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✸✳✻ ✓■♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❝❛❧❝✉❧❛❞♦ ❛ ♣❛rt✐r ❞❛ ❡q✉❛✘❝⑦❛♦ ✸✳✽ ♣❛r❛ ♦s ❞♦✐s ✈❛❧♦r❡s ❞❡
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❘❡s✉♠♦

❖s ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠ s❡♠✐❝♦♥❞✉t♦r❡s s⑦❛♦ ♦❜❥❡t♦ ❞❡ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ❝♦♠♦ ♠❛t❡r✐❛✐s
✓♦♣t✐❝♦s ♥⑦❛♦ ❧✐♥❡❛r❡s ❡ ❡st✉❞♦s ✐♥t❡♥s✐✈♦s ❛❝❡r❝❛ ❞♦s ❡❢❡✐t♦s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ❡
♥⑦❛♦ ❧✐♥❡❛r✐❞❛❞❡ ✓♦t✐❝❛ t❡♠ s✐❞♦ r❡❛❧✐③❛❞♦s✳ ❆♣❡s❛r ❞♦ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥❛s ♣r♦♣r✐❡❞❛❞❡s
✓♦t✐❝❛s ❞❡ss❡s ♠❛t❡r✐❛✐s✱ ♦s ❞❛❞♦s t✓❡r♠✐❝♦s ❡ ♦♣t♦✲t✓❡r♠✐❝♦s s⑦❛♦ ❛✐♥❞❛ ❡s❝❛ss♦s ❡ r❛r♦s✳ ◆❡st❡
tr❛❜❛❧❤♦ ✉t✐❧✐③❛♠♦s ❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♥❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦
♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛
❞♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❞♥✴❞❚ ❡♠ ❛♠♦str❛s ❞❡ ✈✐❞r♦s ❞❡ ❜♦r♦ss✐❧✐❝❛t♦ ❞♦♣❛❞♦s ❝♦♠ ❈❞❚❡✳
❆s ❛♠♦str❛s ❡st✉❞❛❞❛s ❢♦r❛♠ ✈✐❞r♦s tr❛t❛❞♦s t❡r♠✐❝❛♠❡♥t❡ ❛ ✺✹✵✵❈ ♣❛r❛ ♣❡r✓✏♦❞♦s ❞❡ ✷✵✱
✻✺✱ ✶✺✵✱ ✷✺✺✱ ✸✵✵✱ ✸✻✵ ❡ ✹✽✵ ♠✐♥✳ ❚❛♠❜✓❡♠ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡s♣❡❝tr♦s ❢♦t♦❛❝✓✉st✐❝♦s ❝♦♠
❡st❛s ❛♠♦str❛s✳

P❛r❛ ♦s ❡s♣❡❝tr♦s ❢♦t♦❛❝✓✉st✐❝♦s ♥♦t❛♠♦s q✉❡ ❛s ❛♠♦str❛s tr❛t❛❞❛s ♣❛r❛ ✷✵ ❡ ✻✺ ♠✐♥
s⑦❛♦ q✉❛s❡ tr❛♥s♣❛r❡♥t❡s ♥❛ ❢❛✐①❛ ❞♦ ✈✐s✓✏✈❡❧✱ ❛♣r❡s❡♥t❛♥❞♦ ❜❛♥❞❛ ❞❡ ❛❜s♦r✘❝⑦❛♦ ♥♦ ✉❧tr❛✲
✈✐♦❧❡t❛✱ ❝❛r❛❝t❡r✓✏st✐❝❛ ❞❡ ❞✐❡❧✓❡tr✐❝♦s t❛✐s ❝♦♠♦ ❡ss❡s ✈✐❞r♦s✳ P❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ❛
✶✺✵ ♠✐♥ ♦✉ ♠❛✐s✱ ❛♣❛r❡❝❡ ✉♠❛ ❜❛♥❞❛ ❞❡ ❛❜s♦r✘❝⑦❛♦ ❛❞✐❝✐♦♥❛❧ ♥♦ ✈✐s✓✏✈❡❧✱ ❡ q✉❡ s❡ ❞❡s❧♦❝❛
♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐s ❧♦♥❣♦s ❝♦♠ ♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦✳ ❊st❛ ❜❛♥❞❛ ✓❡

✶



✷
❝♦♥s❡q⑧✉❫❡♥❝✐❛ ❞♦s ❡❢❡✐t♦s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ❞♦ ❡❧✓❡tr♦♥✱ ❛ss♦❝✐❛❞♦ ✒❛ ❡①✐st❫❡♥❝✐❛ ❞❡
♥❛♥♦❝r✐st❛✐s ❞❡ ❈❞❚❡ ♥♦ ✈✐❞r♦✳

❖s r❡s✉❧t❛❞♦s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♠♦str❛r❛♠ ♦s ✈❛❧♦r❡s ❞❡ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡♥❝♦♥✲
tr❛❞♦s ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❞❛s ❛♠♦str❛s✳ ❊st❡s ✈❛❧♦r❡s s⑦❛♦ ♣r✓♦①✐♠♦s ✒❛
❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❡ ✈✐❞r♦s ❞❡ ❜♦r♦ss✐❧✐❝❛t♦ r❡❧❛t❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡ ♠♦str❛♠ ✉♠❛
❞✐♠✐♥✉✐✘❝⑦❛♦ ♣❡q✉❡♥❛ ❞♦ ♣❛r❫❛♠❡tr♦ t✓❡r♠✐❝♦ ♣❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ♣❛r❛ ❧♦♥❣♦s ♣❡r✓✏♦❞♦s✳
❊st❡ ❡❢❡✐t♦ ♣♦❞❡ s❡r ❝❛✉s❛❞♦ ♣❡❧❛ ♣❡rt✉r❜❛✘❝⑦❛♦ ♥❛ ♣r♦♣❛❣❛✘❝⑦❛♦ ❞❡ ❝❛❧♦r ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s
♣♦♥t♦s q✉❫❛♥t✐❝♦s✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞♥✴❞❚✭❡♠ ✻✸✷✱✽ ♥♠✮ ♦❜t✐❞♦ ❞❛s ♠❡❞✐❞❛s ❞❡
▲❡♥t❡ ❚✓❡r♠✐❝❛✱ ❞❡✈✐❞❛♠❡♥t❡ ♥♦r♠❛❧✐③❛❞♦s ♣❡❧♦ ❙✐♥❛❧ ❋♦t♦❛❝✓✉st✐❝♦✱ ♠♦str♦✉ ❝❧❛r❛ ❝♦r✲
r❡❧❛✘❝⑦❛♦ ❝♦♠ ❛ ❡✈♦❧✉✘❝⑦❛♦ ❞❛s ❜❛♥❞❛s ❞❡ ❛❜s♦r✘❝⑦❛♦ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ tr❛t❛♠❡♥t♦✱
✐♥❞✐❝❛♥❞♦ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ♠♦❞✉❧❛✘❝⑦❛♦ t✓❡r♠✐❝❛ s❡ ❞✓❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛tr❛✈✓❡s ❞♦ ❞❡s❧♦❝❛✲
♠❡♥t♦ ❞❛ ❜❛♥❞❛ ❞❡ ❛❜s♦r✘❝⑦❛♦✳



❆❜str❛❝t

●❧❛ss❡s ❞♦♣❡❞ ✇✐t❤ s❡♠✐❝♦♥❞✉❝t♦rs ❛r❡ ♦❢ ❣r❡❛t ✐♥t❡r❡st ❛s ♥♦♥✲❧✐♥❡❛r ♦♣t✐❝❛❧ ♠❛t❡r✐❛❧s✱
❛♥❞ ✐♥t❡♥s✐✈❡ st✉❞✐❡s ♦♥ q✉❛♥t✉♠ ❝♦♥☞♥❡♠❡♥t ❛♥❞ ♥♦♥✲❧✐♥❡❛r ♦♣t✐❝s ✐♥ t❤❡s❡ str✉❝t✉r❡s
❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t✳ ❉❡s♣✐t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡✐r ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s✱ t❤❡r♠❛❧ ❛♥❞
♦♣t♦✲t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ❛r❡ st✐❧❧ ♥♦t ✇❡❧❧ ❝❤❛r❛❝t❡r✐③❡❞ ✐♥ t❤❡s❡ ♠❛t❡r✐❛❧s✳ ■♥ t❤✐s ✇♦r❦
✇❡ ✉s❡❞ t❤❡ t❤❡r♠❛❧ ❧❡♥s t❡❝❤♥✐q✉❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ t❤❡r♠❛❧ ❞✐☛✉s✐✈✐t② ❛♥❞ t❤❡ ❜❡❤❛✈✐♦r
♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ❝♦❡✍❝✐❡♥t ♦❢ t❤❡ r❡❢r❛❝t✐✈❡ ✐♥❞❡①✱ ❞♥✴❞❚✱ ✐♥ ❈❞❚❡ q✉❛♥t✉♠ ❞♦ts
❜♦r♦s✐❧❛❝❛t❡ ❣❧❛ss❡s✳ ❙❛♠♣❧❡s ❛♥♥❡❛❧❡❞ ❛t ✺✹✵✵ ❈ ❢♦r ✷✵✱ ✻✺✱ ✶✺✵✱ ✷✺✺✱ ✸✵✵✱ ✸✻✵ ❛♥❞ ✹✽✵ ♠✐♥
✇❡r❡ ✐♥✈❡st✐❣❛t❡❞✳ ❖♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ s♣❡❝tr❛ ✇❡r❡ ❛❧s♦ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ♣❤♦t♦❛❝♦✉st✐❝
t❡❝❤♥✐q✉❡✳

❚❤❡ ♣❤♦t♦❛❝♦✉st✐❝ s♣❡❝tr❛ ❢♦r t❤❡ s❛♠♣❧❡s tr❡❛t❡❞ ❢♦r ✷✵ ❛♥❞ ✻✺ ♠✐♥ ❞✐❞ ♥♦t s❤♦✇
s✐❣♥✐☞❝❛♥t ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡✱ ♣r❡s❡♥t✐♥❣ ♦♥❧② t❤❡ ✇❡❧❧ ❦♥♦✇♥ ❯❱ ❜❛♥❞ ♦❢
❣❧❛ss❡s✳ ❚❤❡ s❛♠♣❧❡s tr❡❛t❡❞ ❢♦r ✶✺✵ ♠✐♥ ❛♥❞ ❢✉rt❤❡r ♣r❡s❡♥t❡❞ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❜❛♥❞ ✐♥
t❤❡ ✈✐s✐❜❧❡✱ ✇❤✐❝❤ s❤✐❢ts ✉♣ t♦ ❧♦♥❣ ✇❛✈❡❧❡♥❣t❤s ✇✐t❤ ❛♥♥❡❛❧✐♥❣✳ ❚❤✐s ❜❛♥❞ ❛r✐s❡s ✐♥ t❤❡
q✉❛♥t✉♠ ❝♦♥☞♥❡♠❡♥t ✐♥ t❤❡ ❈❞❚❡ ♥❛♥♦❝r②st❛❧s ❞✐s♣❡rs❡❞ ✐♥ t❤❡ ❣❧❛ss ♠❛tr✐①✳

❚❤❡r♠❛❧ ❧❡♥s ♠❡❛s✉r❡♠❡♥ts ❛❧❧♦✇❡❞ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ t❤❡r♠❛❧ ❞✐☛✉s✐✈✐t② ♦❢ t❤❡
✸



✹
s❛♠♣❧❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t❤❡r♠❛❧ tr❡❛t♠❡♥t✳ ❚❤❡ ❢♦✉♥❞ ✈❛❧✉❡s ❛r❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t
✇✐t❤ ❧✐t❡r❛t✉r❡ ❞❛t❛ ❢♦r ❜♦r♦s✐❧✐❝❛t❡ ❣❧❛ss❡s✱ ❛♥❞ ♣r❡s❡♥t ❛ s❧✐❣❤t ❞❡❝r❡❛s❡ ❢♦r s❛♠♣❧❡s
tr❡❛t❡❞ ❢♦r ❧♦♥❣ ♣❡r✐♦❞s✳ ❚❤✐s ❞❡❝r❡❛s❡ ❝❛♥ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ♣❡rt✉r❜❛t✐♦♥ ✐♥tr♦❞✉❝❡❞
❜② t❤❡ ❈❞❚❡ ❛❣❣r❡❣❛t❡s ✐♥ t❤❡ ❤❡❛t ♣r♦♣❛❣❛t✐♦♥✳ ❋✐♥❛❧❧②✱ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❞♥✴❞❚ ✭❛t
✻✸✷✱✽ ♥♠✮ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ t❤❡r♠❛❧ ❧❡♥s ♠❡❛s✉r❡♠❡♥ts s❤♦✇❡❞ ❛ ♥❡t ❝♦rr❡❧❛t✐♦♥ ✇✐t❤
t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❜❛♥❞s ✇✐t❤ t❤❡r♠❛❧ tr❡❛t♠❡♥t✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡
❡☛❡❝t ♦❢ t❤❡ t❤❡r♠❛❧ ♠♦❞✉❧❛t✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ s❤✐❢t ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❜❛♥❞ t♦
❧♦♥❣❡r ✇❛✈❡❧❡♥❣t❤s✳



❆♣r❡s❡♥t❛✘❝⑦❛♦

❆ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ✭❚▲❙✮ ✓❡ ✉♠❛ t✓❡❝♥✐❝❛ s❡♥s✓✏✈❡❧✱ ♥⑦❛♦ ❞❡str✉t✐✈❛ ❡ ❡☞❝❛③
♥❛ ✐♥✈❡st✐❣❛✘❝⑦❛♦ ❞❡ ♠❛t❡r✐❛✐s tr❛♥s♣❛r❡♥t❡s✱ ❢♦r♥❡❝❡♥❞♦ ✐♥❢♦r♠❛✘❝⑦♦❡s ❞❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s
✓♦♣t✐❝❛s ❡ t✓❡r♠✐❝❛s✳ ❊❧❛ ♣❡rt❡♥❝❡ ❛ ✉♠❛ ❢❛♠✓✏❧✐❛ ❞❡ t✓❡❝♥✐❝❛s✱ ❝❤❛♠❛❞❛s ❚✓❡❝♥✐❝❛s ❋♦✲
t♦t✓❡r♠✐❝❛s q✉❡ t❫❡♠ ❡♠ ❝♦♠✉♠ ❛ ❞❡t❡❝✘❝⑦❛♦ ❞♦ ❝❛❧♦r ❣❡r❛❞♦ ♥❛ ❛♠♦str❛ ❛♣✓♦s ❛❜s♦r✘❝⑦❛♦
❞❡ ❧✉③✳ ❊st❛s t✓❡❝♥✐❝❛s ❞✐❢❡r❡♠ ❡♥tr❡ s✐ ♣❡❧❛ ❢♦r♠❛ ❞❡ ❞❡t❡❝✘❝⑦❛♦ ❞❛ ♦♥❞❛ ❞❡ ❝❛❧♦r ❣❡r❛❞❛✳ ❆
♠❛✐s tr❛❞✐❝✐♦♥❛❧ ❞❡❧❛s ✓❡ ❛ ❊s♣❡❝tr♦s❝♦♣✐❛ ❋♦t♦❛❝✓✉st✐❝❛ ✭P❆❙✮✱ q✉❡ ❞❡t❡❝t❛ ❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡
♣r❡ss⑦❛♦ ♥✉♠❛ ❝❫❛♠❛r❛ ❢❡❝❤❛❞❛ ❝♦♥t❡♥❞♦ ❛ ❛♠♦str❛✳ P♦❞❡♠♦s ❝✐t❛r t❛♠❜✓❡♠ ❛ ❘❛❞✐♦♠❡tr✐❛
■♥❢r❛✈❡r♠❡❧❤❛ ❡ ❛s t✓❡❝♥✐❝❛s ❜❛s❡❛❞❛s ♥❛ ❞❡t❡❝✘❝⑦❛♦ ❞❡ ❞❡❢♦r♠❛✘❝⑦♦❡s ✭♣♦r ❡①♣❛♥s⑦❛♦ t✓❡r♠✐❝❛✮
♥❛ ❛♠♦str❛✱ s❡❥❛ ♣❡❧♦ ❞❡s✈✐♦ ❞❡ ✉♠ ❢❡✐①❡ ❧❛s❡r ♦✉ ♣❡❧♦ ✉s♦ ❞❡ ✉♠ ❞❡t❡❝t♦r ♣✐❡③♦❡❧✓❡tr✐❝♦✳
❖✉tr❛s t✓❡❝♥✐❝❛s ❢♦t♦t✓❡r♠✐❝❛s ❜❛s❡✐❛♠✲s❡ ❞❡ ✉♠ ♠♦❞♦ ❣❡r❛❧ ♥❛ ❞❡♣❡♥❞❫❡♥❝✐❛ ❡♥tr❡ ♦ ✓✏♥❞✐❝❡
❞❡ r❡❢r❛✘❝⑦❛♦ ❡ ❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♠♦ ✓❡ ♦ ❝❛s♦ ❞♦ ❊❢❡✐t♦ ▼✐r❛❣❡♠✱ ❞❛ ❘❡✌❡①⑦❛♦ ❋♦t♦t✓❡r♠✐❝❛
❡ ❞❛ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛✳ ❈❛❞❛ ✉♠❛ ❞❡st❛s t✓❡❝♥✐❝❛s ✓❡ ❛♣r♦♣r✐❛❞❛ ♣❛r❛ ♦
❡st✉❞♦ ❞❡ ❛♠♦str❛s q✉❡ ♣♦ss✉❡♠ ❝❡rt❛s ♣r♦♣r✐❡❞❛❞❡s t❛✐s ❝♦♠♦✿ ♦♣❛❝✐❞❛❞❡✱ tr❛♥s♣❛r❫❡♥❝✐❛✱
❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ❧✉③✱ ❡t❝✳

❊st❡ tr❛❜❛❧❤♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❡①♣❧♦r❛r ❛ t✓❡❝♥✐❝❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ✭❚▲✮ ♣❛r❛ ❛
✺



✻
❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛
❞♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ✭❞♥❂❞❚ ✮ ❞❡ ✈✐❞r♦s ❞❡ ❜♦r♦ss✐❧✐❝❛t♦ ❞♦♣❛❞♦s ❝♦♠ s❡♠✐❝♦♥❞✉t♦r❡s
✭❈❞❚❡✮✳ ❊ss❛ t✓❡❝♥✐❝❛ ♣❡r♠✐t❡ ♠❡❞✐r s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡ ♦ ❝♦❡☞✲
❝✐❡♥t❡ ✭❞♥❂❞❚ ✮✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❝♦♠♣❧❡t❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞❡st❡ ✓✉❧t✐♠♦ ❞❡♣❡♥❞❡ ❞❡ ♣❛r❫❛♠❡tr♦s
❝♦♠♦ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛✳ ❆ss✐♠ ♠❡❞✐❞❛s ❞❡ P❆❙
❢♦r❛♠ ✉s❛❞❛s ♣❛r❛ ❝♦♠♣❧❡♠❡♥t❛r ❛ ❝❛r❛❝t❡r✐③❛✘❝⑦❛♦ ♦♣t♦✲t✓❡r♠✐❝❛ ❞♦ ♠❛t❡r✐❛❧✱ ♣❡r♠✐t✐♥❞♦
❛ ♦❜t❡♥✘❝⑦❛♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✭❞♥❂❞❚ ✮✳

❆ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❡①♣❡r✐♠❡♥t❛❧ ✉s❛❞❛ ❢♦✐ ❛ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦✱ ♣♦r t❡r s❡ ♠♦str❛❞♦ ❡♠
tr❛❜❛❧❤♦s ❛♥t❡r✐♦r❡s ❬✶✱ ✶✸❪✱ ❛ ♠❛✐s s❡♥s✓✏✈❡❧✳ ❆ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ❢♦✐ ❛❝♦♠♣❛♥❤❛❞❛
❡♠ ❞♦♠✓✏♥✐♦ t❡♠♣♦r❛❧ ❛♣✓♦s ❛ ✐♥❝✐❞❫❡♥❝✐❛ ❞♦ ❢❡✐①❡ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛✳ ❆s ❝✉r✈❛s
❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞❛s ❢♦r❛♠ ❛❥✉st❛❞❛s ♣♦r ✉♠❛ ❡①♣r❡ss⑦❛♦ ❛♥❛❧✓✏t✐❝❛ ❞❡r✐✈❛❞❛ ❞♦ ♠♦❞❡❧♦
❞❡ ❧❡♥t❡ ❛❜❡rr❛♥t❡✳

◆♦ ❈❛♣✓✏t✉❧♦ ✶ ❛♣r❡s❡♥t❛♠♦s ♦ ♠♦❞❡❧♦ ❛❜❡rr❛♥t❡ ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳ ❆❧✓❡♠ ❞❛s
❡①♣r❡ss⑦♦❡s ❛♥❛❧✓✏t✐❝❛s s⑦❛♦ ❛♣r❡s❡♥t❛❞♦s r❡s✉❧t❛❞♦s ❞❡ s✐♠✉❧❛✘❝⑦♦❡s ♥✉♠✓❡r✐❝❛s q✉❡ ♠♦str❛♠ ❛
❡✈♦❧✉✘❝⑦❛♦ t❡♠♣♦r❛❧ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✱ ❜❡♠ ❝♦♠♦ ❝♦♥s✐❞❡r❛✘❝⑦♦❡s s♦❜r❡ ❛ ✈❛❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦✳
◆♦ ❈❛♣✓✏t✉❧♦ ✷ t❡♠♦s ❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❚▲❙ ❡ ♣❛r❛ ❛ P❆❙ ❡ ❞❡s❝r❡✈❡♠♦s
❝♦♠♦ ❢♦r❛♠ ♣r♦❞✉③✐❞❛s ❛s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦✳ ◆♦ ❈❛♣✓✏t✉❧♦ ✸ ♠♦str❛♠♦s
❛s ♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❝♦♠ ❛s t✓❡❝♥✐❝❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❡ ❢♦t♦❛❝✓✉st✐❝❛ ❡ ❛ ❛♥✓❛❧✐s❡ ❞♦s r❡s✉❧✲
t❛❞♦s ❜❛s❡❛❞♦s ♥❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ✭☛ ❂ ❦✚❝✮ ❡ ♥❛ ✈❛r✐❛✘❝⑦❛♦ ❞♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❝♦♠
❛ t❡♠♣❡r❛t✉r❛ ✭❞♥❂❞❚ ✮✳ P♦r ☞♠ ❛♣r❡s❡♥t❛♠♦s ♥♦ ❈❛♣✓✏t✉❧♦ ✹ ❛s ❝♦♥❝❧✉s⑦♦❡s ❞♦ tr❛❜❛❧❤♦ ❡
❛s ♣❡rs♣❡❝t✐✈❛s ♥❡st❛ ❧✐♥❤❛ ❞❡ ♣❡sq✉✐s❛✳



❈❛♣✓✏t✉❧♦ ✶

❋✉♥❞❛♠❡♥t♦s ❚❡✓♦r✐❝♦s

✶✳✶ ■♥tr♦❞✉✘❝⑦❛♦
❆ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ❚▲❙ t❡♠ ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ❛ ✐♥❝✐❞❫❡♥❝✐❛ ❞❡ ✉♠
❢❡✐①❡ ❧❛s❡r ❞❡ ♣❡r☞❧ ❣❛✉ss✐❛♥♦ ❡♠ ✉♠ ♠❡✐♦ ❛❜s♦r✈❡❞♦r✳ ❆ ❡♥❡r❣✐❛ ❞♦ ❢❡✐①❡ ❧❛s❡r✱ ❛♦ s❡r
❛❜s♦r✈✐❞❛✱ ♣r♦❞✉③ ❛q✉❡❝✐♠❡♥t♦ ♥❛ r❡❣✐⑦❛♦ ✐❧✉♠✐♥❛❞❛✱ ❡ ❝♦♠♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ✓❡ ♠❛✐♦r ❡♠
s❡✉ ❝❡♥tr♦✱ ✉♠❛ ❞✐str✐❜✉✐✘❝⑦❛♦ r❛❞✐❛❧ ❞❡ t❡♠♣❡r❛t✉r❛ ✓❡ ❝r✐❛❞❛✱ ♣r♦❞✉③✐♥❞♦ ✉♠❛ ✈❛r✐❛✘❝⑦❛♦ ♥♦
✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ ❛q✉❡❝✐♠❡♥t♦✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ✈❛r✐❛♥❞♦ ♦ ❝❛♠✐♥❤♦
✓♦♣t✐❝♦ ♣❡r❝♦rr✐❞♦ ♣❡❧♦ ❧❛s❡r✳ ■st♦ ❢❛③ ❝♦♠ q✉❡ ❛ r❡❣✐⑦❛♦ ✐❧✉♠✐♥❛❞❛ s❡ ❝♦♠♣♦rt❡ ❝♦♠♦ ✉♠❛
❧❡♥t❡ q✉❡ ♣♦❞❡r✓❛ ♠✉❞❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❡♥tr♦ ❞♦ ❢❡✐①❡ ❧❛s❡r✳ ❊st❛ ♠✉❞❛♥✘❝❛ ❞❡♣❡♥❞❡ ❞❛s
♣r♦♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s ❡ t✓❡r♠✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ❛♥❛❧✐s❛❞♦✱ t❛✐s ❝♦♠♦ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦
✓♦♣t✐❝❛✱ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ✭❞♥❂❞❚ ✮✱ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡
❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛✳ ❆ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ♦❝♦rr❡ ❛tr❛✈✓❡s ❞❡ ✉♠ tr❛♥s✐❡♥t❡

✼



✽
q✉❡ ✓❡ ❞❛ ♦r❞❡♠ ❞❡ ♠✐❧✐ss❡❣✉♥❞♦s ♣❛r❛ ❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞❛✳ ❊st❡ ✓❡ ♦
t❡♠♣♦ ♥❡❝❡ss✓❛r✐♦ ♣❛r❛ q✉❡ ♦ ✌✉①♦ ❞❡ ❝❛❧♦r ❞❛ r❡❣✐⑦❛♦ ✐❧✉♠✐♥❛❞❛ ♣❛r❛ ❛ ✈✐③✐♥❤❛♥✘❝❛ t♦r♥❡✲s❡
❡st❛❝✐♦♥✓❛r✐♦✳ ❊①✐st❡♠ ❞♦✐s ♠✓❡t♦❞♦s ♣❛r❛ s❡ ♠♦♥✐t♦r❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❧❛s❡r ❞❡♣♦✐s
❞❡ ♣❛ss❛r ♣❡❧❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ❡ ❛t✐♥❣✐r ♦ ❞❡t❡❝t♦r✿ ♥♦ ♣r✐♠❡✐r♦✱ ❛s ♠❡❞✐❞❛s s⑦❛♦ r❡❛❧✐③❛❞❛s
❡♠ ❡s❝❛❧❛ t❡♠♣♦r❛❧✱ ❡ ♥♦ s❡❣✉♥❞♦ ❡❧❛s s⑦❛♦ r❡❛❧✐③❛❞❛s ♥♦ ❡st❛❞♦ ❡st❛❝✐♦♥✓❛r✐♦✳

❖ ❧✐♠✐t❡ ❞❡ ❞❡t❡❝✘❝⑦❛♦ ❛❧❝❛♥✘❝❛❞♦ ♣❛r❛ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ✓❡ ❞❛ ♦r❞❡♠ ❞❡
✶✵�✼❝♠�✶✱ q✉❛tr♦ ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛ ♠❛✐s s❡♥s✓✏✈❡❧ q✉❡ ❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❞❡
tr❛♥s♠✐ss⑦❛♦ ✭✶✵�✸❝♠�✶✮✳ ■st♦ ❢❡③ ❝♦♠ q✉❡ ❛ ❚▲❙ t❡♥❤❛ s✐❞♦ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦
❞❡ ❜❛✐①❛s ❝♦♥❝❡♥tr❛✘❝⑦♦❡s ❞❡ ✐♠♣✉r❡③❛s ❡♠ ✓❛❣✉❛ ❡ ✓❛❧❝♦♦❧ ❝♦♠ ♣r❡❝✐s⑦❛♦ ♥⑦❛♦ ♦❜t✐❞❛ ❛♥t❡s✳
◆♦s ♣r✐♠❡✐r♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❛rr❛♥❥♦s ❝♦♠ ❛♣❡♥❛s ✉♠ ❢❡✐①❡ ❧❛s❡r✱ ✉s❛❞♦
t❛♥t♦ ♣❛r❛ ♦ ❛q✉❡❝✐♠❡♥t♦ ❞❛ ❛♠♦str❛ ❝♦♠♦ ♣❛r❛ ♦❜s❡r✈❛r ❛ ❡✈♦❧✉✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✳ ❖
✉s♦ ❞❡ ❞♦✐s ❧❛s❡rs✱ ✉♠ ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♣❛r❛ ♣r♦❞✉③✐r ❛ ❚▲ ❡ ♦✉tr♦ ❝♦♠♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♣♦ss✐❜✐✲
❧✐t♦✉ t❛♥t♦ ♦ ❛✉♠❡♥t♦ ❞❡ s❡♥s✐❜✐❧✐❞❛❞❡ q✉❛♥t♦ ❞❡ ✈❡rs❛t✐❧✐❞❛❞❡ ❞❡st❛ t✓❡❝♥✐❝❛✱ ♣❡r♠✐t✐♥❞♦
❛ ❛♥✓❛❧✐s❡ s✐♠✉❧t❫❛♥❡❛ ❞❛ ❛♠♦str❛ ❡♠ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛✱ t❡♥❞♦ ❛♣❧✐❝❛✘❝⑦❛♦
✐♠❡❞✐❛t❛ ♥♦ ❧❡✈❛♥t❛♠❡♥t♦ ❞❡ ❝✉r✈❛s ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛✳ ◆❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ❞♦✐s ❢❡✐①❡s✱
♣♦❞❡✲s❡ ✉t✐❧✐③❛r ♦ ❛rr❛♥❥♦ ❞❡ ♠♦❞♦ ❝❛s❛❞♦ ♦✉ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦✳

❆ ❝♦♥☞❣✉r❛✘❝⑦❛♦ q✉❡ ✉t✐❧✐③❛♠♦s ♥❡ss❡ tr❛❜❛❧❤♦ ❢♦✐ ❛ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦ ❬✷❪ ✲ ❬✶✵❪✳
❊st❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❝♦♥s✐st❡ ♥❛ ✉t✐❧✐③❛✘❝⑦❛♦ ❞❡ ❞♦✐s ❢❡✐①❡s ❧❛s❡rs✱ ✉♠ ♣❛r❛ ❡①❝✐t❛✘❝⑦❛♦ ❝♦♠ ❛
❝✐♥t✉r❛ ♥❛ ❛♠♦str❛ ✭✐♥t❡♥s✐❞❛❞❡ ♠✓❛①✐♠❛✮✱ ❡ ♦✉tr♦ ♣❛r❛ ♣r♦✈❛r ❛ ❧❡♥t❡ ❝r✐❛❞❛ ❡♠ ❢✉♥✘❝⑦❛♦
❞❛ ❛❜s♦r✘❝⑦❛♦✱ ❝♦♠ ❛ ❛♠♦str❛ ♥♦ s❡✉ ♣♦♥t♦ ❝♦♥❢♦❝❛❧✳ ❖ ❫❛♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛✘❝⑦❛♦ ❡♥tr❡ ♦s
❞♦✐s ❢❡✐①❡s ❢❛❝✐❧✐t❛ ♦ ❛❧✐♥❤❛♠❡♥t♦ ❡ r❡❞✉③ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❡❧❡♠❡♥t♦s ✓♦♣t✐❝♦s ♣r❡s❡♥t❡s



✾

❋✐❣✉r❛ ✶✳✶✿ ▼♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ✉♠ ❢❡✐①❡ ❞❡ ♠♦❞♦ ❝❛s❛❞♦
♥❛ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧✱ ❝♦♠♦ ❞✐✈✐s♦r ❞❡ ❢❡✐①❡ ❡ ☞❧tr♦s ♥♦ ❞❡t❡❝t♦r ♣❛r❛ ❡❧✐♠✐♥❛r ♦
❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✳ ❊st❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ✓❡ ❛ ♠❛✐s s❡♥s✓✏✈❡❧ ❥✓❛ ❡♥❝♦♥tr❛❞❛ ❡ s✓♦ ❝♦♠❡✘❝♦✉ ❛ s❡r
✉t✐❧✐③❛❞❛ ❡♠ ❡st✉❞♦s q✉❛♥t✐t❛t✐✈♦s ♥♦s ✓✉❧t✐♠♦s ❛♥♦s✳ ❏✓❛ ♦ ❛rr❛♥❥♦ ❞❡ ♠♦❞♦ ❝❛s❛❞♦ ✉t✐❧✐③❛
❞♦✐s ❢❡✐①❡s✱ ❝♦♠ ❞✐❫❛♠❡tr♦s ✐❣✉❛✐s ♥❛ ❛♠♦str❛✳

❆ ✉t✐❧✐③❛✘❝⑦❛♦ ❞❛ ❚▲❙ ♣❛r❛ ❡st✉❞♦s q✉❛♥t✐t❛t✐✈♦s t❡✈❡ ✐♥✓✏❝✐♦ ❝♦♠ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❞♦ ♠♦❞❡❧♦ ♣❛r❛❜✓♦❧✐❝♦✱ q✉❡ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♣♦r ●♦r❞♦♥ ❬✶✶❪✳ ❊st❡ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛ ❛
❧❡♥t❡ t✓❡r♠✐❝❛ ❝♦♠♦ s❡♥❞♦ ✉♠❛ ❧❡♥t❡ ☞♥❛✱ ✐❞❡❛❧ ❡ ❞❡ ❢♦r♠❛t♦ ♣❛r❛❜✓♦❧✐❝♦✳ ❊♥tr❡t❛♥t♦
❡st❛ ❞❡s❝r✐✘❝⑦❛♦ s❡ ♠♦str♦✉ ❧✐♠✐t❛❞❛ ♣♦rq✉❡ ♥⑦❛♦ ♣r❡✈✐❛ ♦s ❛♥✓❡✐s ❞❡ ❞✐❢r❛✘❝⑦❛♦ ♦❜s❡r✈❛❞♦s
♥♦ ❞❡t❡❝t♦r ❞✉r❛♥t❡ ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✳ P❛r❛ ❞❡s❝r❡✈❡r ♦s ❛♥✓❡✐s ❞❡ ❞✐❢r❛✘❝⑦❛♦
❛❝✐♠❛ ❝✐t❛❞♦s ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ✉♠ ♠♦❞❡❧♦ q✉❡ ❝♦♥s✐❞❡r❛ss❡ ❛ ♥❛t✉r❡③❛ ❛❜❡rr❛♥t❡ ❞❛ ❧❡♥t❡



✶✵

❋✐❣✉r❛ ✶✳✷✿ ❊sq✉❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❝♦♠ ♦ ✉s♦ ❞❡
❞♦✐s ❢❡✐①❡s ❧❛s❡r✿ ✭❛✮ ♠♦❞♦ ❝❛s❛❞♦ ❡ ✭❜✮ ♠♦❞♦ ❞❡s❝❛s❛❞♦✳
t✓❡r♠✐❝❛✳ ❊st❛ ❝♦♥tr✐❜✉✐✘❝⑦❛♦ ❝♦♠❡✘❝♦✉ ❝♦♠ ♦ tr❛❜❛❧❤♦ ❞❡ ❙❤❡❧❞♦♥ ❬✶✷❪✱ q✉❡ ❛♣r❡s❡♥t❛ ♦
♠♦❞❡❧♦ ❛❜❡rr❛♥t❡ ♣❛r❛ ❛s ❝♦♥☞❣✉r❛✘❝⑦♦❡s q✉❡ ✉t✐❧✐③❛♠ ✉♠ ❢❡✐①❡ ❧❛s❡r ♦✉ ❞♦✐s ❢❡✐①❡s ♥♦ ♠♦❞♦
❝❛s❛❞♦✳ P❛r❛ ♦ ♠♦❞♦ ❞❡s❝❛s❛❞♦ ♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❛✉♠❡♥t❛ s✐❣♥✐☞❝❛t✐✈❛♠❡♥t❡ ✒❛
♠❡❞✐❞❛ q✉❡ ❛ r❛③⑦❛♦ ❡♥tr❡ ♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❡ ♦ ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ✓❡ ❛✉♠❡♥t❛❞❛✳



✶✶
✶✳✷ ▼♦❞❡❧♦ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ❛❜❡rr❛♥t❡ ✷❉ ✐♥☞♥✐t♦
❙❤❡❧❞♦♥ ❢♦✐ ♦ ♣r✐♠❡✐r♦ ❛ ♣r♦♣♦r ✉♠ ♠♦❞❡❧♦ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❛❜❡rr❛♥t❡✱ ❢✉♥❞❛♠❡♥t❛♥❞♦✲
s❡ ♥❛ t❡♦r✐❛ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ❞❡ ❋r❡s♥❡❧✳ ◆❡st❡ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛♠♦s ❛ ❛♠♦str❛ ❞♦ ♣♦♥t♦ ❞❡
✈✐st❛ t✓❡r♠✐❝♦✱ ❝♦♠♦ s❡♥❞♦ ✉♠ ♠❡✐♦ ✐♥☞♥✐t♦✱ t❛♥t♦ ♥❛ ❞✐r❡✘❝⑦❛♦ ❛①✐❛❧ ❝♦♠♦ r❛❞✐❛❧ ❡ ❛ ❧❡♥t❡
t✓❡r♠✐❝❛ ❢♦r♠❛❞❛ ♥❛ ❛♠♦str❛ ❝♦♠♦ ✉♠❛ ❧❡♥t❡ ❞❡ ♥❛t✉r❡③❛ ❛❜❡rr❛♥t❡✳ ◆♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦
♣♦r ❙❤❡❧❞♦♥ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ❞♦✐s ❢❡✐①❡s ✓❡ ❡①♣❧✐❝✐t❛❞❛ ✭❢❡✐①❡ ❞❡ ♣r♦✈❛ ❡ ❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦✮✱
♠❛s ♦ tr❛t❛♠❡♥t♦ ✓❡ ❢❡✐t♦ ♣❛r❛ ♦ ♠♦❞♦ ❝❛s❛❞♦ ✭s✐t✉❛✘❝⑦❛♦ ♦♥❞❡ ♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛
✓❡ ♦ ♠❡s♠♦ q✉❡ ♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✮✳ ▼❛✐s t❛r❞❡ ❡st❡ ♠♦❞❡❧♦ ❢♦✐ ❛♣❡r❢❡✐✘❝♦❛❞♦
♣♦r ❏✳❙❤❡♥ ❬✶✸❪✱ ❝♦♠ ♦ tr❛t❛♠❡♥t♦ ♣❛r❛ ♦ ♠♦❞♦ ❞❡s❝❛s❛❞♦ ✭♦♥❞❡ ♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r
❞❡ ♣r♦✈❛ ✓❡ ♠❛✐♦r q✉❡ ♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✮✳ ❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡✓♦r✐❝♦ ❞♦
♠♦❞❡❧♦ ❛❜❡rr❛♥t❡ ♣❛r❛ ❡st❛s ❞✉❛s ❝♦♥☞❣✉r❛✘❝⑦♦❡s s❡❣✉❡ tr❫❡s ♣❛ss♦s ❜✓❛s✐❝♦s✿

✶✳ ❉❡t❡r♠✐♥❛r ♦ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛ ❛♠♦str❛ ✁❚ ✭r❀ t✮✳
✷✳ ❉❡t❡r♠✐♥❛r ❛ ♠✉❞❛♥✘❝❛ ♥♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❞❡✈✐❞❛ ✒❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡ t❡♠♣❡r❛t✉r❛✳
✸✳ ❉❡t❡r♠✐♥❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ r❡s✉❧t❛♥t❡ ♥♦ ❞❡t❡❝t♦r✱ ✈✐❛ t❡♦r✐❛ ❞❡

❞✐❢r❛✘❝⑦❛♦ ❞❡ ❋r❡s♥❡❧✳
✶✳✷✳✶ ❆✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛ ❛♠♦str❛

❖ ❛✉♠❡♥t♦ ❧♦❝❛❧ ✁❚ ✭r❀ t✮ ❞❡ t❡♠♣❡r❛t✉r❛ ✓❡ ❞❛❞♦ ♣❡❧❛ s♦❧✉✘❝⑦❛♦ ❞❛ ❡q✉❛✘❝⑦❛♦ ❞❡ ❞✐❢✉s⑦❛♦ ❞❡
❝❛❧♦r ❡♠ ✉♠ ♠❡✐♦ ✐s♦tr✓♦♣✐❝♦ ❬✶✹❪✳



✶✷
❝✚ ❅❅t✁❚ ✭r❀ t✮� ❦r✷✁❚ ✭r❀ t✮ ❂ ◗ ✭r❀ t✮ ✭✶✳✶✮

♦♥❞❡ ❝ ✓❡ ♦ ❝❛❧♦r ❡s♣❡❝✓✏☞❝♦✱ ✚ ✓❡ ❛ ❞❡♥s✐❞❛❞❡ ❡ ❦ ✓❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❛ ❛♠♦str❛✳
❆ s✐♠❡tr✐❛ ❝✐❧✓✏♥❞r✐❝❛ ✓❡ ❣❛r❛♥t✐❞❛ ♥♦ ❝❛s♦ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♣♦r ✉♠ ❢❡✐①❡ ❣❛✉ss✐❛♥♦ ❡ ❛♠♦str❛
❝♦♠ ❜❛✐①♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛✳ ◆❡st❡ ❝❛s♦ ♦ ♣r♦❜❧❡♠❛ ♣❛ss❛ ❛ ♥⑦❛♦ ❞❡♣❡♥❞❡r ❞❡
③ ❡ ✒✱ ❞❡♣❡♥❞❡♥❞♦ ❛♣❡♥❛s ❞❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧ r✳ ❖ ❝❛❧♦r ❣❡r❛❞♦ ♣❡❧❛ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛
❛♠♦str❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❡ ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦✱ ♥♦ ❝❛s♦ ❞❡ s✐♠❡tr✐❛ ❝✐❧✓✏♥❞r✐❝❛✱
✓❡ ❞❛❞♦ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛✘❝⑦❛♦ ❬✶✺❪✿

◗ ✭r❀ t✮ ❂ ✷✙r❆■ ✭r❀ t✮ ✭✶✳✷✮
♦♥❞❡ ❆ ✓❡ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛ ❛♠♦str❛ ❡ ■ ✭r❀ t✮ ✓❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡

✐♥❝✐❞❡♥t❡✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ✉♠ ❢❡✐①❡ ❣❛✉ss✐❛♥♦ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧ ♣♦❞❡ s❡r
❡s❝r✐t❛ ❝♦♠♦✿

■ ✭r✮ ❂ ✷P✙✦✷✶ ❡①♣
✒
�
✷r✷✦✷✶
✓ ✭✶✳✸✮

♦♥❞❡ P ✓❡ ❛ ♣♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ✭❞❡ ❡①❝✐t❛✘❝⑦❛♦✮ ❡ ✦✶ ✓❡ ♦ r❛✐♦ ❞♦ ❢❡✐①❡ ♥❛ ❛♠♦str❛✳
◆♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛✱ t❡♠♦s ❛ s❡❣✉✐♥t❡ s✐t✉❛✘❝⑦❛♦ ♣❛r❛ ■ ✭r❀ t✮✿

■ ✭r❀ t✮ ❂
✽❃❃❁❃❃✿

✵ s❡ t ❁ ✵
■✭r✮ s❡ t ❃ ✵♦♥❞❡ ■✭r✮ ✓❡ ❞❛❞♦ ♣♦r ✭✶✳✸✮✳



✶✸
❆ s♦❧✉✘❝⑦❛♦ ❞❡ ✭✶✳✶✮ ♣❛r❛ t ❃ ✵ ♥❡st❡ ❝❛s♦ ✓❡ ❞❛❞❛ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✮✳ ❆s ❝♦♥❞✐✘❝⑦♦❡s ❞❡

❝♦♥t♦r♥♦ ❛♣❧✐❝❛❞❛s ♣❛r❛ s❡ ❝❤❡❣❛r ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✮ s⑦❛♦✿
✁❚ ✭r❀ t✮ ❂

✽❃❃❁❃❃✿
✵ q✉❛♥❞♦ r ✦✶
✵ q✉❛♥❞♦ t ❂ ✵

✁❚ ✭r❀ t✮ ❂ ✷P❆✙❝✚✦✷✶
❩ t
✵ ✶✶ ✰ ✷t✵❂t❝ ❡①♣

✒
�

✷r✷❂✦✷✶✶ ✰ ✷t✵❂t❝
✓ ❞t✵ ✭✶✳✹✮

t❝ ❂ ✦✷✶✹☛ ✭✶✳✺✮
s❡♥❞♦ ☛ ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❛ ❛♠♦str❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦

☛ ❂ ❦✚❝ ✭✶✳✻✮
❆ ☞❣✉r❛ ✭✶✳✸✮ ♠♦str❛ ❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧✱

♣❛r❛ ❞✐✈❡rs♦s ✈❛❧♦r❡s ❞♦ t❡♠♣♦ t ✭❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ t❝✮✱ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛ s♦❧✉✘❝⑦❛♦ ♥✉♠✓❡r✐❝❛
❞❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✮✳ ❉♦ ❣r✓❛☞❝♦ ✈❡♠♦s q✉❡ ♦ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ✓❡ ♠❛✐♦r ♥♦ ❝❡♥tr♦
❞♦ ❢❡✐①❡✱ t❡♥❞❡♥❞♦ ❛ ③❡r♦ ♣❛r❛ ✈❛❧♦r❡s ❞❡ r❂✦✶ ♠✉✐t♦ ♠❛✐♦r❡s ❞♦ q✉❡ ❛ ✉♥✐❞❛❞❡✳ ❆❧✓❡♠
❞✐ss♦✱ ❛ t❡♠♣❡r❛t✉r❛ ❛✉♠❡♥t❛ ✐♥✐❝✐❛❧♠❡♥t❡ ❝♦♠ ♦ t❡♠♣♦✱ t❡♥❞❡♥❞♦ ❛♦ ❡st❛❞♦ ❡st❛❝✐♦♥✓❛r✐♦
q✉❛♥❞♦ t ❃❃ t❝✱ s❡♥❞♦ t❝ ❛ ❝♦♥st❛♥t❡ ❝❛r❛❝t❡r✓✏st✐❝❛ ❞❡ t❡♠♣♦ t✓❡r♠✐❝♦✳ ❊st❛ ❝♦♥st❛♥t❡
r❡♣r❡s❡♥t❛ ♦ t❡♠♣♦ ❞❡ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✳
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Distribuição de temperatura

t = 0.1 * tc
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t = 1 * tc

t = 5 * tc

t = 10 * tc

❋✐❣✉r❛ ✶✳✸✿ ❉✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧
✶✳✷✳✷ ❱❛r✐❛✘❝⑦❛♦ ♥♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦

❖ ♣r✐♥❝✓✏♣✐♦ ❜✓❛s✐❝♦ ❞♦ ♠♦❞❡❧♦ ❛❜❡rr❛♥t❡ ✓❡ ❛ ♠✉❞❛♥✘❝❛ ❞❡ ❝❛♠✐♥❤♦ ✓♦♣t✐❝♦ s♦❢r✐❞❛ ♣❡❧♦
❢❡✐①❡ ❞❡ ♣r♦✈❛✱ ❞❡✈✐❞❛ ✒❛ ✈❛r✐❛✘❝⑦❛♦ r❛❞✐❛❧ ♥♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❞❛ ❛♠♦str❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❛
t❡♠♣❡r❛t✉r❛✳ ❆s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❞❡st❡ ❢❡✐①❡ s❡ ♣r♦♣❛❣❛♠ ❛tr❛✈✓❡s ❞❡ ❝❛♠✐♥❤♦s ✓♦♣t✐❝♦s
❞✐❢❡r❡♥t❡s✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ❛ ❢❛s❡ r❡❧❛t✐✈❛ ❡♥tr❡ ❡❧❛s s❡ ❛❧t❡r❛ ❛♦ ❧♦♥❣♦ ❞♦ r❛✐♦ ❞❛ ❛♠♦str❛✳
❊st❛ ❞✐❢❡r❡♥✘❝❛ ❞❡ ❢❛s❡ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❛tr❛✈✓❡s ❞❛ s❡❣✉✐♥t❡ ❡①♣r❡ss⑦❛♦✿
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❙❛❜❡♥❞♦✲s❡ q✉❡ ♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ✈❛r✐❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❢♦r♠❛ ❛❜❛✐①♦✿
♥✭r❀ t✮ ❂ ♥✵ ✰ ✒ ❞♥❞❚

✓✁❚ ✭r❀ t✮ ✭✶✳✽✮
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❩ t
✵
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✦✥✶� ❡①♣✥�✷r✷❂✦✷✶✶ ✰ ✷ t✵t❝
✦✦★ ❞t✵ ✭✶✳✾✮

♦♥❞❡ t❝ ✓❡ ❞❛❞♦ ♣♦r ✭✶✳✺✮ ❡ ✒ ✓❡ ❞❛❞♦ ♣♦r✿
✒ ❂ �P▲❆❞♥❂❞❚✕♣❦ ✭✶✳✶✵✮

♦♥❞❡ ✕♣ ✓❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❡ ▲ ❛ ❡s♣❡ss✉r❛ ❞❛ ❛♠♦str❛
✶✳✷✳✸ Pr♦♣❛❣❛✘❝⑦❛♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❛t✓❡ ♦ ❞❡t❡❝t♦r

❆ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❧❡①❛ ❞♦ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❛♥t❡s ❞❡ ✐♥❝✐❞✐r ♥❛ ❛♠♦str❛ ✓❡
❞❛❞❛ ♣♦r✿

❯♣ ✭r❀ ③✶✮ ❂r✷P♣✙ ✶✦✶♣ ❡①♣
✔
�✐ ✙✕♣

✒✷③✶ ✰ r✷❘✶♣
✓
�

r✷✦✷✶♣
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♦♥❞❡ P♣ ✓❡ ❛ ♣♦t❫❡♥❝✐❛ ❡ ❘✶♣ ❡ ✦✶♣ s⑦❛♦ ♦ r❛✐♦ ❞❡ ❝✉r✈❛t✉r❛ ❞❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❡ ♦ r❛✐♦
❞♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ♥❛ ♣♦s✐✘❝⑦❛♦ ③✶✳ ❖ ❡❢❡✐t♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ❢♦r♠❛❞❛ ♥❛ ❛♠♦str❛ ✓❡ ✈❛r✐❛r ❛
❢❛s❡ ❞❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛✳ ❆ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❧❡①❛ ❞♦ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ ♥♦
♣❧❛♥♦ ❞❡ s❛✓✏❞❛ ❞❛ ❛♠♦str❛ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛✘❝⑦❛♦✿

❯♣ ✭r❀ ③✶✮ ❂r✷P♣✙ ✶✦✶♣ ❡①♣
✚
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♦♥❞❡ ✟ ✓❡ ❛ ❞✐❢❡r❡♥✘❝❛ ❞❡ ❢❛s❡ ✐♥❞✉③✐❞❛ ♣❡❧❛ ❧❡♥t❡ t✓❡r♠✐❝❛✳ ❆ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❧❡①❛ ❞♦

❝❛♠♣♦ ❡❧✓❡tr✐❝♦✱ ✐♥❝✐❞❡♥t❡ ♥♦ ❞❡t❡❝t♦r✱ ✓❡ ✉♠❛ s✉♣❡r♣♦s✐✘❝⑦❛♦ ❞❛s ♦♥❞❛s ♣r♦✈❡♥✐❡♥t❡s ❞❡ t♦❞♦s
♦s ♣♦♥t♦s ❞♦ ♣❧❛♥♦ ❞❡ s❛✓✏❞❛ ❞❛ ❛♠♦str❛✱ s❡♥❞♦ ❞❛❞❛ ♣♦r✿

❯ ✭③✶ ✰ ③✷❀ t✮ ❂ ✐✕♣
❩ ✶
✵

❩ ✷✙
✵ ❯♣ ✭r❀ ③✶✮✒✶ ✰ ❝♦s☛✷ ✓ ❡①♣ ❬✐ ✭✷✙❂✕♣✮ ❥⑦③✷ � ⑦r❥❪

❥⑦③✷ � ⑦r❥ r❞r❞✒ ✭✶✳✶✸✮
❊st❛ ❡q✉❛✘❝⑦❛♦ ✓❡ ❝❤❛♠❛❞❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ✭❋r❡s♥❡❧✲❑✐r❝❤♦☛✮✱ ♦♥❞❡ ♦ ❢❛t♦r ❯♣ ✭r❀ ③✶✮

✓❡ ❛ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❧❡①❛ ❞❡ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ ❞❛ ♦♥❞❛ ♥♦ ♣❧❛♥♦ ❞❡ s❛✓✏❞❛ ❞❛ ❛♠♦str❛✳ ❖
❢❛t♦r �✶✰❝♦s☛✷ ✁ ✓❡ ♦ ❢❛t♦r ❞❡ ✐♥❝❧✐♥❛✘❝⑦❛♦ ❞❛ ♦♥❞❛ ❡ ♦ t❡r❝❡✐r♦ ❢❛t♦r ✓❡ ❛ ❛t❡♥✉❛✘❝⑦❛♦ ❞❛ ❛♠♣❧✐✲
t✉❞❡ ❡ ✈❛r✐❛✘❝⑦❛♦ ❞❛ ❢❛s❡ ❝♦♠ ❛ ❞✐st❫❛♥❝✐❛✳ ❉❡s❞❡ q✉❡ ③✷ ❃❃ r ♣♦❞❡♠♦s ❢❛③❡r ❛ s❡❣✉✐♥t❡
❛♣r♦①✐♠❛✘❝⑦❛♦✿
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❡ ✉♠❛ ✈❡③ ❞❡t❡r♠✐♥❛❞❛ ❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✶✻✮✱ ♣♦❞❡♠♦s ❡♥❝♦♥tr❛r
❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥♦ ❞❡t❡❝t♦r✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ♥♦ ❝❡♥tr♦ ❞♦ ❞❡t❡❝t♦r ✓❡ ❞❛❞❛
♣❡❧♦ ♠✓♦❞✉❧♦ q✉❛❞r❛❞♦ ❞♦ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ r❡s✉❧t❛♥t❡ ♥❛ ♣♦s✐✘❝⑦❛♦ ✭③✶ ✰ ③✷✮✳

■✭t✮ ❂ ❥❯ ✭③✶ ✰ ③✷❀ t✮❥✷ ✭✶✳✶✽✮
❍✐st♦r✐❝❛♠❡♥t❡ ♦ ♣r✐♠❡✐r♦ ♠♦❞❡❧♦ t❡✓♦r✐❝♦ ❞❡ ❧❡♥t❡ ❛❜❡rr❛♥t❡ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❙❤❡❧✲

❞♦♥ ❬✶✷❪ ♣♦r✓❡♠ ❡ss❡ ♠♦❞❡❧♦ ♥⑦❛♦ ❞❡✐①♦✉ ❡①♣❧✓✏❝✐t♦ ♥♦ s❡✉ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡✓♦r✐❝♦ ♦ ✉s♦
❞❡ ❞♦✐s ❢❡✐①❡s ♥♦ ❡①♣❡r✐♠❡♥t♦✳ ❊st❡ ♠♦❞❡❧♦ ❢♦✐ ❞❡st✐♥❛❞♦ ♣❛r❛ ♦ ❛rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧
❞❡ ❢❡✐①❡ ✓✉♥✐❝♦ ♦✉ ❞♦✐s ❢❡✐①❡s ❝♦♠ ♠❡s♠♦ r❛✐♦ ♥❛ ❛♠♦str❛✳ ❊♠ ❢✉♥✘❝⑦❛♦ ❞❛s ♦❜s❡r✈❛✘❝⑦♦❡s
❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡ ♦ s✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♥♦ ❞❡t❡❝t♦r ❝r❡s❝❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ r❛✐♦
❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❡♠ r❡❧❛✘❝⑦❛♦ ❛♦ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛✱ ❏✳❙❤❡♥ ♣r♦♣❫♦s ✉♠
♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛♥❞♦ ♦s ❞♦✐s ❢❡✐①❡s ♥❛ ❛♠♦str❛ ❬✶✻❪✳ ❊st❡ ♠♦❞❡❧♦ r❡❝❡❜❡ ♦ ♥♦♠❡ ❞❡ ♠♦✲
❞❡❧♦ ❛❜❡rr❛♥t❡ ❞❡ ❞♦✐s ❢❡✐①❡s ♣❛r❛ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦✱ s❡♥❞♦ ♠❛✐s r❡❝❡♥t❡
❡ ♠❛✐s ❣❡r❛❧ q✉❡ ♦ ♠♦❞❡❧♦ ❛❜❡rr❛♥t❡ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❙❤❡❧❞♦♥✱ ❝♦♥t❡♠♣❧❛♥❞♦ ❛ ❝♦♥❞✐✘❝⑦❛♦
❡♠ q✉❡ ♦s ❞♦✐s ❧❛s❡rs ✐♥❝✐❞❡♠ ♥❛ ❛♠♦str❛ ❝♦♠ ❞✐❫❛♠❡tr♦s ❞✐❢❡r❡♥t❡s✳ ❆ ❞✐❢❡r❡♥✘❝❛ ❜✓❛s✐❝❛
❡♥tr❡ ♦ ♠♦❞❡❧♦ t❡✓♦r✐❝♦ ♣❛r❛ ❛ ❚▲❙ ❞❡ ❞♦✐s ❢❡✐①❡s ♣r♦♣♦st♦ ♣♦r ❏✳❙❤❡♥ ❡ ♦ ♠♦❞❡❧♦ ❞❡



✶✽

❋✐❣✉r❛ ✶✳✹✿ ❉✐❛❣r❛♠❛ r❡♣r❡s❡♥t❛♥❞♦ ♦ ♣❡r❝✉rs♦ ❞❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❛♣✓♦s ❛ s❛✓✏❞❛ ❞❛
❛♠♦str❛ ❛t✓❡ ♦ ♣❧❛♥♦ ❞❡ ❡♥tr❛❞❛ ❞♦ ❞❡t❡❝t♦r
❢❡✐①❡ ✓✉♥✐❝♦ ♣r♦♣♦st♦ ♣♦r ❙❤❡❧❞♦♥✱ ❡st✓❛ ♥♦ ❢❛t♦ ❞❡ q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ❏✳ ❙❤❡♥ ❛♣r❡s❡♥t❛ ✉♠❛
❡①♣r❡ss⑦❛♦ ♣❛r❛ ❛ ♠✉❞❛♥✘❝❛ ❞❡ ❢❛s❡ ❡ ♣❛r❛ ❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ♠❛✐s ❣❡r❛❧ q✉❡ ❛ ❡①♣r❡ss⑦❛♦
❡♥❝♦♥tr❛❞❛ ♣♦r ❙❤❡❧❞♦♥✳ ◆❛ ☞❣✉r❛ ✭✶✳✺✮✱ t❡♠♦s ✉♠❛ ❞✐s♣♦s✐✘❝⑦❛♦ ❡sq✉❡♠✓❛t✐❝❛ ♣❛r❛ ♦s ❞♦✐s
❢❡✐①❡s ❧❛s❡r ♥❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡s❝❛s❛❞❛✱ ♦♥❞❡ ✦✵♣ ✓❡ ♦ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛ ❝✐♥t✉r❛ ❞♦
❢❡✐①❡✱ ✦✶ ✓❡ ♦ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛ ✭♥♦r♠❛❧♠❡♥t❡ ❛ ❛♠♦str❛ ✓❡ ❝♦❧♦❝❛❞❛
♥❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦✿ ✦✶ ❂ ✦❡✮ ❡ ✦✶♣ ✓❡ ♦ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛
♣♦s✐✘❝⑦❛♦ ③✶✳

❚♦♠❛♠♦s ❛ s❡❣✉✐♥t❡ r❛③⑦❛♦✿



✶✾

❋✐❣✉r❛ ✶✳✺✿ ❘❡♣r❡s❡♥t❛✘❝⑦❛♦ ❞♦s ❞♦✐s ❢❡✐①❡s ❧❛s❡r ♥❛ ❛♠♦str❛ ♣❛r❛ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡ ♠♦❞♦
❞❡s❝❛s❛❞♦✳ ❆ ❛♠♦str❛ ☞❝❛ ♥❛ ❝✐♥t✉r❛ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ③✶✱ ❡ ♥❛ ♣♦s✐✘❝⑦❛♦ ❝♦♥❢♦❝❛❧ ❞♦
❧❛s❡r ❞❡ ♣r♦✈❛

♠ ❂ ✒✦✶♣✦✶
✓✷ ✭✶✳✶✾✮

❝♦♠♦ ✉♠❛ ✈❛r✐✓❛✈❡❧ ♣❛r❛ r❡♣r❡s❡♥t❛r ❛ r❛③⑦❛♦ ❡♥tr❡ ♦s r❛✐♦s ❞♦s ❢❡✐①❡s ❞❡ ♣r♦✈❛ ❡ ❞❡
❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛✱ ❡



✷✵
❣ ❂ ✒ r✦✶♣

✓✷ ✭✶✳✷✵✮
♣❛r❛ r❡♣r❡s❡♥t❛r ❛ r❡❧❛✘❝⑦❛♦ ❡♥tr❡ ✉♠❛ ♣♦s✐✘❝⑦❛♦ r❛❞✐❛❧ ❞❛ ❛♠♦str❛ ❡ ♦ r❛✐♦ ❞♦ ❢❡✐①❡ ❞❡

♣r♦✈❛✳ ▼✉❧t✐♣❧✐❝❛♥❞♦ ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✶✾✮ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦✭✶✳✷✵✮ ♦❜t❡♠♦s ❛ r❡❧❛✘❝⑦❛♦✿
♠❣ ❂ ✒✦✶♣✦✶

✓✷✒ r✦✶♣
✓✷ ❂ ✒ r✦✶

✓✷ ✭✶✳✷✶✮
❡ ❛❣♦r❛ s✉❜st✐t✉✐♥❞♦ ♦ t❡r♠♦ r❂✦✶ ❞❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✾✮ ♣♦r ♠❣ t❡♠♦s ❛ s❡❣✉✐♥t❡ ❡①♣r❡ss⑦❛♦

♣❛r❛ ❛ ❞✐❢❡r❡♥✘❝❛ ❞❡ ❢❛s❡
✟✭❣❀ t✮ ❂ ✒t❝

❩ t
✵
✧✥ ✶✶ ✰ ✷ t✵t❝

✦✥✶� ❡①♣✥� ✷♠❣✶ ✰ ✷ t✵t❝
✦✦★ ❞t✵ ✭✶✳✷✷✮

◆❡st❡ ♠♦♠❡♥t♦✱ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡✓♦r✐❝♦ ❞❡ ❏✳❙❤❡♥ ❞✐❢❡r❡♥❝✐❛✲s❡ ❞♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r
❙❤❡❧❞♦♥ ♣❡❧♦ ❢❛t♦ ❞❡ q✉❡ ❡st❡ ❝♦♥s✐❞❡r❛ ♦ t❡r♠♦ r❂✦✶ ❝♦♠♦ ✉ ❡ r❡s♦❧✈❡ ❛ ✐♥t❡❣r❛❧ ❞❡
❞✐❢r❛✘❝⑦❛♦ ❡♠ ❞✉ ❡ ♥⑦❛♦ ❡♠ ❞❣ ❝♦♠♦ ♥♦ ♠♦❞❡❧♦ ❞❡ ❏✳❙❤❡♥✳ ❈♦♠ ❡st❛ ♠✉❞❛♥✘❝❛ ❏✳❙❤❡♥
❞❡✐①❛ ❡①♣❧✓✏❝✐t♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ t❡✓♦r✐❝♦ ♦s ❞♦✐s ❢❡✐①❡s ♥❛ ❛♠♦str❛✱ t♦♠❛♥❞♦ ♠ ❝♦♠♦
✉♠ ♣❛r❫❛♠❡tr♦ ❞❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❡①♣❡r✐♠❡♥t❛❧✳
✶✳✷✳✹ ■♥t❡♥s✐❞❛❞❡ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥♦ ❞❡t❡❝t♦r

❆ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❧❡①❛ ❞❡ ❝❛♠♣♦ ❡❧✓❡tr✐❝♦ r❡s✉❧t❛♥t❡ ✐♥❝✐❞❡♥t❡ ♥♦ ❝❡♥tr♦ ❞♦ ❞❡t❡❝t♦r ✓❡ ❞❛❞❛
♣❡❧❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦✿



✷✶
❯♣✭③✶ ✰ ③✷❀ t✮ ❂ ❇✶ ❩ ✶✵ ❡①♣ ✔�✐✒ ✙r✷✕♣❘✶♣ ✰ ✟✓�

r✷✦✷✶♣ � ✐✙r✷✕♣③✷
✕ ❞r ✭✶✳✷✸✮

♦♥❞❡ ❇✶ ✓❡ ❞❛❞♦ ♣♦r ✿
❇✶ ❂ ✐r✷P♣✙ ✶✦✶♣ ❡①♣

✒
�✐✷✙✕♣ ③✶

✓ ✷✙✕♣③✷ ❡①♣
✒
�✐✷✙✕♣ ③✷

✓ ✭✶✳✷✹✮
▼❛s✱ ✉♠❛ ✈❡③ ❢❛③❡♥❞♦✲s❡ ❛ ♠✉❞❛♥✘❝❛ ❞❡ ✈❛r✐✓❛✈❡❧ ❣ ❂ ✏ r✦✶♣✑✷ ❡ ❞❣ ❂ ✷r✦✷✶♣❞r ♣♦❞❡♠♦s

r❡❡s❝r❡✈❡r ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✷✸✮ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛ ✿
❯♣ ✭③✶ ✰ ③✷❀ t✮ ❂ ❈ ❩ ✶

✵ ❡①♣ ❢�❣ � ✐ ❬❱ ❣ ✰ ✟❪❣ ❞❣ ✭✶✳✷✺✮
❡♠ q✉❡✿ ❱ ❂ ✙✕♣ ✏ ✦✷✶♣❘✶♣ ✰ ✦✷✶♣③✷ ✑ ❡ ❈ ❂ ✶✷✦✷✶♣❇✶
❉❛ ✓♦♣t✐❝❛ ❞❡ ♣r♦♣❛❣❛✘❝⑦❛♦ ❞❡ ❢❡✐①❡s ❣❛✉ss✐❛♥♦s✱ t❡♠♦s ✿

✦✷✶♣ ❂ ✦✷✵♣
✧✶ ✰ ✒③✶③❝

✓✷★ ✭✶✳✷✻✮
❘✶♣ ❂ ✭③✷✶ ✰ ③✷❝ ✮③✶ ✭✶✳✷✼✮

③❝ ❂ ✙✦✷✵♣✕♣ ✭✶✳✷✽✮
◆❛s ❡q✉❛✘❝⑦♦❡s ❛❝✐♠❛ ✦✶♣ ✓❡ ♦ r❛✐♦ ❞♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ♥❛ ♣♦s✐✘❝⑦❛♦ ③✶✱ ❘✶♣ ✓❡ ♦ r❛✐♦ ❞❡

❝✉r✈❛t✉r❛ ❞❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❡ ③❝ ✓❡ ❛ ❞✐st❫❛♥❝✐❛ ❝♦♥❢♦❝❛❧ ✭♣♦s✐✘❝⑦❛♦ ❡♠ q✉❡ ♦ r❛✐♦ ❞❡
❝✉r✈❛t✉r❛ ❞❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ✓❡ ♠✓❛①✐♠♦✮✳
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❙✉❜st✐t✉✐♥❞♦ ❛s ❡q✉❛✘❝⑦♦❡s ✭✶✳✷✻✮✱ ✭✶✳✷✼✮ ❡ ✭✶✳✷✽✮ ♥❛ ❡①♣r❡ss⑦❛♦ ♣❛r❛ ❱ ❡♠ ✭✶✳✷✺✮✿

❱ ❂ ✙✕♣✦✷✶♣✒ ✶❘✶♣ ✰ ✶③✷
✓ ❂ ③✶③❝ ✰ ③❝③✷

✧✶ ✰ ✒③✶③❝
✓✷★ ❂ ❱ ✵ ✰ ③❝③✷

✏❱ ✵✷ ✰ ✶✑ ✭✶✳✷✾✮
♦♥❞❡ ❱ ✵ ❂ ③✶③❝ ✳❈♦♥s✐❞❡r❛♥❞♦ ♦ ❞❡t❡❝t♦r ♥❛ ♣♦s✐✘❝⑦❛♦ ③✷ ❃❃ ③❝✱ ❡♥❝♦♥tr❛♠♦s ❱ ✙ ❱ ✵ ❂ ③✶❂③❝✱ ♦ q✉❡ ♥♦s

♣❡r♠✐t❡ s✐♠♣❧✐☞❝❛r ❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ♥❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿
❯♣ ✭③✶ ✰ ③✷❀ t✮ ❂ ❈ ❩ ✶

✵ ❡①♣ ❬� ✭✶ ✰ ✐❱ ✮ ❣❪ ❡①♣ ❬�✐✟ ✭❣❀ t✮❪ ❞❣ ✭✶✳✸✵✮
❆ s♦❧✉✘❝⑦❛♦ ❞❡st❛ ✐♥t❡❣r❛❧ ♥⑦❛♦ ✓❡ tr✐✈✐❛❧✱ ♠❛s ♣♦❞❡♠♦s r❡s♦❧✈❫❡✲❧❛ ❛♥❛❧✐t✐❝❛♠❡♥t❡ ❢❛③❡♥❞♦

✉♠❛ ❛♣r♦①✐♠❛✘❝⑦❛♦ ♥❛ ❡①♣♦♥❡♥❝✐❛❧ ❞❛ ❢❛s❡✳ ❙❡♥❞♦ ✟ ❁❁ ✶ ❢❛③❡♠♦s ❛ s❡❣✉✐♥t❡ ❡①♣❛♥s⑦❛♦✿
❡①♣ ✭�✐✟✮ ✙ ✶� ✐✟ ✭✶✳✸✶✮

❙✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✶✮ ♥❛ ✐♥t❡❣r❛❧ ❞❡ ❞✐❢r❛✘❝⑦❛♦ ❞❛❞❛ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✵✮✱ t❡♠♦s
q✉❡✿

❯♣ ✭③✶ ✰ ③✷❀ t✮ ❂ ❈ ❩ ✶
✵ ✭✶� ✐✟✮ ❡①♣ ❬� ✭✶ ✰ ✐❱ ✮ ❣❪ ❞❣ ✭✶✳✸✷✮

❡ s✉❜st✐t✉✐♥❞♦ ❛ ❡①♣r❡ss⑦❛♦ ♣❛r❛ ❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❛ ❢❛s❡ r❡❧❛t✐✈❛ ✭✶✳✷✷✮ ♥❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✷✮
t❡♠♦s✿
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❯♣ ✭③✶ ✰ ③✷❀ t✮ ❂ ❈ ❩ ✶✵
✒✶� ✐ ✒t❝

✔❩ t
✵ ✶✶ ✰ ✷t✵❂t❝

✒✶� ❡①♣✒� ✷♠❣✶ ✰ ✷t✵❂t❝
✓✓✕✓ ❡①♣ ❬� ✭✶ ✰ ✐❱ ✮ ❣❪ ❞❣❞t✵

✭✶✳✸✸✮
❆ s♦❧✉✘❝⑦❛♦ ❞❡st❛ ✐♥t❡❣r❛❧✿

❯ ✭③✶ ✰ ③✷❀ t✮ ❂✒ ❈✶ ✰ ✐❱
✓✧✶� ✒✷ ❛r❝t❛♥✥ ✷♠❱✂✭✶ ✰ ✷♠✮✷ ✰ ❱ ✷✄ ✭t❝❂✷t✮ ✰ ✶ ✰ ✷♠✰ ❱ ✷

✦

✰ ✐✒✹ ❧♥✥✭✶ ✰ ✷♠❂ ✭✶ ✰ ✷t❂t❝✮✮✷ ✰ ❱ ✷✭✶ ✰ ✷♠✮✷ ✰ ❱ ✷
✦★

✭✶✳✸✹✮
❆ ✐♥t❡♥s✐❞❛❞❡ t♦t❛❧ ♥♦ ❝❡♥tr♦ ❞♦ ❞❡t❡❝t♦r ✓❡ ❞❛❞❛ t♦♠❛♥❞♦✲s❡ ♦ ♠✓♦❞✉❧♦ q✉❛❞r❛❞♦ ❞♦

❝❛♠♣♦ ❡❧✓❡tr✐❝♦✱ ❧♦❣♦ ❛ ❡①♣r❡ss⑦❛♦ ♣❛r❛ ❞❡s❝r❡✈❡r ❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ♥♦ ❝❡♥tr♦ ❞♦
❧❛s❡r ❞❡ ♣r♦✈❛ ♥♦ ❞❡t❡❝t♦r✱ ✓❡ ❛ s❡❣✉✐♥t❡✿

■✭t✮ ❂■✭✵✮✽❁✿
✧✶� ✒✷ ❛r❝t❛♥✥ ✷♠❱✂✭✶ ✰ ✷♠✮✷ ✰ ❱ ✷✄ � t❝✷t✁✰ ✶ ✰ ✷♠✰ ❱ ✷

✦★✷

✰✧✒✹ ❧♥✥ ❬✶ ✰ ✷♠❂ ✭✶ ✰ ✷t❂t❝✮❪✷ ✰ ❱ ✷✭✶ ✰ ✷♠✮✷ ✰ ❱ ✷
✦★✷✾❂❀

✭✶✳✸✺✮

♦♥❞❡ ■✭✵✮ ❂ ☞☞ ❈✶✰✐❱ ☞☞✷ ✓❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥♦ ❞❡t❡❝t♦r ❛♥t❡s ❞❛ ❢♦r♠❛✘❝⑦❛♦
❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ♥❛ ❛♠♦str❛✳

❆ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✺✮ r❡♣r❡s❡♥t❛ ❛ ❡①♣r❡ss⑦❛♦ ❞❡r✐✈❛❞❛ ♥♦ ♠♦❞❡❧♦ ❛❜❡rr❛♥t❡✳ ❈♦♥st❛t❛✲s❡
❛tr❛✈✓❡s ❞❡ s✐♠✉❧❛✘❝⑦♦❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s q✉❡ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✺✮ ✓❡ ❞❡s♣r❡③✓✏✈❡❧
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Forma da curva do sinal de lente térmica

tc = 1*10
-3

s

tc = 2*10
-3

s

tc= 3*10
-3

s

❋✐❣✉r❛ ✶✳✻✿ ❙✐♠✉❧❛✘❝⑦❛♦ ♥✉♠✓❡r✐❝❛✱ ✉s❛♥❞♦ ❛ ❡q✉❛✘❝⑦❛♦ ✶✳✸✻ ♣❛r❛ ❛ ✈❛r✐❛✘❝⑦❛♦ ❞♦ s✐♥❛❧ ❞❡ ❧❡♥t❡
t✓❡r♠✐❝❛ ❡♠ ✉♠❛ ❛♠♦str❛ ❝♦♠ ❞♥❂❞❚ ❃ ✵✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ t❝
♥♦ ❝❛s♦ ❞❡ ✟ ❁❁ ✶✳ ❉❡st❡ ♠♦❞♦ ☞❝❛♠♦s ❝♦♠ ❛ s❡❣✉✐♥t❡ ❡①♣r❡ss⑦❛♦ ♣❛r❛ ❛❥✉st❡ ❞♦s ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦ ❞❡s❝❛s❛❞❛✳

■✭t✮ ❂ ■✭✵✮ ✔✶� ✒✷t❛♥�✶✒ ✷♠❱❬✭✶ ✰ ✷♠✮✷ ✰ ❱ ✷❪✭ t❝✷t✮ ✰ ✶ ✰ ✷♠✰ ❱ ✷✓✕✷ ✭✶✳✸✻✮
✶✳✷✳✺ ❋♦r♠❛ ❞❛ ❝✉r✈❛ ♣❛r❛ ♦ s✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛

❆ ❢♦r♠❛ ❞❛ ❝✉r✈❛ ❞♦ s✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❞❡♣❡♥❞❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞♦ s✐♥❛❧ ❞❡ ❞♥❂❞❚
♣♦❞❡♥❞♦ t❡r ❝♦♥❝❛✈✐❞❛❞❡ ✈♦❧t❛❞❛ ♣❛r❛ ❝✐♠❛ ✭❞♥❂❞❚ ❁ ✵✮ ♦✉ ❝♦♥❝❛✈✐❞❛❞❡ ✈♦❧t❛❞❛ ♣❛r❛
❜❛✐①♦ ✭❞♥❂❞❚ ❃ ✵✮✳

◆❛ ☞❣✉r❛ ✭✶✳✻✮ t❡♠♦s ✉♠❛ s✐♠✉❧❛✘❝⑦❛♦ ♣❛r❛ ✉♠❛ ❛♠♦str❛ ❝♦♠ ✭❞♥❂❞❚ ❃ ✵✮✳ ◗✉❛❧q✉❡r
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Forma da curva do sinal de lente térmica

Θ = -0.1

Θ = -0.5

Θ = -1

❋✐❣✉r❛ ✶✳✼✿ ❙✐♠✉❧❛✘❝⑦❛♦ ♥✉♠✓❡r✐❝❛✱ ✉s❛♥❞♦ ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✻✮✱ ♣❛r❛ ❛ ✈❛r✐❛✘❝⑦❛♦ ❞♦ s✐♥❛❧ ❞❡
❧❡♥t❡ t✓❡r♠✐❝❛ ❡♠ ✉♠❛ ❛♠♦str❛ ❝♦♠ ❞♥❂❞❚ ❃ ✵✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ✒
❛❧t❡r❛✘❝⑦❛♦ ♥❛ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ♦✉ ❝♦♥❞✉✘❝⑦❛♦ t✓❡r♠✐❝❛ ♣♦❞❡ ♠✉❞❛r ❛ ❢♦r♠❛ ❞❛ ❝✉r✈❛ ❞♦ s✐♥❛❧
❞❡ r❡s♦❧✉✘❝⑦❛♦ t❡♠♣♦r❛❧✳ ◗✉❛♥❞♦ ❛ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❛✉♠❡♥t❛✱ ✒ ❝r❡s❝❡ r❡♣r❡s❡♥t❛♥❞♦ ✉♠
❛❝r✓❡s❝✐♠♦ ♥❛ ❞✐❢❡r❡♥✘❝❛ ❞❡ ❢❛s❡✱ r❡s✉❧t❛♥❞♦ ❡♠ ♠❛✐♦r ❞✐st♦r✘❝⑦❛♦ ♥❛s ❢r❡♥t❡s ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡
❞❡ ♣r♦✈❛ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ✉♠ ❞❡s❝r✓❡s❝✐♠♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❡♥tr♦ ❞♦ ♠❡s♠♦✳ ◆❛
☞❣✉r❛ ✭✶✳✻✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❝♦♠♦ ♦ s✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ✈❛r✐❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ t❝ ❡ ♥❛
☞❣✉r❛ ✭✶✳✼✮ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❝♦♠♦ ♦ s✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ✈❛r✐❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ ✒✳
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✶✳✷✳✻ ❈♦♥s✐❞❡r❛✘❝⑦♦❡s s♦❜r❡ ❛ ✈❛❧✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦

❆s ♣r✐♥❝✐♣❛✐s ✐♥❢♦r♠❛✘❝⑦♦❡s q✉❡ ♣♦❞❡♠♦s ♦❜t❡r ❞❡st❡ ❝❛♣✓✏t✉❧♦ ✓❡ q✉❡ ♦ ♠♦❞❡❧♦ t❡✓♦r✐❝♦ ❞❡
❧❡♥t❡ t✓❡r♠✐❝❛ ✐♥☞♥✐t❛ ♣r♦♣♦st♦ ♣♦r ❏✳❙❤❡♥ r❡♣r❡s❡♥t♦✉ ✉♠ ✐♠♣♦rt❛♥t❡ ❛✈❛♥✘❝♦ ♣❛r❛ ❛
❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ❞❡ ❞♦✐s ❢❡✐①❡s ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦✳

❖ ♠♦❞❡❧♦ ❝♦♥s✐❞❡r❛ ❛ ❛♠♦str❛ ❝♦♠ ❞✐♠❡♥s⑦♦❡s ✐♥☞♥✐t❛s✱ t❛♥t♦ ♥❛ ❞✐r❡✘❝⑦❛♦ r❛❞✐❛❧ ❝♦♠♦
♥❛ ❞✐r❡✘❝⑦❛♦ ❛①✐❛❧✱ ❡ ✱♥♦ ❡♥t❛♥t♦ ❢♦r♥❡❝❡ ✓♦t✐♠♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❛ ❚▲❙ ❡♠ ❛♠♦str❛s ❣r♦ss❛s
♣♦r ♠❡✐♦ ❞❡ ✉♠❛ s✐♠♣❧❡s ❡q✉❛✘❝⑦❛♦ ❛♥❛❧✓✏t✐❝❛✳ P❛r❛ ❣❛r❛♥t✐r ❛ ❛❞❡q✉❛✘❝⑦❛♦ ❞❛ t❡♦r✐❛ ❛♦s
❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦s s❡❣✉✐♥t❡s r❡q✉✐s✐t♦s ❞❡✈❡♠ s❡r s❛t✐s❢❡✐t♦s✿

✎ ❊s♣❡ss✉r❛ ❞❛ ❛♠♦str❛ ❝♦♠ ❞✐♠❡♥s⑦♦❡s ♠❡♥♦r❡s q✉❡ ✉♠❛ ♦✉ ❞✉❛s ❞✐st❫❛♥❝✐❛s ❝♦♥❢♦❝❛✐s✱
t❛♥t♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❝♦♠♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✳

✎ ❆ ❞✐♠❡♥s⑦❛♦ r❛❞✐❛❧ ❞❛ ❛♠♦str❛ ❣r❛♥❞❡ ❡♠ r❡❧❛✘❝⑦❛♦ ❛♦ ❞✐❫❛♠❡tr♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✳
✎ P♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♠❛✐s ❜❛✐①❛ q✉❡ ❛ ♣♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✱ ❡✈✐t❛♥❞♦✲

s❡ ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❡ ✉♠❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ❡st❛❝✐♦♥✓❛r✐❛ ❛❞✐❝✐♦♥❛❧✳
✎ ❆ ❝♦♥❞✐✘❝⑦❛♦ ❞❡ ❛♠♦str❛ ♣♦✉❝♦ ❛❜s♦r✈❡❞♦r❛✱ ♥❡❝❡ss✓❛r✐❛ ♣❛r❛ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ♥⑦❛♦

❞❡♣❡♥❞❛ ❞❛ ❝♦♦r❞❡♥❛❞❛ ③ ✭❛✉s❫❡♥❝✐❛ ❞❡ ✌✉①♦ ❛①✐❛❧ ❞❡ ❝❛❧♦r✮✱ ✓❡ s❛t✐s❢❡✐t❛ ❞❡s❞❡ q✉❡� ✶❆✁ ❃❃ ✦✶❡✳
❯♠❛ ✈❡③ s❛t✐s❢❡✐t❛s ❡st❛s ❝♦♥❞✐✘❝⑦♦❡s ♣♦❞❡♠♦s r❡❛❧✐③❛r ♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❚▲❙✱ ❛❥✉s✲

t❛r ♦s ♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❡♥❝♦♥tr❛r ♦s ✈❛❧♦r❡s ♣❛r❛ ✒ ❡ t❝ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ t✐r❛r
♣r♦♣r✐❡❞❛❞❡s t✓❡r♠✐❝❛s ♦✉ ✓♦♣t✐❝❛s ❞❛ ❛♠♦str❛ ❞❡ ✐♥t❡r❡ss❡✳
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✶✳✸ ❖ ❡❢❡✐t♦ ❢♦t♦❛❝✓✉st✐❝♦
❖ ❡❢❡✐t♦ ❢♦t♦❛❝✓✉st✐❝♦ ❝♦♥s✐st❡ ♥❛ ❣❡r❛✘❝⑦❛♦ ❞❡ ✉♠ s✐♥❛❧ ❛❝✓✉st✐❝♦ ♥✉♠ ❣✓❛s ✭♥♦r♠❛❧♠❡♥t❡ ♦ ❛r✮
❞❡♥tr♦ ❞❡ ✉♠❛ ❝✓❡❧✉❧❛ ❢❡❝❤❛❞❛✱ ❞❡✈✐❞♦ ✒❛ ❛❜s♦r✘❝⑦❛♦ ❞❡ r❛❞✐❛✘❝⑦❛♦ ♠♦❞✉❧❛❞❛ ♣♦r ♣❛rt❡ ❞❡ ✉♠❛
❛♠♦str❛ ❝♦♥t✐❞❛ ♥❛ ❝✓❡❧✉❧❛✳ ❆♦ ❛❜s♦r✈❡r ❛ r❛❞✐❛✘❝⑦❛♦✱ ❛ ❛♠♦str❛ t❡♠ s❡✉s ♥✓✏✈❡✐s ✐♥t❡r♥♦s
❞❡ ❡♥❡r❣✐❛ ❡①❝✐t❛❞♦s✱ q✉❡ ❛♦ ❞❡❝❛✓✏r❡♠ ❞❡ ❢♦r♠❛ ♥⑦❛♦ r❛❞✐❛t✐✈❛ ❝❛✉s❛♠ ✉♠ ❛q✉❡❝✐♠❡♥t♦
♣❡r✐✓♦❞✐❝♦ ❧♦❝❛❧✳ ❊st❡ ❛q✉❡❝✐♠❡♥t♦ ❞✐❢✉♥❞❡✲s❡ ❛tr❛✈✓❡s ❞♦ ♠❛t❡r✐❛❧ ❞❛♥❞♦ ♦r✐❣❡♠ ❛ ✉♠❛
♦♥❞❛ t✓❡r♠✐❝❛ q✉❡ s❡ ♣r♦♣❛❣❛ ❛t✐♥❣✐♥❞♦ ❛ ✐♥t❡r❢❛❝❡ ❛♠♦str❛✲❣✓❛s✳ ❖ ♣r✐♥❝✐♣❛❧ ♠❡❝❛♥✐s♠♦
❞❡ ❣❡r❛✘❝⑦❛♦ ❞♦ s✐♥❛❧ ❛❝✓✉st✐❝♦ ✓❡ ❛ tr❛♥s❢❡r❫❡♥❝✐❛ ❞❡ ❝❛❧♦r ❞❛ ❛♠♦str❛ ♣❛r❛ ♦ ❣✓❛s✱ ❝♦♠ ♦
❝♦♥s❡q✉❡♥t❡ ❛q✉❡❝✐♠❡♥t♦ ❞❡ ✉♠❛ ☞♥❛ ❝❛♠❛❞❛ ❞❡st❡ ✓✉❧t✐♠♦✳ ❊st❛ ❝❛♠❛❞❛ ❞❡ ❣✓❛s ❛♦ s♦❢r❡r
❛q✉❡❝✐♠❡♥t♦ ❡①♣❛♥❞❡✲s❡✱ ❝r✐❛♥❞♦ ❛ ♦♥❞❛ ❛❝✓✉st✐❝❛ ♥♦ ✐♥t❡r✐♦r ❞❛ ❝✓❡❧✉❧❛✳
✶✳✸✳✶ ▼♦❞❡❧♦ ❞❡ ❘♦s❡♥❝✇❛✐❣ ❡ ●❡rs❤♦ ♣❛r❛ ♦ s✐♥❛❧ ❢♦t♦❛❝✓✉st✐❝♦

❱❛♠♦s ❝♦♥s✐❞❡r❛r ❛ ❣❡♦♠❡tr✐❛ ❞❛ ❝✓❡❧✉❧❛ ❢♦t♦❛❝✓✉st✐❝❛ ❞❛❞❛ ♥❛ ☞❣✉r❛ ✭✶✳✽✮✳ ❱❛♠♦s s✉♣♦r
q✉❡ ♦ ❣✓❛s ❡ ♦ s✉♣♦rt❡ ♥⑦❛♦ ❛❜s♦r✈❛♠ ❛ r❛❞✐❛✘❝⑦❛♦ ✐♥❝✐❞❡♥t❡✱ ❞❡ ❢♦r♠❛ q✉❡ ♥❡st❛s r❡❣✐⑦♦❡s
♥⑦❛♦ ❤❛❥❛ ❢♦♥t❡s ❞❡ ❝❛❧♦r✳ ❆❧✓❡♠ ❞✐ss♦✱ ✈❛♠♦s s✉♣♦r t❛♠❜✓❡♠ q✉❡ ❛s ❡s♣❡ss✉r❛s ❞♦ ❣✓❛s ❡
❞♦ s✉♣♦rt❡ s❡❥❛♠ ♠✉✐t♦ ♠❛✐♦r❡s q✉❡ s❡✉s r❡s♣❡❝t✐✈♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ❞✐❢✉s⑦❛♦ t✓❡r♠✐❝❛✱
❞❡☞♥✐❞♦ ❝♦♠♦✿ ✖✐ ❂ q ✦✷☛✐ ✱ ♦♥❞❡ ✦ ❂ ✷✙❢ ❡ ❢ ✓❡ ❛ ❢r❡q✉❫❡♥❝✐❛ ❞❡ ♠♦❞✉❧❛✘❝⑦❛♦ ✭♦ ✓✏♥❞✐❝❡ ✐
r❡❢❡r❡✲s❡ ✒❛ ❛♠♦str❛ ✭s✮✱ ❣✓❛s ✭❣✮ ❡ s✉♣♦rt❡ ✭❜✮✮✳

❆ ❡q✉❛✘❝⑦❛♦ ❞❡ ❞✐❢✉s⑦❛♦ t✓❡r♠✐❝❛ ❞❡✈❡ s❡r r❡s♦❧✈✐❞❛ ♣❛r❛ ♦s tr❫❡s ♠❡✐♦s✳ ❙❡♥❞♦ ❛ ✓❛r❡❛
✐❧✉♠✐♥❛❞❛ ✭s❡✘❝⑦❛♦ r❡t❛ ❞❛ ❝✓❡❧✉❧❛✮ ❞❡ ❞✐♠❡♥s⑦♦❡s ♠✉✐t♦ ♠❛✐♦r❡s q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❞✐✲
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❋✐❣✉r❛ ✶✳✽✿ ●❡♦♠❡tr✐❛ ❞❡ ✉♠❛ ❝✓❡❧✉❧❛ ❢♦t♦❛❝✓✉st✐❝❛
❢✉s⑦❛♦ t✓❡r♠✐❝❛ ❡♠ q✉❛❧q✉❡r ♠❡✐♦✱ ❛ ❛♣r♦①✐♠❛✘❝⑦❛♦ ✉♥✐❞✐♠❡♥s✐♦♥❛❧ t♦r♥❛✲s❡ ♣❡r❢❡✐t❛♠❡♥t❡
❛❞❡q✉❛❞❛✳ ❊♠ ✉♠❛ ❞✐♠❡♥s⑦❛♦ ❛ ❡q✉❛✘❝⑦❛♦ ❞❡ ❞✐❢✉s⑦❛♦ t✓❡r♠✐❝❛ ☞❝❛✿

❅✷✁❚ ✭①❀ t✮❅①✷ �
✶☛ ❅✁❚ ✭①❀ t✮❅t ✰ ❢ ✭①❀ t✮ ❂ ✵ ✭✶✳✸✼✮

♦♥❞❡ ❢✭①❀ t✮ ❂ s✭①❀ t✮❂❦ ❡ s✭①❀ t✮ ✓❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛❧♦r ❣❡r❛❞❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡
❡ ❞❡ t❡♠♣♦✳ ❋❛③❡♥❞♦✲s❡ ✁❚ ✭①❀ t✮ ❂ ✁❚ ✭①✮❡❥✦t ❡ ❢✭①❀ t✮ ❂ ❢✭①✮❡❥✦t✱ ❛ ❡q✉❛✘❝⑦❛♦ ❞❡ ❞✐❢✉s⑦❛♦
r❡❞✉③✲s❡ ❛✿

❅✷✁❚ ✭①✮❅①✷ �
❥✦✁❚ ✭①✮☛ ✰ ❢ ✭①✮ ❂ ✵ ✭✶✳✸✽✮

❆ s♦❧✉✘❝⑦❛♦ ❞❛ ❡q✉❛✘❝⑦❛♦ ❤♦♠♦❣❫❡♥❡❛ ♣❛r❛ ♦ ♠❡✐♦ ✐ ✓❡ ❞♦ t✐♣♦✿
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❡✝✭✶✰❥✮ ①✖✐ ❂ ❡✝✛✐① ✭✶✳✸✾✮

♦♥❞❡ ✛✐ ❂ ✭✶✰✐✮✖✐P❛r❛ ❡♥❝♦♥tr❛r♠♦s ❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡ ♣r❡ss⑦❛♦ ♥❛ ❝❫❛♠❛r❛ ❢♦t♦❛❝✓✉st✐❝❛ ♣r❡❝✐s❛♠♦s ❝♦♥❤❡❝❡r
❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❡♠♣❡r❛t✉r❛ ♥♦ ❣✓❛s✱ ♣♦✐s ❛ss✐♠ ♣♦❞❡r❡♠♦s ❝❛❧❝✉❧❛r ❛ ❡①♣❛♥s⑦❛♦ t✓❡r♠✐❝❛
❞❛ ❝❛♠❛❞❛ ❢r♦♥t❡✐r✐✘❝❛ ❞❡ ❣✓❛s ❡ ♣♦r ❝♦♥s❡❣✉✐♥t❡ ❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡ ♣r❡ss⑦❛♦ ❞❡s❡❥❛❞❛✳ ❈♦♠♦ ♥⑦❛♦
❤✓❛ ❢♦♥t❡s ❞❡ ❝❛❧♦r ♥♦ ❣✓❛s✱ ❛ s♦❧✉✘❝⑦❛♦ ❞❛ ❡q✉❛✘❝⑦❛♦ ❞❡ ❞✐❢✉s⑦❛♦ ♣❛r❛ ❡st❡ ♠❡✐♦ ✓❡ ❞❛❞❛ ♣❡❧❛
❡①♣r❡ss⑦❛♦ ✭✶✳✸✾✮✳ ❯s❛♥❞♦✲s❡ ❛s ❝♦♥❞✐✘❝⑦♦❡s ❞❡ ❝♦♥t♦r♥♦ ❞❡ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ① ❂ ✵
✓❡ ✁❚ ✭✵✮ ❡ q✉❡ ❡♠ ① ❂ ❧❣ ❛ ❛♠♣❧✐t✉❞❡ ❞❡ ♦s❝✐❧❛✘❝⑦❛♦ ❞❛ t❡♠♣❡r❛t✉r❛ ✓❡ ♥✉❧❛ ✭❛ss✉♠✐♥❞♦
❧❣ ❃❃ ✖❣✮✱ t❡♠♦s✿

✁❚ ✭①✮ ❂ ✁❚ ✭✵✮❡�✛❣① ✭✶✳✹✵✮
❉❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✵✮ ✈❡♠♦s q✉❡ ❛♣❡♥❛s ✉♠❛ ❝❛♠❛❞❛ ❢r♦♥t❡✐r✐✘❝❛ ❞❡ ❣✓❛s✱ ❞❡ ❡s♣❡ss✉r❛

✷✙✖❣✱ s♦❢r❡ ✐♥✌✉❫❡♥❝✐❛ ❞♦ ❝❛❧♦r ♣r♦✈❡♥✐❡♥t❡ ❞❛ ❛♠♦str❛✳
❆ ❡①♣❛♥s⑦❛♦ ❞❛ ❝❛♠❛❞❛ ❢r♦♥t❡✐r✐✘❝❛ ❞❡ ❣✓❛s ❢✉♥❝✐♦♥❛ ❝♦♠♦ ♣✐st⑦❛♦ ❛❝✓✉st✐❝♦ ♣❛r❛ ♦ r❡st♦

❞♦ ❣✓❛s ♥❛ ❝❫❛♠❛r❛✳ ❖ ♣r♦❜❧❡♠❛ ❡♥t⑦❛♦ ✓❡ ❡♥❝♦♥tr❛r♠♦s ❛ t❡♠♣❡r❛t✉r❛ ♥❛ ✐♥t❡r❢❛❝❡ ❛♠♦str❛✲
❣✓❛s ✭① ❂ ✵✮✳ ■st♦ ♣♦❞❡ s❡r ❢❡✐t♦ r❡s♦❧✈❡♥❞♦✲s❡ ❛s ❡q✉❛✘❝⑦♦❡s ❞❡ ❞✐❢✉s⑦❛♦ ♣❛r❛ ♦s tr❫❡s ♠❡✐♦s
✭❛♠♦str❛✱ ❣✓❛s ❡ s✉♣♦rt❡✮✱ ✉s❛♥❞♦✲s❡ ♦ t❡r♠♦ ❞❡ ❢♦♥t❡ ❛❞❡q✉❛❞♦ ♣❛r❛ ❛ r❡❣✐⑦❛♦ ❞❛ ❛♠♦str❛
❡ ❛s ❝♦♥❞✐✘❝⑦♦❡s ❞❡ ❝♦♥t♦r♥♦ ♥❛s ✐♥t❡r❢❛❝❡s ① ❂ ✵ ❡ ① ❂ �❧ ✭❛❧✓❡♠ ❞❡ ① ❂ ❧❣ ❡ ① ❂ �✭❧❜✰ ❧✮✮✳
❆s ❝♦♥❞✐✘❝⑦♦❡s ❞❡ ❝♦♥t♦r♥♦ ✉s❛❞❛s ♣♦r ❘♦s❡♥❝✇❛✐❣ ❡ ●❡rs❤♦ ❬✶✼❪ s⑦❛♦✿



✸✵
✁❚✐ ❂ ✁❚❥ ✭✶✳✹✶✮

❡
❦✐❞✁❚✐❞① ❂ ❦❥ ❞✁❚❥❞① ✭✶✳✹✷✮

♦♥❞❡ ✐ ❡ ❥ s⑦❛♦ ♠❡✐♦s ❛❞❥❛❝❡♥t❡s✳ ❆ ♣r✐♠❡✐r❛ ❝♦♥❞✐✘❝⑦❛♦✱ ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❞❛ t❡♠♣❡r❛t✉r❛
s✉♣⑦♦❡ q✉❡ ♥⑦❛♦ ❤✓❛ r❡s✐st❫❡♥❝✐❛ t✓❡r♠✐❝❛ ♥❛ ✐♥t❡r❢❛❝❡✱ ❡ ❛ s❡❣✉♥❞❛ ❝♦♥❞✐✘❝⑦❛♦ ❣❛r❛♥t❡ ❛ ❝♦♥✲
t✐♥✉✐❞❛❞❡ ❞♦ ✌✉①♦ ❞❡ ❝❛❧♦r✳
❆❜s♦r✘❝⑦❛♦ ❞❡ ❇❡❡r
❙❡❥❛ ■✭①✮ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ♥❛ ♣♦s✐✘❝⑦❛♦ ① ❞❡♥tr♦ ❞❛ ❛♠♦str❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❧❡✐ ❞❡
❇❡❡r✱ ❝♦♠ ■✵ s❡♥❞♦ ❛ ✐♥t❡♥s✐❞❛❞❡ ❡♠ ① ❂ ✵✿

■✭①✮ ❂ ■✵❡❆✭✕✮① ✭✶✳✹✸✮
♦♥❞❡ ❆✭✕✮ ✓❡ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛ ❛♠♦str❛✳ ❈♦♥s✐❞❡r❛♥❞♦ q✉❡ t♦❞❛

r❛❞✐❛✘❝⑦❛♦ ❛❜s♦r✈✐❞❛ ♥❛ ♣r♦❢✉♥❞✐❞❛❞❡ ① s❡❥❛ ❝♦♥✈❡rt✐❞❛ ❡♠ ❝❛❧♦r✱ t❡♠♦s ❢✭①✮ ❂ ✶❦s ❞■✭①✮❞① ❂
■✵❆❡❆①❦s ✳ ❙✉❜st✐t✉✐♥❞♦ ❢✭①✮ ♥❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✸✽✮ ❡ r❡s♦❧✈❡♥❞♦✲❛✱ ❡♥❝♦♥tr❛♠♦s

✁❚ ✭✵✮ ❂ ❆■✵❦s ❬❆✷ � ✛✷s ❪
✔✭r � ✶✮ ✭❜✰ ✶✮ ❡✛s❧ � ✭r ✰ ✶✮ ✭❜� ✶✮ ❡�✛s❧ ✰ ✷ ✭❜� r✮ ❡�❆❧✭❣ ✰ ✶✮ ✭❜✰ ✶✮ ❡✛s❧ � ✭❣ � ✶✮ ✭❜� ✶✮ ❡�✛s❧ ✕ ✭✶✳✹✹✮

♦♥❞❡ r ❂ ❆✛s ✱ ❜ ❂ ❦❜✛❜❦s✛s ❡ ❣ ❂ ❦❣✛❣❦s✛s



✸✶
❋✐♥❛❧♠❡♥t❡✱ t♦♠❛♥❞♦✲s❡ ♦ ❝❛s♦ ❞❡ ✉♠❛ ❛♠♦str❛ s✓♦❧✐❞❛✱ ♣♦❞❡♠♦s ❢❛③❡r ❣ ❁❁ ✶ ❡ ❜ ✙ ✶✳

◆❡st❡ ❝❛s♦✱ s❡ ❧ ❃❃ ✖s ✭❛♠♦str❛ t❡r♠✐❝❛♠❡♥t❡ ❣r♦ss❛✮ ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✹✮ t♦r♥❛✲s❡✿
✁❚ ✭✵✮ ❂ ■✵❦s✛✷s❆ ✭✶✳✹✺✮

❉❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✺✮ ✈❡♠♦s q✉❡ ♦ s✐♥❛❧ ❢♦t♦❛❝✓✉st✐❝♦✱ q✉❡ ✓❡ ❢✉♥✘❝⑦❛♦ ❞❡ ✁❚ ✭✵✮✱ ✓❡ ❞✐r❡t❛♠❡♥t❡
♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛ ❛♠♦str❛ ✭❆✮✳ ❉❡st❛ ❢♦r♠❛✱ ✓❡ ♣♦ss✓✏✈❡❧
♦❜t❡r ❡s♣❡❝tr♦s ❞❡ ❛❜s♦r✘❝⑦❛♦✱ ✉t✐❧✐③❛♥❞♦✲s❡ ❛ t✓❡❝♥✐❝❛✳



❈❛♣✓✏t✉❧♦ ✷

▼❛t❡r✐❛❧ ❡ ▼✓❡t♦❞♦s

✷✳✶ ▼♦♥t❛❣❡♠ ❊①♣❡r✐♠❡♥t❛❧ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛
❖ ❛rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ❛ ❚▲❙ ❞❡ ♠♦❞♦ ❞❡s❝❛s❛❞♦ ♥❡❝❡ss✐t❛ ❞❡ ❞♦✐s ❢❡✐①❡s ❧❛s❡rs✿ ✉♠
♣❛r❛ ❛q✉❡❝❡r ❛ ❛♠♦str❛ ❡ ♦✉tr♦ ♣❛r❛ ♠♦♥✐t♦r❛r ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✳ ❖ ❞❡t❡❝t♦r
✉s❛❞♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ t❡r✓❛ q✉❡ s❡r ❞❡ ❜♦❛ q✉❛❧✐❞❛❞❡ ❞❡♠♦♥str❛♥❞♦ r❡s♣♦st❛ ❧✐♥❡❛r ♣❛r❛
❛ ✈❛r✐❛✘❝⑦❛♦ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❧✉③ ❧❛s❡r✱ ❜❛✐①♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❡ ♣❡q✉❡♥♦ r✉✓✏❞♦✳ ❊st❛s
❝❛r❛❝t❡r✓✏st✐❝❛s ❞♦ ❞❡t❡❝t♦r ♣❡r♠✐t❡♠ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❚▲❙✳

❖✉tr❛ ❝❛r❛❝t❡r✓✏st✐❝❛ ❜✓❛s✐❝❛ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ✓❡ ❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞❡ ❛❧❣✉♥s
♣❛r❫❛♠❡tr♦s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ♦ ♠❡s♠♦ ❝♦♠♦ ✦✶ ❡ ✦✶♣ ✭r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛
❛♠♦str❛ ❡ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛ ❛♠♦str❛✮✱ q✉❡ ♥♦s ♣❡r♠✐t❡♠ ♦ ❝✓❛❧❝✉❧♦ ❞♦s ♣❛r❫❛♠❡tr♦s
♠ ❂ ✭✦✶♣❂✦✶✮✷ ❡ ❱ ❂ ✭③✶❂③❝✮ ❧♦❣♦ ❛♣✓♦s ❛ ❣❡♦♠❡tr✐❛ ❡①♣❡r✐♠❡♥t❛❧ t❡r s✐❞♦ ❡st❛❜❡❧❡❝✐❞❛✳

✸✷



✸✸
❖ ❛rr❛♥❥♦ ❡①♣❡r✐♠❡♥t❛❧ q✉❡ ✉t✐❧✐③❛♠♦s ♥❛s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❢♦✐ ❛ ❝♦♥☞❣✉r❛✘❝⑦❛♦

❞❡ ❞♦✐s ❢❡✐①❡s ♥♦ ♠♦❞♦ ❞❡s❝❛s❛❞♦ ♠♦str❛❞♦ ♥❛ ☞❣✉r❛ ✭✷✳✶✮✳ ❖ ❛♣❛r❛t♦ ❢♦✐ ♠♦♥t❛❞♦ s♦❜r❡
✉♠❛ ♠❡s❛ ✓♦♣t✐❝❛✳ ❖ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ❢♦✐ ✉♠ ❧❛s❡r ❞❡ ❆r✰ ❞❛ ♠❛r❝❛ ▲❡①❡❧ ✾✺ ♦♣❡r❛♥❞♦
❡♠ ✺✶✹✱✺ ♥♠✳ ❆s ❛♠♦str❛s ❢♦r❛♠ ❝♦❧♦❝❛❞❛s ❛ ✶✹✳✾✸ ❝♠ ✒❛ ❢r❡♥t❡ ❞❛ ❧❡♥t❡ ▲✷ ❝♦♠ ❞✐st❫❛♥❝✐❛
❢♦❝❛❧ ❞❡ ✶✺ ❝♠✳ ❆ ❞✐st❫❛♥❝✐❛ ❞❛ ❧❡♥t❡ ▲✷ ❛t✓❡ ❛ ❧❡♥t❡ ▲✸ ❢♦✐ ❞❡ ✸✺✳✺ ❝♠✳

❋✐❣✉r❛ ✷✳✶✿ ▼♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛
❆ ✐♥❝✐❞❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛ ❢♦✐ ❝♦♥tr♦❧❛❞❛ ❛tr❛✈✓❡s ❞❡ ✉♠ ♦❜t✉r❛❞♦r

❞❡ ❧✉③ ❛❝✐♦♥❛❞♦ ♣♦r ✉♠ ♠♦t♦r ❞❡ ♣❛ss♦✱ q✉❡ ❡st❛✈❛ ❝♦♥❡❝t❛❞♦ ❛ ✉♠❛ ✐♥t❡r❢❛❝❡ ❞❡ ❝♦♥tr♦❧❡
❝♦♠❛♥❞❛❞❛ ♣♦r s✐♥❛✐s ❞✐❣✐t❛✐s ♣r♦✈❡♥✐❡♥t❡s ❞❛ ♣♦rt❛ ❞❡ ❝♦♠✉♥✐❝❛✘❝⑦❛♦ ♣❛r❛❧❡❧❛ ❞♦ ♠✐❝r♦✲
❝♦♠♣✉t❛❞♦r P❡♥t✐✉♠ ✷✵✵ ▼❍③✳ ❖ ❞❡t❡❝t♦r ✶ t❡♠ ❝♦♠♦ ❢✉♥✘❝⑦❛♦ ❢♦r♥❡❝❡r ♦ s✐♥❛❧ ❞❡ ❞✐s♣❛r♦



✸✹
♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❛q✉✐s✐✘❝⑦❛♦ ❞❡ ❞❛❞♦s✳ ❖ s✐st❡♠❛ ❞❡ ❛q✉✐s✐✘❝⑦❛♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ❝♦♠♣♦st♦ ❞❡
✉♠ r❡❣✐str❛❞♦r ❞✐❣✐t❛❧ ❍P✼✵✾✵✱ ❝♦♥❡❝t❛❞♦ ❛ ✉♠❛ ♣❧❛❝❛ ❞❡ ❝♦♠✉♥✐❝❛✘❝⑦❛♦ ❞♦ t✐♣♦ ●P■❇
♠❛r❝❛ ❙❚❉ ❝♦♠❛♥❞❛❞❛ ♣♦r ✐♥str✉✘❝⑦♦❡s ❞❡ ❝✓♦❞✐❣♦✱ ❡①❡❝✉t❛❞❛s ♥♦ ❛♠❜✐❡♥t❡ ❣r✓❛☞❝♦ ❲✐♥✲
❞♦✇s ✾✽✳ ❖ ❧❛s❡r ❞❡ ♣r♦✈❛✱ ❍❡✲◆❡ ❞❛ ♠❛r❝❛ ❯♥✐♣❤❛s❡ ♦♣❡r❛♥❞♦ ❡♠ ✻✸✷✱✽ ♥♠ ❛♣✓♦s ♣❛ss❛r
♣❡❧❛ ❛♠♦str❛✱ ❢♦✐ ❞❡s✈✐❛❞♦ ❛tr❛✈✓❡s ❞♦s ❡s♣❡❧❤♦s ▼✸ ❡ ▼✹ ♣❛r❛ ♦ ❞❡t❡❝t♦r ✷ ❝♦♥❡❝t❛❞♦ ❛♦
s✐st❡♠❛ ❞❡ ❛q✉✐s✐✘❝⑦❛♦ ❞❡ ❞❛❞♦s✳ ❯♠ ☞❧tr♦ ❢♦✐ ❝♦❧♦❝❛❞♦ s♦❜r❡ ♦ ❞❡t❡❝t♦r ✷ ♣❡r♠✐t✐♥❞♦ ❛ ♣❛s✲
s❛❣❡♠ ❞❡ ❧✉③ s♦♠❡♥t❡ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛✳ ❖ ❫❛♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛✘❝⑦❛♦
❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❢♦✐ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✿✺✵ ❡♠ r❡❧❛✘❝⑦❛♦ ❛♦ ❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦✳ ❆ ❧❡♥t❡
▲✷ ♣❡r♠✐t❡ ✉♠ ❛❥✉st❡ ☞♥♦ ♥❛ ❞✐r❡✘❝⑦❛♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ❝❡♥tr❛❧✐③❛r ❛
❧❡♥t❡ t✓❡r♠✐❝❛ ♥♦ ❝❡♥tr♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛✱ ♠❛①✐♠✐③❛♥❞♦ ♦ s✐♥❛❧✳ ❖s ❡s♣❡❧❤♦s ▼✸ ❡ ▼✹
t♦r♥❛♠ ♣♦ss✓✏✈❡❧ ✉♠ ❣r❛♥❞❡ ❝❛♠✐♥❤♦ ✓♦♣t✐❝♦ ♣❛r❛ ♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ❞❡s❞❡ ❛ ❛♠♦str❛ ❛t✓❡
♦ ❞❡t❡❝t♦r✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ❞❡ ♠❡❞✐❞❛s ❝♦♥s✐st❡ ♥♦s s❡❣✉✐♥t❡s ♣❛ss♦s✿ ❛❧✐♥❤❛r ♦s ❞♦✐s
❢❡✐①❡s ❞❡ ♠❛♥❡✐r❛ q✉❡ t❡♥❤❛♠ ❛ ♠❡s♠❛ ❛❧t✉r❛ ❡♠ r❡❧❛✘❝⑦❛♦ ❛♦ ♣❧❛♥♦ ❞❛ ♠❡s❛ ✓♦♣t✐❝❛✳ ◆❡st❡
♠♦♠❡♥t♦ ♥⑦❛♦ ♣r❡❝✐s❛♠♦s ❞❡ ♥❡♥❤✉♠❛ ❧❡♥t❡ ♥♦ ❝❛♠✐♥❤♦ ✓♦♣t✐❝♦✳ ❖s ❢❡✐①❡s ❞❡✈❡♠ s❡ ❝r✉③❛r
♥♦ ❧♦❝❛❧ ♣❧❛♥❡❥❛❞♦ ♣❛r❛ ❛ ♣♦s✐✘❝⑦❛♦ ❞❡t❡r♠✐♥❛❞❛✳ ❈♦❧♦❝❛✲s❡ ❛❣♦r❛ ❛ ❧❡♥t❡ ▲✷ ❝♦♠ ♦ ❢❡✐①❡
❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♣❛ss❛♥❞♦ ❡①❛t❛♠❡♥t❡ ♥♦ ❝❡♥tr♦✳ ❊♥❝♦♥tr❛✲s❡ ✈✐s✉❛❧♠❡♥t❡ ❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥✲
t✉r❛ ❞♦ ❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ✭♦♥❞❡ s❡ ❝❡♥tr❛❧✐③❛ ❛ ❝✓❡❧✉❧❛ ❞❡ ❛♠♦str❛✮ ❞❡✈✐❞♦ ✒❛ ❧❡♥t❡ ▲✷✱ ♦✉
♠❡❞✐♥❞♦✲s❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦✳ ❖ ❧❛s❡r ❞❡ ♣r♦✈❛ ❞❡✈❡ ❝r✉③❛r ♥❡st❛
♣♦s✐✘❝⑦❛♦ ❛♥t❡s ❡ ❞❡♣♦✐s ❞❡ ❛❝r❡s❝❡♥t❛r ❛ ❧❡♥t❡ ▲✸✳ ❉❡♣♦✐s ❞❡ ❛❥✉st❛r ❛s ♣♦s✐✘❝⑦♦❡s ❞❛s ❧❡♥t❡s
▲✷ ❡ ▲✸ ❛❝r❡s❝❡♥t❛♠♦s ♦ ♦❜t✉r❛❞♦r✳ ❆ ❧❡♥t❡ t✓❡r♠✐❝❛ ❢♦r♠❛❞❛ ♥❛ ❛♠♦str❛✱ ❛♣✓♦s ♦ ❞✐s♣❛r♦
❞♦ ♦❜t✉r❛❞♦r✱ ♣♦❞❡ s❡r ❝❡♥tr❛❧✐③❛❞❛ ♥♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ❞❡s❧♦❝❛♥❞♦ ❛ ❧❡♥t❡ ▲✷✳
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✷✳✶✳✶ ❉❡t❡r♠✐♥❛✘❝⑦❛♦ ❞♦s ♣❛r❫❛♠❡tr♦s ❡①♣❡r✐♠❡♥t❛✐s

❆ ♠❡❞✐❞❛ ❞❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❡ ❞♦ r❛✐♦ ❞♦ ♠❡s♠♦ ♥❛ ❝✐♥t✉r❛ ♣♦❞❡ s❡r ❢❡✐t❛
♣♦r ♠❡✐♦ ❞❡ ✉♠ ♣✐♥❤♦❧❡ ✭✉♠ ❢✉r♦✮ ❛❝♦♣❧❛❞♦ ❛♦ ❞❡t❡❝t♦r✳ ❊st❡ ❢✉r♦✱ ❝❡♥tr❛❧✐③❛❞♦ ❡♠
✉♠❛ ❝❤❛♣❛ ☞♥❛ ❡ ❝✐r❝✉❧❛r✱ ❞❡✈❡ s❡r ♣♦s✐❝✐♦♥❛❞♦ s♦❜r❡ ♦ ❞❡t❡❝t♦r ❞❡ ❢♦r♠❛ q✉❡ ❛ r❡❣✐⑦❛♦
❞♦ ♠❡s♠♦✱ ❡①♣♦st❛ ❛ ❡♥tr❛❞❛ ❞❡ ❧✉③✱ s❡❥❛ s♦♠❡♥t❡ ❛ ❛❜❡rt✉r❛ ❞♦ ♣✐♥❤♦❧❡✳ ❈♦♠ ♦ ✉s♦
❞♦ ♣✐♥❤♦❧❡ ❞❡ ✷✺✖♠ ❞❡ ❞✐❫❛♠❡tr♦ ♣♦❞❡✲s❡ ♠♦♥✐t♦r❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❡♥tr♦ ❞♦ ❢❡✐①❡
❞♦ ❧❛s❡r ❡♠ ❞✐❢❡r❡♥t❡s ♣♦s✐✘❝⑦♦❡s ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦✳ ❖ ❣r✓❛☞❝♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡t❡❝t❛❞❛
❡♠ ❢✉♥✘❝⑦❛♦ ❞❛ ♣♦s✐✘❝⑦❛♦ ♣♦❞❡ ♠♦str❛r ❛ ♣♦s✐✘❝⑦❛♦ ❞❡ ♠✓❛①✐♠♦ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✳
❉❡✈✐❞♦ ✒❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ♠✉❞❛r ♠✉✐t♦ ♣♦✉❝♦ ♣r✓♦①✐♠♦ ✒❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡✱ ♥⑦❛♦ ♣♦❞❡♠♦s
❞❡t❡r♠✐♥❛r ❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❞❡ ♠♦❞♦ ♣r❡❝✐s♦✱ ❞❡ ❢♦r♠❛ q✉❡ ♣r❡❝✐s❛♠♦s ❡❢❡t✉❛r
✉♠ ❛❥✉st❡ ♥♦s ♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❆ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ✉♠ ❢❡✐①❡ ❧❛s❡r ❣❛✉ss✐❛♥♦✱ ❛♦ ❧♦♥❣♦
❞♦ ❡✐①♦ ✓❡ ❞❛❞❛ ♣♦r✿

■✭r✮ ❂ ✷P✙✦✷ ✭③✮❡①♣ ✔� ✷r✷✦✷ ✭③✮✕ ✭✷✳✶✮
❡

✦✷ ✭③✮ ❂ ✦✷✵
✧✶ ✰ ✒ ③③❝

✓✷★ ✭✷✳✷✮
♣❛r❛ ♦ r❛✐♦ ❞♦ ❢❡✐①❡ ♥❛ ♣♦s✐✘❝⑦❛♦ ③✳ ◆❛s ❡q✉❛✘❝⑦♦❡s ❛❝✐♠❛ P ✓❡ ❛ ♣♦t❫❡♥❝✐❛ ❞♦ ❢❡✐①❡✱ ✦✵ ✓❡ ♦

r❛✐♦ ♥❛ ❝✐♥t✉r❛✱ ③❝ ✓❡ ❛ ❞✐st❫❛♥❝✐❛ ❝♦♥❢♦❝❛❧ ❡ r ✓❡ ❛ ❝♦♦r❞❡♥❛❞❛ r❛❞✐❛❧✳
❈♦♠♦ ♦ ♣✐♥❤♦❧❡ t❡♠ ❞✐❫❛♠❡tr♦ ❞❡ ♠✐❝r♦♠❡tr♦s✱ ❡❧❡ ❞❡✐①❛ ♣❛ss❛r s♦♠❡♥t❡ ♦ ❝❡♥tr♦
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❞♦ ❢❡✐①❡✱ t♦r♥❛♥❞♦ ♣♦ss✓✏✈❡❧ ❛♦ ❞❡t❡❝t♦r s❡♥t✐r q✉❛❧q✉❡r ✈❛r✐❛✘❝⑦❛♦ ♥❛ s✉❛ ✐♥t❡♥s✐❞❛❞❡✳ ❆
♣♦t❫❡♥❝✐❛ ♥♦ ❞❡t❡❝t♦r ♣♦❞❡ ❡♥t⑦❛♦ s❡r ❞❛❞❛ ❝♦♠♦✿

P ❂ ✷✙ ❩ ✍
✵ ■ ✭r✮ ❞r ✙ ✷P✍✷✦✷ ✭❩✮ ✭✷✳✸✮

♦♥❞❡ ❬✍✷ ❁❁ ✦✷ ✭③✮❪ ❡ ♦♥❞❡ ✍ ✓❡ ♦ r❛✐♦ ❞♦ ♣✐♥❤♦❧❡
❚r♦❝❛♥❞♦ ③ ♣♦r ③ � ③✵ ❛s ❡q✉❛✘❝⑦♦❡s ✭✷✳✷✮ ❡ ✭✷✳✸✮ ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s ❝♦♠♦✿

✦✷ ✭③ � ③✵✮ ❂ ✦✷✵
✧✶ ✰ ✒③ � ③✵③❝

✓✷★ ✭✷✳✹✮
❡

P ✭③ � ③✵✮ ✙ ✷P✍✷✦✷ ✭③ � ③✵✮ ✭✷✳✺✮
♦♥❞❡ ❬✍✷ ❁❁ ✦✷ ✭③ � ③✵✮❪
❡ ❛❣♦r❛ s✉❜st✐t✉✐♥❞♦ ❛ ❡q✉❛✘❝⑦❛♦ ✭✷✳✹✮ ♥❛ ❡q✉❛✘❝⑦❛♦ ✭✷✳✺✮ t❡♠♦s q✉❡ ❛ ❡q✉❛✘❝⑦❛♦ ♣❛r❛ ❛

♣♦t❫❡♥❝✐❛ ♥♦ ❞❡t❡❝t♦r ♣♦❞❡ s❡r ❞❛❞❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ ❩✳
P ✭③ � ③✵✮ ✙ ✷P✍✷❂✦✷✵✶ ✰ ❬✭③ � ③✵✮ ❂③❝❪✷ ✭✷✳✻✮

❝♦♠ ❬✍✷ ❁❁ ✦✷ ✭③ � ③✵✮❪
♦♥❞❡ ✷P✍✷❂✦✷✵ ✓❡ ✉♠❛ ❝♦♥st❛♥t❡ q✉❡ ❞❡♣❡♥❞❡ ❞♦ ❢❡✐①❡ ❧❛s❡r ✉s❛❞♦ ♥♦ ❡①♣❡r✐♠❡♥t♦ ❡ ❞❛

✓❛r❡❛ ❞❡ ✐♥❝✐❞❫❡♥❝✐❛ ♥♦ ❞❡t❡❝t♦r✱ ③✵ ✓❡ ❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❧❛s❡r ❡ ③❝ ✓❡ ❛ ❞✐st❫❛♥❝✐❛
❝♦♥❢♦❝❛❧ ❞♦ ❧❛s❡r ❞❡✈✐❞♦ ✒❛ ❧❡♥t❡✳
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Distância da lente L3 (cm)

❋✐❣✉r❛ ✷✳✷✿ P❡r☞❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ③
❆ ❡q✉❛✘❝⑦❛♦ ✭✷✳✻✮ ♣♦❞❡ s❡r ✉s❛❞❛ ♣❛r❛ ❛❥✉st❛r ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ❛♦ ❧♦♥❣♦

❞♦ ❡✐①♦ ③ ❡ ♣♦r s✉❛ ✈❡③ ❡❧❛ ♣❡r♠✐t❡ ❡♥❝♦♥tr❛r ♦s ✈❛❧♦r❡s ❞❡ ③✵✱ ③❝ ❡ ✷P✍✷❂✦✷✵✳ ❊♥❝♦♥tr❛♥❞♦✲s❡ ❛ ❞✐st❫❛♥❝✐❛ ❝♦♥❢♦❝❛❧ ❞❛❞❛ ♣♦r✿
③❝ ❂ ✙✦✷✵✕ ✭✷✳✼✮

♦♥❞❡ ✕ ✓❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❧❛s❡r✱ ♣♦❞❡♠♦s ♦❜t❡r ✦✵ ✭r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦
♦✉ r❛✐♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛ ❝✐♥t✉r❛✮✳ ◆❛s ☞❣✉r❛s ✭✷✳✷✮ ❡ ✭✷✳✸✮ t❡♠♦s ♦ ❛❥✉st❡ ❞♦s ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ♥❛s ♠❡❞✐❞❛s ❞❛ ♣♦s✐✘❝⑦❛♦ ❞❛ ❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❧❛s❡r ❞❡ ♣r♦✈❛ ❡ ♣♦s✐✘❝⑦❛♦ ♥❛
❝✐♥t✉r❛ ❞♦ ❢❡✐①❡ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✳
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Distância da lente L2 (cm)

❋✐❣✉r❛ ✷✳✸✿ P❡r☞❧ ❞❡ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ③
❯t✐❧✐③❛♥❞♦ ♦ ✈❛❧♦r ❞❡ ③❝ ❡♥❝♦♥tr❛❞♦ ♥♦ ❛❥✉st❡ ♣♦❞❡♠♦s ❝❛❧❝✉❧❛r ♦ r❛✐♦ ❞♦ ❧❛s❡r ♥❛

❛♠♦str❛ ♣♦r ♠❡✐♦ ❞❛ ❡q✉❛✘❝⑦❛♦ ✭✷✳✼✮ ❡ ❡♠ s❡❣✉✐❞❛ ♦ ✈❛❧♦r ❞❡ ❱ ✳ ◆❛ t❛❜❡❧❛ ✭✷✳✶✮ ❛ s❡❣✉✐r
t❡♠♦s ♦s ✈❛❧♦r❡s ❞♦s ♣❛r❫❛♠❡tr♦s ✉t✐❧✐③❛❞♦s ❡♠ ♥♦ss♦s ❡①♣❡r✐♠❡♥t♦s✳



✸✾
P♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛ ✷✵✵♠❲ ❡ ✸✵✵♠❲
P♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛ ❛♠♦str❛ ✺♠❲
❘❛✐♦ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♥❛ ❛♠♦str❛ ✼❀ ✸✂ ✶✵�✸❝♠
❘❛✐♦ ❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛ ♥❛ ❛♠♦str❛ ✶❀ ✻✂ ✶✵�✷❝♠

♠ ✹❀ ✽
❱ ✶❀ ✼

❚❛❜❡❧❛ ✷✳✶✿ P❛r❫❛♠❡tr♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛
✷✳✷ ▼♦♥t❛❣❡♠ ❊①♣❡r✐♠❡♥t❛❧ ❞❡ ❋♦t♦❛❝✓✉st✐❝❛
❆ ♠♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ♦❜s❡r✈❛✘❝⑦❛♦ ❞♦ ❡❢❡✐t♦ ❢♦t♦❛❝✓✉st✐❝♦ ✓❡ ❛♣r❡s❡♥t❛❞❛
❛ s❡❣✉✐r✳ ❯t✐❧✐③❛♠♦s ❝♦♠♦ ❢♦♥t❡ ❞❡ ❧✉③ ✉♠❛ ❧❫❛♠♣❛❞❛ ❞❡ ❛r❝♦ ❳❡♥❫♦♥✐♦ ✭❖r✐❡❧✱ ♠♦❞ ✻✶✷✽✱
✶✵✵✵❲✮✳ ✒❆ ❢r❡♥t❡ ❞❛ ❧❫❛♠♣❛❞❛ ❞❡ ❳❡♥❫♦♥✐♦✱ ❝♦❧♦❝❛✲s❡ ✉♠ ♠♦❞✉❧❛❞♦r ✭❝❤♦♣♣❡r✱ P❆❘✱ ♠♦❞✳
✶✾✷✮✳ ❊st❡ ♠♦❞✉❧❛❞♦r t❡♠ ✉♠❛ ❝✓❡❧✉❧❛ ❢♦t♦❡❧✓❡tr✐❝❛ r❡s♣♦♥s✓❛✈❡❧ ♣❡❧♦ s✐♥❛❧ ❞❡ r❡❢❡r❫❡♥❝✐❛ ❞❛
♠♦❞✉❧❛✘❝⑦❛♦✳ ❆ ❢❛s❡ ❞♦ s✐♥❛❧ ❢♦t♦❛❝✓✉st✐❝♦ s❡r✓❛ ❞❛❞❛ ❡♠ r❡❧❛✘❝⑦❛♦ ❛ ❡st❛ r❡❢❡r❫❡♥❝✐❛✳

P❛r❛ ♦❜t❡r ❧✉③ ♠♦❞✉❧❛❞❛ ❡♠ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡s♣❡❝✓✏☞❝♦✱ ✉t✐❧✐③❛✲s❡ ✉♠♠♦♥♦❝r♦✲
♠❛❞♦r ✭❖r✐❡❧✱ ♠♦❞✳ ✼✼✷✺✵✮✳ ❆ ❛❜❡rt✉r❛ ❞❛ ❢❡♥❞❛ s❡❧❡❝✐♦♥❛❞❛ ♣❡r♠✐t❡ ❝♦♥tr♦❧❛r ❛ r❡s♦❧✉✘❝⑦❛♦
❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✳

❖ ♠♦❞✉❧❛❞♦r ❡ ♦ ♠✐❝r♦❢♦♥❡ ❞❛ ❝✓❡❧✉❧❛ ❢♦t♦❛❝✓✉st✐❝❛ s⑦❛♦ ❝♦♥❡❝t❛❞♦s ❛ ✉♠ ❛♠♣❧✐☞❝❛❞♦r
s✓✏♥❝r♦♥♦ ✭❧♦❝❦✲✐♥✱ P❆❘✲❊●●✱ ♠♦❞✳ ✺✷✶✵✮ q✉❡ ❞❡st❡ ♠♦❞♦ r❡❝❡❜❡ ✐♥❢♦r♠❛✘❝⑦♦❡s s♦❜r❡ ❛
❢r❡q✉❫❡♥❝✐❛ ❞❡ r❡❢❡r❫❡♥❝✐❛ ❡ ♦ s✐♥❛❧ ❢♦t♦❛❝✓✉st✐❝♦✳ ❖ ❛♠♣❧✐☞❝❛❞♦r s✓✏♥❝r♦♥♦ ♠❡❞❡ s✐♠✉❧t❛♥❡❛✲
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❋✐❣✉r❛ ✷✳✹✿ ▼♦♥t❛❣❡♠ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ ❢♦t♦❛❝✓✉st✐❝❛
♠❡♥t❡ ❛ ❛♠♣❧✐t✉❞❡ ❡ ❛ ❞❡❢❛s❛❣❡♠ ❞♦ s✐♥❛❧ ❞♦ ♠✐❝r♦❢♦♥❡ ❡♠ r❡❧❛✘❝⑦❛♦ ✒❛ r❡❢❡r❫❡♥❝✐❛ ❢♦r♥❡❝✐❞❛
♣❡❧♦ ♠♦❞✉❧❛❞♦r ❡ ✓❡ ❝♦♥❡❝t❛❞♦ ✭✈✐❛ ●P■❇✮ ❛ ✉♠ ♠✐❝r♦❝♦♠♣✉t❛❞♦r ♣❛r❛ ❛q✉✐s✐✘❝⑦❛♦ ❞♦s
❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳

❆ ❝✓❡❧✉❧❛ ❢♦t♦❛❝✓✉st✐❝❛ ✉s❛❞❛ ❝♦♥s✐st❡ ❞❡ ✉♠❛ ❝❫❛♠❛r❛ ❝♦♠ ✉♠❛ r❡❡♥tr❫❛♥❝✐❛ ♥❛ q✉❛❧ ✓❡
❝♦❧♦❝❛❞❛ ❛ ❛♠♦str❛❀ ❡st❛ ❝❫❛♠❛r❛ ✓❡ ❧✐❣❛❞❛ ❛ ✉♠ ♠✐❝r♦❢♦♥❡ ❛tr❛✈✓❡s ❞❡ ✉♠ ❞✉t♦ ❞❡ ❛r✳ ❆
♠♦❞✉❧❛✘❝⑦❛♦ ❞❛ ♣r❡ss⑦❛♦ ❣❡r❛ ✉♠ ♠♦✈✐♠❡♥t♦ ♦s❝✐❧❛t✓♦r✐♦ ♥♦ ❞✐❛❢r❛❣♠❛ ❞♦ ♠✐❝r♦❢♦♥❡❀ ✐st♦
✓❡ ❞❡t❡❝t❛❞♦ ♣❡❧❛s ♠✉❞❛♥✘❝❛s ♥❛ ❝❛♣❛❝✐t❫❛♥❝✐❛ ❡♥tr❡ ♦ ❞✐❛❢r❛❣♠❛ ❡ ❛ ♣❧❛❝❛ ♠❡t✓❛❧✐❝❛ ☞①❛
♠♦♥t❛❞❛ ❛tr✓❛s ❞❡st❡✳ P❛r❛ ❣❛r❛♥t✐r ♦ ✐s♦❧❛♠❡♥t♦ ❛❝✓✉st✐❝♦✱ ❛ ❝❛✈✐❞❛❞❡ ✓❡ ❣❡r❛❧♠❡♥t❡ ✈❡❞❛❞❛
❝♦♠ ✉♠❛ ❥❛♥❡❧❛ tr❛♥s♣❛r❡♥t❡ ❡ ❛♥✓❡✐s ❞❡ ❜♦rr❛❝❤❛✳
✷✳✸ ▼❡❞✐❞❛s ❞❡ ❚r❛♥s♠✐t❫❛♥❝✐❛
❖s ❡s♣❡❝tr♦s ❞❡ tr❛♥s♠✐t❫❛♥❝✐❛ ❞❛s ❛♠♦str❛s ❢♦r❛♠ ♦❜t✐❞♦s ✉s❛♥❞♦ ✉♠ ❡s♣❡❝tr♦❢♦t❫♦♠❡tr♦
❝♦♥✈❡♥❝✐♦♥❛❧✱ ❞❛ ♠❛r❝❛ P❡r❦✐♥✲❊❧♠❡r ✭♠♦❞✳ ▲❛♠❜❞❛ ✾✮✱ ❝♦♠ ❢❛✐①❛ ❞❡ tr❛❜❛❧❤♦ ❡♥tr❡ ✸✵✵
♥♠ ❛t✓❡ ✸✷✵✵ ♥♠✳

❊st❡ ❡s♣❡❝tr♦❢♦t❫♦♠❡tr♦ ✓❡ ✉♠ ❡q✉✐♣❛♠❡♥t♦ q✉❡ ♣❡r♠✐t❡ ♠❡❞✐r ❛ tr❛♥s♠✐t❫❛♥❝✐❛ ❡ ❛
r❡✌❡t❫❛♥❝✐❛ ❞❡ ❛♠♦str❛s s✓♦❧✐❞❛s ❡ ❧✓✏q✉✐❞❛s✳ ●❡r❛❧♠❡♥t❡ ❡st❡ t✐♣♦ ❞❡ ❡q✉✐♣❛♠❡♥t♦ ✓❡ ❞❡
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❞✉♣❧♦ ❢❡✐①❡✱ ❡ ♥♦ ❝❛s♦ ❞❛ ♠❡❞✐❞❛ ❞❡ tr❛♥s♠✐ss⑦❛♦✱ ❛ r❛❞✐❛✘❝⑦❛♦ ❞❡ ✉♠ ❞❡❧❡s ❛tr❛✈❡ss❛ ❛
❛♠♦str❛✱ ♦ s❡❣✉♥❞♦ ❢❡✐①❡✱ ❞❡♥♦♠✐♥❛❞♦ ❢❡✐①❡ ❞❡ r❡❢❡r❫❡♥❝✐❛✱ ♥⑦❛♦ s♦❢r❡ ✐♥t❡r❛✘❝⑦❛♦ ❝♦♠ ❛
❛♠♦str❛✳ ❆ tr❛♥s♠✐ss⑦❛♦ ✓❡ ❞❡☞♥✐❞❛ ❝♦♠♦ ❛ r❡❧❛✘❝⑦❛♦ ❡♥tr❡ ❛s ✐♥t❡♥s✐❞❛❞❡s ❞❡ ❛♠❜♦s ♦s
❢❡✐①❡s✿ ❚r❛♥s ❂ ■❂■✵ ♦♥❞❡ ■ ❡ ■✵ s⑦❛♦ ❛s ✐♥t❡♥s✐❞❛❞❡s ❞♦s ❢❡✐①❡s ❞❛ ❛♠♦str❛ ❡ ❞❡ r❡❢❡r❫❡♥❝✐❛
r❡s♣❡❝t✐✈❛♠❡♥t❡✳
✷✳✹ ❆♠♦str❛s
✷✳✹✳✶ ❈❛r❛❝t❡r✓✏st✐❝❛s ❞❡ ✈✐❞r♦s ❝♦♠ ♣♦♥t♦s q✉❫❛♥t✐❝♦s ❬✶✽❪

❖s ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠ ❈❞❚❡ t❫❡♠ s✐❞♦ ❡st✉❞❛❞♦s ♥♦s ✓✉❧t✐♠♦s ❛♥♦s ❞❡✈✐❞♦ ❛ s✉❛s ✐♥✲
t❡r❡ss❛♥t❡s ♣r♦♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s ❡ ❡❧❡tr❫♦♥✐❝❛s✱ ♣❛r❛ ❛♣❧✐❝❛✘❝⑦♦❡s ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦s ✓♦♣t✐❝♦s✱
♠♦❞✉❧❛❞♦r❡s ❞❡ ❧✉③ ❡ ❧❛s❡rs ❬✶✽❪✳ ❆ ❝❛r❛❝t❡r✓✏st✐❝❛ ♣r✐♥❝✐♣❛❧ ❞❡st❡s ✈✐❞r♦s ❞♦♣❛❞♦s ✓❡ ❛♣r❡✲
s❡♥t❛r ♥❛♥♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❝♦♠ r❛✐♦s ♠✓❡❞✐♦s ❞❡ ✶✵ ❴❆ ❛ ✶✵✵ ❴❆✱ ♦ q✉❡ ✓❡ s✉☞❝✐❡♥t❡
♣❛r❛ ❛♣r❡s❡♥t❛r ❡❢❡✐t♦s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ❝♦♠♦ ♣♦♥t♦s q✉❫❛♥t✐❝♦s✳ ❖ ✐♥t❡r❡ss❡
❡♠ ❡st✉❞❛r t❛✐s ❡str✉t✉r❛s s❡ ❞❡✈❡ ❛♦ ❢❛t♦ ❞❡ q✉❡ ❣r❛✘❝❛s ❛♦ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ❡❧❛s
❛♣r❡s❡♥t❛♠ ❡♠ ❣❡r❛❧ ♥⑦❛♦ ❧✐♥❡❛r✐❞❛❞❡s ❛❧t❛s ❡ t❡♠♣♦s ❞❡ r❡s♣♦st❛ r✓❛♣✐❞♦s✳ ❊♠ t❡r♠♦s
❞♦ ❝♦♥tr♦❧❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s ❞❡ s❡♠✐❝♦♥❞✉t♦r❡s ❛tr❛✈✓❡s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ ❞✐♠❡♥✲
s✐♦♥❛❧✱ ♦s r❡s✉❧t❛❞♦s ♠❛✐s ❝♦♥❝r❡t♦s s⑦❛♦ ❛q✉❡❧❡s ❧✐❣❛❞♦s ❛♦s ♣♦✘❝♦s q✉❫❛♥t✐❝♦s✳ ❖ s✉❝❡ss♦
♦❜t✐❞♦ ♥❛s ✐♥✈❡st✐❣❛✘❝⑦♦❡s ❝♦♠ ❡ss❡ t✐♣♦ ❞❡ ❡str✉t✉r❛ ❞❡s♣❡rt♦✉ ✉♠ ❣r❛♥❞❡ ✐♥t❡r❡ss❡ ♥♦
❡st✉❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s q✉❡ ❛♣r❡s❡♥t❛♠ ✉♠ ❣r❛✉ ♠❛✐♦r ❞❡
❝♦♥☞♥❛♠❡♥t♦ ❞✐♠❡♥s✐♦♥❛❧✱ t❛✐s ❝♦♠♦ ♦s ☞♦s q✉❫❛♥t✐❝♦s ✭❝♦♥☞♥❛♠❡♥t♦ ❜✐❞✐♠❡♥s✐♦♥❛❧✮ ❡ ♦s
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♣♦♥t♦s q✉❫❛♥t✐❝♦s✳ ❖ ❡❢❡✐t♦ ❞❡ ❝♦♥☞♥❛♠❡♥t♦ ❞✐♠❡♥s✐♦♥❛❧ ❛❧t❡r❛ ♦s ♥✓✏✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❡ ❡ss❛
❛❧t❡r❛✘❝⑦❛♦ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ❡♠ t❡r♠♦s ❞❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s✱ q✉❡ ♠♦str❛ ♦ ♥✓✉♠❡r♦
❞❡ ❡st❛❞♦s ❞✐s❝r❡t♦s ♣❡r♠✐t✐❞♦s ❞❡ ✉♠ ❡❧✓❡tr♦♥ ♥✉♠ ✐♥t❡r✈❛❧♦ ☞①♦ ❞❡ ❡♥❡r❣✐❛✳ ❆ ☞❣✉r❛
✭✷✳✺✮ ✐❧✉str❛ ❝♦♠♦ ❡ss❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✈❛r✐❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ ❣r❛✉ ❞❡ ❝♦♥☞♥❛♠❡♥t♦
❞✐♠❡♥s✐♦♥❛❧✳

❆ ❡♥❡r❣✐❛ ♥❡❝❡ss✓❛r✐❛ ♣❛r❛ tr❛♥s❢❡r✐r ✉♠ ❡❧✓❡tr♦♥ ❞❛ ❝❛♠❛❞❛ ❞❡ ✈❛❧❫❡♥❝✐❛ ♣❛r❛ ❛ ❞❡
❝♦♥❞✉✘❝⑦❛♦ ✓❡ ❛ ❝❤❛♠❛❞❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❊❣ q✉❡ ✓❡ s✐♠♣❧❡s♠❡♥t❡ ❛ ❞✐❢❡r❡♥✘❝❛ ❡♥tr❡ ♦s ❡st❛✲
❞♦s ❞❡ ♠❛✐♦r ❡♥❡r❣✐❛ ❞❛ ❜❛♥❞❛ ❞❡ ✈❛❧❫❡♥❝✐❛ ❡ ♦s ❡st❛❞♦s ❞❡ ♠❡♥♦r ❡♥❡r❣✐❛ ❞❛ ❜❛♥❞❛ ❞❡
❝♦♥❞✉✘❝⑦❛♦✱ t✐♣✐❝❛♠❡♥t❡ ♠❡❞✐❞❛ ❡♠ ❡❧✓❡tr♦♥s✲✈♦❧ts ✭❡❱✮✳

❆ ❡♥❡r❣✐❛ ❞♦s ❡❧✓❡tr♦♥s ❡♠ ❝r✐st❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ✓❡ ❞❡s❝r✐t❛ ♣❡❧❛ t❡♦r✐❛ ❞❡ ❜❛♥❞❛s✳
◗✉❛♥❞♦ ♦s ✓❛t♦♠♦s s⑦❛♦ ❝♦❧♦❝❛❞♦s ❥✉♥t♦s ❞❡ ❢♦r♠❛ ♦r❣❛♥✐③❛❞❛ ♣❛r❛ ❢♦r♠❛r ✉♠ ❝r✐st❛❧✱ s❡✉s
♥✓✏✈❡✐s ❞❡ ❡♥❡r❣✐❛ s❡ s♦♠❛♠ ♣❛r❛ ❢♦r♠❛r ❜❛♥❞❛s ❞❡ ❡♥❡r❣✐❛✳ ◆♦ ❝❛s♦ ❞♦ s❡♠✐❝♦♥❞✉t♦r
❜✉❧❦ ✭✸✲❉✮✱❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ✚✭❊✮ q✉❡ ♦s ❡❧✓❡tr♦♥s ♣♦❞❡♠ ♦❝✉♣❛r ✈❛r✐❛ ❞❡ ✉♠ ♠♦❞♦
❝♦♥t✓✏♥✉♦✳ ◗✉❛♥❞♦ s❡ ❝♦❧♦❝❛♠ ❜❛rr❡✐r❛s ❞❡ ♣♦t❡♥❝✐❛✐s ❧✐♠✐t❛♥❞♦ ♦ s❡✉ ♠♦✈✐♠❡♥t♦ ❡♠ ✉♠❛
❞❛s ❞✐r❡✘❝⑦♦❡s ❞♦s ♣♦rt❛❞♦r❡s ♥♦ ♠❛t❡r✐❛❧✱ ✈❡r✐☞❝❛✲s❡ q✉❡ ♦❝♦rr❡ ✉♠❛ ♠✉❞❛♥✘❝❛ ♥❛ ❞❡♥s✐❞❛❞❡
❞❡ ❡st❛❞♦s ❞❡ ❡♥❡r❣✐❛ ♣❡r♠✐t✐❞♦s✳ ▲✐♠✐t❛♥❞♦ ✉♠ ❞♦s ❧❛❞♦s ❞❡st❡ ❝✉❜♦ tr✐❞✐♠❡♥s✐♦♥❛❧✱
♦s ❡❧✓❡tr♦♥s ☞❝❛♠ ❛♣r✐s✐♦♥❛❞♦s ❡♠ ❞✉❛s ❞✐♠❡♥s⑦♦❡s ❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❡❧❡tr❫♦♥✐❝♦s
s❡ t♦r♥❛ q✉❛♥t✐③❛❞❛✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛ ❛ ☞❣✉r❛ ✭✷✳✺✮✳ ❊st❡s s⑦❛♦ ♦s ❝❤❛♠❛❞♦s ♣♦✘❝♦s
q✉❫❛♥t✐❝♦s✳ ❙❡ ❝♦♥t✐♥✉❛r♠♦s ❧✐♠✐t❛♥❞♦ ❛s ❞✐♠❡♥s⑦♦❡s✱ t❡r❡♠♦s ❡♥t⑦❛♦ ♦s ❝❤❛♠❛❞♦s ☞♦s
q✉❫❛♥t✐❝♦s ✭✶✲❉✮ ❡ ♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ✭✵✲❉✮✳ ❆ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s ❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s✱
❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦s ♦✉tr♦s✱ ✓❡ ❞✐s❝r❡t❛ ❡ t❡♠ ❝❛r❛❝t❡r✓✏st✐❝❛s s✐♠✐❧❛r❡s ❛ ✓❛t♦♠♦s✳
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❖s ♣♦♥t♦s q✉❫❛♥t✐❝♦s s⑦❛♦ s✐st❡♠❛s q✉❡ ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s ♣❛r❛ ✐♥✈❡st✐❣❛r ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s ❡♠ ✉♠ r❡❣✐♠❡ ❞❡ t❛♠❛♥❤♦ ☞♥✐t♦✱ t❫❡♠ ♣♦✉❝♦s ♥❛♥♦♠❡tr♦s
❞❡ ❞✐❫❛♠❡tr♦ ❡ s⑦❛♦ ❢♦r♠❛❞♦s ♣♦r ♣♦✉❝♦s ♠✐❧❤❛r❡s ❞❡ ✓❛t♦♠♦s✳

❆ r❡❞✉✘❝⑦❛♦ ❞♦s t❛♠❛♥❤♦s ♥❛s tr❫❡s ❞✐r❡✘❝⑦♦❡s ❡♠ ♣♦♥t♦s q✉❫❛♥t✐❝♦s✱ ❛❧✓❡♠ ❞❡ ♠♦❞✐☞❝❛r
❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❡st❛❞♦s✱ ❢❛③ ❝♦♠ q✉❡ ♦s ♣♦rt❛❞♦r❡s ❞❡ ❝❛r❣❛ s♦❢r❛♠ ✉♠ ❝♦♥☞♥❛♠❡♥t♦
q✉❫❛♥t✐❝♦✱ ❛✉♠❡♥t❛♥❞♦ ❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦ ❣❛♣ ❛✉♠❡♥t❛ ❝♦♠ ♦ ❞❡❝r✓❡s❝✐♠♦
❞♦ t❛♠❛♥❤♦ ❞❛ ♣❛rt✓✏❝✉❧❛✳ ❉❡✈✐❞♦ ❛ ❡st❡ ❡❢❡✐t♦ ♦s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦r✘❝⑦❛♦ ❞♦s s❡♠✐❝♦♥❞✉t♦r❡s
s❡ ❞❡s❧♦❝❛♠ ♣❛r❛ ❡♥❡r❣✐❛s ♠❛✐s ❛❧t❛s ❝♦♥❢♦r♠❡ ❛ ❞✐♠✐♥✉✐✘❝⑦❛♦ ❞♦ t❛♠❛♥❤♦ ❞❛s ♣❛rt✓✏❝✉❧❛s✳

❖ ❝♦♥☞♥❛♠❡♥t♦ ❞♦s ♣♦rt❛❞♦r❡s ❢❛③ ❝♦♠ q✉❡ ♦ ❡s♣❡❝tr♦ ❞♦s ❡st❛❞♦s ❞❡ ❡♥❡r❣✐❛ ♥❛s
❜❛♥❞❛s ❞❡ ❝♦♥❞✉✘❝⑦❛♦ ❡ ❞❡ ✈❛❧❫❡♥❝✐❛ s❡❥❛ ❢♦r♠❛❞♦ ♣♦r ✉♠❛ s✓❡r✐❡ ❞❡ ❧✐♥❤❛s ❞✐s❝r❡t❛s✳ ❆❧✓❡♠
❞✐ss♦✱ ❝♦♠♦ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♥❛ ☞❣✉r❛ ✭✷✳✻✮✱ ♦ ❡❢❡✐t♦ ❞❡ ❝♦♥☞♥❛♠❡♥t♦ ❞❡ ❡❧✓❡tr♦♥s ❡
❜✉r❛❝♦s ❢❛③ ❝♦♠ q✉❡ ❛ ❡♥❡r❣✐❛ ❞❡ tr❛♥s✐✘❝⑦❛♦ ❡♥tr❡ ♦s s❡✉s ♣r✐♠❡✐r♦s ❡st❛❞♦s ❝♦♥☞♥❛❞♦s
✭❤❀ ✶s � ❡❀ ✶s✮ ♥❛ ♥♦t❛✘❝⑦❛♦ ❞❛ ☞❣✉r❛ s❡❥❛ ♠❛✐♦r ❞♦ q✉❡ ❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❞♦ s❡♠✐❝♦♥❞✉t♦r
❜✉❧❦ ✭tr❛♥s✐✘❝⑦❛♦ ❡♠ ❦ ❂ ✵✮✳ ■st♦ s✐❣♥✐☞❝❛ q✉❡ ♦ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦r✘❝⑦❛♦ ❞❡ ✉♠ ♣♦♥t♦ q✉❫❛♥t✐❝♦
❛♣r❡s❡♥t❛ ✉♠ ❧✐♠✐❛r ♥✉♠ ✈❛❧♦r ❞❡ ❡♥❡r❣✐❛ q✉❡ ✓❡ ♠❛✐♦r ❞♦ q✉❡ ❛q✉❡❧❡ ❛♣r❡s❡♥t❛❞♦ ♣❡❧♦
s❡♠✐❝♦♥❞✉t♦r ❜✉❧❦✳ ❆ ✈❛r✐❛✘❝⑦❛♦ ❡♠ ❡♥❡r❣✐❛ ❞♦ ❧✐♠✐❛r ❞❡ ❛❜s♦r✘❝⑦❛♦✱ ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❞❡
❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦✱ ❞❡♣❡♥❞❡ ❞♦ r❛✐♦ ❞♦ ♥❛♥♦❝r✐st❛❧✳

❊♠ ❣❡r❛❧✱ q✉❛♥❞♦ s❡ ❢❛❧❛ ❡♠ ❢❛❜r✐❝❛✘❝⑦❛♦ ❞❡ ♥❛♥♦❡str✉t✉r❛s ❝♦♠ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦✱
❛ ♣r✐♠❡✐r❛ ✐♠❛❣❡♠ q✉❡ s❡ ✉s❛ ✓❡ ❛q✉❡❧❛ q✉❡ ❡♥✈♦❧✈❡ s♦☞st✐❝❛❞❛s t❡❝♥♦❧♦❣✐❛s ❞❡ ❝r❡s❝✐♠❡♥t♦
❞❡ ❝r✐st❛✐s✳ ❈♦♥t✉❞♦✱ ♥♦ ❝❛s♦ ♣❛rt✐❝✉❧❛r ❞♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s✱ ♦s ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠
s❡♠✐❝♦♥❞✉t♦r❡s s⑦❛♦ ✉♠ ❞♦s ♣♦✉❝♦s ❡①❡♠♣❧♦s ❞❡ ♠❛t❡r✐❛✐s ❞✐s♣♦♥✓✏✈❡✐s ❝♦♠ ❡st❡ t✐♣♦ ❞❡
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❋✐❣✉r❛ ✷✳✺✿ ❉❡s❝r✐✘❝⑦❛♦ ❡sq✉❡♠✓❛t✐❝❛ ❞❛s ♠✉❞❛♥✘❝❛s ❞❡ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♥❡r❣✐❛ ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦
❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦
❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦✳ ❆♣❡s❛r ❞❛ r❡❧❛t✐✈❛ s✐♠♣❧✐❝✐❞❛❞❡ ❞❡ s✉❛ ❢❛❜r✐❝❛✘❝⑦❛♦✱ ♥❡ss❡s ♠❛t❡r✐✲
❛✐s ❡♥❝♦♥tr❛♠♦s ❝r✐st❛✐s s❡♠✐❝♦♥❞✉t♦r❡s ❝♦♠ ❞✐❫❛♠❡tr♦s q✉❡ ♣♦❞❡♠ s❡r ❜❡♠ ♠❡♥♦r❡s q✉❡
✻✵ ❴❆✳

❯♠❛ ❝❛r❛❝t❡r✓✏st✐❝❛ ❞❡s❡❥✓❛✈❡❧ ♥✉♠ s✐st❡♠❛ ✐❞❡❛❧ ❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s ✓❡ q✉❡ t♦❞♦s ♦s ♣♦♥✲
t♦s t❡♥❤❛♠ ✉♠ s✓♦ t❛♠❛♥❤♦✱ ♣♦✐s ❝♦♠ ✐ss♦ s❡r✐❛ ♣♦ss✓✏✈❡❧ r❡❞✉③✐r ♦ ❛❧❛r❣❛♠❡♥t♦ ✐♥♦♠♦❣❫❡♥❡♦
✐♥tr♦❞✉③✐❞♦ ♣❡❧❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❛♠❛♥❤♦s✳ ❖✉tr❛ ❝❛r❛❝t❡r✓✏st✐❝❛ ✐♠♣♦rt❛♥t❡ ❡♠ q✉❛❧q✉❡r
♠❛t❡r✐❛❧ s❡♠✐❝♦♥❞✉t♦r ✓❡ q✉❡ ♦ ❝r✐st❛❧ ❝r❡s❝✐❞♦ ❛♣r❡s❡♥t❡ ♦ ♠❡♥♦r ♥✓✉♠❡r♦ ❞❡ ✐♠♣✉r❡③❛s
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❋✐❣✉r❛ ✷✳✻✿ ❊sq✉❡♠❛ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ❞❡ ✉♠ s❡♠✐❝♦♥❞✉t♦r ✭❡sq✉❡r❞❛✮✳ ❆s ❡♥❡r❣✐❛s
❞❡ ❡❧✓❡tr♦♥s ❡ ❜✉r❛❝♦s ♥✉♠ ♣♦♥t♦ q✉❫❛♥t✐❝♦ ❡st⑦❛♦ r❡♣r❡s❡♥t❛❞❛s ♥♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ☞❣✉r❛
❡ ❞❡❢❡✐t♦s✳ P♦r s❡r❡♠ ❢❛❜r✐❝❛❞♦s ❝♦♠ ✉♠❛ t✓❡❝♥✐❝❛ q✉❡ ♥⑦❛♦ ♣❡r♠✐t❡ ❡①❡r❝❡r ✉♠ ❝♦♥tr♦❧❡
♠✉✐t♦ ♣r❡❝✐s♦ ❞❡ss❡s ♣❛r❫❛♠❡tr♦s✱ ♦s ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠ s❡♠✐❝♦♥❞✉t♦r❡s ❛✐♥❞❛ ♥⑦❛♦ ♣♦❞❡♠
s❡r ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ ✉♠ s✐st❡♠❛ ✐❞❡❛❧ ❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s✳ ❆ss✐♠✱ ♠❡s♠♦ ♥⑦❛♦ s❡♥❞♦
✉♠ s✐st❡♠❛ ✐❞❡❛❧ ❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s✱ ♦s ✈✐❞r♦s ❞♦♣❛❞♦s ❝♦♠ s❡♠✐❝♦♥❞✉t♦r❡s r❡♣r❡s❡♥t❛♠
❤♦❥❡ ✉♠❛ ❞❛s ♣♦✉❝❛s ❛❧t❡r♥❛t✐✈❛s ♣❛r❛ s❡ ❛✈❛♥✘❝❛r ♥❛ ❝♦♠♣r❡❡♥s⑦❛♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡st❡
t✐♣♦ ❞❡ s✐st❡♠❛✳

P❛r❛ ❛♥❛❧✐s❛r ♦ ❝♦♥☞♥❛♠❡♥t♦ ❞♦s ♣♦rt❛❞♦r❡s ❬✶✾❪ ❝♦♥s✐❞❡r❛r❡♠♦s q✉❡ ♦s ♥❛♥♦❝r✐st❛✐s



✹✻
♣♦ss✉❡♠ ❛ ❢♦r♠❛ ❞❡ ✉♠❛ ❡s❢❡r❛ ❞❡ r❛✐♦ ❘✳ ❈❤❛♠❛r❡♠♦s ✉♠ ♥❛♥♦❝r✐st❛❧ s❡♠✐❝♦♥❞✉t♦r ❞❡
♣♦♥t♦ q✉❫❛♥t✐❝♦ s❡✿

■❝ ❁❁ ❘ ✘❂ ❛❜ ✭✷✳✽✮
♦♥❞❡ ■❝ ✓❡ ♦ ♣❛r❫❛♠❡tr♦ ❞❡ r❡❞❡ ❞♦ s❡♠✐❝♦♥❞✉t♦r ❡ ❛❜ ✓❡ ♦ r❛✐♦ ❞❡ ❇♦❤r ❞♦s ♣♦rt❛❞♦r❡s
❢♦t♦❡①❝✐t❛❞♦s✳ ❖✉ s❡❥❛✱ ❡♠ ❝♦♠♣❛r❛✘❝⑦❛♦ ❝♦♠ ✉♠❛ ❝✓❡❧✉❧❛ ✉♥✐t✓❛r✐❛✱ ✉♠ ♣♦♥t♦ q✉❫❛♥t✐❝♦ t❡♠
✉♠ t❛♠❛♥❤♦ ♠❛❝r♦s❝✓♦♣✐❝♦✱ ♠❛s ❡♠ q✉❛❧q✉❡r ♦✉tr❛ ❡s❝❛❧❛ ♠❛❝r♦s❝✓♦♣✐❝❛ ❡❧❡ ✓❡ ❝♦♥s✐❞❡r❛❞♦
♣❡q✉❡♥♦✳ ❙❡ ✉♠ ❡❧✓❡tr♦♥ ✓❡ ❡①❝✐t❛❞♦ ❞❛ ❜❛♥❞❛ ❞❡ ✈❛❧❫❡♥❝✐❛ ♣❛r❛ ❛ ❞❡ ❝♦♥❞✉✘❝⑦❛♦ ❞❡ ✉♠
s❡♠✐❝♦♥❞✉t♦r✱ ❞❡✐①❛♥❞♦ ✉♠ ❜✉r❛❝♦ ♥❛ ❜❛♥❞❛ ❞❡ ✈❛❧❫❡♥❝✐❛✱ ♦ ❡❧✓❡tr♦♥ ❡ ♦ ❜✉r❛❝♦ ♣♦❞❡♠
❝r✐❛r ✉♠ ❡st❛❞♦ ❧✐❣❛❞♦ ♣♦r ✐♥t❡r❛✘❝⑦♦❡s ❝♦✉❧♦♠❜✐❛♥❛s✳ ❊st❡ ❡st❛❞♦ ❧✐❣❛❞♦✱ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦
✓❡①❝✐t♦♥✱ t❡♠ ✉♠❛ ❡♥❡r❣✐❛ ❞❡ r❡❝♦♠❜✐♥❛✘❝⑦❛♦ ✉♠ ♣♦✉❝♦ ♠❡♥♦r ❞♦ q✉❡ ❛ ❡♥❡r❣✐❛ ❞♦ ❣❛♣ ❡♥tr❡
❛s ❜❛♥❞❛s✳ ❖ r❛✐♦ ❞❡ ❇♦❤r ❞♦ ✓❡①❝✐t♦♥ ✭❛❜✮ ✓❡ ❞❛❞♦ ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛✘❝⑦❛♦✿

❛❜ ❂ ✹✙✎✵✎✶⑦✷♠✵❡✷
✒ ✶♠✄❡ ✰ ✶♠✄❤

✓ ✭✷✳✾✮
♦♥❞❡ ✎✶ ✓❡ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧✓❡tr✐❝❛ r❡❧❛t✐✈❛ ❞♦ ♠❡✐♦ ♣❛r❛ ❛❧t❛ ❢r❡q✉❫❡♥❝✐❛ ❡ ♠✄❡ ❡ ♠✄❤ s⑦❛♦

❛s ♠❛ss❛s ❡❢❡t✐✈❛s ❞♦ ❡❧✓❡tr♦♥ ❡ ❞♦ ❜✉r❛❝♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡ ✭❛♠❜❛s ❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ ♠✵✮ ❡
♠✵ ✓❡ ❛ ♠❛ss❛ ❞♦ ❡❧✓❡tr♦♥ ❡♠ r❡♣♦✉s♦✳ ❖ r❛✐♦ ❞❡ ❇♦❤r r❡s✉❧t❛♥t❡ ♣❛r❛ ♦s ✓❡①❝✐t♦♥s ❡♠
s❡♠✐❝♦♥❞✉t♦r❡s ✓❡ ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♦ ❞❡ ✉♠ ✓❛t♦♠♦ ❞❡ ❍✐❞r♦❣❫❡♥✐♦✱ ✉♠❛ ✈❡③ q✉❡ ❛s
♠❛ss❛s ❡❢❡t✐✈❛s ❞♦s ♣♦rt❛❞♦r❡s s⑦❛♦ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❡♥♦r❡s q✉❡ ❛ ♠❛ss❛ ❞❡ ✉♠ ❡❧✓❡tr♦♥
❡♠ r❡♣♦✉s♦✱ ❡ ✎✶ ✓❡ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♠❛✐♦r ❞♦ q✉❡ ✶ ♣❛r❛ ✉♠ s❡♠✐❝♦♥❞✉t♦r✳ ❱❛❧♦r❡s
♣❛r❛ ❛❜ ♣❛r❛ s❡♠✐❝♦♥❞✉t♦r❡s✱ ❝♦♠♦ ♦ ❙✉❧❢❡t♦ ❞❡ ❩✐♥❝♦ ✭❩♥❙✮ ❡ ♦ ❙❡❧❡♥❡t♦ ❞❡ ❈✓❛❞♠✐♦
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✭❈❞❙❡✮ ♣♦r ❡①❡♠♣❧♦✱ ❡st⑦❛♦ ♥♦ ✐♥t❡r✈❛❧♦ ❞❡ ✶ ❛ ✶✵ ♥♠✳

◆♦ ❝❛s♦ ❞♦ ♣♦♥t♦ q✉❫❛♥t✐❝♦✱ ♦ ♠♦❞❡❧❛♠❡♥t♦ ✓❡ ❢❡✐t♦ ❛ss✉♠✐♥❞♦✲s❡ ✉♠ ♣♦t❡♥❝✐❛❧ ❞❡
❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ✐♥☞♥✐t♦ ❝♦♠ ❛ ❝♦♥❞✐✘❝⑦❛♦ ❞❡ ❝♦♥t♦r♥♦ ❞❡ q✉❡ ❛ ❢✉♥✘❝⑦❛♦ ❞❡ ♦♥❞❛ ❞♦
❡❧✓❡tr♦♥ ♦✉ ❞♦ ❜✉r❛❝♦ s❡ ❛♥✉❧❡ ♥❛ s✉♣❡r❢✓✏❝✐❡ ❞♦ ♣♦♥t♦✳ ❚❡♥❞♦ ♦ ❣❛♣ ❞❛ ♠❛tr✐③ ✈✓✏tr❡❛ ✉♠
✈❛❧♦r ❛♣r♦①✐♠❛❞♦ ❞❡ ✸✱✺ ❡❱✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❈❞❚❡ t❡♠ ✉♠ ❣❛♣ ❞❡ ✶✱✺ ❡❱✱ ❡ s❡♥❞♦ ❡st❡
❤♦s♣❡❞❡✐r♦ ✉♠ ♠❛t❡r✐❛❧ ❛♠♦r❢♦✱ ❡st❛ ❛♣r♦①✐♠❛✘❝⑦❛♦ ❛t✓❡ q✉❡ ✓❡ ❜❡♠ ✈✓❛❧✐❞❛✳

❯♠❛ q✉❡st⑦❛♦ ❝❡♥tr❛❧ ✓❡ ❡♥t❡♥❞❡r ❝♦♠♦ ♦ ❡s♣❡❝tr♦ ✓♦♣t✐❝♦ ❞♦ s❡♠✐❝♦♥❞✉t♦r ❡✈♦❧✉✐ ❝♦♠
♦ t❛♠❛♥❤♦ ❞♦ ♥❛♥♦❝r✐st❛❧✳ ❊♥q✉❛♥t♦ ♥♦s s❡♠✐❝♦♥❞✉t♦r❡s ❜✉❧❦✱ ✒❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡
✭✸✵✵ ❑✮✱ ♦ ❡s♣❡❝tr♦ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓❡ ✉♠ ❝♦♥t✓✏♥✉♦ ❛❝✐♠❛ ❞♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧✱ ♥♦s ♣♦♥t♦s
q✉❫❛♥t✐❝♦s ♦ ❡s♣❡❝tr♦ ✓❡ ❛❧t❛♠❡♥t❡ ❡str✉t✉r❛❞♦✳ ❊st❛ ❡str✉t✉r❛ ✓❡ ❞❡✈✐❞❛ ❛♦ ❝♦♥☞♥❛♠❡♥t♦
❞♦ ♣❛r ❡❧✓❡tr♦♥✲❜✉r❛❝♦ ♣❡❧❛s ❝♦♥❞✐✘❝⑦♦❡s ❞❡ ❝♦♥t♦r♥♦ ❞♦ ♣♦♥t♦✳ ❊♠ ♣r✐♥❝✓✏♣✐♦✱ ❛ ❢♦r✘❝❛ ❞♦
♦s❝✐❧❛❞♦r ❜✉❧❦ ❡st✓❛ ❝♦♥❝❡♥tr❛❞❛ ❡♠ ✉♠❛ s✓❡r✐❡ ❞✐s❝r❡t❛ ❞❡ tr❛♥s✐✘❝⑦♦❡s s✐♠✐❧❛r❡s ✒❛s ❛t❫♦♠✐❝❛s✳
P♦r ❡st❛ r❛③⑦❛♦✱ ♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s s⑦❛♦ ❝❤❛♠❛❞♦s ❛❧❣✉♠❛s ✈❡③❡s ♣♦r ❭✓❛t♦♠♦s ❛rt✐☞❝✐❛✐s✧✳
❊♥tr❡t❛♥t♦✱ ❡♥q✉❛♥t♦ ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ❛t❫♦♠✐❝♦ s❡r✐❛ ♠✉✐t♦ ✓✉t✐❧ ❡♠ ❞✐s♣♦s✐t✐✈♦s ✓♦♣t✐❝♦s
s❡♠✐❝♦♥❞✉t♦r❡s✱ t❛✐s ❝♦♠♦ ♦ ❝❤❛✈❡❛♠❡♥t♦ ✓♦♣t✐❝♦✱ ♥❛ ♣r✓❛t✐❝❛ ❡st❡ ❝♦♠♣♦rt❛♠❡♥t♦ ♥⑦❛♦ ✓❡
t♦t❛❧♠❡♥t❡ ✐❞❫❡♥t✐❝♦ ❛♦ ❛t❫♦♠✐❝♦✳ ❆ q✉❡st⑦❛♦ q✉❡ s✉r❣❡ ✓❡ s❡ ❡st❛ ✐♥❛❜✐❧✐❞❛❞❡ ❞❡ r❡♣r❡s❡♥t❛r
♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❛t❫♦♠✐❝♦ ♣♦r ❝♦♠♣❧❡t♦ ✓❡ ✐♥❡r❡♥t❡ ✒❛ ❢✓✏s✐❝❛ ❞♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ❡ s❡✉ ✉s♦
❝♦♠♦ r✓♦t✉❧♦s ❧✉♠✐♥❡s❝❡♥t❡s ❡♠ s✐st❡♠❛s ❜✐♦❧✓♦❣✐❝♦s✳

❉❡✈✐❞♦ ✒❛ ✈❡rs❛t✐❧✐❞❛❞❡ q✉✓✏♠✐❝❛ ❞❡st❛s s✉♣❡r❢✓✏❝✐❡s✱ ♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ♣♦❞❡♠ s❡r ❞✐s✲
♣❡rs♦s ❡♠ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠❛t❡r✐❛✐s ❤♦s♣❡❞❡✐r♦s✱ ❝♦♠♦ ♣♦❧✓✏♠❡r♦s✱ s♦❧✈❡♥t❡s ❡ ♦✉tr♦s
s❡♠✐❝♦♥❞✉t♦r❡s✳ ❘❡❝❡♥t❡♠❡♥t❡✱ s✐st❡♠❛s ♦r❞❡♥❛❞♦s ❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s t❫❡♠ s✐❞♦ ❢❛❜r✐✲



✹✽
❝❛❞♦s✱ ❛♣r❡s❡♥t❛♥❞♦ t♦❞❛ ✉♠❛ ♥♦✈❛ ❝❧❛ss❡ ❞❡ ♠❛t❡r✐❛✐s ♣❛r❛ ♥❛♥♦❝r✐st❛✐s✳ ❈♦♠ ♦ ✐♥t✉✐t♦
❞❡ ❡❧✐♠✐♥❛r ♦s ❡❢❡✐t♦s ❞♦ ❛❧❛r❣❛♠❡♥t♦ ✐♥♦♠♦❣❫❡♥❡♦ ✭❞❡✈✐❞♦ ✒❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❛♠❛♥❤♦s ❞❡
♥❛♥♦❝r✐st❛✐s✮✱ r❡❝❡♥t❡♠❡♥t❡ ❢♦✐ ❞❡♠♦♥str❛❞♦ q✉❡ ✓❡ ♣♦ss✓✏✈❡❧ ♠❡❞✐r ♦ ❡s♣❡❝tr♦ ❞❡ ❡♠✐ss⑦❛♦
❞❡ ♣♦♥t♦s q✉❫❛♥t✐❝♦s ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✳

❆❧✓❡♠ ❞♦s ❡❢❡✐t♦s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦✱ ♦✉tr♦s ❡❢❡✐t♦s ♣♦❞❡♠ ✐♥✌✉❡♥❝✐❛r ❛s ♣r♦✲
♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s ❞❡st❛s ♥❛♥♦♣❛rt✓✏❝✉❧❛s✳ ❯♠ ❞♦s ❡❢❡✐t♦s ✓❡ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ❡st❛❞♦s ❞❡
❡♥❡r❣✐❛ ❞❡ s✉♣❡r❢✓✏❝✐❡s ❞✐❢❡r❡♥t❡s ❞❛q✉❡❧❡s ❞♦s ♦✉tr♦s ✓❛t♦♠♦s ♥♦ ❝r✐st❛❧✳ ❊st❡s ❡st❛❞♦s t❫❡♠
✉♠❛ ❣r❛♥❞❡ ✐♥✌✉❫❡♥❝✐❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s✱ ♣♦✐s ♣♦❞❡♠ ❛❣✐r ❝♦♠♦ ❝❡♥tr♦s ❞❡ ❞❡❝❛✐✲
♠❡♥t♦ ♥⑦❛♦✲r❛❞✐❛t✐✈♦✳ ❊♥tr❡t❛♥t♦✱ ❡st❡s ♠❡s♠♦s ❝❡♥tr♦s ♣♦❞❡♠ ❡st❛r r❡❧❛❝✐♦♥❛❞♦s ❝♦♠
tr❛♥s✐✘❝⑦♦❡s r❛❞✐❛t✐✈❛s✳ ◆❛ ❧✐t❡r❛t✉r❛ ❡st❡ t✐♣♦ ❞❡ ♠❛t❡r✐❛❧ ✓❡ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❝♦♠♣✓♦s✐t♦s ❞❡✲
✈✐❞♦ ❛♦ ❢❛t♦ ❞❡ ❝♦♥t❡r ❞♦✐s t✐♣♦s ❞❡ ❡str✉t✉r❛s✱ ♥❡st❡ ❝❛s♦✱ ✉♠❛ ❡str✉t✉r❛ ✈✓✏tr❡❛ ✭♠❛tr✐③✮
❡ ♦✉tr❛ ❡str✉t✉r❛ ❝r✐st❛❧✐♥❛ ✭♥❛♥♦❝r✐st❛❧ s❡♠✐❝♦♥❞✉t♦r✮✳ ❆ ☞❣✉r❛ ✭✷✳✼✮ ✐❧✉str❛ ❞❡ ♠❛♥❡✐r❛
❡sq✉❡♠✓❛t✐❝❛ ❡st❛s ❡str✉t✉r❛s✳
✷✳✹✳✷ Pr❡♣❛r❛✘❝⑦❛♦ ❞❛s ❛♠♦str❛s

❆s ❛♠♦str❛s ✉t✐❧✐③❛❞❛s ♥❡st❡ tr❛❜❛❧❤♦ s⑦❛♦ ✈✐❞r♦s ❜♦r♦ss✐❧✐❝❛t♦s ❞♦♣❛❞♦s ❝♦♠ ❈❞ ❡ ❚❡✱
♣r❡♣❛r❛❞♦s ♣❡❧♦ ●r✉♣♦ ❞♦ Pr♦❢✳ ▲✉✐③ ❈❛r❧♦s ❇❛r❜♦s❛✱ ❞♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊❧❡tr❫♦♥✐❝❛
◗✉❫❛♥t✐❝❛✱ ■❋●❲✱ ❯♥✐❝❛♠♣ ❬✷✵✱ ✷✶❪✳

❖s ♣r♦❝❡ss♦s q✉❡ ❡♥✈♦❧✈❡♠ ❛ ♣r❡♣❛r❛✘❝⑦❛♦ ❞♦s ✈✐❞r♦s ❞♦♣❛❞♦s s⑦❛♦ ❞❡s❝r✐t♦s ❛ s❡❣✉✐r✳
❈♦♠♣♦st♦s ♥❛ ❢♦r♠❛ ❞❡ ♣✓♦ s⑦❛♦ ❛❞❡q✉❛❞❛♠❡♥t❡ ♣❡s❛❞♦s s❡❣✉✐♥❞♦ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❡st❡✲
q✉✐♦♠❡tr✐❛✱ ♠✐st✉r❛❞♦s✱ ❤♦♠♦❣❡♥❡✐③❛❞♦s ❡ ❧❡✈❛❞♦s ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❢✉s⑦❛♦ ♦♥❞❡ ❢♦r♠❛r⑦❛♦
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❋✐❣✉r❛ ✷✳✼✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠✓❛t✐❝♦ ❞❡ ♥❛♥♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s ❞❡ ❈❞❚❡ ✭r❡♣r❡s❡♥✲
t❛❞♦s ❡♠ ❝✓✏r❝✉❧♦s ✈❡r♠❡❧❤♦s✮ ❡♠❜❡❜✐❞❛s ♥♦ ✈✐❞r♦ ❬✶✽❪✳
♦ ✈✐❞r♦ ❝♦♠ ♦s ❝♦♠♣♦st♦s ❞♦ s❡♠✐❝♦♥❞✉t♦r ❞✐ss♦❧✈✐❞♦s ♥❛ ♠❛tr✐③ ✈✓✏tr❡❛ ♥❛ ❢♦r♠❛ ❞❡ ✓✏♦♥s
❡♠ ❞❡t❡r♠✐♥❛❞♦s ❡st❛❞♦s ❞❡ ♦①✐❞❛✘❝⑦❛♦✳

◆♦ ❝❛s♦ ❞❛s ♥♦ss❛s ❛♠♦str❛s✱ ❛ ♠❛tr✐③ ❡r❛ ❝♦♠♣♦st❛ ❞♦s s❡❣✉✐♥t❡s ✓♦①✐❞♦s✿ ❙✐❖✷ ✿
❩♥❖ ✿ ❇✷❖✸ ✿ ◆❛✷❖✱ ❛♦s q✉❛✐s ❢♦r❛♠ ❛❞✐❝✐♦♥❛❞♦s ✭✷ ✪✮ ❡♠ ♣❡s♦ ❞❡ ❈❞❖ ❡ ❚❡ ♠❡t✓❛❧✐❝♦✳
❖ ✈✐❞r♦ ❢♦✐ ♣r❡♣❛r❛❞♦ ♥✉♠ ❢♦r♥♦ ❞❡ ❢✉s⑦❛♦ ❛ ✶✹✵✵✵❈ ❡♠ ❛t♠♦s❢❡r❛ r❡❞✉t♦r❛✳ P❛r❛ ❡✈✐✲
t❛r ❛ ♣r❡❝✐♣✐t❛✘❝⑦❛♦ ❞❡st❡s ✓✏♦♥s ❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ♥❛♥♦❡str✉t✉r❛s ✓❡ ♥❡❝❡ss✓❛r✐♦ ❢❛③❡r ✉♠
❡s❢r✐❛♠❡♥t♦ r✓❛♣✐❞♦ ❞❛ ❛❧t❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉s⑦❛♦ ✒❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ✭q✉❡♥❝❤✐♥❣✮✱
♣♦✐s ✉♠❛ ✈❡③ q✉❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛s q✉❛♥t✐❞❛❞❡s ❞❡ ❞♦♣❛♥t❡s ❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉s⑦❛♦
❛t✐♥❣✐❞❛✱ ♦ ❡s❢r✐❛♠❡♥t♦ ❧❡♥t♦ ❢❛✈♦r❡❝❡r✐❛ ❛ r✓❛♣✐❞❛ ♥✉❝❧❡❛✘❝⑦❛♦ ❞♦s ❝r✐st❛✐s✱ ❡ s❡r✐❛ ✐♠♣♦ss✓✏✈❡❧



✺✵
❞❡ss❛ ❢♦r♠❛ ❝♦♥tr♦❧❛r ♦ ❝r❡s❝✐♠❡♥t♦✳

❉❡♣♦✐s ❞❡st❛ ❡t❛♣❛✱ ♦ ✈✐❞r♦ ✓❡ s✉❜♠❡t✐❞♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ r❡❝♦③✐♠❡♥t♦ ❛ ❜❛✐①❛s t❡♠♣❡✲
r❛t✉r❛s ♣❛r❛ ❛ ❞✐♠✐♥✉✐✘❝⑦❛♦ ❞❛s t❡♥s⑦♦❡s ✐♥t❡r♥❛s✳ ❆ s❡❣✉✐r✱ ♦ ✈✐❞r♦ ❥✓❛ ❞♦♣❛❞♦ ✓❡ s✉❜♠❡t✐❞♦ ❛
♣r♦❝❡ss♦s ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❡♠ ❞❡t❡r♠✐♥❛❞❛s t❡♠♣❡r❛t✉r❛s ❡ t❡♠♣♦s ♣❛r❛ ♦ ❝♦♥tr♦❧❡
❞♦ ❝r❡s❝✐♠❡♥t♦ ❞❛s ♥❛♥♦❡str✉t✉r❛s✳

❖ ♣r♦❝❡ss♦ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❝r❡s❝✐♠❡♥t♦ ❞♦s ♥❛♥♦❝r✐st❛✐s ♥❛ ❢♦r♠❛ ❞❡ ♥❛♥♦❡str✉t✉r❛s
s❡♠✐❝♦♥❞✉t♦r❛s ✓❡ ❞❡ ✐♠♣♦rt❫❛♥❝✐❛ ❢✉♥❞❛♠❡♥t❛❧ ❞♦ ♣♦♥t♦ ❞❡ ✈✐st❛ ❞❡ ♦❜t❡r ✉♠ s✐st❡♠❛ ❝♦♠
❝❛r❛❝t❡r✓✏st✐❝❛s ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦✳ ❊st❡ ❝r❡s❝✐♠❡♥t♦ s❡❣✉❡ ♣r♦❝❡ss♦s ❝✐♥✓❡t✐❝♦s ❜❡♠
❞❡☞♥✐❞♦s ❛tr❛✈✓❡s ❞❡ ♠✉❞❛♥✘❝❛s ❞❡ ❢❛s❡s ♣♦r ❡❢❡✐t♦s t✓❡r♠✐❝♦s ❛♦ q✉❛❧ ❡st❡s ♠❛t❡r✐❛✐s s⑦❛♦ s✉❜✲
♠❡t✐❞♦s✱ ❡ ❞❡♣❡♥❞❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❞♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ q✉❡ ❞❡s❡♠♣❡♥❤❛♠
✉♠ ♣❛♣❡❧ ❢✉♥❞❛♠❡♥t❛❧ ♥❛ ♥❛t✉r❡③❛ ❡str✉t✉r❛❧ ❞❛s ♥❛♥♦❡str✉t✉r❛s s❡♠✐❝♦♥❞✉t♦r❛s✳

❊ss❡ tr❛t❛♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛❞♦ ☞①❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ✺✹✵✵❈ ❡ ✈❛r✐❛♥❞♦ ♦ t❡♠♣♦ ❡♠
♣❡r✓✏♦❞♦s ❞❡ ✷✵✱ ✻✺✱ ✶✺✵✱ ✷✺✺✱ ✸✵✵✱ ✸✻✵ ❡ ✹✽✵ ♠✐♥✉t♦s ♣❛r❛ ❝❛✉s❛r ❛ ♣r❡❝✐♣✐t❛✘❝⑦❛♦ ❝♦♥tr♦❧❛❞❛
❞❛s ♣❛rt✓✏❝✉❧❛s ❞♦ s❡♠✐❝♦♥❞✉t♦r✱ s❡♥❞♦ q✉❡ ❛♣✓♦s ❡ss❡s tr❛t❛♠❡♥t♦s✱ ❛ ♠❛tr✐③ ❡r❛ ♣♦❧✐❞❛
❡ r❡❛❧✐③❛✈❛✲s❡ ❛ ❝❛r❛❝t❡r✐③❛✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛s ♠❡s♠❛s ❛tr❛✈✓❡s ❞❡ ♠❡❞✐❞❛s ❞❡ tr❛♥s♠✐t❫❛♥❝✐❛✳
❉❡♣❡♥❞❡♥❞♦ ❞❛s t❡♠♣❡r❛t✉r❛s ❡ t❡♠♣♦s ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦✱ tr❫❡s ♣r♦❝❡ss♦s ❞❡ ❝r❡s❝✐✲
♠❡♥t♦ ♣♦❞❡♠ s❡r ✐❞❡♥t✐☞❝❛❞♦s✿ ♥✉❝❧❡❛✘❝⑦❛♦✱ ❝r❡s❝✐♠❡♥t♦ ♥♦r♠❛❧ ❡ ❝r❡s❝✐♠❡♥t♦ ❝♦♠♣❡t✐t✐✈♦
✭❝♦❛❧❡s❝❫❡♥❝✐❛✮✳

◆♦ ♣r♦❝❡ss♦ ❞❡ ♥✉❝❧❡❛✘❝⑦❛♦ ♦❝♦rr❡ ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❡ ♣❡q✉❡♥❛s ❡str✉t✉r❛s ❝r✐st❛❧✐♥❛s ♣r❡❝✐♣✐✲
t❛❞❛s ❡♠ ✉♠❛ ♥♦✈❛ ❢❛s❡ ♦r✐❣✐♥❛❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❢❛s❡ ❥✓❛ ❡①✐st❡♥t❡ ❡ s❡♣❛r❛❞❛s ❞❡st❛ ♣♦r
✉♠❛ s✉♣❡r❢✓✏❝✐❡ ❜❡♠ ❞❡☞♥✐❞❛✳ ❆ ❝❛r❛❝t❡r✓✏st✐❝❛ ♣r✐♥❝✐♣❛❧ ❞♦ ❡st✓❛❣✐♦ ❞❡ ♥✉❝❧❡❛✘❝⑦❛♦ ✓❡ q✉❡ ❛s



✺✶
♣❛rt✓✏❝✉❧❛s ♣❡q✉❡♥❛s ❢♦r♠❛❞❛s ♣♦r ✌✉t✉❛✘❝⑦♦❡s t✓❡r♠✐❝❛s ❝r❡s❝❡r⑦❛♦ s❡ ♦ s❡✉ r❛✐♦ ❘ ❢♦r ♠❛✐♦r
q✉❡ ♦ r❛✐♦ ❝r✓✏t✐❝♦ ❘❝ ❂ ✷✛❂✁●✈ ♦♥❞❡ ✛ ✓❡ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ♥❛ ✐♥t❡r❢❛❝❡ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✓❛r❡❛
❡ ✁●✈ ✓❡ ❛ ❡♥❡r❣✐❛ ❧✐✈r❡ ❞♦ ❜✉❧❦ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡✳ P❛rt✓✏❝✉❧❛s ❝♦♠ r❛✐♦ ♠❡♥♦r q✉❡ ♦
r❛✐♦ ❝r✓✏t✐❝♦ s⑦❛♦ r❡❞✐ss♦❧✈✐❞❛s ♥♦ ♠❡✐♦✳ ◆❡st❡ ❡st✓❛❣✐♦ ❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞♦ t❛♠❛♥❤♦ ❞♦s r❛✐♦s
❞♦s ♥❛♥♦❝r✐st❛✐s✱ ❡♠ t♦r♥♦ ❞♦ r❛✐♦ ❝r✓✏t✐❝♦ ✭♠✓❡❞✐♦✮✱ ✓❡ ❞❛❞❛ ♣♦r ✉♠❛ ❣❛✉ss✐❛♥❛✳

P ✭❘✮ ❂ ✶✷✙ ✶✁❘❡①♣✧�✭❘�❘❝✮✷✷✁❘✷
★ ✭✷✳✶✵✮

♦♥❞❡ P ✭❘✮ ✓❡ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ✌✉t✉❛✘❝⑦❛♦✱ ♥♦r♠❛❧✐③❛❞❛✱ ❞♦ r❛✐♦ ❘ ❡♠ t♦r♥♦ ❞♦ r❛✐♦
❝r✓✏t✐❝♦ ✭♠✓❡❞✐♦✮✳ ❆ ❞✐s♣❡rs⑦❛♦ ✭❧❛r❣✉r❛ ❞❡ ❧✐♥❤❛✮ ❞❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ✓❡ ❞❛❞❛ ♣♦r ✷✁❘ ♦♥❞❡

✁❘✷ ❂ ✸❦❚✽✙✛ ✭✷✳✶✶✮
❖ ♣r♦❝❡ss♦ ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞♦s ♥❛♥♦❝r✐st❛✐s ❛♣✓♦s ❛ ♥✉❝❧❡❛✘❝⑦❛♦ ✓❡ ❞❡s❝r✐t♦ ♣♦r✿

❘✷ ❂ ❝✶t✰❘✷✵ ✭✷✳✶✷✮
♦♥❞❡ ❘ ✓❡ ♦ r❛✐♦ ❞♦ ♥❛♥♦❝r✐st❛❧ ❛♣✓♦s ✉♠ t❡♠♣♦ t ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦✱ ❘✵ ✓❡ ♦ r❛✐♦

✐♥✐❝✐❛❧ ❞♦ ♥❛♥♦❝r✐st❛❧ ❡ ❝✶ ✓❡ ♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❝r❡s❝✐♠❡♥t♦✳ ❯♠ ♣♦♥t♦ ✐♠♣♦rt❛♥t❡ ❞❡ss❛
❡t❛♣❛ ✓❡ q✉❡ ♦ r❛✐♦ ❞♦ ♥❛♥♦❝r✐st❛❧ ✓❡ ♣r♦♣♦r❝✐♦♥❛❧ ✒❛ r❛✐③ q✉❛❞r❛❞❛ ❞♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦✳
❖ t❛♠❛♥❤♦ ❡ ❛ ❞✐str✐❜✉✐✘❝⑦❛♦ ❞❡ t❛♠❛♥❤♦ ✓❡ ❝♦♥tr♦❧❛❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧❛ t❡♠♣❡r❛t✉r❛ ❞♦
tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❡ ♣❡❧♦ t❡♠♣♦ ❡♠ q✉❡ ❛ ❛♠♦str❛ ✓❡ s✉❜♠❡t✐❞❛ ❛♦ tr❛t❛♠❡♥t♦✳

❙❡ ♣r♦❧♦♥❣❛r♠♦s ♠✉✐t♦ ♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦✭❤♦r❛s✮ ♥⑦❛♦ t❡r❡♠♦s ♠❛✐s ♠❛t❡r✐❛❧ s❡♠✐✲



✺✷
❝♦♥❞✉t♦r ♥❛ ❢♦r♠❛ ❛t❫♦♠✐❝❛ ❞✐ss♦❧✈✐❞♦ ♥❛ ♠❛tr✐③ ✈✓✏tr❡❛✳ ■st♦ ❢❛③ ❝♦♠ q✉❡ ♦ ❡q✉✐❧✓✏❜r✐♦
t❡r♠♦❞✐♥❫❛♠✐❝♦ s❡❥❛ ❞❡s❧♦❝❛❞♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦s ♥❛♥♦❝r✐st❛✐s ♠❡♥♦r❡s ❝♦♠❡✘❝❛♠ ❛ s❡
r❡❞✐ss♦❧✈❡r ♥❛ ♠❛tr✐③ ✈✓✏tr❡❛✱ ❡ ❢♦r♥❡❝❡r ❛ss✐♠ ♠❛t❡r✐❛❧ ♣❛r❛ q✉❡ ♦s ♥❛♥♦❝r✐st❛✐s ♠❛✐♦r❡s
❝♦♥t✐♥✉❡♠ ❝r❡s❝❡♥❞♦✳ ❊st❛ ❢❛s❡ ❞♦ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ✓❡ ❞❡♥♦♠✐♥❛❞❛ ❝♦❛❧❡s❝❫❡♥❝✐❛✳ ◆❡ss❛
❡t❛♣❛ t❛♠❜✓❡♠ ❡①✐st❡ ✉♠ r❛✐♦ ❝r✓✏t✐❝♦ t❛❧ q✉❡ ♦ ♥❛♥♦❝r✐st❛❧ ❡st❛r✓❛ ❡♠ ❡q✉✐❧✓✏❜r✐♦ ❝♦♠ ❛
s♦❧✉✘❝⑦❛♦✳❆ss✐♠✱ q✉❛♥❞♦ ♦ r❛✐♦ ❘ ❞♦s ♥❛♥♦❝r✐st❛✐s ❢♦r ♠❛✐♦r q✉❡ ♦ r❛✐♦ ❝r✓✏t✐❝♦✱ ❘ ❃ ❘❝✱ ❡❧❡s
❝r❡s❝❡r⑦❛♦ ❡ s❡ ❘ ❁ ❘❝ ♦s ♠❡s♠♦s s❡r⑦❛♦ r❡❞✐ss♦❧✈✐❞♦s ♥❛ ♠❛tr✐③ ✈✓✏tr❡❛✳ ❖s ♥❛♥♦❝r✐st❛✐s
❡①✐❜❡♠ ✉♠ ❝r❡s❝✐♠❡♥t♦ ♠♦♥♦t❫♦♥✐❝♦ ❝♦♠ ♦ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❛t✓❡ q✉❡ t♦❞♦s ♦s ✓✏♦♥s ❞❡
❈❞ ❡ ❚❡ ❞✐s♣♦♥✓✏✈❡✐s ♥❛ ♠❛tr✐③ ✈✓✏tr❡❛ s❡❥❛♠ ✐♥❝♦r♣♦r❛❞♦s ❛♦s ❝r✐st❛✐s✳ ❆ss✐♠✱ ♦s ❝r✐st❛✐s
♠❛✐♦r❡s ❝r❡s❝❡♠ ❡♠ ❞❡tr✐♠❡♥t♦ ❞♦s ♠❡♥♦r❡s✱ ♦✉ s❡❥❛✱ ♦❝♦rr❡ ✉♠❛ tr❛♥s❢❡r❫❡♥❝✐❛ ❞❡ ♠❛ss❛
❞♦s ❝r✐st❛✐s ♠❡♥♦r❡s ♣❛r❛ ♦s ♠❛✐♦r❡s✳ ❊♥tr❡t❛♥t♦✱ ♥❛ ♣r✓❛t✐❝❛ ✓❡ ❞✐❢✓✏❝✐❧ s❡♣❛r❛r ❡ss❡s tr❫❡s
t✐♣♦s ❞❡ ❝r❡s❝✐♠❡♥t♦✱ ✉♠❛ ✈❡③ q✉❡ ❡❧❡s ♣♦❞❡♠ ❝♦❡①✐st✐r ❞✉r❛♥t❡ t♦❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ tr❛t❛✲
♠❡♥t♦ t✓❡r♠✐❝♦✳

❆♥t❡s ❞❡ r❡❛❧✐③❛r♠♦s ❛s ♠❡❞✐❞❛s ♣♦❧✐♠♦s ❛s s✉♣❡r❢✓✏❝✐❡s ❞❛s ❛♠♦str❛s ✉♠❛ ❛ ✉♠❛ ❝♦♠
❧✐①❛ ❡ ✓❛❣✉❛✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡✐①❛r ❛s s✉♣❡r❢✓✏❝✐❡s ❧✐s❛s ❡ ❡❧✐♠✐♥❛r s✐♥❛✐s ❞❡ r✉❣♦s✐❞❛❞❡s
q✉❡ ♣✉❞❡ss❡♠ ❡✈❡♥t✉❛❧♠❡♥t❡ ❞✐☞❝✉❧t❛r ❛s ♠❡❞✐❞❛s✳

◆❛ t❛❜❡❧❛ ✭✷✳✷✮ t❡♠♦s ❛s ❛♠♦str❛s ❡st✉❞❛❞❛s ❝♦♠ s❡✉s r❡s♣❡❝t✐✈♦s t❡♠♣♦s ❞❡ tr❛t❛✲
♠❡♥t♦ t✓❡r♠✐❝♦ ❡ s✉❛s ❡s♣❡ss✉r❛s✳



✺✸
❆♠♦str❛ ❊s♣❡ss✉r❛

❈❞❚❡ ✷✵ ♠✐♥ ✼✵✵ ✖♠
❈❞❚❡ ✻✺♠✐♥ ✾✶✵ ✖♠
❈❞❚❡ ✶✺✵♠✐♥ ✻✵✵ ✖♠
❈❞❚❡ ✷✺✺♠✐♥ ✽✻✵ ✖♠
❈❞❚❡ ✸✵✵♠✐♥ ✼✼✵ ✖♠
❈❞❚❡ ✸✻✵♠✐♥ ✶✶✷✵ ✖♠
❈❞❚❡ ✹✽✵♠✐♥ ✶✷✽✵ ✖♠

❚❛❜❡❧❛ ✷✳✷✿ ❊s♣❡ss✉r❛s ❞❛s ❛♠♦str❛s



❈❛♣✓✏t✉❧♦ ✸

❘❡s✉❧t❛❞♦s ❡ ❉✐s❝✉ss⑦❛♦

✸✳✶ ❘❡s✉❧t❛❞♦s ❞❡ ❋♦t♦❛❝✓✉st✐❝❛ ❡ ❚r❛♥s♠✐t❫❛♥❝✐❛
❖s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦r✘❝⑦❛♦ ✒❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❞❛s ❛♠♦str❛s ❡st✉❞❛❞❛s✱ ♦❜t✐❞♦s ♣♦r
❢♦t♦❛❝✓✉st✐❝❛✱ ❡st⑦❛♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ☞❣✉r❛ ✭✸✳✶✮✳ ❆ ❢❛✐①❛ ✈❛rr✐❞❛ ❢♦✐ ❞❡ ✹✵✵ ❛ ✼✵✵ ♥♠✳ ❆
❢r❡q✉❫❡♥❝✐❛ ❞❡ ♠♦❞✉❧❛✘❝⑦❛♦ ✉t✐❧✐③❛❞❛ ❢♦✐ ❞❡ ✶✼ ❍③✳ P❛r❛ ♦❜t❡r ❡st❡s ❡s♣❡❝tr♦s r❡❛❧✐③❛♠♦s ❞❡③
♠❡❞✐❞❛s ❝♦♠ ❝❛❞❛ ❛♠♦str❛ ♥❛s ♠❡s♠❛s ❝♦♥❞✐✘❝⑦♦❡s ♠❡♥❝✐♦♥❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✳ P♦❞❡♠♦s
♥♦t❛r q✉❡ ❛s ❛♠♦str❛s tr❛t❛❞❛s ♣❛r❛ ✷✵ ♠✐♥✉t♦s ❡ ✻✺ ♠✐♥✉t♦s s⑦❛♦ q✉❛s❡ tr❛♥s♣❛r❡♥t❡s ♥❛
❢❛✐①❛ ❞♦ ✈✐s✓✏✈❡❧✱ ❛♣r❡s❡♥t❛♥❞♦ ❜❛♥❞❛ ❞❡ ❛❜s♦r✘❝⑦❛♦ ♥♦ ✉❧tr❛✈✐♦❧❡t❛ ✭✹✵✵ ♥♠✮✱ ❝❛r❛❝t❡r✓✏st✐❝❛
❞❡ ❞✐❡❧✓❡tr✐❝♦s✳ ❖❜s❡r✈❛♠♦s t❛♠❜✓❡♠ q✉❡ ❤✓❛ ✉♠ ❞❡s❧♦❝❛♠❡♥t♦ ❡ ❝r❡s❝✐♠❡♥t♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡
❞❛s ❜❛♥❞❛s ❛t✓❡ ✶✺✵ ♠✐♥✉t♦s ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ✭✺✻✺ ♥♠✮✳ P❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ❛
✶✺✵ ♠✐♥✉t♦s ♦✉ ♠❛✐s✱ ❛♣❛r❡❝❡ ✉♠❛ ❜❛♥❞❛ ❞❡ ❛❜s♦r✘❝⑦❛♦ ❛❞✐❝✐♦♥❛❧ s✐t✉❛❞❛ ♥♦ ✈✐s✓✏✈❡❧ ✭✺✽✷ ♥♠✮
q✉❡ s❡ ❞❡s❧♦❝❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐s ❧♦♥❣♦s✳ ❆ ♣❛rt✐r ❞❡❧❛✱ ❝♦♥❢♦r♠❡ ❛✉♠❡♥t❛
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Comprimento de onda (nm)

 Cd-Te 20 min

 Cd-Te 65 min

 Cd-Te 150 min

 Cd-Te 255 min

 Cd-Te 300 min

 Cd-Te 360 min

 Cd-Te 480 min

❋✐❣✉r❛ ✸✳✶✿ ❊s♣❡❝tr♦s ❢♦t♦❛❝✓✉st✐❝♦s ♣❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ❛ ✺✹✵✵❈ ♣❛r❛ ✷✵ ✭❝✉r✈❛ ♥❛
❜❛s❡✮ ✻✺✱ ✶✺✵✱ ✷✺✺✱ ✸✵✵✱ ✸✻✵ ❡ ✹✽✵ ♠✐♥ ✭❝✉r✈❛ ♥♦ t♦♣♦✮
♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ♣♦st❡r✐♦r✱ ✈❡♠♦s q✉❡ ♥⑦❛♦ ❛✉♠❡♥t❛ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ❛
✐♥t❡♥s✐❞❛❞❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ s✉❣❡r✐♥❞♦ ♣r♦✈❛✈❡❧♠❡♥t❡ ✈✓❛r✐♦s ♣r♦❝❡ss♦s✱ t❛✐s ❝♦♠♦ ❞✐☞❝✉❧❞❛❞❡
♥♦ ❝r❡s❝✐♠❡♥t♦ ❞❡✈✐❞♦ ❛♦ ❡s❣♦t❛♠❡♥t♦ ❞♦s ✓✏♦♥s ❞♦♣❛♥t❡s ❡ ❝♦♠❡✘❝♦ ❞❛ ❝♦❛❧❡s❝❫❡♥❝✐❛✳

❆ss✉♠✐♥❞♦ q✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ❡♥❡r❣✐❛ ❞❡ ❛❜s♦r✘❝⑦❛♦ ❡st✓❛ r❡❧❛❝✐♦♥❛❞♦ ❛♦ t❛♠❛♥❤♦
❞♦s ♥❛♥♦❝r✐st❛✐s ♥❛s ❛♠♦str❛s✱ ❞❡ ♠❛♥❡✐r❛ q✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ s❡ ❞✓❛ ♣❛r❛ ❡♥❡r❣✐❛s ♠❛✐♦r❡s
♥♦s ♥❛♥♦❝r✐st❛✐s ♠❡♥♦r❡s✱ ❡ ♣❛r❛ ♦s ♥❛♥♦❝r✐st❛✐s ♠❛✐♦r❡s ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❛♣r♦①✐♠❛✲s❡
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Comprimento de onda (nm)

 CdTe 20 min

 CdTe 65 min

 CdTe 150 min

 CdTe 255 min

 CdTe 300 min

 CdTe 360 min

 CdTe 480 min

❋✐❣✉r❛ ✸✳✷✿ ❊s♣❡❝tr♦s ❞❡ ❚r❛♥s♠✐t❫❛♥❝✐❛
❞♦ ✈❛❧♦r ❞♦ ❣❛♣ ❞♦ ♠❛t❡r✐❛❧ ❜✉❧❦ ✭✶❀ ✺❡❱ ♦✉ ✽✸✵♥♠✮✱ ❝♦♥❝❧✉✓✏♠♦s q✉❡ ❛s ❛♠♦str❛s ❡st⑦❛♦
❝♦♠♣♦rt❛♥❞♦✲s❡ q✉❛❧✐t❛t✐✈❛♠❡♥t❡ ❝♦♠♦ ♦ ♣r❡✈✐st♦ ♣❡❧♦s ♠♦❞❡❧♦s ❞❡ ❝r❡s❝✐♠❡♥t♦ ❞❡ ♥❛♥♦❝r✐st❛✐s
❡♠ ♠❛tr✐③❡s ✈✓✏tr❡❛s✳ ❖✉ s❡❥❛✱ ♦ t❛♠❛♥❤♦ ❞♦ ❝r✐st❛❧ ❝r❡s❝❡✱ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ t❡♠♣♦ ❡ ❞❛
t❡♠♣❡r❛t✉r❛ ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦s✳

❆ ☞❣✉r❛ ✭✸✳✷✮ ♠♦str❛ ♦s ❡s♣❡❝tr♦s ❞❡ tr❛♥s♠✐t❫❛♥❝✐❛✱ ♥❛ ❢❛✐①❛ ❞❡ ✸✵✵ ❛ ✽✵✵ ♥♠✱ ♦❜t✐❞♦s
❝♦♠ ♦ ❡s♣❡❝tr❫♦♠❡tr♦ P❡r❦✐♥✲❊❧♠❡r ✭♠♦❞✳ ▲❛♠❜❞❛ ✾✮✳ ◆❡st❡s ❡s♣❡❝tr♦s ♣♦❞❡♠♦s ♦❜s❡r✈❛r
❛ ♠❡s♠❛ ❡✈♦❧✉✘❝⑦❛♦ ♥❛ ❜❛♥❞❛ ❞♦ ✈✐s✓✏✈❡❧ ❛ss♦❝✐❛❞❛ ❛♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s✳



✺✼
✸✳✷ ❘❡s✉❧t❛❞♦s ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛
❆ ☞♠ ❞❡ ❞❡t❡r♠✐♥❛r ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❛s ❛♠♦str❛s✱ ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♥♦
❞♦♠✓✏♥✐♦ t❡♠♣♦r❛❧ ❢♦r❛♠ r❡❛❧✐③❛❞❛s✳ ❖s ❞❛❞♦s ❞❛ ❡✈♦❧✉✘❝⑦❛♦ t❡♠♣♦r❛❧ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛
❢♦r❛♠ ❛❥✉st❛❞♦s ❛tr❛✈✓❡s ❞♦ ♠♦❞❡❧♦ t❡✓♦r✐❝♦ ✭✶✳✸✻✮ ❡ ❛tr❛✈✓❡s ❞♦s ♣❛r❫❛♠❡tr♦s ❞❡ ❛❥✉st❡✱ ♦s
✈❛❧♦r❡s ❞❛ ♠❛❣♥✐t✉❞❡ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ✭✒✮ ❡ ❞❛ ❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ ❞❛ ▲❡♥t❡ ❚✓❡r♠✐❝❛
✭t❝✮ ❢♦r❛♠ ♦❜t✐❞♦s✳ ❆ ♣❛rt✐r ❞❡st❡ ✓✉❧t✐♠♦ ♦s ✈❛❧♦r❡s ❞❡ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ✭☛✮ ❢♦r❛♠
❞❡t❡r♠✐♥❛❞♦s✳

◆♦s ❣r✓❛☞❝♦s ❞❛ ☞❣✉r❛ ✭✸✳✸✮ t❡♠♦s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♦❜t✐❞❛s ❝♦♠ ❞✉❛s ❛♠♦str❛s✳
❖s ❝✓✏r❝✉❧♦s ❛❜❡rt♦s r❡♣r❡s❡♥t❛♠ ♦s ♣♦♥t♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❛ ❧✐♥❤❛ ❝♦♥t✓✏♥✉❛ r❡♣r❡s❡♥t❛ ❛
❡q✉❛✘❝⑦❛♦ ❞❡ ❛❥✉st❡ ❞❡ ❝✉r✈❛ ✭✶✳✸✻✮✳ ◆♦s ❛❥✉st❡s✱ ❢♦r❛♠ ❞❡✐①❛❞♦s ❧✐✈r❡s ♦s ♣❛r❫❛♠❡tr♦s ■✵✱
✒ ❡ t❝✳ ❖❜s❡r✈❛♠♦s ♥♦ ❣r✓❛☞❝♦ ✭✸✳✸✮ q✉❡ ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ♦❝♦rr❡ ♥❛ ❡s❝❛❧❛ ❞❡
♠✐❧✐ss❡❣✉♥❞♦s✳ ◆❡st❛ ❢❛✐①❛ ♦ ❡q✉✐❧✓✏❜r✐♦ t✓❡r♠✐❝♦ ✓❡ ❛❧❝❛♥✘❝❛❞♦✳ P♦st❡r✐♦r♠❡♥t❡ ✒❛ ❢♦r♠❛✘❝⑦❛♦
❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛✱ ♦ s✐♥❛❧ ❝♦♠❡✘❝❛ ❛ ❡st❛❜✐❧✐③❛r✲s❡✱ ❛♣r❡s❡♥t❛♥❞♦ s❛t✉r❛✘❝⑦❛♦ q✉❛♥❞♦ ♦ s✐♥❛❧
❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❛t✐♥❣❡ s❡✉ ✈❛❧♦r ♠✓❛①✐♠♦✳

❆ t❛❜❡❧❛ ✭✸✳✶✮ ❛♣r❡s❡♥t❛ ♦s ✈❛❧♦r❡s ♠✓❡❞✐♦s ❞❡ t❝ ❡ ❞❡ ✒ ✭♥♦r♠❛❧✐③❛❞♦ ♣❡❧❛ ♣♦t❫❡♥❝✐❛ ❞♦
❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✱ ✷✵✵ ♦✉ ✸✵✵ ♠❲ ✮ ❛❥✉st❛❞♦s ♣❛r❛ ❝❛❞❛ ❛♠♦str❛✳ ❆ ♠✓❡❞✐❛ ❢♦✐ ❢❡✐t❛ ❛
♣❛rt✐r ❞❡ tr❫❡s r❡♣❡t✐✘❝⑦♦❡s ❞❛ ♠❡❞✐❞❛ ❡ ❞♦ ❛❥✉st❡✳

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ q✉❡ ♦❝♦rr❡ ❝♦♠ t❝✱ q✉❡ ❛♣r❡s❡♥t♦✉ ✈❛❧♦r❡s ♣r❛t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡s✱
♦s ✈❛❧♦r❡s ♣❛r❛ ✒ ♥❛s ❛♠♦str❛s ❛♣r❡s❡♥t❛♠ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡❝r❡s❝❡♥t❡ ♣❛r❛ ❛s ❛♠♦str❛s
❞❡ ✷✵ ❛ ✷✺✺ ♠✐♥✉t♦s✱ q✉❡ s❡ s❡❣✉❡ ♣♦r ✉♠ ❛✉♠❡♥t♦ ♥❛s ❛♠♦str❛s ❞❡ ✸✵✵ ❡ ✸✻✵ ♠✐♥✉t♦s✱



✺✽
❆♠♦str❛ t❝✭♠s✮ ✝ ❡rr♦ ✪ ✭✒❂P ✮✭✶❂❲ ✮ ✝ ❡rr♦ ✪

❈❞❚❡ ✷✵ ♠✐♥ ✷✱✼ ✝ ✺ ✲✵✱✹✹ ✝ ✷
❈❞❚❡ ✻✺♠✐♥ ✷✱✾ ✝ ✺ ✲✵✱✼✸ ✝ ✹
❈❞❚❡ ✶✺✵♠✐♥ ✷✱✼ ✝ ✼ ✲✶✱✷ ✝ ✵
❈❞❚❡ ✷✺✺♠✐♥ ✷✱✼ ✝ ✹ ✲✷✱✾ ✝ ✷
❈❞❚❡ ✸✵✵♠✐♥ ✸✱✵ ✝ ✷ ✲✷✱✽ ✝ ✺
❈❞❚❡ ✸✻✵♠✐♥ ✸✱✶ ✝ ✺ ✲✷✱✷ ✝ ✷
❈❞❚❡ ✹✽✵♠✐♥ ✷✱✽ ✝ ✹ ✲✸✱✶ ✝ ✺

❚❛❜❡❧❛ ✸✳✶✿ ❱❛❧♦r❡s ♠✓❡❞✐♦s ❞❡ t❝ ❡ ✒ ❛❥✉st❛❞♦s ♣❛r❛ ❝❛❞❛ ❛♠♦str❛✳
♣❛r❛ ❡♠ s❡❣✉✐❞❛ r❡❣✐str❛r ♥♦✈❛♠❡♥t❡ ✉♠ ❞❡❝r✓❡s❝✐♠♦ ♣❛r❛ ❛ ❛♠♦str❛ ❞❡ ✹✽✵ ♠✐♥✉t♦s✳
✸✳✷✳✶ ❉✐❢✉s✐✈✐❞❛❞❡ ❚✓❡r♠✐❝❛

❆ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ✓❡ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞♦s ♠❛t❡r✐❛✐s q✉❡ ❣♦✈❡r♥❛ ♦ ✌✉①♦ ❞❡ ❝❛❧♦r q✉❛♥❞♦ ❛
t❡♠♣❡r❛t✉r❛ ❡st✓❛ ✈❛r✐❛♥❞♦ ❝♦♠ ♦ t❡♠♣♦✱ s❡♥❞♦ ✐♠♣♦rt❛♥t❡ ♥❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞❛ ❡✈♦❧✉✘❝⑦❛♦
❞❡ s✐st❡♠❛s q✉❡ s♦❢r❡♠ ♣r♦❝❡ss♦s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♦✉ r❡s❢r✐❛♠❡♥t♦✳ ❊ss❛ ♣r♦♣r✐❡❞❛❞❡
♣❡r♠✐t❡ ♣r❡❞✐③❡r ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ♣❡♥❡tr❛✘❝⑦❛♦ ❞❡ ❝❛❧♦r ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠ ♠❛t❡r✐❛❧✳ ❆
❞✐❢✉s✐✈✐❞❛❞❡ ❡st✓❛ r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ✭❦✮✱ ❝♦♠ ♦ ❝❛❧♦r ❡s♣❡❝✓✏☞❝♦ ✭❝✮
❡ ❝♦♠ ❛ ❞❡♥s✐❞❛❞❡ ❧✐♥❡❛r ✭✚✮ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✻✮✳

❆s ❞✐❢✉s✐✈✐❞❛❞❡s t✓❡r♠✐❝❛s ❞❛s ❛♠♦str❛s ❢♦r❛♠ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ❛❥✉st❛❞♦s
❞❡ t❝ ❞❛ t❛❜❡❧❛ ✭✸✳✶✮ ✉s❛♥❞♦✲s❡ ❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✺✮✳
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❋✐❣✉r❛ ✸✳✸✿ ❙✐♥❛❧ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ♣❛r❛ ❛s ❛♠♦str❛s tr❛t❛❞❛s ♣♦r ✷✵ ♠✐♥ ❡ ✸✵✵ ♠✐♥✳
P♦t❫❡♥❝✐❛ ❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦✿ ✸✵✵ ♠❲ ✳



✻✵
◆♦ ❣r✓❛☞❝♦ ✭✸✳✹✮ t❡♠♦s ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❛s ❛♠♦str❛s ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ t❡♠♣♦ ❞❡

tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❛ ✺✹✵✵❈✳ ❊st❡s ✈❛❧♦r❡s s⑦❛♦ ♣r✓♦①✐♠♦s ✒❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❡ ✈✐❞r♦s
❞❡ ❜♦r♦ss✐❧✐❝❛t♦ ❡♥❝♦♥tr❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❬✷✷✱ ✷✸❪ ❡ ♠♦str❛♠ ✉♠❛ ❞✐♠✐♥✉✐✘❝⑦❛♦ ♣❡q✉❡♥❛
❞♦ ♣❛r❫❛♠❡tr♦ t✓❡r♠✐❝♦ ♣❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ♣❛r❛ ❧♦♥❣♦s ♣❡r✓✏♦❞♦s✳ ❊st❡ ❡❢❡✐t♦ ♣♦❞❡ s❡r
❝❛✉s❛❞♦ ♣❡❧❛ ♣❡rt✉r❜❛✘❝⑦❛♦ ♥❛ ♣r♦♣❛❣❛✘❝⑦❛♦ ❞❡ ❝❛❧♦r ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ❞❡
❈❞❚❡✳

❋✐❣✉r❛ ✸✳✹✿ ❉✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❞❛s ❛♠♦str❛s ❝♦♠♦ ❢✉♥✘❝⑦❛♦ ❞♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦
t✓❡r♠✐❝♦ ❛ ✺✹✵✵❈✱ ❞❡t❡r♠✐♥❛❞❛ ❛tr❛✈✓❡s ❞❛s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛✳

❖s ✈❛❧♦r❡s ❞❡ ❞✐❢✉s✐✈✐❞❛❞❡ r❡❧❛t❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ☞❝❛♠ ♥❛ ❢❛✐①❛ ❞❡ ✷❀ ✶ ✂ ✶✵�✸❝♠✷❂s
❛ ✼❀ ✽✂ ✶✵�✸❝♠✷❂s ❬✷✸❪ ✭✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❞❡ ❝♦♥❞✉t✐✈✐❞❛❞❡✱ ❞❡♥s✐❞❛❞❡
❡ ❝❛❧♦r ❡s♣❡❝✓✏☞❝♦✮ ♣❛r❛ ✈✐❞r♦s ❞❡ ❜♦r♦ss✐❧✐❝❛t♦✳



✻✶
✸✳✷✳✷ ❞♥✴❞❚

❈♦♠♦ ❛♥t❡r✐♦r♠❡♥t❡ ♠❡♥❝✐♦♥❛♠♦s ❛ ❢♦r♠❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ♦❝♦rr❡ ❛tr❛✈✓❡s ❞❡ ✉♠ tr❛♥✲
s✐❡♥t❡ q✉❡ ✓❡ ❞❛ ♦r❞❡♠ ❞❡ ♠✐❧✐ss❡❣✉♥❞♦s✳ ❊st❡ ✓❡ ♦ t❡♠♣♦ ♥❡❝❡ss✓❛r✐♦ ♣❛r❛ q✉❡ ♦ ❡q✉✐❧✓✏❜r✐♦
t✓❡r♠✐❝♦ s❡❥❛ ❛❧❝❛♥✘❝❛❞♦✳ ◆❛ ♠❛✐♦r✐❛ ❞♦s ❧✓✏q✉✐❞♦s✱ ♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ♠✉❞❛ ❝♦♠ ❛ t❡♠✲
♣❡r❛t✉r❛ ❞❡✈✐❞♦ ✒❛ ❞✐♠✐♥✉✐✘❝⑦❛♦ ❞❛ ❞❡♥s✐❞❛❞❡ ❞♦s ♠❡s♠♦s ♥❛ r❡❣✐⑦❛♦ ✐❧✉♠✐♥❛❞❛✳ ◆❡st❡ ❝❛s♦
♦ ❝♦❡☞❝✐❡♥t❡ ❞♥❂❞❚ ✓❡ ♥❡❣❛t✐✈♦✱ ❡ ❛ ❧❡♥t❡ ♣r♦✈♦❝❛r✓❛ ❞✐✈❡r❣❫❡♥❝✐❛ ❞♦ ❢❡✐①❡ ❧❛s❡r✳ ❊♠ s✓♦❧✐❞♦s✱
❞♥❂❞❚ ♣♦❞❡ s❡r ♣♦s✐t✐✈♦ ♦✉ ♥❡❣❛t✐✈♦✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❝♦♠♣♦s✐✘❝⑦❛♦ ❞❛ ❛♠♦str❛✳ P❛r❛ ♦ ❝❛s♦
❞❡ ❛♠♦str❛s ❝♦♠ ❛❧t❛ ♠✉❞❛♥✘❝❛ ❞❛ ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡ ❡❧❡tr❫♦♥✐❝❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛✱ ❞♥❂❞❚
♣♦❞❡ s❡r ♣♦s✐t✐✈♦ ❡ ❛ss✐♠ ♦ ❢❡✐①❡ ❧❛s❡r s❡r✓❛ ❢♦❝❛❧✐③❛❞♦ ❛♣✓♦s ♣❛ss❛r ♣❡❧❛ ❛♠♦str❛✳

❆ ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ♥♦r♠❛❧✐③❛❞♦s ❞❡ ✒ ❞❛ t❛❜❡❧❛ ✭✸✳✶✮ ♣♦❞❡♠♦s ❞❡t❡r♠✐♥❛r ♦ ❝♦♠✲
♣♦rt❛♠❡♥t♦ ❞❡ ❞♥❂❞❚ ❞❛s ❞✐❢❡r❡♥t❡s ❛♠♦str❛s✱ ♣❛r❛ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡
♣r♦✈❛ ✭✻✸✷✱✽ ♥♠✮✳ ❉❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✶✵✮ t❡♠♦s✿

✒ ❂ �P▲❆❞♥❂❞❚✕♣❦s ✭✸✳✶✮
❈♦♠♦ ❛s ❡s♣❡ss✉r❛s ❞❛s ❛♠♦str❛s s⑦❛♦ ❝♦♥❤❡❝✐❞❛s✱ ♣♦❞❡♠♦s ♦❜t❡r ❛ q✉❛♥t✐❛ ✒❂P▲ ✿

✒P▲ ❂ �❆❦s ✶✕♣ ❞♥❞❚ ✭✸✳✷✮
❖ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ✕♣ t❛♠❜✓❡♠ ✓❡ ❝♦♥❤❡❝✐❞♦✱ ❞❡ ❢♦r♠❛ q✉❡ ❢❛❧t❛♠ ♦s ✈❛❧♦r❡s ❞❡ ❆

❡ ❦s ♣❛r❛ q✉❡ ❞♥❂❞❚ s❡❥❛ ✐s♦❧❛❞♦✳
❖ s✐♥❛❧ ❢♦t♦❛❝✓✉st✐❝♦✱ ♣♦r s✉❛ ✈❡③✱ ✓❡ ❞❛❞♦ ♣❡❧❛ ❡q✉❛✘❝⑦❛♦ ✭✶✳✹✺✮ ♥♦ ❝❛s♦ ❞❡st❛s ❛♠♦str❛s

✭t❡r♠✐❝❛♠❡♥t❡ ❣r♦ss❛s✱ ♦♣t✐❝❛♠❡♥t❡ tr❛♥s♣❛r❡♥t❡s ♦✉ ❛❜s♦r✈❡❞♦r❛s✮✿



✻✷
❙❋♦t♦❛❝✉st✐❝♦ ✴ ✁❚ ✭✵✮ ❂ ■✵❆❦s✛✷s ✭✸✳✸✮

▲❡♠❜r❛♥❞♦ q✉❡ ✛s ❂ ✭✶✰✐✮✖s ❂ ✭✶ ✰ ✐✮♣ ✦✷☛s ❡♥t⑦❛♦✿
✛✷s ❂ ✐✦☛s ✭✸✳✹✮

❙❋♦t♦❛❝✉st✐❝♦ ✴ ■✵❆❦s
✏☛s✐✦✑ ✭✸✳✺✮

❖✉ s❡❥❛✱ ❛ q✉❛♥t✐❛ ❆❂❦s ✓❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛
❆❦s ✴ ❙❋♦t♦❛❝✉st✐❝♦☛s ✭✸✳✻✮

❉❡st❛ ❢♦♠❛✱ ♣♦❞❡♠♦s ☞♥❛❧♠❡♥t❡ ❡s❝r❡✈❡r✿
❞♥❞❚ ✴ ✒❂P▲✭❙❋♦t♦❛❝✉st✐❝♦☛s ✮ ❂ ✒☛sP▲❙❋♦t♦❛❝✉st✐❝♦ ✭✸✳✼✮

❆ ☞❣✉r❛ ✭✸✳✽✮ ♠♦str❛ ♦s ✈❛❧♦r❡s ❞❡ ✭✒☛s❂P▲❙❋♦t♦❛❝✉st✐❝♦✮ ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ t❡♠♣♦ ❞❡ tr❛t❛✲
♠❡♥t♦✳ ❖s ✈❛❧♦r❡s ❞❡ ❙❋♦t♦❛❝✉st✐❝♦ ❢♦r❛♠ ❡①tr❛✓✏❞♦s ❞♦s ❡s♣❡❝tr♦s✱ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
❞♦ ❧❛s❡r ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ✭✺✶✹✱✺♥♠✮✳ ❏✓❛ ♦s ✈❛❧♦r❡s ❞❡ ❞✐❢✉s✐✈✐❞❛❞❡ ✉s❛❞♦s s⑦❛♦ ❛q✉❡❧❡s ♦❜t✐❞♦s
❞❛s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛✱ ❛ ♣❛rt✐r ❞♦ t❡♠♣♦ ❞❡ tr❛♥s✐❡♥t❡✳ ❉♦s ♣♦♥t♦s ❞❛ ☞❣✉r❛ ✭✸✳✽✮
♣♦❞❡♠♦s ♥♦t❛r q✉❡ ❞♥❂❞❚ ♣❛ss❛ ♣♦r ✉♠ ✈❛❧♦r ♠✓❛①✐♠♦ ♣❛r❛ ♦ t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦ ❞❡
✸✵✵ ♠✐♥✳
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❋✐❣✉r❛ ✸✳✺✿ ❱❛❧♦r❡s ❞❡ ✒ ♥♦r♠❛❧✐③❛❞♦s
❯♠❛ ❛♥✓❛❧✐s❡ s✐♠♣❧✐☞❝❛❞❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞♥❂❞❚ ❝♦♥s✐st❡ ❡♠ ❝♦♥s✐❞❡r❛r q✉❡ ♦

❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ ❢✉♥✘❝⑦❛♦ ❞✐❡❧✓❡tr✐❝❛ ❞♦ ♠❛t❡r✐❛❧ s❡❥❛ ❛♣❡♥❛s ♦ ❞❡ ❞❡s❧♦❝❛r ♦ ❝❡♥tr♦
❞❛s r❡ss♦♥❫❛♥❝✐❛s ❬✷✹❪✳ ■st♦ ✓❡ ♣❛rt✐❝✉❧❛r♠❡♥t❡ ✈✓❛❧✐❞♦ ♥♦ ❝❛s♦ ❞❡ ❢r❡q✉❫❡♥❝✐❛s ❛❜❛✐①♦ ❞❛
r❡ss♦♥❫❛♥❝✐❛ ❡♠ ❞✐❡❧✓❡tr✐❝♦s✱ ♦♥❞❡ ❛ r❡❧❛✘❝⑦❛♦ ❞❡ ❈❛✉❝❤② ❬✷✺❪ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞❛✳ ❆ r❡❧❛✘❝⑦❛♦ ❞❡
❈❛✉❝❤② ❞❡s❝r❡✈❡ ♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❡♠ ❢✉♥✘❝⑦❛♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❡ ✓❡ ❞❛❞❛ ♣♦r✿

♥� ✶ ❂ ✶✷ ✒✕✵✕♣
✓✷ ✧✶ ✰ ✒✕✵✕

✓✷★ ✭✸✳✽✮
♦♥❞❡ ✕✵ ✓❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ r❡ss♦♥❫❛♥❝✐❛ ❡ ✕♣ ✓❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
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❋✐❣✉r❛ ✸✳✻✿ ✓■♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦ ❝❛❧❝✉❧❛❞♦ ❛ ♣❛rt✐r ❞❛ ❡q✉❛✘❝⑦❛♦ ✸✳✽ ♣❛r❛ ♦s ❞♦✐s ✈❛❧♦r❡s ❞❡
✕✵ ❡ ♣❛r❛ ✏✕✵✕♣✑ ❂ ✶
❞❡ ♣❧❛s♠❛✳ ❆ ☞❣✉r❛ ✭✸✳✻✮ ✐❧✉str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ♥ ❝♦♠ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
♣❛r❛ ❞♦✐s ✈❛❧♦r❡s ❞❡ ✕✵✱ ♦❜t✐❞♦ ❛tr❛✈✓❡s ❞❛ ❡q✉❛✘❝⑦❛♦ ✭✸✳✽✮✳ ❆ ❝✉r✈❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ❛
t❡♠♣❡r❛t✉r❛ ♠❛✐s ❛❧t❛✱ ♣♦✐s ✕✵ ✓❡ ♠❛✐♦r ♥❡st❡ ❝❛s♦✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ❡♠ ♠❡♥♦r ❢r❡q✉❫❡♥❝✐❛ ❞❡
r❡ss♦♥❫❛♥❝✐❛ ✭♠❛✐♦r ❞✐st❫❛♥❝✐❛ ❡♥tr❡ ❛s ❝❛r❣❛s✱ ❧✐❣❛✘❝⑦❛♦ ♠❛✐s ❢r❛❝❛✮✳

◆❛ ☞❣✉r❛ ✭✸✳✼✮ ✈❡♠♦s ❛ ❞✐❢❡r❡♥✘❝❛ ❡♥tr❡ ❛s ❝✉r✈❛s ❞❛ ☞❣✉r❛ ✭✸✳✻✮✱ ♦✉ s❡❥❛✱ ✁♥ ✭❝✉r✈❛
❝♦♥t✓✏♥✉❛✮✱ ❜❡♠ ❝♦♠♦ ❛ ❞❡r✐✈❛❞❛ ♥✉♠✓❡r✐❝❛ ❞❡ ✉♠❛ ❞❛s ❝✉r✈❛s ❞❛ ☞❣✉r❛ ✭✸✳✻✮ ❝♦♠ r❡❧❛✘❝⑦❛♦
❛ ✭✕❂✕✵✮✳ ❆ s❡♠❡❧❤❛♥✘❝❛ ❡♥tr❡ ❛s ❞✉❛s ✓✉❧t✐♠❛s ❝✉r✈❛s ✐♥❞✐❝❛ ❛ ❝♦rr❡❧❛✘❝⑦❛♦ ❡♥tr❡ ❞♥❂❞❚ ❡
�❞♥❂❞✕✱ ✈✐st♦ q✉❡ ✁♥ ❂ ❞♥❞❚✁❚ ✳
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❋✐❣✉r❛ ✸✳✼✿ ❉✐❢❡r❡♥✘❝❛ ✁♥ ❡♥tr❡ ❛s ❝✉r✈❛s ❞❛ ☞❣✉r❛ ✸✳✻ ❡ ❛ ❞❡r✐✈❛❞❛ ♥✉♠✓❡r✐❝❛ ❞♦ ✓✏♥❞✐❝❡
❞❡ r❡❢r❛✘❝⑦❛♦ ❡♠ r❡❧❛✘❝⑦❛♦ ❛ ✏ ✕✕✵✑

❯♠ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r ✓❡ ♦❜s❡r✈❛❞♦ ♣❛r❛ ❛ ♣❛rt❡ ✐♠❛❣✐♥✓❛r✐❛ ❞♦ ✓✏♥❞✐❝❡ ❞❡ r❡❢r❛✘❝⑦❛♦✳
❆ss✐♠ s❡♥❞♦✱ ✓❡ ❞❡ s❡ ❡s♣❡r❛r q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞♥❂❞❚ ❡♥❝♦♥tr❛❞♦ ❛tr❛✈✓❡s ❞❛s
♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ✭✸✳✸✮ s❡❥❛ s❡♠❡❧❤❛♥t❡ ❛♦ ❞❡ �❞♥❂❞✕ ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛
❞♦ ❧❛s❡r ❞❡ ♣r♦✈❛✳

P❛r❛ ✈❡r✐☞❝❛r♠♦s ✐st♦✱ ✈❛♠♦s ❢❛③❡r ✉s♦ ❞❛s ♠❡❞✐❞❛s ❞❡ tr❛♥s♠✐t❫❛♥❝✐❛ ❛♣r❡s❡♥t❛❞❛s ♥❛
s❡✘❝⑦❛♦ ✸✳✶✳ P♦❞❡♠♦s ❛♣r♦①✐♠❛r ❛ tr❛♥s♠✐t❫❛♥❝✐❛ ♣❛r❛ ✐♥❝✐❞❫❡♥❝✐❛ ♥♦r♠❛❧ ♣♦r✿

❚r❛♥s ✘❂ ❡�❆▲ ✭✸✳✾✮
❚♦♠❛♥❞♦ ❛ ❞❡r✐✈❛❞❛ ❞❡ ❚r❛♥s ❝♦♠ r❡❧❛✘❝⑦❛♦ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ t❡♠♦s✿



✻✻
❞❚r❛♥s❞✕ ❂ �❡�❆▲▲❞❆❞✕ ✭✸✳✶✵✮

❖ ❝♦❡☞❝✐❡♥t❡ ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛✱ ❆✱ r❡❧❛❝✐♦♥❛✲s❡ ❝♦♠ ❛ ♣❛rt❡ ✐♠❛❣✐♥✓❛r✐❛ ❞♦ ✓✏♥❞✐❝❡ ❞❡
r❡❢r❛✘❝⑦❛♦✱ ❦✱ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

❆ ❂ ✹✙❦✕ ✭✸✳✶✶✮
♦♥❞❡ ✕ ✓❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥♦ ✈✓❛❝✉♦✳ ❆ ❞❡r✐✈❛❞❛ ❞❡ ❆ ❝♦♠ r❡❧❛✘❝⑦❛♦ ❛ ✕ ☞❝❛

❡♥t⑦❛♦✿
❞❆❞✕ ❂ ✹✙✕ ✒❞❦❞✕ � ❦✕

✓ ✭✸✳✶✷✮
❋♦r❛ ❞♦ ❝❡♥tr♦ ❞❛ ❜❛♥❞❛ ♦ t❡r♠♦ ❦❂✕ ♣♦❞❡ s❡r ✐❣♥♦r❛❞♦✱ ❞❡ ❢♦r♠❛ q✉❡✿

✶❚r❛♥s ❞❚r❛♥s❞✕ ❂ �✹✙▲✕ ❞❦❞✕ ✮ ❞❦❞✕ ✴ ✶❚r❛♥s ❞❚r❛♥s❞✕ ✭✸✳✶✸✮
P♦r ♦✉tr♦ ❧❛❞♦✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❦ ❡♠ ❢✉♥✘❝⑦❛♦ ❞❡ ✕ ✓❡ ♠✉✐t♦ s✐♠✐❧❛r ❛♦ ❞❡ ♥ q✉❛♥❞♦

✕ ❃❃ ✕✵ ❬✷✺❪✳ ❉❡st❛ ❢♦r♠❛✱ ✉♠❛ ❛♥✓❛❧✐s❡ q✉❛❧✐t❛t✐✈❛ ♣♦❞❡ s❡r ❢❡✐t❛ t♦♠❛♥❞♦✲s❡ ♦ ❝♦♠♣♦r✲
t❛♠❡♥t♦ ❞❡ ❞❦❞✕ ❛ ♣❛rt✐r ❞❛s ♠❡❞✐❞❛s ❞❡ tr❛♥s♠✐t❫❛♥❝✐❛ ❡ ❛ss✉♠✐♥❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ s✐♠✐❧❛r
♣❛r❛ ❞♥❞✕ ✳❖s ✈❛❧♦r❡s ❞❡ ✭ ✶❚r❛♥s❞❚r❛♥s❂❞✕✮ ❡♠ ✻✸✷✱✽ ♥♠ ♣❛r❛ ❛s ❞✐❢❡r❡♥t❡s ❛♠♦str❛s ❡st⑦❛♦ r❡♣r❡s❡♥✲
t❛❞❛s ♥♦ ❣r✓❛☞❝♦ ❞❛ ☞❣✉r❛ ✭✸✳✽✮✳ P♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✭ ✶❚r❛♥s❞❚r❛♥s❂❞✕✮s❡❣✉❡ ❞❡ ♣❡rt♦ ❛q✉❡❧❡ ♦❜t✐❞♦ ♣♦r ❧❡♥t❡ t✓❡r♠✐❝❛ ♣❛r❛ ❞♥❂❞❚ ✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ♦ ❡❢❡✐t♦
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❋✐❣✉r❛ ✸✳✽✿ ❱❛❧♦r❡s ❞❡ ✒ ♥♦r♠❛❧✐③❛❞♦s ❡ ❛ ❞❡r✐✈❛❞❛ ❞❛ tr❛♥s♠✐t❫❛♥❝✐❛ ❚r❛♥s ❝♦♠ r❡s♣❡✐t♦
❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝♦♠♦ ❢✉♥✘❝⑦❛♦ ❞♦ ♣❡r✓✏♦❞♦ ❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦
❞❛ ♠♦❞✉❧❛✘❝⑦❛♦ t✓❡r♠✐❝❛ ♥❛s ♣r♦♣r✐❡❞❛❞❡s ✓♦♣t✐❝❛s ❞❛ ❛♠♦str❛ ♣♦❞❡ s❡r ❞❡s❝r✐t♦✱ ❡♠ ♣r✐♠❡✐r❛
❛♣r♦①✐♠❛✘❝⑦❛♦✱ ❝♦♠♦ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛s ❜❛♥❞❛s ❞❡ ❛❜s♦r✘❝⑦❛♦✳ ❊st❡ r❡s✉❧t❛❞♦ ✓❡ ❝♦♠♣❛t✓✏✈❡❧
❝♦♠ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛s ❜❛♥❞❛s ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ r❛✐♦ ❞♦s ♥❛♥♦❝r✐st❛✐s✳ ❖✉ s❡❥❛✱ ♦
❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❧❡✈❛ ❛♦ ❛✉♠❡♥t♦ ❞♦ ♥❛♥♦❝r✐st❛❧ ✭❞✐❧❛t❛✘❝⑦❛♦ t✓❡r♠✐❝❛✮✱ ❝♦♠ ♦ ❝♦♥✲
s❡q✉❡♥t❡ ❞❡s❧♦❝❛♠❡♥t♦ ❞❛ ❜❛♥❞❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐s ❧♦♥❣♦s✳



❈❛♣✓✏t✉❧♦ ✹

❈♦♥❝❧✉s⑦♦❡s ❡ P❡rs♣❡❝t✐✈❛s

◆❡st❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛♠♦s ❛ t✓❡❝♥✐❝❛ ❞❡ ▲❡♥t❡ ❚✓❡r♠✐❝❛ ✭❚▲✮ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞❛
❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦❡☞❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ ✓✏♥❞✐❝❡ ❞❡
r❡❢r❛✘❝⑦❛♦ ✭❞♥❂❞❚ ✮ ❞❡ ✈✐❞r♦s ❞❡ ❜♦r♦s✐❧✐❝❛t♦ ❞♦♣❛❞♦s ❝♦♠ s❡♠✐❝♦♥❞✉t♦r❡s ✭❈❞❚❡✮✳ ❆❧✓❡♠
❞❛s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛✱ ❢♦r❛♠ ♦❜t✐❞♦s ♦s ❡s♣❡❝tr♦s ❞❡ ❛❜s♦r✘❝⑦❛♦ ✓♦♣t✐❝❛ ❞❛s ❛♠♦str❛s
✉s❛♥❞♦✲s❡ ❛ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ tr❛♥s♠✐ss⑦❛♦ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❛ ❢♦t♦❛❝✓✉st✐❝❛✳

❖s ❡s♣❡❝tr♦s ♠♦str❛♠✱ ❛❧✓❡♠ ❞❛ ❛❜s♦r✘❝⑦❛♦ ♥♦ ✉❧tr❛✲✈✐♦❧❡t❛✱ ❝❛r❛❝t❡r✓✏st✐❝❛ ❞❡ ♠❛t❡r✐❛✐s
✈✓✏tr❡♦s✱ ✉♠❛ ❜❛♥❞❛ ♥♦ ✈✐s✓✏✈❡❧ q✉❡ s❡ ♠♦✈❡ ♣❛r❛ ❧♦♥❣♦s ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❝♦♠ ♦
t❡♠♣♦ ❞❡ tr❛t❛♠❡♥t♦✳ ❊st❛ ❜❛♥❞❛ ✓❡ ❛ss♦❝✐❛❞❛ ❛♦s ♥✓✏✈❡✐s ❞❡ ❡♥❡r❣✐❛ ❞♦ ♣♦♥t♦ q✉❫❛♥t✐❝♦
q✉❡ r❡♣r❡s❡♥t❛ ♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ♥❛♥♦❝r✐st❛❧✐♥♦s ❞❡ ❈❞❚❡✳ ✒❆ ♠❡❞✐❞❛ ❡♠ q✉❡ ♦ t❡♠♣♦
❞❡ tr❛t❛♠❡♥t♦ t✓❡r♠✐❝♦ ❛✉♠❡♥t❛✱ ♦ r❛✐♦ ❞♦s ♥❛♥♦❝r✐st❛✐s t❛♠❜✓❡♠ ❛✉♠❡♥t❛✱ ❡ ❛ ❡♥❡r❣✐❛ ❞❡
tr❛♥s✐✘❝⑦❛♦ t❡♥❞❡ ✒❛q✉❡❧❛ ❞♦ ❣❛♣ ❞♦ ❈❞❚❡ ❜✉❧❦✳

❆ ♣❛rt✐r ❞♦ t❡♠♣♦ ❞❡ tr❛♥s✐❡♥t❡ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ ❞❡t❡r♠✐♥❛♠♦s ❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛
✻✽



✻✾
❞❛s ❛♠♦str❛s✳ ❖s ✈❛❧♦r❡s ❞❡ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ♠❛♥t✐✈❡r❛♠✲s❡ ♣r❛t✐❝❛♠❡♥t❡ ❝♦♥st❛♥t❡s
♣❛r❛ t♦❞❛s ❛s ❛♠♦str❛s✱ ❝♦♠ ❧✐❣❡✐r❛ ❞✐♠✐♥✉✐✘❝⑦❛♦ ♣❛r❛ ❛♠♦str❛s tr❛t❛❞❛s ♣♦r ❧♦♥❣♦s ♣❡r✓✏♦❞♦s✳

❆❧✓❡♠ ❞❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛✱ ❛s ♠❡❞✐❞❛s ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛ t❛♠❜✓❡♠ ♣❡r♠✐t✐r❛♠ ❛
♦❜t❡♥✘❝⑦❛♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞♥❂❞❚ ❞❛s ❛♠♦str❛s ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞❡ ✻✸✷✱✽
♥♠✳ P❛r❛ ❡st❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❢♦r❛♠ ❢✉♥❞❛♠❡♥t❛✐s ♦s ❞❛❞♦s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❢♦t♦❛❝✓✉st✐❝❛
q✉❡ ❢♦r♥❡❝❡r❛♠✱ ❛ ♠❡♥♦s ❞❡ ✉♠❛ ❝♦♥st❛♥t❡✱ ❛ r❛③⑦❛♦ ❆❂❦s ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❞♦
❢❡✐①❡ ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ❞❛ ❧❡♥t❡ t✓❡r♠✐❝❛ ✭✺✶✹✱✺ ♥♠✮✳

❋✐♥❛❧♠❡♥t❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❞♥❂❞❚ ❢♦✐ ❝♦rr❡❧❛❝✐♦♥❛❞♦ ✒❛ ❞❡r✐✈❛❞❛ ❞❛ tr❛♥s♠✐t❫❛♥❝✐❛
❝♦♠ r❡❧❛✘❝⑦❛♦ ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛✱ ❞❚r❛♥s❂❞✕✱ ♠♦str❛♥❞♦ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ t❡♠♣❡r❛t✉r❛
✓❡ ♦ ❞❡ ❞❡s❧♦❝❛r ❛s ❜❛♥❞❛s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ♠❛✐♦r❡s✱ ♦ q✉❡✱ ♥♦ ❝❛s♦
❞♦s ♣♦♥t♦s q✉❫❛♥t✐❝♦s ✓❡ ❝♦♠♣❛t✓✏✈❡❧ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ r❛✐♦ ❞♦s ♥❛♥♦❝r✐st❛✐s ♣♦r ❞✐❧❛t❛✘❝⑦❛♦
t✓❡r♠✐❝❛✳

❋✐❝❛ ❝♦♠♦ ♣❡rs♣❡❝t✐✈❛ ❞❡ ❝♦♥t✐♥✉❛✘❝⑦❛♦ ❞❡st❡ tr❛❜❛❧❤♦ ♦ ✉s♦ ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♠♣r✐♠❡♥t♦s
❞❡ ♦♥❞❛ ❞♦ ❢❡✐①❡ ❞❡ ♣r♦✈❛ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛✘❝⑦❛♦ ❞♦ ♣❛r❫❛♠❡tr♦ ❞♥❂❞❚ ✳ ❆❧✓❡♠ ❞✐ss♦✱ ❡❢❡✐t♦s
♥⑦❛♦ ❧✐♥❡❛r❡s ♣♦❞❡♠ s❡r ✐♥✈❡st✐❣❛❞♦s ✉s❛♥❞♦✲s❡ ♣♦t❫❡♥❝✐❛s ❞❡ ❡①❝✐t❛✘❝⑦❛♦ ♠❛✐s ❡❧❡✈❛❞❛s✳ ❉❡♥✲
tr❡ ❛s ✐♥✈❡st✐❣❛✘❝⑦♦❡s ♣♦ss✓✏✈❡✐s ❡st✓❛ ❛ ♠✉❞❛♥✘❝❛ ♥❛ ❡☞❝✐❫❡♥❝✐❛ q✉❫❛♥t✐❝❛ ❞❡ ✌✉♦r❡s❝❫❡♥❝✐❛ ❡
❡❢❡✐t♦s ❞❡ r❡❝♦♠❜✐♥❛✘❝⑦❛♦ ♥⑦❛♦✲❧✐♥❡❛r✱ ❝♦♠♦ ♦ ❡❢❡✐t♦ ❆✉❣❡r✳



❘❡❢❡r❫❡♥❝✐❛s ❇✐❜❧✐♦❣r✓❛☞❝❛s

❬✶❪ ❇❛❡ss♦ ▼✳▲✳✱ ❙❤❡♥ ❏✳ ❛♥❞ ❙♥♦♦❦ ❘✳❉✳✱ ❈❤❡♠✳ P❤②s✳ ✶✾✼✱ ✷✺✺ ✭✶✾✾✷✮
❬✷❪ P❡r❡✐r❛ ❏✳❘✳❉✱ P❛❧❛♥❣❛♥❛ ❆✳❏✳✱ ❇❡♥t♦ ❆✳❈✳✱ ❇❛❡ss♦ ▼✳▲✳✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ ❞❛ ❙✐❧✈❛

❊✳❈✳✱ ❘❡✈✳ ❙❝✐✳ ■♥st✳ ✼✹✭✶✮✱ ✽✷✷ ✭✷✵✵✸✮✳
❬✸❪ P❡r❡✐r❛ ❏✳❘✳❉✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ P❛❧❛♥❣❛♥❛ ❆✳❏✳✱ ❇❛❡ss♦ ▼✳▲✳✱ ❇❛r❜♦s❛ ❆✳❆✳✱ ❋❡r✲

♥❛♥❞❡s P✳❘✳●✳✱ P❤②s✳ ❘❡✈✳ ❊ ✻✹ ✱ ✵✻✷✼✵✶✲✶ ✭✷✵✵✶✮✳
❬✹❪ P❡r❡✐r❛ ❏✳❘✳❉✳✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ P❛❧❛♥❣❛♥❛ ❆✳❏✳✱ ❇❛❡ss♦ ▼✳▲✳✱ P❤②s✳ ❘❡✈✳ ❊ ✻✹✱

✵✶✷✼✵✶✲✶ ✭✷✵✵✶✮✳
❬✺❪ ❇❡r♥❛❧✲❆❧✈❛r❛❞♦ ❏✳✱ P❡r❡✐r❛ ❘✳❉✳✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ ❞❛ ❙✐❧✈❛ ❊✳❈✳✱ ❆♥❛❧✳ ❙❝✐✳ ✶✼✱

s✶✼✽ ✭✷✵✵✶✮✳
❬✻❪ P❡r❡✐r❛ ❏✳❘✳❉✳✱ P❛❧❛♥❣❛♥❛ ❆✳❏✳✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ ❞❛ ❙✐❧✈❛ ❊✳❈✳✱ ❇❡♥t♦ ❆✳❈✳✱ ❇❛❡ss♦

▼✳▲✳✱ ❆♥❛❧✳ ❙❝✐✳ ✶✼✱ s✶✼✺ ✭✷✵✵✶✮✳
❬✼❪ P❡r❡✐r❛ ❏✳❘✳❉✳✱ P❛❧❛♥❣❛♥❛ ❆✳❏✳✱ ▼❛♥s❛♥❛r❡s ❆✳▼✳✱ ❞❛ ❙✐❧✈❛ ❊✳❈✳✱ ❇❡♥t♦ ❆✳❈✳✱ ❇❛❡ss♦

▼✳▲✳✱ P❤②s✳ ❘❡✈✳ ❊ ✻✶✭✺✮✱ ✺✹✶✵ ✭✷✵✵✵✮✳
✼✵



✼✶
❬✽❪ P❡r❡✐r❛ ❏✳❘✳❉✳ ❊s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛✿ ♣r♦♣r✐❡❞❛❞❡s t✓❡r♠✐❝❛s ❞❡ ❝r✐st❛✐s

❧✓✏q✉✐❞♦s✳ ❚❡s❡ ❞❡ ▼❡str❛❞♦✳ ■❋●❲✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❇r❛s✐❧ ✭✶✾✾✼✮
❬✾❪ ❙♦r♦❦❛ ❆✳❏✳✱ ❇❡❛♠ Pr♦☞❧❡ st✉❞✐❡s ♦❢ t❤❡r♠❛❧ ❧❡♥s s♣❡❝tr♦♠❡tr② ✉s✐♥❣ ❛rr❛② ❞❡t❡❝t♦rs✳

P❤❉ ❚❡s✐s✳ ❯▼■❙❚✱ ■♥❣❧❛t❡rr❛ ✭✶✾✾✺✮✳
❬✶✵❪ P❡r❡✐r❛ ❏✳❘✳❉✳ ❊st✉❞♦ ❞❛ ♣♦❧❛r✐③❛❜✐❧✐❞❛❞❡ ❡❧❡tr❫♦♥✐❝❛ ❡ ❞❛ ❞✐❢✉s✐✈✐❞❛❞❡ t✓❡r♠✐❝❛ ❡♠

❝r✐st❛✐s ❧✓✏q✉✐❞♦s ❧✐♦tr✓♦♣✐❝♦s ❛tr❛✈✓❡s ❞♦ ❡❢❡✐t♦ ❞❡ ❧❡♥t❡ t✓❡r♠✐❝❛✳ ❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦✳
■❋●❲✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✐♥❛s✱ ❇r❛s✐❧✱ ✭✷✵✵✶✮✳

❬✶✶❪ ●♦r❞♦♥ ❏✳P✳✱ ▲❡✐t❡ ❘✳❈✳❈✳✱ ▼♦♦r❡ ❘✳❙✳ ❛♥❞ ❲❤✐♥❡r② ❏✳❘✳✱ ❆♣♣❧✳ P❤②s✳ ▲❡tt✳ ✺✱ ✶✹✶
✭✶✾✻✹✮

❬✶✷❪ ❙❤❡❧❞♦♥ ❙✳ ❏✳✱ ❑♥✐❣❤t ▲✳❱✳ ❛♥❞ ❚❤♦r♠❡ ❏✳▼✳✱ ❆♣♣❧✳ ❖♣t✳ ✷✶✱ ✶✻✻✸ ✭✶✾✽✷✮
❬✶✸❪ ❙❤❡♥ ❏✳✱ ▲♦✈❡ ❘✳❉✳ ❛♥❞ ❙♥♦♦❦ ❘✳❉✳✱ ❈❤❡♠✳ P❤②s✳ ✶✻✺✱ ✸✽✺ ✭✶✾✾✷✮
❬✶✹❪ ❈❛rs❧❛✇ ❍✳❙✳ ❛♥❞ ❏❛❡r❣❡r ❏✳✱ ❈♦♥❞✉❝t✐♦♥ ♦❢ ❤❡❛t ✐♥ s♦❧✐❞s✱ ✷♥❞✳ ❊❞✳✱ ❈❧❛r❡❞♦♥ Pr❡ss✱

❖①❢♦r❞ ✭✶✾✺✾✮
❬✶✺❪ ❙✐❣♠❛♥ ❆✳❊✳ ■♥tr♦❞✉❝t✐♦♥ t♦ ▲❛s❡rs ❛♥❞ ▼❛s❡rs✱ ✷♥❞✳ ❊❞✳✱ ▼❝●r❛✇✲❍✐❧❧✱ ◆❡✇ ❨♦r❦✱

✭✶✾✼✶✮
❬✶✻❪ ❙❤❡♥ ❏✳✱ ❇❛❡ss♦ ▼✳▲✳ ❛♥❞ ❙♥♦♦❦ ❘✳❉✳✱ ❏✳ ❆♣♣❧✳ P❤②s ✼✺✱ ✸✼✸✽ ✭✶✾✾✹✮
❬✶✼❪ ❘♦s❡♥❝✇❛✐❣ ❆✳ P❤♦t♦❛❝♦✉st✐❝s ❛♥❞ P❤♦t♦❛❝♦✉st✐❝s ❙♣❡❝tr♦s❝♦♣②✱ ❏♦❤♥ ❲✐❧❡② ❛♥❞

❙♦♥s✱ ◆❡✇ ❨♦r❦ ✭✶✾✽✵✮



✼✷
❬✶✽❪ ❘❡②♥♦s♦ ❱✳❈✳❙✳ ❈♦♥tr♦❧❡ ❞♦ ❈r❡s❝✐♠❡♥t♦ ❞❡ ◆❛♥♦❡str✉t✉r❛s ❞❡ ❈❞❚❡ ❡ ❈❞❚❡❙ ❡♠

❱✐❞r♦s ❇♦r♦ss✐❧✐❝❛t♦s✳ ❚❡s❡ ❞❡ ❉♦✉t♦r❛❞♦✳ ■❋●❲✱ ❯♥✐✈❡rs✐❞❛❞❡ ❊st❛❞✉❛❧ ❞❡ ❈❛♠♣✲
✐♥❛s✱ ❇r❛s✐❧ ✭✶✾✾✻✮

❬✶✾❪ ❖❧✐✈❡✐r❛ ❈✳❘✳▼✳ ❊st✉❞♦ ❞❡ ❝♦♥☞♥❛♠❡♥t♦ q✉❫❛♥t✐❝♦ ❡♠ s❡♠✐❝♦♥❞✉t♦r❡s ■■✲■❱✿ ♣♦✘❝♦s
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