♥❤❛s ❞♦ ❝❛♠♣♦ sã♦

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♣❛r❛❧❡❧❛s ❛♦ s♦❧♦✳ ❈♦♠♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞♦ ❛rr❛♥❥♦ tr✐❛♥❣✉❧❛r✱ ❘♦ss✐

q✉❡r✐❛ ❛ss❡❣✉r❛r q✉❡ ❞❡t❡❝t♦r❡s ❞✐❢❡r❡♥t❡s ♥ã♦ r❡❣✐str❛ss❡♠ s✐♥❛✐s ❞✐r❡t♦s ❞❡ ✉♠❛ ú♥✐❝❛

♣❛rtí❝✉❧❛✼✱ r❡❛❧✐③❛♥❞♦ t❡st❡s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ t❛①❛ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛s ❛❝✐❞❡♥t❛✐s ❝♦♠ três

❝♦♥t❛❞♦r❡s ●❡✐❣❡r✲▼ü❧❧❡r s❡♣❛r❛❞♦s ❤♦r✐③♦♥t❛❧♠❡♥t❡✳ ◆♦ tr❛❜❛❧❤♦ ❡♠ q✉❡ ♣✉❜❧✐❝♦✉ ♦s

r❡s✉❧t❛❞♦s ❝♦♥✜r♠❛♥❞♦ ♦ ❡❢❡✐t♦ ❧❡st❡✲♦❡st❡✱ ❡♠ ✶✾✸✹ ✭r❡❢✳ ❬✽❪✮✱ ❡❧❡ ❝♦♠❡♥t♦✉✿

✏❆ ❢r❡qüê♥❝✐❛ ❞❛s ❝♦✐♥❝✐❞ê♥❝✐❛s r❡❣✐str❛❞❛s ❝♦♠ ♦s ❝♦♥t❛❞♦r❡s ❛ ❝❡rt❛ ❞✐s✲

tâ♥❝✐❛ ✉♥s ❞♦s ♦✉tr♦s ✭✳✳✳✮ ♣❛r❡❝❡ s❡r ♠❛✐♦r ❞♦ q✉❡ s❡r✐❛ ♣r❡✈✐st♦ ❝♦♠ ❜❛s❡

♥♦ ♣♦❞❡r ❞❡ r❡s♦❧✉çã♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛✳ ❆q✉❡❧❛s ♦❜s❡r✈❛çõ❡s ♥♦s

✜③❡r❛♠ q✉❡st✐♦♥❛r s❡ t♦❞❛s ❡ss❛s ❝♦✐♥❝✐❞ê♥❝✐❛s sã♦✱ ❞❡ ❢❛t♦✱ ❝♦✐♥❝✐❞ê♥❝✐❛s
✺❊♠ ♣❛rt✐❝✉❧❛r✱ ❘♦ss✐ ✐♥✈❡♥t♦✉ ♦ ♣r✐♠❡✐r♦ ❝✐r❝✉✐t♦ ❡❧étr✐❝♦ ❛ r❡❛❧✐③❛r ❛ ♦♣❡r❛çã♦ ❧ó❣✐❝❛ AND✱ ✉t✐✲

❧✐③❛♥❞♦ t✉❜♦s ❞❡ ✈á❝✉♦ ❞❡ três ❡❧❡tr♦❞♦s ❝♦♠♦ ❛♠♣❧✐✜❝❛❞♦r❡s ✭tr✐♦❞♦s✮✳ ❊ss❡ ❝✐r❝✉✐t♦ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛
é ❝♦♥s✐❞❡r❛❞♦ ♦ ♣r✐♠❡✐r♦ ❞✐s♣♦s✐t✐✈♦ ❡❧❡trô♥✐❝♦ ❞❡ ♠❡❞✐❞❛ ♥❛ ❢ís✐❝❛ ❞❡ ♣❛rtí❝✉❧❛s✳

✻❆ ❧❛t✐t✉❞❡ ❞❡ ❆s♠❛r❛ é 15➦ 20′ 0” ◆✳
✼❊❧❡ ♣r❡t❡♥❞✐❛ ♠❡❞✐r ❝♦✐♥❝✐❞ê♥❝✐❛s ❞❡ ❡❢❡✐t♦s s❡❝✉♥❞ár✐♦s ❞❡ ✉♠❛ ♠❡s♠❛ ♣❛rtí❝✉❧❛✳

✼



❛❝✐❞❡♥t❛✐s✳ ✭✳✳✳✮ P❛r❡❝❡ q✉❡✱ ❞❡ ✈❡③ ❡♠ q✉❛♥❞♦✱ ♦ ❡q✉✐♣❛♠❡♥t♦ é ❛t✐♥❣✐❞♦

♣♦r ❝❤✉✈❡✐r♦s ♠✉✐t♦ ❡①t❡♥s♦s ❞❡ ♣❛rtí❝✉❧❛s✱ q✉❡ ❝❛✉s❛♠ ❝♦✐♥❝✐❞ê♥❝✐❛s ❡♥tr❡

♦s ❝♦♥t❛❞♦r❡s ♠❡s♠♦ q✉❛♥❞♦ ❝♦❧♦❝❛❞♦s ❛ ❞✐stâ♥❝✐❛s ❣r❛♥❞❡s ✉♥s ❞♦s ♦✉t✲

r♦s✳ ■♥❢❡❧✐③♠❡♥t❡✱ ❡✉ ♥ã♦ t✐✈❡ t❡♠♣♦ ❞❡ ❡st✉❞❛r ❡ss❡ ❢❡♥ô♠❡♥♦ ❝♦♠ ♠❛✐s

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

❝♦r♣✉s❝✉❧❛r ❞♦s ❝❤✉✈❡✐r♦s ❡ ✐♥✈❡st✐❣❛r s✉❛s ♦r✐❣❡♥s✳✑

❖s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ❢♦r❛♠ r❡❞❡s❝♦❜❡rt♦s q✉❛tr♦ ❛♥♦s ♠❛✐s t❛r❞❡ ♣♦r

P✐❡rr❡ ❆✉❣❡r✱ q✉❡ ✐♥✐❝✐♦✉ ♦ ♣r✐♠❡✐r♦ ❡st✉❞♦ s✐st❡♠át✐❝♦ ❛ r❡s♣❡✐t♦ ❞❛ s✉❛ ❡str✉t✉r❛ ❡

❞✐str✐❜✉✐çã♦ ❡s♣❛❝✐❛❧✳

✶✳✷ ❖s tr❛❜❛❧❤♦s ❞❡ P✐❡rr❡ ❆✉❣❡r

◆♦s ❛♥♦s ✶✾✸✵✱ ✈ár✐♦s ❡st✉❞♦s ♠♦str❛r❛♠ q✉❡ ❛s ♣❛rtí❝✉❧❛s ✈✐♥❞❛s ❞♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛

❝♦♥s✐st❡♠ ❡♠ ❡❧étr♦♥s✱ ❝♦♠ ♠❛ss❛me✱ ❛❜s♦r✈✐❞♦s ♣♦r ♣❧❛❝❛s ❞❡ ❝❤✉♠❜♦ ❞❡ (5− 10) ❝♠✱

❡ ✉♠❛ ♥♦✈❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♠❛ss❛ ❡♥tr❡ (100− 200) me✱ ❛té ❡♥tã♦ ❞❡s❝♦♥❤❡❝✐❞❛✱ ❝♦♠

♣♦❞❡r ❞❡ ♣❡♥❡tr❛çã♦ ♠❛✐♦r ✭∼ 15 ❝♠ ❞❡ ❝❤✉♠❜♦✮✳ ❆ q✉❡stã♦ ❡r❛ s❡ ❛♠❜♦s ❡ss❡s t✐♣♦s

❛t✐♥❣❡♠ ❛ ❚❡rr❛ ❞❡ ♠♦❞♦ ✐♥❞❡♣❡♥❞❡♥t❡✱ ♦✉ s❡ ✉♠ é ♣r♦❞✉③✐❞♦ s❡❝✉♥❞❛r✐❛♠❡♥t❡ ♣❡❧♦

♦✉tr♦ ❛♦ ❛tr❛✈❡ss❛r ❛ ♠❛tér✐❛✳ ❆✉❣❡r ❡t ❛❧✳ ✭✶✾✸✽✱ r❡❢✳ ❬✾❪✮ ❛r❣✉♠❡♥t❛r❛♠ q✉❡ s❡ ❛

♣r♦❞✉çã♦ s❡❝✉♥❞ár✐❛ ❛♣❛r❡❝❡ ♥❛ ❢♦r♠❛ ❞❡ ✉♠ ❥❛t♦ ❞❡ ♣❛rtí❝✉❧❛s✱ s❡r✐❛ ♣♦ssí✈❡❧ q✉❡ ❡ss❡

❡❢❡✐t♦ ♦❝♦rr❡ss❡ ❝♦♠ ✉♠❛ ❝❡rt❛ ❝♦❡rê♥❝✐❛ ❡s♣❛❝✐❛❧✱ ❢♦r♠❛♥❞♦ ✉♠❛ ❢r❡♥t❡ q✉❡ ♣♦❞❡r✐❛

s❡r ❞❡t❡❝t❛❞❛ ❡ ❡st✉❞❛❞❛ ❛tr❛✈és ❞❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ♥♦s s✐♥❛✐s ❞❡ ❝♦♥t❛❞♦r❡s ❛rr❛♥❥❛❞♦s

❤♦r✐③♦♥t❛❧♠❡♥t❡ ✈❛r✐❛♥❞♦✲s❡ ❛ ❞✐stâ♥❝✐❛✱ ❣❡♦♠❡tr✐❛ ❡ ❜❧✐♥❞❛❣❡♠✳ ◆❡ss❡ ♣r✐♠❡✐r♦ tr❛✲

❜❛❧❤♦✱ ❛ s✐♠✉❧t❛♥❡✐❞❛❞❡ ❢♦✐ ❝♦♥✜r♠❛❞❛ ❡♠ ár❡❛s ❛té 25 ♠2 ❡ ✜❝♦✉ ❝❧❛r♦ q✉❡ ♦s ❥❛t♦s sã♦

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

❡♠ ❡✈❡♥t♦s ♣r✐♠ár✐♦s ∼ 1011 ❡❱✳ ❖s ❛✉t♦r❡s ❝r❡❞✐t❛r❛♠ ❛ ♦r✐❣❡♠ ❞❡ss❛s ❝❛s❝❛t❛s à

✐♥t❡r❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❛ ❛t♠♦s❢❡r❛ t❡rr❡str❡✳ ❆✐♥❞❛ ❡♠ ✶✾✸✽✱ ❆✉❣❡r ❡t ❛❧✳

✭r❡❢✳ ❬✶✵❪✮ ♠♦str❛r❛♠ q✉❡ ❝♦♥t❛❞♦r❡s ❝♦❜r✐♥❞♦ ✉♠❛ ár❡❛ ❞❡ 1000 ♠2 t❛♠❜é♠ sã♦ ❞✐s✲

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

❧❡✈❛r❛♠ à ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ ❛❧❣✉♠❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❞❡✈❡r✐❛♠ t❡r (1012 − 1013) ❡❱

❞❡ ❡♥❡r❣✐❛ ❡ ❛t✐♥❣✐r✐❛♠ ♦ ♥í✈❡❧ ❞♦ ♠❛r ❛♣❡♥❛s s❡ ❢♦ss❡♠ ❝r✐❛❞❛s ❡♠ ❛❧t✐t✉❞❡s . 1 ❦♠✳

◆♦ ❛♥♦ s❡❣✉✐♥t❡✱ ❆✉❣❡r ❡t ❛❧✳ ✭✶✾✸✾✱ r❡❢✳ ❬✶✶❪✮ ❢♦r♠❛❧✐③❛r❛♠ ❛s ✐❞é✐❛s ❛❝✐♠❛ ❝♦♠

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

q✉❛❧ ❛ ♥♦çã♦ ❞❡ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦ ✜❝♦✉ ❡st❛❜❡❧❡❝✐❞❛ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛ ❞❡

✽



✉♠❛ ❝❛❞❡✐❛ ❞❡ ♣r♦❝❡ss♦s q✉❡ ❡♥✈♦❧✈❡ ♦ ❞❡❝❛✐♠❡♥t♦ ❞❡ ♠és♦tr♦♥s✽ ❡♠ ❡❧étr♦♥s ❡ ❡st❡s✱

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

t✐♣♦ ❞❡ ❡❢❡✐t♦ ✐s♦❧❛❞♦ q✉❡ ❇♦t❤❡ ❡ ❙❝❤♠❡✐s❡r ✭r❡❢✳ ❬✶✷❪✮ ♦❜s❡r✈❛r❛♠✱ ❡♠ ✶✾✸✼✱ ❡♠ ✉♠

❡①♣❡r✐♠❡♥t♦ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛s ✉s❛♥❞♦ ❞♦✐s ❝♦♥t❛❞♦r❡s s❡♣❛r❛❞♦s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ✜①❛

❞❡ 50 ❝♠✳ Pr✐♥❝✐♣❛❧♠❡♥t❡ ♥❡ss❡ ú❧t✐♠♦ tr❛❜❛❧❤♦ ❞❡ ❆✉❣❡r ❡t ❛❧✳✱ ♦ ♣✐♦♥❡✐r✐s♠♦ s❡ ❞❡✉

♣❡❧❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝❤✉✈❡✐r♦s ❡①t❡♥s♦s ❛tr❛✈és ❞♦ ❞✐st❛♥❝✐❛♠❡♥t♦

❣r❛❞✉❛❧ ❞❡ ❝♦♥t❛❞♦r❡s ❛té 300 ♠✱ ❝♦♠ ♦ q✉❛❧ ❢♦✐ ♦❜s❡r✈❛❞❛ ✉♠❛ r❡❞✉çã♦ ♥❛s ❝♦✐♥✲

❝✐❞ê♥❝✐❛s✱ ❡ ❛ ✈❡r✐✜❝❛çã♦ ❞❡ s✐♥❛✐s ❡♠ ❞❡t❡❝t♦r❡s ❞✐❢❡r❡♥t❡s ❞❡♥tr♦ ❞❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡

t❡♠♣♦ ❞❡ 10−6 s ❝♦♠ ❜❛s❡ ❡♠ ✉♠❛ ❢✉♥çã♦ ❞❡ ♣r♦❜❛❜✐❧✐❞❛❞❡✳ ❈♦♠ ❛ ❜❧✐♥❞❛❣❡♠ ❞❡

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

❢ót♦♥s ❡ ❡❧étr♦♥s✱ ❛ ❝❤❛♠❛❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ s✐♠❡tr✐❝❛♠❡♥t❡ ❞✐str✐❜✉í❞❛

❡♠ t♦r♥♦ ❞❡ ✉♠ ❢❡✐①❡ ♠❡♥♦s ❞✐✈❡r❣❡♥t❡ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ♠❛ss❛ ♠❛✐♦r✳ ❆ ❞❡♥s✐❞❛❞❡

❞❡ 10 − 100 ♣❛rtí❝✉❧❛s✴♠2✱ ❞❡r✐✈❛❞❛ ❞❡ ✉♠ ♥ú♠❡r♦ t♦t❛❧ ❡st✐♠❛❞♦ ❡♠ 106 ♣❛rtí❝✉❧❛s

♥❛ ❢r❡♥t❡ ❞♦s ❝❤✉✈❡✐r♦s✱ ❡r❛ ♦❜t✐❞❛ ♣❡❧❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ♣r♦♣♦rçã♦ ❡♥tr❡ ♦s s✐♥❛✐s ❡ ❛s

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

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

❞❡ ❛❝✉s❛r ❛ ♣❛ss❛❣❡♠ ❞❡ ♣❛rtí❝✉❧❛s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ♠❛✐s ❞✐st❛♥t❡s✳ ❆ss✐♠✱ ❛

❡♥❡r❣✐❛ ❞❡♣♦s✐t❛❞❛ ♥❛ s✉♣❡r❢í❝✐❡ ❡ ❛t♠♦s❢❡r❛ t❡rr❡str❡s r❡✢❡t✐❛♠ ❛ ❡♥❡r❣✐❛ ❞❡ ♣❛rtí❝✉❧❛s

♣r✐♠ár✐❛s ❝♦♠ 1015 ❡❱✱ ❡♠ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦ ❡s♣❡❝tr❛❧ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

N (> E) ∝ E−2 ❛tr❛✈és ❞❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❝❛s❝❛t❛s ❡♠ ❛❧t✐t✉❞❡s ❞✐❢❡r❡♥t❡s✳ ◆❛ ❝♦♥✲

❝❧✉sã♦ ❞♦ tr❛❜❛❧❤♦✱ ❆✉❣❡r ❡ ♦s ❝♦✲❛✉t♦r❡s ❡s♣❡❝✉❧❛♠ q✉❡ ❝❛♠♣♦s ❡❧étr✐❝♦s ❞❡ ❣r❛♥❞❡

❡①t❡♥sã♦ ♣♦❞❡r✐❛♠ s❡r r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❛❝❡❧❡r❛çã♦ ❡♠ ✈✐st❛ ❞❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉♠❛

♣❛rtí❝✉❧❛ ❝❛rr❡❣❛❞❛ ❛❞q✉✐r✐r 1015 ❡❱ ❡♠ ✉♠ ú♥✐❝♦ ♣r♦❝❡ss♦✳ ◆❛ ❞é❝❛❞❛ s❡❣✉✐♥t❡✱ ❆❧❢✈é♥

❞❡♠♦♥str♦✉ q✉❡ ❝❛♠♣♦s ❡❧étr✐❝♦s ❝ós♠✐❝♦s sã♦ ♣r❛t✐❝❛♠❡♥t❡ ❞❡s♣r❡③í✈❡✐s ❡ ❋❡r♠✐ ❛♣r❡✲

s❡♥t♦✉ ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ ❛❝❡❧❡r❛çã♦✱ ❛♠♣❧❛♠❡♥t❡ ❛❝❡✐t♦ ❛té ❤♦❥❡✱ ❜❛s❡❛❞♦ ❡♠ ❝❛♠♣♦s

♠❛❣♥ét✐❝♦s✳ ❆♠❜♦s ❡ss❡s ❡❢❡✐t♦s ❡❧❡tr♦♠❛❣♥ét✐❝♦s s❡rã♦ ❡①♣❧✐❝❛❞♦s ♥❡st❡ ❝❛♣ít✉❧♦✳

❆✉❣❡r ♣❛ss♦✉ ❛ ❡st✉❞❛r✱ ♥♦s ❛♥♦s q✉❡ s❡❣✉✐r❛♠✱ ❛ ❛❜s♦rçã♦ ❞❛ r❛❞✐❛çã♦ s❡❝✉♥❞ár✐❛

♣❡❧♦ ❛r ❡ ♥♦ ❝❤✉♠❜♦ ❡♠ ✈ár✐❛s ❛❧t✐t✉❞❡s ✭❛té ♠❡s♠♦ ❡♠ ❛✈✐õ❡s✮ ❡ ❝♦♠ ❞❡t❡❝t♦r❡s ❞❡

✈ár✐♦s t✐♣♦s ❛rr❛♥❥❛❞♦s ❡♠ ✉♠ ♥ú♠❡r♦ ✈❛st♦ ❞❡ ❝♦♠❜✐♥❛çõ❡s✱ ❝♦♠ ❛ ✐♥t❡♥çã♦ ❞❡ s❡♣❛r❛r

♦ ❝❤✉✈❡✐r♦ ♣r✐♥❝✐♣❛❧✱ ❝♦♠ ❡①t❡♥sã♦ ❞❡ ❛❧❣✉♠❛s ❝❡♥t❡♥❛s ❞❡ ♠❡tr♦s✱ ❞❡ ❝❤✉✈❡✐r♦s ❧♦❝❛✐s✱

q✉❡ ♥ã♦ ❝♦❜r✐❛♠ ✉♠❛ ❞✐stâ♥❝✐❛ ♠❛✐♦r ❞♦ q✉❡ 50 ❝♠ s♦❜r❡ ♦ s♦❧♦✳ ❊♠ ✉♠ ❞♦s ú❧t✐♠♦s

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

✭✶✾✹✾✱ r❡❢✳ ❬✶✸❪✮ ❞❡s❝♦❜r✐r❛♠ ✉♠❛ ♥♦✈❛ ❝♦♠♣♦♥❡♥t❡ ❞♦s ❝❤✉✈❡✐r♦s ❡①t❡♥s♦s ❛❧t❛♠❡♥t❡

✽❈♦♠♦ ♦s ♠ú♦♥s ❡r❛♠ ❞❡♥♦♠✐♥❛❞♦s ♥❛q✉❡❧❛ é♣♦❝❛✳

✾



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

♣♦r 20 ❝♠ ❞❡ ❝❤✉♠❜♦✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧étr♦♥s s❡❝✉♥❞ár✐♦s✳

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

♣♦r ♣❛rtí❝✉❧❛s q✉❡ ❝♦♠♣✉♥❤❛♠ ♣r✐♠❛r✐❛♠❡♥t❡ ♦ ❝❤✉✈❡✐r♦ ♦✉ ❞❡✈✐❞♦ àq✉❡❧❛s ❝r✐❛❞❛s ❛

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

✈❛♥❞♦ q✉❡ ❛♣❡♥❛s ♠és♦♥s ❡ ❡❧étr♦♥s ♥ã♦ sã♦ s✉✜❝✐❡♥t❡s ♣❛r❛ ❡①♣❧✐❝❛r t♦❞♦s ♦s ❡❢❡✐t♦s

❞❡ ❛❜s♦rçã♦ ♠❡❞✐❞♦s ♥❛s ♣❛rt❡s ♠❛✐s ♣❡♥❡tr❛♥t❡s ❞❛s ❝❛s❝❛t❛s ✭❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦s

❝❤✉✈❡✐r♦s✮✳

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡✱ ❡♥tr❡ ✶✾✸✾ ❡ ✶✾✹✵✱ ♦ ❣r✉♣♦ ❞❡ ❲❛t❛❣❤✐♥ ✭r❡❢s✳ ❬✶✹❪

❡ ❬✶✺❪✮ t❛♠❜é♠ ❤❛✈✐❛ ✐♥✐❝✐❛❞♦ ✉♠❛ sér✐❡ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❞❡st✐♥❛❞♦s ❛ ❡st✉❞❛r ❝♦♠♦ ❛

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

❖ ❛rr❛♥❥♦ ❞❡ ❞❡t❡❝t♦r❡s ❝♦♥s✐st✐❛ ❞❡ q✉❛tr♦ ❝♦♥t❛❞♦r❡s ♣r♦t❡❣✐❞♦s ♣♦r 17 ❝♠ ❞❡ ❝❤✉♠❜♦✱

❛❧é♠ ❞❡ ✉♠ q✉✐♥t♦✱ ❞✐s♣♦st♦ s♦❜ ✉♠❛ ❝❛♠❛❞❛ ❞❡ 23 ❝♠ ❞❡ ❝❤✉♠❜♦✳ ❉✉r❛♥t❡ 12 ❞✐❛s ❞❡

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

❞❡t❡❝t♦r❡s✱ ❧❡✈♦✉ ♦s ❛✉t♦r❡s ❛ ❝♦♥❝❧✉✐r q✉❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 15 ♣❛rtí❝✉❧❛s ❛❧t❛♠❡♥t❡

♣❡♥❡tr❛♥t❡s✱ ♦s ❥á ❝✐t❛❞♦s ♠és♦tr♦♥s✱ ❡st❛r✐❛♠ ❡s♣❛❧❤❛❞♦s ♣♦r ✉♠❛ ár❡❛ ❞❡ ∼ 1 ♠2

♥♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ♦❜s❡r✈❛❞♦s✳ ❆té ✶✾✹✵✱ ♥❡♥❤✉♠❛ ❡st✐♠❛t✐✈❛ ❞❡ ❡♥❡r❣✐❛ ❞❛s

♣❛rtí❝✉❧❛s ♦✉ ❞❛s ❝❛s❝❛t❛s ❤❛✈✐❛ s✐❞♦ ❢❡✐t❛ ♣❡❧♦ ❣r✉♣♦✳ ❖s tr❛❜❛❧❤♦s ❝✐t❛❞♦s ♥❡st❡ ♣❛rá✲

❣r❛❢♦ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣r✐♠❡✐r♦s r❡s✉❧t❛❞♦s ❞❡ ♣❡sq✉✐s❛ r❡❛❧✐③❛❞❛ ♥♦ ❇r❛s✐❧ ♣✉❜❧✐❝❛❞♦s

♥❛ r❡✈✐st❛ P❤②s✐❝❛❧ ❘❡✈✐❡✇✳

✶✳✸ ❈❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s

◆ú❝❧❡♦s ❛tô♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ t♦t❛❧ > 1018 ❡❱ (≡ 1 ❊❡❱) sã♦ ❡♥❝♦♥tr❛❞♦s ❛♣❡♥❛s ♥❛

♥❛t✉r❡③❛✱ ❢♦r♠❛ ❞❡ r❛❞✐❛çã♦ ❝ós♠✐❝❛✱ ❡ ♣r♦✈❛✈❡❧♠❡♥t❡ ♥✉♥❝❛ s❡rã♦ ♣r♦❞✉③✐❞♦s ❡♠ ❛❝❡✲

❧❡r❛❞♦r❡s✾✳ ❊ss❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s ❝♦rr❡s♣♦♥❞❡ ❢❛t♦r❡s ❞❡ ▲♦r❡♥t③ & 109✱ ❞❡

♠♦❞♦ q✉❡ v ≈ c (1− 5× 10−19) ≈ c ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦ ❛♦ ❧♦♥❣♦ ❞❡ s✉❛s tr❛❥❡tór✐❛s✳

❆♦ ❡♥tr❛r ♣❡❧♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛ t❡rr❡str❡✱ ✉♠❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ✭♦✉ s✐♠♣❧❡s♠❡♥t❡

✏✉♠ ♣r✐♠ár✐♦✑✮ ✐♥✐❝✐❛ ✉♠❛ ❝❛s❝❛t❛ ❛tr❛✈és ❞❡ ✉♠❛ s❡qüê♥❝✐❛ ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s

❡♠ q✉❡✱ ❛ ❝❛❞❛ ❣❡r❛çã♦✱ ♦ ❞❡❝❛✐♠❡♥t♦ rá♣✐❞♦ ❞❡ ♠és♦♥s π0 tr❛♥s❢❡r❡ ❡♥❡r❣✐❛ ♣❛r❛ ❛

❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞♦ ❝❤✉✈❡✐r♦✱ ❝♦♠♣♦♥❞♦ s✉❛ ♣❛rt❡ ♠❛✐s ❡①t❡r♥❛ ❡ ♥✉♠❡r♦s❛✳

▼és♦♥s π± t❛♠❜é♠ sã♦ ❣❡r❛❞♦s ♥♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛ ❡ tr❛♥s♣♦rt❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

10✪ ❞❛ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛ ✭r❡❢✳ ❬✶✻❪✮✱ ❝✉❥♦s ❞❡❝❛✐♠❡♥t♦s ❡♠ ♠ú♦♥s µ± ✭❡ ♦s ♥❡✉tr✐♥♦s

✾❆t✉❛❧♠❡♥t❡✱ ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♥♦ ❈❊❘◆ ✭❞♦ ❢r❛♥❝ês ❈♦♥s❡✐❧ ❊✉r♦♣é❡♥ ♣♦✉r ❧❛ ❘❡❝❤❡r❝❤❡

◆✉❝❧é❛✐r❡✮ ❣❡r❛♠ ♣rót♦♥s ❝♦♠ ✉♠❛ ❡♥❡r❣✐❛ ♠á①✐♠❛ ❞❡ 3.5× 1012 ❡❱ ❡♠ r❡❧❛çã♦ ❛♦ ❧❛❜♦r❛tór✐♦✳

✶✵



❝♦rr❡s♣♦♥❞❡♥t❡s✮ ❝♦♠♣õ❡♠ ✉♠❛ ♣❛rt❡ ♠❛✐s ✐♥t❡r♥❛ ❞♦ ❝❤✉✈❡✐r♦❀ ♣ró①✐♠♦ ❛♦ ❡✐①♦ ❞❡

s✐♠❡tr✐❛ ❞❡ss❛ ❡str✉t✉r❛✱ ♦❝♦rr❡ ✉♠❛ ❝❛s❝❛t❛ ❞❡ ♥✉❝❧❡♦♥s ✭✈❡❥❛ ✜❣✉r❛ ✷✮✳ ❊❧étr♦♥s✱

♣ós✐tr♦♥s ❡ r❛✐♦s✲γ ♦r✐❣✐♥ár✐♦s ❞♦ ❞❡❝❛✐♠❡♥t♦ ❞❡ ♣❛rtí❝✉❧❛s s❡❝✉♥❞ár✐❛s ❞❡ t♦❞❛s ❛s

r❡❣✐õ❡s ❞♦ ❝❤✉✈❡✐r♦ ❝♦♥st✐t✉❡♠ ❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ q✉❡✱ ❛♦ ✜♥❛❧✱ r❡♣r❡s❡♥t❛ ❛

❞✐ss✐♣❛çã♦ ❞❡ ❝❡r❝❛ ❞❡ 90✪ ❞❛ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ ❞♦ ♥ú❝❧❡♦ ♣r✐♠ár✐♦✳ ❏✉♥t♦s✱ ♦s s✉❜♣r♦❞✉t♦s

❞❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ❝♦♠♣♦♥❡♥t❡s s❡ ❞✐str✐❜✉❡♠ ❢♦r♠❛♥❞♦ ✉♠ ❞✐s❝♦ ✜♥♦ q✉❡ ✈✐❛❥❛ ❛té

♦ s♦❧♦ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ à ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦✳ ❯♠ ♣rót♦♥ ♣r✐♠ár✐♦

❝♦♠ ❡♥❡r❣✐❛ 10 ❊❡❱✱ ♣♦r ❡①❡♠♣❧♦✱ é ❝❛♣❛③ ❞❡ ❣❡r❛r ✉♠❛ ❢r❡♥t❡ ❝♦♠ ✉♠ ♥ú♠❡r♦ ♠á①✐♠♦

∼ 1010 ♣❛rtí❝✉❧❛s ❡s♣❛❧❤❛❞❛s ♣♦r ✉♠❛ ár❡❛ ❝✐r❝✉❧❛r ∼ 20 ❦♠2 ❡ ❛♣❡♥❛s ❛❧❣✉♥s ♠❡tr♦s

❞❡ ❡s♣❡ss✉r❛✳ ◆♦t❡ q✉❡ ❛ ❢r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ ♣♦r ♣❛rtí❝✉❧❛ é s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡

❡❧❛s s❡❥❛♠ r❡❧❛t✐✈íst✐❝❛s✳ ▲♦❣♦✱ ❛ ❢r❡♥t❡ s❡ ♣r♦♣❛❣❛ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ❊ss❛

♠♦r❢♦❧♦❣✐❛ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦ ✭♦✉ ❊❆❙✱ ❞♦ ✐♥❣❧ês ❊①t❡♥s✐✈❡

❆✐r ❙❤♦✇❡r✮ ❡ é r❡s♣♦♥sá✈❡❧ ♣❡❧❛s ❝♦✐♥❝✐❞ê♥❝✐❛s ♦❜s❡r✈❛❞❛s ❡♠ ❞❡t❡❝t♦r❡s s❡♣❛r❛❞♦s ❛

❞✐stâ♥❝✐❛s ❞❡ ✈ár✐♦s q✉✐❧ô♠❡tr♦s✳

❋✐❣✉r❛ ✷✿ ▼♦r❢♦❧♦❣✐❛ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦✳ ➚ ❡sq✉❡r❞❛✱ ❛ ❝✉r✈❛ ✈❡r♠❡❧❤❛
r❡♣r❡s❡♥t❛ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♣❛rtí❝✉❧❛s ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛✳
❖ ♠á①✐♠♦ ♦❝♦rr❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♥❛s ❛❧t✐t✉❞❡s ❞❡ ❛❡r♦♥❛✈❡s ❡♠ ❝r✉③❡✐r♦✳ ❋✐❣✉r❛ ❢♦r❛
❞❡ ❡s❝❛❧❛✳

✶✶



✶✳✸✳✶ ❊♥❡r❣✐❛

❆ ❞❡♣♦s✐çã♦ ❞❡ ❡♥❡r❣✐❛ ♣♦r ✉♠ ❊❆❙ ♦❝♦rr❡ ❞❡s❞❡ ♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛ ❛té ♦ s♦❧♦✳ ❆ss✐♠✱

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

❡ss❛s r❡❣✐õ❡s✳ ❙♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛✱ ❛ r❛❞✐❛çã♦ ❷❡r❡♥❦♦✈ ❞❡ ♠ú♦♥s ♥❛ á❣✉❛ ♣♦❞❡

s❡r t♦♠❛❞❛ ❝♦♠♦ ✉♠ ♣❛râ♠❡tr♦ ❡♥❡r❣ét✐❝♦ ❥á q✉❡ ♠ú♦♥s ✐♥t❡r❛❣❡♠ ❢r❛❝❛♠❡♥t❡ ❝♦♠ ❛

❛t♠♦s❢❡r❛✶✵✳

❆♦ ❛tr❛✈❡ss❛r ✉♠ ♠❡✐♦ ❞✐❡❧étr✐❝♦✱ ✉♠❛ ❝❛r❣❛ ❡❧étr✐❝❛ ♣❡r❞❡ ❡♥❡r❣✐❛ à ♠❡❞✐❞❛ q✉❡

s❡✉ ❝❛♠♣♦ ❛❧t❡r❛ ❛ ♣♦❧❛r✐③❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ♣ró①✐♠❛s à s✉❛ tr❛❥❡tór✐❛✳ ❆♣ós ❛ ♣❛s✲

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

❛❧❡❛tór✐❛ ❡ ❡♥❡r❣✐❛ é ❞✐ss✐♣❛❞❛ ❛ ♣❛rt✐r ❞❡ ❝❛❞❛ ♣♦♥t♦ ❞♦ ♣❡r❝✉rs♦ ❝♦♠♦ ✉♠❛ ♦♥❞❛ ❡s✲

❢ér✐❝❛ ❛♠♦rt❡❝✐❞❛ ♥♦ ♠❛t❡r✐❛❧✳ ❖ ❝♦♠♣r✐♠❡♥t♦ ❞❡ss❛ ♦♥❞❛ ✈❛r✐❛ ❝♦♠ ❛ ❢r❡qüê♥❝✐❛

s❡❣✉♥❞♦ ❛ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦

λ2 (ω) =
ω2

v2
[
1− β2n2 (ω)

]
✱

♦♥❞❡ v é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛✱ β = v/c ❡ n é ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞♦ ♠❡✐♦✳ ❆ ✉♠❛

❞✐stâ♥❝✐❛ a ❞❛ tr❛❥❡tór✐❛✱ s❡❣✉❡ q✉❡ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ✐rr❛❞✐❛❞♦ ❞❡♣❡♥❞❡ ❞❛ ❢❛s❡

Erad ∝ exp [− (λ+ λ∗) a] ✱

q✉❡ ♥ã♦ t❡♥❞❡ ❛ ③❡r♦ q✉❛♥❞♦ a → ∞ ❝❛s♦ λ s❡❥❛ ✉♠ ♥ú♠❡r♦ ✐♠❛❣✐♥ár✐♦ ♣✉r♦✶✶ ✭r❡❢✳ ❬✶✼❪✮✳

❈♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ ❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♥ã♦ é ❛❜s♦r✈✐❞❛ ♥♦ ♠❡✐♦ ❞✐❡❧étr✐❝♦✳ ❆

❝♦♥❞✐çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ λ s❡❥❛ ✉♠ ♥ú♠❡r♦ ✐♠❛❣✐♥ár✐♦ ♣✉r♦ é

β >
1

n
✱ ✭✶✮

❞❡s❝♦❜❡rt❛ ♣♦r ❷❡r❡♥❦♦✈ ❞✉r❛♥t❡ s✉❛ ♣ós✲❣r❛❞✉❛çã♦✶✷✱ ✐♥❝✉♠❜✐❞♦ ❞❡ ✐♥✈❡st✐❣❛r ❛ ❧✉♠✐✲

♥❡s❝ê♥❝✐❛ ❞❡ s♦❧✉çõ❡s ❜♦♠❜❛r❞❡❛❞❛s ♣♦r ♣❛rtí❝✉❧❛s ❜❡t❛ ❞❡ ❡❧❡♠❡♥t♦s r❛❞✐♦❛t✐✈♦s✱ ❛♦

♣❡r❝❡❜❡r q✉❡ s♦❧✈❡♥t❡s ❝♦♠✉♥s t❛♠❜é♠ ❡♠✐t✐❛♠ ❧✉③ ✭✶✾✸✼✱ r❡❢✳ ❬✶✽❪✮✳ ❈♦♠♦ ❛ ♠❛✐♦r✐❛

✶✵❆♣❡s❛r ❞✐ss♦✱ ♦ ♥ú♠❡r♦ ❞❡ ♠ú♦♥s é ✉♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ♠❡♥♦r ❡♠ r❡❧❛çã♦ à q✉❛♥t✐❞❛❞❡ ❞❡
♣❛rtí❝✉❧❛s ❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞❡ ✉♠ ❊❆❙✳

✶✶P♦✐s ❛ ❡①♣♦♥❡♥❝✐❛❧ ♣❛ss❛ ❛ s❡r ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡ a✳
✶✷❊ss❛ ❡①♣r❡ssã♦ t❛♠❜é♠ ❛♣❛r❡❝❡ ♥❛ ✐♥t❡r♣r❡t❛çã♦ s❡♠✐❝❧áss✐❝❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❡♠✐ssã♦ ❝♦♠♦ ❝♦♥✲

s❡qüê♥❝✐❛ ❞❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ ♠♦♠❡♥t♦✱ ♥❛ tr❛♥s❢♦r♠❛❞❛ ❞❡ ❋♦✉r✐❡r ❞❛s ❡q✉❛çõ❡s ❞❡ ♦♥❞❛
♥♦ ❝❛❧✐❜r❡ ❞❡ ▲♦r❡♥③✱ ♥♦ ♣r✐♥❝í♣✐♦ ❞❛ ❝❛✉s❛❧✐❞❛❞❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ ❧✉❣❛r ❣❡♦♠étr✐❝♦ ❞♦s ♣♦t❡♥❝✐❛✐s
❡ ❝❛♠♣♦s ❞❛ ♣❛rtí❝✉❧❛ ❡ ❝♦♠♦ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ r❡ss♦♥â♥❝✐❛ ❡♠ ♣❧❛s♠❛s ♥ã♦✲♠❛❣♥❡t✐③❛❞♦s ✭♥♦ ❡❧❡tr♦✲
♠❛❣♥❡t✐s♠♦✱ ❛ ❝♦rr❡çã♦ ❞♦ ❡❢❡✐t♦ ❞❡ ❞❡♥s✐❞❛❞❡ é ✐♥s❡r✐❞❛ ♠❛♥✉❛❧♠❡♥t❡ ♥❛ ❡q✉❛çã♦ ❞❡ ❇❡t❤❡✲❇❧♦❝❤ ❡
❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞❡ ❡①❝✐t❛çã♦ é s✉❜st✐t✉í❞❛ ♣❡❧❛ ❡♥❡r❣✐❛ ❞♦ ♣❧❛s♠❛✮✳

✶✷



❞♦s ❞✐❡❧étr✐❝♦s ♣♦ss✉✐ n & 1✱ ❡ss❡ ❡❢❡✐t♦ só ♦❝♦rr❡ ♥♦ r❡❣✐♠❡ ✉❧tr❛✲r❡❧❛t✐✈íst✐❝♦✳ ❈❛❞❛

♣❛rtí❝✉❧❛ ❞❛ ❢r❡♥t❡ ❞❡ ✉♠ ❊❆❙ ♣♦ss✉✐ β ≈ 1 ❡ s❛t✐s❢❛③ ❛ ❝♦♥❞✐çã♦ ❞❛❞❛ ♣❡❧❛ ❞❡s✐❣✉❛❧✲

❞❛❞❡ ✭✶✮ ♥❛ á❣✉❛ ✭n ≈ 1.333✮✱ ✉♠ ♠❛t❡r✐❛❧ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛r❛t♦ ❡♠ ❢♦r♠❛ ♣✉r❛ ❡

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

❆❧é♠ ❞✐ss♦✱ ❛ ❡♠✐ssã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♦❝♦rr❡ ❛ ♣❛rt✐r ❞❛ s✉♣❡r❢í❝✐❡ ❞❡ ✉♠ ❝♦♥❡ ❝✉❥♦

✈ért✐❝❡ é ❝❡♥tr❛❞♦ ❞✐♥❛♠✐❝❛♠❡♥t❡ s♦❜r❡ ❛ ♣♦s✐çã♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❖ â♥❣✉❧♦ ξ ❡♥tr❡ ♦s

✈❡t♦r❡s ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛ ❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ♦❜❡❞❡❝❡ ❛ r❡❧❛çã♦

cos ξ =
1

nβ
✭✷✮

q✉❡✱ ❥✉♥t♦ à ❡q✉❛çã♦ ✭✶✮✱ ✐♠♣❧✐❝❛ ❞✐r❡t❛♠❡♥t❡ ❡♠ ξ < 90➦✳ ❈♦♠♦ ❛ ❢r❡♥t❡ ❞♦s ❊❆❙

s❡♠♣r❡ ♣♦ss✉✐ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ✈❡rt✐❝❛❧ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❡♠ r❡❧❛çã♦ ❛♦ s♦❧♦✱ ❛ r❡str✐çã♦

❞❡ss❡ â♥❣✉❧♦ ❞❡ ❡♠✐ssã♦ ♥❛ á❣✉❛ ✐♠♣❧✐❝❛ ♥♦ ❢❛t♦ ❞❡ q✉❡ ♦ r❡✈❡st✐♠❡♥t♦ ✐♥t❡r♥♦ ❞♦s ❝♦♥✲

t❛❞♦r❡s ❞❡✈❛ t❡r ✉♠ ❛❧❜❡❞♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣ró①✐♠♦ ❛ 100✪✱ ❛❧é♠ ❞❡ ✉♠ ❡s♣❛❧❤❛♠❡♥t♦

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐s♦tró♣✐❝♦✱ ❛ ✜♠ ❞❡ ♠❛①✐♠✐③❛r s✉❛ ❞❡t❡❝çã♦✳

◆♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❡①♣❡r✐♠❡♥t❛❧ q✉❡ ✉t✐❧✐③❛ ❛ r❛❞✐❛çã♦ ❡♠✐✲

t✐❞❛ ♣♦r ♣❛rtí❝✉❧❛s ✉❧tr❛✲r❡❧❛t✐✈íst✐❝❛s ❡♠ ✉♠ ♠❡✐♦ ♠❛t❡r✐❛❧ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ♠❡❞✐r ❛

❞❡♣♦s✐çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦ ♥♦ s♦❧♦ ❝♦♠♣r❡❡♥❞❡ ✉♠ ❛rr❛♥❥♦ ❞❡ ❞❡t❡❝✲

t♦r❡s ❷❡r❡♥❦♦✈ ❝♦♠ á❣✉❛ ❞❡✐♦♥✐③❛❞❛✳ ❉❛❞❛s ❛s ❞✐♠❡♥sõ❡s ❞❡ ✉♠❛ ❢r❡♥t❡ ❞❡ ♣❛rtí❝✉❧❛s✱

❡st❛çõ❡s ❝♦♠ s❡♣❛r❛çã♦ ❡s♣❛❝✐❛❧ ∼ ❦♠ ♠❡❞❡♠✱ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ❛ ❞❡♣♦s✐çã♦ ❧♦❝❛❧ ❞❡

❡♥❡r❣✐❛ ♣♦r ♠ú♦♥s✳ ●❧♦❜❛❧♠❡♥t❡✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ✐♥t❡♥s✐❞❛❞❡s ❞❡ss❡s s✐♥❛✐s é r❡❧❛✲

❝✐♦♥❛❞❛ ❛♦ ❜❛r✐❝❡♥tr♦ ❞❛ ❝❛s❝❛t❛ ♣❛r❛ q✉❡ ❛ ❡♥❡r❣✐❛ t♦t❛❧ s❡❥❛ ❡st✐♠❛❞❛✳ ■ss♦ é ❢❡✐t♦

❛tr❛✈és ❞❡ ✉♠❛ ❢✉♥çã♦ ❞❡ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧✱ ♦✉ ▲❉❋ ✭❞♦ ✐♥❣❧ês ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥

❢✉♥❝t✐♦♥✮✱ ❝✉❥♦s ♣❛râ♠❡tr♦s ✈❛r✐❛♠ ❞❡ ✉♠ ♦❜s❡r✈❛tór✐♦ ♣❛r❛ ♦✉tr♦✳ ❆ ♠❛♥❡✐r❛ ❝♦♠♦

❡❧étr♦♥s✱ ♣ós✐tr♦♥s ❡ ❢ót♦♥s s❡ ❞✐str✐❜✉❡♠ ❛♦ ❧♦♥❣♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❝❤✉✈❡✐r♦

é ❞✐❢❡r❡♥t❡ ❞❡ ❝♦♠♦ ♠ú♦♥s ♦ ❢❛③❡♠✿ ❛ ❢♦r♠❛ ♣❛r❛♠❡tr✐③❛❞❛ ❞❛ ❝✉r✈❛ ♠✉ô♥✐❝❛ ♥ã♦

❞❡❝r❡s❝❡ tã♦ r❛♣✐❞❛♠❡♥t❡ ❡♠ r❡❧❛çã♦ à ❞✐stâ♥❝✐❛ ❛♦ ❡✐①♦ ❡ ♣í♦♥s ♥❡✉tr♦s r❡❣❡♥❡r❛♠ ❝♦♥✲

t✐♥✉❛♠❡♥t❡ ❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ✭r❡❢✳ ❬✶✾❪✮✳ P♦ré♠✱ ♥♦ ❝❛s♦ ❞❡ ✉♠ ♣r✐♠ár✐♦

❤❛❞rô♥✐❝♦✱ ♦ ❢♦r♠❛❧✐s♠♦ q✉❡ s❡rá ❛♣r❡s❡♥t❛❞♦ ❛ s❡❣✉✐r ❞❡s❝r❡✈❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♣r✐♥✲

❝✐♣❛✐s ❞❛ ♣❛rt❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝♦♠ ❜♦❛ ❛♣r♦①✐♠❛çã♦ ❡✱ ♣❛r❛ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛

▲❉❋ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❡ss❡ r❡s✉❧t❛❞♦ s❡rá ❛♣r❡s❡♥t❛❞❛ ♥❛ s❡çã♦ ✷✳✸✳

❖ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ ❞❛ ❛t♠♦s❢❡r❛ t❡rr❡str❡ é n ≈ 1.0003 ❡✱ s❡❣✉♥❞♦ ❛ ❡q✉❛çã♦ ✭✷✮✱

♦ â♥❣✉❧♦ ❞❡ ❛❜❡rt✉r❛ ❞♦ ❝♦♥❡ q✉❡ ❞❡✜♥❡ ♦ ❧✉❣❛r ❣❡♦♠étr✐❝♦ ❞❛ ❡♠✐ssã♦ ❞❡ r❛❞✐❛çã♦

❷❡r❡♥❦♦✈ é ❞❡s♣r❡③í✈❡❧ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢♦r♠❛çã♦ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦✳ ◆❡st❛

r❡❣✐ã♦✱ ♦ ❡❢❡✐t♦ ❞♦♠✐♥❛♥t❡ é ❛ ❡①❝✐t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦❣ê♥✐♦ ✭◆2✮ ♣❡❧❛ ❞✐ss✐♣❛çã♦
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❚❛❜❡❧❛ ✷✿ Pr✐♥❝✐♣❛✐s ❝❛♥❛✐s ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ❞♦s ❤á❞r♦♥s ♣❛r❛ ❧é♣t♦♥s ❡♠
✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦ ✭r❡❢✳ ❬✷✵❪✮✳

P❛rtí❝✉❧❛ ❚❡♠♣♦ ❞❡ ✈✐❞❛✲♠é❞✐❛ ✭s✮ ▼♦❞♦ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❋r❛çã♦ ❞❡ ❞❡❝❛✐♠❡♥t♦

π± (2.6033± 0.0005)× 10−8 µ± +

(
νµ
νµ

)

(99.98770± 0.00004)✪

π0 (8.4± 0.6)× 10−17 2 γ (98.798± 0.032)✪

❞❡ ❡♥❡r❣✐❛ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ ❝✉❥♦ r❡s✉❧t❛❞♦ é ❛ ♣r♦❞✉çã♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛

❝♦♠ ❧✐♥❤❛s ❡s♣❡❝tr❛✐s ♥♦ ✉❧tr❛✈✐♦❧❡t❛ ♣ró①✐♠♦ ✭300 − 400 ♥♠✮✳ ❆♣❡s❛r ❞❛ r❛③ã♦ ❡♥tr❡

❛s r❛❞✐❛çõ❡s ❡♠✐t✐❞❛ ❡ ❞✐ss✐♣❛❞❛ ♥♦ ♠❡✐♦ s❡r ∼ 5× 10−5✱ ♦ ♥ú♠❡r♦ ✈❛st♦ ❞❡ ♣❛rtí❝✉❧❛s

q✉❡ ❢♦r♠❛♠ ❛ ❢r❡♥t❡ t♦r♥❛ ❡ss❡ ♣r♦❝❡ss♦ ♥ã♦ ❛♣❡♥❛s s✐❣♥✐✜❝❛♥t❡✱ ❝♦♠♦ ❝r✉❝✐❛❧ ♥❛ ❝❛r✲

❛❝t❡r✐③❛çã♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❆ ❛t♠♦s❢❡r❛ ❢✉♥❝✐♦♥❛ ❝♦♠♦ ✉♠ ❛❧✈♦ ♣❛r❛ ♦s r❛✐♦s ❝ós♠✐❝♦s✳

◆❡❧❛✱ t♦❞❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❊❆❙ é ❜❛s❡❛❞❛ ♥❛ ♣r♦❢✉♥❞✐❞❛❞❡

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

X (h) =

ˆ ∞

h

̺ar (h
′) dh′✳ ✭✸✮

❆ ❞❡♥s✐❞❛❞❡ ❞♦ ❛r ̺ar (h) ❞❡♣❡♥❞❡ ❞❡ ❢❛t♦r❡s ❝♦♠♦ ♣r❡ssã♦✱ t❡♠♣❡r❛t✉r❛ ❡ ✉♠✐❞❛❞❡

♣❛r❛ ♦ ❧♦❝❛❧ ♦♥❞❡ ❛ ♦❜s❡r✈❛çã♦ é ❢❡✐t❛✳ ❙❡ ✉♠ ❝❤✉✈❡✐r♦ ♣♦ss✉✐ â♥❣✉❧♦ ③❡♥✐t❛❧ θ✱ ❛

tr❛♥s❢♦r♠❛çã♦ dh′ → dh′/ cos θ ❞❡✈❡ s❡r ❢❡✐t❛ ♥❛ ❡q✉❛çã♦ ✭✸✮ ♣❛r❛ q✉❛♥t✐✜❝❛r X (h) ❡♠

❝❛❞❛ ♣♦♥t♦ ❞♦ s❡✉ ❡✐①♦✳ ❆ q✉❛♥t✐❞❛❞❡ h/ cos θ é ❝❤❛♠❛❞❛ ❞❡ s❧❛♥t ❞❡♣t❤ ❡ r❡♣r❡s❡♥t❛

❛ tr❛♥s❢♦r♠❛çã♦ ❞♦ r❡❢❡r❡♥❝✐❛❧ ❞❡ ❛❧t✐t✉❞❡s ♣❛r❛ ♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❊❆❙❀ ♦

❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✸✱ ♣♦r ❡①❡♠♣❧♦✱ ♠♦str❛ ❛ ❡sq✉❡♠❛t✐③❛çã♦ ❞❡ ❝✉r✈❛s ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦

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

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧❛t❡r❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ♦❝♦rr❡ s✐♠❡tr✐❝❛♠❡♥t❡ ❡♠

t♦r♥♦ ❞♦ s❡✉ ❡✐①♦ ❞❡✈✐❞♦ à ❝♦♠❜✐♥❛çã♦ ❞❡ ♠ú❧t✐♣❧♦s ❡s♣❛❧❤❛♠❡♥t♦s ❝♦✉❧♦♠❜✐❛♥♦s ❡ ❞♦

♠♦♠❡♥t♦ tr❛♥s✈❡rs♦ r❡s✉❧t❛♥t❡ ❞❛ s✉❝❡ssã♦ ❞❡ ❞❡❝❛✐♠❡♥t♦s ❡ ✐♥t❡r❛çõ❡s✳ ◆♦ ♣❧❛♥♦ q✉❡

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

✐♥t❡rs❡❝çã♦ ❝♦♠ ♦ ❡✐①♦ ❞❛ ❝❛s❝❛t❛✳ ❆ ✉♠❛ ❞✐stâ♥❝✐❛ ρ✱ ❛ ❞❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞❡ ♣❛rtí❝✉❧❛s

♥❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ é ❞❛❞❛ ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ●r❡✐s❡♥ ✭✶✾✺✻✱ r❡❢✳ ❬✷✶❪✮✱ ❑❛♠❛t❛

❡ ◆✐s❤✐♠✉r❛ ✭✶✾✺✽✱ r❡❢✳ ❬✷✷❪✮

̺ (ρ) =
C (s)

ρM

(
ρ

ρM

)s−2(

1 +
ρ

ρM

)s−4.5

✱ ✭✹✮

❛❜r❡✈✐❛❞❛ ♣❡❧❛s ✐♥✐❝✐❛✐s ❞♦s ❛✉t♦r❡s ❝♦♠♦ ◆❑●✱ ♦♥❞❡ s é ❛ ✐❞❛❞❡ ❞♦ ❝❤✉✈❡✐r♦ ❡ C (s) é

✉♠ ❢❛t♦r ❞❡ ♥♦r♠❛❧✐③❛çã♦ ❞❛❞♦ ♣♦r

✶✹



C (s) =
Γ (4.5− s)

2 π Γ (s) Γ (4.5− 2s)
✳

◆♦ ♣❛râ♠❡tr♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ r❛✐♦ ❞❡ ▼♦❧✐èr❡✱

ρM =
Es

Ec

Xrad

̺ar
✱ ✭✺✮

Es ❝❛r❛❝t❡r✐③❛ ❛ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ❞❡✈✐❞♦ ❛ ♠ú❧t✐♣❧♦s ❡s♣❛❧❤❛♠❡♥t♦s ❝♦✉❧♦♠❜✐❛♥♦s✱ Ec

é ✉♠❛ ❡♥❡r❣✐❛ ❝rít✐❝❛ ✭♣♦r ♣❛rtí❝✉❧❛✮ ❛❜❛✐①♦ ❞❛ q✉❛❧ ❛ ❜r❡♠sstr❛❤❧✉♥❣ é ❞♦♠✐♥❛❞❛ ♣❡❧❛

✐♦♥✐③❛çã♦ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❞❡❣r❛❞❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❞♦s ❡❧étr♦♥s✱ ̺ar é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❛r ❡

Xrad é ❝❤❛♠❛❞♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ r❛❞✐❛çã♦✳ ❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡s✱ ❡♠ ♠é❞✐❛✱ 90✪

❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❡♥❝♦♥tr❛✲s❡ ♥❛ r❡❣✐ã♦ ❝✐❧í♥❞r✐❝❛ ❞❡ r❛✐♦ ρM ❝❡♥tr❛❞❛ ♥♦

❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❊s❝r❡✈❡♥❞♦ t = X/Xrad✱ ❛ ✐❞❛❞❡ ❞♦ ❝❤✉✈❡✐r♦ é ❞❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛

♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ❝♦♠♦

s =
3t

t+ 2tmax

✳

❆❧é♠ ❞❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ é ❞✐str✐❜✉í❞❛ ❡s♣❛❝✐❛❧♠❡♥t❡

♥❛ ❢r❡♥t❡ ❞❡ ✉♠ ❊❆❙✱ ❛ ❡♥❡r❣✐❛ ❞♦ ♣r✐♠ár✐♦ t❛♠❜é♠ ❞❡t❡r♠✐♥❛ ♦ ♥ú♠❡r♦ ❞❡ss❛s

♣❛rtí❝✉❧❛s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛✳ ❊ss❡ ❡❢❡✐t♦ é ❝❤❛♠❛❞♦ ❞❡ ❞❡✲

s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✳ ●❛✐ss❡r ❡ ❍✐❧❧❛s ✭✶✾✼✼✱ r❡❢✳ ❬✷✸❪✮ ♣r♦♣✉s❡r❛♠ ❛

♣❛r❛♠❡tr✐③❛çã♦

Ne (X) = Nmax

(
X −X0

Xmax −X0

)Xmax−X0
λint

exp

(
Xmax −X

λint

)

✱ ✭✻✮

❝♦♠ ♦ ♣❛râ♠❡tr♦ Xmax r❡♣r❡s❡♥t❛♥❞♦ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ❡♠ q✉❡ ♦ ♥ú♠❡r♦ ❞❡

♣❛rtí❝✉❧❛s ❛t✐♥❣❡ ✉♠ ✈❛❧♦r ♠á①✐♠♦ Nmax = N (Xmax)✱ X0 é ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❞❛ ♣r✐♠❡✐r❛

✐♥t❡r❛çã♦ ♣r✐♠ár✐♦✲❛t♠♦s❢❡r❛ ❡ λint é ♦ ❧✐✈r❡ ❝❛♠✐♥❤♦ ♠é❞✐♦ ❞❡ ✐♥t❡r❛çã♦✳ ❖ ♠á①✐♠♦ ❞❛

❞✐str✐❜✉✐çã♦ Ne (X) é ❣♦✈❡r♥❛❞♦ ♣❡❧❛ ♠❡s♠❛ ❡♥❡r❣✐❛ ❝rít✐❝❛ Ec ✐♥tr♦❞✉③✐❞❛ ♥❛ ❡q✉❛çã♦ ✺

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

❛ ♣r♦❞✉çã♦ ❞❡ ♣❛r❡s ❡ ♣❛ss❛♠ ❛ ♣❡r❞❡r ❡♥❡r❣✐❛ ♣♦r ❡s♣❛❧❤❛♠❡♥t♦ ❈♦♠♣t♦♥✳

❆ r❛❞✐❛çã♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ◆2 é ❡♠✐t✐❞❛ ✐s♦tr♦♣✐❝❛♠❡♥t❡ ❛

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

❛t♠♦s❢ér✐❝❛ é ♣r♦♣♦r❝✐♦♥❛❧ à ❡♥❡r❣✐❛ t♦t❛❧ ❞❡♣♦s✐t❛❞❛ ♣❡❧♦s ❡❧étr♦♥s ♥❡ss❡ ♠❡s♠♦ X✱ ♦✉

s❡❥❛✱

✶✺



Nγ = Y f
λ

dE

dX
✳ ✭✼✮

❖ t❡r♠♦ Y f
λ é ❝❤❛♠❛❞♦ r❛③ã♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ t❛♠❜é♠ ❞❡♣❡♥❞❡ ❞❛ t❡♠♣❡r❛t✉r❛

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

❊❆❙✳ ❖ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❡♠ ❢✉♥çã♦ ❞❛

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

Nγ = Y f
λ Ne (X)α (X) ✱ ✭✽✮

♦♥❞❡ α (X) é ❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ❞❡♣♦s✐t❛❞❛ ♣♦r ❡❧étr♦♥✳ ❖❜s❡r✈❡ q✉❡ ❛s ❞✉❛s ❡①♣r❡ssõ❡s

❛❝✐♠❛ r❡❧❛❝✐♦♥❛♠ ❛ ❡q✉❛çã♦ ✭✻✮ à q✉❛♥t✐❞❛❞❡ ♦❜s❡r✈á✈❡❧ Nγ ❞❡ ❢ót♦♥s ❝♦♠ ❝♦♠♣r✐♠❡♥t♦

❞❡ ♦♥❞❛ λ✳

P❛r❛ ♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ❛ ❛t♠♦s❢❡r❛ t❡rr❡str❡ ❡q✉✐✈❛❧❡ ❛ ✉♠ ❝❛❧♦rí♠❡tr♦✳

❆ r❛③ã♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ Y f
λ é ✉♠ ❢❛t♦r ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❞❡♣♦s✐çã♦

❧♦❝❛❧ ❞❡ ❡♥❡r❣✐❛ ❞❡❝♦rr❡♥t❡ ❞❛ ❡①❝✐t❛çã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ◆2 ❝❛✉s❛❞❛ ♣❡❧❛ ♣❛ss❛❣❡♠

❞❡ ❡❧étr♦♥s✳ P♦ré♠✱ ✉♠❛ ❢r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é ❞✐ss✐♣❛❞❛ ♥❛ ❢♦r♠❛

❞❡ ♥❡✉tr✐♥♦s ❡ ♠ú♦♥s ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s q✉❡ ❛❝❛❜❛♠ ♣♦r ❛t✐♥❣✐r ♦ s♦❧♦✳ ❇❛r❜♦s❛ ❡t ❛❧✳

✭✷✵✵✹✱ r❡❢✳ ❬✷✹❪✮ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❝♦rr❡çã♦ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❝❛❧♦r✐♠étr✐❝❛✱ ❧❡✈❛♥❞♦ à ❞❡✲

t❡r♠✐♥❛çã♦ ❞❛ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛✱ ❛tr❛✈és ❞❛s s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❞♦ ♣r♦❣r❛♠❛

❈❖❘❙■❑❆✶✸✳ ❖s ❛✉t♦r❡s ❛❜♦r❞❛♠ ♦ ♣r♦❜❧❡♠❛ ❡st✉❞❛♥❞♦ s❡♣❛r❛❞❛♠❡♥t❡ ❛ ❝♦♥tr✐❜✉✐çã♦

❞❡ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡ ❞❡ ✉♠ ❊❆❙ ♣❛r❛ ❛ ❞❡♣♦s✐çã♦ ❡♥❡r❣ét✐❝❛✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❡ tr❛❜❛❧✲

❤♦s ❛♥t❡r✐♦r❡s ❛ r❡s♣❡✐t♦ ❞♦ ❛ss✉♥t♦✳ ❆ ♠❛♥❡✐r❛ ❝♦♠♦ ❡ss❛ ❢♦r♠✉❧❛çã♦ é ✉t✐❧✐③❛❞❛ ♥❛

❛♥á❧✐s❡ ❞❡ ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r s❡rá ❞❡t❛❧❤❛❞❛ ♥❛ s✉❜✲s❡çã♦ ✷✳✹✳

✶✳✸✳✷ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛

❆ss✐♠ ❝♦♠♦ ❛ ❡♥❡r❣✐❛✱ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ♣r✐♠ár✐❛ t❛♠❜é♠

✐♥✢✉❡♥❝✐❛ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ❊❆❙✳ ❉✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦✱

❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ❞❛ ♣❛rt❡ ❤❛❞rô♥✐❝❛ ♣❛r❛ ❛ ♣❛rt❡ ❧❡♣tô♥✐❝❛ ♦❝♦rr❡ ♣♦r ❝❛♥❛✐s

❞✐❢❡r❡♥t❡s✳ ❆ t❛①❛ ❞❡ ❞❡❝❛✐♠❡♥t♦ ❞❡ ♣í♦♥s ❝❛rr❡❣❛❞♦s é ✈ár✐❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❡♥♦r

❞♦ q✉❡ ❛ ❞❡ s❡✉s ❡q✉✐✈❛❧❡♥t❡s ♥❡✉tr♦s ✭✈❡❥❛ t❛❜❡❧❛ ✷✮✱ r❡s✉❧t❛♥❞♦ ♥♦ ❝r❡s❝✐♠❡♥t♦ ♠❛✐s

❧❡♥t♦✱ ❡♠ ♥ú♠❡r♦✱ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠ú♦♥s ❡♠ r❡❧❛çã♦ às ♣❛rtí❝✉❧❛s ❞❛ ❝♦♠♣♦♥❡♥t❡

❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s ♠ú♦♥s ♥ã♦ s❡ ♠✉❧t✐♣❧✐❝❛♠✿ ❡❧❡s ♣❡r❞❡♠ ♣♦✉❝❛ ❡♥❡r❣✐❛

♣❛r❛ ❛ ❛t♠♦s❢❡r❛✱ ♣♦r ✐♦♥✐③❛çã♦❀ s❡✉ ♥ú♠❡r♦ t♦t❛❧ ❝r❡s❝❡ ❛té ✉♠ ✈❛❧♦r ♠á①✐♠♦ ❡ ❞❡♣♦✐s
✶✸❆❜r❡✈✐❛çã♦ ❞❡ ❈♦s♠✐❝ ❘❛② ❙✐♠✉❧❛t✐♦♥s ❢♦r ❑❛s❝❛❞❡✳
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é ❛t❡♥✉❛❞♦ ❧❡♥t❛♠❡♥t❡ ❞❡✈✐❞♦ ❛ s❡✉ ❞❡❝❛✐♠❡♥t♦✳ ❊♠ ❝♦♥tr❛st❡✱ ❛ ❝r✐❛çã♦ ❞❡ ♣❛r❡s é

❧✐♠✐t❛❞❛ ✉♥✐❝❛♠❡♥t❡ ♣❡❧❛ ❡♥❡r❣✐❛ ❞❡ ❝♦rt❡ Ec ❡✱ ❛♣ós ♦ ♥ú♠❡r♦ ♠á①✐♠♦✱ ❛ ❛t❡♥✉❛çã♦

♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧étr♦♥s ❡ ♣ós✐tr♦♥s é ❜❡♠ ♠❛✐s ❛❝❡♥t✉❛❞❛ ✭✈❡❥❛ ✜❣✉r❛ ✸✮✳

❋✐❣✉r❛ ✸✿ P❡r✜s ❡sq✉❡♠át✐❝♦s ❞❡ ❞♦✐s ❝❤✉✈❡✐r♦s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ ✭∼ 1016 ❡❱✮✳ ❆s
❧✐♥❤❛s só❧✐❞❛s r❡❢❡r❡♠✲s❡ à ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛❀ ❛s tr❛❝❡❥❛❞❛s r❡♣r❡s❡♥t❛♠ ❛
q✉❛♥t✐❞❛❞❡ ❞❡ ♠ú♦♥s✳ Nµ é ♠✉❧t✐♣❧✐❝❛❞♦ ♣♦r 20 ❡♠ r❡❧❛çã♦ ❛ Ne ❡♠ ✉♠❛ ❡s❝❛❧❛ ❧✐♥❡❛r
❛r❜✐trár✐❛✳ ❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✺❪✳

❈♦♠ ❜❛s❡ ♥❡ss❡s ❡❢❡✐t♦s✱ ●❛✐ss❡r ✭r❡❢✳ ❬✷✺❪✮ ❛r❣✉♠❡♥t❛ q✉❡ é r❛③♦á✈❡❧ ❛ss✉♠✐r q✉❡

♠ú♦♥s ♣♦ss✉❛♠ ✉♠❛ r❡❧❛çã♦ ♠❛✐s s✐♠♣❧❡s ❝♦♠ ❛ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛ ❡ q✉❡ ♦ ♣❡r✜❧ ❞❡ss❡

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ s❡❥❛ ♠❡♥♦s s✉s❝❡♣tí✈❡❧ ❛ ✢✉t✉❛çõ❡s✱ ♣r❡s❡r✈❛♥❞♦ ♠❡❧❤♦r ❛

✐♥❢♦r♠❛çã♦ s♦❜r❡ ♦ ❝♦♥t❡ú❞♦ ❤❛❞rô♥✐❝♦ ❞♦ ♥ú❝❧❡♦ ✐♥✐❝✐❛❧✳ P❛r❛ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦

✐♥✐❝✐❛❞♦ ♣♦r ✉♠ ♣rót♦♥ ❝♦♠ ❡♥❡r❣✐❛ E0✱ ♦ ❛✉t♦r ❞❡❞✉③

N♣
µ (> 1 ●❡❱) ∝ E

pµ
0 ✭✾✮

❝♦♠♦ ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♠ú♦♥s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛✳ ❖ ❡①♣♦❡♥t❡ pµ ❞❡♣❡♥❞❡ ❞♦ ♠♦❞❡❧♦

✉s❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s✳ ❊❧❡ t❛♠❜é♠ ❛ss✉♠❡ ♦ ♠♦❞❡❧♦ ❞❛ s✉♣❡r♣♦s✐çã♦✱ ❝✉❥❛ ❤✐♣ót❡s❡ é ❛

❞❡ q✉❡ ✉♠ ❝❤✉✈❡✐r♦ ✐♥✐❝✐❛❞♦ ♣♦r ✉♠ ♥ú❝❧❡♦ ❞❡ ♥ú♠❡r♦ ❞❡ ♠❛ss❛ A ❡ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ E0

❡q✉✐✈❛❧❡ à s♦❜r❡♣♦s✐çã♦ ❞❡ A ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❝♦♠ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ E0/A✱

♣❛r❛ ❡s❝r❡✈❡r

NA
µ (> 1 ●❡❱) ∝ A

(
E0

A

)pµ

✳ ✭✶✵✮

❆ss✐♠✱ A ❝❛s❝❛t❛s s♦❜r❡♣♦st❛s t❡r✐❛♠ ✉♠ ❝♦♥t❡ú❞♦ ♠✉ô♥✐❝♦ ❞❛❞♦ ♣♦r
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NA
µ = A1−pµN♣

µ ✳ ✭✶✶✮

■♥t❡❣r❛çõ❡s ♥✉♠ér✐❝❛s ❝✉✐❞❛❞♦s❛s ❞❛s ❡q✉❛çõ❡s ❞❡ ❝❛s❝❛t❛s✱ ❢❡✐t❛s ♣♦r ❊❧❜❡rt ❡

♣✉❜❧✐❝❛❞❛s ♣♦r ❊❧❜❡rt ❡ ●❛✐ss❡r ✭✶✾✼✾✱ r❡❢✳ ❬✷✻❪✮✱ ❞❡♠♦♥str❛♠ s✐♠✐❧❛r✐❞❛❞❡ à ❡q✉❛çã♦ ✭✶✵✮

❡ ♣r♦❞✉③❡♠ ❝♦♠♦ r❡s✉❧t❛❞♦ pµ = 0.86 ♥❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛ 1012− 1018 ❡❱✱ ❝♦♠ ✉♠❛ ♣r❡✲

❝✐sã♦ 6 10✪✳ ❙❡❣✉♥❞♦ ❛ ❡q✉❛çã♦ ✭✶✶✮✱ ✐ss♦ s✐❣♥✐✜❝❛ q✉❡✱ ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡

♠ú♦♥s ❡♠ ✉♠ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦ ✐♥✐❝✐❛❞♦ ♣♦r ✉♠ ♣rót♦♥✱ ✉♠ ♥ú❝❧❡♦ ♣r✐♠ár✐♦ ❞❡ ❝❛r❜♦♥♦

✭A = 12✮ ♣r♦❞✉③✐r✐❛ ∼ 42✪ ❛ ♠❛✐s ❞❡ ♠ú♦♥s✱ ❡♥q✉❛♥t♦ ✉♠ ♥ú❝❧❡♦ ❞❡ ❢❡rr♦ ✭A = 56✮ s❡✲

r✐❛ r❡s♣♦♥sá✈❡❧ ♣♦r ✉♠ ❡①❝❡ss♦ ❡q✉✐✈❛❧❡♥t❡ ❞❡ ∼ 76✪✳ ●❛✐ss❡r ✭r❡❢✳ ❬✷✺❪✮ ❛✐♥❞❛ ❢❛③ ✉♠❛

❝♦♠♣❛r❛çã♦ ❡♥tr❡ ❡♥❡r❣✐❛s ❞❡ss❛s s✐♠✉❧❛çõ❡s ❡ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ❞❡ ❆●❆❙❆✶✹ ✭r❡❢✳ ❬✷✼❪✮

♣❛r❛ ❛♣♦♥t❛r q✉❡ ♦ ❝♦♥t❡ú❞♦ ♠✉ô♥✐❝♦ ♠❡❞✐❞♦ ❞♦s ❊❆❙ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ✉♠❛ ❝♦♠✲

♣♦s✐çã♦ q✉í♠✐❝❛ ♣r✐♠ár✐❛ ♣❡s❛❞❛✱ ❡♥✈♦❧✈❡♥❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥ú❝❧❡♦s ❞♦ ❣r✉♣♦ ❈◆❖✳

❖ ♠♦t✐✈♦ ♣❡❧♦ q✉❛❧ ❛ ❡q✉❛çã♦ ✭✾✮ ❢♦✐ ✐♥t❡❣r❛❞❛ ♣❛r❛ ♠ú♦♥s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡

1 ●❡❱ é q✉❡ ❞❡t❡❝t♦r❡s ❞❡ss❡ t✐♣♦ ❞❡ ♣❛rtí❝✉❧❛ ❞❡✈❡♠ s❡r ❡♥t❡rr❛❞♦s ♦✉ ♣r♦t❡❣✐❞♦s ♣♦r

❝♦♥❝r❡t♦ ♣❛r❛ q✉❡ ♥ã♦ s♦❢r❛♠ ✐♥✢✉ê♥❝✐❛ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ■ss♦ é ❣❛r❛♥✲

t✐❞♦✱ ♣♦r ❡①❡♠♣❧♦✱ ♣♦r ✉♠❛ ❡s♣❡ss✉r❛ ❞❡ 2 ♠ ❞❡ ❝♦♥❝r❡t♦✱ ❝♦♠ ❞❡♥s✐❞❛❞❡ 2.5 ❣✴❝♠3✱

q✉❡ t✐♣✐❝❛♠❡♥t❡ ❡①❝❧✉✐ ♠ú♦♥s ❝♦♠ ❡♥❡r❣✐❛ . 1 ●❡❱✳ ◆♦ ❝❛s♦ ❞❡ ❛rr❛♥❥♦s ❞❡ s✉♣❡r❢í❝✐❡✱

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

s❡♣❛r❛❞♦s ♣♦r q✉✐❧ô♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛✳

❆ ✜❣✉r❛ ✸✱ ❛♣❡s❛r ❞❡ ❡sq✉❡♠át✐❝❛✱ r❡✢❡t❡ ✉♠❛ s❡♣❛r❛çã♦ r❡❛❧ ❡♥tr❡ ❛s ❝✉r✈❛s

❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❊ss❡ ❡❢❡✐t♦ t❛♠❜é♠

♣♦❞❡ s❡r ✉s❛❞♦ ♣❛r❛ ❡st✐♠❛r ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡ ✉♠ ♥ú❝❧❡♦ ♣r✐♠ár✐♦✳ ❍❡✐t❧❡r

✭✶✾✸✻✱ r❡❢✳ ❬✷✽❪✮✱ ❡♠ s✉❛ t❡♦r✐❛ q✉â♥t✐❝❛ s♦❜r❡ r❛❞✐❛çã♦✱ ✐♥tr♦❞✉③✐✉ ❛ ♥♦çã♦ ❞♦ ♣r♦❝❡ss♦

❞❡ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❝❛s❝❛t❛ ❛ ♣❛rt✐r ❞❛ ✐❞é✐❛ ❞❡ q✉❡ ✉♠ ❡❧étr♦♥ ✏rá♣✐❞♦✑ ❝♦♠ ❡♥❡r❣✐❛

✐♥✐❝✐❛❧ Ei✱ ❛♦ s♦❢r❡r ❜r❡♠sstr❛❤❧✉♥❣ ❡♠ ✉♠ ♠❡✐♦ ♠❛t❡r✐❛❧✱ ❞❡✈❡ ❡♠✐t✐r ✉♠ ❢ót♦♥ ❝♦♠ ✉♠❛

❡♥❡r❣✐❛ ❝♦♠♣❛rá✈❡❧ ❛ Ei❀ ♦ ❛✉t♦r s✉❣❡r❡ Ei/2✳ ❊ss❡ ❢ót♦♥ ❞❡ ❛❧t❛ ❡♥❡r❣✐❛✱ ♣♦r s✉❛ ✈❡③✱

♣r♦❞✉③ ✉♠ ♣❛r ❡❧étr♦♥✲♣ós✐tr♦♥ ❛♦ ✐♥t❡r❛❣✐r ❝♦♠ ✉♠ ♥ú❝❧❡♦ ❞♦ ♠❡✐♦✱ ❝❛❞❛ q✉❛❧ ❝r✐❛❞♦

❝♦♠ ∼ Ei/4✳ ❖ ❡❧étr♦♥ ✐♥✐❝✐❛❧✱ q✉❡ ♣♦ss✉í❛ Ei/2 ❛♣ós ❛ ❡♠✐ssã♦✱ ❝♦♥t✐♥✉❛ ♦ ♣r♦❝❡ss♦

❛tr❛✈és ❞♦ ❜r❡♠sstr❛❤❧✉♥❣ ❣❡r❛♥❞♦ ✉♠ ❢ót♦♥ ❝♦♠ ∼ Ei/4✱ t❡♥❞♦ s✉❛ ❡♥❡r❣✐❛ ❞❡❣r❛❞❛❞❛

♣❛r❛ ❡st❡ ♠❡s♠♦ ✈❛❧♦r✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❛ ❝❛s❝❛t❛ ❝r❡s❝❡ ❛té q✉❡

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

s✉❛s ❡♥❡r❣✐❛s ♣❛ss❛♠ ❛ s❡r ♠❡♥♦r❡s ❞♦ q✉❡ ✉♠ ❧✐♠✐❛r Ec✳ ❍❡✐t❧❡r ♣❡r❝❡❜❡✉ ♦ ♣♦❞❡r ❞❡ss❛
✶✹❙✐❣❧❛ ❞♦ ✐♥❣❧ês ❆❦❡♥♦ ●✐❛♥t ❆✐r ❙❤♦✇❡r ❆rr❛②✱ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛

✉❧tr❛✲❛❧t❛✳

✶✽



❛❜♦r❞❛❣❡♠ s✐♠♣❧❡s ❛♦ ♥♦t❛r q✉❡ ♦s ❝❛♠✐♥❤♦s ❧✐✈r❡s ♠é❞✐♦s ♣❛r❛ ♦ ❜r❡♠sstr❛❤❧✉♥❣ ❡ ♣❛r❛

❛ ❝r✐❛çã♦ ❞❡ ♣❛r❡s sã♦ ❝♦♠♣❛rá✈❡✐s ❡♠ t♦❞♦s ♦s ♠❡✐♦s ♠❛t❡r✐❛✐s ✭❡♠ s❡✉ ❧✐✈r♦✱ ❡❧❡ ♠♦str❛

q✉❡ ❡ss❛s ❞✐stâ♥❝✐❛s sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛✐s ♥♦ ❝❤✉♠❜♦ ❡ ♥❛ á❣✉❛✮✳

❋✐❣✉r❛ ✹✿ ▼♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❞❡ ❍❡✐t❧❡r✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✺❪✳

●❛✐ss❡r ✭r❡❢✳ ❬✷✺❪✮ ♦❜s❡r✈❛ q✉❡✱ ❛♣❡s❛r ❞❡ ❍❡✐t❧❡r ❞✐s❝✉t✐r s♦❜r❡ ❝❛s❝❛t❛s ♣✉r❛♠❡♥t❡

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

♣♦r ❤á❞r♦♥s✳ ◆❡ss❡ ♠♦❞❡❧♦ s✐♠♣❧❡s✱ ✉♠ r❛✐♦ ❝ós♠✐❝♦ ❞❡ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ E0 s♦❢r❡ ❛

♣r✐♠❡✐r❛ ✐♥t❡r❛çã♦ ♥♦ t♦♣♦ ❞❛ ❛t♠♦s❢❡r❛✱ ❛ ✉♠❛ ♣r♦❢✉♥❞✐❞❛❞❡ X0✱ r❡s✉❧t❛♥❞♦ ❡♠ ❞✉❛s

♣❛rtí❝✉❧❛s ❝♦♠ ❛ ♠❡t❛❞❡ ❞❡ss❛ ❡♥❡r❣✐❛✳ ❈❛❞❛ s✉❜♣r♦❞✉t♦ r❡♣❡t❡ ♦ ♣r♦❝❡ss♦ ❛♣ós ♣❡r❝♦r✲

r❡r ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ λint✱ ❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡ ✭✈❡❥❛ ✜❣✉r❛ ✹✮✳ ❊♥tã♦✱

♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ♣❛rtí❝✉❧❛s

N (X) = 2(X−X0)/λint ✭✶✷✮

é ❞❡✜♥✐❞♦ ♣❛r❛ ✉♠❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ❛r❜✐trár✐❛✳ ❙✉♣♦♥❞♦ q✉❡ ❛ ❡♥❡r❣✐❛ s❡❥❛

❞✐✈✐❞✐❞❛ ✐❣✉❛❧♠❡♥t❡ ❡♠ ❝❛❞❛ ✐♥t❡r❛çã♦✱ ✉♠❛ ú♥✐❝❛ ♣❛rtí❝✉❧❛ ❡♠X ❞❡✈❡ ♣♦ss✉✐r ❛ ❡♥❡r❣✐❛

E (X) =
E0

N (X)
✳ ✭✶✸✮

◗✉❛♥❞♦ ❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦ ❛t✐♥❣❡ ♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ❝♦♥st✐t✉✐♥t❡s✱ ❛

❡q✉❛çã♦ ✭✶✸✮ t♦♠❛ ❛ ❢♦r♠❛ N (Xmax) = E0/Ec ❡✱ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛ ❡q✉❛çã♦ ✭✶✷✮

♣❛r❛ X = Xmax✱ ♦ r❡s✉❧t❛❞♦ é

Xmax = X0 + λint lg
E0

Ec

✱ ✭✶✹✮

✶✾



✉♠❛ r❡❧❛çã♦✶✺ ✐♠♣♦rt❛♥t❡ ❡♥✈♦❧✈❡♥❞♦ ♣❛râ♠❡tr♦s ♠❡♥s✉rá✈❡✐s ♣♦r té❝♥✐❝❛s ❞✐❢❡r❡♥t❡s✳

❆ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ t❛♠❜é♠ é ✐♥s❡r✐❞❛ ♥❛ ❛♥á❧✐s❡ ❞❡ ❍❡✐t❧❡r ❛tr❛✈és ❞♦ ♠♦❞❡❧♦ ❞❛

s✉♣❡r♣♦s✐çã♦ ❛♦ ❝♦♥s✐❞❡r❛r q✉❡ ✉♠ ♥ú❝❧❡♦ ❞❡ ♥ú♠❡r♦ ❞❡ ♠❛ss❛ A ❡ ❡♥❡r❣✐❛ t♦t❛❧ E0✱ ♥❛

❢♦r♠❛ ❞❡ ✉♠ r❛✐♦ ❝ós♠✐❝♦✱ ✐♥t❡r❛❣❡ ❝♦♠ ✉♠ ♥ú❝❧❡♦ ❞❛ ❛t♠♦s❢❡r❛ ❣❡r❛♥❞♦ A ❝❤✉✈❡✐r♦s

❡①t❡♥s♦s ❞❡ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ E0/A✳ ❆ ❡q✉❛çã♦ ✭✶✸✮ ♣❛ss❛ ❛ s❡r ❡s❝r✐t❛ ❝♦♠♦

E (X) =
E0

AN (X)

q✉❡✱ s♦❜ ♦ ♠❡s♠♦ r❛❝✐♦❝í♥✐♦ ❡♠ t♦r♥♦ ❞❡ X = XA
max✱ r❡s✉❧t❛ ❡♠

XA
max = X0 + λint

(

lg
E0

Ec

− lgA

)

✳ ✭✶✺✮

❉❡✈✐❞♦ à ♥❛t✉r❡③❛ ❞❛s ✐♥t❡r❛çõ❡s ❡♥✈♦❧✈✐❞❛s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ❊❆❙✱ ❛

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

r❡t❛♥❞♦ ♥❛ ❞✐str✐❜✉✐çã♦ ❞♦s ✈❛❧♦r❡s ❞❡ XA
max ❡♠ ❛❧❣✉♠ ✐♥t❡r✈❛❧♦ ✭r❡❢✳ ❬✷✾❪✮✳ P♦rt❛♥t♦✱ ❛

❡q✉❛çã♦ ✭✶✺✮ é ✉s❛❞❛ ♥❛ ❢♦r♠❛

〈
XA

max

〉
= D♣ [lgE0 − 〈lgA〉] + c♣✱ ✭✶✻✮

♦♥❞❡ D♣ ✭≡ λint✮ é ❝❤❛♠❛❞❛ ❞❡ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❡ c♣ ✭≡ X0 − λint lgEc✮ é ❝♦♥❤❡❝✐❞❛

❝♦♠♦ ❡s❝❛❧❛ ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡ ❛❜s♦❧✉t❛✳ ❖ í♥❞✐❝❡ ✏♣✑ r❡❢❡r❡✲s❡ ❛♦ ♣rót♦♥✳ ❆ r❡❧❛çã♦

❞✐r❡t❛

〈
XA

max

〉
= 〈X♣

max〉 −D♣ 〈lgA〉

♠♦str❛ q✉❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ♣❡s❛❞♦s s❡ ❞❡s❡♥✈♦❧✈❡♠ ♠❛✐s r❛♣✐✲

❞❛♠❡♥t❡ ❡♠ ❝♦♠♣❛r❛çã♦ às ❝❛s❝❛t❛s ❣❡r❛❞❛s ♣♦r ♥ú❝❧❡♦s ❧❡✈❡s ❝♦♠ ❛ ♠❡s♠❛ ❡♥❡r❣✐❛ ♣♦r

♥✉❝❧❡♦♥✱ ❥á q✉❡
〈
XA

max

〉
< 〈X♣

max〉✳ P❡❧❛ ❞❡✜♥✐çã♦ X = X (h)✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✮ ♥❛

s✉❜✲s❡çã♦ ❛♥t❡r✐♦r✱ ❛s ❛❧t✐t✉❞❡s h ♠❛✐s ❜❛✐①❛s ❡♠ q✉❡ ♦s ♥ú♠❡r♦s ♠á①✐♠♦s ❞❡ ♣❛rtí❝✉❧❛s

Nmax sã♦ ♦❜s❡r✈❛❞♦s ♥♦s ❊❆❙ ❞❡❝♦rr❡♠ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♣r✐♠ár✐♦s ♣r♦tô♥✐❝♦s✳

◆❛ ❡q✉❛çã♦ ✭✶✻✮✱ D♣ ❡ c♣ r❡♣r❡s❡♥t❛♠ ❛ ❞❡♣❡♥❞ê♥❝✐❛ ✐♥❡r❡♥t❡ ❞❡XA
max ❝♦♠ ❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❞❛s ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ♥❛s ❛❧t❛s ❡♥❡r❣✐❛s✳ ❆♥t❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛

❛tr✐❜✉✐çã♦ ❞❡ ✈❛❧♦r❡s ❛ ❡ss❡s ♣❛râ♠❡tr♦s só ❡r❛ ♣♦ssí✈❡❧ ❛tr❛✈és ❞❡ s✐♠✉❧❛çõ❡s ❞♦ ❞❡s❡♥✲

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

❡♠ ❞✉❛s ♦✉ ♠❛✐s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♥♦ s✐st❡♠❛ ❞♦ ❝❡♥tr♦ ❞❡ ♠♦♠❡♥t♦✱ ❛ ♣❛rt✐r ❞❡
✶✺◆♦t❡ q✉❡ ♦ ❧♦❣❛r✐t♠♦ é ❡s❝r✐t♦ ♥❛ ❜❛s❡ 2✱ ♦✉ s❡❥❛✱ lg x ≡ log

2
x✳

✷✵



❞❛❞♦s ❞❡ ❛❝❡❧❡r❛❞♦r❡s✳ P♦rt❛♥t♦✱ q✉❛❧q✉❡r ✐♥❢❡rê♥❝✐❛ ❛ r❡s♣❡✐t♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛

❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ E & 1018 ❡❱ ❞❡♣❡♥❞✐❛ ❢♦rt❡♠❡♥t❡ ❞❡ss❡s ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦

✭✈❡❥❛ ❛s r❡❢❡rê♥❝✐❛s ♣✉❜❧✐❝❛❞❛s ❡♠ ❬✷✾❪✮✳

◆❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❛s ♦❜s❡r✈❛çõ❡s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡r❛♠ ❢❡✐t❛s ❛té r❡❝❡♥t❡♠❡♥t❡✱

♠❡s♠♦ s❡ ♦s ❞❛❞♦s ♣♦ss✉íss❡♠ ✉♠❛ q✉❛❧✐❞❛❞❡ q✉❡ ♣❡r♠✐t✐ss❡ ✉♠❛ ❜♦❛ ❝❛r❛❝t❡r✐③❛çã♦

❞♦ ❝❤✉✈❡✐r♦✱ ❛ ✈❛r✐❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❝♦♠ ♦ ♥ú♠❡r♦ ❞❡ ♠❛ss❛ ❞♦ ♥ú❝❧❡♦ é ♣♦✉❝❛ ❡✱ ❡♠

❣❡r❛❧✱ ♠❡♥♦r ❞♦ q✉❡ ♦s ❡rr♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❍❛✈✐❛ t❛♠❜é♠ ❛ ❞✐✜❝✉❧❞❛❞❡ ❡♥✈♦❧✈❡♥❞♦

♦ ✢✉①♦ ❞❡ 1 ♣❛rtí❝✉❧❛✴✭❦♠2 ❛♥♦✮ ❡♠ t♦r♥♦ ❞❡ 1019 ❡❱✱ t♦r♥❛♥❞♦ q✉❛❧q✉❡r ❛♥á❧✐s❡

❡st❛tíst✐❝❛ ✐♠♣r❛t✐❝á✈❡❧ ♥❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s✳ ❖ ❖❜s❡r✈❛tór✐♦

P✐❡rr❡ ❆✉❣❡r t❡♠ ♠✉❞❛❞♦ ❡ss❛ s✐t✉❛çã♦ ❛tr❛✈és ❞❛ ❝♦❧❡t❛ ❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ♠❛✐♦r

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

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

❡♥tr❡ A1 ❡ A2 ❛tr❛✈és ❞❡
〈
XA1

max

〉
❡
〈
XA2

max

〉
✱ s❡♠ q✉❛❧q✉❡r ❤✐♣ót❡s❡ ❛ r❡s♣❡✐t♦ ❞♦s ✈❛❧♦r❡s

❞❛s ♠❛ss❛s ❛tô♠✐❝❛s ❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s✳ ❈♦♠♦ ❛ ❡s❝❛❧❛ ❞❡ ♣r♦❢✉♥❞✐❞❛❞❡ ❛❜s♦❧✉t❛

❞♦ ♣rót♦♥ é ♠✉✐t♦ ♠❛✐s ✐♥❝❡rt❛ ❞♦ q✉❡ s✉❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦✱ ❛ ❡q✉❛çã♦ ✭✶✻✮ é ❞❡r✐✈❛❞❛

♣❛r❛ ❞❛r ♦r✐❣❡♠ ❛♦ ♣❛râ♠❡tr♦

D =
d
〈
XA

max

〉

d lgE0

= D♣

(

1− d 〈logb A〉
d logb E0

)

✱ ✭✶✼✮

❝❤❛♠❛❞♦ s✐♠♣❧❡s♠❡♥t❡ ❞❡ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ✭r❡❢✳ ❬✸✵❪✮✱ ♦♥❞❡ b é ✉♠❛ ❜❛s❡ q✉❛❧q✉❡r✳

❊st❛ é ❛ ♣r✐♥❝✐♣❛❧ ❣r❛♥❞❡③❛ ✉t✐❧✐③❛❞❛ ❤♦❥❡ ♥♦ ❡st✉❞♦ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ♣❛rtí❝✉❧❛s

♣r✐♠ár✐❛s ❧❡✈❡s ❡ ♣❡s❛❞❛s✳

✶✳✹ ❖ ❝♦rt❡ ❞❡ ●r❡✐s❡♥✲❩❛ts❡♣✐♥✲❑✉③✬♠✐♥

❖s ♣r✐♠❡✐r♦s s❛té❧✐t❡s ❞❡ ❝♦♠✉♥✐❝❛çã♦ s✉r❣✐r❛♠ ♥♦ ✐♥í❝✐♦ ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✻✵ ❝♦♠♦

✐♥str✉♠❡♥t♦s ♣❛ss✐✈♦s✳ ❇❛❧õ❡s ❡s❢ér✐❝♦s ❞❡ ♣❧ást✐❝♦ ♠❡t❛❧✐③❛❞♦✶✻✱ ❝♦♠ ❞✐â♠❡tr♦ 30 −
40 ♠✱ ❡r❛♠ ❝♦❧♦❝❛❞♦s ❡♠ ór❜✐t❛ ✭1000− 2000 ❦♠ ❞❡ ❛❧t✐t✉❞❡✮ ♣♦r ❢♦❣✉❡t❡s ❡ r❡✢❡t✐❛♠

♦♥❞❛s ❞❡ rá❞✐♦ ❡♥tr❡ ❝♦♥t✐♥❡♥t❡s✳ ❈♦♠♦ ❛s ❢r❡qüê♥❝✐❛s ❡♥✈♦❧✈✐❞❛s ❡r❛♠ & 1 ●❍③✱ ♦

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

❣✉✐❛ ❞❡ ♦♥❞❛ ♥❛ ❢♦r♠❛ ❞❡ ❝❤✐❢r❡ ♣✐r❛♠✐❞❛❧✱ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ∼ 6 ♠✱ ❝♦♠ ✉♠ r❡✢❡t♦r ❞❡

❢♦❝♦ ♥❛ ❡①tr❡♠✐❞❛❞❡✳ ❆ ✐♠♣❡❞â♥❝✐❛ r❡s✉❧t❛♥t❡ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ✭❛♥t❡♥❛ ✰ ❡❧❡trô♥✐❝❛✮

✶✻❈❤❛♠❛❞♦ ❞❡ ▼P❊❚✱ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡ P❊❚ ✭s✐❣❧❛ ✐♥❣❧❡s❛ ♣❛r❛ t❡r❡❢t❛❧❛t♦ ❞❡ ♣♦❧✐❡t✐❧❡♥♦✮✱ ♦
♠❡s♠♦ ♣♦❧í♠❡r♦ ✉t✐❧✐③❛❞♦ ❛t✉❛❧♠❡♥t❡ ❡♠ ❣❛rr❛❢❛s✱ ❝♦♠ ✉♠❛ ❞❡♣♦s✐çã♦ ❞❡ ❛❧✉♠í♥✐♦ ❡♠ ✈á❝✉♦✳ ◆❛
❢♦r♠❛ ❞❡ ✜❧♠❡✱ ♦ ♠❛t❡r✐❛❧ é ✉s❛❞♦ ❤♦❥❡ ♣❛r❛ ❡♠❜❛❧❛r ❛❧✐♠❡♥t♦s✱ ❡♥tr❡ ♦✉tr❛s ❝♦✐s❛s✳

✷✶



❡r❛ ❝❛s❛❞❛✶✼ ❝♦♠ ❛ ✐♠♣❡❞â♥❝✐❛ ❞♦ ❡s♣❛ç♦ ❧✐✈r❡ ❛ ✜♠ ❞❡ ♠❛①✐♠✐③❛r ♦ ❣❛♥❤♦ ❡ ❛t✐♥❣✐r ❛

s❡♥s✐❜✐❧✐❞❛❞❡ ♥❡❝❡ssár✐❛✳

❊♥tr❡ ✶✾✻✹ ❡ ✶✾✻✺✱ ❝❛❧✐❜r❛♥❞♦ ✉♠ ❞❡ss❡s ✐♥str✉♠❡♥t♦s✱ P❡♥③✐❛s ❡ ❲✐❧s♦♥ ✭r❡❢✳ ❬✸✷❪✮

♦❜s❡r✈❛r❛♠ ✉♠ r✉í❞♦ ③❡♥✐t❛❧ ❡❢❡t✐✈♦ ❞❡ 4.08 ●❍③✱ ❡q✉✐✈❛❧❡♥t❡ à t❡♠♣❡r❛t✉r❛ ❞❡ ❛♥t❡♥❛✶✽

(3.5± 1.0) ❑✱ ♠❡s♠♦ ❛♣ós ❡①❝❧✉ír❡♠ ❛s ❢♦♥t❡s ❞❡ ✐♥t❡r❢❡rê♥❝✐❛ ❝♦♥❤❡❝✐❞❛s✳ ❊ss❡ ❡❢❡✐t♦

❥á ❤❛✈✐❛ s✐❞♦ ❞❡t❡❝t❛❞♦ ❛♥t❡s ♥♦s ▲❛❜♦r❛tór✐♦s ❇❡❧❧✱ ♦♥❞❡ ❛♠❜♦s tr❛❜❛❧❤❛✈❛♠✳ P❡♥③✐❛s

❝♦♥str✉✐✉ ✉♠❛ ❢♦♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ r✉í❞♦s r❡s❢r✐❛❞❛ ❝♦♠ ❤é❧✐♦ ❧íq✉✐❞♦ ❡ ❲✐❧s♦♥ ❢❡③

✉♠ ❝✐r❝✉✐t♦ ❝♦♠♣❛r❛t✐✈♦ ❝♦♠ ❣r❛♥❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❞❡ ♠♦❞♦ q✉❡ ❛ ♠❡❞✐❞❛ ❞❡ 3.5 ❑ ♥ã♦

♣♦❞✐❛ ♠❛✐s s❡r ❞❡s♣r❡③❛❞❛ ❝♦♠♦ ✐♥❝❡rt❡③❛ ❡①♣❡r✐♠❡♥t❛❧ ✭r❡❢✳ ❬✸✹❪✮✳ ❆♣❛r❡♥t❡♠❡♥t❡✱

❡ss❡ s✐♥❛❧ r❡s✐❞✉❛❧ ♥ã♦ ♣♦ss✉í❛ ♣♦❧❛r✐③❛çã♦✱ ❡r❛ ✐s♦tró♣✐❝♦ ❡ s❡♠ ✈❛r✐❛çõ❡s s❛③♦♥❛✐s✳ ❆♦

s❛❜❡r❡♠ ❞❡ ✉♠ ♣r❡♣r✐♥t ❝✉❥❛ ❤✐♣ót❡s❡ ❡r❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ r❛❞✐❛çã♦ tér♠✐❝❛ ❞❡

❢✉♥❞♦ ♥♦ ✉♥✐✈❡rs♦✱ ❞❡✈✐❞♦ ❛♦ ❇✐❣ ❇❛♥❣✱ ♦s ♣❡sq✉✐s❛❞♦r❡s ❝♦♥t❛❝t❛r❛♠ ♦ ❣r✉♣♦ ❞❡ ❉✐❝❦❡

✭r❡❢✳ ❬✸✺❪✮ ❡ t♦❞♦s ❝♦♥❝♦r❞❛r❛♠ ❡♠ ♣✉❜❧✐❝❛r s✉❛s ♥♦t❛s ♥♦ ♠❡s♠♦ ❥♦r♥❛❧ ❡ ♥❛ ♠❡s♠❛

❞❛t❛✱ ❡♠ s❡qüê♥❝✐❛✱ ♥♦ ❛♥♦ ❞❡ ✶✾✻✺✳ ❉♦✐s ♠❡♠❜r♦s ❞♦ ❣r✉♣♦ ❞❡ ❉✐❝❦❡✱ ❘♦❧❧ ❡ ❲✐❧❦✐♥s♦♥

✭r❡❢✳ ❬✸✻❪✮✱ r❡❛❧✐③❛r❛♠ ❛ s❡❣✉♥❞❛ ♠❡❞✐❞❛ ❛ 9.4 ●❍③✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ (3.0± 0.5) ❑✱

q✉❡ r❡❢♦rç♦✉ ❛ ♥❛t✉r❡③❛ ❞❡ss❛ r❛❞✐❛çã♦ ❝♦♠♦ s❡♥❞♦ ❛ ❞❡ ✉♠ ❝♦r♣♦ ♥❡❣r♦✶✾ ❛tr❛✈és ❞❛

❝♦♠♣❛r❛çã♦ ❞❡ ✢✉①♦s✱ ✉♠ ❛♥♦ ♠❛✐s t❛r❞❡✳

◆❡ss❛ é♣♦❝❛✱ ♦ ❡s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❥á ❤❛✈✐❛ s✐❞♦ ♠❡❞✐❞♦ ❛té 1 × 1020 ❡❱✱

❝♦♠♦ r❡♣♦rt❛❞♦ ♣♦r ▲✐♥s❧❡② ❡♠ ✶✾✻✸ ✭r❡❢✳ ❬✸✽❪✮✱ ❡ ✉♠ ♣r♦❝❡ss♦ ❞♦♠✐♥❛♥t❡ ❞❡ ❞❡❣r❛❞❛çã♦

❞❛ ❡♥❡r❣✐❛ ❞❡ ♣rót♦♥s ♥♦ ✉♥✐✈❡rs♦✱ ❡♠ ♠❡✐♦ ❛ ♦✉tr♦s ♣r♦❝❡ss♦s ❛❜♦r❞❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡

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

r❡❛çã♦

γ + ♣ → ∆+✭✶✷✸✷✮ → ♣ + π0 ✱ ✭✶✽✮

❡♥✈♦❧✈❡♥❞♦ ✉♠❛ r❡ss♦♥â♥❝✐❛ ❝✉❥❛ ❡♥❡r❣✐❛ t♦t❛❧ ♥♦ s✐st❡♠❛ ❞♦ ❝❡♥tr♦ ❞❡ ♠♦♠❡♥t♦ ✭❙❈▼✮

é ECM = 1232 ▼❡❱✳ ❈♦♠ ♣♦✉❝♦s ❞❛❞♦s ❞✐s♣♦♥í✈❡✐s ❡♠ ✶✾✻✻ s♦❜r❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛
✶✼◆♦s s✐st❡♠❛s ❞❡ r❛❞✐♦❢r❡qüê♥❝✐❛✱ ♦ ❝❛s❛♠❡♥t♦ ❡♥tr❡ ❛s ✐♠♣❡❞â♥❝✐❛s ❞♦ r❡❝❡♣t♦r✱ ❣✉✐❛ ❞❡ ♦♥❞❛ ❡

❡s♣❛ç♦ ❧✐✈r❡ ♠✐♥✐♠✐③❛ ❛ ♣❡r❞❛ ♣♦r r❡✢❡①ã♦ ❞❡ ♣❛rt❡ ❞♦ s✐♥❛❧ ✐♥❝✐❞❡♥t❡ ♥❛ ❝❛✈✐❞❛❞❡ r❡❝❡♣t♦r❛✱ ❛✉♠❡♥✲
t❛♥❞♦ ❛ ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❞❛ ❛♥t❡♥❛ ✭r❡❢✳ ❬✸✶❪✮✳ ❊♠ ❣❡r❛❧✱ ❡q✉✐♣❛♠❡♥t♦s ❡❧étr✐❝♦s ♣♦ss✉❡♠ ✐♠♣❡❞â♥❝✐❛
♣❡q✉❡♥❛✱ ❡♥q✉❛♥t♦ ❛ ✐♠♣❡❞â♥❝✐❛ ❞♦ ❡s♣❛ç♦ ❧✐✈r❡ é Z0 =

√

µ0/ε0 ≈ 377 Ω✳
✶✽◆❛ t❡♦r✐❛ ❞❡ ❛♥t❡♥❛s✱ ♦s r✉í❞♦s ❝❛✉s❛❞♦s ♣♦r ❢♦♥t❡s ♥❛t✉r❛✐s ♦✉ ❤✉♠❛♥❛s sã♦ r❡✉♥✐❞♦s ❡♠ ✉♠ ú♥✐❝♦

♣❛râ♠❡tr♦ ❞❡ ❝♦♥tr♦❧❡ q✉❡ ❡q✉✐✈❛❧❡ ❛ ✉♠❛ ♣♦tê♥❝✐❛✱ ❞❛❞❛ ♣♦r Pr = Bk Ta✱ ♦♥❞❡ B é ❛ ❧❛r❣✉r❛ ❞❛ ❜❛♥❞❛✱
k é ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡ Ta é ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❛♥t❡♥❛❀ Ta ♥ã♦ r❡♣r❡s❡♥t❛✱ ♥❡❝❡ss❛r✐❛♠❡♥t❡✱ ❛
♥❛t✉r❡③❛ tér♠✐❝❛ ❞❡ ✉♠❛ ❢♦♥t❡ ♦✉ ❞❛ ❛♥t❡♥❛ ❡♠ s✐ ✭r❡❢✳ ❬✸✸❪✮✳

✶✾❖s ❞❛❞♦s ♦❜t✐❞♦s ♣❡❧♦ s❛té❧✐t❡ ❈❖❇❊ ✭❞♦ ✐♥❣❧ês ❈♦s♠✐❝ ❇❛❝❦❣r♦✉♥❞ ❊①♣❧♦r❡r✮ s❡❣✉❡♠ ✉♠ ❡s♣❡❝tr♦
❞❡ P❧❛♥❝❦ ❝♦♠ ✉♠❛ ♣r❡❝✐sã♦ ♥♦tá✈❡❧ ✭r❡❢✳ ❬✸✼❪✮❀ ♦ ✈❛❧♦r ❡q✉✐✈❛❧❡♥t❡ ❞❡ (2.725± 0.002) ❑ é ❝♦♥s✐❞❡r❛❞♦
❛ t❡♠♣❡r❛t✉r❛ ❛t✉❛❧ ❞♦ ✉♥✐✈❡rs♦✳
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❞❡ ❢✉♥❞♦✱ ●r❡✐s❡♥ ✭r❡❢✳ ❬✸✾❪✮ ♦❜t❡✈❡✱ ❛ ♣❛rt✐r ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ P❧❛♥❝❦ à t❡♠♣❡r❛t✉r❛

3 ❑✱ ✉♠❛ ❡♥❡r❣✐❛ ♠é❞✐❛ EγU = 7×10−4 ❡❱ ♣❛r❛ ❡ss❡s ❢ót♦♥s ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ✉♥✐✈❡rs♦✳

◆♦ ❝❛s♦ ❞❛ r❡❛çã♦ ❞❛❞❛ ❡♠ ✭✶✽✮✱ ❛ ❡♥❡r❣✐❛ ❞❡ ✉♠ ❢ót♦♥ ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ♣rót♦♥ s❡r✐❛

❞❛❞❛ ♣❡❧❛ tr❛♥s❢♦r♠❛çã♦

Eγ♣ =
E2

CM − (m♣c
2)

2

2m♣c2
≈ 320 ▼❡❱✱

♦✉ s❡❥❛✱ ♦ ❢ót♦♥ é ✉♠ r❛✐♦✲γ ✭✈❡❥❛ ✜❣✉r❛ ✺✮✳ ◆♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ✉♥✐✈❡rs♦✱ ❛ ♣❛rtí❝✉❧❛ ∆+

é ♣r♦❞✉③✐❞❛ ❞❛ ❝♦❧✐sã♦ ❢r♦♥t❛❧ ❡♥tr❡ ❡ss❡ ❢ót♦♥ ❡ ✉♠ ♣rót♦♥ ❝♦♠ ❡♥❡r❣✐❛ ♠í♥✐♠❛

E♣U =
E2

CM − (m♣c
2)

2

4EγUni

≈ 2.3× 1020 ❡❱✳

❋✐❣✉r❛ ✺✿ ❙❡çã♦ ❞❡ ❝❤♦q✉❡ ♣❛r❛ ❛ r❡❛çã♦ γ + ♣ → ♣ + π0 ✳ ◆♦ r❡❢❡r❡♥❝✐❛❧ ❞♦
♣rót♦♥✱ ♦ ♠á①✐♠♦ ❞❛ ❝✉r✈❛ ♦❝♦rr❡ ♣❛r❛ ❢ót♦♥s ❝♦♠ ♠♦♠❡♥t♦ pγ♣ = 320 ▼❡❱✴❝✱ ♦♥❞❡
❛ s❡çã♦ ❞❡ ❝❤♦q✉❡ é σ∆+ = 311.1 µ❜✳ ❖ ❧✐♠✐❛r ❞❛ r❡❛çã♦ ♦❝♦rr❡ ❡♠ pγ♣ = 144 ▼❡❱✴❝✳
❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✹✵❪✳

◆♦ ❙❈▼✱ ♦ ❞❡❝❛✐♠❡♥t♦ s✉❜s❡qü❡♥t❡ é ❞❡s❝r✐t♦ ♣❡❧♦ ♠♦♠❡♥t♦ t♦t❛❧

pCM =

√
[
E2

CM − (m♣c2 +mπ0c2)2
] [
E2

CM − (m♣c2 −mπ0c2)2
]

2ECM

✱

✉s❛❞♦ ♣❛r❛ ❡s❝r❡✈❡r ❛ ❡♥❡r❣✐❛ ❞♦ ♥♦✈♦ ♣rót♦♥ ❝♦♠♦
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E
′

♣CM =

√

(pCMc)2 + (m♣c2)
2✳

❖ ❢❛t♦r ❞❡ ▲♦r❡♥t③ ❞♦ ❙❈▼ ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ✉♥✐✈❡rs♦ é ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛s ❡♥❡r❣✐❛s

❞❛s ♣❛rtí❝✉❧❛s ✐♥✐❝✐❛✐s ♣❡❧❛ ❛♣r♦①✐♠❛çã♦

γCM =
E♣U + EγU

ECM

≈ E♣U

ECM

✱

❝♦♠ ♦ q✉❛❧ é r❡❛❧✐③❛❞❛ ❛ tr❛♥s❢♦r♠❛çã♦

E
′

♣U = γCME
′

♣CM

♣❛r❛ ♦ s✐st❡♠❛ ✐♥❡r❝✐❛❧ ❞❛s ♣❛rtí❝✉❧❛s ❣❡r❛❞❛s ❞✉r❛♥t❡ ❛ r❡❛çã♦✳ ❆ss✐♠✱ ●r❡✐s❡♥ ❡st✐♠♦✉

✉♠❛ ♣❡r❞❛ ❞❡
(
1− E

′

♣U/E♣U

)
×100 ≈ 22✪ ❞❛ ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ ❞❡ ✉♠ ♣rót♦♥ ✭& 1020 ❡❱✮

❛ ❝❛❞❛ ✐♥t❡r❛çã♦ ❝♦♠ ✉♠ ❢ót♦♥ ❞❛ r❛❞✐❛çã♦ ❞❡ ❢✉♥❞♦ ❞♦ ✉♥✐✈❡rs♦✱ ✉♠ ❡❢❡✐t♦ q✉❡ t❛♠❜é♠

❢♦✐ ♥♦t❛❞♦ ♣♦r ❩❛ts❡♣✐♥ ❡ ❑✉③✬♠✐♥ ✭✶✾✻✻✱ r❡❢✳ ❬✹✶❪✮ ❡ ❝✉❥♦s r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s ❢♦r❛♠

♣✉❜❧✐❝❛❞♦s ❛♣❡♥❛s três ♠❡s❡s ❞❡♣♦✐s✱ ❝♦♠ ✉♠❛ ♥♦t❛ ❞❡ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ tr❛❜❛❧❤♦ ❞♦

❛✉t♦r ❛♠❡r✐❝❛♥♦✳

❆♦ ❧♦♥❣♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠ ♣rót♦♥ ♣❡❧❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ❢✉♥❞♦✱ ❛ ❡s❝❛❧❛

❞❡ ❞✐stâ♥❝✐❛ ♣❛r❛ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ❛tr❛✈és ❞❛ r❡❛çã♦ ❛❝✐♠❛ é

E♣U

∆E♣U

1

nγσ∆+

≈ 12 ▼♣❝✱

✉♠ r❡s✉❧t❛❞♦ q✉❡ ❛♠❜♦s ♦s ❛rt✐❣♦s tr❛③❡♠ ✐♠♣❧í❝✐t♦ q✉❛♥❞♦ s❡ r❡❢❡r❡♠ à ❡s❝❛❧❛ ❞❡ t❡♠♣♦

∼ 107 ❛♥♦s ♣❛r❛ ❛ ✐♥t❡r❛çã♦✱ ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ❛ ✐❞❛❞❡ (13.69± 0.13)× 109 ❛♥♦s ❞♦

✉♥✐✈❡rs♦ ✐♥❢❡r✐❞❛ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞♦ ❲▼❆P✷✵ ✭✷✵✵✽✱ r❡❢✳ ❬✹✷❪✮✳ ❙♦❜ ❛ ❤✐♣ót❡s❡ ❞❡

q✉❡ ♣rót♦♥s ❝♦♠ ❡♥❡r❣✐❛ & 1018 ❡❱ tê♠ ♦r✐❣❡♠ ❢♦r❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ✉♠❛ ❝♦♥s❡qüê♥❝✐❛

✐♠❡❞✐❛t❛ ❞♦ r❛❝✐♦❝í♥✐♦ ❞❡ ●r❡✐s❡♥✱ ❩❛ts❡♣✐♥ ❡ ❑✉③✬♠✐♥ é q✉❡ ♦ ❡s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

❞❡✈❡ ❛♣r❡s❡♥t❛r ✉♠❛ ❛t❡♥✉❛çã♦ ♥♦ ✢✉①♦ ❛ ♣❛rt✐r ❞♦ ❧✐♠✐❛r ❞❡ ❡♥❡r❣✐❛ ❞❛ r❡❛çã♦✷✶✱

E♣U = 5.8× 1019 ❡❱✱ ❝♦♥t✐♥✉❛♥❞♦ ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❛té ❛ s✉♣r❡ssã♦ ❞♦ ✢✉①♦ ❡♠ t♦r♥♦

❞❡ E♣U = 1.3×1020 ❡❱✳ ❊st❡ ❡❢❡✐t♦ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ❝♦rt❡ ❞❡ ●❩❑ ❡ ❢♦r❛♠ ♥❡❝❡ssár✐❛s

♣♦✉❝♦ ♠❛✐s ❞❡ q✉❛tr♦ ❞é❝❛❞❛s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❡st❛t✐st✐❝❛♠❡♥t❡

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

❙✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ r❡❛❧✐③❛❞❛s ♣♦r ❆❤❛r♦♥✐❛♥ ❡ ❈r♦♥✐♥ ✭✶✾✾✹✱ r❡❢✳ ❬✹✸❪✮

✷✵❉♦ s❛té❧✐t❡ ❛♠❡r✐❝❛♥♦ ❲✐❧❦✐♥s♦♥ ▼✐❝r♦✇❛✈❡ ❆♥✐s♦tr♦♣② Pr♦❜❡✳
✷✶❈♦♥s✐❞❡r❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞♦s ❢ót♦♥s ♥♦ ♠á①✐♠♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❝♦r♣♦ ♥❡❣r♦✱ EγU = 1.17× 10−3 ❡❱✱

s❡❣✉♥❞♦ ❛ ❧❡✐ ❞❡ ❲✐❡♥✳
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♠♦str❛♠ q✉❡ ♣rót♦♥s ❝♦♠ q✉❛❧q✉❡r ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ ❝♦♠ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❛❝✐♠❛ ❞❡

1020 ❡❱ tê♠ s✉❛s ❡♥❡r❣✐❛s ❞❡❣r❛❞❛❞❛s r❛♣✐❞❛♠❡♥t❡ ❛té . 1020 ❡❱ ❛♣ós ♣❡r❝♦rr❡r❡♠

∼ 100 ▼♣❝ ✐♠❡rs♦s ♥❛ r❛❞✐❛çã♦ ❞❡ ❢✉♥❞♦ ❞♦ ✉♥✐✈❡rs♦✳ ❆ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ♣❛ss❛ ❛

s❡r ♠❡♥♦s ❛❝❡♥t✉❛❞❛ ❛ ♣❛rt✐r ❞❡ss❛ ❞✐stâ♥❝✐❛✱ ❝❡ss❛♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♠ t♦r♥♦ ❞♦

❧✐♠✐❛r ❞✐s❝✉t✐❞♦ ❛❝✐♠❛✳ ❆ss✐♠✱ ♣rót♦♥s ❛❝❡❧❡r❛❞♦s > 1020 ❡❱ ❡♠ r❡❣✐õ❡s ❧♦❝❛❧✐③❛❞❛s

❛ ❞✐stâ♥❝✐❛s & 100 ▼♣❝ ❞❛ ❚❡rr❛ ♥ã♦ ❝♦♥tr✐❜✉❡♠ ♣❛r❛ ♦ ✢✉①♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛

♠❡❞✐❞♦ ❛❧é♠ ❞❛ ❡♥❡r❣✐❛ ∼ 6× 1019 ❡❱✳ ❊ss❡ ❝♦♠♣r✐♠❡♥t♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ r❛✐♦ ●❩❑✱

q✉❡ ❞❡✜♥❡ ♦ ✈♦❧✉♠❡ ❞❛ ❡s❢❡r❛ ●❩❑ ♦♥❞❡ ♣♦ss✐✈❡❧♠❡♥t❡ ❡st❛r✐❛♠ ❧♦❝❛❧✐③❛❞❛s ❛s ❢♦♥t❡s

❞♦s r❛✐♦s ❝ós♠✐❝♦s ♠❛✐s ❡♥❡r❣ét✐❝♦s ❥á ❞❡t❡❝t❛❞♦s✳

❉✉r❛♥t❡ ♦ ❛♥♦ ✷✵✵✽✱ ♦ ❣r✉♣♦ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❍✐❘❡s✷✷ ✭r❡❢✳ ❬✹✹❪✮ r❡♣♦rt♦✉ ❛ ♦❜✲

s❡r✈❛çã♦ ❞❛ s✉♣r❡ssã♦ ❞♦ ✢✉①♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ♥♦ ✐♥t❡r✈❛❧♦ (4− 6) × 1019 ❡❱✱

❝♦♥✜r♠❛❞❛ ❡♠ s❡❣✉✐❞❛ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ✭r❡❢✳ ❬✹✺❪✮✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s

♣♦❞❡♠ s❡r ✈✐st♦s ♥❛ ✜❣✉r❛ ✻✱ ♥❛ ♣ró①✐♠❛ s❡çã♦✳ ❆♣❡s❛r ❞♦ ❝♦rt❡ s❡r ♦❜s❡r✈❛❞♦✱ ●r❡✐s❡♥✱

❩❛ts❡♣✐♥ ❡ ❑✉③✬♠✐♥ t❛♠❜é♠ ❝♦♥❥❡❝t✉r❛r❛♠ q✉❡✱ ❞❡✈✐❞♦ às s❡çõ❡s ❞❡ ❝❤♦q✉❡ ❞❡ ♥ú❝❧❡♦s

s❡r❡♠ ❣r❛♥❞❡s ♥❛s ❡♥❡r❣✐❛s ❡♠ q✉❡stã♦✱ ❛ ❡✜❝✐ê♥❝✐❛ ❞❛ ❢♦t♦❞❡s✐♥t❡❣r❛çã♦ r❡s✉❧t❛r✐❛ ♥❛

s✉♣r❡ssã♦ t♦t❛❧ ❞❡ss❛s ♣❛rtí❝✉❧❛s ❛❝✐♠❛ ❞❡ 1019 ❡❱✳

❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✶✱ ❞❛❞♦s ❛t✉❛✐s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣❡r✲

♠✐t❡♠ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♣r♦❢✉♥❞✐❞❛❞❡s ❛t♠♦s❢ér✐❝❛s ♠é❞✐❛s ♦❜s❡r✈❛❞❛s ❡♠ ❢❛✐①❛s ❞❡

❡♥❡r❣✐❛ ❞✐❢❡r❡♥t❡s✳ ◗✉❛✐sq✉❡r q✉❡ s❡❥❛♠ ♦s ♠♦❞❡❧♦s ✉s❛❞♦s ❡♠ s✐♠✉❧❛çõ❡s ♣❛r❛ ❡①tr❛♣✲

♦❧❛r ❞❛❞♦s ❞❡ ❛❝❡❧❡r❛❞♦r❡s ❛ ✜♠ ❞❡ ❞❡s❝r❡✈❡r ❛s ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ❛té ❡♥❡r❣✐❛s ♠❛✐s

❛❧t❛s ❡ ✐♥❢❡r✐r ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ❛s ❛♥á❧✐s❡s ❝♦♠♣❛r❛t✐✈❛s

❞❡ 〈Xmax〉 ✈ê♠ s✉❣❡r✐♥❞♦ ✉♠❛ ✐♥❝✐❞ê♥❝✐❛ ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐♦r ❞❡ ♥ú❝❧❡♦s ♣❡s❛❞♦s ❛

♣❛rt✐r ❞❡ 1018 ❡❱✱ ❝♦♥trár✐♦ ❛♦ ♣r❡✈✐st♦ ♣♦r ●r❡✐s❡♥✱ ❩❛ts❡♣✐♥ ❡ ❑✉③✬♠✐♥✳ ❆ ♠❛♥❡✐r❛

❝♦♠♦ ❛ ♠é❞✐❛ ❞❡ Xmax ✈❛r✐❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❝❛❞❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛✱ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s

❝♦❧❡t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ s❡rá ❛♣r❡s❡♥t❛❞❛ ♥❛

s❡çã♦ ✷✳✺✳

✶✳✺ ❉❡t❛❧❤❡s ❞♦ ❡s♣❡❝tr♦ ❞❡ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

❆ ✜❣✉r❛ ✼ ♠♦str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ❞♦ ❡s♣❡❝tr♦ ❞✐❢❡r❡♥❝✐❛❧ ❞♦ ✢✉①♦ ❞❡ r❛✐♦s

❝ós♠✐❝♦s ♦❜s❡r✈❛❞♦ ♥❛ ❚❡rr❛✳ P♦r q✉❛s❡ s❡t❡ ❞é❝❛❞❛s ❞❡ ❡♥❡r❣✐❛ ✭♣♦r ♣❛rtí❝✉❧❛✮✱ ♥♦

✐♥t❡r✈❛❧♦ (10−1 − 106) ●❡❱✱ ♦ ✢✉①♦ ♣♦ss✉✐ ✉♠❛ ❢♦r♠❛ q✉❡ s❡❣✉❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛

♣♦tê♥❝✐❛ ♥❡❣❛t✐✈❛ Φ (E) ∝ E−2.7✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ♠❛✐s ♣r♦❡♠✐♥❡♥t❡s ❞♦ ❡s♣❡❝tr♦

♥❛s ❛❧t❛s ❡♥❡r❣✐❛s sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✻✳ ❊♠ t♦r♥♦ ❞❡ 5 × 1015 ❡❱ ❛ t❡♥❞ê♥❝✐❛ ❞♦
✷✷❙✐❣❧❛ ❞♦ ✐♥❣❧ês ❍✐❣❤ ❘❡s♦❧✉t✐♦♥ ❋❧②✬s ❊②❡✱ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✳

✷✺



✢✉①♦ ♠✉❞❛ ♣❛r❛ ∝ E−3.0✱ ❢♦r♠❛♥❞♦ ✉♠ ❞❡s✈✐♦ ❝❤❛♠❛❞♦ ❞❡ ✏♣r✐♠❡✐r♦ ❥♦❡❧❤♦✑ ✭r❡❢❡r✐❞♦

♥❛ ❧✐t❡r❛t✉r❛ ❝♦♠♦ ✜rst ❦♥❡❡✮✱ ❝✉❥❛ ❝❛✉s❛ ❡s♣❡❝✉❧❛✲s❡ ♦❝♦rr❡r ❞❡✈✐❞♦ ❛ ✉♠❛ ✈❛r✐❛çã♦

♥❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣r✐♠ár✐❛ ✭r❡❢✳ ❬✹✻❪✮ ❡ ❛♦ ❧✐♠✐t❡ ❞❡ ❛❝❡❧❡r❛çã♦ ❞❡ ♥ú❝❧❡♦s ❡♠

♦♥❞❛s ❞❡ ❝❤♦q✉❡ ❞❛s s✉♣❡r♥♦✈❛s ✭❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✹✳✸✮✳ ❖ ❝á❧❝✉❧♦ ❞♦ ✢✉①♦ ♥❡ss❛

r❡❣✐ã♦ é ❜❛s❡❛❞♦ ♥❛ ♦❜s❡r✈❛çã♦ ❞❡ ❝❤✉✈❡✐r♦s ❝✉❥♦ Xmax ♦❝♦rr❡ ♣ró①✐♠♦ à ♣r♦❢✉♥❞✐❞❛❞❡

❛t♠♦s❢ér✐❝❛ ❞❛ ♣r✐♠❡✐r❛ ✐♥t❡r❛çã♦✱ ❧❡✈❛♥❞♦ ❛ ✢✉t✉❛çõ❡s ❞❛s ♠❡❞✐❞❛s q✉❡ ❞✐❢❡r❡♠ ♣♦r

❢❛t♦r❡s ❞❡ ❛té ❞♦✐s✱ ✐♥❞✐❝❛t✐✈♦ ❞❡ ✐♥❝❡rt❡③❛s s✐st❡♠át✐❝❛s ♥❛ ✐♥t❡r♣r❡t❛çã♦ ❞♦s ❞❛❞♦s

✭r❡❢✳ ❬✷✵❪✮✳ ❆❝✐♠❛ ❞❡ 1017 ❡❱✱ ❛ té❝♥✐❝❛ ❞❛ ✢✉♦r❡s❝ê♥❝✐❛ é ♣❛rt✐❝✉❧❛r♠❡♥t❡ út✐❧ ♣♦r

♣❡r♠✐t✐r ❛ ❛ss♦❝✐❛çã♦ ❞♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ♥❛ ❛t♠♦s❢❡r❛ às ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❛tr❛✈és

❞❛ ♦❜s❡r✈❛çã♦ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦s ❊❆❙✱ ❡ ♣♦rt❛♥t♦ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡

❞❡ ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛✱ ❝♦♠♦ ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✶✳

❖ ✏s❡❣✉♥❞♦ ❥♦❡❧❤♦✑ ✭♦✉ s❡❝♦♥❞ ❦♥❡❡✮✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♠ 2.5× 1017 ❡❱✱ ♠❛r❝❛

❛ s❡❣✉♥❞❛ ♣♦s✐çã♦ ❞♦ ❡s♣❡❝tr♦ ❛ ♣❛rt✐r ❞❛ q✉❛❧ ♦ ❞❡❝❧✐✈❡ ♥♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s é

♥♦✈❛♠❡♥t❡ ❛❝❡♥t✉❛❞♦✳ ❆❝r❡❞✐t❛✲s❡ q✉❡ ❡ss❡ ❡❢❡✐t♦ ❞❡❝♦rr❛ ❞♦ ❧✐♠✐t❡ ❞❡ ❝♦♥✜♥❛♠❡♥t♦

♠❛❣♥ét✐❝♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❡st✐♠❛❞♦ ❝♦♠♦ ✉♠❛ ❡q✉✐✈❛❧ê♥❝✐❛ ❡♥tr❡

♦ r❛✐♦ ❞❡ ▲❛r♠♦r ❞❛ tr❛❥❡tór✐❛ ❞❡ ✉♠ ♣rót♦♥ ♥♦ ❝❛♠♣♦ ♠é❞✐♦ ❞♦ ❞✐s❝♦ ❣❛❧á❝t✐❝♦ ❡ ♦

r❛✐♦ ❞❛ ❣❛❧á①✐❛✳

❆ ❝❛r❛❝t❡ríst✐❝❛ ❞❡s❝r✐t❛ ❛❝✐♠❛ s❡❣✉❡ ❛té ∼ 5 × 1018 ❡❱✳ ❆ ♣❛rt✐r ❞❡ss❛ ❡♥❡r✲

❣✐❛✱ ❤á ✉♠ r❡❝♦❜r❛♠❡♥t♦ ❞♦ ✢✉①♦ ❢♦r♠❛♥❞♦ ♦ ✏t♦r♥♦③❡❧♦✑ ✭♦✉ ❛♥❦❧❡✮ ❞♦ ❡s♣❡❝tr♦✱ ✉♠

❡❢❡✐t♦ ♣♦ss✐✈❡❧♠❡♥t❡ tr❛♥s✐tór✐♦ ❛ss♦❝✐❛❞♦ ❛ ✉♠❛ ♣♦♣✉❧❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛s

✉❧tr❛✲❛❧t❛s ❞♦♠✐♥❛♥❞♦ s♦❜r❡ ❛ ♣♦♣✉❧❛çã♦ ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s✳ ❊ss❛s ♥❛t✉r❡③❛s ❞✐st✐♥t❛s

s✉❣❡r❡♠ ♦r✐❣❡♥s ❞✐❢❡r❡♥t❡s✱ ❝♦♠♦ ✉♠ ✢✉①♦ ❡①tr❛❣❛❧á❝t✐❝♦ s♦❜r❡ss❛✐♥❞♦ ❡♠ r❡❧❛çã♦ ❛♦

✢✉①♦ ❣❛❧á❝t✐❝♦✳

❙✉♣♦♥❞♦ q✉❡ ♣❛rtí❝✉❧❛s ♥ã♦ s❡❥❛♠ ❛❝❡❧❡r❛❞❛s ❛❧é♠ ❞❡ 1018 ❡❱ ♥❛ ❱✐❛ ▲á❝t❡❛✱

♦ ♠í♥✐♠♦ ❧♦❝❛❧ ❞❡ Φ (E) ♣ró①✐♠♦ ❞❡ 5 × 1018 ❡❱ ♣♦❞❡r✐❛ ❞❡❝♦rr❡r ❞❛ ❞❡❣r❛❞❛çã♦ ❞❛

❡♥❡r❣✐❛ ❞❡ ♣rót♦♥s ❛tr❛✈és ❞❛ r❡❛çã♦

γ + ♣ → ♣ + ❡+ + ❡−

❞❡s❞❡ q✉❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❡①tr❛❣❛❧á❝t✐❝❛ s❡❥❛ ❡str✐t❛♠❡♥t❡ ❝♦♠♣♦st❛ ♣♦r ♥ú❝❧❡♦s

❧❡✈❡s✳ ❉❛❞♦s ❞♦ ❡①♣❡r✐♠❡♥t♦ ❍✐❘❡s ❛♣♦♥t❛♠ ♣❛r❛ ✉♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣r❡❞♦♠✲

✐♥❛♥t❡♠❡♥t❡ ❧❡✈❡ ♥❛s ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ 1018 ❡❱ ✭r❡❢✳ ❬✹✼❪✮✱ ❡♥q✉❛♥t♦ ❞❛❞♦s ❞♦ ❖❜s❡r✲

✈❛tór✐♦ ❆✉❣❡r ✈ê♠ ❞❡♠♦♥str❛❞♦ ✉♠❛ t❡♥❞ê♥❝✐❛ ♦♣♦st❛ ✭r❡❢✳ ❬✷✾❪✮✳ ❖ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦

♠❛✐s ❡♥❡r❣ét✐❝♦ ❥á ♦❜s❡r✈❛❞♦ ❡q✉✐✈❛❧❡ ❛ ✉♠❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❝♦♠ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛

❞❡ (3.2± 0.9) × 1020 ❡❱✱ ❞❡t❡❝t❛❞♦ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡ ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞❡

✷✻



✢✉♦r❡s❝ê♥❝✐❛ ❛t♠♦s❢ér✐❝❛ ✭r❡❢✳ ❬✹✽❪✮✳ ❘✐ss❡ ❡t ❛❧✳ ✭r❡❢✳ ❬✹✾❪✮ ✉s❛r❛♠ ♦ ❝ó❞✐❣♦ ❈❖❘❙■❑❆

❝♦♠ ♦s ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛ ◗●❙❏❊❚ ✵✶ ❡ ❙■❇❨▲▲ ✷✳✶ ❛ ✜♠ ❞❡ s✐♠✉❧❛r

♦ ♣❡r✜❧ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ss❡ ❡✈❡♥t♦ ❡ ❡st✐♠❛r ❛ ❢❛✐①❛ ❞❡ ❝♦♠♣♦s✐çã♦

q✉í♠✐❝❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳ ❆♣❡s❛r ❞♦s r❡s✉❧t❛❞♦s ♥ã♦ ❡①❝❧✉ír❡♠ ♣rót♦♥s✱ ♦s ♥ú❝❧❡♦s

❞❡ ❝❛r❜♦♥♦ ❡ ❢❡rr♦ ❢♦r❛♠ ♠❛✐s ❢❛✈♦r❡❝✐❞♦s✳

❖ ❝♦rt❡ ❞❡ ●❩❑ é ❛tr✐❜✉í❞♦ à s✉♣r❡ssã♦ ♣r♦❣r❡ss✐✈❛ ❞♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

❛ ♣❛rt✐r ❞❡ ∼ 5 × 1019 ❡❱✱ ❝♦♠♦ ❢♦✐ ❝✐t❛❞♦ ♥♦ ✜♥❛❧ ❞❛ s❡çã♦ ❛♥t❡r✐♦r✳ ❚♦❞♦s ♦s ❡①♣❡r✲

✐♠❡♥t♦s ❞❡ ♦❜s❡r✈❛çã♦ ❞♦s ❊❆❙ ❞❡t❡❝t❛r❛♠ ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 1020 ❡❱✱

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

●❩❑ ✭r❡❢✳ ❬✺✵❪✮✳ ❈❛s♦ ✐ss♦ s❡❥❛ ✈❡r❞❛❞❡✱ t❛♠❜é♠ ❞❡✈❡ s❡r ❝♦♥s✐❞❡r❛❞❛ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡

♦s ♣r♦❝❡ss♦s ❞❡ ❛❝❡❧❡r❛çã♦ ❛t✐♥❣❡♠ ✉♠ ❧✐♠✐t❡ ❡♥❡r❣ét✐❝♦ ♠á①✐♠♦ ♣ró①✐♠♦ ❛ ❛❧❣✉♠❛s

✉♥✐❞❛❞❡s ❞❡ 1020 ❡❱✳
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❋✐❣✉r❛ ✻✿ ❉❡t❛❧❤❡ ❞♦ ❡s♣❡❝tr♦ ❞✐❢❡r❡♥❝✐❛❧ ❞♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡♠ r❡❧❛çã♦ às
❡♥❡r❣✐❛s ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱ ❝♦♠♣✐❧❛❞❛ ❡♠ ✷✵✵✽ ❡ r❡✈✐s❛❞❛ ❡♠ ✷✵✵✾ ♣♦r ●❛✐ss❡r ❡
❙t❛♥❡✈ ✭r❡❢✳ ❬✷✵❪✮✳ ◆♦t❡ ❛ s✉♣r❡ssã♦ ❞♦ ✢✉①♦ ♥❛ r❡❣✐ã♦ ❞❛ ❡♥❡r❣✐❛ ❡s♣❡r❛❞❛✱ s❡❣✉♥❞♦ ♦s
❡①♣❡r✐♠❡♥t♦s ❍✐❘❡s ❡ ❆✉❣❡r✳

◆❡st❛ t❡s❡ ❢♦✐ t❡st❛❞♦ s❡ ❛ ❤✐♣ót❡s❡ ❞❡ ❡①✐st✐r❡♠ ❢♦♥t❡s ❣❛❧á❝t✐❝❛s ❞❡ ♣❛rtí❝✉❧❛s

✷✼



❋✐❣✉r❛ ✼✿ ❊s♣❡❝tr♦ ❞✐❢❡r❡♥❝✐❛❧ ❞♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ ♣♦s✐çã♦ ❞❛ ❚❡rr❛✱ ❝♦♠ ♦s
♣r✐♥❝✐♣❛✐s ❡①♣❡r✐♠❡♥t♦s r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❞❡t❡❝çã♦ ❡♠ ❝❛❞❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛ ✭r❡❢✳ ❬✺✶❪✮✳
❋✐❣✉r❛ ❝❡❞✐❞❛ ❣❡♥t✐❧♠❡♥t❡ ♣♦r ❍✳ ●❡❡♥❡♥✱ ❛tr❛✈és ❞❡ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣❛rt✐❝✉❧❛r✳

✷✽



❝♦♠ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✭1019 ≤ E❊❡❱ . 1021✮ é ❝♦♥s✐st❡♥t❡✳ ❆ ❛♥á❧✐s❡ s❡ ❜❛s❡♦✉ ❡♠

♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ❝♦♠ ❣r❛♥❞❡ ❝♦♥t❡ú❞♦ ❞❡ ❡♥❡r❣✐❛ ♠❛❣♥ét✐❝❛ ❡ ❝♦♠ ❛ ♣r♦❞✉çã♦ ❞❡

♥ú❝❧❡♦s s❡❣✉✐♥❞♦ ♦ ❡s♣❡❝tr♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♦❜s❡r✈❛❞❛ ♥❛ r❛❞✐❛çã♦ ♣r✐♠ár✐❛ ❞❡

❜❛✐①❛ ❡♥❡r❣✐❛ ✭. 1015 ❡❱✮✳ ❆t✉❛❧♠❡♥t❡✱ ❤á ❡✈✐❞ê♥❝✐❛s ❞❡ q✉❡ ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s

❡stã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❛ ✉♠❛ ❢r❛çã♦ ❞❛s ❞✐r❡çõ❡s ❝❡❧❡st❡s ❡♠ q✉❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡

❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ é ♦❜s❡r✈❛❞❛✱ ❝♦♠♦ s❡rá ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✾✱ ♠❛s é ❞❡s❝♦♥❤❡❝✐❞♦ s❡

❡ss❛s r❡❣✐õ❡s sã♦ ❛❝❡❧❡r❛❞♦r❡s ♦✉ s❡ ❛♣❡♥❛s tr❛ç❛♠ ❛ ♦r✐❣❡♠ ❞❛s ♣❛rtí❝✉❧❛s✳ ❆ ❡✈♦❧✉çã♦

❡st❡❧❛r é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧❛s r❡❛çõ❡s ♥✉❝❧❡❛r❡s ❞❡❝♦rr❡♥t❡s ❞❛ ♠❛ss❛ ✐♥✐❝✐❛❧ ❞❡ ♥✉✈❡♥s

❞❡ ❤✐❞r♦❣ê♥✐♦✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❣❛❧á①✐❛ ❤♦s♣❡❞❡✐r❛✳ ❆ss✐♠✱ ❛ ❱✐❛ ▲á❝t❡❛ ❞❡✈❡

♣♦ss✉✐r ♠❡♠❜r♦s ❞❛s ♠❡s♠❛s ❢❛♠í❧✐❛s ❞❡ ♦❜❥❡t♦s ❡st❡❧❛r❡s ❝♦♥t✐❞♦s ❡♠ ♦✉tr❛s ❣❛❧á①✐❛s

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

✐♥❥❡t❛r ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳
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✷ ❖ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r

■♥❛✉❣✉r❛❞♦ ❡♠ ✶✹ ❞❡ ♥♦✈❡♠❜r♦ ❞❡ ✷✵✵✽✱ ♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✱ ❧♦❝❛❧✐③❛❞♦ ♥❛

r❡❣✐ã♦ ❞♦ P❛♠♣❛ ❆♠❛r✐❧❧❛ ✭❝♦♦r❞❡♥❛❞❛s 35.1➦ − 35.5➦ ❙ ❡ 69.0➦ − 69.6➦ ❲✱ ❛❧t✐t✉❞❡

1400 ♠ ❛❝✐♠❛ ❞♦ ♥í✈❡❧ ❞♦ ♠❛r✮ ♥❛ Pr♦✈í♥❝✐❛ ❞❡ ▼❡♥❞♦③❛✱ ❆r❣❡♥t✐♥❛✱ é ✉♠ ❡①♣❡r✐✲

♠❡♥t♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s q✉❡ ❝♦♥t♦✉ ❝♦♠ ❛ ♣❛rt✐❝✐♣❛çã♦ ❞❡ 18 ♣❛ís❡s ♣❛r❛ ❛ ❝♦♥str✉çã♦

❞❡ ✉♠ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ 3000 ❦♠2✱ ❝♦♠♣♦st♦ ♣♦r 1673 ❞❡t❡❝t♦r❡s ❞❡ r❛❞✐❛çã♦

❷❡r❡♥❦♦✈ ❞✐s♣♦st♦s ❡♠ ✉♠❛ r❡❞❡ tr✐❛♥❣✉❧❛r ❝♦♠ s❡♣❛r❛çã♦ ❞❡ 1.5 ❦♠✱ ❝✉❥❛ ❢✉♥çã♦ é

♠❡❞✐r ❛s ❞✐str✐❜✉✐çõ❡s ❧❛t❡r❛❧ ❡ t❡♠♣♦r❛❧ ❞❡ ♣❛rtí❝✉❧❛s ❞♦s ❝❤✉✈❡✐r♦s ♥♦ ♥í✈❡❧ ❞♦ s♦❧♦✱ ❡

24 t❡❧❡s❝ó♣✐♦s ❞✐str✐❜✉í❞♦s ♣♦r q✉❛tr♦ ♣ré❞✐♦s ♥❛ ♣❡r✐❢❡r✐❛ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✱ ❞❡❞✲

✐❝❛❞♦s à ♦❜s❡r✈❛çã♦ ❞❛ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❛r ♣❛r❛ r❡❣✐str❛r ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧

❞❛s ❝❛s❝❛t❛s ❛❝✐♠❛ ❞♦ ❛rr❛♥❥♦ ✭✈❡❥❛ ✜❣✉r❛ ✽✮✳ ❆♠❜♦s ♦s t✐♣♦s ❞❡ ❞❡t❡❝t♦r❡s t❛♠❜é♠

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

✐♥❞❡♣❡♥❞❡♥t❡s✳ ❍♦❥❡✱ ♦s ♣❛ís❡s ❡♥✈♦❧✈✐❞♦s ♥❛ ❝♦♥❝❡♣çã♦ ❡ ❝♦♥str✉çã♦ ❞♦ ♦❜s❡r✈❛tór✐♦

tr❛❜❛❧❤❛♠ ❡♠ ❝♦❧❛❜♦r❛çã♦ ♥❛ ❝❛❧✐❜r❛çã♦ ❞♦s ✐♥str✉♠❡♥t♦s ❡ ♥❛ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s✳

❉❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♦♣❡r❛r❡♠ ❛♣❡♥❛s ❡♠ ♥♦✐t❡s ❡s❝✉r❛s

❝♦♠ ❝é✉ ❧✐♠♣♦✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 10✪ ❞❛s ♦❜s❡r✈❛çõ❡s sã♦ ❢❡✐t❛s s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣❡❧❛s

❞✉❛s té❝♥✐❝❛s✳ ❖s ❡✈❡♥t♦s ❛ss✐♠ r❡❣✐str❛❞♦s sã♦ ❝♦♥s✐❞❡r❛❞♦s ❡s♣❡❝✐❛✐s ♣♦rq✉❡ ❛s ✐♥✲

❝❡rt❡③❛s ❡♥✈♦❧✈✐❞❛s ❡♠ s✉❛s r❡❝♦♥str✉çõ❡s sã♦ ♠❡♥♦r❡s ❞♦ q✉❡ ❛s ✐♥❝❡rt❡③❛s r❡❧❛❝✐♦♥❛❞❛s

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

♥♦ ♠♦❞♦ ❤í❜r✐❞♦ é ❡①tr❛í❞❛ ❞❡ ❝❤✉✈❡✐r♦s ❛rt✐✜❝✐❛✐s ❣❡r❛❞♦s ♣♦r ❞✐s♣❛r♦s ✈❡rt✐❝❛✐s ❞❡ ❧✉③

❧❛s❡r ❛ ♣❛rt✐r ❞♦ ❈❡♥tr❛❧ ▲❛s❡r ❋❛❝✐❧✐t②✱ ❧♦❝❛❧✐③❛❞♦ ♥♦ ❝❡♥tr♦ ❞♦ ❛rr❛♥❥♦✱ ❛ ❝❡r❝❛ ❞❡ 30 ❦♠

❞❡ ❝❛❞❛ ♣ré❞✐♦ ❞♦s t❡❧❡s❝ó♣✐♦s✳ ◆♦ ♠♦♠❡♥t♦ ❞♦ ❞✐s♣❛r♦✱ ✉♠ ♣✉❧s♦ ❞❡ ❧✉③ é ❝r✐❛❞♦ ❞❡♥tr♦

❞❡ ✉♠❛ ❞❛s ❡st❛çõ❡s ❞❡ s✉♣❡r❢í❝✐❡ ♣❛r❛ s✐♠✉❧❛r ✉♠ ❡✈❡♥t♦ ❤í❜r✐❞♦✳ ❆ r❡❝♦♥str✉çã♦ é

❡♥tã♦ ❢❡✐t❛ ❝♦♠ ♦ ♠❡s♠♦ ❛❧❣♦r✐t♠♦ ❡♠♣r❡❣❛❞♦ ❡♠ ❡✈❡♥t♦s r❡❛✐s✳ ❉❡✜♥✐♥❞♦ ❛ r❡s♦❧✉çã♦

❤í❜r✐❞❛ ❝♦♠♦ ❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r q✉❡ ❝♦♥té♠ 68✪ ❞♦s ❝❤✉✈❡✐r♦s ♣r♦✈❡♥✐❡♥t❡s ❞❡ ✉♠❛

❞❡t❡r♠✐♥❛❞❛ ❢♦♥t❡ ♣♦♥t✉❛❧✱ ♦ r❡s✉❧t❛❞♦ é ✉♠❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❞❡ ∼ 0.6➦ ✭r❡❢✳ ❬✺✷❪✮✳

❊ss❡ ✈❛❧♦r ♥✉♥❝❛ ❢♦✐ ❛t✐♥❣✐❞♦ ♣♦r ❡①♣❡r✐♠❡♥t♦s ❛♥t❡r✐♦r❡s ❡ r❡♣r❡s❡♥t❛ ✉♠ ❛✈❛♥ç♦ ✐♠♣♦r✲

t❛♥t❡ ♥❛ ❛♥á❧✐s❡ ❞✐r❡❝✐♦♥❛❧ r❡❢❡r❡♥t❡ à ❜✉s❝❛ ♣♦r ❢♦♥t❡s ❛str♦❢ís✐❝❛s ❞❡ r❛❞✐❛çã♦ ❝ós♠✐❝❛

❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✳

❆♠❜♦s ♦s ♠ét♦❞♦s ❡♠♣r❡❣❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r sã♦ ❜❡♠ ❡st❛❜❡❧❡❝✐❞♦s ♣❡✲

❧♦s ❡①♣❡r✐♠❡♥t♦s ♣r❡❝✉rs♦r❡s ❞❡❞✐❝❛❞♦s ❛♦s ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 1 ❊❡❱✿ ✉♠

❛rr❛♥❥♦ ❞❡ ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ 12 ❦♠2 ❢♦✐ ✉t✐❧✐③❛❞♦ ❝♦♠ s✉❝❡ss♦ ♣❡❧♦ ❣r✉♣♦

❞❡ ❍❛✈❡r❛❤ P❛r❦ ♣♦r ♠❛✐s ❞❡ 20 ❛♥♦s ✭✶✾✾✶✱ r❡❢✳ ❬✺✸❪✮✱ ❡♥q✉❛♥t♦ ♦s t❡❧❡s❝ó♣✐♦s ❞❡

✸✶



❋✐❣✉r❛ ✽✿ ❖ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r ❙✉❧ ❝♦♠♦ ❡♠ ✷✺ ❞❡ ♠❛rç♦ ❞❡ ✷✵✶✵✳ ❖s ♣♦♥t♦s
✈❡r♠❡❧❤♦s r❡♣r❡s❡♥t❛♠ ❞❡t❡❝t♦r❡s ❷❡r❡♥❦♦✈ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❡ ❝❛❞❛ ❡s♣❛ç♦ ❡♥tr❡
❛s ❧✐♥❤❛s r❛❞✐❛✐s ✈❡r❞❡s ❡q✉✐✈❛❧❡ à ❜❛✐❛ ❞❡ ♦♣❡r❛çã♦ ❞❡ ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳
❖s ❝♦♥❥✉♥t♦s ❞❡ s❡✐s t❡❧❡s❝ó♣✐♦s ❡stã♦ s❡♣❛r❛❞♦s ❡♠ q✉❛tr♦ ♣ré❞✐♦s✿ ▲♦s ▲❡♦♥❡s✱ ▲♦s
▼♦r❛❞♦s✱ ▲♦♠❛ ❆♠❛r✐❧❧❛ ❡ ❈♦✐❤✉❡❝♦✳ ❆ ❝✐❞❛❞❡ ❞❡ ▼❛❧❛r❣ü❡ ♣♦❞❡ s❡r ✈✐st❛ ❛ s✉❞♦❡st❡✳

✢✉♦r❡s❝ê♥❝✐❛ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛ ♣❡sq✉✐s❛ ♣✐♦♥❡✐r❛ r❡❛❧✐③❛❞❛ ♥❛ ❯♥✐✲

✈❡rs✐❞❛❞❡ ❞❡ ❯t❛❤✱ ❞❛♥❞♦ ♦r✐❣❡♠ ❛♦ ❍✐❘❡s ✭❞♦ ✐♥❣❧ês ❍✐❣❤ ❘❡s♦❧✉t✐♦♥ ❋❧②✬s ❊②❡❀ ✶✾✽✺✱

r❡❢✳ ❬✺✹❪✮✳

❆s s❡çõ❡s ✷✳✸✱ ✷✳✷ ❡ ✷✳✹ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❞❡s❝r✐çã♦ ❜ás✐❝❛ s♦❜r❡ ❝♦♠♦ ❛ ❞❡t❡❝çã♦ ❡ ❛

❛♥á❧✐s❡ ❞❡ ❞❛❞♦s sã♦ ❢❡✐t❛s ♥♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳ ❯♠❛ ❡①♣❧✐❝❛çã♦ ❝♦♠♣❧❡♠❡♥t❛r

❛ r❡s♣❡✐t♦ ❞❡ t♦❞♦s ♦s ♣❛ss♦s ❡♥✈♦❧✈✐❞♦s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ✐♥t❡r♣r❡t❛çã♦ ❞♦s ❞❛❞♦s ♣♦❞❡

s❡r ❡♥❝♦♥tr❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛ ❬✺✺❪✳

✷✳✶ ❙✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❧♦❝❛❧

P❛r❛ ❧✐❞❛r ❝♦♠ ❞✐stâ♥❝✐❛s ❧♦❝❛✐s ❞❡ ✉♠❛ ♠❛♥❡✐r❛ ✉s✉❛❧✱ ❞❛❞❛s ❛s ❞✐♠❡♥sõ❡s ❡s♣❛❝✐❛✐s ❞♦

❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡r❛ ♥❡❝❡ssár✐♦ ❡s❝♦❧❤❡r ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛

❡♠ ✉♠ ♣❧❛♥♦✳ ❖ ♠♦❞❡❧♦ ❛❞♦t❛❞♦ ❢♦✐ ❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ▼❡r❝❛t♦r✱ ✉♠❛ ♣r♦❥❡çã♦

✸✷



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

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

❝✉r✈❛ ❧♦①♦❞rô♠✐❝❛✷✸ ❝♦♠♦ ✉♠❛ ❧✐♥❤❛ r❡t❛ ♥♦ ♣❧❛♥♦ ♣r♦❥❡t✐✈♦✳

❯♠ ❝✐❧✐♥❞r♦ ✐♠❛❣✐♥ár✐♦ q✉❡ ❡♥✈♦❧✈❡ ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛ ♣♦❞❡ t❡r q✉❛❧q✉❡r ♦r✐✲

❡♥t❛çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❞♦ ♣❧❛♥❡t❛✳ ❘❡❣✐õ❡s ❡str❡✐t❛❞❛s✷✹ ♣❡❧❛ ❧❛t✐t✉❞❡✱ ❝♦♠♦ ♦

P❛♠♣❛ ❆♠❛r✐❧❧❛✱ sã♦ ♣r♦❥❡t❛❞❛s ❝♦♠ ❜❛st❛♥t❡ ♣r❡❝✐sã♦ ♥❛ s✐t✉❛çã♦ tr❛♥s✈❡rs❛✳ ❊ss❛

❣❡♦♠❡tr✐❛✱ ♣♦rt❛♥t♦✱ ❢♦✐ ❛❞♦t❛❞❛ ♣❛r❛ ♦ Pr♦❥❡t♦ ❆✉❣❡r ❡ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ Pr♦❥❡çã♦

❚r❛♥s✈❡rs❛ ❞❡ ▼❡r❝❛t♦r✱ ❛❜r❡✈✐❛❞❛ ♣♦r ❯❚▼✷✺✳ ❊♠ ❧♦♥❣✐t✉❞❡✱ ♦ ❣❧♦❜♦ t❡rr❡str❡ é ❞✐✈✐✲

❞✐❞♦ ❡♠ 60 ③♦♥❛s ❞❡ 6➦✱ ❡♥✉♠❡r❛❞❛s ❛ ❧❡st❡ ❛ ♣❛rt✐r ❞♦ ♠❡r✐❞✐❛♥♦ ❞❡ ●r❡❡♥✇✐❝❤✳ P❛r❛

❛ ❧❛t✐t✉❞❡✱ ❝❛❞❛ ❞✐✈✐sã♦ ❞❡ 8➦ r❡❝❡❜❡ ❧❡tr❛s ❞♦ ❛❧❢❛❜❡t♦ ❝♦♠❡ç❛♥❞♦ ♣♦r ❵❈✬ ❛té ❵❲✬ ✭❝♦♠

❛ ♦♠✐ssã♦ ✏■✑ ❡ ✏❖✑ ♣❛r❛ ❡✈✐t❛r ❝♦♥❢✉sõ❡s ❝♦♠ ♥ú♠❡r♦s✮✱ ♣❛rt✐♥❞♦ ❞❡ 80➦ ❙ ❛té 72➦ ◆

t♦t❛❧✐③❛♥❞♦ ✶✾ ③♦♥❛s✳ ◆❛ ❧❛t✐t✉❞❡ ♥♦rt❡✱ ✉♠❛ ③♦♥❛ ❛❞✐❝✐♦♥❛❧ ❞❡ 12➦ r❡❝❡❜❡ ❛ ❧❡tr❛ ❵❳✬✳

❆s r❡❣✐õ❡s ♣♦❧❛r❡s sã♦ ❞✐✈✐❞✐❞❛s ❡♠ ❛♣❡♥❛s ❞✉❛s ③♦♥❛s ❞❡ ❧♦♥❣✐t✉❞❡ s❡♣❛r❛❞❛s ❛♦ ♠❡✐♦

♣❡❧♦ ♠❡r✐❞✐❛♥♦ ❞❡ ●r❡❡♥✇✐❝❤✿ ❵❳✬ ❡ ❵❨✬ ♣❛r❛ ❛ ❝❛❧♦t❛ ♥♦rt❡✱ ❵❆✬ ❡ ❵❇✬ ♣❛r❛ ❛ ❝❛❧♦t❛ s✉❧✳

❆ss✐♠✱ ❝❛❞❛ ③♦♥❛ ❞❡ss❛ ♣r♦❥❡çã♦ é ❞❡✜♥✐❞❛ ♣♦r ✉♠ ♥ú♠❡r♦ s❡❣✉✐❞♦ ❞❡ ✉♠❛ ❧❡tr❛✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❝♦♥s✐st❡ ❡♠ ✐♠❛❣✐♥❛r ♦ ♣❧❛♥♦ ♣r♦❥❡t✐✈♦ ❝✉r✈❛❞♦ ❞❡ ❢♦r♠❛ ❛ t❛♥✲

❣❡♥❝✐❛r ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❚❡rr❛ ❛♦ ❧♦♥❣♦ ❞♦ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧ ❞❡ ✉♠❛ r❡❣✐ã♦ ❞❡ ✐♥t❡r❡ss❡✳

❆ ✜❣✉r❛ ✾✭❛✮ ♠♦str❛ ❛ ♦r✐❣❡♠ ❞❛s ❧✐♥❤❛s ❞❡ ♣r♦❥❡çã♦ ❝♦♠♦ 3/4 ❞♦ ❞✐â♠❡tr♦ ❞❛ ❚❡rr❛✳

❆s ❞✐stâ♥❝✐❛s r❡❧❛t✐✈❛s ❛♦ ♣❡r❝✉rs♦ ♥♦ s❡♥t✐❞♦ ❧❡st❡✱ ♦✉ ❡❛st✐♥❣ ✭E✮✱ sã♦ ❝♦♥t❛❞❛s ❛

♣❛rt✐r ❞❡ss❡ ♠❡r✐❞✐❛♥♦✱ ❛♦ q✉❛❧ é ❛tr✐❜✉í❞♦ ♦ ✈❛❧♦r E0 = 500 000 ♠✳ P❛r❛ ♦ s❡♥t✐❞♦

♥♦rt❡✱ ♦✉ ♥♦rt❤✐♥❣ ✭N✮✱ ♦ ❡q✉❛❞♦r é ❛ r❡❢❡rê♥❝✐❛ ❡ r❡❝❡❜❡ ♦ ✈❛❧♦r N0 = 0 ♠ ♣❛r❛

♣♦s✐çõ❡s ♠❡❞✐❞❛s ♥♦ ❤❡♠✐s❢ér✐♦ ♥♦rt❡✱ ♦✉ ❛♥❛❧♦❣❛♠❡♥t❡ N0 = 10 000 000 ♠ ♥♦ ❤❡♠✲

✐s❢ér✐♦ s✉❧✳ ❊ss❛s q✉❛♥t✐❞❛❞❡s sã♦ ❛r❜✐trár✐❛s✱ t❡♥❞♦ s✐❞♦ ❡s❝♦❧❤✐❞❛s ✉♥✐❝❛♠❡♥t❡ ♣❛r❛

❡✈✐t❛r ♥ú♠❡r♦s ♥❡❣❛t✐✈♦s✳ ❆❧t✐t✉❞❡s sã♦ ❞❛❞❛s ♣❡❧❛ ✈❛r✐á✈❡❧ A ❡♠ r❡❧❛çã♦ à ❛❧t✐t✉❞❡

❧♦❝❛❧ A0✳ ❆s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❧♦❝❛✐s (x, y, z) ❞♦ ❝❡♥tr♦ ❞❡ ✉♠❛ ③♦♥❛ ❯❚▼ sã♦✱

♣♦rt❛♥t♦✱ ❞❡✜♥✐❞❛s ❝♦♠♦

x = (1 + β) (E − E0) + α (N −N0) ✱ ✭✶✾✮

✷✸❈✉r✈❛ q✉❡ ❝r✉③❛ t♦❞♦s ♦s ♠❡r✐❞✐❛♥♦s ❛ ✉♠ ♠❡s♠♦ â♥❣✉❧♦✳ ❆♣❡s❛r ❞❡ ♥ã♦ ❞❡s❝r❡✈❡r ❛ ♠❡♥♦r
❞✐stâ♥❝✐❛ ❡♥tr❡ ❞♦✐s ♣♦♥t♦s s♦❜r❡ ✉♠❛ ❡s❢❡r❛✱ ❢♦✐ ♠✉✐t♦ ✉t✐❧✐③❛❞❛ ❝♦♠♦ r♦t❛ ❞❡ ♥❛✈❡❣❛çã♦ ♦r✐❡♥t❛❞❛ ♣♦r
❜úss♦❧❛✳

✷✹◆♦ s❡♥t✐❞♦ ❞❡ q✉❡✱ s♦❜r❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣❛r❛❧❡❧♦✱ ❞♦✐s ♣♦♥t♦s ❞❡ ❧♦♥❣✐t✉❞❡s ❞✐❢❡r❡♥t❡s ❡ ❝♦♥st❛♥t❡s
❛♣r♦①✐♠❛♠✲s❡ ❡s♣❛❝✐❛❧♠❡♥t❡ ♣❛r❛ ✈❛❧♦r❡s ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐♦r❡s ❞♦ ♠ó❞✉❧♦ ❞❛ ❧❛t✐t✉❞❡✳

✷✺❉♦ ✐♥❣❧ês ❯♥✐✈❡rs❛❧ ❚r❛♥s✈❡rs❡ ▼❡r❝❛t♦r ❀ ♦ ❝❛s♦ tr❛♥s✈❡rs♦ t❛♠❜é♠ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♣r♦❥❡çã♦
❞❡ ●❛✉ss✲❑rü❣❡r✳
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✭❛✮

✭❜✮

❋✐❣✉r❛ ✾✿ ❊sq✉❡♠❛ ❞❡ ❝♦♥str✉çã♦ ❞❛ Pr♦❥❡çã♦ ❚r❛♥s✈❡rs❛ ❞❡ ▼❡r❝❛t♦r✳ ❊♠ ✭❛✮✱ ❛
♦r✐❣❡♠ ❞❛s ❧✐♥❤❛s ♣r♦❥❡t✐✈❛s é ❡st❛❜❡❧❡❝✐❞❛ ❝♦♠♦ 3/4 ❞♦ ❞✐â♠❡tr♦ ❞❛ ❚❡rr❛ ♣❛r❛ ♠✐♥✐✲
♠✐③❛r ❞✐st♦rçõ❡s❀ ✭❜✮ ♠♦str❛ ❛ ❛❜❡rt✉r❛ ❛♥❣✉❧❛r ❞❡ ±3➦ ❡♠ t♦r♥♦ ❞♦ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧✱
❞❡ ❢♦r♠❛ ❡①❛❣❡r❛❞❛✱ ❝♦rr❡s♣♦♥❞❡♥t❡ à r❡❣✐ã♦ ♦♥❞❡ ♦ r❛✐♦ ❞♦ ❝✐❧✐♥❞r♦ ♣♦❞❡ s❡r ✈❛r✐❛❞♦✳
❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✺✻❪✳

y = (1 + β) (N −N0)− α (E − E0) ✭✷✵✮

❡

z = A− A0 −
(E − E0)

2 + (N −N0)
2

2R
✱ ✭✷✶✮

♦♥❞❡ R é ♦ r❛✐♦ ❞❛ ❚❡rr❛✳ ❖s ♣❛râ♠❡tr♦s α ❡ β sã♦ ♦❜t✐❞♦s ❞✐❢❡r❡♥t❡♠❡♥t❡ ❡♠ ❝❛❞❛

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

❡ss❛ s✉♣❡r❢í❝✐❡ t♦❝❛ ♦ ♠❡r✐❞✐❛♥♦ ❝❡♥tr❛❧ ❛té ♦♥❞❡ ❡❧❛ t♦❝❛ ❛s ❜♦r❞❛s ❡①t❡r♥❛s ❞❛ ③♦♥❛

❡q✉✐✈❛❧❡♥t❡✱ ❝♦♠♦ ♠♦str❛❞♦ ❛ ✜❣✉r❛ ✾✭❜✮✱ ❛té ❛ ♦❜t❡♥çã♦ ❞❡ ✉♠ ✈❛❧♦r q✉❡ ♠✐♥✐♠✐③❛

❣❧♦❜❛❧♠❡♥t❡ ❛s ❞✐st♦rçõ❡s ♥❛ r❡❣✐ã♦✳
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❊♠ ✷✵✵✶✱ ❘❡✈❡♥✉ ❡ ❇✐❧❧♦✐r ✭r❡❢✳ ❬✺✼❪✮✱ ♠❡♠❜r♦s ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❛♣r❡s❡♥✲

t❛r❛♠ ✉♠ ❡st✉❞♦ ❜❛s❡❛❞♦ ♥❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❞❡s❝r✐t❛ ❛❝✐♠❛ ❡♠ q✉❡

♦❜t✐✈❡r❛♠✱ ❛tr❛✈és ❞❛ r❡❧❛çã♦ ❡♥tr❡ ♣❛r❛♠❡tr✐③❛çã♦ ❡ ❞✐st♦rçã♦✱ ❞❡s✈✐♦s ♥❛s ♠❡❞✐❞❛s ❞❡

♣♦s✐çã♦ ❞❡♥tr♦ ❞❡ ±40 ❝♠ ♣❛r❛ ❛ ár❡❛ ❝♦❜❡rt❛ ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❡ t❡❧❡s❝ó♣✐♦s ❞❡

✢✉♦r❡s❝ê♥❝✐❛✳ ❊ss❡ tr❛❜❛❧❤♦ ❢♦✐ ❞❡❝✐s✐✈♦ ♥❛ ❡s❝♦❧❤❛ ❞❛ Pr♦❥❡çã♦ ❚r❛♥s✈❡rs❛ ❞❡ ▼❡r❝❛t♦r

♣❛r❛ ♦ ♣r♦❥❡t♦✳ ❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡stá ❧♦❝❛❧✐③❛❞♦ ♥❛ ③♦♥❛ ❯❚▼ 19❍✳ ❋♦✐ ❝♦♥✈❡♥✲

❝✐♦♥❛❞♦ q✉❡ ♦ ❝❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞♦ P❛♠♣❛ ❆♠❛r✐❧❧❛ ❝♦rr❡s♣♦♥❞❡ à ❧♦♥❣✐t✉❞❡ 69.25➦ ❲

✭E0 = 477 256.66 ♠✮✱ ❧❛t✐t✉❞❡ 35.25➦ ❙ ✭N0 = 6099 203.68 ♠✮ ❡ ❛❧t✐t✉❞❡ A0 = 1400 ♠✳

✷✳✷ ❖s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛

❖s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❝♦♥str✉í❞♦s ❝♦♠ ✉♠❛ ❛❜❡rt✉r❛

q✉❡ ❝♦♠♣r❡❡♥❞❡ 28.6➦ ❞❡ ❡❧❡✈❛çã♦ ❡ 30➦ ❡♠ ❛③✐♠✉t❡✱ ❡stã♦ ❞✐s♣♦st♦s ❡♠ q✉❛tr♦ ♣ré❞✐♦s

❡♠ t♦r♥♦ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳ ❉❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ♣♦s✐çõ❡s✱ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ s❡✐s

t❡❧❡s❝ó♣✐♦s ❝♦❜r❡ ✉♠ â♥❣✉❧♦ ❞❡ 180➦ ❡♠ ❛③✐♠✉t❡ s♦❜r❡ ♦s ❞❡t❡❝t♦r❡s ❷❡r❡♥❦♦✈✳

❊♠ ✉♠ t❡❧❡s❝ó♣✐♦✱ ❛ ❧✉③ ❞❛s ❧✐♥❤❛s ❞❡ ❞❡s❡①❝✐t❛çã♦ ❞♦ ♥✐tr♦❣ê♥✐♦ ♠♦❧❡❝✉❧❛r✱ r❡✲

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

tr❛ ♣♦r ✉♠❛ ❛❜❡rt✉r❛ ❞❡ 1.7 ♠ ❞❡ ❞✐â♠❡tr♦✱ é r❡✢❡t✐❞❛ ♣♦r ✉♠ ❡s♣❡❧❤♦ ♣❛r❛❜ó❧✐❝♦

♥❛ ❢♦r♠❛ ❞❡ ✉♠ q✉❛❞r❛❞♦ ❝♦♠ 3.5 ♠ ❞❡ ❧❛❞♦ ❡ ❢♦❝❛❧✐③❛❞❛ s♦❜r❡ ✉♠❛ ❝â♠❡r❛ ❞❡

440 ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ✭♦✉ P▼❚s✱ ❝♦♠♦ ❞❡✜♥✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡✮ ❞❡ ❛❜❡rt✉r❛ ❛♥❣✉✲

❧❛r 1.5➦ × 1.5➦✳ ❯♠ ❛♥❡❧ ❝♦rr❡t♦r ❞❡ ❙❝❤♠✐❞t é ✉t✐❧✐③❛❞♦ ❡♠ t♦r♥♦ ❞❛ ❛❜❡rt✉r❛ ♣❛r❛

♠✐♥✐♠✐③❛r ❛ ❛❜❡rr❛çã♦ ❡s❢ér✐❝❛ ❞❡❝♦rr❡♥t❡ ❞♦s r❛✐♦s ❞❡ ❧✉③ q✉❡ ✐♥❝✐❞❡♠ ♣ró①✐♠♦ às

❜♦r❞❛s ❞♦ ❡s♣❡❧❤♦ ♣r✐♠ár✐♦✳

◆❛ ❛♥á❧✐s❡ ❣❡♦♠étr✐❝❛ ❡ ❡♥❡r❣ét✐❝❛✱ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ✉♥✐❞❛❞❡s ❞❡ ❞❡t❡❝çã♦ é ❝♦♥✲

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

❣❡r❛❞♦ ♣❡❧♦ ♠❡✐♦ ❛♠❜✐❡♥t❡✱ ❡str❡❧❛s✱ ✐❧✉♠✐♥❛çã♦ ❛rt✐✜❝✐❛❧ ❡ ♦✉tr♦s ❢❛t♦r❡s✳ ❈❛❞❛ ✐♥t❡r✲

✈❛❧♦ ❞❡ t❡♠♣♦ j ❝♦♥té♠ nj
adc ❝♦♥t❛❣❡♥s

✷✻ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ ✉♠ ♣❡rí♦❞♦ ❞❡ ✐♥t❡❣r❛çã♦

❞❡ 100 ♥s✳ ❆ ♠é❞✐❛ ❞♦ r✉í❞♦ ❡ ❛s ✢✉t✉❛çõ❡s r❡s♣❡❝t✐✈❛s sã♦ ❞❛❞❛s ♣♦r

np =
1

N

N∑

j=5

nj
adc

❡
✷✻❆ ❛❜r❡✈✐❛çã♦ adc é ♦r✐❣✐♥ár✐❛ ❞♦ ✐♥❣❧ês ❛♥❛❧♦❣✲t♦✲❞✐❣✐t❛❧ ❝♦♥✈❡rt❡r ❀ nadc

j é ✉♠❛ ♠❡❞✐❞❛ ❞❡ t❡♥sã♦
❞❛❞❛ ❡♠ ✈♦❧ts✳
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σ2
p =

1

N − 1

N∑

j=5

(
nj
adc − np

)2

♣❛r❛ N = 200 ✐♥t❡r✈❛❧♦s ✭r❡❢✳ ❬✺✺❪✮✳ ❆ s✉❜tr❛çã♦ ❞♦ ♣❡❞❡st❛❧ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞♦

♥ú♠❡r♦ ❞❡ ❢ót♦♥s

nj
γ =

(
nj
adc − np

)
Ccal✱

♦♥❞❡ Ccal é ✉♠❛ ❝♦♥st❛♥t❡ ❛❜s♦❧✉t❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞❛s P▼❚s ✉t✐❧✐③❛❞❛s ♥♦s t❡❧❡s❝ó♣✐♦s✳

❖❜s❡r✈❡ q✉❡ np✱ σp ❡ Ccal ❞❡♣❡♥❞❡♠ ❞♦ ♣✐①❡❧ ❝♦♥s✐❞❡r❛❞♦✳ ◗✉❛♥❞♦ ❛ r❛③ã♦ ❡♥tr❡ ♦

s✐♥❛❧ ❡ ♦ r✉í❞♦ é ♠❛①✐♠✐③❛❞❛✱ ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ✉♠ ♣✉❧s♦ r❡❛❧ ❣❡r❛❞♦ ♣♦r ✉♠

❝❤✉✈❡✐r♦ é ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠❛ ❥❛♥❡❧❛ ❞❡ 200 ♥s ❝❡♥tr❛❞❛ ♥♦ ♣✐❝♦✳ ❉❛❞♦s ♦s ❜✐♥s

❝♦rr❡s♣♦♥❞❡♥t❡s Ninicial ❡ Nfinal✱ ❛ ❝❛r❣❛ t♦t❛❧ ❞❡t❡❝t❛❞❛ ❡♠ ✉♠ ♣✐①❡❧ s❡rá

Q =

Nfinal∑

j=Ninicial

nj
γ✳ ✭✷✷✮

❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠❛ ❝❛s❝❛t❛ ❞❡♥tr♦ ❞♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❡ ✉♠ t❡❧❡s❝ó♣✐♦ é

r❡❣✐str❛❞♦ ❝♦♠♦ ✉♠ r✐s❝♦ ❧✉♠✐♥♦s♦ q✉❡ ❝r✉③❛ ❛ ❝â♠❡r❛✳ ❆ r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ é

❜❛s❡❛❞❛ ♥❛ ❛ss♦❝✐❛çã♦ ❞❡ ❝❛❞❛ ❢♦t♦t✉❜♦ ✭❝♦♠ s✐♥❛❧✮ ❝♦♠ ✉♠❛ ❞✐r❡çã♦ ♥❛ ❛t♠♦s❢❡r❛✱ ❞❡

♠♦❞♦ q✉❡ ♦ ♣❧❛♥♦ ❝♦♥t❡♥❞♦ ♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ❛ ♣♦s✐çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ s❡❥❛ ❞❡✜♥✐❞♦

❛tr❛✈és ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ χ2✳ ◆❡st❡ ♣❧❛♥♦✱ ♦s t❡♠♣♦s ❞❡ ❞✐s♣❛r♦ sã♦ ✉s❛❞♦s ❡♠ ✉♠

s❡❣✉♥❞♦ ❛❥✉st❡ ❝♦♠ ♦ ✉s♦ ❞❡ ♦✉tr❛ ❞✐str✐❜✉✐çã♦ χ2✱ ♣❡❧❛ q✉❛❧ ❛ ♣♦s✐çã♦ ❞♦ ❡✐①♦ ❞♦

❝❤✉✈❡✐r♦ é ❞❡t❡r♠✐♥❛❞❛✳

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

❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡✱ ♣♦rt❛♥t♦✱ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❛ ❝♦♠♣♦✲

♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❆ ✐♥t❡❣r❛çã♦ ❞❡ss❛ ❝✉r✈❛ é ♣r♦♣♦r❝✐♦♥❛❧ à ❡♥❡r❣✐❛ ❞♦ ♣r✐♠ár✐♦✳

❈♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✷✱ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ♦♥❞❡ ♦❝♦rr❡ ♦ ✈❛❧♦r

♠á①✐♠♦ ❞❡ss❡ ♣❡r✜❧✱ Xmax✱ é ✉♠❛ ♠❡❞✐❞❛ ✐♠♣♦rt❛♥t❡ q✉❡ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞❛ à

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

❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ❢♦r ✈á❧✐❞❛✳

❖s tr✐❣❣❡rs ❛ss♦❝✐❛❞♦s ❛♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♥ã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s

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

s❡r ❡♥❝♦♥tr❛❞❛s ♥❛ r❡❢❡rê♥❝✐❛ ❬✺✺❪✳
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✷✳✷✳✶ ❉❡t❡r♠✐♥❛çã♦ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❊❆❙ ♥♦ ♣❧❛♥♦ ❝❤✉✈❡✐r♦✲❞❡t❡❝t♦r

❆ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❛ r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ❞❡ ✉♠ ❊❆❙ ❛tr❛✈és ❞♦s ❞❛❞♦s ❞❡ ✢✉♦✲

r❡s❝ê♥❝✐❛ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ♦ ♣❧❛♥♦ ❝❤✉✈❡✐r♦✲❞❡t❡❝t♦r✳ ■ss♦ s✐❣♥✐✜❝❛ ❞❡t❡r♠✐♥❛r

✉♠ ✈❡t♦r ♥♦r♠❛❧ ❡ ✉♥✐tár✐♦ n̂SDP ✱ q✉❡ ❞❡✜♥❡ ❡ss❡ ❡s♣❛ç♦ ❣❡♦♠étr✐❝♦✱ ♦♥❞❡ ❛ s✐❣❧❛ ❙❉P

r❡❢❡r❡✲s❡ à ❛❜r❡✈✐❛çã♦ ❞♦ ✐♥❣❧ês s❤♦✇❡r✲❞❡t❡❝t♦r ♣❧❛♥❡✳ ❉❛❞♦ q✉❡ ♦ i✲és✐♠♦ ♣✐①❡❧ ❞❛

❝â♠❡r❛ ❛♣♦♥t❛ ♣❛r❛ ✉♠❛ ❞✐r❡çã♦ ❞❡ ♦❜s❡r✈❛çã♦ ❞♦ ❝é✉ ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧♦ ✈❡t♦r ♥♦r✲

♠❛❧✐③❛❞♦ n̂i✱ ✉♠❛ s✐t✉❛çã♦ ✐❞❡❛❧ r❡s✉❧t❛r✐❛ ♥♦ ♣r♦❞✉t♦ n̂i · n̂SDP = 0 ♣❛r❛ ❛s P▼❚s q✉❡

r❡❣✐str❛r❛♠ ❛❧❣✉♠ s✐♥❛❧ r❡❢❡r❡♥t❡ ❛♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✳ ❊①♣❡r✲

✐♠❡♥t❛❧♠❡♥t❡✱ ✉♠ ♣❧❛♥♦ ♠❛t❡♠át✐❝♦ é ❛❥✉st❛❞♦ às ❞✐r❡çõ❡s ♠❡❞✐❞❛s ♠✐♥✐♠✐③❛♥❞♦✲s❡

❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ 90➦ ❡ ♦s â♥❣✉❧♦s r❡❛✐s ❡♥tr❡ ❡ss❡s ❞♦✐s ✈❡t♦r❡s ❛tr❛✈és ❞♦ ✉s♦ ❞❛ ❞✐s✲

tr✐❜✉✐çã♦✷✼

χ2 =
∑

i

wi

[π

2
− arccos (n̂SDP · n̂i)

]2

✱

s❡♠❡❧❤❛♥t❡ ❛♦ ♠ét♦❞♦ ❡♠♣r❡❣❛❞♦ ♥♦ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳ ❖

♣❡s♦ wi é ✉♠❛ ♣♦♥❞❡r❛çã♦ Qi/
∑

i Qi ❞❛s ❝❛r❣❛s t♦t❛✐s Qi r❡❣✐str❛❞❛s ❡♠ ❝❛❞❛ ♣✐①❡❧✱

❞❛❞❛s ♣❡❧❛ ❡q✉❛çã♦ ✭✷✷✮✳

❋✐❣✉r❛ ✶✵✿ P❛râ♠❡tr♦s q✉❡ ❞❡✜♥❡♠ ♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦
♥♦ s♦❧♦✱ ❛ ♣❛rt✐r ❞♦ ♣❧❛♥♦ ❝❤✉✈❡✐r♦✲❞❡t❡❝t♦r✳ ■♠❛❣❡♠ ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✻❪✳

❯♠❛ ✈❡③ ♦❜t✐❞♦ ♦ ♣❧❛♥♦ ❝❤✉✈❡✐r♦✲❞❡t❡❝t♦r✱ ❛ ♣♦s✐çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ♥♦ s♦❧♦
✷✼❖✉tr❛ ♠❛♥❡✐r❛ ❞❡ ❢❛③❡r ✐ss♦ é ❡s❝r❡✈❡♥❞♦ s✐♠♣❧❡s♠❡♥t❡ χ2 =

∑

i wi (n̂SDP · n̂i)
2
✳
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❡ ❛ ♦r✐❡♥t❛çã♦ ❞♦ ❡✐①♦ ❞❛ ❝❛s❝❛t❛✱ ❛♠❜♦s ❝♦♥t✐❞♦s ♥❡ss❛ r❡❣✐ã♦✱ sã♦ ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r

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

♥❛ ✜❣✉r❛ ✶✵ ♠♦str❛ ♦ â♥❣✉❧♦ ❞❡ ♦❜s❡r✈❛çã♦ χi✱ ❡♠ r❡❧❛çã♦ à ❤♦r✐③♦♥t❛❧✱ ✈✐♥❝✉❧❛❞❛ ❛♦

t❡♠♣♦ ❡s♣❡r❛❞♦ ❞❡ ❞❡t❡❝çã♦ teixoi ♥❛ ❞✐r❡çã♦ r❡❢❡r❡♥t❡ à i✲és✐♠❛ P▼❚✳ ▼❛t❡♠❛t✐❝❛♠❡♥✲

t❡✱ ❡ss❛s q✉❛♥t✐❞❛❞❡s ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ♣♦r

teixoi = T0 +
Rp

c
tan

(
χ0 − χi

2

)

✱ ✭✷✸✮

♦♥❞❡ T0 é ♦ t❡♠♣♦ q✉❛♥❞♦ ♦❝♦rr❡ ❛ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ Rp ❞♦ ❡✐①♦ ❞❛ ❝❛s❝❛t❛ ❛♦

t❡❧❡s❝ó♣✐♦ ❡ χ0 é ♦ â♥❣✉❧♦✱ ♥♦ ❙❉P✱ ❡♥tr❡ ♦ ❡✐①♦ ❡ ❛ ❤♦r✐③♦♥t❛❧✳ ◆♦✈❛♠❡♥t❡✱ ❞❛❞♦s ♦s

t❡♠♣♦s ♠❡❞✐❞♦s texpi ❡ s❡✉s r❡s♣❡❝t✐✈♦s ❡rr♦s ❡①♣❡r✐♠❡♥t❛✐s σti ✱ ❛ ❢✉♥çã♦

χ2
FD =

∑

i

(teixoi − texpi )
2

σ2
ti

✭✷✹✮

é ♠✐♥✐♠✐③❛❞❛ ♥♦s ♣❛râ♠❡tr♦s (χ0, Rp, T0) q✉❡✱ ❛ss✐♠ ❞❡t❡r♠✐♥❛❞♦s✱ ❝❛r❛❝t❡r✐③❛♠ ❝♦♠✲

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

♥❛ ❡q✉❛çã♦ ✭✷✸✮ ♣♦❞❡ ❣❡r❛r ✉♠❛ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ q✉❛❞r❛♥t❡s ♥♦ ♣❧❛♥♦ ❝❛rt❡s✐❛♥♦

❞❡✈✐❞♦ à ♣❛r✐❞❛❞❡ ❞❛s ❢✉♥çõ❡s s❡♥♦ ❡ ❝♦ss❡♥♦ ❡♥✈♦❧✈✐❞❛s✳ ❆ ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ r❡s✉❧t❛♥t❡

❡♠ χ2
FD ♣♦❞❡ s❡r q✉❡❜r❛❞❛ ❝♦♠❜✐♥❛♥❞♦✲s❡ ♦s ❞❛❞♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❝♦♠ ❛ ✐♥❢♦r♠❛çã♦

t❡♠♣♦r❛❧ ❞❡ ✉♠❛ ú♥✐❝❛ ❡st❛çã♦ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ✈✐♥❝✉❧❛❞❛ ❛♦ ♠❡s♠♦ ❡✈❡♥t♦✳

✷✳✷✳✷ ❘❡❝♦♥str✉çã♦ ❞❛ ❡♥❡r❣✐❛

❆ t❡♦r✐❛ q✉❡ ❞❡s❝r❡✈❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ✉♠ ❊❆❙ ❡ ❛ ✢✉♦r❡s❝ê♥❝✐❛

❞❡❝♦rr❡♥t❡ ❞❛ ✐♥t❡r❛çã♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝♦♠ ❛s ♠♦❧é❝✉❧❛s ❞❡ ◆2 ❞❛

❛t♠♦s❢❡r❛ t❡rr❡str❡ ❢♦r❛♠ ❞❡s❝r✐t❛s ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✶✳ ❆♣❡s❛r ❞❛ ♦❜s❡r✈❛çã♦ ❞♦ ♥ú♠❡r♦

t♦t❛❧ ❞❡ ❢ót♦♥s Nγ ❡♠✐t✐❞♦s ❛♦ ❧♦♥❣♦ ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ X s❡r ❧✐♠✐t❛❞❛ ♣❡❧❛

❛❜❡rt✉r❛ ✜♥✐t❛ ❞♦s t❡❧❡s❝ó♣✐♦s✱ ❛s ❡q✉❛çõ❡s ✭✼✮ ❡ ✭✽✮ r❡❧❛❝✐♦♥❛♠ ❡ss❛ q✉❛♥t✐❞❛❞❡ ❛♦

♥ú♠❡r♦ ❞❡ ❡❧étr♦♥s ♣r♦♣♦st♦ ♣♦r ●❛✐ss❡r ❡ ❍✐❧❧❛s ✭❡q✉❛çã♦ ✭✻✮✱ ♥❛ ♠❡s♠❛ s✉❜✲s❡çã♦✮✳ ◆♦

❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♦ ❛❥✉st❡ ❞❛ ❢✉♥çã♦Ne (X) ❛♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛

s❡r✈❡ ❝♦♠♦ ✉♠❛ ❡①tr❛♣♦❧❛çã♦ q✉❡ ♣❡r♠✐t❡ ♦ ❝á❧❝✉❧♦ ❞❛ ❡♥❡r❣✐❛ t♦t❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦

♣♦r

Eem =

ˆ ∞

0

dE

dX
dX

✸✽



✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❡ q✉❛❧q✉❡r ♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛✳ ❊st❛ é s✐♠♣❧❡s♠❡♥t❡ ❛

❡♥❡r❣✐❛ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ EFD✳

❖ ❝é✉ é ♠♦♥✐t♦r❛❞♦ ❝♦♥st❛♥t❡♠❡♥t❡ ♣♦r ❡st❛çõ❡s ▲■❉❆❘✷✽✱ s❡♥❞♦ ❝❛❞❛ ✉♥✐❞❛❞❡

✐♥st❛❧❛❞❛ ♣ró①✐♠❛ ❛ ✉♠ ♦❧❤♦ ❞♦ ♦❜s❡r✈❛tór✐♦✱ r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ✈❛rr❡❞✉r❛ ❛t♠♦s❢ér✐❝❛

❝♦♠ ❞✐s♣❛r♦s ❞❡ ❧❛s❡r ✉❧tr❛✈✐♦❧❡t❛ ♣❛r❛ ✉♠❛ ❝❛r❛❝t❡r✐③❛çã♦ ❣❡r❛❧ ❞♦ ❡s♣❛ç♦ ❛ér❡♦ ❞✉✲

r❛♥t❡ ❛s ♥♦✐t❡s ❞❡ ♦❜s❡r✈❛çã♦✳ ❚rês ❡s♣❡❧❤♦s ♣❛r❛❜ó❧✐❝♦s ❞❡ 80 ❝♠ ❢♦❝❛♠ ❛ ❧✉③ r❡✢❡t✐❞❛

♣♦r ♣❛rtí❝✉❧❛s ❡♠ s✉s♣❡♥sã♦ s♦❜r❡ ✉♠❛ P▼❚✱ ❛ ♣❛rt✐r ❞❛ q✉❛❧ é ❞❡r✐✈❛❞❛ ❛ ❞✐str✐❜✉✐çã♦

✈❡rt✐❝❛❧ ❞❡ ❛❡r♦ss♦❧✳ ❊♠ ❝❛s♦s ✐s♦❧❛❞♦s ❞❛ ❞❡t❡❝çã♦ ❞❡ ❛❧❣✉♠ ❊❆❙ ❝♦♠ ❡♥❡r❣✐❛ ❛❧tíss✐♠❛

❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❞❡ r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ♥❛ s✉♣❡r❢í❝✐❡✱ ❛ ✈❛rr❡❞✉r❛ é ✐♥t❡rr♦♠♣✐❞❛ ❡

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

❙❉P✱ é r❡❛❧✐③❛❞♦ ❛ ✜♠ ❞❡ r❡✜♥❛r ❞❛❞♦s ❛t♠♦s❢ér✐❝♦s r❡❧❛t✐✈♦s à ❛t❡♥✉❛çã♦✱ ❛✉♠❡♥t❛♥❞♦

❛✐♥❞❛ ♠❛✐s ❛ q✉❛❧✐❞❛❞❡ ❞❛s ♠❡❞✐❞❛s ❢❡✐t❛s ❛tr❛✈és ❞♦s t❡❧❡s❝ó♣✐♦s ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱

♦ r❡s✉❧t❛❞♦ ❞❛ ❛♥á❧✐s❡ ❤í❜r✐❞❛✳

✷✳✸ ❖ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡

❈❛❞❛ t❛♥q✉❡ q✉❡ ❝♦♠♣õ❡ ♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r é ✐♥str✉♠❡♥t❛❞♦

❝♦♠ três ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ✭♥♦ s✐♥❣✉❧❛r✱ ❛❜r❡✈✐❛❞❛ ❝♦♠♦ P▼❚✷✾✮✱ ♥♦ t♦♣♦✱ ❛♣♦♥t❛❞❛s

♣❛r❛ ✉♠ ✈♦❧✉♠❡ ❞❡ á❣✉❛ ❞❡✐♦♥✐③❛❞❛ ❞❡ 10 ♠2 ❞❡ s✉♣❡r❢í❝✐❡ ♣♦r 1.2 ♠ ❞❡ ❛❧t✉r❛✱ q✉❡

r❡❣✐str❛♠ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❢ót♦♥s ❞❡ r❛❞✐❛çã♦ ❷❡r❡♥❦♦✈ ❣❡r❛❞♦s ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡

♣❛rtí❝✉❧❛s ❞❛ ❢r❡♥t❡ ❞❡ ✉♠ ❊❆❙✳

❆ ❡♥❡r❣✐❛ ❞♦ ♣✉❧s♦ ❞❡ ❧✉③ q✉❡ ✐♥❝✐❞❡ s♦❜r❡ ❛ ❥❛♥❡❧❛ ❞❡ ✉♠❛ P▼❚ é ❛❜s♦r✈✐❞❛

❡ r❡✲❡♠✐t✐❞❛ ♣♦r ✉♠ ❝✐♥t✐❧❛❞♦r✱ ❛ ✉♠❛ ❢r❡qüê♥❝✐❛ ❞✐❢❡r❡♥t❡✱ ❛ ✜♠ ❞❡ ♣r♦✈♦❝❛r ❡♠✐ssã♦

❢♦t♦❡❧étr✐❝❛ ♥♦ ❝át♦❞♦❀ ❡ss❛s ♣❛rtí❝✉❧❛s sã♦ ♠✉❧t✐♣❧✐❝❛❞❛s✱ ❛tr❛✈és ❞❛ ❡♠✐ssã♦ s❡❝✉♥❞ár✐❛

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

❡♠ ❞✐r❡çã♦ ❛♦ â♥♦❞♦✳ ❆ ❝✉r✈❛ ❞❡ ❝❛r❣❛ r❡s✉❧t❛♥t❡ é ❞✐❣✐t❛❧✐③❛❞❛ ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ 25 ♥s

♣♦r ✉♠ ❝♦♥✈❡rs♦r ❋❆❉❈✸✵ ♦♣❡r❛♥❞♦ ❡♠ 40 ▼❍③ ✭r❡❢✳ ❬✺✽❪✮✳ ❆ ❞❡t❡❝çã♦ ❞❛ r❛❞✐❛çã♦

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

♥❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞♦s t❛♥q✉❡s✱ ❣❡r❛♥❞♦ ♣❡q✉❡♥❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛s ❝✉r✈❛s ❞❛s P▼❚s✳

P♦st❡r✐♦r♠❡♥t❡✱ ❝ó❞✐❣♦s ❞❡ ❛♥á❧✐s❡ ❞❡❝✐❞❡♠ q✉❛✐s ✜❧tr♦s s❡rã♦ ✉s❛❞♦s ❡♠ ❝❛❞❛ ✐♥t❡r✈❛❧♦

❞❡ t❡♠♣♦ ♣❛r❛ ♣♦♥❞❡r❛r ♦s s✐♥❛✐s ❞✐❣✐t❛❧✐③❛❞♦s ❞♦s três ❢♦t♦t✉❜♦s ❡ ♦❜t❡r ❛ ❝✉r✈❛ ✜♥❛❧

q✉❡ r❡♣r❡s❡t❛rá ♦ s✐♥❛❧ t♦t❛❧ ❞❡ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❡st❛çã♦✳
✷✽❉♦ ✐♥❣❧ês ▲✐❣❤t ❉❡t❡❝t✐♦♥ ❆♥❞ ❘❛♥❣✐♥❣✳
✷✾❉♦ ✐♥❣❧ês ♣❤♦t♦♠✉❧t✐♣❧✐❡r t✉❜❡✳
✸✵❉♦ ✐♥❣❧ês ❋❧❛s❤ ❆♥❛❧♦❣✲t♦✲❉✐❣✐t❛❧ ❈♦♥✈❡rt❡r✳

✸✾



❆ q✉❛❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦ ❞✐r❡❝✐♦♥❛❧ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❞❡♣❡♥❞❡ ❞❛ ♣r❡✲

❝✐sã♦ ❝♦♠ ❛ q✉❛❧ ♦s s✐♥❛✐s ❞❛s ❡st❛çõ❡s sã♦ s✐t✉❛❞♦s ♥♦ t❡♠♣♦✳ P❛r❛ ✐ss♦✱ ✉♠❛ ❧✐♥❤❛✲❜❛s❡

t❡♠♣♦r❛❧ é ❡st❛❜❡❧❡❝✐❞❛ ❛tr❛✈és ❞♦ s✐st❡♠❛ ●P❙✸✶✳ ❈❛❞❛ t❛♥q✉❡ é ❡q✉✐♣❛❞♦ ❝♦♠ ✉♠

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

❣✉♥❞♦✱ ❝♦♠ ❜❛s❡ ❡♠ ✐♥❢♦r♠❛çõ❡s ❢♦r♥❡❝✐❞❛s ❝♦♥st❛♥t❡♠❡♥t❡ ♣❡❧♦s s❛té❧✐t❡s ❞❛ r❡❞❡✳ ❖

❝✐r❝✉✐t♦ ❡❧❡trô♥✐❝♦ ❡♠♣r❡❣❛❞♦ ♥♦s t❛♥q✉❡s ♦♣❡r❛ ❛ ✉♠❛ ❢r❡qüê♥❝✐❛ tí♣✐❝❛ ❞❡ 100 ▼❍③

r❡❣✐str❛♥❞♦ ❛ ❧❡✐t✉r❛ ❞❡ ❞✉❛s ❝❤❛✈❡s✿ ❛ ♣r✐♠❡✐r❛ é ❞✐s♣❛r❛❞❛ ♣❡❧♦ ♣✉❧s♦ ❞❡ r❡❢❡rê♥✲

❝✐❛ ❞❡ 1 s ❞♦ ●P❙✱ ❡♥q✉❛♥t♦ ❛ s❡❣✉♥❞❛ é ❞✐s♣❛r❛❞❛ ♣♦r ♣✉❧s♦s q✉❡ ✐♥❞✐❝❛♠ ❡✈❡♥t♦s

q✉❡ s❛t✐s❢❛③❡♠ ❝❡rt♦s ❧✐♠✐❛r❡s ✭✈❡❥❛ ❛ ♣❛rt❡ ❞♦s tr✐❣❣❡rs r❡❧❛❝✐♦♥❛❞♦s ❛❜❛✐①♦✮✳ ❆♣ós

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

❡st❛çõ❡s s✐♥❝r♦♥✐③❛♥❞♦ ♦s ♣✉❧s♦s✲❜❛s❡ ❞♦s r❡❝❡♣t♦r❡s ●P❙ ❝♦rr❡s♣♦♥❞❡♥t❡s ✭r❡❢✳ ❬✺✾❪✮✳

❋✐❣✉r❛ ✶✶✿ ❈✉r✈❛s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❞❡t❡❝çã♦ ❞❡ ♠ú♦♥s ❡♠ ✉♠ t❛♥q✉❡✳ ❆ ❝✉r✈❛ ♣r❡t❛
r❡❢❡r❡✲s❡ à s♦♠❛ ❞♦s s✐♥❛✐s r❡❣✐str❛❞♦s ♣♦r três P▼❚s✱ ♥♦ t♦♣♦✱ ❞❡✈✐❞♦ à r❛❞✐❛çã♦
❷❡r❡♥❦♦✈ ✉♥✐❢♦r♠❡♠❡♥t❡ ❞✐str✐❜✉í❞❛ ♣❡❧♦ ✈♦❧✉♠❡ ❞♦ ❞❡t❡❝t♦r✳ ❆ ❝✉r✈❛ ❝✐♥③❛ r❡♣r❡s❡♥t❛
♦ s✐♥❛❧ t♦t❛❧ ♠❡❞✐❞♦ ♣♦r ❝✐♥t✐❧❛❞♦r❡s ♣❧ást✐❝♦s ❞❡ ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s ❛❧✐♥❤❛❞♦ ❝♦♠
♦ ❡✐①♦ ❞♦ t❛♥q✉❡✳ ❉❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s ❞❡ss❡ ❡①♣❡r✐♠❡♥t♦✱ 1 ❱❊▼ ≈ 10−10 ❈ ≈
6.24× 108 e✳ ❋✐❣✉r❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛ ❬✻✵❪✳

❖s s✐♥❛✐s ❞❡ ♠ú♦♥s ♥♦s t❛♥q✉❡s ♣ró①✐♠♦s ❛♦ ❝❡♥tr♦ ❞❡ ✉♠ ❊❆❙ sã♦ ✐♠♣♦rt❛♥t❡s ♥❛
✸✶❉♦ ✐♥❣❧ês ●❧♦❜❛❧ P♦s✐t✐♦♥✐♥❣ ❙②st❡♠✳

✹✵



❡st✐♠❛t✐✈❛ ❞❛ ❡♥❡r❣✐❛✱ ♠❛s t❛♠❜é♠ sã♦ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❡st❛❜❡❧❡❝❡r ✉♠❛ r❡❝♦♥str✉çã♦ ❣❡✲

♦♠étr✐❝❛ ♣r❡❝✐s❛ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ ❝♦♠♦ s❡rá ♠♦str❛❞♦ ♥❛ s✉❜✲s❡çã♦ ✷✳✸✳✶✳ ❆ ✉♥✐❞❛❞❡

❞❡ ❝❛❧✐❜r❛çã♦ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ é ♦ ❱❡rt✐❝❛❧ ❊q✉✐✈❛❧❡♥t ▼✉♦♥✱ ♦✉

❱❊▼✱ ❞❡✜♥✐❞♦ ♣❡❧❛ ❝❛r❣❛ ♠é❞✐❛ ❝♦❧❡t❛❞❛ ❡♠ ✉♠ t❛♥q✉❡ q✉❡ é ❝♦♠♣❧❡t❛♠❡♥t❡ ❛tr❛✈❡s✲

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

❊ss❡ ✈❛❧♦r ♥ã♦ ♣♦❞❡ s❡r ♠❡❞✐❞♦ ❞✐r❡t❛♠❡♥t❡ ♥❛ ❡st❛çã♦✱ ♠❛s ♣♦❞❡ s❡r ❡st✐♠❛❞♦ ✐♥✲

❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♣r❡❝✐sã♦ ❛tr❛✈és ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ♣r♦❞✉③✐❞❛ ♣♦r ♠ú♦♥s q✉❡

❝r✉③❛♠ ♦ ❞❡t❡❝t♦r ❡♠ t♦❞❛s ❛s ❞✐r❡çõ❡s✳ ■ss♦ ❢♦✐ ❡st✉❞❛❞♦ ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ t❡st❡s

❞♦ Pr♦❥❡t♦ ❆✉❣❡r✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦♠♣❛r❛♥❞♦✲s❡ ♠❡❞✐❞❛s ❞❡ ✉♠ t❛♥q✉❡ ❞❡ r❡❢❡rê♥❝✐❛

❝♦♠ ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ♠ú♦♥s ✭r❡❢✳ ❬✻✶❪✮✳ ❖✉tr♦ ❡①♣❡r✐♠❡♥t♦ ❝♦♥s✐st✐✉ ♥❛ ♠♦♥t❛❣❡♠ ❞❡

❞♦✐s ❝✐♥t✐❧❛❞♦r❡s ❞✐s♣♦st♦s ❛①✐❛❧♠❡♥t❡✱ ✉♠ ❛❝✐♠❛ ❡ ♦✉tr♦ ❛❜❛✐①♦ ❞♦ ❞❡t❡❝t♦r ✭r❡❢✳ ❬✻✷❪✮✱

♣❛r❛ s❡♣❛r❛r ♦s s✐♥❛✐s ❡ ❞❡t❡r♠✐♥❛r ❛ r❡❧❛çã♦ ❡♥tr❡ ❡❧❡s✳ ❘❡s✉❧t❛❞♦s s✐♠✐❧❛r❡s ❢♦r❛♠

♦❜t✐❞♦s ❡ ✜❝♦✉ ❡✈✐❞❡♥t❡ q✉❡ ♦ s✐♥❛❧ ❱❊▼✱ r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❝✉r✈❛ ❝✐♥③❛ ♥❛ ✜❣✉r❛ ✶✶✱

❡stá r❡❧❛❝✐♦♥❛❞♦ ❛♦ s❡❣✉♥❞♦ ♣✐❝♦ ❞♦ s✐♥❛❧ ❞❡ ❢✉♥❞♦✳ ❊t❝❤❡❣♦②❡♥ ❡t ❛❧✳ ✭r❡❢✳ ❬✻✵❪✮ ♣❛r✲

t✐r❛♠ ❞❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ♣r✐♥❝✐♣❛❧ ❡♥tr❡ ♠ú♦♥s ✈❡rt✐❝❛✐s ❡ ♦♠♥✐❞✐r❡❝✐♦♥❛✐s

é✱ ❡ss❡♥❝✐❛❧♠❡♥t❡✱ ❛ ❞✐stâ♥❝✐❛ ❛tr❛✈❡ss❛❞❛ ♥❛ á❣✉❛✱ ❞❡r✐✈❛♥❞♦ ✉♠ ♠♦❞❡❧♦ ♣✉r❛♠❡♥t❡

❣❡♦♠étr✐❝♦ q✉❡ ❞❡s❝r❡✈❡ ❝♦♠ ê①✐t♦ ♦ s✐♥❛❧ ❱❊▼ ❞❡t❡❝t❛❞♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣♦r três

P▼❚s✳ ❖ ✈❛❧♦r ♠á①✐♠♦ ❞❡ss❛ ❝✉r✈❛✱ IpicoV EM ✱ é ✉s❛❞♦ ❝♦♠♦ ❜❛s❡ ♣❛r❛ ❞❡✜♥✐r ✉♠ ❧✐♠✐❛r

✐♠♣♦rt❛♥t❡ ♥❛ ❞✐st✐♥çã♦ ❡♥tr❡ s✐♥❛✐s ❛❧❡❛tór✐♦s ❡ ❞❡ ❝❤✉✈❡✐r♦s r❡❛✐s✱ ❝♦♠♦ s❡rá ❢♦r♠❛❧✲

✐③❛❞♦ ❡♠ s❡❣✉✐❞❛✳

❉❡✈✐❞♦ à ❡s♣❡ss✉r❛ ❞❛ ❢r❡♥t❡ ❞❡ ♣❛rtí❝✉❧❛s✱ ♦ s✐♥❛❧ ❣❡r❛❞♦ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❛

♣❛rt❡ ❝❡♥tr❛❧ ❞❡ ✉♠ ❊❆❙ ♣♦r ✉♠ ❞❡t❡❝t♦r ❷❡r❡♥❦♦✈ ✈❛r✐❛ ♥♦ t❡♠♣♦ ❝♦♠♦ ✉♠❛ ❝✉r✈❛

❞❡ ❝r❡s❝✐♠❡♥t♦ ❛❜r✉♣t♦ q✉❡ ♣❛ss❛ ♣♦r ✉♠ ♠á①✐♠♦ ❡ ❞❡❝❛✐ ❛té ③❡r♦✳ ▼ú♦♥s q✉❡ sã♦

♣r♦❞✉③✐❞♦s ❝♦♠ â♥❣✉❧♦s ♠❛✐♦r❡s ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♥❝❡♥tr❛♠✲s❡ ❡♠

r❡❣✐õ❡s ∼ ❦♠ ❞♦ ❝❡♥tr♦ ❡✱ ❞❡✈✐❞♦ à q✉❛♥t✐❞❛❞❡ ❞❡ ❛t♠♦s❢❡r❛ ❛tr❛✈❡ss❛❞❛✱ ❢♦r♠❛♠

✉♠❛ ③♦♥❛ ♣❡r✐❢ér✐❝❛ ❧❡✈❡♠❡♥t❡ ❝✉r✈❛❞❛ ❡ ♠❛✐s ❡s♣❡ss❛ ♣❡❧♦ ❡s♣❛❧❤❛♠❡♥t♦ t❡♠♣♦r❛❧

❞❛s ♣❛rtí❝✉❧❛s✳ ❊ss❡ ❡❢❡✐t♦ é r❡✢❡t✐❞♦ ♥♦s s✐♥❛✐s ❞♦s t❛♥q✉❡s ♣♦r ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦

✐rr❡❣✉❧❛r✳ ❆ ✜❣✉r❛ ✶✷ ♠♦str❛ ✉♠ ❡①❡♠♣❧♦ ❞❛ ✈❛r✐❛çã♦ ❞♦ ♣❡r✜❧ ❱❊▼ ❡♠ r❡❧❛çã♦ à

❞✐stâ♥❝✐❛ ❞♦s t❛♥q✉❡s ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❛♦ ❝❡♥tr♦ ❞❡ ✉♠ ❝❤✉✈❡✐r♦✳ ❊ss❡ ❧✉❣❛r

❣❡♦♠étr✐❝♦ ❝♦rr❡s♣♦♥❞❡ à ✐♥t❡rs❡❝çã♦ ❞♦ ❡✐①♦ ❞❡ s✐♠❡tr✐❛ ❞❡ ✉♠ ❊❆❙ ❝♦♠ ♦ s♦❧♦ ❡

t❛♠❜é♠ r❡♣r❡s❡♥t❛ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞❛

❚❡rr❛ ❝❛s♦ ♥ã♦ ❤♦✉✈❡ss❡ ❛t♠♦s❢❡r❛✳

❖ t❡r♠♦ ✏❡st❛çã♦✑✱ ❥á ♠❡♥❝✐♦♥❛❞♦ ♥♦ t❡①t♦✱ é ✉s❛❞♦ ♣❛r❛ ♦s ❞❡t❡❝t♦r❡s ❞❡ r❛❞✐✲

❛çã♦ ❷❡r❡♥❦♦✈ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣♦r s❡r❡♠ ✉♥✐❞❛❞❡s ❛✉t♦✲s✉✜❝✐❡♥t❡s ❡q✉✐♣❛❞❛s

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

✹✶



❋✐❣✉r❛ ✶✷✿ ❙✐♥❛❧ ♠é❞✐♦ ❞❛s três P▼❚s ❞❡ t❛♥q✉❡s ❡♥tr❡ 440 ♠ ❡ 1485 ♠ ❞♦ ♣♦♥t♦ ❞❡
✐♠♣❛❝t♦ ❞♦ ❝❡♥tr♦ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ r❡❛❧ ❝♦♠ ❡♥❡r❣✐❛ 5×1018 ❡❱✳ ❖❜s❡r✈❡ ♦ ❡s♣❛❧❤❛♠❡♥t♦
♣r♦❣r❡ss✐✈♦ ❞❛s ♣❛rtí❝✉❧❛s ❞❛ ❢r❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❞♦ ❊❆❙✳ ❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✻✸❪✳

❛tr❛✈és ❞❡ ✉♠ ❧✐♠✐❛r ❞❡✜♥✐❞♦ ♣❛r❛ ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❡♥tr❡ ❛s três P▼❚s✳ ❯♠❛ r❡❞❡ ❞❡

❝♦♥❡①ã♦ s❡♠ ✜♦ é ✉s❛❞❛ ♣❛r❛ ❛ ❝♦♠✉♥✐❝❛çã♦ ❞♦s ❞❡t❡❝t♦r❡s ❝♦♠ q✉❛tr♦ ❛♥t❡♥❛s r♦t❡❛❞♦✲

r❛s✱ ❝❛❞❛ q✉❛❧ ❧♦❝❛❧✐③❛❞❛ ❡♠ ✉♠ ❞♦s ♣ré❞✐♦s ❞♦s ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ♦❜s❡r✲

✈❛tór✐♦✳ ❉❡ss❛s ♣♦s✐çõ❡s✱ t♦❞♦s ♦s ❞❛❞♦s r❡❧❡✈❛♥t❡s sã♦ ❡♥✈✐❛❞♦s ✈✐❛ rá❞✐♦ ❛té ♦ ❝❡♥tr♦ ❞❡

❛q✉✐s✐çã♦ ❡ ♣r♦❝❡ss❛♠❡♥t♦ ❝❤❛♠❛❞♦ ❈❡♥tr❛❧ ❉❛t❛ ❆❝q✉✐s✐t✐♦♥ ❙②st❡♠✱ ♦✉ s✐♠♣❧❡s♠❡♥t❡

❈❉❆❙✱ ❧♦❝❛❧✐③❛❞♦ ♥♦ ♣ré❞✐♦ ❞♦ ♦❜s❡r✈❛tór✐♦ ❡♠ ▼❛❧❛r❣ü❡✳ ◆♦ ❈❉❆❙✱ ❧✐♠✐❛r❡s ❣❧♦❜❛✐s

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

✉♠ ú♥✐❝♦ ❝❤✉✈❡✐r♦ ❡①t❡♥s♦✳

▲✐♠✐❛r❡s sã♦ t❡st❡s ❝♦♥❞✐❝✐♦♥❛✐s ❛♣❧✐❝❛❞♦s ❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❛

✜♠ ❞❡ ❞❡✜♥✐r ❛ q✉❛❧✐❞❛❞❡ ❡ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❛s r❡❝♦♥str✉çõ❡s q✉❡ s❡rã♦ ❜❛s❡❛❞❛s ♥❡❧❡s✳
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❖s ❞❛❞♦s t❛♠❜é♠ ♣♦❞❡♠ s❡r r❡❥❡✐t❛❞♦s ❞✉r❛♥t❡ ♦s t❡st❡s✳ ◆♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱

❛ ❝❧❛ss✐✜❝❛çã♦ é ❢❡✐t❛ ❛tr❛✈és ❞❛ ❛❜r❡✈✐❛çã♦ ❞❛ ♣❛❧❛✈r❛ ✐♥❣❧❡s❛ tr✐❣❣❡r ❡ ✉♠❛ ❡s❝❛❧❛

♥✉♠ér✐❝❛ ❝r❡s❝❡♥t❡ r❡♣r❡s❡♥t❛ ♦ ❡stá❣✐♦ ❞❛ ✐♥❢♦r♠❛çã♦✳ ❖s três ♣r✐♠❡✐r♦s tr✐❣❣❡rs sã♦

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

❣❧♦❜❛✐s q✉❡ ❞❡✜♥❡♠ s❡ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❊❆❙ r❡❛❧✳ ❊♠ ❝❛s♦

♣♦s✐t✐✈♦✱ ❡ss❡ ♣❛❝♦t❡ é r❡❣✐str❛❞♦ ❝♦♠♦ ✉♠ ❡✈❡♥t♦ r❡❛❧✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ❣❡r❛✐s ❞♦s

tr✐❣❣❡rs ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r sã♦ ❞❡s❝r✐t❛s ❛❜❛✐①♦✳

❼ T1✿ ■❞❡♥t✐✜❝❛ s✐♥❛✐s q✉❡ ♣♦ss❛♠ s❡r r❡❧❡✈❛♥t❡s ♣❛r❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉✲

çã♦✳ ❖ t❡st❡ ✈❡r✐✜❝❛ ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❡♥tr❡ ❛s três P▼❚s ❞❡ ✉♠ t❛♥q✉❡ ❝♦♠ s✐♥❛❧

❛❝✐♠❛ ❞❡ ✉♠ ❢❛t♦r ♣r❡❞❡t❡r♠✐♥❛❞♦ ❞❡ IpicoV EM ✳

❼ T2✿ ❙❡❧❡❝✐♦♥❛ s✐♥❛✐s T1 q✉❡ ♣♦ss❛♠ s❡r ♦r✐✉♥❞♦s ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✳ ■ss♦

é ❢❡✐t♦ ❛tr❛✈és ❞❛ ❜❛♥❞❡✐r❛ ❚♦❚✱ ❞♦ ✐♥❣❧ês ❚✐♠❡ ♦✈❡r ❚❤r❡s❤♦❧❞✱ ❡♠ q✉❡ ❛ ❝❛r❣❛

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

❞❡♥tr♦ ❞❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡ t❡♠♣♦ ♣r❡✈✐❛♠❡♥t❡ ✜①❛❞❛✳

❼ T3✿ ❆♥❛❧✐s❛ ❞✐✈❡rs❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ t❛♥q✉❡s q✉❡ ♣❛ss❛r❛♠ ♣❡❧♦ ♥í✈❡❧ T2 ♣❛r❛

t❡st❛r s❡ ♦s s✐♥❛✐s ♣♦❞❡♠ s❡r r❡s✉❧t❛❞♦ ❞❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠ ú♥✐❝♦ ❝❤✉✈❡✐r♦✳ ❉❛❞❛

✉♠❛ ❡st❛çã♦ ♥❡st❡ ♥í✈❡❧✱ ✉♠❛ ❥❛♥❡❧❛ ❞❡ t❡♠♣♦ é ❛tr✐❜✉í❞❛ ❛ ❡❧❛ ❡ t❛♥q✉❡s ❝♦♠

tr✐❣❣❡r ❞❡♥tr♦ ❞❡ss❡ ✐♥t❡r✈❛❧♦ sã♦ ❡①❛♠✐♥❛❞♦s ♣❛r❛ ✈❡r✐✜❝❛r ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡

❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧✳

❼ T4✿ ❚❡st❛ ❣❡♦♠❡tr✐❝❛♠❡♥t❡ ❝♦rr❡❧❛çõ❡s ❡s♣❛❝✐❛✐s ♥❛ t❡♥t❛t✐✈❛ ❞❡ r❡❞✉③✐r ♦ ♥ú♠❡r♦

❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛s ❛❧❡❛tór✐❛s✳ ❊st❡ é ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ♦✤✐♥❡ q✉❡ ✐♠♣õ❡ r❡str✐çõ❡s

❞❡ q✉❛❧✐❞❛❞❡ ✭❛tr❛✈és ❞❡ T1✱ T2 ❡ T3✮ ❡♠ t❛♥q✉❡s q✉❡ ❝♦♥st✐t✉❡♠ ♦s s❡✐s

♣r✐♠❡✐r♦s ✈✐③✐♥❤♦s à ❡st❛çã♦ q✉❡ r❡❣✐str♦✉ ♦ ♠❛✐♦r s✐♥❛❧✳ ❯♠❛ ✈❡r✐✜❝❛çã♦ s❡♠❡✲

❧❤❛♥t❡ ❞♦s 6n ✈✐③✐♥❤♦s ❞❡ss❛ r❡❞❡ ❤❡①❛❣♦♥❛❧ t❛♠❜é♠ é ❢❡✐t❛ ❛té n = 4 ✭r❡❢✳ ❬✻✹❪✮✳

❯♠❛ ✈❡③ q✉❡ ❛ ❝♦✐♥❝✐❞ê♥❝✐❛ ❡s♣❛❝✐❛❧ é ✈❡r✐✜❝❛❞❛✱ ✉♠ ❝r✐tér✐♦ ✜♥❛❧ ❞❡ t❡♠♣♦ é

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

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

♣❛rtí❝✉❧❛s ♣r♦♣❛❣❛♥❞♦✲s❡ ♥❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ❚❛♥q✉❡s ✐s♦❧❛❞♦s sã♦ r❡♠♦✈✐❞♦s✳

❼ T5✿ ❙❡❧❡❝✐♦♥❛ ❡✈❡♥t♦s ❝♦♠ ✉♠❛ r❡❝♦♥str✉çã♦ ❞❡✜❝✐❡♥t❡✱ t❛♥t♦ ❡♠ ❡♥❡r❣✐❛✱ q✉❛♥t♦

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

q✉❡s✳ ❊ss❛ ❝❛rê♥❝✐❛ ♦❝♦rr❡ ♥♦ ❝❛s♦ ❞❡ ❡st❛çõ❡s ❞❡❢❡✐t✉♦s❛s ♦✉ q✉❛♥❞♦ ❝❤✉✈❡✐r♦s

✐♥❝✐❞❡♠ ♣ró①✐♠♦ às ❜♦r❞❛s ❞♦ ❛rr❛♥❥♦✳ ❖ tr✐❣❣❡r T5 r❡q✉❡r q✉❡ ❡✈❡♥t♦s t❡♥❤❛♠
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♦ ❞❡t❡❝t♦r ❝♦♠ ♦ ♠❛✐♦r s✐♥❛❧ ❝❡r❝❛❞♦ ♣♦r ♣❡❧♦ ♠❡♥♦s ❝✐♥❝♦ ✈✐③✐♥❤♦s ❡♠ ❢✉♥❝✐♦♥❛✲

♠❡♥t♦✱ ❣❛r❛♥t✐♥❞♦ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ❞♦ ❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ❡st❡❥❛

❝♦♥t✐❞❛ ❝♦♥t✐❞❛ ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠ tr✐â♥❣✉❧♦ ❡q✉✐❧át❡r♦ ❢♦r♠❛❞♦ ♣♦r três ❡st❛çõ❡s

❢✉♥❝✐♦♥❛✐s ✭r❡❢✳ ❬✻✺❪✮✳

❖s tr✐❣❣❡rs ♣♦ss✉❡♠ ♦✉tr♦s ❞❡t❛❧❤❡s q✉❡ ♥ã♦ ❢♦r❛♠ ❞❡s❝r✐t♦s ❛❝✐♠❛✱ ❝♦♠♦ ♦s tr❛t❛✲

♠❡♥t♦s ♣❛rt✐❝✉❧❛r❡s r❡❧❛❝✐♦♥❛❞♦s ❛ ❝❤✉✈❡✐r♦s ✐♥❝❧✐♥❛❞♦s ✭❝❤✉✈❡✐r♦s ❝♦♠ â♥❣✉❧♦ ③❡♥✐t❛❧

> 60➦✮✳ ❖ ❢❛t♦r ✐♠♣♦rt❛♥t❡ é q✉❡ ❡ss❛ sér✐❡ ❞❡ ❝♦♥❞✐çõ❡s ❣❛r❛♥t❡ ❛ q✉❛❧✐❞❛❞❡ ❞♦s ❡✈❡♥t♦s

❞❡t❡❝t❛❞♦s ❡ r❡❝♦♥str✉í❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♣r♦❞✉③✐♥❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s

❞❡ ❣r❛♥❞❡ ❝♦♥✜❛❜✐❧✐❞❛❞❡✳ ◆♦ ♥í✈❡❧ T3✱ ♣♦r ❡①❡♠♣❧♦✱ 90✪ ❞♦s ❡✈❡♥t♦s s❡❧❡❝✐♦♥❛❞♦s

r❡❢❡r❡♠✲s❡ ❛ ❝❤✉✈❡✐r♦s r❡❛✐s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 1019 ❡❱ ❡✱ ❡♠ T4✱ ❡ss❡ ✈❛❧♦r é 99✪✳

✷✳✸✳✶ ❘❡❝♦♥str✉çã♦ ❞♦ ❡✐①♦ ❞❡ ✉♠ ❊❆❙

◗✉❛♥❞♦ ✉♠ ❣r✉♣♦ ❞❡ ❡st❛çõ❡s r❡❣✐str❛ s❡qü❡♥❝✐❛❧♠❡♥t❡ ❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠❛ ❢r❡♥t❡

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

r❡❝♦♥str✉çã♦ ❣❡♦♠étr✐❝❛ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❛♣r♦①✐♠❛❞❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✱

♥♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ♦❜s❡r✈❛tór✐♦✱ ❛tr❛✈és ❞♦ ❛❥✉st❡ ❞❡ ✉♠ ♣❧❛♥♦ ♠❛t❡♠át✐❝♦ ❛♦s ❞❛❞♦s ❝♦♠

♦ ✉s♦ ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❝❤✐✲q✉❛❞r❛❞♦✳ ❊ss❛ s✐t✉❛çã♦ é ❡sq✉❡♠❛t✐③❛❞❛ ♥❛ ✜❣✉r❛ ✶✸✳

◆❛ s❡çã♦ ✷✳✶✱ ♦ ❝♦♥❝❡✐t♦ ❞♦ s✐st❡♠❛ ❧♦❝❛❧ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❞♦ ❖❜s❡r✲

✈❛tór✐♦ ❆✉❣❡r ❢♦✐ ✐♥tr♦❞✉③✐❞♦ ❛tr❛✈és ❞❛s tr❛♥s❢♦r♠❛çõ❡s

(❧♦♥❣✐t✉❞❡, ❧❛t✐t✉❞❡) → [(E,E0) , (N,N0) , (A,A0)] → (x, y, z)

❥á q✉❡ ❛s ❝♦♦r❞❡♥❛❞❛s ❣❡♦❣rá✜❝❛s ❞❡ ❝❛❞❛ ❡st❛çã♦ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ sã♦ ♠❛♣❡❛❞❛s

♣❡❧♦ s✐st❡♠❛ ●P❙✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ❛s ❡q✉❛çõ❡s ✭✶✾✮✱ ✭✷✵✮ ❡ ✭✷✶✮ ❞❡✜♥❡♠ ❛ ♦r✐❣❡♠ ❞♦

r❡❢❡r❡♥❝✐❛❧ (x, y, z) ♣❛r❛ ❛s ❝♦♦r❞❡♥❛❞❛s ❯❚▼ (E = E0, N = N0, A = A0)✳ ❙❡♥❞♦ ♦

s✐st❡♠❛ ❞♦ ♦❜s❡r✈❛tór✐♦ ❛ss✐♠ ❞❡✜♥✐❞♦✱ ❛ ❣❡♦♠❡tr✐❛ ❞❡ ✉♠ ❊❆❙ ♣❡r♠✐t❡ q✉❡ ❛ ❢r❡♥t❡ ❞❡

♣❛rtí❝✉❧❛s s❡❥❛ ❞❡s❝r✐t❛ ♣♦r ✉♠ ♣❧❛♥♦ ♠❛t❡♠át✐❝♦ ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ✉♠ ✈❡t♦r ✉♥✐tár✐♦✱

❞❡ â♥❣✉❧♦s ③❡♥✐t❛❧ θ ❡ ❛③✐♠✉t❛❧ ϕ✱ ❞❛❞♦ ♣♦r

n̂ =






u

v

ℓ




 =






sin θ cosϕ

sin θ sinϕ

cos θ




 ✱

❛❧✐♥❤❛❞♦ ❛♦ ❡✐①♦ ❞❛ ❝❛s❝❛t❛✱ ♦♥❞❡ u✱ v ❡ ℓ sã♦ ♦s ❝♦ss❡♥♦s ❞✐r❡t♦r❡s✳
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❋✐❣✉r❛ ✶✸✿ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❢r❡♥t❡ ♣❧❛♥❛ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦
❡①t❡♥s♦ ♣♦r ✉♠ ♣❧❛♥♦ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ ✈❡t♦r ♥♦r♠❛❧ n̂✳ ◆♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ♦❜s❡r✈❛tór✐♦✱
❡ss❡ ✈❡t♦r é ❞❡❝♦♠♣♦st♦ ❡♠ ❢✉♥çã♦ ❞♦s â♥❣✉❧♦s ③❡♥✐t❛❧ θ ❡ ❛③✐♠✉t❛❧ ϕ✳

❙❡❥❛♠ (~rB, T0) ❛ ♣♦s✐çã♦ ❡ ♦ t❡♠♣♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞♦ ❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ♥♦

s♦❧♦✳ ❉❛❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ t❛♥q✉❡s ♣ró①✐♠♦s q✉❡ r❡❣✐str❛r❛♠ ❛❧❣✉♠ s✐♥❛❧ ❡♠ ❛❧❣✉♠

♠♦♠❡♥t♦✱ s✉♣♦♥❤❛ q✉❡ k ❞❡❧❡s s❛t✐s❢❛ç❛♠ t♦❞♦s ♦s tr✐❣❣❡rs ❞❡ s❡❧❡çã♦✳ ❙❡ Si é ♦ ✈❛❧♦r ❞♦

s✐♥❛❧ ✐♥t❡❣r❛❞♦ ♥❛ i✲és✐♠❛ ❞❛s k ❡st❛çõ❡s✱ ❝❛❞❛ q✉❛❧ ❡♠ ✉♠❛ ♣♦s✐çã♦ ~ri ❞♦ ♦❜s❡r✈❛tór✐♦✱

❡♥tã♦ ❛ q✉❛♥t✐❞❛❞❡

~rB =

∑
Si~ri

∑
Si

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

t❛♥q✉❡ i r❡❣✐str❛r✐❛ ❛ ♣❛ss❛❣❡♠ ❞♦ ♣❧❛♥♦ f (~r, t) = 0 ♥♦ t❡♠♣♦

tpli = T0 −
n̂ · (~ri − ~rB)

c
✳ ✭✷✺✮

❊①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♦ t❡♠♣♦ texpi é ❡①tr❛í❞♦ ❞♦ ✐♥í❝✐♦ ❞❛ ❝✉r✈❛ ❞❡ ❝❛r❣❛ ❞❛ i✲és✐♠❛

❡st❛çã♦✳ ❙✉♣♦♥❞♦ q✉❡ texp1 , · · · , texpk sã♦ ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❞✐str✐❜✉í❞❛s

s❡❣✉♥❞♦ ✉♠❛ ❞✐str✐❜✉✐çã♦ ♥♦r♠❛❧ ❝♦♠ ♠é❞✐❛ tpli ❡ ✈❛r✐â♥❝✐❛ σ2
ti
✱ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡

t❡♦r✐❛ ❡ ❡①♣❡r✐♠❡♥t♦ é q✉❛♥t✐✜❝❛❞❛ ❛tr❛✈és ❞❛ ❞✐str✐❜✉✐çã♦

✹✺



χ2
SD =

k∑

i=1

(

texpi − tpli

)2

σ2
ti

✭✷✻✮

❝♦♠ k ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡✳ ❉✉r❛♥t❡ ❛ ❢❛s❡ ❞❡ t❡st❡s ❞♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦

❆✉❣❡r ❢♦✐ s✉❣❡r✐❞♦ q✉❡ σi t♦♠❛ss❡ ♦ ✈❛❧♦r ❞❛ ♠❡❞✐❞❛ ❞❛ ✐♥❝❡rt❡③❛ ❡①♣❡r✐♠❡♥t❛❧ ❡♠ texpi

✭r❡❢✳ ❬✻✻❪✮✱ ♠❛s ❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ s✐♥❛✐s ❣❡r❛❞♦s ♣♦r ✉♠❛ ú♥✐❝❛ ❢r❡♥t❡ ❡♠ ❝❛❞❛ t❛♥q✉❡✱

❝♦♠♦ ♠♦str❛ ❛ ✜❣✉r❛ ✶✷✱ ❧❡✈♦✉ à ♣r♦♣♦st❛ ❞❡ ✈ár✐❛s ♣❛r❛♠❡tr✐③❛çõ❡s q✉❡ ❝♦♥s✐❞❡r❛♠

♦ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ♦ s✐♥❛❧ ❛t✐♥❥❛ 50✪ ❞♦ s❡✉ ✈❛❧♦r ✐♥t❡❣r❛❞♦ t♦t❛❧✱ T i
50 ✭❡♠

✉♥✐❞❛❞❡s ❞❡ ♥s✮✱ ❛ss✐♠ ❝♦♠♦ ♦ ♥ú♠❡r♦ ❡❢❡t✐✈♦ ❞❡ ♣❛rtí❝✉❧❛s ni q✉❡ ♦ ♣r♦❞✉③❡♠ ✭r❡❢✳ ❬✻✼❪✮✳

❆ ❢♦r♠❛ ❛❞♦t❛❞❛ ♣❡❧♦ ❈❉❆❙ é

σ2
ti
= C1 + C2

(
T i
50 + C3

ni + 1

)2
ni

ni + 2
✱

♦♥❞❡ C1✱ C2 ❡ C3 sã♦ ❝♦♥st❛♥t❡s ❡♥❝♦♥tr❛❞❛s ♥❡ss❛ r❡❢❡rê♥❝✐❛✳

❊s❝r❡✈❡♥❞♦ wi = 1/σ2
ti
✱ ♦ ♠❡❧❤♦r ❛❥✉st❡ ♣❧❛♥❛r à ❢r❡♥t❡ ❞❡ ♣❛rtí❝✉❧❛s é ♦❜t✐❞♦

❛tr❛✈és ❞❛ ♠✐♥✐♠✐③❛çã♦ ∇χ2
SD = 0 ♥❛s ✈❛r✐á✈❡✐s (u, v, ℓ, T0) s❡❣✉♥❞♦ ❛ ❞✐str✐❜✉✐çã♦

❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✷✻✮✱ q✉❡ r❡s✉❧t❛ ❡♠✸✷









wi△xi wi△x2
i wi△xi△yi wi△xi△zi

wi△yi wi△xi△yi wi△y2i wi△yi△zi

wi△zi wi△xi△zi wi△yi∆zi wi△z2i

wi wi△xi wi△yi wi△zi









·









−u/c

−v/c

−ℓ/c

T0









=









wi∆xit
exp
i

wi∆yit
exp
i

wi∆zit
exp
i

wit
exp
i









❝♦♠ (∆xi,∆yi,∆zi) = (xi − xB, yi − yB, zi − zB) = ~ri−~rB✳ ❆ ✐♥✈❡rsã♦ ❞❛ ♠❛tr✐③ ❞❡ss❡

s✐st❡♠❛ ❧✐♥❡❛r ❧❡✈❛ à ❞❡t❡r♠✐♥❛çã♦ ❞❡ u✱ v ❡ ℓ ✭❛❧é♠ ❞❡ T0✮✱ ❡ ❛ss✐♠ sã♦ ♦❜t✐❞♦s ♦s

â♥❣✉❧♦s (ϕ, θ) ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳

◆❛ ✐♥tr♦❞✉çã♦ ❞❛ s❡çã♦ ✷✳✸✱ ❢♦✐ ❝♦♠❡♥t❛❞♦ q✉❡ ✉♠ ❊❆❙ ❜❡♠ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦ss✉✐

✉♠❛ ❢r❡♥t❡ ❧❡✈❡♠❡♥t❡ ❝✉r✈❛✳ ❙❡❥❛ R ♦ r❛✐♦ ❞❡✜♥✐❞♦ ❛ ♣❛rt✐r ❞♦ ♣♦♥t♦ ❞❡ ♣r✐♠❡✐r❛

✐♥t❡r❛çã♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ❛ ❛t♠♦s❢❡r❛✳ ❆ ❝✉r✈❛t✉r❛ é ✐♥s❡r✐❞❛ ♥❛ ❡q✉❛çã♦ ✭✷✺✮

❝♦♠♦ ✉♠❛ ❝♦rr❡çã♦ ❡ ♦s t❡♠♣♦s ❡♠ q✉❡ ❡ss❛ ❝❛❧♦t❛ ♣❛ss❛ ♣♦r ❝❛❞❛ ❡st❛çã♦ t♦♠❛♠ ❛

❢♦r♠❛

tpli = T0 −
n̂ · (~ri − ~rB)

c
+

γd2i
c

✱

✸✷❆ss✉♠✐♥❞♦ ❛ ♥♦t❛çã♦ ❞❡ ❊✐♥st❡✐♥✳

✹✻



♦♥❞❡ γ = 1/ (2R) ❡

di =

√

|~ri − ~rB|2 − [n̂ · (~ri − ~rB)]
2

é ❛ ❞✐stâ♥❝✐❛ ❞❡ ✉♠ t❛♥q✉❡ i ❛♦ ❜❛r✐❝❡♥tr♦ ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞❛ ❢r❡♥t❡ ❞❡ ♣❛rtí❝✉❧❛s✳ ❊♠

♦✉tr❛s ♣❛❧❛✈r❛s✱ ❛ ♣r♦❥❡çã♦ ❞❡ ~rB ♥❛ s✉♣❡r❢í❝✐❡ ❢r♦♥t❛❧ é ✉♠ ♣♦♥t♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦

❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦✱ ♣♦r ♦♥❞❡ ♣❛ss❛ ♦ ❡✐①♦ ❡ ❛ ♣❛rt✐r ❞♦ q✉❛❧ ❛s ❞✐stâ♥❝✐❛s ~ri ♣r♦❥❡t❛❞❛s

sã♦ ♠❡❞✐❞❛s ❝♦♠♦ di✳ ◆❡st❡ ❝❛s♦✱ ❛ ♥♦✈❛ ❞✐str✐❜✉✐çã♦ ❝❤✐✲q✉❛❞r❛❞♦ ♦❜t✐❞❛ ❛ ♣❛rt✐r

❞❛ ❝♦rr❡çã♦ ❞❡ tpli ❞❡✐①❛ ❞❡ s❡r ❧✐♥❡❛r ❡♠ u ❡ v ❡ ❞❡✈❡ s❡r ♠✐♥✐♠✐③❛❞❛ ♥❛s ✈❛r✐á✈❡✐s

(u, v, ℓ, T0, γ)✳

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

❆ ❡♥❡r❣✐❛ ❞❡ ✉♠❛ ❝❛s❝❛t❛ ❞❡t❡r♠✐♥❛ ❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❛s ♣❛rtí❝✉❧❛s s❡ ❞✐str✐❜✉❡♠ ❡♠

t♦r♥♦ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❈♦♠♦ ❥á ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✶✱ ❛ ❞❡s❝r✐çã♦ ❞❛

❞❡♥s✐❞❛❞❡ r❡❧❛❝✐♦♥❛❞❛ à ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♥ã♦ s❡ ❛♣❧✐❝❛ à ❢r❡♥t❡ ♠✉ô♥✐❝❛✳

❆♣❡s❛r ❞✐ss♦✱ ✉♠❛ ❝♦♥✈♦❧✉çã♦ ❡♥tr❡ ❛ ❢✉♥çã♦ ◆❑●✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✮✱ ❡ ❛ r❡s♣♦st❛✸✸

❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞❛✱ ❝♦♠♦ ✜③❡r❛♠ ◆❡✇t♦♥ ❡t ❛❧✳ ✭r❡❢✳ ❬✻✽❪✮

♣❛rt✐♥❞♦ ❞❡

S (r) = k (β)

(
r

rs

)−β (

1 +
r

rs

)−β

✱ ✭✷✼✮

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

③❡♥✐t❛❧ ❡♠ β = β (θ)✱ ♣❛r❛ ♦❜t❡r❡♠ ✉♠ ♣❛râ♠❡tr♦ ♦t✐♠✐③❛❞♦ ropt ♦♥❞❡ ♦ s✐♥❛❧ ❡s♣❡r❛❞♦

✐♥❞❡♣❡♥❞❡ ❞❡ss❡ ♣❛râ♠❡tr♦ ❞❡ ❞❡❝❧✐✈❡✳ ❉❛ ❡q✉❛çã♦ ✭✷✼✮✱ ∂S/∂β |r=ropt= 0 ✐♠♣❧✐❝❛ ❡♠

ropt
rs

=
−1 +

√
1 + 4 expα

2
✱

♦♥❞❡ α = d (ln k) /dβ✳ ❙✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ s✉❣❡r❡♠ q✉❡ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦

❞❡ ❡s❝❛❧❛ rs = 700 ♠ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❝❛s❝❛t❛ ✐♥✐❝✐❛❞❛ ♣♦r ✉♠ ♣r✐♠ár✐♦ ❝♦♠ ❡♥❡r❣✐❛

∼ 10 ❊❡❱✳ ❉❛ ❛♥á❧✐s❡ ❞❡ 1000 ❝❤✉✈❡✐r♦s ❝♦♠ â♥❣✉❧♦ ③❡♥✐t❛❧ ❡♥tr❡ 0➦ ❡ 60➦ ❡ ❡♥❡r❣✐❛ ♥♦

✐♥t❡r✈❛❧♦ 5 < EEeV < 100✱ ♦s ❛✉t♦r❡s ❞❡❞✉③❡♠ ropt = (970± 1) ♠✳ ❈♦♠♦ ❡①❡♠♣❧♦✱ ❛

✜❣✉r❛ ✶✹✭❛✮ ❛♣r❡s❡♥t❛ ✉♠❛ ú♥✐❝❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞♦s s✐♥❛✐s ❞❡ ✉♠ ❡✈❡♥t♦

r❡❛❧ ✉t✐❧✐③❛♥❞♦ 50 ✈❛❧♦r❡s ❞✐st✐♥t♦s ♣❛r❛ ♦ ♣❛râ♠❡tr♦ ❞❡ ❞❡❝❧✐✈❡ β✱ ♦♥❞❡ ❛ ✈❛r✐❛çã♦ ❞❡
✸✸❆❧é♠ ❞♦ ✉s♦ ❞❡ ❡✈❡♥t♦s r❡❛✐s✱ ✈ár✐❛s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♣❛r❛ tr❛t❛r ❡ss❡ ♣r♦❜❧❡♠❛✳ ❆s

✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢♦r❛♠ ✐♥s❡r✐❞❛s ♥♦s ❝ó❞✐❣♦s ❛tr❛✈és ❞❛ ❞❡✜♥✐çã♦ ❞♦ s✐♥❛❧ ❱❊▼
❡ ❞❛ ❣❡♦♠❡tr✐❛ ❡ ❞✐stâ♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ❡♥tr❡ ❡st❛çõ❡s ♥❛ r❡❞❡ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳
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S é ♣r❛t✐❝❛♠❡♥t❡ ♥✉❧❛ ♥❛ r❡❣✐ã♦ r ≈ 1000 ♠✳

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✶✹✿ ✭❛✮ ❉✐str✐❜✉✐çã♦ ❡s♣❛❝✐❛❧ ❞♦s s✐♥❛✐s ❞❡ ✉♠ ❡✈❡♥t♦ r❡❛❧ ✭♣♦♥t♦s ♣r❡t♦s✮ s♦✲
❜r❡♣♦st❛ ❛ 50 ❝✉r✈❛s r❡❢❡r❡♥t❡s ❛ r❡❝♦♥str✉çõ❡s ✉s❛♥❞♦ ✉♠❛ ▲❉❋ ❞♦ t✐♣♦ ◆❑● ❝♦♠
✈❛❧♦r❡s ❞✐❢❡r❡♥t❡s ❞❡ β✳ ❆ ✜❣✉r❛ ♠❡♥♦r ♠♦str❛ ❛ ❧✐♥❡❛r✐❞❛❞❡ ❞❛ r❡❧❛çã♦ ❡♥tr❡ β ❡ ln k✳
■♠❛❣❡♠ ❞❛ r❡❢❡rê♥❝✐❛ ❬✻✽❪✳ ✭❜✮ ❈✉r✈❛s ❞❡ ♣❛r❛♠❡tr✐③❛çã♦ β = β (θ, E)✱ ❜❛s❡❛❞❛s ❡♠
❡✈❡♥t♦s r❡❛✐s✱ s❡❣✉♥❞♦ ❛ r❡❢❡rê♥❝✐❛ ❬✻✾❪✳

◆♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛ ▲❉❋ ✉t✐❧✐③❛❞❛ ❤♦❥❡ é ✉♠❛ ✈❛r✐❛çã♦ ❞❛ ❡q✉❛çã♦ ✭✷✼✮

❞❛❞❛ ♣♦r

S (r) = S (rref )

(
r

rref

)−β (
r + rs

rref + rs

)−β

✱

q✉❡ ✉s❛ ❛ ♣♦s✐çã♦ ❞❡ r❡❢❡rê♥❝✐❛ rref = 1000 ♠ ❞❡ ♠♦❞♦ ❛♥á❧♦❣♦ ❛ ropt✳ ❖ ❞❡❝❧✐✈❡

β ❞♦ s✐♥❛❧ ❡s♣❡r❛❞♦ é ❞❡s❝r✐t♦ ♠❛✐s ♣r❡❝✐s❛♠❡♥t❡ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞♦ â♥❣✉❧♦ ③❡♥✐t❛❧

❡ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❝❤✉✈❡✐r♦✳ ◆❛ ✜❣✉r❛ ✶✹✭❜✮ sã♦ ♠♦str❛❞❛s ❝✉r✈❛s ❞❛ ♣❛r❛♠❡tr✐③❛çã♦

β = β (θ, E) ❜❛s❡❛❞❛s ♥♦ ❛❥✉st❡ ❞❡ S (r) ❛♦s ❞❛❞♦s ❞❡ ❡✈❡♥t♦s r❡❛✐s ❝♦♠ θ < 60➦ ❡

s❡✐s ♦✉ ♠❛✐s ❡st❛çõ❡s ❞✐s♣❛r❛❞❛s ✭r❡❢✳ ❬✻✾❪✮✳ ❈❛❞❛ ♣♦♥t♦ r❡♣r❡s❡♥t❛ ✉♠❛ ♠é❞✐❛ ❞♦s

✈❛❧♦r❡s ❞❡ β ❡♠ ✐♥t❡r✈❛❧♦s ✐❣✉❛✐s ❞❡ (sec θ − 1)✱ ❝❛❧❝✉❧❛❞♦s ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ ❞❡

log (E/❡❱) = 0.5 ❡♥tr❡ 1018 ❡❱ ❡ 1019.5 ❡❱✳ ❆ss✉♠✐♥❞♦ ♦ ♠♦❞❡❧♦

β (θ, E) = a (E) + b (sec θ − 1)

❢♦✐ ♦❜t✐❞♦✱ ❝♦♠♦ r❡s✉❧t❛❞♦✱ a (E) = 2.26 + 0.195 log (E/❊❡❱) ❡ b = −0.98✳

❉❛❞❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❡♥❡r❣✐❛✱ ♦ ❞❡❝rés❝✐♠♦ ❞♦ ✈❛❧♦r ❞❡ S (1000) ❡♠ r❡❧❛çã♦

❛♦ â♥❣✉❧♦ ③❡♥✐t❛❧ é ✉♠ ❡❢❡✐t♦ ❣❡♦♠étr✐❝♦ ❞❡❝♦rr❡♥t❡ ❞❛ ❛t❡♥✉❛çã♦ ❛t♠♦s❢ér✐❝❛ ❛ q✉❡ ❛s

♣❛rtí❝✉❧❛s ❞❡ ✉♠ ❊❆❙ ❡stã♦ s✉❥❡✐t❛s✳ ❆ss✉♠✐♥❞♦ ✉♠ ✢✉①♦ ✐s♦tró♣✐❝♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s
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♣r✐♠ár✐♦s ❝♦♠ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ ✉♠ ❧✐♠✐❛r Elim✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♥♦

❡❧❡♠❡♥t♦ ❞❡ â♥❣✉❧♦ só❧✐❞♦ dΩ = sin θ dθ dϕ é ❞❛❞❛ ♣♦r

I (E > Elim) =
1

Aef

dn (Ω, E > Elim)

dΩ
= ✏❝♦♥st❛♥t❡✑✱

♦♥❞❡ n = dN/dt é ❛ t❛①❛ ❞❡ ❡✈❡♥t♦s ❡ Aef = A cos θ é ❛ ár❡❛ ❡❢❡t✐✈❛ ❞❡ ❞❡t❡❝çã♦✱ s❡♥❞♦

A ❛ ár❡❛ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳ P❛r❛ ✉♠ ♠❡s♠♦ ❧✐♠✐❛r ❞❡ ❡♥❡r❣✐❛✱ ✐ss♦ s✐❣♥✐✜❝❛ q✉❡

✐♥t❡r✈❛❧♦s ✐❣✉❛✐s ♥❛ ✈❛r✐á✈❡❧ cos2 θ ♣♦ss✉❡♠ ❛ ♠❡s♠❛ t❛①❛ ❞❡ ❡✈❡♥t♦s ❡♠ ✉♠ ✐♥t❡r✈❛❧♦

❡s♣❡❝í✜❝♦ ❞❡ t❡♠♣♦✱ ❡q✉✐✈❛❧❡♥t❡ ❛♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s

∆N (E > Elim)

∆ cos2 θ
= ✏❝♦♥st❛♥t❡✑✳

❊ss❡ ♠ét♦❞♦ ❞❡✜♥❡ ♦ ❝♦rt❡ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❝♦♥st❛♥t❡✱ ♦✉ ❈■❈✸✹ ✭r❡❢✳ ❬✼✵❪✮✳

❉❛ ❛♥á❧✐s❡ ❞❡ 839 ❡✈❡♥t♦s ❤í❜r✐❞♦s ❝♦♠ EFD > 3 ❊❡❱✱ ❛ ❝✉r✈❛ ❞❡ ❛t❡♥✉❛çã♦

♣❛r❛ ♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢♦✐ ♠♦❞❡❧❛❞❛ ❝♦♠♦ ✉♠ ♣♦❧✐♥ô♠✐♦

❞❡ s❡❣✉♥❞♦ ❣r❛✉ ❡♠ x = cos2 θ − cos2 θ̄✱ ❞❛❞♦ ♣♦r

S (1000) (θ) = Sθ̄

(
1 + ax+ bx2

)
✱

t♦♠❛♥❞♦ ♦ â♥❣✉❧♦ ♠é❞✐♦ θ̄ ≈ 38➦ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳ ❆ss✐♠✱ S38➦ é t✐❞♦ ❝♦♠♦ ♦ s✐♥❛❧

S (1000) q✉❡ ✉♠ ❊❆❙ t❡r✐❛ ♣r♦❞✉③✐❞♦ s❡ s❡✉ â♥❣✉❧♦ ③❡♥✐t❛❧ ❞❡ ❝❤❡❣❛❞❛ ♥♦ ♦❜s❡r✈❛tór✐♦

✈❛❧❡ss❡ 38➦✳ ❖s ✈❛❧♦r❡s ❞❛s ❝♦♥st❛♥t❡s a = (0.87± 0.04) ❡ b = (−1.49± 0.20) ❢♦r❛♠

❞❡❞✉③✐❞♦s ♣❛r❛ S38➦ = 47 ❱❊▼✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ à ❡♥❡r❣✐❛ 9 ❊❡❱ ✭r❡❢✳ ❬✼✶❪✮✳ ❯♠❛

❛♥á❧✐s❡ ✐♥t❡r♥❛ r❡❛❧✐③❛❞❛ ♣♦r ♠❡♠❜r♦s ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♠♦str❛ q✉❡ S (1000) ♥ã♦

✈❛r✐❛ s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ❝♦♠ ❛ ❡s❝♦❧❤❛ ❞❡ ♣❛r❛♠❡tr✐③❛çõ❡s ❞✐❢❡r❡♥t❡s ♣❛r❛ β (θ, E)✳

✷✳✹ ❈❛❧✐❜r❛çã♦ ❡ ❛ ❛♥á❧✐s❡ ❤í❜r✐❞❛

❆ ❝❛r❛❝t❡ríst✐❝❛ ❡①♣❡r✐♠❡♥t❛❧ ♠❛✐s ✐♠♣♦rt❛♥t❡ ❡♥✈♦❧✈✐❞❛ ♥♦ Pr♦❥❡t♦ ❆✉❣❡r é q✉❡ ❝❤✉✲

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

✢✉♦r❡s❝ê♥❝✐❛ ❡ ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ ❞❡t❡❝t♦r❡s ❷❡r❡♥❦♦✈✳ ❆s ❞✉❛s té❝♥✐❝❛s sã♦

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

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

✭r❡❢✳ ❬✼✷❪✮✳ ❇❛s✐❝❛♠❡♥t❡✱ ✐ss♦ é ❡❢❡t✉❛❞♦ ❝r✐❛♥❞♦✲s❡ ✉♠ ✈í♥❝✉❧♦ ❡♥tr❡ ❛s ♠❡❞✐❞❛s ❞♦s

❞❡t❡❝t♦r❡s ❛tr❛✈és ❞❛ ♠✐♥✐♠✐③❛çã♦ ❝♦♥❥✉♥t❛
✸✹❉♦ ✐♥❣❧ês ❈♦♥st❛♥t ■♥t❡♥s✐t② ❈✉t✳
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χ2 = χ2
SD + χ2

FD✱

♦♥❞❡ ❛s ✈❛r✐á✈❡✐s χ2
SD ❡ χ2

FD sã♦ ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✭✷✻✮ ❡ ✭✷✹✮✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❖ ❛❥✉st❡ ❣❡♦♠étr✐❝♦ ❛♦s ❞❛❞♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✉t✐❧✐③❛ ❛ ✐♥❢♦r♠❛çã♦ ❞♦ t❡♠♣♦ ❞❡ ✉♠❛

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

❊ss❛ ♣r❡❝✐sã♦ ❣❡♦♠étr✐❝❛ é ❡ss❡♥❝✐❛❧ ♥♦s ❡st✉❞♦s ❞❡ ❛♥✐s♦tr♦♣✐❛ ❞❛s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛

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

❋✐❣✉r❛ ✶✺✿ ❈♦rr❡❧❛çã♦ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ EFD ❡ ♦ ♣❛râ♠❡tr♦ S38➦ ♣❛r❛
839 ❡✈❡♥t♦s ❤í❜r✐❞♦s ❡s❝♦❧❤✐❞♦s ♣❛r❛ ♦ ❛❥✉st❡✳ ❖ ❡✈❡♥t♦ ♠❛✐s ❡♥❡r❣ét✐❝♦ ♣♦ss✉✐ ✉♠❛
❡♥❡r❣✐❛ ❛♣r♦①✐♠❛❞❛ ❞❡ 75 ❊❡❱✳ ❋✐❣✉r❛ r❡t✐r❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✼✶❪✳

❆ ❛♥á❧✐s❡ ❞♦s ❡✈❡♥t♦s ❤í❜r✐❞♦s ❞♦✉r❛❞♦s✸✺ ♠♦str❛ q✉❡ ❤á ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛

❡♥❡r❣✐❛ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ EFD ❡ ♦ ♣❛râ♠❡tr♦ S38➦ q✉❡ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣♦r

EFD = 10ASB
38➦✳ ✭✷✽✮

❙❡❣✉♥❞♦ ♦s ❞❛❞♦s ❣r❛✜❝❛❞♦s ♥❛ ✜❣✉r❛ ✶✺✱ ♦s ✈❛❧♦r❡s ❞❡ss❛s ❝♦♥st❛♥t❡s sã♦A = (1.68± 0.05)×
1017 ❡❱ ❡ B = 1.035±0.009 ✭r❡❢✳ ❬✼✶❪✮✳ ◆♦ ❡st✉❞♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞❛ r❛❞✐❛çã♦ ❝ós✲

♠✐❝❛✱ ♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ♣❡r♠✐t❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣❛râ♠❡tr♦ ❡♥❡r❣ét✐❝♦ S (1000)✱
✸✺❊✈❡♥t♦s ❝✉❥♦s ❞❛❞♦s s❛t✐s❢❛③❡♠ ♦s tr✐❣❣❡rs ♠❛✐s r✐❣♦r♦s♦s ❡♠ ❛♠❜♦s ♦s ❞❡t❡❝t♦r❡s✳

✺✵



❡♥q✉❛♥t♦ ❛ ❝♦♥✈❡rsã♦ ❞❡ss❡ s✐♥❛❧ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é

❡st❛❜❡❧❡❝✐❞❛ ❛tr❛✈és ❞♦ ❞❡t❡❝t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ❥á q✉❡ ♦s t❡❧❡s❝ó♣✐♦s ✉t✐❧✐③❛♠ ✉♠❛ té❝✲

♥✐❝❛ ❝❛❧♦r✐♠étr✐❝❛ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡♥❡r❣✐❛✳ ❆ss✐♠✱ ❛s ✐♥❝❡rt❡③❛s r❡❧❛❝✐♦♥❛❞❛s à

❡①tr❛♣♦❧❛çã♦ ❞♦s ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s✱ ✐♥trí♥s❡❝❛s às s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛❞❛s

♥❛ ❝❛❧✐❜r❛çã♦ ❞❡ S (1000)✱ sã♦ ❡✈✐t❛❞❛s ✭r❡❢✳ ❬✼✷❪✮✳ ❆ ❡q✉❛çã♦ ✭✷✽✮ r❡♣r❡s❡♥t❛ ✉♠❛ ❝❛❧✲

✐❜r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡ s✉❛ ♦❜t❡♥çã♦ é ✉♠ ❛✈❛♥ç♦ ✐♠♣♦rt❛♥t❡ ♥❛ ❢ís✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s

❞❡ ❡♥❡r❣✐❛ ✉❧t❛✲❛❧t❛✳

◆♦s ❡st✉❞♦s ❞❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛✱ ❛❝r❡❞✐t❛✲s❡ q✉❡ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛

❞♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s✱ Xmax✱ s❡❥❛ ❛ ✈❛r✐á✈❡❧ ❝♦♠ ♦ ♠❛✐♦r ❣r❛✉ ❞❡ ❝♦rr❡❧❛çã♦

❝♦♠ ❛ ♠❛ss❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳ ❖s ❞❛❞♦s ❤í❜r✐❞♦s tê♠ s✐❞♦ ✉s❛❞♦s ♥❛ ❝❛❧✐❜r❛çã♦

❡ ♥♦ ❝r✉③❛♠❡♥t♦ ❞❡ ✐♥❢♦r♠❛çã♦ ❞❡ ✈ár✐♦s ♣❛râ♠❡tr♦s✱ ♣♦ss✐✈❡❧♠❡♥t❡ s❡♥sí✈❡✐s à ♠❛ss❛✱

♠❡❞✐❞♦s ♣❡❧♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ✭r❡❢✳ ❬✼✷❪✮✳

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ✉♠❛ ❢r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛ E0 ♥ã♦ ♣♦❞❡ s❡r ❞❡t❡❝✲

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

P♦rt❛♥t♦✱ ❛ ❡♥❡r❣✐❛ ❝❛❧♦r✐♠étr✐❝❛ Ecal ❞❡✈❡ s❡r ❝♦rr✐❣✐❞❛ ♣❡❧♦ ❛❝rés❝✐♠♦ ❞❡ ✉♠❛ ❡♥❡r❣✐❛

❢❛❧t❛♥t❡✳ ❇❛r❜♦s❛ ❡t ❛❧✳ ✭✷✵✵✹✱ r❡❢✳ ❬✷✹❪✮ r❡❛❧✐③❛r❛♠ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❝♦♠ ♦

❝ó❞✐❣♦ ❞♦ ♣r♦❣r❛♠❛ ❈❖❘❙■❑❆ ❡ ❝♦♠♣❛r❛r❛♠ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞♦s ♠♦❞❡❧♦s

◗●❙❏❊❚ ❡ ❙■❇❨▲▲✱ ✉t✐❧✐③❛❞♦s ♥❛ ❞❡s❝r✐çã♦ ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ❛ ❛❧t❛s ❡♥❡r❣✐❛s✳

P❛r❛ ❛♠❜♦s ♦s ♠♦❞❡❧♦s✱ ❛s ❝♦rr❡çõ❡s ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛s ❞❛ ❡♥❡r❣✐❛ ♣r✐♠ár✐❛ ❢♦r❛♠ ❝♦♥✲

st❛t❛❞❛s ♥❛ ✈❛r✐❛çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♠❛ss❛ ❡♥tr❡ ♦ ♣rót♦♥ ❡ ♦ ❢❡rr♦ ❝♦♠ E0 = 1018 ❡❱✱

r❡s✉❧t❛♥❞♦ ❡♠
(
E♣

cal − E❋❡
cal

)
/E0 ≈ 5✪✳

✷✳✺ ❆q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡ ❛❧❣✉♥s r❡s✉❧t❛❞♦s ✐♠♣♦rt❛♥t❡s

❯♠❛ ✈❡③ q✉❡ ♦s ✈❛❧♦r❡s ❞♦s ♣❛râ♠❡tr♦s (~rB, T0) ❡ n̂ = (u, v, ℓ) ≡ (ϕ, θ) ❞❡ ✉♠ ❊❆❙ sã♦

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

❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♦✉ ❛♠❜♦s✱ ✉♠❛ ❞✐r❡çã♦ ❝❡❧❡st❡ é ❛ss♦❝✐❛❞❛ ❛♦ r❛✐♦ ❝ós♠✐❝♦ ♣r✐♠ár✐♦✳

❉❛❞♦ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❧♦❝❛❧ ❞♦ ♦❜s❡r✈❛tór✐♦✱ ❞❡✜♥✐❞♦ ♥❛ s❡çã♦ ✷✳✶✱ ♣❛rt❡✲s❡ ❞♦

♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ~rB ♣❛r❛ ❞❡✜♥✐r ❛ ♣♦s✐çã♦ ❣❡♦❣rá✜❝❛ ❞♦ ❜❛r✐❝❡♥tr♦ ❞♦ ❝❤✉✈❡✐r♦ ♣❡❧❛s

tr❛♥s❢♦r♠❛çõ❡s

(xB, yB, zB) → [(EB, E0) , (NB, N0) , (AB, A0)] → (❧♦♥❣✐t✉❞❡, ❧❛t✐t✉❞❡)B ✳
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❊♠ s❡❣✉✐❞❛✱ ❛ ✐♥❢♦r♠❛çã♦ t❡♠♣♦r❛❧ T0 ✜①❛ ♦ ③ê♥✐t❡ ❞♦ ♦❜s❡r✈❛tór✐♦ ♥❛ ❡s❢❡r❛ ❝❡❧❡st❡ ♥♦

♠♦♠❡♥t♦ ❞❛ ❞❡t❡❝çã♦✳ ❏✉♥t♦ ❛♦s ❝♦ss❡♥♦s ❞✐r❡t♦r❡s✱ tr❛♥s❢♦r♠❛çõ❡s ♣❛r❛♠étr✐❝❛s ❡♥tr❡

s✐st❡♠❛s ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s✱ s✐♠❜♦❧✐③❛❞❛s ❝♦♠♦

(❧♦♥❣✐t✉❞❡, ❧❛t✐t✉❞❡)B + T0 + (ϕ, θ) → (α, δ) ✱

♣❡r♠✐t❡♠ ❞❡✜♥✐r ✈❛❧♦r❡s ❞❡ ❛s❝❡♥sã♦ r❡t❛ α ❡ ❞❡❝❧✐♥❛çã♦ δ ❛♦s ❡✈❡♥t♦s✳ ❊ss❛s ❝♦♦r❞❡✲

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

❡q✉❛t♦r✐❛❧✳ ❊✈❡♥t✉❛❧♠❡♥t❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❞❡ ❛♥á❧✐s❡✱ ❛ tr❛♥s❢♦r♠❛çã♦ ❞✐r❡t❛ ❡♠

❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s (α, δ) → (l, b) é ✉t✐❧✐③❛❞❛✳

❆ ❧❛t✐t✉❞❡ ❣❡♦❣rá✜❝❛ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r é

t♦♠❛❞❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♠♦ −35.25➦✱ s✐❣♥✐✜❝❛♥❞♦ q✉❡ ❛ ❞✐r❡çã♦ ♥♦r♠❛❧ ❞♦ ♦❜s❡r✲

✈❛tór✐♦✱ ♥♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡q✉❛t♦r✐❛✐s✱ ♣♦ss✉✐ ❡ss❡ ♠❡s♠♦ ✈❛❧♦r ♥✉♠ér✐❝♦ ❡♠

❞❡❝❧✐♥❛çã♦✳ ❉✉r❛♥t❡ ✉♠ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ❞❛ ❚❡rr❛✱ ♦ ❝é✉ é ✈❛rr✐❞♦ ❝♦♥t✐♥✉❛♠❡♥t❡

♣♦r t♦❞♦ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ✈❛❧♦r❡s ❞❛ ❛s❝❡♥sã♦ r❡t❛✳ ❖ ❝❛♠♣♦ ❞❡ ✈❛rr❡❞✉r❛ ❞♦ ♦❜s❡r✈❛tór✐♦

é ❞❡✜♥✐❞♦ ❝♦♠♦ ✉♠ ❝♦♥❡ ❝♦♠ s❡♠✐✲â♥❣✉❧♦ ❞❡ ❛❜❡rt✉r❛ 60➦ ❡♠ r❡❧❛çã♦ à δ = −35.65➦❀

❛❧❣✉♥s ❡st✉❞♦s ❝♦♥s✐❞❡r❛♠ ❛❜❡rt✉r❛s ♠❛✐♦r❡s ❞❡ ♠♦❞♦ ❛ ♠❛①✐♠✐③❛r ❛ ❡①♣♦s✐çã♦ ❞♦

♦❜s❡r✈❛tór✐♦✳

❆ ✜❣✉r❛ ✶✻✭❛✮ ♠♦str❛ ❛ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❛ ❢♦r♠❛ ❛♥❛❧ít✐❝❛ ❞❛ ❡①♣♦s✐çã♦ r❡❧✲

❛t✐✈❛ ♥♦r♠❛❧✐③❛❞❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ❞✐r❡çã♦ ✈❡rt✐❝❛❧ ❞♦ r❡❢✲

❡r❡♥❝✐❛❧ ❧♦❝❛❧✳ ◆♦t❡ q✉❡ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ é ❧✐♠✐t❛❞♦ ♣❡❧❛ ❞❡❝❧✐♥❛çã♦ (−35.25➦ + 60➦) =

24.75➦✱ ♦✉ s❡❥❛✱ ♦ â♥❣✉❧♦ ❛ ♣❛rt✐r ❞♦ q✉❛❧ ❛ ❡①♣♦s✐çã♦ é ♥✉❧❛✱ ❞❡❧✐♠✐t❛♥❞♦ ❛ r❡❣✐ã♦

❞♦ ❝é✉ q✉❡ ♥ã♦ é ♦❜s❡r✈❛❞❛✳ P❛r❛ ❝♦♠♣❛r❛çã♦✱ ❛ ❡①♣♦s✐çã♦ t❛♠❜é♠ é ❣r❛✜❝❛❞❛ ♣❛r❛

♦s s❡♠✐✲â♥❣✉❧♦s ❞❡ ❛❜❡rt✉r❛ 70➦ ❡ 80➦ ❞♦ ❝♦♥❡ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❝❛♠♣♦ ❞❡ ✈❛rr❡❞✉r❛

❞♦ ♦❜s❡r✈❛tór✐♦✳ Pró①✐♠♦ ❞❛ ❞❡❝❧✐♥❛çã♦ −90➦ ❡①✐st❡ ✉♠❛ r❡❣✐ã♦ q✉❡ é s❡♠♣r❡ ✈✐st❛ ❡

q✉❡ ❛♣❛r❡❝❡ ❝♦♠♦ ✉♠ s❛❧t♦ ♥❛ ❝✉r✈❛ ❞♦ ❣rá✜❝♦❀ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱ (l, b) ≈
(−57.07➦,−27.13➦) ❝♦rr❡s♣♦♥❞❡ à ❞✐r❡çã♦ ♦♥❞❡ ❛ ❡①♣♦s✐çã♦ ❞♦ ♦❜s❡r✈❛tór✐♦ é ♠á①✐♠❛✳

◆❛ ❞✐r❡çã♦ ❞♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ q✉❡ é ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ❞❡ ❡st✉❞♦ ♣❡❧❛ ❈♦❧❛❜♦✲

r❛çã♦ ❆✉❣❡r✱ ♦ ✈❛❧♦r ❞❛ ❡①♣♦s✐çã♦ r❡❧❛t✐✈❛ ♥♦r♠❛❧✐③❛❞❛ é ≈ 0.57✳

❱ár✐❛s ❧✐♥❤❛s ❞❡ ♣❡sq✉✐s❛ ❞❛ ❝♦❧❛❜♦r❛çã♦ ❞❡❞✐❝❛♠✲s❡ à ❢ís✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s

❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ❝♦♠ ❜❛s❡ ♥❛s ♠❡❞✐❞❛s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ r❡❛❧✐③❛❞❛s ♥♦ ❖❜s❡r✈❛tór✐♦

❆✉❣❡r✳ P❛r❛ ✐ss♦✱ é ❛❜s♦❧✉t❛♠❡♥t❡ ♥❡❝❡ssár✐♦ q✉❡ ♦s ❞❛❞♦s ♦❜❡❞❡ç❛♠ ❛♦s ❝r✐tér✐♦s

❞❡ s❡❧❡çã♦ ❛♣ós ❛ ❛q✉✐s✐çã♦ ❡ q✉❡ ❛ ✐♥❢♦r♠❛çã♦ ❛t♠♦s❢ér✐❝❛ ❧♦❝❛❧ ♥❛ ❞❛t❛ ❡♠ q✉❡stã♦

s❡❥❛ ❜❡♠ ❝♦♥❤❡❝✐❞❛✳ ❖ ❡①❡♠♣❧♦ ❞❡ ✉♠ ú♥✐❝♦ ❊❆❙ ✈✐st♦ ♣♦r três ❝â♠❡r❛s ❞♦ ♦❧❤♦ ❞❡

❈♦✐❤✉❡❝♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✶✼✭❛✮✱ ♦♥❞❡ ❛ r❡❣✐ã♦ ❡♠ t♦r♥♦ ❞❛ ♣♦s✐çã♦ ❞❡ Xmax
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❋✐❣✉r❛ ✶✻✿ ✭❛✮ ❋✉♥çã♦ ❞❡ ❡①♣♦s✐çã♦ r❡❧❛t✐✈❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆s ❢❛✐①❛s ✐♥❞✐✲
❝❛❞❛s ♣❡❧❛s t♦♥❛❧✐❞❛❞❡s ❞❡ ❛③✉❧ r❡♣r❡s❡♥t❛♠ ✐♥t❡r✈❛❧♦s ❞❡ 15➦✳ ❖ ❡✐①♦ ❞❛s ♦r❞❡♥❛❞❛s é
r❡♣r❡s❡♥t❛❞♦ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❛r❜✐trár✐❛s ❡ t♦❞❛s ❛s ❝✉r✈❛s ❛♣❛r❡❝❡♠ ♥♦r♠❛❧✐③❛❞❛s ❡♠
r❡❧❛çã♦ ❛♦ ✈❛❧♦r ♠á①✐♠♦ ❞❛ ❢✉♥çã♦✳ ✭❜✮ ❊①♣♦s✐çã♦ r❡❧❛t✐✈❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠
❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✳ ❆s r❡❣✐õ❡s r❡ss❛❧t❛❞❛s ❡q✉✐✈❛❧❡♠ às ❢❛✐①❛s ❛♥❣✉❧❛r❡s ❛♣r❡s❡♥✲
t❛❞❛s ♥❛ ✜❣✉r❛ ✭❛✮✳ ❖ ❝ír❝✉❧♦ tr❛❝❡❥❛❞♦ ❡♠ t♦r♥♦ ❞❛ ♦r✐❣❡♠ ♣♦ss✉✐ ✉♠ r❛✐♦ ❞❡ ∼ 25.2➦
♥❛ ♣r♦❥❡çã♦ ❞❡ ❆✐t♦✛ ❡ r❡♣r❡s❡♥t❛ ♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❝♦♠♦ ♦❜s❡r✈❛❞♦ ❛ ♣❛rt✐r ❞❛
♣♦s✐çã♦ ❞❛ ❚❡rr❛✳
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✭♣♦♥t♦ ✈❡r♠❡❧❤♦✮ ❢♦✐ ♦❜s❡r✈❛❞❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡♥tr♦ ❞♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❡ ✉♠ ❞♦s

t❡❧❡s❝ó♣✐♦s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣r♦①✐♠✐❞❛❞❡ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦

❡♠ r❡❧❛çã♦ ❛♦ ♣ré❞✐♦ ❞♦ ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❣❡r❛ ❛ ❡s♣❡ss✉r❛ ❛♣r❡s❡♥t❛❞❛ ♥❛

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

❞❛ ❡♥❡r❣✐❛ ♥❛ ❛t♠♦s❢❡r❛ é ♠✉✐t♦ ❜❡♠ ❛❥✉st❛❞❛ ❛♦s ❞❛❞♦s✱ ❝♦♠♦ ♠♦str❛ ❛ ✜❣✉r❛ ✶✼✭❜✮✳

❉❛ r❡❝♦♥str✉çã♦ ❡♥❡r❣ét✐❝❛✱ é ♦❜t✐❞♦ (3.6± 0.2)× 1019 ❡❱ ♣❛r❛ ❡ss❡ ❡✈❡♥t♦✳

❆t✉❛❧♠❡♥t❡✱ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ♣r✐♠ár✐❛ ♥❛s ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ 1018 ❡❱ é

❞❡s❝♦♥❤❡❝✐❞❛✳ ❉✉r❛♥t❡ ♠✉✐t♦s ❛♥♦s✱ ❡ss❛ ár❡❛ ❞❡ ♣❡sq✉✐s❛ ❝❛r❡❝❡✉ ❞❡ ♠❡❞✐❞❛s ♣r❡❝✐s❛s

♦✉ ❞❡♥tr♦ ❞♦s ❧✐♠✐t❡s ❞❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❞❡t❡❝çã♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s✳ ❈♦♠ ♦s ❞❛❞♦s ❞❡

✢✉♦r❡s❝ê♥❝✐❛ ❝♦❧❡t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡ss❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣❛ss♦✉ ❛ s❡r

✐♥❢❡r✐❞❛ ❝♦♠ ❜❛s❡ ❡♠ ❞✐✈❡rs❛s ❤✐♣ót❡s❡s ♥♦ q✉❡ ❞✐③ r❡s♣❡✐t♦ à ❡①tr❛♣♦❧❛çã♦ ❞❡ ♠♦❞❡❧♦s

❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s✳ ❖s ❞❛❞♦s sã♦ ❛♥❛❧✐s❛❞♦s s❡❣✉♥❞♦ ❛ ❞❡s❝r✐çã♦ ❞❛❞❛ ♥❛ s✉❜✲

s❡çã♦ ✶✳✸✳✷✱ ♦✉ s❡❥❛✱ ❛tr❛✈és ❞❛ r❡❧❛çã♦ ❡①✐st❡♥t❡ ❡♥tr❡ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ♠é❞✐❛

❞♦s ❊❆❙✱ ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞♦s ♣❡r✜s ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧✱ ❡ ♦s ✐♥t❡r✈❛❧♦s

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

❞❡ q✉❛❧✐❞❛❞❡ ❞✐s❝✉t✐❞♦s ♥❡st❡ ❝❛♣ít✉❧♦ é ✉t✐❧✐③❛❞♦ ❡♠ s✉❛ t♦t❛❧✐❞❛❞❡✳ ❆♣❡♥❛s ❡✈❡♥t♦s

❤í❜r✐❞♦s sã♦ ❝♦♥s✐❞❡r❛❞♦s✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ❞❡t❡❝çã♦ ❞❛ ✢✉♦r❡s❝ê♥❝✐❛ ❞❡✈❡ t❡r ❛♦ ♠❡♥♦s

✉♠❛ ❡st❛çã♦ ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❡♠ ❝♦✐♥❝✐❞ê♥❝✐❛ ♣❛r❛ ♣r♦✈❡r ❛ ✐♥❢♦r♠❛çã♦ t❡♠♣♦r❛❧

♥♦ ♥í✈❡❧ ❞♦ s♦❧♦✳ ❖ ❡✈❡♥t♦ ❡①❡♠♣❧✐✜❝❛❞♦ ❛❝✐♠❛ é ✉♠ ❞❡ss❡s ❝❛s♦s✳ ❚r✐❣❣❡rs ❛❞✐❝✐♦♥❛✐s

♣❛r❛ ❡✈❡♥t♦s ❤í❜r✐❞♦s t❛♠❜é♠ sã♦ ❝♦♥s✐❞❡r❛❞♦s✳

❆ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♣✉❜❧✐❝♦✉✱ ❡♠ ✷✵✶✵ ✭r❡❢✳ ❬✼✸❪✮✱ ❛ ♣r✐♠❡✐r❛ ❛♥á❧✐s❡ ♥❡ss❡s

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

❛q✉✐s✐çã♦✳ ❋♦✐ ❝♦♥st❛t❛❞♦ q✉❡ ❛ r❡❧❛çã♦ ❡♥tr❡ 〈Xmax〉 ❡ ❛ ❡♥❡r❣✐❛ é ♠❡❧❤♦r ❞❡s❝r✐t❛ ♣♦r

❞✉❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ❝♦♥st❛♥t❡s ♥❛ r❡❣✐ã♦ > 1018 ❡❱✱ s❡♥❞♦ ❛ q✉❡❜r❛ ❧♦❝❛❧✐③❛❞❛

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♥❛ ❡♥❡r❣✐❛ 2× 1018 ❡❱ ✭✈❡❥❛ ❛ ❡q✉❛çã♦ ✭✶✼✮ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✷✮✳ ❖s

❛✉t♦r❡s ❞✐s❝✉t❡♠ q✉❡ s❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❛s ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ♥ã♦ ✈❛r✐❛♠ s✐❣♥✐✜✲

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

❝♦♠♣♦rt❛♠❡♥t♦ ✐♠♣❧✐❝❛r✐❛ ❡♠ ✉♠❛ ♠✉❞❛♥ç❛ ❞❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❞❛ ❝♦♠♣♦s✐çã♦

q✉í♠✐❝❛ s♦❜r❡ ♦ t♦r♥♦③❡❧♦✱ r❡❢♦rç❛♥❞♦ ❛ ❤✐♣ót❡s❡ ❞❡ ✉♠❛ tr❛♥s✐çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❛

❱✐❛ ▲á❝t❡❛ ♣❛r❛ r❛❞✐❛çã♦ ❡①tr❛❣❛❧á❝t✐❝❛✳ ❆ ✜❣✉r❛ ✶✽✭❛✮ ♠♦str❛ ❡ss❡ ♠❡s♠♦ ❡❢❡✐t♦ ❝♦♠

❜❛s❡ ❡♠ ♠❡❞✐❞❛s ♠❛✐s r❡❝❡♥t❡s r❡❛❧✐③❛❞❛s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

❆ ❛♣❛r❡♥t❡ q✉❡❜r❛ ❞❛ ✈❛r✐❛çã♦ ❞❡ 〈Xmax〉 s♦❜r❡ ❛ ❡♥❡r❣✐❛ ❡q✉✐✈❛❧❡♥t❡ à r❡❣✐ã♦

❞♦ t♦r♥♦③❡❧♦ ♥♦ ❡s♣❡❝tr♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ✐♠♣❧✐❝❛ ♥❛ t❡♥❞ê♥❝✐❛ ❞❡ q✉❡ ❡❧❡♠❡♥t♦s

q✉í♠✐❝♦s ♣❡s❛❞♦s s❡❥❛♠ ❛ss♦❝✐❛❞♦s ❛♦s ♣r✐♠ár✐♦s ❛❝✐♠❛ ❞❡ 1019 ❡❱✱ ❝♦♠♦ ♠♦str❛❞♦

♥❛ ✜❣✉r❛ ✶✽✭❜✮✳ ◆♦t❛✈❡❧♠❡♥t❡✱ ✉♠ ❡st✉❞♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ✷✵✵✼ ✭r❡❢✳ ❬✼✺❪✮ ♣r❡✈✐❛ q✉❡ ❛

✺✹



✭❛✮

✭❜✮

❋✐❣✉r❛ ✶✼✿ ✭❛✮ ❖ ❡✈❡♥t♦ 1542115✱ ❝♦♠♦ ✈✐st♦ ♣♦r três ❝â♠❡r❛s ❞♦ ♦❧❤♦ ❞❡ ❈♦✐❤✉❡❝♦✳
❆s ❝♦r❡s r❡♣r❡s❡♥t❛♠ ❛ ✐♥❢♦r♠❛çã♦ t❡♠♣♦r❛❧ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ❧✉③ às P▼❚s✱ ❡♥q✉❛♥t♦
♦ ♣♦♥t♦ ✈❡r♠❡❧❤♦ ❛ss✐♥❛❧❛ ❛ ♣♦s✐çã♦ ♦♥❞❡ ♦❝♦rr❡✉ ♦ Xmax✳ ❆ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ é
(3.6± 0.2) × 1019 ❡❱✳ ❋✐❣✉r❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ✐♥t❡r♥❛ ❞❛ ❝♦❧❛❜♦r❛çã♦ ❛ r❡s♣❡✐t♦ ❞♦
❞r❛❢t ❞❛ ♣✉❜❧✐❝❛çã♦ r❡❢❡r✐❞❛ ❡♠ ❬✼✸❪✳ ✭❜✮ P❡r✜❧ ❞❡ ❞✐str✐❜✉✐çã♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ●❛✐ss❡r✲
❍✐❧❧❛s ❛❥✉st❛❞♦ ❛♦s ❞❛❞♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❡✈❡♥t♦ 1542115✳ ●rá✜❝♦ ❛♣r❡s❡♥t❛❞♦ ♥❛
r❡❢❡rê♥❝✐❛❬✼✹❪✳

✺✺



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

❢♦♥t❡s é ♠✐st❛ ✭❍✱ ❍❡✱ ❡❧❡♠❡♥t♦s ❞♦ ❝✐❝❧♦ ❈◆❖✱ ❙✐ ❡ ❋❡✮ ❡ ❝♦♠ ❛❜✉♥❞â♥❝✐❛s s✐♠✐❧❛r❡s

❛♦s ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛✱ ♦✉ s❡❥❛✱ ❞❛s ♣❛rtí❝✉❧❛s ❝r✐❛❞❛s ❡ ❛❝❡❧❡r❛❞❛s

❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳

✭❛✮ ✭❜✮

❋✐❣✉r❛ ✶✽✿ ✭❛✮ 〈Xmax〉 ❡ ✭❜✮ ❘▼❙ (Xmax) ❝♦♠♦ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✳ ❆s ♣r❡✈✐sõ❡s ♣❛r❛
♣r✐♠ár✐♦s ❝♦♠♣♦st♦s ♣♦r ♣rót♦♥s ✭❧✐♥❤❛s ✈❡r♠❡❧❤❛s✮ ❡ ♥ú❝❧❡♦s ❞❡ ❢❡rr♦ ✭❧✐♥❤❛s ❛③✉✐s✮
sã♦ ❜❛s❡❛❞❛s ♥❛ ❡①tr❛♣♦❧❛çã♦ ❞❡ ✈ár✐♦s ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s✳ ❖ ♥ú♠❡r♦
❞❡ ❡✈❡♥t♦s ❡♠ ❝❛❞❛ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛ é ✐♥❞✐❝❛❞♦ ❛❜❛✐①♦ ❞♦s ♣♦♥t♦s ❡ ❛s ✐♥❝❡rt❡③❛s
s✐st❡♠át✐❝❛s sã♦ r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛ ❜❛♥❞❛ ❝✐♥③❛✳ ❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✾❪✳

❊✈❡♥t♦s ❞❡t❡❝t❛❞♦s ❛♣❡♥❛s ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ sã♦ ✉t✐❧✐③❛❞♦s ❡♠ ❛♥á❧✐s❡s

q✉❡ ❡♥✈♦❧✈❡♠ tr❛t❛♠❡♥t♦s ❡st❛tíst✐❝♦s r❡❧❛❝✐♦♥❛❞♦s às ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞♦s r❛✐♦s

❝ós♠✐❝♦s✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦s ❞❛❞♦s ❣❡r❛❞♦s ♣♦r ❡ss❡ t✐♣♦ ❞❡ ❞❡t❡❝t♦r ♣♦ss✉ír❡♠ ❜♦❛

r❡s♦❧✉çã♦ t❡♠♣♦r❛❧✱ r❡s✉❧t❛♥❞♦ ❡♠ ♣❛râ♠❡tr♦s ❡s♣❛❝✐❛✐s r❡❝♦♥str✉í❞♦s ❝♦♠ ♣r❡❝✐sã♦✳

❈♦♠♦ ❛s ❡st❛çõ❡s ♦♣❡r❛♠ 100✪ ❞♦ t❡♠♣♦✱ ❛ ❛♠♦str❛ ❞❡ ❡✈❡♥t♦s✱ ♠❡s♠♦ ❞❡♣♦✐s ❞❡

✜❧tr❛❞❛ ❛tr❛✈és ❞♦s tr✐❣❣❡rs✱ ❝♦♠♣r❡❡♥❞❡ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❛✐♦r ❞❡

❡✈❡♥t♦s ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❤í❜r✐❞♦s✳ ◆❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❡ss❛s ✐♥❢♦r♠❛çõ❡s sã♦

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

♣❡❧♦s s❡✉s ♣❛râ♠❡tr♦s ❞❡ r❡❝♦♥str✉çã♦✱ é ✐♥s❡r✐❞♦ ❡♠ ✉♠❛ ❧✐st❛ ♦r❞❡♥❛❞❛ ♣❡❧❛ ❞❛t❛ ❞❡

❞❡t❡❝çã♦✳

✺✻



✸ ❈❛♠♣♦s ♠❛❣♥ét✐❝♦s ❡♠ ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s

✸✳✶ ❊s❝❛❧❛s ❣❛❧á❝t✐❝❛s

❆ ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ♣❛rs❡❝ ✭♣❝✮✱ ❞♦ ✐♥❣❧ês ♣❛r❛❧❧❛① ♦❢ ♦♥❡ s❡❝♦♥❞✱ é ❞❡✜♥✐❞❛

❝♦♠♦ ❛ ❞✐stâ♥❝✐❛ ❡♠ q✉❡ ✉♠❛ ✉♥✐❞❛❞❡ ❛str♦♥ô♠✐❝❛ ✭❯❆✱ r❛✐♦ ♠é❞✐♦ ❞❛ ór❜✐t❛ t❡rr❡str❡✮

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

1 ♣❝ =
1 ❯❆
2

×
[

tan

(
1 ❛r❝s❡❝

2

)]−1

≈ 3.26 ❛♥♦s✲❧✉③✳

❆❧é♠ ❞❡st❛ ❡s❝❛❧❛ s❡r ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ♠❡❞✐❞❛s ❞❡ ♣❛r❛❧❛①❡✱ ❛ ♠❛✐♦r ❡str✉t✉r❛ ❞❛

❱✐❛ ▲á❝t❡❛✱ ♦ ❞✐s❝♦ ❣❛❧á❝t✐❝♦✱ ♣♦ss✉✐ ✉♠ r❛✐♦ ❛♣r♦①✐♠❛❞♦ 20 ❦♣❝✱ s❡♥❞♦ 4 ❦♣❝ ♦ r❛✐♦ ❞❛

♣❛rt❡ ❡s❢ér✐❝❛ ❝❡♥tr❛❧ ❝❤❛♠❛❞❛ ❜♦❥♦✳ ❖ ❙✐st❡♠❛ ❙♦❧❛r ❡stá ❧♦❝❛❧✐③❛❞♦ ❛ 8.5 ❦♣❝ ❞♦ ♥ú❝❧❡♦

♠❛❝✐ç♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✳ P♦rt❛♥t♦✱ ❛ ❡s❝❛❧❛ ✉s❛❞❛ ♣❛r❛ ❞✐stâ♥❝✐❛s

❣❛❧á❝t✐❝❛s é ♦ q✉✐❧♦♣❛rs❡❝ ✭❦♣❝✮✳ ❊♥tr❡ ❣❛❧á①✐❛s ❝♦♠✉♥s✸✻✱ ❛s ❞✐stâ♥❝✐❛s sã♦ t✐♣✐❝❛♠❡♥t❡

✉♥✐❞❛❞❡s ♦✉ ❞❡③❡♥❛s ❞❡ ♠❡❣❛♣❛rs❡❝s ✭▼♣❝✮✳ ❈♦♠♦ ❡①❡♠♣❧♦✱ ❛ ❣❛❧á①✐❛ ▼87✱ ♣ró①✐♠❛

❛♦ ❝❡♥tr♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ❧♦❝❛❧✐③❛✲s❡ ❛ 16.75 ▼♣❝ ❞♦ ❙♦❧✳

❊s❝❛❧❛s ❝♦s♠♦❧ó❣✐❝❛s ❞❡ t❡♠♣♦✸✼ sã♦ ❞❛ ♦r❞❡♠ ❞❡ ❣✐❣❛✲❛♥♦s ✭●❛✮✳ ❖ ❛♥á❧♦❣♦

t❡♠♣♦r❛❧ ♣❛r❛ q✉❛❧q✉❡r ❞✐♥â♠✐❝❛ ❞❡♥tr♦ ❞❡ ✉♠❛ ❣❛❧á①✐❛ ❝♦♠ ❞✐♠❡♥sõ❡s ♣ró①✐♠❛s às

❞❛ ❱✐❛ ▲á❝t❡❛ é ♦ q✉✐❧♦✲❛♥♦ ✭❦❛✮✱ ❥á q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦

c ≈ 0.306
❦♣❝
❦❛

✳

❖ Pr♦❥❡t♦ ❆✉❣❡r é ❞❡❞✐❝❛❞♦ ❛ ❝❛r❛❝t❡r✐③❛r r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱

q✉❡ ❝♦♠♣r❡❡♥❞❡ ❛ r❡❣✐ã♦ & 1 ❊❡❱ ≈ 0.16 ❏✳ ❈♦♠♦ ♣❛rt❡ ❞❡ss❛ r❛❞✐❛çã♦ é ♣r♦✈✐❞❛ ❞❡

❝❛r❣❛ ❡❧étr✐❝❛✱ ❡❧❛ ❡stá s✉❥❡✐t❛ à ❛çã♦ ❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s q✉❡ ♣❡r♠❡✐❛♠ ♦ ♣❧❛s♠❛

❞❛ ❱✐❛ ▲á❝t❡❛ ❡ ❝✉❥❛s ✐♥t❡♥s✐❞❛❞❡s sã♦ ❞❛ ♦r❞❡♠ ❞❡ ♠✐❝r♦❣❛✉ss ✭µ●✮ ♥❛ r❡❣✐ã♦ ❞♦ ❞✐s❝♦✳

❯♠ ♣❛râ♠❡tr♦ ❡st✐♠❛❞♦r ❞❡ss❛ ✐♥t❡r❛çã♦ é ♦ r❛✐♦ ❞❡ ▲❛r♠♦r✱ q✉❡ ♥❛s ❡s❝❛❧❛s

❞✐s❝✉t✐❞❛s ❛❝✐♠❛ t♦♠❛ ❛ ❢♦r♠❛
✸✻❚♦♠❛♥❞♦ ❛ ♣♦s✐çã♦ ❞♦ ❙♦❧ ❝♦♠♦ r❡❢❡rê♥❝✐❛✱ ❛ ●r❛♥❞❡ ◆✉✈❡♠ ❞❡ ▼❛❣❛❧❤ã❡s é ✉♠❛ ❣❛❧á①✐❛ ✐rr❡❣✉❧❛r

❛ (50.4± 1.3) ❦♣❝ ✭r❡❢✳ ❬✼✻❪✮✱ ❡♥q✉❛♥t♦ ❈ã♦ ▼❛✐♦r é ✉♠❛ ❣❛❧á①✐❛ ❛♥ã ❝✉❥❛ r❡❣✐ã♦ ♠❛✐s ❞❡♥s❛ ❡stá
❧♦❝❛❧✐③❛❞❛ ❛ (7.9± 0.3) ❦♣❝ ❡ ∼ 8➦ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦ ✭r❡❢✳ ❬✼✼❪✮✱ ♦✉ s❡❥❛✱ ❡❧❛ ❡stá ❡♠ ❝♦❧✐sã♦
❝♦♠ ❛ ❱✐❛ ▲á❝t❡❛✳

✸✼❖ ❛♥♦ é ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦ q✉❡ ♥ã♦ é ♠❡♥❝✐♦♥❛❞❛ ♥♦ ❙✐st❡♠❛ ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ❯♥✐❞❛❞❡s✳ ❆
❯✳❙✳ ▼❡tr✐❝ ❆ss♦❝✐❛t✐♦♥ r❡❝♦♠❡♥❞❛ ♦ ✉s♦ ❞♦ sí♠❜♦❧♦ ❛✱ ♦r✐❣✐♥ár✐♦ ❞♦ ❧❛t✐♠ ❛♥♥✉s ✭✷✵✵✽✱ r❡❢✳ ❬✼✽❪✮✳ ❖s
♣r❡✜①♦s ❦✐❧♦✱ ♠❡❣❛ ❡ ❣✐❣❛ sã♦ ✉s❛❞♦s ❝♦♠✉♠❡♥t❡ ❝♦♠ ♦ sí♠❜♦❧♦ ❞♦ ❛♥♦✱ ❡♠ ❣❡♦❧♦❣✐❛✱ ♣❛r❛ ❢♦r♠❛r ♦s
♠ú❧t✐♣❧♦s ❦❛✱ ▼❛ ❡ ●❛✳ ❖ sí♠❜♦❧♦ ②r✱ ❞♦ ✐♥❣❧ês ②❡❛r✱ t❛♠❜é♠ é ❡♥❝♦♥tr❛❞♦ ❛♠♣❧❛♠❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛✳

✺✼



r❦♣❝ ≈ 1.081
E❊❡❱

ZBµ●
sinα✱ ✭✷✾✮

s❡♥❞♦ α ♦ â♥❣✉❧♦ ❡♥tr❡ ♦s ✈❡t♦r❡s ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❝♦♥❤❡❝✐❞♦

❝♦♠♦ â♥❣✉❧♦ ❞❡ ♣❛ss♦✳ P❛r❛ ♦ ❝❛s♦ ❞❡ ♥ú❝❧❡♦s✱ Z é ♦ ♥ú♠❡r♦ ❛tô♠✐❝♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❏á

❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③✱ q✉❡ ♣❡r♠✐t❡ ❞❡r✐✈❛r ♦ ♠♦✈✐♠❡♥t♦ ❞❛ ❝❛r❣❛✱ ✜❝❛ ❡s❝r✐t❛ ❝♦♠♦

d~v❦♣❝✴❦❛ ≈ 0.284
Z

E❊❡❱

(

~v × ~Bµ●

)

dt❦❛✳ ✭✸✵✮

◆❛ ♥♦t❛çã♦ ❛❞♦t❛❞❛ ♥❡st❛ t❡s❡✱ ❛ss✐♠ ❝♦♠♦ ♥❛ ♠❛✐♦r✐❛ ❞❛ ❧✐t❡r❛t✉r❛ ❛str♦❢ís✐❝❛✱ ✉♠❛

✈❛r✐á✈❡❧ V é r❡♣r❡s❡♥t❛❞❛ ❡♠ ✉♥✐❞❛❞❡s ❞❡ ✏✉♥✑ ❝♦♠♦

V✉♥ ≡
(

V

1 ✉♥

)

✳

❆s ❝♦♥st❛♥t❡s q✉❡ ❛♣❛r❡❝❡♠ ♥❛s ❡q✉❛çõ❡s ✭✷✾✮ ❡ ✭✸✵✮ ✐♥❞✐❝❛♠ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ t❡♠ ✉♠❛ ✐♥✢✉ê♥❝✐❛ ❝♦♥s✐❞❡rá✈❡❧ s♦❜r❡ ♦ ♠♦✈✐♠❡♥t♦ ❞♦s r❛✐♦s

❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ♥❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❣❛❧á①✐❛ ❡ é ❡ss❡♥❝✐❛❧ ♥❛

❞❡t❡r♠✐♥❛çã♦ ❞❡ s✉❛s tr❛❥❡tór✐❛s ❛té ❛ ❚❡rr❛✳ ❆s ❢♦♥t❡s ❞♦s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❡st❛

s❡çã♦ s❡rã♦ r❡❢❡r❡♥❝✐❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦ t❡①t♦✳

✸✳✷ ❖ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧

❯♠ s✐st❡♠❛ ♠❡❝â♥✐❝♦ ❞❡ N ❝♦r♣♦s✱ ♦♥❞❡ ❛ k✲és✐♠❛ ♣❛rtí❝✉❧❛ ❡stá ❧♦❝❛❧✐③❛❞❛ ♥❛ ♣♦s✐çã♦

~rk s♦❜ ❛çã♦ ❞❛ ❢♦rç❛ r❡s✉❧t❛♥t❡ ~Fk✱ é ❞❡s❝r✐t♦ ❡♠ ❢✉♥çã♦ ❞❡ s✉❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❡

♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛ t♦t❛✐s K ❡ I✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣♦r

1

2

d2I

dt2
= 2K +

N∑

k=1

~Fk · ~rk✳ ✭✸✶✮

❙❡ ♦ s✐st❡♠❛ é ❧✐❣❛❞♦ ❡ ❡st❛❝✐♦♥ár✐♦✱ I é ❧✐♠✐t❛❞♦ ❡ ❛ ♠é❞✐❛ t❡♠♣♦r❛❧ ❞❛ ❡q✉❛çã♦ ✭✸✶✮

r❡s✉❧t❛ ♥♦ q✉❡ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧

2 〈K〉+
N∑

k=1

〈

~Fk · ~rk
〉

= 0✱ ✭✸✷✮

✺✽



❛♣❧✐❝❛❞♦ ♥❛ ❛str♦❢ís✐❝❛ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ❩✇✐❝❦② ✭✶✾✸✼✱ r❡❢✳ ❬✼✾❪✮ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛

♠❛ss❛ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❈♦♠❛✸✽✱ ❝♦♠ ♦ r❡s✉❧t❛❞♦ ❞❡ ✉♠ ❡①❝❡ss♦ ∼ 530 ✈❡③❡s ♦ ✈❛❧♦r

❞❛ ♠❛ss❛ ♦❜t✐❞♦ ❛tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ❧✉♠✐♥♦s✐❞❛❞❡✱ s✉❣❡r✐♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛

♠❛tér✐❛ s✉♣♦st❛♠❡♥t❡ ❡s❝✉r❛✳

◆❛ ❡q✉❛çã♦ ✭✸✷✮✱ ♦ ❢❛t♦ ❞♦ t❡r♠♦ ♥❛ s♦♠❛tór✐❛ t❡r ❞✐♠❡♥sã♦ ❞♦ ♣r♦❞✉t♦ ❡♥tr❡

♣r❡ssã♦ ❡ ✈♦❧✉♠❡ ♣❛ss♦✉ ❛ s❡r ❡①♣❧♦r❛❞♦ ❡♠ ❛str♦❢ís✐❝❛ ♥❛ ❛♥á❧✐s❡ ❞❡ ♣r♦❜❧❡♠❛s ❡♠

q✉❡ ♣r❡ssõ❡s ❞❡ ♥❛t✉r❡③❛s ❞✐❢❡r❡♥t❡s ♣♦ss✉❡♠ ♠❡s♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛✳ ❈♦♠♦ s❡rá

♠❡♥❝✐♦♥❛❞♦ ♠❛✐s t❛r❞❡✱ ❈❤❛♥❞r❛s❡❦❤❛r ❡ ❋❡r♠✐ ✭✶✾✺✸✱ r❡❢✳ ❬✽✵❪✮ ❡s❝r❡✈❡r❛♠ ♦ t❡♦r❡♠❛

❞❛ ❡q✉✐♣❛rt✐çã♦

2 〈K〉+ 3 (γ − 1) 〈U〉+ 〈M〉+ 〈Ug〉 = 0

♣❛r❛ ❛ ❱✐❛ ▲á❝t❡❛✱ r❡❧❛❝✐♦♥❛♥❞♦ ❛s ❡♥❡r❣✐❛s ❝✐♥ét✐❝❛ ❞❛s ❡str❡❧❛s✱ tér♠✐❝❛ ❞❡ ❣❛s❡s

♠♦❧❡❝✉❧❛r❡s ✭s❡♥❞♦ γ ❛ r❛③ã♦ ❡♥tr❡ ♦s ❝❛❧♦r❡s ❡s♣❡❝í✜❝♦s✮✱ ♠❛❣♥ét✐❝❛ ❡ ♣♦t❡♥❝✐❛❧ ❣r❛✲

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

s❡♥❞♦ 6 µ● ✭r❡❢✳ ❬✽✶❪✮✳ ❯♠ ✈❛❧♦r ❛t✉❛❧✱ ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❛♥á❧✐s❡ ❞❡ r❛❞✐❛çã♦ sí♥❝r♦tr♦♥✱

é (6± 2) µ● ✭r❡❢✳ ❬✽✷❪✮✳ ❖ ♠ét♦❞♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❝❛♠♣♦s

♠❛❣♥ét✐❝♦s ♥❛ ❣❛❧á①✐❛ t❛♠❜é♠ s❡rá ❞✐s❝✉t✐❞♦ ♠❛✐s ❛❞✐❛♥t❡✳

✸✳✸ ❖❜s❡r✈❛çã♦ ❞✐r❡❝✐♦♥❛❧ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s

❖ t❡r♠♦ ✏♣❧❛s♠❛✑ ❢♦✐ ❝✉♥❤❛❞♦ ♣♦r ✉♠ ❢✉♥❝✐♦♥ár✐♦ ❞❛ ●❡♥❡r❛❧ ❊❧❡❝tr✐❝ ❝❤❛♠❛❞♦ ▲❛♥❣✲

♠✉✐r✸✾✱ ❡♠ ✶✾✷✼✱ ♣❛r❛ s❡ r❡❢❡r✐r ❛ ✉♠ ❣ás ✐♦♥✐③❛❞♦✳ ■♥✈❡st✐❣❛♥❞♦ ❛r❝♦s ❞❡ ❞❡s❝❛r❣❛ ❡♠

❣❛s❡s ❝♦♥st✐t✉í❞♦s ♣♦r ✉♠❛ ❡s♣é❝✐❡ a ✭≡ ♣, e, i ♥♦ ❝❛s♦ ❞❡ ♣rót♦♥s✱ ❡❧étr♦♥s ♦✉ í♦♥s✮✱ ❡❧❡

❞❡s❝♦❜r✐✉ ♠♦✈✐♠❡♥t♦s ♦s❝✐❧❛tór✐♦s r❡❧❛❝✐♦♥❛❞♦s ❛ ✉♠❛ ❢r❡qüê♥❝✐❛ ♥❛t✉r❛❧

ωp,a =

√

Z2
a e

2 na

ε0 ma

✭✸✸✮

♣❛r❛ ❝❛r❣❛s qa = Za e ❝♦♠ ♠❛ss❛ ma ❡ ❞❡♥s✐❞❛❞❡ ❞❡ ♥ú♠❡r♦ na ✭r❡❢✳ ❬✽✸❪✮✳ ❙❡ ♦ ❣ás ❢♦r

❢♦r♠❛❞♦ ♣♦r ✈ár✐❛s ❡s♣é❝✐❡s ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s✱ ❡♥tã♦ ❛ ❢r❡qüê♥❝✐❛ ❞♦ ♣❧❛s♠❛ é

❞❛❞❛ ♣♦r
✸✽❩✇✐❝❦② ✉s♦✉ ♦ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧ ♥❛ ❢♦r♠❛ 2 〈K〉 + 〈Ug〉 = 0✱ ♦♥❞❡ Ug é ❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧

❣r❛✈✐t❛❝✐♦♥❛❧✳
✸✾❊♠ ✶✾✸✷✱ ▲❛♥❣♠✉✐r ❣❛♥❤♦✉ ♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ◗✉í♠✐❝❛ ♣❡❧♦ ❡st✉❞♦ ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s ❡♠

✐♥t❡r❢❛❝❡s✳

✺✾



ωp =

√
∑

a

ω2
p,a✳

❆ss✐♠ ❝♦♠♦ ❡♠ ✉♠ ♠❡✐♦ ❞✐❡❧étr✐❝♦✱ ♦s ❝❛♠♣♦s ❞❡ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝❛r✲

❛❝t❡r✐③❛❞❛ ♣♦r
(

ω,~k
)

sã♦ ❛❧t❡r❛❞♦s ❛♦ ❧♦♥❣♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❛tr❛✈és ❞❡ss❡ t✐♣♦ ❞❡ ✢✉✐❞♦✳

◆♦ r❡❣✐♠❡ ♥ã♦✲r❡❧❛t✐✈íst✐❝♦✱ ❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❱❧❛s♦✈ ✭✶✾✸✽✱ r❡❢✳ ❬✽✹❪✮ ✉s❛ ✉♠❛ ❢✉♥çã♦ ❞❡

❞✐str✐❜✉✐çã♦ ♠❛①✇❡❧❧✐❛♥❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❞❛s ♣❛rtí❝✉❧❛s ♣❛r❛ ❝❛❧❝✉❧❛r ♦ t❡♥s♦r r❡s♣♦st❛

Kij

(

ω,~k
)

❞❡ ✉♠ ❣ás ✐♦♥✐③❛❞♦ tér♠✐❝♦ s❡♠ ♠❛❣♥❡t✐③❛çã♦✱ ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦ ❛♦s

t❡♥s♦r❡s ❞❡ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❡ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞❡ ✉♠ ♠❡✐♦✳ ❉❡✜♥✐♥❞♦ ♦ ✈❡t♦r ✉♥✐tár✐♦

~κ = ~k/k✱ ❛ ❢♦r♠❛

Kij

(

ω,~k
)

= KL
ij

(

ω,~k
)

κiκj +KT
ij

(

ω,~k
)

(δij − κiκj) ✭✸✹✮

é ❡s❝r✐t❛ ♣❛r❛ ✉♠ ♠❡✐♦ ✐s♦tró♣✐❝♦ ❝♦♠ ❛ s❡♣❛r❛çã♦ ❡♥tr❡ ❛s ♣❛rt❡s ❧♦♥❣✐t✉❞✐♥❛❧ ❡

tr❛♥s✈❡rs❛ ✭r❡❢✳ ❬✽✺❪✮✳ ❖♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s q✉❡ s❡ ♣r♦♣❛❣❛♠ ♣♦r ✉♠ ♣❧❛s♠❛ ❝♦♠

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

Λij

(

ω,~k
)

Ej

(

ω,~k
)

= 0, ✭✸✺✮

♦♥❞❡ Ej

(

ω,~k
)

é ❛ j✲és✐♠❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡

Λij

(

ω,~k
)

=
c2k2

ω2
(κiκj − δij) +Kij

(

ω,~k
)

é ♦ ♦♣❡r❛❞♦r ❞❡ ▼❛①✇❡❧❧✳ ❆ ❝♦♥❞✐çã♦ ♣❛r❛ q✉❡ ❛s s♦❧✉çõ❡s ❞❛ ❡q✉❛çã♦ ✭✸✺✮ ❡①✐st❛♠ é

♦❜t✐❞❛ ❛tr❛✈és ❞♦ ❞❡t❡r♠✐♥❛♥t❡

Λ
(

ω,~k
)

= 0✱

q✉❡ ♣❛ss♦✉ ❛ s❡r ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❡q✉❛çã♦ ❞❡ ❞✐s♣❡rsã♦✳ ❈❛❞❛ ✉♠❛ ❞❛s ❞✉❛s s♦❧✉çõ❡s

❡stá r❡❧❛❝✐♦♥❛❞❛ às ♣❛rt❡s s❡♣❛r❛❞❛s q✉❡ ❝♦♠♣õ❡♠ Kij

(

ω,~k
)

♥❛ ❡q✉❛çã♦ ✭✸✹✮✳ ❊♠

♣❛rt✐❝✉❧❛r✱ ❛ s♦❧✉çã♦ q✉❡ ❝♦♥té♠ ❛ ❝♦♠♣♦♥❡♥t❡ tr❛♥s✈❡rs❛ ❞♦ t❡♥s♦r r❡s♣♦st❛ ❞❡✜♥❡ ♦

í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦

N2 = ℜ
[

KT
(

ω,~k
)]

✱

q✉❡ ♣♦❞❡ s❡r r❡❡s❝r✐t♦ ❝♦♠♦

✻✵



N2 = 1−
∑

a

ω2
p,a

ω2
✳ ✭✸✻✮

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

❞❡ ❣r✉♣♦ ❞❡ ✉♠ ♣✉❧s♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ vg = cN ✱ é ✉♠❛ ❢✉♥çã♦ ❞❛ ❢r❡qüê♥❝✐❛

❞❛ ♦♥❞❛✱ ❝♦♠ ♦ í♥❞✐❝❡ ❞❡ r❡❢r❛çã♦ N = N (ω) ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✻✮✳ ▼❡s♠♦ q✉❡

ω ≫ ωp✱ ❛ r❡❞✉çã♦ ❞❡ss❛ ✈❡❧♦❝✐❞❛❞❡ ❝❛✉s❛ ✉♠❛ ❞✐s♣❡rsã♦ s✐❣♥✐✜❝❛t✐✈❛ ♥♦ s✐♥❛❧ ❛♦ ❧♦♥❣♦

❞♦ ♣❡r❝✉rs♦ ♣♦r ❞✐stâ♥❝✐❛s ❣r❛♥❞❡s ✭r❡❢✳ ❬✽✻❪✮✳ ❉❛❞❛ ✉♠❛ ❢♦♥t❡ ❞❡ r❛❞✐❛çã♦ ♥❛ ♣♦s✐çã♦

a ❡ ✉♠ ♦❜s❡r✈❛❞♦r ❧♦❝❛❧✐③❛❞♦ ❡♠ b✱ ❛ ❞✐❢❡r❡♥ç❛ ♥♦ t❡♠♣♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❞✉❛s ♦♥❞❛s

❝♦♠ ❢r❡qüê♥❝✐❛s ω ❡ ω + δω✱ ♥❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ s✱ é

δt =
1

c

δω

ω3

ˆ

b

a

ds
∑

a

ω2
p,a✳ ✭✸✼✮

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❡q✉❛çã♦ ✭✸✸✮ ♣❛r❛ ✉♠ ♣❧❛s♠❛ ❢♦r♠❛❞♦ ♣♦r ♣rót♦♥s ❡ ❡❧étr♦♥s ❝♦♠

n♣ ∼ ne✱

∑

a=♣,e

ω2
p,a ≈

(

1 +
me

m♣

)
e2

ε0 me

ne ✭✸✽✮

✈❛r✐❛ ❛♣❡♥❛s ❝♦♠ ne✱ q✉❡ é ✉♠❛ ❢✉♥çã♦ ❝♦♠ ❞❡♣❡♥❞ê♥❝✐❛ ❡s♣❛❝✐❛❧✳ ❈♦♠ ❛ ❛♣r♦①✐♠❛çã♦

me ≪ m♣✱ ❛ ❞✐s♣❡rsã♦ ❞♦ s✐♥❛❧ ❡♠ r❡❧❛çã♦ ❛♦ t❡♠♣♦✱ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✭✸✼✮✱ ♣❛ss❛ ❛

s❡r ❡s❝r✐t❛ ❝♦♠♦

δω

δt
=

ε0mec

e2
ω3

MD
✱ ✭✸✾✮

♦♥❞❡ ❛ q✉❛♥t✐❞❛❞❡

MD =

ˆ

b

a

ds ne (s)

é ❝❤❛♠❛❞❛ ♠❡❞✐❞❛ ❞❡ ❞✐s♣❡rsã♦✳

◆♦ ❝❛s♦ ❞❡ ✉♠ ♣❧❛s♠❛ ♥ã♦✲r❡❧❛t✐✈íst✐❝♦ ♠❛❣♥❡t✐③❛❞♦✱ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦♥❞❛s

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

❧✐♥❤❛s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ B =
∣
∣
∣ ~B
∣
∣
∣✳ P❛r❛ ✉♠❛ ❡s♣é❝✐❡ a✱ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❣✐r♦ é ❞❛❞❛

♣♦r

Ωa =
ZaeB

ma

✳

✻✶



❊♠ ✉♠ ❣ás ✐♦♥✐③❛❞♦ ❝♦♠♣♦st♦ ♣♦r ❡❧étr♦♥s ❡ ♣rót♦♥s✱ ♦ ❢❛t♦ ❞❡ me ≪ m♣ ✐♠♣❧✐❝❛ ❡♠

Ωe ≫ Ω♣✳ ❆ss✐♠✱ ♣rót♦♥s s❡rã♦ ♠❡♥♦s ♣❡rt✉r❜❛❞♦s ♣♦r ♦♥❞❛s ❡❧❡tr♦♠❛❣♥ét✐❝❛s ❝♦♠

ω ≫ Ω♣ ❡♠ r❡❧❛çã♦ ❛♦s ❡❧étr♦♥s ❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ ♣❧❛s♠❛ é ✐♥t❡✐r❛♠❡♥t❡ ❞❡t❡r♠✐♥❛❞❛

❛tr❛✈és ❞❡ ✉♠ t❡♥s♦r r❡s♣♦st❛ ❝♦♠ ❡❧❡♠❡♥t♦s ❞❡♣❡♥❞❡♥t❡s ❞❡ Ωe✳ ❖ ✐♠♣♦rt❛♥t❡ ❛❣♦r❛

é q✉❡ ❡①✐st❡♠ t❡r♠♦s ♥ã♦✲❞✐❛❣♦♥❛✐s ♥❛ r❡♣r❡s❡♥t❛çã♦ ❞❡ Kij

(

ω,~k
)

♣♦r ✉♠❛ ♠❛tr✐③

3× 3✱ ❛❧é♠ ❞❡❧❛ ♥ã♦ s❡r s✐♠étr✐❝❛✳ ◗✉❛♥❞♦ ♦ ❞❡t❡r♠✐♥❛♥t❡ ❞♦ ♦♣❡r❛❞♦r ❞❡ ▼❛①✇❡❧❧ é

❛♥✉❧❛❞♦✱ ❛ r❡❧❛çã♦ ❞❡ ❞✐s♣❡rsã♦ r❡s✉❧t❛♥t❡ ❡♥✈♦❧✈❡ ✉♠❛ ❢♦r♠❛ ❜✐q✉❛❞rát✐❝❛ ❡♠ N ❝✉❥❛s

s♦❧✉çõ❡s ❡stã♦ ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞❛s ❛♦s s❡♥t✐❞♦s ❞❡ ♣♦❧❛r✐③❛çã♦ ❧❡✈ó❣✐r❛ ✭E✮ ❡ ❞❡①tró❣✐r❛

✭D✮ ❞❛ ♦♥❞❛✳ ❍❛rtr❡❡ ✭✶✾✸✶✱ r❡❢✳ ❬✽✼❪✮ ❡ ❆♣♣❧❡t♦♥ ✭✶✾✸✷✱ r❡❢✳ ❬✽✽❪✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ❡ss❛

❞❡s❝r✐çã♦ ♥♦ ❡st✉❞♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❡ ♦♥❞❛s ❞❡ rá❞✐♦ ♣❡❧❛ ✐♦♥♦s❢❡r❛✱ ♦❜t❡♥❞♦ ♦s í♥❞✐❝❡s

❞❡ r❡❢r❛çã♦

N2
E
D
= 1−

(

1± Ωe

ω
cos θ

)−1 ∑

a=♣,e

ω2
p,a

ω2
✱ ✭✹✵✮

♦♥❞❡ θ é ♦ â♥❣✉❧♦ ❡♥tr❡ ♦ ✈❡t♦r ❞❡ ♦♥❞❛ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❧♦❝❛❧ ✭r❡❢✳ ❬✽✻❪✮✳ ❆ ❢✉♥çã♦

cos θ ♣r♦✈é♠ ❞❛ ✐♥t❡r❛çã♦ ✐♥❞✐r❡t❛ ❞❡ss❛s q✉❛♥t✐❞❛❞❡s r❡❧❛❝✐♦♥❛❞❛s ❛tr❛✈és ❞♦ ✈❡t♦r ❞❡

♣♦❧❛r✐③❛çã♦✳ ❖❜s❡r✈❡ q✉❡ ❛ ❡①♣r❡ssã♦ ✭✹✵✮ r❡❝❛✐ ♥❛ ❡q✉❛çã♦ ✭✸✻✮ ♥♦ ❧✐♠✐t❡ Ωe → 0✱ ♦✉

s❡❥❛✱ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳

◗✉❛♥❞♦ ✉♠❛ ♦♥❞❛ ♠♦♥♦❝r♦♠át✐❝❛ ♣❡r❝♦rr❡ ✉♠ ♣❧❛s♠❛ ♠❛❣♥❡t✐③❛❞♦✱ s✉❛ ♣♦❧❛✲

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

♠❡♥t❡✱ ❝♦♠ ❛♠♣❧✐t✉❞❡s ✐❣✉❛✐s ❡ ❢❛s❡s ❛ss♦❝✐❛❞❛s ❛ s❡♥t✐❞♦s ♦♣♦st♦s ❞❡ r♦t❛çã♦✳ ❙❡❣✉♥❞♦

❛ ❡q✉❛çã♦ ✭✹✵✮✱ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡ é r❡❢r❛t❛❞❛ ❝♦♠ ✉♠❛ ♠❛❣♥✐t✉❞❡ ❞✐❢❡r❡♥t❡ ❡ ♦ ♣❧❛♥♦

❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ r❡s✉❧t❛♥t❡ r♦❞❛ ❛♦ ❧♦♥❣♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❛ ♦♥❞❛✳ ❙♦❜r❡ ❛ ❧✐♥❤❛ ❞❡

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

~k · (~rb − ~ra)− ωt = ω

(
ks

ω
− t

)

= ω

(
Ns

c
− t

)

❡ ♦ ❡❧❡♠❡♥t♦ ❞♦ â♥❣✉❧♦ ❞❡ r♦t❛çã♦ ❞♦ ♣❧❛♥♦✱ ❞❛❞❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♣❡r❝♦rr✐❞❛ ds✱ s❡rá

dφ =
1

2
ω (NE −ND)

ds

c
✳

❈♦♠♦ ❝♦♥s✐❞❡r❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ s❡❥❛ n♣ ∼ ne ♣❛r❛ ✉♠ ♣❧❛s♠❛ q✉❡ é ♣❡r❝♦rr✐❞♦ ♣♦r

✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝♦♠ ❢r❡qüê♥❝✐❛ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❧t❛ ❞❡ ♠♦❞♦ q✉❡ ω ≫ Ωe✳

❉❛❞❛s ❡ss❛s ❝♦♥❞✐çõ❡s ❡me ≪ m♣ ♥❛ ❢♦r♠❛ ✭✸✽✮✱ ♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ sã♦ ❛♣r♦①✐♠❛❞♦s

♣♦r

✻✷



NE
D
≈ 1− 1

2

(

1∓ Ωe

ω
cos θ

)
e2

ε0 me

ne

ω2

❡ ❛ss✐♠

dφ =
e3

4πε0m2
ec

ne

ω2
B cos θds✳

P♦rt❛♥t♦✱ ❛ ♦❜s❡r✈❛çã♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝♦♠ ❢r❡qüê♥❝✐❛ ω ❞❡✈❡ ❝♦♥s✐❞❡r❛r

✉♠ â♥❣✉❧♦ ❞❡ r♦t❛çã♦ ❞❛ ♣♦❧❛r✐③❛çã♦ ♥❛ ♣❛ss❛❣❡♠ ♣♦r ✉♠ ♣❧❛s♠❛ ❛str♦❢ís✐❝♦ ❧♦❝❛❧✐③❛❞♦

♥❛ ♠❡s♠❛ ❞✐r❡çã♦✱ ❞❛❞♦ ♣♦r

φ =
MR

ω2

❡♠ r❡❧❛çã♦ à ♣♦s✐çã♦ ❛♥❣✉❧❛r ❡♠ q✉❡ ❡ss❡ ♣❧❛♥♦ é ❞❡t❡❝t❛❞♦✳ ❊st❡ ❡❢❡✐t♦ r❡❝❡❜❡ ♦ ♥♦♠❡

❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛②✳ ❖ ♣❛râ♠❡tr♦

MR =
e3

4πε0m2
ec

ˆ

b

a

ds ne (s)B‖ (s) ✭✹✶✮

é ❝❤❛♠❛❞♦ ♠❡❞✐❞❛ ❞❡ r♦t❛çã♦ ❡ B‖ (s) = B (s) cos θ é ❛ ♠❛❣♥✐t✉❞❡ ❞❛ ♣r♦❥❡çã♦ ❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠é❞✐♦ q✉❡ ♣❡r♠❡✐❛ ♦ ♣❧❛s♠❛ s♦❜r❡ ❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❡♥tr❡ ♦ ♦❜s❡r✈❛❞♦r

❡ ❛ ❢♦♥t❡✳

❆ ❢r❡qüê♥❝✐❛ ❞♦ ♣❧❛s♠❛ ♥❛ ❛♣r♦①✐♠❛çã♦ ✭✸✽✮ é ❡st✐♠❛❞❛ ❝♦♠♦

(ωp

❍③

)2

=
∑

a=♣,e

(ωp,a

❍③

)2

∼ 3.2× 109
( ne

❝♠3

)

✱

❛ ♣❛rt✐r ❞❛ q✉❛❧ ❙❝❤❧✐❝❦❡✐s❡r ✭r❡❢✳ ❬✽✻❪✮ ♥♦t❛ q✉❡✱ ♥❛ r❡❣✐ã♦ ót✐❝❛ ✭ω ≈ 1015 ❍③✮✱ ❛

❞✐s♣❡rsã♦ ♥ã♦ s❡r✐❛ ✉♠ ❡❢❡✐t♦ ♠❡♥s✉rá✈❡❧✱ ❡♥q✉❛♥t♦ ♣❛r❛ ♦♥❞❛s ❞❡ rá❞✐♦ ✭ω ≈ 1019 ❍③✮

♣r♦❞✉③✐r✐❛ ✉♠ ❡❢❡✐t♦ ♦❜s❡r✈á✈❡❧✳ ❆❧é♠ ❞✐ss♦✱ ❥á ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ q✉❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s

♥❛ ❱✐❛ ▲á❝t❡❛✱ ♣♦r ❡①❡♠♣❧♦✱ sã♦ ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ♠✐❝r♦❣❛✉ss✳ ❊♠ ✉♠ ♣❧❛s♠❛

❣❛❧á❝t✐❝♦✱ ♣♦rt❛♥t♦✱ ❡❧étr♦♥s t❡r✐❛♠ ❢r❡qüê♥❝✐❛ ❛♥❣✉❧❛r

(
Ωe

❍③

)

≈ 17.6Bµ●✱

s❛t✐s❢❛③❡♥❞♦ ω ≫ Ωe ♣❛r❛ ❛ r❡❣✐ã♦ ❞❡ r❛❞✐♦❢r❡qüê♥❝✐❛✳ ❖❜s❡r✈❡ t❛♠❜é♠ q✉❡ ❡ss❛ ❞❡✲

s✐❣✉❛❧❞❛❞❡ ❛♣r♦①✐♠❛ ♦s í♥❞✐❝❡s ❞❡ r❡❢r❛çã♦ ❞❛❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ✭✹✵✮ ❡ ✭✸✻✮ ♠❡s♠♦ q✉❡

Ωe s❡❥❛ ❞✐❢❡r❡♥t❡ ❞❡ ③❡r♦✱ t♦r♥❛♥❞♦ ♣♦ssí✈❡❧ q✉❛♥t✐✜❝❛r ❝♦♥❝♦♠✐t❛♥t❡♠❡♥t❡ ❛s ♠❡❞✐❞❛s

❞❡ ❞✐s♣❡rsã♦ ❡ ❞❡ r♦t❛çã♦✳
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❏✉♥t❛s✱ ❛s ♠❡❞✐❞❛s ❞❡ r♦t❛çã♦ ❡ ❞✐s♣❡rsã♦ ❝♦♠♣õ❡♠ ♦ ♠ét♦❞♦ ❛t✉❛❧ ♣❛r❛ ❛ ❞❡t❡r✲

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

♣❧❛s♠❛s r❡❧❛❝✐♦♥❛❞♦s ❛ ❣❛❧á①✐❛s✱ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ B‖✱ ❝♦♠♦ ❞❡❞✉③✐❞❛ ♥❛ ♣♦s✐çã♦ ❞❛

❚❡rr❛✱ s❡❥❛ ❛ ❝♦♠♣♦♥❡♥t❡ ♠❛✐s ❡①♣r❡ss✐✈❛ ❞❡ B✳ ❋✐①❛♥❞♦✲s❡ ❛ ❞✐r❡çã♦ ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡

r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❝✉❥❛ ❞✐stâ♥❝✐❛ ❡ ❡s♣❡❝tr♦ sã♦ ❝♦♥❤❡❝✐❞♦s✱ ✐ss♦ é ❢❡✐t♦ ❛ ♣❛rt✐r ❞❛

♦❜t❡♥çã♦ ❞❛ ❝♦❧✉♥❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s tér♠✐❝♦s ♥❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦✱ ne (s)✱ ❛tr❛✈és

❞❡ q✉❛♥t♦ ✉♠❛ ❢r❡qüê♥❝✐❛ ♣❛rt✐❝✉❧❛r ❞❡ ✉♠ ♣✉❧s♦ é ❞❡s✈✐❛❞❛ ✭✈❡❥❛ ❡q✉❛çã♦ ✭✸✾✮✮✳ P❛r❛

❡ss❡ ♠❡s♠♦ ♣✉❧s♦✱ ❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛s ♦r✐❡♥t❛çõ❡s ❞♦ ♣❧❛♥♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ♥❛

❢♦♥t❡ ❡ ♥❛ ❚❡rr❛✱ à ♠❡s♠❛ ❢r❡qüê♥❝✐❛✱ r❡s✉❧t❛ ♥❛ ❛✈❛❧✐❛çã♦ ❞❛ ✐♥t❡❣r❛❧ ♥❛ ❡q✉❛çã♦ ✭✹✶✮ ❡✱

♣♦r ✜♠✱ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠é❞✐♦ ♥♦ ♣❧❛s♠❛✳ ❆ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦

é ❛♠❜í❣✉❛ ♣♦r ±mπ✱ ♦♥❞❡ m é ✉♠ ✐♥t❡✐r♦✳

❋✐❣✉r❛ ✶✾✿ ❉✐str✐❜✉✐çã♦ ❞❡ ❡❧étr♦♥s ❧✐✈r❡s ♥❛ ❱✐❛ ▲á❝t❡❛ s❡❣✉♥❞♦ ♠❡❞✐❞❛s ❞❡ ❞✐s♣❡rsã♦✳
❆ ♣♦s✐çã♦ ❞♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦ ♠❛r❝❛ ♦ ❝❡♥tr♦ ❞♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛✳ ❖ q✉❛❞r❛❞♦
♣r❡t♦✱ ❛♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ r❡♣r❡s❡♥t❛çã♦ ✉s✉❛❧ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✱ é ❛ ◆❡❜✉❧♦s❛ ❞❡ ●✉♠✳
❋✐❣✉r❛ ♣✉❜❧✐❝❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛ ❬✽✾❪✳

❊✈✐❞❡♥t❡♠❡♥t❡✱ ✉♠ ❜♦♠ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ t❛✐s ❢♦♥t❡s é ❛❜s♦❧✉t❛♠❡♥t❡ ♥❡❝❡ssár✐♦
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❋✐❣✉r❛ ✷✵✿ ❉✐str✐❜✉✐çã♦ ❞❡ ♠❡❞✐❞❛s ❞❡ r♦t❛çã♦ ❞❡ 374 ♣✉❧s❛r❡s ❝♦♠ ❧❛t✐t✉❞❡ ❣❛❧á❝t✐❝❛
|b| < 8➦✱ ♣r♦❥❡t❛❞❛s ♥♦ ♣❧❛♥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❆s ❝r✉③❡s ❡ ♦s ❝ír❝✉❧♦s r❡❢❡r❡♠✲s❡ ❛
MR > 0 ❡ MR < 0✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ❜r❛ç♦s ❡s♣✐r❛✐s ❞❡ ♠❛tér✐❛ sã♦ r❡♣r❡s❡♥t❛❞♦s
♣❡❧❛s ❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s ❡ ♦s ✈❡t♦r❡s ✈❡r♠❡❧❤♦s sã♦ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ s❡♥t✐❞♦ ❞♦ ❝❛♠♣♦
♠❛❣♥ét✐❝♦ ❡♠ ❝❛❞❛ r❡❣✐ã♦✳ ❋✐❣✉r❛ r❡t✐r❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✾✵❪✳

♣❛r❛ ❡ss❛ t❛r❡❢❛✳ ❆ s♦❧✉çã♦ sã♦ ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ♣✉❧s❛r❡s✱ ❝✉❥❛

❛ss♦❝✐❛çã♦ ❡♥tr❡ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦✱ r❛✐♦ ❡q✉❛t♦r✐❛❧ ❡ ❣❡♦♠❡tr✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

♣r♦❞✉③ r❛❞✐❛çã♦ sí♥❝r♦tr♦♥✱ ❛tr❛✈és ❞❡ ❡❧étr♦♥s✱ ❝♦❧✐♠❛❞❛ ♥❛s ❞✐r❡çõ❡s ❞♦s ♣ó❧♦s ♠❛❣✲

♥ét✐❝♦s✳ ❙❡ ♦ ❡✐①♦ ❞❡ r♦t❛çã♦ ❞❛ ❡str❡❧❛ ♥ã♦ ❝♦✐♥❝✐❞❡ ❝♦♠ ♦ ❡✐①♦ ❞♦ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦✱

♦ q✉❡ é ❝♦♠✉♠✱ ❡ss❛ ❧✉③ é ♦❜s❡r✈❛❞❛ ❝♦♠♦ ♣✉❧s♦s ❝❛s♦ ❛ ❚❡rr❛ ❡st❡❥❛ ❧♦❝❛❧✐③❛❞❛ ♥♦ ❝❛✲

♠✐♥❤♦ ♣♦r ♦♥❞❡ ♦s ❝♦♥❡s ❞❡ ❡♠✐ssã♦ ✈❛rr❡♠ ♦ ❡s♣❛ç♦✳ ❆ ♣♦❧❛r✐③❛çã♦ ê ❞❡ss❛ r❛❞✐❛çã♦

é ❜❡♠ ❡st❛❜❡❧❡❝✐❞❛ ♣❡❧♦s ♣♦t❡♥❝✐❛✐s ❞❡ ▲✐é♥❛r❞✲❲✐❡❝❤❡rt✿ s❡ n̂ = (~rb − ~ra) / |~rb − ~ra| é
✉♠ ✈❡t♦r ✉♥✐tár✐♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❡♥tr❡ ♦ ♦❜s❡r✈❛❞♦r ❡ ❛ ❢♦♥t❡✱ ❡♥tã♦

ê ∝ n̂×
(

n̂× d~β

dt

)

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

✈❡❧♦❝✐❞❛❞❡ ~v = ~βc✱ ❡♠✐t✐♥❞♦ ❧✉③ ✭r❡❢✳ ❬✶✼❪✮✳ P✉❧s❛r❡s t❛♠❜é♠ ♣♦ss✉❡♠ ✉♠❛ ❞✐str✐❜✉✐çã♦

❡s♣❛❝✐❛❧ ❢♦rt❡♠❡♥t❡ ❝♦rr❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ s❡♥❞♦ ❛ ❞❡♥s✐❞❛❞❡ s✉♣❡r✲
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✜❝✐❛❧ ❞❡ ♥ú♠❡r♦ ❞❡ss❛s ❡str❡❧❛s ✉♠❛ ❢✉♥çã♦ ✐♥✈❡rs❛ ❞❛ ❡①♣♦♥❡♥❝✐❛❧ ❞♦ r❛✐♦ ❞❛ ❣❛❧á①✐❛

✭r❡❢✳ ❬✾✶❪✮✳ ❆tr❛✈és ❞❡ ❞❛❞♦s ♦❜s❡r✈❛❝✐♦♥❛✐s ❞❡ ♣✉❧s❛r❡s✱ ❚❛②❧♦r ❡ ❈♦r❞❡s ✭r❡❢✳ ❬✽✾❪✮ ♠❛✲

♣❡❛r❛♠ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❡❧étr♦♥s q✉❡ ❝♦♠♣õ❡♠ ♦ ♣❧❛s♠❛ ❣❛❧á❝t✐❝♦ ✉t✐❧✐③❛♥❞♦ ♠❡❞✐❞❛s

❞❡ ❞✐s♣❡rsã♦ ❡ ♦ ♣❛❞rã♦ ❞♦s ❜r❛ç♦s ❡♠ ❢♦r♠❛ ❡s♣✐r❛❧ ❛♣❛r❡❝❡✉ ❡♠ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠

♦ ♠♦❞❡❧♦ ❞❡ ●❡♦r❣❡❧✐♥ ❡ ●❡♦r❣❡❧✐♥ ✭r❡❢✳ ❬✾✷❪✮✳ ❖ r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ❣r❛✜❝❛♠❡♥t❡

♥❛ ✜❣✉r❛ ✶✾✳ ◆❛s r❡❣✐õ❡s ♦♥❞❡ ❛ ❞❡♥s✐❞❛❞❡ ❛t✐♥❣❡ ✈❛❧♦r❡s ♠á①✐♠♦s✱ ne ≈ 0.18 ❝♠−3

❡♠ ✉♠ ❜r❛ç♦ ❡ ne ≈ 0.25 ❝♠−3 ♣ró①✐♠♦ ❛♦ ❝❡♥tr♦ ❞❛ ◆❡❜✉❧♦s❛ ❞❡ ●✉♠✳ ❆♣❡s❛r ❞❛

♣r♦①✐♠✐❞❛❞❡ ❞❛ ♥❡❜✉❧♦s❛✱ ne ≈ 0.019 ❝♠−3 ♥❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✳

◆❛ ❡st✐♠❛t✐✈❛
〈
B‖

〉
= MR/MD✱ t❛♥t♦ ❛ ♠❡❞✐❞❛ ❞❡ ❞✐s♣❡rsã♦✱ q✉❛♥t♦ ❛ ♠❡❞✐❞❛

❞❡ r♦t❛çã♦ sã♦ ✐♥t❡❣r❛✐s ❡ ❝❛rr❡❣❛♠ ✐♥❢♦r♠❛çõ❡s ❞❡ ✈ár✐❛s ♥✉✈❡♥s ❞❡ ♣❧❛s♠❛ ❛tr❛✈❡s✲

s❛❞❛s ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❞✐stâ♥❝✐❛ ❞♦ ♣✉❧s❛r ❝✉❥♦ s✐♥❛❧ é ❡s❝♦❧❤✐❞♦ ♣❛r❛ ❛♥á❧✐s❡✳ P❛r❛ ❛

❞❡t❡r♠✐♥❛çã♦ ❞❛s ❞✐str✐❜✉✐çõ❡s ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ♥❛ ❣❛❧á①✐❛✱ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡❧étr♦♥s

❧✐✈r❡s é ♠❛✐s ❞✐r❡t❛ ♣♦rq✉❡ ❡❧❛ ♣♦❞❡ s❡ ❜❛s❡❛r ♥❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛ ❧✉♠✐♥♦s❛ ✭s❡❥❛

❡st❛ ❡♠✐ss♦r❛ ❞❡ r❛✐♦s✲❳ ♦✉ ❡♠ ♦✉tr❛ ❢❛✐①❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✮✳ ❉❡ ❢❛t♦✱ ✐ss♦

é ❡①❛t❛♠❡♥t❡ ♦ ♦❜s❡r✈❛❞♦ ♥❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ❞❡ ♠❡❞✐❞❛s ❞❡ ❞✐s♣❡r✲

sã♦ ❡✱ ♣♦r ❡①❡♠♣❧♦✱ ❞❛ ❞❡t❡❝çã♦ ❞❡ ♦♥❞❛s ❞❡ rá❞✐♦ ❣❡r❛❞❛s ♣❡❧❛ tr❛♥s✐çã♦ ❤✐♣❡r✜♥❛ ❞♦

❤✐❞r♦❣ê♥✐♦ ♥❡✉tr♦✳ ❈❛❞❛ ❢r❡qüê♥❝✐❛ r❡✈❡❧❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♠❛tér✐❛ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❛

❚❡rr❛✳ P♦ré♠✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ♥ã♦ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ♣❧❛s♠❛ ❡♠

s✐✱ ♠❛s ❛♦s ♠♦✈✐♠❡♥t♦s t✉r❜✉❧❡♥t♦s ✐♥trí♥s❡❝♦s ❛ ❡ss❡ ❣ás✱ s❡♠ ❝♦rr❡❧❛çã♦ ❛❧❣✉♠❛ ❝♦♠

❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛✳ ◆❛ ❛✉sê♥❝✐❛ ❞❡ ✉♠❛ ❞✐r❡tr✐③✱ ❛ ♠❡❞✐❞❛ ❞❡ r♦t❛çã♦ ❞❡✈❡ s❡

❢✉♥❞❛r ♥❛ r❛❞✐❛çã♦ ❞♦s ♣✉❧s❛r❡s ✐♥✐❝✐❛❧♠❡♥t❡ ❧♦❝❛❧✐③❛❞♦s ♣ró①✐♠♦ à ❚❡rr❛ ❡ ♣r♦❣r❡s✲

s✐✈❛♠❡♥t❡ ♠❛✐s ❛❢❛st❛❞♦s✳ ❆ ❝♦❡rê♥❝✐❛ ♥❛ ✈❛r✐❛çã♦ ❞❡ MR ❝♦♠ ❛ ❞✐stâ♥❝✐❛ é ✉s❛❞❛

♣❛r❛ ❞✐t❛r ♦ s❡♥t✐❞♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❧♦❝❛❧ ❡ ❛s ♣r✐♠❡✐r❛s r❡✈❡rsõ❡s ♥❛ ❞✐r❡çã♦ ❞❡

✉♠❛ ár❡❛ ❡s♣❡❝í✜❝❛ ❞♦ ❝é✉✱ ❛té q✉❡ ❡ss❛ ♠❡❞✐❞❛ s❡❥❛ ❝♦♠♣❧❡t❛♠❡♥t❡ ♣❡r❞✐❞❛ ❛♣ós ♦

❝r✉③❛♠❡♥t♦ ❞❡ ✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ r❡❣✐õ❡s ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♣❧❛s♠❛✳ ❆ ✜❣✉r❛ ✷✵

♠♦str❛ ✉♠ ❡①❡♠♣❧♦ ❞❡ ❛♥á❧✐s❡ ❞❛ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ❡♠ t♦r♥♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✳ ❇❡❝❦

❡t ❛❧✳ ✭✶✾✾✻✱ r❡❢✳ ❬✾✸❪✮ ❛❞✈❡rt❡♠ q✉❡ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞❡ ~B (~r)✱ ✐♥❢❡r✐❞♦ ❞❡ss❛ ♠❛♥❡✐r❛✱

❞❡♣❡♥❞❡ ❞❛ ♦❜s❡r✈❛çã♦ ❞❡ ♣✉❧s❛r❡s ❛ (2− 3) ❦♣❝ ❞♦ ❙♦❧✱ ♦✉ ❡♥tã♦ ❞❡ ❢♦♥t❡s ❞❡ rá❞✐♦

❡①tr❛❣❛❧á❝t✐❝❛s ❝♦♠ ❧❛t✐t✉❞❡ ❣❛❧á❝t✐❝❛ ❣r❛♥❞❡✱ ❞❡ ♠♦❞♦ ❛ ❧✐♠✐t❛r r❡❣✐õ❡s r❡♠♦t❛s ♦♥❞❡

♦ ❝❛♠♣♦ é ❞❡s❝♦♥❤❡❝✐❞♦✳

✸✳✹ ❆ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛

❊♠ ✶✾✹✷✱ ❆❧❢✈é♥ ✭r❡❢✳ ❬✾✹❪✮ ✉s♦✉ ❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③ ❡ ❛s ❧❡✐s ❞❡ ❖❤♠ ❡ ❞❡ ❆♠♣èr❡

♣❛r❛ ❝♦♠❜✐♥❛r ❛s ❡q✉❛çõ❡s ❞♦ ❡❧❡tr♦♠❛❣♥❡t✐s♠♦ ❡ ❞❛ ❤✐❞r♦❞✐♥â♠✐❝❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

✻✻



❡st✉❞❛r ❛s ❢♦rç❛s ♠❡❝â♥✐❝❛s q✉❡ ❛❣❡♠ s♦❜r❡ ✉♠ ✢✉✐❞♦ ❝♦♥❞✉t♦r q✉❡ s❡ ❞❡s❧♦❝❛ ❝♦♠

✈❡❧♦❝✐❞❛❞❡ ~v ♣♦r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ~B✳ ◆♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ s❡ ♠♦✈❡ ❝♦♠

✉♠ ✢✉✐❞♦ ❞❡ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ σ✱ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ t♦t❛❧ é ♣r♦♣♦r❝✐♦♥❛❧ à ❞❡♥s✐❞❛❞❡

❞❡ ❝♦rr❡♥t❡ ~J ❡ é ❞❛❞♦ ♣♦r

~E + ~v × ~B = ~Etotal =
~J

σ
✱ ✭✹✷✮

♦♥❞❡ ~E é ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥♦ ✢✉✐❞♦ ❡♠ r❡♣♦✉s♦✳ ❊ss❛ ✐❞é✐❛ r❡s✉❧t♦✉ ♥❛ ❡q✉❛çã♦ ❞❡

✐♥❞✉çã♦

∂ ~B

∂t
= ∇×

(

~v × ~B
)

+ η∇2 ~B✱ ✭✹✸✮

q✉❡ ♣♦ss✉✐ ✉♠ t❡r♠♦ ❡①♣❧✐❝✐t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦ à ❞✐❢✉s✐✈✐❞❛❞❡ ♠❛❣♥ét✐❝❛ η = 1/ (µσ)✱

♦♥❞❡ µ é ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❞♦ ♠❡✐♦✳ ❈♦♥s✐❞❡r❡ l0 ❡ v0 ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦

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

❞✐r❡✐t♦ ❞❛ ✐❣✉❛❧❞❛❞❡ ✭✹✸✮ é✱ ❡♠ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛✱ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦

❞❡ ❘❡②♥♦❧❞s✹✵

Rm =
l0v0
η

✱ ✭✹✹✮

✉♠❛ ❡st✐♠❛t✐✈❛ ❞♦ ❡❢❡✐t♦ ❞❡ ❛❞✈❡❝çã♦ ♠❛❣♥ét✐❝❛ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❞✐❢✉sã♦ ♠❛❣✲

♥ét✐❝❛✳ ◆❛ ❛str♦❢ís✐❝❛✱ ♣r❛t✐❝❛♠❡♥t❡ t♦❞♦s ♦s ❣❛s❡s ❞♦ ✉♥✐✈❡rs♦ ♣♦ss✉❡♠ ✉♠ ❣r❛✉

❞❡ ✐♦♥✐③❛çã♦ ❛❧t♦✱ ♦✉ s❡❥❛✱ sã♦ ♣❧❛s♠❛s✱ ❞❡ ♠♦❞♦ q✉❡ s✉❛s ❝♦♥❞✉t✐✈✐❞❛❞❡s ❡❧étr✐❝❛s

σ → ∞✳ ❊ss❡ ❡❢❡✐t♦ r❡❞✉③ ❛ ❞✐❢✉s✐✈✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ❛ η ≈ 0✱ ✐♠♣❧✐❝❛♥❞♦ ❡♠ Rm ≫ 1✳

❈♦♠♦ ❡①❡♠♣❧♦✱ Pr✐❡st ✭r❡❢✳ ❬✾✺❪✮ ❡st✐♠❛ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❙♦❧ ❞❡✈❡ s❡ ❞✐✲

❢✉♥❞✐r ❡♠ ✉♠❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦ τd = l20/η ∼ 1010 ❛♥♦s✱ ❝♦♠♣❛rá✈❡❧ à ✐❞❛❞❡ ❞♦ ✉♥✐✈❡rs♦

(13.69± 0.13)× 109 ❛♥♦s ✭✷✵✵✽✱ r❡❢✳ ❬✹✷❪✮✳ ◆❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❛s ❡str✉t✉r❛s ❞❛

❱✐❛ ▲á❝t❡❛✱ ❡ss❡ t❡♠♣♦ é ❛✐♥❞❛ ♠❛✐♦r✳

❆ ♣r✐♠❡✐r❛ ❝♦♥s❡qüê♥❝✐❛ ✐♠♣♦rt❛♥t❡ ❞♦ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❡②♥♦❧❞s s❡r ≫ 1

é q✉❡ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ t♦t❛❧ é ♥✉❧♦ ♥❡ss❡s ❣❛s❡s✱ r❡❞✉③✐♥❞♦ ❛ ❡q✉❛çã♦ ✭✹✷✮ ❛

~E + ~v × ~B = 0✳ ✭✹✺✮

❆ss✐♠✱ ❛♣❡♥❛s ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ❝♦♥s✐❞❡r❛❞♦ ♥♦ tr❛t❛♠❡♥t♦ ❞❡ ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s✳

❊♠ s❡❣✉♥❞♦ ❧✉❣❛r✱ η ≈ 0 r❡❞✉③ ❛ ❡q✉❛çã♦ ✭✹✸✮ à ❢♦r♠❛

✹✵❊st❛ q✉❛♥t✐❞❛❞❡ é ❛❞✐♠❡♥s✐♦♥❛❧✳

✻✼



∂ ~B

∂t
= ∇×

(

~v × ~B
)

✳ ✭✹✻✮

❈♦♥s✐❞❡r❛♥❞♦ ♥♦✈❛♠❡♥t❡ ✉♠ ✢✉✐❞♦ ❝♦♥❞✉t♦r q✉❡ s❡ ❞❡s❧♦❝❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ~v ♣♦r ✉♠

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ~B✱ s❡❥❛ ✉♠❛ ❝✉r✈❛ C✱ ❞❡❧✐♠✐t❛♥❞♦ ♦ ❝♦♥t♦r♥♦ ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ S✱ ♥♦
s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ q✉❡ s❡ ♠♦✈❡ ❥✉♥t♦ ❝♦♠ ♦ ♣❧❛s♠❛✳ ❉❛❞♦ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦

dt✱ ✉♠ ❡❧❡♠❡♥t♦ d~ℓ ❞❡ C ♣❡r❝♦rr❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ár❡❛ ~vdt × d~ℓ✳ ❆ t❛①❛ ❞❡ ✈❛r✐❛çã♦

t♦t❛❧ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ❛tr❛✈és ❞♦ ❝♦♥t♦r♥♦ C é ❡s❝r✐t❛ ♥❛s ❝♦♠♣♦♥❡♥t❡s

d

dt

¨

S

~B · d~S =

¨

S

∂ ~B

∂t
· d~S +

˛

C

~B ·
(

~v × d~ℓ
)

✳

❯s❛♥❞♦ ❛ r❡❧❛çã♦ ~B ·
(

~v × d~ℓ
)

=
(

−~v × ~B
)

· d~ℓ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ t❡♦r❡♠❛ ❞❡ ❙t♦❦❡s✱

❡ss❛ ❡q✉❛çã♦ é r❡❡s❝r✐t❛ ♥❛ ❢♦r♠❛

d

dt

¨

S

~B · d~S =

¨

S

[

∂ ~B

∂t
−∇×

(

~v × ~B
)
]

· d~S✳

❖❜s❡r✈❡✱ ♣♦ré♠✱ q✉❡ ❛ s✉❜st✐t✉✐çã♦ ❞❛ ❡q✉❛çã♦ ✭✹✻✮ ♥❛ ❢ór♠✉❧❛ ❛❝✐♠❛ r❡s✉❧t❛ ❡♠

d

dt

¨

S

~B · d~S = 0✱

❞❡s❝r❡✈❡♥❞♦ ♦ q✉❡ é ❝❤❛♠❛❞♦ ❞❡ ❝♦♥❣❡❧❛♠❡♥t♦ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♥♦ ♣❧❛s♠❛

✭r❡❢✳ ❬✾✻❪✮✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡❧❡♠❡♥t♦

❞❡ ✈♦❧✉♠❡ ✜♥✐t♦ ❞♦ ✢✉✐❞♦ ♣❡r♠❛♥❡❝❡♠ ♣r❡s❛s à ♠❛tér✐❛✱ s❡✉ ♥ú♠❡r♦ é ❝♦♥s❡r✈❛❞♦ ❡ ❡❧❛s

sã♦ tr❛♥s♣♦rt❛❞❛s ❝♦♠ ❡❧❡✳ ❊ss❡ ❡❢❡✐t♦ t❛♠❜é♠ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ t❡♦r❡♠❛ ❞❡ ❆❧❢✈é♥✳

❆s ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❛str♦❢ís✐❝❛s l0 ❣❛r❛♥t❡♠ q✉❡ ♦ ❝❛♠♣♦ ♥ã♦ s❡ ❞✐❢✉♥❞❡ ❡

❝♦♠♣♦♥❡♥t❡s ❞❡ ♣r❡ssã♦ ❡ t❡♥sã♦ ♠❛❣♥ét✐❝❛s ♣❛ss❛♠ ❛ t❡r ✉♠❛ ❝♦♥tr✐❜✉✐çã♦ ✐♠♣♦rt❛♥t❡

♥♦ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧✱ ❝♦♠ ❛ ♠❡s♠❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❞♦s t❡r♠♦s ❣r❛✈✐t❛❝✐♦♥❛❧ ❡

❝✐♥ét✐❝♦✳

✸✳✺ ❊❧❡tr♦❞✐♥â♠✐❝❛ ❞❡ ❝❛♠♣♦s ♠é❞✐♦s

❆ ✐♥✈❡st✐❣❛çã♦ ❞❡ ❝♦♠♦ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❣❛❧á❝t✐❝♦s ❡ ❡st❡❧❛r❡s ❡✈♦❧✉❡♠ ♥♦ t❡♠♣♦

t❡✈❡ ♦r✐❣❡♠ ❝♦♠ ❛ ♦❜s❡r✈❛çã♦ ❞❡ q✉❡ ♦ ❝❛♠♣♦ ❡①t❡r♥♦ ❞❛ ❚❡rr❛✱ ❞✐♣♦❧❛r✱ ♣♦ss✉✐ ✉♠

❞❡❝❛✐♠❡♥t♦ ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ❛ t❛①❛ ♣r❡✈✐st❛ ❛tr❛✈és ❞❡ ♣❡r❞❛s ô❤♠✐❝❛s ♥♦ ♥ú✲

✻✽



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

♦✉tr♦ ❧❛❞♦✱ ❛ ♥❛t✉r❡③❛ ❧íq✉✐❞❛ ❞❡ss❡ ♥ú❝❧❡♦ ❞❡✈❡ ✐♠♣❧✐❝❛r ❡♠ ✉♠❛ r♦t❛çã♦ ♥ã♦✲✉♥✐❢♦r♠❡✱

t♦r❝❡♥❞♦ ❧♦❝❛❧♠❡♥t❡ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❡♠ ✉♠❛ ❣❡♦♠❡tr✐❛ t♦r♦✐❞❛❧✳ ❊♠ ✶✾✸✸✱ ❈♦✇❧✐♥❣

✭r❡❢✳ ❬✾✼❪✮ ❤❛✈✐❛ ♠♦str❛❞♦ q✉❡ q✉❛❧q✉❡r ❝❛♠♣♦ ❝♦♠ s✐♠❡tr✐❛ ❛③✐♠✉t❛❧✱ ♣♦r s✐ só✱ ♥ã♦

♣♦❞❡r✐❛ s❡ s✉st❡♥t❛r✱ ❧❡✈❛♥❞♦ à ♣r♦♣♦st❛ ❞❡ q✉❡ ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ❡stá ❛t✉❛♥❞♦✿

✉♠❛ ❣❡♦♠❡tr✐❛ r❡❣❡♥❡r❛ ❛ ♦✉tr❛✱ ❡ ✈✐❝❡✲✈❡rs❛✳ ▼❡s♠♦ ❝♦♠ ♦ ❛❞✈❡♥t♦ ❞❛ ♠❛❣♥❡t♦❤✐❞r♦❞✲

✐♥â♠✐❝❛✱ P❛r❦❡r ✭r❡❢✳ ❬✾✽❪✮ ♠♦str♦✉✱ ❡♠ ✶✾✺✺✱ q✉❡ ❛ ❡q✉❛çã♦ ❞❡ ✐♥❞✉çã♦ ✭❡q✉❛çã♦ ✭✹✸✮✱

♥❛ s❡çã♦ ✸✳✹✮ ❡①♣❧✐❝❛ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ t♦r♦✐❞❛❧ ❛ ♣❛rt✐r ❞♦ ❞✐♣♦❧❛r✱ ♠❛s ♥ã♦

♦ r❡✈❡rs♦✳ ❖ ❛✉t♦r ❢♦✐ ♣✐♦♥❡✐r♦ ❛♦ ✐♥❝♦r♣♦r❛r ♠♦✈✐♠❡♥t♦s ❝í❝❧✐❝♦s ❞♦ ✢✉✐❞♦ ❝♦♥❞✉t♦r

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

t♦r♦✐❞❛❧✱ ♠❛s s✉❛ ❛♥á❧✐s❡ q✉❛❧✐t❛t✐✈❛ ♥ã♦ ❣❡r♦✉ ✐♠♣❛❝t♦ ♥❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛✳

❯♠ ❢♦r♠❛❧✐s♠♦ ❝♦♥❝✐s♦ ❡ ❛♠♣❧❛♠❡♥t❡ ❛❝❡✐t♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ✏❡❧❡tr♦❞✐♥â♠✐❝❛

❞❡ ❝❛♠♣♦s ♠é❞✐♦s✑✱ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❙t❡❡♥❜❡❝❦ ❡t ❛❧✳ ❡♠ ✶✾✻✻ ✭r❡❢✳ ❬✾✾❪✮✱ ❡♠ q✉❡ ♦

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

~v (~r, t) ❡ ~B (~r, t)✱ ❛ss♦❝✐❛❞❛s às ❡s❝❛❧❛s ❞❡ ❝♦♠♣r✐♠❡♥t♦ L ❡ t❡♠♣♦ T ✱ ❡ ❝♦♠♣♦♥❡♥t❡s

❛❧❡❛tór✐❛s ~u (~r, t) ❡~b (~r, t)✱ ❝♦♠ ❡s❝❛❧❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ℓ0 ❡ t0✱ t❛✐s q✉❡ L ≫ ℓ0 ❡ T ≫ t0✳

❙✉♣♦♥❞♦

~vtotal = ~v + ~u

❡

~Btotal = ~B +~b✱

q✉❛❧q✉❡r ♦♣❡r❛çã♦ ❞❡ ✈❛❧♦r ♠é❞✐♦ ❢♦✐ ❞❡✜♥✐❞❛ ❡♠ r❡❧❛çã♦ às ✈❛r✐á✈❡✐s ❞❡ ♣♦s✐çã♦ a ❡

t❡♠♣♦ τ ♦❜❡❞❡❝❡♥❞♦ L ≫ a ≫ ℓ0 ❡ T ≫ τ ≫ t0✱ ❞❡ ♠♦❞♦ q✉❡ 〈~vtotal〉 = ~v✱
〈

~Btotal

〉

= ~B

❡ 〈~u〉 =
〈

~b
〉

= 0✳ ❆ s✉❜st✐t✉✐çã♦ ❞❡ss❛s ❢✉♥çõ❡s t♦t❛✐s ♥❛ ❡q✉❛çã♦ ❞❡ ✐♥❞✉çã♦ ❧❡✈❛ ❛♦

❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦

∂ ~B

∂t
= ∇×

(

~v × ~B
)

+∇× ~E + η∇2 ~B ✭✹✼✮

❡ às ✢✉t✉❛çõ❡s

∂~b

∂t
= ∇×

(

~v ×~b
)

+∇×
(

~u× ~B
)

+∇× ~G+ η∇2~b✱ ✭✹✽✮

♦♥❞❡ ~E =
〈

~u×~b
〉

❡ ~G = ~u × ~b −
〈

~u×~b
〉

✳ ❖❜s❡r✈❡ q✉❡ ❛ ❡q✉❛çã♦ ✭✹✼✮ é s❡♠❡❧✲

✻✾



❤❛♥t❡ à ❡q✉❛çã♦ ❞❡ ✐♥❞✉çã♦ ❞❛ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛✳ ❖ t❡r♠♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ ❞♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❛❝✐♠❛ é ~E ✱ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❢♦rç❛ ❡❧❡tr♦♠♦t✐✈❛ ♠é❞✐❛ ❞❛s ✢✉t✉❛çõ❡s✳

❖ s✉❝❡ss♦ ❞❛ t❡♦r✐❛ ✈❡♠ ❞❛ ❛♥á❧✐s❡ ❞❛ ❡q✉❛çã♦ ✭✹✽✮✳ ❖ t❡r♠♦ ∇ ×
(

~u× ~B
)

❛❣❡ ❝♦♠♦ ✉♠❛ ❢♦♥t❡ ❣❡r❛❞♦r❛ ❞♦ ❝❛♠♣♦ ✢✉t✉❛♥t❡ ~b ❛tr❛✈és ❞❡ ~B✳ ❙✉♣♦♥❞♦ ❛❧❣✉♠

✐♥st❛♥t❡ ✐♥✐❝✐❛❧ ❡♠ q✉❡ ~b = 0✱ ❛ ❧✐♥❡❛r✐❞❛❞❡ ❞❛ ❡q✉❛çã♦ ❣❛r❛♥t❡ q✉❡ ♦s ❝❛♠♣♦s ~b ❡
~B sã♦ ❧✐♥❡❛r♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s✱ s❡❣✉✐♥❞♦ q✉❡ ~E =

〈

~u×~b
〉

❡ ~B ❞❡✈❡♠ ♣♦ss✉✐r ✉♠❛

r❡❧❛çã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❧✐♥❡❛r ✭r❡❢✳ ❬✶✵✵❪✮✳ ❉❛❞❛ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❡s❝❛❧❛s ❡s♣❛❝✐❛✐s

r❡❧❛t✐✈❛s ❛♦s t❡r♠♦s ✢✉t✉❛♥t❡s ❡ ♠é❞✐♦s ✭ℓ0 ≪ L✮✱ é r❛③♦á✈❡❧ ❛✜r♠❛r q✉❡ ❛ sér✐❡

Ei = αijBj + βijk
∂Bj

∂xk

+ . . .

é r❛♣✐❞❛♠❡♥t❡ ❝♦♥✈❡r❣❡♥t❡✱ ♦♥❞❡ ♦s ❝♦❡✜❝✐❡♥t❡s αij✱ βijk✱ ✳✳✳✱ sã♦ ♣s❡✉❞♦✲t❡♥s♦r❡s✹✶

❡ ❛ ♣❛rt❡ t❡♠♣♦r❛❧✱ ❣❡r❛❧♠❡♥t❡✱ ♥ã♦ é ❝♦♥s✐❞❡r❛❞❛ ♥❛s t❡♦r✐❛s ❞❡ ❝❛♠♣♦s ♠é❞✐♦s✹✷✳

❚♦♠❛♥❞♦✱ ❡♥tã♦✱ ❛♣❡♥❛s ♦s ❞♦✐s ♣r✐♠❡✐r♦s t❡r♠♦s ❞❛ ❡①♣❛♥sã♦✱ ❛ ❡q✉❛çã♦ ✭✹✼✮ ♣❛ss❛ ❛

s❡r ❡s❝r✐t❛ ♥❛ ❢♦r♠❛

∂ ~B

∂t
= ∇×

(

~v × ~B + α⊗ ~B
)

+ (η + β)∇2 ~B✱ ✭✹✾✮

q✉❡ ❞❡s❝r❡✈❡ ♦ q✉❡ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦✳ ❖ ♣❛râ♠❡tr♦ α

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

❡st❛tíst✐❝❛ ❞♦s ♠♦✈✐♠❡♥t♦s ❡ ❝❛♠♣♦s ❛❧❡❛tór✐♦s q✉❡ ♦❝♦rr❡♠ ❡♠ ♣❡q✉❡♥❛ ❡s❝❛❧❛✳ ❉❛

♠❡s♠❛ ♠❛♥❡✐r❛✱ β ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛ ✉♠❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✉r❜✉❧❡♥t❛✱ q✉❡ ♦❝♦rr❡ q✉❛♥❞♦ ♦s

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

❝❛✉s❛♥❞♦ r❡❝♦♥❡①ã♦ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱ ✉♠ ❞❡❝❛✐♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❡♠ ❧❛r❣❛ ❡s❝❛❧❛✳

❈♦♠♦ ❛ r❡❝♦♥❡①ã♦ ♠❛❣♥ét✐❝❛ ❞❡♣❡♥❞❡ ❡♠ s✐ ❞❛ ❞✐❢✉sã♦ ❞❡ ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ♣❡❧♦ ♣❧❛s♠❛✱

♥❛ ♠❛✐♦r ♣❛rt❡ ❞♦s ♣r♦❜❧❡♠❛s✱ ♦ t❡r♠♦ (η + β) é tr❛t❛❞♦ ❝♦♠♦ ✉♠❛ ✈❛r✐á✈❡❧ ú♥✐❝❛ ❞❡

❞✐❢✉sã♦ ❡❢❡t✐✈❛ ηef ✳

◆♦ ❝❛s♦ ❞♦ ❞í♥❛♠♦✱ ♦ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❡②♥♦❧❞s ✭❡q✉❛çã♦ ✭✹✹✮✱ ♥❛ s❡çã♦ ✸✳✹✮

t❛♠❜é♠ ❞❡t❡r♠✐♥❛rá s❡ ♦ ♠❡❝❛♥✐s♠♦ é ♦✉ ♥ã♦ ❝❛♣❛③ ❞❡ s✉st❡♥t❛r ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛

❣r❛♥❞❡ ❡s❝❛❧❛ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ♠❡✐♦✱ ✐♠♣❧í❝✐t❛ ❡♠ η = 1/ (µσ)

❡ β✳ ❆ ❡st✐♠❛t✐✈❛ ❞❛ ♠❛❣♥✐t✉❞❡ ❞❡ α r❡s✉❧t❛ ❡♠
✹✶❏á q✉❡✱ s♦❜ ✐♥✈❡rsã♦ ❞❡ ♣❛r✐❞❛❞❡✱ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s sã♦ ♣s❡✉❞♦✲✈❡t♦r❡s✱ ❡♥q✉❛♥t♦ ❛ ✈❡❧♦❝✐❞❛❞❡ é

✉♠ ✈❡t♦r✳
✹✷❖s ♣r♦❝❡ss♦s sã♦ ❝❤❛♠❛❞♦s ❡st❛t✐st✐❝❛♠❡♥t❡ ❡stá✈❡✐s✳ ❊♠ ♠❡❝â♥✐❝❛ ❞❡ ♠❡✐♦s ❝♦♥tí♥✉♦s✱ ♦ ♠❡s♠♦

é ❢❡✐t♦ ♥❛ ❡q✉❛çã♦ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ♣❛r❛ ✉♠ ✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧❀ ♣♦ré♠✱ ❛s ✢✉t✉❛çõ❡s✱ ❞❛❞❛s ♣❡❧♦
t❡♥s♦r ❞❡ ❡str❡ss❡ ❞❡ ❘❡②♥♦❧❞s −ρ 〈uiuj〉✱ ♥ã♦ ♣♦ss✉❡♠ r❡❧❛çã♦ ❛❧❣✉♠❛ ❝♦♠ ♦ ✈❛❧♦r ♠é❞✐♦ ~v✳

✼✵



|α| ∼







−H ℓ0/v ♣❛r❛ Rm ≫ 1

−H ℓ20/η ♣❛r❛ Rm ≪ 1
✱ ✭✺✵✮

♦♥❞❡

H = 〈~v · (∇× ~v)〉 ✭✺✶✮

é ❛ ❤❡❧✐❝✐❞❛❞❡ ❞♦ ♣❧❛s♠❛✹✸ ✭r❡❢✳ ❬✶✵✶❪✮✱ ✉♠❛ q✉❛♥t✐✜❝❛çã♦ ❞❛ ♠❛♥❡✐r❛ ❝♦♠♦ ♦ tr❛♥s✲

♣♦rt❡ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ✈♦❧✉♠❡ ❞♦ ✢✉✐❞♦ ❡♠ ✉♠❛ ❝é❧✉❧❛ ❝♦♥✈❡❝t✐✈❛ ✭♦✉ r❡❣✐ã♦ t✉r✲

❜✉❧❡♥t❛✮ é ❝♦♠❜✐♥❛❞♦ ❝♦♠ s❡✉ ♠♦✈✐♠❡♥t♦ ❣❧♦❜❛❧ ❞❡ tr❛♥s❧❛çã♦✳ ◆❛ ❛str♦❢ís✐❝❛✱ ✐ss♦

❡q✉✐✈❛❧❡ ❛♦ tr❛♥s♣♦rt❡ ❞♦ ❡❧❡♠❡♥t♦ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦ ❞❡ r♦t❛çã♦ ❞♦ ♦❜❥❡t♦ ❞♦ q✉❛❧ ❡❧❡

❢❛③ ♣❛rt❡✳ ◆❛ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ sã♦ ❡♥r♦❧❛❞❛s ❡ ❛♠♣❧✐✜❝❛❞❛s ❛té

s❡ ❡st❛❜❡❧❡❝❡r❡♠ ❡♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦ t♦r♦✐❞❛❧✳ ❆ ❡st❡ ❡❢❡✐t♦ é ❞❛❞♦ ♦ ♥♦♠❡ ❞❡ ❡❢❡✐t♦ ✲

Ω✳ ❊♠ ✉♠ t✉r❜✐❧❤ã♦ ❞❡ ♣❧❛s♠❛✱ ♦ ♠♦✈✐♠❡♥t♦ ❞♦❜r❛ ❡ ♣r♦❥❡t❛ ❛s ❧✐♥❤❛s ❡♠ ❢♦r♠❛

❞❡ ❧❛ç♦s✱ ✉♠❛ ❞✐♥â♠✐❝❛ ❝❤❛♠❛❞❛ ❞❡ ❡❢❡✐t♦ ✲α✳ ❆♠❜♦s ❡ss❡s ❡❢❡✐t♦s sã♦ r❡♣r❡s❡♥t❛❞♦s

❣r❛✜❝❛♠❡♥t❡ ♥❛ ✜❣✉r❛ ✷✶✳

◆♦s ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s✱ ❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❝♦♠ s✐♠❡tr✐❛ ❛①✐❛❧

❡ ✉♠ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❡②♥♦❧❞s ≫ 1 ♣♦❞❡ r❡s✉❧t❛r ♥❛ tr♦❝❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡

♦s ♣r♦❝❡ss♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ❡❢❡✐t♦ ✲α ❡ ♦ ❡❢❡✐t♦ ✲Ω✳ ▼❛✐s ❞♦ q✉❡ ✐ss♦✱ ❡ss❛ ✐♥t❡r❛çã♦

♣r♦❞✉③ ✉♠❛ ❡①❝✐t❛çã♦ ♠út✉❛ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱ ❛ s✉st❡♥t❛çã♦ ✭❡ ❛té ❝r❡s❝✐♠❡♥t♦✮

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧✳ ❈♦♥s✐❞❡r❡✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s✹✹✱ ❛ s❡♣❛r❛çã♦ ❞❡ss❡

❝❛♠♣♦ ♠é❞✐♦ ♥❛s ❝♦♠♣♦♥❡♥t❡s ❛③✐♠✉t❛❧ Bϕ (~r, t) ϕ̂ ❡ ♣♦❧❛r ~Bp (~r, t)✱

~B = Bϕ ϕ̂+ ~Bp✱

❡♠ q✉❡ ♦ ♣♦t❡♥❝✐❛❧ ✈❡t♦r ❝♦rr❡s♣♦♥❞❡♥t❡ é ✐♥tr♦❞✉③✐❞♦ ❛tr❛✈és ❞❡ ~Bp (~r, t) = ∇ ×
[Aϕ (~r, t) ϕ̂]✳ ❉❡ ♠♦❞♦ s❡♠❡❧❤❛♥t❡✱ ❛ ♠é❞✐❛ ❞♦ ❝❛♠♣♦ ❞❛s ✈❡❧♦❝✐❞❛❞❡s é ❞❡❝♦♠♣♦st❛ ❡♠

vϕ (~r, t) ϕ̂ ❡ ~vp (~r, t)✱ s❡♥❞♦ r❡❡s❝r✐t❛ ❝♦♠♦

~v = vϕ ϕ̂+ ~vp✳

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

❛❣♦r❛ ♥❡st❛ ❣❡♦♠❡tr✐❛✱ r❡s✉❧t❛ ♥❛s ❡✈♦❧✉çõ❡s t❡♠♣♦r❛✐s
✹✸◆♦t❡ q✉❡✱ ❝♦♠♦ ❡s♣❡r❛❞♦✱ H é ✉♠ ♣s❡✉❞♦✲❡s❝❛❧❛r✳
✹✹❉❡✜♥✐❞❛s ♣♦r ~r =

(

ρ ≡
√

x2 + y2, ϕ, z
)

✳

✼✶



✭❛✮

✭❜✮

❋✐❣✉r❛ ✷✶✿ ✭❛✮ ❖ ❡❢❡✐t♦ ✲α✿ ❝♦♥✈❡rsã♦ ❣❡♦♠étr✐❝❛ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦r♦✐❞❛❧
❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦❧❛r✳ ✭❜✮ ❖ ❡❢❡✐t♦ ✲Ω✿ ❝♦♥✈❡rsã♦ ❣❡♦♠étr✐❝❛ ❞❡ ✉♠ ❝❛♠♣♦
♠❛❣♥ét✐❝♦ ♣♦❧❛r ❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦r♦✐❞❛❧✳ ❋✐❣✉r❛s ♦r✐❣✐♥❛❧♠❡♥t❡ ♣✉❜❧✐❝❛❞❛s ♥❛
r❡❢❡rê♥❝✐❛ ❬✶✵✷❪ ❡ ❣❡♥t✐❧♠❡♥t❡ ❝❡❞✐❞❛s ♣♦r ❏✳ ▲♦✈❡ ❛tr❛✈és ❞❡ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣❛rt✐❝✉❧❛r✳

∂Bϕ

∂t
= −ρ (~vp · ∇)

(
Bϕ

ρ

)

+ ρ
(

~Bp · ∇
)(vϕ

ρ

)

+
(

∇× ~E
)

ϕ
+ η

(

∇2 − 1

ρ2

)

Bϕ

❡

∂Aϕ

∂t
= −ρ (~vp · ∇)

(
Aϕ

ρ

)

+ ~Eϕ + η

(

∇2 − 1

ρ2

)

Aϕ✱

❝♦♠ ♦ t❡r♠♦ ❡♠ ✈❡r❞❡ r❡♣r❡s❡♥t❛♥❞♦ ♦ ❡❢❡✐t♦ ✲Ω ❡ ♦s t❡r♠♦s ❡♠ ✈❡r♠❡❧❤♦ r❡♣r❡s❡♥t❛♥❞♦

♦ ❡❢❡✐t♦ ✲α ✭r❡❢✳ ❬✶✵✵❪✮✳ ❆ tr❛♥s❢❡rê♥❝✐❛ ❞❛ ❡♥❡r❣✐❛ ♠❛❣♥ét✐❝❛ ♦❝♦rr❡ ❡♠ ❝✐❝❧♦s ❡♥tr❡

❛s ❝♦♠♣♦♥❡♥t❡s ~Bp ❡ Bϕ ϕ̂❀ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❡❧❛ é tr❛♥s❢❡r✐❞❛ ❡♠ ✉♠

❞❡t❡r♠✐♥❛❞♦ ♣r♦❜❧❡♠❛✱ ❛ ❛çã♦ ❞♦ ❞í♥❛♠♦ é ❝❧❛ss✐✜❝❛❞❛ ❡♠ ❡❢❡✐t♦s α2✱ α ✲Ω ♦✉ α2 ✲Ω

✼✷



✭✈❡❥❛ ❛ t❛❜❡❧❛ ✸✮✳

◆♦ ❞✐❛ ✶✶ ❞❡ ♥♦✈❡♠❜r♦ ❞❡ ✶✾✾✾✱ ❡♠ ❘✐❣❛✱ ❝❛♣✐t❛❧ ❞❛ ▲❡tô♥✐❛✱ ♦ ♣r✐♠❡✐r♦ ❞í♥❛♠♦

❝♦♥str✉í❞♦ ❡♠ ❧❛❜♦r❛tór✐♦✱ ❝♦♠ ❜❛s❡ ♥❛ ❡❧❡tr♦❞✐♥â♠✐❝❛ ❞❡ ❝❛♠♣♦s ♠é❞✐♦s✱ t♦r♥♦✉✲s❡

❛✉t♦✲s✉st❡♥tá✈❡❧ ✭✷✵✵✵✱ r❡❢✳ ❬✶✵✸❪✮✳ ❖ ♠❡s♠♦ r❡s✉❧t❛❞♦ ❢♦✐ ♦❜t✐❞♦ ♣♦r ✉♠ ❣r✉♣♦ ❞❡

❑❛r❧sr✉❤❡ ❡♠ ✷✵✵✷ ✭r❡❢✳ ❬✶✵✹❪✮✳ ❆♠❜♦s ♦s ❡①♣❡r✐♠❡♥t♦s ✉t✐❧✐③❛r❛♠ só❞✐♦ ❧íq✉✐❞♦ ❝♦♠♦

✢✉✐❞♦ ❝♦♥❞✉t♦r✳

❚❛❜❡❧❛ ✸✿ ❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ♠❛❣♥ét✐❝❛ ❡♥tr❡ ❛s ❝♦♠♣♦♥❡♥t❡s ♣♦❧❛r ❡ ❛③✐♠✉t❛❧
❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛①✐ss✐♠étr✐❝♦✳

ρ
(

~Bp · ∇
)

(vϕ/ρ)
(

∇× ~E
)

ϕ

~Eϕ
α2 × X X

α ✲Ω X × X

α2 ✲Ω X X X

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

♥♦ ✉♥✐✈❡rs♦ ❢❛✈♦r❡❝❡♠ ♦ ❡❢❡✐t♦ α ✲Ω✳ ❆ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ ❡q✉❛çã♦ ✭✹✾✮ ♠♦str❛

q✉❡ |α| > ηef/L é ✉♠❛ ❝♦♥❞✐çã♦ ❡ss❡♥❝✐❛❧ ♣❛r❛ ❛ ❛✉t♦✲s✉st❡♥t❛❜✐❧✐❞❛❞❡ ❡ ❝r❡s❝✐♠❡♥t♦

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

q✉❡ ❝♦♠♣õ❡♠ ❛ ❱✐❛ ▲á❝t❡❛✳ ❊♠ ♣❧❛♥❡t❛s ❡ ❡str❡❧❛s✱ ♦♥❞❡ t✉r❜✉❧ê♥❝✐❛ é ❝❛✉s❛❞❛ ♣❡❧❛

❝♦♥✈❡❝çã♦✱ ♦ ♠❡s♠♦ ♠❡❝❛♥✐s♠♦ é ✉s❛❞♦ ♣❛r❛ ❡①♣❧✐❝❛r ❛ ♣❡rs✐stê♥❝✐❛ ❞♦s ❝❛♠♣♦s ♠❛❣✲

♥ét✐❝♦s✳

✸✳✻ ■♥✈❛r✐â♥❝✐❛ ❛❞✐❛❜át✐❝❛

❈♦♥s✐❞❡r❡ ✉♠❛ ♣❛rtí❝✉❧❛ r❡❧❛t✐✈íst✐❝❛ ❝♦♠ ❝❛r❣❛ q ❡♥tr❛♥❞♦ ❡♠ ✉♠❛ r❡❣✐ã♦ ♦♥❞❡ ❡①✐st❡

✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❝♦♥st❛♥t❡ ~B = B ẑ ❡ s❡❥❛ α ♦ â♥❣✉❧♦ ❡♥tr❡ ❡ss❡ ❝❛♠♣♦ ❡ ❛

✈❡❧♦❝✐❞❛❞❡ ~v ❞❛ ♣❛rtí❝✉❧❛✱ ❝❤❛♠❛❞♦ â♥❣✉❧♦ ❞❡ ♣❛ss♦✱ ❞❡ ♠♦❞♦ q✉❡ v‖ = v cosα ❡

v⊥ = v sinα✳ ❊♥q✉❛♥t♦ ♦ ♠♦✈✐♠❡♥t♦ ♣❛r❛❧❡❧♦ ❛♦ ❡✐①♦✲z ♣❡r♠❛♥❡❝❡ ✉♥✐❢♦r♠❡✱ ❛ ❝❛r❣❛

♣❛ss❛ ❛ ❞❡s❝r❡✈❡r ✉♠❛ ór❜✐t❛ ❝✐r❝✉❧❛r ❡♠ ✉♠ ♣❧❛♥♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ❡✐①♦✲z✱ ❝♦♠ ♦

❝❤❛♠❛❞♦ r❛✐♦ ❞❡ ▲❛r♠♦r

rL =
p⊥
qB

✱ ✭✺✷✮

❡♠ q✉❡ p⊥ = p sinα é ❛ ❝♦♠♣♦♥❡♥t❡ tr❛♥s✈❡rs❛ ❞♦ ♠♦♠❡♥t♦ r❡❛❧ ❞❛ ♣❛rtí❝✉❧❛✳ ❖ ❢❛t♦

❞♦ ♠♦✈✐♠❡♥t♦ tr❛♥s✈❡rs♦ r❡s✉❧t❛♥t❡ s❡r ♣❡r✐ó❞✐❝♦ ♣❡r♠✐t❡ ❡s❝r❡✈❡r ❛ ✐♥t❡❣r❛❧ ❞❡ ❛çã♦
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♥❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❛ ♣❛rt✐r ❞♦ ♠♦♠❡♥t♦ ❝❛♥ô♥✐❝♦ ~P = ~p+ q ~A✱ ♣❛r❛ ✉♠ ♣♦t❡♥❝✐❛❧ ✈❡t♦r

♠❛❣♥ét✐❝♦ ~A✱ ❝♦♠♦

S =

˛

C

~P⊥ · d~ℓ = πqBr2L✳ ✭✺✸✮

S r❡♣r❡s❡♥t❛ ✉♠❛ ár❡❛ ♥♦ ❡s♣❛ç♦ ❞❡ ❢❛s❡✱ ❝✉❥♦ ❝♦♥t♦r♥♦ C ♣♦ss✉✐ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ❝♦♠✲

♣r✐♠❡♥t♦ d~ℓ✱ q✉❡ ♣❡r♠❛♥❡❝❡ ❝♦♥st❛♥t❡ ❡♠ s✐st❡♠❛s ♠❡❝â♥✐❝♦s ❝í❝❧✐❝♦s ❝♦♠ ❝♦♥❞✐çõ❡s

✐♥✐❝✐❛✐s ♣r❡❞❡t❡r♠✐♥❛❞❛s✳ ❙❡ ♣❛râ♠❡tr♦s ❞❡ ✉♠ s✐st❡♠❛ ♣❡r✐ó❞✐❝♦ ✈❛r✐❛r❡♠ ❞❡ ❛❝♦r❞♦

❝♦♠ ✉♠ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❡ ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦ ♣❡rí♦❞♦ ❞♦ ♠♦✈✐✲

♠❡♥t♦✱ ❡♥tã♦ ❛ ✐♥t❡❣r❛❧ ❞❡ ❛çã♦ é ✐♥✈❛r✐❛♥t❡ ✭r❡❢✳ ❬✶✼❪✮✳ ❙♦❜ ❡ss❛ ❝♦♥❞✐çã♦✱ q✉❛♥t✐❞❛❞❡s

❝♦♠♦ Br2L✱ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ❛tr❛✈és ❞❛ ór❜✐t❛ ❞❛ ♣❛rtí❝✉❧❛✱ ❡ ❡q✉✐✈✲

❛❧❡♥t❡♠❡♥t❡ p2⊥/B✱ ❞❛ s✉❜st✐t✉✐çã♦ ❞❛ ❡q✉❛çã♦ ✭✺✷✮ ♥❛ ❡q✉❛çã♦ ✭✺✸✮✱ sã♦ ❝❤❛♠❛❞❛s

✐♥✈❛r✐❛♥t❡s ❛❞✐❛❜át✐❝❛s✳

0

Ρ =
�!!!!!!!!!!!!!!!!
x2 + y2

c
o
o
r
d
e
n
a
d
a
z

❋✐❣✉r❛ ✷✷✿ ❊①❡♠♣❧♦ ❞❡ ❧✐♥❤❛s ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ♠ó❞✉❧♦ ❝♦♥st❛♥t❡✳

❆ ✜❣✉r❛ ✷✷ ♠♦str❛✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s ❡ ✉♥✐❞❛❞❡s ❛r❜✐trár✐❛s✱ ❛s ❧✐♥❤❛s

às q✉❛✐s ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ♠ó❞✉❧♦ ❝♦♥st❛♥t❡ é t❛♥❣❡♥t❡✳ ❯♠❛ ♣❛rtí❝✉❧❛ ✐♥❥❡t❛❞❛

♥❛ ❜❛s❡ ✭♣♦♥t♦ ✈❡r♠❡❧❤♦ ♥❛ ✜❣✉r❛ ✷✸✮ ❝♦♠ â♥❣✉❧♦ ❞❡ ♣❛ss♦ 70➦✱ ♦✉ s❡❥❛✱ ❝✉❥♦ ✈❡t♦r
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❋✐❣✉r❛ ✷✸✿ ❚r❛❥❡tór✐❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♥♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ✜❣✉r❛ ✷✷✱ ♠♦str❛♥❞♦ ♦
❡❢❡✐t♦ ❞❡ r❡✢❡①ã♦ ♠❛❣♥ét✐❝❛✳

✈❡❧♦❝✐❞❛❞❡ ❢❛③ ✉♠ â♥❣✉❧♦ ❞❡ 20➦ ❝♦♠ ♦ ♣❧❛♥♦✲xy✱ ❞❡s❡♥✈♦❧✈❡ ✉♠ ♠♦✈✐♠❡♥t♦ ❡s♣✐r❛✲

❧❛❞♦ ❡♠ t♦r♥♦ ❞❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♣❛r❛❧❡❧❛s✳ ❉❡✈✐❞♦ à ✐♥✈❛r✐â♥❝✐❛

❛❞✐❛❜át✐❝❛✱ ♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♥♦ ✐♥t❡r✐♦r ❞❛ ór❜✐t❛ ❞❛ ❝❛r❣❛ ❞❡✈❡ s❡r ❝♦♥s❡r✈❛❞♦ ❡ ❛ss✐♠✱

❛♦ s❡ ❛♣r♦①✐♠❛r ❞❡ ✉♠❛ r❡❣✐ã♦ ❝♦♠ ♠❛✐♦r ❞❡♥s✐❞❛❞❡ ❞❡ ❧✐♥❤❛s✱ ❛ ♣❛rtí❝✉❧❛ é r❡✢❡t✐❞❛✳

❆ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ❝♦♠ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ ✐♥✈❡rt❡r ♦ s✐♥❛❧ ❞♦ â♥❣✉❧♦ ❞❡ ♣❛ss♦

é ❝❤❛♠❛❞♦ ❞❡ ❡s♣❡❧❤♦ ♠❛❣♥ét✐❝♦✳

✸✳✼ ❖ ♠❡❝❛♥✐s♠♦ ❞❡ ❋❡r♠✐

❆♣ós ❛ss✐st✐r ❛ ✉♠ s❡♠✐♥ár✐♦ ❞❡ ❆❧❢✈é♥✱ ❡♠ ✶✾✹✽✱ ❋❡r♠✐ r❡❝♦♥❤❡❝❡✉ ✐♠❡❞✐❛t❛♠❡♥t❡ q✉❡

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

❝♦♥t❡r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❡s❝r✐t♦s ❡①❛t❛♠❡♥t❡ ♣❡❧❛ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛✳ ❯♠ ❛♥♦

❞❡♣♦✐s✱ ❡❧❡ ♣✉❜❧✐❝♦✉ s❡✉ ♠♦❞❡❧♦ ❞❡ ❛❝❡❧❡r❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ✭r❡❢✳ ❬✶✵✺❪✮✱ ❜❛s❡❛❞♦ ♥❛

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

❞❡ ♠❛♥❡✐r❛ ✐♥❡❧ást✐❝❛ ♣❡❧❛s ✐rr❡❣✉❧❛r✐❞❛❞❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛tr❛✈és ❞❛ ✐♥✈❛r✐â♥❝✐❛

❛❞✐❛❜át✐❝❛✱ ❣❛♥❤❛♥❞♦ ✉♠❛ ❡♥❡r❣✐❛ ♠é❞✐❛ ∆E = ξE ♣♦r ❝♦❧✐sã♦✱ ❡ ❡s❝❛♣❛♠ ❞❡ss❛ r❡❣✐ã♦

❧❡✈❛♥❞♦ ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞♦ ❣ás✳ ❆♥❛❧✐s❛♥❞♦ ❡st❛t✐st✐❝❛♠❡♥t❡ ♦s â♥❣✉❧♦s ❞❡

❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦ s❡♥t✐❞♦ ❞♦ ♠♦✈✐♠❡♥t♦ ❞❛ ♥✉✈❡♠✱
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❞❛❞♦ ♣❡❧❛ ✈❡❧♦❝✐❞❛❞❡ ~V ✱ ❋❡r♠✐ ♥♦t♦✉ q✉❡ ❛ t❛①❛ ❞❡ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛ é ✉♠ ♣♦✉❝♦

♠❛✐♦r ❞♦ q✉❡ ❛ t❛①❛ ❞❡ ♣❡r❞❛ ❥á q✉❡ ♦s ❡♥❝♦♥tr♦s ❢r♦♥t❛✐s sã♦ ♠❛✐s ❢r❡qü❡♥t❡s✱ ♦❜t❡♥❞♦

ξ = (V/c)2 ≪ 1✳ ❈♦♠ ♦ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❛ ♣❛rtí❝✉❧❛ ❡s❝❛♣❛r ❞❛ r❡❣✐ã♦

❛❝❡❧❡r❛❞♦r❛ ❛✉♠❡♥t❛✱ ❞❡ ♠♦❞♦ q✉❡✱ s❡ τ é ♦ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ❡♥tr❡ ❛s ❝♦❧✐sõ❡s ❡ T

é ❛ ✐❞❛❞❡ ♠é❞✐❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✱

N (> E) ∝
(

E

E0

)−(Γ−1)

✭✺✹✮

é ♦ ♥ú♠❡r♦ ❞❡ ♣r✐♠ár✐♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ ✉♠ ✈❛❧♦r E✱ ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛ ✐♥✐❝✐❛❧

E0✱ q✉❡ ♦❝✉♣❛♠ ♦ ✈♦❧✉♠❡ ❞❛ ❣❛❧á①✐❛ ❝♦♠ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡✱

♦♥❞❡ Γ − 1 = τ/ (ξT )✳ ❆♣❡s❛r ❞❛ ❡q✉❛çã♦ ✭✺✹✮ r❡♣r❡s❡♥t❛r ✉♠ ❡s♣❡❝tr♦ ❞❡ ✐♥❥❡çã♦

❞❡ ♣❛rtí❝✉❧❛s✱ ♦ s✉❝❡ss♦ ✐♥✐❝✐❛❧ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❋❡r♠✐ ✈❡✐♦ ❞❛ ❝♦♥st❛t❛çã♦ ❞❡ q✉❡

♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♦❜s❡r✈❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♥❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r

♣♦ss✉✐✱ ❞❡ ❢❛t♦✱ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ♠✉✐t♦ ♣ró①✐♠♦ ❞❡ ✉♠❛ ❧❡✐ ❞❡ ♣♦tê♥❝✐❛ ✐♥✈❡rs❛

❞❛ ❡♥❡r❣✐❛ ✭r❡✈❡❥❛ ❛ ✜❣✉r❛ ✼ ❞❛ s❡çã♦ ✶✳✺✱ ♥❛ q✉❛❧ ♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✱ ♠❡❞✐❞♦

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣♦ss✉✐ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ❞❡s❝r✐t♦ ♣♦r Φ (E) = dN/dE ∝
E−γ ❝♦♠ γ ≈ 2.7✮✳

❆ ♣✉❜❧✐❝❛çã♦ ♦r✐❣✐♥❛❧ ❞❡ ❋❡r♠✐ ♥ã♦ ❝♦♥s✐❞❡r❛✈❛ ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛ ❞❡ q✉❛❧q✉❡r

♥❛t✉r❡③❛ ❡✱ ❛❧é♠ ❞✐ss♦✱ ❜❛s❡❛✈❛✲s❡ ♥❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♣❛rtí❝✉❧❛s ❝ós♠✐❝❛s ❡ ♥✉✈❡♥s

✐♥t❡r❡st❡❧❛r❡s ❝♦♠ V/c 6 10−4✱ ✉♠ ♣❛râ♠❡tr♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ♥❛ t❡♦r✐❛ ✭♦❜s❡r✈❡ ❛

✈❛r✐á✈❡❧ ξ✮ q✉❡ t♦r♥❛ ♦ ♠❡❝❛♥✐s♠♦ ♣♦✉❝♦ ❡✜❝✐❡♥t❡✳ ❉❛❞❛ ❛ ❞✐✈❡rs✐❞❛❞❡ ❞❡ r❡❣✐õ❡s q✉❡

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

♦ t❡♠♣♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ❡s❝❛♣❡ ❞❡ ✉♠ r❛✐♦ ❝ós♠✐❝♦ ❡ s✉❛ t❛①❛ ❞❡ ❣❛♥❤♦ ❞❡ ❡♥❡r❣✐❛

s❡ ❝♦♠♣❡♥s❛ss❡♠ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠ í♥❞✐❝❡ ❡s♣❡❝tr❛❧ Γ ú♥✐❝♦✳ ◆♦ ✜♥❛❧ ❞♦s ❛♥♦s ✶✾✼✵✱

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

♣❡sq✉✐s❛❞♦r❡s ♥❛ ❛❜♦r❞❛❣❡♠ ❞❛ ❞✐❢✉sã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣♦r ♦♥❞❛s ❞❡ ❝❤♦q✉❡ ❢♦rt❡s✱ ❝♦♠♦

♦❝♦rr❡ ♥❛s s✉♣❡r♥♦✈❛s ✭r❡❢✳ ❬✶✵✻❪✮✳ ◆❡ss❡ t✐♣♦ ❞❡ ❡①♣❧♦sã♦ ❝ós♠✐❝❛✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s

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

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

♠❛❣♥ét✐❝♦✱ ❛trás ❡ à ❢r❡♥t❡ ❞❛ ♦♥❞❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ ❛❝❡❧❡r❛çã♦ r❡s✉❧t❛♥t❡ é ♠❛✐s

✏♥❛t✉r❛❧✑✱ ♥♦ s❡♥t✐❞♦ ❞❡ q✉❡ ❞❡♣❡♥❞❡ ✉♥✐❝❛♠❡♥t❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s t❡r♠♦❞✐♥â♠✐❝❛s ❞♦

❣ás ❡♠ t♦r♥♦ ❞❛ ❡str❡❧❛✱ ❛❧é♠ ❞❡ ✜①❛r ♦ í♥❞✐❝❡ ❡s♣❡❝tr❛❧ ❞❡ ✐♥❥❡çã♦ ❡♠ ❡①❛t❛♠❡♥t❡ Γ = 2✳

❆♣❡s❛r ❞❡ ✈ár✐❛s ♦✉tr❛s ❞✐✜❝✉❧❞❛❞❡s t❡r❡♠ s✐❞♦ ❛♣♦♥t❛❞❛s ❛♦ ❧♦♥❣♦ ❞♦s ❛♥♦s✱ ❝♦♠♦ s❡rã♦

❡①❡♠♣❧✐✜❝❛❞❛s ♣♦r ❛❧❣✉♥s ❝❛s♦s ♥♦ ❝♦♠❡ç♦ ❞❛ s❡çã♦ ✹✳✸✱ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❛❝❡❧❡r❛çã♦ ❞❡

❋❡r♠✐ é ❢✉♥❞❛♠❡♥t❛❞♦ ♥❛ ✐♥t❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛ ❝♦♠ ✐rr❡❣✉❧❛r✐❞❛❞❡s
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❡✴♦✉ t✉r❜✉❧ê♥❝✐❛s ❝♦♥t✐❞❛s ❡♠ ♣❧❛s♠❛s ♠❛❣♥❡t✐③❛❞♦s✳ ❊st❛s ❝❛r❛❝t❡ríst✐❝❛s ❝♦♠♣õ❡♠

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

❛str♦❢ís✐❝❛✳

❆ ✜❣✉r❛ ✷✹ ♠♦str❛ ❛s ❧✐♥❤❛s ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ♠ó❞✉❧♦ ❝♦♥st❛♥t❡ ♥❛

❝♦♥✜❣✉r❛çã♦ q✉❡ é ❝❤❛♠❛❞❛ ❞❡ ❣❛rr❛❢❛ ♠❛❣♥ét✐❝❛✱ ❡♠ q✉❡ ❛ ✐♥✈❛r✐â♥❝✐❛ ❛❞✐❛❜át✐❝❛

❣❛r❛♥t❡ q✉❡ ✉♠❛ ❝❛r❣❛ ❡❧étr✐❝❛ ♣❡r♠❛♥❡ç❛ ❛♣r✐s✐♦♥❛❞❛ ❡♥q✉❛♥t♦ ♦ ❝❛♠♣♦ ❛t✉❛r✳ ❖

â♥❣✉❧♦ ❞❡ ♣❛ss♦ ❛✉♠❡♥t❛ ❛ ❝❛❞❛ r❡✢❡①ã♦✱ t❡♥❞❡♥❞♦ ♦s❝✐❧❛t♦r✐❛♠❡♥t❡ ❛ 90➦ ❛té q✉❡ ❛

♣❛rtí❝✉❧❛ ✜q✉❡ r❡str✐t❛ ❛ ✉♠❛ ór❜✐t❛ ❝✐r❝✉❧❛r ♥♦ ♠❡✐♦ ❞❛ ❣❛rr❛❢❛✱ ♦♥❞❡ ❛s ❧✐♥❤❛s sã♦

♣❛r❛❧❡❧❛s✳

0

Ρ =
�!!!!!!!!!!!!!!!!
x2 + y2

c
o
o
r
d
e
n
a
d
a
z

❋✐❣✉r❛ ✷✹✿ ▲✐♥❤❛s ❞♦ ❝❛♠♣♦ ❞❡ ✉♠❛ ❣❛rr❛❢❛ ♠❛❣♥ét✐❝❛✳

❉❡✈✐❞♦ à ❛❧t❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦s ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s✱ q✉❛❧q✉❡r ✢✉①♦ ♠❛❣✲

♥ét✐❝♦ é ❝♦♥❣❡❧❛❞♦ ❛♦ ✈♦❧✉♠❡ ❞♦ ❣ás✳ ❆ss✐♠✱ ✈❛r✐❛çõ❡s ♥❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ♥❡ss❡s ✢✉✐❞♦s sã♦ ❝♦♥s❡qüê♥❝✐❛ ❞✐r❡t❛ ❞❛s ❞❡❢♦r♠❛çõ❡s ❣r❛✈✐t❛❝✐♦♥❛✐s ❡ ❝♦❧✐s✐♦♥❛✐s

q✉❡ ♦❝♦rr❡♠ ❢r❡qü❡♥t❡♠❡♥t❡ ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳ ❆ ✜❣✉r❛ ✷✺ ✐❧✉str❛ ✉♠❛ ✈❡rsã♦ s✐♠✲

♣❧✐✜❝❛❞❛ ❞♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣r❡ssã♦ ❞❡ ✉♠❛ ♥✉✈❡♠ ♥❛ ❞✐r❡çã♦ z✱ ❝✉❥❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦

❡r❛♠ ♦r✐❣✐♥❛❧♠❡♥t❡ ♣❛r❛❧❡❧❛s✳ ❆ ♣❛rt✐r ❞♦ ✐♥st❛♥t❡ ❡♠ q✉❡ ✉♠❛ ❝❛r❣❛ ❡❧étr✐❝❛ é ✐♥❥❡✲

t❛❞❛ ♥♦ ♠❡✐♦✱ ❝❛❞❛ r❡✢❡①ã♦ ❞❡❝♦rr❡ ❞❛ ✐♥✈❛r✐â♥❝✐❛ ❛❞✐❛❜át✐❝❛ ❡✱ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡
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✐♥✈❡rsã♦ ❞♦ s❡♥t✐❞♦ ❞❡ ♣r♦♣❛❣❛çã♦✱ ♣❛rt❡ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❛ ♥✉✈❡♠ é tr❛♥s❢❡r✐❞❛

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

♣❛rtí❝✉❧❛ ❡s❝❛♣❡ ❛♣ós ❛❧❣✉♠❛s r❡✢❡①õ❡s ✭♥❛ s✐t✉❛çã♦ ✐❞❡❛❧✐③❛❞❛ ♥❛ ✜❣✉r❛ ✷✸✱ ♥♦t❡ q✉❡

❛ ❝❛r❣❛ ♣❡r♠❛♥❡❝❡ ❝♦♥✜♥❛❞❛ ✐♥❞❡✜♥✐❞❛♠❡♥t❡✮✳

❋✐❣✉r❛ ✷✺✿ ❈❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ✜❣✉r❛ ✷✹ ♦❝✉♣❛♥❞♦ ✉♠ ✈♦❧✉♠❡ ❞❡ ❡s♣❛ç♦ ❝✐❧í♥❞r✐❝♦ ❡
✜♥✐t♦✳ ❆ ♣❛rtí❝✉❧❛ é ✐♥❥❡t❛❞❛ ♥❛ ♣♦s✐çã♦ ❞♦ ♣♦♥t♦ ✈❡r♠❡❧❤♦ ❡ s♦❢r❡ ❞✉❛s r❡✢❡①õ❡s ❛♥t❡s
❞❡ ❞❡✐①❛r ❛ ♥✉✈❡♠✳

✸✳✽ ▼❛❣♥❡t♦s❢❡r❛s ❞❡ ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s

◆♦ ♠❡s♠♦ ❛♥♦ ❡♠ q✉❡ ❛s ♣r✐♠❡✐r❛s ✐❞é✐❛s ❞❡s❝r❡✈❡♥❞♦ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ❡r❛♠

❝♦♥❝❡❜✐❞❛s✱ ❉❡✉ts❝❤ ✭✶✾✺✺✱ r❡❢✳ ❬✶✵✼❪✮ ♣✉❜❧✐❝♦✉ ✉♠❛ ♣r♦✈❛ ❞❡ q✉❡✱ ❡♠ t♦r♥♦ ❞❡ ✉♠❛

❡s❢❡r❛ ♣❡r❢❡✐t❛♠❡♥t❡ ❝♦♥❞✉t♦r❛ r♦❞❛♥❞♦ r✐❣✐❞❛♠❡♥t❡ ♥♦ ✈á❝✉♦✱ ❛s ❡q✉❛çõ❡s ❞❡ ▼❛①✇❡❧❧

sã♦ s❛t✐s❢❡✐t❛s ♣❛rt✐♥❞♦✲s❡ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❝♦♠ ❣❡♦♠❡tr✐❛ ❛r❜✐trár✐❛✱ ✐♥❝❧✉✐♥❞♦ ♦s

q✉❡ sã♦ s✐♠étr✐❝♦s ❛ ❛❧❣✉♠ ❡✐①♦ ✐♥❝❧✐♥❛❞♦ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❞❡ r♦t❛çã♦✳ ❊ss❡ ú❧t✐♠♦ t✐♣♦

❞❡ ❝♦♥✜❣✉r❛çã♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ r♦t♦r ♦❜❧íq✉♦✳ ❆♦ ❝♦♥s✐❞❡r❛r ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛

σ → ∞ ♥♦ ✐♥t❡r✐♦r ❞❛ ❡s❢❡r❛✱ ♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ é ❝♦♥❣❡❧❛❞♦ ❡ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ✐♥❞✉③✐❞♦

✼✽



♣❛ss❛ ❛ s❡r ❞❡s❝r✐t♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✹✺✮✱ ♥❛ s❡çã♦ ✸✳✹✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ❞✐str✐❜✉✐çã♦ ❞❡

✈❡❧♦❝✐❞❛❞❡s

~v = ~Ω× ~ρ✱

s❡♥❞♦ ~Ω ❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ❞❛ ❡s❢❡r❛ ❡ ~ρ = ~r − ẑ (ẑ · ~r) ♦ ✈❡t♦r q✉❡ ❞❡✜♥❡ ❛ ♣♦s✐çã♦

❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ✈♦❧✉♠❡ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z✳ ❖❜s❡r✈❡ q✉❡ ~E · ~B = 0 ❞❡❝♦rr❡

♥❛t✉r❛❧♠❡♥t❡ ❞❡ Rm ≫ 1✳ ❆♣❧✐❝❛♥❞♦ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡✱ ♦ ❛✉t♦r

❞❡❞✉③✐✉ ❝❛♠♣♦s ❣❡♥ér✐❝♦s ~E ❡ ~B ♣❛r❛ ❛ r❡❣✐ã♦ ρ > a✱ s❡♥❞♦ a ♦ r❛✐♦ ❞❛ ❡s❢❡r❛✳ ❉❡✜♥✐♥❞♦

ρcl = c/Ω ❝♦♠♦ ❛ ❞✐stâ♥❝✐❛ ❛♦ ❡✐①♦ ❞❡ r♦t❛çã♦ q✉❡ ❞❡❧✐♠✐t❛ ♦ ❝❤❛♠❛❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③✱

❉❡✉ts❝❤ ♠♦str♦✉ q✉❡ ♦s ❝❛♠♣♦s ❡❧étr✐❝♦ ❡ ♠❛❣♥ét✐❝♦ sã♦ ♣❡r♣❡♥❞✐❝✉❧❛r❡s ❡♠ r❡❣✐õ❡s

♦♥❞❡ ρ ≫ ρcl✱ ❞❡s❝r❡✈❡♥❞♦ ✉♠ ❝❛♠♣♦ ❞❡ r❛❞✐❛çã♦ ❛tr❛✈és ❞♦ ✈❡t♦r ❞❡ P♦②♥t✐♥❣✹✺✳

Pró①✐♠♦ ❞❛ s✉♣❡r❢í❝✐❡✱ ♦♥❞❡ a < ρ ≪ ρcl✱ ❛ s♦❧✉çã♦ ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡

r❡❞✉③ ♥❛t✉r❛❧♠❡♥t❡ ❛ ✉♠ ❞✐♣♦❧♦ ❡♠ ❝♦✲r♦t❛çã♦ ❝♦♠ ♦ ♦❜❥❡t♦❀ ❡ss❡ é ♦ ♣r✐♠❡✐r♦ r❡s✉❧t❛❞♦

✐♠♣♦rt❛♥t❡ ❞❛ ❛❜♦r❞❛❣❡♠ ❞❡ ❉❡✉ts❝❤✳ ❖ s❡❣✉♥❞♦ r❡s✉❧t❛❞♦ ✐♠♣♦rt❛♥t❡ ❞❛ t❡♦r✐❛ é q✉❡

♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❡①t❡r♥♦ ♣♦ss✉✐ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♣❛r❛❧❡❧❛ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡♥tr♦

❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ í♦♥s✳ ❆♣❡s❛r ❞❡ ❡st✐♠❛r q✉❡ ♣rót♦♥s

♣r♦✈❡♥✐❡♥t❡s ❞❛ ❢♦t♦✐♦♥✐③❛çã♦ ❞❡ át♦♠♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡♠ t♦r♥♦ ❞❡ ❡str❡❧❛s ❞♦ t✐♣♦

❡s♣❡❝tr❛❧ ❆ ♣♦❞❡r✐❛♠ ❛❞q✉✐r✐r ❡♥❡r❣✐❛s ❛té 2 × 1010 ❡❱✱ ♦ ❛✉t♦r t❡r♠✐♥❛ ♦ tr❛❜❛❧❤♦

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

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

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

❞❡ ❜❧✐♥❞❛❣❡♠✱ q✉❡ ✐♥✈❛❧✐❞❛ ❛ ❛♥á❧✐s❡✳ ❖ q✉❡ s❡ s✉❝❡❞❡✉✱ ♣♦ré♠✱ ❢♦✐ ♦ ❝♦♥trár✐♦✳

❆ r❡s♣❡✐t♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ✉♠ ❢❛t♦r ✐♠♣♦rt❛♥t❡ q✉❡ ♥ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♣♦r

❉❡✉ts❝❤ é q✉❡ í♦♥s ❛❝❡❧❡r❛❞♦s só ♣♦❞❡♠ ❡s❝❛♣❛r ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③ ❛♦ ❧♦♥❣♦ ❞❡ ❧✐♥❤❛s

❛❜❡rt❛s✱ ♦✉ s❡❥❛✱ ❧✐♥❤❛s q✉❡ ❝r✉③❛♠ ❡ss❛ ❢r♦♥t❡✐r❛ ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ ♣♦❞❡♠ ❡①❝❡❞❡r

❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥❛ ❝♦✲r♦t❛çã♦✳ P❛r❛ ✉♠ r♦t♦r ❛❧✐♥❤❛❞♦ ❝♦♠ ✉♠❛ ❝♦♥✜❣✉r❛çã♦

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

❧✉③ ♥♦ ♣❧❛♥♦ ❡q✉❛t♦r✐❛❧ ❞❛ ❡str❡❧❛✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✷✻✳ ❆s r❡❣✐õ❡s ❞❡ ❝♦♥t❛t♦

❡♥tr❡ ❡ss❛ ❧✐♥❤❛ ❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ❛str♦ ❞❡❧✐♠✐t❛♠ ❞✉❛s ❝❛❧♦t❛s ♣♦❧❛r❡s ❝♦♠ â♥❣✉❧♦ ❞❡

❛❜❡rt✉r❛ θcp✱ ❞❡ ♠♦❞♦ q✉❡

θcp = arcsin

√
a

ρcl
✭✺✺✮

✹✺❊❧❡ t❛♠❜é♠ ❝♦♥❝❧✉✐✉ q✉❡ ❡ss❡ ♣r♦❝❡ss♦ é r❡s♣♦♥sá✈❡❧ ♣♦r tr❛♥s❢❡r✐r ❡♥❡r❣✐❛ ❞♦ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r
❞❛ ❡str❡❧❛ ♣❛r❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ q✉❡ é ❡♠✐t✐❞❛ ❛ ♣❛rt✐r ❞❛ ♠❛❣♥❡t♦s❢❡r❛✳
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❞❡✜♥❡ ♦s ❝♦♥❡s ❞❡♥tr♦ ❞♦s q✉❛✐s é ♣♦ssí✈❡❧ ♦❝♦rr❡r ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❛♦

❧♦♥❣♦ ❞❛s ❧✐♥❤❛s ❛❜❡rt❛s✳ ❯s❛♥❞♦ ♣❛râ♠❡tr♦s tí♣✐❝♦s ❞❡ ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s ✭a ∼ 10 ❦♠✱

♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ P ∼ 1 ♠s✮ ❝♦♠ ♠❛❣♥❡t✐③❛çã♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ❣❡r❛r ❝❛♠♣♦s ∼ 1012 ●

❡ ♣♦ss✐✈❡❧♠❡♥t❡ ❛❝❡❧❡r❛r ♣rót♦♥s ❛té ∼ 1012 ❡❱✱ ❝♦♥❤❡❝✐❞❛s ❝♦♠♦ ♣✉❧s❛r❡s✱ θcp ∼ 1➦

✐♥❞✐❝❛ q✉❡ ♦s ❢❡✐①❡s ❞❡ ♣❛rtí❝✉❧❛s sã♦ ❝♦❧✐♠❛❞♦s ❡ ❞❡✈❡♠ ♣❛ss❛r ♣❡❧♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❛

❚❡rr❛ ♣❛r❛ q✉❡ ❡❢❡✐t♦s ♣r✐♠ár✐♦s ♦✉ s❡❝✉♥❞ár✐♦s ❞❛ ❡♠✐ssã♦✱ ❝♦♠♦ ❛ r❛❞✐❛çã♦ sí♥❝r♦tr♦♥✱

s❡❥❛♠ ❞❡t❡❝t❛❞♦s✳

❋✐❣✉r❛ ✷✻✿ ❉❡s❡♥❤♦ ❡sq✉❡♠át✐❝♦ ❞❛s ❧✐♥❤❛s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞✐♣♦❧❛r ❞❡ ✉♠❛ ❡str❡❧❛
❞❡ ♥ê✉tr♦♥s ❝♦♠ r❛✐♦ a ❡ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ∼ ♠s✳ ❈♦♠ ❜❛s❡ ♥♦ r❛✐♦ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③
ρcl✱ ❛ ♠❛❣♥❡t♦s❢❡r❛ ❞❡ ✉♠ ♣✉❧s❛r é ❞✐✈✐❞✐❞❛ ❡♠ ✉♠❛ r❡❣✐ã♦ ❡q✉❛t♦r✐❛❧ ♦♥❞❡ ❛s ❧✐♥❤❛s sã♦
❢❡❝❤❛❞❛s✱ ❡ ❡♠ ❝♦♥❡s ♣♦❧❛r❡s✱ ❝♦♠ â♥❣✉❧♦ ❞❡ ❛❜❡rt✉r❛ θcp✱ ❞❡♥tr♦ ❞♦s q✉❛✐s ❛s ❧✐♥❤❛s ❞♦
❝❛♠♣♦ ♥ã♦ ❢❡❝❤❛♠✳ P❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s q✉❡ ♦r❜✐t❛♠ ❛s ❧✐♥❤❛s ❛❜❡rt❛s sã♦ ❛❝❡❧❡r❛❞❛s
❡ ♣♦❞❡♠ ❡s❝❛♣❛r ❞❛ ♠❛❣♥❡t♦s❢❡r❛ ♣❛r❛ ♦ ❡s♣❛ç♦✳

❆♣❡s❛r ❞❡ tr❛❜❛❧❤♦s ♣♦st❡r✐♦r❡s ❞❡❢❡♥❞❡r❡♠ ❛ ✐❞é✐❛ ❞❡ q✉❡ ♣rót♦♥s ❡ ❡❧étr♦♥s ❡♠

t♦r♥♦ ❞❡ ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s t❡r✐❛♠ ❡♥❡r❣✐❛ ❣r❛✈✐t❛❝✐♦♥❛❧ ❞❡s♣r❡③í✈❡❧ ❡♠ ❝♦♠♣❛r❛çã♦

❝♦♠ ❛ ❡♥❡r❣✐❛ tér♠✐❝❛✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠ ♣❧❛s♠❛ ❞❡ ❞❡♥s✐❞❛❞❡ ❜❛✐①❛✱ ●♦❧❞r❡✐❝❤ ❡ ❏✉❧✐❛♥

✭✶✾✻✾✱ r❡❢✳ ❬✶✵✽❪✮ ❛❜♦r❞❛r❛♠ ♦ ♣r♦❜❧❡♠❛ ❝♦♠ ❤✐♣ót❡s❡s s❡♠❡❧❤❛♥t❡s às ❞❡ ❉❡✉ts❝❤
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❡ ❞❡♠♦♥str❛r❛♠ q✉❡ ❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ♥♦r♠❛❧ à

s✉♣❡r❢í❝✐❡ ❞❡✈❡ ❣❡r❛r ✉♠❛ ❞❡♥s✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ❝❛r❣❛ ❝♦♠ ❞✐str✐❜✉✐çã♦ q✉❛❞r✉♣♦❧❛r

σe = −3 ε0
2

aΩB0 cos
2 θ✱ ✭✺✻✮

♦♥❞❡ B0 = B (r = a, θ = 0➦) é ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦❧❛r✹✻✳ ❈♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ ♣ró①✐♠♦

❞❛ s✉♣❡r❢í❝✐❡✱ ♦ ❝❛♠♣♦ ❡❧étr✐❝♦ ❞❡✈❡ ♣♦ss✉✐r ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♥❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❞❛❞❛ ♣♦r

E‖ =
~E · ~B
B

= aΩB0

(a

r

)4

cos3 θ

✭r❡❢✳ ❬✶✵✾❪✮✳ P❛râ♠❡tr♦s tí♣✐❝♦s ❞❡ss❡ t✐♣♦ ❡st❡❧❛r r❡s✉❧t❛♠ ♥❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♥ú♠❡r♦

σe/e ∼ 1018 ♣❛rtí❝✉❧❛s✴❝♠2 ❡ E‖ ∼ 1014 ❱✴♠✳ P❛r❛ ♣rót♦♥s✱ ❛ ❢♦rç❛ ❛ss♦❝✐❛❞❛ ❛ E‖

❡①❝❡❞❡ ❛ ❢♦rç❛ ❣r❛✈✐t❛❝✐♦♥❛❧ ❡♠ ∼ 108✱ ❡♥q✉❛♥t♦ ❡ss❡ ✈❛❧♦r é ∼ 1011 ♣❛r❛ ❡❧étr♦♥s✱

❞❡✐①❛♥❞♦ ❝❧❛r♦ q✉❡ ✉♠❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ♠❛❣♥❡t✐③❛❞❛ ❡♠ r♦t❛çã♦ ♥ã♦ ♣♦❞❡ ❡st❛r

❝✐r❝✉♥❞❛❞❛ ♣♦r ✉♠ ✈á❝✉♦ ♦✉ ♣❡❧♦ ❣ás ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✱ ♠❛s s✐♠ ♣♦r ✉♠ ♣❧❛s♠❛ ❞❡♥s♦

♦r✐❣✐♥ár✐♦ ❞♦ ♣ró♣r✐♦ ♦❜❥❡t♦✳ ❙❡♥❞♦ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡q✉✐♣♦t❡♥❝✐❛✐s

❡❧étr✐❝♦s✱ ❥✉♥t♦ ❛♦ ❢❛t♦ ❞❛ ❡♥❡r❣✐❛ ♠❛❣♥ét✐❝❛ ❡♠ t♦r♥♦ ❞❛ ❡str❡❧❛ ❡①❝❡❞❡r ❡♠ ♠✉✐t♦

❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ❞❡ q✉❛❧q✉❡r ♣❛rtí❝✉❧❛✱ ♦s ❛✉t♦r❡s ❝♦♥❝❧✉ír❛♠ q✉❡ ❛s ❝❛r❣❛s ❞❡ss❡

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

✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ❞❛ ❡str❡❧❛✳ ❊ss❛ ❝♦♠❜✐♥❛çã♦ ❛t♠♦s❢ér✐❝❛ ❡st❡❧❛r é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦

♠❛❣♥❡t♦s❢❡r❛ ❡ s❡ ❡st❡♥❞❡✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ❛té ❛ ❝❛s❝❛ ❞❡ ♠❛t❡r✐❛❧ ❡❥❡t❛❞♦ ♥❛

❡①♣❧♦sã♦ ❞❛ s✉♣❡r♥♦✈❛ ♣r♦❣❡♥✐t♦r❛ ✭∼ 1 ♣❝✮✳ ❉❡♥tr♦ ❞❡ ❧✐♥❤❛s ❢❡❝❤❛❞❛s✱ ❛ ♠❛❣♥❡t♦s❢❡r❛

❞❡ ✉♠❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s tí♣✐❝❛ é ❝♦✲r♦t❛❝✐♦♥❛❧ ❛té ρcl/a ∼ 10✳ ❆♦ ❧♦♥❣♦ ❞❛s ❧✐♥❤❛s

❛❜❡rt❛s✱ ❛ t❡♦r✐❛ ♣r❡✈ê q✉❡ ♣❛rtí❝✉❧❛s sã♦ ❛❝❡❧❡r❛❞❛s ♣❛r❛ ❢♦r❛ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③ ❛té

❡♥❡r❣✐❛s ∼ 1016 × Z ❡❱✱ ♦♥❞❡ Z é ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ❞♦ ♥ú❝❧❡♦✳ ❖ s✐♥❛❧ ❞❛s ❞❡♥s✐❞❛❞❡s

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

❛tr❛✈és ❞❛ ❞❡♥s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛ ❞❡ ❝❛r❣❛

̺e = −2 ε0 ~Ω · ~B 1

1− (ρ/ρcl)
2 ✱ ✭✺✼✮

s❡♣❛r❛❞❛s ♣❡❧❛s r❡❣✐õ❡s ♦♥❞❡ ~Ω · ~B = 0✳ P❛r❛ ρ ≪ ρcl✱ ̺e/e ∼ 1013 ♣❛rtí❝✉❧❛s✴❝♠3 ✭❝♦♠✲

♣❛r❡ ❝♦♠ ❛ ❞❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱ q✉❡ ✈❛❧❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 5 ♣rót♦♥s✴❝♠3

s❡❣✉♥❞♦ ❛ r❡❢❡rê♥❝✐❛ ❬✷✵❪✮✳ Pró①✐♠♦ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③✱ ●♦❧❞r❡✐❝❤ ❡ ❏✉❧✐❛♥ ❛♣❡♥❛s ❞❡✐①❛♠

✹✻❖✉✱ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ❡s❢❡r❛ ❝♦♠ ♠❛❣♥❡t✐③❛çã♦ ✉♥✐❢♦r♠❡ M ✱ B0 = µ0M/3✳
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❛ ♦❜s❡r✈❛çã♦ ❞❡ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡s✉❧t❛♥t❡ ❞♦ ✢✉①♦ t♦r♦✐❞❛❧ ❞❡ ♣❛rtí❝✉❧❛s✱ ❞❡✲

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

❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❝❛♠♣♦ ❞✐♣♦❧❛r ❞❛ ❡str❡❧❛✳

❊♠ ✶✾✼✸✱ ▼✐❝❤❡❧ ✭r❡❢✳ ❬✶✶✵❪✮ ♣❡r❝❡❜❡✉ q✉❡✱ s❡ ❛ ❡♥❡r❣✐❛ ♠❛❣♥ét✐❝❛ é ❞♦♠✐♥❛♥t❡

s♦❜r❡ ❛s ❞❡♠❛✐s ❡♥❡r❣✐❛s ❞♦ ♣❧❛s♠❛ ✭tér♠✐❝❛✱ ❝✐♥ét✐❝❛✱ ❡t❝✳✮✱ ❡♥tã♦ ♦ ❣ás ♣♦❞❡ s❡r

❝♦♥s✐❞❡r❛❞♦✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ❧✐✈r❡ ❞❡ ❢♦rç❛s✳ P♦rt❛♥t♦✱ ❝♦♠❜✐♥❛♥❞♦

̺e ~E +~j × ~B = ✏t❡r♠♦s ✐♥❡r❝✐❛✐s✑ = 0

❝♦♠ ❛ ❡q✉❛çã♦ ✭✹✺✮✱ ❢♦✐ ♣♦ssí✈❡❧ r❡♣r❡s❡♥t❛r ❛ ❝♦✲r♦t❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s ❝♦♠♦ ~j = ̺e~v

❡ ❞❡❞✉③✐r ❛ ❞❡♥s✐❞❛❞❡ ❛✉t♦✲❝♦♥s✐st❡♥t❡

µ0̺e = −
~B · (∇× ~v)

c2 − v2
✱ ✭✺✽✮

s✐❣♥✐✜❝❛♥❞♦ q✉❡ ♦ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ t♦t❛❧✱ ❡♠ ❡q✉✐❧í❜r✐♦ ❝♦♠ ♦ ♣❧❛s♠❛✱ ♣♦❞❡ s❡r

❞❡r✐✈❛❞♦ ❞❡ ̺e ♠❡s♠♦ q✉❡ ❡st❛ ✈❛r✐á✈❡❧ ❞❡♣❡♥❞❛✱ ❡♠ ♣r✐♥❝í♣✐♦✱ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❞♦ ✈á❝✉♦✱ ~B✳ ❊s❝r❡✈❡♥❞♦ ❛s ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s ρ ❡ z ❡♠ ✉♥✐❞❛❞❡s ❞❡ c/Ω ✭♦✉ s❡❥❛✱

❡♠ ✉♥✐❞❛❞❡s ❞❡ ρcl✮✱ ♦ ❛✉t♦r ❞❡✜♥✐✉ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❛s ❧✐♥❤❛s ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

✐♠❡rs♦ ❡♠ ♣❧❛s♠❛✱ s✐♠étr✐❝♦ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z✱ ❝♦♠♦ f (ρ, z) ≡ ❝♦♥st❛♥t❡ ❛tr❛✈és ❞❡

♣♦t❡♥❝✐❛✐s ❞❡ ❊✉❧❡r ♣❛r❛ ♦❜t❡r ❛ r❡❧❛çã♦

~B =
∇f × ϕ̂

ρ
✳

❏✉♥t♦ à ❡q✉❛çã♦ ❞❡ ▼❛①✇❡❧❧ ♣❛r❛ ♦ r♦t❛❝✐♦♥❛❧ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡ à ❡q✉❛çã♦ ✭✺✽✮✱

♦ r❡s✉❧t❛❞♦ é ❛ ❢♦r♠❛ ❡❧í♣t✐❝❛

∂2f

∂ρ2
+

∂2f

∂z2
− 1

ρ

(
1 + ρ2

1− ρ2

)
∂f

∂ρ
= 0✱ ✭✺✾✮

❛♠♣❧❛♠❡♥t❡ ❝♦♥❤❡❝✐❞❛ ♥❛ ❡❧❡tr♦❞✐♥â♠✐❝❛ ❝♦♠♦ ❛ ❡q✉❛çã♦ ❞♦ ♣✉❧s❛r ♣❛r❛ ✉♠ r♦t♦r

❛❧✐♥❤❛❞♦✳ ❉❡♥tr♦ ❞♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③✱ ❡ss❛ ❢♦r♠✉❧❛çã♦ ♣❡r♠✐t✐✉ r❡s♦❧✈❡r ❛ ❡str✉t✉r❛ ❞♦

❝❛♠♣♦ s❡♠ q✉❡ ❛ ❞✐♥â♠✐❝❛ ❞♦ ♣❧❛s♠❛ s❡❥❛ ❞❡t❡r♠✐♥❛❞❛✳ ◆♦t❡ q✉❡ ❛ ❡q✉❛çã♦ é s✐♥❣✉❧❛r

❡♠ ρ = 1✳ ❊♠ ✉♥✐❞❛❞❡s ❞❡ ρcl✱ ♣♦rt❛♥t♦✱ ✐st♦ s✐❣♥✐✜❝❛ q✉❡ ❛ s✐♥❣✉❧❛r✐❞❛❞❡ ♦❝♦rr❡ ♥❛

r❡❣✐ã♦ ❡♠ q✉❡ ρ = ρcl✳

❊①❛t❛♠❡♥t❡ q✉❛tr♦ ♠❡s❡s ❛♣ós ❛ ♣✉❜❧✐❝❛çã♦ ❞❡ ▼✐❝❤❡❧✱ ❙❝❤❛r❧❡♠❛♥♥ ❡ ❲❛❣♦♥❡r

✭✶✾✼✸✱ r❡❢✳ ❬✶✶✶❪✮ ❛♣r❡s❡♥t❛r❛♠ ✉♠❛ ❛❜♦r❞❛❣❡♠ ♠❛✐s ❣❡r❛❧ ✭❡ r❡❛❧✐st❛✮ ❞♦ ♣r♦❜❧❡♠❛✱

❝♦♥s✐❞❡r❛♥❞♦ t❛♠❜é♠ ❛ ❝♦♠♣♦♥❡♥t❡ t♦r♦✐❞❛❧ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ q✉❡ r❡s✉❧t♦✉ ❡♠ ✉♠❛
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✈❡rsã♦✹✼ ❜❛st❛♥t❡ ♣ró①✐♠❛ ❞❛ ❡q✉❛çã♦ ✭✺✾✮✳ P♦ré♠✱ ❛ ✐♠♣♦s✐çã♦ ❞❡ q✉❡ ❛s ❞❡♥s✐❞❛❞❡s ❞❡

❝❛r❣❛ ❡ ❝♦rr❡♥t❡ ❞❡✈❡♠ s❡r ✜♥✐t❛s s♦❜r❡ ♦ ❝✐❧✐♥❞r♦ ❞❡ ❧✉③✱ ❝♦♥t♦r♥❛♥❞♦ ❛ s✐♥❣✉❧❛r✐❞❛❞❡✱

❧❡✈♦✉ à ❞❡s❝♦❜❡rt❛ ❞❡ ✉♠❛ ♥♦✈❛ r❡❧❛çã♦ r❡str✐t✐✈❛ ♣❛r❛ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦✳ ❯♠❛ ❞❛s

❝♦♥s❡qüê♥❝✐❛s ✐♠❡❞✐❛t❛s é q✉❡ ❛ ♠❛✐♦r ❧✐♥❤❛ ❢❡❝❤❛❞❛✱ ♥❛ ✈❡r❞❛❞❡✱ ♥ã♦ ♣♦❞❡ t♦❝❛r ♦

❝✐❧✐♥❞r♦✳

❈♦♠ ❜❛s❡ ♥❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ❞❡ ❙❝❤❛r❧❡♠❛♥♥ ❡ ❲❛❣♦♥❡r✱ ❡♠ ✶✾✾✾✱ ❈♦♥✲

t♦♣♦✉❧♦s ❡t ❛❧✳ ✭r❡❢✳ ❬✶✶✸❪✮ r❡s♦❧✈❡r❛♠ ♥✉♠❡r✐❝❛♠❡♥t❡ ❛ ❡q✉❛çã♦ ❞♦ ♣✉❧s❛r ❛tr❛✈és ❞❡

ρ = ρcl✳ ❖s ❛✉t♦r❡s ♠♦str❛r❛♠ q✉❡✱ ♣ró①✐♠♦ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s✱ ✉♠

❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ é ❛ ú♥✐❝❛ ❣❡♦♠❡tr✐❛ ❝✉❥❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦✱ ❛♦ s❡r❡♠ ❞✐st♦r❝✐❞❛s ♣❡❧♦

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

✐❞é✐❛ ✐♥✐❝✐❛❧ ❞❡ ●♦❧❞r❡✐❝❤ ❡ ❏✉❧✐❛♥ s♦❜r❡ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣❛r❛ ❢♦r❛ ❞❛ r❡❣✐ã♦

❞❡ ❝♦✲r♦t❛çã♦✱ ❝r✐❛♥❞♦ ♦ q✉❡ ❡❧❡s ❝❤❛♠❛r❛♠ ❞❡ ✏③♦♥❛ ❞♦ ✈❡♥t♦✑✳ ❆té ❤♦❥❡✱ ♥❡♥❤✉♠❛

s♦❧✉çã♦ ❛♥❛❧ít✐❝❛ é ❝♦♥❤❡❝✐❞❛✳

❊♥tr❡ ✷✵✵✺ ❡ ✷✵✵✻✱ ♠♦❞❡❧❛❣❡♥s r❡❧❛t✐✈íst✐❝❛s✱ ❞❡♣❡♥❞❡♥t❡s ❞♦ t❡♠♣♦✱ ❢♦r❛♠ ❞❡✲

s❡♥✈♦❧✈✐❞❛s ♣♦r ❙♣✐t❦♦✈s❦② ✭r❡❢✳ ❬✶✶✹❪✮✱ ❑♦♠✐ss❛r♦✈ ✭r❡❢✳ ❬✶✶✺❪✮ ❡ ▼❝❑✐♥♥❡② ✭r❡❢✳ ❬✶✶✻❪✮✱

♣❡r♠✐t✐♥❞♦ ❞❡♠♦♥str❛r r✐❣♦r♦s❛♠❡♥t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❡st❛❝✐♦♥ár✐❛s ❞❡

♠❛❣♥❡t♦s❢❡r❛s ❧✐✈r❡s ❞❡ ❢♦rç❛✳ ❆ ✜❣✉r❛ ✷✼ ❛♣r❡s❡♥t❛ ❛ ❡✈♦❧✉çã♦ ❛té ♦ ❡st❛❞♦ ✜♥❛❧ ❞❡

r♦t❛çã♦ ❞❡ ✉♠❛ ♠❛❣♥❡t♦s❢❡r❛ ❝✉❥❛ ❝♦♥✜❣✉r❛çã♦ ✐♥✐❝✐❛❧ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡r❛ ❞✐♣♦❧❛r✳

❆s ❧✐♥❤❛s ♣r❡t❛s sã♦ ❞❡s❝r✐t❛s ♣❡❧❛ ❡q✉❛çã♦ ✭✺✾✮ ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ♣❛r❛ r ≫ ρcl

é ❛ss✐♥t♦t✐❝❛♠❡♥t❡ ♠♦♥♦♣♦❧❛r✳ ❊ss❡ ❡❢❡✐t♦ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ♠♦♥♦♣ó❧♦ ❞✐✈✐❞✐❞♦✳ ❆t✲

✉❛❧♠❡♥t❡✱ t♦❞❛s ❛s s✐♠✉❧❛çõ❡s ❞❡ ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣♦r ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s ♣❛rt❡♠

❞❡ss❛ ❣❡♦♠❡tr✐❛ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳

Pró①✐♠♦ à s✉♣❡r❢í❝✐❡ ❞❛ ❡str❡❧❛✱ ❛ ❡❧❡tr♦❞✐♥â♠✐❝❛ ❞❡ ●♦❧❞r❡✐❝❤ ❡ ❏✉❧✐❛♥ ❛✐♥❞❛ é

✈á❧✐❞❛✳ ❙❡❣✉♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❡q✉❛çã♦ ✭✺✼✮✱ ❡❧étr♦♥s ❞❡✈❡♠ s❡r ❡①♣❡❧✐❞♦s ♣❡❧♦s

♣ó❧♦s✳ ❆ ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❧❡✈♦✉ ❍❡✇✐s❤✹✽ ✭✶✾✽✶✱ r❡❢✳ ❬✶✶✼❪✮ ❛ s✉♣♦r

❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❝♦rr❡♥t❡ ❛❞✐❝✐♦♥❛❧ ♣❛r❛ ♠❛♥t❡r ♦ ❝✐r❝✉✐t♦ ❢❡❝❤❛❞♦ ❡ ❝♦♥s❡r✈❛r ❛

❝❛r❣❛ ❞♦ ❛str♦✳ ❊ss❛ ❝♦rr❡♥t❡ ❞❡ r❡t♦r♥♦ Ireturn✱ ❝♦♠♦ ❢♦✐ ❝❤❛♠❛❞❛✱ s❡r✐❛ ❝♦♠♣♦st❛

♣♦r ❡❧étr♦♥s ❡ só ♣♦❞❡r✐❛ ✢✉✐r ❛tr❛✈és ❞♦ ♣❧❛♥♦ ❡q✉❛t♦r✐❛❧✱ ♣❛ss❛♥❞♦ ♣❡❧❛ r❡❣✐ã♦ q✉❡

s❡♣❛r❛ ❛s ❧✐♥❤❛s ❢❡❝❤❛❞❛s ❞❛s ❧✐♥❤❛s ❛❜❡rt❛s ✭♦✉ s❡♣❛r❛tr✐③ ♠❛❣♥ét✐❝❛✮ ❛té ❛ s✉♣❡r❢í❝✐❡

❞❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s✳ ❊♠ ✈✐st❛ ❞❛ ❞✐✜❝✉❧❞❛❞❡ ❢r❡♥t❡ ❛♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡ ❛❧❣✉♠❛

❢♦♥t❡ ❡①t❡r♥❛✹✾ ♣r♦✈❡❞♦r❛ ❞❡ ❡❧étr♦♥s✱ ❢♦✐ ❝♦♥❥❡❝t✉r❛❞❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❝♦rr❡♥t❡
✹✼▼✐❝❤❡❧ t❛♠❜é♠ ❞✐s♣✉t❛ ❛ ❛✉t♦r✐❛ ❞❡st❛ ♥♦✈❛ ❛♥á❧✐s❡ ✭✶✾✼✸✱ r❡❢✳ ❬✶✶✷❪✮✳
✹✽❊♠ ✶✾✼✹✱ ❆♥t♦♥② ❍❡✇✐s❤ ❣❛♥❤♦✉ ♦ Prê♠✐♦ ◆♦❜❡❧ ❞❡ ❋ís✐❝❛ ♣❡❧❛ ♣❛rt✐❝✐♣❛çã♦ ♥❛ ❞❡s❝♦❜❡rt❛ ❞♦s

♣✉❧s❛r❡s✳
✹✾▼❡s♠♦ q✉❡ ❤♦✉✈❡ss❡ ✉♠ ❞✐s❝♦ ❞❡ ♠❛tér✐❛ ❡♠ t♦r♥♦ ❞❛ ❡str❡❧❛✱ ♣♦r ❡①❡♠♣❧♦✱ ♥ã♦ ❤❛✈❡r✐❛ ❝♦♠♦

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

❋✐❣✉r❛ ✷✼✿ ❊✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ ♠❛❣♥❡t♦s❢❡r❛ ❝♦✲r♦t❛❝✐♦♥❛❧ ❞❡ ✉♠❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s
❡♠ ❛❝❡❧❡r❛çã♦✱ ♣❛rt✐♥❞♦ ❞♦ r❡♣♦✉s♦ ✭❛✮ ❡✈♦❧✉✐♥❞♦ ♣❛r❛ ✭❜✮ ❡✱ ♣♦r ✜♠✱ ✭❝✮✳ ❆s ❝♦r❡s
r❡♣r❡s❡♥t❛♠ ❛ ❝♦♠♣♦♥❡♥t❡ t♦r♦✐❞❛❧ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❝♦♠ r❡✈❡rsã♦ ❞❡ s✐♥❛❧ ♥♦
❡q✉❛❞♦r ❡ ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐s ✐♥t❡♥s❛ ❛❧é♠ ❞❡ ρcl ❞❡ ♠♦❞♦ ❛ ♥ã♦ ❡①❝❡❞❡r ❛ ✈❡❧♦❝✐❞❛❞❡
❞❛ ❧✉③ ✭r❡❢✳ ❬✶✶✹❪✮✳ ■♠❛❣❡♥s ❞❡ s✐♠✉❧❛çõ❡s ❝❡❞✐❞❛s ❣❡♥t✐❧♠❡♥t❡ ♣♦r ❆✳ ❙♣✐t❦♦✈s❦②✱ ❛tr❛✈és
❞❡ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣❛rt✐❝✉❧❛r✳

♣♦s✐t✐✈❛ ❞❡ í♦♥s −Ireturn✱ ❝♦♠ ✢✉①♦ ❞❡ ❝❛r❣❛ ❡q✉✐✈❛❧❡♥t❡ à ❝♦rr❡♥t❡ ♥❡❣❛t✐✈❛ ❞❡ r❡t♦r♥♦✱

s❡♥❞♦ ❡❥❡t❛❞❛ ♣❛r❛ ❢♦r❛ ❞❛ ❡str❡❧❛ ❛tr❛✈és ❞♦ ♠❡s♠♦ ❝❛♠✐♥❤♦✳ ❆ ✜❣✉r❛ ✷✽ ❛♣r❡s❡♥t❛

✉♠❛ ❞❡s❝r✐çã♦ ❣rá✜❝❛ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ss❡ ♠♦❞❡❧♦✳ ❖s í♦♥s ❞❡✈❡♠ t❡r ♦r✐❣❡♠ ♥❛s r❡❣✐õ❡s

❞❛ s✉♣❡r❢í❝✐❡ ♦♥❞❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ●♦❧❞r❡✐❝❤✲❏✉❧✐❛♥✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✺✻✮✱ é ♣♦s✐t✐✈❛✱

❛❧é♠ ❞❡ r❡✢❡t✐r❡♠ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ ❡str❡❧❛ ♣r♦❣❡♥✐t♦r❛✳ ❆ ❤✐♣ót❡s❡ ❞♦ ✢✉①♦ ❞❡

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

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

❞❡ t❡♠♣♦✱ ♦✉ s❡❥❛✱ ❛ ❝❛r❣❛ ❡❧étr✐❝❛ t♦t❛❧ ❞❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ♣❛r❡❝❡ s❡r ❝♦♥s❡r✈❛❞❛

❡ ❡❧❛ ♥✉♥❝❛ ❡♥tr❛ ♥♦ r❡❣✐♠❡ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝❤❛r❣❡✲st❛r✈❡❞ ✭s✐❣♥✐✜❝❛♥❞♦✱ ❡♠ ✐♥❣❧ês✱ ❛

❢❛❧t❛ ❞❡ ❛❧❣✉♠❛ ❡s♣é❝✐❡ ❞❡ ❝❛r❣❛✮✳
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❋✐❣✉r❛ ✷✽✿ ❈♦rr❡♥t❡s ✭♥❡❣❛t✐✈❛s✮ ❞❡ ❡❧étr♦♥s✱ ♣♦❧❛r❡s✱ ❡ ❝♦rr❡♥t❡ ❡q✉❛t♦r✐❛❧ ❞❡ r❡t♦r♥♦
✭♣♦s✐t✐✈❛✮✱ ♥❛ ❢♦r♠❛ ❞❡ ✉♠ ✏❨✑ ♥❛ r❡❣✐ã♦ q✉❡ s❡♣❛r❛ ❛s ❧✐♥❤❛s ❛❜❡rt❛s ❞❛s ❧✐♥❤❛s
❢❡❝❤❛❞❛s✳ ❊st❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠♣r❡❡♥❞❡ ♦ ♠♦❞❡❧♦ ♣❛❞rã♦ ♣❛r❛ ♠❛❣♥❡t♦s❢❡r❛s ❞❡ ❡s✲
tr❡❧❛s ❞❡ ♥ê✉tr♦♥s ❡♠ r♦t❛çã♦✳ ❉❡♣❡♥❞❡♥❞♦ ❞♦ ♠♦❞❡❧♦✱ ♦ ♣♦♥t♦ x0 ✈❛r✐❛ ♥♦ ✐♥t❡r✈❛❧♦
0.6 6 (x0/ρcl) < 1✳ ❋✐❣✉r❛ ❛❞❛♣t❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✶✽❪✳

✸✳✾ ◆ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s ✭❆●◆s✮

◆ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s✱ ♦✉ ❆●◆s✺✵✱ sã♦ r❡❣✐õ❡s ❝❛r❛❝t❡r✐③❛❞❛s ♣❡❧❛ ❡♠✐ssã♦ ❞❡ ✉♠

❡s♣❡❝tr♦ ❝♦♥tí♥✉♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❡ ✉♠ ✈♦❧✉♠❡ ❝♦♠♣❛❝t♦

❞❡ ♠❛tér✐❛❀ ♣ró①✐♠♦ ❛ ❡ss❛s ❡str✉t✉r❛s✱ t❛♠❜é♠ sã♦ ❞❡t❡❝t❛❞❛s ❧✐♥❤❛s ❡s♣❡❝tr❛✐s ❞❡

❡♠✐ssã♦ ❧❛r❣❛s ❡ ✐♥t❡♥s❛s✱ ♦r✐❣✐♥ár✐❛s ❞❡ ♥✉✈❡♥s q✉❡ s❡ ♠♦✈❡♠ ❝♦♠ ❛❧t❛ ✈❡❧♦❝✐❞❛❞❡✳

❉❡♣❡♥❞❡♥❞♦ ❞❛ ❧✉♠✐♥♦s✐❞❛❞❡ ✐♥trí♥s❡❝❛ ❞♦s ❆●◆s✱ t✐♣✐❝❛♠❡♥t❡ . 1014 ▲⊙✱ ♦ ✢✉①♦

❞❡ss❛ r❛❞✐❛çã♦ s♦❢r❡ ❛❧t❡r❛çõ❡s ❡♠ ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❞❛ ♦r❞❡♠ ❞❡ ❤♦r❛s ❛ ❛♥♦s❀

q✉❛❧q✉❡r ✈❛r✐❛çã♦ s✐❣♥✐✜❝❛t✐✈❛ ✭♣♦r ✉♠ ❢❛t♦r 2✱ ♣♦r ❡①❡♠♣❧♦✮ ❡♠ ✉♠❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦

t ✐♠♣õ❡ ✉♠ ❧✐♠✐t❡ R 6 c t ♣❛r❛ ❛ r❡❣✐ã♦ ❛t✐✈❛ ✭r❡❢✳ ❬✶✶✾❪✮✳ ❉❛ ❞✐s❝✉ssã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛

s❡çã♦ ✸✳✶✱ ❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✉♠ ❆●◆ ❞❡✈❡ s❡r✱ ♣♦rt❛♥t♦✱ . 10−1 ♣❝✳ ❉❛❞❛

❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ r❡❧❛❝✐♦♥❛❞❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❡♠✐ssã♦✱ ❛❝r❡❞✐t❛✲s❡ q✉❡ ❛ r❡❣✐ã♦

❝❡♥tr❛❧ ❞❡ t♦❞♦ ❆●◆ ❝♦♥t❡♥❤❛ ✉♠ ❜✉r❛❝♦ ♥❡❣r♦ ❝♦♠ ♠❛ss❛ ∼ 108 − 109 ▼⊙ ✭♦ ❜✉r❛❝♦

♥❡❣r♦ ❧♦❝❛❧✐③❛❞♦ ♥♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ♣♦ss✉✐ ✉♠❛ ♠❛ss❛ ∼ 106 ▼⊙✮✳

✺✵❉♦ ✐♥❣❧ês ❆❝t✐✈❡ ●❛❧❛❝t✐❝ ◆✉❝❧❡✐✳

✽✺



❖✉tr❛ ❝❛r❛❝t❡ríst✐❝❛ ❝♦♠✉♠ ❛♦s ❆●◆s é ❛ ❡❥❡çã♦ ❞❡ ♠❛tér✐❛ ♠❛❣♥❡t✐③❛❞❛ ♥❛

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

❞✐stâ♥❝✐❛s ❛❧é♠ ❞♦s ❧✐♠✐t❡s ❞❛ ❣❛❧á①✐❛ ❤♦s♣❡❞❡✐r❛✱ ♣❡r♣❡♥❞✐❝✉❧❛r❡s ❛♦ s❡✉ ♣❧❛♥♦✳ ❖

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

❞❛s ♥✉✈❡♥s ❡♠ t♦r♥♦ ❞❛ r❡❣✐ã♦ ♠❛✐s ✐♥t❡r♥❛ ❞♦ ♥ú❝❧❡♦ ❛t✐✈♦✳ ❖ ♠♦❞❡❧♦ ♠❛✐s ❛❝❡✐t♦ ✭♥❛

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

♣♦❧❛r✱ r❡s✉❧t❛♥❞♦ ♥❛ ❡①♣✉❧sã♦ ♣♦st❡r✐♦r ❞♦ ♣❧❛s♠❛ ♣❛r❛ ♦ ❡s♣❛ç♦ ♥❛ ❢♦r♠❛ ❞❡ ✉♠ ❥❛t♦✱

❢♦✐ ❞❛❞♦ ❡♠ ✶✾✽✺ ♣♦r ❯❝❤✐❞❛✱ ❙❤✐❜❛t❛ ❡ ❙♦❢✉❡✺✶ ✭r❡❢✳ ❬✶✷✵❪✮✱ ❡ ❛♣r✐♠♦r❛❞♦ ♣❡❧♦s ♠❡s♠♦s

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

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

σ = ε0
ω2
p,e

νcol
✱ ✭✻✵✮

♦♥❞❡ ωp,e é ❛ ❢r❡qüê♥❝✐❛ ❞♦ ♣❧❛s♠❛ ❡❧❡trô♥✐❝♦✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✸✸✮ ✭♥❛ s❡çã♦ ✸✳✸✮✱ ❡

νcol é ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦❧✐sã♦ ❞❛s ♣❛rtí❝✉❧❛s✳ P❛r❛ ❝♦❧✐sõ❡s ❝♦✉❧♦♠❜✐❛♥❛s✱ ❛ r❡❧❛çã♦

σ ≈ 6.3× 1010T 3/2

❞❡♠♦♥str❛ q✉❡ t❡♠♣❡r❛t✉r❛s ❛❝✐♠❛ ❞❡ 103 ❑ sã♦ s✉✜❝✐❡♥t❡s ♣❛r❛ ❛ss❡❣✉r❛r ❛ ❝♦♥❞✐çã♦

❞♦ ❝♦♥❣❡❧❛♠❡♥t♦ ❞❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❡♠ ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s✱ ❝♦♠♦ ♦❝♦rr❡ ♥♦s ❥❛t♦s

✭r❡❢✳ ❬✶✷✶❪✮✳

❆ r❡❝♦♥❡①ã♦ é ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ✐♥trí♥s❡❝❛ ❛♦s ♣❧❛s♠❛s ♠❛❣♥❡t✐③❛❞♦s s✉❥❡✐t♦s

❛ ❝✐s❛❧❤❛♠❡♥t♦ ❡ t✉r❜✉❧ê♥❝✐❛✳ ❖ ♠♦✈✐♠❡♥t♦ r❡❧❛t✐✈♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❝♦♠ ♣♦✲

❧❛r✐❞❛❞❡s ❞✐❢❡r❡♥t❡s ❝♦rr❡s♣♦♥❞❡ ❛ ❝♦rr❡♥t❡s ❡❧étr✐❝❛s ♣❛r❛❧❡❧❛s q✉❡ s❡ ❛tr❛❡♠✳ ❊♠ ✉♠

❡♥❝♦♥tr♦✱ s❡ ❛ ♣r❡ssã♦ ♠❛❣♥ét✐❝❛ ❡♥tr❡ ❝❛♠♣♦s ♦♣♦st♦s ± ~B ♥ã♦ ❢♦r s✉✜❝✐❡♥t❡ ♣❛r❛

♠❛♥tê✲❧♦s ❛❢❛st❛❞♦s✱ ❛s ❧✐♥❤❛s ❞✐❢✉♥❞❡♠ ♣❡❧♦ ❣ás ❡ s❡ ❛♣r♦①✐♠❛♠✳ ❊st❛ ❞✐♥â♠✐❝❛ é

❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ✐♥❞✉çã♦ ✭❡q✉❛çã♦ ✭✹✸✮✱ ♥❛ s❡çã♦ ✸✳✹✮ ❛tr❛✈és ❞♦ ❝♦❡✜❝✐❡♥t❡

❞❡ ❞✐❢✉sã♦ η = 1/ (µσ)✳ P♦rt❛♥t♦✱ ❛ r❡❝♦♥❡①ã♦ ♠❛❣♥ét✐❝❛ ♦❝♦rr❡ ❡♠ r❡❣✐õ❡s ♦♥❞❡ ❛

❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ é ❞r❛st✐❝❛♠❡♥t❡ r❡❞✉③✐❞❛ ❛❜❛✐①♦ ❞♦ ✈❛❧♦r ❝❧áss✐❝♦ ❞❡ ❈♦✉❧♦♠❜✱

✉♠ ❡❢❡✐t♦ q✉❡ ♦❝♦rr❡ ♦♥❞❡ ♦ ♣❧❛s♠❛ é ❧♦❝❛❧♠❡♥t❡ ✐♥stá✈❡❧✳ ❖ ❡①❝❡ss♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡

❝♦rr❡♥t❡ ✐♥❞✉③✐❞❛ ❛❧é♠ ❞❡ ✉♠ ✈❛❧♦r ❝rít✐❝♦ é ❡q✉✐✈❛❧❡♥t❡ ❛♦ ❡①❝❡ss♦ ❧♦❝❛❧ ♥❛ ✈❡❧♦❝✐❞❛❞❡

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

q✉❡ ❛♠♣❧✐✜❝❛♠ ❛ ❢r❡qüê♥❝✐❛ ❞❡ ❝♦❧✐sã♦ νcol ♣♦r ✐♥t❡r❛çõ❡s ♣❛rtí❝✉❧❛✲♦♥❞❛✱ ♣r♦❞✉③✐♥❞♦

✉♠❛ r❡❣✐ã♦ ♦♥❞❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ é ❞✐t❛ ❛♥ô♠❛❧❛✳ ❆ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥❣❡❧❛♠❡♥t♦ ❞♦
✺✶❖ ❛✉t♦r ❞❡st❛ t❡s❡ é ❣r❛t♦ ♣❡❧❛ ❡❞✉❝❛çã♦ ❡ ❛t❡♥çã♦ ❝♦♠ ❛ q✉❛❧ ♦ ❙r✳ ❨♦s❤✐❛❦✐ ❙♦❢✉❡ ♦ ❛t❡♥❞❡✉

❛tr❛✈és ❞❡ ❝♦rr❡s♣♦♥❞ê♥❝✐❛ ♣❛rt✐❝✉❧❛r✱ ❞✐s♣♦♥✐❜✐❧✐③❛♥❞♦ ♦ ❛rt✐❣♦ r❡❢❡r✐❞♦✳
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❝❛♠♣♦ ❞❡✐①❛ ❞❡ ❡①✐st✐r ❡ ❛s ❧✐♥❤❛s ❝♦♠❡ç❛♠ ❛ ♣r♦♣❛❣❛r ♣❡❧♦ ♣❧❛s♠❛✱ ❡✈❡♥t✉❛❧♠❡♥t❡

✉♥✐♥❞♦✲s❡✳ ◗✉❛♥❞♦ ✐ss♦ ♦❝♦rr❡✱ ❝❛♠♣♦s ❡❧étr✐❝♦s ✐♥t❡♥s♦s sã♦ ✐♥❞✉③✐❞♦s ❛♦ ❧♦♥❣♦ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❡ r❡❝♦♥❡①ã♦✱ s❡♥❞♦ ❞✐ss✐♣❛❞♦s r❛♣✐❞❛♠❡♥t❡ à ♠❡❞✐❞❛ q✉❡ s✉❛ ❡♥❡r❣✐❛ é

tr❛♥s❢❡r✐❞❛ ♣❛r❛ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❣❡r❛♥❞♦ r❛✐♦s ❝ós♠✐❝♦s✳

❖ ❛rt✐❣♦ ❞❡ ❆❧❢✈é♥ ❝♦♥t❡♥❞♦ ❛♣❡♥❛s ✉♠❛ ♣á❣✐♥❛ ✭✶✾✹✷✱ r❡❢✳ ❬✾✹❪✮✱ ✐♥tr♦❞✉③✐❞♦ ♥♦

✐♥í❝✐♦ ❞❛ s❡çã♦ ✸✳✹✱ ❛❜♦r❞❛✈❛ ❛ ✐❞é✐❛ ❞❡ q✉❡ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ❡♠ ✉♠ ♣❧❛s♠❛ ❝❛✉s❛r✐❛

✉♠❛ ♣❡q✉❡♥❛ t♦rçã♦ ♥❛s ❧✐♥❤❛s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛❧✐ ❝♦♥❣❡❧❛❞♦❀ ❞❡ ♠♦❞♦ ❛♥á❧♦❣♦

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

✉♠❛ ♦♥❞❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡

vA =

√

✏t❡♥sã♦✑
ρ

=
B√
µρ

✱ ✭✻✶✮

❝✉♥❤❛❞❛ ❝♦♠♦ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❆❧❢✈é♥✱ ♦♥❞❡ ρ =
∑

i ni mi é ❛ ❞❡♥s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛ ❞♦s

♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ ❞♦ ♣❧❛s♠❛ ❡ B é ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ P❛r❛ ♦ ❝❛s♦

❞❡ ✉♠ ❣ás ❡♠ q✉❡ ❤á ❛ ❞✐ss✐♣❛çã♦ ô❤♠✐❝❛ ❞❛s ❝♦rr❡♥t❡s ❞❡ í♦♥s ❡♠ ✉♠❛ ❝❛♠❛❞❛ ❝♦♠

ár❡❛ ∼ L2✱ ▲❡s❝❤ ✭✶✾✾✶✱ r❡❢✳ ❬✶✷✷❪✮ ♦❜t❡✈❡ ❛ ❡s♣❡ss✉r❛ ❞❛ r❡❣✐ã♦ ❞❡ r❡❝♦♥❡①ã♦ ♠❛❣♥ét✐❝❛

❝♦♠♦

l =
2L√
Rm

✱

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

u =
2vA√
Rm

✳

◆❛s ❞✉❛s ❢ór♠✉❧❛s ❛❝✐♠❛✱ Rm ✭∝ σ✮ é ♦ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❡②♥♦❧❞s✱ ❞❡✜♥✐❞♦ ♣❡❧❛

❡q✉❛çã♦ ✭✹✹✮ ♥❛ s❡çã♦ ✸✳✹✳ ◆♦t❡✱ ♣♦rt❛♥t♦✱ q✉❡ ❛ ❞✐♠✐♥✉✐çã♦ ❛❜r✉♣t❛ ❞❛ ❝♦♥❞✉t✐✈✐❞❛❞❡

❡❧étr✐❝❛ ♥❛ r❡❣✐ã♦ ❞❡ ✐♥st❛❜✐❧✐❞❛❞❡ ❡♠ ✉♠ ♣❧❛s♠❛ ♣♦❞❡ ❞❡s❡♥❝❛❞❡❛r ✉♠❛ r❡❝♦♥❡①ã♦

rá♣✐❞❛✱ ❣❡r❛♥❞♦ ❛ ❛❝❡❧❡r❛çã♦ ❡①♣❧♦s✐✈❛ ❞❡ ♣❛rtí❝✉❧❛s✱ ❝♦♠♦ é ♦❜s❡r✈❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡

❞♦ ❙♦❧✱ ♣♦r ❡①❡♠♣❧♦✳ ❙❡❣✉♥❞♦ ❞❛❞♦s ♦❜s❡r✈❛❝✐♦♥❛✐s ❞❡ r❛✐♦s✲❳ ♣♦r ❡♠✐ssã♦ sí♥❝r♦tr♦♥✱

❡ss❛ ❢♦r♠❛ ❞❡ ❧✐❜❡r❛çã♦ t❛♠❜é♠ ♣❛r❡❝❡ s❡r ❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ✈❛r✐❛çã♦ ❞❛ ❧✉♠✐♥♦s✐❞❛❞❡

❡♠ t♦r♥♦ ❞♦ ✈♦❧✉♠❡ ❝♦♠♣❛❝t♦ ♥♦s ❝❡♥tr♦s ❞❡ ❆●◆s✳ ❖ ♠❡s♠♦ tr❛❜❛❧❤♦ ❞❡ ▲❡s❝❤ tr❛③

❛ ❞❡♠♦♥str❛çã♦ ❞❡ q✉❡ ❡❧étr♦♥s ❛❝❡❧❡r❛❞♦s ❡♠ r❡❣✐õ❡s ♦♥❞❡ ♦❝♦rr❡ r❡❝♦♥❡①ã♦ ♠❛❣♥ét✐❝❛

❛❞q✉✐r❡♠ ✉♠ ❢❛t♦r ❞❡ ▲♦r❡♥t③

γ ≈ 6× 105
(

B

100 ●

)

✳

✽✼



❊ss❛ r❡❧❛çã♦ t❛♠❜é♠ é ✈á❧✐❞❛ ♣❛r❛ ♣❧❛s♠❛s ❡st❡❧❛r❡s ❡ s❡rá ❧❡♠❜r❛❞❛ ♠❛✐s t❛r❞❡ ♥❛

s✉❜✲s❡çã♦ ✹✳✸✳✷✳

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

s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♣✉❜❧✐❝❛❞❛ ❡♠ ✷✵✵✼ ✭r❡❢✳ ❬✺✵❪✮✱ ❛♣♦♥t❛ ♣❛r❛ ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛s

❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 6×1019 ❡❱ ❡ ❛ ❞✐str✐❜✉✐çã♦

❡s♣❛❝✐❛❧ ❞♦s ❆●◆s✺✷ ❝♦♥t✐❞♦s ♥❛ r❡❣✐ã♦ ❝♦♠♣r❡❡♥❞✐❞❛ ♣♦r ❞✐stâ♥❝✐❛s . 75 ▼♣❝✱ ❡q✉✐✈✲

❛❧❡♥t❡s ❛♦s r❡❞s❤✐❢ts z 6 0.018 ✭♥♦t❛✺✸✮✳ ❊ss❡ r❡s✉❧t❛❞♦ ✐♠♣❧✐❝❛ ❡♠ q✉❡ ♦s ♥ú❝❧❡♦s

❛t✐✈♦s ♣♦❞❡♠ ❡st❛r ❛ss♦❝✐❛❞♦s ❛ ❛❧❣✉♠ ♣r♦❝❡ss♦ ♦✉ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ ✐♥❡r❡♥t❡ ❛ ❡❧❡s✱

♠❛s ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❞❛ r❡❣✐ã♦ ❝❡♥tr❛❧✳ ◆♦ ❝❛s♦ ❞❛ ♥✉❝❧❡♦ssí♥t❡s❡✱ ✉♠❛ ♣❛rtí❝✉❧❛

♣r✐♠ár✐❛ ❝♦♠ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ✐♥t❡r♠❡❞✐ár✐❛ ❡♥tr❡ ♦ ♣rót♦♥ ❡ ♦ ♥ú❝❧❡♦ ❞❡ ❢❡rr♦ só

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

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

✭> 106 ▼⊙✮ tê♠ s✐❞♦ r❡♣♦rt❛❞❛s ❛♠♣❧❛♠❡♥t❡ ♥❛s ♣✉❜❧✐❝❛çõ❡s ❝✐❡♥tí✜❝❛s ❛♦ ❧♦♥❣♦ ❞♦s

ú❧t✐♠♦s ❛♥♦s✳ ❋❛rr❛r ❡ ●r✉③✐♥♦✈ ✭✷✵✵✾✱ r❡❢✳ ❬✶✷✹❪✮ ❞❡♠♦♥str❛r❛♠ q✉❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s

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

❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣rót♦♥s ❛té 1020 ❡❱✳ ❊ss❛s ♣❛rtí❝✉❧❛s ♣♦❞❡♠ s❡r ♦r✐❣✐♥ár✐❛s ❞♦ ♣ró♣r✐♦

♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❞❡✈✐❞♦ à ❛❜✉♥❞â♥❝✐❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥♦ ✉♥✐✈❡rs♦✱ ♠❛s ♦ tr❛❜❛❧❤♦ ♥ã♦

♠❡♥❝✐♦♥❛ ♥ú❝❧❡♦s ♠❛✐s ♣❡s❛❞♦s✳ ◆❛ s❡çã♦ ✷✳✺ ❢♦✐ ♠❡♥❝✐♦♥❛❞♦ q✉❡ ❛ ❡①tr❛♣♦❧❛çã♦ ❞♦s

♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çõ❡s ❤❛❞rô♥✐❝❛s ❡ ❛ ❛♥á❧✐s❡ ❞♦s ✈❛❧♦r❡s ❞❡ 〈Xmax〉 ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛

❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✱ ❝♦♠ ❜❛s❡ ❡♠ ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♣❡r✲

♠✐t❡♠ q✉❡ s❡❥❛ ✐♥❢❡r✐❞❛ ✉♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ✐♥t❡r♠❡❞✐ár✐❛ ✭♦✉ s❡❥❛✱ ❡♥tr❡ Z = 1

❡ Z = 26✮ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❛ ♣❛rt✐r ❞❡ 1018 ❡❱✳ ❆ s❡çã♦ ✹✳✸ ❛❜♦r❞❛rá ❞♦✐s ❣r✉♣♦s

❡st❡❧❛r❡s✱ ❝♦♥st❛t❛❞♦s ♥❛ ❱✐❛ ▲á❝t❡❛✱ s❡♥❞♦ ♦ ♣r✐♠❡✐r♦ ❞❡❧❡s r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❣❡r❛çã♦ ❡

❡♥r✐q✉❡❝✐♠❡♥t♦ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❝♦♠ ♥ú❝❧❡♦s ❞❡s❞❡ ♦ ❤é❧✐♦ ❛té ♦ ❢❡rr♦✱ ❡♥q✉❛♥t♦ ♦

s❡❣✉♥❞♦ é ♣♦t❡♥❝✐❛❧♠❡♥t❡ ✉♠ ❝❛♥❞✐❞❛t♦ ❛ ❛❝❡❧❡r❛❞♦r ❞❡ ♣❛rtí❝✉❧❛s ❛ ❡♥❡r❣✐❛s > 1018 ❡❱✱

❢r❡qü❡♥t❡♠❡♥t❡ ❛ss♦❝✐❛❞♦ às r❡❣✐õ❡s ❡♥r✐q✉❡❝✐❞❛s✳

❖s ❆●◆s t❛♠❜é♠ sã♦ ♦❜s❡r✈❛❞♦s ❡♠ ❣❛❧á①✐❛s ❛ss♦❝✐❛❞❛s ❛ ❛❣❧♦♠❡r❛❞♦s✳ ❖

❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ♣♦r ❡①❡♠♣❧♦✱ é ✉♠ ❛❣r✉♣❛♠❡♥t♦ ❞❡ ❣❛❧á①✐❛s s✐t✉❛❞♦ ❛♦ ♥♦rt❡

❞❛ ❱✐❛ ▲á❝t❡❛✱ ❝✉❥❛ ❣❛❧á①✐❛ ♠❛✐s ❡♥❡r❣ét✐❝❛ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ▼87 ✭♦✉ ◆●❈4486✮ ❡

❧♦❝❛❧✐③❛✲s❡ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧✱ ♦♥❞❡ ♠❡❞✐❞❛s ❞❡ r❛✐♦s✲❳ ❛♣♦♥t❛♠ ♣❛r❛ ✉♠❛ ❝♦♠♣♦s✐çã♦

q✉í♠✐❝❛ ❡❧❡♠❡♥t❛r ♣❡s❛❞❛✱ ❝♦♠ ❡s♣❡❝tr♦ s❡♠❡❧❤❛♥t❡ ❛♦ s♦❧❛r ✭r❡❢✳ ❬✶✷✺❪✮✳ ❆ ▼87 ♣♦s✲

✺✷❙❡❣✉♥❞♦ ♦ ❝❛tá❧♦❣♦ ❞❡ ❱ér♦♥✲❈❡tt② ❡ ❱ér♦♥✱ ❝✉❥❛ ✈❡rsã♦ ✉t✐❧✐③❛❞❛ ♥♦ tr❛❜❛❧❤♦ r❡❢❡r✐❞♦ ❢♦✐ ♣✉❜❧✐❝❛❞❛
❡♠ ✷✵✵✻ ✭r❡❢✳ ❬✶✷✸❪✮✳

✺✸◆❛ ♣✉❜❧✐❝❛çã♦ ❝✐t❛❞❛✱ ❞✐stâ♥❝✐❛s ❝♦s♠♦❧ó❣✐❝❛s sã♦ ♦❜t✐❞❛s s❡❣✉♥❞♦ ❛ ❢ór♠✉❧❛ d = 42 ▼♣❝ (z/0.01)✱
♦♥❞❡ z é ♦ r❡❞s❤✐❢t✱ ❛ss✉♠✐♥❞♦✲s❡ q✉❡ ❛ ❝♦♥st❛♥t❡ ❞❡ ❍✉❜❜❧❡ s❡❥❛ H0 = 71 ❦♠✴s✴ ▼♣❝✳

✽✽



s✉✐ ❢♦r♠❛ ❡❧í♣t✐❝❛ ❡ ❡♠✐t❡ ❥❛t♦s ❝♦❧✐♠❛❞♦s ❞❡ ♣❧❛s♠❛ ♥ã♦✲tér♠✐❝♦ ❛ ♣❛rt✐r ❞♦ ♥ú❝❧❡♦

✭✉♠ ❆●◆✮✱ ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❛♦ ♣❧❛♥♦ ❞❛ ❣❛❧á①✐❛✱ q✉❡ s❡ ❡st❡♥❞❡♠ ♣♦r ❞✐stâ♥❝✐❛s

∼ (1− 2) ❦♣❝✳ ❖❜s❡r✈❛çõ❡s ❞❛ ♣♦❧❛r✐③❛çã♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♥❛ ❜❛♥❞❛ ❞❡

r❛❞✐♦❢r❡qüê♥❝✐❛ ♠♦str❛♠ q✉❡ ❡ss❛s ❡str✉t✉r❛s ♣♦ss✉❡♠ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♥♦ ✐♥t❡r✈❛❧♦

∼ (150− 500) µ●✱ ❛❧é♠ ❞❡ ✉♠❛ ❞✐♥â♠✐❝❛ ❞❡ ❣❛s❡s ❝✉❥❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡♦♠étr✐❝❛s

❢❛✈♦r❡❝❡♠ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ✭r❡❢✳ ❬✶✷✻❪✮✳ ❉❡ ❢❛t♦✱ ✉♠ ❡st✉❞♦ ❞❡ ✷✵✵✽ ✭r❡❢✳ ❬✶✷✼❪✮

♠♦str❛ q✉❡ ♦ ❆●◆ ❛ss♦❝✐❛❞♦ à r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ ▼87 é ❡ss❡♥❝✐❛❧ ♥♦ tr❛♥s♣♦rt❡ ❞❡ ❡❧❡✲

♠❡♥t♦s ♣❡s❛❞♦s✱ ❛ ♣❛rt✐r ❞♦ ❣ás ❢r✐♦ r✐❝♦ ❡♠ ♠❡t❛✐s ❞❛ ❣❛❧á①✐❛✱ ♣❛r❛ ♦ ♠❡✐♦ ✐♥t❡r♥♦ ❞♦

❛❣❧♦♠❡r❛❞♦✳

❏á ❛ ❣❛❧á①✐❛ ❡s♣✐r❛❧ ▼90 ✭♦✉ ◆●❈4569✮✱ ❝♦♠ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ∼ 1.7➦ ❡♠ r❡❧❛çã♦

❛ ▼87✱ é ✉♠ ❞♦s ♠❡♠❜r♦s ♠❛✐s ❜r✐❧❤❛♥t❡s ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ❊❧❛ t❛♠❜é♠

♣♦ss✉✐ ❥❛t♦s ❞❡ ♣❧❛s♠❛ ♠❛❣♥❡t✐③❛❞♦s ❛♦ ❧♦♥❣♦ ❞❡ t♦❞❛ ❛ ❡①t❡♥sã♦✱ ♣♦ré♠ ❝❛❞❛ ✉♠ ❞❡❧❡s

♣♦ss✉✐ 24 ❦♣❝ ❞❡ ❝♦♠♣r✐♠❡♥t♦✺✹ ✭r❡❢✳ ❬✶✷✽❪✮✳ ◆♦ ❝❛s♦ ❞❛ ▼90✱ ❡ss❡ ❡❢❡✐t♦ ♥ã♦ ♣♦❞❡ s❡r

❛tr✐❜✉í❞♦ ❛ ✉♠ ❆●◆ ❞❡✈✐❞♦ à ❛✉sê♥❝✐❛ ❞❡ ♦✉tr❛s ❝❛r❛❝t❡ríst✐❝❛s ✐♥trí♥s❡❝❛s ❛♦s ♥ú❝❧❡♦s

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

❢❛✐①❛ ✈✐sí✈❡❧ ❡ ✉❧tr❛✈✐♦❧❡t❛✱ ♣❡❧♦ ❚❡❧❡s❝ó♣✐♦ ❊s♣❛❝✐❛❧ ❍✉❜❜❧❡✱ ♥❛ r❡❣✐ã♦ ❞❡ 30 ♣❝ ❡♠ t♦r♥♦

❞♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛ ❡ ❝♦♥❝❧✉❡♠ q✉❡ ♦s ❥❛t♦s ♣♦❞❡♠ ❡st❛r ❛ss♦❝✐❛❞♦s à ❛t✐✈✐❞❛❞❡ ❞❡

> 105 s✉♣❡r♥♦✈❛s✱ ❞❡t♦♥❛❞❛s ♥✉♠❛ ❢❛s❡ ❞❛ ❡✈♦❧✉çã♦ ❣❛❧á❝t✐❝❛ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ st❛r❜✉rst

♣❤❛s❡✱ ❤á 30 ▼❛ ❛trás✳ ❆♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦✱ ♦ ♣❧❛s♠❛ ♠❛❣♥❡t✐③❛❞♦ ❡♠✐t✐❞♦ ♣♦r ❣❛❧á①✐❛s

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

✐♥t❡♥s✐❞❛❞❡ ❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❝♦♠✉♠❡♥t❡ ♦❜s❡r✈❛❞♦s ♥❡ss❛s r❡❣✐õ❡s✱ ❝♦♠ ♦r❞❡♥s

∼ (1− 10) µ●✱ ♥ã♦ sã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❡①♣❧✐❝❛❞♦s só ♣♦r ❡ss❡ ♣r♦❝❡ss♦✳ ❖s ❝❛♠♣♦s

❛ss♦❝✐❛❞♦s ❛♦s ❛❣❧♦♠❡r❛❞♦s ❞❡ ❣❛❧á①✐❛s ♥ã♦ sã♦ ❡st✉❞❛❞♦s ♥❡st❛ t❡s❡✳

❖ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ❞❡st❡ tr❛❜❛❧❤♦ é ♣❛rt✐r ❞♦ ♣r❡ss✉♣♦st♦ ❞❡ q✉❡ ❛❧❣✉♥s t✐♣♦s

❞❡ ❡str❡❧❛s ❡①✐st❛♠ t❛♥t♦ ❡♠ ❣❛❧á①✐❛s ❝♦♠ ❣r❛♥❞❡ ❛t✐✈✐❞❛❞❡ ❝❡♥tr❛❧ q✉❛♥t♦ ♥❛ ❱✐❛

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

❞❡♥tr♦ ❞❛ ♣ró♣r✐❛ ❱✐❛ ▲á❝t❡❛✱ s❡♠❡❧❤❛♥t❡ à r❛❞✐❛çã♦ ♣r♦✈❡♥✐❡♥t❡ ❞❡ ❢♦♥t❡s ❡①t❡r♥❛s✱

♠❛s ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❝♦♠ ❛s ♠❡s♠❛s ❡♥❡r❣✐❛s✳ ❈♦♠♦ ❡①❡♠♣❧♦✱ ●❤✐s❡❧❧✐♥✐ ❡t ❛❧✳

✭✷✵✵✽✱ r❡❢✳ ❬✶✷✾❪✮ ✉s❛♠ ♦ ❢❛t♦ ❞♦ ♣❧❛♥♦ ❞❛ ❱✐❛ ▲á❝t❡❛ s❡r tr❛♥s♣❛r❡♥t❡ às ❧✐♥❤❛s ❞❡

❡♠✐ssã♦ ❞♦ ❤✐❞r♦❣ê♥✐♦ ♥❡✉tr♦ ❡ ❡♥❝♦♥tr❛♠ ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛s

E > 57 ❊❡❱ ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ❣❛❧á①✐❛s q✉❡ ❛♣r❡s❡♥t❛♠ ❡ss❡ t✐♣♦

❞❡ ✐rr❛❞✐❛çã♦✳ ■ss♦ ♥ã♦ ❡①❝❧✉✐ ❛ ❝♦rr❡❧❛çã♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❆●◆s✱ ❞✐s❝✉t✐❞❛

♥♦ ♣❛rá❣r❛❢♦ ❛♥t❡r✐♦r✱ ♠❛s t❛♠❜é♠ ❢❛✈♦r❡❝❡ ❣❛❧á①✐❛s ❡♠ ❡s♣✐r❛❧✱ r✐❝❛s ❡♠ ❣❛s❡s✱ ❡♠
✺✹P♦r ❝♦♠♣❛r❛çã♦✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛ ♥❛ ❱✐❛ ▲á❝t❡❛ t❡♠ ✉♠ r❛✐♦ ❝♦♥❤❡❝✐❞♦ ❡♠ t♦r♥♦ ❞❡

16 ❦♣❝✱ ❡♥q✉❛♥t♦ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ♦❜s❡r✈❛❞♦ ❛té ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 20 ❦♣❝✳

✽✾



r❡❧❛çã♦ às ❣❛❧á①✐❛s ❡❧í♣t✐❝❛s✳ ❆ss✐♠✱ ♣❛r❛ ❣❛❧á①✐❛s ❝♦♠♦ ❛ ♥♦ss❛✱ ♦s ❛✉t♦r❡s ❡s♣❡❝✉❧❛♠

q✉❡ ❛ ♦r✐❣❡♠ ❞❡ ♣❛rt❡ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞❛

às ❡①♣❧♦sõ❡s ❞❡ r❛✐♦s✲γ ♦✉ ♠❛❣♥❡t❛r❡s r❡❝é♠✲♥❛s❝✐❞♦s✳

✾✵



✹ ❆ ❱✐❛ ▲á❝t❡❛

❆ ❝❛r❛❝t❡ríst✐❝❛ ♠❛✐s ❞✐st✐♥t❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♥♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❛ ❚❡rr❛✱ é ♦ ❞✐s❝♦

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

❧♦♥❣♦ ❞♦ ❝é✉✳ ❈♦♠ ❛ ❛❥✉❞❛ ❞❡ ✉♠ t❡❧❡s❝ó♣✐♦ r❡❢r❛t♦r✱ ●❛❧✐❧❡✉ ●❛❧✐❧❡✐ ✭✶✻✶✵✱ r❡❢✳ ❬✶✸✵❪✮

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

❣r❛♥❞❡ ❞❡ ❡str❡❧❛s✳ ❲r✐❣❤t ✭✶✼✺✵✱ r❡❢✳ ❬✶✸✶❪✮ ❝♦♥❥❡❝t✉r♦✉ q✉❡ ❛ ✈✐sã♦ ❝❡❧❡st❡ ❞❛ ❱✐❛

▲á❝t❡❛ é ✉♠ ❡❢❡✐t♦ ót✐❝♦ ❞❡✈✐❞♦ à ♥♦ss❛ ✐♠❡rsã♦ ❡♠ ✉♠ ♣❧❛♥♦ ✜♥♦ ❞❡ ❡str❡❧❛s✳ ❆

❝♦♥t❛❣❡♠ ❞❡ ❡str❡❧❛s ❛tr❛✈és ❞❡ ❧✉③ ✈✐sí✈❡❧✱ ❛♣❛r❡♥t❡♠❡♥t❡ ❞✐str✐❜✉í❞❛s ✐s♦tr♦♣✐❝❛♠❡♥t❡

♥♦ ♣❧❛♥♦✱ ❧❡✈♦✉ ❍❡rs❝❤❡❧ ✭✶✼✽✺✱ r❡❢✳ ❬✶✸✷❪✮ à ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ ♦ ❙♦❧ ♦❝✉♣❛ ♦ ❝❡♥tr♦

❞❛ ❣❛❧á①✐❛✱ ✉♠ ❡rr♦ ❝♦rr✐❣✐❞♦ ♣♦r ❙❤❛♣❧❡② ✭✶✾✶✽✱ r❡❢✳ ❬✶✸✸❪✮ ❡✈✐t❛♥❞♦ ♦ ♦❜s❝✉r❡❝✐♠❡♥t♦

❝❛✉s❛❞♦ ♣❡❧❛ ♣♦❡✐r❛ ♥♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦ ❛♦ ♠❡❞✐r ❞✐stâ♥❝✐❛s ❞❡ ❛❣❧♦♠❡r❛❞♦s ❣❧♦❜✉❧❛r❡s

❢❡❝❤❛❞♦s ❞❡ ❡str❡❧❛s✱ ❝❛r❛❝t❡r✐③❛❞♦s ♣♦r ♣♦ss✉ír❡♠ ❣r❛♥❞❡ ❧❛t✐t✉❞❡ ❣❛❧á❝t✐❝❛✱ ❡♠ r❡❧❛çã♦

à ❚❡rr❛✳ ❈♦♥❝❧✉✐♥❞♦ q✉❡ ❡❧❡s ❞❡❧✐♥❡❛♠ ❛ ♦r❣❛♥✐③❛çã♦ ❣❡r❛❧ ❞❛ ❣❛❧á①✐❛✱ ❙❤❛♣❧❡② ❝❛❧❝✉❧♦✉

❛ ❞✐stâ♥❝✐❛ ❞❡ 20 ❦♣❝ ❡♥tr❡ ♦ ❙✐st❡♠❛ ❙♦❧❛r ❡ ♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦✳ ❆ ♠❡❞✐❞❛ ❛t✉❛❧ é

(8.5± 1.1) ❦♣❝ ✭✶✾✽✻✱ r❡❢✳ ❬✶✸✹❪✮✳

❆ ❡①✐stê♥❝✐❛ ❞❡ ♠❛tér✐❛ ❣❛s♦s❛ ❡♥tr❡ ❛s ❡str❡❧❛s ❢♦✐ ❡✈✐❞❡♥❝✐❛❞❛ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③

♥❛ ❛♥á❧✐s❡ ❡s♣❡❝tr♦❣rá✜❝❛ ❞❛ ❡str❡❧❛ δ ❖r✐♦♥✐s ♣♦r ❍❛rt♠❛♥♥ ✭✶✾✵✹✱ r❡❢✳ ❬✶✸✺❪✮✱ q✉❡

♥♦t♦✉ ✉♠❛ ú♥✐❝❛ ❧✐♥❤❛ ❞❡ ❛❜s♦rçã♦ s❡♠ ❛ ✈❛r✐❛çã♦ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡✈✐❞♦ ❛♦

❡❢❡✐t♦ ❉♦♣♣❧❡r q✉❡ ♦✉tr❛s ❧✐♥❤❛s ❛♣r❡s❡♥t❛♠ ❞✉r❛♥t❡ ❛ ór❜✐t❛ ❞❛ ❡str❡❧❛✳ ❊❧❡ ❝♦♥❝❧✉✐✉

q✉❡ ✉♠❛ ♥✉✈❡♠ ❞❡ ✈❛♣♦r ❞❡ ❝á❧❝✐♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❡ r❡❝❡ssã♦ 16 ❦♠✴s ❞❡✈❡ ❡①✐st✐r ♥♦

❝❛♠✐♥❤♦ ❞❡ ✈✐sã♦ ❞❡ s✉❛s ♦❜s❡r✈❛çõ❡s✳ ❈♦♠ ♦ ❛❞✈❡♥t♦ ❞❡ ❛♥t❡♥❛s ♣❛r❛ ♦ ❡st✉❞♦ ❞❡ ♦♥❞❛s

❞❡ rá❞✐♦ ✈✐♥❞❛s ❞♦ ❡s♣❛ç♦✱ ❘❡❜❡r ✭✶✾✹✵✱ r❡❢✳ ❬✶✸✻❪✮ ❡①❝❧✉✐ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ss❛ r❛❞✐❛çã♦

t❡r ♦r✐❣❡♠ tér♠✐❝❛ ❡♠ ♣♦❡✐r❛ ✐♥t❡r❡st❡❧❛r✱ ❝♦rr❡❧❛❝✐♦♥❛ s✉❛ ✐♥t❡♥s✐❞❛❞❡ ❝♦♠ ♦ ♣❧❛♥♦ ❞❛

❣❛❧á①✐❛✺✺ ❡ ♠❡❞❡ ♦ ♠á①✐♠♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❡♠ ✉♠❛ ❥❛♥❡❧❛ ❡♠ t♦r♥♦ ❞♦ ❝❡♥tr♦ ❞❛ ❱✐❛

▲á❝t❡❛✳ ❆ ♣❛rt✐r ❞❡ss❡ tr❛❜❛❧❤♦✱ ❖♦rt ♣❡r❝❡❜❡ q✉❡ ❛ ♣♦❡✐r❛ ✐♥t❡r❡st❡❧❛r é tr❛♥s♣❛r❡♥t❡

às ♦♥❞❛s ❞❡ rá❞✐♦ ❡ ✐♥❝✉♠❜❡ ✉♠ ❛❧✉♥♦✱ ✈❛♥ ❞❡ ❍✉❧st✱ ❛ ❡♥❝♦♥tr❛r ❧✐♥❤❛s ❡s♣❡❝tr❛✐s

❞❡ ♦r✐❣❡♠ ❝ós♠✐❝❛ ♣r♦✈á✈❡✐s ❞❡ s❡r❡♠ ♠❡❞✐❞❛s✳ ❙❡♥❞♦ ♦ ❤✐❞r♦❣ê♥✐♦ ♦ ❡❧❡♠❡♥t♦ ♠❛✐s

❛❜✉♥❞❛♥t❡ ♥♦ ✉♥✐✈❡rs♦✱ ✈❛♥ ❞❡ ❍✉❧st ✭✶✾✹✺✱ r❡❢✳ ❬✶✸✼❪✮ s✉❣❡r❡ ❛ ❧✐♥❤❛ ❞❡ λ = 21 ❝♠

❞❡ ✉♠❛ tr❛♥s✐çã♦ ❤✐♣❡r✜♥❛ ❞♦ ❤✐❞r♦❣ê♥✐♦ ♥❡✉tr♦ ✭❛❜r❡✈✐❛❞♦ ♣♦r ❍■✮✳ ❯♠ ❛♥♦ ❛♣ós

❛ ❞❡t❡❝çã♦ ❞❡ss❛ ❧✐♥❤❛ ♣♦r ❊✇❡♥ ❡ P✉r❝❡❧❧ ✭✶✾✺✶✱ r❡❢✳ ❬✶✸✽❪✮✱ ❈❤r✐st✐❛♥s❡♥ ❡ ❍✐♥❞♠❛♥

✭✶✾✺✷✱ r❡❢✳ ❬✶✸✾❪✮ ♠❛♣❡✐❛♠ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❍■ ❡♥tr❡ ±50➦ ❞❡ ❧❛t✐t✉❞❡ ❡ t♦❞♦s ♦s ✈❛❧♦r❡s

❞❡ ❧♦♥❣✐t✉❞❡ ❣❛❧á❝t✐❝❛s✱ ✉s❛♥❞♦ ❥❛♥❡❧❛s ❛♥❣✉❧❛r❡s ❞❡ 5➦✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ❡❧❡s ♦❜tê♠
✺✺▼❛✐s ♣r❡❝✐s❛♠❡♥t❡✱ ❘❡❜❡r ❞❡s❝♦❜r✐✉ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛s ♦♥❞❛s ❞❡ rá❞✐♦ ✈❛r✐❛ ❝♦♠♦ ❢✉♥çã♦ ❞❛

❧♦♥❣✐t✉❞❡ ❣❛❧á❝t✐❝❛✳

✾✶



q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ é ♠á①✐♠❛ ♥♦ ❡q✉❛❞♦r ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❛ ♠❡✐❛✲❛❧t✉r❛ ❞♦

❞✐s❝♦✺✻ é 250 ♣❝ ❡ ❡st❡ ♣♦ss✉✐ ✉♠❛ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡♠ t♦r♥♦ ❞♦ s❡✉ ❡✐①♦ ❞❡ s✐♠❡tr✐❛✳

▼á①✐♠♦s s❡❝✉♥❞ár✐♦s ❛♣❛r❡❝❡♠ ♥❛s ❞✐r❡çõ❡s ❞❛s ❝♦♥st❡❧❛çõ❡s ❞❡ ❚♦✉r♦ ❡ ❙❡r♣❡♥t❡✱

♦♥❞❡ P❛♥♥❡❦♦❡❦ ✭✶✾✷✹✱ r❡❢✳ ❬✶✹✶❪✮ ❛tr✐❜✉✐✉ ❛ ❜❛✐①❛ ❝♦♥t❛❣❡♠ ❞❡ ❡str❡❧❛s ❛ ♥✉✈❡♥s ❞❡

❛❜s♦rçã♦✳ ❖ ♠❛♣❡❛♠❡♥t♦ t❛♠❜é♠ ♣❡r♠✐t✐✉ q✉❡ s❡ ❡✈✐❞❡♥❝✐❛ss❡ ✉♠❛ ❡str✉t✉r❛çã♦ ❞❡

❜r❛ç♦s ❡♠ ❡s♣✐r❛❧ ♥❛ ❱✐❛ ▲á❝t❡❛✳ ❆ ❞✐✜❝✉❧❞❛❞❡ ❡♠ ♦❜s❡r✈❛r ❞✐r❡t❛♠❡♥t❡ ♦ ❤✐❞r♦❣ê♥✐♦

♠♦❧❡❝✉❧❛r ✭♦✉ ❍2✮✱ ♣♦r ♥ã♦ ♣♦ss✉✐r ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ❡ s❡✉s ♥í✈❡✐s ❞❡ r♦t❛çã♦ t❡r❡♠

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

❢♦✐ ❝♦♥t♦r♥❛❞❛ ♥♦s ❛♥♦s ✽✵ ❝♦♠ ❛ ❡✈✐❞ê♥❝✐❛ ❞❡ q✉❡ ♦ ❍2 ❛♣❛r❡❝❡ r❡❧❛❝✐♦♥❛❞♦ ❛♦ s❡❣✉♥❞♦

❝♦♥st✐t✉✐♥t❡ ♠♦❧❡❝✉❧❛r ❡♠ ♦r❞❡♠ ❞❡ ❛❜✉♥❞â♥❝✐❛✱ ♦ ♠♦♥ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦ ✭♦✉ ❈❖✮✱ ❝♦♠

✉♠ ❡s♣❡❝tr♦ ♠✐❧✐♠étr✐❝♦ ❡ ❞❡ ❢á❝✐❧ ❞❡t❡❝çã♦ ✭✶✾✽✷✱ r❡❢✳ ❬✶✹✷❪✮✳ ❊♠ ✶✾✽✼✱ ❉❛♠❡ ❡t ❛❧✳

✭r❡❢✳ ❬✶✹✸❪✮ ♣✉❜❧✐❝❛r❛♠ ✉♠ ♠❛♣❡❛♠❡♥t♦ ❝♦♠♣❧❡t♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❜❛s❡❛❞♦ ❡♠ ❧✐♥❤❛s ❞❡

❡♠✐ssã♦ ❞❡ ❈❖ ❝♦♠ 0.5➦ ❞❡ r❡s♦❧✉çã♦✱ q✉❡ r❡✈❡❧♦✉ ❛ ❞✐♥â♠✐❝❛ ✈✐♦❧❡♥t❛ ❞❡ ✈❡♥t♦s ♥♦

❝❡♥tr♦ ❣❛❧á❝t✐❝♦ ❡ t❛♠❜é♠ ❞❡✉ ✉♠ ♣❛♥♦r❛♠❛ ❞❛s ❡str✉t✉r❛s ♠♦❧❡❝✉❧❛r❡s ❞❡♥tr♦ ❞♦ r❛✐♦

❞❡ 1 ❦♣❝ ❡♠ t♦r♥♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✳

❱ár✐♦s ❛✉t♦r❡s✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ♦ ❝❛s❛❧ ❇✉r❜✐❞❣❡✱ t❡♥t❛r❛♠ ❡①♣❧✐❝❛r ❛ ❞✐s✲

tr✐❜✉✐çã♦ ❞❡ ♠❛ss❛ ❡♠ ❣❛❧á①✐❛s ♣❧❛♥❛s s❡♠ ❡str✉t✉r❛ ✐♥t❡r♥❛ ✭✐st♦ é✱ ✉♠❛ ❞✐str✐❜✉✐çã♦

✉♥✐❢♦r♠❡✮ ✉s❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❜ás✐❝♦ ❞❛ ❡st❛❜✐❧✐❞❛❞❡ ❞♦ ❞✐s❝♦✱ ♠❛s ❛ ❛❜♦r❞❛❣❡♠ s✐♠♣❧❡s

❞❡ ❚♦♦♠r❡ ✭✶✾✻✸✱ r❡❢✳ ❬✶✹✹❪✮ ❢♦✐ ❛ ♣r✐♠❡✐r❛ ❛ ❛♣r❡s❡♥t❛r ✉♠❛ ❡q✉❛çã♦ ✐♥t❡❣r❛❧ ♣❛r❛ ❛

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

s✐♥❣✉❧❛r✐❞❛❞❡s ❡ ♣❡r♠✐t❡ ❛té ♠❡s♠♦ s♦❧✉çõ❡s ❛♥❛❧ít✐❝❛s✳ ◗✉❡st✐♦♥❛♥❞♦ ❡ss❛ ❡st❛❜✐❧✐❞❛❞❡✱

▲✐♥ ❡ ❙❤✉ ✭✶✾✻✹✱ r❡❢✳ ❬✶✹✺❪✮ ❞❡♠♦♥str❛r❛♠ q✉❡ q✉❛❧q✉❡r ♣❡rt✉r❜❛çã♦ ♥❛ ❞❡♥s✐❞❛❞❡ ❞♦

❞✐s❝♦ ❛ss✉♠❡ ♥❛t✉r❛❧♠❡♥t❡ ✉♠ ♣❛❞rã♦ ❡st❛❝✐♦♥ár✐♦ ❝♦♠ ❢♦r♠❛s ❡s♣✐r❛✐s✱ s✉st❡♥t❛❞♦

♣❡❧♦ ❣ás ❡ ❡str❡❧❛s ❛tr❛✈és ❞❛ ✐♥t❡r❛çã♦ ❣r❛✈✐t❛❝✐♦♥❛❧ ♥❛ ♣r❡s❡♥ç❛ ❞❡ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✳

❖s ❛✉t♦r❡s ❞❡r❛♠ ♦ ♥♦♠❡ ❞❡ ✏♦♥❞❛s ❞❡ ❞❡♥s✐❞❛❞❡✑ ❛ ❡ss❡ ❡❢❡✐t♦✳

❙❡❣✉♥❞♦ ❈❤❛♥❞r❛s❡❦❤❛r ❡ ❋❡r♠✐ ✭✶✾✺✸✱ r❡❢✳ ❬✽✵❪✮✱ ❛ ♣r❡ssã♦ ❡①❡r❝✐❞❛ ♣♦r ✉♠

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♦ ❧♦♥❣♦ ❞♦s ❜r❛ç♦s ❞❛ ❱✐❛ ▲á❝t❡❛ t❡r✐❛ ✉♠ ❡❢❡✐t♦ ❡st❛❜✐❧✐③❛♥t❡ ♥❛s ❞❡✲

❢♦r♠❛çõ❡s ❣r❛✈✐t❛❝✐♦♥❛✐s✳ ▼❛✐s ❞♦ q✉❡ ✐ss♦✱ ♦s ❛✉t♦r❡s ❝❛❧❝✉❧❛r❛♠ q✉❡ ♦ ✈❛❧♦r ♥❡❝❡ssár✐♦

❞❡ss❡ ❝❛♠♣♦ ♣❛r❛ q✉❡ ❡①✐st❛ ❡q✉✐❧í❜r✐♦ é ❡①❛t❛♠❡♥t❡ ♦ ✈❛❧♦r q✉❡ ❡❧❡s ♦❜t✐✈❡r❛♠ ♥❛ ✐♥✲

t❡r♣r❡t❛çã♦ ❞❛ ❞✐s♣❡rsã♦ ❞♦s ♣❧❛♥♦s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛ ❧✉③ ❞❡ ❡str❡❧❛s ❞✐st❛♥t❡s ✭✶✾✺✸✱

r❡❢✳ ❬✽✶❪✮✳ ❆✐♥❞❛ ♥♦ ♣r✐♠❡✐r♦ tr❛❜❛❧❤♦ ♠❡♥❝✐♦♥❛❞♦✱ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ❣r❛✈✐t❛❝✐♦♥❛❧ ❞❡

✉♠ ✢✉✐❞♦ ❡s❢ér✐❝♦ ❝♦♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✐♥t❡r♥♦ ❝♦♥st❛♥t❡ ❡ ✉♠ ❝❛♠♣♦ ❡①t❡r♥♦

❞✐♣♦❧❛r ❞❡✈❡ ❝❛✉s❛r ✉♠❛ r❡❞✐str✐❜✉✐çã♦ ❞❡ ♠❛ss❛ ❝♦♠ s✐♠❡tr✐❛ ♦❜❧❛t❛✱ ❝♦♠♦ ❝♦♥s❡qüê♥✲
✺✻❖ ✈❛❧♦r ❛t✉❛❧ é ♦ ♠❡s♠♦✱ 250 ♣❝ ✭✶✾✾✼✱ r❡❢✳ ❬✶✹✵❪✮✱ ❞❡✜♥✐❞♦ ♠❛✐s ♣r❡❝✐s❛♠❡♥t❡ ❝♦♠♦ ✉♠❛ ❡s❝❛❧❛

❞❡ ❛❧t✉r❛✱ ♣♦✐s ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♠❛tér✐❛ ❞❡❝r❡s❝❡ ❝♦♥t✐♥✉❛♠❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦✳

✾✷



❝✐❛ ❞❛ ❝♦♥tr❛çã♦ ♥❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦✱ s❡♠❡❧❤❛♥t❡ ❛♦ ❡❢❡✐t♦ ❞❡ r♦t❛çã♦✳ ❆♣❡s❛r ❞❡

❈❤❛♥❞r❛s❡❦❤❛r ❡ ❋❡r♠✐ ♠❡♥❝✐♦♥❛r❡♠ ❛ ❞❡❢♦r♠✐❞❛❞❡ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ❡str❡❧❛s ❝✉❥♦s ❝❛♠✲

♣♦s ♠❛❣♥ét✐❝♦s s❡ ❛♣r♦①✐♠❛♠ ❞♦ ❧✐♠✐t❡ ❡st❛❜❡❧❡❝✐❞♦ ♣❡❧♦ t❡♦r❡♠❛ ❞♦ ✈✐r✐❛❧✱ ❡ss❡ ❡❢❡✐t♦

t❛♠❜é♠ ♣♦❞❡ s❡r r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❛❝❤❛t❛♠❡♥t♦ ❞♦s ❜♦❥♦s ❞❡ ❣❛❧á①✐❛s✳

❋✐❣✉r❛ ✷✾✿ ❊stá❣✐♦ ❞❡ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❡ ✉♠❛ ❣❛❧á①✐❛ s✐♠✉❧❛❞❛ ♣♦r ❘♦❜❡rts ❏r✳ ❡
❍❛✉s♠❛♥✳ ❖ ❞❡t❛❧❤❡ ♠♦str❛ ✉♠❛ r❡❣✐ã♦ ❞❡ 6 × 6 ❦♣❝ ♦♥❞❡ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❛
❝♦♥❝❡♥tr❛çã♦ ♥❛t✉r❛❧ ❞❡ ♠❛tér✐❛ ❛♦ ❧♦♥❣♦ ❞❛s ❧✐♥❤❛s ♣r❡✈✐st❛s ♣♦r ▲✐♥ ❡ ❙❤✉✱ ❛❧é♠ ❞❡
✉♠ ✐♥t❡r❜r❛ç♦ ✭♠❡♥♦s ♣r♦❡♠✐♥❡♥t❡ ❡ ♠❛✐s ❝✉rt♦✮ ♥❛ ♣❛rt❡ ❝❡♥tr❛❧✳ ❋✐❣✉r❛ ♣✉❜❧✐❝❛❞❛
♥❛ r❡❢❡rê♥❝✐❛ ❬✶✹✻❪✳

❆ ✈✐sã♦ ❛t✉❛❧ é ❛ ❞❡ q✉❡ ❣❛❧á①✐❛s sã♦ s✐st❡♠❛s ❞✐♥â♠✐❝♦s ♦♥❞❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡

♠❛tér✐❛ s❡❣✉❡✱ ❡♠ ❣r❛♥❞❡ ❡s❝❛❧❛✱ ❛s t❡♥❞ê♥❝✐❛s ❞❡ ❚♦♦♠r❡ ❡ ▲✐♥ ❡ ❙❤✉✱ ❝♦♠ ♣❡rí♦❞♦s

❞❡ ❡st❛❜✐❧✐❞❛❞❡ ∼ 10 ▼❛ ❣♦✈❡r♥❛❞♦s ❧♦❝❛❧♠❡♥t❡ ♣❡❧❛ ♣r❡ssã♦ ❞❡ ❣ás✱ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱

❣r❛✈✐❞❛❞❡ ❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛✳ ❊ss❡s ♣❛râ♠❡tr♦s ❡stã♦ q✉❛s❡ s❡♠♣r❡ r❡❧❛✲

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

♥❛ ❡✈♦❧✉çã♦ ❞❡ ❡str❡❧❛s ❛✐♥❞❛ ♥ã♦ é ❜❡♠ ❡st❛❜❡❧❡❝✐❞♦✳ ◆❡st❛ t❡s❡✱ ❛ ❛t❡♥çã♦ é ❝♦♥❝❡♥✲

✾✸



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

❡str❡❧❛s✱ ❛ss♦❝✐❛❞❛✱ ♣♦rt❛♥t♦✱ ❛♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳ ❯♠ ❡①❡♠♣❧♦ ❞❛ ❞✐♥â♠✐❝❛ ❞❡ ❣❛s❡s

é ❞❛❞♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ❡✈♦❧✉çã♦ ❣❛❧á❝t✐❝❛ ❞❡ ❘♦❜❡rts ❏r✳ ❡ ❍❛✉s♠❛♥ ✭✶✾✽✹✱ r❡❢✳ ❬✶✹✻❪✮✱

q✉❡ s✐♠✉❧❛ ♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❝♦♠♦ ✉♠ s✐st❡♠❛ ♣r♦❜❛❜✐❧íst✐❝♦ ❞❡ N ♣❛rtí❝✉❧❛s✱ r❡♣✲

r❡s❡♥t❛♥❞♦ ♥✉✈❡♥s ❞❡ ❣ás✱ s✉❥❡✐t❛s ❛ ❝♦❧✐sõ❡s ❞✐ss✐♣❛t✐✈❛s ❡ ✐♠♣✉❧s♦s ♦❝❛s✐♦♥❛❞♦s ♣❡❧❛

✐♥t❡r❛çã♦ ❝♦♠ r❡♠❛♥❡s❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛s ❡♠ ❡①♣❛♥sã♦✳ ❖ ♠♦❞❡❧♦ t❛♠❜é♠ ❝♦♥s✐❞❡r❛

❛ ❢♦r♠❛çã♦ ❞❡ ♣r♦t♦❡str❡❧❛s ❛ ♣❛rt✐r ❞❛s ❝♦❧✐sõ❡s✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❡❧❛s s❡ t♦r♥❡♠ ❛t✐✈❛s

❡ ♣r♦❞✉③❛♠ s❡✉s ♣ró♣r✐♦s ❡✈❡♥t♦s ❞❡ s✉♣❡r♥♦✈❛ ❛♣ós ✉♠ ✐♥t❡r✈❛❧♦ ✜♥✐t♦ ❞❡ t❡♠♣♦✳ ❆

✜❣✉r❛ ✷✾ ♠♦str❛ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❛ss♦❝✐❛çõ❡s ❡st❡❧❛r❡s ❡♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❣❛❧á①✐❛ ❝♦♠

❞♦✐s ❜r❛ç♦s ❡♠ ❡s♣✐r❛❧ ❛♣ós 970 ▼❛✱ ♦♥❞❡ ❛♣❛r❡❝❡ ❛ ❡✈✐❞ê♥❝✐❛ ❞❡ ✉♠ ✐♥t❡r❜r❛ç♦✳ ❆ ❱✐❛

▲á❝t❡❛ ♣♦ss✉✐ ✉♠❛ ✐❞❛❞❡ ❡st✐♠❛❞❛ ❡♠ (13.6± 0.8) ●❛ ✭✷✵✵✹✱ r❡❢✳ ❬✶✹✼❪✮✱ q✉❛tr♦ ❜r❛ç♦s

♣r✐♥❝✐♣❛✐s ❡ ♦ ✐♥t❡r❜r❛ç♦ Ór✐♦♥ ✭✈❡❥❛ s✉❜✲s❡çã♦ ✹✳✶✮✱ ❛ ❡str✉t✉r❛ ❣❛❧á❝t✐❝❛ ♠❛✐s ♣ró①✐♠❛

❞♦ ❙✐st❡♠❛ ❙♦❧❛r✳

✹✳✶ ▼♦r❢♦❧♦❣✐❛

❆ ❱✐❛ ▲á❝t❡❛ ♣♦ss✉✐ ❝✐♥❝♦ ❝♦♠♣♦♥❡♥t❡s ♠♦r❢♦❧ó❣✐❝❛s ♣r✐♥❝✐♣❛✐s✱ s❡♥❞♦ ❛❧❣✉♠❛s ❞❡❧❛s

s♦❜r❡♣♦st❛s✳ ❆s ❞✉❛s ♠❛✐s ✐♥t❡r♥❛s sã♦ ♦ ❜♦❥♦ ❡ ❛ ❜❛rr❛✱ q✉❡ ♦❝✉♣❛♠ ❛ ♠❡s♠❛ r❡❣✐ã♦

❡ ❝♦♥st✐t✉❡♠ ❛ ♣❛rt❡ ❝❡♥tr❛❧ ❞❛ ❣❛❧á①✐❛✳ ◆❡st❛ s❡çã♦✱ ❛s ♠❛ss❛s ❡st❡❧❛r❡s s❡rã♦ r❡♣r❡✲

s❡♥t❛❞❛s ❡♠ ✉♥✐❞❛❞❡s ❞❡ ♠❛ss❛s s♦❧❛r❡s ✭sí♠❜♦❧♦ ▼⊙✮✳

❼ ❖ ❜♦❥♦✿ r❡❣✐ã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡s❢ér✐❝❛ ❝♦♠ r❛✐♦ ∼ 4 ❦♣❝✱ ❞❡ ❞✐❢í❝✐❧ ♦❜s❡r✈❛çã♦

❞❡✈✐❞♦ à ❛❜s♦rçã♦ ❞❡ ❧✉③ ✈✐sí✈❡❧ ❡ ✉❧tr❛✈✐♦❧❡t❛ ♣❡❧❛ ♣♦❡✐r❛ ❞♦ ❞✐s❝♦✳ ❆ ♣❛rt✐r ❞♦ ❛♥♦

✷✵✵✵✱ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❝â♠❡r❛s ❞❡ ❛❧t❛ r❡s♦❧✉çã♦ ❡♠ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣❡r♠✐t✐✉

✐♥❢❡r✐r ❛s ór❜✐t❛s ❞❡ ❞✐✈❡rs❛s ❡str❡❧❛s ❡♠ t♦r♥♦ ❞♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛✱

❡①❝❧✉✐♥❞♦ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡st❡ s❡r ✉♠ ❛❣❧♦♠❡r❛❞♦ ❞❡ ❡str❡❧❛s ✭r❡❢✳ ❬✶✹✽❪ ❡ ❬✶✹✾❪✮✳

❋♦✐ ❝♦♥❝❧✉í❞♦ q✉❡ ✉♠ ❜✉r❛❝♦ ♥❡❣r♦ ❞❡ ♠❛ss❛ (3.6± 0.2)×106 ▼⊙ ✭✷✵✵✺✱ r❡❢✳ ❬✶✹✾❪✮

♦❝✉♣❛ ♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✱ ❝❤❛♠❛❞♦ ❞❡ ❙❛❣✐tár✐♦ ❆✯ ✭❛❜r❡✈✐❛❞♦ ♣♦r ❙❣r ❆✯✮✳ ❯♠❛

r❡✈✐sã♦ ❞❡ ▼♦rr✐s ✭✷✵✵✻✱ r❡❢✳ ❬✶✺✵❪✮ ❞❡t❛❧❤❛ ♦ ✈♦❧✉♠❡ ❝❡♥tr❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛ ❝♦♠♦

♣♦♣✉❧❛❞♦ ♣♦r ❡str❡❧❛s ❥♦✈❡♥s ❝♦♠ ❛té 60 ▼⊙✱ ❝✉❥❛ ❢♦r♠❛çã♦ ♦❝♦rr❡ ❝♦♥t✐♥✉❛♠❡♥t❡

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

❞❛ ❣❛❧á①✐❛✳ ◆❡ss❛ ♠❡s♠❛ r❡❣✐ã♦✱ ❝❤❛♠❛s ❞❡ r❛✐♦s✲❳ tê♠ s✐❞♦ ♦❜s❡r✈❛❞❛s ❡♠

❝♦rr❡❧❛çã♦ ❝♦♠ ❡♠✐ssõ❡s ❞❡ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ❞♦✐s ❡❢❡✐t♦s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ♠❛tér✐❛

❡♠ ❛❝r❡sçã♦✳

❼ ❆ ❜❛rr❛✿ ♠❛♣❛s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ❧✉③ ✐♥❢r❛✈❡r♠❡❧❤❛✱ ❝♦♥t❛❣❡♠ ❞❡ ❡str❡❧❛s ❛♦

✾✹



❧♦♥❣♦ ❞❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦✱ ór❜✐t❛s ♥ã♦ ❝✐r❝✉❧❛r❡s ❞❡ ❣❛s❡s ❛tô♠✐❝♦s ❡ ♠♦❧❡❝✉❧❛r❡s ❡ ❛

♠✐❝r♦❞✐st♦rçã♦ ❣r❛✈✐t❛❝✐♦♥❛❧ ♥❛ ❞✐r❡çã♦ ❞♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❡✈✐❞❡♥❝✐❛♠ ✉♠❛

❡str✉t✉r❛ ❞❡ 3 ❦♣❝ ❡♠ ❢♦r♠❛ ❞❡ ❜❛rr❛ ❡♠ r♦t❛çã♦ ❞❡♥tr♦ ❞♦ ❜♦❥♦ ✭✷✵✵✶✱ r❡❢✳ ❬✶✺✶❪✮✳

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

♣ró♣r✐❛ ❛✉t♦r✐❛✱ ▲✐♥ ❡ ❙❤✉ ✭✶✾✻✻✱ r❡❢✳ ❬✶✺✷❪✮ ♣r❡✈ê❡♠ ✉♠❛ ❡str✉t✉r❛ ❡♠ ❢♦r♠❛ ❞❡

❜❛rr❛ ♣ró①✐♠❛ ❞♦ ❝❡♥tr♦ ❞❡ ❣❛❧á①✐❛s✳

❖ ❞✐s❝♦ ❡ ♦s ❜r❛ç♦s ❡s♣✐r❛✐s t❛♠❜é♠ sã♦ s♦❜r❡♣♦st♦s ❡ ❞❡✜♥❡♠ ♦ ♣❧❛♥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳

❼ ❖ ❞✐s❝♦✿ r❡❣✐ã♦ ❛♥✉❧❛r ❝♦♠♣r❡❡♥❞✐❞❛ ❡♥tr❡ ♦s r❛✐♦s 4 ❦♣❝ ❡ 16 − 20 ❦♣❝✱ ❞❡♣❡♥✲

❞❡♥❞♦ ❞♦ ♠♦❞❡❧♦✱ ❝♦♠ ❡s❝❛❧❛ ❞❡ ❛❧t✉r❛ 250 ♣❝✳ ❖ ❙✐st❡♠❛ ❙♦❧❛r ❡stá ❧♦❝❛❧✐③❛❞♦ ♥♦

❞✐s❝♦ ❞❛ ❣❛❧á①✐❛ ✭❡ ♥ã♦ ❡♠ ✉♠ ❜r❛ç♦✱ ❝♦♠♦ ❡♥❝♦♥tr❛❞♦ ❝♦♠✉♠❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛✮✱

❛ ✉♠❛ ❛❧t✉r❛ ❞❡ (34.6± 0.6) ♣❝ ❞♦ ♣❧❛♥♦ ✭r❡❢✳ ❬✶✺✸❪✮✳ ◆❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦

❞❛ ❱✐❛ ▲á❝t❡❛✱ ❡st❛ ❞✐stâ♥❝✐❛ é ❝♦♥s✐❞❡r❛❞❛ ❞❡s♣r❡③í✈❡❧✳

❼ ❖s ❜r❛ç♦s ❡s♣✐r❛✐s✿ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ q✉❛tr♦ ❜r❛ç♦s ❢♦✐ ♣r♦♣♦st❛ ♣❡❧♦ ❝❛s❛❧ ●❡♦r❣❡❧✐♥

✭✶✾✼✻✱ r❡❢✳ ❬✾✷❪✮ ❝♦♠♦ s❡♥❞♦ ❛ ❡str✉t✉r❛ q✉❡ s❡ ❛❥✉st❛ ♠❡❧❤♦r ❛♦s ❞❛❞♦s ❞❡ ❞✐s✲

tr✐❜✉✐çã♦ ❞❡ ❧❛r❣❛ ❡s❝❛❧❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ✐♦♥✐③❛❞♦ ✭❛❜r❡✈✐❛❞♦ ♣♦r ❍■■✮✳ ◆♦r♠❛✱

❈❡♥t❛✉r♦✱ ❙❛❣✐tár✐♦ ❡ P❡rs❡✉ s❡ ❡st❡♥❞❡♠ ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r ∼ 344➦ ♣❡❧❛

s✉♣❡r❢í❝✐❡ ❞♦ ❞✐s❝♦✱ ❡♥q✉❛♥t♦ Ór✐♦♥✱ ✉♠ ✐♥t❡r❜r❛ç♦✱ ♣♦ss✉✐ ✉♠❛ ❛❜❡rt✉r❛ ❛♥❣✉✲

❧❛r ∼ 32➦ ✭❛ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞❡ss❛s ❝✐♥❝♦ ❡str✉t✉r❛s ❛♣❛r❡❝❡♠✱ ❡♠ ❡s❝❛❧❛✱

♥❛ ✜❣✉r❛ ✸✽✱ ♥❛ s❡çã♦ ✹✳✹✮✳ ❙❡❣✉♥❞♦ ❲❛✐♥s❝♦❛t ❡t ❛❧✳ ✭✶✾✾✷✱ r❡❢✳ ❬✶✺✹❪✮✱ t♦❞♦s

♣♦ss✉❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ ♠❡s♠❛ ❡s♣❡ss✉r❛ ❞❡ 750 ♣❝ ❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞❛

❣❛❧á①✐❛ s❡ r❡❧❛❝✐♦♥❛♠✱ ❡♠ ♠é❞✐❛✱ ♣♦r (̺❞✐s❝♦ + ̺❜r❛ç♦s) /̺❞✐s❝♦ ≈ 1.2 ♥❡ss❛s r❡❣✐õ❡s✳

❆ss✐♠ ❝♦♠♦ ❡♠ ♦✉tr❛s ❣❛❧á①✐❛s✱ ♦s ❜r❛ç♦s ❞❛ ❱✐❛ ▲á❝t❡❛ sã♦ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧❛

❢♦r♠❛çã♦ ❛t✐✈❛ ❞❡ ❡str❡❧❛s ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛ ❞♦ ❝❤♦q✉❡ ❞❡ ♠❛tér✐❛ ❛♦ ❧♦♥❣♦ ❞♦

❧♦❝✉s ❞❡ ♣♦t❡♥❝✐❛❧ ♠í♥✐♠♦ ❞❡ ▲✐♥ ❡ ❙❤✉✳ ●❧♦❜❛❧♠❡♥t❡✱ ❡ss❡ ♠❡❝❛♥✐s♠♦ ❞❡♣❡♥❞❡

❞❡ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❝rít✐❝❛ q✉❡ ❡♥✈♦❧✈❡ ♣❛râ♠❡tr♦s ❝♦♠♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❞✐s♣❡r✲

sã♦ ❞♦ ❣ás ❡ ❛ ❝✉r✈❛ ❞❡ r♦t❛çã♦ ❞❛ ❣❛❧á①✐❛✳ ❆ ❞❡♥s✐❞❛❞❡ ❝rít✐❝❛ t❛♠❜é♠ ♣♦❞❡

s❡r ✐♥❞✉③✐❞❛ ❧♦❝❛❧♠❡♥t❡ ❛tr❛✈és ❞❛ ❝♦♠♣r❡ssã♦ ❞❡ ❣ás ♣♦r ❝❤♦q✉❡s ❞❡ s✉♣❡r♥♦✈❛s

✭r❡❢✳ ❬✶✺✺❪✮✳ ❆ ◆❡❜✉❧♦s❛ ❞❡ Ór✐♦♥✱ ❧♦❝❛❧✐③❛❞❛ ♥♦ ✐♥t❡r❜r❛ç♦ Ór✐♦♥✱ é ❛ r❡❣✐ã♦ ♠❛✐s

♣ró①✐♠❛ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r ✭389+24
−21 ♣❝✱ r❡❢✳ ❬✶✺✻❪✮ ❝♦♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❝r✐❛çã♦ ❞❡

❡str❡❧❛s ❡♠ ❛t✐✈✐❞❛❞❡✳

❆ ♣❛rt❡ ♠❛✐s ❡①t❡r♥❛ é ♦ ❤❛❧♦✱ ♣r❛t✐❝❛♠❡♥t❡ ✐♥✈✐sí✈❡❧ ❡ ❞✐str✐❜✉í❞♦ s✐♠❡tr✐❝❛♠❡♥t❡ ♣♦r

✉♠ ✈♦❧✉♠❡ ❡s❢ér✐❝♦ ❡♠ t♦r♥♦ ❞❛s ♦✉tr❛s ❝♦♠♣♦♥❡♥t❡s ❞❛ ❣❛❧á①✐❛✳

✾✺



❼ ❖ ❤❛❧♦✿ ♣♦ss✉✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 1/10 ❞❛ ❞❡♥s✐❞❛❞❡ ❧♦❝❛❧ ❞♦ ❞✐s❝♦ ✭r❡❢✳ ❬✶✺✼❪✮✱

s❡♥❞♦ ♣♦♣✉❧❛❞♦ ♣♦r ❛❣❧♦♠❡r❛❞♦s ❞❡ ❡str❡❧❛s ❛♥t✐❣❛s ❝♦♠ ❜❛✐①❛ ♠❡t❛❧✐❝✐❞❛❞❡✺✼

✭[❋❡/❍] . −0.8✱ r❡❢✳ ❬✶✺✽❪✮ ❡♠ ♠❡✐♦ ❛ ✉♠ ♣❧❛s♠❛ q✉❡♥t❡✱ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❢✉♥❞♦

❞❡ r❛✐♦s✲❳ ♦❜s❡r✈❛❞♦ ❡♠ ❣r❛♥❞❡s ❧❛t✐t✉❞❡s ❣❛❧á❝t✐❝❛s ✭r❡❢✳ ❬✶✺✾❪✮✳ ❊❧❡♠❡♥t♦s ❛❧t❛✲

♠❡♥t❡ ✐♦♥✐③❛❞♦s✱ ❝♦♠♦ ♦ ❈■❱✱ ◆❱✱ ❖❱■ ❡ ❙✐■❱✱ ❞❡s❝❛rt❛♠ ❛ ❤✐♣ót❡s❡ ❞❡ ❢♦t♦✐♦♥✐③❛✲

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

◆♦s ú❧t✐♠♦s ❛♥♦s t❡♠ ✜❝❛❞♦ ❡✈✐❞❡♥t❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ✈❡♥t♦ ❡♠❛♥❛❞♦ ❞♦ ❝❡♥tr♦

❣❛❧á❝t✐❝♦ q✉❡ ❛t✐♥❣❡ ❛❧t✉r❛s ❞❡ |z♠á① | = (12± 1) ❦♣❝ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦

s❡♠ ❡s❝❛♣❛r ❞♦ ♣♦t❡♥❝✐❛❧ ❣r❛✈✐t❛❝✐♦♥❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛ ✭r❡❢✳ ❬✶✻✵❪✮✳

❆t✉❛❧♠❡♥t❡✱ ♦ ♠♦❞❡❧♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ ❞❡s❝r❡✈❡♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ♠❛tér✐❛ ♥❛ ❱✐❛

▲á❝t❡❛ é ♦ ❞❡ ❲❛✐♥s❝♦❛t ❡t ❛❧✳✱ q✉❡ ✉s❛ ❝♦♠♦ ❜❛s❡ ❛ ❝❧❛ss✐✜❝❛çã♦ ❡s♣❡❝tr❛❧✱ ♠❛❣♥✐✲

t✉❞❡s ❡ ❧♦❝❛❧✐③❛çã♦ ❞❡ ✽✼ t✐♣♦s ❞❡ ♦❜❥❡t♦s ❣❛❧á❝t✐❝♦s r❡♣r❡s❡♥t❛t✐✈♦s r❡✉♥✐❞♦s ❡♠ ❝✐♥❝♦

❣r✉♣♦s✱ ❞✐❢❡r❡♥❝✐❛❞♦s ♣♦r ❢❛s❡s ❡✈♦❧✉t✐✈❛s ❡st❡❧❛r❡s✳ ❉❡♥s✐❞❛❞❡s ♣❛r❛ ♦ ❞✐s❝♦✱ ❜r❛ç♦s✱

❛♥❡❧ ♠♦❧❡❝✉❧❛r✱ ❜♦❥♦ ❡ ❤❛❧♦ ❞❛ ❣❛❧á①✐❛ sã♦ ♣❛r❛♠❡tr✐③❛❞❛s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ♣❛r❛ ❝❛❞❛

s✉❜t✐♣♦ ❡s♣❡❝tr❛❧✱ ❞❡ ♠♦❞♦ q✉❡✱ ❞❛❞❛ ✉♠❛ ❞❡t❡♠✐♥❛❞❛ ♣♦s✐çã♦ ♥❛ ❣❛❧á①✐❛✱ ♦ r❡s✉❧t❛❞♦

é ♦❜t✐❞♦ ❡♠ ♥ú♠❡r♦ ❞❡ ❡str❡❧❛s ❞❡ ❝❛❞❛ s✉❜t✐♣♦ ♣♦r ❦♣❝3✳

❖ tr❛❜❛❧❤♦ ❞❡ ❈❛♥♥♦♥ ❡ P✐❝❦❡r✐♥❣ ✭✶✾✶✷✱ r❡❢✳ ❬✶✻✶❪✮ ❢♦✐ ♣✐♦♥❡✐r♦ ❡♠ ❝❛t❛❧♦❣❛r

❡str❡❧❛s ♣❡❧❛ ❛♥á❧✐s❡ ❢♦t♦♠étr✐❝❛✱ s❡♣❛r❛♥❞♦✲❛s ❡♠ ❝❧❛ss❡s ✭❡ s✉❜❝❧❛ss❡s✮ ❡s♣❡❝tr❛✐s ❝♦♠

s✉❛s r❡s♣❡❝t✐✈❛s ♠❛❣♥✐t✉❞❡s✳ ◆❛ ♠❡s♠❛ é♣♦❝❛✱ ♠❡❞✐❞❛s ❞❡ ♣❛r❛❧❛①❡ ♣❡r♠✐t✐r❛♠ q✉❡

❍❡rt③s♣r✉♥❣ ❡ ❘✉ss❡❧❧ ❝r✐❛ss❡♠ ✉♠ ❣rá✜❝♦ q✉❡ r❡❧❛❝✐♦♥❛ ♠❛❣♥✐t✉❞❡s ❛❜s♦❧✉t❛s ❡ í♥❞✐❝❡

❞❡ ❝♦r ♣❛r❛ ❡str❡❧❛s ❝✉❥❛s ❞✐stâ♥❝✐❛s ❛♦ ❙✐st❡♠❛ ❙♦❧❛r sã♦ ❝♦♥❤❡❝✐❞❛s✳ ❖ ❞✐❛❣r❛♠❛

❛♣r❡s❡♥t❛ ✉♠❛ ❜❛♥❞❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❡str❡❧❛s ❝♦♠ q✉❡✐♠❛ ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❝❤❛♠❛❞❛

❙❡qüê♥❝✐❛ Pr✐♥❝✐♣❛❧✱ ♦♥❞❡ ❡❧❛s s❡ ♣♦s✐❝✐♦♥❛♠ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♠❛ss❛s q✉❡ ✈❛r✐❛♠ ❡♥tr❡

0.1 ▼⊙ ❛té 60− 100 ▼⊙ ✭r❡❢✳ ❬✶✻✷❪✮✳ ■ss♦ ♦❝♦rr❡ ♣♦rq✉❡ ❡①✐st❡ ✉♠❛ r❡❧❛çã♦ ❛♣r♦①✐♠❛❞❛

❡♥tr❡ ❧✉♠✐♥♦s✐❞❛❞❡ ❡ ♠❛ss❛ ♣❛r❛ ❡str❡❧❛s ❞✉r❛♥t❡ ❡ss❛ ❢❛s❡✳ ❆ ❞❡♣❡♥❞ê♥❝✐❛ ❡♥tr❡ ♠❛ss❛

❡ ❝❧❛ss❡ ❡s♣❡❝tr❛❧ ♥❛ ❙❡qüê♥❝✐❛ Pr✐♥❝✐♣❛❧ é ❧✐st❛❞❛ ❛♠♣❧❛♠❡♥t❡ ♥❛ ❧✐t❡r❛t✉r❛❀ ♥❡st❡

tr❛❜❛❧❤♦✱ ❡❧❛ ❢♦✐ ❛❞♦t❛❞❛ ❝♦♠♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✻✸❪ ❡ é r❡s✉♠✐❞❛ ♥❛ t❛❜❡❧❛ ✹✳

❚❛❜❡❧❛ ✹✿ ❘❡❧❛çã♦ ❡♥tr❡ ❝❧❛ss❡ ❡s♣❡❝tr❛❧ ❡ ♠❛ss❛ ♣❛r❛ ❡str❡❧❛s ❞❛ ❙❡qüê♥❝✐❛ Pr✐♥❝✐♣❛❧✳

❈❧❛ss❡ ❡s♣❡❝tr❛❧ ❖ ❇ ❆ ❋ ● ❑ ▼
▼❛ss❛ ✭▼⊙✮ ✻✹ ✶✽ ✸✳✶ ✶✳✼ ✶✳✶ ✵✳✽ ✵✳✹

✺✼❉❡✜♥✐❞❛ ❝♦♠♦ [Y/X] = log (Y/X)obj − log (Y/X)
⊙
✱ ♦♥❞❡ X ❡ Y sã♦ ✉s❛❞♦s ❝♦♠♦ ❛❜r❡✈✐❛çã♦ ♣❛r❛

NX ❡ NY✱ q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ♥ú♠❡r♦ ❞❡ ✐sót♦♣♦s ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ❞❡ss❛s ❡s♣é❝✐❡s✳ ❊♠ ❛str♦❢ís✐❝❛✱
♦ ❝♦♥❝❡✐t♦ ❞❡ ✏♠❡t❛❧✑ é ❛tr✐❜✉í❞♦ ❛♦s ❡❧❡♠❡♥t♦s ♠❛✐s ♣❡s❛❞♦s ❞♦ q✉❡ ♦ ❤é❧✐♦✳

✾✻



❆s ♠❛ss❛s ❛♣r♦①✐♠❛❞❛s ❞❡ ❛str♦s ❞❛s ❝❧❛ss❡s q✉❡ ♥ã♦ ♣❡rt❡♥❝❡♠ à ❙❡qüê♥❝✐❛

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

sã♦ ❞✐s❝r✐♠✐♥❛❞❛s ❛ s❡❣✉✐r✳ ❊ss❡s ♦❜❥❡t♦s ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❛♦ ♥❛s❝✐♠❡♥t♦ ♦✉ à ♠♦rt❡

❞❡ ❡str❡❧❛s✳

❼ ❊str❡❧❛s ❆●❇✺✽ ♦✉ ❙✉♣❡r❣✐❣❛♥t❡s✿ ❊str❡❧❛s ❞❡ ♠❛ss❛ ♣❡q✉❡♥❛ ❡ ✐♥t❡r♠❡❞✐ár✐❛

✭❧✐♠✐t❡s ❞❡ 0.8 ▼⊙ ❡ 9 ▼⊙✱ r❡❢✳ ❬✶✻✹❪✮ q✉❡ s♦❢r❡♠ ✉♠ ❛✉♠❡♥t♦ ♥❛ t❡♠♣❡r❛t✉r❛ ❛

❧✉♠✐♥♦s✐❞❛❞❡ ❝♦♥st❛♥t❡✱ ❞❡✈✐❞♦ à ❝♦♥tr❛çã♦ ❞♦ ♥ú❝❧❡♦ ❈✲❖ s❡❣✉✐❞❛ ♣❡❧❛ ❡①♣❛♥sã♦

❞❛s ❝❛♠❛❞❛s s✉♣❡r✐♦r❡s ❍✲❍❡✳ ❱❛❧♦r ❛❞♦t❛❞♦ ❞❡ 5 ▼⊙❀

❼ ❘❡❣✐õ❡s ❞❡ ❍■■✿ ◆✉✈❡♥s ❡♠ ❡①♣❛♥sã♦ q✉❡ ❞❡s❡♥❝❛❞❡✐❛♠ ❛ ❢♦r♠❛çã♦ ❞❡ ❡str❡❧❛s ❡♠

♥✉✈❡♥s ♣ró①✐♠❛s✱ ♣♦r ❝♦♠♣r❡ssã♦✳ ❈♦♠ ❛ ♣♦♥❞❡r❛çã♦ ❞♦s ✈❛❧♦r❡s ❛♣r❡s❡♥t❛❞♦s ♥❛

r❡❢❡rê♥❝✐❛ ❬✶✻✺❪ ♣❛r❛ ♦ ♦❜❥❡t♦ r❡♣r❡s❡♥t❛t✐✈♦ ▼✽✱ ❛ q✉❛♥t✐❞❛❞❡ 5000 ▼⊙é ✉t✐❧✐③❛❞❛

❛q✉✐❀

❼ ◆❡❜✉❧♦s❛s ♣❧❛♥❡tár✐❛s✿ ◆✉✈❡♥s ❞❡ ❣ás q✉❡ ❝♦♠♣✉♥❤❛♠ ❛s ❝❛♠❛❞❛s s✉♣❡r✐♦r❡s

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

r❛❞✐❛çã♦ ✉❧tr❛✈✐♦❧❡t❛ ❡♠✐t✐❞❛ ❞♦ ♥ú❝❧❡♦ ❡st❡❧❛r r❡♠❛♥❡s❝❡♥t❡✳ ▼❛ss❛ ❛❞♦t❛❞❛

❝♦♠♦ 0.625 ▼⊙✱ r❡❢❡rê♥❝✐❛ ❬✶✻✻❪❀

❼ ❊str❡❧❛s ❚ ❚❛✉r✐✿ Pr♦t♦✲❡str❡❧❛s ❞❡ ♠❛ss❛ ♣❡q✉❡♥❛ ✭< 2 ▼⊙✱ r❡❢✳ ❬✶✻✼❪✮ ❧♦❝❛❧✐③❛❞❛s

♣ró①✐♠❛s ❞❡ ♥✉✈❡♥s ♠♦❧❡❝✉❧❛r❡s✱ ♦♥❞❡ s❡ ♦r✐❣✐♥❛♠✳ ❙ã♦ r❡♣r❡s❡♥t❛❞❛s ❛q✉✐ ♣♦r

1 ▼⊙❀

❼ ❊str❡❧❛s ❳ ♦✉ ❖❍✴■❘✿ ❊str❡❧❛s ❝♦♠ ❢♦rt❡ ❡♠✐ssã♦ ❞❡ ✐♥❢r❛✈❡r♠❡❧❤♦✱ ❝❛r❛❝t❡ríst✐❝❛

❞❡ ❣rã♦s ❞❡ ♣♦❡✐r❛ ✭s✐❧✐❝❛t♦s✮ ❛q✉❡❝✐❞♦s✱ q✉❡ ❝❛✉s❛♠ ❛ ❡①❝✐t❛çã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡

❖❍✳ ❱❛❧♦r ♦❜t✐❞♦ ❞❡ 2.75 ▼⊙✱ ♣♦♥❞❡r❛❞♦ ❞❡ ✈❛❧♦r❡s ❞❡r✐✈❛❞♦s ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✻✽❪✳

❈♦♠ ❡ss❡s ❞❛❞♦s✱ ✉♠ ♠♦❞❡❧♦ ♣❛r❛ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♠❛ss❛ ❞♦ ❞✐s❝♦ ❡ ❜r❛ç♦s ❞❛ ❱✐❛

▲á❝t❡❛ ❢♦✐ ❝♦♥str✉í❞♦ ✭r❡❢✳ ❬✶✺✹❪✮✳ ❆s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ♥ã♦ sã♦ ♥❡❝❡ssár✐❛s ♣❛r❛ ♦

♣r♦♣ós✐t♦ ❞❡st❛ t❡s❡✳ ❈♦♥s✐❞❡r❡ ❢❛t♦r❡s ❞❡ ♣r♦♣♦rçã♦ fi (S) ✭q✉❡ s♦♠❛♠ 1 ❞❡♥tr♦ ❞❡

❝❛❞❛ ❝❧❛ss❡ ❡s♣❡❝tr❛❧✮ ❡ s❡❥❛♠ ρ0,i (S) ❡ m (S) ❛ ❞❡♥s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛ ❞❡ ♥ú♠❡r♦ ❡ ❛

♠❛ss❛ r❡♣r❡s❡♥t❛t✐✈❛ ❞❡ ❡str❡❧❛s ❞❛ ❝❧❛ss❡ ❡s♣❡❝tr❛❧ S✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♣❛r❛ ❛ i−és✐♠❛

❝♦♠♣♦♥❡♥t❡ ❞❛ ❣❛❧á①✐❛ ✭❞✐s❝♦ ♦✉ ❜r❛ç♦s✮✳ ❊♠ ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s✱ ❛s ❞❡♥s✐❞❛❞❡s

sã♦ ❞❛❞❛s ♣♦r
✺✽❉❡ ❆s②♠♣t♦t✐❝ ●✐❛♥t ❇r❛♥❝❤✳

✾✼



̺i (ρ, z) =
∑

S

fi (S)m (S) ρ0,i (S) exp

[

−(ρ− ρ0,i)

h
− |z|

hz,i (S)

]

✱ ✭✻✷✮

♦♥❞❡ h ❡ hz,i (S) sã♦ ❢❛t♦r❡s ❞❛ ❛❧t✉r❛ ❞❡ ❡s❝❛❧❛ ✭❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❞❛ ❣❛❧á①✐❛✮✳ ❖s

q✉❛tr♦ ❜r❛ç♦s ❡ ♦ ✐♥t❡r❜r❛ç♦ s❡❣✉❡♠ ❡s♣✐r❛✐s ❝♦♠ ❛ ❢♦r♠❛

R (θ) = Rmin exp

(
θ − θmin

α

)

✭✻✸✮

❝✉❥❛ ❞❡♥s✐❞❛❞❡✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✻✷✮✱ ✈❛❧❡ ❛♣❡♥❛s ♣❛r❛ ❛ r❡❣✐ã♦ ❞❡ ♣♦♥t♦s ❛ ✉♠❛

❞✐stâ♥❝✐❛ 6 375 ♣❝ ❞❛ ❝✉r✈❛ ❞❡✜♥✐❞❛ ♣♦r ❡ss❛ ♣❛r❛♠❡tr✐③❛çã♦✳ ❖s ♣❛râ♠❡tr♦s Rmin ❡

θmin ❞❡t❡r♠✐♥❛♠ ♦s ❧✐♠✐t❡s ✐♥t❡r♥♦s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ❜r❛ç♦s ❡ α ❛s s✉❛s t❛①❛s ❞❡

❝r❡s❝✐♠❡♥t♦ ❡s♣❛❝✐❛❧✳ ❖ r❛✐♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ é ∼ 16 ❦♣❝✳ ❈♦♠ ❡①❝❡çã♦ ❞❛s ♠❛ss❛s

❞♦s ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s✱ ❞✐s❝✉t✐❞❛s ❛♥t❡r✐♦r♠❡♥t❡✱ t♦❞♦s ♦s ♣❛râ♠❡tr♦s ❡♥✈♦❧✈✐❞♦s ♥❛s

❡q✉❛çõ❡s ✻✷ ❡ ✻✸ sã♦ ❧✐st❛❞♦s ♥♦ tr❛❜❛❧❤♦ ❞❡ ❲❛✐♥s❝♦❛t ❡ s❡✉ ❣r✉♣♦✳

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

♦❜t✐❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡s❝r✐t♦ ❛❝✐♠❛ é 3.4×10−24 ❣✴❝♠3✱ ❡q✉✐✈❛❧❡♥t❡ ❛ 2 át♦♠♦s ❞❡ ❍✴❝♠3✱

❡♥q✉❛♥t♦ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❛t✉❛❧ é (3− 12)×10−24 ❣✴❝♠3✱ ♦✉ (1.8− 7.2) át♦♠♦s ❞❡ ❍✴❝♠3

✭r❡❢✳ ❬✷✵❪✮✳

✹✳✷ ❈♦♠♣♦s✐çã♦ q✉í♠✐❝❛

❖s ❡❧❡♠❡♥t♦s q✉í♠✐❝♦s ❝♦♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ Z > 1 ❡ q✉❡ ❝♦♠♣õ❡♠ ❛ ❱✐❛ ▲á❝t❡❛

♣♦ss✉❡♠ ♦r✐❣❡♠ ❡st❡❧❛r✳ ▲♦❣♦✱ ♦ ❡s♣❡❝tr♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♦❜s❡r✈❛❞❛ ♥❛ ♣♦s✐çã♦

❞♦ ❙✐st❡♠❛ ❙♦❧❛r✱ ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❡ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ♣r✐♠ár✐❛ ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛

✭∼ 10 − 102 ▼❡❱✴♥✉❝❧❡♦♥✮ ♣♦r s❛té❧✐t❡s✱ é ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞♦ à ❞✐str✐❜✉✐çã♦ ❡ ❝❧❛ss❡

❡s♣❡❝tr❛❧ ❞❛s ❡str❡❧❛s ♥❛ ❣❛❧á①✐❛✳ ■♥✐❝✐❛❧♠❡♥t❡✱ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❝❛❞❛ t✐♣♦ ❞❡ ❡str❡❧❛

é ❞✐t❛❞♦ ✉♥✐❝❛♠❡♥t❡ ♣❡❧❛ s✉❛ ♠❛ss❛ ❡ ❛ ♣r✐♠❡✐r❛ ❢❛s❡ ❞❛ ♥✉❝❧❡♦ssí♥t❡s❡ é ❡st❛❧❡❜❡❝✐❞❛

❝♦♠ ❛ q✉❡✐♠❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥♦ s❡✉ ❝❡♥tr♦✱ ♣r♦❞✉③✐♥❞♦ ❤é❧✐♦ ❛tr❛✈és ❞❛ ❝❛❞❡✐❛ ♣rót♦♥✲

♣rót♦♥ ■ ✭♦✉ ♣♣ ■✮✿

1❍ + 1❍ → 2❉ + ❡+ + ν❡
2❉ + 1❍ → 3❍❡ + γ

3❍❡ + 3❍❡ → 4❍❡ + 2 1❍

✳

✾✽



❆♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ❞❡ ✈✐❞❛✱ ❛ ♣ró♣r✐❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣❛ss❛ ❛ ❞❡t❡r♠✐♥❛r ❛ ❡✈♦❧✉çã♦

❡st❡❧❛r ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛ ♣r❡ssã♦ ❣r❛✈✐t❛❝✐♦♥❛❧✳ ❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ❛tr❛✈és ❞❛s r❡❛çõ❡s

❞❡ ❢✉sã♦ ❡ ❛ ❡✜❝✐ê♥❝✐❛ ❝♦♠ ❛ q✉❛❧ ❝❛❧♦r é tr❛♥s❢❡r✐❞♦ sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❞✐♥â♠✐❝❛

♥♦ ✐♥t❡r✐♦r ❞❛ ❡str❡❧❛✱ ♦♥❞❡ ❝♦rr❡♥t❡s ❝♦♥✈❡❝t✐✈❛s s❡ ❡st❛❜❡❧❡❝❡♠ ❡ ❧❡✈❛♠ ♣❛rt❡ ❞♦s

❡❧❡♠❡♥t♦s ♣r♦❝❡ss❛❞♦s à s✉♣❡r❢í❝✐❡✳ ❙✉❜s❡qü❡♥t❡♠❡♥t❡✱ ✈❡♥t♦s ❡st❡❧❛r❡s ♦✉ ❛ ❡❥❡çã♦

❝❛t❛stró✜❝❛ ❞♦s ❡♥✈❡❧♦♣❡s ❡①t❡r♥♦s ❡♥r✐q✉❡❝❡♠ ♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❝♦♠ ❡ss❡ ♠❛t❡r✐❛❧✳

◆♦ ✜♥❛❧ ❞❛ ❢❛s❡ ❆●❇✱ ❛ q✉❡✐♠❛ ❞❡ ❤é❧✐♦ ♣❡❧♦ ♣r♦❝❡ss♦ tr✐♣❧♦✲❛❧❢❛✱ ❞❛❞♦ ♣❡❧❛ r❡❛çã♦

4❍❡ + 4❍❡ ⇄ 8❇❡
8❇❡ + 4❍❡ → 12❈ + γ

✱

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

❢♦r♠❛♥❞♦ ❧❡♥t❛♠❡♥t❡ ✉♠ ♥ú❝❧❡♦ ❞❡ ❝❛r❜♦♥♦ ❡ ♦①✐❣ê♥✐♦ ✭❈✲❖✮ ♥♦ ✐♥t❡r✐♦r ❞❛ ❡str❡❧❛✳ ❖

✐sót♦♣♦ ❞♦ ❜❡rí❧✐♦ ♣♦ss✉✐ t❡♠♣♦ ❞❡ ♠❡✐❛✲✈✐❞❛ ❞❡ 6.7 × 10−17 s✱ ❞❡ ♠♦❞♦ q✉❡ ❛ t❡♠♣❡✲

r❛t✉r❛ ❡♥✈♦❧✈✐❞❛ ❞❡✈❡ s❡r ∼ 108 ❑ ♣❛r❛ q✉❡ ❛ ❢✉sã♦ ❞♦ 4❍❡ ♦❝♦rr❛ ❛ ✉♠❛ t❛①❛ ♠❛✐♦r

q✉❡ ❛ ❞♦ ❞❡❝❛✐♠❡♥t♦ ❞♦ 8❇❡✳ ❆ ❧✐❜❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♥❡ss❡ ♣r♦❝❡ss♦ ♦❝♦rr❡ ♥❛ ❢♦r♠❛

❞❡ ♣✉❧s♦s tér♠✐❝♦s q✉❡ ❢❛③❡♠ ❝♦♠ q✉❡ ♦ ❡♥✈❡❧♦♣❡ ❡①t❡r♥♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❤é❧✐♦ ✭❍✲❍❡✮

s❡ ❡①♣❛♥❞❛ ❡✱ ✜♥❛❧♠❡♥t❡✱ s❡❥❛ ❡❥❡t❛❞♦✳ ❙❡ ❛ ❡str❡❧❛ ♣♦ss✉í❛ ♠❛ss❛ ✐♥✐❝✐❛❧ (6− 8) ▼⊙

✭r❡❢✳ ❬✶✻✾❪✮✱ ♦ ♥ú❝❧❡♦ ❡①♣♦st♦✺✾ ❞❡ ❈✲❖ ♣❛ss❛ ❛ q✉❡✐♠❛r ❛té ❛ ❢♦r♠❛çã♦ ✜♥❛❧ ❞❡ ✉♠

♥ú❝❧❡♦ ❞❡ ❢❡rr♦✱ r♦❞❡❛❞♦ ♣♦r ❝❛♠❛❞❛s ❝♦♠ q✉❡✐♠❛ ❞❡ s✐❧í❝✐♦✱ ♦①✐❣ê♥✐♦✱ ♥❡ô♥✐♦✱ ❝❛r❜♦♥♦

❡ r❡♠❛♥❡s❝ê♥❝✐❛s ❞❡ ❤é❧✐♦ ❡ ❤✐❞r♦❣ê♥✐♦✳ ◆❡st❛ ❢❛s❡✱ ❛ ❝♦♥tr❛çã♦ ❣r❛✈✐t❛❝✐♦♥❛❧ ♥ã♦ ❝❛✉s❛

❛✉♠❡♥t♦ ♥❛ ♣r❡ssã♦ ❞♦ ♥ú❝❧❡♦✱ ♣♦✐s ❢ót♦♥s ❝♦♠❡ç❛♠ ❛ ❞✐ss♦❝✐❛r ♦ ❢❡rr♦ ❡♠ ♣❛rtí❝✉✲

❧❛s ❛❧❢❛ ❡ ♥ê✉tr♦♥s✱ ❝♦♥s✉♠✐♥❞♦ ❡♥❡r❣✐❛✳ ❆ ♣r❡ssã♦ ♣♦r ❞❡❣❡♥❡r❡s❝ê♥❝✐❛ ❞❡ ❢ér♠✐♦♥s

t❛♠❜é♠ ♣❛ss❛ ❛ ❞✐♠✐♥✉✐r s❡ ❛ ♠❛ss❛ ❞❛ ❡str❡❧❛ ❢♦r & 1.4 ▼⊙✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❧✐♠✐t❡

❞❡ ❈❤❛♥❞r❛s❡❦❤❛r✻✵✱ ♣♦✐s ❡❧étr♦♥s sã♦ ❛❜s♦r✈✐❞♦s ♣♦r ♣rót♦♥s ❡ ❡♥❡r❣✐❛ é ❧✐❜❡r❛❞❛ ♥❛

❢♦r♠❛ ❞❡ ♥❡✉tr✐♥♦s✳ ❆ ♣❛rt❡ ❝❡♥tr❛❧ ❞❛ ❡str❡❧❛ s❡ t♦r♥❛ ✐♥stá✈❡❧ ❡ ❝♦❧❛♣s❛✱ ❝r✐❛♥❞♦ ✉♠❛

♦♥❞❛ ❞❡ ❝❤♦q✉❡ q✉❡ s❡ ♣r♦♣❛❣❛ ❛ ♣❛rt✐r ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ♥ú❝❧❡♦ ❞❡ ❢❡rr♦ ❡ ❡❥❡t❛ ❛s

❝❛♠❛❞❛s ❡①t❡r✐♦r❡s✱ ✐♥✢✉❡♥❝✐❛♥❞♦ ♥ã♦ ❛♣❡♥❛s ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❝♦♠♦ t❛♠❜é♠ ♥❛

❞✐♥â♠✐❝❛ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳ ❆ ❡①♣❧♦sã♦ ♣♦r ❡ss❡ ♣r♦❝❡ss♦ é ❝❤❛♠❛❞❛ s✉♣❡r♥♦✈❛ ❞♦

t✐♣♦ ■■✳ ❙✐♠✉❧❛çõ❡s ❞❡ ❆r♥❡tt ❡t ❛❧✳ ✭✶✾✽✾✱ r❡❢✳ ❬✶✼✷❪✮✱ ♣♦r ❡①❡♠♣❧♦✱ ♦❜tê♠ ❛ ✐♥❥❡çã♦ ❞❡

∼ 0.1 ▼⊙ ❞❡ 56❋❡ ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ♣❡❧❛ ❞❡t♦♥❛çã♦ ❞❡ ✉♠❛ ❡str❡❧❛ ♣r♦❣❡♥✐t♦r❛ ❞❡

20 ▼⊙✳

✺✾◗✉❛♥❞♦ ♦❜s❡r✈❛❞♦ ♥❡ss❛ ❢❛s❡✱ é ❝❤❛♠❛❞♦ ❆♥ã ❇r❛♥❝❛✳
✻✵■♥✐❝✐❛❧♠❡♥t❡✱ ❈❤❛♥❞r❛s❡❦❤❛r ❝❤❡❣♦✉ ❛♦ ✈❛❧♦r 0.91 ▼⊙ ✭✶✾✸✶✱ r❡❢✳ ❬✶✼✵❪✮ ❡✱ ♥♦s ❛♥♦s q✉❡ s❡❣✉✐r❛♠✱

r❡✜♥♦✉ ❛ t❡♦r✐❛ ❞❡s❝♦❜r✐♥❞♦ q✉❡ ❡ss❡ ❧✐♠✐t❡ ❞❡♣❡♥❞✐❛ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ ❛♥ã ❜r❛♥❝❛✳ ❖ ✈❛❧♦r
❞❡ 1.4 ▼⊙✱ ❝♦♠✉♠❡♥t❡ ✉s❛❞♦ ❤♦❥❡✱ ❛♣❛r❡❝❡✉ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❡♠ ✉♠❛ ♣✉❜❧✐❝❛çã♦ ❞❡ ●❛♠♦✇ ✭✶✾✸✾✱
r❡❢✳ ❬✶✼✶❪✮✳

✾✾



❈❡r❝❛ ❞❡ ♠❡t❛❞❡ ❞❛s ❡str❡❧❛s ❞❛ ❙❡qüê♥❝✐❛ Pr✐♥❝✐♣❛❧ ❡♥❝♦♥tr❛✲s❡ ❡♠ s✐st❡♠❛s

❜✐♥ár✐♦s ✭r❡❢✳ ❬✶✼✸❪✮ ❡ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ♠❡t❛❞❡ ❞❡ss❡s s✐st❡♠❛s ❛ ❛❝r❡sçã♦ r❡❣✉❧❛ ❛

sí♥t❡s❡ ❞❡ ❡❧❡♠❡♥t♦s ♥❛ ❡str❡❧❛ r❡❝❡♣t♦r❛ ✭r❡❢✳ ❬✶✼✹❪✮✳ ❆♥ãs ❜r❛♥❝❛s ❡♠ t❛✐s s✐st❡♠❛s ♣♦s✲

s✉❡♠ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ♣ró♣r✐❛ ✭❈✲❖ ❡ ❍✲❍❡✮ ❡♥r✐q✉❡❝✐❞❛ ♣♦r ❡❧❡♠❡♥t♦s ❞❛ ❡str❡❧❛

❝♦♠♣❛♥❤❡✐r❛✱ ❣❡r❛❧♠❡♥t❡ ❡♠ ❛❧❣✉♠ ❡stá❣✐♦ ❛♥t❡r✐♦r ❞❡ ❡✈♦❧✉çã♦✳ ❯♠❛ ❡①♣❧♦sã♦ t❛♠✲

❜é♠ ♦❝♦rr❡ q✉❛♥❞♦ ♦ ❧✐♠✐t❡ ❞❡ ❈❤❛♥❞r❛s❡❦❤❛r é ❛t✐♥❣✐❞♦✱ ❝❤❛♠❛❞❛ ❙✉♣❡r♥♦✈❛ ❚✐♣♦ ■✳

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

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

♦r❣â♥✐❝♦s✳ ❆ ♣r❡s❡♥ç❛ ❞❡ ♠❛tér✐❛ ♦r❣â♥✐❝❛ ✈♦❧át✐❧ ♠♦str❛ q✉❡ ❡❧❡s ♥ã♦ s♦❢r❡r❛♠ ✉♠

❛q✉❡❝✐♠❡♥t♦ s✐❣♥✐✜❝❛♥t❡ ✭> 200 ➦❈✮✱ r❡t❡♥❞♦ ❡❧❡♠❡♥t♦s ❞❛ ♥❡❜✉❧♦s❛ s♦❧❛r ❛♥t❡s ❞❛ ❢♦r✲

♠❛çã♦ ❞♦ s✐st❡♠❛✳ ❆ ♠✐st✉r❛ ❞❡ ✐sót♦♣♦s ❡♥❝♦♥tr❛❞❛ t❛♥t♦ ♥♦ ❙✐st❡♠❛ ❙♦❧❛r✱ q✉❛♥t♦

♥♦s r❛✐♦s ❝ós♠✐❝♦s✱ ♥ã♦ ♣♦❞❡ s❡r ❛tr✐❜✉í❞❛ ❛ ❛♣❡♥❛s ✉♠ t✐♣♦ ❞❡ ❡str❡❧❛✳ ❆♦ ❝♦♥trár✐♦✱

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

❇✉r❜✐❞❣❡✱ ❋♦✇❧❡r ❡ ❍♦②❧❡ ✭✶✾✺✼✱ ❝♦♥❤❡❝✐❞♦ ♣❡❧♦ ❛❝rô♥✐♠♦ ❇2❋❍✱ r❡❢✳ ❬✶✼✺❪✮✱ ♣✐♦♥❡✐r♦ ♥❛

t❡♦r✐❛ ❞❡ ♥✉❝❧❡♦ssí♥t❡s❡ ❡st❡❧❛r✱ sã♦ ❛♣♦♥t❛❞❛s r❡❛çõ❡s ♥✉❝❧❡❛r❡s q✉❡ ❞❡str♦❡♠ ❡❧❡♠❡♥t♦s

❧❡✈❡s ❝♦♠♦ ❧ít✐♦✱ ❜❡rí❧✐♦ ❡ ❜♦r♦ ❡♠ ❛♠❜✐❡♥t❡s t❡r♠❛❧✐③❛❞♦s ♣❡❧❛ q✉❡✐♠❛ ❞❡ ❤✐❞r♦❣ê♥✐♦✱

tr❛♥s❢♦r♠❛♥❞♦✲♦s ❡♠ ✐sót♦♣♦s ❞❡ ❤é❧✐♦✳ ❖s ❛✉t♦r❡s ❞✐s❝✉t❡♠ q✉❡ ❛ ❡s♣❛❧❛çã♦ ❞❡ ♥ú✲

❝❧❡♦s ❞❡ ❝❛r❜♦♥♦✱ ♥✐tr♦❣ê♥✐♦✱ ♦①✐❣ê♥✐♦ ❡ ❢❡rr♦ ❡♠ ❛t♠♦s❢❡r❛s ❡st❡❧❛r❡s ♣♦❞❡ ❞❛r ♦r✐❣❡♠

❛ ❡ss❡s ❡❧❡♠❡♥t♦s ❧❡✈❡s✳ ❍♦❥❡ ❡s♣❡❝✉❧❛✲s❡ q✉❡ ❡ss❡ ♠❡❝❛♥✐s♠♦ t❛❧✈❡③ s❡❥❛ ú♥✐❝♦ ❡ q✉❡

❡❧❡ ♦❝♦rr❡ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✱ ❝♦♠♦ ♥♦t❛ P❛r✐③♦t ✭✷✵✵✵✱ r❡❢✳ ❬✶✼✻❪✮

♣❛r❛ ♦s ✐sót♦♣♦s 6▲✐✱ 7▲✐✱ 9❇❡✱ 10❇ ❡ 11❇✳ ❖ tr❛❜❛❧❤♦ ❇2❋❍ t❛♠❜é♠ ♠♦❞❡❧❛ ❛ sí♥t❡s❡

❞❡ ❡❧❡♠❡♥t♦s ♣❡s❛❞♦s ❛tr❛✈és ❞❛ ❝❛♣t✉r❛ ❞❡ ♥ê✉tr♦♥s ♣♦r ♥ú❝❧❡♦s ❞❡ ❢❡rr♦ ♥♦ ❝❡♥tr♦ ❞❡

❡str❡❧❛s✱ ♦♥❞❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ss❡ ♣r♦❝❡ss♦ ❞❡♣❡♥❞❡ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ♥ê✉tr♦♥s ❧✐✈r❡s q✉❡

s❡ ❢♦r♠❛ ❝♦♠♦ ♣r♦❞✉t♦ ❞❡ ♦✉tr❛s ❝❛❞❡✐❛s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ t❛①❛ ❞❡ ❞❡❝❛✐♠❡♥t♦ β−

❞♦s ♥ú❝❧❡♦s ❝r✐❛❞♦s✳

◆❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ❡♥❡r❣✐❛ ∼ 50−500 ▼❡❱✴♥✉❝❧❡♦♥✱ ♣♦ré♠✱ ❡①✐st❡♠ ✐sót♦✲

♣♦s q✉❡ ❛♣❛r❡❝❡♠ ❡♠ ❡①❝❡ss♦ ❡♠ r❡❧❛çã♦ à ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✱ ❝✉❥❛

sí♥t❡s❡ ❞❡❝♦rr❡ ❞❛ r❡❛çã♦

12❈ + 1❍ → 13◆ + γ
13◆ → 13❈ + ❡+ + ν❡

13❈ + 1❍ → 14◆ + γ







♣r✐♠❡✐r❛ ♣❛rt❡

✶✵✵



14◆ + 1❍ → 15❖ + γ
15❖ → 15◆ + ❡+ + ν❡

15◆ + 1❍ → 12❈ + 4❍❡







s❡❣✉♥❞❛ ♣❛rt❡

❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝✐❝❧♦ ❈◆❖✳ ▲♦❣♦ ❛♣ós ❛ ✐❣♥✐çã♦ ❞♦ ❤é❧✐♦✱ ❡str❡❧❛s ❝♦♠ ♠❛ss❛ ✐♥✐❝✐❛❧

∼ 50 − 100 ▼⊙ ❞❡s❡♥✈♦❧✈❡♠ ❝❡♥tr♦s ❝♦♠♣❧❡t❛♠❡♥t❡ ❝♦♥✈❡❝t✐✈♦s q✉❡ ❝❤❡❣❛♠ ❛ ♦❝✉✲

♣❛r ∼ 96% ❞♦ ✈♦❧✉♠❡ ❞♦ ❛str♦ ❛♥t❡s ❞❛ ❡①t✐♥çã♦ ❞❛ ❝❛♠❛❞❛ ❡①t❡r♥❛ ❞❡ ❤✐❞r♦❣ê♥✐♦

✭r❡❢✳ ❬✶✼✼❪✮✳ ❆ ♣r✐♠❡✐r❛ ♣❛rt❡ ❞♦ ❝✐❝❧♦ ❈◆❖ s❡ ❡st❛❜❡❧❡❝❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❡♥tr❡ ♦ 12❈✱

♣r♦❞✉t♦ ❞❛ r❡❛çã♦ tr✐♣❧♦✲❛❧❢❛✱ ❡ ♦ 1❍✱ ❞❡❝♦rr❡♥t❡ ❞❛ ♠✐st✉r❛❀ ♦ ♦❜❥❡t♦ ❡①✐❜❡ ❝❛r❛❝✲

t❡ríst✐❝❛s ❞❡ ✉♠❛ ❡str❡❧❛ ❲♦❧❢✲❘❛②❡t ❝♦♠ ❛❜✉♥❞â♥❝✐❛ ❞❡ ♥✐tr♦❣ê♥✐♦ ❡♠ s✉❛ s✉♣❡r❢í❝✐❡✱

❛❜r❡✈✐❛❞❛ ♣♦r ❲◆✳ P♦st❡r✐♦r♠❡♥t❡✱ ❛ ❛t♠♦s❢❡r❛ ❞❛ ❡str❡❧❛ s❡ t♦r♥❛ ❛❜✉♥❞❛♥t❡ ❡♠ ❝❛r✲

❜♦♥♦ ❛tr❛✈és ❞❛ s❡❣✉♥❞❛ ♣❛rt❡ ❞♦ ❝✐❝❧♦ ❈◆❖✱ q✉❛♥❞♦ ♦ t✐♣♦ ❡st❡❧❛r ♣❛ss❛ ❛ s❡r ❛❜r❡✈✐❛❞♦

♣♦r ❲❈✳ ❖❜s❡r✈❡ q✉❡ ♦ 12❈ ❛❣❡ ❝♦♠♦ ✉♠ ❝❛t❛❧✐s❛❞♦r ♥❛ ❝♦♥✈❡rsã♦ ❞❡ 1❍ ❡♠ 4❍❡✱ ❛♣❛r❡✲

❝❡♥❞♦ ♥♦✈❛♠❡♥t❡ ♥♦ ✜♥❛❧ ❞❛ ❝❛❞❡✐❛✱ ❝♦♠♦ ♣✉❜❧✐❝❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ❇❡t❤❡ ✭✶✾✸✾✱

r❡❢✳ ❬✶✼✽❪✮✳ ❊❧❡ t❛♠❜é♠ r❡❝♦♥❤❡❝❡✉ ♦ ❝✐❝❧♦ ❞♦ ❝❛r❜♦♥♦ ❝♦♠♦ ❛ ❢♦♥t❡ ♠❛✐s ✐♠♣♦rt❛♥t❡

❞❡ ❡♥❡r❣✐❛ ❡♠ ❡str❡❧❛s ✏♦r❞✐♥ár✐❛s✑❀ ❛ t❛①❛ ❞❡ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ♣❡❧❛ ❝❛❞❡✐❛ ♣♣ ■ s❡

✐❣✉❛❧❛ à ❞♦ ❝✐❝❧♦ ❈◆❖ ❡♠ ❡str❡❧❛s ❝♦♠ ♠❛ss❛ 1.2 ▼⊙ ✭r❡❢✳ ❬✶✻✷❪✮✳

❆ ❢❛s❡ ❲♦❧❢✲❘❛②❡t ✭♦✉ s✐♠♣❧❡s♠❡♥t❡ ❲✲❘✮ ❝♦♠♣r❡❡♥❞❡ ♦❜❥❡t♦s q✉❡♥t❡s ❡ ❧✉✲

♠✐♥♦s♦s ✭∼ 105 ❑❀ ∼ 106 ▲⊙✱ ♦♥❞❡ ▲⊙ é ❛ ❧✉♠✐♥♦s✐❞❛❞❡ s♦❧❛r✮ ❝♦♠ ✈❡♥t♦s ❞❡ ✈❡✲

❧♦❝✐❞❛❞❡ ∼ 2 × 103 ❦♠✴s ✐♠♣✉❧s✐♦♥❛❞♦s ♣♦r r❛❞✐❛çã♦✱ ❣❡r❛♥❞♦ ✉♠❛ ♣❡r❞❛ ❞❡ ♠❛ss❛

❞❡ (10−5 − 10−4) ▼⊙✴❛♥♦ ❞✉r❛♥t❡ ❛ q✉❡✐♠❛ ❞❡ ❤é❧✐♦ ✭s✉♣❡r❣✐❣❛♥t❡s ✈❡r♠❡❧❤❛s✱ ♣♦r

❡①❡♠♣❧♦✱ ♣❡r❞❡♠ ♠❛ss❛ ❛ ✉♠❛ t❛①❛ ❞❡ (10−7 − 10−6) ▼⊙✴❛♥♦✮✳ ❈❛ssé ❡ P❛✉❧ ✭✶✾✽✵✱

r❡❢✳ ❬✶✼✾❪✮ ♦❜s❡r✈❛♠ q✉❡ ❛ ❡♥❡r❣✐❛ ♠❡❝â♥✐❝❛ ❧✐❜❡r❛❞❛ ❛tr❛✈és ❞❡ss❡ ♠❡❝❛♥✐s♠♦✱ ✐♥t❡❣r❛❞❛

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

❡r❛❞❛ ♥❛ ❡①♣❧♦sã♦ ❞❡ ✉♠❛ ❙✉♣❡r♥♦✈❛ ❚✐♣♦ ■■✳ ❆ ♥❛t✉r❡③❛ ❞❛ ♠❛tér✐❛ ❡❥❡t❛❞❛ ♣❛r❛ ♦

♠❡✐♦ ✐♥t❡r❡st❡❧❛r ♣♦r ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❝♦♥❝❡♥tr❛çã♦ ❛♠❜✐❡♥t❡

❝r❡s❝❡♥t❡ ❞❡ ❤é❧✐♦ à ♠❡❞✐❞❛ q✉❡ ♦ ❤✐❞r♦❣ê♥✐♦ ❞❛ ♠✐st✉r❛ ❝♦♥✈❡❝t✐✈❛ é ❝♦♥s✉♠✐❞♦✱ ❞❡

♠♦❞♦ q✉❡ ❛ s❡❣✉♥❞❛ ♣❛rt❡ ❞♦ ❝✐❝❧♦ ❈◆❖ é s✉❜st✐t✉í❞❛ ♣❡❧❛ ❝❛❞❡✐❛

14◆ + 4❍❡ → 18❋ + γ
18❋ + ❡+ → 18❖ + ν̄❡

18❖ + 4❍❡ → 22◆❡ + γ

✶✵✶



✭r❡❢✳ ❬✶✽✵❪✮✳ ❆♦ ✜♥❛❧ ❞❛ ❡✈♦❧✉çã♦ ♥❛ ❢❛s❡ ❲❈✱ t♦❞♦ ♦ 14◆ é ❝♦♥✈❡rt✐❞♦ ❡♠ 22◆❡ ❡ ❡st❡

♣❛ss❛ ❛ s❡r ♦ q✉❛rt♦ ❡❧❡♠❡♥t♦ ♠❛✐s ❛❜✉♥❞❛♥t❡ ♥❛ s✉♣❡r❢í❝✐❡✱ ❞❡♣♦✐s ❞♦ 4❍❡✱ 12❈ ❡ 16❖✳

❆ r❡❧❛çã♦ ❡♥tr❡ ♦ ❡♥r✐q✉❡❝✐♠❡♥t♦ ❞❡ ✐sót♦♣♦s ❧✐❣❛❞♦s ❛♦ ❝✐❝❧♦ ❈◆❖ ♥❛ s✉♣❡r❢í✲

❝✐❡ ❞❡ ❡str❡❧❛s ❞❡ ❣r❛♥❞❡ ♠❛ss❛ ❡ ♦ ❡①❝❡ss♦ ❞❡ss❡s ♠❡s♠♦s ♥ú❝❧❡♦s ♠❡❞✐❞♦ ♥♦s r❛✐♦s

❝ós♠✐❝♦s✱ ❝♦♠♣❛r❛❞♦ à ❝♦♠♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✱ é ❛❜♦r❞❛❞❛ ♣♦r ❞✐✈❡rs♦s ❛✉✲

t♦r❡s✳ Pr❛♥t③♦s ❡t ❛❧✳ ✭✶✾✽✻✱ r❡❢✳ ❬✶✼✼❪✮ s✐♠✉❧❛♠ ❛ ❡✈♦❧✉çã♦ ❞❡ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t

❝♦♠ ♠❛ss❛s ❡♥tr❡ 50 ▼⊙ ❡ 100 ▼⊙ ❡✱ ❞❡✜♥✐♥❞♦ ❢❛t♦r❡s ❞❡ ❛❜✉♥❞â♥❝✐❛ ❞❡ s✉♣❡r❢í❝✐❡

❝♦♠♦ f = 〈XW−R/X⊙〉✱ ♦❜tê♠ f ≈ 120 ♣❛r❛ ♦ 22◆❡✱ s❡❣✉✐❞♦ ♣♦r f ≈ 65 ♣❛r❛ ♦ 12❈ ❡

f ≈ 30 ♣❛r❛ ♦ 16❖✳ P❛✉❧ ❡ ❈❛ssé ✭✶✾✽✷✱ r❡❢✳ ❬✶✽✶❪✮ ♣❛rt❡♠ ❞❛ ♠❡❞✐❞❛ ❡①♣❡r✐♠❡♥t❛❧ ❞❡
22◆❡/20◆❡ ♥❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛✱ ❡①❝❡❞❡♥t❡ ♣♦r ✉♠ ❢❛t♦r 3 − 4 ❡♠ r❡❧❛çã♦ ❛♦ ❙✐st❡♠❛

❙♦❧❛r✱ ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❡✈♦❧✉t✐✈❛s ❞❡ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✱

♣❛r❛ ❝♦♥❝❧✉ír❡♠ q✉❡ ♦ ❡♥r✐q✉❡❝✐♠❡♥t♦ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ♣❡❧♦s ✐sót♦♣♦s ❞♦ ❝✐❝❧♦ ❈◆❖

é ❛tr✐❜✉í❞♦ ❡ s✉st❡♥t❛❞♦ ✉♥✐❝❛♠❡♥t❡ ♣❡❧❛s ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t✳ ❈♦♠♣❛r❛♥❞♦ ♦s ✈❛❧♦r❡s

(❈◆❖)❲✲❘ /(
22◆❡)❲✲❘ ∼ 1 ❡ (❈◆❖)⊙ /(22◆❡)⊙ ∼ 120✱ ♦s ❛✉t♦r❡s ❡st✐♠❛♠ q✉❡ 1/60 ❞♦s

r❛✐♦s ❝ós♠✐❝♦s sã♦ ✐♥❥❡t❛❞♦s ❡ ❛❝❡❧❡r❛❞♦s ♣♦r ❡ss❡ t✐♣♦ ❡st❡❧❛r✳

❆ ♣r✐♥❝✐♣❛❧ ❢♦♥t❡ ❞❡ ♥ê✉tr♦♥s ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❝❛♣t✉r❛✱ ♠❡♥❝✐♦♥❛❞♦ ❛♥t❡r✐♦r✲

♠❡♥t❡✱ ❞❡❝♦rr❡ ❞❛ ❛❜✉♥❞â♥❝✐❛ ❞❡ ♥❡ô♥✐♦ ♥♦ ✜♠ ❞❛ ❢❛s❡ ❞❛ q✉❡✐♠❛ ❞❡ ❤é❧✐♦ ♣❡❧❛ r❡❛çã♦

22◆❡ + 4❍❡ → 25▼❣ + ♥ ✱ ✭✻✹✮

s♦❜ t❡♠♣❡r❛t✉r❛s & 109 ❑ ❡♠ ❡str❡❧❛s ❝♦♠ ♠❛ss❛ ✐♥✐❝✐❛❧ & 100 ▼⊙ ✭r❡❢✳ ❬✶✽✷❪✮✳ ❖s

✐sót♦♣♦s ❞♦ ♠❛❣♥és✐♦ sã♦ ♦s ú❧t✐♠♦s ♥ú❝❧❡♦s ❛ss♦❝✐❛❞♦s ❛ ❡str❡❧❛s ❝♦♠ q✉❡✐♠❛ ❞❡ ❤é❧✐♦

✭r❡❢✳ ❬✶✽✵❪✮❀ ♥❡st❛ ❢❛s❡✱ ❡str❡❧❛s ❞❡ ♠❛ss❛ ✐♥✐❝✐❛❧ 60 ▼⊙ ❡ 40 ▼⊙ ❥á ♣❡r❞❡r❛♠✱ r❡s♣❡❝t✐✲

✈❛♠❡♥t❡✱ ∼ 2/3 ❡ ∼ 3/4 ❞❡ss❡s ✈❛❧♦r❡s ✭r❡❢✳ ❬✶✽✸❪✮✳

❊♠ ✶✾✼✼✱ ❘❛♠❛t② ❡ ▲✐♥❣❡♥❢❡❧t❡r ✭r❡❢✳ ❬✶✽✹❪✮ ❛♣♦♥t❛r❛♠ q✉❡ ✉♠❛ ❧✐♥❤❛ ❞❡ ❡♠✐ssã♦

❞❡ 1.8 ▼❡❱✱ r❡s✉❧t❛♥t❡ ❞♦ ❞❡❝❛✐♠❡♥t♦ β+ ❞♦ 26❆❧✱ ❞❡✈❡r✐❛ s❡r ❢❛❝✐❧♠❡♥t❡ ❞❡t❡❝tá✈❡❧ ♥♦

♠❡✐♦ ✐♥t❡r❡st❡❧❛r ✭❡♠ t❡r♠♦s ❞❡ ✢✉①♦✮ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❡ss❡ ✐sót♦♣♦ é ♣r♦❞✉③✐❞♦

❛tr❛✈és ❞❛ q✉❡✐♠❛ ❡①♣❧♦s✐✈❛ ❞❡ ❝❛r❜♦♥♦ ❡♠ s✉♣❡r♥♦✈❛s✳ ❖ ❡❢❡✐t♦ é ♣❛rt✐❝✉❧❛r♠❡♥t❡

✐♠♣♦rt❛♥t❡ ♣♦rq✉❡ ♦ 26❆❧ ♣♦ss✉✐ t❡♠♣♦ ❞❡ ♠❡✐❛✲✈✐❞❛ ❞❡ 7.16 × 105 ❛♥♦s ✭r❡❢✳ ❬✶✽✺❪✮✱

tr❛ç❛♥❞♦ ❡♠ q✉❡ r❡❣✐õ❡s ❞❛ ❣❛❧á①✐❛ ❡ ❛ q✉❡ t❛①❛s ❛ ♥✉❝❧❡♦ssí♥t❡s❡ ♦❝♦rr❡ ❛t✉❛❧♠❡♥t❡✳

❊st✉❞♦s ♣♦st❡r✐♦r❡s ❞❡ r❡❛çõ❡s ♥✉❝❧❡❛r❡s ❡①❝❧✉ír❛♠ ❛s s✉♣❡r♥♦✈❛s ❡ ♦✉tr❛s ❡str❡❧❛s ❝♦♠♦

❢♦♥t❡s✱ ❧❡✈❛♥❞♦ Pr❛♥t③♦s ❡ ❈❛ssé ✭✶✾✽✻✱ r❡❢✳ ❬✶✽✻❪✮ ❛ s✉❣❡r✐r❡♠ q✉❡ ♦ 26❆❧ é ♣r♦❞✉③✐❞♦

❡♠ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t ♣❡❧❛ q✉❡✐♠❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ r❡s✐❞✉❛❧ ❝♦♠ ♦ s✉❜♣r♦❞✉t♦ 25▼❣ ❞♦

❝✐❝❧♦ ❈◆❖✱ ❞❛❞❛ ♣♦r

✶✵✷



25▼❣ + 1❍ → 26❆❧ + γ ✳

❉✐✈❡rs♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s✲γ ❡st❛❜❡❧❡❝❡r❛♠ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛

❞✐str✐❜✉✐çã♦ ❞♦ 26❆❧ ❡ ♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛❀ ♦ t❡❧❡s❝ó♣✐♦ ❈❖▼P❚❊▲✻✶ ♦♣❡r♦✉ ❝♦♠

r❡s♦❧✉çã♦ s✉✜❝✐❡♥t❡ ♣❛r❛ r❡❣✐str❛r ❛s ❞✐r❡çõ❡s ❞♦s ❜r❛ç♦s ❡ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦s ❝♦♠♦ r❡❣✐õ❡s

❞❡ ♣r♦❞✉çã♦ ❡❧❡♠❡♥t❛r ♣♦r ❡str❡❧❛s ❞❡ ❣r❛♥❞❡ ♠❛ss❛✱ ❝♦♠♦ ✈✐st♦ ♥❛ ✜❣✉r❛ ✸✵✱ ❛❧é♠ ❞❛s

❝♦♥st❡❧❛çõ❡s ❞❡ ❈✐s♥❡ ❡ ❱❡❧❛✱ ♣♦♣✉❧❛❞❛s ♣♦r r❡♠❛♥❡s❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛s ❡ ❡str❡❧❛s

❲♦❧❢✲❘❛②❡t ❡♠ s✐st❡♠❛s ❜✐♥ár✐♦s ✭r❡❢✳ ❬✶✽✼❪ ❡ ❬✶✽✽❪✮✳ ❖ s✐st❡♠❛ γ2 ❱❡❧♦r✉♠✱ ❡♠ ❱❡❧❛✱ é

❝♦♠♣♦st♦ ♣♦r ✉♠❛ ❡str❡❧❛ ❞♦ t✐♣♦ ❖ ✭30 ▼⊙✮ ❡ ✉♠❛ ❲❈ ❡✈♦❧✉í❞❛ ✭9.5 ▼⊙✮ ❝♦♠ ❡①❝❡ss♦

❝♦♥✜r♠❛❞♦ ❞❡ ♥❡ô♥✐♦ ✭22◆❡/4❍❡ = 0.009✱ r❡❢s✳ ❬✶✽✾❪ ❡ ❬✶✾✵❪✮✳

❋✐❣✉r❛ ✸✵✿ ▼❛♣❡❛♠❡♥t♦ ❝❡❧❡st❡ ❞❛ ❧✐♥❤❛ ❞❡ ❡♠✐ssã♦ ❡♠ 1.8 ▼❡❱ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛
❞♦ ❞❡❝❛✐♠❡♥t♦ β+ ❞♦ 26❆❧✳ ❖ ♣r♦❝❡ss♦ s❡ ❝♦♥❝❡♥tr❛ ♥♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡
♥❛ r❡❣✐ã♦ ❞❡❧✐♠✐t❛❞❛ ♣❡❧❛s ❧♦♥❣✐t✉❞❡s ±30➦✱ ♦✉ s❡❥❛✱ ♥♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❆s ♦✉tr❛s
❡str✉t✉r❛s ❧♦❝❛❧✐③❛❞❛s ♥♦ ❡q✉❛❞♦r ❣❛❧á❝t✐❝♦ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❜r❛ç♦s ❞❛ ❣❛❧á①✐❛✳ ❋✐❣✉r❛
❡♥❝♦♥tr❛❞❛ ♥❛ r❡❢❡rê♥❝✐❛ ❬✶✽✼❪✳

❙❡♠ ♦ ♣♦t❡♥❝✐❛❧ ❝♦✉❧♦♠❜✐❛♥♦✱ ❝❛♣t✉r❛s s✉❝❡ss✐✈❛s ❞❡ ♥ê✉tr♦♥s ✭❝♦♠♦ ♣r♦❞✉t♦s

❞❛ r❡❛çã♦ ✭✻✹✮✮ s❡❣✉✐❞❛s ♣♦r ❞❡❝❛✐♠❡♥t♦s β− ♣r♦❞✉③❡♠ ✐sót♦♣♦s ❛❧é♠ ❞♦ ❢❡rr♦ ❛té ♦

✻✶❉❡ ■♠❛❣✐♥❣ ❈♦♠♣t♦♥ ❚❡❧❡s❝♦♣❡✱ ✐♥str✉♠❡♥t♦ ❛ ❜♦r❞♦ ❞♦ s❛té❧✐t❡ ❈♦♠♣t♦♥ ●❛♠♠❛ ❘❛② ❖❜s❡r✈❛✲

t♦r②✳

✶✵✸



❜✐s♠✉t♦ ✭Z = 83✮✱ ♦ ú❧t✐♠♦ ❡❧❡♠❡♥t♦ q✉í♠✐❝♦ ❡stá✈❡❧✳ ❖ ❢❡rr♦ é ♦r✐❣✐♥ár✐♦ ❞❡ ♦✉tr♦

❝❛♥❛❧ ❞❡ ❢✉sõ❡s✱ s❡♠ r❡❧❛çã♦ ❝♦♠ ♦ ❤✐❞r♦❣ê♥✐♦ ❡ ♦ ❝✐❝❧♦ ❈◆❖✳ ❏á ♥❛ r❡❛çã♦ tr✐♣❧♦✲❛❧❢❛✱

♦ 12❈ é ❢✉♥❞✐❞♦ s❡qü❡♥❝✐❛❧♠❡♥t❡ ❝♦♠ 4❍❡ ♣❛r❛ ❢♦r♠❛r 16❖✱ 20◆❡✱ 24▼❣ ❡ 28❙✐✳ ❈❛❞❛

♣r♦❝❡ss♦ ❞❡ss❛ ❝❛❞❡✐❛ é ✐♥✐❝✐❛❞♦ ♣❡❧❛ ❝♦♥tr❛çã♦ ❡ ❛q✉❡❝✐♠❡♥t♦ ❞♦ ♥ú❝❧❡♦ ❞❛ ❡str❡❧❛ ✭♣❛r❛

t❡♠♣❡r❛t✉r❛s > 109 ❑✮✱ ♣r♦✈♦❝❛♥❞♦ ❛ ❢♦t♦❞❡s✐♥t❡❣r❛çã♦ ❞❡ ♥ú❝❧❡♦s ❝♦♠ ❜❛✐①♦ ❧✐♠✐❛r

❡♥❡r❣ét✐❝♦ ♣❛r❛ ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❛❧❢❛✳ ❯♠ ♣♦♥t♦ ❝r✉❝✐❛❧ ♥♦t❛❞♦ ♣♦r ❇♦❞❛♥s❦② ❡t

❛❧✳ ✭✶✾✻✽✱ r❡❢✳ ❬✶✾✶❪✮ é q✉❡ ❡ss❛s ❞❡s✐♥t❡❣r❛çõ❡s sã♦ ❡ss❡♥❝✐❛✐s ✭❡ ♥❡❝❡ssár✐❛s✮ ♣❛r❛ q✉❡ ♦

❡q✉✐❧í❜r✐♦ ❡♥tr❡ ❞❡♥s✐❞❛❞❡s ❞❡ ♥ú♠❡r♦ ❞♦s ❡❧❡♠❡♥t♦s ♣r♦❝❡ss❛❞♦s ❡ ❞❛s ♣❛rtí❝✉❧❛s ❛❧❢❛

s❡❥❛ ❛t✐♥❣✐❞♦✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♥ú❝❧❡♦s ♣❡s❛❞♦s s❡ s✉st❡♥t❡✳ ❘❡❛çõ❡s

❞❡ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ♥ú❝❧❡♦s ❤✐♣♦tét✐❝♦s X ❡ Y✱ ❞♦ t✐♣♦

♥
X + 4❍❡ ⇄ ♥✰✹

Y + γ ✱

s❡ ♠❛♥tê♠ ♥♦ ♣r♦❝❡ss♦ ❛❧❢❛ ❞❡s❞❡ ♦ 24▼❣ ❛té ♦ 56◆✐✱ s❡♥❞♦ q✉❡ ❡st❡ ú❧t✐♠♦ s♦❢r❡ ♦s

❞❡❝❛✐♠❡♥t♦s β+ ♣❡❧❛s r❡❛çõ❡s

56◆✐ → 56❈♦ + ❡+ + ν❡
56❈♦ → 56❋❡∗ + ❡+ + ν❡

❡ ❞á ♦r✐❣❡♠ ❛♦ ❢❡rr♦✳ ❆ ❞❡s❡①❝✐t❛çã♦ ❞♦ ♥ú❝❧❡♦ ❞❡ 56❋❡ é ♦❜s❡r✈❛❞❛ ❡♠ ❝✉r✈❛s ❞❡ ❧✉③

❞❡ ❙✉♣❡r♥♦✈❛s ❚✐♣♦ ■■ ❛tr❛✈és ❞❡ r❛✐♦s✲γ✱ ❝♦♠♦ ❢♦✐ ♦ ❝❛s♦ ❞❛ ❙◆✶✾✽✼❆✳ ❖ ❢❛t♦ ❞❛s

t❡♠♣❡r❛t✉r❛s ❡♥✈♦❧✈✐❞❛s s❡r❡♠ tã♦ ❛❧t❛s s✉❣❡r❡ q✉❡ ❛❧❣✉♠❛s r❡❛çõ❡s ❡♥tr❡ A = 28 ❡

A = 56 ♦❝♦rr❡♠ ❞❡✈✐❞♦ ❛♦ ❛q✉❡❝✐♠❡♥t♦ ❣❡r❛❞♦ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❛ ♦♥❞❛ ❞❡ ❝❤♦q✉❡ ❛tr❛✈és

❞❛s ❝❛♠❛❞❛s ✐♥t❡r♥❛s ❞❛ ❡str❡❧❛❀ ❡ss❡ ♣r♦❝❡ss♦ é ❝❤❛♠❛❞♦ ❞❡ ♥✉❝❧❡♦ssí♥t❡s❡ ❡①♣❧♦s✐✈❛✳

❆r♥❡tt ❡t ❛❧✳ ✭✶✾✽✾✱ r❡❢✳ ❬✶✼✷❪✮ ❝✐t❛♠ q✉❡ q✉❛❧q✉❡r ❝♦♠♣♦s✐çã♦ ✐♥✐❝✐❛❧ r❛③♦á✈❡❧ ❛ ✉♠❛

t❡♠♣❡r❛t✉r❛ ❞❡ 5 × 109 ❑ ❡♥tr❛ ❡♠ ❡q✉✐❧í❜r✐♦ ❡st❛tíst✐❝♦ ❞❡ q✉❡✐♠❛ ♥✉❝❧❡❛r ❡♠ ✉♠❛

❡s❝❛❧❛ ❞❡ t❡♠♣♦ (0.1− 1) s✳ ❊♠ ✉♠ ♠♦❞❡❧♦ ❡st❡❧❛r ❞❡ 18 ▼⊙✱ ♦s ❛✉t♦r❡s ♠♦str❛♠ q✉❡

❛ sí♥t❡s❡ ❡①♣❧♦s✐✈❛ ❝❡ss❛ ❛ ♣❛rt✐r ❞❛s ❝❛♠❛❞❛s ❞❡ ♥❡ô♥✐♦ ❡ ♦①✐❣ê♥✐♦ ❞❡✈✐❞♦ à ❞✐♠✐♥✉✐çã♦

❞❛ t❡♠♣❡r❛t✉r❛ ❞❛ ♦♥❞❛ ❞❡ ❝❤♦q✉❡ ❞✉r❛♥t❡ ❛ ❡①♣❛♥sã♦✳ ❯♠ ✢✉①♦ ✐♥t❡♥s♦ ❞❡ ♥ê✉tr♦♥s

❣❡r❛❞♦s ♥❡ss❛ ❢❛s❡ t❛♠❜é♠ r❡s✉❧t❛ ♥❛ ♣r♦❞✉çã♦ ❞❡ ✐sót♦♣♦s ♣♦r ❝❛♣t✉r❛ rá♣✐❞❛✳

✹✳✸ ▲♦❝❛✐s ❞❡ ♣r♦❞✉çã♦ ❡ ❛❝❡❧❡r❛çã♦

❆t✉❛❧♠❡♥t❡✱ é ❞❡s❝♦♥❤❡❝✐❞♦ s❡ ❛s ❛❜✉♥❞â♥❝✐❛s ❞✐s❝✉t✐❞❛s ♥❛ s❡çã♦ ✹✳✷ ✈❛❧❡♠ ♣❛r❛ t♦❞❛s

❛s ❢❛✐①❛s ❞❡ ❡♥❡r❣✐❛✳ ❊①✐st❡ ✉♠❛ ♣r❡❢❡rê♥❝✐❛ ♣♦r ♠♦❞❡❧♦s ❡♠ q✉❡ ❛ ♥✉❝❧❡♦ssí♥t❡s❡✱

✐♥❥❡çã♦ ❡ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♦❝♦rr❡ ❡♠ ✉♠ ú♥✐❝♦ ♦❜❥❡t♦ ❛str♦♥ô♠✐❝♦✱ ❡①♣❧✐❝❛♥❞♦

✶✵✹



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

♣♦tê♥❝✐❛ ✭♥❡❣❛t✐✈❛✮ ❞❛ ❡♥❡r❣✐❛✳ P♦ré♠✱ r❡str✐çõ❡s q✉❛♥t♦ à ❡♥❡r❣✐❛ ♠á①✐♠❛ ❛t✐♥❣✐❞❛

❢♦r❛♠ ❞❡♠♦♥str❛❞❛s ♣♦r ▲❛❣❛❣❡ ❡ ❈❡s❛rs❦② ✭✶✾✽✸✱ r❡❢✳ ❬✶✾✷❪✮ ♥♦ ❝❛s♦ ❞❡ s✉♣❡r♥♦✈❛s

✭Emax . 1015 ❡❱✴♥✉❝❧❡♦♥✮✳ ❆❧é♠ ❞✐ss♦✱ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ✭r❡❢✳ ❬✺✵❪✮ ♣✉❜❧✐❝♦✉✱ ❡♠

✷✵✵✼✱ ✉♠❛ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s ❞♦ ♦❜s❡r✈❛tór✐♦ q✉❡ ❝♦rr❡❧❛❝✐♦♥❛ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❡

r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 6×1019 ❡❱ ❡ ♣♦s✐çõ❡s ❞❡ ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s✱

♦✉ ❆●◆s✱ ❛ ♠❡♥♦s ❞❡ 75 ▼♣❝ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❚❡rr❛✳ ❙❡❥❛♠ ♦s ❆●◆s ❛❝❡❧❡r❛❞♦r❡s ♦✉

tr❛ç❛❞♦r❡s ❞❛s ❢♦♥t❡s ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ ❛ ♥✉❝❧❡♦ssí♥t❡s❡ é

✉♠ ❢❡♥ô♠❡♥♦ ♣✉r❛♠❡♥t❡ ❡st❡❧❛r ❡✱ ♥❡st❛ t❡s❡✱ ♦❜❥❡t♦s ♠❛❝✐ç♦s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡s s❡rã♦

❡①❛♠✐♥❛❞♦s ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❆ ❤✐♣ót❡s❡ ❞❡ ❛❝❡❧❡r❛❞♦r❡s ❡st❡❧❛r❡s s❡rá ❞✐✈✐❞✐❞❛ ❡♠

✐♥❥❡çã♦✱ ❛❜♦r❞❛❞❛ ❞✉r❛♥t❡ ❛ ❢❛s❡ ♣ré✲s✉♣❡r♥♦✈❛✱ q✉❛♥❞♦ ❛ ❛t✐✈✐❞❛❞❡ ♠❛✐s ✐♠♣♦rt❛♥t❡ é

❛ ♥✉❝❧❡♦ssí♥t❡s❡✱ ❡ ❡❥❡çã♦✱ ❞✉r❛♥t❡ ❛ ❢❛s❡ ♣ós✲s✉♣❡r♥♦✈❛✱ ♥♦ ❝❛s♦ ❞♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡

❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ✐♥t❡♥s♦s✳

❆ ❛♥✐s♦tr♦♣✐❛ ❞❛s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s à ❚❡rr❛ ❢❛✈♦r❡❝❡ ❛ ✐❞é✐❛

❞❡ q✉❡ ❛ ❛❝❡❧❡r❛çã♦ é ✉♠ ♣r♦❝❡ss♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❜♦tt♦♠✲✉♣✱ s✐❣♥✐✜❝❛♥❞♦ q✉❡ ❡♥❡r❣✐❛

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

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡✈❡ r❡✢❡t✐r ♥ã♦ ❛♣❡♥❛s ❛s ❛❜✉♥❞â♥❝✐❛s ❡st❡❧❛r❡s ❝♦♠♦ t❛♠❜é♠ q✉❡

✐sót♦♣♦s sã♦ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ✐♥❥❡t❛❞♦s❀ ❡♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ♣r♦♣r✐❡❞❛❞❡s ❛tô♠✐❝❛s ❞♦s

❡❧❡♠❡♥t♦s✱ ❝♦♠♦ ❝❛r❣❛✱ ♠❛ss❛ ❡ ♣r✐♠❡✐r♦ ♣♦t❡♥❝✐❛❧ ❞❡ ✐♦♥✐③❛çã♦ ✭❛❜r❡✈✐❛❞♦ ♣♦r PP■✮✱

❞❡✈❡♠ s❡r ❝♦♥s✐❞❡r❛❞❛s ✭r❡❢✳ ❬✶✾✸❪✮✳ ◆♦ ♠❡s♠♦ tr❛❜❛❧❤♦ ♦♥❞❡ ❞❡s❝r❡✈❡✉ ♦ ♠❡❝❛♥✐s♠♦

❞❡ ❛❝❡❧❡r❛çã♦ q✉❡ ❧❡✈❛ s❡✉ ♥♦♠❡✱ ❋❡r♠✐ ✭✶✾✹✾✱ r❡❢✳ ❬✶✵✺❪✮ ❝✐t❛ q✉❡ ♦ ♥í✈❡❧ ❞❡ r❛❞✐❛çã♦

❝ós♠✐❝❛ ♣r❡s❡♥t❡ é ♠❛♥t✐❞♦ s♦♠❡♥t❡ s❡ ♣❛rtí❝✉❧❛s ❢♦r❡♠ ✐♥❥❡t❛❞❛s ❛❝✐♠❛ ❞❡ ✉♠ ❧✐♠✐❛r

❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❝♦♠♣❡♥s❛r ♣❡r❞❛s ♣♦r ✐♦♥✐③❛çã♦ ❡ ❛❜s♦rçã♦ ♥❛ ♠❛tér✐❛ ✐♥t❡r❡st❡❧❛r✳

❈♦♠ ❜❛s❡ ♥❛s ♣r✐♠❡✐r❛s ❡✈✐❞ê♥❝✐❛s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ♣r❡s❡♥ç❛ ❞❡ ♥ú❝❧❡♦s ♣❡s❛❞♦s ♥❛

r❛❞✐❛çã♦ ♣r✐♠ár✐❛ ✭♣♦r ❡①❡♠♣❧♦ ❋r❡✐❡r ❡t ❛❧✳✱ ✶✾✹✽✱ r❡❢✳ ❬✶✾✹❪✮✱ ❡❧❡ ❡st✐♠❛ ❡♥❡r❣✐❛s ✐♥✐❝✐❛✐s

❞❡ 200 ▼❡❱ ♣❛r❛ ❛ ✐♥❥❡çã♦ ❞❡ ♣rót♦♥s✱ 1 ●❡❱ ♣❛r❛ ♣❛rtí❝✉❧❛s ❛❧❢❛✱ 20 ●❡❱ ♥♦ ❝❛s♦ ❞❡

✉♠ ♥ú❝❧❡♦ ❞❡ ♦①✐❣ê♥✐♦ ❡ 300 ●❡❱ s❡ ♦ ♥ú❝❧❡♦ ❢♦r ❞❡ ❢❡rr♦✱ ❛t✐♥❣✐❞❛s ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞❡

❡str❡❧❛s ❝♦♠ ✉♠❛ ❛t✐✈✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ✐♥t❡♥s❛✳

❊♠ ✶✾✽✵✱ ❞❡t❡❝t♦r❡s ❞❡ ✐♦♥✐③❛çã♦ ❛ ❜♦r❞♦ ❞♦ s❛té❧✐t❡ ❍❊❆❖✲✸ ✭♥♦t❛✻✷✮ r❡❣✐s✲

tr❛r❛♠ ♦ ❡s♣❡❝tr♦ ❡❧❡♠❡♥t❛r ❞❡ r❛✐♦s ❝ós♠✐❝♦s ✭❛té Z = 60✮ ♥❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛

(0.6− 35) ●❡❱✴♥✉❝❧❡♦♥✳ ◆✉♠❛ ❛♥á❧✐s❡ ❝♦♠♣❛r❛t✐✈❛ ❝♦♠ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦

❙✐st❡♠❛ ❙♦❧❛r✱ ❡❧❡♠❡♥t♦s ❝♦♠ PP■ ♠❡♥♦r ❛♣❛r❡❝❡♠ s✐st❡♠❛t✐❝❛♠❡♥t❡ ❡♠ ❡①❝❡ss♦ ❡♠

r❡❧❛çã♦ ❛♦s ❝♦♠ PP■ ♠❛✐♦r ✭r❡❢✳ ❬✶✾✺❪ ❡ ❬✶✾✻❪✮✱ ✉♠❛ t❡♥❞ê♥❝✐❛ q✉❡ t❛♠❜é♠ é ♦❜s❡r✲

✻✷❖ t❡r❝❡✐r♦ s❛té❧✐t❡ ❞♦ ♣r♦❥❡t♦✱ ❡♥t✐t✉❧❛❞♦ ❍✐❣❤✲❊♥❡r❣② ❆str♦♥♦♠② ❖❜s❡r✈❛t♦r②✳

✶✵✺



✈❛❞❛ ♥❛ ❝♦♠♣♦s✐çã♦ ❞❛ ❝♦r♦❛✱ ❞♦ ✈❡♥t♦ ❡ ❞❛s ♣❛rtí❝✉❧❛s ❡♥❡r❣ét✐❝❛s ❞♦ ❙♦❧✳ ❊❧❡♠❡♥t♦s

❝♦♠ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦♥❞❡♥s❛çã♦ ❛❧t❛✱ ❝❤❛♠❛❞♦s r❡❢r❛tár✐♦s✱ ❛♣❛r❡❝❡♠ ❛♣r✐s✐♦♥❛❞♦s ♥❛

❢♦r♠❛ ❞❡ ❣rã♦s ♥❛ ♠❛✐♦r ♣❛rt❡ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ✭r❡❢✳ ❬✶✾✼❪✮ ❡ ♥❛s ❝❛♠❛❞❛s ❡①t❡r♥❛s

❞♦s ✈❡♥t♦s ❞❡ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t ❡✈♦❧✉í❞❛s ✭r❡❢✳ ❬✶✾✽❪✮✱ ♦♥❞❡ sã♦ ♦❜s❡r✈❛❞♦s ❛tr❛✈és

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

s❛r ❞✐ss♦✱ ❡ss❡s ❡❧❡♠❡♥t♦s ♥ã♦ s♦❢r❡♠ ❞❡♣❧❡çã♦ ♥❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❛ ❱✐❛ ▲á❝t❡❛❀ ❛♦

❝♦♥trár✐♦✱ ❡❧❡s sã♦ ❡♥r✐q✉❡❝✐❞♦s✳

✹✳✸✳✶ ❊str❡❧❛s ❲♦❧❢✲❘❛②❡t

❖ ❡s♣❡❝tr♦ ❞❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❣❛❧á❝t✐❝❛ ❣♦✈❡r♥❛❞♦ ♣❡❧♦ PP■ s✉❣❡r✐✉ q✉❡ ♣❛rtí❝✉❧❛s

♣r✐♠ár✐❛s ❞❡✈❡r✐❛♠ t❡r ♦r✐❣❡♠ ♥♦ ♠❛t❡r✐❛❧ ❝♦r♦♥❛❧ ❞❡ ❡str❡❧❛s ❡✈♦❧✉í❞❛s ❝♦♠ ✉♠❛ ❝r♦✲

♠♦s❢❡r❛ ❢r✐❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♥❡✉tr♦✱ ♦♥❞❡ ✉♠❛ s❡♣❛r❛çã♦ ❡♥tr❡ ♣❛rtí❝✉❧❛s ♥❡✉tr❛s ❡ í♦♥s

❢♦ss❡ ♣♦ssí✈❡❧✳ ▼❛♥t❡♥❞♦ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ ❝♦r♦♥❛✱ ❡❧❛s s❡r✐❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ ✐♥✲

❥❡t❛❞❛s ❛ ❡♥❡r❣✐❛s ∼ ▼❡❱ ♣♦r ❛t✐✈✐❞❛❞❡ ❡st❡❧❛r ❡ ❞❡♣♦✐s r❡❛❝❡❧❡r❛❞❛s ❛ ❡♥❡r❣✐❛s ♠❛✐♦r❡s

❛♦ ❛tr❛✈❡ss❛r❡♠ ♦♥❞❛s ❞❡ ❝❤♦q✉❡ ❞❡ r❡♠❛♥❡s❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛s✳ ❈♦♠♦ ▼❡②❡r ❡t ❛❧✳

✭✶✾✾✼✱ r❡❢✳ ❬✶✾✼❪✮ ♦❜s❡r✈❛♠✱ ❡ss❡ ♣r♦❝❡ss♦ ✐♥❝♦♠✉♠ ❞❡ ❞♦✐s ❡stá❣✐♦s ❛✐♥❞❛ r❡q✉❡r ✉♠❛

❝♦♠♣♦♥❡♥t❡ t♦t❛❧♠❡♥t❡ ♥ã♦ r❡❧❛❝✐♦♥❛❞❛✱ ❛ ❲♦❧❢✲❘❛②❡t✱ ♣❛r❛ ❡①♣❧✐❝❛r ♦ 22◆❡ ❡ ♦✉tr♦s

❡❧❡♠❡♥t♦s ❡♠ ❡①❝❡ss♦ ♥❛ r❛❞✐❛çã♦✳ ❖ tr❛❜❛❧❤♦ r❡❢❡r✐❞♦ ❞❡ss❡s ❛✉t♦r❡s ♣❛rt❡ ❞❛ ✐❞é✐❛ ❞❡

q✉❡ ❛♣❡s❛r ❞❡ ❡①✐st✐r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ♦ PP■ ❡ ❛ ✈♦❧❛t✐❧✐❞❛❞❡✴r❡❢r❛t❛r✐❡❞❛❞❡✱ ❛♥❛❧✐s❛r

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

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

❛❝❡❧❡r❛çã♦ ♣r♦♣♦r❝✐♦♥❛❧ ❛ A/Q✱ ♦♥❞❡ A é ♦ ♥ú♠❡r♦ ❞❡ ♠❛ss❛ ❡ Q é ❛ ❝❛r❣❛ ❞♦ í♦♥✳

❖ ❢❛t♦ ❞❛ q✉❛♥t✐❞❛❞❡ A/Q s❡r ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞❛ à r✐❣✐❞❡③ ♠❛❣♥ét✐❝❛ s✉❣❡r❡

q✉❡ ❛ ❛❝❡❧❡r❛çã♦ ♦❝♦rr❡ ❡♠ ♦♥❞❛s ❞❡ ❝❤♦q✉❡ ❡ ❡st❛ é ❛ ❜❛s❡ ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❡ ✉♠

♠♦❞❡❧♦ q✉❡ ❡①♣❧✐❝❛ t♦❞♦ ♦ ❡s♣❡❝tr♦ q✉í♠✐❝♦ ❞❛ ❣❛❧á①✐❛ ♥❛ s❡❣✉♥❞❛ ♣❛rt❡ ❞♦ tr❛❜❛❧❤♦ ❞❡

❊❧❧✐s♦♥ ❡t ❛❧✳✻✸ ✭✶✾✾✼✱ r❡❢✳ ❬✶✾✾❪✮✳ ❊❧❡♠❡♥t♦s ✈♦❧át❡✐s ❝♦♠ ♠❡s♠❛ ❡♥❡r❣✐❛ ♣♦r ♥✉❝❧❡♦♥✱

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

❞❡ ❛❝♦r❞♦ ❝♦♠ A/Q ♣♦✐s ♣❛rtí❝✉❧❛s ❝♦♠ r✐❣✐❞❡③ ❣r❛♥❞❡ ❞✐❢✉♥❞❡♠ ♠❛✐s r❛♣✐❞❛♠❡♥t❡ ♥❛

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

✢✉①♦ ❞❡ ❣ás ✭♦✉ ✐♠♣✉❧s♦✮ ♠❛✐♦r✳ ●rã♦s ❞❡ ♣♦❡✐r❛ ❛❝✉♠✉❧❛❞♦s ❡♠ t♦r♥♦ ❞❡ ❡str❡❧❛s✱

s✉❥❡✐t♦s à r❛❞✐❛çã♦ ✉❧tr❛✈✐♦❧❡t❛✱ ♣♦❞❡♠ ❛❞q✉✐r✐r A/Q ∼ 104 − 108 ❡ s❡r ❡✜❝✐❡♥t❡♠❡♥t❡

❛❝❡❧❡r❛❞♦s ♣♦r ♦♥❞❛s ❞❡ ❝❤♦q✉❡ ❛té ❡♥❡r❣✐❛s ∼ 0.1 ▼❡❱✴♥✉❝❧❡♦♥ ❛♥t❡s ❞❡ s♦❢r❡r❡♠

❡r♦sã♦✳ ❊❧❡♠❡♥t♦s r❡❢r❛tár✐♦s✱ ❡♥tã♦ ❧✐❜❡r❛❞♦s ❝♦♠ ❡♥❡r❣✐❛ ♠✉✐t♦ ❛❝✐♠❛ ❞❛ ❡♥❡r❣✐❛
✻✸▼❡s♠♦s ❛✉t♦r❡s r❡❢❡r❡♥❝✐❛❞♦s ❡♠ ❬✶✾✼❪✱ ♣♦ré♠ ❝♦♠ ♥♦♠❡s ♣✉❜❧✐❝❛❞♦s ❡♠ ♦r❞❡♠ tr♦❝❛❞❛✳

✶✵✻



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

❝ós♠✐❝♦s s❡♠ ❞❡♣❡♥❞ê♥❝✐❛ ❞♦s s❡✉s ♥ú♠❡r♦s ❛tô♠✐❝♦s✳ ❯♠ ❞♦s ♦❜❥❡t✐✈♦s ❝❡♥tr❛✐s ❞♦s

tr❛❜❛❧❤♦s ❞❡ ❉r✉r②✱ ❊❧❧✐s♦♥ ❡ ▼❡②❡r é ❝❤❛♠❛r ❛ ❛t❡♥çã♦ ♣❛r❛ ❛ ♦❜s❡r✈❛çã♦ ❡①♣❡r✐♠❡♥t❛❧

à ❧✉③ ❞❡ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❡s♣❡❝tr♦ ❞❡ ✈ár✐❛s ❡s♣é❝✐❡s ❞❡ ♣❛rtí❝✉❧❛s✱ ❝r✐❛❞♦ q✉❛♥❞♦

❡❧❛s ♥ã♦ ❡r❛♠ r❡❧❛t✐✈íst✐❝❛s✱ s❡rã♦ ❞✐❢❡r❡♥t❡s✱ ❡ ❡ss❛ ❞✐❢❡r❡♥ç❛ ♣❡rs✐st✐rá ❛té ❛s ❡♥❡r❣✐❛s

♠❛✐s ❛❧t❛s ♦❜t✐❞❛s✳

▼❡❝❛♥✐s♠♦s ❞❡ ✐♥❥❡çã♦ ❡ ❛❝❡❧❡r❛çã♦ ❞❡❝♦rr❡♥t❡s ❞❡ ♣r♦❝❡ss♦s ✐♥❞❡♣❡♥❞❡♥t❡s ♣♦✲

❞❡♠ ❡①✐st✐r ❡♠ ✉♠ ú♥✐❝♦ ♦❜❥❡t♦ s❡ ❢❛s❡s ❡st❡❧❛r❡s ❞✐❢❡r❡♥t❡s ❢♦r❡♠ ❝♦♥s✐❞❡r❛❞❛s✳ ❆ r❡✲

♠❛♥❡s❝❡♥t❡ ❞❡ s✉♣❡r♥♦✈❛ ❈❛ss✐♦♣é✐❛ ❆✱ ♣♦r ❡①❡♠♣❧♦✱ ♣♦ss✉✐ ✜❧❛♠❡♥t♦s ❞❡ ♠♦✈✐♠❡♥t♦

❧❡♥t♦ ❝♦♠ ❛❜✉♥❞â♥❝✐❛ ❞❡ ♥✐tr♦❣ê♥✐♦ ❡ ♥ós rá♣✐❞♦s ❡♥r✐q✉❡❝✐❞♦s ❡♠ ♦①✐❣ê♥✐♦✱ ❞❡ ❛❝♦r❞♦

❝♦♠ ❛ r✉♣t✉r❛ ❡①♣❧♦s✐✈❛ ❞❡ ✉♠ ♥ú❝❧❡♦ ❡st❡❧❛r q✉❛s❡ ♣✉r♦ ❡♠ ♦①✐❣ê♥✐♦ r❡s✉❧t❛♥t❡ ❞❛

q✉❡✐♠❛ ❞❡ ❤é❧✐♦✳ ❘❡❝❡♥t❡♠❡♥t❡✱ ♦ t❡❧❡s❝ó♣✐♦ ❡s♣❛❝✐❛❧ ❙♣✐t③❡r ❢♦✐ ✉s❛❞♦ ♣❛r❛ ♦❜s❡r✈❛r

♦ ❡❝♦ ✐♥❢r❛✈❡r♠❡❧❤♦ ❣❡r❛❞♦ ♣❡❧♦ r❡✢❡①♦ ❞❛ ❧✉③ ❞❡ss❛ ❡①♣❧♦sã♦ ♥❛ ♣♦❡✐r❛ ✐♥t❡r❡st❡❧❛r✱

♣❡r♠✐t✐♥❞♦ ❞❡❞✉③✐r q✉❡ ❛ ❡str❡❧❛ ♣r♦❣❡♥✐t♦r❛ ❡r❛ ✉♠❛ s✉♣❡r❣✐❣❛♥t❡ ✈❡r♠❡❧❤❛ ✭❝♦♠ ♣r❡✲

s❡♥ç❛ ❞❡ ❤✐❞r♦❣ê♥✐♦✮ q✉❡ r❡s✉❧t♦✉ ❡♠ ✉♠❛ ❙✉♣❡r♥♦✈❛ ❚✐♣♦ ■■ ✭r❡❢✳ ❬✷✵✵❪✮✳ ❖❜s❡r✈❛çõ❡s

❢♦t♦♠étr✐❝❛s ❡ ❡s♣❡❝tr♦❣rá✜❝❛s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❢♦r❛♠ ❢❡✐t❛s ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❛♥t❡s

❞♦ ♠á①✐♠♦ ❞❛ ❝✉r✈❛ ❞❡ ❧✉③ ♣❛r❛ ❛ s✉♣❡r♥♦✈❛ ✭❞♦ t✐♣♦ ■■✮ ✶✾✽✸❦✱ ❧♦❝❛❧✐③❛❞❛ ♥❛ ❣❛❧á①✐❛

◆●❈ ✹✻✾✾✱ r❡✈❡❧❛♥❞♦ ❧✐♥❤❛s ❢♦rt❡s ❞❡ ❡♠✐ssã♦ ❞❡ ♥✐tr♦❣ê♥✐♦ ❡ ❤é❧✐♦ ❛❧t❛♠❡♥t❡ ✐♦♥✐③❛✲

❞♦s q✉❡ ❛♣♦♥t❛♠ ♣❛r❛ ✉♠❛ ❡str❡❧❛ ♣r♦❣❡♥✐t♦r❛ ❲♦❧❢✲❘❛②❡t ♦✉ s✉♣❡r❣✐❣❛♥t❡ ✈❡r♠❡❧❤❛

✭r❡❢✳ ❬✷✵✶❪✮✳ ❖ ❡s♣❡❝tr♦ ♠❛✐s ✐♥❝♦♠✉♠ ❢♦✐ ❞❡t❡❝t❛❞♦ ❞❡ ✉♠❛ s✉♣❡r♥♦✈❛ ♣ró①✐♠❛ ❛♦ ❝❡♥✲

tr♦ ❞❛ ❣❛❧á①✐❛ ❡s♣✐r❛❧ ◆●❈ ✹✻✶✽✱ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧❛ ❛✉sê♥❝✐❛ ❞❡ ❧✐♥❤❛s ❞❡ ❤✐❞r♦❣ê♥✐♦

❡ ❤é❧✐♦ ❡ ❛❜✉♥❞â♥❝✐❛ ❞❡ ♦①✐❣ê♥✐♦✱ só❞✐♦ ❡ ♠❛❣♥és✐♦ ♥❡✉tr♦s ✭r❡❢✳ ❬✷✵✷❪✮✳ Pr❛♥t③♦s ❡t

❛❧✳ ✭✶✾✽✻✱ r❡❢✳ ❬✶✼✼❪✮ ♥♦t❛♠ ❛ s❡♠❡❧❤❛♥ç❛ ❡♥tr❡ ❡ss❛ ♦❜s❡r✈❛çã♦ ❡ s❡✉s r❡s✉❧t❛❞♦s ❞❡

s✐♠✉❧❛çõ❡s✱ ♦♥❞❡ ❖✱ ◆❛ ❡ ▼❣ sã♦ ♦s ❡❧❡♠❡♥t♦s ❝♦♠ ♠❛✐♦r ❡♥r✐q✉❡❝✐♠❡♥t♦ ♥♦ ❝❡♥tr♦ ❡

♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ❡str❡❧❛s ❲❈ ♥♦ ✜♥❛❧ ❞❛ q✉❡✐♠❛ ❞❡ ❤é❧✐♦✳ ❆ ❧✉♠✐♥♦s✐❞❛❞❡ ♠á①✐♠❛ ❞❡ss❛

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

❝♦♠✉♥s✱ ✉♠ ❡❢❡✐t♦ ♣r❡✈✐st♦ ♣♦r ❙❝❤❛❡✛❡r✱ ❈❛ssé ❡ ❈❛❤❡♥ ✭✶✾✽✼✱ r❡❢✳ ❬✷✵✸❪✮ ❡♠ ❡①♣❧♦sõ❡s

❞❡ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t✳

❆❧❣✉♥s ♠♦❞❡❧♦s ♠♦str❛♠ q✉❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ❛❧t❛ ♣♦❞❡♠ s❡r ♣r♦❞✉③✐✲

❞♦s ❛♥t❡s ❞❛ ❡①♣❧♦sã♦✱ ❞✉r❛♥t❡ ❛ ❢❛s❡ ♣ré✲s✉♣❡r♥♦✈❛✱ ❛tr❛✈és ❞❡ ♣r♦❝❡ss♦s ✈✐♦❧❡♥t♦s q✉❡

♥ã♦ ❡♥✈♦❧✈❡♠ ♣❡r❞❛ ❛❞✐❛❜át✐❝❛✳ ❯s❛♥❞♦ ♦ ❢❛t♦ ❞❡ q✉❡ ✈❡♥t♦s ❡st❡❧❛r❡s ❝♦♠ ✈❡❧♦❝✐❞❛❞❡

∼ 2×103 ❦♠✴s sã♦ s✉♣❡rsô♥✐❝♦s✻✹✱ ❈❛ssé ❡ P❛✉❧ ✭✶✾✽✵✱ r❡❢✳ ❬✶✼✾❪✮ ♣r♦♣õ❡♠ q✉❡ ♣rót♦♥s

♣♦❞❡♠ ❛❞q✉✐r✐r ✉♠❛ ❡♥❡r❣✐❛ ♠á①✐♠❛ ❞❡ 1015 ❡❱ ♥❛ r❡❣✐ã♦ ❞❡ ❝❤♦q✉❡ ❝♦♠ ♦ ♠❡✐♦ ✐♥✲
✻✹❊♠ r❡❧❛çã♦ à ✈❡❧♦❝✐❞❛❞❡ ❞♦ s♦♠ ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳

✶✵✼



t❡r❡st❡❧❛r ❛tr❛✈és ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❛❝❡❧❡r❛çã♦ ❞❡ ❋❡r♠✐✳ ❇✐❡r♠❛♥♥ ❡ ❈❛ss✐♥❡❧❧✐ ✭✶✾✾✸✱

r❡❢✳ ❬✷✵✹❪✮ ♠♦str❛♠ q✉❡ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ❛❣❡ ♥❛ ③♦♥❛ ❝♦♥✈❡❝t✐✈❛ ❞♦ ✐♥t❡r✐♦r

❞❡ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛ ❡♠ r♦t❛çã♦✱ ❣❡r❛♥❞♦ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ∼ 2 × 107 ●

q✉❡ sã♦ ❡①♣♦st♦s ♥❛ s✉♣❡r❢í❝✐❡✱ ❞❡✈✐❞♦ à ♣❡r❞❛ ❞❡ ♠❛ss❛✱ ❞✉r❛♥t❡ ❛ ❢❛s❡ ❲♦❧❢✲❘❛②❡t✳

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

♥❛♥❞♦ ♠❛ss❛s ❣❛s♦s❛s✳ ❖ ♣❧❛s♠❛ é ❞✐r✐❣✐❞♦ ❛♦ ❧♦♥❣♦ ❞❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❡ ❡♥❡r❣✐❛ é

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

♠❛✐s ♦ ✈❡♥t♦✳ ◆❡ss❡ ❛♠❜✐❡♥t❡✱ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ♥❛t✉r❛❧ ❞❛ ♣r❡ssã♦ ❞❡ r❛❞✐❛çã♦ ❣❡r❛

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

✏❝♦♥❣❡❧❛❞❛s✑ ♥♦ ✢✉✐❞♦ ❝♦♥❞✉t♦r ✭r❡❢✳ ❬✷✵✺❪✮✱ ❝♦♠♦ ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ✸✳✹✳ ❉❡ ♠❛♥❡✐r❛

✐❞ê♥t✐❝❛ à ❡①♣❧✐❝❛❞❛ ♥❛ s❡çã♦ ✸✳✾✱ q✉❛❧q✉❡r t♦rçã♦ ❞❡ ♣❡q✉❡♥❛ ❡s❝❛❧❛ ❡♠ ✉♠❛ ❧✐♥❤❛ ♠❛❣✲

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

❆❧❢✈é♥ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✻✶✳ P❛rtí❝✉❧❛s ♣ré✲❛❝❡❧❡r❛❞❛s ❛❞q✉✐r❡♠ ❡♥❡r❣✐❛s ♠♦❞❡r❛❞❛s

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

❑✉❧sr✉❞ ✭r❡❢✳ ❬✾✻❪✮ ♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r❀ ❇✐❡r♠❛♥♥

❡ ♦✉tr♦s ✭r❡❢✳ ❬✷✵✻❪✮ ♣❛ss❛r❛♠ ❛ ❛♣❧✐❝❛r ❛ ♠❡s♠❛ t❡♦r✐❛✱ ❝♦♠ s✉❝❡ss♦✱ às ❛t♠♦s❢❡r❛s ❞❡

❡str❡❧❛s ❲♦❧❢✲❘❛②❡t✻✺✳ ❈✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❇✐❡r♠❛♥♥ ❡ ❈❛ss✐♥❡❧❧✐ ❛✜r♠❛♠ q✉❡ ✉♠

❝❤♦q✉❡ ❣❡r❛❞♦ ♥❡ss❡ ❛♠❜✐❡♥t❡ ♣♦r ✉♠❛ ❡①♣❧♦sã♦ s✉❜s❡qü❡♥t❡✱ ✐st♦ é✱ ✉♠❛ s✉♣❡r♥♦✈❛✱ é

❝❛♣❛③ ❞❡ ❣❡r❛r r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ❡♥❡r❣✐❛ ♥❛ ❢❛✐①❛ 1013 − 3 × 1018 ❡❱✳ ❖s ❛✉t♦r❡s

❛✐♥❞❛ ❡st✐♠❛♠ q✉❡ ✉♠❛ ❡♠ ❝❛❞❛ três ♦✉ ❝✐♥❝♦ s✉♣❡r♥♦✈❛s ♣r♦✈ê♠ ❞❡ ❡str❡❧❛s ❞♦ t✐♣♦

❲♦❧❢✲❘❛②❡t✳

❊♠ ✷✵✶✵✱ ❈r♦✇t❤❡r ❡t ❛❧✳ ✭r❡❢✳ ❬✷✵✼❪✮ ❞✐✈✉❧❣❛r❛♠ ❛ ❞❡s❝♦❜❡rt❛ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡

❡str❡❧❛s✱ r✐❝❛s ❡♠ ❤✐❞r♦❣ê♥✐♦✱ ❝♦♠ ❛s ♠❛✐♦r❡s ♠❛ss❛s ❥á ♦❜s❡r✈❛❞❛s✳ ❚♦❞❛s ❢❛③❡♠ ♣❛rt❡

❞♦ ❛❣❧♦♠❡r❛❞♦ ❡st❡❧❛r ❘136✱ ❧♦❝❛❧✐③❛❞♦ ♥❛ ●r❛♥❞❡ ◆✉✈❡♠ ❞❡ ▼❛❣❛❧❤ã❡s✳ ❆ ❡str❡❧❛

❘136❛1✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ é ✉♠❛ ❲♦❧❢✲❘❛②❡t ❞♦ t✐♣♦ ❲◆ ❝✉❥❛ ♠❛ss❛ ✐♥✐❝✐❛❧ é ❡st✐♠❛❞❛ ❡♠

320+100
−40 ▼⊙✱ s❡♥❞♦ ♦ ✈❛❧♦r ❞❛ ♠❛ss❛ ❛t✉❛❧ 265+80

−35 ▼⊙✳ ❆ ❛♥á❧✐s❡ ❡s♣❡❝tr❛❧ ❞❛ ❛t♠♦s❢❡r❛

❞❡ss❛ ❡str❡❧❛ ✐♥❞✐❝❛ ✉♠ ✈❡♥t♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ t❡r♠✐♥❛❧ v∞ = (2 600± 150) ❦♠✴s✱ ♣♦ré♠

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

❆s ♠❛ss❛s ✐♥✐❝✐❛✐s ❞❡ t♦❞♦s ♦s ♦❜❥❡t♦s ❞♦ ❛❣❧♦♠❡r❛❞♦ ❘136 ❡①❝❡❞❡♠ 150 ▼⊙✱ ✉♠ ✈❛❧♦r

✻✺◆♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✱ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❜❛✐①❛ ❡♥❡r❣✐❛ ♣♦ss✉❡♠ ✉♠ r❛✐♦ ❞❡ ▲❛r♠♦r ♠✉✐t♦ ♠❡♥♦r
❞♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ❞❛ ❣❛❧á①✐❛✱ r❡s✉❧t❛♥❞♦ ♥♦
❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ tr❛❥❡tór✐❛s ❡s♣✐r❛❧❛❞❛s ❛♦ ❧♦♥❣♦ ❞❛s ❧✐♥❤❛s✳ ❙❡ ❡ss❡ r❛✐♦ é ❞❛ ♦r❞❡♠ ❞❛ ❡s❝❛❧❛ ❞❛s
✐rr❡❣✉❧❛r✐❞❛❞❡s ❞♦ ❝❛♠♣♦✱ ❛s ♣❛rtí❝✉❧❛s sã♦ ❞✐❢✉♥❞✐❞❛s ❛tr❛✈és ❞♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞♦s s❡✉s â♥❣✉❧♦s ❞❡
♣❛ss♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♥❛s ❛t♠♦s❢❡r❛s ❞❡ ❡str❡❧❛s ❝♦♠ ♠❛ss❛ ≫ ▼⊙✱ ❛s ♣❡rt✉r❜❛çõ❡s ✭❡ ♦ ❝❛♠♣♦✮
sã♦ tr❛♥s♣♦rt❛❞❛s ❥✉♥t♦ ❛♦ ♣❧❛s♠❛ ❡ ❝❛✉s❛♠ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♣r♦✈✐❞❛s ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛✱
s❡♠❡❧❤❛♥t❡ ✭♠❛s ♥ã♦ ✐❣✉❛❧✮ ❛♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❋❡r♠✐✳

✶✵✽



t✐❞♦✱ ❛té ❡♥tã♦✱ ❝♦♠♦ ❧✐♠✐t❡ ♣❛r❛ ♠❛ss❛s ❡st❡❧❛r❡s✳

❩✐♥♥❡❝❦❡r ❡ ❨♦r❦❡ ✭r❡❢✳ ❬✷✵✽❪✮ ❛♣♦♥t❛♠ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛ ❝♦♠♦ ❛ ❢♦♥t❡

♣r✐♥❝✐♣❛❧ ❞❡ ❡❧❡♠❡♥t♦s ♣❡s❛❞♦s ❡ r❛❞✐❛çã♦ ✉❧tr❛✲✈✐♦❧❡t❛✳ ❆tr❛✈és ❞❛ ❝♦♠❜✐♥❛çã♦ ❞❡

✈❡♥t♦s✱ ❡①♣✉❧sã♦ ❞❡ q✉❛♥t✐❞❛❞❡s ❣r❛♥❞❡s ❞❡ ♠❛tér✐❛✱ ❛ ❡①♣❛♥sã♦ ❞❡ ♥✉✈❡♥s ❞❡ ❍■■ ❡

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

❜✉❧ê♥❝✐❛ ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❞❛s ❣❛❧á①✐❛s✳ ❆ ❝♦♠❜✐♥❛çã♦ ❡♥tr❡ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡

t✉r❜✉❧ê♥❝✐❛ s✉st❡♥t❛ ♦s ❞í♥❛♠♦s ❣❛❧á❝t✐❝♦s✱ ❣❡r❛♥❞♦ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ❞❡ ❣r❛♥❞❡ ❡s✲

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

❛❝❡❧❡r❛♥❞♦ r❛✐♦s ❝ós♠✐❝♦s✳ ❆ ❞✐❢✉sã♦ ❞♦s ♠♦✈✐♠❡♥t♦s t✉r❜✉❧❡♥t♦s ❡ ❛s r❛❞✐❛çõ❡s ❝ós✲

♠✐❝❛ ❡ ✉❧tr❛✲✈✐♦❧❡t❛ sã♦ ❛s ❢♦♥t❡s ♣r✐♥❝✐♣❛✐s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳ ❊♠

❝♦♥tr❛♣❛rt✐❞❛✱ ❡❧❡♠❡♥t♦s q✉í♠✐❝♦s ♣❡s❛❞♦s ♥❛ ❢♦r♠❛ ❞❡ ♣♦❡✐r❛✱ ♠♦❧é❝✉❧❛s ❡ át♦♠♦s✴í♦♥s

❝❛✉s❛♠ ♦ r❡s❢r✐❛♠❡♥t♦ ❞❡ss❡ ♠❡✐♦✳ ❊str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✱ ♣♦rt❛♥t♦✱ ❛❢❡t❛♠ ♣r♦✲

❢✉♥❞❛♠❡♥t❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❢♦r♠❛çã♦ ❡st❡❧❛r ❡ ♣❧❛♥❡tár✐❛✱ ❛ss✐♠ ❝♦♠♦ ❛s ❡str✉t✉r❛s

❢ís✐❝❛✱ q✉í♠✐❝❛ ❡ ♠♦r❢♦❧ó❣✐❝❛ ❞❛s ❣❛❧á①✐❛s✳

✹✳✸✳✷ ▼❛❣♥❡t❛r❡s

❊♠ ✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾✱ ♥❛ r❡❣✐ã♦ ✐♥t❡r✐♦r ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✻✻✱ ❛ s♦♥❞❛ s♦✈✐ét✐❝❛ ❱❡♥❡✲

r❛ ✶✶ r❡❣✐str♦✉ ✉♠ ✢✉①♦ ❞❡ r❛✐♦s✲γ s❡♠ ♣r❡❝❡❞❡♥t❡s✱ q✉❡ s❛t✉r♦✉ s❡✉ ❞❡t❡❝t♦r❀ ♦ ♠❡s♠♦

♦❝♦rr❡✉ ❞❡♣♦✐s ❞❡ ❝✐♥❝♦ s❡❣✉♥❞♦s ❝♦♠ ♦✉tr❛ s♦♥❞❛ ❞❛ ♠❡s♠❛ ♠✐ssã♦✱ ❱❡♥❡r❛ ✶✷✳ ❖♥③❡

s❡❣✉♥❞♦s ♠❛✐s t❛r❞❡✱ ♦ ❞❡t❡❝t♦r ❞❛ s♦♥❞❛ ❛♠❡r✐❝❛♥❛ ❍❡❧✐♦s ✷✱ q✉❡ ♦r❜✐t❛✈❛ ♦ ❙♦❧✱ r❡❝❡❜❡✉

✉♠ s✐♥❛❧ ❝✉❥❛ ✐♥t❡♥s✐❞❛❞❡ t❛♠❜é♠ ✉❧tr❛♣❛ss❛✈❛ ♦ ❢✉♥❞♦ ❞❡ s✉❛ ❡s❝❛❧❛✳ ❊♠ ❱ê♥✉s✱ ❛

P✐♦♥❡❡r ❱❡♥✉s ❖r❜✐t❡r s♦❢r❡✉ ❝♦♥s❡qüê♥❝✐❛s s❡♠❡❧❤❛♥t❡s✳ ❆♦ ❛t✐♥❣✐r ❛ ❚❡rr❛✱ ❛♣ós

s❡t❡ s❡❣✉♥❞♦s✱ ❡ss❛ ❢r❡♥t❡ ❞❡ ♦♥❞❛ ❢♦✐ r❡❣✐str❛❞❛ ♣♦r três s❛té❧✐t❡s ❱❡❧❛✻✼✱ ✉♠ s❛té❧✐t❡

s♦✈✐ét✐❝♦ ❝❤❛♠❛❞♦ Pr♦❣♥♦③ ✼ ❡ ♦ t❡❧❡s❝ó♣✐♦ ❞❡ r❛✐♦s✲❳ ❊✐♥st❡✐♥ ❳✲r❛② ❖❜s❡r✈❛t♦r② ❀

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

❞♦s ❡s❝✉❞♦s ♠❡tá❧✐❝♦s ❞❡ ♣r♦t❡çã♦✳ ❖ ❝♦♠❛♥❞♦ ❞❡ ❝♦♥tr♦❧❡ ❞❛ ■♥t❡r♥❛t✐♦♥❛❧ ❙✉♥✲❊❛rt❤

❊①♣❧♦r❡r✱ s♦♥❞❛ ❧♦❝❛❧✐③❛❞❛ ♥♦ ♣♦♥t♦ ❞❡ ▲❛❣r❛♥❣❡ ▲1 ✭♥♦t❛✻✽✮✱ ❝♦♥s❡❣✉✐✉ r♦t❛❝✐♦♥á✲❧❛

♣❛r❛ ❛ ❞✐r❡çã♦ ♦♣♦st❛ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ❞❛ ♦♥❞❛✱ ♠❛s ❛ r❛❞✐❛çã♦ ❛tr❛✈❡ss♦✉ ♦ ❝♦r♣♦ ❞❛ ♥❛✈❡✱

s❛t✉r❛♥❞♦ ♦ ❞❡t❡❝t♦r✳ ❈❛t♦r③❡ ❤♦r❛s ❡ ♠❡✐❛ ❞❡♣♦✐s✱ ❡♠ ✻ ❞❡ ♠❛rç♦✱ ✉♠ ♣✉❧s♦ ❝✉rt♦ ❡
✻✻P❛rt❡ ❞♦ s✐st❡♠❛ ♠❛✐s ♣ró①✐♠❛ ❛♦ ❙♦❧✱ ❝♦♠♣r❡❡♥❞✐❞❛ ♣❡❧♦s ♣❧❛♥❡t❛s t❡rr❡♥♦s ❡ ♦ ❝✐♥t✉rã♦ ❞❡

❛st❡ró✐❞❡s✳
✻✼❉❡st✐♥❛❞♦s ❛♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ t❡st❡s ♥✉❝❧❡❛r❡s ❛t♠♦s❢ér✐❝♦s ❡ ❡s♣❛❝✐❛✐s✱ ♣r♦✐❜✐❞♦s ❡♠ ✶✾✻✸

s❡❣✉♥❞♦ ♦ ❚r❛t❛❞♦ ❞❡ ■♥t❡r❞✐çã♦ P❛r❝✐❛❧ ❞❡ ❚❡st❡s✱ ❛ss✐♥❛❞♦ ♣❡❧♦s ❣♦✈❡r♥♦s ❞❛ ❯♥✐ã♦ ❙♦✈✐ét✐❝❛✱ ❘❡✐♥♦
❯♥✐❞♦ ❡ ❊st❛❞♦s ❯♥✐❞♦s✳

✻✽❯♠ ❞♦s ❝✐♥❝♦ ♣♦♥t♦s ❞❡ ❡st❛❜✐❧✐❞❛❞❡ ❣r❛✈✐t❛❝✐♦♥❛❧ ♥♦ s✐st❡♠❛ ❚❡rr❛✲❙♦❧✱ ❡♠ r❡❧❛çã♦ ❛♦ q✉❛❧ ✉♠
♦❜❥❡t♦ ❞❡ ♠❛ss❛ ♣❡q✉❡♥❛ ♣❡r♠❛♥❡❝❡ ❡st❛❝✐♦♥ár✐♦✳

✶✵✾



♠❛✐s ❢r❛❝♦✱ ❝♦♠ ∼ 1.5 s ❞❡ ❞✉r❛çã♦✱ ❢♦✐ ♦❜s❡r✈❛❞♦ ✈✐♥❞♦ ❞❛ ♠❡s♠❛ ♣♦s✐çã♦ ♥♦ ❝é✉✳ ❖

❡❢❡✐t♦ s❡ r❡♣❡t✐✉ ♥♦s ❞✐❛s ✹ ❡ ✷✹ ❞❡ ❛❜r✐❧✱ ❞✉r❛♥❞♦ ∼ 0.2 s✱ ❡ ♥♦s ♣ró①✐♠♦s q✉❛tr♦ ❛♥♦s✱

16 ❞❡❧❡s ❢♦r❛♠ ❛tr✐❜✉í❞♦s ❛ ❡ss❛ ❢♦♥t❡✳ ❊♥tã♦✱ ❡♠ ♠❛✐♦ ❞❡ ✶✾✽✸✱ ❛s ♦♥❞❛s ❞❡ r❛❞✐❛çã♦

❝❡ss❛r❛♠ ❡✱ ❛té ❤♦❥❡✱ ♥ã♦ ❢♦r❛♠ ♠❛✐s ♦❜s❡r✈❛❞❛s ✭r❡❢✳ ❬✷✵✾❪✮✳

❋✐❣✉r❛ ✸✶✿ ❖ s✐♥❛❧ ❞❡ ✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾✱ ❝♦♠♦ ♦❜s❡r✈❛❞♦ ♣❡❧❛ s♦♥❞❛ ❡s♣❛❝✐❛❧ ❱❡♥❡r❛ ✶✷✳
●rá✜❝♦ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✶✵❪✳

❚♦❞♦s ♦s ✐♥str✉♠❡♥t♦s ❞♦s s❛té❧✐t❡s ♠❡♥❝✐♦♥❛❞♦s ❛❝✐♠❛ r❡❣✐str❛r❛♠ ♦ ♠❡s♠♦

♣❛❞rã♦ ♥♦ ❞✐❛ ✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾✿ ✉♠ ♣✉❧s♦ ✐♥✐❝✐❛❧ ❞❡ r❛✐♦s✲γ✱ ❝♦♠ ∼ 0.2 s ❞❡ ❞✉r❛çã♦✱

❝❡r❝❛ ❞❡ ❞✉❛s ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐♦r ❞♦ q✉❡ q✉❛❧q✉❡r ♦✉tr♦ s✐♥❛❧ ❞❡ r❛❞✐❛çã♦ ❣❛♠❛

❞❡t❡❝t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✳ ❉❡③❡♥♦✈❡ ❛♥♦s ❞❡♣♦✐s✱ ♦ s✐♥❛❧ ❛✐♥❞❛ ❞❡t✐♥❤❛ ❡ss❡ r❡❝♦r❞❡

♣♦r ✉♠ ❢❛t♦r ❞❡ ❞❡③✳ ❆ ❝✉r✈❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✸✶ ♠♦str❛ ♦ r❡❣✐str♦ ❝♦♥tí♥✉♦ ❞❛

♦❜s❡r✈❛çã♦ ❞❡ss❡ ❡✈❡♥t♦ ♣❡❧❛ s♦♥❞❛ ❱❡♥❡r❛ ✶✷❀ ♦ ❞❡❝❛✐♠❡♥t♦ s✉❛✈❡ ❞❡ r❛✐♦s✲γ ♠♦❧❡s✱

❞♦ ✐♥❣❧ês s♦❢t ❣❛♠♠❛ r❛②s✱ ❞✉r♦✉ ♠❛✐s ❞❡ três ♠✐♥✉t♦s ❡ ❛♣r❡s❡♥t❛✈❛ ✉♠❛ ♠♦❞✉❧❛çã♦

❝♦♠ ♣❡r✐♦❞✐❝✐❞❛❞❡ ❞❡ 8 s✱ ♠❡❞✐❞❛ ♣♦r ✐♥str✉♠❡♥t♦s ❞✐❢❡r❡♥t❡s ❞✉r❛♥t❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡

20 ❝✐❝❧♦s✳ ◆❛❞❛ ❞❡ss❛ ♥❛t✉r❡③❛ ❤❛✈✐❛ s✐❞♦ ♦❜s❡r✈❛❞♦✳ ❉❡✈✐❞♦ ❛♦ t✐♣♦ ❞❡ r❛❞✐❛çã♦ ❡♠✐t✐❞❛

❡ à r❡❣✉❧❛r✐❞❛❞❡ ♥♦s ✐♥t❡r✈❛❧♦s ❞❡ ❡♠✐ssã♦✱ ❡ss❡ t✐♣♦ ❡st❡❧❛r ❢♦✐ ❝❤❛♠❛❞♦ ❞❡ s♦❢t ❣❛♠♠❛

r❡♣❡❛t❡r ✭❙●❘✮❀ ♦ ♦❜❥❡t♦ r❡❧❛❝✐♦♥❛❞♦ ❛♦ ❡✈❡♥t♦ ❡♠ q✉❡stã♦ ♣❛ss♦✉ ❛ s❡r ❝♦♥❤❡❝✐❞♦ ❝♦♠♦

❙●❘ 0525✲66✱ ♦♥❞❡ ♦s ♥ú♠❡r♦s r❡♣r❡s❡♥t❛♠ s✉❛ ♣♦s✐çã♦ s❡❣✉♥❞♦ ♦ s✐st❡♠❛ ❡q✉❛t♦r✐❛❧

❞❡ ❝♦♦r❞❡♥❛❞❛s✿ 05➦ 25♠✐♥ ❝♦rr❡s♣♦♥❞❡ à ❛s❝❡♥sã♦ r❡t❛ ❡ −66➦ r❡❢❡r❡✲s❡ à ❞❡❝❧✐♥❛çã♦✳

❆♣ós ✉♠ ❛♥♦ ❞❡ ❛♥á❧✐s❡✱ ❛ r❡❣✐ã♦ ❝❡❧❡st❡ ❞❡ ♦r✐❣❡♠ ❞❛ ❡♠✐ssã♦ ❢♦✐ r❡❝♦♥str✉í❞❛

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

❞❛ ♦♥❞❛✳ ❖ r❡s✉❧t❛❞♦✱ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✸✷✱ ❛♣♦♥t♦✉ ♣❛r❛ ✉♠❛ r❡♠❛♥❡s❝❡♥t❡ ❞❡

s✉♣❡r♥♦✈❛ ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ◆49✱ ❧♦❝❛❧✐③❛❞❛ ♥❛ ❣❛❧á①✐❛ ✐rr❡❣✉❧❛r ●r❛♥❞❡ ◆✉✈❡♠ ❞❡ ▼❛✲

❣❛❧❤ã❡s ✭50.4 ❦♣❝ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❚❡rr❛❀ ✈❡❥❛ ❛ ♥♦t❛ ❞❡ r♦❞❛♣é ♥❛ s❡çã♦ ✸✳✶✮✳ ❊ss❡ ❢❛t♦

✶✶✵



✭❛✮ ✭❜✮

❋✐❣✉r❛ ✸✷✿ ■♠❛❣❡♥s ❞❛ r❡♠❛♥❡s❝❡♥t❡ ❞❡ s✉♣❡r♥♦✈❛ ◆49✱ ❧♦❝❛❧✐③❛❞❛ ♥❛ ●r❛♥❞❡ ◆✉✈❡♠
❞❡ ▼❛❣❛❧❤ã❡s✳ ❆ ✐♠❛❣❡♠ ✭❛✮ ♠♦str❛ ❛ r❡❣✐ã♦ ♦♥❞❡ ♦❝♦rr❡✉ ❛ ❡♠✐ssã♦ ❞♦s r❛✐♦s✲γ✱
r❡❝♦♥str✉í❞❛ ❝♦♠ ❜❛s❡ ♥♦s t❡♠♣♦s ❞❡ ❝❤❡❣❛❞❛ ❞♦ ♣✉❧s♦ ❡♠ ❝❛❞❛ s❛té❧✐t❡ ❞✉r❛♥t❡ ♦ ❞✐❛
✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾✱ s♦❜r❡♣♦st❛ ❛♦ ♠❛♣❡❛♠❡♥t♦ ❡♠ r❛✐♦s✲❳ r❡❛❧✐③❛❞♦ ♣❡❧♦ t❡❧❡s❝ó♣✐♦
❘❖❙❆❚✳ ❖ ♠❡s♠♦ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ é ♠♦str❛❞♦ ❡♠ ✭❜✮✱ ❝♦♠♦ ♦❜s❡r✈❛❞♦ ♥♦ ✐♥t❡r✈❛❧♦
✈✐sí✈❡❧ ❞♦ ❡s♣❡❝tr♦ ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❍✉❜❜❧❡✳ ❆♠❜❛s ❛s ✐♠❛❣❡♥s ❢♦r❛♠ ❡♥❝♦♥tr❛❞❛s ♥❛
✐♥t❡r♥❡t✳

s✉r♣r❡❡♥❞❡✉ ❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥tí✜❝❛ ❞❛ é♣♦❝❛ ♣❡❧❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ♣✉❧s♦❀ ❝♦♠ ♦ ❝♦♥❤❡✲

❝✐♠❡♥t♦ ❞❛ ❞✐stâ♥❝✐❛✱ ❛ ♣♦tê♥❝✐❛ ✐rr❛❞✐❛❞❛ ♥♦s ♣r✐♠❡✐r♦s 0.2 s ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ s❡♥❞♦

❡q✉✐✈❛❧❡♥t❡ ❛ 3×103 ❛♥♦s ❞❛ t❛①❛ ❞❡ ❡♠✐ssã♦ ❛t✉❛❧ ❞♦ ❙♦❧✳ ❖ ❢❛t♦ ❞❛ ár❡❛ r❡❝♦♥str✉í❞❛

♥ã♦ ❡st❛r ❝❡♥tr❛❞❛ ♥❛ ❜♦❧❤❛ ❡s❢ér✐❝❛ ❞❡ ❣ás q✉❡ ❝♦♥st✐t✉✐ ❛ r❡♠❛♥❡s❝❡♥t❡ t❛♠❜é♠ ❢♦✐

✐♥❡s♣❡r❛❞♦✱ ❛♣❡s❛r ❞❡ ❡①✐st✐r ✉♠ ❤♦ts♣♦t ❞❡♥tr♦ ❞❛ r❡❣✐ã♦ ✭♦❜s❡r✈❡ ❛ ✜❣✉r❛ ✸✷✭❛✮✮✳ ❊ss❡

❞❡s❧♦❝❛♠❡♥t♦ ❢♦✐ ✈❛❧✐❞❛❞♦ ❡♠ ✶✾✾✶ q✉❛♥❞♦ ✉♠❛ ❢♦♥t❡ ♣♦♥t✉❛❧ ❞❡ r❛✐♦s✲❳✱ ❝♦♠ ❡♠✐ssã♦

tê♥✉❡ ❡ ❝♦♥st❛♥t❡✱ ❢♦✐ ❞❡s❝♦❜❡rt❛ ♥❛ ♣♦s✐çã♦ ❞♦ ♦❜❥❡t♦ q✉❡ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦✱ ❡♠ ✐♥❣❧ês✱

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

sú❜✐t♦ ❞❛s ❡♠✐ssõ❡s✳

❊♠ ✶✾✾✷✱ ❉✉♥❝❛♥ ❡ ❚❤♦♠♣s♦♥ ✭r❡❢✳ ❬✷✶✶❪✮ ♣r♦♣✉s❡r❛♠ q✉❡ ❛ ❛t✐✈✐❞❛❞❡ ♠❛❣✲

♥ét✐❝❛ ❞♦ ♥ú❝❧❡♦ ❝♦❧❛♣s❛❞♦ r❡♠❛♥❡s❝❡♥t❡ ❞❡ ✉♠❛ s✉♣❡r♥♦✈❛✱ ♦✉ s❡❥❛✱ ❞❡ ✉♠❛ ❡str❡❧❛ ❞❡

♥ê✉tr♦♥s✱ é ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛s s✉❛s ❝♦♥❞✐çõ❡s r♦t❛❝✐♦♥❛❧ ❡ tér♠✐❝❛ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♣ós

❛ ❡①♣❧♦sã♦ ❞❛ ❡str❡❧❛ ♣r♦❣❡♥✐t♦r❛✳ ❖s ❛✉t♦r❡s ❛r❣✉♠❡♥t❛♠ q✉❡ ♦ ✢✉✐❞♦ q✉❡♥t❡ ❡ ❞❡♥s♦

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

✉♠ ♣❧❛s♠❛ ❛❧t❛♠❡♥t❡ ❝♦♥❞✉t♦r❀ ❝♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✹✱ ❡ss❛s ❝♦♥❞✐çõ❡s ❧❡✈❛♠ ❛♦

❝♦♥❣❡❧❛♠❡♥t♦ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ❡ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ sã♦ tr❛♥s♣♦rt❛❞❛s ❥✉♥t♦ ❛♦ ❣ás

✶✶✶



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

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

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

♠♦s ♥❛s ❝❛♠❛❞❛s ❡①t❡r♥❛s ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ 10−20 s ❛♥t❡s ❞♦ r❡s❢r✐❛♠❡♥t♦✱ ❞❡♣♦✐s

❞♦ q✉❛❧ ❛♠❜♦s ♦s ❡❢❡✐t♦s ❝❡ss❛♠✳ ❘❡✈❡❥❛ ❛ ❞❡✜♥✐çã♦ ❞❡ ❤❡❧✐❝✐❞❛❞❡✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛

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

α✱ ❝✉❥❛ ♠❛❣♥✐t✉❞❡ é ❡st✐♠❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✺✵ ♣❛r❛ Rm ≫ 1✳ ■ss♦ é ♣♦ssí✈❡❧ ♣♦rq✉❡

♦ ♥ú❝❧❡♦ ❝♦♥✈❡❝t✐✈♦ ❞❛s ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s s❡ ❡st❡♥❞❡ ♣♦r ❝✐♥❝♦ ♦✉ s❡✐s ❡s❝❛❧❛s ❞❡ ❛❧✲

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

♣r✐♥❝✐♣❛❧✳ ❖ ♣r♦❝❡ss♦ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❝r✐❛r ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ∼ 1014− 1015 ●✱ ✜r♠❡✲

♠❡♥t❡ ❛♥❝♦r❛❞♦s ♥❛ s✉♣❡r❢í❝✐❡✱ r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❢r❡♥❛❣❡♠ ❛❜r✉♣t❛ ❞❛ ❡str❡❧❛ ❞❡✈✐❞♦ à

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

♠❛❣♥ét✐❝❛s✱ ✢✉✐♥❞♦ ❛♦ ❧♦♥❣♦ ❞❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦❀ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ ♦ ♠♦❞❡❧♦ ♣r❡✈ê

✉♠ ❛✉♠❡♥t♦ ♥♦ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ❞❛ ❡str❡❧❛ ❛té ∼ s✳ ❊ss❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡s❝r❡✈❡♠

✉♠❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ❝♦♠♦ ✉♠ ♠❛❣♥❡t❛r✻✾✳

P✉❧s❛r❡s✱ ♦♥❞❡ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ♥ã♦ ♦❝♦rr❡✱ ❛❝❛❜❛♠ ♣♦r ♣♦ss✉✐r ❝❛♠♣♦s

∼ 1012 − 1013 ● ❡ ♣❡rí♦❞♦s ❞❡ r♦t❛çã♦ ∼ ♠s✳ ❆ ❞✐❢❡r❡♥ç❛ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♠❛❣♥ét✐❝❛

❡♥tr❡ ❡ss❡s t✐♣♦s ❡st❡❧❛r❡s ❞❡♣❡♥❞❡ ✉♥✐❝❛♠❡♥t❡ ❞❛ r♦t❛çã♦ ✐♥✐❝✐❛❧ ❞❛ r❡♠❛♥❡s❝❡♥t❡ ❛♣ós

❛ s✉♣❡r♥♦✈❛✿ ♥♦ ❝❛s♦ ❞♦ ♠❛❣♥❡t❛r✱ ♦ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ❞❛s ❝é❧✉❧❛s ❝♦♥✈❡❝t✐✈❛s é ❝♦♠✲

♣❛rá✈❡❧ ❛♦ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ❞♦ ♥ú❝❧❡♦ ❞❡ ♥ê✉tr♦♥s✱ r❡s✉❧t❛♥❞♦ ❡♠ ✈❛❧♦r❡s ❛♣r♦①✐♠❛❞❛✲

♠❡♥t❡ ♠á①✐♠♦s ❞❛ ❤❡❧✐❝✐❞❛❞❡ ❞♦ ♣❧❛s♠❛✳ ❖ s✐♥❛❧ ❞♦ ❡✈❡♥t♦ ❞❡t❡❝t❛❞♦ ❡♠ ✺ ❞❡ ♠❛rç♦

❞❡ ✶✾✼✾ ❡r❛ ♠♦❞✉❧❛❞♦ ♣♦r ❝✐❝❧♦s ❞❡ (8.00± 0.05) s ✭r❡❢✳ ❬✷✶✷❪✮✱ ♠❡❞✐❞❛ q✉❡ ❉✉♥❝❛♥ ❡

❚❤♦♠♣s♦♥ ✉s❛♠ ♣❛r❛ s✉❣❡r✐r ✉♠❛ ❝♦♥❡①ã♦ ❡♥tr❡ ♠❛❣♥❡t❛r❡s ❡ ❙●❘s✳ ❆ss✐♠ ❝♦♠♦ ♣❛r❛

❛ ♠❛✐♦r ♣❛rt❡ ❞♦s ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ♥♦ ✉♥✐✈❡rs♦✱ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ ♣❛r❡❝❡ ♦❝♦r✲

r❡r ♥♦s ♠❛❣♥❡t❛r❡s ♣❡❧❛ ❛çã♦ α ✲Ω ✭✈❡❥❛ ❛ t❛❜❡❧❛ ✸✱ ♥❛ s❡çã♦ ✸✳✺✮✳ ❙✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s

♣♦r ❚♦r♦♣✐♥❛ ❡t ❛❧✳ ✭✷✵✵✻✱ r❡❢✳ ❬✷✶✸❪✮✱ ♣♦r ❡①❡♠♣❧♦✱ s✉st❡♥t❛♠ ❡ss❛ ❤✐♣ót❡s❡ ❛tr❛✈és ❞♦

✉s♦ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡✐①♦✲s✐♠étr✐❝♦ ❞✐♣♦❧❛r ❝♦♠ ✐♥t❡♥s✐❞❛❞❡s

♥❛ ❢❛✐①❛ 1013 − 1015 ●✱ ❥✉♥t❛♠❡♥t❡ ❛♦ t❡r♠♦ ❞✐❢✉s✐✈♦ ❞❛ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛✱ ♣❛r❛

♦❜t❡r t❡♠♣♦s ❞❡ ❢r❡♥❛❣❡♠ ∼ 104 − 105 ❛♥♦s ♣❛r❛ ♠❛❣♥❡t❛r❡s✳

❆ q✉❛♥t✐❞❛❞❡ ❞❡ ❡str❡❧❛s ❛❧t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞❛s ♥❛ ❱✐❛ ▲á❝t❡❛ é ❝♦♥t❡st❛❞❛ ♥❛

❧✐t❡r❛t✉r❛ ❛t✉❛❧✱ ✈❛r✐❛♥❞♦ ❡♥tr❡ três ❡ ❝✐♥❝♦❀ t♦❞❛s ❡❧❛s✱ ✐♥❝❧✉✐♥❞♦ ♦ ❙●❘ 0525✲66 ♥❛

●r❛♥❞❡ ◆✉✈❡♠ ❞❡ ▼❛❣❛❧❤ã❡s✱ ❡stã♦ ❛ss♦❝✐❛❞❛s ❛ r❡♠❛♥❡s❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛s ❝♦♠

✐❞❛❞❡ ∼ 104 ❛♥♦s✳ ❊ss❛ q✉❛♥t✐❞❛❞❡ é ✉s❛❞❛ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦
✻✾❉❛ ❥✉♥çã♦ ❞❛s ♣❛❧❛✈r❛s ✐♥❣❧❡s❛s ♠❛❣♥❡t✐❝ ✰st❛r✳

✶✶✷



❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛tr❛✈és ❞❛ t❛①❛ ❞❡ ❞❡s❛❝❡❧❡r❛çã♦ ❛té ♦s ♣❡rí♦❞♦s ∼ s ♦❜s❡r✈❛❞♦s ❤♦❥❡✳

❉♦✐s tr❛❜❛❧❤♦s s✉❜s❡qü❡♥t❡s ❞❡ ❚❤♦♠♣s♦♥ ❡ ❉✉♥❝❛♥✱ ❞❡t❛❧❤❛♥❞♦ ✈ár✐♦s ❡❢❡✐t♦s

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

❡♠ ✶✾✾✸ ✭r❡❢✳ ❬✷✶✹❪✮ ❡✱ s❡♣❛r❛❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✱ ♥♦s ❛♥♦s ✶✾✾✺ ❡ ✶✾✾✻ ✭r❡❢s✳ ❬✷✶✺❪ ❡ ❬✷✶✻❪✮✳

❉❡♥tr♦ ❞❛ ❡str❡❧❛✱ ❛ ❡str❛t✐✜❝❛çã♦ ❞❛s ❝❛♠❛❞❛s é ❡stá✈❡❧ ❛ ♣♦♥t♦ ❞❡ ✐♠♣❡❞✐r t❡♠♣♦✲

r❛r✐❛♠❡♥t❡ ❛ r❡❝♦♥❡①ã♦ ♠❛❣♥ét✐❝❛✱ ♠❡s♠♦ ❡♠ r❡❣✐õ❡s t❛♥❣❡♥❝✐❛✐s ❝♦♠ s❡♥t✐❞♦ ♦♣♦st♦

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

♣❛r❛ ♦ ❧✐♠✐t❡ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝♦ Rm ≫ 1✱ ❛ ❞✐❢✉sã♦ ✈✐s❝♦s❛ ❞❛s ❧✐♥❤❛s ❞❡ ✈órt✐❝❡

tr❛♥s♣♦rt❛ ♦ ❝❛♠♣♦ ❞♦ ♥ú❝❧❡♦ ♣❛r❛ ❛s ♣❛rt❡s ❡①t❡r♥❛s✳ ❆♦ ❛t✐♥❣✐r ❛ r❡❞❡ ❝r✐st❛❧✐♥❛

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

✢✉①♦ ♠❛❣♥ét✐❝♦ ❝❛✉s❛ ❞♦❜r❛s q✉❡ ❧❡✈❛♠ à r❛❝❤❛❞✉r❛ ❞❛ ❝r♦st❛❀ ❝♦♠♦ ❝♦♥s❡qüê♥❝✐❛✱ ♦

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

❞❡ ✉♠ ♣❧❛s♠❛ ❞❡ ♣❛r❡s ❡ r❛✐♦s✲γ✳ ❖ ❡❢❡✐t♦ ♦❝♦rr❡ ❝♦♠♦ ✉♠ ❜✉rst✱ ❝✉❥❛ ♣r❡ssã♦ ❛❜r❡

❛s ❧✐♥❤❛s ❞♦ ❝❛♠♣♦ ❡♠ r❡❣✐õ❡s ❛❢❛st❛❞❛s ❞❛ ♠❛❣♥❡t♦s❢❡r❛ ❡ ❧✐❜❡r❛ ❛ ♠❛✐♦r ♣❛rt❡ ❞❡ss❛

❡♥❡r❣✐❛ ♣❛r❛ ♦ ❡s♣❛ç♦❀ ♦ ♣r✐♠❡✐r♦ ♣✐❝♦ r❡❣✐str❛❞♦ ♣❡❧❛s s♦♥❞❛s ❡♠ ✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾

é ❛tr✐❜✉í❞♦ ❛ ❡ss❡ t✐♣♦ ❞❡ ❡①♣❧♦sã♦✳

❋♦r❛ ❞♦ ♠❛❣♥❡t❛r✱ ❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ❞❡ ♣❡q✉❡♥❛ ❡s❝❛❧❛ ✭❡♠ r❡❧❛çã♦ ❛♦ r❛✐♦ ❡st❡❧❛r✮

❛♣❛r❡❝❡♠ ♥❛ ❢♦r♠❛ ❞❡ ❛r❝♦s ❝♦♠ ❛♠❜❛s ❛s ❡①tr❡♠✐❞❛❞❡s ✜①❛❞❛s ♥❛ s✉♣❡r❢í❝✐❡ só❧✐❞❛ ❞❛

❡str❡❧❛✱ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ é ♦❜s❡r✈❛❞♦ ♥♦ ❙♦❧✳ ❖ ❢♦r♠❛t♦ ❞❡ ❢❡rr❛❞✉r❛ ❞❡ss❛s ❡str✉✲

t✉r❛s ❢✉♥❝✐♦♥❛ ❝♦♠♦ ✉♠❛ ❣❛rr❛❢❛ ♠❛❣♥ét✐❝❛ ✭❡❢❡✐t♦ ❡①♣❧✐❝❛❞♦ ♥❛ s❡çã♦ ✸✳✼✮✱ ❝♦♥✜♥❛♥❞♦

✉♠❛ ♣❡q✉❡♥❛ ♣❛rt❡ ❞♦ ♣❧❛s♠❛ ❣❡r❛❞♦ ♥♦ ❜✉rst✳ ❆♣❡s❛r ❞❛ ❝r♦st❛ r❡s✐st✐r ❛ q✉❛❧q✉❡r

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

sõ❡s ❞❡ ❝✐s❛❧❤❛♠❡♥t♦✱ ❞❡♣❡♥❞❡♥t❡s ❛♣❡♥❛s ❞❡ ❢♦rç❛s ❡❧❡tr♦stát✐❝❛s r❡❧❛t✐✈❛♠❡♥t❡ ❢r❛❝❛s✱

♦❝♦rr❡♠ ❞❡✈✐❞♦ à ❞✐❢✉sã♦ ✈✐s❝♦s❛ ♣♦r ❜❛✐①♦ ❞❛ s✉♣❡r❢í❝✐❡✱ t♦r❝❡♥❞♦ ❛s ❧✐♥❤❛s ❞❡ ❝❛♠♣♦

❛ ♣❛rt✐r ❞♦s ♣♦♥t♦s ❞❡ ❝♦♥t❛t♦ ❝♦♥❣❡❧❛❞♦s ♥❛ s✉♣❡r❢í❝✐❡✳ ❖❜s❡r✈❡ ❛ ✜❣✉r❛ ✸✸✳ ❖ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ t♦r❝✐❞♦ ♣❛ss❛ ❛ t❡r ✉♠❛ ❝♦♠♣♦♥❡♥t❡ s♦❜r❡ ♦ ❝✐r❝✉✐t♦ r❡♣r❡s❡♥t❛❞♦ ❡♠ ✈❡r❞❡

❞❡ ♠♦❞♦ q✉❡✱ ♣❡❧❛ ❧❡✐ ❞❡ ❆♠♣èr❡✱ ❡❧étr♦♥s sã♦ ❛❝❡❧❡r❛❞♦s ❡♠ ✉♠ s❡♥t✐❞♦ ❡♥q✉❛♥t♦ í♦♥s

♦ ❢❛③❡♠ ♥♦ s❡♥t✐❞♦ ♦♣♦st♦✳ ◆♦s ❧♦❝❛✐s ♦♥❞❡ ❛ ✢✉t✉❛çã♦ ❞♦ ❝❛♠♣♦ é ❝♦♥s✐❞❡rá✈❡❧✱ ❛

r❡❝♦♥❡①ã♦ ♦❝♦rr❡ ♥❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❆❧❢✈é♥ ✭✈❡❥❛ ❛ ❡q✉❛çã♦ ✭✻✶✮✱ ♥❛ s❡çã♦ ✸✳✾✮ ❡ ❛❝❡❧❡r❛

♣❛rtí❝✉❧❛s✱ ❡❥❡t❛♥❞♦✲❛s ♣❛r❛ ❛ ♣❛rt❡ ❡①t❡r♥❛ ❞❛ ❛t♠♦s❢❡r❛ ❞❛ ❡str❡❧❛✳ ◆❛s ❧✐♥❤❛s q✉❡

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

r❛✐♦s✲❳ q✉❡ sã♦ ♦❜s❡r✈❛❞♦s ♥❛ ❚❡rr❛ ❝♦♠ ❛ ✐♥t❡♥s✐❞❛❞❡ ♠♦❞✉❧❛❞❛ ♣❡❧♦ ♣❡rí♦❞♦ ❞❡ r♦✲

t❛çã♦ ❞❛ ❡str❡❧❛✱ ❡♥q✉❛♥t♦ ♦✉tr❛ ♣❛rt❡ s❡ ❝❤♦❝❛ ❝♦♠ ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❡str❡❧❛ ❡ ♣r♦❞✉③ ✉♠

✢✉①♦ r❛❞✐❛t✐✈♦ q✉❡ ❡❥❡t❛ ❜ár✐♦♥s ♣❛r❛ ❛ ♠❛❣♥❡t♦s❢❡r❛ ♥❛ ❢♦r♠❛ ❞❡ ✉♠ ✈❡♥t♦✳ ❆ ❛♥á❧✐s❡

❞♦ ❡s♣❡❝tr♦ ❞❡ r❛❞✐❛çã♦ ❞♦ ❡✈❡♥t♦ ❞❡ ✺ ❞❡ ♠❛rç♦ ❞❡ ✶✾✼✾✱ r❡❢❡r❡♥t❡ ❛♦ ❙●❘ 0525✲66✱
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❋✐❣✉r❛ ✸✸✿ ▼❡❝❛♥✐s♠♦ ❞❛ ❣❡r❛çã♦ ❞❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❛♦ ❧♦♥❣♦ ❞♦ ❧❛ç♦ ❝♦♥st✐t✉í❞♦ ♣♦r
❧✐♥❤❛s ❞❡ ❝❛♠♣♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡ ✉♠❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ♠❛❣♥❡t✐③❛❞❛✳ ❆ ❝♦rr❡♥t❡
❞❡❝♦rr❡ ❞❛ ❧❡✐ ❞❡ ❆♠♣èr❡ ❡ ❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❧❛ç♦ ❛♣❛r❡❝❡ ❡①❛❣❡r❛❞❛ ❡♠
r❡❧❛çã♦ ❛♦ r❛✐♦ ❞❛ ❡str❡❧❛✳ ❉❡s❡♥❤♦ ❛ ❧á♣✐s ❞❡ ❘✳ ❈✳ ❉✉♥❝❛♥ ✭r❡❢✳ ❬✷✵✾❪✮✳

♣♦r ❡①❡♠♣❧♦✱ ❛♣r❡s❡♥t❛ tr❛ç♦s ❞❡ ❝♦♥t❛♠✐♥❛çã♦ ❞❡ ♠❛tér✐❛ ❜❛r✐ô♥✐❝❛ ❛rr❛♥❝❛❞❛ ❞❛ s✉✲

♣❡r❢í❝✐❡✳

❆❧é♠ ❞✐ss♦✱ ❈❤❛♥❣ ❡t ❛❧✳ ✭✷✵✵✹✱ r❡❢✳ ❬✷✶✼❪✮ ❝❛❧❝✉❧❛♠ q✉❡ ❤✐❞r♦❣ê♥✐♦✱ r❡❣✉❧❛❞♦ ♣❡❧❛

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

♥❡t❛r❡s ❛tr❛✈és ❞❛ ❢✉sã♦ ♥✉❝❧❡❛r ❡♠ ❡s❝❛❧❛s ❞❡ t❡♠♣♦ ❡♥tr❡ ❤♦r❛s ❡ ❛♥♦s✱ ❣❡r❛♥❞♦ ✉♠❛

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

❞❡ ❤é❧✐♦ ❡ ❢❡rr♦✳ ❆s s✐♠✉❧❛çõ❡s sã♦ ❜❛s❡❛❞❛s ❡♠ ✈ár✐♦s ❢❛t♦r❡s✱ ❝♦♠♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ t♦r♥♦ ❞❛ ❡str❡❧❛✳

❯♠ r❡s✉❧t❛❞♦ ✐♠♣♦rt❛♥t❡✱ ♣✉❜❧✐❝❛❞♦ ❡♠ ✷✵✵✸ ♣♦r ❆r♦♥s ✭r❡❢✳ ❬✷✶✽❪✮✱ ♠♦str❛ q✉❡

✈❡♥t♦s r❡❧❛t✐✈íst✐❝♦s ❞❡ ♠❛❣♥❡t❛r❡s r❡❝é♠✲♥❛s❝✐❞♦s✱ ❝♦♠ ♣❡rí♦❞♦s ❞❡ r♦t❛çã♦ ✐♥✐❝✐❛❧

♣ró①✐♠♦s ❛♦ ❧✐♠✐t❡ ❝❡♥trí❢✉❣♦ ❞❡ q✉❡❜r❛ ❡str✉t✉r❛❧ ❞❛ ❡str❡❧❛✱ ♣♦❞❡♠ r❡♣r❡s❡♥t❛r ❢♦♥t❡s

❞❡ í♦♥s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ❝♦♠ ❡s♣❡❝tr♦ ❞❡ ✐♥❥❡çã♦ ∝ E−1 ❛❝❡♥t✉❛❞♦ ♣❛r❛ ∝ E−2 ♥❛s

❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s✱ t❡♥❞♦ ❝♦♠♦ ❧✐♠✐t❡ s✉♣❡r✐♦r ✉♠ ❝♦rt❡ ♥♦ ✐♥t❡r✈❛❧♦ 1021 − 1022 ❡❱✳

❙♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ♦s ♠❛❣♥❡t❛r❡s ❡①✐st❡♠ ❡♠ t♦❞❛s ❛s ❣❛❧á①✐❛s ❝♦♠✉♥s ♦♥❞❡ ♦❝♦rr❡

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

✶✶✹



❋✐❣✉r❛ ✸✹✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛ t❡♦r✐❛ ❞❡ ❆r♦♥s s♦❜r❡ ♠❛❣♥❡t❛r❡s ❡ ❛❧❣✉♥s ❞❛❞♦s ❡①✲
♣❡r✐♠❡♥t❛✐s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❛❧tíss✐♠❛ ❡♥❡r❣✐❛✳ ◆♦ ♠♦❞❡❧♦ ❞♦ ❛✉t♦r✱ ❛ s✐❣❧❛ ✏●❘✑
r❡❢❡r❡✲s❡ à ♠❛❣♥✐t✉❞❡ ❞❛ ♣❡r❞❛ ❞❡ r♦t❛çã♦ ❞❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ❛tr❛✈és ❞❛ ❡♠✐ssã♦ ❞❡
♦♥❞❛s ❣r❛✈✐t❛❝✐♦♥❛✐s ❡♠ s❡✉ ❡stá❣✐♦ ✐♥✐❝✐❛❧ ❞❡ ❡✈♦❧✉çã♦✳ ●rá✜❝♦ ❡♥❝♦♥tr❛❞♦ ♥❛ r❡❢❡rê♥✲
❝✐❛ ❬✷✶✽❪✳

❛❝❡❧❡r❛❞❛s ❝♦♠ ❛ r❛❞✐❛çã♦ ❞❡ ❢✉♥❞♦ ❞♦ ✉♥✐✈❡rs♦ ❡ ♦❜té♠ ♦ ❡s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

♦❜s❡r✈❛❞♦ ♥❛ ❚❡rr❛ ❛té 1020 ❡❱✳ ❆tr❛✈és ❞♦ ❛❥✉st❡ ❞❡ ❞❛❞♦s✱ ♦ ❛✉t♦r ❡st✐♠❛ q✉❡

5✪−10✪ ❞❛s ❡str❡❧❛s ❞❡ ♥ê✉tr♦♥s ❛❧t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞❛s ♣♦ss✉❡♠ ♣❡rí♦❞♦s ❞❡ r♦t❛çã♦

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

❞♦ ♠♦♥♦♣ó❧♦ ❞✐✈✐❞✐❞♦ ✭✈❡❥❛ ❛s s✐♠✉❧❛çõ❡s ❞❡ ❙♣✐t❦♦✈s❦②✱ ❝♦♠ q✉❡♠ ❆r♦♥s ♣✉❜❧✐❝♦✉

✈ár✐♦s ❛rt✐❣♦s✱ ♥❛ ✜❣✉r❛ ✷✼✱ ♥❛ s❡çã♦ ✸✳✽✮✱ r❡s✉❧t❛♥❞♦ ♥♦ ✢✉①♦ ❞❡ í♦♥s ❞❡ ❛❧tíss✐♠❛ ❡♥❡r❣✐❛

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

❡str❡❧❛✳ ❊♠ r❡❧❛çã♦ ❛ ✉♠ ♣✉❧s❛r✱ ❝✉❥♦s ❥❛t♦s ❝ô♥✐❝♦s ❝♦❧✐♠❛♠ ♣❛rtí❝✉❧❛s ❛ â♥❣✉❧♦s

∼ 1➦✱ ❛ ❡♠✐ssã♦ r❡s✉❧t❛♥t❡ ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ ♠♦♥♦♣ó❧♦ ❞✐✈✐❞✐❞♦ s❡ ❞á ❡♠ ✉♠ â♥❣✉❧♦

só❧✐❞♦ ♠✉✐t♦ ♠❛✐♦r✱ ❝♦❜r✐♥❞♦ ♠❛✐s r❡❣✐õ❡s ❞♦ ❝é✉✳ ❖ ❛✉t♦r t❛♠❜é♠ ❞❡♠♦♥str❛ q✉❡

t♦❞❛s ❛s ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛ ❡♥✈♦❧✈✐❞❛s ♥❛ ❡①♣❛♥sã♦ ❞♦ ❡♥✈❡❧♦♣❡ ❞❡ ✉♠❛ s✉♣❡r♥♦✈❛ sã♦

❞❡s♣r❡③í✈❡✐s q✉❛♥❞♦ ♦ ♥ú❝❧❡♦ r❡♠❛♥❡s❝❡♥t❡ ❞❛ ❡①♣❧♦sã♦ é ✉♠ ♠❛❣♥❡t❛r✳

✶✶✺



P❡❧❛ ❝♦♠♣❛r❛çã♦ ❞♦s ❞❛❞♦s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞✐s♣♦♥í✈❡✐s ❡♠ ✷✵✵✸ ❝♦♠ ♦ ♠♦❞❡❧♦

❡♠ q✉❡stã♦✱ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✸✹✱ ❆r♦♥s ♣r❡✈ê q✉❡ ❜✉rsts ❞❡ ♦♥❞❛s ❣r❛✈✐t❛❝✐♦♥❛✐s

❞❡✈❡♠ ❛♣❛r❡❝❡r ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❛ ✉♠ ❛✉♠❡♥t♦ ❞❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ❊❆❙ ❝♦♠ ❡♥❡r❣✐❛s

& 100 ❊❡❱✱ ❝✐t❛♥❞♦ q✉❡ ♦ Pr♦❥❡t♦ ❆✉❣❡r ❞❡✈❡ ♦❜s❡r✈❛r s✐t✉❛çõ❡s ❞❡ss❡ t✐♣♦ ❡♠ ✐♥t❡r✈❛❧♦s

❞❡ t❡♠♣♦ ❞❡ ♣♦✉❝♦s ❛♥♦s✳

❖ s❡❣✉♥❞♦ ❡✈❡♥t♦ ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ✉♠ ❜✉rst ❞❡ r❛✐♦s✲γ s❡❣✉✐❞♦ ❞❡ ✉♠ s✐♥❛❧ ❞❡✲

❝r❡s❝❡♥t❡ ❡ ♦s❝✐❧❛tór✐♦ ❞❡ r❛✐♦s✲❳ t❡✈❡ ♦r✐❣❡♠ ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♦❜s❡r✈❛❞♦ ❡♠

✷✼ ❞❡ ❛❣♦st♦ ❞❡ ✶✾✾✽✱ ❝♦♠ ✉♠ ✢✉①♦ ❡♥❡r❣ét✐❝♦ ❝♦♠♣❛rá✈❡❧ ❛♦ ✢✉①♦ ♦❜s❡r✈❛❞♦ ❞♦

❙●❘ 0525✲66✳ ❖ ♦❜❥❡t♦ ❛ss♦❝✐❛❞♦ à ❡①♣❧♦sã♦ ❢♦✐ ❝❤❛♠❛❞♦ ❞❡ ❙●❘ 1900 + 14✳ P♦ré♠✱

❡♠ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹✱ ♦ s❛té❧✐t❡ ■◆❚❊●❘❆▲✼✵ r❡❣✐str♦✉ ✉♠ ❜✉rst ❡①tr❛♦r❞✐♥ár✐♦✱

∼ 100 ✈❡③❡s ♠❛✐s ✐♥t❡♥s♦ ❞♦ q✉❡ ❛ ❡①♣❧♦sã♦ ♣r❡❞❡❝❡ss♦r❛✳ ❖✉tr❛s q✉❛tr♦ ♠✐ssõ❡s ❞❛

■P◆✸ ✭♥♦t❛✼✶✮✱ ❝♦♠ s♦♥❞❛s ❝❛♣❛③❡s ❞❡ ❞❡t❡❝t❛r r❛✐♦s✲γ ❡ ♥ê✉tr♦♥s ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s✱

r❡♣♦rt❛r❛♠ ♦ ❡✈❡♥t♦✳ ❚r✐❛♥❣✉❧❛çõ❡s ❛ ♣❛rt✐r ❞❡ss❡s ❞❛❞♦s r❡str✐♥❣✐r❛♠ ❛ ♣♦s✐çã♦ ❞♦

❝❧❛rã♦ ❛ ✉♠❛ r❡❣✐ã♦ ❛♥✉❧❛r ❡♠ t♦r♥♦ ❞❛ ❞✐r❡çã♦ ❞♦ ❙●❘ 1806− 20 ♦♥❞❡ ♥❡♥❤✉♠ ♦✉tr♦

❝❛♥❞✐❞❛t♦ à ❢♦♥t❡ é ❝♦♥❤❡❝✐❞♦✳ ❈❡r❝❛ ❞❡ 142 s ❛♥t❡s ❞❛ ❡①♣❧♦sã♦✱ ♦ ✢✉①♦ ❡♥❡r❣ét✐❝♦

❞❡ ✉♠ ♣✉❧s♦ ❝♦♠ t♦♣♦ ❛❝❤❛t❛❞♦✱ ❛tr✐❜✉í❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❜r❡♠sstr❛❤❧✉♥❣ tér♠✐❝♦ ❡♠

♣❧❛s♠❛s ❝♦♠ ♣❡q✉❡♥❛ ♣r♦❢✉♥❞✐❞❛❞❡ ót✐❝❛✼✷✱ ♣❡r♠✐t✐✉ q✉❡ s❡ ❝❛❧❝✉❧❛ss❡ ❛ ❞✐stâ♥❝✐❛ ❞♦

❜✉rst à ❚❡rr❛ ♥♦ ✐♥t❡r✈❛❧♦ 12− 15 ❦♣❝ ✭r❡❢✳ ❬✷✶✾❪✮✳ P♦✉❝♦ ♠❛✐s ❞❡ ✉♠ ❛♥♦ ❛♥t❡s✱ ♦ ✈❛❧♦r

15.1+1.8
−1.3 ❦♣❝ ❤❛✈✐❛ s✐❞♦ ❡st❛❜❡❧❡❝✐❞♦ ♣❛r❛ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❛ ❚❡rr❛ ❡ ♦ ❙●❘ 1806 − 20

✭r❡❢✳ ❬✷✷✵❪✮✳ ❊ss❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s ❛♣r❡s❡♥t❛ t♦❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠ ♠❛❣♥❡t❛r

❡ ❡stá ❧♦❝❛❧✐③❛❞❛ ♥❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s (l, b) ≈ (10➦,−0.24➦)✱ ♦✉ s❡❥❛✱ ❡❧❛ ♣❡rt❡♥❝❡

❛♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ✭r❡❢✳ ❬✷✷✶❪✮✳ ❆❧é♠ ❞✐ss♦✱ ❛ ♣❛rt✐r ❞♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ t❡rr❡str❡✱ ♦

❙●❘ 1806− 20 s✐t✉❛✲s❡ ❛trás ❞❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛✳

❆tr❛✈és ❞❡ ♠♦❞❡❧♦s ♣r♦♣♦st♦s ♣♦r ❚❤♦♠♣s♦♥ ❡ ❉✉♥❝❛♥✱ ❙❝❤✇❛rt③ ❡t ❛❧✳ ✭✷✵✵✺✱

r❡❢✳ ❬✷✷✷❪✮ r❡❧❛❝✐♦♥❛♠ ♦ ❡✈❡♥t♦ ❞❡ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹ ❛ ✉♠❛ ❢r❛t✉r❛ ♥❛ ❝r♦st❛ ❞♦

♠❛❣♥❡t❛r ❝♦♠ ∼ 5 ❦♠ ❞❡ ❡①t❡♥sã♦✳ ❆❧❣✉♥s ❛♥♦s ❛♥t❡s ❞❛ ❡①♣❧♦sã♦✱ ❛ r❡❣✐ã♦ ♦♥❞❡ ♦

❙●❘ 1806−20 ❡stá ❧♦❝❛❧✐③❛❞♦ ❤❛✈✐❛ s✐❞♦ ❛♥❛❧✐s❛❞❛ ♣♦r ❋✉❝❤s ❡t ❛❧✳ ✭✶✾✾✾✱ r❡❢✳ ❬✷✷✸❪✮ ❡♠

tr❛❜❛❧❤♦ t❛♠❜é♠ ❛ss✐♥❛❞♦ ♣❡❧♦ ❝❛s❛❧ ❈❡s❛rs❦②✱ ♥♦ q✉❛❧ ❡st❡ ❡ ♦s ♦✉tr♦s três ♠❛❣♥❡t❛r❡s
✼✵❉♦ ✐♥❣❧ês ■♥t❡r♥❛t✐♦♥❛❧ ●❛♠♠❛✲❘❛② ❆str♦♣❤②s✐❝s ▲❛❜♦r❛t♦r②✳
✼✶❙✐❣❧❛ ❡s❝♦❧❤✐❞❛ ❞♦ ✐♥❣❧ês ❚❤✐r❞ ■♥t❡r♣❧❛♥❡t❛r② ◆❡t✇♦r❦ ♣❛r❛ ♦ ♣r♦❥❡t♦ ❝♦♠♣♦st♦ ♣♦r ✉♠ ❣r✉♣♦ ❞❡

s♦♥❞❛s ✐♥t❡r♣❧❛♥❡tár✐❛s ❝✉❥♦ ✐♥t✉✐t♦ é ♠❡❞✐r ♣♦s✐çõ❡s ❞❡ ❣❛♠♠❛✲r❛② ❜✉rsts ✭●❘❇s✮✱ ♦✉ ❡①♣❧♦sõ❡s ❞❡
r❛✐♦s✲γ✱ ❛tr❛✈és ❞❡ tr✐❛♥❣✉❧❛çõ❡s✳

✼✷❊♠ ♣❧❛s♠❛s s✉✜❝✐❡♥t❡♠❡♥t❡ q✉❡♥t❡s✱ í♦♥s ❡ ❡❧étr♦♥s ❡♥❝♦♥tr❛♠✲s❡ ❡♠ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦✳ ◗✉❛♥❞♦
♣❛rtí❝✉❧❛s ❞❡ss❛s ❝♦♠♣♦♥❡♥t❡s s❡ ❛♣r♦①✐♠❛♠✱ ♦s ❡❧étr♦♥s✱ ❝♦♠ ♠❛ss❛ ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ ♦s í♦♥s✱
sã♦ ❛❝❡❧❡r❛❞♦s ♣❡❧❛ ❢♦rç❛ ❝♦✉❧♦♠❜✐❛♥❛ ♠út✉❛✱ ❡♠✐t✐♥❞♦ r❛✐♦s✲❳ ❡ s❡♥❞♦✱ ♣♦st❡r✐♦r♠❡♥t❡✱ ❢r❡❛❞♦s✳ ❙❡ ♦
♣❧❛s♠❛ ♣♦ss✉✐ ✉♠❛ ♣r♦❢✉♥❞✐❞❛❞❡ ót✐❝❛ ♣❡q✉❡♥❛✱ ❡ss❛ r❛❞✐❛çã♦ ❡s❝❛♣❛ ❞♦ ✈♦❧✉♠❡ s❡♠ ✐♥t❡r❛❣✐r ❝♦♠ ❛s
♣❛rtí❝✉❧❛s ❞♦ ❣ás ✐♦♥✐③❛❞♦✳

✶✶✻



❝♦♥❤❡❝✐❞♦s ❛té ❛ ❞❛t❛ ❞❛ ♣✉❜❧✐❝❛çã♦ sã♦ ❛ss♦❝✐❛❞♦s ❛ ❞✐✈❡rs♦s t✐♣♦s ❡st❡❧❛r❡s✱ ♥❡❜✉❧♦s❛s

❡ ♥✉✈❡♥s ❞❡ ❍■■✳ P♦✉❝♦s ♠❡s❡s ❛♥t❡s ❞♦ ❜✉rst✱ ❈♦r❜❡❧ ❡ ❊✐❦❡♥❜❡rr② ✭✷✵✵✹✱ r❡❢✳ ❬✷✷✵❪✮

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

❞❛ ♥❡❜✉❧♦s❛✼✸ ●10.0−0.3✱ ❛❧✐♠❡♥t❛❞❛ ♣❡❧♦ ✈❡♥t♦ ❞❛ ✈❛r✐á✈❡❧ ❛③✉❧ ❧✉♠✐♥♦s❛ ▲❇❱ 1806−
20✳ ❊ss❛ ❡str❡❧❛ é ♣r♦①✐♠❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛ ❛♦ s♦❢t ❣❛♠♠❛ r❡♣❡❛t❡r ❙●❘ 1806 − 20✱

s❡♥❞♦ ♦ ❝♦♥❥✉♥t♦ t♦❞♦ ♣❛rt❡ ❞❡ ✉♠ ❝♦♠♣❧❡①♦ ❣✐❣❛♥t❡ ❞❡ ❍■■ ❝❤❛♠❛❞♦ ❲31 ✭✉♠ ❞❡t❛❧❤❡

❞❛ ♥✉✈❡♠ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✸✺✮✳ ❈♦♠ ❡ss❡ tr❛❜❛❧❤♦✱ ❞❡s❝♦❜r✐✉✲s❡ q✉❡ t♦❞♦s ♦s

♠❛❣♥❡t❛r❡s ♦❜s❡r✈❛❞♦s ✭❛té ✷✵✵✹✮ ❡stã♦ ❛ss♦❝✐❛❞♦s ❛ r❡❣✐õ❡s ❝♦♠ ❢♦r♠❛çã♦ ❞❡ ❡str❡❧❛s

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

❋✐❣✉r❛ ✸✺✿ ■♠❛❣❡♠ ❡♠ ✐♥❢r❛✈❡r♠❡❧❤♦ ❞❛ r❡❣✐ã♦ ∼ 2′×2′ ❡♠ t♦r♥♦ ❞♦ ❝❡♥tr♦ ❞❛ ♥❡❜✉❧♦s❛
●10.0 − 0.3✱ ♥❛ q✉❛❧ ❛s ❧♦❝❛❧✐③❛çõ❡s ❞♦ ▲❇❱ 1806 − 20 ❡ ❞♦ ❙●❘ 1806 − 20 sã♦ ✐♥❞✐✲
❝❛❞❛s✳ ❆s ❝✉r✈❛s ❞❡ ❝♦♥t♦r♥♦ ❞❡ ❞❡♥s✐❞❛❞❡ ❞♦ ❍■■✱ s✉♣❡r♣♦st❛s à ✐♠❛❣❡♠✱ ❡✈✐❞❡♥❝✐❛♠ ❛
❡①t❡♥sã♦ ❡s♣❛❝✐❛❧ ❞♦ ❛❣❧♦♠❡r❛❞♦ ❞❡ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛ ❡♠ t♦r♥♦ ❞♦ ♠❛❣♥❡t❛r✳
❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✷✵❪✳

✹✳✹ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛

✼✸❊ss❡ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s ❛ss♦❝✐❛❞❛s ❛
s✉❛ ♣♦s✐çã♦✳ ◆♦t❡ ❛ ♣r♦①✐♠✐❞❛❞❡ ❛♥❣✉❧❛r ❝♦♠ ♦ ❙●❘ 1806− 20✱ ❝✉❥❛ ❧♦❝❛❧✐③❛çã♦ é ❞❛❞❛ ♥♦ ♣❛rá❣r❛❢♦
❛♥t❡r✐♦r✳

✶✶✼



❖ ❝♦♥❣❡❧❛♠❡♥t♦ ❞♦ ✢✉①♦ ♠❛❣♥ét✐❝♦ ♥♦ ♣❧❛s♠❛ ❡❥❡t❛❞♦ ❞❡ ❡str❡❧❛s ❡ ♦ ❛❝ú♠✉❧♦ ❞❡ss❡

♠❛t❡r✐❛❧ ❛♦ ❧♦♥❣♦ ❞♦s ❜r❛ç♦s ❡s♣✐r❛✐s ♣♦❞❡r✐❛♠ ❞❡✜♥✐r✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✱ ✉♠ ♣❛❞rã♦

❞❡ ❧❛r❣❛ ❡s❝❛❧❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡♠❡❧❤❛♥t❡ ❛♦ ♣❛❞rã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛

♥❛ ❣❛❧á①✐❛✱ ✉♠❛ ❤✐♣ót❡s❡ ✉s❛❞❛ ❡♠ ♠♦❞❡❧♦s t❡ór✐❝♦s ❛té ♦s ❛♥♦s ✶✾✼✵✳ ■r♦♥✐❝❛♠❡♥t❡✱

❛ t✉r❜✉❧ê♥❝✐❛ ❞♦ ♣❧❛s♠❛ q✉❡ ❢♦r♠❛ ♦s ❜r❛ç♦s ❞❛ ❱✐❛ ▲á❝t❡❛ ♣❛r❡❝❡ ❞❡str✉✐r q✉❛❧q✉❡r

❝♦❡rê♥❝✐❛ ❡s♣❛❝✐❛❧ ❞♦ ❝❛♠♣♦ r❡❣✉❧❛r ♥❡ss❛s r❡❣✐õ❡s❀ ♠❡s♠♦ ❛ss✐♠✱ s❡✉ ♣❛♣❡❧ é ❢✉♥❞❛✲

♠❡♥t❛❧ ♥❛ ❛✉t♦✲s✉st❡♥t❛❜✐❧✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦✱ ❛tr❛✈és ❞♦ ♠❡❝❛♥✐s♠♦

❞❡ ❞í♥❛♠♦✱ ❝♦♠♦ ❢♦✐ ❡①♣❧✐❝❛❞♦ ♥❛ s✉❜✲s❡çã♦ ✸✳✺✳

❙❡❥❛ ♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s✱ ♥♦ q✉❛❧ ✉♠❛ ♣♦s✐çã♦ é ❞❡✜♥✐❞❛ ♣♦r

~r = (ρ, ϕ, z)✳ ❆ss✉♠✐♥❞♦ q✉❡ ♦s ❝❛♠♣♦s ❣❛❧á❝t✐❝♦s ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ♣♦ss✉❛♠ ❛❧❣✉♠❛

s✐♠❡tr✐❛ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z ❞❛ ❣❛❧á①✐❛✼✹✱ ❊❧st♥❡r ❡t ❛❧✳ ✭✶✾✾✷✱ r❡❢✳ ❬✷✷✹❪✮ ❝♦♥s✐❞❡r❛r❛♠

❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r Ω = Ω (ρ, z) ❛ss♦❝✐❛❞❛ ❛ ✉♠❛ r❡❣✐ã♦ ❞❡ ♣❧❛s♠❛ t✉r❜✉❧❡♥t♦ ❝♦♠

✈❡❧♦❝✐❞❛❞❡ ~v = (Ωẑ)×~r ❡ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ σ = σ (ρ, z)✱ ✐♠♣❧✐❝❛♥❞♦ ♥❛ ❞✐❢✉s✐✈✐❞❛❞❡

♠❛❣♥ét✐❝❛ η = η (ρ, z)✱ ❡ ❡s❝r❡✈❡r❛♠ ♦ t❡♥s♦r ❞♦ ❡❢❡✐t♦ ✲α ♥❛ ❢♦r♠❛

α = α (ρ, z) =






α⊥ 0 0

0 α⊥ 0

0 0 α‖






❛ ✜♠ ❞❡ ♣r♦❝✉r❛r ♣♦r s♦❧✉çõ❡s ❡st❛❝✐♦♥ár✐❛s ❞❛ ❡q✉❛çã♦ ❞♦ ❞í♥❛♠♦ ✭❡q✉❛çã♦ ✭✹✾✮ ♥❛

s❡çã♦ ✸✳✺✮ ♠♦❞✉❧❛❞❛s ♣♦r ✉♠❛ ❢❛s❡✼✺ ❝♦♠ ❞❡♣❡♥❞ê♥❝✐❛ ❛③✐♠✉t❛❧ ❞♦ t✐♣♦ exp (mϕ)✱

♣❛r❛ m = 0, 1, 2, . . .✳ ❉❡✈✐❞♦ à ❣❡♦♠❡tr✐❛ ❞♦ ♣r♦❜❧❡♠❛✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ s✐♠❡tr✐❛ ❞❛s

❢✉♥çõ❡s Ω✱ σ ❡ α ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❞❛ ❣❛❧á①✐❛ ♣❡r♠✐t❡♠ q✉❡ ❛s s♦❧✉çõ❡s ❞❡s❝r❡✈❡♥❞♦

♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡❥❛♠ tr❛t❛❞❛s ♥♦s ♠♦❞♦s s✐♠étr✐❝♦ ❙m ✭α‖ = α⊥✮ ❡ ❛♥t✐ss✐♠étr✐❝♦

❆m ✭α‖ 6= α⊥✮✳ ❙❡ ❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

~B (ρ, ϕ, z) = Bρ (ρ, ϕ, z) ρ̂+Bϕ (ρ, ϕ, z) ϕ̂+Bz (ρ, ϕ, z) ẑ

é ✉♠❛ s♦❧✉çã♦ s✐♠étr✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❞❛ ❱✐❛ ▲á❝t❡❛ z = 0✱ ❡♥tã♦

~B (ρ, ϕ, z) = ~B (ρ, ϕ,−z)

❡ ❛ss✐♠ Bz (ρ, ϕ, z) = 0✳ ❖ ❝❛s♦ ♣❛rt✐❝✉❧❛r m = 1 ✐♠♣❧✐❝❛ ♥❛ ❝♦♥❥✉❣❛çã♦ ❡ r❡✢❡①ã♦ ❛①✐❛❧

~B (ρ, ϕ, z) = − ~B (ρ,−π + ϕ, z) ✱

✼✹❖ ❡✐①♦ ♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❝✉❥❛ ♦r✐❣❡♠ é ❝❡♥tr❛❞❛ ❡♠ ❙❣r ❆✯✳
✼✺❏✉♥t♦ à ❞❡✜♥✐çã♦ ❞❛ ✉♥✐❞❛❞❡ ✐♠❛❣✐♥ár✐❛  =

√
−1✳

✶✶✽



r❡s✉❧t❛♥❞♦ ❡♠ ✉♠ ❝❛♠♣♦ ❡str✉t✉r❛❞♦ ♥❛ ❢♦r♠❛ ❞❡ ❞♦✐s ❜r❛ç♦s ❡s♣✐r❛✐s✳ ❈❛s♦ ♦ ❝❛♠♣♦

s❡❥❛ ✉♠❛ s♦❧✉çã♦ ❛♥t✐ss✐♠étr✐❝❛✱

Bz (ρ, ϕ, z) = −Bz (ρ, ϕ,−z)

s❡♥❞♦ q✉❡✱ ♣❛rt✐❝✉❧❛r♠❡♥t❡✱ m = 0 ✐♠♣❧✐❝❛ ♥♦ ✈❛❧♦r ❞❛ ❝♦♠♣♦♥❡♥t❡ Bϕ (ρ, ϕ, z) = 0 ❡

♦ ❝❛♠♣♦ t❡♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠ ❞✐♣♦❧♦✳ ❆ ❞❡t❡r♠✐♥❛çã♦ ❞♦ s❡♥t✐❞♦ ❞❡ q✉❛❧q✉❡r

✉♠ ❞♦s ♠♦❞♦s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡♣❡♥❞❡ ❞❡ ♦❜s❡r✈❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s✳

❆ ✜❣✉r❛ ✸✻ ♠♦str❛ ❞♦✐s ❡①❡♠♣❧♦s ❞❛ ❣❡♦♠❡tr✐❛ ❡♥✈♦❧✈✐❞❛ ♥♦ ♠♦❞♦ s✐♠étr✐❝♦ ❙m✳

P❛r❛ m = 1✱ ❞♦✐s ❜r❛ç♦s ❞❡s❝r❡✈❡♠ ❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❉❛❞♦ ✉♠ ✈❛❧♦r

✜①♦ ❞❡ ϕ✱ ❝❛s♦ ❤❛❥❛ r❡✈❡rsã♦ ❞♦ s✐♥❛❧ ❞❡ ~B (ρ, ϕ, z) ❛♦ ❧♦♥❣♦ ❞❡ ρ✱ ❛ ❣❡♦♠❡tr✐❛ ❞♦

❝❛♠♣♦ é ❝❧❛ss✐✜❝❛❞❛ ❝♦♠♦ ✉♠❛ ❡s♣✐r❛❧ ❜✐ss✐♠étr✐❝❛ ✭♦✉ ❇❙❙✱ ❞♦ ✐♥❣❧ês ❜✐s②♠♠❡tr✐❝

s♣✐r❛❧✮✳ ❙❡ ♥ã♦ ❤♦✉✈❡r r❡✈❡rsã♦ ♥♦ ❝r✉③❛♠❡♥t♦ ❞❛ ❢r♦♥t❡✐r❛ ❡♥tr❡ ♦s ❜r❛ç♦s✱ ❛ ❝❧❛ss✐✜✲

❝❛çã♦ ❣❡♦♠étr✐❝❛ é ❞✐t❛ s✐♠♣❧❡s♠❡♥t❡ ✉♠❛ ❡s♣✐r❛❧ ❛①✐ss✐♠étr✐❝❛ ✭♦✉ ❆❙❙✱ ❞♦ ✐♥❣❧ês

❛①✐s②♠♠❡tr✐❝ s♣✐r❛❧✮✳ ❊①❡♠♣❧♦s ❞♦ ❝❛♠♣♦ ♥♦ ♠♦❞♦ ❛♥t✐ss✐♠étr✐❝♦ ❆m sã♦ ♠♦str❛❞♦s

♥❛ ✜❣✉r❛ ✸✼✳

◆❛ ❞✐r❡çã♦ z✱ ♦s ♠♦❞♦s ❛✐♥❞❛ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ s✐♠❡tr✐❛

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦ ✭r❡❢✳ ❬✾✸❪✮✳ ❙❡ ♦ ❝❛♠♣♦ é s✐♠étr✐❝♦

✭✲❙✮ s♦❜ ❛ tr❛♥s❢♦r♠❛çã♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ z → −z✱ ❛ ♣❛r✐❞❛❞❡ é ♣❛r ✭♦✉ q✉❛❞r✉♣♦❧❛r✮✱

♣♦❞❡♥❞♦ s❡r ❆❙❙✲❙ ✭❙0✮ ♦✉ ❇❙❙✲❙ ✭❙1✮✳ ❈❛s♦ ♦ ❝❛♠♣♦ s❡❥❛ ❛♥t✐ss✐♠étr✐❝♦ ✭✲❆✮ ❡♠

r❡❧❛çã♦ ❛ z = 0✱ ❛ ♣❛r✐❞❛❞❡ é í♠♣❛r ✭♦✉ ❞✐♣♦❧❛r✮✱ ❞✐✈✐❞✐♥❞♦✲s❡ ❡♠ ❆❙❙✲❆ ✭❆0✮ ❡

❇❙❙✲❆ ✭❆1✮✳

❖ r❡s✉❧t❛❞♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ ❞♦ tr❛❜❛❧❤♦ ❞♦ ❣r✉♣♦ ❞❡ ❊❧st♥❡r é ❝♦♥❝❧✉sã♦ ❞❡ q✉❡

❛ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✼✻ ❞♦s ♣❧❛s♠❛s ❛str♦❢ís✐❝♦s✱ ❝♦♠♦ ♦❝♦rr❡ ♥♦s ❞✐s❝♦s ❣❛❧á❝t✐❝♦s✱ ❢❛✲

✈♦r❡❝❡ ♦ ♠♦❞♦ ❙m✱ ❡♥q✉❛♥t♦ r❡❣✐õ❡s q✉❡ s❡ ❝♦♠♣♦rt❛♠ ❝♦♠♦ ✉♠ ❝♦r♣♦ rí❣✐❞♦✼✼✱ tí♣✐❝♦

❞❛s ♣❛rt❡s ✐♥t❡r♥❛s ❞❡ ❣❛❧á①✐❛s ✭❝♦♠♦ ♦ ❜♦❥♦✮✱ só ♣♦❞❡♠ ❣❡r❛r ♦ ♠♦❞♦ ❆m✳ ◆♦ ♠♦❞♦ ❛♥✲

t✐ss✐♠étr✐❝♦✱ α‖ > α⊥ r❡s✉❧t❛ ♥♦ ❡❢❡✐t♦ ✲α ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦ss✉✐ ✉♠❛ ❝♦♥✜❣✉r❛çã♦

❣❡♦♠étr✐❝❛ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ❞✐♣♦❧❛r✱ ❡①❛t❛♠❡♥t❡ ❝♦♠♦ ❡✈✐❞❡♥❝✐❛❞♦ ♣♦r ❨✉s❡❢✲❩❛❞❡❤

❡ ▼♦rr✐s ✭✶✾✽✼✱ r❡❢✳ ❬✷✷✺❪✮ ❛tr❛✈és ❞❡ ✐♠❛❣❡♥s ❞❡ ❡str✉t✉r❛s ❛❧♦♥❣❛❞❛s ♥❛ r❡❣✐ã♦ ❞❡

❙❣r ❆✯ ❛ ♣❛rt✐r ❞❡ ♦♥❞❛s ❞❡ rá❞✐♦❀ ♣♦st❡r✐♦r♠❡♥t❡✱ ❨✉s❡❢✲❩❛❞❡❤ ❡t ❛❧✳ ✭✶✾✾✻✱ r❡❢✳ ❬✷✷✻❪✮

❡st✐♠❛r❛♠ ✉♠ ❝❛♠♣♦ ❡♥tr❡ (−4± 0.3) ♠● ❡ (3.7± 0.1) ♠● ❞❛s ♦❜s❡r✈❛çõ❡s ❞❡ ✉♠

♠❛s❡r ♥❡ss❛ ♠❡s♠❛ r❡❣✐ã♦✳ ❍❛♥ ❡t ❛❧✳ ✭✶✾✾✼✱ r❡❢✳ ❬✷✷✼❪✮✱ ✉s❛♥❞♦ ♠❡❞✐❞❛s ❞❡ r♦t❛çã♦ ❞❡

❢♦♥t❡s ❡①tr❛❣❛❧á❝t✐❝❛s✱ ❡♥❝♦♥tr❛♠ ✈ár✐❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♥t✐✲
✼✻P♦r r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡♥t❡♥❞❡✲s❡ q✉❡ ∂Ω (ρ, z) /∂ρ 6= 0 ❡♠ ✉♠❛ ❞❛❞❛ r❡❣✐ã♦✳
✼✼❆ r♦t❛çã♦ rí❣✐❞❛ s✐❣♥✐✜❝❛ q✉❡ Ω (ρ, z) = ✏❝♦♥st❛♥t❡✑ ❡♠ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ r❡❣✐ã♦✳

✶✶✾



❋✐❣✉r❛ ✸✻✿ ❊①❡♠♣❧♦s ❞♦ ♠♦❞♦ s✐♠étr✐❝♦ ♣❛r❛ m = 0 ❡ m = 1✱ s❡❣✉♥❞♦ ♦ ♠♦❞❡❧♦ ❞♦
❣r✉♣♦ ❞❡ ❊❧st♥❡r✳ P❛r❛ m = 1✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ❝❤❛♠❛❞♦ ❜✐ss✐♠étr✐❝♦✳ ❖ â♥❣✉❧♦
i é ♦ â♥❣✉❧♦ ❞❡ ✈✐s❛❞❛ ❝♦♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z✳ ❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✷✹❪✳

ss✐♠étr✐❝♦ ♣❡r♠❡❛♥❞♦ ♦ ❤❛❧♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❡✱ ❝✐t❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ❞❡ ❨✉s❡❢✲❩❛❞❡❤ ❡

▼♦rr✐s✱ ♣r♦♣✉s❡r❛♠ q✉❡ ❡❧❡ t❡♠ ♦r✐❣❡♠ ♥♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✳ ■♠❛❣❡♥s ❞❡ ❛❧t❛ r❡s♦❧✉çã♦

♣r♦❞✉③✐❞❛s ♣♦r ◆♦✈❛❦ ❡t ❛❧✳ ✭✶✾✾✼✱ r❡❢✳ ❬✷✷✽❪✮✱ ❝♦♠ ❜❛s❡ ♥♦ ❝♦♥tí♥✉♦ ❞❡ rá❞✐♦✱ ♣❡r♠✐t✐✲

r❛♠ ❛ ♦❜s❡r✈❛çã♦ ❞✐r❡t❛ ❞❡ ✜❧❛♠❡♥t♦s ❞❡ ❣ás ♠♦❧❡❝✉❧❛r ❝♦♠ ✉♠❛ ✐❧✉♠✐♥❛çã♦ ✐♥trí♥s❡❝❛

♥ã♦✲tér♠✐❝❛ ♥♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦✱ ❝✉❥❛ ❡①♣❧✐❝❛çã♦ ♠❛✐s s✐♠♣❧❡s✱ s❡❣✉♥❞♦ ❡❧❡s✱ é q✉❡ ❡s✲

s❛s ❡str✉t✉r❛s sã♦ s✉st❡♥t❛❞❛s ♣❡r♣❡♥❞✐❝✉❧❛r♠❡♥t❡ ❛♦ ♣❧❛♥♦ ♣♦r ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

♣✉r❛♠❡♥t❡ ❞✐♣♦❧❛r✳ ❊♠ ✉♠❛ r❡✈✐sã♦ ❛ r❡s♣❡✐t♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❆0 ❞♦ ❝❛♠♣♦ ❞❡ ❣r❛♥❞❡

❡s❝❛❧❛✱ ❍❛♥ ✭✷✵✵✶✱ r❡❢✳ ❬✷✷✾❪✮ ♣r❡❞✐③ q✉❡ ♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❛♣♦♥t❛

❞♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦ ♣❛r❛ ♦ s✉❧✱ ❜❛s❡❛♥❞♦✲s❡ ♥❛ ♦❜s❡r✈❛çã♦ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ✈❡rt✐❝❛❧

r❡s✐❞✉❛❧ ❞❡ ❝❛♠♣♦ ∼ 0.2 µ● ♥❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✱ ❞❡♣♦✐s q✉❡ ♣❡rt✉r❜❛çõ❡s

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

◆♦ ❝❛s♦ ❞❛ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ α‖ = α⊥ tr❛♥s❢♦r♠❛ ♦ t❡♥s♦r α ❡♠ ✉♠❛ q✉❛♥t✐❞❛❞❡

❡s❝❛❧❛r ♥❛ ❡q✉❛çã♦ ❞♦ ❞í♥❛♠♦ ❡ ♦ ❡❢❡✐t♦ ✲Ω s❡ ❡st❛❜❡❧❡❝❡ ♥❛ r❡❣✐ã♦✳ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

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

q✉❡ s❡ tr❛❞✉③✱ ♥♦ ❝❛s♦ ❞❛s ❣❛❧á①✐❛s✱ ♣❛r❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ ❧♦♥❣✐t✉❞❡ ❣❛❧á❝t✐❝❛✳

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

✶✷✵



❋✐❣✉r❛ ✸✼✿ ❊①❡♠♣❧♦s ❞♦ ♠♦❞♦ ❛♥t✐ss✐♠étr✐❝♦ ♣❛r❛ m = 0 ❡ m = 1✱ s❡❣✉♥❞♦ ♦ ♠♦❞❡❧♦
❞♦ ❣r✉♣♦ ❞❡ ❊❧st♥❡r✳ P❛r❛ m = 0✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ❝❤❛♠❛❞♦ ❛①✐ss✐♠étr✐❝♦✳ ❖
â♥❣✉❧♦ i é ♦ â♥❣✉❧♦ ❞❡ ✈✐s❛❞❛ ❝♦♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z✳ ❋✐❣✉r❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷✷✹❪✳

✈❛❧♦r❡s ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♥ã♦ ❡stã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s à ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛✿ ❛

❡q✉❛çã♦ ❞♦ ❞í♥❛♠♦ ♥ã♦ ❝♦♥s✐❞❡r❛ ❞❡♥s✐❞❛❞❡s✱ ❛♣❡♥❛s ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡❧étr✐❝❛ ❞♦ ♠❡✐♦✳

P♦r ❡ss❡ ♠♦t✐✈♦✱ é ❝♦♠✉♠ q✉❡ ♦s ❜r❛ç♦s ♠❛❣♥ét✐❝♦s ✭❝❛r❛❝t❡ríst✐❝♦s ❞♦ ♠♦❞♦ ❙m ♣❛r❛

m > 1✮ ❞❡ ❣❛❧á①✐❛s ❡s♣✐r❛✐s ♥ã♦ s✐❣❛♠ ❛ ❞❡♥s✐❞❛❞❡ ❞♦s ❜r❛ç♦s ❞❡ ♠❛tér✐❛✱ ❝♦♠♦ ♦❝♦rr❡

♥❛ ❱✐❛ ▲á❝t❡❛ ✭✈❡❥❛ ❛ ✜❣✉r❛ ✸✽✮✳

❖✉tr♦ ❢❛t♦r ✐♠♣♦rt❛♥t❡ é ♦ ♠♦✈✐♠❡♥t♦ t✉r❜✉❧❡♥t♦ ❞♦ ❣ás✱ q✉❡ ♦❝♦rr❡ ❡♠ ❡s❝❛❧❛s

6 102 ♣❝ ♥❛ ❱✐❛ ▲á❝t❡❛ ❡ ❝♦♥❢❡r❡ ❤❡❧✐❝✐❞❛❞❡ ❛♦ ♣❧❛s♠❛✳ ❙❡♠ ❛ t✉r❜✉❧ê♥❝✐❛✱ ♦ ❝❛♠♣♦

r❡s✉❧t❛♥t❡ s❡r✐❛ ❡①tr❡♠❛♠❡♥t❡ ❡s♣✐r❛❧❛❞♦✼✽✳ ❙♦❢✉❡ ❡t ❛❧✳ ✭✶✾✽✻✱ r❡❢✳ ❬✷✸✵❪✮✱ q✉❡ ❥á ❤❛✈✐❛♠

♦❜t✐❞♦ ❡ss❛s s♦❧✉çõ❡s✱ ❛❝r❡❞✐t❛♠ q✉❡ ❛ ♦r✐❣❡♠ ❞♦ ❝❛♠♣♦ ❞❛ ♥♦ss❛ ❣❛❧á①✐❛ é ♣r✐♠♦r❞✐❛❧✱

✉♠❛ ❤✐♣ót❡s❡ ❜❛s❡❛❞❛ ♥❛ ✐❞é✐❛ ❞❡ q✉❡ ✉♠ ❝❛♠♣♦ ♦r❞❡♥❛❞♦ ❡①tr❛❣❛❧á❝t✐❝♦ ❢♦✐ ❝❛♣t✉r❛❞♦

♥❛ ❢❛s❡ ♣r♦t♦❣❛❧á❝t✐❝❛✱ ❝♦♥tr❛í❞♦✱ t♦r❝✐❞♦ ♣❡❧❛ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ♣❛r❛ ❢♦r♠❛r ✉♠❛

❡str✉t✉r❛ ❡s♣✐r❛❧ ❜✐ss✐♠étr✐❝❛ ❡ s✉st❡♥t❛❞♦ ❛té ❤♦❥❡ ♣❡❧♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦✳ ❚❛♥t♦

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

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

t❡♠♣♦ ❞❡ s❛t✉r❛çã♦ ❞❡ss❡ ❝❛♠♣♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ú❧t✐♠♦ ❣r✉♣♦✱ ❞❡♠♦♥str❛♥❞♦ q✉❡
✼✽◆♦ s❡♥t✐❞♦ ❞❡ q✉❡ t❡r✐❛ ✉♠ â♥❣✉❧♦ ❞❡ ♣❛ss♦ p ≪ 1➦✱ ❞❡✜♥✐❞♦ ♥❛ ♣ró①✐♠❛ s✉❜✲s❡çã♦✳

✶✷✶



♠♦❞♦s ❞✐❢❡r❡♥t❡s ♣♦❞❡♠ ❝♦❡①✐st✐r✳ ■ss♦ é✱ ❞❡ ❢❛t♦✱ ♦ q✉❡ ❛❝♦♥t❡❝❡ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ♦♥❞❡

♦s ♠♦❞♦s ❆0 ❡ ❙1 sã♦ ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ ❡①❝✐t❛❞♦s ✭r❡❢✳ ❬✾✸❪✮✳

❖ ❝❛♠♣♦ t♦t❛❧ ♥♦ ❞✐s❝♦ ♣♦ss✉✐ ✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ♠é❞✐❛ ∼ 103 ✈❡③❡s ♠❡♥♦r ❞♦ q✉❡

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

❝♦♠ ✐♥t❡♥s✐❞❛❞❡s ❞❛ ♠❡s♠❛ ♦r❞❡♠❀ ❆❧✈❛r❡③✲▼✉ñ✐③✱ ❊♥❣❡❧ ❡ ❙t❛♥❡✈ ✭✷✵✵✷✱ r❡❢✳ ❬✷✸✶❪✮

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

❝♦♠ ❜❛s❡ ♥❛ ❧✐t❡r❛t✉r❛✱ ✉t✐❧✐③❛♠ ♦ ✐♥t❡r✈❛❧♦ Bturb (~r) = [0.5, 2] × Breg (~r)✳ ❇❡❝❦ ✭✷✵✵✶✱

r❡❢✳ ❬✽✷❪✮ ❞❡r✐✈❛ (6± 2) µ● ♣❛r❛ ♦ ❝❛♠♣♦ t♦t❛❧ ❧♦❝❛❧✱ ♦✉ s❡❥❛✱ ♥❛ r❡❣✐ã♦ ❞♦ ❙✐st❡♠❛

❙♦❧❛r✱ ❛tr❛✈és ❞❡ ♠❡❞✐❞❛s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ r❛❞✐❛çã♦ sí♥❝r♦tr♦♥ ❞❡ rá❞✐♦ ❡ ❛ss✉♠✐♥❞♦ ❛

❡q✉✐♣❛rt✐çã♦ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s✱ ✉♠ ✈❛❧♦r s✉♣❡r❡st✐✲

♠❛❞♦ ❡♠ ∼ 40% ♣♦r ❝❛✉s❛ ❞❛s ✢✉t✉❛çõ❡s δB/ 〈B〉 ≈ 1✳ ❆✐♥❞❛ ♥❡ss❡ tr❛❜❛❧❤♦✱ ♦ ❝❛♠♣♦

r❡❣✉❧❛r ❧♦❝❛❧ é ❡st✐♠❛❞♦ ❡♠ (4± 1) µ● ♣❡❧❛ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s ❞❡ r❛❞✐❛çã♦ sí♥❝r♦tr♦♥

ót✐❝❛ ❡ (1.4± 0.2) µ● ♣♦r ♠❡❞✐❞❛s ❞❡ r♦t❛çã♦ ❞❡ ♣✉❧s❛r❡s✳ ❇❡❝❦ ♥♦t❛ q✉❡ ❛♣❡s❛r ❞♦

❙✐st❡♠❛ ❙♦❧❛r ❡st❛r ❧♦❝❛❧✐③❛❞♦ ❡♥tr❡ ❞♦✐s ❜r❛ç♦s ❞❡ ♠❛tér✐❛ ❞❛ ❣❛❧á①✐❛✱ ♦ ❝❛♠♣♦ r❡❣✉❧❛r

❧♦❝❛❧ ❢❛③ ♣❛rt❡ ❞❡ ✉♠ ❜r❛ç♦ ♠❛❣♥ét✐❝♦ ✭✈❡❥❛ ✜❣✉r❛ ✸✽✮✳ ◆❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ❙t❛♥❡✈✱

q✉❡ s❡rá ❛♣r❡s❡♥t❛❞❛ ♥❛ s✉❜✲s❡çã♦ ❛ s❡❣✉✐r✱ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦

♥❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r é 1.5 µ●❀ ❛s s♦♥❞❛s ❱♦②❛❣❡r ✶ ❡ ❱♦②❛❣❡r ✷✱ ❧❛♥ç❛❞❛s ❡♠

✶✾✼✼✱ r❡❛❧✐③❛r❛♠ ❛ ♣r✐♠❡✐r❛ ♠❡❞✐çã♦ ❞✐r❡t❛ ❞♦ ❝❛♠♣♦ ✐♥t❡r❡st❡❧❛r s❡♠ ❛ ✐♥✢✉ê♥❝✐❛ ❞♦

✈❡♥t♦ s♦❧❛r✱ ✷✾ ❛♥♦s ♠❛✐s t❛r❞❡✱ ♦❜t❡♥❞♦ ∼ 2 µ● ✭✷✵✵✻✱ r❡❢✳ ❬✷✸✷❪✮✳

❆ ❤✐♣ót❡s❡ ♠❛✐s ♣❧❛✉sí✈❡❧ ❛ r❡s♣❡✐t♦ ❞❡ ❝♦♠♦ ♦❝♦rr❡ ❛ tr❛♥s✐çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣✲

♥ét✐❝♦ ❡♥tr❡ ❛s r❡❣✐õ❡s ❞♦ ❜♦❥♦ ❡ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ é ❛tr❛✈és ❞❛ t♦rçã♦ ❞❛s ❧✐♥❤❛s

❞❡ ❝❛♠♣♦ ♥♦ ♣r♦❝❡ss♦ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❞í♥❛♠♦ s❡❣✉♥❞♦ ❛ ❛çã♦ α ✲Ω✱ ♦♥❞❡ ❝❛♠♣♦s

t♦r♦✐❞❛✐s sã♦ tr❛♥s❢♦r♠❛❞♦s ❡♠ ❞✐♣♦❧❛r❡s ❡ ✈✐❝❡✲✈❡rs❛✱ ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❡♥tr❡ t✉r❜✉❧ê♥✲

❝✐❛ ❡ r♦t❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ✉♠ ❣ás ✐♦♥✐③❛❞♦ ✭❝♦♠♦ ❢♦✐ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✺✮✳ P♦r

✐ss♦✱ ♥❡st❛ t❡s❡✱ ❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ❡♠ ρ = 4 ❦♣❝ ♥ã♦ ❢♦✐ r❡t✐r❛❞❛ s♦❜ ♦ ❛r❣✉✲

♠❡♥t♦ ❞❡ q✉❡ ♦s ✈❛❧♦r❡s ❞❛❞♦s ♣❡❧❛s ♣❛r❛♠❡tr✐③❛çõ❡s ♥❡ss❛ ❢r♦♥t❡✐r❛ ♣♦ss✉❡♠ ♠❡s♠❛

♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛✱ ❞❡ ♠♦❞♦ q✉❡ ✐ss♦ ♥ã♦ ❝♦♠♣r♦♠❡t❡ ❛ r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s

❞❡ ♣❛rtí❝✉❧❛s ♣❡❧❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✳
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❋✐❣✉r❛ ✸✽✿ ❙♦❜r❡♣♦s✐çã♦ ❞♦s ♠♦❞❡❧♦s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❇❙❙ ❞❛ ❱✐❛ ▲á❝t❡❛ ❡ ❞♦s
❝✐♥❝♦ ❜r❛ç♦s✳ ❖ ✐♥t❡r❜r❛ç♦ ❞❡ Ór✐♦♥ ❛♣❛r❡❝❡ ♥❛ ❝♦r ✈✐♦❧❡t❛ ❡ é ❛ ❡str✉t✉r❛ ❝♦♠ ❡s❝❛❧❛
❞❡ ❝♦♠♣r✐♠❡♥t♦ ❣❛❧á❝t✐❝❛ ♠❛✐s ♣ró①✐♠❛ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r✳ ❖s ❜r❛ç♦s ❝♦♠♣❧❡t♦s sã♦
P❡rs❡✉ ✭❡♠ ✈❡r❞❡✮✱ ❙❛❣✐tár✐♦ ✭❡♠ ❧❛r❛♥❥❛✮✱ ❈❡♥t❛✉r♦ ✭❡♠ ❛③✉❧✮ ❡ ◆♦r♠❛ ✭❡♠ ✈❡r♠❡❧❤♦✮✳
❚♦❞❛s ❛s ❡str✉t✉r❛s ❡stã♦ ❣r❛✜❝❛❞❛s ❡♠ ❡s❝❛❧❛✳

✹✳✹✳✶ ❖ ❝❛♠♣♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛

❖ ♠♦❞❡❧♦ ❛❞♦t❛❞♦ ♥❡st❛ t❡s❡ ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ é ♦ ❞❡

❙t❛♥❡✈ ✭✶✾✾✼✱ r❡❢✳ ❬✷✸✸❪✮✱ ❜❛s❡❛❞♦ ❡♠ ✉♠❛ r❡✈✐sã♦ ❡①t❡♥s❛ ❞❡ ♣❛râ♠❡tr♦s ❞❡r✐✈❛❞♦s ❛

♣❛rt✐r ❞❡ ♠❡❞✐❞❛s ❞❡ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② ❞❡ ♣✉❧s❛r❡s ♣♦r ❇❡❝❦ ❡t ❛❧✳ ✭✶✾✾✻✱ r❡❢✳ ❬✾✸❪✮✳ ❖

❝❛♠♣♦ é ❝♦♥✜❣✉r❛❞♦ ♥♦ ♠♦❞♦ ❙1✱ ❡ ♣♦rt❛♥t♦ s✉❛s s✐♠❡tr✐❛s sã♦ ❝❧❛ss✐✜❝❛❞❛s ❝♦♠♦ ❇❙❙✲

❙ ✭❡s♣✐r❛❧ ❜✐ss✐♠étr✐❝❛ ❝♦♠ ♣❛r✐❞❛❞❡ ♣❛r✮ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❡✈✐❞ê♥❝✐❛s ♠❛✐s r❡❝❡♥t❡s

✭✷✵✵✶✱ r❡❢✳ ❬✷✷✾❪✮✳ ◆♦ r❡❢❡r❡♥❝✐❛❧ ❞❡ ❙❣r ❆✯✱ ♦ ♠ó❞✉❧♦ ❞♦ ❝❛♠♣♦ é r❡♣r❡s❡♥t❛❞♦ ❡♠

❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s ❝♦♠♦

✶✷✸



B (ρ, ϕ, z) = f (z)B (ρ, ϕ) , ✭✻✺✮

♦♥❞❡

f (z) =







exp
(

−1
2

∣
∣
∣
z
z0

∣
∣
∣

)

s❡ |z| 6 z0

exp
(
−3

8

)
exp

(

−1
8

∣
∣
∣
z
z0

∣
∣
∣

)

s❡ |z| > z0
✭✻✻✮

r❡♣r❡s❡♥t❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❤❛❧♦ ❞❛ ❣❛❧á①✐❛✳ ❆ ♣❛rt❡ r❛❞✐❛❧ é ❞❛❞❛ ♣♦r

B (ρ, ϕ) = B0 (ρ) cos

[

ϕ− β ln

(
ρ

ρ0

)]

, ✭✻✼✮

s❡♥❞♦

B0 (ρ) = B0
R

ρ
. ✭✻✽✮

❆s ❝♦♥st❛♥t❡s sã♦ ❡①♣❡r✐♠❡♥t❛✐s ❡ ✈❛❧❡♠ z0 = 0.5 ❦♣❝ ✭❛❧t✉r❛ ❞❡ ❡s❝❛❧❛ ❞♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦✮✱ B0 = 4.4 µ●✱ R = 8.5 ❦♣❝ ✭❞✐stâ♥❝✐❛ ❙♦❧ ✲ ❈❡♥tr♦ ●❛❧á❝t✐❝♦✮✱ ρ0 =

10.55 ❦♣❝ ✭❞✐stâ♥❝✐❛ ❣❛❧❛❝t♦❝ê♥tr✐❝❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♠á①✐♠❛ ❞♦ ❝❛♠♣♦ ❡♠ l = 0➦✮ ❡

β = cot (p)✱ ♦♥❞❡ p é ♦ â♥❣✉❧♦ ❞❡ ♣❛ss♦✼✾ ❡ ✈❛❧❡ −10➦✳

P♦r ✜♠✱ ♦ ❝❛♠♣♦ é ❡s❝r✐t♦ ❝♦♠♦

~B (ρ, ϕ, z) = B (ρ, ϕ, z) [ρ̂ sin p+ ϕ̂ cos p] ✭✻✾✮

❡ ❞❡✜♥✐❞♦ ♥❛ r❡❣✐ã♦ 4 ❦♣❝ 6 ρ < 20 ❦♣❝ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦✲z✳ ❙❡ ρ > 20 ❦♣❝✱ ♦ ❝❛♠♣♦

é ❝♦♥s✐❞❡r❛❞♦ ♥✉❧♦✳
✼✾❖✉ â♥❣✉❧♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ✉♠❛ ❡s♣✐r❛❧✱ ❡♠ r❡❧❛çã♦ à t❛♥❣❡♥t❡ ❛ ✉♠ ❝ír❝✉❧♦ ♥❛q✉❡❧❡ ♣♦♥t♦✳

✶✷✹
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❋✐❣✉r❛ ✸✾✿ ❘❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ♦
❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ✭z = 0✮✳ ❖ ❛♥❡❧ ♣r❡t♦ s♦❜r❡ ♦ ❡✐①♦✲x ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛
❙♦❧❛r✳

✹✳✹✳✷ ❖ ❝❛♠♣♦ ♥♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛

P❛r❛ ♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❢♦✐ ❛❞♦t❛❞♦ ♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛ ✭✷✵✵✸✱ r❡❢✳ ❬✷✸✹❪✮✱

q✉❡ ✉s❛ ❛s ❡st✐♠❛t✐✈❛s ❞♦ ♠♦♠❡♥t♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛ ❞❛❞❛s ♣♦r ❍❛♥ ✭✷✵✵✶✱ r❡❢✳ ❬✷✷✾❪✮✳

❆ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❝❛♠♣♦ é ❝♦rr❡s♣♦♥❞❡ ❛♦ ♠♦❞♦ ❆0✱ ♦✉ s❡❥❛✱ s✉❛ ❝❧❛ss✐✜❝❛çã♦ s❡❣✉♥❞♦

❛s s✐♠❡tr✐❛s é ❞❛❞❛ ♣♦r ❆❙❙✲❆ ✭❡s♣✐r❛❧ ❛①✐ss✐♠étr✐❝❛ ❝♦♠ ♣❛r✐❞❛❞❡ í♠♣❛r✮✳ ◆♦ r❡❢❡r❡♥✲

❝✐❛❧ ❞❡ ❙❣r ❆✯✱ ❛s ❝♦♠♣♦♥❡♥t❡s ❝❛rt❡s✐❛♥❛s ❞♦ ❝❛♠♣♦ sã♦ r❡♣r❡s❡♥t❛❞❛s ❡♠ ❝♦♦r❞❡♥❛❞❛s

❡s❢ér✐❝❛s ❝♦♠♦

~B (r, ϕ, θ) =
µG

r3

(

2 r̂ cos θ + θ̂ sin θ
)

✱

✶✷✺



♦♥❞❡ µG = −184.2 µ● ❦♣❝3 é ♦ ♠♦♠❡♥t♦ ❞❡ ❞✐♣♦❧♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛✳ ❖ ❝❛♠♣♦

❞❡✜♥✐❞♦ ❛❝✐♠❛ ✈❛❧❡ ♣❛r❛ ❛ r❡❣✐ã♦ ρ < 4 ❦♣❝✳

❆❧❣✉♥s ❛✉t♦r❡s ❡①tr❛♣♦❧❛♠ ❞♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ✭s✉❜✲s❡çã♦ ✹✳✹✳✶✮ ♣❛r❛ ❞❡t❡r♠✐✲

♥❛r ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛ ❡♠ r❡❣✐õ❡s ♣ró①✐♠❛s ❛ ρ = 4 ❦♣❝✱ ♠❛♥✲

t❡♥❞♦ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✻✾✮ ♠❛s ❝♦♥s✐❞❡r❛♥❞♦ ♦ ✈❛❧♦r ❞❛ ❡♥✈♦❧tór✐❛

B0 (ρ) = B0 (4 ❦♣❝) ❝♦♥st❛♥t❡ ♥❛ r❡❣✐ã♦ ρ < 4 ❦♣❝✳
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4.36

❋✐❣✉r❛ ✹✵✿ ▼♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛ ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛
❱✐❛ ▲á❝t❡❛✳ ◆♦t❡ q✉❡ ❛ ❡s❝❛❧❛ ❞❡ ✐♥t❡♥s✐❞❛❞❡ é ❧♦❣❛rít♠✐❝❛✳

✹✳✹✳✸ ❖ ❝❛♠♣♦ t♦t❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛

❆ ✐♥t❡♥çã♦ ❞❡st❛ ♣❛rt❡ é ❛ ❢❛♠✐❧✐❛r✐③❛çã♦ ✈✐s✉❛❧ ❝♦♠ ❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❛♣r❡s❡♥t❛❞❛s

♥❛s s✉❜✲s❡çõ❡s ✹✳✹✳✶ ❡ ✹✳✹✳✷✳ ◆♦ ❝❛♣ít✉❧♦ ✻✱ s❡rã♦ ♠♦str❛❞♦s ❝❛s♦s ♦♥❞❡ ❛s tr❛❥❡tór✐❛s ❞❡

r❛✐♦s ❝ós♠✐❝♦s sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♣❡❧♦ ❝❛♠♣♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱

❛ss✐♠ ❝♦♠♦✱ ❡♠ ♦✉tr❛s s✐t✉❛çõ❡s✱ ♣❛rtí❝✉❧❛s sã♦ ❞❡✢❡t✐❞❛s q✉❛s❡ t♦t❛❧♠❡♥t❡ ♣❡❧♦ ❝❛♠♣♦

♥♦ ❜♦❥♦✳ ❖ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❱✐❛ ▲á❝t❡❛

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

❝❡❧❡st❡s ❞❛ ❝❤❡❣❛❞❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳
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❋✐❣✉r❛ ✹✸✿ ❱✐st❛ ❡♠ ♣❡rs♣❡❝t✐✈❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❱✐❛ ▲á❝t❡❛ ♥♦s ✐♥t❡r✲
✈❛❧♦s −9 6 x❦♣❝ 6 9✱ −9 6 y❦♣❝ 6 9 ❡ −3 6 z❦♣❝ 6 3✳
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✺ ❆ té❝♥✐❝❛ ❞❡ ❜❛❝❦tr❛❝❦✐♥❣

✺✳✶ ▼ét♦❞♦

❙❡❥❛ ✉♠❛ ♣❛rtí❝✉❧❛ r❡❧❛t✐✈íst✐❝❛ ❝♦♠ ♠❛ss❛ m✱ ❝❛r❣❛ q ❡ ✈❡❧♦❝✐❞❛❞❡ ~v✱ ❧♦❝❛❧✐③❛❞❛ ♥❛

♣♦s✐çã♦ ~r✱ s✉❥❡✐t❛ ❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ~B (~r)✳ ❙✉❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ é ❞❡t❡r♠✐✲

♥❛❞❛ ♣❡❧❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③

d

dt
(γm~v) = q

[

~v × ~B (~r)
]

✭✼✵✮

q✉❡✱ ❡♠ ❣❡r❛❧✱ ♥ã♦ ♣♦ss✉✐ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛✳ ❆♣❡s❛r ❞❡ γ = γ (t)✱ ♥♦t❡ q✉❡ dγ/dt ∝
~v · (d~v/dt) = 0✱ ❥á q✉❡ ❛ ❢♦rç❛ ❛ss♦❝✐❛❞❛ ❛♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥ã♦ r❡❛❧✐③❛ tr❛❜❛❧❤♦✳

◆✉♠❡r✐❝❛♠❡♥t❡✱ é ♣♦ssí✈❡❧ ❡s❝r❡✈❡r

∆~vj ≈
q

γm

[

~vj−1 × ~B (~rj−1)
]

∆tj−1

❞❡s❞❡ q✉❡ ♦s ✐♥t❡r✈❛❧♦s ❞❡ ❞✐s❝r❡t✐③❛çã♦ t❡♠♣♦r❛❧ s❡❥❛♠ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣❡q✉❡♥♦s✳ ❆

té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❞❡ ❛♥t✐♣❛rtí❝✉❧❛ ❝♦♥s✐st❡ ❡♠ r❡❝♦♥str✉✐r tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s

❛ ♣❛rt✐r ❞❡ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✱ ♦❜s❡r✈❛♥❞♦ q✉❡ ❛ ❡q✉❛çã♦ ❞❡ ♠♦✈✐♠❡♥t♦ é ✐♥✈❛r✐❛♥t❡ s♦❜

❛ ❛♣❧✐❝❛çã♦ s✐♠✉❧tâ♥❡❛ ❞❛s tr❛♥s❢♦r♠❛çõ❡s q → −q ❡ ~v → −~v ❡♠ ✭✼✵✮✳

❈♦♥s✐❞❡r❡ ✉♠ ♥ú❝❧❡♦ ❞❡ ♥ú♠❡r♦ ❛tô♠✐❝♦ Z ❝♦♠ ❡♥❡r❣✐❛ & 1 ❊❡❱ ❡ s❡❥❛ ~β = ~v/c

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

❡s❝❛❧❛ ❞❛ ❣❛❧á①✐❛✱ ❝♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✸✳✶✱ ❛ ✈❛r✐❛çã♦ ❞❡ ~β é ❞❛❞❛ ♣♦r

∆~βj ≈ 0.284
Z

E❊❡❱

[

~βj−1 × ~Bµ●

(
~rj−1

❦♣❝

)](
∆tj−1

❦❛

)

✱ ✭✼✶✮

q✉❡ ✐♠♣❧✐❝❛ ♥♦ ✐♥❝r❡♠❡♥t♦

~βj = ~βj−1 +∆~βj✳

◆❡st❛ ♣❛rt❡✱ ~βj ❞❡✈❡ s❡r ♥♦r♠❛❧✐③❛❞♦ ❛ ❝❛❞❛ j✲és✐♠♦ ♣❛ss♦ ♣❛r❛ q✉❡ ❛ ♣❛rtí❝✉❧❛ ♥ã♦

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

(
∆~rj
❦♣❝

)

= c❦♣❝✴❦❛ ~βj

(
∆tj−1

❦❛

)

✱ ✭✼✷✮

❝♦♠ ♦ ✈❛❧♦r ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ❞❛❞♦ ♣♦r c❦♣❝✴❦❛ ≈ 0.306✳

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

✶✷✾



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

❞❡ ♣r♦❝❡ss❛♠❡♥t♦ s❡♠ ❝♦♠♣r♦♠❡t❡r ❛ ♣r❡❝✐sã♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ tr❛❥❡tór✐❛✱ é ✐♥t❡r❡s✲

s❛♥t❡ tr❛❜❛❧❤❛r ❝♦♠ ♣❛ss♦s ✈❛r✐á✈❡✐s✳ ◆♦ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❛ t❡s❡✱ ❞❡✜♥✐ ♣❛ss♦s

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

♥♦ s❡♥t✐❞♦ ❞❛ ♣r♦♣❛❣❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❆tr❛✈és ❞❛ ❡s❝♦❧❤❛ ❞❡ ✉♠ ǫ ✭≪ 1✮✱

∣
∣
∣ ~B (~r +∆~r)− ~B (~r)

∣
∣
∣

∣
∣
∣ ~B (~r)

∣
∣
∣

≤ ǫ ✭✼✸✮

❞❡✜♥❡ ∆t ❛tr❛✈és ❞❛ ❡q✉❛çã♦ ✭✼✷✮✳ ❊①♣❧✐❝✐t❛♠❡♥t❡✱

∆t ≤ ǫ

c

∣
∣
∣ ~B (~r)

∣
∣
∣

∣
∣
∣
∣
∣
∣
∣






∇Bx · ~β
∇By · ~β
∇Bz · ~β






∣
∣
∣
∣
∣
∣
∣

✳ ✭✼✹✮

✺✳✷ ❘❡❣✐õ❡s ♦♥❞❡ B (~r) ≈ 0

◆♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ ❡①✐st❡♠ r❡❣✐õ❡s ♦♥❞❡
∣
∣
∣ ~B (~r)

∣
∣
∣ ≈ 0 ❡ ♦ ❝ó❞✐❣♦ ❞❡ r❡❝♦♥str✉çã♦ ❡♥tr❛

❡♠ ✉♠❛ s❡qüê♥❝✐❛ ❞❡ ✐♥❝r❡♠❡♥t♦s q✉❡ t❡♥❞❡♠ ❛ ③❡r♦✱ ❢❛③❡♥❞♦ ❛ ♣❛rtí❝✉❧❛ ♣❛r❛r ✭✈❡❥❛

❛ ❡q✉❛çã♦ ✭✼✹✮✮✳ P♦rt❛♥t♦✱ é ❡ss❡♥❝✐❛❧ ❡♥❝♦♥tr❛r ✉♠❛ ❢✉♥çã♦ Bmod (~r)✱ s♦♠❡♥t❡ ♣❛r❛ ♦

❝á❧❝✉❧♦ ❞❡ ∆t✱ ❝✉❥♦ ✈❛❧♦r s❡❥❛✱ ❧♦♥❣❡ ❞♦s ③❡r♦s✱ tã♦ ♣ró①✐♠♦ ❞❡
∣
∣
∣ ~B (~r)

∣
∣
∣ q✉❛♥t♦ ❞❡s❡❥❛❞♦

❡✱ s♦❜r❡ ♦s ③❡r♦s✱ ❛❧❣✉♠ ✈❛❧♦r ♣r❡❞❡t❡r♠✐♥❛❞♦✱ ♥ã♦ ♥✉❧♦ ❡ ❧♦❝❛❧♠❡♥t❡ ♠í♥✐♠♦✳ ❈♦♠ ❛

s✉❜st✐t✉✐çã♦ ❞❡ ✭✻✼✮✱ ❛ ❡q✉❛çã♦ ✭✻✺✮ t♦♠❛ ❛ ❢♦r♠❛

B (~r) = Benvol (~r) cos [g (~r)] ✱

♦✉ s❡❥❛✱ ♦ ♣r♦❞✉t♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ❡♥✈♦❧tór✐❛ ✭♥ã♦ ♥✉❧❛ ❡ ♣♦s✐t✐✈❛✮ ❝♦♠ ✉♠❛ ❢✉♥çã♦

♣❡r✐ó❞✐❝❛✱ r❡s♣♦♥sá✈❡❧ ♣❡❧♦s ③❡r♦s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✳ ❉❡✜♥✐♥❞♦ δ ✭≪ 1✮ ❝♦♠♦ ✉♠❛

❢r❛çã♦ ❞♦ ✈❛❧♦r ❞❛ ❡♥✈♦❧tór✐❛ s♦❜r❡ ♦s ③❡r♦s ❞♦ ❝❛♠♣♦ r❡❛❧✱ ❝♦♥s✐❞❡r❡ ❛ ❢✉♥çã♦

G (δ, ~r) =
|cos [g (~r)]|

δ
✳

❆ss✐♠✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ♥❡❝❡ssár✐❛s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ∆t ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ sã♦

❡♥❝♦♥tr❛❞❛s ❡s❝r❡✈❡♥❞♦✲s❡

✶✸✵



Bmod (δ, ~r) = δ Benvol (~r) [2F+ (δ, ~r) +G (δ, ~r) F− (δ, ~r)] ✱ ✭✼✺✮

♦♥❞❡ ❛ ❢ór♠✉❧❛

F± (δ, ~r) =
1

1 + exp [±G (δ, ~r)]

é ❜❛s❡❛❞❛ ♥❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❋❡r♠✐✲❉✐r❛❝✳ ❆ ❞❡❞✉çã♦ ❝♦♠♣❧❡t❛ ❞❛ ❢✉♥çã♦ ✉t✐❧✐③❛❞❛ ♣❛r❛

❞❡✜♥✐r ❛ ❡q✉❛çã♦ ✭✼✺✮ é ❞❛❞❛ ♥♦ ❆♣ê♥❞✐❝❡ ❆✳

P♦r ❞❡✜♥✐çã♦✱ ♥❛ r❡❣✐ã♦ ρ > 20 ❦♣❝✱ ❡ ♣♦rt❛♥t♦ ❢♦r❛ ❞❛ r❡❣✐ã♦ ❞❡✜♥✐❞❛ ♣❛r❛ ♦

❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ✈❛❧❡ q✉❡

❼ Bmod (δ, ~r) ❛ss✉♠❡ ❛❧❣✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ q✉❛❧q✉❡r❀

❼ ∆t ❛ss✉♠❡ ❛❧❣✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ q✉❛❧q✉❡r✱ ❥á q✉❡ ~B (~r) = 0 ✐♠♣❧✐❝❛ ❡♠

∣
∣
∣
∣
∣
∣
∣






∇Bx · ~β
∇By · ~β
∇Bz · ~β






∣
∣
∣
∣
∣
∣
∣

= 0

♥❛ ❡q✉❛çã♦ ✭✼✹✮✳ ■ss♦ ❣❛r❛♥t❡ q✉❡ ❛ ♣❛rtí❝✉❧❛ ♥ã♦ ♣❛r❡ ❛♦ s❛✐r ❞❛ ❣❛❧á①✐❛ ❡ s✉❛

tr❛❥❡tór✐❛ ❝♦♥t✐♥✉❡✱ ❛ ♣❛rt✐r ❞❡ss❡ ✐♥st❛♥t❡✱ r❡t✐❧í♥❡❛✳

❆♣❛r❡♥t❡♠❡♥t❡✱ ❛ ❞❡✜♥✐çã♦ ❛❝✐♠❛ ♣❛r❛ ∆t t♦r♥❛r✐❛ ❞❡s♥❡❝❡ssár✐❛ ❛ ❛tr✐❜✉✐çã♦ ❞❡ ✉♠

✈❛❧♦r ❛ Bmod (δ, ~r) ❢♦r❛ ❞❛ ❣❛❧á①✐❛❀ ❛ r✐❣♦r✱ ♣♦ré♠✱ ♦ ♣❛ss♦ t❡♠♣♦r❛❧ é ❝❛❧❝✉❧❛❞♦ ❛tr❛✈és

❞❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛ ✈❛r✐❛çã♦ ❞♦ ❝❛♠♣♦ ♥❛ ❞✐r❡çã♦ ✭✐♥st❛♥tâ♥❡❛✮ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛

♣❛rtí❝✉❧❛✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✼✸✮✳ ■ss♦ s✐❣♥✐✜❝❛ q✉❡✱ ♣ró①✐♠♦ à ❢r♦♥t❡✐r❛✱ ♣♦❞❡ ♦❝♦rr❡r

❛ s✐t✉❛çã♦ ❡♠ q✉❡ ❛ ♣♦s✐çã♦ ~r ❡stá ❝♦♥t✐❞❛ ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❡♥q✉❛♥t♦ ~r +∆~r ♥ã♦

❡stá✱ ✈✐♦❧❛♥❞♦ ❛ ❡s❝♦❧❤❛ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ♣r❡❝✐sã♦ ❞♦ ♣❛ss♦ ǫ ≪ 1✳ ❈♦♠ ❛ ❞❡✜♥✐çã♦

❛♣r❡s❡♥t❛❞❛ ♣❛r❛ ∆t✱ ✈❛r✐❛çõ❡s ❜r✉s❝❛s ❞♦ ❛❝rés❝✐♠♦ t❡♠♣♦r❛❧ ♥❛ ❢r♦♥t❡✐r❛ sã♦ ❡✈✐t❛❞❛s

❡ ❛ ♣❛rtí❝✉❧❛ ❝r✉③❛ ρ = 20 ❦♣❝ s✉❛✈❡♠❡♥t❡✳

❊ss❡ ❡❢❡✐t♦ t❛♠❜é♠ ♣♦❞❡ ♦❝♦rr❡r ♥❛s r❡❝♦♥str✉çõ❡s ❞✉r❛♥t❡ ♦ ❝r✉③❛♠❡♥t♦ ❡♠

ρ = 4 ❦♣❝✱ q✉❡ s❡♣❛r❛ ❛s r❡❣✐õ❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❞✐s❝♦ ❡ ❞♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛✳

◆♦✈❛♠❡♥t❡✱ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❞❡s❝r❡✈❡r❡♠ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ❝♦♠♣♦✲

♥❡♥t❡s ❝♦♠ ❛ ♠❡s♠❛ ♦r❞❡♠ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ♥❛ r❡❣✐ã♦ ❧✐♠✐t❡✱ ❛ ❛♥á❧✐s❡ ❞❛s tr❛❥❡tór✐❛s

♥ã♦ é ❝♦♠♣r♦♠❡t✐❞❛ ❞❡✈✐❞♦ à ❡s❝♦❧❤❛ ❞♦ t❛♠❛♥❤♦ ❞♦ ♣❛ss♦ ❝♦♠♦ ❞❡s❝r✐t❛ ♥❡st❛ s❡çã♦✳

✶✸✶



✺✳✸ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Bmod (δ, ~r)

◆♦ ❝❛♣ít✉❧♦ ✻ s❡rã♦ ♠♦str❛❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞♦ ❝ó❞✐❣♦ ❞❡ ❜❛❝❦✲ ❡

❢♦r✇❛r❞tr❛❝❦✐♥❣ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❡st❛ t❡s❡✳ ❉❡✈✐❞♦ à q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s✱ ✜❝❛rá

❝❧❛r♦ q✉❡ ♦ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ♣❛r❛ ❝❛❞❛ ❞✐r❡çã♦ ❞❡ ❡♠✐ssã♦ ♦✉ ❞❡t❡❝çã♦ ❞❡

♣❛rtí❝✉❧❛s é ✉♠❛ q✉❡stã♦ ✐♠♣♦rt❛♥t❡✿ ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ ❡ ♠✉✐t♦ ♣❡q✉❡♥♦ ❞❡ ∆t❦❛

❣❛r❛♥t❡ ❛ ♣r❡❝✐sã♦ ❡s♣❛❝✐❛❧ r❡❧❛t✐✈❛ à r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s ❞♦s r❛✐♦s ❝ós♠✐❝♦s❀

❝♦♠ ✉♠ ✈❛❧♦r ♠✉✐t♦ ❣r❛♥❞❡✱ ♦ t❡♠♣♦ é r❡❞✉③✐❞♦ ❛ ❝✉st♦ ❞❛ ♣r❡❝✐sã♦✳ ❆ ❢✉♥çã♦ Bmod (~r)✱

❛♣r❡s❡♥t❛❞❛ ♥❛ ❡q✉❛çã♦ ✭✼✺✮ ♣❛r❛ ✉s♦ ❡①❝❧✉s✐✈♦ ♥♦ ♥✉♠❡r❛❞♦r ❞❛ ❡q✉❛çã♦ ✭✼✹✮✱ ♦✉ s❡❥❛✱

∆t =
ε

c

Bmod (δ, ~r)
∣
∣
∣
∣
∣
∣
∣






∇Bx · ~β
∇By · ~β
∇Bz · ~β






∣
∣
∣
∣
∣
∣
∣

❞❛❞♦ ✉♠ ✈❛❧♦r ♣r❡❞❡t❡r♠✐♥❛❞♦ ❞❡ ε ✭≪ 1✮✱ ❢♦✐ ❝♦♥❝❡❜✐❞❛ ✐♠♣♦♥❞♦✲s❡ ✈❛❧♦r❡s ♥♦s ❡①✲

tr❡♠♦s ❞❡ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞♦ t✐♣♦ ❋❡r♠✐✲❉✐r❛❝ q✉❛♥❞♦ ❛ ✈❛r✐á✈❡❧ ❡♠ q✉❡stã♦ t❡♥❞❡ ❛

±∞✳

❙❡❥❛ ✉♠ ♦❜s❡r✈❛❞♦r ❧♦❝❛❧✐③❛❞♦ ♥❛ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ ~P0✱ ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❊♠

t = 0✱ ❡❧❡ ♣❛rt❡ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥❛ ❞✐r❡çã♦ ✭♥♦r♠❛❧✐③❛❞❛✮ n̂obs ❡ ♠❡❞❡ ♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♣♦♥t♦ ❛ ♣♦♥t♦ ❛♦ ❧♦♥❣♦ ❞♦ t❡♠♣♦ ♥❛ ♣♦s✐çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡

~P (t) = ~P0 + n̂obs c t✳

❖s ③❡r♦s ❞❡ ~B (~r)✱ s❡❣✉♥❞♦ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✶ ♣❛r❛ ♦

❝❛♠♣♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ sã♦ ❡✈✐t❛❞♦s ♣❡❧❛ ❢✉♥çã♦ Bmod (δ, ~r) ♦♥❞❡ ❡❧❛ t♦♠❛ ❛❧❣✉♠

✈❛❧♦r δ ✭≪ 1✮ ❞❛ ❡♥✈♦❧tór✐❛

Benvol (~r) = Benvol (ρ, z) = f (z)B0
R

ρ
✭✼✻✮

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❞❛❞❛ ♣❡❧♦ ♣r♦❞✉t♦ ❞❛s ❡q✉❛çõ❡s ✭✻✻✮ ❡ ✭✻✽✮✱ ♥❛ r❡❣✐ã♦ ✳ ❆

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

♠♦✈❡ ❡♠ ✉♠❛ r❡❣✐ã♦ ♦♥❞❡ |z| 6 0.5 ❦♣❝❀ ❞✉❛s r❡❣✐õ❡s ❞❡ ③❡r♦s sã♦ ❞❡t❛❧❤❛❞❛s ♥❛

✜❣✉r❛ ✹✺✳ ❖ ✈❛❧♦r δ = 0.1 ❢♦✐ ❡s❝♦❧❤✐❞♦ ❛♣❡♥❛s ♣❛r❛ t♦r♥❛r ♣♦ssí✈❡❧ ❛ ✈✐s✉❛❧✐③❛çã♦

❞♦ ❝❛♠♣♦ ♠♦❞✐✜❝❛❞♦ s♦❜r❡ ♦s ♠í♥✐♠♦s ❞❡ ~B (~r) ❡ ♥ã♦ ❝♦rr❡s♣♦♥❞❡ ❛♦ ✈❛❧♦r ✉t✐❧✐③❛❞♦

♥❛s r❡❝♦♥str✉çõ❡s ❞❡ tr❛❥❡tór✐❛s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ ❛♥á❧✐s❡ ♣r♦♣♦st❛ ♥❡st❛ t❡s❡✳ ❆

❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ♦❜s❡r✈❛❞❛ ♥❛ ✜❣✉r❛ ❡q✉✐✈❛❧❡ ❛♦ ❝r✉③❛♠❡♥t♦ ❞❛ ❢r♦♥t❡✐r❛ ❞❛ ❣❛❧á①✐❛✱

✶✸✷



r❡❣✐ã♦ ♣❛r❛ ❛ q✉❛❧ Bmod (δ, ρ > 20 ❦♣❝) = 1.5 µ●✳

❆♦ ❧♦♥❣♦ ❞♦ ❡✐①♦✲z✱ ❛ ❡♥✈♦❧tór✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣❛r❛♠❡tr✐③❛❞♦✱ ❞❛❞❛ ♣❡❧❛

❡q✉❛çã♦ ✭✼✻✮✱ ❛♣r❡s❡♥t❛ ✉♠❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ♥❛ ♣r✐♠❡✐r❛ ❞❡r✐✈❛❞❛ ♣♦r ❝❛✉s❛ ❞❛ ❞❡✜♥✐çã♦

❞❡ f (z) ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ q✉❡ ✈❛r✐❛ ❞❡ ♠❛♥❡✐r❛s ❞✐❢❡r❡♥t❡s ❡♠ r❡❧❛çã♦ ❛ ✉♠ ♣❛râ♠❡tr♦

❞❡ ❡s❝❛❧❛ ❞❡ ❛❧t✉r❛ ✭✈❡❥❛ ❡q✉❛çã♦ ✭✻✻✮✱ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✶✮✳ ❆ ✜❣✉r❛ ✹✻ ♠♦str❛ ♦ ❝♦♠✲

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

z = ±0.5 ❦♣❝❀ ❝♦♠♦ Benvol (~r) ✐♥❞❡♣❡♥❞❡ ❞❡ f ′ (z)✱ ♦ ❝❛♠♣♦ ♠♦❞✐✜❝❛❞♦ ♥ã♦ é ✐♥✢✉❡♥✲

❝✐❛❞♦ ❞❡ ♠❛♥❡✐r❛ ❛❧❣✉♠❛✳ ❉❡ ❢❛t♦✱ ♦ ♣♦❞❡r ❞❛ ❞❡✜♥✐çã♦ ❞❡ Bmod (δ, ~r) ❡stá ♥❛ ❣❛r❛♥t✐❛

❞❡ q✉❡ q✉❛✐sq✉❡r tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s s❡❥❛♠ r❡❝♦♥str✉í❞❛s s✉❛✈❡♠❡♥t❡ ❡♠ t♦❞❛s ❛s

r❡❣✐õ❡s ❞❡ tr❛♥s✐çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ✐♥❝❧✉s✐✈❡ ♥❛ s✉❛ ❢r♦♥t❡✐r❛✳
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❋✐❣✉r❛ ✹✹✿ ❈❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❡♠ ♣r❡t♦✱ ♠❡❞✐❞♦ ♣♦♥t♦ ❛ ♣♦♥t♦ ♣♦r ✉♠
♦❜s❡r✈❛❞♦r ♥❛ r❡❣✐ã♦ |z| 6 0.5 ❦♣❝✳ ❆ ❡♥✈♦❧tór✐❛ ❞♦ ❝❛♠♣♦ ❛♣❛r❡❝❡ ❡♠ ❛③✉❧✱ ❡♥q✉❛♥t♦
♦ ❝❛♠♣♦ ♠♦❞✐✜❝❛❞♦ é r❡♣r❡s❡♥t❛❞♦ ♣♦r ✉♠❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ✈❡r♠❡❧❤❛✳
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❋✐❣✉r❛ ✹✺✿ ❉❡t❛❧❤❡s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ Bmod (δ, ~r) ♥❛ ✜❣✉r❛ ✹✹✱ ♣ró①✐♠♦ ❞❡ ✭❛✮
t = 36.38 ❦❛✱ ♦♥❞❡ Benvol ≈ 1.73 µ●✱ ❡ ✭❜✮ t = 12.71 ❦❛✱ ♣❛r❛ ♦ q✉❛❧ Benvol ≈ 3.33 µ●✳
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❋✐❣✉r❛ ✹✻✿ ❆♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ à ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✹✹✱ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ✉♠ ♦❜s❡r✈❛❞♦r
❝✉❥❛ tr❛❥❡tór✐❛ ❝r✉③❛ ♦s ♣❧❛♥♦s z = ±0.5 ❦♣❝✱ ♦♥❞❡ f ′ (z) ♥ã♦ é ❞❡✜♥✐❞❛✳

✶✸✹



✺✳✹ ▼❛❣♥✐t✉❞❡ ❞♦s ✐♥❝r❡♠❡♥t♦s ❡s♣❛❝✐❛✐s

❖s r❡s✉❧t❛❞♦s ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❛ ❛❧❣✉♥s ❡✈❡♥t♦s r❡❛✐s s❡rã♦

❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣ít✉❧♦ ✻✳ ❖ ♣r✐♠❡✐r♦ ❞❡❧❡s ❝♦♠♣r❡❡♥❞❡ ❞♦✐s r❛✐♦s ❝ós♠✐❝♦s ❝✉❥♦s

♣❛râ♠❡tr♦s r❡❝♦♥str✉í❞♦s ❝♦♠ ❜❛s❡ ♥♦s ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❞❡✜♥❡♠ ❞✉❛s

♣♦s✐çõ❡s ❝❡❧❡st❡s s❡♣❛r❛❞❛s ❛♥❣✉❧❛r♠❡♥t❡ ♣♦r ∼ 1➦✳ ❆ r❡❝♦♥str✉çã♦ ❡s♣❛❝✐❛❧ ❞❛s tr❛✲

❥❡tór✐❛s✱ ❥✉♥t♦ ❛ ✉♠❛ ❡s❝♦❧❤❛ ❡s♣❡❝í✜❝❛ ❞❡ ❝❛r❣❛s ❡❧étr✐❝❛s ❞♦s ♥ú❝❧❡♦s✱ ♠♦str❛ q✉❡

❛♠❜❛s ❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ♣❡r❝♦rr❡♠ ♦ ♣❧❛♥♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❡♠ t♦r♥♦ ❞❛ ❧❛t✐t✉❞❡

❣❛❧á❝t✐❝❛ b = 0➦✱ ♦♥❞❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ é ♠❛✐s ✐♥t❡♥s♦✳ ❆❧é♠ ❞✐ss♦✱ ♦s ❞♦✐s ♣r✐♠ár✐♦s

t❛♠❜é♠ ♣❡♥❡tr❛♠ ♣r♦❢✉♥❞❛♠❡♥t❡ ❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛✳ P♦r ❡ss❡s ♠♦t✐✈♦s✱ ♦s

❡✈❡♥t♦s ❡♠ q✉❡stã♦ s❡rã♦ ✉s❛❞♦s ♥❡st❛ s❡çã♦ ❝♦♠♦ ❡①❡♠♣❧♦ ♣❛r❛ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛

♠❛❣♥✐t✉❞❡ ❞♦s ✐♥❝r❡♠❡♥t♦s ❡s♣❛❝✐❛✐s ❡♥✈♦❧✈✐❞♦s ♥❛ ❛♥á❧✐s❡ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ s❡❣✉♥❞♦ ♦s

♠ét♦❞♦s ❛♥❛❧ít✐❝♦s ❛❞♦t❛❞♦s ❡ ❞❡s❝r✐t♦s ♥❡st❛ t❡s❡✳

❋✐❣✉r❛ ✹✼✿ ❱✐st❛ ❡♠ ♣❡rs♣❡❝t✐✈❛ ❞❛s tr❛❥❡tór✐❛s r❡❝♦♥str✉í❞❛s ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞♦
❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣❛r❛ ❞♦✐s ❡✈❡♥t♦s r❡❛✐s✳ ❉❛❞❛s ❛s ❡♥❡r❣✐❛s ♣r✐♠ár✐❛s ❡ ❛s ❞✐r❡çõ❡s
❝❡❧❡st❡s ❞❡ ❝❤❡❣❛❞❛✱ ❛ tr❛❥❡tór✐❛ ❡♠ ❛③✉❧ é ♦ r❡s✉❧t❛❞♦ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ♣❛r❛ ✉♠ ♥ú❝❧❡♦
❞❡ ❝❛r❜♦♥♦✱ ❡♥q✉❛♥t♦ ❛ tr❛❥❡tór✐❛ ❡♠ ✈✐♦❧❡t❛ r❡♣r❡s❡♥t❛ ✉♠ ♥ú❝❧❡♦ ❞❡ ♥❡ô♥✐♦✳ ❆♠❜❛s
♣❛rt❡♠ ❞❛ ♣♦s✐çã♦ ❞❛ ❚❡rr❛ ❡ sã♦ tr❛ç❛❞❛s ❛té ❛ s❛í❞❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♥ã♦ s✐❣♥✐✜❝❛♥❞♦
q✉❡ ✐ss♦✱ ❞❡ ❢❛t♦✱ t❡♥❤❛ ♦❝♦rr✐❞♦✳

❆ ✜❣✉r❛ ✹✼ ❛♣r❡s❡♥t❛ ❛s r❡❝♦♥str✉çõ❡s ❡s♣❛❝✐❛✐s ❞❛s tr❛❥❡tór✐❛s ❞♦ ❡✈❡♥t♦ ❝♦♠ ❡♥✲

❡r❣✐❛ 101.13 ❊❡❱✱ ❛♦ q✉❛❧ ❢♦✐ ❛ss♦❝✐❛❞♦ ✉♠ ♥ú❝❧❡♦ ❞❡ ♥❡ô♥✐♦✱ ❡ ❞♦ ❡✈❡♥t♦ ❝♦♠ 61.78 ❊❡❱✱

❛ss♦❝✐❛❞♦ ❛ ✉♠ ♥ú❝❧❡♦ ❞❡ ❝❛r❜♦♥♦✳ ❖❜s❡r✈❡ ❛ ❛✉sê♥❝✐❛ ❞❡ q✉❡❜r❛s ♥♦s tr❛ç♦s✱ ♣r✐♥❝✐♣❛❧✲

♠❡♥t❡ q✉❛♥❞♦ ❛s ♣❛rtí❝✉❧❛s ❝r✉③❛♠ r❡❣✐õ❡s ♦♥❞❡ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

✶✸✺



é ❞✐❢❡r❡♥t❡✳ ◆♦t❡ t❛♠❜é♠ ❝♦♠♦ ❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ é s❡♥sí✈❡❧ às ❞✐❢❡r❡♥ç❛s ❡♥tr❡

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

P❛r❛ ❝❛❞❛ ✉♠❛ ❞❡ss❛s r❡❝♦♥str✉çõ❡s✱ ♦s ✈❛❧♦r❡s ❞❡ ∆r❦♣❝ ❢♦r❛♠ r❡❣✐str❛❞♦s ❡

sã♦ ❛♣r❡s❡♥t❛❞♦s ❣r❛✜❝❛♠❡♥t❡ ♥❛ ✜❣✉r❛ ✹✽✭❛✮ ♣❛r❛ ♦ ✐♥t❡r✈❛❧♦ t♦t❛❧ ❞❡ ✈❛r✐❛çã♦ ❞♦s

✐♥❝r❡♠❡♥t♦s ❡s♣❛❝✐❛✐s✳ ❈♦♠♦ ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ❞♦ ❝❛r❜♦♥♦ ✭Z = 6✮ é ♠❡♥♦r ❞♦ q✉❡ ❛

❝❛r❣❛ ❞♦ ♥❡ô♥✐♦ ✭Z = 10✮✱ ❛ ♠❛❣♥✐t✉❞❡ ❞❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t❛♠❜é♠

é ♠❡♥♦r ❡ ♦ ♥ú❝❧❡♦ ❡q✉✐✈❛❧❡♥t❡ ❛♦ ❝❛r❜♦♥♦ ❛❝❛❜❛ ♣♦r ❝r✉③❛r ♦ ❧✐♠✐t❡ ❡s♣❛❝✐❛❧ ❞❛ ❱✐❛

▲á❝t❡❛ ❡♠ ♠❡♥♦s ✐t❡r❛çõ❡s ❝♦♠♣❛r❛❞♦ ❛♦ ♥❡ô♥✐♦✳ ❖ ✈❛❧♦r ♠á①✐♠♦ ❞♦s ♣✐❝♦s✱ r❡❢❡r❡♥t❡s

às r❡❣✐õ❡s ❞❛ ❣❛❧á①✐❛ ♦♥❞❡ B (~r) ≈ 0✱ ❝r❡s❝❡♠ à ♠❡❞✐❞❛ ❡♠ q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦

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

❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✳ ❆ ✜❣✉r❛ ✹✽✭❜✮ ♠♦str❛ ♦ ✐♥t❡r✈❛❧♦ ❛♣r♦①✐♠❛❞♦ ❞❡ (0, 0.1) ❦♣❝ ❝♦♠♦

❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ✈❛❧♦r❡s ❞❡ ∆r❦♣❝✳
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❋✐❣✉r❛ ✹✽✿ ❱❛❧♦r❡s ❞❡ ∆r❦♣❝ ❛ ❝❛❞❛ ✐t❡r❛çã♦ ♣❛r❛ ♦s ♥ú❝❧❡♦s ❞❡ ❝❛r❜♦♥♦ ❡ ♥❡ô♥✐♦ r❡❧❛✲
❝✐♦♥❛❞♦s ❛ ❞♦✐s ❡✈❡♥t♦s r❡❛✐s ❞❡t❡❝t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❊♠ ✭❛✮✱ ♦ ✐♥t❡r✈❛❧♦
∼ (0, 0.7) ❦♣❝ ♥♦ ❡✐①♦ ❞❛s ♦r❞❡♥❛❞❛s ❝♦rr❡s♣♦♥❞❡ à ✈❛r✐❛çã♦ t♦t❛❧ ❞♦s ✐♥❝r❡♠❡♥t♦s ❡s✲
♣❛❝✐❛✐s✱ ❡♥q✉❛♥t♦ ✭❜✮ ♠♦str❛ ❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝❛ ❞♦s ✐♥❝r❡♠❡♥t♦s
❝♦♠♦ ♣❡rt❡♥❝❡♥t❡ ❛♦ ✐♥t❡r✈❛❧♦ ∼ (0, 0.1) ❦♣❝✳

✶✸✻



P❡❧❛ ❡q✉❛çã♦ ✼✷✱ é ✐♥t❡r❡ss❛♥t❡ ♦❜s❡r✈❛r q✉❡ ✉♠❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ .

10−1 ❦♣❝ ❡q✉✐✈❛❧❡ ❛ t❡♠♣♦s . 0.327 ❦❛✳

✺✳✺ ❚❡st❡ ❞❡ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧

◆❛ s❡çã♦ ✺✳✶✱ ❢♦✐ ♠♦str❛❞♦ ❝♦♠♦ ♦s ✐♥❝r❡♠❡♥t♦s ❡s♣❛❝✐❛✐s ∆~r sã♦ ❛❥✉st❛❞♦s ❞✐♥❛♠✐✲

❝❛♠❡♥t❡ ♥♦ ❜❛❝❦tr❛❝❦✐♥❣ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✈❛r✐❛çã♦ ❡s♣❛❝✐❛❧ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛

♣♦s✐çã♦ ❡ ♥♦ s❡♥t✐❞♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❈♦♠♦ ♦ ❝ó❞✐❣♦ ❞❡ r❡❝♦♥str✉çã♦ é

❜❛s❡❛❞♦ ❡♠ ♣❛ss♦s t❡♠♣♦r❛✐s ∆tj ≈ ∆rj/c✱ ❝❛❞❛ tr❛❥❡tór✐❛ ♣♦ss✉✐ ✉♠ ♣❡r✜❧ t❡♠♣♦r❛❧

❡s♣❡❝í✜❝♦ q✉❡ ❞❡♣❡♥❞❡ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✱ ❡♥❡r❣✐❛ ❡ ❝❛r❣❛ ❡❧étr✐❝❛ ❞♦ ♣r✐♠ár✐♦✳

❘❛✐♦s ❝ós♠✐❝♦s ♦❜s❡r✈❛❞♦s ❡♠ ♣♦s✐çõ❡s ❝❡❧❡st❡s ♣ró①✐♠❛s ❡ ❝♦♠ E/Z ❡q✉✐✈❛❧❡♥t❡s✱

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

❛tr❛✈és ❞❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧✳ ❊ss❛ ❛♥á❧✐s❡ é ❡q✉✐✈❛❧❡♥t❡ à ❜✉s❝❛ ❞❡ ❛❧❣✉♠ ♦❜❥❡t♦ ❛s✲

tr♦❢ís✐❝♦ ❛t✐✈♦ ❧♦❝❛❧✐③❛❞♦ ♥❛ ♣♦s✐çã♦ ♦♥❞❡ ❛ ❞✐stâ♥❝✐❛ r❡❧❛t✐✈❛ ❡♥tr❡ ♣❛rtí❝✉❧❛s é ♠í♥✐♠❛

✭❡ ✐♥❢❡r✐♦r à ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❡♥✈♦❧✈✐❞❛ ♥♦ ♣r♦❜❧❡♠❛✮✳ ◆♦t❡✱ ♣♦ré♠✱ q✉❡ ❛ ❝♦♠✲

♣❛r❛çã♦ ❡♥tr❡ ❛s ♣♦s✐çõ❡s ❞❡ ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ❛♦ ❧♦♥❣♦ ❞❡ s✉❛s r❡s♣❡❝t✐✈❛s tr❛❥❡tór✐❛s

só é ❝♦♥s✐st❡♥t❡ s❡ ♦s t❡♠♣♦s ❞❛s ♣❛rtí❝✉❧❛s ❢♦r❡♠ s✐♥❝r♦♥✐③❛❞♦s✳

P❛r❛ q✉❛✐sq✉❡r ❞✉❛s ♣❛rtí❝✉❧❛s (1) ❡ (2)✱ ❛s ♣♦s✐çõ❡s ~r(1) = ~r(1) (t) ❡ ~r(2) = ~r(2) (t)

❞❡✜♥❡♠ ❛ ♠❛❣♥✐t✉❞❡
∣
∣~r(1) − ~r(2)

∣
∣ q✉❡ s❡ ❞❡s❡❥❛ ❞❡t❡r♠✐♥❛r ✭♦✉ ❡♥❝♦♥tr❛r ♦ ✈❛❧♦r ♠í♥✐♠♦✱

♣♦r ❡①❡♠♣❧♦✮✳ ❙❡♥❞♦ ∆t
(1)
j ❡ ∆t

(2)
j ♦s ✐♥t❡r✈❛❧♦s t❡♠♣♦r❛✐s ❝❛❧❝✉❧❛❞♦s ♣❡❧♦ ❝ó❞✐❣♦ ❡ ❞❛❞♦

✉♠ t❡♠♣♦ ✜①♦ t0✱ ❛ s✐♥❝r♦♥✐❛ é ❜❛s❡❛❞❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s í♥❞✐❝❡s k ❡ l t❛✐s q✉❡

t0 ≈

k∑

j=1

∆t
(1)
j ≈

l∑

j=1

∆t
(2)
j ✳

❆ ♣❛rt✐r ❞✐ss♦✱ ❛s ♣♦s✐çõ❡s ❞❛s ♣❛rtí❝✉❧❛s sã♦ ❝❛❧❝✉❧❛❞❛s ❝♦♠♦

~r(1) (t0) =
k∑

j=1

∆~r
(1)
j

❡

~r(2) (t0) =
l∑

j=1

∆~r
(2)
j ✳

✶✸✼



✺✳✻ ❆ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛ ❞♦ ❝❛♠♣♦

❈♦♠♦ ♠♦str❛❞♦ ❛❝✐♠❛✱ ❛ ❡s❝❛❧❛ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦s ♣❛ss♦s ❝❛❧❝✉❧❛❞♦s ♣❡❧♦ ❝ó❞✐❣♦ ❛♦

❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♣♦ss✉✐ ♦r❞❡♥s . 10−1 ❦♣❝✱ s❡❥❛ ♣❛r❛ ♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥❛ r❡❣✐ã♦ ❞♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛ ♦✉ ♥♦ ❜♦❥♦✳ ◆♦t❡ q✉❡ ❡st❡ t❛♠❜é♠ é ♦ ✐♥t❡r✲

✈❛❧♦ ❞❡ ✈❛❧♦r❡s ❝❛r❛❝t❡ríst✐❝♦s ❞♦s ❝♦♠♣r✐♠❡♥t♦s r❡❧❛❝✐♦♥❛❞♦s à t✉r❜✉❧ê♥❝✐❛ ❞♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❡✈✐❞❡♥❝✐❛❞♦ ❛tr❛✈és ❞❡ ♦❜s❡r✈❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ❞✐s❝✉t✐❞❛s

♥❛ s❡çã♦ ✹✳✹✳ P♦rt❛♥t♦✱ ♥♦s ❝❛s♦s ❡♠ q✉❡ ❛ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛ é ❝♦♥s✐❞❡r❛❞❛ ♥❛

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

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

❞♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♣♦ss✉❡♠ ❞✐♠❡♥sõ❡s ❞❡ ❦♣❝ ❡ µ●✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡♠ ❛❝♦r❞♦

❝♦♠ ♦ ♠ét♦❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♥❛ s❡çã♦ ✺✳✶✳

◆❡st❛ t❡s❡✱ ❛ ❝♦♠♣♦♥❡♥t❡ ✐rr❡❣✉❧❛r ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦ ❢♦✐ ✐♥s❡r✐❞❛

♥♦ ❝ó❞✐❣♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❛tr❛✈és ❞❡ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦✳ ◆♦ r❡❢❡r❡♥❝✐❛❧ ❞❛

❣❛❧á①✐❛✱ ♦s ✈❛❧♦r❡s ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❢♦r❛♠ s♦rt❡❛❞♦s s❡❣✉♥❞♦ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡

♥♦ ✐♥t❡r✈❛❧♦

Bturb (~r) = [0.5, 2]× Breg (~r) ✱

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

✉♥✐tár✐♦s

b̂u,v =






sin θv cosϕu

sin θv sinϕu

cos θv






❞✐str✐❜✉í❞♦s ✉♥✐❢♦r♠❡♠❡♥t❡ ❡♠ â♥❣✉❧♦ só❧✐❞♦✱ ♦✉ s❡❥❛✱ s❡❣✉✐♥❞♦ ❛s ❞✐str✐❜✉✐çõ❡s ❛♥❣✉✲

❧❛r❡s ❛③✐♠✉t❛❧ ❡ ③❡♥✐t❛❧

(

ϕu

θv

)

=

(

2 π u

arccos (1− 2 v)

)

✱

♦♥❞❡ u ❡ v sã♦ ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ❞✐str✐❜✉í❞❛s ✉♥✐❢♦r♠❡♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦ [0, 1]✳ ■ss♦

s✐❣♥✐✜❝❛ q✉❡✱ ❞❛❞♦s ♦s ❝♦♥❥✉♥t♦s ui = {u1, u2, u3, . . .} ❡ vi = {v1, v2, v3, . . .}✱ ♦ i✲és✐♠♦

✈❡t♦r ❞✐r❡❝✐♦♥❛❧ ❞♦ ❝❛♠♣♦ ❞❡✈❡ t❡r ❛ ❢♦r♠❛ b̂i = b̂ (ui, vi)✳ ❆ss✐♠✱ ❛ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉✲

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

✶✸✽



~Bturb (~rj−1) = Bturb (~rj−1) b̂j−1

❡ s♦♠❛❞❛ à ❝♦♠♣♦♥❡♥t❡ r❡❣✉❧❛r ♣❛r❛ s✐♠✉❧❛r ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛

♥❛ ♣♦s✐çã♦ ~r✳ ❖ ✈❡t♦r

~Btot (~rj−1) = ~Breg (~rj−1) + ~Bturb (~rj−1)

é ❛ ❢♦r♠❛ ✜♥❛❧ ❞♦ ❝❛♠♣♦ ✉s❛❞❛ ♥❛ ❡q✉❛çã♦ ✭✼✶✮ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ∆~βj✳

❆♣❡s❛r ❞❛s ✢✉t✉❛çõ❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ s❡❣✉✐r❡♠ ✉♠❛ r❡❧❛çã♦ δB/ 〈B〉 ≈ 1

♥❛ ❣❛❧á①✐❛✱ ❝♦♠♦ ❞❡s❝r✐t♦ ♥❛ s❡çã♦ ✹✳✹✱ ❛ ❞✐s♣❡rsã♦ ❡s♣❛❝✐❛❧ ❞❛s ♣❛rtí❝✉❧❛s tr❛ç❛❞❛s s♦❜

✐♥✢✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ t♦t❛❧ s❡ ❞á ❞❡ ♠❛♥❡✐r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐s♦tró♣✐❝❛ ❡♠ t♦r♥♦ ❞♦

❝❛♠✐♥❤♦ q✉❡ ✉♠ ♥ú❝❧❡♦ tr❛ç❛ s❡❣✉♥❞♦ ❛ ❢♦rç❛ ❛ss♦❝✐❛❞❛ ✉♥✐❝❛♠❡♥t❡ ❛♦ ❝❛♠♣♦ r❡❣✉❧❛r✳

❯♠ ❡s❜♦ç♦ ♠❛t❡♠át✐❝♦ ❞❡ss❡ ❡❢❡✐t♦ é ❞❛❞♦ ♥♦ ❆♣ê♥❞✐❝❡ ❇✳

✺✳✼ ❖ ❢♦r✇❛r❞tr❛❝❦✐♥❣

❆ ❡♠✐ssã♦ ❞❡ ♥ú❝❧❡♦s ❝♦♠ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s t❛♠❜é♠ ♣♦❞❡ s❡r s✐♠✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛

♣♦s✐çã♦ ❞❡ ❛❧❣✉♠ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ ❡s♣❡❝í✜❝♦✱ s❡♥❞♦ ❛♥❛❧✐s❛❞❛✱ ❡♠ s❡❣✉✐❞❛✱ ❛ ♠❛♥❡✐r❛

❝♦♠♦ ❡ss❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ s❡ ♣r♦♣❛❣❛ s♦❜ ✐♥✢✉ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛

▲á❝t❡❛ ❡✱ ♣♦r ✜♠✱ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ q✉❡ ❛s tr❛❥❡tór✐❛s ❝♦♥str✉í❞❛s ✐♥t❡r❝❡♣t❡♠ ❛ ❧♦✲

❝❛❧✐③❛çã♦ ❡s♣❛❝✐❛❧ ❞❛ ❚❡rr❛ ♥❛ ❣❛❧á①✐❛✳ ❊ss❡ ♠ét♦❞♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ♦ ❢♦r✇❛r❞tr❛❝❦✲

✐♥❣ ❞❡ ♣❛rtí❝✉❧❛s✳ ▼❛t❡♠❛t✐❝❛♠❡♥t❡✱ ♦ ❝ó❞✐❣♦ ❞❡ ❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s ✉s❛ ✉♠❛

♠❡t♦❞♦❧♦❣✐❛ ✐❞ê♥t✐❝❛ à ❛♣r❡s❡♥t❛❞❛ ♥❛s s❡çõ❡s ❛♥t❡r✐♦r❡s ❞❡st❡ ❝❛♣ít✉❧♦✱ ❝♦♠ ❛ ♦❜s❡r✲

✈❛çã♦ ❞❡ q✉❡✱ ♥❛ ❡q✉❛çã♦ ❞❡ ▲♦r❡♥t③ ✭❡q✉❛çã♦ ✭✼✵✮✱ ♥❛ s❡çã♦ ✺✳✶✮✱ ♥ã♦ ❤á ❛ ❝♦♥❥✉❣❛çã♦

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

♥ã♦ ❡♥✈♦❧✈❡ r❡❝♦♥str✉çõ❡s✳

✶✸✾



❋✐❣✉r❛ ✹✾✿ ❘❡♣r❡s❡♥t❛çã♦✱ s❡♠ ❡s❝❛❧❛ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡✱ ♠♦str❛♥❞♦ ♦ ✈♦❧✉♠❡ ❞❡
❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛ss♦❝✐❛❞♦ à ❚❡rr❛ ♥❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣✳

P❛r❛ ❝❛❞❛ tr❛❥❡tór✐❛ ❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞❡ ✉♠ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ ❝❛♥✲

❞✐❞❛t♦ ❛ ❢♦♥t❡✱ ♦ ♣❛râ♠❡tr♦ ♠❛✐s ✐♠♣♦rt❛♥t❡ é ❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛

❞♦ ♥ú❝❧❡♦ ♣r✐♠ár✐♦ à ❚❡rr❛✳ ❊s♣❡❝✐✜❝❛♠❡♥t❡ ♣❛r❛ ❡st❛ t❡s❡✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❛♥á❧✐s❡

❞❡s❡♥✈♦❧✈✐❞❛ ♣❛r❛ ❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❜❛s❡♦✉✲s❡ ♥♦ ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❡ ✉♠

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

s✐♠✉❧❛❞❛ é ❝♦♥s✐❞❡r❛❞❛ ♣❛ssí✈❡❧ ❞❡ ❞❡t❡❝çã♦✳ ❆ ❣❡♦♠❡tr✐❛ ❞♦ ♣r♦❜❧❡♠❛ é ❛♣r❡s❡♥t❛❞❛

♥❛ ✜❣✉r❛ ✹✾✳ ◆♦ ♣♦♥t♦ ❛ss♦❝✐❛❞♦ à ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛✱ ♥❡❝❡ss❛r✐❛♠❡♥t❡

r❡❣✐str❛❞♦ ❞❡♥tr♦ ❞♦ ✈♦❧✉♠❡✱ ♦ ✈❡t♦r ✉♥✐tár✐♦ −~β✱ r❡❧❛❝✐♦♥❛❞♦ à ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦
~β = ~v/c ❞❛ ♣❛rtí❝✉❧❛✱ r❡♣r❡s❡♥t❛ ❛ ❞✐r❡çã♦ ❝❡❧❡st❡ ❞❛ ♣♦s✐çã♦ ❛♣❛r❡♥t❡ ❞❛ ❢♦♥t❡✱ ❛ ✉♠❛

❞❡t❡r♠✐♥❛❞❛ ❡♥❡r❣✐❛✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ~β é ✉♠ ✈❡t♦r t❛♥❣❡♥t❡ à tr❛❥❡tór✐❛ ❡✱ s♦❜r❡ ♦

♣♦♥t♦ q✉❡ ❞❡✜♥❡ ❛ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❞♦ ♥ú❝❧❡♦ à ❚❡rr❛✱ ♦ â♥❣✉❧♦ ❡♥tr❡ ~β ❡ ♦ ✈❡t♦r

♣♦s✐çã♦ ❞❛ ♣❛rtí❝✉❧❛ ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ♣❧❛♥❡t❛ ✭❧✐♥❤❛ ✈❡r❞❡ tr❛❝❡❥❛❞❛ ♥❛ ✜❣✉r❛✮ é 90➦✳

◆♦t❡ q✉❡✱ ♥❛ ❛♥á❧✐s❡ ❡①♣♦st❛ ❛❝✐♠❛✱ ❛ ♣♦s✐çã♦ ❞♦ ♦❜s❡r✈❛❞♦r ✭♦✉ ❞♦ ♦❜s❡r✈❛tór✐♦✮

s♦❜r❡ ♦ ♣❧❛♥❡t❛ ♥ã♦ é ❝♦♥s✐❞❡r❛❞❛✱ ❞❡✈✐❞♦ à ✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡♥tr❡ ❛s ❡s❝❛❧❛s ❞❡ t❡♠♣♦

❞♦ ♣❡rí♦❞♦ ❞❡ r♦t❛çã♦ ❞❛ ❚❡rr❛ ❡ ❞♦s ♣❛ss♦s t❡♠♣♦r❛✐s ❞❡✜♥✐❞♦s ♣❡❧♦ ❝ó❞✐❣♦ ❞❡ ♣r♦♣❛✲

❣❛çã♦✳

✶✹✵



✺✳✽ ❙✐st❡♠❛s ❞❡ r❡❢❡rê♥❝✐❛

◆❛ ❛♥á❧✐s❡ ❡s♣❛❝✐❛❧ ❞❛s tr❛❥❡tór✐❛s ❞❡ r❛✐♦s ❝ós♠✐❝♦s✱ ♣♦s✐çõ❡s ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s

❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♠❛tér✐❛ ♥❛ ❣❛❧á①✐❛✱ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ♠❛✐s ✐♠♣♦rt❛♥t❡ é ♦ q✉❡

♣♦ss✉✐ ♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❝♦♠♦ ♦r✐❣❡♠✳ ❖ ❡✐①♦✲x é ❞❡✜♥✐❞♦ ♣❡❧❛ s❡♠✐✲r❡t❛ q✉❡

♣❛rt❡ ❞❡ss❡ ♣♦♥t♦ ❡ ♣❛ss❛ ♣❡❧♦ ❙✐st❡♠❛ ❙♦❧❛r✱ ❧♦❝❛❧✐③❛❞♦ ❛ 8.5 ❦♣❝ ❞❡ ❙❛❣✐tár✐♦ ❆✯✳

❖ ❙♦❧ ❡stá ❧♦❝❛❧✐③❛❞♦ ❛ 34.6 ♣❝ ❞❡ ❛❧t✉r❛ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱

❞❡s♣r❡③í✈❡❧ ♥❛ ❡s❝❛❧❛ ❞❡ ❦✐❧♦♣❛rs❡❝s ♠❛s ✉s❛❞❛ ♣❛r❛ ❞❡✜♥✐r ♦ s❡♥t✐❞♦ ❞♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦✱

♦✉ s❡❥❛✱ ♦ ❡✐①♦✲z✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ♦ ❡✐①♦✲y é ❞❡✜♥✐❞♦ ❛ ♣❛rt✐r ❞♦s ♦✉tr♦s ❞♦✐s ❝♦♠♦

ẑ × x̂ = ŷ✳ ❚♦❞♦s ♦s s✐st❡♠❛s s❡❝✉♥❞ár✐♦s sã♦ ❞❡✜♥✐❞♦s ❛ ♣❛rt✐r ❞♦ s✐st❡♠❛ ❞❛ ❱✐❛

▲á❝t❡❛❀ ❛ ✜❣✉r❛ ✺✵ ♠♦str❛ ❝♦♠♦ ❡❧❡s s❡ r❡❧❛❝✐♦♥❛♠✳

xCG

yCG

xT

yT

xF

yF

d
®

F

Sol

❋✐❣✉r❛ ✺✵✿ ❉❡✜♥✐çã♦ ❞♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❱✐❛ ▲á❝t❡❛ ✭r❡t❛s ♣r❡t❛s tr❛❝❡❥❛❞❛s✮✱
t❡♥❞♦ ♦ ❈❡♥tr♦ ●❛❧á❝t✐❝♦ ❝♦♠♦ ♦r✐❣❡♠✳ ❖ ♣❧❛♥♦ xy ❞♦ r❡❢❡r❡♥❝✐❛❧ ❞♦ ❙♦❧✱ ❡♠ ✈❡r♠❡❧❤♦✱
❡stá ❝♦♥t✐❞♦ ♥♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✳ ❖ s✐st❡♠❛ ❧♦❝❛❧ ❞❡ ✉♠ ♦❜❥❡t♦ ❝❛♥❞✐❞❛t♦
❛ ❢♦♥t❡✱ ❡♠ r♦①♦✱ ❛♣❛r❡❝❡ ♣r♦❥❡t❛❞♦ s♦❜r❡ ♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦ ❣❛❧á❝t✐❝♦ ❡ ♥ã♦ s❡ ❧♦❝❛❧✐③❛
♥❡❝❡ss❛r✐❛♠❡♥t❡ ❡♠ zCG = 0✳ ❖ s❡♥t✐❞♦ ❞♦ ❡✐①♦✲z ❞❡ t♦❞♦s ♦s r❡❢❡r❡♥❝✐❛✐s ❛♣♦♥t❛ ♣❛r❛
❢♦r❛ ❞❛ ♣á❣✐♥❛✳

❖ s❡❣✉♥❞♦ r❡❢❡r❡♥❝✐❛❧ ❛ s❡r ❝♦♥s✐❞❡r❛❞♦ é ♦ ❞♦ ❙♦❧✱ q✉❡ ♥❛ ❡s❝❛❧❛ ❣❛❧á❝t✐❝❛ ❞❡ ❝♦♠✲

♣r✐♠❡♥t♦ t❡rá ❛ ♦r✐❣❡♠ ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ♣♦s✐çã♦ ❞❛ ❚❡rr❛ ✭1 ❯❆ ≈ 4.85× 10−9 ❦♣❝ ≪
1 ❦♣❝✮✳ ❖ ❡✐①♦✲x ❞❡ss❡ s✐st❡♠❛ ❛♣♦♥t❛ ❡♠ ❞✐r❡çã♦ ❛♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦ ❡ ♦ ❡✐①♦✲z ♣♦ss✉✐ ♦

✶✹✶



♠❡s♠♦ s❡♥t✐❞♦ ❞♦ ❡✐①♦✲z ❞❛ ❣❛❧á①✐❛✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ♦ s✐st❡♠❛ ❞❛ ❚❡rr❛ s❡ r❡❧❛❝✐♦♥❛ ❛♦

s✐st❡♠❛ ❞❛ ❱✐❛ ▲á❝t❡❛ ♣♦r ✉♠❛ r♦t❛çã♦ ❞❡ 180➦ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦✲z ❡ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦

❞❡ 8.5 ❦♣❝ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦✲x✳

❖❜❥❡t♦s ❛str♦❢ís✐❝♦s sã♦ ❝❛t❛❧♦❣❛❞♦s ❛ ♣❛rt✐r ❞❡ ♦❜s❡r✈❛çõ❡s ❢❡✐t❛s ♥❛ ❚❡rr❛ ♦✉

♣ró①✐♠♦ ❞❡❧❛❀ s❡❥❛♠ ❡ss❛s ♣♦s✐çõ❡s ❞❡♥♦t❛❞❛s ♣♦r ~rT ✳ ❉❛❞❛s ❛s ❞❡✜♥✐çõ❡s ❛❝✐♠❛✱ ✉♠❛

♣♦s✐çã♦ q✉❛❧q✉❡r ♠❡❞✐❞❛ ♥♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❞❡ ❙❛❣✐tár✐♦ ❆✯✱ ♦✉ s✐♠♣❧❡s♠❡♥t❡

❈❡♥tr♦ ●❛❧á❝t✐❝♦ ✭❈●✮✱ s❡rá r❡♣r❡s❡♥t❛❞❛ ♣♦r ~rCG✳ P♦rt❛♥t♦✱ ♥♦ s✐st❡♠❛ ❞♦ ❈●✱ ❛

❚❡rr❛ ❡stá ❧♦❝❛❧✐③❛❞❛ ❡♠ ~dT = (8.5, 0, 0)✳ ❙❡ Rz é ❛ ♠❛tr✐③ ❞❡ r♦t❛çã♦ ❞❡ 180➦ ❡♠ t♦r♥♦

❞♦ ❡✐①♦✲z✱ ❝♦♠ ❛ ❢♦r♠❛

Rz =






−1 0 0

0 −1 0

0 0 1




 ✱

s❡❣✉❡ ❛ r❡❧❛çã♦

~rT = Rz

(

~rCG − ~dT

)

.

❯s❛♥❞♦ ♦ ❢❛t♦ ❞❡ q✉❡ R−1
z = Rz✱

~rCG = ~dT +Rz ~rT

é ❛ ♣r✐♥❝✐♣❛❧ tr❛♥s❢♦r♠❛çã♦ ✉t✐❧✐③❛❞❛ ♥❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✳

P❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ❛ ❡♠✐ssã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s é s✐♠✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦

♣r❡❞❡t❡r♠✐♥❛❞❛ ❞❡ ✉♠ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ ❝❛♥❞✐❞❛t♦ ❛ ❢♦♥t❡✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ à té❝♥✐❝❛

❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣✱ ♦s ❡✐①♦s ❞♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❧♦❝❛❧ ❞♦ ❛str♦ ♣♦ss✉❡♠ ♦ ♠❡s♠♦

s❡♥t✐❞♦ ❞♦s ❡✐①♦s ❞♦ r❡❢❡r❡♥❝✐❛❧ ❈●✱ s❡♥❞♦ s✉❛ ♦r✐❣❡♠ tr❛♥s❧❛❞❛❞❛ ♣♦r ✉♠❛ q✉❛♥t✐❞❛❞❡
~dF ✳ ❆ss✐♠✱ ✉♠❛ ♣♦s✐çã♦ ~rF ♥♦ s✐st❡♠❛ ❧♦❝❛❧ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❞❛ ❢♦♥t❡ ❡q✉✐✈❛❧❡ à ♣♦s✐çã♦

~rCG = ~dF + ~rF

♥❛s ❝♦♦r❞❡♥❛❞❛s ❞♦ s✐st❡♠❛ ❈●✳

❊♠ t♦❞♦s ♦s r❡❢❡r❡♥❝✐❛✐s s❡❝✉♥❞ár✐♦s S✱ é ✐♥t❡r❡ss❛♥t❡ ❞❡✜♥✐r ❝♦♦r❞❡♥❛❞❛s ❛♥✲

❣✉❧❛r❡s ✉s✉❛✐s ❞❡ ❧♦♥❣✐t✉❞❡ lS ❡ ❧❛t✐t✉❞❡ bS✱ ❞❡ ♠♦❞♦ q✉❡ ❛s ❞✐r❡çõ❡s sã♦ ❡s❝r✐t❛s ♥❛

❢♦r♠❛

✶✹✷



n̂S =
1

rS






xS

yS

zS




 =






cos bS cos lS

cos bS sin lS

sin bS






♦✉✱ ✐♥✈❡rs❛♠❡♥t❡✽✵✱

(

lS

bS

)

=

(

arctan (yS/xS)

arcsin zS

)

✳ ✭✼✼✮

◆♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❞❛ ❚❡rr❛✱ ♦s â♥❣✉❧♦s (lS, bS) = (lT , bT ) ❝♦✐♥❝✐❞❡♠ ❝♦♠

❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱ ❡s❝r✐t❛s s✐♠♣❧❡s♠❡♥t❡ ❝♦♠♦ (l, b)✳ ❈♦♠♦ ❛s ❧♦♥❣✐t✉❞❡s sã♦

♠❡❞✐❞❛s ❛ ♣❛rt✐r ❞♦ ❡✐①♦✲x+
T ❡♠ ❞✐r❡çã♦ ❛♦ ❡✐①♦✲y+T ✱ ♦s ♠❛♣❛s ❣❛❧á❝t✐❝♦s sã♦ r❡♣r❡s❡♥t❛✲

❞♦s ❝♦♠ ♦s ✈❛❧♦r❡s ♣♦s✐t✐✈♦s ❞❡ l à ❡sq✉❡r❞❛ ❞❛ ♦r✐❣❡♠ ♥❛ ♣r♦❥❡çã♦ ❛③✐♠✉t❛❧ ❞❡ ❆✐t♦✛✱

❡s❝♦❧❤✐❞❛ ♣❛r❛ ♦s ❣rá✜❝♦s ❞❡st❛ t❡s❡✳

✺✳✾ ❱❛❧✐❞❛çã♦ ❞♦ ♠ét♦❞♦ ❞♦s ♣❛ss♦s ❛❞❛♣t❛t✐✈♦s

◆❡st❛ s❡çã♦ sã♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ t❡st❡s ❞♦ ♠ét♦❞♦ ❞♦s ♣❛ss♦s ❛❞❛♣t❛t✐✈♦s

✭P❆✮ q✉❛♥t♦ à s✉❛ ♣r❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❡ s✉❛ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ♦ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ❞❡

❘✉♥❣❡✲❑✉tt❛ ❞❡ q✉❛rt❛ ♦r❞❡♠ ✭❘❑✮✳ ❚♦❞❛s ❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s

♣rót♦♥s ✭Z = 1✮ ❡ ❛s tr❛❥❡tór✐❛s ❢♦r❛♠ r❡❝♦♥str✉í❞❛s ♣❡❧❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❛té

q✉❡ ❡❧❛s ❛t✐♥❣✐ss❡♠ ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ ρ = 20 ❦♣❝✳ ❆s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛ ❞♦s

27 ❡✈❡♥t♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ r❡✈✐st❛ ❙❝✐❡♥❝❡ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ✭r❡❢✳ ❬✺✵❪✮ ❢♦r❛♠

♦❜t✐❞❛s ❞❛ ♣✉❜❧✐❝❛çã♦ s✉❜s❡qü❡♥t❡ ♥❛ ❆str♦♣❛rt✐❝❧❡ P❤②s✐❝s ✭r❡❢✳ ❬✷✸✺❪✮ ♣❛r❛ s❡r❡♠ ✉t✐✲

❧✐③❛❞❛s ❝♦♠♦ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ♥♦s ❝ó❞✐❣♦s ❞❡ r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s✳ ❖s ❡✈❡♥t♦s

s❡rã♦ ❝✐t❛❞♦s s❡❣✉♥❞♦ ❛ ♦r❞❡♠ ❡♠ q✉❡ ❛♣❛r❡❝❡♠ ❧✐st❛❞♦s ♥❡ss❛ ú❧t✐♠❛ r❡❢❡rê♥❝✐❛✳

❖ ♠♦❞❡❧♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡♠♣r❡❣❛❞♦✱ ❝♦♥❝❡❜✐❞♦ ♣♦r ❍❛r❛r✐✱ ▼♦❧❧❡r❛❝❤ ❡

❘♦✉❧❡t ✭✶✾✾✾✱ r❡❢✳ ❬✷✸✻❪✮✱ é ✉♠❛ ✈❛r✐❛çã♦ s✉❛✈✐③❛❞❛ ❞❛ ❢♦r♠❛ ♣❛r❛♠étr✐❝❛ ❞❡ ❙t❛♥❡✈

❝♦♠ ✉♠❛ ❡①tr❛♣♦❧❛çã♦ ❞♦s ❜r❛ç♦s ❡s♣✐r❛✐s ♣❛r❛ ❞❡♥tr♦ ❞❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦✱ ✉t✐❧✐③❛❞❛ ♥❛

❝♦❧❛❜♦r❛çã♦ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❜❡♥❝❤♠❛r❦ ✭✈❡r✐✜❝❛çã♦✮✳ ◆❛ ú❧t✐♠❛ s✉❜✲s❡çã♦ ❞❡st❛

♣❛rt❡✱ ❛ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ P❆ ❡ ❘❑ é ❞❡♠♦♥str❛❞❛ ♣❛r❛ 91 ❡✈❡♥t♦s ❝♦♥s✐❞❡r❛❞♦s

❡s♣❡❝✐✜❝❛♠❡♥t❡ ❡♠ ✉♠❛ ❛♥á❧✐s❡ q✉❡ ❛ss✉♠❡ ❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r✲

❣✐❛ ✉❧tr❛✲❛❧t❛ ❡ ❆●◆s✳ ❚♦❞❛s ❛s r❡❝♦♥str✉çõ❡s ❞❡ tr❛❥❡tór✐❛s q✉❡ ❧❡✈❛♠ ❛♦s r❡s✉❧t❛❞♦s
✽✵◆❛ ❡q✉❛çã♦ ✭✼✼✮✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ é ♣r❡❝✐s♦ ❛t❡♥çã♦ ♥♦ ❝á❧❝✉❧♦ ❞♦ ❛r❝♦ t❛♥❣❡♥t❡ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦

q✉❛❞r❛♥t❡✱ ♥♦ ♣❧❛♥♦✲xy✱ q✉❡ ❝♦♥té♠ ❛ ♣r♦❥❡çã♦ ~ρS = (xS , yS)✳

✶✹✸



❞❡st❛ t❡s❡ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❛tr❛✈és ❞♦ P❆ ❝♦♠ ǫ = 0.01✱ ❞❡✜♥✐❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✼✸✮ ♥❛

s❡çã♦ ✺✳✶✳

✺✳✾✳✶ Pr❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❡♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✉♥✐❢♦r♠❡

❙❡❥❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✉♥✐❢♦r♠❡ ❞❛❞♦ ♣♦r ~B = (0, 0,−1.5) µ● ❡ ✉♠❛ ♠❛❣♥✐t✉❞❡ ❞❡

✐♥❝r❡♠❡♥t♦ t❡♠♣♦r❛❧ ∆t = 0.01 ❦❛✱ ❞❡r✐✈❛❞❛ ❞♦ ✈❛❧♦r ♠é❞✐♦ ❞♦s ✐♥❝r❡♠❡♥t♦s t❡♠♣♦r❛✐s

❝❛❧❝✉❧❛❞♦s ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s ❞♦s 27 ❡✈❡♥t♦s✳ ❆ ❞✐r❡çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡

✐♥✐❝✐❛❧ ❞❡ ✉♠ ú♥✐❝♦ ♣rót♦♥ ❝♦♠ ❡♥❡r❣✐❛ 1 ❊❡❱✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱ ❢♦✐ ❡st✐♣✉❧❛❞❛

❝♦♠♦ s❡♥❞♦ (l, b) = (−90➦, 0➦) ♥♦ s❡♥t✐❞♦ ♣♦s✐t✐✈♦ ❞♦ ❡✐①♦✲yCG✳ ❆ ♣♦s✐çã♦ ✐♥✐❝✐❛❧ ❞❛

♣❛rtí❝✉❧❛ s♦❜r❡ ♦ ❡✐①♦✲xCG r❡♣r❡s❡♥t❛ ❛ ♣♦s✐çã♦ ❞❛ ❚❡rr❛ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ♦✉ s❡❥❛✱ xCG =

8.5 ❦♣❝✳

P❛r❛ ❛ ✈❡r✐✜❝❛çã♦ ❞❛ ♣r❡❝✐sã♦ ❞♦ P❆ ❡♠ r❡❧❛çã♦ ❛ ✉♠❛ ór❜✐t❛ ♣❡r❢❡✐t❛♠❡♥t❡ ❝✐r✲

❝✉❧❛r✱ ♦ ❝ó❞✐❣♦ ❢♦✐ ✐t❡r❛❞♦ 105 ✈❡③❡s ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛ 67 ✈♦❧t❛s ❝♦♠♣❧❡t❛s ❞❛ ♣❛rtí❝✉❧❛✳

❙❡ rinicial ❡ rfinal sã♦ ♦s r❛✐♦s ❞❡ ▲❛r♠♦r ✐♥✐❝✐❛❧ ❡ ✜♥❛❧✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ♦ r❡s✉❧t❛❞♦

♥✉♠ér✐❝♦ ♦❜t✐❞♦ ❢♦✐

rfinal − rinicial
rinicial

≈ 1.31× 10−7✳

❆s ♠❡❞✐❞❛s ❛t✉❛✐s ❞❡ ❞✐stâ♥❝✐❛s ∼ ❦♣❝ ♥❛ ❱✐❛ ▲á❝t❡❛ ♣♦ss✉❡♠ ✉♠ ❞❡s✈✐♦ ❝♦♠ ♦r❞❡♠

❞❡✱ ♥♦ ♠í♥✐♠♦✱ 10−1 ❦♣❝✳

✺✳✾✳✷ Pr❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❡♠ ✉♠ ♠♦❞❡❧♦ ♣❛r❛♠étr✐❝♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

❣❛❧á❝t✐❝♦

P❛r❛ q✉❛♥t✐✜❝❛r ❛ ♣r❡❝✐sã♦ ❡s♣❛❝✐❛❧ ❞♦ P❆ ❡♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦

♣❛r❛♠❡tr✐③❛❞♦✱ ❛s tr❛❥❡tór✐❛s ❞♦s 27 ❡✈❡♥t♦s ❢♦r❛♠ ✐♥✐❝✐❛❧♠❡♥t❡ r❡❝♦♥str✉í❞❛s ❛té ♦

❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛✳ ❆ ♣❛rt✐r ❞❡ss❛ r❡❣✐ã♦✱ ♦s s❡♥t✐❞♦s ❞❛s ✈❡❧♦❝✐❞❛❞❡s ❢♦r❛♠ ✐♥✈❡rt✐❞♦s

❡ ❛s ♣❛rtí❝✉❧❛s ❢♦r❛♠ ♣r♦♣❛❣❛❞❛s ♥♦✈❛♠❡♥t❡ ♣❛r❛ ♦ ✐♥t❡r✐♦r ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❊♥tã♦✱

♣❛r❛ ❝❛❞❛ ❡✈❡♥t♦✱ ❛ ❞✐stâ♥❝✐❛ ❞❡ ♠á①✐♠❛ ❛♣r♦①✐♠❛çã♦ à ❚❡rr❛ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛✳ ❆

❞✐str✐❜✉✐çã♦ ❞❡ss❛s ❞✐stâ♥❝✐❛s ❢♦✐ ❞❡❝♦♠♣♦st❛ ♥❛s ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s ❣❛❧á❝t✐❝❛s✱

r❡s✉❧t❛♥❞♦ ♥❛s três ❞✐str✐❜✉✐çõ❡s q✉❡ ❛♣❛r❡❝❡♠ ❣r❛✜❝❛❞❛s ♥❛ ✜❣✉r❛ ✺✶✳

❊ss❛s ❞✐stâ♥❝✐❛s ❞❡ ♠á①✐♠❛ ❛♣r♦①✐♠❛çã♦ s❡ ❞✐str✐❜✉ír❛♠ ❡♠ t♦r♥♦ ❞❛ ♣♦s✐çã♦ ❞❛

❚❡rr❛ ❝♦♠ ♦ ✈❛❧♦r ♠é❞✐♦ (0.018± 0.035) ❦♣❝✱ ❡q✉✐✈❛❧❡♥❞♦ ❛ ✉♠❛ ✏✐❞❛✑ ❡ ✉♠❛ ✏✈♦❧t❛✑

❞❛s ♣❛rtí❝✉❧❛s✳ P♦rt❛♥t♦✱ ✉♠❛ tr❛❥❡tór✐❛ tí♣✐❝❛ ❛té ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ ❞❡✈❡ ♣♦ss✉✐r

✉♠ ❡rr♦ ♠é❞✐♦ ❞❡ (0.018 ❦♣❝) /2 = 0.009 ❦♣❝✳ ❈♦♠♣❛r❛❞♦ à ❞✐stâ♥❝✐❛ ❞✐stâ♥❝✐❛ ❚❡rr❛✲

✶✹✹



❙❛❣✐tár✐♦ ❆✯✱ ♦ ✈❛❧♦r 0.009/8.5 ≈ 10−3 ❡stá ❞❡♥tr♦ ❞❛ ♣r❡❝✐sã♦ ❞♦s ❝á❧❝✉❧♦s q✉❡ ❡♥✈♦❧✈❡♠

❞✐stâ♥❝✐❛s ❡ ♣♦s✐çõ❡s ♥❛ ❱✐❛ ▲á❝t❡❛✳
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❋✐❣✉r❛ ✺✶✿ ❍✐st♦❣r❛♠❛s ❞❛ ❞✐str✐❜✉✐çã♦ ❞❛s ❞✐stâ♥❝✐❛s ❞❡ ♠á①✐♠❛ ❛♣r♦①✐♠❛çã♦ à ❚❡rr❛
♣❛r❛ ❝❛❞❛ ❡✐①♦ ❝♦♦r❞❡♥❛❞♦ ❞❛ ❣❛❧á①✐❛✱ ❛ ♣❛rt✐r ❞❛s r❡❝♦♥str✉çõ❡s ❡♥✈♦❧✈❡♥❞♦ ♦ ❜❛❝❦✲ ❡
♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❞❡ ♣rót♦♥s ❝♦♠ ❜❛s❡ ♥♦s 27 ❡✈❡♥t♦s✳

✺✳✾✳✸ ❖ ❜❡♥❝❤♠❛r❦ ❝♦♠ ♦s 27 ❡✈❡♥t♦s

❆s tr❛❥❡tór✐❛s ❞♦s 27 ❡✈❡♥t♦s ❢♦r❛♠ r❡❝♦♥str✉í❞❛s ❛tr❛✈és ❞❡ ❛♠❜♦s P❆ ❡ ❘❑ ❡ ❡♥tã♦✱

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

❞♦s r❛✐♦s ❝ós♠✐❝♦s ♥❛ ❱✐❛ ▲á❝t❡❛ ❡ ❛s ❞✐r❡çõ❡s ❞❡ ❞❡t❡❝çã♦ ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢♦r❛♠

❞❡t❡r♠✐♥❛❞❛s✳

◆❛ ✜❣✉r❛ ✺✷✭❛✮✱ ❡ss❛s ❞✐❢❡r❡♥ç❛s ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ❛tr❛✈és ❞♦ P❆ ♣❛r❛ ǫ = 0.01✳

❊♠ ✭❜✮✱ ✉♠❛ ❛♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ ❢♦✐ r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞♦ ❘❑ ❝♦♠ ♣❛ss♦s t❡♠♣♦r❛✐s

∆t = 0.001/c✱ ♦♥❞❡ ❛s ✉♥✐❞❛❞❡s ✉s✉❛✐s ❞❡ ❡s♣❛ç♦ ❡ t❡♠♣♦ sã♦ ❦♣❝ ❡ ❦❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✶✹✺



❖s ❤✐st♦❣r❛♠❛s ❞✐❢❡r❡♠ ❞❡✈✐❞♦ ❛♦ ❡✈❡♥t♦ ❞❡ ♥ú♠❡r♦ 13✱ ❝✉❥❛ r❡❝♦♥str✉çã♦ ♣❡❧♦ P❆

r❡s✉❧t♦✉ ♥✉♠❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❞❡ 3.98➦ q✉❡✱ s❡❣✉♥❞♦ ♦ ❘❑✱ ❢♦✐ ❞❡ 4.01➦✳ ❉❛❞❛ ❛

r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❛t✉❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡ss❡s ✈❛❧♦r❡s ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s

❡q✉✐✈❛❧❡♥t❡s✳
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Método numérico:

passos adaptativos

Ε = 0.01
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Método numérico:

Runge-Kutta

Dt = 0.001�c

✭❜✮

❋✐❣✉r❛ ✺✷✿ ✭❛✮ ❍✐st♦❣r❛♠❛ ❞♦s ❞❡s✈✐♦s ❛♥❣✉❧❛r❡s ❝❛✉s❛❞♦s ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ ♠❛❣✲
♥ét✐❝♦ ❣❛❧á❝t✐❝♦ s✉❛✈✐③❛❞♦ s❡❣✉♥❞♦ ❛ r❡❝♦♥str✉çã♦ ❝♦♠ ♦ P❆ ❝♦♠ ǫ = 0.01✳ ✭❜✮ ▼❡s♠❛
❛♥á❧✐s❡ ✉t✐❧✐③❛♥❞♦ ♦ ❘❑ ❝♦♠ ∆t = 0.001/c✳ ❖s ✐♥t❡r✈❛❧♦s ❛♥❣✉❧❛r❡s sã♦ ❞❡ 1➦✳ ❖s
r✐s❝♦s ❞✐str✐❜✉í❞♦s ❛♦ ❧♦♥❣♦ ❞❛s ❜❛s❡s ❞❛s ❜❛rr❛s ✐♥❞✐❝❛♠ ❛s ♣♦s✐çõ❡s ❞♦s ✈❛❧♦r❡s ❞❡ss❛s
❞✐❢❡r❡♥ç❛s s♦❜r❡ ♦ ❡✐①♦ ❞❛s ❛❜❝✐ss❛s✳

❈♦♥s✐❞❡r❡ ❛❣♦r❛ ❛s 27 ❞✐r❡çõ❡s ❞❡ s❛í❞❛ ❞❛ ❱✐❛ ▲á❝t❡❛ ❞❡t❡r♠✐♥❛❞❛s ❛tr❛✈és ❞❛

✶✹✻



r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s ❞♦s ❡✈❡♥t♦s ❛té ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛✳ P❛r❛ ❝❛❞❛ ❡✈❡♥t♦✱ ❛

❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❞❛s ❞✐r❡çõ❡s ❞❛❞❛s ♣♦r P❆ ❡ ❘❑ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s✳ ❆ ✜❣✉r❛ ✺✸

♠♦str❛ ❛ ❞✐str✐❜✉✐çã♦ r❡s✉❧t❛♥t❡✱ q✉❡ ♣♦ss✉✐ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦ (0.016± 0.012) ➦✳
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Μ = 0.016°

Σ = 0.012°

PA: Ε = 0.01

RK: Dt = 0.001�c

❋✐❣✉r❛ ✺✸✿ ❍✐st♦❣r❛♠❛ ❝♦♠♣❛r❛t✐✈♦ ❡♥tr❡ ❞✐r❡çõ❡s r❡❝♦♥str✉í❞❛s ♣♦r P❆ ❡ ❘❑ s♦❜r❡ ♦
❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ ♣❛r❛ ♦s 27 ❡✈❡♥t♦s ❝♦♥s✐❞❡r❛❞♦s✳

❆ ✜❣✉r❛ ✺✹✱ ♣✉❜❧✐❝❛❞❛ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ✭✷✵✵✽✱ r❡❢✳ ❬✷✸✺❪✮✱ ♠♦str❛ ♦ r❡s✉❧✲

t❛❞♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s ❞✐r❡çõ❡s ❞❡ ❡♥tr❛❞❛ ❞❡ ♣rót♦♥s ♥❛ ❱✐❛ ▲á❝t❡❛ ❡

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

é ❝♦♥s✐❞❡r❛❞♦✳

❋✐❣✉r❛ ✺✹✿ ❍✐str♦❣r❛♠❛ ❞❛s ❞✐❢❡r❡♥ç❛s ❛♥❣✉❧❛r❡s ❡♥tr❡ ❛s ❞✐r❡çõ❡s ❞❡ ❡♥tr❛❞❛ ❞❡ ♣ró✲
t♦♥s ♥❛ ❱✐❛ ▲á❝t❡❛ ❡ ❛s ❞✐r❡çõ❡s ❞❡ ❞❡t❡❝çã♦ ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❛ss♦❝✐❛❞❛s ❛♦s
27 ❡✈❡♥t♦s✱ ♣❛r❛ ♦ q✉❛❧ ♦ ♠♦❞❡❧♦ ❞♦ ❝❛♠♣♦ ❞❡ ❙t❛♥❡✈ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦✳

✶✹✼



❆♣❡s❛r ❞♦s ♠♦❞❡❧♦s ❞✐❢❡r❡♥t❡s ❛❞♦t❛❞♦s ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ♦s ❣rá✜❝♦s ❞❛s

✜❣✉r❛s ✺✷✭❛✮ ❡ ✺✹ ❞✐❢❡r❡♠ ❛♣❡♥❛s ♣♦r ❝❛✉s❛ ❞♦s ❡✈❡♥t♦s ❞❡ ♥ú♠❡r♦s 12 ❡ 19✳ ◆♦ ú❧✲

t✐♠♦ ❤✐st♦❣r❛♠❛✱ ❡ss❡s ❡✈❡♥t♦s ❡stã♦ ❝♦♥t✐❞♦s ♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ 3➦ ❡ 4➦✱ ❡♥q✉❛♥t♦ ♥♦

♣r✐♠❡✐r♦ ♦s ✈❛❧♦r❡s ❞❛s ❞✐❢❡r❡♥ç❛s ❛♥❣✉❧❛r❡s s❡❣✉♥❞♦ ♦ P❆ sã♦ 2.96➦ ❡ 2.95➦✱ r❡s♣❡❝t✐✈❛✲

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

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

❤✐st♦❣r❛♠❛s sã♦ ❡q✉✐✈❛❧❡♥t❡s✳

✺✳✾✳✹ ❈♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ♦s ♠ét♦❞♦s ♣❛r❛ 91 ❡✈❡♥t♦s

◆❛ s❡çã♦ ✻✳✹✱ 91 ❡✈❡♥t♦s s❡rã♦ ❝♦♥s✐❞❡r❛❞♦s ♥✉♠ ❡st✉❞♦ s♦❜r❡ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛

❞❡ r❛✐♦s ❝ós♠✐❝♦s ♣♦ss✐✈❡❧♠❡♥t❡ ❛ss♦❝✐❛❞♦s ❛ ❆●◆s✳ ❆ ♠❡s♠❛ ❛♥á❧✐s❡ ❞♦ ❜❡♥❝❤♠❛r❦

❢♦✐ ❛♣❧✐❝❛❞❛ ❛ ❡ss❡s r❛✐♦s ❝ós♠✐❝♦s ❞❡t❡❝t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ❛s ❞✐str✐❜✉✐çõ❡s

❞❛s ❞✐❢❡r❡♥ç❛s ❛♥❣✉❧❛r❡s ❡♥tr❡ ❛ ❞✐r❡çã♦ ❞❡ ❞❡t❡❝çã♦ ❡ ❛ ❞✐r❡çã♦ ❞❡ s❛í❞❛ ❞❛ ❱✐❛ ▲á❝t❡❛✱

❞❡t❡r♠✐♥❛❞❛s s❡♣❛r❛❞❛♠❡♥t❡ ♣❛r❛ ♦ P❆ ❡ ♦ ❘❑✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✺✺✳ ❆ss✐♠

❝♦♠♦ ♥♦ ❝❛s♦ ❞♦s 27 ❡✈❡♥t♦s✱ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ❤✐st♦❣r❛♠❛s ♦❝♦rr❡♠ ❞❡✈✐❞♦ ❛

✈❛❧♦r❡s ♣ró①✐♠♦s ❞♦s ❧✐♠✐t❡s ❞♦s ✐♥t❡r✈❛❧♦s ❛♥❣✉❧❛r❡s✳ ❈♦♠♦ ♦ t❛♠❛♥❤♦ ❞❡ss❡s ✐♥t❡r✈❛❧♦s

é ❞❛ ♠❡s♠❛ ♦r❞❡♠ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❞♦ ♦❜s❡r✈❛tór✐♦✱ ♦s ❣rá✜❝♦s sã♦ ❝♦♥s✐❞❡r❛❞♦s

❡q✉✐✈❛❧❡♥t❡s✳

❙♦❜r❡ ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛✱ ❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❢♦✐ ❞❡t❡r✲

♠✐♥❛❞❛ ❛tr❛✈és ❞❡ ❛♠❜♦s ♦ P❆ ❡ ❘❑✳ ◆♦✈❛♠❡♥t❡✱ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❡✈❡♥t♦ ❛ ❡✈❡♥t♦

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

❞❛ ✜❣✉r❛ ✺✻✳ ❖s ♠ét♦❞♦s ♥✉♠ér✐❝♦s ❝♦♥❝♦r❞❛♠✱ ❡♠ ♠é❞✐❛✱ ❝♦♠ (0.025± 0.044) ➦✱ s✐❣✲

♥✐✜❝❛♥❞♦ q✉❡ ♥ã♦ ❤á ❞✐✈❡r❣ê♥❝✐❛ ❡♥tr❡ ❡❧❡s✳

✶✹✽
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Método numérico:

passos adaptativos

Ε = 0.01
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Método numérico:

Runge-Kutta

Dt = 0.001�c

✭❜✮

❋✐❣✉r❛ ✺✺✿ ❆♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ à ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✺✷✳ ❍✐st♦❣r❛♠❛ ❞♦s ❞❡s✈✐♦s
❛♥❣✉❧❛r❡s s❡❣✉♥❞♦ ❛ r❡❝♦♥str✉çã♦ ♣❡❧♦ ✭❛✮ P❆ ❝♦♠ ǫ = 0.01 ❡ ✭❜✮ ❘❑ ❝♦♠ ∆t = 0.001/c✳
❖s r✐s❝♦s ♥❛s ❜❛s❡s ❞❛s ❜❛rr❛s ❞❡ 1➦ ✐♥❞✐❝❛♠ ❛s ♣♦s✐çõ❡s ❞♦s ✈❛❧♦r❡s ♥✉♠ér✐❝♦s ♦❜t✐❞♦s
s♦❜r❡ ♦ ❡✐①♦ ❞❛s ❛❜❝✐ss❛s✳

✶✹✾
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Μ = 0.025°

Σ = 0.044°

PA: Ε = 0.01

RK: Dt = 0.001�c

❋✐❣✉r❛ ✺✻✿ ❍✐st♦❣r❛♠❛ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❛ ✜❣✉r❛ ✺✸✱ ♠♦str❛♥❞♦ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡
❞✐r❡çõ❡s r❡❝♦♥str✉í❞❛s ♣♦r P❆ ❡ ❘❑ s♦❜r❡ ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ ♣❛r❛ ♦s 91 ❡✈❡♥t♦s ❝♦♥✲
s✐❞❡r❛❞♦s✳
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✻ ❘❡s✉❧t❛❞♦s

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ✈ár✐❛s ❛♣❧✐❝❛çõ❡s ❞❛s té❝♥✐❝❛s ❞♦ ❜❛❝❦✲ ❡ ❢♦r✇❛r❞tr❛❝❦✲

✐♥❣✱ ❢✉♥❞❛♠❡♥t❛❞❛s ♥❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❛♣r❡s❡♥✲

t❛❞❛s ♥❛ s❡çã♦ ✹✳✹✳ ➱ ❛ss✉♠✐❞♦ q✉❡ ♦s r❛✐♦s ❝ós♠✐❝♦s ✐♥t❡r❛❣❡♠ ✉♥✐❝❛♠❡♥t❡ ❝♦♠ ❡ss❡s

❝❛♠♣♦s✱ s❡♥❞♦ ❛s tr❛❥❡tór✐❛s ❞❡✜♥✐❞❛s ✉♥✐❝❛♠❡♥t❡ ❛ ♣❛rt✐r ❞❡❧❡s✱ s❡♠ q✉❛✐sq✉❡r ♦✉tr♦s

❡❢❡✐t♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ❛❜s♦rçã♦ ♦✉ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛✳

P❛rt❡ ❞♦ tr❛❜❛❧❤♦ ❜❛s❡♦✉✲s❡ ❡♠ ❞❛❞♦s r❡❛✐s✱ ♦✉ s❡❥❛✱ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①✲

t❡♥s♦s ♠❡❞✐❞♦s ❡ ❝❛r❛❝t❡r✐③❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ P✐❡rr❡ ❆✉❣❡r✳ ❱❛❧♦r❡s ❞❛s ❣r❛♥❞❡③❛s

❢ís✐❝❛s ❞❡t❡r♠✐♥❛❞♦s ♥❛s r❡❝♦♥str✉çõ❡s✱ t❛✐s ❝♦♠♦ ❛ ❞✐r❡çã♦ ✭❝❡❧❡st❡✮ ❞❡ ❝❤❡❣❛❞❛ ❡ ❛

❡♥❡r❣✐❛ ❞❡ ❝❛❞❛ ❡✈❡♥t♦✱ ❢♦r❛♠ ✉s❛❞♦s ❝♦♠♦ ♣♦♥t♦s ❞❡ ♣❛rt✐❞❛ ♣❛r❛ ❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦✲

tr❛❝❦✐♥❣ ♥❛ ❜✉s❝❛ ♣♦r ❢♦♥t❡s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛♦ ❧♦♥❣♦ ❞❡ s✉❛s tr❛❥❡tór✐❛s ❞❡♥tr♦ ❞❛

❣❛❧á①✐❛✳ ❆ té❝♥✐❝❛ t❛♠❜é♠ ❢♦✐ ❛♣❧✐❝❛❞❛ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❞❛❞♦s r❡❝❡♥t❡s ❡♥✈♦❧✈❡♥❞♦ ❛

❝♦rr❡❧❛çã♦ ❞❛ r❛❞✐❛çã♦ ❝♦♠ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ❛ss♦❝✐❛❞♦s ❛ ♣r♦❝❡ss♦s ❞❡ ❡♥❡r❣✐❛s ❛❧t❛s✱

❝♦♠♦ ♦s ❆●◆s❀ ♣❛r❛ ❡ss❛ ❛♥á❧✐s❡✱ ❛ ❝♦rr❡❧❛çã♦ ♣♦♥t♦ ❛ ♣♦♥t♦ é ✉♠❛ ❤✐♣ót❡s❡ s♦❜r❡

❛ q✉❛❧ é ❞❡s❡♥✈♦❧✈✐❞♦ ✉♠ ♣♦ssí✈❡❧ ❡s♣❡❝tr♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s

❝♦♠ E > 1018 ❡❱✳ ❆♠❜❛s ❛s ❢r❡♥t❡s ❞❡ ♣❡sq✉✐s❛ ❞❡s❝r✐t❛s ❛❝✐♠❛ ♥ã♦ s❡ ❝♦♥tr❛♣õ❡♠✿

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

♦✉tr❛s ❣❛❧á①✐❛s ❡ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❝❛s♦ s❡❥❛ ❡st❛❜❡❧❡❝✐❞♦ q✉❡ ❆●◆s s✐♠♣❧❡s♠❡♥t❡ tr❛❝❡♠

♦s ❧♦❝❛✐s ♦♥❞❡ ♦❝♦rr❡ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❛té ❛s ❡♥❡r❣✐❛s ✜♥❛✐s ♠❡❞✐❞❛s✳

❊♠ ♦✉tr❛s s❡çõ❡s✱ ♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ é ❡①♣❧♦r❛❞♦ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ♣❛r❛ ♣r❡✲

✈❡r ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ♣♦ssí✈❡✐s ♥❛ ❚❡rr❛ ❡ ❡st❛❜❡❧❡❝❡r ❧✐♠✐t❡s ♣r♦✈á✈❡✐s ♥♦ ❡s♣❡❝tr♦ ❞❡

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

❝ós♠✐❝♦s ❡♠✐t✐❞♦s ♥❛s ♣♦s✐çõ❡s ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ❝♦♥❤❡❝✐❞♦s✳ ❆s ♣❛rtí❝✉❧❛s sã♦

❛❝♦♠♣❛♥❤❛❞❛s ❛♦ ❧♦♥❣♦ ❞❛s tr❛❥❡tór✐❛s ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ s❡❥❛ ❛ ♣❛ss❛❣❡♠ ♣❡❧❛

❚❡rr❛ ❝♦♥st❛t❛❞❛ ♦✉ ♥ã♦✱ ❛té q✉❡ ❡❧❛s s❛✐❛♠ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❖ ♦❜❥❡t✐✈♦ ❞❡ss❛ ❛♥á❧✐s❡✱

s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❡♥✈♦❧✈✐❞❛s r❡✢❡t❡♠ ♦ ❝❛♠♣♦ r❡❛❧ ❞❛ ❣❛❧á①✐❛

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

❞❡ ♦♣❡r❛çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ◆❛ ❛♥á❧✐s❡ ❛♥❣✉❧❛r ❞❡ ♣❡q✉❡♥❛ ❡s❝❛❧❛✱ ♦ ❡st✉❞♦ ❞❛

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

❛ ❢♦♥t❡s ❞❡ ♥❛t✉r❡③❛s ❞✐❢❡r❡♥t❡s✳

P❛r❛ ♦s ❝❛s♦s ❡♠ q✉❡ ♦s ✈❛❧♦r❡s ❞❛s ❧❛t✐t✉❞❡s ❣❛❧á❝t✐❝❛s ❡♥✈♦❧✈✐❞❛s ♠❛①✐♠✐③❛♠

❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❞✐s❝♦ ✭b ≈ 0➦✮✱ ❛ ❡s❝♦❧❤❛ ❞♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s

♥♦ ✐♥t❡r✈❛❧♦ Z = 1 − 16 ❢✉♥❞❛♠❡♥t❛✲s❡ ❡♠ ❞✉❛s ♦❜s❡r✈❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ❞✐st✐♥t❛s✳

✶✺✶



▼❡❞✐❞❛s ❞❛ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛② r❡❧❛t✐✈❛s ❛♦ ❝❛♠♣♦ ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ❞❛ ❣❛❧á①✐❛ r❡s✉❧t❛♠

♥❛ ♣❛r❛♠❡tr✐③❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✶✱ ❝✉❥❛ ✐♥t❡♥s✐❞❛❞❡ ♠á①✐♠❛ é 9.35 µ●✳

❉❡s❡❥❛✲s❡ q✉❡ tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛s ❛té 100 ❊❡❱ s❡❥❛♠ r❡❝♦♥str✉í❞❛s

❝♦♠ ✉♠ r❛✐♦ ❞❡ ▲❛r♠♦r ❝♦♠♣❛rá✈❡❧ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ∼ 1 ❦♣❝ ❞❡ss❡

❝❛♠♣♦✳ ❆ss✐♠✱ ❛ ❡q✉❛çã♦ ✭✷✾✮ ✐♥❞✐❝❛ q✉❡ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡✈❡ s❡r r❡str✐t❛ ❛♦

❧✐♠✐t❡ ❛♣r♦①✐♠❛❞♦ ❞❡ Z . 12✳ ❆❧é♠ ❞✐ss♦✱ r❡❣✐õ❡s ❣❛❧á❝t✐❝❛s r❡❧❛❝✐♦♥❛❞❛s ❛ ❡str❡❧❛s

❝♦♠ ❣r❛♥❞❡ ♠❛ss❛ ❛♣r❡s❡♥t❛♠ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❝♦♠ ❞✐r❡çõ❡s ❞❡ ♦♥❞❡ é ❞❡t❡❝t❛❞❛

❛ ❛❜✉♥❞â♥❝✐❛ ❞♦ ❡❧❡♠❡♥t♦ 26❆❧ ✭Z = 13✮✱ ✉♠ s✉❜♣r♦❞✉t♦ ❞❛ ❝❛❞❡✐❛ ❞❡ ♥✉❝❧❡♦ssí♥t❡s❡

❈◆❖✱ ❞❡s❝r✐t❛ ♥❛ s❡çã♦ ✹✳✷✳ ❆ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ❞❛s r❡❛çõ❡s ❞❡ ❢✉sã♦ ♥✉❝❧❡❛r ♥♦ ❝❡♥tr♦

❞❡ ❡str❡❧❛s ❡stá r❡❧❛❝✐♦♥❛❞❛ ❞✐r❡t❛♠❡♥t❡ às ❝♦rr❡♥t❡s ❝♦♥✈❡❝t✐✈❛s✱ q✉❡ ❝❛✉s❛♠ ❛ ♠✐st✉r❛

❡ ♦ tr❛♥s♣♦rt❡ ❞❡ ❡❧❡♠❡♥t♦s ❞❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ♣❛r❛ ❛ s✉♣❡r❢í❝✐❡✱ ❛ss✐♠ ❝♦♠♦ t❛♠❜é♠

s✉st❡♥t❛ ❛ ❛t✐✈✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ❡st❡❧❛r✱ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ✐♥❥❡çã♦ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱

♣❡❧♦ ❡♥r✐q✉❡❝✐♠❡♥t♦ q✉í♠✐❝♦ ❞♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❞❛ ♥♦ss❛ ❡ ❞❡ ♦✉tr❛s ❣❛❧á①✐❛s✳ ❊ss❡

ú❧t✐♠♦ ♠❡❝❛♥✐s♠♦ é ❝♦♠✉♠❡♥t❡ ❛ss♦❝✐❛❞♦ ❛ ❡str❡❧❛s ❝♦♠ ♠❛ss❛s > 25 ▼⊙✱ ❝♦♠♦ ❇✐❡r✲

♠❛♥♥ ❡ ❙✐❣❧ ❛♣♦♥t❛♠ ✭✷✵✵✶✱ r❡❢✳ ❬✷✵✻❪✮✳ ❏á q✉❡ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s às ❡♥❡r❣✐❛s

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

③♦á✈❡❧ s✉♣♦r q✉❡ ❛ ❛❜✉♥❞â♥❝✐❛ ❡❧❡♠❡♥t❛r ❝♦♠ Z . 13 s❡❥❛ ♦❜s❡r✈❛❞❛ ♥♦ ✢✉①♦ ❞❡ r❛✐♦s

❝ós♠✐❝♦s ✭❝♦♠♦ ❞❡ ❢❛t♦ ❛❝♦♥t❡❝❡ ♣❛r❛ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ❜❛✐①❛s ❡♥❡r❣✐❛s✮✳ ❙♦❜ ❡ss❛s

❝♦♥❞✐çõ❡s✱ ♦ ✐♥t❡r✈❛❧♦ ❡s❝♦❧❤✐❞♦ ♣❛r❛ ♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s ❢♦✐ ❡st❡♥❞✐❞♦ ❛té Z = 16✳

◆❛s ❛♥á❧✐s❡s ❡♠ q✉❡ ❛s ❧❛t✐t✉❞❡s ❡♥✈♦❧✈✐❞❛s ❛♣r♦①✐♠❛♠✲s❡ ❞♦s ♣ó❧♦s ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♦✉

❝❛s♦s ❡♠ q✉❡ ❛s ❡♥❡r❣✐❛s ❞❛s ♣❛rtí❝✉❧❛s s❡❥❛♠ ❡①tr❡♠❛s ✭E > 100 ❊❡❱✮✱ ♦ ❞❡❝❛✐♠❡♥t♦

❡①♣♦♥❡♥❝✐❛❧ ❞♦ ❝❛♠♣♦ ♣❡r♠✐t❡ q✉❡ ❛ ❡s❝♦❧❤❛ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ s❡ ❡st❡♥❞❛ ❛té

❡❧❡♠❡♥t♦s tr❛♥s❢érr✐❝♦s✳

❚❛♥t♦ ♣❛r❛ ♦ ❜❛❝❦✲ q✉❛♥t♦ ♣❛r❛ ♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣✱ ♦s ♣❛râ♠❡tr♦s ❞❡ ♣r❡❝✐sã♦✱

❞✐s❝✉t✐❞♦s ♥♦ ❝❛♣ít✉❧♦ ✺✱ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ❝♦♠♦ ε = δ = 10−2✳ ❆ss✐♠✱ ❝❛❞❛ tr❛❥❡tór✐❛

r❡❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❞❛ ❚❡rr❛ ❛té q✉❡ ❛ ♣❛rtí❝✉❧❛ s❛✐❛ ❞❛ ❱✐❛ ▲á❝t❡❛ r❡q✉❡r ❛♣r♦✲

①✐♠❛❞❛♠❡♥t❡ ✉♠ ♠✐♥✉t♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦ ❝ó❞✐❣♦ ♣❡❧♦ ♣r♦❣r❛♠❛ ▼❛t❤❡♠❛t✐❝❛ ✺✳

❆ss✉♠❡✲s❡ s❡♠♣r❡ t = 0 ❝♦♠♦ s❡♥❞♦ ♦ t❡♠♣♦ ❡♠ q✉❡ ❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s sã♦

✐♥❥❡t❛❞❛s ♥❛ ❣❛❧á①✐❛ ❛ ♣❛rt✐r ❞❛ ♦r✐❣❡♠ ❞❡ ❛❧❣✉♠ r❡❢❡r❡♥❝✐❛❧ ✭❝♦♠♦ ❛ ❚❡rr❛ ♦✉ ❛❧❣✉♠

t✐♣♦ ❞❡ ❡str❡❧❛✮✳ ◆♦ ❝❛s♦ ❞❡ ♣❛rtí❝✉❧❛s ♣r❡s❛s ♥♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❜♦❥♦✱ ❛ss✉♠✐♥❞♦

❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛✱ ♦ ❝ó❞✐❣♦ ✐♠♣õ❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ♣❛r❛❞❛ q✉❛♥❞♦ ♦

t❡♠♣♦ ❞❡ ♣❡r♠❛♥ê♥❝✐❛ ♥❛ ❣❛❧á①✐❛ ❛t✐♥❣❡ 300 ❦❛✱ ✉♠ ❧✐♠✐t❡ q✉❡ r❛r❛♠❡♥t❡ ❢♦✐ ❛t✐♥❣✐❞♦✳

✶✺✷



✻✳✶ ❖ ❡✈❡♥t♦ 200433900047

❆ ♣r✐♠❡✐r❛ ❛♥á❧✐s❡ ❞❡st❛ t❡s❡✱ ❢❛③❡♥❞♦ ✉s♦ ❞❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✱ ❢♦✐ r❡❛❧✐③❛❞❛

❛ ♣❛rt✐r ❞♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ❍❡r❛❧❞✱ ❡♥✈♦❧✈❡♥❞♦ ✈❛❧♦r❡s r❡s✉❧t❛♥t❡s ❞❛s r❡❝♦♥str✉çõ❡s

❣❡♦♠étr✐❝❛ ❡ ❡♥❡r❣ét✐❝❛ ❞♦s ❞❛❞♦s ❝♦❧❡t❛❞♦s ❛♣❡♥❛s ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳ ❖ ❝é✉

❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✺✼ r❡♣r❡s❡♥t❛ ❡✈❡♥t♦s ❝♦♠ ♣❛❞rã♦ ❞❡ q✉❛❧✐❞❛❞❡ T5✱ r❡❧❛t✐✈♦s ❛♦

♣❡rí♦❞♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ♦❜s❡r✈❛tór✐♦ ❡♥tr❡ ✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡ ✷✵✵✹ ❡ ✶✸ ❞❡ ♠❛rç♦ ❞❡ ✷✵✵✻✳

❯♠❛ r❡❣✐ã♦ ❞❡ ❡st✉❞♦ ❢♦✐ ❡s❝♦❧❤✐❞❛ ❝♦♠ ❜❛s❡ ♥❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s (l, b) =

(−27.67➦,−17.05➦)✱ r❡❢❡r❡♥t❡s ❛♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 101.13 ❊❡❱ ❡ ♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜✲

❝❛çã♦✽✶ 200433900047✱ ❞❡✈✐❞♦ ❛ ✉♠ s❡❣✉♥❞♦ ❡✈❡♥t♦✱ ❝♦♠ ❡♥❡r❣✐❛ 61.78 ❊❡❱✱ s❡♣❛r❛❞♦

❡♠ ∼ 1➦ ❞❡ ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r ❡♠ r❡❧❛çã♦ ❛♦ ♣r✐♠❡✐r♦✳ ❆♣❡s❛r ❞❛ ❝♦rr❡❧❛çã♦ ❡♠ â♥✲

❣✉❧♦✱ q✉✐s✲s❡ t❡st❛r s❡ ❡①✐st❡ ❛❧❣✉♠❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♦s ❡✈❡♥t♦s✱ ❛tr❛✈és ❞❛

r❡❝♦♥str✉çã♦ ❞❡ tr❛❥❡tór✐❛s✱ q✉❡ ❛♣♦♥t❡ ♣❛r❛ r❡❣✐õ❡s ♦♥❞❡ ❡❧❡s ♣♦ss❛♠ t❡r t✐❞♦ ❛ ♠❡s♠❛

♦r✐❣❡♠✳ ❙❡♣❛r❛❞❛♠❡♥t❡✱ t❛♠❜é♠ ❢♦✐ t❡st❛❞❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❝❛❞❛ ✉♠ ❞❡❧❡s r❡♣r❡✲

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

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

❡♥❡r❣✐❛ ❡ ❛ ♣♦s✐çã♦ ❞♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛ s❡❥❛ ∼ 32.14➦✳ ❆ ❝♦♥✜r♠❛çã♦ ❞❡ss❡ ❢❛t♦ ❡①♣❧✐✲

❝❛r✐❛ ♣❛r❝✐❛❧♠❡♥t❡ ♣♦rq✉❡ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♥ã♦ ❞❡t❡❝t♦✉ ✐♥❞í❝✐♦s ❞❡ ✉♠ ❡①❝❡ss♦

❧♦❝❛❧✐③❛❞♦ ❞♦ ✢✉①♦ ♥❛ ❞✐r❡çã♦ ❞❡ ❙❛❣✐tár✐♦ ❆✯ ✭✷✵✵✼✱ r❡❢✳ ❬✷✸✼❪✮✳

❆ ✜❣✉r❛ ✺✽ ♠♦str❛ ❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❞❡♥tr♦ ❞❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡ 12➦ ❡♠ t♦r♥♦ ❞♦

❡✈❡♥t♦ 200433900047✳ ◆❛ t❡♥t❛t✐✈❛ ❞❡ ❣❡♥❡r❛❧✐③❛r ❛ ✐❞é✐❛ ❞❛ ♣r♦❝✉r❛ ♣❡❧❛ ❝♦rr❡❧❛çã♦

❡s♣❛❝✐❛❧ ❡♥tr❡ ✈ár✐♦s ❡✈❡♥t♦s✱ ✉♠❛ ❜✉s❝❛ ❢♦✐ r❡❛❧✐③❛❞❛ ♥❡ss❛ r❡❣✐ã♦ s♦❜ ♦s ❝r✐tér✐♦s ❞❡

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

r❡❧❛çã♦ ❛♦ ❡✈❡♥t♦ ❝❡♥tr❛❧✳ ❖ r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ t❛❜❡❧❛ ✺ ❡ r❡♣r❡s❡♥t❛❞♦ ❣r❛✜✲

❝❛♠❡♥t❡ ♥❛ ✜❣✉r❛ ✺✾✱ ♦♥❞❡ é ♣♦ssí✈❡❧ ✈✐s✉❛❧✐③❛r ✉♠ ❛❧✐♥❤❛♠❡♥t♦ ❞♦s ❡✈❡♥t♦s✳ ❚❛♠✲

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

s✉❣❡r✐♥❞♦ ✉♠ ❡❢❡✐t♦ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❡ ✉♠ ❡s♣❡❝trô♠❡tr♦ ❞❡ ♠❛ss❛ ✭♥❡st❡ ❝❛s♦✱ ✉♠

❡s♣❡❝trô♠❡tr♦ ❞❡ ❡♥❡r❣✐❛✮✳

✽✶◆ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞♦s ❡✈❡♥t♦s✱ ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✱ ❝❛t❛❧♦❣❛❞♦s ♥♦ ❜❛♥❝♦
❞❡ ❞❛❞♦s ❍❡r❛❧❞✱ ❝♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✷✳✺✳

✶✺✸
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❋✐❣✉r❛ ✺✼✿ ❊✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♥♦
♣❡rí♦❞♦ ❡♥tr❡ ✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡ ✷✵✵✹ ❡ ✶✸ ❞❡ ♠❛rç♦ ❞❡ ✷✵✵✻✳

❋✐❣✉r❛ ✺✽✿ ❙❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❡♠ ✉♠❛ ❥❛♥❡❧❛ ❝✐r❝✉❧❛r ❞❡ 12➦ ❡♠ t♦r♥♦ ❞♦ ❡✈❡♥t♦
200433900047✳

✶✺✹



❚❛❜❡❧❛ ✺✿ ❘❡❧❛çã♦ ❞♦s ❝✐♥❝♦ ❡✈❡♥t♦s ❞❡ ♠❛✐♦r ❡♥❡r❣✐❛ ❝♦♥t✐❞♦s ♥❛ r❡❣✐ã♦ ❝❡❧❡st❡ ❛♣r❡✲
s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✺✽✳ ❆ t❡r❝❡✐r❛ ❝♦❧✉♥❛ r❡❢❡r❡✲s❡ à s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❞❛s ❞✐r❡çõ❡s ❞❡
❝❤❡❣❛❞❛✱ r❡❝♦♥str✉í❞❛s ♣❛r❛ ❡✈❡♥t♦s s❡❝✉♥❞ár✐♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ ❡♠ r❡❧❛çã♦ ❛♦
❡✈❡♥t♦ ❞❡ 101.13 ❊❡❱✳

■❞❡♥t✐✜❝❛❞♦r ❊♥❡r❣✐❛ ✭❊❡❱✮ ❙❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❉❛t❛ ❡ ❤♦rár✐♦ ❞❛ ❝❤❡❣❛❞❛
200433900047 101.13 ✲ ✵✹✴✶✷✴✷✵✵✹ ✭✶✸❤ ✹✶♠✐♥ ✷✵s✮
200605500089 61.78 1.01➦ ✷✹✴✵✷✴✷✵✵✻ ✭✶✺❤ ✵✾♠✐♥ ✵✶s✮
200606400110 14.13 4.92➦ ✵✺✴✵✸✴✷✵✵✻ ✭✶✻❤ ✸✸♠✐♥ ✶✻s✮
200606900156 8.41 6.40➦ ✶✵✴✵✸✴✷✵✵✻ ✭✶✹❤ ✺✶♠✐♥ ✺✽s✮
200607100445 6.29 8.95➦ ✶✷✴✵✸✴✷✵✵✻ ✭✶✼❤ ✹✽♠✐♥ ✷✾s✮
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❋✐❣✉r❛ ✺✾✿ ❉✐s♣♦s✐çã♦ ❡s♣❛❝✐❛❧ ❞♦s ❝✐♥❝♦ ❡✈❡♥t♦s r❡❧❛❝✐♦♥❛❞♦s ♥❛ t❛❜❡❧❛ ✺✳ ❖❜s❡r✈❡ ♦
❛❧✐♥❤❛♠❡♥t♦ ❞♦s ♣♦♥t♦s✳ ❖s ❝ír❝✉❧♦s ❝✐♥③❛s s❡r✈❡♠ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ❡ ❡stã♦ ❝❡♥tr❛❞♦s
♥♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ 101.13 ❊❡❱✳

❆♥t❡s ❞♦ ✉s♦ ❞❛s ♣❛r❛♠❡tr✐③❛çõ❡s ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛✱ ✉♠❛ ❛♥á❧✐s❡

♣r❡❧✐♠✐♥❛r ❢♦✐ ❢❡✐t❛ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❤♦♠♦❣ê♥❡♦ ❡ ❝♦♥st❛♥t❡✳

❊ss❡ t✐♣♦ ❞❡ ❛❜♦r❞❛❣❡♠✱ ❛♣❡s❛r ❞❡ ❞❡✜❝✐❡♥t❡✱ ❛✐♥❞❛ é ❡♥❝♦♥tr❛❞❛ ❝♦♠ ❢r❡qüê♥❝✐❛ ♥❛

❧✐t❡r❛t✉r❛✳ ❉❛❞❛s ❛s ❛♣r♦①✐♠❛çõ❡s

✶✺✺



θ ≈ 0.3➦
L❦♣❝ ZBµ●

10−2 E❊❡❱

♣❛r❛ ♦ â♥❣✉❧♦ ♠é❞✐♦ ❞❡ ❞❡✢❡①ã♦ ♠❛❣♥ét✐❝❛✱ ❛ss✉♠✐♥❞♦ Z = 1✱ ❡

(tj − ti)❦❛ ≈ 1.2L3
❦♣❝B

2
µ●

(
1

Ej

− 1

Ei

)

❊❡❱

♣❛r❛ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s t❡♠♣♦s ❞❡ ❝❤❡❣❛❞❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♣r♦tô♥✐❝♦s ♥❛ ❚❡rr❛

✭r❡❢✳ ❬✶✻❪✮✱ ❛ ❛♥á❧✐s❡ ❡♥✈♦❧✈❡♥❞♦ ♦s ❡✈❡♥t♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ t❛❜❡❧❛ ✺ ❛♣♦♥t❛ ♣❛r❛ ❝❛♠♣♦s

❝♦♠ ✐♥t❡♥s✐❞❛❞❡s ♥♦ ✐♥t❡r✈❛❧♦ B ∼ (1− 12.3) µ●✱ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❛s ♠❡❞✐❞❛s ♥♦ ❞✐s❝♦

❞❛ ❱✐❛ ▲á❝t❡❛ ❞❡s❞❡ q✉❡ L = 0.4 ❦♣❝✳ ➚ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✱ ❡ss❛ ❞✐stâ♥❝✐❛ ❡q✉✐✈❛❧❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ 1.3× 103 ❛♥♦s✱ s❡♥❞♦ ♠✉✐t♦ ♣❡q✉❡♥❛✱ ♥❛ ❡s❝❛❧❛ ❣❛❧á❝t✐❝❛✱ ♣❛r❛ q✉❡

❛❧❣✉♠ ♣r♦❝❡ss♦ ❛str♦❢ís✐❝♦ ❛ss♦❝✐❛❞♦ ❛ ❡♥❡r❣✐❛s ❛❧t❛s t❡♥❤❛ ♦❝♦rr✐❞♦ s❡♠ q✉❡ s❡ t❡♥❤❛

r❡❣✐str♦✱ ♦✉ ❡♥tã♦ q✉❡ ♥ã♦ t❡♥❤❛ tr❛③✐❞♦ ❝♦♥s❡qüê♥❝✐❛s r❛❞✐❛t✐✈❛s ♣❛r❛ ♦ ♣❧❛♥❡t❛ ❚❡rr❛

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

❆ ♣r✐♠❡✐r❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛ ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦ ❞❛

té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ✉t✐❧✐③❛ ❛ ❡①tr❛♣♦❧❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ♦ ❜♦❥♦ ✭✈❡❥❛

❛ ❞✐s❝✉ssã♦ ❢❡✐t❛ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✷✮✳ ❚♦♠❛♥❞♦ ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ❛s ❞✐r❡çõ❡s ❞❡

❝❤❡❣❛❞❛ ❡ ❛s ❡♥❡r❣✐❛s✱ ❛ ✜❣✉r❛ ✻✵✭❛✮ ❛♣r❡s❡♥t❛ ❛s ❞✐stâ♥❝✐❛s ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛

❞❡ ✉♠ r❛✐♦ ❝ós♠✐❝♦ ❛♦ ❈● ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❛s r❡❝♦♥str✉çõ❡s r❡❧❛t✐✈❛s ❛♦ ❡✈❡♥t♦ ❝♦♠

101.13 ❊❡❱✱ ❜❛s❡❛❞❛s ♥❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡ ♥ú❝❧❡♦s ❝♦♠ ♥ú♠❡r♦s ❛tô♠✐❝♦s ♥♦

✐♥t❡r✈❛❧♦ Z = 1 − 16✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ❡q✉✐✈❛❧❡ à ♠❡s♠❛ ❛♥á❧✐s❡ ♥♦ ❝❛s♦ ❞❡ ✉♠❛

♣❛rtí❝✉❧❛ ♥❡✉tr❛✱ ❡♥q✉❛♥t♦ ❛ ❧✐♥❤❛ ❝❤❡✐❛ r❡♣r❡s❡♥t❛ ♦ r❛✐♦ ❞❡ 4 ❦♣❝ ❞♦ ❜♦❥♦✳ P♦rt❛♥t♦✱

♥ú❝❧❡♦s ❡♥tr❡ ♦ ❤✐❞r♦❣ê♥✐♦ ❡ ♦ ♠❛❣♥és✐♦ ♠♦str❛♠ ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❛♦ ❈● ❡♠ r❡❧❛çã♦

❛ ✉♠ ♥ê✉tr♦♥ ♦✉ ❢ót♦♥ ❝♦♠ ❛ ♠❡s♠❛ ❡♥❡r❣✐❛ ❡ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ♥❛ ❚❡rr❛✳ ❏á ❡❧✲

❡♠❡♥t♦s ❡♥tr❡ ♦ ❜♦r♦ ❡ ♦ só❞✐♦ tê♠ ♣❛rt❡ ❞❡ s✉❛s tr❛❥❡tór✐❛s ❞❡♥tr♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛

▲á❝t❡❛✱ ❡♥q✉❛♥t♦ ♦ ❛❧✉♠í♥✐♦✱ s✐❧í❝✐♦✱ ❢ós❢♦r♦ ❡ ❡♥①♦❢r❡ ❛❢❛st❛♠✲s❡ ❞❡ss❛ r❡❣✐ã♦✳ ◗✉❛♥❞♦

❛ ♠❡s♠❛ ❛♥á❧✐s❡ é ❢❡✐t❛ ♣❛r❛ ♦s três ú❧t✐♠♦s ❡✈❡♥t♦s ❞❛ t❛❜❡❧❛ ✺✱ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥♦ ❞✐s❝♦ s❡❣✉♥❞♦ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ❙t❛♥❡✈ ✐♠♣❧✐❝❛ ❡♠ r❛✐♦s ❞❡ ▲❛r♠♦r

. 1 ❦♣❝ ✭✈❡❥❛ ❛ ❡q✉❛çã♦ ✷✾ ♥❛ s❡çã♦ ✸✳✶✮✳ ❈♦♠ ✐ss♦✱ ❛s ♣❛rtí❝✉❧❛s t❡♥❞❡♠ ❛ s❡❣✉✐r ♦s

❜r❛ç♦s ♠❛❣♥ét✐❝♦s ❞❛ ❱✐❛ ▲á❝t❡❛ ❡ t♦❞♦s ♦s ♥ú❝❧❡♦s s❡ ❛❢❛st❛♠ ❞❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦✳ ❆

✜❣✉r❛ ✻✶ ❡①❡♠♣❧✐✜❝❛ ❡ss❡ ❡❢❡✐t♦ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ 14.13 ❊❡❱✳ ❆ ♣❛rt✐r ❞❡st❡ ♣♦♥t♦✱

♣♦rt❛♥t♦✱ ♦s três ❡✈❡♥t♦s ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ s❡rã♦ ❞❡s♣r❡③❛❞♦s ♥❛ ❛♥á❧✐s❡ ❞❡ ❝♦rr❡❧❛çã♦✳

✶✺✻



Elemento químico HnúcleoL
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✭❜✮

❋✐❣✉r❛ ✻✵✿ ✭❛✮ ❉✐stâ♥❝✐❛ ♠í♥✐♠❛ ❞❛s tr❛❥❡tór✐❛s ❞♦s ♥ú❝❧❡♦s ❝♦♠ Z = 1−16 ❡♠ r❡❧❛çã♦
❛♦ ❈●✱ r❡❝♦♥str✉í❞❛s ❛ ♣❛rt✐r ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛ ❞♦ ❡✈❡♥t♦ ❝♦♠ 101.13 ❊❡❱✳
❙❡ ❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❛tr✐❜✉í❞❛ ❛ ❡ss❡ ❡✈❡♥t♦ é ❝♦♥s✐❞❡r❛❞❛ ♥❡✉tr❛✱ ❡♥tã♦ s✉❛ ❞✐stâ♥❝✐❛
♠í♥✐♠❛ ❛♦ ❈● é r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ ♥♦ ❣rá✜❝♦✳ ❖ r❛✐♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛
▲á❝t❡❛✱ 4 ❦♣❝✱ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❧✐♥❤❛ ❝❤❡✐❛✳ ❖ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❜♦❥♦
❞❛ ❣❛❧á①✐❛ é ✉♠❛ ❡①tr❛♣♦❧❛çã♦ ❞♦ ❝❛♠♣♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ♦ ❞✐s❝♦✳ ✭❜✮ ▼❡s♠❛ ❛♥á❧✐s❡
r❡❛❧✐③❛❞❛ ❡♠ ✭❛✮ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 61.78 ❊❡❱✳
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Elemento químico HnúcleoL
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❋✐❣✉r❛ ✻✶✿ ❉✐stâ♥❝✐❛ ♠í♥✐♠❛ ❞❛s tr❛❥❡tór✐❛s ❞♦s ♥ú❝❧❡♦s ❝♦♠ Z = 1− 16 ❡♠ r❡❧❛çã♦ ❛♦
❈●✱ r❡❝♦♥str✉í❞❛s ❛ ♣❛rt✐r ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛ ❞♦ ❡✈❡♥t♦ ❝♦♠ 14.13 ❊❡❱✳
❆s ❧✐♥❤❛s tr❛❝❡❥❛❞❛ ❡ ❝❤❡✐❛ sã♦ ❞❡✜♥✐❞❛s ❞❛ ♠❡s♠❛ ♠❛♥❡✐r❛ q✉❡ ♥❛ ✜❣✉r❛ ✻✵✳

❆ s❡❣✉♥❞❛ ♣❛r❛♠❡tr✐③❛çã♦ ❛✐♥❞❛ ✉t✐❧✐③❛ ♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ♦ ❝❛♠♣♦ ♥♦ ❞✐s❝♦

❞❛ ❱✐❛ ▲á❝t❡❛✱ ♠❛s ♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛ é ✉s❛❞♦ ❛❣♦r❛ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ♥❛ r❡❣✐ã♦ ρ < 4 ❦♣❝✱ q✉❡ ❝♦♠♣r❡❡♥❞❡ ♦ ❜♦❥♦✳ ❙❡❣✉✐♥❞♦ ♦ ♠ét♦❞♦ ❛♥❛❧ít✐❝♦

❞❡s❝r✐t♦ ♥♦ ♣❛rá❣r❛❢♦ ❛♥t❡r✐♦r✱ ♦s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✻✷✭❛✮ ♣❛r❛ ♦

❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 101.13 ❊❡❱✱ ❡ ♥❛ ✜❣✉r❛ ✻✷✭❜✮ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ 61.78 ❊❡❱✳ ◆❛

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

r❡❣✐ã♦ ρ = 4 ❦♣❝ ❛tr❛✈és ❞♦ ❝á❧❝✉❧♦ ❞❡ ∆t ✭❝♦♠♣❛r❡ ❝♦♠ ❛ ✜❣✉r❛ ✻✵✭❛✮✮✱ ❝♦♠♦ ❞❡s❝r✐t♦

♥❛ ♣❛rt❡ ✜♥❛❧ ❞❛ s❡çã♦ ✺✳✷✳ ❖ ♠❡s♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♣❛r❛ ♦ ❤é❧✐♦ ♥♦ s❡❣✉♥❞♦ ❣rá✜❝♦

✭❝♦♠♣❛r❡ ❝♦♠ ❛ ✜❣✉r❛ ✻✵✭❜✮✮✳ ◆♦t❡ q✉❡ ❡ss❡ ❡❢❡✐t♦ ❞❡ tr❛♥s✐çã♦ ♥ã♦ ❝♦♠♣r♦♠❡t❡ ♦s

♥ú❝❧❡♦s ❝✉❥❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❛♦ ❈● é ≈ 4 ❦♣❝✳ ◆♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛✱ ❛

✐♥✢✉ê♥❝✐❛ ❞♦ ✉s♦ ❞♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛ ♥♦ ❧✉❣❛r ❞❛ ❡①tr❛♣♦❧❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞❡

❙t❛♥❡✈ ❛❢❡t❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♥ú❝❧❡♦s q✉❡ ❞❡ ❢❛t♦ ♣❡♥❡tr❛♠ ∼ 10−1 ❦♣❝ ♥❡ss❛ r❡❣✐ã♦✳

❆ ✜❣✉r❛ ✻✸ ✐❧✉str❛ ❛ ❞✐str✐❜✉✐çã♦ ❡s♣❛❝✐❛❧ ❞❛s tr❛❥❡tór✐❛s r❡❝♦♥str✉í❞❛s ❞❡ ❛❝♦r❞♦ ❝♦♠

❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ s✉♣♦st❛ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 61.78 ❊❡❱✳

✶✺✽



Elemento químico HnúcleoL
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

D
i
s
t
â
n
c
i
a
m
í
n
i
m
a
a
o
C
G
H
k
p
c
L

H
He

Li
Be

B
C

N

O
F Ne

Na

Mg

Al
Si

P S

✭❛✮
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❋✐❣✉r❛ ✻✷✿ ✭❛✮ ❆♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ à ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✻✵ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠
101.13 ❊❡❱✱ s❡♥❞♦ ❛s ❧✐♥❤❛s tr❛❝❡❥❛❞❛ ❡ ❝❤❡✐❛ ❞❡✜♥✐❞❛s ❞❛ ♠❡s♠❛ ♠❛♥❡✐r❛✳ ❆❣♦r❛✱
♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛ é ✉s❛❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❜♦❥♦ ❞❛
❣❛❧á①✐❛✱ ❡♥q✉❛♥t♦ ♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ❞❡s❝r❡✈❡ ♦ ❝❛♠♣♦ ♥♦ ❞✐s❝♦✳ ✭❜✮ ▼❡s♠❛ ❛♥á❧✐s❡
✉s❛❞❛ ❡♠ ✭❛✮ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 61.78 ❊❡❱✳
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Centro Galáctico

Terra

Bojo da galáxia

❋✐❣✉r❛ ✻✸✿ ❱✐st❛ ❡♠ ♣❡rs♣❡❝t✐✈❛ ❞❛ r❡❝♦♥str✉çã♦ ❡s♣❛❝✐❛❧ ❞❛s tr❛❥❡tór✐❛s ❞❡ ♥ú❝❧❡♦s
❝♦♠ ♥ú♠❡r♦s ❛tô♠✐❝♦s ✈❛r✐❛❞♦s ♥♦ ✐♥t❡r✈❛❧♦ Z = 1−16 ♣❛r❛ ❛s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞♦
❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 61.78 ❊❡❱✳ ❖❜s❡r✈❡ ❛ ♣r❡s❡♥ç❛ ❞❡ ❛♠❜♦s ♦s ❡❢❡✐t♦s ❞❡ ❛♣r♦①✐♠❛çã♦ ❡
❞❡ ❛❢❛st❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✳ ❆s tr❛❥❡tór✐❛s
sã♦ ♠♦str❛❞❛s ♥❛ r❡❣✐ã♦ ρ 6 10 ❦♣❝✳

✶✻✵



❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♥✉❝❧❡♦ssí♥t❡s❡ ❡♠ ❝❡♥tr♦s ❞❡ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✱

❡①♣❧✐❝❛❞♦ ♥❛ s❡çã♦ ✹✳✷✱ ♦ ❡♥r✐q✉❡❝✐♠❡♥t♦ ❞❡ ❡❧❡♠❡♥t♦s ♣❡s❛❞♦s r❡s✉❧t❛ ❡♠ ✉♠❛ ♦r❞❡♠

❞❡ ❛❜✉♥❞â♥❝✐❛ ❝✉❥♦s q✉❛tr♦ ♥ú❝❧❡♦s ♠❛✐s ❢❛✈♦r❡❝✐❞♦s sã♦ 4❍❡✱ 12❈✱ 16❖ ❡ 22◆❡✳ ❙✉♣♦♥❤❛

q✉❡ ❛ ✐♥❥❡çã♦ ❞❡ss❡s ❡❧❡♠❡♥t♦s ♥❛s ❛t♠♦s❢❡r❛s ❡st❡❧❛r❡s ♦❝♦rr❛ ❛tr❛✈és ❞❡ ✉♠ ♠❡❝❛♥✐s♠♦

❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ❝✉❥❛ ❡✜❝✐ê♥❝✐❛ é ♣r♦♣♦r❝✐♦♥❛❧ à r❛③ã♦ ❡♥tr❡ ♦ ♥ú♠❡r♦ ❞❡

♠❛ss❛ A ❡ ❛ ❝❛r❣❛ Q ❞♦ í♦♥✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ s✉❜✲s❡çã♦ ✹✳✸✳✶✳ ❙❡❥❛ t❛♠❜é♠ ❛❧❣✉♠

♣r♦❝❡ss♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦ ❞❡ ❛❝❡❧❡r❛çã♦ ❛té ❛s ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s ❡♠ q✉❡ ❛ r❛③ã♦ E/Z

é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡✱ s❡♥❞♦ E ❛ ❡♥❡r❣✐❛ ✜♥❛❧ ❞♦ ♥ú❝❧❡♦ ❡ Z ♦ s❡✉ ♥ú♠❡r♦

❛tô♠✐❝♦✳ P♦r ❝❛✉s❛ ❞❡ ♣❡q✉❡♥♦s ❡①❝❡ss♦s ♥♦ ✈❛❧♦r ❞❡ A/Q ♣❛r❛ ♦s ❡❧❡♠❡♥t♦s q✉í♠✐❝♦s

♥❡ô♥✐♦ ❡ ❝❛r❜♦♥♦✱ ❛ss✉♠❛ ♦s ✈❛❧♦r❡s Z = 10 ♣❛r❛ ♦ ♥ú❝❧❡♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ❡✈❡♥t♦

❝♦♠ 101.13 ❊❡❱ ❡ Z = 6 ♣❛r❛ ♦ ♣r✐♠ár✐♦ ❞♦ ❡✈❡♥t♦ ❝♦♠ 61.78 ❊❡❱✳ ❊ss❛s ❡s❝♦❧❤❛s

s❛t✐s❢❛③❡♠ ❛ ❝♦♥❞✐çã♦ E/Z ≈ ✏❝♦♥st❛♥t❡✑ ♣♦✐s

E❊❡✈

Z
= 10 ≈ 101.13

10
≈ 61.78

6
✱

❛❧é♠ ❞❡ q✉❡✱ s❡❣✉♥❞♦ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥♦s ❣rá✜❝♦s ❞❛ ✜❣✉r❛ ✻✷✱ ❡ss❛s ❡s❝♦❧❤❛s

t❛♠❜é♠ ♠✐♥✐♠✐③❛♠ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ r❡❧❛çã♦ à r❡❣✐ã♦

❝❡♥tr❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❞✐r❡çã♦ ♥❛ q✉❛❧ ♦ ✐sót♦♣♦ 26❆❧ é ♦❜s❡r✈❛❞♦ ❡♠ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡✳

◆♦t❡ t❛♠❜é♠ q✉❡✱ ♣❡❧❛s ✜❣✉r❛s ✻✵ ❡ ✻✷✱ ♦s ♣r♦❞✉t♦s ♠❛✐s ❛❜✉♥❞❛♥t❡s ❞♦ ❝✐❝❧♦ ❈◆❖

❝♦♥❝❡♥tr❛♠✲s❡ ❞❡♥tr♦ ❞♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦ ♠♦❞❡❧♦ ❞❡ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ ❛❞♦t❛❞♦ ♣❛r❛ ❡ss❛ r❡❣✐ã♦✳

❈♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥❛ s❡çã♦ ✺✳✺✱ ❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♣❛rtí❝✉❧❛s ♣♦❞❡ s❡r ✉t✐✲

❧✐③❛❞❛ ♥❛ ❜✉s❝❛ ♣♦r ❢♦♥t❡s ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡s❞❡ q✉❡ ❛s ♣♦s✐çõ❡s ❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s

s❡❥❛♠ s✐♥❝r♦♥✐③❛❞❛s ❛♦ ❧♦♥❣♦ ❞❛s tr❛❥❡tór✐❛s✳ ◆❛ ✜❣✉r❛ ✻✹✭❛✮ sã♦ ❝♦♠♣❛r❛❞♦s ♦s t❡♠✲

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

❡①t❡♥sã♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ♦ ❝❛♠♣♦ ♥♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❆ ❞✐❢❡r❡♥ç❛ ✐♥✐❝✐❛❧

❡♥tr❡ ♦s t❡♠♣♦s ❞❡ ❞❡t❡❝çã♦ ♥❛ ❚❡rr❛ ✭q✉❛s❡ ✉♠ ❛♥♦ ❡ três ♠❡s❡s❀ ✈❡❥❛ ❛ t❛❜❡❧❛ ✺✮

é ♠✉✐t♦ ♣❡q✉❡♥❛ ❡♠ r❡❧❛çã♦ à ❡s❝❛❧❛ ❞❡ t❡♠♣♦ ❣❛❧á❝t✐❝❛✱ s❡♥❞♦ ♣♦rt❛♥t♦ ❞❡s♣r❡③❛❞❛✳

❖❜s❡r✈❡ q✉❡ ♦ ♥ú❝❧❡♦ ❞❡ ♥❡ô♥✐♦ ♣♦ss✉✐ ♣❛ss♦s t❡♠♣♦r❛✐s q✉❡ ❢❛③❡♠ ♦ t❡♠♣♦ ✐♥t❡❣r❛❞♦

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

♠❛❣♥ét✐❝♦ ♥♦ ❜♦❥♦✳ ◆❛ ❡①t❡♥sã♦ ❞❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ❡ss❛ r❡❣✐ã♦✱ ♦s

✈❡t♦r❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣❡r♠❛♥❡❝❡♠ ♣❛r❛❧❡❧♦s ❛♦ ♣❧❛♥♦ ❞♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✳ ❉❡✈✲

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

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

|z| = 0.5 ❦♣❝✳ ❏✉♥t♦ à ♣♦✉❝❛ ♣❡♥❡tr❛çã♦ ❞❡ ❛♠❜♦s ♦s ♥ú❝❧❡♦s ♥♦ ❝✐❧✐♥❞r♦ ρ 6 4 ❦♣❝✱ ❛
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✐♥t❡r❛çã♦ ❡♥tr❡ ❝❛r❣❛s ❡ ❝❛♠♣♦s é ❢r❛❝❛ ❡ ❡❧❛s sã♦ ❞❡s✈✐❛❞❛s ♥♦✈❛♠❡♥t❡ ♣❛r❛ ❢♦r❛✳

◗✉❛♥❞♦ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❞❛ ❣❛❧á①✐❛ é ❞❡s❝r✐t♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡

Pr♦✉③❛ ❡ ➆♠í❞❛✱ ❛♣❡s❛r ❞❡ ♥ã♦ ❤❛✈❡r ✉♠❛ tr❛♥s✐çã♦ ❜r✉s❝❛ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ♥❛ ❢r♦♥t❡✐r❛

(ρ, z)❦♣❝ = (4, 0)✱ ♦ s❡♥t✐❞♦ ❞♦ ❝❛♠♣♦ ♠✉❞❛ ❡♠ 90➦ ✭❛❝♦♠♣❛♥❤❡ ❛ ❛♥á❧✐s❡ ❝♦♠ ❛s ✜❣✉r❛s

❛♣r❡s❡♥t❛❞❛s ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✸✮✳ ■ss♦ ❡q✉✐✈❛❧❡ ❛ ✉♠ ♠á①✐♠♦ ❞❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③ ♣❛r❛

♦s ♥ú❝❧❡♦s ❡♠ q✉❡stã♦✳ ❉❡✈✐❞♦ à ❝❛r❣❛✱ ♦ r❛✐♦ ❞❡ ▲❛r♠♦r ❞♦ ♥❡ô♥✐♦ ❞❡❝r❡s❝❡ ♠❛✐s

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

❡ ♥❛ ✐♥✈❡rsã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ t❡♠♣♦ ✐♥t❡❣r❛❞♦ ❡♠ r❡❧❛çã♦ à ❛♥á❧✐s❡ ❛♣r❡s❡♥t❛❞❛

♥♦ ♣❛rá❣r❛❢♦ ❛♥t❡r✐♦r✱ ❝♦♠♦ ♠♦str❛ ❛ ✜❣✉r❛ ✻✹✭❜✮✳
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✭❜✮

❋✐❣✉r❛ ✻✹✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s t❡♠♣♦s ✐♥t❡❣r❛❞♦s r❡❧❛t✐✈♦s às tr❛❥❡tór✐❛s r❡❝♦♥str✉í✲
❞❛s ♣❛r❛ ♦s ❡✈❡♥t♦s ❝♦♠ 101.13 ❡❱ ✭♥❡ô♥✐♦✮ ❡ 61.78 ❡❱ ✭❝❛r❜♦♥♦✮✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱
♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ❞❡s❝r❡✈❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✳ P❛r❛ ♦ ❜♦❥♦✱ ✭❛✮
é r❡s✉❧t❛❞♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞❛ ❡①t❡♥sã♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈✱ ❡♥q✉❛♥t♦ ✭❜✮ r❡♣r❡s❡♥t❛ ❛
❞❡s❝r✐çã♦ ❞♦ ❝❛♠♣♦ s❡❣✉♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛✳ ❆ ❧✐♥❤❛ ✈❡r♠❡❧❤❛ r❡♣r❡s❡♥t❛
✉♠❛ r❡t❛ ❝♦♠ 45➦ ❞❡ ✐♥❝❧✐♥❛çã♦✳ ❉❡✈✐❞♦ à ♣r♦①✐♠✐❞❛❞❡ ❛♥❣✉❧❛r ❡♥tr❡ ❛s ❞✐r❡çõ❡s ❞❡ ❞❡✲
t❡❝çã♦ ❞❡ss❡s ❞♦✐s ❡✈❡♥t♦s✱ ♦s ♣❛ss♦s t❡♠♣♦r❛✐s ❞❡ ❛♠❜❛s ❛s ♣❛rtí❝✉❧❛s ♣♦ss✉❡♠ ✈❛❧♦r❡s
♣ró①✐♠♦s ❛té ❛❧❣✉♠❛s ❞❡③❡♥❛s ❞❡ ❦❛ ❛♣ós t❡r❡♠ s✐❞♦ ✐♥❥❡t❛❞❛s ❛ ♣❛rt✐r ❞❛ ❚❡rr❛ ✭t = 0
♥♦s ❣rá✜❝♦s✮✳

❆ss✐♠✱ q✉❛❧q✉❡r ❛♥á❧✐s❡ ❞❡ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♥ú❝❧❡♦s q✉❡ s❡ ♣r♦♣❛❣❛♠ ♣♦r

q✉❛❧q✉❡r ❝♦♥✜❣✉r❛çã♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♣❛r❛♠❡tr✐③❛❞♦s ❞❡✈❡ ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡r✲

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

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

✶✻✷



❛tr✐❜✉✐çõ❡s ❞❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛✳ ❖ r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✻✺✳
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Prouza & Šmida

Extrapolação do modelo

de Stanev

❋✐❣✉r❛ ✻✺✿ ❉✐stâ♥❝✐❛ r❡❧❛t✐✈❛ ❡♥tr❡ ♦s ♥ú❝❧❡♦s ❞❡ ♥❡ô♥✐♦ ❡ ❝❛r❜♦♥♦ ❝♦♠♦ r❡s✉❧t❛❞♦
❞❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡s❝♦❧❤✐❞❛s ♣❛r❛ ❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛
▲á❝t❡❛✱ ❞❡s❝r✐t❛s ♥♦ t❡①t♦✳ ❆s ❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s ♠❛r❝❛♠ ❛ ❡♥tr❛❞❛ ❞❛s ♣❛rtí❝✉❧❛s ❡♠
ρ 6 4 ❦♣❝✱ q✉❡ ♦❝♦rr❡ 22.77 ❦❛ ❛♣ós ❛ ✐♥❥❡çã♦ ❞❡ ❛♠❜❛s ❛s ♣❛rtí❝✉❧❛s ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦
❞❛ ❚❡rr❛✳

◆❡ss❛ ❛♥á❧✐s❡✱ ❝♦♠ ♦ ✉s♦ ❞❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ Pr♦✉③❛ ❡ ➆♠í❞❛✱ ♥♦t❡ q✉❡ ❤á ✉♠

♠í♥✐♠♦✱ ❡♠ t ≈ 68.39 ❦❛✱ ♥❛ s❡♣❛r❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♦s ♥ú❝❧❡♦s ❞❡ ♥❡ô♥✐♦ ❡ ❝❛r❜♦♥♦✱

❡q✉✐✈❛❧❡♥t❡ ❛ ≈ 0.17 ❦♣❝✳ ❊st❡ ♣♦♥t♦ s❡ ❡♥❝♦♥tr❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ 10.07 ❦♣❝ ❞❛

❚❡rr❛ ❡ ❛ 1.79 ❦♣❝ ❞♦ ❈●✱ ♥❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s (l, b) ≈ (1.98➦,−4.91➦)✱ ❝♦♠♦ é

✐♥❞✐❝❛❞♦ ♣❡❧♦ ♣♦♥t♦ ✈❡r❞❡ ♥❛ ✜❣✉r❛ ✻✻✳

✶✻✸



❋✐❣✉r❛ ✻✻✿ ❱✐st❛ ❡♠ ♣❡rs♣❡❝t✐✈❛ ❞❛s r❡❝♦♥str✉çõ❡s ❡s♣❛❝✐❛✐s ❞❛s tr❛❥❡tór✐❛s r❡❢❡r❡♥t❡s
❛♦s ♥ú❝❧❡♦s ❞❡ ❝❛r❜♦♥♦✱ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ ❡♥❡r❣✐❛ 61.7826 ❡❱✱ ❡ ❞❡ ♥❡ô♥✐♦✱ ❝♦♠ ❡♥❡r❣✐❛
101.133 ❡❱✳ ❖ ♣♦♥t♦ ✈❡r❞❡ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞❛s tr❛❥❡tór✐❛s✱
❡q✉✐✈❛❧❡♥t❡ ❛♦ ♠í♥✐♠♦ ❞❛ ❝✉r✈❛ ✈❡r♠❡❧❤❛ ❡♠ t ≈ 68.39 ❦❛ ♥♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✻✺✳

❯♠❛ ❜✉s❝❛ ♣❡❧❛ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ❛s tr❛❥❡tór✐❛s ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱

s❡♥❞♦ ❡st❛s s✐♠✉❧❛❞❛s ❝♦♠♦ ♥ú❝❧❡♦s ❝♦♠ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♥♦ ✐♥t❡r✈❛❧♦ Z = 1−16✱ ❡

❛s ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t ❝♦♥❤❡❝✐❞❛s ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❝❛t❛❧♦❣❛❞❛s s❡❣✉♥❞♦ ♦ tr❛❜❛❧❤♦ ♠❛✐s

r❡❝❡♥t❡ ❞❡ ✈❛♥ ❞❡r ❍✉❝❤t ✭✷✵✵✶✱ r❡❢✳ ❬✶✽✾❪✮✱ ❢♦✐ r❡❛❧✐③❛❞❛ ♣❛r❛ ❛♠❜♦s ♦s ❡✈❡♥t♦s ❝♦♠

❡♥❡r❣✐❛s 101.13 ❊❡❱ ❡ 61.78 ❊❡❱✳ ◆❡♥❤✉♠ r❡s✉❧t❛❞♦ ♣♦s✐t✐✈♦ ❢♦✐ ♦❜t✐❞♦✳ ❈♦♠♦ ♣♦❞❡

s❡r ✈✐st♦ ♥❛s ✜❣✉r❛s ✻✼✱ ✻✽ ❡ ✻✾✱ ❛ ❝❛t❛❧♦❣❛çã♦ ❞❡ss❡ t✐♣♦ ❡st❡❧❛r ❛✐♥❞❛ é ✐♥❝♦♠♣❧❡t❛ ❡

❝♦❜r❡✱ ❡♠ ♠❛✐♦r ♣❛rt❡✱ ♦ ❞♦♠í♥✐♦ +xCG ❞❛ ❱✐❛ ▲á❝t❡❛ ❞❡✈✐❞♦ à ❧♦❝❛❧✐③❛çã♦ ❞❛ ❚❡rr❛✳

✶✻✹



Estrelas Wolf-Rayet

Mínimo

❋✐❣✉r❛ ✻✼✿ ▼❡s♠❛ r❡♣r❡s❡♥t❛çã♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✻✻✱ ❞♦ ♣♦♥t♦ ❞❡
✈✐st❛ ❞♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦ ✭−ẑCG✮✱ ♠♦str❛♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❡s♣❛❝✐❛❧ ❞❡ ❡str❡❧❛s ❲♦❧❢✲
❘❛②❡t s❡❣✉♥❞♦ ♦ ❝❛tá❧♦❣♦ ❞❡ ✈❛♥ ❞❡r ❍✉❝❤t ✭✈❡❥❛ r❡❢❡rê♥❝✐❛ ♥♦ t❡①t♦✮✳

Mínimo

❋✐❣✉r❛ ✻✽✿ P♦♥t♦ ❞❡ ✈✐st❛ −x̂CG ❞❛ ❱✐❛ ▲á❝t❡❛✱ s❡❣✉✐♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❡s♣❛❝✐❛❧ ❞❛s
tr❛❥❡tór✐❛s ❞♦s ❡✈❡♥t♦s ❡ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t✱ ❝♦♠♦ r❡♣r❡s❡♥t❛❞❛ ♥❛
✜❣✉r❛ ✻✼✳

Mínimo

❋✐❣✉r❛ ✻✾✿ ❱✐❛ ▲á❝t❡❛ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ +ŷCG✱ ❝♦♠ ❝♦♥✜❣✉r❛çã♦ ❡s♣❛❝✐❛❧ ✐❞ê♥t✐❝❛ ❛
❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✻✼✳

✶✻✺



✻✳✷ ❖ ♠❛❣♥❡t❛r ❙●❘ 1806✲20

❖ s♦❢t ❣❛♠♠❛ r❡♣❡❛t❡r ❙●❘ 1806− 20✱ ❝♦♠♦ ❞❡s❝r✐t♦ ♥❛ s✉❜✲s❡çã♦ ✹✳✸✳✷✱ é ✉♠❛ ❡str❡❧❛

❞❡ ♥ê✉tr♦♥s ❛❧t❛♠❡♥t❡ ♠❛❣♥❡t✐③❛❞❛ ❝✉❥❛ ❧✉③ ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠❛ ❡①♣❧♦sã♦ ❞❡ s✉♣❡r❢í❝✐❡

❛t✐♥❣✐✉ ❛ ❚❡rr❛ ❡♠ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹✱ ❝♦✐♥❝✐❞✐♥❞♦ ❝♦♠ ❛ é♣♦❝❛ ❞♦ ✐♥í❝✐♦ ❞❛

♦♣❡r❛çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ▼❡♠❜r♦s ❞❛ ❝♦❧❛❜♦r❛çã♦ ✈ê♠ ♣r♦❝✉r❛♥❞♦ ❡✈✐❞ê♥❝✐❛s

❞❛ ✐♥✢✉ê♥❝✐❛ ❞❡ss❡ ❡✈❡♥t♦ ♥❛ ❣❡r❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❛❧tíss✐♠❛ ❡♥❡r❣✐❛ ✐♠♣♦♥❞♦

❝♦rt❡s ♥❛ ♠❡❞✐❞❛ ❞♦ ✢✉①♦ ♥❛ ❞✐r❡çã♦ ❞♦ ♠❛❣♥❡t❛r ✭✷✵✵✽✱ r❡❢✳ ❬✷✸✽❪ ❡ ✷✵✶✵✱ r❡❢✳ ❬✷✸✾❪✮✳

◆❡st❛ s❡çã♦✱ ♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❢♦✐ ✉t✐❧✐③❛❞♦ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ❙●❘ 1806 − 20 ♥❛

❱✐❛ ▲á❝t❡❛ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ♣r❡✈❡r ♣♦s✐çõ❡s ❝❡❧❡st❡s ♣r❡❢❡r❡♥❝✐❛✐s ♣❛r❛ ❛ ♦❜s❡r✈❛çã♦ ❞❡

♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ♣♦ss✐✈❡❧♠❡♥t❡ ❛ss♦❝✐❛❞❛s à ❡str❡❧❛✳

P❛r❛ ❛ ❛♥á❧✐s❡✱ ♦ r❡❢❡r❡♥❝✐❛❧ ❧♦❝❛❧ ❞♦ ♠❛❣♥❡t❛r ❢♦✐ t♦♠❛❞♦ ❝♦♠♦ ❜❛s❡ ♥♦ tr❛t❛✲

♠❡♥t♦ ❞❛ ❡♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦ ♥❛ s❡çã♦ ✺✳✽✳ ❆s ❡♥❡r❣✐❛s ❝♦♥s✐❞❡r❛❞❛s

♣❛r❛ ♦s ♣r✐♠ár✐♦s ❢♦r❛♠ E/Z = 1019 ❡❱✱ 1020 ❡❱ ❡ 1021 ❡❱✱ ♦♥❞❡ Z é ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ❞♦

♥ú❝❧❡♦✳ ❆s ✜❣✉r❛s ✼✵✱ ✼✶ ❡ ✼✷ r❡♣r❡s❡♥t❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ s✐♠✉❧❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s

❣❡r❛❞❛s ❝♦♠ ❡ss❛s ❡♥❡r❣✐❛s✳ ❈❛❞❛ ♣✐①❡❧ ❞♦s ❣rá✜❝♦s ❡stá ❛ss♦❝✐❛❞♦ ❛ ✉♠❛ ❧♦♥❣✐t✉❞❡ ❡

❧❛t✐t✉❞❡ ❧♦❝❛✐s ❞♦ ♠❛❣♥❡t❛r✱ ✈❛r✐❛❞❛s ❞❡ 1➦ ♥❛ ❞✐r❡çã♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ❝♦♦r❞❡♥❛❞❛s

❛♥❣✉❧❛r❡s✱ ❛ ♣❛rt✐r ❞❛s q✉❛✐s ♦s ❝❛♠✐♥❤♦s ❢♦r❛♠ tr❛ç❛❞♦s ❛tr❛✈és ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦

r❡❣✉❧❛r ❞❛ ❣❛❧á①✐❛✳ P❛r❛ ❝❛❞❛ tr❛❥❡tór✐❛✱ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ à ❚❡rr❛✱

dp✱ ❢♦✐ ✐♥❢❡r✐❞❛ ❛ ✜♠ ❞❡ s❡ ❞❡t❡r♠✐♥❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ❞✐r❡çõ❡s ♣r❡❢❡r❡♥❝✐❛✐s ❞❡ ❡♠✐ssã♦

q✉❡ r❡s✉❧t❡♠ ♥❛ ♣♦ssí✈❡❧ ♦❜s❡r✈❛çã♦ ❞❡ ♥ú❝❧❡♦s ❝♦♠ ❡♥❡r❣✐❛s ❛❧tíss✐♠❛s ♣r♦✈❡♥✐❡♥t❡s

❞❛ ♣♦s✐çã♦ ❞♦ ♠❛❣♥❡t❛r✳ ❖s r❡s✉❧t❛❞♦s sã♦ ♠♦str❛❞♦s ♥❛ t❛❜❡❧❛ ✻✳ P❛r❛ ♣❛rtí❝✉❧❛s

❝♦♠ ❡♥❡r❣✐❛s E/Z = 1020 ❡❱ ❡ E/Z = 1021 ❡❱✱ ♦s tr❛ç♦s ❞❛ ♣r♦♣❛❣❛çã♦ ♥❛s ❞✐r❡çõ❡s

♣r❡❢❡r❡♥❝✐❛✐s sã♦ ♠♦str❛❞❛s ♥❛ ✜❣✉r❛ ✼✸✳

✶✻✻
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❋✐❣✉r❛ ✼✵✿ ❊♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ E/Z = 1019 ❡❱✱ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦
❙●❘ 1806− 20✱ r❡♣r❡s❡♥t❛❞❛ ♥❛s ❝♦♦r❞❡♥❛❞❛s ❧♦❝❛✐s ❞♦ ♠❛❣♥❡t❛r✳ ❆s ❝♦r❡s ✐♥❞✐❝❛♠ ❛
❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❞❛ tr❛❥❡tór✐❛ ❞♦ ♥ú❝❧❡♦ à ❚❡rr❛✳
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❋✐❣✉r❛ ✼✶✿ ❊♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ E/Z = 1020 ❡❱✱ ❝♦♠♦ ♥❛ ✜❣✉r❛ ✼✵✱ r❡♣r❡s❡♥t❛❞❛
♥❛s ❝♦♦r❞❡♥❛❞❛s ❧♦❝❛✐s ❞♦ ♠❛❣♥❡t❛r✳ ◆♦t❡ ❛ ❛♣r♦①✐♠❛çã♦ ❞♦s ♥ú❝❧❡♦s ❛tr❛✈és ❞♦ ❝ó❞✐❣♦
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❋✐❣✉r❛ ✼✷✿ ❊♠✐ssã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ E/Z = 1021 ❡❱✱ ❝♦♠♦ ♥❛ ✜❣✉r❛ ✼✵✱ r❡♣r❡s❡♥t❛❞❛
♥❛s ❝♦♦r❞❡♥❛❞❛s ❧♦❝❛✐s ❞♦ ♠❛❣♥❡t❛r✳ ❆ ❛♣r♦①✐♠❛çã♦ ❞♦s ♥ú❝❧❡♦s s❡ ❞á✱ ❛❣♦r❛✱ ❡♠ três
r❡❣✐õ❡s ❞✐st✐♥t❛s✳

❋✐❣✉r❛ ✼✸✿ ❱✐st❛ ❡♠ ♣❡rs♣❡❝t✐✈❛ ❞❛s r❡❝♦♥str✉çõ❡s ❡s♣❛❝✐❛✐s ❞❛s tr❛❥❡tór✐❛s ❞❡ ♥ú❝❧❡♦s
❝♦♠ E/Z = 1020 ❡❱✱ ❡♠ ✈❡r♠❡❧❤♦✱ ❡ E/Z = 1021 ❡❱✱ ❡♠ ❧❛r❛♥❥❛✱ s❡❣✉♥❞♦ ❛s ❞✐r❡çõ❡s
♣r❡❢❡r❡♥❝✐❛✐s ❡q✉✐✈❛❧❡♥t❡s ❛♣r❡s❡♥t❛❞❛s ♥❛ t❛❜❡❧❛ ✻✳ ❆s ♣❛rtí❝✉❧❛s ❢♦r❛♠ ♣r♦♣❛❣❛❞❛s
❛♣❡♥❛s ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❣❛❧á①✐❛✳

✶✻✽



❚❛❜❡❧❛ ✻✿ ❈♦♦r❞❡♥❛❞❛s ❛♥❣✉❧❛r❡s ❧♦❝❛✐s ❞♦ ❙●❘ 1806 − 20 ♣❛r❛ ❛s q✉❛✐s ❢♦r❛♠ ✈❡✲
r✐✜❝❛❞❛s ❞✐stâ♥❝✐❛s ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s à ❚❡rr❛✳ ❆s ❞✐r❡çõ❡s
❛♣r❡s❡♥t❛❞❛s ❝♦rr❡s♣♦♥❞❡♠ às r❡❣✐õ❡s ❛✈❡r♠❡❧❤❛❞❛s ❞♦s ❣rá✜❝♦s ❞❛s ✜❣✉r❛s ✼✵✱ ✼✶ ❡ ✼✷✳

E/Z ✭❡❱✮ lSGR bSGR dp ✭❦♣❝✮
1019 −1➦ −2➦ 1.5317
1020 −2➦ −1➦ 0.0838

7➦ 0➦ 0.06421
1021 20➦ −7➦ 0.1723

20➦ 8➦ 0.4782

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

❡♥❡r❣✐❛✱ ❛ ❝♦♠♣♦♥❡♥t❡ ✐rr❡❣✉❧❛r ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❢♦✐ ✐♥s❡r✐❞❛ ♥♦

❝ó❞✐❣♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❡ s✐♠✉❧❛❞♦ ❛tr❛✈és ❞♦ ♠ét♦❞♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦

♥❛ s❡çã♦ ✺✳✻✳ P❛r❛ ❝❛❞❛ ♣❛r (lSGR, bSGR) ❧✐st❛❞♦ ♥❛ t❛❜❡❧❛ ✻✱ ❛ ❡♠✐ssã♦ ❞❡ 500 ♥ú❝❧❡♦s ❢♦✐

s✐♠✉❧❛❞❛ ❝♦♠ ♦ ✈❛❧♦r ❡q✉✐✈❛❧❡♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣♦r ♥✉❝❧❡♦♥✳ ❆ ❝❛❞❛ tr❛❥❡tór✐❛ ❝♦♥str✉í❞❛✱

❢♦✐ r❡❣✐str❛❞❛ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞❛ ♣❛rtí❝✉❧❛ à ❚❡rr❛✳ ❆♣❡s❛r ❞❛

♠❡❞✐❞❛ ❛t✉❛❧ ❞❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r s♦❜r❡ ♦ ❡✐①♦✲x ❞❛ ❱✐❛ ▲á❝t❡❛✱ 8.5 ❦♣❝✱ ♣♦ss✉✐r

✉♠ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❡ 1.1 ❦♣❝✱ ❝♦♠♦ ❝✐t❛❞♦ ♥❛ ✐♥tr♦❞✉çã♦ ❞♦ ❝❛♣ít✉❧♦ ✹✱ ❢♦✐ ❡st❛❜❡❧❡❝✐❞♦

✉♠ ✈♦❧✉♠❡ ❡s❢ér✐❝♦ ❝♦♠ r❛✐♦ ♠✉✐t♦ ♠❛✐s r❡str✐t♦✱ ❞❡ 0.1 ❦♣❝✱ ❝❡♥tr❛❞♦ ♥❛ ❚❡rr❛✱ ❞❡♥tr♦

❞♦ q✉❛❧ ❢♦✐ ❛ss✉♠✐❞♦ q✉❡ ❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ s✐♠✉❧❛❞❛ s❡r✐❛ ♣❛ssí✈❡❧ ❞❡ ❞❡t❡❝çã♦✳ ◆♦s

♣♦♥t♦s ❛ss♦❝✐❛❞♦s às ❞✐stâ♥❝✐❛s ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ r❡❣✐str❛❞♦s ❞❡♥tr♦ ❞♦ ✈♦❧✉♠❡✱

♦s ✈❡t♦r❡s ✉♥✐tár✐♦s −~β✱ r❡❧❛❝✐♦♥❛❞♦s à ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ~β = ~v/c ❞❡ ❝❛❞❛ ♥ú❝❧❡♦✱

r❡♣r❡s❡♥t❛♠ ❞✐r❡çõ❡s ❝❡❧❡st❡s ❞✐s♣❡rs❛s ❡♠ t♦r♥♦ ❞❛ ♣♦s✐çã♦ ❛♣❛r❡♥t❡ ❞♦ ❙●❘ 1806−20

❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❡♥❡r❣✐❛✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦ ♥❛ s❡çã♦ ✺✳✼✳ ❖s r❡s✉❧t❛❞♦s ❞❡st❛ ❛♥á❧✐s❡

sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✼✹✳

◆❡♥❤✉♠ ♥ú❝❧❡♦ s✐♠✉❧❛❞♦ ❝♦♠ E/Z = 1019 ❡❱ t❡✈❡ ♣❛ss❛❣❡♠ ♣❡❧❛ ♣♦s✐çã♦ ❞❛

❚❡rr❛✳ ➱ ♣♦ssí✈❡❧ ♥♦t❛r✱ ❛tr❛✈és ❞❛ ✜❣✉r❛ ✼✸✱ q✉❡ ❛s tr❛❥❡tór✐❛s ❞❛s ♣❛rtí❝✉❧❛s ❝♦♥✲

s✐❞❡r❛❞❛s sã♦ ❞❡t❡r♠✐♥❛❞❛s ❡①♣r❡ss✐✈❛♠❡♥t❡ ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛

▲á❝t❡❛✱ ❛❧é♠ ❞❡ q✉❡✱ ♣❛r❛ ❡st❡ ❝❛s♦ ♣❛rt✐❝✉❧❛r✱ ❛ ♣r♦♣❛❣❛çã♦ ♥ã♦ ♣♦ss✉✐ ❝✉r✈❛t✉r❛s

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

❝ó❞✐❣♦ ❞❡ r❡❝♦♥str✉çã♦✱ ❢♦r❛♠ ✐♥t❡❣r❛❞♦s ❞✉r❛♥t❡ ♦s ♣❡r❝✉rs♦s ❞♦s ♣r✐♠ár✐♦s ♣❡❧♦ ❝❛♠♣♦

♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❡ s✉❜tr❛í❞♦s ❞♦ t❡♠♣♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ❧✉③ ♣♦r ✉♠ ❝❛♠✐♥❤♦ r❡t✐❧í♥❡♦

❡♥tr❡ ♦ ❙●❘ 1806−20 ❡ ❛ ❚❡rr❛✳ ◆❛ ✜❣✉r❛ ✼✹✱ ❡ss❡s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦✱ q✉❡ ❛♣❛r❡❝❡♠

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

t❡♠♣♦ ♣❛r❛ q✉❡ ❛ ♦❜s❡r✈❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ✭❞❡ss❛s ❞✐r❡çõ❡s✮ ♣♦ss❛ s❡r ❛ss♦❝✐❛❞❛ à

✶✻✾



♦❜s❡r✈❛çã♦ ❞♦s ❜✉rsts ❞❡ r❛✐♦s✲γ ❞♦ ♠❛❣♥❡t❛r✳
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SGR 1806-20 Centro Galáctico

253 partículas

38 anos

13 partículas

884 anos

37 partículas

923 anos

20 partículas

724 anos

E�Z = 1020 eV

E�Z = 1021 eV

❋✐❣✉r❛ ✼✹✿ ❉✐s♣❡rsã♦ ❞❛s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ♥❛ ❚❡rr❛✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱
❞❡ 500 r❛✐♦s ❝ós♠✐❝♦s s✐♠✉❧❛❞♦s ❛ ♣❛rt✐r ❞❡ ❝❛❞❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧ ♥❛ ♣♦s✐çã♦ ❞♦
❙●❘ 1806 − 20✳ ❖s ♣♦♥t♦s ❡♠ ✈❡r♠❡❧❤♦ r❡♣r❡s❡♥t❛♠ ♥ú❝❧❡♦s ❝♦♠ ❡♥❡r❣✐❛ E/Z =
1020 ❡❱✱ ❡♥q✉❛♥t♦ ♣♦♥t♦s ❡♠ ❧❛r❛♥❥❛ r❡♣r❡s❡♥t❛♠ ♥ú❝❧❡♦s ❝♦♠ E/Z = 1021 ❡❱✳ ❆s
♣♦s✐çõ❡s r❡❛✐s ❞♦ ♠❛❣♥❡t❛r ❡ ❞♦ ❈❡♥tr♦ ●❛❧á❝t✐❝♦ sã♦ ✐♥❞✐❝❛❞❛s ♣♦r ♣♦♥t♦s ♣r❡t♦s✳ ❖s
✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❛ss♦❝✐❛❞♦s ❛ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ❝♦rr❡s♣♦♥❞❡♠ ❛♦
❛tr❛s♦ ❞♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛s ♣❛rtí❝✉❧❛s✱ ♥❛ ❚❡rr❛✱ ❡♠ r❡❧❛çã♦ ❛♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛
❞❛ ❧✉③✱ s✉♣♦♥❞♦ q✉❡ ❢ót♦♥s ❡ ♥ú❝❧❡♦s t❡♥❤❛♠ s✐❞♦ ❡♠✐t✐❞♦s ❡♠ ✉♠ ♠❡s♠♦ ♠♦♠❡♥t♦✳

❆✐♥❞❛ r❡❢❡r❡♥t❡ ❛ ❡ss❛s ❥❛♥❡❧❛s t❡♠♣♦r❛✐s✱ ♥♦t❡ q✉❡ ♠❡s♠♦ ❛ ♣r❡✈✐sã♦ ❞❡ ∼
38 ❛♥♦s✱ s❡❣✉♥❞♦ ❛ ❛♥á❧✐s❡ ❞❡ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❛♣r❡s❡♥t❛❞❛ ❛❝✐♠❛✱ ✐♥✈❛❧✐❞❛ q✉❛❧q✉❡r

r❡❧❛çã♦ ❡♥tr❡ ♦s ♣✉❧s♦s ❞❡ r❛✐♦s ❣❛♠❛ ❞❡t❡❝t❛❞♦s ❡♠ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹ ❡ r❛❞✐❛çã♦

❝ós♠✐❝❛ ❝♦♠♣♦st❛ ♣♦r ♣❛rtí❝✉❧❛s ♣r♦✈✐❞❛s ❞❡ ❝❛r❣❛ ❡❧étr✐❝❛✱ ❞❡t❡❝t❛❞❛s ❡♠ q✉❛❧q✉❡r

❞✐r❡çã♦ ❛té ❤♦❥❡ ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❈♦♠♦ ❞❡s❝r✐t♦ ♥❛ s✉❜✲s❡çã♦ ✹✳✸✳✷✱ ♦ t❡♠♣♦

❞❡ ✈✐❞❛ tí♣✐❝♦ ❞♦s ♠❛❣♥❡t❛r❡s é ∼ 104 ❛♥♦s✱ ❞✉r❛♥t❡ ♦s q✉❛✐s ❛s ❡①♣❧♦sõ❡s ❞❡ s✉♣❡r❢í❝✐❡

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

❞✐❢✉sã♦ ♠❛❣♥ét✐❝❛ é ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❡ ♦s ❜✉rsts sã♦ ❣❡r❛❞♦s ❛tr❛✈és

❞❡ r❡❧❛①❛çõ❡s s✉❝❡ss✐✈❛s ❞❛ ❝r♦st❛✳ P♦rt❛♥t♦✱ s♦❜ ❛s ❤✐♣ót❡s❡s ❞✐s❝✉t✐❞❛s ♥♦ ✐♥í❝✐♦ ❞❡st❛
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s❡çã♦✱ é ✐♥t❡r❡ss❛♥t❡ q✉❡ s❡ ❜✉sq✉❡ ♣♦r ♣❡q✉❡♥♦s ❡①❝❡ss♦s ♥♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡

❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ♥❛s ❞✐r❡çõ❡s ❝❡❧❡st❡s ❛♣r❡s❡♥t❛❞❛s ♥❛ ✜❣✉r❛ ✼✹✳

✻✳✸ ❖ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠

❆♣❡s❛r ❞❛ ❛t✐✈✐❞❛❞❡ ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ❡✲

①❡♠♣❧✐✜❝❛❞❛ ♥❛ s❡çã♦ ✸✳✾ ❛tr❛✈és ❞❛s ❞✉❛s ❣❛❧á①✐❛s ❝♦♥st✐t✉✐♥t❡s ♠❛✐s ❡♥❡r❣ét✐❝❛s✱ ▼87

✭q✉❡ ❝♦♥té♠ ✉♠ ❆●◆✮ ❡ ▼90✱ ♥❡♥❤✉♠ ❡①❝❡ss♦ s✐❣♥✐✜❝❛t✐✈♦ ♥♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

é ♦❜s❡r✈❛❞♦ ♥❛ ❞✐r❡çã♦ ❝❡❧❡st❡✱ ❡ ♥❡♠ ♣ró①✐♠♦ ❞❡❧❛✱ ❛ss♦❝✐❛❞♦ ❛♦ ❛❣r✉♣❛♠❡♥t♦✳ ❆

❣r❛♥❞❡ ♠❛✐♦r✐❛ ❞♦s ♣❡sq✉✐s❛❞♦r❡s ❛ss✉♠❡ q✉❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛s ❡♥tr❡ 1019 ❡❱

❡ 1021 ❡❱ ♣♦❞❡♠ s❡r ❣❡r❛❞♦s ♥♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ♠❛s s♦❢r❡♠ ❛❧❣✉♠ t✐♣♦ ❞❡

❡s♣❛❧❤❛♠❡♥t♦ ❞✉r❛♥t❡ ❛ ♣r♦♣❛❣❛çã♦ q✉❡ ♦s ❞❡s✈✐❛♠ ❞❛ ❞✐r❡çã♦ ❞❛ ❚❡rr❛✳ ❖ ♣r✐♠❡✐r♦

tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ❡♠ ✉♠❛ r❡✈✐st❛ ✐♥✢✉❡♥t❡✱ tr❛t❛♥❞♦ ♦ ❛ss✉♥t♦✱ ❢♦✐ ♦ ❞❡ ❲❞♦✇❝③②❦ ❡

❲♦❧❢❡♥❞❛❧❡✱ ❡♠ ✶✾✼✾ ✭r❡❢✳ ❬✷✹✵❪✮✳ ❖s ❛✉t♦r❡s ❛tr✐❜✉❡♠ ❛ ❞❡✜❝✐ê♥❝✐❛ ♥♦ ✢✉①♦ ❞❡ ♣❛rtí❝✉❧❛s

✉❧tr❛✲❡♥❡r❣ét✐❝❛s à ❞✐❢✉sã♦ ❝❛✉s❛❞❛ ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ q✉❡ ♣❡r♠❡✐❛ ♦ ✐♥t❡r✐♦r ❞♦ ❆✲

❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ❆té r❡❝❡♥t❡♠❡♥t❡✱ s✐♠✉❧❛çõ❡s ♠♦str❛♠ q✉❡ ❡ss❛ ❤✐♣ót❡s❡ ♣❛r❡❝❡

s❡r ✈❡r❞❛❞❡✐r❛✳ ❖ tr❛❜❛❧❤♦ ❞❡ ❉♦❧❛❣ ❡t ❛❧✳✱ ♣✉❜❧✐❝❛❞♦ ❡♠ ✷✵✵✾ ✭r❡❢✳ ❬✷✹✶❪✮✱ ♠♦str❛ q✉❡

♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ ♠❛❣♥ét✐❝❛✱ s✐♠✉❧❛❞♦ ❝♦♠ ❜❛s❡ ❡♠ ♦❜s❡r✈❛çõ❡s ❞❛ r♦t❛çã♦ ❞❡ ❋❛r❛❞❛②✱

♣r♦❞✉③ ✉♠❛ ❛♥✐s♦tr♦♣✐❛ ❝♦♥s✐❞❡rá✈❡❧ ♥♦ ✢✉①♦ ❞❡ ❡♠✐ssã♦ ❞❡ ♣rót♦♥s ❛ ♣❛rt✐r ❞❛s ❣❛❧á①✐❛s

❞♦ ❛❣❧♦♠❡r❛❞♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛s (50− 100) ❊❡❱✳ ❊ss❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞✐r❡❝✐♦♥❛❧

❛♣r❡s❡♥t❛ ❞✐❢❡r❡♥ç❛s✱ ❡♠ r❡❧❛çã♦ ❛♦ ✈❛❧♦r ♠é❞✐♦ ❞♦ ✢✉①♦ t♦t❛❧✱ ❞❡ ❢❛t♦r❡s ❡♠ t♦r♥♦ ❞❡

❝✐♥❝♦ ♦✉ ♠❛✐s✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❑❛r❛❦✉➟❛ ❡ ❚❦❛❝③②❦ ✭✶✾✽✺✱ r❡❢✳ ❬✷✹✷❪✮ ❞❡❢❡♥❞❡♠ ❛ ✐❞é✐❛ ❞❡ q✉❡ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❞❡s❝r✐t♦ ♣♦r ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❞✐r❡çõ❡s ♣r❡❢❡r❡♥✲

❝✐❛❧♠❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ q✉❡ ❞❡✜♥❡ ♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ ❛❣❡ ❝♦♠♦ ✉♠

❡s♣❡❧❤♦ r❡✢❡t✐♥❞♦ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s q✉❡ s❡ ❛♣r♦①✐♠❛♠ ❞❡ ❧❛t✐t✉❞❡s ❣❛❧á❝t✐❝❛s ♣ró①✲

✐♠❛s ❛♦s ♣ó❧♦s✱ ♦✉ s❡❥❛✱ ❝♦♠ ~v ≈ ±vẑCG✳ ❊♠ ✉♠❛ ♣♦s✐çã♦ q✉❛❧q✉❡r ~rCG ♣❡rt❡♥❝❡♥t❡ à

r❡❣✐ã♦ ❝♦♠ ❡ss❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❝❛♠♣♦✱ ♦❜s❡r✈❡ q✉❡ ẑCG · ~B ( ~rCG) ≈ 0 ✐♠♣❧✐❝❛ ♥♦ ✈❛❧♦r

♠á①✐♠♦ ❞❛ ♠❛❣♥✐t✉❞❡ ❞❡ ẑCG × ~B ( ~rCG)✱ ♣r♦♣♦r❝✐♦♥❛❧ à ❢♦rç❛ ❞❡ ▲♦r❡♥t③✳ ◆♦ tr❛❜❛❧❤♦

❝✐t❛❞♦✱ ❛ tr❛♥s♣❛rê♥❝✐❛ ♠é❞✐❛ ❞❛ ❱✐❛ ▲á❝t❡❛ ❛ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛s & 1017 ❡❱ é

s✐♠✉❧❛❞❛ ♣❛r❛ ✈ár✐♦s ❣r✉♣♦s ❞❡ ❣❛❧á①✐❛s✱ ✐♥❝❧✉✐♥❞♦ ♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳

❆ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s q✉❡ ❡✈✐❞❡♥❝✐❛♠ ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ♣♦s✐çõ❡s ❞❡ ❆●◆s ❝❛t❛✲

❧♦❣❛❞♦s ❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛s> 6×1019 ❡❱✱ ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡

❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✭r❡❢✳ ❬✺✵❪✱ ❛rt✐❣♦ ❝✐t❛❞♦ ♣r❡✈✐❛♠❡♥t❡ ♥❛ s❡çã♦ ✸✳✾✮✱ ❢♦✐ ❝r✐t✐❝❛❞❛

♣♦r ●♦r❜✉♥♦✈ ❡t ❛❧✳ ✭✷✵✵✽✱ r❡❢✳ ❬✷✹✸❪✮✱ ❡♥tr❡ ♦✉tr♦s ❛r❣✉♠❡♥t♦s✱ ♣♦r ♥ã♦ ❛♣r❡s❡♥t❛r

✶✼✶



❡✈❡♥t♦s ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❛♦ â♥❣✉❧♦ só❧✐❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r ❞❡ 3.1➦ ❡♠

t♦r♥♦ ❞❛ ❞✐r❡çã♦ ❝❡❧❡st❡ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ❉♦ t♦t❛❧ ❞❡ 27 ❡✈❡♥t♦s ❛♥❛❧✐s❛❞♦s

♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ♦s ❛✉t♦r❡s ❝❛❧❝✉❧❛♠ q✉❡ ❛♦ ♠❡♥♦s 6 ❡✈❡♥t♦s ❞❡✈❡r✐❛♠ t❡r s✐❞♦

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

♥ã♦ t❡r ❞❡t❡❝t❛❞♦ ♥❡♥❤✉♠❛ ♣❛rtí❝✉❧❛ ♥❛ ár❡❛ ❞❡ ✐♥t❡r❡ss❡ é ∼ 10−3✳

P❛r❛ ❡st❛ t❡s❡✱ ❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❢♦✐ ❛♣❧✐❝❛❞❛ ♥❛ s✐♠✉❧❛çã♦ ❞❡ ♣❛rtí❝✉✲

❧❛s ❡♠✐t✐❞❛s ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❞✐r❡t❛♠❡♥t❡ ♥❛ ❞✐r❡çã♦ ❞❛

❚❡rr❛✳ ❋♦✐ ❛ss✉♠✐❞♦ q✉❡ ♦ ❝❛♠♣♦ ✐♥t❡r❣❛❧á❝t✐❝♦ ♥ã♦ ✐♥✢✉✐ ❞❡ ♠❛♥❡✐r❛ s✐❣♥✐✜❝❛t✐✈❛ ♥♦

❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s tr❛❥❡tór✐❛s ✭✉♠❛ ❥✉st✐✜❝❛t✐✈❛ ♠❛t❡♠át✐❝❛ ♣❛r❛ ❡ss❡ ❡❢❡✐t♦ é ❞❛❞❛

♥♦ ❆♣ê♥❞✐❝❡ ❇✮✱ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞♦ ❛♣❡♥❛s ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❱✐❛ ▲á❝t❡❛✳

❙❡❣✉✐♥❞♦ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞❡ ♦✉tr♦s ❛✉t♦r❡s✱ ❛ ♣♦s✐çã♦ ❡s♣❛❝✐❛❧ ❞♦ ❛❣r✉♣❛♠❡♥t♦ é

❜❛s❡❛❞❛ ♥♦s ♣❛râ♠❡tr♦s q✉❡ ❞❡✜♥❡♠ ❛ ♣♦s✐çã♦ ❞❛ ❣❛❧á①✐❛ ▼87✱ ❧♦❝❛❧✐③❛❞❛ ♥❛s ❝♦♦r❞❡✲

♥❛❞❛s ❣❛❧á❝t✐❝❛s (l, b) = (−76.23➦, 74.49➦) ✭r❡❢✳ ❬✷✹✹❪✮✱ à ❞✐stâ♥❝✐❛ 16.75 ▼♣❝ ❞♦ ❙✐st❡♠❛

❙♦❧❛r ✭r❡❢✳ ❬✷✹✺❪✮✳

❆ss✐♠ ❝♦♠♦ ❢❡✐t♦ ♥❛ s❡çã♦ ✻✳✶✱ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ♦s ♥ú❝❧❡♦s

❝♦♠♣r❡❡♥❞❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s Z = 1− 16✳ ◆♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❞♦

❈●✱ s❡❥❛ ~βemi ❛ ❞✐r❡çã♦ ✜①❛ ❞❡ ❡♠✐ssã♦ ❞❛s ♣❛rtí❝✉❧❛s✱ ❞❛❞❛ ♣♦r

~βemi = − ~rV − ~rT
|~rV − ~rT |

✱

♦♥❞❡ ~rV é ❛ ♣♦s✐çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ◆♦t❡ q✉❡ −~βemi é ✉♠ ✈❡t♦r ✉♥✐tár✐♦ q✉❡

r❡♣r❡s❡♥t❛ ❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❞❡ ✉♠ ♦❜s❡r✈❛❞♦r ♥❛ ❚❡rr❛ ❡♠ ❞✐r❡çã♦ ❛♦ ❛❣r✉♣❛♠❡♥t♦ ❞❡

❣❛❧á①✐❛s✳ ❙❡❥❛ t❛♠❜é♠ ~βdet ❛ ❞✐r❡çã♦ ❛ss♦❝✐❛❞❛ ❛♦ ♣♦♥t♦✱ s♦❜r❡ ❛ tr❛❥❡tór✐❛✱ ❡q✉✐✈❛❧❡♥t❡

à ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞❡ ❝❛❞❛ ♥ú❝❧❡♦ ❛♦ ♣❧❛♥❡t❛✳ P❛r❛ ❡st❛ ❛♥á❧✐s❡✱ ❡♠

♣❛rt✐❝✉❧❛r✱ ♦ ♣❛râ♠❡tr♦

α = arccos
(

~βemi · ~βdet

)

❢♦✐ ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s ❞✐r❡çõ❡s ❝❡❧❡st❡s ❞❡ ✉♠ r❛✐♦ ❝ós♠✐❝♦

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

❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❛ ❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s q✉❡ ♠✐♥✐♠✐③❛ α✱ ❞❡✜♥✐♥❞♦ ✉♠ ❡s✲

♣❡❝tr♦ ❡❧❡♠❡♥t❛r ♥❛ ❞✐r❡çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ◆❡♥❤✉♠ ✈❛❧♦r ❢♦✐ ❡s❝♦❧❤✐❞♦

♣r❡✈✐❛♠❡♥t❡ ♣❛r❛ ♦ ✈♦❧✉♠❡ ❞❡ ❞❡t❡❝çã♦✱ ❝✉❥❛ ❣❡♦♠❡tr✐❛ é ❞❡s❝r✐t❛ ♥❛ s❡çã♦ ✺✳✼✳ ❊ss❡

♣❛râ♠❡tr♦ s❡rá ✉s❛❞♦✱ ❝♦♠ ❜❛s❡ ♥♦s r❡s✉❧t❛❞♦s✱ ♥❛ ❛❝❡✐t❛çã♦ ♦✉ r❡❥❡✐çã♦ ❞♦s ❡✈❡♥t♦s

s✐♠✉❧❛❞♦s✳

✶✼✷



❖s â♥❣✉❧♦s α sã♦ ❣r❛✜❝❛❞♦s✱ ♥❛ ✜❣✉r❛ ✼✺✱ ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛ ❞♦s ♥ú❝❧❡♦s s✐♠✉✲

❧❛❞♦s ❞❡ ❤✐❞r♦❣ê♥✐♦✱ ❝❛r❜♦♥♦✱ só❞✐♦ ❡ ❡♥①♦❢r❡✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❡r❛❧ ❞❡ss❛s ❝✉r✈❛s

❢♦✐ ✈❡r✐✜❝❛❞♦ ♣❛r❛ t♦❞♦s ♦s ♥ú❝❧❡♦s ♥♦ ✐♥t❡r✈❛❧♦ Z = 1 − 16✳ ◆❛ ❡s❝❛❧❛ ❞❡ ❡♥❡r❣✐❛✱

❛♣ós ♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ α✱ t❛♠❜é♠ ❢♦✐ ✈❡r✐✜❝❛❞❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ r❡❣✐ã♦ ♦♥❞❡

(dα/d log10 E) > 0 ❛té ✉♠ ✈❛❧♦r ♠á①✐♠♦ ❞♦ â♥❣✉❧♦✱ s❡❣✉✐❞♦ ♣♦r ✉♠ ❞❡❝❛✐♠❡♥t♦ ❞♦✲

♠✐♥❛❞♦ ♣❡❧❛ r✐❣✐❞❡③ ♠❛❣♥ét✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s✳ ❖ ❡❢❡✐t♦ ❞❡ r❡t♦♠❛❞❛ ❞♦ â♥❣✉❧♦ ❝♦♠ ♦

❛✉♠❡♥t♦ ❞❛ ❡♥❡r❣✐❛ ♦❝♦rr❡ ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❡st❛r ❧♦❝❛❧✐③❛❞♦

♣ró①✐♠♦ ❛♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦✳ ◆❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ −~βemi✱ ♣❛rtí❝✉❧❛s s✐♠✉❧❛❞❛s ♣❡♥❡tr❛♠

❛ r❡❣✐ã♦ ❝✐❧í♥❞r✐❝❛ ♦♥❞❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ é ❞❡✜♥✐❞♦ ♥❛ ❝♦♦r❞❡♥❛❞❛

zCG ≈ 72.94 ❦♣❝✱ q✉❡ ♣♦❞❡ s❡r ✈✐st♦ ❝♦♠♦ ✉♠❛ ❛❧t✉r❛ ❡♠ r❡❧❛çã♦ ❛♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✳

❖ r❛✐♦ ❞❡ss❛ ♠❡s♠❛ r❡❣✐ã♦ é 20 ❦♣❝✳ P♦rt❛♥t♦✱ ♦s ♥ú❝❧❡♦s ❞❡s❡♥✈♦❧✈❡♠ tr❛❥❡tór✐❛s q✉❡

❝r✉③❛♠ ♦s ❜r❛ç♦s ♠❛❣♥ét✐❝♦s ❞❛ ❣❛❧á①✐❛ s✉❝❡ss✐✈❛♠❡♥t❡ ❛♦ ❧♦♥❣♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧

ρ ✭✈❡❥❛ ❛ ❡q✉❛çã♦ ✭✻✼✮ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✶✮✱ t♦r♥❛♥❞♦ ♦ â♥❣✉❧♦ ❞❡ ❞❡t❡❝çã♦ s❡♥sí✈❡❧ à

❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s s♦❜ ✐♥✢✉ê♥❝✐❛ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❤❛❧♦

❞❛ ❱✐❛ ▲á❝t❡❛ ✭❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✭✻✻✮✱ t❛♠❜é♠ ♥❛ s✉❜✲s❡çã♦ ✹✳✹✳✶✮✳

❖s ✈❛❧♦r❡s ♠í♥✐♠♦s ❡ ♠á①✐♠♦s ❞❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r α✱ ❝♦rr❡s♣♦♥❞❡♥t❡s às s❡✲

t❛s ✐♥❞✐❝❛❞♦r❛s ♥♦s ❣rá✜❝♦s ❞❛ ✜❣✉r❛ ✼✺✱ sã♦ r❡♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✼✻✭❛✮✳ P❛r❛ ♦

✐♥t❡r✈❛❧♦ ❞❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s ❝♦♥s✐❞❡r❛❞♦✱ ❛s ❞✐str✐❜✉✐çõ❡s ❛♥❣✉❧❛r❡s ❡q✉✐✈❛❧❡♥t❡s sã♦

(1.18± 0.41) ➦ ❡ (3.85± 0.03) ➦✳ ◆❛ ✜❣✉r❛ ✼✻✭❜✮✱ ❛s ❞✐stâ♥❝✐❛s ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛

❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ à ❚❡rr❛ sã♦ ❣r❛✜❝❛❞❛s✳ ❖❜s❡r✈❡ q✉❡ ♥❡♥❤✉♠ ✈❛❧♦r ❡①❝❡❞❡

0.4 ❦♣❝✱ ✈❛❧✐❞❛♥❞♦✱ ♥❡st❛ ❛♥á❧✐s❡✱ ❛ ❞❡t❡❝çã♦ ❞❡ t♦❞♦s ♦s ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ❛ ♣❛rt✐r

❞♦ ❤✐❞r♦❣ê♥✐♦ ❛té ♦ ❡♥①♦❢r❡✳ ❖ ❛r❣✉♠❡♥t♦ ♣❛r❛ ✐ss♦ é ♦ ♠❡s♠♦ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❝❛s♦ ❞♦

♠❛❣♥❡t❛r ✭s❡çã♦ ✻✳✷✮✱ ❡♠ q✉❡ ❛ ✐♥❝❡rt❡③❛ ❞❡ 1.1 ❦♣❝ ♥❛ ♠❡❞✐❞❛ ❞♦ ✈❛❧♦r 8.5 ❦♣❝ ♣❛r❛ ❛

♣♦s✐çã♦ ❞♦ ❙♦❧ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦ ♣❡r♠✐t❡ ❞❡✜♥✐r ✈♦❧✉♠❡s ❞❡ ❞❡t❡❝çã♦ ❝♦♠

r❛✐♦s . 1.1 ❦♣❝✳

◆❛ ✜❣✉r❛ ✼✺✱ ♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❞❡ α ❛♣❛r❡❝❡♠ ❛ss♦❝✐❛❞♦s ❛ ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛

♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐♦r❡s ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ Z✳ ❊ss❛ r❡❧❛çã♦ é ✐❧✉str❛❞❛ ♥❛ ✜❣✉r❛ ✼✼ ❡

❞❡✜♥❡ ✉♠ ❡s♣❡❝tr♦ ❞❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛✱ ❡♠ r❡❧❛çã♦ à ❡♥❡r❣✐❛✱ ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s

❡♠✐t✐❞❛s ❛ ♣❛rt✐r ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❡♠ ❞✐r❡çã♦ à ❚❡rr❛✳
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❋✐❣✉r❛ ✼✺✿ P❡r✜❧ ❞♦ â♥❣✉❧♦ α ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s s✐♠✉❧❛❞❛s✱ ❡①❡♠♣❧✐✲
✜❝❛❞♦ ❛tr❛✈és ❞♦s ♥ú❝❧❡♦s ❞❡ ✭❛✮ ❤✐❞r♦❣ê♥✐♦ ✭Z = 1✮✱ ✭❜✮ ❝❛r❜♦♥♦ ✭Z = 6✮✱ ✭❝✮ só❞✐♦
✭Z = 11✮ ❡ ✭❞✮ ❡♥①♦❢r❡ ✭Z = 16✮✳ P❛r❛ ❝❛❞❛ ❝❛s♦✱ ❛ s❡t❛ ❡♠ ✈❡r♠❡❧❤♦ ✐♥❞✐❝❛ ❛ ♣♦s✐çã♦
❞♦ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ α✱ ❡♥q✉❛♥t♦ ❛ s❡t❛ ❡♠ ❛③✉❧ ✐♥❞✐❝❛ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞♦ â♥❣✉❧♦✱ ♥❛
❡s❝❛❧❛ ❞❡ ❡♥❡r❣✐❛✱ ❛♣ós ♦ ♣♦♥t♦ ♦♥❞❡ ♦ ♠í♥✐♠♦ ♦❝♦rr❡✳
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❋✐❣✉r❛ ✼✻✿ ✭❛✮ ❊①tr❡♠♦s ❞❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r α s❡❣✉♥❞♦ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r
❞♦s ♥ú❝❧❡♦s✱ r❡♣r❡s❡♥t❛❞♦s ♥❛s ❝♦r❡s ❡q✉✐✈❛❧❡♥t❡s às ❝♦r❡s ❞❛s s❡t❛s ♥♦s ❣rá✜❝♦s ❞❛
✜❣✉r❛ ✼✺✳ ❖s ✈❛❧♦r❡s ♠í♥✐♠♦s sã♦ r❡♣r❡s❡♥t❛❞♦s ❡♠ ✈❡r♠❡❧❤♦✱ ❡♥q✉❛♥t♦ ♦s ✈❛❧♦r❡s
♠á①✐♠♦s✱ r❡♣r❡s❡♥t❛❞♦s ❡♠ ❛③✉❧✱ ♣♦ss✉❡♠ ✉♠❛ ❞✐s♣❡rsã♦ (3.85± 0.03) ➦✳ ✭❜✮ ❉✐stâ♥❝✐❛
❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞♦s ♥ú❝❧❡♦s ❝♦♥s✐❞❡r❛❞♦s à ❚❡rr❛✳
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❋✐❣✉r❛ ✼✼✿ ❆ss♦❝✐❛çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❧✐♠✐t❡ ❞❡ ♥ú❝❧❡♦s ♣r✐♠ár✐♦s✱ s✐♠✉❧❛❞♦s
❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❡♠ ❞✐r❡çã♦ à ❚❡rr❛✱ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞♦s
r❛✐♦s ❝ós♠✐❝♦s✱ ❞❡❝♦rr❡♥t❡ ❞❛ ♠✐♥✐♠✐③❛çã♦ ❞❡ α✳ P❛r❛ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ ❡♥❡r❣✐❛✱ ❝♦♠♦
❡①❡♠♣❧✐✜❝❛❞♦ ♣❡❧❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛✱ ♥ú♠❡r♦s ❛tô♠✐❝♦s ❝♦♥t✐❞♦s ♥❛ r❡❣✐ã♦ ✈❡r❞❡ ❞♦ ❣rá✲
✜❝♦ ❞❡s❝r❡✈❡♠ ♥ú❝❧❡♦s q✉❡✱ ❞❡t❡❝t❛❞♦s ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r . 3.85➦ ❞♦ ❛❣❧♦♠❡r❛❞♦✱
♣♦❞❡♠ t❡r t✐❞♦ ♦r✐❣❡♠ ♥❡ss❡ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦✳

✶✼✺



❆ ✐♥t❡r♣r❡t❛çã♦ ❞❡ss❡ r❡s✉❧t❛❞♦ ✜♥❛❧ s❡rá ❞❛❞❛ ❛tr❛✈és ❞❡ ✉♠ ❡①❡♠♣❧♦✳ ❙✉♣♦♥❤❛

q✉❡ ♦s ♣❛râ♠❡tr♦s r❡❝♦♥str✉í❞♦s ♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡✈❡♥t♦ ✐♥❞✐q✉❡♠ ✉♠❛ ❞✐r❡çã♦

❝❡❧❡st❡ ❡♠ ❝♦rr❡❧❛çã♦ ❛♥❣✉❧❛r ❝♦♠ ❛ ♣♦s✐çã♦ ❞♦ ❛❣❧♦♠❡r❛❞♦✱ ❛❧é♠ ❞❡ ✉♠❛ ❡♥❡r❣✐❛

50 ❊❡❱ ✭log10 (E/❊❡❱) = 1.7✮✳ ❙❡❣✉♥❞♦ ❛ ✜❣✉r❛ ✼✼✱ ❡ss❛ ❡♥❡r❣✐❛ ❝♦rr❡s♣♦♥❞❡ ❛♦

♥ú♠❡r♦ ❛tô♠✐❝♦ ✏❧✐♠✐t❡✑ Z = 6✱ ✐❞❡♥t✐✜❝❛❞♦ ♥♦ ❣rá✜❝♦ ♣❡❧♦ ❝❛r❜♦♥♦✳ ■ss♦ s✐❣♥✐✜❝❛

❛✜r♠❛r q✉❡ ❛ ♣❛rtí❝✉❧❛ ❛ss♦❝✐❛❞❛ ❛♦ ❡✈❡♥t♦ é ✉♠ ♥ú❝❧❡♦ ❝♦♠ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡♥tr❡

♦ ❤✐❞r♦❣ê♥✐♦ ❡ ♦ ❝❛r❜♦♥♦✱ ♦✉ s❡❥❛✱ ♥♦ ✐♥t❡r✈❛❧♦ Z = 1− 6✱ ❛ss✉♠✐♥❞♦ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡

♦ r❛✐♦ ❝ós♠✐❝♦ t❡✈❡ ♦r✐❣❡♠ ♥♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ❈❛s♦ s❡ s❛✐❜❛ q✉❡ Z > 6 ❡ ❛

✐♥❝✐❞ê♥❝✐❛ ❞♦ ♣r✐♠ár✐♦ t❡♥❤❛ s✐❞♦ ♦❜s❡r✈❛❞❛ ♥❛ ❞✐r❡çã♦ ❞❡ss❡ ♠❡s♠♦ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦✱

❡♥tã♦ ❛ ❛♣❧✐❝❛çã♦ ❞❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❝❡rt❛♠❡♥t❡ r❡s✉❧t❛rá ♥❛ r❡❝♦♥str✉çã♦ ❞❡

✉♠❛ tr❛❥❡tór✐❛ s❡♠ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❝♦♠ ♦ ❛❣❧♦♠❡r❛❞♦✳

❙✉♣♦♥❤❛ ❛❣♦r❛ q✉❡ ♥ã♦ s❡ ❝♦♥❤❡ç❛ ❛ ❢♦♥t❡ ❞❛s ♣❛rtí❝✉❧❛s✳ ❖❜s❡r✈❡ ❛ ❧✐♥❤❛ ♣♦♥t✐✲

❧❤❛❞❛ ♥♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✼✼✳ ❯♠ ♥ú❝❧❡♦ ♣r✐♠ár✐♦ ❞❡ ❧ít✐♦✱ ❝♦♠ ❡♥❡r❣✐❛ 50 ❊❡❱✱ ♣♦❞❡ s❡r

❛ss♦❝✐❛❞♦ ❛♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ s❡ ❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❞❛ s✉❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛

❡♠ r❡❧❛çã♦ à ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❞♦ ♦❜❥❡t♦ ❛str♦❢ís✐❝♦ s❡❥❛ . 3.85➦✳ ❈❛s♦ ❡❧❡ s❡❥❛ ♦❜s❡r✈❛❞♦ ❛

♠❛✐s ❞❡ 3.85➦ ❞♦ ❛❣❧♦♠❡r❛❞♦✱ ❛ q✉❛❧q✉❡r ❡♥❡r❣✐❛✱ ❡st❛ ❛♥á❧✐s❡ é ✐♥❝♦♥❝❧✉s✐✈❛ ❛ r❡s♣❡✐t♦

❞❛ ♦r✐❣❡♠ ❞❛ ♣❛rtí❝✉❧❛✳ ❏á ✉♠ ♥ú❝❧❡♦ ❞♦ ❡❧❡♠❡♥t♦ ♥❡ô♥✐♦✱ ❝♦♠ ♦s ♠❡s♠♦s 50 ❊❡❱

❞❡ ❡♥❡r❣✐❛✱ ❞✐✜❝✐❧♠❡♥t❡ é ♦r✐❣✐♥ár✐♦ ❞❡ss❡ ❝♦♥❥✉♥t♦ ❞❡ ❣❛❧á①✐❛s✱ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛

s✉❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❡♠ r❡❧❛çã♦ ❛♦ ❛❣❧♦♠❡r❛❞♦✿ ❛ tr❛❥❡tór✐❛ ❞❛ ♣❛rtí❝✉❧❛ s❡ ❛❢❛st❛

♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❞❛ ❞✐r❡çã♦ ❞❛ ❚❡rr❛ ❡ ♦ s❡♥t✐❞♦ ❞❡ ♣r♦♣❛❣❛çã♦ s♦❢r❡ ✉♠❛ ❞❡✢❡①ã♦ ❞❡

90➦ ♥♦ ✈♦❧✉♠❡ |z| = z0✱ ❞❡✜♥✐❞♦ ♣❡❧❛ ❛❧t✉r❛ ❞❡ ❡s❝❛❧❛ ❞♦ ❝❛♠♣♦ z0 = 0.5 ❦♣❝ ✭s❡❣✉♥❞♦

♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈✮✳

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

r❛❞✐❛çã♦ s✉♣♦st❛♠❡♥t❡ ♦r✐❣✐♥ár✐❛ ❞❡ ❱✐r❣❡♠ é ♦❜s❡r✈❛♥❞♦ ❛s ❝✉r✈❛s ❞❡ α✱ ❝♦♠♦ ❛q✉❡❧❛s

❡①❡♠♣❧✐✜❝❛❞❛s ♥❛ ✜❣✉r❛ ✼✺✱ ♣❛r❛ ✉♠ ✈❛❧♦r ✜①♦ ❞❛ ❡♥❡r❣✐❛✳ ◆❛ ✜❣✉r❛ ✼✽✱ ❛s ❝✉r✈❛s q✉❡

r❡♣r❡s❡♥t❛♠ ♦ ❤✐❞r♦❣ê♥✐♦✱ ❧ít✐♦ ❡ ❝❛r❜♦♥♦ ❢❛③❡♠ ♣❛rt❡ ❞♦ ❡①❡♠♣❧♦ ❡♠ q✉❡ ❛ ❡♥❡r❣✐❛

50 ❊❡❱ ❡✈✐❞❡♥t❡♠❡♥t❡ ♠✐♥✐♠✐③❛ ♦ ❞❡s✈✐♦ ❛♥❣✉❧❛r ❞❡ ✉♠ ♥ú❝❧❡♦ ❞❡ ❝❛r❜♦♥♦ ❡♠✐t✐❞♦ ❛

♣❛rt✐r ❞♦ ❛❣❧♦♠❡r❛❞♦✱ ♥❛ ❞✐r❡çã♦ ❞❛ ❚❡rr❛✱ ❡♠ r❡❧❛çã♦ à ❧✐♥❤❛ ❞❡ ✈✐sã♦✳ ❈♦♥s✐❞❡r❛♥❞♦

♦s ♦✉tr♦s ♥ú❝❧❡♦s ❡s❝♦❧❤✐❞♦s✱ ♦s ❞❡s✈✐♦s sã♦ ❞❡ 1.66➦ ♥♦ ❝❛s♦ ❞♦ ❤✐❞r♦❣ê♥✐♦ ❡ 3.76➦ ♣❛r❛

♦ ❧ít✐♦✳ ❊♠ ❣❡r❛❧✱ s❡ Z < 6 ❛ ❡ss❛ ❡♥❡r❣✐❛ ❞❛❞❛✱ ♦s ❞❡s✈✐♦s ❛♥❣✉❧❛r❡s ♠á①✐♠♦s s❡rã♦

s❡♠♣r❡ . (3.85± 0.03) ➦✱ ❞❡t❡r♠✐♥❛❞♦s ❛ ♣❛rt✐r ❞❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ s♦❜r❡ ♦ ♣♦♥t♦✱

❞❡ ❝❛❞❛ tr❛❥❡tór✐❛✱ ❝♦rr❡s♣♦♥❞❡♥t❡ à ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❞❛ ♣❛rtí❝✉❧❛ à ❚❡rr❛✳ ❯♠❛ ✈❡③

q✉❡ ♦s ❧✐♠✐t❡s ❞❡ ♥ú♠❡r♦ ❛tô♠✐❝♦ sã♦ r❡s♣❡✐t❛❞♦s ♣❛r❛ ❝❛❞❛ ✈❛❧♦r ❞❛ ❡♥❡r❣✐❛✱ ❞❡ ❛❝♦r❞♦

❝♦♠ ♦ ❡s♣❡❝tr♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✼✼✱ ❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❡♠♣r❡❣❛❞❛ ♥❡st❛

❛♥á❧✐s❡ t❛♠❜é♠ ❣❛r❛♥t❡ q✉❡ ❛ r❡❣✐ã♦ ❞❡ ❞❡t❡❝çã♦ ❡stá r❡str✐t❛ ❛ ✉♠ ✈♦❧✉♠❡ ❡s❢ér✐❝♦ ❝♦♠

✶✼✻



r❛✐♦ ❛♣r♦①✐♠❛❞♦ ❞❡ 0.4 ❦♣❝✳ ❈♦♠♦ ❞✐s❝✉t✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❞❛❞♦ ♦ ❡rr♦ ♥❛ ♠❡❞✐❞❛

❞❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛ ❙♦❧❛r ❡♠ r❡❧❛çã♦ ❛♦ ❈●✱ é ❛ss✉♠✐❞♦ ❛q✉✐ q✉❡ ❡ss❛ r❡str✐çã♦

✈♦❧✉♠étr✐❝❛ ❣❛r❛♥t❡ q✉❡ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞✐s❝✉t✐❞❛s é ♣❛ssí✈❡❧

❞❡ s❡r ❞❡t❡❝t❛❞❛✳
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log10 HE�EeVL = 1.7

❋✐❣✉r❛ ✼✽✿ ❈✉r✈❛s ❞♦ ❤✐❞r♦❣ê♥✐♦✱ ❧ít✐♦ ❡ ❝❛r❜♦♥♦✱ s❡♠❡❧❤❛♥t❡s ❛♦s ❣rá✜❝♦s ❛♣r❡s❡♥t❛❞♦s
♥❛ ✜❣✉r❛ ✼✺✱ ♣❛r❛ ♦ ❞❡s✈✐♦ ❛♥❣✉❧❛r α ❝♦♠♦ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ ♥ú❝❧❡♦✳ P❛r❛ ♦ ✈❛❧♦r
✜①♦ ❞❡ 1.7 × 1018 ❡❱✱ ❡ss❡s ❡❧❡♠❡♥t♦s ❛♣r❡s❡♥t❛♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞❡s✈✐♦s ❞❡ 1.66➦✱
3.76➦ ❡ 0.69➦✳

✻✳✹ ❆●◆s ❡ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ❞❡ ❡✈❡♥t♦s ❝♦♠ E > 50 ❊❡❱

◆❛ s❡çã♦ ✸✳✾✱ ❢♦✐ ❝✐t❛❞♦ q✉❡ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♣✉❜❧✐❝♦✉✱ ❡♠ ✷✵✵✼ ✭r❡❢✳ ❬✺✵❪✮✱ ✉♠

tr❛❜❛❧❤♦ ❡♠ q✉❡ ❛ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s r❡❧❛t✐✈♦s ❛ ❞❡t❡r♠✐♥❛❞♦s ❡✈❡♥t♦s r❡❣✐str❛❞♦s ❡♥tr❡

✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡ ✷✵✵✹ ❡ ✸✶ ❞❡ ❛❣♦st♦ ❞❡ ✷✵✵✼ ♠♦str❛ ✉♠❛ ❝♦rr❡❧❛çã♦ ❡♥tr❡ ❛s ♣♦s✐çõ❡s

❝❡❧❡st❡s ❞❡ ❆●◆s ❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛s ✉❧tr❛✲❛❧t❛s✳ ❉❛❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡

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

✉♠❛ ❝❡rt❛ q✉❛♥t✐❞❛❞❡ ❞❡ss❡s ❡✈❡♥t♦s ❛♣r❡s❡♥t❛r❡♠ ✉♠❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ♠á①✐♠❛ ❛

q✉❛❧q✉❡r ♠❡♠❜r♦ ❞❡ ✉♠❛ ❝♦❧❡çã♦ ❡s♣❡❝í✜❝❛ ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡s

♣♦♥t✉❛✐s✳ ❙❡❣✉♥❞♦ ♦s ❞❛❞♦s ❞♦s 14 ❡✈❡♥t♦s s❡❧❡❝✐♦♥❛❞♦s✱ ♦ ♠í♥✐♠♦ ❛❜s♦❧✉t♦ ❞❛ ♣r♦❜✲

❛❜✐❧✐❞❛❞❡ ♠❡♥❝✐♦♥❛❞❛ ♦❝♦rr❡ ♣❛r❛ ♦s ✈❛❧♦r❡s ❞❡ ❡♥❡r❣✐❛ > 57 ❊❡❱ ❡ r❡❞s❤✐❢t z 6 0.018

✭♥♦t❛✽✷✮✱ s❡♥❞♦ 3.1➦ ♦ ✈❛❧♦r ♠á①✐♠♦ ♣❛r❛ ❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r✳ P❛r❛ ❛ ❛♥á❧✐s❡ ❛♣r❡s❡♥✲

✽✷❊q✉✐✈❛❧❡♥t❡ ❛♦s ❆●◆s ❝♦♥t✐❞♦s ♥♦ ✈♦❧✉♠❡ ❡s❢ér✐❝♦✱ ❝❡♥tr❛❞♦ ♥❛ ❚❡rr❛✱ ❝♦♠ r❛✐♦ ∼ 75 ▼♣❝✳

✶✼✼



t❛❞❛ ♥♦ tr❛❜❛❧❧❤♦ ❝✐t❛❞♦✱ ❢♦✐ ♣r❡ss✉♣♦st♦ q✉❡ ♣r✐♠ár✐♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❧tíss✐♠❛ sã♦ ♣♦✉❝♦

❞❡✢❡t✐❞♦s ❡ s✉❛s ❞✐r❡çõ❡s ❝❡❧❡st❡s tr❛ç❛♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛s ♣♦s✐çõ❡s ❞❛s ❢♦♥t❡s✳

◆♦s ❛♥♦s q✉❡ s❡❣✉✐r❛♠✱ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♣r♦ss❡❣✉✐✉ ❝❛t❛❧♦❣❛♥❞♦ ❡✈❡♥t♦s ❝♦♠

❡♥❡r❣✐❛s > 50 ❊❡❱ q✉❡ s❛t✐s❢❛③✐❛♠ ♦s ♣❛❞rõ❡s ❞❡ q✉❛❧✐❞❛❞❡ ✐♠♣♦st♦s ❡s♣❡❝✐✜❝❛♠❡♥t❡

♣❛r❛ ❛ ❛♥á❧✐s❡ ❞❛ ❝♦rr❡❧❛çã♦ ❝♦♠ ❆●◆s✳ ❆té ♦ ❞✐❛ ✺ ❞❡ ♦✉t✉❜r♦ ❞❡ ✷✵✵✾✱ 91 ❡✈❡♥t♦s

❢❛③✐❛♠ ♣❛rt❡ ❞❛ ❧✐st❛❣❡♠✳ ❆ ❛♥á❧✐s❡ q✉❡ s❡rá ❛♣r❡s❡♥t❛❞❛ ❛ s❡❣✉✐r ♣❛rt❡ ❞❛ ❤✐♣ót❡s❡

❞❡ q✉❡ ❡ss❡ ❝♦♥❥✉♥t♦ ❞❡ ❡✈❡♥t♦s ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s q✉❡ ♣♦ss✉❡♠

❛❧❣✉♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣❡s❛❞❛✳ ❚❛♠❜é♠ é ❛ss✉♠✐❞♦ q✉❡✱ ♥♦ ♠♦♠❡♥t♦ ❡♠ q✉❡

♣r♦❝❡ss♦s ❞❡ ❛❝❡❧❡r❛çã♦ ❤❛✈✐❛♠ ❝♦♥❢❡r✐❞♦ ❡♥❡r❣✐❛s ♠á①✐♠❛s ❡ ✜♥❛✐s às ♣❛rtí❝✉❧❛s✱ ❝❛❞❛

✉♠❛ ❞❡❧❛s ❡st❛✈❛ ❛ss♦❝✐❛❞❛ à ❞✐r❡çã♦ ❝❡❧❡st❡ ❞❡ ✉♠ ú♥✐❝♦ ❆●◆ ✐❞❡♥t✐✜❝❛❞♦ ♥♦ ❝❛tá❧♦❣♦

♣✉❜❧✐❝❛❞♦ ♣♦r ❱ér♦♥✲❈❡tt② ❡ ❱ér♦♥ ✭✷✵✵✻✱ r❡❢✳ ❬✶✷✸❪✮✳ ❊ss❛s s✉♣♦s✐çõ❡s ❝r✐❛♠ ✉♠ ❝❡♥ár✐♦

♦♥❞❡ ❛s ❝♦rr❡❧❛çõ❡s ❛♥❣✉❧❛r❡s ❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❡ ❆●◆s ❣❡r❛♠ ✉♠ ✈í♥❝✉❧♦ ❡♥tr❡ ❛

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❛ ❡♥❡r❣✐❛ ❞♦s ♣r✐♠ár✐♦s✱ ❞❡ ♠❛♥❡✐r❛ ❛♥á❧♦❣❛ à ❛❜♦r❞❛❣❡♠ ❞❡

●❛✐ss❡r ❛♦ ❛♣❧✐❝❛r ♦ ♠♦❞❡❧♦ ❞❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ❍❡✐t❧❡r ♣❛r❛ ❤á❞r♦♥s✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦

♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✷✳

❉❛❞♦ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❡✈❡♥t♦ ❞♦ ❝♦♥❥✉♥t♦ ❞♦s 91 ❡✈❡♥t♦s ❡♠ q✉❡stã♦✱ ❛s q✉❛♥t✐✲

❞❛❞❡s r❡❝♦♥str✉í❞❛s ❛tr❛✈és ❞♦s ♣r♦❣r❛♠❛s ✉t✐❧✐③❛❞♦s ♥♦ ❈❉❆❙ ♣❛r❛ ❛♥❛❧✐s❛r ♦s s✐♥❛✐s

❣❡r❛❞♦s ♥♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡ ✭✈❡❥❛ ❛ s❡çã♦ ✷✳✸✮✱ ❝♦♠♦ ❛s q✉❡ ❝❛r❛❝t❡r✐③❛♠ ❛ ❞✐r❡çã♦

❞❡ ❝❤❡❣❛❞❛ ❡ ❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱ ❢♦r❛♠ ✐♥s❡r✐❞❛s ♥♦ ❝ó❞✐❣♦ ❞❡ ❜❛❝❦tr❛❝❦✲

✐♥❣ ❝♦♠♦ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✳ ❚r❛❥❡tór✐❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ ❝❛❞❛ ♥ú❝❧❡♦ ❝♦♠ ♥ú♠❡r♦s

❛tô♠✐❝♦s ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❛✐♦r❡s ❢♦r❛♠ r❡❝♦♥str✉í❞❛s ❛té q✉❡ ❛ ❢r♦♥t❡✐r❛ ❞❛ ❣❛❧á①✐❛✱

❡q✉✐✈❛❧❡♥t❡ ❛♦ ❝✐❧✐♥❞r♦ ρ = 20 ❦♣❝✱ ❢♦ss❡ ❛t✐♥❣✐❞❛✳ ❖ ❝ó❞✐❣♦ r❡❣✐str♦✉✱ ❡♥tã♦✱ ❛s ❞✐r❡çõ❡s

❞❡ ♣r♦♣❛❣❛çã♦ ~β = ~v/c ❞♦s ♣r✐♠ár✐♦s s♦❜r❡ ❡ss❛ r❡❣✐ã♦✱ ❝❛❞❛ q✉❛❧ ❛ss♦❝✐❛❞❛ ❛ ✉♠ ✈❛❧♦r

❞✐❢❡r❡♥t❡ ❞❡ Z✳ ❙✉♣♦♥❞♦ q✉❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❡①tr❛❣❛❧á❝t✐❝♦ ♣♦ss✉❛ ✉♠❛ ❞✐str✐❜✉✐çã♦

✐s♦tró♣✐❝❛ ❡♠ â♥❣✉❧♦ só❧✐❞♦ ❡ q✉❡✱ ❡♠ ♠é❞✐❛✱ s✉❛ ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ❛s tr❛❥❡tór✐❛s ♥❡ss❡

♠❡✐♦ s❡❥❛♠ ❞❡s♣r❡③í✈❡✐s✱ ♦s ✈❡t♦r❡s ~β ❞❡✜♥❡♠ ❞✐r❡çõ❡s ♥♦ ✉♥✐✈❡rs♦ ❛ss♦❝✐❛❞❛s à ❛❝❡❧❡✲

r❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳ ❉❡ ♠♦❞♦ ❛♥á❧♦❣♦✱ ♦s ✈❡t♦r❡s −~β s♦❜r❡ ρ = 20 ❦♣❝ ♣♦❞❡♠ s❡r

✈✐st♦s ❝♦♠♦ ❛s ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞❛ r❛❞✐❛çã♦ ♥❛ ❱✐❛ ▲á❝t❡❛✳

❖ ❡✈❡♥t♦ ❝♦♠ ♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ 200904702497 ♥❛ ❜❛s❡ ❞❡ ❞❛❞♦s ❞♦ ❖❜s❡r✲

✈❛tór✐♦ ❆✉❣❡r✱ 74➸ ♠❡♠❜r♦ ❞❛ ❧✐st❛ ❞✐s❝✉t✐❞❛ ❛❝✐♠❛✱ ♣♦ss✉✐ ✉♠❛ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛

❞❡ 57.21 ❊❡❱ ❡ é ✉t✐❧✐③❛❞♦ ❝♦♠♦ ❡①❡♠♣❧♦ ❞❡st❛ ❛♥á❧✐s❡ ♥❛ ✜❣✉r❛ ✼✾✳ P❛r❛ ❢❛❝✐❧✐t❛r ❛ ✈✐✲

s✉❛❧✐③❛çã♦✱ ❛♣❡♥❛s ❛s ♣♦s✐çõ❡s ❞❡ ❆●◆s ❝♦♠ z 6 0.005 sã♦ r❡♣r❡s❡♥t❛❞❛s✳ ❈❛❞❛ ♣♦♥t♦

❡♠ ❛③✉❧ ❡q✉✐✈❛❧❡ à ❞✐r❡çã♦ ❝❡❧❡st❡ ❞❡ ❝❤❡❣❛❞❛✱ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❞❡ ♥ú❝❧❡♦s ♣r✐♠ár✐♦s

q✉❡✱ s❡❣✉♥❞♦ ❛s ❝♦♠♣♦s✐çõ❡s q✉í♠✐❝❛s ❛ss♦❝✐❛❞❛s ❡ ❛ ♣❛r❛♠❡tr✐③❛çã♦ ❛❞♦t❛❞❛ ♣❛r❛ ♦

❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛✱ r❡s✉❧t❛r✐❛♠ ♥❛ ♦❜s❡r✈❛çã♦ ❞♦ ❡✈❡♥t♦ ✐♥❞✐❝❛❞♦ ♣❡❧♦ ♣♦♥t♦

✶✼✽



❧❛r❛♥❥❛✳ ❖❜s❡r✈❡ ❝♦♠♦ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❝❛r❣❛ ❡ ❝❛♠♣♦ ♣♦❞❡ ✐♥✢✉❡♥❝✐❛r ❝♦♥s✐❞❡r❛❧✈❡❧✲

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

❛str♦❢ís✐❝♦s ♥♦ ❝é✉✳
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❋✐❣✉r❛ ✼✾✿ Pr♦❥❡çã♦ ❞❡ ❆✐t♦✛ ❞❛ r❡❣✐ã♦ l 6 0➦ ❞❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s ❞♦s ❆●◆s
❝♦♠ z 6 0.005✱ s❡❣✉♥❞♦ ♦ ❝❛tá❧♦❣♦ ❞❡ ❱ér♦♥✲❈❡tt② ❡ ❱ér♦♥✱ r❡♣r❡s❡♥t❛❞❛s ♣❡❧♦s ♣♦♥t♦s
♥❛ ❝♦r ❧✐❧ás✳ ❖ ♣♦♥t♦ ❧❛r❛♥❥❛ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ❡✈❡♥t♦ 200904702497 ♥❛
❚❡rr❛✱ ❝♦♠♦ r❡❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡♥q✉❛♥t♦ ❝❛❞❛
♣♦♥t♦ ❡♠ ❛③✉❧ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❞❡t❡r♠✐♥❛❞❛ ❛tr❛✈és ❞♦
❜❛❝❦tr❛❝❦✐♥❣✱ ❞♦ ♥ú❝❧❡♦ ♣r✐♠ár✐♦ ❛ss♦❝✐❛❞♦ ❝♦♠♦ ❢✉♥çã♦ ❞❛ ❝❛r❣❛ ❡❧❡♠❡♥t❛r Ze✳ ❖
❡✈❡♥t♦ ❢♦✐ ❝❛r❛❝t❡r✐③❛❞♦ ♣❡❧♦ ❞✐s♣❛r♦ ❞❡ 12 ❡st❛çõ❡s ❞♦ ❛rr❛♥❥♦ ❞❡ s✉♣❡r❢í❝✐❡✳ ❆ ❧✐♥❤❛
♣r❡t❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ ♣❧❛♥♦ s✉♣❡r❣❛❧á❝t✐❝♦✳

❆ ❛♥á❧✐s❡ ❝♦♠♣❧❡t❛ ❢♦✐ r❡❛❧✐③❛❞❛ ✉t✐❧✐③❛♥❞♦✲s❡ ❞❛❞♦s ❞❡ 91 ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛

E > 50 ❊❡❱✱ ❞❡t❡❝t❛❞♦s ❡♥tr❡ ✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡ ✷✵✵✹ ❡ ✺ ❞❡ ♦✉t✉❜r♦ ❞❡ ✷✵✵✾ ♥♦ ❖❜✲

s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡ ❞❛❞♦s ❞♦s 442 ❆●◆s ❝♦♠ r❡❞s❤✐❢ts z 6 0.017✱ ❝❛t❛❧♦❣❛❞♦s ♣♦r

✶✼✾



❱ér♦♥✲❈❡tt② ❡ ❱ér♦♥✱ ❡q✉✐✈❛❧❡♥t❡ ❛ ❞✐stâ♥❝✐❛s . 71 ▼♣❝ ❡♠ r❡❧❛çã♦ à ❚❡rr❛✳ ❆ ❝♦♠✲

♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦s ♥ú❝❧❡♦s ♦❜❡❞❡❝❡✉ ❛ s❡qüê♥❝✐❛ ❞❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s Z = 1, 2, 3, . . .

❛té q✉❡ ❛ ❝♦rr❡❧❛çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ ❱✐❛ ▲á❝t❡❛

❡ q✉❛❧q✉❡r ❆●◆ ❢♦ss❡ ♠í♥✐♠❛ ♥♦ ✐♥t❡r✈❛❧♦ [0➦, 3.5➦]✱ ❡s❝♦❧❤✐❞♦ ♣❡❧❛ s❡♠❡❧❤❛♥ç❛ ❝♦♠ ❛

♣r❡s❝r✐çã♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♦s â♥❣✉❧♦s s❡ ❞✐str✐❜✉ír❛♠ ❡♥tr❡ 0.14➦ ❡ 3.31➦✱ ❝♦♠ ✉♠

❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦ (0.98± 0.69) ➦✱ ❞❡t❡r♠✐♥❛♥❞♦ ✉♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡ ❡❧❡✲

♠❡♥t♦s ❞✐str✐❜✉í❞♦s ❡♥tr❡ ♦ ❤✐❞r♦❣ê♥✐♦ ✭Z = 1✮ ❡ ♦ ❢❡rr♦ ✭Z = 26✮✳ ❆ r❡❧❛çã♦ ❡♥tr❡ ♦

♥ú♠❡r♦ ❛tô♠✐❝♦ ❞♦ ♥ú❝❧❡♦ ♣r✐♠ár✐♦✱ ❡st❛❜❡❧❡❝✐❞♦ ♣❡❧❛ ❝♦rr❡❧❛çã♦ ❛♥❣✉❧❛r✱ ❡ ❛ ❡♥❡r❣✐❛

r❡❝♦♥str✉í❞❛ ♣❛r❛ ❝❛❞❛ ❡✈❡♥t♦ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✽✵✳ ❖❜s❡r✈❡ ❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡

❡❧❡♠❡♥t♦s ❝♦♠ Z & 10✱ ❛❧é♠ ❞❡ ✉♠ ❝♦rt❡ ❛♣❛r❡♥t❡ ❞❡ ♥ú❝❧❡♦s ❝♦♠ Z < 10 ❛ ♣❛rt✐r ❞❡

E ≈ 80 ❊❡❱✳ ❆ ❢r❡qüê♥❝✐❛ ❝♦♠ ❛ q✉❛❧ ♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s ❛♣❛r❡❝❡♠ ♥❡st❛ ❛♥á❧✐s❡ é

r❡♣r❡s❡♥t❛❞❛ ♥♦ ❤✐st♦❣r❛♠❛ ❞❛ ✜❣✉r❛ ✽✶✱ ♣❛r❛ t♦❞❛s ❛s ❡♥❡r❣✐❛s > 50 ❊❡❱✱ ❝✉❥♦s ❞❛❞♦s

✐♠♣❧✐❝❛♠ ❡♠ ✉♠❛ ❝♦♠♣♦s✐çã♦ ♠é❞✐❛ Z = (13.21± 7.68)✱ ♦✉ s❡❥❛✱ ❛ ♠❛✐♦r ♣❛rt❡ ❞♦s

❡❧❡♠❡♥t♦s ❡♥❝♦♥tr❛✲s❡ ❡♥tr❡ ♦ ❝❛r❜♦♥♦ ✭Z = 6✮ ❡ ♦ ❡s❝â♥❞✐♦ ✭Z = 21✮✳ ◆ú❝❧❡♦s ♠❛✐s

♣❡s❛❞♦s ♣❛r❡❝❡♠ s♦❢r❡r ✉♠❛ s✉♣r❡ssã♦ ❛ ♣❛rt✐r ❞♦ ❡❧❡♠❡♥t♦ ❝á❧❝✐♦ ✭Z = 20✮✳
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❋✐❣✉r❛ ✽✵✿ ❘❡❧❛çã♦ ❡♥tr❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s ❞❡ ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ❡ ❡♥❡r❣✐❛s ❞❡
91 ❡✈❡♥t♦s r❡❛✐s ❞❡t❡❝t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ s❡❣✉♥❞♦ ❛ ♣r♦①✐♠✐❞❛❞❡ ❛♥❣✉❧❛r
❡♥tr❡ ❞✐r❡çõ❡s ❞❡ ❝❤❡❣❛❞❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ ❱✐❛ ▲á❝t❡❛✱ ❞❡t❡r♠✐♥❛❞❛s ❛ ♣❛rt✐r ❞❛
r❡❝♦♥str✉çã♦ ❞❡ tr❛❥❡tór✐❛s ♣❡❧❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✱ ❡ ♣♦s✐çõ❡s ❝❡❧❡st❡s ❞❡ ❆●◆s
❝❛t❛❧♦❣❛❞♦s✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ ❡❧❡♠❡♥t♦ ❢❡rr♦ ✭Z = 26✮✳
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❋✐❣✉r❛ ✽✶✿ ❍✐st♦❣r❛♠❛ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡❧❡♠❡♥t❛r ❛♣r❡s❡♥t❛❞❛ ♥♦ ❣rá✜❝♦ ❞❛
✜❣✉r❛ ✽✵✳ ❖s ♥ú❝❧❡♦s ♠❛✐s ♣r♦❡♠✐♥❡♥t❡s sã♦ ♦ ❛❧✉♠í♥✐♦ ✭Z = 13✮ ❡ ♦ ❝á❧❝✐♦ ✭Z = 20✮✳

◆❛ ✜❣✉r❛ ✽✷✱ ❡ss❛ ♠❡s♠❛ ❞✐str✐❜✉✐çã♦ ❡❧❡♠❡♥t❛r é ❛♥❛❧✐s❛❞❛ ❡st❛t✐st✐❝❛♠❡♥t❡ ❝♦♠

❛ ❡s❝♦❧❤❛ ❞❡ ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ ❞❡ 10 ❊❡❱✱ ❛ ✜♠ ❞❡ ♣r❡❝✐s❛r q✉❡ t✐♣♦ ❞❡ ❞❡♣❡♥❞ê♥❝✐❛

❡♥tr❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❡♥❡r❣✐❛ ❛❞✈é♠ ❞❛ ❞✐str✐❜✉✐çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✽✵✳

❖s ♥ú♠❡r♦s ❛tô♠✐❝♦s Z ❡ ♥ú♠❡r♦s ❞❡ ♠❛ss❛ A sã♦ r❡♣r❡s❡♥t❛❞♦s ❡♠ ❡s❝❛❧❛ ❧♦❣❛rít♠✐❝❛

♣❛r❛ q✉❡ ❡❢❡✐t♦s ♥♦ ❡s♣❡❝tr♦ ♣♦ss❛♠ s❡r ✐❞❡♥t✐✜❝❛❞♦s ❥✉♥t♦ ❛♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✶✽✱

♥❛ s❡çã♦ ✷✳✺✳ ◆♦t❡✱ ♣♦ré♠✱ q✉❡ s❡❣✉♥❞♦ ❛ ❡q✉❛çã♦ ✭✶✻✮ ♥❛ s✉❜✲s❡çã♦ ✶✳✸✳✷✱ ❛ ❛♥á❧✐s❡

❞❡ 〈Xmax〉 ❡♥✈♦❧✈❡ ✉♠ t❡r♠♦ ❡♠ 〈log2 A〉✱ ❡♥q✉❛♥t♦ ❛q✉✐ sã♦ ❝♦♥s✐❞❡r❛❞♦s log10 〈Z〉
❡ log10 〈A〉✳ ❆♣❡s❛r ❞✐ss♦✱ ♦s ❣rá✜❝♦s ✭❛✮ ❡ ✭❜✮ ❞❛ ✜❣✉r❛ ✽✷ t❛♠❜é♠ ✐♥❞✐❝❛♠ ✉♠❛

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡❧❡♠❡♥t❛r ✐♥t❡r♠❡❞✐ár✐❛ ❛♦s ♥ú❝❧❡♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ❢❡rr♦ ♣❛r❛

r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ 50 ❊❡❱✱ ❛❧é♠ ❞❡ ✉♠❛ t❡♥❞ê♥❝✐❛ ❛♣❛r❡♥t❡ ❞♦

♥ú♠❡r♦ ❞❡ ♠❛ss❛ ❡♠ ❞✐r❡çã♦ ❛♦s ❡❧❡♠❡♥t♦s tr❛♥s❢érr✐❝♦s ❛ ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s✳
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✭❜✮

❋✐❣✉r❛ ✽✷✿ ❊s♣❡❝tr♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ♠é❞✐❛✱ s❡♠❡❧❤❛♥t❡ ❛♦ ❣rá✜❝♦ ❛♣r❡s❡♥t❛❞♦
♥❛ ✜❣✉r❛ ✽✵✱ ❝♦♠ ❛ s❡♣❛r❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❡♠ ❜✐♥s ❞❡ 10 ❊❡❱✳ ❊♠ ✭❛✮✱ ❛ ❡st❛tíst✐❝❛ é
❛♣❧✐❝❛❞❛ ❛♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s Z ❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s✱ ❡♥q✉❛♥t♦ ❡♠ ✭❜✮ ♦s ♥ú♠❡r♦s
❞❡ ♠❛ss❛ A sã♦ ❝♦♥s✐❞❡r❛❞♦s✳ ❆ s❡♠❡❧❤❛♥ç❛ ❡♥tr❡ ❛s ❢♦r♠❛s ❞❛s ❞✐str✐❜✉✐çõ❡s ♦❝♦rr❡
❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ A ≈ 2Z✳ ❖s ♥ú♠❡r♦s ❡♠ ✈❡r♠❡❧❤♦ ✐♥❞✐❝❛♠ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥ú❝❧❡♦s
❝♦♥t✐❞♦s ❡♠ ❝❛❞❛ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛✳ ❆s ❜❛rr❛s ❞❡ ❡rr♦ ❡q✉✐✈❛❧❡♠ ❛♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❛
❞✐str✐❜✉✐çã♦ ❞❡ Z ♦✉ A ❞❡♥tr♦ ❞♦s ❜✐♥s ❡ ♥ã♦ ❡stã♦ r❡❧❛❝✐♦♥❛❞❛s ❛ ❡rr♦s ❡①♣❡r✐♠❡♥t❛✐s✳
❖s três ✈❛❧♦r❡s ❞❡ ♠❛✐♦r ❡♥❡r❣✐❛ ❡q✉✐✈❛❧❡♠ ❛ ❡✈❡♥t♦s ✐s♦❧❛❞♦s ❞❡♥tr♦ ❞♦s ❜✐♥s ❞❡ ❡♥❡r❣✐❛
❝♦rr❡s♣♦♥❞❡♥t❡s✱ ♥ã♦ ♣♦ss✉✐♥❞♦ ✈❛❧♦r❡s ❞❡✜♥✐❞♦s ❞❡ ❞❡s✈✐♦ ♣❛❞rã♦✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛
r❡♣r❡s❡♥t❛ ♦ ❡❧❡♠❡♥t♦ ❢❡rr♦ ✭Z = 26✮✳

❙❡ ❡ss❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❝♦♠♣♦s✐çõ❡s q✉í♠✐❝❛s ♦❜t✐❞❛ ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦✲

tr❛❝❦✐♥❣ é ❛♥❛❧✐s❛❞❛ tr❛t❛♥❞♦✲s❡ ❛ ♠é❞✐❛ 〈logb A〉 ❝♦♠♦ ❢✉♥çã♦ ❞❡ logb (E/❊❡❱)✱ ❝♦♠ ❛

❡s❝♦❧❤❛ ❛r❜✐trár✐❛ ❞❡ ✉♠❛ ❜❛s❡ b ✭= 10✱ ♥❡st❡ ❝❛s♦✮ ❡ ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ 10 ❊❡❱✱ ♦ r❡✲

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

❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦s ❣rá✜❝♦s ✭❛✮ ❡ ✭❜✮ ❞❛ ✜❣✉r❛ ✽✸✱ ❛s r❡❣✐õ❡s 50 6 (E/❊❡❱) . Et

❡ (E/❊❡❱) & Et sã♦ s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❡♥❡r❣✐❛ ❞❡ tr❛♥s✐çã♦ Et ≈ 118 ❊❡❱ =

1.18 × 1020 ❡❱✱ ❞❡r✐✈❛❞❛ ❞♦s ❛❥✉st❡s ❧✐♥❡❛r❡s✳ ❖ ♣♦♥t♦ ❧♦❝❛❧✐③❛❞♦ ♥❛s ❝♦♦r❞❡♥❛❞❛s

(1.978, 1.579) ♥ã♦ é ❝♦♥s✐❞❡r❛❞♦ ♥❛ ❛♥á❧✐s❡ ❛♣r❡s❡♥t❛❞❛ ❡♠ ✭❛✮❀ ♦❜s❡r✈❡✱ ❡♠ ✭❜✮✱ ❝♦♠♦

❛ ✈❛r✐❛çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♥❛ tr❛♥s✐çã♦ é s❡♥sí✈❡❧ à ✐♥❝❧✉sã♦ ❞❡ss❡ ❞❛❞♦ ♥❛ ❢❛✐①❛

❞❛s ❡♥❡r❣✐❛s ♠❛✐s ❜❛✐①❛s✳ ❈♦♠ ❜❛s❡ ♥❡ss❡s r❡s✉❧t❛❞♦s✱ ♣♦rt❛♥t♦✱ ♦ ❡♥①♦❢r❡ ❡ ♦ ❡s❝â♥❞✐♦

❞❡❧✐♠✐t❛♠ ✉♠ ✐♥t❡r✈❛❧♦ ❡♠ q✉❡ ♦s ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ✐♥t❡r♠❡❞✐ár✐♦s ❝❧♦r♦✱ ❛r❣ô♥✐♦✱

♣♦táss✐♦ ❡ ❝á❧❝✐♦ t❛♠❜é♠ ♣♦❞❡♠ ❡st❛r r❡❧❛❝✐♦♥❛❞♦s à ❡♥❡r❣✐❛ ❞❡ tr❛♥s✐çã♦✳

◆♦ ❣rá✜❝♦ ✭❝✮ ❞❛ ✜❣✉r❛ ✽✸✱ é ♠♦str❛❞♦ ♦ ❡❢❡✐t♦ ❞❡ s❡ ❝♦♥s✐❞❡r❛r ✉♠ ú♥✐❝♦ ❞❛❞♦ ❞❛

✶✽✷



❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛s ♠❡♥♦r❡s✱ ♥❛ r❡❣✐ã♦ ❞❡ tr❛♥s✐çã♦✱ ❝♦♠♦ ♣❡rt❡♥❝❡♥t❡ ❛♦ ❣r✉♣♦ ❞❛s ❡♥❡r✲

❣✐❛s ♠❛✐s ❛❧t❛s✳ ◆❡st❡ ❝❛s♦ ♣❛rt✐❝✉❧❛r✱ ♦ ♣♦♥t♦ ❧♦❝❛❧✐③❛❞♦ ♥❛s ❝♦♦r❞❡♥❛❞❛s (2.061, 1.505)

é ❞❡s♣r❡③❛❞♦✳ ❏á ♥♦ ❣rá✜❝♦ ✭❞✮✱ ♦ ♣♦♥t♦ ✐♥✐❝✐❛❧♠❡♥t❡ ❡①❝❧✉í❞♦ ❡♠ ✽✸✭❛✮ é ✐♥❝❧✉í❞♦ ♥♦

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

t❛r ✈❛r✐❛ ❡♠ t♦r♥♦ ❞❛ ❡♥❡r❣✐❛ Et ≈ 87.1 ❊❡❱ = 8.71 × 1019 ❡❱✱ r❡❧❛t✐✈❛ ❛♦s ♥ú❝❧❡♦s ❞❡

♠❛❣♥és✐♦ ❡ ❛❧✉♠í♥✐♦✱ ❝✉❥♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s sã♦ ❝♦♥s❡❝✉t✐✈♦s✳

❚♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ❞❛❞♦s ❞❡ ❛❝❡❧❡r❛❞♦r❡s ❛té ❡♥❡r❣✐❛s ∼ 10−6 ❊❡❱✱ ❛ ❡①tr❛♣♦✲

❧❛çã♦ ❞❡ ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛ ❡ r❡s✉❧t❛❞♦s r❡❝❡♥t❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

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

❡ ❛ ❡♥❡r❣✐❛✱ ♥♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✱ ♦❝♦rr❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✉♠❛ ❝♦♠♣♦s✐çã♦

❡❧❡♠❡♥t❛r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐♥t❡r♠❡❞✐ár✐❛ ❛♦s ✈❛❧♦r❡s Z = 1 ✭❤✐❞r♦❣ê♥✐♦✮ ❡ Z = 26

✭❢❡rr♦✮✳ ❆t✉❛❧♠❡♥t❡✱ ❛s ❝❛✉s❛s ❞❛s ♦s❝✐❧❛çõ❡s ❞♦s ✈❛❧♦r❡s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ 〈Xmax〉 ❛

♣❛rt✐r ❞❡ E ≈ 1019 ❡❱✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ s❡çã♦ ✷✳✺ ♣❡❧♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✶✽✭❛✮✱

sã♦ ❞❡s❝♦♥❤❡❝✐❞❛s✳ ❈♦♠ ♦ ❛❝ú♠✉❧♦ ❣r❛❞✉❛❧ ❞❡ ❞❛❞♦s✱ t❡♠ s✐❞♦ s✉❣❡r✐❞♦ q✉❡ ❡ss❡ ❡❢❡✐t♦

♥ã♦ é ❡st❛tíst✐❝♦ ❡ ❤á✱ ❞❡ ❢❛t♦✱ ♠✉❞❛♥ç❛s ♥❛ t❡♥❞ê♥❝✐❛ ❞❡ 〈Xmax〉 ❛ ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s✳

❆tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❞❡ ♣❛rtí❝✉❧❛s ❛♣❧✐❝❛❞❛ às ♣♦s✐çõ❡s ❞❡ ❆●◆s✱

❞❡s❝r✐t❛ ♥❡st❛ s❡çã♦✱ s✉♣♦♥❤❛ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❡ 〈log10 A〉 ♣ró①✐♠♦ ❞❡

. 1020 ❡❱ ❡①✐st❛✳ ❙❡❣✉♥❞♦ ♦ ❤✐st♦❣r❛♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✽✶✱ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛

❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ❝♦♠ ❡♥❡r❣✐❛s > 50 ❊❡❱ s♦❢r❡ ✉♠❛ s✉♣r❡ssã♦ ❛❝❡♥t✉❛❞❛ ❛ ♣❛rt✐r ❞♦

❡❧❡♠❡♥t♦ ❝á❧❝✐♦ ✭4020❈✱ log10 40 ≈ 1.6✮✳ ❆♣❧✐❝❛♥❞♦ ❡st❡ r❡s✉❧t❛❞♦ às r❡❧❛çõ❡s ❛♣r❡s❡♥t❛❞❛s

♥♦s ❣rá✜❝♦s ❞❛ ✜❣✉r❛ ✽✷✱ é ❡s♣❡r❛❞♦ q✉❡ ❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ❡❧❡♠❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛ E > Et

s❡❥❛ ♠✉✐t♦ ♠❡♥♦r ❡♠ r❡❧❛çã♦ ❛♦s ♥ú❝❧❡♦s ❞❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛s ♠❛✐s ❜❛✐①❛s✳ ❆♣❡s❛r ❞❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s ♥ã♦ s❡r ❡st❛t✐st✐❝❛♠❡♥t❡ s✐❣♥✐✜❝❛♥t❡ ♣❛r❛ s✉♣♦rt❛r ❡ss❛ ❤✐♣ót❡s❡✱ é

✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡✱ ♥❛ ❛♥á❧✐s❡ ❞♦s ❆●◆s✱ ❛ r❡❞✉çã♦ ❞❛ ❢r❡qüê♥❝✐❛ ❞❡ ❡❧❡♠❡♥t♦s ❝♦♠

Z > 20 ❞❡❝♦rr❡ ✉♥✐❝❛♠❡♥t❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♠❡s♠♦ q✉❡ ♥ú❝❧❡♦s

♠❛✐s ♣❡s❛❞♦s ❞♦ q✉❡ ♦ ❝á❧❝✐♦ s❡❥❛♠ ❛❜✉♥❞❛♥t❡s ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r✳

✶✽✸
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Xlog10 A\ = K1 + K2 log10HE�EeVL

Et = 114.183 EeV

K2HE < EtL = 0.843

K2HE > EtL = 5.319
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Xlog10 A\ = K1 + K2 log10HE�EeVL

Et = 121.598 EeV

K2HE < EtL = 1.278

K2HE > EtL = 5.319
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Xlog10 A\ = K1 + K2 log10HE�EeVL

Et = 82.599 EeV

K2HE < EtL = 0.885

K2HE > EtL = 2.466
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Xlog10 A\ = K1 + K2 log10HE�EeVL

Et = 91.537 EeV

K2HE < EtL = 0.843

K2HE > EtL = 2.603

✭❞✮

❋✐❣✉r❛ ✽✸✿ ❱❛r✐❛çã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡ ❞♦ ✈❛❧♦r ♠é❞✐♦ 〈log10 A〉 ❡♠ r❡❧❛çã♦
❛ log10 (E/❊❡❱)✱ s❡♣❛r❛❞❛ ❡♠ ❞✉❛s ❢❛✐①❛s ❞✐st✐♥t❛s ❞❡ ❡♥❡r❣✐❛✳ ❈❛❞❛ ❜❛rr❛ ❞❡ ❡rr♦
❝♦rr❡s♣♦♥❞❡ ❛♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ log10 A ❞❡♥tr♦ ❞❡ ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛
❞❡ 10 ❊❡❱✳ ❖ ✈❛❧♦r ❞❡ Et é ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞♦ ♣♦♥t♦ ❞❡ ✐♥t❡rs❡❝çã♦ ❞♦s ❛❥✉st❡s ❧✐♥❡❛r❡s✱
s❡♥❞♦ K2 (E ≶ Et) ♦ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r ❞❛ r❡t❛ ❛❥✉st❛❞❛ ♥❛ r❡❣✐ã♦ ❡♥❡r❣ét✐❝❛ ❞❡ ✐♥t❡r✲
❡ss❡✳ ❊♠ ✭❛✮ ❡ ✭❝✮✱ ❛s ♠é❞✐❛s r❡♣r❡s❡♥t❛❞❛s ♣♦r q✉❛❞r❛❞♦s s❡♠ ♣r❡❡♥❝❤✐♠❡♥t♦ ♥ã♦ sã♦
❝♦♥s✐❞❡r❛❞❛s ♥❛s ❛♥á❧✐s❡s✳

✶✽✹



✼ ❈♦♥❝❧✉sõ❡s

◆❡st❛ t❡s❡✱ ❢♦r❛♠ ❛♥❛❧✐s❛❞❛s ❛ ♠❛❣♥✐t✉❞❡ ❡ ❛❧❣✉♠❛s ❝♦♥s❡qüê♥❝✐❛s ❣❡r❛✐s ❞❛ ✐♥t❡r❛çã♦

❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❞❡ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ❡ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❖s ♠♦✲

❞❡❧♦s ❡♠♣r❡❣❛❞♦s ❛q✉✐ sã♦ ❞❡s❝r✐t♦s ♣♦r ♣❛r❛♠❡tr✐③❛çõ❡s ❜❛s❡❛❞❛s ♥❛s ♦❜s❡r✈❛çõ❡s ♠❛✐s

r❡❝❡♥t❡s r❡❧❛t✐✈❛s t❛♥t♦ ❛♦ ♣❧❛s♠❛ ❞❛ ❣❛❧á①✐❛✱ q✉❛♥t♦ às ♣❛rtí❝✉❧❛s q✉❡ ❛t✐♥❣❡♠ ❛ ❚❡rr❛✳

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

♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ✐♥❛✉❣✉r❛❞♦ ❡♠ ✷✵✵✹ ♥♦ s✉❧ ❞❛ ❆r❣❡♥t✐♥❛✳ ❖ ♣✐♦♥❡✐r✐s♠♦ ❞♦

❡①♣❡r✐♠❡♥t♦ ❡stá ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞❡t❡❝çã♦ ❤í❜r✐❞❛✿ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❛t♠♦s❢ér✐❝♦

❞♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ r❛❞✐❛çã♦ s❡❝✉♥❞ár✐❛ ♥♦ s♦❧♦

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

♥ã♦ ♣r❡❝❡❞✐❞❛ ♣♦r ♦✉tr♦s ❡①♣❡r✐♠❡♥t♦s✳

❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣ít✉❧♦ ✻ ❢♦r❛♠ ♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❛s

tr❛❥❡tór✐❛s q✉❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❡❧❡tr✐❝❛♠❡♥t❡ ❞❡s❝r❡✈❡♠ ❞✉r❛♥t❡ ❛ ♣r♦♣❛❣❛çã♦

♣❡❧♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❞❛ ❣❛❧á①✐❛✳ ❖ tr❛ç❛♠❡♥t♦ ❞♦s ❝❛♠✐♥❤♦s ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♠ ❛

✉t✐❧✐③❛çã♦ ❞❛s té❝♥✐❝❛s ❞♦ ❜❛❝❦✲ ❡ ❢♦r✇❛r❞tr❛❝❦✐♥❣✱ ♣❛r❛ ❛s q✉❛✐s ❤♦✉✈❡ ❛ ♥❡❝❡ss✐❞❛❞❡

❞❡ s❡ ❞❡s❡♥✈♦❧✈❡r ❢❡rr❛♠❡♥t❛s ♠❛t❡♠át✐❝❛s ❛ ✜♠ ❞❡ ❛❞❛♣t❛r ♦ ♠ét♦❞♦ à ❣❡♦♠❡tr✐❛

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦✱ ❞❛ ♠❛♥❡✐r❛ ❝♦♠♦ é ❝♦♥❤❡❝✐❞♦ ❛t✉❛❧♠❡♥t❡✳ ❊ss❛s r❡✲

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

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

❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✱ s♦❜ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❛s ♣❛rtí❝✉❧❛s ❞❡t❡❝t❛❞❛s

s❡❥❛♠ ♥ú❝❧❡♦s ❞❡ át♦♠♦s✳ ❊♠ ❝❛❞❛ ❝❛s♦ ❛♥❛❧✐s❛❞♦✱ ✉♠ ❡s♣❡❝tr♦ ❡❧❡♠❡♥t❛r ❢♦✐ ♣r♦♣♦st♦

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

q✉❡ ♦❜❥❡t♦s ❝♦♠ ❛t✐✈✐❞❛❞❡ ♠❛❣♥ét✐❝❛ ✐♥t❡♥s❛ ❡st❡❥❛♠ ❛ss♦❝✐❛❞♦s à ❛❝❡❧❡r❛çã♦ ❛ ❡♥❡r❣✐❛s

♠❛✐s ❛❧t❛s✳ ❆ ❡s❝♦❧❤❛ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s Z = 1− 16 ❢✉♥❞❛♠❡♥t❛✲s❡ ♥❛

♥✉❝❧❡♦ssí♥t❡s❡ ❡❧❡♠❡♥t❛r ❡♠ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛ ❛tr❛✈és ❞♦ ❝✐❝❧♦ ❈◆❖✳

❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❣r❛♥❞❡ ❡s❝❛❧❛ ❞♦ ❞✐s❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛ ❢♦✐ ❞❡s❝r✐t♦ s❡❣✉♥❞♦

♦ ♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈✳ P❛r❛ ❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❣❛❧á❝t✐❝♦✱ ❢♦✐ ❡s❝♦❧❤✐❞♦ ♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛

❡ ➆♠í❞❛✳ ❯♥✐❝❛♠❡♥t❡ ♣❛r❛ ♦ ❡✈❡♥t♦ 200433900047✱ ❛♦ q✉❛❧ s❡ r❡❢❡r❡ ❛ ♣r✐♠❡✐r❛ ❛♥á❧✐s❡

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

sã♦ ❞❛ ♣❛r❛♠❡tr✐③❛çã♦ ❞❡ ❙t❛♥❡✈ ♣❛r❛ ❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞❛ ❣❛❧á①✐❛✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❞♦

❝❛♠♣♦ ♥♦ ❤❛❧♦ é ✐♥trí♥s❡❝♦ ❛ ❛♠❜♦s ♦s ♠♦❞❡❧♦s✳ ❖ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ t❛♠❜é♠

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

❢♦r✇❛r❞tr❛❝❦✐♥❣ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝❛♥❞✐❞❛t♦ ❣❛❧á❝t✐❝♦ ❛ ❢♦♥t❡✱ ♦ ♠❛❣♥❡t❛r ❙●❘ 1806✲20✳

✶✽✺



❖ ♣r✐♠❡✐r♦ ❡st✉❞♦ ❞❡ ❛♥✐s♦tr♦♣✐❛ r❡❛❧✐③❛❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❡♠ ✷✵✵✻✱

♥ã♦ ❝♦♥st❛t♦✉ q✉❛❧q✉❡r ❡①❝❡ss♦ ♥♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❛❞✈✐♥❞♦s ❞♦ ❝❡♥tr♦ ❞❛ ❱✐❛

▲á❝t❡❛ ❝♦♠ ❡♥❡r❣✐❛s ❞❛ ♦r❞❡♠ ❞❡ 1018 ❡❱ = 1 ❊❡❱✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ♦ t❡❧❡s❝ó♣✐♦

❈❖▼P❚❊▲ r❡❛❧✐③♦✉ ♦❜s❡r✈❛çõ❡s q✉❡ ❝♦♥st❛t❛r❛♠ ❛ ♦❝♦rrê♥❝✐❛ ❞❛ ♥✉❝❧❡♦ssí♥t❡s❡ ❛t✐✈❛

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

❛ r❡✢❡t✐r ❛ ❛❜✉♥❞â♥❝✐❛ ❡❧❡♠❡♥t❛r ♣r❡s❡♥t❡ ❡♠ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✳ ❖ ✉s♦ ❞❛

té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ♠♦str❛ q✉❡ ♣❛rtí❝✉❧❛s ❝♦♠ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r tã♦ ❣r❛♥❞❡ q✉❛♥t♦

∼ 32.42➦ ❡♠ r❡❧❛çã♦ ❛ ❙❛❣✐tár✐♦ ❆✯✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞♦ ❡✈❡♥t♦ 200605500089✱ ♣♦❞❡♠ t❡r

t✐❞♦ ♦r✐❣❡♠ ♥♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦✳ P❛r❛ ❛♠❜♦s ♦s ❡✈❡♥t♦s ❝♦♥s✐❞❡r❛❞♦s ♥❛ ♣r✐♠❡✐r❛ ♣❛rt❡

❞❛ ❛♥á❧✐s❡ ❛♣r❡s❡♥t❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦✱ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞♦ ❞✐s❝♦ é ❞❡t❡r♠✐♥❛♥t❡ ♥❛

r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s ❞♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s✳ ❏á ♥♦ ❝❛s♦ ❞♦ ❙●❘ 1806✲20✱ ♦ ❝❛♠♣♦

q✉❡ ♣❡r♠❡✐❛ ♦ ❜♦❥♦ é ❛ ❝♦♠♣♦♥❡♥t❡ q✉❡ ♠❛✐s ✐♥✢✉✐ s♦❜r❡ ❛ ♣r♦♣❛❣❛çã♦✱ ✉♠❛ ✈❡③ q✉❡ ♦

♠❛❣♥❡t❛r é tr❛t❛❞♦ ❝♦♠♦ ✉♠❛ ❢♦♥t❡✳ P❛rtí❝✉❧❛s s✉♣♦st❛♠❡♥t❡ ♦r✐✉♥❞❛s ❞♦ ❆❣❧♦♠❡r❛❞♦

❞❡ ❱✐r❣❡♠✱ ❧♦❝❛❧✐③❛❞♦ ❛♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦✱ sã♦ ❞❡✢❡t✐❞❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧♦ ♣❧❛s♠❛

♠❛❣♥❡t✐③❛❞♦ ❞♦ ❤❛❧♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ◗✉❛♥❞♦ ❛ ❞✐str✐❜✉✐çã♦ ❝❡❧❡st❡ ❞♦s ♥ú❝❧❡♦s ❛t✐✈♦s

❞❡ ❣❛❧á①✐❛s é ❝♦♥s✐❞❡r❛❞❛✱ ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦ t♦t❛❧ sã♦ ✐❣✉❛❧♠❡♥t❡ ✐♠♣♦rt❛♥t❡s

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

❞❡ ❝❛r❣❛ ❡❧étr✐❝❛ ♦r✐❣✐♥ár✐❛s ❞❡ ❢♦♥t❡s ❡①tr❛❣❛❧á❝t✐❝❛s✳

◆♦ tr❛t❛♠❡♥t♦ ❞♦s ❞♦✐s ❡✈❡♥t♦s ✉❧tr❛✲❡♥❡r❣ét✐❝♦s ❡ ♥❛ ❛♥á❧✐s❡ ❞♦s ❆●◆s✱ ❢♦r❛♠

✉t✐❧✐③❛❞♦s ❞❛❞♦s r❡❛✐s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ s❡♥❞♦ ❛ ❝❛r❣❛ ❞♦s ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ♦

ú♥✐❝♦ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡✳ P❛r❛ ♦s ❝❛s♦s ❞♦ s♦❢t ❣❛♠♠❛ r❡♣❡❛t❡r ❣❛❧á❝t✐❝♦ ❡ ❞♦ ❆❣❧♦♠❡✲

r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❢♦r❛♠ s✐♠✉❧❛❞❛s ✈❛r✐❛♥❞♦✲s❡ t❛♠❜é♠ ❛ ❡♥❡r❣✐❛✳

❙❡♠♣r❡ q✉❡ ♦ t❡①t♦ ❢❛③ r❡❢❡rê♥❝✐❛ às té❝♥✐❝❛s ❞♦ ❜❛❝❦✲ ❡ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣✱ ❞❡✈❡ s❡r ❡♥✲

t❡♥❞✐❞♦ q✉❡ ❛s r❡❝♦♥str✉çõ❡s ❞❛s tr❛❥❡tór✐❛s ❢♦r❛♠ r❡❛❧✐③❛❞❛s s❡❣✉♥❞♦ t♦❞❛ ❛ ♠❡t♦❞♦❧♦✲

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

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

❖s r❡s✉❧t❛❞♦s q✉❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❡♠ s❡❣✉✐❞❛ sã♦ r❡s✉♠✐❞♦s ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

✶✳ ❚♦❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❡ ❧❛r❣❛ ❡s❝❛❧❛ ❞❛ ❱✐❛ ▲á❝t❡❛ ❞❡s✈✐❛♠

s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ✭E > 1018 ❡❱✮❀

✷✳ ❆ ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛ ❞♦ ❝❛♠♣♦ ♣r♦✈♦❝❛ ✉♠ ❡❢❡✐t♦ ❞✐❢✉s✐✈♦ s♦❜r❡ ♦ ♣❧❛♥♦

♣❡r♣❡♥❞✐❝✉❧❛r ❛♦ ✈❡t♦r ~β ❞❛ ♣❛rtí❝✉❧❛✱ ❝✉❥❛ ❞✐s♣❡rsã♦ ♦❝♦rr❡ ❞❡ ♠❛♥❡✐r❛ ✐s♦tró♣✐❝❛

❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ tr❛❥❡tór✐❛ ✏r❡❣✉❧❛r✑❀

✸✳ ❖ ❡✈❡♥t♦ 200433900047 ✭té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❡ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❞✐s❝♦✮✿ s✉✲

✶✽✻



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

r❡❣✐õ❡s ❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛ q✉❡ ♣♦❞❡♠ ❛❜r✐❣❛r ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡❀

✹✳ ❖ ♠❛❣♥❡t❛r ❙●❘ 1806 − 20 ✭té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❡ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❜♦❥♦

❥✉♥t♦ à ❝♦♠♣♦♥❡♥t❡ t✉r❜✉❧❡♥t❛✮✿ ❞❛❞♦ ✉♠ ❝❛♥❞✐❞❛t♦ ❛ ❢♦♥t❡ ❞❡♥tr♦ ❞❛ ❣❛❧á①✐❛✱

❢♦✐ ♣♦ssí✈❡❧ ♣r❡✈❡r ❡①❝❡ss♦s ❜❡♠ ❧♦❝❛❧✐③❛❞♦s ❞♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡♠ ❝❡rt❛s

❞✐r❡çõ❡s ❞♦ ❝é✉❀

✺✳ ❖ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ✭té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❡ ❝♦♠♣♦♥❡♥t❡ ❞♦ ❤❛❧♦✮✿

r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❝♦♠ ✐♥❝✐❞ê♥❝✐❛ ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦ ❞❡✈❡ ❛♣r❡s❡♥t❛r ❝♦rt❡s

♥❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❝♦♠♦ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛❀

✻✳ ❆●◆s ❡ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ❞❡ ❡✈❡♥t♦s ❝♦♠ E > 50 ❊❡❱ ✭té❝♥✐❝❛ ❞♦ ❜❛❝❦✲

tr❛❝❦✐♥❣ ❡ t♦❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦✮✿ ❛ ♣❛rt✐r ❞❡ r❡s✉❧t❛❞♦ r❡❝❡♥t❡ ❞❛

❝♦rr❡❧❛çã♦ ❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❡ ❝❡rt❛ ❝❧❛ss❡ ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s✱ ❢♦✐ ❞❡r✐✈❛❞❛

✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✳

✼✳✶ ❖ ❡✈❡♥t♦ 200433900047

❉✉r❛♥t❡ ❛ ♣r✐♠❡✐r❛ ❢❛s❡ ❞❡ ♦♣❡r❛çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❢♦✐ ✐❞❡♥t✐✜❝❛❞♦ ✉♠ ❡✈❡♥t♦✱

♥❛s ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s (l, b) = (−27.6689➦,−17.0464➦)✱ ❝✉❥❛ r❡❝♦♥str✉çã♦ ❡♥❡r❣ét✐❝❛

r❡s✉❧t♦✉ ❡♠ 101.133 ❊❡❱✳ ❊ss❛ ♦❜s❡r✈❛çã♦ ❢♦✐ r❡❣✐str❛❞❛ s♦❜ ♦ ♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦

200433900047✳ ❯♠ s❡❣✉♥❞♦ ❡✈❡♥t♦✱ ♠❛✐s r❡❝❡♥t❡ ❡ ❝♦♠ 61.7826 ❊❡❱ ❞❡ ❡♥❡r❣✐❛✱ ❢♦✐

♦❜s❡r✈❛❞♦ ❛ ∼ 1➦ ❞❡ ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r ❡♠ r❡❧❛çã♦ ❛♦ ♣r✐♠❡✐r♦✳ ❉❡s❞❡ ✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡

✷✵✵✹ ❛té ✶✸ ❞❡ ♠❛rç♦ ❞❡ ✷✵✵✻✱ ♠❛✐s três ❡✈❡♥t♦s ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ♠❡♥♦s ❡♥❡r❣ét✐❝♦s

❤❛✈✐❛♠ s✐❞♦ ♦❜s❡r✈❛❞♦s ❞❡♥tr♦ ❞❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡ 12➦ ♥❡ss❛ r❡❣✐ã♦✱ ❛❧✐♥❤❛❞♦s ❡♠ ✉♠❛

❣❡♦❞és✐❝❛ ♥❛ ❡s❢❡r❛ ❝❡❧❡st❡✳

❆♥t✐♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ . 15 ❊❡❱✱ tr❛ç❛❞❛s ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ❙✐st❡♠❛

❙♦❧❛r ❡♠ ❞✐r❡çã♦ às ❝♦♦r❞❡♥❛❞❛s ❞♦ ❡✈❡♥t♦ 200433900047✱ ♣♦ss✉❡♠ r❛✐♦s ❞❡ ▲❛r♠♦r

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

❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ ❞❡s❡♥✈♦❧✈❡♥❞♦ ❝❛♠✐♥❤♦s ❡s♣✐r❛❧❛❞♦s q✉❡ s❡❣✉❡♠ ❛s ❧✐♥❤❛s ♠❛❣♥ét✐❝❛s

♣❛r❛ ❧♦♥❣❡ ❞❛ r❡❣✐ã♦ ❞♦ ❜♦❥♦✳ ❆ss✐♠✱ ❛♣❡♥❛s ♦s ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛s 101.133 ❊❡❱ ❡

61.7826 ❊❡❱ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s✱ ♥✉♠❛ t❡♥t❛t✐✈❛ ❞❡ ❝♦rr❡❧❛❝✐♦♥á✲❧♦s ❡s♣❛❝✐❛❧ ❡ t❡♠♣♦✲

r❛❧♠❡♥t❡✳

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

∼ 32.14➦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❛♠❜❛s ❛s ❝♦♠❜✐♥❛çõ❡s ❞❡ ♣❛r❛♠❡tr✐③❛çõ❡s

✶✽✼



❛❞♦t❛❞❛s ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❣❛❧á①✐❛ ❞❡♠♦♥str❛r❛♠ q✉❡✱ ❞❛❞❛ ❛ ❡s❝♦❧❤❛

❞❡ ♥ú❝❧❡♦s ❛tô♠✐❝♦s ♥♦ ✐♥t❡r✈❛❧♦ Z = 1 − 16 ❝♦♠♦ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱ ✉♠ ♥ú♠❡r♦

s✐❣♥✐✜❝❛t✐✈♦ ❞❡ tr❛❥❡tór✐❛s r❡❝♦♥str✉í❞❛s ♣❡♥❡tr❛♠ ♦ ✈♦❧✉♠❡ ❞♦ ❜♦❥♦✳ ❊ss❡ ❡❢❡✐t♦ é

♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✽✹✳ ➱ ✐♥t❡r❡ss❛♥t❡ ♥♦t❛r q✉❡ ❛ r❛❞✐❛çã♦ ❞❡❝♦rr❡♥t❡ ❞♦ ❞❡❝❛✐♠❡♥t♦

❞❡ s✉❜♣r♦❞✉t♦s ❞❛ sí♥t❡s❡ ❡❧❡♠❡♥t❛r ❡♠ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✱ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦s

✈❛❧♦r❡s ❞❡ Z ❡s❝♦❧❤✐❞♦s✱ é ♦❜s❡r✈❛❞❛ ❞✐r❡t❛♠❡♥t❡ ♥❛ ❞✐r❡çã♦ ❞♦ ❝❡♥tr♦ ❣❛❧á❝t✐❝♦✳

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

✐♥t❡r❡st❡❧❛r✱ ❛ ✐♥❥❡çã♦ ❡ ❛ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❡♠ ♣❧❛s♠❛s ❛❧t❛♠❡♥t❡

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

❞♦s ❛❝✐♠❛✱ ❛ ❛♥á❧✐s❡ ♣r♦❝❡❞❡✉ ❝♦♠ ❛ ❡s❝♦❧❤❛ ❞♦ ❡❧❡♠❡♥t♦ q✉í♠✐❝♦ ♥❡ô♥✐♦ ✭Z = 10✮ ❝♦♠♦

♥ú❝❧❡♦ ♣❛r❛ ♦ ❡✈❡♥t♦ ❝♦♠ 101.133 ❊❡❱ ❡ ♦ ❡❧❡♠❡♥t♦ ❝❛r❜♦♥♦ ✭Z = 6✮ ❝♦♠♦ ♣r✐♠ár✐♦

❞♦ ❡✈❡♥t♦ ❝♦♠ 61.7826 ❊❡❱✳ ❖ ♦❜❥❡t✐✈♦✱ ❛ ♣❛rt✐r ❞❡ss❡ ♣♦♥t♦✱ ❢♦✐ ❡①♣❧♦r❛r ❞❡t❛❧❤❡s

✐♥trí♥s❡❝♦s à ♠❡t♦❞♦❧♦❣✐❛ ❞❛ r❡❝♦♥str✉çã♦ ❞❡ tr❛❥❡tór✐❛s q✉❛♥❞♦ s❡ ❞❡s❡❥❛ ❝♦rr❡❧❛❝✐♦♥❛r

♣❛rtí❝✉❧❛s ❝♦♠ ♣❛rtí❝✉❧❛s ❡✴♦✉ ♣❛rtí❝✉❧❛s ❝♦♠ r❡❣✐õ❡s ❞❡ ✐♥t❡r❡ss❡ ♥❛ ❡s❝❛❧❛ ❞❡ ❞✐stâ♥❝✐❛s

❞❡♥tr♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳
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❋✐❣✉r❛ ✽✹✿ ❉✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞❡ ♥ú❝❧❡♦s ❛♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛ ❞❡
❛❝♦r❞♦ ❝♦♠ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ s✉❣❡r✐❞❛ ♣❛r❛ ♦s ❡✈❡♥t♦s ❝♦♠ ❡♥❡r❣✐❛s 101.133 ❊❡❱
❡ 61.7826 ❊❡❱✳ ❙❡❣✉♥❞♦ ♦s ♠♦❞❡❧♦s ❛❞♦t❛❞♦s ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❱✐❛
▲á❝t❡❛✱ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r q✉❛✐s ❡❧❡♠❡♥t♦s ❞❛ r❛❞✐❛çã♦ ♣♦ss✉❡♠ tr❛❥❡tór✐❛s ❛ss♦❝✐❛❞❛s
à r❡❣✐ã♦ ❞♦ ❜♦❥♦✳

❆♣❡s❛r ❞❡ss❛ ❡s❝♦❧❤❛ ❡s♣❡❝í✜❝❛ ❞❡ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r r❡✢❡t✐r ♦ ❢❛t♦ ❞❡ q✉❡

E❊❡✈

Z
= 10 ≈ 101.133

10
≈ 61.7826

6
✱
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❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③ r❡s✉❧t❛♥t❡ ❞❛ ❛çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❣❛❧á①✐❛ s♦❜r❡ ♦s

♥ú❝❧❡♦s ❛✐♥❞❛ é ❜❛st❛♥t❡ s❡♥sí✈❡❧ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞♦ ♣r♦❜❧❡♠❛✱ ❧❡♠❜r❛♥❞♦ q✉❡ ❡ss❡s

❡✈❡♥t♦s ❢♦r❛♠ ♦❜s❡r✈❛❞♦s ❝♦♠ ✉♠❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ∼ 1➦✳ ❙❡ ♦ ♠♦❞❡❧♦ ❞❡ Pr♦✉③❛ ❡

➆♠í❞❛ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ ❝❛♠♣♦ ♥♦ ❜♦❥♦ ✭ρ 6 4 ❦♣❝✮✱ ♣♦r ❡①❡♠♣❧♦✱ ❛❧é♠ ❞♦

♠♦❞❡❧♦ ❞❡ ❙t❛♥❡✈ ❛❞♦t❛❞♦ ♣❛r❛ ♦ ❞✐s❝♦✱ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❛s tr❛❥❡tór✐❛s ❞❡ss❛s ♣❛rtí❝✉✲

❧❛s ♦s❝✐❧❛ r❛♣✐❞❛♠❡♥t❡ q✉❛♥❞♦ B (~r) & 10 µ●✳ P❡❧❛ ✜❣✉r❛ ✽✺✱ é ♦❜s❡r✈❛❞♦ q✉❡ ✐ss♦

♦❝♦rr❡ ♣❛r❛ ✭❛ ❞✐stâ♥❝✐❛ ❛♦ ❡✐①♦✲z ❞❛ ❣❛❧á①✐❛✮ ρ ≈ 4 ❦♣❝✳ ❘❡❣✐õ❡s ❛ss♦❝✐❛❞❛s ❛ ✈❛❧♦r❡s

♠í♥✐♠♦s ❞❡ ❞✐st❛♥❝✐❛♠❡♥t♦✱ ❡ tã♦ ♣❡q✉❡♥♦s q✉❛♥t♦ ≈ 0.17 ❦♣❝ ❡♠ r❡❧❛çã♦ à ❡s❝❛❧❛ ❞❡

❝♦♠♣r✐♠❡♥t♦ ∼ (1− 10) ❦♣❝ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❝♦♠♦ ♦ q✉❡ ♦❝♦rr❡ ❡♠ t ≈ 68.39 ❦❛ ♣❛r❛

❡st❡ ❝❛s♦ ❡s♣❡❝í✜❝♦✱ ♣♦❞❡♠ s❡r r❡❛♥❛❧✐s❛❞❛s ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❛ ✜♠

❞❡ r❡str✐♥❣✐r ♦ ♥ú♠❡r♦ ❞❡ ❝♦✐♥❝✐❞ê♥❝✐❛s✳
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Prouza & Šmida

Extrapolação do modelo

de Stanev

❋✐❣✉r❛ ✽✺✿ ❙❡♣❛r❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♦s ♥ú❝❧❡♦s ❞❡ ♥❡ô♥✐♦ ❡ ❝❛r❜♦♥♦ ❛ss♦❝✐❛❞♦s ❛♦s ❡✈❡♥✲
t♦s ❝♦♠ ❡♥❡r❣✐❛s 101.133 ❊❡❱ ❡ 61.7826 ❊❡❱✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡♠ r❡❧❛çã♦ ❛♦ t❡♠♣♦✳
◆❡st❡ ❝❛s♦✱ t = 0 r❡♣r❡s❡♥t❛ ♦ t❡♠♣♦ ✐♥✐❝✐❛❧ ❞♦ tr❛ç❛♠❡♥t♦ ❞❛s ❛♥t✐♣❛rtí❝✉❧❛s ❛ ♣❛rt✐r ❞❛
♣♦s✐çã♦ ❞❛ ❚❡rr❛✳ ◆♦ ❣rá✜❝♦✱ ❛s ❝♦r❡s sã♦ ✉s❛❞❛s ♣❛r❛ ❞✐st✐♥❣✉✐r ♦s ♠♦❞❡❧♦s ❞❡ ❝❛♠♣♦
♠❛❣♥ét✐❝♦ ❛ss♦❝✐❛❞♦s à r❡❣✐ã♦ ❞♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✳ ❖ r❡tâ♥❣✉❧♦ ❞❡❧✐♠✐t❛❞♦ ♣❡❧❛s
❧✐♥❤❛s ♣♦♥t✐❧❤❛❞❛s ♠❛r❝❛ ❛ ♣r♦♣❛❣❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s ♣❡❧♦ ❞✐s❝♦✳ ❊♠ t ≈ 68.39 ❦❛✱ ♦s
♥ú❝❧❡♦s ♦❝✉♣❛♠ ♦ ♠❡s♠♦ ♣♦♥t♦ ♥♦ ❡s♣❛ç♦✳

❊♠ ✉♠❛ ❛♥á❧✐s❡ ❞❡ ❝♦rr❡❧❛çã♦ ❡s♣❛❝✐❛❧ ❡♥tr❡ ♣❛rtí❝✉❧❛s ❞❡ ❛❧t❛ ❡♥❡r❣✐❛ ❡ ♦❜❥❡t♦s

❣❛❧á❝t✐❝♦s✱ ❛s tr❛❥❡tór✐❛s ❞❡ ❛♠❜♦s ♦s ❡✈❡♥t♦s ❝♦♠ 101.133 ❊❡❱ ❡ 61.7826 ❊❡❱ ❢♦r❛♠
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t❡st❛❞❛s ❡♠ r❡❧❛çã♦ às ♣♦s✐çõ❡s ❞❡ ❡str❡❧❛s ❲♦❧❢✲❘❛②❡t ❝❛t❛❧♦❣❛❞❛s ♥❛ ❱✐❛ ▲á❝t❡❛✳ ◆ã♦

❢♦r❛♠ ❡♥❝♦♥tr❛❞♦s r❡s✉❧t❛❞♦s ♣♦s✐t✐✈♦s✳ ❆♣❡s❛r ❞❡ss❡ t✐♣♦ ❡st❡❧❛r ❡st❛r ♠❛✐s ❛ss♦❝✐❛❞♦

à sí♥t❡s❡ ❡ ✐♥❥❡çã♦ ❡❧❡♠❡♥t❛r ♥♦ ♠❡✐♦ ✐♥t❡r❡st❡❧❛r ❞♦ q✉❡ à ❛❝❡❧❡r❛çã♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s

❛❧é♠ ∼ 1018 ❡❱✱ ❡ss❡ ❡①❡♠♣❧♦ ✐❧✉str❛ ♦ ❢❛t♦ ❞❡ q✉❡ ✉♠❛ ❞❡♥s✐❞❛❞❡ ❝♦♥s✐❞❡rá✈❡❧ ❞❡

❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡ ❡ ✉♠ ♥ú♠❡r♦ ❛♣r❡❝✐á✈❡❧ ❞❡ tr❛❥❡tór✐❛s✱ t♦❞♦s ❝♦♥t✐❞♦s ❡♠ ✉♠❛ ♠❡s♠❛

r❡❣✐ã♦✱ ♥ã♦ ♣♦❞❡♠ s❡q✉❡r s❡r ✉t✐❧✐③❛❞♦s ❝♦♠♦ ❡st✐♠❛❞♦r❡s ♥❛ ❛♥á❧✐s❡ ❞❡ ❝♦rr❡❧❛çã♦

❡s♣❛❝✐❛❧✳

✼✳✷ ❖ ♠❛❣♥❡t❛r ❙●❘ 1806✲20

❊♠ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹✱ ❛ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ♣r♦✈❡♥✐❡♥t❡ ✉♠❛ ❡①♣❧♦sã♦ ❞❡

s✉♣❡r❢í❝✐❡ ❞♦ ♠❛❣♥❡t❛r ❣❛❧á❝t✐❝♦ ❙●❘ 1806 − 20 ❛t✐♥❣✐✉ ❛ ❚❡rr❛✳ ❉❡✈✐❞♦ à ❛t✐✈✐❞❛❞❡

❡ ✐♥t❡♥s✐❞❛❞❡ ♠❛❣♥ét✐❝❛s ✐♥t❡♥s❛s ❛ss♦❝✐❛❞❛s às ❛t♠♦s❢❡r❛s ❞❡ss❡ t✐♣♦ ❞❡ ❡str❡❧❛✱ ❛❧é♠

❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❧✐❜❡r❛❞❛ ♥❛ ❢♦r♠❛ ❞❡ r❛✐♦s✲γ ❞✉r❛♥t❡ ❛ r❡❝♦♥❡①ã♦ rá♣✐❞❛ ❞♦

❝❛♠♣♦✱ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞♦s s♦❢t ❣❛♠♠❛ r❡♣❡❛t❡rs ❡st❛r❡♠ ❛ss♦❝✐❛❞♦s à ❛❝❡❧❡r❛çã♦ ❞❡

r❛✐♦s ❝ós♠✐❝♦s ❛ ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s é ✉♠❛ ❤✐♣ót❡s❡ ❝♦♥s✐❞❡r❛❞❛ ❛t✉❛❧♠❡♥t❡ ♣♦r ✈ár✐♦s

❛✉t♦r❡s✳

❆tr❛✈és ❞❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣ ❞❡ ♣❛rtí❝✉❧❛s✱ ❛ ❡♠✐ssã♦ ❞❡ ♣r✐♠ár✐♦s ❝♦♠

❛s ❡♥❡r❣✐❛sE/Z = 1019 ❡❱✱ 1020 ❡❱ ❡ 1021 ❡❱ ❢♦✐ s✐♠✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ❧♦❝❛❧✐③❛çã♦ ❡s♣❛❝✐❛❧

❞♦ ❙●❘ 1806−20 ♥❛ ❱✐❛ ▲á❝t❡❛✱ s❡♥❞♦ Z ❛ ❝❛r❣❛ ❡❧étr✐❝❛ ✐♠♣❧í❝✐t❛ ❞❡ ❝❛❞❛ ♥ú❝❧❡♦✱ ♣❛r❛

q✉❡ ❢♦ss❡♠ ♣r❡✈✐st❛s ♣♦s✐çõ❡s ❝❡❧❡st❡s ❡♠ q✉❡ s❡ ♣♦ss❛ ♣r♦❝✉r❛r ♣♦r ❡①❝❡ss♦s ♥♦ ✢✉①♦

❞❡ r❛✐♦s ❝ós♠✐❝♦s ♣♦ss✐✈❡❧♠❡♥t❡ ❛❞✈✐♥❞♦s ❞❡ss❛ r❡❣✐ã♦✳ ❉❡✈✐❞♦ ❛♦ ❢❛t♦ ❞♦ ♠❛❣♥❡t❛r

♣❡rt❡♥❝❡r à ❱✐❛ ▲á❝t❡❛✱ ❛ ♣r✐♠❡✐r❛ ♣❛rt❡ ❞❛ ❛♥á❧✐s❡ ❝♦♥s✐st✐✉ ❡♠ ❞❡t❡r♠✐♥❛r q✉❛✐s

❞✐r❡çõ❡s ✐♥✐❝✐❛✐s✱ ♥♦ r❡❢❡r❡♥❝✐❛❧ ❞❛ ❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s✱ ❣❡r❛r✐❛♠ ♣❛rtí❝✉❧❛s ♣❛ssí✈❡✐s ❞❡

s❡r❡♠ ❞❡t❡❝t❛❞❛s ♥❛ ❚❡rr❛✳ ■ss♦ ❢♦✐ ❢❡✐t♦ r❡❣✐str❛♥❞♦✲s❡ tr❛❥❡tór✐❛s ❝♦♥str✉í❞❛s ❛tr❛✈és

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❣❛❧á①✐❛ q✉❡ ✐♥t❡rs❡❝t❛ss❡♠ ♦ ✈♦❧✉♠❡ ❝♦♠ 0.1 ❦♣❝ ❞❡ r❛✐♦

❡♠ t♦r♥♦ ❞♦ ♣❧❛♥❡t❛✳ P❛r❛ ♣❛rtí❝✉❧❛s ❝♦♠ E/Z = 1019 ❡❱✱ ♥❡♥❤✉♠❛ ❞✐r❡çã♦ ♣r❡❢❡r❡♥❝✐❛❧

❢♦✐ ❡♥❝♦♥tr❛❞❛❀ à ❡♥❡r❣✐❛ E/Z = 1020 ❡❱✱ ✉♠❛ ú♥✐❝❛ ❞✐r❡çã♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❡✱ ♣❛r❛

E/Z = 1021 ❡❱✱ três ❞✐r❡çõ❡s ❢♦r❛♠ ❡st❛❜❡❧❡❝✐❞❛s✳

❆ ♠❡t♦❞♦❧♦❣✐❛ q✉❡ ❝♦♠♣r❡❡♥❞❡✉ ❛ s❡❣✉♥❞❛ ♣❛rt❡ ❞❛ ❛♥á❧✐s❡ ❝♦♥s✐st✐✉ ♥❛ s✐♠✉✲

❧❛çã♦ ❞❡ 500 ♣❛rtí❝✉❧❛s ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s q✉❛tr♦ ❞✐r❡çõ❡s ♣r❡❢❡r❡♥❝✐❛✐s ♣r❡❞❡t❡r♠✐♥❛❞❛s✱

❥✉♥t♦ ❛♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❞❡ E/Z✱ s❡♥❞♦ ❛❣♦r❛ ♦s ♥ú❝❧❡♦s ♣r♦♣❛❣❛❞♦s ❛tr❛✈és

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❣❛❧á①✐❛ ❢♦r♠❛❞♦ ♣❡❧❛ s♦❜r❡♣♦s✐çã♦ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡

t✉r❜✉❧❡♥t❛ às ♣❛r❛♠❡tr✐③❛çõ❡s ❞♦ ❝❛♠♣♦ r❡❣✉❧❛r✳ ❊ss❛s ✐rr❡❣✉❧❛r✐❞❛❞❡s t❛♠❜é♠ ❢♦r❛♠

❝❛r❛❝t❡r✐③❛❞❛s s❡❣✉♥❞♦ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s r❡❝❡♥t❡s✳ ❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✽✻✱
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❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡✈❡♥t♦s ❛rt✐✜❝✐❛✐s q✉❡ ❢♦r♠❛♠ ❛s ♠❛♥❝❤❛s ❛ss♦❝✐❛❞❛s ❛ ❝❛❞❛ ❞✐r❡çã♦ ❞❡

♣r❡❢❡rê♥❝✐❛ ✐♥❞❡♣❡♥❞❡ ❞❛ s✐♠❡tr✐❛ ❞✐r❡❝✐♦♥❛❧ ❞❛s ❡♠✐ssõ❡s ❡♠ r❡❧❛çã♦ ❛♦ ♣❧❛♥♦ ❣❛❧á❝t✐❝♦

✭b = 0➦✮✳ ❖❜s❡r✈❡ q✉❡ ✉♠❛ ♣❡sq✉✐s❛ ❞❡ ❝♦rr❡❧❛çã♦ ❛♥❣✉❧❛r ❡♠ q✉❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s

❣❛❧á❝t✐❝♦s sã♦ ❞❡s♣r❡③❛❞♦s✱ é ❜❛st❛♥t❡ ♣r♦✈á✈❡❧ q✉❡ ❛♣❡♥❛s ♦ ❝♦♥❥✉♥t♦ ❞❡ 253 ❡✈❡♥t♦s✱

s❡♣❛r❛❞♦ ❞❡ ∼ 2.5➦ ❞❛ ♣♦s✐çã♦ ❝❡❧❡st❡ ❞♦ ♠❛❣♥❡t❛r✱ ❢♦ss❡ ❝♦♥s✐❞❡r❛❞♦ ❡♠ ✉♠ ❡st✉❞♦ ❞❛

r❡❣✐ã♦ ❡♠ t♦r♥♦ ❞♦ ❙●❘ 1806− 20✳
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SGR 1806-20 Centro Galáctico

253 partículas

38 anos

13 partículas

884 anos

37 partículas

923 anos

20 partículas

724 anos

E�Z = 1020 eV

E�Z = 1021 eV

❋✐❣✉r❛ ✽✻✿ ❘❡❣✐ã♦ ❝❡❧❡st❡✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❣❛❧á❝t✐❝❛s✱ ✐♥❞✐❝❛♥❞♦ ❛ ❞✐s♣❡rsã♦ ❞❛s ❞✐r❡çõ❡s
❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝✉❥❛ ❡♠✐ssã♦ ❢♦✐ s✐♠✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ ❙●❘ 1806− 20✳ ❖s
♥ú♠❡r♦s ❞❡ ♣❛rtí❝✉❧❛s ❛ss♦❝✐❛❞♦s ❛ ❝❛❞❛ ♠❛♥❝❤❛ r❡❢❡r❡♠✲s❡ à q✉❛♥t✐❞❛❞❡ ❞❡ ❡✈❡♥t♦s
❛rt✐✜❝✐❛✐s ❞❛❞♦ q✉❡ 500 ♥ú❝❧❡♦s ❢♦r❛♠ ❣❡r❛❞♦s ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s q✉❛tr♦ ❞✐r❡çõ❡s ✐♥✐❝✐❛✐s
❞❡ ♣r❡❢❡rê♥❝✐❛✳ ❈♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ r❡❣✉❧❛r ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♦s
✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦ ❛♣r❡s❡♥t❛❞♦s r❡♣r❡s❡♥t❛♠ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❝❛♠✐♥❤♦ ❡♥tr❡ ❛ ♣r♦♣❛✲
❣❛çã♦ ❞♦s ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ❡ ❞❛ r❛❞✐❛çã♦ γ✱ ❛ss✉♠✐♥❞♦ q✉❡ ❛♠❜♦s ❢♦r❛♠ ♣r♦❞✉③✐❞♦s
s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♥♦ ♠❛❣♥❡t❛r✳

❆♦ ❧♦♥❣♦ ❞♦ tr❛ç❛♠❡♥t♦ ❞❛s tr❛❥❡tór✐❛s ❝♦♠ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ à ❚❡rr❛✱ ♥❛

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

❡ ❝❛❞❛ q✉❛❧ s✉❜tr❛í❞♦ ❞♦ t❡♠♣♦ ❞❡ ♣❡r❝✉rs♦ ❞❛ ❧✉③ ♣❡❧♦ ❝❛♠✐♥❤♦ r❡t✐❧í♥❡♦ ❡♥tr❡ ♦

❙●❘ 1806 − 20 ❡ ♦ ♥♦ss♦ ♣❧❛♥❡t❛✳ ❊ss❛s ❞✐❢❡r❡♥ç❛s t❡♠♣♦r❛✐s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛

✜❣✉r❛ ✽✻ ❡♠ ❛ss♦❝✐❛çã♦ ❝♦♠ ♦s ❛❣r✉♣❛♠❡♥t♦s ❞❡ ❡✈❡♥t♦s ❡ r❡✈❡❧❛♠ q✉❡✱ s♦❜ ❛s ❤✐♣ót❡s❡s

❛ss✉♠✐❞❛s ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❣❛❧á①✐❛✱ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s ♦r✐❣✐♥ár✐♦s ❞♦ ❜✉rst

❞❡ ✷✼ ❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✹ ❝♦♠ ❡♥❡r❣✐❛s ♥❛ ❢❛✐①❛ ∼ (1020 − 1021) ❡❱ ❛✐♥❞❛ ♥ã♦ ♣♦❞❡♠

✶✾✷



s❡r ❞❡t❡❝t❛❞♦s✳ ❆♣❡s❛r ❞✐ss♦✱ ❛ ❜✉s❝❛ ♣♦r ❡①❝❡ss♦s ♥♦ ✢✉①♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛s q✉❛tr♦

❞✐r❡çõ❡s ♦❜t✐❞❛s é ❡st✐♠✉❧❛❞❛✱ ❥á q✉❡ r❡❝♦♥✜❣✉r❛çõ❡s ❞❛ ❝r♦st❛ ❞❡ ♠❛❣♥❡t❛r❡s ♦❝♦rr❡♠

r❡❣✉❧❛r♠❡♥t❡ ❞✉r❛♥t❡ ♦s ∼ 104 ❛♥♦s ❝❛r❛❝t❡ríst✐❝♦s ❞♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞❡ss❡ t✐♣♦ ❞❡

❡str❡❧❛ ❞❡ ♥ê✉tr♦♥s✳

✼✳✸ ❖ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠

❆♣❡s❛r ❞♦s r❛✐♦s ❝ós♠✐❝♦s t❡r❡♠ s✐❞♦ ❞❡s❝♦❜❡rt♦s ♥♦ ✐♥í❝✐♦ ❞♦ sé❝✉❧♦ ❳❳ ❡✱ ❡♠ ♠❡❛❞♦s

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

♣❛rtí❝✉❧❛s t❡r❡♠ s✐❞♦ ♣r♦♣♦st❛s✱ só ❢♦✐ ❛ ♣❛rt✐r ❞❛ ❞é❝❛❞❛ ❞❡ ✶✾✽✵ q✉❛♥❞♦ s✉r❣✐r❛♠

❛s ♣r✐♠❡✐r❛s ❡①♣❧✐❝❛çõ❡s ♣❛r❛ ❛ ❞❡✜❝✐ê♥❝✐❛ ❛♣❛r❡♥t❡ ♥♦ ✢✉①♦ ❞❛ r❛❞✐❛çã♦ ♥❛ ❞✐r❡çã♦

❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ■ss♦ ❢♦✐ ♣♦ssí✈❡❧ ❝♦♠ ❛ ♦❜s❡r✈❛çã♦ ❞❛ ♣ró♣r✐❛ ❱✐❛ ▲á❝t❡❛✱

❡s♣❡❝✐✜❝❛♠❡♥t❡ ❞❡ ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❡♠ t♦r♥♦ ❞❡ ✶✾✼✵ q✉❡ ♣r❡❝✐s❛r❛♠ ❛ ✐♥t❡♥s✐❞❛❞❡

❡ ❛ ❞✐r❡çã♦ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❞✐r❡çã♦ ❞♦ ♥♦rt❡ ❣❛❧á❝t✐❝♦✳

❆ ❛♣❧✐❝❛çã♦ ❞❛ té❝♥✐❝❛ ❞♦ ❢♦r✇❛r❞tr❛❝❦✐♥❣✱ s❡❣✉♥❞♦ ♦s ♠ét♦❞♦s ❞❡s❡♥✈♦❧✈✐❞♦s

♣❛r❛ ♦ ✉s♦ ❞❛s ♣❛r❛♠❡tr✐③❛çõ❡s ❛❞♦t❛❞❛s✱ ❝♦♥✜r♠♦✉ q✉❡ ♦ ❝❛♠♣♦ ♥♦ ❤❛❧♦ ❞❛ ❣❛❧á①✐❛

❛❣❡ ❝♦♠♦ ✉♠ ❡s♣❡❧❤♦ ♠❛❣♥ét✐❝♦✱ r❡✢❡t✐♥❞♦ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s q✉❡ s❡ ❛♣r♦①✐♠❛♠

❞♦ ❞✐s❝♦ ✐♥❝✐❞✐♥❞♦ ❞❡ ❧❛t✐t✉❞❡s ❣❛❧á❝t✐❝❛s ♣ró①✐♠❛s ❛♦s ♣ó❧♦s ✭|b| . 90➦✮✳ P♦ré♠✱ ♣❛r❛

✉♠❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ♣r✐♠ár✐❛ ✜①❛✱ s❡♠♣r❡ ❡①✐st✐rá ❛❧❣✉♠❛ ❡♥❡r❣✐❛ s✉✜❝✐❡♥t❡♠❡♥t❡

❛❧t❛ t❛❧ q✉❛❧ ❛ r✐❣✐❞❡③ ♠❛❣♥ét✐❝❛ ❞❛ ♣❛rtí❝✉❧❛ ♣❡r♠✐t❛ q✉❡ ❡❧❛ ❝r✉③❡ ♦ ♣❧❛♥♦ ❞❛ ❱✐❛

▲á❝t❡❛✳ ❆ s✐♠✉❧❛çã♦ ❞❡ ♥ú❝❧❡♦s ❡♠✐t✐❞♦s ❛ ♣❛rt✐r ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❡♠ ❞✐r❡çã♦

à ❚❡rr❛ ❞❡♠♦♥str♦✉ q✉❡✱ ❞❛❞♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s ♥♦ ✐♥t❡r✈❛❧♦ Z = 1− 16✱ ❛s ❡♥❡r❣✐❛s

♥❡❝❡ssár✐❛s ♣❛r❛ q✉❡ ❛ r❛❞✐❛çã♦ s❡❥❛ ❞❡t❡❝t❛❞❛ ❡♥❝♦♥tr❛♠✲s❡ ❡①❛t❛♠❡♥t❡ ♥❛ ❢❛✐①❛ ❞❡

♦♣❡r❛çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❈♦♠ ❡ss❛ ❝♦♥st❛t❛çã♦✱ ♦ ♦❜❥❡t✐✈♦ ❢♦✐ ❞❡t❡r♠✐♥❛r ♦s

❧✐♠✐t❡s ❡♥❡r❣ét✐❝♦s ❡ ❡❧❡♠❡♥t❛r❡s q✉❡ r❡s✉❧t❛r✐❛♠ ♥❛ s✉♣r❡ssã♦ ❞❡ ✉♠ ❡①❝❡ss♦ ❞♦ ✢✉①♦

♥❛s ❝♦♦r❞❡♥❛❞❛s ❝❡❧❡st❡s ❞♦ ❛❣r✉♣❛♠❡♥t♦ ❞❡ ❣❛❧á①✐❛s✳

P❛r❛ ❝❛❞❛ ♥ú❝❧❡♦ ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ✉♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ Z ✜①♦ ❢♦✐ ❛tr✐❜✉í❞❛ ❛

❡♥❡r❣✐❛ ✐♥✐❝✐❛❧ 1 ❊❡❱✱ ♣r♦❣r❡ss✐✈❛♠❡♥t❡ ❛❝r❡s❝✐❞❛ ❞❡ 0.1 ❊❡❱ ❞❡ ♠♦❞♦ ❛ ❣❡r❛r ✉♠

❝♦♥❥✉♥t♦ ❞❡ tr❛❥❡tór✐❛s ❛ ♣❛rt✐r ❞♦ q✉❛❧ ♦ ♣♦♥t♦ r❡❧❛t✐✈♦ à ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ à

❚❡rr❛ ❢♦ss❡ ❞❡t❡r♠✐♥❛❞♦✳ ❯♠❛ ✈❡③ ❡st❛❜❡❧❡❝✐❞❛ ❛ ❡♥❡r❣✐❛ q✉❡ ♠✐♥✐♠✐③❛ ❡ss❛ ❞✐stâ♥❝✐❛

❛tr❛✈és ❞❡ ✉♠ ♣❡r❝✉rs♦ ❡s♣❡❝í✜❝♦✱ ❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ s♦❜r❡ ♦ ♣♦♥t♦

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

❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❞✐r❡çã♦ ❞❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❛♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ♣❛r❛ ❞❡✜♥✐r

❛ s❡♣❛r❛çã♦ ❛♥❣✉❧❛r α✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ α r❡♣r❡s❡♥t❛ ♦ â♥❣✉❧♦ ❡♥tr❡ ❛s ♣♦s✐çõ❡s

❝❡❧❡st❡s ❞♦ ❝❛♥❞✐❞❛t♦ à ❢♦♥t❡ ❡ ❞♦ ❡✈❡♥t♦ s✐♠✉❧❛❞♦ ♠❛✐s ♣ró①✐♠♦ ❛ ❡❧❡✳ P♦st❡r✐♦r♠❡♥t❡✱
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❢♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ t♦❞♦s ♦s ♣♦♥t♦s r❡❢❡r❡♥t❡s às ❞✐stâ♥❝✐❛s ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛✱ ❝❛❞❛

q✉❛❧ ❛ss♦❝✐❛❞♦ ❛ ✉♠ ✈❛❧♦r ❞❡ Z✱ ❡st❛✈❛♠ ❝♦♥t✐❞♦s ❡♠ ✉♠ ✈♦❧✉♠❡ ❞❡ ❞❡t❡❝çã♦ ❛❝❡✐tá✈❡❧✳

◆❛ ✜❣✉r❛ ✽✼✱ ♣❛rt❡ ❞♦ r❡s✉❧t❛❞♦ ❞❛ ❛♥á❧✐s❡ é ❡①❡♠♣❧✐✜❝❛❞❛ ❛tr❛✈és ❞❡ ❞♦✐s ✈❛❧♦r❡s

❞✐st✐♥t♦s ❞❡ ❡♥❡r❣✐❛✳ ➚ ♠❡♥♦r✱ ❝♦rr❡s♣♦♥❞❡♥❞♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❛ 3.2 × 1019 ❡❱✱ ♦

❜❡rí❧✐♦ ✭Z = 4✮ é ♦ ♥ú❝❧❡♦ q✉❡ ♠❛✐s s❡ ❛♣r♦①✐♠❛ ❞❛ ❚❡rr❛ ❡✱ ♦❜s❡r✈❛❞♦ ♥♦ ❝é✉✱ ❛♣❛r❡❝❡

s❡♣❛r❛❞♦ ❞❡ 1.11➦ ❞♦ ❡♠✐ss♦r✳ ◆❡ss❡ ❝❛s♦✱ ♦s ♣r✐♠ár✐♦s ❝♦♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ ♥♦ ✐♥t❡r✈❛❧♦

Z < 4 t❛♠❜é♠ sã♦ ♣❛ssí✈❡✐s ❞❡ ❞❡t❡❝çã♦✱ ❞❡✈❡♥❞♦ ❛♣❛r❡❝❡r ❞✐str✐❜✉í❞♦s ❡♠ t♦r♥♦ ❞❛

♣♦s✐çã♦ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ❞❡♥tr♦ ❞❡ ✉♠ r❛✐♦ ❛♥❣✉❧❛r 3.85➦✳ P❛r❛ ❛ ❡♥❡r❣✐❛

♠❛✐s ❛❧t❛✱ ∼ 5 × 1019 ❡❱✱ ♦ ♥ú❝❧❡♦ ❡❧❡♠❡♥t❛r ❝♦♠ ♠❛✐♦r ❛♣r♦①✐♠❛çã♦ à ❚❡rr❛ é ♦

❝❛r❜♦♥♦ ✭Z = 6✮✱ ❧♦❝❛❧✐③❛❞♦ ❛ 0.69➦ ❞❛ ❢♦♥t❡ ❡♠✐ss♦r❛✳ ❏á ♥❡ss❡ ❝❛s♦✱ ♣❛rtí❝✉❧❛s q✉❡

♣♦ss✉❡♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ ♥♦ ✐♥t❡r✈❛❧♦ Z < 6 ♣♦❞❡♠ s❡r ❞❡t❡❝t❛❞❛s ❞❡♥tr♦ ❞❛ r❡❣✐ã♦

❝♦♠ ❞✐stâ♥❝✐❛ ❛♥❣✉❧❛r 3.85➦ ❛♦ r❡❞♦r ❞❛s ❝♦♦r❞❡♥❛❞❛s ❞♦ ❛❣❧♦♠❡r❛❞♦✳ ➱ ✐♠♣♦rt❛♥t❡

♥♦t❛r q✉❡ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ à ❚❡rr❛ ♥ã♦

é ✉♠❛ ❢✉♥çã♦ ♠♦♥♦tô♥✐❝❛ ❞❛ r✐❣✐❞❡③ ♠❛❣♥ét✐❝❛✱ ♣♦✐s ~B = ~B (~r)✳
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❋✐❣✉r❛ ✽✼✿ ❙❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s ❞✐r❡çõ❡s ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ s♦❜r❡ ♦ ♣♦♥t♦
❞❡ ❛♣r♦①✐♠❛çã♦ ♠á①✐♠❛ à ❚❡rr❛ ❡ ❞❛ ♣♦s✐çã♦ ❝❡❧❡st❡ ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✱ ❞❡
❛❝♦r❞♦ ❝♦♠ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡ ♥ú❝❧❡♦s ❡♠✐t✐❞♦s ❛ ❞♦✐s ✈❛❧♦r❡s ✜①♦s ❞❡ ❡♥❡r❣✐❛✳
❖s q✉❛❞r❛❞♦s ❝♦♠ ♣r❡❡♥❝❤✐♠❡♥t♦ r❡♣r❡s❡♥t❛♠ ♦s ❡❧❡♠❡♥t♦s q✉❡ ♠✐♥✐♠✐③❛♠ α✱ s❡♥❞♦
♦ ❜❡rí❧✐♦ ♣❛r❛ 32 ❊❡❱ ❡ ♦ ❝❛r❜♦♥♦ ♣❛r❛ 50 ❊❡❱✳ ❚♦❞♦s ♦s ♥ú❝❧❡♦s ❛❜❛✐①♦ ❞❛ ❧✐♥❤❛
tr❛❝❡❥❛❞❛ ✈❡r♠❡❧❤❛✱ ❞❡✜♥✐❞❛ ♣♦r α = 3.85➦✱ sã♦ ♣❛ssí✈❡✐s ❞❡ s❡r❡♠ ❞❡t❡❝t❛❞♦s✳ ❊ss❡
❡❢❡✐t♦ ❢♦✐ ✈❡r✐✜❝❛❞♦ ♣❛r❛ t♦❞❛ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ♥♦ ✐♥t❡r✈❛❧♦ Z = 1− 16✳

❋♦✐ ✈❡r✐✜❝❛❞♦ q✉❡ t♦❞♦s ♦s ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ❝♦♠ ♥ú♠❡r♦ ❛tô♠✐❝♦ ♥♦ ✐♥t❡r✈❛❧♦
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Z = 1− 16 ♣♦ss✉❡♠ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡①♣♦st❛s ❛❝✐♠❛✿ ❞❛❞♦ ✉♠ ✈❛❧♦r ✜①♦ ❞❡ Z✱ ❛ ❝♦♠✲

♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡q✉✐✈❛❧❡♥t❡s ❛♦s ♥ú♠❡r♦s < Z s❡♠♣r❡ sã♦ r❡str✐t♦s

à r❡❣✐ã♦ ❞❡❧✐♠✐t❛❞❛ ♣❡❧♦ r❛✐♦ ❛♥❣✉❧❛r (3.85± 0.03) ➦ ❡♠ t♦r♥♦ ❞❛ ♣♦s✐çã♦ ❝❡❧❡st❡ ❞♦

❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠✳ ◆♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✽✽✱ ❡ss❡ ❡❢❡✐t♦ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ r❡❣✐ã♦

r❡❛❧ç❛❞❛ ❡♠ ✈❡r❞❡✳ ❘❛❞✐❛çã♦ ❝ós♠✐❝❛ ❞❡ ♦✉tr❛s ♦r✐❣❡♥s s❡♠♣r❡ s❡rá ♦❜s❡r✈❛❞❛ ♥❡ss❛

♠❡s♠❛ ár❡❛ ❞♦ ❝é✉✱ ♠❛s ❝♦♥❤❡❝❡♥❞♦✲s❡ ❛ ❡♥❡r❣✐❛ ❡ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛ ♣❛rtí❝✉❧❛

♣r✐♠ár✐❛ ❞❡t❡❝t❛❞❛ ❛ . 3.85➦ ❞❛ ♣♦s✐çã♦ ❞♦ ❛❣❧♦♠❡r❛❞♦✱ ❤á ✉♠❛ ❝❤❛♥❝❡ ♠❛✐♦r ❞❛

❡♠✐ssã♦ t❡r ♦❝♦rr✐❞♦ ❡♠ ❱✐r❣❡♠✳
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❋✐❣✉r❛ ✽✽✿ ❘❡❧❛çã♦ ❡♥tr❡ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ❡♥❡r❣✐❛ ❞❡ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s✱ ♥❛
❢♦r♠❛ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✱ ❡♠✐t✐❞♦s ❛ ♣❛rt✐r ❞♦ ❆❣❧♦♠❡r❛❞♦ ❞❡ ❱✐r❣❡♠ ♥❛ ❞✐r❡çã♦ ❞❛
❚❡rr❛✳ ❖ ❜❡rí❧✐♦ ❡ ♦ ❝❛r❜♦♥♦ ❛♣❛r❡❝❡♠ ♥❛s ❝♦r❡s ❡q✉✐✈❛❧❡♥t❡s às ❝✉r✈❛s✱ ♥♦ ❣rá✜❝♦ ❞❛
✜❣✉r❛ ✽✼✱ ❡♠ q✉❡ ❡ss❡s ❡❧❡♠❡♥t♦s ♠✐♥✐♠✐③❛♠ ♦ ♣❛râ♠❡tr♦ α✳ ❆ r❡❣✐ã♦ r❡♣r❡s❡♥t❛❞❛ ♥❛
❝♦r ✈❡r❞❡ r❡❢❡r❡✲s❡ ❛♦s ♥ú❝❧❡♦s q✉❡✱ ❛ ❞❛❞❛ ❡♥❡r❣✐❛ ❡ ♦❜s❡r✈❛❞♦s ❛ < 3.85➦ ❞♦ ❝♦♥❥✉♥t♦
❞❡ ❣❛❧á①✐❛s✱ ♣♦ss✐✈❡❧♠❡♥t❡ tê♠ ♦r✐❣❡♠ r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❛❣❧♦♠❡r❛❞♦✳

✼✳✹ ❆●◆s ❡ ❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ❞❡ ❡✈❡♥t♦s ❝♦♠ E > 50 ❊❡❱

❊♠ ✷✵✵✼✱ ❛♣ós q✉❛s❡ três ❛♥♦s ❞❡ ♦♣❡r❛çã♦✱ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❤❛✈✐❛ ❛❝✉♠✉❧❛❞♦ ✉♠❛

q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ♣✉❞❡ss❡ s❡r t❡st❛❞❛ ❛ ❡①✐stê♥❝✐❛ ❞❡ ❛❧❣✉♠❛

❝♦rr❡❧❛çã♦ ❡♥tr❡ ♦s ❡✈❡♥t♦s r❡❣✐str❛❞♦s às ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s ✭> 50 ❊❡❱✮ ❡ ♦❜❥❡t♦s

❛str♦❢ís✐❝♦s ❝❛♥❞✐❞❛t♦s ❛ ❢♦♥t❡ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳ ❉❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ✉♠ ♠❡❝❛♥✐s♠♦
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❞❡ ❛❝❡❧❡r❛çã♦ s❛t✐s❢❛tór✐♦ ♥✉♥❝❛ t❡r s✐❞♦ ♣r♦♣♦st♦✱ ❡ss❛ r❛❞✐❛çã♦ ❢♦✐ ❤✐♣♦t❡t✐❝❛♠❡♥t❡

❛ss♦❝✐❛❞❛ ❛♦s ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s✱ ♦✉ ❆●◆s✱ ❝✉❥❛ ♦❜s❡r✈❛çã♦ r❡✈❡❧❛ ❛t✐✈✐❞❛❞❡s

✐♥t❡♥s❛s ❞❡ ♣r♦❝❡ss♦s ♠❛❣♥❡t♦❤✐❞r♦❞✐♥â♠✐❝♦s ❡ r❛❞✐❛t✐✈♦s✱ ♣♦ss✐✈❡❧♠❡♥t❡ s❡♠ ❛s ♣❡r❞❛s

❛❞✐❛❜át✐❝❛s ♣r❡✈✐st❛s ♣❛r❛ ❛s s✉♣❡r♥♦✈❛s✳ ❆ ❛♥á❧✐s❡ ❡st❛tíst✐❝❛ q✉❡ ❢♦✐ r❡❛❧✐③❛❞❛ r❡❢♦rç♦✉

❡ss❛ ❤✐♣ót❡s❡ ❡♠ r❡❧❛çã♦ à ♦r✐❣❡♠✱ s♦❜ ♦ ❛r❣✉♠❡♥t♦ ❞❡ q✉❡ ♥ú❝❧❡♦s ♣r✐♠ár✐♦s ❝♦♠

❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛ ♣♦ss✉❡♠ ❝❛r❣❛s ❡❧étr✐❝❛s ♣ró①✐♠❛s à ❝❛r❣❛ ❞♦ ❤✐❞r♦❣ê♥✐♦ ❡ ❛s ❞✐r❡çõ❡s

❞❡ ❝❤❡❣❛❞❛ ❞❛ r❛❞✐❛çã♦ ♥❛ ❚❡rr❛ tr❛ç❛♠ ❞✐r❡t❛♠❡♥t❡ ❛s ❢♦♥t❡s✳

◆♦ ♠❡s♠♦ ❛♥♦✱ ♠❡♠❜r♦s ❞❛ ❝♦❧❛❜♦r❛çã♦ t♦♠❛r❛♠ ❝♦♠♦ ❜❛s❡ ❞❛❞♦s ❞❡ ❛❝❡❧❡r✲

❛❞♦r❡s ❛té ❡♥❡r❣✐❛s ∼ 10−6 ❊❡❱ ♣❛r❛ ❡①tr❛♣♦❧❛r ♠♦❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛ ❛té ❛

❢❛✐①❛ (10−1 − 102) ❊❡❱ ❡ ❝❛❧❝✉❧❛r ✈❛❧♦r❡s ❞❛ ♣r♦❢✉♥❞✐❞❛❞❡ ❛t♠♦s❢ér✐❝❛ ♦♥❞❡ ♦❝♦rr❡ ♦

♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s s❡❝✉♥❞ár✐❛s ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦✱ Xmax✱

❝♦♠ ♦ ✉s♦ ❞❡ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦✳ ❊ss❡s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s às ♠❡✲

❞✐❞❛s ❞❡ 〈Xmax〉 r❡❛❧✐③❛❞❛s ♥♦ ♦❜s❡r✈❛tór✐♦✱ ❛♣♦♥t❛♥❞♦ ♣❛r❛ ✉♠❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥✲

t❛r ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐♥t❡r♠❡❞✐ár✐❛ ❛♦s ✈❛❧♦r❡s Z = 1 ✭❤✐❞r♦❣ê♥✐♦✮ ❡ Z = 26 ✭❢❡rr♦✮

s❡❣✉♥❞♦ ♦s ❝ó❞✐❣♦s ❡ ♠♦❞❡❧♦s ✉t✐❧✐③❛❞♦s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ✈❛r✐❛çã♦ ❞♦s ✈❛❧♦r❡s ❡①♣❡r✐✲

♠❡♥t❛✐s 〈Xmax〉 ❡♠ r❡❧❛çã♦ ❛♦s ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞♦s ❛♦s ❝❤✉✈❡✐r♦s ❛♣r❡s❡♥t❛

❞❡s❝♦♥t✐♥✉✐❞❛❞❡s ❝✉❥❛s ♦r✐❣❡♥s sã♦ ❞❡s❝♦♥❤❡❝✐❞❛s✳ ◆❡st❛ t❡s❡✱ ❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣

❢♦✐ ❛♣❧✐❝❛❞❛ ❛ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡r♠✐♥❛r

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

❡♥tr❡ r❛✐♦s ❝ós♠✐❝♦s ❡ ❆●◆s✳

❉❡ ✶➸ ❞❡ ❥❛♥❡✐r♦ ❞❡ ✷✵✵✹ ❛té ♦ ❞✐❛ ✺ ❞❡ ♦✉t✉❜r♦ ❞❡ ✷✵✵✾✱ ❞❛❞♦s s❡❧❡❝✐♦♥❛❞♦s ❞♦

r❡❣✐str♦ ❞♦ ♦❜s❡r✈❛tór✐♦ s❡❣✉♥❞♦ ♣❛❞rõ❡s ❞❡ q✉❛❧✐❞❛❞❡ ♣r❡✈✐❛♠❡♥t❡ ❡st❛❜❡❧❡❝✐❞♦s✱ ❞❡

♠♦❞♦ ❛ ❣❛r❛♥t✐r ✉♠❛ ❝❛r❛❝t❡r✐③❛çã♦ ♣r❡❝✐s❛ ❞♦s ♣❛râ♠❡tr♦s ❣❡♦♠étr✐❝♦s ❡ ❡♥❡r❣ét✐❝♦

❞♦s ❝❤✉✈❡✐r♦s✱ ❤❛✈✐❛♠ s✐❞♦ r❡✉♥✐❞♦s ❡♠ ✉♠❛ ❧✐st❛ ❞❡ 91 ❡✈❡♥t♦s ❛❝✐♠❛ ❞❡ 50 ❊❡❱✳

❈♦♠ ❜❛s❡ ♥❡ss❡s ♣❛râ♠❡tr♦s✱ ❝❛❞❛ ❡✈❡♥t♦ t❡✈❡ s✉❛ ♣♦s✐çã♦ ❝❡❧❡st❡ ❛♣❛r❡♥t❡ r❡❞❡✜♥✐❞❛

❛tr❛✈és ❞❛ r❡❝♦♥str✉çã♦ ❞❛s tr❛❥❡tór✐❛s r❡❢❡r❡♥t❡s à s❡qüê♥❝✐❛ ❞♦s ♥ú♠❡r♦s ❛tô♠✐❝♦s

Z = 1, 2, 3, . . .✱ ♣❡❧♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ❛té q✉❡ ♦ ❧✐♠✐t❡ ❞❛ ❣❛❧á①✐❛ ❢♦ss❡

❛t✐♥❣✐❞♦✳ ❆ ♣❛rt✐r ❞❡ss❛ ❢r♦♥t❡✐r❛✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ✉♠ ♥ú❝❧❡♦ ♥ã♦ ❡stá s✉❥❡✐t♦ ❛

♦✉tr♦s ❡❢❡✐t♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❡ s✉❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦ tr❛ç❛ ❞✐r❡t❛♠❡♥t❡ ❛ ❢♦♥t❡✳

P♦rt❛♥t♦✱ ❛ ❝❛❞❛ ✉♠ ❞♦s ❡✈❡♥t♦s ❢♦✐ ❛ss♦❝✐❛❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❞✐r❡çõ❡s ❞♦ q✉❛❧ ❛ss✉♠✐✉✲

s❡ q✉❡ ❛❧❣✉♠ ❡❧❡♠❡♥t♦ ♣♦ss✐✈❡❧♠❡♥t❡ ❡stá r❡❧❛❝✐♦♥❛❞♦ ❛ ✉♠ ❛❝❡❧❡r❛❞♦r ❛str♦❢ís✐❝♦✳

❆ ♣❛rt✐r ❞❛ ♠❡s♠❛ ❡❞✐çã♦ ❞♦ ❝❛tá❧♦❣♦ ✉t✐❧✐③❛❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❛s

♣♦s✐çõ❡s ❛♥❣✉❧❛r❡s ❞❡ ❆●◆s ♣ró①✐♠♦s à ❚❡rr❛ ❢♦r❛♠ ❝♦♠♣❛r❛❞❛s às ❞✐r❡çõ❡s r❡s✉❧t❛♥t❡s

❞❛ ❛♥á❧✐s❡ ♣❡❧♦ ♠ét♦❞♦ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣ ❡✱ ❞❡ ❝❛❞❛ ❝♦♥❥✉♥t♦ ♠❡♥❝✐♦♥❛❞♦✱ ♦ ♥ú♠❡r♦

❛tô♠✐❝♦ ❞♦ ♥ú❝❧❡♦ r❡❢❡r❡♥t❡ à ♠❡♥♦r s❡♣❛r❛çã♦ ❛♥❣✉❧❛r ❢♦✐ s❡❧❡❝✐♦♥❛❞♦✳ P♦rt❛♥t♦✱ ✉♠

✶✾✻



Z ♣❛ss♦✉ ❛ s❡r ❛ss♦❝✐❛❞♦ ❛ ❝❛❞❛ ❡✈❡♥t♦✱ ❡ ❛ss✐♠ ❛ ✉♠ ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛✳ ❙♦❜ ❛s ❤✐♣ót❡s❡s

❞✐s❝✉t✐❞❛s ❛❝✐♠❛✱ ❡ss❡ ✈í♥❝✉❧♦ é ❝r✐❛❞♦ ❛tr❛✈és ❞❡ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❛❧t❡r♥❛t✐✈❛ à ❛❜♦r✲

❞❛❣❡♠ ❞❡ ●❛✐ss❡r✱ q✉❡ ❛♣❧✐❝♦✉ ♦ ♠♦❞❡❧♦ ❞❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ❍❡✐t❧❡r ❛♦s ❤á❞r♦♥s ❛ ✜♠

❞❡ ❞❡s❝r❡✈❡r ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦s ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✳

❆ ❞✐str✐❜✉✐çã♦ ❞♦s 91 ♥ú❝❧❡♦s s❡ ❞❡✉ ♣♦r 27 ❡❧❡♠❡♥t♦s q✉í♠✐❝♦s✱ ❝♦♠♦ ♠♦str❛❞♦

♥❛ ✜❣✉r❛ ✽✾✳ ❊st❛ ❛♥á❧✐s❡ ❝♦♥✜r♠❛ ❛ ✐♥❝✐❞ê♥❝✐❛ ❞❡ ♣❛rtí❝✉❧❛s ❝♦♠ ♥ú♠❡r♦s ❛tô♠✐❝♦s

♣ró①✐♠♦s ❛♦ ♥ú♠❡r♦ ❞♦ ❤✐❞r♦❣ê♥✐♦✱ ♠❛s ❞❡♠♦♥str❛ q✉❡ ❛ ❢r❡qüê♥❝✐❛ ♠❛✐s ❡①♣r❡ss✐✈❛

❞❡ ♥ú❝❧❡♦s ❡♥❝♦♥tr❛✲s❡ ♥♦ ✐♥t❡r✈❛❧♦ Z ≈ 10 − 20✱ s❡❣✉✐❞❛ ♣♦r ✉♠ ❝♦rt❡ ❛❝❡♥t✉❛❞♦

s♦❜r❡ ♦ ❢❡rr♦ ❡ ♦ ♥íq✉❡❧✳ ❏✉♥t♦ à s✉♣r❡ssã♦ ❞♦s ❡❧❡♠❡♥t♦s ❞♦ ❝✐❝❧♦ ❈◆❖✱ ❡ss❡ ♣❡r✜❧

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

❡stá❣✐♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡r✐♦r à s✉♣❡r♥♦✈❛✳
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❋✐❣✉r❛ ✽✾✿ ❍✐st♦❣r❛♠❛ ❞❡ ❢r❡qüê♥❝✐❛ ❞♦s 91 ♥ú❝❧❡♦s✱ ❞✐str✐❜✉í❞♦s ♣♦r 27 ❡❧❡♠❡♥t♦s
q✉í♠✐❝♦s✱ s❡❣✉♥❞♦ ❛ ❝♦rr❡❧❛çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❆●◆s ❝❛t❛❧♦❣❛❞♦s ❡ ❛ r❡❝♦♥str✉çã♦ ❞❡
tr❛❥❡tór✐❛s ♣❡❧❛ té❝♥✐❝❛ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✳

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

❛ ❡♥❡r❣✐❛ é tr❛t❛❞❛ ❞❡ ♠❛♥❡✐r❛ ❡st❛tíst✐❝❛ ❛tr❛✈és ❞♦ ♠♦❞❡❧♦ ❞❛ s✉♣❡r♣♦s✐çã♦ ❞❡ ●❛✐ss❡r✳

◆❡❧❡✱ ❞❛❞❛ ✉♠❛ ❜❛s❡ ❛r❜✐trár✐❛ b ❡ ♦s ♥ú♠❡r♦s ❞❡ ♠❛ss❛ A✱ ❛ ♠é❞✐❛ 〈logb A〉 é t♦♠❛❞❛ ❡♠

❢✉♥çã♦ ❞❡ logb (E/❊❡❱) ❞❡♥tr♦ ❞❡ ❝❡rt♦s ❜✐♥s ❞❡ ❡♥❡r❣✐❛✳ P❛r❛ ♦s 91 ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s✱

❝❛❞❛ q✉❛❧ ❛ss♦❝✐❛❞♦ à ❡♥❡r❣✐❛ ❞❡ ✉♠ ❞♦s 91 ❡✈❡♥t♦s ❝♦rr❡s♣♦♥❞❡♥t❡s✱ ❛ ❡s❝♦❧❤❛ ∆Ebin =

10 ❊❡❱ r❡s✉❧t♦✉ ❡♠ ✉♠ ❡s♣❡❝tr♦ ❝♦♠ d 〈logb A〉 /d logb E ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡

❡♠ ❞✉❛s r❡❣✐õ❡s ❞✐st✐♥t❛s ❞❡ ❡♥❡r❣✐❛✳ ❖ ♠♦❞♦ ❝♦♠♦ ♦s ♣♦♥t♦s sã♦ s❡♣❛r❛❞♦s ♥♦s ❞♦✐s

❣r✉♣♦s é s✉❜❥❡t✐✈♦❀ s❡❣✉♥❞♦ ♦s ❛❥✉st❡s ❧✐♥❡❛r❡s r❡❛❧✐③❛❞♦s ♥❡st❛ ❛♥á❧✐s❡✱ ♦s ❡❧❡♠❡♥t♦s

✶✾✼



q✉í♠✐❝♦s q✉❡ ❞❡t❡r♠✐♥❛♠ ♦ ♣♦♥t♦ ❞❡ tr❛♥s✐çã♦ ✈❛r✐❛♠ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ♥ú♠❡r♦s ❛tô♠✐❝♦s

Z ≈ 10− 20✳

P❛r❛ ❛ s❡♣❛r❛çã♦ ❡s♣❡❝í✜❝❛ ❛♣r❡s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✾✵✱ ♦ ♥ú❝❧❡♦ tr❛♥s✐tór✐♦ ❝♦r✲

r❡s♣♦♥❞❡ ❛♦ ❛❧✉♠í♥✐♦✱ s✉❜♣r♦❞✉t♦ ❞♦ ❝✐❝❧♦ ❈◆❖ q✉❡ ♠❛r❝❛ ✉♠ ❡stá❣✐♦ ❞❡ ❛t✐✈✐❞❛❞❡

❛t♠♦s❢ér✐❝❛ ✐♥t❡♥s❛ ❡♠ ❡str❡❧❛s ❝♦♠ ❣r❛♥❞❡ ♠❛ss❛✳ ❖ ❡♥r✐q✉❡❝✐♠❡♥t♦ ❞♦ ♣❧❛♥♦ ❡ ❝❡♥tr♦

❞❛ ❱✐❛ ▲á❝t❡❛ ❝♦♠ ♦ ✐sót♦♣♦ 26❆❧ é ♦❜s❡r✈❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❛tr❛✈és ❞❡ r❛✐♦s✲γ ❞❡❝♦r✲

r❡♥t❡s ❞♦ s❡✉ ❞❡❝❛✐♠❡♥t♦✳ P❡❧♦ ❣rá✜❝♦✱ t❛♠❜é♠ ♣♦❞❡ s❡r ✈✐st♦ q✉❡ ❡ss❛ tr❛♥s✐çã♦ ♦❝♦rr❡

à ❡♥❡r❣✐❛ 9.15 × 1019 ❡❱✳ ❆t✉❛❧♠❡♥t❡✱ ❛ ❛♥á❧✐s❡ ❞♦s ❞❛❞♦s q✉❡ ✈ê♠ s❡♥❞♦ ❝♦❧❡t❛❞♦s ❡

❛❝✉♠✉❧❛❞♦s ♥❛ r❡❣✐ã♦ ❞❛s ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s✱ ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ t❡♠ ♠♦str❛❞♦

❛❧❣✉♠❛ ❡✈✐❞ê♥❝✐❛ ❞❡ ♠✉❞❛♥ç❛ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞♦s ♥ú❝❧❡♦s ♣ró①✐♠♦ ❛ 1020 ❡❱✳
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Xlog10 A\ = K1 + K2 log10HE�EeVL

Et = 91.537 EeV

K2HE < EtL = 0.843

K2HE > EtL = 2.603

❋✐❣✉r❛ ✾✵✿ ❊st❛tíst✐❝❛ ❞❛ ❞❡♣❡♥❞ê♥❝✐❛ ❡♥tr❡ ♦s ♥ú♠❡r♦s ❞❡ ♠❛ss❛ ❡ ❛ ❡♥❡r❣✐❛ ❞♦s ❡✈❡♥t♦s
❛ss♦❝✐❛❞♦s ❛ ❆●◆s ♣❡❧♦ ♠ét♦❞♦ ❞♦ ❜❛❝❦tr❛❝❦✐♥❣✳ ❖s ♣♦♥t♦s sã♦ r❡♣r❡s❡♥t❛❞♦s ♥❛ ❜❛s❡
❧♦❣❛rít♠✐❝❛ b = 10✳ ❆s ❜❛rr❛s ❞❡ ❡rr♦ ❡q✉✐✈❛❧❡♠ ❛♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡
log10 A ❞❡♥tr♦ ❞❡ ❝❛❞❛ ✐♥t❡r✈❛❧♦ ❝♦♠ 10 ❊❡❱ ❞❡ ❡♥❡r❣✐❛✳

✼✳✺ P❡rs♣❡❝t✐✈❛s ❢✉t✉r❛s

❈♦♠ ♦s ♣r♦❣r❡ss♦s ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❡❧❡♠❡♥t❛r ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❞❡

❡♥❡r❣✐❛ ✉❧tr❛✲❛❧t❛✱ ❛ss✐♠ ❝♦♠♦ ❛ r❡❞✉çã♦ ❞❛s ❝❧❛ss❡s ❞❡ ♦❜❥❡t♦s ❛str♦❢ís✐❝♦s ❝❛♥❞✐❞❛t♦s ❛

❢♦♥t❡ ❞❡ss❛ r❛❞✐❛çã♦✱ ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❞❛ ❱✐❛ ▲á❝t❡❛ ♣♦❞❡♠✱

✶✾✽



❝♦♠♣❧❡♠❡♥t❛r ❡ ❛❧t❡r♥❛t✐✈❛♠❡♥t❡ à r♦t❛çã♦ ❡ ❋❛r❛❞❛② ❡ ♦✉tr♦s ♠ét♦❞♦s✱ s❡r ❡st✉❞❛❞❛s

❛tr❛✈és ❞♦s ♣ró♣r✐♦s r❛✐♦s ❝ós♠✐❝♦s✳ ❆s ✐❞é✐❛s ❛♣r❡s❡♥t❛❞❛s ❛ s❡❣✉✐r sã♦ ❜❛s❡❛❞❛s ♥❛

❧✐t❡r❛t✉r❛ ❞❡ r❡❢❡rê♥❝✐❛ ❞❡st❛ t❡s❡✳

✶✳ ❆ t✉r❜✉❧ê♥❝✐❛ ❞♦ ♣❧❛s♠❛ q✉❡ ❝♦♠♣õ❡ ❛ ❱✐❛ ▲á❝t❡❛ ❡stá ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛ à

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

t❡r❡st❡❧❛r ❞❛ ❣❛❧á①✐❛✳ ❙❡ ♦ ❣ás ✐♦♥✐③❛❞♦ ♣♦ss✉✐ ✉♠ ♥ú♠❡r♦ ♠❛❣♥ét✐❝♦ ❞❡ ❘❡②♥♦❧❞s

Rm ≫ 1✱ ❛ ❞✐ss✐♣❛çã♦ ❞❛s ✐rr❡❣✉❧❛r✐❞❛❞❡s s❡ ❞á ❛tr❛✈és ❞❡ ✉♠ ♠❡❝❛♥✐s♠♦ ❡♠

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

❞❛s ♠❛✐♦r❡s ❡s❝❛❧❛s ♣❛r❛ ❛s ♠❡♥♦r❡s✳ ❊ss❡ ❡❢❡✐t♦ é ❝❤❛♠❛❞♦ ❞❡ ❝❛s❝❛t❛ ❞❡ ❑♦❧✲

♠♦❣♦r♦✈✳ P♦rt❛♥t♦✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ❡s❝❛❧❛s ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❛❧á❝t✐❝♦✱

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

♥♦ ❡s♣❡❝tr♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s✳ ❊ss❛ ❛♥á❧✐s❡ s❡r✐❛ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ✐♠♣♦rt❛♥t❡ s❡

❛♣❧✐❝❛❞❛ ❛♦ ❞✐s❝♦ ❞❛ ❣❛❧á①✐❛✱ ♦♥❞❡ ❛ t✉r❜✉❧ê♥❝✐❛ t❡♠ ✉♠ ♣❛♣❡❧ ❞♦♠✐♥❛♥t❡ ♣❛r❛

❞✐stâ♥❝✐❛s . ❦♣❝✳

✷✳ ◆♦ ❜♦❥♦ ❞❛ ❱✐❛ ▲á❝t❡❛✱ ♦♥❞❡ ♦ r❛✐♦ ❞❡ ▲❛r♠♦r ❞❡ ♥ú❝❧❡♦s ❡❧❡♠❡♥t❛r❡s é ∼ ♣❝✱ é

♣♦ssí✈❡❧ q✉❡ ♣❛rt❡ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ q✉❡ t❡♥❤❛ tr❛♥s✐t❛❞♦ ♣♦r ❡ss❛ r❡❣✐ã♦ s❡❥❛

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

♠❡♥t♦ ❡♥tr❡ ♦s ❝♦♠♣r✐♠❡♥t♦s ❝❛r❛❝t❡ríst✐❝♦s ❞♦ r❛✐♦ ❞❛ ór❜✐t❛ ❞❛ ♣❛rtí❝✉❧❛ ✭♥♦

r❡❢❡r❡♥❝✐❛❧ ❞♦ s❡✉ ❝❡♥tr♦ ❞❡ ❣✐r♦✮ ❡ ❞❛ t✉r❜✉❧ê♥❝✐❛✳ ❈❛s♦ s❡❥❛♠ ❡♥❝♦♥tr❛❞❛s ✈❛r✐✲

❛çõ❡s ♥♦ ❡s♣❡❝tr♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s q✉❡ r❡✢✐t❛♠ ♦ ❡s♣❛❧❤❛♠❡♥t♦✱ ♦s ❞❡t❛❧❤❡s ❞❛s

✐♥st❛❜✐❧✐❞❛❞❡s ❞♦ ♣❧❛s♠❛ ❡♠ t♦r♥♦ ❞♦ ❝❡♥tr♦ ❞❛ ❣❛❧á①✐❛✱ ♣♦✉❝♦ ❛❝❡ssí✈❡✐s✱ ♣♦❞❡rã♦

s❡r ❡st✉❞❛❞♦s ♠❛✐s ♣r♦❢✉♥❞❛♠❡♥t❡✳

✶✾✾



✷✵✵



❆♣ê♥❞✐❝❡ ❆

❙❡❥❛ x ∈ R t❛❧ q✉❡ x > 0 ❡ ❝♦♥s✐❞❡r❡ ❛ ❢✉♥çã♦ r❡❛❧

g (a, x) =
C1 (a, x)

1 + exp (x/a)
+

C2 (a, x)

1 + exp (−x/a)
✱

♥❛ q✉❛❧ a é ✉♠❛ ❝♦♥st❛♥t❡ ❡ C1 (a, x) ❡ C2 (a, x) sã♦ ❢✉♥çõ❡s ❛ s❡r❡♠ ❞❡t❡r♠✐♥❛❞❛s✳

❉❡s❡❥❛✲s❡ q✉❡ ♦ ❧✐♠✐t❡ ❛ss✐♥tót✐❝♦ g (a, x) ∼ x ❡①✐st❛✱ ♦✉ s❡❥❛✱

lim
x/a→∞

g (a, x)

x
= 1✱

❛ss✐♠ ❝♦♠♦ g (a, x) → a ❝❛s♦ x/a → 0✳ ❆s r❡❧❛çõ❡s

lim
x/a→∞

g (a, x) = lim
x/a→∞

C2 (a, x) ✭✼✽✮

❡

lim
x/a→0

g (a, x) =
1

2

[

lim
x/a→0

C1 (a, x) + lim
x/a→0

C2 (a, x)

]

✭✼✾✮

sã♦ ❞✐r❡t❛s✳ P❡❧♦ ❧✐♠✐t❡ ❞❛ ❡q✉❛çã♦ ✭✼✽✮✱ ♣♦rt❛♥t♦✱ ✐♠♣♦♥❤♦ ❛ r❡❧❛çã♦

C2 (a, x) = x✳

❋❛③❡♥❞♦ ❛ s✉❜st✐t✉✐çã♦ ❞❡ C2 (a, x) ♥❛ ❡q✉❛çã♦ ✭✼✾✮ ❡ t♦♠❛♥❞♦ ♦ ❧✐♠✐t❡✱ ✐♠♣♦♥❤♦ t❛♠✲

❜é♠ q✉❡

1

2
C1 (a, x) = a✱

❞❡ ♠♦❞♦ q✉❡ ❛ ❢✉♥çã♦ g (a, x) ✜❝❛ ❡s❝r✐t❛ ❝♦♠♦

g (a, x) = a

[
2

1 + exp (x/a)
+

x

a

1

1 + exp (−x/a)

]

✱ ✭✽✵✮

♦✉ ❡♥tã♦ ♥❛ ❢♦r♠❛

g (a, z) = a sech z [exp (−z) + z exp z]

❝♦♠ ❛ ♠✉❞❛♥ç❛ ❞❡ ✈❛r✐á✈❡❧ z = x/2a✳

❙❡❥❛ ❛❣♦r❛ ✉♠❛ ❢✉♥çã♦ h (x)✱ ♣❛r❛ ❛ q✉❛❧ xj r❡♣r❡s❡♥t❛ s❡✉ j✲és✐♠♦ ③❡r♦✱ ♦✉ s❡❥❛✱

✷✵✶



h (xj) = 0✳ ❙❡

d

dx
h (x)

∣
∣
∣
∣
x=xj

6= 0✱ ✭✽✶✮

❡♥tã♦ ❛ ❞❡r✐✈❛❞❛ ❞❡ |h (x)| é ❞❡s❝♦♥tí♥✉❛ ❡♠ x = xj✳ ❈♦♠♦ ❞❡s❡❥♦ ✉t✐❧✐③❛r ❛ ❡q✉❛çã♦ ✭✽✵✮

♥❛ ❢♦r♠❛ ❝♦♠♣♦st❛ ❛tr❛✈és ❞❛ s✉❜st✐t✉✐çã♦ x ↔ |h (x)|✱ é ♥❡❝❡ssár✐♦ q✉❡ ❛ ❢✉♥çã♦

g (a, |h (x)|) ♠❛♥t❡♥❤❛ s✉❛s ♣r♦♣r✐❡❞❛❞❡s s♦❜r❡ x = xj✳ ❈♦♠♦ ✐ss♦ ✐♠♣❧✐❝❛ ❡♠ q✉❡

g (a, |h (xj)|) = a✱ ❞❡s❡❥❛✲s❡ t❛♠❜é♠ q✉❡

d

dx
g(a, |h (x)|)

∣
∣
∣
∣
x=xj

= 0✳ ✭✽✷✮

❊s❝r❡✈❡♥❞♦ y (x) = |h (x)| /2 a✱ ♦❜t❡♥❤♦ ❛ ❡①♣r❡ssã♦

d

dx
g (a, y (x)) = a sech2 y (y + exp y sinh y)

dy

dx
✳ ✭✽✸✮

❈♦♠♦ y (xj) = 0✱ ❛ ❡①♣❛♥sã♦ ❞❛ ❡q✉❛çã♦ ✭✽✸✮ ❡♠ ✉♠❛ sér✐❡ ❞❡ ❚❛②❧♦r✱ ❡♠ t♦r♥♦ ❞♦

♣♦♥t♦ y = 0✱ t❡♠ ❝♦♠♦ ♣r✐♠❡✐r♦s t❡r♠♦s

d

dx
g (a, y (x)) = 2 a y

dy

dx

(

1 +
y

2
− 2y2

3
− y3

3
+

2y4

5
+ . . .

)

✳

❆ s✉❜st✐t✉✐çã♦ r❡✈❡rs❛ ❞❡ y (x) ♣♦r |h (x)| /2 a r❡s✉❧t❛ ❡♠

d

dx
g (a, |h (x)|) = sign (h (x))

|h (x)|
2 a

d

dx
h (x)×

×
[

1 +
|h (x)|
4 a

− |h (x)|2
6 a2

− |h (x)|3
24 a3

+ . . .

]

✱ ✭✽✹✮

♦♥❞❡ ❛ ❢✉♥çã♦ s✐♥❛❧ ❞❡ h (x) é ❞❛❞❛ ♣♦r

sign (h (x)) =
h (x)

|h (x)| =
d

dx
|h (x)|

s❡♥❞♦ q✉❡✱ ♣♦r ❞❡✜♥✐çã♦✱

sign (0) = 0✱

r❡♠♦✈❡♥❞♦ ❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ ❞❡r✐✈❛❞❛ ❞❡ |h (x)| ❝❛s♦ ❛ ❡q✉❛çã♦ ✭✽✶✮ s❡❥❛ ✈❡r❞❛❞❡✐r❛✳

P♦rt❛♥t♦✱ ♣❡❧❛ ✐♥s♣❡çã♦ ❞♦s t❡r♠♦s ❞❛ sér✐❡ ❛♣r❡s❡♥t❛❞❛ ♥❛ r❡❧❛çã♦ ✭✽✹✮✱ é ❢á❝✐❧ ✈❡r✐✜❝❛r

✷✵✷



q✉❡ ❛ ❡q✉❛çã♦ ✭✽✷✮ é s❡♠♣r❡ s❛t✐s❢❡✐t❛✳

❙❡❣✉♥❞♦ ❛ ❞❡✜♥✐çã♦ ❞❛ ❢✉♥çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✽✵✮✱ ♦s ✈❛❧♦r❡s ♠í♥✐♠♦s ❞❡

g (a, |h (x)|) sã♦ s❡♠♣r❡ a✱ ❝♦♠♣r♦♠❡t❡♥❞♦ ❛ r❡❧❛çã♦ g (a, |h (x)|) ≈ |h (x)| q✉❛♥❞♦ a é

❞❛ ♠❡s♠❛ ♦r❞❡♠ ❞❡ lim sup |h (x)|✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦ ❣rá✜❝♦ ✭❛✮ ❞❛ ✜❣✉r❛ ✾✶✳ ■ss♦

♣♦❞❡ s❡r ❝♦rr✐❣✐❞♦ ❝♦♠ ♦ ✉s♦ ❞❡ ✉♠❛ ❢✉♥çã♦ ♠♦❞✉❧❛❞♦r❛ m (x) ❞❡ ♠♦❞♦ q✉❡

g (a, x) = am (x)

[
2

1 + exp (x/a)
+

x

a

1

1 + exp (−x/a)

]

✳ ✭✽✺✮

◆❛ s❡çã♦ ✺✳✷✱ ❛ ❢✉♥çã♦ ❡q✉✐✈❛❧❡♥t❡ ❛ h (x) ♣♦❞❡ s❡r ❡s❝r✐t❛ ❝♦♠♦ ♦ ♣r♦❞✉t♦ ❞❡ ✉♠❛

❢✉♥çã♦ ❡♥✈♦❧tór✐❛ ❡ ✉♠❛ ❢✉♥çã♦ ♣❡r✐ó❞✐❝❛✱ ♦✉ s❡❥❛✱

h (x) = he (x)hp (x) ✳

◆❡ss❡ ❝❛s♦ ♣❛rt✐❝✉❧❛r✱ ❝♦♥s✐❞❡r❛♥❞♦✲s❡ ❛ ❡q✉❛çã♦ ✭✽✺✮✱ é ✐♥t❡r❡ss❛♥t❡ r❡♣r❡s❡♥t❛r ❛ ♠♦✲

❞✉❧❛çã♦ ♣♦r m (x) = he (x) ❞❡ ♠♦❞♦ q✉❡ ❛ s✉❜st✐t✉✐çã♦ x ↔ |h (x)| é s✐♠♣❧✐✜❝❛❞❛ ♣❛r❛

x ↔ |hp (x)|✳ ❆ ❢♦r♠❛ ✜♥❛❧ ❞❡ g (a, |h (x)|) é

g (a, |h (x)|) = a he (x)

[
2

1 + exp (|hp (x)| /a)
+

|hp (x)|
a

1

1 + exp (− |hp (x)| /a)

]

✱ ✭✽✻✮

❝✉❥❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡s❡❥❛❞❛s

g (a, |h (x)|) →







a he (x) s❡ x = xj

|h (x)| s❡ x 6= xj

sã♦ s❛t✐s❢❡✐t❛s s♦❜ ❛ ❝♦♥❞✐çã♦ a ≪ lim sup |h (x)|✳ ❖ ❣rá✜❝♦ ✭❜✮ ❞❛ ✜❣✉r❛ ✾✶ ✐❧✉str❛ ♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ g (a, |h (x)|) s❡❣✉♥❞♦ ❛ ❞❡✜♥✐çã♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✭✽✻✮✳

✷✵✸
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hHxL = expH-0.3 xL cosH2 xL

gHa,ÈhHxLÈL segundo a equação H80L

a = 0.25

✭❛✮
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hHxL = expH-0.3 xL cosH2 xL

gHa,ÈhHxLÈL segundo a

equação H86L

mHxL = heHxL =

= expH-0.3 xL

a = 0.25

✭❜✮

❋✐❣✉r❛ ✾✶✿ ❊①❡♠♣❧♦ ❞❛ ❢✉♥çã♦ h (x) = exp (−0.3 x) cos (2 x)✱ ♣❛r❛ ❛ q✉❛❧ g (a, |h (x)|) é
❛♣❧✐❝❛❞❛ s❡❣✉♥❞♦ ❛ ❡q✉❛çã♦ ✭✽✵✮ ♥♦ ❣rá✜❝♦ ✭❛✮✱ ❡ ❛♣❧✐❝❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❡q✉❛çã♦ ✭✽✻✮
♥♦ ❣rá✜❝♦ ✭❜✮✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❢♦✐ t♦♠❛❞♦ ♦ ✈❛❧♦r a = 0.25✳
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❆♣ê♥❞✐❝❡ ❇

❙❡❥❛ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t♦t❛❧ ❝♦♠♣♦st♦ ♣♦r ❝♦♠♣♦♥❡♥t❡s r❡❣✉❧❛r ❡ t✉r❜✉❧❡♥t❛✱ ❡s❝r✐t♦

♥❛ ❢♦r♠❛

~Btot (~r) = ~Breg (~r) + ~Bturb (~r) ✳

❙✉♣♦♥❤❛ t❛♠❜é♠ q✉❡ ❛ ♣❛rt❡ t✉r❜✉❧❡♥t❛ s❡❥❛ r❡♣r❡s❡♥t❛❞❛ ♣♦r

~Bturb (~r) = Bturb (~r) b̂u,v = wBreg (~r) b̂u,v✱

♦♥❞❡ w é ✉♠❛ ✈❛r✐á✈❡❧ ❛❧❡❛tór✐❛ ❞✐str✐❜✉í❞❛ ✉♥✐❢♦r♠❡♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦ [w1, w2]✱ ❡

b̂u,v = b̂ (ϕu, θv) é ✉♠ ✈❡t♦r ✉♥✐tár✐♦ ❝♦♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ✐s♦tró♣✐❝❛ ♥♦ â♥❣✉❧♦ só❧✐❞♦

4π sr s❡❣✉♥❞♦ ❛s ✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ✐♥❞❡♣❡♥❞❡♥t❡s u ❡ v✱ ❞✐str✐❜✉í❞❛s ✉♥✐❢♦r♠❡♠❡♥t❡

♥♦ ✐♥t❡r✈❛❧♦ [0, 1]✱ q✉❡ ❞❡✜♥❡♠ ❛s ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s ❛③✐♠✉t❛❧ ϕu ❡ ③❡♥✐t❛❧ θv ❡♠

❛❧❣✉♠ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛✳

❈♦♥s✐❞❡r❡ ❛❣♦r❛ ❛ ❢♦rç❛ ❞❡ ▲♦r❡♥t③ r❡❧❛t✐✈❛ ❛♣❡♥❛s à ❝♦♠♣♦♥❡♥t❡ ❛❧❡❛tór✐❛ ❞♦

❝❛♠♣♦✱ r❡❡s❝r✐t❛ ♥❛ ❢♦r♠❛

~Fturb (~r)

cqBreg (~r)
= w

(

~β ×~bu,v

)

= ~fu,v,w

♣❛r❛ ~β = ~v/c✳ ❆ss✉♠✐♥❞♦ q✉❡ ❛s ❝♦♦r❞❡♥❛❞❛s ❞❡ q✉❛❧q✉❡r r❡❢❡r❡♥❝✐❛❧ ✐♥❡r❝✐❛❧ ♣♦ss❛♠

s❡r tr❛♥s❢♦r♠❛❞❛s ♣❛r❛ ✉♠ ♥♦✈♦ s✐st❡♠❛ ❡♠ q✉❡ ~β = (0, 0, 1)✱ ♦ ♣r♦❞✉t♦ ✈❡t♦r✐❛❧

~fu,v,w = w sin θv






cos (ϕu + π/2)

sin (ϕu + π/2)

0






r❡♣r❡s❡♥t❛ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣♦♥t♦s ❝♦♥t✐❞♦s ♥♦ ♣❧❛♥♦✲xy ❞❡♥tr♦ ❞❛ r❡❣✐ã♦ ❝✐r❝✉❧❛r

❝♦♠ r❛✐♦ ρ = w2✳ ❉❡✈✐❞♦ às ♣r♦♣r✐❡❞❛❞❡s ❞❡ b̂u,v✱ θv = arccos (1− 2 v) ❡✱ ❛tr❛✈és ❞❛

r❡❧❛çã♦

sin (arccosx) =
√
1− x2✱

♦❜tê♠✲s❡ ❛s ♣❛rt❡s r❛❞✐❛❧ ❡ ❛♥❣✉❧❛r ❞❛ ❢♦rç❛ t✉r❜✉❧❡♥t❛

✷✵✺



~fu,v,w = 2w
√

v (1− v)
︸ ︷︷ ︸

radial






cos (ϕu + π/2)

sin (ϕu + π/2)

0






︸ ︷︷ ︸

angular

✭✽✼✮

♣❛r❛ ϕu = 2 π u✳ ❖❜s❡r✈❡ q✉❡ ❛ ♣❛rt❡ ❛♥❣✉❧❛r ♥❛ ❡q✉❛çã♦ ✭✽✼✮ é r❡♣r❡s❡♥t❛❞❛ ♣♦r ✈❡t♦r❡s

❝♦♠ ♠ó❞✉❧♦ ✉♥✐tár✐♦ ❞✐str✐❜✉í❞♦s ✉♥✐❢♦r♠❡♠❡♥t❡ ♥♦ ✐♥t❡r✈❛❧♦ ❛③✐♠✉t❛❧ 0 6 ϕ < 2π ❡

r♦t❛❝✐♦♥❛❞♦s ❞❡ ✉♠❛ ❢❛s❡ π/2✳ ❆ss✐♠✱ ❞❛❞❛s s❡qüê♥❝✐❛s s✉✜❝✐❡♥t❡♠❡♥t❡ ❧♦♥❣❛s ❞❛s

✈❛r✐á✈❡✐s ❛❧❡❛tór✐❛s ui✱ vi ❡ wi✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ s❡✉s ❞♦♠í♥✐♦s✱ ❛ ♠é❞✐❛

〈

~fu,v,w

〉

≈ 0 ✭✽✽✮

❞❡❝♦rr❡ ♥❛t✉r❛❧♠❡♥t❡ ♣♦rq✉❡ ❛ ♣❛rt❡ r❛❞✐❛❧ ❞❛ ❡q✉❛çã♦ ✭✽✼✮ é ❧✐♠✐t❛❞❛ ❛♦ ✐♥t❡r✈❛❧♦

[0, 1]✳

◆❛ ♣rát✐❝❛✱ ❛ r❡❧❛çã♦ ✭✽✽✮ ♥ã♦ é ♦❜s❡r✈❛❞❛ ❡ ❛s ✢✉t✉❛çõ❡s ❡♠ ❞✐r❡çõ❡s ♣❡r♣❡♥✲

❞✐❝✉❧❛r❡s ❛♦ ✈❡t♦r ✈❡❧♦❝✐❞❛❞❡ ~v s❡♠♣r❡ ♦❝♦rr❡♠✱ ❞❛ ♠❡s♠❛ ♠❛♥❡✐r❛ ❝♦♠♦ ❘❡✐❢ ♦❜s❡r✈❛

♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❛♥á❧♦❣♦ ❞♦ ♠♦✈✐♠❡♥t♦ ❜r♦✇♥✐❛♥♦ ✭r❡❢✳ ❬✷✹✻❪✮✳ ◆❛ ✈❡r❞❛❞❡✱ ♦ t❡♦r❡♠❛

❞❡ ❡q✉✐♣❛rt✐çã♦ ❞❛ ❡♥❡r❣✐❛ ❡①✐❣❡ q✉❡

〈~v · ~v〉 6= 0✳

◆♦ ❝❛s♦ ❞❡ ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ♥❛ ❢♦r♠❛ ~B = ~B (~r)✱ ♦ s❡♥t✐❞♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ~β ❞❛

♣❛rtí❝✉❧❛ é ❛❧t❡r❛❞♦ ❞✐♥❛♠✐❝❛♠❡♥t❡ ❝♦♠ ❛ ♣♦s✐çã♦ ~r✱ ❞❡ ♠♦❞♦ q✉❡ ~β = ~β (~r) ❡ ❛s ✢✉t✉✲

❛çõ❡s ♥ã♦ ♦❝♦rr❡♠ s❡♠♣r❡ ♥♦ ♠❡s♠♦ ♣❧❛♥♦✳ ▼❡s♠♦ ❛ss✐♠✱ s❡ ~B (~r +∆~r) ≈ ~B (~r) ♣❛r❛

♦s ✈❡t♦r❡s ∆~r ❛♦ ❧♦♥❣♦ ❞❛ tr❛❥❡tór✐❛ t♦❞❛✱ ♣♦❞❡✲s❡ ❡s♣❡r❛r q✉❡ ~β ✈❛r✐❡ s✉❛✈❡♠❡♥t❡ ❝♦♠

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

s❡❥❛♠ ♣❡q✉❡♥♦s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❞✐stâ♥❝✐❛ t♦t❛❧ ♣❡r❝♦rr✐❞❛✳
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❘❡❢❡rê♥❝✐❛s
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❬✸✻❪ P✳ ●✳ ❘♦❧❧ ❛♥❞ ❉✳ ❚✳ ❲✐❧❦✐♥s♦♥✱ ✏❈♦s♠✐❝ ❜❛❝❦❣r♦✉♥❞ r❛❞✐❛t✐♦♥ ❛t ✸✳✷ ❝♠ ✲ ❙✉♣♣♦rt

❢♦r ❝♦s♠✐❝ ❜❧❛❝❦✲❜♦❞② r❛❞✐❛t✐♦♥✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✈♦❧✳ ✶✻✱ ♣✳ ✹✵✺✱ ✶✾✻✻✳

❬✸✼❪ ❏✳ ❈✳ ▼❛t❤❡r✱ ❉✳ ❏✳ ❋✐①s❡♥✱ ❘✳ ❆✳ ❙❤❛❢❡r✱ ❈✳ ▼♦s✐❡r✱ ❛♥❞ ❉✳ ❚✳ ❲✐❧❦✐♥s♦♥✱ ✏❈❛❧✐✲

❜r❛t♦r ❞❡s✐❣♥ ❢♦r t❤❡ ❈❖❇❊ ❋❛r✲■♥❢r❛r❡❞ ❆❜s♦❧✉t❡ ❙♣❡❝tr♦♣❤♦t♦♠❡t❡r ✭❋■❘❆❙✮✱✑

❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✺✶✷✱ ♣✳ ✺✶✶✱ ✶✾✾✾✳

❬✸✽❪ ❏✳ ▲✐♥s❧❡②✱ ✏❊✈✐❞❡♥❝❡ ❢♦r ❛ ♣r✐♠❛r② ❝♦s♠✐❝✲r❛② ♣❛rt✐❝❧❡ ✇✐t❤ ❡♥❡r❣② 1020 ❡❱✱✑

P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✈♦❧✳ ✶✵✱ ♣✳ ✶✹✻✱ ✶✾✻✸✳

✷✵✾



❬✸✾❪ ❑✳ ●r❡✐s❡♥✱ ✏❊♥❞ t♦ t❤❡ ❝♦s♠✐❝✲r❛② s♣❡❝tr✉♠❄✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✈♦❧✳ ✶✻✱

♣✳ ✼✹✽✱ ✶✾✻✻✳

❬✹✵❪ ❙✳ ■✳ ❆❧❡❦❤✐♥ ❡t ❛❧✳✱ ✏❈♦♠♣✐❧❛t✐♦♥ ♦❢ ❝r♦ss✲s❡❝t✐♦♥s ■❱✿ γ✱ ν✱ Λ✱ Σ✱ Ξ ❛♥❞ ❑✵
▲

✐♥❞✉❝❡❞ r❡❛❝t✐♦♥s✱✑ ❈❊❘◆✲❍❊❘❆ ✽✼✲✵✶✱ ✶✾✽✼✳

❬✹✶❪ ●✳ ❚✳ ❩❛ts❡♣✐♥ ❛♥❞ ❱✳ ❆✳ ❑✉③✬♠✐♥✱ ✏❯♣♣❡r ❧✐♠✐t ♦❢ t❤❡ s♣❡❝tr✉♠ ♦❢ ❝♦s♠✐❝ r❛②s✱✑

❏♦✉r♥❛❧ ♦❢ ❊①♣❡r✐♠❡♥t❛❧ ❛♥❞ ❚❤❡♦r❡t✐❝❛❧ P❤②s✐❝s ▲❡tt❡rs✱ ✈♦❧✳ ✹✱ ♣✳ ✼✽✱ ✶✾✻✻✳

❬✹✷❪ ❊✳ ❑♦♠❛ts✉ ❡t ❛❧✳✱ ✏❋✐✈❡✲②❡❛r ❲✐❧❦✐♥s♦♥ ▼✐❝r♦✇❛✈❡ ❆♥✐s♦tr♦♣② Pr♦❜❡ ❖❜s❡r✲

✈❛t✐♦♥s✿ ❝♦s♠♦❧♦❣✐❝❛❧ ✐♥t❡r♣r❡t❛t✐♦♥✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧ ❙✉♣♣❧❡♠❡♥t✱

✈♦❧✳ ✶✽✵✱ ♣✳ ✸✸✵✱ ✷✵✵✾✳

❬✹✸❪ ❋✳ ❆✳ ❆❤❛r♦♥✐❛♥ ❛♥❞ ❏✳ ❲✳ ❈r♦♥✐♥✱ ✏■♥✢✉❡♥❝❡ ♦❢ t❤❡ ✉♥✐✈❡rs❛❧ ♠✐❝r♦✇❛✈❡ ❜❛❝❦✲

❣r♦✉♥❞ r❛❞✐❛t✐♦♥ ♦♥ t❤❡ ❡①tr❛❣❛❧❛❝t✐❝ ❝♦s♠✐❝✲r❛② s♣❡❝tr✉♠✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❉✱

✈♦❧✳ ✺✵✱ ♣✳ ✶✽✾✷✱ ✶✾✾✹✳

❬✹✹❪ ❘✳ ❯✳ ❆❜❜❛s✐ ❡t ❛❧✳✱ ✏❋✐rst ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ ●r❡✐s❡♥✲❩❛ts❡♣✐♥✲❑✉③♠✐♥ s✉♣♣r❡s✲

s✐♦♥✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✈♦❧✳ ✶✵✵✱ ♣✳ ✶✵✶✶✵✶✱ ✷✵✵✽✳

❬✹✺❪ ❏✳ ❆❜r❛❤❛♠ ❡t ❛❧✳✱ ✏❖❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ s✉♣♣r❡ss✐♦♥ ♦❢ t❤❡ ✢✉① ♦❢ ❝♦s♠✐❝ r❛②s

❛❜♦✈❡ 4× 1019 ❡❱✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ▲❡tt❡rs✱ ✈♦❧✳ ✶✵✶✱ ♣✳ ✵✻✶✶✵✶✱ ✷✵✵✽✳

❬✹✻❪ ❙✳ P✳ ❙✇♦r❞② ❡t ❛❧✳✱ ✏❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❝♦s♠✐❝ r❛②s ❛t t❤❡ ❦♥❡❡✱✑ ❆str♦♣❛rt✐❝❧❡

P❤②s✐❝s✱ ✈♦❧✳ ✶✽✱ ♣✳ ✶✷✾✱ ✷✵✵✷✳

❬✹✼❪ ❘✳ ❯✳ ❆❜❜❛s✐ ❡t ❛❧✳✱ ✏❆ st✉❞② ♦❢ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ✉❧tr❛✲❤✐❣❤✲❡♥❡r❣② ❝♦s♠✐❝ r❛②s

✉s✐♥❣ t❤❡ ❍✐❣❤✲❘❡s♦❧✉t✐♦♥ ❋❧②✬s ❊②❡✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✻✷✷✱ ♣✳ ✾✶✵✱

✷✵✵✺✳

❬✹✽❪ ❉✳ ❏✳ ❇✐r❞ ❡t ❛❧✳✱ ✏❉❡t❡❝t✐♦♥ ♦❢ ❛ ❝♦s♠✐❝ r❛② ✇✐t❤ ♠❡❛s✉r❡❞ ❡♥❡r❣② ✇❡❧❧ ❜❡②♦♥❞

t❤❡ ❡①♣❡❝t❡❞ s♣❡❝tr❛❧ ❝✉t♦✛ ❞✉❡ t♦ ❝♦s♠✐❝ ♠✐❝r♦✇❛✈❡ r❛❞✐❛t✐♦♥✱✑ ❆str♦♣❤②s✐❝❛❧

❏♦✉r♥❛❧✱ ✈♦❧✳ ✹✹✶✱ ♣✳ ✶✹✹✱ ✶✾✾✺✳

❬✹✾❪ ▼✳ ❘✐ss❡ ❡t ❛❧✳✱ ✏Pr✐♠❛r② ♣❛rt✐❝❧❡ t②♣❡ ♦❢ t❤❡ ♠♦st ❡♥❡r❣❡t✐❝ ❋❧②✬s ❊②❡ ❛✐r s❤♦✇❡r✱✑

❆str♦♣❛rt✐❝❧❡ P❤②s✐❝s✱ ✈♦❧✳ ✷✶✱ ♣✳ ✹✼✾✱ ✷✵✵✹✳

❬✺✵❪ ❏✳ ❆❜r❛❤❛♠ ❡t ❛❧✳✱ ✏❈♦rr❡❧❛t✐♦♥ ♦❢ t❤❡ ❤✐❣❤❡st✲❡♥❡r❣② ❝♦s♠✐❝ r❛②s ✇✐t❤ ♥❡❛r❜②

❡①tr❛❣❛❧❛❝t✐❝ ♦❜❥❡❝ts✱✑ ❙❝✐❡♥❝❡✱ ✈♦❧✳ ✸✶✽✱ ♣✳ ✾✸✽✱ ✷✵✵✼✳

✷✶✵



❬✺✶❪ ❍✳ ●❡❡♥❡♥✱ ✏❊♥❡r❣② r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ s♣❡❝tr❛❧ ✉♥❢♦❧❞✐♥❣ ♦❢ ❛t♠♦s♣❤❡r✐❝ ❧❡♣t♦♥s

✇✐t❤ t❤❡ ❆▼❆◆❉❆ ❞❡t❡❝t♦r✱✑ ▼❛st❡r✬s t❤❡s✐s✱ ❇❡r❣✐s❝❤❡ ❯♥✐✈❡rs✐tät✱ ✷✵✵✷✳

❬✺✷❪ ❈✳ ❇♦♥✐❢❛③✐✱ ✏❆♥❣✉❧❛r r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱✑ ✐♥ Pr♦❝❡❡❞✐♥❣s

♦❢ t❤❡ ✷✾t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦s♠✐❝ ❘❛② ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✺✳

❬✺✸❪ ▼✳ ❆✳ ▲❛✇r❡♥❝❡✱ ❘✳ ❏✳ ❖✳ ❘❡✐❞✱ ❛♥❞ ❆✳ ❆✳ ❲❛ts♦♥✱ ✏❚❤❡ ❝♦s♠✐❝ r❛② ❡♥❡r❣②

s♣❡❝tr✉♠ ❛❜♦✈❡ 4× 1017 ❡❱ ❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❍❛✈❡r❛❤ P❛r❦ ❛rr❛②✱✑ ❏♦✉r♥❛❧ ♦❢

P❤②s✐❝s ●✿ ◆✉❝❧❡❛r P❤②s✐❝s✱ ✈♦❧✳ ✶✼✱ ♣✳ ✼✸✸✱ ✶✾✾✶✳

❬✺✹❪ ❘✳ ▼✳ ❇❛❧tr✉s❛✐t✐s✱ ❘✳ ❈❛❞②✱ ●✳ ▲✳ ❈❛ss✐❞❛②✱ ❘✳ ❈♦♦♣❡r✱ ❏✳ ❲✳ ❊❧❜❡rt✱ P✳ ❘✳

●❡r❤❛r❞②✱ ❙✳ ❑♦✱ ❊✳ ❈✳ ▲♦❤✱ ▼✳ ❙❛❧❛♠♦♥✱ ❉✳ ❙t❡❝❦✱ ❛♥❞ P✳ ❙♦❦♦❧s❦②✱ ✏❚❤❡ ❯t❛❤

❋❧②✬s ❊②❡ ❞❡t❡❝t♦r✱✑ ◆✉❝❧❡❛r ■♥str✉♠❡♥ts ❛♥❞ ▼❡t❤♦❞s ✐♥ P❤②s✐❝s ❘❡s❡❛r❝❤ ❆✱

✈♦❧✳ ❆✷✹✵✱ ♣✳ ✹✶✵✱ ✶✾✽✺✳

❬✺✺❪ ▼✳ ▼✳ ❉❡♥✐❛✱ ❊♥❡r❣② ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✳ ▼❡❛s✉r❡♠❡♥t

♦❢ t❤❡ s♣❡❝tr✉♠ ♦❢ ✉❧tr❛✲❤✐❣❤ ❡♥❡r❣② ❝♦s♠✐❝ r❛②s✳ P❤❉ t❤❡s✐s✱ ❯♥✐✈❡rs✐❞❛❞ ❞❡

❆❧❝❛❧á✱ ✷✵✵✽✳

❬✺✻❪ ❯✳ ❲✳ ❖✣❝❡✱ ●r✐❞s ❛♥❞ ❣r✐❞ r❡❢❡r❡♥❝❡s✳ ❉❡♣❛rt♠❡♥t ♦❢ t❤❡ ❆r♠② ❚❡❝❤♥✐❝❛❧

❇✉❧❧❡t✐♥✱ ✺✲✷✹✶✲✶ ❡❞✳✱ ✶✾✻✼✳

❬✺✼❪ ❇✳ ❘❡✈❡♥✉ ❛♥❞ P✳ ❇✐❧❧♦✐r✱ ✏◆♦t✐♦♥s ♦❢ ❣❡♦❞❡s② ❛♥❞ t❤❡ ❯❚▼ ❝♦♦r❞✐♥❛t❡ s②st❡♠✳

Pr♦♣♦s✐t✐♦♥ ♦❢ ❛ ❧♦❝❛❧ ❝❛rt❡s✐❛♥ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ❢♦r t❤❡ s♦✉t❤❡r♥ ❆✉❣❡r s✐t❡✱✑

❚❡❝❤✳ ❘❡♣✳ ✵✸✽✱ ●✐❛♥t ❆rr❛② Pr♦❥❡❝t ◆♦t❡✱ ✷✵✵✶✳

❬✺✽❪ ❚✳ ❙✉♦♠✐❥är✈✐✱ ✏❚❤❡ s✉r❢❛❝❡ ❞❡t❡❝t♦rs ♦❢ t❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱✑ ◆✉❝❧❡❛r

P❤②s✐❝s ❇✱ ✈♦❧✳ ✶✸✻✱ ♣✳ ✸✾✸✱ ✷✵✵✹✳

❬✺✾❪ ❈✳ ▲✳ Pr②❦❡ ❛♥❞ ❏✳ ▲❧♦②❞✲❊✈❛♥s✱ ✏❆ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ●P❙ ❜❛s❡❞ ❛✉t♦♥♦♠♦✉s
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tr♦♣❤②s✐❝s✱ ✈♦❧✳ ✶✷✵✱ ♣✳ ✶✶✸✱ ✶✾✽✸✳

❬✶✽✶❪ ▼✳ ❈❛ssé ❛♥❞ ❏✳ ❆✳ P❛✉❧✱ ✏❖♥ t❤❡ st❡❧❧❛r ♦r✐❣✐♥ ♦❢ t❤❡ ◆❡✲✷✷ ❡①❝❡ss ✐♥ ❝♦s♠✐❝

r❛②s✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✷✺✽✱ ♣✳ ✽✻✵✱ ✶✾✽✷✳

❬✶✽✷❪ ❏✳✲❉✳ ❚✳ ❙♠✐t❤ ❛♥❞ ❏✳ ❘✳ ❍♦✉❝❦✱ ✏❚❤❡ ♥❡♦♥ ❛❜✉♥❞❛♥❝❡ ♦❢ ❣❛❧❛❝t✐❝ ❲♦❧❢✲❘❛②❡t

st❛rs✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✻✷✷✱ ♣✳ ✶✵✹✹✱ ✷✵✵✺✳

❬✶✽✸❪ ❆✳ ▼❛❡❞❡r ❛♥❞ ●✳ ▼❡②♥❡t✱ ✏❚❛❜❧❡s ♦❢ ❡✈♦❧✉t✐♦♥❛r② st❛r ♠♦❞❡❧s ❢r♦♠ ✵✳✽✺ t♦

✶✷✵ s♦❧❛r ♠❛ss❡s ✇✐t❤ ♦✈❡rs❤♦♦t✐♥❣ ❛♥❞ ♠❛ss ❧♦ss✱✑ ❆str♦♥♦♠② ❛♥❞ ❆str♦♣❤②s✐❝s

❙✉♣♣❧❡♠❡♥t ❙❡r✐❡s✱ ✈♦❧✳ ✼✻✱ ♣✳ ✹✶✶✱ ✶✾✽✽✳

✷✷✶



❬✶✽✹❪ ❘✳ ❘❛♠❛t② ❛♥❞ ❘✳ ❊✳ ▲✐♥❣❡♥❢❡❧t❡r✱ ✏❆❧✲✷✻ ✲ ❆ ❣❛❧❛❝t✐❝ s♦✉r❝❡ ♦❢ ❣❛♠♠❛✲r❛② ❧✐♥❡

❡♠✐ss✐♦♥✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✷✶✸✱ ♣✳ ▲✺✱ ✶✾✼✼✳

❬✶✽✺❪ ❏✳ ▼❛❣✐❧❧✱ ●✳ P❢❡♥♥✐❣✱ ❛♥❞ ❏✳ ●❛❧②✱ ✏❑❛r❧sr✉❤❡r ◆✉❦❧✐❞❦❛rt❡✱✑ ✷✵✵✻✳

❬✶✽✻❪ ◆✳ Pr❛♥t③♦s ❛♥❞ ▼✳ ❈❛ssé✱ ✏❖♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❆❧✲✷✻ ❜② ❲♦❧❢✲❘❛②❡t st❛rs

✲ ●❛❧❛❝t✐❝ ②✐❡❧❞ ❛♥❞ ❣❛♠♠❛✲r❛② ❧✐♥❡ ❡♠✐ss✐✈✐t②✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱

✈♦❧✳ ✸✵✼✱ ♣✳ ✸✷✹✱ ✶✾✽✻✳

❬✶✽✼❪ ◆✳ Pr❛♥t③♦s✱ ✏●❛❧❛❝t✐❝ 1.8 ▼❡❱ ❡♠✐ss✐♦♥ ❢r♦♠ ❆❧✲✷✻✱✑ ✐♥ ❚❤❡ ❤♦t ✉♥✐✈❡rs❡✳ Pr♦✲

❝❡❡❞✐♥❣s ♦❢ ■❆❯ ❙②♠♣♦s✐✉♠ ◆♦✳ ✶✽✽✱ ✶✾✾✽✳

❬✶✽✽❪ ❲✳ ❙❝❤♠✉t③ ❛♥❞ ❖✳ ❉✳ ▼❛r❝♦✱ ✏❘❡✈✐s❡❞ st❡❧❧❛r ♣❛r❛♠❡t❡rs ♦❢ ❲♦❧❢✲❘❛②❡t st❛rs✱✑

✐♥ ❲♦❧❢✲❘❛②❡t ♣❤❡♥♦♠❡♥❛ ✐♥ ♠❛ss✐✈❡ st❛rs ❛♥❞ st❛r❜✉rst ❣❛❧❛①✐❡s✳ Pr♦❝❡❡❞✐♥❣s ♦❢

t❤❡ ✶✾✸r❞ s②♠♣♦s✐✉♠ ♦❢ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❆str♦♥♦♠✐❝❛❧ ❯♥✐♦♥✱ ✶✾✾✾✳

❬✶✽✾❪ ❑✳ ❆✳ ✈❛♥ ❞❡r ❍✉❝❤t✱ ✏❚❤❡ ❱■■t❤ ❝❛t❛❧♦❣✉❡ ♦❢ ❣❛❧❛❝t✐❝ ❲♦❧❢✲❘❛②❡t st❛rs✱✑ ◆❡✇

❆str♦♥♦♠② ❘❡✈✐❡✇s✱ ✈♦❧✳ ✹✺✱ ♣✳ ✶✸✺✱ ✷✵✵✶✳

❬✶✾✵❪ ❑✳ ✈❛♥ ❞❡r ❍✉❝❤t ❛♥❞ ❋✳ ▼✳ ❖❧♥♦♥✱ ✏❚❤❡ ♥❡♦♥ ❛❜✉♥❞❛♥❝❡ ♦❢ t❤❡ ❲♦❧❢✲❘❛②❡t st❛r

✐♥ ●❛♠♠❛✲✷ ❱❡❧♦r✉♠✱✑ ❆str♦♥♦♠② ❛♥❞ ❆str♦♣❤②s✐❝s✱ ✈♦❧✳ ✶✹✾✱ ♣✳ ▲✶✼✱ ✶✾✽✺✳

❬✶✾✶❪ ❉✳ ❇♦❞❛♥s❦②✱ ❉✳ ❉✳ ❈❧❛②t♦♥✱ ❛♥❞❲✳ ❆✳ ❋♦✇❧❡r✱ ✏◆✉❝❧❡❛r q✉❛s✐✲❡q✉✐❧✐❜r✐✉♠ ❞✉r✐♥❣

s✐❧✐❝♦♥ ❜✉r♥✐♥❣✱✑ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧ ❙✉♣♣❧❡♠❡♥t✱ ✈♦❧✳ ✶✻✱ ♣✳ ✷✾✾✱ ✶✾✻✽✳

❬✶✾✷❪ P✳ ❖✳ ▲❛❣❛❣❡ ❛♥❞ ❈✳ ❏✳ ❈❡s❛rs❦②✱ ✏❚❤❡ ♠❛①✐♠✉♠ ❡♥❡r❣② ♦❢ ❝♦s♠✐❝ r❛②s ❛❝❝❡❧❡r❛t❡❞

❜② s✉♣❡r♥♦✈❛ s❤♦❝❦s✱✑ ❆str♦♥♦♠② ❛♥❞ ❆str♦♣❤②s✐❝s✱ ✈♦❧✳ ✶✷✺✱ ♣✳ ✷✹✾✱ ✶✾✽✸✳

❬✶✾✸❪ ❱✳ ❙✳ ❇❡r❡③✐♥s❦✐✐✱ ❙✳ ❱✳ ❇✉❧❛♥♦✈✱ ❱✳ ❆✳ ❉♦❣✐❡❧✱ ❱✳ ▲✳ ●✐♥③❜✉r❣✱ ❛♥❞ ❱✳ ❙✳ Pt✉s❦✐♥✱

❆str♦♣❤②s✐❝s ♦❢ ❝♦s♠✐❝ r❛②s✳ ◆♦rt❤✲❍♦❧❧❛♥❞✱ ✶✾✾✵✳

❬✶✾✹❪ P✳ ❋r❡✐❡r✱ ❊✳ ❏✳ ▲♦❢❣r❡♥✱ ❊✳ P✳ ◆❡②✱ ❛♥❞ ❋✳ ❖♣♣❡♥❤❡✐♠❡r✱ ✏❚❤❡ ❤❡❛✈② ❝♦♠♣♦♥❡♥t

♦❢ ♣r✐♠❛r② ❝♦s♠✐❝ r❛②s✱✑ P❤②s✐❝❛❧ ❘❡✈✐❡✇✱ ✈♦❧✳ ✼✹✱ ♣✳ ✶✽✶✽✱ ✶✾✹✽✳

❬✶✾✺❪ ❏✳ ❏✳ ❊♥❣❡❧♠❛♥♥✱ P✳ ❋❡rr❛♥❞♦✱ ❆✳ ❙♦✉t♦✉❧✱ P✳ ●♦r❡t✱ ❛♥❞ ❊✳ ❏✉❧✐✉ss♦♥✱ ✏❈❤❛r❣❡

❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❡♥❡r❣② s♣❡❝tr❛ ♦❢ ❝♦s♠✐❝✲r❛② ♥✉❝❧❡✐ ❢♦r ❡❧❡♠❡♥ts ❢r♦♠ ❇❡ t♦ ◆■

✲ ❘❡s✉❧ts ❢r♦♠ ❍❊❆❖✲✸✲❈✷✱✑ ❆str♦♥♦♠② ❛♥❞ ❆str♦♣❤②s✐❝s✱ ✈♦❧✳ ✷✸✸✱ ♣✳ ✾✻✱ ✶✾✾✵✳

✷✷✷



❬✶✾✻❪ ❲✳ ❘✳ ❇✐♥♥s✱ ❚✳ ▲✳ ●❛rr❛r❞✱ P✳ ❙✳ ●✐❜♥❡r✱ ▼✳ ❍✳ ■sr❛❡❧✱ ▼✳ P✳ ❑❡rt③♠❛♥✱ ❏✳ ❑❧❛r✲

♠❛♥♥✱ ❇✳ ❏✳ ◆❡✇♣♦rt✱ ❊✳ ❈✳ ❙t♦♥❡✱ ❛♥❞ ❈✳ ❏✳ ❲❛❞❞✐♥❣t♦♥✱ ✏❆❜✉♥❞❛♥❝❡s ♦❢ ✉❧tr❛✲

❤❡❛✈② ❡❧❡♠❡♥ts ✐♥ t❤❡ ❝♦s♠✐❝ r❛❞✐❛t✐♦♥ ✲ ❘❡s✉❧ts ❢r♦♠ ❍❊❆❖ ✸✱✑ ❆str♦♣❤②s✐❝❛❧

❏♦✉r♥❛❧✱ ✈♦❧✳ ✸✹✻✱ ♣✳ ✾✾✼✱ ✶✾✽✾✳

❬✶✾✼❪ ❏✳✲P✳ ▼❡②❡r✱ ▲✳ ❖✳ ❉r✉r②✱ ❛♥❞ ❉✳ ❈✳ ❊❧❧✐s♦♥✱ ✏●❛❧❛❝t✐❝ ❝♦s♠✐❝ r❛②s ❢r♦♠ s✉♣❡r♥♦✈❛

r❡♠♥❛♥ts✳ ■✳ ❆ ❝♦s♠✐❝✲r❛② ❝♦♠♣♦s✐t✐♦♥ ❝♦♥tr♦❧❧❡❞ ❜② ✈♦❧❛t✐❧✐t② ❛♥❞ ♠❛ss✲t♦✲❝❤❛r❣❡

r❛t✐♦✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱ ✈♦❧✳ ✹✽✼✱ ♣✳ ✶✽✷✱ ✶✾✾✼✳

❬✶✾✽❪ ❉✳ ❈✳ ❆❜❜♦tt ❛♥❞ P✳ ❙✳ ❈♦♥t✐✱ ✏❲♦❧❢✲❘❛②❡t st❛rs✱✑ ❆♥♥✉❛❧ ❘❡✈✐❡✇ ♦❢ ❆str♦♥♦♠②

❛♥❞ ❆str♦♣❤②s✐❝s✱ ✈♦❧✳ ✷✺✱ ♣✳ ✶✶✸✱ ✶✾✽✼✳

❬✶✾✾❪ ❉✳ ❈✳ ❊❧❧✐s♦♥✱ ▲✳ ❖✳ ❉r✉r②✱ ❛♥❞ ❏✳✲P✳ ▼❡②❡r✱ ✏●❛❧❛❝t✐❝ ❝♦s♠✐❝ r❛②s ❢r♦♠ s✉♣❡r♥♦✈❛

r❡♠♥❛♥ts✳ ■■✳ ❙❤♦❝❦ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ ❣❛s ❛♥❞ ❞✉st✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱

✈♦❧✳ ✹✽✼✱ ♣✳ ✶✾✼✱ ✶✾✾✼✳

❬✷✵✵❪ ❖✳ ❑r❛✉s❡✱ ❙✳ ▼✳ ❇✐r❦♠❛♥♥✱ ❚✳ ❯s✉❞❛✱ ❚✳ ❍❛tt♦r✐✱ ▼✳ ●♦t♦✱ ●✳ ❍✳ ❘✐❡❦❡✱ ❛♥❞

❑✳ ❆✳ ▼✐ss❡❧t✱ ✏❚❤❡ ❈❛ss✐♦♣❡✐❛ ❆ s✉♣❡r♥♦✈❛ ✇❛s ♦❢ t②♣❡ ■■❜✱✑ ❙❝✐❡♥❝❡✱ ✈♦❧✳ ✸✷✵✱

♣✳ ✶✶✾✺✱ ✷✵✵✽✳

❬✷✵✶❪ ❱✳ ❙✳ ◆✐❡♠❡❧❛✱ ▼✳ ❚✳ ❘✉✐③✱ ❛♥❞ ▼✳ ▼✳ P❤✐❧❧✐♣s✱ ✏❚❤❡ s✉♣❡r♥♦✈❛ ✶✾✽✸❦ ✐♥ ◆●❈

✹✻✾✾ ✲ ❈❧✉❡s t♦ t❤❡ ♥❛t✉r❡ ♦❢ t②♣❡ ■■ ♣r♦❣❡♥✐t♦rs✱✑ ❚❤❡ ❆str♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧✱

✈♦❧✳ ✷✽✾✱ ♣✳ ✺✷✱ ✶✾✽✺✳

❬✷✵✷❪ ❆✳ ❱✳ ❋✐❧✐♣♣❡♥❦♦ ❛♥❞ ❲✳ ▲✳ ❲✳ ❙❛r❣❡♥t✱ ✏❆ ♣❡❝✉❧✐❛r s✉♣❡r♥♦✈❛ ✐♥ t❤❡ s♣✐r❛❧

❣❛❧❛①② ◆●❈✹✻✶✽✱✑ ◆❛t✉r❡✱ ✈♦❧✳ ✸✶✻✱ ♣✳ ✹✵✼✱ ✶✾✽✺✳

❬✷✵✸❪ ❘✳ ❙❝❤❛❡✛❡r✱ ▼✳ ❈❛ss❡✱ ❛♥❞ ❙✳ ❈❛❤❡♥✱ ✏▲✐❣❤t ❝✉r✈❡s ♦❢ ❡①♣❧♦❞✐♥❣ ❲♦❧❢✲❘❛②❡t
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