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▼❛st❡r ❚❤❡s✐s

●❛s ♣❡r♠❡❛♥❝❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ♠✐❝r♦♣♦r♦✉s

♣♦❧②♠❡r✲❞❡r✐✈❡❞ ❝❡r❛♠✐❝s

❚❡❝❤♥✐s❝❤❡ ❯♥✐✈❡rs✐tät ❲✐❡♥

■♥st✐t✉t❡ ♦❢ ❈❤❡♠✐❝❛❧ ❚❡❝❤♥♦❧♦❣✐❡s ❛♥❞ ❆♥❛❧②t✐❝s

●❡tr❡✐❞❡♠❛r❦t ✾✴✶✻✹✲❈❚

✶✵✻✵ ❲✐❡♥

❯♥❞❡r s✉♣❡r✈✐s✐♦♥ ♦❢

❆ss✳Pr♦❢✳ ❉r✳ ❚❤♦♠❛s ❑♦♥❡❣❣❡r

❆♦✳❯♥✐✈✳Pr♦❢✳ ❉✐♣❧✳✲■♥❣✳ ❉r✳t❡❝❤♥✳ ❘♦❧❛♥❞ ❍❛✉❜♥❡r

❋❡❧✐① ❋r❛♥❦

❏♦❤❛♥♥❛❣❛ss❡ ✷✾✲✸✺✴✶✼✴✶✸

✶✵✺✵ ❲✐❡♥

❱✐❡♥♥❛✱ ✶✺✳✵✹✳✷✵✷✵
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❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❆t ✜rst✱ ■ ✇❛♥t t♦ t❤❛♥❦ ♠② ❛❞✈✐s♦rs ❘♦❧❛♥❞ ❍❛✉❜♥❡r ❛♥❞ ❚❤♦♠❛s ❑♦♥❡❣❣❡r ❢♦r ♠❛❦✐♥❣ ✐t

♣♦ss✐❜❧❡ t♦ ✇♦r❦ ♦♥ t❤✐s t♦♣✐❝✳ ❲✐t❤♦✉t t❤❡♠ ❛♥❞ t❤❡✐r ✐♥str✉❝t✐♦♥s ❛♥❞ ❤❡❧♣✱ t❤✐s ✇♦✉❧❞ ❛❧❧ ♥♦t

❤❛✈❡ ❜❡❡♥ ♣♦ss✐❜❧❡✳

❆❧s♦✱ ■ ✇❛♥t t♦ ❛❝❦♥♦✇❧❡❞❣❡ t❤❡ ❢✉♥❞✐♥❣ ♦❢ t❤❡ ♣r♦❥❡❝t ■ ✇❛s ✇♦r❦✐♥❣ ♦♥ ❜② t❤❡ ❆✉str✐❛♥ ❙❝✐❡♥❝❡

❋✉♥❞ ❋❲❋ ✭P✲✷✾✵✺✽✮✳

■ ❛♠ ❛❧s♦ ✈❡r② t❤❛♥❦❢✉❧ ❢♦r ❛❧❧ ♠② ❝♦❧❧❡❛❣✉❡s ❛t t❤❡ ✇♦r❦✐♥❣ ❣r♦✉♣ ✬❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ❝❡r❛♠✐❝s✬✱

❡s♣❡❝✐❛❧❧② ❢♦r ❈❤r✐st✐♥❛ ❉r❡❝❤s❡❧✱ ✇❤♦ ♠❡♥t♦r❡❞ ♠❡ ✐♥ t❤❡ ❡❛r❧② st❛❣❡s ♦❢ t❤✐s ✇♦r❦ ❛♥❞ ✇❛s

❛❧✇❛②s t❤❡r❡ ❢♦r ♠❡✱ ✇❤❡♥ s♦♠❡t❤✐♥❣ ❞✐❞ ♥♦t ❣♦ ❛❝❝♦r❞✐♥❣ t♦ ♣❧❛♥✱ ❛♥❞ ❏♦❤❛♥♥❡s ❘❛✉❝❤❡♥❡❝❦❡r✱

✇❤♦ ❛❧s♦ ❣❛✈❡ ♠❡ ✈❛❧✉❛❜❧❡ ❛❞✈✐❝❡ ✇❤❡♥ ■ ❡♥❝♦✉♥t❡r❡❞ ♣r♦❜❧❡♠s✳

■ ❛❧s♦ ✇❛♥t t♦ ❛❝❦♥♦✇❧❡❞❣❡ ❛❧❧ ♣❡♦♣❧❡ ✇❤♦ ❛r❡ ❛♥❞ ✇❡r❡ ✇♦r❦✐♥❣ ✐♥ t❤❡ s❡❝♦♥❞ ✢♦♦r ❛♥❞ ✇❤♦

❛❝❝♦♠♣❛♥✐❡❞ ♠❡ t❤r♦✉❣❤ t❤❡ t✐♠❡ ■ ✇❛s ✇♦r❦✐♥❣ ♦♥ ♠② t❤❡s✐s✳ ■ ❛♠ s♦rr② t❤❛t ■ ❝❛♥♥♦t ♥❛♠❡

t❤❡♠ ❛❧❧ ✐♥ t❤✐s ✇♦r❦✱ ❛s ❡❛❝❤ ♦♥❡ ♦❢ t❤❡♠ ❞❡s❡r✈❡s ✐t✳

▼② s♣❡❝✐❛❧ t❤❛♥❦s ❣♦❡s t♦ ❛❧❧ ♠② ❢r✐❡♥❞s ♦✛❡r✐♥❣ ♠❡ s✉♣♣♦rt✱ ❡s♣❡❝✐❛❧❧② ❋❡❧✐① ❊❞❡r✱ ✇❤♦ ❛❝✲

❝♦♠♣❛♥✐❡❞ ♠❡ t❤❡ ❡♥t✐r❡ ❥♦✉r♥❡② t❤r♦✉❣❤ t❤❡ ❢❛s❝✐♥❛t✐♥❣ ✇♦r❧❞ t❤❛t ✐s ❝❤❡♠✐str②✱ ❛s ✇❡❧❧ ❛s ♠②

❢❛♠✐❧②✱ ❛s ✇✐t❤♦✉t t❤❡♠✱ ■ ✇♦✉❧❞ ♥♦t ❜❡ ✇❤❡r❡ ■ ❛♠ t♦❞❛②✳

▲❛st ❜✉t ♥♦t ❧❡❛st✱ ■ ✇❛♥t t♦ t❤❛♥❦ ♠② ♣❛rt♥❡r ❈❤r✐st✐♥❛✱ ✇❤♦ ♣r♦✈✐❞❡❞ ♠❡ ✇✐t❤ ✉♥❝♦♥❞✐t✐♦♥❛❧

s✉♣♣♦rt ❞✉r✐♥❣ ♠② ✇♦r❦ ❛♥❞ ✇❛s ♥❡✈❡r t✐r❡❞ t♦ ❝❤❡❡r ♠❡ ✉♣✱ ✇❤❡♥❡✈❡r ■ ✇❛s ❢❡❡❧✐♥❣ ❞♦✇♥✳

■
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❆❜str❛❝t

❋♦r t❤❡ s❡♣❛r❛t✐♦♥ ♦❢ ❣❛s ♠✐①t✉r❡s s✉❝❤ ❛s s②♥❣❛s ♣r♦❞✉❝❡❞ ❞✉r✐♥❣ t❤❡ st❡❛♠ r❡❢♦r♠✐♥❣ ♦❢

❤②❞r♦❝❛r❜♦♥s✱ t❤❡ ♥❡❡❞ ♦❢ ♥♦✈❡❧ ♠❡t❤♦❞s ♦❢ ❣❛s s❡♣❛r❛t✐♦♥ ❢♦r t❤❡ ♣✉r✐✜❝❛t✐♦♥ ♦❢ ❣❛s❡s ✐s st❡❛❞✐❧②

r✐s✐♥❣✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣✉r❡ ❣❛s❡s ✐s ❡s♣❡❝✐❛❧❧② ❤✐❣❤ ❢♦r ✉s❡s ✐♥ ❢✉❡❧ ❝❡❧❧s✱ ❛s s♠❛❧❧ ✐♠♣✉r✐t✐❡s

r❡❞✉❝❡ t❤❡✐r ❡✣❝✐❡♥❝② ❞r❛st✐❝❛❧❧②✳

❚❤❡ s✐♠♣❧❡st t❤❡♦r❡t✐❝❛❧ ♠❡t❤♦❞ ♦❢ s❡♣❛r❛t✐♥❣ ❧❛r❣❡r ❣❛s❡s ❢r♦♠ ❛ s♠❛❧❧ ❣❛s ✐s s✐③❡ ❡①❝❧✉s✐♦♥✳ ■t

❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❜② ✉s✐♥❣ ♠✐❝r♦♣♦r♦✉s ❛s②♠♠❡tr✐❝ ♠❡♠❜r❛♥❡s ✇✐t❤ ♣♦r♦s✐t② s♠❛❧❧❡r t❤❛♥ ✶ ♥♠✳

❚❤❡ ❣♦❛❧ ♦❢ t❤✐s ✇♦r❦ ✇❛s t❤❡ r❡❛❧✐s❛t✐♦♥ ♦❢ t❤✐s ❝♦♥❝❡♣t ❜② ❛♣♣❧②✐♥❣ ❧❛②❡rs ♦❢ ❛♠♦r♣❤♦✉s ❙✐❈◆

♦♥t♦ t✉❜✉❧❛r s✉♣♣♦rts✳ ❋✉rt❤❡r t❤❡s❡ ♠❡♠❜r❛♥❡s ✇❡r❡ ❝❤❛r❛❝t❡r✐s❡❞ ❛t ✐♥❝r❡❛s❡❞ t❡♠♣❡r❛t✉r❡s✳

❚❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡s❡ ❧❛②❡rs ✇❛s ♣❡r❢♦r♠❡❞ ✈✐❛ ❞✐♣✲❝♦❛t✐♥❣ ✇✐t❤ ♣♦❧②s✐❧❛③❛♥❡ ❜❛s❡❞ ♣r❡✲❝❡r❛♠✐❝

♣♦❧②♠❡rs✳ ❍❡r❡❜② t❤❡ ❛✐♠ ✇❛s t♦ ❡st❛❜❧✐s❤ ❛ ♠❡t❤♦❞ t❤❛t ❛❧❧♦✇s t❤❡ ❝♦♥s✐st❡♥t ❞❡♣♦s✐t✐♦♥ ♦❢

♠❡♠❜r❛♥❡ ❧❛②❡rs ✐♥ r❡❣❛r❞ t♦ t❤❡✐r t❤✐❝❦♥❡ss ❛♥❞ s❡♣❛r❛t✐♦♥ ♣r♦♣❡rt✐❡s t♦ ♠❛①✐♠✐s❡ t❤❡ s❡❧❡❝t✐✈✐t②

♦❢ t❤❡s❡ ♠❡♠❜r❛♥❡s ✐♥ t❤❡ ❢✉t✉r❡✳ ❚♦ ❢♦r♠ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❛♠♦r♣❤♦✉s ❙✐❈◆ ❧❛②❡rs✱ t❤❡

♣♦❧②♠❡r ❧❛②❡r ✇❛s ❝r♦ss❧✐♥❦❡❞ ✐♥ ❛ ✜rst st❡♣ ❛♥❞ ♣②r♦❧②s❡❞ ✐♥ ❛ s❡❝♦♥❞ st❡♣✳ ❆s t❤❡s❡ ♣♦❧②♠❡rs

❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ ✇❛t❡r✲❝♦♥t❛✐♥✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❛❧❧ st❡♣s ❤❛❞ t♦ ❜❡ ♣❡r❢♦r♠❡❞ ✉♥❞❡r ✐♥❡rt

❛t♠♦s♣❤❡r❡s✳

❚♦ ❝❤❛r❛❝t❡r✐s❡ t❤❡ ❧❛②❡rs✱ ❛ t❡st r✐❣ ✇❛s ❢✉rt❤❡r ❛ss❡♠❜❧❡❞ t♦ ❝r❡❛t❡ ❛♥ ❡♥✈✐r♦♥♠❡♥t ✐♥ ✇❤✐❝❤ t❤❡

♣❡r♠❡❛❜✐❧✐t✐❡s ♦❢ ❞✐✛❡r❡♥t ❣❛s❡s ❛♥❞ ❣❛s ♠✐①t✉r❡s ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳

❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ t❡st r✐❣ ✇❛s ♣❡r❢♦r♠❡❞ ✐♥ ❛ ▲❛❜❱■❊❲ ❛✉t♦♠❛t❡❞ s♦❧✉t✐♦♥✳ ❆ ♠❡t❤♦❞ ✇❛s

❢✉rt❤❡r ❞❡✈❡❧♦♣❡❞ t♦ ❣✉❛r❛♥t❡❡ ❝♦♠♣❛r❛❜❧❡ r❡s✉❧ts ✐♥ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳

❉✐✣❝✉❧t✐❡s ✇❡r❡ ❡♥❝♦✉♥t❡r❡❞ ❞✉r✐♥❣ t❤❡ ❝♦❛t✐♥❣ ♦❢ t❤❡ s✉❜str❛t❡s✱ ❛s ♥♦ ❝♦♠♣❧❡t❡❧② ❝r❛❝❦✲❢r❡❡

❧❛②❡rs ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞✳ ◆❡✈❡rt❤❡❧❡ss✱ ♣r♦♠✐s✐♥❣ s❡♣❛r❛t✐♦♥ ♣r♦♣❡rt✐❡s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ❢♦r

t❡st ♠❡♠❜r❛♥❡s ✇✐t❤ ❧♦✇ ❧❛②❡r t❤✐❝❦♥❡ss t♦ ❝r❛❝❦ ✇✐❞t❤ r❛t✐♦✳
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❑✉r③❢❛ss✉♥❣

❯♠ ●❛s♠✐s❝❤✉♥❣❡♥ ✇✐❡ ❙②♥t❤❡s❡❣❛s✱ ✇❡❧❝❤❡s ❣r♦ÿt❡❝❤♥✐s❝❤ ü❜❡r ❞❛s ❙t❡❛♠r❡❢♦r♠✐♥❣ ✈♦♥

❑♦❤❧❡♥✇❛ss❡rst♦✛❡♥ ❡r③❡✉❣t ✇✐r❞✱ ❡✣③✐❡♥t ③✉ tr❡♥♥❡♥✱ ✇ä❝❤st ❞❡r ❇❡❞❛r❢ ❛♥ ♥❡✉❡♥ ❚r❡♥♥♠❡t❤✲

♦❞❡♥ ③✉r ❆✉❢r❡✐♥✐❣✉♥❣ ✈♦♥ ●❛s❡♥ ❛♥ st❡t✐❣✳ ❉✐❡s❡r ❇❡❞❛r❢ ❛♥ ❤♦❝❤r❡✐♥❡♥ ●❛s❡♥ ✐st ❜❡s♦♥❞❡rs

❜❡✐ ❇r❡♥♥st♦✛③❡❧❧❡♥ ❣r♦ÿ✱ ❞❛ ❜❡r❡✐ts ❦❧❡✐♥❡ ❱❡r✉♥r❡✐♥✐❣✉♥❣❡♥ ❞✐❡ ❊✣③✐❡♥③ ❞r❛st✐s❝❤ r❡❞✉③✐❡r❡♥✳

❉✐❡ t❤❡♦r❡t✐s❝❤ ❡✐♥❢❛❝❤st❡ ▼❡t❤♦❞❡✱ ❦❧❡✐♥❡ ●❛s❡ ✈♦♥ ❣röÿ❡r❡♥ ●❛s❡♥ ③✉ tr❡♥♥❡♥✱ ✐st ❞✐❡ ❱❡r✇❡♥✲

❞✉♥❣ ❡✐♥❡r ●röÿ❡♥❛✉ss❝❤❧✉ss♠❡♠❜r❛♥✳ Pr❛❦t✐s❝❤ ❦❛♥♥ ❞❛s ❡rr❡✐❝❤t ✇❡r❞❡♥✱ ✐♥❞❡♠ ♠✐❦r♦♣♦rös❡

❛s②♠♠❡tr✐s❝❤❡ ▼❡♠❜r❛♥❡♥ ♠✐t ❡✐♥❡♠ P♦r❡♥❞✉r❝❤♠❡ss❡r ✉♥t❡r ✶ ♥♠ ❡✐♥❣❡s❡t③t ✇❡r❞❡♥✳ ❉❛s ❩✐❡❧

❞❡r ❆r❜❡✐t ✇❛r✱ ❞✐❡s❡s ❑♦♥③❡♣t ③✉ ✈❡r✇✐r❦❧✐❝❤❡♥✱ ✐♥❞❡♠ ❡✐♥❡ ❞ü♥♥❡ ❙❝❤✐❝❤t ❛♠♦r♣❤❡s ❙✐❈◆ ❛✉❢

t✉❜✉❧❛r❡ ❙✉♣♣♦rts ❛✉❢❣❡❜r❛❝❤t ✇❡r❞❡♥ s♦❧❧t❡ ✉♥❞ ❞✐❡s❡ ❞❛❜❡✐ ❡♥tst❛♥❞❡♥❡♥ ❙❝❤✐❝❤t❡♥ ❜❡✐ ✈❡r✲

s❝❤✐❡❞❡♥❡♥ ❚❡♠♣❡r❛t✉r❡♥ ❝❤❛r❛❦t❡r✐s✐❡rt ✇❡r❞❡♥ s♦❧❧t❡♥✳

❉✐❡ ❇❡s❝❤✐❝❤t✉♥❣❡♥ ✇✉r❞❡♥ ♠✐tt❡❧s ❉✐♣✲❈♦❛t✐♥❣ ✐♥ ♣♦❧②s✐❧❛③❛♥❜❛s✐❡rt❡♥ ♣rä❦❡r❛♠✐s❝❤❡♥ P♦❧②✲

♠❡r❡♥ ❞✉r❝❤❣❡❢ü❤rt✳ ❍✐❡r s♦❧❧t❡ ❡✐♥❡ ▼❡t❤♦❞❡ ❡♥t✇✐❝❦❡❧t ✇❡r❞❡♥✱ ♠✐t ✇❡❧❝❤❡r ❡✐♥❡ r❡♣r♦❞✉③✐❡r✲

❜❛r❡ ❦♦♥s✐st❡♥t❡ ❇❡s❝❤✐❝❤t✉♥❣ ✐♠ ❇❡③✉❣ ❛✉❢ ❙❝❤✐❝❤t❞✐❝❦❡ ✉♥❞ ❚r❡♥♥✇✐r❦✉♥❣ ❡rr❡✐❝❤t ✇❡r❞❡♥

s♦❧❧t❡✱ ✉♠ ❞✐❡ ❙❡❧❡❦t✐✈✐tät ❞✐❡s❡r ▼❡♠❜r❛♥❡♥ ✐♥ ✇❡✐t❡r❡r ❋♦❧❣❡ ③✉ ♦♣t✐♠✐❡r❡♥✳ ❯♠ ❞✐❡ ③✉✈♦r

❡r✇ä❤♥t❡♥ ❛♠♦r♣❤❡♥ ❚r❡♥♥s❝❤✐❝❤t❡♥ ③✉ ❡r❤❛❧t❡♥✱ ✇✉r❞❡ ❞✐❡ ❛♥ ❞❡r ❖❜❡r✢ä❝❤❡ ❛❜s♦r❜✐❡rt❡ P♦❧②✲

♠❡rs❝❤✐❝❤t ③✉♥ä❝❤st q✉❡r✈❡r♥❡t③t ✉♥❞ s❝❤❧✐❡ÿ❧✐❝❤ ♣②r♦❧②s✐❡rt✳ ❉❛ ❞✐❡ ❡✐♥❣❡s❡t③t❡♥ P♦❧②♠❡r❡ s❡❤r

❤②❞r♦❧②s❡✲ ✉♥❞ ♦①✐❞❛t✐♦♥s❛✣♥ s✐♥❞✱ ♠✉sst❡♥ ❛❧❧❡ ❙❝❤r✐tt❡ ✉♥t❡r ✐♥❡rt❡♥ ❇❡❞✐♥❣✉♥❣❡♥ ❞✉r❝❤❣❡✲

❢ü❤rt ✇❡r❞❡♥✳

❯♠ ❞✐❡ s♦ ❡r❤❛❧t❡♥❡♥ ❙❝❤✐❝❤t❡♥ ③✉ ❝❤❛r❛❦t❡r✐s✐❡r❡♥✱ ✇✉r❞❡ ❡✐♥ Prü❢st❛♥❞ ❡♥t✇✐❝❦❡❧t✱ ✉♠ ❡✐♥

❙②st❡♠ ③✉ s❝❤❛✛❡♥✱ ✐♥ ✇❡❧❝❤❡♠ ❞✐❡ P❡r♠❡❛❜✐❧✐tät❡♥ ❜❡❧✐❡❜✐❣❡r ●❛s❡ ✉♥❞ ●❛s♠✐s❝❤✉♥❣❡♥ ❜❡✐ ✈❡r✲

s❝❤✐❡❞❡♥❡♥ ❚❡♠♣❡r❛t✉r❡♥ ❣❡♠❡ss❡♥ ✇❡r❞❡♥ ❦ö♥♥❡♥✳ ❉❡r Prü❢st❛♥❞ ✇✐r❞ ü❜❡r ❡✐♥❡ ▲❛❜❱■❊❲

✐♥t❡❣r✐❡rt❡ ❖❜❡r✢ä❝❤❡ ③❡♥tr❛❧ ❣❡st❡✉❡rt ✉♥❞ ❡✐♥❡ ▼❡t❤♦❞❡ ❡♥t✇✐❝❦❡❧t✱ ✉♠ ✈❡r❣❧❡✐❝❤❜❛r❡ ❊r❣❡❜✲

♥✐ss❡ ③✉ ❡r❤❛❧t❡♥✳

❖❜✇♦❤❧ ❜❡✐ ❞❡r ❇❡s❝❤✐❝❤t✉♥❣ ❞❡r ❙✉❜str❛t❡ ❦❡✐♥❡ r✐ss❢r❡✐❡♥ ❙❝❤✐❝❤t❡♥ ❡rr❡✐❝❤t ✇❡r❞❡♥ ❦♦♥♥t❡♥✱

✇✉r❞❡♥ ❜❡✐ ❞❡r ▼❡ss✉♥❣ ✈♦♥ ❚❡st♠❡♠❜r❛♥❡♥ ♠✐t ♥✐❡❞r✐❣❡♠ ❘✐ss✲ ③✉ ❙❝❤✐❝❤t❞✐❝❦❡♥✈❡r❤ä❧t♥✐s

✈✐❡❧✈❡rs♣r❡❝❤❡♥❞❡ ❚r❡♥♥❡✐❣❡♥s❝❤❛❢t❡♥ ❜❡♦❜❛❝❤t❡t✳
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❈♦♥t❡♥ts

✶ ■♥tr♦❞✉❝t✐♦♥ ❛♥❞ ♠♦t✐✈❛t✐♦♥ ✶

✷ ❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ✸
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✷✳✺ ●❛s tr❛♥s♣♦rt t❤r♦✉❣❤ ♠❡♠❜r❛♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✸ ❊①♣❡r✐♠❡♥t❛❧ ✶✷
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✹✳✶ ❘❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❝♦♠♣❧❡t❡❞ t❡st r✐❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✹✳✷ P❧❛♥♥✐♥❣ ♦❢ t❤❡ t❡st r✐❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
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✹✳✺✳✶ ▲❡❛❦ ❝❤❡❝❦✐♥❣ t❤❡ t❡st r✐❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
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✹✳✺✳✻ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♠❡t❤♦❞ t♦ ♠❡❛s✉r❡ t❤❡ r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ ♠❡♠❜r❛♥❡s
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✺ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥ ✸✽
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✶ ■♥tr♦❞✉❝t✐♦♥ ❛♥❞ ♠♦t✐✈❛t✐♦♥

■♥ ❛ ✇♦r❧❞ ✇❤❡r❡ ❛❧t❡r♥❛t✐✈❡ ❢✉❡❧s s✉❝❤ ❛s ❤②❞r♦❣❡♥ ❢♦r ✉s❡ ✐♥ ❢✉❡❧ ❝❡❧❧s ❛r❡ st❡❛❞✐❧② ❣❛✐♥✐♥❣

✐♠♣♦rt❛♥❝❡✱ ♥♦✈❡❧ ♠❡t❤♦❞s ❛r❡ r❡q✉✐r❡❞ t♦ ❡✣❝✐❡♥t❧② s❡♣❛r❛t❡ ❤②❞r♦❣❡♥ ❢r♦♠ ♦t❤❡r ❣❛s❡s✳ ❚❤✐s ✐s

✐♥s♦❢❛r ✐♠♣♦rt❛♥t✱ ❛s t❤❡ ♠❛✐♥ s♦✉r❝❡ ♦❢ ✐♥❞✉str✐❛❧ ❤②❞r♦❣❡♥ ✐s ♣r♦❞✉❝❡❞ ✈✐❛ t❤❡ st❡❛♠ r❡❢♦r♠✐♥❣

♣r♦❝❡ss ♦❢ ❤②❞r♦❝❛r❜♦♥s✳ ■♥ t❤✐s ♣r♦❝❡ss✱ ❤②❞r♦❣❡♥ ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✐♥ ❛ t✇♦ st❡♣ ♣r♦❝❡ss✱ t❤❡ ✜rst

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

❤✐❣❤ ♣r❡ss✉r❡s ❛♥❞ t❡♠♣❡r❛t✉r❡s✱ ❢♦r♠✐♥❣ s②♥❣❛s✱ ❛ ♠✐①t✉r❡ ♦❢ ❝❛r❜♦♥ ♠♦♥♦①✐❞❡ ❛♥❞ ❤②❞r♦❣❡♥

✇✐t❤ r❡s✐❞✉❡s ♦❢ t❤❡ r❡❛❣❡♥ts✳ ❈❛r❜♦♥ ♠♦♥♦①✐❞❡ ❝❛♥ ❢✉rt❤❡r ❜❡ ✉s❡❞ t♦ ♣r♦❞✉❝❡ ❤②❞r♦❣❡♥ ✈✐❛

t❤❡ ✇❛t❡r ❣❛s s❤✐❢t ✭❲●❙✮ r❡❛❝t✐♦♥✿

❈❍✹ ✰❍✷❖
❚✱ ♣−−→ ❍✷ ✰❈❖ ❙t❡❛♠ r❡❢♦r♠✐♥❣ ♣r♦❝❡ss

❈❖✰❍✷❖
❈❛t✱ ❚−−−−→ ❍✷ ✰❈❖✷ ❲●❙ r❡❛❝t✐♦♥

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

❢✉❡❧ ❝❡❧❧s ♥❡❡❞ ✈❡r② ♣✉r❡ ❤②❞r♦❣❡♥✳ ❊✈❡♥ s♠❛❧❧ ❛♠♦✉♥ts ♦❢ ❈❖ r❡❞✉❝❡ t❤❡ ❡✣❝✐❡♥❝② ♦❢ ❢✉❡❧ ❝❡❧❧s

❞r❛♠❛t✐❝❛❧❧②✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳❬✶❪

❋✐❣✉r❡ ✶✿ ❊✛❡❝t ♦❢ ❈❖ ♣♦✐s♦♥✐♥❣ ✐♥ ❢✉❡❧ ❝❡❧❧s✳❬✶❪

❆s ❛ r❡s✉❧t ♦❢ t❤✐s✱ ❝❤❡❛♣ s❡♣❛r❛t✐♦♥ ♣r♦❝❡ss❡s ❛r❡ ♥❡❡❞❡❞ t♦ ❢✉rt❤❡r ❡st❛❜❧✐s❤ ❤②❞r♦❣❡♥ ❛s ❛ ❛❧t❡r✲

♥❛t✐✈❡ t♦ ❢♦ss✐❧ ❢✉❡❧s✳ ❖♥❡ ❛♣♣r♦❛❝❤ ✐s t❤❡ ✉s❡ ♦❢ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ♠❡♠❜r❛♥❡s t♦ ❧♦✇❡r t❤❡ ✐♥♣✉t

❡♥❡r❣② ❛♥❞ s✉❜s❡q✉❡♥t❧② t❤❡ ❝♦st ♦❢ s❡♣❛r❛t✐♦♥✳ ❈❡r❛♠✐❝ ♠❡♠❜r❛♥❡s ❤❡♥❝❡ s❤♦✇ ❣r❡❛t ♣r♦♠✐s❡✱
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❛s t❤❡② ❛r❡ ✈❡r② st❛❜❧❡ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ❛♥❞ ♠❛♥② ❝❤❡♠✐❝❛❧ ❡♥✈✐r♦♥♠❡♥ts✳ ■♥ ❝♦♥tr❛st t♦ s♦❧✲

❣❡❧✲❞❡r✐✈❡❞ s✐❧✐❝❛ ♠❡♠❜r❛♥❡s✱ ✇❤✐❝❤ s❤♦✇ ✐♥st❛❜✐❧✐t✐❡s ✐♥ ♠♦✐st ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❡♥✈✐r♦♥♠❡♥ts✱

❛♥❞ ③❡♦❧✐t❡ ♠❡♠❜r❛♥❡s✱ ✇❤❡r❡ ❤✐❣❤ s❡❧❡❝t✐✈✐t✐❡s ❛♥❞ ❛❝❝❡♣t❛❜❧❡ ♣❡r♠❡❛♥❝❡s ❛r❡ ✈❡r② ❝❤❛❧❧❡♥❣✐♥❣

t♦ ❛❝❤✐❡✈❡✱❬✷❪ ❝❡r❛♠✐❝ ♠❡♠❜r❛♥❡s ♠❛❞❡ ♦✈❡r t❤❡ ♣r❡✲❝❡r❛♠✐❝ r♦✉t❡ s❡❡♠ t♦ ♦✛❡r ♣r♦♠✐s✐♥❣ r❡s✉❧ts✳

❖♥❡ ❡①❛♠♣❧❡ ♦❢ s✉❝❤ ❛ ♠❡♠❜r❛♥❡ ✇♦✉❧❞ ❜❡ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ♣♦❧②s✐❧❛③❛♥❡✲❜❛s❡❞ ♣r❡✲❝❡r❛♠✐❝

♣♦❧②♠❡r ✈✐❛ ❞✐♣✲❝♦❛t✐♥❣ t♦ ♦❜t❛✐♥ ❛♠♦r♣❤♦✉s ❙✐❈◆ ♠❡♠❜r❛♥❡ ❧❛②❡rs✱ ❛s ❞❡s❝r✐❜❡❞ ❜② ▼♦r✐ ❡t

❛❧✳❬✸❪

❚❤❡ ❢♦❝✉s ♦❢ t❤❡ r❡s❡❛r❝❤ ❞♦♥❡ ✐♥ t❤✐s ✇♦r❦ ✇❛s t♦ ❜✉✐❧❞ ♦♥ t❤❡ ✇♦r❦ ❞♦♥❡ ❜② ▼♦r✐ ❡t ❛❧✳ ❜②

❡①♣❡r✐♠❡♥t✐♥❣ ✇✐t❤ ♣❛r❛♠❡t❡rs ❞✉r✐♥❣ t❤❡ ❞✐♣✲❝♦❛t✐♥❣ ♣r♦❝❡ss t♦ ♦♣t✐♠✐s❡ ♣❡r♠❡❛♥❝❡ ❝❤❛r❛❝✲

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

♣❡r❢♦r♠✐♥❣ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ♣❡r♠❡❛♥❝❡ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❞✐✛❡r❡♥t ❣❛s ♠✐①t✉r❡s✳ ❚❤✐s ✇♦r❦ ✐s

t❤❡r❡❢♦r❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ♠❛✐♥ ♣❛rts✿

❼ t❤❡ ❡st❛❜❧✐s❤♠❡♥t ♦❢ ❛ ♠❡t❤♦❞ ♦❢ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❛s②♠♠❡tr✐❝ ❙✐❈◆ ♠❡♠❜r❛♥❡s ❜② ❞✐♣✲

❝♦❛t✐♥❣ t✉❜✉❧❛r ❛❧✉♠✐♥❛ s✉♣♣♦rts✱ ❛♥❞

❼ t❤❡ ❡st❛❜❧✐s❤♠❡♥t ♦❢ ❛ ♠❡♠❜r❛♥❡ t❡st✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❦❡② ♣r♦♣✲

❡rt✐❡s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡s✳
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✷ ❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞

✷✳✶ ◆♦♥✲♦①✐❞✐❝ s✐❧✐❝♦♥ ❜❛s❡❞ ❝❡r❛♠✐❝s

❙✐❧✐❝♦♥ ♥✐tr✐❞❡

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

t❡♠♣❡r❛t✉r❡s ❛♥❞ ❛❣❣r❡ss✐✈❡ ❡♥✈✐r♦♥♠❡♥ts✳ ■ts ♦♥❧② ❧✐♠✐t❛t✐♦♥ ✐s t❤❛t ✐t ❞❡❝♦♠♣♦s❡s ✇❡❧❧ ❜❡❢♦r❡

✐ts ♠❡❧t✐♥❣ ♣♦✐♥t✱ ✇❤✐❝❤ ❝❛♥ t❤❡r❡❢♦r❡ ♥♦t ❜❡ ❞❡✜♥❡❞✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ s✐❧✐❝♦♥ ♥✐tr✐❞❡ ❤❛s t♦

❜❡ s✐♥t❡r❡❞ ✉s✐♥❣ ♦①✐❞❡ ❛❞❞✐t✐✈❡s s✉❝❤ ❛s ❆❧2❖3 ❛♥❞ ❨2❖3✳
❬✹❪ ❑❡② ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝❡r❛♠✐❝ ❛r❡

s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✳ ❚❤❡ ♣r♦♣❡rt✐❡s ♦❢ s✐❧✐❝♦♥ ♥✐tr✐❞❡ ♠❛❦❡ ✐t ✉s❡❢✉❧ ❢♦r ❛ ✈❛st ❛♠♦✉♥t ♦❢ ❤✐❣❤

♣❡r❢♦r♠❛♥❝❡ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ❝✉tt✐♥❣ ♠❛t❡r✐❛❧s✱ t✉❜❡s✱ ❛♥❞ ❣❡♥❡r❛❧❧② ♣❛rts s✉❜❥❡❝t t♦ ❤✐❣❤

str❡ss✳❬✺❪❬✻❪❬✼❪

❚❛❜❧❡ ✶✿ ❑❡② ♣r♦♣❡rt✐❡s ♦❢ s✐❧✐❝♦♥ ♥✐tr✐❞❡❬✺❪❬✻❪❬✼❪ ✳

❉❡❝♦♠♣♦s✐t✐♦♥ ♣♦✐♥t ✭◦❈✮ ✶✽✺✵
▼❛①✳ ♦♣❡r❛t✐♥❣ t❡♠♣❡r❛t✉r❡ ✭◦❈✮
♦①✐❞✐s✐♥❣ ❛t♠♦s♣❤❡r❡ ✶✸✵✵
♥❡✉tr❛❧ ❛t♠♦s♣❤❡r❡ ✶✻✵✵

❉❡♥s✐t② ✭❣✴❝♠3✮ ✸✳✷
❨♦✉♥❣✬s ♠♦❞✉❧✉s ✭●P❛✮ ✶✾✺
❋❧❡①✉r❛❧ str❡♥❣t❤ ✭▼P❛✮ ✽✺✵

❋r❛❝t✉r❡ t♦✉❣❤♥❡ss ✭▼P❛♠1/2✮ ✼
❚❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✭❲♠−1❑−1✮ ✸✵✳✶
❈❚❊ ✭✶✵−6✴❑✮ ✷✳✾

❙✐❧✐❝♦♥ ❝❛r❜✐❞❡

❙✐❧✐❝♦♥ ❝❛r❜✐❞❡ ✐s ❛❧s♦ ❛ ✈❡r② st❛❜❧❡ ❝❡r❛♠✐❝ ✇✐t❤ ♠❛♥② ✉s❡s ✐♥ ❞✐✛❡r❡♥t ✜❡❧❞s ♦❢ t❡❝❤♥♦❧♦❣②✳ ■t

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

t✐❡s✱ ❤♦✇❡✈❡r✱ ❞✉❡ t♦ ✐ts ❤✐❣❤ ♠❡❧t✐♥❣ ♣♦✐♥t ✐s ❛❧s♦ ❡q✉❛❧❧② ❝♦♠♣❧❡① ✐♥ ✐ts ♠❛♥✉❢❛❝t✉r✐♥❣✳ ❑❡②

♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝❡r❛♠✐❝ ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✷✳ ❚❤❡s❡ ♣r♦♣❡rt✐❡s ❛s ✇❡❧❧ ❛s t❤❡ ❢❛❝t t❤❛t s✐❧✐❝♦♥

❝❛r❜✐❞❡ s❤♦✇s s❡♠✐❝♦♥❞✉❝t✐✈❡ ♣r♦♣❡rt✐❡s ♠❛❦❡s ✐t ♣❡r❢❡❝t ❢♦r ✉s❡s ✐♥ t✉r❜✐♥❡ ❝♦♠♣♦♥❡♥ts✱ ❤❡❛t

❡①❝❤❛♥❣❡rs ❛♥❞ ❤❡❛t✐♥❣ ❡❧❡♠❡♥ts ❢♦r ❡❧❡❝tr✐❝ ❢✉r♥❛❝❡s✳❬✽❪❬✾❪❬✶✵❪
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❚❛❜❧❡ ✷✿ ❑❡② ♣r♦♣❡rt✐❡s ♦❢ s✐❧✐❝♦♥ ❝❛r❜✐❞❡❬✽❪❬✾❪❬✶✵❪ ✳

❉❡❝♦♠♣♦s✐t✐♦♥ ♣♦✐♥t ✭◦❈✮ ✷✽✸✵
▼❛①✳ ♦♣❡r❛t✐♥❣ t❡♠♣❡r❛t✉r❡ ✭◦❈✮
♦①✐❞✐s✐♥❣ ❛t♠♦s♣❤❡r❡ ✶✻✵✵
♥❡✉tr❛❧ ❛t♠♦s♣❤❡r❡ ✶✽✵✵

❉❡♥s✐t② ✭❣✴❝♠3✮ ✸✳✷
❨♦✉♥❣✬s ♠♦❞✉❧✉s ✭●P❛✮ ✹✵✵
❋❧❡①✉r❛❧ str❡♥❣t❤ ✭▼P❛✮ ✺✺✵

❋r❛❝t✉r❡ t♦✉❣❤♥❡ss ✭▼P❛♠1/2✮ ✹✳✻
❚❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✭❲♠−1❑−1✮ ✶✷✵
❈❚❊ ✭✶✵−6✴❑✮ ✹✳✵

✷✳✷ P♦❧②♠❡r✲❞❡r✐✈❡❞ ❝❡r❛♠✐❝s

▼❛♥② s✐❧✐❝♦♥✲❜❛s❡❞ ❝❡r❛♠✐❝s ❛r❡ ✈❡r② ♣r♦❜❧❡♠❛t✐❝ ✐♥ t❤❡✐r ♣r❡♣❛r❛t✐♦♥✱ ❛s t❤❡② ❝❛♥♥♦t ❜❡ s✐♥t❡r❡❞

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

❜✉t ❡✈❡♥ t❤❡♥✱ s♦♠❡ ❝❡r❛♠✐❝s ❝❛♥♥♦t ❜❡ s❤❛♣❡❞ ❜② ❝♦♥✈❡♥t✐♦♥❛❧ ♣r♦❝❡ss❡s s✉❝❤ ❛s s✐♥t❡r✐♥❣✳

❇❡❝❛✉s❡ ♦❢ t❤❛t✱ ❝❡r❛♠✐❝s ♣r♦❞✉❝❡❞ ❜② t❤❡ ♣②r♦❧②s✐s ♦❢ ♣♦❧②♠❡rs ❤❛✈❡ ❣❛✐♥❡❞ ❣r♦✇✐♥❣ ✐♥t❡r❡st

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

s✐❧✐❝♦♥✱ ❤♦✇❡✈❡r✱ ❛❧s♦ ♦t❤❡r ❤✐❣❤ ♠❡❧t✐♥❣ ❝❡r❛♠✐❝s s✉❝❤ ❛s ❇◆ ♦r ❚✐◆ ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✈✐❛ t❤✐s

r♦✉t❡✳❬✶✶❪ ❊①❛♠♣❧❡s ♦❢ s✉❝❤ ♣♦❧②♠❡rs ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✳ ✷✳
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❋✐❣✉r❡ ✷✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❞✐✛❡r❡♥t ❛❝❤✐❡✈❛❜❧❡ ❝❡r❛♠✐❝ ♠❛t❡r✐❛❧s ✈✐❛ t❤❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r r♦✉t❡✳

❚❤❡ ♣r♦❝❡ss ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥ ✐s ❣❡♥❡r❛❧❧② s♣❧✐t ✐♥ ❢♦✉r ♣❛rts✿❬✶✷❪

❼ ❙②♥t❤❡s✐s ♦❢ t❤❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✿ ❯s✐♥❣ ❝❤❧♦r♦✲♦r❣❛♥♦s✐❧✐❝♦♥ ❝♦♠♣♦✉♥❞s ❛s ♣r❡❝✉rs♦rs✱

♣♦❧②♠❡rs ❝❛♥ ❜❡ s②♥t❤❡s✐s❡❞ ❢♦r ❡①❛♠♣❧❡ ❜② ❝❛t❛❧②t✐❝ ❞❡❝❤❧♦r♦♥❛t✐♦♥✳

❼ ❙❤❛♣✐♥❣ ♦❢ t❤❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✿ Pr❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡rs✱ ✇❤✐❝❤ ❝❛♥ ❡✐t❤❡r ❜❡ s♦❧✐❞

♦r ❧✐q✉✐❞✱ ❝❛♥ ❜❡ s❤❛♣❡❞ ❜② ♠❛♥② ❞✐✛❡r❡♥t ♣r♦❝❡ss❡s ❦♥♦✇♥ ✐♥ ♣♦❧②♠❡r s❝✐❡♥❝❡✱ s✉❝❤ ❛s

✐♥❥❡❝t✐♦♥ ♠♦✉❧❞✐♥❣✱ ♣r❡ss✐♥❣✱ ♦r ❝❛st✐♥❣✳

❼ ❈r♦ss❧✐♥❦✐♥❣ ♦❢ t❤❡ s❤❛♣❡❞ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✿ ❆❢t❡r ❛❝❤✐❡✈✐♥❣ t❤❡ ❞❡s✐r❡❞ s❤❛♣❡✱ t❤❡

♣♦❧②♠❡r ❤❛s t♦ ❜❡ ❝r♦ss❧✐♥❦❡❞ ❛t ✐♥❝r❡❛s❡❞ t❡♠♣❡r❛t✉r❡s t♦ st❛❜✐❧✐s❡ t❤❛t s❤❛♣❡✳ ❚❤✐s ❝❛♥

❜❡ ❞♦♥❡ ✐♥ ♠❛♥② ❞✐✛❡r❡♥t ✇❛②s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s✐❞❡ ❝❤❛✐♥s ♦❢ t❤❡ ♣♦❧②♠❡r ♣r❡❝✉rs♦r✳
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❼ P②r♦❧②s✐s ♦❢ t❤❡ ❝r♦ss❧✐♥❦❡❞ ♣♦❧②♠❡r✿ ❚♦ ❝♦♠♣❧❡t❡ t❤❡ ♣♦❧②♠❡r✲❝❡r❛♠✐❝ ❝♦♥✈❡rs✐♦♥✱ t❤❡

❝r♦ss❧✐♥❦❡❞ ♣♦❧②♠❡r ❤❛s t♦ ❜❡ ❤❡❛t❡❞ t♦ t❡♠♣❡r❛t✉r❡s ✉♣ t♦ ✶✵✵✵ ◦❈✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ❡①♣♦s✐✲

t✐♦♥ ♦❢ ❣❛s❡♦✉s ❞❡❝♦♠♣♦s✐t✐♦♥ ♣r♦❞✉❝ts ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✉s❡❞ ♣♦❧②♠❡r ❛♥❞ t❤❡ ❢♦r♠❛t✐♦♥

♦❢ t❤❡ ❝❡r❛♠✐❝ r❡s✐❞✉❡✳

✷✳✸ P♦r♦✉s ❝❡r❛♠✐❝s ❛s s❡♣❛r❛t✐♦♥ ❧❛②❡rs ✐♥ ♠❡♠❜r❛♥❡s

❇② ✈❛r②✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ ♣②r♦❧②s✐s✱ ♠❛♥② ❦❡② ♣r♦♣❡rt✐❡s s✉❝❤ ❛s ♣♦r❡ ✈♦❧✉♠❡ ✐♥ ♣♦r♦✉s

❝❡r❛♠✐❝s ❝❛♥ ❜❡ ❝♦♥tr♦❧❧❡❞✱❬✶✸❪ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳❬✶✹❪ ❖♥❡ ❝❛♥♥♦t✱ ❤♦✇❡✈❡r✱ ❝♦♥tr♦❧ ♣♦r❡ s✐③❡ t❤❛t

✇❛②✱ ❛s ✐t s❡❡♠s t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ♦t❤❡r ♣❛r❛♠❡t❡rs✱ ✇❤✐❝❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳❬✶✹❪

❋✐❣✉r❡ ✸✿ ❘❡s✉❧t✐♥❣ s♣❡❝✐✜❝ s✉r❢❛❝❡ ❛r❡❛ ✇❤❡♥ ♣❡r❢♦r♠✐♥❣ ♣②r♦❧②s✐s ♦❢ ❛ ♣♦❧②✈✐♥②❧s✐❧❛③❛♥❡ ❛t
❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳❬✶✹❪

❋✐❣✉r❡ ✹✿ ❘❡s✉❧t✐♥❣ ♣♦r❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❤❡♥ ♣❡r❢♦r♠✐♥❣ ♣②r♦❧②s✐s ♦❢ ❛ ♣♦❧②✈✐♥②❧s✐❧❛③❛♥❡ ❛t
❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳❬✶✹❪
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❚❤❡ ♣♦r❡ s✐③❡ ♦❢ ♣♦r♦✉s ♠❛t❡r✐❛❧s ✐s ❛ ✈❡r② ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ❢♦r t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ s❡♣❛r❛t✐♥❣

❛❜✐❧✐t② ♦❢ s✐③❡ ❡①❝❧✉s✐♦♥ ♠❡♠❜r❛♥❡s✳ ❚❤❛t ♠❛❦❡s ❛ ❝♦♥s✐st❡♥t ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ t❡r♠ ✬♣♦r❡ s✐③❡✬

✐♥❞✐s♣❡♥s❛❜❧❡✳ ■♥ t❤✐s ✇♦r❦✱ ❛❧❧ ❞❡✜♥✐t✐♦♥s ❛r❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤♦s❡ ♣r♦♣♦s❡❞ ❜② ■❯P❆❈✳❬✶✺❪

❙♦♠❡ ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❞❡✜♥✐t✐♦♥s ❛r❡ ❧✐st❡❞ ❜❡❧♦✇✿

❼ P♦r❡ s✐③❡ ✭♦r ♣♦r❡ ✇✐❞t❤✮ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❞✐❛♠❡t❡r ♦❢ ❛ ❝②❧✐♥❞❡r ✜tt✐♥❣ ✐♥t♦ t❤❡ s♠❛❧❧❡st

❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ♣♦r❡✳

❼ P♦r❡ s✐③❡s ❛r❡ ❝❛t❡❣♦r✐s❡❞ ✐♥t♦ t❤r❡❡ r♦✉❣❤ ❣r♦✉♣s✿ ▼✐❝r♦♣♦r♦s✐t② ✭✇✐t❤ ♣♦r❡ s✐③❡s s♠❛❧❧❡r

t❤❛♥ ✷ ♥♠✮✱ ♠❡s♦♣♦r♦s✐t② ✭✇✐t❤ ♣♦r❡ s✐③❡s ❜❡t✇❡❡♥ ✷ ❛♥❞ ✺✵ ♥♠✮ ❛♥❞ ♠❛❝r♦♣♦r♦s✐t② ✭✇✐t❤

♣♦r❡ s✐③❡s ❧❛r❣❡r t❤❛♥ ✺✵ ♥♠✮

❆s t❤✐s ✇♦r❦ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ s✐③❡ ❡①❝❧✉s✐♦♥ s❡♣❛r❛t✐♦♥ ♦❢ ✈❡r② s♠❛❧❧ ❣❛s❡s s✉❝❤ ❛s ❤②❞r♦❣❡♥✱

t❤❡ ❢♦❝✉s ✇✐❧❧ ❜❡ ❧❛✐❞ ♦♥ ♠✐❝r♦♣♦r♦✉s ♠❛t❡r✐❛❧s✳ ■♥ ❋✐❣✳ ✹✱ ✐t ✐s s❤♦✇♥ t❤❛t ♠✐❝r♦♣♦r♦s✐t② ❝❛♥ ❜❡

r❡❛❝❤❡❞ ✐❢ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡rs ❛r❡ ♣②r♦❧②s❡❞✱ ❧❡❛❞✐♥❣ t♦ ♣♦r❡ s✐③❡s ✉♥❞❡r ✶ ♥♠✳❬✶✹❪

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

✐♠♣❧❡♠❡♥t❡❞✿❬✶✻❪❬✶✼❪

❼ ❆ ♠✐❝r♦♣♦r♦✉s s❡♣❛r❛t✐♦♥ ❧❛②❡r✱ t❛✐❧♦r❡❞ t♦ ♠❡❡t t❤❡ r❡q✉✐r❡♠❡♥ts t♦ s❡♣❛r❛t❡ t❤❡ ❣❛s

♠✐①t✉r❡ ❡✣❝✐❡♥t❧②

❼ ❆ ♠❛❝r♦♣♦r♦✉s ❜✉❧❦ t♦ ♣r♦✈✐❞❡ ♠❡❝❤❛♥✐❝❛❧ st❛❜✐❧✐t②✱ ❛s ❛ ♠✐❝r♦♣♦r♦✉s ❜✉❧❦ ✇♦✉❧❞ ❞r❛st✐✲

❝❛❧❧② r❡❞✉❝❡ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ❛♥❞ t❤✉s t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ♠❡♠❜r❛♥❡

❼ ❆ ♠❡s♦♣♦r♦✉s ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r t♦ ❝♦♠❜❛t ❛❞❤❡s✐♦♥ ♣r♦❜❧❡♠s ❜❡t✇❡❡♥ t❤❡ ♠✐❝r♦♣♦r♦✉s

❛♥❞ ♠❛❝r♦♣♦r♦✉s ❧❛②❡rs ❛♥❞ t♦ ♣r❡✈❡♥t t❤❡ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ♠❛❝r♦♣♦r♦✉s ❜✉❧❦ ✇✐t❤ ♠✐✲

❝r♦♣♦r♦✉s ♠❛t❡r✐❛❧

❚❤✐s r❡s✉❧ts ✐♥ ❛♥ ❛s②♠♠❡tr✐❝ ♠❡♠❜r❛♥❡ ❞❡s✐❣♥✱ ✇❤✐❝❤ ✐s s❝❤❡♠❛t✐❝❛❧❧② s❤♦✇♥ ✐♥ ✜❣✳ ✺✳
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❋✐❣✉r❡ ✺✿ ❙❝❤❡♠❛t✐❝ ❞❡s✐❣♥ ♦❢ ❛♥ ❛s②♠♠❡tr✐❝ ♠❡♠❜r❛♥❡✳

✷✳✹ ❉❡♣♦s✐t✐♦♥ ♦❢ t❤✐♥ ❧❛②❡rs ♦♥t♦ ♣♦r♦✉s s✉❜str❛t❡s

❋♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐♥ ❧❛②❡rs ♦♥t♦ ❛ s✉❜str❛t❡✱ ♠❛♥② ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❤❛✈❡ ♣r♦✈❡❞ t♦

♣r♦❞✉❝❡ ♣r♦♠✐s✐♥❣ r❡s✉❧ts✱ s✉❝❤ ❛s P❱❉✱ ❈❱❉✱ ❛♥❞ ✈❛r✐♦✉s s♦❧✲❣❡❧ ♣r♦❝❡ss❡s✳ ❍♦✇❡✈❡r✱ ♦♥❧②

s♦♠❡ ♦❢ t❤❡♠ ❛r❡ s✉✐t❛❜❧❡ ❢♦r t❤❡ ✉s❡ ✇✐t❤ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡rs✳ ■♥ t❤✐s ✇♦r❦✱ t❤❡ ❢♦❝✉s ✇✐❧❧

❜❡ ❧❛✐❞ ♦♥ ❞✐♣✲❝♦❛t✐♥❣✱ ✐♥ ✇❤✐❝❤ t❤❡ s✉❜str❛t❡ ✐s ✐♠♠❡rs❡❞ ✐♥ ❛ ❧✐q✉✐❞ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❝♦❛t✐♥❣

♠❛t❡r✐❛❧ ❛♥❞ s✉❜s❡q✉❡♥t❧② ♣✉❧❧❡❞ ♦✉t ♦❢ t❤❡ ❧✐q✉✐❞ ❛t ❛ ❝♦♥st❛♥t s♣❡❡❞✱ ❧❡❛✈✐♥❣ ❜❡❤✐♥❞ ❛ t❤✐♥

❧❛②❡r✳ ❚❤✐s ♣r♦❝❡ss ✐s s❝❤❡♠❛t✐❝❛❧❧② s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳

❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤✐s ❧❛②❡r h ❝❛♥ ❜❡ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ▲❛♥❞❛✉✲▲❡✈✐❝❤ ♠♦❞❡❧ ✭✶✮✱❬✶✽❪ ✇❤❡r❡ µ ✐s

t❤❡ ✈✐s❝♦s✐t② ♦❢ t❤❡ s♦❧✉t✐♦♥✱ U ✐s t❤❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞✱ σ ✐s t❤❡ s✉r❢❛❝❡ t❡♥s✐♦♥ ♦❢ t❤❡ ❧✐q✉✐❞✱ ρ

✐s t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ ❧✐q✉✐❞✱ ✇❤✐❧❡ g ❜❡✐♥❣ ❣r❛✈✐t②✳

❆s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✭✶✮✱ t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss ♦❢ ❛ ❞✐♣✲❝♦❛t❡❞ s❛♠♣❧❡ ❞❡♣❡♥❞s ♦♥ ❧✐q✉✐❞ ♣❛r❛♠❡t❡rs

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

t❤❡ s✉❜str❛t❡ ✐s r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ❝♦❛t✐♥❣ ❧✐q✉✐❞✱ t❤❡ t❤✐❝❦❡r t❤❡ ❧❛②❡r ❣❡ts✳
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❋✐❣✉r❡ ✻✿ ❙❝❤❡♠❛t✐❝ ❞❡s✐❣♥ ♦❢ ❛ ❞✐♣✲❝♦❛t✐♥❣ ❡①♣❡r✐♠❡♥t✳

h = 0.944

(

µU

σ

)
1

6

(

µU

ρg

)
1

2

✭✶✮

✷✳✺ ●❛s tr❛♥s♣♦rt t❤r♦✉❣❤ ♠❡♠❜r❛♥❡s

❚♦ ❞❡s❝r✐❜❡ t❤❡ ♣r♦❝❡ss ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡ ♦❢ ♠❡♠❜r❛♥❡s ❝♦♥s✐st❡♥t❧②✱ ❛ ❢❡✇ ♣❛r❛♠❡t❡rs ❤❛✈❡ t♦ ❜❡

❞❡✜♥❡❞✿ ❚❤❡ ♠❛ss ✢✉① F ✐s t❤❡ ❛♠♦✉♥t ♦❢ ❣❛s ✇❤✐❝❤ ✐s ❜❡✐♥❣ tr❛♥s♣♦rt❡❞ t❤r♦✉❣❤ t❤❡ ♠❡♠❜r❛♥❡

❢♦r ❛ st❛♥❞❛r❞✐s❡❞ ♠❡♠❜r❛♥❡ ❛r❡❛✳ ❚❤❡ ♣❡r♠❡❛♥❝❡ P ✐s ❞❡✜♥❡❞ ❛s ♠❛ss ✢✉① ♣❡r ♣r❡ss✉r❡

❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ s✐❞❡s ♦❢ t❤❡ ♠❡♠❜r❛♥❡✳ ❋♦r t❤❡ s❡❧❡❝t✐✈✐t②✱ ✐t ❤❛s t♦ ❜❡ ❞✐✛❡r❡♥t✐❛t❡❞

❜❡t✇❡❡♥ t✇♦ t❡r♠s✿ t❤❡ ✐❞❡❛❧ s❡❧❡❝t✐✈✐t② nth ❛♥❞ t❤❡ ❛❝t✉❛❧ s❡❧❡❝t✐✈✐t② nreal✳ ❚❤❡ ✐❞❡❛❧ s❡❧❡❝t✐✈✐t②

✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡s ♦❢ t✇♦ ❣❛s❡s ♠❡❛s✉r❡❞ ✐♥❞❡♣❡♥❞❡♥t❧②✱ ✇❤❡r❡❛s t❤❡ ❛❝t✉❛❧ s❡❧❡❝t✐✈✐t②

✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡s ♦❢ t✇♦ ❣❛s❡s ♠❡❛s✉r❡❞ ❛s ♠✐①t✉r❡✳ ❊q✉❛t✐♦♥s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ t♦

❝❛❧❝✉❧❛t❡ t❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ❧✐st❡❞ ❜❡❧♦✇ ✐♥ ✭✷✮✲✭✸✮✳ ■♥ t❤❡s❡ ❡q✉❛t✐♦♥s✱ t❤❡ t✇♦ ❞✐✛❡r❡♥t✐❛❧s

❛r❡ ♣r❡ss✉r❡ ✐♥❝r❡❛s❡s ❝❛✉s❡❞ ❜② t❤❡ ♠❡♠❜r❛♥❡ ❛♥❞ ❜② t❤❡ ❧❡❛❦❛❣❡ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t s②st❡♠✱

V ✐s t❤❡ ❞♦✇♥str❡❛♠ ✈♦❧✉♠❡✱ A ✐s t❤❡ ♠❡♠❜r❛♥❡ ❛r❡❛✱ R ✐s t❤❡ ✉♥✐✈❡rs❛❧ ❣❛s ❝♦♥st❛♥t✱ T ✐s t❤❡

t❡♠♣❡r❛t✉r❡ ✇❤✐❧❡ ∆p ❜❡✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♣r❡ss✉r❡ ❜❡t✇❡❡♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❝❡❧❧ ❛♥❞ t❤❡

❢❡❡❞✳
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F =
(dp
dt −

dpleak
dt )V

ART
, [F ] = mols−1m−2 ✭✷✮

P =
F

∆p
, [P ] = mols−1Pa−1m−2 ✭✸✮

❋♦r ♠✐❝r♦♣♦r❡s✱ t❤❡ t✇♦ ♠❛✐♥ ❢♦r♠s ♦❢ ❣❛s tr❛♥s♣♦rt t❤r♦✉❣❤ ♠❡♠❜r❛♥❡s ❛r❡ ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥

✭❢♦r ❧❛r❣❡r ♣♦r❡s✮ ❛♥❞ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ✭❢♦r s♠❛❧❧❡r ♣♦r❡s✱ ♣♦r❡ s✐③❡ ❤❛s t♦ ❜❡ t❛✐❧♦r❡❞ ❡①❛❝t❧②

❢♦r t❤❡ ❣❛s ♠✐①t✉r❡ t♦ ❜❡ s❡♣❛r❛t❡❞ ♣r♦♣❡r❧②✮✳

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

❜r❛♥❡s ❡q✉✐✈❛❧❡♥t❧②✮ ✐s ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ t✉❜❡ ✭❛♥❞ t❤✉s t❤❡ ♣♦r❡ s✐③❡✮✱

❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥ ♦❝❝✉rs✳ ❚❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤ ♦❢ ❣❛s❡s λ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜② ✭✹✮✱ ✇❤❡r❡ N
V

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

❣❛s ♣r♦♣❡rt✐❡s N
V ❝❛♥ ❜❡ s✉❜st✐t✉t❡❞ ❜② p

kT ✱ ♠❛❦✐♥❣ t❤❡ ❢r❡❡ ♣❛t❤ ❞❡♣❡♥❞❛♥t ♦♥ t❤❡ ♣r❡ss✉r❡ ❛♥❞

t❤❡ ♣❛rt✐❝❧❡ s✐③❡✳ ■♥ ❚❛❜❧❡ ✸✱ ❦✐♥❡t✐❝ ❞✐❛♠❡t❡rs ♦❢ s♦♠❡ ❣❛s❡s❬✶✾❪❬✷✵❪❬✷✶❪ t♦❣❡t❤❡r ✇✐t❤ t❤❡ r❡s✉❧t✐♥❣

♠❡❛♥ ❢r❡❡ ♣❛t❤s ✭❛t ✷✺ ◦❈✱ ✶ ❜❛r✮ ❛r❡ ❧✐st❡❞✳

■❢ ♠✐❝r♦♣♦r❡s ✇✐t❤ ♣♦r❡ ❞✐❛♠❡t❡rs ♦❢ ❜❡❧♦✇ ✷ ♥♠ ❛r❡ ❛ss✉♠❡❞✱ t❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤s ♦❢ ❛❧❧ ❣❛s❡s

❛r❡ ❤✐❣❤ ❡♥♦✉❣❤ t♦ ❛ss✉♠❡ ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥✳ ❋♦r ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t✐❡s ♦❢ ❣❛s❡s

❛r❡ ❞✐r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ 1√
M
✳❬✷✷❪ ❲✐t❤ t❤❛t✱ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t✐❡s ✭♥✮ ❢♦r t❤❡ ❣❛s❡s

✐♥ ❚❛❜❧❡ ✸ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✱ ✇❤✐❝❤ ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✹✳

λ =
1√

2πN
V d2

✭✹✮

❚❛❜❧❡ ✸✿ ▼❡❛♥ ❢r❡❡ ♣❛t❤s ♦❢ ❞✐✛❡r❡♥t ❣❛s❡s ❛t ✷✺ ◦❈✱ ✶ ❛t♠✳

▼♦❧❡❝✉❧❡ ❑✐♥❡t✐❝ ❞✐❛♠❡t❡r ✭♥♠✮ λ ✭♥♠✮

❍2 ✵✳✷✾ ✶✶✵
❍❡ ✵✳✷✻ ✶✸✼
❈❍4 ✵✳✸✽ ✻✹✳✶
❈2❍6 ✵✳✸✾ ✻✵✳✾
◆2 ✵✳✸✻ ✼✶✳✺
❖2 ✵✳✸✺ ✼✺✳✻
❈❖2 ✵✳✸✸ ✽✺✳✵

✶✵
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❚❛❜❧❡ ✹✿ ❚❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t✐❡s ♦❢ ❞✐✛❡r❡♥t ❣❛s❡s✳

▼♦❧❡❝✉❧❡ ▼ ✭❣✴♠♦❧✮ 1√
▼

✭♠♦❧
1

2 ❣−
1

2 ✮ ♥✭❍2✴❳✮ ♥✭❍❡✴❳✮

❍2 ✷ ✵✳✼✶
❍❡ ✹ ✵✳✺✵ ✶✳✹
❈❍4 ✶✻ ✵✳✷✺ ✷✳✽ ✷✳✵
◆2 ✷✽ ✵✳✶✾ ✸✳✼ ✷✳✻
❈2❍6 ✸✵ ✵✳✶✽ ✸✳✾ ✷✳✼
❖2 ✸✷ ✵✳✶✽ ✹✳✵ ✷✳✽
❈❖2 ✹✹ ✵✳✶✺ ✹✳✼ ✸✳✸

❋♦r ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣✱ ❛s s❛✐❞ ❜❡❢♦r❡✱ t❤❡ s✐③❡ ♦❢ t❤❡ ♣♦r❡s ❤❛✈❡ t♦ ❜❡ t❛✐❧♦r❡❞ ❡①❛❝t❧② t♦ ❛❝❤✐❡✈❡

t❤❡ ❞❡s✐r❡❞ ❡✛❡❝t✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ✐s✱ t❤❛t ✐♥ ❝♦♥tr❛st t♦ ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥✱ t❤❡ s❡♣❛r❛t✐♦♥

❞♦❡s ♥♦t ❤❛♣♣❡♥ ❜❡❝❛✉s❡ ♦❢ ❞✐✛❡r❡♥t ❞✐✛✉s✐♦♥ s♣❡❡❞s✱❬✷✷❪ ❜✉t r❛t❤❡r ❜❡❝❛✉s❡ ♦❢ s✐③❡ ❡①❝❧✉s✐♦♥

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

r❡❛❝❤❡❞ ❍2✴❈❖2 s❡❧❡❝t✐✈✐t✐❡s ❧❛r❣❡r t❤❛♥ ✶✻✵ ✭❝♦♠♣❛r❡❞ t♦ t❤❡ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t② ♦❢ ✹✳✼✮✳❬✷✸❪

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

✐♥ ❋✐❣✳ ✼✳

❋✐❣✉r❡ ✼✿ ❙❝❤❡♠❛t✐❝ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥ ❛♥❞ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣✳

✶✶
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✸ ❊①♣❡r✐♠❡♥t❛❧

✸✳✶ ▼❛t❡r✐❛❧s

■♥ ❚❛❜❧❡ ✺✱ ❛❧❧ ✉s❡❞ ♠❛t❡r✐❛❧s ✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛rt ❛r❡ s❤♦✇♥✳ ❚❤❡ ♣♦❧②✈✐♥②❧s✐❧❛③❛♥❡

✐s ❛ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ♣♦❧②♠❡r✱ ✇❤❡r❡ ✷✵ ♣❡r❝❡♥t ♦❢ t❤❡ s✐❧✐❝♦♥ ❛t♦♠s ❛r❡ s✉❜st✐t✉t❡❞ ✇✐t❤

❛ ♠❡t❤②❧ ❛♥❞ ❛ ✈✐♥②❧ ❣r♦✉♣✱ ✇❤❡r❡❛s t❤❡ ♦t❤❡r ✽✵ ♣❡r❝❡♥t ❛r❡ ♠❡r❡❧② s✉❜st✐t✉t❡❞ ✇✐t❤ ❛ ♠❡t❤②❧

❣r♦✉♣✳ ❆♥ ❡①❡♠♣❧❛r② str✉❝t✉r❡ ♦❢ t❤❡ ♣♦❧②♠❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✳ ❚❤❡ ❞❛t❛ ♦♥ t❤❡ t❡st t✉❜❡s ❛s

r❡❝❡✐✈❡❞ ❜② ❛t❡❝❤ ✐♥♥♦✈❛t✐♦♥s ●♠❜❍ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✻ ❛♥❞ ❛ ♣✐❝t✉r❡ ♦❢ ❛ ✷✺♠♠ r❛✇ s✉❜str❛t❡

t✉❜❡ ❛s r❡❝✐❡✈❡❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✾✳

❚❛❜❧❡ ✺✿ ▼❛t❡r✐❛❧s ✉s❡❞ ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛rt✳

◆❛♠❡ Pr♦❞✉❝❡r ❈❤❡♠✐❝❛❧ ❋♦r♠✉❧❛

❉✉r❛③❛♥❡ ✶✽✵✵ ✭P❙❩✮ ❞✉r❳tr❡♠❡ ●♠❜❍ ❙❡❡ ❋✐❣✳ ✽
❉✐❝✉♠②❧♣❡r♦①✐❞❡ ✭❉❈P✮ ❋❧✉❦❛ ❬❈6❍5❈✭❈❍3✮2❪2❖2

❆❧✉♠✐♥❛ s✉❜str❛t❡s ❛t❡❝❤ ✐♥♥♦✈❛t✐♦♥s ❣♠❜❤ ❆❧2❖3

❋✐❣✉r❡ ✽✿ ❙tr✉❝t✉r❡ ♦❢ t❤❡ ✉s❡❞ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✳

❚❛❜❧❡ ✻✿ ❉❛t❛ ♣r♦✈✐❞❡❞ ❜② ❛t❡❝❤ ✐♥♥♦✈❛t✐♦♥s ●♠❜❍ r❡❣❛r❞✐♥❣ t❤❡ s✉❜str❛t❡ t✉❜❡s✳

▼❛t❡r✐❛❧ ❜✉❧❦ s✉♣♣♦rt ❆❧2❖3

▼❛t❡r✐❛❧ ♠❡♠❜r❛♥❡ ❧❛②❡r ❆❧2❖3

P♦r❡ s✐③❡ ♠❡♠❜r❛♥❡ ❧❛②❡r ✵✳✵✺ ➭♠
■❉ ✻ ♠♠
❖❉ ✶✵ ♠♠
❧❡♥❣t❤ ✷✺✴✺✵ ♠♠✶

✶✷✺♠♠ s❛♠♣❧❡s ✇❡r❡ ✉s❡❞ ❢♦r ❝♦❛t✐♥❣ ❡①♣❡r✐♠❡♥ts✱ ✺✵♠♠ s❛♠♣❧❡s ✇❡r❡ ✉s❡❞ ❢♦r ♣❡r♠❡❛♥❝❡ ❡①♣❡r✐♠❡♥ts

✶✷
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❋✐❣✉r❡ ✾✿ P✐❝t✉r❡ ♦❢ ❛ ✷✺♠♠ s✉❜str❛t❡ t✉❜❡ ❛s r❡❝✐❡✈❡❞✳

✸✳✷ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ s✉❜str❛t❡ t✉❜❡s

❚❤❡ t❡st t✉❜❡s ✇❡r❡ ❝❤❛r❛❝t❡r✐s❡❞ ✇✐t❤ r❡❣❛r❞ t♦ t❤❡✐r ♣♦r♦s✐t②✱ ♣♦r❡ str✉❝t✉r❡✱ ❛♥❞ t❤❡✐r s✉r✲

❢❛❝❡ ♣r♦♣❡rt✐❡s✳ ❋♦r t❤❛t✱ t❤❡ ♣♦r♦s✐t② ✇❛s ❞❡t❡r♠✐♥❡❞ ❣❡♦♠❡tr✐❝❛❧❧②✱ t❤❡ ♣♦r❡ ❞✐str✐❜✉t✐♦♥ ✇❛s

♠❡❛s✉r❡❞ ✉s✐♥❣ ♠❡r❝✉r② ♣♦r♦s✐♠❡tr② ✭❚❤❡r♠♦❙❝✐❡♥t✐✜❝ P❛s❝❛❧ ✶✹✵✴✹✹✵✮✱ ✇❤❡r❡❛s t❤❡ s✉r❢❛❝❡

❛♥❞ ❛ ❝r♦ss s❡❝t✐♦♥ ✇❛s ❡①❛♠✐♥❡❞ ✈✐❛ s❝❛♥♥✐♥❣ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭❋❊■ ◗✉❛♥t❛ ✷✵✵✮✳ ❋♦r t❤❡

❣❡♦♠❡tr✐❝❛❧ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❛✈❡r❛❣❡ ♣♦r♦s✐t② p̄ ♦❢ t❤❡ s❛♠♣❧❡ t✉❜❡s✱ t❤❡✐r ❣❡♦♠❡tr② ✇❛s

❛ss✉♠❡❞ ❛s ❛ ♣❡r❢❡❝t ❤♦❧❧♦✇ ❝②❧✐♥❞❡r ✇✐t❤ ❛ ❞❡♥s✐t② ρ✭s❛♠♣❧❡✮ ❝❛❧❝✉❧❛t❡❞ ❛s ✐♥ ✭✺✮ ❛♥❞ ❛ ♣♦r♦s✐t②

❛s ✐♥ ✭✻✮✳ ■♥ t❤❡s❡ ❢♦r♠✉❧❛s✱ m ✐s t❤❡ ♠❛ss ♦❢ ❛ t❡st t✉❜❡ ✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ L ✭t❤❡ ❡①♣❡r✐♠❡♥t ✇❛s

♣❡r❢♦r♠❡❞ ✇✐t❤ t✇♦ ❝✉t ♦✛ r✐♥❣s ✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ ✹✳✷♠♠ ❡❛❝❤✮✱ ✇❤✐❧❡ O.D. ❛♥❞ I.D. ❜❡✐♥❣ t❤❡✐r

♦✉ts✐❞❡ ❛♥❞ ✐♥s✐❞❡ ❞✐❛♠❡t❡rs✳ ❋♦r t❤❡ ❝r♦ss s❡❝t✐♦♥✱ ❛ t❤✐♥ r✐♥❣ ✇❛s ❝✉t ❢r♦♠ t❤❡ s❛♠♣❧❡ t✉❜❡

❛♥❞ s✉❜s❡q✉❡♥t❧② ❜r♦❦❡♥ t♦ ❛✈♦✐❞ ❛❧t❡r❛t✐♦♥ ♦❢ t❤❡ ❧❛②❡r ❢♦r♠❡❞ ❞✉r✐♥❣ ❝✉tt✐♥❣✳ ❆ s❝❤❡♠❛t✐❝ ♦❢

t❤❡ ♦❜s❡r✈❛t✐♦♥ ❛♥❣❧❡s ♦❢ t❤❡ ❧❛②❡rs ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵✳

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

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

❢♦r♠❡❞ ♦♥❧② ❜② t❤♦r♦✉❣❤❧② r✐♥s✐♥❣ t❤❡ s❛♠♣❧❡s ✇✐t❤ ✐s♦♣r♦♣②❧ ❛❧❝♦❤♦❧ ✭■P❆✮ ❛♥❞ ❧❡❛✈✐♥❣ ✐t ✐♥ ❛

❞r②✐♥❣ ♦✈❡♥ ❢♦r ✸✵ ♠✐♥✉t❡s ❛t ✶✶✵ ◦❈✱ ❛❧❧♦✇✐♥❣ ❡①❝❡ss ■P❆ t♦ ❡✈❛♣♦r❛t❡✳

✶✸
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ρ(sample) =
m

(

O.D.−I.D.
2

)2 · π · L
✭✺✮

p̄ = 1−
ρ(sample)

ρ(Al2O3)
✭✻✮

❋✐❣✉r❡ ✶✵✿ ❖❜s❡r✈❛t✐♦♥ ❛♥❣❧❡s ♦❢ t❤❡ ❧❛②❡rs ❞✉r✐♥❣ ❡①❛♠✐♥❛t✐♦♥ ✈✐❛ s❝❛♥♥✐♥❣ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✳

✸✳✸ Pr❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs

❚❤❡ ❝♦❛t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡s ✇❛s ♣❡r❢♦r♠❡❞ ❜② ❞✐♣✲❝♦❛t✐♥❣ t❤❡ ♣❧✉❣❣❡❞ s❛♠♣❧❡ ✐♥t♦ ❛ ✶✇t✪

s♦❧✉t✐♦♥ ♦❢ ❉❈P ✐♥ P❙❩✳ ❆ ♣✐❝t✉r❡ ♦❢ t❤❡ ❞✐♣✲❝♦❛t✐♥❣ s❡t✉♣ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✶✳ ❚❤❡ ❞✐♣✲❝♦❛t❡r

✐s ❛ ❝✉st♦♠✲❜✉✐❧t ❆r❞✉✐♥♦✲❜❛s❡❞ s②st❡♠✳ ■t ❝♦♥s✐sts ♦❢ ❛ ❝❧❛♠♣✱ ✇❤❡r❡ t❤❡ s❛♠♣❧❡ s✉❜str❛t❡s ❝❛♥

❜❡ ✜①❡❞ t♦✱ ❛♥❞ ❛ st❡♣♣❡r ♠♦t♦r r❡s♣♦♥s✐❜❧❡ ❢♦r ❞✐♣♣✐♥❣ ♣❛r❛♠❡t❡rs s✉❝❤ ❛s t❤❡ ❞✐♣♣✐♥❣ ❛♥❞

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

✶✹

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

❋✐❣✉r❡ ✶✶✿ ❙❡t✉♣ ✉s❡❞ ❢♦r ❞✐♣✲❝♦❛t✐♥❣✳

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

✇✐t❤ PP ✈✐❛❧ ❝❛♣s ❛♥❞ ❛tt❛❝❤❡❞ t♦ t❤❡ ❞✐♣✲❝♦❛t❡r✳ ❍❡r❡❜② ✇❛s ✐♠♣♦rt❛♥t t❤❛t t❤❡ s❛♠♣❧❡ ✇❛s

❤❛♥❣✐♥❣ ♣❡r♣❡♥❞✐❝✉❧❛r❧② t♦ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❝♦❛t✐♥❣ ❧✐q✉✐❞ t♦ ❛ss✉r❡ ✉♥✐❢♦r♠ ❝♦❛t✐♥❣✳ ❚❤❡

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

t✐♠❡ ♦❢ ✶ s❡❝♦♥❞ ❛♥❞ r❛✐s❡❞ ❛❣❛✐♥ ❛t ❛ s❡t s♣❡❡❞✱ ✇❤✐❝❤ ✇❛s ✈❛r✐❡❞ t♦ ❛❝❤✐❡✈❡ ❞✐✛❡r❡♥t ❧❛②❡r

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

t❤❡ s❛♠♣❧❡ ❛♥❞ t❤❡ ❝♦❛t❡❞ s❛♠♣❧❡ ✇❛s ♣✉t ✐♥t♦ ❛♥ ♦✈❡♥✱ ✇❤❡r❡ t❤❡ s❛♠♣❧❡ ✇❛s ❝r♦ss❧✐♥❦❡❞ ❢♦r

✶✷ ❤ ✉♥❞❡r ❛ ♥✐tr♦❣❡♥ ✢♦✇ ♦❢ ✵✳✹ ▲✴♠✐♥ ❛t ✶✸✵ ◦❈✱ ✇✐t❤ t❤❡ ❤❡❛t✐♥❣ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ r❛♠♣ ♦❢

✶❑✴♠✐♥✳

❋♦❧❧♦✇✐♥❣ t❤❛t st❡♣✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❦❡❡♣ t❤❡ s❛♠♣❧❡s ❛t ❛t♠♦s♣❤❡r✐❝ ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ ❝❤❛r✲

❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ ❧❛②❡r✱ ❛s ♥❡❛r❧② ❛❧❧ r❡❛❝t✐✈❡ s✐❧✐❝♦♥ ❛t♦♠s ✇❡r❡ ❝r♦ss❧✐♥❦❡❞✳

❆❢t❡r ❝r♦ss❧✐♥❦✐♥❣✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ♦♥❝❡ ❛❣❛✐♥ ♣✉t ✐♥t♦ ❛♥ ♦✈❡♥✱ ✇❤❡r❡ t❤❡ ❧❛②❡r ✇❛s ♣②r♦❧②s❡❞

❢♦r ✹ ❤ ✉♥❞❡r ❛ ♥✐tr♦❣❡♥ ✢♦✇ ♦❢ ✵✳✹ ▲✴♠✐♥ ❛t ✻✵✵ ◦❈✳ ❚❤❡ ❤❡❛t✐♥❣ ✇❛s ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ st❡♣s ✇✐t❤

❞✐✛❡r❡♥t r❛♠♣s✱ ❛t ✜rst✱ ❛ r❛♠♣ ♦❢ ✸❑✴♠✐♥ ✇❛s ✉s❡❞ ✉♥t✐❧ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ ✸✵✵ ◦❈ ✇❛s r❡❛❝❤❡❞✱

❛❢t❡r t❤❛t✱ ❤❡❛t✐♥❣ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ ❛ r❛♠♣ ♦❢ ✶❑✴♠✐♥✳

❙❝❤❡♠❛t✐❝ s✉♠♠❛r✐❡s ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ♣r♦❣r❛♠s ♦❢ t❤❡ ♣r♦❝❡ss ❛♥❞ t❤❡ ❝❤❡♠✐❝❛❧ str✉❝t✉r❡s ♦❢

t❤❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ❛❢t❡r ❡❛❝❤ st❡♣ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✷ ❛♥❞ ❋✐❣✳ ✶✸✳

✶✺

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✭❛✮ ❉✉r✐♥❣ ❝r♦ss❧✐♥❦✐♥❣ ✭❜✮ ❉✉r✐♥❣ ♣②r♦❧②s✐s

❋✐❣✉r❡ ✶✷✿ ❚❡♠♣❡r❛t✉r❡ ♣r♦❣r❛♠s ❢♦r t❤❡ t✇♦ ❤❡❛t✲tr❡❛t♠❡♥t st❡♣s✳

❋✐❣✉r❡ ✶✸✿ ❙❝❤❡♠❛t✐❝ s✉♠♠❛r② ♦❢ t❤❡ ♣r♦❝❡ss st❡♣s ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ❝♦❛t✐♥❣✳

■♥ t❤✐s ✇♦r❦✱ ♠♦st❧② t❤❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ t❤❡ ❝♦❛t✐♥❣ st❡♣s ❤❛s ❜❡❡♥ ✈❛r✐❡❞ ✐♥ r❡❣❛r❞ t♦ t❤❡

▲❛♥❞❛✉✲▲❡✈✐❝❤ ♠♦❞❡❧ ✭✭✶✮ ♦♥ ♣❛❣❡ ✾✮✱ ♠❛❦✐♥❣ t❤❡ ♦t❤❡r ✈❛r✐❛❜❧❡s ♦❢ t❤❡ ❡q✉❛t✐♦♥ ❝♦♥st❛♥ts✳ ■♥

❚❛❜❧❡ ✼✱ ❛ s✉♠♠❛r② ♦❢ ❛❧❧ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ✇✐t❤ r❡❣❛r❞ t♦ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♠❡♠❜r❛♥❡

❧❛②❡rs ✐♥ t❤✐s ✇♦r❦ ✐s s❤♦✇♥✳ ❋♦r t❤❡ s✉♠♠❛r② ♦❢ s❛♠♣❧❡s ♣r❡♣❛r❡❞ ❢♦r t❤❡ ✉s❡ ✐♥ ♣❡r♠❡❛♥❝❡

❡①♣❡r✐♠❡♥ts✱ s❡❡ ❚❛❜❧❡ ✽✳

✶✻
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❚❛❜❧❡ ✼✿ ❲✐t❤❞r❛✇❛❧ s♣❡❡❞ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞✳

❙❛♠♣❧❡ ♥♦✳ ✶✳ ❝♦❛t✐♥❣ ✷✳ ❝♦❛t✐♥❣ ✸✳ ❝♦❛t✐♥❣

✶ ✷✵♠♠✴♠✐♥
✷ ✺✵♠♠✴♠✐♥
✸ ✶✹✵♠♠✴♠✐♥ ✺✵♠♠✴♠✐♥
✹ ✸✵✵♠♠✴♠✐♥
✺✶ ✸✵✵♠♠✴♠✐♥
✻ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥ ✺✵♠♠✴♠✐♥
✼✷ ✶✹✵♠♠✴♠✐♥ ✶✷✵♠♠✴♠✐♥ ✺✵♠♠✴♠✐♥
✽ ✶✹✵♠♠✴♠✐♥ ✶✹✵♠♠✴♠✐♥
✾✸ ✶✹✵♠♠✴♠✐♥ ✶✷✵♠♠✴♠✐♥
✶✵✸ ✶✹✵♠♠✴♠✐♥ ✶✹✵♠♠✴♠✐♥
✶✶ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥ ✶✹✵♠♠✴♠✐♥

❛❝♦❛t✐♥❣ st❡♣ ♣❡r❢♦r♠❡❞ ✇✐t❤ ❝♦♦❧❡❞ ♣♦❧②s✐❧❛③❛♥❡ t♦ ✐♥❝r❡❛s❡ ✈✐s❝♦❝✐t②
❜❞❡❧❛♠✐♥❛t✐♦♥ ♦❢ ♠❡♠❜r❛♥❡ ❧❛②❡r ❛❢t❡r t❤✐r❞ ❝♦❛t✐♥❣ st❡♣✱ ♥♦t ❡①❛♠✐♥❡❞ ✈✐❛ s❝❛♥♥✐♥❣ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②
❝❝♦❛t❡❞ t✇✐❝❡ ✇✐t❤♦✉t ♣②r♦❧②s✐s st❡♣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦❛t✐♥❣ st❡♣s

❚❛❜❧❡ ✽✿ ❲✐t❤❞r❛✇❛❧ s♣❡❡❞ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ t♦ ♦❜t❛✐♥ ♠❡♠❜r❛♥❡s ❢♦r
t❡st✐♥❣✳

❙❛♠♣❧❡ ♥♦✳ ✶✳ ❝♦❛t✐♥❣ ✷✳ ❝♦❛t✐♥❣ ✸✳ ❝♦❛t✐♥❣

✶♣ ✶✹✵♠♠✴♠✐♥ ✶✹✵♠♠✴♠✐♥
✷♣ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥ ✺✵♠♠✴♠✐♥
✸♣ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥

✸✳✹ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs

❚❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs ✇❡r❡ ❝❤❛r❛❝t❡r✐s❡❞ ✇✐t❤ r❡❣❛r❞ t♦ t❤❡✐r s✉r❢❛❝❡ ♣r♦♣❡rt✐❡s ✭s✉❝❤ ❛s t❤❡

♠✐❝r♦str✉❝t✉r❡ ❛♥❞ ♠♦r♣❤♦❧♦❣②✮✱ ❛s t❤❡ ♣♦r❡ ❞✐str✐❜✉t✐♦♥ ❝♦✉❧❞ ♥♦t ❜❡ ♠❡❛s✉r❡❞ ✇✐t❤ ♠❡r❝✉r②

♣♦r♦s✐♠❡tr② ❞✉❡ t♦ t❤❡✐r ♠✐❝r♦♣♦r♦s✐t②✳ ❚♦ ♠❡❛s✉r❡ t❤❡ ♣♦r❡ ❞✐str✐❜✉t✐♦♥✱ ♦t❤❡r ♠❡t❤♦❞s s✉❝❤

❛s ♥✐tr♦❣❡♥ ♣❤②s✐s♦r♣t✐♦♥ ❛r❡ s✉✐t❛❜❧❡✱ ✇❤✐❝❤ ✇❡r❡ ♥♦t ✉s❡❞ ✐♥ t❤✐s ✇♦r❦✱ ♥❡❡❞ ❜❡ ✉s❡❞✳ ❋♦r t❤❡

s✉r❢❛❝❡ ♣r♦♣❡rt✐❡s✱ t❤❡ s✉r❢❛❝❡ ❛♥❞ ❛ ❝r♦ss s❡❝t✐♦♥ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵ ✇❡r❡ ❡①❛♠✐♥❡❞ ✈✐❛ s❝❛♥♥✐♥❣

❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭◗✉❛♥t❛ ✷✵✵✮ ❛♥❞ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ✉♥❝♦❛t❡❞ s❛♠♣❧❡s✳

❋♦r t❤❡ s❛♠♣❧❡s ♠❡❛s✉r❡❞ ✐♥ t❤❡ t❡st r✐❣✱ ♦♥❧② t❤❡ s✉r❢❛❝❡ ✇❛s ❡①❛♠✐♥❡❞✱ ❛s t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡

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

✇❡r❡ ♦♥❧② ❡①❛♠✐♥❡❞ ✉s✐♥❣ ❛♥ ♦♣t✐❝❛❧ ♠✐❝r♦s❝♦♣❡ t♦ r✉❧❡ ♦✉t ❧❛r❣❡ ❞❡❢❡❝ts✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t

✐s✱ t❤❛t t❤❡ ❧❛②❡rs ❝❛♥ ❞❡❧❛♠✐♥❛t❡ ✇❤❡♥ ❜❡✐♥❣ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ❝❛r❜♦♥ t❛♣❡ ✉s❡❞ ❢♦r ❙❊▼✳

❚❤❡r❡❢♦r❡✱ ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs ✈✐❛ ❙❊▼ ✇❛s ♣❡r❢♦r♠❡❞ ❛❢t❡r t❡st✐♥❣ ♦❢ s❡♣❛r❛t✐♦♥

❝❤❛r❛❝t❡r✐st✐❝s✳

✶✼
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✹ ❘❡❛❧✐s❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ t❡st r✐❣

✹✳✶ ❘❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❝♦♠♣❧❡t❡❞ t❡st r✐❣

❚❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ t❤❡ ✇♦r❦ ✇❛s t❤❡ r❡❛❧✐s❛t✐♦♥ ♦❢ ❛ ♠❡♠❜r❛♥❡ t❡st r✐❣ ❛♥❞ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥

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

t❡st r✐❣ s❤♦✉❧❞ ❜❡ ❛❜❧❡ t♦ ❢✉❧✜❧ t❤❡ ❢♦❧❧♦✇✐♥❣ t❛s❦s✿

❼ ▼❡❛s✉r❡ t❤❡ ♣❡r♠❡❛♥❝❡ ♦❢ s✐♥❣❧❡ ❣❛s❡s t❤r♦✉❣❤ ♠✐❝r♦♣♦r♦✉s ♠❡♠❜r❛♥❡s ❛t ❞✐✛❡r❡♥t t❡♠✲

♣❡r❛t✉r❡s ✉♣ t♦ ✺✵✵ ◦❈

❼ ▼❡❛s✉r❡ t❤❡ s❡❧❡❝t✐✈✐t② ♦❢ ♠✐❝r♦♣♦r♦✉s ♠❡♠❜r❛♥❡s ❢♦r ❣❛s ♠✐①t✉r❡s ❝♦♥t❛✐♥✐♥❣ ♥✐tr♦❣❡♥✱

❤❡❧✐✉♠✱ ♠❡t❤❛♥❡✱ ❡t❤❛♥❡✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❛♥❞ ❤②❞r♦❣❡♥ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ✉♣ t♦

✺✵✵ ◦❈

✹✳✷ P❧❛♥♥✐♥❣ ♦❢ t❤❡ t❡st r✐❣

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

❜❡❡♥ ❞❡s✐❣♥❡❞ ✐♥ t❤❡ r❡s❡❛r❝❤ ❣r♦✉♣ ♣r✐♦r t♦ t❤✐s ✇♦r❦✳ ❚❤❡ ❜❧✉❡♣r✐♥t ❛♥❞ ❛ ❞✐✈✐s✐♦♥ ✐♥t♦ t❤❡ ✜✈❡

❝♦r❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ t❡st r✐❣ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✹✱ ✇❤❡r❡❛s ✐♥ ❋✐❣✳ ✶✺✱ ❛ ♣✐❝t✉r❡ ♦❢ t❤❡ ❝♦♠♣❧❡t❡❞

t❡st r✐❣ ❢r♦♠ ❛❜♦✈❡ ✐s s❤♦✇♥✳ ❚❤❡s❡ ✜✈❡ ❝♦r❡ ❡❧❡♠❡♥ts ❛r❡✿

✶✳ ❆ ❝♦♥s♦❧❡ t♦ ❢❡❡❞ ❞✐✛❡r❡♥t ❣❛s ♠✐①t✉r❡s ✐♥t♦ t❤❡ s②st❡♠

✷✳ ❆♥ ❡①tr❛ ❧✐♥❡ t♦ ❢✉rt❤❡r ❢❡❡❞ ♥✐tr♦❣❡♥ ✐♥t♦ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✐❢ ✐ts ♣r❡ss✉r❡ ✐s ♥♦t

s✉✣❝✐❡♥t t♦ st❛rt ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤② ❡①♣❡r✐♠❡♥ts

✸✳ ❆ ❢✉r♥❛❝❡ ✐♥ ✇❤✐❝❤ t❤❡ s❛♠♣❧❡s ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ❛♥❞ ❤❡❛t❡❞ t♦ r❡❛❝❤ t❤❡ t❛r❣❡t t❡♠♣❡r❛t✉r❡

✹✳ ❆ st❡❡❧ ❝②❧✐♥❞❡r r❛✐s✐♥❣ t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ t♦ ✐♠♣r♦✈❡ t❤❡ s❡♥s✐t✐✈✐t② ♦❢

t❤❡ ♣❡r♠❡❛♥❝❡ ♠❡❛s✉r❡♠❡♥t

✺✳ ❆ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤ t♦ ♠❡❛s✉r❡ t❤❡ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡ ♠❡♠❜r❛♥❡s ❢♦r ❞✐✛❡r❡♥t ❣❛s ♠✐①t✉r❡s

✶✽
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❋✐❣✉r❡ ✶✹✿ ❙❦❡t❝❤ ♦❢ t❤❡ t❡st r✐❣✳

❋✐❣✉r❡ ✶✺✿ P✐❝t✉r❡ ♦❢ t❤❡ ❝♦♠♣❧❡t❡❞ t❡st r✐❣ ❢r♦♠ ❛❜♦✈❡✳
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✹✳✸ ■♥t❡❣r❛t❡❞ ❝♦♠♣♦♥❡♥ts

✹✳✸✳✶ ●❛s ♠✐①t✉r❡ ❝♦♥s♦❧❡

❚♦ ♣❡r❢♦r♠ ♠✉❧t✐ ❣❛s ♣❡r♠❡❛♥❝❡ ❡①♣❡r✐♠❡♥ts✱ ❛ ❣❛s ♠✐①t✉r❡ ❝♦♥s♦❧❡ ❤❛❞ t♦ ❜❡ ♣❧❛♥♥❡❞✳ ❚♦

r❡❞✉❝❡ ❞❡❛❞ ✈♦❧✉♠❡✱ t❤❡ ❢♦✉r ♠❛ss ✢♦✇ ❝♦♥tr♦❧❧❡rs ✭▼❋❈s✮ ✇❡r❡ ♠♦✉♥t❡❞ ♦♥ ❛ ♣❧❛t❢♦r♠ ❛s

s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳

❚❤❡ ❝♦♥s♦❧❡ ❝♦♥s✐sts ♦❢ ✹ ♠❛ss ✢♦✇ ❝♦♥tr♦❧❧❡rs ✭▼❑❙ ■♥str✉♠❡♥ts✿ t②♣❡ ●❊✺✵❆✮ ✇✐t❤ ♠❛①✐♠✉♠

✢♦✇ r❛t❡s ♦❢ ✺✵✵✱ ✷✵✵✱ ✶✵✵✱ ❛♥❞ ✷✵ s❝❝♠✳ ❚❤❡ ✺✵✵ s❝❝♠ ▼❋❈ ✐s ❤❡r❡ ✉s❡❞ ❢♦r ❢❡❡❞✐♥❣ ♥✐tr♦❣❡♥✱

t❤❡ ✷✵✵ s❝❝♠ ▼❋❈ ❢♦r ❍❡❧✐✉♠✱ t❤❡ ✶✵✵ s❝❝♠ ▼❋❈ ❢♦r ❤②❞r♦❝❛r❜♦♥s ❛♥❞ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❛♥❞ t❤❡

✷✵ s❝❝♠ ▼❋❈ ✐s ✉s❡❞ ❢♦r ❢❡❡❞✐♥❣ s❛❢❡t②✲r❡❧❡✈❛♥t ❣❛s❡s s✉❝❤ ❛s ❤②❞r♦❣❡♥ ❛♥❞✱ ✐❢ r❡q✉✐r❡❞ ✐♥ t❤❡

❢✉t✉r❡✱ ❝❛r❜♦♥ ♠♦♥♦①✐❞❡✳ ❚❤❡② ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ▲❛❜❱■❊❲ ❛✉t♦♠❛t❡❞ ▼❑❙ P❆❈ ✶✵✵ ❈P❯

✈✐❛ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥✱ ✇❤✐❝❤ ✐s ❢✉rt❤❡r ❡①♣❧❛✐♥❡❞ ✐♥ ❝❤❛♣t❡r ✹✳✹✳

❋✐❣✉r❡ ✶✻✿ ●❛s ♠✐①t✉r❡ ❝♦♥s♦❧❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ♠❡♠❜r❛♥❡ t❡st r✐❣✳

❚❤❡ r❛t✐♦ ♦❢ t❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ♦❢ t❤❡ ❢❡❡❞ ❣❛s ♠✐①t✉r❡ ✐s ❛♣♣r♦①✐♠❛t❡❞ ❜② t❤❡ r❛t✐♦ ♦❢ t❤❡

s✐♥❣❧❡ ❣❛s ✢♦✇s ❛s s❤♦✇♥ ✐♥ ✭✼✮✱ ✇❤❡r❡ p ✐s t❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ t❤❡ t❡st ❣❛s ♦r t❤❡ t♦t❛❧ ❢❡❡❞

♣r❡ss✉r❡ ✇❤✐❧❡ V̇ ❜❡✐♥❣ t❤❡ ❣❛s ✢♦✇ r❛t❡ ♦❢ t❤❡ t❡st ❣❛s ♦r t❤❡ t♦t❛❧ ❢❡❡❞ ✢♦✇✳

❚❤❡ t♦t❛❧ ❢❡❡❞ ♣r❡ss✉r❡ ✐s ♠❡❛s✉r❡❞ ❜② ❛ ▼❑❙ ■♥str✉♠❡♥ts ❇❛r❛tr♦♥ ❚②♣❡ ✼✷✷❇ ❆❜s♦❧✉t Pr❡ss✉r❡

❚r❛♥s❞✉❝❡r ✇✐t❤ ❛ ♣r❡ss✉r❡ r❛♥❣❡ ♦❢ ✵✲✷✻✻✻♠❜❛r✱ ✇❤✐❝❤ ✐s ❛❧s♦ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ▲❛❜❱■❊❲

❛✉t♦♠❛t❡❞ ▼❑❙ P❆❈ ✶✵✵ ❈P❯ ✈✐❛ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥✳

pgas
ptotal

=
V̇gas

V̇total

✭✼✮
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✹✳✸✳✷ P❡r♠❡❛t✐♦♥ s②st❡♠

❚❤❡ ❢❡❡❞ ❣❛s ✢♦✇s ✐♥t♦ ❛ ❈❛r❜♦❧✐t❡ ●❡r♦ ❊❙❚ ✶✷✵✵ s♣❧✐t t✉❜❡ ♦✈❡♥ ✇✐t❤ ❛ ❊✉r♦t❤❡r♠ ✷✶✸✷

t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡r ❛s ♦✈❡rt❡♠♣❡r❛t✉r❡ ♣r♦t❡❝t✐♦♥ ✭s❡t ❛t ✺✷✵ ◦❈✮ ❛♥❞ ❛ ❊✉r♦t❤❡r♠ ✸✺✵✽

t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡r ✭❝♦♥tr♦❧❧❡❞ ❜② ❛ ▲❛❜❱■❊❲ ✐♥t❡❣r❛t❡❞ s♦❧✉t✐♦♥✱ ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✹✳✹✮✱

✇❤❡r❡ t❤❡ s❛♠♣❧❡ ♠❡♠❜r❛♥❡ ✐s ♠♦✉♥t❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✼✳

■♥ ❛ ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✐♠❡♥t✱ ❣❛s str❡❛♠s ❜② t❤❡ ♠❡♠❜r❛♥❡ ❛♥❞ ❛ ❢r❛❝t✐♦♥ ♦❢ ✐t ♣❡r♠❡❛t❡s t❤r♦✉❣❤

t❤❡ ♠❡♠❜r❛♥❡ ✭♣❡r♠❡❛t❡✮✳ ❚❤❡ r❡st✱ ✇❤✐❝❤ ✐s ❤❡❧❞ ❜❛❝❦ ❜② t❤❡ ♠❡♠❜r❛♥❡✱ ❡①✐ts t❤❡ ❢✉r♥❛❝❡ ❛♥❞

❧❡❛✈❡s t❤❡ t❡st r✐❣ t❤r♦✉❣❤ t❤❡ ❡①❤❛✉st ✭r❡t❡♥t❛t❡✮✳ ❚❤❡ ♣r♦❝❡ss ♦❢ t❤✐s ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✐♠❡♥t

✐s s❝❤❡♠❛t✐❝❛❧❧② s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✽✳

❋✐❣✉r❡ ✶✼✿ ❙❛♠♣❧❡ ♠♦✉♥t❡❞ ✐♥ t❤❡ ❢✉r♥❛❝❡✳
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❋✐❣✉r❡ ✶✽✿ ❙❝❤❡♠❛t✐❝ ♣r♦❝❡❞✉r❡ ♦❢ ❛ ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✐♠❡♥t✳

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

♣r✐♦r t♦ t❤❡ ❡①♣❡r✐♠❡♥t✱ ✇❤❡r❡ t❤❡ ♣r❡ss✉r❡ s❧♦✇❧② r✐s❡s✳ ❚❤✐s ♣r❡ss✉r❡ ✐♥❝r❡❛s❡ ✐s ♠❡❛s✉r❡❞ ❜②

❛ ▼❑❙ ■♥str✉♠❡♥ts ❇❛r❛tr♦♥ ❚②♣❡ ✼✷✷❇ ❆❜s♦❧✉t❡ Pr❡ss✉r❡ ❚r❛♥s❞✉❝❡r ✇✐t❤ ❛ ♣r❡ss✉r❡ r❛♥❣❡

♦❢ ✵✲✶✸✸♠❜❛r ❛♥❞ ❧♦❣❣❡❞ ✇✐t❤ t❤❡ ▲❛❜❱■❊❲ ❛✉t♦♠❛t❡❞ ▼❑❙ P❆❈ ✶✵✵ ❈P❯✳ ❆s t❤❡ ❢❡❡❞ ❣❛s

t♦t❛❧ ♣r❡ss✉r❡ st❛②s ❝♦♥st❛♥t ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ t❤❡ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡ ∆p ❛s

✉s❡❞ ✐♥ ✭✸✮ ♦♥ ♣❛❣❡ ✶✵ ❞❡❝r❡❛s❡s ♦✈❡r t✐♠❡✱ t❤✉s ❧❡❛❞✐♥❣ t♦ ❛ s❧♦✇❡r ♣❡r♠❡❛t✐♦♥ ❛s s❤♦✇♥ ✐♥ t❤❡

s❛♠❡ ❡q✉❛t✐♦♥✳ ■t ❝❛♥ ❤♦✇❡✈❡r ❜❡ ❛ss✉♠❡❞✱ t❤❛t ❛ ♣r❡ss✉r❡ ✐♥❝r❡❛s❡ ♦❢ ❧❡ss t❤❛♥ ♦♥❡ ♣❡r❝❡♥t ♦❢

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

❧✐♥❡❛r✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✾✳

❋✐❣✉r❡ ✶✾✿ Pr❡ss✉r❡ ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ ❛ ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✐♠❡♥t✳
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✹✳✸✳✸ ●❛s ❛♥❛❧②s✐s

■❢ ❛ ❣❛s ♠✐①t✉r❡ ✐s ✉s❡❞ ❛s ❢❡❡❞ ❣❛s✱ t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤✐s ♠✐①t✉r❡ ❛s ✇❡❧❧ ❛s t❤❡ ♣❡r♠❡❛t❡

❝♦♠♣♦s✐t✐♦♥ ❤❛✈❡ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞✳ ❋♦r t❤❛t✱ ❛ t✇♦ ♠♦❞✉❧❡ ■♥✜❝♦♥ ▼✐❝r♦ ●❈ ❋✉s✐♦♥ ❣❛s ❝❤r♦✲

♠❛t♦❣r❛♣❤ ✭❋✐❣✳ ✷✵✮ ✐s ✉t✐❧✐s❡❞✳ ❚❤❡ t✇♦ ♠♦❞✉❧❡s ❢❡❛t✉r❡ ❞✐✛❡r❡♥t t②♣❡ ♦❢ ❝♦❧✉♠♥s t♦ ❛♥❛❧②s❡

❛s ♠❛♥② ❣❛s❡s ❛s ♣♦ss✐❜❧❡✳ ▼♦❞✉❧❡ ❆ ❢❡❛t✉r❡s ❛ ▼♦❧❡s✐❡✈❡ ✺❆ ❝♦❧✉♠♥✱ ♠❛❦✐♥❣ ✐t ♣♦ss✐❜❧❡ t♦

❛♥❛❧②s❡ ❤②❞r♦❣❡♥✱ ♦①②❣❡♥✱ ♥✐tr♦❣❡♥✱ ♠❡t❤❛♥❡ ❛♥❞ ❝❛r❜♦♥ ♠♦♥♦①✐❞❡✱ ✇❤❡r❡❛s ♠♦❞✉❧❡ ❇ ❢❡❛t✉r❡s

❛ P▲❖❚ ◗ ❝♦❧✉♠♥✱ ♠❛❦✐♥❣ ✐t ♣♦ss✐❜❧❡ t♦ ❛♥❛❧②s❡ ✇❛t❡r✱ ♠❡t❤❛♥❡✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡✱ ❡t❤❛♥❡✱ ❛❝❡t②✲

❧❡♥❡✱ ♣r♦♣❛♥❡✱ ♣r♦♣②❧❡♥❡✱ ❈✹✲❈✽ ❤②❞r♦❝❛r❜♦♥s ❛♥❞ ❤②❞r♦❣❡♥ s✉❧✜❞❡✳ ■♥ ❜♦t❤ ❝♦❧✉♠♥s✱ ❛ t❤❡r♠❛❧

❝♦♥❞✉❝t✐✈✐t② ❞❡t❡❝t♦r ✐s ✉s❡❞✳

■♥ ❚❛❜❧❡ ✾✱ ✐♥str✉♠❡♥t ♣❛r❛♠❡t❡rs ❞✉r✐♥❣ t❤❡ ▼✐❝r♦ ●❈ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❧✐st❡❞✳ ❚❤❡s❡ ♣❛✲

r❛♠❡t❡rs st❛② ❝♦♥st❛♥t ❞✉r✐♥❣ t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ ❝♦❧✉♠♥

t❡♠♣❡r❛t✉r❡ ♦❢ ♠♦❞✉❧❡ ❇✱ ✇❤✐❝❤ st❛rts ❤❡❛t✐♥❣ ✇✐t❤ ❛ r❛t❡ ♦❢ ✶✳✺❑✴s ✷✵ s❡❝♦♥❞s ❛❢t❡r t❤❡ st❛rt

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

❋✐❣✉r❡ ✷✵✿ P✐❝t✉r❡ ♦❢ t❤❡ ■♥✜❝♦♥ ▼✐❝r♦ ●❈ ❋✉s✐♦♥✳

❚❛❜❧❡ ✾✿ ■♥str✉♠❡♥t ♣❛r❛♠❡t❡rs ❞✉r✐♥❣ t❤❡ ▼✐❝r♦ ●❈ ♠❡❛s✉r❡♠❡♥ts✳

▼♦❞✉❧❡ ❆ ▼♦❞✉❧❡ ❇

❋r♦♥t ❡♥tr② t❡♠♣❡r❛t✉r❡ ✶✵✵ ◦❈ ✶✵✵ ◦❈
❘✉♥ t✐♠❡ ✶✹✵ s ✶✹✵ s
❋❧♦✇ ♠❛♥✐❢♦❧❞ ❤❡❛t✐♥❣ ✺✺ ◦❈ ✺✺ ◦❈
■♥❥❡❝t✐♦♥ t❡♠♣❡r❛t✉r❡ ✾✵ ◦❈ ✾✵ ◦❈
❈♦❧✉♠♥ t❡♠♣❡r❛t✉r❡ ✾✵ ◦❈ ✻✵ ◦❈
❈♦❧✉♠♥ ♣r❡ss✉r❡ ✸✵ ♣s✐ ✷✵ ♣s✐
❉❡t❡❝t♦r t❡♠♣❡r❛t✉r❡ ✽✺✲✾✵ ◦❈ ✽✺✲✾✵ ◦❈
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✹✳✹ ❆✉t♦♠❛t✐♦♥ ♦❢ t❤❡ t❡st r✐❣

❚❤❡ P❆❈ ✶✵✵

❆s ❛❧r❡❛❞② st❛t❡❞ ✐♥ ❝❤❛♣t❡r ✹✳✶✱ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❣♦❛❧s ❢♦r t❤❡ ❝♦♠♣❧❡t❡❞ t❡st r✐❣ ✇❛s ✐ts ❛✉✲

t♦♠❛t✐♦♥ ❛♥❞ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❛ r❡♠♦t❡ ❝♦♥tr♦❧ ♣❛♥❡❧✳ ❚♦ ❛❝❤✐❡✈❡ t❤❛t✱ ❛❧❧ ♣❛rts ♦❢ t❤❡ t❡st r✐❣

❜✉t t❤❡ ❢✉r♥❛❝❡ t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧ ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❝❡♥tr❛❧ ❈P❯✱ t❤❡ ▼❑❙ ■♥str✉♠❡♥ts P❆❈

✶✵✵✳ ❚❤❡ P❆❈ ✶✵✵ ✐s ❛ ♠♦❞✉❧❛r s②st❡♠✱ ✇❤✐❝❤ ❝♦♥s✐sts ♦❢ ❛ ♠❛✐♥ ❈P❯✱ ♦♥t♦ ✇❤✐❝❤ ❞✐✛❡r❡♥t

♠♦❞✉❧❡s ❝❛♥ ❜❡ st❛❝❦❡❞✳ ■♥ ❋✐❣✳ ✷✶✱❬✷✹❪ ❛ t②♣✐❝❛❧ P❆❈ ✶✵✵ ♠♦❞✉❧❡ st❛❝❦ ✐s s❤♦✇♥ ❛s ❞✐s♣❧❛②❡❞ ✐♥

t❤❡ P❆❈ ✶✵✵ ✉s❡r ♠❛♥✉❛❧✳

❋✐❣✉r❡ ✷✶✿ P✐❝t✉r❡ ♦❢ ❛ t②♣✐❝❛❧ P❆❈ ✶✵✵ ♠♦❞✉❧❡ st❛❝❦✳❬✷✹❪

■♥ t❤✐s st❛❝❦✱ t❤❡ ❧❡❢t♠♦st ♠♦❞✉❧❡ ✐s t❤❡ ❈P❯✱ ✇❤❡r❡❛s t❤❡ ♦t❤❡r ♠♦❞✉❧❡s ❛r❡ ❛❞❞✐♥❣ t❤❡ ♣♦s✲

s✐❜✐❧✐t② t♦ ❛❞❞ ♠♦r❡ ✐♥♣✉t✴♦✉t♣✉t ❞❡✈✐❝❡s✳ ■♥ t❤❡ P❆❈ ✶✵✵ ❝✉st♦♠✐s❡❞ ❢♦r t❤✐s ✇♦r❦✱ ❛♥ ❛♥❛❧♦❣

■✴❖ ♠♦❞✉❧❡✱ ✇❤❡r❡ t❤❡r♠♦❝♦✉♣❧❡s ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦✱ ❛ ❞✐❣✐t❛❧ ■✴❖ ♠♦❞✉❧❡✱ ✇❤❡r❡ s♦❧❡♥♦✐❞

✈❛❧✈❡s ❛♥❞ t❤❡ ✈❛❝✉✉♠ ✈❛❧✈❡ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥❞ ♠♦❞✉❧❡s ❢♦r t❤❡ ▼❋❈s ❛♥❞ ❇❛r❛tr♦♥s t♦

❜❡ ❝♦♥♥❡❝t❡❞ t♦ ✇❡r❡ st❛❝❦❡❞✳ ❚❤❡ ❈P❯ ✇❛s ❝♦♥♥❡❝t❡❞ t♦ t✇♦ ✷✹❱ ♣♦✇❡r s♦✉r❝❡s ✭♦♥❡ ❢♦r t❤❡

❈P❯ ❛♥❞ t❤❡ ♠♦❞✉❧❡s✱ r❡s♣❡❝t✐✈❡❧②❀ t❤❡ ❈P❯ r❡q✉✐r❡s ✺❆ ♠❛①✐♠✉♠ ❝✉rr❡♥t ✇❤❡r❡❛s t❤❡ ■✴❖

♠♦❞✉❧❡s r❡q✉✐r❡ ✶✷❆ ♠❛①✐♠✉♠ ❝✉rr❡♥t✮✱ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♠❛st❡r ❝♦♠♣✉t❡r ✈✐❛ ❊t❤❡r♥❡t ❛♥❞

♣✉t ✐♥t♦ ❛ ❝❛s❡✳ ❆ ♣❤♦t♦ ♦❢ t❤❡ ✇❤♦❧❡ s❡t✉♣ ✐♥s✐❞❡ t❤❡ ❝❛s❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✷✳
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❋✐❣✉r❡ ✷✷✿ P✐❝t✉r❡ ♦❢ t❤❡ P❆❈ ✶✵✵ s❡t✉♣ ✐♥s✐❞❡ t❤❡ ❝❛s❡✳

❆✉t♦♠❛t✐♦♥ ♦❢ t❤❡ P❆❈ ✶✵✵

❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ P❆❈ ✶✵✵ ❛♥❞ t❤❡ ♠❛st❡r ❝♦♠♣✉t❡r ✇♦r❦s ♦✈❡r ▼♦❞❜✉s ❚❈P✴■P✳

■♥ t❤✐s ❝♦♠♠✉♥✐❝❛t✐♦♥s ♣r♦t♦❝♦❧✱ ❛ s✐♥❣❧❡ ■P ❛❞❞r❡ss ✐s s❡♣❛r❛t❡❞ ✐♥t♦ ♠✉❧t✐♣❧❡ r❡❣✐st❡rs✳ ❚❤✐s

♠❛❦❡s ✐t ♣♦ss✐❜❧❡ t♦ ❝♦♥♥❡❝t ♠✉❧t✐♣❧❡ ❞❡✈✐❝❡s t♦ t❤❡ s❛♠❡ ♥❡t✇♦r❦✳ ❚❤❡r❡ ❛r❡ t✇♦ s❡♣❛r❛t❡

❝♦♥♥❡❝t✐♦♥s ❢♦r t❤❡ P❆❈ ✶✵✵ ❛♥❞ t❤❡ ❊✉r♦t❤❡r♠ ✸✺✵✽✳ ■♥ ❚❛❜❧❡ ✶✵✱ r❡❧❡✈❛♥t ▼♦❞❜✉s r❡❣✐st❡r

❛❞❞r❡ss❡s ❛♥❞ ❢✉♥❝t✐♦♥s ❢♦r t❤❡ t✇♦ ❝♦♥♥❡❝t✐♦♥s ❛r❡ ❧✐st❡❞✳

❚❛❜❧❡ ✶✵✿ ❘❡❧❡✈❛♥t ▼♦❞❜✉s r❡❣✐st❡r ❛❞❞r❡ss❡s ❛♥❞ t❤❡✐r ❢✉♥❝t✐♦♥✳

▼♦❞❜✉s r❡❣✐st❡r ❈♦♠♠❛♥❞s ❋✉♥❝t✐♦♥

P❆❈ ✶✵✵

✶✶✵✵✵ ❘❡❛❞ ■♥♣✉t ❘❡❣✐st❡rs ❘❡❛❞ ❚❈ t❡♠♣❡r❛t✉r❡ ✈❛❧✉❡s
✶✹✵✵✵ ❘❡❛❞ ■♥♣✉t ❘❡❣✐st❡rs ❘❡❛❞ ♣r♦❝❡ss❡❞ ▼❋❈ ✢♦✇ ✈❛❧✉❡s
✶✹✵✵✵ ❲r✐t❡ ■♥♣✉t ❘❡❣✐st❡rs ❲r✐t❡ ▼❋❈ ✢♦✇ ✈❛❧✉❡s
✶✹✸✵✵ ❲r✐t❡ ❙✐♥❣❧❡ ❘❡❣✐st❡r ❈♦♥tr♦❧ ✈❛❧✈❡s
✶✺✵✵✵ ❘❡❛❞ ■♥♣✉t ❘❡❣✐st❡rs ❘❡❛❞ ❇❛r❛tr♦♥ ♣r❡ss✉r❡ ✈❛❧✉❡s

❊✉r♦t❤❡r♠ ✸✺✵✽

✶ ❘❡❛❞ ■♥♣✉t ❘❡❣✐st❡rs ❘❡❛❞ ❝✉rr❡♥t ❢✉r♥❛❝❡ t❡♠♣❡r❛t✉r❡
✷ ❲r✐t❡ ❙✐♥❣❧❡ ❘❡❣✐st❡r ❲r✐t❡ t❡♠♣❡r❛t✉r❡ s❡t ♣♦✐♥t

✷✺
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❚❤❡s❡ ▼♦❞❜✉s r❡❣✐st❡r ❝♦♠♠❛♥❞s ❛r❡ t❤❡♥ ❢❡❞ ✐♥t♦ t❤❡ ▼❇ ▼♦❞❜✉s ▼❛st❡r ◗✉❡r② ❢✉♥❝t✐♦♥ ✐♥

▲❛❜❱■❊❲✱ ✇r✐t✐♥❣ ❛♥ ❛rr❛② ✐♥t♦ t❤❡ r❡❣✐st❡rs ♦r r❡❝❡✐✈✐♥❣ ♦♥❡✳ ❋♦r t❤❡ ▼❋❈s ❛♥❞ t❤❡ ❇❛r❛tr♦♥s✱

▼❑❙ ♣r♦✈✐❞❡❞ s❛♠♣❧❡ s♦❧✉t✐♦♥s ❝♦♥t❛✐♥✐♥❣ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✢♦✇s ❛♥❞ ♣r❡ss✉r❡s

❢r♦♠ t❤❡ r❛✇ ❝♦✉♥t ✈❛❧✉❡s✳ ❋♦r t❤❡ ✈❛❧✈❡s✱ ❛ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✉♥s✐❣♥❡❞ ✐♥t❡❣❡rs ✭✶✱ ✷✱ ✹✱ ✽✱

✳✳✳✮ ❢♦r ❡❛❝❤ ✈❛❧✈❡ ❛r❡ ❢❡❞ ❛s ✈❛❧✉❡s✳ ❋♦❧❧♦✇✐♥❣ t❤✐s✱ ✐❢ ❛ ✈❛❧✉❡ ♦❢ ✶✷ ✭✹✰✽✮ ✐s ❢❡❞ ❛s ✈❛❧✉❡✱ ✈❛❧✈❡s ✸

❛♥❞ ✹ ❛r❡ ♦♣❡♥❡❞✳ ❋♦r t❤❡ t❤❡r♠♦❝♦✉♣❧❡s✱ t✇♦ r❡❣✐st❡rs ✇✐t❤ t❤❡ ▼❙❇ ✭♠♦st s✐❣♥✐✜❝❛♥t ❜✐t✮ ❛♥❞

▲❙❇ ✭❧❡❛st s✐❣♥✐✜❝❛♥t ❜✐t✮ ❤❛❧✈❡s st❛rt✐♥❣ ❛t ✶✶✵✵✵ ❛r❡ ♥❡❡❞❡❞ ❢♦r ❡❛❝❤ t❤❡r♠♦❝♦✉♣❧❡✱ ♥❡❡❞✐♥❣ t♦

❜❡ ❝♦♠❜✐♥❡❞ t♦ ❞❡❧✐✈❡r ❝♦rr❡❝t t❡♠♣❡r❛t✉r❡ ✈❛❧✉❡s✳

❆♥♦t❤❡r t❤✐♥❣ t❤❛t ♥❡❡❞❡❞ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❛s t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ▼❋❈s ✇✐t❤ ♥✐tr♦❣❡♥✱

♥❡❡❞✐♥❣ ❝♦♥✈❡rs✐♦♥ ❢❛❝t♦rs ✭❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✶✶ ❢♦r ❣❛s❡s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦✮ ✐❢ ✉s✐♥❣ ❣❛s❡s ♦t❤❡r

t❤❛♥ ♥✐tr♦❣❡♥✳

❚❛❜❧❡ ✶✶✿ ●❛s ❝♦rr❡❝t✐♦♥ ❢❛❝t♦rs ✭●❈❋✮ ❢♦r t❤❡ ✉s❡❞ ❣❛s❡s✳

●❛s ●❈❋

◆✐tr♦❣❡♥ ✶✳✵✵
❍❡❧✐✉♠ ✶✳✹✺
▼❡t❤❛♥❡ ✵✳✼✷
❊t❤❛♥❡ ✵✳✺✵
❈❛r❜♦♥ ❉✐♦①✐❞❡ ✵✳✼✵
❍②❞r♦❣❡♥ ✶✳✵✶

❚❤❡ ❞❡s✐r❡❞ ♣r♦❝❡ss ✢♦✇s ❢♦r ❡❛❝❤ ❣❛s ♥❡❡❞❡❞ t♦ ❜❡ ❞✐✈✐❞❡❞ ❜② t❤❡ ❢❛❝t♦rs t♦ ❞❡❧✐✈❡r ❝♦rr❡❝t ✢♦✇s✳

❚❤✐s ✇❛s r❡❛❧✐s❡❞ ❜② ❛ ❝❛❧❝✉❧❛t♦r t❛❜ t♦ ❛✈♦✐❞ ♠✐s✉s❡ ❜② ❡♥t❡r✐♥❣ ✢♦✇s ✇❤✐❝❤ ❛r❡ t♦♦ ❤✐❣❤ t♦

♣r♦❝❡ss ❢♦r t❤❡ ▼❋❈s✱ ❧❡❛❞✐♥❣ t♦ ✇r♦♥❣ ❣❛s ♠✐①t✉r❡s✳ ❚❤✐s ❝❛❧❝✉❧❛t♦r ✐s s❤♦✇♥ ✐♥ ❛ s❝r❡❡♥s❤♦t

♦❢ t❤❡ ♣r♦❣r❛♠ ✐♥ ❋✐❣✳ ✷✸✭ ✷ ✮✱ ✇❤❡r❡ ❛ ❝♦rr❡❝t❡❞ s❡t♣♦✐♥t ❢♦r ❛ ✢♦✇ ♦❢ ✷✵ s❝❝♠ ❝❛r❜♦♥ ❞✐♦①✐❞❡

✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ ♦t❤❡r ❢✉♥❝t✐♦♥s ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✸ ❛r❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇ t❤❡ ✜❣✉r❡✳

✷✻
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❋✐❣✉r❡ ✷✸✿ ❙❝r❡❡♥s❤♦t ♦❢ t❤❡ ▲❛❜❱■❊❲ ✉s❡r ✐♥t❡r❢❛❝❡✳

✶ ■♥♣✉t ✜❡❧❞ ❢♦r ▼❋❈ s❡tt✐♥❣s✿ ❚❤❡ ❣❛s❡s ❛♥❞ ✢♦✇s ❢❡❞ t❤r♦✉❣❤ t❤❡ ▼❋❈s ❛r❡ ❡♥t❡r❡❞ ❤❡r❡

❛♥❞ ❝♦♥✜r♠❡❞ ❜❡❧♦✇ t❤❡ s❡t♣♦✐♥ts✱ ❛❧❧♦✇✐♥❣ ❛ s❡❛♠❧❡ss tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❣❛s

♠✐①t✉r❡s✳

✷ ❋❧♦✇ ❝❛❧❝✉❧❛t♦r ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳

✸ ❚❡♠♣❡r❛t✉r❡ ✐♥♣✉t ❢♦r t❤❡ ❢✉r♥❛❝❡✿ ■❢ t❤❡ ♣r♦❣r❛♠ ✐s st♦♣♣❡❞✱ t❤❡ t❡♠♣❡r❛t✉r❡ ✐♥♣✉t ✇✐❧❧

❛✉t♦♠❛t✐❝❛❧❧② ❝❤❛♥❣❡ t♦ ✵ t♦ ♣r❡✈❡♥t t❤❡ ❢✉r♥❛❝❡ t♦ ❝♦♥t✐♥✉❡ ❤❡❛t✐♥❣ ✐♥ ❝❛s❡ ♦❢ ❢❛✐❧✉r❡✳

❚❤❡ ❤❡❛t✐♥❣ r❛t❡ ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❡♥❡r❣② ♦✉t♣✉t ♦❢ t❤❡ ❢✉r♥❛❝❡ ❛♥❞ ❝❛♥ ♥♦t ❜❡ ❝❤❛♥❣❡❞ t♦

❛✈♦✐❞ t♦♦ ❤✐❣❤ r❛t❡s✱ ✇❤✐❝❤ ❝❛♥ ❞❡str♦② t❤❡ q✉❛rt③ ❣❧❛ss t✉❜❡✳

✹ ▲♦❣❣✐♥❣ ❢✉♥❝t✐♦♥s ❢✉rt❤❡r ❞❡s❝r✐❜❡❞ ✐♥ ❝❤❛♣t❡r ✹✳✺✳✺✳

✺ ❉✐❛❣♥♦st✐❝s ❛♥❞ ❝♦♥tr♦❧ s②st❡♠ t♦ ❝❤❡❝❦ ❛❧❧ ✢♦✇s✱ t❡♠♣❡r❛t✉r❡s ❛♥❞ ✈❛❧✈❡s ♦✈❡r t❤❡ ❝♦✉rs❡

♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳

✷✼
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✹✳✺ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ t❡st r✐❣

✹✳✺✳✶ ▲❡❛❦ ❝❤❡❝❦✐♥❣ t❤❡ t❡st r✐❣

❆❢t❡r ❝♦♠♣❧❡t✐♥❣ t❤❡ ❛ss❡♠❜❧② ♦❢ t❤❡ t❡st r✐❣✱ ✐t ❤❛❞ t♦ ❜❡ ❧❡❛❦ ❝❤❡❝❦❡❞✱ ❛s ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✲

✐♠❡♥ts r❡q✉✐r❡ ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ❧❡❛❦✲t✐❣❤t♥❡ss✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② tr✉❡ ❢♦r ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞

✇✐t❤ ❣❛s ♠✐①t✉r❡s ❛s ❢❡❡❞ ❣❛s✱ ❛s ❡✈❡♥ s♠❛❧❧ ❧❡✈❡❧s ♦❢ ❧❡❛❦❡❞ ❣❛s ❝❛♥ ❛❧t❡r t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡

❣❛s ❝❤r♦♠❛t♦❣r❛♣❤✳

❚♦ ❝❤❡❝❦ t❤❛t✱ ❛ r♦✉t✐♥❡ ✇❤✐❝❤ ✐s ❡❛s② t♦ r❡♣r♦❞✉❝❡ ❤❛❞ t♦ ❜❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❆s s❡❡♥ ✐♥ ✹ ✐♥

❋✐❣✳ ✷✸✱ t❤❡ ♦♣t✐♦♥ ✬❙t❛rt ▲❡❛❦t❡st✬ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ✬❆✉t♦♠❛t✐♦♥✬ s❡❝t✐♦♥ ♦❢ t❤❡ ♣r♦❣r❛♠✳

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

❛♥❞ ❛✉t♦♠❛t✐❝❛❧❧② ❧♦❣s t❤❡ ♣r❡ss✉r❡ ❝✉r✈❡ ❝❛✉s❡❞ ❜② ❧❡❛❦❛❣❡ ✐♥ t❤❡ ✇❤♦❧❡ t❡st r✐❣✳ ❆❢t❡r ❝❧✐❝❦✐♥❣

✬❙t♦♣ ▲❡❛❦t❡st✬ ♦♥ t❤❡ s❛♠❡ ❜✉tt♦♥✱ t❤❡ ❧❡❛❦t❡st st♦♣s✱ ❛♥❞ t❤❡ ❞❛t❛ ❝❛♥ ❜❡ ❛♥❛❧②s❡❞✳ ■❢ ♦♥❧② t❤❡

❞♦✇♥str❡❛♠ ❛r❡❛ ♥❡❡❞s t♦ ❜❡ ❝❤❡❝❦❡❞✱ ✇❤✐❝❤ s❤♦✉❧❞ ❜❡ ❞♦♥❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t✱

✬❙t❛rt ▲❡❛❦t❡st ❉♦✇♥str❡❛♠✬ s❤♦✉❧❞ ❜❡ ❝❧✐❝❦❡❞✳ ❆♥ ❡①❡♠♣❧❛r② ❧❡❛❦ t❡st ♣❡r❢♦r♠❡❞ ❢♦❧❧♦✇✐♥❣ t❤✐s

r♦✉t✐♥❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✹✳

❋✐❣✉r❡ ✷✹✿ ❊①❛♠♣❧❛r② ❧❡❛❦t❡st ♦❢ t❤❡ ✇❤♦❧❡ t❡st r✐❣✳

❚❤❡ ❧❡❛❦❛❣❡ ♦❢ t❤❡ t❡st r✐❣ ❛s ♠❡❛s✉r❡❞ ✐♥ ❋✐❣✳ ✷✹ ✐s ❡q✉✐✈❛❧❡♥t t♦ ❛ ♣r❡ss✉r❡ r✐s❡ ♦❢ ✵✳✵✵✶✸♠❜❛r✴s✱

✇❤✐❝❤ ✐s ❜❛r❡❧② ❛❝❝❡♣t❛❜❧❡ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞✳ ❖♥❧② ❧❡❛❦ ❝❤❡❝❦✐♥❣ t❤❡ ❞♦✇♥✲

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

✵✳✵✵✵✷✻♠❜❛r✴s✳ ❚❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ❤❛s ❛❧s♦ ❜❡❡♥ ❡①t❡r♥❛❧❧② ❝❤❡❝❦❡❞ ✇✐t❤ ❛ ❤❡❧✐✉♠ ❧❡❛❦ ❞❡✲

✷✽

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

t❡❝t♦r✱ ❝♦♥✜r♠✐♥❣ t❤❡ ❧❡❛❦ r❛t❡ t♦ ❜❡ ✐♥ r❛♥❣❡ ♦❢ t❤❡ ✐♥t❡r♥❛❧ ❧❡❛❦ r❛t❡ ♦❢ t❤❡ ✉s❡❞ ✜tt✐♥❣s✳

❚❤❡r❡❢♦r❡✱ ❛ ❧❡❛❦ r❛t❡ ❡q✉✐✈❛❧❡♥t t♦ ❛ ♣r❡ss✉r❡ r✐s❡ ❜❡❧♦✇ ✵✳✵✵✵✺♠❜❛r✴s ✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛

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

❡✈❡r② ❡①♣❡r✐♠❡♥t t♦ ❝❤❡❝❦ ❛♥❞ t♦ ❡♥s✉r❡ ❝♦♥s✐st❡♥t ❡①♣❡r✐♠❡♥t ❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ t❡st r✐❣✳

✹✳✺✳✷ ❈❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ▼✐❝r♦ ●❈ ❋✉s✐♦♥ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤ ✇❛s ❞♦♥❡ ✐♥t❡r♥❛❧❧② ❜② ❢❡❡❞✐♥❣ ❣❛s

♠✐①t✉r❡s ✐♥t♦ t❤❡ s②st❡♠ ❛♥❞ ♠❡❛s✉r✐♥❣ t❤❡♠ ❛s ✇❡❧❧ ❛s ✇✐t❤ ❛♥ ❡①t❡r♥❛❧ ❝❛❧✐❜r❛t✐♦♥ ❣❛s ❞♦♥❡

❞✉r✐♥❣ t❤❡ ✐♥✐t✐❛❧ s❡t✉♣ ♦❢ t❤❡ ●❈ s②st❡♠✳ ❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤✐s ❝❛❧✐❜r❛t✐♦♥ ❣❛s ✐s s❤♦✇♥ ✐♥

❚❛❜❧❡ ✶✷✳ ❚❤❡ ✐♥t❡r♥❛❧ ❝❛❧✐❜r❛t✐♦♥ ✇❛s ❞♦♥❡ ❜② ❡✈❛❝✉❛t✐♥❣ ❛♥❞ ✜❧❧✐♥❣ t❤❡ s②st❡♠ t❤r❡❡ t✐♠❡s ✇✐t❤

t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♠✐①t✉r❡✳ ❍❡r❡✱ t❤❡ ❣❛s ♠✐①t✉r❡s ✇❡r❡ ❢❡❞ ✇✐t❤ ❛ t♦t❛❧ ✢♦✇ ♦❢ ✶✵✵ s❝❝♠✳ ❆❢t❡r

✜❧❧✐♥❣ t❤❡ s②st❡♠✱ t❤❡ ❣❛s ❡①❤❛✉st ✈❛❧✈❡ ✇❛s ♦♣❡♥❡❞ ❛♥❞ s✐① ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ st❛rt❡❞✳ ❚❤❡

✜rst t❤r❡❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♥♦t ✐♥❝❧✉❞❡❞ ❢♦r t❤❡ ❝❛❧✐❜r❛t✐♦♥✱ ❛s t❤❡② ✇❡r❡ ✉s❡❞ ❢♦r ♣✉r❣✐♥❣ t❤❡

❝♦❧✉♠♥s ♦❢ t❤❡ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤✳

■♥ ❚❛❜❧❡ ✶✸✱ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥s ❢♦r ❛❧❧ ❣❛s❡s r❡❧❡✈❛♥t t♦ t❤❡ s②st❡♠ ❛r❡ ❧✐st❡❞✳ ❚❤❡

❝❛❧✐❜r❛t✐♦♥ ❣r❛♣❤s ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳ ❚❤❡ r❛♥❣❡ ✐s ❤❡r❡ t❤❡ r❛♥❣❡ ♦❢ ❝♦♥❝❡♥tr❛t✐♦♥s ✭✐♥

❱♦❧✪✮✱ ✐♥ ✇❤✐❝❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞✳ ❋♦r ✢❛♠♠❛❜❧❡ ❣❛s❡s✱ t❤❡ ✉♣♣❡r ❧✐♠✐t ❤❛❞ t♦ ❜❡

❜❡❧♦✇ ✶✺❱♦❧✪ ❞✉❡ t♦ s❛❢❡t② r❡❛s♦♥s✳ ❖①②❣❡♥ ✇❛s ♦♥❧② ❝❛❧✐❜r❛t❡❞ ✇✐t❤ t❤❡ ❡①t❡r♥❛❧ ❝❛❧✐❜r❛t✐♦♥

❣❛s ❛s ✇❡❧❧ ❛s ✇✐t❤ ❧❛❜♦r❛t♦r② ❛✐r t♦ ❜❡ ❛❜❧❡ t♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝ts ♦❢ ♣♦ss✐❜❧❡ ❧❡❛❦s✳

❚❛❜❧❡ ✶✷✿ ❈♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡①t❡r♥❛❧ ❝❛❧✐❜r❛t✐♦♥ ❣❛s✳

●❛s ❱♦❧✪

◆2 ✽✶✳✺
❖2 ✶
❈❖2 ✶
❈2❍6 ✵✳✶
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❚❛❜❧❡ ✶✸✿ ❈❛❧✐❜r❛t✐♦♥s ❢♦r t❤❡ ❣❛s❡s r❡❧❡✈❛♥t t♦ t❤❡ s②st❡♠✳

❨❂❦·❳ ❦ ❘2 ❘❛♥❣❡

❍❡ ✾✽✾✻✳✶ ✶✳✵✵✵✵ ✵✲✻✺✪
◆2 ✶✹✺✽✳✺ ✵✳✾✾✾✼ ✵✲✾✽✪
❖2 ✶✼✷✺✳✺ ✵✳✾✾✾✾ ✵✲✷✶✪
❍2 ✶✻✺✼✾ ✶✳✵✵✵✵ ✵✲✽✪
❈❍4 ✸✺✻✵✳✻ ✶✳✵✵✵✵ ✵✲✶✺✪
❈❖2 ✶✵✸✹✵✾ ✵✳✾✾✾✹ ✵✲✹✵✪
❈2❍6 ✶✶✽✸✷✷ ✶✳✵✵✵✵ ✵✲✶✺✪

✹✳✺✳✸ ❙❡❛❧✐♥❣ ♦❢ t❤❡ ♠❡♠❜r❛♥❡s ✇✐t❤ ❣r❛♣❤✐t❡ ❢❡rr✉❧❡s

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

❋❡r♥❛♥❞❡③ ❡t ❛❧✳✱❬✷✺❪ ❤♦✇❡✈❡r s❧✐❣❤t ❛❞❥✉st♠❡♥ts ✇❡r❡ ♠❛❞❡ t♦ ✜t t❤❡ s❛♠♣❧❡ ♠❡♠❜r❛♥❡s✳ ❆t

✜rst✱ t❤❡ ❣r❛♣❤✐t❡ ❢❡rr✉❧❡s ✭❖❤✐♦ ❱❛❧❧❡② ❙♣❡❝✐❛❧t② ❈♦✳✱ ✶✵♠♠ ✶✵✵✪ ●r❛♣❤✐t❡ ❋❡rr✉❧❡s✮ ❤❛❞ t♦

❜❡ ❝♦♥❞✐t✐♦♥❡❞ ✇✐t❤ ❛ ✸✶✻ ❙t❛✐♥❧❡ss st❡❡❧ t✉❜❡ ✇✐t❤ ❛♥ ♦✉ts✐❞❡ ❞✐❛♠❡t❡r ♦❢ ✶✵♠♠✳ ❋♦r t❤❛t✱

t❤❡ ❞✉♠♠② t✉❜❡ ✇❛s ✜tt❡❞ t♦ t❤❡ ❝♦♥♥❡❝t♦rs ❛♥❞ t✐❣❤t❡♥❡❞ ✇✐t❤ ❛ ♠❛①✐♠✉♠ t♦rq✉❡ ♦❢ ✶✷◆♠✳

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

✐♥s✐❞❡ ♦❢ t❤❡ ❢❡rr✉❧❡s✳ ■♥ s✉❝❝❡ss✐♦♥✱ t❤❡ s❛♠♣❧❡ ♠❡♠❜r❛♥❡s ✇❡r❡ ✜tt❡❞ t♦ t❤❡ ❝♦♥♥❡❝t♦rs ❛♥❞

❝❛r❡❢✉❧❧② t✐❣❤t❡♥❡❞ ✇✐t❤ ❛ ♠❛①✐♠✉♠ t♦rq✉❡ ♦❢ ✽◆♠✳ ❆ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡

s❡❛❧✐♥❣ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✺✳

❋✐❣✉r❡ ✷✺✿ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ s❡❛❧✐♥❣✳

✸✵
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❚♦ ❝❤❡❝❦ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ s❡❛❧✐♥❣ ✇✐t❤ ❣r❛♣❤✐t❡ ❢❡rr✉❧❡s✱ t❤❡ ❝♦♥♥❡❝t❡❞ ❞✉♠♠② t✉❜❡ ✇❛s t❡st❡❞

❢♦r ❧❡❛❦❛❣❡ ✐♥ t❤❡ t❡st r✐❣✳ ❋♦r t❤❛t✱ ❧❡❛❦ t❡sts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✐♥❝❧✉❞✐♥❣

t❤❡ ❣r❛♣❤✐t❡ s❡❛❧❡❞ ❞✉♠♠② t✉❜❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ♣r❡ss✉r❡ ❝✉r✈❡ ♦❢ t❤✐s ❧❡❛❦ t❡st ✐s s❤♦✇♥ ✐♥

❋✐❣✳ ✷✻✳ ❚❤❡ r❡s✉❧t✐♥❣ ♣r❡ss✉r❡ r✐s❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛s ✵✳✵✵✵✷✻♠❜❛r✴s ❛s ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤r❡❡

❡①♣❡r✐♠❡♥ts✱ ✇❤✐❝❤ ✐s ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ♣r❡ss✉r❡ r✐s❡s ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇✐t❤♦✉t t❤❡ s❛♠♣❧❡

s❡❛❧✐♥❣✳

❚❤❡ ♠❛✐♥ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ♠❡t❤♦❞ ✐s✱ ❛s st❛t❡❞ ✐♥ ❋❡r♥❛♥❞❡③ ❡t ❛❧✳✱❬✷✺❪ t❤❛t ❛ ❜✐❣ ❛♠♦✉♥t ♦❢

t❤❡ ♠❡♠❜r❛♥❡ ❛r❡❛ ✐s ❧♦st ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥✱ ❛s s❡❡♥ ✐♥ ❋✐❣✳ ✷✼✳ ❚❤❡r❡❢♦r❡ ❛ ♠✐♥✐♠✉♠

❧❡♥❣t❤ ♦❢ ✺✵♠♠ ✐s ♥❡❡❞❡❞ ❢♦r t❤❡ s❛♠♣❧❡ t✉❜❡s t♦ ❤❛✈❡ s✉✣❝✐❡♥t ♠❡♠❜r❛♥❡ ❛r❡❛✳

❋✐❣✉r❡ ✷✻✿ Pr❡ss✉r❡ ❝✉r✈❡ ♦❢ t❤❡ ❧❡❛❦ t❡st ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✐♥❝❧✉❞✐♥❣ t❤❡ ❣r❛♣❤✐t❡ s❡❛❧❡❞
❞✉♠♠② t✉❜❡✳

❋✐❣✉r❡ ✷✼✿ ■♠❛❣❡ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❛r❡❛ ❧♦st ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥✳
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✹✳✺✳✹ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ✈♦❧✉♠❡

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

✇❛s ❞❡t❡r♠✐♥❡❞ ✭s❡❡ ✭✷✮ ♦♥ ♣❛❣❡ ✶✵✮✳ ❋♦r t❤❛t✱ t❤❡ ✈♦❧✉♠❡s ♦❢ ❛❧❧ ✉s❡❞ ♣❛rts ✇❡r❡ ❝❛❧❝✉❧❛t❡❞

✭✐❢ ♥♦t s♣❡❝✐✜❡❞✮ ❛♥❞ ❛❞❞❡❞✳ ■♥ t❛❜❧❡ ✶✹✱ t❤❡s❡ ✈♦❧✉♠❡s ❛r❡ s❤♦✇♥ ❛s ❝❛❧❝✉❧❛t❡❞ ❜② t❤❡ ✐♥s✐❞❡

❞✐❛♠❡t❡r ❛♥❞ ❧❡♥❣t❤✱ ❛ss✉♠✐♥❣ ❝②❧✐♥❞r✐❝❛❧ s❤❛♣❡s ❢♦r ❛❧❧ ♣❛rts✳ ❚❤❡ ✈❛❧✉❡s ♣r✐♥t❡❞ ✐♥ ❜❧✉❡ ❛r❡ ❛s

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

❛♥❞ ❛ ♠❡❛s✉r✐♥❣ t❛♣❡ ❢♦r ❧❛r❣❡r ♣❛rts✳

❚❛❜❧❡ ✶✹✿ ❈❛❧❝✉❧❛t❡❞ ❞♦✇♥str❡❛♠ ✈♦❧✉♠❡s✳

P❛rt ❚✉❜❡s ❈②❧✐♥❞❡r ❊❧❛st✐❝ t✉❜❡ ✸✲✇❛② ✈❛❧✈❡ ❙♦❧❡♥♦✐❞ ✈❛❧✈❡

■✳❉✳ ✐♥ ♠♠ ✹ ✶✵✳✻ ✶✵ ✸✳✶✼✺
❧ ✐♥ ♠♠ ✶✻✵✵ ✷✺✵ ✶✺ ✷✺
❱ ✐♥ ♠♠3 ✷✵✶✵✻ ✶✵✵✵✵✵✵ ✷✷✵✻✷ ✶✶✼✽ ✶✾✽

P❛rt ❱❛❝✉✉♠ ✈❛❧✈❡ P❛rt✐❝❧❡ ✜❧t❡r ◗✉✐❝❦ ❝♦✉♣❧✐♥❣ ❋❡♠❛❧❡ t❡❡s ❯♥✐♦♥ ❝r♦ss

■✳❉✳ ✐♥ ♠♠ ✶✺ ✶✾✳✶ ✶✵ ✺ ✹✳✽
❧ ✐♥ ♠♠ ✺✵ ✼✺✳✷ ✺✽✳✹ ✶✶✾✳✷ ✷✸✳✷
❱ ✐♥ ♠♠3 ✽✽✸✻ ✷✶✺✹✻ ✹✺✽✼ ✷✸✹✵ ✹✷✵

❚♦t❛❧ ❱ ✐♥ ♠♠3 ✶✵✽✶✷✼✸ ❚♦t❛❧ ❱ ✐♥ ♠▲ ✶✵✽✶✳✷✼✸

✹✳✺✳✺ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♠❡t❤♦❞ t♦ ♠❡❛s✉r❡ t❤❡ t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢

♠❡♠❜r❛♥❡s✲❙✐♥❣❧❡ ❣❛s t❡st✐♥❣

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ ♠❡♠❜r❛♥❡s✱ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡s ♦❢ s✐♥❣❧❡ ❣❛s❡s

❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ✐♥ ✭✽✮✳

nth(X/Y ) =
P (X)

P (Y )
✭✽✮

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

❛s ❢♦❧❧♦✇s✿

✶✳ ❇❡❢♦r❡ ❝♦♥❞✉❝t✐♥❣ ❛♥ ❡①♣❡r✐♠❡♥t✱ ❛ ❧❡❛❦ t❡st ✇❛s ♣❡r❢♦r♠❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r❡ss✉r❡ r✐s❡

❝❛✉s❡❞ ❜② ❧❡❛❦❛❣❡ ✭s❡❡ ✭✷✮ ♦♥ ♣❛❣❡ ✶✵✮✳ ❆❢t❡r t❤❛t✱ t❤❡ s②st❡♠ ✇❛s ❡✈❛❝✉❛t❡❞ ❛♥❞ ❤❡❛t❡❞ t♦

✸✵✵ ◦❈ ❢♦r ♦♥❡ ❤♦✉r ✇❤✐❧❡ ❡✈❛❝✉❛t✐♥❣✳ ❚❤✐s ✇❛s ❞♦♥❡ t♦ ❞❡❣❛s t❤❡ ♠❡♠❜r❛♥❡✳ ❚❤❡ s②st❡♠

st❛②❡❞ ❡✈❛❝✉❛t❡❞ ✉♥t✐❧ ✐t ✇❛s ✜❧❧❡❞ ✇✐t❤ t❤❡ s❛♠♣❧❡ ❣❛s✳

✸✷
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✷✳ ❚♦ ❣✉❛r❛♥t❡❡ ❛ ♣✉r❡ ❛t♠♦s♣❤❡r❡✱ t❤❡ s②st❡♠ ✇❛s ❡✈❛❝✉❛t❡❞ ❛♥❞ ❤❡❧❞ ❛t t❤❡ ♠✐♥✐♠✉♠ ❢♦r

✺ ♠✐♥✉t❡s ❛♥❞ ✜❧❧❡❞ ✇✐t❤ t❤❡ s❛♠♣❧❡ ❣❛s ✇✐t❤ t❤❡ ❤✐❣❤❡st ❛❝❤✐❡✈❛❜❧❡ ✢♦✇✳ ❚❤✐s ✇❛s ❞♦♥❡

t✇✐❝❡ t♦ ❡♥s✉r❡ ❛ ♣✉r❡ ❛t♠♦s♣❤❡r❡✳ ❆❢t❡r t❤❡ ✜♥❛❧ ✜❧❧✐♥❣ st❡♣✱ t❤❡ ❣❛s ❡①❤❛✉st ✈❛❧✈❡ ✇❛s

♦♣❡♥❡❞✳

✸✳ ❆❢t❡r ❝❧♦s✐♥❣ t❤❡ ✈❛❧✈❡ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❢❡❡❞ ❛♥❞ ❞♦✇♥str❡❛♠ ❛r❡❛ ❞✐r❡❝t❧②✱ t❤❡ ❞♦✇♥str❡❛♠

❛r❡❛ ✇❛s ❡✈❛❝✉❛t❡❞ ❛❣❛✐♥✱ ❧❡❛✈✐♥❣ t❤❡ ✈❛❧✈❡ ❧❡❛❞✐♥❣ t♦ t❤❡ ♠❡♠❜r❛♥❡ ♦♣❡♥❡❞✳

✹✳ ❆❢t❡r r❡❛❝❤✐♥❣ ❛ ❝♦♥st❛♥t ♣r❡ss✉r❡✱ t❤❡ ✈❛❝✉✉♠ ✈❛❧✈❡ ✇❛s ❝❧♦s❡❞ ❛♥❞ t❤❡ ♣r❡ss✉r❡ ✈❛❧✉❡s

✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇❡r❡ ❧♦❣❣❡❞ ✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♣r❡ss✉r❡ ♦❢ ✺♠❜❛r✳ ❆❢t❡r t❤❛t✱ t❤❡

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

✺✳ ❚❤❡ ❡①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ✶✵✵ ◦❈✱ ✶✺✵ ◦❈✱ ✷✵✵ ◦❈✱ ✷✺✵ ◦❈✱

✸✵✵ ◦❈✱ ✸✺✵ ◦❈ ❛♥❞ ✹✵✵ ◦❈✳ ❚❤❡ ❣❛s❡s ✉s❡❞ ❢♦r s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥t ✇❡r❡ ♥✐tr♦❣❡♥✱ ❤❡❧✐✉♠

❛♥❞ ❝❛r❜♦♥ ❞✐♦①✐❞❡✳ ❙✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ♦❢ ✢❛♠♠❛❜❧❡ ❣❛s❡s s✉❝❤ ❛s ♠❡t❤❛♥❡✱ ❡t❤❛♥❡

❛♥❞ ❤②❞r♦❣❡♥ ✇❡r❡ ♥♦t ♣❡r❢♦r♠❡❞ ❞✉❡ t♦ s❛❢❡t② r❡❛s♦♥s✳

✻✳ ❆❢t❡r ❝♦♥❞✉❝t✐♥❣ ❡①♣❡r✐♠❡♥ts ❛t ❛❧❧ t❡♠♣❡r❛t✉r❡s✱ ❛♥♦t❤❡r ❧❡❛❦ t❡st ✇❛s ♣❡r❢♦r♠❡❞ t♦

❡♥s✉r❡ t❤❛t t❤❡ s②st❡♠ ❤❛❞ ♥♦t ❝❤❛♥❣❡❞ ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳

❚❤❡ ♣r❡ss✉r❡ r✐s❡s ✉s❡❞ ❢♦r ❞❡t❡r♠✐♥✐♥❣ t❤❡ ♠❛ss ✢✉① ✭s❡❡ ✭✷✮ ♦♥ ♣❛❣❡ ✶✵✮ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❜② ❧✐♥❡❛r

❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ♣r❡ss✉r❡ ❝✉r✈❡s✳ ❚❤❡ r❡s✉❧t✐♥❣ s❡❧❡❝t✐✈✐t✐❡s ✭s❡❡ ✭✽✮ ❛♥❞ s❡❝t✐♦♥ ✷✳✺✮

✇❡r❡ t❤❡♥ ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ t❡♠♣❡r❛t✉r❡✳ ■♥ ❋✐❣✳ ✷✽✱ ❛ t②♣✐❝❛❧ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦t ✐s

❞✐s♣❧❛②❡❞✳

❋✐❣✉r❡ ✷✽✿ ❊①❛♠♣❧❡ ♦❢ ❛ t②♣✐❝❛❧ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦t✳

✸✸
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✹✳✺✳✻ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♠❡t❤♦❞ t♦ ♠❡❛s✉r❡ t❤❡ r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ ♠❡♠❜r❛♥❡s ❢♦r

❣❛s ♠✐①t✉r❡s✲▼✉❧t✐ ❣❛s t❡st✐♥❣

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ ♠❡♠❜r❛♥❡s✱ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♣❡r❝❡♥t❛❣❡s ♦❢ ❣❛s❡s ✐♥ ♠✐①t✉r❡s

❝♦♠♣❛r❡❞ t♦ t❤❡✐r ❢❡❡❞ ✈❛❧✉❡s ❤❛✈❡ t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛s ✐♥ ✭✾✮✳

nreal(X/Y ) =
Xperm(V/V )/Xfeed(V/V )

Yperm(V/V )/Yfeed(V/V )
✭✾✮

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

♦❢ ❣❛s ♠✐①t✉r❡s ❤❛❞ t♦ ❜❡ ❡st❛❜❧✐s❤❡❞ ❛s ❢♦❧❧♦✇s✳

✶✳ ❇❡❢♦r❡ ❝♦♥❞✉❝t✐♥❣ ❛♥ ❡①♣❡r✐♠❡♥t✱ ❛ ❧❡❛❦ t❡st ✇❛s ♣❡r❢♦r♠❡❞ t♦ ❝❤❡❝❦ ✐❢ ❛♥② ♥❡✇ ❧❡❛❦s ❤❛✈❡

❛♣♣❡❛r❡❞✳ ❆❢t❡r t❤❛t✱ t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ❞❡❣❛s❡❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✺✳✺✳

✷✳ ❚♦ ❣✉❛r❛♥t❡❡ ❛ ♣✉r❡ ❛t♠♦s♣❤❡r❡✱ t❤❡ s②st❡♠ ✇❛s ❡✈❛❝✉❛t❡❞ ❛♥❞ ❤❡❧❞ ❛t t❤❡ ♠✐♥✐♠✉♠ ❢♦r ✺

♠✐♥✉t❡s t✇✐❝❡ ❛♥❞ ✜❧❧❡❞ ✇✐t❤ t❤❡ s❛♠♣❧❡ ❣❛s ♠✐①t✉r❡ ✇✐t❤ ❛ t♦t❛❧ ❢❡❡❞ ✢♦✇ r❛t❡ ♦❢ ✶✵✵ s❝❝♠✳

❆❢t❡r t❤❡ ✜♥❛❧ ✜❧❧✐♥❣ st❡♣✱ t❤❡ ❣❛s ❡①❤❛✉st ✈❛❧✈❡ ✇❛s ♦♣❡♥❡❞✳

✸✳ ❆❢t❡r ❝❧♦s✐♥❣ t❤❡ ✈❛❧✈❡ ❝♦♥♥❡❝t✐♥❣ t❤❡ ❢❡❡❞ ❛♥❞ ❞♦✇♥str❡❛♠ ❛r❡❛ ❞✐r❡❝t❧②✱ t❤❡ ❞♦✇♥str❡❛♠

❛r❡❛ ✇❛s ❡✈❛❝✉❛t❡❞ ❛❣❛✐♥✱ ❧❡❛✈✐♥❣ t❤❡ ✈❛❧✈❡ ❧❡❛❞✐♥❣ t♦ t❤❡ ♠❡♠❜r❛♥❡ ♦♣❡♥❡❞✳

✹✳ ❆❢t❡r r❡❛❝❤✐♥❣ ❛ ❝♦♥st❛♥t ♣r❡ss✉r❡✱ t❤❡ ✈❛❝✉✉♠ ✈❛❧✈❡ ✇❛s ❝❧♦s❡❞ ❛♥❞ t❤❡ ♣r❡ss✉r❡ ✈❛❧✉❡s

✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇❡r❡ ❧♦❣❣❡❞ ✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♣r❡ss✉r❡ ♦❢ ✺♠❜❛r✳ ❆❢t❡r t❤❛t✱ t❤❡

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

♣❡r♠❡❛♥❝❡s ♦❢ ❣❛s ♠✐①t✉r❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ s❛♠❡ ✇❛② ❛s t❤❡ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡s ❢♦r

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

✺✳ ❆❢t❡r t❤❡ t❤✐r❞ ❡①♣❡r✐♠❡♥t✱ t❤❡ ✈❛❝✉✉♠ ✈❛❧✈❡ st❛②❡❞ ❝❧♦s❡❞ ✉♥t✐❧ t❤❡ ♣❡r♠❡❛t❡ ♣r❡ss✉r❡

r❡❛❝❤❡❞ ✶✵✵♠❜❛r✳ ❆❢t❡r t❤❛t✱ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇❛s ✜❧❧❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ✉♥t✐❧ ❛ t♦t❛❧

♣r❡ss✉r❡ ♦❢ ✶✵✵✵♠❜❛r ✇❛s r❡❛❝❤❡❞✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤❛t ✐s✱ t❤❛t t❤❡ ■♥✜❝♦♥ ▼✐❝r♦ ●❈

❋✉s✐♦♥ ♦♣❡r❛t❡s ❛t ❛♠❜✐❡♥t ♣r❡ss✉r❡✳ ❋✐❧❧✐♥❣ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇✐t❤ ♦♥❧② ♣❡r♠❡❛t❡ ✐s

♥♦t ♣♦ss✐❜❧❡✱ ❛s t❤❡ ♣❡r♠❡❛t✐♦♥ ♣r♦❝❡ss ✐s t♦♦ s❧♦✇✳

✻✳ ❆s s♦♦♥ ❛s t❤❡ ♣r❡ss✉r❡ r❡❛❝❤❡❞ ✶✵✵✵♠❜❛r✱ t✇❡❧✈❡ ●❈ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ st❛rt❡❞✳ ❚❤❡

✜rst s✐① ♠❡❛s✉r❡♠❡♥ts ❤♦✇❡✈❡r ✇❡r❡ ♥♦t ✐♥❝❧✉❞❡❞ ❢♦r t❤❡ r❡s✉❧ts✱ ❛s t❤❡ s②st❡♠ ♥❡❡❞s s♦♠❡
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t✐♠❡ t♦ ❣❡♥❡r❛t❡ st❛❜❧❡ ✈❛❧✉❡s ❛❢t❡r t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❛ ♥❡✇ ❣❛s✳

✼✳ ❊①♣❡r✐♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ✶✵✵ ◦❈✱ ✷✵✵ ◦❈ ❛♥❞ ✸✵✵ ◦❈✳ ❚❤❡ ❣❛s

♠✐①t✉r❡s ✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✺✳

✽✳ ❆❢t❡r ❝♦♥❞✉❝t✐♥❣ ❡①♣❡r✐♠❡♥ts ❛t ❛❧❧ t❡♠♣❡r❛t✉r❡s✱ ❛♥♦t❤❡r ❧❡❛❦ t❡st ✇❛s ♣❡r❢♦r♠❡❞ t♦

❡♥s✉r❡ t❤❛t t❤❡ s②st❡♠ ❤❛❞ ♥♦t ❝❤❛♥❣❡❞ ♦✈❡r t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳

✾✳ ■❢ ✢❛♠♠❛❜❧❡ ❣❛s❡s ✇❡r❡ ✉s❡❞ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts✱ t❤❡ s②st❡♠ ❤❛❞ t♦ ❜❡ ✜❧❧❡❞ ✇✐t❤ ❛♥ ✐♥❡rt

❛t♠♦s♣❤❡r❡ ❛❢t❡r✇❛r❞s✳

❚❛❜❧❡ ✶✺✿ ●❛s ♠✐①t✉r❡s ✉s❡❞ ❢♦r ♣❡r♠❡❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ✐♥ t❤✐s ✇♦r❦✳

●❛s ♠✐①t✉r❡ ❱♦❧✪ ◆2 ❱♦❧✪ ❈❍4 ❱♦❧✪ ❈2❍6 ❱♦❧✪ ❍❡ ❱♦❧✪ ❍2

✶ ✽✺ ✵ ✼✳✺ ✼✳✺ ✵
✷ ✽✺ ✵ ✼✳✺ ✵ ✼✳✺
✸ ✽✺ ✼✳✺ ✵ ✵ ✼✳✺

▲✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ♠❡t❤♦❞

❚❤❡ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡ ❞❡❧✐✈❡rs r❡❧✐❛❜❧❡ s❡❧❡❝t✐✈✐t✐❡s ✐♥ ❛ r❡❛s♦♥❛❜❧❡ ❛♠♦✉♥t ♦❢ t✐♠❡✱ ❤♦✇❡✈❡r

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

❼ ❚❤❡ r❡s♦❧✉t✐♦♥ ♦❢ ♠♦❞✉❧❡ ❆ ✐s ♥♦t ❤✐❣❤ ❡♥♦✉❣❤ t♦ s❡♣❛r❛t❡ ❤②❞r♦❣❡♥ ❛♥❞ ❤❡❧✐✉♠ r❡❧✐❛❜❧②✱

t❤✉s ♠❛❦✐♥❣ ✐t ✐♠♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ t❤❡ s❡❧❡❝t✐✈✐t✐❡s ❢♦r t❤❡s❡ t✇♦ ❣❛s❡s t♦❣❡t❤❡r✳ ■♥

❋✐❣✳ ✷✾✱ ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤✐s ♦✈❡r❧❛♣ ✐s s❤♦✇♥✳

❋✐❣✉r❡ ✷✾✿ ❖✈❡r❧❛♣ ♦❢ t❤❡ ❍❡ ❛♥❞ ❍2 ♣❡❛❦s ✐♥ t❤❡ ❣❛s ❝❤r♦♠❛t♦❣r❛♠✳
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❼ ❆s ♥✐tr♦❣❡♥ ✐s ✉s❡❞ ❢♦r t❤❡ ✜❧❧✐♥❣ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ t♦ r❡❛❝❤ t❤❡ ♣r❡ss✉r❡ ♥❡❝❡ss❛r②✱

✐t ❝❛♥♥♦t ❜❡ ✐♥❝❧✉❞❡❞ ❢♦r s❡❧❡❝t✐✈✐t② ♠❡❛s✉r❡♠❡♥ts✳

❼ ❲❤❡♥❡✈❡r t❤❡ ❣❛s ❝❤r♦♠❛t♦❣r❛♣❤ t❛❦❡s s❛♠♣❧❡s✱ ✐t r❡❞✉❝❡s t❤❡ ♣r❡ss✉r❡ ♦❢ t❤❡ ❞♦✇♥str❡❛♠

❛r❡❛✱ t❤✉s ❛❞❞✐♥❣ t♦ t❤❡ ❡rr♦r ♦❢ t❤❡ ♠❡t❤♦❞✱ ❛s t❤❡ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ✐❞❡❛❧

♦♣❡r❛t✐♥❣ ♣r❡ss✉r❡ ✐♥❝r❡❛s❡s ✇✐t❤ ❡✈❡r② ♠❡❛s✉r❡♠❡♥t✳

❼ ❆❧t❤♦✉❣❤ t❤❡ ✜❧❧✐♥❣ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇✐t❤ ♥✐tr♦❣❡♥ ✐s ❛ ❝♦♥✈❡♥✐❡♥t t✐♠❡✲s❛✈✐♥❣ ✇❛②

♦❢ s❡tt✐♥❣ t❤❡ ♣r❡ss✉r❡ ♥❡❝❡ss❛r② t♦ ❝♦♥❞✉❝t ♠❡❛s✉r❡♠❡♥ts✱ ✐t ❛❞❞s t♦ t❤❡ s②st❡♠❛t✐❝ ❡rr♦r

♦❢ t❤❡ ♠❡t❤♦❞✳ ❚♦ ❡st✐♠❛t❡ t❤✐s ❡rr♦r✱ t❤❡ ♠❡t❤♦❞ ✇❛s s✐♠✉❧❛t❡❞ ❜② ❢❡❡❞✐♥❣ ❛ ♠✐①t✉r❡

♦❢ ✾✵❱♦❧✪ ❍❡ ❛♥❞ ✶✵❱♦❧✪ ❈❍4 ✭❳✭❍❡✴❈❍4❂✾✮✳ ❋♦r t❤✐s ♠✐①t✉r❡✱ t✇♦ ❡①♣❡r✐♠❡♥ts ✇❡r❡

♣❡r❢♦r♠❡❞✱ ✇❤❡r❡ t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇❛s ✜❧❧❡❞ ✇✐t❤ ❢❡❡❞ ❣❛s ✉♥t✐❧ ❛ ♣r❡ss✉r❡ ♦❢ ✶✵✵✵♠❜❛r

✇❛s r❡❛❝❤❡❞ ✐♥ ♦♥❡✳ ❚❤❡ ♦t❤❡r ❡①♣❡r✐♠❡♥t ✇❛s ♣❡r❢♦r♠❡❞ t♦ s✐♠✉❧❛t❡ t❤❡ ♠❡t❤♦❞ ✉s❡❞✱ ❛s

t❤❡ ❞♦✇♥str❡❛♠ ❛r❡❛ ✇❛s ✜❧❧❡❞ ✇✐t❤ ❢❡❡❞ ❣❛s ✉♥t✐❧ ❛ ♣r❡ss✉r❡ ♦❢ ✶✵✵♠❜❛r ✇❛s r❡❛❝❤❡❞ ❛♥❞

s✉❜s❡q✉❡♥t❧② ✜❧❧❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ✉♥t✐❧ ❛ ♣r❡ss✉r❡ ♦❢ ✶✵✵✵♠❜❛r ✇❛s r❡❛❝❤❡❞✳

■♥ ❋✐❣✳ ✸✵✱ t❤❡ r❡s✉❧ts ♦❢ t❤✐s ❡①♣❡r✐♠❡♥ts ❛r❡ s❤♦✇♥✳ ■♥ t❤❡ r✐❣❤t ❞✐❛❣r❛♠✱ ✇❤✐❝❤ s❤♦✇s t❤❡

r❡s✉❧ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t ♣❡r❢♦r♠❡❞ ❛s ✐♥ t❤❡ ♠❡t❤♦❞ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ✐t ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡

t❤❛t ✐♥ t❤❡ ✜rst s✐① ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ▼✐❝r♦ ●❈ ❋✉s✐♦♥ ❞♦❡s ♥♦t ❣❡♥❡r❛t❡ st❛❜❧❡ r❡s✉❧ts❀

❤♦✇❡✈❡r✱ ❛❢t❡r t❤❛t✱ t❤❡ r❡s✉❧ts ♥❡❛r❧② st❛② t❤❡ s❛♠❡✳ ❚❤✐s ✐s ❛❧s♦ ❛♣♣❛r❡♥t ✇❤❡♥ ❝♦♠♣❛r✐♥❣

t❤❡ r❡s✉❧ts ♦❢ t❤❡ t✇♦ ❡①♣❡r✐♠❡♥ts✱ ❛s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ❢♦r t❤❡ ❧❛st s✐① ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❢♦r

t❤❡ ❢❡❡❞ ❣❛s ❛s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✻ ❛r❡ ♥❡❛r❧② t❤❡ s❛♠❡✳ ■♥ t❤✐s t❛❜❧❡✱ t❤❡ ♥♦♠✐♥❛❧ ❞❡✈✐❛t✐♦♥

σ♥♦♠ ✐s t❤❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡✱ ✇❤✐❝❤ ✐s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ❢❡❡❞ ❣❛s

❛♥❞ ✐s ❝❛❧❝✉❧❛t❡❞ ❛s ✐♥ ✭✶✵✮✳ ❚❤❡ ♠✐♥✐♠✉♠ ❡rr♦r ❢♦r ❡❛❝❤ ❞❛t❛s❡t ✐s ❛♣♣r♦①✐♠❛t❡❞ ❜② t❤❡

❝♦❡✣❝✐❡♥t ♦❢ ✈❛r✐❛t✐♦♥ ✭❈❱✮ ❛♥❞ ✐s ❝❛❧❝✉❧❛t❡❞ ❛s ✐♥ ✭✶✶✮✳

❚❤❡ ♠✐♥✐♠✉♠ t♦t❛❧ ❡rr♦r ❝❛✉s❡❞ ❜② t❤❡ ▼✐❝r♦ ●❈ ❋✉s✐♦♥ ✐s ❡st✐♠❛t❡❞ ❛s t❤❡ s✉♠ ♦❢ ❡rr♦rs

♦❢ t❤❡ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡ ❢r♦♠ t❤❡ s❡t ♣♦✐♥t✱ ✇❤✐❝❤ ✐s ✾ ❢♦r

t❤❡ ♠❡❛s✉r❡❞ ❣❛s ♠✐①t✉r❡ ✭❳✭❍❡✴❈❍4❂✾✮✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥ ❡rr♦r ♦❢ ✶✳✺✻✪✳ ❚❤❡ ♠✐♥✐♠✉♠

t♦t❛❧ ❡rr♦r✱ r❡❝✐❡✈❡❞ ❜② ❛❞❞✐♥❣ t❤❡ ♠✐♥✐♠✉♠ ❡rr♦r ♦❢ t❤❡ ♠❡t❤♦❞ ❛♥❞ t❤❡ ♠✐♥✐♠✉♠ ❡rr♦r

♦❢ t❤❡ ●❈✱ ❡q✉❛t❡s t♦ ✷✳✻✻✪✳

✸✻
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✭❛✮ ▼❡❛s✉r✐♥❣ ❢❡❡❞ ❣❛s ✭❜✮ ▼❡❛s✉r✐♥❣ ❢❡❡❞ ❣❛s ✜❧❧❡❞ ✇✐t❤ ♥✐tr♦❣❡♥

❋✐❣✉r❡ ✸✵✿ ❊✛❡❝t ♦♥ t❤❡ r❡s✉❧ts ♦❢ ✜❧❧✐♥❣ t❤❡ ❢❡❡❞ ❣❛s ✇✐t❤ ♥✐tr♦❣❡♥✳

σnom =

√

∑n−1

i=0
(ni − nnom)2

n− 1
✭✶✵✮

CV =
σnom
n̄

✭✶✶✮

❚❛❜❧❡ ✶✻✿ ❊st✐♠❛t✐♥❣ t❤❡ ♠✐♥✐♠✉♠ ❡rr♦r ♦❢ t❤❡ ♠❡t❤♦❞✳

❋✐❧❧❡❞ ✭✶✲✶✷✮ ❋✐❧❧❡❞ ✭✼✲✶✷✮ ❋❡❡❞ ❣❛s

✠♥ ✾✳✹✻ ✾✳✶✼ ✾✳✶✹
σ♥♦♠ ✵✳✷✺✺ ✵✳✶✵✶ ✵✳✵✶✹✼

❈❱ ✭✐♥ ✪✮ ✷✳✻✾ ✶✳✶✶ ✵✳✶✻✶

✸✼
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✺ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

✺✳✶ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ s✉❜str❛t❡ t✉❜❡s

❆❧❧ ❞❛t❛ ♥❡❝❡ss❛r② ❢♦r t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s ♦❢ t❤❡ s✉❜str❛t❡ ❞❡♥s✐t② ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✼

✭t❤❡ ✈❛❧✉❡s s♣❡❝✐✜❡❞ ❛r❡ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ t❤❡ t✇♦ r✐♥❣s✮✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ♠❡r❝✉r② ♣♦r♦s✐♠❡tr②

✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✶✳ ■♥ t❤✐s ❣r❛♣❤✱ t❤❡ r❡❧❛t✐✈❡ ♣♦r❡ ✈♦❧✉♠❡ ❢♦r ❡❛❝❤ s❡❣♠❡♥t ✐s ❞✐s♣❧❛②❡❞ ❛s ❛

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

✐s s❤♦✇♥ ❛s ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣♦r❡ s✐③❡✳ ❚❤❡ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ♣✐❝t✉r❡s ♦❢ t❤❡ s✉r❢❛❝❡

❛♥❞ t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✷✳

❚❛❜❧❡ ✶✼✿ ❉❛t❛ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣♦r♦s✐t②

▲ ✭✐♥ ♠♠✮ ✹✳✷✵
❱ ✭✐♥ ♠♠3✮ ✷✶✶
♠ ✭✐♥ ❣✮ ✵✳✺✽✺
ρ✭s❛♠♣❧❡✮ ✭✐♥ ❣✴❝♠3✮ ✷✳✼✼

ρ✭❆❧2❖3✮ ✭✐♥ ❣✴❝♠3✮ ✸✳✾✺❬✻❪

✠♣ ✭✐♥✪✮ ✷✾✳✾

❋✐❣✉r❡ ✸✶✿ ❘❡s✉❧ts ♦❢ t❤❡ ♠❡r❝✉r② ♣♦r♦s✐♠❡tr② ♦❢ t❤❡ ❛❧✉♠✐♥❛ s✉♣♣♦rts✳
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✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✸✷✿ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ s✉❜str❛t❡ t✉❜❡✳

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

✈✐s✐❜❧❡ ❞❡❢❡❝ts✱ ❜✉t ♥♦ ❛♣♣❛r❡♥t ❝r❛❝❦s✳

❈♦♠❜✐♥✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❙❊▼ ✐♠❛❣❡s ❛♥❞ t❤❡ ♠❡r❝✉r② ♣♦r♦s✐♠❡tr②✱ t✇♦ s❡❝t♦rs ✐♥ t❤❡

s❛♠♣❧❡ ❝❛♥ ❜❡ ❝♦♥✜r♠❡❞✿ ❛ ♠❛❝r♦♣♦r♦✉s ❜✉❧❦ ✐♥ t❤❡ s✐♥❣❧❡ ❞✐❣✐t ♠✐❝r♦♠❡t❡r r❛♥❣❡✱ ❛♥❞ ❛

♠❛❝r♦♣♦r♦✉s ❧❛②❡r ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✳✷✵✲✵✳✸✽ ♠✐❝r♦♠❡t❡rs✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r♦❝❧❛✐♠❡❞ ♣♦r❡ s✐③❡ ♦❢

t❤❡ t♦♣ ❧❛②❡r ✐s ✵✳✵✺ ♠✐❝r♦♠❡t❡rs✳

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

♠❡r❝✉r② ♣♦r♦s✐♠❡tr② ❞✉❡ t♦ t❤❡ ❧❛r❣❡ ♠❛❝r♦♣♦r♦✉s ❜✉❧❦✱ ❛ ❧❛r❣❡r ♠❛❣♥✐✜❝❛t✐♦♥ ❢♦r t❤❡ ❝r♦ss

s❡❝t✐♦♥ ✭❋✐❣✳ ✸✸✮ ✇❛s ❧♦♦❦❡❞ ❛t✳ ❍❡r❡✱ ❡✈✐❞❡♥❝❡ ❢♦r ❛ ❞❡♥s❡r t❤✐r❞ ❧❛②❡r ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✱ ✇❤✐❝❤

s❤♦✉❧❞ ♠❛t❝❤ t❤❡ s♠❛❧❧ r❡❧❛t✐✈❡ ♣♦r❡ ✈♦❧✉♠❡ ♣❡❛❦ ♦❢ ✵✳✷♠♠3✴❣ ✐♥ t❤❡ ♣♦r❡ ❞✐❛♠❡t❡r r❛♥❣❡ ♦❢

✵✳✵✺✾✲✵✳✵✹✽ ➭♠✱ ✇❤✐❝❤ ♠❛t❝❤❡s t❤❡ ♣r♦❝❧❛✐♠❡❞ ♣♦r❡ s✐③❡✳
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. ❋✐❣✉r❡ ✸✸✿ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢ t❤❡ s✉❜str❛t❡ t✉❜❡ s❤♦✇✐♥❣ t❤❡ t♦♣ ❧❛②❡r✳

✺✳✷ Pr❡♣❛r❛t✐♦♥ ♦❢ ♠✐❝r♦♣♦r♦✉s ❝❡r❛♠✐❝ ♠❡♠❜r❛♥❡ ❧❛②❡rs

❚♦ ❝♦♠♣❛r❡ t❤❡ ❞✐✛❡r❡♥t s❛♠♣❧❡s✱ t❤❡ s❛♠❡ ♠❛❣♥✐✜❝❛t✐♦♥s ❤❛✈❡ t♦ ❜❡ ❝❤♦s❡♥ ❢♦r ❛❧❧ s❛♠♣❧❡s✳

P✐❝t✉r❡s ✇❡r❡ t❤❡r❡❢♦r❡ t❛❦❡♥ ✇✐t❤ ♠❛❣♥✐✜❝❛t✐♦♥s ♦❢ ✷✵✵✵✵①✶✱ ✶✵✵✵✵①✷✱ ✺✵✵✵①✷ ❛♥❞ ✺✵✵①✷✳ ❖♥❧②

t❤❡ ✐♠❛❣❡s ✇✐t❤ t❤❡ ♠❛❣♥✐✜❝❛t✐♦♥s ♦❢ ✶✵✵✵✵① ✭❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥✮ ❛♥❞ ✺✵✵✵① ✭❢♦r t❤❡ s✉r❢❛❝❡✮

❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤✐s ✇♦r❦ ❛s t❤❡② ♣r♦✈✐❞❡ t❤❡ ♠♦st ✐♥❢♦r♠❛t✐♦♥✱ ❛❧❧ ♦t❤❡r

♠❛❣♥✐✜❝❛t✐♦♥s ✭✐❢ ♥♦t s♣❡❝✐✜❡❞ ♦t❤❡r✇✐s❡ ❢♦r ✐♥❞✐✈✐❞✉❛❧ s❛♠♣❧❡s✮ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳

❚❤❡ s❛♠♣❧❡s ❛r❡ ♥✉♠❜❡r❡❞ ❛s s❤♦✇♥ ✐♥ t❛❜❧❡s ✼ ❛♥❞ ✽✳

✶♦♥❧② ❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥
✷❢♦r t❤❡ ❝r♦ss s❡❝t✐♦♥ ❛♥❞ t❤❡ s✉r❢❛❝❡
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✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✸✽✿ ❙❛♠♣❧❡ ✺ ❝♦❛t❡❞ ✇✐t❤ ❝♦♦❧❡❞ ♣♦❧②s✐❧❛③❛♥❡ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✸✵✵♠♠✴♠✐♥✳

❉✉r✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡s✱ t❤❡ ❡♠♣❤❛s✐s ✇❛s ❧❛✐❞ ♦♥ ♦❜s❡r✈✐♥❣ t❤❡ ❞❡❢❡❝ts✱

❛s ❛♥② ❝r❛❝❦s ✐♥ t❤❡ s✉r❢❛❝❡ ❛r❡ ♣r♦❜❧❡♠❛t✐❝ ❢♦r t❤❡ ♣❡r♠❡❛❜✐❧✐t② ♦❢ ♠❡♠❜r❛♥❡s✳ ❙✉❝❤ ❝r❛❝❦s

✇❡r❡ ♦❜s❡r✈❡❞ ✇✐t❤ t❤❡ s❛♠♣❧❡s ❝♦❛t❡❞ ✇✐t❤ ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✸✵✵♠♠✴♠✐♥ ✭❋✐❣✳ ✸✼ ❛♥❞

✸✽✮✱ ❛❧t❤♦✉❣❤ ❝♦♦❧✐♥❣ t❤❡ ♣♦❧②s✐❧❛③❛♥❡ ❧❡❞ t♦ s♠❛❧❧❡r ❝r❛❝❦s✳

❋♦r t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss s❡❝t✐♦♥s✱ t❤❡ ❡♠♣❤❛s✐s ✇❛s ❧❛✐❞ ♦♥ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ ♣♦ss✐❜❧❡

❞❡♥s❡ ❛♠♦r♣❤♦✉s ❧❛②❡rs✳ ◆♦ s✉❝❤ ❧❛②❡rs ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ❛❢t❡r ❝♦❛t✐♥❣ t❤❡ s❛♠♣❧❡s ♦♥❝❡✳ ❲❤❛t

❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✱ ❤♦✇❡✈❡r✱ ✐s ❛♥ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ s✉❜str❛t❡ ✇✐t❤ ♣♦❧②s✐❧❛③❛♥❡✱ ✈✐s✐❜❧❡ ❜② t❤❡

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

t❤❡ s❛♠♣❧❡s ❝♦❛t❡❞ ✇✐t❤ ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✸✵✵♠♠✴♠✐♥✱ t♦♦ ♠✉❝❤ ✐♥✜❧tr❛t❡❞ ♣♦❧②s✐❧❛③❛♥❡

❧❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡s❡ ❝r❛❝❦s✳

❚❤❡ ♥❡①t ♠♦✈❡ ✇❛s ♣❡r❢♦r♠✐♥❣ ❞♦✉❜❧❡ ❝♦❛t✐♥❣ ❡①♣❡r✐♠❡♥ts✱ ✇✐t❤ t❤❡ ✜rst ❝♦❛t✐♥❣ st❡♣ ✐♥✜❧tr❛t✐♥❣

t❤❡ ❧❛②❡r t♦ ❛♥ ❡①t❡♥t ✇❤❡r❡ t❤❡ ♣♦r❡s ✇❡r❡ s♠❛❧❧ ❡♥♦✉❣❤ t♦ ✐♥❤✐❜✐t ❢✉rt❤❡r ✐♥✜❧tr❛t✐♦♥✳ ❋♦r t❤❛t✱

t❤❡ ❢♦❝✉s ✇❛s ❧❛✐❞ ♦♥ ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✹✵♠♠✴♠✐♥✱ ❛s ✐t ✇❛s t❤❡ ❢❛st❡st s♣❡❡❞ r❡❧✐❛❜❧②

❛❝❤✐❡✈❛❜❧❡ ✭❛s ❢❛st❡r ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s ❧❡❛❞ t♦ t❤✐❝❦❡r t❤❡♦r❡t✐❝❛❧ ❧❛②❡rs ❛s s❤♦✇♥ ✐♥ ✭✶✮✮ ✇❤❡r❡

♥♦ ❝r❛❝❦s ✇❡r❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳
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❉♦✉❜❧❡ ❝♦❛t✐♥❣s

■♥ ❋✐❣✳ ✸✾✲✹✷✱ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ ❞♦✉❜❧❡ ❝♦❛t❡❞ s✉❜str❛t❡ t✉❜❡s ❛r❡ s❤♦✇♥✳ ❋♦r ❛❧❧ s❛♠♣❧❡s✱ ❛

✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✹✵♠♠✴♠✐♥ ❞✉r✐♥❣ t❤❡ ✜rst ❝♦❛t✐♥❣ st❡♣ ✇❛s ✉s❡❞✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡
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✶✹✵♠♠✴♠✐♥✮✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡
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✶✿ ✶✹✵♠♠✴♠✐♥✮✳
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✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✹✶✿ ❙❛♠♣❧❡ ✼ ❛❢t❡r t❤❡ s❡❝♦♥❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✷✵♠♠✴♠✐♥ ✭❙t❡♣
✶✿ ✶✹✵♠♠✴♠✐♥✮✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✹✷✿ ❙❛♠♣❧❡ ✽ ❛❢t❡r t❤❡ s❡❝♦♥❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✹✵♠♠✴♠✐♥ ✭❙t❡♣
✶✿ ✶✹✵♠♠✴♠✐♥✮✳

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

s❛♠♣❧❡ ❝♦❛t❡❞ ✇✐t❤ ✶✷✵♠♠✴♠✐♥ ✐♥ t❤❡ s❡❝♦♥❞ st❡♣ ✭s❛♠♣❧❡ ✼✱ ❋✐❣✳ ✹✶✮ ❛♥❞ t❤❡ s❛♠♣❧❡ ❝♦❛t❡❞

✇✐t❤ ✶✹✵♠♠✴♠✐♥ ✐♥ t❤❡ s❡❝♦♥❞ st❡♣ ✭s❛♠♣❧❡ ✽✱ ❋✐❣✳ ✹✷✮✳ ❋♦r t❤♦s❡ s❛♠♣❧❡s✱ ❧❛②❡r t❤✐❝❦♥❡ss❡s

♦❢ ✵✳✺ ➭♠ ✭s❛♠♣❧❡ ✼✮ ❛♥❞ ✸➭♠ ✭s❛♠♣❧❡ ✽✮ ✇❡r❡ ♦❜s❡r✈❡❞✳ ❍♦✇❡✈❡r✱ t❤❡s❡ s❛♠♣❧❡s ❜♦t❤ s❤♦✇

❞❡❢❡❝ts✳ ❙❛♠♣❧❡ ✼ s❤♦✇❡❞ s♠❛❧❧ ❝r❛❝❦s✱ ✇❤❡r❡❛s s❛♠♣❧❡ ✽ s❤♦✇❡❞ ❝r❛❝❦s ❛♥❞ ❛r❡❛s✱ ✇❤❡r❡ t❤❡r❡

s❡❡♠❡❞ t♦ ❜❡ ♥♦ s❡♣❛r❛t✐♦♥ ❧❛②❡r✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❛r❡❛s ✇❡r❡ ❧✐♠✐t❡❞ t♦ ❛ ✈❡r② s♠❛❧❧ t♦t❛❧ ❛r❡❛
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♦❢ t❤❡ s❛♠♣❧❡✳

❋♦r t❤❡ ♦t❤❡r t✇♦ s❛♠♣❧❡s✱ ♥♦ s✉❝❤ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✇❡r❡ ♥♦

✈✐s✐❜❧❡ ❞❡❢❡❝ts ♦♥ t❤❡ s✉r❢❛❝❡✳

◆❡①t✱ t❤r❡❡ ❛♣♣r♦❛❝❤❡s ✇❡r❡ ♣✉rs✉❡❞ ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs✿

❼ ❉✉r✐♥❣ ♣②r♦❧②s✐s✱ t❤❡ ❝r♦ss❧✐♥❦❡❞ ♣♦❧②♠❡r ❞❡❝♦♠♣♦s❡s✱ ❛♥❞ ♣♦r❡s r❡♠❛✐♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡

❝r♦ss❧✐♥❦❡❞ ❧❛②❡r s❤♦✉❧❞ ❜❡ ❞❡♥s❡r t❤❛♥ t❤❡ ♣②r♦❧②s❡❞ ❧❛②❡r✱ ❛♥❞ ❛♣♣❧②✐♥❣ ❛ ❧❛②❡r ❞✐r❡❝t❧②

♦♥t♦ ❛ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡r s❤♦✉❧❞ ❧✐♠✐t ❢✉rt❤❡r ✐♥✜❧tr❛t✐♦♥ ❜② t❤❡ ❧✐q✉✐❞ ♣♦❧②♠❡r✱ ✇❤✐❝❤ s❤♦✉❧❞

r❡s✉❧t ✐♥ ❛ ❤✐❣❤❡r q✉❛❧✐t② s❡♣❛r❛t✐♦♥ ❧❛②❡r✳ ❚♦ ❝❤❡❝❦ t❤❛t ❤②♣♦t❤❡s✐s✱ t✇♦ ❧❛②❡rs ✇✐t❤ t❤❡

s❛♠❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s ❛s ✐♥ s❛♠♣❧❡ ✼ ❛♥❞ s❛♠♣❧❡ ✽ ✇❡r❡ ♣r❡♣❛r❡❞ ❜② ❞✐r❡❝t❧② ❝♦❛t✐♥❣ t❤❡

s❡❝♦♥❞ ❧❛②❡r ♦♥t♦ t❤❡ ❝r♦ss❧✐♥❦❡❞ ✜rst ❧❛②❡r✳

❼ ❈♦❛t ❛♥♦t❤❡r ❧❛②❡r ♦♥t♦ t❤♦s❡ s❛♠♣❧❡s ✇❤❡r❡ ♥♦ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✳ ❚❤✐s

✇❛s ❞♦♥❡ ❢♦r s❛♠♣❧❡ ✼ ❛♥❞ ✽ ✇✐t❤ ❛ t❤✐r❞ ❝♦❛t✐♥❣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✺✵♠♠✴♠✐♥

❛s ✇❡❧❧ ❛s ❢♦r ❛♥♦t❤❡r s❛♠♣❧❡ t❤❡ ❧❛②❡r ♦❢ ✇❤✐❝❤ ✇❛s ♣r❡♣❛r❡❞ ❛t t❤❡ s❛♠❡ ✇✐t❤❞r❛✇❛❧

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

✶✹✵♠♠✴♠✐♥✳

❼ ❈♦❛t ❛♥♦t❤❡r ❧❛②❡r ♦♥t♦ t❤♦s❡ s❛♠♣❧❡s ✇❤❡r❡ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ t♦ ✜❧❧

t❤❡ ❝r❛❝❦s✳ ❚❤✐s ✇❛s ♦♥❧② ❞♦♥❡ ❢♦r s❛♠♣❧❡ ✼✱ ❛s ♣r❡✈✐♦✉s ✇♦r❦ ✐♥ t❤❡ r❡s❡❛r❝❤ ❣r♦✉♣ ❤❛❞

s❤♦✇♥ t❤❛t ✐❢ t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss ❡①❝❡❡❞s ✸➭♠✱ t❤❡ ❝r✐t✐❝❛❧ ❧❛②❡r t❤✐❝❦♥❡ss ✐s r❡❛❝❤❡❞ ❢♦r t❤❡

s②st❡♠ ✉s❡❞✳ ❚❤❡ t❤✐r❞ ❝♦❛t✐♥❣ st❡♣ ✇❛s ♣❡r❢♦r♠❡❞ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✺✵♠♠✴♠✐♥✳
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❉✐r❡❝t ❝♦❛t✐♥❣ ♦♥t♦ ❛ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡r

■♥ ❋✐❣✳ ✹✸✲✹✹✱ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ ❧❛②❡rs ♣r❡♣❛r❡❞ ❜② ❞✐r❡❝t❧② ❝♦❛t✐♥❣ ♦♥t♦ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡rs ❛r❡

s❤♦✇♥✳ ❋♦r s❛♠♣❧❡ ✶✵✱ ❛ ❞✐✛❡r❡♥t ♠❛❣♥✐✜❝❛t✐♦♥ ✇❛s ❝❤♦s❡♥ ❛s t❤❡ r❡s✉❧t✐♥❣ ❝r❛❝❦s ✇❡r❡ t♦♦ ❜✐❣✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✹✸✿ ❙❛♠♣❧❡ ✾ ❛❢t❡r t❤❡ s❡❝♦♥❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✷✵♠♠✴♠✐♥ ✭❙t❡♣
✶✿ ✶✹✵♠♠✴♠✐♥✮✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭❜✮ ❙✉r❢❛❝❡

❋✐❣✉r❡ ✹✹✿ ❙❛♠♣❧❡ ✶✵ ❛❢t❡r t❤❡ s❡❝♦♥❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✹✵♠♠✴♠✐♥ ✭❙t❡♣
✶✿ ✶✹✵♠♠✴♠✐♥✮✳
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❆s ❝❧❡❛r❧② ✈✐s✐❜❧❡ ✐♥ t❤❡ ✐♠❛❣❡s✱ t❤❡ ❧❛②❡rs ♣r❡♣❛r❡❞ ❜② ❞✐r❡❝t❧② ❝♦❛t✐♥❣ ♦♥t♦ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡rs

s❤♦✇ t❤❡ s❛♠❡ t❤✐❝❦♥❡ss❡s ❛s t❤❡ ❧❛②❡rs ♣r❡♣❛r❡❞ ❜② ❝♦❛t✐♥❣ ♦♥t♦ ♣②r♦❧②s❡❞ ❧❛②❡rs ✇❤❡♥ ✇♦r❦✐♥❣

✇✐t❤ t❤❡ s❛♠❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ❛r❡ ♠♦r❡ ❛♥❞ ❜✐❣❣❡r ❝r❛❝❦s✱ ❡s♣❡❝✐❛❧❧② ✇✐t❤

s❛♠♣❧❡ ✶✵✳ ❆♣♣❛r❡♥t❧② t❤❡ ♦♣♣♦s✐t❡ ♦❢ t❤❡ ❞❡s✐r❡❞ ❡✛❡❝t t♦♦❦ ♣❧❛❝❡✱ ❛s ❡✈❡♥ ♠♦r❡ ♦❢ t❤❡ ♣♦❧②♠❡r

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

❚r✐♣❧❡ ❝♦❛t✐♥❣s

■♥ ❋✐❣✳ ✹✺✲✹✻✱ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ tr✐♣❧❡ ❝♦❛t❡❞ s❛♠♣❧❡s ❛r❡ s❤♦✇♥✳ ❋♦r s❛♠♣❧❡ ✼✱ ✇❤✐❝❤ s❤♦✇❡❞

❛ t❤✐♥ ❧❛②❡r ❛♥❞ s♠❛❧❧ ❝r❛❝❦s ❛❢t❡r t❤❡ s❡❝♦♥❞ ❝♦❛t✐♥❣✱ ♥♦ ♣✐❝t✉r❡ ✐s s❤♦✇♥✱ ❛s t❤❡ s❛♠♣❧❡

❞❡❧❛♠✐♥❛t❡❞ ❞✉r✐♥❣ t❤❡ ♣②r♦❧②s✐s✳

✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭✶✵✵✵✵①✮ ✭❜✮ ❙✉r❢❛❝❡ ✭✺✵✵✵①✮

❋✐❣✉r❡ ✹✺✿ ❙❛♠♣❧❡ ✻ ❛❢t❡r t❤❡ t❤✐r❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✺✵♠♠✴♠✐♥ ✭❙t❡♣ ✶✿
✶✹✵♠♠✴♠✐♥✱ ❙t❡♣ ✷✿ ✶✵✵♠♠✴♠✐♥✮✳

✹✽
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✭❛✮ ❈r♦ss s❡❝t✐♦♥ ✭✶✵✵✵✵①✮ ✭❜✮ ❙✉r❢❛❝❡ ✭✺✵✵✵①✮

❋✐❣✉r❡ ✹✻✿ ❙❛♠♣❧❡ ✶✶ ❛❢t❡r t❤❡ t❤✐r❞ ❝♦❛t✐♥❣ st❡♣ ❛t ❛ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞ ♦❢ ✶✹✵♠♠✴♠✐♥ ✭❙t❡♣
✶✿ ✶✹✵♠♠✴♠✐♥✱ ❙t❡♣ ✷✿ ✶✵✵♠♠✴♠✐♥✮✳

❆s ✈✐s✐❜❧❡ ✐♥ t❤❡ ✐♠❛❣❡s✱ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ✇❡r❡ ❢♦r♠❡❞ ✐♥ ❜♦t❤ ❡①♣❡r✐♠❡♥ts✱ ❤♦✇❡✈❡r ❛❧s♦ ❝r❛❝❦s

❛r❡ ✈✐s✐❜❧❡✳ ❋♦r t❤♦s❡ s❛♠♣❧❡s✱ ❧❛②❡r t❤✐❝❦♥❡ss❡s ♦❢ ✷➭♠ ✭s❛♠♣❧❡ ✻✱ ❋✐❣✳ ✹✺✮ ❛♥❞ ✶✳✺✲✸✳✺ ➭♠

✭s❛♠♣❧❡ ✶✶✱ ❋✐❣✳ ✹✻✮ ✇❡r❡ ♦❜s❡r✈❡❞✳ ❋♦r s❛♠♣❧❡ ✶✶✱ t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss ❝♦✉❧❞ ♥♦t ❜❡ ❞❡t❡r♠✐♥❡❞

❡①♣❧✐❝✐t❧② ❛s ♥♦ ❡✈❡♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♣r❡♣❛r❡❞✳

❙✉♠♠❛r② ♦❢ t❤❡ ❝♦❛t✐♥❣ ❡①♣❡r✐♠❡♥ts

❆❢t❡r ❝♦♥❝❧✉❞✐♥❣ t❤❡ ❝♦❛t✐♥❣ ❡①♣❡r✐♠❡♥ts ♦❢ t❡st s❛♠♣❧❡s✱ ❛ ❢❡✇ tr❡♥❞s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✿

❼ ❆s t❤❡ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r ♣❧❛②s s✉❝❤ ❛ ❜✐❣ r♦❧❡ ✐♥ t❤❡ ✜rst ❝♦❛t✐♥❣ st❡♣s✱

t❤❡ ▲❛♥❞❛✉✲▲❡✈✐❝❤ ♠♦❞❡❧ ❝❛♥♥♦t ❜❡ ❛♣♣❧✐❡❞ ❢♦r t❤❡s❡ ❝♦❛t✐♥❣s t♦ ♣r❡❞✐❝t ❧❛②❡r t❤✐❝❦♥❡ss❡s✳

❚❤❡r❡❢♦r❡ ♦♥❧② ♠♦❞❡❧s ❜❛s❡❞ ♦♥ ❡♠♣✐r✐❝❛❧ ✜♥❞✐♥❣s ❝♦✉❧❞ ❜❡ ✉s❡❞ ❢♦r ❡st✐♠❛t✐♥❣ ❧❛②❡r ♣r♦♣✲

❡rt✐❡s✳ ❊✈❡♥ t❤❡♥✱ t❤❡ ❤✐❣❤ ✈❛r✐❛♥❝❡ ♦❢ ❧❛②❡r ♣r♦♣❡rt✐❡s ♦❜t❛✐♥❡❞ ❜② ✉s✐♥❣ t❤❡s❡ ♠♦❞❡❧s

s✉❣❣❡st ❛ ✈❡r② ❝♦♠♣❧❡① s②st❡♠✳

❼ ❚❤❡ ❜✐❣❣❡st ♦❜st❛❝❧❡ ✐♥ ♣r❡♣❛r✐♥❣ ♠❡♠❜r❛♥❡ ❧❛②❡rs ✐s t♦ ♣r❡✈❡♥t ❝r❛❝❦s ✐♥ t❤❡ ✐♥t❡r♠❡❞✐❛t❡

♦r s❡♣❛r❛t✐♦♥ ❧❛②❡rs✳

❼ ❆ ❢❡✇ ♣r♦❝❡❞✉r❡s s❡❡♠ t♦ ❜❡ ✉♥s✉✐t❛❜❧❡ t♦ ♦❜t❛✐♥ ❝r❛❝❦ ❢r❡❡ ❧❛②❡rs✱ s✉❝❤ ❛s t❤❡ ✉s❡ ♦❢

❡①❝❡ss✐✈❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s ❞✉r✐♥❣ t❤❡ ✜rst ❝♦❛t✐♥❣ st❡♣✱ ❛s ✇❡❧❧ ❛s t❤❡ ❞✐r❡❝t ❝♦❛t✐♥❣ ♦♥t♦

❛ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡r✳

✹✾
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❼ ❚❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ♣r♦❝❡❞✉r❡ ✐s ❝♦❛t✐♥❣ t❤❡ s❛♠♣❧❡ ♠✉❧t✐♣❧❡ t✐♠❡s ✇❤✐❧❡ ❞❡❝r❡❛s✐♥❣ t❤❡

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

■♥ ❚❛❜❧❡ ✶✽✱ ❛❧❧ s❛♠♣❧❡s ✇❤❡r❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞✱ ❛r❡ ❧✐st❡❞ t♦❣❡t❤❡r ✇✐t❤ t❤❡✐r

❧❛②❡r t❤✐❝❦♥❡ss ❛♥❞ ❝r❛❝❦ ✇✐❞t❤✳ ❚❤❡r❡ ✇❛s ♥♦ s❛♠♣❧❡ ❢♦r ✇❤✐❝❤ ❛ ❝r❛❝❦ ❢r❡❡ s❡♣❛r❛t✐♦♥ ❧❛②❡r

❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞✳

❚❛❜❧❡ ✶✽✿ ❙✉♠♠❛r② ♦❢ s❛♠♣❧❡s ❢♦r ✇❤✐❝❤ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞✳

❙❛♠♣❧❡ ♥♦✳ ❈♦❛t✐♥❣s ▲❛②❡r t❤✐❝❦♥❡ss ✭✐♥ ➭♠✮ ❈r❛❝❦ ✇✐❞t❤ ✭✐♥ ➭♠✮

✻ ✸ ✷ ✵✳✶
✼ ✷ ✵✳✺ ✵✳✹
✽ ✷ ✸ ✶✳✺
✾ ✷ ✵✳✺ ✶✳✷
✶✵ ✷ ✸ ✺✳✷
✶✶ ✸ ✶✳✺✲✸✳✺ ✵✳✻

❆s ❛❧r❡❛❞② s❡❡♥ ✐♥ ✜❣✳✹✸✲✹✹✱ s❛♠♣❧❡s ✾ ❛♥❞ ✶✵✱ ✇❤❡r❡ t❤❡ s❡❝♦♥❞ ❧❛②❡r ✇❛s ❞✐r❡❝t❧② ❝♦❛t❡❞ ♦♥t♦

❛ ❝r♦ss❧✐♥❦❡❞ ❧❛②❡r✱ s❤♦✇ ✈❡r② ❤✐❣❤ ❝r❛❝❦ ✇✐❞t❤s ❧❛r❣❡r t❤❛♥ t❤❡✐r ❧❛②❡r t❤✐❝❦♥❡ss✳ ❋♦r s❛♠♣❧❡ ✼✱

t❤❡ ❝r❛❝❦ ✇✐❞t❤ ✐s ✐♥ t❤❡ s❛♠❡ r❛♥❣❡ ❛s t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❍♦✇❡✈❡r✱ ❢♦r s❛♠♣❧❡s ✻✱ ✽ ❛♥❞ ✶✶✱ t❤❡

❝r❛❝❦ ✇✐❞t❤ ✐s ❧♦✇❡r t❤❛♥ t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss✱ ♠❛❦✐♥❣ ✐t ♣♦ss✐❜❧❡ t❤❛t t❤❡ ❝r❛❝❦s ❛r❡ ♥♦t ❣♦✐♥❣

t❤r♦✉❣❤ t❤❡ ✇❤♦❧❡ s❡♣❛r❛t✐♦♥ ❧❛②❡r✳

❚❤❡r❡❢♦r❡✱ t❤❡ ❝♦❛t✐♥❣ ♣r♦❝❡❞✉r❡ ❝❛rr✐❡❞ ♦✉t t♦ ♦❜t❛✐♥ t❤❡s❡ s❛♠♣❧❡s ✻ ❛♥❞ ✽ ✇❡r❡ ❝❤♦s❡♥ ❢♦r

t❡st✐♥❣ ♦❢ s❡♣❛r❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ t❤❡ ♠❡♠❜r❛♥❡ t❡st r✐❣✳ ❚❤❡ ❧❛②❡r ♦❢ s❛♠♣❧❡ ✶✶ ✇❛s ❞❡❡♠❡❞

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

❧❛②❡r ✇❛s ♠❡❛s✉r❡❞ ✐♥ t❤❡ t❡st r✐❣ t♦ s❤♦✇ t❤❡ ✐♠♣❛❝t ♦❢ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ♦♥ t❤❡ s❡❧❡❝t✐✈✐t②✳

❚❤❡ ❝♦❛t✐♥❣ ♣r♦❝❡❞✉r❡s ♦❢ t❤❡ ♠❡❛s✉r❡❞ s❛♠♣❧❡s ❛r❡ ♦♥❝❡ ❛❣❛✐♥ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✶✾✱ ❛❧♦♥❣ ✇✐t❤

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

❚❛❜❧❡ ✶✾✿ ❙✉♠♠❛r② ♦❢ s❛♠♣❧❡s✱ ✇❤❡r❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞✳

❙❛♠♣❧❡ ♥♦✳ ✶✳ ❝♦❛t✐♥❣ ✷✳ ❝♦❛t✐♥❣ ✸✳ ❝♦❛t✐♥❣ ❊q✉✐✈❛❧❡♥t t♦ s❛♠♣❧❡

✶♣ ✶✹✵♠♠✴♠✐♥ ✶✹✵♠♠✴♠✐♥ ✽ ✭t✇♦ ❝♦❛t✐♥❣s✮
✷♣ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥ ✺✵♠♠✴♠✐♥ ✻ ✭t❤r❡❡ ❝♦❛t✐♥❣s✮
✸♣ ✶✹✵♠♠✴♠✐♥ ✶✵✵♠♠✴♠✐♥ ✻ ✭t✇♦ ❝♦❛t✐♥❣s✮

✺✵
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✺✳✸ Pr❡♣❛r❛t✐♦♥ ♦❢ ♠❡♠❜r❛♥❡s ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❡ t❡st r✐❣

■♥ ❋✐❣✳ ✹✼✱ ❛ ♣✐❝t✉r❡ ♦❢ t❤❡ s❛♠♣❧❡s ❛❢t❡r ❣❛s s❡♣❛r❛t✐♦♥ t❡st✐♥❣ ✐s s❤♦✇♥✳ ❙❛♠♣❧❡ ✶♣ ✐s ❞❛r❦❡r

❝♦❧♦r❡❞ t❤❛♥ t❤❡ ♦t❤❡r t✇♦ s❛♠♣❧❡s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② s❧✐❣❤t ✐♠♣✉r✐t✐❡s ✐♥ t❤❡ ♦✈❡♥

❛t♠♦s♣❤❡r❡ ❞✉r✐♥❣ ♣②r♦❧②s✐s✳ ❚❤❡s❡ ✐♠♣✉r✐t✐❡s✱ ❤♦✇❡✈❡r✱ ❞♦ ♥♦t ❧❡❛❞ t♦ ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡

✐♥ t❤❡ ❧❛②❡r q✉❛❧✐t②✱ ✇❤✐❝❤ ✐s ✇❤② t❤❡ ♠❡♠❜r❛♥❡ ✇❛s ❛❧s♦ ✉s❡❞ ❢♦r t❡st✐♥❣✳

❚❤❡ ❙❊▼ ♣✐❝t✉r❡s ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✽✲✺✵✳ ❋♦r s❛♠♣❧❡ ✷♣ ❛♥❞ s❛♠♣❧❡

✸♣✱ ♠❛❣♥✐✜❝❛t✐♦♥s ♦❢ ✶✵✵✵✵① ❛r❡ s❤♦✇♥✱ ❛s t❤❡ ❝r❛❝❦s ❛r❡ ♦♥❧② ❜❛r❡❧② ✈✐s✐❜❧❡ ✐♥ ❛ ♠❛❣♥✐✜❝❛t✐♦♥ ♦❢

✺✵✵✵①✳ ❚❤❡ ❝r❛❝❦ ✇✐❞t❤s ❛♥❞ s❡♣❛r❛t✐♦♥ ❧❛②❡r t❤✐❝❦♥❡ss❡s ✭❛s ✐♥ ❝❤❛♣t❡r ✺✳✷✱ ♠❡❛s✉r❡❞ ❞✐❣✐t❛❧❧②✮

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

✱

❋✐❣✉r❡ ✹✼✿ P✐❝t✉r❡ ♦❢ t❤❡ s❛♠♣❧❡s ✭✶♣✿ ❧❡❢t✱ ✷♣✿ ♠✐❞❞❧❡✱ ✸♣✿ r✐❣❤t✮ ❛❢t❡r ♠❡❛s✉r✐♥❣✳

❋✐❣✉r❡ ✹✽✿ ❙❛♠♣❧❡ ✶♣ ❛❢t❡r ❣❛s s❡♣❛r❛t✐♦♥ t❡st✐♥❣✳

✺✶
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. ❋✐❣✉r❡ ✹✾✿ ❙❛♠♣❧❡ ✷♣ ❛❢t❡r ❣❛s s❡♣❛r❛t✐♦♥ t❡st✐♥❣✳

❋✐❣✉r❡ ✺✵✿ ❙❛♠♣❧❡ ✸♣ ❛❢t❡r ❣❛s s❡♣❛r❛t✐♦♥ t❡st✐♥❣✳

❚❛❜❧❡ ✷✵✿ ▲❛②❡r t❤✐❝❦♥❡ss❡s ❛s ✐♥ ❝❤❛♣t❡r ✺✳✷ ❛♥❞ ❝r❛❝❦ ✇✐❞t❤s ♦❢ t❤❡ ♠❡❛s✉r❡❞ ♠❡♠❜r❛♥❡s✳

❙❛♠♣❧❡ ♥♦✳ ❧❛②❡r t❤✐❝❦♥❡ss ❝r❛❝❦ ✇✐❞t❤

✶♣ ✸ ➭♠ ✷✳✸ ➭♠
✷♣ ✷ ➭♠ ✵✳✶ ➭♠
✸♣ ✵ ➭♠ ✵✳✷ ➭♠
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❖♥❡ t❤✐♥❣ t❤❛t ✐♠♠❡❞✐❛t❡❧② st❛♥❞s ♦✉t ✇❤✐❧❡ ❧♦♦❦✐♥❣ ❛t t❤❡ ❝r❛❝❦ ✇✐❞t❤s ✐♥ ❚❛❜❧❡ ✷✵ ✐s t❤❛t t❤❡②

❛r❡ ♥♦t ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❝r❛❝❦ ✇✐❞t❤s s❡❡♥ ✐♥ ❝❤❛♣t❡r ✺✳✷✳ ❋♦r s❛♠♣❧❡ ✶♣✱ ❝r❛❝❦s ✺✵✪ ❜✐❣❣❡r

t❤❛♥ t❤❡ ♦♥❡s ✐♥ t❤❡ t❡st s❛♠♣❧❡ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✳ ❋♦r s❛♠♣❧❡ ✷♣✱ t❤❡ ❝r❛❝❦s ❛r❡ ♦♥❧② ❤❛❧❢ t❤❡ s✐③❡

t❤❛♥ t❤❡ ♦♥❡s ✐♥ t❤❡ t❡st s❛♠♣❧❡s✳ ❋♦r s❛♠♣❧❡ ✸♣✱ ❝r❛❝❦s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡ ♠❡♠❜r❛♥❡

s✉r❢❛❝❡✱ ✇❤✐❝❤ ❝♦✉❧❞ ♥♦t ❜❡ ❢♦✉♥❞ ♦♥ t❤❡ t❡st s❛♠♣❧❡s✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❡ ❤✐❣❤ ✈❛r✐❛♥❝❡ ♦❢

❧❛②❡r ♣r♦♣❡rt✐❡s ❢♦r ❧❛②❡rs ♣r❡♣❛r❡❞✳

✺✳✹ P❡r♠❡❛♥❝❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡s

❋♦r s❛♠♣❧❡ ✶♣✱ ♦♥❧② s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ✉s✐♥❣ ♥✐tr♦❣❡♥✱ ❝❛r❜♦♥ ❞✐♦①✐❞❡✱ ❛♥❞ ❤❡❧✐✉♠ ✇❡r❡

❝♦♥❞✉❝t❡❞✳ ❋♦r s❛♠♣❧❡s ✷♣ ❛♥❞ ✸♣✱ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❣❛s ♠✐①t✉r❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤

❣❛s ♠✐①t✉r❡s ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❚❛❜❧❡ ✶✺ ♦♥ ♣❛❣❡ ✸✺ ✇❡r❡ ❝♦♥❞✉❝t❡❞✳ ❋♦r ❛❧❧ s❛♠♣❧❡s✱ t❤❡ t❡st❡❞

❧❡♥❣t❤ ❡①❝❧✉❞✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ s❡❛❧✐♥❣ ✇❛s ❦❡♣t ❛t ✸✵±✶♠♠✳

❚❤❡ ♣❡r♠❡❛♥❝❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❛♥ ✉♥❝♦❛t❡❞ s❛♠♣❧❡ s♣❡❝✐♠❡♥ ✇✐t❤ ◆2 ❛s t❡st ❣❛s r❡s✉❧t❡❞ ✐♥ ✈❡r②

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

❝✉r✈❡✳ ❚❤❡ ❡①♣❡r✐♠❡♥t ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ s❤♦✇❡❞ ♣r❡ss✉r❡ r✐s❡s ❧❛r❣❡r t❤❛♥ ✼✵♠❜❛r✴s r❡s✉❧t✐♥❣

✐♥ ❛ ♣❡r♠❡❛♥❝❡ ❧❛r❣❡r t❤❛♥ 3.8 · 10−4♠♦❧ s−1P❛−1♠−2 ✭❝♦♠♣❛r❡❞ t♦ ♣❡r♠❡❛♥❝❡s s♠❛❧❧❡r t❤❛♥

1 · 10−6♠♦❧ s−1P❛−1♠−2 ❢♦r t❤❡ ❝♦❛t❡❞ s❛♠♣❧❡s✮✳ ❚❤✉s✱ ♥♦ ❢✉rt❤❡r t❡sts ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s

♦r ✇✐t❤ ♦t❤❡r ❣❛s❡s ✇❡r❡ ♣❡r❢♦r♠❡❞✳
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❆s ✈✐s✐❜❧❡ ✐♥ t❤❡ r❡s✉❧ts ♦❢ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ t❡sts ♦❢ s❛♠♣❧❡ ✶♣✱ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❝r❛❝❦s ♦♥

t❤❡ s✉r❢❛❝❡ ♦❢ s❛♠♣❧❡ ✶♣ ✭❛s s❡❡♥ ✐♥ ❋✐❣✳ ✹✽ ♦♥ ♣❛❣❡ ✺✶✮ ❤❛✈❡ ❛ ❜✐❣ ❡✛❡❝t ♦♥ t❤❡ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡

♠❡♠❜r❛♥❡✳ ❚❤✐s ❝❛♥ ❜❡ ♣♦st✉❧❛t❡❞✱ ❛s t❤❡ s❡❧❡❝t✐✈✐t② ✐s ✇❡❧❧ ❜❡❧♦✇ t❤❡ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ s❡✲

❧❡❝t✐✈✐t② ❢♦r ❜♦t❤ ❍❡✴◆2 ❛♥❞ ❍❡✴❈❖2✳ ❚❤✐s s✉❣❣❡sts ❝r❛❝❦s ❣♦✐♥❣ t❤r♦✉❣❤ t❤❡ ✇❤♦❧❡ ♠❡s♦♣♦r♦✉s

❧❛②❡r✱ ❧❡❛❞✐♥❣ t♦ ♥♦♥✲❑♥✉❞s❡♥ ❣❛s tr❛♥s♣♦rt t❤r♦✉❣❤ t❤❡ ♠❡♠❜r❛♥❡✳ ❍♦✇❡✈❡r✱ ❛ tr❡♥❞ ♦❢ ❛ s❧✐❣❤t

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

♠✐❝r♦♣♦r♦✉s r❡❣✐♦♥s ✐♥ t❤❡ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❧❡❛❞ t♦ t❤✐s ❜❡❤❛✈✐♦✉r✳ ❚❤✐s ❝❛♥ ❜❡ s❛✐❞✱ ❛s ❑♥✉❞s❡♥

s❡❧❡❝t✐✈✐t② ♦♥❧② ❞❡♣❡♥❞s ♦♥ t❤❡ r❛t✐♦ ♦❢ t❤❡ sq✉❛r❡ r♦♦ts ♦❢ t❤❡ ♠♦❧❛r ♠❛ss❡s ♦❢ t❤❡ ❣❛s❡s ✭❛s

s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✮✱ ❛♥❞ ♥♦t ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡✳

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

t❡♠♣❡r❛t✉r❡s ❤✐❣❤❡r t❤❛♥ ✸✵✵ ◦❈✳ ❆ ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤✐s ❜❡❤❛✈✐♦✉r ✐s t❤❛t ❣❛s ♠♦❧❡❝✉❧❡s

❛r❡ ❛❞s♦r❜❡❞ ✐♥ t❤❡ ♣♦r❡ str✉❝t✉r❡s ❛t ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✱ t❤✉s ❜❧♦❝❦✐♥❣ s♦♠❡ ♣♦r❡s✱ ❧❡❛❞✐♥❣ t♦

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

❛❣❛✐♥✱ ❧❡❛❞✐♥❣ t♦ ❤✐❣❤❡r ♣❡r♠❡❛❜✐❧✐t✐❡s✳ ❚❤✐s✱ ❤♦✇❡✈❡r✱ ❝♦✉❧❞ ♥♦t ❜❡ ♣r❡✈❡♥t❡❞✱ ❛s ❞❡❣❛ss✐♥❣ t❤❡

♠❡♠❜r❛♥❡ ❛t ✸✵✵ ◦❈ ❛❢t❡r ❡❛❝❤ ♠❡❛s✉r❡❞ t❡♠♣❡r❛t✉r❡ ✇♦✉❧❞ ✐♥❝r❡❛s❡ t❤❡ t✐♠❡ ♥❡❡❞❡❞ ❢♦r ❡❛❝❤

❡①♣❡r✐♠❡♥t ❡①♦r❜✐t❛♥t❧②✳ ❆♥♦t❤❡r ♣♦ss✐❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ❜❡❤❛✈✐♦✉r ✐s t❤❛t

t❤❡ ❣r❛♣❤✐t❡ s❡❛❧✐♥❣ ❞❡t❡r✐♦r❛t❡s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s❀ ❤♦✇❡✈❡r Pr❛s❛❞ ❞❡s❝r✐❜❡❞ ✐♥ ❤✐s P❤✳❉✳

t❤❡s✐s❬✷✻❪ t❤❛t ❣r❛♣❤✐t❡ ❢❡rr✉❧❡ s❡❛❧✐♥❣ s❤♦✉❧❞ ❜❡ st❛❜❧❡ ✉♣ t♦ t❡♠♣❡r❛t✉r❡s ♦❢ ✹✺✵ ◦❈✳

❆s t❤❡ r❡s✉❧ts ❢♦r t❤✐s s❛♠♣❧❡✱ ❝❛✉s❡❞ ❜② ❡①❝❡ss✐✈❡❧② ❧❛r❣❡ ❝r❛❝❦s✱ ✇❡r❡ ♥♦t ❡①♣❡❝t❡❞ t♦ ❝❤❛♥❣❡
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❙❛♠♣❧❡ ✷♣

■♥ ❚❛❜❧❡ ✷✷ ❛♥❞ ❋✐❣✳ ✺✸✲✺✹✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ s❛♠♣❧❡ ✷♣

❛r❡ s❤♦✇♥✳ ❆❧❧ ♣❡r♠❡❛♥❝❡s ❛r❡ s❤♦✇♥ ✐♥ 10−6♠♦❧ s−1P❛−1♠−2✳

❚❛❜❧❡ ✷✷✿ ❘❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ❢♦r s❛♠♣❧❡ ✷♣✱ ❛s ✇❡❧❧ ❛s ❝❛❧❝✉❧❛t❡❞ ❑♥✉❞s❡♥
s❡❧❡❝t✐✈✐t✐❡s✳

❚ ✭✐♥ ◦❈✮ P✭❍❡✮ P✭❈❖2✮ P✭◆2✮ ♥t❤✭❍❡✴❈❖2✮ ♥t❤✭❍❡✴◆2✮
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✭❛✮ ❍❡✴❈❖2 ✭❜✮ ❍❡✴◆2

❋✐❣✉r❡ ✺✹✿ ❙❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✷♣✳

❆s ✈✐s✐❜❧❡ ✐♥ t❤❡ r❡s✉❧ts ♦❢ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ t❡sts ♦❢ s❛♠♣❧❡ ✷♣✱ ❡✈❡♥ ✇✐t❤ ✈❡r② ❧♦✇ ❝r❛❝❦

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

❜r❛♥❡✱ ❛❧❜❡✐t t♦ ❛ ♠✉❝❤ ❧♦✇❡r ❡①t❡♥t ❝♦♠♣❛r❡❞ t♦ s❛♠♣❧❡ ✶♣✳ ❋♦r ❜♦t❤ ❍❡✴◆2 ❛♥❞ ❍❡✴❈❖2✱ t❤❡

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

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

❜❡❤❛✈✐♦✉r ✐s t❤❡ ❢❛❝t t❤❛t✱ ❥✉st ❧✐❦❡ ❢♦r s❛♠♣❧❡ ✶♣✱ t❤❡ s❡❧❡❝t✐✈✐t✐❡s ✐♥❝r❡❛s❡ ✇✐t❤ ❤✐❣❤❡r t❡♠♣❡r✲

❛t✉r❡s✳ ❚❤❡ ❧♦✇❡r ❝r❛❝❦ ✇✐❞t❤ ❧❡❛❞s t♦ ❛ ❤✐❣❤❡r ✐♥❝r❡❛s❡ ✐♥ s❡❧❡❝t✐✈✐t✐❡s✳ ❍♦✇❡✈❡r✱ t❤✐s ❝♦♠❡s ❛t

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

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

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

♣❡r♠❡❛♥❝❡ ♦❢ ❤❡❧✐✉♠ ♦♥❧② ✈❛r✐❡s ✺✪ ✐♥ t❤❡ ♦❜s❡r✈❡❞ t❡♠♣❡r❛t✉r❡ r❛♥❣❡✳ ❚❤✐s ✐s ❛❧s♦ ❛♥♦t❤❡r

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

♣♦r❡s ✐♥ t❤❡ s②st❡♠✱ ✇❤❡r❡❛s ♥✐tr♦❣❡♥ ❛♥❞ ❝❛r❜♦♥ ❞✐♦①✐❞❡ ❛r❡ ❧❛r❣❡ ❡♥♦✉❣❤ t♦ s❡❡ t❤❡✐r ♣❡r♠❡❛♥❝❡

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

r❡♠❛✐♥s ❛ ♣r♦❜❧❡♠✳
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❙❛♠♣❧❡ ✸♣

■♥ ❚❛❜❧❡ ✷✸ ❛♥❞ ❋✐❣✳ ✺✺✲✺✻✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ s❛♠♣❧❡ ✸♣

❛r❡ s❤♦✇♥✳ ❆❧❧ ♣❡r♠❡❛♥❝❡s ❛r❡ s❤♦✇♥ ✐♥ 10−6♠♦❧ s−1P❛−1♠−2✳

❚❛❜❧❡ ✷✸✿ ❘❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ❢♦r s❛♠♣❧❡ ✸♣✱ ❛s ✇❡❧❧ ❛s ❝❛❧❝✉❧❛t❡❞ ❑♥✉❞s❡♥
s❡❧❡❝t✐✈✐t✐❡s✳

❚ ✭✐♥ ◦❈✮ P✭❍❡✮ P✭❈❖2✮ P✭◆2✮ ♥t❤✭❍❡✴❈❖2✮ ♥t❤✭❍❡✴◆2✮

✷✽ ✶✳✶✾ ✵✳✽✷ ✵✳✺✹ ✶✳✹✻ ✷✳✷✶
✶✵✵ ✶✳✶✶ ✵✳✺✻ ✵✳✹✻ ✶✳✾✾ ✷✳✹✹
✶✺✵ ✶✳✵✽ ✵✳✹✻ ✵✳✹✷ ✷✳✸✷ ✷✳✺✽
✷✵✵ ✶✳✵✺ ✵✳✹✶ ✵✳✸✾ ✷✳✺✼ ✷✳✻✽
✷✺✵ ✶✳✵✸ ✵✳✸✼ ✵✳✸✼ ✷✳✼✽ ✷✳✼✽
✸✵✵ ✶✳✵✷ ✵✳✸✺ ✵✳✸✻ ✷✳✾✻ ✷✳✽✷
✸✺✵ ✶✳✵✷ ✵✳✸✸ ✵✳✸✺ ✸✳✵✽ ✷✳✾✷
✹✵✵ ✶✳✵✷ ✵✳✸✷ ✵✳✸✺ ✸✳✶✾ ✷✳✾✶

❑♥✉❞s❡♥ ✸✳✸✵ ✷✳✻✵

✭❛✮ ❍❡❧✐✉♠ ✭❜✮ ◆✐tr♦❣❡♥

✭❝✮ ❈❛r❜♦♥ ❞✐♦①✐❞❡

❋✐❣✉r❡ ✺✺✿ P❡r♠❡❛♥❝❡✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ♦❢ s❛♠♣❧❡ ✸♣ ❢♦r ❍❡✱ ◆2 ❛♥❞ ❈❖2✳
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✭❛✮ ❍❡✴❈❖2 ✭❜✮ ❍❡✴◆2

❋✐❣✉r❡ ✺✻✿ ❙❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✸♣✳

❆s ✈✐s✐❜❧❡ ✐♥ t❤❡ r❡s✉❧ts ♦❢ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ t❡sts ♦❢ s❛♠♣❧❡ ✸♣✱ ❛❧t❤♦✉❣❤ ♥♦ s❡♣❛r❛t✐♦♥ ❧❛②❡r

✐s ✈✐s✐❜❧❡ ✐♥ t❤❡ ❙❊▼ ✐♠❛❣❡✱ t❤❡r❡ s❡❡♠s t♦ ❜❡ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ❜❡❤❛✈✐♦✉r ❢♦r t❤❡ ♠❡♠❜r❛♥❡

❧❛②❡r✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t t❤❡ ✐♥✜❧tr❛t❡❞ ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r ❛❧s♦ t❛❦❡s ♣❛rt ✐♥

t❤❡ ❣❛s s❡♣❛r❛t✐♦♥ ♣r♦❝❡ss✳ ❆❧t❤♦✉❣❤ t❤❡ ❍❡✴❈❖2 s❡❧❡❝t✐✈✐t② ♦❢ s❛♠♣❧❡ ✸♣ ❞♦✉❜❧❡❞ ❝♦♠♣❛r✐♥❣

❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ ❛♥❞ ✹✵✵ ◦❈✱ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t② ❝♦✉❧❞ ♥♦t ❜❡ r❡❛❝❤❡❞✱ ✐♥❞✐❝❛t✐♥❣ ❧❛r❣❡r

❞❡❢❡❝ts ✐♥ t❤❡ s❛♠♣❧❡✳ ❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t② ♠❡❛s✉r❡♠❡♥ts ❢♦r s❛♠♣❧❡s

✷♣ ❛♥❞ ✸♣✱ ✐t ✐s ❛♣♣❛r❡♥t t❤❛t ❛♣♣❧②✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❧❛②❡r ♦♥t♦ t❤❡ ♠❡♠❜r❛♥❡ ❢✉rt❤❡r ✐♥❝r❡❛s❡s

t❤❡ t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ❜② ❛♣♣r♦①✐♠❛t❡❧② ✵✳✷✺ ✭❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✮ ❛♥❞ ✵✳✺ ✭❛t ✹✵✵ ◦❈✮✳

❚❤✐s s❡r✈❡s ❛s ❢✉rt❤❡r ♣r♦♦❢ ❢♦r t❤❡ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ q✉❛❧✐t✐❡s ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ❧❛②❡r✱ ❛s ❛ t❤✐❝❦❡r

s❡♣❛r❛t✐♦♥ ❧❛②❡r ✭❛s ✐♥ s❛♠♣❧❡ ✷♣✮ ✐♥❝r❡❛s❡s t❤❡ t❡♠♣❡r❛t✉r❡ ❡✛❡❝t ❢♦r t❤❡ s❡❧❡❝t✐✈✐t②✳

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

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

t❤❡ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r s❛♠♣❧❡s ✷♣ ❛♥❞ ✸♣ ✭❋✐❣✳ ✺✼✮ s❤♦✇s t❤❛t t❤❡ ❝✉r✈❡ s❤❛♣❡s

s❡❡♠ t♦ ❜❡ ♠❛t❝❤✐♥❣✳ ❚❤❡ ❝✉r✈❡s ✇❡r❡ ✜tt❡❞ ✇✐t❤ ♣❛r❛❜♦❧✐❝ ❢✉♥❝t✐♦♥s✱ ✇✐t❤ t❤❡ ✜t ♣❛r❛♠❡t❡rs

❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✷✹✳

✻✵
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✭❛✮ ❍❡✴❈❖2 ✭❜✮ ❍❡✴◆2

❋✐❣✉r❡ ✺✼✿ ❙❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡s ✷♣ ❛♥❞ ✸♣✳

❚❛❜❧❡ ✷✹✿ P❛r❛❜♦❧✐❝ ✜ts ♦❢ t❤❡ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡s
✷♣ ❛♥❞ ✸♣✳

❍❡✴❈❖2 ❍❡✴◆2

♥t❤❂✲❛❚
2✰❜❚✰❝ ✷♣ ✸♣ ✷♣ ✸♣

❛ ✾✳✺✸·10−6 ✾✳✵✾·10−6 ✻✳✵✹·10−6 ✹✳✷✽·10−6

❜ ✾✳✷✹·10−3 ✽✳✺✶·10−3 ✺✳✹✸·10−3 ✸✳✼✺·10−3

❝ ✶✳✹✾ ✶✳✷✸ ✷✳✸✶ ✷✳✶✶
❘2 ✵✳✾✾✾✹ ✵✳✾✾✾✼ ✵✳✾✾✾✼ ✵✳✾✾✻✶

▲♦♦❦✐♥❣ ❛t t❤❡ ✜t ❞❛t❛✱ ❛ ❝♦rr❡❧❛t✐♦♥ ♦❢ t❤❡ s❡❧❡❝t✐✈✐t② ♣❧♦ts ❝❛♥ ❜❡ s✉❣❣❡st❡❞✱ ❛s t❤❡ ♣♦❧②♥♦♠✐❛❧

❝♦❡✣❝✐❡♥ts ❢♦r t❤❡ ✜ts ❛r❡ ✐♥ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❢✉rt❤❡r s❡❡♠ t♦ ❜❡ ❞❡♣❡♥❞❡♥t ♦♥

t❤❡ ♦r❞✐♥❛t❡ ✐♥t❡r❝❡♣t ❝✳ ❍♦✇❡✈❡r✱ t❤❡ s❛♠♣❧❡ s✐③❡ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ ♥♦t ❡♥♦✉❣❤ t♦ ❞❡✜♥✐t✐✈❡❧②

♣r♦✈❡ ❛ ❝♦♥♥❡❝t✐♦♥✳ ■t ❝❛♥ ❜❡ ❛ss✉♠❡❞ t❤❛t t❤❡ ❝❛✉s❡ ♦❢ t❤❡ ❝✉r✈❡ ♦❢ t❤❡ ♣❧♦t r❡s✐❞❡s ❡✐t❤❡r ✐♥ t❤❡

❣r❛♣❤✐t❡ s❡❛❧✐♥❣✱ ✐♥ ❛ ❣❡♥❡r❛❧ tr❡♥❞ ♦❢ t❤❡ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡ ❝❤♦s❡♥ ♠❡♠❜r❛♥❡✱ ♦r ✐♥ ❛ s②st❡♠❛t✐❝

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

✻✶
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✺✳✹✳✷ P❡r♠❡❛♥❝❡ ❛♥❞ s❡❧❡❝t✐✈✐t② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❣❛s ♠✐①t✉r❡s

❙❛♠♣❧❡ ✷♣

■♥ ❚❛❜❧❡s ✷✺✲✷✻ ❛♥❞ ❋✐❣✳ ✺✽✲✺✾✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡ ❡①♣❡r✐♠❡♥ts ❢♦r s❛♠♣❧❡ ✷♣ ❛r❡

s❤♦✇♥✳ ❚❤❡ ♥✉♠❜❡r✐♥❣ ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡s r❡❢❡rs t♦ ❚❛❜❧❡ ✶✺ ♦♥ ♣❛❣❡ ✸✺✳ ❆❧❧ ♣❡r♠❡❛♥❝❡s ❛r❡

s❤♦✇♥ ✐♥ 10−6♠♦❧ s−1P❛−1♠−2✳

❚❛❜❧❡ ✷✺✿ P❡r♠❡❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡s ❢♦r s❛♠♣❧❡ ✷♣✳

❚ ✭✐♥ ◦❈✮ P✭✶✮ P✭✷✮ P✭✸✮

✷✼ ✵✳✸✶ ✵✳✷✼ ✵✳✸✶
✶✵✵ ✵✳✷✼ ✵✳✷✺ ✵✳✷✻
✷✵✵ ✵✳✷✸ ✵✳✷✶ ✵✳✷✸
✸✵✵ ✵✳✷✷ ✵✳✷✵ ✵✳✷✵

❚❛❜❧❡ ✷✻✿ ❘❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❣❛s ♠✐①t✉r❡ ❡①♣❡r✐♠❡♥ts ❢♦r s❛♠♣❧❡ ✷♣✱ ❛s ✇❡❧❧ ❛s
❝❛❧❝✉❧❛t❡❞ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t✐❡s✳

❚ ✭✐♥ ◦❈✮ ♥r❡❛❧✭❍❡✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈❍4✮

✷✼ ✷✳✶✷ ± ✵✳✶✹ ✷✳✷✸ ± ✵✳✷✾ ✷✳✸✻ ± ✵✳✵✺
✶✵✵ ✷✳✹✾ ± ✵✳✶✾ ✷✳✺✺ ± ✵✳✶✻ ✷✳✺✶ ± ✵✳✵✾
✷✵✵ ✷✳✾✶ ± ✵✳✷✷ ✷✳✽✼ ± ✵✳✷✸ ✷✳✼✹ ± ✵✳✶✷
✸✵✵ ✸✳✼✶ ± ✵✳✵✾ ✸✳✸✻ ± ✵✳✷✽ ✷✳✾✶ ± ✵✳✵✶

❑♥✉❞s❡♥ ✷✳✼ ✸✳✾ ✷✳✽

✻✷
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✭❛✮ ▼✐①t✉r❡ ✶ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈2❍6✱ ✼✳✺✪ ❍❡✮ ✭❜✮ ▼✐①t✉r❡ ✷ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈2❍6✱ ✼✳✺✪ ❍2✮

✭❝✮ ▼✐①t✉r❡ ✸ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈❍4 ✼✳✺✪ ❍2✮

❋✐❣✉r❡ ✺✽✿ P❡r♠❡❛♥❝❡✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ♦❢ s❛♠♣❧❡ ✷♣ ❢♦r t❤❡ ❣❛s ♠✐①t✉r❡s ✉s❡❞✳
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✭❛✮ ❍❡✴❈2❍6 ✭❜✮ ❍2✴❈2❍6

✭❝✮ ❍2✴❈❍4

❋✐❣✉r❡ ✺✾✿ ❙❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❞❡r✐✈❡❞ ❜② ✉s✐♥❣ t❤❡ ❣❛s ♠✐①t✉r❡s ❢♦r s❛♠♣❧❡ ✷♣✳

▲♦♦❦✐♥❣ ❛t t❤❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ✜rst✱ ✐t ✐s ❛♣♣❛r❡♥t✱ t❤❛t ❛❧❧ ❝✉r✈❡s ❛r❡ ❧♦♦❦✐♥❣ s✐♠✐❧❛r ❛♥❞

❛r❡ ❧♦❝❛t❡❞ ❛r♦✉♥❞ t❤❡ s❛♠❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s✳ ❚❤✐s ✇❛s ❡①♣❡❝t❡❞✱ ❛s ♥✐tr♦❣❡♥ ♠❛❦❡s ✉♣ ✽✺✪

♦❢ ❛❧❧ t❤r❡❡ ♠✐①t✉r❡s✳ ❚❤❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ❛r❡ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ t❤♦s❡ ♦❢ ♣✉r❡ ♥✐tr♦❣❡♥✱

✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❛❞❞✐t✐♦♥ ♦❢ ❤②❞r♦❣❡♥✳ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❣❛s ♠♦❧❡❝✉❧❡s

♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ❛❜s♦❧✉t❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s✱ ❤❡♥❝❡ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ❝❛♥ ♥♦t ❜❡ ✉s❡❞

t♦ ❡st✐♠❛t❡ s✐♥❣❧❡ ❣❛s ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ❢♦r ✢❛♠♠❛❜❧❡ ❣❛s❡s✳

❙❡❧❡❝t✐✈✐t② ✈❛❧✉❡s ♦♥❧② s✉r♣❛ss t❤❡ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ ✈❛❧✉❡s ❛t t❡♠♣❡r❛t✉r❡s ❤✐❣❤❡r t❤❛♥ ✷✵✵ ◦❈

❢♦r ❍❡✴❈2❍6 ❛♥❞ ❛t t❡♠♣❡r❛t✉r❡s ❤✐❣❤❡r t❤❛♥ ✸✵✵ ◦❈ ❢♦r ❍2✴❈❍4✳ ❚❤❡ r❡❛❧ s❡❧❡❝t✐✈✐t② ✐♥❝r❡❛s❡s

✇✐t❤ ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ❝♦✉❧❞ ❜❡ ✜tt❡❞ ✇✐t❤ ❧✐♥❡❛r ❢✉♥❝t✐♦♥s✱ ✇✐t❤ ✜t ♣❛r❛♠❡t❡rs s❤♦✇♥ ✐♥

❚❛❜❧❡ ✷✼✳

✻✹
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❚❛❜❧❡ ✷✼✿ ▲✐♥❡❛r ✜ts ♦❢ t❤❡ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✷♣✳

♥r❡❛❧❂❛❚✰❜ ❍❡✴❈2❍6 ❍2✴❈2❍6 ❍2✴❈❍4

❛ ✺✳✻✽·10−3 ✹✳✵✻·10−3 ✷✳✵✸·10−3

❜ ✶✳✾✷ ✷✳✶✷ ✷✳✸✶
❘2 ✵✳✾✼✽✶ ✵✳✾✾✸✹ ✵✳✾✾✺✺

❋♦r ❛❧❧ ✉s❡❞ ❣❛s ♠✐①t✉r❡s✱ t❤❡ r❡s✉❧t✐♥❣ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❝❛♥ ❜❡ ✜tt❡❞ ❧✐♥❡❛r❧② ✇✐t❤

❘2✲✈❛❧✉❡s ❧❛r❣❡r t❤❛♥ ✵✳✾✼✺✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t t❤❡ ✢❛tt❡♥✐♥❣ ♦❢ t❤❡ ❝✉r✈❡ ❢♦r

❛❧❧ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❞✐✛❡r❡♥❝❡s ✐♥ ♠❡t❤♦❞ ❡①❡❝✉t✐♦♥ ❢♦r ❡❛❝❤ s✐♥❣❧❡

❣❛s✳ ❖♥❡ ❧✐❦❡❧② ♣r♦❜❧❡♠ ❞✉r✐♥❣ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ❝♦✉❧❞ ❜❡ t❤❡ ❞✐✛❡r❡♥t ❤❡❛t✐♥❣ s♣❡❡❞s

❢♦r ❞✐✛❡r❡♥t ❣❛s❡s ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❤❡❛t ❝♦♥❞✉❝t✐✈✐t② ❞✐✛❡r❡♥❝❡s ♦❢ t❤❡ ✉s❡❞ ❣❛s❡s✳ ❚❤✐s ✇✐❧❧ ❜❡

❢✉rt❤❡r ❞✐s❝✉ss❡❞ ✐♥ t❤❡ s✉♠♠❛r② ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡ ❡①♣❡r✐♠❡♥ts✳

❋✉rt❤❡r♠♦r❡ t❤❡ ❍❡✴❈2❍6 s❡❧❡❝t✐✈✐t② ♦❢ s❛♠♣❧❡ ✷♣ ✐♥❝r❡❛s❡s ❛t ❛ ❤✐❣❤❡r r❛t❡ t❤❛♥ t❤❡ ❍2✴❈2❍6

s❡❧❡❝t✐✈✐t②✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ✐♥❝r❡❛s❡ ✐♥ s❡❧❡❝t✐✈✐t② ✐s ❞✉❡ t♦ t❤❡ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ♣r♦♣❡rt✐❡s ♦❢

t❤❡ ♠❡♠❜r❛♥❡✱ t❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❦✐♥❡t✐❝ ❞✐❛♠❡t❡rs✱ ❛s ❤❡❧✐✉♠ ❤❛s ❛ ❧♦✇❡r

❦✐♥❡t✐❝ ❞✐❛♠❡t❡r t❤❛♥ ❤②❞r♦❣❡♥ ✭❚❛❜❧❡ ✸✮✳ ❚❤✐s ❡①♣❧❛♥❛t✐♦♥ ❛❧s♦ ✜ts t❤❡ ♠✉❝❤ ❧♦✇❡r ✐♥❝r❡❛s❡ ✐♥

❍2✴❈❍4s❡❧❡❝t✐✈✐t② ♦❢ s❛♠♣❧❡ ✷♣✱ ❛s ♠❡t❤❛♥❡ ✐s s♠❛❧❧❡r t❤❛♥ ❡t❤❛♥❡✱ ❝❛✉s✐♥❣ ❛ r❡❞✉❝❡❞ s❡♣❛r❛t✐♦♥

♣❡r❢♦r♠❛♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡ s❡❧❡❝t✐✈✐t✐❡s ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❛t ❧♦✇❡r t❡♠♣❡r❛t✉r❡s s❡❡♠ t♦ ❜❡

✐♥✈❡rs❡❞✱ ❛s t❤❡ ❤✐❣❤❡st s❡❧❡❝t✐✈✐t② ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ ✇❛s ❢♦✉♥❞ ❢♦r ❍2✴❈❍4✱ ❢♦❧❧♦✇❡❞ ❜②

❍2✴❈2❍6 ❛♥❞ ❍❡✴❈2❍6✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ✐s r❛t❤❡r s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ✐♥❝r❡❛s❡

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

❙❛♠♣❧❡ ✸♣

■♥ ❚❛❜❧❡s ✷✽✲✷✾ ❛♥❞ ❋✐❣✳ ✻✵✲✻✶✱ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡ ❡①♣❡r✐♠❡♥ts ❢♦r s❛♠♣❧❡ ✸♣ ❛r❡

s❤♦✇♥✳ ❚❤❡ ♥✉♠❜❡r✐♥❣ ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡s r❡❢❡rs t♦ ❚❛❜❧❡ ✶✺ ♦♥ ♣❛❣❡ ✸✺✳ ❆❧❧ ♣❡r♠❡❛♥❝❡s ❛r❡

s❤♦✇♥ ✐♥ 10−6♠♦❧ s−1P❛−1♠−2✳

❚❛❜❧❡ ✷✽✿ P❡r♠❡❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❣❛s ♠✐①t✉r❡s ❢♦r s❛♠♣❧❡ ✸♣✳

❚ ✭✐♥ ◦❈✮ P✭✶✮ P✭✷✮ P✭✸✮

✷✼ ✵✳✻✻ ✵✳✻✹ ✵✳✻✻
✶✵✵ ✵✳✺✻ ✵✳✺✺ ✵✳✺✻
✷✵✵ ✵✳✹✽ ✵✳✹✼ ✵✳✹✾
✸✵✵ ✵✳✹✺ ✵✳✹✹ ✵✳✹✺

✻✺
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❚❛❜❧❡ ✷✾✿ ❘❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❣❛s ♠✐①t✉r❡ ❡①♣❡r✐♠❡♥ts ❢♦r s❛♠♣❧❡ ✸♣✱ ❛s ✇❡❧❧ ❛s
❝❛❧❝✉❧❛t❡❞ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t✐❡s✳

❚ ✭✐♥ ◦❈✮ ♥r❡❛❧✭❍❡✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈❍4✮

✷✼ ✶✳✻✺ ± ✵✳✶✵ ✶✳✾✹ ± ✵✳✶✾ ✷✳✶✷ ± ✵✳✵✼
✶✵✵ ✶✳✼✼ ± ✵✳✶✸ ✷✳✺✷ ± ✵✳✷✵ ✷✳✸✶ ± ✵✳✶✵
✷✵✵ ✷✳✶✾ ± ✵✳✶✻ ✷✳✼✾ ± ✵✳✶✾ ✷✳✹✷ ± ✵✳✵✾
✸✵✵ ✷✳✺✶ ± ✵✳✷✷ ✸✳✵✾ ± ✵✳✷✷ ✷✳✺✸ ± ✵✳✵✾

❑♥✉❞s❡♥ ✷✳✼ ✸✳✾ ✷✳✽

✭❛✮ ▼✐①t✉r❡ ✶ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈2❍6✱ ✼✳✺✪ ❍❡✮ ✭❜✮ ▼✐①t✉r❡ ✷ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈2❍6✱ ✼✳✺✪ ❍2✮

✭❝✮ ▼✐①t✉r❡ ✸ ✭✽✺✪ ◆2✱ ✼✳✺✪ ❈❍4✱ ✼✳✺✪ ❍2✮

❋✐❣✉r❡ ✻✵✿ P❡r♠❡❛♥❝❡✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ♦❢ s❛♠♣❧❡ ✸♣ ❢♦r t❤❡ ❣❛s ♠✐①t✉r❡s ✉s❡❞✳

✻✻
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✭❛✮ ❍❡✴❈2❍6 ✭❜✮ ❍2✴❈2❍6

✭❝✮ ❍2✴❈❍4

❋✐❣✉r❡ ✻✶✿ ❙❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❞❡r✐✈❡❞ ❜② ✉s✐♥❣ t❤❡ ❣❛s ♠✐①t✉r❡s ❢♦r s❛♠♣❧❡ ✸♣✳

▲♦♦❦✐♥❣ ❛t t❤❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ✜rst✱ ❛❣❛✐♥ ❛❧❧ ❝✉r✈❡s ❧♦♦❦ ❝♦♠♣❛r❛❜❧❡✱ ❡✈❡♥ ♠♦r❡ t❤❛♥ ❢♦r

s❛♠♣❧❡ ✷♣✳ ❚❤❡ ♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ❛r❡ ❛❧s♦ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ t❤♦s❡ ♦❢ ♣✉r❡ ♥✐tr♦❣❡♥✳ ❚❤❡

♣❡r♠❡❛♥❝❡ ✈❛❧✉❡s ♦❢ s❛♠♣❧❡ ✸♣ ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② t✇✐❝❡ ❛s ❤✐❣❤ ❛s t❤♦s❡ ♦❢ s❛♠♣❧❡ ✷♣✱ ✇❤✐❝❤ ✐s

✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ r❡s✉❧ts ♦❢ t❤❡ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts✳

❙❡❧❡❝t✐✈✐t② ✈❛❧✉❡s ❞✐❞ ♥♦t s✉r♣❛ss t❤❡ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ ✈❛❧✉❡s ❢♦r ❛♥② ❣❛s ♠✐①t✉r❡✱ r❡❣❛r❞❧❡ss

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

✇✐t❤ ❧✐♥❡❛r ❢✉♥❝t✐♦♥s✱ ✇✐t❤ ✜t ♣❛r❛♠❡t❡rs s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✵✳

❚❛❜❧❡ ✸✵✿ ▲✐♥❡❛r ✜ts ♦❢ t❤❡ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❢♦r r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✸♣✳

♥r❡❛❧❂❛❚✰❜ ❍❡✴❈2❍6 ❍2✴❈2❍6 ❍2✴❈❍4

❛ ✸✳✸✶·10−3 ✸✳✾✺·10−3 ✶✳✹✹·10−3

❜ ✶✳✺✶ ✶✳✾✼ ✷✳✶✷
❘2 ✵✳✾✽✶✸ ✵✳✾✸✶✾ ✵✳✾✺✾✻

✻✼
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❋♦r ❛❧❧ ✉s❡❞ ❣❛s ♠✐①t✉r❡s✱ t❤❡ r❡s✉❧t✐♥❣ s❡❧❡❝t✐✈✐t②✲t❡♠♣❡r❛t✉r❡ ♣❧♦ts ❝❛♥ ❜❡ ✜tt❡❞ ❧✐♥❡❛r❧② ✇✐t❤

❘2✲✈❛❧✉❡s ❧❛r❣❡r t❤❛♥ ✵✳✾✷✺✳ ❚❤❡s❡ ❘2✲✈❛❧✉❡s ❛r❡ s♠❛❧❧❡r t❤❛♥ t❤♦s❡ ♦❢ s❛♠♣❧❡ ✷♣✱ ✇❤✐❝❤ ♠❛② ❜❡

❝❛✉s❡❞ ❜② t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❞✉❡ t♦ t❤❡ ♠❡t❤♦❞✳ ❆ ❧✐♥❡❛r r❡❧❛t✐♦♥ ❝❛♥ st✐❧❧

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

❯♥❧✐❦❡ ❢♦r s❛♠♣❧❡ ✷♣✱ t❤❡ ❍2✴❈2❍6 s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✸♣ ❛r❡ ❤✐❣❤❡r t❤❛♥ t❤❡ ❍❡✴❈2❍6

s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✸♣✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❢♦r s❛♠♣❧❡ ✸♣✱ t❤❡ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ❜❡❤❛✈✐♦✉r

❞♦❡s ♥♦t ❛✛❡❝t t❤❡ s❡❧❡❝t✐✈✐t✐❡s ❛s ♠✉❝❤ ❛s ✐♥ s❛♠♣❧❡ ✸♣✳ ❚❤✐s ❡①♣❧❛♥❛t✐♦♥ ❞♦❡s ♥♦t ✜t t❤❡

❧♦✇❡r ✐♥❝r❡❛s❡ ✐♥ ❍❡✴❈2❍6 s❡❧❡❝t✐✈✐t✐❡s ♦❢ s❛♠♣❧❡ ✸♣✱ ❛s t❤❡ ✐♥❝r❡❛s❡ ♦❢ s❡❧❡❝t✐✈✐t✐❡s ❛t ❤✐❣❤❡r

t❡♠♣❡r❛t✉r❡s s❤♦✉❧❞ ♦♥❧② ❜❡ ❝❛✉s❡❞ ❜② t❤❡ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ q✉❛❧✐t✐❡s ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡r✳

❚❤❡r❡❢♦r❡ ♠♦st ♦❢ t❤✐s ❝❛♥ ❜❡ ❛❝❝♦✉♥t❡❞ t♦ ❣❡♥❡r❛❧ ❡①♣❡r✐♠❡♥t❛❧ ✉♥❝❡rt❛✐♥t✐❡s✱ ✇❤✐❝❤ ♠❛❦❡s ✐t

♣♦ss✐❜❧❡ t♦ ❛ss✉♠❡✱ t❤❛t ❤❡❧✐✉♠ ❜❡❤❛✈❡s ✐♥ ❛ s✐♠✐❧❛r ✇❛② t♦ ❤②❞r♦❣❡♥ r❡❣❛r❞✐♥❣ t❤❡ s❡❧❡❝t✐✈✐t✐❡s✳

❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❤❡❧✐✉♠ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ♠♦❞❡❧ ❣❛s t♦ r♦✉❣❤❧② s✐♠✉❧❛t❡ ❛♥❞ ❡st✐♠❛t❡ t❤❡ s✐♥❣❧❡

❣❛s ♣❡r♠❡❛♥❝❡ ❜❡❤❛✈✐♦✉r ♦❢ ❤②❞r♦❣❡♥✳

❆❣❛✐♥ t❤❡ ❤✐❣❤❡st s❡❧❡❝t✐✈✐t② ❛t ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ ❝♦✉❧❞ ❜❡ ♠❡❛s✉r❡❞ ❢♦r ❍2✴❈❍4✱ ❢♦❧❧♦✇❡❞

❜② ❍2✴❈2❍6 ❛♥❞ ❍❡✴❈2❍6✳

✻✽
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✺✳✹✳✸ ❙✉♠♠❛r② ♦❢ t❤❡ ♣❡r♠❡❛♥❝❡ ❡①♣❡r✐♠❡♥ts

❙❡❧❡❝t✐✈✐t✐❡s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡s

■♥ ❚❛❜❧❡ ✸✶✱ ❛ s✉♠♠❛r② ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧ s❡❧❡❝t✐✈✐t② ✈❛❧✉❡s ♦❢ t❤❡ ♠❡❛s✉r❡❞ ♠❡♠❜r❛♥❡s ♣✉t ✐♥t♦

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

❝♦♠♣❛r❡❞ t♦ t❤❡ s❡❧❡❝t✐✈✐t② r❡❛❝❤❡❞ ❜② ▼♦r✐ ❡t ❛❧✳❬✸❪ ❢♦r ❛ s✐♠✐❧❛r s②st❡♠✳

❚❛❜❧❡ ✸✶✿ ❙✉♠♠❛r② ♦❢ ✐❞❡❛❧ ♣❡r♠s❡❧❡❝t✐✈✐t✐❡s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡s✳

✶♣ ✷♣ ✸♣ ✶♣ ✷♣ ✸♣

▲❛②❡r t❤✐❝❦♥❡ss ✭➭♠✮ ✸ ✷ ✵ ✸ ✷ ✵
❈r❛❝❦ ✇✐❞t❤ ✭➭♠✮ ✷✳✸ ✵✳✶ ✵✳✷ ✷✳✸ ✵✳✶ ✵✳✷

❚ ♥t❤✭❍❡✴❈❖2✮ ♥t❤✭❍❡✴◆2✮

✷✼ ✶✳✻✹ ✶✳✼✸ ✶✳✹✻ ✶✳✽✺ ✷✳✹✼ ✷✳✷✶
✶✵✵ ✶✳✾✻ ✷✳✸✷ ✶✳✾✾ ✶✳✾✸ ✷✳✼✾ ✷✳✹✹
✶✺✵ ✷✳✶✷ ✷✳✻✾ ✷✳✸✷ ✶✳✾✾ ✷✳✾✾ ✷✳✺✽
✷✵✵ ✷✳✷✺ ✷✳✾✻ ✷✳✺✼ ✷✳✵✹ ✸✳✶✻ ✷✳✻✽
✷✺✵ ✷✳✸✺ ✸✳✷✵ ✷✳✼✽ ✷✳✵✼ ✸✳✷✾ ✷✳✼✽
✸✵✵ ✷✳✸✼ ✸✳✸✽ ✷✳✾✻ ✷✳✵✼ ✸✳✹✵ ✷✳✽✷
✸✺✵ ✷✳✸✵ ✸✳✺✹ ✸✳✵✽ ✶✳✾✻ ✸✳✹✾ ✷✳✾✷
✹✵✵ ✸✳✻✽ ✸✳✶✾ ✸✳✺✶ ✷✳✾✶

❑♥✉❞s❡♥ ✸✳✸✵ ✷✳✻✵
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❚❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡ ❧❛②❡rs s❤♦✇ ♣r♦♠✐s✐♥❣ s❡❧❡❝t✐✈✐t② ❜❡❤❛✈✐♦✉r ✐♥ s✐♥❣❧❡ ❣❛s ❡①♣❡r✐♠❡♥ts✱

❡s♣❡❝✐❛❧❧② ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ✇❤❡r❡ s❛♠♣❧❡ ✷♣ ❡①❝❡❡❞s t❤❡ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ ✈❛❧✉❡s ❢♦r

❍❡✴❈❖2 ❛s ✇❡❧❧ ❛s ❢♦r ❍❡✴◆2✳ ❊✈❡♥ s❛♠♣❧❡ ✸♣✱ ✇❤❡r❡ ♥♦ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✱

❡①❝❡❡❞❡❞ t❤❡ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t② ❢♦r ❍❡✴◆2 ✐♥ s✐♥❣❧❡ ❣❛s ❡①♣❡r✐♠❡♥ts✳ ❖♥❧② ❢♦r s❛♠♣❧❡ ✶♣✱ ✇❤❡r❡

❧❛r❣❡ ❝r❛❝❦s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✱ ❑♥✉❞s❡♥ s❡❧❡❝t✐✈✐t② ❝♦✉❧❞ ♥♦t ❜❡ r❡❛❝❤❡❞ ✐♥ ❛♥② ❡①♣❡r✐♠❡♥t❛❧

s❡t✉♣✳ ❋♦r s❛♠♣❧❡s ✷♣ ❛♥❞ ✸♣✱ t❤❡ ❧✐t❡r❛t✉r❡ s❡❧❡❝t✐✈✐t② ✈❛❧✉❡s ❝♦✉❧❞ ❜❡ ❡①❝❡❡❞❡❞✱ ❛❧❜❡✐t ✇✐t❤

♣❡r♠❡❛♥❝❡s ✺ t♦ ✶✵ t✐♠❡s ❧♦✇❡r t❤❛♥ t❤♦s❡ r❡♣♦rt❡❞ ❜② ▼♦r✐ ❡t ❛❧✳❬✸❪

■♥ ❚❛❜❧❡ ✸✷✱ ❛ s✉♠♠❛r② ♦❢ t❤❡ r❡❛❧ s❡❧❡❝t✐✈✐t② ✈❛❧✉❡s ♦❢ t❤❡ ♠❡❛s✉r❡❞ ♠❡♠❜r❛♥❡s ♣✉t ✐♥t♦ r❡❧❛t✐♦♥

✇✐t❤ t❤❡✐r s❡♣❛r❛t✐♦♥ ❧❛②❡r q✉❛❧✐t✐❡s ✐s ❣✐✈❡♥ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❑♥✉❞s❡♥ ✈❛❧✉❡s✳ ❋♦r t❤❡ ❝❤♦s❡♥

❣❛s ♠✐①t✉r❡s✱ ♥♦ ❝♦♠♣❛r✐s♦♥s ❢♦r s✐♠✐❧❛r s②st❡♠s ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳
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❚❛❜❧❡ ✸✷✿ ❙✉♠♠❛r② ♦❢ r❡❛❧ s❡❧❡❝t✐✈✐t✐❡s ♦❢ t❤❡ ♣r❡♣❛r❡❞ ♠❡♠❜r❛♥❡s✳

✷♣ ✸♣ ✷♣ ✸♣ ✷♣ ✸♣

▲❛②❡r t❤✐❝❦♥❡ss ✭➭♠✮ ✷ ✵ ✷ ✵ ✷ ✵
❈r❛❝❦ ✇✐❞t❤ ✭➭♠✮ ✵✳✶ ✵✳✷ ✵✳✶ ✵✳✷ ✵✳✶ ✵✳✷

❚ ♥r❡❛❧✭❍❡✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈2❍6✮ ♥r❡❛❧✭❍2✴❈❍4✮

✷✼ ✷✳✶✷ ✶✳✻✺ ✷✳✷✸ ✶✳✾✹ ✷✳✸✻ ✷✳✶✷
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❑♥✉❞s❡♥ ✷✳✼ ✸✳✾ ✷✳✽

❚❤❡ ♣r♦♠✐s✐♥❣ tr❡♥❞ ♦❢ s❡❧❡❝t✐✈✐t② ❜❡❤❛✈✐♦✉r ❝♦♥t✐♥✉❡s ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❣❛s ♠✐①t✉r❡s✱

❛❧t❤♦✉❣❤ ♦♥❧② s❛♠♣❧❡ ✷♣ ❝♦✉❧❞ ❡①❝❡❡❞ t❤❡ t❤❡♦r❡t✐❝❛❧ ❑♥✉❞s❡♥ ✈❛❧✉❡s ❢♦r ❍❡✴❈2❍6 ❛s ✇❡❧❧ ❛s

❢♦r ❍2✴❈2❍6✳ ❆ ❝❧❡❛r tr❡♥❞ ♦❢ ❤✐❣❤❡r s❡❧❡❝t✐✈✐t✐❡s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s ❝♦✉❧❞ ❜❡ ♦❜s❡r✈❡❞✱

s✉❣❣❡st✐♥❣ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ❜❡❤❛✈✐♦✉r ❢♦r t❤❡ ✉s❡❞ s②st❡♠✳ ❆♣♣❧②✐♥❣ ♠♦r❡ ❧❛②❡rs ❛❧s♦ ♥♦t✐❝❡❛❜❧②

✐♠♣r♦✈❡❞ t❤❡ s❡❧❡❝t✐✈✐t✐❡s✱ ✇❤❡r❡❛s t❤❡ ♣❡r♠❡❛♥❝❡s ❞❡❝r❡❛s❡ ❜② ❛❜♦✉t ✺✵✪ ✇❤❡♥ ❛♣♣❧②✐♥❣ t❤r❡❡

❧❛②❡rs ❝♦♠♣❛r❡❞ t♦ t✇♦ ❧❛②❡rs✱ ✇❤✐❝❤ ✐s ❛ r❡❛s♦♥❛❜❧❡ ❛♠♦✉♥t ❛♥❞ ❜❡❛r❛❜❧❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❤✐❣❤❡r

s❡❧❡❝t✐✈✐t✐❡s✳ ❚❤❡ ♦♥❧② ♣r♦❜❧❡♠ ❡♥❝♦✉♥t❡r❡❞ ✐s t❤❛t ❝r❛❝❦s ✐♥ t❤❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ❧✐♠✐t t❤❡

♣♦t❡♥t✐❛❧ ♦❢ t❤❡ s②st❡♠✱ ❛s ♥♦ ❝r❛❝❦❧❡ss ❧❛②❡rs ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞✳

❚r♦✉❜❧❡s❤♦♦t✐♥❣

❉✉r✐♥❣ t❤❡ t❡st r✐❣ ❡①♣❡r✐♠❡♥ts✱ s♦♠❡ ♣r♦❜❧❡♠s ❛r♦s❡✱ ❧❡❛❞✐♥❣ t♦ ♣♦ss✐❜❧❡ ❢✉t✉r❡ ♦♣t✐♠✐s❛t✐♦♥s

♦❢ t❤❡ ♠❡t❤♦❞s ❞❡s❝r✐❜❡❞ ✐♥ t❤✐s ✇♦r❦✿

❼ ❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ♣r♦❜❧❡♠s ❞✉r✐♥❣ t❤❡ s✐♥❣❧❡ ❣❛s ♠❡❛s✉r❡♠❡♥ts ✐s t❤❡ ✢❛tt❡♥✐♥❣ ♦❢ t❤❡ s❡✲

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

❞✉r❛t✐♦♥s ❢♦r t❤❡ ♠❡❛s✉r❡❞ ❣❛s❡s ❞✉❡ t♦ ❤❡❛t ❝♦♥❞✉❝t✐✈✐t② ❞✐✛❡r❡♥❝❡s ❛♥❞ t❤❡r❡❢♦r❡ ❞✐✛❡r✲

❡♥t ❤❡❛t✐♥❣ r❛t❡s✳

❚❤✐s ✐ss✉❡ ❝♦✉❧❞ ❜❡ ❡❛s✐❧② t❛❝❦❧❡❞ ❜② ❡✈❛❝✉❛t✐♥❣ t❤❡ t❡st r✐❣ ❛❢t❡r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ❛♥❞

✜❧❧✐♥❣ ✐t ❛❢t❡r t❤❡ t❛r❣❡t t❡♠♣❡r❛t✉r❡ ❤❛s ❜❡❡♥ r❡❛❝❤❡❞ t♦ ❝r❡❛t❡ ❡q✉❛❧ ♠❡❛s✉r❡♠❡♥t ❝♦♥❞✐✲

t✐♦♥s ❢♦r ❡❛❝❤ ❣❛s✳ ■❢ t❤✐s ❞♦❡s ♥♦t ♣r♦✈❡ t♦ ❜❡ t❤❡ r❡❛s♦♥ ❢♦r t❤✐s tr❡♥❞✱ ♦t❤❡r ❛♣♣r♦❛❝❤❡s

❤❛✈❡ t♦ ❜❡ ❝❤♦s❡♥✱ ❢♦r ❡①❛♠♣❧❡ ❝❤❡❝❦✐♥❣ t❤❡ s❡❛❧✐♥❣ ♦❢ t❤❡ ❣r❛♣❤✐t❡ ❢❡rr✉❧❡s ❛t ❤✐❣❤❡r

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

❢♦r t❤❡ ❝❤♦s❡♥ t❡st ❣❛s ♠✐①t✉r❡ ✭♠❡t❤❛♥❡✴❤❡❧✐✉♠✮ ✐♥ ❝❤❛♣t❡r ✹✳✺✳✻✱ ♦t❤❡r ❣❛s ♠✐①t✉r❡s s❤♦✇

❝♦♥s✐❞❡r❛❜❧② ❤✐❣❤❡r st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ✇✐t❤ t❤❡ ❝❤♦s❡♥ ♠❡t❤♦❞✳ ❆ r❡❛s♦♥ ❢♦r t❤❛t ❝❛♥

❜❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❞❡♥s✐t② ❢♦r t❤❡ ♦t❤❡r ❣❛s❡s✳ ●✐✈❡♥ t❤❡ ♠✐①t✉r❡ ♦❢ ❤②❞r♦❣❡♥ ❛♥❞ ❡t❤❛♥❡✱

❤②❞r♦❣❡♥ ❤❛s ❛ ❞❡♥s✐t② ✜❢t❡❡♥ t✐♠❡s ❧♦✇❡r t❤❛♥ ❡t❤❛♥❡✳❬✶✵❪ ❚❤❡r❡❢♦r❡✱ ❣❛s str❛t✐✜❝❛t✐♦♥

❡✛❡❝ts ❝♦✉❧❞ ❤❛♣♣❡♥ ✐♥s✐❞❡ ♦❢ t❤❡ ❝②❧✐♥❞❡r✳ ❚❤✐s ❝❛♥ ❜❡ ❝❤❡❝❦❡❞ ❛♥❞ ❛✈♦✐❞❡❞ ❜② ❞♦✐♥❣

♠❡t❤♦❞ ❝❛❧✐❜r❛t✐♦♥s ❢♦r ❡❛❝❤ ❝❤♦s❡♥ ❣❛s ♠✐①t✉r❡✳
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✻ ❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥s

▼✐❝r♦♣♦r♦✉s ❝❡r❛♠✐❝ ♠❡♠❜r❛♥❡ ❧❛②❡rs ✇❡r❡ ❞❡♣♦s✐t❡❞ ♦♥t♦ ❛ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❛❧✉♠✐♥❛

t✉❜✉❧❛r s✉♣♣♦rt ❜② ❞✐♣✲❝♦❛t✐♥❣ ✐♥t♦ ❛ ♣♦❧②s✐❧❛③❛♥❡ ❜❛s❡❞ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✱ ❝r♦ss❧✐♥❦✐♥❣ ❛♥❞

♣②r♦❧②s✐s✳ ❯s✐♥❣ t❤❛t ♠❡t❤♦❞✱ s❡♣❛r❛t✐♦♥ ❧❛②❡rs ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ✷✳✺➭♠ ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❜②

✉s✐♥❣ ❞✐✛❡r❡♥t ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s✳ ◆♦ ♦t❤❡r ♣❛r❛♠❡t❡rs ✇❡r❡ ✈❛r✐❡❞ ✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ s②st❡♠

❛s ❝♦♥st❛♥t ❛s ♣♦ss✐❜❧❡✳

❍♦✇❡✈❡r✱ ❞✉r✐♥❣ t❤✐s ♣r♦❝❡ss✱ s❡✈❡r❛❧ ❝❤❛❧❧❡♥❣❡s ✇❡r❡ ❢❛❝❡❞✿ ❆t ✜rst✱ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ♠❡s♦✲

♣♦r♦✉s ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r ❧❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❝r❛❝❦s ✇❤❡♥ ✉s✐♥❣ ❡①❝❡ss✐✈❡❧② ❤✐❣❤ ✇✐t❤❞r❛✇❛❧

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

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

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

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

❉✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ✇❡r❡ ❝❤♦s❡♥ t♦ r❡❞✉❝❡ ❝r❛❝❦ ❢♦r♠❛t✐♦♥✱ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❞✐r❡❝t ❝♦❛t✐♥❣ ♦❢ ❛

❝r♦ss❧✐♥❦❡❞ s❛♠♣❧❡ ✇✐t❤ ❛ s❡❝♦♥❞ ❧❛②❡r t♦ ❧✐♠✐t ❢✉rt❤❡r ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ♠❡s♦♣♦r♦✉s ✐♥t❡r♠❡❞✐❛t❡

❧❛②❡r✳ ❚❤✐s ❧❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❡✈❡♥ ❧❛r❣❡r ❝r❛❝❦s✳ ❆♥♦t❤❡r ❛♣♣r♦❛❝❤ ✇❛s t♦ ❝♦♥t✐♥✉♦✉s❧②

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

❧❛②❡rs✳ ❚❤❡ s♠❛❧❧❡st ❝r❛❝❦s ✇❤✐❧❡ st✐❧❧ ❛♣♣❧②✐♥❣ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ❜② tr✐♣❧❡

❝♦❛t✐♥❣ ✇✐t❤ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s ♦❢ ✶✹✵♠♠✴♠✐♥ ✐♥ t❤❡ ✜rst st❡♣✱ ✶✵✵♠♠✴♠✐♥ ✐♥ t❤❡ s❡❝♦♥❞ st❡♣

❛♥❞ ✺✵♠♠✴♠✐♥ ✐♥ t❤❡ t❤✐r❞ st❡♣s✱ ❛❧❧ ♦❢ ✇❤✐❝❤ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ ♣✉r❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r✳

❚❤✐s ❧❡❞ t♦ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ✷➭♠ ❛♥❞ ❛ ❝r❛❝❦ ✇✐❞t❤ ♦❢ ✵✳✶➭♠✳

❆ t❡st r✐❣ ❢♦r ♠❡❛s✉r✐♥❣ ♣❡r♠❡❛❜✐❧✐t✐❡s ❛♥❞ s❡❧❡❝t✐✈✐t✐❡s ♦❢ t✉❜✉❧❛r ❛s②♠♠❡tr✐❝ ♠❡♠❜r❛♥❡s ✇❛s

✐♠♣❧❡♠❡♥t❡❞✳ ❆ ▲❛❜❱■❊❲ ✐♥t❡❣r❛t❡❞ r❡♠♦t❡ s♦❧✉t✐♦♥ t♦ ❝♦♥tr♦❧ t❤❡ t❡st r✐❣ ✇❛s ♣r♦❣r❛♠♠❡❞

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

✉s✐♥❣ ❣❛s ♠✐①t✉r❡s ✇❛s ❞❡✈❡❧♦♣❡❞✳

❚✇♦ s❛♠♣❧❡ ♠❡♠❜r❛♥❡s ✇✐t❤ ♣r♦♠✐s✐♥❣ s❡♣❛r❛t✐♦♥ ❧❛②❡r t❤✐❝❦♥❡ss t♦ ❝r❛❝❦ ✇✐❞t❤ r❛t✐♦ ❛♥❞ ♦♥❡

s❛♠♣❧❡ ♠❡♠❜r❛♥❡ ✇✐t❤♦✉t ❛ ✈✐s✐❜❧❡ s❡♣❛r❛t✐♦♥ ❧❛②❡r ✇❡r❡ ♣r❡♣❛r❡❞ ❢♦r ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❡ t❡st

r✐❣ t♦ ❝❤❡❝❦ t❤❡ ❡✛❡❝t ♦❢ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ♦♥ t❤❡ ♣❡r♠❡❛♥❝❡ ❛♥❞ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡ ♠❡♠❜r❛♥❡s✳

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

t❡♠♣❡r❛t✉r❡s ✉♣ t♦ ✹✺✵ ◦❈✳

❉✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts✱ s❡✈❡r❛❧ tr❡♥❞s r❡❣❛r❞✐♥❣ t❤❡ ♠❡♠❜r❛♥❡ ♣r♦♣❡rt✐❡s ✇❡r❡ ❢♦✉♥❞✳ ❆❧✲
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t❤♦✉❣❤ ❝r❛❝❦s ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ✐♥ ❛❧❧ ♠❡♠❜r❛♥❡s ♠❡❛s✉r❡❞✱ ♠♦❧❡❝✉❧❛r s✐❡✈✐♥❣ ❜❡❤❛✈✐♦✉r ❝♦✉❧❞

❜❡ ♦❜s❡r✈❡❞ ✐♥ ❛❧❧ ♦❢ t❤❡♠✳ ❚❤✐s ✇❛s s❤♦✇♥ ❜② ❛♥ ✐♥❝r❡❛s❡ ✐♥ s❡❧❡❝t✐✈✐t② ❛t ❤✐❣❤❡r t❡♠♣❡r✲

❛t✉r❡s✱ ❧❡❛❞✐♥❣ t♦ s❡❧❡❝t✐✈✐t✐❡s ❡①❝❡❡❞✐♥❣ t❤❡ ❑♥✉❞s❡♥ ❞✐✛✉s✐♦♥ ✈❛❧✉❡s✳ ❍♦✇❡✈❡r✱ ✐t ✐s ✈❡r②

✐♠♣♦rt❛♥t t♦ ❧✐♠✐t t❤❡ ❝r❛❝❦ ✇✐❞t❤ t♦ ❛♥ ❛❜s♦❧✉t❡ ♠✐♥✐♠✉♠✱ ❛s ❡✈❡♥ s♠❛❧❧ ❝r❛❝❦s ❝❛♥ ❧❡❛❞ t♦

❛ ♠❛ss✐✈❡ ❧♦ss ♦❢ s❡❧❡❝t✐✈✐t②✳ ■t ✇❛s ❛❧s♦ ❢♦✉♥❞ ♦✉t✱ t❤❛t ❡✈❡♥ ❢♦r t❤❡ s❛♠♣❧❡ ✇✐t❤♦✉t ❛ ✈✐s✐❜❧❡

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

✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ♠❡s♦♣♦r♦✉s ❧❛②❡r✱ ♠✐❝r♦♣♦r♦✉s r❡❣✐♦♥s ✇❡r❡ ❢♦r♠❡❞✳ ■t ❝♦✉❧❞

❢✉rt❤❡r ❜❡ s❤♦✇♥ t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ s❡♣❛r❛t✐♦♥ ❧❛②❡r ❡♥❤❛♥❝❡s t❤❡ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡ ♠❡♠❜r❛♥❡✳
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✼ ❖✉t❧♦♦❦

Pr❡♣❛r❛t✐♦♥ ♦❢ ♠❡♠❜r❛♥❡ ❧❛②❡rs

❉✉r✐♥❣ t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❧❛②❡rs✱ t❤❡ ❜✐❣❣❡st ❝❤❛❧❧❡♥❣❡ ✇❛s t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢

❝r❛❝❦✲❢r❡❡ s❡♣❛r❛t✐♦♥ ❧❛②❡rs✳ ■♥ ❛♥ ❡✛♦rt t♦ ♦❜t❛✐♥ s✉❝❤ ❝r❛❝❦✲❢r❡❡ ❧❛②❡rs✱ s❡✈❡r❛❧ ❛❞❞✐t✐♦♥❛❧

❛♣♣r♦❛❝❤❡s ❝❛♥ ❜❡ t❛❦❡♥✳

❚♦ ♦♣t✐♠✐s❡ t❤❡ r❡s✉❧ts ❛❝❤✐❡✈❛❜❧❡ ✇✐t❤ ❞✐♣✲❝♦❛t✐♥❣✱ ♣❛r❛♠❡t❡rs ♦t❤❡r t❤❛♥ t❤❡ ✇✐t❤❞r❛✇❛❧ s♣❡❡❞s

❝❛♥ ❜❡ ✈❛r✐❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ✈✐s❝♦s✐t② ♦❢ t❤❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r ❝❛♥ ❜❡ ❧♦✇❡r❡❞ ❜② ❞✐❧✉t✐♥❣

t❤❡ ♣✉r❡ ❧✐q✉✐❞ ✇✐t❤ ❛ s♦❧✈❡♥t s✉❝❤ ❛s t♦❧✉❡♥❡✳ ❚❤✐s t♦❣❡t❤❡r ✇✐t❤ ❝❛rr②✐♥❣ ♦✉t ♠♦r❡ ❝♦❛t✐♥❣

st❡♣s ❧❡❛❞ t♦ t❤✐♥♥❡r ❧❛②❡rs ❜❡✐♥❣ ❛♣♣❧✐❡❞ ❞✉r✐♥❣ ❡❛❝❤ st❡♣✱ ✇❤✐❝❤ s❤♦✉❧❞ ❧✐♠✐t ❝r❛❝❦ ❢♦r♠❛t✐♦♥✳

❆♥♦t❤❡r t❤✐♥❣ ✇♦✉❧❞ ❜❡ t♦ tr② ♦t❤❡r ♠❡t❤♦❞s ♦❢ ❝♦❛t✐♥❣✳ ❆s t❤❡ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡

❧❛②❡r ✇✐t❤ t❤❡ ♣r❡✲❝❡r❛♠✐❝ ♣♦❧②♠❡r ♣❡rs✐sts t♦ ❜❡ ❛ ♣r♦❜❧❡♠ ❡♥❝♦✉♥t❡r❡❞ ✇❤❡♥ ✉s✐♥❣ ❞✐♣✲❝♦❛t✐♥❣✱

❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❝❛♥ ❜❡ ❝❤♦s❡♥ t♦ ❧✐♠✐t t❤✐s✳ ❖♥❡ ♦❢ t❤♦s❡ ✇♦✉❧❞ ❜❡ t♦ ✐♥❝r❡❛s❡ t❤❡ ✈✐s❝♦s✐t②

♦❢ t❤❡ ♣♦❧②♠❡r ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ t❤❡ ✐♥✜❧tr❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡rs✳ ❚❤✐s ❝❛♥ ❜❡ ❞♦♥❡ ❜②

♣❛rt✐❛❧❧② ❝r♦ss❧✐♥❦✐♥❣ t❤❡ ♣♦❧②♠❡r ❜❡❢♦r❡ ❝♦❛t✐♥❣ t❤❡ s✉❜str❛t❡✳ ❆s t❤❡ ✈✐s❝♦s✐t② t❤❡♥ ✇♦✉❧❞ ❜❡ t♦♦

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

♣♦❧②♠❡r ♦♥t♦ t❤❡ s✉❜str❛t❡ ✉s✐♥❣ ❛ ❞♦❝t♦r ❜❧❛❞❡✱ ♠❛❦✐♥❣ t❤❡ ❧❛②❡r ❛s t❤✐♥ ❛s ♣♦ss✐❜❧❡✳ Pr❡❧✐♠✐♥❛r②

t❡sts ✇❡r❡ ♣❡r❢♦r♠❡❞ t♦ ❝❤❡❝❦ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤✐s ♠❡t❤♦❞✱ ✇❤✐❝❤ ❤✐♥t❡❞ t♦ s❡♣❛r❛t✐♦♥ ❡✣❝✐❡♥❝✐❡s

✶✺✲✷✵ t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡ ♠❡♠❜r❛♥❡s ♣r❡♣❛r❡❞ ❜② ❞✐♣✲❝♦❛t✐♥❣ ✐♥ t❤✐s ✇♦r❦✳ ■♥ t❤❡ ❆♣♣❡♥❞✐①✱

t❤❡ r❡s✉❧ts ♦❢ s♦♠❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts ❛r❡ s❤♦✇♥✳

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

♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ♠❡♠❜r❛♥❡ ❛r♦s❡✳ ❊s♣❡❝✐❛❧❧② ✜♥❞✐♥❣ t❤❡ r✐❣❤t t✐♠✐♥❣ t♦ q✉❡♥❝❤ t❤❡ ❝r♦ss❧✐♥❦✐♥❣

♣r♦✈❡❞ t♦ ❜❡ ❞✐✣❝✉❧t✳ ❆♥♦t❤❡r ✐ss✉❡ ✇❛s t❤❡ ❢r❛❣✐❧✐t② ♦❢ t❤❡ ❧❛②❡r ❞✉r✐♥❣ s❡❛❧✐♥❣✳ ❚✇♦ ♦t❤❡r

s❛♠♣❧❡s ♣r❡♣❛r❡❞ t❤✐s ✇❛② ✇❛s ❞❛♠❛❣❡❞ ❞✉r✐♥❣ t❤❡ s❡❛❧✐♥❣✱ ❛s t❤❡ ♥✉t s❡❛❧✐♥❣ t❤❡ s❛♠♣❧❡ ❧❡❢t

s❝r❛t❝❤❡s ✐♥ t❤❡ ❧❛②❡r✱ t❤✉s ♠❛❦✐♥❣ t❤❡ s❛♠♣❧❡s ✉s❡❧❡ss ❢♦r ♠❡♠❜r❛♥❡ t❡st✐♥❣✳

❆ ✇❛② ♦❢ ♣♦ss✐❜❧② ✜①✐♥❣ t❤✐s ✐s ❝♦♠❜✐♥✐♥❣ t❤✐s ♠❡t❤♦❞ ✇✐t❤ ❞✐♣✲❝♦❛t✐♥❣✱ ❛s t❤❡ ❧❛②❡rs ♣r❡♣❛r❡❞ ❜②

❞✐♣✲❝♦❛t✐♥❣ ♣r♦✈❡❞ t♦ ❜❡ ♠♦r❡ r♦❜✉st ❞✉r✐♥❣ t❤❡ s❡❛❧✐♥❣ ♣r♦❝❡ss✳ ❋♦r t❤❛t✱ ❡✐t❤❡r ❛ ❞✐♣✲❝♦❛t✐♥❣

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

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

❝r❡❛t❡ ❛ ♠♦r❡ r♦❜✉st ❧❛②❡r✳
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❘❡❢❡r❡♥❝❡s

❬✶❪ ❳✳ ❈❤❡♥❣ ❡t ❛❧✳ ❆ r❡✈✐❡✇ ♦❢ ♣❡♠ ❤②❞r♦❣❡♥ ❢✉❡❧ ❝❡❧❧ ❝♦♥t❛♠✐♥❛t✐♦♥✿ ■♠♣❛❝ts✱ ♠❡❝❤❛♥✐s♠s✱

❛♥❞ ♠✐t✐❣❛t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ P♦✇❡r ❙♦✉r❝❡s✱ ✭✶✻✺✮✿✼✸✾✕✼✺✻✱ ✷✵✵✼✳

❬✷❪ ❏✳ ❉♦♥❣ ❡t ❛❧✳ ▼✐❝r♦♣♦r♦✉s ✐♥♦r❣❛♥✐❝ ♠❡♠❜r❛♥❡s ❢♦r ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❤②❞r♦❣❡♥ ♣✉r✐✜❝❛t✐♦♥✳

❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ P❤②s✐❝s✱ ✭✶✵✹✮✿✶✷✶✸✵✶✱ ✷✵✵✽✳

❬✸❪ ❍✳ ▼♦r✐ ❡t ❛❧✳ ❋❛❜r✐❝❛t✐♦♥ ♦❢ s✉♣♣♦rt❡❞ ❙✐3◆4 ♠❡♠❜r❛♥❡s ✉s✐♥❣ t❤❡ ♣②r♦❧②s✐s ♦❢ ❧✐q✉✐❞

♣♦❧②s✐❧❛③❛♥❡ ♣r❡❝✉rs♦r✳ ❏♦✉r♥❛❧ ♦❢ ▼❡♠❜r❛♥❡ ❙❝✐❡♥❝❡✱ ✭✶✹✼✮✿✷✸✕✸✸✱ ✶✾✾✽✳

❬✹❪ ❙❝❤♦❧③❡ ❍✳ ❙❛❧♠❛♥❣✱ ❍✳ ❑❡r❛♠✐❦✳ ❙♣r✐♥❣❡r✱ ✼ ❡❞✐t✐♦♥✱ ✷✵✵✼✳

❬✺❪ ❘✳ ❘✐❡❞❡❧ ❡t ❛❧✳ ❈r②st❛❧❧✐③❛t✐♦♥ ❜❡❤❛✈✐♦✉r ♦❢ ❛♠♦r♣❤♦✉s s✐❧✐❝♦♥ ♥✐tr✐❞❡✳ ❏♦✉r♥❛❧ ♦❢ t❤❡

❊✉r♦♣❡❛♥ ❈❡r❛♠✐❝ ❙♦❝✐❡t②✱ ✭✼✭✶✮✮✿✷✶✕✷✺✱ ✶✾✾✶✳

❬✻❪ ❏✳ ❙❤❛❝❦❧❡❢♦r❞ ❡t ❛❧✳ ❈❘❈ ▼❛t❡r✐❛❧s ❙❝✐❡♥❝❡ ❛♥❞ ❊♥❣✐♥❡❡r✐♥❣ ❍❛♥❞❜♦♦❦✳ ❈❘❈ Pr❡ss✱ ✹

❡❞✐t✐♦♥✱ ✷✵✶✻✳

❬✼❪ ◆♦♥✲♦①✐❞❡ ❝❡r❛♠✐❝s ✕ s✐❧✐❝♦♥ ♥✐tr✐❞❡ ✭❙✐3◆4✮✱ ❤tt♣s✿✴✴✇✇✇✳❝❡r❛♠t❡❝✳❝♦♠✴❝❡r❛♠✐❝✲

♠❛t❡r✐❛❧s✴s✐❧✐❝♦♥✲♥✐tr✐❞❡✴✳ ❆❝❝❡ss❡❞✿ ✷✵✶✾✲✶✶✲✵✻✳
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