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❆❜str❛❦t

❚❛t♦ ❞✐♣❧♦♠♦✈á ♣rá❝❡ s❡ ③❛❜ý✈á ✐♥❞✉❦↔♥í♠ ❛ ❧❛s❡r♦✈ý♠ ♣♦✈r❝❤♦✈ý♠ ❦❛❧❡♥í♠

✐③♦t❡r♠✐❝❦② ③♣r❛❝♦✈❛♥ý❝❤ ❧✐t✐♥✳ ❇②❧② ❤♦❞♥♦❝❡♥② ❧❛s❡r❡♠ ❦❛❧❡♥é ❧✐t✐♥② t②♣✉ ❆❉■✱ ✐♥✲

❞✉❦↔♥➙ ❦❛❧❡♥é ❧✐t✐♥② t②♣✉ ❙✐▼♦ ❛ ✐♥❞✉❦↔♥➙ ✐ ❧❛s❡r♦✈➙ ❦❛❧❡♥é ❧✐t✐♥② ❆●■✳ ❯ ❥❡❞♥♦t❧✐✲

✈ý❝❤ ❞r✉❤➲ ❧✐t✐♥ ❜②❧♦ ♣r♦✈❡❞❡♥♦ ♠❡t❛❧♦❣r❛✜❝❦é ❤♦❞♥♦❝❡♥í ✈❧✐✈✉ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í

♥❛ ③♠➙♥✉ ♠✐❦r♦str✉❦t✉r②✱ ❦t❡rá ❜②❧❛ ❞á❧❡ ❛♥❛❧②③♦✈á♥❛ ♣♦♠♦❝í ❡❧❡❦tr♦♥♦✈é ♠✐❦r♦s❦♦✲

♣✐❡ ❛ ♠✐❦r♦❛♥❛❧ý③② ❝❤❡♠✐❝❦é❤♦ s❧♦➸❡♥í✳ ❱ ♣♦✈r❝❤♦✈ý❝❤ ✈rst✈á❝❤ ❧✐t✐♥ ❜②❧② ♥❛♠➙➦❡♥②

♣r➲❜➙❤② ♠✐❦r♦t✈r❞♦stí ❛ ♣r♦ ❥❡❞♥♦t❧✐✈é ❞r✉❤② ❜②❧♦ ♣r♦✈❡❞❡♥♦ ♣♦r♦✈♥á♥í ✈ ③á✈✐s❧♦st✐

♥❛ ♣♦✉➸✐té t❡❝❤♥♦❧♦❣✐✐ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í✳

❑❧í↔♦✈á s❧♦✈❛✿ ❧✐t✐♥❛✱ t❡♣❡❧♥é ③♣r❛❝♦✈á♥í✱ ♣♦✈r❝❤♦✈é ❦❛❧❡♥í✱ ✐♥❞✉❦❝❡✱ ❧❛s❡r✱ ♠✐❦✲

r♦str✉❦t✉r❛✱ t✈r❞♦st



❆❜str❛❝t

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

♠❛❧❧② ♣r♦❝❡ss❡❞ ❝❛st ✐r♦♥s✳ ▲❛s❡r ❤❛r❞❡♥❡❞ ❝❛st ✐r♦♥s ♦❢ t❤❡ ❆❉■ t②♣❡✱ ✐♥❞✉❝t✐♦♥

❤❛r❞❡♥❡❞ ❝❛st ✐r♦♥s ♦❢ t❤❡ ❙✐▼♦ t②♣❡ ❛♥❞ ✐♥❞✉❝t✐♦♥ ❛♥❞ ❧❛s❡r ❤❛r❞❡♥❡❞ ❝❛st ✐r♦♥s ♦❢

❆●■ ✇❡r❡ ❡✈❛❧✉❛t❡❞✳ ▼❡t❛❧❧♦❣r❛♣❤✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❤❡❛t tr❡❛t♠❡♥t ♦♥

t❤❡ ❝❤❛♥❣❡ ♦❢ ♠✐❝r♦str✉❝t✉r❡ ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r ✐♥❞✐✈✐❞✉❛❧ t②♣❡s ♦❢ ❝❛st ✐r♦♥s✱ ✇❤✐❝❤

✇❛s ❢✉rt❤❡r ❛♥❛❧②③❡❞ ❜② ♠❡❛♥s ♦❢ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ❛♥❞ ♠✐❝r♦❛♥❛❧②s✐s ♦❢ ❝❤❡♠✐❝❛❧

❝♦♠♣♦s✐t✐♦♥✳ ▼✐❝r♦❤❛r❞♥❡ss ❝✉r✈❡s ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ s✉r❢❛❝❡ ❧❛②❡rs ♦❢ ❝❛st ✐r♦♥s

❛♥❞ ❛ ❝♦♠♣❛r✐s♦♥ ✇❛s ♠❛❞❡ ❢♦r ✐♥❞✐✈✐❞✉❛❧ t②♣❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❤❡❛t tr❡❛t♠❡♥t

t❡❝❤♥♦❧♦❣② ✉s❡❞✳

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

str✉❝t✉r❡✱ ❤❛r❞♥❡ss
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P♦❞➙❦♦✈á♥í

❘á❞❛ ❜②❝❤ tí♠t♦ ♣♦❞➙❦♦✈❛❧❛ ✈❡❞♦✉❝í♠✉ s✈é ❞✐♣❧♦♠♦✈é ♣rá❝❡✱ ♣❛♥✉ ■♥❣✳ ❏❛❦✉❜✉ ❍♦r✲

♥í❦♦✈✐✱ P❤✳❉✳✱ ③❛ ❥❡❤♦ ❝❡♥♥é r❛❞②✱ tr♣➙❧✐✈♦st ❛ ♣➦❡❞❡✈➨í♠ ↔❛s✱ ❦t❡rý ♠✐ ✈ ♣r➲❜➙❤✉

③♣r❛❝♦✈á♥í tét♦ ♣rá❝❡ ✈➙♥♦✈❛❧✳

❉á❧❡ ❜②❝❤ rá❞❛ ♣♦❞➙❦♦✈❛❧❛ ♣á♥➲♠ ■♥❣✳ ❱❧❛❞✐♠ír✉ ▼ár♦✈✐ ❛ ■♥❣✳ ❏❛♥✉ ❑r↔✐❧♦✈✐ ③❛ ❥❡✲

❥✐❝❤ ♦❝❤♦t✉ ❛ ♣♦♠♦❝ ✈ ♣r➲❜➙❤✉ ➦❡➨❡♥í ❡①♣❡r✐♠❡♥tá❧♥í ↔ást✐ tét♦ ♣rá❝❡✳
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✶ Ú✈♦❞

✭❞♦♣❧♥✐t✮ ❖❜❡❝♥é ♣♦❥❡❞♥á♥í ♦ ❧✐t✐♥á❝❤✱ ♠♦➸♥á ♥➙❝♦ ♠á❧♦ ③ ❤✐st♦r✐❡ ✭♠❛① ✶ ❆✹✮

▲✐t✐♥② ❥❛❦♦ ♠❛t❡r✐á❧ ③♥á ❧✐❞st✈♦ ❥✐➸ ♦❞ ♥❡♣❛♠➙t✐ ✭♣r✈♥í ③♠í♥❦② ♦ ❧✐t✐♥♦✈ý❝❤ ♦❞✲

❧✐t❝í❝❤ s❛❤❛❥í ❞♦ r♦❦✉ ✶✺✵✵ ♣➦❡❞ ♥❛➨í♠ ❧❡t♦♣♦↔t❡♠✮✱ ❥❡❥✐❝❤ ♣r➲♠②s❧♦✈á ✈ýr♦❜❛ s❡

❞❛t✉❥❡ ❞♦ ✶✽✳ st♦❧❡tí✱ ❦❞② ❜②❧❛ ✈②♥❛❧❡③❡♥❛ ❦✉♣❧♦✈♥❛✱ ❦t❡rá ✉♠♦➸♥✐❧❛ ❥❡❥✐❝❤ ♦❜❥❡♠✲

♥➙❥➨í ❛ s♥❛❞♥➙❥➨í ✈ýr♦❜✉✳ ❙✈♦✉ ♣➦í③❡➡ ❛❧❡ ♥❡③tr❛t✐❧② ❛♥✐ ❞♥❡s ❛ stá❧❡ s❡ t➙➨í ✈❡❧✐❦é

♦❜❧✐❜➙ ❞í❦② s✈ý♠ ✉♥✐❦át♥í♠ ❛ ♦❜tí➸♥➙ ♥❛❤r❛❞✐t❡❧♥ý♠ ✈❧❛st♥♦st❡♠✳ ❱❡ s✈➙t♦✈é ♣r♦✲

❞✉❦❝✐ s❧é✈ár❡♥s❦ý❝❤ s❧✐t✐♥ ❞r➸í ❧✐t✐♥② ❞❧♦✉❤♦❞♦❜➙ ♣r✈❡♥st✈í s❡ ③❛st♦✉♣❡♥í♠ ✈í❝❡ ♥❡➸

✻✵✪ ♣♦❞í❧✉ s✈➙t♦✈é ♣r♦❞✉❦❝❡ ♦❞❧✐t❦➲ ✭③❡❥♠é♥❛ ❣r❛✜t✐❝❦é ❧✐t✐♥②✮✳ ◆❛ ❞r✉❤♦✉ str❛♥✉

♣♦❞í❧ ♦❝❡❧♦✈ý❝❤ ♦❞❧✐t❦➲ ✈③❤❧❡❞❡♠ ❦❡ s❧♦➸✐té ❛ ❡❦♦♥♦♠✐❝❦② ♥ár♦↔♥é ✈ýr♦❜➙ ❦❧❡sá ❛

❥s♦✉ ♥❛❤r❛③♦✈á♥② ❥❛❦♦st♥í♠✐ ❧✐t✐♥❛♠✐✳

▲✐t✐♥② ♥❛❝❤á③❡❥í ✉♣❧❛t♥➙♥í ③❡❥♠é♥❛ ✈ ❛✉t♦♠♦❜✐❧♦✈é♠ ♣r➲♠②s❧✉ ✭❜❧♦❦② ♠♦t♦r➲✱

♣➦❡✈♦❞♦✈é s❦➦í♥➙✱ ❦❧✐❦♦✈é ❤➦í❞❡❧❡✮ ↔✐ ❡♥❡r❣❡t✐❝❡ ✭♦❜❛❧♦✈é s♦✉❜♦r② ♥❛ ✈②❤♦➦❡❧é ♣❛❧✐✈♦✮✳

❱❡ ✈➨❡❝❤ ♦❞✈➙t✈í❝❤ ❧✐❞s❦é ↔✐♥♥♦st✐✳ P♦❞í❧ ♣r♦❞✉❦❝❡ ♦❞❧✐t❦➲ s❧é✈ár❡♥s❦ý❝❤ s❧✐t✐♥ ❧✐t✐♥②

♣r♥í ♠íst♦ ♥❡❥♣♦✉➸í✈❛♥➙❥➨í ♠❛t❡r✐á❧② ✭③❡❥♠é♥❛ ❣r❛✜t✐❝❦é✮✳ ♣♦❞í❧ ♦❝❡❧♦✈ý❝❤ ♦❞❧✐t❦➲

❦❧❡sá ❛ ❥s♦✉ ♥❛❤r❛③♦✈á♥② ❥❛❦♦st♥í♠✐ ❧✐t✐♥❛♠✐ ❜❧♦❦② ♠♦t♦r➲✱ ♣➦❡✈♦❞♦✈é s❦➦í♥➙ ❦❧✐✲

❦♦✈é ❤➦í❞❡❧❡✱ ❡♥❡r❣❡t✐❦❛ ♦❜❛❧♦✈é s♦✉❜♦r② ♥❛ ✈②❤♦➦❡❧é ♣❛❧✐✈♦✳ ▲✐t✐♥② ❥s♦✉ ♠❛t❡r✐á❧②

❥✐➸ ❞❧♦✉❤♦ ③♥á♠é✱ ✈ ♥➙❦t❡rý❝❤ ❛♣❧✐❦❛❝í❝❤ ③❛tí♠ ♥❡♥❛❤r❛❞✐t❡❧♥é ✭❥❡❞♥♦❞✉❝❤á ❛ ❧❡✈♥á

✈ýr♦❜❛✱ ❥❡❞✐♥❡↔♥é ✈❧❛st♥♦st✐✮✱ ♦❜❧í❜❡♥é ③❡❥♠é♥❛ ✈❡ s❧é✈ár❡♥st✈í✳

✶✳✶ ▼♦t✐✈❛❝❡

✭❞♦♣❧♥✐t✮

✶✳✷ ❈í❧❡ ♣rá❝❡

✭❞♦♣❧♥✐t✮

✶



✷ ❚❡♦r❡t✐❝❦á ↔ást

✷✳✶ ▲✐t✐♥②

▲✐t✐♥② ❥s♦✉ s❧✐t✐♥② ➸❡❧❡③❛✱ ✉❤❧í❦✉ ❛ ❞❛❧➨í❝❤ ♣r✈❦➲✱ ✈ ♥✐❝❤➸ ❥❡ ✉❤❧í❦ ✈②❧♦✉↔❡♥ ✈❡ ❢♦r♠➙

❣r❛✜t✉ ↔✐ ❦❛r❜✐❞✉ ➸❡❧❡③❛ Fe3❈✱ ♣➦í♣❛❞♥➙ ❦❛r❜✐❞✉ ❥✐♥é❤♦ ♣r✈❦✉✳ ❯r↔✉❥í❝í♠ ❢❛❦t♦r❡♠

❥❡ ♦❜s❛❤ ✉❤❧í❦✉✱ ❥❡❤♦➸ ♠♥♦➸st✈í ❥❡ ✈②➨➨í ♥❡➸ ✷✱✵✽ %✱ ❝♦➸ ❥❡ ❤♦❞♥♦t❛ ♦❞♣♦✈í❞❛❥í❝í

♠❛①✐♠á❧♥í r♦③♣✉st♥♦st✐ ✉❤❧í❦✉ ✈ ❛✉st❡♥✐t✉✳ ❚❛t♦ ❤♦❞♥♦t❛ s❡ ♠ír♥➙ ♠➙♥í s ♦❜s❛❤❡♠

❞❛❧➨í❝❤ ♣r✈❦➲✱ ❦❞② ♥❡❥✈ý③♥❛♠♥➙❥➨í ✈❧✐✈ ♠á ❦➦❡♠í❦✳ ❬✶❪

Prá✈➙ ❦➦❡♠í❦ t✈♦➦í s♣♦❧✉ s❡ ➸❡❧❡③❡♠✱ ✉❤❧í❦❡♠✱ ♠❛♥❣❛♥❡♠✱ ❢♦s❢♦r❡♠ ❛ sír♦✉ ③á✲

❦❧❛❞♥í ♣r✈❦② ❝❤❡♠✐❝❦é❤♦ s❧♦➸❡♥í ❧✐t✐♥✳ ❩♥❛↔♥ý ✈❧✐✈ ♥❛ ✈ýs❧❡❞♥é ✈❧❛st♥♦st✐ ❛ ♠✐❦✲

r♦str✉❦t✉r✉ ♠❛❥í ♣r✈❦②✱ ❦t❡ré s❡ ✈②✉➸í✈❛❥í ♣r♦ ❧❡❣♦✈á♥í ❧✐t✐♥ ✭❥♠❡♥♦✈✐t➙ ♠➙↕✱ ♥✐❦❧✱

♠♦❧②❜❞❡♥✱ ❝❤r♦♠✱ t✐t❛♥ ❛ ❞❛❧➨í✮✱ ❛❧❡ t❛❦é ♣r✈❦② ♥❡➸á❞♦✉❝í ✭♥❛♣➦í❦❧❛❞ ♦❧♦✈♦✱ ❛♥t✐♠♦♥✱

❜✐s♠✉t✱ ❜ór ↔✐ ③✐r❦♦♥✐✉♠✮✱ ❦t❡ré s❡ ❞♦ ♠❛t❡r✐á❧✉ ❞♦stá✈❛❥í ❜➙❤❡♠ ❥❡❤♦ ③♣r❛❝♦✈á♥í

③ ✈ý❝❤♦③í❝❤ s✉r♦✈✐♥ ❛ ❥❡❥✐❝❤ ♦❜s❛❤ ❥❡ ♥✉t♥♦ ❧✐♠✐t♦✈❛t ↔✐ ③❝❡❧❛ ❡❧✐♠✐♥♦✈❛t✳ Pr♦❜❧❡♠❛✲

t✐❝❦ý ♠➲➸❡ ❜ýt ✐ ♥❛❞♠➙r♥ý ♦❜s❛❤ ❢♦s❢♦r✉ ♥❡❜♦ sír②✱ ❦❞② ✈③♥✐❦❛❥í s✉❧✜❞② ❛ ❢♦s✜❞✐❝❦á

❡✉t❡❦t✐❦❛✱ ❦t❡rá ♠♦❤♦✉ ❜ýt ✈ ♥➙❦t❡rý❝❤ ♣➦í♣❛❞❡❝❤ ✭t②♣❡❝❤ ❧✐t✐♥✮ ♥❡♣r♦s♣➙➨♥á✳ P➦í✲

t♦♠♥♦st ♣❧②♥➲✱ ❥❛❦♦ ❥❡ ✈♦❞í❦✱ ❞✉sí❦ ❛ ❦②s❧í❦✱ ❥❡ ③♣➲s♦❜❡♥❛ ✐♥t❡r❛❦❝í t❛✈❡♥✐♥② s ♦❦♦❧♥í

❛t♠♦s❢ér♦✉✱ ❛❧❡ t❛❦é ③❡ ✈sá③❦② ↔✐ ❢♦r♠♦✈❛❝í s♠➙s✐✳ ❱ ♠❡♥➨í♠ ♠♥♦➸st✈í ♣♦❞♣♦r✉❥í t②t♦

♣❧②♥② ✈③♥✐❦ ❦r②st❛❧✐③❛↔♥í❝❤ ③ár♦❞❦➲ ❛ tí♠ ♠♦❤♦✉ ✐♥✐❝✐♦✈❛t ❣r❛✜t✐③❛❝✐✱ ✈➙t➨í ♠♥♦➸st✈í

❛❧❡ ♠➲➸❡ ③♣➲s♦❜✐t ✈③♥✐❦ ✈♥✐t➦♥í❝❤ ✈❛❞✱ ♥❡❥↔❛st➙❥✐ ✈③♥✐❦ ♣ór➲ ↔✐ ③á❦❛❧❦②✳ ❱❡ s❧♦➸❡♥í

s❡ t❛❦é ♦❜❥❡✈✉❥í ♣r✈❦② ③ ♦↔❦✉❥í❝í❝❤ ❛ ♠♦❞✐✜❦❛↔♥í❝❤ ♣➦ís❛❞✳ ❬✷❪

❖❜rá③❡❦ ✶✿ ❱❧✐✈ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r✈❦➲ ♥❛ ❣r❛✜t✐③❛❝✐ ❧✐t✐♥ ❬✸❪

✷



❖❜rá③❡❦ ✶ ❣r❛✜❝❦② ③♥á③♦r➡✉❥❡ ✈❧✐✈ ❥❡❞♥♦t❧✐✈ý❝❤ ♣r✈❦➲ ♥❛ ❣r❛✜t✐③❛❝✐ ❧✐t✐♥✳ ❩❛tí♠❝♦

♣r✈❦② ✈ ❧❡✈é ↔ást✐ ♦s② ❣r❛✜t✐③❛❝✐ ♣♦❞♣♦r✉❥í✱ t② ✈ ♣r❛✈é ↔ást✐ ♦s② ✭♣r✈❦② ❦❛r❜✐❞♦t✈♦r♥é✮

❥✐ ♥❛♦♣❛❦ ♣♦t❧❛↔✉❥í✳ ❏❡❥✐❝❤ ✈❧✐✈ ❥❡ tí♠ ✈➙t➨í✱ ↔í♠ ✈í❝❡ ✈♣r❛✈♦ ↔✐ ✈❧❡✈♦ s❡ ❥❡❞♥♦t❧✐✈é

♣r✈❦② ♥❛ ♦s❡ ♥❛❝❤á③❡❥í✳ ❖❜s❛❤ t➙❝❤t♦ ♣r✈❦➲ ❝✐t❡❧♥➙ ♦✈❧✐✈➡✉❥❡ s❛♠♦t♥♦✉ ❦r②st❛❧✐③❛❝✐

❧✐t✐♥② ❛ tí♠ ✐ ❥❡❥í ✈ýs❧❡❞♥♦✉ str✉❦t✉r✉✳ Pr✈❦② ❧❡➸í❝í ✉♣r♦st➦❡❞ ❥s♦✉ ③ ❤❧❡❞✐s❦❛ ❣r❛✜t✐✲

③❛❝❡ ♣♦✈❛➸♦✈á♥② ③❛ ♥❡✉trá❧♥í✳ ❬✸❪

❑r②st❛❧✐③❛❝❡ ❧✐t✐♥ s❡ ✉s❦✉t❡↔➡✉❥❡ ♣♦❞❧❡ st❛❜✐❧♥í❤♦ ↔✐ ♠❡t❛st❛❜✐❧♥í❤♦ ❜✐♥ár♥í❤♦ ❞✐❛✲

❣r❛♠✉ ❋❡ ✕ ❈✱ r❡s♣❡❦t✐✈❡ ❋❡ ✕ Fe3❈ ✭✈✐③ ❖❜rá③❡❦ ✷✮✱ ♣➦í♣❛❞♥➙ s❡ ✈ ♣r➲❜➙❤✉ ❝❤❧❛❞♥✉tí

✉♣❧❛t➡✉❥í ♦❜❛ s②sté♠② ✭♥❛♣➦í❦❧❛❞ ♣➦✐ r♦③❞í❧♥é r②❝❤❧♦st✐ ❝❤❧❛❞♥✉tí ✈ r➲③♥ý❝❤ ↔ást❡❝❤

♦❞❧✐t❦✉✮✳ ❏❡❧✐❦♦➸ ♠á ❦➦❡♠í❦ s✐❣♥✐✜❦❛♥t♥í ✈❧✐✈ ♥❛ t✈❛r ❞✐❛❣r❛♠✉✱ ❥❡ ♠♥♦❤❞② ✈②✉➸í✲

✈á♥♦ t❡r♥ár♥í❤♦ ❞✐❛❣r❛♠✉ ❋❡ ✕ ❈ ✕ ❙✐ ↔✐ ❥❡❤♦ ➦❡③➲✱ t③✈✳ ♣s❡✉❞♦❜✐♥ár♥í❝❤ ❞✐❛❣r❛♠➲

♣r♦ ❦♦♥❦rét♥í ♦❜s❛❤ ❦➦❡♠í❦✉✳ ❬✸❪

❙tr✉❦t✉r♥➙ ❥s♦✉ ❧✐t✐♥② t✈♦➦❡♥② ♣r✐♠ár♥í ❢á③í ❛ ❡✉t❡❦t✐❦❡♠✳ ❚✉❤♥✉tí♠ ❞❧❡ st❛❜✐❧✲

♥í❤♦ ❞✐❛❣r❛♠✉ ✈③♥✐❦á ❣r❛✜t✐❝❦é ❡✉t❡❦t✐❦✉♠✱ t✈♦➦❡♥é ❛✉st❡♥✐t❡♠ ❛ ✉❤❧í❦❡♠✱ ❦t❡rý

❥❡ ♣❛❦ ✈②❧♦✉↔❡♥ ✈ ♥➙❦t❡ré ③ ♠♦r❢♦❧♦❣✐❝❦ý❝❤ ❢♦r❡♠ ❣r❛✜t✉ ❛ t❛❦♦✈é ❧✐t✐♥② ♥❛③ý✈á♠❡

❣r❛✜t✐❝❦é✳ ❚✉❤♥✉tí ❞❧❡ ♠❡t❛st❛❜✐❧♥í❤♦ ❞✐❛❣r❛♠✉ ❞á✈á ✈③♥✐❦♥♦✉t ❧❡❞❡❜✉r✐t✉✱ ❢á③♦✈é

s♠➙s✐ ❛✉st❡♥✐t✉ ❛ ❝❡♠❡♥t✐t✉ ✭❦❛r❜✐❞✉ ➸❡❧❡③❛ Fe3❈ ✮✳ ❏❡❧✐❦♦➸ ♥❡♥í ✈❡ str✉❦t✉➦❡ ♣➦í✲

t♦♠❡♥ ✈♦❧♥ý ✉❤❧í❦✱ ♥❡❞♦❝❤á③í ❦❡ ✈③♥✐❦✉ ❣r❛✜t✉ ❛ t❛❦♦✈é t✉❤♥✉tí ♦③♥❛↔✉❥❡♠❡ ❥❛❦♦

❜í❧é ✭♣♦❞❧❡ s✈➙t❧é ❜❛r✈② ❝❡♠❡♥t✐t✉✮✳ ❚í♠t♦ ③♣➲s♦❜❡♠ ❦r②st❛❧✐③✉❥í❝í ❧✐t✐♥② ♥❛③ý✈á♠❡

❝❡♠❡♥t✐t✐❝❦é ✭té➸ ③♥á♠é ❥❛❦♦ ❜í❧é ↔✐ ❦❛r❜✐❞✐❝❦é✮✳ ▼❡③✐st✉♣♥➙♠ ♠❡③✐ ❧✐t✐♥❛♠✐ ❣r❛✜t✐❝✲

❦ý♠✐ ❛ ❝❡♠❡♥t✐t✐❝❦ý♠✐ ❥❡ ❧✐t✐♥❛ ♠❛❦♦✈á✱ ♦❜s❛❤✉❥í❝í ❥❛❦ ❣r❛✜t✐❝❦é✱ t❛❦ ♠❡t❛st❛❜✐❧♥í

❡✉t❡❦t✐❦✉♠✳ ❱ýs❧❡❞❦❡♠ ❥❡ str✉❦t✉r❛✱ ❦t❡rá ♥❛ ❦♦♥❝✐ t✉❤♥✉tí ♦❜s❛❤✉❥❡ ❦r♦♠➙ ❛✉st❡✲

♥✐t✉ t❛❦é s♠➙s ❣r❛✜t✉ ❛ ❝❡♠❡♥t✐t✉ ❛ ③♣r❛✈✐❞❧❛ ❥❡ ♣♦✈❛➸♦✈á♥❛ ③❛ ♥❡➸á❞♦✉❝í✳ ❬✶❪

❈❤❛r❛❦t❡r ❦r②st❛❧✐③❛❝❡ ✭t✉❤♥✉tí st❛❜✐❧♥➙ ↔✐ ♠❡t❛st❛❜✐❧♥➙✮ ✈ý③♥❛♠♥➙ ♦✈❧✐✈➡✉❥❡

♥❡❥❡♥♦♠ ❝❤❡♠✐❝❦é s❧♦➸❡♥í ❧✐t✐♥②✱ ❛❧❡ ✐ ❞❛❧➨í ❢❛❦t♦r②✱ ❥❛❦♦ ❥❡ r②❝❤❧♦st ♦❝❤❧❛③♦✈á♥í ↔✐ st❛✈

t❛✈❡♥✐♥②✳ ❖❜❡❝♥➙ ♣❧❛tí✱ ➸❡ t✉❤♥✉tí ❞❧❡ st❛❜✐❧♥í❤♦ ❞✐❛❣r❛♠✉ ❋❡ ✕ ❈ ♣♦❞♣♦r✉❥❡ ♣➦ít♦♠✲

✸



❖❜rá③❡❦ ✷✿ ❘♦✈♥♦✈á➸♥ý ❜✐♥ár♥í ❞✐❛❣r❛♠ st❛❜✐❧♥í s♦✉st❛✈② ❋❡ ✕ ❈ ✭♣➦❡r✉➨♦✈❛♥á✮

❛ ♠❡t❛st❛❜✐❧♥í s♦✉st❛✈② ❋❡ ✕ Fe3❈ ✭♣❧♥á✮ ❬✶❪

♥♦st ❣r❛✜t✐③❛↔♥í❝❤ ♣r✈❦➲✱ ③✈❧á➨t➙ ♣❛❦ ✉❤❧í❦✉ ❛ ❦➦❡♠í❦✉ ✭❥❡❥✐❝❤ ✈❧✐✈ ✉ ♥❡❧❡❣♦✈❛♥ý❝❤

❧✐t✐♥ ❜➙➸♥ý❝❤ ❥❛❦♦stí ❣r❛✜❝❦② ③♥á③♦r➡✉❥í ▼❛✉r❡r➲✈ ↔✐ ▲❛♣❧❛♥❝❤❡➲✈ ❞✐❛❣r❛♠✮ ❛ ♣♦✲

♠❛❧❡❥➨í ♦❝❤❧❛③♦✈á♥í ✭❞á♥♦ ❦♦♥str✉❦❝í ♦❞❧✐t❦✉ ✭t❧♦✉➨➫❦♦✉ st➙♥②✮✱ ❧✐❝í t❡♣❧♦t♦✉ ♥❡❜♦

❢②③✐❦á❧♥í♠✐ ✈❧❛st♥♦st♠✐ ❢♦r♠② ❛ s❛♠♦t♥é❤♦ ❦♦✈✉✮✳ ◆❛ ♣r➲❜➙❤ ❦r②st❛❧✐③❛❝❡ ♠á ✈❧✐✈

t❛❦é ♠♥♦➸st✈í ❦r②st❛❧✐③❛↔♥í❝❤ ③ár♦❞❦➲✱ ❦t❡ré ❥❡ ♠♦➸♥é ✉③♣➲s♦❜✐t ♠✐♠♦♣❡❝♥í♠ ③♣r❛✲

❝♦✈á♥í♠ ✭♦↔❦♦✈á♥í♠✮ t❛✈❡♥✐♥②✳ ❬✸❪

❱ý③♥❛♠♥♦✉ r♦❧✐ ♣➦✐ ❦r②st❛❧✐③❛❝✐ ❧✐t✐♥ ❛ tí♠ ✐ ♣➲s♦❜❡♥í ♥❛ ✜♥á❧♥í str✉❦t✉r✉ ♠á

s❛♠♦t♥ý ♣r➲❜➙❤ ❦r②st❛❧✐③❛❝❡✱ ❦t❡rý ❥❡ ❞á♥ ❡✉t❡❦t✐❝❦ý♠ s❧♦➸❡♥í♠✱ r❡s♣❡❦t✐✈❡ ♣♦❧♦❤♦✉

❡✉t❡❦t✐❝❦é❤♦ ❜♦❞✉✳ ❚❛ s❡ s ♣➦ít♦♠♥♦stí ❞❛❧➨í❝❤ ♣r✈❦➲ ✈ ❧✐t✐♥➙ ♠➙♥í✳ ❏❡❥✐❝❤ ♣➲s♦❜❡♥í

✹



♥❛ ♣♦❧♦❤✉ ❡✉t❡❦t✐❝❦é❤♦ ❜♦❞✉ ✈②❥❛❞➦✉❥❡ t③✈✳ ✉❤❧í❦♦✈ý ❡❦✈✐✈❛❧❡♥t CE✱ ❦t❡rý ③❥❡❞♥♦✲

❞✉➨❡♥➙ ♣➦❡✈á❞í ♦❜s❛❤ ❞❛❧➨í❝❤ ♣r✈❦➲ ♥❛ ♦❜s❛❤ t③✈✳ ❡❦✈✐✈❛❧❡♥t♥í❤♦ ✉❤❧í❦✉✳ ❱ýs❧❡❞♥á

❤♦❞♥♦t❛ ♣❛❦ ✉❞á✈á✱ ③❞❛ s❡ ❥❡❞♥á ♦ ❧✐t✐♥✉ ❡✉t❡❦t✐❝❦♦✉ ✭CE = 4, 23✮✱ ♣♦❞❡✉t❡❦t✐❝❦♦✉

✭CE < 4, 23✮ ↔✐ ♥❛❞✉❡t❡❦t✐❝❦♦✉ ✭CE > 4, 23✮✳

CE = %C + 0, 3(%Si+%P )

P♦❞♦❜♥➙ ❧③❡ ❧✐t✐♥② ❤♦❞♥♦t✐t ♣♦❞❧❡ t③✈✳ st✉♣♥➙ ❡✉t❡❦t✐↔♥♦st✐ Sc✱ ❦t❡rý ✉❞á✈á ♣♦♠➙r

❝❡❧❦♦✈é❤♦ ♦❜s❛❤✉ ✉❤❧í❦✉ ❦ ❡✉t❡❦t✐❝❦é♠✉ s❧♦➸❡♥í✳

Sc =
%C

4, 23− 0, 3(%Si+%P )

◆❛ ③á❦❧❛❞➙ t♦❤♦t♦ ❦r✐tér✐❛ ♣❧❛tí✱ ➸❡ ♣r♦ ❧✐t✐♥✉ ❡✉t❡❦t✐❦♦✉ ❥❡ Sc = 1✱ ♠❡♥➨í✱ r❡✲

s♣❡❦t✐✈❡ ✈➙t➨í ❤♦❞♥♦t❛ st✉♣♥➙ ❡✉t❡❦t✐↔♥♦st✐ ♣r♦ ❧✐t✐♥✉ ♣♦❞❡✉t❡❦t✐❝❦♦✉✱ r❡s♣❡❦t✐✈❡

♥❛❞❡✉t❡❦t✐❝❦♦✉✳ ❬✷✱ ✸❪

Pr➲❜➙❤ ❦r②st❛❧✐③❛❝❡ ❥❡ t❡❞② s ♦❤❧❡❞❡♠ ♥❛ ❡✉t❡❦t✐❝❦é s❧♦➸❡♥í ♥ás❧❡❞✉❥í❝í✳ ❩❛tí♠❝♦

✈ ♣➦í♣❛❞➙ ♣♦❞❡✉t❡❦t♦✐❞♥í ❧✐t✐♥② s❡ ③ t❛✈❡♥✐♥② ♥❡❥❞➦í✈❡ ✈②❧✉↔✉❥❡ ❛✉st❡♥✐t ✈ ♣♦❞♦❜➙ ❞❡♥✲

❞r✐t➲✱ ✉ ♥❛❞❡✉t❡❦t♦✐❞♥í ❧✐t✐♥② ❞♦❝❤á③í ✈ ♣➦í♣❛❞➙ t✉❤♥✉tí ❞❧❡ st❛❜✐❧♥í❤♦ ❞✐❛❣r❛♠✉ ♥❡❥✲

♣r✈❡ ❦ ✈②❧♦✉↔❡♥í ♣r✐♠ár♥í❤♦ ❣r❛✜t✉✳ P♦❦✉❞ ♥❛stá✈á t✉❤♥✉tí ♠❡t❛st❛❜✐❧♥í✱ ❥❡ ♣➦❡❞♥➙

✈②❧♦✉↔❡♥ ♣r✐♠ár♥í ❝❡♠❡♥t✐t✳ ❙❡ s♥✐➸✉❥í❝í s❡ t❡♣❧♦t♦✉ s❡ s❧♦➸❡♥í t❛✈❡♥✐♥② ❜❧í➸í ❡✉t❡❦✲

t✐❝❦é♠✉ ❜♦❞✉ ❛ t✉❤♥✉tí ❦♦♥↔í ❞♦s❛➸❡♥í♠ ❡✉t❡❦t✐❝❦é t❡♣❧♦t②✱ ❦❞② ❥❡ ✈②❧♦✉↔❡♥♦ ❡✉t❡❦✲

t✐❦✉♠ st❛❜✐❧♥í ↔✐ ♠❡t❛st❛❜✐❧♥í s♦✉st❛✈②✱ ❛ s✐❝❡ ❣r❛✜t✐❝❦é ❡✉t❡❦t✐❦✉♠ ✭s♠➙s ❛✉st❡♥✐t✉

❛ ❣r❛✜t✉✮ ♥❡❜♦ ❧❡❞❡❜✉r✐t ✭t✈♦➦❡♥ s♠➙sí ❛✉st❡♥✐t✉ ❛ ❝❡♠❡♥t✐t✉✮✳ Prá✈➙ t✈♦r❜♦✉ ❡✉t❡❦✲

t✐❦❛ s❡ ❦r②st❛❧✐③❛❝❡ ❧✐t✐♥ s✈ý♠ ♣r➲❜➙❤❡♠ ❧✐➨í ♦❞ ❦r②st❛❧✐③❛❝❡ ♦❝❡❧í✳ ❯ ♦❝❡❧í ❞♦❝❤á③í

❦ t✉❤♥✉tí ❜❡③ ♣r♦❞❧❡✈② ♠❡③✐ ❦➦✐✈❦❛♠✐ ❧✐❦✈✐❞✉ ❛ s♦❧✐❞✉✱ ③❛tí♠❝♦ ♣➦✐ t✈♦r❜➙ ❡✉t❡❦t✐❦❛

♥❛stá✈á ↔❛s♦✈á ♣r♦❞❧❡✈❛ ③❛ ❦♦♥st❛t♥í t❡♣❧♦t②✱ ❦❞② ❞♦❝❤á③í ❦ ♣♦st✉♣♥é♠✉ t✉❤♥✉tí

t❛✈❡♥✐♥②✳ ❆➸ ♣♦ ✉❦♦♥↔❡♥í t✉❤♥✉tí ③❛↔♥❡ t❡♣❧♦t❛ ♦♣➙t ❦❧❡s❛t ❛ ♥❛stá✈á ❝❤❧❛❞♥✉tí✳

❙ ❞❛❧➨í♠ ♣♦❦❧❡s❡♠ t❡♣❧♦t② ❞♦❝❤á③í ❦ ❡✉t❡❦t♦✐❞♥í ♣➦❡♠➙♥➙ ❛ ♣♦st✉♣♥é tr❛♥s❢♦r♠❛❝✐

❛✉st❡♥✐t✉ ✈❡ str✉❦t✉➦❡✳ ❬✸✱ ✹❪

✺



❩ t❡❝❤♥♦❧♦❣✐❝❦é❤♦ ❤❧❡❞✐s❦❛ ❥❡ ✉ ❣r❛✜t✐❝❦ý❝❤ ❧✐t✐♥ ♥❡❥✈ý❤♦❞♥➙❥➨í ♣rá✈➙ ❡✉t❡❦t✐❝❦é

s❧♦➸❡♥í✱ ❦t❡ré ③❛r✉↔✉❥❡ ú③❦ý ✐♥t❡r✈❛❧ t✉❤♥✉tí ❛ s tí♠ s♣♦❥❡♥é ❞♦❜ré s❧é✈ár❡♥s❦é ✈❧❛st✲

♥♦st✐ ❧✐t✐♥②✱ ❥❛❦♦ ♥❛♣➦í❦❧❛❞ ③❛❜í❤❛✈♦st✳ ❯ ♥❛❞❡✉t❡❦t✐❝❦ý❝❤ ❧✐t✐♥ s❡ s❡t❦á✈á♠❡ s t✈♦r❜♦✉

t③✈✳ ❣r❛✜t♦✈é ♣➙♥②✱ ❦t❡rá ❥❡ ③♣➲s♦❜❡♥❛ ❦r②st❛❧✐③❛❝í ♣r✐♠ár♥í❤♦ ❣r❛✜t✉ ✈ t❛✈❡♥✐♥➙✳ ❏❡✲

❧✐❦♦➸ ❥❡ ❤✉st♦t❛ ❣r❛✜t✉ ♠❡♥➨í ♥❡➸ ❤✉st♦t❛ t❛✈❡♥✐♥②✱ ✈②♣❧♦✉✈á ♥❛ ♣♦✈r❝❤✳ ◆❛ ❞r✉❤♦✉

str❛♥✉ ✉ ♣♦❞❡✉t❡❦t✐❝❦ý❝❤ ❧✐t✐♥ ❦r②st❛❧✐③✉❥❡ ❣r❛✜t ♥❛ ❞❡♥❞r✐t❡❝❤ ❥✐➸ ✈②❧♦✉↔❡♥é❤♦ ❛✉s✲

t❡♥✐t✉✱ ❝♦➸ ♠á ③❛ ♥ás❧❡❞❡❦ ♠❡③✐❞❡♥❞r✐t✐❝❦é r♦③❧♦➸❡♥í ❣r❛✜t✉ ✈❡ str✉❦t✉➦❡✳ ❱ ♦❜♦✉

♣➦í♣❛❞❡❝❤ ❞♦❝❤á③í ❦❡ s♥í➸❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí ✈ýs❧❡❞♥é❤♦ ♦❞❧✐t❦✉✳ ❬✷✱ ✸❪

❋✐♥á❧♥í str✉❦t✉r❛ ♠❛tr✐❝❡ ✭③á❦❧❛❞♥í ❦♦✈♦✈é ❤♠♦t②✮ ❧✐t✐♥② ❥❡ ③á✈✐s❧á ♥❛ ♣r➲❜➙❤✉✱ r❡✲

s♣❡❦t✐✈❡ ③♣➲s♦❜✉ tr❛♥s❢♦r♠❛❝❡ ❛✉st❡♥✐t✉ ♣➦✐ ❡✉t❡❦t♦✐❞♥í ♣➦❡♠➙♥➙✳ ❱ýs❧❡❞♥á st✉❦t✉r❛

♠➲➸❡ ❜ýt ✈ ③á✈✐s❧♦st✐ ♥❛ ❞r✉❤✉ ❧✐t✐♥②✱ ❥❡❥í♠ ❝❤❡♠✐❝❦é♠ s❧♦➸❡♥í ❛ r②❝❤❧♦st✐ ♦❝❤❧❛③♦✲

✈á♥í ❜✉↕ ③❝❡❧❛ t✈♦➦❡♥❛ ❣r❛✜t♦✈ý♠ ❡✉t❡❦t♦✐❞❡♠✱ ③❝❡❧❛ ♣❡r❧✐t✐❝❦á✱ ♥❡❜♦ s❡ ♠➲➸❡ ❥❡❞♥❛t

♦ ❥❡❥✐❝❤ ❦♦♠❜✐♥❛❝✐ ✭s♠➙s ❣r❛✜t♦✈é❤♦ ❡✉t❡❦t♦✐❞✉ s ♣❡r❧✐t❡♠✮✳ ●r❛✜t♦✈ý ❡✉t❡❦t♦✐❞ ❥❡

s♠➙s ❢❡r✐t✉ s ❣r❛✜t❡♠✱ ❦❞❡ ♦❜s❛❤✉ ✉❤❧í❦✉ ↔✐♥í ✵✱✻✾ %✳ ❉í❦② t♦♠✉ ❥❡ ♠♦➸♥é ♣♦✈❛➸♦✈❛t

❣r❛✜t♦✈ý ❡✉t❡❦t♦✐❞ ③❛ té♠➙➦ ↔✐stý ❢❡r✐t✳ P♦➸❛❞♦✈❛♥é❤♦ ✈ýs❧❡❞❦✉ ❧③❡ ❞♦❝í❧✐t t③✈✳ ➦í✲

③❡♥♦✉ tr❛♥s❢♦r♠❛❝í ❛✉st❡♥✐t✉ ❛ t♦ ♣➦❡❞❡✈➨í♠ ✈♦❧❜♦✉ ✈❤♦❞♥ý❝❤ ♣➦ís❛❞♦✈ý❝❤ ♣r✈❦➲

✭❧❡❣✉r✮✱ ❦t❡rý♠✐ ❥❡ ♠♦➸♥é ♠♥♦➸st✈í ❢❡r✐t✉ ❛ ♣❡r❧✐t✉ r❡❣✉❧♦✈❛t✳ P♦❞st❛t♥♦✉ r♦❧✐ ❤r❛❥❡

t❛❦é r②❝❤❧♦st ♦❝❤❧❛③♦✈á♥í✳ P➦✐ ♦❝❤❧❛③♦✈á♥í ❞♦st❛t❡↔♥➙ ❞❧♦✉❤é♠✱ r❡s♣❡❦t✐✈❡ ♣♦♠❛❧é♠✱

❜✉❞❡ ✈ýs❧❡❞♥á str✉❦t✉r❛ ❢❡r✐t✐❝❦á✳ ❙❡ ③✈②➨✉❥í❝í s❡ r②❝❤❧♦stí ♦❝❤❧❛③♦✈á♥í r♦st❡ ♠♥♦➸st✈í

♣❡r❧✐t✉ ✈❡ str✉❦t✉➦❡✳ ❉❛❧➨í❝❤ str✉❦t✉rá❧♥í❝❤ s❧♦➸❡❦ ♠❛tr✐❝❡✱ ❥❛❦♦ ❥❡ ♥❛♣➦í❦❧❛❞ ♠❛r✲

t❡♥③✐t✱ ❜❛✐♥✐t ↔✐ ❛✉s❢❡r✐t✱ ❧③❡ ❞♦❝í❧✐t ✈❤♦❞♥ý♠ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠✳ ❱ ❦♦♠❜✐♥❛❝✐

s ❧❡❣♦✈á♥í♠ ❥❡ ♠♦➸♥é ❞♦sá❤♥♦✉t ♥❡❥❡♥♦♠ ③✈ý➨❡♥í ♠❡❝❤❛♥✐❝❦ý❝❤ ✈❧❛st♥♦stí✱ ❛❧❡ t❛❦é

❞❛❧➨í❝❤ ♠♦➸♥♦stí str✉❦t✉r♥í❝❤ ✉s♣♦➦á❞á♥í✱ ❥❛❦♦ ❥❡ ♥❛♣➦í❦❧❛❞ ❛✉st❡♥✐t✳ ❬✷❪

❱ý❝❤♦③í♠ ❦r✐tér✐❡♠ ♣r♦ st❛♥♦✈❡♥í ❞r✉❤✉ ❧✐t✐♥② ❥❡ t✈❛r ✈②❧♦✉↔❡♥é❤♦ ❣r❛✜t✉✱ ❦❞②

♥❛ ③á❦❧❛❞➙ ♥♦r♠② ❷❙◆ ❊◆ ■❙❖ ✾✹✺✲✶ r♦③❧✐➨✉❥❡♠❡ ➨❡st ③á❦❧❛❞♥í❝❤ t✈❛r➲ ❣r❛✜t✉

✭✈✐③ ❖❜rá③❡❦ ✸✮✱ ❛ s✐❝❡ ■✳ ❧✉♣í♥❦♦✈ý✱ ■■✳ ♣❛✈♦✉↔❦♦✈✐tý✱ ■■■✳ ↔❡r✈í❦♦✈✐tý✱ ■❱✳ ✈❧♦↔❦♦✈ý✱
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❱✳ ♥❡❞♦❦♦♥❛❧❡ ③r♥✐tý ❛ ❱■✳ ♣r❛✈✐❞❡❧♥➙ ③r♥✐tý✳ ❩❛tí♠❝♦ ❧✉♣í♥❦♦✈ý ❣r❛✜t s❡ ✈②❧✉↔✉❥❡ ♣➦✐

❦r②st❛❧✐③❛❝✐ ❞❧❡ st❛❜✐❧♥í❤♦ ❞✐❛❣r❛♠✉ ❜❡③ ♥✉t♥♦st✐ ✈♥➙❥➨í❤♦ ③ás❛❤✉✱ ♣r♦ ❦r②st❛❧✐③❛❝✐

❣r❛✜t✉ ❦✉❧✐↔❦♦✈é❤♦ ✭♣r❛✈✐❞❡❧♥➙ ③r♥✐té❤♦✮ ❥❡ t➦❡❜❛ ♠✐♠♦♣❡❝♥í❤♦ ③♣r❛❝♦✈á♥í t❛✈❡♥✐♥②✱

t③✈✳ ♠♦❞✐✜❦❛❝❡✳ ▼❡③✐ ❧✉♣í♥❦♦✈ý♠ ❛ ❦✉❧✐↔❦♦✈ý♠ ❣r❛✜t❡♠ ♣❛❦ ❡①✐st✉❥❡ ❝❡❧á ➦❛❞❛ ♣➦❡✲

❝❤♦❞♦✈ý❝❤ t✈❛r➲✱ ❥❛❦♦ ❥❡ ❣r❛✜t ↔❡r✈í❦♦✈✐tý✱ ❤✈➙③❞✐❝♦✈✐tý✱ ❝❤✉♥❦② ❣r❛✜t ❛ ♣♦❞♦❜♥➙✳

❩✈❧á➨t♥í♠ ♣➦í♣❛❞❡♠ ❥❡ ❣r❛✜t ✈❧♦↔❦♦✈ý✱ ❦t❡rý ♥❡✈③♥✐❦á ♣r✐♠ár♥í ❦r②st❛❧✐③❛❝í✱ ❛❧❡ ❥❡

✈ýs❧❡❞❦❡♠ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❝❡♠❡♥t✐t✐❝❦ý❝❤ ❧✐t✐♥ t③✈✳ t❡♠♣❡r♦✈á♥í♠✳ ❉➲❧❡➸✐t♦✉

r♦❧✐ ❤r❛❥❡ t❛❦é r♦③❧♦➸❡♥í ❣r❛✜t✉✱ ❦t❡ré ❥❡ ❞❧❡ ♥♦r♠② ❞➙❧❡♥♦ ♥❛ ❆✳ r♦✈♥♦♠➙r♥é✱ ❇✳ r➲➸✐✲

❝♦✈✐té✱ ❈✳ s♠í➨❡♥é✱ ❉✳ ♠❡③✐❞❡♥❞r✐t✐❝❦é ♥❡✉s♠➙r♥➙♥é ❛ ❊✳ ♠❡③✐❞❡♥❞r✐t✐❝❦é ✉s♠➙r♥➙♥é

✭✈✐③ ❖❜rá③❡❦ ✸✮✳ ❬✶✱ ✸❪

❖❜rá③❡❦ ✸✿ ❚✈❛r ✭■✳ ✕ ❱■✳✮ ❛ r♦③❧♦➸❡♥í ✭❆ ✕ ❊✮ ❣r❛✜t✉ ❞❧❡ ❷❙◆ ❊◆ ■❙❖ ✾✹✺ ✕ ✶ ❬✷❪
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▼✐♠♦♣❡❝♥í♠ ③♣r❛❝♦✈á♥í♠✱ ❦❞② ③❛s❛❤✉❥❡♠❡ ❞♦ st❛✈✉ t❛✈❡♥✐♥② t➙s♥➙ ♣➦❡❞ ↔✐ ✈ ♣r➲✲

❜➙❤✉ ♦❞❧é✈á♥í✱ ✈ý③♥❛♠♥➙ ♦✈❧✐✈➡✉❥❡♠❡ ♣r➲❜➙❤ ❦r②st❛❧✐③❛❝❡ ❣r❛✜t✉✳ ❱ t❡❝❤♥✐❝❦é ♣r❛①✐

s❡ ✈ s♦✉↔❛s♥♦st✐ ✈②✉➸í✈á ❞✈♦✉ ③á❦❧❛❞♥í❝❤ ♣♦st✉♣➲✱ ❛ s✐❝❡ ❣r❛✜t✐③❛↔♥í❤♦ ♦↔❦♦✈á♥í

❛ ♠♦❞✐✜❦❛❝❡ t❛✈❡♥✐♥②✳ ❈í❧❡♠ ♦↔❦♦✈á♥í ❥❡ ✈②t✈♦➦❡♥í ❞♦st❛t❡↔♥é❤♦ ♣♦↔t✉ ❣r❛✜t✐③❛↔✲

♥í❝❤ ③ár♦❞❦➲✱ ❞í❦② ↔❡♠✉➸ ③ís❦á✈á♠❡ ✈➙t➨í ♠♥♦➸st✈í ❡✉t❡❦t✐❝❦ý❝❤ ❜✉♥➙❦ ❛ ③ár♦✈❡➡

tí♠ ❞♦❝❤á③í ❦❡ ③❥❡♠♥➙♥í ❣r❛✜t✉✳ ❙♦✉↔❛s♥➙ ③❛❜r❛➡✉❥❡♠❡ ✈②❧♦✉↔❡♥í ♥❡➸á❞♦✉❝í❤♦ ❦❛r✲

❜✐❞✉ ➸❡❧❡③❛ ❛ tí♠ s♥✐➸✉❥❡♠❡ s❦❧♦♥ ❦ ③á❦❛❧❝❡ ✈ ❦r✐t✐❝❦ý❝❤ ♣r➲➦❡③❡❝❤ ♦❞❧✐t❦✉✳ ❑ ♦↔❦♦✈á♥í

♥❡❥↔❛st➙❥✐ ✈②✉➸í✈á♠❡ ❧át❦② ♥❛ ❜á③✐ ➸❡❧❡③❛ ❛ ❦➦❡♠í❦✉✱ t③✈✳ ❢❡r♦s✐❧✐❝✐✉♠✳ ▼♦❞✐✜❦❛❝❡ t❛✲

✈❡♥✐♥② ♠á ✈ý③♥❛♠ ✉ ❧✐t✐♥② s ❦✉❧✐↔❦♦✈ý♠ ❣r❛✜t❡♠✱ ❦❞❡ ✉➸✐tí♠ ♠♦❞✐✜❦át♦r✉ ✭♥❡❥↔❛st➙❥✐

s❡ ✈②✉➸í✈á ❤♦➦↔í❦✉✱ ↔❛st♦ ✈ ❦♦♠❜✐♥❛❝✐ s ✈á♣♥í❦❡♠✱ ♥✐❦❧❡♠✱ ❤❧✐♥í❦❡♠ ↔✐ ❝ér❡♠✮ ♠➙✲

♥í♠❡ ♣♦✈r❝❤♦✈é ♥❛♣➙tí ♠❡③✐ ♥✉❦❧❡❛↔♥í♠ ③ár♦❞❦❡♠ ❛ t❛✈❡♥✐♥♦✉✱ ❛ tí♠ ❦♦♥tr♦❧✉❥❡♠❡

t✈❛r ✈②❧✉↔♦✈❛♥é❤♦ ❣r❛✜t✉✳ ❆ ♣rá✈➙ t✈❛r✱ ✈❡❧✐❦♦st✱ ♠♥♦➸st✈í ❛ r♦③❧♦➸❡♥í ✈②❧♦✉↔❡♥é❤♦

❣r❛✜t✉ ✉r↔✉❥❡ s♣♦❧✉ s ❝❤❛r❛❦t❡r❡♠ ③á❦❧❛❞♥í ❦♦✈♦✈é ❤♠♦t② ✈ýs❧❡❞♥é ✈❧❛st♥♦st✐ ❧✐t✐♥②✳

❬✶✱ ✷✱ ✸❪
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✷✳✶✳✶ ❱❧❛st♥♦st✐ ❧✐t✐♥

♣♦✉➸ít ❞♦♣♦r✉↔❡♥♦✉ ❧✐t❡r❛t✉r✉ ③❡ ③❛❞á♥í

✭❞♦♣❧♥✐t✮ ❥❛❦é ❥s♦✉ ✈❧❛st♥♦st✐ ❧✐t✐♥ ✭♥❛♣➦✳ ✈ ♣♦r♦✈♥á♥í s ♦st❛t♥í♠✐ ♠❛t❡r✐á❧②✮✱

❥❡❥✐❝❤ ✈ý❤♦❞② ❛ ♥❡✈ý❤♦❞②✱ ✈②✉➸✐tí ♣rá✈➙ t✈❛r✱ ✈❡❧✐❦♦st ❛ ♠♥♦➸st✈í ✈②❧♦✉↔❡♥é❤♦ ❣r❛✜t✉

♦✈❧✐✈➡✉❥❡ ✈ýs❧❡❞♥é ✈❧❛st♥♦st✐ ❧✐t✐♥②

❇í❧é ❧✐t✐♥② ❥s♦✉ ✈❡❧♠✐ ❦➦❡❤❦é✱ ♣r❛❦t✐❝❦② ♥❡♦❜r♦❜✐t❡❧♥é ↔✐ ❥✐♥❛❦ ♥❡③♣r❛❝♦✈❛t❡❧♥é✱

❥❡ ♥✉t♥é t❡♣❡❧♥é ③♣r❛❝♦✈á♥í✱ t③✈✳ t❡♠♣❡r♦✈á♥í✳ ❉í❦② t❡♣❡❧♥é♠✉ ③♣r❛❝♦✈á♥í s❡ ③♠➙♥í

✈♦❧♥ý ✉❤❧í❦✱ ✉❧♦➸❡♥ý ✈ ❝❡♠❡♥t✐t✉ ♥❛ ❣r❛✜t✱ ♠❛tr✐❝❡ ❥❡ ♣♦t♦♠ ❢❡r✐t✐❝❦á ✭s ❜í❧ý♠ ❧♦♠❡♠✮

♥❡❜♦ ♣❡r❧✐t✐❝❦á ✭s ↔❡r♥ý♠ ❧♦♠❡♠✮✳

▲✐t✐♥② s ❢❡r✐t✐❝❦♦✉ ♠❛tr✐❝í ♣♦✈❛➸✉❥❡♠❡ ③❛ ♥❡❦❛❧✐t❡❧♥é✱ ❥❡❧✐❦♦➸ ❢❡r✐t✱ t✉❤ý r♦③t♦❦

✉❤❧í❦✉ ✈ ➸❡❧❡③❡ ❛❧❢❛ ❥❡ s✈ý♠ ❝❤❡♠✐❝❦ý♠ s❧♦➸❡♥í♠ ♣r❛❦t✐❝❦② ↔✐sté ➸❡❧❡③♦✱ ♥❛ ✉❤❧í❦

❝❤✉❞ý✱ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ♥❡♥í ♠♦➸♥é ❞♦sá❤♥♦✉t t❛❦♦✈é❤♦ ♣♥✉tí ✈ ♠➦í➸❝❡ ✭▼❚❩

♥❡♠á ♣♦ r②❝❤❧é♠ ♦❝❤❧❛③❡♥í t❡tr❛❣♦♥á❧♥í ♠➦í➸❦✉✮✱ ❦t❡ré ❜② ♠➙❧♦ s✐❣♥✐✜❦❛♥t♥í ú↔✐♥❡❦

♥❛ ③♣❡✈♥➙♥í ♠❛t❡r✐á❧✉✳

✷✳✶✳✷ ❩❧❡♣➨♦✈á♥í ✈❧❛st♥♦stí

✭❞♦♣❧♥✐t✮ ❖❜❡❝♥ý ♣➦❡❤❧❡❞ ♠♦➸♥♦stí✱ ❥❛❦ ③❧❡♣➨✐t ✈❧❛st♥♦st✐ ✭♦↔❦♦✈á♥í✱ ❝í❧❡♥á ♠♦❞✐✲

✜❦❛❝❡ ❣r❛✜t✉✱ ❧❡❣♦✈á♥í✱ ❚❩✮

✷✳✷ ❚❡♣❡❧♥é ③♣r❛❝♦✈á♥í ❧✐t✐♥

✭Pát❡➦✮ ❘♦③♣❡s❛t ♣♦❞r♦❜♥➙✱ ♣r♦↔ ❚❩ ❛ ❝♦ ♦❞ t♦❤♦ ♦↔❡❦á✈á♠❡✱ ✈②♣s❛t ❛ ♣♦♣s❛t

❥❡❞♥♦t❧✐✈é ❚❩ ♣r♦ ❧✐t✐♥② ✭✈↔❡t♥➙ t❡r♠♦❣r❛♠➲✮ ✭❛✮ ♣♦✈r❝❤♦✈é ❦❛❧❡♥í ✭❜✮ ✐♥❞✉❦↔♥í ❦❛❧❡♥í

✭❝✮ ❦❛❧❡♥í ❧❛s❡r❡♠

✾



✷✳✸ ❙♦✉↔❛s♥ý st❛✈ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❧✐t✐♥

✭Pát❡➦✮ ▲✐t❡rár♥í r❡➨❡r➨❡ ③ ↔❧á♥❦➲✱ t❛❦➸❡ ❥♠❡♥♦✈✐t➙ ❝♦ ❦❞♦ ❞➙❧❛❧ ❛ ❥❛❦é ❥s♦✉ ✈ý✲

s❧❡❞❦②✱ ✈③ít t♦ ♣r➲➦❡③♦✈➙ ✈ ♣r➲❜➙❤✉ ❧❡t ❛ ✈②s❡❧❡❦t♦✈❛t ♥❡❥③❛❥í♠❛✈➙❥➨í ✈➙❝✐ ❛➸ ♣♦

s♦✉↔❛s♥♦st✱ ❝í❧❡♥♦ ♥❛ ♣♦✈r❝❤♦✈é ❦❛❧❡♥í✳

✷✳✸✳✶ ■♥❞✉❦↔♥í ❦❛❧❡♥í

❱ ♣➦í♣❛❞➙ ✐♥❞✉❦↔♥í❤♦ ❦❛❧❡♥í ▲❑● ③á✈✐sí ❞♦s❛➸❡♥á t✈r❞♦st ♥❛ t❡♣❧♦t➙ ♦❝❤❧❛③♦✲

✈❛❝í❤♦ ♠é❞✐❛✱ ❦❞② s❡ ③✈②➨✉❥í❝í s❡ t❡♣❧♦t♦✉ ❦❧❡sá r♦③❞í❧ ♠❡③✐ ♠✐♥✐♠á❧♥í ❛ ♠❛①✐♠á❧♥í

❤♦❞♥♦t♦✉ t✈r❞♦st✐✳ ❙❡ ③✈②➨✉❥í❝í s❡ r②❝❤❧♦stí ♦❤➦❡✈✉ ♥❛r➲stá ❤❡t❡r♦❣❡♥✐t❛ ❦❛❧❡♥é ✈rst✈②

✭❙✈✐r✐❞❡♥❦♦✱ ✶✾✻✼ ❬✺❪✮✳

P♦ ✐♥❞✉❦↔♥í♠ ❦❛❧❡♥í ❞♦❝❤á③í ✉ ▲▲● s ♣❡r❧✐t✐❝❦♦✉ ♠❛tr✐❝í ✭❙❈❤ ✷✶✲✹✵✮ ❦ ❞❡❢♦r✲

♠❛❝í♠✳ ❆✉t♦r ✭❆❞♦②❛♥ ❡t ❛❧✳✱ ✶✾✼✵ ❬✻❪✮ ③❦♦✉♠❛❧ ✈❧✐✈ ❞♦❞❛t❡↔♥é❤♦ ♣♦❞❝❤❧❛③❡♥í ♣r♦

③❛♠❡③❡♥í ③♠➙♥ r♦③♠➙r➲✳ P♦❞❝❤❧❛③❡♥í♠ ❛❧❡ ❞♦❝❤á③í ❦ r➲st✉ ❞❡❢♦r♠❛❝í✱ ❦t❡ré ❥s♦✉ tí♠

✈②➨➨í✱ ↔í♠ ❥❡ ♥✐➸➨í t❡♣❧♦t❛✳ ❚❡♥t♦ ❥❡✈ ❥❡ ❛✉t♦r❡♠ ✈②s✈➙t❧❡♥ t❛❦✱ ➸❡ ✈❧✐✈❡♠ ♥í③❦ý❝❤

t❡♣❧♦t s❡ ③❜②t❦♦✈ý ❛✉st❡♥✐t ✈ ③❛❦❛❧❡♥é ♠✐❦r♦str✉❦t✉➦❡ s❡ tr❛♥s❢♦r♠✉❥❡ ♥❛ ♠❛rt❡♥✲

③✐t✱ ❝♦➸ ❥❡ s❧♦➸❦❛✱ ❦t❡rá ♠á ♥❡❥✈➙t➨í ♦❜❥❡♠✳ P➦✐ ♥ás❧❡❞♥é ✈ý❞r➸✐ ♥❛ t❡♣❧♦t➙ ♦❦♦❧í s❡

♠➙♥í t❡tr❛❣♦♥á❧♥í ♠➦í➸❦❛ ♥❛ ❦✉❜✐❝❦♦✉ ✭t❡♠♣❡r♦✈❛♥ý ♠❛rt❡♥③✐t✮✱ ❝♦➸ ❥❡ ❞♦♣r♦✈á③❡♥♦

r❡❞✉❦❝í ❞é❧❦♦✈é❤♦ r♦③♠➙r✉ s♦✉↔ást✐✳ Pr♦ st❛❜✐❧✐③❛❝✐ r♦③♠➙r➲ t❡❞② ♥❡♥í ♠♦➸♥é t❡♥t♦

♣r♦❝❡s ✉ ❧✐t✐♥ ✈②✉➸ít✳

P❛r❛♠❡tr② t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ♣r♦ ✐♥❞✉❦↔♥í ❦❛❧❡♥í ♠✉sí ❜ýt ✈♦❧❡♥② ♥❛ ③á❦❧❛❞➙

♠♥♦➸st✈í ❢❡r✐t✉ ❛ ❣r❛✜t✉ ✈ ♠✐❦r♦str✉❦t✉➦❡ ✭P❡tr✐❝❤❡♥❦♦ ❡t ❛❧✳✱ ✶✾✼✹ ❬✼❪✮✳ Ús♣➙➨♥➙

♣r♦✈❡❞❡♥é t❡♣❡❧♥é ③♣r❛❝♦✈á♥í ✐♥❞✉❦❝í ③á✈✐sí ♣➦❡❞❡✈➨í♠ ♥❛ ♦♣❛❦♦✈❛t❡❧♥♦st✐ ✈ýs❧❡❞❦➲✱

❦t❡ré ❥s♦✉ ♦✈❧✐✈♥➙♥② ♣➦❡✈á➸♥➙ ♦❜s❛❤❡♠ ✉❤❧í❦✉ ❛ t②♣❡♠ ♠❛tr✐❝❡ ✭❘✉❞♥❡✈✱ ✷✵✶✽ ❬✽❪✮✳

❑♦❧❡❦t✐✈ ❛✉t♦r➲ ▼❛②✉r♥✐❦♦✈ ❡t✳ ❛❧✳✱ ✶✾✽✶ ❬✾❪ s❡ ✈➙♥♦✈❛❧ ③♣❡✈♥➙♥í ✐③♦t❡r♠✐❝❦②

③♣r❛❝♦✈❛♥é ✈②s♦❦♦♣❡✈♥♦st♥í ❧✐t✐♥② ♦❜s❛❤✉❥í❝í ❜❛✐♥✐t ❛ tr♦♦st✐t❡✲❢❡r✐t ♣♦♠♦❝í ✐♥❞✉❦↔✲

♥í❤♦ ❦❛❧❡♥í s ✈②s♦❦♦❢r❡❦✈❡♥↔♥í♠ ♦❤➦❡✈❡♠ ✭❍❋❈✮✳ ❱②s♦❦é r②❝❤❧♦st✐ ♦❤➦❡✈➲ ✈❡❞♦✉ ❦

✶✵



♥❡❞♦st❛t❡↔♥é ❤♦♠♦❣❡♥✐③❛❝✐ ❛✉st❡♥✐t✉ ❛ ✈③♥✐❦á ♥❡❤♦♠♦❣❡♥♥í ♠❛rt❡♥③✐t✱ ❦t❡rý s❡ ✈②✲

s❦②t✉❥❡ ♣♦✉③❡ ✈ ❧♦❦á❧♥í❝❤ ♦❜❧❛st❡❝❤ ❛ ❤r❛❥❡ r♦❧✐ s♣í➨❡ ❥❛❦♦ str✉❦t✉r♥í ♥❡❤♦♠♦❣❡♥✐t❛✳

❚❡♥t♦ ❥❡✈ ❥❡ ♠♦➸♥é ♣♦③♦r♦✈❛t ✈ ♣➦í♣❛❞➙ ❜❛✐♥✐t✐❝❦é ♠✐❦r♦str✉❦t✉r②✳ ❖❜❞♦❜♥ý ❥❡✈ ❥❡

♣♦③♦r♦✈❛t❡❧♥ý ✐ ✉ tr♦♦st✐t❡✲❢❡r✐t✐❝❦é ♠✐❦r♦str✉❦t✉r②✳ P♦✈r❝❤♦✈á t✈r❞♦st s ♥❛r➲st❛❥í❝í

r②❝❤❧♦stí ❦❧❡sá ❜❡③ ♦❤❧❡❞✉ ♥❛ ♠❛rt❡♥③✐t✐❝❦é ♦❜❧❛st✐✱ ♥í③❦á t✈r❞♦st ♣❛❦ ♦❞♣♦✈í❞á ♣➲✲

✈♦❞♥í str✉❦t✉➦❡ ✭tr♦♦st✐t❡✲❢❡r✐t✮✳ ❱❧✐✈❡♠ ♥❡❞♦st❛t❡↔♥é ❞✐❢ú③❡ ✉❤❧í❦✉ ❥❡ t❡❞② ♥✉t♥é

♣♦✉➸ít ♥✐➸➨í r②❝❤❧♦st✐ ♦❤➦❡✈✉✳ ❙❛♠♦t♥á t❡♣❧♦t❛ ♠á ❛❧❡ ✈❧✐✈ ♥❛ ✈③♥✐❦ ✈♥✐t➦♥í❤♦ ♣♥✉tí✳

❙ ♥❛r➲st❛❥í❝í t❡♣❧♦t♦✉ ❦❧❡sá ✉ ❜❛✐♥✐t✐❝❦é ♠❛tr✐❝❡ t❧❛❦♦✈á s❧♦➸❦❛ ✈ ♠❛rt❡♥③✐t✐❝❦é ❢á③✐✱

❛❧❡ t❛❤♦✈á s❧♦➸❦❛ ♥❛♣➙tí ♥❛r➲stá ✈ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐✳ ❱ ♣➦í♣❛❞➙ tr♦♦st✐t❡✲❢❡r✐t✉ ❥❡

t♦ ♥❛♦♣❛❦✱ ❥❡❧✐❦♦➸ s❡ ③✈②➨✉❥❡ ♦❜s❛❤ ✉❤❧í❦✉ ✈ ❛✉st❡♥✐t✉ ❛ tí♠ ❥❡ ✐ ✈②➨➨í ♣♦❞í❧ ♠❛rt❡♥✲

③✐t✉ ❛ tí♠ ❥❡ ✐ ✈②➨➨í ♣♦❞í❧ ③❜②t❦♦✈é t❧❛❦♦✈é s❧♦➸❦②✳ ◆✐➸➨í t❛❤♦✈á s❧♦➸❦❛ ❥❡ ❞➲s❧❡❞❦❡♠

❦♦♠❜✐♥❛❝❡ s❧♦➸❡❦ ❢❡r✐t✲♠❛rt❡♥③✐t ✈ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐✳ P➲✈♦❞♥í ❜❛✐♥✐t✐❝❦á ♠❛tr✐❝❡ ❥❡

t❡❞② ✈í❝❡ ♥á❝❤②❧♥á ♥❛ ✈③♥✐❦ ♣r❛s❦❧✐♥ ✈ ♣r➲❜➙❤✉ ✐♥❞✉❦↔♥í❤♦ ♣♦✈r❝❤♦✈é❤♦ ❦❛❧❡♥í✳

❩♣❡✈♥➙♥í ♣♦✈r❝❤♦✈é ✈rst✈② ▲▲● ✈②s♦❦♦❢r❡❦✈❡♥↔♥í ✐♥❞✉❦❝í s❡ ③❛❜ý✈❛❧ ❑✐r✐②❛ ❡t

❛❧✳✱ ✶✾✽✷ ❬✶✵❪✳ ❱rst✈❛ ♣♦ ❚❩ ❞♦sá❤❧❛ t❧♦✉➨➫❦② ✶✱✹ ♠♠✱ ✈❡ ❦t❡ré ✈③♥✐❦❛❥í t➦✐ ♦❜❧❛st✐✳

❖❜❧❛st ❞♦❦♦♥❛❧é ❢ú③❡ ♠á ✵✱✽ ♠♠✱ ♥ás❧❡❞♦✈❛♥á ♣➦❡❝❤♦❞♦✈♦✉ ♦❜❧❛stí ✭✵✱✷ ✕ ✵✱✸ ♠♠✮

❛ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥♦✉ ♦❜❧❛stí ✭✵✱✸ ♠♠✮✳ ❚❛❦t♦ ③♣r❛❝♦✈❛♥á ❧✐t✐♥❛ s❡ t❡❞② ♦❞❧✐➨✉❥❡ ♦❞

❧✐t✐♥② ③♣r❛❝♦✈❛♥é ♣♦♠♦❝í ❧❛s❡r✉✳ ❖♣r♦t✐ ❧❛s❡r✉ ❥❡ ♦✈❧✐✈♥➙♥ý ♣♦✈r❝❤ ❧✐t✐♥② ✈í❝❡ ❤❧❛❞❦ý

❛ ❜❡③ ✈ýr❛③♥ý❝❤ ✈❛❞✳ ❖❜❧❛st ❢ú③❡ ♦❜s❛❤✉❥❡ ✈❧✐✈❡♠ r②❝❤❧é❤♦ ♦❝❤❧❛③❡♥í ❧❡❞❡❜✉r✐t✐❝❦♦✉

♠✐❦r♦str✉❦t✉r✉✳ ❊✉t❡❦t✐❝❦é ❦♦❧♦♥✐❡ ❧❡❞❡❜✉r✐t✉ ❥s♦✉ ♦r✐❡♥t♦✈á♥② ✈❡ s♠➙r✉ ❝❤❧❛❞♥✉tí✳

P➦❡❝❤♦❞♦✈á ♦❜❧❛st s❡ s❦❧á❞á ③ ❥❡♠♥ý❝❤ ❞❡♥❞r✐❞➲ ❛✉st❡♥✐t✉ ✈③♥✐❦❧é❤♦ ✈ ♣r➲❜➙❤✉ ❦r②s✲

t❛❧✐③❛❝❡ ❛ ③❤r✉❜❧ý❝❤ ♦❜❧❛stí ♥❡♥❛t❛✈❡♥é❤♦ ♣➲✈♦❞♥í❤♦ ❛✉st❡♥✐t✉✳ P♦ ❦r②st❛❧✐③❛❝✐ s❡

❛✉st❡♥✐t tr❛♥s❢♦r♠✉❥❡ ♥❛ ♠❛rt❡♥③✐t ❛ ❜❛✐♥✐t ✈❧✐✈❡♠ ✈②s♦❦é ♦❝❤❧❛③♦✈❛❝í r②❝❤❧♦st✐✳ ❱

t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é ♦❜❧❛st✐ s❡ ♣➲✈♦❞♥í ♣❡r❧✐t✐❝❦á ♠❛tr✐❝❡ ♠➙♥í ♥❛ ❜❛✐♥✐t✐❝❦♦✉✱ ❦t❡rá s✐

♣♦♥❡❝❤á✈á ❥❡♠♥♦✉ ❧❛♠❡❧ár♥í str✉❦t✉r✉ t②♣✐❝❦♦✉ ♣r♦ ♣❡r❧✐t✳ P♦✈r❝❤♦✈á ♠✐❦r♦t✈r❞♦st

✐♥❞✉❦↔♥➙ ③♣r❛❝♦✈❛♥é ❧✐t✐♥② ❥❡ st❡❥♥á✱ ❥❛❦♦ ♣♦ ③♣r❛❝♦✈á♥í ❧❛s❡r❡♠✳ ❱ ♣➦í♣❛❞➙ ✐♥❞✉❦↔✲

♥í❤♦ ❦❛❧❡♥í s❡ ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ♦❜❥❡✈✉❥í ♣r❛s❦❧✐♥② ♣♦❞é❧ ❤r❛♥✐❝ ❧❡❞❡❜✉r✐t✐❝❦ý❝❤

✶✶



❦♦❧♦♥✐í✳

■♥❞✉❦↔♥í♠ ③♣r❛❝♦✈á♥í♠ ▲▲● ❧✐t✐♥ ✭❋●✷✻✵✮ ❛ ▲❑● ✭✻✵✵✴✸✮ s❡ ✈➙♥♦✈❛❧ ❇❛❧❛✲

❝❤❛♥❞r❛♥ ❡t ❛❧✳✱ ✷✵✶✵ ❬✶✶❪✳ ❙t✉❞♦✈❛❧ ✈❧✐✈ ♣❛r❛♠❡tr➲ ♥❛ ❤❧♦✉❜❦✉ ♦✈❧✐✈♥➙♥é ✈rst✈②✳

❍❧♦✉❜❦❛ ✈rst✈② ❥❡ ✈ ♣➦í♣❛❞➙ ▲❑● ❞✈♦❥♥ás♦❜♥á ♦♣r♦t✐ ▲▲●✳ ❆✉t♦r t♦ ✈②s✈➙t❧✉❥❡ ♥á✲

r➲st❡♠ ❡❧❡❦tr✐❝❦é❤♦ ♦❞♣♦r✉ s t❡♣❧♦t♦✉✱ ❝♦➸ ♠➲➸❡ ♠ít ③❛ ♥ás❧❡❞❡❦ ♦✈❧✐✈♥➙♥í ✈ýs❧❡❞♥é

❤❧♦✉❜❦②✳ ❱ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ ♥❛ ♣♦✈r❝❤✉ ✈③♥✐❦á ♠❛rt❡♥③✐t ♦ t✈r❞♦st✐ ✻✵✵ ✕ ✽✵✵ ❍❱✶✳

▲▲● ♠á ♥❛ ♣♦✈r❝❤✉ ✈✐❞✐t❡❧♥♦✉ ❞❡♥❞r✐t✐❝❦♦✉ str✉❦t✉r✉ ❛ ✈ ♠❛tr✐❝✐ ❥❡ ♣❛tr♥ý ③❜②t❦♦✈ý

❛✉st❡♥✐t s♣♦❧❡↔♥➙ s ❥❡♠♥ý♠✐ ❦❛r❜✐❞②✱ ❦t❡ré ✈③♥✐❦❛❥í ♥❛ ♦❦r❛❥✐ ❡✉t❡❦t✐❝❦ý❝❤ ❤r❛♥✐❝ ❛

❥s♦✉ s♣♦❥❡♥② s❡ s❡❣r❡❣❛❝í ❧❡❣✉❥í❝í❝❤ ♣r✈❦➲✳ ❏á❞r♦ ③➲stá✈á ♣❡r❧✐t✐❝❦é✳ ❯ ▲❑● s❡ ♥❛✲

❝❤á③í ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ♠❛rt❡♥③✐t s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠✳ ❉á❧❡ ❞♦❝❤á③í ✈ ✐♥❞✉❦❝í

♦✈❧✐✈♥➙♥é ✈rst✈➙ ❦ ♣♦❦❧❡s✉ ✈❡❧✐❦♦st✐ ❦✉❧✐↔❡❦ ❛ ❥❡❥✐❝❤ ❦r✉❤♦✈✐t♦st✐ ✭♦ ✷✵ ✪✮ ❛ ♠➙♥í s❡ ✐

❥❡❥✐❝❤ t✈❛r✳ ◆❛ t❡♣❧♦t➙ ❛✉t❡♥t✐③❛❝❡ s❡ ✉❤❧í❦ ✈ ♦✈❧✐✈♥➙♥é ✈rst✈➙ r♦③♣♦✉➨tí ❛ ❣r❛✜t t❛❦

③trá❝í s✈♦❥✐ ✈❡❧✐❦♦st ❛ t✈❛r✳

▲❡❛❧ ❡t ❛❧✳✱ ✷✵✶✼ ❬✶✷❪ ✉✈á❞í✱ ➸❡ ✈ ♣➦í♣❛❞➙ ▲▲● ♠á ♠❛❧ý ♣♦❞í❧ ❧❡❣✉❥í❝í❝❤ ♣r✈❦➲ ✈

♠❛tr✐❝✐ ✭❝❤r♦♠✱ ♥✐❦❧✱ ♠♦❧②❜❞❡♥ ❛ ♠❛♥❣❛♥✮ ♣♦③✐t✐✈♥í ✈❧✐✈ ♥❛ ✐♥❞✉❦↔♥í ❦❛❧❡♥í✳ P♦♠♦❝í

❋❊▼ ✭▼❑P✮ s✐♠✉❧❛❝❡ ❜②❧② ✈②❤♦❞♥♦❝❡♥② ♣♦❞♠í♥❦② ♣r♦ ❞♦s❛➸❡♥í ❦r✐t✐❝❦ý❝❤ tr❛♥s❢♦r✲

♠❛↔♥í❝❤ t❡♣❧♦t✳ ❱ýs❧❡❞❦② s✐♠✉❧❛❝❡ s❡ s❤♦❞✉❥í s ❡①♣❡r✐♠❡♥tá❧♥➙ ③ís❦❛♥ý♠✐ ✈ýs❧❡❞❦②✳

P➲✈♦❞♥í ♠❛tr✐❝❡ s❡ s❦❧á❞á ③ ❥❡♠♥é❤♦ ♣❡r❧✐t✉✱ st❡❛t✐t✉ ✭t❡r♥ár♥í ❡✉t❡❦t✐❝❦ý ❝❡♠❡♥t✐t✱

❢♦s✜❞ ❛ ❢❡r✐t✮ ❛ ❧✉♣í♥❦➲ ❣r❛✜t✉ s r♦✈♥♦♠➙r♥♦✉ ❞✐str✐❜✉❝í✱ ❝♦➸ ♣♦❞♣♦r✉❥❡ ❛✉st❡♥✐t✐③❛❝✐✳

P♦ ✐♥❞✉❦↔♥í♠ ♦❤➦❡✈✉ ❞♦❝❤á③í ❦ tr❛♥s❢♦r♠❛❝✐ ♥❛ ❥❡♠♥ý ♠❛rt❡♥③✐t ✭✺✹ ❍❘❈✮ s ♠❛❧ý♠

♣♦❞í❧❡♠ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉✳

✷✳✸✳✷ ❑❛❧❡♥í ❧❛s❡r❡♠

❏✐➸ ✈ r♦❝❡ ✶✾✽✹ s❡ ✈ý③❦✉♠ ❈❤❡♥ ❡t ❛❧✳ ❬✶✸❪ ③❛❜ý✈❛❧ ✈❧✐✈❡♠ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✲

✈á♥í ♣♦✈r❝❤✉ ▲❑● ❛ ▲▲● ❧❛s❡r❡♠ ✭✹ ❦❲✱ ✷✺ r♣♠✮ ♥❛ ♦❞♦❧♥♦st ♣r♦t✐ ♦♣♦t➦❡❜❡♥í✳

P➲✈♦❞♥í ♠❛tr✐❝❡ ▲❑● ❥❡ ♣❡r❧✐t✐❝❦♦✲❢❡r✐t✐❝❦á✱ ❦❞❡ s❡ ❢❡r✐t ♥❛❝❤á③í ✈❡ ❢♦r♠➙ ♦str➲✈❦➲

✶✷



♦❦♦❧♦ ❣r❛✜t✉✱ ③❛tí♠❝♦ ✉ ▲▲● ❥❡ ♠❛tr✐❝❡ ↔✐st➙ ♣❡r❧✐t✐❝❦á✳ ❱❧✐✈❡♠ ✈②s♦❦é ❤✉st♦t② ❧❛✲

s❡r♦✈é❤♦ s✈❛③❦✉ ❛ ❞❧♦✉❤ý❝❤ ↔❛s➲ ❡①♣♦③✐❝❡ ✈③♥✐❦á ✈ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ ✈rst✈❛ ♦ t❧♦✉➨➫❝❡

❝❝❛ ✶ ♠♠ s t✈r❞♦stí ❛➸ ✶✷✹✺ ❍❱✳ ▼✐❦r♦str✉❦t✉r❛ s❡ s❦❧á❞á ③ r♦✈♥♦❜➙➸♥ý❝❤ ❞❡s❡❦

❝❡♠❡♥t✐t✉ ❛ ❛✉st❡♥✐t✐❝❦é ❢á③❡✱ ❦t❡rá ❥❡ ♥❡st❛❜✐❧♥í ❛ ♣♦③❞➙❥✐ s❡ ♣➦❡♠➙➡✉❥❡ ♥❛ ♠❛rt❡♥③✐t

♥❡❜♦ ♣❡r❧✐t ✭♦③♥❛↔♦✈á♥♦ ❥❛❦♦ ❡✉t❡❦t✐❦✉♠ ❞❡s❦♦✈é❤♦ t✈❛r✉✮✳ ❇➙❤❡♠ ③♣r❛❝♦✈á♥í ▲❑●

s❡ ✈➙t➨✐♥❛ ❦✉❧✐↔❡❦ ❣r❛✜t✉ r♦③♣✉st✐❧❛ ✈ t❛✈❡♥✐♥➙ s ✈ý❥✐♠❦♦✉ r♦③❤r❛♥í ❧✐❦✈✐❞✉ ❛ s♦❧✐❞✉✱

❦❞❡ ❜②❧② t❡♣❧♦t❛ ❛ ↔❛s ♥❡❞♦st❛t❡↔♥é ♣r♦ ❦♦♠♣❧❡t♥í r♦③♣✉➨t➙♥í✳ ◆❛ ♥➙❦♦❧✐❦❛ ♠íst❡❝❤

✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ❜②❧② stá❧❡ ♣❛tr♥é ❦❧❛str② ❦✉❧✐↔❡❦ ❣r❛✜t✉✳ ❱❧✐✈❡♠ ✈②s♦❦é t✈r❞♦st✐

✉ ▲▲● ✈③♥✐❦❛❥í ♣r❛s❦❧✐♥② ♥❛ ♣♦✈r❝❤✉✱ ❦t❡ré ③♥❡♠♦➸➡✉❥í ❤♦❞♥♦❝❡♥í ❧✐t✐♥② ③ ❤❧❡❞✐s❦❛

♦t➙r✉✈③❞♦r♥♦st✐✳ ❉á❧❡ ✈③♥✐❦❛❥í ♠❛❧é ♣ór② ♥❛ r♦③❤r❛♥í ❧✐❦✈✐❞✉ ❛ s♦❧✐❞✉✱ ❦t❡ré ❛✉t♦r ✈②✲

s✈➙t❧✉❥❡ ❥❛❦♦ ❞➲s❧❡❞❡❦ ✈③♥✐❦✉ ♣❧②♥✉✱ ❦t❡rý ❜②❧ ❛❜s♦r❜♦✈á♥ ❣r❛✜t❡♠ ✈ ♣r➲❜➙❤✉ ♣➲✈♦❞✲

♥í❤♦ t✉❤♥✉tí ❧✐t✐♥②✳ ❱ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ ❞♦❝❤á③í ❦❡ ③❧❡♣➨❡♥í ♦t➙r✉✈③♦❞r♥♦st✐ ❛ ✈ ♣➦í♣❛❞➙

▲❑● ❥❡ ❞í❦② ❛❜s❡♥❝✐ ❣r❛✜t✉ ♦t➙r✉✈③❞♦r♥♦st ✈②➨➨í✳ ❩✈ý➨❡♥♦✉ t✈r❞♦st ✈❧✐✈❡♠ t❡♣❡❧✲

♥é❤♦ ③♣r❛❝♦✈á♥í ❛ ❥❡❥í ♣♦③✐t✐✈♥í ✈❧✐✈ ♥❛ ♦❞♦❧♥♦st ♣r♦t✐ ♦♣♦t➦❡❜❡♥í ♣♦t✈r③✉❥í ✐ ❞❛❧➨í

❛✉t♦➦✐ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✷✵ ❬✶✹❪ ❛ ❈✉✐ ❡t ❛❧✳ ✷✵✶✾ ❬✶✺❪✮✳

❑r❛♣♦s❤✐♥ ❡t ❛❧✳✱ ✶✾✽✾ ❬✶✻❪ s❡ ✈➙♥♦✈❛❧ ✈❧✐✈✉ ③♠➙♥ ♣❛r❛♠❡tr➲ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✲

✈á♥í ❧❛s❡r❡♠ ♥❛ ♣♦❞í❧ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ✈ ♦✈❧✐✈♥➙♥é ♦❜❧❛st✐ ✉ ▲▲● ✭❱❈❤✹✷✲✶✷✮✳

❩✈ý➨❡♥í♠ ♣❛r❛♠❡tr✉ P/d(dv)0,4 s❡ ♠➙♥í ♠♥♦➸st✈í ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ✈ ③á✈✐s❧♦st✐

♥❛ st✉♣♥✐ r♦③♣✉st♥♦st✐ ❣r❛✜t✉ ✈ r♦③t❛✈❡♥é♠ ♠❛t❡r✐á❧✉✳

❱❧✐✈ ❞♦♣❛❞✉ r♦③❞í❧♥é❤♦ ♣♦❤②❜✉ ❧❛s❡r✉ ♥❛ ❜á③✐ CO2 ♥❛ str✉❦t✉r✉ ▲▲● ❛♥❛❧②③♦✈❛❧

❑r❛♣♦s❤✐♥ ❡t ❛❧✳✱ ✶✾✽✽ ❬✶✼❪✳ ❩❦♦✉♠á♥ ❜②❧ ❦♦♥t✐♥✉á❧♥í ❧✐♥❡ár♥í ♣♦❤②❜ ♣♦❞é❧ ♣♦✈r❝❤✉✱

❦❡ ❦t❡ré♠✉ ❜②❧ ♣♦s❧é③❡ ♣➦✐❞á♥ ♣♦❤②❜ ❧✐♥❡ár♥í ♦s❝✐❧❛❝❡ s ❦♦♥st❛♥t♥í ❢r❡❦✈❡♥❝í ✈❡ s♠➙r✉

❦♦❧♠é♠ ❦ ♣➲✈♦❞♥í♠✉ ♣♦❤②❜✉✳ ❉➲s❧❡❞❦❡♠ t♦❤♦ ❥❡ ✈í❝❡ ✉♥✐❢♦r♠♥í t❡♣❧♦t♥í ♣♦❧❡✱ ❦t❡ré

♥❡♥í ❝✐t❧✐✈é ♥❛ ♥❡✉♥✐❢♦r♠♥í ❞✐str✐❜✉❝✐ ❡♥❡r❣✐❡ ✈ ♣r➲➦❡③✉ st♦♣② ❧❛s❡r♦✈é❤♦ s✈❛③❦✉✳

P♦ t❡♣❡❧♥é♠ ③♣r❛❝♦✈á♥í ✈③♥✐❦❛❥í ❞✈➙ ♦❜❧❛st✐✱ ❛ s✐❝❡ ♦❜❧❛st ❦♦♠♣❧❡t♥í ❢ú③❡ ❛ t❡♣❡❧♥➙

♦✈❧✐✈♥➙♥á ♦❜❧❛st✳ ❙tr✉❦t✉r❛ ✈❡ ③♣❡✈♥➙♥é ♣♦✈r❝❤♦✈é ♦❜❧❛st✐ ♠á ❞❡♥❞r✐t✐❝❦ý ❝❤❛r❛❦t❡r

✶✸



♦ t✈r❞♦st✐ ✾✵✵ ✕ ✶✵✵✵ ❍❱ ✭❢❡r✐t ✰ ❛✉st❡♥✐t ✰ Fe3❈ ✮✳ ❙❡ s♥✐➸✉❥í❝í s❡ r②❝❤❧♦stí ♣♦❤②❜✉

❧❛s❡r✉ s❡ ♦❦r❛❥❡ ❞❡♥❞r✐t➲ ✈í❝❡ ③❛❦✉❧❛❝✉❥í✱ t❛❦é s❡ ♦❜❥❡✈✉❥í ③❜②t❦② ♥❡r♦③♣✉➨t➙♥é❤♦

❣r❛✜t✉✳ ❱❡ s♣♦❞♥í ↔ást✐ ③♣❡✈♥➙♥é ✈rst✈② s❡ ♥❛❝❤á③í ♠❛rt❡♥③✐t✳ ❱ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é

♦❜❧❛st✐ ❥❡ ♣❛tr♥ý ♣♦❦❧❡s ✈❡ t❧♦✉➨➫❝❡ ❣r❛✜t✐❝❦ý❝❤ ❧✉♣í♥❦➲ ✈ ❞➲s❧❡❞❦➲ r♦③♣✉➨t➙♥í ❣r❛✜t✉

✈ ❛✉st❡♥✐t✉✳ ❱ ♦❦♦❧í ❣r❛✜t✉ ❥❡ ♠♦➸♥é ♣♦③♦r♦✈❛t ♠❛rt❡♥③✐t✐❝❦é ♦❜❧❛st✐ ✭✼✺✵ ✕ ✾✺✵

❍❱✮✳ ❩♠➙♥❛ ♣♦❤②❜✉ ❧❛s❡r✉ ♥❡♠á ✈❧✐✈ ♥❛ ✈ýs❧❡❞♥♦✉ str✉❦t✉r✉✱ ❛❧❡ ♠➙♥í s❡ t❧♦✉➨➫❦❛

❥❡❞♥♦t❧✐✈ý❝❤ ♦❜❧❛stí✳

❙❛♠s♦♥♦✈ ❡t ❛❧✳✱ ✶✾✽✾ ❬✶✽❪ ✉❞á✈á✱ ➸❡ ✉ ▲▲● ✭❙❈❍✶✺✮ ③♣r❛❝♦✈❛♥é ❧❛s❡r❡♠ ♦ ✈ý❦♦♥✉

✵✱✽ ❦❲ ✈③♥✐❦❛❥í ❞✈➙ ♦❜❧❛st✐✳ ❖❜❧❛st ❢ú③❡ ♦ t❧♦✉➨➫❝❡ ✵✱✸ ✕ ✵✱✹ ♠♠ ♠á ♠✐❦r♦str✉❦t✉r✉

s❧♦➸❡♥♦✉ ③ ❧❡❞❡❜✉r✐t✉✱ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ❛ ♠❛rt❡♥③✐t✉ ✭✺✾ ✕ ✻✵ ❍❘❈✮✳ ❉❡♥❞r✐t②

❥❡♠♥➙ ❞✐s♣❡r❣♦✈❛♥é❤♦ ❧❡❞❡❜✉r✐t✉ ❥s♦✉ ♦r✐❡♥t♦✈á♥② ✈❡ s♠➙r✉ ♦❞✈♦❞✉ t❡♣❧❛✳ ❖❜❧❛st

③♣❡✈♥➙♥í ♦ t❧♦✉➨➫❝❡ ✵✱✶✺ ✕ ✵✱✷ ♠♠ ♦❜s❛❤✉❥❡ ❥❛❦ ❥❡♠♥ý✱ t❛❦ ❤r✉❜ý ❣r❛✜t✳

▲❛s❡r❡♠ ③♣r❛❝♦✈❛♥á ❆●■ ❧✐t✐♥❛ ✈②❦❛③✉❥❡ ↔t②➦✐ ♠✐❦r♦str✉❦t✉r♥í ③ó♥②✳ ❩♣❡✈♥➙♥á

✈rst✈❛ ❥❡ ♣❧♥➙ ❧❡❞❡❜✉r✐t✐❝❦á ❛ ❥❡ ♦❜❦❧♦♣❡♥❛ ❞✈➙♠❛ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥ý♠✐ ♦❜❧❛st♠✐✳

❍♦r♥í ✈rst✈❛ ♦❜s❛❤✉❥❡ ♠❛rt❡♥③✐t✱ ③❛tí♠❝♦ s♣♦❞♥í s❡ s❦❧á❞á ③ t❡♠♣❡r♦✈❛♥é❤♦ ❛✉s❢❡✲

r✐t✉✳ ❏á❞r♦ ♦❜s❛❤✉❥❡ ❛❝✐❦✉❧ár♥í ❢❡r✐t ❛ ✉❤❧í❦❡♠ ♥❛s②❝❡♥ý ❛✉st❡♥✐t ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✷✵

❬✶✾❪✮✳

❷t②➦✐ ♦❜❧❛st✐ ♦ ❝❡❧❦♦✈é t❧♦✉➨➫❝❡ ✹✱✸ ♠♠ ❥s♦✉ ♣♦③♦r♦✈❛t❡❧♥é ✐ ✉ ❧❛s❡r❡♠ ✭✺✵✵ ❲✮

③♣r❛❝♦✈❛♥é ▲❑● ✭●●●✲✻✵✮✳ ❙❛♠♦t♥á ❤♦r♥í ③♣❡✈♥➙♥á ✈rst✈❛ ❛❧❡ ♦❜s❛❤✉❥❡ ❞✈➙ ♦❜❧❛st✐✱

❦❞❡ ♥❛ ♣♦✈r❝❤✉ ❥❡ ♠✐❦r♦str✉❦t✉r❛ ♣❧♥➙ ♠❛rt❡♥③✐t✐❝❦á✱ ③❛tí♠❝♦ ✈❡ s♣♦❞♥í ↔ást✐ s❡

❥❡❞♥á ♦ ❦♦♠❜✐♥❛❝✐ ♠❛rt❡♥③✐t✉ ❛ ♣♦❧♦r♦③♣✉➨t➙♥é❤♦ ❝❡♠❡♥t✐t✉ ✈ ❜❧í③❦♦st✐ ③á❦❧❛❞♥í❤♦

♠❛t❡r✐á❧✉ ✭●❤❛✐♥✐ ❡t ❛❧✳✱ ✷✵✷✵ ❬✷✵❪✮✳ ❱ ♣➦í♣❛❞➙ ♣♦✉➸✐tí ❡①❝✐♠❡r♦✈é❤♦ ❧❛s❡r✉ ✭❳❡❈❧✮ ♦

✹✵✵ ♠❏ ♥❡❞♦❝❤á③í ❞❧❡ ▼❛r❡st ❡t ❛❧✳✱ ✶✾✾✺ ❬✷✺❪ ❦ r♦③♣✉➨t➙♥í ❦✉❧✐↔❡❦ ❣r❛✜t✉ ❛❧❡ ❦ ❥❡❥✐❝❤

↔ást❡↔♥é s✉❜❧✐♠❛❝✐ ♣➦✐ ✐♥t❡r❦❛❝✐ s ❧❛s❡r❡♠✳ ❱ýs❧❡❞♥á ③❛s❛➸❡♥á ♦❜❧❛st ♠á ③❤r✉❜❛ ✶✶

➭♠✱ ❦❞❡ ♥❛t❛✈❡♥á ✶ ➭♠ ✈rst✈❛ s❡ s❦❧á❞á ③ ❛✉st❡♥✐t✉✱ ♠❛rt❡♥③✐t✉ ❛ ❦❛r❜✐❞➲✳ ▼♥♦➸st✈í

❛✉st❡♥✐t✉ s❡ ③✈②➨✉❥❡ s ❤✉st♦t♦✉ ❡♥❡r❣✐❡ ❧❛s❡r✉ ❛ ♣♦↔t✉ ♣✉❧s➲✱ ❦❞② t❛❦ ❞♦❝❤á③í ❦❡

✶✹



③✈ý➨❡♥í ♠♥♦➸st✈í ✉❤❧í❦✉✳ ▼✐❦r♦str✉❦t✉r♥í ③♠➙♥② ✈ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é ♦❜❧❛st✐ ✭✶✵ ➭♠✮

✈③♥✐❦❛❥í ❜❡③❞✐❢ú③♥➙✱ ❛ s✐❝❡ ③♣➙t♥♦✉ tr❛♥s❢♦r♠❛❝í ♠❛rt❡♥③✐t✉✱ ❝♦➸ ✈❡❞❡ ❦ ↔ást❡↔♥é

❛✉st❡♥✐t✐③❛❝✐ ♣♦ ♦❝❤❧❛③❡♥í✳

●❛❞❛❣ ❡t ❛❧✳✱ ✶✾✾✹ ❬✷✷❪ ✈②✉➸✐❧ ♣♦↔ít❛↔♦✈é s✐♠✉❧❛❝❡ ❧❛s❡r♦✈é ♠♦❞✐✜❦❛❝❡ ♣♦✈r❝❤✉

▲❑●✳ ◆❛ ③á❦❧❛❞➙ ♣r♦❝❡s♥í❝❤ ♣❛r❛♠❡tr➲ ❜②❧ s❝❤♦♣❡♥ ♣r❡❞✐❦♦✈❛t t❡♣❧♦t♥í ❤✐st♦r✐✐ ❛

✈③♥✐❦ ❥❡❞♥♦t❧✐✈ý❝❤ ♦❜❧❛stí✳ ❊①♣❡r✐♠❡♥tá❧♥í ❤♦❞♥♦❝❡♥í ♣♦t✈r❞✐❧♦ ❜❧í③❦♦✉ s❤♦❞✉ s❡ s✐✲

♠✉❧❛❝í✳

❉❡♦❞r❡ ❡t ❛❧✳✱ ✷✵✶✼ ❬✷✸❪ t❡♣❡❧♥➙ ③♣r❛❝♦✈❛❧ ❆❉■ ❧✐t✐t✐♥✉ ♣♦♠♦❝í ✹✵✵ ❲ ❧❛s❡r✉

✭❡❧❡❦tr♦♥♦✈ý✮✳ ❱③♥✐❦❛❥í ❞✈➙ ♦❜❧❛st✐ ♦ ❝❡❧❦♦✈é t❧♦✉➨➫❝❡ ✷ ♠♠✳ ◆❛t❛✈❡♥á ✵✱✺ ♠♠ ♦❜❧❛st

♦❜s❛❤✉❥❡ ❤r✉❜ý ♠❛rt❡♥③✐t ✭✽✵✵ ✕ ✶✵✵✵ ❍❱✮✱ ♠❛❧é ♠♥♦➸st✈í ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ❛

❝❡♠❡♥t✐t ✭Fe3❈ ✮✳ ❱ ↔ást❡↔♥➙ ♥❛t❛✈❡♥é ♦❜❧❛st✐ ✭✶✱✺ ♠♠✮ ❞♦❝❤á③í ❦❡ ③♠❡♥➨❡♥í ❣r❛✲

✜t✐❝❦ý❝❤ ❦✉❧✐↔❡❦ ✈❧✐✈❡♠ ❥❡❥✐❝❤ ↔ást❡↔♥é❤♦ r♦③♣✉➨t➙♥í✳ ❱ ❥❡❥í ❞♦❧♥í ↔ást✐ ❥❡ ♠♦➸♥é

♣♦③♦r♦✈❛t t❡♠♣❡r♦✈❛♥ý ♠❛rt❡♥③✐t✱ ❥❡❤♦➸ ♣♦❞í❧ s♠➙r❡♠ ❞♦ ❥á❞r❛ ❦❧❡sá ❛ ♣♦st✉♣♥➙

s❡ ♦❜❥❡✈✉❥❡ s❡ ❛❝✐❦✉❧ár♥í ❢❡r✐t✳ ❉á❧❡ ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ③♠➙♥❛ s❦❡♥♦✈❛❝í r②❝❤❧♦st✐ ♠á

③❛ ♥ás❧❡❞❡❦ ♣♦❦❧❡s✉ t✈r❞♦stí ♥❛ ♣♦✈r❝❤✉ ✈❧✐✈❡♠ ✈③♥✐❦✉ ♦❞✉❤❧✐↔❡♥é ✈rst✈②✳ ❙♦r✐❛♥♦

❡t ❛❧✳✱ ✷✵✶✶ ❬✷✹❪ ✈②✉➸✐❧ ✈ ♣➦í♣❛❞➙ ③♣r❛❝♦✈á♥í ❆❉■ ❧✐t✐♥ ◆❞✿❨❆● ❧❛s❡r✳ ❱③♥✐❦❛❥í t➦✐

♦❜❧❛st✐✱ ❦❞② ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ✭✵✱✻ ✕ ✶ ♠♠✮ ♦♣➙t ✈③♥✐❦á ♠❛rt❡♥③✐t ✭✻✺✵ ✕ ✽✵✵ ❍❱✮

s♣♦❧❡↔♥➙ s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠✳ ❱ tét♦ ✈rst✈➙ ✈➨❛❦ ♥❡❞♦❝❤á③í ❦ ♦✈❧✐✈♥➙♥í ❣r❛✜t✉

✭✈❡❧✐❦♦st✐ ↔✐ t✈❛r✉✮✳ ❷ást❡↔♥➙ ♦✈❧✐✈♥➙♥á ✈rst✈❛ ♦❜s❛❤✉❥❡ ❤♦r♥í ❛ ❞♦❧♥í ❜❛✐♥✐t ❛ ♣♦✲

s❧❡❞♥í ♣➦❡❝❤♦❞♦✈á ✈rst✈❛ s❡ s❦❧á❞á ③ t❡♠♣❡r♦✈❛♥é❤♦ ♠❛rt❡♥③✐t✉ ❛ ❜❛✐♥✐t✐❝❦ý❝❤ ❞❡s❡❦

♦ t✈r❞♦st✐ ✹✵✵ ❍❱✳ ❱ ♣♦✈r❝❤♦✈é ✈rst✈➙ ❜②❧② ♥❛♠➙➦❡♥② t❧❛❦♦✈é s❧♦➸❦② ③❜②t❦♦✈é❤♦ ♥❛✲

♣➙tí✱ ❝♦➸ ❥❡ ♣♦③➲st❛t❡❦ ♣♦ ♠❛rt❡♥③✐t✐❝❦é tr❛♥s❢♦r♠❛❝✐ ❛ ❞♦♣r♦✈♦❞♥é ③♠➙♥② ♦❜❥❡♠✉✳

❚❛t♦ s❧♦➸❦❛ s❡ ♣♦st✉♣♥➙ ♠➙♥í ✈ t❛❤♦✈♦✉ ✈ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ ♠❡③✐ t❡♠♣❡r♦✈❛♥ý♠

♠❛rt❡♥③✐t❡♠ ❛ ❜❛✐♥✐t✐❝❦ý♠✐ ♦❜❧❛st♠✐✳ ❱ýs❧❡❞❦② ❞á❧❡ ✉❦❛③✉❥í✱ ➸❡ ③❜②t❦♦✈é ♣♥✉tí ❥❡

✈á③á♥♦ ♥❛ ♥❛♠➙➦❡♥é ♠✐❦r♦t✈r❞♦st✐ ❛ ♠✐❦r♦str✉❦t✉r♥í s❧♦➸❦②✳

✶✺



✸ ▼❡t♦❞✐❝❦á ↔ást

✸✳✶ ▼❛t❡r✐á❧ ✈③♦r❦➲ ♣r♦ ❡①♣❡r✐♠❡♥t

✸✳✷ P➦í♣r❛✈❛ ✈③♦r❦➲

✸✳✸ ❱②❤♦❞♥♦❝❡♥í

❚✈r❞♦st✐ ❜②❧② ♠➙➦❡♥② t➦❡♠✐ ❧✐♥✐❡♠✐ s ✈t✐s❦② ♣♦ ✵✱✶ ♠♠ ✭✈✐③ ❖❜rá③❡❦ ✹✮✳ Pr✈♥í

❧✐♥✐❡ ③❛↔í♥á ✵✱✵✺ ♠♠ ♦❞ ♣♦✈r❝❤✉ ✭✹✵ ✈t✐s❦➲ ♣♦ ✵✱✶ ♠♠✮✱ ❞r✉❤á ❧✐♥✐❡ ③❛↔í♥á ✵✱✵✺ ✰

✵✱✵✸✸ ♠♠ ♦❞ ♣♦✈r❝❤✉ ✭✹✵ ✈t✐s❦➲ ♣♦ ✵✱✶♠♠✮ ❛ t➦❡tí ❧✐♥✐❡ ③❛↔í♥á ✵✱✵✺ ✰ ✵✱✵✸✸ ✰ ✵✱✵✸✸

♠♠ ♦❞ ♣♦✈r❝❤✉ ✭✹✵ ✈t✐s❦➲ ♣♦ ✵✱✶ ♠♠✮✳

❖❜rá③❡❦ ✹✿ ●r❛✜❝❦é ③♥á③♦r♥➙♥í ♣r➲❜➙❤✉ ♠➙➦❡♥í t✈r❞♦stí

Pr♦ ❛♥❛❧ý③② ❙❊▼ ✰ ❊❉❙ ❜②❧ ♣♦✉➸✐t ➦á❞❦♦✈❛❝í ❡❧❡❦tr♦♥♦✈ý ♠✐❦r♦s❦♦♣ ❏❊❖▲

❏❙▼✲✼✻✵✵❋ s ❡♥❡r❣✐♦✈➙ ❞✐s♣❡r③♥í ❳✲r❛② ❞❡t❡❦t♦r❡♠ ❊❉❙ ✭❖①❢♦r❞ ❳✲▼❛① ✺✵ mm2✮✳

❙♥í♠❦② ❜②❧② ♣♦➦í③❡♥② ♣♦♠♦❝í ❞❡t❡❦t♦r✉ s❡❦✉♥❞ár♥í❝❤ ❡❧❡❦tr♦♥➲ ✭▲❊■✮ ❛ ③♣➙t♥➙ ♦❞✲

r❛➸❡♥ý❝❤ ❡❧❡❦tr♦♥➲ ✭▲❆❇❊✮ ❛ ❦♦♠❜✐♥❛❝í ♦❜♦❥í❤♦ ✭❆❉❉✮✳ ▼✐❦r♦❛♥❛❧ý③❛ ❝❤❡♠✐❝❦é❤♦

s❧♦➸❡♥í ❜②❧❛ ♣r♦✈❡❞❡♥❛ ③❛ ♣♦❞♠í♥❡❦✿ ✉r②❝❤❧♦✈❛❝í ♥❛♣➙tí ✶✵ ❦❱✱ ♣r❛❝♦✈♥í ✈③❞á❧❡♥♦st

✭❲❉✮ ✽ ♠♠✳ ❑❛❧✐❜r❛❝❡ ❊❉❙ ❞❡t❡❦t♦r✉ ♣♦♠♦❝í ❦❛❧✐❜r❛↔♥í❤♦ st❛♥❞❛r❞✉ ❈♦✳

✶✻



✹ Pr❛❦t✐❝❦á ↔ást

❱ ♣r❛❦t✐❝❦é ↔ást✐ ❞✐♣❧♦♠♦✈é ♣rá❝❡ ❥s♦✉ ✉✈❡❞❡♥② ✈ýs❧❡❞❦② ♣♦③♦r♦✈á♥í ❛ ♠➙➦❡♥í

✈③♦r❦➲ ❥❡❞♥♦t❧✐✈ý❝❤ t②♣➲ ❧✐t✐♥✳ Ú↔❡❧❡♠ ❥❡ ③❤♦❞♥♦❝❡♥í ✈❧✐✈✉ ♣♦✈r❝❤♦✈é❤♦ ❦❛❧❡♥í ♥❛ ❥❡✲

❥✐❝❤ ♠✐❦r♦str✉❦t✉r✉ ❛ ✈ýs❧❡❞♥é ♠❡❝❤❛♥✐❝❦é ✈❧❛st♥♦st✐ ♣♦✈r❝❤✉✳

✹✳✶ ✾❑✻ ✷✹✵✴✸✶✵✴✹✵✵

❩❛❦❛❧❡♥á ♣♦✈r❝❤♦✈á ✈rst✈❛ ✭▲❑✮

❼ ✾❑✻ ✷✹✵ ❛ ✹✵✵ s✐ ❥s♦✉ ♥❛ ♣♦✈r❝❤✉ ♣♦❞♦❜♥é✱ t❧♦✉➨➫❦❛ ③❛❦❛❧❡♥é ✈rst✈② ❥❡ ♥❛ ♣r✈♥í

♣♦❤❧❡❞ ± st❡❥♥á ❛ ♣♦❞♦❜♥é ❥s♦✉ s✐ ✐ t✈r❞♦st✐ ✭❧❡❤❝❡ ♥❛❞ ✶✵✵✵ ❍❱✵✱✶✮✱ ↔❡♠✉➸

♦❞♣♦✈í❞á ♠❛rt❡♥③✐t

❼ ❩❛❦❛❧❡♥ý ♣♦✈r❝❤ s❡ s❦❧á❞á ③ ❥❡♠♥é❤♦ ♠❛rt❡♥③✐t✉✱ ♣➦❡❝❤♦❞♦✈á ✈rst✈❛ ♠á ✈ý✲

r❛③♥é ❥❡❤❧✐❝❡

❼ ✾❑✻ ✷✹✵ ♠á ❛❧❡ ♥❛ ♣♦✈r❝❤✉ ✈rst✈✉ ♦str➲✈❦➲ ♣➲✈♦❞♥í ♥❡③❛❦❛❧❡♥é ❛s✐ ❢❡r✐t✐❝❦é

❢á③❡❄ ✭♥❛ ❥❡❞♥♦♠ ❢♦t✉ ❥s♦✉ ✈✐❞➙t ✐ ❤r❛♥✐❝❡ ♣➲✈♦❞♥í❝❤ ③r♥✮✱ ✈rst✈á ♠á ± ✷✵✲

✸✵ ➭♠✱ ③❛❥í♠❛✈é ❛❧❡ ❥❡✱ ➸❡ s❡ t♦ ♥❡♦❞rá➸í ♥❛ t✈r❞♦st❡❝❤ ✭♠♦➸♥á ❜②❧❛ t✈r❞♦st

♠➙➦❡♥❛ ♠✐♠♦ ♦str➲✈❦②✱ t❛❦ ♠♦➸♥á ♣r♦t♦✮

❼ ✾❑✻ ✸✶✵ ❥❡ ♣❧♥➙ ♠❛rt❡♥③✐t✐❝❦á ♥❛ ♣♦✈r❝❤✉ ❛ s ❤r✉❜➨í♠✐ ❥❡❤❧✐❝❡♠✐✱ ♥❡➸ ♠á ✾❑✻

✷✹✵

✶✼



✭❛✮ ✾❑✻ ✷✹✵ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❜✮ ✾❑✻ ✷✹✵ ✭❞❡t❛✐❧✮

✭❝✮ ✾❑✻ ✸✶✵ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❞✮ ✾❑✻ ✸✶✵ ✭❞❡t❛✐❧✮

✭❡✮ ✾❑✻ ✹✵✵ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❢✮ ✾❑✻ ✹✵✵ ✭❞❡t❛✐❧✮

❖❜rá③❡❦ ✺✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ③❛❦❛❧❡♥é ✈rst✈➙ ♥❛ ♣♦✈r❝❤✉

✶✽



✭❛✮ ✾❑✻ ✷✹✵ ✭❜✮ ✾❑✻ ✸✶✵

✭❝✮ ✾❑✻ ✹✵✵

❖❜rá③❡❦ ✻✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ❥á❞➦❡

❏á❞r♦

❼ ✾❑✻ ✷✹✵ ♠á ♥❡❥❥❡♠♥➙❥➨í ♠✐❦r♦str✉❦t✉r✉ ♠❛tr✐❝❡ ✭❥á❞r♦ ♠❡③✐ ✹✺✵✲✺✵✵ ❍❱✵✱✶✮✱

♥❡❞á s❡ r♦③❡③♥❛t✱ ❝♦ t❛♠ ♣♦➦á❞♥➙ ❥❡✱ ❥❡ t♦ ♠á❧♦ ♥❛❧❡♣t❛♥é✱ ❞❧❡ t✈r❞♦stí ❛s✐ ❤♦r♥í

✭❛♥♦✮ ❜❛✐♥✐t❄

❼ ✾❑✻ ✸✶✵ ♠❛tr✐❝❡ s❡ s❦❧á❞á ♣➦❡✈á➸♥➙ ③ ❜❛✐♥✐t✐❝❦é ❢á③❡ ❛ ♥í③❦é❤♦ ♣♦❞í❧✉ ❛❝✐❦✉✲

❧ár♥í❤♦ ❛ ♣r♦❡✉t❡❦t♦✐❞♥í❤♦ ❢❡r✐t✉ s♣♦❧❡↔♥➙ s ♦❜↔❛s♥ý♠ ✈ýs❦②t❡♠ ③❜②t❦♦✈é❤♦

❛✉st❡♥✐t✉

❼ ✾❑✻ ✹✵✵ ❞♦❜➦❡ ✈✐❞✐t❡❧♥á ♣r✐♠ár♥í ❛✉st❡♥✐t✐❝❦á ③r♥❛✱ ✈ ③r♥❡❝❤ ❥s♦✉ ♣➦❡✈á➸♥➙

✶✾



♦r✐❡♥t♦✈❛♥é r♦✈♥♦♦sé ❥❡❤❧✐❝❡ ❤♦r♥í❤♦ ❜❛✐♥✐t✉ ✭❥á❞r♦ ± ✹✵✵ ❍❱✵✱✶✮

❼ ✾❑✻ ✷✹✵ ❛ ✹✵✵ ♠❛❥í ✈ ❥á❞➦❡ ♣➦❡✈á➸♥➙ ❦✉❧✐↔❦♦✈ý ❣r❛✜t s ♥í③❦ý♠ ♣♦❞í❧❡♠ ♥❡❞♦✲

❦♦♥❛❧❡ ③r♥✐té❤♦✱ ❦t❡rý ♠íst② ♣➦❡❝❤á③í ❞♦ ✈❧♦↔❦♦✈é❤♦

❼ ✾❑✻ ✸✶✵ ♠á ❣r❛✜t s♣í➨❡ ♣➦❡✈á➸♥➙ ♥❡❞♦❦♦♥❛❧❡ ③r♥✐tý✱ ❦t❡rý ♠íst② ♣➦❡❝❤á③í ✈❡

↔❡r✈í❦♦✈✐tý s ♥í③❦ý♠ ♣♦❞í❧❡♠ ❦✉❧✐↔❦♦✈é❤♦ ❣r❛✜t✉ ✭❤♦r➨í s❢❡r♦✐❞✐③❛❝❡✮

✷✵



✭❛✮ ✾❑✻ ✷✹✵ ✭❜✮ ✾❑✻ ✸✶✵

✭❝✮ ✾❑✻ ✹✵✵

❖❜rá③❡❦ ✼✿ P♦r♦✈♥á♥í ♣r➲❜➙❤✉ ♠✐❦r♦t✈r❞♦stí ❧✐t✐♥ t②♣✉ ✾❑✻

❚✈r❞♦st✐

❼ ❩ ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❥❡ t➦❡❜❛ ♦❞❡↔íst ❤❧♦✉❜❦✉ ③❛❦❛❧❡♥é ✈rst✈②

❼ ◆❛ ♣♦✈r❝❤✉ ❥❡ ✈❡ ✈➨❡❝❤ ♣➦í♣❛❞❡❝❤ ♠❛rt❡♥③✐t✐❝❦á ✈rst✈❛ ✭t✈r❞♦st ✶✵✵✵✰ ❍❱✵✱✶✮

❼ ◆í③❦é ❤♦❞♥♦t② t✈r❞♦stí ✭❁✶✵✵ ❍❱✵✱✶✮ ❥s♦✉ ❞➲s❧❡❞❦❡♠ ✈t✐s❦✉ ❞♦ ❣r❛✜t✉

✷✶



✭❛✮ ✈t✐s❦ ✈ ❣r❛✜t✉ ✭❜✮ ✈t✐s❦ ✈ ❜❛✐♥✐t✐❝❦é ❢á③✐ ✭❝✮ ✈t✐s❦ ✈ ♠❛rt❡♥③✐t✐❝❦é ❢á③✐

❖❜rá③❡❦ ✽✿ ❉♦❦✉♠❡♥t❛❝❡ ✈ý❝❤②❧❡❦ ❤♦❞♥♦t ♠✐❦r♦t✈r❞♦stí ✉ ❧✐t✐♥ t②♣✉ ✾❑✻

❆♥❛❧ý③❛ ♠✐❦r♦str✉❦t✉r② ♣♦♠♦❝í ❙❊▼

❼ ✾❑✻ ✸✶✵ ❜②❧ ✈②❜rá♥ ✈③❤❧❡❞❡♠ ❦❡ s✈é♠✉ ✒♠✐❦r♦str✉❦t✉r♥➙ s❧♦➸✐t➙❥➨í♠✉✏ ❥á❞r✉✱

♣♦✈r❝❤ ❥❡ ✉ ✈➨❡❝❤ st❡❥♥ý✱ t❛❦➸❡ t♦ ♠➲➸❡ ❜ýt ♣rá✈➙ t❡♥t♦

❼ ❙♥í♠❡❦ ♣♦t✈r③✉❥❡✱ ➸❡ ♥❛ ♣♦✈r❝❤✉ ❥❡ s❦✉t❡↔♥➙ ❥❡♠♥ý ♠❛rt❡♥③✐t ✭▼✮ s ♣♦❞í❧❡♠

③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ✭❩❆✮

❼ ❱ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ s❡ ♦❜❥❡✈✉❥í ❤r✉❜é ❥❡❤❧✐❝❡ ♠❛rt❡♥③✐t✉ ✭▼✮

❼ ❏á❞r♦ ♦❜s❛❤✉❥❡ ❤r✉❜é ❢❡r✐t✐❝❦é ❢á③❡✱ ✈ ♦❦♦❧í ❣r❛✜t✉ ❥❡ ③❜②t❦♦✈ý ❛✉st❡♥✐t

❼ ❱ ♦❦♦❧í ❣r❛✜t✉ s❡ ❧♦❦á❧♥➙ ♥❛❝❤á③í ↔ást✐❝❡ ❞✈♦❥í❤♦ t②♣✉ ✭✈✐③ s♥í♠❡❦ ❝❤❡♠✐❝❦ý❝❤

♠❛♣✮

❼ ❩ ✈ýs❧❡❞❦➲ ❥❡ ♣❛tr♥é✱ ➸❡ ❥❡ ✈ t♦♠t♦ ♠íst➙ ❥❡ ✈②❧♦♠❡♥ý ❣r❛✜t ✭♣r❛✈❞➙♣♦❞♦❜♥➙ ③

♣➦í♣r❛✈②✮✱ t❛❦➸❡ ❥❡ t❛♠ ♥❛♠➙➦❡♥♦ ♠✐♥✐♠✉♠ ✉❤❧í❦✉ ❛ ♠íst♦ t♦❤♦ ❥❡ t❛♠ ❦➦❡♠í❦

③ ❧❡➨t➙♥í ✭❙✐❖✷✮

❼ ❱➙t➨í ❢á③❡ ♦❜s❛❤✉❥❡ sír✉ ❛ t✐t❛♥

❼ ▼❡♥➨í ❢á③❡ ❥❡ ❜♦❤❛tá ♥❛ ❢♦s❢♦r ✭❢♦s✜❞❄✮

✷✷



✭❛✮ ❥❡♠♥ý ♠❛rt❡♥③✐t ♥❛ ♣♦✈r❝❤✉ ✭❜✮ ❞❡t❛✐❧ ♠❛rt❡♥③✐t✉

✭❝✮ ♣➦❡❝❤♦❞♦✈á ♦❜❧❛st ✭❞✮ ❞❡t❛✐❧ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐

✭❡✮ ❥á❞r♦ ✭❢✮ ❞❡t❛✐❧ ❥á❞r❛

❖❜rá③❡❦ ✾✿ ❉♦❦✉♠❡♥t❛❝❡ str✉❦t✉r♥í❝❤ ❢á③í ♣♦♠♦❝í ❙❊▼

✷✸



❖❜rá③❡❦ ✶✵✿ ▼❛♣❛ r♦③❧♦➸❡♥í ♣r✈❦➲

✷✹



✹✳✷ ❙✐▼♦ ✸✺✲✺ ✈❡rs✉s ❙✐▼♦ ✹✵✲✽

❩❛❦❛❧❡♥á ♣♦✈r❝❤♦✈á ✈rst✈❛ ✭■❑✮

❼ ◆❛ ♣♦✈r❝❤✉ ❙✐▼♦✸✺✲✺ ❥❡ ❣r❛✜t ③ ✈➙t➨✐♥② ❦✉❧✐↔❦♦✈ý✱ ③❛tí♠❝♦ ❙✐▼♦ ✹✵✲✽ ♠á ❣r❛✜t

✈❧♦↔❦♦✈ý✱ ❦t❡rý ♣➦❡❝❤á③í ✈ ↔❡r✈í❦♦✈✐tý s ♠✐♥✐♠á❧♥í♠ ♣♦❞í❧❡♠ ❦✉❧✐↔❦♦✈é❤♦

❼ ▼✐❦r♦str✉❦t✉r❛ ♠❛tr✐❝❡ ❙✐▼♦✸✺✲✺ ❥❡ ♥❛ ♣♦✈r❝❤✉ ❢❡r✐t✐❝❦♦✲❜❛✐♥✐t✐❝❦á✱ ❦❞② ❜❛✐♥✐t

❥❡ ✈②❧♦✉↔❡♥ ✈ ♦❦♦❧í ❣r❛✜t✉ ❛ ♣❛❦ ✈ ♠íst❡❝❤✱ ❦t❡rá ❥s♦✉ ♦❜♦❤❛❝❡♥❛ ♦ ✉❤❧í❦✱ ♦❦♦❧í

③➲stá✈á ❢❡r✐t✐❝❦é

❼ ❯✈♥✐t➦ ❜❛✐♥✐t✐❝❦ý❝❤ ♦str➲✈❦➲ s❡ ♥❛❝❤á③í ✐♥t❡r♠❡t❛❧✐❝❦é ❢á③❡ ✭♣♦③❞➙❥✐ s❡ ❞♦✲

③✈í♠❡✱ ➸❡ ❥s♦✉ t♦ ❦❛r❜✐❞✐❝❦é ❢á③❡ ❜♦❤❛té ♥❛ ♠♦❧②❜❞❡♥✮

❼ ❖❜❞♦❜♥á ♠✐❦r♦str✉❦t✉r❛ ❥❡ ✉ ❙✐▼♦ ✹✵✲✽✱ ❦❞❡ ❛❧❡ ♣➦❡✈❛➸✉❥❡ ❜❛✐♥✐t ❛ t✉❞í➸ ❥❡

❜❛✐♥✐t✐❝❦♦✲❢❡r✐t✐❝❦á✱ ❢❡r✐t ♥❡♠á t②♣✐❝❦ý ♣♦❧②❡❞r✐❝❦ý ❝❤❛r❛❦t❡r

❼ ❚❛❞② t♦ ✉ ❙✐▼♦ ✹✵✲✽ ❥❡➨t➙ ♥❡♥í ✈✐❞➙t✴♣♦③♥❛t✱ ❛❧❡ ♥❛ ♣♦✈r❝❤✉ ✭♣♦❞❧❡ t✈r❞♦stí✮

❜✉❞❡ ♠❛rt❡♥③✐t

✷✺



✭❛✮ ❙✐▼♦ ✸✺✲✺ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❜✮ ❙✐▼♦ ✸✺✲✺ ✭❞❡t❛✐❧✮

✭❝✮ ❙✐▼♦ ✹✵✲✽ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❞✮ ❙✐▼♦ ✹✵✲✽ ✭❞❡t❛✐❧✮

❖❜rá③❡❦ ✶✶✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ③❛❦❛❧❡♥é ✈rst✈➙ ♥❛ ♣♦✈r❝❤✉

❚✈r❞♦st✐

❼ ❩ ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❥❡ t➦❡❜❛ ♦❞❡↔íst ❤❧♦✉❜❦✉ ③❛❦❛❧❡♥é ✈rst✈②

❼ ❩ t✈r❞♦stí ✈②♣❧ý✈á✱ ➸❡ ✈ ♣➦í♣❛❞➙ ❙✐▼♦ ✸✺✲✺ ❜✉❞❡ ♥❛ ♣♦✈r❝❤✉ s❦✉t❡↔♥➙ ❜❛✐♥✐t

✭ ✹✵✵ ❍❱✵✱✶✮

❼ ❙✐▼♦ ✹✵✲✽ ♠á ♥❛ ③❛❦❛❧❡♥é♠ ♣♦✈r❝❤✉ ♠❛rt❡♥③✐t✐❝❦♦✉ ✈rst✈✉ ✭t✈r❞♦st s❡ ➨♣❧❤á

❛➸ ♥❛ ✶✵✵✵ ❍❱✵✱✶✮

❼ ◆í③❦é ❤♦❞♥♦t② t✈r❞♦stí ✭ ✶✵✵ ❍❱✵✱✶✮ ❥s♦✉ ❞➲s❧❡❞❦❡♠ ✈t✐s❦✉ ❞♦ ❣r❛✜t✉

✷✻



✭❛✮ ❙✐▼♦ ✸✺✲✺ ✭❜✮ ❙✐▼♦ ✹✵✲✽

❖❜rá③❡❦ ✶✷✿ P♦r♦✈♥á♥í ♣r➲❜➙❤✉ ♠✐❦r♦t✈r❞♦stí ❧✐t✐♥ t②♣✉ ❙✐▼♦

✭❛✮ ✈t✐s❦ ✈ ♦❦♦❧í ❣r❛✜t✉ ✭❜✮ ✈t✐s❦ ✈ ❜❛✐♥✐t✐❝❦♦✲❢❡r✐t✐❝❦é

❢á③✐

✭❝✮ ✈t✐s❦ ✈ ♠❛rt❡♥③✐t✐❝❦é ❢á③✐

❖❜rá③❡❦ ✶✸✿ ❉♦❦✉♠❡♥t❛❝❡ ✈ý❝❤②❧❡❦ ❤♦❞♥♦t ♠✐❦r♦t✈r❞♦stí ✉ ❧✐t✐♥ t②♣✉ ❙✐▼♦

❏á❞r♦

❼ ▼❛tr✐❝❡ ✈ ❥á❞➦❡ ❥❡ ✉ ❙✐▼♦ ✸✺✲✺ ❢❡r✐t✐❝❦♦✲♣❡r❧✐t✐❝❦á✱ ♣❡r❧✐t ❥❡ ♣➦❡✈á➸♥➙ ❧❛♠❡❧ár✲

♥í❤♦ ❝❤❛r❛❦t❡r✉ ✭t✈r❞♦st ♦❞♣♦✈í❞á✱ ❥❡ ✷✺✵ ❍❱✵✱✶✮

❼ ❯✈♥✐t➦ ♣❡r❧✐t✐❝❦ý❝❤ ♦str➲✈❦➲ ❥s♦✉ ✈②❧♦✉↔❡♥② ✐♥t❡r♠❡t❛❧✐❝❦é ❢á③❡

❼ ❉❡t❛✐❧♥í s♥í♠❡❦ ❙✐▼♦ ✹✵✲✽ ♦❞❤❛❧✉❥❡ ❤♦r♥í ❜❛✐♥✐t ✭♥❛♠➙➦❡♥á t✈r❞♦st ♦❦♦❧♦ ❝❝❛

✺✺✵ ❍❱✵✱✶✮

✷✼



❼ ❯✈♥✐t➦ ❜❛✐♥✐t✐❝❦ý❝❤ ❢á③í ❥s♦✉ ✈②❧♦✉↔❡♥② ✐♥t❡r♠❡t❛❧✐❝❦é ❢á③❡

❼ ●r❛✜t ❥❡ ✈ ❙✐▼♦ ✸✺✲✺ ✈ ❥á❞➦❡ ❥❡ ❦✉❧✐↔❦♦✈ý ❛ ♣➦❡❝❤á③í ✈❡ ✈❧♦↔❦♦✈ý

❼ ●r❛✜t ❥❡ ✈ ❙✐▼♦ ✹✵✲✽ ♦❜❞♦❜♥ý✱ ❥❛❦♦ ♥❛ ♣♦✈r❝❤✉ ✭↔❡r✈í❦♦✈✐tý ✰ ✈❧♦↔❦♦✈✐tý✱

❦✉❧✐↔❦♦✈ý ♠✐♥✐♠á❧♥➙✮

✭❛✮ ❙✐▼♦ ✸✺✲✺ ✭❜✮ ❙✐▼♦ ✸✺✲✺

✭❝✮ ❙✐▼♦ ✹✵✲✽ ✭❞✮ ❙✐▼♦ ✹✵✲✽

❖❜rá③❡❦ ✶✹✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ❥á❞➦❡

✷✽



❆♥❛❧ý③❛ ♠✐❦r♦str✉❦t✉r② ♣♦♠♦❝í ❙❊▼

❼ Pr♦t♦➸❡ ✐♥t❡r♠❡t❛❧✐❦❛ s❡ ✈②s❦②t✉❥í ✈ ♦❜♦✉ ♣➦í♣❛❞❡❝❤✱ ❜②❧ ✈②❜rá♥ ❙✐▼♦ ✹✵✲✽

✈③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ♠á ③❛ ❛✮ ✈ýr❛③♥➙ ♦❞❧✐➨♥♦✉ ♠✐❦r♦str✉❦t✉r✉ ❛ ③❛ ❜✮ ❥❡ ♥❛

✐♥t❡r♠❡t❛❧✐❦❛ ❜♦❤❛t➨í

❼ ❆♥❛❧②③♦✈❛♥é ✐♥t❡r♠❡t❛❧✐❝❦é ❢á③❡ ♠❛❥í r♦③❞í❧♥♦✉ ✈❡❧✐❦♦st ❛ ♠♦r❢♦❧♦❣✐✐ ✭✈✐③ s♥í♠❦②✮

❼ ◆❛ ③á❦❧❛❞➙ ♣r✈❦♦✈é ♠✐❦r♦❛♥❛❧ý③② s❡ ❥❡❞♥á ✭♣r❛✈❞➙♣♦❞♦❜♥➙✮ ♦ ❦❛r❜✐❞② ❜♦❤❛té

♥❛ ♠♦❧②❜❞❡♥ ✭✈✐③ s♣❡❦tr✉♠ ✶✰✷ ❛ ♠❛♣② ♣r✈❦➲✮

❼ ❑❛r❜✐❞② ❥s♦✉ ♥❡❥❡♥♦♠ t✈❛r♦✈➙ s❧♦➸✐té ❢á③❡✱ ❛❧❡ ✐ ♠❛❧é ↔ást✐❝❡

❼ ▼✐♠♦ ❦❛r❜✐❞➲ s❡ ✈ ♠✐❦r♦str✉❦t✉➦❡ ♥❛❝❤á③í t❛❦é ❢á③❡ ❜♦❤❛té ♥❛ ❢♦s❢♦r✱ ♥❡❥s♣í➨

❛s✐ ❢♦s✜❞②❄ ✭✈✐③ ♣r✈❦♦✈é ♠❛♣②✮

❚❛❜✉❧❦❛ ✶✿ Pr✈❦♦✈á ♠✐❦r♦❛♥❛❧ý③❛

Pr✈❦② ❖ ❙✐ P ❙ ▼♥ ❋❡ ▼♦

❙♣❡❝tr✉♠ ✶ ✷✱✵✷ ✹✱✺✶ ✵✱✻✻ ✶✱✸✸ ✸✼✱✸✻ ✹✵✱✼✽

❙♣❡❝tr✉♠ ✷ ✷✱✵✷ ✹✱✼✻ ✵✱✹✾ ✶✱✺✵ ✸✼✱✽✺ ✹✵✱✶✽

❙♣❡❝tr✉♠ ✸ ✷✱✹✺ ✸✱✼✵ ✶✱✽✺ ✽✺✱✻✸ ✵✱✺✸

✷✾



✭❛✮ ❢á③❡ ✉ ♣♦✈r❝❤✉ ✭❜✮ ❢á③❡ ✈ ❥á❞➦❡

✭❝✮ ❢á③❡ ✈ ❥á❞➦❡

❖❜rá③❡❦ ✶✺✿ P➦í❦❧❛❞ ❛♥❛❧②③♦✈❛♥ý❝❤ ❢á③í ♣♦♠♦❝í ❙❊▼

✸✵



❖❜rá③❡❦ ✶✻✿ Pr✈❦♦✈á ♠✐❦r♦❛♥❛❧ý③❛ s ✈②③♥❛↔❡♥ý♠✐ ♦❜❧❛st♠✐ ♠➙➦❡♥í

❖❜rá③❡❦ ✶✼✿ ▼❛♣❛ r♦③❧♦➸❡♥í ♣r✈❦➲

✸✶



✹✳✸ ❆❉■ ✾✵✵✲✽ ✈❡rs✉s ❆❉■ ✻✵✵✲✸ ✭❙❦r❜❡❦✮

❩❛❦❛❧❡♥á ♣♦✈r❝❤♦✈á ✈rst✈❛ ✭▲❑✮

❼ ●r❛✜t ❥❡ ✈ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ ❦✉❧✐↔❦♦✈ý

❼ ❯ ✈③♦r❦✉ ❆❉■ ✻✵✵✲✸ ❥❡ ❣r❛✜t ✈ýr❛③♥➙ ♠❡♥➨í✱ ♥❡➸ ❥❡ t♦♠✉ ✉ ✾✵✵✲✽

❼ ❩❡ s♥í♠❦➲ ❥❡ ♣❛tr♥é✱ ➸❡ ❆❉■ ✾✵✵✲✽ ♠á ♠ír♥➙ ❤❧✉❜➨í ③❛❦❛❧❡♥♦✉ ✈rst✈✉

❼ ▼✐❦r♦str✉❦t✉r❛ ✻✵✵✲✸ ✈ ③❛❦❛❧❡♥é ✈rst✈➙ ❥❡ ✈❡❧♠✐ ❥❡♠♥á ♠❛rt❡♥③✐t✐❝❦á ✭ ✾✵✵

❍❱✵✱✶✮ s❡ ③❜②t❦♦✈ý♠✐ ♠❛❧ý♠✐ ♦str➲✈❦② ❢❡r✐t✉

❼ ❆❉■ ✾✵✵✲✽ ♠á ♥❛ ♣♦✈r❝❤✉ ❥❡♠♥♦✉ ♠❛rt❡♥③✐t✐❝❦♦✉ str✉❦t✉r✉ ✭♦❞♣♦✈í❞á t✈r❞♦s✲

t❡♠ ✶✵✵✵ ❍❱✵✱✶✮ s♣♦❧❡↔♥➙ s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠ ❛ ❛✉s❢❡r✐t❡♠

❚✈r❞♦st✐

❼ ❩ ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❥❡ t➦❡❜❛ ♦❞❡↔íst ❤❧♦✉❜❦✉ ③❛❦❛❧❡♥é ✈rst✈②

❼ ◆í③❦é ❤♦❞♥♦t② t✈r❞♦stí ✭ ✶✵✵ ❍❱✵✱✶✮ ❥s♦✉ ❞➲s❧❡❞❦❡♠ ✈t✐s❦✉ ❞♦ ❣r❛✜t✉

✸✷



✭❛✮ ❆❉■ ✻✵✵✲✸ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❜✮ ❆❉■ ✻✵✵✲✸ ✭❞❡t❛✐❧✮

✭❝✮ ❆❉■ ✾✵✵✲✽ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❞✮ ❆❉■ ✾✵✵✲✽ ✭❞❡t❛✐❧✮

❖❜rá③❡❦ ✶✽✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ③❛❦❛❧❡♥é ✈rst✈➙ ♥❛ ♣♦✈r❝❤✉

❏á❞r♦

❼ ❱ ❥á❞➦❡ ❥❡ ✉ ❆❉■ ✾✵✵✲✽ ❦✉❧✐↔❦♦✈ý ❣r❛✜t s♠í➨❡♥ý s ♥❡❞♦❦♦♥❛❧❡ ③r♥✐tý♠

❼ ❯ ❆❉■ ✾✵✵✲✽ ❥❡ ❣r❛✜t ❝❡❧❦♦✈➙ ♠ír♥➙ ✈➙t➨í✱ ♥❡➸ ❥❡ t♦♠✉ ✉ ✻✵✵✲✸

❼ ❯ ❆❉■ ✻✵✵✲✸ ❥❡ ❣r❛✜t ❦✉❧✐↔❦♦✈ý

❼ ▼✐❦r♦str✉❦t✉r❛ ♠❛tr✐❝❡ ❆❉■ ✾✵✵✲✽ s❡ s❦❧á❞á ③ ❤♦r♥í❤♦ ❜❛✐♥✐t✉ ✭t✈r❞♦st ✹✵✵

❍❱✵✱✶✮ s ✈ýs❦②t❡♠ ♣r♦❡✉t❡❦t♦✐❞♥í❤♦ ❢❡r✐t✉ ❛ ♥í③❦ý♠ ♣♦❞í❧❡♠ ③❜②t❦♦✈é❤♦ ❛✉s✲

t❡♥✐t✉

✸✸



✭❛✮ ❆❉■ ✻✵✵✲✸ ✭❜✮ ❆❉■ ✾✵✵✲✽

❖❜rá③❡❦ ✶✾✿ P♦r♦✈♥á♥í ♣r➲❜➙❤✉ ♠✐❦r♦t✈r❞♦stí ❧✐t✐♥ t②♣✉ ❆❉■

✭❛✮ ✈t✐s❦ ✈ ❣r❛✜t✉ ✭❜✮ ✈t✐s❦ ✈ ❜❛✐♥✐t✐❝❦é ❢á③✐ ✭❝✮ ✈t✐s❦ ✈ ♠❛rt❡♥③✐t✐❝❦é ❢á③✐

❖❜rá③❡❦ ✷✵✿ ❉♦❦✉♠❡♥t❛❝❡ ✈ý❝❤②❧❡❦ ❤♦❞♥♦t ♠✐❦r♦t✈r❞♦stí ✉ ❧✐t✐♥ t②♣✉ ❆❉■

❼ ▼❛tr✐❝❡ ❆❉■ ✻✵✵✲✸ ❥❡ ♣❡r❧✐t✐❝❦♦✲❢❡r✐t✐❝❦á ✭t✈r❞♦st ❥á❞r❛ ✷✺✵ ❍❱✵✱✶✮✱ ❦❞② s❛✲

♠♦t♥ý ❢❡r✐t ❥❡ ♣➦❡✈á➸♥➙ ♣➦ít♦♠❡♥ ✈❡ ❢♦r♠➙ ♦str➲✈❦➲ ♦❦♦❧♦ ❣r❛✜t✉✱ ♣❡r❧✐t ❥❡

❧❛♠❡❧ár♥í❤♦ ❝❤❛r❛❦t❡r✉

❼ ✲ P❡r❧✐t ❥❡ ✈❡❧♠✐ ❥❡♠♥ý

✸✹



✭❛✮ ❆❉■ ✻✵✵✲✸ ✭❜✮ ❆❉■ ✻✵✵✲✸

✭❝✮ ❆❉■ ✾✵✵✲✽ ✭❞✮ ❆❉■ ✾✵✵✲✽

❖❜rá③❡❦ ✷✶✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ❥á❞➦❡

❆♥❛❧ý③❛ ♠✐❦r♦str✉❦t✉r② ♣♦♠♦❝í ❙❊▼

❼ Pr♦t♦➸❡ ✐♥t❡r♠❡t❛❧✐❦❛ s❡ ✈②s❦②t✉❥í ✈ ♦❜♦✉ ♣➦í♣❛❞❡❝❤✱ ❜②❧ ✈②❜rá♥ ❙✐▼♦ ✹✵✲✽

✈③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ♠á ③❛ ❛✮ ✈ýr❛③♥➙ ♦❞❧✐➨♥♦✉ ♠✐❦r♦str✉❦t✉r✉ ❛ ③❛ ❜✮ ❥❡ ♥❛

✐♥t❡r♠❡t❛❧✐❦❛ ❜♦❤❛t➨í

❼ ❆♥❛❧②③♦✈❛♥é ✐♥t❡r♠❡t❛❧✐❝❦é ❢á③❡ ♠❛❥í r♦③❞í❧♥♦✉ ✈❡❧✐❦♦st ❛ ♠♦r❢♦❧♦❣✐✐ ✭✈✐③ s♥í♠❦②✮

❼ ◆❛ ③á❦❧❛❞➙ ♣r✈❦♦✈é ♠✐❦r♦❛♥❛❧ý③② s❡ ❥❡❞♥á ✭♣r❛✈❞➙♣♦❞♦❜♥➙✮ ♦ ❦❛r❜✐❞② ❜♦❤❛té

♥❛ ♠♦❧②❜❞❡♥ ✭✈✐③ s♣❡❦tr✉♠ ✶✰✷ ❛ ♠❛♣② ♣r✈❦➲✮

✸✺



❼ ❑❛r❜✐❞② ❥s♦✉ ♥❡❥❡♥♦♠ t✈❛r♦✈➙ s❧♦➸✐té ❢á③❡✱ ❛❧❡ ✐ ♠❛❧é ↔ást✐❝❡

❼ ▼✐♠♦ ❦❛r❜✐❞➲ s❡ ✈ ♠✐❦r♦str✉❦t✉➦❡ ♥❛❝❤á③í t❛❦é ❢á③❡ ❜♦❤❛té ♥❛ ❢♦s❢♦r✱ ♥❡❥s♣í➨

❛s✐ ❢♦s✜❞②❄ ✭✈✐③ ♣r✈❦♦✈é ♠❛♣②✮

❼ ◆❛ ③á❦❧❛❞➙ ♣r✈❦♦✈é ♠✐❦r♦❛♥❛❧ý③② s❡ ✉ ↔ást✐❝ ❥❡❞♥á ♦ ♦①✐❞② ❦➦❡♠í❦✉ ❙✐❖ ✭♠➲➸❡

s❡ ❛❧❡ t❛❦é ❥❡❞♥❛t ♦ ❛rt❡❢❛❦t ③ ♣➦í♣r❛✈②✱ ♥❛♣➦í❦❧❛❞ ③ ➦❡③á♥í✱ r❡s♣✳ ③ ➦❡③♥é❤♦

❦♦t♦✉↔❡✮

❼ ❱ ♠❛tr✐❝✐ ❥s♦✉ ❞á❧❡ ♣➦ít♦♠♥é ❢á③❡ s r♦③❞í❧♥♦✉ ♠♦r❢♦❧♦❣✐í ❛ ✈❡❧✐❦♦stí

❼ ❩ ❛♥❛❧ý③② ✈②♣❧ý✈á✱ ➸❡ s❡ ❥❡❞♥á✱ ➸❡ s❡ ❥❡❞♥á ♦ ❢á③❡ ❜♦❤❛té ♥❛ ✉❤❧í❦ ❛ t✐t❛♥

✭♣r❛✈❞➙♣♦❞♦❜♥➙ t♦ ❥s♦✉ ❦❛r❜✐❞② t✐t❛♥✉ ❚✐❈❄✮

❼ ❆♥❛❧ý③❛ ❞á❧❡ ✉❦❛③✉❥❡✱ ➸❡ ♥❛ ♦❦r❛❥✐ ❣r❛✜t✉✱ ❦t❡rý ♠á ↔❡r✈í❦♦✈✐tý ❝❤❛r❛❦t❡r s❡

♥❛❝❤á③❡❥í ❢á③❡ ❜♦❤❛té ♥❛ ❢♦s❢♦r ✭❢♦s✜❞②❄✮

❼ P➦ít♦♠♥ý r❡③✐❞✉á❧♥í ❦➦❡♠í❦ ✈ ♦❜❧❛st✐ ❣r❛✜t✉ ❥❡ ♦♣➙t ❛rt❡❢❛❦t ③ ♣➦í♣r❛✈② ✭✈②❧♦✲

♠❡♥ý ❣r❛✜t ✰ ❙✐❖✷✮

✸✻



✭❛✮ ❥❡♠♥ý ♠❛rt❡♥③✐t ♥❛ ♣♦✈r❝❤✉ ✭❜✮ ↔ást✐❝❡ ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙

✭❝✮ ❥á❞r♦ ✭❞✮ ❞❡t❛✐❧ ❥á❞r❛

✭❡✮ ❞❡t❛✐❧ ♦❦♦❧í ❣r❛✜t✉ s ✈❡❧♠✐ ❥❡♠♥♦✉ ♠✐❦✲

r♦str✉❦t✉r♦✉

❖❜rá③❡❦ ✷✷✿ ❉♦❦✉♠❡♥t❛❝❡ str✉❦t✉r♥í❝❤ ❢á③í ♣♦♠♦❝í ❙❊▼

✸✼



✭❛✮ ♣➦❡❤❧❡❞ ✭❜✮ ❞❡t❛✐❧ ❢á③❡

❖❜rá③❡❦ ✷✸✿ ❉♦❦✉♠❡♥t❛❝❡ str✉❦t✉r♥í❝❤ ❢á③í ♣♦♠♦❝í ❙❊▼

❖❜rá③❡❦ ✷✹✿ ▼❛♣❛ r♦③❧♦➸❡♥í ♣r✈❦➲ ❛♥❛❧②③♦✈❛♥é ↔ást✐❝❡

✸✽



❖❜rá③❡❦ ✷✺✿ ▼❛♣❛ r♦③❧♦➸❡♥í ♣r✈❦➲ ❛♥❛❧②③♦✈❛♥é ♦❜❧❛st✐

✸✾



✹✳✹ ❆●■ ●❏▲ ✷✺✵ ▲❑ ✈❡rs✉s ■❑

❩❛❦❛❧❡♥á ♣♦✈r❝❤♦✈á ✈rst✈❛

❼ ●r❛✜t ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ❆●■ ●❏▲ ✷✺✵ ♠á ❧✉♣í♥❦♦✈ý ❝❤❛r❛❦t❡r

❼ ❱ ♣➦í♣❛❞➙ ■❑ ♥❡♥í ✈✐❞✐t❡❧♥á ♣➦❡❝❤♦❞♦✈á ♦❜❧❛st✱ ③❛tí♠❝♦ ▲❑ ❥✐ ♠á ♦st➦❡ ♦❤r❛✲

♥✐↔❡♥♦✉

❼ ❱ ♣♦✈r❝❤♦✈é ✈rst✈➙ ▲❑ ❛ ■❑ ❥❡ ❥❡♠♥á ♠❛rt❡♥③✐t✐❝❦á ♠✐❦r♦str✉❦t✉r❛ s♣♦❧❡↔♥➙

s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠ ✭♦❞♣♦✈í❞á ♥❛♠➙➦❡♥ý♠ t✈r❞♦st❡♠ ✶✵✵✵✲✶✶✵✵ ❍❱✵✱✶✮

❼ P♦❞í❧ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ✈ ♠❛tr✐❝✐ ❥❡ ✈ýr❛③♥➙ ✈②➨➨í ✉ ■❑✱ ♥❡➸ ✉ ▲❑ ✭♦❜③✈❧á➨t➙

❝❝❛ ✶✵✵ ➭♠ ♣♦❞ ♣♦✈r❝❤❡♠✮

❼ ❱ ♣➦í♣❛❞➙ ▲❑ ✈③♥✐❦❛❥í ♥❛ ♣♦✈r❝❤✉ ♣r❛s❦❧✐♥② ✭♣r❛✈❞➙♣♦❞♦❜♥➙ ✈❧✐✈❡♠ ✈♥✐t➦♥í❤♦

♣♥✉tí ✈ ♣r➲❜➙❤✉ ♠❛rt❡♥③✐t✐❝❦é tr❛♥s❢♦r♠❛❝❡✮

❼ Pr❛s❦❧✐♥② ♠❛❥í t❡♥❞❡♥❝✐ s❡ ➨í➦✐t ♣♦❞é❧ ♣r✐♠ár♥í❝❤ ❛✉st❡♥✐t✐❝❦ý❝❤ ③r♥

❼ ◆❡❥❡❞♥á s❡ ♦ tr❤❧✐♥②✱ ❥❡❧✐❦♦➸ ✉✈♥✐t➦ ♥❡❥s♦✉ ✈✐❞✐t❡❧♥é ♦①✐❞②

✹✵



✭❛✮ ❆●■ ●❏▲ ✷✺✵ ■❑ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❜✮ ❆●■ ●❏▲ ✷✺✵ ■❑ ✭❞❡t❛✐❧✮

✭❝✮ ❆●■ ●❏▲ ▲❑ ✷✺✵ ✭③❛❦❛❧❡♥♦ ♥❛ ♣♦✈r❝❤✉✮ ✭❞✮ ❆●■ ●❏▲ ✷✺✵ ▲❑ ✭❞❡t❛✐❧✮

❖❜rá③❡❦ ✷✻✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ③❛❦❛❧❡♥é ✈rst✈➙ ♥❛ ♣♦✈r❝❤✉

✹✶



❖❜rá③❡❦ ✷✼✿ ❚r❤❧✐♥② ✈ ♠✐❦r♦str✉❦t✉r➙ ③❛❦❛❧❡♥é ✈rst✈② ❆●■ ●❏▲ ✷✺✵ ▲❑

✹✷



❚✈r❞♦st✐

❼ ❩ ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❥❡ t➦❡❜❛ ♦❞❡↔íst ❤❧♦✉❜❦✉ ③❛❦❛❧❡♥é ✈rst✈②

❼ ❩ t✈r❞♦stí ✈②♣❧ý✈á✱ ➸❡ ✈ ♣➦í♣❛❞➙ ■❑ ❥❡ ♥❛ ♣♦✈r❝❤✉ t❡♥❦á ♠❛rt❡♥③✐t✐❝❦á ✈rst✈❛

✭ ✶✵✵✵ ❍❱✵✱✶✮

❼ Pr➲❜➙❤ t✈r❞♦stí ✉ ■❑ ❥❡ ♣♦③✈♦❧♥ý✱ ❝♦➸ ♦❞♣♦✈í❞á ♠✐❦r♦str✉❦t✉➦❡ ❜❡③ ♣➦❡❝❤♦❞♦✈é

♦❜❧❛st✐

❼ ❚✈r❞♦st✐ ✉ ▲❑ ♠❛❥í ♥á❤❧ý ♣♦❦❧❡s✱ ❦t❡rý ♦❞♣♦✈í❞á ú③❦é ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐

❼ ❯ ▲❑ ❥❡ ✈rst✈❛ ✈➙t➨í ❛ t❛❦té➸ ❥❡ ♠❛rt❡♥③✐t✐❝❦á ✭ ✶✶✵✵ ❍❱✵✱✶✮

✭❛✮ ❆●■ ●❏▲ ✷✺✵ ■❑ ✭❜✮ ❆●■ ●❏▲ ✷✺✵ ▲❑

❖❜rá③❡❦ ✷✽✿ P♦r♦✈♥á♥í ♣r➲❜➙❤✉ ♠✐❦r♦t✈r❞♦stí ❧✐t✐♥ t②♣✉ ❆●■ ●❏▲

✹✸



✭❛✮ ✈t✐s❦ ✈ ♦❦♦❧í ❣r❛✜t✉ ✭❜✮ ✈t✐s❦ ✈ ❜❛✐♥✐t✐❝❦é ❢á③✐ ✭❝✮ ✈t✐s❦ ✈ ♠❛rt❡♥③✐t✐❝❦é ❢á③✐

❖❜rá③❡❦ ✷✾✿ ❉♦❦✉♠❡♥t❛❝❡ ✈ý❝❤②❧❡❦ ❤♦❞♥♦t ♠✐❦r♦t✈r❞♦stí ✉ ❧✐t✐♥ t②♣✉ ❆●■ ●❏▲

❏á❞r♦

❼ ❱ ❥á❞➦❡ ♠á ❣r❛✜t t✈❛r ❧✉♣í♥❦➲

❼ ❏á❞r❛ ▲❑ ❛ ■❑ ❥s♦✉ s✐ str✉❦t✉r♥➙ ✈❡❧♠✐ ♣♦❞♦❜♥á

❼ ❱ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ s❡ ❥❡❞♥á ♦ ♣❡r❧✐t✐❝❦♦✲❜❛✐♥✐t✐❝❦♦✉ ♠✐❦r♦str✉❦t✉r✉ s ♥í③❦ý♠

♣♦❞í❧❡♠ ♣r♦❡✉t❡❦t♦✐❞♥í❤♦ ❢❡r✐t✉

❼ ❱ ♦❦♦❧í ❜❛✐♥✐t✐❝❦é ❢á③❡ s❡ ♥❛❝❤á③í ③❜②t❦♦✈ý ❛✉st❡♥✐t

❼ P❡r❧✐t✉ ♦❞♣♦✈í❞á t✈r❞♦st ✷✵✵✲✷✺✵ ❍❱✵✱✶ ③❛tí♠❝♦ ❤♦r♥í♠✉ ❜❛✐♥✐t✉ ✹✵✵✰ ❍❱✵✱✶

✹✹



✭❛✮ ❆●■ ●❏▲ ✷✺✵ ■❑ ✭❜✮ ❆●■ ●❏▲ ✷✺✵ ■❑

✭❝✮ ❆●■ ●❏▲ ✷✺✵ ▲❑ ✭❞✮ ❆●■ ●❏▲ ✷✺✵ ▲❑

❖❜rá③❡❦ ✸✵✿ P♦r♦✈♥á♥í ♠✐❦r♦str✉❦t✉r② ✈ ❥á❞➦❡

❆♥❛❧ý③❛ ♠✐❦r♦str✉❦t✉r② ♣♦♠♦❝í ❙❊▼

❼ ❖❜➙ ❞✈➙ ♠✐❦r♦str✉❦t✉r② ❥s♦✉ st❡❥♥é✱ ❛♥❛❧②③♦✈á♥❛ ❜②❧❛ t❡❞② ♣♦✉③❡ ▲❑

❼ ◆❛ ♣♦✈r❝❤✉ ❥❡ ✈❡❧♠✐ ❥❡♠♥ý ♠❛rt❡♥③✐t ✭▼✮ s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠ ✭❩❆✮

❼ ❱ ♣♦✈r❝❤♦✈é ✈rst✈➙ s❡ s❦✉t❡↔♥➙ ❥❡❞♥á ♦ ♣r❛s❦❧✐♥②✱ ♥✐❦♦❧✐✈ ♦ tr❤❧✐♥② ✭♥❡❥s♦✉

♣❛tr♥é ③♥á♠❦② ♦①✐❞➲✮

❼ ◆❛ ♣♦✈r❝❤✉✱ ❛❧❡ ✐ ✈ ❥á❞➦❡ ❥❡ s♣♦✉st❛ ↔ást✐❝

❼ P❡r❧✐t ✭P✮ ❥❡ ✈ ❥á❞➦❡ ❥❡♠♥ý✱ ❧❛♠❡❧ár♥í❤♦ ❝❤❛r❛❦t❡r✉

✹✺



✭❛✮ ❥❡♠♥ý ♠❛rt❡♥③✐t ♥❛ ♣♦✈r❝❤✉ ✭❜✮ ❞❡t❛✐❧ ♠❛rt❡♥③✐t✉

✭❝✮ ↔ást✐❝❡ ♥❛ ♣♦✈r❝❤✉ ✭❞✮ ❞❡t❛✐❧ ♣r❛s❦❧✐♥②

✭❡✮ ❥á❞r♦ ✭❢✮ ❞❡t❛✐❧ ❥á❞r❛ ✭♣❡r❧✐t ✰ ❜❛✐♥✐t✮

❖❜rá③❡❦ ✸✶✿ ❉♦❦✉♠❡♥t❛❝❡ str✉❦t✉r♥í❝❤ ❢á③í ♣♦♠♦❝í ❙❊▼
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❼ ❩ ❛♥❛❧ý③② ✈②♣❧ý✈á✱ ➸❡ s❡ ❥❡❞♥á✱ ➸❡ s❡ ❥❡❞♥á ↔ást✐❝❡ ❜♦❤❛té ♥❛ ♠❛♥❣❛♥ ❛ sír✉✱

❥❡❞♥á s❡ t❡❞② ♦ ✈♠➙st❦② t②♣✉ ▼♥❙

❖❜rá③❡❦ ✸✷✿ ▼❛♣❛ r♦③❧♦➸❡♥í ♣r✈❦➲ ❛♥❛❧②③♦✈❛♥ý❝❤ ↔ást✐❝

✹✼



✹✳✺ ❍♦❞♥♦❝❡♥í ❤❧♦✉❜❡❦ ✈ýs❧❡❞♥ý❝❤ ✈rst❡✈

❚❛❜✉❧❦❛ ✷✿ ❍❧♦✉❜❦❛ ✈rst❡✈ ❤♦❞♥♦❝❡♥❛ ③ r❡á❧♥➙ ♥❛♠➙➦❡♥ý❝❤ ❞❛t

❊❢❡❦t✐✈♥í ③♣❡✈♥➙♥á ✈rst✈❛ P➦❡❝❤♦❞♦✈á ♦❜❧❛st ❏á❞r♦

▲✐t✐♥❛ ❆ ✭♠♠✮ ❇ ✭♠♠✮ ❈ ✭♠♠✮

✾❑✻ ✷✹✵ ✵✱✺✺ ✵✱✷✶ ❃ ✵✱✼✻

✾❑✻ ✸✶✵ ✵✱✹✸ ✵✱✶✻ ❃ ✵✱✺✾

✾❑✻ ✹✵✵ ✵✱✺✷ ✵✱✸✵ ❃ ✵✱✽✷

❆❉■ ✻✵✵✲✸ ✵✱✹✸ ✵✱✶✻ ❃ ✵✱✺✾

❆❉■ ✾✵✵✲✽ ✵✱✺✹ ✵✱✻✺ ❃ ✶✱✶✾

❆●■ ●❏▲ ✷✺✵ ■❑ ✵✱✵✹ ✷✱✵✹ ❃ ✷✱✵✽

❆●■ ●❏▲ ✷✺✵ ▲❑ ✵✱✺✷ ✵✱✶✽ ❃ ✵✱✼✵

❙✐▼♦ ✸✺✲✺ ✷✱✹✺ ✷✱✸✽ ❃ ✹✱✽✸

❙✐▼♦ ✹✵✲✽ ✵✱✸✶ ✵✱✸✷ ❃ ✵✱✻✸

❍❧♦✉❜❦❛ ✈rst❡✈ ❜②❧❛ ❤♦❞♥♦❝❡♥❛ ③ r❡á❧♥➙ ♥❛♠➙➦❡♥ý❝❤ ❞❛t✱ ♥✐❦♦❧✐✈ ③ ♣r♦❧♦➸❡♥ý❝❤

❦➦✐✈❡❦✳ ❱③❤❧❡❞❡♠ ❦ ✈ýs❧❡❞♥ý♠ tr❡♥❞➲♠ ❥❡ ♦❞❡↔t❡♥í ③ ❞❛t ✈ýr❛③♥➙ ♣➦❡s♥➙❥➨í✳ ❱②❤♦❞✲

♥♦❝❡♥② ❜②❧② ❤❧♦✉❜❦② ❞✈♦✉ ♦❜❧❛stí✱ ❛ s✐❝❡ ❡❢❡❦t✐✈♥➙ ③♣➙✈♥➙♥é ✈rst✈② ✭♦③♥❛↔❡♥í ❆✮

❛ t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ ✭♦③♥❛↔❡♥í ❇✮✳ ●r❛✜❝❦é ③♥á③♦r♥➙♥í ♣♦r♦✈♥á♥í

❤❧♦✉❜❡❦ ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈ ❥❡ ✉✈❡❞❡♥♦ ♥❛ ❖❜rá③❡❦ ✸✸✳ ❩ár♦✈❡➡ ❜②❧❛ ❤♦❞♥♦❝❡♥❛

❤❧♦✉❜❦❛ ♥❛✈❛③✉❥í❝í❤♦ ♥❡♦✈❧✐✈♥➙♥é❤♦ ❥á❞r❛ ♠❛t❡r✐á❧✉ ✭♦③♥❛↔❡♥í ❈✮✳ ❱ýs❧❡❞♥é ♥❛♠➙✲

➦❡♥é ❤♦❞♥♦t② ❥s♦✉ ✉✈❡❞❡♥② ✈ ❚❛❜✉❧❦❛ ✷✳

✹✽



❖❜rá③❡❦ ✸✸✿ ●r❛✜❝❦é ③♥á③♦r♥➙♥í ♣♦r♦✈♥á♥í ✈ýs❧❡❞♥ý❝❤ ❤❧♦✉❜❡❦ ❥❡❞♥♦t❧✐✈ý❝❤ ✈rst❡✈

✹✾



✺ ❉✐s❦✉③❡

❚❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❧✐t✐♥② ✾❑✻ ♣♦♠♦❝í ❧❛s❡r✉ ❞♦❝❤á③í ✈ ♦✈❧✐✈♥➙♥é ③ó♥➙ ✈➨❡❝❤

✈③♦r❦➲ ❦❡ ✈③♥✐❦✉ ❞✈♦✉ ♦❜❧❛stí✳ ◆❛ ♣♦✈r❝❤✉ s❡ ✈ rá♠❝✐ ✈➨❡❝❤ ✈③♦r❦➲ ♥❛❝❤á③í ③♣❡✈✲

♥➙♥á ✈rst✈❛✱ ❦t❡rá s❡ s❦❧á❞á ③ ❥❡♠♥é❤♦ ♠❛rt❡♥③✐t✉ ❛ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉✳ ❱ý❥✐♠❦✉

t✈♦➦í ✈③♦r❡❦ ✾❑✻ ✷✹✵✱ ❦❞❡ ♥❛ ♣♦✈r❝❤✉ ③➲stá✈á ♣ás♠♦ ♦str➲✈❦➲ ♣➲✈♦❞♥í ❢❡r✐t✐❝❦é

❢á③❡ ♦ t❧♦✉➨➫❝❡ ♠❛①✐♠á❧♥➙ ✺✵ ➭♠ ✭✈✐③ ❖❜rá③❡❦ ✺❛✮✳ ◆❡❥✈②➨➨í ❞♦s❛➸❡♥á ♠❛①✐♠á❧♥í

t✈r❞♦st ✶✷✶✸ ❍❱✶ ✈❡ ✈③❞á❧❡♥♦st✐ ✵✱✵✺ ♠♠ ♣♦❞ ♣♦✈r❝❤❡♠ ❜②❧❛ ♥❛♠➙➦❡♥❛ ✉ ✈③♦r❦✉

✾❑✻ ✸✶✵✱ ③❛tí♠❝♦ ♥❡❥♥✐➸➨í ✾✽✶ ❍❱✶ ✉ ✈③♦r❦✉ ✾❑✻ ✹✵✵✳ ❩ ❤❧❡❞✐s❦❛ t❧♦✉➨➫❦② ✈rst✈②

❥s♦✉ ✈③♦r❦② ✾❑✻ ✷✹✵ ❛ ✾❑✻ ✹✵✵ sr♦✈♥❛t❡❧♥é ✭✵✱✺✺ ❛ ✵✱✺✷ ♠♠✮✱ ③❛tí♠❝♦ ✈③♦r❡❦ ✾❑✻

✸✶✵ ♠á t❧♦✉➨➫❦✉ ♦ ✵✱✶ ♠♠ ♥✐➸➨í ✭✵✱✹✸ ♠♠✮✳ ❱ ♥ás❧❡❞✉❥í❝í ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ ❞♦❝❤á③í

❦ r❛♣✐❞♥í♠✉ ♣♦❦❧❡s✉ t✈r❞♦stí ✭✹✵✵ ✕ ✺✵✵ ❍❱✶✮✱ ❝♦➸ ❥❡ ❞á♥♦ str✉❦t✉r♥í ③♠➙♥♦✉✱ ❦❞②

❞♦❝❤á③í ❦❡ ✈③♥✐❦✉ ❤r✉❜ý❝❤ ❥❡❤❧✐❝ ♠❛rt❡♥③✐t✉✱ ❜❛✐♥✐t✐❝❦é ❢á③❡ ❛ ♥í③❦é❤♦ ♣♦❞í❧✉ ③❜②t✲

❦♦✈é❤♦ ❛✉st❡♥✐t✉✳ P➦❡st♦➸❡ ❥s♦✉ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ ❞❧❡ ♠✐❦r♦str✉❦t✉r♥í❝❤ s♥í♠❦➲ ❛

t✈r❞♦stí ♣♦♠➙r♥➙ ú③❦é ✭✵✱✷ ✕ ✵✱✸ ♠♠✮✱ t❛❦ ✈ ♣➦í♣❛❞➙ ✈③♦r❦✉ ✾❑✻ ✸✶✵ ❜✉❞❡ ♠ít s❦✉✲

t❡↔♥é t❡♣❡❧♥➙ ♦✈❧✐✈♥➙♥é ♣ás♠♦ ✈➙t➨í t❧♦✉➨➫❦✉ ✭❝❝❛ ✶✱✼ ♠♠✮✱ ❝♦➸ ❞♦❦❧á❞á ♥❛♠➙➦❡♥ý

♣r➲❜➙❤ ♠✐❦r♦t✈r❞♦stí ✭✈✐③ ❖❜rá③❡❦ ✼❜✮✱ ❦❞❡ ♣♦ ♣r✈♦t♥í♠✉ ♣♦❦❧❡s✉ ❤♦❞♥♦t ❞♦❝❤á③í ❦

❥❡❥✐❝❤ ♣♦st✉♣♥é♠✉ ♥ár➲st✉✱ ❞♦❦✉❞ ♥❡♥í ❞♦sá❤♥✉t♦ ♣➦✐❜❧✐➸♥➙ ❦♦♥st❛♥t♥í ❤♦❞♥♦t② ✻✺✵

❍❱✶✱ ❝♦➸ ♦❞♣♦✈í❞á ❥á❞r✉ ♠❛t❡r✐á❧✉✳ ❱ýs❧❡❞♥é ③♣r❛❝♦✈á♥í ❧❛s❡r❡♠ s❡ ↔ást❡↔♥➙ s❤♦❞✉❥❡

s ♣r❛❝❡♠✐ ●❤❛✐♥✐ ❡t ❛❧✳✱ ✷✵✷✵ ❬✷✵❪ ❛ ▼❛r❡st ❡t ❛❧✳✱ ✶✾✾✺ ❬✷✺❪✱ ❦❞② ✈ýs❧❡❞♥é str✉❦t✉r♥í

③♠➙♥② ✈ ❥❡❞♥♦t❧✐✈ý❝❤ ♦✈❧✐✈♥➙♥ý❝❤ ③ó♥á❝❤ ❥s♦✉ s❤♦❞♥é✱ ❛❧❡ ✈ t♦♠t♦ ♣➦í♣❛❞➙ ❞♦❝❤á③í

❦❡ ✈③♥✐❦✉ ♣♦✉③❡ ❞✈♦✉ ♦❜❧❛stí ❛ t❛❦é ♥❡❜②❧♦ ♣♦③♦r♦✈á♥♦ ✈ý③♥❛♠♥é t❡♣❡❧♥é ♦✈❧✐✈♥➙♥í

❣r❛✜t✉ ✭❥❡❤♦ t✈❛r✉ ❛ ✈❡❧✐❦♦st✐✮✳ ❆♥❛❧ý③♦✉ ❝❤❡♠✐❝❦é❤♦ s❧♦➸❡♥í ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ ✈ ♦❦♦❧í

❣r❛✜t✉ s❡ ♥❛❝❤á③❡❥í ❢á③❡✱ ❦t❡ré ❥s♦✉ ❜♦❤❛té ♥❛ sír✉✱ t✐t❛♥ ❛ ❢♦s❢♦r✳ ❩ ❤❧❡❞✐s❦❛ ✈ýs❧❡❞✲

♥ý❝❤ ✈❧❛st♥♦stí ❜②❧♦ t❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ❞♦s❛➸❡♥♦ ♥❡❥❧❡♣➨í❝❤ ✈ýs❧❡❞❦➲ ✉ ✈③♦r❦✉

✾❑✻ ✸✶✵✱ ③❛tí♠❝♦ ✉ ✈③♦r❦✉ ✾❑✻ ✷✹✵ ❜②❧❛ ♠✐♠♦ ♥✐➸➨í❝❤ ♠✐❦r♦t✈r❞♦stí s❤❧❡❞á♥❛ ♥❡❞♦✲

❦♦♥❛❧♦st ✈❡ ③❜②t❦♦✈é♠ ❢❡r✐t✉ ♥❛ ♣♦✈r❝❤✉✱ ❦t❡rý ✈ýr❛③♥➙ ♦✈❧✐✈♥í ♣r♦✈♦③♥í ✈❧❛st♥♦st✐

✺✵



♠❛t❡r✐á❧✉✳

❱ ♣➦í♣❛❞➙ ✐♥❞✉❦↔♥➙ ③♣r❛❝♦✈❛♥ý❝❤ ❧✐t✐♥② t②♣✉ ❙✐▼♦ ♥❡❥s♦✉ ③❡ s♥í♠❦➲ ♠✐❦r♦str✉❦✲

t✉r② ♣❛tr♥é ♦✈❧✐✈♥➙♥é ♦❜❧❛st✐✳ ❩ ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❥❡ ✈➨❛❦ ♣❛tr♥é✱ ➸❡ ✈③♥✐❦❛❥í

❞✈➙ ♦✈❧✐✈♥➙♥é ③ó♥②✳ ❱ ♣➦í♣❛❞➙ ❙✐▼♦ ✸✺✲✺ ❥❡ ③♣❡✈♥➙♥á ♦❜❧❛st ♥❛ ♣♦✈r❝❤✉ ✈ýr❛③♥➙

✈➙t➨í ✭✷✱✹✺ ♠♠✮✱ ❛❧❡ ③❛t♦ s ✈ýr❛③♥➙ ♥✐➸➨í t✈r❞♦stí ✭✹✶✾ ❍❱✶✮✱ ❝♦➸ ❥❡ ❞á♥♦ ✈②❧♦✉↔❡♥♦✉

❜❛✐♥✐t✐❝❦♦✉ ❢á③í✳ ❙✐▼♦ ✹✵✲✽ ♠á ♣♦✈r❝❤♦✈♦✉ ✈rst✈✉ ✈ýr❛③♥➙ t❡♥↔í ✭✵✱✸✶ ♠♠✮✱ ❛❧❡ ③❛t♦

s ♥❡❥✈②➨➨í ❞♦s❛➸❡♥♦✉ t✈r❞♦stí ✶✵✵✵ ❍❱✶✱ ↔❡♠✉➸ ♦❞♣♦✈í❞á ❥❡♠♥ý ♠❛rt❡♥③✐t✳ P➦❡❝❤♦✲

❞♦✈á ♦❜❧❛st ❥❡ ✈ ♣➦í♣❛❞➙ ❙✐▼♦ ✸✺✲✺ ♦♣➙t ✈➙t➨í ✭✷✱✸✽ ♠♠✮ ♦♣r♦t✐ ❙✐▼♦ ✹✵✲✽ ✭✵✱✸✷ ♠♠✮

❛ ✉ ♦❜♦✉ ✈③♦r❦➲ ❥❡ ♣❛tr♥ý ♣♦③✈♦❧♥ý ♣♦❦❧❡s ♠✐❦r♦t✈r❞♦stí s♠➙r❡♠ ❞♦ ❥á❞r❛✳ P➦❡❝❤♦❞

❞♦ ❥á❞r❛ ❥❡ ✉ ❙✐▼♦ ✸✺✲✺ ❝❤❛r❛❦t❡r✐③♦✈á♥ ♣♦st✉♣♥♦✉ ③♠➙♥♦✉ ❢❡r✐t✐❝❦♦✲❜❛✐♥✐t✐❝❦é ❢á③❡

❞♦ ♣➲✈♦❞♥í ❢❡r✐t✐❝❦♦✲♣❡r❧✐t✐❝❦é✱ ③❛tí♠❝♦ ✉ ❙✐▼♦ ✹✵✲✽ ♣➦❡❝❤á③í ♠❛rt❡♥③✐t ♣♦st✉♣♥➙ ❞♦

❜❛✐♥✐t✐❝❦♦✲❢❡r✐t✐❝❦é ❢á③❡✳ ▼✐❦r♦❛♥❛❧ý③❛ ❝❤❡♠✐❝❦é❤♦ s❧♦➸❡♥í ♣♦t✈r❞✐❧❛ ✈ ♠✐❦r♦str✉❦t✉➦❡

♦❜♦✉ ✈③♦r❦➲ ♣➦ít♦♠♥♦st ♣r✐♠ár♥í❝❤ ❛ s❡❦✉♥❞ár♥í❝❤ ❦❛r❜✐❞➲ ❜♦❤❛tý❝❤ ♥❛ ♠♦❧②❜❞❡♥✱

❦❞② ✈❡ ✈③♦r❦✉ ❙✐▼♦ ✹✵✲✽ s❡ t➙❝❤t♦ ❢á③í ✈②s❦②t✉❥❡ ✈í❝❡✳ ❱ýs❦②t ❦❛r❜✐❞➲ ♠♦❧②❜❞❡♥✉

s❡ s❤♦❞✉❥❡ s ❛♥❛❧ý③❛♠✐ ♣r♦✈❡❞❡♥ý♠✐ ✈ ♣rá❝✐ ❍❡r✈❛s ❡t ❛❧✳✱ ✷✵✶✺ ❬✷✻❪✳ ▼❛♣② r♦③❧♦✲

➸❡♥í ♣r✈❦➲ ✈ ♠✐❦r♦str✉❦t✉➦❡ ❞á❧❡ ♣♦t✈r❞✐❧② ❢á③❡ ♦ ✈②s♦❦é♠ ♦❜s❛❤✉ ❢♦s❢♦r✉ ✭❄❄❄✮✳ ❱

♣➦í♣❛❞➙ ✐♥❞✉❦↔♥í❤♦ ❦❛❧❡♥í ❧✐t✐♥② t②♣✉ ❙✐▼♦ ♥❡❞♦❝❤á③í ✈❧✐✈❡♠ ✈♥❡s❡♥é❤♦ t❡♣❧❛ ❦ ✈ý✲

r❛③♥é♠✉ ♦✈❧✐✈♥➙♥í t✈❛r✉ ❛ ✈❡❧✐❦♦st✐ ❣r❛✜t✉✳ ❩ ✈ýs❧❡❞♥é❤♦ ♣♦r♦✈♥á♥í ✈②♣❧ý✈á✱ ➸❡ ♣♦

✐♥❞✉❦↔♥í♠ ③♣r❛❝♦✈á♥í ❞♦s❛❤✉❥❡ ❧❡♣➨í❝❤ ✈ýs❧❡❞♥ý❝❤ ✈❧❛st♥♦stí ✈③♦r❡❦ ❙✐▼♦ ✹✵✲✽✳

▲❛s❡r❡♠ ③♣r❛❝♦✈❛♥é ❧✐t✐♥② t②♣✉ ❆❉■ s❡ ✈②③♥❛↔✉❥í ✈③♥✐❦❡♠ ❞✈♦✉ ♦❜❧❛stí✱ ❝♦➸ ♦❞✲

♣♦✈í❞á ✈ýs❧❡❞❦➲♠ ❛✉t♦r❛ ❉❡♦❞r❡ ❡t ❛❧✳✱ ✷✵✶✼ ❬✷✸❪✳ ❯ ♦❜♦✉ ✈③♦r❦➲ s❡ ✈❡ ③♣❡✈♥➙♥é

♣♦✈r❝❤♦✈é ✈rst✈➙ ♥❛❝❤á③í ❥❡♠♥ý ♠❛rt❡♥③✐t ✭✾✵✵ ✕ ✶✵✵✵ ❍❱✶✮✱ ❦❞② ✈③♦r❡❦ ❆❉■ ✾✵✵✲✽

♦❜s❛❤✉❥❡ ♥í③❦ý ♣♦❞í❧ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉ ❛ ♣♦❞í❧ ❛✉s❢❡r✐t✉✱ ③❛tí♠❝♦ ✈❡ ✈③♦r❦✉ ❆❉■

✻✵✵✲✸ s❡ ♥❛❝❤á③í ✈ýs❦②t ♣➲✈♦❞♥í ❢❡r✐t✐❝❦é ❢á③❡ ✈❡ ❢♦r♠➙ ♦str➲✈❦➲ ✈ ♦❦♦❧í ❣r❛✜t✉✱ ♣➦í✲

♣❛❞➙ ♦str➲✈❦➲ ✈ ♠❛tr✐❝✐✳ ❱③♦r❡❦ ❆❉■ ✻✵✵✲✸ ♠á ✈ ♣♦✈r❝❤♦✈é ✈rst✈➙ ✈ýr❛③♥➙ ♠❡♥➨í

✈❡❧✐❦♦st ❣r❛✜t✉✱ ♥❡➸ ✈③♦r❡❦ ✾✵✵✲✽✳ ❯ ✈③♦r❦✉ ❆❉■ ✾✵✵✲✽ ❥❡ t❧♦✉➨➫❦❛ ✈rst✈② ✭✵✱✺✹ ♠♠✮

✺✶



♠ír♥➙ ✈②➨➨í✱ ♥❡➸ ❥❡ t♦♠✉ ✉ ❆❉■ ✻✵✵✲✸ ✭✵✱✹✸ ♠♠✮✳ ❱❡ ③♣❡✈♥➙♥é ♣♦✈r❝❤♦✈é ✈rst✈➙

s❡ ✉ ✈③♦r❦✉ ✾✵✵✲✽ ♥❛❝❤á③❡❥í ↔ást✐❝❡✱ ❦t❡ré ♥❛ ③á❦❧❛❞➙ ♣r♦✈❡❞❡♥é ❝❤❡♠✐❝❦é ❛♥❛❧ý③②

♦❞♣♦✈í❞❛❥í ♦①✐❞✉ ❦➦❡♠í❦✉ ✭SiO2✮✳ ❚②t♦ ↔ást✐❝❡ ❜✉❞♦✉ ♣r❛✈❞➙♣♦❞♦❜♥➙ ❛rt❡❢❛❦t❡♠ ③

♣➦í♣r❛✈② ♠❡t❛❧♦❣r❛✜❝❦ý❝❤ ✈③♦r❦➲✱ ❦❞② s❡ ♠➲➸❡ ❥❡❞♥❛t ♦ ↔ást✐❝❡ ❜r✉s✐✈❛✱ ❦t❡ré ♠♦❤♦✉

♣♦❝❤á③❡t ♥❛♣➦✳ ③ ❞➙❧✐❝í❤♦ ❦♦t♦✉↔❡✳ ❩ ♠✐❦r♦str✉❦t✉r♥í❤♦ ❤❧❡❞✐s❦❛ ❥❡ ♣➦❡❝❤♦❞♦✈á ✈rst✈❛

✉ ♦❜♦✉ ✈③♦r❦➲ ♦❤r❛♥✐↔❡♥á ♦strý♠ ♣➦❡❝❤♦❞❡♠✱ ❦t❡rý ♦❞♣♦✈í❞á ♣r➲❜➙❤✉ ♠✐❦r♦t✈r❞♦stí

✉ ✈③♦r❦✉ ❆❉■ ✻✵✵✲✸✱ ③❛tí♠❝♦ ✉ ✈③♦r❦✉ ❆❉■ ✾✵✵✲✽ ❥❡ ♣➦❡❝❤♦❞ ♣♦③✈♦❧♥➙❥➨í✱ ❞í❦② ♣♦✲

st✉♣♥é♠✉ ♣♦❦❧❡s✉ t✈r❞♦st✐✳ ▼❛rt❡♥③✐t✐❝❦á ❢á③❡ ♣➦❡❝❤á③í ✈ ♣➦í♣❛❞➙ ✈③♦r❦✉ ❆❉■ ✻✵✵✲✸

✈ ♣❡r❧✐t✐❝❦♦✲❢❡r✐t✐❝❦♦✉ ✭✷✺✵ ❍❱✶✮✱ ❦❞② ❢❡r✐t ❥❡ ✈②❧♦✉↔❡♥ ✈❡ ❢♦r♠➙ ♦❜á❧❡❦ ♦❦♦❧♦ ❦✉❧✐↔✲

❦♦✈é❤♦ ❣r❛✜t✉✳ ❱ ♣➦í♣❛❞➙ ❆❉■ ✾✵✵✲✽ ♣➦❡❝❤á③í ♠❛rt❡♥③✐t ✈ ❤♦r♥í ❜❛✐♥✐t s ✈ýs❦②t❡♠

♣r♦❡✉t❡❦t♦✐❞♥í❤♦ ❢❡r✐t✉ ❛ ♥í③❦ý♠ ♣♦❞í❧❡♠ ③❜②t❦♦✈é❤♦ ❛✉st❡♥✐t✉✳ ❩ ❞❡t❛✐❧♥í ❛♥❛❧ý③②

♣♦♠♦❝í ❡❧❡❦tr♦♥♦✈é❤♦ ♠✐❦r♦s❦♦♣✉ ✈②♣❧ý✈á✱ ➸❡ s❡ ✈ ♠❛tr✐❝✐ ❥á❞r❛ ♥❛❝❤á③í t❛❦é ❧♦❦á❧♥í

♦❜❧❛st✐ s ♠❛rt❡♥③✐t✐❝❦♦✉ ❢á③í ✭✈✐③ ❖❜rá③❡❦ ✷✷❞✮✳ ❱ t➙❝❤t♦ ❢á③í❝❤ s❡ ♥❛❝❤á③í ✈②❧♦✉↔❡♥á

❢á③❡ ❜♦❤❛tá ♥❛ t✐t❛♥✳ ❉á❧❡ ③❡ s♥í♠❦➲ ✈②♣❧ý✈á✱ ➸❡ ✈ ♦❦♦❧í ❣r❛✜t✉ s❡ ♥❛❝❤á③❡❥í ✈❡❧♠✐

❥❡♠♥é ❧❛♠❡❧ár♥í ♦❜❧❛st✐✱ ❦t❡ré ♠♦r❢♦❧♦❣✐í ♦❞♣♦✈í❞❛❥í ♣❡r❧✐t✐❝❦é ❢á③✐ ✭✈✐③ ❖❜rá③❡❦ ✷✷❡✮✳

❚❛t♦ ❢á③❡ ♦❞♣♦✈í❞á té✱ ❦t❡r♦✉ ♣♦③♦r♦✈❛❧ ❑✐r✐②❛ ❡t ❛❧✳✱ ✶✾✽✷ ❬✶✵❪✱ ❦t❡rý ❥✐ ♦③♥❛↔✐❧ ❥❛❦♦

❜❛✐♥✐t✐❝❦♦✉✱ ❝♦ s✐ ♣♦♥❡❝❤á✈á ♠♦r❢♦❧♦❣✐❝❦♦✉ str✉❦t✉r✉ t②♣✐❝❦♦✉ ♣r♦ ♣❡r❧✐t✳ ❉á❧❡ s❡ ✈

♦❦♦❧í ❣r❛✜t✉ s❡ ♥❛❝❤á③❡❥í ↔ást✐❝❡ ❜♦❤❛té ♥❛ ❢♦s❢♦r✳ ❙t❡❥♥➙ ❥❛❦♦ ✈ ♣➦í♣❛❞➙ ✈ýs❧❡❞❦➲ ❛✉✲

t♦r❛ ❙♦r✐❛♥♦ ❡t ❛❧✳✱ ✷✵✶✶ ❬✷✹❪✱ t❛❦ ❛♥✐ ✈ ♣➦í♣❛❞➙ ✈③♦r❦✉ ✾✵✵✲✽ ♥❡❞♦❝❤á③í ✈ ♦✈❧✐✈♥➙♥ý❝❤

♦❜❧❛st❡❝❤ ❦❡ ③♠➙♥➙ ❣r❛✜t✉✳ ❱ ♣➦í♣❛❞➙ ✈③♦r❦✉ ✻✵✵✲✸ ❥✐➸ ❦❡ ③♠➙♥➙ ✈❡ ✈❡❧✐❦♦st✐ ❣r❛✜t✉

✈❧✐✈❡♠ t❡♣❧❛ ❞♦❝❤á③í✱ ❝♦➸ ♦❞♣♦✈í❞á ✈ýs❧❡❞❦➲♠ ♣rá❝❡ ❉❡♦❞r❡ ❡t ❛❧✳✱ ✷✵✶✼ ❬✷✸❪✳ ◆❛ ③á✲

❦❧❛❞➙ ❞♦s❛➸❡♥ý❝❤ ✈❧❛st♥♦stí ❥❡ ♠♦➸♥é ❦♦♥st❛t♦✈❛t✱ ➸❡ ✈ ♣➦í♣❛❞➙ ❧❛s❡r♦✈é❤♦ ③♣r❛❝♦✈á♥í

♣♦✈r❝❤✉ ❥❡ ❧❡♣➨í♠ ✈③♦r❦❡♠ ❧✐t✐♥❛ ❆❉■ ✾✵✵✲✽✳

❱ ♣➦í♣❛❞➙ ❧✐t✐♥ t②♣✉ ❆●■ ●❏▲ ✷✺✵ ❜②❧ ♣♦r♦✈♥á✈á♥ ✐♥❞✉❦↔♥í ❛ ❧❛s❡r♦✈ý ③♣➲s♦❜

③♣r❛❝♦✈á♥í ♣♦✈r❝❤✉✳ ❙t❡❥♥➙ ❥❛❦♦ ✈ ♣➦❡❞❝❤♦③í❝❤ ♣➦í♣❛❞❡❝❤✱ t❛❦ ✐ ③❞❡ ✈③♥✐❦❛❥í ❞✈➙ ♦✈❧✐✈✲

♥➙♥é ③ó♥②✳ ❩♣❡✈♥➙♥á ♦❜❧❛st ♥❛ ♣♦✈r❝❤✉ ❞♦s❛❤✉❥❡ ✈ ♣➦í♣❛❞➙ ▲❑ ✈②➨➨í t❧♦✉➨➫❦② ✭✵✱✺✷

♠♠✮✱ ♥❡➸ ❥❡ t♦♠✉ ✉ ■❑ ✭✵✱✵✹ ♠♠✮✳ ❚②t♦ ✈❡❧❦é r♦③❞í❧② ❥s♦✉ ✈✐❞✐t❡❧♥é ✐ ③❡ s♥í♠❦➲

✺✷



♠✐❦r♦str✉❦t✉r②✱ ❦❞② ✈ ♣➦í♣❛❞➙ ▲❑ ❥❡ ✈rst✈❛ ♣❛tr♥á s ✈ýr❛③♥é♠ ♦❤r❛♥✐↔❡♥í♠✱ ③❛✲

tí♠❝♦ ✉ ■❑ ♥❡♥í ✈rst✈❛ ✈✐❞✐t❡❧♥á ✈➲❜❡❝✳ ❱ ♣♦✈r❝❤♦✈é ✈rst✈➙ ♦❜♦✉ ✈③♦r❦➲ ❥❡ ♣➦ít♦♠❡♥

❥❡♠♥ý ♠❛rt❡♥③✐t ✭✶✵✵✵ ✕ ✶✶✵✵ ❍❱✶✮ s♣♦❧❡↔♥➙ s❡ ③❜②t❦♦✈ý♠ ❛✉st❡♥✐t❡♠✱ ❥❡❤♦➸ ♣♦❞í❧

❥❡ ✈ýr❛③♥➙ ✈②➨➨í ✈ ♣➦í♣❛❞➙ ■❑✱ ❦❞② ❥❡❤♦ ✈ýr❛③♥➙ ③✈ý➨❡♥é ♠♥♦➸st✈í ❥❡ ♠♦➸♥é ♣♦③♦r♦✲

✈❛t ✈❡ ✈③❞á❧❡♥♦st✐ ❝❝❛ ✶✵✵ ➭♠ ♦❞ ♣♦✈r❝❤✉✳ ❱ ♣➦í♣❛❞➙ ✈③♦r❦✉ ▲❑ s❡ ✈❡ ③♣❡✈♥➙♥é♠

♣♦✈r❝❤✉ ✈ ♦❦♦❧í ♠❛rt❡♥③✐t✐❝❦é ❢á③❡ ♦❜❥❡✈✉❥í ♣r❛s❦❧✐♥②✱ ❦t❡ré s❡ ➨í➦í ♣♦ ❤r❛♥✐❝í❝❤ ♣r✐✲

♠ár♥í❝❤ ❛✉st❡♥✐t✐❝❦ý❝❤ ③r♥✳ ❆♥❛❧ý③❛ ♣♦♠♦❝í ❡❧❡❦tr♦♥♦✈é ♠✐❦r♦s❦♦♣✐❡ ♣♦t✈r❞✐❧❛✱ ➸❡

s❡ ♥❡❥❡❞♥á ♦ tr❤❧✐♥②✱ ❥❡❧✐❦♦➸ ♥❡❜②❧❛ ♣♦③♦r♦✈á♥❛ ♣➦ít♦♠♥♦st ♦①✐❞✐❝❦ý❝❤ ↔ást✐❝ ✉✈♥✐t➦

♣r❛s❦❧✐♥ ✭✈✐③ ❖❜rá③❡❦ ✸✶❡✮✳ ❏❡❥✐❝❤ ✈ýs❦②t ♦❞♣♦✈í❞á ✈ýs❧❡❞❦➲♠ ❈❤❡♥ ❡t ❛❧✳✱ ✶✾✽✹

❬✶✸❪ ❛ ❑✐r✐②❛ ❡t ❛❧✳✱ ✶✾✽✷ ❬✶✵❪ ✭❜②➫ ♣rá❝❡ ❛✉t♦r❛ ❜②❧❛ ③❛♠➙➦❡♥❛ ♥❛ ✐♥❞✉❦↔♥í ❦❛❧❡♥í✮✱

❦❞② ✈ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ s❡ ❥❡❞♥❛❧♦ ♦ ♣r❛s❦❧✐♥② ➨í➦í❝í s❡ ♣♦❞é❧ ❤r❛♥✐❝ ❢á③í✳ ▼❛②✉r♥✐❦♦✈

❡t✳ ❛❧✳✱ ✶✾✽✶ ❬✾❪ ✈②s✈➙t❧✉❥❡ ❥❡❥✐❝❤ ♣➦í↔✐♥✉ ✈ýs❦②t❡♠ ③✈ý➨❡♥é ③❜②t❦♦✈é t❛❤♦✈é s❧♦➸❦②

♥❛♣➙tí ♥❛ ú❦♦r s❧♦➸❦② t❧❛❦♦✈é✳ ❱ t♦♠t♦ ♣➦í♣❛❞➙ s❡ ❜✉❞❡ ♣r❛✈❞➙♣♦❞♦❜♥➙ ❥❡❞♥❛t ♦

❞➲s❧❡❞❡❦ ♣➦❡♠➙♥② ♥❛ ♠❛rt❡♥③✐t✐❝❦♦✉ ❢á③✐✱ ❦t❡rá ❥❡ ❞♦♣r♦✈á③❡♥❛ ③♠➙♥♦✉ ♦❜❥❡♠✉✳ ❱

♣♦✈r❝❤♦✈é ✈rst✈➙ ❛♥✐ ✈ ♣➦❡❝❤♦❞♦✈é ♦❜❧❛st✐ ♥❡❜②❧② ♣♦③♦r♦✈á♥② ③♠➙♥② ✈❡ ✈❡❧✐❦♦st✐ ↔✐

t✈❛r✉ ❧✉♣í♥❦➲ ❣r❛✜t✉✱ ❥❛❦♦ t♦♠✉ ❥❡ ♥❛♣➦✳ ✈ ♣rá❝✐ ❑r❛♣♦s❤✐♥ ❡t ❛❧✳✱ ✶✾✽✽ ❬✶✼❪✳ ❱③♦r❡❦

■❑ ♠á ✈ýr❛③♥➙ ✈➙t➨í ♣➦❡❝❤♦❞♦✈♦✉ ♦❜❧❛st ✭✷✱✵✹ ♠♠✮✱ ❦t❡rá ❥❡ ❞♦♣r♦✈á③❡♥❛ ♣♦③✈♦❧♥ý♠

♣♦❦❧❡s❡♠ t✈r❞♦stí✳ ◆❛♣r♦t✐ t♦♠✉ ▲❑ ♠á ♣➦❡❝❤♦❞♦✈é ♣ás♠♦ ✈❡❧♠✐ ú③❦é ✭✵✱✶✽ ♠♠✮ s

♦st➦❡❥➨í♠ ♣♦❦❧❡s❡♠ t✈r❞♦stí✳ ❱ ♦❜♦✉ ♣➦í♣❛❞❡❝❤ ❞♦❝❤á③í ❦ ♣➦❡❝❤♦❞✉ ③ ♠❛rt❡♥③✐t✐❝❦é

❢á③❡ ♥❛ ♣❡r❧✐t✐❝❦♦✲❜❛✐♥✐t✐❝❦♦✉ ♠✐❦r♦str✉❦t✉r✉ s ♥í③❦ý♠ ♣♦❞í❧❡♠ ♣r♦❡✉t❡❦t♦✐❞♥í❤♦ ❢❡✲

r✐t✉✳ ❋á③❡ ♣❡r❧✐t✲❜❛✐♥✐t ❜②❧② ♥ás❧❡❞♥➙ ♣♦t✈r③❡♥② ✐ ♥❛♠➙➦❡♥ý♠✐ ❤♦❞♥♦t❛♠✐ t✈r❞♦stí

✭✷✵✵ ✕ ✷✺✵ ❍❱✶ ❛ ✹✵✵✰ ❍❱✶✮✳ ❏❛❦ ✈ ♦✈❧✐✈♥➙♥ý❝❤ ✈rst✈á❝❤✱ t❛❦ ✈ ❥á❞➦❡ s❡ ♥❛❝❤á③í ✈②✲

s♦❦ý ✈ýs❦②t ↔ást✐❝ ✭✈✐③ ❖❜rá③❡❦ ✸✷✮✱ ❦❞② ❝❤❡♠✐❝❦á ❛♥❛❧ý③❛ t②t♦ ↔ást✐❝❡ ✐❞❡♥t✐✜❦♦✈❛❧❛

❥❛❦♦ ❢á③❡ ❜♦❤❛té ♥❛ ♠❛♥❣❛♥ ❛ sír✉ ❛ ❥❡❞♥á s❡ t❡❞② ♦ ✈♠➙st❦② t②♣✉MnS✳ ❩ ♣♦r♦✈♥á♥í

♦❜♦✉ ✈③♦r❦➲ ✈②♣❧ý✈á✱ ➸❡ ♣r♦❝❡s ✐♥❞✉❦↔♥í❤♦ ❦❛❧❡♥í s❡ ✈ t♦♠t♦ ♣➦í♣❛❞➙ ✉❦❛③✉❥❡ ❥❛❦♦

❧❡♣➨í ❛ t♦ ✈③❤❧❡❞❡♠ ❦ t♦♠✉✱ ➸❡ ✈❡ ③♣❡✈♥➙♥í ✈rst✈➙ ♥❡❞♦❝❤á③í ❦ t✈♦r❜➙ ♣r❛s❦❧✐♥✱ ❦t❡ré

❜✉❞♦✉ ♠ít ♥❡♣➦í③♥✐✈ý ✈❧✐✈ ♥❛ ♣r♦✈♦③♥í ↔✐♥♥♦st ❛ s♥í➸í t❛❦ ♣r♦✈♦③✉s❝❤♦♣♥♦st s♦✉↔ást✐✳

✺✸



✻ ❩á✈➙r

✻✳✶ ❉♦s❛➸❡♥í ❝í❧➲ ♣rá❝❡

❼ ❇②❧② ♣♦r♦✈♥á✈á♥② ↔t②➦✐ ❞r✉❤② ❧✐t✐♥ ✭✾❑✻✱ ❙✐▼♦✱ ❆●■ ❛ ❆❉■✮ ❛ t♦ ♥❛ ③á❦❧❛❞➙

♣♦✉➸✐té❤♦ ❧❛s❡r♦✈é❤♦ ❛ ✐♥❞✉❦↔♥í❤♦ ③♣r❛❝♦✈á♥í ❥❡❥✐❝❤ ♣♦✈r❝❤✉✳

❼ ❉♦♣❛❞ t❡♣❡❧♥é❤♦ ③♣r❛❝♦✈á♥í ❜②❧ ♣♦s✉③♦✈á♥ ♣♦♠♦❝í ♠❡t❛❧♦❣r❛✜❝❦ý❝❤ ❛♥❛❧ý③✱

♠➙➦❡♥í ♠✐❦r♦t✈r❞♦st✐ ❛ ❛♥❛❧ý③ ♠✐❦r♦str✉❦t✉r② ❛ ❝❤❡♠✐❝❦é❤♦ s❧♦➸❡♥í ♣♦♠♦❝í

❡❧❡❦tr♦♥♦✈é ♠✐❦r♦s❦♦♣✐❡✳

❼ ❩ ✈ýs❧❡❞❦➲ ♠➙➦❡♥í ♣r➲❜➙❤➲ ♠✐❦r♦t✈r❞♦stí ❜②❧② st❛♥♦✈❡♥② t❧♦✉➨➫❦② ❥❡❞♥♦t❧✐✈ý❝❤

t❡♣❧❡♠ ♦✈❧✐✈♥➙♥ý❝❤ ♦❜❧❛stí✳

❼ ◆❛ ③á❦❧❛❞➙ ❧✐t❡rár♥í r❡➨❡r➨❡ ❜②❧② ✈ýs❧❡❞❦② ③ ❡①♣❡r✐♠❡♥tá❧♥í ↔ást✐ ♣♦r♦✈♥á♥② s

❞♦s❛➸❡♥ý♠✐ ✈ýs❧❡❞❦② ♣r❛❝í ♦st❛t♥í❝❤ ❛✉t♦r➲✳

❼ ❚❡♣❡❧♥ý♠ ③♣r❛❝♦✈á♥í♠ ♣♦♠♦❝í ❧❛s❡r✉ ❜②❧♦ ❞♦s❛➸❡♥♦ ♥❡❥❧❡♣➨í❝❤ ✈ýs❧❡❞❦➲ ✈ ♣➦í✲

♣❛❞➙ ❧✐t✐♥② ✾❑✻ ✉ ✈③♦r❦✉ ✾❑✻ ✸✶✵✱ ③❛tí♠❝♦ ♥❡❥❤♦r➨í❝❤ ✉ ✈③♦r❦✉ ✾❑✻ ✷✹✵✱ ✉

❦t❡ré❤♦ s❡ ✈②s❦②t♦✈❛❧② ♥❛ ♣♦✈r❝❤✉ ♥❡❞♦❦♦♥❛❧♦st✐ ✈❡ ❢♦r♠➙ ♣➲✈♦❞♥í ❢❡r✐t✐❝❦é

❢á③❡✳

❼ ❯ ❧✐t✐♥ t②♣✉ ❙✐▼♦ s❡ ✈③❤❧❡❞❡♠ ❦ ♠✐❦r♦str✉❦t✉➦❡ ❛ ❤♦❞♥♦tá♠ t✈r❞♦st✐ ❞♦s❛❤✉❥❡

✉ ✈③♦r❦✉ ❙✐▼♦ ✹✵✲✽ ❧❡♣➨í❝❤ ✈❧❛st♥♦stí✱ ♥❡➸ ❥❡ t♦♠✉ ✈ ♣➦í♣❛❞➙ ❙✐▼♦ ✸✺✲✺✳ ❱

♦❜♦✉ ♣➦í♣❛❞❡❝❤ s❡ ✈ ♠✐❦r♦str✉❦t✉r♥í❝❤ ❢á③í❝❤ ✈②s❦②t✉❥í ❦❛r❜✐❞② ♠♦❧②❜❞❡♥✉✳

❼ ❱ ♣➦í♣❛❞➙ ❧❛s❡r♦✈é❤♦ ③♣r❛❝♦✈á♥í ❆❉■ ❧✐t✐♥ ❥❡ ❧❡♣➨í❝❤ ✈ýs❧❡❞❦➲ ❞♦s❛➸❡♥♦ ♥❛

✈③♦r❦✉ ❆❉■ ✾✵✵✲✽ ❛ t♦ ✈③❤❧❡❞❡♠ ❦ ❜❛✐♥✐t✐❝❦é ♠✐❦r♦str✉❦t✉➦❡ ❛ ✈②➨➨í♠ t✈r❞♦s✲

t❡♠✳

❼ ❩ ♣♦r♦✈♥á♥í ❧❛s❡r♦✈é❤♦ ❛ ✐♥❞✉❦↔♥í❤♦ ③♣r❛❝♦✈á♥í ❧✐t✐♥② ❆●■ ●❏▲ ✷✺✵ ✈②♣❧ý✈á✱

➸❡ ❧❡♣➨í♠ ♣r♦❝❡s❡♠ ♣r♦ t❡♥t♦ t②♣ ❧✐t✐♥ ❥❡ ✐♥❞✉❦↔♥í ❦❛❧❡♥í✱ ❥❡❧✐❦♦➸ ♣♦ ③♣r❛❝♦✈á♥í

✺✹



❧❛s❡r❡♠ ✈③♥✐❦❛❥í ✈❡ ③♣❡✈♥➙♥é ✈rst✈➙ ♥❛ ♣♦✈r❝❤✉ ♣r❛s❦❧✐♥②✳

✻✳✷ Pr❛❦t✐❝❦á ❞♦♣♦r✉↔❡♥í

✻✳✸ ❇✉❞♦✉❝í ♣rá❝❡

❘❛♠❛♥

✺✺



▲✐t❡r❛t✉r❛

❬✶❪ ❘❖❯❷❑❆✱ ❏✳✿ ▼❡t❛❧✉r❣✐❡ ❧✐t✐♥✳ ❱❯❚ ❇r♥♦✱ ✶✾✾✽✱ ■❙❇◆ ✽✵✲✷✶✹✲✶✷✻✸✲✶✳

❬✷❪ ❍❆▼P▲✱ ❏✳✿ ▼❡t❛❧✉r❣✐❡ s❧é✈ár❡♥s❦ý❝❤ s❧✐t✐♥✳ ❱➆❇ ✲ ❚❡❝❤♥✐❝❦á ✉♥✐✈❡r③✐t❛ ❖str❛✈❛✱

✷✵✶✸✱ ■❙❇◆ ✾✼✽✲✽✵✲✷✹✽✲✸✸✺✼✲✻✳

❬✸❪ ◆❹▼❊❈✱ ▼✳❀ ❇❊❉◆➪➄✱ ❇✳❀ ❙❚❯◆❖❱➪✱ ❇✳ ❇✳✿ ❚❡♦r✐❡ s❧é✈á♥í✳ ❷❡s❦é ✈②s♦❦é

✉↔❡♥í t❡❝❤♥✐❝❦é✱ ✷✵✶✻✱ ■❙❇◆ ✾✼✽✲✽✵✲✵✶✲✵✻✵✷✻✲✶✳

❬✹❪ ❖❚➪❍❆▲✱ ❱✳✿ ❏❛❦♦st♥í ❧✐t✐♥② ✲ ❧✐t✐♥❛ s ❧✉♣í♥❦♦✈ý♠ ❣r❛✜t❡♠✳ ❇r♥♦✱ ❚❡❝❤♥✐❝❦♦ ✲

❡❦♦♥♦♠✐❝❦é ♣♦r❛❞❡♥st✈í✱ ✶✾✺✻✳

❬✺❪ ❙❱■❘■❉❊◆❑❖✱ ❑✳ ❆✳✿ ■♥❞✉❝t✐♦♥ ❤❛r❞❡♥✐♥❣ ♦❢ ❤✐❣❤✲str❡♥❣t❤ ❝❛st ✐r♦♥✳ ▼❡t❛❧

❙❝✐❡♥❝❡ ❛♥❞ ❍❡❛t ❚r❡❛t♠❡♥t✱ ✶✾✻✼✱ ✾✳✹✿ ✷✾✵✲✷✾✶✳

❬✻❪ ❆❉❖❨❆◆✱ ●✳ ❆✳❀ ●■◆■✱ ❊✳ ❈❍✳✿ ❙t❛❜✐❧✐③✐♥❣ tr❡❛t♠❡♥t ♦❢ ✐♥❞✉❝t✐♦♥ ❤❛r❞❡♥❡❞ ❝❛st

✐r♦♥ ♣❛rts✳ ▼❡t❛❧ ❙❝✐❡♥❝❡ ❛♥❞ ❍❡❛t ❚r❡❛t♠❡♥t✱ ✶✾✼✵✱ ✶✷✳✶✷✿ ✾✽✼✲✾✾✵✳

❬✼❪ P❊❚❘■❈❍❊◆❑❖✱ ❆✳ ▼✳❀ ❙❖▲◆❚❙❊❱✱ ▲✳ ❆✳❀ ❨❆❑❖❱▲❊❱✱ ❋✳ ■✳✿ ❙tr✉❝t✉r❛❧

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

❙❝✐❡♥❝❡ ❛♥❞ ❍❡❛t ❚r❡❛t♠❡♥t✱ ✶✾✼✹✱ ✶✻✳✽✿ ✼✶✸✲✼✶✹✳

❬✽❪ ❘❯❉◆❊❱✱ ❱✳ ■✳✿ ■♥❞✉❝t✐♦♥ ❤❛r❞❡♥✐♥❣ ❝❛st ✐r♦♥✳ ❚❤❡r♠❛❧ Pr♦❝❡ss✐♥❣✱ ✷✵✶✽✱ ♣✳

✹✵✲✹✺✳

❬✾❪ ▼❆❨❯❘◆■❑❖❱✱ ❆✳ ❱✳❀ ❖▲❊■◆■❈❍❊◆❑❖✱ ❱✳ ●✳✿ ❙tr❡♥❣t❤❡♥✐♥❣ ✐s♦t❤❡r♠❛❧❧②

❤❛r❞❡♥❡❞ ❤✐❣❤✲str❡♥❣t❤ ❝❛st ✐r♦♥ ♣❛rts ❜② s✉r❢❛❝❡ ✐♥❞✉❝t✐♦♥ ❤❛r❞❡♥✐♥❣✳ ▼❡t❛❧

❙❝✐❡♥❝❡ ❛♥❞ ❍❡❛t ❚r❡❛t♠❡♥t✱ ✶✾✽✶✱ ✷✸✳✶✿ ✼✹✲✽✵✳

❬✶✵❪ ❑■❘■❨❆✱ ●✳ ❙❤❀ ❇❯◆■◆❆✱ ❨✉ ❑✳❀ ■❱❆◆❖❱❆✱ ▲✳ ❑❤✳✿ ❙✉r❢❛❝❡ ❤❛r❞❡♥✐♥❣ ♦❢ ❣r❛②

❝❛st ✐r♦♥ ❜② ✐♥❞✉❝t✐♦♥ ❢✉s✐♦♥✳ ▼❡t❛❧ ❙❝✐❡♥❝❡ ❛♥❞ ❍❡❛t ❚r❡❛t♠❡♥t✱ ✶✾✽✷✱ ✷✹✳✺✿ ✸✻✽✲

✸✼✵✳

✺✻



❬✶✶❪ ❇❆▲❆❈❍❆◆❉❘❆◆✱ ●✳✱ ❡t ❛❧✳✿ ❙t✉❞✐❡s ♦♥ ✐♥❞✉❝t✐♦♥ ❤❛r❞❡♥✐♥❣ ♦❢ ❣r❛② ✐r♦♥ ❛♥❞
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