
❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦

✏❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ ✐♥str✉♠❡♥t❛çã♦ ❡ ❛♥á❧✐s❡

❞❡ ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✑

▲✉✐③ ❱✐t♦r ❞❡ ❙♦✉③❛ ❋✐❧❤♦

❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s

✬

✫

✩

✪
❇❛♥❝❛ ❊①❛♠✐♥❛❞♦r❛✿
✲ Pr♦❢❛✳ ❉r❛✳ ❈❛r♦❧❛ ❉♦❜r✐❣❦❡✐t ✲ ❯◆■❈❆▼P ✭❖r✐❡♥t❛❞♦r❛✮
✲ Pr♦❢✳ ❉r✳ ❆♥❞❡rs♦♥ ❋❛✉t❤ ✲ ❯◆■❈❆▼P
✲ Pr♦❢✳ ❉r✳ ❈❛r❧♦s ❖✉r✐✈✐♦ ❊s❝♦❜❛r ✲ ❯◆■❈❆▼P
✲ Pr♦❢✳ ❉r✳ ●✉st❛✈♦ ▼❡❞✐♥❛ ❚❛♥❝♦ ✲ ❯❙P
✲ Pr♦❢✳ ❉r✳ ❘♦❣ér✐♦ ❘♦s❡♥❢❡❧❞ ✲ ■❋❚







➚ ♠✐♥❤❛ ♠ã❡ ❡ ❛♦ ♠❡✉ ♣❛✐✳



✏❉❡s❞❡ q✉❡ s❡ ✉s❡ ❞❡ ♣❛❧❛✈r❛s✱ ✉s❛✲s❡ ❞❡ ✉♠ ✐♥str✉✲
♠❡♥t♦ ❛♦ ♠❡s♠♦ t❡♠♣♦ ❡♠♦t✐✈♦ ❡ ✐♥t❡❧❡❝t✉❛❧✳ ❆ ♣❛✲
❧❛✈r❛ ❝♦♥té♠ ✉♠❛ ✐❞é✐❛ ❡ ✉♠❛ ❡♠♦çã♦✳ P♦r ✐ss♦ ♥ã♦
❤á ♣r♦s❛✱ ♥❡♠ ❛ ♠❛✐s r✐❣✐❞❛♠❡♥t❡ ❝✐❡♥tí✜❝❛✱ q✉❡ ♥ã♦
r❡ss✉♠❡ q✉❛❧q✉❡r s✉❝♦ ❡♠♦t✐✈♦✳ P♦r ✐ss♦ ♥ã♦ ❤á ❡①✲
❝❧❛♠❛çã♦✱ ♥❡♠ ❛ ♠❛✐s ❛❜str❛t❛♠❡♥t❡ ❡♠♦t✐✈❛✱ q✉❡ ♥ã♦
✐♠♣❧✐q✉❡ ❛♦ ♠❡♥♦s ♦ ❡s❜♦ç♦ ❞❡ ✉♠❛ ✐❞é✐❛✳✑

❋❡r♥❛♥❞♦ P❡ss♦❛

✏❖ ❣❡r❛✐s ❝♦rr❡ ❡♠ ✈♦❧t❛✳ ❊ss❡s ❣❡r❛✐s sã♦ s❡♠ t❛♠❛✲
♥❤♦✳ ❊♥✜♠✱ ❝❛❞❛ ✉♠ ♦ q✉❡ q✉❡r ❛♣r♦✈❛✱ ♦ s❡♥❤♦r s❛❜❡✿
♣ã♦ ♦✉ ♣ã❡s✱ é q✉❡stã♦ ❞❡ ♦♣✐♥✐ã❡s✳✳✳ ❖ s❡rtã♦ ❡stá ❡♠
t♦❞❛ ❛ ♣❛rt❡✳✑

❏♦ã♦ ●✉✐♠❛rã❡s ❘♦s❛



❆❣r❛❞❡❝✐♠❡♥t♦s

▼❡✉s ♠❛✐♦r❡s ❛❣r❛❞❡❝✐♠❡♥t♦s ♣❡❧❛ r❡❛❧✐③❛çã♦ ❞❡st❛ t❡s❡ sã♦ à ♠✐♥❤❛ ❢❛✲
♠í❧✐❛✳ ❆ ♠❡✉s ♣❛✐s ❞❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ❡ t♦❞❛s ❛s ❡♠♦çõ❡s q✉❡ r❡ss✉♠❡♠
❞❡❧❡✳ ❆♠♦ ✈♦❝ês ❞♦✐s ❡ ❞❡s❡❥♦ q✉❡ ❡✉ s❡❥❛ ❝❛♣❛③ ❞❡ ❞❡♠♦♥strá✲❧♦ s❡♠♣r❡ ❡
❝❛❞❛ ✈❡③ ♠❛✐s✳

❚❛♠❜é♠ ❛❣r❛❞❡ç♦ ♠✉✐t♦ à ❚❤❛♥❛✱ ♣❡❧❛ ❝♦♠♣❛♥❤✐❛ ❡ ❝❛r✐♥❤♦✱ q✉❡ s❡❣✉✲
r❛♠❡♥t❡ ❡st✐✈❡r❛♠ ♣r❡s❡♥t❡s ❡ ❢♦r❛♠ ❡ss❡♥❝✐❛✐s ♥❡st❡s ❛♥♦s✱ r❡s✉♠✐♥❞♦✿ t❡
❛♠♦ ♠✉✐t♦✳ ❊♥tr❡ ❛s ♣❡ss♦❛s q✉❡ ❝♦♠♣õ❡♠ ♠✐♥❤❛ ❢❛♠í❧✐❛ ❛✐♥❞❛ ✐♥❝❧✉♦ ♠✐✲
♥❤❛ q✉❡r✐❞❛ ❆✈ó ▼❛r✐❛✱ ♠❡✉s ❛❣r❛❞❡❝✐♠❡♥t♦s ❛ ❡❧❛ s❡rã♦ s❡♠♣r❡ ✐♥s✉✜❝✐❡♥t❡s
♣❛r❛ ❞❡♠♦♥str❛r ♠❡✉ ❜❡♠ q✉❡r❡r ♣♦r ❡ss❛ ✜❣✉r❛ ❝❡♥tr❛❧ ♥❛ ♠✐♥❤❛ ✈✐❞❛✳

❙✐♥t♦✲♠❡ ♠✉✐t♦ ♣r✐✈✐❧❡❣✐❛❞♦ ❛♦ ❡s❝r❡✈❡r ❡st❛s ❧✐♥❤❛s ♣♦rq✉❡ ♣❡r❝❡❜♦ q✉❡
t❡♥❤♦ ♠✉✐t❛s ♣❡ss♦❛s ❛ ❛❣r❛❞❡❝❡r✳ ❋❡❧✐③♠❡♥t❡✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥❢❡❝çã♦ ❞❡st❛
t❡s❡ ♥ã♦ ♠❡ ✐s♦❧♦✉ ♥❡♠ ♠❡ ❛❢❛st♦✉ ❞♦ ❝♦♥t❛t♦ ❞❛s ♣❡ss♦❛s q✉❡ ♠❛✐s ♣r❡③♦ ❡
t❛❧✈❡③ ❛ ♠❛✐♦r ❞❡♠♦♥str❛çã♦ ❞✐st♦ é t❡r ❡♥❝♦♥tr❛❞♦ ♥❡st❡ ♣❡rí♦❞♦ ❛ ♠✉❧❤❡r
❝♦♠ q✉❡♠ ♣r❡t❡♥❞♦ ✈✐✈❡r ♠✐♥❤❛ ✈✐❞❛✳ ➚ ❉❛♥✐❡❧❛ ❛❣r❛❞❡ç♦ ♣♦r ❡ss❡ t❡♠♣♦
❞❡ ✉♥✐ã♦✱ ❞❡s❡❥❛♥❞♦ q✉❡ ❡st❛ ❛♠♦str❛ ❞❡ ❢❡❧✐❝✐❞❛❞❡ s❡ ♣❡r♣❡t✉❡ ♣♦r t♦❞❛ ❛
♥♦ss❛ ✈✐❞❛✳

❆♦s ♠❡✉s ❛♠✐❣♦s t❡♥❤♦ ✐♥ú♠❡r♦s ♠♦t✐✈♦s ♣❛r❛ ❛❣r❛❞❡❝❡r ❡ ✜❝❛ ✐♠♣♦ssí✈❡❧
s❡♣❛r❛r ❛ q✉❛✐s ❡✉ ❣♦st❛r✐❛ ❞❡ ❛❣r❛❞❡❝❡r ♣♦r ❡st❛ ♦✉ ❛q✉❡❧❛ r❛③ã♦✳ ❆❧❣✉♥s
❛❥✉❞❛r❛♠✲♠❡ ♠✉✐t♦ ♣r♦✜ss✐♦♥❛❧♠❡♥t❡ ♥❛ ❝♦♥❢❡❝çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ s❡♠ ❛❧✲
❣✉♥s ❞❡❧❡s ❡st❛ t❡s❡ ♥ã♦ t❡r✐❛ s❡ ❝♦♥❝r❡t✐③❛❞♦✳ ❖✉tr♦s ♥ã♦ tê♠ ❛ ♠❡♥♦r ✐❞é✐❛
❞♦ s✐❣♥✐✜❝❛❞♦ ❞♦ t❡①t♦ ❡ ❣rá✜❝♦s ❞❡st❛ r❡❞❛çã♦ ♠❛s s✉❛ ❝♦♥tr✐❜✉✐çã♦ ♣❡ss♦❛❧
❢♦✐ tã♦ ♦✉ ♠❛✐s ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♦ tér♠✐♥♦ ❞❡st❛ t❡s❡ ❡ ❡st❡♥❞❡✲s❡ ♠✉✐t♦ ❛❧é♠✳
❆✐♥❞❛ ❡①✐st❡♠ ❛q✉❡❧❡s q✉❡ ✜③❡r❛♠ ♣❛rt❡ ❞❡st❛ ❡str❛❞❛ ❞❡ ❛♠❜❛s ❛s ❢♦r♠❛s✿
♣r♦✜ss✐♦♥❛❧ ❡ ♣❡ss♦❛❧♠❡♥t❡✳ ❆ss✐♠✱ ❧✐♠✐t♦✲♠❡ ❛ ❧✐st❛r ♦s ♥♦♠❡s ❡♠ ♦r❞❡♠
❛❧❢❛❜ét✐❝❛ ❞❛q✉❡❧❡s q✉❡ ♣♦r ✉♠ ♠♦t✐✈♦ ♦✉ ♦✉tr♦ ❥✉❧❣♦ t❡r❡♠ s✐❞♦ ♣❡ss♦❛s
✐♠♣♦rt❛♥tíss✐♠❛s ♥❛ ♠✐♥❤❛ ✈✐❞❛ ♥❡st❡ ♣❡rí♦❞♦✿

• ❆❧❡①❛♥❞r❡✱ ❈❛t❛❧❛♥✐✱ ❉♦r❡tt♦✱ ❊s❝♦❜❛r✱ ❍❡♥r✐q✉❡✱ ❏❛❣❡r✱ ❏❡❢❡rs♦♥✱ ▲✐♠❛✱
▲✉✐s Pr❛❞♦✱ ▼❛r❝❡❧♦ ▲❡✐❣✉✐✱ ▼❛r❝✉s✱ ◆✐✈❛❧❞♦✱ ❘✐❝❛r❞♦ ❙❛t♦ ❡ ❙❛♥❞r♦✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❇r✉❝❡ ❉❛✇s♦♥ ❢♦r ❤✐s ❛❞✈✐❝❡s ❛♥❞ ❣✉✐❞❛♥❝❡ ✐♥ s♦♠❡
♦❢ t❤❡ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ❤❡r❡✳ ■ ❛♠ ❛❧s♦ ✈❡r② ❣r❛t❡❢✉❧ t♦ t❤❡ ❡♥t✐r❡ ❣r♦✉♣
✐♥ ❆❞❡❧❛✐❞❡✱ s♣❡❝✐❛❧❧② ❏♦sé ❆❧❢r❡❞♦ ❇❡❧❧✐❞♦✱ ❘♦❣❡r ❈❧❛② ❛♥❞ ❆❧✐♥❛ ❉♦♥❡❛✱ ❢♦r
t❤❡ ❤♦s♣✐t❛❧✐t② ❞✉r✐♥❣ ♠② ✈✐s✐t✳



▼❡✉s ♠❛✐s s✐♥❝❡r♦s ❛❣r❛❞❡❝✐♠❡♥t♦s à ❈❛r♦❧❛ ♣❡❧❛ s✉❛ ♦r✐❡♥t❛çã♦ ♣❡ss♦❛❧
❡ ♣r♦✜ss✐♦♥❛❧ ❞✉r❛♥t❡ ♦s ✈ár✐♦s ❛♥♦s q✉❡ tr❛❜❛❧❤❛♠♦s ❥✉♥t♦s✳ ❙✉❛ ❛t❡♥çã♦ ❡
❝❛r✐♥❤♦ s❡rã♦ s❡♠♣r❡ ❧❡♠❜r❛❞♦s ❞❡ ♠❛♥❡✐r❛ ♠✉✐t♦ ❡s♣❡❝✐❛❧✳

❋✐♥❛❧♠❡♥t❡✱ ❛❣r❛❞❡ç♦ ❛♦ ♣♦✈♦ ❜r❛s✐❧❡✐r♦✱ q✉❡ ✜♥❛♥❝✐♦✉ ♠❡✉s ❡st✉❞♦s ❛tr❛✲
✈és ❞❛ ❋✉♥❞❛çã♦ ❞❡ ❆♠♣❛r♦ à P❡sq✉✐s❛ ❞♦ ❊st❛❞♦ ❞❡ ❙ã♦ P❛✉❧♦✿ ❋❆P❊❙P✳
❆♦ ♠❡✉ ♣♦✈♦ t❛♠❜é♠ ❞❡❞✐❝♦ ♠❡✉ s✐♥❣❡❧♦ tr❛❜❛❧❤♦✱ s❛❜❡♥❞♦ q✉❡ ❡❧❡ ♣♦✉❝♦
❛❝r❡s❝❡♥t❛ à r✐q✉❡③❛ ❝✉❧t✉r❛❧ ✐♥✈❡♥t❛❞❛ ❡ ❛❝✉♠✉❧❛❞❛ ♣❡❧❛s ♣❡ss♦❛s ❞❡st❡ ♣❛ís✳



❘❡s✉♠♦

❊st❛ t❡s❡ é ✐♥t❡✐r❛♠❡♥t❡ ❞❡❞✐❝❛❞❛ à ❝♦♥str✉çã♦ ❡ ❛♦ ✐♥í❝✐♦ ❞❛ ❛♥á❧✐s❡ ❞❡
❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆ ❡s❝♦❧❤❛ ❞♦ t❡♠❛ ❞❛ ❞✐ss❡rt❛çã♦ r❡✢❡t❡ ❛
❝r❡♥ç❛ ♥❛s ♣❡ss♦❛s ❡♥✈♦❧✈✐❞❛s ♥❡st❛ ❈♦❧❛❜♦r❛çã♦ ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ✶✾ ♣❛ís❡s ❡
r❡✈❡❧❛ ♥♦ss♦ ❥✉❧❣❛♠❡♥t♦ s♦❜r❡ ❛s ✐♠♣♦rt❛♥t❡s q✉❡stõ❡s ❛ s❡r❡♠ r❡s♣♦♥❞✐❞❛s
♣♦r ❡ss❡ ❡①♣❡r✐♠❡♥t♦✳

■♥❢❡❧✐③♠❡♥t❡✱ ❡st❛ t❡s❡ s❡ ❡♥❝❡rr❛ ❛♥t❡s q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝✲
t❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦✱ ❞❡✈✐❞♦ ❛♦ ❝✉rt♦ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦✱ s❡❥❛ s✉✜❝✐❡♥t❡
♣❛r❛ ♣r♦❞✉③✐r♠♦s r❡s✉❧t❛❞♦s ❢ís✐❝♦s s✐❣♥✐✜❝❛t✐✈♦s✳ P♦ré♠✱ ❡s♣❡r❛♠♦s ♠♦s✲
tr❛r ❛té ♦ ✜♥❛❧ ❞❡st❛ ❞✐ss❡rt❛çã♦ q✉❡ ♦s ✐♥str✉♠❡♥t♦s ❞❡ ♠❡❞✐❞❛s ❢♦r❛♠ ❝♦♠✲
♣r❡❡♥❞✐❞♦s ❡ ❛s ❢❡rr❛♠❡♥t❛s ❞❡ ❛♥á❧✐s❡ ❞❡s❡♥✈♦❧✈✐❞❛s ❡ t❡st❛❞❛s ❞❡ ❢♦r♠❛
s❛t✐s❢❛tór✐❛ ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ❞♦ ♣r♦tót✐♣♦✳

◆♦ ♣r✐♠❡✐r♦ t❡♠❛ ❞❡st❡ tr❛❜❛❧❤♦ ❛❜♦r❞❛♠♦s ♦ ❛♥❡❧ ❝♦rr❡t♦r ❞♦ t❡❧❡s❝ó♣✐♦
❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❋❛r❡♠♦s ✉♠❛ rá♣✐❞❛ ❞❡s❝r✐çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥str✉çã♦
♥❛ ❢á❜r✐❝❛ ❙❝❤✇❛♥t③ ❡♠ ■♥❞❛✐❛t✉❜❛ ❡ ♠♦str❛r❡♠♦s ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞❛
❡✜❝✐ê♥❝✐❛ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❜❛s❡❛❞♦ ❡♠ ❢♦t♦s ❞❛ ❡str❡❧❛ ❱❡❣❛ t✐r❛❞❛s ❡♠ ✉♠
❞♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

❊♠ s❡❣✉✐❞❛✱ ❞❡s❝r❡✈❡r❡♠♦s ♦ ♣r♦❣r❛♠❛ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s✲
❝ê♥❝✐❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞♦ ❛ ♣❛rt✐r ❞♦ ♣r♦❣r❛♠❛ ❈❖❘❙■❑❆✳ ◆♦✈❛s r♦t✐♥❛s
❢♦r❛♠ ✐♥tr♦❞✉③✐❞❛s ♥♦ ❈❖❘❙■❑❆ ♣❛r❛ ❣❡r❛r ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❛ ♣❛rt✐r
❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❝❛rr❡❣❛❞❛ ♥♦ ❝❤✉✈❡✐r♦✳ ❊st❛ ❛❜♦r❞❛❣❡♠ ♣❡r♠✐t❡✱ ♣❡❧❛ ♣r✐✲
♠❡✐r❛ ✈❡③✱ ✉♠❛ ❞❡s❝r✐çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♥♦
❝❤✉✈❡✐r♦✳ ❯t✐❧✐③❛♥❞♦ ♥♦ss♦ s✐♠✉❧❛❞♦r ❢♦✐ ♣♦ssí✈❡❧ ❡st✉❞❛r ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡
❞❡t❡❝t❛r♠♦s ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❝♦♠ ♦s t❡❧❡s❝ó✲
♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❯♠❛ ❡st✐♠❛t✐✈❛ ❞❛ ❝❛♣❛❝✐❞❛❞❡
❞❡ ♠❡❞✐❞❛ s❡rá ❛♣r❡s❡♥t❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✹✳

P♦r ú❧t✐♠♦ ❛♣r❡s❡♥t❛r❡♠♦s ❛ ❞❡s❝r✐çã♦ ❞❡ ✉♠ ♠ét♦❞♦ ❞❡ r❡❝♦♥str✉çã♦
❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ❝❤✉✈❡✐r♦ ✉t✐❧✐③❛♥❞♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❞❛❞♦s ❞♦s
t❛♥q✉❡s ❝♦♠ á❣✉❛ ❡ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❊st❛ té❝♥✐❝❛ ❤í❜r✐❞❛
❢♦✐ r❡✲❡st✉❞❛❞❛ ❛ ♣❛rt✐r ❞❡ ♥♦✈♦s ♣r♦❣r❛♠❛s ❞❡ r❡❝♦♥str✉çã♦ ❡ ❞❡t❛❧❤❛❞❛s
s✐♠✉❧❛çõ❡s ❞♦s ❞❡t❡❝t♦r❡s✳

❊st❛ r❡❝♦♥str✉çã♦ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛ ❢♦✐ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛
r❡s♦❧✉çã♦ ❞❛ té❝♥✐❝❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛s✱ ❞✐❢❡r❡♥t❡s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s
❡ ❞✐❢❡r❡♥t❡s s✉♣♦s✐çõ❡s ❞❡ ❞❡s❝r✐çã♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❖ ♠❡s♠♦ ♣r♦❣r❛♠❛ ❢♦✐
✉t✐❧✐③❛❞♦ ♣❛r❛ ♣r♦❞✉③✐r ✉♠❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♣r❡❧✐♠✐♥❛r ❝♦♠ ♦s ❞❛❞♦s ❞♦
♣r♦tót✐♣♦✳



❆❜str❛❝t

❚❤✐s ✇♦r❦ ✐s ❞❡✈♦t❡❞ t♦ t❤❡ ❝♦♥str✉❝t✐♦♥ ❛♥❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❞❛t❛
❛♥❛❧②s✐s ♦❢ t❤❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ s✉❜❥❡❝t ❢♦r t❤✐s t❤❡s✐s
✐❧❧✉str❛t❡s ♦✉r ❜❡❧✐❡❢ ✐♥ t❤❡ ♣❡♦♣❧❡ ✐♥✈♦❧✈❡❞ ✐♥ t❤✐s ■♥t❡r♥❛t✐♦♥❛❧ ❈♦❧❧❛❜♦r❛t✐♦♥
♦❢ ✶✾ ❝♦✉♥tr✐❡s ❛♥❞ s❤♦✇s ♦✉r ❥✉❞❣♠❡♥t ❛❜♦✉t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ q✉❡st✐♦♥s
t♦ ❜❡ ❛♥s✇❡r❡❞ ❜② t❤✐s ❡①♣❡r✐♠❡♥t✳

❯♥❢♦rt✉♥❛t❡❧②✱ t❤✐s t❤❡s✐s ❡♥❞s ❜❡❢♦r❡ t❤❡ ❖❜s❡r✈❛t♦r② ❤❛❞ t✐♠❡ t♦ ❞❡t❡❝t
❡♥♦✉❣❤ ❡✈❡♥ts t♦ ♣r♦❞✉❝❡ s✐❣♥✐✜❝❛♥t ♣❤②s✐❝❛❧ r❡s✉❧ts✳ ❍♦✇❡✈❡r✱ ✇❡ ❡①♣❡❝t t♦
s❤♦✇ ✐♥ t❤✐s ❡ss❛② t❤❛t t❤❡ ✐♥str✉♠❡♥ts ❤❛✈❡ ❜❡❡♥ ✉♥❞❡rst♦♦❞ ❛♥❞ t❤❡ ❛♥❛❧②s✐s
t♦♦❧s ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛♥❞ t❡st❡❞ s❛t✐s❢❛❝t♦r✐❧② ❞✉r✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ♦❢
t❤❡ ♣r♦t♦t②♣❡✳

❚❤❡ ✜rst s✉❜❥❡❝t ♦❢ t❤✐s ✇♦r❦ ✐s t❤❡ ❝♦rr❡❝t♦r r✐♥❣ ♦❢ t❤❡ ✢✉♦r❡s❝❡♥❝❡
t❡❧❡s❝♦♣❡s✳ ❲❡ ❛r❡ ❣♦✐♥❣ t♦ q✉✐❝❦❧② ❞❡s❝r✐❜❡ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❧❡♥s❡s ✐♥
t❤❡ ❙❝❤✇❛♥t③ ■♥❞✉str② ✭❇r❛③✐❧✮ ❛♥❞ ✇❡ ❛r❡ ❣♦✐♥❣ t♦ s❤♦✇ ❛ ❞❡t❛✐❧❡❞ st✉❞② ♦❢
t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ r✐♥❣ ❜❛s❡❞ ♦♥ ♣✐❝t✉r❡s ♦❢ t❤❡ ❱❡❣❛ st❛r t❛❦❡♥ ✐♥ ♦♥❡ ♦❢
t❤❡ t❡❧❡s❝♦♣❡s ♦❢ t❤❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✳

■♥ ❛❞❞✐t✐♦♥✱ ❛ ♥❡✇ ♣r♦❣r❛♠ t♦ s✐♠✉❧❛t❡ ✢✉♦r❡s❝❡♥❝❡ ❧✐❣❤t ✐s ❣♦✐♥❣ t♦ ❜❡
❞❡s❝r✐❜❡❞✳ ❲❡ ❤❛✈❡ ✐♥❝♦r♣♦r❛t❡❞ ♥❡✇ r♦✉t✐♥❡s ✐♥t♦ t❤❡ ❈❖❘❙■❑❆ ♣r♦❣r❛♠
✐♥ ♦r❞❡r t♦ ❣❡♥❡r❛t❡ ✢✉♦r❡s❝❡♥❝❡ ♣❤♦t♦♥s ❢♦r ❡❛❝❤ ❝❤❛r❣❡❞ ♣❛rt✐❝❧❡ ✐♥ t❤❡
s❤♦✇❡r✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s ❛ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡♠✐ss✐♦♥ ♦❢
♣❤♦t♦♥s ♥❡✈❡r ❞♦♥❡ ✐♥ t❤❡ ♣❛st✳

❆s ❛ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s ♣r♦❣r❛♠ ✇❡ ❤❛✈❡ ❞❡t❡r♠✐♥❡❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢
♠❡❛s✉r✐♥❣ t❤❡ ❧❛t❡r❛❧ ♣r♦✜❧❡ ♦❢ ❡①t❡♥s✐✈❡ ❛✐r s❤♦✇❡rs ✇✐t❤ t❤❡ ❆✉❣❡r ❚❡❧❡s✲
❝♦♣❡s✳

❆s ❧❛st✱ ✇❡ ❛r❡ ❣♦✐♥❣ t♦ ❞✐s❝✉ss ❛ r❡❝♦♥str✉❝t✐♦♥ ♠❡t❤♦❞ ♦❢ t❤❡ ❞✐r❡❝t✐♦♥
♦❢ t❤❡ s❤♦✇❡r ✉s✐♥❣ s✐♠✉❧t❛♥❡♦✉s❧② ❞❛t❛ ❢r♦♠ t❤❡ ✢✉♦r❡s❝❡♥❝❡ t❡❧❡s❝♦♣❡s
❛♥❞ t❤❡ ✇❛t❡r t❛♥❦s✳ ❚❤❡ ❤②❜r✐❞ t❡❝❤♥✐q✉❡ ❤❛s ❜❡❡♥ r❡✲st✉❞✐❡❞ ✇✐t❤ ♥❡✇
r❡❝♦♥str✉❝t✐♦♥ ❛♥❞ ❞❡t❛✐❧❡❞ ❞❡t❡❝t♦r s✐♠✉❧❛t✐♦♥ ♣r♦❣r❛♠s✳

❚❤❡ r❡❝♦♥str✉❝t✐♦♥ ♣r♦❣r❛♠ ✇❡ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ✇❛s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡
t❤❡ r❡❝♦♥str✉❝t✐♦♥ r❡s♦❧✉t✐♦♥ ❢♦r ✈❛r✐♦✉s ❡♥❡r❣✐❡s✱ ❞✐✛❡r❡♥t ♣r✐♠❛r② ♣❛rt✐❝❧❡s
❛♥❞ ❞✐✛❡r❡♥t ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ s❤♦✇❡rs✳ ❚❤❡ s❛♠❡ ♣r♦❣r❛♠ ✇❛s ❛❧s♦ ✉s❡❞ t♦
♣r♦❞✉❝❡ ❛ ♣r❡❧✐♠✐♥❛r② ❡❧♦♥❣❛t✐♦♥ r❛t❡ ❢♦r t❤❡ ❞❛t❛ ❞❡t❡❝t❡❞ ❜② t❤❡ ♣r♦t♦t②♣❡✳





❈♦♥t❡ú❞♦

✶ ■♥tr♦❞✉çã♦ ✶

✷ ❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✾
✷✳✶ ❉❡t❡❝t♦r❡s ❞❡ ❙✉♣❡r❢í❝✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✷✳✷ ❚❡❧❡s❝ó♣✐♦s ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✷✳✸ P♦t❡♥❝✐❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✸✳✶ ❊✈❡♥t♦s ❞♦ Pr♦tót✐♣♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✷✳✹ Pr♦❣r❛♠❛s ❞✐s♣♦♥í✈❡✐s ♥❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✹✳✶ ❙❉❙✐♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷
✷✳✹✳✷ ❋❉❙✐♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✷✳✹✳✸ ❋▲❖❘❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✸ ❖ ❆♥❡❧ ❈♦rr❡t♦r ✷✺
✸✳✶ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✸✳✷ ❈♦♥str✉çã♦ ❞♦ ❆♥❡❧ ❈♦rr❡t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
✸✳✸ ❚❡st❡s ❞♦ ❆♥❡❧ ❈♦rr❡t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✸✳✸✳✶ ❋♦t♦s ❞❡ ❊str❡❧❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶
❆rr❛♥❥♦ ❊①♣❡r✐♠❡♥t❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶
❆♥á❧✐s❡ ❞❛s ❋♦t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸
❘❡s✉❧t❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✸✳✸✳✷ ■♥✢✉ê♥❝✐❛ ♥♦ ❛♥❡❧ ❝♦rr❡t♦r ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉✲
çã♦ ❞♦s ❡✈❡♥t♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹ ❙✐♠✉❧❛çã♦ ❞❛ ▲✉③ ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛ ✹✺
✹✳✶ ▼♦t✐✈❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✹✳✷ ❉❡s❝r✐çã♦ ❞♦ Pr♦❣r❛♠❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✹✳✷✳✶ ❆❧❣♦r✐t♠♦ ❞❡ ❞✐❧✉✐çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✹✳✷✳✷ P❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞♦ ❝♦rt❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

❳■



❳■■ ❈❖◆❚❊Ú❉❖

✹✳✷✳✸ ❈♦♠♣❛r❛çã♦ ❝♦♠ ❡✈❡♥t♦s r❡❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
✹✳✸ ❘❡s✉❧t❛❞♦s✿ ✶❉ ✈❡rs✉s ✸❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✹✳✸✳✶ ❚r✐❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✺ ❘❡❝♦♥str✉çã♦ ❞❡ ❊✈❡♥t♦s ❍í❜r✐❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✻✼
✺✳✶ ❘❡❝♦♥str✉çã♦ ❞❡ ❊✈❡♥t♦s ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽
✺✳✷ ❘❡❝♦♥str✉çã♦ ❍í❜r✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✺✳✷✳✶ ❉❡t❛❧❤❡s ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸
✺✳✸ ❙✐♠✉❧❛çã♦ ❍í❜r✐❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺
✺✳✹ ❘❡s✉❧t❛❞♦s✿ ❘❡s♦❧✉çã♦ ❞❛s ❘❡❝♦♥str✉çõ❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✹✳✶ ❘❡s♦❧✉çã♦ ♣❛r❛ ♣rót♦♥s ❡ ❢❡rr♦ ♣r✐♠ár✐♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
✺✳✹✳✷ ❘❡s♦❧✉çã♦ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✺✳✹✳✸ ❈♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❉❡s✐❣♥ ❘❡♣♦rt ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶
✺✳✹✳✹ ❘❡s♦❧✉çã♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ♣❛râ♠❡tr♦s ❞❛ r❡❝♦♥str✉çã♦ ✳ ✽✹

✺✳✺ ❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✻ ❈♦♥❝❧✉sã♦ ✾✺
✻✳✶ ❆♥❡❧ ❈♦rr❡t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻
✻✳✷ ❙✐♠✉❧❛çã♦ ❞❛ ▲✉③ ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼
✻✳✸ ❘❡❝♦♥str✉çã♦✿ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✶✳✶ ■❧✉str❛çã♦ ❞❡ ❞✐✈❡rs❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛ ❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r✲
❣✐❛ ❞❡ ♦♣❡r❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✶✳✷ ❊s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠♣✐❧❛❞♦ ♣♦r ❙✳ ❙✇♦r❞② ❛ ♣❛rt✐r
❞❡ ✈ár✐♦s ❞❛❞♦s ♣✉❜❧✐❝❛❞♦s ♣❡❧♦s ❡①♣❡r✐♠❡♥t♦s ▲❊❆P✱ Pr♦t♦♥✱
❆❦❡♥♦✱ ❆●❆❙❆✱ ❋❧②✬s ❊②❡✱ ❍❛✈❡r❛❤ P❛r❦ ❡ ❨❛❦✉ts❦✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✸ ■♠❛❣❡♥s ❞❛ ❱✐❛ ▲á❝t❡❛ ❡♠ ❞✐❢❡r❡♥t❡s ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛✳ ❆
♣r✐♠❡✐r❛ ❢♦t♦ é ❛ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❣❛♠❛ ❝♦♠ ❡♥❡r❣✐❛s ❛❝✐♠❛
❞❡ ✶✵✵ ▼❡❱ ♣❡❧♦ s❛té❧✐t❡ ❈●❘❖✳ ❆ ♣r✐♠❡✐r❛ ❢♦t♦ à ❞✐r❡✐t❛ é
❛ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❳ ❝♦♠ ❡♥❡r❣✐❛s ❡♥tr❡ ✵✳✷✺ ❡ ✶✳✺ ❦❡❱ ♣❡❧♦s
s❛té❧✐t❡s ●❙❋❈ ❡ ❘❖❙❆❚✳ ◆❛ ♠❡s♠❛ s❡qüê♥❝✐❛ t❡♠♦s ✐♠❛✲
❣❡♥s ❡♠ ✉❧tr❛✈✐♦❧❡t❛ ♣❡❧♦ ●❙❋❈✱ ✈✐sí✈❡❧ ♣♦r ❆①❡❧ ▼❡❧❧✐♥❣❡r✱
✐♥❢r❛✈❡r♠❡❧❤♦ ♣❡❧♦ ❈❖❇❊ ❡ rá❞✐♦ ✭✹✵✽ ▼❍③✮ ♣❡❧♦ ▼P✐❢❘ ❡
❙❦②❱✐❡✇✳ ❋♦♥t❡ ❬✶❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✹ ❈♦♥tr✐❜✉✐çã♦ ❞❡ q✉❛tr♦ t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❛♦ ❡s♣❡❝✲
tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ r❡❣✐ã♦ ❞♦ ❥♦❡❧❤♦✳ ●rá✜❝♦ r❡t✐r❛❞♦ ❞❛
r❡❢❡rê♥❝✐❛ ❬✷❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷✳✶ ❊s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❡♠ t♦r♥♦ ❞❡ 5 × 1019

❡❱✳ ❆ ❧✐♥❤❛ ♣r❡t❛ ♠♦str❛ ❛ ♣r❡❞✐çã♦ ❞♦ ❡s♣❡❝tr♦ ❝♦♥❞✐③❡♥t❡
❝♦♠ ♦ ❝♦rt❡ ●❩❑✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✷ ❊sq✉❡♠❛ ❡ ❢♦t♦ ❞♦ t❛♥q✉❡ ✉t✐❧✐③❛❞♦ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❆✉❣❡r✳ ✳ ✶✷
✷✳✸ P♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s t❛♥q✉❡s ♥♦ sít✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

❡♠ ▼❛❧❛r❣ü❡✳ ❆ ✜❣✉r❛ ♠♦str❛ ❡♠ ❛♠❛r❡❧♦ ♦s t❛♥q✉❡s q✉❡
❢❛❧t❛♠ s❡r ✐♥st❛❧❛❞♦s ❡ ❡♠ ♦✉tr❛s ❝♦r❡s ♦s t❛♥q✉❡s ❡♠ ❡t❛♣❛s
❞♦ ♣r♦❝❡ss♦ ❞❡ ✐♥st❛❧❛çã♦ ❡ ♦♣❡r❛çã♦✳ ❚❛♠❜é♠ ❡stá s✐♥❛❧✐③❛❞♦
♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳
❊st❛ ✜❣✉r❛ ❢♦✐ ♣r❡♣❛r❛❞❛ ♣♦r ▼✐❣✉❡❧ ▼✉st❛❢❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
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✷✳✹ ❙✐♥❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱ ❡♠ ✉♠ t❛♥q✉❡
❷❡r❡♥❦♦✈ s❡♣❛r❛❞♦ ❡♠ s✉❛s ❝♦♠♣♦♥❡♥t❡s ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❡
♠✉ô♥✐❝❛ ♣❛r❛ q✉❛tr♦ ❞✐stâ♥❝✐❛s ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ◆❛ ❝♦❧✉♥❛
à ❡sq✉❡r❞❛ ❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é ✉♠ ♣rót♦♥ ❡ ♥❛ ❝♦❧✉♥❛ à
❞✐r❡✐t❛ ✉♠ ♥ú❝❧❡♦ ❞❡ ❢❡rr♦✳ ◆♦t❡ q✉❡ ❛ ❡s❝❛❧❛ ✈❡rt✐❝❛❧ é s❡♠♣r❡
❞❡ ✵ ❛ ✶ ♣❛r❛ ♦ s✐♥❛❧ ✐♥t❡❣r❛❞♦✳ ❊st❛ ✜❣✉r❛ ❢♦✐ r❡t✐r❛❞❛ ❞❛
r❡❢❡rê♥❝✐❛ ❬✸❪ ❡ ✐❧✉str❛ ❛ ❞✐❢❡r❡♥ç❛ ♥♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛s
❝♦♠♣♦♥❡♥t❡s ♠✉ô♥✐❝❛ ❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷✳✺ ❋♦t♦s ❞♦ t❡❧❡s❝ó♣✐♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆ ❢♦t♦
à ❡sq✉❡r❞❛ ♠♦str❛ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡ ♦ ❛♥❡❧
❝♦rr❡t♦r✳ ❆ ❢♦t♦ à ❞✐r❡✐t❛ ♠♦str❛ ♦ ❡s♣❡❧❤♦ ❡ ❛ ❝â♠❛r❛ ❞❡
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ✈✐st❛ ♣♦r trás✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✻ ❊①♣♦s✐çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❝♦♠✲
♣❛r❛❞❛ ❝♦♠ ❛ ❞❡ ♦✉tr♦s ❡①♣❡r✐♠❡♥t♦s ❡♠ ♦♣❡r❛çã♦✳ ❖ ❣rá✜❝♦
s✉♣õ❡ ❝✉♠♣r✐❞♦ ♦ ❝r♦♥♦❣r❛♠❛ ❞❡ ❝♦♥str✉çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦
q✉❡ ♣r❡✈ê ♣❛r❛ ✷✵✵✺ ❛ ❡♥tr❛❞❛ ❡♠ ♦♣❡r❛çã♦ ♥❛ ❝♦♥✜❣✉r❛çã♦
✜♥❛❧ ❞♦ sít✐♦ s✉❧ ❡ ♦ ✐♥í❝✐♦ ❞❛ ❝♦♥str✉çã♦ ❞♦ sít✐♦ ♥♦rt❡✳ ❊st❛
✜❣✉r❛ ❢♦✐ ♣r❡♣❛r❛❞❛ ♣❡❧♦ ❉r✳ ❆r✐s❛❦❛ ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✳ ✷✵

✸✳✶ ❘❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❡❧♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦
q✉❡ ✐❧✉str❛♠ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❡♠ ✉♠ t❡❧❡s✲
❝ó♣✐♦ ❝♦♠ ❞✐❛❢r❛❣♠❛ ❞❡ r❛✐♦ ✶✳✶ ♠✳ ❆ ✜❣✉r❛ ❞❛ ❡sq✉❡r❞❛ ❢♦✐
♦❜t✐❞❛ s✐♠✉❧❛♥❞♦ ♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛♥❡❧ ❝♦rr❡t♦r ❡ ❛ ❞❛ ❞✐r❡✐t❛
s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸✳✷ ▼áq✉✐♥❛ ♣r♦tót✐♣♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❛♥❡❧ ❝♦r✲
r❡t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✸ ▼áq✉✐♥❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♥❛ ❊♠♣r❡s❛ ❙❝❤✇❛♥t③ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦
❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✹ Pr♦❥❡t♦ ✜♥❛❧ ❞❛ ♠áq✉✐♥❛ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✱
❞❡s❡♥✈♦❧✈✐❞❛ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛ ❊♠♣r❡s❛ ❙❝❤✇❛♥t③✳ ❆ ♠á✲
q✉✐♥❛ ❝♦♥str✉í❞❛ t❡♠ ❝♦♠♦ ❡❧❡♠❡♥t♦s ❜ás✐❝♦s ✉♠ ❞✐s❝♦ ❞❡s✲
❜❛st❛❞♦r ❡ ✉♠ ❝❛❜❡ç♦t❡ ❞❡ ♠♦✈✐♠❡♥t♦ ❛❧❡❛tór✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✸✳✺ ❈♦♠♣♦♥❡♥t❡ r❛❞✐❛❧ ❞❛ ♥♦r♠❛❧ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ❧❡♥t❡✳ ❆ ✜❣✉r❛
♠♦str❛ ♠❡❞✐❞❛s ❞❡ q✉❛tr♦ s❡❣♠❡♥t♦s ♠❡❞✐❞♦s ♣❡❧♦ ❉r✳ ▼❛r✲
❝❡❧♦ ▲❡✐❣✉✐ ❡ ♣❡❧♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦✳ ❆s ❧✐♥❤❛s ❝❤❡✐❛s ♠♦str❛♠
♦s ❧✐♠✐t❡s t❡ór✐❝♦s ♣❛r❛ ❛ ❢♦r♠❛ ❞❛ s✉♣❡r❢í❝✐❡ q✉❡ ❣❛r❛♥t❡♠
✉♠ ❜♦♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
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✸✳✻ ❈â♠❛r❛ ❈❈❉ ♣♦s✐❝✐♦♥❛❞❛ ❡♠ ❢r❡♥t❡ ❛♦ ❡s♣❡❧❤♦ ❡ ❛❧✈♦ ❞❡ ♣❛♣❡❧
✜①❛❞♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✸✳✼ ❊①❡♠♣❧♦ ❞❛s ❢♦t♦s ❢❡✐t❛s ❞❛ ❡str❡❧❛ ❱❊●❆✳ ❆ ❢♦t♦ à ❡sq✉❡r❞❛
é ❞❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ❛♣❡♥❛s ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ❛tr❛✈és
❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❡ ❛ ❢♦t♦ à ❞✐r❡✐t❛ é ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♣❡❧♦s
r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♥❛ r❡❣✐ã♦ ✐♥t❡r♥❛ ❛♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✸✳✽ ❊①❡♠♣❧♦ ❞❛s ❢♦t♦s ❢❡✐t❛s ❞❛ ❡str❡❧❛ ❱❊●❆✳ ❆ ❢♦t♦ à ❡sq✉❡r❞❛
é ❞❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ❛♣❡♥❛s ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ❛tr❛✈és
❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❡ ❛ ❢♦t♦ à ❞✐r❡✐t❛ é ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♣❡❧♦s
r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♥❛ r❡❣✐ã♦ ✐♥t❡r♥❛ ❛♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❖ ❡✐①♦
③ ♠♦str❛ ♦ s✐♥❛❧ ❡♠ ❝❛❞❛ ♣✐①❡❧ ❞❛ ❈❈❉ ❡♠ ✉♥✐❞❛❞❡s ❛r❜✐trár✐❛s✳ ✸✺

✸✳✾ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡
❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s só
❛♥❡❧ ❜r❛s✐❧❡✐r♦✱ só ❛♥❡❧ ❛❧❡♠ã♦ ❡ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸✳✶✵ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦✲
❜r❡ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s
q✉❛♥❞♦ ❛ ✐♠❛❣❡♠ ❡r❛ ❢♦r♠❛❞❛ só ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s
t❝❤❡❝♦s✱ só ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s ❛❧❡♠ã❡s ❡ ♣♦r ❛♠❜♦s✳ ✳ ✳ ✸✽

✸✳✶✶ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞❛s ❛s ❝✉r✈❛s ♣❛r❛
❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛❜❡rt✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛
❞❡ ✶✳✶ ♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✸✳✶✷ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦✲
❜r❡ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s
q✉❛♥❞♦ ❛ ✐♠❛❣❡♠ ❡r❛ ❢♦r♠❛❞❛ só ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r ❛❧❡♠ã♦✱
só ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r ❜r❛s✐❧❡✐r♦ ❡ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❆s três
❝✉r✈❛s ❡stã♦ ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛ ❝✉r✈❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❝❛s♦
s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✶ ▼❡❞✐❞❛s r❡❛❧✐③❛❞❛s ♣♦r ❑❛❦✐♠♦t♦ ❡t ❛❧✳ ❬✹❪ q✉❡ r❡❧❛❝✐♦♥❛♠ ♦
❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❡❧étr♦♥s ❝♦♠ ♦ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ✳ ✹✽

✹✳✷ ❋❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♥♦ ❛r ❡♠ ❢✉♥çã♦ ❞❛ ❛❧t✐t✉❞❡ ♣❛r❛ ❛ ❛t✲
♠♦s❢❡r❛ ♣❛❞rã♦ ❡st❛❞✉♥✐❞❡♥s❡✳ ❊st❡ r❡s✉❧t❛❞♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦
❡♠ ❬✹❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✹✳✸ ▼é❞✐❛ ❞♦ ♣❡s♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✶✵ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r
♣rót♦♥s ❝♦♠ ❡♥❡r❣✐❛ 1019 ❡❱✱ ✐♥❝❧✐♥❛çã♦ 45◦ ❡ ❢❛t♦r ❞❡ ❞✐❧✉✐çã♦
10−6✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
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✹✳✹ ◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ♣♦r ✉♠❛ ú♥✐❝❛ ♣❛rtí❝✉❧❛ ♥❛
❞✐r❡çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❞✐❛❢r❛❣♠❛ ❞❡ ✶✳✶ ♠ ❞❡ r❛✐♦ ♣♦s✐✲
❝✐♦♥❛❞♦ ❛ ✶✺ ❦♠ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❋♦r❛♠ s✐♠✉❧❛❞♦s ✶✵
❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❝♦♠ ❡♥❡r❣✐❛ 1019 ❡❱✱ ✐♥❝❧✐♥❛✲
çã♦ 45◦ ❡ ❢❛t♦r ❞❡ ❞✐❧✉✐çã♦ 10−6 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✹✳✺ ❉❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❡❧étr♦♥s ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❝✐♥é✲
t✐❝❛✳ ❖s ♣♦♥t♦s ❛③✉✐s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❡❧♦ ❝ó❞✐❣♦ ♣❛❞rã♦ ❞♦
❈❖❘❙■❑❆✱ ❡♥q✉❛♥t♦ q✉❡ ♦s ♣♦♥t♦s ✈❡r♠❡❧❤♦s ❢♦r❛♠ ❝❛❧❝✉❧❛✲
❞♦s ♣❡❧❛s ♥♦✈❛s s✉❜r♦t✐♥❛s ✐♠♣❧❡♠❡♥t❛❞❛s✳ ❊st❡ ❝❤✉✈❡✐r♦ ❢♦✐
r♦❞❛❞♦ ❝♦♠ ❝♦rt❡ ❞❡ ❡♥❡r❣✐❛ ✐❣✉❛❧ ❛ ✺✵ ❦❡❱✳ ❖ ♣r✐♠❡✐r♦ ❣rá✲
✜❝♦ ♠♦str❛ ♦ ❡rr♦ ♥♦ ❝á❧❝✉❧♦ ❞♦ ❞❊✴❞① q✉❡ ❤❛✈✐❛ ♥♦ ❝ó❞✐❣♦
♣❛❞rã♦ ❡ ♦ s❡❣✉♥❞♦ ❣rá✜❝♦ ♠♦str❛ ♦ ♠❡s♠♦ ❝á❧❝✉❧♦ ❛♣ós ❢❡✐t❛
❛ ❝♦rr❡çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✹✳✻ P❡r✜s t❡♠♣♦r❛✐s ❞❡ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ❝♦♠ ♣❛râ♠❡tr♦s ✐❣✉❛✐s
❛♦s ❡✈❡♥t♦s r❡❛✐s r❡s✉♠✐❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✳ ❖s ❣rá✜❝♦s ❝♦rr❡s✲
♣♦♥❞❡♠ r❡s♣❡❝t✐✈❛♠❡♥t❡ ❛♦s ❡✈❡♥t♦s ♥❛ t❛❜❡❧❛ ✹✳✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✹✳✼ P❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❡✈❡♥t♦ ❞❡ ✸✷✵ ❊❡❱ ❞❡t❡❝t❛❞♦ ♣❡❧♦ ❡①♣❡✲
r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆ ✜❣✉r❛ ♠♦str❛ ♦ ♣❡r✜❧ r❡❝♦♥str✉í❞♦ ♣❡❧❛
❝♦❧❛❜♦r❛çã♦ ❞♦ ❋❧②✬s ❊②❡ ❡ ♣✉❜❧✐❝❛❞♦ ❡♠ ❬✺❪✱ ❡♠ ❝♦♠♣❛r❛çã♦
❝♦♠ ❞❡③ ♣❡r✜s r❡❝♦♥str✉í❞♦s ❛ ♣❛rt✐r ❞♦s ❢ót♦♥s ❣❡r❛❞♦s ♣❡❧❛
♥♦ss❛ s✐♠✉❧❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✹✳✽ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦
❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆ ✜❣✉r❛ à ❡sq✉❡r❞❛ é ♦ r❡s✉❧t❛❞♦ ❞❛
s✐♠✉❧❛çã♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❡♥q✉❛♥t♦ q✉❡ ❛ ❞❛ ❞✐r❡✐t❛ é ♦ r❡s✉❧✲
t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧✳ ❊ss❡ ❡①❡♠♣❧♦ é ♣❛r❛ ✉♠
❝❤✉✈❡✐r♦ ✐♥❝✐❞❡♥t❡ ❛ ✹ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✾ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦
❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❛♣ós ❛♣❧✐❝❛çã♦ ❞♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦✳ ❆
✜❣✉r❛ à ❡sq✉❡r❞❛ é ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧
❡♥q✉❛♥t♦ q✉❡ ❛ ❞❛ ❞✐r❡✐t❛ r❡♣r❡s❡♥t❛ ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦
tr✐❞✐♠❡♥s✐♦♥❛❧✳ ❊ss❡ ❡①❡♠♣❧♦ é ♣❛r❛ ✉♠ ❝❤✉✈❡✐r♦ ✐♥❝✐❞❡♥t❡ ❛
✹ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✶✵ ■♠❛❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞❡ ❝❤✉✈❡✐r♦s ❞❡✲
t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆♠❜♦s ♦s
❝❤✉✈❡✐r♦s t✐✈❡r❛♠ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ ❞❡ ✷✳✷ ❊❡❱✳ ❖ ❝❤✉✈❡✐r♦
✐❧✉str❛❞♦ à ❡sq✉❡r❞❛ ❝❛✐✉ ❛ ✶✵✳✺ ❦♠ ❡ ♦ ❛ ❞✐r❡✐t❛ ❛ ✹✳✺ ❦♠ ❞♦
t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷
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✹✳✶✶ ❉✐str✐❜✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ ♣❡❧♦ ❋▲❖❘❊❙ ♣❛r❛ ♦s
✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❞♦ ❖❜s❡r✲
✈❛tór✐♦ ❆✉❣❡r✳ ◆❡♥❤✉♠ ❝♦rt❡ ❢♦✐ ❛♣❧✐❝❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✹✳✶✷ ◆ú♠❡r♦ ❞❡ ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦
♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✹✳✶✸ ➶♥❣✉❧♦ ζ0 q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛
❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✺✳✶ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❆
✜❣✉r❛ ♠♦str❛ ♦s ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ❡ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❡✐①♦
♣r✐♥❝✐♣❛❧ q✉❡ ❞❡t❡r♠✐♥❛ ♦ P❊❚✳ ❖s â♥❣✉❧♦s r❡♣r❡s❡♥t❛♠ ♦
❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❛ ❜❛✐❛ ✹ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ▲♦s ▲❡♦♥❡s✳ ✳ ✳ ✳ ✳ ✻✾

✺✳✷ ❉❡s❡♥❤♦ ❡sq✉❡♠át✐❝♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ✈✐st♦ ♣❡❧♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✺✳✸ ❉✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ❛③✐♠✉t❛✐s ❞♦s ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s
♣❡❧♦ ♣r♦tót✐♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✺✳✹ ❉✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ③❡♥✐t❛✐s ❞♦s ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦
♣r♦tót✐♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✺✳✺ ❉✐str✐❜✉✐çã♦ ❞♦s χ2 ♣♦r ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❛❥✉st❛❞♦s ♥❛ r❡❝♦♥s✲
tr✉çã♦ ❞♦s ✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛✲
tór✐♦ ❆✉❣❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✺✳✻ ❊sq✉❡♠❛ ❞❛ ❝❛❞❡✐❛ ❞❡ s✐♠✉❧❛çã♦ ❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s
❤í❜r✐❞♦s ✉t✐❧✐③❛♥❞♦ ♦s ♣r♦❣r❛♠❛s ❞❛ ❝♦❧❛❜♦r❛çã♦ ❆✉❣❡r✳ ✳ ✳ ✳ ✳ ✼✻

✺✳✼ P♦♥t♦s ❞❡ ✐♠♣❛❝t♦ s✐♠✉❧❛❞♦ ♣❡❧♦ ❙❉❙✐♠ ❛❧❡❛t♦r✐❛♠❡♥t❡ ❞❡♥✲
tr♦ ❞♦ ❛rr❛♥❥♦ ♣r♦tót✐♣♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✽ ❍✐st♦❣r❛♠❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ r❡❝♦♥str✉í❞❛
❡ s✐♠✉❧❛❞❛ ♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳ ✳ ✼✽

✺✳✾ ■♥t❡❣r❛❧ ❞❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ r❡❝♦♥str✉í❞❛ ❡
s✐♠✉❧❛❞❛ ♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳ ✳ ✳ ✼✾

✺✳✶✵ ■♥t❡❣r❛❧ ❞♦ ❡rr♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ r❡❝♦♥str✉í❞♦ ❡ s✐♠✉❧❛❞♦
♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✺✳✶✶ ▼❡❞✐❛♥❛ ❞♦ ❡rr♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡♠
❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ♠ét♦❞♦s ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ♦s ❞❛❞♦s
❞♦ ❉❋ ❡ ♣❛r❛ ♦ ♠ét♦❞♦ ❤í❜r✐❞♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ♥ós✳ ✳ ✳ ✳ ✳ ✽✸

✺✳✶✷ ▼❡❞✐❛♥❛ ❞♦ ❡rr♦ ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡♠
❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ♠ét♦❞♦s ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ♦s ❞❛❞♦s
❞♦ ❉❋ ❡ ♣❛r❛ ♦ ♠ét♦❞♦ ❤í❜r✐❞♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ♥ós✳ ✳ ✳ ✳ ✳ ✽✹
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✺✳✶✸ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛ ♣❡❧♦ ❋❧②✬s ❊②❡ ♠♦str❛❞❛ ❡♠ ❝♦♠✲
♣❛r❛çã♦ ❝♦♠ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s✳ ❖ ❛❥✉st❡ ❞♦s ❞❛❞♦s r❡s✉❧t♦✉
❡♠ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r ❞❡ ✾✸ g/cm2 ♣♦r ❞é❝❛❞❛ ❞❡ ❡♥❡r❣✐❛✳
❆ ✜❣✉r❛ ♠♦str❛ ❛ ♠✉❞❛♥ç❛ ❞❡ ❝♦♠♣♦s✐çã♦ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡
♣❡s❛❞❛ ♣❛r❛ ❧❡✈❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✺✳✶✹ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛ ♣❡❧♦ ❈❖❘❙■❑❆✳ ❆ ✜❣✉r❛ ♠♦str❛
❛ ❞✐str✐❜✉✐çã♦ s✐♠✉❧❛❞❛ ❞♦s Xmax ✈❡rs✉s ❡♥❡r❣✐❛ ❡ ✉♠ ❛❥✉st❡
❧✐♥❡❛r ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s t✐♣♦s ❞❡ ♣r✐♠ár✐♦s✿ ♣rót♦♥ ❡ ❢❡rr♦✳ ✳ ✳ ✾✵

✺✳✶✺ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛✳ ❆ ✜❣✉r❛ ♠♦str❛ ❛s ❝✉r✈❛s ♦❜t✐❞❛s
❝♦♠ ❛ s✐♠✉❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❢❡✐t❛ ♣❡❧♦ ❈❖❘❙■❑❆ ❡ ♦s
♠❡s♠♦s ❝❤✉✈❡✐r♦s ❛♣ós ❢❡✐t❛ ❛ s✐♠✉❧❛çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s ♣❡❧♦
❋❉❙✐♠ ❡ ❛ r❡❝♦♥str✉çã♦ ❞♦s ❝❤✉✈❡✐r♦s ♣❡❧♦ ❋▲❖❘❊❙✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✺✳✶✻ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛ ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉✲
❣❡r✳ ❙ã♦ ♠♦str❛❞♦s ✈❛❧♦r❡s ♣❛r❛ ♦s ❝❤✉✈❡✐r♦s ♠❡❞✐❞♦s só ♣❡❧♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❞❛q✉❡❧❡s ♠❡❞✐❞♦s ❞❡ ♠❛♥❡✐r❛ ❤í✲
❜r✐❞❛ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s s✐♠✉❧❛❞♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✻✳✶ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞❛s ❛s ❝✉r✈❛s ♣❛r❛
❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛❜❡rt✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛
❞❡ ✶✳✶ ♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻

✻✳✷ ➶♥❣✉❧♦ ζ0 q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛
❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✷✳✶ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❛❝✐♠❛
❞❛ ❡♥❡r❣✐❛ ❞❛❞❛ ♥❛ ♣r✐♠❡✐r❛ ❝♦❧✉♥❛ ❡♠ ✉♠ ❛♥♦✳ ❋♦r❛♠ ❝♦♠✲
♣✉t❛❞♦s ❛♣❡♥❛s ❡✈❡♥t♦s ❝♦♠ â♥❣✉❧♦ ③❡♥✐t❛❧ ♠❡♥♦r q✉❡ 60◦✳
❙ó sã♦ ❝♦♥s✐❞❡r❛❞♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❞❡t❡❝t♦r ❞❡ s✉✲
♣❡r❢í❝✐❡ q✉❡ ❞✐s♣❛r❛♠ q✉❛tr♦ t❛♥q✉❡s ❝♦♠ ♣❡❧♦ ♠❡♥♦s ✹ ❱❊▼
❝❛❞❛✳ ❖s ♥ú♠❡r♦s ♣❛r❛ ♦s ❡✈❡♥t♦s ❤í❜r✐❞♦s ❛ss✉♠❡♠ ❞♦✐s t❛♥✲
q✉❡s ❞✐s♣❛r❛❞♦s ❝♦♠ ♣❡❧♦ ♠❡♥♦s ✹ ❱❊▼ ❡ ✶✵ ✪ ❞❡ t❡♠♣♦ ❞❡
♦♣❡r❛çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✷ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tó✲
r✐♦ ❆✉❣❡r ❝♦♠ ♠✉❧t✐♣❧✐❝✐❞❛❞❡ ❞❛❞❛ ♣❡❧❛ ❝♦❧✉♥❛ à ❡sq✉❡r❞❛✳
◆❡♥❤✉♠ ❝♦rt❡ ♣❛r❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❢♦✐ r❡❛❧✐③❛❞♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸✳✶ P♦s✐çã♦ ❞❛ ❡str❡❧❛ ❱❊●❆ ♥♦s ❞✐❛s ❡♠ q✉❡ ❢♦r❛♠ t✐r❛❞❛s ❛s
❢♦t♦❣r❛✜❛s✳ ❖s ❝❛♠♣♦s ❧✐♥❤❛ ❡ ❝♦❧✉♥❛ r❡❢❡r❡♠✲s❡ às ❧✐♥❤❛ ❡
❝♦❧✉♥❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♥❛ ❝â♠❛r❛✳ ❖ ❝❛♠♣♦ ❡s♣❡❧❤♦
✐❞❡♥t✐✜❝❛ q✉❛❧ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s ❢♦✐ ❛t✐♥❣✐♥❞♦ ♣❡❧❛ ❧✉③ ❞❛
❡str❡❧❛ ♥❛q✉❡❧❡ ✐♥st❛♥t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✸✳✷ ◆ú♠❡r♦ ❞❡ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ❝♦♥✜❣✉r❛✲
çõ❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✸✳✸ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s q✉❡ ❞✐s♣❛r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞♦
t❡❧❡s❝ó♣✐♦ ❡ q✉❡ ❢♦r❛♠ ♣❛ssí✈❡✐s ❞❡ r❡❝♦♥str✉çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✸✳✹ ▼❡❞✐❛♥❛ ♥♦ ❡rr♦ ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛
♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s
❆ ✭❝♦♠ ❛♥❡❧✮ ❡ ❇ ✭s❡♠ ❛♥❡❧✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

❳■❳
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✹✳✶ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s r❡❝♦♥str✉í❞♦s ♣❛r❛ ❞♦✐s ❡✈❡♥t♦s ❤í❜r✐✲
❞♦s s❡❧❡❝✐♦♥❛❞♦s✳ ■❉ ❉❙ é ♦ ♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ♣❛r❛ ♦s
❡✈❡♥t♦s ♥❛s ❝♦♥✈❡♥çõ❡s ❞♦s ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ s✉✲
♣❡r❢í❝✐❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ XImp. ❡ YImp. ❞❡t❡r♠✐♥❛♠ ♦ ♣♦♥t♦
❞❡ ✐♠♣❛❝t♦ ♠❡❞✐❞♦ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❆ ❛t❡✲
♥✉❛çã♦ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❤♦r✐③♦♥t❛❧ ❞❡ ❛t❡♥✉❛çã♦ ♠❡❞✐❞♦ ♥♦
sít✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ♥❛ ♥♦✐t❡ ❡♠ q✉❡ ♦s ❝❤✉✈❡✐r♦s ❢♦r❛♠ ❞❡✲
t❡❝t❛❞♦s✳ ❊ss❡s ✈❛❧♦r❡s t❛♠❜é♠ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦
❞♦ ❡✈❡♥t♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✺✳✶ ❈♦♠♣❛r❛çã♦ ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠✲
♣❛❝t♦ ❡ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡♥tr❡ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦ ❡ só
❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳ ❋♦r❛♠ r❡❝♦♥str✉í❞♦s ✻✵✵ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳ ✽✶

✺✳✷ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞❛ ♣♦s✐çã♦ ❞♦ ♣♦♥t♦ ❞❡
✐♠♣❛❝t♦ ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❡ ❢❡rr♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✺✳✸ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s r❡❝♦♥str✉çõ❡s ❤í✲
❜r✐❞❛s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳ ✳ ✳ ✽✷

✺✳✹ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❞❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡
✐♠♣❛❝t♦ ❞❛s r❡❝♦♥str✉çõ❡s ❤í❜r✐❞❛ ❡ só ✉t✐❧✐③❛♥❞♦ ♦s ❞❛❞♦s ❞♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✺✳✺ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♠♣❛❝t♦
❡♥tr❡ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❛♣r❡s❡♥t❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ❡ ♦
❉❡s✐❣♥ ❘❡♣♦rt ♣❛r❛ ❝❤✉✈❡✐r♦s ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✺✳✻ ▼ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ✉t✐❧✐③❛❞♦s ♥❡st❛ s❡çã♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ s❡♥✲
s✐❜✐❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✺✳✼ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♠♣❛❝t♦
♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛✳ ❙ã♦ ♠♦s✲
tr❛❞❛s ❛s r❡s♦❧✉çõ❡s ❝♦♠♣❛r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥❝❡rt❡③❛s
t❡♠♣♦r❛✐s✱ ❢r❡♥t❡ ♣❧❛♥❛ ❡ ❝✉r✈❛ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♥ú♠❡r♦ ❞❡ t❛♥✲
q✉❡s ✉t✐❧✐③❛❞♦s ♥❛ r❡❝♦♥str✉çã♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✺✳✽ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛s ♣❡❧♦ ♣r♦tó✲
t✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆
t❛❜❡❧❛ ♠♦str❛ ♦ ✈❛❧♦r ❛❥✉st❛❞♦ ❡ ♦ ❡rr♦ ❡st❛tíst✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✻✳✶ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s r❡❝♦♥str✉çõ❡s ❤í✲
❜r✐❞❛s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳ ✳ ✳ ✶✵✵
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✻✳✷ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛s ♣❡❧♦ ♣r♦tó✲
t✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆
t❛❜❡❧❛ ♠♦str❛ ♦ ✈❛❧♦r ❛❥✉st❛❞♦ ❡ ♦ ❡rr♦ ❡st❛tíst✐❝♦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ ❤✐stór✐❛ ❞❛ ♣❡sq✉✐s❛ ❡♠ r❛✐♦s ❝ós♠✐❝♦s r❡s✉♠❡ ❜❡♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❡✈♦❧✉çã♦
❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❝✐❡♥tí✜❝♦ ❤✉♠❛♥♦✱ ♣♦✐s ♣❛r❡❝❡ s❡r ✐♥❡s❣♦tá✈❡❧ ♦ ♥ú♠❡r♦ ❞❡
s✉❝❡ss✐✈❛s ♣❡r❣✉♥t❛s ❡ r❡s♣♦st❛s q✉❡ ❢♦r❛♠ ❡♥❝♦♥tr❛❞❛s ❡♠ q✉❛s❡ ✶✵✵ ❛♥♦s
❞❡ tr❛❜❛❧❤♦ ❡ q✉❡ ♣❡r♠❛♥❡❝❡♠ ♥❛ ❛t✉❛❧✐❞❛❞❡✳

❊♠ ✶✾✶✷✱ ❱✐❝t♦r ❍❡ss ❬✻❪ ✉t✐❧✐③♦✉ ✉♠ ❜❛❧ã♦ ♣❛r❛ tr❛♥s♣♦rt❛r s❡✉s ❡①♣❡✲
r✐♠❡♥t♦s ❛ ❣r❛♥❞❡s ❛❧t✐t✉❞❡s ✭≈ ✺ ❦♠✮ ❡ r❡s♦❧✈❡r ♦ ♣r✐♠❡✐r♦ ♣r♦❜❧❡♠❛ ❞❡st❛
ár❡❛ ❞❡ ♣❡sq✉✐s❛ q✉❡ ❡♥tã♦ s❡ ✐♥❛✉❣✉r♦✉✳ ❍❡ss ♠♦str♦✉ q✉❡ ❛ ❝♦rr❡♥t❡ ♥✉♠❛
❝â♠❛r❛ ❞❡ ✐♦♥✐③❛çã♦ ❛✉♠❡♥t❛✈❛ ❝♦♠ ❛ ❛❧t✉r❛✱ ❝♦♠♣r♦✈❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡
r❛❞✐❛çã♦ ✐♦♥✐③❛♥t❡ ✈✐♥❞❛ ❞❡ ❢♦r❛ ❞❛ ❚❡rr❛✱ ♥♦♠❡❛♥❞♦ ❛ss✐♠ ❛ ár❡❛ ❞❡ r❛❞✐❛çã♦
❝ós♠✐❝❛✳

❚r✐♥t❛ ❛♥♦s ♠❛✐s t❛r❞❡✱ P✐❡rr❡ ❱✐❝t♦r ❆✉❣❡r ❬✼❪ ❞❡✉ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❝♦♥✲
tr✐❜✉✐çã♦ ❛♦ ❛✈❛♥ç♦ ❞❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛✳ ❯t✐❧✐③❛♥❞♦ ❞♦✐s ❞❡t❡❝t♦r❡s ❞❡
r❛❞✐❛çã♦ ✐♦♥✐③❛♥t❡ s❡♣❛r❛❞♦s ❡s♣❛❝✐❛❧♠❡♥t❡✱ ❡❧❡ ❝♦♥s❡❣✉✐✉ ♠♦str❛r q✉❡ ♦s
❞❡t❡❝t♦r❡s ❛ss✐♥❛❧❛✈❛♠ ❛ ♣❛ss❛❣❡♠ ❞❡ ❛❧t♦ ✢✉①♦ ❞❡ ♣❛rtí❝✉❧❛s ❝ós♠✐❝❛s ❛♦
♠❡s♠♦ t❡♠♣♦✳ ❊ss❡ ❢❡♥ô♠❡♥♦ ❢♦✐ ❝♦♠♣r❡❡♥❞✐❞♦ ❛tr❛✈és ❞♦ ❛r❣✉♠❡♥t♦ ❞❡
✉♠ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦ ❡①t❡♥s♦✳

❊st❛ ❞❡s❝♦❜❡rt❛ ❡st❡♥❞❡✉ ♦ ❧❡q✉❡ ❞❡ ♣♦ssí✈❡✐s ❞❡t❡❝t♦r❡s✱ ♣♦✐s ♣❡r♠✐t✐✉
❛ ❝♦♥str✉çã♦ ❞♦s ♠❡s♠♦s ♥♦ s♦❧♦✱ ❡❧✐♠✐♥❛♥❞♦ ❛ ❧✐♠✐t❛çã♦ ❞❡ ❞❡t❡❝t♦r❡s ❝♦♠
♣❡q✉❡♥❛s ár❡❛s ❞❡♥tr♦ ❞❡ ❜❛❧õ❡s ♦✉ ♥♦ t♦♣♦ ❞❡ ❡❞✐❢í❝✐♦s✳ ❊♠ ❞❡t❡❝t♦r❡s ❝♦❧♦✲
❝❛❞♦s ♥♦ ❝❤ã♦ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r ❛s ♣❛rtí❝✉❧❛s s❡❝✉♥❞ár✐❛s ❞❡ ✉♠ ❝❤✉✈❡✐r♦✱ q✉❡✱
❛tr❛✈és ❞❡ ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦ ♣❡r♠✐t❡♠ ❡♥❝♦♥tr❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛
♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳

❆ ✜❣✉r❛ ✶✳✶ ♠♦str❛ ❛s té❝♥✐❝❛s ♠❛✐s ✉t✐❧✐③❛❞❛s ❞❡ ❞❡t❡❝çã♦ ❡ s❡✉s ✐♥t❡r✈❛✲
❧♦s ❞❡ ♦♣❡r❛çã♦ ❡♠ ❡♥❡r❣✐❛✱ q✉❡ ❢♦r❛♠ ❣r❛❞❛t✐✈❛♠❡♥t❡ s❡♥❞♦ ❞❡s❡♥✈♦❧✈✐❞❛s
♣❛r❛ ❡st✉❞❛r ❛ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❡ t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ✐♥❝✐❞❡♥t❡s ❡ ❛ ✐♠✲

✶
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❋✐❣✉r❛ ✶✳✶✿ ■❧✉str❛çã♦ ❞❡ ❞✐✈❡rs❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛ ❡ ♦ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛
❞❡ ♦♣❡r❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡✳

♣r❡ss✐♦♥❛♥t❡ ❡①t❡♥sã♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛✳ ❊♥tr❡ ❡❧❛s ♣♦❞❡♠♦s ❝✐t❛r ♦s
❝♦♥❥✉♥t♦s ❞❡ ❝✐♥t✐❧❛❞♦r❡s ❡ t❛♥q✉❡s ❞❡ ❧✉③ ❷❡r❡♥❦♦✈ ✭❍❛✈❡r❛❤ P❛r❦✱ ❆●❆❙❆✱
❨❛❦✉ts❦ ❡t❝✮✱ ♦s ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❋❧②✬s ❊②❡✱ ❍✐❘❡s ❡t❝✮✱ ♦s t❡❧❡s✲
❝ó♣✐♦s ❞❡ ❧✉③ ❷❡r❡♥❦♦✈ ✭❲❤✐♣♣❧❡✱ ❍❊●❘❆✱ ❈r✐♠❡❛ ❡t❝✮✱ s❛té❧✐t❡s ❡ ❜❛❧õ❡s✳
❆❧❣✉♠❛s ❞❡st❛s té❝♥✐❝❛s ❡stã♦ s❡♥❞♦ r❡✲✉t✐❧✐③❛❞❛s ♣♦r ✉♠❛ ♥♦✈❛ ❣❡r❛çã♦ ❞❡
❡①♣❡r✐♠❡♥t♦s✱ t❛✐s ❝♦♠♦ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡ ♦✉tr♦s ♥♦✈♦s ❝♦♥❝❡✐t♦s ✈ê♠
s❡♥❞♦ ❞❡s❡♥✈♦❧✈✐❞♦s✱ ❝♦♠♦ ♣♦r ❡①❡♠♣❧♦ ♦s ❛♣❧✐❝❛❞♦s ♥♦ ❡①♣❡r✐♠❡♥t♦ ❊❯❙❖✱
q✉❡ s❡rá ✉♠ t❡❧❡s❝ó♣✐♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ q✉❡ s❡rá ✐♥st❛❧❛❞♦ ❡♠ ✉♠
s❛té❧✐t❡✳

❙✉r♣r❡❡♥❞❡♥t❡♠❡♥t❡✱ ♣❛r❛ ❝❛❞❛ ♥♦✈♦ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛ q✉❡ ♦ ❛✈❛♥ç♦
❞❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ♣❡r♠✐t✐❛♠ ❡st✉❞❛r ❡♥❝♦♥tr♦✉✲s❡ ❛❧❣✉♠ s✐♥❛❧ ♣r♦✲
✈❡♥✐❡♥t❡ ❞♦ ❡s♣❛ç♦✳ ❆ ✜❣✉r❛ ✶✳✷ r❡s✉♠❡ ❡st❛ ❝❛r❛❝t❡ríst✐❝❛ ♠♦str❛♥❞♦ ♦
❡s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♠❡❞✐❞♦ ♣♦r ✈ár✐♦s ❡①♣❡r✐♠❡♥t♦s ❡s♣❛❧❤❛❞♦s ♣❡❧♦
♠✉♥❞♦✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞❡ t✐♣♦ ❞❡ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❡st❡♥❞❡✲
s❡ s♦❜r❡ t♦❞♦ ♦ ❡s♣❡❝tr♦ ❞❡ r❛❞✐❛çã♦ ❡❧❡tr♦♠❛❣♥ét✐❝❛✱ ❛❜r❛♥❣❡♥❞♦ ♥ú❝❧❡♦s
❛tô♠✐❝♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❛ ❢❡rr♦ ❡ ♥❡✉tr✐♥♦s✳ ❆ ✜❣✉r❛ ✶✳✸ ♠♦str❛ ❢♦t♦s ❞❛ ❱✐❛
▲á❝t❡❛ ❡♠ ❞✐✈❡rs♦s ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛✱ ✐❧✉str❛♥❞♦ ❛ss✐♠ q✉❡✱ ❞❡ ♠❛♥❡✐r❛
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❋✐❣✉r❛ ✶✳✷✿ ❊s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠♣✐❧❛❞♦ ♣♦r ❙✳ ❙✇♦r❞② ❛ ♣❛rt✐r ❞❡
✈ár✐♦s ❞❛❞♦s ♣✉❜❧✐❝❛❞♦s ♣❡❧♦s ❡①♣❡r✐♠❡♥t♦s ▲❊❆P✱ Pr♦t♦♥✱ ❆❦❡♥♦✱ ❆●❆❙❆✱
❋❧②✬s ❊②❡✱ ❍❛✈❡r❛❤ P❛r❦ ❡ ❨❛❦✉ts❦✳
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❣❡r❛❧✱ ♣♦r r❛✐♦s ❝ós♠✐❝♦s ♣♦❞❡♠♦s ❝❤❛♠❛r t♦❞❛ ❢♦r♠❛ ❞❡ r❛❞✐❛çã♦ q✉❡ ❛t✐♥❣❡
❛ ❚❡rr❛✳

❉✉r❛♥t❡ ♦ sé❝✉❧♦ ❳❳✱ ❛ ♣❡sq✉✐s❛ ❡♠ r❛✐♦s ❝ós♠✐❝♦s ❝♦♥tr✐❜✉✐✉ ♣❛r❛ ❝♦♠✲
♣r❡❡♥❞❡r♠♦s ❛ ❡✈♦❧✉çã♦ ❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛ ❡♠ r❡♠❛♥❡s✲
❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛✱ ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s ❡ ♣✉❧s❛r❡s ❬✽❪✳ ❈♦♥tr✐❜✉✐✉
t❛♠❜é♠ ♥♦ ❡st✉❞♦ ❞❛ ❢ís✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ❡❧❡♠❡♥t❛r❡s✱ r❡str✐♥❣✐♥❞♦ ♠♦❞❡❧♦s
❞❡ ✐♥t❡r❛çã♦✱ ❝❡rt✐✜❝❛♥❞♦ ❛ ❡①✐stê♥❝✐❛ ❞❡ ♥♦✈❛s ♣❛rtí❝✉❧❛s ❬✾❪ ❡ ✐♥❞✐❝❛♥❞♦ ❛
❡①✐stê♥❝✐❛ ❞❡ ❢❡♥ô♠❡♥♦s ❛✐♥❞❛ ♥ã♦ t♦t❛❧♠❡♥t❡ ❡①♣❧✐❝❛❞♦s ❬✶✵❪✳

◆♦ ❡♥t❛♥t♦✱ ♦ ❡st✉❞♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s ❛✐♥❞❛ ❣✉❛r❞❛ ✐♥ú♠❡r♦s ❞❡s❛✜♦s✳
P♦❞❡♠♦s r❡ss❛❧t❛r três r❡❣✐õ❡s ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ q✉❡ ❛✐♥❞❛ ❡①✐❣❡♠ ❡st✉✲
❞♦s ❛♣r♦❢✉♥❞❛❞♦s ♣❛r❛ ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦s ❢❡♥ô♠❡♥♦s ❡♥✈♦❧✈✐❞♦s ❡ q✉❡ ♣♦❞❡♠
❝♦♥tr✐❜✉✐r ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♣❛r❛ ❛ ❛str♦❢ís✐❝❛ ❡ ♣❛r❛ ❛ ❢ís✐❝❛ ❝♦♠♦ ✉♠ t♦❞♦✳

❆ r❡❣✐ã♦ ❞❡ ❡♥❡r❣✐❛ ♣ró①✐♠❛ ❞❡ 1012 ❡❱ é ❢♦r♠❛❞❛ ♣♦r ✉♠ ❛❧t♦ ✢✉①♦ ❞❡
r❛✐♦s ❣❛♠❛ ❡♠✐t✐❞♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r ♥ú❝❧❡♦s ❛t✐✈♦s ❞❡ ❣❛❧á①✐❛s ❡ r❡♠❛✲
♥❡s❝❡♥t❡s ❞❡ s✉♣❡r♥♦✈❛✳ ❖s ♣r♦❝❡ss♦s ❞❡ ❡♠✐ssã♦ ❞♦s ❢ót♦♥s ♥❡ss❡s ♦❜❥❡t♦s
❛✐♥❞❛ ♥ã♦ ♣♦❞❡♠ s❡r ❡①♣❧✐❝❛❞♦s s❛t✐s❢❛t♦r✐❛♠❡♥t❡ ❡ q✉❛❧q✉❡r t❡♦r✐❛ t❡♥t❛t✐✈❛
s❡♠♣r❡ ❛❝❛❜❛ ♣♦r ✐♥✢✉✐r ♥❛ ❡♠✐ssã♦ ❞❛s ♣❛rtí❝✉❧❛s ❞❡ ♠❛✐s ❛❧t❛ ❡♥❡r❣✐❛✳

❚❡❧❡s❝ó♣✐♦s ✐♥st❛❧❛❞♦s ♥♦ ❝❤ã♦ ❞❡t❡❝t❛♠ ❛ ❧✉③ ❷❡r❡♥❦♦✈ ♣r♦❞✉③✐❞❛ ♣❡❧❛
♣❛ss❛❣❡♠ ♥♦ ❛r ❞❛s ♣❛rtí❝✉❧❛s q✉❡ ❢♦r♠❛ ✉♠ ❝❤✉✈❡✐r♦✳ ▼ét♦❞♦s ❞❡ r❡❝♦♥s✲
tr✉çã♦ ♣❡r♠✐t❡♠ s❡♣❛r❛r ♦s ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢ót♦♥s ❞♦s ✐♥✐❝✐❛❞♦s ♣♦r
♦✉tr❛s ♣❛rtí❝✉❧❛s q✉❡ ❛q✉✐ sã♦ tr❛t❛❞♦s ❝♦♠♦ r✉í❞♦✳ ❆ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ ❞♦
❡st✉❞♦ ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢ót♦♥s r❡s✐❞❡ ♥♦ ❢❛t♦ ❞❡ q✉❡ ❡ss❛s ♣❛rtí❝✉❧❛s
♥ã♦ sã♦ ❞❡s✈✐❛❞❛s ♣❡❧♦s ❝❛♠♣♦s ♠❛❣♥ét✐❝♦s ✐♥tr❛ ❡ ✐♥t❡r✲❣❛❧át✐❝♦s✱ ❞❡ ❢♦r♠❛
q✉❡ ❝❛❞❛ ❢♦♥t❡ ♣♦♥t✉❛❧ ♣♦❞❡ s❡r ❡st✉❞❛❞❛ ❞❡t❛❧❤❛❞❛♠❡♥t❡✳

❆ ♣❛rt✐r ❞❡ss❛ ❡♥❡r❣✐❛ ✭1012 ❡❱✮ ♦ ✢✉①♦ ❞❡ r❛✐♦s ❣❛♠❛ ❞✐♠✐♥✉✐ ❞r❛st✐❝❛✲
♠❡♥t❡✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦ ♦ ❡st✉❞♦ ❞❛s ❢♦♥t❡s s♦♠❡♥t❡ ❛ ♣❛rt✐r ❞❡ss❛s ♣❛rtí❝✉✲
❧❛s✳ ❘❡st❛✲♥♦s ❡♥tã♦✱ ❡st✉❞❛r t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s q✉❡ ❛t✐♥❣❡♠ ❛
❚❡rr❛✱ ❛✉♠❡♥t❛♥❞♦ ❛ss✐♠ ♥♦ss❛ ❡st❛tíst✐❝❛ ❡ ♣❡r❞❡♥❞♦ ❛ ✐♥❢♦r♠❛çã♦ ♣r❡❝✐s❛
❞♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞❛ ❢♦♥t❡✱ q✉❡ ♣❛ss❛ ❛ ❞❡♣❡♥❞❡r ❞♦s ♠♦❞❡❧♦s ❞❡ ❝❛♠♣♦s
❡❧❡tr♦♠❛❣♥ét✐❝♦s ♥♦ ❯♥✐✈❡rs♦✳

❆ss✐♠✱ ❝❤❡❣❛♠♦s à s❡❣✉♥❞❛ r❡❣✐ã♦ ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥♦ ❡st✉❞♦ ❞♦s r❛✐♦s
❝ós♠✐❝♦s✱ ♣♦r ✈♦❧t❛ ❞❡ 1015 ❡❱✳ ❊st❛ r❡❣✐ã♦ é ❝❤❛♠❛❞❛ ❞❡ ❥♦❡❧❤♦ ❞♦ ❡s♣❡❝tr♦
❞❡ r❛✐♦s ❝ós♠✐❝♦s ❡ ✈❡♠ s❡♥❞♦ ❡st✉❞❛❞❛ ❡①❛✉st✐✈❛♠❡♥t❡ ♣♦r ❛❧❣✉♥s ❡①♣❡r✐✲
♠❡♥t♦s✳ ❖ ♣r✐♥❝✐♣❛❧ ❛tr❛t✐✈♦ ❞❡st❛ r❡❣✐ã♦ s❡♠♣r❡ ❢♦✐ ♦ ❡♥✐❣♠❛ ❞❛ q✉❡❜r❛
♥♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛✳ ❆♣❡s❛r ❞❡ ❡st❛r♠♦s ❧♦♥❣❡ ❞❡ ✉♠ ❝♦♥s❡♥s♦ s♦❜r❡ ♦s
♠❡❝❛♥✐s♠♦s ❞❡ ❛❝❡❧❡r❛çã♦✱ t❡♦r✐❛s r❡❝❡♥t❡s ❬✷❪ ❞❡ ♠♦rt❡ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡
❣❛❧át✐❝❛ ♣r♦✈✐♥❞❛ ❞❡ s✉♣❡r♥♦✈❛s ❡ ♥❛s❝✐♠❡♥t♦ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ❡①tr❛✲
❣❛❧át✐❝❛ ✈ê♠ s❡♥❞♦ ❜❡♠ ❛❝❡✐t❛s ❝♦♠♦ ❡①♣❧✐❝❛çã♦ ❞❡st❡ ❢❡♥ô♠❡♥♦✳
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❋✐❣✉r❛ ✶✳✸✿ ■♠❛❣❡♥s ❞❛ ❱✐❛ ▲á❝t❡❛ ❡♠ ❞✐❢❡r❡♥t❡s ✐♥t❡r✈❛❧♦s ❞❡ ❡♥❡r❣✐❛✳ ❆
♣r✐♠❡✐r❛ ❢♦t♦ é ❛ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❣❛♠❛ ❝♦♠ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ ✶✵✵ ▼❡❱
♣❡❧♦ s❛té❧✐t❡ ❈●❘❖✳ ❆ ♣r✐♠❡✐r❛ ❢♦t♦ à ❞✐r❡✐t❛ é ❛ ❞❡t❡❝çã♦ ❞❡ r❛✐♦s ❳ ❝♦♠
❡♥❡r❣✐❛s ❡♥tr❡ ✵✳✷✺ ❡ ✶✳✺ ❦❡❱ ♣❡❧♦s s❛té❧✐t❡s ●❙❋❈ ❡ ❘❖❙❆❚✳ ◆❛ ♠❡s♠❛
s❡qüê♥❝✐❛ t❡♠♦s ✐♠❛❣❡♥s ❡♠ ✉❧tr❛✈✐♦❧❡t❛ ♣❡❧♦ ●❙❋❈✱ ✈✐sí✈❡❧ ♣♦r ❆①❡❧ ▼❡❧✲
❧✐♥❣❡r✱ ✐♥❢r❛✈❡r♠❡❧❤♦ ♣❡❧♦ ❈❖❇❊ ❡ rá❞✐♦ ✭✹✵✽ ▼❍③✮ ♣❡❧♦ ▼P✐❢❘ ❡ ❙❦②❱✐❡✇✳
❋♦♥t❡ ❬✶❪✳
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❋✐❣✉r❛ ✶✳✹✿ ❈♦♥tr✐❜✉✐çã♦ ❞❡ q✉❛tr♦ t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❛♦ ❡s♣❡❝tr♦
❞❡ r❛✐♦s ❝ós♠✐❝♦s ♥❛ r❡❣✐ã♦ ❞♦ ❥♦❡❧❤♦✳ ●rá✜❝♦ r❡t✐r❛❞♦ ❞❛ r❡❢❡rê♥❝✐❛ ❬✷❪✳

❚♦❞❛✈✐❛✱ ♦ ✐♥t❡r❡ss❡ ♥❡ss❛ r❡❣✐ã♦ ❞♦ ❡s♣❡❝tr♦ ♥ã♦ t❡r♠✐♥❛ ♣♦r ❛q✉✐✳ ❉❡✲
✈✐❞♦ à rá♣✐❞❛ q✉❡❞❛ ❞♦ ✢✉①♦ ❝♦♠ ❛ ❡♥❡r❣✐❛✱ ❡st❛ r❡❣✐ã♦ r❡♣r❡s❡♥t❛ ♦ ❧✐♠✐t❡
❞❡ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❞❡t❡❝çã♦ ❞❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❝♦♠ ✉♠ ❡①✲
♣❡r✐♠❡♥t♦ ❞❡ t❛♠❛♥❤♦ r❡❞✉③✐❞♦ ✭❝❡♥t❡♥❛s ❞❡ m2✮ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❤✉♠❛♥♦
❞❡ t❡♠♣♦✳ ❉❡st❛ ❢♦r♠❛✱ ❛s ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ♥❡st❛ r❡❣✐ã♦ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦
❑❆❙❈❆❉❊ ❬✷❪ ❡ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛ ✉♠ ♣♦✉❝♦ ❛❝✐♠❛✱ ❛té ❛♣r♦①✐♠❛✲
❞❛♠❡♥t❡ 1018 ❡❱✱ ♣❡❧♦s ❡①♣❡r✐♠❡♥t♦s ❋❧②✬s ❊②❡ ❬✶✶❪ ❡ ❆●❆❙❆ ❬✶✷❪✱ ♣❡r♠✐t❡♠
✐♠♣♦rt❛♥t❡s ❝♦♥s✐❞❡r❛çõ❡s ❛ r❡s♣❡✐t♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s
♣r✐♠ár✐❛s✳ ❆ ✜❣✉r❛ ✶✳✹ ✐❧✉str❛ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❞✐s❝r✐♠✐♥❛çã♦ ❞❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❑❆❙❈❆❉❊ ♣❛r❛ r❡❣✐õ❡s ♣ró①✐♠❛s ❛♦ ❥♦❡❧❤♦✳

❆ t❡r❝❡✐r❛ r❡❣✐ã♦ ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♣❛r❛ ♦ ❡st✉❞♦ ❞♦s r❛✐♦s ❝ós♠✐❝♦s é
❛❝✐♠❛ ❞❡ 1019 ❡❱ ❡ s❡rá ❡st✉❞❛❞❛ ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ P❛r❛ ❡ss❛s ❡♥❡r✲
❣✐❛s ♥ã♦ s❛❜❡♠♦s q✉❛s❡ ♥❛❞❛ s♦❜r❡ ♦s ♣r♦❝❡ss♦s ❞❡ ❛❝❡❧❡r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s
❡ s♦♠♦s ♦❜r✐❣❛❞♦s ❛ ❡①tr❛♣♦❧❛r ❛ ❛♣❧✐❝❛çã♦ ❞❛s t❡♦r✐❛s ❞❡ ✐♥t❡r❛çõ❡s ❞❡✈✐❞♦
à ♥ã♦✲❡①✐stê♥❝✐❛ ❞❡ ❞❛❞♦s ❞❡ ❛❝❡❧❡r❛❞♦r❡s t❡rr❡str❡s ♥❡st❛ ❡♥❡r❣✐❛✳

❖ ✐♥t❡r❡ss❡ ♣♦r ❡ss❛ r❡❣✐ã♦ é ❛✐♥❞❛ ♠❛✐♦r ❞❡✈✐❞♦ à ❡①✐stê♥❝✐❛ ❞❛ r❛❞✐❛çã♦
❞❡ ❢✉♥❞♦ ❬✶✸❪✳ P❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 5 × 1019 ❡❱ ✐♥t❡r❛❣❡♠ ❝♦♠



✼

♦s ❢ót♦♥s ❞❛ r❛❞✐❛çã♦ ❞❡ ❢✉♥❞♦✱ ♣❡r❞❡♥❞♦ ✷✵✪ ❞❡ s✉❛ ❡♥❡r❣✐❛ ❛ ❝❛❞❛ ✐♥t❡r❛✲
çã♦✳ ❈♦♥s❡❝✉t✐✈❛s ✐♥t❡r❛çõ❡s ✈ã♦ r❡❞✉③✐♥❞♦ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ❡♠✐t✐❞❛✱
❞❡ ♠❛♥❡✐r❛ q✉❡ ♣❛r❛ ❝❤❡❣❛r à ❚❡rr❛ ❝♦♠ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❛q✉❡❧❡ ✈❛❧♦r✱ ❛s
♣❛rtí❝✉❧❛s ❞❡✈❡♠ s❡r ❡♠✐t✐❞❛s ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ✶✵✵ ▼♣❝ ❞♦ ♥♦ss♦
♣❧❛♥❡t❛ ❬✶✹❪✳ ❚♦❞❛✈✐❛✱ ❛s ❞✐r❡çõ❡s r❡❝♦♥str✉í❞❛s ♣❛r❛ ❛ ❞❡③❡♥❛ ❞❡ ❡✈❡♥t♦s
❞❡t❡❝t❛❞♦s ❛❝✐♠❛ ❞❡ 5 × 1019 ❡❱ ♥ã♦ ❛♣♦♥t❛♠ ♣❛r❛ ♥❡♥❤✉♠ ♦❜❥❡t♦ s✉✜❝✐❡♥✲
t❡♠❡♥t❡ ❡♥❡r❣ét✐❝♦ ♥❡st❡ ✐♥t❡r✈❛❧♦ ♠á①✐♠♦ ❞❡ ❞✐stâ♥❝✐❛✱ ❢♦r♠❛♥❞♦ ❛ss✐♠ ✉♠
❝❡♥ár✐♦ ♣❛r❛❞♦①❛❧ ❡♥tr❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ss❛s ♣❛rtí❝✉❧❛s ❡ ♦ ♥♦ss♦ ❝♦♥❤❡❝✐♠❡♥t♦
❛str♦❢ís✐❝♦ ❞❛s ❢♦♥t❡s ❡ ♠❡✐♦ ❣❛❧át✐❝♦✳

❊st❡ ❧✐♠✐t❡ ❞❡ ❡♥❡r❣✐❛ ✭5× 1019 ❡❱✮ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❝♦rt❡ ●❩❑ ❡♠
❤♦♠❡♥❛❣❡♠ ❛♦s ❛✉t♦r❡s ❞❛ ❞❡s❝♦❜❡rt❛ ❞❡st❡ ❢❡♥ô♠❡♥♦✿ ●r❡✐s❡♥ ❬✶✺❪✱ ❩❛ts❡♣✐♥
❡ ❑✉③✬♠✐♥ ❬✶✻❪✳

❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡stá s❡♥❞♦ ❝♦♥str✉í❞♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ♣r✐♥❝✐♣❛❧ ❞❡
r❡s♦❧✈❡r ❡ss❡ ❛♣❛r❡♥t❡ ♣❛r❛❞♦①♦✳ ❈♦♠ ✉♠❛ ❣r❛♥❞❡ ár❡❛ ❞❡ ❞❡t❡❝çã♦ ✭✸✵✵✵
km2✮ ❡st❡ ❡①♣❡r✐♠❡♥t♦ t❡rá✱ ❡♠ ❛❧❣✉♥s ❛♥♦s✱ ❞❛❞♦s s✉✜❝✐❡♥t❡s ♣❛r❛ ❧❡✈❛♥t❛r
✉♠ ♠❛♣❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛s ❢♦♥t❡s ❡ ❞❡t❡r♠✐♥❛r r❡✲
❣✐õ❡s ❝♦♠ ❡①❝❡ss♦ ♦✉ ❡s❝❛ss❡③ ❞❡ ❡✈❡♥t♦s✱ ✐❞❡♥t✐✜❝❛♥❞♦ ❛ss✐♠ ♣♦ssí✈❡✐s ❢♦♥t❡s✳
❈♦♥❤❡❝✐❞❛ ❛ ❢♦♥t❡ ❡ s✉❛ ❞✐stâ♥❝✐❛✱ ♥♦✈❛s t❡♦r✐❛s ❞❡ ❛❝❡❧❡r❛çã♦ ❡ ♣r♦♣❛❣❛çã♦
♣♦❞❡rã♦ s❡r ❛✈❡♥t❛❞❛s✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ✉♠ ❡s♣❡❝tr♦ ❝♦♥s✐st❡♥t❡ ♣❛r❛ r❡❣✐õ❡s ❛❝✐♠❛ ❞❡ 5× 1019

❡❱ s❡rá ♠❡❞✐❞♦ ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❞❡t❡r♠✐♥❛♥❞♦ ❞❡✜♥✐t✐✈❛♠❡♥t❡ ❛
❡①✐stê♥❝✐❛ ♦✉ ♥ã♦ ❞❡ ♣❛rtí❝✉❧❛s ❛❝✐♠❛ ❞❡st❛ ❡♥❡r❣✐❛✳

❊st❛ t❡s❡✱ ❛♦ s❡ ❞❡❞✐❝❛r à ❝♦♥str✉çã♦ ❡ ❛♦ ✐♥í❝✐♦ ❞❛ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s
❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ t❡♠ ❡♠ ✈✐st❛ ❡ss❛s ✐♠♣♦rt❛♥t❡s q✉❡stõ❡s q✉❡ s❡rã♦
❛t❛❝❛❞❛s ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❡ ♣r❡t❡♥❞❡ ❝♦♥tr✐❜✉✐r ❝♦♠ ♦s ❡s❢♦rç♦s q✉❡ ❧❡✈❛rã♦✱
❡♠ ✉♠ ❢✉t✉r♦ ♣ró①✐♠♦✱ às r❡s♣♦st❛s ♣❛r❛ ❡ss❡s ❡♥✐❣♠❛s✳
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❈❛♣ít✉❧♦ ✷

❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r s✉r❣✐✉ ❛ ♣❛rt✐r ❞❛ ♣❡r❝❡♣çã♦ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❡ s✉❣❡stã♦
❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♥♦✈❛ ❣❡r❛çã♦ ❝♦♠ ❣r❛♥❞❡ ár❡❛ ❝♦❧❡t♦r❛
♣❛r❛ ✐♥✈❡st✐❣❛r ❛ r❡❣✐ã♦ ❞❡ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞♦ ❝♦rt❡ ●❩❑ ❧❡✈❛♥t❛❞❛s ♣♦r ❏❛♠❡s
❈r♦♥✐♥ ❡ ❆❧❛♥ ❲❛ts♦♥

❊♠ t♦r♥♦ ❞❡st❛ ❡①❝❡❧❡♥t❡ ♣r♦♣♦st❛✱ r❛♣✐❞❛♠❡♥t❡ r❡✉♥✐r❛♠✲s❡ ❣r❛♥❞❡s ♣❡s✲
q✉✐s❛❞♦r❡s ❞❛ ❝♦♠✉♥✐❞❛❞❡ ✐♥t❡r♥❛❝✐♦♥❛❧✳ ❆ ✐❞é✐❛ ♦r✐❣✐♥❛❧ ❢♦✐ ❡s♣❡❝✐✜❝❛❞❛ ❡♠
✉♠ ❞♦❝✉♠❡♥t♦ ❉❡s✐❣♥ ❛♣r❡s❡♥t❛❞♦ ❡♠ ✉♠❛ ✈❡rsã♦ ❞❡✜♥✐t✐✈❛ ❡♠ ✶✾✾✼✱ ♥♦
q✉❛❧ s❡ ♣r♦♣✉♥❤❛ ❛ ❝♦♥str✉çã♦ ❞❡ ❞♦✐s ♦❜s❡r✈❛tór✐♦s✱ ✉♠ ❡♠ ❝❛❞❛ ❤❡♠✐s❢ér✐♦
t❡rr❡str❡✱ ❝♦♠ ár❡❛ ❞❡ ❝♦❧❡çã♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✵✵✵ km2 ❝❛❞❛✱ q✉❡ ❡♠✲
♣r❡❣❛ss❡ ❞✉❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦✱ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ t❛♥q✉❡ ❞❡
á❣✉❛ ❷❡r❡♥❦♦✈ ♦♣❡r❛♥❞♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡✳

❆ ❡s❝♦❧❤❛ ♣❡❧❛s ❞✉❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛ ❢♦✐ ❞❡✈✐❞♦ à ❝♦♠♣❧❡♠❡♥t❛r✐❞❛❞❡
❞♦s ❞❛❞♦s ♠❡❞✐❞♦s ♣♦r ❡❧❛s✱ ❥á q✉❡ ♦s t❡❧❡s❝ó♣✐♦s ♠❡❞❡♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦s t❛♥q✉❡s ♠❡❞❡♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❧❛t❡r❛❧ ♣❛r❛ ✉♠ ❝❡rt❛ ❛❧t✐t✉❞❡✱ ❡ ❞❡✈✐❞♦ à ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❡❧✐♠✐♥❛r ❛s ❝♦♥tr♦✲
✈érs✐❛s ❧❡✈❛♥t❛❞❛s ❡♥tr❡ ❛s ❝♦❧❛❜♦r❛çõ❡s ❋❧②✬s ❊②❡ ❡ ❆●❆❙❆ ❛ r❡s♣❡✐t♦ ❞♦
❡s♣❡❝tr♦ ❡ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛✳ ❆ ✜❣✉r❛ ✷✳✶ ♠♦str❛ ❛ ♣r✐♥❝✐♣❛❧ ❞✐✈❡r❣ê♥✲
❝✐❛ ❡♥tr❡ ❡ss❡s ❞♦✐s ❡①♣❡r✐♠❡♥t♦s✳ ❖ ❣rá✜❝♦ ♠♦str❛ ❡♠ ❞❡t❛❧❤❡s ♦ ❡s♣❡❝tr♦
❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❡♠ t♦r♥♦ ❞❡ 5 × 1019 ❡❱✳ ❖s ❞❛❞♦s ♠❡❞✐❞♦s
♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❍■❘❊❙ ✐♥❞✐❝❛♠ ❛ ❡①✐stê♥❝✐❛ ❞♦ ❝♦rt❡ ●❩❑ ❡♥q✉❛♥t♦ q✉❡
♦s ❞❛❞♦s ♠❡❞✐❞♦s ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❆●❆❙❆ ♥ã♦ ✐♥❞✐❝❛♠ ❛ ♠❡s♠❛ q✉❡❞❛
❛❜r✉♣t❛✳

❋❧②✬s ❊②❡ ❡ ❆●❆❙❆ ✉t✐❧✐③❛♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❝✐♥t✐❧❛❞♦r❡s ♥♦
❝❤ã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢♦✐ ♣r♦♣♦st♦ ❝♦♠ ✉♠❛ ❝♦♥✜✲
❣✉r❛çã♦ ❤í❜r✐❞❛ ♣❛r❛ r❡❛❧✐③❛r ❝❛❧✐❜r❛çõ❡s ❝r✉③❛❞❛s ❡♥tr❡ ❛s ❞✉❛s té❝♥✐❝❛s ❡

✾
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❋✐❣✉r❛ ✷✳✶✿ ❊s♣❡❝tr♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❡♠ t♦r♥♦ ❞❡ 5× 1019 ❡❱✳
❆ ❧✐♥❤❛ ♣r❡t❛ ♠♦str❛ ❛ ♣r❡❞✐çã♦ ❞♦ ❡s♣❡❝tr♦ ❝♦♥❞✐③❡♥t❡ ❝♦♠ ♦ ❝♦rt❡ ●❩❑✳

❡❧✐♠✐♥❛r ♣♦ssí✈❡✐s ✈✐❡s❡s ❞❡ ❞❡t❡❝çã♦ ❡ ❞❡ ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦✳
❈❛❞❛ ✉♠❛ ❞❛s té❝♥✐❝❛s ❞❡ ♠❡❞✐❞❛ ♣♦ss✉✐ ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦ ♣❛r❛

r❡s♣♦♥❞❡r ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ❛s três q✉❡stõ❡s q✉❡ ♣♦❞❡♠♦s ❢❛③❡r ❛ r❡s♣❡✐t♦ ❞❛
♣❛rtí❝✉❧❛ q✉❡ ✐♥✐❝✐♦✉ ♦ ❝❤✉✈❡✐r♦ ❛t♠♦s❢ér✐❝♦✿

✶✳ ◗✉❛❧ ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❄

✷✳ ◗✉❛❧ ❛ ❡♥❡r❣✐❛ ❄

✸✳ ◗✉❛❧ ♦ t✐♣♦ ❞❛ ♣❛rtí❝✉❧❛ ❄

P♦ré♠✱ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣r❡t❡♥❞❡ ✉t✐❧✐③❛r ❛ ❝♦♠♣❧❡♠❡♥t❛r✐❞❛❞❡ ❞♦s
♣❛râ♠❡tr♦s ♠❡❞✐❞♦s ♣♦r ❝❛❞❛ té❝♥✐❝❛ ♣❛r❛ ❛t✐♥❣✐r ✉♠❛ ♣r❡❝✐sã♦ ✐♥é❞✐t❛ ♥❛
r❡s♣♦st❛ ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❡ss❛s ♣❡r❣✉♥t❛s✳
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❖ sít✐♦ s✉❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❝♦♠❡ç♦✉ ❛ s❡r ❝♦♥str✉í❞♦ ❡♠ ✶✾✾✾ ♥❛
❝✐❞❛❞❡ ❞❡ ▼❛❧❛r❣ü❡✲❆r❣❡♥t✐♥❛ ✭✶✹✵✵ ♠ ❛❧t✐t✉❞❡✮ ❡ ❝♦♥t✐♥✉❛ ❡♠ ❢❛s❡ ✜♥❛❧ ❞❡
✐♥st❛❧❛çã♦ ♥♦ ♠♦♠❡♥t♦ ❞❛ ❡s❝r✐t❛ ❞❡st❛ t❡s❡✳ ❊st❡ ❝❛♣ít✉❧♦ t❡♠ ❝♦♠♦ ♦❜❥❡✲
t✐✈♦ ❞❡s❝r❡✈❡r ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠ s✉❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞❡ ♦♣❡r❛çã♦✳
❆s ❡t❛♣❛s ❞❡ ❡❧❛❜♦r❛çã♦ ❡ t❡st❡s s❡rã♦ s✉♣r✐♠✐❞❛s ♣♦r ❜r❡✈✐❞❛❞❡ ❡ ♣♦❞❡♠ s❡r
❝♦♥s✉❧t❛❞❛s ♥♦ ❉❡s✐❣♥ ❘❡♣♦rt ❬✶✼❪ ❡ ♥❛s ♣✉❜❧✐❝❛çõ❡s ✐♥t❡r♥❛s ❞❛ ❝♦❧❛❜♦r❛✲
çã♦ ❞✐s♣♦♥í✈❡✐s ❡♠ ❤tt♣✿✴✴✇✇✇✳❛✉❣❡r✳♦r❣✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❛s té❝♥✐❝❛s ❞❡
r❡❝♦♥str✉çã♦ s❡rã♦ ♠✉✐t♦ ❜r❡✈❡♠❡♥t❡ ❞❡s❝r✐t❛s ❡ r❡❝♦♠❡♥❞❛♠♦s ❛ ❧✐t❡r❛t✉r❛
❬✶✽✱ ✶✾✱ ✷✵❪ ♣❛r❛ ♠❛✐♦r❡s ❞❡t❛❧❤❡s✳

✷✳✶ ❉❡t❡❝t♦r❡s ❞❡ ❙✉♣❡r❢í❝✐❡

❆♣ós ❛❧❣✉♠❛ ❞✐s❝✉ssã♦ ❛ r❡s♣❡✐t♦ ❞♦ t✐♣♦ ❞❡ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❛ s❡r ✉t✐✲
❧✐③❛❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❝✐♥t✐❧❛❞♦r❡s ♦✉ t❛♥q✉❡s ❞❡ á❣✉❛✱ ❝✉❧♠✐♥♦✉✲s❡
♣❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❞♦s ú❧t✐♠♦s✱ ❞❡✈✐❞♦ ❛ s✉❛ ❣r❛♥❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ ❛ ❝❤✉✈❡✐r♦s
❝♦♠ ❣r❛♥❞❡ ✐♥❝❧✐♥❛çã♦ ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ s❡♣❛r❛çã♦ ❛ ❝♦♠♣♦♥❡♥t❡ ♠✉ô♥✐❝❛
❞❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❆❧é♠ ❞✐ss♦✱ t❛♥q✉❡s ❷❡r❡♥❦♦✈ ❢♦r❛♠ ✉t✐❧✐✲
③❛❞♦s ♣♦r ♠✉✐t♦ t❡♠♣♦ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❍❛✈❡r❛❤ P❛r❦ ❡ s❡ ♠♦str❛r❛♠ ✉♠❛
❡✜❝✐❡♥t❡ ❡ r♦❜✉st❛ té❝♥✐❝❛ ❞❡ ♠❡❞✐❞❛✳

❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❜ás✐❝♦ ❞♦s t❛♥q✉❡s ❝♦♥s✐st❡ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❡❧étr♦♥s ❡
♠ú♦♥s q✉❡ tê♠ ❡♥❡r❣✐❛ s✉✜❝✐❡♥t❡ ♣❛r❛ ♣r♦❞✉③✐r❡♠ r❛❞✐❛çã♦ ❷❡r❡♥❦♦✈ ♥❛
á❣✉❛✳

❖s t❛♥q✉❡s sã♦ ❝✐❧✐♥❞r♦s ❞❡ r❡s✐♥❛ ❝♦♠ ✶✳✽ ♠ ❞❡ r❛✐♦ ❡ ✶✳✻ ♠ ❞❡ ❛❧t✉r❛ ❡
sã♦ r❡✈❡st✐❞♦s ✐♥t❡r♥❛♠❡♥t❡ ♣♦r ✉♠ ♠❛t❡r✐❛❧ ♣❧ást✐❝♦ ❝♦♠ ❛❧t❛ r❡✢❡t✐✈✐❞❛❞❡✱
❞❡ ♠❛♥❡✐r❛ q✉❡ ❛ ❧✉③ ❷❡r❡♥❦♦✈ ♣r♦❞✉③✐❞❛ ♣❡❧❛s ♣❛rtí❝✉❧❛s é ❞✐❢✉s❛♠❡♥t❡
r❡✢❡t✐❞❛ ♥❛s ♣❛r❡❞❡s ❡ t❡r♠✐♥❛ ♣♦r s❡r ❞❡t❡❝t❛❞❛ ♣♦r três ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s
q✉❡ ❡stã♦ ♣♦s✐❝✐♦♥❛❞❛s ♥♦ t♦♣♦ ❞♦s t❛♥q✉❡s✱ ✈❡❥❛ ❛ ✜❣✉r❛ ✷✳✷✳

❆ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞♦s ✶✻✵✵ t❛♥q✉❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡stá r❡♣r❡✲
s❡♥t❛❞❛ ♥❛ ✜❣✉r❛ ✷✳✸✱ q✉❡ ♠♦str❛ ✉♠❛ ❣r❛❞❡ r❡❣✉❧❛r ❝♦♠ ❡s♣❛ç❛♠❡♥t♦ ❞❡
✶✳✺ ❦♠ ❡♥tr❡ ♦s t❛♥q✉❡s✳ ❆s ❞✐♠❡♥sõ❡s ❞❡st❡ ❛rr❛♥❥♦ ❧❡✈❛r❛♠ ❛ ✐♥t❡r❡ss❛♥t❡s
❞❡s❡♥✈♦❧✈✐♠❡♥t♦s t❡❝♥♦❧ó❣✐❝♦s✳ ❘❡s✉♠✐❞❛♠❡♥t❡✱ ♣♦❞❡♠♦s r❡ss❛❧t❛r ❛ ❛✉t♦✲
♥♦♠✐❛ ❞❡ ❝❛❞❛ t❛♥q✉❡✱ q✉❡ ♣♦ss✉✐ ✉♠ ❣❡r❛❞♦r ❞❡ ❡♥❡r❣✐❛ ❡❧étr✐❝❛ s♦❧❛r ❡ ✉♠❛
❜❛t❡r✐❛ q✉❡ ❛❧✐♠❡♥t❛ ❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ❡ ♦ s✐st❡♠❛ ❞❡ tr❛♥s♠✐ssã♦ ❞❡
❞❛❞♦s ✈✐❛ ❛♥t❡♥❛ ❞❡ rá❞✐♦✳ ❆❧❡♠ ❞✐ss♦✱ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢❛③ ✉♠ ✉s♦ ✐♥é✲
❞✐t♦ ❞❛ ♠❡❞✐❞❛ ❞❡ t❡♠♣♦ ♦❢❡r❡❝✐❞❛ ♣❡❧♦ s✐st❡♠❛ ●P❙ ✭s✐❣❧❛ ❡♠ ✐♥❣❧ês ♣❛r❛
●❧♦❜❛❧ P♦s✐t✐♦♥ ❙②st❡♠✮ ♣❛r❛ ♠❡❞✐r ♦ ✐♥st❛♥t❡ ❞❡ ❞✐s♣❛r♦ ❞❡ ❝❛❞❛ t❛♥q✉❡ ❡
♣r✐♥❝✐♣❛❧♠❡♥t❡ ❣❛r❛♥t✐r ❛ s✐♥❝r♦♥✐❛ ❡♥tr❡ ♦s ✈ár✐♦s t❛♥q✉❡s ❡ ♦s t❡❧❡s❝ó♣✐♦s✳
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❋✐❣✉r❛ ✷✳✷✿ ❊sq✉❡♠❛ ❡ ❢♦t♦ ❞♦ t❛♥q✉❡ ✉t✐❧✐③❛❞♦ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❆✉❣❡r✳

❖ ❞❛❞♦ ✜♥❛❧ ❛ s❡r ❛♥❛❧✐s❛❞♦ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛
❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é ♦ t❡♠♣♦ ❞❡ ❞✐s♣❛r♦ ❞❡ ❝❛❞❛ t❛♥q✉❡✳ ❆♣r♦①✐♠❛♥❞♦
❛ ❢r❡♥t❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ ♣♦r ✉♠ ♣❧❛♥♦✱ t❡♠♦s ❛s ❝♦♦r❞❡♥❛❞❛s
(xi, yi, zi) ❞❡ ✐♥t❡rs❡❝çã♦ ❞❡st❡ ♣❧❛♥♦ ♥♦s t❡♠♣♦s (ti) ❞❡ ❞❡t❡❝çã♦ ❞❡ ❝❛❞❛
t❛♥q✉❡✳

❆ ❡q✉❛çã♦ ❛❜❛✐①♦ ❞❡s❝r❡✈❡ ❛ ✐♥t❡rs❡❝çã♦ ❞❡ ✉♠ ♣❧❛♥♦ ❝♦♠ ❞❡t❡r♠✐♥❛❞♦s
♣♦♥t♦s (xi, yi, zi) ❡♠ ✐♥st❛♥t❡s ❞❡ t❡♠♣♦ (ti)✿

m
∑

i=0

~n · ~ri = c ti − K , ✭✷✳✶✮

♦♥❞❡ ~ri ❡ ti sã♦ ♦s ♣♦♥t♦s (xi, yi, zi, ti) ❞❡ ✐♥t❡rs❡❝çã♦ ❞♦ ♣❧❛♥♦ ❞❡ ♣r♦♣❛✲
❣❛çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠ ♦ ♣❧❛♥♦ ❞♦s ❞❡t❡❝t♦r❡s✱ ♦✉ s❡❥❛✱ sã♦ ❛s ❝♦♦r❞❡♥❛❞❛s ❞❡
♣♦s✐çã♦ ❞❡ ❝❛❞❛ t❛♥q✉❡ ❡ ♦ t❡♠♣♦ ♥♦ q✉❛❧ ❡❧❡ ❞❡t❡❝t♦✉ ❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠❛
♣❛rtí❝✉❧❛✳ K é ❛ ❞✐stâ♥❝✐❛ ❞♦ ♣❧❛♥♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ t = 0✱ ~n é ♦ ✈❡t♦r ♣❡r✲
♣❡♥❞✐❝✉❧❛r ❛♦ ♣❧❛♥♦ ❞❡ ♣❛rtí❝✉❧❛s✱ q✉❡ ❞á ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛✱ ❡ ❝ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♣r♦♣❛❣❛çã♦ ❞♦ ♣❧❛♥♦✱ q✉❡ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛
❧✉③✳

❉❡st❛ ❢♦r♠❛✱ ♣♦❞❡♠♦s r❡s♦❧✈❡r ♦ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❡ ♣r♦❝✉r❛r ♦ ♣❧❛♥♦
q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ ❛♦s ❞❛❞♦s ♠❡❞✐❞♦s✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ❡♥❝♦♥tr❛♠♦s ❛s
✐♥❝ó❣♥✐t❛s ~n ❡ K✳ ❆ té❝♥✐❝❛ ❞❡ t❛♥q✉❡s ❞❡ á❣✉❛ t❡♠ ❝♦♠♣r♦✈❛❞♦ ❣r❛♥❞❡
❡✜❝✐ê♥❝✐❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐r❡çã♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ♥♦ ❡①♣❡r✐♠❡♥t♦
♦♥❞❡ ❢♦✐ ✉t✐❧✐③❛❞❛ ✭❍❛✈❡r❛❤ P❛r❦✮✳

❖s t❛♥q✉❡s ❞❡ á❣✉❛ t❛♠❜é♠ ♦❢❡r❡❝❡♠ ❞❛❞♦s s✉✜❝✐❡♥t❡s ♣❛r❛ r❡s♣♦♥❞❡r✲
♠♦s à s❡❣✉♥❞❛ ♣❡r❣✉♥t❛ ❢❡✐t❛ ♥♦ ✐♥í❝✐♦ ❞❡st❡ ❈❛♣ít✉❧♦✳ ◗✉❛❧ é ❛ ❡♥❡r❣✐❛ ❞❛
♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❄



✷✳✶✳ ❉❊❚❊❈❚❖❘❊❙ ❉❊ ❙❯P❊❘❋❮❈■❊ ✶✸

❋✐❣✉r❛ ✷✳✸✿ P♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦s t❛♥q✉❡s ♥♦ sít✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠
▼❛❧❛r❣ü❡✳ ❆ ✜❣✉r❛ ♠♦str❛ ❡♠ ❛♠❛r❡❧♦ ♦s t❛♥q✉❡s q✉❡ ❢❛❧t❛♠ s❡r ✐♥st❛❧❛❞♦s
❡ ❡♠ ♦✉tr❛s ❝♦r❡s ♦s t❛♥q✉❡s ❡♠ ❡t❛♣❛s ❞♦ ♣r♦❝❡ss♦ ❞❡ ✐♥st❛❧❛çã♦ ❡ ♦♣❡r❛çã♦✳
❚❛♠❜é♠ ❡stá s✐♥❛❧✐③❛❞♦ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡
✢✉♦r❡s❝ê♥❝✐❛✳ ❊st❛ ✜❣✉r❛ ❢♦✐ ♣r❡♣❛r❛❞❛ ♣♦r ▼✐❣✉❡❧ ▼✉st❛❢❛✳

❆s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♣r♦❞✉③❡♠ ♦ s✐♥❛❧ ✐♥t❡❣r❛❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à ❧✉③
❷❡r❡♥❦♦✈ ♣r♦❞✉③✐❞❛ ♣♦r t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❞♦ ❝❤✉✈❡✐r♦ q✉❡ ❝r✉✲
③❛♠ ♦ t❛♥q✉❡✳ ❊st❡ s✐♥❛❧ é ♥♦r♠❛❧♠❡♥t❡ ♠❡❞✐❞♦ ❡♠ ✉♥✐❞❛❞❡s ❞♦ s✐♥❛❧ ❞❡✐①❛❞♦
♣♦r ✉♠ ♠ú♦♥ r❡❧❛t✐✈íst✐❝♦ q✉❡ ❛tr❛✈❡ss❛ ♦ t❛♥q✉❡ ✈❡rt✐❝❛❧♠❡♥t❡✱ ❛❜r❡✈✐❛❞❛✲
♠❡♥t❡ ❞❡♥♦♠✐♥❛❞❛ ❱❊▼✱ ❞♦ ✐♥❣❧ês ❱❡rt✐❝❛❧ ❊q✉✐✈❛❧❡♥t ▼✉♦♥✳

❖❜✈✐❛♠❡♥t❡ ❡①✐st❡ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❡ ♦
♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❝r✉③❛♠ ♦s t❛♥q✉❡s✳ ❊♠ ✉♠ ♠♦❞❡❧♦ s✐♠♣❧❡s✱ q✉❛♥t♦
♠❛✐♦r ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ♠❛✐♦r ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❝r✉✲
③❛♠ ♦ t❛♥q✉❡✳ P♦ré♠✱ ❡ss❛ r❡❧❛çã♦ ♥ã♦ é ❧✐♥❡❛r ❡ ❞❡♣❡♥❞❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s



✶✹ ❈❆P❮❚❯▲❖ ✷✳ ❖ ❖❇❙❊❘❱❆❚Ó❘■❖ ❆❯●❊❘

❞❡ ❝❛❞❛ ❝❤✉✈❡✐r♦✳ ❙✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ♠♦str❛r❛♠ q✉❡✱ ♥❛ ✈❡r❞❛❞❡✱ é
❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡♣♦s✐t❛❞❛ ♥♦s t❛♥q✉❡s q✉❡ é ♣r♦♣♦r❝✐♦♥❛❧ à ❡♥❡r❣✐❛
❞♦ ♣r✐♠ár✐♦✳ ❙✐♠✉❧❛çõ❡s ♣❛r❛ ♦ ❡①♣❡r✐♠❡♥t♦ ❍❛✈❡r❛❤ P❛r❦ ♠♦str❛r❛♠ q✉❡ ❛
❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❛ ✻✵✵ ♠ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ♦❢❡r❡❝❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛
❡♥❡r❣✐❛ q✉❡ ❞❡♣❡♥❞❡ ♣♦✉❝♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝❤✉✈❡✐r♦✳ ❆ ❡q✉❛çã♦ ❛❜❛✐①♦✱
r❡t✐r❛❞❛ ❞❛ r❡❢❡rê♥❝✐❛ ❬✶✽❪✱ ♠♦str❛ ❛ r❡❧❛çã♦ ❡♥tr❡ ❡♥❡r❣✐❛ ❡ ❞❡♥s✐❞❛❞❡ q✉❡ é
✉t✐❧✐③❛❞❛ ❛t✉❛❧♠❡♥t❡✿

E = 7.04 × 1017ρ(600)1,018 eV , ✭✷✳✷✮

♥❛ q✉❛❧ ρ(600) é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ s✐♥❛❧ ♠❡❞✐❞♦ ♣❡❧♦s t❛♥q✉❡s ❛ ✻✵✵ ♠ ❞♦
❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡♠ ✉♥✐❞❛❞❡s ❞❡ V EM/m2✳

◆♦ ❡♥t❛♥t♦✱ s✐♠✉❧❛çõ❡s ♠❛✐s r❡❝❡♥t❡s ❢❡✐t❛s ♣❛r❛ ♦❉❡s✐❣♥ ❘❡♣♦rt ❛♣♦♥t❛♠
♣❛r❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ s❡♠❡❧❤❛♥t❡✱ ♠❛s t❡♥❞♦ ❝♦♠♦ ♣❛râ♠❡tr♦ ❛
❞❡♥s✐❞❛❞❡ ❞♦ s✐♥❛❧ ❛ ✶✵✵✵ ♠ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❊st❡ tr❛❜❛❧❤♦ ❬✸❪ ♠♦str❛
q✉❡ ❛s ✢✉t✉❛çõ❡s ❡♥tr❡ ❝❤✉✈❡✐r♦s ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦ s✐♥❛❧ ❛ ✶✵✵✵ ♠ ✈❛r✐❛♠
♣♦✉❝♦✱ ❝❛✉s❛♥❞♦ ❛ss✐♠ ✉♠ ❡rr♦ r❡❞✉③✐❞♦ ♥❛ ❡st✐♠❛t✐✈❛ ❞❛ ❡♥❡r❣✐❛✳

❊♥tr❡t❛♥t♦✱ ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❡ ❞❡ s✉❛s ✢✉t✉❛✲
çõ❡s ❛✐♥❞❛ ❡stá ♣♦r s❡r ❢❡✐t♦ ❡ ❢❛③ ♣❛rt❡ ❞♦ ♣❧❛♥♦ ❞❡ tr❛❜❛❧❤♦ ❞❛ ❈♦❧❛❜♦r❛çã♦
❆✉❣❡r✳ P♦r ❤♦r❛✱ ❡st✐♠❛t✐✈❛s ❞❛ ❡♥❡r❣✐❛ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞♦s t❛♥q✉❡s ❡s✲
tã♦ s✉❥❡✐t❛s ❛ ✐♥t❡r♣r❡t❛çõ❡s ❞❡ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❡ ❞❡ ♠♦❞❡❧♦s ❞❡
✐♥t❡r❛çõ❡s ❡s❝♦❧❤✐❞♦s ❛r❜✐tr❛r✐❛♠❡♥t❡✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ✉t✐❧✐③❛♥❞♦ ❞❛❞♦s
❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ é ❜❛st❛♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❡ ♠♦❞❡❧♦s ❞❡ s✐♠✉❧❛çã♦ ♠❛s
♣♦❞❡ s❡r ❛✐♥❞❛ ❢❛❝tí✈❡❧ ❞❡♥tr♦ ❞❡ ✉♠ ❝♦♥❝❡✐t♦ ♣r♦❜❛❜✐❧íst✐❝♦✳ ❖ ❡①♣❡r✐♠❡♥t♦
❍❛✈❡r❛❤ P❛r❦ ♣✉❜❧✐❝♦✉ s✉❛s ❝♦♥s✐❞❡r❛çõ❡s ❛ r❡s♣❡✐t♦ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛
❜❛s❡❛❞❛s ♥❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❬✷✶❪✳

❆ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ r❡❧❛❝✐♦♥❛ ❛ ♣r♦❢✉♥❞✐❞❛❞❡ ✭Xmax✮✱ ♦♥❞❡ ♦ ❝❤✉✈❡✐r♦
♣♦ss✉✐ ♦ ♠á①✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳ ❈❤✉✲
✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ♠❛✐s ♣❡s❛❞❛s ❞❡s❡♥✈♦❧✈❡♠✲s❡ ♠❛✐s
rá♣✐❞♦ q✉❡ ❛q✉❡❧❡s ✐♥✐❝✐❛❞♦s ♣♦r ♣❛rtí❝✉❧❛s ♠❛✐s ❧❡✈❡s ❝♦♠ ❛ ♠❡s♠❛ ❡♥❡r❣✐❛✳
❉❡t❛❧❤❡s s♦❜r❡ ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s❡rã♦ ❛❜♦r❞❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳

P♦ré♠✱ ♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ♥ã♦ ❞❡t❡❝t❛♠ ♦ Xmax ❞♦ ❝❤✉✈❡✐r♦ q✉❡
♣❛r❛ ❡♥❡r❣✐❛s ❞❛ ♦r❞❡♠ ❞❡ 1019 ❡❱ ❡stá✱ ❡♠ ♠é❞✐❛✱ ❛ ✷✳✺ ❦♠ ❞❡ ❛❧t✐t✉❞❡✳ ◆♦
❡♥t❛♥t♦✱ ♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ♣❡❧❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦ t❛♥q✉❡ ♣♦❞❡ ❣✉❛r❞❛r
✉♠❛ r❡❧❛çã♦ ✐♥❞✐r❡t❛ ❝♦♠ ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱ ❝♦♠ ❛
♣♦s✐çã♦ ❞♦ ♠á①✐♠♦ ❞♦ ❝❤✉✈❡✐r♦✳

❆ ♠❛✐♦r ♣❛rt❡ ❞♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ♣❡❧♦s t❛♥q✉❡s é ❢♦r♠❛❞♦ ♣♦r ❡❧étr♦♥s
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❡ ♠ú♦♥s✳ ▼ú♦♥s sã♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❤❛❞rô♥✐❝❛ ❞♦s ❝❤✉✈❡✐r♦s q✉❡✱
❡♠ ♠é❞✐❛✱ é ❢✉♥çã♦ ❞✐r❡t❛ ❞♦ ♥ú♠❡r♦ ❞❡ ❤á❞r♦♥s ♥❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳ ❖✉
s❡❥❛✱ ❡♠ ❧✐♥❤❛s ❣❡r❛✐s✱ q✉❛♥t♦ ♠❛✐s ♣❡s❛❞❛ ❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ♠❛✐s ♠ú♦♥s
s❡rã♦ ♣r♦❞✉③✐❞♦s ❡ ❛t✐♥❣✐rã♦ ♦s t❛♥q✉❡s✳

❉❡✈✐❞♦ às ♣r♦❜❛❜✐❧✐❞❛❞❡s ❞❡ ✐♥t❡r❛çõ❡s ❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❡❧étr♦♥s sã♦
♠❛✐s ❧❡♥t♦s q✉❡ ♠ú♦♥s✱ ♣♦rt❛♥t♦✱ ♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ♣❡❧♦s t❛♥q✉❡s s❡rá ❢♦r✲
♠❛❞♦ ♣♦r ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ❛❞✐❛♥t❛❞❛✱ ❢♦r♠❛❞❛ ♣♦r ♠ú♦♥s ❡ ♦✉tr❛ ❛tr❛s❛❞❛
❡ ♠❛✐s ❡s♣❛❧❤❛❞❛✱ ❢♦r♠❛❞❛ ♣♦r ❡❧étr♦♥s✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✷✳✹✳
❊st❡ ❣rá✜❝♦ ❢♦✐ ♦❜t✐❞♦ ❝♦♠ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ s✐♠✉❧❛✲
çõ❡s ❞♦s t❛♥q✉❡s✱ ❞❡ ❢♦r♠❛ q✉❡ ❢♦✐ ♣♦ssí✈❡❧ s❡♣❛r❛r ❛s ❞✉❛s ❝♦♠♣♦♥❡♥t❡s ♥♦
s✐♥❛❧✳

▼❡❞✐♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ s✐♥❛❧ ✐♥t❡❣r❛❞♦ ♥♦ t❛♥q✉❡ ♦❜té♠✲
s❡ ✉♠❛ ❡st✐♠❛t✐✈❛ ❞❛ r❛③ã♦ ❡♥tr❡ ♦ s✐♥❛❧ ❞❡✐①❛❞♦ ♣❡❧❛ ❝♦♠♣♦♥❡♥t❡ ♠✉ô♥✐❝❛
❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳ ❊♠ ❬✷✶❪✱ ❲❛ts♦♥ ❡ ❲❛❧❦❡r s✉❣❡r❡♠ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛
t❛①❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ s✐♥❛❧ ❡ ♦ Xmax✱ ♣❡r♠✐t✐♥❞♦✱ ❛ ♣❛rt✐r ❞♦s ❞❛❞♦s ❞♦s
t❛♥q✉❡s✱ ❞❡t❡r♠✐♥❛r ✉♠❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦✳

P♦ré♠✱ ♠❡❞✐❞❛s tã♦ ✐♥❞✐r❡t❛s ♥ã♦ r❡♣r❡s❡♥t❛♠ ♦ ♠á①✐♠♦ ❞❡ ♣♦t❡♥❝✐❛❧✐✲
❞❛❞❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ♥♦✈❛s té❝♥✐❝❛s ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♠❛ss❛ ❞♦
♣r✐♠ár✐♦ t❛♠❜é♠ ❡stã♦ ❡♠ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❬✷✷✱ ✷✸❪✳

✷✳✷ ❚❡❧❡s❝ó♣✐♦s ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❞❡s❝r✐çã♦ ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❢❡✐t❛ ❛❝✐♠❛✱ ❛ ❢ís✐❝❛
❡♥✈♦❧✈✐❞❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ ❞❡t❡❝çã♦ ❡ r❡❝♦♥str✉çã♦ ❞♦s ❝❤✉✈❡✐r♦s ♥ã♦ s❡rá
❛♣r❡s❡♥t❛❞❛ ❛q✉✐✳ ❘❡str✐♥❣✐♠♦✲♥♦s✱ ♥❡st❛ ❡t❛♣❛✱ ❛ ✉♠❛ ❞❡s❝r✐çã♦ té❝♥✐❝❛ ❞♦
✐♥str✉♠❡♥t♦ ❞❡ ♠❡❞✐❞❛ ❡ ❞❡s❧♦❝❛♠♦s ❛ ❞✐s❝✉ssã♦ ❞❡ ❛♥á❧✐s❡ ♣❛r❛ ♦ ❈❛♣ít✉❧♦
✺✱ ♦♥❞❡ ❤❛✈❡rá ❛ ✐♥tr♦❞✉çã♦ ♣❛r❛ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❡st❛ ár❡❛✳

▲❡♠❜r❛♠♦s ❛♣❡♥❛s q✉❡ ❛ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s✲
❝ê♥❝✐❛ r❡s✐❞❡ ♥♦ ❢❛t♦ ❞❡ ❡❧❡ ❞❡t❡❝t❛r ♦ ❞❡s❡✈❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦
❝❤✉✈❡✐r♦ ❢❛③❡♥❞♦ ✉♠❛ ♠❡❞✐❞❛ ❝❛❧♦r✐♠étr✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ❛♦ ❧♦♥❣♦ ❞❛ s✉❛
♣❛ss❛❣❡♠ ♣❡❧❛ ❛t♠♦s❢❡r❛✳

▼ét♦❞♦s ❡s♣❡❝í✜❝♦s ❞❡ r❡❝♦♥str✉çã♦ t❛♠❜é♠ ♣❡r♠✐t❡♠ r❡s♣♦♥❞❡r ❛s três
♣❡r❣✉♥t❛s s♦❜r❡ ❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❢❡✐t❛s ♥♦ ✐♥í❝✐♦ ❞❡st❡ ❈❛♣ít✉❧♦✳ ❊♠
♣❛rt✐❝✉❧❛r✱ ❡st❛ té❝♥✐❝❛ ❞❡ ♠❡❞✐❞❛ ♣❡r♠✐t❡ ❣r❛♥❞❡ ♣♦❞❡r ❞❡ r❡s♦❧✉çã♦ ♣❛r❛
❞❡t❡r♠✐♥❛r ♦ t✐♣♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ❥á q✉❡ ♦ t❡❧❡s❝ó♣✐♦ ✏❡♥①❡r❣❛✑ ♦ Xmax

❞♦ ❝❤✉✈❡✐r♦✱ ❡ ❞❡t❡r♠✐♥❛r ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❞❡✈✐❞♦ à ♠❡❞✐❞❛
❝❛❧♦r✐♠étr✐❝❛ ❞♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❞❛s ♣❛rtí❝✉❧❛s ❞♦ ❝❤✉✈❡✐r♦ ♥♦ ❛r✳
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❋✐❣✉r❛ ✷✳✹✿ ❙✐♥❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱ ❡♠ ✉♠ t❛♥q✉❡
❷❡r❡♥❦♦✈ s❡♣❛r❛❞♦ ❡♠ s✉❛s ❝♦♠♣♦♥❡♥t❡s ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❡ ♠✉ô♥✐❝❛ ♣❛r❛
q✉❛tr♦ ❞✐stâ♥❝✐❛s ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ◆❛ ❝♦❧✉♥❛ à ❡sq✉❡r❞❛ ❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛ é ✉♠ ♣rót♦♥ ❡ ♥❛ ❝♦❧✉♥❛ à ❞✐r❡✐t❛ ✉♠ ♥ú❝❧❡♦ ❞❡ ❢❡rr♦✳ ◆♦t❡ q✉❡ ❛
❡s❝❛❧❛ ✈❡rt✐❝❛❧ é s❡♠♣r❡ ❞❡ ✵ ❛ ✶ ♣❛r❛ ♦ s✐♥❛❧ ✐♥t❡❣r❛❞♦✳ ❊st❛ ✜❣✉r❛ ❢♦✐ r❡t✐r❛❞❛
❞❛ r❡❢❡rê♥❝✐❛ ❬✸❪ ❡ ✐❧✉str❛ ❛ ❞✐❢❡r❡♥ç❛ ♥♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛s ❝♦♠♣♦♥❡♥t❡s
♠✉ô♥✐❝❛ ❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛✳
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❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r s❡rá ❝♦♠♣♦st♦ ♣♦r ✷✹ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛
❝♦♥str✉í❞♦s ❡♠ q✉❛tr♦ ❡❞✐❢í❝✐♦s ♣♦s✐❝✐♦♥❛❞♦s ❡♠ ❡①tr❡♠♦s ❞♦ ❛rr❛♥❥♦ ❞❡ t❛♥✲
q✉❡s✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✷✳✸✳ ❈❛❞❛ t❡❧❡s❝ó♣✐♦ ♣♦ss✉✐ 30◦ × 30◦

❞❡ ❝❛♠♣♦ ❞❡ ✈✐sã♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ s❡✐s t❡❧❡s❝ó♣✐♦s ✈ê ✉♠❛
r❡❣✐ã♦ ❛③✐♠✉t❛❧ ❞❡ 180◦ s♦❜r❡ ♦ ❛rr❛♥❥♦ ❞❡ t❛♥q✉❡s✳

❈❛❞❛ t❡❧❡s❝ó♣✐♦ ❢♦✐ ❝♦♥str✉í❞♦ ❝♦♠ ó♣t✐❝❛ ❞❡ ❙❝❤♠✐❞t ❝♦♠ ❡s♣❡❧❤♦ r❡✢❡t♦r
❞❡ ✸✳✹ ♠ ❞❡ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❡ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♣♦s✐❝✐♦♥❛❞❛ ❛
✶✳✼ ♠ ❞♦ ❡s♣❡❧❤♦✳ ❆ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s é ❢♦r♠❛❞❛ ♣♦r ✹✹✵ t✉❜♦s
❞♦ t✐♣♦ P❤♦t♦♥✐s ❳P✸✵✻✷ ❝♦♠ 1.5◦ ❞❡ ❛❜❡rt✉r❛ ❝❛❞❛✳

❖s ❡s♣❡❧❤♦s ❡s❢ér✐❝♦s ♣♦ss✉❡♠ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳ ◆♦ ❞❡s✐❣♥ ❞❛ ❝♦❧❛✲
❜♦r❛çã♦ ❛❧❡♠ã ♦ ❡s♣❡❧❤♦ é ❢♦r♠❛❞♦ ♣♦r s❡❣♠❡♥t♦s r❡t❛♥❣✉❧❛r❡s ❞❡ ❛❧✉♠í♥✐♦
♣♦❧✐❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦ t❝❤❡❝❛ ♦
❡s♣❡❧❤♦ é ❢♦r♠❛❞♦ ♣♦r s❡❣♠❡♥t♦s ❤❡①❛❣♦♥❛✐s ❞❡ ✈✐❞r♦✳ ❖s t❡❧❡s❝ó♣✐♦s ❞♦
❖❜s❡r✈❛tór✐♦ s❡rã♦ ❡q✉✐♣❛❞♦s ❝♦♠ ❛♠❜❛s ❛s ❝♦♥✜❣✉r❛çõ❡s ❡♠ ♥ú♠❡r♦ ✐❣✉❛❧✳

❖s t❡❧❡s❝ó♣✐♦s ❡♠ s✉❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ tê♠ ✶✳✶ ♠ ❞❡ ❛❜❡rt✉r❛ ❞♦ ❞✐❛✲
❢r❛❣♠❛ ❡ ❝♦♥t❛♠ ❝♦♠ ✉♠ ❛♥❡❧ ❝♦rr❡t♦r ♣❛r❛ ♠✐♥✐③❛r ❛❜❡rr❛çõ❡s✳ ❖ ❛♥❡❧
❝♦rr❡t♦r ♦❝✉♣❛ ❛ r❡❣✐ã♦ ❡♥tr❡ ✵✳✽✺ ♠ ❡ ✶✳✶ ♠ ❞❛ ❛❜❡rt✉r❛ ❡ s❡rá ❞❡s❝r✐t♦ ❡
❛♥❛❧✐s❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✸✳

◆❛ ❢r❡♥t❡ ❞❛ ❛❜❡rt✉r❛ ❞♦ t❡❧❡s❝ó♣✐♦ ✜❝❛ ♣♦s✐❝✐♦♥❛❞♦ ✉♠ ✜❧tr♦ ♣❛ss❛ ❢❛✐①❛
✭300 nm < λ < 400 nm✮ r❡s♣♦♥sá✈❡❧ ♣♦r ♠✐♥✐♠✐③❛r ♦s r✉í❞♦s ♣r♦✈❡♥✐❡♥t❡s
❞❡ ♦✉tr♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❢♦r❛ ❞♦ ✐♥t❡r✈❛❧♦ ❝♦♥❤❡❝✐❞♦ ❞❡ ❡♠✐ssã♦ ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ♥✐tr♦❣ê♥✐♦✳

❆s ❢♦t♦s ♥❛ ✜❣✉r❛ ✷✳✺ ♠♦str❛♠ ♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦
❝♦♠ t♦❞♦s ♦s s❡✉s ❡q✉✐♣❛♠❡♥t♦s ✜♥❛✐s ❞❡ ♦♣❡r❛çã♦ ✐♥st❛❧❛❞♦s✳

✷✳✸ P♦t❡♥❝✐❛❧ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡stá s❡♥❞♦ ❝♦♥str✉í❞♦ ♣❛r❛ r❡s♦❧✈❡r ♦ ❡♥✐❣♠❛ ❞♦s r❛✐♦s
❝ós♠✐❝♦s ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 5 × 1019 ❡❱ ❡ ♣❛r❛ t❛❧✱ ♠✉✐t♦s ♣♦♥t♦s ❢♦r❛♠
❝✉✐❞❛❞♦s❛♠❡♥t❡ ❡st✉❞❛❞♦s ❡♠ s✉❛ ❝♦♥✜❣✉r❛çã♦ ♣❛r❛ ❣❛r❛♥t✐r ♦ s✉❝❡ss♦ ❞♦
❡①♣❡r✐♠❡♥t♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛♦ s❡ ❝♦♥str✉✐r ✉♠ ❡①♣❡r✐♠❡♥t♦ ❞❡ss❛s ♣r♦♣♦r✲
çõ❡s ♣r♦❝✉r❛✲s❡ ♦♣t✐♠✐③❛r ❛s ❝♦♥✜❣✉r❛çõ❡s ❞♦s ✐♥str✉♠❡♥t♦s ♣❛r❛ ❛❜r❛♥❣❡r
♦ ♠❛✐♦r ♥ú♠❡r♦ ❞❡ ❢❡♥ô♠❡♥♦s ♣♦ssí✈❡❧ ❞❡♥tr♦ ❞♦ s❡✉ ✉♥✐✈❡rs♦ ❞❡ ♠❡❞✐❞❛s✳

❙❡❣✉✐♥❞♦ ❡st❡ ♣r❡❝❡✐t♦✱ ❝❤❡❣♦✉✲s❡ à ❝♦♥✜❣✉r❛çã♦ ❤í❜r✐❞❛ ❛♣r❡s❡♥t❛❞❛ ❛❝✐✲
♠❛✱ ♥❛ q✉❛❧ ❝♦♠❜✐♥❛✲s❡ ✉♠❛ té❝♥✐❝❛ ❝❛r❛ ✭✢✉♦r❡s❝ê♥❝✐❛✮ ❝♦♠ ♦✉tr❛ r❡❧❛t✐✲
✈❛♠❡♥t❡ ❜❛r❛t❛ ✭t❛♥q✉❡s✮✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ♦s t❡♠♣♦s ❞❡ ♦♣❡r❛çã♦✱ ❥á q✉❡
♦s t❡❧❡s❝ó♣✐♦s só ♦♣❡r❛♠ ❡♠ ♥♦✐t❡s s❡♠ ♥✉✈❡♠ ❡ s❡♠ ❧✉❛✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡
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❋✐❣✉r❛ ✷✳✺✿ ❋♦t♦s ❞♦ t❡❧❡s❝ó♣✐♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆ ❢♦t♦ à
❡sq✉❡r❞❛ ♠♦str❛ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡ ♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❆ ❢♦t♦ à
❞✐r❡✐t❛ ♠♦str❛ ♦ ❡s♣❡❧❤♦ ❡ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ✈✐st❛ ♣♦r trás✳

✶✵✪ ❞♦ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦ ❞♦s t❛♥q✉❡s✱ q✉❡ ♦♣❡r❛♠ ❞✉r❛♥t❡ t♦❞♦ ♦ ❞✐❛
❡♠ q✉❛❧q✉❡r ❝♦♥❞✐çã♦ ❝❧✐♠át✐❝❛✳ ❆ss✐♠✱ ❣❛♥❤❛✲s❡ ✉♠ ✐♥str✉♠❡♥t♦ ❡①❝❡❧❡♥t❡
♣❛r❛ ♠❡❞✐❞❛s ❞❛ ❡♥❡r❣✐❛ ❡ ❞♦ Xmax✱ q✉❡ ❧❡✈❛ ❛ ❜♦❛s ❡st✐♠❛t✐✈❛s ❞♦ t✐♣♦
❞❡ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✱ ❡ ♦✉tr♦ ❞❡ ♠❡❞✐❞❛ ❝♦♥tí♥✉❛✱ q✉❡ ❞❡t❡❝t❛rá ❡♠ ✉♠
❝✉rt♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ♣❛r❛ r❡s♣♦♥❞❡r♠♦s
às q✉❡stõ❡s ❞❡ ✐s♦tr♦♣✐❛ ❡ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛✳

P❛r❛ ❛t✐♥❣✐r s❡✉s ♦❜❥❡t✐✈♦s ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ t❡r
r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❞❡ 0.3◦ ♥❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✱ ❡rr♦ ❡♠ ❡♥❡r❣✐❛ ♠❡♥♦r q✉❡
✶✵ ✪ ❡ ❡rr♦ ♥♦ Xmax ♠❡♥♦r q✉❡ ✷✵ g/cm2✳ ❋❡❧✐③♠❡♥t❡✱ ♦ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦
❞♦ ♣r♦tót✐♣♦✱ q✉❡ ♦♣❡r♦✉ ❝♦♠ ✹✵ t❛♥q✉❡s ❡ ✷ t❡❧❡s❝ó♣✐♦s✱ ♦ tr❛❜❛❧❤♦ ❝♦♥t✐❞♦
♥❛ r❡❢❡rê♥❝✐❛ ❬✷✹❪ ❡ ❛s s✐♠✉❧❛çõ❡s ❛♣r❡s❡♥t❛❞❛s ♥♦ ❈❛♣ít✉❧♦ ✺ ♠♦str❛♠ q✉❡
❛s ❡s❝♦❧❤❛s ❞❛s ❝♦♥✜❣✉r❛çõ❡s ❡ ❞♦s ✐♥str✉♠❡♥t♦s ❢♦r❛♠ ❛❝❡rt❛❞❛s✳

❆ ✜❣✉r❛ ✷✳✻ ♠♦str❛ ❛ ❡①♣♦s✐çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠ ❢✉♥çã♦ ❞♦
t❡♠♣♦ ❡ ❛ t❛❜❡❧❛ ✷✳✶ ♠♦str❛ ♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❛ s❡r ❞❡t❡❝t❛❞♦ ♣♦r ❛♥♦✳
❆ ✜❣✉r❛ s✉♣õ❡ ❝✉♠♣r✐❞♦ ♦ ❝r♦♥♦❣r❛♠❛ ❞❡ ❝♦♥str✉çã♦ ❞♦s ❞♦✐s sít✐♦s ❞♦ ❖❜✲
s❡r✈❛tór✐♦ ❆✉❣❡r✱ s❡♥❞♦ q✉❡ ♦ ♥♦ ❤❡♠✐s❢ér✐♦ ♥♦rt❡ ❝♦♠❡ç❛rá ❛ s❡r ❝♦♥str✉í❞♦
❡♠ ✷✵✵✺✳ ❆ t❛❜❡❧❛ ♠♦str❛ ♥ú♠❡r♦s ♣❛r❛ ✉♠ sít✐♦ ❝♦♠ ✸✵✵✵ km2✳

◆❛ ✜❣✉r❛ ✷✳✻ ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡✱ ❛ ♣❛rt✐r ❞❡ ✷✵✵✺✱ ♦ ❖❜s❡r✈❛tór✐♦
❆✉❣❡r s❡rá ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ♠❛✐♦r ❡①♣♦s✐çã♦ ♣❛r❛ ♦ ❡st✉❞♦s ❞♦s r❛✐♦s ❝ós✲
♠✐❝♦s ❞❡ ❛❧t❛s ❡♥❡r❣✐❛s✳ ❆✐♥❞❛ ♠❛✐s ✐♠♣r❡ss✐♦♥❛♥t❡ é ❛♥❛❧✐s❛r ❛ t❛❜❡❧❛ ✷✳✶ ❡
♦❜s❡r✈❛r q✉❡ ❡♠ ✉♠ ❛♥♦ ❞❡ ♦♣❡r❛çã♦ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❝♦♠ ❛♣❡♥❛s ✉♠
sít✐♦ ❞❡t❡❝t❛rá ✹✾ ❡✈❡♥t♦s ❤í❜r✐❞♦s ❡ ✹✾✵ ❡✈❡♥t♦s ♥♦ t♦t❛❧ ❝♦♠ ❡♥❡r❣✐❛ ❛❝✐♠❛
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◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ♣♦r sít✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r
❊♥❡r❣✐❛ ✭❡❱✮ ❉❡t❡❝✳ ❙✉♣❡r❢í❝✐❡ ❍í❜r✐❞♦s

6 × 1017 ✵ ✹✺✵✵✵
1018 ✵ ✸✵✵✵✵

3 × 1018 ✶✺✵✵ ✹✼✵✵
1019 ✺✶✺✵ ✺✶✺

2 × 1019 ✶✺✾✵ ✶✺✾
5 × 1019 ✹✾✵ ✹✾

1020 ✶✵✸ ✶✵
2 × 1020 ✸✷ ✸
5 × 1020 ✶✵ ✶

❚❛❜❡❧❛ ✷✳✶✿ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❛❝✐♠❛
❞❛ ❡♥❡r❣✐❛ ❞❛❞❛ ♥❛ ♣r✐♠❡✐r❛ ❝♦❧✉♥❛ ❡♠ ✉♠ ❛♥♦✳ ❋♦r❛♠ ❝♦♠♣✉t❛❞♦s ❛♣❡♥❛s
❡✈❡♥t♦s ❝♦♠ â♥❣✉❧♦ ③❡♥✐t❛❧ ♠❡♥♦r q✉❡ 60◦✳ ❙ó sã♦ ❝♦♥s✐❞❡r❛❞♦s ❡✈❡♥t♦s
❞❡t❡❝t❛❞♦s ♣❡❧♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ q✉❡ ❞✐s♣❛r❛♠ q✉❛tr♦ t❛♥q✉❡s ❝♦♠ ♣❡❧♦
♠❡♥♦s ✹ ❱❊▼ ❝❛❞❛✳ ❖s ♥ú♠❡r♦s ♣❛r❛ ♦s ❡✈❡♥t♦s ❤í❜r✐❞♦s ❛ss✉♠❡♠ ❞♦✐s
t❛♥q✉❡s ❞✐s♣❛r❛❞♦s ❝♦♠ ♣❡❧♦ ♠❡♥♦s ✹ ❱❊▼ ❡ ✶✵ ✪ ❞❡ t❡♠♣♦ ❞❡ ♦♣❡r❛çã♦✳

❞♦ ❝♦rt❡ ●❩❑ ✭5× 1019eV ✮ ♦ q✉❡ s✐❣♥✐✜❝❛ ♠❛✐s q✉❡ ♦✐t♦s ✈❡③❡s ♦ ♥ú♠❡r♦ ❞❡
❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❆●❆❙❆ ♥❡st❛ r❡❣✐ã♦ ❞❡ ❡♥❡r❣✐❛✳

✷✳✸✳✶ ❊✈❡♥t♦s ❞♦ Pr♦tót✐♣♦

❖ ✐♥t✉✐t♦ ❞❛ ♦♣❡r❛çã♦ ❞♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❢♦✐ t❡st❛r ❛s ❝♦♥✜❣✉r❛çõ❡s
❞♦s ✐♥str✉♠❡♥t♦s✱ ♠ét♦❞♦s ❞❡ ❛q✉✐s✐çã♦ ❡ tr❛♥s♠✐ssã♦ ❞❡ ❞❛❞♦s ❡ ♣r♦❣r❛♠❛s
❞❡ r❡❝♦♥str✉çã♦✳ ❖ ♣r♦tót✐♣♦ ❢✉♥❝✐♦♥♦✉ ❡♥tr❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✵✶ ❡ ❛❜r✐❧ ❞❡
✷✵✵✷ ❝♦♠ ✹✵ t❛♥q✉❡s ❡ ❞♦✐s t❡❧❡s❝ó♣✐♦s ♦♣❡r❛♥❞♦ ♥♦ t❡❧❡s❝ó♣✐♦ ❝❤❛♠❛❞♦ ❞❡
▲♦s ▲❡♦♥❡s✳

❉❡♣♦✐s ❞♦s ♣r✐♠❡✐r♦s t❡st❡s ❞❛ ❡❧❡trô♥✐❝❛ ❡ ❞❛ ♠❡❝â♥✐❝❛ ❞♦s ✐♥str✉♠❡♥t♦s✱
♦s ❞❡t❡❝t♦r❡s ♦♣❡r❛r❛♠ ❡♠ r✐t♠♦ ♥♦r♠❛❧ ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❛❝✉♠✉❧❛r ✉♠
♥ú♠❡r♦ s✉✜❝✐❡♥t❡ ❞❡ ❡✈❡♥t♦s q✉❡ ♣❡r♠✐t✐ss❡ ❛ ✈❡r✐✜❝❛çã♦ ❞❛ ❢✉♥❝✐♦♥❛❧✐❞❛❞❡
❞♦s ❡q✉✐♣❛♠❡♥t♦s ❡♠ ❝✐❝❧♦ ♥♦r♠❛❧ ❞❡ tr❛❜❛❧❤♦✳

❉✉r❛♥t❡ ❡ss❡ ♣❡rí♦❞♦ ❢♦r❛♠ ❞❡t❡❝t❛❞♦s ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✵✵ ❡✈❡♥t♦s
❝♦♠ ♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ✹✸✼✾✹ ❡✈❡♥t♦s ❝♦♠ ♣❡❧♦ ♠❡♥♦s ✸ t❛♥q✉❡s
❞✐s♣❛r❛❞♦s ✭✈❡❥❛ t❛❜❡❧❛ ✷✳✷✮ ❡ ✼✸ ❡✈❡♥t♦s ❤í❜r✐❞♦s✳
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❋✐❣✉r❛ ✷✳✻✿ ❊①♣♦s✐çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠ ❢✉♥çã♦ ❞♦ t❡♠♣♦ ❝♦♠♣❛✲
r❛❞❛ ❝♦♠ ❛ ❞❡ ♦✉tr♦s ❡①♣❡r✐♠❡♥t♦s ❡♠ ♦♣❡r❛çã♦✳ ❖ ❣rá✜❝♦ s✉♣õ❡ ❝✉♠♣r✐❞♦
♦ ❝r♦♥♦❣r❛♠❛ ❞❡ ❝♦♥str✉çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ q✉❡ ♣r❡✈ê ♣❛r❛ ✷✵✵✺ ❛ ❡♥tr❛❞❛
❡♠ ♦♣❡r❛çã♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞♦ sít✐♦ s✉❧ ❡ ♦ ✐♥í❝✐♦ ❞❛ ❝♦♥str✉çã♦ ❞♦
sít✐♦ ♥♦rt❡✳ ❊st❛ ✜❣✉r❛ ❢♦✐ ♣r❡♣❛r❛❞❛ ♣❡❧♦ ❉r✳ ❆r✐s❛❦❛ ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦
❆✉❣❡r✳

❉♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦r❛♠ ❢❡✐t♦s ❞♦✐s
❝♦♥❥✉♥t♦s ❞❡ ❞❛❞♦s ❝♦♠ ♦❜❥❡t✐✈♦s ❞✐❢❡r❡♥t❡s✳ ❖ ❝♦❧❛❜♦r❛❞♦r ❆❞r✐❛♥ ❘♦✈❡r♦
❞✐s♣♦♥✐❜✐❧✐③♦✉ ✉♠❛ ❝♦♠♣✐❧❛çã♦ ❞❡ t♦❞♦s ♦s ✾✾✺ ❡✈❡♥t♦s q✉❡ ❞✐s♣❛r❛♠ ♦ ❣❛t✐❧❤♦
❞❡ s❡❣✉♥❞♦ ♥í✈❡❧✶ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ♣r♦tót✐♣♦ ❡♠ ✉♠ ú♥✐❝♦
❛rq✉✐✈♦ ♣❛r❛ ❛ ❝♦❧❛❜♦r❛çã♦✳ ❊st❡s ❡✈❡♥t♦s ❞❡✈❡♠ s❡r ✉s❛❞♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡
❡♠ ❡st✉❞♦s ❞❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❞❡t❡❝çã♦ ❡ ✈✐❡s❡s ❞❡ ❞❡t❡❝çã♦✳ ❊♠ ♣❛rtí❝✉❧❛r✱
✉s❛r❡♠♦s ❡st❛ s❡❧❡çã♦ ♣❛r❛ ✐❧✉str❛r ♦s ✈✐❡s❡s ❞❡ ❞❡t❡❝çã♦ ♥♦ ❈❛♣ít✉❧♦ ✺✳

❯♠ s❡❣✉♥❞♦ ❝♦♥❥✉♥t♦ ❞❡ ❞❛❞♦s ❝♦♠ ✸✸✷ ❡✈❡♥t♦s ❢♦✐ ❢♦r♠❛❞♦ ♣❡❧♦ ❝♦❧❛✲
❜♦r❛❞♦r ❙t❡❢❛♥♦ ❆r❣✐rò✳ ◆❡st❛ s❡❧❡çã♦ só ❢♦r❛♠ ✐♥❝❧✉í❞♦s ❡✈❡♥t♦s ❝♦♠ ♣❡❧♦
♠❡♥♦s ♦✐t♦ ♣✐①❡❧s ❞✐s♣❛r❛❞♦s✳ ❊st❛ s❡❧❡çã♦ s❡rá ✉s❛❞❛ ❛♦ ❧♦♥❣♦ ❞❡st❛ t❡s❡

✶❖ ❣❛t✐❧❤♦ ❞❡ s❡❣✉♥❞♦ ♥í✈❡❧ t❡st❛ s❡ ♣❡❧♦ ♠❡♥♦s ✹ ♣✐①❡❧s ❝♦♠ s✐♥❛❧ ♠❛✐♦r q✉❡ ❛ ♠é❞✐❛
♠❛✐s ✹σ ❢♦r♠❛♠ ✉♠ ❛rr❛♥❥♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❝❤✉✈❡✐r♦ ❞❡ r❛✐♦s ❝ós♠✐❝♦s✳
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◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦
❈♦♥❞✐çã♦ ◆ú♠❡r♦ ❞❡ ❊✈❡♥t♦s

▼❡♥♦s q✉❡ ✸ t❛♥q✉❡s ✺✻✻✸✵
P❡❧♦ ♠❡♥♦s ✸ t❛♥q✉❡s ✹✸✼✾✹
P❡❧♦ ♠❡♥♦s ✹ t❛♥q✉❡s ✹✵✽✶
P❡❧♦ ♠❡♥♦s ✺ t❛♥q✉❡s ✷✶✶✺
▼❛✐s q✉❡ ✺ t❛♥q✉❡s ✶✺✶✹

❚❛❜❡❧❛ ✷✳✷✿ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦
❆✉❣❡r ❝♦♠ ♠✉❧t✐♣❧✐❝✐❞❛❞❡ ❞❛❞❛ ♣❡❧❛ ❝♦❧✉♥❛ à ❡sq✉❡r❞❛✳ ◆❡♥❤✉♠ ❝♦rt❡ ♣❛r❛
s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❢♦✐ r❡❛❧✐③❛❞♦✳

❝♦♠♦ s❡♥❞♦ ♦s ❡✈❡♥t♦s ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜✲
s❡r✈❛tór✐♦✳

❖s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s só ♣❡❧♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ♥ã♦ s❡rã♦ ✉t✐❧✐③❛❞♦s
♥❡st❡ tr❛❜❛❧❤♦✱ ❡①❝❡t♦ ❛q✉❡❧❡s q✉❡ ❢❛③❡♠ ♣❛rt❡ ❞❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s✳ ◆❡st❡
♣❡rí♦❞♦✱ ♣❛r❛ t♦❞♦s ♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s✱ ❡r❛ ❡♥✈✐❛❞♦ ✉♠
s✐♥❛❧ ❛♦ ❝♦♥tr♦❧❛❞♦r ❞❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❞♦s t❛♥q✉❡s s♦❧✐❝✐t❛♥❞♦ q✉❡ q✉❛❧✲
q✉❡r t❛♥q✉❡ q✉❡ ♠❡❞✐ss❡ ✉♠ s✐♥❛❧ ❞❡♥tr♦ ❞❡ ✉♠❛ ❥❛♥❡❧❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡
✸✵✵ ♥s ❝♦♠ ✈❛❧♦r ❛❝✐♠❛ ❞❡ ✷ ❱❊▼ t✐✈❡ss❡ s✉❛ ❧❡✐t✉r❛ ❛r♠❛③❡♥❛❞❛✳ ◆❡♥❤✉♠❛
❝♦rrr❡s♣♦♥❞ê♥❝✐❛ ❡♥tr❡ ♣♦s✐çã♦ ❞♦ ❝❤✉✈❡✐r♦ ❢♦✐ ❡①✐❣✐❞❛✱ ❥á q✉❡ ♦ ❛rr❛♥❥♦ ♣r♦✲
tót✐♣♦ ❞❡ t❛♥q✉❡s t✐♥❤❛ ❞✐♠❡♥sõ❡s r❡str✐t❛s✳ ❊♥tr❡t❛♥t♦✱ ♠❡s♠♦ ❛ss✐♠✱ ❡①✐st❡
✉♠❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ q✉❡ ❛❧❣✉♥s ❡✈❡♥t♦s r❡❣✐str❛❞♦s ❝♦♠♦ ❤í❜r✐❞♦s s❡❥❛♠ ♥❛
✈❡r❞❛❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❞❡t❡❝t❛❞♦ ♣❡❧♦ t❡❧❡s❝ó♣✐♦ s♦♠❛❞♦ ❛ ✉♠ ❞✐s♣❛r♦ ❛❝✐❞❡♥✲
t❛❧ ❞❡ ✉♠ t❛♥q✉❡✳ ❊st❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s s❡rã♦ ✉t✐❧✐③❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✺✳

✷✳✹ Pr♦❣r❛♠❛s ❞✐s♣♦♥í✈❡✐s ♥❛ ❈♦❧❛❜♦r❛çã♦ ❆✉✲

❣❡r

❆ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡str✉t✉r♦✉ ❞❡♥tr♦ ❞♦ s❡✉ ♦r❣❛♥♦❣r❛♠❛ ❣r✉♣♦s ❞❡ ❡❧❛✲
❜♦r❛çõ❡s ❞❡ ♣r♦❣r❛♠❛s ❞❡ ❝♦♠♣✉t❛❞♦r❡s ♣❛r❛ ❛s ❞✐✈❡rs❛s ❢✉♥çõ❡s ❞❡♥tr♦ ❞♦
❡①♣❡r✐♠❡♥t♦✳ ❊s♣❡❝✐✜❝❛♠❡♥t❡ ♣♦❞❡♠♦s ❝✐t❛r ♦s ♣r✐♥❝✐♣❛✐s ♣r♦❣r❛♠❛s ❝♦♠♦
s❡♥❞♦ ♦s s✐♠✉❧❛❞♦r❡s ▼♦♥t❡ ❈❛r❧♦ ❞♦s ❝❤✉✈❡✐r♦s✱ ♦s s✐♠✉❧❛❞♦r❡s ❞♦s ❞♦✐s
❞❡t❡❝t♦r❡s✱ s✐st❡♠❛s ❞❡ ❛q✉✐s✐çã♦ ❞❡ ❞❛❞♦s ❡ ♣r♦❣r❛♠❛s ❞❡ r❡❝♦♥str✉çã♦✳

◆❡st❛ s❡çã♦ ❢❛r❡♠♦s ✉♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞♦s ♣r♦❣r❛♠❛s ❡❧❛❜♦r❛❞♦s ♣❛r❛
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✉s♦ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r q✉❡ s❡rã♦ ✉t✐❧✐③❛❞♦s ♥❡st❛ t❡s❡✳ ❙♦❜r❡ ♦s s✐♠✉❧❛✲
❞♦r❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❞♦ ❝❤✉✈❡✐r♦ ♥ã♦ ❤á ♠✉✐t♦ ❛ ❞✐③❡r ❡①❝❡t♦ q✉❡ ♦s ❞♦✐s
♣r✐♥❝✐♣❛✐s ♣r♦❣r❛♠❛s ❆■❘❊❙ ❬✷✺❪ ❡ ❈❖❘❙■❑❆ ❬✷✻❪ sã♦ ✉t✐❧✐③❛❞♦s ♥❛ ❈♦✲
❧❛❜♦r❛çã♦✱ ♠❛s ♣♦r ❢❛♠✐❧✐❛r✐❞❛❞❡ ♦♣t❛♠♦s ♣♦r ✉t✐❧✐③❛r ♦ ❈❖❘❙■❑❆✱ ❝✉❥♦s
❞❡t❛❧❤❡s r❡❧❡✈❛♥t❡s s❡rã♦ ❞❡s❝r✐t♦s ♥♦ ❈❛♣ít✉❧♦ ✹✳

✷✳✹✳✶ ❙❉❙✐♠

❖ ♣r♦❣r❛♠❛ s✐♠✉❧❛❞♦r ❞♦s t❛♥q✉❡s ❢♦✐ ❡❧❛❜♦r❛❞♦ ♣❡❧❛ ❉r❛✳ ❙②❧✈✐❡ ❉❛❣♦r❡t✲
❈❛♠♣❛❣♥❡ ❡ ♣❡❧♦ ❉r✳ P✐❡rr❡ ❇✐❧❧♦✐r ❡ é ❞❡♥♦♠✐♥❛❞♦ ♣♦r ❙❉❙✐♠ ❬✷✼❪ ❞♦ ✐♥❣❧ês
❙✉r❢❛❝❡ ❉❡t❡❝t♦r ❙✐♠✉❧❛t✐♦♥✳ ❊st❡ ♣r♦❣r❛♠❛ é ❝❛♣❛③ ❞❡ ❧❡r ❛s ♣❛rtí❝✉❧❛s q✉❡
❛t✐♥❣❡♠ ♦ ❝❤ã♦ ❡♠ s✐♠✉❧❛çõ❡s ❢❡✐t❛s ♣♦r ✉♠ ♣r♦❣r❛♠❛ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❡
s❡❧❡❝✐♦♥❛r ❛s q✉❡ ❝❛ír❛♠ ❞❡♥tr♦ ❞❡ ✉♠ ❛rr❛♥❥♦ ❞❡ t❛♥q✉❡s ♣ré✲❞❡✜♥✐❞♦s ♣❡❧♦
✉s✉ár✐♦✳

P❛r❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ q✉❡ ✐♥❝✐❞❡ s♦❜r❡ ✉♠ t❛♥q✉❡✱ ❛ ❧✉③ ❷❡r❡♥❦♦✈ ❝♦rr❡s✲
♣♦♥❞❡♥t❡ é ❝❛❧❝✉❧❛❞❛ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s t❡♦r✐❛s ❞❡ ❡♠✐ssã♦✳ ❊♠ s❡❣✉✐❞❛✱
❡ss❡s ❢ót♦♥s sã♦ ♣r♦♣❛❣❛❞♦s✱ r❡✢❡t✐❞♦s ♥♦ ♠❛t❡r✐❛❧ q✉❡ r❡❝♦❜r❡ ✐♥t❡r♥❛♠❡♥t❡
♦ t❛♥q✉❡ ❡ ✜♥❛❧♠❡♥t❡ ❞❡t❡❝t❛❞♦s ♥❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳

❖ ♣♦♥t♦ ♠❛✐s ❞❡❧✐❝❛❞♦ ❞❡st❛ s✐♠✉❧❛çã♦ ❡stá ♥♦ tr❛t❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s
q✉❡ ❛❞q✉✐r❡♠ ✉♠ ♣❡s♦ ❞❡✈✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❞✐❧✉✐çã♦ ❛❞♦t❛❞♦ ♣❡❧♦ s✐♠✉❧❛❞♦r
❞❡ ▼♦♥t❡ ❈❛r❧♦ ❝✉❥♦ ❞❡t❛❧❤❡ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ s❡çã♦ ✹✳✷✳✶✳
❯♠❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♣❡s♦ ♠✉✐t♦ ❛❧t♦ ✭♣❡s♦s tí♣✐❝♦s ♣♦❞❡♠ s❡r ❞❛ ♦r❞❡♠ ❞❡
104✮ ♥ã♦ ♣♦❞❡ ♣r♦❞✉③✐r ♦ s✐♥❛❧ ♣r♦♣♦r❝✐♦♥❛❧ à ♣❛ss❛❣❡♠ ❞❡ ✉♠ ♥ú♠❡r♦ ❞❡
♣❛rtí❝✉❧❛s ✐❣✉❛❧ ❛♦ ♣❡s♦✳ ■st♦ ♥ã♦ ❝♦rr❡s♣♦♥❞❡ à r❡❛❧✐❞❛❞❡ ❡ ❢❛❝✐❧♠❡♥t❡ t♦❞♦s
♦s t❛♥q✉❡s ❛t✐♥❣✐r✐❛♠ s❡✉ ❧✐♠✐❛r ♠á①✐♠♦ ❞❡ ❞❡t❡❝çã♦✳

P❛r❛ ❝♦rr✐❣✐r ❡ss❡ ❛rt✐❢í❝✐♦✱ ♦ ❙❉❙✐♠ ❞✐str✐❜✉✐ ❛s ♣❛rtí❝✉❧❛s ❝♦♠ ♣❡s♦ s♦❜r❡
✉♠❛ r❡❣✐ã♦ ❛♦ r❡❞♦r ❞❡ ❝❛❞❛ t❛♥q✉❡✳ ❊st❡ ♣r♦❝❡❞✐♠❡♥t♦ é ❢❡✐t♦ ❞✐✈✐❞✐♥❞♦ ❛
❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♣❡s♦ P ❡♥tr❡ P ♦✉tr❛s ♣❛rtí❝✉❧❛s q✉❡ sã♦ ❡s♣❛❧❤❛❞❛s
❛♦ ❧♦♥❣♦ ❞❡ ✉♠❛ ár❡❛ ❛♦ r❡❞♦r ❞♦ t❛♥q✉❡ ❝♦♠ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ s♦rt❡❛❞♦
❛❧❡❛t♦r✐❛♠❡♥t❡✳ ▼❛✐s ❞❡t❛❧❤❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ✏❞❡s❞✐❧✉✐çã♦✑ ♣♦❞❡♠ s❡r ✈✐st♦s
❡♠ ❬✷✽❪✳

❆♣❡s❛r ❞♦ ♣r♦❝❡ss♦ ❞❡ tr❛t❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❝♦♠ ♣❡s♦ ❛✐♥❞❛ s❡r ✉♠
❛ss✉♥t♦ ❡♠ ❞✐s❝✉ssã♦✱ ♦ ❙❉❙✐♠ t❡♠ s❡ ♠♦str❛❞♦ ❜❛st❛♥t❡ ❝♦♥✜á✈❡❧ ❛ r❡s♣❡✐t♦
❞♦ s✐♥❛❧ ♣r♦❞✉③✐❞♦ ♥♦s t❛♥q✉❡s ❷❡r❡♥❦♦✈ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ s✐♥❛❧ ❞❡
❡✈❡♥t♦s r❡❛✐s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦✳

❊st❡ ♣r♦❣r❛♠❛ s❡rá ✉t✐❧✐③❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✺ ♣❛r❛ s✐♠✉❧❛r ♦ s✐♥❛❧ ❞♦s ❞❡✲
t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s✳
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✷✳✹✳✷ ❋❉❙✐♠

❖ ♣r♦❣r❛♠❛ ❋❉❙✐♠ ❬✷✾❪ ❞♦ ✐♥❣❧ês ❋❧✉♦r❡s❝❡♥❝❡ ❉❡t❡❝t♦r ❙✐♠✉❧❛t✐♦♥ ❢♦✐ ✐♥✐✲
❝✐❛❧♠❡♥t❡ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ❉r✳ ❘♦♥❛❧❞ ❙❤❡❧❧❛r❞ ❡ ♣❡❧❛ ❉r❛✳ ▼ár❝✐❛ ❆♠❛r❛❧
❡ ❤♦❥❡ ❡stá s♦❜ ❛ ❝♦♦r❞❡♥❛çã♦ ❞♦ ❉r✳ ▲✉✐s Pr❛❞♦ ❏ú♥✐♦r✳

❊st❡ ♣r♦❣r❛♠❛ ❢❛③ ❛ s✐♠✉❧❛çã♦ ❞♦ ❞❡t❡❝t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ t♦❞♦s ♦s
s❡✉s ❞❡t❛❧❤❡s✱ ❞❡s❞❡ ❛ ❡♥tr❛❞❛ ❞❛ ❧✉③ ♣❡❧♦ ❞✐❛❢r❛❣♠❛ ❡ s✉❛ ♣❛ss❛❣❡♠ ❛tr❛✈és
❞♦ ✜❧tr♦ ❯❱✱ ♦ ❞❡s✈✐♦ ❞♦s ❢ót♦♥s ♥♦ ❛♥❡❧ ❝♦rr❡t♦r✱ ❛ ♣r♦♣❛❣❛çã♦ ó♣t✐❝❛ ❛té ♦
❡s♣❡❧❤♦✱ s✉❛ r❡✢❡①ã♦ ❡ ❞❡t❡❝çã♦ ✜♥❛❧ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳

❆❝♦♣❧❛❞♦ ❛ ❡st❡ ♣r♦❣r❛♠❛ ❡①✐st❡ ✉♠ ♦✉tr♦ ♠ó❞✉❧♦ ❞❡♥♦♠✐♥❛❞♦ ❋❉❚r✐❣✲
❣❡r❙✐♠ ❬✷✹❪✱ q✉❡ s✐♠✉❧❛ ❛ ❡❧❡trô♥✐❝❛ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ✐♥❝❧✉✐♥❞♦ r✉í❞♦s
❡ ♣❡❞❡st❛✐s✱ ❡ ❛♣❧✐❝❛ ♦s ♣❛❞rõ❡s ❞❡ ❣❛t✐❧❤♦ ❡s♣❡❝✐✜❝❛❞♦s ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦✳

❍✐st♦r✐❝❛♠❡♥t❡✱ ♦ ❋❉❙✐♠ ✉s❛ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛✲
❞❛s ♥♦ ❝❤✉✈❡✐r♦ ♣❛r❛ ❣❡r❛r ♦s ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡s ❡ ❢❛③❡r
s✉❛ ♣r♦♣❛❣❛çã♦ ❛té ♦ t❡❧❡s❝ó♣✐♦✳ ❆ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦✱ ❢♦✐ ❛❞✐❝✐♦♥❛❞♦ ✉♠
s❡❣✉♥❞♦ ♠ét♦❞♦ ❞❡ ❧❡✐t✉r❛ ❞❡ ✉♠❛ ❧✐st❛ ❞❡ ❢ót♦♥s ❡ ♣r♦♣❛❣❛çã♦ ❞❡ss❡s ❛tr❛✲
✈és ❞❛ ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❊st❡ ❛♣❧✐❝❛t✐✈♦ s❡rá ✉t✐❧✐③❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✹ ♣❛r❛
t❡st❛r ♦ ♥♦✈♦ ♠ét♦❞♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❧✉③ ✢✉♦r❡s❝❡♥t❡ q✉❡ s❡rá ✐♠♣❧❡♠❡♥t❛❞♦
❛q✉✐✳

❉❡t❛❧❤❡s ❞❡ ❛❜s♦rçã♦ ❛t♠♦s❢ér✐❝❛ ❡ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❷❡r❡♥❦♦✈ ♥♦ ❛r ❝♦r✲
r❡s♣♦♥❞❡♥t❡ ❛♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦s t❛♠❜é♠ sã♦ s✐♠✉❧❛❞♦s✱
♦ q✉❡ t♦r♥❛ ♦ ❋❉❙✐♠ ✉♠ ❞♦s ♣r♦❣r❛♠❛s ♠❛✐s ❝♦♠♣❧❡t♦s ❞❛ ❈♦❧❛❜♦r❛çã♦
❆✉❣❡r✳

✷✳✹✳✸ ❋▲❖❘❊❙

❖ ♣r♦❣r❛♠❛ ❋▲❖❘❊❙ ❬✸✵❪ ❞♦ ✐♥❣❧ês ❋▲✉♦r❡s❝❡♥❝❡ ❞❡t❡❝t♦r ❖✤✐♥❡ ❘❡❝♦♥s✲
tr✉❝t✐♦♥ ❙②st❡♠ é ✉♠ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❡ ❞❛ ❡♥❡r❣✐❛
❡s❝r✐t♦ ♣❡❧♦ ❉r✳ ❙t❡❢❛♥♦ ❆r❣✐rò q✉❡ ❢♦✐ ❡①❛✉st✐✈❛♠❡♥t❡ t❡st❛❞♦ ♣♦r ♦✉tr♦s ❝♦✲
❧❛❜♦r❛❞♦r❡s ❡ ❛❝❛❜♦✉ ♣♦r ❣❛♥❤❛r ♦ st❛t✉s ❞❡ ♣r♦❣r❛♠❛ ♦✜❝✐❛❧ ❞❡ r❡❝♦♥str✉çã♦
❞♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

❆s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ✉t✐❧✐③❛❞❛s ♥♦ ❋▲❖❘❊❙ s❡rã♦
❛❜♦r❞❛❞❛s ❡♠ ❞❡t❛❧❤❡s ♥♦ ❈❛♣ít✉❧♦ ✺ ❡ ❛s ❞❡ r❡❝♦♥str✉çã♦ ❞❛ ❡♥❡r❣✐❛ ♣♦❞❡♠
s❡r ❡st✉❞❛❞❛s ❡♠ ❬✸✶❪✳

❊st❡ ♣r♦❣r❛♠❛ s❡rá ✉t✐❧✐③❛❞♦ ❝♦♠♦ ♣❧❛t❛❢♦r♠❛ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣❛r❛
❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦ ❈❛♣ít✉❧♦ ✺ ❡ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ❞❡
❛♥á❧✐s❡ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s só ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❛♦ ❧♦♥❣♦ ❞❡
t♦❞❛ ❛ t❡s❡✳
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❈❛♣ít✉❧♦ ✸

❖ ❆♥❡❧ ❈♦rr❡t♦r

✸✳✶ Pr✐♥❝í♣✐♦ ❞❡ ❋✉♥❝✐♦♥❛♠❡♥t♦

❖ ❛♥❡❧ ❝♦rr❡t♦r é ✉♠ ✐♥str✉♠❡♥t♦ q✉❡ ❢❛③ ♣❛rt❡ ❞❛ ó♣t✐❝❛ ❞❡ ✉♠ t❡❧❡s❝ó♣✐♦
tr❛❞✐❝✐♦♥❛❧ ❞❡ ❙❝❤♠✐❞t✳ ❙✉❛ ✉t✐❧✐❞❛❞❡ é ❛ ❞❡ ❛✉♠❡♥t❛r ❛ ár❡❛ ❝♦❧❡t♦r❛ s❡♠
♣✐♦r❛r ❛ r❡s♦❧✉çã♦ ❞♦ ❛♣❛r❡❧❤♦✳

P❛r❛ ✉♠ s✐st❡♠❛ ó♣t✐❝♦ ✐❞❡❛❧✱ ♥♦ q✉❛❧ t♦❞♦s ♦s r❛✐♦s ✐♥❝✐❞❡♠ ❝♦♠ â♥❣✉❧♦s
♣❡q✉❡♥♦s ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❞♦ r❡✢❡t♦r✱ ♣♦❞❡♠♦s✱ ❡♠ ♣r✐♠❡✐r❛ ❛♣r♦①✐♠❛çã♦✱
❞❡s♣r❡③❛r ♦s ❡❢❡✐t♦s ❞❛ ❛❜❡rr❛çã♦ ❡s❢ér✐❝❛ ❡ ❝♦♠❛✳ P♦ré♠✱ ✐ss♦ ♥ã♦ é ✈❡r❞❛❞❡
♣❛r❛ ♦ ❝❛s♦ ❞♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♦♥❞❡ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦
é ❞❡ 30◦✳ ◆❡st❡s s✐st❡♠❛s ❝♦♠ ❣r❛♥❞❡s â♥❣✉❧♦s ❞❡ ✐♥❝✐❞ê♥❝✐❛✱ ❛s ❞✐stâ♥❝✐❛s
❢♦❝❛✐s ❞❡ ❞✐❢❡r❡♥t❡s ③♦♥❛s ❞❛ ❛❜❡rt✉r❛ ❞❡♣❡♥❞❡♠ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ❡✐①♦ ❞♦
t❡❧❡s❝ó♣✐♦✳

P❛r❛ ❝♦rr✐❣✐r ❡ss❡ ❡❢❡✐t♦✱ ❙❝❤♠✐❞t ♣r♦♣ôs ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ♣❧❛❝❛ ❝♦r✲
r❡t♦r❛ q✉❡ ❞✐♠✐♥✉íss❡ ❛ ✐♥❝❧✐♥❛çã♦ ❞❡ r❛✐♦s ✐♥❝✐❞❡♥t❡s ❛ ❣r❛♥❞❡s ❞✐stâ♥❝✐❛s
❞♦ ❡✐①♦ ❞♦ t❡❧❡s❝ó♣✐♦✱ ♠✐♥✐♠✐③❛♥❞♦ ❛s ❞✐st♦rçõ❡s ❝❛✉s❛❞❛s ♣❡❧❛ ❛❜❡rr❛çã♦
❡s❢ér✐❝❛✳ ❯♠❛ ❜♦❛ r❡✈✐sã♦ s♦❜r❡ ❛ t❡♦r✐❛ ❞❡ ❛❜❡rr❛çã♦ ❡s❢ér✐❝❛ ❡ ❞❛ ❝â♠❛r❛
❞❡ ❙❝❤♠✐❞t ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠ ❬✸✷❪ ❡ ❬✸✸❪✳

❇❛s❡❛♥❞♦✲s❡ ♥❡st❡ ♣r✐♥❝í♣✐♦✱ ♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦ ❡ ❝♦❧❛❜♦r❛❞♦r❡s ❬✸✹❪
❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ s✐st❡♠❛ ❞❡ s✐♠✉❧❛çã♦ ❞❛ ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦ ♣❛r❛ t❡st❛r
❡ ♦♣t✐♠✐③❛r ♦s ♣❛râ♠❡tr♦s ❞♦ ❛♥❡❧ ❝♦rr❡t♦r q✉❡ ♠❡❧❤♦r s❡ ❛❥✉st❛ss❡♠ às
♥❡❝❡ss✐❞❛❞❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

❖ ❛♥❡❧ ❝♦rr❡t♦r ♣♦r ❡❧❡ ♣r♦❥❡t❛❞♦ ♣❡r♠✐t❡ ❛✉♠❡♥t❛r ❛ ❛❜❡rt✉r❛ ❞♦ t❡✲
❧❡s❝ó♣✐♦ ❞❡ ✽✺ ❝♠ ♣❛r❛ ✶✶✵ ❝♠ s❡♠ ❞✐♠✐♥✉✐r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❛ q✉❛❧✐❞❛❞❡
ó♣t✐❝❛ ❞♦ s✐st❡♠❛✳ ❊ss❡ ❛✉♠❡♥t♦ ♥❛ ❛❜❡rt✉r❛ r❡s✉❧t❛ ❡♠ ✉♠❛ ár❡❛ ❞❡ ❝♦❧❡çã♦

✷✺
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❋✐❣✉r❛ ✸✳✶✿ ❘❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❡❧♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦ q✉❡
✐❧✉str❛♠ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❡♠ ✉♠ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❞✐❛❢r❛❣♠❛
❞❡ r❛✐♦ ✶✳✶ ♠✳ ❆ ✜❣✉r❛ ❞❛ ❡sq✉❡r❞❛ ❢♦✐ ♦❜t✐❞❛ s✐♠✉❧❛♥❞♦ ♦ t❡❧❡s❝ó♣✐♦ ❝♦♠
❛♥❡❧ ❝♦rr❡t♦r ❡ ❛ ❞❛ ❞✐r❡✐t❛ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✸✳✶✳

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✻✼✪ ♠❛✐♦r✱ ♦ q✉❡ ❡❢❡t✐✈❛♠❡♥t❡ s✐❣♥✐✜❝❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡
✶✵✵✪ ♠❛✐s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❝á❧❝✉❧♦s ❢❡✐t♦s ❡♠ ❬✸✺❪✳

❖ ❛❝rés❝✐♠♦ ♣♦r❝❡♥t✉❛❧ ♥♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s é ♠❛✐♦r q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛
ár❡❛ ❝♦❧❡t♦r❛ ❞❡✈✐❞♦ ❛ ✉♠❛ sér✐❡ ❞❡ ❢❛t♦r❡s✳ ❊♥tr❡ ❡❧❡s ♦ ♣r✐♥❝✐♣❛❧ é ♦ ❢❛t♦ ❞❡
q✉❡ ♦ s✐♥❛❧ ♥♦ t❡❧❡s❝ó♣✐♦ é ♣r♦♣♦r❝✐♦♥❛❧ à ár❡❛✱ ♠❛s ♦ r✉í❞♦ é ♣r♦♣♦r❝✐♦♥❛❧ à
r❛✐③ q✉❛❞r❛❞❛ ❞❛ ár❡❛✳ ❙♦♠❛♥❞♦ ❡ss❡ ❡❢❡✐t♦ às s♦♠❜r❛s ♣r♦✈♦❝❛❞❛s ♣❡❧❛ ❝â✲
♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ❡♥❝♦♥tr❛✲s❡ ♦s ✈❛❧♦r ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✵✪
❞❡ ❛❝rés❝✐♠♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s✳

❆ ✜❣✉r❛ ✸✳✶ ✐❧✉str❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛♥❡❧✳ ◆❡st❛s ✜❣✉r❛s✱ ✈❡♠♦s ✉♠❛
❛♠♦str❛ ❞♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞❡ ❛❧❣✉♥s r❛✐♦s ♥❛ ❝â♠❛r❛ ❞❡
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♣❛r❛ ✉♠ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❞✐❛❢r❛❣♠❛ ❞❡ ✶✳✶ ♠ ❞❡ ❛❜❡rt✉r❛✱
♦♣❡r❛♥❞♦ ❝♦♠ ❡ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳ ❆ ✜❣✉r❛ ❞❛ ❡sq✉❡r❞❛ ❛♣r❡s❡♥t❛ ✉♠❛
❝♦♥❝❡♥tr❛çã♦ ♠❛✐♦r ❞♦s r❛✐♦s ❡♠ ✉♠❛ r❡❣✐ã♦ ♠❛✐s ♣ró①✐♠❛ ❞♦ ❝❡♥tr♦ ❞❛
✐♠❛❣❡♠✳

❆♣ós ✉♠ ❡①t❡♥s♦ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦✱ ❡♥❝♦♥tr♦✉✲
s❡ ❛ ❝♦♥✜❣✉r❛çã♦ t❡ór✐❝❛ ✜♥❛❧ ❞❡ ✉♠ ❛♥❡❧ ❝♦rr❡t♦r ❝♦♠ ♣❡r✜❧ ✈❡rt✐❝❛❧ ❞❡s❝r✐t♦
♣❡❧❛ ❡q✉❛çã♦✿



✸✳✷✳ ❈❖◆❙❚❘❯➬➹❖ ❉❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘ ✷✼

❋✐❣✉r❛ ✸✳✷✿ ▼áq✉✐♥❛ ♣r♦tót✐♣♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡✲
t♦r✳

Z = Ar2 + Br4 + Cr6 , ✭✸✳✶✮

♦♥❞❡ ❩ é ❛ ❛❧t✉r❛ ❞❛ s✉♣❡r❢í❝✐❡ ✭❡♠ ♠♠✮ ❡ r ✭❡♠ ♠♠✮ é ❛ ❞✐stâ♥❝✐❛
r❛❞✐❛❧ ❝♦♠ A = −1.24 × 10−5 mm−1✱ B = 8.64 × 10−12 mm−3 ❡ C = 2.03 ×
10−18 mm−5✳

✸✳✷ ❈♦♥str✉çã♦ ❞♦ ❆♥❡❧ ❈♦rr❡t♦r

❖ ♠ét♦❞♦ ❞❡ ❝♦♥str✉çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ✉♠ ❣r✉♣♦ ❞❡
tr❛❜❛❧❤♦ ❢♦r♠❛❞♦ ♥♦ ●r✉♣♦ ❞❡ ❈❛♠♣✐♥❛s ♥❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡ ❝♦♥t♦✉
❝♦♠ ❛ ❝♦❧❛❜♦r❛çã♦ ❞♦ Pr♦❢✳ ❈❛r❧♦s ❊s❝♦❜❛r✱ ❞♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦✱ ❞♦ ❉r✳
❍✉❣♦ ❘❡✐s✱ ❞♦ ❙r✳ ❘♦❣ér✐♦ ▼❛r❝♦♥ ❡ ♠✐♥❤❛✳

◆♦ss♦s ❡s❢♦rç♦s ❝✉❧♠✐♥❛r❛♠ ♥♦ ♣r♦❥❡t♦ ❞❛ ♠áq✉✐♥❛ ♣r♦tót✐♣♦ ✐❧✉str❛❞❛
♥❛ ✜❣✉r❛ ✸✳✷ q✉❡ ❝♦♣✐❛r✐❛ ❛ ❢♦r♠❛ ❞❡ ✉♠ ♠♦❧❞❡ ❡♠ ✷✹ s❡❣♠❡♥t♦s ❞❡ 15◦ ❞❡
❛❜❡rt✉r❛ ❝❛❞❛ q✉❡ s❡r✐❛♠ ♠♦♥t❛❞♦s ❧❛❞♦ ❛ ❧❛❞♦ ♣❛r❛ ❢♦r♠❛r ♦ ❛♥❡❧ ❝♦rr❡t♦r✳

❊♠ s❡❣✉✐❞❛ ♦ ❉r✳ ❍✉❣♦ ❘❡✐s ❡ ❡✉ ❡♥❝♦♥tr❛♠♦s ❛ ❊♠♣r❡s❛ ❙❝❤✇❛♥t③✱
s✐t✉❛❞❛ ❡♠ ■♥❞❛✐❛t✉❜❛✱ ❞✐r✐❣✐❞❛ ♣❡❧♦ ❊♥❣❡♥❤❡✐r♦ ❊♠❡rs♦♥ ❙❝❤✇❛♥t③✱ q✉❡
❛❝❡✐t♦✉ ♦ ❞❡s❛✜♦ ❞❛ ❝♦♥str✉çã♦ ❞❡ ✉♠❛ ♠áq✉✐♥❛ ❝❛♣❛③ ❞❡ ❢❛❜r✐❝❛r ♥♦ss❛s
❧❡♥t❡s✳ ❈♦♥❝♦♠✐t❛♥t❡♠❡♥t❡✱ ❞❡❝✐❞✐✉✲s❡ ♣❡❧❛ ✉t✐❧✐③❛çã♦ ❞♦ ✈✐❞r♦ ❞❡♥♦♠✐♥❛❞♦
♣♦r ❇❑✼ ♣♦r ♣♦ss✉✐r ✉♠❛ ❜♦❛ tr❛♥s♠✐tâ♥❝✐❛ ♥❛ r❡❣✐ã♦ ❯❱ ❞❡s❡❥❛❞❛ ❡ ❢❛❝✐❧✐✲
❞❛❞❡ ❞❡ ♠♦❧❞❛❣❡♠✳
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❋✐❣✉r❛ ✸✳✸✿ ▼áq✉✐♥❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♥❛ ❊♠♣r❡s❛ ❙❝❤✇❛♥t③ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦
❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳

❈♦♠♦ ❡r❛ ❞❡ s❡ ❡s♣❡r❛r✱ ❛ ✈✐sã♦ ♣rát✐❝❛ ❞♦ ❊♥❣✳ ❊♠❡rs♦♥ ❙❝❤✇❛♥t③
♠♦❞✐✜❝♦✉ ❞❡ ❢♦r♠❛ s✐❣♥✐✜❝❛t✐✈❛ ♦ ♣r♦tót✐♣♦ ♣♦r ♥ós ❛♣r❡s❡♥t❛❞♦ ❡ ❡❧❛❜♦r♦✉
❛ ♠áq✉✐♥❛ ❡sq✉❡♠❛t✐③❛❞❛ ♥❛ ✜❣✉r❛ ✸✳✹✳

❖ ♣r♦❝❡ss♦ ❞❡ ❛♣r✐♠♦r❛♠❡♥t♦ ❞❛ ♠áq✉✐♥❛ ♣❛ss♦✉ ♣♦r ✈ár✐♦s ❡stá❣✐♦s ❞❡
t❡st❡s ❝♦♠ ❞✐❢❡r❡♥t❡s s✉♣❡r❢í❝✐❡s ♣♦❧✐❞♦r❛s✱ ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s ❞❡ ♣❛st✐❧❤❛s
❞❡s❣❛st❛❞♦r❛s✱ t❡♠♣♦ ❞❡ ❞❡s❜❛st❡✱ ♠❛t❡r✐❛✐s ❞❡ ✜①❛çã♦✱ ❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦
❞❡ ❞❡t❛❧❤❡s té❝♥✐❝♦s ❢♦r❛♠ s✉♣❡r❛❞♦s ♣❛r❛ q✉❡ ❝❤❡❣áss❡♠♦s à ❝♦♥✜❣✉r❛çã♦
✜♥❛❧ ❞❛ ♠áq✉✐♥❛ ✐❧✉str❛❞❛ ♥❛s ❢♦t♦s ♥❛ ✜❣✉r❛ ✸✳✸✳

❆ ♠áq✉✐♥❛ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❛s ❧❡♥t❡s ♣♦ss✉✐ ✉♠ ❞✐s❝♦ ❞✐❛♠❛♥t❛❞♦ q✉❡✱
❛♦ ❣✐r❛r✱ ❞❡s❜❛st❛ ❧❡♥t❛♠❡♥t❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦ ✈✐❞r♦ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ❡❧❡✳ ❆
♠❡s❛ ♦♥❞❡ ❛s ❧❡♥t❡s ❡stã♦ ✜①❛❞❛s ❣✐r❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❝♦♥st❛♥t❡ ❞❡ ❢♦r♠❛ ❛
✉♥✐❢♦r♠✐③❛r ♦ ❞❡s❣❛st❡ ❞❡ t♦❞♦s ♦s s❡❣♠❡♥t♦s✳ ❆ ✐♥❝❧✐♥❛çã♦ ❞♦ ❡✐①♦ ❞♦ ❞✐s❝♦
❞✐❛♠❛♥t❛❞♦ ❞❡t❡r♠✐♥❛ ❛ ❢♦r♠❛ ❞❛ s✉♣❡r❢í❝✐❡ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳

❆♣ós ♦s ♣r✐♠❡✐r♦s t❡st❡s✱ ♥♦t❛♠♦s q✉❡ ❛♣❡s❛r ❞♦s s❡❣♠❡♥t♦s t❡r❡♠ ❛
❢♦r♠❛ ❞❡s❡❥❛❞❛✱ ♦ ❣✐r♦ ❞♦ ❞✐s❝♦ ❞✐❛♠❛♥t❛❞♦ ✐♠♣r✐♠✐❛ s✉❧❝♦s ❡♠ ♣❛❞rõ❡s
❝✐r❝✉❧❛r❡s ♥❛s ❧❡♥t❡s✳ ❚❛✐s ✐♠♣❡r❢❡✐çõ❡s ❢♦r❛♠ r❡♠♦✈✐❞❛s ❝♦♠ ❛ ✐♥tr♦❞✉çã♦ ❞❡
✉♠ s❡❣✉♥❞♦ ❝❛❜❡ç♦t❡ q✉❡ r❡❛❧✐③❛ ✉♠ ♣♦❧✐♠❡♥t♦ s✉♣❡r✜❝✐❛❧ ❝♦♠ ♠♦✈✐♠❡♥t♦
❛❧❡❛tór✐♦✱ ❛♣❛❣❛♥❞♦ ❛ss✐♠ ♦s ♣❛❞rõ❡s ❝✐r❝✉❧❛r❡s ♠❛r❝❛❞♦s ♥♦ ♣r♦❝❡ss♦ ❞❡
❞❡s❜❛st❡✳

❆♣ós ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✉♠ ❛♥♦ ❞❡ tr❛❜❛❧❤♦✱ ♣r♦❞✉③✐♠♦s ♦ ♣r✐♠❡✐r♦ ❛♥❡❧
❝♦rr❡t♦r✱ q✉❡ ❢♦✐ tr❛♥s♣♦rt❛❞♦ ❡ ✐♥st❛❧❛❞♦ ♥♦ t❡❧❡s❝ó♣✐♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✲
✈❛tór✐♦ ❆✉❣❡r ❡♠ ▼❛❧❛r❣ü❡✳

◆❡st❡ ❡stá❣✐♦ ❞❡ ❝♦♥str✉çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♦ ❣r✉♣♦ ❛❧❡♠ã♦ ❞♦
❋♦rs❝❤✉♥❣s③❡♥tr✉♠ ❑❛r❧sr✉❤❡ t❛♠❜é♠ ❢❛❜r✐❝♦✉ ✉♠ ❛♥❡❧ ❝♦rr❡t♦r ✉t✐❧✐③❛♥❞♦
❛ té❝♥✐❝❛ ❞❡ ♠♦❧❞❛❣❡♠ ❞❡ ❛❝rí❧✐❝♦✳ ❊♠ s❡❣✉✐❞❛✱ ♠♦str❛r❡✐ ✉♠❛ ❝♦♠♣❛r❛çã♦
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❋✐❣✉r❛ ✸✳✹✿ Pr♦❥❡t♦ ✜♥❛❧ ❞❛ ♠áq✉✐♥❛ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✱ ❞❡✲
s❡♥✈♦❧✈✐❞❛ ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ❛ ❊♠♣r❡s❛ ❙❝❤✇❛♥t③✳ ❆ ♠áq✉✐♥❛ ❝♦♥str✉í❞❛ t❡♠
❝♦♠♦ ❡❧❡♠❡♥t♦s ❜ás✐❝♦s ✉♠ ❞✐s❝♦ ❞❡s❜❛st❛❞♦r ❡ ✉♠ ❝❛❜❡ç♦t❡ ❞❡ ♠♦✈✐♠❡♥t♦
❛❧❡❛tór✐♦✳



✸✵ ❈❆P❮❚❯▲❖ ✸✳ ❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘

❋✐❣✉r❛ ✸✳✺✿ ❈♦♠♣♦♥❡♥t❡ r❛❞✐❛❧ ❞❛ ♥♦r♠❛❧ ❞❛ s✉♣❡r❢í❝✐❡ ❞❛ ❧❡♥t❡✳ ❆ ✜❣✉r❛
♠♦str❛ ♠❡❞✐❞❛s ❞❡ q✉❛tr♦ s❡❣♠❡♥t♦s ♠❡❞✐❞♦s ♣❡❧♦ ❉r✳ ▼❛r❝❡❧♦ ▲❡✐❣✉✐ ❡ ♣❡❧♦
❙r✳ ❘✐❝❛r❞♦ ❙❛t♦✳ ❆s ❧✐♥❤❛s ❝❤❡✐❛s ♠♦str❛♠ ♦s ❧✐♠✐t❡s t❡ór✐❝♦s ♣❛r❛ ❛ ❢♦r♠❛
❞❛ s✉♣❡r❢í❝✐❡ q✉❡ ❣❛r❛♥t❡♠ ✉♠ ❜♦♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❛♥❡❧✳

❞♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❛♥❡❧ ❛❧❡♠ã♦ ❝♦♠ ♦ ❛♥❡❧ ♣♦r ♥ós ❢❛❜r✐❝❛❞♦✳

✸✳✸ ❚❡st❡s ❞♦ ❆♥❡❧ ❈♦rr❡t♦r

❖ ❛♥❡❧ ❝♦rr❡t♦r ❢♦✐ t❡st❛❞♦ s❡❣✉✐♥❞♦ ❞✉❛s ❛❜♦r❞❛❣❡♥s✳ ❆ ♣r✐♠❡✐r❛ ❢♦✐ ❝♦♥❞✉✲
③✐❞❛ ♣❡❧♦ ❙r✳ ❘✐❝❛r❞♦ ❙❛t♦ ❡ ♦ ❉r✳ ▼❛r❝❡❧♦ ▲❡✐❣✉✐✱ q✉❡ ✜③❡r❛♠ ❛ ✈❛rr❡❞✉r❛
❞❛ s✉♣❡r❢í❝✐❡ ❝✉r✈❛ ❞❛ ❧❡♥t❡ ❞❡t❡r♠✐♥❛♥❞♦ s✉❛ ❢♦r♠❛ ❛tr❛✈és ❞❛ ❝♦♠♣♦♥❡♥t❡
r❛❞✐❛❧ ❞❛ ♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡ ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦✳ ❖ ❣rá✜❝♦ ✸✳✺ ♠♦str❛ ♦s
❞❛❞♦s ♠❡❞✐❞♦s ♣❛r❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ q✉❛tr♦ s❡❣♠❡♥t♦s ❞❡ ❧❡♥t❡ ❡ ♦s ❧✐♠✐t❡s
❛❝❡✐tá✈❡✐s ♣❛r❛ q✉❡✱ s❡❣✉♥❞♦ ❛s s✐♠✉❧❛çõ❡s✱ ♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛❣❡♠ ♥❛ ❝â✲
♠❛r❛ ❢♦ss❡ ♠❡♥♦r q✉❡ ✉♠ t❡rç♦ ❞♦ t❛♠❛♥❤♦ ❞♦ ❢♦t♦t✉❜♦✳ ❊ss❛ ❝♦♥❞✐çã♦ ❞♦
t❛♠❛♥❤♦ ♠á①✐♠♦ ❞❛ ✐♠❛❣❡♠ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♣❛r❛
❣❛r❛♥t✐r ❛ ✉♥✐❢♦r♠✐❞❛❞❡ ❞♦ s✐♥❛❧ ♥♦ ❢♦t♦❝át♦❞♦ ❡ ♠✐♥✐♠✐③❛r ❛s ♣❡r❞❛s ❞❡ s✐♥❛❧
♥❛s ✐♥t❡rs❡❝çõ❡s ❞❡ ❢♦t♦t✉❜♦s✳

▼❛✐♦r❡s ❞❡t❛❧❤❡s s♦❜r❡ ❛ té❝♥✐❝❛ ♣♦r ❡❧❡s ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦❞❡♠ s❡r ❡♥❝♦♥✲
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tr❛❞♦s ❡♠ ❬✸✻❪✳ ❆t❡♥❤♦✲♠❡ ❛q✉✐ à ❞❡s❝r✐çã♦ ❞❛ s❡❣✉♥❞❛ ❛❜♦r❞❛❣❡♠ ❞❡ t❡st❡s
q✉❡ ❡✉ ❡❢❡t✉❡✐ ❝♦♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ✉t✐❧✐③❛♥❞♦ ❢♦t♦s ❞❡ ❡str❡❧❛s ❝♦♠ ♦ t❡❧❡s❝ó♣✐♦
❞♦ ❖❜s❡r✈❛tór✐♦✳

✸✳✸✳✶ ❋♦t♦s ❞❡ ❊str❡❧❛

❊st❛ ❛♥á❧✐s❡ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♠❡❞✐r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❧✉③
❞❛ ✐♠❛❣❡♠ ❞❡ ✉♠❛ ❡str❡❧❛ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❈♦♥s✐❞❡r❛♥❞♦
❛ ❡str❡❧❛ ❝♦♠♦ ✉♠❛ ❢♦♥t❡ ♣♦♥t✉❛❧✱ ♣♦❞❡♠♦s ♠❡❞✐r ❛ ❞✐s♣❡rsã♦ ♠á①✐♠❛ ♣r♦✲
✈♦❝❛❞❛ ♣♦r ❛❜❡rr❛çõ❡s ✐♥❡r❡♥t❡s ❛♦ ♥♦ss♦ s✐st❡♠❛✳

❯♠❛ ❞❛s ✐♠♣♦rtâ♥❝✐❛s ❞❡ss❡ t❡st❡ é ❛ ❞❡ s❡r ♦ ú♥✐❝♦ ❛ ✈❡r✐✜❝❛r ❛ ❝♦♥✜✲
❣✉r❛çã♦ t♦t❛❧ ❞♦ t❡❧❡s❝ó♣✐♦✳ ◆❡st❡ t❡st❡✱ ♦ ❡s♣❛❧❤❛♠❡♥t♦ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛
❛ ✐♠❛❣❡♠ ♥❛ ❝â♠❛r❛ é ♣r♦✈♦❝❛❞♦ ♣♦r t♦❞♦s ♦s ✐♥str✉♠❡♥t♦s ó♣t✐❝♦s q✉❡ s❡✲
rã♦ ✉t✐❧✐③❛❞♦s ❞✉r❛♥t❡ ❛ t♦♠❛❞❛ ❞❡ ❞❛❞♦s ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s✳ ❖✉tr❛
❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ❞❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ é ♦ ❢❛t♦ ❞❡ s❡r ♦ ú♥✐❝♦ ❛ t❡st❛r ♦
❞❡s❡♠♣❡♥❤♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❝♦♠♦ ✉♠ t♦❞♦ ❛♦ ✐♥✈és ❞❡ ✐♥s♣❡❝✐♦♥❛r ❝❛❞❛ ✉♠
❞♦s s❡❣♠❡♥t♦s s❡♣❛r❛❞❛♠❡♥t❡✳

❆ ♣r✐♠❡✐r❛ t❛r❡❢❛ ❢♦✐ s❡❧❡❝✐♦♥❛r ✉♠❛ ❡str❡❧❛ ❝❛♥❞✐❞❛t❛ ❡ ❛ é♣♦❝❛ ❞♦ ❛♥♦
❡♠ q✉❡ ❡❧❛ ❡stá ♥♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞♦ ♥♦ss♦ t❡❧❡s❝ó♣✐♦✳ P❛r❛ ❡ss❡ t❡st❡ ❢♦✐
✉t✐❧✐③❛❞❛ ❛ ❜❛✐❛ ✹ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ▲♦s ▲❡♦♥❡s✱ q✉❡ ❡st❛✈❛ ❡q✉✐♣❛❞❛ ❝♦♠ ✉♠
❡s♣❡❧❤♦ r❡✢❡t♦r q✉❡ t✐♥❤❛ ❝❛❞❛ ♠❡t❛❞❡ ❢♦r♠❛❞❛ ♣♦r s❡❣♠❡♥t♦s ❞❡ ❡s♣❡❧❤♦s
t❝❤❡❝♦s ❡ ❛❧❡♠ã❡s✳

❆ ❡str❡❧❛ ❡s❝♦❧❤✐❞❛ ❢♦✐ ❱❊●❆ ✭❆❧♣❤❛ ❞❡ ▲②r❛❡✮ ❞❛ ❝❧❛ss❡ ❡s♣❡❝tr❛❧ ❆✵❱❛
❡ ♠❛❣♥✐t✉❞❡ ✵✳✵✸ q✉❡ ♣♦ss✉✐ ❡♠✐ssã♦ ❯❱✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠ r❡❛❧✐③❛r ❛s ❢♦t♦s
❝♦♠ ♦ ✜❧tr♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❡♠ ♣♦s✐çã♦✳ ❊❧❛ ❡st❛✈❛ ♥♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❛ ❜❛✐❛
✹ ♥♦s ❞✐❛s ❞❡ ✷✺✱ ✷✻ ❡ ✷✼ ❞❡ ❆❜r✐❧ ❞❡ ✷✵✵✷ q✉❛♥❞♦ ❛s ❢♦t♦s ❢♦r❛♠ ❢❡✐t❛s s♦❜ ❛
s✉♣❡r✈✐sã♦ ❞♦ Pr♦❢✳ ❍❛♥s ❑❧❛❣❡s ✭❋♦rs❝❤✉♥❣s③❡♥tr✉♠ ❑❛r❧sr✉❤❡✮✳ ❆ t❛❜❡❧❛
✸✳✶ ♠♦str❛ ❛ ♣♦s✐çã♦ ❞❛ ❡str❡❧❛ ♥♦ ❝é✉✱ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s ✐❧✉♠✐♥❛❞♦ ♣♦r
❡❧❛ ❡ ❛ ♣♦s✐çã♦ ❞❛ ✐♠❛❣❡♠ ♥❛ ❝â♠❛r❛ ♣❛r❛ ❛❧❣✉♥s ❤♦rár✐♦s ♥♦s ❞✐❛s ❡♠ q✉❡
❛s ❢♦t♦s ❢♦r❛♠ r❡❛❧✐③❛❞❛s✳

❆rr❛♥❥♦ ❊①♣❡r✐♠❡♥t❛❧

❖ ❛rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥st✐t✉✐✉✲s❡ ♥♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ❛❧✈♦ ❞❡ ♣❛♣❡❧
♥❛ ❢r❡♥t❡ ❞❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ♦♥❞❡ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ s❡r✐❛
❢♦r♠❛❞❛✳ ❖ ❛❧✈♦ ❞❡✈❡ s❡r ❞❡ ✉♠ ♠❛t❡r✐❛❧ r❡✢❡t♦r q✉❡ tr❛♥s❢♦r♠❡ ❛ ❧✉③ ❯❱
❝❛♣t❛❞❛ ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❡♠ ❧✉③ ✈✐sí✈❡❧✳ ❋❡❧✐③♠❡♥t❡✱ ♣❛♣❡❧ ❜r❛♥❝♦ ♣♦ss✉✐ ❡ss❛
❝❛r❛❝t❡ríst✐❝❛ ❣r❛ç❛s ❛♦s ❛❧✈❡❥❛♥t❡s ó♣t✐❝♦s ❞❡r✐✈❛❞♦s ❞♦ á❝✐❞♦ ❡st✐❧❜❡♥♦ ❞✐✱
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P♦s✐çã♦ ❞❡ ❱❊●❆
◗✉✐ ✷✺✴✵✹✴✵✷ ✻✿✵✷❤ ✹✿✹✼❤ ✸✿✷✹❤
❙❡① ✷✻✴✵✹✴✵✷ ✺✿✺✽❤ ✹✿✹✸❤ ✸✿✷✵❤
❙❛❜ ✷✼✴✵✹✴✵✷ ✺✿✺✹❤ ✹✿✸✾❤ ✸✿✶✻❤

❆③✐♠✉t❡ 0◦ 15◦ 30◦

❆❧t✐t✉❞❡ 15.7◦ 13.7◦ 7.2◦

❡s♣❡❧❤♦ ❛❧❡♠ã♦ ❛♠❜♦s t❝❤❡❝♦
❝♦❧✉♥❛ ✸ ✶✵ ✷✵
❧✐♥❤❛ ✶✷ ✶✵ ✺

❚❛❜❡❧❛ ✸✳✶✿ P♦s✐çã♦ ❞❛ ❡str❡❧❛ ❱❊●❆ ♥♦s ❞✐❛s ❡♠ q✉❡ ❢♦r❛♠ t✐r❛❞❛s ❛s
❢♦t♦❣r❛✜❛s✳ ❖s ❝❛♠♣♦s ❧✐♥❤❛ ❡ ❝♦❧✉♥❛ r❡❢❡r❡♠✲s❡ às ❧✐♥❤❛ ❡ ❝♦❧✉♥❛ ❞❡ ❢♦✲
t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♥❛ ❝â♠❛r❛✳ ❖ ❝❛♠♣♦ ❡s♣❡❧❤♦ ✐❞❡♥t✐✜❝❛ q✉❛❧ ❝♦♥❥✉♥t♦ ❞❡
❡s♣❡❧❤♦s ❢♦✐ ❛t✐♥❣✐♥❞♦ ♣❡❧❛ ❧✉③ ❞❛ ❡str❡❧❛ ♥❛q✉❡❧❡ ✐♥st❛♥t❡✳

t❡tr❛ ♦✉ ❤❡①❛ s✉❧❢♦♥❛❞♦ q✉❡ sã♦ ❛❝r❡s❝❡♥t❛❞♦s ❛♦ ♣❛♣❡❧ ❝♦♠❡r❝✐❛❧ ♣❛r❛ ❝♦♥✲
✈❡rt❡r ❧✉③ ❯❱ ❡♠ ✈✐sí✈❡❧✱ ❝❛✉s❛♥❞♦ ✉♠ ❡❢❡✐t♦ ✈✐s✉❛❧ ❞❡ ❛❧✈✉r❛ ❞♦ ♣❛♣❡❧✳

❊♠ ❢r❡♥t❡ ❛♦s ❡s♣❡❧❤♦s ❡ ♠✐r❛♥❞♦ ♦ ♣❛♣❡❧ ❜r❛♥❝♦✱ ❢♦✐ ✐♥st❛❧❛❞❛ ✉♠❛ ❝â✲
♠❛r❛ ❈❈❉✶ ❞❛ ♠❛r❝❛ ❙❡♥s✐❈❛♠ P❈❖ ❝♦♠ r❡s♦❧✉çã♦ ❞❡ ✻✹✵ ♣♦r ✹✽✵ ♣✐①❡❧s✳
❆ss✐♠✱ ❛ ❧✉③ ❞❛ ❡str❡❧❛ ❡♥tr❛ ♥♦ s✐st❡♠❛ ó♣t✐❝♦ ♣❛ss❛♥❞♦ ♣❡❧♦ ✜❧tr♦ ❯❱✱ r❡✲
✢❡t❡ ♥♦s ❡s♣❡❧❤♦s ❡ s✉❛ ✐♠❛❣❡♠ é ❢♦r♠❛❞❛ ♥♦ ♣❛♣❡❧ ❜r❛♥❝♦ s♦❜r❡ ❛ ❝â♠❛r❛
❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❉❡st❛ ✐♠❛❣❡♠ é t✐r❛❞❛ ✉♠❛ ❢♦t♦ ❝♦♠ ❛ ❈❈❉✱ q✉❡
s❡rá ❛♥❛❧✐s❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❧✉③ ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦✳ ❆
✜❣✉r❛ ✸✳✻ ♠♦str❛ ❞❡t❛❧❤❡s ❞♦ ❛rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧✳

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ✐s♦❧❛r ♦ ❡❢❡✐t♦ ❞♦s r❛✐♦s q✉❡ ♣❛ss❛♠ ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r ❞♦
❡❢❡✐t♦ ❞♦s r❛✐♦s q✉❡ ♣❛ss❛♠ ♣❡❧❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞♦ ❞✐❛❢r❛❣♠❛✱ r❡❛❧✐③❛♠♦s ❢♦t♦s
❝♦♠ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳ P❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡♥♦♠✐♥❛❞❛ ✏s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✑
❛s ❢♦t♦s ❢♦r❛♠ t✐r❛❞❛s ❝♦♠ ✉♠❛ ❝♦❜❡rt✉r❛ q✉❡ ✐♠♣❡❞✐❛ ❛ ♣❛ss❛❣❡♠ ❞❛ ❧✉③
♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❊st❛ ❝♦♥✜❣✉r❛çã♦ ❧✐♠✐t❛ ♦ r❛✐♦ ❝♦❧❡t♦r ❞♦ t❡❧❡s❝ó♣✐♦ ❛ ✽✺
❝♠✳ P❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞❡♥♦♠✐♥❛❞❛ ✏só ❛♥❡❧ ❝♦rr❡t♦r✑ ❛s ❢♦t♦s ❢♦r❛♠ ❢❡✐t❛s
❝♦♠ ✉♠❛ ❝♦❜❡rt✉r❛ ♥❛ ♣❛rt❡ ✐♥t❡r✐♦r ❞❛ ❛❜❡rt✉r❛✱ ❞❡ ❢♦r♠❛ q✉❡ ❛ ✐♠❛❣❡♠ é
❢♦r♠❛❞❛ ❛♣❡♥❛s ♣♦r r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ❛tr❛✈és ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❆ ✜❣✉r❛
✸✳✼ ♠♦str❛ ❡①❡♠♣❧♦s ❞❛s ❢♦t♦s t✐r❛❞❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ ✏só ❛♥❡❧ ❝♦rr❡t♦r✑ ❡
✏s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✑✳

◆❛ t♦♠❛❞❛ ❞❡ ❞❛❞♦s ❢♦r❛♠ ❢❡✐t❛s ✸✷ ❢♦t♦s ❝♦♠ ✽ s❡❣✉♥❞♦s ❞❡ ❡①♣♦s✐çã♦

✶❆❜r❡✈✐❛çã♦ ❞♦ ✐♥❣❧ês ❈❤❛r❣❡❞ ❈♦✉♣❧❡❞ ❉❡✈✐❝❡✳
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❋✐❣✉r❛ ✸✳✻✿ ❈â♠❛r❛ ❈❈❉ ♣♦s✐❝✐♦♥❛❞❛ ❡♠ ❢r❡♥t❡ ❛♦ ❡s♣❡❧❤♦ ❡ ❛❧✈♦ ❞❡ ♣❛♣❡❧
✜①❛❞♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳

❝♦♠ ✶ s❡❣✉♥❞♦ ❞❡ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✉♠❛ ❡ ♦✉tr❛ ♣❛r❛ t♦❞❛s ❛s ❝♦♥✜❣✉r❛çõ❡s
❞❛ t❛❜❡❧❛ ✸✳✶ ✳ ❖ t❡♠♣♦ ❞❡ ❡①♣♦s✐çã♦ t❡♠ q✉❡ s❡r ❧✐♠✐t❛❞♦ ♣❛r❛ ♠✐♥✐♠✐③❛r
♦ ❡❢❡✐t♦ ❞❡ r♦t❛çã♦ ❞❛ ❚❡rr❛ q✉❡ ❞❡s❧♦❝❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ♥❛ ❝â♠❛r❛ ❞❡
❢♦t♦t✉❜♦s✳

❆♥á❧✐s❡ ❞❛s ❋♦t♦s

❖ ♦❜❥❡t✐✈♦ ✜♥❛❧ ❞❡st❛ ❛♥á❧✐s❡ é ♦❜t❡r ❛ ✐♥t❡❣r❛❧ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ♥❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦ ♠❡❞✐❞♦ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥✲
tr♦ ❞❛ ✐♠❛❣❡♠✳ P❛r❛ t❛❧ ✜♥❛❧✐❞❛❞❡ ✈ár✐❛s ❡t❛♣❛s té❝♥✐❝❛s ❡ ❝♦♠♣✉t❛❝✐♦♥❛✐s
t✐✈❡r❛♠ q✉❡ s❡r ❝✉♠♣r✐❞❛s✿

✶✳ ❈♦♥✈❡rt❡r ❛s ✜❣✉r❛s ❞♦ ❢♦r♠❛t♦ ❜✶✻ ❞❛ ❝â♠❛r❛ ❞❡ ❈❈❉ ♣❛r❛ ♦ ❢♦r♠❛t♦
✏✜ts✑ ♣❛❞rã♦ ❞❛ ◆❆❙❆❀

✷✳ ▲❡r ♦ ❢♦r♠❛t♦ ✏✜ts✑ ❝♦♠ ❜✐❜❧✐♦t❡❝❛s ❞❛ ◆❆❙❆ ♣❛r❛ ✉♠❛ ♠❛tr✐③ ❡♠
❈✴❈✰✰❀

✸✳ ❊♥❝♦♥tr❛r ❛ ❡str❡❧❛ ♥❛ ✐♠❛❣❡♠✱ ✈✐st♦ q✉❡ ❛ ár❡❛ ❞❛ ❢♦t♦ é ♠✉✐t♦ ♠❛✐♦r
q✉❡ ♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛❀

✹✳ ❉❡✜♥✐r ♦ r✉í❞♦ ❞❛ ✐♠❛❣❡♠❀

✺✳ ❉❡t❡r♠✐♥❛r ♦ ❝❡♥tr♦ ❞❛ ❡str❡❧❛❀

✻✳ ❙♦♠❛r ❛s ✸✷ ❢♦t♦s ♣❛r❛ ❛✉♠❡♥t❛r ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦❀
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❋✐❣✉r❛ ✸✳✼✿ ❊①❡♠♣❧♦ ❞❛s ❢♦t♦s ❢❡✐t❛s ❞❛ ❡str❡❧❛ ❱❊●❆✳ ❆ ❢♦t♦ à ❡sq✉❡r❞❛ é
❞❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ❛♣❡♥❛s ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ❛tr❛✈és ❞♦ ❛♥❡❧ ❝♦rr❡t♦r
❡ ❛ ❢♦t♦ à ❞✐r❡✐t❛ é ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♥❛ r❡❣✐ã♦
✐♥t❡r♥❛ ❛♦ ❛♥❡❧ ❝♦rr❡t♦r✳

✼✳ ❊♥❝♦♥tr❛r ❛ ❝♦♥✈❡rsã♦ ❞❡ ♣✐①❡❧ ♥❛ ❝â♠❛r❛ ❈❈❉ ♣❛r❛ ❝❡♥tí♠❡tr♦ ♥❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s❀

✽✳ ❊ ✜♥❛❧♠❡♥t❡ ♠❡❞✐r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❧✉③ ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦✳

❉❡st❡ ♣r♦❝❡❞✐♠❡♥t♦✱ ✈❛❧❡ ❞❡st❛❝❛r q✉❡ ❛ ❡str❡❧❛ ❢♦✐ ❡♥❝♦♥tr❛❞❛ ♣♦r ✉♠❛
✈❛rr❡❞✉r❛ ❞❛ ✐♠❛❣❡♠ q✉❡ ♣r♦❝✉r❛✈❛ ♣♦r ❝✐♥❝♦ ♣✐①❡❧s ❝♦♥s❡❝✉t✐✈♦s ❝♦♠ s✐✲
♥❛❧ ❡①❝❡❞❡♥❞♦ ❛ ♠é❞✐❛ ♣♦r ♠❛✐s ❞❡ três ❞❡s✈✐♦s ♣❛❞rã♦✳ ❯♠❛ ✈❡③ s❛t✐❢❡✐t❛
❡ss❛ ❝♦♥❞✐çã♦✱ ❛ ❡str❡❧❛ ❡r❛ ❞❡✜♥✐❞❛ ♣♦r ✉♠ q✉❛❞r❛❞♦ ❞❡ ✷✵✵①✷✵✵ ♣✐①❡❧s q✉❡
❡r❛ s✉✜❝✐❡♥t❡♠❡♥t❡ ♠❛✐♦r q✉❡ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ t♦✲
♠❛♠♦s ❝♦♠♦ r✉í❞♦ ✉♠❛ r❡❣✐ã♦ ❞❡ ♠❡s♠♦ t❛♠❛♥❤♦ ❞❛ ♠❡s♠❛ ❢♦t♦ ♣♦ré♠
s✐♠❡tr✐❝❛♠❡♥t❡ ♦♣♦st❛ ❡♠ r❡❧❛çã♦ ❛♦ ❝❡♥tr♦ ❞❛ ❢♦t♦✳

❖ ❝❡♥tr♦ ❞❛ ❡str❡❧❛ ❢♦✐ ❡♥❝♦♥tr❛❞♦ ❛tr❛✈és ❞❡ ✉♠ ❛r❣✉♠❡♥t♦ ❞❡ ❝❡♥tr♦ ❞❡
♠❛ss❛✱ ❡ ❝♦♠ r❡❢❡rê♥❝✐❛ ♥♦ ❝❡♥tr♦ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝❛❞❛ ❢♦t♦✱ ❛s ✸✷ ❡①♣♦s✐çõ❡s
❢♦r❛♠ s♦♠❛❞❛s✳ ❆ ❝♦♥✈❡rsã♦ ❞❡ ♣✐①❡❧ ♥❛ ❝â♠❛r❛ ❞❡ ❈❈❉ ♣❛r❛ ❝❡♥tí♠❡tr♦ ♥❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ❢♦✐ ♦❜t✐❞❛ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❢♦t♦ ❞♦ ❛❧✈♦✱ ♦♥❞❡
❢♦✐ ✜①❛❞❛ ✉♠❛ ❡s❝❛❧❛ ❡♠ ❝❡♥tí♠❡tr♦s✳

❆ ✜❣✉r❛ ✸✳✽ ♠♦str❛ ❛s ♠❡s♠❛s ❢♦t♦s ❞❛ ✜❣✉r❛ ✸✳✼ ❝♦♠ ❛ ✐♥t❡♥s✐❞❛❞❡
❞❡ ❝❛❞❛ ♣✐①❡❧ ❣r❛✜❝❛❞❛ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦ ❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠ ❡♠
❝❡♥tí♠❡tr♦s✳



✸✳✸✳ ❚❊❙❚❊❙ ❉❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘ ✸✺

❋✐❣✉r❛ ✸✳✽✿ ❊①❡♠♣❧♦ ❞❛s ❢♦t♦s ❢❡✐t❛s ❞❛ ❡str❡❧❛ ❱❊●❆✳ ❆ ❢♦t♦ à ❡sq✉❡r❞❛ é
❞❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ❛♣❡♥❛s ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ❛tr❛✈és ❞♦ ❛♥❡❧ ❝♦rr❡t♦r
❡ ❛ ❢♦t♦ à ❞✐r❡✐t❛ é ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♥❛ r❡❣✐ã♦
✐♥t❡r♥❛ ❛♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❖ ❡✐①♦ ③ ♠♦str❛ ♦ s✐♥❛❧ ❡♠ ❝❛❞❛ ♣✐①❡❧ ❞❛ ❈❈❉ ❡♠
✉♥✐❞❛❞❡s ❛r❜✐trár✐❛s✳

❉❡st❛ ❢♦r♠❛✱ ❛ ❞✐str✐❜✉✐çã♦ ✐♥t❡❣r❛❧ ❞❛ ❧✉③ ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦ ♣♦❞❡ s❡r
❞❡t❡r♠✐♥❛❞❛ s♦♠❛♥❞♦ ❛ ✐♥t❡♥s✐❞❛❞❡ r❡❣✐str❛❞❛ ♣♦r ❝❛❞❛ ♣✐①❡❧ ❞❛ ❈❈❉✳ ❚♦❞♦s
♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s s❡❣✉✐r❛♠ ❡ss❡ ♣r♦❝❡❞✐♠❡♥t♦ ❡ ♣♦rt❛♥t♦ ❛ ♠❡❞✐❞❛
✜♥❛❧ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❧✉③ ❢♦✐ ❢❡✐t❛ ❝♦♠ ❛ s♦♠❛ ❞❡ ✸✷ ❢♦t♦s✳

❘❡s✉❧t❛❞♦s

❖ ❝r✐tér✐♦ ❞❡ q✉❛❧✐❞❛❞❡ ❡①✐❣✐❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❞❡t❡r♠✐♥❛ q✉❡ ♦
t❛♠❛♥❤♦ ♠á①✐♠♦ ❞❛ ❞✐s♣❡rsã♦ ❞♦ s✐♥❛❧ ♥❛ ❝â♠❛r❛ s❡❥❛ ✉♠ t❡rç♦ ❞♦ t❛♠❛♥❤♦
❞♦ ❢♦t♦t✉❜♦✳ ❖s ❢♦t♦t✉❜♦s ❡s❝♦❧❤✐❞♦s tê♠ ✉♠ ❞✐â♠❡tr♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡
✹✳✺ ❝♠✱ ♦✉ s❡❥❛✱ ❛ ♠á①✐♠❛ ❞✐s♣❡rsã♦ ❞❛ ❧✉③ ❞❡ ✉♠❛ ❢♦♥t❡ ♣♦♥t✉❛❧ ❞❡✈❡ t❡r
✶✳✺ ❝♠ ❞❡ ❞✐â♠❡tr♦✳ P♦ré♠✱ ❝♦♠♦ ❛ ✐♠❛❣❡♠ ❞❡ ✉♠❛ ❡str❡❧❛ ❛♣r❡s❡♥t❛ ✉♠❛
❞✐str✐❜✉✐çã♦ ❝♦♥tí♥✉❛ ❞❡ ❧✉③✱ s❡♠ ✉♠ ✜♥❛❧ ❡①❛t♦✱ ❡s❝♦❧❤❡✉✲s❡ ❝♦♠♦ ♣❛râ♠❡tr♦
❞❡ r❡❢❡rê♥❝✐❛ ♦ ❞✐â♠❡tr♦ ♥♦ q✉❛❧ ✾✵✪ ❞❛ ❧✉③ ❞❛ ❡str❡❧❛ ❡stá ❝♦♥t✐❞❛✳ ❊st❡
❞✐â♠❡tr♦ ❞❡✈❡ s❡r ♥♦♠✐♥❛❧♠❡♥t❡ ♠❡♥♦r q✉❡ ✶✳✺ ❝♠✳

❆♦ ❞❡t❡r♠✐♥❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❧✉③ ❡♠ ❢✉♥çã♦ ❞♦ ❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠✱
q✉❛tr♦ ❡st✉❞♦s ❢♦r❛♠ ♣♦ssí✈❡✐s✿

✶✳ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡♥tr❡ ❛s ❝♦♥✜❣✉r❛çõ❡s só ❛♥❡❧ ❜r❛✲
s✐❧❡✐r♦ ❡ ❛❧❡♠ã♦ ❡ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r❀

✷✳ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❡♥tr❡ ♦s ❡s♣❡❧❤♦s t❝❤❡❝♦s ❡ ❛❧❡♠ã❡s❀



✸✻ ❈❆P❮❚❯▲❖ ✸✳ ❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘

✸✳ ❞❡t❡r♠✐♥❛çã♦ ✜♥❛❧ ❞❛ ❞✐s♣❡rsã♦ ❞❡ ❧✉③ ❞♦ t❡❧❡s❝ó♣✐♦❀

✹✳ ♠❡❞✐❞❛ ❞♦ ❛✉♠❡♥t♦ ♥❛ ár❡❛ ❡❢❡t✐✈❛ ❞❡ ❝♦❧❡çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡✈✐❞♦ à
✉t✐❧✐③❛çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳

❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s ❝♦♥✜❣✉r❛çõ❡s ✏só ❛♥❡❧✑ ❡ ✏s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✑

❆ ✜❣✉r❛ ✸✳✾ ♠♦str❛ ❛ ❝♦♠♣❛r❛çã♦ ❞❛ ✐♥t❡❣r❛❧ ❞❛ ❧✉③ ♥❛ ✐♠❛❣❡♠ ❞❡ ✉♠❛
❡str❡❧❛ ❢♦r♠❛❞❛ ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞♦s ❡s♣❡❧❤♦s t❝❤❡❝♦s ❡ ❛❧❡♠ã❡s✳ ❈♦♠♦ ❡①✲
♣❧✐❝❛❞♦ ❛❝✐♠❛✱ ❛ ❞❡♥♦♠✐♥❛çã♦ só ❛♥❡❧ r❡♣r❡s❡♥t❛ ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ s♦♠❡♥t❡
♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r✱ ❡♥q✉❛♥t♦ q✉❡ ❛ ❞❡♥♦♠✐♥❛çã♦
s❡♠ ❛♥❡❧ r❡♣r❡s❡♥t❛ ❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♣❡❧❛ ❧✉③ q✉❡ ♣❛ss♦✉ ♥❛ ♣❛rt❡ ✐♥t❡r♥❛
❞♦ ❞✐❛❢r❛❣♠❛ ✭r❛✐♦ ♠❡♥♦r q✉❡ ✵✳✽✺ ♠✮ ♦♥❞❡ ♥ã♦ ❡①✐st❡ ❛♥❡❧ ❝♦rr❡t♦r✳

❆ ✜❣✉r❛ ♠♦str❛ q✉❛♥t✐t❛t✐✈❛♠❡♥t❡ ♦ q✉❡ ♣♦❞❡ s❡r ✈✐st♦ ❞❡ ❢♦r♠❛ q✉❛❧✐t❛✲
t✐✈❛ ♥❛ ✜❣✉r❛ ✸✳✼✳ ❖s r❛✐♦s q✉❡ ❛tr❛✈❡ss❛♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r sã♦ ❝♦♥❝❡♥tr❛❞♦s
❡♠ ✉♠ r❡❣✐ã♦ ♣❡q✉❡♥❛ ♥❛ s✉♣❡r❢í❝✐❡ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❆s ❝✉r✈❛s ❝♦r✲
r❡s♣♦♥❞❡♥t❡s ❛♦s ❛♥é✐s ❝♦rr❡t♦r❡s ❛t✐♥❣❡♠ ♦ ✈❛❧♦r ❞❡ ✾✵✪ ❞❛ ❝♦♥❝❡♥tr❛çã♦
❞❛ ❧✉③ ❡♠ t♦r♥♦ ❞❡ ✵✳✻✺ ❝♠ ❞❡ r❛✐♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦s r❛✐♦s q✉❡ ♣❛ss❛r❛♠ ♣❡❧❛
r❡❣✐ã♦ ✐♥t❡r♥❛ ❞♦ ❞✐❛❢r❛❣♠❛ sã♦ ♠❛✐s ❡s♣❛❧❤❛❞♦s ❡ ❛t✐♥❣❡♠ ✾✵✪ ❞❛ ✐♥t❡❣r❛❧
❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✳✾ ❝♠ ❞❡ r❛✐♦✳

❆ ✜❣✉r❛ ♠♦str❛ ✉♠❛ ❧✐❣❡✐r❛ ✈❛♥t❛❣❡♠ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❛❧❡♠ã♦ q✉❛♥❞♦
❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❛♥❡❧ ❜r❛s✐❧❡✐r♦ ♥♦ q✉❡ s❡ r❡❢❡r❡ à ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♥❝❡♥tr❛r
❛ ❧✉③✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❝♦♠♣❛r❛çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❧✉③ ❞❡ ❛♠❜♦s ♦s ❛♥é✐s
❝♦rr❡t♦r❡s ❝♦♠ ❛q✉❡❧❛ ♦❜t✐❞❛ q✉❛♥❞♦ ♦s r❛✐♦s ♣❛ss❛♠ ♥❛ ♣❛rt❡ ✐♥t❡r✐♦r ❞♦
❞✐❛❢r❛❣♠❛ ♠♦str❛ q✉❡ ♦s ❛♥é✐s ❝♦rr❡t♦r❡s ❝✉♠♣r❡♠ s❡✉ ♣❛♣❡❧ ❞❡ ❝♦rr✐❣✐r ❛
❛❜❡rr❛çã♦ ❡s❢ér✐❝❛ ♣❛r❛ ❣r❛♥❞❡s ❞✐stâ♥❝✐❛s ❞♦ ❡✐①♦ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❖s r❛✐♦s
q✉❡ ♣❛ss❛♠ ❛ ❞✐stâ♥❝✐❛s ♠❛✐♦r❡s q✉❡ ✵✳✽✺ ♠ ❞♦ ❡✐①♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡✈❡r✐❛♠✱
❡♠ ✉♠ t❡❧❡s❝ó♣✐♦ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✱ ❝♦♥tr✐❜✉✐r ♣❛r❛ ❛ ❢♦r♠❛çã♦ ❞❛ ♣❛rt❡
♠❛✐s ❡①t❡r♥❛ ❞❛ ✐♠❛❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✱ ❝♦♠♦ ✐❧✉str❛❞♦
♥❛ ✜❣✉r❛ ✸✳✶✳ ❚♦❞❛✈✐❛✱ ❛ ✜❣✉r❛ ✸✳✾ ♠♦str❛ q✉❡ ❡ss❡s r❛✐♦s sã♦ ❝♦♥❝❡♥tr❛❞♦s
♥❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞❛ ✐♠❛❣❡♠ ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❝♦rr❡t✐✈♦ ❞♦s ❛♥é✐s✳

❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❡s♣❡❧❤♦s t❝❤❡❝♦s ❡ ❛❧❡♠ã❡s

❈♦♠♦ ♠♦str❛ ❛ t❛❜❡❧❛ ✸✳✶✱ ❛ ♣♦s✐çã♦ ❞❛ ❡str❡❧❛ ♥♦ ❝é✉ ❡♠ ❞❡t❡r♠✐♥❛❞♦
✐♥st❛♥t❡ ❡r❛ ✈✐sí✈❡❧ ♣♦r ❛♣❡♥❛s ✉♠❛ ❞❛s ♠❡t❛❞❡s ❞♦ ❡s♣❡❧❤♦ ❝♦❧❡t♦r ❞❛ ❜❛✐❛
✹ ❞♦ t❡❧❡s❝ó♣✐♦ ♣r♦tót✐♣♦ ❞❡ ▲♦s ▲❡♦♥❡s✳ ❉❡st❛ ❢♦r♠❛✱ ❢♦✐ ♣♦ssí✈❡❧ ♠❡❞✐r ❛
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❋✐❣✉r❛ ✸✳✾✿ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s só ❛♥❡❧ ❜r❛s✐❧❡✐r♦✱ só
❛♥❡❧ ❛❧❡♠ã♦ ❡ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳

❞✐s♣❡rsã♦ ❞❛ ❧✉③ r❡s✉❧t❛♥t❡ ❞❡ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s s❡♣❛r❛❞❛♠❡♥t❡ ❡
❝♦♠♣❛rá✲❧❛s ❡♥tr❡ s✐✳

❆ ✜❣✉r❛ ✸✳✶✵ ♠♦str❛ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❧✉③ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛♦
❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠ ♣❛r❛ ♦s ❝♦♥❥✉♥t♦s ❞❡ ❡s♣❡❧❤♦s t❝❤❡❝♦s ❡ ❛❧❡♠ã♦ s❡♣❛r❛❞❛✲
♠❡♥t❡✱ ❜❡♠ ❝♦♠♦ ❛ ❝♦♥❝❡♥tr❛çã♦ ♣❛r❛ ♦ ✐♥st❛♥t❡ ❡♠ q✉❡ ❛ ❡str❡❧❛ ✐❧✉♠✐♥❛✈❛
s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❛♠❜♦s ♦s ❝♦♥❥✉♥t♦s✳

❆ ✜❣✉r❛ ♠♦str❛ ✉♠❛ ❝❧❛r❛ ✈❛♥t❛❣❡♠ ❞♦s ❡s♣❡❧❤♦s t❝❤❡❝♦s ❡♠ ❝♦♠♣❛r❛çã♦
❝♦♠ ♦s ❡s♣❡❧❤♦s ❛❧❡♠ã❡s✳ ❆ ❝♦♠♣❛r❛çã♦ ❢♦✐ ❢❡✐t❛ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ♣❛r❛
✐s♦❧❛r ♦ ❢❡✐t♦ ❞♦ ♠❡s♠♦✳

❉✐s♣❡rsã♦ ❞❡ ❧✉③✿ ❈♦♥✜❣✉r❛çã♦ ❞❡ ❖♣❡r❛çã♦ ❞♦ ❚❡❧❡s❝ó♣✐♦

❆ ❝♦♥✜❣✉r❛çã♦ ❞❡ ♦♣❡r❛çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r t❡♠
✉♠ ❞✐❛❢r❛❣♠❛ ❝♦♠ ❛❜❡rt✉r❛ ❞❡ ✶✳✶ ♠ ❞❡ r❛✐♦ ❝♦♠ ✉♠ ❛♥❡❧ ❝♦rr❡t♦r ❝♦❜r✐♥❞♦
❛ r❡❣✐ã♦ ❡♥tr❡ ✵✳✽✺ ❡ ✶✳✶ ♠ ❞❡ r❛✐♦✳ ◆❡♥❤✉♠❛ ❢♦t♦ ❞❡ ❡str❡❧❛ ❢♦✐ ❢❡✐t❛ ♥❡st❛
❝♦♥✜❣✉r❛çã♦ ♠❛s ♣♦❞❡♠♦s ❝♦♥s✐❞❡r❛r q✉❡ ❡❧❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛
s♦❜r❡♣♦s✐çã♦ ❞♦s ❝❛s♦s ✏só ❛♥❡❧✑ ❡ ✏s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✑✳
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❋✐❣✉r❛ ✸✳✶✵✿ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s q✉❛♥❞♦ ❛ ✐♠❛❣❡♠ ❡r❛
❢♦r♠❛❞❛ só ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s t❝❤❡❝♦s✱ só ♣❡❧♦ ❝♦♥❥✉♥t♦ ❞❡ ❡s♣❡❧❤♦s
❛❧❡♠ã❡s ❡ ♣♦r ❛♠❜♦s✳

❆ ❛♥á❧✐s❡ ❢♦✐ ❢❡✐t❛ ❝♦♠ ❛ ❡str❡❧❛ ✐❧✉♠✐♥❛♥❞♦ ❛♠❜♦s ♦s ❡s♣❡❧❤♦s ♣❛r❛ ♠✐✲
♥✐♠✐③❛r ❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞❡ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ r❡✢❡t♦r❡s✳

❆ ✜❣✉r❛ ✸✳✶✶ ♠♦str❛ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❛ ❧✉③ ♦❜t✐❞❛ ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❛
s♦♠❛ ❞❡ ✻✹ ❢♦t♦s ♣❛r❛ ❝❛❞❛ ❝✉r✈❛✿ ✸✷ ❞♦ ❝❛s♦ só ❛♥❡❧ ❡ ✸✷ ❞♦ ❝❛s♦ s❡♠ ❛♥❡❧✳

❊st❛ ✜❣✉r❛ ♠♦str❛✱ ❡♠ ❛❝♦r❞♦ ❝♦♠ ❛ ✜❣✉r❛ ✸✳✾✱ q✉❡ ❛ ❞✐s♣❡rsã♦ ❞❡ ❧✉③ é
❞♦♠✐♥❛❞❛ ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛♠ ♥❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞♦ ❞✐❛❢r❛❣♠❛✱ ❞❡ ❢♦r♠❛ q✉❡
♦ ❛♥❡❧ ❝♦rr❡t♦r ❝♦♥tr✐❜✉✐ ♠✉✐t♦ ♣♦✉❝♦ ♣❛r❛ ♦ t❛♠❛♥❤♦ t♦t❛❧ ❞❛ ❞✐s♣❡rsã♦✳ ❋✐❝❛
t❛♠❜é♠ ❡✈✐❞❡♥t❡ ♣♦r ❡st❛ ✜❣✉r❛ q✉❡ ♦s ❛♥é✐s ❝♦rr❡t♦r❡s ❜r❛s✐❧❡✐r♦ ❡ ❛❧❡♠ã♦
sã♦ ✐♥❞✐st✐♥❣✉í✈❡✐s ♥❛ s✉❛ q✉❛❧✐❞❛❞❡ q✉❛♥❞♦ ♦♣❡r❛♥❞♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧
❞♦ t❡❧❡s❝ó♣✐♦✳

▼❡❞✐❞❛ ❞♦ ❛✉♠❡♥t♦ ♥❛ ár❡❛ ❡❢❡t✐✈❛ ❞❡ ❝♦❧❡çã♦ ❞♦ t❡❧❡s❝ó♣✐♦

❖ ♦❜❥❡t✐✈♦ ❞❛ ✉t✐❧✐③❛çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r é ❛✉♠❡♥t❛r ❛ ár❡❛ ❡❢❡t✐✈❛ ❞❡
❝♦❧❡çã♦ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❆❧❝❛♥ç❛✲s❡ ❡ss❡ ♦❜❥❡t✐✈♦ ❛✉♠❡♥t❛♥❞♦ ♦ r❛✐♦ ❞❡ ❛❜❡r✲
t✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛ ❡ ❢❛③❡♥❞♦ ✉s♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ♣❛r❛ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s
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❋✐❣✉r❛ ✸✳✶✶✿ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞❛s ❛s ❝✉r✈❛s ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦
✜♥❛❧ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛❜❡rt✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛ ❞❡ ✶✳✶ ♠✳

❞❡ ❛❜❡rr❛çã♦✳
❖ ❛✉♠❡♥t♦ ❞♦ r❛✐♦ ❞❡ ✵✳✽✺ ♠ ♣❛r❛ ✶✳✶ ♠ s✐❣♥✐✜❝❛ ✉♠ ❛✉♠❡♥t♦ ❞❡ ✻✼✪ ♥❛

ár❡❛ ❝♦❧❡t♦r❛✳ ❙✉♣♦♥❞♦ q✉❡ ❛ t❛①❛ ❞❡ ❧✉③ ✐♥❝✐❞❡♥t❡ ♥❛ ❛❜❡rt✉r❛ ❞♦ t❡❧❡s❝ó♣✐♦
❢♦✐ ❛ ♠❡s♠❛ ♥♦s ❞✐❛s ❡♠ q✉❡ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❛s ❢♦t♦s ❝♦♠ ❡ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡✲
t♦r✱ ♣♦❞❡♠♦s ❞❡t❡r♠✐♥❛r ♦ ❛✉♠❡♥t♦ ❡❢❡t✐✈♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❧✉③ ❞❡t❡❝t❛❞❛✳
P♦ré♠✱ ❝♦♠♦ ♥ã♦ t❡♠♦s ♠❡❞✐❞❛s ❞❛s ❝♦♥❞✐çõ❡s ❛t♠♦s❢ér✐❝❛s ♣❛r❛ ❛s ♥♦✐t❡s
❡♠ q✉❡ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❛s ❢♦t♦s✱ ♥ã♦ ♣♦❞❡♠♦s ❣❛r❛♥t✐r q✉❡ ❛ ✐♥t❡♥s✐❞❛❞❡
❞❡ ❧✉③ q✉❡ ❛t✐♥❣✐❛ ❛ ❛❜❡rt✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛ ❡r❛ ❛ ♠❡s♠❛ ♥❛s três ♥♦✐t❡s✱ ♣♦✐s
❛ ❛❜s♦rçã♦ ❞❛ ❧✉③ ♥❛ ❛t♠♦s❢❡r❛ ♣♦❞❡ t❡r ♠✉❞❛❞♦ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♥❡st❡
♣❡rí♦❞♦✳ ❉❡st❛ ❢♦r♠❛✱ r❡ss❛❧t❛♠♦s q✉❡ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❛ s❡✲
çã♦ ♥ã♦ sã♦ ❝♦♥❝❧✉s✐✈♦s ♠❛s s♦♠❡♥t❡ ✐♥❞✐❝❛t✐✈♦s ❞♦ ❛✉♠❡♥t♦ ❡❢❡t✐✈♦ ❞❡ ár❡❛
❝♦❧❡t♦r❛✳

❆ ✜❣✉r❛ ✸✳✶✷ ♠♦str❛ ❛ ✐♥t❡❣r❛❧ ❞❛ ❧✉③ ♥❛ ✐♠❛❣❡♠ ❡♠ ❢✉♥çã♦ ❞♦ r❛✐♦ ❛♦
❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠ ♣❛r❛ ♦s ❝❛s♦s s❡♠ ❛♥❡❧ ❝♦rr❡t♦r ❡ ❝♦♠ ❛♥❡❧ ❝♦rr❡t♦r ❜r❛✲
s✐❧❡✐r♦ ❡ ❛❧❡♠ã♦✳ ❆s três ❝✉r✈❛s ❢♦r❛♠ ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛ ❝✉r✈❛ ❞❡t❡r♠✐♥❛❞❛
♣❛r❛ ♦ ❝❛s♦ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳ ❖❜s❡r✈❛♥❞♦ ❛s ❝✉r✈❛s ❞♦s ❝❛s♦s só ❛♥❡❧ ❝♦rr❡✲



✹✵ ❈❆P❮❚❯▲❖ ✸✳ ❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘

t♦r✱ ♣♦❞❡♠♦s ♥♦t❛r q✉❡ ❛ ❧✉③ t♦t❛❧ q✉❡ ♣❛ss❛ só ♣❡❧♦s ❛♥é✐s ❝♦rr❡t♦r❡s é ✻✷✪
♣❛r❛ ♦ ❛♥❡❧ ❜r❛s✐❧❡✐r♦ ❡ ✺✼✪ ♣❛r❛ ♦ ❛♥❡❧ ❛❧❡♠ã♦ ❞♦ t♦t❛❧ ❞❡ ❧✉③ q✉❡ ♣❛ss❛ ♥❛
r❡❣✐ã♦ ✐♥t❡r♥❛ ❞♦ ❞✐❛❢r❛❣♠❛✳

❖✉ s❡❥❛✱ ❛ ♦♣❡r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❡♠ s✉❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧✱ q✉❛♥❞♦ sã♦
s♦♠❛❞❛s ❛s ❝♦♥tr✐❜✉✐çõ❡s s❡♠ ❛♥❡❧ ❡ só ❛♥❡❧ ♣❛r❛ ❢♦r♠❛r ❛ ❛❜❡rt✉r❛ ❞❡ ✶✳✶
♠✱ ❛✉♠❡♥t❛ ❛ ár❡❛ ❡❢❡t✐✈❛ ❞❡ ❝♦❧❡çã♦ ❡♠ ✻✷✪ ✉t✐❧✐③❛♥❞♦ ♦ ❛♥❡❧ ❜r❛s✐❧❡✐r♦ ❡
✺✼✪ ✉t✐❧✐③❛♥❞♦ ♦ ❛♥❡❧ ❛❧❡♠ã♦✳ ❊ss❡ r❡s✉❧t❛❞♦✱ ❛♣❡s❛r ❞❡ ♥ã♦ s❡r ❝♦♥❝❧✉s✐✈♦✱
❝♦♥❝♦r❞❛ ♠✉✐t♦ ❜❡♠ ❝♦♠ ♦ ❛✉♠❡♥t♦ ♥✉♠ér✐❝♦ ❞❛ ár❡❛ ✭✻✼✪✮✱ ♣♦✐s ❢❛❧t❛
r❡❞✉③✐r ❞❡st❡ ♥ú♠❡r♦ ❛ ❛❜s♦rçã♦ ❞❛ ❧✉③ ♣❡❧♦ ✈✐❞r♦ ❡ ❛s ✐♠♣❡r❢❡✐çõ❡s ✐♥❡r❡♥t❡s
❛♦ ❛♥❡❧✱ t❛✐s ❝♦♠♦ s✉❛ s❡❣♠❡♥t❛çã♦ ❡ ♣♦ssí✈❡✐s ❞❡❢❡✐t♦s ❞❡ ❢❛❜r✐❝❛çã♦✳

❋✐❣✉r❛ ✸✳✶✷✿ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞♦s ♦s ❝❛s♦s q✉❛♥❞♦ ❛ ✐♠❛❣❡♠ ❡r❛
❢♦r♠❛❞❛ só ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r ❛❧❡♠ã♦✱ só ♣❡❧♦ ❛♥❡❧ ❝♦rr❡t♦r ❜r❛s✐❧❡✐r♦ ❡ s❡♠ ♦
❛♥❡❧ ❝♦rr❡t♦r✳ ❆s três ❝✉r✈❛s ❡stã♦ ♥♦r♠❛❧✐③❛❞❛s ♣❡❧❛ ❝✉r✈❛ ❝♦rr❡s♣♦♥❞❡♥t❡
❛♦ ❝❛s♦ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳
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❊♥❡r❣✐❛ ✭❡❱✮ Prót♦♥ ❋❡rr♦
1018 ✶✵✵ ✶✵✵
1019 ✶✵✵ ✶✵✵
1020 ✶✵✵ ✶✵✵

❚❛❜❡❧❛ ✸✳✷✿ ◆ú♠❡r♦ ❞❡ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ❝♦♥✜❣✉r❛çõ❡s✳

✸✳✸✳✷ ■♥✢✉ê♥❝✐❛ ♥♦ ❛♥❡❧ ❝♦rr❡t♦r ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥s✲

tr✉çã♦ ❞♦s ❡✈❡♥t♦s

❖s r❡s✉❧t❛❞♦s ❛❝✐♠❛ ❛♣r❡s❡♥t❛❞♦s ❝❛r❛❝t❡r✐③❛♠ ❡ ❞❡♠♦♥str❛♠ ❛ ✐♠♣♦rtâ♥❝✐❛
❞♦ ❛♥❡❧ ❝♦rr❡t♦r ♥❛ ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦✳ P♦ré♠✱ ♦ t❡❧❡s❝ó♣✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦
❆✉❣❡r ♥ã♦ s❡ ❞✐❢❡r❡♥❝✐❛ ♣❡❧❛ s✉❛ q✉❛❧✐❞❛❞❡ ó♣t✐❝❛ ♠❛s ♣❡❧❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡
❞❡t❡❝t❛r ❡ ♣❡r♠✐t✐r ❛ r❡❝♦♥str✉çã♦ ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s✳

P♦r ✐ss♦✱ r❡❛❧✐③❛♠♦s s✐♠✉❧❛çõ❡s ❞❡ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ❝♦♠
♦ ✐♥t✉✐t♦ ❞❡ ❞❡t❡r♠✐♥❛r ❛ ✐♠♣♦rtâ♥❝✐❛ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ♥❛ r❡❝♦♥str✉çã♦ ❞❛
❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳ ❊st❡ tr❛❜❛❧❤♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❡♠
❝♦❧❛❜♦r❛çã♦ ❝♦♠ ♦ ❉r✳ ▲✉ís Pr❛❞♦ ❏ú♥✐♦r ❡ ♣✉❜❧✐❝❛❞♦s ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦
❆✉❣❡r ♥❛ r❡❢❡rê♥❝✐❛ ❬✸✼❪✳

❙✐♠✉❧❛♠♦s ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ✻✵✵ ❝❤✉✈❡✐r♦s ❝♦♠ ♦ ♣r♦❣r❛♠❛ ❈❖❘✲
❙■❑❆ ♥❛s ❝♦♥❞✐çõ❡s ❞❛❞❛s ♣❡❧❛ t❛❜❡❧❛ ✸✳✷✳ ❖ â♥❣✉❧♦ ❞❡ ✐♥❝✐❞ê♥❝✐❛ ✈❛r✐❛✈❛
✐s♦tr♦♣✐❝❛♠❡♥t❡ ❡♥tr❡ ✵ ❡ 60◦✳

❖ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❞♦ ❈❖❘❙■❑❆ ❢♦✐ ✉t✐❧✐③❛❞♦
♥♦ ♣r♦❣r❛♠❛ ❋❉❙✐♠ ❬✷✾❪ ♣❛r❛ ❣❡r❛r ❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡✳
❖s ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❣❡r❛❞♦s ♥♦ ❝❤✉✈❡✐r♦s ❢♦r❛♠ tr❛ç❛❞♦s ❞❡♥tr♦ ❞❛
ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦ ❡ ♦ ♣r♦❣r❛♠❛ ❋❉❚r✐❣❣❡r❙✐♠✱ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✱ ❢♦✐
✉t✐❧✐③❛❞♦ ♣❛r❛ s✐♠✉❧❛r ♦ ❣❛t✐❧❤♦ ❞♦ ❞❡t❡❝t♦r✳

❖ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❛ ❝❛❞❡✐❛ ❞❡ s✐♠✉❧❛çã♦ ❣❡r❛ ❞❛❞♦s ❝♦♠ ❢♦r♠❛t♦ ✐❞ê♥✲
t✐❝♦ ❛♦s ❡✈❡♥t♦s r❡❛✐s ❞❡t❡❝t❛❞♦s ♣❡❧♦ t❡❧❡s❝ó♣✐♦✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ♣♦❞❡♠♦s
r❡❝♦♥str✉✐✲❧♦s ✉t✐❧✐③❛♥❞♦ ♦s ♥♦ss♦s ♣r♦❣r❛♠❛s ❞❡ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s r❡❛✐s✳ ❖
♣r♦❣r❛♠❛ ♦✜❝✐❛❧ ❞❛ ❝♦❧❛❜♦r❛çã♦✱ ❞❡ ♥♦♠❡ ❋▲❖❘❊❙✱ ❬✸✵❪ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛
r❡❝♦♥str✉çã♦ ❞♦s ✻✵✵ ❡✈❡♥t♦s✳ ❖s ❡✈❡♥t♦s ❢♦r❛♠ ❞✐str✐❜✉í❞♦s ✉♥✐❢♦r♠❡♠❡♥t❡
❞❡♥tr♦ ❞❡ ✉♠ ❝ír❝✉❧♦ ❞❡ ✽ ❦♠ ❞❡ r❛✐♦ ❝❡♥tr❛❞♦ ❛ ✶✺ ❦♠ ❞❡ ❞✐stâ♥❝✐❛ ❛♦ ❧♦♥❣♦
❞♦ ❡✐①♦ ❞♦ t❡❧❡s❝ó♣✐♦✳

❆ s✐♠✉❧❛çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s ❢♦✐ ❢❡✐t❛ s❡❣✉✐♥❞♦ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s q✉❡
❝❤❛♠❛♠♦s ❞❡ ❆ ❡ ❇✳ ❆ ❝♦♥✜❣✉r❛çã♦ ❆ é ❛ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ ❉❡s✐❣♥ ❘❡♣♦rt
❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r q✉❡ ♣♦ss✉✐ ✉♠ ❞✐❛❢r❛❣♠❛ ❝♦♠ ❛❜❡rt✉r❛ ❞❡ ✶✳✶ ♠ ❞❡
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❊♥❡r❣✐❛ ✭❡❱✮ ❙✐♠✉❧❛❞♦s ❉✐s♣❛r❛♠ ●❛t✐❧❤♦ ❘❡❝♦♥str✉í❞♦s
❆ ❇ ❆ ❇ ❆ ❇

1018 ✷✵✵ ✷✵✵ ✾✹ ✽✹ ✽✺ ✼✷
1019 ✷✵✵ ✷✵✵ ✶✵✾ ✶✵✼ ✶✵✶ ✶✵✶
1020 ✷✵✵ ✷✵✵ ✶✵✾ ✶✵✾ ✶✵✾ ✶✵✾

❚❛❜❡❧❛ ✸✳✸✿ ◆ú♠❡r♦ ❞❡ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s q✉❡ ❞✐s♣❛r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞♦ t❡❧❡s✲
❝ó♣✐♦ ❡ q✉❡ ❢♦r❛♠ ♣❛ssí✈❡✐s ❞❡ r❡❝♦♥str✉çã♦✳

r❛✐♦✱ ✐♥❝❧✉✐ ✜❧tr♦ ❯❱✱ ❛♥❡❧ ❝♦rr❡t♦r✱ ❡s♣❡❧❤♦s ❡ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s
♣♦s✐❝✐♦♥❛❞❛ ♥♦ ❝❡♥tr♦ ❢♦❝❛❧ ❞♦ ❡s♣❡❧❤♦✳ ❆ ❝♦♥✜❣✉r❛çã♦❇ r❡♣r❡s❡♥t❛ ♦ ♠❡s♠♦
s✐st❡♠❛ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r✱ ♦✉ s❡❥❛✱ ♠❛♥t❡✈❡✲s❡ ❛ ❛❜❡rt✉r❛ ❞❡ ✶✳✶ ♠✱ ♦ ✜❧tr♦
❯❱ ❡ ♦s ❡s♣❡❧❤♦s ❝♦♠♦ ♣❧❛♥❡❥❛❞♦ ♥♦ ❉❡s✐❣♥ ❘❡♣♦rt✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ❛♥❡❧
❝♦rr❡t♦r ❢♦✐ r❡t✐r❛❞♦ ❡ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❢♦✐ ♠♦✈✐❞❛ ❡♠ ✷✳✺ ❝♠
♥❛ ❞✐r❡çã♦ ❞♦s ❡s♣❡❧❤♦s ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❆ ♥♦✈❛ ♣♦s✐çã♦ ❞❛
❝â♠❛r❛ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❝♦♠♦ s❡♥❞♦ ❛ q✉❡ ♠✐♥✐♠✐③❛ ❛ ❞✐s♣❡rsã♦ ❞❛ ❧✉③ ♥♦
t❡❧❡s❝ó♣✐♦ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ♥♦ tr❛❜❛❧❤♦ ❬✸✽❪✳

❆ t❛❜❡❧❛ ✸✳✸ ♠♦str❛ ❛ ❡✈♦❧✉çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s s♦❜r❡✈✐✈❡♥t❡s ❡♠
❝❛❞❛ ♣❛ss♦ ❞♦ r❛♠♦ ❞❡ s✐♠✉❧❛çã♦ ❡ r❡❝♦♥str✉çã♦✳ ❖s ❡✈❡♥t♦s q✉❡ ❞✐s♣❛r❛♠
♦ ✏tr✐❣❣❡r✑ ❞❡ s❡❣✉♥❞♦ ♥í✈❡❧ ❞♦ t❡❧❡s❝ó♣✐♦ sã♦ ❝❧❛ss✐✜❝❛❞♦s ❝♦♠♦ ❛q✉❡❧❡s q✉❡
❞✐s♣❛r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞♦ ❞❡t❡❝t♦r✳

❊st❡s r❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡ ♣❛r❛ ❜❛✐①❛s ❡♥❡r❣✐❛s ✭1018 ❡❱✮✱ ❛ ❝♦♥✜❣✉✲
r❛çã♦ ❇ ✭s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✮ é ♠❡♥♦s s❡♥sí✈❡❧✱ ♣♦✐s ♠❡♥♦s ❝❤✉✈❡✐r♦s ❢♦r❛♠
❝❛♣❛③❡s ❞❡ ❞✐s♣❛r❛r ♦ ❣❛t✐❧❤♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❞♦ q✉❡ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❆✳ ❉❛
♠❡s♠❛ ❢♦r♠❛✱ ♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s q✉❡ ❢♦r❛♠ ❡❢❡t✐✈❛♠❡♥t❡ r❡❝♦♥str✉í❞♦s é
❜❛st❛♥t❡ ♠❡♥♦r ♣❛r❛ ❜❛✐①❛s ❡♥❡r❣✐❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ s❡♠ ❛♥❡❧ ❝♦rr❡t♦r✳ P♦r
♦✉tr♦ ❧❛❞♦✱ ♣❛r❛ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ 1019 ❡❱✱ ♥❡♥❤✉♠❛ ❞✐❢❡r❡♥ç❛ é ♥♦t❛❞❛ ❡♥tr❡
♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ❡ r❡❝♦♥str✉í❞♦s ♣❛r❛ ❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s✳

❋❡✐t❛ ❛ ❛♥á❧✐s❡ ❞❡ ❝❛❞❛ ❡✈❡♥t♦✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r q✉❛❧ ❛ ❞✐❢❡r❡♥ç❛
❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ s✐♠✉❧❛❞❛ ❡ ❛ r❡❝♦♥str✉í❞❛✳ ❆ t❛❜❡❧❛ ✸✳✹ ♠♦str❛ ❛
♠❡❞✐❛♥❛ ❞♦ ❡rr♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛
❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✳ P❛r❛ ♠❛✐♦r❡s ❞❡t❛❧❤❡s s♦❜r❡ ❛ ❢♦r♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦
❞❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ✈❡❥❛ ♦ ❈❛♣ít✉❧♦ ✺✳

❆ ❝♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ♥❛ r❡❝♦♥str✉çã♦ ❞♦s ❡✈❡♥t♦s ♣❛r❛ ❛s ❝♦♥✜❣✉✲
r❛çõ❡s ❆ ❡ ❇ ♠♦str❛ q✉❡ ❛ ♦♣❡r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛❜❡rt✉r❛ ✶✳✶ ♠ s❡♠
♦ ❛♥❡❧ ❝♦rr❡t♦r é ❛❧t❛♠❡♥t❡ ❞❡s❢❛✈♦rá✈❡❧✱ ♣♦✐s ♣✐♦r❛ ♠✉✐t♦ ❛ r❡❝♦♥str✉çã♦ ❞❛
❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ❝❤✉✈❡✐r♦✳



✸✳✸✳ ❚❊❙❚❊❙ ❉❖ ❆◆❊▲ ❈❖❘❘❊❚❖❘ ✹✸

❊♥❡r❣✐❛ ✭eV ✮ ▼❡❞✐❛♥❛ ❉✐r✳ ❈❤❡❣❛❞❛
❆ ✭❝♦♠ ❛♥❡❧✮ ❇ ✭s❡♠ ❛♥❡❧✮

1018 4.68◦ 5.26◦

1019 1.25◦ 2.24◦

1020 1.25◦ 1.97◦

❚❛❜❡❧❛ ✸✳✹✿ ▼❡❞✐❛♥❛ ♥♦ ❡rr♦ ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛r✲
tí❝✉❧❛ ♣r✐♠ár✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ❛s ❝♦♥✜❣✉r❛çõ❡s ❆ ✭❝♦♠ ❛♥❡❧✮ ❡
❇ ✭s❡♠ ❛♥❡❧✮✳
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❈❛♣ít✉❧♦ ✹

❙✐♠✉❧❛çã♦ ❞❛ ▲✉③ ❞❡

❋❧✉♦r❡s❝ê♥❝✐❛

❙✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ tê♠ s✐❞♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞❛s ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡
✐♥t❡r♥❛❝✐♦♥❛❧ ❞❡ r❛✐♦s ❝ós♠✐❝♦s ♣❛r❛ ♦♣t✐♠✐③❛r ♦s ❞❡t❡❝t♦r❡s ❡♠ ❞❡s❡♥✈♦❧✈✐✲
♠❡♥t♦ ❡ ♣❛r❛ ❡♥❝♦♥tr❛r ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦ ✶✳ ❯♠ ❞♦s ♣r♦❣r❛♠❛s ♠❛✐s
♣♦♣✉❧❛r é ♦ ❈❖❘❙■❑❆ ❬✷✻❪✱ q✉❡ t❡♠ s✐❞♦ ❡①❛✉st✐✈❛♠❡♥t❡ t❡st❛❞♦ ❝♦♥tr❛ ❞❛✲
❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❡❧♦ s❡✉s ❞❡s❡♥✈♦❧✈❡❞♦r❡s ❡ ✉s✉ár✐♦s✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦
❡♠ ❬✸✾❪✳ ❖ ❈❖❘❙■❑❆ s✐♠✉❧❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ❝❤✉✲
✈❡✐r♦ ❝♦♠ ❛❧t♦ ♥í✈❡❧ ❞❡ s♦✜st✐❝❛çã♦✱ ✐♥❝❧✉✐♥❞♦ tr❛♥s♣♦rt❡ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞❡
♣❛rtí❝✉❧❛s✱ ✐♥t❡r❛çõ❡s ❡❧❡tr♦♠❛❣♥ét✐❝❛s✱ ❞❡❝❛✐♠❡♥t♦ ❞❡ ♣❛rtí❝✉❧❛s ✐♥stá✈❡✐s✱
❡s♣❛❧❤❛♠❡♥t♦ ♠ú❧t✐♣❧♦✱ ❞❡✢❡①ã♦ ♥♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ t❡rr❡str❡ ❡ ❛❧❣✉♥s ♠♦✲
❞❡❧♦s ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛✳

❊♠ ❝♦♥tr❛st❡ ❝♦♠ ❛s s✐♠✉❧❛çõ❡s ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦✱ ❛ s✐♠✉❧❛çã♦
❞❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣r♦❞✉③✐❞❛ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ❛r t❡♠
s✐❞♦ ❢❡✐t❛ ❝♦♠ ♣♦✉❝♦ ❞❡t❛❧❤❡✳ ❈á❧❝✉❧♦s ❢❡✐t♦s ❛té ❡♥tã♦ sã♦ ❜❛s❡❛❞♦s ❡♠
❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦ ❞❡ ❝❤✉✈❡✐r♦s ❞❛❞♦ ♣♦r ❢✉♥çõ❡s ❞❡ ●❛✐ss❡r✲❍✐❧❧❛s ❬✹✵❪
♦✉✱ ♥♦ ♠á①✐♠♦✱ ❝♦♥s✐❞❡r❛♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❛♥❛❧ít✐❝❛ ❞♦ t✐♣♦ ◆❑●
❬✹✶❪✳ ❆♣❛r❡♥t❡♠❡♥t❡✱ ♦ tr❛t❛♠❡♥t♦ s❡♠ ❞❡t❛❧❤❡s ❞❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ t❡♠
s❡ ❥✉st✐✜❝❛❞♦ ♣❡❧❛ ❢❛❧t❛ ❞❡ r❡s♦❧✉çã♦ ó♣t✐❝❛ ❡ ❡❧❡trô♥✐❝❛ ❞♦s t❡❧❡s❝ó♣✐♦s ❡♠
♦♣❡r❛çã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❛ ❥✉st✐✜❝❛t✐✈❛ ♥ã♦ s❡rá ✈á❧✐❞❛ ♣❛r❛ ❛ ♥♦✈❛ ❣❡r❛çã♦ ❞❡
❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ❝♦♥str✉çã♦✱ ❡♠ ♣❛rt✐❝✉❧❛r ♣❛r❛ ♦ ❖❜s❡r✈❛tór✐♦
❆✉❣❡r✳

✶❚♦❞❛s ❛s s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s ♥❡st❛ t❡s❡ ❢♦r❛♠ ❢❡✐t❛s ♥♦s ❝♦♠♣✉t❛❞♦r❡s ❞♦ ❉❡♣❛rt❛✲
♠❡♥t♦ ❞❡ ❘❛✐♦s ❈ós♠✐❝♦s ✜♥❛♥❝✐❛❞♦s ♣❡❧❛ ❋❆P❊❙P✳

✹✺



✹✻ ❈❆P❮❚❯▲❖ ✹✳ ❙■▼❯▲❆➬➹❖ ❉❆ ▲❯❩ ❉❊ ❋▲❯❖❘❊❙❈✃◆❈■❆

✹✳✶ ▼♦t✐✈❛çã♦

❆ ♣r✐♥❝✐♣❛❧ ♠♦t✐✈❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ é ❛ ❡①✐stê♥❝✐❛ ❞❡ ❞✉❛s té❝♥✐❝❛s ❞❡ ❞❡✲
t❡❝çã♦ ♥♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✿ t❛♥q✉❡s ❡ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❆♣❡s❛r
❞❛ ❡①✐stê♥❝✐❛ ❞❡st❡ ❖❜s❡r✈❛tór✐♦✱ ♥ã♦ ❡①✐st✐❛ ❛té ♦ ♠♦♠❡♥t♦ ♥❡♥❤✉♠❛ s✐♠✉✲
❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ q✉❡ ♣r♦❞✉③✐❛ ❛♦ ♠❡s♠♦ t❡♠♣♦ ♣❛rtí❝✉❧❛s ♥♦ ❝❤ã♦ ❡
❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❛t✐♥❣✐♥❞♦ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ t❡❧❡s❝ó♣✐♦s✳

❈♦♠ ❡ss❡ ✐♥t✉✐t♦ ❞❡s❡♥✈♦❧✈❡♠♦s ✉♠ ♠ét♦❞♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦✲
r❡s❝ê♥❝✐❛✱ ❜❛s❡❛❞♦ ♥♦ ♣r♦❣r❛♠❛ ❈❖❘❙■❑❆✱ t♦t❛❧♠❡♥t❡ tr✐❞✐♠❡♥s✐♦♥❛❧ ❡ ❝♦♠
❛❧t♦ ❣r❛✉ ❞❡ ❞❡t❛❧❤❛♠❡♥t♦✳ ❊st❡ tr❛❜❛❧❤♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❡♠ ♣❛r❝❡r✐❛ ❝♦♠
♦ ❙r✳ ❍❡♥r✐q✉❡ ❇❛r❜♦s❛ ❡ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♥❛ r❡❢❡✲
rê♥❝✐❛ ❬✹✷❪ ❡ ❡♠ ❬✹✸❪✳ ❆ ❜❛s❡ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡st❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠
♣r♦❞✉③✐r♠♦s ❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ♣❛rtí❝✉❧❛s s✐♠✉❧❛❞❛s
♥♦ ❝❤✉✈❡✐r♦✳

◆❡st❡ ♣r♦❝❡❞✐♠❡♥t♦✱ ❛♦ ❝♦♥trár✐♦ ❞❡ ❛♥t✐❣❛s ❛❜♦r❞❛❣❡♥s ❞❡ s✐♠✉❧❛çã♦✱
♦✉tr♦s ❢❛t♦r❡s ✐♠♣♦rt❛♥t❡s✱ ❛❧é♠ ❞❛ tr✐❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞♦ ❝❤✉✈❡✐r♦✱ ♣♦❞❡♠
s❡r ❛❜♦r❞❛❞♦s✳ Pr✐♠❡✐r❛♠❡♥t❡✱ r❡ss❛❧t❛♠♦s q✉❡✱ ✉t✐❧✐③❛♥❞♦ ✉♠❛ s✐♠✉❧❛çã♦
❞❡ ▼♦♥t❡ ❈❛r❧♦✱ ❣❛r❛♥t✐♠♦s ✉♠❛ ♠❡❧❤♦r ❞❡s❝r✐çã♦ ❞❛s ✢✉t✉❛çõ❡s ❡st❛tíst✐✲
❝❛s ❡♥tr❡ ❝❤✉✈❡✐r♦s ❝♦♠ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✱ ❜❡♠ ❝♦♠♦ ✉♠❛ t♦t❛❧
✐♥❞❡♣❡♥❞ê♥❝✐❛ ❡♥tr❡ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✳

❋❧✉t✉❛çõ❡s ❡♥tr❡ ♣❛rtí❝✉❧❛s sã♦ ❧❡✈❛❞❛s ❡♠ ❝♦♥s✐❞❡r❛çã♦✱ ❥á q✉❡ t♦❞♦s
♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦s r❡❧❡✈❛♥t❡s✱ t❛✐s ❝♦♠♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❡ ❝❛♠✐♥❤♦
♣❡r❝♦rr✐❞♦✱ sã♦ ❝❛❧❝✉❧❛❞♦s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡ ♣❛r❛ ❝❛❞❛ ♣❛rtí❝✉❧❛✳

❖ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞❛ s✐♠✉❧❛çã♦ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛ ♦❢❡r❡❝❡ ❛♦ ✉s✉ár✐♦ ❛
❞✐r❡çã♦ ❡ ♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞❡ t♦❞♦s ♦s ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ q✉❡ ❛t✐♥❣❡♠
♦s t❡❧❡s❝ó♣✐♦s✳ ❈♦♠ ❛ ✐♥❢♦r♠❛çã♦ ❞❡ ❝❛❞❛ ❢ót♦♥✱ ❛ s✐♠✉❧❛çã♦ ❞❛ ó♣t✐❝❛ ❡
❡❧❡trô♥✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦ ♣♦❞❡ s❡r ❢❡✐t❛ ❝♦♠ ✉♠ ❞❡t❛❧❤❛♠❡♥t♦ ✐♥é❞✐t♦✳

❈♦♠♦ s❡rá ❡①♣❧✐❝❛❞♦ ❛❞✐❛♥t❡✱ ❛ ❣❡r❛çã♦ ❞❡ ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ s✉♣õ❡
❛ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❡♥tr❡ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ s✉✲
❣❡r✐❞❛ ♣♦r ❑❛❦✐♠♦t♦ ❡t ❛❧✳ ❡♠ ❬✹❪✳ ◆♦ ❡♥t❛♥t♦✱ ❡ss❡ r❡s✉❧t❛❞♦ é ❝♦♥s✐❞❡r❛❞♦
❝♦♥tr♦✈❡rs♦ ❡ ❧✐♠✐t❛❞♦ ♣♦r ✈ár✐♦s ♣❡sq✉✐s❛❞♦r❡s ♥❛ ❝♦♠✉♥✐❞❛❞❡ ✐♥t❡r♥❛❝✐♦✲
♥❛❧✳ P♦r ✐ss♦✱ ♥♦✈❛s ♠❡❞✐❞❛s ❞♦ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛
❞❛ ♣❛rtí❝✉❧❛ ✐♥❞✉t♦r❛✱ t❡♠♣❡r❛t✉r❛✱ ♣r❡ssã♦ ❡ ❝♦♠♣♦s✐çã♦ ❞♦s ❣❛s❡s ♥♦ ❛♠✲
❜✐❡♥t❡✱ ❞✐❢❡r❡♥t❡s ♣❛rtí❝✉❧❛s ❡t❝✱ ❡stã♦ s❡♥❞♦ r❡❛❧✐③❛❞❛s✱ ✈❡❥❛ ❛s r❡❢❡rê♥❝✐❛s
❬✹✹✱ ✹✺❪✳

P♦rt❛♥t♦✱ t✉❞♦ ❧❡✈❛ ❛ ❝r❡r q✉❡✱ ❞❡♥tr♦ ❡♠ ❜r❡✈❡✱ ❡♥t❡♥❞❡r❡♠♦s ♠❡❧❤♦r ♦
♣r♦❝❡ss♦s ❞❡ ❡♠✐ssã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ❢✉♥çã♦ ❞❡ ❞✐✈❡rs❛s ✈❛r✐á✈❡✐s✳
❚❛❧✈❡③ ❛ ú♥✐❝❛ ♠❛♥❡✐r❛ ❞❡ ❛♣r♦✈❡✐t❛r ❛s ♥♦✈❛s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ♦s ♣r♦❝❡ss♦s
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❞❡ ❡♠✐ssã♦ ❞❡ ❢ót♦♥s ✢✉♦r❡s❝❡♥t❡s ♣❛r❛ ♠❡❧❤♦r ❝♦♠♣r❡❡♥❞❡r ♦s ❝❤✉✈❡✐r♦s
❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s s❡❥❛ ♥✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦✱
❝♦♠♦ ❛ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ♥ós✳

✹✳✷ ❉❡s❝r✐çã♦ ❞♦ Pr♦❣r❛♠❛

❆ ❣❡r❛çã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s ❡①t❡♥s♦s ❛❝♦♥t❡❝❡
❞❡✈✐❞♦ à ♣❛ss❛❣❡♠ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❝❛rr❡❣❛❞❛ ♥♦ ❛r✳ ▼❡❞✐❞❛s r❡❛❧✐③❛❞❛s
♣♦r ❇✉♥♥❡r ❬✹✻❪✱ ❑❛❦✐♠♦t♦ ❬✹❪ ❡ ◆❛❣❛♥♦ ❬✹✼❪ r❡❧❛❝✐♦♥❛♠ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s
❡♠✐t✐❞♦s ♣♦r ✉♠ ❡❧étr♦♥ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❡♣♦s✐t❛❞❛ ♣♦r ❡❧❡ ✈✐❛ ♣r♦❝❡ss♦ ❞❡
✐♦♥✐③❛çã♦✱ ✈❡❥❛ ✜❣✉r❛ ✹✳✶✳ ❖✉ s❡❥❛✱ ♦ ♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ❢ót♦♥s ✭Nem✮ ❡♠✐t✐❞♦s
❞❡✈✐❞♦ à ♣❛ss❛❣❡♠ ❞❡ ✉♠ ❡❧étr♦♥ ❡ ❛ ❡♥❡r❣✐❛ ❞❡♣♦s✐t❛❞❛ ♣❡❧♦ ❡❧étr♦♥ ♣♦r
✐♦♥✐③❛çã♦ ✭❞❊✴❞① ✮ sã♦ ♣r♦♣♦r❝✐♦♥❛✐s✿ Nem ∝ dE

dx
✳

◆❛ ❛t♠♦s❢❡r❛✱ ❛s ♣❛rtí❝✉❧❛s ❞♦ ❝❤✉✈❡✐r♦ ❡①❝✐t❛♠ ❛s ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦✲
❣ê♥✐♦ q✉❡ ❛♦ ❞❡s❡①❝✐t❛r❡♠ ❡♠✐t❡♠ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ◆❡st❡ ♣r♦❝❡ss♦✱ ❛s
♠♦❧é❝✉❧❛s ❞❡ ♦①✐❣ê♥✐♦ ♥♦ ❛r ❢✉♥❝✐♦♥❛♠ ❝♦♠♦ ✉♠ ❛❜s♦r✈❡❞♦r ❞❛ ❡♥❡r❣✐❛ ❞❡ ❡①✲
❝✐t❛çã♦ ❛❞q✉✐r✐❞❛ ♣❡❧♦s ♠♦❧é❝✉❧❛s ❞❡ ♥✐tr♦❣ê♥✐♦ ❡ ✉♠ ✐♥✐❜✐❞♦r ❞❛ ❡♠✐ssã♦ ❞❡
❧✉③✳ ❈♦♥s✐❞❡r❛♥❞♦✲s❡ ❛s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ♥✐tr♦❣ê♥✐♦ ❡ ♦①✐❣ê♥✐♦ ❡♠ ❢✉♥çã♦ ❞❛
❛❧t✐t✉❞❡✱ ❡♥❝♦♥tr❛♠♦s ❛ ❝♦♥❝❧✉sã♦ ❡①♣r❡ss❛ ❡♠ ❬✹❪ ❞❡ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s
❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠✐t✐❞♦ ♣♦r ✉♠ ❡❧étr♦♥ ❛tr❛✈❡ss❛♥❞♦ ❛ ❛t♠♦s❢❡r❛ ❛❞♦t❛❞❛
❝♦♠♦ ♣❛❞rã♦ ❡st❛❞✉♥✐❞❡♥s❡ ✭❯❙ ❙t❛♥❞❛r❞ ❆t♠♦s♣❤❡r❡✮ ♣♦❞❡ s❡r ❝♦♥s✐❞❡r❛❞♦
❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❝♦♥st❛♥t❡✱ ✈❛❧❡♥❞♦ ❝✐♥❝♦ ❢ót♦♥s ♣♦r ♠❡tr♦ ❞❡ ❝❛♠✐♥❤♦ ❛♥✲
❞❛❞♦ ♣❡❧❛ ♣❛rtí❝✉❧❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✹✳✷✳ ❈❤❛♠❛r❡♠♦s ❡ss❡
♥ú♠❡r♦ ❞❡ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❋❛t♦r ❋❧✉♦r✳✮✳

◆❡st❡ ♠❡s♠♦ ❛rt✐❣♦✱ ❡♥❝♦♥tr❛♠♦s ❛ ❡①♣r❡ssã♦ ❞♦ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛
❡♠ ❢✉♥çã♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❞❡♣♦s✐t❛❞❛ ♣❡❧❛ ♣❛rtí❝✉❧❛ ✭dE

dx
✮✿

Fator F luor. =

(

dE
dx

)

(

dE
dx

)

1.4MeV

× ρ

[

A1

1 + ρB1

√
t

+
A2

1 + ρB2

√
t

]

, ✭✹✳✶✮

♦♥❞❡ ρ é ❛ ❞❡♥s✐❞❛❞❡ ❞♦ ❛r✱ t é ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❛r✱
(

dE
dx

)

1.4MeV
=

1.658 Mev/g/cm2 é ♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❝❛❧❝✉❧❛❞♦ ❡♠ E = 1.4 ▼❡❱ ✷

❡ A1, B1, A2 e B2 sã♦ ❝♦♥st❛♥t❡s ❝♦♠ ✈❛❧♦r ✽✾ m2kg−1✱ ✺✺ m2kg−1✱ ✶✳✽✺
m3kg−1K0.5 ❡ ✻✳✺ m3kg−1K0.5✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❈♦♠♦ ❞✐t♦ ❛❝✐♠❛✱ ❡st❡ r❡✲
s✉❧t❛❞♦ ❡stá ❛t✉❛❧♠❡♥t❡ s❡♥❞♦ ✈❡r✐✜❝❛❞♦ ♣♦r ✈ár✐❛s ❝♦❧❛❜♦r❛çõ❡s✳

✷◆ú♠❡r♦ ❝♦♥s❡❣✉✐❞♦ ♥❛ r❡❢❡rê♥❝✐❛ ❬✹✽❪✳
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❋✐❣✉r❛ ✹✳✶✿ ▼❡❞✐❞❛s r❡❛❧✐③❛❞❛s ♣♦r ❑❛❦✐♠♦t♦ ❡t ❛❧✳ ❬✹❪ q✉❡ r❡❧❛❝✐♦♥❛♠ ♦
❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❡❧étr♦♥s ❝♦♠ ♦ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

❆ s✐♠✉❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ♣❛❞rã♦ ♦❢❡r❡❝❡ ❛ ♣♦s✐çã♦ (~xi, ~xf ) ❡ ❡♥❡r❣✐❛
(Ei, Ef ) ❞❡ ❝r✐❛çã♦ ❡ ✏♠♦rt❡✑ ❞❡ t♦❞❛s ❛s ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦✳ ❉❡ ♣♦ss❡
❞❡ss❡s ❞❛❞♦s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦✱ ♣♦❞❡♠♦s ❝❛❧❝✉❧❛r
❛ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛ ♣❛r❛ ✉♠ ♣♦♥t♦ ♠é❞✐♦ ❞♦ ❝❛♠✐♥❤♦ ❞❛
♣❛rtí❝✉❧❛ ❡ ❛ ♣❡r❞❛ ❞❡ ❡♥❡r❣✐❛ ✭dE = Ef − Ei✮ ❞❡st❛ ♣❛rtí❝✉❧❛ ❛♦ ♣❡r❝♦r✲
r❡r ♦ ❝❛♠✐♥❤♦ dx = |~xf − ~xi|✳ ❉❡st❛ ❢♦r♠❛✱ ♦ ❢❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣❛r❛
❝❛❞❛ ♣❛rtí❝✉❧❛ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✹✳✶ ❡✱ ❝♦♥s❡qü❡♥t❡♠❡♥t❡✱
♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ♣♦r ❝❛❞❛ ♣❛rtí❝✉❧❛ ✭Nem✮ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ♣♦r
Nem = Fator F luor. × dx✳

◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ❛ ❡♠✐ssã♦ ❞❡ ❧✉③ ✢✉♦r❡s❝❡♥t❡ é ✐s♦tró♣✐❝❛✱ s♦♠❡♥t❡ ✉♠❛
♣❡q✉❡♥❛ ♣❛rt❡ ❞♦s ❢ót♦♥s sã♦ ❡♠✐t✐❞♦s ♥❛ ❞✐r❡çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s✳ ❯♠❛ ✈❡③
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❋✐❣✉r❛ ✹✳✷✿ ❋❛t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♥♦ ❛r ❡♠ ❢✉♥çã♦ ❞❛ ❛❧t✐t✉❞❡ ♣❛r❛ ❛ ❛t♠♦s✲
❢❡r❛ ♣❛❞rã♦ ❡st❛❞✉♥✐❞❡♥s❡✳ ❊st❡ r❡s✉❧t❛❞♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞♦ ❡♠ ❬✹❪✳

❞❡✜♥✐❞♦s ♣❡❧♦ ✉s✉ár✐♦ ❛ ♣♦s✐çã♦ ✭Xtel, Ytel, Ztel✮ ❡ r❛✐♦ ✭Rtel✮ ❞♦s t❡❧❡s❝ó♣✐♦s
❛ s❡r❡♠ ❝♦♥s✐❞❡r❛❞♦s ♥❛ s✐♠✉❧❛çã♦✱ ♣♦❞❡♠♦s ❞❡t❡r♠✐♥❛r ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s
✐♥❝✐❞✐♥❞♦ ❡♠ ❝❛❞❛ t❡❧❡s❝ó♣✐♦ ✭Ninc✮ ❝♦♠♦ s❡♥❞♦✿

Ninc = Nem × dΩ

4π
, ✭✹✳✷✮

♦♥❞❡ dΩ é ♦ â♥❣✉❧♦ só❧✐❞♦ ❞❡❧✐♠✐t❛❞♦ ♣♦r ❝❛❞❛ t❡❧❡s❝ó♣✐♦✳

✹✳✷✳✶ ❆❧❣♦r✐t♠♦ ❞❡ ❞✐❧✉✐çã♦

❆❧❣♦r✐t♠♦s ❞❡ ❞✐❧✉✐çã♦ ❢♦r❛♠ ✐♥tr♦❞✉③✐❞♦s ♣♦r ▼✳ ❍✐❧❧❛s ❡♠ ❬✹✾❪ ❡ ❞❡s❞❡ ❡♥tã♦
✈ê♠ s❡♥❞♦ ✉t✐❧✐③❛❞♦s ❡♠ ♣r♦❣r❛♠❛s ❞❡ s✐♠✉❧❛çã♦ ♣❛r❛ r❡❞✉③✐r ❛ ♥ú♠❡r♦s
♣r❛t✐❝á✈❡✐s ♦ t❡♠♣♦ ❞❡ ❡①❡❝✉çã♦ ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣❛rtí❝✉❧❛s ❝♦♠
❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 1015 ❡❱✳ ▼❛✐s r❡❝❡♥t❡♠❡♥t❡✱ ♦ ❝♦♥❝❡✐t♦ ❞❡ ❞✐❧✉✐çã♦ ót✐♠❛
❢♦✐ ✐♥tr♦❞✉③✐❞♦ ♣♦r ▼✳ ❑♦❜❛❧ ❡♠ ❬✺✵❪✳

❈♦♠♦ ❡①♣❧✐❝❛❞♦ ♥❛q✉❡❧❡s ❞♦✐s ❛rt✐❣♦s✱ ♦ ❛❧❣♦r✐t♠♦ ❢✉♥❝✐♦♥❛ ❞✐str✐❜✉✐♥❞♦
❛ ❡♥❡r❣✐❛ ❞❡ t♦❞❛ ♣❛rtí❝✉❧❛ q✉❡ ❡st❡❥❛ ❛❜❛✐①♦ ❞❡ ✉♠ ❧✐♠✐t❡ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧♦
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✉s✉ár✐♦ ❡♥tr❡ ♦✉tr❛s ♣❛rtí❝✉❧❛s ❞♦ ❝❤✉✈❡✐r♦✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ❛ss✐♠ ✉♠❛ ❞✐✲
♠✐♥✉✐çã♦ ❞♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❞❡✈❡♠ s❡r s❡❣✉✐❞❛s ❞❡t❛❧❤❛❞❛♠❡♥t❡✳

❊st❡ é ♦ ❝❛s♦✱ ♣♦r ❡①❡♠♣❧♦✱ q✉❛♥❞♦ ❞✉❛s ♣❛rtí❝✉❧❛s sã♦ ❣❡r❛❞❛s ❝♦♠
❡♥❡r❣✐❛s ✭E1 ❡ E2✮ ❛❜❛✐①♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❞✐❧✉✐çã♦ ✭Edil✮✳ ❯♠❛ ❞❡❧❛s s❡rá
❞❡s❝❛rt❛❞❛ ❡ ❛ ♦✉tr❛ r❡❝❡❜❡rá ✉♠ ♣❡s♦ ✭P✮✳ ❙✉♣♦♥❞♦ q✉❡ ❛ ♣❛rtí❝✉❧❛ ❝♦♠
❡♥❡r❣✐❛ E2 t❡♥❤❛ s✐❞♦ ❞❡s❝❛rt❛❞❛✱ ❛ ♣❛rtí❝✉❧❛ ❝♦♠ ❡♥❡r❣✐❛ E1 r❡❝❡❜❡rá ✉♠
♣❡s♦ ✐❣✉❛❧ ❛ P = E1+E2

E1

✱ ❝♦♥s❡r✈❛♥❞♦ ❞❡ss❛ ❢♦r♠❛ ❛ ❡♥❡r❣✐❛ t♦t❛❧ ♥♦ ❝❤✉✈❡✐r♦✳
❊st❡ ❢❛t♦r ✏♣❡s♦✑ ♣❛ss❛ ❛ s❡r ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ ♣❛rtí❝✉❧❛✳

❆ ❛tr✐❜✉✐çã♦ ❞❡ ✉♠ ♣❡s♦ ❛ ❝❛❞❛ ♣❛rtí❝✉❧❛ ❣❡r❛ sér✐♦s ♣r♦❜❧❡♠❛s ♥❛ ✐♥t❡r✲
♣r❡t❛çã♦ ❞♦s ❞❛❞♦s s✐♠✉❧❛❞♦s ❡ ♥❛ s✉❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❡✈❡♥t♦s r❡❛✐s✳ ❆✐♥❞❛
♥ã♦ ❡stá s✉✜❝✐❡♥t❡♠❡♥t❡ ❝❧❛r♦ ❝♦♠♦ ❞❡✈❡ s❡r tr❛t❛❞❛ ✉♠❛ ♣❛rtí❝✉❧❛ ❝♦♠ ✉♠
♣❡s♦ P ❛♦ ♣❡♥❡tr❛r ❡♠ ✉♠ ❞❡t❡❝t♦r ❝♦♠♦ ♦s t❛♥q✉❡s ❞❡ á❣✉❛ ❞♦ ❖❜s❡r✈❛tó✲
r✐♦ ❆✉❣❡r✳ ❚é❝♥✐❝❛s ❞❡ ✏❞❡s❞✐❧✉✐çã♦✑ ✈ê♠ s❡♥❞♦ t❡st❛❞❛s ♠❛s ♥ã♦ ❡①✐st❡ ✉♠
❡st✉❞♦ ❞❡✜♥✐t✐✈♦ s♦❜r❡ s✉❛ ❡✜❝✐ê♥❝✐❛✳

❆♦ ❡♠✐t✐r ✉♠ ❢ót♦♥ ❣❡r❛❞♦ ♣❡❧❛ ♣❛ss❛❣❡♠ ❞❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♣❡s♦ P
t❡♠♦s ♦ ✐♠♣✉❧s♦ ❞❡ ❛tr✐❜✉✐r ❡ss❡ ♠❡s♠♦ ♣❡s♦ ❛♦ ❢ót♦♥✱ s❡❣✉✐♥❞♦✱ ❞❡ ❝❡rt❛
❢♦r♠❛✱ ♦ ♠❡s♠♦ r❛❝✐♦❝í♥✐♦ ❞♦ ♠❡❝❛♥✐s♠♦ ❞❡ s✐♠✉❧❛çã♦ ❞✐❧✉í❞❛ ♣❛r❛ ♣❛rtí❝✉✲
❧❛s✳ P♦ré♠✱ ❡st❡ ♣r♦❝❡❞✐♠❡♥t♦ t❛♠❜é♠ ❧❡✈❛r✐❛ ❛ ♣r♦❜❧❡♠❛s ❢❛t❛✐s t❛✐s ❝♦♠♦
♥♦ ❝❛s♦ ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦✳ ❖ ♣❡s♦ ❛tr✐❜✉í❞♦ ❛ ❡ss❛s ♣❛rtí❝✉❧❛s ♣♦❞❡
t✐♣✐❝❛♠❡♥t❡ ❝❤❡❣❛r ❛ 107✱ ✈❡❥❛ ❛ ✜❣✉r❛ ✹✳✸✳ ❯♠ ❢ót♦♥ ❝♦♠ ♣❡s♦ 107 ❝❤❡❣❛♥❞♦
❡♠ ✉♠❛ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ s❛t✉r❛r✐❛ s♦③✐♥❤♦
♦ ❧✐♠✐❛r ❞❡ ❞❡t❡❝çã♦ ❞♦ t❡❧❡s❝ó♣✐♦✳

P❛r❛ r❡s♦❧✈❡r ❡ss❡ ♣r♦❜❧❡♠❛ ✐♥❝❧✉í♠♦s ♦ ♣❡s♦ ❞❛ ♣❛rtí❝✉❧❛ ♥♦ ❝á❧❝✉❧♦ ❞♦
♥ú♠❡r♦ ♠é❞✐♦ ❞❡ ❢ót♦♥s ♣r♦❞✉③✐❞♦s✱ ❞❡ ❢♦r♠❛ q✉❡ ✉♠❛ ♣❛rtí❝✉❧❛ ❝♦♠ ♣❡s♦
P ❡♠✐t❡✱ ❡♠ ♠é❞✐❛✱ P ✈❡③❡s ♠❛✐s ❢ót♦♥s✱ ❛♦ ✐♥✈és ❞❡ ❡♠✐t✐r ✉♠ ú♥✐❝♦ ❢ót♦♥
❝♦♠ ♣❡s♦ P✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ❡✈✐t❛♠♦s ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ ♠ét♦❞♦s
❞❡ ✏❞❡s❞✐❧✉✐çã♦✑✳

❋✐♥❛❧♠❡♥t❡✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❢ís✐❝❛ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❡♠✐ssã♦ ✈✐❛ ❡①❝✐t❛✲
çã♦ ❛tô♠✐❝❛✱ s❛❜❡♠♦s q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s✱ ♥❛ ✈❡r❞❛❞❡✱ s❡❣✉❡
✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ P♦✐ss♦♥✳ P♦rt❛♥t♦✱ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ♣♦r
✉♠❛ ♣❛rtí❝✉❧❛ ❡ ❞❡t❡❝t❛❞♦s ♣♦r ✉♠ t❡❧❡s❝ó♣✐♦ ✭Nfinal✮ é s♦rt❡❛❞♦ ❞❡ ❛❝♦r❞♦
❝♦♠ ✉♠❛ ❞✐str✐❜✉✐çã♦ P♦✐ss♦♥✐❛♥❛ ❝♦♠ ♠é❞✐❛ ◆✱ ♠♦str❛❞♦ ♣❡❧❛ ✜❣✉r❛ ✹✳✹ ❡
❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ❛❜❛✐①♦✿

N = Fator F luor. × dx × dΩ

4π
× P , ✭✹✳✸✮

q✉❡ ♣♦❞❡ s❡r ❡①♣❧✐❝✐t❛♠❡♥t❡ ❡s❝r✐t♦ ❝♦♠♦ ❢✉♥çã♦ ❛♣❡♥❛s ❞♦ ❞❡♣ós✐t♦ ❞❡
❡♥❡r❣✐❛ ✭dE✮✱ ❞❛ t❡♠♣❡r❛t✉r❛ t ✱ ❞❛ ❞❡♥s✐❞❛❞❡ ✭ρ✮ ❡♠ kg/m3✱ ❞♦ â♥❣✉❧♦ ❞❡
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❋✐❣✉r❛ ✹✳✸✿ ▼é❞✐❛ ❞♦ ♣❡s♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ ✶✵ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣ró✲
t♦♥s ❝♦♠ ❡♥❡r❣✐❛ 1019 ❡❱✱ ✐♥❝❧✐♥❛çã♦ 45◦ ❡ ❢❛t♦r ❞❡ ❞✐❧✉✐çã♦ 10−6✳

✈✐sã♦ ✭dΩ✮ ❞♦ t❡❧❡s❝ó♣✐♦ ❡ ❞♦ ♣❡s♦ ✭P✮✱ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

N =
dE

(

dE
dx

)

1.4MeV

× ρ

[

A1

1 + ρB1

√
t

+
A2

1 + ρB2

√
t

]

× dΩ

4π
× P . ✭✹✳✹✮

❯♠❛ ✈❡③ ❞❡t❡r♠✐♥❛❞♦ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ❞❡✈✐❞♦ à ♣❛ss❛❣❡♠ ❞❛
♣❛rtí❝✉❧❛✱ s✉❛ tr❛❥❡tór✐❛ é ❞✐✈✐❞✐❞❛ ❡♠ Nfinal ✐♥t❡r✈❛❧♦s ❡ ✉♠ ❢ót♦♥ é ❡♠✐t✐❞♦
❞♦ ❝❡♥tr♦ ❞❡ ❝❛❞❛ ✐♥t❡r✈❛❧♦✳ ❖ ♣♦♥t♦ ❞❡ ❡♠✐ssã♦ é ♦ ❝❡♥tr♦ ❞♦ ✐♥t❡r✈❛❧♦ ❡ ❛
❞✐r❡çã♦ é s♦rt❡❛❞❛ ❞❡♥tr♦ ❞♦ â♥❣✉❧♦ só❧✐❞♦ ❞❡❧✐♠✐t❛❞♦ ♣♦r ✉♠ ❞♦s t❡❧❡s❝ó♣✐♦s✳
❉❡st❛ ♠❛♥❡✐r❛✱ ♣♦❞❡♠♦s ❝❛❧❝✉❧❛r ❛ ✐♥t❡rs❡❝çã♦ ❞❛ tr❛❥❡tór✐❛ ❞♦ ❢ót♦♥ ❝♦♠ ❛
❡s❢❡r❛ q✉❡ ❞❡✜♥❡ ✉♠ ❞❡t❡❝t♦r✳ ❙❡ t❛❧ ✐♥t❡rs❡❝çã♦ ❡①✐st❡✱ ♦ ♣♦♥t♦ ❞❡ ❡♠✐ssã♦✱
❛ ❞✐r❡çã♦ ❞❡ ♣r♦♣❛❣❛çã♦✱ ♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦s
❢ót♦♥s q✉❡ ❛t✐♥❣✐r❛♠ ♦ t❡❧❡s❝ó♣✐♦ sã♦ ❛♠❛③❡♥❛❞♦s ❡♠ ✉♠ ❛rq✉✐✈♦ ❞❡ s❛í❞❛✳ ❖
❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❛ss♦❝✐❛❞♦ ❛♦ ❢ót♦♥ é s♦rt❡❛❞♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ❡s♣❡❝tr♦
❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞❡t❡r♠✐♥❛❞♦ ❡♠ ❬✹✻❪✳
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❋✐❣✉r❛ ✹✳✹✿ ◆ú♠❡r♦ ♠é❞✐♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ♣♦r ✉♠❛ ú♥✐❝❛ ♣❛rtí❝✉❧❛ ♥❛
❞✐r❡çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❞✐❛❢r❛❣♠❛ ❞❡ ✶✳✶ ♠ ❞❡ r❛✐♦ ♣♦s✐❝✐♦♥❛❞♦ ❛ ✶✺ ❦♠ ❞♦
❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳ ❋♦r❛♠ s✐♠✉❧❛❞♦s ✶✵ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❝♦♠
❡♥❡r❣✐❛ 1019 ❡❱✱ ✐♥❝❧✐♥❛çã♦ 45◦ ❡ ❢❛t♦r ❞❡ ❞✐❧✉✐çã♦ 10−6

✹✳✷✳✷ P❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞♦ ❝♦rt❡

P❛rtí❝✉❧❛s ❛❜❛✐①♦ ❞❡ ✉♠ ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ Ecorte ❞❡t❡r♠✐♥❛❞♦ ♣❡❧♦ ✉s✉ár✐♦ sã♦
❞❡s❝❛rt❛❞❛s ♣❡❧♦ ♣r♦❣r❛♠❛ ❞❡ s✐♠✉❧❛çã♦ ♣♦r ♠♦t✐✈♦s ❤✐stór✐❝♦s✳ ❖ ❈❖❘✲
❙■❑❆ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❑❆❙❈❆❉❊ ❬✺✶❪✱ q✉❡
é ✉♠ ❞❡t❡❝t♦r ❞❛s ♣❛rtí❝✉❧❛s q✉❡ ❛t✐♥❣❡♠ ♦ ❝❤ã♦✱ ❝♦♠♣♦st♦ ♣♦r ❝✐♥t✐❧❛❞♦r❡s
♣❧ást✐❝♦s ❡ ❝❛❧♦rí♠❡tr♦s✳ ❚♦❞❛ té❝♥✐❝❛ ❞❡ ❞❡t❡❝çã♦ ♣♦ss✉✐ ❧✐♠✐❛r❡s ❞❡ s❡♥s✐✲
❜✐❧✐❞❛❞❡✳ ❖s t❛♥q✉❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♣♦r ❡①❡♠♣❧♦✱ ♥ã♦ sã♦ s❡♥sí✈❡✐s
❛ ❡❧étr♦♥s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✺✵ ❦❡❱ ❡ ♠ú♦♥s ❝♦♠
❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞❡ ✼✸ ▼❡❱✱ ♦✉ s❡❥❛✱ ❛s ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞❡st❡s
✈❛❧♦r❡s ♥ã♦ ♣r♦❞✉③❡♠ ♥❡♥❤✉♠ s✐♥❛❧ ♥♦s ❞❡t❡❝t♦r❡s✳

❉❡✈✐❞♦ às ❧✐♠✐t❛çõ❡s ❞❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s✱ ♦s ❛✉t♦r❡s ❞♦ ❈❖❘❙■❑❆
✐♠♣✉s❡r❛♠ ✉♠ ❧✐♠✐t❡ ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛✱ q✉❡ ♣♦❞❡ s❡r ❛❥✉st❛❞♦ ♣❡❧♦ ✉s✉ár✐♦✱
♣❛r❛ q✉❡ ❛s ♣❛rtí❝✉❧❛s ❣❡r❛❞❛s ♥♦ ❝❤✉✈❡✐r♦ ❢♦ss❡♠ s❡❣✉✐❞❛s✳ P❛rtí❝✉❧❛s ❝r✐❛✲
❞❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞❡st❡ ✈❛❧♦r ✭ Ecorte ✮ sã♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ❞❡s❝❛rt❛❞❛s
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♣❡❧❛ s✐♠✉❧❛çã♦✳
❙♦❜r❡t✉❞♦✱ ❝♦♠♦ ♦ ♥ú♠❡r♦ ❞❡ ♣❛rtí❝✉❧❛s ❡♠ ✉♠ ❝❤✉✈❡✐r♦ ❝r❡s❝❡ r❛♣✐❞❛✲

♠❡♥t❡✱ ❥á q✉❡ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ✈❛✐ s❡♥❞♦ ❞✐✈✐❞✐❞❛ ❡♠ ✐♥ú♠❡r❛s
♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ♠❡♥♦r✱ s❡r✐❛ ✐♠♣r❛t✐❝á✈❡❧ s❡❣✉✐r t♦❞❛s ❛s ♣❛rtí❝✉❧❛s
❛té ✉♠ ❧✐♠✐t❡ ✐♥❢❡r✐♦r ♠❡♥♦r q✉❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❞❡③❡♥❛s ❞❡ ❦❡❱✳

P♦ré♠✱ ❛ ❝♦♥tr✐❜✉✐çã♦ ❡s♣❡r❛❞❛ ❞❡st❛s ♣❛rtí❝✉❧❛s ♥❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❞❡
✢✉♦r❡s❝ê♥❝✐❛ é s✐❣♥✐✜❝❛t✐✈❛✱ ❥á q✉❡ ❡❧❛s sã♦ ♥✉♠❡r♦s❛s ♥♦ ❝❤✉✈❡✐r♦ ❡ ♣r✐♥❝✐♣❛❧✲
♠❡♥t❡ ♣♦rq✉❡ s❡ ❛❝r❡❞✐t❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ♣r♦❞✉③✐❞♦s ♣♦r ✉♠❛ ♣❛rtí✲
❝✉❧❛ s❡❥❛ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ♣♦r ❝❛♠✐♥❤♦ ❛♥❞❛❞♦ ✭❞❊✴❞① ✮ ❞❛
♠❡s♠❛✳ P❛r❛ ♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞♦ ♠í♥✐♠♦ ❞❡ ✐♦♥✐③❛çã♦ ✭♣❛r❛
❡❧étr♦♥s Emin−ion = 1.4 ▼❡❱✮✱ ♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ♣♦r ❝❛♠✐♥❤♦ ♣❡r❝♦r✲
r✐❞♦ ❝r❡s❝❡ ❛❜r✉♣t❛♠❡♥t❡ ❝♦♠ ❛ ❡♥❡r❣✐❛ ❞❡❝r❡s❝❡♥❞♦✱ ❝♦♥❢♦r♠❡ ✜❣✉r❛ ✹✳✶✱ ❞❡
❢♦r♠❛ q✉❡ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ♣r♦❞✉③✐❞♦s ♣♦r ❝❛♠✐♥❤♦ ♣❡r❝♦rr✐❞♦ ♣♦r ✉♠
❡❧étr♦♥ ❝♦♠ ❡♥❡r❣✐❛ ❞❡ ✺✵ ❦❡❱ é ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♣❛r❛ ✉♠ ❡❧étr♦♥ ❝♦♠
❡♥❡r❣✐❛ ❞❡ ✶✳✹ ▼❡❱✳

❊♠ ✉♠ tr❛❜❛❧❤♦ ❢❡✐t♦ ♣♦r ❙♦♥❣ ❡t ❛❧✳ ❬✺✷❪✱ ❜❛s❡❛❞♦ ♥♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r✲
❣✐❛ ♥❛ ❛t♠♦s❢❡r❛✱ ❡st✐♠♦✉✲s❡ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✪ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❛s
♣❛rtí❝✉❧❛s ❝♦♠ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞♦ ❝♦rt❡ ♣❛r❛ ♦ ❝ô♠♣✉t♦ t♦t❛❧ ❞❡ ❢ót♦♥s ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ♣r♦❞✉③✐❞♦s ❡♠ ✉♠ ❝❤✉✈❡✐r♦✳ ◆♦ tr❛❜❛❧❤♦ ♣♦r ❡❧❡s r❡❛❧✐③❛❞♦✱
♦ ❧✐♠✐❛r ❞❡ ❡♥❡r❣✐❛ ❛❥✉st❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s ❢♦✐ ❞❡ ✶✵✵ ❦❡❱ ♣❛r❛ ❡❧étr♦♥s ❡
♠ú♦♥s✳

❇❛s✐❝❛♠❡♥t❡✱ ❛♦ ♣r♦❞✉③✐r♠♦s ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s
❛❜❛✐①♦ ❞♦ ❝♦rt❡✱ t❡♠♦s q✉❡ ❛tr✐❜✉✐r ❛ ❡❧❛s ✉♠ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ✭❞❊ ✮✳

❈♦♠♦ ♣r✐♠❡✐r❛ ❛❜♦r❞❛❣❡♠✱ ❝❛❧❝✉❧❛♠♦s ❛ t❛①❛ ❞❡ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛
✭dE/dx✮ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ✉s❛♥❞♦ ❛ t❡♦r✐❛ ❞❡ ❇❡t❤❡✲❇❧♦❝❤
✭✈❡❥❛ ❬✺✸❪✮✱ s✉♣♦♥❞♦ q✉❡ t♦❞❛ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ é ❞❡♣♦s✐t❛❞❛ ♥❛ ❛t♠♦s✲
❢❡r❛ ❡♠ ♣r♦❝❡ss♦s ❞❡ ✐♦♥✐③❛çã♦✳

❚♦❞❛ ✈❡③ q✉❡ ✉♠ ❡❧étr♦♥ ❝♦♠ ❡♥❡r❣✐❛ Eel < Ecorte ♥♦ ♣♦♥t♦ ~Ri é ❞❡s❝❛r✲
t❛❞♦ ♣❡❧♦ ❈❖❘❙■❑❆✱ ♥ós ♦ tr❛♥s❢❡r✐♠♦s ♣❛r❛ ✉♠❛ s✉❜r♦t✐♥❛ ❡ ❛tr✐❜✉í♠♦s
❛ ❡❧❡ ✉♠ ❞❊✳ P❛r❛ ❡❧étr♦♥s ❛❝✐♠❛ ❞♦ ❝♦rt❡✱ ♦ ❝ó❞✐❣♦ ♣❛❞rã♦ ❞♦ ❈❖❘❙■❑❆
❥á ♥♦s ♦❢❡r❡❝❡ ♦ ❞❊✴❞① ♣❛r❛ ❝❛❞❛ ❡❧étr♦♥✱ ♣♦✐s ❡ss❡ é ✉♠ ❝á❧❝✉❧♦ ♣r✐♠♦r❞✐❛❧
♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦♣❛❣❛çã♦ ❞❛ ♣❛rtí❝✉❧❛✳ ❆♦ ✐♠♣❧❡♠❡♥t❛r♠♦s ✉♠❛ ♥♦✈❛ s✉✲
❜r♦t✐♥❛ ♣❛r❛ ❝❛❧❝✉❧❛r ♦ ❞❊✴❞① ♣❛r❛ ♣❛rtí❝✉❧❛s ❞❡ ❡♥❡r❣✐❛ ❛❜❛✐①♦ ❞♦ ❝♦rt❡✱
♥ós ♥♦s ❞❡❢r♦♥t❛♠♦s ❝♦♠ ✉♠❛ ✐♥❝♦♥❣r✉ê♥❝✐❛✿ ♦ ❝á❧❝✉❧♦ ❞♦ ❈❖❘❙■❑❆ ♥ã♦
❝♦♥❝♦r❞❛✈❛ ❝♦♠ ❛q✉❡❧❡s ❞❛ ♥♦ss❛ ♥♦✈❛ s✉❜r♦t✐♥❛✳ ❈♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦
♣r✐♠❡✐r♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✹✳✺✱ ♣❛r❛ ❜❛✐①❛s ❡♥❡r❣✐❛s ♦ ✈❛❧♦r ❞♦ ❞❊✴❞① ❝❛❧❝✉✲
❧❛❞♦ ♣❡❧♦ ❈❖❘❙■❑❆ ❛♣r❡s❡♥t❛✈❛ ✉♠ ♣❧❛tô✳ ❖ ❣rá✜❝♦ ♠♦str❛ ✉♠❛ s❛t✉r❛çã♦
❝♦♠ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ ❡✱ ♣❛r❛ ✈❛❧♦r❡s ♣ró①✐♠♦s ❛ ✺✵ ❦❡❱✱ ❛ ❝✉r✈❛
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❋✐❣✉r❛ ✹✳✺✿ ❉❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❡❧étr♦♥s ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❝✐♥é✲
t✐❝❛✳ ❖s ♣♦♥t♦s ❛③✉✐s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❡❧♦ ❝ó❞✐❣♦ ♣❛❞rã♦ ❞♦ ❈❖❘❙■❑❆✱
❡♥q✉❛♥t♦ q✉❡ ♦s ♣♦♥t♦s ✈❡r♠❡❧❤♦s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❡❧❛s ♥♦✈❛s s✉❜r♦t✐♥❛s
✐♠♣❧❡♠❡♥t❛❞❛s✳ ❊st❡ ❝❤✉✈❡✐r♦ ❢♦✐ r♦❞❛❞♦ ❝♦♠ ❝♦rt❡ ❞❡ ❡♥❡r❣✐❛ ✐❣✉❛❧ ❛ ✺✵ ❦❡❱✳
❖ ♣r✐♠❡✐r♦ ❣rá✜❝♦ ♠♦str❛ ♦ ❡rr♦ ♥♦ ❝á❧❝✉❧♦ ❞♦ ❞❊✴❞① q✉❡ ❤❛✈✐❛ ♥♦ ❝ó❞✐❣♦
♣❛❞rã♦ ❡ ♦ s❡❣✉♥❞♦ ❣rá✜❝♦ ♠♦str❛ ♦ ♠❡s♠♦ ❝á❧❝✉❧♦ ❛♣ós ❢❡✐t❛ ❛ ❝♦rr❡çã♦✳



✹✳✷✳ ❉❊❙❈❘■➬➹❖ ❉❖ P❘❖●❘❆▼❆ ✺✺

❞❡ ❞❊✴❞① ♥ã♦ s❡ ♠♦str❛✈❛ ❝♦♥tí♥✉❛ ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦ ♣❛r❛
❡♥❡r❣✐❛s ❛❜❛✐①♦ ❞❡ ✺✵ ❦❡❱✳ ◆♦t✐✜❝❛♠♦s ❡st❛ ❞❡s❝♦❜❡rt❛ ❛♦s ❛✉t♦r❡s ❞♦ ❈❖❘✲
❙■❑❆✱ q✉❡ r❡❝♦♥❤❡❝❡r❛♠ ✉♠ ❡rr♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❞❊✴❞① ♣❛r❛ ❡❧étr♦♥s✳
❊❧❡s ❡st❛✈❛♠ ❝♦♥t✐♥✉❛♥❞♦ ❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝♦rr❡çã♦ ❞❡ ❙t❡r♥❤❡✐♠❡r✱ ❞❡✈✐❞❛
❛♦ ❡❢❡✐t♦ ❞❛ ❞❡♥s✐❞❛❞❡✱ ♣❛r❛ ❜❛✐①❛s ❡♥❡r❣✐❛s✱ ❡♥q✉❛♥t♦ q✉❡✱ ♥❛ ✈❡r❞❛❞❡✱ ❡ss❡
❢❡♥ô♠❡♥♦ só é s✐❣♥✐✜❝❛t✐✈♦ ♣❛r❛ ❡♥❡r❣✐❛s ❛❝✐♠❛ ❞❡ ✶✵✵ ▼❡❱✳ ❈♦rr✐❣✐❞♦ ❡ss❡
♣r♦❜❧❡♠❛ ♥♦ ❝ó❞✐❣♦ ♦✜❝✐❛❧ ❞♦ ❈❖❘❙■❑❆✱ ♦ ❞❊✴❞① ❝❛❧❝✉❧❛❞♦ ♣❛ss♦✉ ❛ ❝♦♥✲
❝♦r❞❛r ❝♦♠ ♥♦ss❛s ❝♦♥t❛s✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦ s❡❣✉♥❞♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛
✹✳✺✱ q✉❡ ♠♦str❛ ❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛❝✐♠❛ ❡ ❛❜❛✐①♦ ❞❡ ✺✵ ❦❡❱✳

❋❡✐t❛ ❛ ❝♦rr❡çã♦ ♥♦ ❝á❧❝✉❧♦ ❞♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛✱ ❢♦♠♦s ❝❛♣❛③❡s ❞❡ ✐♠✲
♣❧❡♠❡♥t❛r ❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣❛r❛ ❛s ♣❛rtí❝✉❧❛s ❞❡ ❡♥❡r❣✐❛
❛❜❛✐①♦ ❞♦ ❝♦rt❡ s✉♣♦♥❞♦ q✉❡ ❛ ♣❛rtí❝✉❧❛ ♣❡r❞❡ t♦❞❛ ❛ s✉❛ ❡♥❡r❣✐❛ ✐♠❡❞✐❛t❛✲
♠❡♥t❡ ♣♦r ✐♦♥✐③❛çã♦✳ ❯♠❛ ✈❡③ ❝♦♥s✐❞❡r❛❞♦ q✉❡ t♦❞❛ ❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛
é ❞❡♣♦s✐t❛❞❛ ♥❛ ❛t♠♦s❢❡r❛✱ ♦✉ s❡❥❛✱ dE = Eel✱ ♣♦❞❡♠♦s ✉s❛r ❛ ❡q✉❛çã♦ ✹✳✹
♣❛r❛ ❝❛❧❝✉❧❛r ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❡♠✐t✐❞♦s ♣♦r ❝❛❞❛ ♣❛rtí❝✉❧❛✳ ❆ ♣♦s✐çã♦ ❞❡
❡♠✐ssã♦ ❞♦s ❢ót♦♥s é ♦ ♣♦♥t♦ ~Ri ❡♠ q✉❡ ❛ ♣❛rtí❝✉❧❛ ❢♦✐ ❡❧✐♠✐♥❛❞❛ ♣❡❧♦ ❝♦rt❡✳

❊ss❛s ❛♣r♦①✐♠❛çõ❡s sã♦ ❜❛st❛♥t❡ r❛③♦á✈❡✐s✱ ❥á q✉❡ ✉♠ ❡❧étr♦♥ ❝♦♠ ❡♥❡r✲
❣✐❛ ✺✵ ❦❡❱ t❡♠ ✉♠❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡s♣r❡③í✈❡❧ ❞❡ r❡❛❧✐③❛r q✉❛❧q✉❡r t✐♣♦ ❞❡
✐♥t❡r❛çã♦ ♥♦ ❛r✱ ❡①❝❡t♦ ✐♦♥✐③❛çã♦✱ ❡ ♣❡r❝♦rr❡ ♥♦ ♠á①✐♠♦ 4.92 × 10−3 g/cm2✳

✹✳✷✳✸ ❈♦♠♣❛r❛çã♦ ❝♦♠ ❡✈❡♥t♦s r❡❛✐s

❆ ♠❡❧❤♦r ♠❛♥❡✐r❛ ❞❡ ❛t❡st❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ♣r♦❣r❛♠❛ ❞❡ s✐♠✉❧❛çã♦
é ❝♦♥❢r♦♥tá✲❧♦ ❝♦♠ ❡✈❡♥t♦s r❡❛✐s ♠❡❞✐❞♦s ♣♦r ❛❧❣✉♠ ❞❡t❡❝t♦r✳ ❊♠ ❡s♣❡❝✐❛❧✱
♣♦❞❡♠♦s ❝♦♠♣❛r❛r ♥♦ss❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦s ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r
❞❡ ✉♠❛ ♠❛♥❡✐r❛ ❜❛st❛♥t❡ ✐❣✉❛❧✐tár✐❛ ❥á q✉❡ t❡♠♦s ❛❝❡ss♦ ❛♦s ❞❛❞♦s ❜r✉t♦s
❞♦s t❡❧❡s❝ó♣✐♦s ❡ ♣♦ss✉í♠♦s ✉♠❛ s✐♠✉❧❛çã♦ ♠✉✐t♦ ❞❡t❛❧❤❛❞❛ ❞♦s ❞❡t❡❝t♦r❡s✳

❈♦♠♦ ♣r✐♠❡✐r❛ ❡t❛♣❛ ❞❡ ✈❡r✐✜❝❛çã♦✱ s❡❧❡❝✐♦♥❛♠♦s ❞♦✐s ❡✈❡♥t♦s ❤í❜r✐❞♦s
❞❡t❡❝t❛❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❡ r❡❝♦♥str✉í♠♦s s❡✉s ♣❛râ♠❡tr♦s ♣r✐✲
♠ár✐♦s✿ ❡♥❡r❣✐❛✱ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦✳ ❚♦♠❛♠♦s ❡✈❡♥t♦s
❤í❜r✐❞♦s ♣❛r❛ ❣❛r❛♥t✐r ♠❡❧❤♦r r❡s♦❧✉çã♦ ♥❛ r❡❝♦♥str✉çã♦✳ ❖s ❡✈❡♥t♦s s❡❧❡❝✐♦✲
♥❛❞♦s ❡stã♦ ❞❡s❝r✐t♦s ♥❛ t❛❜❡❧❛ ✹✳✶✳

❙✐♠✉❧❛♠♦s ♦s ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣❛r❛ ✶✵ ❡✈❡♥t♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s
❡ ✶✵ ❡✈❡♥t♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢❡rr♦ ❝♦♠ ♦s ✈❛❧♦r❡s ❞❛❞♦s ♣❡❧❛ t❛❜❡❧❛ ✹✳✶ ♣❛r❛
❝❛❞❛ ✉♠ ❞♦s ❡✈❡♥t♦s✳ ❆ ♣❛ss❛❣❡♠ ❞♦s ❢ót♦♥s ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❢♦✐ s✐♠✉❧❛❞❛
✉t✐❧✐③❛♥❞♦ ♦ ♣r♦❣r❛♠❛ ❋❉❙✐♠✳

❆ ✜❣✉r❛ ✹✳✻ ♠♦str❛ ❛ ❝♦♠♣❛r❛çã♦ ❞♦ ♣❡r✜❧ t❡♠♣♦r❛❧ ❞♦s ❞♦✐s ❡✈❡♥t♦s ♠❡♥✲
❝✐♦♥❛❞♦s ❛❝✐♠❛ ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞❡ ▲♦s ▲❡♦♥❡s ❡ ♦ ♣❡r✜❧ t❡♠♣♦r❛❧
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❊✈❡♥t♦s ❍í❜r✐❞♦s ❙❡❧❡❝✐♦♥❛❞♦s
■❉ ❉❙ ❆♥❣✳ ❩❡♥✳ ❆♥❣✳ ❆③✐♠✳ XImp. ✭♠✮ YImp. ✭♠✮ ❆t❡♥✉❛çã♦
✾✵✶✼✸ 26.3◦ 195.7◦ ✷✽✷✶ ✶✵✼✽✶ ✶✷✳✼ ❦♠
✶✼✵✵✻✼ 37.0◦ 137.2◦ ✲✷✺✺ ✶✶✾✾✼ ✶✶✳✼ ❦♠

❚❛❜❡❧❛ ✹✳✶✿ ❘❡s✉♠♦ ❞♦s ♣❛râ♠❡tr♦s r❡❝♦♥str✉í❞♦s ♣❛r❛ ❞♦✐s ❡✈❡♥t♦s ❤í❜r✐❞♦s
s❡❧❡❝✐♦♥❛❞♦s✳ ■❉ ❉❙ é ♦ ♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ♣❛r❛ ♦s ❡✈❡♥t♦s ♥❛s ❝♦♥✲
✈❡♥çõ❡s ❞♦s ❞❡t❡❝t♦r❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ s✉♣❡r❢í❝✐❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ XImp.

❡ YImp. ❞❡t❡r♠✐♥❛♠ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ♠❡❞✐❞♦ ❛ ♣❛rt✐r ❞❛ ♣♦s✐çã♦ ❞♦ t❡✲
❧❡s❝ó♣✐♦✳ ❆ ❛t❡♥✉❛çã♦ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❤♦r✐③♦♥t❛❧ ❞❡ ❛t❡♥✉❛çã♦ ♠❡❞✐❞♦ ♥♦
sít✐♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ♥❛ ♥♦✐t❡ ❡♠ q✉❡ ♦s ❝❤✉✈❡✐r♦s ❢♦r❛♠ ❞❡t❡❝t❛❞♦s✳ ❊ss❡s
✈❛❧♦r❡s t❛♠❜é♠ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞♦ ❡✈❡♥t♦s✳

❞♦s ✷✵ ❝❤✉✈❡✐r♦s ♣♦r ♥ós s✐♠✉❧❛❞♦s✳ ❆s ❝✉r✈❛s ❢♦r❛♠ ❛rt✐✜❝✐❛❧♠❡♥t❡ ❞❡s❧♦❝❛✲
❞❛s ♣❛r❛ q✉❡ ♦ t❡♠♣♦ ✐♥✐❝✐❛❧ ❝♦✐♥❝✐❞✐ss❡✳ ■st♦ ❢♦✐ ♥❡❝❡ssár✐♦ ♣♦✐s ♦ t❡♠♣♦ ❞❡
❝❤❡❣❛❞❛ ❞♦s ❢ót♦♥s ♥❛ s✐♠✉❧❛çã♦ é ❛r❜✐tr❛r✐❛♠❡♥t❡ ♠❡❞✐❞♦ ❡♠ r❡❧❛çã♦ ❛ ✉♠❛
♦r✐❣❡♠ ✜❝tí❝✐❛✳ ❖❜s❡r✈❛♥❞♦ ♦s ❣rá✜❝♦s ✈❡♠♦s ✉♠❛ ❜♦❛ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡
♦s ♣❡r✜s t❡♠♣♦r❛✐s ♠❡❞✐❞♦s ❡ s✐♠✉❧❛❞♦s✳ P♦ré♠✱ ♥♦t❛✲s❡ ✉♠ ♣❡q✉❡♥♦ ❛tr❛s♦
♥♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦s ❢ót♦♥s s✐♠✉❧❛❞♦s ❡♠ r❡❧❛çã♦ ❛♦s ❞❛❞♦s ♠❡❞✐❞♦s✱ ♦
q✉❡ ♣♦❞❡ s❡r ❛tr✐❜✉í❞♦ à ❞✐✜❝✉❧❞❛❞❡ ❞❡ ❞❡t❡♠✐♥❛r ♦ t❡♠♣♦ ✐♥✐❝✐❛❧ ❞♦ ♣✉❧s♦✳

❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ✐♥í❝✐♦ ❞♦ ♣✉❧s♦ ❝♦♥s✐st❡ ❡♠ ✉♠❛ ✈❛r✲
r❡❞✉r❛ ❞♦s ❞❛❞♦s ♠❡❞✐❞♦s ♣r♦❝✉r❛♥❞♦ ♣♦r ✉♠ s✐♥❛❧ ❛❝✐♠❛ ❞❛ ♠é❞✐❛✳ ❊st❡
♣r♦❝❡❞✐♠❡♥t♦ é ❜❛st❛♥t❡ ✐♥✢✉❡♥❝✐❛❞♦ ♣❡❧❛ s✉❛✈✐❞❛❞❡ ❞❛ ❝✉r✈❛✳ ◆♦t❡ q✉❡ ♥❛
✜❣✉r❛ ✹✳✻ ❛s ❝✉r✈❛s ♣❛r❛ ♦s ❡✈❡♥t♦s r❡❛✐s ✈❛r✐❛♠ ♠❛✐s rá♣✐❞♦ q✉❡ ❛ ❞♦s ❡✈❡♥✲
t♦s s✐♠✉❧❛❞♦s✳ ■st♦ ❛♣♦♥t❛ ♣❛r❛ ✉♠❛ ❞❡✜❝✐ê♥❝✐❛ ♥❛ s✐♠✉❧❛çã♦ ❞❛ ó♣t✐❝❛ ❞♦
t❡❧❡s❝ó♣✐♦ ❡♠ ♣❛rt✐❝✉❧❛r ❞♦s ❝♦❧❡t♦r❡s ❞❡ ❧✉③ ❛❞❥❛❝❡♥t❡s às ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦✲
r❛s q✉❡ sã♦ r❡✢❡t♦r❡s q✉❡ ❞✐r✐❣❡♠ ✉♠ ❢ót♦♥ q✉❡ ❛t✐♥❣✐r✐❛ ♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡
❞♦✐s ❢♦t♦t✉❜♦s ♣❛r❛ ❛ r❡❣✐ã♦ s❡♥sí✈❡❧ ❞♦s ♠❡s♠♦s✳ ❆♣❛r❡♥t❡♠❡♥t❡ ❛ ♠á s✐♠✉✲
❧❛çã♦ ❞❡st❡ ❝♦♠♣♦♥❡♥t❡ ♣♦❞❡ ❡①♣❧✐❝❛r ❛ ♣❡q✉❡♥❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦
❞♦ t❡♠♣♦ ✐♥✐❝✐❛❧✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ✜③❡♠♦s ✉♠ t❡st❡ ♥❛s ♥♦ss❛s r♦t✐♥❛s ❞❡ ❣❡r❛çã♦ ❞❡ ❧✉③
❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ s✐♠✉❧❛♥❞♦ ♦ ❢❛♠♦s♦ ❡✈❡♥t♦ ❞❡ ✸✷✵ ❊❡❱ ❞❡t❡❝t❛❞♦ ♣❡❧♦ ❡①✲
♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆ ❞❡t❡❝çã♦ ❞❡ss❡ ❡✈❡♥t♦ ❢♦✐ r❡❧❛t❛❞❛ ❡♠ ❬✺❪ ❥✉♥t❛♠❡♥t❡
❝♦♠ ✉♠ ❡st✉❞♦ ❞❛ s✉❛ r❡❝♦♥str✉çã♦✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛s r❡❝♦♥str✉çõ❡s ❞❛ ❈♦❧❛❜♦r❛çã♦ ❋❧②✬s ❊②❡✱ ♦ ❝❤✉✈❡✐r♦ t✐✲
♥❤❛ ✐♥❝❧✐♥❛çã♦ ❞❡ 43.9◦ ❡ ❝❛✐✉ ❛ ✶✸✳✻ ❦♠ ❞❡ ❞✐stâ♥❝✐❛ ❞♦ t❡❧❡s❝ó♣✐♦✳ ◆❛q✉❡❧❡



✹✳✷✳ ❉❊❙❈❘■➬➹❖ ❉❖ P❘❖●❘❆▼❆ ✺✼

❋✐❣✉r❛ ✹✳✻✿ P❡r✜s t❡♠♣♦r❛✐s ❞❡ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ❝♦♠ ♣❛râ♠❡tr♦s ✐❣✉❛✐s ❛♦s
❡✈❡♥t♦s r❡❛✐s r❡s✉♠✐❞♦s ♥❛ t❛❜❡❧❛ ✹✳✶✳ ❖s ❣rá✜❝♦s ❝♦rr❡s♣♦♥❞❡♠ r❡s♣❡❝t✐✈❛✲
♠❡♥t❡ ❛♦s ❡✈❡♥t♦s ♥❛ t❛❜❡❧❛ ✹✳✶



✺✽ ❈❆P❮❚❯▲❖ ✹✳ ❙■▼❯▲❆➬➹❖ ❉❆ ▲❯❩ ❉❊ ❋▲❯❖❘❊❙❈✃◆❈■❆

❛rt✐❣♦ t❛♠❜é♠ ❡♥❝♦♥tr❛✲s❡ ♣✉❜❧✐❝❛❞♦ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛s ♣❛rtí❝✉❧❛s ❝❛r✲
r❡❣❛❞❛s r❡❝♦♥str✉í❞♦ ♣❡❧♦ ❣r✉♣♦ ❞♦ ❋❧②✬s ❊②❡✳

◆✉♠❛ t❡♥t❛t✐✈❛ ❞❡ ❝❡rt✐✜❝❛r ♥♦ss♦ ♣r♦❣r❛♠❛✱ s✐♠✉❧❛♠♦s ❛ ❧✉③ ❞❡ ✢✉♦r❡s✲
❝ê♥❝✐❛ ❞❡ ❝✐♥❝♦ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❡ ❝✐♥❝♦ ✐♥✐❝✐❛❞♦s ♣♦r ♥ú❝❧❡♦s
❞❡ ❢❡rr♦ ❝♦♠ ♣❛râ♠❡tr♦s ✐♥✐❝✐❛✐s ✐❣✉❛✐s ❛♦s r❡❝♦♥str✉í❞♦s ♣❛r❛ ♦ ❡✈❡♥t♦ ❞❡
✸✷✵ ❊❡❱✳

Pr♦♣❛❣❛♠♦s ♦s ❢ót♦♥s ❣❡r❛❞♦s ♣♦r ♥♦ss♦ ♣r♦❣r❛♠❛ ♣❡❧❛ ó♣t✐❝❛ ❡ ❡❧❡trô♥✐❝❛
❞♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ✉t✐❧✐③❛♥❞♦ ♦ ♣r♦❣r❛♠❛ ❋❉❙✐♠ ❬✷✾❪✳
❘❡❝♦♥str✉í♠♦s ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ss❡s ❞❡③ ❝❤✉✈❡✐r♦s ❛ ♣❛rt✐r ❞♦s ❢ót♦♥s ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ❞❡t❡❝t❛❞♦s ❝♦♠ ♦ ♣r♦❣r❛♠❛ ❋▲❖❘❊❙ ❬✸✵❪✳ ❆ ✜❣✉r❛ ✹✳✼ ♠♦str❛
❛ ❝♦♠♣❛r❛çã♦ ❞♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ r❡❝♦♥str✉í❞♦ ♣❛r❛ ❛s ♥♦ss❛s s✐♠✉❧❛çõ❡s ❡
♣❛r❛ ♦ ❡✈❡♥t♦ r❡❛❧✳ ❆❝r❡❞✐t❛♠♦s s❡r ♣♦ssí✈❡❧✱ ❛♥❛❧✐s❛♥❞♦ ❛ ✜❣✉r❛ ✹✳✼✱ ❝❡rt✐✜❝❛r
q✉❡ ♥❡♥❤✉♠ ❡rr♦ ❡❧❡♠❡♥t❛r ❢♦✐ ❢❡✐t♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♥♦ss♦ ♣r♦❣r❛♠❛
❞❡ s✐♠✉❧❛çã♦✱ ♥❡♠ t❛♠♣♦✉❝♦ ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ❡✈❡♥t♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❞♦
❋❧②✬s ❊②❡✳

✹✳✸ ❘❡s✉❧t❛❞♦s✿ ✶❉ ✈❡rs✉s ✸❉

❯♠❛ ♣♦ssí✈❡❧ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦❣r❛♠❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞♦ é ❛ ❞❡t❡r♠✐♥❛✲
çã♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❡❞✐r♠♦s ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ❝♦♠
t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❡❞✐r ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠ t❡❧❡s❝ó♣✐♦s
❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦✐ s✉❣❡r✐❞❛ ♣♦r ❙♦♠♠❡rs ❡♠ ❬✺✹❪ ❡ ❜❛s❡✐❛✲s❡ ❡♠ ❝á❧❝✉❧♦s
❛♥❛❧ít✐❝♦s ❞♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡♠ ✉♠
✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ✶✵✵ ♥s✳

❋ót♦♥s q✉❡ ❛t✐♥❣❡♠ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣♦❞❡♠
t❡r s✐❞♦ ❡♠✐t✐❞♦s ❡♠ ♣♦s✐çõ❡s ❞✐❢❡r❡♥t❡s ❞♦ ❝❤✉✈❡✐r♦✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ ❙♦♠♠❡rs
♠♦str♦✉ q✉❡ ❡①✐st❡ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ❞✐s♣❡rsã♦ ❞♦ s✐♥❛❧ ♥❛ ❝â♠❛r❛ ❡ ❛
❞✐❢❡r❡♥ç❛ ❞❡ ❝❛♠✐♥❤♦ ♣❡r❝♦rr✐❞♦ ♣♦r ❢ót♦♥s ❡♠✐t✐❞♦s ♥♦s ❡①tr❡♠♦s ♦♣♦st♦s
❞❛ ❡①t❡♥sã♦ ❧❛t❡r❛❧ ❞♦ ❝❤✉✈❡✐r♦✳

❖s ❞❛❞♦s ❡ss❡♥❝✐❛✐s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ ❡st✉❞♦ ❞❡ ❢♦r♠❛ ❞❡✜♥✐t✐✈❛
sã♦ ♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❞❡ ❢ót♦♥s ♥♦ t❡❧❡s❝ó♣✐♦✱ ❣❡r❛❞♦s ❛ ♣❛rt✐r ❞❡ ✉♠❛
s✐♠✉❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ tr✐❞✐♠❡♥s✐♦♥❛❧ q✉❡ ♣❡r♠✐t❛ ❛❝♦♣❧❛♠❡♥t♦ ❛ ✉♠❛
s✐♠✉❧❛çã♦ ❞❡ ❞❡t❡❝t♦r❡s✳ ❚♦❞♦s ❡ss❡s r❡q✉✐s✐t♦s sã♦ ♣r❡❡♥❝❤✐❞♦s ♣❡❧♦ ♣r♦✲
❣r❛♠❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ❡ss❡s ❡st✉❞♦s ❡stã♦ s❡♥❞♦ ❢❡✐t♦s ♥♦ ♣❡rí♦❞♦ ❡♠
q✉❡ ❡st❛ t❡s❡ ❡stá s❡♥❞♦ ❡s❝r✐t❛✳

P♦r ❤♦r❛✱ ❛♣r❡s❡♥t❛r❡♠♦s ❛q✉✐ ❞❡ ❢♦r♠❛ q✉❛❧✐t❛t✐✈❛ ❛ ❞✐❢❡r❡♥ç❛ ❞♦ s✐♥❛❧
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❋✐❣✉r❛ ✹✳✼✿ P❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❡✈❡♥t♦ ❞❡ ✸✷✵ ❊❡❱ ❞❡t❡❝t❛❞♦ ♣❡❧♦ ❡①♣❡r✐✲
♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆ ✜❣✉r❛ ♠♦str❛ ♦ ♣❡r✜❧ r❡❝♦♥str✉í❞♦ ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦ ❞♦
❋❧②✬s ❊②❡ ❡ ♣✉❜❧✐❝❛❞♦ ❡♠ ❬✺❪✱ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❞❡③ ♣❡r✜s r❡❝♦♥str✉í❞♦s ❛
♣❛rt✐r ❞♦s ❢ót♦♥s ❣❡r❛❞♦s ♣❡❧❛ ♥♦ss❛ s✐♠✉❧❛çã♦✳

♥❛ ❝â♠❛r❛ ❡ q✉❛♥t✐✜❝❛r❡♠♦s ❛ ❞✐s♣❡rsã♦ ❞♦ s✐♥❛❧ ❡ ♦ ♥ú♠❡r♦ ❞❡ ♣✐①❡❧s ❞✐s✲
♣❛r❛❞♦s ♣❛r❛ ❝❤✉✈❡✐r♦s tr❛t❛❞♦s ✉♥✐❞✐♠❡♥s✐♦♥❛❧♠❡♥t❡ ❡ tr✐❞✐♠❡♥s✐♦♥❛❧♠❡♥t❡
❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳ ❖s r❡s✉❧t❛❞♦s
sã♦ ❝♦♠♣❛r❛❞♦s ❝♦♠ ❡✈❡♥t♦s r❡❛✐s ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❞♦
❆✉❣❡r✳

P❛r❛ t❛❧✱ s✐♠✉❧❛çõ❡s tr✐❞✐♠❡♥s✐♦♥❛✐s ❞❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦r❛♠ ❣❡r❛❞❛s
✉t✐❧✐③❛♥❞♦ ♦ ♥♦ss♦ ♣r♦❣r❛♠❛ ❡ s❡rã♦ ❝❤❛♠❛❞❛s ❞❡ ✸❉✳ ❖ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧
❞❛s ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❣❡r❛❞♦ ♣❡❧♦ ❈❖❘❙■❑❆ ❞✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❞♦ ❝❤✉✈❡✐r♦ ❢♦✐ ❛r♠❛③❡♥❛❞♦ ❡ ✉t✐❧✐③❛❞♦ ♣❡❧♦ ♣r♦❣r❛♠❛ ❋❉❙✐♠ ♣❛r❛ ❣❡r❛r✱
❡♠ ✉♠❛ ❛❜♦r❞❛❣❡♠ ✉♥✐❞✐♠❡♥s✐♦♥❛❧✱ ♦ ♥ú♠❡r♦ ❞❡ ❢ót♦♥s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛
❛t✐♥❣✐♥❞♦ ♦s ♠❡s♠♦s t❡❧❡s❝ó♣✐♦s ❡ s❡rá r♦t✉❧❛❞❛ ♣♦r ✶❉✳ ❆ s✐♠✉❧❛çã♦ ❞❛
ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦ ❢♦✐ ❢❡✐t❛ ♣❡❧♦ ❋❉❙✐♠ ♣❛r❛ ❛♠❜♦s ♦s ❝❛s♦s✳

❆ ✜❣✉r❛ ✹✳✽ ♠♦str❛ ✉♠ ❡①❡♠♣❧♦ ❞♦s ♣✐①❡❧s ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛✲
❞♦r❛s q✉❡ r❡❝❡❜❡r❛♠ ❛❧❣✉♠ s✐♥❛❧ ♣❛r❛ ✉♠ ❝❤✉✈❡✐r♦ s✐♠✉❧❛❞♦✳ ◆♦t❛✲s❡ ✉♠❛
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❋✐❣✉r❛ ✹✳✽✿ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦ ❖❜✲
s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆ ✜❣✉r❛ à ❡sq✉❡r❞❛ é ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ✉♥✐❞✐♠❡♥✲
s✐♦♥❛❧ ❡♥q✉❛♥t♦ q✉❡ ❛ ❞❛ ❞✐r❡✐t❛ é ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧✳
❊ss❡ ❡①❡♠♣❧♦ é ♣❛r❛ ✉♠ ❝❤✉✈❡✐r♦ ✐♥❝✐❞❡♥t❡ ❛ ✹ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳

❣r❛♥❞❡ ❢❛✐①❛ ❧❛t❡r❛❧ ❛♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ ❞❡ ♣✐①❡❧s q✉❡ r❡❝❡❜❡ ❛❧❣✉♠ s✐♥❛❧ ♣❛r❛
♦ ❝❛s♦ ✸❉ à ❞✐r❡✐t❛✳ ◆♦ ❝❛s♦ ✶❉✱ à ❡sq✉❡r❞❛✱ ❛♣❡♥❛s ✉♠❛ ❡str❡✐t❛ ❢❛✐①❛ ❞❡
♣✐①❡❧s r❡❝❡❜❡ t♦❞♦s ♦s ❢ót♦♥s ♣r♦❞✉③✐❞♦s ♣❡❧♦ ❝❤✉✈❡✐r♦✳

P♦ré♠✱ ♥ã♦ sã♦ t♦❞♦s ♦s ♣✐①❡❧s ❝♦♠ q✉❛❧q✉❡r s✐♥❛❧ q✉❡ sã♦ ❧✐❞♦s ♣❡❧❛
❡❧❡trô♥✐❝❛ ❞♦ ❞❡t❡❝t♦r✳ ❖ t❡❧❡s❝ó♣✐♦ ❝♦♥s✐❞❡r❛ ♦s ♣✐①❡❧s q✉❡ ♣♦ss✉❡♠ s✐♥❛❧
❛❝✐♠❛ ❞❛ ♠é❞✐❛ ♠❛✐s ✹σ ❝♦♠♦ ❛q✉❡❧❡s q✉❡ ❞✐s♣❛r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞❡ ♣r✐♠❡✐r♦
♥í✈❡❧ ❞❛ ❞❡t❡❝çã♦✳ P❛r❛ ♦ ❡✈❡♥t♦ s❡r ❛r♠❛③❡♥❛❞♦ ❡❧❡ ❛✐♥❞❛ ♣r❡❝✐s❛ s♦❜r❡✈✐✈❡r
❛ ✉♠ s❡❣✉♥❞♦ ❝r✐tér✐♦ ❞❡ s❡❧❡çã♦ ❞❡♥♦♠✐♥❛❞♦ ❣❛t✐❧❤♦ ❞❡ s❡❣✉♥❞♦ ♥í✈❡❧✳ ❖
❣❛t✐❧❤♦ ❞❡ s❡❣✉♥❞♦ ♥í✈❡❧ ❞✐s♣❛r❛ s❡ ♣❡❧♦ ♠❡♥♦s q✉❛tr♦ ❞♦s ♣✐①❡❧s q✉❡ ❞✐s♣❛✲
r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞❡ ♣r✐♠❡✐r♦ ♥í✈❡❧ ❡st✐✈❡r❡♠ ❛❧✐♥❤❛❞♦s t❡♠♣♦r❛❧♠❡♥t❡✱ ❝♦♠ ❛
♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♥♦ ♠á①✐♠♦ ✉♠ ♣✐①❡❧ ❞❡ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ❡❧❡s✳

❋✐♥❛❧♠❡♥t❡✱ s❡ ♦ ❡✈❡♥t♦ ❞✐s♣❛r♦✉ ♦ ❣❛t✐❧❤♦ ❞❡ s❡❣✉♥❞♦ ♥í✈❡❧✱ sã♦ ❛r♠❛③❡✲
♥❛❞♦s t♦❞♦s ♦s ♣✐①❡❧s ✈✐③✐♥❤♦s ❡ s❡❣✉♥❞♦s ✈✐③✐♥❤♦s ❞♦s ♣✐①❡❧s q✉❡ ❞✐s♣❛r❛r❛♠
♦ ❣❛t✐❧❤♦ ❞❡ ♣r✐♠❡✐r♦ ♥í✈❡❧✳

❖ ♣r♦❣r❛♠❛ ❋❉❚r✐❣❣❡r❙✐♠ ❬✷✹❪ s✐♠✉❧❛ ❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s ❡ ♣✐①❡❧s ✐♠✲
♣❧❡♠❡♥t❛❞❛ ♥♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❆✉❣❡r✳ ❆ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❢♦✐
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❋✐❣✉r❛ ✹✳✾✿ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦
❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❛♣ós ❛♣❧✐❝❛çã♦ ❞♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦✳ ❆ ✜❣✉r❛ à ❡s✲
q✉❡r❞❛ é ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❡♥q✉❛♥t♦ q✉❡ ❛ ❞❛ ❞✐r❡✐t❛
r❡♣r❡s❡♥t❛ ♦ r❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧✳ ❊ss❡ ❡①❡♠♣❧♦ é ♣❛r❛ ✉♠
❝❤✉✈❡✐r♦ ✐♥❝✐❞❡♥t❡ ❛ ✹ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳

s✐♠✉❧❛❞❛ ♣❡❧♦ ❋❉❚r✐❣❣❡r❙✐♠ ♣❛r❛ ♦s ❝❛s♦s ✶❉ ❡ ✸❉ ❞❛ ✜❣✉r❛ ✹✳✽✳ ❆ ✜❣✉r❛
✹✳✾ ♠♦str❛ ❛ ✐♠❛❣❡♠ ❞❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❛♣ós ❛ s❡❧❡çã♦ ❞❡ ♣✐✲
①❡❧s ♣❡❧♦s ❣❛t✐❧❤♦s ❞❡ ♣r✐♠❡✐r♦ ❡ s❡❣✉♥❞♦ ♥í✈❡✐s✳ ❱ê✲s❡ ❝❧❛r❛♠❡♥t❡ ✉♠❛ ❢❛✐①❛
♠❛✐♦r ❞❡ ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ♥♦ ❝❛s♦ ✸❉ q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦ ❛♦ ❝❛s♦ ✶❉✱ ♥♦
❡♥t❛♥t♦✱ ❝♦♠♦ ❡r❛ ❞❡ s❡ ❡s♣❡r❛r✱ ❛ ❞✐❢❡r❡♥ç❛ é ♠❡♥♦r ❞♦ q✉❡ ❛ ❡①♣r❡ss❛ ♥❛
✜❣✉r❛ ✹✳✽✳

❈♦♠♦ ❝♦♠♣❛r❛çã♦✱ ♠♦str❛♠♦s ♥❛ ✜❣✉r❛ ✹✳✶✵ ❞♦✐s ❡✈❡♥t♦s ♠❡❞✐❞♦s ♣❡❧♦s
t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♦♥❞❡ ✜❝❛ ❡✈✐❞❡♥t❡ ❛ ❝❛♣❛❝✐✲
❞❛❞❡ ❞❡ ❞✐st✐♥çã♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❧❛t❡r❛❧ ❞♦ ❝❤✉✈❡✐r♦✳ ❖s ❞♦✐s ❝❤✉✈❡✐r♦s
❢♦r❛♠ r❡❝♦♥str✉í❞♦s ♣❡❧♦ ❋▲❖❘❊❙ ❡ t✐✈❡r❛♠ ❡♥❡r❣✐❛ ❛ss♦❝✐❛❞❛ ❞❡ ✷✳✷ ❊❡❱✳
❖ ❝❤✉✈❡✐r♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ à ❡sq✉❡r❞❛ ❝❛✐✉ ❛ ✶✵✳✺ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦ ❡
♦ à ❞✐r❡✐t❛ ❛ ✹✳✺ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳

✹✳✸✳✶ ❚r✐❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛

❆s ✐♠❛❣❡♥s ♥❛ ✜❣✉r❛ ✹✳✶✵ s✉❣❡r❡♠ q✉❡ ♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞♦ ❖❜s❡r✲
✈❛tór✐♦ ❆✉❣❡r é ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❞♦s ❝❤✉✈❡✐r♦s ♠❡s♠♦
❛ ❜❛✐①❛s ❡♥❡r❣✐❛s✳ P♦ré♠✱ é ❞❡ s❡ ❡s♣❡r❛r q✉❡ ❡ss❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞✐st✐♥çã♦
s❡❥❛ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦ ❡ ❞❛ ❡♥❡r❣✐❛
❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳
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❋✐❣✉r❛ ✹✳✶✵✿ ■♠❛❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞❡ ❝❤✉✈❡✐r♦s ❞❡t❡❝✲
t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❆♠❜♦s ♦s ❝❤✉✈❡✐r♦s t✐✈❡r❛♠
❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ ❞❡ ✷✳✷ ❊❡❱✳ ❖ ❝❤✉✈❡✐r♦ ✐❧✉str❛❞♦ à ❡sq✉❡r❞❛ ❝❛✐✉ ❛ ✶✵✳✺
❦♠ ❡ ♦ ❛ ❞✐r❡✐t❛ ❛ ✹✳✺ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳

❆♣❡s❛r ❞❡st❛ t❡s❡ ♥ã♦ ❛♣r❡s❡♥t❛r ♦s r❡s✉❧t❛❞♦s ✜♥❛✐s s♦❜r❡ ✉♠ ♠ét♦❞♦ ❞❡
♠❡❞✐r ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❝♦♠ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ✐♥❝❧✉í♠♦s ❛q✉✐
♦ ❡st✉❞♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❡❞✐❞❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐s✲
tâ♥❝✐❛✳ P❛r❛ t❛❧✱ s✐♠✉❧❛♠♦s tr✐❞✐♠❡♥s✐♦♥❛❧♠❡♥t❡ ❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞❡
✶✵✵ ❝❤✉✈❡✐r♦s ✈❡rt✐❝❛✐s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❝♦♠ ❡♥❡r❣✐❛ 1019 ❡❱ ❡ ♣♦s✐❝✐♦✲
♥❛♠♦s ✶✵ t❡❧❡s❝ó♣✐♦s ❝♦♠ ❛❜❡rt✉r❛ ❞❡ ✶✳✶ ♠ ❛ ❝❛❞❛ ✷ q✉✐❧ô♠❡tr♦s ❞♦ ❡✐①♦
❞♦ ❝❤✉✈❡✐r♦✳ ❯t✐❧✐③❛♥❞♦ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞♦ ❈❖❘❙■❑❆✱ s✐♠✉❧❛♠♦s ❝♦♠
♦ ❋❉❙✐♠ ♦ ❡q✉✐✈❛❧❡♥t❡ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ♠❡s♠♦ ❝❤✉✈❡✐r♦✳ ❖s ❢ót♦♥s r❡❣✐s✲
tr❛❞♦s ♥♦ ❞✐❛❢r❛❣♠❛ ❢♦r❛♠ s✐♠✉❧❛❞♦s ♣❡❧❛ ó♣t✐❝❛ ❡ ❡❧❡trô♥✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦
♣❡❧♦s ♣r♦❣r❛♠❛s ❋❉❙✐♠ ❡ ❋❉❚r✐❣❣❡r❙✐♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❝♦♠♦ ❡①♣❧✐❝❛❞♦
❛❝✐♠❛✳

❉♦✐s ♣❛râ♠❡tr♦s ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡
❞✐st✐♥çã♦ ❡♥tr❡ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ✶❉ ❡ ✸❉✿ ♥ú♠❡r♦ ❞❡ ♣✐①❡❧s q✉❡ s♦❜r❡✈✐✈❡♠
à s❡❧❡çã♦ ❡①♣❧✐❝❛❞❛ ❛❝✐♠❛ ❡ â♥❣✉❧♦ q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦✳

❖ ♥ú♠❡r♦ ❞❡ ♣✐①❡❧s q✉❡ s♦❜r❡✈✐✈❡♠ ❛♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ é ✉♠❛s ❞❛s
♠❛♥❡✐r❛s ❞❡ ❝♦♠♣❛r❛r♠♦s ❛s ❞✉❛s s✐♠✉❧❛çõ❡s✳ P♦ré♠✱ ❡❧❡ ♥♦s ♦❢❡r❡❝❡ ✉♠❛
✐♥❢♦r♠❛çã♦ ✐♥❝♦♠♣❧❡t❛ ❛ r❡s♣❡✐t♦ ❞❛ ❞✐s♣❡rsã♦ ❞♦ s✐♥❛❧ ♥❛ ❝â♠❛r❛✱ ♣♦✐s ♦
s✐♥❛❧ ❡♠ ❝❛❞❛ ♣✐①❡❧ ♥ã♦ é ❝♦♠♣❛r❛❞♦✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ♦ â♥❣✉❧♦ ✭ζ0✮ q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦ é ❞❡t❡r♠✐✲



✹✳✸✳ ❘❊❙❯▲❚❆❉❖❙✿ ✶❉ ❱❊❘❙❯❙ ✸❉ ✻✸

♥❛❞♦ ♣♦r ✉♠❛ ✈❛rr❡❞✉r❛ s♦❜r❡ ❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❡ r❡♣r❡s❡♥t❛
✉♠❛ ♠❡❞✐❞❛ q✉❛♥t✐t❛t✐✈❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞♦ s✐♥❛❧ ❡♥tr❡ ♦s ♣✐①❡❧s ❞✐s♣❛r❛❞♦s✳
❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♠❡❞✐❞❛ ❞♦ â♥❣✉❧♦ ✭ζ0✮ ✐♥✐❝✐❛✲s❡ ♣❡❧❛ r❡❝♦♥str✉çã♦ ❞♦
❡✐①♦ ♣r✐♥❝✐♣❛❧ ❞♦ s✐♥❛❧ q✉❡ ❞❡t❡r♠✐♥❛ ♦ ♣❧❛♥♦ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦
t❡❧❡s❝ó♣✐♦✳ ❊♠ s❡❣✉✐❞❛✱ s♦♠❛✲s❡ ♦ s✐♥❛❧ ❞♦s ♣✐①❡❧s q✉❡ ❡stã♦ ❞❡♥tr♦ ❞❡ ✉♠
❝ír❝✉❧♦ ❞❡ r❛✐♦ ζ ❝❡♥tr❛❞♦ ♥♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ ❞♦ s✐♥❛❧ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞❛ ❛ ❝â✲
♠❛r❛✳ ❆ r❛③ã♦ ❞♦ s✐♥❛❧ q✉❡ ❡stá ❝♦♥t✐❞♦ ♥♦ r❛✐♦ ζ ♣❡❧♦ q✉❡ ❡stá ❢♦r❛ ❞❡❧❡ é
❞❡✜♥✐❞❛ ❝♦♠♦ r❛③ã♦ s✐♥❛❧✴r✉í❞♦✳ ❖ â♥❣✉❧♦ ζ0 é ❛q✉❡❧❡ q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦
s✐♥❛❧✴r✉í❞♦ ♥❛ ❜✉s❝❛ ❢❡✐t❛ ✈❛rr❡♥❞♦ t♦❞♦s ♦s ♣♦ssí✈❡✐s ✈❛❧♦r❡s ❞❡ ζ✳

❆ ✜❣✉r❛ ✹✳✶✷ ♠♦str❛ ♦ ♥ú♠❡r♦ ❞❡ ♣✐①❡❧s q✉❡ ❞✐s♣❛r❛r❛♠ ♦ ❣❛t✐❧❤♦ ❞♦s
✶✵ t❡❧❡s❝ó♣✐♦s ♣♦s✐❝✐♦♥❛❞♦s ❛ ❝❛❞❛ ✷ ❦♠ ❞❡ ❞✐stâ♥❝✐❛ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✳
◆❛ ♠❡s♠❛ ✜❣✉r❛ ❡stã♦ ❝♦❧♦❝❛❞♦s ♦s ♣♦♥t♦s r❡❢❡r❡♥t❡s à r❡❝♦♥str✉çã♦ ❞❡ ✸✸✷
❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

❖s ✸✸✷ ❡✈❡♥t♦s ♣❛ss❛r❛♠ ♣❡❧❛ s❡❧❡çã♦ ❡①♣❧✐❝❛❞❛ ♥❛ s❡çã♦ ✷✳✸✳✶ ❡ ❢♦r❛♠
r❡❝♦♥str✉í❞♦s ♣❡❧♦ ♣r♦❣r❛♠❛ ❋▲❖❘❊❙ ❡ ✜❧tr❛❞♦s ♣♦r ✉♠ ❝r✐tér✐♦ ❞❡ s❡❧❡çã♦
q✉❡ ❡①✐❣✐✉✿

• Xmax ❞❡♥tr♦ ❞♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞♦ t❡❧❡s❝ó♣✐♦❀

• ❊rr♦ ❡st❛tíst✐❝♦ ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ♠❡♥♦r q✉❡ ✶ ❦♠❀

• ❊♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ ❡♥tr❡ 1018 ❡ 5 × 1019 ❡❱✳

❉♦s ✸✸✷ ❛♣❡♥❛s ✼✸ ❡✈❡♥t♦s s♦❜r❡✈✐✈❡r❛♠ ❛ ❡st❡ ❝r✐tér✐♦ ❞❡ s❡❧❡çã♦✳ ❖s
❞♦✐s ♣r✐♠❡✐r♦s ❝♦rt❡s sã♦ ♥❡❝❡ssár✐♦s ❛♣❡♥❛s ♣❛r❛ ❣❛r❛♥t✐r ✉♠❛ r❡❝♦♥str✉çã♦
r❛③♦á✈❡❧ ❞♦s ❡✈❡♥t♦s✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ú❧t✐♠♦ só é ♥❡❝❡ssár✐♦ ♣❛r❛ ✈❛❧✐❞❛r ❛
❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ❛ 1019 ❡❱✳ ❙❡r✐❛ ❞❡s❡❥á✈❡❧ ❡str❡✐t❛r ♦s
❧✐♠✐t❡s ❞♦ ❝♦rt❡ ❡♠ ❡♥❡r❣✐❛ ♠❛✐s ♣❡rt♦ ❞♦s ❞❛ s✐♠✉❧❛çã♦✱ ♣♦ré♠ ✐ss♦ ♥ã♦ é
♣♦ssí✈❡❧ s❡♠ r❡❞✉③✐r s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s q✉❡ s♦❜r❡✈✐✈❡♠
❛♦s ❝♦rt❡s✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ♠❛✐♦r✐❛ ❞♦s ✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s sã♦ ❞❡ ❡♥❡r✲
❣✐❛s ✐♥❢❡r✐♦r❡s ❛ 1019 ❡❱✱ ✈❡❥❛ ❛ ✜❣✉r❛ ✹✳✶✶✱ ❞❡ ❢♦r♠❛ q✉❡ ❡♠ ❝♦♠♣❛r❛çã♦
❝♦♠ ❛ s✐♠✉❧❛çã♦ ✸❉✱ ♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ❞❡✈❡r✐❛♠ ♣❛r❡❝❡r ✉♠ ♣♦✉❝♦ ♠❛✐s
❡str❡✐t♦s✳

❊♥tr❡t❛♥t♦✱ ♠❡s♠♦ ❝♦♠ ❡ss❡ ✈✐és ♥❛ ❡♥❡r❣✐❛ é ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r q✉❡ ♦s
❝❤✉✈❡✐r♦s ♠❡❞✐❞♦s ♣❡❧♦ ❆✉❣❡r s❡❣✉❡♠ ❛ ❝✉r✈❛ ❞❛ s✐♠✉❧❛çã♦ ✸❉ ❡ s❡ ❞✐st❛♥✲
❝✐❛♠ ❞❛ s✐♠✉❧❛çã♦ ✶❉ ♣❛r❛ ♣❡q✉❡♥❛s ❞✐stâ♥❝✐❛s ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡
♦ t❡❧❡s❝ó♣✐♦✳

❆♥❛❧✐s❛♥❞♦ ❛ ✜❣✉r❛ ✹✳✶✷ ✈❡♠♦s q✉❡ ♣❛r❛ ❞✐stâ♥❝✐❛s ♠❛✐♦r❡s q✉❡ ✽ ❦♠ ❛s
❝✉r✈❛s ❞❛s s✐♠✉❧❛çõ❡s ✶❉ ❡ ✸❉ sã♦ ✐♥❞✐st✐♥❣✉í✈❡✐s✳ ❖ ♠❡s♠♦ ❡❢❡✐t♦ é ✈✐st♦
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❋✐❣✉r❛ ✹✳✶✶✿ ❉✐str✐❜✉✐çã♦ ❞❛ ❡♥❡r❣✐❛ r❡❝♦♥str✉í❞❛ ♣❡❧♦ ❋▲❖❘❊❙ ♣❛r❛ ♦s
✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳
◆❡♥❤✉♠ ❝♦rt❡ ❢♦✐ ❛♣❧✐❝❛❞♦✳

♥❛ ✜❣✉r❛ ✹✳✶✸✱ ♥❛ q✉❛❧ ♠♦str❛♠♦s ♦ â♥❣✉❧♦ ζ0 ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦
♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦ ♣❛r❛ ❛s s✐♠✉❧❛çõ❡s ✶❉✱ ✸❉ ❡ ♣❛r❛ ♦s ❡✈❡♥t♦s
r❡❛✐s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❆✉❣❡r✳

◆♦t❡ q✉❡✱ ♥❡st❛ ✜❣✉r❛✱ ♦ â♥❣✉❧♦ ζ0 ❛✉♠❡♥t❛ ♣❛r❛ ❞✐stâ♥❝✐❛s ♠❡♥♦r❡s q✉❡ ✽
❦♠ ♠❡s♠♦ ♥❛ s✐♠✉❧❛çã♦ ✶❉✳ ❊st❡ ❡❢❡✐t♦ é ❞❡✈✐❞♦ à s✐♠✉❧❛çã♦ ❞❛ ❧✉③ ❷❡r❡♥❦♦✈
❡s♣❛❧❤❛❞❛✱ q✉❡ é ♠❛✐s ✐♥t❡♥s❛ ♣❛r❛ ♠❡♥♦r❡s ❞✐stâ♥❝✐❛s✳

❚❛♠❜é♠ é ♣♦ssí✈❡❧ ✈❡r ♥♦✈❛♠❡♥t❡ ♥❡st❛ ✜❣✉r❛ q✉❡ ♦s ❞❛❞♦s ❞♦ ❆✉❣❡r sã♦
♠❡❧❤♦r ❞❡s❝r✐t♦s ♣❡❧❛ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ✐♠♣❧❛♥t❛❞❛ ♣♦r ♥ós ♥♦ ❈❖❘✲
❙■❑❆✳ ❚❛♠❜é♠ é ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r q✉❡ ❛ ❞✐st✐♥çã♦ ❞❛ ❝♦♠♣♦♥❡♥t❡ ❧❛t❡r❛❧ ❞♦
❝❤✉✈❡✐r♦ só é ♣♦ssí✈❡❧✱ ♣❛r❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❞❡ 1019 ❡❱✱ ♣❛r❛
❝❤✉✈❡✐r♦s q✉❡ ✐♥❝✐❞✐r❡♠ ❛ ❞✐stâ♥❝✐❛s ♠❡♥♦r❡s q✉❡ ✽ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✳
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❋✐❣✉r❛ ✹✳✶✷✿ ◆ú♠❡r♦ ❞❡ ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦
♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳

❋✐❣✉r❛ ✹✳✶✸✿ ➶♥❣✉❧♦ ζ0 q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛
❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳
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❈❛♣ít✉❧♦ ✺

❘❡❝♦♥str✉çã♦ ❞❡ ❊✈❡♥t♦s

❍í❜r✐❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

◆❡st❡ ❝❛♣ít✉❧♦ ♠♦str❛r❡♠♦s ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥s✲
tr✉çã♦ ❤í❜r✐❞❛ ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡ r❡❝♦♥str✉çõ❡s ❞❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s
❡ só ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❞❡t❡❝t❛❞♦s ♣❡❧♦s ♣r♦tót✐♣♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❊st❡
tr❛❜❛❧❤♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❡♠ ❝♦❧❛❜♦r❛çã♦ ❝♦♠ ♦ ❉r✳ ❇r✉❝❡ ❉❛✇s♦♥ ❞❛ ❯♥✐✈❡rs✐✲
❞❛❞❡ ❞❡ ❆❞❡❧❛✐❞❡ ❡ ❢♦✐ ♣✉❜❧✐❝❛❞♦ ♥❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ♥❛ r❡❢❡rê♥❝✐❛ ❬✺✺❪✳

❆ ♠♦t✐✈❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ ❞❡✈❡✲s❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ♥ã♦ ❡①✐st❡ ♥♦ ♣r❡s❡♥t❡
♠♦♠❡♥t♦ ♥❡♥❤✉♠ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s ❞✐s♣♦♥í✲
✈❡❧ ♣❛r❛ ❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✳ ❚❛♠❜é♠ t✐✈❡♠♦s ❛ ✐♥t❡♥çã♦ ❞❡ r❡❛✈❛❧✐❛r ♦s
❡rr♦s ❡st❛tíst✐❝♦s ❞❛s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s
❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❚❛❧ ❝♦♠♣❛r❛çã♦ ❢♦✐ ❢❡✐t❛ ♥♦ ❉❡s✐❣♥ ❘❡♣♦rt
❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❝♦♠ ♣r♦❣r❛♠❛s ❞❡ s✐♠✉❧❛çã♦ ❞♦s ❞❡t❡❝t♦r❡s q✉❡ s✉✲
♣❡r❡st✐♠❛✈❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❡❞✐❞❛ ❞♦s ❡q✉✐♣❛♠❡♥t♦s r❡❛✐s ❡ ♣♦r ✐ss♦✱
❥✉❧❣❛♠♦s s❡r ♥❡❝❡ssár✐♦ r❡♣r♦❞✉③✐r ❛q✉❡❧❡s r❡s✉❧t❛❞♦s ❞❡ ♣♦ss❡ ❞❡ s✐♠✉❧❛çõ❡s
♠✉✐t♦ ♠❛✐s ♣r❡❝✐s❛s ❞♦s ❞❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡ ❡ ❞♦s t❡❧❡s❝ó♣✐♦s✳

P♦r ú❧t✐♠♦✱ ✉t✐❧✐③❛♠♦s ♥♦ss♦ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ♣❛r❛ ♣r♦✲
❞✉③✐r ✉♠ ❡st✉❞♦ ♣r❡❧✐♠✐♥❛r ❞❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❞♦s ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦
♣r♦tót✐♣♦✳ ❊st❡ ❡st✉❞♦ ❡stá ❛♣r❡s❡♥t❛❞♦ ❛q✉✐ ❝♦♠♦ ✐❧✉str❛çã♦ ❞❛ ❢❡rr❛♠❡♥t❛
❞❡ tr❛❜❛❧❤♦ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛✱ ❥á q✉❡ ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♣r♦❞✉③✐❞❛ t❡♠
❜❛✐①♦ s✐❣♥✐✜❝❛❞♦ ❡st❛tíst✐❝♦✳

✻✼
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✺✳✶ ❘❡❝♦♥str✉çã♦ ❞❡ ❊✈❡♥t♦s ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛

❆s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s só ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ✐♥✐❝✐❛✲s❡ ♣♦r ✉♠❛ s❡❧❡çã♦ ❞❡ ♣✐①❡❧s q✉❡ ❞❡✈❡♠ s❡r ✐♥❝❧✉í❞♦s ♥♦s
♣r♦❝❡ss♦s ❞❡ r❡❝♦♥str✉çã♦✳ ❆ ♠❛✐♦r✐❛ ❞❛s s❡❧❡çõ❡s ❧✐♠✐t❛✲s❡ ❛ ❡①❝❧✉✐r ♣✐①❡❧s
❝♦♠ s✐♥❛❧ ♠✉✐t♦ ❛❜❛✐①♦ ❞❛ ♠é❞✐❛ ♦✉ ♣✐①❡❧s ♠✉✐t♦ ❧♦♥❣❡ ❞♦ tr❛ç♦ ♣r✐♥❝✐♣❛❧✳
P♦ré♠✱ ♦ ♥ú♠❡r♦ ❞❡ ♣♦ssí✈❡✐s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ é ♠✉✐t♦ ❣r❛♥❞❡ ❡ ❡❧❡s ♣♦❞❡♠
❝❤❡❣❛r ❛♦ ❞❡t❛❧❤❛♠❡♥t♦ ❞❡ ✈❡r✐✜❝❛r ❛ ❞✐❢❡r❡♥ç❛ t❡♠♣♦r❛❧ ❡♥tr❡ ❝❛❞❛ ♣❛r
❞❡ ♣✐①❡❧s ❡ t❡st❛r s❡ ❡st❛ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛❝❡✐tá✈❡❧ ♣❛r❛ ✉♠
❝❤✉✈❡✐r♦✳

❯♠❛ ✈❡③ s❡❧❡❝✐♦♥❛❞♦s ♦s ♣✐①❡❧s q✉❡ ❞❡✜♥✐t✐✈❛♠❡♥t❡ sã♦ ❝♦♥s✐❞❡r❛❞♦s ♣❡r✲
t❡♥❝❡♥t❡s ❛ ✉♠ ❝❤✉✈❡✐r♦✱ ♣r♦❝❡❞❡✲s❡ ❛ r❡❝♦♥str✉çã♦✱ ❡♥❝♦♥tr❛♥❞♦✱ ❛tr❛✈és ❞♦
❛❥✉st❡ ❞❡ ✉♠❛ r❡t❛✱ ♦ ❝❛♠✐♥❤♦ ♣r✐♥❝✐♣❛❧ ❞❡ ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ♥❛ ❝â♠❛r❛ ❞❡
❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❆ ✜❣✉r❛ ✺✳✶ ♠♦str❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ ❡♠
✉♠ ❡✈❡♥t♦ ❞❡t❡❝t❛❞♦ ♣♦r ✉♠ t❡❧❡s❝ó♣✐♦ ❡♠ ▲♦s ▲❡♦♥❡s✳ ❈♦♠♦ ❝❛❞❛ ♣✐①❡❧
❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❞✐r❡çã♦ ♥♦ ❡s♣❛ç♦✱ ♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ r❡♣r❡s❡♥t❛ ♦ ♣❧❛♥♦
❞❡t❡r♠✐♥❛❞♦ ♣❡❧♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳ ❈❤❛♠❛r❡♠♦s ❡ss❡ ♣❧❛♥♦
❞❡ P❊❚ ✭P❧❛♥♦ ❊✐①♦ ❚❡❧❡s❝ó♣✐♦✮✱ q✉❡ ❡stá ✐❧✉str❛❞♦ ♥❛ ✜❣✉r❛ ✺✳✷ ❥✉♥t❛♠❡♥t❡
❝♦♠ ♦✉tr❛s ✈❛r✐á✈❡✐s q✉❡ ❞❡✜♥❡♠ ❛ ❣❡♦♠❡tr✐❛ ❞♦ ❝❤✉✈❡✐r♦✳

◆♦t❡ q✉❡ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❞♦ P❊❚ só é ♥❡❝❡ssár✐♦ ♦ s✐♥❛❧ ♠❡❞✐❞♦ ♣♦r
❝❛❞❛ ♣✐①❡❧ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳

❊♠ s❡❣✉✐❞❛✱ ♣r♦❝✉r❛♠♦s ❞❡♥tr♦ ❞♦ P❊❚ ♦ ❡✐①♦ q✉❡ ♠❡❧❤♦r ❛❥✉st❛ ♦ t❡♠♣♦
❞❡ ❞✐s♣❛r♦ ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ P❛r❛ ❝❛❞❛ ❡✐①♦ t❡♥t❛t✐✈♦
♣♦❞❡♠♦s ❝❛❧❝✉❧❛r ♦ ✈❛❧♦r t❡ór✐❝♦ ❞♦ t❡♠♣♦ ❡♠ q✉❡ ❝❛❞❛ ♣✐①❡❧ ❞❡✈❡rá ❞✐s♣❛r❛r
❡ ❝♦♠♣❛rá✲❧♦ ❝♦♠ ♦ ✈❛❧♦r ♠❡❞✐❞♦ ♣❡❧♦ ❞❡t❡❝t♦r✳ ❉✉r❛♥t❡ ♦ s❡✉ ❞❡s❡♥✈♦❧✈✐✲
♠❡♥t♦✱ ♦ ❝❤✉✈❡✐r♦ ♣❛ss❛ ♣❡❧♦ ❛r❝♦ ✭χ✮ ✈✐st♦ ♣❡❧♦ ♣✐①❡❧ ✭✐✮ ❡ ♦ ❛t✐✈❛✳ ❆ ❡q✉❛çã♦
q✉❡ ❞á ♦ t❡♠♣♦ ✭tteoi ✮ ❡♠ q✉❡ ❝❛❞❛ ♣✐①❡❧ ❞✐s♣❛r❛ é✿

tteoi = T0 +
Rp

c
tan

(

χ0 − χi

2

)

, ✭✺✳✶✮

♦♥❞❡ ❝ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ❆s três ✈❛r✐á✈❡✐s T0, Rp e χ0 ❞❡✜♥❡♠ ❛
❣❡♦♠❡tr✐❛ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✺✳✷✳ ❊st❡s ♣❛râ♠❡tr♦s
sã♦ ✉t✐❧✐③❛❞♦s ♣♦r ❢❛❝✐❧✐t❛r ❛ ❞❡s❝r✐çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ ❝❤✉✈❡✐r♦ ❡♠ r❡❧❛çã♦
❛♦ t❡❧❡s❝ó♣✐♦ ❡ ♣♦❞❡♠ s❡r tr❛♥s❢♦r♠❛❞♦s ♣❛r❛ ♦❜t❡r✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ♣♦♥t♦
❞❡ ✐♠♣❛❝t♦ ❡ ♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ❡ ❛③✐♠✉t❛❧ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛✳

❯s❛♥❞♦ ❛ ❡q✉❛çã♦ ✺✳✶ ♣♦❞❡✲s❡ ❢❛③❡r ✉♠ ❛❥✉st❡ ❡♠ ✸ ✈❛r✐á✈❡✐s (T0, Rp e χ0)
♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ❝❤✉✈❡✐r♦✳ ❖ ❛❥✉st❡ é ❢❡✐t♦ ✈❛r✐❛♥❞♦
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❋✐❣✉r❛ ✺✳✶✿ ■♠❛❣❡♠ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❆
✜❣✉r❛ ♠♦str❛ ♦s ♣✐①❡❧s ❞✐s♣❛r❛❞♦s ❡ ❛ r❡❝♦♥str✉çã♦ ❞♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ q✉❡
❞❡t❡r♠✐♥❛ ♦ P❊❚✳ ❖s â♥❣✉❧♦s r❡♣r❡s❡♥t❛♠ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞❛ ❜❛✐❛ ✹ ❞♦
t❡❧❡s❝ó♣✐♦ ❞❡ ▲♦s ▲❡♦♥❡s✳

(T0, Rp e χ0) ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r ❛ ❢✉♥çã♦ χ2 ❛❜❛✐①♦✿

χ2

df =
Npmt
∑

i=0

(tmedido
i − tteoi )2

σ2
df

× P i
df , ✭✺✳✷✮

♦♥❞❡ σdf é ✉♠ ❡rr♦ ❛ss♦❝✐❛❞♦ à ♠❡❞✐❞❛ ❞❡ t❡♠♣♦ ❡ P i
df é ✉♠ ♣❡s♦ ❛tr✐❜✉í❞♦

❛ ❝❛❞❛ ♣✐①❡❧✱ q✉❡ ❣❡r❛❧♠❡♥t❡ é ✐❣✉❛❧ ❛♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ♣♦r ❡❧❡✳ Npmt é ♦
♥ú♠❡r♦ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s q✉❡ ❞✐s♣❛r❛♠ ♥♦ ❡✈❡♥t♦ ❡ ♦ í♥❞✐❝❡ ❞❢ r❡❢❡r❡ ❛
❉❡t❡❝t♦r ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛✳

❯♠❛ ✈❡③ r❡❝♦♥str✉í❞❛ ❛ ❣❡♦♠❡tr✐❛ ❞♦ ❝❤✉✈❡✐r♦✱ ♣r♦ss❡❣✉❡✲s❡ ❛ ❞❡t❡r♠✐✲
♥❛çã♦ ❞♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ✉t✐❧✐③❛♥❞♦ ♦ s✐♥❛❧ ❞❡t❡❝t❛❞♦ ❡♠ ❝❛❞❛ ♣✐①❡❧✳ ❉❡
♣♦ss❡ ❞♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❝❤✉✈❡✐r♦ ❡st✐♠❛✲s❡ ❛ ❡♥❡r❣✐❛
❞♦ ❝❤✉✈❡✐r♦ t❛❧ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ❡♠ ❬✺✷❪✱ ❥á q✉❡ ❛q✉✐ ❡✉ ♠❡ ❛t❡♥❤♦ à
r❡❝♦♥str✉çã♦ ❞❛ ❣❡♦♠❡tr✐❛✳

❯s❛♥❞♦ ❡ss❡ ♠ét♦❞♦ ❞❡ ❛♥á❧✐s❡ r❡❝♦♥str✉í♠♦s ♦s ✾✺✺ ❡✈❡♥t♦s s❡❧❡❝✐♦♥❛❞♦s
♣❡❧♦ ❉r✳ ❆❞r✐❛♥ ❘♦✈❡r♦ ❡ ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r
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❋✐❣✉r❛ ✺✳✷✿ ❉❡s❡♥❤♦ ❡sq✉❡♠át✐❝♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ ✉♠ ❝❤✉✈❡✐r♦ ✈✐st♦ ♣❡❧♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

✭✈❡❥❛ s❡çã♦ ✷✳✸✳✶ ♣❛r❛ ❡①♣❧✐❝❛çã♦ ❞❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s✮✳ ❖s ❣rá✜❝♦s ✺✳✸ ❡ ✺✳✹
♠♦str❛♠ ❛s ❞✐str✐❜✉✐çõ❡s ❞♦s â♥❣✉❧♦s ③❡♥✐t❛✐s ❡ ❛③✐♠✉t❛✐s r❡❝♦♥str✉í❞♦s ❞❡
t♦❞♦s ♦s ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦✳

❆s ✜❣✉r❛s ✺✳✸ ❡ ✺✳✹ ♠♦str❛♠ r❡s✉❧t❛❞♦s ❜❛st❛♥t❡ ❝♦❡r❡♥t❡s✳ ❆ ❞✐str✐❜✉✐çã♦
❡♠ â♥❣✉❧♦ ③❡♥✐t❛❧ ♠♦str❛ ✉♠ ❡①❝❡ss♦ ❞❡ ❡✈❡♥t♦s ♣❛r❛ â♥❣✉❧♦s ❡♥tr❡ ✷✵ ❡ ✹✺
❣r❛✉s✱ ♦ q✉❡ ❝♦✐♥❝✐❞❡ ❝♦♠ ❛ ✐♥❝❧✐♥❛çã♦ ❞❡ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡
✢✉♦r❡s❝ê♥❝✐❛✳ ❊✈❡♥t♦s ♠❛✐s ✐♥❝❧✐♥❛❞♦s ♣❡r❝♦rr❡♠ ✉♠ ❝❛♠✐♥❤♦ ♠❛✐s ❧♦♥❣♦
♥❛ ❛t♠♦s❢❡r❛✱ s❡ ❞❡s❡♥✈♦❧✈❡♥❞♦ ❛♥t❡s ❡ s❡♥❞♦ ♠❛✐s ❛❜s♦r✈✐❞♦s✱ ❞❡ ❢♦r♠❛ q✉❡
tê♠ ♠❡♥♦r ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❡r❡♠ ❞❡t❡❝t❛❞♦s✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❝❤✉✈❡✐r♦s ♠❛✐s
✈❡rt✐❝❛✐s tê♠ ✉♠ ❝❛♠✐♥❤♦ ♣❡q✉❡♥♦ ❞❡ ✐♥t❡rs❡❝çã♦ ❝♦♠ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞♦
t❡❧❡s❝ó♣✐♦✱ ♦ q✉❡ t❛♠❜é♠ ♦s t♦r♥❛ ♠❡♥♦s ♣r♦✈á✈❡✐s ❞❡ s❡r❡♠ ✈✐st♦s✳

❏á ❛ ❞✐str✐❜✉✐çã♦ ♣❛r❛ â♥❣✉❧♦s ❛③✐♠✉t❛✐s ♠♦str❛ ✉♠ ❡①❝❡ss♦ ❞❡ ❡✈❡♥t♦s
♣❛r❛ â♥❣✉❧♦s ❡♥tr❡ ✺✵ ❡ ✶✸✵ ❣r❛✉s✱ ♦ q✉❡ ❝♦✐♥❝✐❞❡ ❝♦♠ ♦ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❞♦s
❞♦✐s t❡❧❡s❝ó♣✐♦s ❡♠ ♦♣❡r❛çã♦✳ ❖ ♦❧❤♦ ❞❡ ▲♦s ▲❡♦♥❡s ❡st❡✈❡ ♠❡❞✐♥❞♦ ❝♦♠
❞♦✐s t❡❧❡s❝ó♣✐♦s ♠♦♥t❛❞♦s ♥❛s ❜❛✐❛s ✹ ❡ ✺✳ ❆ ❜❛✐❛ ✹ t❡♠ ❝❛♠♣♦ ❞❡ ✈✐sã♦ ❡♠
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❋✐❣✉r❛ ✺✳✸✿ ❉✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ❛③✐♠✉t❛✐s ❞♦s ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦
♣r♦tót✐♣♦✳

❛③✐♠✉t❡ q✉❡ ✈❛✐ ❞❡ ✻✵ ❛ ✾✵ ❣r❛✉s ❡♥q✉❛♥t♦ ❛ ❜❛✐❛ ✺ ✈ê ❛ r❡❣✐ã♦ ❝♦♠♣r❡❡♥❞✐❞❛
❡♥tr❡ ✾✵ ❡ ✶✷✵ ❣r❛✉s✳

✺✳✷ ❘❡❝♦♥str✉çã♦ ❍í❜r✐❞❛

❖ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣♦ss✉✐ ❞♦✐s ✐♥str✉♠❡♥t♦s ❞❡ ♠❡❞✐❞❛✿ t❡❧❡s❝ó♣✐♦s ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ❡ t❛♥q✉❡s ❷❡r❡♥❦♦✈✳ ❈❤✉✈❡✐r♦s ✈✐st♦s ♣❡❧♦s ❞♦✐s ✐♥str✉♠❡♥t♦s
❝♦♥❝♦♠✐t❛♥t❡♠❡♥t❡ ♣❡r♠✐t✐rã♦ ✉♠❛ r❡s♦❧✉çã♦ ✐♥é❞✐t❛ ♥❛ r❡❝♦♥str✉çã♦✳ ❊ss❡s
❡✈❡♥t♦s ❞❡✈❡♠ s❡r r❡❝♦♥str✉í❞♦s ❞❡ ❢♦r♠❛ ❤í❜r✐❞❛✱ ♦✉ s❡❥❛✱ ✉t✐❧✐③❛♥❞♦ ♦s ❞❛❞♦s
❞❡ ❛♠❜♦s ♦s ❞❡t❡❝t♦r❡s✳

❙❡❣✉✐♥❞♦ ♦ ❡sq✉❡♠❛ ❛❝✐♠❛✱ ♣❛r❛ ❝❛❞❛ ❝♦♥❥✉♥t♦ t❡♥t❛t✐✈♦ ❞❡ ✈❛r✐á✈❡✐s
(T0, Rp e χ0)✱ ❞❡t❡r♠✐♥❛✲s❡ ❛ ❣❡♦♠❡tr✐❛ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♣❡r♠✐t❡✲s❡✱ ❛tr❛✈és
❞❛ ❡q✉❛çã♦ ✺✳✶✱ ❝❛❧❝✉❧❛r ♦ t❡♠♣♦ ❞❡ ❞✐s♣❛r♦ t❡ór✐❝♦ ♣❛r❛ ❝❛❞❛ ♣✐①❡❧✳ ❉❛
♠❡s♠❛ ❢♦r♠❛✱ s✉♣♦♥❞♦ q✉❡ ❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣♦r ✉♠
♣❧❛♥♦ ♣r♦♣❛❣❛♥❞♦✲s❡ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✱ ♣♦❞❡✲s❡✱ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦
✺✳✸✱ ❞❡t❡r♠✐♥❛r ♦ t❡♠♣♦ t❡ór✐❝♦ ❡♠ q✉❡ ❝❛❞❛ t❛♥q✉❡ ✭✐✮ ❞❡✈❡rá t❡r s✐♥❛❧✳
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❋✐❣✉r❛ ✺✳✹✿ ❉✐str✐❜✉✐çã♦ ❞♦s â♥❣✉❧♦s ③❡♥✐t❛✐s ❞♦s ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦
♣r♦tót✐♣♦✳

~n · ~ri = ctteoi − K , ✭✺✳✸✮

♦♥❞❡ ❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ~n sã♦ ♦s ❝♦ss❡♥♦s ❞✐r❡t♦r❡s ❞♦ ✈❡t♦r q✉❡ ❞á ♦
❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♣♦❞❡♠ s❡r ❝❛❧❝✉❧❛❞❛s ❡♠ ❢✉♥çã♦ ❞❡ (T0, Rp e χ0)✳ tteoi é
♦ t❡♠♣♦ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ❝❛❞❛ t❛♥q✉❡✱ ~r é ❛ ♣♦s✐çã♦ ❞♦ t❛♥q✉❡ ✭✐✮ ❡ ❑ é ❛
❞✐stâ♥❝✐❛ ❞♦ ♣❧❛♥♦ ❞♦ ❝❤✉✈❡✐r♦ à ♦r✐❣❡♠ ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡♠ t = 0✳

❖✉ s❡❥❛✱ ♣❛r❛ ❝❛❞❛ ❝♦♥❥✉♥t♦ ❞❡ (T0, Rp e χ0) ♣♦❞❡✲s❡ ❝❛❧❝✉❧❛r ♦ t❡♠♣♦
tteoi ❡♠ q✉❡ ❝❛❞❛ t❛♥q✉❡ ✭✐✮ ❞❡✈❡rá t❡r s✐♥❛❧ ❡ ❝♦♠♣❛rá✲❧♦ ❝♦♠ ♦ t❡♠♣♦ r❡❛❧
♠❡❞✐❞♦✱ ❞❡✜♥✐♥❞♦ ❛ss✐♠ ✉♠❛ s❡❣✉♥❞❛ ❢✉♥çã♦ χ2 ❞❛❞❛ ♣♦r✿

χ2

ds =
Nta
∑

i=0

(tmedido
i − tteoi )2

σ2
ds

× P i
ds . ✭✺✳✹✮

❖ í♥❞✐❝❡ ❞s r❡❢❡r❡✲s❡ ❛ ❉❡t❡❝t♦r ❞❡ ❙✉♣❡r❢í❝✐❡✳ P i
ds é ✉♠ ♣❡s♦ ❛ss♦❝✐❛❞♦ ❛

❝❛❞❛ t❛♥q✉❡ q✉❡ ♥♦r♠❛❧♠❡♥t❡ é ✐❣✉❛❧ ❛♦ s✐♥❛❧ ♠❡❞✐❞♦ ♣❡❧♦ t❛♥q✉❡ ❡♠ ❱❊▼✳
σds é ✉♠ ❡rr♦ ❛ss♦❝✐❛❞♦ à ♠❡❞✐❞❛ ❞♦ t❡♠♣♦ ♣❡❧♦ t❛♥q✉❡ ❡ Nta é ♦ ♥ú♠❡r♦ ❞❡
t❛♥q✉❡s q✉❡ ❞✐s♣❛r❛♠ ♥♦ ❡✈❡♥t♦✳
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❖ ❛❥✉st❡ ❤í❜r✐❞♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ é ❢❡✐t♦ ♠✐♥✐♠✐③❛♥❞♦ ❛ ❢✉♥çã♦ χ2

❝♦♠❜✐♥❛❞❛✿

χ2 =
χ2

ds
∑

Pds

+
χ2

df
∑

Pdf

. ✭✺✳✺✮

❙❡❣✉✐♥❞♦ ❡st❡ ❡sq✉❡♠❛ ❜ás✐❝♦ ❞❡ r❡❝♦♥str✉çã♦✱ ✐♠♣❧❡♠❡♥t❛♠♦s ✉♠ ♣r♦✲
❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❞❡♥tr♦ ❞♦ ❋▲❖❘❊❙✳ ❯t✐❧✐③❛♠♦s ♦ ♣r♦t♦❝♦❧♦
❞❡ ❛❝❡ss♦ ❞❡ ❞❛❞♦s ❡ ❛ r❡❝♦♥str✉çã♦ ❞♦ P❊❚ ❥á ❞✐s♣♦♥í✈❡❧ ♥♦ ❋▲❖❘❊❙ ❡
❛❝r❡s❝❡♥t❛♠♦s ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❞❛ ❣❡♦♠❡tr✐❛✳

❊st❡ ♥♦✈♦ ♣r♦❣r❛♠❛ t❡♠ ❝♦♠♦ ♣r✐♠❡✐r❛ t❛r❡❢❛ ❛❝❡ss❛r ♦s ❞❛❞♦s ❜r✉t♦s ❞♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❞♦s t❛♥q✉❡s ❡ ❛ ♣❛rt✐r ❞♦ s✐♥❛❧ ❡ ❞♦ t❡♠♣♦ ❞❡
❞✐s♣❛r♦ ❞❡ ❝❛❞❛ ❞❡t❡❝t♦r✱ r❡❝♦♥str✉✐r✱ s❡❣✉✐♥❞♦ ❛ r❡❝❡✐t❛ ❛❝✐♠❛ ❡①♣❧✐❝❛❞❛✱ ❛
❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳

❆ ❝♦♥str✉çã♦ ❞❡ t❛❧ ❝ó❞✐❣♦ ❡①✐❣✐✉ ✉♠ ❝♦♥❤❡❝✐♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❡ ✉♠
tr❛❜❛❧❤♦ ❧♦♥❣♦ ❡ ár❞✉♦ ❞❡ ❡♥t❡♥❞✐♠❡♥t♦ ❞❛s ❡str✉t✉r❛s ❞❡ ❞❛❞♦s ❡ ♠❛♥❡✐r❛s
❞❡ ✐♥t❡r❝❛♠❜✐á✲❧❛s✳ ❆ ❞✐✜❝✉❧❞❛❞❡ ♠❛✐♦r ❝♦♥s✐st✐✉ ❡♠ ❢❛③❡r ❛s s❛í❞❛s ❞❡ ✉♠
♠ó❞✉❧♦ s❡r❡♠ ❧✐❞❛s ❝♦♠♦ ❡♥tr❛❞❛ ❞♦ ♣ró①✐♠♦ ♠ó❞✉❧♦ ♥❛ ❝❛❞❡✐❛ ❞❛ r❡❝♦♥str✉✲
çã♦✳ ◆♦ ❡♥t❛♥t♦✱ ❝❤❡❣❛♠♦s ❛ ✉♠❛ ✈❡rsã♦ ✜♥❛❧ ❞♦ ♣r♦❣r❛♠❛ ❝✉❥❛ ✈❡r✐✜❝❛çã♦
s❡rá ♠♦str❛❞❛ ♥❛s s❡çõ❡s s❡❣✉✐♥t❡s✳

✺✳✷✳✶ ❉❡t❛❧❤❡s ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❡❧❛❜♦r❛çã♦ ❞♦ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ✈ár✐❛s t❡♥t❛✲
t✐✈❛s ❞❡ ❝♦♥✜❣✉r❛çõ❡s ❢♦r❛♠ ❢❡✐t❛s ❡ ♥♦s ❧✐♠✐t❛♠♦s ❛ r❡❧❛t❛r ❛q✉✐ ♦ ♣r♦❣r❛♠❛
♥❛ s✉❛ ❢♦r♠❛ ✜♥❛❧✳ ❊♠ ♣❛rt✐❝✉❧❛r✱ três ♣❛râ♠❡tr♦s ♠❡r❡❝❡r❛♠ ♠❛✐♦r ❛t❡♥✲
çã♦✿ ✐♥❝❡rt❡③❛ t❡♠♣♦r❛❧ ♥❛ ♠❡❞✐❞❛ ❞♦s t❡❧❡s❝ó♣✐♦s✱ ✐♥❝❡rt❡③❛ t❡♠♣♦r❛❧ ♥❛
♠❡❞✐❞❛ ❞♦s t❛♥q✉❡s ❡ ❢r❡♥t❡ ❝✉r✈❛ ❞♦ ❝❤✉✈❡✐r♦✳

❊ss❡s três ♣❛râ♠❡tr♦s sã♦ ♦❜❥❡t♦ ❞❡ ❡st✉❞♦ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡ ❝♦✉❜❡✲
♥♦s ❛♣❡♥❛s ✉t✐❧✐③❛r ♦ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ❛ ✈❡rsã♦ ✜♥❛❧ ❞♦ ♥♦ss♦
♣r♦❣r❛♠❛✳ ◆❛ s❡çã♦ ✺✳✹✱ ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ❝❛❞❛ ✈❛r✐á✈❡❧ s❡rá t❡st❛❞❛ ❡♠ ❞❡t❛✲
❧❤❡s✳

❉❡s❝r❡✈❡♠♦s ❛q✉✐ ♦s ✈❛❧♦r❡s ♣❛❞rã♦ ❛❞♦t❛❞♦s ♥♦ ♥♦ss♦ ♣r♦❣r❛♠❛✳ P❛r❛ ❛
✐♠♣r❡❝✐sã♦ ❞❛ ♠❡❞✐❞❛ t❡♠♣♦r❛❧ ♥♦s t❛♥q✉❡s ✉t✐❧✐③❛♠♦s ✉♠ ❡st✉❞♦ r❡❛❧✐③❛❞♦
♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡ ♣✉❜❧✐❝❛❞♦ ❡♠ ❬✺✻❪✳ ◆❡st❡ ❛rt✐❣♦ é ❢❡✐t♦ ✉♠ ❡st✉❞♦
❞❛ ✐♥❝❡rt❡③❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❡♠♣♦ ❞❡ ❝❤❡❣❛❞❛ ❛ ♣❛rt✐r ❞❡ r❡❝♦♥str✉çõ❡s
❢❡✐t❛s ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ♦s ❞❛❞♦s ❞♦ t❛♥q✉❡s ❡ ❞❡t❡r♠✐♥♦✉✲s❡✿

σds = 22 + 0.03 × r , ✭✺✳✻✮
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♦♥❞❡ r é ❛ ❞✐stâ♥❝✐❛ ❞♦ t❛♥q✉❡ ❛♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡♠ ♠❡tr♦s ♣❛r❛ q✉❡
σds s❡❥❛ ❡♠ ♥❛♥♦s❡❣✉♥❞♦s✳

P♦r s✉❛ ✈❡③✱ ❛ ✐♠♣r❡❝✐sã♦ ❞❛ ♠❡❞✐❞❛ t❡♠♣♦r❛❧ ♥❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦s
t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦✐ s✉❣❡r✐❞❛ ❛tr❛✈és ❞❡ ✉♠ ❡st✉❞♦ s❡♠❡❧❤❛♥t❡ ❢❡✐t♦
♣❡❧♦ ❉r✳ ❙t❡❢❛♥♦ ❆r❣✐rò ❡ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣❡❧♦ ❛❧❣♦r✐t♠♦ ❡sq✉❡♠❛t✐③❛❞♦
❛❜❛✐①♦✿

✐❢ ✭❞✉r❛çã♦ ≤ ✷✵✵ ♥s✮ → σdf ❂ ✷✵✵ ♥s
✐❢ ✭✷✵✵ ♥s ❁ ❞✉r❛çã♦ ❁ ✺✵✵ ♥s ✮ → σdf ❂ ✶✵✵ ♥s
✐❢ ✭❞✉r❛çã♦ ≥ ✺✵✵ ♥s✮ → σdf ❂ ✺✵ ♥s
✐❢ ✭s✐♥❛❧ ✴ ❞✉r❛çã♦ ✴ r✉í❞♦ ❃ ✺ ✮ → σdf = σdf × 0.5

✐❢ ✭s✐♥❛❧ ✴ ❞✉r❛çã♦ ✴ r✉í❞♦ ❁ ✷ ✮ → σdf = σdf × 2

♦♥❞❡ ❞✉r❛çã♦ r❡❢❡r❡✲s❡ à ❧❛r❣✉r❛ t❡♠♣♦r❛❧ ❞♦ s✐♥❛❧ ❡♠ ❝❛❞❛ ♣✐①❡❧✳ ❙✐♥❛❧ é
❛ s♦♠❛ ❞♦ s✐♥❛❧ ♥❡st❡ ✐♥t❡r✈❛❧♦ t❡♠♣♦r❛❧ ❡ ♦ r✉í❞♦ é ❞❡t❡r♠✐♥❛❞♦ ❛♥❛❧✐s❛♥❞♦
♦ tr❛ç♦ t❡♠♣♦r❛❧ ♥✉♠ ✐♥t❡r✈❛❧♦ ❛♥t❡r✐♦r ❛♦ ❝♦♠❡ç♦ ❞♦ s✐♥❛❧✳

❊st❡ ❡sq✉❡♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✐♥❝❡rt❡③❛ t❡♠♣♦r❛❧ ♣r❡t❡♥❞❡ ♣r✐✈✐❧❡❣✐❛r
♣✉❧s♦s ❧❛r❣♦s✱ ♣♦✉❝♦ r✉✐❞♦s♦s ❡ ❝♦♠ s✐♥❛❧ ❛❝✐♠❛ ❞❛ ♠é❞✐❛ ❡ s❡ ♠♦str♦✉ ❡✜❝❛③
♣♦r r❡s✉❧t❛r ♥✉♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ χ2 ❝♦♠ ♠é❞✐❛ ♣ró①✐♠❛ ❞❡ ✶ ♥❛ r❡❝♦♥str✉çã♦
❞♦s ✸✸✷ ✭✈❡❥❛ s❡çã♦ ✷✳✸✳✶ ♣❛r❛ ❡①♣❧✐❝❛çã♦ ❞❛ s❡❧❡çã♦ ❞❡ ❡✈❡♥t♦s✮ ❡✈❡♥t♦s
❞❡t❡❝t❛❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❝♦♠♦ ♣♦❞❡
s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✺✳✺✳

❖ t❡r❝❡✐r♦ ❞❡t❛❧❤❡ ✐♥❝♦r♣♦r❛❞♦ ♥❛ r❡❝♦♥str✉çã♦ ❢♦✐ ❛ ♥ã♦✲♣❧❛♥✐❝✐❞❛❞❡ ❞❛
❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦✳ ❊①✐st❡♠ ✈ár✐♦s ❡st✉❞♦s ❛♥❛❧ít✐❝♦s✱ ❞❡ s✐♠✉❧❛çã♦ ❡ ♠❡❞✐❞♦s
♣❛r❛ ❞❡t❡r♠✐♥❛r q✉❛❧ é ♦ ❛tr❛s♦ ❞❛s ♣❛rtí❝✉❧❛s ♥❛ ❢r❡♥t❡ ❞❡ ✉♠ ❝❤✉✈❡✐r♦
❡♠ r❡❧❛çã♦ à ❢r❡♥t❡ ♣❧❛♥❛ q✉❡ s❡ ♣r♦♣❛❣❛ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③✳ ❊♥tr❡ ❛s
♦♣çõ❡s ❞✐s♣♦♥í✈❡✐s ❡s❝♦❧❤❡♠♦s ✉♠ ❡st✉❞♦ r❡❛❧✐③❛❞♦ ♣❡❧♦ ❉r✳ P✐❡rr❡ ❇✐r❧♦✐r
❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡ ♣✉❜❧✐❝❛❞♦ ❡♠ ❬✷✽❪✳

❊st❛ ❛♥á❧✐s❡ ❡st❛❜❡❧❡❝❡ q✉❡ ♦ ❛tr❛s♦ ❝♦♠ q✉❡ ✉♠ t❛♥q✉❡✱ ❞✐st❛♥t❡ r ♠❡tr♦s
❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ ❞✐s♣❛r❛ ❡♠ r❡❧❛çã♦ à ❢r❡♥t❡ ♣❧❛♥❛ ❤✐♣♦tét✐❝❛ ❞♦ ❝❤✉✈❡✐r♦
♣♦❞❡ s❡r ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦✿

Atraso = 7 × 10−5 cos θ
r2

c
, ✭✺✳✼✮

♦♥❞❡ ❝ é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ❡♠ ♠✴♥s✱ r é ❛ ❞✐stâ♥❝✐❛ ❞♦ t❛♥q✉❡ ❛♦ ❡✐①♦
❞♦ ❝❤✉✈❡✐r♦ ❡♠ ♠❡tr♦s✱ θ é ♦ â♥❣✉❧♦ ③❡♥✐t❛❧ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♦ ❛tr❛s♦ é
❞❛❞♦ ❡♠ ♥❛♥♦s❡❣✉♥❞♦s✳
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❋✐❣✉r❛ ✺✳✺✿ ❉✐str✐❜✉✐çã♦ ❞♦s χ2 ♣♦r ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❛❥✉st❛❞♦s ♥❛ r❡❝♦♥s✲
tr✉çã♦ ❞♦s ✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

✺✳✸ ❙✐♠✉❧❛çã♦ ❍í❜r✐❞❛

❚❛❧✈❡③ ❛ ú♥✐❝❛ ♠❛♥❡✐r❛ ❝♦♥✜á✈❡❧ ❞❡ s❡ t❡st❛r ✉♠ ♠ét♦❞♦ ❞❡ r❡❝♦♥str✉çã♦
s❡❥❛ ✉t✐❧✐③❛♥❞♦ s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦✳ ■♥❢❡❧✐③♠❡♥t❡✱ ❞❡✈✐❞♦ ❛♦ ❞❡s❡♥✈♦❧✲
✈✐♠❡♥t♦ s✐♠✉❧tâ♥❡♦ ❞♦s ❞♦✐s tr❛❜❛❧❤♦s✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ✉t✐❧✐③❛r ❛ s✐♠✉❧❛çã♦
❤í❜r✐❞❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛ ❡ ❡①♣❧✐❝❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✹✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ ♦
✐♥t✉✐t♦ ❞❡ss❡ ❡st✉❞♦✱ q✉❡ é ❛ ✈❡r✐✜❝❛çã♦ ❞♦ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛
❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦✱ s✐♠✉❧❛çõ❡s ♠❛✐s s✐♠♣❧❡s ❞❛
❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ sã♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ❜♦❛s✳

❉❡ss❛ ❢♦r♠❛✱ ✉t✐❧✐③❛♠♦s ♦ ♣r♦❣r❛♠❛ ❈❖❘❙■❑❆ ♣❛r❛ ❣❡r❛r ♦ ❞❡s❡♥✈♦❧✈✐✲
♠❡♥t♦ ❞♦ ❝❤✉✈❡✐r♦ ♥❛ ❛t♠♦s❢❡r❛✳ ❆r♠❛③❡♥❛♠♦s ❝♦♠♦ s❛í❞❛ ❞♦ ❈❖❘❙■❑❆
♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❡ ❛s ♣❛rtí❝✉❧❛s q✉❡ ❛t✐♥❣✐r❛♠ ♦ ♥í✈❡❧ ❞❡ ❞❡t❡❝çã♦ ❛❥✉s✲
t❛❞♦ ♣❛r❛ ✶✹✵✵ ♠ ❛❝✐♠❛ ❞♦ ♥í✈❡❧ ❞♦ ♠❛r✳ ❯t✐❧✐③❛♥❞♦ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧
❝♦♠♦ ❡♥tr❛❞❛ ❞♦ ❋❉❙✐♠✱ ❢♦♠♦s ❝❛♣❛③ ❞❡ ❣❡r❛r ♦ s✐♥❛❧ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦✲
♠✉❧t✐♣❧✐❝❛❞♦r❛s ❞♦ t❡❧❡s❝ó♣✐♦ ♣❛r❛ ❡♠ s❡❣✉✐❞❛ ❛♣❧✐❝❛r ❛s ❝♦♥❞✐çõ❡s ❞❡ ❞✐s♣❛r♦
✐♠♣❧❡♠❡♥t❛❞❛s ♥♦ ♣r♦❣r❛♠❛ ❋❉❚r✐❣❣❡r❙✐♠✳ ❆ s❛í❞❛ ❞♦ ❋❉❚r✐❣❣❡r❙✐♠ t❡♠
♦ ♠❡s♠♦ ❢♦r♠❛t♦ ❞♦s ❞❛❞♦s r❡❛✐s ♠❡❞✐❞♦s ♣❡❧♦ ❖❜s❡r✈❛tór✐♦✱ ❞❡ ❢♦r♠❛ q✉❡
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❋✐❣✉r❛ ✺✳✻✿ ❊sq✉❡♠❛ ❞❛ ❝❛❞❡✐❛ ❞❡ s✐♠✉❧❛çã♦ ❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❤í✲
❜r✐❞♦s ✉t✐❧✐③❛♥❞♦ ♦s ♣r♦❣r❛♠❛s ❞❛ ❝♦❧❛❜♦r❛çã♦ ❆✉❣❡r✳

♣♦❞❡♠♦s ❛♥❛❧✐sá✲❧♦s ❝♦♠ ♦s ♠❡s♠♦s ♣r♦❣r❛♠❛s✳

❆s ♣❛rtí❝✉❧❛s ♣r♦❞✉③✐❞❛s ♣❡❧♦ ❈❖❘❙■❑❆ ♥♦ ♥í✈❡❧ ❞❡ ❞❡t❡❝çã♦ t❛♠❜é♠
❢♦r❛♠ s✐♠✉❧❛❞❛s ❛tr❛✈és ❞♦s t❛♥q✉❡s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♣❡❧♦ ♣r♦❣r❛♠❛
❙❉❙✐♠✳ ❆ s❛í❞❛ ✜♥❛❧ ❞♦ ❙❉❙✐♠ t❛♠❜é♠ ✐♠✐t❛ ♦s ❞❛❞♦s r❡❛✐s ❞♦ ❖❜s❡r✈❛✲
tór✐♦ q✉❡ ♣♦❞❡♠ s❡r ❛✉t♦♠❛t✐❝❛♠❡♥t❡ ❧✐❞♦s ♣❡❧♦ ♣r♦❣r❛♠❛ ❤í❜r✐❞♦ ♣♦r ♥ós
❞❡s❡♥✈♦❧✈✐❞♦✳

❆ ❝❛❞❡✐❛ ❞❡ s✐♠✉❧❛çã♦ ❡ r❡❝♦♥str✉çã♦ ❡stá r❡♣r❡s❡♥t❛❞❛ ♥♦ ❡sq✉❡♠❛ ✺✳✻✳
❆ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞❛ ❝❛❞❡✐❛ ✉t✐❧✐③❛❞❛ ♥❡st❡ ❡st✉❞♦ ❢♦✐ r❡s✉❧t❛❞♦ ❞❡ ♠✉✐t♦
tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ♣♦r ♥ós ♣❛r❛ ❝❛s❛r t♦❞♦s ♦s ♣❛râ♠❡tr♦s ❞♦s r❛♠♦s ❞❡
s✐♠✉❧❛çõ❡s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❞♦s t❛♥q✉❡s ♣❛r❛ q✉❡ ♦ r❡s✉❧t❛❞♦ ❢♦ss❡ ✉♠ ú♥✐❝♦
❝❤✉✈❡✐r♦ ❝♦♠ ❛s ♠❡s♠❛s ❝♦♥✈❡♥çõ❡s ❞❡ t❡♠♣♦✱ ❞✐stâ♥❝✐❛ ❡ ♣♦s✐❝✐♦♥❛♠❡♥t♦
❞♦s ❞❡t❡❝t♦r❡s✳
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❋✐❣✉r❛ ✺✳✼✿ P♦♥t♦s ❞❡ ✐♠♣❛❝t♦ s✐♠✉❧❛❞♦ ♣❡❧♦ ❙❉❙✐♠ ❛❧❡❛t♦r✐❛♠❡♥t❡ ❞❡♥tr♦
❞♦ ❛rr❛♥❥♦ ♣r♦tót✐♣♦✳

✺✳✹ ❘❡s✉❧t❛❞♦s✿ ❘❡s♦❧✉çã♦ ❞❛s ❘❡❝♦♥str✉çõ❡s

P❛r❛ ❞❡t❡r♠✐♥❛r ❛ r❡s♦❧✉çã♦ ❞❛s r❡❝♦♥str✉çõ❡s ❢♦r❛♠ s✐♠✉❧❛❞♦s ✻✵✵ ❝❤✉✈❡✐r♦s
s❡❣✉✐♥❞♦ ❛ ❝❛❞❡✐❛ ❞❡ s✐♠✉❧❛çã♦ ❞❛ ✜❣✉r❛ ✺✳✻✳ ❖s ❝❤✉✈❡✐r♦s ❢♦r❛♠ s✐♠✉❧❛❞♦s
❡♠ s✉❜❝♦♥❥✉♥t♦s ❞❡ ✶✵✵ ♣❛r❛ ♣rót♦♥s ❡ ❢❡rr♦s ♣r✐♠ár✐♦s ❝♦♠ ❡♥❡r❣✐❛ 1018✱
1019 ❡ 1020 ❡❱✳ ❖ ❢❛t♦r ❞❡ ❞✐❧✉✐çã♦ ✉t✐❧✐③❛❞♦ ♥❡st❛s s✐♠✉❧❛çõ❡s ❢♦✐ ❞♦ t✐♣♦
ót✐♠♦ ❞❡ 10−4✱ ❝♦♠ ♣❡s♦ ♠á①✐♠♦ ♣❛r❛ ❛ ❝♦♠♣♦♥❡♥t❡ ❡❧❡tr♦♠❛❣♥ét✐❝❛ ❞❡
106 ❡ 104 ♣❛r❛ ❛ ❝♦♠♣♦♥❡♥t❡ ❤❛❞rô♥✐❝❛✳ ❖ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❢♦✐ ❛♠♦str❛❞♦
❡♠ ✐♥t❡r✈❛❧♦s ❞❡ 10 g/cm2 ❡ ♦s ❝♦rt❡s ❞❛s ♣❛rtí❝✉❧❛s ❢♦r❛♠ ❛❥✉st❛❞♦s ❛ ✺✵
▼❡❱✱ ✺✵ ▼❡❱✱ ✵✳✸ ▼❡❱ ❡ ✵✳✸ ▼❡❱✱ ♣❛r❛ ❤á❞r♦♥s✱ ♠ú♦♥s✱ ❡❧étr♦♥s ❡ ❢ót♦♥s✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ â♥❣✉❧♦ ③❡♥✐t❛❧ ❞❛s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ✈❛r✐❛✈❛ ❡♥tr❡ ✵
❡ ✻✵ ❣r❛✉s ❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❢♦✐ s♦rt❡❛❞♦ ❛❧❡❛t♦r✐❛♠❡♥t❡ ❞❡♥tr♦ ❞❛ ár❡❛
❞❡❧✐♠✐t❛❞❛ ♣❡❧♦ ❛rr❛♥❥♦ ♣r♦tót✐♣♦ ❞♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡ ❝♦♠♦ ♠♦str❛❞♦
♥❛ ✜❣✉r❛ ✺✳✼✳

❋♦r❛♠ s✐♠✉❧❛❞♦s ✹✸ t❛♥q✉❡s r❡♣r❡s❡♥t❛♥❞♦ ✉♠ ❛rr❛♥❥♦ ♣r♦tót✐♣♦ ❡st❡♥✲
❞✐❞♦✳ P❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ✏❞❡s❞✐❧✉✐çã♦✑ ♥❛ s✐♠✉❧❛çã♦ ❞♦s t❛♥q✉❡s ❛❥✉st❛♠♦s
♦s ♣❛râ♠❡tr♦s δ = 0.15 ❡ α = 15◦✳ ❆s ❜❛✐❛s ✹ ❡ ✺ ❞❡ ▲♦s ▲❡♦♥❡s ❢♦r❛♠
s✐♠✉❧❛❞❛s ❡♠ s✉❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ ❛❜❡rt✉r❛ ❞❡ ✶✳✶ ♠ ❡
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❋✐❣✉r❛ ✺✳✽✿ ❍✐st♦❣r❛♠❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ r❡❝♦♥str✉í❞❛ ❡
s✐♠✉❧❛❞❛ ♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳

❛♥❡❧ ❝♦rr❡t♦r✳ ❈❛❞❛ ❜❛✐❛ ❢♦✐ s✐♠✉❧❛❞❛ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡✱ ❞❡ ❢♦r♠❛ q✉❡✱ s❡
✉♠ ❝❤✉✈❡✐r♦ ❝r✉③❛ ♦ ❧✐♠✐t❡ ❡♥tr❡ ❛s ❜❛✐❛s✱ ❡❧❡ é tr❛t❛❞♦ ❝♦♠♦ ❞♦✐s ❝❤✉✈❡✐r♦s
s❡♣❛r❛❞♦s✳ ❋♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s ❛♣❡♥❛s t❛♥q✉❡s ❝♦♠ s✐♥❛❧ ♠❛✐♦r ❞❡ ✷✳✵ ❱❊▼✳

❆♣ós ❢❡✐t♦s t♦❞♦s ♦s ♣❛ss♦s ❞❛ s✐♠✉❧❛çã♦✱ tí♥❤❛♠♦s ✻✵✵ ❝❤✉✈❡✐r♦s ❤í❜r✐❞♦s
s✐♠✉❧❛❞♦s ♥♦ ❢♦r♠❛t♦ ♣❛❞rã♦ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r✳ ❊ss❡s ❝❤✉✈❡✐r♦s ❢♦r❛♠
r❡❝♦♥str✉í❞♦s ♣❡❧♦ ❋▲❖❘❊❙ ✉s❛♥❞♦ ♦s ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛
❡ ♣❡❧♦ ♥♦ss♦ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ✉s❛♥❞♦ ♦s ❞❛❞♦s ❞❡ ❛♠❜♦s
♦s ❞❡t❡❝t♦r❡s✳ P❛r❛ ❛ ❛♥á❧✐s❡✱ ❛♣❡♥❛s ✉♠ ❝♦rt❡ ❢♦✐ ❛♣❧✐❝❛❞♦✱ ❡①✐❣✐♥❞♦ q✉❡
♦s ❝❤✉✈❡✐r♦s ❢♦r♠❛ss❡♠ ✉♠❛ ✐♠❛❣❡♠ ❞❡ ♣❡❧♦ ♠❡♥♦s ✶✵◦ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦✲
t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♣❛r❛ ❡✈✐t❛r ❛ t❡♥t❛t✐✈❛ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s q✉❛s❡
✐♠♣♦ssí✈❡✐s ❞❡ s❡r❡♠ r❡❝♦♥str✉í❞♦s✳

❆ ✜❣✉r❛ ✺✳✽ ♠♦str❛ ♦ ❤✐st♦❣r❛♠❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦
r❡❝♦♥str✉í❞❛ ❡ s✐♠✉❧❛❞❛ ♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳

P♦ré♠✱ ❝♦♠♦ ❛ ♠é❞✐❛ ❞❡st❛ ❞✐str✐❜✉✐çã♦ ♣♦❞❡ s❡r ❛❢❡t❛❞❛ ♣♦r ✉♠❛ ❧♦♥❣❛
❝❛✉❞❛✱ ❡s❝♦❧❤❡✉✲s❡ ❝♦♠♣❛r❛r ♦s ❞♦✐s ♠ét♦❞♦s ❛tr❛✈és ❞❛ ✐♥t❡❣r❛❧ ❞♦s ❤✐st♦✲
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❋✐❣✉r❛ ✺✳✾✿ ■♥t❡❣r❛❧ ❞❛ ❞✐❢❡r❡♥ç❛ ❛♥❣✉❧❛r ❡♥tr❡ ❛ ❞✐r❡çã♦ r❡❝♦♥str✉í❞❛ ❡ s✐✲
♠✉❧❛❞❛ ♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳

❣r❛♠❛s ❞❛ ✜❣✉r❛ ✺✳✽✱ ♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✺✳✾✱ ❞❡ ♦♥❞❡ ♣♦❞❡♠♦s r❡t✐r❛r ♦ ✈❛❧♦r
❞♦ ❡rr♦ ❛ ✺✵✪ ❡ ❛ ✾✵✪ ❞❛ ✐♥t❡❣r❛❧ ❝♦♠♦ ♣❛râ♠❡tr♦s ❞❡ ❝♦♠♣❛r❛çã♦✳ ❖ ✈❛❧♦r
❛ ✺✵✪ ❝♦rr❡s♣♦♥❞❡ à ♠❡❞✐❛♥❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❛ ✜❣✉r❛ ✺✳✽✳

❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣♦❞❡ s❡r ❢❡✐t♦ ♣❛r❛ ❛ ♣♦s✐çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦
r❡❝♦♥str✉í❞♦ ♣❡❧♦s ❞♦✐s ♠ét♦❞♦s✱ ✈❡❥❛ ✜❣✉r❛ ✺✳✶✵✳ ❖ r❡s✉♠♦ ❞♦s r❡s✉❧t❛❞♦s
♦❜t✐❞♦s ❛tr❛✈és ❞❛ ❛♥á❧✐s❡ ❞❛s ✜❣✉r❛s ✺✳✾ ❡ ✺✳✶✵ ❡ ❡stá ♠♦str❛❞♦ ♥❛ t❛❜❡❧❛
✺✳✶✳

✺✳✹✳✶ ❘❡s♦❧✉çã♦ ♣❛r❛ ♣rót♦♥s ❡ ❢❡rr♦ ♣r✐♠ár✐♦s

❆s ♠❡s♠❛s ❛♥á❧✐s❡s ❞❡ ❡rr♦ ❛tr❛✈és ❞❛ ✐♥t❡❣r❛❧ ❞❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ✈❛❧♦r❡s
r❡❝♦♥str✉í❞♦s ❡ s✐♠✉❧❛❞♦s ❢♦r❛♠ ❢❡✐t❛s s❡♣❛r❛♠❡♥t❡ ♣❛r❛ ♦s ❝❤✉✈❡✐r♦s ✐♥✐✲
❝✐❛❞♦s ♣♦r ♣rót♦♥ ❡ ❢❡rr♦✳ ▼✉✐t❛s sã♦ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦s ❞♦✐s t✐♣♦s ❞❡
❝❤✉✈❡✐r♦s q✉❡ ♣♦❞❡r✐❛♠ ✐♥✢✉❡♥❝✐❛r ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦✳ ❊♥tr❡ ❡❧❛s✱
❛ ♣r✐♥❝✐♣❛❧ t❛❧✈❡③ s❡❥❛ ♦ ✈❛❧♦r ❞♦ Xmax ❞♦ ❝❤✉✈❡✐r♦✳

❈❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢❡rr♦ ❞❡s❡♥✈♦❧✈❡♠✲s❡ ♠❛✐s rá♣✐❞♦ ♥❛ ❛t♠♦s❢❡r❛ ❡
tê♠ Xmax ♠❡♥♦r❡s ❞♦ q✉❡ ♦s ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s✳ ■ss♦ ❢❛③ ❝♦♠
q✉❡✱ ♥❛s ❡♥❡r❣✐❛s ❞❡ ✐♥t❡r❡ss❡ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ♠✉✐t♦s ❝❤✉✈❡✐r♦s ✐♥✐❝✐✲
❛❞♦s ♣♦r ♣rót♦♥s t❡♥❤❛♠ Xmax ❛❜❛✐①♦ ❞♦ ♥í✈❡❧ ❞❡ ♦❜s❡r✈❛çã♦ ✭✶✹✵✵ ♠ ❛❝✐♠❛
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❞♦ ♥í✈❡❧ ❞♦ ♠❛r✮✳ ❊ss❡s ❝❤✉✈❡✐r♦s ♣♦❞❡r✐❛♠ t❡r s✉❛ r❡❝♦♥str✉çã♦ ♣r❡❥✉❞✐❝❛❞❛✱
❥á q✉❡ é s❛❜✐❞♦ q✉❡ ❛ ♣r❡❝✐sã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞❡♣❡♥❞❡ s❡ ♦ t❡❧❡s❝ó♣✐♦ ✈✐✉
♦✉ ♥ã♦ ♦ Xmax✳

❆ss✐♠✱ s❡♣❛r❛♠♦s ♦s ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ s✉❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛ ✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ❡♥❡r❣✐❛✳ ❆ t❛❜❡❧❛ ✺✳✷ ♠♦str❛ ♦ r❡s✉❧t❛❞♦
❞❛ ❛♥á❧✐s❡✱ ♥❛ q✉❛❧ ♦❜s❡r✈❛♠♦s q✉❡ ♥ã♦ ❤á ❞✐❢❡r❡♥ç❛ s✐❣♥✐✜❝❛t✐✈❛ ♣❛r❛ ❛s
r❡❝♦♥str✉çõ❡s ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ♦✉ ❢❡rr♦✳

✺✳✹✳✷ ❘❡s♦❧✉çã♦ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛

❯s❛♥❞♦ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ❛♥á❧✐s❡ ❞❡t❡r♠✐♥❛♠♦s ❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r
❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♠♣❛❝t♦ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✳ ❚❛❧ ❡st✉❞♦ ❢♦✐ ❢❡✐t♦ s❡♣❛✲
r❛♥❞♦ ♦s ❡✈❡♥t♦s s✐♠✉❧❛❞♦s ❡♠ três ❝♦♥❥✉♥t♦s ❞❡ ❡♥❡r❣✐❛ 1018✱ 1019 ❡ 1020 ❡❱
✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳

❖s ❣rá✜❝♦s ✺✳✶✶ ❡ ✺✳✶✷ ♠♦str❛♠ ❛ ❡✈♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❡♠ ❢✉♥çã♦ ❞❛
❡♥❡r❣✐❛ ♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❢❡✐t❛ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋ ❡ ❝♦♠ ❞❛❞♦s ❤í❜r✐❞♦s✳
◆❡st❛ ✜❣✉r❛ ✜❝❛ ❝❧❛r❛ ❛ ♠❡❧❤♦r✐❛ ♣r♦♣♦r❝✐♦♥❛❞❛ ♣❡❧❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛✱
❜❡♠ ❝♦♠♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ à r❡❞✉çã♦ ❞❛ ❡♥❡r❣✐❛✳ ❖s ✈❛❧♦r❡s
❣r❛✜❝❛❞♦s ❡stã♦ ♠♦str❛❞♦s ♥❛s t❛❜❡❧❛s ✺✳✸ ❡ ✺✳✹✳

❋✐❣✉r❛ ✺✳✶✵✿ ■♥t❡❣r❛❧ ❞♦ ❡rr♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ r❡❝♦♥str✉í❞♦ ❡ s✐♠✉❧❛❞♦
♣❛r❛ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦s ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳
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❊rr♦ ♥❛ ❘❡❝♦♥str✉çã♦✿ ❈♦♠♣❛r❛çã♦ ❉❋ ✈❡rs✉s ❍í❜r✐❞♦
❉❋ ❍í❜r✐❞♦

✺✵✪ ✶✳✸✾◦ ✵✳✹✻◦❊rr♦ ♥❛ ❉✐r❡çã♦ ✾✵✪ ✶✸✳✵✷◦ ✶✳✻✺◦
✺✵✪ ✷✵✶ ♠ ✸✻ ♠❊rr♦ ♥♦ P♦♥t♦ ❞❡ ■♠♣❛❝t♦ ✾✵✪ ✷✶✺✵ ♠ ✶✸✵ ♠

❚❛❜❡❧❛ ✺✳✶✿ ❈♦♠♣❛r❛çã♦ ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦
❡ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡♥tr❡ ♦s ♠ét♦❞♦s ❤í❜r✐❞♦ ❡ só ❝♦♠ ❞❛❞♦s ❞♦ ❉❋✳
❋♦r❛♠ r❡❝♦♥str✉í❞♦s ✻✵✵ ❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳

❊rr♦r ♥❛ ❘❡❝♦♥str✉çã♦✿ Prót♦♥ ✈❡rs✉s ❋❡rr♦
❉✐r❡çã♦ P♦♥t♦ ❞❡ ■♠♣❛❝t♦ ✭♠✮

Prót♦♥ ❋❡rr♦ Prót♦♥ ❋❡rr♦
✺✵✪ 0.43o 0.49o ✸✹ ✹✵❍í❜r✐❞♦ ✾✵✪ 1.94o 1.59o ✶✷✸ ✶✸✶
✺✵✪ 1.38o 1.48o ✷✷✵ ✶✽✹❉❋ ✾✵✪ 12.13o 13.88o ✷✷✼✶ ✷✶✸✸

❚❛❜❡❧❛ ✺✳✷✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞❛ ♣♦s✐çã♦ ❞♦ ♣♦♥t♦ ❞❡
✐♠♣❛❝t♦ ❞❡ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ❡ ❢❡rr♦s✳

▼❡❧❤♦r ❞✐③❡♥❞♦✱ ❛ r❡❝♦♥str✉çã♦ q✉❡ ✉t✐❧✐③❛ ❛♣❡♥❛s ❞❛❞♦s ❞♦s ❉❋ t❡♠ s✉❛
r❡s♦❧✉çã♦ ❛❢❡t❛❞❛ ♣❛r❛ ❜❛✐①❛s ❡♥❡r❣✐❛ ❡♥q✉❛♥t♦ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛
♣r❛t✐❝❛♠❡♥t❡ ♥ã♦ ❛❧t❡r❛ s❡✉ ♣♦❞❡r ❞❡ r❡s♦❧✉çã♦ ♥❛ ❢❛✐①❛ ❞❡ ❡♥❡r❣✐❛ ❡♥tr❡ 1018

❡ 1020✳

✺✳✹✳✸ ❈♦♠♣❛r❛çã♦ ❝♦♠ ♦ ❉❡s✐❣♥ ❘❡♣♦rt

❊♠ ✈✐rt✉❞❡ ❞❛ ❝♦♥str✉çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ ❢♦✐ ♣r❡♣❛r❛❞♦ ✉♠ ❞♦❝✉✲
♠❡♥t♦ ❞❡ ♣r♦♣♦st❛ ❞♦ ♣r♦❥❡t♦ q✉❡ ✜❝♦✉ ❝♦♥❤❡❝✐❞♦ ♣♦r ❉❡s✐❣♥ ❘❡♣♦rt✳ ◆❡st❡
❞♦❝✉♠❡♥t♦ ❡♥❝♦♥tr❛✲s❡ ❛ ❡st✐♠❛t✐✈❛ ❞❛ r❡s♦❧✉çã♦ ❞❛s r❡❝♦♥str✉çõ❡s ✉t✐❧✐③❛♥❞♦
♦s ❞❛❞♦s ❞♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❤í❜r✐❞♦s✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ❥á
♠❡♥❝✐♦♥❛❞♦ ❛❝✐♠❛✱ ❡ss❡s r❡s✉❧t❛❞♦s ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠ s✐♠✉❧❛çõ❡s ♣r❡❝ár✐❛s
❞♦s ❞❡t❡❝t♦r❡s✳

❆s s✐♠✉❧❛çõ❡s ❞♦s t❛♥q✉❡s ♣r❛t✐❝❛♠❡♥t❡ ♥ã♦ ❡①✐st✐❛♠✳ ❖❜t❡✈❡✲s❡ ♦ s✐♥❛❧
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❊rr♦r ♥❛ ❉✐r❡çã♦ ❞❡ ❈❤❡❣❛❞❛
1018 eV 1019 eV 1020 eV

✺✵✪ 0.52o 0.41o 0.46o

❍í❜r✐❞♦ ✾✵✪ 2.09o 1.67o 1.40o

✺✵✪ 2.85o 1.04o 0.99o

❉❋ ✾✵✪ 18.87o 8.41o 13.73o

❚❛❜❡❧❛ ✺✳✸✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s r❡❝♦♥str✉çõ❡s ❤í❜r✐❞❛s
❡ só ❝♦♠ ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳

❊rr♦r ♥♦ P❛râ♠❡tr♦ ❞❡ ■♠♣❛❝t♦ ✭♠✮
1018 eV 1019 eV 1020 eV

✺✵✪ ✹✽ ✸✷ ✸✸❍í❜r✐❞♦ ✾✵✪ ✷✵✺ ✶✷✷ ✶✷✻
✺✵✪ ✸✼✻ ✶✺✶ ✶✹✺❉❋ ✾✵✪ ✷✽✼✶ ✶✹✻✵ ✶✷✼✶

❚❛❜❡❧❛ ✺✳✹✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❞❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣❛râ♠❡tr♦ ❞❡
✐♠♣❛❝t♦ ❞❛s r❡❝♦♥str✉çõ❡s ❤í❜r✐❞❛ ❡ só ✉t✐❧✐③❛♥❞♦ ♦s ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳

❡♠ ❝❛❞❛ t❛♥q✉❡ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝á❧❝✉❧♦ ♠é❞✐♦ ❜❛s❡❛❞♦ ♥♦ ♥ú♠❡r♦ ❞❡ ♠ú♦♥s
❡ ♥♦ ❞❡♣ós✐t♦ ❞❡ ❡♥❡r❣✐❛ ❞❡ ❡❧étr♦♥s✳ ❚♦❞❛s ❛s ♣❛rtí❝✉❧❛s q✉❡ ❛t✐♥❣✐r❛♠ ♦
❝❤ã♦ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ♥❛ r❡❝♦♥str✉çã♦✱ ♦ q✉❡ é ❜❛st❛♥t❡ ❞✐st✐♥t♦ ❞❛ ♠❡❞✐❞❛
♣♦r ❛♠♦str❛❣❡♠ ❢❡✐t❛ ♣❡❧♦s t❛♥q✉❡s✳

◆❛s s✐♠✉❧❛çõ❡s ✉t✐❧✐③❛❞❛s ♣♦r ♥ós ❛♣❡♥❛s ❛s ♣❛rtí❝✉❧❛s q✉❡ ❛t✐♥❣✐r❛♠ ✉♠
t❛♥q✉❡ sã♦ tr❛t❛❞❛s ♣❡❧♦ ♣r♦❣r❛♠❛ ❙❉❙✐♠ ❞❛ ♠❛♥❡✐r❛ ❡①♣❧✐❝❛❞❛ ♥❛ s❡çã♦
✷✳✹✳✶✳ ❆❜r❡✈✐❛❞❛♠❡♥t❡✱ ❧❡♠❜r❛♠♦s q✉❡ ❡st❛s ♣❛rtí❝✉❧❛s sã♦ tr❛ç❛❞❛s ❞❡♥tr♦
❞♦ t❛♥q✉❡ ❡ ❛ ❧✉③ ❷❡r❡♥❦♦✈ ❝♦rr❡s♣♦♥❞❡♥t❡ é ♣r♦❞✉③✐❞❛ ❛♦ ❧♦♥❣♦ ❞♦ ❝❛♠✐✲
♥❤♦✳ ❖s ❢ót♦♥s ❷❡r❡♥❦♦✈ sã♦ r❡✢❡t✐❞♦s ♥❛ ♣❛rt❡ ✐♥t❡r♥❛ ❞♦ t❛♥q✉❡ ❡ t♦❞❛ ❛
❣❡♦♠❡tr✐❛ é s✐♠✉❧❛❞❛ ❛té s✉❛ ❞❡t❡❝çã♦ ✜♥❛❧ ♣❡❧❛s ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❛s s✐♠✉❧❛çõ❡s ❞♦s t❡❧❡s❝ó♣✐♦s ❞✐s♣♦♥í✈❡✐s ♥❛ ❡t❛♣❛ ❞❡
❡❧❛❜♦r❛çã♦ ❞♦ ❉❡s✐❣♥ ❘❡♣♦rt ♥ã♦ ♣♦ss✉í❛♠ ♦ ❞❡t❛❧❤❛♠❡♥t♦ ❞♦ ❋❉❙✐♠✳ ❊♥✲
tr❡t❛♥t♦✱ ♦s t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❢♦r❛♠ s✐♠✉❧❛❞♦s ♠✉✐t♦ ♠❛✐s r❡❛❧✐s✲
t✐❝❛♠❡♥t❡ q✉❡ ♦s t❛♥q✉❡s✳ P❛r❛ ♦ ❉❡s✐❣♥ ❘❡♣♦rt ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ ❛❜❡rt✉r❛
✜♥✐t❛ ❞♦s ❡s♣❡❧❤♦s ❡ ❛ ❞❡t❡❝çã♦ ❞♦s ❢ót♦♥s ❡♠ ✉♠❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐✲
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❋✐❣✉r❛ ✺✳✶✶✿ ▼❡❞✐❛♥❛ ❞♦ ❡rr♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❡♠
❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ♠ét♦❞♦s ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ♦s ❞❛❞♦s ❞♦ ❉❋ ❡ ♣❛r❛ ♦
♠ét♦❞♦ ❤í❜r✐❞♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ♥ós✳

♣❧✐❝❛❞♦r❛s✳ ◆♦ ❡♥t❛♥t♦✱ ♥❡♥❤✉♠ ❞❡t❛❧❤❡ ❞❛ ó♣t✐❝❛ ❞❡ ❙❝❤♠✐❞t ❢♦✐ s✐♠✉❧❛❞♦
♥❡♠ t❛♠♣♦✉❝♦ ❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s ❞♦ ❞❡t❡❝t♦r ❞♦ ❆✉❣❡r✱ t❛✐s ❝♦♠♦ s❡❣♠❡♥✲
t❛çã♦ ❞♦s ❡s♣❡❧❤♦s✱ ❛♥❡❧ ❝♦rr❡t♦r✱ ✜❧tr♦✱ s♦♠❜r❛ ❞❛ ❝â♠❛r❛ ❡ ❝♦❧❡t♦r❡s ❞❡ ❧✉③✳
◆❡st❡ ❡st✉❞♦ ✉t✐❧✐③❛♠♦s ♦ ❋❉❙✐♠ q✉❡✱ ♣♦r s✉❛ ✈❡③✱ ❧❡✈❛ ❡♠ ❝♦♥t❛ t♦❞♦s ❡st❡s
❡❢❡✐t♦s✳

❆ t❛❜❡❧❛ ✺✳✺ ♠♦str❛ ✉♠ r❡s✉♠♦ ❞❛ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s
♣♦r ♥ós ❡ ❛q✉❡❧❡s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❉❡s✐❣♥ ❘❡♣♦rt ♣❛r❛ ❝❤✉✈❡✐r♦s ❝♦♠ ❡♥❡r❣✐❛
❞❡ 1019 ❡❱✳ ❖s r❡s✉❧t❛❞♦s ♣❛r❛ ♦s ♦✉tr♦s ❝♦♥❥✉♥t♦s ❞❡ ❡♥❡r❣✐❛ ♠♦str❛♠ ❛
♠❡s♠❛ r❡❧❛çã♦ ❞❡st❡ ❡①❡♠♣❧♦✳

P♦❞❡♠♦s ❝♦♥❝❧✉✐r ♣♦r ❡ss❛ t❛❜❡❧❛ q✉❡ ♦s ♥ú♠❡r♦s ❛♣r❡s❡♥t❛❞♦s ♥♦ ❉❡s✐❣♥
❘❡♣♦rt sã♦ ✉♠❛ ❡st✐♠❛t✐✈❛ ♦t✐♠✐st❛ ❞❛ r❡s♦❧✉çã♦ ❞❛s té❝♥✐❝❛s ❞❡ r❡❝♦♥str✉✲
çã♦✳
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❋✐❣✉r❛ ✺✳✶✷✿ ▼❡❞✐❛♥❛ ❞♦ ❡rr♦ ♥❛ r❡❝♦♥str✉çã♦ ❞♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡♠ ❢✉♥çã♦
❞❛ ❡♥❡r❣✐❛ ♣❛r❛ ♠ét♦❞♦s ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ♦s ❞❛❞♦s ❞♦ ❉❋ ❡ ♣❛r❛ ♦ ♠ét♦❞♦
❤í❜r✐❞♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ♥ós✳

✺✳✹✳✹ ❘❡s♦❧✉çã♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ♣❛râ♠❡tr♦s ❞❛ r❡❝♦♥s✲

tr✉çã♦

◆❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ três ♣❛râ♠❡tr♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s✿
❡rr♦ ♥❛ ♠❡❞✐❞❛ ❞♦ t❡♠♣♦ ♥♦ ❞❡t❡❝t♦r ❞❡ s✉♣❡r❢í❝✐❡✱ ❡rr♦ ♥❛ ♠❡❞✐❞❛ ❞♦ t❡♠♣♦
♥♦ ❞❡t❡❝t♦r ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡ ❛tr❛s♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ r❡❧❛çã♦ à ❢r❡♥t❡ ♣❧❛♥❛
❞♦ ❝❤✉✈❡✐r♦✳

◆❡st❡ s❡çã♦ ❛♣r❡s❡♥t❛♠♦s t❡st❡s ❞❛ ✐♥✢✉ê♥❝✐❛ ❞❡ss❡s três ♣❛râ♠❡tr♦s ♥❛
r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛✳ P❛r❛ t❛❧✱ r❡❛❧✐③❛♠♦s ♠✉❞❛♥ç❛s s✉❝❡ss✐✈❛s
♥♦s ♣❛râ♠❡tr♦s ❞❡ ❢♦r♠❛ ❛ s✐♠♣❧✐✜❝á✲❧♦s ❛♦ ♠á①✐♠♦ ❡ ♣❛r❛ ❝❛❞❛ ❛❧t❡r❛çã♦
❞❡t❡r♠✐♥❛♠♦s ❛ r❡s♦❧✉çã♦ ♣❛r❛ ❛ ♥♦✈❛ ❝♦♥✜❣✉r❛çã♦✳ ❆s ❛♥á❧✐s❡s ❢♦r❛♠ r❡❛✲
❧✐③❛❞❛s ✉s❛♥❞♦ ♦s ✷✵✵ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ❝♦♠ ❡♥❡r❣✐❛ 1019 ❡❱✳

❆ t❛❜❡❧❛ ✺✳✻ r❡s✉♠❡ ♦s ♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ✉t✐❧✐③❛❞♦s ♥❡st❛ s❡çã♦✳ ❖
♠ét♦❞♦ ❛ r❡❢❡r❡✲s❡ à ❝♦♥✜❣✉r❛çã♦ ♣❛❞rã♦ ❞❛ r❡❝♦♥str✉çã♦ ❝♦♠ ❢r❡♥t❡ ❝✉r✈❛✱
✉t✐❧✐③❛♥❞♦ t♦❞♦s ♦s t❛♥q✉❡s ❡ ✐♥❝❡rt❡③❛s t❡♠♣♦r❛✐s ❡①♣❧✐❝❛❞❛s ♥❛ s❡çã♦ ✺✳✷✳✶✳

Pr✐♠❡✐r❛♠❡♥t❡✱ ♠♦❞✐✜❝❛♠♦s ❛ ❞❡✜♥✐çã♦ ❞❛ ✐♥❝❡rt❡③❛ t❡♠♣♦r❛❧✳ ❆♦ ✐♥✈és
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❊rr♦ ♥❛ ❘❡❝♦♥str✉çã♦✿ ❊st❡ tr❛❜❛❧❤♦ ✈❡rs✉s ❉❡s✐❣♥ ❘❡♣♦rt
❉✐r❡çã♦ ✭❣r❛✉s✮ P❛râ♠❡tr♦ ❞❡ ■♠♣❛❝t♦ ✭♠✮
✺✵✪ ✾✵✪ ✺✵✪ ✾✵✪

❊st❡ ❚r❛❜❛❧❤♦ ✵✳✹✶ ✶✳✻✼ ✸✷ ✶✷✷
❉❡s✐❣♥ ❘❡♣♦rt ✵✳✸✺ ✶✳✵✸ ✷✾ ✾✽

❚❛❜❡❧❛ ✺✳✺✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♠♣❛❝t♦
❡♥tr❡ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❛♣r❡s❡♥t❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ❡ ♦ ❉❡s✐❣♥ ❘❡♣♦rt
♣❛r❛ ❝❤✉✈❡✐r♦s ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱✳

▼ét♦❞♦s ❞❡ ❛♥á❧✐s❡
▼ét♦❞♦ ■♥❝❡rt❡③❛s ❋r❡♥t❡ ❞♦ ❈❤✉✈❡✐r♦ ◆ú♠❡r♦ ❞❡ ❚❛♥q✉❡s

❛ ❱❛r✐❛❞❛s ✭s❡çã♦ ✺✳✷✳✶✮ ❈✉r✈❛ ❚♦❞♦s
❜ ❋✐①♦ ✭✸✺ ❡ ✺✵ ♥s✮ ❈✉r✈❛ ❚♦❞♦s
❝ ❋✐①♦ ✭✸✺ ❡ ✺✵ ♥s✮ P❧❛♥❛ ❚♦❞♦s
❞ ❋✐①♦ ✭✸✺ ❡ ✺✵ ♥s✮ P❧❛♥❛ ❙ó ♦ ❞❡ ♠❛✐♦r s✐♥❛❧

❚❛❜❡❧❛ ✺✳✻✿ ▼ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ✉t✐❧✐③❛❞♦s ♥❡st❛ s❡çã♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ s❡♥s✐✲
❜✐❧✐❞❛❞❡ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛✳

❞❡ ✉t✐❧✐③❛r♠♦s ❛s ❞❡✜♥✐çõ❡s ❞❛ s❡çã♦ ✺✳✷✳✶✱ ♥ós r❡❝♦♥str✉í♠♦s ♦s ❝❤✉✈❡✐r♦s
❝♦♠ ✐♥❝❡rt❡③❛s ♥❛s ♠❡❞✐❞❛s t❡♠♣♦r❛✐s ✜①❛s✿ σds = 35 ns ❡ σdf = 50 ns✳ ❊st❛
❛♥á❧✐s❡ é r❡❢❡r✐❞❛ ♣♦r ♠ét♦❞♦ ❜✳

❊♠ s❡❣✉✐❞❛✱ r❡❝♦♥str✉í♠♦s ♦s ❝❤✉✈❡✐r♦s ❝♦♠ ❛s ✐♥❝❡rt❡③❛s t❡♠♣♦r❛✐s ✜①❛s
❡ s❡♠ ❝♦♥s✐❞❡r❛r ♦ ❛tr❛s♦ ❞❛s ♣❛rtí❝✉❧❛s ❡♠ r❡❧❛çã♦ ❛ ✉♠❛ ❢r❡♥t❡ ♣❧❛♥❛✳ ❖✉
s❡❥❛✱ ❛♣r♦①✐♠❛♠♦s ❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ ♣♦r ✉♠ ♣❧❛♥♦✳ ❊st❛ ❛♥á❧✐s❡ é r❡❢❡r✐❞❛
♣♦r ♠ét♦❞♦ ❝✳

P♦r ú❧t✐♠♦✱ r❡❝♦♥str✉í♠♦s ♦s ❝❤✉✈❡✐r♦s ❝♦♠ ❛s ✐♥❝❡rt❡③❛s t❡♠♣♦r❛✐s ✜✲
①❛s✱ ❝♦♥s✐❞❡r❛♥❞♦ ❢r❡♥t❡ ♣❧❛♥❛ ❞♦ ❝❤✉✈❡✐r♦ ❡ ❛♣❡♥❛s ✉♠ t❛♥q✉❡✳ ❯t✐❧✐③❛♠♦s
❛♣❡♥❛s ♦ t❛♥q✉❡ ❝♦♠ ♠❛✐♦r s✐♥❛❧ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛✳
❈❤❛♠❛♠♦s ❡st❡ ♠ét♦❞♦ ❞❡ ❞✳

❆ t❛❜❡❧❛ ✺✳✻ ♠♦str❛ ✉♠ r❡s✉♠♦ ❞❛s ❝♦♥✜❣✉r❛çõ❡s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❝❛❞❛
♠ét♦❞♦ ♣r♦♣♦st♦ ❛❝✐♠❛✳

❆ t❛❜❡❧❛ ✺✳✼ ♠♦str❛ q✉❡ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ é s❡♥sí✈❡❧ ❛♦s ♣❛râ♠❡tr♦s
❞❡ ✐♥❝❡rt❡③❛ t❡♠♣♦r❛❧✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ♣✐♦r❛ ♥❛ r❡s♦❧✉çã♦ ❡♥tr❡ ♦s
♠ét♦❞♦s ❛ ❡ ❜✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ✈❡♠♦s q✉❡ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠ ❛tr❛s♦ ❡♠
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❘❡s♦❧✉çã♦ ♥❛ ❘❡❝♦♥str✉çã♦✿ ❉✐❢❡r❡♥t❡s P❛râ♠❡tr♦s
▼ét♦❞♦ ❉✐r❡çã♦ ✭❣r❛✉s✮ P♦♥t♦ ❞❡ ■♠♣❛❝t♦ ✭♠✮

✺✵✪ ✾✵✪ ✺✵✪ ✾✵✪
❛ ✵✳✹✶ ✶✳✻✼ ✸✷ ✶✷✷
❜ ✵✳✹✻ ✶✳✺✾ ✸✽ ✶✷✻
❝ ✵✳✹✾ ✷✳✶✸ ✻✼ ✷✷✻
❞ ✵✳✹✻ ✷✳✵✸ ✺✵ ✶✸✺

❚❛❜❡❧❛ ✺✳✼✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡ ❞♦ ♣❛râ♠❡tr♦ ❞❡ ✐♠♣❛❝t♦
♣❛r❛ ❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞❛✳ ❙ã♦ ♠♦str❛❞❛s ❛s r❡s♦❧✉✲
çõ❡s ❝♦♠♣❛r❛♥❞♦ ♦s ♣❛râ♠❡tr♦s ❞❡ ✐♥❝❡rt❡③❛s t❡♠♣♦r❛✐s✱ ❢r❡♥t❡ ♣❧❛♥❛ ❡ ❝✉r✈❛
❞♦ ❝❤✉✈❡✐r♦ ❡ ♥ú♠❡r♦ ❞❡ t❛♥q✉❡s ✉t✐❧✐③❛❞♦s ♥❛ r❡❝♦♥str✉çã♦✳

r❡❧❛çã♦ à ❢r❡♥t❡ ♣❧❛♥❛ é ✐♠♣♦rt❛♥t❡ ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦✱ ❥á q✉❡ ♦
♠ét♦❞♦ ❝ ❛♣r❡s❡♥t❛ ✉♠❛ ♣✐♦r❛ s✐❣♥✐✜❝❛t✐✈❛ ❡♠ r❡❧❛çã♦ ❛♦s ♠ét♦❞♦s ❛ ❡ ❜✳

❖ ♠ét♦❞♦ ❞ ♠♦str❛ ✉♠❛ ♠❡❧❤♦r❛ ♥❛ r❡s♦❧✉çã♦ ❡♠ r❡❧❛çã♦ ❛♦ ♠ét♦❞♦ ❝✳
◆♦ ♠ét♦❞♦ ❞ ❢♦✐ ✉s❛❞♦ ❛♣❡♥❛s ♦ t❛♥q✉❡ ❝♦♠ ♠❛✐♦r s✐♥❛❧ ❡♥q✉❛♥t♦ q✉❡ ♥♦
♠ét♦❞♦ ❝ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s t♦❞♦s ♦s t❛♥q✉❡s✳ ❘❡ss❛❧t❛♠♦s q✉❡ ❡♠ ❛♠❜♦s ♦s
♠ét♦❞♦s ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ✉♠❛ ❢r❡♥t❡ ♣❧❛♥❛ ❞♦ ❝❤✉✈❡✐r♦✳ ❈♦♥❝❧✉í♠♦s ❛ ♣❛rt✐r
❞❡ss❡ r❡s✉❧t❛❞♦ q✉❡ s❡ ♥ã♦ s❡ ♣♦❞❡ ✉t✐❧✐③❛r ✉♠❛ ❢♦r♠❛ ❝♦♥✜á✈❡❧ ♣❛r❛ ❢r❡♥t❡
❝✉r✈❛ ❞♦ ❝❤✉✈❡✐r♦ é ♠❡❧❤♦r ✉t✐❧✐③❛r ❛♣❡♥❛s ♦ t❛♥q✉❡ ❝♦♠ ♠❛✐♦r s✐♥❛❧ ❞♦
❝❤✉✈❡✐r♦ ❡ ✉♠❛ ❢r❡♥t❡ ♣❧❛♥❛ ♣❛r❛ ♦ ❛❥✉st❡✳ ❊st❡ t❛♥q✉❡ s❡♠♣r❡ ❡stá ❛ ✉♠❛
♣❡q✉❡♥❛ ❞✐stâ♥❝✐❛ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦✱ ❡ ♣♦r ✐ss♦ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ❝✉r✈❛t✉r❛
❞❛ ❢r❡♥t❡ ❞♦ ❝❤✉✈❡✐r♦ s♦❜r❡ ❡❧❡ é ♣❡q✉❡♥❛✳

❆ ♠❡❧❤♦r❛ ♥❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞♦s ♠ét♦❞♦ ❝ ♣❛r❛ ♦ ❞ ♠♦str❛
❞❡ ❢♦r♠❛ ✐♥❞✐r❡t❛ q✉❡ ✉♠❛ ❢r❡♥t❡ ♣❧❛♥❛ ♥ã♦ ❛❥✉st❛ ♦ t❡♠♣♦ ❞❡ ❞✐s♣❛r♦ ❞♦s
t❛♥q✉❡s ❧♦♥❣❡ ❞♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ q✉❡ ❛ ✐♥❝❧✉sã♦ ❞♦s ♠❡s♠♦s ❡♠ ✉♠ ❛❥✉st❡
❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞♦ ♣r✐♠ár✐♦ ♣✐♦r❛ ♦s r❡s✉❧t❛❞♦s✳

❆✐♥❞❛ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♠❡s♠♦ ♣❛r❛ ♦ ❝❛s♦ ❞❡ ✉t✐❧✐③❛çã♦ ❞❡ ❛♣❡♥❛s
✉♠ t❛♥q✉❡✱ ❛ r❡s♦❧✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ✭0.46◦✮
é ♠✉✐t♦ ♠❡❧❤♦r q✉❡ ❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ✉t✐❧✐③❛♥❞♦ ❛♣❡♥❛s ❞❛❞♦s ❞♦
t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭1.04◦✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ t❛❜❡❧❛ ✺✳✸✳
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✺✳✺ ❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ é ♦ ♠❛✐♦r ❞❡s❛✜♦ ❡♠ r❛✐♦s ❝ós♠✐❝♦s ❞❡
❛❧tíss✐♠❛s ❡♥❡r❣✐❛s✳ ◆❡♥❤✉♠ ❞♦s ♦❜s❡r✈❛tór✐♦s ❡♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♥♦ ♣❛ss❛❞♦
❝♦♥s❡❣✉✐✉ ❛♥❛❧✐s❛r s❡✉s ❞❛❞♦s ❛ ♣♦♥t♦ ❞❡ ❡①tr❛✐r ❛ ✐♥❢♦r♠❛çã♦ ❞❛ ✐❞❡♥t✐❞❛❞❡
❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❡♠ ✉♠ ❡✈❡♥t♦✳

❉❡✈✐❞♦ ❛ ❡ss❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡✱ ♦s ❡st✉❞♦s ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♠❛ss❛ ❞❛
♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❝♦♥❝❡♥tr❛r❛♠✲s❡ ♥❛ t❡♥t❛t✐✈❛ ❞❡ ❞❡t❡r♠✐♥❛r s❡ ❛ ❝♦♠♣♦s✐✲
çã♦ é ❧❡✈❡ ♦✉ ♣❡s❛❞❛ ❡ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❡ss❛s ❝♦♠♣♦♥❡♥t❡s ✈❛r✐❛ ❡♠ ❢✉♥çã♦
❞❛ ❡♥❡r❣✐❛ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛✳

❆ té❝♥✐❝❛ ❝❤❛♠❛❞❛ ❞❡ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❛♥❛❧✐s❛ ❛ ✈❛r✐❛çã♦ ❞❛ ♣r♦❢✉♥❞✐✲
❞❛❞❡ ❞♦ ♠á①✐♠♦ ❞♦ ❝❤✉✈❡✐r♦ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ ❝❤✉✈❡✐r♦✳ ❈❤✉✈❡✐r♦s
✐♥✐❝✐❛❞♦s ♣♦r ♥ú❝❧❡♦s ❛tô♠✐❝♦s ♣❡s❛❞♦s t❡♥❞❡♠✱ ❡♠ ♠é❞✐❛✱ ❛ s❡ ❞❡s❡♥✈♦❧✈❡✲
r❡♠ ♠❛✐s rá♣✐❞♦ ♥❛ ❛t♠♦s❢❡r❛✱ ❛t✐♥❣✐♥❞♦ ♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s ♥♦
❝❤✉✈❡✐r♦ ❡♠ ♣r♦❢✉♥❞✐❞❛❞❡s ❛t♠♦s❢ér✐❝❛s ♠❡♥♦r❡s✳ ❆ss✐♠✱ ❛ ✈❛r✐á✈❡❧ q✉❡ ❞á
❛ ❛❧t✐t✉❞❡ ♦♥❞❡ ♦ ❝❤✉✈❡✐r♦ ❛t✐♥❣✐✉ ♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ♣❛rtí❝✉❧❛s ✭Xmax✮
❣✉❛r❞❛ ✉♠❛ r❡❧❛çã♦ ✐♥❞✐r❡t❛ ❝♦♠ ❛ ♠❛ss❛ ❞♦ ♣r✐♠ár✐♦✳

❚❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱ ♣♦r ❡♥①❡r❣❛r❡♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❧♦♥❣✐t✉❞✐✲
♥❛❧ ❞♦ ❝❤✉✈❡✐r♦✱ ♣♦❞❡♠ ♠❡❞✐r ♦ Xmax ❞✐r❡t❛♠❡♥t❡✳ ❉❡t❡❝t♦r❡s ❞❡ s✉♣❡r❢í❝✐❡✱
t❛✐s ❝♦♠♦ ♦s t❛♥q✉❡s ❞♦ ❆✉❣❡r✱ ❢❛③❡♠ ✉s♦ ❞❡ r❡❧❛çõ❡s ❜❛s❡❛❞❛s ❡♠ s✐♠✉✲
❧❛çõ❡s q✉❡ ♣♦ss✐❜✐❧✐t❛♠ ❞❡t❡r♠✐♥❛r ♦ Xmax ❛ ♣❛rt✐r ❞❛ ✈❡❧♦❝✐❞❛❞❡ t❡♠♣♦r❛❧
❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ s✐♥❛❧ ♥♦ t❛♥q✉❡✳ ❖ ❛rt✐❣♦ ❬✷✶❪ ♠♦str❛ ❛ r❡❧❛çã♦ ♦❜t✐❞❛
❡♥tr❡ ❛ t❛①❛ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦ s✐♥❛❧ ♥♦ t❛♥q✉❡ ❡ ♦ Xmax ❞❡t❡r♠✐♥❛❞♦ ♣❛r❛
♦ ❡①♣❡r✐♠❡♥t♦ ❍❛✈❡r❛❤ P❛r❦✳

❈♦♠♣❛r❛♥❞♦ ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛ ❝♦♠ ❛ ❞❡t❡r♠✐♥❛❞❛ ♣♦r s✐♠✉❧❛✲
çõ❡s ♣❛r❛ ❞✐❢❡r❡♥t❡s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s ❡♥❝♦♥tr❛✲s❡ ❛ t❡♥❞ê♥❝✐❛ ❞❡ ✈❛r✐❛çã♦
❞❛ ♠❛ss❛ ❞♦ ♣r✐♠ár✐♦ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✳

❙❡❣✉✐♥❞♦ ❡ss❡ r❡❝❡✐t✉ár✐♦✱ ♦s ❡①♣❡r✐♠❡♥t♦s ❋❧②✬s ❊②❡ ❬✶✶❪ ❡ ❆●❆❙❆ ❬✶✷❪
♣✉❜❧✐❝❛r❛♠ s❡✉s ❡st✉❞♦s ❞❡ ❝♦♠♣♦s✐çã♦ ❞❛ r❛❞✐❛çã♦ ❝ós♠✐❝❛ ❜❛s❡❛❞♦s ♥❛ t❛①❛
❞❡ ❡❧♦♥❣❛çã♦ ❞♦ Xmax ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛ ❡ ❛♣r❡s❡♥t❛♠ r❡s✉❧t❛❞♦s ❞✐s❝r❡✲
♣❛♥t❡s✳ ❆ ✜❣✉r❛ ✺✳✶✸ ♠♦str❛ ♦ r❡s✉❧t❛❞♦ ✜♥❛❧ ♦❜t✐❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ❋❧②✬s
❊②❡ ♥♦ q✉❛❧ ♦❜s❡r✈❛♠♦s ✉♠❛ ♠✉❞❛♥ç❛ ❛❝❡♥t✉❛❞❛ ❞❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❞❡
✉♠❛ ❝♦♠♣♦s✐çã♦ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♣❡s❛❞❛ ♣❛r❛ ✉♠❛ ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡
❧❡✈❡✳ ❖ ✈❛❧♦r ❞❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❡♥❝♦♥tr❛❞♦ ♣♦r ❡❧❡s ❢♦✐ ❞❡ ✾✸ g/cm2 ♣♦r
❞é❝❛❞❛ ❞❡ ❡♥❡r❣✐❛✳ ❆ ❈♦❧❛❜♦r❛çã♦ ❆●❆❙❆ ♥ã♦ ♣✉❜❧✐❝♦✉ ✉♠ ❣rá✜❝♦ s❡♠❡✲
❧❤❛♥t❡ ♠❛s ♥♦ ❛rt✐❣♦ ❝✐t❛❞♦ ❛❝✐♠❛ ❞✐③ ❡①♣❧✐❝✐t❛♠❡♥t❡ q✉❡ ♦ r❡s✉❧t❛❞♦ ❞♦ ❋❧②✬s
❊②❡ ♥ã♦ ♣♦❞❡ s❡r ✈❡r✐✜❝❛❞♦ ♥♦s ❞❛❞♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❆●❆❙❆✱
q✉❡ ♣♦r s✉❛ ✈❡③ s✉❣❡r❡♠ ✉♠❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❜❡♠ ♠❡♥♦r ♣❛r❛ ♦ ♠❡s♠♦
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❋✐❣✉r❛ ✺✳✶✸✿ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛ ♣❡❧♦ ❋❧②✬s ❊②❡ ♠♦str❛❞❛ ❡♠ ❝♦♠♣❛r❛✲
çã♦ ❝♦♠ ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s✳ ❖ ❛❥✉st❡ ❞♦s ❞❛❞♦s r❡s✉❧t♦✉ ❡♠ ✉♠ ❝♦❡✜❝✐❡♥t❡
❛♥❣✉❧❛r ❞❡ ✾✸ g/cm2 ♣♦r ❞é❝❛❞❛ ❞❡ ❡♥❡r❣✐❛✳ ❆ ✜❣✉r❛ ♠♦str❛ ❛ ♠✉❞❛♥ç❛ ❞❡
❝♦♠♣♦s✐çã♦ ❞❡ ✉♠❛ ❝♦♠♣♦♥❡♥t❡ ♣❡s❛❞❛ ♣❛r❛ ❧❡✈❡✳

✐♥t❡r✈❛❧♦ ❞❡ ❡♥❡r❣✐❛✳
❘❡❝❡♥t❡♠❡♥t❡✱ ♥♦✈♦s ❡st✉❞♦s ❜❛st❛♥t❡ ♣r♦♠✐ss♦r❡s tê♠ s✐❞♦ ❢❡✐t♦s ❝♦♠

r❡❞❡s ♥❡✉r❛✐s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♠❛ss❛ ❞♦ ♣r✐♠ár✐♦ ❡♠ ✉♠❛ ❛❜♦r❞❛❣❡♠
✐♥❞✐✈✐❞✉❛❧ ❞♦s ❡✈❡♥t♦s ❬✷✷✱ ✷✸❪✳ ❊st❛ ❛❜♦r❞❛❣❡♠ ❛♣r❡s❡♥t❛ ❛ ✈❛♥t❛❣❡♠ ❞❡
❞❡t❡r♠✐♥❛çã♦ ❞❛ ♠❛ss❛ ❞❡ ✉♠ ú♥✐❝♦ ❝❤✉✈❡✐r♦✱ ♦ q✉❡ ♣♦❞❡r✐❛ ♦❢❡r❡❝❡r ❣r❛♥❞❡s
❧✐♠✐t❛çõ❡s ❛♦s ♠♦❞❡❧♦s ❛str♦❢ís✐❝♦s ❞❡ ❛❝❡❧❡r❛çã♦ ❞❛s ♣❛rtí❝✉❧❛s ♥❛s ❢♦♥t❡s✳

P♦ré♠✱ ❝r❡♠♦s q✉❡✱ ♣♦r ❤♦r❛ ❡ ♣❛r❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❡①♣❡r✐♠❡♥t♦s ❛♥t❡✲
r✐♦r❡s✱ ❞❡✈❡rí❛♠♦s ♥♦s ♣r❡♣❛r❛r ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛
♣❡❧♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❊♥tr❡t❛♥t♦✱ r❡ss❛❧t❛♠♦s ❞❡s❞❡ ❥á q✉❡ ♦s ❞❛❞♦s ❞✐s✲
♣♦♥í✈❡✐s ❞✉r❛♥t❡ ❛ ❡❧❛❜♦r❛çã♦ ❞❡st❛ t❡s❡ ♥ã♦ sã♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ♥✉♠❡r♦s♦s
♣❛r❛ ❡st❛❜❡❧❡❝❡r♠♦s ✉♠❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❝♦♠ s✐❣♥✐✜❝❛❞♦ ❡st❛tíst✐❝♦✳

❆♣r❡s❡♥t❛♠♦s ❛q✉✐ ✉♠ ❡st✉❞♦ r❡❛❧✐③❛❞♦ ❝♦♠ ♦s ❞❛❞♦s ❞♦ ♣r♦tót✐♣♦ ❞♦
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❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✱ q✉❡ ✐❧✉str❛ ♦ ♣r♦❝❡❞✐♠❡♥t♦ q✉❡ ❞❡✈❡rá s❡r ✉t✐❧✐③❛❞♦ ♣❛r❛
❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ q✉❛♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s
❢♦r ❡st❛t✐st✐❝❛♠❡♥t❡ s✐❣♥✐✜❝❛t✐✈♦✳

❯t✐❧✐③❛♠♦s ♦ ♣r♦❣r❛♠❛ ❋▲❖❘❊❙ ♣❛r❛ r❡❝♦♥str✉✐r ♦s ✸✸✷ ❡✈❡♥t♦s ❞❡t❡❝t❛✲
❞♦s ♣❡❧♦s t❡❧❡s❝ó♣✐♦s ♣r♦tót✐♣♦s ❡ ♦ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❞❡s❡♥✲
✈♦❧✈✐❞♦ ♣♦r ♥ós ♣❛r❛ r❡❝♦♥str✉✐r ♦s ✼✺ ❡✈❡♥t♦s ❤í❜r✐❞♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ❖❜✲
s❡r✈❛tór✐♦ ❆✉❣❡r ❡♠ s✉❛ ❢❛s❡ ♣r♦tót✐♣♦✳ ❆♠❜♦s ♦s ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦
♦❢❡r❡❝❡♠ ❛ ❡♥❡r❣✐❛ ❡ ♦ Xmax ❞♦ ❝❤✉✈❡✐r♦ ❞❡ ❢♦r♠❛ q✉❡ ♣♦❞❡♠♦s ❡st❛❜❡❧❡❝❡r
❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s✳

◆♦ ❡♥t❛♥t♦✱ ✉♠ ❝✉✐❞❛❞♦ ❡①tr❛ ❞❡✈❡ s❡r t♦♠❛❞♦ ♥❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s
❡✈❡♥t♦s s✐♠✉❧❛❞♦s✳ P❛rt✐❝✉❧❛r✐❞❛❞❡s ❞❛s té❝♥✐❝❛s ❞❡ ❞❡t❡❝çã♦ ❡ ❞❛ ❝♦♥✜❣✉✲
r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ♣♦❞❡♠✱ ❡♠ ♣r✐♥❝í♣✐♦✱ ❛❧t❡r❛r ❛ t❛①❛ ❞❡
❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛✳

❊①✐st❡♠ ❞♦✐s ✈✐❡s❡s ❛ s❡r❡♠ ❡st✉❞❛❞♦s✿ ❞❛ ❞❡t❡❝çã♦ ❡ ❞❛ r❡❝♦♥str✉çã♦✳
❈♦♠♦ ♦ ❞✐s♣❛r♦ ❞♦ ❞❡t❡❝t♦r ♥ã♦ é ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ Xmax✱ q✉❡ é ❢✉♥çã♦ ❞❛
♠❛ss❛ ❞♦ ♣r✐♠ár✐♦✱ ❞❡✈❡♠♦s ❡s♣❡r❛r ❞✐❢❡r❡♥t❡s ❡✜❝✐ê♥❝✐❛s ❞❡ ❞❡t❡❝çã♦ ♣❛r❛
❞✐❢❡r❡♥t❡s ♠❛ss❛s ❞❡ ♣r✐♠ár✐♦✳ ❆❧é♠ ❞✐ss♦✱ ❛ r❡❝♦♥str✉çã♦ t❛♠❜é♠ é ❢♦rt❡✲
♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞♦ Xmax✳

❆ ❜❛✐①❛s ❡♥❡r❣✐❛s ✭1018 ❡❱✮ ✱ ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢❡rr♦ tê♠ Xmax ❛❧t♦
♥❛ ❛t♠♦s❢❡r❛ ❡ ♣♦r ✐ss♦ ❞❡✈❡♠ s❡r ♠❡♥♦s ❡✜❝❛③❡s ❡♠ ❞✐s♣❛r❛r ♦ ❞❡t❡❝t♦r
❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♣❛r❛ ❡♥❡r❣✐❛ ❛❝✐♠❛ ❞❡ 1019 ❡❱✱ ❝❤✉✈❡✐r♦s
✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥s ♣♦❞❡♠ t❡r Xmax ❛❜❛✐①♦ ❞♦ ♥í✈❡❧ ❞❡ ❞❡t❡❝çã♦✱ ♦ q✉❡
♣r❡❥✉❞✐❝❛r✐❛ ❛ r❡❝♦♥str✉çã♦ ❞❛ ❡♥❡r❣✐❛✳

❆ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ é ❛❢❡t❛❞❛ ♣♦r t♦❞♦s ❡ss❡s ❡❢❡✐t♦s✳ P❛r❛ ♠✐♥✐♠✐③❛r
❡ss❡s ❡❢❡✐t♦s ✈❛♠♦s r❡❛❧✐③❛r ❛ ❝♦♠♣❛r❛çã♦ ❞♦s ❞❛❞♦s ♠❡❞✐❞♦s ❡ s✐♠✉❧❛❞♦s ❝♦♠
❛❧t♦ ❣r❛✉ ❞❡ ✐❣✉❛❧❞❛❞❡✳

P❛r❛ t❛❧✱ ✉t✐❧✐③❛♠♦s s✐♠✉❧❛çõ❡s ❞❡ ▼♦♥t❡ ❈❛r❧♦ r❡❛❧✐③❛❞❛s ♥♦ ❝♦♥❥✉♥t♦
❝♦♠♣✉t❛❝✐♦♥❛❧ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❆✉❣❡r ❡♠ ▲②♦♥✳ ❈♦♣✐❛♠♦s ✾✷✹✵ ❝❤✉✈❡✐✲
r♦s s✐♠✉❧❛❞♦s ❝♦♠ ♦ ♣r♦❣r❛♠❛ ❈❖❘❙■❑❆ ❡ ♠♦❞❡❧♦ ❞❡ ✐♥t❡r❛çã♦ ❤❛❞rô♥✐❝❛
◗●❙❏❡t s❡❣✉♥❞♦ ✉♠ ❡s♣❡❝tr♦ ✐♥t❡❣r❛❧ ❞❡ ♣♦tê♥❝✐❛ ❝♦♠ ❡①♣♦❡♥t❡ ✲✷✳ ❉❡st❡s
❝❤✉✈❡✐r♦s✱ ♠❡t❛❞❡ ✭✹✻✷✵✮ ❢♦r❛♠ s✐♠✉❧❛❞♦s ❝♦♠ ♣rót♦♥s ❝♦♠♦ ♣❛rtí❝✉❧❛s ♣r✐✲
♠ár✐❛s ❡ ✭✹✻✷✵✮ ❢♦r❛♠ s✐♠✉❧❛❞♦s ❝♦♠ ❢❡rr♦ ❝♦♠♦ ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱ ❡♠
❛♠❜♦s ♦s ❝❛s♦s ❝♦♠ ❡♥❡r❣✐❛ ❡♥tr❡ 1018 ❡ 1021 ❡❱ ❡ â♥❣✉❧♦ ③❡♥✐t❛❧ ❡♥tr❡ ✵ ❡
✻✵◦✳ ❆ ✜❣✉r❛ ✺✳✶✹ ♠♦str❛ ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛ ♣❡❧♦ ❈❖❘❙■❑❆✳ ❖
✈❛❧♦r ❞♦ Xmax ❢♦✐ ♦❜t✐❞♦ ❛❥✉st❛♥❞♦ ✉♠❛ ❢✉♥çã♦ ●❛✐ss❡r✲❍✐❧❧❛s ❬✹✵❪ ❛♦ ♣❡r✜❧
❧♦♥❣✐t✉❞✐♥❛❧ s✐♠✉❧❛❞♦✳

■♥s❡r✐♥❞♦ ♦ ♣❡r✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ♣❛rtí❝✉❧❛s ❝❛rr❡❣❛❞❛s ❞❡st❡s ❝❤✉✈❡✐r♦s
♥♦ ❋❉❙✐♠✱ ✜③❡♠♦s ❛ ❣❡r❛çã♦ ❞❛ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❡ ♣r♦✲
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❋✐❣✉r❛ ✺✳✶✹✿ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛ ♣❡❧♦ ❈❖❘❙■❑❆✳ ❆ ✜❣✉r❛ ♠♦str❛ ❛
❞✐str✐❜✉✐çã♦ s✐♠✉❧❛❞❛ ❞♦s Xmax ✈❡rs✉s ❡♥❡r❣✐❛ ❡ ✉♠ ❛❥✉st❡ ❧✐♥❡❛r ♣❛r❛ ❝❛❞❛
✉♠ ❞♦s t✐♣♦s ❞❡ ♣r✐♠ár✐♦s✿ ♣rót♦♥ ❡ ❢❡rr♦✳

♣❛❣❛♠♦s ♦s ❢ót♦♥s ❞❡♥tr♦ ❞❛ ó♣t✐❝❛ ❞♦ t❡❧❡s❝ó♣✐♦✳ ❖ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❞♦
❝❤✉✈❡✐r♦ ❢♦✐ s♦rt❡❛❞♦ ❞❡♥tr♦ ❞❡ ✉♠ ❝ír❝✉❧♦ ❞❡ ✽ ❦♠ ❞❡ r❛✐♦ ❡ ❝❡♥tr♦ ✶✺ ❦♠
❞✐st❛♥t❡ ❞♦ t❡❧❡s❝ó♣✐♦✱ ❞❡ ❢♦r♠❛ ❛ ✐♠✐t❛r ♦s ❞❛❞♦s ❞❡t❡❝t❛❞♦s ♣❡❧♦ ♣r♦tót✐♣♦
❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳

❉❡♣♦✐s ❞❡ ❢❡✐t❛ ❛ s✐♠✉❧❛çã♦ ❞♦ ❞❡t❡❝t♦r✱ r❡❝♦♥str✉í♠♦s ♦s ❝❤✉✈❡✐r♦s s✐♠✉✲
❧❛❞♦s ❝♦♠ ♦ ♣r♦❣r❛♠❛ ❋▲❖❘❊❙✳ ❆ ✜❣✉r❛ ✺✳✶✺ ♠♦str❛ ❛ ♠✉❞❛♥ç❛ ❞❛ t❛①❛ ❞❡
❡❧♦♥❣❛çã♦ ❞♦s ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢❡rr♦ ❡ ♣♦r ♣rót♦♥s ❞❡✈✐❞♦ à
❞❡t❡❝çã♦ ❡ r❡❝♦♥str✉çã♦ ❞♦s ❡✈❡♥t♦s✳ ❊ss❡ ❡❢❡✐t♦ s❡rá ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛
♣❛r❛ ❛ ❛♥á❧✐s❡ ✜♥❛❧ ❞♦s ❞❛❞♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ❞❡✈❡rá s❡r ❡st✉❞❛❞♦
❡♠ ♠❛✐♦r❡s ❞❡t❛❧❤❡s✳ ❆ss✐♠✱ ♥ã♦ ♥♦s ❞❡t❡r❡♠♦s ❛q✉✐ ❡♠ ♣r♦❝✉r❛r ❛s ❝❛✉s❛s
❞♦s ✈✐❡s❡s ♠❛s ❛♣❡♥❛s ❣❛r❛♥t✐r❡♠♦s ❛ ✐❣✉❛❧❞❛❞❡ ❞❡ tr❛t❛♠❡♥t♦ ❞♦s ❞❛❞♦s
s✐♠✉❧❛❞♦s ❡ ♠❡❞✐❞♦s✳

❆❧❣✉♥s ❝♦rt❡s ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ♥♦s ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s ♣❛r❛ ❣❛r❛♥t✐r ❜♦❛
r❡s♦❧✉çã♦ ❞❡ r❡❝♦♥str✉çã♦✳ ❖s ❝♦rt❡s ♣♦r ♥ós ❛♣❧✐❝❛❞♦s ❢♦r❛♠ ♣♦✉❝♦ r❡str✐✲
t✐✈♦s q✉❛♥❞♦ ❝♦♠♣❛r❛❞♦s ❛♦s ❡①❡❝✉t❛❞♦s ♥♦r♠❛❧♠❡♥t❡ ♣♦r ♦✉tr♦s ❣r✉♣♦s✱
t❛❧ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ❡♠ ❬✶✶❪✳ P❛r❛ ❛s ♥♦ss❛s ❛♥á❧✐s❡s ❡①✐❣✐♠♦s q✉❡ ♦s
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❋✐❣✉r❛ ✺✳✶✺✿ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ s✐♠✉❧❛❞❛✳ ❆ ✜❣✉r❛ ♠♦str❛ ❛s ❝✉r✈❛s ♦❜t✐❞❛s
❝♦♠ ❛ s✐♠✉❧❛çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❢❡✐t❛ ♣❡❧♦ ❈❖❘❙■❑❆ ❡ ♦s ♠❡s♠♦s ❝❤✉✈❡✐✲
r♦s ❛♣ós ❢❡✐t❛ ❛ s✐♠✉❧❛çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s ♣❡❧♦ ❋❉❙✐♠ ❡ ❛ r❡❝♦♥str✉çã♦ ❞♦s
❝❤✉✈❡✐r♦s ♣❡❧♦ ❋▲❖❘❊❙✳

❝❤✉✈❡✐r♦s r❡❝♦♥str✉í❞♦s t✐✈❡ss❡♠✿

• Xmax ✈ís✐✈❡❧❀

• ❊rr♦ ❡st❛tíst✐❝♦ ♥❛ r❡❝♦♥str✉çã♦ ❞❛ ❡♥❡r❣✐❛ ♠❡♥♦r q✉❡ ✶✵✪❀

• ❉✐❢❡r❡♥ç❛ ♥♦ â♥❣✉❧♦ ❡♥tr❡ ♦ ❡✐①♦ ❞♦ ❝❤✉✈❡✐r♦ ❡ ♦ ❡✐①♦ ♣r✐♥❝✐♣❛❧ ❞♦ t❡✲
❧❡s❝ó♣✐♦ ♠❛✐♦r q✉❡ ✷✵◦ ♣❛r❛ ❡①❝❧✉✐r ❝❤✉✈❡✐r♦s ❝♦♠ ♠✉✐t❛ ❝♦♥t❛♠✐♥❛çã♦
❞❡ ❧✉③ ❷❡r❡♥❦♦✈ ❞✐r❡t❛❀

• 1018 < ❊♥❡r❣✐❛ < 5×1019 ❡❱ ♣❛r❛ ✐♠✐t❛r ❛ r❡❣✐ã♦ ❞❡ ❡♥❡r❣✐❛ ❞❡t❡❝t❛❞❛
♣❡❧♦ ♣r♦tót✐♣♦✳

❖s ♠❡s♠♦s ❝♦rt❡s s❡rã♦ ❛♣❧✐❝❛❞♦s ❛♦s ❡✈❡♥t♦s ♠❡❞✐❞♦s ❛♥❛❧✐s❛✲
❞♦s ❡♠ s❡❣✉✐❞❛ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♥ã♦ ✐♥tr♦❞✉③✐r♠♦s ♥❡♥❤✉♠ ✈✐és
❛rt✐✜❝✐❛❧ ❞❡✈✐❞♦ ❛♦s ❝♦rt❡s✳
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❋✐❣✉r❛ ✺✳✶✻✿ ❚❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛ ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉✲
❣❡r✳ ❙ã♦ ♠♦str❛❞♦s ✈❛❧♦r❡s ♣❛r❛ ♦s ❝❤✉✈❡✐r♦s ♠❡❞✐❞♦s só ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❞❡
✢✉♦r❡s❝ê♥❝✐❛ ❡ ❞❛q✉❡❧❡s ♠❡❞✐❞♦s ❞❡ ♠❛♥❡✐r❛ ❤í❜r✐❞❛ ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s
✈❛❧♦r❡s s✐♠✉❧❛❞♦s✳

❆ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❞♦s ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ♣rót♦♥ ♠✉❞♦✉ ❞❡ ✹✵✳✸✽
g/cm2 ❛ ❝❛❞❛ ❞é❝❛❞❛ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ✹✷✳✷✾ g/cm2 ❛ ❝❛❞❛ ❞é❝❛❞❛ ❞❡ ❡♥❡r❣✐❛
❛♣ós ❛ s✐♠✉❧❛çã♦ ❞♦s t❡❧❡s❝ó♣✐♦s ❡ r❡❝♦♥str✉çã♦ ❞♦s ❡✈❡♥t♦s✳ ❉❛ ♠❡s♠❛
❢♦r♠❛✱ ♦s ❝❤✉✈❡✐r♦s ✐♥✐❝✐❛❞♦s ♣♦r ❢❡rr♦ ♠✉❞❛r❛♠ ❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❞❡
✺✻✳✽✸ ♣❛r❛ ✺✶✳✺✾✳

❋✐♥❛❧♠❡♥t❡✱ ❝♦♠♣❛r❛♠♦s ♦s ❝❤✉✈❡✐r♦s ♠❡❞✐❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✲
✈❛tór✐♦ ❆✉❣❡r ❝♦♠ ♦s ❝❤✉✈❡✐r♦s s✐♠✉❧❛❞♦s✳ ❆ ✜❣✉r❛ ✺✳✶✻ ♠♦str❛ ❛ t❛①❛ ❞❡
❡❧♦♥❣❛çã♦ ❞♦s ✸✸✷ ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s s♦♠❡♥t❡ ♣❡❧♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s✲
❝ê♥❝✐❛ ❡ ❞♦s ✼✵ ❝❤✉✈❡✐r♦s ❞❡t❡❝t❛❞♦s ❤✐❜r✐❞❛♠❡♥t❡✳

❘❡❧❡♠❜r❛♠♦s ❛ ❜❛✐①❛ s✐❣♥✐✜❝â♥❝✐❛ ❡st❛tíst✐❝❛ ❞✐s❝✉t✐❞❛ ♥♦ ✐♥í❝✐♦ ❞❡st❛
s❡çã♦✱ q✉❡ ♣♦❞❡ s❡r ✈❡r✐✜❝❛❞❛ ♥❛ ✜❣✉r❛ ✺✳✶✻✳ ❆♣ós ❛ ❛♣❧✐❝❛çã♦ ❞♦s ❝♦rt❡s✱
s♦❜r❡✈✐✈❡r❛♠ ✶✸ ❡✈❡♥t♦s ❤í❜r✐❞♦s ❡ ✼✸ ❡✈❡♥t♦s ❞❡t❡❝t❛❞♦s só ♣❡❧♦ t❡❧❡s❝ó♣✐♦
❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❉❡ q✉❛❧q✉❡r ❢♦r♠❛✱ ♦s ❞♦✐s ❝♦♥❥✉♥t♦s ❞❡ ❞❛❞♦s ♠♦str❛♠ ❛
♠❡s♠❛ t❡♥❞ê♥❝✐❛ ❞❡ ♠✉❞❛♥ç❛ ♥❛ ❝♦♠♣♦s✐çã♦ ❞❛ ♠❛ss❛ ❞♦ ♣r✐♠ár✐♦ ❡♠ ❢✉♥çã♦
❞❛ ❡♥❡r❣✐❛ q✉❡ ❝♦♥❝♦r❞❛ ❝♦♠ ♦s r❡s✉❧t❛❞♦s ❞♦ ❋❧②✬s ❊②❡✳ ❆ t❛❜❡❧❛ ✺✳✽ ♠♦str❛
❛ ❝♦♠♣❛r❛çã♦ ✜♥❛❧ ❞❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ♠♦str❛❞❛s ❛q✉✐✳ ❙ã♦ ♠♦str❛❞♦s
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❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦
❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦ ✭g/cm2 ♣♦r ❞é❝❛❞❛ ❞❡ ❊♥❡r❣✐❛✮

❋❧②✬s ❊②❡ ✾✸✳✵ ± ✶✵✳✺
❆✉❣❡r ❉❋ ✽✾✳✵✽ ± ✺✸✳✺✼

❆✉❣❡r ❍í❜r✐❞♦ ✼✺✳✵✾ ± ✺✸✳✽✽

❚❛❜❡❧❛ ✺✳✽✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛s ♣❡❧♦ ♣r♦tót✐♣♦
❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆ t❛❜❡❧❛ ♠♦str❛ ♦
✈❛❧♦r ❛❥✉st❛❞♦ ❡ ♦ ❡rr♦ ❡st❛tíst✐❝♦✳

t❛♠❜é♠ ♦s ❡rr♦s ❡st❛tíst✐❝♦s ♥♦ ❛❥✉st❡ ❧✐♥❡❛r ❢❡✐t♦ ❛♦s ❞❛❞♦s ♠❡❞✐❞♦s✳ ❋✐❝❛
❡✈✐❞❡♥t❡ ❛ ❢❛❧t❛ ❞❡ s✐❣♥✐✜❝â♥❝✐❛ ❡st❛tíst✐❝❛ ♥❛s ♠❡❞✐❞❛s ❢❡✐t❛s ♣❡❧♦ ♣r♦tót✐♣♦
❞♦ ❆✉❣❡r ❛♦ ♦❜s❡r✈❛r♠♦s ♦ ❡rr♦ ♠♦str❛❞♦ ♥❛ t❛❜❡❧❛✳ P♦ré♠✱ ❝❤❛♠❛ ❛t❡♥çã♦
q✉❡ ❛s três ♠❡❞✐❞❛s ♠♦str❛♠ ❛ ♠❡s♠❛ t❡♥❞ê♥❝✐❛ ❞❡ ♠✉❞❛♥ç❛ ❞❛ ❝♦♠♣♦s✐çã♦
❞❛ ♠❛ss❛ ❞♦ ♣r✐♠ár✐♦✳
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❈❛♣ít✉❧♦ ✻

❈♦♥❝❧✉sã♦

❆ ❝♦♥❝❧✉sã♦ ❞❡st❛ t❡s❡ s❡ r❡s✉♠✐rá ❛ ✉♠❛ ❝♦❧❡tâ♥❡❛ ❞♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥✲
t❛❞♦s ♥♦s ❈❛♣ít✉❧♦s ✸✱ ✹ ❡ ✺✳ ❈♦♠♦ ❞✐t♦ ♥❛ ■♥tr♦❞✉çã♦✱ ❡st❡ tr❛❜❛❧❤♦ ❢♦✐
✐♥t❡✐r❛♠❡♥t❡ ❞❡❞✐❝❛❞♦ ❛♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♥♦ t♦❝❛♥t❡ à s✉❛ ❝♦♥str✉çã♦ ❡
♠ét♦❞♦s ❞❡ ❛♥á❧✐s❡ ❞❡ ❞❛❞♦s✳

❉❡s❡♥✈♦❧✈✐♠❡♥t♦s s♦❜r❡ ❛ ✐♥str✉♠❡♥t❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✱
❡s♣❡❝✐✜❝❛♠❡♥t❡ s♦❜r❡ ❛ ❝♦♥str✉çã♦ ❡ t❡st❡ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✱ ❢♦r❛♠ ❛♣r❡s❡♥✲
t❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✸✳

◆♦ ❈❛♣ít✉❧♦ ✹ ❛♣r❡s❡♥t❛♠♦s ❛ ❡❧❛❜♦r❛çã♦ ❞❡ ✉♠ ♣r♦❣r❛♠❛ ❞❡ s✐♠✉❧❛✲
çã♦ ❞❡ ▼♦♥t❡ ❈❛r❧♦ ❞❡ ❢ót♦♥s ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❊st❡ ♣r♦❣r❛♠❛ ♣♦r
♥ós ❡s❝r✐t♦ ❛♣r❡s❡♥t❛ ✉♠ ♥í✈❡❧ ❞❡ ❞❡t❛❧❤❛♠❡♥t♦ ✐♥é❞✐t♦ ❞♦s ♣r♦❝❡ss♦s ❢ís✐✲
❝♦s ❡♥✈♦❧✈✐❞♦s✱ s♦❜r❡t✉❞♦ ♥❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ t♦t❛❧ tr✐❞✐♠❡♥s✐♦♥❛❧✐❞❛❞❡ ❞♦
❝❤✉✈❡✐r♦✳

❆ ❛♣❧✐❝❛çã♦ ❞❡st❡ ♣r♦❣r❛♠❛ ❡ s✉❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ s✐♠✉❧❛çõ❡s ✉♥✐❞✐♠❡♥✲
s✐♦♥❛✐s ♣❡r♠✐t✐r❛♠ q✉❛♥t✐✜❝❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞❡t❡❝çã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❧❛✲
t❡r❛❧ ❝♦♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❆ ❝♦♠♣❛r❛çã♦ ❞♦s ♥♦ss♦s r❡s✉❧t❛❞♦s
❝♦♠ ♦s ❞❛❞♦s ❞♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ♠♦str❛ ✉♠❛ ❝♦♥❝♦r❞â♥❝✐❛
❞❡st❛❝á✈❡❧✳

◆♦ ú❧t✐♠♦ ❈❛♣ít✉❧♦ ❞❡ r❡s✉❧t❛❞♦s✱ ❛♣r❡s❡♥t❛♠♦s ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡
✉♠ ♠ét♦❞♦ ❞❡ r❡❝♦♥str✉çã♦ ❞❡ ❡✈❡♥t♦s ❤í❜r✐❞♦s✳ ❆❜❛✐①♦ ❛❜♦r❞❛r❡♠♦s ❡♠
❞❡t❛❧❤❡s ❛s ❝♦♥❝❧✉sõ❡s ❞❡ ❝❛❞❛ ✐t❡♠ s❡♣❛r❛❞❛♠❡♥t❡✳

✾✺



✾✻

✻✳✶ ❆♥❡❧ ❈♦rr❡t♦r

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ♣❛r❛ ♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛✲
❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s ♠♦str♦✉ q✉❡ t❛♥t♦ ♦ ♣r♦❥❡t♦ ❝♦♠♦ ❛
❝♦♥str✉çã♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r ❢♦r❛♠ ♠✉✐t♦ ❜❡♠ s✉❝❡❞✐❞♦s✳

❖ ♠ét♦❞♦ ❞❡ ✈❡r✐✜❝❛çã♦ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❛tr❛✈és ❞❡ ❢♦t♦s
❞❡ ❡str❡❧❛s ♠♦str♦✉✲s❡ ❜❛st❛♥t❡ ❡✜❝❛③ ❡ r♦❜✉st♦✳ ❘❡♣✐t♦ q✉❡ s✉❛ ❣r❛♥❞❡
✐♠♣♦rtâ♥❝✐❛ r❡s✐❞❡ ❡♠ s❡r ♦ ú♥✐❝♦ t❡st❡ q✉❡ ❛❜r❛♥❣❡ t♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s
❞♦ t❡❧❡s❝ó♣✐♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡✳

❆ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s ❛♥❡❧ ❝♦rr❡t♦r ❛❧❡♠ã♦ ❡ ♦ ❜r❛s✐❧❡✐r♦ ♠♦str❛ q✉❡ ❛♠✲
❜♦s sã♦ ♣r❛t✐❝❛♠❡♥t❡ ✐♥❞✐st✐♥❣✉í✈❡✐s ❡ ❛t❡♥❞❡♠ às ❡①✐❣ê♥❝✐❛s ❞❛ ❈♦❧❛❜♦r❛çã♦✳
P♦r ♦✉tr♦ ❧❛❞♦✱ ♦ ❡s♣❡❧❤♦ t❝❤❡❝♦ ♠♦str♦✉ ✉♠❛ s✉♣❡r✐♦r✐❞❛❞❡ s✐❣♥✐✜❝❛t✐✈❛ ❡♠
r❡❧❛çã♦ ❛♦ ❡s♣❡❧❤♦ ❛❧❡♠ã♦✳

❖ r❡s✉❧t❛❞♦ ✜♥❛❧ ❞♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛❣❡♠ ❢♦r♠❛❞❛ ♥❛ ❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧✲
t✐♣❧✐❝❛❞♦r❛s ♥❛ ❝♦♥✜❣✉r❛çã♦ ✜♥❛❧ ❞❡ ♦♣❡r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛♥❡❧ ❝♦rr❡t♦r
❡stá ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✻✳✶

❋✐❣✉r❛ ✻✳✶✿ ■♥t❡❣r❛❧ ❞❛ ❧✉③ q✉❡ ❢♦r♠❛ ❛ ✐♠❛❣❡♠ ❞❛ ❡str❡❧❛ ❱❊●❆ s♦❜r❡ ❛
❝â♠❛r❛ ❞❡ ❢♦t♦♠✉❧t✐♣❧✐❝❛❞♦r❛s✳ ❙ã♦ ♠♦str❛❞❛s ❛s ❝✉r✈❛s ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦
✜♥❛❧ ❞♦ t❡❧❡s❝ó♣✐♦ ❝♦♠ ❛❜❡rt✉r❛ ❞♦ ❞✐❛❢r❛❣♠❛ ❞❡ ✶✳✶ ♠✳



❈❆P❮❚❯▲❖ ✻✳ ❈❖◆❈▲❯❙➹❖ ✾✼

❖❜s❡r✈❛♥❞♦ ❡st❛ ✜❣✉r❛✱ ✈❡♠♦s q✉❡ ♦ ❧✐♠✐t❡ ♠á①✐♠♦ ❞♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛✲
❣❡♠ ♥❛ ❝â♠❛r❛ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ❈♦❧❛❜♦r❛çã♦ ♥ã♦ é ❡str✐t❛♠❡♥t❡ ❛t❡♥❞✐❞♦✳
❖ ❛❧✈♦ ❞❛ ❈♦❧❛❜♦r❛çã♦ ❡r❛ q✉❡ ✾✵✪ ❞❛ ❧✉③ ❡st✐✈❡ss❡ ❝♦♥t✐❞❛ ❞❡♥tr♦ ❞❡ ✉♠
❝ír❝✉❧♦ ❞❡ r❛✐♦ ✵✳✼✺ ❝♠✱ ♣♦ré♠✱ ❡♥❝♦♥tr❛♠♦s q✉❡ ❛♣❡♥❛s ✽✵✪ ❞❛ ❧✉③ ❡stá
❝♦♥t✐❞❛ ❡♠ ✉♠ ❝ír❝✉❧♦ ❞❡st❡ t❛♠❛♥❤♦✳ P❡❧♦ ❣rá✜❝♦ ✻✳✶ ❞❡t❡r♠✐♥❛♠♦s q✉❡
✾✵✪ ❞❛ ❧✉③ ❡stá ❝♦♥t✐❞❛ ❡♠ ✉♠ ❝ír❝✉❧♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✳✽✺ ❝♠ ❞❡ r❛✐♦✳

❊♥tr❡t❛♥t♦✱ ♦ ❡st✉❞♦ s❡♣❛r❛❞♦ ❞❛s ❝♦♠♣♦♥❡♥t❡s ✏só ❛♥❡❧✑ ❡ ✏s❡♠ ❛♥❡❧✑ q✉❡
❢♦r♠❛♠ ❛ ✐♠❛❣❡♠ ✜♥❛❧✱ ♠♦str❛ q✉❡ ♦ ❧✐♠✐t❡ ❡①t❡r♥♦ ❞❛ ✐♠❛❣❡♠ é ❞❡t❡r♠✐✲
♥❛❞♦ ♣❡❧♦s r❛✐♦s q✉❡ ♣❛ss❛♠ ♥❛ ♣❛rt❡ ❞❛ ❛❜❡rt✉r❛ ✐♥t❡r✐♦r ❛♦ ❛♥❡❧ ❝♦rr❡t♦r✱
✐s❡♥t❛♥❞♦ ❛ss✐♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r ♣❡❧♦ ♥ã♦ ❝✉♠♣r✐♠❡♥t♦ ❡str✐t♦ ❞❛ ❡s♣❡❝✐✜❝❛çã♦
♣❛r❛ ♦ t❛♠❛♥❤♦ ❞❛ ✐♠❛❣❡♠✳

❆♣❡s❛r ❞♦ ✈❛❧♦r ❞♦ r❛✐♦ t❡r ✉❧tr❛♣❛ss❛❞♦ ❛ ❡s♣❡❝✐✜❝❛çã♦ ♣♦r ❛♣❡♥❛s ✵✳✶
❝♠✱ ♦ q✉❡ ♥ã♦ é ❞rást✐❝♦ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦✱ ❛❝r❡❞✐t❛♠♦s q✉❡ ❛
r❡s♣♦♥s❛❜✐❧✐❞❛❞❡ ❞❡✈❡ s❡r ❛tr✐❜✉í❞❛ ❛♦ ❞❡s❛❧✐♥❤❛♠❡♥t♦ ❞♦s ❡s♣❡❧❤♦s✱ s❡♠ q✉❡✱
t♦❞❛✈✐❛✱ ♦s r❡s✉❧t❛❞♦s ❛q✉✐ ❛♣r❡s❡♥t❛❞♦s ♣♦ss❛♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ❞❡✜♥✐t✐✈♦s✳

❈♦♠ ❛ ❛♥á❧✐s❡ ❞❛s ❢♦t♦s ❞❡ ❱❊●❆ ❢♦✐ ♣♦ssí✈❡❧ t❛♠❜é♠ ❡st✐♠❛r ♦ ❛✉♠❡♥t♦
❡❢❡t✐✈♦ ❞❛ ár❡❛ ❝♦❧❡t♦r❛ ❝♦♠ ♦ ✉s♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r✳ ❖ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ♥♦
❈❛♣ít✉❧♦ ✸ ❢♦✐ ❞❡ ✻✷✪ ♣❛r❛ ♦ ❛♥❡❧ ❜r❛s✐❧❡✐r♦ ❡ ✺✽✪ ♣❛r❛ ♦ ❛♥❡❧ ❛❧❡♠ã♦✳
P♦ré♠✱ ❝♦♠♦ ❡ss❡s ✈❛❧♦r❡s ❞❡♣❡♥❞❡♠ ❞❛s ❝♦♥❞✐çõ❡s ❛t♠♦s❢ér✐❝❛s s♦❜r❡ ❛s
q✉❛✐s ♥ã♦ t❡♠♦s ♥❡♥❤✉♠❛ ✐♥❢♦r♠❛çã♦ té❝♥✐❝❛✱ ♣♦❞❡♠♦s ❞✐③❡r q✉❡ ♦ ❛✉♠❡♥t♦
❛♣r♦①✐♠❛❞♦ ❞❛ ár❡❛ ❞❡ ❝♦❧❡çã♦ ❞❡✈✐❞♦ ❛♦ ✉s♦ ❞♦ ❛♥❡❧ ❝♦rr❡t♦r é ❞❡ ✻✵✪✳
❖ ✈❛❧♦r t❡ór✐❝♦ ❞♦ ❛✉♠❡♥t♦ ❞❛ ár❡❛ é ❞❡ ✻✼✪✱ ❡♥tr❡t❛♥t♦ ❡ss❡ ❝á❧❝✉❧♦ ♥ã♦
❧❡✈❛ ❡♠ ❝♦♥t❛ ❛ ❛❜s♦rçã♦ ❞❛ ❧✉③ ❡ ❛s ✐♠♣❡r❢❡✐çõ❡s ❞♦ ❛♥❡❧✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛
❝♦♥❝♦r❞â♥❝✐❛ é r❛③♦á✈❡❧✳

P♦r ú❧t✐♠♦✱ t❡st❛♠♦s ❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛
s❡ ♦ ❛♥❡❧ ❝♦rr❡t♦r ❢♦ss❡ r❡♠♦✈✐❞♦ ❡ ♦ t❡❧❡s❝ó♣✐♦ ♦♣❡r❛❞♦ ❝♦♠ ✶✳✶ ♠ ❞❡ r❛✐♦
❞♦ ❞✐❛❢r❛❣♠❛✳ ❆s s✐♠✉❧❛çõ❡s ♠♦str❛r❛♠ q✉❡ ❛ r❡s♦❧✉çã♦ ♣✐♦r❛ ❡♠ ♠é❞✐❛
✉♠ ❣r❛✉ ♣❛r❛ ❝❤✉✈❡✐r♦s ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱✳ ❈♦♥❝❧✉í♠♦s ❛ss✐♠ q✉❡ ❛
♦♣❡r❛çã♦ ❞♦ t❡❧❡s❝ó♣✐♦ s❡♠ ♦ ❛♥❡❧ ❝♦rr❡t♦r é ❛❧t❛♠❡♥t❡ ❞❡s❢❛✈♦rá✈❡❧✳

✻✳✷ ❙✐♠✉❧❛çã♦ ❞❛ ▲✉③ ❞❡ ❋❧✉♦r❡s❝ê♥❝✐❛

❆ s✐♠✉❧❛çã♦ ❞❛ ♣r♦❞✉çã♦ ❞❡ ❧✉③ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ❡♠ ❝❤✉✈❡✐r♦s ❛t♠♦s❢ér✐❝♦s
❡①t❡♥s♦s é ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ tr❛t❛❞❛ ❝♦♠ ❣r❛♥❞❡s ❞❡t❛❧❤❡s ♥❡st❛ t❡s❡✳ ◆♦
❝❛♣ít✉❧♦ ✹ ❡①♣❧✐❝❛♠♦s ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♣r♦❣r❛♠❛ ❡ ❛s ♣❛rt✐❝✉❧❛r✐❞❛❞❡s
q✉❡ ♦ ❢❛③❡♠ ✐♥é❞✐t♦✳

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



✾✽

❝♦♠ s✐♠✉❧❛çõ❡s ✉♥✐❞✐♠❡♥s✐♦♥❛✐s✱ ❝♦♠ ♦ ❢❛♠♦s♦ ❡✈❡♥t♦ ❞❡ ✸✷✵ ❊❡❱ ♠❡❞✐❞♦
♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡ ❡ ❝♦♠ ❡✈❡♥t♦s ♠❡❞✐❞♦s ♣❡❧♦ ♣r♦tót✐♣♦ ❞♦ ❖❜✲
s❡r✈❛tór✐♦ ❆✉❣❡r✱ ✉t✐❧✐③❛♠♦s ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❛ ❣❡r❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦s
❢ót♦♥s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠❡❞✐❞❛ ❞❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧ ❞❡
❝❤✉✈❡✐r♦s ❝♦♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

P❛r❛ ❝❤✉✈❡✐r♦s ❝♦♠ ❡♥❡r❣✐❛ ❞❡ 1019 ❡❱ ✜❝♦✉ ❞❡t❡r♠✐♥❛❞♦ q✉❡ ♦s t❡❧❡s❝ó✲
♣✐♦s ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r sã♦ ❝❛♣❛③❡s ❞❡ ❞✐st✐♥❣✉✐r ❛ ❞✐str✐❜✉✐çã♦ ❧❛t❡r❛❧
♣❛r❛ ❡✈❡♥t♦s q✉❡ ✐♥❝✐❞✐r❡♠ ❛ ❞✐stâ♥❝✐❛s ♠❡♥♦r❡s q✉❡ ✽ ❦♠ ❞♦ t❡❧❡s❝ó♣✐♦✱ ✈❡❥❛
✻✳✷✳

❋✐❣✉r❛ ✻✳✷✿ ➶♥❣✉❧♦ ζ0 q✉❡ ♠❛①✐♠✐③❛ ❛ r❛③ã♦ s✐♥❛❧✴r✉í❞♦ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐s✲
tâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ✐♠♣❛❝t♦ ❡ ♦ t❡❧❡s❝ó♣✐♦✳

❆❧é♠ ❞❡ss❡ r❡s✉❧t❛❞♦✱ ❛❝r❡❞✐t❛♠♦s q✉❡ ❛ ❢❡rr❛♠❡♥t❛ ❞❡ s✐♠✉❧❛çã♦ ♣♦r
♥ós ❞❡s❡♥✈♦❧✈✐❞❛ s❡rá ❞❡ ❣r❛♥❞❡ ✉t✐❧✐❞❛❞❡ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♥♦✈❛s
❣❡r❛çõ❡s ❞❡ t❡❧❡s❝ó♣✐♦s ❡ ♣❛r❛ ❛ ✈❡r✐✜❝❛çã♦ ❞❡ ♠ét♦❞♦s ❞❡ r❡❝♦♥str✉çã♦✳ ❊s✲
t❛♠♦s ❡♠ ❝♦♥t❛t♦ ♣❡r♠❛♥❡♥t❡ ❝♦♠ ♦s ❛✉t♦r❡s ❞♦ ❈❖❘❙■❑❆ ♣❛r❛ ❡♠ ❜r❡✈❡
❞✐s♣♦♥✐❜✐❧✐③❛r ♥♦ss♦ ♣r♦❣r❛♠❛ ♣❛r❛ ❛ ❝♦♠✉♥✐❞❛❞❡ ✐♥t❡r♥❛❝✐♦♥❛❧✳

❊♠ ♣❛rt✐❝✉❧❛r✱ ✉♠ ❡st✉❞♦ ❝♦♠♣❧❡♠❡♥t❛r ❛ ❡st❛ t❡s❡ ❡stá s❡♥❞♦ ❞❡s❡♥✈♦❧✲
✈✐❞♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❡♥❝♦♥tr❛r ✉♠ ♠ét♦❞♦ q✉❡ ♣❡r♠✐t❛ ♠❡❞✐r ❛ ❞✐str✐❜✉✐✲
çã♦ ❧❛t❡r❛❧ ❞♦ ❝❤✉✈❡✐r♦ ❝♦♠ t❡❧❡s❝ó♣✐♦s ❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳ ❖ ❝♦♥❝❡✐t♦ ❜ás✐❝♦✱



❈❆P❮❚❯▲❖ ✻✳ ❈❖◆❈▲❯❙➹❖ ✾✾

❛♣r❡s❡♥t❛♥❞♦ ♣❡❧♦ ❉r✳ P❛✉❧ ❙♦♠♠❡rs ♥❛ r❡❢❡rê♥❝✐❛ ❬✺✹❪✱ ❢✉♥❞❛♠❡♥t❛✲s❡ ♥♦
t❛♠❛♥❤♦ ❞♦ s✐♥❛❧ ♥❛ ❝â♠❛r❛ ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ ✶✵✵ ♥s✳ ❚❛❧ ❡s✲
t✉❞♦ s♦♠❡♥t❡ é ♣♦ssí✈❡❧ ❝♦♠ ✉♠ ♣r♦❣r❛♠❛ ❞❡ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♠♦
♦ ❛♣r❡s❡♥t❛❞♦ ❛q✉✐✳

✻✳✸ ❘❡❝♦♥str✉çã♦✿ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r

❊st❛ s❡çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❡st❛ t❡s❡ r❡❢❡r❡✲s❡ ❛♦s ♠ét♦❞♦s ❞❡ r❡❝♦♥s✲
tr✉çã♦ ❤í❜r✐❞❛ ♣❛r❛ ♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❯♠ ♣r♦❣r❛♠❛ ❞❡ r❡❝♦♥str✉çã♦
❤í❜r✐❞❛ ❢♦✐ ♣♦r ♥ós ❡❧❛❜♦r❛❞♦✳ ❆ té❝♥✐❝❛ ❢♦✐ t❡st❛❞❛ q✉❛♥t♦ à s✉❛ ❡✜❝✐ê♥❝✐❛
♣❛r❛ ❞✐❢❡r❡♥t❡s ♣❛rtí❝✉❧❛s ♣r✐♠ár✐❛s✱ ❞✐❢❡r❡♥t❡s ❡♥❡r❣✐❛s ❡ ❞✐❢❡r❡♥t❡s ♣❛râ♠❡✲
tr♦s ❢ís✐❝♦s✳ ❆ r❡s♦❧✉çã♦ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ❞❛ ♣❛rtí❝✉❧❛
♣r✐♠ár✐❛ ♣❛r❛ ❝❛❞❛ ❝♦♥✜❣✉r❛çã♦ ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❡ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s r❡✲
s♦❧✉çõ❡s ❡q✉✐✈❛❧❡♥t❡s ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ♦s ❡✈❡♥t♦s sã♦ ❞❡t❡❝t❛❞♦s ❛♣❡♥❛s
❝♦♠ ♦s t❡❧❡s❝ó♣✐♦s é ♠♦str❛❞❛✳

◆♦ss❛s ❛♥á❧✐s❡s ♠♦str❛r❛♠ q✉❡ ♦ ♠ét♦❞♦ ❞❡ r❡❝♦♥str✉çã♦ ❤í❜r✐❞♦ é ✐♥❞❡✲
♣❡♥❞❡♥t❡ ❞❛ ♣❛rtí❝✉❧❛ ♣r✐♠ár✐❛ ❡ t❡♠ r❡s♦❧✉çã♦ ♥❛ ❞✐r❡çã♦ ❞❡ ❝❤❡❣❛❞❛ ♣r❛✲
t✐❝❛♠❡♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡♥❡r❣✐❛ ♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ 1018 ❡ 1020 ❡❱✳ ❆❧❣✉♥s
❞♦s ♥♦ss♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s ❝♦♠ ♦s ❝á❧❝✉❧♦s ❢❡✐t♦s ❝♦♠ s✐♠✉❧❛✲
çõ❡s ♠❡♥♦s ❞❡t❛❧❤❛❞❛s ♣❛r❛ ♦ ❉❡s✐❣♥ ❘❡♣♦rt ❡ ♠♦str❛r❛♠ q✉❡ ❡❧❡ r❡♣r❡s❡♥t❛
✉♠ ❧✐♠✐t❡ ♠í♥✐♠♦ ♣❛r❛ ❛ r❡s♦❧✉çã♦ ❞♦ ❖❜s❡r✈❛tór✐♦✳

❆✐♥❞❛ ✈❡r✐✜❝❛♠♦s ❛ ✈❛r✐❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❡♠ ❢✉♥çã♦ ❞♦s
♣❛râ♠❡tr♦s ❢ís✐❝♦s ❞♦ ❝❤✉✈❡✐r♦ ❝♦♥s✐❞❡r❛❞♦s✳ ◆♦t❛♠♦s q✉❡ ✉♠ ❝♦♥❤❡❝✐♠❡♥t♦
♣r❡❝✐s♦ s♦❜r❡ ❛s ✐♥❝❡rt❡③❛s ❞❡ ♠❡❞✐❞❛ ❞❡ t❡♠♣♦ é ♥❡❝❡ssár✐♦ ♠❛s ♥ã♦ ❝r✉❝✐❛❧✳
P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❞❡t❡r♠✐♥❛çã♦ ♣r❡❝✐s❛ ❞❛ ❢♦r♠❛ ❞❛ ❢r❡♥t❡ ❝✉r✈❛ ❞♦ ❝❤✉✈❡✐r♦
t❡♠ ♠❛✐♦r ✐♥✢✉ê♥❝✐❛ s♦❜r❡ ❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❛♦ ♣♦♥t♦ ❞❡ s❡r ♠❛✐s
❡✜❝❛③ ✉t✐❧✐③❛r ❛♣❡♥❛s ♦ t❛♥q✉❡ ❞❡ ♠❛✐♦r s✐♥❛❧ ❛♦ ✐♥✈és ❞❡ ❝♦♥s✐❞❡r❛r ✉♠❛
❢r❡♥t❡ ♣❧❛♥❛ ♣❛r❛ ♦ ❝❤✉✈❡✐r♦✳

❈❤✉✈❡✐r♦s ❤í❜r✐❞♦s ❝♦♠ ❛♣❡♥❛s ✉♠ t❛♥q✉❡ ❛✐♥❞❛ ♣♦❞❡♠ s❡r r❡❝♦♥str✉í❞♦s
❝♦♠ ót✐♠❛ ♣r❡❝✐sã♦ ❛♥❣✉❧❛r✳ ❆ t❛❜❡❧❛ ✻✳✶ ♠♦str❛✱ ❝♦♠♦ r❡s✉♠♦ ❞♦s r❡s✉❧t❛✲
❞♦s ❞♦ ❈❛♣ít✉❧♦ ✺✱ ❛ r❡s♦❧✉çã♦ ❞❛ r❡❝♦♥str✉çã♦ ❤í❜r✐❞❛ ❡♠ ❢✉♥çã♦ ❞❛ ❡♥❡r❣✐❛✱
❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ r❡❝♦♥str✉çã♦ q✉❡ ✉t✐❧✐③❛ ❛♣❡♥❛s ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦
❞❡ ✢✉♦r❡s❝ê♥❝✐❛✳

P♦r ú❧t✐♠♦✱ ✉t✐❧✐③❛♠♦s ♦ ♣r♦❣r❛♠❛ ❤í❜r✐❞♦ ♣♦r ♥ós ❞❡s❡♥✈♦❧✈✐❞♦ ❡ ♦ ♣r♦✲
❣r❛♠❛ ❋▲❖❘❊❙ ♣❛r❛ r❡❝♦♥str✉✐r t♦❞♦s ♦s ❡✈❡♥t♦s ❤í❜r✐❞♦s ❡ ❞❡t❡❝t❛❞♦s só
♣❡❧♦s t❡❧❡s❝ó♣✐♦s ❞♦ ♣r♦tót✐♣♦ ❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r✳ ❈♦♠ ♦s ♣❛râ♠❡tr♦s r❡✲
❝♦♥str✉í❞♦s ❞❡t❡r♠✐♥❛♠♦s ✉♠❛ t❛①❛ ❞❡ ❡❧♦♥❣❛çã♦ ❉❋ ❡ ❤í❜r✐❞❛✳ ❖ ♣❡q✉❡♥♦



✶✵✵

❊rr♦r ♥❛ ❉✐r❡çã♦ ❞❡ ❈❤❡❣❛❞❛
1018 eV 1019 eV 1020 eV

✺✵✪ 0.52o 0.41o 0.46o

❍í❜r✐❞♦ ✾✵✪ 2.09o 1.67o 1.40o

✺✵✪ 2.85o 1.04o 0.99o

❉❋ ✾✵✪ 18.87o 8.41o 13.73o

❚❛❜❡❧❛ ✻✳✶✿ ❈♦♠♣❛r❛çã♦ ❞❛ r❡s♦❧✉çã♦ ❛♥❣✉❧❛r ❡♥tr❡ ❛s r❡❝♦♥str✉çõ❡s ❤í❜r✐❞❛s
❡ só ❝♦♠ ❞❛❞♦s ❞♦ t❡❧❡s❝ó♣✐♦ ❞❡ ✢✉♦r❡s❝ê♥❝✐❛ ✭❉❋✮✳

♥ú♠❡r♦ ❞❡ ❡✈❡♥t♦s ✭✶✸ ❤í❜r✐❞♦s ❡ ✼✸ ❉❋✮ ♥ã♦ ♣❡r♠✐t❡♠ ♥❡♥❤✉♠❛ ❝♦♥❝❧✉✲
sã♦ s♦❜r❡ ❡st❡ ♣♦♥t♦✳ P♦ré♠✱ é ❜❛st❛♥t❡ s✐❣♥✐✜❝❛t✐✈♦ q✉❡✱ ❛♣❡s❛r ❞❛ ❜❛✐①❛
❝♦♥✜❛❜✐❧✐❞❛❞❡ ❡st❛tíst✐❝❛✱ ♦s ✈❛❧♦r❡s ♠é❞✐♦s ♣❛r❛ ♦s ❡✈❡♥t♦s ❤í❜r✐❞♦s✱ ❉❋ ❡
♦s ❛♣r❡s❡♥t❛❞♦s ♣❡❧❛ ❝♦❧❛❜♦r❛çã♦ ❋❧②✬s ❊②❡ ❝♦♥❝♦r❞❛♠ ❜❛st❛♥t❡ ❜❡♠✱ ❝♦♠♦
♣♦❞❡ s❡r ✈✐st♦ ♥❛ t❛❜❡❧❛ ✻✳✷✳

❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦
❚❛①❛ ❞❡ ❊❧♦♥❣❛çã♦ ✭g/cm2 ♣♦r ❞é❝❛❞❛ ❞❡ ❊♥❡r❣✐❛✮

❋❧②✬s ❊②❡ ✾✸✳✵ ± ✶✵✳✺
❆✉❣❡r ❉❋ ✽✾✳✵✽ ± ✺✸✳✺✼

❆✉❣❡r ❍í❜r✐❞♦ ✼✺✳✵✾ ± ✺✸✳✽✽

❚❛❜❡❧❛ ✻✳✷✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ❛s t❛①❛s ❞❡ ❡❧♦♥❣❛çã♦ ♠❡❞✐❞❛s ♣❡❧♦ ♣r♦tót✐♣♦
❞♦ ❖❜s❡r✈❛tór✐♦ ❆✉❣❡r ❡ ♣❡❧♦ ❡①♣❡r✐♠❡♥t♦ ❋❧②✬s ❊②❡✳ ❆ t❛❜❡❧❛ ♠♦str❛ ♦
✈❛❧♦r ❛❥✉st❛❞♦ ❡ ♦ ❡rr♦ ❡st❛tíst✐❝♦✳



❇✐❜❧✐♦❣r❛✜❛

❬✶❪ ▼✉❧t✐❲❛✈❡▲❡♥❣t❤ ❆str♦♥♦♠② ✱ ❤tt♣✿✴✴❝♦♦❧❝♦s♠♦✳✐♣❛❝✳❝❛❧t❡❝❤✳❡❞✉✴

❬✷❪ ❑✳✲❍✳ ❑❛♠♣❡rt ❡t ❛❧✳✱ Pr♦❝✳ ✷✼th ■♥t✳ ❈♦s♠✐❝ ❘❛② ❈♦♥❢✳ ✭✷✵✵✶✮✱ ✶

❬✸❪ ❈✳ ▲✳ ❙✳ Pr②❦❡✱ ■♥str✉♠❡♥t❛t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ❞❡s✐❣♥
❢♦r t❤❡ ♥❡①t ❣❡♥❡r❛t✐♦♥ ❞❡t❡❝t♦r ♦❢ t❤❡ ❤✐❣❤❡st ❡♥❡r❣② ❝♦s♠✐❝ r❛②s✳ ❚❡s❡
❞❡ ❉♦✉t♦r❛❞♦✱ ❯♥✐✈❡rs✐t② ♦❢ ▲❡❡❞s ✭✶✾✾✻✮

❬✹❪ ❋✳ ❑❛❦✐♠♦t♦✱ ❊✳ ❈✳ ▲♦❤✱ ▼✳ ◆❛❣❛♥♦✱ ❍✳ ❖❦✉♥♦✱ ▼✳ ❚❡s❤✐♠❛ ❡ ❙✳ ❯❡♥♦✱
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❈♦s♠✐❝ ❘❛② ❈♦♥❢✳✱ ❑②♦t♦ ✭❏❛♣❛♥✮✱ ✼ ✭✶✾✼✾✮✱ ✶✽✕✷✶

❬✹✷❪ ❍✳ ▼✳ ❇❛r❜♦s❛✱ ❱✳ ❞❡ ❙♦✉③❛ ❡ ❈✳ ❉♦❜r✐❣❦❡✐t✱ ❆ ▼♦♥t❡ ❈❛r❧♦ t♦ ♣r♦❞✉❝❡
✢✉♦r❡s❝❡♥❝❡ ♣❤♦t♦♥s ✳ ❚❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱ P✉❜❧✐❝❛çã♦ ■♥t❡r♥❛
●❆P✲✷✵✵✸✲✵✻✵✱ ✇✇✇✳❛✉❣❡r✳♦r❣ ✭✷✵✵✸✮

❬✹✸❪ ❍✳ ▼✳ ❏✳ ❇❛r❜♦s❛✱ ❱✳ ❙♦✉③❛ ❡ ❈✳ ❉♦❜r✐❣❦❡✐t✱ Pr♦❝✳ ✷✽th ■♥t✳ ❈♦s♠✐❝ ❘❛②
❈♦♥❢✳✱ ❯♥✐✈❡rs❛❧ ❆❝❛❞❡♠② Pr❡ss✱ ✷ ✭✷✵✵✸✮✱ ✺✾✾✕✻✵✷

❬✹✹❪ ❊✳ ❑❡♠♣ ❡t ❛❧✳✱ Pr♦❝✳ ✷✽th ■♥t✳ ❈♦s♠✐❝ ❘❛② ❈♦♥❢✳✱ ✷✱ ✽✺✸
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❬✹✺❪ ❋✳ ❆r❝✐♣r❡t❡ ❡t ❛❧✳✱ Pr♦❝✳ ✷✽th ■♥t✳ ❈♦s♠✐❝ ❘❛② ❈♦♥❢✳✱ ✷✱ ✽✸✼
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❬✹✼❪ ▼✳ ◆❛❣❛♥♦✱ ❑✳ ❑♦❜❛②❛❦❛✇❛✱ ◆✳ ❙❛❦❛❦✐ ❡ ❑✳ ❆♥❞♦✱ P❤♦t♦♥ ②✐❡❧❞s ❢r♦♠
♥✐tr♦❣❡♥ ❣❛s ❛♥❞ ❞r② ❛✐r ❡①❝✐t❡❞ ❜② ❡❧❡❝tr♦♥s✱ ❛r❳✐✈✿❛str♦✲♣❤✴✵✸✵✸✶✾✸✈✷

❬✹✽❪ ❙t♦♣♣✐♥❣ P♦✇❡rs ❛♥❞ ❘❛♥❣❡ ❚❛❜❧❡s ❢♦r ❊❧❡❝tr♦♥s✱
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❛♥❞ t❤❡ ❤②❜r✐❞ r❡s♦❧✉t✐♦♥✳ ❚❤❡ P✐❡rr❡ ❆✉❣❡r ❖❜s❡r✈❛t♦r②✱ P✉❜❧✐❝❛çã♦
■♥t❡r♥❛ ●❆P✲✷✵✵✸✲✵✼✷✱ ✇✇✇✳❛✉❣❡r✳♦r❣ ✭✷✵✵✸✮
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✏❖ ❤♦r✐③♦♥t❡ ❞❡ ❡✈❡♥t♦s é ❛ ❢r♦♥t❡✐r❛ ❞♦ ❜✉r❛❝♦ ♥❡❣r♦✳
P❡r❞✐ ❛♥♦s ♣❡♥s❛♥❞♦ ♥♦ q✉❡ ❤á ❞❡♣♦✐s ❞❛ ❢r♦♥t❡✐r❛✳
✲ ❈♦♠♦ ♥❛s❝❡ ✉♠ ❜✉r❛❝♦ ♥❡❣r♦ ❄
✲ ❆♦♥❞❡ ✈❛✐ t✉❞♦ q✉❡ ❡♥❣♦❧❡ ❄
✲ ◆♦ q✉❡ s❡ tr❛♥s❢♦r♠❛ ❄
◆ã♦ ❛❝❤❡✐ r❡s♣♦st❛s✳ ▼❛s s❛❝r✐✜q✉❡✐ t❡♠♣♦✱ ❛♠✐③❛❞❡s✱
❛♠♦r✳✳✳

◆♦ ❞✐❛ ❡♠ q✉❡ ♠♦rr❡✉ ♠❡✉ ♣❛✐✱ ❡✉ q✉❡r✐❛ ✐r à ❡s❝♦❧❛✳
◆ã♦ ♠❡ ❞❡✐①❛r❛♠✳ ◆❡st❡ ❞✐❛✱ ❞❡❝✐❞✐ ❝♦♠♦ ❡✉ s❡r✐❛ ♣❛r❛
s❡♠♣r❡❀ q✉❡ ❡str❛té❣✐❛s ✉s❛r✐❛ ♣❛r❛ ♥ã♦ s❡♥t✐r ❢❛❧t❛ ❞❡❧❡✱
q✉❡ ❛r♠❛❞✉r❛ ✉s❛r✐❛ ♣❛r❛ ❡✈✐t❛r ❛ ❞♦r✳ ❆❣♦r❛ ✈❡❥♦ q✉❡
♦❧❤❛✈❛ ❞♦ ❧❛❞♦ ❡rr❛❞♦ ❞♦ t❡❧❡s❝ó♣✐♦✿ ❛q✉❡❧❛ ❞♦r ❢♦✐ ✉♠
❡♥♦r♠❡ ❜✉r❛❝♦ ♥❡❣r♦✳

◆ã♦ t❡♥❤♦ t❡♦r✐❛ ♣❛r❛ ❡♥❢r❡♥t❛r ♦ ▼✉♥❞♦✱ s❡✐ q✉❡✱ s❡
♥❛❞❛ t❡ t♦❝❛✱ ♥❛❞❛ t❡ ❢❛rá ❢❡❧✐③✳✑

▼♦♥ó❧♦❣♦ ✜♥❛❧ ❞♦ ✜❧♠❡ ✏❈♦❧♣♦ ❞✐ ▲✉♥❛✑ ✭✏❯♠❛ ❏❛✲
♥❡❧❛ ♣❛r❛ ▲✉❛✑✮ ❡s❝r✐t♦ ❡ ❞✐r✐❣✐❞♦ ♣♦r ❆❧❜❡rt♦ ❙✐♠♦♥✐✳


