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✐♠ ❘❛❤♠❡♥ ❞❡s ❙t✉❞✐✉♠s
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❆❜str❛❝t

❋✉❡❧ ❝❡❧❧s ✇✐❧❧ ♣❧❛② ❛ ❦❡② r♦❧❡ ✐♥ ❛♥ ❡♥❡r❣② s②st❡♠ t❤❛t ❞♦❡s ♥♦t r❡❧② ♦♥ ❢♦ss✐❧ ❢✉❡❧s✳
❊s♣❡❝✐❛❧❧② s♦❧✐❞ ♦①✐❞❡ ❢✉❡❧ ❝❡❧❧s ❤❛✈❡ t❤❡ ❛❜✐❧✐t② t♦ ❝♦♥✈❡rt ❝❤❡♠✐❝❛❧ ❡♥❡r❣② ✐♥t♦
❡❧❡❝tr✐❝✐t② ✇✐t❤ ✈❡r② ❤✐❣❤ ❡✣❝✐❡♥❝②✳ ❈♦♠♠❡r❝✐❛❧ s②st❡♠s ❛r❡ ❛❧r❡❛❞② ❛✈❛✐❧❛❜❧❡✱ ❜✉t
r❡s❡❛r❝❤ ❢♦❝✉s❡s ♦♥ ♥❡✇ ♠❛t❡r✐❛❧s ✇✐t❤ s✉♣❡r✐♦r ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❞✉r❛❜✐❧✐t②✳ ❚♦
✐♥✈❡st✐❣❛t❡ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s✱ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝✲
tr♦s❝♦♣② ❝❛♥ ❜❡ ✉s❡❞✳ ❋♦r ♦♣❡♥✲❝✐r❝✉✐t ✈♦❧t❛❣❡ ✭❖❈❱✮ t❡st✐♥❣✱ ♠❡❛s✉r❡♠❡♥ts ❛r❡
t②♣✐❝❛❧❧② ❝♦♥❞✉❝t❡❞ ♦♥ s②♠♠❡tr✐❝❛❧ t✇♦✲❡❧❡❝tr♦❞❡ ♠♦❞❡❧ ❝❡❧❧s✳ ❍♦✇❡✈❡r✱ ♠❡❛s✉r✲
✐♥❣ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ s✐♥❣❧❡ ♣♦r♦✉s ❡❧❡❝tr♦❞❡✱ ✇❤✐❧❡ ❛♣♣❧②✐♥❣ ❛ ❜✐❛s ✈♦❧t❛❣❡ t♦
t❤❡ ❝❡❧❧✱ ✐s ♦♥❧② ♣♦ss✐❜❧❡ ✇✐t❤ ❛ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❡t✉♣✳ ❯♥❢♦rt✉♥❛t❡❧②✱ s✉❝❤ ♠❡❛✲
s✉r❡♠❡♥ts ❛r❡ ♣r♦♥❡ t♦ ♠❡❛s✉r❡♠❡♥t ❛rt✐❢❛❝ts✳
■♥ t❤✐s t❤❡s✐s✱ t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ t✇♦ ❞✐✛❡r❡♥t

s❛♠♣❧❡ ❣❡♦♠❡tr✐❡s ✭✧✇✐♥❣ ❞❡s✐❣♥✧ ❛♥❞ ✧♣❡❞❡st❛❧ ❞❡s✐❣♥✧✮✳ ❉✐✛❡r❡♥t ♣♦r♦✉s ❡❧❡❝✲
tr♦❞❡s ✇❡r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❛t ❖❈❱ ✐♥ ♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❛s ✇❡❧❧
❛s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ♦❢t❡♥ ❝♦♥t❛✐♥❡❞ ❛rt✐❢❛❝ts✱
s✉❝❤ ❛s ✐♥❞✉❝t✐✈❡ ❢❡❛t✉r❡s✱ ❜✉t ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❛❜❧❡ ❛♥❞ ❝♦♠♣❛r❛❜❧❡
t♦ ❞❡❢❡❝t ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s ♥♦♥❡t❤❡❧❡ss✳ ❍✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ✇❡r❡ ✐❞❡♥t✐✲
✜❡❞ t♦ r❡s✉❧t ❢r♦♠ t❤❡ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡s ♠❡❛s✉r✐♥❣
❧✐♥❡ t♦ ✐ts s❤✐❡❧❞ ❛♥❞ ✇❡r❡ ♣❛rt❧② ❝♦♠♣❡♥s❛t❡❞ ❜② ❡st❛❜❧✐s❤✐♥❣ ❛♥ ❛❝t✐✈❡ s❤✐❡❧❞✲
✐♥❣✳ ❆s②♠♠❡tr✐❝ s❛♠♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ✭t✇♦ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s✮ ②✐❡❧❞❡❞
♠♦r❡ ✈✐❛❜❧❡ r❡s✉❧ts t❤❛♥ s②♠♠❡tr✐❝ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛s ❛rt✐❢❛❝ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠
t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✇❡r❡ ✇❡❧❧ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ❞✉❡ t♦
❞✐✛❡r✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝✐❡s✳ ●❡♥❡r❛❧❧②✱ ✐t ✇❛s s❤♦✇♥ t❤❛t ❜❡st r❡s✉❧ts ❛r❡
♦❜t❛✐♥❛❜❧❡ ✇❤❡♥ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐s ❧♦✇ ❛♥❞ t❤❡
♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ✇♦r❦✐♥❣ ❛♥❞ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❞✐✛❡r ❜② ❛t ❧❡❛st t✇♦ ♦r❞❡rs ♦❢
♠❛❣♥✐t✉❞❡✳
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❑✉r③❢❛ss✉♥❣

❇r❡♥♥st♦✛③❡❧❧❡♥ ✇❡r❞❡♥ ❡✐♥❡ ❙❝❤❧üss❡❧r♦❧❧❡ ✐♥ ❡✐♥❡♠ ❊♥❡r❣✐❡s②st❡♠ s♣✐❡❧❡♥✱ ❞❛s
♥✐❝❤t ✈♦♥ ❢♦ss✐❧❡♥ ❇r❡♥♥st♦✛❡♥ ❛❜❤ä♥❣✐❣ ✐st✳ ■♥s❜❡s♦♥❞❡r❡ ❋❡st♦①✐❞✲❇r❡♥♥st♦✛③❡❧❧❡♥
s✐♥❞ ✐♥ ❞❡r ▲❛❣❡✱ ❝❤❡♠✐s❝❤❡ ❊♥❡r❣✐❡ ♠✐t s❡❤r ❤♦❤❡♠ ❲✐r❦✉♥❣s❣r❛❞ ✐♥ ❙tr♦♠
✉♠③✉✇❛♥❞❡❧♥✳ ❑♦♠♠❡r③✐❡❧❧❡ ❙②st❡♠❡ s✐♥❞ ❜❡r❡✐ts ✈❡r❢ü❣❜❛r✱ ❞✐❡ ❋♦rs❝❤✉♥❣ ❦♦♥③❡♥✲
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✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ ✇♦r❧❞ ✐s ✐♥ t❤❡ ♠✐❞st ♦❢ ❛ ❣❧♦❜❛❧ ❝❧✐♠❛t❡ ❝r✐s✐s ♣r♦✈♦❦❡❞ ❜② t❤❡ ❛❜✉♥❞❛♥t❧②
❛♥t❤r♦♣♦❣❡♥✐❝ ❡♠✐ss✐♦♥ ♦❢ ❣r❡❡♥ ❤♦✉s❡ ❣❛s❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡ ❛t♠♦s♣❤❡r❡
❤❡❛ts ✉♣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s♣❡❡❞✿ t❤❡ ❧❛st ✜✈❡ ②❡❛rs ✇❡r❡ t❤❡ ❤♦tt❡st ②❡❛rs ❡✈❡r
r❡❝♦r❞❡❞ ❬✶❪✳ ❚♦ t❛❝❦❧❡ t❤✐s s✐t✉❛t✐♦♥✱ ❈❖✷ ❡♠✐ss✐♦♥s ♥❡❡❞ t♦ ❜❡ r❡❞✉❝❡❞ ❞r❛st✐✲
❝❛❧❧②✳ ❘❡♥❡✇❛❜❧❡ ❡♥❡r❣② ♣r♦❞✉❝t✐♦♥ ♣❧❛②s ❛ ❝r✉❝✐❛❧ r♦❧❡ ✐♥ t❤✐s ✐♥✐t✐❛t✐✈❡✳ ❲✐t❤
❛♥ ✐♥❝r❡❛s✐♥❣ ❛♠♦✉♥t ♦❢ ✈♦❧❛t✐❧❡ ♣♦✇❡r ♣r♦❞✉❝t✐♦♥✱ s✉❝❤ ❛s ✇✐♥❞ ♦r s♦❧❛r✱ t❤❡ ❝❛✲
♣❛❝✐t② ❢♦r st♦r❛❣❡ ♦❢ ❡❧❡❝tr✐❝✐t② ♥❡❡❞s t♦ ❜❡ ❡♥❧❛r❣❡❞✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❙♦❧✐❞
❖①✐❞❡ ❋✉❡❧ ❛♥❞ ❊❧❡❝tr♦❧②s✐s ❈❡❧❧s ✭❙❖❋❈✴❙❖❊❈✮ ✐s ❛ s✉✐t❛❜❧❡ ♦♣t✐♦♥ ❢♦r t❤❡ ❜✉✐❧❞
✉♣ ♦❢ ❧❛r❣❡ st♦r❛❣❡ ❝❛♣❛❝✐t✐❡s ✐♥ ❢♦r♠ ♦❢ ❤②❞r♦❣❡♥ t❤❛t ❝❛♥ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦
❡❧❡❝tr✐❝✐t② ✇✐t❤ ❤✐❣❤ ❡✣❝✐❡♥❝② ❬✷❪✳
❈♦♥tr❛r② t♦ ♦t❤❡r ❢♦r♠s ♦❢ ♣♦✇❡r ❣❡♥❡r❛t✐♦♥✱ ✇❤❡r❡ ♠✉❧t✐♣❧❡ tr❛♥s❢♦r♠❛t✐♦♥

st❡♣s ❛r❡ ♥❡❡❞❡❞✱ ❢✉❡❧ ❝❡❧❧s ❝♦♥✈❡rt t❤❡ ❝❤❡♠✐❝❛❧ ❡♥❡r❣② ♦❢ t❤❡ ❢✉❡❧ ❞✐r❡❝t❧② ✐♥t♦
❡❧❡❝tr✐❝❛❧ ❡♥❡r❣②✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❛ ✈❡r② ❤✐❣❤ ❡✣❝✐❡♥❝② ♦❢ ✉♣ t♦ ✻✵✪ ❬✸❪ ✐s
♣♦ss✐❜❧❡ ✇❤✐❝❤ ❝❛♥ ❜❡ ❢✉rt❤❡r ✐♥❝r❡❛s❡❞ ✇❤❡♥ ✉s✐♥❣ t❤❡ ❡①❤❛✉st ❣❛s❡s ❛s ❛ ❤❡❛t
s♦✉r❝❡ ❢♦r ♦t❤❡r ♣r♦❝❡ss❡s ♦r ✐♥ ❛ ❝♦♠❜✐♥❡❞ ❤❡❛t ❛♥❞ ♣♦✇❡r ❛♣♣❧✐❝❛t✐♦♥✳
❉✐✛❡r❡♥t t②♣❡s ♦❢ ❢✉❡❧ ❝❡❧❧s ❛r❡ ❛✈❛✐❧❛❜❧❡ ✇❤✐❝❤ ❛r❡ ❞✐st✐♥❣✉✐s❤❡❞ ❜② t❤❡ ✉s❡❞

❡❧❡❝tr♦❧②t❡✳ ❙❖❋❈s r❡❧② ♦♥ ❛ s♦❧✐❞ ♦①②❣❡♥ ✐♦♥ ❝♦♥❞✉❝t✐♥❣ ❡❧❡❝tr♦❧②t❡ ❛♥❞ ❤❛✈❡
♠✉❧t✐♣❧❡ ❛❞✈❛♥t❛❣❡s ♦✈❡r ♦t❤❡r t②♣❡s ❞✉❡ t♦ t❤❡ ❤✐❣❤ ♦♣❡r❛t✐♦♥ t❡♠♣❡r❛t✉r❡ ♦❢ ✻✵✵
t♦ ✶✵✵✵➦❈✳ ❚❤❡② ❤❛✈❡ ♥♦ ♥❡❡❞ ❢♦r ❝♦st❧② ❝❛t❛❧②sts ❛♥❞ ♦✛❡r ❛ ❜r♦❛❞ ❢✉❡❧ ✢❡①✐❜✐❧✐t②✳
❍♦✇❡✈❡r✱ t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ❛❧s♦ ✐♠♣♦s❡ ♣r♦❜❧❡♠s s✉❝❤ ❛s ❢❛st ❞❡❣r❛❞❛t✐♦♥✱
❧♦♥❣ st❛rt✲✉♣ t✐♠❡ ❛♥❞ ❝♦♠♣❧❡① ❢❛❜r✐❝❛t✐♦♥ ♣r♦❝❡ss❡s ❬✹❪✳
❙t❛t❡✲♦❢✲t❤❡✲❛rt ❙❖❋❈s ✉s❡ ②ttr✐❛✲st❛❜✐❧✐③❡❞ ③✐r❝♦♥✐❛ ✭❨❙❩✮ ❛s ❡❧❡❝tr♦❧②t❡s✳ ❋♦r

❝❛t❤♦❞❡s✱ ❛ ❝♦♠♣♦s✐t❡ ♦❢ ❨❙❩ ✇✐t❤ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐♥❣ ❙r✲❞♦♣❡❞ ▲❛▼♥❖✸ ✐s t❤❡
♠♦st ✉s❡❞ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧✱ ✇❤❡r❡❛s ❛ ❝❡r❛♠✐❝✲♠❡t❛❧ ❝♦♠♣♦s✐t❡ ✭❝❡r♠❡t✮ ♦❢ ◆✐
❛♥❞ ❨❙❩ ✐s t❤❡ t②♣✐❝❛❧ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ❢♦r ❛♥♦❞❡s ❬✺❪✳ ❚❤❡s❡ ♠❛t❡r✐❛❧s✱ ❤♦✇✲
❡✈❡r✱ ❤❛✈❡ s♦♠❡ s❡✈❡r❡ ❞✐s❛❞✈❛♥t❛❣❡s✳ ◆✐✴❨❙❩ ✐s ♣r♦♥❡ t♦ ❞❡❣r❛❞❛t✐♦♥ ❞✉❡ t♦ ◆✐
❝♦❛rs❡♥✐♥❣ ❬✻❪✱ ❤❛s ♣♦♦r t♦❧❡r❛♥❝❡ ❢♦r s✉❧❢✉r ✐♠♣✉r✐t✐❡s ✐♥ t❤❡ ❢✉❡❧ ❬✼❪ ❛♥❞ ❧✐♠✐t❡❞
r❡❞♦①✲❝②❝❧✐♥❣ st❛❜✐❧✐t② ❬✽❪✳ ▲❙▼ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ ❤❛s ♣♦♦r ♦①②❣❡♥ ✐♦♥ ❝♦♥❞✉❝✲
t✐✈✐t② ❬✾❪✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ r❡s❡❛r❝❤ ✐s ❢♦❝✉s❡❞ ♦♥ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s✱
s✉❝❤ ❛s ✭▲❛✱❙r✮✭❈♦✱❋❡✮❖✸ ❬✶✵❪ ❬✶✶❪ ❬✶✷❪ ❬✶✸❪ ♦r ❞♦♣❡❞ ❝❡r✐❛ ❬✶✹❪ ❬✶✺❪ ❬✶✻❪✳
❚♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❡❧❡❝tr♦❞❡s✱ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝✲

tr♦s❝♦♣② ✐s t❤❡ ❝♦♠♠♦♥❧② ✉s❡❞ ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡
✉s✉❛❧❧② ❝♦♥❞✉❝t❡❞ ♦♥ s❛♠♣❧❡s ❝♦♥s✐st✐♥❣ ♦❢ t✇♦ ❡❧❡❝tr♦❞❡s✱ r❡❢❡rr❡❞ t♦ ❛s ✇♦r❦✐♥❣
❡❧❡❝tr♦❞❡ ✭❲❊✮ ❛♥❞ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✭❈❊✮✳ ❚❤❡ ♠❡❛s✉r❡❞ ✐♠♣❡❞❛♥❝❡ ❝♦rr❡s♣♦♥❞s
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t♦ ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss❡s t❛❦✐♥❣ ♣❧❛❝❡ ❛t ❜♦t❤ ❡❧❡❝tr♦❞❡s ❛♥❞ t❤❡ ❡❧❡❝✲
tr♦❧②t❡✳ ■❢ t❤❡ ❡❧❡❝tr♦❞❡ ♣r♦❝❡ss❡s ❤❛✈❡ s✐♠✐❧❛r t✐♠❡ ❝♦♥st❛♥ts✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦
s❡♣❛r❛t❡ t❤❡ ✐♠♣❡❞❛♥❝❡ r❡s♣♦♥s❡s ❢r♦♠❲❊ ❛♥❞ ❈❊✳ ❆ s✐♠♣❧❡ ✇❛② t♦ ♦✈❡r❝♦♠❡ t❤✐s
♣r♦❜❧❡♠ ✐s t♦ ♠❡❛s✉r❡ s②♠♠❡tr✐❝❛❧ s❛♠♣❧❡s ✇✐t❤ ✐❞❡♥t✐❝❛❧ ❲❊ ❛♥❞ ❈❊ ❛♥❞ t♦ ❛t✲
tr✐❜✉t❡ ❤❛❧❢ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✐♠♣❡❞❛♥❝❡ t♦ ♦♥❡ ❡❧❡❝tr♦❞❡✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ♠❡❛s✉r❡❞
✇✐t❤ ❛♣♣❧✐❡❞ ❉❈ ❜✐❛s ✈♦❧t❛❣❡ t❤❡ ❲❊ ❛♥❞ ❈❊ ❛r❡ ❛✛❡❝t❡❞ ❞✐✛❡r❡♥t❧②✱ r❡s✉❧t✐♥❣ ✐♥
❞✐✛❡r❡♥t t✐♠❡ ❝♦♥st❛♥ts ♦❢ t❤❡ ♥♦♠✐♥❛❧❧② ✐❞❡♥t✐❝❛❧ ❡❧❡❝tr♦❞❡s✳ ❆ ♠♦r❡ ♣r❛❝t✐❝❛❜❧❡
✇❛② ♦❢ ♠❡❛s✉r✐♥❣ ♦♥❧② ♦♥❡ ❡❧❡❝tr♦❞❡ ✐s t❤❡ ✉s❡ ♦❢ ♠✐❝r♦❡❧❡❝tr♦❞❡s✳ ❇② ❝♦♠❜✐♥✐♥❣ ❛
✈❡r② s♠❛❧❧ ❲❊ ✇✐t❤ ❛ ❝♦♥s✐❞❡r❛❜❧② ❧❛r❣❡r ❈❊✱ t❤❡ ♠❡❛s✉r❡❞ ✐♠♣❡❞❛♥❝❡ ✐s ❣♦✈❡r♥❡❞
❜② t❤❡ ❲❊ ❛s t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❈❊ ✐s ♥❡❣❧✐❣✐❜❧❡ ❞✉❡ t♦ ✐ts ❧❛r❣❡ ❛r❡❛✳ ❆s t❤✐s
t❡❝❤♥✐q✉❡ ✐s ♦♥❧② ❛♣♣❧✐❝❛❜❧❡ ✇❤❡♥ ♠❡❛s✉r✐♥❣ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡s✱ t❤❡ ♦♥❧② ✇❛② t♦
♠❡❛s✉r❡ ❛ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr✉♠ ♦❢ ❦✐♥❡t✐❝❛❧❧② ❢❛st ♣♦r♦✉s ❡❧❡❝tr♦❞❡s ✐s ❜② ❝♦♥❞✉❝t✐♥❣
❛ t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥t✳ ❋♦r t❤❛t✱ ❛ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✭❘❊✮ ✐s ✉s❡❞ t♦
s❡♣❛r❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ ❲❊ ❛♥❞ ❈❊✳ ❚❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ ❤❛❧❢ ❝❡❧❧ ✭❲❊ ♣❧✉s
s♦♠❡ ♦❢ t❤❡ ❡❧❡❝tr♦❧②t❡✮ ✐s ♦❜t❛✐♥❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ♣♦t❡♥t✐❛❧ ❞r♦♣ ❜❡t✇❡❡♥ ❲❊
❛♥❞ ❘❊ ❛♥❞ t❤❡ ❝✉rr❡♥t ❜❡t✇❡❡♥ ❲❊ ❛♥❞ ❈❊✳ ■❢ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ s❡♥s❡❞
❜② t❤❡ ❘❊ ✐s ♥♦t ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♠❡❛s✉r❡♠❡♥t ✭❝✉rr❡♥t ❛♥❞ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s✮
❛♥❞ ❧♦❝❛t❡❞ ✐♥ t❤❡ ❡❧❡❝tr♦❧②t❡ ❜❡t✇❡❡♥ ❲❊ ❛♥❞ ❈❊✱ t❤❡ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr✉♠ ❝❛♥
❜❡ ✐s♦❧❛t❡❞ ❝♦rr❡❝t❧② ❬✶✼❪✳ ❍♦✇❡✈❡r✱ t❤✐s ❛ss✉♠♣t✐♦♥ ✐s ♦❢t❡♥ ♥♦t tr✉❡✳ ▼✉❧t✐♣❧❡
st✉❞✐❡s s❤♦✇❡❞ t❤❛t t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♣r♦♥❡ t♦ ❡rr♦rs ❛r✐s✐♥❣ ❢r♦♠
❝❛♣❛❝✐t✐✈❡ ❝♦✉♣❧✐♥❣ ❬✶✽❪ ❛♥❞ s❤✐❢ts ♦❢ t❤❡ ♣r♦❜❡❞ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ✇✐t❤ ❝❤❛♥❣✲
✐♥❣ ❢r❡q✉❡♥❝② ❝❛✉s❡❞ ❜② ❣❡♦♠❡tr✐❝❛❧ ❛s②♠♠❡tr✐❡s ♦r ❞✐✛❡r❡♥t ❲❊✴❈❊ ♣r♦♣❡rt✐❡s
❬✶✾❪ ❬✷✵❪ ❬✷✶❪ ❬✷✷❪✳ ❉✐✛❡r❡♥t ❝❡❧❧ ❞❡s✐❣♥s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❛♥❞ t❡st❡❞ ❬✶✼❪ ❬✶✾❪
❬✷✵❪ ❬✷✶❪ ❬✷✷❪ ❬✷✸❪✱ ❛ ♣r♦♠✐s✐♥❣ s❡t✉♣ ✭✧✇✐♥❣ ❣❡♦♠❡tr②✧✮ ✇❛s s✐♠✉❧❛t❡❞ ✐♥ ❘❡❢✳ ❬✷✹❪✳

■♥ t❤✐s t❤❡s✐s✱ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✇✐t❤ t❤❡ ✇✐♥❣ ❛♥❞ ♣❡❞❡st❛❧ ❞❡s✐❣♥ ✇❡r❡
♣r♦❞✉❝❡❞ ❛♥❞ t❡st❡❞ ❜② ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣②✳ ❙❛♠♣❧❡s ✇✐t❤
s②♠♠❡tr✐❝ ❛♥❞ ❛s②♠♠❡tr✐❝ ❡❧❡❝tr♦❞❡ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ❞✐✛❡r❡♥t ♣♦r♦✉s ❡❧❡❝tr♦❞❡s
✇❡r❡ ♣r♦❞✉❝❡❞✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❞✐✛❡r❡♥t ♦①✐❞✐③✐♥❣ ❛♥❞ r❡✲
❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❛s ✇❡❧❧ ❛s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡ ♠❛✐♥ ❣♦❛❧ ✇❛s t♦
❡✈❛❧✉❛t❡ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛♥❞ ❞❡r✐✈❡ r❡❝♦♠♠❡♥❞❛t✐♦♥s ♦♥ ❛❝❤✐❡✈✐♥❣ s✉✐t❛❜❧❡
t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts✳

✷

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✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

✷✳✶ ❇❛s✐❝s ♦♥ ❢✉❡❧ ❝❡❧❧s

❋✉❡❧ ❝❡❧❧s ❛r❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❞❡✈✐❝❡s t❤❛t ❝♦♥✈❡rt t❤❡ ❝❤❡♠✐❝❛❧ ❡♥❡r❣② ♦❢ t❤❡ ❢✉❡❧
t♦ ❡❧❡❝tr✐❝✐t② ❛♥❞ ❤❡❛t✳ ■♥ ❝♦♥tr❛st t♦ ❜❛tt❡r✐❡s✱ ❢✉❡❧ ❝❡❧❧s ❛r❡ ♦♣❡♥ s②st❡♠s t❤❛t
♣r♦✈✐❞❡ ❡❧❡❝tr✐❝✐t② ❝♦♥t✐♥✉♦✉s❧②✱ ❛s ❧♦♥❣ ❛s ❢✉❡❧ ✐s s✉♣♣❧✐❡❞✳ ❆❧❧ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧s
❝♦♥s✐st ♦❢ t✇♦ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✿ t❤❡ ❡❧❡❝tr♦♥ ❝♦♥❞✉❝t✐♥❣ ❡❧❡❝tr♦❞❡s✱ ✇❤❡r❡ t❤❡
❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s t❛❦❡ ♣❧❛❝❡✱ ❛♥❞ t❤❡ ✐♦♥ ❝♦♥❞✉❝t✐♥❣ ❡❧❡❝tr♦❧②t❡✱ ✇❤✐❝❤ s♣❛t✐❛❧❧②
s❡♣❛r❛t❡s t❤❡ ❡❧❡❝tr♦❞❡s✳ ❚❤❡ t②♣✐❝❛❧ ❢✉❡❧ ❢♦r ❢✉❡❧ ❝❡❧❧s ✐s ❤②❞r♦❣❡♥ t❤❛t r❡❛❝ts ✇✐t❤
♦①②❣❡♥ ❛❝❝♦r❞✐♥❣ t♦

H2 +
1

2
O2 ⇋ H2O. ✭✷✳✶✮

❚❤✐s r❡❛❝t✐♦♥ ✐s s♣❧✐t ✐♥ t✇♦ ❤❛❧❢ r❡❛❝t✐♦♥s✱ t❤❡ ♦①✐❞❛t✐♦♥ ♦❢ ❤②❞r♦❣❡♥ ❛♥❞ t❤❡
r❡❞✉❝t✐♦♥ ♦❢ ♦①②❣❡♥✳ ❋♦r ❙❖❋❈s t❤❡s❡ r❡❛❝t✐♦♥s ❛r❡✿

Anode : H2 +O2−
⇋ H2O + 2e−, ✭✷✳✷✮

Cathode :
1

2
O2 + 2e− ⇋ O2−. ✭✷✳✸✮

❆s t❤❡s❡ r❡❛❝t✐♦♥s ♦❝❝✉r ❛t ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡s ✭❤②❞r♦❣❡♥ ♦①✐❞❛t✐♦♥ ❛t t❤❡ ❛♥♦❞❡
❛♥❞ ♦①②❣❡♥ r❡❞✉❝t✐♦♥ ❛t t❤❡ ❝❛t❤♦❞❡✮✱ t❤❡ ❡❧❡❝tr♦♥s ♥❡❡❞ t♦ ❜❡ ❝♦♥❞✉❝t❡❞ t❤r♦✉❣❤
❛♥ ❡①t❡r♥❛❧ ❝✐r❝✉✐t ✇❤❡r❡ t❤❡② ❞❡❧✐✈❡r ❡❧❡❝tr✐❝❛❧ ♣♦✇❡r✳ ❚❤❡ ✐♦♥s ❛r❡ ❝♦♥❞✉❝t❡❞ ❜②
t❤❡ ❡❧❡❝tr♦❧②t❡✱ ❝❧♦s✐♥❣ t❤❡ ❝✐r❝✉✐t✳
❉✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❢✉❡❧ ❝❡❧❧s ❞✐✛❡r ♠❛✐♥❧② ✐♥ ♦♣❡r❛t✐♥❣ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✐♦♥✐❝ ❝❤❛r❣❡
❝❛rr✐❡r✳ ■♥ ❙❖❋❈s✱ t❤❡ ❡❧❡❝tr♦❧②t❡ ♥❡❡❞s t♦ ❝♦♥❞✉❝t ♦①②❣❡♥ ✐♦♥s✱ ✇❤❡r❡❛s ✐♥ ♣♦❧②✲
♠❡r ❡❧❡❝tr♦❧②t❡ ♠❡♠❜r❛♥❡ ❢✉❡❧ ❝❡❧❧s t❤❡ ✐♦♥✐❝ ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ♣r♦t♦♥s ❬✺❪✳

✷✳✶✳✶ ❚❤❡r♠♦❞②♥❛♠✐❝s

❚❤❡ ❞❡✜♥✐♥❣ t❤❡r♠♦❞②♥❛♠✐❝ ♣♦t❡♥t✐❛❧ ♦❢ ✭❡❧❡❝tr♦✲✮❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s ✇✐t❤ ❝♦♥✲
st❛♥t t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r❡ss✉r❡ ✐s t❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ●✳ ❚❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡
●✐❜❜s ❢r❡❡ ❡♥❡r❣② ♦❢ r❡❛❝t✐♦♥ ∆r● ❞❡t❡r♠✐♥❡s✱ ✐❢ ❛ r❡❛❝t✐♦♥ ♣r♦❝❡❡❞s s♣♦♥t❛♥❡♦✉s❧②
✭∆r● ❁ ✵✮ ♦r ♥❡❡❞s t❤❡ ✐♥♣✉t ♦❢ ✇♦r❦ ✐♥ ♦r❞❡r t♦ ♣r♦❝❡❡❞ ✭∆r● ❃ ✵✮✳ ❚❤❡ ●✐❜❜s
❢r❡❡ ❡♥❡r❣② ♦❢ r❡❛❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❬✹❪✿

∆rG =
∑

products

Gi −

∑

educts

Gi. ✭✷✳✹✮

✸
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■t ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝❡❧❧ ✈♦❧t❛❣❡ ❊ ✭✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ ❛♥②
❧♦ss❡s✮ ♦❢ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧s ❜②

E =
−∆rG

zF
✭✷✳✺✮

✇✐t❤ ③ ❞❡♥♦t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s tr❛♥s❢❡rr❡❞ ❛♥❞ ❋ ❞❡♥♦t✐♥❣ t❤❡ ❋❛r❛❞❛②
❝♦♥st❛♥t✳ ❆t st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥s ✭✷✺➦❈✱ ❛t♠♦s♣❤❡r✐❝ ♣r❡ss✉r❡✮ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝❡❧❧
✈♦❧t❛❣❡ ♦❢ ❛ ❢✉❡❧ ❝❡❧❧ t❤❛t ✐s ♦♣❡r❛t❡❞ ✇✐t❤ ❍✷ ❛s ❢✉❡❧ ✐s ✶✳✷✸ ❱ ❬✺❪✳

❈❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ❛♥❞ ◆❡r♥st ❡q✉❛t✐♦♥

❚❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ❞❡♣❡♥❞s ♦♥ t❤r❡❡ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s✿ t❡♠♣❡r❛t✉r❡✱ ♣r❡s✲
s✉r❡ ❛♥❞ ♥✉♠❜❡r ♦❢ ❛t♦♠s ♦❢ ❡❛❝❤ s♣❡❝✐❡s✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❝♦♥st❛♥t t❡♠♣❡r❛t✉r❡
❛♥❞ ♣r❡ss✉r❡✱ ● ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

G = G(nj) ⇒ dG =
∑

i

(

∂G

∂ni

)

(T,p)

dni ✭✷✳✻✮

µi =

(

∂G

∂ni

)

(T,p)

✭✷✳✼✮

✇✐t❤ ni ❞❡♥♦t✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❛t♦♠s ♦❢ s♣❡❝✐❡s ✐ ❛♥❞ µi ❞❡♥♦t✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧
♣♦t❡♥t✐❛❧ ♦❢ s♣❡❝✐❡s ✐✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ❞❡✜♥❡s✱ ❤♦✇ t❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣②
❝❤❛♥❣❡s ✇✐t❤ ✐♥✜♥✐t❡s✐♠❛❧ ✈❛r✐❛t✐♦♥s ♦❢ ❡❛❝❤ s♣❡❝✐❡s✳ ■t ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡
❛❝t✐✈✐t② ❛ t❤r♦✉❣❤✿

µi = µ0
i +RT lnai ✭✷✳✽✮

✇❤❡r❡ µ0
i ✐s t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ❛t st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥s✱ ❘ t❤❡ ✉♥✐✈❡rs❛❧ ❣❛s

❝♦♥st❛♥t ❛♥❞ ❚ t❤❡ t❡♠♣❡r❛t✉r❡✳ ■❢ ♦♥❡ ❝♦♠❜✐♥❡s ❊q✉❛t✐♦♥ ✷✳✻ ✇✐t❤ ❊q✉❛t✐♦♥ ✷✳✽
❛♥❞ ❝♦♥s✐❞❡rs ❛ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ ✇✐t❤ st♦✐❝❤✐♦♠❡tr✐❝ ❝♦❡✣❝✐❡♥ts νi✱ t❤❡ ❝❤❛♥❣❡ ♦❢
t❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ♦❢ r❡❛❝t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

∆rG =
∑

products

µ0
i νi −

∑

educts

µ0
jνj +RT ln

∏

products a
νi
i

∏

educts a
νj
j

= ∆rG
0 +RT ln

∏

products a
νi
i

∏

educts a
νj
j

✭✷✳✾✮

✇❤❡r❡ ∆rG
0 ✐s t❤❡ ●✐❜❜s ❢r❡❡ ❡♥❡r❣② ♦❢ r❡❛❝t✐♦♥ ❛t st❛♥❞❛r❞ ❝♦♥❞✐t✐♦♥s✳ ❊q✉❛✲

t✐♦♥ ✷✳✾ ❞❡s❝r✐❜❡s ❤♦✇ t❤❡ ❛❝t✐✈✐t② ✭✐✳❡✳ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦r ❝♦♥❝❡♥tr❛t✐♦♥✮ ♦❢ t❤❡
♣r♦❞✉❝ts ❛♥❞ ❡❞✉❝ts ✐♥✢✉❡♥❝❡s∆r●✳ ❇② ❝♦♠❜✐♥✐♥❣ ❊q✉❛t✐♦♥ ✷✳✺ ✇✐t❤ ❊q✉❛t✐♦♥ ✷✳✾✱
♦♥❡ ♦❜t❛✐♥s t❤❡ ◆❡r♥st ❡q✉❛t✐♦♥✿

E = E0
−

RT

zF
ln

∏

products a
νi
i

∏

educts a
νj
j

✭✷✳✶✵✮

✹
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✇❤❡r❡ E0 ❞❡♥♦t❡s t❤❡ st❛♥❞❛r❞ ❝❡❧❧ ✈♦❧t❛❣❡✳ ❲✐t❤ t❤❡ ◆❡r♥st ❡q✉❛t✐♦♥ ✐t ✐s ♣♦ss✐❜❧❡
t♦ ❝❛❧❝✉❧❛t❡ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝❡❧❧ ✈♦❧t❛❣❡ ✇✐t❤ ❝❤❛♥❣✐♥❣ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ♦❢ t❤❡
r❡❛❝t✐♥❣ s♣❡❝✐❡s✱ ♠❛❦✐♥❣ ✐t t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❡q✉❛t✐♦♥ ♦❢ ❢✉❡❧ ❝❡❧❧ t❤❡r♠♦❞②♥❛♠✐❝s
❬✹❪ ❬✺❪✳

✷✳✶✳✷ ❘❡❛❝t✐♦♥ ❦✐♥❡t✐❝s

❊✈❡♥ ✐❢ ❛ r❡❛❝t✐♦♥ ✐s t❤❡r♠♦❞②♥❛♠✐❝❛❧❧② ❢❛✈♦r❛❜❧❡✱ r❡❛❝t✐♦♥ r❛t❡s ❛r❡ ❧✐♠✐t❡❞✳ ❚❤❡
r❡❛s♦♥ ❢♦r t❤✐s ✐s ❛♥ ❡♥❡r❣② ❜❛rr✐❡r ✭❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ❊❛✮ ✐♥ t❤❡ r❡❛❝t✐♦♥ ♣❛t❤ t❤❛t
♥❡❡❞s t♦ ❜❡ ♦✈❡r❝♦♠❡ t♦ tr✐❣❣❡r t❤❡ r❡❛❝t✐♦♥✳ ❚❤❡ r❡❛❝t✐♦♥ r❛t❡s ❛r❡ ❞❡✜♥❡❞ ❜②
t❤❡ ❆rr❤❡♥✐✉s ❡q✉❛t✐♦♥ ❬✷✺❪

k = A e
−Ea
kbT ✭✷✳✶✶✮

✇❤❡r❡ ❦ ❞❡♥♦t❡s t❤❡ r❡❛❝t✐♦♥ ❝♦♥st❛♥t✱ ❆ t❤❡ ♣r❡✲❡①♣♦♥❡♥t✐❛❧ ❢❛❝t♦r ❛♥❞ kb t❤❡
❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t✳ ■♥❝r❡❛s✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡❞ r❡❛❝t✐♦♥
❝♦♥st❛♥t ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❤✐❣❤❡r r❡❛❝t✐♦♥ r❛t❡✳
❊✈❡♥ s✐♠♣❧❡ r❡❛❝t✐♦♥s ✭❢♦r ❡①❛♠♣❧❡ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ♦①②❣❡♥✮ ❝❛♥ ❝♦♥s✐st ♦❢ ♠✉❧✲

t✐♣❧❡ ❜❛s✐❝ st❡♣s t❤❛t ❡❛❝❤ ❤❛✈❡ t❤❡✐r ♦✇♥ r❡❛❝t✐♦♥ r❛t❡s✳ ■♥ t❤❛t ❝❛s❡ t❤❡ ♦✈❡r❛❧❧
r❡❛❝t✐♦♥ r❛t❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ s❧♦✇❡st st❡♣ ✭r❛t❡✲❞❡t❡r♠✐♥✐♥❣ st❡♣✱ ❘❉❙✮✳ ❋♦r
❡①❛♠♣❧❡✱ ✐♥ ❝❛s❡ ♦❢ ❧♦✇ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ t❤❡ ❘❉❙ ♠✐❣❤t ❜❡ t❤❡ ❣❛s ❞✐✛✉s✐♦♥
♦❢ ♦①②❣❡♥ t♦ t❤❡ ❡❧❡❝tr♦❞❡✳
❆s ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s ❛❧✇❛②s ✐♠♣❧② ❛♥ ❡①❝❤❛♥❣❡ ♦❢ ❝❤❛r❣❡✱ t❤❡ ✐♥✈♦❧✈❡❞

❝✉rr❡♥t ✐s ❞✐r❡❝t❧② ❧✐♥❦❡❞ t♦ t❤❡ r❡❛❝t✐♦♥ r❛t❡✳ ❆t ❡q✉✐❧✐❜r✐✉♠✱ t❤❡ ❢♦r✇❛r❞ r❡❛❝t✐♦♥
r❛t❡ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ r❡✈❡rs❡ r❡❛❝t✐♦♥ r❛t❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ♥❡t ❝✉rr❡♥t ♦❢ ③❡r♦✳
❚♦ ❢♦r❝❡ t❤❡ r❡❛❝t✐♦♥ ✐♥ ♦♥❡ ❞✐r❡❝t✐♦♥✱ ❛❞❞✐t✐♦♥❛❧ ❡♥❡r❣② ♥❡❡❞s t♦ ❜❡ ❛♣♣❧✐❡❞✳
❆s t❤❡ r❡❛❝t✐♦♥ ✐♥✈♦❧✈❡s ❝❤❛r❣❡❞ s♣❡❝✐❡s✱ t❤❡✐r ❢r❡❡ ❡♥❡r❣② ✐s s❡♥s✐t✐✈❡ t♦ ✈♦❧t❛❣❡
❝❤❛♥❣❡s✳ ❚❤❡r❡❢♦r❡✱ ❜② ❛❞❛♣t✐♥❣ t❤❡ ❝❡❧❧ ✈♦❧t❛❣❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❤✐❢t t❤❡ r❡❛❝t✐♦♥
✐♥ t❤❡ ❢♦r✇❛r❞ ❞✐r❡❝t✐♦♥ ❛♥❞ ❣❡♥❡r❛t❡ ❛ ♥❡t ❝✉rr❡♥t✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
t❤❡♦r❡t✐❝❛❧ ❝❡❧❧ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ ❛❝t✉❛❧ ❝❡❧❧ ✈♦❧t❛❣❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ♥❡t ❝✉rr❡♥t ✐s
❝❛❧❧❡❞ ♦✈❡r♣♦t❡♥t✐❛❧ η✳ ❋♦r ❝❤❛r❣❡ tr❛♥s❢❡r r❡❛❝t✐♦♥s✱ t❤❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✐s ❧✐♥❦❡❞ t♦
t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ❥ ♦❢ t❤❡ r❡❛❝t✐♦♥ ❜② t❤❡ ❇✉t❧❡r✲❱♦❧♠❡r ❡q✉❛t✐♦♥

j = j0

(

e
αzFη

RT − e
−(1−α)zFη

RT

)

✭✷✳✶✷✮

✇❤❡r❡ j0 ❞❡♥♦t❡s t❤❡ ❡①❝❤❛♥❣❡ ❝✉rr❡♥t ❞❡♥s✐t② ✭✐✳❡✳ ❝✉rr❡♥t ❞❡♥s✐t② ♦❢ ❢♦r✇❛r❞
❛♥❞ r❡✈❡rs❡ r❡❛❝t✐♦♥ ❛t ❡q✉✐❧✐❜r✐✉♠✮✱ α ❛ ❝❤❛r❣❡ tr❛♥s❢❡r ❝♦❡✣❝✐❡♥t ❞❡♣❡♥❞✐♥❣ ♦♥
t❤❡ s②♠♠❡tr② ♦❢ t❤❡ ❛❝t✐✈❛t✐♦♥ ❜❛rr✐❡r ❛♥❞ ③ t❤❡ ♥✉♠❜❡r ♦❢ tr❛♥s❢❡rr❡❞ ❡❧❡❝tr♦♥s✳
❊q✉❛t✐♦♥ ✷✳✶✷ ✐s ♦♥❧② ✈❛❧✐❞✱ ✐❢ ♠❛ss tr❛♥s❢❡r t♦ ❛♥❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦❞❡ ✐s q✉✐❝❦✱ r❡✲
s✉❧t✐♥❣ ✐♥ r❡❛❝t❛♥t ❛♥❞ ♣r♦❞✉❝t ❝♦♥❝❡♥tr❛t✐♦♥s t❤❛t ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ r❡❛❝t✐♦♥
r❛t❡✳ ■♥ t❤❛t ❝❛s❡✱ t❤❡ ❘❉❙ ♦❢ t❤❡ r❡❛❝t✐♦♥ ✐s t❤❡ ❡❧❡❝tr♦♥ ❝❤❛r❣❡ tr❛♥s❢❡r ❛t t❤❡
❡❧❡❝tr♦❞❡✳ ❋✐❣✉r❡ ✷✳✶ s❤♦✇s ❛ ♣❧♦t ♦❢ ❊q✉❛t✐♦♥ ✷✳✶✷✳ ❖♥❡ ❝❛♥ s❡❡ t❤❡ ❧✐♥❡❛r r❡❣✐♠❡
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❢♦r s♠❛❧❧ ♦✈❡r♣♦t❡♥t✐❛❧s✱ ✇❤✐❝❤ ✐s ✉s❡❞ t♦ ♣❡r❢♦r♠ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣② ✭s❡❡
s❡❝t✐♦♥ ✷✳✸✮✳ ◆♦t❛❜❧②✱ t❤❡ ❇✉t❧❡r✲❱♦❧♠❡r ❡q✉❛t✐♦♥ ✇❛s ❞❡r✐✈❡❞ ❢♦r r❡❛❝t✐♦♥s ✇❤❡r❡
❛ ❝❤❛r❣❡ ♣❛ss❡s t❤r♦✉❣❤ t❤❡ ❡❧❡❝tr♦❞❡✲❡❧❡❝tr♦❧②t❡ ✐♥t❡r❢❛❝❡✳ ❋♦r s✉r❢❛❝❡ ❦✐♥❡t✐❝s ♦❢
❙❖❋❈s✱ ❤♦✇❡✈❡r✱ ❛❧❧ ❝❤❛r❣❡❞ s♣❡❝✐❡s ❛r❡ ✐♥ t❤❡ ♦①✐❞❡ ♣❤❛s❡✱ ❛♥❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t
♦❢ ❦✐♥❡t✐❝ ♠♦❞❡❧s ✐s ❛ ❝✉rr❡♥t t♦♣✐❝ ♦❢ r❡s❡❛r❝❤ ❬✺❪ ❬✷✺❪ ❬✷✻❪✳

❋✐❣✉r❡ ✷✳✶✿ P❧♦t ♦❢ ❇✉❧t❡r✲❱♦❧♠❡r ❡q✉❛t✐♦♥ ✇✐t❤ ❛r❜✐tr❛r② ✉♥✐ts

✷✳✶✳✸ ❖①②❣❡♥ ✐♥❝♦r♣♦r❛t✐♦♥ ✲ ❖①②❣❡♥ ❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥

❚❤❡ ♦①②❣❡♥ ❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥ ✐s ❢✉♥❞❛♠❡♥t❛❧ ❢♦r ❙❖❋❈s ❛♥❞ ❞❡s❝r✐❜❡s t❤❡ ❡①✲
❝❤❛♥❣❡ ♦❢ ♦①②❣❡♥ ❜❡t✇❡❡♥ t❤❡ ❝r②st❛❧ ❧❛tt✐❝❡ ❛♥❞ t❤❡ ❣❛s ♣❤❛s❡✳ ■t ❝❛♥ ❜❡ ✇r✐tt❡♥
✐♥ ❑rö❣❡r✲❱✐♥❦ ♥♦t❛t✐♦♥ ❛s

1

2
O2 + 2e

′

+ V ••

O ⇋ O×

O . ✭✷✳✶✸✮

❆s ❊q✉❛t✐♦♥ ✷✳✶✸ ❝♦♥t❛✐♥s ❡❧❡❝tr♦♥s✱ ♦①②❣❡♥ ✐♦♥s ❛♥❞ ♦①②❣❡♥ ✐♥ t❤❡ ❣❛s ♣❤❛s❡✱ ✐t
❝❛♥ ♦♥❧② ♦❝❝✉r ❛t ❛❝t✐✈❡ s✐t❡s✱ ✇❤❡r❡ ❡❧❡❝tr♦❞❡✱ ❡❧❡❝tr♦❧②t❡ ❛♥❞ ❣❛s ♣❤❛s❡ ❝♦✐♥❝✐❞❡✳
❚❤❡s❡ ❛r❡ t❤❡ s♦ ❝❛❧❧❡❞ tr✐♣❧❡✲♣❤❛s❡ ❜♦✉♥❞❛r✐❡s ✭❚P❇✮✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡
❚P❇✱ ❢♦r ❡①❛♠♣❧❡ ❜② ❛♣♣❧②✐♥❣ ❛ ♣♦r♦✉s ❡❧❡❝tr♦❞❡✱ ❧❡❛❞s t♦ ❢❛st❡r ❦✐♥❡t✐❝s✳ ■❢ t❤❡
❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ✐ts❡❧❢ ✐s ❛♥ ✐♦♥ ❝♦♥❞✉❝t♦r✱ t❤❡ ❛❝t✐✈❡ ❛r❡❛ ✐s ✐♥❝r❡❛s❡❞ t♦ ♠♦st
♣❛rts ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ s✉r❢❛❝❡✳ ❚❤❡s❡ ♠❛t❡r✐❛❧s ❛r❡ ❝❛❧❧❡❞ ♠✐①❡❞ ✐♦♥✐❝✲❡❧❡❝tr♦♥✐❝
❝♦♥❞✉❝t♦rs ✭▼■❊❈✮ ❛♥❞ ❛r❡ ♣r♦♠✐s✐♥❣ ❝❛♥❞✐❞❛t❡s ❢♦r ❙❖❋❈ ❝❛t❤♦❞❡s ❬✷✼❪✳
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✷✳✷ ❊❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s

❚❤❡ ❡❧❡❝tr♦❞❡s ♦❢ ❛ ❙❖❋❈ ❤❛✈❡ t♦ ❤❛✈❡ s❡✈❡r❛❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡② ♥❡❡❞ ❝♦♠♣❛t✐❜✐❧✲
✐t② t♦ ♦t❤❡r ❝❡❧❧ ❝♦♠♣♦♥❡♥ts✱ ❧♦♥❣✲t✐♠❡ st❛❜✐❧✐t②✱ s✉✣❝✐❡♥t ♦①②❣❡♥ ✐♦♥ ❝♦♥❞✉❝t✐✈✐t②✱
❤✐❣❤ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ ❣♦♦❞ ❝❛t❛❧②t✐❝ ❜❡❤❛✈✐♦r ❢♦r ❢✉❡❧ ♦①✐❞❛t✐♦♥ ✭❛♥♦❞❡s✮
♦r ♦①②❣❡♥ r❡❞✉❝t✐♦♥ ✭❝❛t❤♦❞❡s✮ ❛♥❞ ❛❧❧♦✇ tr❛♥s♣♦rt ♦❢ ❣❛s❡s t♦ ❛♥❞ ❢r♦♠ t❤❡ r❡✲
❛❝t✐♦♥ s✐t❡s✳ ❚❤❡ ❝♦♠♠❡r❝✐❛❧ st❛♥❞❛r❞ ♠❛t❡r✐❛❧s ❝✉rr❡♥t❧② ✉s❡❞ ❛r❡ ❝❡r❛♠✐❝✲♠❡t❛❧
❝♦♠♣♦s✐t❡s ✭❝❡r♠❡t✮ ♦❢ ◆✐ ❛♥❞ ②ttr✐❛✲st❛❜✐❧✐③❡❞ ③✐r❝♦♥✐❛ ✭❨❙❩✮ ❛s ❛♥♦❞❡s ❛♥❞ ❛
❝♦♠♣♦s✐t❡ ♦❢ ❨❙❩ ❛♥❞ ❙r✲❞♦♣❡❞ ▲❛▼♥❖✸ ✭▲❙▼✮ ♦①✐❞❡s ❛s ❝❛t❤♦❞❡s✳ ❍♦✇❡✈❡r✱
t❤❡s❡ ♠❛t❡r✐❛❧s ❛r❡ ♥♦t ✇✐t❤♦✉t ❞✐s❛❞✈❛♥t❛❣❡s✳ ◆✐ ❝❡r♠❡t ❛♥♦❞❡s ❤❛✈❡ ♣♦♦r r❡❞♦①
st❛❜✐❧✐t②✱ ❧♦✇ s✉❧❢✉r t♦❧❡r❛♥❝❡ ❛♥❞ ❧✐♠✐t❡❞ ❢✉❡❧ ✢❡①✐❜✐❧✐t② ✭♦♥❧② ❍✷ ❛♥❞ ❈❖✮✳ ▲❙▼
❝❛t❤♦❞❡s s❤♦✇ ♣♦♦r ✐♦♥ ❝♦♥❞✉❝t✐✈✐t② ❛♥❞ ❧✐♠✐t❡❞ ❝❛t❛❧②t✐❝ ❜❡❤❛✈✐♦r ❢♦r ♦①②❣❡♥ r❡✲
❞✉❝t✐♦♥ ❛t ✐♥t❡r♠❡❞✐❛t❡ t❡♠♣❡r❛t✉r❡s✳ ❆s ❛ r❡❛s♦♥✱ r❡s❡❛r❝❤ ✐s ❝♦♥❞✉❝t❡❞ ♦♥ ♦t❤❡r
♠❛t❡r✐❛❧s t❤❛t ❛❧❧♦✇ ✐♥❝r❡❛s❡❞ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ st❛❜✐❧✐t②✳ ❬✷✼❪ ❬✷✽❪
❚❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s ✇✐❧❧ ❜r✐❡✢② ❞❡s❝r✐❜❡ t❤❡ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s t❤❛t

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

✷✳✷✳✶ ▲❛✵✳✻❙r✵✳✹❋❡❖✸✲δ ✭▲❙❋✮

▲❙❋ ✐s ❛♥ ♦①✐❞❡ t❤❛t ❝r②st❛❧❧✐③❡s ✐♥ t❤❡ ♣❡r♦✈s❦✐t❡ str✉❝t✉r❡ ❆❇❖✸✳ ■t ❝❛♥ ❜❡ s❡❡♥
❛s ❛ s♦❧✐❞ s♦❧✉t✐♦♥ ♦❢ ▲❛❋❡❖✸ ❛♥❞ ❙r❋❡❖✸✳ ❚❤❡ ❆✲s✐t❡ ✐s ♦❝❝✉♣✐❡❞ ❜② ❡✐t❤❡r ▲❛ ✇✐t❤
❛ ✜①❡❞ ✈❛❧❡♥❝❡ ♦❢ ✰✸ ♦r ❙r ✇✐t❤ ❛ ✜①❡❞ ✈❛❧❡♥❝❡ ♦❢ ✰✷✳ ❆s t❤❡ ❇✲s✐t❡ ✐s ♦❝❝✉♣✐❡❞
❜② ❋❡✸✰✱ t❤❡r❡ ✐s ❛ ❧❛❝❦ ♦❢ ♣♦s✐t✐✈❡ ❝❤❛r❣❡✳ ❚❤❡ ✐♥❜❛❧❛♥❝❡ ♦❢ ❝❤❛r❣❡ ❝❛♥ ❡✐t❤❡r ❜❡
❝♦♠♣❡♥s❛t❡❞ ❜② t❤❡ ♣❛rt✐❛❧ ♦①✐❞❛t✐♦♥ ♦❢ ❋❡✸✰ t♦ ❋❡✹✰ ♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♦①②❣❡♥
✈❛❝❛♥❝✐❡s ✐♥ t❤❡ ❧❛tt✐❝❡✳ ❚❤✐s ✐s ❡①♣r❡ss❡❞ ❜② t❤❡ ❝❤❛r❣❡ ♥❡✉tr❛❧✐t② ❡q✉❛t✐♦♥ ✇r✐tt❡♥
✐♥ ❑rö❣❡r✲❱✐♥❦ ♥♦t❛t✐♦♥ ❛s ❬✷✾❪

[Sr
′

La] + [Fe
′

Fe] = [Fe•Fe] + 2[V ••

O ] ✭✷✳✶✹✮

❚❤❡ ❞❡❢❡❝t ❡q✉✐❧✐❜r✐✉♠ ❜❡t✇❡❡♥ ♦①②❣❡♥ ✐♥ t❤❡ ❧❛tt✐❝❡ ❖×

❖ ❛♥❞ t❤❡ ❣❛s ♣❤❛s❡ ✐s
❞❡s❝r✐❜❡❞ ❜②

1

2
O2 + 2Fe×Fe + V ••

O ⇋ O×

O + 2Fe•Fe. ✭✷✳✶✺✮

■♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s ✭❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✮✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♦❢ t❤❡ ♦①②✲
❣❡♥ ❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥ ✭❊q✉❛t✐♦♥ ✷✳✶✺✮ ✐s s❤✐❢t❡❞ t♦✇❛r❞s t❤❡ r✐❣❤t s✐❞❡✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ❞❡❝r❡❛s❡s✱ r❡s✉❧t✐♥❣ ✐♥ ❧♦✇❡r ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✲
✐t②✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✐s ✐♥ t❤❛t ❝❛s❡ ❞♦♠✐♥❛t❡❞ ❜② ❡❧❡❝tr♦♥ ❤♦❧❡s ✭❋❡•❋❡✮
❛♥❞ t❤❡ ♠❛t❡r✐❛❧ ❜❡❝♦♠❡s ♣✲t②♣❡ ❝♦♥❞✉❝t✐♥❣✳ ❘❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✭❧♦✇❡r ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡✮ s❤✐❢t t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♦❢ ❊q✉❛t✐♦♥ ✷✳✶✺ t♦ t❤❡ ❧❡❢t s✐❞❡✱ ❧❡❛❞✐♥❣ t♦
❛♥ ✐♥❝r❡❛s❡ ✐♥ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ❛♥❞ ❤✐❣❤❡r ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳ ❈♦♥❝✉rr❡♥t❧②✱ t❤❡
❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥ ❤♦❧❡s ✐s ❞❡❝r❡❛s❡❞✳ ❍♦✇❡✈❡r✱ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛❧s♦

✼
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✐♠♣❧② ❛ ♣❛rt✐❛❧ r❡❞✉❝t✐♦♥ ♦❢ ✐r♦♥ t♦ ❋❡✷✰✱ ❧❡❛❞✐♥❣ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❡❧❡❝tr♦♥s ✭❋❡
′

❋❡✮
❛s ❡❧❡❝tr♦♥✐❝ ❝❤❛r❣❡ ❝❛rr✐❡r ✭♥✲t②♣❡ ❝♦♥❞✉❝t✐♦♥✮✳ ❊❧❡❝tr♦♥s ❛♥❞ ❡❧❡❝tr♦♥ ❤♦❧❡s ❛r❡
❝♦✉♣❧❡❞ ❜② t❤❡ ❞✐s♣r♦♣♦rt✐♦♥❛t✐♦♥ r❡❛❝t✐♦♥ ♦❢ ✐r♦♥✿

2Fe×Fe ⇋ Fe•Fe + Fe
′

Fe. ✭✷✳✶✻✮

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❡❢❡❝t ♠♦❞❡❧ ♣r❡s❡♥t❡❞ ✐♥ ❬✷✾❪✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ t❤❡ ❝❤❛r❣❡
❝❛rr✐❡rs ✭❡❧❡❝tr♦♥s✱ ❤♦❧❡s ❛♥❞ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✮ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥st❛♥ts ♦❢ ❊q✉❛✲
t✐♦♥ ✷✳✶✺ ❛♥❞ ❊q✉❛t✐♦♥ ✷✳✶✻✱ ❝♦♥s✐❞❡r✐♥❣ ❝❤❛r❣❡ ♥❡✉tr❛❧✐t② ✭❊q✉❛t✐♦♥ ✷✳✶✹✮ ❛♥❞
t❤❡ ❜❛❧❛♥❝❡ ♦❢ ♦①②❣❡♥ ❛♥❞ ✐r♦♥ s✐t❡s ✐♥ t❤❡ ❧❛tt✐❝❡✳ ❋✐❣✉r❡ ✷✳✷ ❞❡♣✐❝ts t❤❡ r❡s✉❧t✐♥❣
❇r♦✉✇❡r ❞✐❛❣r❛♠ ❢♦r ▲❙❋ ❬✶✵❪ ❬✶✶❪ ❬✶✸❪ ❬✷✾❪ ❬✸✵❪✳

10-35 10-30 10-25 10-20 10-15 10-10 10-5 100 105 1010
10-9

10-7

10-5

10-3

10-1

101

 Oxygen vacancies
 Holes
 Electrons

C
on

ce
nt

ra
tio

n 
of

 d
ef

ec
ts

 p
er

 u
ni

t c
el

l

Oxygen partial pressure [bar]

❋✐❣✉r❡ ✷✳✷✿ ❇r♦✉✇❡r ❞✐❛❣r❛♠ ♦❢ ▲❙❋ ❛t ✻✵✵➦❈✱ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❞❛t❛ ❢r♦♠ ❬✷✾❪

❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡

❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❛ ♣r♦♣❡rt② ♦❢ ▼■❊❈s✱ s✉❝❤ ❛s ▲❙❋✱ t❤❛t ✉♥❞❡r❣♦
❝❤❛♥❣❡s ✐♥ t❤❡✐r st♦✐❝❤✐♦♠❡tr②✳ ■t ❞❡♣❡♥❞s ♦♥ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ✐♦♥✐❝ ✭♦①②❣❡♥
✈❛❝❛♥❝✐❡s✮ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ✭❡❧❡❝tr♦♥s ♦r ❤♦❧❡s✮ ❝❤❛r❣❡ ❝❛rr✐❡rs ❛♥❞ ✐s ❞❡✜♥❡❞ ❜② t❤❡
♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡r✳ ❆s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ❧✐♥❦❡❞ ✇✐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❤❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✐♥✢✉❡♥❝❡❞ ❜②
❝❤❛♥❣❡s ✐♥ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❛s ✇❡❧❧ ❛s t❤❡ ❜✐❛s ✈♦❧t❛❣❡✳
❆ss✉♠✐♥❣ ✐❞❡❛❧ s♦❧✉t✐♦♥ ❜❡❤❛✈✐♦r ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♦♥❧② ♦♥❡ ❞♦♠✐♥❛♥t ❡❧❡❝✲

tr♦♥✐❝ ❝❤❛r❣❡ ❝❛rr✐❡r✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♣❡r ✈♦❧✉♠❡ ✐s ❣✐✈❡♥ ❜② ❬✸✶❪ ❬✸✷❪

Cchem =
e2

kbT

(

1

4cion
+

1

ceon

)

−1

✭✷✳✶✼✮

✇❤❡r❡ ❡✱ kb ❛♥❞ ❚ ❤❛✈❡ t❤❡✐r t②♣✐❝❛❧ ♠❡❛♥✐♥❣ ✭❡❧❡❝tr♦♥ ❝❤❛r❣❡✱ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t
❛♥❞ t❡♠♣❡r❛t✉r❡✱ r❡s♣❡❝t✐✈❡❧②✮❀ cion ❛♥❞ ceon ❞❡♥♦t❡ t❤❡ ✐♦♥✐❝ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ❞❡❢❡❝t
❝♦♥❝❡♥tr❛t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳

✷✳✷✳✷ ●❛❞♦❧✐♥✐❛✲❞♦♣❡❞ ❝❡r✐❛ ✭●❉❈✮

❈❡r✐❛ ✭❈❡❖✷✮ ✐s ❛♥ ♦①✐❞❡ ✇✐t❤ ✢✉♦r✐t❡ str✉❝t✉r❡✳ P❛rt❧② r❡♣❧❛❝✐♥❣ ❈❡✹✰ ✇✐t❤ tr✐✈❛✲
❧❡♥t ❣❛❞♦❧✐♥✐❛ ✐♦♥s ❧❡❛❞s t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✿

Gd2O3 + 2Ce×Ce +O×

O −→ 2Gd
′

Ce + V ••

O + 2CeO2. ✭✷✳✶✽✮

❚❤✉s✱ ●❉❈ ✐s ❛ ❣♦♦❞ ✐♦♥ ❝♦♥❞✉❝t♦r✳ ❆t ✈❡r② ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ❛♥❞✴♦r ✐♥ r❡❞✉❝✐♥❣
❛t♠♦s♣❤❡r❡s ❈❡✹✰ ✐s ♣❛rt❧② r❡❞✉❝❡❞ t♦ ❈❡✸✰✱ ❧❡❛❞✐♥❣ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❡❧❡❝tr♦♥✐❝
❝❤❛r❣❡ ❝❛rr✐❡rs✿

2Ce×Ce +O×

O ⇋ V ••

O + 2Ce
′

Ce +
1

2
O2. ✭✷✳✶✾✮

❚❤❡r❡❢♦r❡✱ ●❉❈ ✐s ❛ ▼■❊❈ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ❝❛♥ ♣♦ss✐❜❧② ❜❡ ✉s❡❞ ❛s
❙❖❋❈ ❛♥♦❞❡ ♠❛t❡r✐❛❧ ❬✶✹❪ ❬✶✺❪ ❬✷✽❪✳

✷✳✷✳✸ ❈❡r♠❡t ❡❧❡❝tr♦❞❡s

❚❤❡ ♠♦st ❝♦♠♠♦♥❧② ✉s❡❞ ❛♥♦❞❡ ♠❛t❡r✐❛❧ ✐s ❛ ♣♦r♦✉s ❝❡r♠❡t ♦❢ ◆✐ ❛♥❞ ❨❙❩✳ ❚❤❡
♠❡t❛❧ ♣r♦✈✐❞❡s ❝❛t❛❧②t✐❝ ❛❝t✐✈✐t② ❢♦r ❤②❞r♦❣❡♥ ♦①✐❞❛t✐♦♥ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✲
✐t②✱ t❤❡ ♦①✐❞❡ ♣r♦✈✐❞❡s ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ❛♥❞ ♣r♦❤✐❜✐ts t❤❡ ❝♦♥❣❧♦♠❡r❛t✐♦♥ ♦❢ ◆✐
♣❛rt✐❝❧❡s✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ▼■❊❈ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥s✱ t❤❡ ❛❝t✐✈❡
❛r❡❛s ♦❢ ❝❡r♠❡t ❡❧❡❝tr♦❞❡s ❛r❡ ❧✐♠✐t❡❞ t♦ t❤❡ ❚P❇✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣❡r❝♦❧❛t✐♦♥ ♦❢
♠❡t❛❧ ❛♥❞ t❤❡ ❡❧❡❝tr♦❧②t❡ ♣❤❛s❡ ✇✐t❤✐♥ t❤❡ ♣♦r♦✉s ❡❧❡❝tr♦❞❡ ✐s ❡ss❡♥t✐❛❧ ❢♦r t❤❡
♣r❡❢❡r❛❜❧❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ✇❤♦❧❡ ❡❧❡❝tr♦❞❡ r❡s✉❧t✐♥❣ ✐♥ ❢❛st ❦✐♥❡t✐❝s✳ ❆♣❛rt
❢r♦♠ ❨❙❩✱ ♦t❤❡r ✐♦♥ ❝♦♥❞✉❝t✐♥❣ ♣❤❛s❡s ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ♥✐❝❦❡❧✱ ❢♦r ❡①❛♠♣❧❡
❞♦♣❡❞ ❝❡r✐❛✳ ❆ ♠❛❥♦r ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ ◆✐ ❝❡r♠❡t ❛♥♦❞❡s ♣♦s❡s t❤❡ r❡❞♦① st❛❜✐❧✐t②
✭♦①✐❞❛t✐♦♥ ♦❢ ◆✐ t♦ ◆✐❖✮ ✇❤✐❝❤ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ✈♦❧✉♠❡ ❡①♣❛♥s✐♦♥ t❤❛t ❝❛♥
♣♦t❡♥t✐❛❧❧② ❞❛♠❛❣❡ t❤❡ ❝❡❧❧✳
❆♥♦t❤❡r ✇✐❞❡❧② ✉s❡❞ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ✐s Pt✴❨❙❩✳ ■♥ ❝♦♥tr❛st t♦ ♥✐❝❦❡❧✱ ♣❧❛t✲

✐♥✉♠ ✐s st❛❜❧❡ ✐♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ❝❛t❛❧②st ❢♦r t❤❡ ♦①②❣❡♥
❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❝♦♠♠♦♥❧② ✉s❡❞ ❛s ❛♥ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ✐♥
♦①②❣❡♥ s❡♥s♦rs ❬✷✼❪ ❬✷✽❪ ❬✸✸❪ ❬✸✹❪✳

✾
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✷✳✸ ■♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣②

■♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣② ✐s ❛ ♣♦✇❡r❢✉❧ ❛♥❞ ✇❡❧❧ ❡st❛❜❧✐s❤❡❞ ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡
✉s❡❞ ✐♥ ❞✐✛❡r❡♥t ❛r❡❛s ♦❢ ♠❛t❡r✐❛❧ r❡s❡❛r❝❤✳ ■t ✐s ❜❛s❡❞ ♦♥ ❛ s✐♠♣❧❡ ❡❧❡❝tr✐❝❛❧ ❛♥❞
♥♦♥✲❞❡str✉❝t✐✈❡ ♠❡❛s✉r❡♠❡♥t✳ ❈♦♥s✐❞❡r✐♥❣ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ s②st❡♠s✱ ❡❧❡❝tr♦❝❤❡♠✲
✐❝❛❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣② ✭❊■❙✮ ❛❧❧♦✇s t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❦❡② ♣r♦❝❡ss❡s✱ s✉❝❤
❛s ❝❤❛r❣❡ tr❛♥s♣♦rt ♦r r❡❛❝t✐♦♥ ❦✐♥❡t✐❝s ❬✸✺❪✳

✷✳✸✳✶ ❇❛s✐❝s

❚❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr♦s❝♦♣② ✐s t♦ ♠❡❛s✉r❡ t❤❡ r❡s♣♦♥s❡ ♦❢ ❛ s②st❡♠ t♦
❛ ❞❡✜♥❡❞ ❡①❝✐t❛t✐♦♥ ♦✈❡r ❛ ✇✐❞❡ ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❆ s✐♥❣❧❡ ❢r❡q✉❡♥❝② s✐♥✉s♦✐❞❛❧ ❆❈
s✐❣♥❛❧ ✭✈♦❧t❛❣❡ ♦r ❝✉rr❡♥t✮ ❛♣♣❧✐❡❞ t♦ ❛ ❡❧❡❝tr✐❝❛❧ s②st❡♠ ❡✈♦❦❡s ❛ s♣❡❝✐✜❝ r❡s♣♦♥s❡
✭❝✉rr❡♥t ♦r ✈♦❧t❛❣❡✮ ✇✐t❤ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② ❜✉t ❛ ♣♦ss✐❜❧❡ ♣❤❛s❡ s❤✐❢t✿

I(t) = I0 sin(ωt) ✭✷✳✷✵✮

U(t) = U0 sin(ωt+ ϕ) ✭✷✳✷✶✮

❱❛❧✉❡s ✇✐t❤ t❤❡ ✐♥❞❡① ✵ ❛r❡ t❤❡ ❛♠♣❧✐t✉❞❡s ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ q✉❛♥t✐t✐❡s✱ ϕ ✐s
t❤❡ ♣❤❛s❡ s❤✐❢t ❜❡t✇❡❡♥ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ❛♥❞ ω t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝②✳ ❚❤❡
✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ s②st❡♠ ✐s t❤❡ r❛t✐♦ ♦❢ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ❛♥❞ ❝❛♥ ❜❡ ✇r✐tt❡♥
✇✐t❤ t❤❡ ✉s❡ ♦❢ ❊✉❧❡r✬s ❢♦r♠✉❧❛ ❛s

Z =
U(t)

I(t)
=

U0 sin(ωt ∗ ϕ)

I0 sin(ωt)
= Z0 ejϕ(ω) ✭✷✳✷✷✮

✇✐t❤ ❩ ❞❡♥♦t✐♥❣ t❤❡ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡ ❛♥❞ ❥ t❤❡ ✐♠❛❣✐♥❛r② ✉♥✐t✳ ❚❤❡ r❡❛❧
♣❛rt ❩✬ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ✐s ❣✐✈❡♥ ❜② Z0 cos(ϕ) ❛♥❞ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ❩✑ ❜②
Z0 sin(ϕ)✳ ❆ ♣✉r❡❧② r❡s✐st✐✈❡ s②st❡♠ ②✐❡❧❞s ❛ r❡❛❧ ✐♠♣❡❞❛♥❝❡ ✇✐t❤ ❛ ♣❤❛s❡ s❤✐❢t ♦❢
③❡r♦✳ ■♥tr♦❞✉❝✐♥❣ ❝❛♣❛❝✐t✐✈❡ ♦r ✐♥❞✉❝t✐✈❡ ❡❧❡♠❡♥ts r❡s✉❧ts ✐♥ ❛ ♣❤❛s❡ s❤✐❢t ❜❡t✇❡❡♥
✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡✳
■♠♣❡❞❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❡✐t❤❡r ❡①❡❝✉t❡❞ ✐♥ ✷✲♣♦✐♥t ♦r ✹✲♣♦✐♥t ❝♦♥✜❣✉r❛✲

t✐♦♥s✳ ❲✐t❤ t❤❡ ✷✲♣♦✐♥t ♠❡❛s✉r❡♠❡♥t✱ ♦♥❧② t✇♦ ❝❛❜❧❡s ❛r❡ ✉s❡❞ ❢♦r ❛♣♣❧②✐♥❣ ❛
❝✉rr❡♥t ❛♥❞ ♠❡❛s✉r✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈♦❧t❛❣❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢
t❤❡ ❝❛❜❧❡s ✐s ❛❧✇❛②s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s✐❣♥❛❧✳ ❯s✐♥❣ ❢♦✉r ❝❛❜❧❡s ✭t✇♦ ❢♦r ❛♣♣❧②✐♥❣
❛♥❞ ♠❡❛s✉r✐♥❣ t❤❡ ❝✉rr❡♥t ❛♥❞ t✇♦ ❢♦r s❡♥s✐♥❣ t❤❡ ✈♦❧t❛❣❡✮ ❛❧❧♦✇s ♠♦r❡ ❛❝❝✉r❛t❡
♠❡❛s✉r❡♠❡♥ts ❛s t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❝❛❜❧❡s ✐s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s✐❣♥❛❧ ❬✸✺❪ ❬✸✻❪
❬✸✼❪✳

✷✳✸✳✷ ❉❈ ❜✐❛s ♠❡❛s✉r❡♠❡♥t

◆♦r♠❛❧❧②✱ ❊■❙ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ s♠❛❧❧ ❆❈ s✐❣♥❛❧s t♦ st❛② ✐♥ t❤❡
❧✐♥❡❛r r❡❣✐♠❡ ♦❢ t❤❡ ❝✉rr❡♥t✕✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝✱ s❡❡ ❋✐❣✉r❡ ✷✳✶✳ ❚❤✉s✱ ♦♥❧② s♠❛❧❧
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❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❛r✐s❡ ❢♦r t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s✳
❇② s✉♣❡r✐♠♣♦s✐♥❣ ❛ ❉❈ ❜✐❛s ✈♦❧t❛❣❡ ♦♥ t❤❡ s❛♠♣❧❡✱ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♦❢ t❤❡ r❡❛❝t✐♦♥s
✐s s❤✐❢t❡❞✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ♥♦♥✲③❡r♦ ❛✈❡r❛❣❡ r❡❛❝t✐♦♥ r❛t❡ ❛♥❞ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❉❈
❝✉rr❡♥t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s❛♠♣❧❡ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ❛t ❞✐✛❡r❡♥t ♣♦✐♥ts ✐♥ t❤❡ ❝✉rr❡♥t✲
✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝✳
❲❤❡♥ ❛♣♣❧②✐♥❣ ❜✐❛s t♦ ❛ s❛♠♣❧❡✱ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ t❤❡ ❡❧❡❝tr♦❞❡✱

✇❤✐❝❤ ❞❡✜♥❡s ❞❡❢❡❝t ❡q✉✐❧✐❜r✐❛ ❛♥❞ t❤❡ ♦①②❣❡♥ ✈❛❝❛♥❝② ❝♦♥❝❡♥tr❛t✐♦♥✱ ✐s ♥♦t ✐❞❡♥✲
t✐❝❛❧ t♦ t❤❡ ❣❛s ♣❤❛s❡ ❛♥② ♠♦r❡✳ ❚❤❡r❡❢♦r❡✱ ♣❛r❛♠❡t❡rs ❛s ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②
✭t❤r♦✉❣❤ ♦①②❣❡♥ ✈❛❝❛♥❝② ❝♦♥❝❡♥tr❛t✐♦♥✮ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✭t❤r♦✉❣❤ ❡❧❡❝✲
tr♦♥✐❝ ❞❡❢❡❝ts✮ ❝❤❛♥❣❡✳ ❚❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ t❤❡ ❡❧❡❝tr♦❞❡ ❝❛♥ ❜❡ ❝❛❧✲
❝✉❧❛t❡❞ ❜② ✐♥tr♦❞✉❝✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥ ✐♥ t❤❡ ❡❧❡❝tr♦❞❡✱ ✇❤✐❝❤ ✐s
❞❡✜♥❡❞ ❜② t❤❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧s ♦❢ ♦①②❣❡♥ ✐♦♥s ❛♥❞ ❡❧❡❝tr♦♥s✿

µO2 = 2µ̃O2− − 4µ̃e− . ✭✷✳✷✸✮

❆♣♣❧②✐♥❣ ❛ ❜✐❛s ✈♦❧t❛❣❡ ❯❉❈ ❝❤❛♥❣❡s t❤❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ❡❧❡❝tr♦♥s
❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s✿

∆µ̃e− = −FUDC . ✭✷✳✷✹✮

❚❤❡ ❡❧❡❝tr♦❧②t❡ ❤❛s ✜♥✐t❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❡❧❡❝✲
tr♦❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥ ✐♦♥s ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s✿

∆µ̃O2− = −2FIRelectrolyte = −2Fηelectrolyte ✭✷✳✷✺✮

✇✐t❤ Relectrolyte ❞❡♥♦t✐♥❣ t❤❡ ✐♦♥✐❝ tr❛♥s♣♦rt r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦❧②t❡ ❛♥❞
ηelectrolyte ❞❡♥♦t✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈♦❧t❛❣❡ ❞r♦♣ ♦❢ t❤❡ ❡❧❡❝tr♦❧②t❡✳ ■❢ t❤❡ ❝♦✉♥t❡r
❡❧❡❝tr♦❞❡ ✐s ❡✐t❤❡r ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ♦r ❤❛s ❝♦♥s✐❞❡r❛❜❧② ❢❛st❡r
❦✐♥❡t✐❝s✱ ✐t ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ❛♥❞ st✐❧❧ ✐♥ ❡q✉✐❧✐❜r✐✉♠ ✇✐t❤ t❤❡
❛t♠♦s♣❤❡r❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥ ♦❢ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❈♦♠❜✐♥✐♥❣ ❊q✉❛t✐♦♥ ✷✳✷✸ ✕❊q✉❛t✐♦♥ ✷✳✷✺ r❡s✉❧ts
✐♥

∆µO2 = µWE
O2

− µatm
O2

= 2∆µ̃O2− − 4∆µ̃e− = 4F (UDC − ηelectrolyte) = 4Fη ✭✷✳✷✻✮

✇❤❡r❡ η ✐s t❤❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛t t❤❡ ❡❧❡❝tr♦❞❡✱ ❲❊ ❞❡♥♦t❡s t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡
✭t❤❡ ♣♦❧❛r✐③❡❞ ❡❧❡❝tr♦❞❡✮ ❛♥❞ ❛t♠ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②✲
❣❡♥ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ❝❛♥ ❛❧s♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥
♦❢ t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ ❛❝✲
❝♦r❞✐♥❣ t♦ ❊q✉❛t✐♦♥ ✷✳✷✼✳ ❈♦♠❜✐♥✐♥❣ ❊q✉❛t✐♦♥ ✷✳✷✼ ✇✐t❤ ❊q✉❛t✐♦♥ ✷✳✷✻✱ ♦♥❡ ②✐❡❧❞s
❛♥ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
❛♣♣❧✐❡❞ ♦✈❡r♣♦t❡♥t✐❛❧ ✭❊q✉❛t✐♦♥ ✷✳✷✽✮✳

∆µWE
O2

= µatm
O2

+RTln

(

pWE
O2

patmO2

)

✭✷✳✷✼✮

pWE
O2

= patmO2
e

4Fη

RT ✭✷✳✷✽✮

✶✶
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❆s t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❡❧❡❝tr♦❞❡s ❝❤❛♥❣❡ ✇✐t❤ ❜✐❛s✱ s♦ ❞♦❡s t❤❡✐r ✐♠♣❡❞❛♥❝❡✳
❚❤✐s ❧❡❛❞s t♦ ♣r♦❜❧❡♠s ✇❤❡♥ ♠❡❛s✉r✐♥❣ ❛ s②♠♠❡tr✐❝❛❧ ❝❡❧❧✱ ❛s t❤❡ t✇♦ ❡❧❡❝tr♦❞❡s
❛r❡ ❛✛❡❝t❡❞ ❞✐✛❡r❡♥t❧② ❜② t❤❡ ❛♣♣❧✐❡❞ ❜✐❛s✱ r❡s✉❧t✐♥❣ ✐♥ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛
t❤❛t ❝❛♥♥♦t ❜❡ ❡❛s✐❧② ✐♥t❡r♣r❡t❡❞✳ ❚❤❡ ✐ss✉❡ ❝❛♥ ❜❡ ♦✈❡r❝♦♠❡ ❜② t❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❡t✉♣ t❤r♦✉❣❤ ♣❧❛❝✐♥❣ ❛ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ❜❡t✇❡❡♥ t❤❡ ✇♦r❦✐♥❣ ❛♥❞ ❝♦✉♥t❡r ❡❧❡❝✲
tr♦❞❡ ❛♥❞ ♠❡❛s✉r✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❜❡t✇❡❡♥ ❡✐t❤❡r ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡s ❛♥❞
t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳ ❚❤❛t ❛❧❧♦✇s t❤❡ s❡♥s✐♥❣ ♦❢ ❛ s✐♥❣❧❡ ❡❧❡❝tr♦❞❡ s♣❡❝tr✉♠ ❛♥❞
♠❡❛s✉r✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❛♣♣❧✐❡❞ ❉❈ ❜✐❛s ❝♦rr❡❝t❧② ❬✸✶❪ ❬✸✽❪✳

✷✳✸✳✸ ❊q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts

❉✐✛❡r❡♥t ♣❤❡♥♦♠❡♥❛ ✐♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧s ❡✈♦❦❡ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡
❛♥❞ ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr✉♠✳ ❋✐♥✐t❡ ❡❧❡❝tr♦♥✐❝ ♦r ✐♦♥✐❝ ❝♦♥✲
❞✉❝t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ r❡❛❝t✐♦♥ r❛t❡ ♦❢ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s ❝❛✉s❡ r❡s✐st✐✈❡
❜❡❤❛✈✐♦r✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧s ♦❢t❡♥ s❤♦✇ ✐♥t❡r❢❛❝✐❛❧ r❡s✐st❛♥❝❡s
❛♥❞ ❝❛♣❛❝✐t❛♥❝❡s✳ ❚❤❡ ❝❤❛♥❣✐♥❣ ♦❢ t❤❡ st♦✐❝❤✐♦♠❡tr② ♦❢ ❛ ♠❛t❡r✐❛❧ ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞
♣r♦❜✐♥❣ ✈♦❧t❛❣❡ ❛❧s♦ ❡✈♦❦❡s ❛ ❝❛♣❛❝✐t❛♥❝❡✱ t❤❡ s♦ ❝❛❧❧❡❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✳

❚♦ ❡①tr❛❝t ♠❡❛♥✐♥❣❢✉❧ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛✱ t❤❡ ❞❛t❛ ✐s ✜tt❡❞
✇✐t❤ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts ✇❤❡r❡ t❤❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❝❤♦s❡♥ ✐♥ r❡s♣❡❝t t♦ ♣❤②s✐❝❛❧
♣r♦❝❡ss❡s✳ ❚❤❡s❡ ❝✐r❝✉✐ts ♠❛✐♥❧② ❝♦♥s✐st ♦❢ r❡s✐st♦rs✱ ❝❛♣❛❝✐t♦rs ❛♥❞ ✐♥❞✉❝t❛♥❝❡s✳
❍♦✇❡✈❡r✱ s❛♠♣❧❡s ♦❢t❡♥ ❞♦ ♥♦t ❜❡❤❛✈❡ ✐❞❡❛❧❧② ✭❡s♣❡❝✐❛❧❧② ❝❛♣❛❝✐t❛♥❝❡s✮✱ r❡s✉❧t✐♥❣
✐♥ t❤❡ ♥❡❡❞ ❢♦r ♥♦♥✲✐❞❡❛❧ ❝✐r❝✉✐t ❡❧❡♠❡♥ts t♦ ♦❜t❛✐♥ ❛ s❛t✐s❢②✐♥❣ ✜t✳ ❆ ♥♦♥✲✐❞❡❛❧
❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞ ✇✐t❤ ❛ ❝♦♥st❛♥t ♣❤❛s❡ ❡❧❡♠❡♥t ✭❈P❊✮✳ ■ts ✐♠♣❡❞❛♥❝❡ ✐s ❣✐✈❡♥
❜②

Z =
1

T (j ∗ ω)P
✭✷✳✷✾✮

✇✐t❤ ❚ ❛♥❞ P ❜❡✐♥❣ ❢r❡q✉❡♥❝② ✐♥❞❡♣❡♥❞❡♥t ❈P❊ ♣❛r❛♠❡t❡rs✳ ❚ r❡s❡♠❜❧❡s t❤❡
❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ P q✉❛♥t✐✜❡s t❤❡ ♥♦♥✲✐❞❡❛❧✐t② ❬✸✺❪✳

❘⑤⑤❈P❊ ❡❧❡♠❡♥ts

❆♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧ ✐s ❛ s❡r✐❡s ❝✐r❝✉✐t ♦❢ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✱ ❡❧❡❝tr♦❧②t❡ ❛♥❞
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❚❤❡ ❡❧❡❝tr♦❧②t❡ t②♣✐❝❛❧❧② ❝❛✉s❡s ❛ ♣✉r❡❧② ♦❤♠✐❝ ✐♠♣❡❞❛♥❝❡✱
✇❤❡r❡❛s t❤❡ ❡❧❡❝tr♦❞❡s ❝❛♥ ♦❢t❡♥ ❜❡ ❞❡s❝r✐❜❡❞ ✇✐t❤ ❛ ♣❛r❛❧❧❡❧ ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛
r❡s✐st❛♥❝❡ ✭r❡❛❝t✐♦♥ r❡s✐st❛♥❝❡✱ ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡✱ ❡t❝✳✮ ❛♥❞ ❛ ❈P❊ ✭❝❤❡♠✲
✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ❡t❝✳✮✳ ■❢ t❤❡ ❡❧❡❝tr♦❞❡s ❛r❡ ♥♦t ✐❞❡♥t✐❝❛❧ ♦r ♠✉❧t✐♣❧❡ ♣❤❡♥♦♠❡♥❛
✐♥✢✉❡♥❝❡ t❤❡ ✐♠♣❡❞❛♥❝❡✱ ♠♦r❡ t❤❛♥ ♦♥❡ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t ✐s ♥❡❡❞❡❞ t♦ ❞❡s❝r✐❜❡
t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝❡❧❧✳ ❊❛❝❤ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t ❤❛s ❛♥ ❛ss♦❝✐❛t❡❞ t✐♠❡ ❝♦♥st❛♥t
τ = R ∗ C ✇❤✐❝❤ ❞❡✜♥❡s t❤❡ ❢r❡q✉❡♥❝② fmax = 1/(2πτ) ✇❤❡r❡ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt
♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ r❡❛❝❤❡s ❛ ♠❛①✐♠✉♠ ❬✸✺❪✳
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P❧♦tt✐♥❣ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦✈❡r t❤❡ r❡❛❧ ♣❛rt ✭◆②q✉✐st ♣❧♦t✮
r❡s✉❧ts ✐♥ ♠♦r❡ ♦r ❧❡ss ❞❡♣r❡ss❡❞ s❡♠✐❝✐r❝❧❡s ❢♦r ❡❛❝❤ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳ ❋✐❣✉r❡ ✷✳✸
❞❡♣✐❝ts ❛ ◆②q✉✐st ♣❧♦t ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ r❡s✐st♦r ✐♥ s❡r✐❡s ✇✐t❤ ❛♥ ❘⑤⑤❈P❊
❡❧❡♠❡♥t✳ ❚❤❡ s♣❡❝tr✉♠ ♦❢ ❛♥ ✐❞❡❛❧ ❘⑤⑤❈ ❡❧❡♠❡♥t ✐s ❛❧s♦ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✜❣✉r❡ ❢♦r
❝♦♠♣❛r✐s♦♥✳
❚❤❡ ❚ ♣❛r❛♠❡t❡r ♦❢ ❛ ❈P❊ ❞♦❡s ♥♦t ❝♦rr❡s♣♦♥❞ t♦ ❛♥ ❛❝t✉❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡✳

❍♦✇❡✈❡r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ ❛♥ ❡✛❡❝t✐✈❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ❛ ❈P❊ ♣❛r❛❧❧❡❧ t♦ ❛
r❡s✐st♦r ❘ ❜② ❬✸✾❪✿

C = (TR1−P )1/P ✭✷✳✸✵✮

✭❛✮ ◆②q✉✐st ♣❧♦t ✭❜✮ ❆ss♦❝✐❛t❡❞ ❝✐r❝✉✐ts

❋✐❣✉r❡ ✷✳✸✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts t❤❡ ◆②q✉✐st ♣❧♦t ♦❢ ❛♥ ❘⑤⑤❈ ❛♥❞ ❛♥ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳
❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝✐r❝✉✐ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✐♥s❡t ✭❜✮✳ ❚❤❡ ✈❛❧✉❡s ♦❢
✉s❡❞ ❝✐r❝✉✐t ❡❧❡♠❡♥ts ❛r❡✿ ❘♦✛s❡t ❂ ✶✵ Ω✱ ❘ ❂ ✺✵ Ω✱ ❈ ❂ ✶ ♠❋✱ ❚ ❂
✵✳✵✵✶ ❛♥❞ P ❂ ✵✳✾✳

❚r❛♥s♠✐ss✐♦♥ ❧✐♥❡ ♠♦❞❡❧

❚r❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts ❛r❡ ✇✐❞❡❧② ✉s❡❞ t♦ ✜t t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛
♦❢ ♠✐①❡❞ ❝♦♥❞✉❝t✐♥❣ ❡❧❡❝tr♦❞❡s✳ ❆s s✉❝❤ ♠♦❞❡❧s ❛r❡ ♥♦t ♦♥❧② ✈❛❧✐❞ ❢♦r ❡❧❡❝tr♦❞❡s
t❤❛t ❝♦♥s✐st ♦❢ ♦♥❡ ♠✐①❡❞ ❝♦♥❞✉❝t✐♥❣ ♠❛t❡r✐❛❧✱ ❜✉t ❛❧s♦ ❢♦r ❡❧❡❝tr♦❞❡s ❝♦♥s✐st✐♥❣
♦❢ t✇♦ ♣❤❛s❡s ✭♦♥❡ ❢♦r ✐♦♥✐❝ ❛♥❞ ♦♥❡ ❢♦r ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐♦♥✮✱ t❤❡② ❝❛♥ ❜❡ ❛♣✲
♣❧✐❡❞ t♦ ♠❛♥② ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ s②st❡♠s✳ ❋✐❣✉r❡ ✷✳✹❛ ❞❡♣✐❝ts t❤❡ ❝✐r❝✉✐t ♦❢ ❛ ❣❡♥❡r❛❧
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tr❛♥s♠✐ss✐♦♥ ❧✐♥❡✳ ■t ❝♦♥s✐sts ♦❢ ❛♥ ✐♦♥✐❝ r❛✐❧ ❛♥❞ ❛♥ ❡❧❡❝tr♦♥✐❝ r❛✐❧ t❤❛t ❛r❡ ❝♦♥✲
♥❡❝t❡❞ ✈✐❛ t❤❡ r❡❛❝t✐♦♥ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ❛s t❤❡s❡ ♣r♦❝❡ss❡s
❝♦♥✈❡rt ✐♦♥✐❝ ❝❤❛r❣❡ t♦ ❡❧❡❝tr♦♥✐❝ ❝❤❛r❣❡ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❈✉rr❡♥t ❝♦♠✐♥❣ ❢r♦♠ t❤❡
❡❧❡❝tr♦❧②t❡ ✐s tr❛♥s♣♦rt❡❞ ♦♥ t❤❡ ✐♦♥✐❝ r❛✐❧ ❛♥❞ ✐s ❢✉❧❧② ❝♦♥✈❡rt❡❞ t♦ ❡❧❡❝tr♦♥✐❝ ❝✉r✲
r❡♥t ✇❤❡♥ ✐t r❡❛❝❤❡s t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ❚❤❡ ✐♥✈♦❧✈❡❞ ♣❛r❛♠❡t❡rs ❛r❡ t❤❡ ✐♦♥✐❝
tr❛♥s♣♦rt r❡s✐st❛♥❝❡ ❘✐♦♥✱ t❤❡ ❡❧❡❝tr♦♥✐❝ tr❛♥s♣♦rt r❡s✐st❛♥❝❡ ❘❡♦♥✱ t❤❡ r❡❛❝t✐♦♥
r❡s✐st❛♥❝❡ ❘r❡❛❝t ❛♥❞ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❈❝❤❡♠✳ ■♥ ❝❛s❡ ♦❢ ❤✐❣❤ ❡❧❡❝tr♦♥✐❝
❝♦♥❞✉❝t✐✈✐t② ✇✐t❤✐♥ t❤❡ ❡❧❡❝tr♦❞❡✱ t❤❡ ❡❧❡❝tr♦♥✐❝ r❛✐❧ ✐s s❤♦rt✲❝✐r❝✉✐t❡❞ ✭❘❡♦♥❂✵✮
❧❡❛❞✐♥❣ t♦ ❛♥ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❝✐r❝✉✐t ❣✐✈❡♥ ❜②

Z = λ Rion coth

(

L

λ

)

✭✷✳✸✶✮

✇✐t❤

λ =

√

√

√

√

1

Rion

(

1
Rreact

+ jωCchem

) ✭✷✳✸✷✮

✇❤❡r❡ ▲ ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❛♥❞ λ t❤❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧❧② ❛❝t✐✈❡ ❧❡♥❣t❤✳
❚❤❡ ❛r❡❛ s♣❡❝✐✜❝ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✭ASRelectrode✮ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠
❊q✉❛t✐♦♥ ✷✳✸✶ ❛♥❞ ❊q✉❛t✐♦♥ ✷✳✸✷ ❜② s❡tt✐♥❣ ω t♦ ③❡r♦✱ ❧❡❛❞✐♥❣ t♦✿

ASRelectrode =
√

Rreact ∗Rion coth

(

L ∗

√

Rion

Rreact

)

✭✷✳✸✸✮

❚❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✉s❡❞ ❢♦r ✜tt✐♥❣ ❛♣♣r♦♣r✐❛t❡ s♣❡❝tr❛ ✐♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s
t❤❡s✐s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✹❜✳ ■t ✐♥❝❧✉❞❡s ❛ r❡s✐st❛♥❝❡ ❢♦r t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐♦♥
❧♦ss❡s ✐♥ t❤❡ ❡❧❡❝tr♦❧②t❡ ✭❘❨❙❩✮ ❛♥❞ ❛❧s♦ t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t ♣♦ss✐❜❧❡ ✐♥t❡r❢❛❝✐❛❧
❡✛❡❝ts ✭❘✐♥t❡r❢❛❝❡ ❛♥❞ ❈✐♥t❡r❢❛❝❡✮ ❛t t❤❡ ❡❧❡❝tr♦❧②t❡✲❡❧❡❝tr♦❞❡ ✐♥t❡r❢❛❝❡✳ ❋✐tt✐♥❣ ✐s
❞♦♥❡ ✇✐t❤ t❤❡ ❝♦♠♠❡r❝✐❛❧ s♦❢t✇❛r❡ ✧❩❱✐❡✇ ✷✧ t❤❛t ❝♦♥t❛✐♥s ❛♥ ❡①t❡♥❞❡❞ ❡q✉✐✈❛❧❡♥t
❝✐r❝✉✐t ❡❧❡♠❡♥t r❡s♣r❡s❡♥t✐♥❣ ❛ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ♠♦❞❡❧ ✭❉❳✶✶✲❇✐sq✉❡rt ✷✮✳ ❲✐t❤✐♥
t❤✐s ❡❧❡♠❡♥t✱ ❛❧❧ ❝❛♣❛❝✐t❛♥❝❡s ❛r❡ ❞❡s❝r✐❜❡❞ ✇✐t❤ ❈P❊s ✐♥st❡❛❞ ♦❢ ❝❛♣❛❝✐t♦rs t♦
❛❝❝♦✉♥t ❢♦r ♥♦♥✲✐❞❡❛❧ ❜❡❤❛✈✐♦r✳ ❚❤❡ ❡q✉✈✐❛❧❡♥t ❝✐r❝✉✐t ✉s❡❞ ❢♦r ✜tt✐♥❣ ✐♥ ❩❱✐❡✇ ✐s
❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✺✳ ❆s t❤✐s ❝✐r❝✉✐t ✐s ❞❡✜♥❡❞ ❜② ✶✹ ♣❛r❛♠❡t❡rs ✇✐t❤ ✉♥✐♥t✉✐t✐✈❡
♥❛♠❡s✱ ❛♥ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❡❛❝❤ ♣❛r❛♠❡t❡r ✐s ♣r♦✈✐❞❡❞ ✐♥ ❚❛❜❧❡ ✷✳✶ ❬✹✵❪ ❬✹✶❪ ❬✹✷❪✳

✷✳✸✳✹ ▼❡❛s✉r❡♠❡♥t ❛rt✐❢❛❝ts ✇✐t❤ t❤r❡❡✲❡❧❡❝tr♦❞❡
♠❡❛s✉r❡♠❡♥ts

❚❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❝♦♠♠♦♥❧② ✉s❡❞ ✇❤❡♥ ✐♥✈❡st✐❣❛t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡
♦❢ ❉❈ ❜✐❛s ♦♥ ❡❧❡❝tr♦❞❡s✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♣r♦♥❡ t♦ ❡rr♦rs ❧❡❛❞✐♥❣
t♦ ❛rt✐❢❛❝ts ❛♥❞ ❞✐st♦rt❡❞ ❢❡❛t✉r❡s ✐♥ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛✳ ❙♦♠❡ ❛rt✐❢❛❝ts ❝❛♥

✶✹
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✭❛✮ ●❡♥❡r❛❧ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡

✭❜✮ ❆❞❛♣t❡❞ ❝✐r❝✉✐t

❋✐❣✉r❡ ✷✳✹✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts ❛ s❝❤❡♠❛t✐❝ ♦❢ ❛ ❣❡♥❡r❛❧ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t
❝✐r❝✉✐t✳ ❚❤❡ ❛❞❛♣t❡❞ ❝✐r❝✉✐t ✉s❡❞ ❢♦r ✜tt✐♥❣ t❤❡ s♣❡❝tr❛ ♦❢ s❡❧❡❝t❡❞
s❛♠♣❧❡s ✐♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡s✐s ✐s ♣r❡s❡♥t❡❞ ✐♥ ✐♥s❡t ✭❜✮✳

❋✐❣✉r❡ ✷✳✺✿ ❚r❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❛♥❞ ❛ss♦❝✐❛t❡❞ ♣❛r❛♠❡t❡rs ✐♥
❩❱✐❡✇

❜❡ ♣r❡✈❡♥t❡❞ ✇✐t❤ ❛♥ ✐♠♣r♦✈❡❞ ❣❡♦♠❡tr② ❛♥❞ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♣❧❛❝✐♥❣✱ ✇❤✐❧❡
♦t❤❡rs ❡✈❡♥ ♦❝❝✉r ✇✐t❤ ❛ ♣❡r❢❡❝t s❡t✉♣✳ ❚❤❡ ♠❛✐♥ s❡t✉♣ ✉s❡❞ ✐♥ t❤✐s t❤❡s✐s ✇❡r❡
♣❧❛♥❡✲♣❛r❛❧❧❡❧ ❡❧❡❝tr♦❞❡s ♦♥ ❛ t❤✐❝❦ ❡❧❡❝tr♦❧②t❡ t❤❛t ❤❛❞ ❛ ♣r♦tr✉s✐♦♥ ♦♥ t❤❡ s✐❞❡
✇❤❡r❡ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✇❛s ♣❧❛❝❡❞✱ s❡❡ s✉❜s❡❝t✐♦♥ ✸✳✶✳✸✳ ❚❤❡ ♠❛✐♥ ❛rt✐❢❛❝t
s♦✉r❝❡s ❢♦r t❤✐s ❛❞✈❛♥❝❡❞ ♠❡❛s✉r❡♠❡♥t s❡t✉♣ ❛r❡ ❜r✐❡✢② ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
❬✷✹❪✳
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❩❱✐❡✇ ♣❛r❛♠❡t❡r ◆❛♠❡ ✐♥ ❡q✉❛t✐♦♥✴❊①♣❧❛♥❛t✐♦♥ ✜①❡❞✴❢r❡❡

▲✇✐r❡ ■♥❞✉❝t❛♥❝❡ ♦❢ ✇✐r✐♥❣ ♠❛② ❜❡ ✜①❡❞ t♦ ✵
❘❴❡❧❡❝tr♦❧②t❡ ❘❨❙❩ ❢r❡❡
❘✲✐♥t❡r❢❛❝❡ ❘✐♥t❡r❢❛❝❡ ♠❛② ❜❡ ✜①❡❞ t♦ ✵
❉❳✶✲❘ ❘❡♦♥ ✜①❡❞ t♦ ✵
❉❳✶✲❚ ❈❛♣❛❝✐t❛♥❝❡ ♦♥ ❡❧❡❝tr♦♥✐❝ r❛✐❧ ✜①❡❞ t♦ ✵
❉❳✶✲P P❛r❛♠❡t❡r ❞❡s❝r✐❜✐♥❣ ♥♦♥✲✐❞❡❛❧

❜❡❤❛✈✐♦r ♦❢ ❝❛♣❛❝✐t❛♥❝❡ ♦♥ ❡❧❡❝tr♦♥✐❝
r❛✐❧

✜①❡❞ t♦ ✶

❉❳✶✲❯ ❘✐♦♥ ❢r❡❡
❉❳✶✲❆ ❈❛♣❛❝✐t❛♥❝❡ ♦♥ ✐♦♥✐❝ r❛✐❧ ✜①❡❞ t♦ ✵
❉❳✶✲❇ P❛r❛♠❡t❡r ❞❡s❝r✐❜✐♥❣ ♥♦♥✲✐❞❡❛❧

❜❡❤❛✈✐♦r ♦❢ ❝❛♣❛❝✐t❛♥❝❡ ♦♥ ✐♦♥✐❝ r❛✐❧
✜①❡❞ t♦ ✶

❉❳✶✲❈ ❘r❡❛❝t ❢r❡❡
❉❳✶✲❉ ❈❝❤❡♠ ❢r❡❡
❉❳✶✲❊ P❛r❛♠❡t❡r ❞❡s❝r✐❜✐♥❣ ♥♦♥✲✐❞❡❛❧

❜❡❤❛✈✐♦r ♦❢ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
❢r❡❡

❉❳✶✲❋ ❊❧❡❝tr♦❞❡ t❤✐❝❦♥❡ss ✐♥ ❝♠ ✜①❡❞ t♦ ✵✳✵✵✶
❈✶ ❈✐♥t❡r❢❛❝❡ ♠❛② ❜❡ ✜①❡❞ t♦ ✵

❚❛❜❧❡ ✷✳✶✿ ❊①♣❧❛♥❛t✐♦♥ ♦❢ ❩❱✐❡✇ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs

▼✐s❛❧✐❣♥❡❞ ✇♦r❦✐♥❣ ❛♥❞ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡s

■❢ t❤❡ t✇♦ ❡❧❡❝tr♦❞❡s ❛r❡ ♠✐s❛❧✐❣♥❡❞✱ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❛② ♥♦ ❧♦♥❣❡r ❜❡ ❛❜❧❡
t♦ s❡♣❛r❛t❡ t❤❡ ♣♦t❡♥t✐❛❧ ❢r♦♠ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ❢r♦♠ t❤❡ r❡st ♦❢ t❤❡ s❛♠✲
♣❧❡✳ ❚❤✐s ✐s t❤❡ ❝❛s❡ ✐❢ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ❡♥❞s
♦♥ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✲❡❧❡❝tr♦❧②t❡ ✐♥t❡r❢❛❝❡✱ r❡s✉❧t✐♥❣ ✐♥ ♣❛rts ♦❢ t❤❡ ♠❡❛s✉r❡❞
✐♠♣❡❞❛♥❝❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✭❝r♦ss ❝♦♥t❛♠✐♥❛t✐♦♥✮✳ ❍❡♥❝❡✱
t❤❡ ❢❡❛t✉r❡s ✐♥ t❤❡ s♣❡❝tr✉♠ ❝❛♥ ❜❡ ❞✐st♦rt❡❞ ❛♥❞ ❛rt✐❢❛❝ts ♠❛② ❛r✐s❡✱ ✇❤✐❝❤ ♣♦s✲
s✐❜❧② ❧❡❛❞s t♦ ✇r♦♥❣ ✐♥t❡r♣r❡t❛t✐♦♥s ❬✷✵❪✳

❋r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥t ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥

❚❤❡ ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥ t❤r♦✉❣❤ ❛♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧ ❝❤❛♥❣❡s ✇✐t❤ t❤❡ ❢rq✉❡♥❝②✳
❆t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s t❤❡ ❡❧❡❝tr♦❞❡s ❛r❡ s❤♦rt✲❝✐r❝✉✐t❡❞ ❜② t❤❡✐r ❝❛♣❛❝✐t❛♥❝❡s ❛♥❞ t❤❡
✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡ s♦❧❡❧② ❛r✐s❡s ❢r♦♠ t❤❡ ❡❧❡❝tr♦❧②t❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝✉rr❡♥t
♣❛t❤s ✐♥ t❤❡ ❡❧❡❝tr♦❧②t❡ ❡①♣❛♥❞ ♦✈❡r ❛ ✇✐❞❡ ❛r❡❛ t♦ ♠✐♥✐♠✐③❡ t❤❡ r❡s✐st❛♥❝❡✳ ❆t
❧♦✇❡r ❢r❡q✉❡♥❝✐❡s t❤❡ ❡❧❡❝tr♦❞❡s ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ✐♠♣❡❞❛♥❝❡✱ r❡s✉❧t✐♥❣ ✐♥
❝✉rr❡♥t ♣❛t❤s t❤❛t ❛r❡ ❞✐str✐❜✉t❡❞ ❝❧♦s❡r ✉♥❞❡r♥❡❛t❤ t❤❡ ❡❧❡❝tr♦❞❡ s✉r❢❛❝❡✳ ■♥ t❤❡
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❝❛s❡ ♦❢ ♣❡r❢❡❝t❧② s②♠♠❡tr✐❝ ❝❡❧❧s✱ t❤✐s tr❛♥s✐t✐♦♥ ❞♦❡s ♥♦t ✐♥✢✉❡♥❝❡ t❤❡ r❡❢❡r❡♥❝❡
♣♦t❡♥t✐❛❧ ❛s ✐t ✐s ♥♦t s❤✐❢t❡❞ ✇✐t❤ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ✐♥✈❡st✐❣❛t✐♥❣
❛s②♠♠❡tr✐❝ s❛♠♣❧❡s ✭♠✐s❛❧✐❣♥❡❞ ❡❧❡❝tr♦❞❡s✱ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s✱ ❡t❝✳✮ t❤❡
tr❛♥s✐t✐♦♥ ❧❡❛❞s t♦ ❛ s❤✐❢t ♦❢ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡
❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❚❤❛t r❡s✉❧ts ✐♥ ❛ ♠❡❛s✉r❡❞ ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡ t❤❛t ✐s
❢r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥t ❛♥❞ t❤❡r❡❢♦r❡ ❝❛♥ ❛❣❛✐♥ ❧❡❛❞ t♦ ❞✐st♦rt❡❞ ✐♠♣❡❞❛♥❝❡ ❢❡❛t✉r❡s
❛♥❞ ✭✐♥❞✉❝t✐✈❡✮ ❛rt✐❢❛❝ts ❬✶✾❪ ❬✷✶❪✳

❱♦❧t❛❣❡ ❞✐✈✐❞❡r ♦♥ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣ ❧✐♥❡

❆♥ ✐❞❡❛❧ ✈♦❧t♠❡t❡r ❤❛s ❛♥ ✐♥✜♥✐t❡❧② ❤✐❣❤ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ✐♥ ♦r❞❡r t♦ ♥♦t ✐♥✢✉❡♥❝❡
t❤❡ ♠❡❛s✉r❡❞ s✐❣♥❛❧✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ r❡❛❧ ✈♦❧t♠❡t❡r ✐s ✜♥✐t❡ ❛♥❞
❝♦♥s✐sts ♦❢ ❛ ❜✐❣ r❡s✐st♦r ♣❛r❛❧❧❡❧ t♦ ❛ s♠❛❧❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤✐s ✐♠♣❡❞❛♥❝❡ ❩✐♥♣✉t ✐s
❛❧s♦ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣
❧✐♥❡ t♦ ✐ts ❣r♦✉♥❞❡❞ s❤✐❡❧❞✳ ❆s t❤✐s ❝❛♣❛❝✐t❛♥❝❡ ✐s ♣❛r❛❧❧❡❧ t♦ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡
✈♦❧t♠❡t❡r✱ ✐t ❛❞❞s ✉♣ t♦ t❤❡ ❡✛❡❝t✐✈❡ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ✈♦❧t♠❡t❡r✱ ❧♦✇❡r✐♥❣
t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝t✐✈❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❩❡✛

✐♥♣✉t✳

❋✐❣✉r❡ ✷✳✻✿ ❙❝❤❡♠❛t✐❝ ♦❢ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ♦♥ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣ ❧✐♥❡

❚❤❡ ❡✛❡❝t✐✈❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛♥❞ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡
❜✉✐❧❞ ❛ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r t❤❛t ✐♥✢✉❡♥❝❡s t❤❡ ♠❡❛s✉r❡❞ ✈♦❧t❛❣❡ ✭❋✐❣✉r❡ ✷✳✻✮✳ ❚❤❡
❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ r❡❛❧ ✈♦❧t❛❣❡ ✭✇✐t❤ ✐♥✜♥✐t❡ ❡✛❡❝t✐✈❡ ✐♥♣✉t
✐♠♣❡❞❛♥❝❡✮ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤

∆URE = ZRE ∗ IRE =
ZRE

Zeff
input + ZRE

∗ Ureal. ✭✷✳✸✹✮

■❢ ❩❡✛
✐♥♣✉t ✐s ✐♥ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛s ❩❘❊✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♠❡❛s✉r❡❞

✈♦❧t❛❣❡ ✐s s✉❜st❛♥t✐❛❧✳ ❈♦♥s✐❞❡r✐♥❣ ❛♥ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ✶✵ ♣❋ ♦❢ t❤❡ ✈♦❧t♠❡t❡r
❛♥❞ ❛ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♠❡❛s✉r✐♥❣ ❝❛❜❧❡ ♦❢ ✶✺✵ ♣❋ ✭✶✵✵ ♣❋ ♣❡r ♠❡t❡r✱
✶✳✺ ♠❡t❡r ❝❛❜❧❡ ❧❡♥❣t❤✮✱ ♦♥❡ ❝❛♥ ❛♣♣r♦①✐♠❛t❡❧② ❝❛❧❝✉❧❛t❡ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ♦❢ t❤❡
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✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛t ✶ ▼❍③ ✭♥❡❣❧❡❝t✐♥❣ t❤❡ ✐♥♣✉t r❡s✐st❛♥❝❡✮ t♦ ❛❜♦✉t ✶ ❦Ω✳ ❚❤✐s
✈❛❧✉❡ ✐s ❝♦♠♣❛r❛❜❧❡ ✇✐t❤ t②♣✐❝❛❧ ✐♠♣❡❞❛♥❝❡s ♦❢ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡s ✉s❡❞ ✐♥ t❤❡
❝♦✉rs❡ ♦❢ t❤✐s t❤❡s✐s✱ ❧❡❛❞✐♥❣ t♦ ♠❡❛s✉r✐♥❣ ❛rt✐❢❛❝ts ✐♥ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② r❡❣✐♦♥
♦❢ t❤❡ r❡❝♦r❞❡❞ s♣❡❝tr❛✳ ❇② ❢♦r❝✐♥❣ t❤❡ s❤✐❡❧❞ ♦❢ t❤❡ ❇◆❈ ❝❛❜❧❡ ♦❢ t❤❡ ♠❡❛s✉r✐♥❣
❧✐♥❡ t♦ t❤❡ s❛♠❡ ♣♦t❡♥t✐❛❧ ❛s t❤❡ ❝♦r❡✱ t❤❡ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ❝❛♥ ❜❡ ❝❛♥❝❡❧❡❞
♦✉t✱ ❞❡❝r❡❛s✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝ts ❬✷✹❪✳
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✸ ❊①♣❡r✐♠❡♥t❛❧

✸✳✶ ❙❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥

■♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡s✐s✱ t❤✐♥ ✜❧♠s ❛s ✇❡❧❧ ❛s ♣♦r♦✉s ❡❧❡❝tr♦❞❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞
♦♥ ❡❧❡❝tr♦❧②t❡s ✇✐t❤ ❞✐✛❡r❡♥t ❣❡♦♠❡tr✐❡s✳ ❚❤❡ ❡❧❡❝tr♦❧②t❡ s✉❜str❛t❡s ✇❡r❡ ❡✐t❤❡r
❨❙❩ s✐♥❣❧❡ ❝r②st❛❧s ♦r ♣♦❧②❝r②st❛❧❧✐♥❡ ❨❙❩✳

✸✳✶✳✶ ❚❤✐♥ ✜❧♠s

❉❡♥s❡ ●❉❈ t❤✐♥ ✜❧♠s ♦❢ ❛❜♦✉t ✸✺✵ ♥♠ t❤✐❝❦♥❡ss ✇❡r❡ ❞❡♣♦s✐t❡❞ ♦♥ ✺ ♠♠ ① ✺
♠♠ ① ✵✳✺ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧s ✭✾✳✺ ♠♦❧✪ ❨✷❖✸✱ ❈r②st❡❝ ●♠❜❍✱ ●❡r♠❛♥②✮ ❜②
♣✉❧s❡❞ ❧❛s❡r ❞❡♣♦s✐t✐♦♥✳ ❚❤❡ s✉❜str❛t❡s ❤❛❞ ❬✶✵✵❪ ♦r✐❡♥t❛t✐♦♥ ❛♥❞ ✇❡r❡ ♣♦❧✐s❤❡❞
♦♥ ❜♦t❤ s✐❞❡s✳ ❚♦ ❡♥s✉r❡ ❤♦♠♦❣❡♥❡♦✉s ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡s Pt ❝✉rr❡♥t
❝♦❧❧❡❝t♦r ❣r✐❞s ✇❡r❡ ♣r❡❞❡♣♦s✐t❡❞ ♦♥ t❤❡ s✉❜str❛t❡s✳ ❇❡❢♦r❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡
❝✉rr❡♥t ❝♦❧❧❡❝t♦rs t❤❡ ❡❧❡❝tr♦❧②t❡s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ ❛♥ ✶ ❦❱ ❆r ✲ ✐♦♥ ❜❡❛♠ ❢♦r ✷✵
♠✐♥✉t❡s t♦ ❝r❡❛t❡ s♦♠❡ ❞❡❢❡❝ts ❢♦r ❜❡tt❡r ❛❞❤❡s✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ❈✉rr❡♥t
❝♦❧❧❡❝t♦rs ❝♦♥s✐st✐♥❣ ♦❢ ❛ ✺ ♥♠ t❤✐❝❦ ❚✐ ❧❛②❡r ❢♦❧❧♦✇❡❞ ❜② ❛ ✶✵✵ ♥♠ t❤✐❝❦ Pt ❧❛②❡r
✇❡r❡ ❞❡♣♦s✐t❡❞ ♦♥ t❤❡ s✉❜str❛t❡ ✈✐❛ ❆r s♣✉tt❡r✐♥❣ ✭▼❊❉ ✵✷✵ ❈♦❛t✐♥❣ ❙②st❡♠✱
❇❆▲✲❚❊❈✱ ●❡r♠❛♥②✮✳ ❚❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s♣✉tt❡r✐♥❣ ♣r♦❝❡ss ❛r❡ ❣✐✈❡♥ ✐♥
❚❛❜❧❡ ✸✳✶✳

❚✐t❛♥✐✉♠ P❧❛t✐♥✉♠

t❛r❣❡t ❞✐st❛♥❝❡ ✻ ❝♠ ✻ ❝♠
s♣✉tt❡r ❝✉r❡♥t ✶✵✵ ♠❆ ✶✵✵ ♠❆
s♣✉tt❡r t✐♠❡ ✺✻ ✶✻✶

❚❛❜❧❡ ✸✳✶✿ P❛r❛♠❡t❡rs ✉s❡❞ ❢♦r s♣✉tt❡r✐♥❣ ♦❢ ❝✉rr❡♥t ❝♦❧❧❡❝t♦rs

❚❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦rs ✇❡r❡ str✉❝t✉r❡❞ ✈✐❛ ✐♦♥ ❜❡❛♠ ❡t❝❤✐♥❣ ❧✐t❤♦❣r❛♣❤②✳ ❆
♣❤♦t♦r❡s✐st ✭◆✲✶✹✸✵ ▼✐❝r♦❘❡s✐st ❚❡❝❤♥♦❧♦❣②✱ ●❡r♠❛♥②✮ ✇❛s s♣✐♥✲❝♦❛t❡❞ ✭❙❈❈✲
✷✵✵ ❑▲▼✱ ●❡r♠❛♥②✮ ❛t ✼✵ r♣s ❢♦r ✸✵ s❡❝♦♥❞s✱ ❢♦❧❧♦✇❡❞ ❜② ✶✺✵ r♣♠ ❢♦r ✶✵ s❡❝♦♥❞s✳
❉✉❡ t♦ s✉r❢❛❝❡ t❡♥s✐♦♥✱ t❤❡ ♣❤♦t♦r❡s✐st ✇❛s t❤✐❝❦❡r ❛t t❤❡ ❡❞❣❡s ♦❢ t❤❡ s✉❜str❛t❡✳
❚❤✐s ❡✛❡❝t ✇❛s ♠✐♥✐♠✐③❡❞ ❜② t❤❡ s❤♦rt s❡q✉❡♥❝❡ ✇✐t❤ ❤✐❣❤ r♦t❛t✐♦♥❛❧ s♣❡❡❞✳ ❚♦
❞r② t❤❡ ♣❤♦t♦r❡s✐st✱ t❤❡ s✉❜str❛t❡ ✇❛s ♣✉t ♦♥ ❛ ❤♦t ♣❧❛t❡ ✇✐t❤ ❛ t❡♠♣❡r❛t✉r❡ ♦❢
✶✶✵➦❈ ❢♦r t✇♦ ♠✐♥✉t❡s✳ ❆❢t❡r✇❛r❞s✱ ❛ ♠❛s❦ ✇✐t❤ t❤❡ ❞❡s✐r❡❞ ♣❛tt❡r♥ ✭❣r✐❞ ✇✐t❤ ✺

✶✾
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µ♠ str✐♣ ❛♥❞ ✶✵ µ♠ ❤♦❧❡✮ ✇❛s ❛❧✐❣♥❡❞ ♦♥ t❤❡ s✉❜str❛t❡ ❛♥❞ t❤❡ ♣❤♦t♦r❡s✐st ✇❛s
❡①♣♦s❡❞ t♦ ❯❱ ❧✐❣❤t ✭✸✺✵❲✱ ❯❙❍■❖ ✸✺✵❉P ❍❣✱ ❯s❤✐♦✱ ❏❛♣❛♥✮ ❢♦r ✻✵ s❡❝♦♥❞s✳
❚❤❡ s❛♠♣❧❡ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ❛ ❧✐q✉✐❞ ❞❡✈❡❧♦♣❡r s♦❧✉t✐♦♥ ✭▼✐❝r♦❘❡s✐st ❚❡❝❤♥♦❧♦❣②✱
●❡r♠❛♥②✮ ❢♦r ✻✵ s❡❝♦♥❞s ✇❤✐❝❤ r❡♠♦✈❡❞ t❤❡ ✉♥❡①♣♦s❡❞ ♣❤♦t♦r❡s✐st✳ ❚❤❡ ❡t❝❤✐♥❣
♦❢ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦rs ✇❛s ❞♦♥❡ ✇✐t❤ ❛♥ ❆r ✐♦♥ ❜❡❛♠✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ♣❤♦t♦r❡s✐st
✇❛s r❡♠♦✈❡❞ ❜② ❝❛r❡❢✉❧❧② ❜r✉s❤✐♥❣ t❤❡ ❡❧❡❝tr♦❞❡ ✇✐t❤ ❛ ❧✐♥t✲❢r❡❡ ❝❧♦t❤ s♦❛❦❡❞ ✐♥
❡t❤❛♥♦❧ ♣✳❛✳✳
❚❤❡ ❡❧❡❝tr♦❞❡ t❤✐♥ ✜❧♠s ✇❡r❡ t❤❡♥ ❞❡♣♦s✐t❡❞ ♦♥ t♦♣ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦rs✳ ❆

●❉❈ ✶✵ ✭✶✵ ✪ ●❞✷❖✸ ❞♦♣❡❞ ❈❡❖✷ ❢r♦♠ ❚r❡✐❜❛❝❤❡r ■♥❞✉str✐❡ ❆●✱ ❆✉str✐❛✮ t❛r❣❡t
✇❛s ♣r❡♣❛r❡❞ ❜② ❝♦❧❞ ✐s♦st❛t✐❝ ♣r❡ss✐♥❣ ✇✐t❤ ❛ ♣r❡ss✉r❡ ♦❢ ✶✺ t♦♥s ❛♥❞ s✐♥t❡r✐♥❣
❛t ✶✹✵✵➦❈ ❢♦r ✶✵ ❤♦✉rs✳ ❚❤❡ ❛❜❧❛t✐♦♥ ✇❛s ❞♦♥❡ ❜② ❛ ❑r❋ ❡①❝✐♠❡r ❧❛s❡r ✭❈♦♠♣❧❡①
Pr♦ ✷✵✶❋✮ ✇✐t❤ ❛ ♣✉❧s❡ ❡♥❡r❣② ♦❢ ✹✵✵ ♠❏✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡ ❛♥❞
t❤❡ t❛r❣❡t ✇❛s ✻✳✼ ❝♠ ❛♥❞ t❤❡ s❛♠♣❧❡ ✇❛s ❤❡❛t❡❞ t♦ ❛♣♣r♦①✐♠❛t❡❧② ✻✺✵➦❈✳ ❚❤❡
❞❡♣♦s✐t✐♦♥ ✇❛s ❞♦♥❡ ✐♥ ❛♥ ♦①②❣❡♥ ❛t♠♦s♣❤❡r❡ ✇✐t❤ ❛ ♣r❡ss✉r❡ ♦❢ 4 ∗ 10−2 ♠❜❛r✳
❋♦r t❤❡ ❞❡s✐r❡❞ t❤✐❝❦♥❡ss ♦❢ ✸✺✵ ♥♠ t❤❡ ❧❛s❡r ✇❛s ♦♣❡r❛t❡❞ ❢♦r ✷✵ ♠✐♥✉t❡s ✇✐t❤ ❛
✜r✐♥❣ r❛t❡ ♦❢ ✺ ❍③✳

✸✳✶✳✷ P♦r♦✉s ❡❧❡❝tr♦❞❡s

P♦r♦✉s ❡❧❡❝tr♦❞❡s ✇❡r❡ ♣r❡♣❛r❡❞ ❜② ❡✐t❤❡r s❝r❡❡♥ ♣r✐♥t✐♥❣ ♦r ❜r✉s❤✐♥❣ ♦❢ ❡❧❡❝tr♦❞❡
♣❛st❡ ♦♥ t❤❡ ❡❧❡❝tr♦❧②t❡ s✉❜str❛t❡s ✭✺ ♠♠ ① ✺ ♠♠ ① ✵✳✺ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧s ♦r
r♦✉♥❞ ♣♦❧②❝r②st❛❧❧✐♥❡ ❨❙❩ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶✺ ♠♠✮✳ ❚❤❡ ♣❛st❡s ✇❡r❡ ♣r♦❞✉❝❡❞
❜② ♠✐①✐♥❣ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❡❧❡❝tr♦❞❡ ♣♦✇❞❡r ✇✐t❤ ❛♥ ✐♥❦ ✈❡❤✐❝❧❡ ✐♥ ❛ ♦♥❡✲
t♦✲♦♥❡ ✇❡✐❣❤t r❛t✐♦✳ ❚❤❡ ♠✐①t✉r❡ ✇❛s ❞✐❧✉t❡❞ ✇✐t❤ ❡t❤❛♥♦❧ ♣✳❛✳ ❛♥❞ ❤♦♠♦❣❡♥✐③❡❞
✐♥ ❛ ❜❛❧❧ ♠✐❧❧ ✭❋❘■❚❙❈❍ ●♠❜❍✱ ●❡r♠❛♥②✮ ❢♦r ✸✵ ♠✐♥✉t❡s✳ ■♥ t❤❡ ❡♥❞✱ t❤❡ ❡①❝❡ss
❡t❤❛♥♦❧ ✇❛s ❡✈❛♣♦r❛t❡❞ ♦♥ ❛ ❤♦t ♣❧❛t❡ ✉♥t✐❧ t❤❡ ♣❛st❡ ❤❛❞ ❛ s✉✐t❛❜❧❡ ✈✐s❝♦s✐t②✳
❆♣❛rt ❢r♦♠ t❤❛t✱ ❛❧s♦ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ Pt✴❨❙❩ ✭❚❛♥❛❦❛✮ ❛♥❞ ◆✐❖✴❨❙❩
✭❍❡r❛❡✉s✮ ♣❛st❡s ✇❡r❡ ❞✐r❡❝t❧② ✉s❡❞✳
❆❢t❡r ❛♣♣❧②✐♥❣ t❤❡ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧✱ t❤❡ s❛♠♣❧❡s ✇❡r❡ ❞r✐❡❞ ❛t ✶✷✺➦❈ ❢♦r s❡✈❡r❛❧

♠✐♥✉t❡s✳ ❋♦r ♠❛t❡r✐❛❧s ✇✐t❤ ✐♥s✉✣❝✐❡♥t ❡❧❡❝tr✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ ❡✐t❤❡r ♣❧❛t✐♥✉♠ ♣❛st❡
✭❚❛♥❛❦❛ ❚❘✲✼✾✵✼✮ ♦r ◆✐❖ ✭❍❡r❛❡✉s✮ ✇❛s ❜r✉s❤❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡ ❛s ❛ ❝✉rr❡♥t
❝♦❧❧❡❝t♦r✳ ❙✐♥t❡r✐♥❣ ✇❛s ❞♦♥❡ ✐♥ ❡✐t❤❡r ❛ ❝❤❛♠❜❡r ❢✉r♥❛❝❡ ✭❍❙❚✶✷✴✸✵✵✱ ❈❛r❜♦❧✐t❡
●❡r♦ ●♠❜❍✱ ●❡r♠❛♥②✮ ♦r ❛ t✉❜❡ ❢✉r♥❛❝❡ ✭❘❍❋ ✶✻✵✵✱ ❈❛r❜♦❧✐t❡ ●❡r♦ ●♠❜❍✱
●❡r♠❛♥②✮✳ ❚❤❡ s✐♥t❡r✐♥❣ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s ❛r❡ ❣✐✈❡♥
✐♥ ❚❛❜❧❡ ✸✳✷✳

✸✳✶✳✸ ❚❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s

❚❤❡ s✉❜str❛t❡s ✉s❡❞ ❢♦r t❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ✺ ♠♠ ① ✺ ♠♠
① ✶ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧s ✭❈r②st❡❝ ●♠❜❍✱ ●❡r♠❛♥②✮ t❤❛t ❤❛❞ ❛ ♣r♦tr✉s✐♦♥
✭✇✐♥❣✮ ❝❛r✈❡❞ ♦✉t ❛t ♦♥❡ s✐❞❡ ♦❢ t❤❡ s✉❜str❛t❡ ✭❋✐❣✉r❡ ✸✳✶✮✳ ❚❤❡ ✇✐♥❣ ✇❛s ♣❧❛❝❡❞
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❊❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ❚❡♠♣❡r❛t✉r❡ ❬◦❈❪ ❉✉r❛t✐♦♥ ❬❤❪ ❍❡❛t✐♥❣ ✴ ❝♦♦❧✐♥❣ r❛t❡
❬◦❈✴♠✐♥❪

Pt✴❨❙❩ ✶✸✵✵ ✶ ✺
●❉❈ ✶✵ ✶✶✺✵ ✸ ✸
▲❙❋ ✶✵✺✵ ✸ ✸

◆✐❖✴❨❙❩ ✶✸✺✵ ✶ ✸
◆✐❖✴●❉❈ ✶✶✺✵ ✸ ✸

❚❛❜❧❡ ✸✳✷✿ P❛r❛♠❡t❡rs ✉s❡❞ ❢♦r s✐♥t❡r✐♥❣ ♣♦r♦✉s ❡❧❡❝tr♦❞❡s

s②♠♠❡tr✐❝❛❧❧② ♦♥ t❤❡ ❢r♦♥t ❢❛❝❡✱ ✇✐t❤ ❛ ❤❡✐❣❤t ♦❢ ✵✳✺ ♠♠ ❛♥❞ ❛ ✇✐❞t❤ t❤❛t ✈❛r✐❡❞
❢r♦♠ ✵✳✹ ♠♠ t♦ ✵✳✻ ♠♠✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s❛♠♣❧❡✳ P♦r♦✉s ❡❧❡❝tr♦❞❡s ✇❡r❡ ❡✐t❤❡r
❜r✉s❤❡❞ ♦r s❝r❡❡♥ ♣r✐♥t❡❞ ♦♥ t❤❡ s❛♠♣❧❡✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✶✳✷✳ ❖♥ t❤❡
✇✐♥❣ ✐ts❡❧❢✱ t❤❡ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ✇❛s ❜r✉s❤❡❞ ♦♥ ✇✐t❤ ❛♥ ❡①tr❡♠❡❧② ✜♥❡ ❜r✉s❤✳
❆❢t❡r t❤❡ s✉❜s❡q✉❡♥t ❞r②✐♥❣✱ t❤❡ ♥❡❝❦ ♦❢ t❤❡ ✇✐♥❣ ✇❛s ❝❛r❡❢✉❧❧② ❝❧❡❛♥❡❞ ✇✐t❤ ❛
❧✐♥t✲❢r❡❡ ❝❧♦t❤ s♦❛❦❡❞ ✐♥ ❡t❤❛♥♦❧ ♣✳❛✳✳

❋✐❣✉r❡ ✸✳✶✿ ❲✐♥❣ s❛♠♣❧❡

❙❛♠♣❧❡s ✇✐t❤ ▲❙❋ ❡❧❡❝tr♦❞❡s ♥❡❡❞❡❞ s♣❡❝✐❛❧ tr❡❛t♠❡♥t✱ ❛s ▲❙❋ ❝❤❡♠✐❝❛❧❧② r❡✲
❛❝ts ✇✐t❤ ❨❙❩ ❞✉r✐♥❣ s✐♥t❡r✐♥❣ ❜② ❢♦r♠✐♥❣ ❧♦✇ ❝♦♥❞✉❝t✐✈❡ ♣❤❛s❡s t❤❛t ❧❡❛❞ t♦ ❛♥
✐♥❝r❡❛s❡❞ ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡ ❬✶✷❪ ❬✹✸❪✳ ❚❤✐s ❝❛♥ ❜❡ ♣r❡✈❡♥t❡❞ ❜② ❛♣♣❧②✐♥❣ ❛
❞✐✛✉s✐♦♥ ❜❛rr✐❡r ❞✐r❡❝t❧② ♦♥ t❤❡ ❨❙❩ ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡ ❬✹✹❪✳ ❚❤❡s❡
❜❛rr✐❡rs ✇❡r❡ ❡✐t❤❡r ❞❡♥s❡ ●❉❈ t❤✐♥ ✜❧♠s t❤❛t ✇❡r❡ ❞❡♣♦s✐t❡❞ ♦♥ t❤❡ s✉❜str❛t❡ ❜②
♣✉❧s❡❞ ❧❛s❡r ❞❡♣♦s✐t✐♦♥✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✶✳✶✱ ♦r t❤✐♥ ❧❛②❡rs ♦❢ ♣♦r♦✉s
●❉❈✳ ❆s t❤❡ ❞✐✛✉s✐♦♥ ❜❛rr✐❡r ✇❛s ♥♦t ✇❛♥t❡❞ ♦♥ t❤❡ ♥❡❝❦ ♦❢ t❤❡ ✇✐♥❣✱ t❤✐s ♣❛rt
❤❛❞ t♦ ❜❡ ❝♦✈❡r❡❞ ✇✐t❤ ❩r❖✷✲♣❛st❡ ❞✉r✐♥❣ t❤❡ ❞❡♣♦s✐t✐♦♥✳ ❆ s❦❡t❝❤ ♦❢ t❤❡ ✇❤♦❧❡
♣r❡♣❛r❛t✐♦♥ ♣r♦❝❡ss ♦❢ t❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✸✳✷✳
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✭❛✮

✭❜✮

❋✐❣✉r❡ ✸✳✷✿ ❙❦❡t❝❤❡s ♦❢ t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✇✐t❤ ❞✐✛✉s✐♦♥
❜❛rr✐❡r ✭❛✮ ❛♥❞ ✇✐t❤♦✉t ✭❜✮

✸✳✷ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣

❚❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ♦♥❧② ❝♦✈❡rs t❤❡ ✐♠♣❡❞❛♥❝❡ ♠❡❛s✉r❡✲
♠❡♥ts✱ ❛s t❤❡s❡ ✇❡r❡ t❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤✐s t❤❡s✐s✳

✸✳✷✳✶ ▼❡❛s✉r✐♥❣ ❛♣♣❛r❛t✉s

❚❤❡ ♠❡❛s✉r✐♥❣ ❛♣♣❛r❛t✉s ❝♦♥s✐sts ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✭s❡❡♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✮ ❛♥❞
t❤❡ ♠❡❛s✉r✐♥❣ ✐♥str✉♠❡♥ts✳

❙❛♠♣❧❡ ❤♦❧❞❡r

❚❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✇❛s s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡s✳ ❍♦✇❡✈❡r✱ ❛❧s♦ s❛♠♣❧❡s ✇✐t❤♦✉t r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤
t❤✐s s❛♠♣❧❡ ❤♦❧❞❡r✳ ❚❤❡ t✉❜❡ ♦❢ t❤❡ ❤♦❧❞❡r ✐s ♠❛❞❡ ♦❢ ❛❧✉♠✐♥❛ ❛♥❞ ♠♦✉♥t❡❞ t♦
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❋✐❣✉r❡ ✸✳✸✿ ❙❛♠♣❧❡ ❤♦❧❞❡r

❛ st❡❡❧ ✢❛♥❣❡ ❤♦✉s✐♥❣ t❤❡ ❣❛s ✐♥❧❡t ❛♥❞ ♦✉t❧❡t ❛♥❞ t❤❡ ❝❛❜❧❡ ❝♦♥♥❡❝t♦rs✳ ❆ t❤❡r✲
♠♦❝♦✉♣❧❡ ✐s ♣♦s✐t✐♦♥❡❞ ✐♥ ❝❧♦s❡ ♣r♦①✐♠✐t② t♦ t❤❡ s❛♠♣❧❡s t♦ ❛❝❝✉r❛t❡❧② ♠❡❛s✉r❡
t❤❡ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ✐♥t❡r♥❛❧ ✇✐r✐♥❣ ✐s ❞♦♥❡ ❝♦♠♣❧❡t❡❧② ✇✐t❤ Pt✲✇✐r❡s✳ ❚♦ ❡♥s✉r❡
s✉✣❝✐❡♥t ❣❛s ✢♦✇ t♦ t❤❡ ❡❧❡❝tr♦❞❡s✱ Pt ♠❡s❤❡s ❛r❡ ✉s❡❞ ❢♦r ❝♦♥t❛❝t✐♥❣ t❤❡ ❡❧❡❝✲
tr♦❞❡s ✭❋✐❣✉r❡ ✸✳✹✮✳ ❚❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ ✐s ❝♦♥t❛❝t❡❞ ✈✐❛ ❛ s❧✐❣❤t❧② ❝♦♥✈❡① ❜❡♥t
Pt✲✇✐r❡ ♠♦✉♥t❡❞ ♦♥ ❛♥ ❛❧✉♠✐♥❛ ❝②❧✐♥❞❡r✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♣❡r❢♦r♠❡❞ ✐♥
❢♦✉r✲♣♦✐♥t ❝♦♥✜❣✉r❛t✐♦♥ r❡s✉❧t✐♥❣ ✐♥ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡s ❜❡✐♥❣ ❝♦♥t❛❝t❡❞
✇✐t❤ t✇♦ ✇✐r❡s✳ ❲❤❡♥ ♠❡❛s✉r✐♥❣ s❛♠♣❧❡s ✇✐t❤♦✉t ❛ ✇✐♥❣✱ t❤❡ ❝♦♥t❛❝t ❢♦r t❤❡
✇✐♥❣ ❡❧❡❝tr♦❞❡ ✇❛s ♣❧❛❝❡❞ ♦♥ t❤❡ Pt ♠❡s❤ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇❤✐❝❤ ✐s ♦♥❧② ❝♦♥t❛❝t❡❞
✈✐❛ ❛ s✐♥❣❧❡ ✇✐r❡✳ ❚❤❡r❡❢♦r❡ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♣❡r❢♦r♠ ✹ ✲ ♣♦✐♥t ♠❡❛s✉r❡♠❡♥ts
✇✐t❤ ❛❧❧ s❛♠♣❧❡s✳

❖♥❝❡ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✜①❡❞ ✐♥ t❤❡ ❤♦❧❞❡r✱ t❤❡ t✉❜❡ ❢✉r♥❛❝❡ ✇❛s ❝❛r❡❢✉❧❧② ♠♦✈❡❞
♦✈❡r t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❛♥❞ t❤❡ ❣❧❛ss t✉❜❡ ✇❛s ✜①❡❞ t♦ t❤❡ ✢❛♥❣❡✳

▼❡❛s✉r✐♥❣ ✐♥str✉♠❡♥ts

▼❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ✈❛r✐♦✉s ❣❛s ❛t♠♦s♣❤❡r❡s✱ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛✲
t✉r❡ ❧❡✈❡❧s ❛♥❞ ✉♥❞❡r ❉❈ ❜✐❛s✳ ▼❛ss ✢♦✇ ❝♦♥tr♦❧❧❡rs ✭❆❡r❛✱ ❘❖❉ ✹✮ ✇❡r❡ ✉s❡❞ t♦
s❡t ❛♥❞ ♠❛✐♥t❛✐♥ t❤❡ ❣❛s ❛t♠♦s♣❤❡r❡s✳ ❚❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✇❛s ❤❡❛t❡❞ ✇✐t❤ ❛ t✉❜❡
❢✉r♥❛❝❡ ✭❈❛r❜♦❧✐t❡ ●❡r♦ ●♠❜❍ ✫ ❈♦✳ ❑●✱ ●❡r♠❛♥②✮✱ ✇❤✐❝❤ ✇❛s ❝♦♥tr♦❧❧❡❞ ❜②
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❋✐❣✉r❡ ✸✳✹✿ ❚✐♣ ♦❢ s❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ ♠♦✉♥t❡❞ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡

❛ t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡r ❢r♦♠ ❙❝❤♥❡✐❞❡r ❊❧❡❝tr✐❝ ❙②st❡♠s ●❡r♠❛♥② ●♠❜❍ ❃❊❯✲
❘❖❚❍❊❘▼❁✱ ●❡r♠❛♥②✳ ❚❤❡ ♠❡❛s✉r✐♥❣ ✐♥str✉♠❡♥t ✉s❡❞ ❢♦r ✐♠♣❡❞❛♥❝❡ s♣❡❝✲
tr♦s❝♦♣② ✇❛s ❛ ◆♦✈♦❝♦♥tr♦❧ ❆❧♣❤❛✲❆ ❍✐❣❤ P❡r❢♦r♠❛♥❝❡ ❋r❡q✉❡♥❝② ❆♥❛❧②③❡r✳ ■❢
❉❈ ❜✐❛s ✇❛s ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡s✱ t❤❡ ❋r❡q✉❡♥❝② ❆♥❛❧②③❡r ✇❛s ❝♦✉♣❧❡❞ ✇✐t❤ ❛
◆♦✈♦❝♦♥tr♦❧ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❚❡st ❙t❛t✐♦♥ P❖❚✴●❆▲ ✸✵❱✴✷❆✳
❆❧❧ ✐♥str✉♠❡♥ts ✇❡r❡ ❝♦♥tr♦❧❧❡❞ ✈✐❛ ❛ P❈ ✇✐t❤ t❤❡ s♦❢t✇❛r❡ ✧❏❛✈❛❧❛❜✧✳

✸✳✷✳✷ ❚r✐❣❣❡r ❜♦①

❲✐t❤ t❤❡ ❛♣♣r♦♣r✐❛t❡ ✇✐r✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❛♥❞ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r✱ ✐t ✐s
♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ ❡❧❡❝tr♦❞❡ ✶ ♦r ❡❧❡❝tr♦❞❡ ✷ ❛❣❛✐♥st t❤❡ r❡❢❡r❡♥❝❡ ♦r ♦♥❡ ❡❧❡❝tr♦❞❡
❛❣❛✐♥st t❤❡ ♦t❤❡r ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ♥♦r♠❛❧ ❝❡❧❧ ✇✐t❤♦✉t r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✮✳
❆s ♦♥❧② ❢♦✉r ✇✐r❡s ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ s❛♠♣❧❡✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ s✇✐t❝❤
❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣ ♠♦❞❡s ✇✐t❤♦✉t r❡✇✐r✐♥❣ t❤❡ s❡t✉♣✳ ❚♦ ♦✈❡r❝♦♠❡
t❤✐s ❧✐♠✐t❛t✐♦♥✱ ❛ tr✐❣❣❡r ❜♦① ✇❛s ❜✉✐❧t t❤❛t ❛❧❧♦✇❡❞ s✇✐t❝❤✐♥❣ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t
♠♦❞❡s ✇✐t❤♦✉t ♠❛♥✉❛❧ r❡✇✐r✐♥❣ ✭❋✐❣✉r❡ ✸✳✺❛✮✳ ❚❤❡ tr✐❣❣❡r ❜♦① ❝♦♥s✐sts ♦❢ ❢♦✉r
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r❡❧❛②s ❝♦♥♥❡❝t❡❞ t♦ ❛ ♠✐❝r♦ ❝♦♥tr♦❧❧❡r✳ ❚❤❛t ✇❛② ✐t ✐s ♣♦ss✐❜❧❡ t♦ s✇✐t❝❤ t❤❡ r❡❧❛②s
✇✐t❤ t❤❡ ❏❛✈❛❧❛❜ s♦❢t✇❛r❡✳ ❚❤❡ ✇✐r✐♥❣ ♦❢ t❤❡ ❜♦① ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✺❜✳ ❚❤❡
❢♦✉r ✐♥❧❡t ♣♦rts ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦♥♥❡❝t♦rs ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡
❛♥❛❧②③❡r✳ ❊❛❝❤ ✐♥❧❡t ♣♦rt ✐s ✇✐r❡❞ t♦ ❛ r❡❧❛② ❛♥❞ t❤❡r❡❢♦r❡ ❤❛s t✇♦ ♦✉t❧❡t ♣♦rts✳
❆s ♦♥❧② t✇♦ r❡❧❛②s ❛r❡ ♥❡❡❞❡❞✱ s✐① ♦✉t❧❡t ♣♦rts ❛r❡ ✇✐r❡❞ t♦ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r
❛❝❝♦r❞✐♥❣ t♦ ❋✐❣✉r❡ ✸✳✺❜✳
❋✐❣✉r❡ ✸✳✺ ❛❧s♦ ✐♥❞✐❝❛t❡s t❤❡ ❝♦♥♥❡❝t✐♦♥ ♦❢ t❤❡ ❈❊ ♣♦rt ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r

✇✐t❤ t❤❡ ❲❊ ♣♦rt ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ✐s
♦❢ ❛♥ ❛❡st❤❡t✐❝ ♥❛t✉r❡✳ ❉✉❡ t♦ t❤❡ ✐♥t❡r♥❛❧ ✇✐r✐♥❣ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r
✭❋✐❣✉r❡ ✸✳✻✮✱ ✈♦❧t❛❣❡ ✐s ❛♣♣❧✐❡❞ ❛t t❤❡ ❈❊ ♣♦rt ❛♥❞ ❝✉rr❡♥t ✐s ♠❡❛s✉r❡❞ ❛t t❤❡
❲❊ ♣♦rt✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❈❊ t❡r♠✐♥❛❧ ❤❛s ♣♦s✐t✐✈❡ ♣♦❧❛r✐t②✳ ❆s t❤❡ ♠♦r❡ ✐♥t✉✐t✐✈❡
❛♣♣r♦❛❝❤ ✇♦✉❧❞ ❜❡ t❤❡ ♦t❤❡r ✇❛② ❛r♦✉♥❞✱ t❤❡ ♣♦rts ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✇❡r❡
r❡❧❛❜❡❧❡❞✳

✭❛✮ ■❧❧✉str❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ♠❡❛s✉r❡ ♠♦❞❡s ✭❜✮ ❉r❛✇✐♥❣ ♦❢ t❤❡ tr✐❣❣❡r ❜♦①

❋✐❣✉r❡ ✸✳✺✿ ■♥s❡t ✭❛✮ ✈✐s✉❛❧✐③❡s t❤❡ ❝♦♥t❛❝t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ❢♦r t❤❡ ❞✐✛❡r❡♥t ♠❡❛✲
s✉r✐♥❣ ♠♦❞❡s✳ ❚❤❡ ❜❧❛❝❦ ❧✐♥❡s ❛r❡ ❛❧✇❛②s ❝♦♥♥❡❝t❡❞✱ t❤❡ ❜❧✉❡ ❧✐♥❡s
r❡♣r❡s❡♥t t❤❡ ✧❲❊ ✈s✳ ❲✐♥❣✧ ♠♦❞❡✱ t❤❡ r❡❞ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ✧❲✐♥❣
✈s✳ ❈❊✧ ♠♦❞❡ ❛♥❞ t❤❡ ❞♦tt❡❞ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ✧❲❊ ✈s✳ ❈❊✧ ♠♦❞❡✳
■♥s❡t ✭❜✮ ❞❡♣✐❝ts t❤❡ tr✐❣❣❡r ❜♦① ✇✐t❤ ❢♦✉r ✐♥❧❡t ♣♦rts ❝♦♥♥❡❝t❡❞ t♦ t❤❡
✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r ❛♥❞ s✐① ♦❢ t❤❡ ❡✐❣❤t ♦✉t❧❡t ♣♦rts ❝♦♥♥❡❝t❡❞ t♦ t❤❡
s❛♠♣❧❡✳

✸✳✷✳✸ ▼❡❛s✉r❡♠❡♥t ♣r♦❝❡❞✉r❡

❚✇♦✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s

❚❤❡ ✜rst ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ r❡❣✉❧❛r t✇♦✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s t♦ t❡st
t❤❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣ ❛♥❞ t♦ ✐❞❡♥t✐❢② ♠❛t❡r✐❛❧s s✉✐t❛❜❧❡ ❢♦r t❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡
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❋✐❣✉r❡ ✸✳✻✿ ❙❝❤❡♠❛t✐❝ ✐♥t❡r♥❛❧ ✇✐r✐♥❣ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r✳ ❱♦❧t❛❣❡ ✭❆❈ ❛♥❞
♣♦ss✐❜❧② ❉❈✮ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ❈❊ ♣♦rt ❛♥❞ t❤❡ ❝✉rr❡♥t ✐s ♠❡❛s✉r❡❞ ❛t
t❤❡ ❲❊ ♣♦rt✳ ❚❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ✐s ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ t❤❡ ❘❊✰ ❛♥❞ t❤❡
❘❊✲ ♣♦rts✳

♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡ ♠♦✉♥t❡❞ ❜❡t✇❡❡♥ t❤❡ ♣❧❛t✐♥✉♠ ♠❡s❤❡s✱ ❢♦❧❧♦✇❡❞
❜② s❡❛❧✐♥❣ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ ❛ ❣❧❛ss t✉❜❡✱ ❛s ♠❡♥t✐♦♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✷✳✶✳
❇❡❢♦r❡ ❤❡❛t✐♥❣ ✉♣ t❤❡ ❢✉r♥❛❝❡✱ t❤❡ ❣❛s ❛t♠♦s♣❤❡r❡ ✇❛s s❡t✳ ▼❡❛s✉r❡♠❡♥ts ✇❡r❡
❝♦♥❞✉❝t❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❍✷ ✐♥ ❆r❣♦♥ ♦r ✐♥ ✶✪ ❖✷ ✐♥ ♥✐tr♦❣❡♥✳ ❚❤❡ ❤✉✲
♠✐❞✐✜❝❛t✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞ ❜② ❜✉❜❜❧✐♥❣ t❤❡ ❣❛s t❤r♦✉❣❤ ❞✐st✐❧❧❡❞ ✇❛t❡r ❛t r♦♦♠
t❡♠♣❡r❛t✉r❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛♣♣r♦①✳ ✷✺ ♠❜❛r ❍✷❖ ✐♥ t❤❡ ❣❛s ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡
s❛t✉r❛t✐♦♥ ♣r❡ss✉r❡ ♦❢ ✇❛t❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❬✹✺❪✮✳
❚❤❡ ♠❡❛s✉r❡♠❡♥t t❡♠♣❡r❛t✉r❡s ✇❡r❡ ❝②❝❧❡❞ ❢r♦♠ ✺✵✵➦❈ ✐♥ st❡♣s ♦❢ ✺✵➦❈ t♦ ✽✵✵➦❈
❛♥❞ ❜❛❝❦ t♦ ✺✵✵➦❈✳ ❚❤❡ t②♣✐❝❛❧ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❢r♦♠ ✶
▼❍③ t♦ ✺✵ ♠❍③ ❛♥❞ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ✷✵ ♠❱✳
❆♣❛rt ❢r♦♠ t❡♠♣❡r❛t✉r❡ ❝②❝❧❡s✱ ❛❧s♦ ❝②❝❧❡s ✇✐t❤ ❞✐✛❡r❡♥t ❣❛s ❛t♠♦s♣❤❡r❡s ✇❡r❡
♠❡❛s✉r❡❞✳ ❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❛t♠♦s♣❤❡r❡ ✇❛s ❝❤❛♥❣❡❞ ❜❡t✇❡❡♥ ❛ r❛t✐♦ ♦❢ ❍✷

t♦ ❍✷❖ ❢r♦♠ ✷✵✿✶ t♦ ❛ r❛t✐♦ ♦❢ ✶✿✷✵✳ ❇❡❢♦r❡ st❛rt✐♥❣ t❤❡ ♥❡①t ♠❡❛s✉r❡♠❡♥t ❛❢t❡r
❝❤❛♥❣✐♥❣ ❛♥ ❛t♠♦s♣❤❡r❡✱ t❤❡r❡ ✇❛s ❛ ✇❛✐t✐♥❣ t✐♠❡ ♦❢ ✸✵ ♠✐♥✉t❡s t♦ ❣✉❛r❛♥t❡❡ ❛
❢✉❧❧ ❡①❝❤❛♥❣❡ ♦❢ t❤❡ ❛t♠♦s♣❤❡r❡s✳

❖♥❡ s❛♠♣❧❡ ✇❛s ❛❧s♦ ♠❡❛s✉r❡❞ ✉♥❞❡r t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❉❈ ❜✐❛s✳ ❚❤❡ ❛♣♣❧✐❡❞ ❉❈
✈♦❧t❛❣❡ ✇❛s ❝②❝❧❡❞ ❢r♦♠ ✲✸✵✵ ♠❱ t♦ ✰✸✵✵ ♠❱ ✐♥ ✺✵ ♠❱ st❡♣s✳

❚❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s

❚❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✇❡r❡ ♠♦✉♥t❡❞ ❜❡t✇❡❡♥ t❤❡ ♣❧❛t✐♥✉♠ ♠❡s❤❡s ❛♥❞ t❤❡
r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✇❛s ❝❛r❡❢✉❧❧② ❝♦♥t❛❝t❡❞✳ ❚❤❡♥ t❤❡ ❣❧❛ss t✉❜❡ ✇❛s ♣❧❛❝❡❞ ♦✈❡r
t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ❛♥❞ t❤❡ ✇❤♦❧❡ ❛♣♣❛r❛t✉s ✇❛s s❡❛❧❡❞✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡
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❝♦♥❞✉❝t❡❞ ❛t ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ ✐♥ ❞✐✛❡r❡♥t ❣❛s ♠✐①t✉r❡s✳ ❖①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡s
r❛♥❣❡❞ ❢r♦♠ ✶✵✵✪ ❖✷ t♦ ✵✳✶✪ ❖✷ ✭r❡♠❛✐♥❞❡r ♥✐tr♦❣❡♥✮✱ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s
r❛♥❣❡❞ ❢r♦♠ ❛ r❛t✐♦ ♦❢ ❍✷ t♦ ❍✷❖ ♦❢ ✶✾✿✶ t♦ ✶✿✾✳ ❇✐❛s ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞
❛t ❛ ✜①❡❞ ❛t♠♦s♣❤❡r❡ ✇✐t❤ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ❉❈ ✈♦❧t❛❣❡ ❞❡♣❡♥❞✐♥❣ ♦♥
t❤❡ s♣❡❝✐✜❝ s❛♠♣❧❡✳ ❙❛♠♣❧❡s ✇✐t❤ s♠❛❧❧ ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡s ❝♦♠♣❛r❡❞ t♦ t❤❡
❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡ ✇❡r❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❤✐❣❤❡r ❜✐❛s t❤❛♥ t❤♦s❡ ✇✐t❤ r❛t❤❡r ❤✐❣❤
♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡s✳ ❚❤❡ ♠❛①✐♠✉♠ ❛♣♣❧✐❡❞ ❜✐❛s ✈❛❧✉❡s ✈❛r✐❡❞ ❜❡t✇❡❡♥ ± ✼✵✵
♠❱ ❛♥❞ ± ✷✵✵✵ ♠❱✳
❚❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❛❧s♦ ❛❞❛♣t❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

s♣❡❝✐✜❝ s❛♠♣❧❡s✳ ▼♦st ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ❜❡t✇❡❡♥ ✶ ▼❍③ ❛♥❞ ✷✵
♠❍③✳ ❉✉❡ t♦ r❡❧❛t✐✈❡❧② ❤✐❣❤ ❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝✐❡s ♦❢ s♦♠❡ ♠❛t❡r✐❛❧s✱ s❡❧❡❝t❡❞
♠❡❛s✉r❡♠❡♥ts ♦♥❧② r❡❛❝❤❡❞ ❞♦✇♥ t♦ ✺✵✵ ♠❍③✳ ❚❤❡ ❛♣♣❧✐❡❞ ♠❡❛s✉r✐♥❣ ✈♦❧t❛❣❡ ✇❛s
❡✐t❤❡r ✷✵ ♠❱ ♦r ✶✵✵ ♠❱✳

✸✳✷✳✹ ❆❝t✐✈❡ s❤✐❡❧❞✐♥❣

❆s ♠❡♥t✐♦♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✷✳✸✳✹✱ ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥ts✱ ✢♦✇✐♥❣ ❢r♦♠ t❤❡ ♠❡❛s✉r✐♥❣
❧✐♥❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ t❤r♦✉❣❤ ✐ts s❤✐❡❧❞✱ ❛r❡ ❛ s♦✉r❝❡ ♦❢ ❤✐❣❤ ❢r❡q✉❡♥❝②
❛rt✐❢❛❝ts✳ ❚♦ ♠✐♥✐♠✐③❡ t❤❡s❡ ❝✉rr❡♥ts✱ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ s✐❣♥❛❧
❝♦♥❞✉❝t♦r ❛♥❞ ✐ts s❤✐❡❧❞ ❤❛s t♦ ❜❡ r❡❞✉❝❡❞✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ❛❝t✐✈❡❧② s❤✐❡❧❞✐♥❣ t❤❡
❇◆❈ ❝❛❜❧❡ t❤r♦✉❣❤ s❡tt✐♥❣ t❤❡ s❤✐❡❧❞ ❧✐♥❡ ♦♥ t❤❡ s❛♠❡ ♣♦t❡♥t✐❛❧ ❛s t❤❡ ♠❡❛s✉r✐♥❣
❧✐♥❡✳ ❲❤❡♥ ❛ss✉♠✐♥❣ ❛ ♣❡r❢❡❝t❧② s②♠♠❡tr✐❝ ❝❡❧❧✱ t❤❡ ♣♦t❡♥t✐❛❧ ❞r♦♣ ❜❡t✇❡❡♥ t❤❡
❲❊ ❛♥❞ t❤❡ ❘❊ s❤♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ❛s t❤❡ ♣♦t❡♥t✐❛❧ ❞r♦♣ ❜❡t✇❡❡♥ ❘❊ ❛♥❞ ❈❊✳ ❚❤✐s
♠❡❛♥s t❤❛t t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✐s ❤❛❧❢ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ♠❡❛s✉r✐♥❣
✈♦❧t❛❣❡✳ ❚❤❡ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ♦❢ t❤❡ ❘❊ ♠❡❛s✉r✐♥❣ ❧✐♥❡ ❝♦✉❧❞ ✐♥ t❤✐s ❝❛s❡ ❜❡ ❡❛s✐❧②
❞♦♥❡ ❜② ❛ s✐♠♣❧❡ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ✇✐t❤ t✇♦ ✐❞❡♥t✐❝❛❧ r❡s✐st❛♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❈❊
t❡r♠✐♥❛❧ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r ✭t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡ ✈♦❧t❛❣❡ ✐s ❛♣♣❧✐❡❞✮ ❛♥❞ t❤❡
s❤✐❡❧❞ ❧✐♥❡ ♦❢ t❤❡ ❘❊ ❇◆❈ ❝❛❜❧❡✳
❘❡❛❧ s❛♠♣❧❡s✱ ❤♦✇❡✈❡r✱ ❛r❡ ♥♦t ♣❡r❢❡❝t❧② s②♠♠❡tr✐❝✱ ❡✈❡♥ ✐❢ t❤❡ ❲❊ ❛♥❞ ❈❊

❛r❡ ♦❢ t❤❡ s❛♠❡ ♠❛t❡r✐❛❧✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✐s
♥♦t ❡①❛❝t❧② ❤❛❧❢ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ✐s ❣❡tt✐♥❣ ♠♦r❡
❞✐✣❝✉❧t✳ ❚♦ ❢♦r❝❡ t❤❡ s❤✐❡❧❞ ❧✐♥❡ ♦♥ ❛♥ ❛❞❛♣t❛❜❧❡ ♣♦t❡♥t✐❛❧✱ t❤❡ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r
❜❡t✇❡❡♥ t❤❡ ❈❊ t❡r♠✐♥❛❧ ❛♥❞ t❤❡ s❤✐❡❧❞ ❤❛s t♦ ❜❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ♣♦t❡♥t✐♦♠❡t❡rs
✐♥st❡❛❞ ♦❢ r❡s✐st❛♥❝❡s ✇✐t❤ ✜①❡❞ ✈❛❧✉❡s✳ ❚❤❛t ✇❛② t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ s❤✐❡❧❞ ❧✐♥❡
❝❛♥ ❜❡ ❛❞❛♣t❡❞ ❛♣♣r♦♣r✐❛t❡❧②✳
❚♦ ❡♥s✉r❡ ❛ ❝♦♠♣❛❝t ♠❡❛s✉r✐♥❣ ❛♣♣❛r❛t✉s✱ t❤❡ t✇♦ ♣♦t❡♥t✐♦♠❡t❡rs ✇❡r❡ ✐♥❝❧✉❞❡❞

✐♥ t❤❡ tr✐❣❣❡r ❜♦①✳ ❙✐♥❝❡ ♦♥❧② t✇♦ ♦❢ t❤❡ r❡❧❛②s ❛r❡ ♥❡❡❞❡❞ ❢♦r ❝②❝❧✐♥❣ t❤r♦✉❣❤
t❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣ ♠♦❞❡s✱ ♦♥❡ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ t✇♦ ✐s ✉s❡❞ ❛s ❛ s✇✐t❝❤ ❢♦r
t✉r♥✐♥❣ t❤❡ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ♦♥ ❛♥❞ ♦✛✳ ❚❤❡ ✇✐r✐♥❣ ♦❢ t❤❡ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✸✳✼✳ ❆s t❤❡ ✇✐♥❣ ✐s ❝♦♥t❛❝t❡❞ ✇✐t❤ t✇♦ ❝❛❜❧❡s ✭♥❡❡❞❡❞ ❢♦r ❝②❝❧✐♥❣ t❤r♦✉❣❤
♠❡❛s✉r✐♥❣ ♠♦❞❡s✮✱ ❛❧s♦ t✇♦ s❤✐❡❧❞ ❧✐♥❡s ❤❛✈❡ t♦ ❜❡ ❛❝t✐✈❡❧② s❤✐❡❧❞❡❞✳ ❆t t❤❡ st❡❡❧
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✢❛♥❣❡✱ ❛❧❧ ❇◆❈ s❤✐❡❧❞s ❛r❡ ❣r♦✉♥❞❡❞✱ ✇❤✐❝❤ ✐s ✇❤② t❤❡ s❤✐❡❧❞ ❧✐♥❡s ♦❢ t❤❡ t✇♦
❛❝t✐✈❡❧② s❤✐❡❧❞❡❞ ❇◆❈ ❝❛❜❧❡s ❤❛✈❡ t♦ ❜❡ ✐♥t❡rr✉♣t❡❞ ❝❧♦s❡ t♦ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r✳
❆♣❛rt ❢r♦♠ t❤❛t✱ ❛❧❧ ❇◆❈ ❝♦♥♥❡❝t♦rs ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r ❛r❡ ❣r♦✉♥❞❡❞✳
❆s ❛ r❡❛s♦♥✱ s❤♦rt ❝❛❜❧❡s ❛r❡ ✉s❡❞ t♦ ❝♦♥♥❡❝t t❤❡ tr✐❣❣❡r ❜♦① ✇✐t❤ t❤❡ ✐♠♣❡❞❛♥❝❡
❛♥❛❧②③❡r✳ ❚❤❛t ✇❛② t❤❡ ❧❡♥❣t❤ ♦❢ ♥♦t ❛❝t✐✈❡❧② s❤✐❡❧❞❡❞ ✇✐r✐♥❣ ✐s ♠✐♥✐♠✐③❡❞✳

❋✐❣✉r❡ ✸✳✼✿ ❙❝❤❡♠❛t✐❝s ❢♦r t❤❡ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ♦❢ t❤❡ ❘❊ ♠❡❛s✉r✐♥❣ ❧✐♥❡✳ ❆s t❤❡
♠❡❛s✉r❡❞ s❛♠♣❧❡s ❛r❡ ♥♦t ♣❡r❢❡❝t❧② s②♠♠❡tr✐❝✱ t❤❡ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ✐s
❡q✉✐♣♣❡❞ ✇✐t❤ t✇♦ ♣♦t❡♥t✐♦♠❡t❡rs ❘✶ ❛♥❞ ❘✷✳ ❚✇♦ ❛❝t✐✈❡❧② s❤✐❡❧❞❡❞
❝♦❛①✐❛❧ ❝❛❜❧❡s ❝♦♥t❛❝t✐♥❣ t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ ❛r❡ ♥❡❡❞❡❞ t♦ ❜❡ ❛❜❧❡ t♦
❝②❝❧❡ t❤r♦✉❣❤ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣ ♠♦❞❡s✳

✸✳✷✳✺ ▲♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥ts

❉✉r✐♥❣ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡s✐s✱ s♦♠❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ❛ ❧♦✇
♣r❡ss✉r❡ ♠❡❛s✉r✐♥❣ s❡t✉♣ t♦ ❞❡❝r❡❛s❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❣❛s ❞✐✛✉s✐♦♥ ✭❋✐❣✉r❡ ✸✳✽✮✳
❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ❍✷✴❍✷❖ ❣❛s ♠✐①t✉r❡ ❛t ♣r❡ss✉r❡ ❧❡✈❡❧s
❜❡❧♦✇ ✶✵✵ ♠❜❛r✳ ❚❤❡ ♠✐①t✉r❡ ✐s ♣r♦❞✉❝❡❞ ❜② ❜✉❜❜❧✐♥❣ ♣✉r❡ ❍✷ t❤r♦✉❣❤ ❞✐st✐❧❧❡❞
✇❛t❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳
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❚❤❡ s❛♠♣❧❡s ✇❡r❡ ✐♥s❡rt❡❞ ✐♥ t❤❡ ❤♦❧❞❡r ✇❤✐❝❤ ✇❛s s❡❛❧❡❞ ❜② t❤❡ ❣❧❛ss t✉❜❡ ❛♥❞
♣✉t ✐♥ ❛ s♣❧✐t t✉❜❡ ❢✉r♥❛❝❡ ✭❈❛r❜♦❧✐t❡ ●❡r♦ ●♠❜❍ ✫ ❈♦✳ ❑●✱ ●❡r♠❛♥②✮✳ ❚❤❡
t✉❜❡ ✇❛s t❤❡♥ ❡✈❛❝✉❛t❡❞ ✇✐t❤ ❛ ♠❡♠❜r❛♥❡ ♣✉♠♣ ❛♥❞ ♣✉r❣❡❞ ✇✐t❤ ✷✳✺✪ ❍✷ ✐♥
❆r❣♦♥ t♦ ✢✉s❤ ♦✉t t❤❡ r❡♠❛✐♥✐♥❣ ♦①②❣❡♥ ❜❡❢♦r❡ ❛♣♣❧②✐♥❣ t❤❡ ♣✉r❡ ❤②❞r♦❣❡♥✳ ❚♦
❡♥s✉r❡ t❤❛t ♥♦ ❜✉r♥❛❜❧❡ ❣❛s ♠✐①t✉r❡s ✇❡r❡ ❢♦r♠❡❞ ✐♥ t❤❡ ♣✉♠♣✱ ❣❛s s✉❝❦❡❞ ❢r♦♠
t❤❡ ♠❡❛s✉r✐♥❣ s❡t✉♣ ✇❛s ❞✐❧✉t❡❞ ✇✐t❤ ✷✳✺✪ ❍✷ ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡ ♣✉♠♣✳ ❚❤❡
♣r❡ss✉r❡ ✐♥ t❤❡ t✉❜❡ ✇❛s s❡t ❜② ❛ ♥❡❡❞❧❡ ✈❛❧✈❡ t❤❛t ❝♦♥tr♦❧❧❡❞ t❤❡ s✉❝t✐♦♥ ❝❛♣❛❝✐t②✳
❉✐✛❡r❡♥t ❣❛s ♠✐①t✉r❡s ✇❡r❡ s❡t t❤r♦✉❣❤ ❛ ♠❛ss ✢♦✇ ❝♦♥tr♦❧❧❡r ✭❆❡r❛✱ ❘❖❉ ✹✮
❝♦♥tr♦❧❧✐♥❣ t❤❡ ❤②❞r♦❣❡♥ ✢♦✇✳ ❚❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ❍✷ ✐♥ t❤❡ ♠✐①t✉r❡s ✇❛s
❝❛❧❝✉❧❛t❡❞ ❛❢t❡r s✉❜tr❛❝t✐♥❣ t❤❡ ❍✷❖ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✭❛♣♣r♦①✳ ✷✺ ♠❜❛r✮ ❢r♦♠ t❤❡
t♦t❛❧ ♠❡❛s✉r❡❞ ♣r❡ss✉r❡ ✭❈❚❘ ✶✵✵✱ ❖❡r❧✐❦♦♥ ▲❡②❜♦❧❞ ❱❛❝✉✉♠✱ ●❡r♠❛♥②✮✳ ❆♣❛rt
❢r♦♠ t❤❛t✱ t❤❡ ❍✷ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❝♦✉❧❞ ❛❧s♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ r❡❝♦r❞✐♥❣s ♦❢
❛ ❧❛♠❜❞❛ s❡♥s♦r ✭❇♦s❝❤ ❆●✱ ●❡r♠❛♥②✮✳ ❚❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞
✇✐t❤ t❤❡ s❛♠❡ ✐♥str✉♠❡♥ts ❛s ♠❡♥t✐♦♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✷✳✶✳

❋✐❣✉r❡ ✸✳✽✿ ▲♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣
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✹ ❘❡s✉❧ts

✹✳✶ ▼❡❛s✉r❡♠❡♥ts ♦♥ t✇♦✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s

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

✹✳✶✳✶ P♦r♦✉s ●❉❈✶✵

❚❤❡ ❛♣♣r♦①✐♠❛t❡❧② ✶✷ µ♠ t❤✐❝❦ ♣♦r♦✉s ●❉❈✶✵ ❡❧❡❝tr♦❞❡s ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶✵
♠♠ ✇❡r❡ s❝r❡❡♥ ♣r✐♥t❡❞ ♦♥ ❛ r♦✉♥❞ ♣♦❧②❝r②st❛❧❧✐♥❡ ❨❙❩ s✉❜str❛t❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r
♦❢ ✶✺ ♠♠✳ ❚♦ ❡♥s✉r❡ ❣♦♦❞ ❡❧❡❝tr✐❝❛❧ ❝♦♥t❛❝t ❛♥❞ ❝♦♠♣❧❡t❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡
❡❧❡❝tr♦❞❡s✱ Pt ♣❛st❡ ✇❛s ❜r✉s❤❡❞ ♦♥ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ s❛♠♣❧❡ ❜❡❢♦r❡ s✐♥t❡r✐♥❣ ❛t
✶✶✺✵➦❈ ❢♦r t❤r❡❡ ❤♦✉rs✳ ❚❤❡ ✐♠♣❡❞❛♥❝❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ ❧♦✇
♣r❡ss✉r❡ ♠❡❛s✉r✐♥❣ s❡t✉♣ ❛t ❛ t♦t❛❧ ♣r❡ss✉r❡ ♦❢ ✼✵ ♠❜❛r ✭✷✺ ♠❜❛r ❍✷❖✱ r❡♠❛✐♥❞❡r
❍✷✮ ❛♥❞ ✐♥ t❤❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ♦❢ ✺✵✵➦❈ t♦ ✽✵✵➦❈✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝tr❛ ❛r❡
❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✳ ❆❧❧ s♣❡❝tr❛ ❝♦♥s✐st❡❞ ♦❢ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r
❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❚❤❡ t✇♦ s♣❡❝tr❛ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡s
✭✺✵✵➦❈ ❛♥❞ ✺✺✵➦❈✮ s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✱ ✇❤❡r❡❛s
t❤❡ ♦t❤❡r s♣❡❝tr❛ s❤♦✇❡❞ ✐♥❞✉❝t✐✈❡ ❜❡❤❛✈✐♦r ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳
❆❧❧ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥

♦❢ ❛ r❡s✐st♦r ✭❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦✛s❡t✮ ❛♥❞ ❛♥ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳
❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛❧✉❡s ❢♦r t❤❡ ❛r❡❛ s♣❡❝✐✜❝ r❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡ ❞❡❝r❡❛s❡❞
s✐❣♥✐✜❝❛♥t❧② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ r❡❛❝❤✐♥❣ ❛ ✈❛❧✉❡ ♦❢ ✵✳✶✽ Ω❝♠✷ ❛t ✽✵✵➦❈✳
❇② ♣❧♦tt✐♥❣ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ r❡s✐st❛♥❝❡ ❛❣❛✐♥st t❤❡ ✐♥✈❡rs❡ t❡♠♣❡r❛t✉r❡✱ ♦♥❡

②✐❡❧❞s ❛♥ ❆rr❤❡♥✐✉s ♣❧♦t ✇❤✐❝❤ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ♦❢ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ♣r♦❝❡ss ✭❋✐❣✉r❡ ✹✳✸✮✿

R = A e
Ea
kbT −→ log(R) = C +

Ealog(e)

kb

1

T
✭✹✳✶✮
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✹✳✶✳✷ ▲❙❋ ♣♦r♦✉s

❚✇♦ ❞✐✛❡r❡♥t ▲❙❋ s❛♠♣❧❡s ✇❡r❡ t❡st❡❞✳ ❚❤❡ ✜rst s❛♠♣❧❡ ❝♦♥s✐st❡❞ ♦❢ ❛ r♦✉♥❞
❨❙❩ s✉❜str❛t❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ✶✺ ♠♠ t❤❛t ❤❛❞ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❞❡♣♦s✐t❡❞ ♦♥
❜♦t❤ s✐❞❡s ❛s ❛ ❞✐✛✉s✐♦♥ ❜❛rr✐❡r✳ ❚❤❡ ❡❧❡❝tr♦❞❡ ♣❛st❡ t❤❛t ✇❛s ❜r✉s❤❡❞ ♦♥ t❤❡
s✉❜str❛t❡✱ ✇❛s ♠❛❞❡ ❢r♦♠ ▲❙❋ ♣♦✇❞❡r ♣r♦❞✉❝❡❞ ❜② P❡❝❤✐♥✐ s②♥t❤❡s✐s✳ P❧❛t✐♥✉♠
♣❛st❡ ✇❛s ❜r✉s❤❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡s ❛s ❛ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ❚❤❡ s❡❝♦♥❞ s❛♠♣❧❡
❝♦♥s✐st❡❞ ♦❢ ❛ ✺ ♠♠ ① ✺ ♠♠ ① ✵✳✺ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧ ❛♥❞ ❛ t❤✐♥ ❧❛②❡r ♦❢
♣♦r♦✉s ●❉❈ ❛s ❞✐✛✉s✐♦♥ ❜❛rr✐❡r ♦♥ ❜♦t❤ s✐❞❡s✳ ❚❤❡ ❡❧❡❝tr♦❞❡s ✇❡r❡ ❛❣❛✐♥ ❜r✉s❤❡❞
♦♥ t❤❡ s✉❜str❛t❡✱ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ❚❤❡ ❡❧❡❝tr♦❞❡ ♣❛st❡ ✉s❡❞ ❢♦r
t❤❡ s❡❝♦♥❞ s❛♠♣❧❡ ✇❛s ♠❛❞❡ ❢r♦♠ ❝♦♠♠❡r❝✐❛❧ ▲❙❋ ♣♦✇❞❡r✳ ❇♦t❤ s❛♠♣❧❡s ✇❡r❡
s✐♥t❡r❡❞ ❛t ✶✵✺✵➦❈ ❢♦r t❤r❡❡ ❤♦✉rs✳

❚❤❡ s❛♠♣❧❡s ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ ♦①✐❞✐③✐♥❣ ✭✶✪ ❖✷✮ ❛♥❞ r❡❞✉❝✐♥❣ ✭❤✉♠✐❞✐✜❡❞ ❤②✲
❞r♦❣❡♥✮ ❛t♠♦s♣❤❡r❡s ✐♥ t❤❡ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ♦❢ ✺✵✵➦❈ t♦ ✽✺✵➦❈✳ ❋✐❣✉r❡ ✹✳✹ ❞✐s✲
♣❧❛②s s♦♠❡ ❡①❛♠♣❧❡ s♣❡❝tr❛ ❢r♦♠ t❤❡ ✜rst s❛♠♣❧❡✳ ■♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s t❤❡ s♣❡❝✲
tr❛ s❤♦✇❡❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ t❤❛t ❣♦t ♠♦r❡ ❞❡♣r❡ss❡❞ ❛♥❞ ❝♦♠♣❧❡①
✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r✳ ❖♥
t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❡♥❞✱ ❧♦✇ t❡♠♣❡r❛t✉r❡ s♣❡❝tr❛ s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ s❡❝♦♥❞
s❡♠✐❝✐r❝❧❡✱ ✇❤❡r❡❛s ❤✐❣❤ t❡♠♣❡r❛t✉r❡ s♣❡❝tr❛ ❤❛❞ ❛♥ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❢❡❛t✉r❡✳ ■♥
♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✐s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❛♥❞ ✐ts ♣❡❛❦
❢r❡q✉❡♥❝② ✐s ♦✉ts✐❞❡ t❤❡ ♠❡❛s✉r✐♥❣ r❛♥❣❡ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡s✳ ❆❣❛✐♥✱ t❤❡ s♣❡❝tr❛
s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❛♥❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ t❤❛t ✐s
❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛♥ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✳

❚❤❡ s♣❡❝tr❛ ♦❢ t❤❡ s❡❝♦♥❞ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✹✳✺✮ s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ❤✐❣❤
❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r✳ ❚❤❡ ❞♦♠✐✲
♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✇❛s ♦♥❧② s❧✐❣❤t❧② ❞❡♣r❡ss❡❞ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ■♥
♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s t❤❡ ❢❡❛t✉r❡ ✇❛s ♠♦r❡ ❞❡♣r❡ss❡❞ ❛♥❞ ♥♦t ❢✉❧❧② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡
s♣❡❝tr❛ ❛t ❧♦✇ t❡♠♣❡r❛t✉r❡s✳

❆s t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ♦❢ t❤❡ ✜rst s❛♠♣❧❡ ❝❤❛♥❣❡❞ s✉❜st❛♥t✐❛❧❧②
✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❛ ♠❡❛♥✐♥❣❢✉❧ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t ✇❛s ♥♦t ♣♦ss✐❜❧❡✳
❚❤❡r❡❢♦r❡✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ✇❡r❡ ❞✐r❡❝t❧② ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ s♣❡❝tr❛✳ ❲✐t❤
t❤❡ s❡❝♦♥❞ s❛♠♣❧❡ ✜tt✐♥❣ ✇✐t❤ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ t✇♦ ❘⑤⑤❈P❊
❡❧❡♠❡♥ts✱ ♦♥❡ ❢♦r t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ❛♥❞ ♦♥❡ ❢♦r t❤❡ ❞♦♠✐♥❛♥t ❧♦✇
❢r❡q✉❡♥❝② ❢❡❛t✉r❡✱ ✇❛s ♣♦ss✐❜❧❡✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ♦❢ ❜♦t❤ s❛♠♣❧❡s ❛r❡ ❞❡✲
♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻ ❢♦r ❛ t❡♠♣❡r❛t✉r❡ ❝②❝❧❡ ✺✵✵➦❈✲✽✺✵➦❈✲✺✵✵➦❈✳ ❙❛♠♣❧❡ ✶ s❤♦✇❡❞
s✐❣♥✐✜❝❛♥t ❤②st❡r❡s✐s ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ❤✐❣❤❡r r❡s✐st❛♥❝❡s ✇❤✐❧❡ ❤❡❛t✐♥❣
✉♣✳ ❙❛♠♣❧❡ ✷ ❤❛❞ ❝♦♥s✐❞❡r❛❜❧② ❧♦✇❡r ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s
✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❋♦r ❡①❛♠♣❧❡✱ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ t❤❡ ❛r❡❛ s♣❡❝✐✜❝
r❡s✐st❛♥❝❡ ✭❆❙❘✮ ♦❢ s❛♠♣❧❡ ✶ ✇❛s ✶✳✶✵ Ω❝♠✷✱ ✇❤❡r❡❛s s❛♠♣❧❡ ✷ ♦♥❧② ❤❛❞ ❛♥ ❆❙❘
♦❢ ✵✳✺✸ Ω❝♠✷✳ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡s✱ ❤♦✇❡✈❡r✱ s❛♠♣❧❡ ✶ ❤❛❞ ❧♦✇❡r ❛r❡❛ s♣❡❝✐✜❝
r❡s✐st❛♥❝❡s✳ ■♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✱ ❡①tr❛❝t✐♥❣ ♦❢ ♠❡❛♥✐♥❣❢✉❧ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s
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✭❛✮ ✺✺✵➦❈ ❛♥❞ ✻✺✵➦❈✱ r❡❞✉❝✐♥❣ ✭❜✮ ✼✺✵➦❈ ❛♥❞ ✽✺✵➦❈✱ r❡❞✉❝✐♥❣

✭❝✮ ✺✺✵➦❈ ❛♥❞ ✻✺✵➦❈✱ ♦①✐❞✐③✐♥❣ ✭❞✮ ✼✺✵➦❈ ❛♥❞ ✽✺✵➦❈✱ ♦①✐❞✐③✐♥❣

❋✐❣✉r❡ ✹✳✹✿ ❊①❛♠♣❧❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ♣♦r♦✉s ▲❙❋ s❛♠♣❧❡ ♠❛❞❡
❢r♦♠ P❡❝❤✐♥✐ s②♥t❤❡s✐s ▲❙❋ ♣♦✇❞❡r ✐♥ r❡❞✉❝✐♥❣ ❛♥❞ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐✲
t✐♦♥s

✇❛s ♦♥❧② ♣♦ss✐❜❧❡ st❛rt✐♥❣ ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✵✵➦❈✳ ❆❣❛✐♥✱ s❛♠♣❧❡ ✷ ❤❛s
❧♦✇❡r ❆❙❘s t❤❛♥ s❛♠♣❧❡ ✶ ✭✷✳✽✶ Ω❝♠✷ ❛♥❞ ✺✳✹✺ Ω❝♠✷ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✱
r❡s♣❡❝t✐✈❡❧②✮✳ ❋✐❣✉r❡ ✹✳✼ ❞❡♣✐❝ts t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ❢r♦♠ t❤❡
s❡❝♦♥❞ s❛♠♣❧❡ ✐♥ ♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳
❉✉❡ t♦ t❤❡ ❧♦✇❡r ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ❛♥❞ ♠♦r❡ s✐❣♥✐✜❝❛♥t s♣❡❝tr❛ ✭❝❧❡❛r❡r ❢❡❛✲

t✉r❡s✱ ♥♦ ❧♦♦♣s✮ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ t❤❡ ▲❙❋ ♣❛st❡ ♠❛❞❡ ❢r♦♠ t❤❡ ❝♦♠♠❡r❝✐❛❧
▲❙❋ ♣♦✇❞❡r ✇❛s ✉s❡❞ ❢♦r ❢✉rt❤❡r ♠❡❛s✉r❡♠❡♥ts ♦♥ ▲❙❋ ❡❧❡❝tr♦❞❡s✳
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✹✳✶✳✸ Pt✴❨❙❩ ♣♦r♦✉s

❚❤❡ s❛♠♣❧❡ ❝♦♥s✐st❡❞ ♦❢ ❛ ✺ ♠♠ ① ✺ ♠♠ ① ✵✳✺ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧ s✉❜str❛t❡
♦♥ ✇❤✐❝❤ t❤❡ ❡❧❡❝tr♦❞❡s ✇❡r❡ ❜r✉s❤❡❞ ❛♥❞ s✉❜s❡q✉❡♥t❧② s✐♥t❡r❡❞ ❛t ✶✸✵✵➦❈ ❢♦r
♦♥❡ ❤♦✉r✳ ▼❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ♦①✐❞✐③✐♥❣ ✭✶✪ ❖✷✮ ❛♥❞ r❡❞✉❝✐♥❣ ✭❆r
✰ ❍✷✴❍✷❖✮ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✐♥ ❛ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ ❢r♦♠ ✺✵✵➦❈ t♦ ✽✺✵➦❈✳ ❚❤❡
s♣❡❝tr❛ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❢♦❧❧♦✇❡❞ ❜② ❛
❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ■♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✱ t❤❡ s♣❡❝tr❛ ❝♦♥s✐st❡❞ ♦❢
❛ s✐♥❣❧❡ ❞❡♣r❡ss❡❞ s❡♠✐❝✐r❝❧❡✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❛ s❡❝♦♥❞ ❢❡❛t✉r❡ ❛t ❧♦✇
❢r❡q✉❡♥❝✐❡s ❜❡❝❛♠❡ ❛♣♣❛r❡♥t ✇❤✐❝❤ ✇❛s ❢✉❧❧② s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ♠❛✐♥ s❡♠✐❝✐r❝❧❡
❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s✳ ❙♦♠❡ ❡①❛♠♣❧❡ s♣❡❝tr❛ ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽✳

✭❛✮ ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈✱ r❡❞✉❝✐♥❣ ✭❜✮ ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈✱ ♦①✐❞✐③✐♥❣

❋✐❣✉r❡ ✹✳✽✿ ❊①❛♠♣❧❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ♣♦r♦✉s Pt✴❨❙❩ s❛♠♣❧❡ ✐♥
r❡❞✉❝✐♥❣ ❛♥❞ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ■♥s❡t ✭❜✮ ✐♥❝❧✉❞❡s ❛ ③♦♦♠✲✐♥ ♦❢
t❤❡ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈✳

■♥ ❛ ✜rst st❡♣ t❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ✐♥ ❜♦t❤ ❛t♠♦s♣❤❡r✐❝ ❝♦♥❞✐t✐♦♥s ✇❡r❡ ✜tt❡❞
✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ t✇♦
❘⑤⑤❈P❊ ❡❧❡♠❡♥ts t♦ ❡①tr❛❝t t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡ ✈❛❧✉❡s
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✾✳ ❚❤❡ ❆❙❘ ♦❢ ♦♥❡ ❡❧❡❝tr♦❞❡ ❛t ✼✺✵➦❈ ✇❛s ✽✳✺✻ Ω❝♠✷

✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✵✳✾✾ Ω❝♠✷ ✐♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡
✈❛❧✉❡s ✇❡r❡ r❛t❤❡r ❝♦♥st❛♥t ❜❡t✇❡❡♥ ✶✳✶ ♠❋✴❝♠✷ ❛♥❞ ✶✳✹ ♠❋✴❝♠✷ ✐♥ r❡❞✉❝✐♥❣
❝♦♥❞✐t✐♦♥s✱ ✇❤❡r❡❛s t❤❡② r❡❛❝❤❡❞ ❞♦✇♥ t♦ ✵✳✵✽ ♠❋✴❝♠✷ ✐♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡
❛t ✽✵✵➦❈✳
■♥ ❋✐❣✉r❡ ✹✳✶✵ ❆rr❤❡♥✐✉s ♣❧♦ts ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ❛r❡ ❞❡♣✐❝t❡❞✳ ❚❤❡

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

❋✐❣✉r❡ ✹✳✾✿ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s ♦❢ ❛ Pt✴❨❙❩ ❡❧❡❝tr♦❞❡ ✐♥
♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❢r♦♠ ❛ ❤❡❛t✐♥❣ ❛♥❞ ❝♦♦❧✐♥❣ ❝②❝❧❡

♣❡r❛t✉r❡s✱ ✇❛s ♥♦t t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞✳ ❇❡s✐❞❡s✱ ✐ts ♣❡❛❦ ❢r❡q✉❡♥❝② ✇❛s ❝♦♥st❛♥t
❛t ❛r♦✉♥❞ ✶✺ ❍③✳ ■t ✇❛s t❤❡r❡❢♦r❡ ❛ttr✐❜✉t❡❞ t♦ ❧✐♠✐t❡❞ ❣❛s ❞✐✛✉s✐♦♥ t♦ t❤❡ ❛❝t✐✈❡
s✐t❡s ✇✐t❤✐♥ t❤❡ ❡❧❡❝tr♦❞❡ ❬✹✻❪ ❛♥❞ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥ ♦①✐✲
❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣✐❡s ❢♦r t❤❡ ❡❧❡❝tr♦❞❡ ♣r♦❝❡ss❡s
✇❡r❡ ✵✳✾✺✽ ❡❱ ✭r❡❞✉❝✐♥❣✮ ❛♥❞ ✶✳✺✽✷ ❡❱ ✭♦①✐❞✐③✐♥❣✮✱ r❡s♣❡❝t✐✈❡❧②✳

✭❛✮ ❘❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✭❜✮ ❖①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s

❋✐❣✉r❡ ✹✳✶✵✿ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ Pt✴❨❙❩ ✐♥❝❧✉❞✐♥❣ t❤❡ ❧✐♥✲
❡❛r ✜t✳ ■♥ ✐♥s❡t ✭❜✮ t❤❡ r❡s✐st❛♥❝❡ ✈❛❧✉❡s ♦❢ t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❛♥❞
❤✐❣❤ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✱ ✇❤✐❝❤ ✐s ❛ttr✐❜✉t❡❞ t♦ ❧✐♠✐t❡❞ ❣❛s ❞✐✛✉s✐♦♥✱
❛r❡ ✐♥❝❧✉❞❡❞✳
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❆s ❛ s❡❝♦♥❞ st❡♣✱ t❤❡ s♣❡❝tr❛ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s✲
♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✸✳✸✳ P❛r❛♠❡t❡rs r❡♣r❡s❡♥t✐♥❣
✐♥t❡r❢❛❝✐❛❧ ❡✛❡❝ts ❛♥❞ t❤❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ ✇✐r✐♥❣ ✇❡r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✜t✳ ❆ ❝♦♠✲
♣❛r✐s♦♥ ♦❢ t❤❡ t✇♦ ✜ts r❡✈❡❛❧❡❞ t❤❛t t❤❡ ❡①tr❛❝t❡❞ ✈❛❧✉❡s ❛♥❞ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ❢♦r
t❤❡ ❆❙❘ ❞✐✛❡r❡❞ ❜② ❧❡ss t❤❛♥ ✸ ✪✳ ❚❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ tr❛♥s♣♦rt r❡s✐st❛♥❝❡ ❘✐♦♥✱
♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ✜t✱ ✐s ❧✐♥❦❡❞ t♦ t❤❡ ❜✉❧❦ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡
✐♦♥ ❝♦♥❞✉❝t✐♥❣ ♣❤❛s❡ ❜②

σeff =
1

Rion

= σbulk ∗
ǫ

τ
✭✹✳✷✮

✇❤❡r❡ τ ❛♥❞ ǫ ❛r❡ t❤❡ t♦rt✉♦s✐t② ❛♥❞ ✈♦❧✉♠❡ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t♦r✱ r❡s♣❡❝✲
t✐✈❡❧②✳ ❚❤❡s❡ ♠✐❝r♦str✉❝t✉r❛❧ ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ t♦♠♦❣r❛♣❤✐❝
♠❡t❤♦❞s ❜✉t ✇❡r❡ ♥♦t ❛❝❝❡ss✐❜❧❡ ❢♦r t❤❡ s❛♠♣❧❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣❛r❛♠❡t❡rs ✇❡r❡
❡st✐♠❛t❡❞ t♦ ❜❡ ✹ ❢♦r t❤❡ t♦rt✉♦s✐t② ❛♥❞ ✵✳✸✺ ❢♦r t❤❡ ✈♦❧✉♠❡ ❢r❛❝t✐♦♥ ✭❜❛s❡❞ ♦♥
❘❡❢✳❬✹✻❪✮✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ ❜✉❧❦ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡ ✐♦♥ ❝♦♥❞✉❝t✐♥❣ ❨❙❩ ♣❤❛s❡ ❛t
❛♣♣r♦①✐♠❛t❡❧② ✼✵✵➦❈ ✭1.28 ∗ 10−3 ❙✴❝♠✮ ✇❛s ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r t❤❛♥
t❤❡ ❛❝t✉❛❧ ❜✉❧❦ ✈❛❧✉❡ t❛❦❡♥ ❢r♦♠ ❘❡❢✳❬✹✼❪ ✭2.51 ∗ 10−2 ❙✴❝♠✮✳ ❚❤❡ ❧♦✇ ✐♦♥✐❝ ❝♦♥✲
❞✉❝t✐✈✐t② ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇❛s ♣r❡s✉♠❡❞ t♦ ♦r✐❣✐♥❛t❡ ❢r♦♠ ✐♥s✉✣❝✐❡♥t ♣❡r❝♦❧❛t✐♦♥
♦❢ t❤❡ ❨❙❩ ♣❛rt✐❝❧❡s✳ ❚♦ ✐♥❝r❡❛s❡ t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❛♥❞ ❤❡♥❝❡ t❤❡ ♣❡r❝♦❧❛t✐♦♥✱ t❤❡
s❛♠♣❧❡ ✇❛s s✐♥t❡r❡❞ ❛❣❛✐♥ ❛t ❛ ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ✭✶✹✵✵➦❈ ❢♦r ♦♥❡ ❤♦✉r✮✳ ❆ ❝♦♠✲
♣❛r✐s♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❢r♦♠ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r
t❤❡ r❡✲s✐♥t❡r✐♥❣ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✶❛✳ ❖♥❡ ❝❛♥ ❝❧❡❛r❧② s❡❡ t❤❡ ✐♥❝r❡❛s❡❞ ♣♦❧❛r✲
✐③❛t✐♦♥ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❝❤❛♥❣❡❞ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr✉♠✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ✐♦♥✐❝
❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇❛s ❡♥❤❛♥❝❡❞ ❞✉❡ t♦ ❧❛r❣❡r ❨❙❩ ♣❛rt✐❝❧❡s✳ ❍♦✇❡✈❡r✱
❛❧s♦ t❤❡ ❡♥t✐r❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✇❛s ❞r❛st✐❝❛❧❧② ✐♥❝r❡❛s❡❞✱ s❡❡ ❋✐❣✉r❡ ✹✳✶✶❜✳ ❚❤✐s
✐♥❝r❡❛s❡ ✇❛s ♥♦t❛❜❧② ❧❛r❣❡r t❤❛♥ t❤❡ ❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❞❡❣r❛❞❛✲
t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡✳ ■t ✇❛s t❤❡r❡❢♦r❡ ❛ttr✐❜✉t❡❞ t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ ❛❝t✐✈❡ ❚P❇s ❞✉❡
t♦ t❤❡ ❧❛r❣❡r ♣❛rt✐❝❧❡s✳ ❚❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✇❛s ✵✳✾✹✸
❡❱ ❜❡❢♦r❡ r❡✲s✐♥t❡r✐♥❣✱ ✶✳✶✵✽ ❡❱ ❛❢t❡r r❡✲s✐♥t❡r✐♥❣ ❛♥❞ ✵✳✽✺✸ ❡❱ ❢♦r t❤❡ ❜✉❧❦ ❞❛t❛✳
❉✉❡ t♦ t❤❡ s✉❜st❛♥t✐❛❧ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡

❤✐❣❤❡r s✐♥t❡r✐♥❣ t❡♠♣❡r❛t✉r❡✱ ❛❧❧ ❢✉rt❤❡r Pt✴❨❙❩ s❛♠♣❧❡s ✇❡r❡ s✐♥t❡r❡❞ ❛t ✶✸✵✵➦❈✱
❛❝❝❡♣t✐♥❣ t❤❡ s✉❜✲♦♣t✐♠❛❧ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳ ◆♦t❛❜❧②✱ t❤❡ ❡①❛❝t ❝♦♠♣♦s✐t✐♦♥ ❛♥❞
♣✉r✐t② ♦❢ t❤❡ Pt✴❨❙❩ ❝❡r♠❡t ✐s ❛ tr❛❞❡ s❡❝r❡t✱ s♦ t❤❡ ❧♦✇ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♠❛②
❜❡ r❡❧❛t❡❞ t♦ ✐♠♣✉r✐t✐❡s ❛s ✇❡❧❧ ❛s t♦ s✉❜✲♦♣t✐♠❛❧ ♠✐❝r♦str✉❝t✉r❡✳
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✭❛✮ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ❛t ✼✺✵➦❈✱ r❡❞✉❝✲
✐♥❣

✭❜✮ ■♦♥✐❝ ❜✉❧❦ ❝♦♥❞✉❝t✐✈✐t② ❛♥❞ ❆❙❘

❋✐❣✉r❡ ✹✳✶✶✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ Pt✴❨❙❩
s❛♠♣❧❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ r❡✲s✐♥t❡r✐♥❣ ❛t ✶✹✵✵➦❈✳ ❚❤❡ s♣❡❝tr❛ ✇❡r❡
❜♦t❤ ♦❜t❛✐♥❡❞ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢
✼✺✵➦❈✳ ■♥s❡t ✭❜✮ s❤♦✇s t❤❡ ❝❛❧❝✉❧❛t❡❞ ✐♦♥✐❝ ❜✉❧❦ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡
s❛♠♣❧❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ r❡✲s✐♥t❡r✐♥❣ ✭❢✉❧❧ s②♠❜♦❧s✮✱ t❤❡ ❜✉❧❦ ❝♦♥✲
❞✉❝t✐✈✐t② ♦❢ ❨❙❩✱ t❛❦❡♥ ❢r♦♠ ❘❡❢✳❬✹✼❪✱ ❛♥❞ t❤❡ ❆❙❘ ♦❢ t❤❡ s❛♠♣❧❡
✭♦♣❡♥ s②♠❜♦❧s✮✳

✹✳✶✳✹ ●❉❈ t❤✐♥ ✜❧♠

❙❛♠♣❧❡s ✇✐t❤ ●❉❈ t❤✐♥ ✜❧♠s ❛s ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡s ✇❡r❡ ♣r❡♣❛r❡❞ ♦♥ ✺ ♠♠ ① ✺
♠♠ ① ✵✳✺ ♠♠ ❨❙❩ s✐♥❣❧❡ ❝r②st❛❧s ❢♦❧❧♦✇✐♥❣ t❤❡ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞ ✐♥ s✉❜s❡❝✲
t✐♦♥ ✸✳✶✳✶✳ ❚❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡s ✇❡r❡ ❡✐t❤❡r ♣♦r♦✉s Pt✴❨❙❩ ♦r ♣♦r♦✉s ▲❙❋✳ ❋♦r
t❤❡s❡ s❛♠♣❧❡s✱ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ●❉❈ t❤✐♥ ✜❧♠s s❤♦✉❧❞ ❜❡ ❡q✉❛❧✱ ✇❤✐❧❡ t❤❡ ❈❊
♣r♦♣❡rt✐❡s ❞✐✛❡r✱ ❛s s❤♦✇♥ ✐♥ s❡❝t✐♦♥s s✉❜s❡❝t✐♦♥ ✹✳✶✳✷ ❛♥❞ s✉❜s❡❝t✐♦♥ ✹✳✶✳✸✳
❈❡❧❧s ✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡s ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦✲

❣❡♥ ✐♥ ❛r❣♦♥ ❛t t❡♠♣❡r❛t✉r❡s r❛♥❣✐♥❣ ❢r♦♠ ✺✵✵➦❈ t♦ ✽✵✵➦❈ ❛♥❞ ✇✐t❤ ❜✐❛s ✉♣ t♦ ±

✸✵✵ ♠❱✳ ❋✐❣✉r❡ ✹✳✶✷ ❞✐s♣❧❛②s s♦♠❡ ❡①❛♠♣❧❡ s♣❡❝tr❛ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ❛♥❞
✇✐t❤ ❛♥♦❞✐❝ ❛♥❞ ❝❛t❤♦❞✐❝ ❜✐❛s✳ ❚❤❡ s♣❡❝tr❛ ✇✐t❤♦✉t ❜✐❛s s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡
❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❢♦❧❧♦✇❡❞ ❜② ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❞❡♣r❡ss❡❞ s❡♠✐❝✐r❝❧❡✳ ❆t
❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ t❤❡ ❞♦♠✐♥❛♥t s❡♠✐❝✐r❝❧❡ ✇❛s str❡t❝❤❡❞ ❛♥❞ ❛ t❤✐r❞ ❢❡❛t✉r❡
❛♣♣❡❛r❡❞ ✐♥ t❤❡ s♣❡❝tr❛✳ ❆s t❤❡ ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡ ✐s ❛❜♦✉t ♦♥❡
♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❧❛r❣❡r t❤❛♥ t❤❡ r❡s✐st❛♥❝❡s ♦❢ ♣♦r♦✉s s❛♠♣❧❡s✱ ✐t ✇❛s ❢✉❧❧② ❛t✲
tr✐❜✉t❡❞ t♦ t❤❡ t❤✐♥ ✜❧♠✳ ❯♥❞❡r ❝❛t❤♦❞✐❝ ❜✐❛s t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ s❡♣❛r❛t❡❞ ✐♥t♦ t✇♦
❞✐st✐♥❝t s❡♠✐❝✐r❝❧❡s✳ ❚❤❡ ✜rst ❢❡❛t✉r❡ ❞❡❝r❡❛s❡❞ ✐♥ s✐③❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♥❡❣❛t✐✈❡
❜✐❛s✱ ✇❤❡r❡❛s t❤❡ s❡❝♦♥❞ ❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✳ ❚❤❡ s♣❡❝tr❛ ✇✐t❤
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✭❛✮ ❖♣❡♥✲❝✐r❝✉✐t ♠❡❛s✉r❡♠❡♥t
✭❜✮ ❈❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❆♥♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✶✷✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛
♣♦r♦✉s Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❙♣❡❝tr❛ ✉♥❞❡r ❜✐❛s ✇❡r❡ ♠❡❛s✉r❡❞
❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳

❛♣♣❧✐❡❞ ❝❛t❤♦❞✐❝ ❜✐❛s ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡r✐❛❧
❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ r❡s✐st❛♥❝❡s ❛♥❞
❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✸✳ ❉✉❡ t♦ t❤❡ r❛t❤❡r ❝♦♥st❛♥t ❝❛♣❛❝✐✲
t❛♥❝❡ ♦❢ t❤❡ ✜rst ❢❡❛t✉r❡ ❛t ❛r♦✉♥❞ ✵✳✸✸ ♠❋✴❝♠✷ ❛♥❞ t❤❡ s❝❛❧✐♥❣ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡
♦❢ t❤❡ s❡❝♦♥❞ ❢❡❛t✉r❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♥❡❣❛t✐✈❡ ❜✐❛s✱ t❤❡ ❢❡❛t✉r❡s ✇❡r❡ ❛ttr✐❜✉t❡❞
t♦ t❤❡ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❛♥❞ t♦ t❤❡ ●❉❈ t❤✐♥ ✜❧♠✱ r❡s♣❡❝t✐✈❡❧②✳ ❯♥❞❡r
❛♥♦❞✐❝ ❜✐❛s✱ t❤❡ s♣❡❝tr❛ ❤❛❞ s✐♠✐❧❛r s❤❛♣❡s ❛s s♣❡❝tr❛ ✇✐t❤♦✉t ❜✐❛s ❜✉t ✇✐t❤ ❛♥
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❛❞❞❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❢❡❛t✉r❡ ❛t ❤✐❣❤❡r ❜✐❛s ✈♦❧t❛❣❡s✳ ❲❡ ❝♦✉❧❞ ❝♦♥❝❧✉❞❡
t❤❛t t❤❡ Pt✴❨❙❩ ❈❊ ❤❛s ❛♥ ❆❙❘ ✇❤✐❝❤ ✐s s✐♠✐❧❛r t♦ t❤❡ ❆❙❘ ♦❢ t❤❡ ●❉❈ t❤✐♥
✜❧♠ ❛♥❞ ❛ ❝❧❡❛r s❡♣❛r❛t✐♦♥ ♦❢ ❜♦t❤ ❢❡❛t✉r❡s ✐s ♥♦t str❛✐❣❤t ❢♦r✇❛r❞✳

❋✐❣✉r❡ ✹✳✶✸✿ ❘❡s✐st❛♥❝❡s ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s ♦❢ ❜♦t❤ ❢❡❛t✉r❡s ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤
❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❛t ✻✺✵➦❈
s❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ✈❛r②✐♥❣ ❝❛t❤♦❞✐❝ ❜✐❛s ✈♦❧t❛❣❡

❚❤❡ s❡❝♦♥❞ ●❉❈ t❤✐♥ ✜❧♠ s❛♠♣❧❡ ❤❛❞ ♣♦r♦✉s ▲❙❋ ❜r✉s❤❡❞ ♦♥ t❤❡ s✉❜str❛t❡
❛s ❛ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ✇✐t❤ ❛ ♣♦r♦✉s ●❉❈ ❜✉✛❡r ❧❛②❡r ✉♥❞❡r♥❡❛t❤✳ Pt✲♣❛st❡ ✇❛s
❜r✉s❤❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡ ❛s ❛ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ Pr❡✈✐♦✉s ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♣r❡❞✐❝ts
❛ ♠✉❝❤ ❧♦✇❡r ❆❙❘ ♦❢ ❛❜♦✉t ✷ Ω❝♠✷ ❛t ✻✵✵➦❈ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❢♦r t❤✐s t②♣❡
♦❢ ❈❊✳
❚❤❡ s❛♠♣❧❡ ✇❛s ✜rst ♠❡❛s✉r❡❞ ✐♥ r❡❞✉❝✐♥❣ ✭❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥✮

❛♥❞ ♦①✐❞✐③✐♥❣ ✭✶✪ ❖✷ ✐♥ ♥✐tr♦❣❡♥✮ ❛t♠♦s♣❤❡r❡s ❛t t❡♠♣❡r❛t✉r❡s r❛♥❣✐♥❣ ❢r♦♠ ✺✵✵➦❈
t♦ ✽✺✵➦❈✳ ❚❤❡ s♣❡❝tr❛ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡ s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝②
s❤♦✉❧❞❡r ❛♥❞ ❛♥ ♦♥❧② s❧✐❣❤t❧② ❞❡♣r❡ss❡❞ ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❆t ❡❧❡✈❛t❡❞
t❡♠♣❡r❛t✉r❡s✱ t❤❡ s❡♠✐❝✐r❝❧❡ ✇❛s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❛♥❞ ❞♦♠✐♥❛t❡❞ t❤❡ ❡❧❡❝tr♦❞❡
✐♠♣❡❞❛♥❝❡✱ s❡❡ ❋✐❣✉r❡ ✹✳✶✹✳ ❚❤❡ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t
❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡r✐❛❧ ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts t♦ ♣❛r❛♠✲
❡t❡r✐③❡ t❤❡ t✇♦ ❢❡❛t✉r❡s✳ ❆♥ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ r❡s✐st❛♥❝❡s r❡✈❡❛❧❡❞ ❛❝t✐✈❛t✐♦♥
❡♥❡r❣✐❡s ♦❢ ✵✳✾✺✻ ❡❱ ❛♥❞ ✵✳✽✶✹ ❡❱ ❢♦r ❢❡❛t✉r❡ ✶ ❛♥❞ ❢❡❛t✉r❡ ✷✱ r❡s♣❡❝t✐✈❡❧② ✭❋✐❣✲
✉r❡ ✹✳✶✺❛✮✳ ❋✐❣✉r❡ ✹✳✶✺❜ s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡✳ ❆ ❝♦♠♣❛r✐s♦♥
♦❢ t❤✐s ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ♦❢ t❤❡ ✜rst ●❉❈ t❤✐♥
✜❧♠ s❛♠♣❧❡ ❛t ♦♣❡♥✲❝✐r❝✉✐t ✈♦❧t❛❣❡ ✭❋✐❣✉r❡ ✹✳✶✸✮ r❡✈❡❛❧❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡✳ ❚❤❡s❡
✈❛❧✉❡s ✇❡r❡ ❛❜♦✉t ✶✵ t✐♠❡s s♠❛❧❧❡r t❤❛♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♣♦r♦✉s ●❉❈ ❡❧❡❝✲
tr♦❞❡ ✇❤✐❝❤ ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛s ❝❤❡♠✐❝❛❧
❝❛♣❛❝✐t❛♥❝❡ ✭s❝❛❧✐♥❣ ✇✐t❤ ❡❧❡❝tr♦❞❡ t❤✐❝❦♥❡ss✮✳
❊①❛♠♣❧❡ s♣❡❝tr❛ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡ ❛r❡ ❞❡♣✐❝t❡❞ ✐♥

❋✐❣✉r❡ ✹✳✶✻✳ ❚❤❡s❡ s♣❡❝tr❛ ❞✐❞ ♥♦t s❤♦✇ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❜✉t
❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ❛♥❞ ✇❡r❡ t❤❡r❡❢♦r❡ ✜tt❡❞ ✇✐t❤ ❛ r❡s✐st♦r ❛♥❞

✹✸

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❡ ✹✳✶✹✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡
❛♥❞ ❛ ♣♦r♦✉s ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡✳ ❚❤❡
♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
✐s ✐♥❝❧✉❞❡❞ ✐♥ ✐♥s❡t ✭❛✮✳

✭❛✮ ❆rr❤❡♥✐✉s ♣❧♦t ✭❜✮ ❈❛♣❛❝✐t❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✷

❋✐❣✉r❡ ✹✳✶✺✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts ❛♥ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ r❡s✐st❛♥❝❡s ♦❢ t❤❡ s❛♠♣❧❡
✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐♥ r❡❞✉❝✲
✐♥❣ ❛t♠♦s♣❤❡r❡✱ ✐♥❝❧✉❞✐♥❣ ❛ ❧✐♥❡❛r ✜t✳ ■♥s❡t ✭❜✮ s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡
♦❢ ❢❡❛t✉r❡ ✷✳

❛ s✐♥❣❧❡ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳ ❋✐tt✐♥❣ ✇❛s ♦♥❧② ♣♦ss✐❜❧❡ st❛rt✐♥❣ ✇✐t❤ ❛ t❡♠♣❡r❛t✉r❡ ♦❢
✻✺✵➦❈✱ ❛s ❜❡❧♦✇ t❤❛t t❤❡ s♣❡❝tr❛ ❞✐❞ ♥♦t ❝❧♦s❡✳ ❋✐❣✉r❡ ✹✳✶✼ ❞❡♣✐❝ts t❤❡ ❝❛♣❛❝✐t❛♥❝❡
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♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛♥ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞
❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✇❛s ✶✳✷✼✷ ❡❱✳ ❆s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✇❛s
♥♦t t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ❛♥❞ ✇❛s ❛❧♠♦st t✇♦ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r t❤❛♥ ✐♥ r❡✲
❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ ✐t ✇❛s ✐♥t❡r♣r❡t❡❞ ❛s ✐♥t❡r❢❛❝✐❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤
t❤❡ ❞❡❢❡❝t ❝❤❡♠✐str② ♦❢ ●❉❈✱ ✇❤✐❝❤ ♣r❡❞✐❝ts ❛❧♠♦st ♥♦ ♦①②❣❡♥ ♥♦♥✲st♦✐❝❤✐♦♠❡tr②
❢r♦♠ 10−10 t♦ ✶ ❜❛r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❬✹✽❪✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ ❆❙❘ ✐♥ ♦①✐✲
❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s ❝♦♠♣❛r❛❜❧❡✱ ❛❧t❤♦✉❣❤ ●❉❈ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛♥
❡❧❡❝tr♦❧②t❡ ♠❛t❡r✐❛❧ ✐♥ ❛✐r✳

❋✐❣✉r❡ ✹✳✶✻✿ ❊①❛♠♣❧❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝✲
tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡✳ ❚❤❡ ♣❡❛❦
❢r❡q✉❡♥❝② ♦❢ t❤❡ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐s ✐♥✲
❝❧✉❞❡❞ ✐♥ t❤❡ ❣r❛♣❤✐❝✳

❋♦❧❧♦✇✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ❝②❝❧❡s✱ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❝❤❛♥❣✐♥❣
r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✭± ✸✵✵ ♠❱✮ ❛t ✻✺✵➦❈ s❡t
t❡♠♣❡r❛t✉r❡✳ ❚❤❡ s♣❡❝tr❛ ✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s ❛❧❧ s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡
❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ✇❤✐❝❤ ❣r❡✇ ✐♥t♦ ❛ s❡♣❛r❛t❡ s❡♠✐❝✐r❝❧❡ ✉♥❞❡r str♦♥❣❡r r❡❞✉❝✐♥❣
❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ♠❛✐♥ ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ✇❛s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s♣❡❝tr❛ ❞❡♣❡♥❞✲
✐♥❣ ♦♥ t❤❡ ❝♦♥❞✐t✐♦♥s✳ ■♥ ❧❡ss r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛ ❜✐❣❣❡r ♣❛rt ♦❢ t❤❡ ❢❡❛t✉r❡ ✇❛s
✐♥ t❤❡ ♠❡❛s✉r❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡ t❤❛♥ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❋✐❣✉r❡ ✹✳✶✽
s❤♦✇s s♦♠❡ ❡①❛♠♣❧❡ s♣❡❝tr❛✳

❚❤❡ s♣❡❝tr❛ ✇❡r❡ ❛❣❛✐♥ ✜tt❡❞ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡r✐❛❧
❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts t♦ ♦❜t❛✐♥ r❡s✐st❛♥❝❡s ❛♥❞ ❝❛♣❛❝✲
✐t❛♥❝❡ ✈❛❧✉❡s ✇❤✐❝❤ ❛r❡ ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ ❋✐❣✉r❡ ✹✳✶✾✳

❚❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s ❞❡✜♥❡❞ ❜② t❤❡ ❡q✉✐❧✐❜r✐✉♠

✹✺
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✭❛✮ ❆rr❤❡♥✐✉s ♣❧♦t ✭❜✮ ❈❛♣❛❝✐t❛♥❝❡

❋✐❣✉r❡ ✹✳✶✼✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts ❛♥ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ r❡s✐st❛♥❝❡ ✭❞♦♠✐♥❛♥t ❢❡❛✲
t✉r❡✮ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r
❡❧❡❝tr♦❞❡ ✐♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡✱ ✐♥❝❧✉❞✐♥❣ ❛ ❧✐♥❡❛r ✜t✳ ■♥s❡t ✭❜✮
s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡✳

✭❛✮ ❙♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s
✭❜✮ ❙♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s✱ ③♦♦♠✲

✐♥

❋✐❣✉r❡ ✹✳✶✽✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡
❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ✻✺✵➦❈ s❡t
t❡♠♣❡r❛t✉r❡✳ ■♥s❡t ✭❜✮ s❤♦✇s ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝②
♣❛rt ♦❢ t❤❡ s♣❡❝tr❛✳

✹✻
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♦❢ t❤❡ ❤②❞r♦❣❡♥ ♦①✐❞❛t✐♦♥ ❡q✉❛t✐♦♥ ❛♥❞ t❤❡ ♠❛ss ❛❝t✐♦♥ ❧❛✇✿

H2 +
1

2
O2 ⇋ H2O, ✭✹✳✸✮

K =
p(H2O)

√

p(O2) ∗ p(H2)
. ✭✹✳✹✮

❇② ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥st❛♥t ❑ ❢r♦♠ t❤❡r♠♦❞②♥❛♠✐❝ ❞❛t❛ ❬✹✾❪ ❛t t❤❡
❣✐✈❡♥ t❡♠♣❡r❛t✉r❡ ✭✻✷✵➦❈✮ ❛♥❞ ✐♥s❡rt✐♥❣ t❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ♦❢ ❍✷ ❛♥❞ ❍✷❖✱ t❤❡
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡✈❡r② ❣❛s ♠✐①t✉r❡✳

✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ✭❜✮ ❈❛♣❛❝✐t❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✷

❋✐❣✉r❡ ✹✳✶✾✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts t❤❡ r❡s✐st❛♥❝❡s ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠
❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❛t ❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡s✲
s✉r❡s ❛♥❞ ✻✷✵➦❈✳ ■♥s❡t✭❜✮ s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✷✳ ❚❤❡
♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❝②❝❧❡s ♦❢ ❤✐❣❤ ✲❃ ❧♦✇ ✲❃ ❤✐❣❤ ♦①②✲
❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❚❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ❍✷

❛♥❞ ❍✷❖ ✐s ♠❛r❦❡❞ ✐♥ r❡❞✳

❚❤❡ r❡s✐st❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✶ ✇❛s ♦♥❧② s❧✐❣❤t❧② ❛✛❡❝t❡❞ ❜② ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✳
❚❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ❤❛❞ ❛ ♠✐♥✐♠✉♠ ❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ✇❛t❡r
❛♥❞ ❤②❞r♦❣❡♥ ❛♥❞ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❆s
❡①♣❡❝t❡❞✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✉♥❞❡r ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t ✻✺✵➦❈ ♦✈❡♥ t❡♠♣❡r✲

❛t✉r❡ ❛♥❞ ❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ❤②❞r♦❣❡♥ ❛♥❞ ✇❛t❡r✳ ❙♦♠❡ ❡①❛♠♣❧❡ s♣❡❝tr❛
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✵✳ ❆❣❛✐♥✱ t❤❡ s♣❡❝tr❛ s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡✲
q✉❡♥❝② s❤♦✉❧❞❡r ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❆♣♣❧②✐♥❣ ❜✐❛s ❧❡❛❞s t♦
❛ ❝❤❛♥❣✐♥❣ ❡✛❡❝t✐✈❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✱ ❛❝❝♦r❞✐♥❣

✹✼
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t♦ ❊q✉❛t✐♦♥ ✷✳✷✽✳ ❚❤❡r❡❢♦r❡✱ ❝❛t❤♦❞✐❝ ❜✐❛s r❡s✉❧t❡❞ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱
✇❤❡r❡❛s ❛♥♦❞✐❝ ❜✐❛s r❡s✉❧t❡❞ ✐♥ ❧❡ss r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❈♦♠♣❛r✐♥❣ t❤❡ s♣❡❝tr❛
t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s r❡✈❡❛❧❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡✿ ❯♥❞❡r
❝❛t❤♦❞✐❝ ❜✐❛s t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ✇❛s ❝❧❡❛r❧② s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡
❞♦♠✐♥❛♥t ❢❡❛t✉r❡✱ ✇❤✐❝❤ ✇❛s ♥♦t ❢✉❧❧② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s♣❡❝tr❛ ❞✉❡ t♦ ❛ ❧♦✇ ❝❤❛r❛❝✲
t❡r✐st✐❝ ❢r❡q✉❡♥❝②✳ ❋✐tt✐♥❣ ♦❢ t❤❡ s♣❡❝tr❛ ✇❛s ❞♦♥❡ ✇✐t❤ ❛ r❡s✐st♦r ❛♥❞ t✇♦ ❘⑤⑤❈P❊
❡❧❡♠❡♥ts✳ ❍♦✇❡✈❡r✱ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❛t ❜✐❛s ✈♦❧t❛❣❡s ♦❢ ✲✷✵✵ ♠❱ ❛♥❞ ❜❡❧♦✇ ❝♦✉❧❞
♥♦t ❜❡ ✜tt❡❞ ❛s ❛ t♦♦ ❧✐tt❧❡ ♣❛rt ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✇❛s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡
♠❡❛s✉r✐♥❣ r❛♥❣❡✳

✭❛✮ ❙♣❡❝tr❛ ✉♥❞❡r ❜✐❛s ✈♦❧t❛❣❡ ✭❜✮ ❙♣❡❝tr❛ ✉♥❞❡r ❜✐❛s ✈♦❧t❛❣❡✱ ③♦♦♠✲✐♥

❋✐❣✉r❡ ✹✳✷✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡ ❛♥❞
❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✉♥❞❡r ❜✐❛s ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ■♥s❡t
✭❜✮ s❤♦✇s ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♣❛rt ♦❢ t❤❡ s♣❡❝tr❛✳

❚❤❡ ❡①tr❛❝t❡❞ r❡s✐st❛♥❝❡s ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✶❛✲❜✳ ❚❤❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✐s ♥♦t ✐❞❡♥t✐❝❛❧ ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡
❜❡❝❛✉s❡ ♦❢ ❧♦ss❡s ✐♥ t❤❡ ❡❧❡❝tr♦❧②t❡ ❛♥❞ ❛t ✐♥t❡r❢❛❝❡s ✭r❡♣r❡s❡♥t❡❞ t❤r♦✉❣❤ t❤❡ ♦✛s❡t
r❡s✐st❛♥❝❡ ✐♥ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜ts✮✳ ❲❤❡♥ ♥❡❣❧❡❝t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✭✇❤✐❝❤ ✐s r❡❛s♦♥❛❜❧❡ ❛s t❤❡ ❆❙❘ ♦❢ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐s t✇♦
♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r✮ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡
ηWE ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤

ηWE = Ubias −Roffset ∗ I ✭✹✳✺✮

✇❤❡r❡ Ubias ❞❡♥♦t❡s t❤❡ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ Roffset t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦✛s❡t
r❡s✐st❛♥❝❡ ❛♥❞ ■ t❤❡ ♠❡❛s✉r❡❞ ❝✉rr❡♥t✳

✹✽
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❚❤❡ r❡s✐st❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✶ s❤♦✇❡❞ ♦♥❧② ♠✐♥♦r ❝❤❛♥❣❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t✲
❛❣❡✱ ✇❤❡r❡❛s t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ❞❡❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✳ ❚❤❡ s❝❛❧✐♥❣ ♦❢ t❤❡
r❡s✐st❛♥❝❡ ✇✐t❤ ❡✛❡❝t✐✈❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❞✐✛❡r❡❞ ❜❡t✇❡❡♥ ♠❡❛s✉r❡♠❡♥ts
✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✉♥❞❡r ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤✐s ✇❛s ❡①♣❡❝t❡❞ ❛s t❤❡ ❡❧❡❝✲
tr♦❞❡ ✇❛s ♠❡❛s✉r❡❞ ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ✇❤❡♥ ❛♣♣❧②✐♥❣ ❜✐❛s ✈♦❧t❛❣❡✱
❝♦♥tr❛r② t♦ t❤❡ ❝❛s❡ ✇✐t❤ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s ✇❡r❡ t❤❡ ❡❧❡❝tr♦❞❡ ✐s ♠❡❛s✉r❡❞ ✐♥
t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❡q✉✐❧✐❜r✐✉♠✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ♦♥❡ ❝❛♥ s❡❡
❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ t✇♦ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣ ❝②❝❧❡s✳ ❆s t❤❡ ❝❤❡♠✐❝❛❧ ❝❛✲
♣❛❝✐t❛♥❝❡ ✐s ❛ ♣r♦♣❡rt② ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❜✉❧❦ ❛♥❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s
♦❢ ❝❤❛r❣❡ ❝❛rr✐❡rs ✭✇❤✐❝❤ t❤❡♠s❡❧✈❡s ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ ♣♦t❡♥t✐❛❧ ♦❢ ♦①②❣❡♥
✐♥ t❤❡ ❡❧❡❝tr♦❞❡✮✱ ✐t ✐s ✐♥✢✉❡♥❝❡❞ ✐♥ ❛♥ ❛♥❛❧♦❣✉❡ ✇❛② ❜② ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s
❛♥❞ ❛♣♣❧②✐♥❣ ❜✐❛s ✈♦❧t❛❣❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✶❜✳ ❋✐tt✐♥❣ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡
❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ t♦ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ r❡✈❡❛❧❡❞ ❛
s❝❛❧✐♥❣ ♦❢ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✷✹✱ s❡❡ ❋✐❣✉r❡ ✹✳✷✶❝✳ ❚❤✐s ❡①♣♦♥❡♥t ✐s ✈❡r② ❝❧♦s❡ t♦ t❤❡
s❝❛❧✐♥❣ ♦❢ ♣✭❖✷✮

✲✵✳✷✺ ✇❤✐❝❤ ✐s ❡①♣❡❝t❡❞ ❢r♦♠ ❧✐t❡r❛t✉r❡ ❞❛t❛ ❬✸✷❪✳
▲❛st❧②✱ t❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ✇❛s r❡❝♦r❞❡❞✳ ❋✐❣✉r❡ ✹✳✷✷ ❞❡♣✐❝ts t❤❡

♠❡❛s✉r❡❞ ❝✉rr❡♥t ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ ❡❧❡❝tr♦❞❡ ❛r❡❛ ♦✈❡r t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳ ❖♥❡ ❝❛♥ ♥♦t✐❝❡ ❛ ❧✐♥❡❛r r❡❣✐♠❡ ❜❡t✇❡❡♥ ✲✶✵✵ ♠❱ ❛♥❞
✰✶✵✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❍✐❣❤❡r ♦r ❧♦✇❡r ♦✈❡r♣♦t❡♥t✐❛❧ r❡s✉❧t❡❞ ✐♥ str♦♥❣
♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦r✳ ❚❤❡ ❛♥♦❞✐❝ ❜r❛♥❝❤ s❤♦✇❡❞ ❛ st❡❡♣❡r ❝♦✉rs❡ ❛♥❞ ♣❡❛❦❡❞ ❛t
❛r♦✉♥❞ ✷ ♠❆✴❝♠✷✱ ✇❤❡r❡❛s t❤❡ ❝❛t❤♦❞✐❝ ❜r❛♥❝❤ ♦♥❧② r❡❛❝❤❡❞ ❛r♦✉♥❞ ✲✶ ♠❆✴❝♠✷✳
❚❤✐s ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ♦❜s❡r✈❡❞ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✭❞❡❝r❡❛s❡ ✉♥❞❡r ❛♥♦❞✐❝ ❜✐❛s
❛♥❞ ✐♥❝r❡❛s❡ ✉♥❞❡r ❝❛t❤♦❞✐❝ ❜✐❛s✮ t❤❛t ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s❧♦♣❡ ♦❢ t❤❡
❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝✳
❲❤✐❧❡ ❡①tr❛❝t✐♥❣ t❤❡ s❛♠♣❧❡ ❢r♦♠ t❤❡ ❤♦❧❞❡r✱ ♦♥❝❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❝♦♠✲

♣❧❡t❡❞✱ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r ❢r♦♠ t❤❡ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✇❛s ❝♦♠♣❧❡t❡❧② ❞❡✲
❧❛♠✐♥❛t❡❞✳ ❉✉❡ t♦ t❤❡ ❧❛r❣❡ ❝♦♥t❛❝t s✉r❢❛❝❡ ❜❡t✇❡❡♥ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r ❛♥❞ t❤❡
Pt ♠❡s❤❡s✱ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❤✐❣❤ ♠❡❛s✉r✐♥❣ t❡♠♣❡r❛t✉r❡s✱ t❤❡ ❛❞❤❡s✐♦♥ ❜❡t✇❡❡♥
t❤❡ ❡❧❡❝tr♦❞❡ ❛♥❞ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r ✐s ✇❡❛❦❡r t❤❛♥ ❜❡t✇❡❡♥ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r ❛♥❞
Pt ♠❡s❤❡s✳ ❆s ✐t ❣❡♥❡r❛❧❧② ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❦♥♦✇ ✐❢ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ ❡❧❡❝✲
tr♦❞❡ ❛♥❞ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r ✇❛s ❛❧r❡❛❞② ✐♠♣❛✐r❡❞ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ ❛♥❞
t❤❡r❡❢♦r❡ ✐♥✢✉❡♥❝❡❞ t❤❡ ♠❡❛s✉r✐♥❣ r❡s✉❧ts✱ ❞❡❧❛♠✐♥❛t✐♥❣ ♦❢ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r
✐s ✉♥❢❛✈♦r❛❜❧❡✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❛t ❧❡❛st ♣❛rts ♦❢ t❤❡ ❝✉rr❡♥t ❝♦❧❧❡❝t♦rs ❢r♦♠ ❛❧♠♦st
❡✈❡r② s❛♠♣❧❡ ❞❡❧❛♠✐♥❛t❡❞ ✉♣♦♥ ❡①tr❛❝t✐♥❣✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s ✭❜✮ ❈❛♣❛❝✐t❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✷

✭❝✮ ❈❛♣❛❝✐t❛♥❝❡✱ ✜t

❋✐❣✉r❡ ✹✳✷✶✿ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts t❤❡ r❡s✐st❛♥❝❡s ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠
❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❛t ❞✐✛❡r❡♥t ❡q✉✐✈❛❧❡♥t ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♦✈❡r♣♦t❡♥t✐❛❧ ❛t t❤❡ ✇♦r❦✐♥❣
❡❧❡❝tr♦❞❡✳ ■♥s❡t ✭❜✮ s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ❢❡❛t✉r❡ ✷ ✐♥ ❝♦♠♣❛r✐s♦♥
t♦ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ❆
✜t ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ t❤❡ ❧♦✇ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ r❛♥❣❡
✐s ❞❡♣✐❝t❡❞ ✐♥ ✐♥s❡t ✭❝✮✳
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❋✐❣✉r❡ ✹✳✷✷✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ●❉❈ t❤✐♥ ✜❧♠
❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ▲❙❋ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦
♦❢ ❤②❞r♦❣❡♥ ❛♥❞ ✇❛t❡r ❛♥❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡

✹✳✷ ▼❡❛s✉r❡♠❡♥ts ♦♥ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s

❲✐t❤ t❤❡ ❡①♣❡r✐❡♥❝❡ ❣❛✐♥❡❞ ❢r♦♠ t❤❡ t✇♦✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s✱ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠✲
♣❧❡s ✇❡r❡ ♣r♦❞✉❝❡❞✳ ■♥ t❤❡ ❜❡❣✐♥♥✐♥❣✱ ❛s②♠♠❡tr✐❝ s❛♠♣❧❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ♦♥
✇❤✐❝❤ ❲❊ ❛♥❞ ❈❊ ❤❛✈❡ ✈❡r② ❞✐✛❡r❡♥t ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡r❡❢♦r❡✱ ❛rt✐❢❛❝ts ✐♥
t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts✱ ❛r✐s✐♥❣ ❢r♦♠ ✐♠♣❡r❢❡❝t s❛♠♣❧❡ ❢❛❜r✐❝❛t✐♦♥✱ s❤♦✉❧❞
❜❡ s❡♣❛r❛❜❧❡ ❢r♦♠ t❤❡ ❛❝t✉❛❧ ♠❡❛s✉r✐♥❣ r❡s✉❧t✳ ❆❢t❡r t❤❛t✱ ❛❧s♦ s②♠♠❡tr✐❝ s❛♠♣❧❡s
✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❛♥❞ t❤❡ r❡s✉❧ts ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛s②♠♠❡tr✐❝ s❛♠♣❧❡s✳

✹✳✷✳✶ ▲❙❋ ✇✐t❤ Pt✴❨❙❩

❚❤❡ s❛♠♣❧❡ ✇❛s ♣r❡♣❛r❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ♣r♦❝❡❞✉r❡ ♠❡♥t✐♦♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✶✳✸
✇✐t❤ ♣♦r♦✉s ▲❙❋ ❛s ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ❛♥❞ ♣♦r♦✉s Pt✴❨❙❩ ❛s ❝♦✉♥t❡r ❛♥❞ r❡❢❡r❡♥❝❡
❡❧❡❝tr♦❞❡✳ ▼❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛t
❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛t ✻✺✵➦❈ ❛♥❞
✼✺✵➦❈✳ ❇❡❢♦r❡ t❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s st❛rt❡❞✱ ❛ ♣❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦ ✇❛s ♣❡r❢♦r♠❡❞✳
❋♦r t❤✐s ♣✉r♣♦s❡✱ t❤❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s✱ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ❢✉❧❧ ❝❡❧❧ ❛♥❞ ♦❢
t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ ✇❡r❡ ♠❡❛s✉r❡❞ ❛♥❞ ❝♦♠♣❛r❡❞✳ ❋✐❣✉r❡ ✹✳✷✸❛ s❤♦✇s t❤❡ ✐♥❞✐✈✐❞✉❛❧
s♣❡❝tr❛ ♦❢ t❤❡ t✇♦ ❤❛❧❢ ❝❡❧❧s✳ ❇♦t❤ s♣❡❝tr❛ ❝♦♥t❛✐♥❡❞ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ❛♥❞
t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ Pt✴❨❙❩ ❤❛❧❢ ❝❡❧❧ ❛❧s♦ s❤♦✇❡❞ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t
❢❡❛t✉r❡✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❝♦rr❡s♣♦♥❞❡❞ t♦ t❤❡
❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ♦❢ t❤❡ ▲❙❋ s♣❡❝tr✉♠✳ ❚❤❡ ❝❛✉s❡ ♦❢
t❤✐s ❛rt✐❢❛❝t ✇❛s ♠♦st ❧✐❦❡❧② ❛ ❢r❡q✉❡♥❝②✲❞❡♣❡♥❞❡♥t ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥ r❡s✉❧t✐♥❣
❢r♦♠ t❤❡ ❛s②♠♠❡tr✐❝ str✉❝t✉r❡ ♦❢ t❤❡ s❛♠♣❧❡✱ ❧❡❛❞✐♥❣ t♦ ❛ ❝r♦ss ❝♦♥t❛♠✐♥❛t✐♦♥
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❢r♦♠ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ❜♦t❤ ❡❧❡❝tr♦❞❡s
✇❡r❡ s❡♣❛r❛t❡❞ ❜② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡✱ t❤❡ ❛rt✐❢❛❝t ❞✐❞ ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡
r❡❧❡✈❛♥t ♣❛rts ♦❢ t❤❡ s♣❡❝tr❛✳

❚❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✸❜✳ ■t ✇❛s ♠❡❛✲
s✉r❡❞ ❜② ❝♦♥♥❡❝t✐♥❣ t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ t♦ t❤❡ ❈❊ ♣♦rt ❛♥❞ t❤❡ ❘❊✰ ♣♦rt ♦❢ t❤❡
✐♠♣❡❞❛♥❝❡ ❛♥❛❧②③❡r ❛♥❞ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ t♦ t❤❡ ❲❊ ♣♦rt ❛♥❞ t❤❡ ❘❊✲ ♣♦rt✳
❚❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr✉♠ ✇❛s s✐♠✐❧❛r t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ Pt✴❨❙❩ ❤❛❧❢ ❝❡❧❧ s♣❡❝✲
tr✉♠✱ ❡①❝❡♣t ❢♦r t❤❡ ❧♦✇ ❛♥❞ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✳ ❈♦♠♣❛r✐♥❣ t❤❡ ❡❧❡❝tr♦❞❡
r❡s✐st❛♥❝❡s✱ t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡ ❤❛❞ ❛♥ ❛❜♦✉t ✸✵ t✐♠❡s ❧❛r❣❡r ❆❙❘ t❤❛♥ t❤❡ r❡❣✉❧❛r
Pt✴❨❙❩ ❡❧❡❝tr♦❞❡✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❞✐✛❡r❡♥t s✐③❡s ♦❢ t❤❡ ❡❧❡❝tr♦❞❡s✱ t❤✐s r❡s✉❧t ✐s
❛s ❡①♣❡❝t❡❞✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ s✉♠ ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧s ❛♥❞ t❤❡ ❢✉❧❧ ❝❡❧❧ ✭❝♦r✲
r❡s♣♦♥❞✐♥❣ t♦ ❛ t✇♦✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥t✮ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✸❝✳ ❖♥❡ ❝❛♥
s❡❡ ❛♥ ♦✛s❡t ♦❢ ❛❜♦✉t ✺ Ω ❜❡t✇❡❡♥ t❤❡ t✇♦ s♣❡❝tr❛ ❛♥❞ ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❧♦✇
❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✐♥ t❤❡ s✉♠ s♣❡❝tr✉♠✳ ❆s t❤❡ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞ ✇❤✐❧❡ ❤❡❛t✲
✐♥❣ ✉♣ t❤❡ s❛♠♣❧❡✱ t❤❡ t❡♠♣❡r❛t✉r❡ ✇❛s ♥♦t ✐❞❡♥t✐❝❛❧ ❢♦r t❤❡ t❤r❡❡ ♠❡❛s✉r❡♠❡♥ts✳
❚❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr✉♠ ✇❛s ♠❡❛s✉r❡❞ ❛t ❛ s❧✐❣❤t❧② ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ t❤❛♥ t❤❡
❤❛❧❢ ❝❡❧❧s ✇❤✐❝❤ ❡①♣❧❛✐♥s t❤❡ ❧♦✇❡r ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❧♦✇❡r ❡❧❡❝tr♦❞❡
r❡s✐st❛♥❝❡✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ s♣❡❝tr❛ ❝♦✐♥❝✐❞❡❞ ❛♥❞ t❤❡ t✇♦ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s
✇❡r❡ ✇❡❧❧ s❡♣❛r❛t❡❞✱ ✇✐t❤ t❤❡ Pt✴❨❙❩ ❢❡❛t✉r❡ ❛t ❛❜♦✉t ✹✵✵ ❍③ ❛♥❞ t❤❡ ▲❙❋ ❢❡❛t✉r❡
❛t ❛❜♦✉t ✵✳✷ ❍③✳ ❆❧s♦✱ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✱ ✇❤✐❝❤ ✇❡r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❤❛❧❢
❝❡❧❧ s♣❡❝tr❛✱ ❝❛♥❝❡❧❡❞ ♦✉t ✇❤❡♥ ❛❞❞✐♥❣ ✉♣ t❤❡ t✇♦ s♣❡❝tr❛✳

❚❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❛t ✻✺✵➦❈ ❜❡t✇❡❡♥ 105 ❛♥❞ 10−2 ❍③ ❛r❡ ♣r❡✲
s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✸❞ ❛♥❞ ❋✐❣✉r❡ ✹✳✷✹✳ ❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦✲
s♣❤❡r❡s s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❢♦❧❧♦✇❡❞ ❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t
❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❧♦♣❡ ❛♥❞ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡
✇❡r❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ▲♦✇ ♦①②❣❡♥ ❝♦♥t❡♥t r❡s✉❧t❡❞ ✐♥
s❤♦rt s❧♦♣❡s ❛♥❞ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ s❡♠✐❝✐r❝❧❡s✱ ✇❤❡r❡❛s ❤✐❣❤ ♦①②❣❡♥ ❝♦♥t❡♥t ❧❡❞
t♦ ❧♦♥❣❡r s❧♦♣❡s ❛♥❞ ♠♦r❡ ❞❡♣r❡ss❡❞ s❡♠✐❝✐r❝❧❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✉♥❞❡r ❜✐❛s
✈♦❧t❛❣❡ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ✶✪ ♦①②❣❡♥ ✐♥ ♥✐tr♦❣❡♥ ❛♥❞ t❤❡ s♣❡❝tr❛ s❤♦✇❡❞ s✐♠✐❧❛r
❜❡❤❛✈✐♦r✿ ❛♥♦❞✐❝ ❜✐❛s ❧❡❞ t♦ ♠♦r❡ ❞❡♣r❡ss❡❞ s❡♠✐❝✐r❝❧❡s ✇✐t❤ ❤✐❣❤ ♣❡❛❦ ❢r❡q✉❡♥✲
❝✐❡s ✭✷✵ ❍③ ❛t ✰✶✾✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✮✱ ✇❤❡r❡❛s ❝❛t❤♦❞✐❝ ❜✐❛s r❡s✉❧t❡❞ ✐♥
s❤♦rt ✹✺➦ s❧♦♣❡s ❛♥❞ ❧♦✇ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ✭✵✳✶ ❍③ ❛t ✲✶✻✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥✲
t✐❛❧✮✳ ❍♦✇❡✈❡r✱ ✉♥❞❡r ❤✐❣❤ ❛♥♦❞✐❝ ❜✐❛s✱ t❤❡ s♣❡❝tr❛ s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ❧♦✇
❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ✐♥ t❤❡ s✐③❡ ♦❢ ❛❜♦✉t ✵✳✷ Ω❝♠✷✳

❚❤❡ ❞❛t❛ ✇❛s ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❞❡s❝r✐❜❡❞ ✐♥
s❡❝t✐♦♥ ✷✳✸✳✸✳ P❛r❛♠❡t❡rs r❡♣r❡s❡♥t✐♥❣ ✐♥t❡r❢❛❝✐❛❧ ❡✛❡❝ts ✇❡r❡ ✜①❡❞ t♦ ③❡r♦✳ ❊①❛♠✲
♣❧❡ s♣❡❝tr❛ ✇✐t❤ ✐♥❝❧✉❞❡❞ ✜t ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✷✺✱ ✇❤❡r❡ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡
❜❡t✇❡❡♥ ✜tt❡❞ ❝✉r✈❡s ❛♥❞ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❝❛♥ ❜❡ s❡❡♥✳ ❚❤❡ s❤♦rt❡r ✹✺➦ s❧♦♣❡ ♦❢
t❤❡ r❡❞ s♣❡❝tr✉♠ ✐s ✐♥❞✐❝❛t✐✈❡ ❢♦r ❤✐❣❤❡r ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳

❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❢r♦♠ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✲

✺✷
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. ✭❛✮ ❍❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ✭❜✮ ❲✐♥❣ ❡❧❡❝tr♦❞❡ ✐♠♣❡❞❛♥❝❡

✭❝✮ P❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦ ✭❞✮ ❙♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s

❋✐❣✉r❡ ✹✳✷✸✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ Pt✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ■♥s❡t ✭❛✮ ❞❡♣✐❝ts t❤❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s✱
✐♥s❡t ✭❜✮ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ✇✐♥❣ ❡❧❡❝tr♦❞❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥
t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ❢✉❧❧ ❝❡❧❧ ❛♥❞ t❤❡ s✉♠ s♣❡❝tr✉♠ ♦❢ ❜♦t❤
❤❛❧❢ ❝❡❧❧s ✐s ♣r❡s❡♥t❡❞ ✐♥ ✐♥s❡t ✭❝✮✳ ❚❤❡ s♣❡❝tr❛ s❤♦✇♥ ✐♥ ✭❛✮✲✭❝✮ ✇❡r❡
♦❜t❛✐♥❡❞ ✐♥ ✶✪ ❖✷ ❛r♦✉♥❞ ✻✷✵➦❈ ❛♥❞ ❜❡t✇❡❡♥ 106 ❛♥❞ 10−2 ❍③✳ ■♥s❡t
✭❞✮ s❤♦✇s t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛✲
t✉r❡ ❛♥❞ ❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✳
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✭❛✮ ◆❡❣❛t✐✈❡ ❜✐❛s ✭❜✮ P♦s✐t✐✈❡ ❜✐❛s

❋✐❣✉r❡ ✹✳✷✹✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
✐♥ ✶✪ ❖✷ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳

✉r❡ ✹✳✷✻✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡s✲
s✉r❡✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s✱ t❤❡ r❡s✐st❛♥❝❡ s❤♦✇❡❞ ❛ ♠❛①✐♠✉♠ ❛t ③❡r♦ ❜✐❛s ✈♦❧t❛❣❡
❛♥❞ ❞❡❝r❡❛s❡❞ ✇✐t❤ ❛♥♦❞✐❝ ❛♥❞ ❝❛t❤♦❞✐❝ ❜✐❛s✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❛s ❡①♣❡❝t❡❞ ❢r♦♠
▲❙❋ t❤✐♥ ✜❧♠s ❬✶✸❪✳ ❋♦r ❜✐❛s ❝②❝❧❡s✱ t❤❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛s ❞❡s❝r✐❜❡❞
❡❛r❧✐❡r ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡ ♣✭❖✷✮ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❜② ❊q✉❛t✐♦♥ ✷✳✷✽✳ ❆s ❛ s✐♠♣❧✐✜❝❛✲
t✐♦♥ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ ♠♦❞❡❧✱ ✇❡ ❛ss✉♠❡❞ ❤♦♠♦❣❡♥❡♦✉s ♦✈❡r♣♦t❡♥t✐❛❧ ✇✐t❤✐♥ t❤❡
♣♦r♦✉s ▲❙❋✳ ❚❤❡ ❣♦♦❞ ❛❣r❡❡♠❡♥t ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡
✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✐♥ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ♠❡❛s✉r❡♠❡♥t ❝②❝❧❡s s✉❣❣❡sts t❤❛t t❤✐s s✐♠♣❧✐✲
✜❝❛t✐♦♥ ✐s ✈❛❧✐❞✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✭♦r ✐♥❝r❡❛s✐♥❣ ❝❛t❤♦❞✐❝ ❜✐❛s✮ ✉♥t✐❧ ✐t r❡❛❝❤❡❞ ✐ts ♠❛①✐♠✉♠
❛t ❛r♦✉♥❞ 10−5 ❜❛r✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❣♦✈❡r♥❡❞ ❜②
t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡r ✭s❡❡ ❊q✉❛t✐♦♥ ✷✳✶✼✮✱ t❤❡ ❝♦✉rs❡
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞✳ ❆t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱
t❤❡ ♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✳ ❲✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡ t❤❡✐r ❝♦♥❝❡♥tr❛t✐♦♥ r✐s❡s ✉♥t✐❧ t❤❡② ❜❡❝♦♠❡ t❤❡ ♠❛❥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡r
❛t ❛♥ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❛r♦✉♥❞ 10−5 ❜❛r✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ t❤❡ ❇r♦✉✇❡r
❞✐❛❣r❛♠ ✭❋✐❣✉r❡ ✷✳✷✮✳ ❆t ❡✈❡♥ ❧♦✇❡r ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s
❣♦✈❡r♥❡❞ ❜② t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥ ❤♦❧❡s t❤❛t ✐s ❞❡❝❧✐♥✐♥❣ ✇✐t❤ ❞❡❝r❡❛s✐♥❣
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ ❤❡♥❝❡ t❤❡ ❞❡❝r❡❛s✐♥❣ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡ ❡✛❡❝t✐✈❡
✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✇❛s r❛t❤❡r ❝♦♥st❛♥t ❛t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ s❤♦✇❡❞
❛ str♦♥❣ ✐♥❝r❡❛s❡ tr❛♥s✐t✐♦♥✐♥❣ t♦ ❧♦✇ ♣r❡ss✉r❡s✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✐♥❝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❡ ✹✳✷✺✿ ❊①❛♠♣❧❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡ ✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✐♥❝❧✉❞✐♥❣ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ✜t
❛❝❝♦r❞✐♥❣ t♦ s❡❝t✐♦♥ ✷✳✸✳✸✳ ❚❤❡ ❜❧❛❝❦ ❞❛t❛ ✇❛s ♠❡❛s✉r❡❞ ❛t ❛ ♣✭❖✷✮
♦❢ 2 ∗ 10−3 ❜❛r ✇✐t❤♦✉t ❜✐❛s✱ t❤❡ r❡❞ ❞❛t❛ ❛t ❛♥ ❡✛❡❝t✐✈❡ ♣✭❖✷✮ ♦❢
1.79 ∗ 10−4 ❜❛r ❛♥❞ ✇✐t❤ ❛♥ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ✲✼✽ ♠❱✳

♦①②❣❡♥ ✈❛❝❛♥❝② ❝♦♥❝❡♥tr❛t✐♦♥✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✼✺✵➦❈ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ 106 t♦ 10−2

❍③✳ ❆❣❛✐♥✱ ❛ ♣❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦ ✇❛s ♣❡r❢♦r♠❡❞ ❜❡❢♦r❡ st❛rt✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✱
s❡❡ ❋✐❣✉r❡ ✹✳✷✼✳ ❆♣❛rt ❢r♦♠ ❛♥ ♦✛s❡t ♦❢ ❛❜♦✉t ✷ Ω✱ t❤❡ s✉♠ s♣❡❝tr✉♠ ♦❢ t❤❡
t✇♦ ❤❛❧❢ ❝❡❧❧s ❛♥❞ t❤❡ ❢✉❧❧ ❝❡❧❧ ✭t✇♦✲❡❧❡❝tr♦❞❡✮ s♣❡❝tr✉♠ ❝♦✐♥❝✐❞❡❞✳ ❚❤❡ s♦✉r❝❡
♦❢ t❤❡ ♦✛s❡t ✇❛s ♦❢ ❛ ♠❡tr♦❧♦❣✐❝❛❧ ❝❛✉s❡✳ ❇♦t❤ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞
✐♥ ✹✲♣♦✐♥t ❝♦♥✜❣✉r❛t✐♦♥✱ ✇❤❡r❡❛s t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr✉♠ ✇❛s ♠❡❛s✉r❡❞ ✐♥ ✷✲♣♦✐♥t
❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr✉♠ ✐♥❝❧✉❞❡❞ t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡
♠❡❛s✉r✐♥❣ ❝❛❜❧❡s ✇❤✐❝❤ ❡①♣❧❛✐♥❡❞ t❤❡ ♦✛s❡t✳ ❋✐❣✉r❡ ✹✳✷✽ s❤♦✇s t❤❡ ✐♥❞✐✈✐❞✉❛❧
s♣❡❝tr❛ ♦❢ t❤❡ ▲❙❋ ❛♥❞ Pt✴❨❙❩ ❤❛❧❢ ❝❡❧❧s✳ ❲❤✐❧❡ t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦♥❧② s❤♦✇❡❞ ❛
s♠❛❧❧ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❧♦♦♣✱ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ Pt✴❨❙❩ ❤❛❧❢ ❝❡❧❧
❤❛❞ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ♦❢ t❤❡ s❛♠❡ s✐③❡ ❛s t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳
❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❛rt✐❢❛❝t ❢❡❛t✉r❡s ❝♦rr❡s♣♦♥❞❡❞ t♦ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝②
♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ♥♦t ♠❡❛s✉r❡❞ ❤❛❧❢ ❝❡❧❧✳
❚❤❡ ♠❡❛s✉r❡❞ ▲❙❋ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥

❋✐❣✉r❡ ✹✳✷✾✳ ❚❤❡ s♣❡❝tr❛ s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❛rt✐❢❛❝t✱ ❢♦❧❧♦✇❡❞
❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❲✐t❤ ❛♥♦❞✐❝ ❜✐❛s✱ t❤❡ ♠❛✐♥
❢❡❛t✉r❡ ❣♦t ♠♦r❡ ❞❡♣r❡ss❡❞ ❛♥❞ ✐ts ♣❡❛❦ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡❞ ✭✶✵ ❍③ ❛t ✰✶✻✵ ♠❱
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✮✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❛rt✐❢❛❝t ❝❤❛♥❣❡❞ ✐♥t♦
❛ s❤♦✉❧❞❡r st❛rt✐♥❣ ✇✐t❤ ❛♥ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✰✷✵✵ ♠❱✳ ❈❛t❤♦❞✐❝ ❜✐❛s ❧❡❞ t♦
s❤♦rt❡r ✹✺➦ s❧♦♣❡s ❛♥❞ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡s ✭✵✳✷✺ ❍③
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❊✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②

❋✐❣✉r❡ ✹✳✷✻✿ ❘❡s✐st❛♥❝❡✱ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ▲❙❋ ❤❛❧❢
❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳
■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s
❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧
❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ t✇♦ ❝②❝❧❡s✱ ✐♥s❡t ✭❞✮ t❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳
❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞
❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳

❛t ✲✶✺✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✮✱ ✐♥❞✐❝❛t✐✈❡ ❢♦r ❤✐❣❤❡r ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ❛♥❞
❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤✐s ✐s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ ♠❛t❡r✐❛❧s ❞❡❢❡❝t ❝❤❡♠✐str②✳ ❆❧s♦✱
t❤❡ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❣♦t ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♥❡❣❛t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡✳
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❋✐❣✉r❡ ✹✳✷✼✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ❢✉❧❧ ❝❡❧❧ ❛♥❞ t❤❡
s✉♠ s♣❡❝tr✉♠ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ♦❢ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤
Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ♦❜t❛✐♥❡❞ ✐♥ ✶✪ ❖✷ ❛r♦✉♥❞ ✼✵✵➦❈

✭❛✮ ❍❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ✭❜✮ ❍❛❧❢ ❝❡❧❧ s♣❡❝tr❛✱ ③♦♦♠✲✐♥

❋✐❣✉r❡ ✹✳✷✽✿ ❍❛❧❢ ❝❡❧❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤
Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ✶✪ ❖✷ ❛r♦✉♥❞ ✼✵✵➦❈✳ ❚❤❡
♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ❛♥❞ t❤❡ ✐♥❞✉❝t✐✈❡ ❛r✲
t✐❢❛❝ts ❛r❡ ♠❛r❦❡❞✳

❚❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s s❤♦✇❡❞ s✐♠✐❧❛r ❜❡✲
❤❛✈✐♦r ❛s t❤❡ ❜✐❛s s♣❡❝tr❛✱ s❡❡ ❋✐❣✉r❡ ✹✳✸✵✳ ❍✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ r❡s✉❧t❡❞
✐♥ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ✭✇✐t❤♦✉t ✐♥❞✉❝t✐✈❡ ❧♦♦♣✮✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❡①t❡♥❞❡❞ ✹✺➦
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s❧♦♣❡ ❛♥❞ ❛ ❞❡♣r❡ss❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ▲♦✇❡r✐♥❣ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡
❧❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❧♦♦♣✱ ❛ s❤♦rt❡r ✹✺➦ s❧♦♣❡ ❛♥❞
❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✇✐t❤ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝②✳

❚❤❡ ❞❛t❛ ✇❛s ✜tt❡❞ ✇✐t❤ t❤❡ s❛♠❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✉s❡❞
❢♦r ✜tt✐♥❣ ♦❢ t❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈✳ ❯♥❞❡r ❛♥♦❞✐❝ ❜✐❛s✱ ✜tt✐♥❣ ✇❛s ♦♥❧②
♣♦ss✐❜❧❡ ✉♥t✐❧ ❛♥ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✰✺✵✵ ♠❱✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛❜♦✉t ✶✻✵
♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❆❜♦✈❡ t❤❛t t❤❡ ✜t ❞✐❞ ♥♦t ♣r♦❞✉❝❡ s❛t✐s❢②✐♥❣ r❡s✉❧ts✳
❲✐t❤ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✱ t❤❡ ✜t ✇❛s ♣♦ss✐❜❧❡ ✉♥t✐❧ ❛ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡
♦❢ ✷✺✵ ♠❜❛r✳ ❍✐❣❤❡r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ❧❡❞ t♦ ✈❡r② ❧♦✇ r❡❛❝t✐♦♥ r❡s✐st❛♥❝❡s
❘r❡❛❝t ❝♦♠❜✐♥❡❞ ✇✐t❤ ❤✐❣❤ ✐♦♥✐❝ tr❛♥s♣♦rt r❡s✐st❛♥❝❡s ❘✐♦♥✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ t❤❡

❡❧❡❝tr♦❝❤❡♠✐❝❛❧❧② ❛❝t✐✈❡ ❧❡♥❣t❤ λ✱ ❞❡✜♥❡❞ ❛s

√

Rreact

Rion

❛t ω → 0✱ ✇❛s s✐❣♥✐✜❝❛♥t❧②

❧♦✇❡r t❤❛♥ t❤❡ ❣❡♦♠❡tr✐❝❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❡❧❡❝tr♦❞❡✳ ❚❤✐s r❡s✉❧t❡❞ ✐♥ ❛♥ ♦✈❡r✲
♣❛r❛♠❡tr✐s❛t✐♦♥ ♦❢ t❤❡ ✜t✱ ✇❤✐❝❤ ✇❛s t❤❡r❡❢♦r❡ ♥♦t ♣♦ss✐❜❧❡ ✇✐t❤♦✉t r❡str✐❝t✐♦♥s
❬✹✷❪✳ ■♥ ♦r❞❡r t♦ ✜t t❤❡ ❞❛t❛ ❛t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ ♦♥❡ ♣❛r❛♠❡t❡r ❤❛❞
t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❛ ❞✐✛❡r❡♥t ♠❡t❤♦❞✿ ❚❤❡ ✐♦♥✐❝ tr❛♥s♣♦rt r❡s✐st❛♥❝❡ ✇❛s ✜tt❡❞
t♦ t❤❡ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤

σion ∼ p(O2)
−x

−→ log(Rion) ∼ x ∗ log(p(O2)) ✭✹✳✻✮

✇❤❡r❡ σion ✐s t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳ ❚❤❡ ✜t r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ♦❢ t❤❡ ✐♦♥✐❝ tr❛♥s♣♦rt
r❡s✐st❛♥❝❡ ♦❢ ❘✐♦♥ ∼ ♣✭❖✷✮

✵✳✷✶✳ ❚❤✐s ❡①♣♦♥❡♥t ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ ✵✳✺✱ ✇❤✐❝❤
✐s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ ❞❡❢❡❝t ❝❤❡♠✐❝❛❧ ♠♦❞❡❧ ♦❢ ▲❙❋✱ ✐♥ ✇❤✐❝❤ ❬❱••

❖ ❪ ∼ ♣✭❖✷✮
✲✵✳✺

❛t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❬✸✶❪✳ ❍♦✇❡✈❡r✱ ❘✐♦♥ ✇❛s ✐♥t❡r♣♦❧❛t❡❞ ❢♦r ❤✐❣❤❡r
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ t❤❡ ❛❜♦✈❡ r❡❧❛t✐♦♥✱ ❛❧❧♦✇✐♥❣ ❛ ✜t ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡
❞❛t❛ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❝✐r❝✉✐t✳

❚❤❡ ✜tt✐♥❣ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✸✶✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ s❤♦✇❡❞
s✐♠✐❧❛r ❜❡❤❛✈✐♦r t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✻✺✵➦❈✿ ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡ ❢♦r t❤❡ ♣✭❖✷✮ ❝②❝❧❡s ❛♥❞ ❛ ♠❛①✐♠✉♠ ❛t ③❡r♦ ❜✐❛s ✈♦❧t❛❣❡ ❢♦r t❤❡
❜✐❛s ❝②❝❧❡s✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡ ✉♥t✐❧ ✐t r❡❛❝❤❡❞ ❛ ♠❛①✐♠✉♠ ❛t ❛r♦✉♥❞ 10−4 ❜❛r✳ ▼❡❛s✉r❡♠❡♥ts ✐♥ ❞✐✛❡r❡♥t
❛t♠♦s♣❤❡r❡s ❛♥❞ ✉♥❞❡r ❜✐❛s ✈♦❧t❛❣❡ s❤♦✇❡❞ s✐♠✐❧❛r s❝❛❧✐♥❣ ❜✉t ❛ ♠✐♥♦r ♦✛s❡t
❝♦♥❝❡r♥✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✇❛s ❛❧♠♦st
✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❛t ❤✐❣❤ ♣r❡ss✉r❡s ❛♥❞ s❤♦✇❡❞ ❛ st❡❡♣
✐♥❝r❡❛s❡ t♦✇❛r❞s t❤❡ ❧♦✇❡r ♣r❡ss✉r❡ r❡❣✐♠❡✳ ❉❛t❛ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❝②❝❧❡s s❤♦✇❡❞
❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❜✐❛s ❝②❝❧❡s ❛t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ ❜✉t ✐♥❝❧✉❞❡❞
❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ❛t ✐♥t❡r♠❡❞✐❛t❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s t❤❛t
✇❛s ♥♦t ✈✐s✐❜❧❡ ✐♥ t❤❡ ❜✐❛s ❞❛t❛✳ ❆ s✐♠✐❧❛r ❝♦✉rs❡ ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ ♦❜t❛✐♥❡❞
❢r♦♠ t❤❡ ♣✭❖✷✮ ❝②❝❧❡s ❛t ✻✺✵➦❈✱ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✻✳ ❆ ♣♦ss✐❜❧❡ r❡❛s♦♥ ❢♦r
t❤✐s ❜❡❤❛✈✐♦r ✐s t❤❡ ❧✐♠✐t❡❞ ❣❛s ❞✐✛✉s✐♦♥ ❞✉❡ t♦ t❤❡ ❧♦✇ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥
t❤❡ ❣❛s ❛t♠♦s♣❤❡r❡✳

✺✽

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
.

✭❛✮ ❆♥♦❞✐❝ ❜✐❛s ✭❜✮ ❆♥♦❞✐❝ ❜✐❛s✱ ③♦♦♠✲✐♥

✭❝✮ ❈❛t❤♦❞✐❝ ❜✐❛s ✭❞✮ ❈❛t❤♦❞✐❝ ❜✐❛s✱ ③♦♦♠✲✐♥

❋✐❣✉r❡ ✹✳✷✾✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
✐♥ ✶✪ ❖✷ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s

❋✐❣✉r❡ ✹✳✸✷ s❤♦✇s t❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ❛t ✻✺✵➦❈
❛♥❞ ✼✺✵➦❈✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝♦✉rs❡ ✐s st❡❡♣❡r ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✱ ❝♦rr❡s♣♦♥❞✲
✐♥❣ t♦ ❧♦✇❡r ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s✳ ❚❤❡ r❡s✐st❛♥❝❡s ✉♥❞❡r ❝❛t❤♦❞✐❝ ❜✐❛s ✇❡r❡ s♠❛❧❧❡r
❛s ✉♥❞❡r ❛♥♦❞✐❝ ❜✐❛s✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ❤✐❣❤❡r ♠❛①✐♠✉♠ ❝❛t❤♦❞✐❝ ❝✉rr❡♥t✳

❇❡❢♦r❡ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✇❡r❡ st❛rt❡❞✱ t❤❡ ♣❧❛✉s✐❜✐❧✐t②
❝❤❡❝❦ ✇❛s ♣❡r❢♦r♠❡❞✳ ❋✐❣✉r❡ ✹✳✸✸ s❤♦✇s t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ▲❙❋ ❛♥❞ t❤❡ Pt✴❨❙❩
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✭❛✮ ❙♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ✭❜✮ ❙♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s✱ ③♦♦♠✲
✐♥

❋✐❣✉r❡ ✹✳✸✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
❛♥❞ ❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s

❤❛❧❢ ❝❡❧❧ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ❛r♦✉♥❞ ✻✶✺➦❈✳ ❈♦♥tr❛r② t♦ t❤❡ ♠❡❛✲
s✉r❡♠❡♥ts ✐♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡✱ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ✇❛s ❤❡❛✈✐❧②
✐♥✢✉❡♥❝❡❞ ❜② ❛rt✐❢❛❝ts✱ ✇❤❡r❡❛s t❤❡ Pt✴❨❙❩ ✐♠♣❡❞❛♥❝❡ s❤♦✇❡❞ ♥♦ ✈✐s✐❜❧❡ ❛rt✐❢❛❝t✳
❚❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ♦❢ t❤❡ ▲❙❋ s♣❡❝tr✉♠ ❤❛❞ ❛♣♣r♦①✲
✐♠❛t❡❧② t❤❡ s❛♠❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ❛s t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ♦❢ t❤❡ Pt✴❨❙❩ ❡❧❡❝tr♦❞❡✱
❛♥❛❧♦❣✉❡ t♦ t❤❡ ❛rt✐❢❛❝ts ♦❜s❡r✈❡❞ ✐♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆s t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐s✲
t❛♥❝❡ ♦❢ t❤❡ Pt✴❨❙❩ ❡❧❡❝tr♦❞❡ ✇❛s s✐❣♥✐✜❝❛♥t❧② ❧❛r❣❡r t❤❛♥ ✐♥ ♦①✐❞✐③✐♥❣ ❝♦♥❞✐t✐♦♥s✱
s♦ ✇❛s t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝t✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ ❛rt✐❢❛❝t ✇❛s ♥♦t s❡♣❛r❛t❡❞
❢r♦♠ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ✇❤✐❝❤ ♠❛❞❡ ❛ ♠❡❛♥✐♥❣❢✉❧ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t
✐♠♣♦ss✐❜❧❡✳ ❚❤❡r❡❢♦r❡✱ ♠❡❛s✉r❡♠❡♥ts ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✇❡r❡ ♥♦t ♣♦ss✐❜❧❡
✇✐t❤ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡s❡ t✇♦ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s✱ ❛s Pt✴❨❙❩ ✇❛s ♥♦t s✉✐t✲
❛❜❧❡ ❛s ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❢♦r ❦✐♥❡t✐❝❛❧❧② ❢❛st ❡❧❡❝tr♦❞❡s ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✳
■♥t❡r❡st✐♥❣❧②✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ Pt✴❨❙❩ ❈❊ ❛rt✐❢❛❝t ✐s ❛❜♦✉t ✶✴✷✵ ♦❢ t❤❡ ❈❊
♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡ ✐♥ ❜♦t❤ ❛t♠♦s♣❤❡r❡s✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❊✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②

❋✐❣✉r❡ ✹✳✸✶✿ ❘❡s✐st❛♥❝❡✱ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ▲❙❋ ❤❛❧❢
❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✼✺✵➦❈✳
■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s
❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧
❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ t✇♦ ❝②❝❧❡s✱ ✐♥s❡t ✭❞✮ t❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✲
✐t②✳ ❚❤❡ ✐♥t❡r♣♦❧❛t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ ♥❡❡❞❡❞ ❛s ❛
❝♦♥str❛✐♥t ❢♦r t❤❡ ✜t ❛t ❤✐❣❤ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ ❛r❡ ❞❡♣✐❝t❡❞
✐♥ ❣r❡❡♥✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡
❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳

✻✶

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❡ ✹✳✸✷✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ✶✪ ❖✷

❛t ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡

✭❛✮ ❙♣❡❝tr✉♠ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ✭❜✮ ❙♣❡❝tr✉♠ ♦❢ Pt✴❨❙❩ ❤❛❧❢ ❝❡❧❧

❋✐❣✉r❡ ✹✳✸✸✿ ❍❛❧❢ ❝❡❧❧ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤
Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥
❛r❣♦♥ ❛r♦✉♥❞ ✻✶✺➦❈✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛✲
t✉r❡s ❛♥❞ t❤❡ ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ❛r❡ ♠❛r❦❡❞✳

✹✳✷✳✷ ▲❙❋ ✇✐t❤ ◆✐✴❨❙❩

❆s t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ▲❙❋ s❛♠♣❧❡ ✇✐t❤ t❤❡ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❞✐❞
♥♦t ✇♦r❦ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❞✉❡ t♦ ❛♥ ✐♥❝♦♠♣❛t✐❜✐❧✐t② ♦❢ ❡❧❡❝tr♦❞❡ ❦✐♥❡t✐❝s
✭❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s✮ ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝✐❡s✱ ❛ ❞✐✛❡r❡♥t ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
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✇❛s ✉s❡❞✳ ◆✐✴❨❙❩ ✐s t❤❡ st❛♥❞❛r❞ ❙❖❋❈ ❛♥♦❞❡ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ❛♥❞ ❡①❤✐❜✐ts ❢❛st
❦✐♥❡t✐❝s ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ❤✐❣❤ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✱ s❡❡
❋✐❣✉r❡ ✹✳✸✹❛✳ ❚❤❡ ♠❛t❡r✐❛❧ ✇❛s t❤❡r❡❢♦r❡ ❝❤♦s❡♥ ❛s ❛ ♣r♦♠✐s✐♥❣ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
❢♦r ▲❙❋ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳

❚❤❡ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✇❛s ♣r♦❞✉❝❡❞ ❜② s❝r❡❡♥ ♣r✐♥t✐♥❣ ♦❢ ❝♦♠♠❡r❝✐❛❧
◆✐❖✴❨❙❩ ♣❛st❡ ✭❍❡r❛❡✉s✱ ●❡r♠❛♥②✮✱ ❝♦♥s✐st✐♥❣ ♦❢ ✻✵ ❱♦❧✪ ◆✐❖ ❛♥❞ ✹✵ ❱♦❧✪ ❨❙❩✱
♦♥ t❤❡ ❡❧❡❝tr♦❧②t❡ s✉❜str❛t❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❧❛②❡r ♦❢ ♣✉r❡ ◆✐❖ ❛s ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳
❋♦r t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✱ ◆✐❖✴❨❙❩ ❛♥❞ ◆✐❖ ♣❛st❡ ✇❡r❡ ❜r✉s❤❡❞ ♦♥ t❤❡ ✇✐♥❣✳
❉✉r✐♥❣ t❤❡ ❤❡❛t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ◆✐❖ ✐s r❡❞✉❝❡❞ t♦ ◆✐
r❡s✉❧t✐♥❣ ✐♥ ❛ ❞❡❝r❡❛s❡ ♦❢ s✐③❡ ✇❤✐❝❤ ❝r❡❛t❡s t❤❡ ♥❡❡❞❡❞ ♣♦r♦s✐t②✳

❇❡❢♦r❡ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ s❛♠♣❧❡ ✇❡r❡ st❛rt❡❞✱ t❤❡ ♣❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦ ✇❛s
♣❡r❢♦r♠❡❞✱ s❡❡ ❋✐❣✉r❡ ✹✳✸✹❜✳ ❙✐♠✐❧❛r t♦ ♣r❡✈✐♦✉s ♣❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦s✱ t❤❡ s♣❡❝tr❛
❝♦✐♥❝✐❞❡❞ ❛♣❛rt ❢r♦♠ ❛ s❧✐❣❤t ♦✛s❡t ♦❢ ✶✳✺Ω ❜❡t✇❡❡♥ t❤❡ s♣❡❝tr❛ t❤❛t ✇❛s ❝❛✉s❡❞ ❜②
t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ♠❡❛s✉r✐♥❣ ❝❛❜❧❡s ♦♥ t❤❡ t✇♦✲❡❧❡❝tr♦❞❡ ❢✉❧❧ ❝❡❧❧ ♠❡❛s✉r❡♠❡♥t✳
■♥ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② r❡❣✐♠❡ ❤♦✇❡✈❡r✱ t❤❡ t✇♦ s♣❡❝tr❛ ❞✐❞ ♥♦t ❝♦✐♥❝✐❞❡✳ ❚❤✐s
❞✐✈❡r❣❡♥❝❡ ✇❛s ❝❛✉s❡❞ ❜② ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥ts t❤r♦✉❣❤ t❤❡ ♠❡❛s✉r✐♥❣ ❧✐♥❡ ♦❢ t❤❡
r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ❞✉❡ t♦ ❛ ❣r♦✉♥❞❡❞ s❤✐❡❧❞ ♦❢ t❤❡ ❇◆❈ ❝❛❜❧❡✳ ❆s ❝❛♥ ❜❡ s❡❡♥
✐♥ ❋✐❣✉r❡ ✹✳✸✹❛ t❤❡s❡ ❝✉rr❡♥ts ❧❡❞ t♦ ✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ✇❤✐❝❤ ❞✐❞ ♥♦t
❢✉❧❧② ❝❛♥❝❡❧ ♦✉t ✇❤❡♥ ❛❞❞✐♥❣ ✉♣ t❤❡ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛✳ ❙✐♥❝❡ t❤❡ ❛rt✐❢❛❝ts ❞✐❞ ♥♦t
✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✱ t❤❡② ❞✐❞ ♥♦t ✐♠♣❡❞❡ t❤❡ ♠❡❛s✉r❡♠❡♥t✳

✭❛✮ ❙♣❡❝tr❛ ♦❢ ▲❙❋ ❛♥❞ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧s ✭❜✮ P❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦

❋✐❣✉r❡ ✹✳✸✹✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥
❛r♦✉♥❞ ✻✶✺➦❈✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s
❛r❡ ♠❛r❦❡❞ ✐♥ ✐♥s❡t ✭❛✮✳
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▼❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ ✐♥ ❞✐✛❡r❡♥t r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡ s♣❡❝tr❛ ✇❡r❡ r❡❝♦r❞❡❞ ❜❡t✇❡❡♥ 106 ❛♥❞
2 ∗ 10−2 ❍③ ✇✐t❤ ❛♥ ❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡ ♦❢ ✶✵✵ ♠❱✳ ❚❤❡ ❤✐❣❤ ❡①❝✐t❛t✐♦♥ ✇❛s ❝❤♦s❡♥
❞✉❡ t♦ t❤❡ r❛t✐♦ ♦❢ t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡ t♦ t❤❡ ❡❧❡❝tr♦❧②t❡ ♦✛s❡t ♦❢ ✶
t♦ ✶✵✱ ❛s ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ♠❡❛s✉r✐♥❣ ✈♦❧t❛❣❡ ✇❛s ❡✛❡❝t✐✈❡ ❛t t❤❡ ❡❧❡❝✲
tr♦❞❡✳ ❚❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✸✺✳ ❆❧❧ s♣❡❝tr❛ s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝②
✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t s❡♠✐❝✐r❝❧❡ t❤❛t ✐s ♥♦t ❢✉❧❧② ✈✐s✐❜❧❡ ✐♥ t❤❡ ♣❧♦ts✱ ❛s ✐t ✇♦✉❧❞ ❤❛✈❡
❝♦♠♣r♦♠✐s❡❞ t❤❡ ✈✐s✐❜✐❧✐t② ♦❢ t❤❡ r❡❧❡✈❛♥t ♣❛rt ♦❢ t❤❡ s♣❡❝tr❛✳ ❆s ✐t ❞✐❞ ♥♦t ❝❤❛♥❣❡
s❤❛♣❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛♥❞ ♦♥❧② ♦❝❝✉rr❡❞ ✐♥ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♣❛rt ♦❢ t❤❡
s♣❡❝tr❛✱ ✐t ✇❛s ♠♦st ❧✐❦❡❧② ❝❛✉s❡❞ ❜② ❛ ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥t t❤r♦✉❣❤ t❤❡ r❡❢❡r❡♥❝❡
❡❧❡❝tr♦❞❡s ♠❡❛s✉r✐♥❣ ❧✐♥❡✳ ❚❤❡ ❛rt✐❢❛❝t ❢❡❛t✉r❡ ✇❛s ❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥t❡r♠❡❞✐❛t❡
❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ ✇❛✲
t❡r t♦ ❤②❞r♦❣❡♥ r❛t✐♦✱ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ❣♦t ♠♦r❡ ♣r♦♥♦✉♥❝❡❞✱ ✇❤❡r❡❛s t❤❡
s❤♦✉❧❞❡r r❡♠❛✐♥❡❞ ✉♥✐♥✢✉❡♥❝❡❞✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✐♥ t❤❡
❛t♠♦s♣❤❡r❡ r❡s✉❧t❡❞ ✐♥ ❛ ❜✐❣❣❡r ❛♥❞ ♠♦r❡ ❞❡♣r❡ss❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❍♦✇✲
❡✈❡r✱ ❛❧s♦ t❤❡ s❤♦✉❧❞❡r ✇❛s ✐♥✢✉❡♥❝❡❞ ❛♥❞ ❛❧♠♦st ❞✐s❛♣♣❡❛r❡❞ ✐♥t♦ ❛ ❧♦♦♣ ❛t ❤✐❣❤❡r
❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ s❡❡ ❋✐❣✉r❡ ✹✳✸✺❝✳ ■♥t❡r❡st✐♥❣❧②✱ t❤❡ ♦❤♠✐❝ ♦✛s❡t r❡s✐s✲
t❛♥❝❡ ❛❧s♦ ❞❡♣❡♥❞❡❞ ♦♥ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❚❤✐s ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞ ❢r♦♠ t❤❡ r❡❧❛t✐✈❡❧②
❧♦✇ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ▲❙❋ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❬✶✶❪✱ ✇❤✐❝❤ ❝❛✉s❡s ❛♥
✐♥❝r❡❛s❡ ♦❢ t❤❡ ♦❤♠✐❝ r❡s✐st❛♥❝❡ t❤❛t ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❡❧❡❝tr♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳

❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❛❧❧ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ♦♥❡✲t♦✲♦♥❡
r❛t✐♦ ♦❢ ❤②❞r♦❣❡♥ ❛♥❞ ✇❛t❡r✳ ❆♥❛❧♦❣✉❡ t♦ t❤❡ ❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡✱ t❤❡ ❛♣♣❧✐❡❞ ❜✐❛s
✈♦❧t❛❣❡ ✇❛s r❛t❤❡r ❤✐❣❤ ❛s ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ ✐t ✇❛s ❡✛❡❝t✐✈❡ ❛t t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡✳
❚❤❡ ♠❡❛s✉r❡♠❡♥t ✇❛s ❝❛rr✐❡❞ ♦✉t ✐♥ ❜✐❛s ❝②❝❧❡s ♦❢ ✵ ♠❱ ✲❃ ✰✷✵✵✵ ♠❱ ✲❃ ✲✷✵✵✵
♠❱ ✲❃ ✵ ♠❱✳ ❚❤❡ r❡❝♦r❞❡❞ ▲❙❋ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✸✻✳
●❡♥❡r❛❧❧②✱ t❤❡ s♣❡❝tr❛ ❤❛❞ t❤❡ s❛♠❡ s❤❛♣❡ ❛s t❤♦s❡ ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦✲
s♣❤❡r❡s✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✇❡r❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝②❝❧❡s✳ ❉✉r✐♥❣
t❤❡ ✜rst ❝②❝❧❡ ✇✐t❤ ❛♥♦❞✐❝ ❜✐❛s✱ t❤❡ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ s✉❜✲
st❛♥t✐❛❧❧② ✐♥ s✐③❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡
❛rt✐❢❛❝ts ✇❡r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr❛✳ ❆t ✰✷✵✵✵ ♠❱ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ ❛ s♠❛❧❧
✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ✇❛s ♣r❡s❡♥t ✐♥ t❤❡ s♣❡❝tr❛ ❛t t❤❡ ♦♥s❡t ♦❢ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡✲
q✉❡♥❝② s❤♦✉❧❞❡r✳ ❚❤❡ s♣❡❝tr❛ ♦❢ t❤❡ s❡❝♦♥❞ ❛♥♦❞✐❝ ❜✐❛s ❝②❝❧❡ ❞✐❞ ♥♦t s❤♦✇ t❤❡
str♦♥❣ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s ❛♥❞ t❤❡ ✐♥t❡r♠❡✲
❞✐❛t❡ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ❛t ✰✷✵✵✵ ♠❱ ✇❛s ♥♦t ✈✐s✐❜❧❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❧♦✇
❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts ❤❛❞ t❤❡ s❛♠❡ ❛❜s♦❧✉t❡ s✐③❡ ❛s ✇✐t❤ t❤❡ ✜rst ❝②❝❧❡✳
❯♥❞❡r ❝❛t❤♦❞✐❝ ❜✐❛s✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✇❛s ♦♥❧② s❧✐❣❤t❧② ❛✛❡❝t❡❞
❜② t❤❡ ❛♣♣❧✐❡❞ ❜✐❛s✳ ❆t ❤✐❣❤ ♥❡❣❛t✐✈❡ ❜✐❛s✱ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ✇❡r❡ ✈✐s✐❜❧❡✳
❚❤❡ s♣❡❝tr❛ ❛t ✲✷✵✵✵ ♠❱ ❞✐✛❡r❡❞ str♦♥❣❧② ❜❡t✇❡❡♥ t❤❡ t✇♦ ♠❡❛s✉r✐♥❣ ❝②❝❧❡s✳ ❚❤❡
s♣❡❝tr✉♠ ♦❢ t❤❡ ✜rst ❝②❝❧❡ s❤♦✇❡❞ ❛ ❝❧♦s❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ❢♦❧❧♦✇❡❞ ❜② ❛
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✭❛✮ ❙♣❡❝tr❛ ✐♥ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✭❜✮ ❙♣❡❝tr❛ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s

✭❝✮ ❙♣❡❝tr❛ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱
③♦♦♠✲✐♥

❋✐❣✉r❡ ✹✳✸✺✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t
✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛♥ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤❡ ❤✐❣❤
❢r❡q✉❡♥❝② ♣❛rt ♦❢ ✐♥s❡t ✭❜✮✳

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

❚❤❡ s♣❡❝tr❛ ✇❡r❡ ❛❧❧ ✜tt❡❞ ✇✐t❤ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ♦✛s❡t r❡s✐st❛♥❝❡ ❛♥❞
t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❍♦✇❡✈❡r✱ ✜tt✐♥❣ ♦❢ t❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❛t ✲✷✵✵✵ ♠❱ ❜✐❛s
✈♦❧t❛❣❡ ✇❛s ♥♦t ♣♦ss✐❜❧❡ ✇✐t❤ t❤✐s ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs
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✭❛✮ ❆♥♦❞✐❝ ❜✐❛s✱ ✜rst ❝②❝❧❡ ✭❜✮ ❆♥♦❞✐❝ ❜✐❛s✱ s❡❝♦♥❞ ❝②❝❧❡

✭❝✮ ❈❛t❤♦❞✐❝ ❜✐❛s✱ ✜rst ❝②❝❧❡ ✭❞✮ ❈❛t❤♦❞✐❝ ❜✐❛s✱ s❡❝♦♥❞ ❝②❝❧❡

❋✐❣✉r❡ ✹✳✸✻✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥
❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✸✼❛✲❝✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t
❛t♠♦s♣❤❡r❡s s❤♦✇❡❞ ❛ ♠✐♥✐♠✉♠ ❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ✇❛t❡r ❛♥❞ ❤②❞r♦❣❡♥✳ ■t
✐s ❧✐❦❡❧② t❤❛t t❤❡ s♠❛❧❧ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ♦❢ ❍✷ ❛♥❞ ❍✷❖ ❝❛✉s❡❞ r❛t❡ ❞❡t❡r♠✐♥✐♥❣
❣❛s ❞✐✛✉s✐♦♥ r❡s✐st❛♥❝❡s✳ ❍✷❖ ❞✐✛✉s✐♦♥ ❞♦♠✐♥❛t❡s t❤❡ ❆❙❘ ❛t ❧♦✇ ♣✭❖✷✮ ❛♥❞
❍✷ ❞✐✛✉s✐♦♥ ❞♦♠✐♥❛t❡s ❛t ❤✐❣❤ ♣✭❖✷✮✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♠❛✐♥
❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❛❣❛✐♥
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✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❇r♦✉✇❡r ❞✐❛❣r❛♠ ✐♥ ❋✐❣✉r❡ ✷✳✷✳ ■♥ t❤✐s ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡ r❛♥❣❡ t❤❡ ♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ❡❧❡❝tr♦♥s ❛♥❞ t❤❡✐r ❝♦♥❝❡♥tr❛t✐♦♥
✐♥❝r❡❛s❡s ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ ❤❡♥❝❡ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✐s ❛❧s♦ ❡①♣❡❝t❡❞ t♦ ✐♥❝r❡❛s❡✳ ❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ♣✭❖✷✮ ❝②❝❧❡s t♦ t❤❡ ❜✐❛s
❝②❝❧❡s✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡ ❛t ❤✐❣❤❡r ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s✳ ❆t ❧♦✇❡r ♣r❡ss✉r❡s✱ t❤❡ s❝❛❧✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✇✐t❤ t❤❡
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❞✐✛❡r❡❞✳ ❲❤❡♥ ♣❧♦tt✐♥❣ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡
❛❣❛✐♥st t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❛♥❞ ✜tt✐♥❣ t❤❡
❝✉r✈❡s✱ ♦♥❡ r❡❝❡✐✈❡❞ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✶✵ ❛♥❞ ❈❝❤❡♠ ∝ ♣✭❖✷✮
✲✵✳✶✼ ❢♦r t❤❡ ♣✭❖✷✮ ❛♥❞

t❤❡ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧② ✭s❡❡ ❋✐❣✉r❡ ✹✳✸✼❞✮✳ ❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ t✇♦ ❜✐❛s
❝②❝❧❡s✱ ♥♦ ❞✐✛❡r❡♥❝❡ ✇❛s ✈✐s✐❜❧❡ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❲✐t❤ t❤❡
❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❤♦✇❡✈❡r✱ ♦♥❡ ❝♦✉❧❞ s❡❡ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝②❝❧❡s ❛t
❤✐❣❤❡r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✳ ■♥t❡r❡st✐♥❣❧②✱ ✷✵✵✵ ♠❱ ❜✐❛s ✈♦❧t❛❣❡ ✐♥ t❤❡ ✜rst
❝②❝❧❡ ❝♦rr❡s♣♦♥❞❡❞ t♦ ✶✹✽ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛t t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡✳ ■♥ t❤❡
s❡❝♦♥❞ ❝②❝❧❡✱ ✐t ❝♦rr❡s♣♦♥❞❡❞ ♦♥❧② t♦ ✽✺ ♠❱✱ ❞✉❡ t♦ ❛ ❧♦✇❡r ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡✳
❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✸✽✳

❚❤❡ ❝✉r✈❡ ♦❢ t❤❡ ✜rst ❝②❝❧❡ ✇❛s ❛s②♠♠❡tr✐❝✱ ❛s ✐t ✢❛tt❡♥❡❞ ❛t ❤✐❣❤❡r ❛♥♦❞✐❝ ♦✈❡r♣♦✲
t❡♥t✐❛❧✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ✐♥❝r❡❛s❡❞ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✳ ❚❤❡ s❡❝♦♥❞ ❝✉r✈❡ ❞✐❞
♥♦t ✢❛tt❡♥ ❛♥❞ s❤♦✇❡❞ ❛♥ ❛❧♠♦st ❧✐♥❡❛r ❜❡❤❛✈✐♦r ♦✈❡r t❤❡ ♦❜s❡r✈❡❞ ♦✈❡r♣♦t❡♥t✐❛❧
r❛♥❣❡✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✼✺✵➦❈ ❞✐❞ ♥♦t ♣r♦✈✐❞❡ s❛t✐s❢②✐♥❣ r❡s✉❧ts✳ ❙t❛rt✐♥❣ ✇✐t❤

t❤❡ ✜rst ♠❡❛s✉r❡♠❡♥t ✐♥ str♦♥❣❧② r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❛❧❧ s✉❜s❡q✉❡♥t s♣❡❝tr❛
s❤♦✇❡❞ t❤❡ s❛♠❡ ♠❛ss✐✈❡ ❛rt✐❢❛❝t t❤❛t ❞✐❞ ♥♦t ❛❧❧♦✇ ❛ ♠❡❛♥✐♥❣❢✉❧ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢
t❤❡ ♦❜s❡r✈❡❞ s♣❡❝tr❛✱ s❡❡ ❋✐❣✉r❡ ✹✳✸✾✳ ❙✐♥❝❡ t❤❡ ❛rt✐❢❛❝t ✇❛s ✐♥ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝②
r❛♥❣❡ ♦❢ t❤❡ s♣❡❝tr❛✱ t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡ ✇❛s r✉❧❡❞ ♦✉t ❛s ❛ s♦✉r❝❡ ❢♦r t❤❛t ❢❡❛t✉r❡
❛s ❛❧❧ ▲❙❋ ❢❡❛t✉r❡s ❤❛❞ ❧♦✇ ❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s♦✉r❝❡ ♦❢
t❤❡ ❛rt✐❢❛❝t ✇❛s t❤❡ r❡❢❡r❡♥❝❡ ♦r t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❆s ♦♥❧② t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧
s♣❡❝tr✉♠ ✇❛s ♠❡❛s✉r❡❞✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐t② t❤❡ ❛❝t✉❛❧ s♦✉r❝❡✳ ❍♦✇❡✈❡r✱
♣❛rts ♦❢ t❤❡ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✇❡r❡ s✐♥t❡r❡❞ t♦ t❤❡ Pt ♠❡s❤❡s ♦❢ t❤❡ s❛♠♣❧❡
❤♦❧❞❡r ❛♥❞ ♠♦st ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❞❡❧❛♠✐♥❛t❡❞ ✉♣♦♥ t❤❡ r❡♠♦✈❛❧ ♦❢ t❤❡ s❛♠♣❧❡✳ ■❢
t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ st❛rt❡❞ t♦ ❞❡❧❛♠✐♥❛t❡ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ t❤✐s ❝♦✉❧❞
❤❛✈❡ ❝❛✉s❡❞ t❤❡ ❛rt✐❢❛❝t✳ ▼♦r❡♦✈❡r✱ ❣❛s ♣❤❛s❡ ❞✐✛✉s✐♦♥ ✐s ❡①♣❡❝t❡❞ t♦ ❞♦♠✐♥❛t❡
t❤❡ ✐♠♣❡❞❛♥❝❡ ❡✈❡♥ ♠♦r❡ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✜t

❋✐❣✉r❡ ✹✳✸✼✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮
❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t
✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳
■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❝②✲
❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞
✭t❤✐♥ ❧✐♥❡s✮ ♦✈❡r t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✸✽✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈
s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥✳

❋✐❣✉r❡ ✹✳✸✾✿ ❙♣❡❝tr✉♠ ♦❢ ▲❙❋ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤
◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ❚❤❡
r❛t✐♦ ♦❢ ♣✭❍✷✮ t♦ ♣✭❍✷❖✮ ✇❛s ✶✾ t♦ ✶✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛♥ ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ❛r♦✉♥❞ 6 ∗ 10−24 ❜❛r✳

✹✳✷✳✸ ●❉❈ ✇✐t❤ ◆✐✴❨❙❩

●❉❈ ❤❛s ♣♦❧❛r✐③❛t✐♦♥ r❡s✐st❛♥❝❡s ❛♥❞ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s s✐♠✐❧❛r t♦ ▲❙❋ ✐♥ r❡❞✉❝✐♥❣
❛t♠♦s♣❤❡r❡s✳ ❆s t❤❡ s❛♠♣❧❡ ✇❛s ♠❡❛s✉r❡❞ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ♦♥❧②✱ ◆✐✴❨❙❩
✇❛s ❝❤♦s❡♥ ❛s s✉✐t❛❜❧❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥
❞✐✛❡r❡♥t r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛t ✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ✉♥❞❡r ❜✐❛s
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✈♦❧t❛❣❡✳ ❙t❛rt✐♥❣ ✇✐t❤ t❤✐s s❛♠♣❧❡✱ t❤❡ tr✐❣❣❡r ❜♦①✱ ♠❡♥t✐♦♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✷✳✷✱
✇❛s ✉s❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡r❡❢♦r❡✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ ❜♦t❤ ❤❛❧❢
❝❡❧❧s ❛♥❞ t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr❛ ✐♥ ❡✈❡r② ♠❡❛s✉r✐♥❣ ❝♦♥❞✐t✐♦♥✳

❆t t❤❡ st❛rt ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ ❛ ♣❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦ ✇❛s ♣❡r❢♦r♠❡❞✳ ❋✐❣✲
✉r❡ ✹✳✹✵❛ ❞❡♣✐❝ts t❤❡ t✇♦ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ❛t ❛ t❡♠♣❡r❛t✉r❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧②
✻✶✵➦❈✳ ❙✐♠✐❧❛r t♦ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ▲❙❋ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱
t❤❡② s❤♦✇❡❞ ✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ♦❢ ❛❜♦✉t t❤❡ s❛♠❡ s❤❛♣❡ ❛♥❞ s✐③❡ ❜✉t
❞✐✛❡r❡♥t s✐❣♥✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t✱ t❤❡ ●❉❈ s♣❡❝tr✉♠
❝♦♥s✐st❡❞ ♦❢ ❛ s♠❛❧❧❡r ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ s❤♦✉❧❞❡r ❛♥❞ ❛ ❞♦♠✐♥❛♥t
❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❚❤❡ ◆✐✴❨❙❩ s♣❡❝tr✉♠ s❤♦✇❡❞ ❛♥ ❡❧♦♥❣❛t❡❞ ✐♥t❡r♠❡❞✐❛t❡
❢r❡q✉❡♥❝② ❢❡❛t✉r❡✱ ✇❤✐❝❤ ❢♦❧❧♦✇❡❞ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✱ ❛♥❞ ❛ ❧♦✇ ❢r❡q✉❡♥❝②
✐♥❞✉❝t✐✈❡ s❡♠✐❝✐r❝❧❡✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ♦❢ ❡❛❝❤
❤❛❧❢ ❝❡❧❧ s♣❡❝tr✉♠ ❝♦rr❡s♣♦♥❞❡❞ t♦ t❤❡ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❛rt✐❢❛❝ts ♦❢ t❤❡ ♦t❤❡r ❤❛❧❢
❝❡❧❧✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❛rt✐❢❛❝ts ✇❡r❡ ❛ss✉♠❡❞ t♦ ♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡s
❞✉❡ t♦ s❤✐❢ts ✐♥ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳ ❆s t❤❡ ❛rt✐✲
❢❛❝ts ✇❡r❡ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✱ t❤❡② ❞✐❞ ♥♦t ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡
♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s✉♠ ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ✇✐t❤ t❤❡ ❢✉❧❧ ❝❡❧❧
s♣❡❝tr✉♠ ✐♥ ❋✐❣✉r❡ ✹✳✹✵❜ s❤♦✇❡❞ ❣♦♦❞ ❛❣r❡❡♠❡♥t ♦✈❡r ❛ ✇✐❞❡ ❢r❡q✉❡♥❝② r❛♥❣❡✳
❖♥❧② ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ❛ s❧✐❣❤t ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ s♣❡❝tr❛ ✇❛s ✈✐s✐❜❧❡✳ ❚❤✐s
✇❛s ❛ r❡s✉❧t ♦❢ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ❝❛✉s❡❞ ❜② ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥ts ♦✈❡r t❤❡
♠❡❛s✉r✐♥❣ ❧✐♥❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳

❚❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t r❡✲
❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✶❛✲❜✳ ❆❧❧ s♣❡❝tr❛ s❤♦✇❡❞ ❛ ❤✐❣❤
❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t✱ ❢♦❧❧♦✇❡❞ ❜② ❛ s♠❛❧❧❡r ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t s❤♦✉❧❞❡r ❛♥❞
❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ■♥ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ t❤❡ ♠❛✐♥ ❢❡❛✲
t✉r❡ ❝❤❛♥❣❡❞ ♦♥❧② s❧✐❣❤t❧② ✐♥ s✐③❡✳ ■♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❤♦✇❡✈❡r✱ t❤❡ ❧♦✇
❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✇❛s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❛♥❞ st❛rt❡❞ s❡♣❛r❛t✐♥❣ ✐♥t♦ t✇♦ ❢❡❛t✉r❡s✳
❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝t s❤♦✉❧❞❡r✱ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❝♦✉♥t❡r
❡❧❡❝tr♦❞❡✱ ✐♥❝r❡❛s❡❞ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❚❤❛t ✐♥❝r❡❛s❡ ❝♦rr❡s♣♦♥❞❡❞ t♦
t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧ t❤❛t ❛❧s♦ s❤♦✇❡❞ ❧❛r❣❡r ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ✐♥
♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ s❡❡ ❋✐❣✉r❡ ✹✳✹✶❝✳ ❚❤❡ ◆✐✴❨❙❩ s♣❡❝tr❛ t❤❡♠s❡❧✈❡s ❞❡✈❡❧✲
♦♣❡❞ ❛ ❢❡❛t✉r❡ ✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ ❛❜♦✉t ✶ ❍③ t❤❛t ✐♥❝r❡❛s❡❞ ✐♥ s✐③❡ ✐♥ ♠♦r❡
r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ■♥ str♦♥❣❧② r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ❍✷❖
✐s ✈❡r② ❧♦✇ ❛♥❞ ❧✐♠✐t❡❞ ❣❛s ❞✐✛✉s✐♦♥ ❜❡❝♦♠❡s r❡❧❡✈❛♥t✳ ❋♦r ◆✐✴❨❙❩ ❡❧❡❝tr♦❞❡s✱
❣❛s ❞✐✛✉s✐♦♥ ❧❡❛❞s t♦ ❢❡❛t✉r❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶ ❍③ ❬✹✷❪ t❤❛t ❛r❡ s❡♣❛r❛t❡❞ ❢r♦♠
t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡s ♦❢ t❤❡
◆✐✴❨❙❩ s♣❡❝tr❛ ✐♥ str♦♥❣❧② r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ❛s ❣❛s ❞✐✛✉s✐♦♥
✐♠♣❡❞❛♥❝❡✳ ❚❤❡s❡ ❢❡❛t✉r❡s ♣♦s❡❞ ❛ ♣r♦❜❧❡♠ s✐♥❝❡ t❤❡② ✇❡r❡ ✐♥ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝②
r❛♥❣❡ ❛s t❤❡ ●❉❈ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❍❡♥❝❡✱ ❛rt✐❢❛❝ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❞✐✛✉✲
s✐♦♥ ❢❡❛t✉r❡s ✇❡r❡ ♥♦t s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ●❉❈ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❛♥❞ ❞✐st♦rt❡❞ t❤❡
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✭❛✮ ❙♣❡❝tr❛ ♦❢ ●❉❈ ❛♥❞ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧s ✭❜✮ P❧❛✉s✐❜✐❧✐t② ❝❤❡❝❦

❋✐❣✉r❡ ✹✳✹✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥
❛r♦✉♥❞ ✻✶✵➦❈✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s
❛r❡ ♠❛r❦❡❞ ✐♥ ✐♥s❡t ✭❛✮✳

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

✇❛t❡r ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡s ❢r♦♠ ✲✽✵✵ ♠❱ t♦ ✰✽✵✵ ♠❱✳ ❚❤❡ r❡❝♦r❞❡❞ ●❉❈
❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✷✳ ❚❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛ ✇❛s s✐♠✐❧❛r
t♦ t❤♦s❡ r❡❝♦r❞❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s✳ P♦s✐t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡ ❧❡❞ t♦ ❛ ❞❡❝r❡❛s❡
♦❢ t❤❡ s✐③❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ❛♥❞ t♦ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝②
✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t✳ ❯♥❞❡r ♥❡❣❛t✐✈❡ ❜✐❛s✱ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ ✐♥ s✐③❡ ❛♥❞
st❛rt❡❞ s❡♣❛r❛t✐♥❣ ✐♥t♦ t✇♦ ❢❡❛t✉r❡s✳ ❍♦✇❡✈❡r✱ t❤❡ ♥❡✇❧② ❢♦r♠❡❞ ❢❡❛t✉r❡ ✇❛s ❛♥
❛♣♣r♦①✐♠❛t❡❧② ✹✺➦ s❧♦♣❡✱ ❝♦♥tr❛r② t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s
✇❤❡r❡ t❤❡ ♥❡✇ ❢❡❛t✉r❡ ✇❛s ❛ ♥♦t ❢✉❧❧② s❡♣❛r❛t❡❞ s❡♠✐❝✐r❝❧❡✳
❚❤❡ ●❉❈ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛ r❡s✐st♦r ❛♥❞ ♦♥❡

♦r t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❚✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts ✇❡r❡ ♥❡❡❞❡❞ ❢♦r t❤❡ s♣❡❝tr❛ ✐♥
str♦♥❣❧② r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❤✐❣❤ ❝❛t❤♦❞✐❝ ❜✐❛s ✈♦❧t❛❣❡ t♦ ♣r♦❞✉❝❡
❛ s❛t✐s❢②✐♥❣ ✜t✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✸✳ ❚❤❡
❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ s❤♦✇❡❞ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ✇❛t❡r ❛♥❞
❤②❞r♦❣❡♥ ❛♥❞ ❛ str♦♥❣ ✐♥❝r❡❛s❡ ✇✐t❤ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆t ❤✐❣❤❡r ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ t❤❡ ✐♥❝r❡❛s❡ ✇❛s ❧❡ss ❞✐st✐♥❝t✳ ❙✐♥❝❡ t❤❡ ❆❙❘ ✈❛❧✉❡s ✇❡r❡ ♠✉❝❤
❤✐❣❤❡r t❤❛♥ ❢♦r ▲❙❋✱ ❣❛s ❞✐✛✉s✐♦♥ ✇❛s ♠♦st ❧✐❦❡❧② ♥♦t r❛t❡ ❧✐♠✐t✐♥❣✳ ❲✐t❤ ❛♣♣❧✐❡❞
❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❞❡❝r❡❛s❡❞ ✇✐t❤ ❛♥♦❞✐❝ ❜✐❛s ❛♥❞ ✐♥❝r❡❛s❡❞ ✇✐t❤
❝❛t❤♦❞✐❝ ❜✐❛s ✉♥t✐❧ ✐t r❡❛❝❤❡❞ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✲✼✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛t
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✭❛✮ ●❉❈ s♣❡❝tr❛ ✐♥ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s

✭❜✮ ●❉❈ s♣❡❝tr❛ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s

✭❝✮ ◆✐✴❨❙❩ s♣❡❝tr❛ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s

❋✐❣✉r❡ ✹✳✹✶✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ✻✺✵➦❈ s❡t t❡♠✲
♣❡r❛t✉r❡✳ ■♥s❡t ✭❛✮ ❛♥❞ ✭❜✮ s❤♦✇ s♣❡❝tr❛ ♦❢ t❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧✱ ✐♥s❡t
✭❝✮ s♣❡❝tr❛ ♦❢ t❤❡ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧✳

t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ❛ str♦♥❣ ✐♥❝r❡❛s❡ ❛t ❧♦✇❡r
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ ✢❛tt❡♥❡❞ ❛t ❤✐❣❤❡r ♣r❡ss✉r❡s✱ ✇✐t❤ ❣♦♦❞ ❝♦✐♥❝✐❞❡♥❝❡
❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣ ❝②❝❧❡s✳ ❚❤❡ ✜tt✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ✇✐t❤ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❣✐✈❡♥ ❜②
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✭❛✮ ❆♥♦❞✐❝ ❜✐❛s ✭❜✮ ❈❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✹✷✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ●❉❈ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠✲
♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
✐♥ ❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s

❈❝❤❡♠ ∝ ♣✭❖✷✮
✲✵✳✷✻✳ ❚❤❛t ✇❛s ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ s❝❛❧✐♥❣ ❛s ✇✐t❤ t❤❡ ●❉❈

t❤✐♥ ✜❧♠ ✐♥ ❋✐❣✉r❡ ✹✳✷✶❝✳
❈♦♥s✐❞❡r✐♥❣ t❤❡ ♦①②❣❡♥ ❡①❝❤❛♥❣❡ r❡❛❝t✐♦♥ ♦❢ ●❉❈ ✭❊q✉❛t✐♦♥ ✷✳✶✾✮✱ t❤❡ ❡q✉✐❧✐❜✲

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

K =
[Ce×Ce]

2
∗ [O×

O ]

[Ce
′

Ce]
2 ∗ [V ••

O ] ∗
√

p(O2)
✭✹✳✼✮

✇❤❡r❡ t❡r♠s ✐♥ sq✉❛r❡ ❜r❛❝❦❡ts r❡♣r❡s❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s✳ ■♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s
❛♥❞ t❤❡ ❞✐❧✉t❡ ❧✐♠✐t✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ❛♥❞ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥s
♦❢ ♦①②❣❡♥ ❛♥❞ ❈❡✹✰ ✐♥ t❤❡ ❧❛tt✐❝❡ ❛r❡ ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢
❡❧❡❝tr♦♥✐❝ ❞❡❢❡❝ts ❛♥❞ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ❛s ❝♦♥st❛♥t ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣
❝❤❛♥❣❡s ✐♥ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❚❤✉s✱ t❤❡ ❡❧❡❝tr♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ ceon
✭r❡♣r❡s❡♥t❡❞ ❜② ❬❈❡

′

❈❡❪✮ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

ceon ∝ p(O2)
−

1
4 . ✭✹✳✽✮

❆s t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❣✐✈❡♥ ❜② ❊q✉❛t✐♦♥ ✷✳✶✼ ❛♥❞ ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ♠✐♥♦r✲
✐t② ❝❤❛r❣❡ ❝❛rr✐❡r✱ ❛ s❝❛❧✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✇✐t❤ ♣✭❖✷✮

−
1
4 ✐s ❡①♣❡❝t❡❞

❬✸✷❪✳ ❚❤❡r❡❢♦r❡✱ ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡✲
♠❡♥ts✱ ❡✈❡♥ ✐❢ ❛rt✐❢❛❝ts ❛r❡ ♣r❡s❡♥t ✐♥ t❤❡ s♣❡❝tr❛✳ ❆♥❛❧♦❣♦✉s ♠❡❛s✉r❡♠❡♥ts ✇❡r❡
❝❛rr✐❡❞ ♦✉t ❛❧s♦ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✜t

❋✐❣✉r❡ ✹✳✹✸✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ●❉❈ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ●❉❈
t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♦❜t❛✐♥❡❞ ✇✐t❤
♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞
✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝✲
t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢
t❤❡ ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✐s ✜tt❡❞ ♦✈❡r t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳
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❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✹✳ ❆❣❛✐♥✱ ❛❧❧ s♣❡❝tr❛ s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛r✲
t✐❢❛❝t t❤❛t ✇❛s ♥♦t ✐♥✢✉❡♥❝❡❞ ❜② ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s✳ ❍♦✇❡✈❡r✱ t❤❡ ❛rt✐❢❛❝t ✇❛s
❧❡ss ♣r♦♥♦✉♥❝❡❞ t❤❛♥ ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ❋♦❧❧♦✇✐♥❣
t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✱ ❛❧❧ s♣❡❝tr❛ s❤♦✇❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡
s❤♦✉❧❞❡r ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ▲❡ss r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❞✐❞
♥♦t ❝❤❛♥❣❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛✱ ❜✉t ❧❡❞ t♦ ❛ s♠❛❧❧ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡
r❡s✐st❛♥❝❡✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ r❡s✉❧t❡❞ ✐♥ ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞
❞♦♠✐♥❛♥t ❢❡❛t✉r❡ t❤❛t✱ ✐♥ ❛❝❝♦r❞❛♥❝❡ t♦ t❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❛t ✻✺✵➦❈✱ s❡♣❛r❛t❡❞
✐♥t♦ t✇♦ ❞✐st✐♥❣✉✐s❤❛❜❧❡ ❢❡❛t✉r❡s✳ ❆❧s♦ t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t s❤♦✉❧❞❡r
✐♥❝r❡❛s❡❞ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡❧❡❝✲
tr♦❞❡ ❢❡❛t✉r❡ ♦❢ t❤❡ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❋✐❣✉r❡ ✹✳✹✹❝ ❞❡♣✐❝ts t❤❡ s♣❡❝tr❛
♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧s✱ t❤❡ ❢✉❧❧ ❝❡❧❧ ❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧s ❛t ❛ r❛t✐♦ ♦❢ ♣✭❍✷❖✮
t♦ ♣✭❍✷✮ ♦❢ ✶ t♦ ✶✾✳ ❚❤❡ ◆✐✴❨❙❩ s♣❡❝tr❛ ❛❣❛✐♥ s❤♦✇❡❞ ❛ ❞✐✛✉s✐♦♥ ❢❡❛t✉r❡ ✐♥ t❤❡
r❛♥❣❡ ♦❢ ✶ ❍③ t❤❛t ✐♥✢✉❡♥❝❡❞ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧✳ ❆s t❤❡ ❣❛s ❞✐✛✉s✐♦♥
❢❡❛t✉r❡ ✇❛s ♦♥❧② ✇❡❛❦❧② t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞✱ t❤❡ ✐♠♣❛❝t ♦♥ t❤❡ s♣❡❝tr❛ ✇❛s ♠♦r❡
s❡✈❡r❡ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✳

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✺✳ ❆♥♦❞✐❝ ❜✐❛s
❤❛❞ ❛❧♠♦st ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛✱ ❜✉t ❧❡❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡
♦✛s❡t r❡s✐st❛♥❝❡✳ ❍♦✇❡✈❡r✱ ❛t ✰✽✵✵ ♠❱ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ t❤❡ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧
❤❛❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ ✐♥ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛s t❤❡ ●❉❈ ❤❛❧❢
❝❡❧❧✱ s❡❡ ❋✐❣✉r❡ ✹✳✹✺❝✳ ❚❤❡r❡❢♦r❡✱ ❛rt✐❢❛❝ts r❡s✉❧t✐♥❣ ❢r♦♠ t❤❛t ❢❡❛t✉r❡ ✇♦✉❧❞ ♥♦t ❜❡
✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧✳ ❆♣♣❧②✐♥❣ ❝❛t❤♦❞✐❝ ❜✐❛s ♦♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ❧❡❞ t♦ ❛ ❞❡❝r❡❛s❡❞ ♦✛s❡t r❡s✐st❛♥❝❡ ❛♥❞ t♦ t❤❡ s❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ❞♦♠✐♥❛♥t
❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ✐♥t♦ t✇♦ ❢❡❛t✉r❡s✳ ❆❣❛✐♥✱ t❤❡ ❢❡❛t✉r❡ ✇❛s ❛ ✹✺➦ s❧♦♣❡ ❛♥❞
♥♦t ❛s ♣r♦♥♦✉♥❝❡❞ ❛s t❤❡ ❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡ ✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ❚❤❡ ❝❤❛♥❣❡s
✐♥ t❤❡ ♦✛s❡t r❡s✐st❛♥❝❡ ✇❡r❡ ♥♦t ♦❜s❡r✈❡❞ ✐♥ ❛♥② ♦❢ t❤❡ ♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts✳ ❆s
t❤❡ ♦✛s❡t r❡s✐st❛♥❝❡ ♦❢ t❤❡ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧ ✇❛s ❝♦♥s✐❞❡r❛❜❧② ❜✐❣❣❡r t❤❛♥ t❤❡ ♦✛s❡t
r❡s✐st❛♥❝❡ ♦❢ t❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧✱ t❤❡ ❝❤❛♥❣❡s ✇❡r❡ ✐❞❡♥t✐✜❡❞ t♦ ♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡
◆✐✴❨❙❩ ❡❧❡❝tr♦❞❡ ❞✉❡ t♦ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♥t❛❝t r❡s✐st❛♥❝❡✳ ❚❤✐s ❝♦♥t❛❝t r❡s✐st❛♥❝❡
❝♦✉❧❞ ❜❡ ❝❛✉s❡❞ ❜② t❤❡ ♣❛rt✐❛❧ ❞❡❧❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ◆✐ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r t❤❛t r❡❛❞✐❧②
s✐♥t❡r❡❞ t♦ t❤❡ Pt ♠❡s❤❡s✳

❆❢t❡r ❛♣♣❧②✐♥❣ ✲✽✵✵ ♠❱ ❜✐❛s ✈♦❧t❛❣❡✱ ❛❧❧ s✉❜s❡q✉❡♥t s♣❡❝tr❛ s❤♦✇❡❞ ❛ ✈❛st ❤✐❣❤
❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❢❡❛t✉r❡✱ s❡❡ ❋✐❣✉r❡ ✹✳✹✺❞✳ ❚❤❡ ❛rt✐❢❛❝t ❜♦r❡ ❛ str♦♥❣ r❡s❡♠❜❧❛♥❝❡
t♦ t❤❡ ❛rt✐❢❛❝t ♦❢ t❤❡ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
t❤❛t ❛♣♣❡❛r❡❞ ❛❢t❡r t❤❡ ✜rst ♠❡❛s✉r❡♠❡♥t ✐♥ str♦♥❣❧② r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✭❋✐❣✲
✉r❡ ✹✳✸✾✮✳ ■♥ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ◆✐✴❨❙❩ ❤❛❧❢ ❝❡❧❧✱ ❛♥ ❛rt✐❢❛❝t ♦❢ s✐♠✐❧❛r s✐③❡ ❛♥❞
s❤❛♣❡ ❛♣♣❡❛r❡❞ ✐♥ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❤❛❧❢ ♦❢ t❤❡ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡ ♣❧❛♥❡✳ ❍♦✇❡✈❡r✱
❝♦♠♣❛r✐♥❣ t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr❛ ❢r♦♠ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♣♣❧②✐♥❣ ✲✽✵✵ ♠❱ ❜✐❛s ✈♦❧t❛❣❡
r❡✈❡❛❧❡❞ ❛❧♠♦st ✐❞❡♥t✐❝❛❧ s❤❛♣❡s✳ ❍❡♥❝❡✱ t❤❡ ◆✐✴❨❙❩ ❡❧❡❝tr♦❞❡ ✇❛s r✉❧❡❞ ♦✉t ❛s
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✭❛✮ ●❉❈ s♣❡❝tr❛ ✐♥ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s

✭❜✮ ●❉❈ s♣❡❝tr❛ ✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s

✭❝✮ ❙♣❡❝tr❛ ✐♥ ♣✭❍✷❖✮✴♣✭❍✷✮❂ ✶✴✶✾

❋✐❣✉r❡ ✹✳✹✹✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ✼✺✵➦❈ s❡t t❡♠✲
♣❡r❛t✉r❡✳ ■♥s❡t ✭❝✮ s❤♦✇s t❤❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ t❤❡ ❤❛❧❢ ❝❡❧❧s✱ t❤❡ ❢✉❧❧
❝❡❧❧ ❛♥❞ t❤❡ s✉♠ ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧s ✐♥ t❤❡ ♠♦st r❡❞✉❝✐♥❣ ♠❡❛s✉r❡❞ ❛t✲
♠♦s♣❤❡r❡✳

s♦✉r❝❡ ♦❢ t❤❡ ❛rt✐❢❛❝t ❛s ❝❤❛♥❣❡s ✇✐t❤ t❤❡ ❡❧❡❝tr♦❞❡ ✇♦✉❧❞ ❛❧s♦ ❜❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❢✉❧❧
❝❡❧❧ s♣❡❝tr✉♠✳ ❚❤❡ ❛rt✐❢❛❝t ✇❛s t❤❡r❡❢♦r❡ ❛ttr✐❜✉t❡❞ t♦ ❝❤❛♥❣❡s ✇✐t❤ t❤❡ r❡❢❡r❡♥❝❡
❡❧❡❝tr♦❞❡✱ r❡s✉❧t✐♥❣ ✐♥ ❛ s❤✐❢t ♦❢ t❤❡ ♣r♦❜❡❞ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡✳
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✭❛✮ ●❉❈ s♣❡❝tr❛✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ●❉❈ s♣❡❝tr❛✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❙♣❡❝tr❛ ❛t ✰✽✵✵ ♠❱ ✭❞✮ ❙♣❡❝tr❛ ❛t ✲✻✵✵ ♠❱

❋✐❣✉r❡ ✹✳✹✺✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❤✉♠✐❞✐✜❡❞
❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ■♥s❡t ✭❝✮ s❤♦✇s t❤❡
s♣❡❝tr❛ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ❛t t❤❡ ❤✐❣❤❡st ♣♦s✐t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✰✽✵✵
♠❱✳ ■♥s❡t ✭❞✮ ❞❡♣✐❝ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❜♦t❤ t❤❡ ❤❛❧❢ ❝❡❧❧s s♣❡❝tr❛ ❛♥❞
t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr❛ ❢r♦♠ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ❛♣♣❧②✐♥❣ ♦❢ t❤❡ ♠❛①✐♠✉♠
♥❡❣❛t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✲✽✵✵ ♠❱✳ ❈❧♦s❡❞ s②♠❜♦❧s r❡♣r❡s❡♥t t❤❡ s♣❡❝✲
tr❛ ❜❡❢♦r❡ ❛♥❞ ♦♣❡♥ s②♠❜♦❧s ❛❢t❡r ❛♣♣❧②✐♥❣ ♦❢ t❤❡ ❜✐❛s✳
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❚❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❛t ✼✺✵➦ s❡t t❡♠♣❡r❛t✉r❡ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥
♦✛s❡t r❡s✐st❛♥❝❡ ❛♥❞ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ♦♥❡ ♦r t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❆❣❛✐♥✱
s♣❡❝tr❛ ❛t str♦♥❣❧② r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❤✐❣❤ ❝❛t❤♦❞✐❝ ❜✐❛s ✇❡r❡ ✜tt❡❞
✇✐t❤ t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✻✳
❚❤❡ ❣❡♥❡r❛❧ tr❡♥❞s ✇❡r❡ ❛♥❛❧♦❣✉❡ t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✻✺✵➦ s❡t t❡♠♣❡r❛t✉r❡✳
❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❝②❝❧❡s s❤♦✇❡❞ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞
❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ✇❛t❡r ❛♥❞ ❤②❞r♦❣❡♥✳ ■♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ t❤❡ r❡s✐s✲
t❛♥❝❡ s❤♦✇❡❞ ❛ str♦♥❣❡r ✐♥❝r❡❛s❡ t❤❛♥ ✐♥ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ ❛♣♣❧✐❡❞
❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ r❡s✐st❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ❞❡❝r❡❛s❡❞ ✇✐t❤ ❛♥♦❞✐❝
❜✐❛s ✉♥t✐❧ ✐t r❡❛❝❤❡❞ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ✰✼✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❚❤❡ ❝❤❡♠✲
✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥t
❝②❝❧❡s✱ ✇✐t❤ ❛ str♦♥❣ ✐♥❝r❡❛s❡ ❛t ❧♦✇❡r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ t❤❛t ✢❛tt❡♥❡❞ ♦✉t ❛t
❤✐❣❤❡r ♣r❡ss✉r❡s✳ ❚❤❡ s❝❛❧✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✇✐t❤ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡ ✇❛s ❣✐✈❡♥ ❜② ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✸✻✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ t♦ t❤❡ ✻✺✵➦❈ ♠❡❛s✉r❡♠❡♥t
✐s ❞✉❡ t♦ ❞❡❢❡❝t ✐♥t❡r❛❝t✐♦♥s ✇❤❡♥ ●❉❈ ❜❡❝♦♠❡s s✐❣♥✐✜❝❛♥t❧② s✉❜✲st♦✐❝❤✐♦♠❡tr✐❝
❬✺✵❪✳

❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ●❉❈ ❤❛❧❢ ❝❡❧❧ ❢♦r ❜♦t❤ ♠❡❛s✉r✐♥❣ t❡♠✲
♣❡r❛t✉r❡s ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✼✳ ❚❤❡ ❝✉r✈❡ ♦❜t❛✐♥❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
✇❛s st❡❡♣❡r t❤❛♥ t❤❡ ❝✉r✈❡ ♦❜t❛✐♥❡❞ ❛t ✻✺✵➦❈✳ ❚❤✐s ✇❛s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡
s♠❛❧❧❡r r❡s✐st❛♥❝❡s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✳ ❆s t❤❡ r❡s✐st❛♥❝❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❛♥♦❞✐❝
❜✐❛s ✇❡r❡ s♠❛❧❧❡r t❤❛♥ ✇✐t❤ ❝❛t❤♦❞✐❝ ❜✐❛s✱ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡s ✇❛s st❡❡♣❡r ✇✐t❤
♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❈♦♠♣❛r✐♥❣ t❤✐s ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ t♦
t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ●❉❈ t❤✐♥ ✜❧♠ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✹✳✷✷✮✱ ♦♥❡ ✜♥❞s ❣♦♦❞ ❛❝❝♦r✲
❞❛♥❝❡✳ ❚❤❡ ❧✐♥❡❛r r❡❣✐♠❡ ♦❢ ❋✐❣✉r❡ ✹✳✷✷ ❜❡t✇❡❡♥ ✲✶✵✵ ♠❱ ❛♥❞ ✰✶✵✵ ♠❱ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛❧♠♦st ❧✐♥❡❛r ❜❡❤❛✈✐♦r ♦❢ t❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠✲
♣❧❡✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ st❡❡♣❡r ❝♦✉rs❡ ✇✐t❤ ❛♣♣❧✐❡❞ ❛♥♦❞✐❝ ❜✐❛s ✐s ♣r❡s❡♥t ❛t
❜♦t❤ ❝✉r✈❡s✳ ▲❛st❧②✱ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ❛t ✰✼✺ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✇❛s
❛r♦✉♥❞ ✷✵ ♠❆✴❝♠✷ ❛♥❞ ✵✳✷✺ ♠❆✴❝♠✷ ❢♦r t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ❛♥❞ t❤✐♥ ✜❧♠✱
r❡s♣❡❝t✐✈❡❧②✳ ❆ ❢❛❝t♦r ♦❢ 102 ✐s ❛ ♣❧❛✉s✐❜❧❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛ ♣♦r♦✉s s❛♠♣❧❡ ❛♥❞
❛ t❤✐♥ ✜❧♠✳

❙✉♠♠✐♥❣ ✉♣✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ❞❡❧✐✈❡r❡❞ ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts t❤❛t ✇❡r❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤
t❤❡ ●❉❈ t❤✐♥ ✜❧♠ s❛♠♣❧❡ ✐♥ s✉❜s❡❝t✐♦♥ ✹✳✶✳✹✳ ❚❤❡ ❆❙❘ ✭❛♥❞ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛✲
♣❛❝✐t❛♥❝❡✮ ♦❢ t❤❡ ♣♦r♦✉s ❡❧❡❝tr♦❞❡ ✇❡r❡ ❛❜♦✉t ✶✵✵ t✐♠❡s s♠❛❧❧❡r ✭✶✵ t✐♠❡s ❧❛r❣❡r✮✱
❞✉❡ t♦ t❤❡ ❤✐❣❤❡r ❛❝t✐✈❡ s✉r❢❛❝❡ ❛♥❞ ❛✈❛✐❧❛❜❧❡ ●❉❈ ✈♦❧✉♠❡✳ ❆❧s♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡
♦❢ t❤❡ ❆❙❘ ❛♥❞ ❈❝❤❡♠ ♦♥ ❜✐❛s ✈♦❧t❛❣❡ ♦r ❛t♠♦s♣❤❡r❡ ✇❛s ✈❡r② s✐♠✐❧❛r ❜❡t✇❡❡♥
t❤✐♥ ✜❧♠ ❛♥❞ ♣♦r♦✉s ●❉❈✳ ❆s t❤❡ t②♣✐❝❛❧ ❝❤❛r❛❝t❡r✐st✐❝ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ●❉❈
❡❧❡❝tr♦❞❡ ✇❡r❡ ✐♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡ s♣❡❝tr❛✱ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts
❞✐❞ ♥♦t ❛✛❡❝t t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❍♦✇❡✈❡r✱ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❧♦✇ ❍✷❖ ♣❛rt✐❛❧
♣r❡ss✉r❡ ❧❡❞ t♦ ❣❛s ❞✐✛✉s✐♦♥ ❢❡❛t✉r❡s ✐♥ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ s♣❡❝tr❛ t❤❛t ✇❡r❡ ✐♥
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✜t

❋✐❣✉r❡ ✹✳✹✻✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ●❉❈ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ●❉❈
t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♦❜t❛✐♥❡❞ ✇✐t❤
♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✼✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞
✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝✲
t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢
t❤❡ ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✐s ✜tt❡❞ ♦✈❡r t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✹✼✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ●❉❈ ❤❛❧❢ ❝❡❧❧ ♦❢ t❤❡ ●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✲
✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥

t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛s t❤❡ ●❉❈ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❍❡♥❝❡✱ ❛rt✐❢❛❝ts r❡s✉❧t✐♥❣
❢r♦♠ t❤❡ ◆✐✴❨❙❩ ❡❧❡❝tr♦❞❡ ❤❛✈❡ ♥♦t ❜❡❡♥ ❝❧❡❛r❧② ✈✐s✐❜❧❡ ✐♥ t❤❡ ●❉❈ s♣❡❝tr❛ ❛♥❞
❝♦✉❧❞ ❡❛s✐❧② ❧❡❛❞ t♦ ❢❛❧s❡ ✐♥t❡r♣r❡t❛t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ♠❡❛s✉r❡♠❡♥ts s❤♦✉❧❞ ♥♦t ❜❡
❝♦♥❞✉❝t❡❞ ✐♥ ❛t♠♦s♣❤❡r✐❝ ❝♦♥❞✐t✐♦♥s ✐♥ ✇❤✐❝❤ ❣❛s ❞✐✛✉s✐♦♥ ♠❛② ❜❡ r❡❧❡✈❛♥t✳

✹✳✷✳✹ ●❉❈ s②♠♠❡tr✐❝

❋♦❧❧♦✇✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ ❛s②♠♠❡tr✐❝ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s✱ s②♠♠❡tr✐❝
s❛♠♣❧❡s ✇❡r❡ ♠❡❛s✉r❡❞✳ ▼❡❛s✉r❡♠❡♥ts ♦♥ s②♠♠❡tr✐❝ ❝❡❧❧s ❤❛✈❡ t❤❡ ✐♥❤❡r❡♥t ♣r♦❜✲
❧❡♠ t❤❛t ❛rt✐❢❛❝ts✱ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ❛r❡ ♥♦t ✈✐s✐❜❧❡ ✐♥ t❤❡
s♣❡❝tr❛ ✇✐t❤ ❖❈❱ ♠❡❛s✉r❡♠❡♥ts✱ ❛s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ❜♦t❤ ❡❧❡❝tr♦❞❡s ❛r❡
✐❞❡♥t✐❝❛❧✳ ❆♣♣❧②✐♥❣ ❜✐❛s✱ ❤♦✇❡✈❡r✱ ✐♥✢✉❡♥❝❡s t❤❡ ❡❧❡❝tr♦❞❡s ✐♥ ❛ ❞✐✛❡r❡♥t ✇❛② ❛s
❛ ❝♦♥st❛♥t ❉❈ ❝✉rr❡♥t ✭❡q✉❛❧ t♦ ❛ ♥❡t r❡❛❝t✐♦♥ ✐♥ ❛ ❝❡rt❛✐♥ ❞✐r❡❝t✐♦♥✮ ✐s ❛ss♦❝✐✲
❛t❡❞ ✇✐t❤ t❤❡ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s♣❡❝tr❛ ♦❢ ✐❞❡♥t✐❝❛❧ ❤❛❧❢ ❝❡❧❧s ❞✐✛❡r ✇✐t❤
❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛♥❞ ❛rt✐❢❛❝ts ❛r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr❛✳

❚❤❡ s②♠♠❡tr✐❝ ●❉❈ s❛♠♣❧❡ ✇❛s ♣r♦❞✉❝❡❞ ❜② s❝r❡❡♥ ♣r✐♥t✐♥❣ ●❉❈ ♣❛st❡ ♦♥
t❤❡ ❡❧❡❝tr♦❧②t❡ ❛♥❞ ❜r✉s❤✐♥❣ t❤❡ ♣❛st❡ ♦♥ t❤❡ ✇✐♥❣✳ ❆❢t❡r ❛♣♣❧②✐♥❣ t❤❡ Pt ❝✉rr❡♥t
❝♦❧❧❡❝t♦r✱ t❤❡ s❛♠♣❧❡ ✇❛s s✐♥t❡r❡❞ ❛t ✶✶✺✵➦❈ ❢♦r ✸ ❤♦✉rs✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥
t❤❡ s②♠♠❡tr✐❝ ●❉❈ s❛♠♣❧❡ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❞✐✛❡r❡♥t r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛t
✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡ s♣❡❝tr❛ ✇❡r❡
r❡❝♦r❞❡❞ ❜❡t✇❡❡♥ 106 ❛♥❞ 2 ∗ 10−2 ❍③ ✇✐t❤ ❛♥ ❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡ ♦❢ ✷✵ ♠❱✳ ❆s t❤❡
s♣❡❝tr❛ ♦❢ t❤❡ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ s❤♦✇❡❞
✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✱ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣
❧✐♥❡ ✭s❡❡ s✉❜s❡❝t✐♦♥ ✸✳✷✳✹✮ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ st❛rt✐♥❣ ✇✐t❤ t❤❡ s②♠♠❡tr✐❝ ●❉❈
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s❛♠♣❧❡✳ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣
✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✽✳ ❚❤❡ s♣❡❝tr❛ ✇✐t❤♦✉t ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ❜♦t❤ s❤♦✇❡❞ ❛
✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t t❤❛t ❞r❛st✐❝❛❧❧② r❡❞✉❝❡❞ ✐♥ s✐③❡ ♦♥❝❡ t❤❡ s❤✐❡❧❞✐♥❣ ✇❛s
❛❝t✐✈❛t❡❞✳ ❯♥❡①♣❡❝t❡❞❧②✱ t❤❡ ♥♦♠✐♥❛❧❧② ✐❞❡♥t✐❝❛❧ ❡❧❡❝tr♦❞❡s ❤❛❞ r❛t❤❡r ❞✐✛❡r❡♥t
s♣❡❝tr❛✳ ❚❤✐s ✜♥❞✐♥❣ ✇❛s s✉r♣r✐s✐♥❣✱ ❣✐✈❡♥ t❤❛t t❤❡ ❡❧❡❝tr♦❞❡s ✇❡r❡ ♣r❡♣❛r❡❞ ❛t
t❤❡ s❛♠❡ t✐♠❡✳ ❆♣❛rt ❢r♦♠ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✱ t❤❡ s♣❡❝tr✉♠ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶
s❤♦✇❡❞ ❛ s❡♠✐❝✐r❝❧❡ ✇✐t❤ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ❛❜♦✉t ✸ ❍③✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ❛rt✐❢❛❝t
s❡♠✐❝✐r❝❧❡ ✇✐t❤ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ✵✳✺ ❍③✳ ◆♦t❛❜❧②✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝②
❛rt✐❢❛❝t ✇❛s ❜✐❣❣❡r t❤❛♥ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡✳ ❚❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ s❡❝♦♥❞
❤❛❧❢ ❝❡❧❧ ♦♥❧② s❤♦✇❡❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ✇✐t❤ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢
✵✳✺ ❍③✳ ❈♦♠♣❛r✐♥❣ t❤❡ s♣❡❝tr❛ t♦ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❛s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✹✳✸✹❛✮ r❡✈❡❛❧❡❞ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ s♣❡❝tr✉♠ ♦❢ ❤❛❧❢ ❝❡❧❧
✷✳

❋✐❣✉r❡ ✹✳✹✽✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ✷✳✺✪ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ❛r♦✉♥❞ ✻✷✵➦❈✳ ❚❤❡ ♣❡❛❦
❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ✐♥ t❤❡ s♣❡❝tr❛ ❛r❡ ♠❛r❦❡❞✳

❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t r❡❞✉❝✐♥❣ ❛t♠♦✲
s♣❤❡r❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✾✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ❛❧❧ s❤♦✇❡❞ ❛ s♠❛❧❧
❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ❛♥❞ ❛
❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t s❡♠✐❝✐r❝❧❡✳ ▲❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❧❡❞ t♦ ❛
s♠❛❧❧ ✐♥❝r❡❛s❡ ♦❢ t❤❡ s✐③❡ ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❚❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t
r❡♠❛✐♥❡❞ ✉♥✐♥✢✉❡♥❝❡❞ ✇✐t❤ ❛ s✐③❡ s✐♠✐❧❛r t♦ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡✳ ■♥ ♠♦r❡ r❡❞✉❝✐♥❣
❛t♠♦s♣❤❡r❡s t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❛♥❞ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❜♦t❤ ✇❡r❡ ♠♦r❡
♣r♦♥♦✉♥❝❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝t r❡❧❛t✐✈❡ t♦ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ❞❡❝r❡❛s❡❞
✐♥ ♠♦r❡ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ❛❧❧ s❤♦✇❡❞ ❛ s♠❛❧❧ ❤✐❣❤
❢r❡q✉❡♥❝② ❛rt✐❢❛❝t t❤❛t ✇❛s s✐♠✐❧❛r s✐③❡❞ ❛s t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❢r♦♠ ❤❛❧❢
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❝❡❧❧ ✶✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❆♥❛❧♦❣✉❡ t♦ ❤❛❧❢ ❝❡❧❧ ✶✱
❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❤❛❞ ♦♥❧② ❧✐tt❧❡ ✐♠♣❛❝t ♦♥ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✱ ✇❤❡r❡❛s
♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❧❡❞ t♦ ❛ ❞✐st✐♥❝t ✐♥❝r❡❛s❡ ✐♥ s✐③❡✳

✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶ ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✷

❋✐❣✉r❡ ✹✳✹✾✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✇❡r❡ ❛❧❧ ♠❡❛s✉r❡❞ ✐♥ ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ❤②✲
❞r♦❣❡♥ ❛♥❞ ✇❛t❡r ❛♥❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✵✳ ❚❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s
❛♣♣❧✐❡❞ t♦ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ✭❲❊✱ ❤❛❧❢ ❝❡❧❧ ✶✮✳ ❍♦✇❡✈❡r✱ ♣♦s✐t✐✈❡ ❜✐❛s ♦♥ t❤❡
❲❊ ❝♦rr❡s♣♦♥❞s t♦ ❛ ♥❡❣❛t✐✈❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡ ✭❈❊✱ ❤❛❧❢ ❝❡❧❧ ✷✮
❝♦♠♣❛r❡❞ t♦ t❤❡ ❲❊ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❲❊ ✉♥❞❡r
♣♦s✐t✐✈❡ ❜✐❛s ✐s ❛♥❛❧♦❣✉❡ t♦ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❈❊ ✉♥❞❡r ♥❡❣❛t✐✈❡ ❜✐❛s✳

❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇✐t❤ ♣♦s✐t✐✈❡ ❜✐❛s ❤❛❞ t❤❡ s❛♠❡ s❤❛♣❡ ❛s t❤♦s❡ ♦❜✲
t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ ❛♥♦❞✐❝ ❜✐❛s✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❡❧❡❝✲
tr♦❞❡ ❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ ✉♥t✐❧ ✐t r❡❛❝❤❡❞ ❛ ♠❛①✐♠✉♠ ❛t ✰✹✵✵ ♠❱✳ ❆❧s♦ t❤❡ s✐③❡
♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ✇❛s ✐♥✢✉❡♥❝❡❞ ❜② ❛♥♦❞✐❝ ❜✐❛s✳ ❆t ✰✷✵✵ ♠❱ t❤❡
❛rt✐❢❛❝t s❡♠✐❝✐r❝❧❡ ✇❛s ❧❛r❣❡r t❤❛♥ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❈❛t❤♦❞✐❝ ❜✐❛s ❧❡❞ t♦ ❛
❞❡♣r❡ss❡❞ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ✇✐t❤ ❧♦✇ ♣❡❛❦ ❢r❡q✉❡♥❝② ✭✵✳✶ ❍③ ❛t ✲✽✵✵ ♠❱✮ ❛♥❞ t❤❡
❞✐s❛♣♣❡❛r❛♥❝❡ ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✳ ❍♦✇❡✈❡r✱ t❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ✇✐t❤
❤✐❣❤ ♥❡❣❛t✐✈❡ ❜✐❛s s❤♦✇❡❞ ❛♥ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ✇✐t❤ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ❛❜♦✉t ✺
❍③✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ s❤♦✇❡❞ s✐♠✐❧❛r ❜❡❤❛✈✐♦r✳ ❲✐t❤ ❛♣♣❧✐❡❞ ♣♦s✐t✐✈❡ ❜✐❛s
✈♦❧t❛❣❡✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❈❊✱ t❤❡ s♣❡❝tr❛ s❤♦✇❡❞
❛♥ ✐♥❞✉❝t✐✈❡ ❧♦♦♣ ❛♥❞ ❛ ❞❡♣r❡ss❡❞ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ✇✐t❤ s♠❛❧❧ ♣❡❛❦ ❢r❡q✉❡♥❝②✳
◆❡❣❛t✐✈❡ ❛♣♣❧✐❡❞ ❜✐❛s ❧❡❞ t♦ ❛ ❤✐❣❤❡r ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❛♥❞
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✺✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ✉♥❞❡r
❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞ t♦ t❤❡
❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s ♣♦s✐t✐✈❡
❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❢❡❛t✉r❡✳ ❆t ✲✽✵✵ ♠❱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢
t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ✇❛s ❛❜♦✉t ✸ ❍③ ❛♥❞ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝②
❛rt✐❢❛❝t ✇❛s ✵✳✺ ❍③✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❢❡❛t✉r❡s ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✳

❆❧❧ ♦❜t❛✐♥❡❞ s♣❡❝tr❛ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥ ♦✛s❡t r❡s✐s✲
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t❛♥❝❡ ❛♥❞ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✶✳ ❉❛t❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇✐t❤ ❛♣♣❧✐❡❞ ❛♥♦❞✐❝ ❜✐❛s ✈♦❧t❛❣❡
✇❛s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣❧♦ts ❛s t❤❡ ❝❛❧❝✉❧❛t❡❞ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❞✐❞ ♥♦t ②✐❡❧❞
♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts✳ ❉✉❡ t♦ t❤❡ ✈❛st ❛rt✐❢❛❝t ❢❡❛t✉r❡s ✐♥ ❋✐❣✉r❡ ✹✳✺✵❛✱ t❤❡ ❉❈ r❡✲
s✐st❛♥❝❡ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡✳ ■♥ s✉❝❤ ❛ ❝❛s❡✱
♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❛♥♦❞✐❝ ❜✐❛s✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥
❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s s❤♦✇❡❞ s✐♠✐❧❛r s❝❛❧✐♥❣ ❢♦r ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ✇✐t❤ ❛ ♠✐♥✐♠✉♠
❛t ❛ ♦♥❡✲t♦✲♦♥❡ r❛t✐♦ ♦❢ ✇❛t❡r ❛♥❞ ❤②❞r♦❣❡♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s
♦♥❧② ❛❜♦✉t ✷✺✪ ♦❢ t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✳ ❈♦♠♣❛r✐♥❣ t❤❡ ❞❛t❛ ✇✐t❤ t❤❡ ❛s②♠♠❡t✲
r✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✹✳✹✸✮✱ r❡✈❡❛❧❡❞ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ ❤❛❧❢
❝❡❧❧ ✷ r❡❣❛r❞✐♥❣ t❤❡ ❆❙❘ ✐♥ ❞✐✛❡r❡♥t ❣❛s ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱
t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛t t❤❡ ❡❧❡❝tr♦❞❡s✳
❆❣❛✐♥✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s s♠❛❧❧❡r ❜✉t t❤❡ ❞✐✛❡r❡♥❝❡ ✇❛s ❧❡ss
❞✐st✐♥❝t✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ♦♥❧② ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❞✐❢✲
❢❡r❡♥t ♠❡❛s✉r✐♥❣ ❝②❝❧❡s ✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❆t ❧♦✇❡r ❡q✉✐✈❛❧❡♥t
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❜✐❛s ❝②❝❧❡s
✈❛r✐❡❞ str♦♥❣❡r t❤❛♥ ❢♦r ❣❛s ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❞❡♣❡♥❞❡♥t ♠❡❛s✉r❡♠❡♥ts✳ ❲❤❡♥ ❛rt✐✲
❢❛❝ts ❛r❡ ♣r❡s❡♥t ✐♥ t❤❡ s♣❡❝tr❛✱ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✐s ♣r♦♥❡ t♦ ❡rr♦rs
❜❡❝❛✉s❡ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦✛s❡t ❞♦❡s ♥♦t ♥❡❝❡ss❛r✐❧② r❡✢❡❝t t❤❡ ❡❧❡❝tr♦❧②t❡ r❡✲
s✐st❛♥❝❡ ✐♥ ❉❈ ❝♦♥❞✐t✐♦♥s✳ ❋✐tt✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡
♣✭❖✷✮ ❝②❝❧❡s r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ✇✐t❤ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❣✐✈❡♥ ❜② ❈❝❤❡♠ ∝

♣✭❖✷✮
✲✵✳✶✾ ✇❤✐❝❤ ✇❛s ❛ ❧✐tt❧❡ ❧♦✇❡r t❤❛♥ t❤❡ ✐❞❡❛❧ s❝❛❧✐♥❣ ❣✐✈❡♥ ❜② ❊q✉❛t✐♦♥ ✹✳✽✳

❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✷✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ s❤♦✇❡❞ ❛ s♠❛❧❧ ❤✐❣❤ ❢r❡q✉❡♥❝②
❛rt✐❢❛❝t✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❈♦♥tr❛r② t♦ t❤❡ ♠❡❛✲
s✉r❡♠❡♥ts ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✱ ♥♦ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ✇❛s ✈✐s✐❜❧❡ ✐♥ t❤❡
s♣❡❝tr❛✳ ❆❣❛✐♥✱ ❧❡ss r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❤❛❞ ♦♥❧② ❧✐tt❧❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡
❢❡❛t✉r❡✱ ✇❤❡r❡❛s ♠♦r❡ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❧❡❞ t♦ ❛ str♦♥❣ ✐♥❝r❡❛s❡ ✐♥ s✐③❡✳ ❚❤❡
s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥
✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❚❤❡
✐♥✢✉❡♥❝❡ ♦❢ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s ♦♥ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ✇❛s ❛♥❛❧♦❣✉❡ t♦ ❤❛❧❢ ❝❡❧❧
✶✳ ◆♦t❛❜❧②✱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡s ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ✇❡r❡ ❝♦♠✲
♣❛r❛❜❧❡ ✐♥ ❡✈❡r② ❛t♠♦s♣❤❡r❡✳ ❚❤❡r❡❢♦r❡✱ ❛rt✐❢❛❝ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ r❡s♣❡❝t✐✈❡
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ✐❢ ♣r❡s❡♥t✱ ❞♦ ♥♦t ♣r♦❞✉❝❡ ❛❞❞✐t✐♦♥❛❧ ❢❡❛t✉r❡s✳

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✸✳ ❆s t❤❡
❜✐❛s ✈♦❧t❛❣❡ ❝❛✉s❡s ❞✐✛❡r❡♥t ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ❢♦r ❤❛❧❢ ❝❡❧❧ ✶ ❛♥❞ ✷✱ ❛rt✐❢❛❝ts ❜❡✲
❝♦♠❡ ✈✐s✐❜❧❡✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ s❤♦✇❡❞ ❛ s♠❛❧❧ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✱
❢♦❧❧♦✇❡❞ ❜② ❛ ❞♦♠✐♥❛♥t s❡♠✐❝✐r❝❧❡✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ ❛♥♦❞✐❝ ❜✐❛s ✈♦❧t❛❣❡✱ ❛ ❧♦✇
❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t s❡♠✐❝✐r❝❧❡ ❜❡❝❛♠❡ ✈✐s✐❜❧❡ t❤❛t ❝❤❛♥❣❡❞ ✐♥t♦ ❛ ❧♦♦♣ ❛t
✰✽✵✵ ♠❱✳ ❯♥❞❡r ❝❛t❤♦❞✐❝ ❜✐❛s t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✐♥❝r❡❛s❡❞ ✐♥ s✐③❡ ❛♥❞ ❣♦t ♠♦r❡
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❋✐❣✉r❡ ✹✳✺✶✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡ ❧♦❣❛r✐t❤♠
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞ ♦✈❡r t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡
✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝✲
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❋✐❣✉r❡ ✹✳✺✷✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡

❞❡♣r❡ss❡❞✳ ❙t❛rt✐♥❣ ✇✐t❤ ✲✻✵✵ ♠❱✱ t❤❡ s♣❡❝tr❛ ✐♥❝❧✉❞❡❞ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝②
❧♦♦♣ ❢❡❛t✉r❡ ❛♥❞ ❛ ♥♦♥✲❝❧♦s✐♥❣ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷
s❤♦✇❡❞ ❛♥❛❧♦❣✉❡ ❜❡❤❛✈✐♦r ✇✐t❤ ❧♦✇ ❢r❡q✉❡♥❝② ❧♦♦♣s ❛t ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥✲
t✐❛❧ ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♥❡❣❛t✐✈❡ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✮ ❛♥❞ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝②
❧♦♦♣s ❛t ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❆❣❛✐♥✱ ❛❧s♦ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡
❡❧❡❝tr♦❞❡ ❛♥❞ ❛rt✐❢❛❝t ❢❡❛t✉r❡s ✇❡r❡ ❝♦♠♣❛r❛❜❧❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡❧❡❝tr♦❞❡s✱ ❝♦♥✲
s✐❞❡r✐♥❣ ❝♦♠♣❛r❛❜❧❡ ❜✐❛s ✈♦❧t❛❣❡s✳ ❆t ✰✽✵✵ ♠❱✱ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ♦❢ ❤❛❧❢ ❝❡❧❧
✶ ❤❛❞ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ❛❜♦✉t ✸ ❍③ ✇❤✐❝❤ ✇❛s ❛❧s♦ ❢♦✉♥❞ ❛t ✲✽✵✵ ♠❱ ✇✐t❤ ❤❛❧❢
❝❡❧❧ ✷✳
❆❧❧ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛♥ ♦✛s❡t r❡s✐s✲

t❛♥❝❡ ❛♥❞ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✹✳ ❉❛t❛ ❢r♦♠ t❤❡ s♣❡❝tr❛ ✇✐t❤ ❛ ♥♦♥✲❝❧♦s✐♥❣ ❧♦✇ ❢r❡✲
q✉❡♥❝② ✇❛s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣❧♦ts ❛s t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t ❞✐❞ ♥♦t ②✐❡❧❞
♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s s❤♦✇❡❞ t❤❡
❡①♣❡❝t❡❞ s❝❛❧✐♥❣ ✇✐t❤ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❛♥❞ ❛ ♠✐♥✐♠✉♠ ❛t ❛ ♦♥❡✲t♦✲♦♥❡
r❛t✐♦ ♦❢ ✇❛t❡r ❛♥❞ ❤②❞r♦❣❡♥✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❤❛❧❢ ❝❡❧❧s ✇❛s ❛❜♦✉t ✵✳✺
Ω❝♠✷ ❢♦r ❛❧❧ ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥✲
❝r❡❛s❡❞ ✇✐t❤ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛♥❞ ✇❛s r❛t❤❡r ❝♦♥st❛♥t ✇✐t❤ ♣♦s✐t✐✈❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ◆♦t❛❜❧②✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡
❜❡t✇❡❡♥ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ♣✭❖✷✮ ❝②❝❧❡s ❛♥❞ t❤❡ ❜✐❛s ❝②❝❧❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✳ ❋✐tt✐♥❣ ♦❢
t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ♦❢ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✹✺ ❢♦r t❤❡ ❜✐❛s ❝②❝❧❡
♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ❛♥❞ ❛♥ ✐❞❡❛❧ s❝❛❧✐♥❣ ♦❢ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✷✺ ❢♦r ❛❧❧ ♦t❤❡r ❝②❝❧❡s✳ ❆❣❛✐♥✱
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❋✐❣✉r❡ ✹✳✺✸✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥ ✉♥❞❡r
❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞ t♦ t❤❡
❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s ♣♦s✐t✐✈❡
❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

t❤✐s ❞✐s❝r❡♣❛♥❝② ♦❢ t❤❡ ❡①♣♦♥❡♥ts s❤♦✇s t❤❛t ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❛♥ ❡①❛❝t ♦✈❡r♣♦t❡♥t✐❛❧
✐s ❞✐✣❝✉❧t ❢♦r ❊■❙ s♣❡❝tr❛ ❝♦♥t❛✐♥✐♥❣ ❛rt✐❢❛❝ts✳

❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✺✳
●❡♥❡r❛❧❧②✱ t❤❡ ❝✉r✈❡s ❤❛❞ ❛ st❡❡♣❡r ❝♦✉rs❡ ✇✐t❤ ♣♦s✐t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ t❤❛t ✇❛s ❛❧s♦
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♣r❡s❡♥t ✐♥ t❤❡ ♣r❡✈✐♦✉s❧② r❡❝♦r❞❡❞ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ●❉❈ s❛♠♣❧❡s✳
❍♦✇❡✈❡r✱ t❤❡ ❧✐♥❡❛r ❝♦✉rs❡ ♦❢ t❤❡ ❛s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇❛s
♥♦t ❢♦✉♥❞✳ ❆t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ t❤❡ ❝✉r✈❡s ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ❞✐✛❡r ❝❧❡❛r❧②✳
❚❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s ❞✐sr✉♣t❡❞ ✇✐t❤ ❛♥ ♦✛s❡t ♦❢ ❛❜♦✉t ✷✺ ♠❱ ✉♥❞❡r ❛♥♦❞✐❝
❜✐❛s✳ ❚❤✐s ✇❛s ♣r❡s✉♠❛❜❧② ❝❛✉s❡❞ ❜② ❛ s❤✐❢t ♦❢ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡
r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✇✐t❤ t❤❡ ❢r❡q✉❡♥❝②✱ ❝❛✉s✐♥❣ ❛ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❆❈ ❛♥❞
t❤❡ ❉❈ ❡❧❡❝tr♦❧②t❡ ♦✛s❡t✳ ❚♦ ❛❝❝✉r❛t❡❧② ❝❛❧❝✉❧❛t❡ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢
t❤❡ ❡❧❡❝tr♦❞❡✱ t❤❡ ❉❈ ❡❧❡❝tr♦❧②t❡ ♦✛s❡t r❡s✐st❛♥❝❡ ✐s ♥❡❡❞❡❞✳ ❍♦✇❡✈❡r✱ ♦♥❧② t❤❡
❆❈ ✈❛❧✉❡ ✐s ❛❝❝❡ss✐❜❧❡ t❤r♦✉❣❤ t❤❡ ✐♠♣❡❞❛♥❝❡ s♣❡❝tr❛✳ ❆s t❤❡ ❛rt✐❢❛❝ts ✐♥ t❤❡
s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✉♥❞❡r ❛♥♦❞✐❝ ❜✐❛s ❛t ✻✺✵➦❈ ✇❡r❡ ♣❛rt✐❝✉❧❛r❧② ❞✐st✐♥❝t✱ t❤❡
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❆❈ ❛♥❞ ❉❈ ❡❧❡❝tr♦❧②t❡ ♦✛s❡t ✇❛s s✐❣♥✐✜❝❛♥t✳ ❈♦♥s✐❞❡r✐♥❣
t❤❡ ❝❛t❤♦❞✐❝ r❡❣✐♠❡✱ ❤❛❧❢ ❝❡❧❧ ✷ ❝♦✈❡rs ❛ ❧❛r❣❡r ♦✈❡r♣♦t❡♥t✐❛❧ r❛♥❣❡ t❤❛♥ ❤❛❧❢ ❝❡❧❧ ✶
✇❤✐❝❤ ✇❛s ❡①♣❡❝t❡❞ ❞✉❡ t♦ t❤❡ ❧❛r❣❡r ❆❙❘✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢ ❝❡❧❧
✶ ✢❛tt❡♥❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❝❛t❤♦❞✐❝ ❜✐❛s✱ ✇❤❡r❡❛s t❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ s❤♦✇❡❞
❛ ♣❧❛t❡❛✉✳ ❆t ✼✺✵➦❈ t❤❡ ❝✉r✈❡s ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ❤❛❞ ❛ s✐♠✐❧❛r ✢❛tt❡♥✐♥❣ ❝♦✉rs❡ ✐♥
t❤❡ ❝❛t❤♦❞✐❝ r❡❣✐♠❡ t❤❛t ✐♥❞✐❝❛t❡❞ t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ ❣❛s ❞✐✛✉s✐♦♥ ❧✐♠✐t❛t✐♦♥✳ ❲✐t❤
♣♦s✐t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✱ t❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s st❡❡♣❡r t❤❛♥ t❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢
❝❡❧❧ ✷ ✇❤✐❝❤ st❛rt❡❞ ✢❛tt❡♥✐♥❣ ❛t ❤✐❣❤❡r ♦✈❡r♣♦t❡♥t✐❛❧s✳
❙✉♠♠✐♥❣ ✉♣✱ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞

s♣❡❝tr❛ ❡✈❡♥ t❤♦✉❣❤ ❛rt✐❢❛❝ts ✇❡r❡ ♣r❡s❡♥t✳ ❚❤❡ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ s✐❣♥✐✜❝❛♥t❧② r❡✲
❞✉❝❡❞ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ♦r✐❣✐♥❛t✐♥❣ ❢♦r♠ ❛ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ❡✛❡❝t ♦♥ t❤❡
♠❡❛s✉r✐♥❣ ❧✐♥❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳ ❉✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❆❙❘ ❛♥❞ t❤❡ ♣❡❛❦
❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♥♦♠✐♥❛❧❧② ✐❞❡♥t✐❝❛❧ ❤❛❧❢ ❝❡❧❧s ✇❡r❡ r❛t❤❡r ❧❛r❣❡ ❛t ✻✺✵➦❈ s❡t t❡♠✲
♣❡r❛t✉r❡✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ s✐❣♥✐✜❝❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ✐♥ t❤❡ s♣❡❝tr❛
♦❢ ❤❛❧❢ ❝❡❧❧ ✶✳ ❆t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✱ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❤❛❧❢ ❝❡❧❧s ✇❡r❡
❝♦♥s✐❞❡r❛❜❧② s♠❛❧❧❡r ❛♥❞ t❤❡ ❡①tr❛❝t❡❞ ♣r♦♣❡rt✐❡s s❤♦✇❡❞ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡
♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts ♦♥ ♦t❤❡r s❛♠♣❧❡s✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ ♠♦r❡ ❞✐st✐♥❝t s❡♣❛✲
r❛t✐♦♥ ♦❢ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛rt✐❢❛❝t ❢❡❛t✉r❡s ✇❤❡♥ ✉s✐♥❣ ❛♣♣r♦♣r✐❛t❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡
♠❛t❡r✐❛❧s ✭♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ❛t ❧❡❛st t✇♦ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❛♣❛rt✮✱ ♠❡❛s✉r❡♠❡♥ts
♦♥ ❛s②♠♠❡tr✐❝ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ♣r♦✈✐❞❡ ❜❡tt❡r r❡s✉❧ts✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✜t

❋✐❣✉r❡ ✹✳✺✹✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✼✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡ ❧♦❣❛r✐t❤♠
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞ ♦✈❡r t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡
✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝✲
tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✺✺✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ s②♠♠❡tr✐❝ ●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡ ♠❡❛s✉r❡❞ ✐♥ ❤✉♠✐❞✐✜❡❞ ❤②❞r♦❣❡♥ ✐♥ ❛r❣♦♥

✹✳✷✳✺ ▲❙❋ s②♠♠❡tr✐❝

❚❤❡ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇❛s ♣r❡♣❛r❡❞ ❜② ❞❡♣♦s✐t✐♥❣ ●❉❈ t❤✐♥
✜❧♠s ♦♥ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ❡❧❡❝tr♦❧②t❡ ❛s ❛ ❞✐✛✉s✐♦♥ ❜❛rr✐❡r ❛♥❞ s✉❜s❡q✉❡♥t❧② s❝r❡❡♥
♣r✐♥t✐♥❣ ♦❢ t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡s ♦♥ t❤❡ s✉❜str❛t❡✳ ❙✐♥t❡r✐♥❣ ✇❛s ❞♦♥❡ ❛t ✶✵✺✵➦❈✱ ❛s
❡❧❛❜♦r❛t❡❞ ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡❝t✐♦♥✳ ❚❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ✇❛s ♣♦r♦✉s ●❉❈
✇✐t❤ ❛ Pt ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ▼❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❞✐✛❡r❡♥t ♦①✐❞✐③✐♥❣
❛♥❞ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚♦ ♠✐♥✐♠✐③❡ t❤❡ ✐♥✢✉✲
❡♥❝❡ ♦❢ ❣❛s ❞✐✛✉s✐♦♥✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥
❛ ❧♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r✐♥❣ s❡t✉♣ ✭s❡❡ s✉❜s❡❝t✐♦♥ ✸✳✷✳✺✮✳ ❆❣❛✐♥✱ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ✇❛s
✉s❡❞ t♦ ♠✐♥✐♠✐③❡ t❤❡ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣
❧✐♥❡ t♦ ✐ts s❤✐❡❧❞ ❛♥❞ t❤❡r❡❢♦r❡ t♦ ❞❡❝r❡❛s❡ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✳ ❍♦✇❡✈❡r✱
t❤❡ s❤✐❡❧❞✐♥❣ ❞✐❞ ♥♦t ②✐❡❧❞ t❤❡ ❡①♣❡❝t❡❞ r❡s✉❧ts✿ ❲✐t❤♦✉t s❤✐❡❧❞✐♥❣✱ t❤❡ ❤✐❣❤ ❢r❡✲
q✉❡♥❝② ❛rt✐❢❛❝t ✇❛s ❛♥ ✐♥❞✉❝t✐✈❡ ❧✐♥❡ ❢♦r ♦♥❡ ❡❧❡❝tr♦❞❡ ❛♥❞ ❛ ❝❛♣❛❝✐t✐✈❡ ❧✐♥❡ ❢♦r
t❤❡ ♦t❤❡r✳ ■♠♣r♦✈✐♥❣ t❤❡ s❡t✉♣ ✐♥ ❛ ✇❛② t❤❛t t❤❡ ❝♦♠♣❧❡① ♣❛rt ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡
✇❛s ❛♣♣r♦❛❝❤✐♥❣ ③❡r♦ ❛t 106 ❍③ r❡s✉❧t❡❞ ✐♥ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ❛s ❛rt✐❢❛❝t✱
s❡❡ ❋✐❣✉r❡ ✹✳✺✻✳ ❆s t❤❡ s❤✐❡❧❞✐♥❣ s❡t✉♣ ❝♦♥s✐st❡❞ ♦♥❧② ♦❢ t✇♦ ♣♦t❡♥t✐♦♠❡t❡rs✱ t❤❡
❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ♦❢ t❤❡ ❘❊ s❤✐❡❧❞✐♥❣ ✇❛s ❛❞❥✉st❡❞ t♦ ❛ ✜①❡❞ ✈❛❧✉❡ ❛♥❞ ✐t ✇❛s
♥♦t ♣♦ss✐❜❧❡ t♦ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✉rr❡♥ts ❛t ❡✈❡r② ❢r❡q✉❡♥❝②✳

❚❤❡ s♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡s ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✼✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝②
❛rt✐❢❛❝t ❢♦❧❧♦✇❡❞ ❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ▲♦✇❡r✐♥❣
t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❧❡❞ t♦ ❛ s❤♦rt❡r s❧♦♣❡ ❛♥❞ ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❧♦✇
❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡✳ ❆s t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ❤❛❞ ❛ ❧❛r❣❡r ❆❙❘ ❛♥❞
❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝② t❤❛♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢❡❛t✉r❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✱ ✐t ✇❛s ♥♦t ❢✉❧❧②
❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛t ❧♦✇ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s✳ ❍♦✇❡✈❡r✱ t❤❡
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❋✐❣✉r❡ ✹✳✺✻✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ♦❢ t❤❡ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡ ♠❡❛s✉r❡❞ ✐♥ ♣✉r❡ ♦①②❣❡♥ ❛r♦✉♥❞ ✻✷✵➦❈

✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶ ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✷

❋✐❣✉r❡ ✹✳✺✼✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s

s♣❡❝tr❛ ♦❢ ❜♦t❤ ❝❡❧❧s s❤♦✇❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ❛s②♠♠❡tr✐❝
▲❙❋ s❛♠♣❧❡✱ s❡❡ ❋✐❣✉r❡ ✹✳✷✸❜✮✳
❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ±✶✵✵✵ ♠❱ ❛♥❞ ❛r❡

♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✽✳ ❇♦t❤ ❤❛❧❢ ❝❡❧❧s s❤♦✇❡❞ ❝♦♥s✐st❡♥t ❜❡❤❛✈✐♦r✱ ②❡t ❛♣♣❧②✐♥❣
❜✐❛s ❤❛❞ ❛ str♦♥❣ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s♣❡❝tr❛✳ P♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦♥ t❤❡
❡❧❡❝tr♦❞❡ r❡s✉❧t❡❞ ✐♥ ❛ ❤✐❣❤❡r ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡ ✭✵✳✷✺ ✲ ✺
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❍③✮✱ ✇❤❡r❡❛s ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ r❡s✉❧t❡❞ ✐♥ ❛ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝②
✭✵✳✵✺ ✲ ✵✳✷ ❍③✮✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧ ✇✐t❤ ♣♦s✐t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
s❤♦✇❡❞ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t✱ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ♦t❤❡r ❤❛❧❢ ❝❡❧❧✱
t❤❛t ✇❛s ✇❡❧❧ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❤❛❧❢ ❝❡❧❧ ✇✐t❤
♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❤♦✇❡✈❡r✱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ✐ts ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ✇❛s
❧♦✇❡r t❤❛♥ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❈♦♥tr❛r② t♦
t❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ t❤❡ Pt✴❨❙❩ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ✇❤❡r❡ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s
✇❡r❡ s✉✣❝✐❡♥t❧② s❡♣❛r❛t❡❞ ❡✈❡♥ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ t❤✐s ❧❡❞ t♦ ❛rt✐❢❛❝ts ✐♥
t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ✇❤✐❝❤ ✐♥t❡r❢❡r❡❞ ✇✐t❤ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❆s
❛ r❡s✉❧t✱ t❤❡ s♣❡❝tr❛ ✇✐t❤ ♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢t❡♥ ❝♦♥t❛✐♥❡❞ ✐♥❞✉❝t✐✈❡ ❧♦♦♣s
t❤❛t ❞✐❞ ♥♦t ❛❧❧♦✇ ❛ ♠❡❛♥✐♥❣❢✉❧ ✜t ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳

P♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❣❡♥❡r❛❧❧② ❧❡❞ t♦ ❛ ♠♦r❡ ❞❡♣r❡ss❡❞ ❞♦♠✐♥❛♥t ❢❡❛✲
t✉r❡ t❤❛t ✐♥❝r❡❛s❡❞ ✐♥ s✐③❡ ✉♥t✐❧ ±✹✵✵ ♠❱✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❤❛❧❢ ❝❡❧❧✳ ❆❜♦✈❡ t❤❛t✱
t❤❡ s✐③❡ ❞❡❝r❡❛s❡❞ ❛❜r✉♣t❧② ❛♥❞ t❤❡ ❢❡❛t✉r❡ s❡♣❛r❛t❡❞ ✐♥t♦ t✇♦ ❞✐st✐♥❝t ❢❡❛t✉r❡s
✇✐t❤ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ❛❜♦✉t ✸✵✵ ❍③ ❛♥❞ ✸ ❍③✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ❜❡❤❛✈✐♦r ✇❛s
♥♦t ♦❜s❡r✈❡❞ ✇✐t❤ t❤❡ ❛s②♠♠❡tr✐❝ ▲❙❋ s❛♠♣❧❡✱ ✇❤❡r❡ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❞❡✲
❝r❡❛s❡❞ ✐♥ s✐③❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛♥❞ ❞✐❞ ♥♦t s❡♣❛r❛t❡
✐♥t♦ t✇♦ ❞✐st✐♥❝t✐✈❡ ❢❡❛t✉r❡s✳

❚❤❡ s♣❡❝tr❛ ✐♥ ❞✐✛❡r❡♥t ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡s ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥
❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❛s ❞❡s❝r✐❜❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✹✳✷✳✶✳ ❋♦r t❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣✲
♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ ♥♦ ❝♦♥s✐st❡♥t ✜t ✇❛s ♣♦ss✐❜❧❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❆❙❘ ✇❛s ❞✐r❡❝t❧②
❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ s♣❡❝tr❛ ❜② s✉❜tr❛❝t✐♥❣ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② r❡❛❧ ❛①✐s ✐♥t❡r❝❡♣t
❢r♦♠ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦♥❡✳ ❍♦✇❡✈❡r✱ t❤✐s ✇❛s ♦♥❧② ♣♦ss✐❜❧❡ ❢♦r t❤❡ ❤❛❧❢ ❝❡❧❧
s♣❡❝tr❛ ✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡✲
♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✺✾✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ✇❛s r❛t❤❡r
❝♦♥st❛♥t ❛t ❤✐❣❤❡r ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ ✐♥❝r❡❛s❡❞ t♦✇❛r❞s ❧♦✇❡r ♣r❡ss✉r❡s✳
❚❤✐s ❝♦✐♥❝✐❞❡❞ ✇✐t❤ t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ❛s②♠♠❡tr✐❝❛❧ ▲❙❋ s❛♠♣❧❡✳ ❲✐t❤ ❛♣♣❧✐❡❞
❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❤❛❞ ❛ ♠❛①✐♠✉♠ ❛t ❛r♦✉♥❞ ✶✷✺ ♠❱ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧✳ ■♥ ❜♦t❤ ♠❡❛s✉r✐♥❣ ❝②❝❧❡s✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s
❧❛r❣❡r t❤❛♥ t❤❡ r❡s✐st❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ s✐♥❝❡ t❤❡ ♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛r✲
r✐❡rs ✇❡r❡ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s ✐♥ t❤✐s ♣❛rt✐❛❧ ♣r❡ss✉r❡ r❛♥❣❡✳ ❆❧s♦ t❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝
❝♦♥❞✉❝t✐✈✐t② ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
❛♥ ✐♥❝r❡❛s❡❞ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✳ ❇♦t❤ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
❛♥❞ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② s❤♦✇❡❞ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❛s②♠♠❡tr✐❝❛❧ s❛♠♣❧❡ ❝♦♥✲
s✐❞❡r✐♥❣ s❝❛❧✐♥❣ ❛♥❞ ♠❛❣♥✐t✉❞❡✳

❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ s❤♦✇❡❞ s✐♠✐❧❛r ❜❡❤❛✈✐♦r ❛s t❤❡
s♣❡❝tr❛ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ❙♣❡❝tr❛ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✵✱ t❤♦s❡ ♠❡❛s✉r❡❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✐♥ ❋✐❣✉r❡ ✹✳✻✶✳ ◆❡❣❛t✐✈❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦♥ t❤❡ ♠❡❛s✉r❡❞ ❡❧❡❝tr♦❞❡ ❛❣❛✐♥ r❡s✉❧t❡❞ ✐♥ ❞✐st♦rt❡❞ s♣❡❝tr❛

✾✷
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s
✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✺✽✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✶✪ ❖✷ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t✲
❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞ t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱
t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s ♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s
❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❛s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❤❛❧❢ ❝❡❧❧s ✇❡r❡ ♥♦t ❝♦♠♣❛t✐❜❧❡✳ ◆♦t❛❜❧②✱ ❛❧s♦ t❤❡
s♣❡❝tr❛ ✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✇❡r❡ ❞✐st♦rt❡❞ ❛t ❤✐❣❤ ❛♣♣❧✐❡❞ ❜✐❛s
✈♦❧t❛❣❡s✱ ❛s t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ❝❤❛♥❣❡❞ ✐♥t♦ ❛ ❧♦♦♣ ❢♦❧❧♦✇❡❞ ❜②
❛♥♦t❤❡r ❝❛♣❛❝✐t✐✈❡ s❡♠✐❝✐r❝❧❡✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✭❞✮ ❊✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②

❋✐❣✉r❡ ✹✳✺✾✿ ❘❡s✐st❛♥❝❡✱ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢
s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s
❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t
t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮
s❤♦✇s t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ♣✭❖✷✮ ❝②❝❧❡✱ ✐♥ ✐♥s❡t ✭❞✮ t❤❡
❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ✐s s❤♦✇♥✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤
❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳

❆❧❧ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r✲
❝✉✐t ✉s❡❞ ❛t ✻✺✵➦❈✳ ❍♦✇❡✈❡r✱ ✜tt✐♥❣ ✇❛s ♥♦t ♣♦ss✐❜❧❡ ❢♦r t❤❡ s♣❡❝tr❛ ✇✐t❤ ♥❡❣❛t✐✈❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❛♥❞ t❤❡ s♣❡❝tr❛ ✇✐t❤ t❤❡ ❤✐❣❤❡st ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦✲
t❡♥t✐❛❧ ❛s t❤❡s❡ s♣❡❝tr❛ ✇❡r❡ t♦♦ ❤❡❛✈✐❧② ❞✐st♦rt❡❞✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡

✾✹

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❡ ✹✳✻✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ❞✐✛❡r❡♥t ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s

❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✷✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s
s❤♦✇❡❞ t❤❡ ❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ✇✐t❤ ❢❛❧❧✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❲✐t❤ ❛♣♣❧✐❡❞
❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❤❛❞ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✰✺✵ ♠❱ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❝♦✐♥❝✐❞❡❞ ❜❡t✇❡❡♥ ❜♦t❤ ❜✐❛s ❝②❝❧❡s ❛♥❞
t❤❡ ♣✭❖✷✮ ❝②❝❧❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ❛♥❞ ✇❛s ❛❧s♦ ✐♥ ❛❝❝♦r❞❛♥❝❡ t♦ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡
❛s②♠♠❡tr✐❝❛❧ ▲❙❋ s❛♠♣❧❡✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✱ ❛❧❧ ♠❡❛✲
s✉r❡♠❡♥t ❝②❝❧❡s ②✐❡❧❞❡❞ s✐♠✐❧❛r r❡s✉❧ts ✇✐t❤ ❛ ❝♦♥st❛♥t ❝♦✉rs❡ ❛t ❤✐❣❤❡r ♦①②❣❡♥
♣❛rt✐❛❧ ♣r❡ss✉r❡s ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✇✐t❤ ❧♦✇❡r ♣❛rt✐❛❧ ♣r❡ss✉r❡s✳
❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ s❛♠♣❧❡ ❢♦r ❜♦t❤ ♠❡❛s✉r✐♥❣ t❡♠♣❡r❛✲

t✉r❡s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✸✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝✉r✈❡s ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ❤❛❞ st❡❡♣❡r
❝♦✉rs❡s ♦✈❡r t❤❡ ✇❤♦❧❡ ♦✈❡r♣♦t❡♥t✐❛❧ r❛♥❣❡✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ s♠❛❧❧❡r ❆❙❘s✳ ❆♣❛rt
❢r♦♠ t❤❛t✱ t❤❡ ❝✉r✈❡s ✇❡r❡ s✐♠✐❧❛r ❛♥❞ s❤♦✇❡❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts
❢r♦♠ t❤❡ ❛s②♠♠❡tr✐❝ s❛♠♣❧❡✳
❚❤❡ ❧♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t

✻✷✺➦❈ ❛♥❞ ✼✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ t❤❡ ❧♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣ ✐♥ ♣✉r❡ ❍✷

✰ ❍✷❖ ✇✐t❤♦✉t ❆r ❜❛❧❛♥❝❡✳ ❆❣❛✐♥✱ s♣❡❝tr❛ ✇❡r❡ r❡❝♦r❞❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r✐❝
❝♦♥❞✐t✐♦♥s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚❤❡ ❛t♠♦s♣❤❡r❡s ✇❡r❡ ❞❡✜♥❡❞ ❜② t❤❡
♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ❍✷ t❤❛t r❛♥❣❡❞ ❢r♦♠ ✻ ♠❜❛r t♦ ✻✺✳✺ ♠❜❛r ❛♥❞ t❤❡ ❝♦♥st❛♥t
♣❛rt✐❛❧ ♣r❡ss✉r❡ ♦❢ ❍✷❖ ✭❛♣♣r♦①✳ ✷✺ ♠❜❛r✮✳ ❚❤❡ r❡❝♦r❞❡❞ s♣❡❝tr❛ ❛t ✻✷✺➦❈ s❡t
t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✹✳ ❆s t❤❡ s❤✐❡❧❞✐♥❣
♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣ ❧✐♥❡ ✇❛s ♥♦t ❛❝t✐✈❡ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✱
t❤❡ s♣❡❝tr❛ s❤♦✇❡❞ ✈❛st ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✳ ❋♦r ❤❛❧❢ ❝❡❧❧ ✶✱ t❤❡ ❛rt✐❢❛❝t ✇❛s
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✻✶✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✶✪ ❖✷ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t✲
❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞ t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱
t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s ♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s
❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❢♦❧❧♦✇❡❞ ❜② ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ❛♥❞ ❛ ❞❡♣r❡ss❡❞ ❧♦✇ ❢r❡q✉❡♥❝②
s❡♠✐❝✐r❝❧❡✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ❞✐❞ ♥♦t ❝♦♥t❛✐♥ t❤❡ s❤♦✉❧❞❡r✱ ❜✉t ❛❧s♦ s❤♦✇❡❞
❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ■♥❝r❡❛s✐♥❣ t❤❡ ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ❞✐❞
♥♦t ✐♥✢✉❡♥❝❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛ ❜✉t r❡s✉❧t❡❞ ✐♥ ❛ ❞❡❝r❡❛s❡❞ ❆❙❘✳ ❚❤❡ ♣❡❛❦
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. ✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❊✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②

❋✐❣✉r❡ ✹✳✻✷✿ ❘❡s✐st❛♥❝❡✱ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❡✛❡❝t✐✈❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t② ♦❢
s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s
❝②❝❧❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✼✺✵➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t
t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠ t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮
s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡
❞✐✛❡r❡♥t ❝②❝❧❡s✱ ✐♥s❡t ✭❞✮ ♦❢ t❤❡ ✐♦♥✐❝ ❝♦♥❞✉❝t✐✈✐t②✳ ❖①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✻✸✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡ ♠❡❛s✉r❡❞ ✐♥ ✶✪ ❖✷

✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶ ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✷

❋✐❣✉r❡ ✹✳✻✹✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇✐t❤ ❞✐✛❡r❡♥t ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡s✲
s✉r❡s

❢r❡q✉❡♥❝② ♦❢ t❤❡ ♠❛✐♥ ❢❡❛t✉r❡ ✇❛s r❛t❤❡r ❝♦♥st❛♥t ❛r♦✉♥❞ ✶✵ ❍③✳

❚❤❡ ❜✐❛s ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ r❛♥❣❡ ♦❢ ± ✷✵✵✵ ♠❱ ❛♥❞ ✐♥ ❛♥ ❛t✲
♠♦s♣❤❡r❡ ✇✐t❤ ✷✷✳✺ ♠❜❛r ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❚❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✺✳ ❲✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦♥ t❤❡ ♠❡❛s✉r❡❞
❡❧❡❝tr♦❞❡✱ t❤❡ s♣❡❝tr❛ ❤❛❞ ❛ s✐♠✐❧❛r s❤❛♣❡ ❛s t❤♦s❡ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦✲
s♣❤❡r❡s ❛♥❞ ❛ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ❛❜♦✉t ✸ ❍③✳ ❚❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ♦❢ ❤❛❧❢
❝❡❧❧ ✶ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✱ ✇❤❡r❡❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢❡❛t✉r❡ ♦❢ ❤❛❧❢ ❝❡❧❧
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✷ ✇❛s r❛t❤❡r ❝♦♥st❛♥t✳ ❇♦t❤ ❤❛❧❢ ❝❡❧❧s s❤♦✇❡❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝②
✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝t ❛t ❤✐❣❤❡r ❜✐❛s ✈♦❧t❛❣❡s✳ ❚❤❡ s♣❡❝tr❛ ✇✐t❤ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ✇❡r❡ ❤❡❛✈✐❧② ❞✐st♦rt❡❞ ✇✐t❤ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts t❤❛t
✇❡r❡ ❝♦♥s✐❞❡r❛❜❧② ❧❛r❣❡r t❤❛♥ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❆s t❤♦s❡ ❛rt✐❢❛❝ts s♣❧✐t t❤❡
❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✱ ♠❡❛♥✐♥❣❢✉❧ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜ts ✇❡r❡ ♥♦t ♣♦ss✐❜❧❡✳

❚❤❡ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ♦✛s❡t r❡s✐st❛♥❝❡ ❛♥❞ ♦♥❡
♦r t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✱ ✇❤❡r❡ ♦♥❡ ❡❧❡♠❡♥t ✇❛s ✉s❡❞ ❢♦r t❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧
✷ ❛♥❞ t✇♦ ❡❧❡♠❡♥ts ❢♦r t❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡
❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✻✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❜t❛✐♥❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s
✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✇❤✐❝❤ ✇❛s ❛❧r❡❛❞② ❝❧❡❛r❧② ✈✐s✐❜❧❡
✐♥ t❤❡ r❡❝♦r❞❡❞ s♣❡❝tr❛✳ ❈♦♠♣❛r✐♥❣ t❤❡ r❡s✉❧ts ✇✐t❤ t❤❡ ❛s②♠♠❡tr✐❝ ▲❙❋ s❛♠♣❧❡
✭❋✐❣✉r❡ ✹✳✸✼✮ r❡✈❡❛❧❡❞ ❛♥ ❛❜♦✉t ✶Ω❝♠✷ ❧♦✇❡r ❆❙❘ ❢♦r t❤❡ s②♠♠❡tr✐❝ s❛♠♣❧❡✳ ❚❤❡
r❡❛s♦♥ ❢♦r t❤✐s ✇❛s t❤❡ ❧♦✇ ♣r❡ss✉r❡ s❡t✉♣✱ ✐♥ ✇❤✐❝❤ t❤❡ s②♠♠❡tr✐❝ s❛♠♣❧❡ ✇❛s
♠❡❛s✉r❡❞✱ t❤❛t r❡❞✉❝❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❣❛s ❞✐✛✉s✐♦♥✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱
t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✳ ❍♦✇❡✈❡r✱ t❤❡ ❆❙❘ ♦❢ ❤❛❧❢
❝❡❧❧ ✷ r❡❛❝❤❡❞ ❛ ♣❧❛t❡❛✉ ❛t ❤✐❣❤❡r ❜✐❛s ✈♦❧t❛❣❡s ✇❤✐❝❤ ✇❛s ♥♦t t❤❡ ❝❛s❡ ❢♦r ❤❛❧❢ ❝❡❧❧
✶✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t
♠❡❛s✉r✐♥❣ ❝②❝❧❡s ❝♦✐♥❝✐❞❡❞✳ ❆♥ ✐♥❝r❡❛s✐♥❣ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✇✐t❤ ❞❡❝r❡❛s✐♥❣
♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✇❛s ❡①♣❡❝t❡❞ ✭♠✐♥♦r✐t② ❝❤❛r❣❡ ❝❛rr✐❡r ❛r❡ ❡❧❡❝tr♦♥s✮ ❛♥❞
✇❛s ❛❧s♦ ❢♦✉♥❞ ✇✐t❤ t❤❡ ❛s②♠♠❡tr✐❝ s❛♠♣❧❡✳ ❋✐tt✐♥❣ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✐♥ t❤❡ ❧♦✇ ♣r❡ss✉r❡ r❛♥❣❡ r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ♦❢ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✶✻✳

❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✼✷✺➦❈ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✲
✉r❡ ✹✳✻✼✳ ●❡♥❡r❛❧❧②✱ t❤❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s s❤♦✇❡❞ s✐♠✐❧❛r ❜❡❤❛✈✐♦r ❛s t❤♦s❡
r❡❝♦r❞❡❞ ❛t ✻✷✺➦❈✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r ✇❛s ♥♦✇ ❛❧s♦
✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✳ ❚❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡
✇❛s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✹ ❍③ t♦ ✶✸ ❍③✳

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✽✳ P♦s✐t✐✈❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❞✐❞ ♥♦t ✐♥✢✉❡♥❝❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛ ❜✉t ❧❡❞ t♦ ❛♥
✐♥❝r❡❛s❡❞ ❆❙❘ ❛♥❞ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t✳ ◆❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧✱ ❤♦✇❡✈❡r✱ r❡s✉❧t❡❞ ✐♥ ♠❛ss✐✈❡ ❛rt✐❢❛❝ts t❤❛t ✇❡r❡ s❡✈❡r❛❧ t✐♠❡s t❤❡
s✐③❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✳ ❆s ❛❣❛✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡s ✇❡r❡ ♥♦t ❝♦♠♣❛t✐❜❧❡✱
t❤♦s❡ ❛rt✐❢❛❝ts ❤❡❛✈✐❧② ❞✐st♦rt❡❞ t❤❡ s♣❡❝tr❛ ❛♥❞ ♣r♦❤✐❜✐t❡❞ ♠❡❛♥✐♥❣❢✉❧ ❡q✉✐✈❛❧❡♥t
❝✐r❝✉✐t ✜ts✳

❋✐tt✐♥❣ ♦❢ t❤❡ s♣❡❝tr❛ ✇❛s ❞♦♥❡ ✇✐t❤ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ♦✛s❡t r❡s✐st❛♥❝❡
❛♥❞ t✇♦ ❘⑤⑤❈P❊ ❡❧❡♠❡♥ts✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✻✾✳
❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡✳ ❈♦♥tr❛r② t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛t ✻✷✺➦❈✱ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ♦❢ ❤❛❧❢
❝❡❧❧ ✶ ✇❛s ❧♦✇❡r t❤❛♥ t❤❡ r❡s✐st❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐♥ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ t❤❡
❜✐❛s ❝②❝❧❡s✱ ❛ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✇❛s ♦❜s❡r✈❛❜❧❡ ❛r♦✉♥❞ ✶✷✺ ♠❱✳
❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ s❤♦✇❡❞ ❣♦♦❞ ❛❝❝♦r❞❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r✐♥❣
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✻✺✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✷✷✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r ❍✷❖
✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞
t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s
♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❝②❝❧❡s ❛♥❞ t❤❡ ❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❆ ✜t ♦❢
t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ r❡✈❡❛❧❡❞ ❛ s❝❛❧✐♥❣ ♦❢ ❈❝❤❡♠ ∝ ♣✭❖✷✮

✲✵✳✶✶ ❛♥❞ ❈❝❤❡♠ ∝

♣✭❖✷✮
✲✵✳✶✼ ❢♦r t❤❡ ❜✐❛s ❝②❝❧❡s ❛♥❞ ♣✭❖✷✮ ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ✐♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✲
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✱ ✜t

❋✐❣✉r❡ ✹✳✻✻✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✻✷✺➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡
❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞ ✭t❤✐♥ ❧✐♥❡✮ ♦✈❡r t❤❡ ❧♦❣✲
❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇✐t❤
❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✻✼✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✼✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇✐t❤ ❞✐✛❡r❡♥t ❤②❞r♦❣❡♥ ♣❛rt✐❛❧ ♣r❡s✲
s✉r❡s

✉r❡ ✹✳✼✵✳ ❲✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✱ t❤❡ ❝✉r✈❡s ❤❛❞ ❛ ❧✐♥❡❛r ❝♦✉rs❡ t❤❛t
✇❛s st❡❡♣❡r ❛t ✼✷✺➦❈✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ s♠❛❧❧❡r ❆❙❘s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✳ ■♥
t❤❡ ❝❛t❤♦❞✐❝ r❡❣✐♠❡✱ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✇❛s ❧❡ss ❛❝❝✉r❛t❡ ❞✉❡
t♦ t❤❡ ✈❛st ❛rt✐❢❛❝ts ✐♥ t❤❡ s♣❡❝tr❛✱ r❡s✉❧t✐♥❣ ✐♥ ❤✐❣❤ ❝✉rr❡♥t ❞❡♥s✐t✐❡s ✇✐t❤ ♦♥❧②
❧✐tt❧❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦♥ t❤❡ ♠❡❛s✉r❡❞ ❡❧❡❝tr♦❞❡ ✭❡s♣❡❝✐❛❧❧② ♣r♦♥♦✉♥❝❡❞ ❛t
✼✷✺➦❈✮✳ ❚❤❡ ❢❛st ❦✐♥❡t✐❝s ✇✐t❤ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✱ ♣♦t❡♥t✐❛❧❧② ❝❛✉s❡❞
❜② t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❋❡ ♣❛rt✐❝❧❡s ❛t t❤❡ ▲❙❋ s✉r❢❛❝❡ ❬✺✶❪✱ r❡s✉❧t❡❞ ✐♥ ❧♦✇ ❆❙❘s
t❤❛t ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛rt✐❢❛❝ts ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠
t❤❡ r❡s♣❡❝t✐✈❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❆♥❛❧♦❣✉❡ t♦ t❤❡ s②♠♠❡tr✐❝ ●❉❈ s❛♠♣❧❡✱ t❤❛t
r❡s✉❧t❡❞ ✐♥ t❤❡ ♣r♦❜❧❡♠ ♦❢ ❞✐✛❡r❡♥t ❆❈ ❛♥❞ ❉❈ ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡s ❞✉❡ t♦ ❛
s❤✐❢t❡❞ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❡❧❡❝tr♦❞❡ ❝♦✉❧❞ ♥♦t ❜❡ ❛❝❝✉r❛t❡❧② ❝❛❧❝✉❧❛t❡❞ ✐♥ t❤❡
❝❛t❤♦❞✐❝ r❡❣✐♠❡✳

❙✉♠♠✐♥❣ ✉♣✱ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦♥ t❤❡ s②♠♠❡tr✐❝ ▲❙❋ s❛♠♣❧❡ ②✐❡❧❞❡❞ ✈✐❛❜❧❡ r❡✲
s✉❧ts ✐♥ ♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s t❤❛t ✇❡r❡ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ❛s②♠♠❡tr✐❝
s❛♠♣❧❡ ❛♥❞ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ ❜❡❤❛✈✐♦r✳ ❍♦✇❡✈❡r✱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥✲
❝✐❡s ♦❢ t❤❡ ▲❙❋ ❡❧❡❝tr♦❞❡s ✇❡r❡ ♥♦t ❝♦♠♣❛t✐❜❧❡ ✇❤❡♥ ♠❡❛s✉r✐♥❣ t❤❡ ❡❧❡❝tr♦❞❡ ✇✐t❤
❛ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ■♥ ♦①✐❞✐③✐♥❣ ❛t♠♦s♣❤❡r❡s✱ t❤✐s ❧❡❞ t♦ ❛rt✐❢❛❝ts
✐♥ t❤❡ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② t❤❛t s❡♣❛r❛t❡❞ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❛♥❞ ♣r❡✈❡♥t❡❞
❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t✳ ■♥ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ♥❡❣❛t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❞r❛s✲
t✐❝❛❧❧② ✐♥❝r❡❛s❡❞ t❤❡ ❡❧❡❝tr♦❞❡ ❦✐♥❡t✐❝s✱ r❡s✉❧t✐♥❣ ✐♥ ✈❡r② ❧♦✇ ❆❙❘s✱ ❛♥❞ ❧❡❞ t♦
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✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s
✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✻✽✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛✲
s✉r❡❞ ❛t ✼✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✷✷✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r ❍✷❖
✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣♣❧✐❡❞
t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✐s
♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✱ ✜t

❋✐❣✉r❡ ✹✳✻✾✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✼✷✺➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝②❝❧❡s✳ ■♥ ✐♥s❡t ✭❞✮ t❤❡
❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✜tt❡❞ ✭t❤✐♥ ❧✐♥❡s✮ ♦✈❡r t❤❡
❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s
✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦✲
t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✼✵✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ s②♠♠❡tr✐❝ ▲❙❋ t❤r❡❡✲❡❧❡❝tr♦❞❡
s❛♠♣❧❡ ♠❡❛s✉r❡❞ ✐♥ ✷✷✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r ❍✷❖

❛rt✐❢❛❝ts ♠❛♥② t✐♠❡s ❧❛r❣❡r t❤❛♥ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡s❡ ✈❛st
❛rt✐❢❛❝ts ✐♥❞✐❝❛t❡❞ ❛ s✐❣♥✐✜❝❛♥t s❤✐❢t ♦❢ t❤❡ ❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡
❡❧❡❝tr♦❞❡ ✇✐t❤ ❝❤❛♥❣✐♥❣ ❢r❡q✉❡♥❝✐❡s✱ r❡s✉❧t✐♥❣ ✐♥ ❞✐✛❡r❡♥t ❆❈ ❛♥❞ ❉❈ ❡❧❡❝tr♦❧②t❡
♦✛s❡t r❡s✐st❛♥❝❡s ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❞✐st♦rt❡❞ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝✳

✹✳✷✳✻ ◆✐✴●❉❈ s②♠♠❡tr✐❝

❚❤❡ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇❛s ♣r❡♣❛r❡❞ ❛♥❛❧♦❣✉❡ t♦ t❤❡ ♦t❤❡r
t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ❜② s❝r❡❡♥ ♣r✐♥t✐♥❣ ❝♦♠♠❡r❝✐❛❧ ◆✐❖✴●❉❈ ♣❛st❡ ♦♥ t❤❡
s✉❜str❛t❡ ❛♥❞ ❜r✉s❤✐♥❣ ✐t ♦♥ t❤❡ ✇✐♥❣ ❛s r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡✳ ❆♥ ❛❞❞✐t✐♦♥❛❧ ❧❛②❡r ♦❢
◆✐❖ ✇❛s ❜r✉s❤❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡s ❛s ❛ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳ ◆✐❖ ✇❛s ✐♥ s✐t✉ r❡❞✉❝❡❞
t♦ ◆✐ ✐♥ t❤❡ ♠❡❛s✉r✐♥❣ s❡t✉♣✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✇✐t❤ t❤❡ ❧♦✇
♣r❡ss✉r❡ ♠❡❛s✉r✐♥❣ s❡t✉♣ ✐♥ ❞✐✛❡r❡♥t r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s ❛♥❞ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s
✈♦❧t❛❣❡✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✹✳✷✳✺✳ ❆s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤✐s ♠❛t❡r✐❛❧
✇❡r❡ r❛t❤❡r ❤✐❣❤✱ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ✇❛s ♥❡❡❞❡❞ t♦ r❡❞✉❝❡ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts
♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡s✳ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♥❞
✇✐t❤♦✉t ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✶✳
❚❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛r❡

♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✷✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ❝♦♥s✐st❡❞ ♦❢ ❛ s♠❛❧❧ ❤✐❣❤ ❢r❡✲
q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ❢♦❧❧♦✇❡❞ ❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳
❚❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ✇❛s ✐❞❡♥t✐✜❡❞ ❛s ❛♥ ❛rt✐❢❛❝t s✐♥❝❡ ✐t ❤❛❞ ❛ ❝♦rr❡✲
s♣♦♥❞✐♥❣ ✐♥❞✉❝t✐✈❡ ❢❡❛t✉r❡ ✐♥ t❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ❛♥❞ ✇❛s ♥♦t ✈✐s✐❜❧❡ ✐♥ t❤❡
❢✉❧❧ ❝❡❧❧ s♣❡❝tr❛✳ ❚❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ s❤♦✇❡❞ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛r✲
t✐❢❛❝t ❢♦❧❧♦✇❡❞ ❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❆s
t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❡r❡ ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ s♠❛❧❧❡r ❛♥❞ t❤❡
❆❙❘s ❝♦♥s✐❞❡r❛❜❧② ❧❛r❣❡r t❤❛♥ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷✱ t❤❡ s♣❡❝tr❛ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ s❤♦✇❡❞ ❧♦✇
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❋✐❣✉r❡ ✹✳✼✶✿ ❊✛❡❝t ♦❢ ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣ ♦♥ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛s✉r❡❞
✐♥ ✻ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r ❍✷❖ ❛r♦✉♥❞ ✻✷✵➦❈✳ ❋✉❧❧ s②♠❜♦❧s ❛♥❞
♦♣❡♥ s②♠❜♦❧s r❡♣r❡s❡♥t t❤❡ ❞❛t❛ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛❝t✐✈❡ s❤✐❡❧❞✐♥❣✱
r❡s♣❡❝t✐✈❡❧②✳

✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶ ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✷

❋✐❣✉r❡ ✹✳✼✷✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
♠❡❛s✉r❡❞ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇✐t❤ ❞✐✛❡r❡♥t ❤②❞r♦❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s

❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❢❡❛t✉r❡s ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✳

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✸✳ P♦s✐t✐✈❡
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❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❧❡❞ t♦ ✐♥❝r❡❛s❡❞ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♠❛✐♥ ❡❧❡❝tr♦❞❡ ❢❡❛✲
t✉r❡ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts✳ ❊s♣❡❝✐❛❧❧② ✇✐t❤ ❤❛❧❢
❝❡❧❧ ✷✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝ts ✇❛s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛✲
t✉r❡s✳ ❙♣❡❝tr❛ ✇✐t❤ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❤❛❞ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s
❛♥❞ ♥♦ ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts✳ ❍♦✇❡✈❡r✱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❝♦✉♥t❡r ❡❧❡❝tr♦❞❡s ✇❡r❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❋♦r ❤❛❧❢ ❝❡❧❧ ✷✱ t❤✐s
❧❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t✇♦ s❡♣❛r❛t❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✱ ✇❤✐❝❤ ✇❛s ❝❧❡❛r❧② ✈✐s✐❜❧❡
✐♥ t❤❡ s♣❡❝tr✉♠ ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✷✺✵ ♠❱ ✭❢r❡q✉❡♥❝✐❡s ♠❛r❦❡❞ ✐♥
t❤❡ s♣❡❝tr❛✮✳ ❙✐♥❝❡ t❤❡ ❆❙❘s ♦❢ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s ✇❡r❡ r❛t❤❡r ❞✐✛❡r❡♥t ❛t ♥♦♠✐♥❛❧❧②
✐❞❡♥t✐❝❛❧ ❝♦♥❞✐t✐♦♥s✱ s♦ ✇❡r❡ t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr❛✳ P♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
♦♥ ❤❛❧❢ ❝❡❧❧ ✶ ❧❡❞ t♦ ❛ ❞❡❝r❡❛s❡❞ ❆❙❘ t❤❛t ✇❛s ❝♦♠♣❛r❛❜❧❡ ✐♥ s✐③❡ t♦ t❤❡ ❆❙❘ ♦❢
❤❛❧❢ ❝❡❧❧ ✷ ✇✐t❤ ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❆s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ❜♦t❤
❤❛❧❢ ❝❡❧❧s ✇❡r❡ s❡♣❛r❛t❡❞ ❜② ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✱ t✇♦ ♦✈❡r❧❛♣♣✐♥❣ ❢❡❛t✉r❡s ✇❡r❡
✈✐s✐❜❧❡ ✐♥ t❤❡ ❢✉❧❧ ❝❡❧❧ s♣❡❝tr✉♠✳ ◆❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦♥ ❤❛❧❢ ❝❡❧❧ ✶
②✐❡❧❞❡❞ ❧❛r❣❡ ❆❙❘s t❤❛t ✇❡r❡ ♠✉❧t✐♣❧❡ t✐♠❡s ❧❛r❣❡r t❤❛♥ t❤❡ ❆❙❘s ♦❢ ❤❛❧❢ ❝❡❧❧ ✷
✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❚❤❡r❡❢♦r❡✱ ♦♥❧② ♦♥❡ ❢❡❛t✉r❡ ✇❛s ✈✐s✐❜❧❡ ✐♥ t❤❡
❢✉❧❧ ❝❡❧❧ s♣❡❝tr✉♠✳

❚❤❡ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❛s ❞❡s❝r✐❜❡❞
✐♥ s✉❜s❡❝t✐♦♥ ✹✳✷✳✶✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✹✳ ❚❤❡
❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r✐❝ ❝♦♥❞✐t✐♦♥s ✐♥❝r❡❛s❡❞ ✇✐t❤ ♣r♦❣r❡ss✐♥❣
t✐♠❡✱ ✐♥❞❡♣❡♥❞❡♥t ❢r♦♠ t❤❡ ❛❝t✉❛❧ ❛t♠♦s♣❤❡r❡✳ ❍❡♥❝❡ ❞❡❣r❛❞❛t✐♦♥ ❡✛❡❝ts ✇❡r❡
♦✈❡rs❤❛❞♦✇✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r❡s✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱
t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❤❛❞ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✲✶✺✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧
❛♥❞ s❤♦✇❡❞ ❛ s❤❛r♣ ❞❡s❝❡♥t ❛r♦✉♥❞ ✵ ♠❱✳ ◆♦t❛❜❧②✱ t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✇❛s
s♠❛❧❧❡r t❤❛♥ t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ❜② ❛ ❢❛❝t♦r ♦❢ ✸ t♦ ✹ t❤r♦✉❣❤♦✉t t❤❡ ✇❤♦❧❡ ♠❡❛✲
s✉r❡♠❡♥t✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥❝r❡❛s❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♣❛rt✐❛❧ ♣r❡ss✉r❡
✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ 10−26 ❜❛r✳ ❈♦♠♣❛r✐♥❣ t❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r✲
✐♥❣ ❝②❝❧❡s ❛♥❞ ❜♦t❤ ❤❛❧❢ ❝❡❧❧s✱ ❛❣r❡❡♠❡♥t ✇❛s ❢♦✉♥❞ t♦ s♦♠❡ ❡①t❡♥t✳ ❍♦✇❡✈❡r✱
t❤❡ ✜t q✉❛❧✐t② ✇❛s q✉❡st✐♦♥❛❜❧❡✱ ❡s♣❡❝✐❛❧❧② ❢♦r ❤❛❧❢ ❝❡❧❧ ✷ ✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧✳

❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛t ❛ s❡t t❡♠♣❡r❛t✉r❡ ♦❢ ✼✷✺➦❈
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✺✳ ❇♦t❤ s♣❡❝tr❛ ❤❛❞ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ❢♦❧❧♦✇❡❞
❜② ❛ ✹✺➦ s❧♦♣❡ ❛♥❞ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❍♦✇❡✈❡r✱ ❤❛❧❢ ❝❡❧❧ ✷ ❤❛❞ ✈❛st
❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝t ❢❡❛t✉r❡s✳ ❆❣❛✐♥✱ t❤❡ r❡❛s♦♥s ❢♦r t❤♦s❡ ✇❡r❡ ✐♥❝♦♠♣❛t✐❜❧❡
♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ❧❛r❣❡ ❆❙❘s ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✳ ❆s t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s
❡✈❡♥ ❧❛r❣❡r t❤❛♥ ✇❤❡♥ ♠❡❛s✉r❡❞ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝ts
❛❧s♦ ✐♥❝r❡❛s❡❞ ❛♥❞ ✇❛s ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❚❤❡
✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ♦❢ t❤❡ s❛♠♣❧❡ ✭❡❧❡❝tr♦❞❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶✮ ❝r✉♠❜❧❡❞ ❛✇❛② ✇❤❡♥ ✐t
✇❛s r❡♠♦✈❡❞ ❢r♦♠ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r✱ ♣♦ss✐❜❧② ❡①♣❧❛✐♥✐♥❣ t❤❡ ✐♥❝r❡❛s❡❞ ❆❙❘ ❛t
❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s✳
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❡✮ ❋✉❧❧ ❝❡❧❧

❋✐❣✉r❡ ✹✳✼✸✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
♠❡❛s✉r❡❞ ❛t ✻✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✶✽✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r
❍✷❖ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣✲
♣❧✐❡❞ t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷
✐s ♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡

❋✐❣✉r❡ ✹✳✼✹✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✻✷✺➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❛rr♦✇ ✐♥ ✐♥s❡t ✭❛✮ ✐♥❞✐✲
❝❛t❡s t❤❡ s✉❝❝❡ss✐♦♥ ♦❢ ♠❡❛s✉r❡♠❡♥ts✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝②❝❧❡s✳ ❖①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳

❚❤❡ s♣❡❝tr❛ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✻✳ ❆♥❛❧♦❣✉❡
t♦ t❤❡ ♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts✱ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ❧❡❞ t♦ ❤✐❣❤❡r ♣❡❛❦
❢r❡q✉❡♥❝✐❡s ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✱ ✇❤❡r❡❛s ♥❡❣❛t✐✈❡ ❡✛❡❝t✐✈❡
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❋✐❣✉r❡ ✹✳✼✺✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
♠❡❛s✉r❡❞ ❛t ✼✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✇✐t❤ ❞✐✛❡r❡♥t ❤②❞r♦❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s

♦✈❡r♣♦t❡♥t✐❛❧ r❡s✉❧t❡❞ ✐♥ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s✳ ❍♦✇❡✈❡r✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝ts
✇❛s ❝♦♥s✐❞❡r❛❜❧② s♠❛❧❧❡r t❤❛♥ ❛t ✻✷✺➦❈✳ ◆♦t❛❜❧②✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❞♦♠✐♥❛♥t ❢❡❛t✉r❡
♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✇❛s ❛ ♠♦r❡ ♦r ❧❡ss ♣r♦♥♦✉♥❝❡❞ s❡♠✐❝✐r❝❧❡ ♦✈❡r t❤❡ ✇❤♦❧❡ ❜✐❛s r❛♥❣❡✳
❋♦r ❤❛❧❢ ❝❡❧❧ ✶✱ t❤❡ ❢❡❛t✉r❡ ✇❛s ❞❡♣r❡ss❡❞ ❛t ❡❧❡✈❛t❡❞ ❜✐❛s ✈♦❧t❛❣❡s✳
❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ✇❡r❡ ✜tt❡❞ ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥

❧✐♥❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ ✜t ✇✐t❤ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡
❞✐❞ ♥♦t ②✐❡❧❞ s❛t✐s❢②✐♥❣ r❡s✉❧ts ❢♦r ❛❧❧ s♣❡❝tr❛✳ ❚❤❡r❡❢♦r❡✱ s♦♠❡ s♣❡❝tr❛ ❤❛❞ t♦ ❜❡
✜tt❡❞ ✇✐t❤ ❛♥ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t ✐♥st❡❛❞✳ ●❡♥❡r❛❧❧②✱ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r✲
❝✉✐t ✜t ✇❛s q✉❡st✐♦♥❛❜❧❡✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✼✳
❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✐♥ ❞✐✛❡r❡♥t ❛t♠♦s♣❤❡r❡s ❛❣❛✐♥ ✐♥❝r❡❛s❡❞ ✇✐t❤ ♣r♦❣r❡ss✐♥❣
t✐♠❡ ❛♥❞ ✇❛s ♥♦t ✐♥✢✉❡♥❝❡❞ ❜② ❞✐✛❡r❡♥t ❝♦♥❞✐t✐♦♥s✳ ❇♦t❤ ❤❛❧❢ ❝❡❧❧s ❤❛❞ ❧❛r❣❡r
❆❙❘s t❤❛♥ ✇❤❡♥ ♠❡❛s✉r❡❞ ❛t ✻✷✺➦❈✱ ❤♦✇❡✈❡r t❤❡ ❆❙❘ ♦❢ ❤❛❧❢ ❝❡❧❧ ✶ ✇❛s ❝♦♥s✐❞❡r✲
❛❜❧② ❧❛r❣❡r✳ ❲✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ s❝❛❧✐♥❣ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ✇✐t❤
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ✇❛s ❝♦♥s✐st❡♥t ❢♦r ❜♦t❤ ❤❛❧❢ ❝❡❧❧s✱ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞
✲✷✵✵ ♠❱ ❛♥❞ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ✰✷✵✵ ♠❱ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✳ ❆s t❤❡ q✉❛❧✐t②
♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜t ✇❛s ♥♦t s❛t✐s❢②✐♥❣✱ s♦ ✇❛s t❤❡ ❡①tr❛❝t❡❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✲
✐t❛♥❝❡✳ ❍♦✇❡✈❡r✱ ❣❡♥❡r❛❧ tr❡♥❞s ✇❡r❡ ♦❜s❡r✈❛❜❧❡✿ ✐♥❝r❡❛s✐♥❣ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡
✇✐t❤ ❞❡❝r❡❛s✐♥❣ ♦①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡ ✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ 10−21

❜❛r ❛♥❞ ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ❧♦✇❡r ♣r❡ss✉r❡s✳
❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✼✽✳ ●❡♥❡r❛❧❧②✱ t❤❡

❝✉r✈❡s ❤❛❞ ❛ st❡❡♣❡r ❝♦✉rs❡ ✐♥ t❤❡ ❛♥♦❞✐❝ r❡❣✐♠❡ t❤❛♥ ✐♥ t❤❡ ❝❛t❤♦❞✐❝✳ ❆t ✻✷✺➦❈
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✭❛✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ❍❛❧❢ ❝❡❧❧ ✶✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ❍❛❧❢ ❝❡❧❧ ✷✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✼✻✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
♠❡❛s✉r❡❞ ❛t ✼✷✺➦❈ s❡t t❡♠♣❡r❛t✉r❡ ✐♥ ✶✽✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r
❍✷❖ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s✳ ❆s t❤❡ ❜✐❛s ✈♦❧t❛❣❡ ✐s ❛❧✇❛②s ❛♣✲
♣❧✐❡❞ t♦ t❤❡ ❲❊ ✭❤❛❧❢ ❝❡❧❧ ✶✮✱ t❤❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷
✐s ♣♦s✐t✐✈❡ ❢♦r ❝❛t❤♦❞✐❝ ❜✐❛s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳

❛♥❞ ✇✐t❤ ♣♦s✐t✐✈❡ ❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧✱ t❤❡ ❝✉r✈❡ ♦❢ ❤❛❧❢ ❝❡❧❧ ✷ ✇❛s ❞❡✜♥❡❞ ❜② t❤❡
✈❛st ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✳ ❆♥❛❧♦❣✉❡ t♦ ♣r❡✈✐♦✉s s❛♠♣❧❡s✱ t❤♦s❡ r❡s✉❧t❡❞ ✐♥ t❤❡
♣r♦❜❧❡♠ ♦❢ ❞✐✛❡r❡♥t ❆❈ ❛♥❞ ❉❈ ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡s✳ ❆s t❤❡ s✐③❡ ♦❢ t❤❡ ❛rt✐❢❛❝ts
❛t ✼✷✺➦❈ ✇❛s ❝♦♥s✐❞❡r❛❜❧② s♠❛❧❧❡r✱ t❤❡ ❝♦✉rs❡ ♦❢ t❤❡ ❝✉r✈❡ ❛t t❤✐s t❡♠♣❡r❛t✉r❡
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. ✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ♣✭❖✷✮ ❝②❝❧❡s ✭❜✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ❜✐❛s ❝②❝❧❡s

✭❝✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡

❋✐❣✉r❡ ✹✳✼✼✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s ❛t ❛ s❡t t❡♠✲
♣❡r❛t✉r❡ ♦❢ ✼✷✺➦❈✳ ■♥s❡t ✭❛✮ ❛♥❞ ✐♥s❡t ✭❜✮ ❞❡♣✐❝t t❤❡ r❡s✐st❛♥❝❡ ❢r♦♠
t❤❡ ♣✭❖✷✮ ❛♥❞ ❜✐❛s ❝②❝❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❛rr♦✇ ✐♥ ✐♥s❡t ✭❛✮ ✐♥❞✐✲
❝❛t❡s t❤❡ s✉❝❝❡ss✐♦♥ ♦❢ ♠❡❛s✉r❡♠❡♥ts✳ ■♥s❡t ✭❝✮ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥
♦❢ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t ❝②❝❧❡s✳ ❖①②❣❡♥ ♣❛rt✐❛❧
♣r❡ss✉r❡s ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡✳
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❋✐❣✉r❡ ✹✳✼✽✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ♠❡❛s✉r❡❞ ✐♥ ✶✽✳✺ ♠❜❛r ❍✷ ❛♥❞ ✷✺ ♠❜❛r ❍✷❖

✇❛s ❧❡ss ✐♠♣❛✐r❡❞✳ ❋♦r ❤❛❧❢ ❝❡❧❧ ✶✱ t❤❡ ❝✉r✈❡s ❛t ❜♦t❤ t❡♠♣❡r❛t✉r❡s ✇❡r❡ ❛❧♠♦st
✐❞❡♥t✐❝❛❧ ✇✐t❤ ❛ s❧✐❣❤t❧② st❡❡♣❡r ❝♦✉rs❡ ✐♥ t❤❡ ❛♥♦❞✐❝ r❡❣✐♠❡ ❛t ✻✷✺➦❈✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ s②♠♠❡tr✐❝ ◆✐✴●❉❈ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ②✐❡❧❞❡❞

t♦ s♦♠❡ ❡①t❡♥t ✉♥❡①♣❡❝t❡❞ r❡s✉❧ts✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ✈❛st ❧♦✇ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts
✇✐t❤♦✉t ❛♣♣❧✐❡❞ ❜✐❛s ✇❛s ♥♦t ❡①♣❡❝t❡❞ ❛s t❤❡ ❡❧❡❝tr♦❞❡s ✇❡r❡ ♥♦♠✐♥❛❧❧② ✐❞❡♥t✐❝❛❧✳
❍♦✇❡✈❡r✱ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝② ♦❢ ❛♥ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❝♦♥s✐❞❡r✲
❛❜❧② ❧❛r❣❡r ❆❙❘s ✇✐t❤ t❤❡ r❡s♣❡❝t✐✈❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✱ ❢✉❧✜❧❧❡❞ t❤❡ r❡q✉✐r❡♠❡♥ts
❢♦r t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛rt✐❢❛❝ts t❤❛t ✇❡r❡ ❢♦✉♥❞ ✇✐t❤ ❡❛r❧✐❡r ♠❡❛s✉r❡♠❡♥ts✳ ❆♣❛rt ❢r♦♠
t❤❛t✱ t❤❡ ❆❙❘ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡ ✇❤✐❝❤ ✇❛s ♥♦t ♦❜s❡r✈❡❞ ✇✐t❤
❛♥② ♦t❤❡r s❛♠♣❧❡✳ P♦ss✐❜❧❡ r❡❛s♦♥s ✇❡r❡ str♦♥❣ ❞❡❣r❛❞❛t✐♦♥ ♦r t❤❡ ❞❡❧❛♠✐♥❛t✐♦♥
♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇❤✐❝❤ ✇❛s ♦❜s❡r✈❡❞ ✇❤❡♥ t❤❡ s❛♠♣❧❡ ✇❛s r❡♠♦✈❡❞✳

✹✳✷✳✼ P❡❞❡st❛❧ ❞❡s✐❣♥

▲❛st❧②✱ ❛ ♥❡✇ t❤r❡❡✲❡❧❡❝tr♦❞❡ ❞❡s✐❣♥ ✇❛s t❡st❡❞ ✇❤❡r❡ t❤❡ s♠❛❧❧ ❲❊ ✇❛s ♦♥ ❛♥
❡❧❡❝tr♦❧②t❡ ♣❡❞❡st❛❧ s✉rr♦✉♥❞❡❞ ❜② t❤❡ ❘❊✱ s❡❡ ❋✐❣✉r❡ ✹✳✼✾❛✳ ❲✐t❤ t❤✐s s❡t✉♣ t❤❡
❡q✉✐♣♦t❡♥t✐❛❧ s✉r❢❛❝❡s ✇✐t❤✐♥ t❤❡ ♣❡❞❡st❛❧ s❤♦✉❧❞ ❜❡ ♣❧❛♥❡ ♣❛r❛❧❧❡❧ ❛♥❞ ❡q✉✐❞✐st❛♥t✱
r❡s✉❧t✐♥❣ ✐♥ ❧❡ss ❛rt✐❢❛❝ts✳ ❋♦r t❤❛t✱ ◆✐❖✴●❉❈ ❡❧❡❝tr♦❞❡ ♣❛st❡ ✇❛s s❝r❡❡♥ ♣r✐♥t❡❞
♦♥ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ♦❢ ❛ ✶✵ ♠♠ ① ✶✵ ♠♠ ① ✼ ♠♠ ❨❙❩ ❜❧♦❝❦✳ ❚♦ ❡♥s✉r❡
❣♦♦❞ ❡❧❡❝tr✐❝❛❧ ❝♦♥t❛❝t✱ ◆✐❖ ✇❛s ❜r✉s❤❡❞ ♦♥ t❤❡ ❡❧❡❝tr♦❞❡s ❛s ❛ ❝✉rr❡♥t ❝♦❧❧❡❝t♦r✳
❚❤❡ s❛♠♣❧❡ ✇❛s t❤❡♥ s✐♥t❡r❡❞ ✐♥ r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✭✷✳✺✪ ❍✷ ✰ ❍✷❖✮ ✇✐t❤ t❤❡
♣❛r❛♠❡t❡rs ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✸✳✷✳ ❚♦ ❢❛❜r✐❝❛t❡ t❤❡ ♣❡❞❡st❛❧✱ ❛ ♠✐❧❧✐♥❣ ♠❛❝❤✐♥❡ ✇❛s
✉s❡❞ t♦ ♠✐❧❧ ❛ ❣r♦♦✈❡ ❛r♦✉♥❞ t❤❡ ❞❡s✐❣♥❛t❡❞ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳ ❉✐✛❡r❡♥t ❤❡✐❣❤ts
♦❢ t❤❡ ♣❡❞❡st❛❧ ❛♥❞ s✐③❡s ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡ ✇❡r❡ t❡st❡❞✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡
❝♦♥✐❝❛❧ s❤❛♣❡ ♦❢ t❤❡ ♠✐❧❧✐♥❣ t♦♦❧✱ ❛ ❤✐❣❤ ♣❡❞❡st❛❧ r❡s✉❧t❡❞ ✐♥ s♠❛❧❧❡r ❡❧❡❝tr♦❞❡s t❤❛t
✇❡r❡ ❞✐✣❝✉❧t t♦ ❝♦♥t❛❝t ✐♥ t❤❡ ♠❡❛s✉r✐♥❣ s❡t✉♣✳ ❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ t❤❛t ✇♦r❦❡❞ ❜❡st
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✇❛s ❛ ♣❡❞❡st❛❧ ❤❡✐❣❤t ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✺✵✵ µ♠ ❛♥❞ ❛ ♥♦♠✐♥❛❧ ❡❧❡❝tr♦❞❡ ❞✐❛♠❡t❡r
♦❢ ✶ ♠♠✳ ❋✐❣✉r❡ ✹✳✼✾❜ s❤♦✇s ❛ ♠✐❝r♦s❝♦♣❡ ✐♠❛❣❡ ♦❢ t❤❛t ❡❧❡❝tr♦❞❡✳ P❛rts ♦❢ t❤❡
❡❧❡❝tr♦❞❡ ✇❡r❡ s❝r❛♣❡❞ ♦✛ ❛r♦✉♥❞ t❤❡ ❝✐r❝✉♠❢❡r❡♥❝❡ ❞✉❡ t♦ t❤❡ ♠❛❝❤✐♥✐♥❣✳ ❆s t❤❡
♠✐❧❧✐♥❣ ♣r♦❣r❛♠ ✇❛s ♥♦t ♣❡r❢❡❝t❧② s❡t ✭❝❧❡❛♥ ♦✉t❡r r✐♠ ✐♥st❡❛❞ ♦❢ ❝❧❡❛♥ ✐♥♥❡r r✐♠✮✱
❛ ♣♦rt✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇❛s ❛❧s♦ ♠✐❧❧❡❞ ❛✇❛②✳

✭❛✮ ❙❦❡t❝❤
✭❜✮ ▼✐❝r♦s❝♦♣❡ ✐♠❛❣❡

❋✐❣✉r❡ ✹✳✼✾✿ P❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡

❚❤❡ s❛♠♣❧❡ ✇❛s ♠❡❛s✉r❡❞ ✐♥ ❛ ✹✲♣♦✐♥t ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤♦✉t t❤❡ tr✐❣❣❡r ❜♦①✳
❚❤❡r❡❢♦r❡✱ ♦♥❧② t❤❡ s♣❡❝tr❛ ♦❢ t❤❡ ❲❊ ❛❣❛✐♥st t❤❡ ❘❊ ✇❡r❡ r❡❝♦r❞❡❞✳ ❚❤❡ ♠❡❛s✉r❡✲
♠❡♥t ✇❛s ❝♦♥❞✉❝t❡❞ ✇✐t❤ ❛♥ ❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡ ♦❢ ✵✳✶ ❱ r♠s ✐♥ ✷✳✺✪ ❍✷ ✰ ❍✷❖ ❛t
✻✺✵➦❈ ❛♥❞ ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡✳ ❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽✵❛✲❜✳ ❉✉❡ t♦ t❤❡ s♠❛❧❧❡r ❲❊✱ t❤❡ ❡❧❡❝tr♦❧②t❡ r❡s✐st❛♥❝❡
❛♥❞ t❤❡ ❡❧❡❝tr♦❞❡ ❛r❝ ✇❡r❡ ♠✉❝❤ ❧❛r❣❡r t❤❛♥ ❢♦r t❤❡ ✇✐♥❣ s❛♠♣❧❡s✳ ❯♥❞❡r ❛♥♦❞✐❝
❜✐❛s✱ t❤❡ s♣❡❝tr❛ ❝♦♥s✐st❡❞ ♦❢ ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② s❡♠✐❝✐r❝❧❡ ✭♣❡❛❦ ❢r❡q✉❡♥❝②
❛r♦✉♥❞ ✶ ❍③✮ t❤❛t ❞❡❝r❡❛s❡❞ ✐♥ s✐③❡ ✉♥t✐❧ ❛ ❜✐❛s ✈♦❧t❛❣❡ ♦❢ ✰✹✵✵ ♠❱✳ ❆♣♣❧②✐♥❣
❤✐❣❤❡r ❜✐❛s ✈♦❧t❛❣❡ r❡s✉❧t❡❞ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② s❤♦✉❧❞❡r t❤❛t ✐♥✲
❝r❡❛s❡❞ ✐♥ s✐③❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ s♣❡❝tr❛ s❤♦✇❡❞ t❤❡ ♦♥s❡t
♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡ t❤❛t ✇❛s ♥♦t ❢✉❧❧② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠❡❛s✉r❡❞ ❢r❡q✉❡♥❝②
r❛♥❣❡✳ ❯♥❞❡r ♠♦❞❡r❛t❡ ❝❛t❤♦❞✐❝ ❜✐❛s✱ t❤❡ s♣❡❝tr❛ ❤❛❞ t❤❡ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ s❤❛♣❡
✇✐t❤ ❛ ✹✺➦ s❧♦♣❡ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞♦♠✐♥❛♥t ❧♦✇ ❢r❡q✉❡♥❝② ❢❡❛t✉r❡✳ ❍♦✇❡✈❡r✱ ♠♦st
s♣❡❝tr❛ ❤❛❞ ❛ ♣❧❛t❡❛✉ s❤❛♣❡ t❤❛t ❞✐❞ ♥♦t ❛❧❧♦✇ ✜tt✐♥❣ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳
❚❤❡ s✐③❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡ ❞r❛st✐❝❛❧❧② ❞❡❝r❡❛s❡❞ ✐♥ s✐③❡ ✇❤❡♥ ❛♣♣❧②✐♥❣ ✲✶✵✵✵
♠❱✳ ❚❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ❛t ✼✺✵➦❈ s❡t t❡♠♣❡r❛t✉r❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽✵❝✲
❞ ❛♥❞ s❤♦✇❡❞ t❤❡ s❛♠❡ tr❡♥❞s ❛s t❤♦s❡ ♠❡❛s✉r❡❞ ❛t ✻✺✵➦❈✳ ❙t❛rt✐♥❣ ✇✐t❤ ✲✹✵✵ ♠❱✱
❤♦✇❡✈❡r✱ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts ✇❡r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr❛✳
■❢ ♣♦ss✐❜❧❡✱ t❤❡ s♣❡❝tr❛ ✇❡r❡ ✜tt❡❞ ✇✐t❤ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ ❛♥ ♦✛s❡t r❡s✐s✲

t❛♥❝❡ ❛♥❞ ❛ s✐♥❣❧❡ ❘⑤⑤❈P❊ ❡❧❡♠❡♥t✳ ❚❤❡ ❡①tr❛❝t❡❞ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥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
.

✭❛✮ ✻✺✵➦❈✱ ❛♥♦❞✐❝ ❜✐❛s ✭❜✮ ✻✺✵➦❈✱ ❝❛t❤♦❞✐❝ ❜✐❛s

✭❝✮ ✼✺✵➦❈✱ ❛♥♦❞✐❝ ❜✐❛s ✭❞✮ ✼✺✵➦❈✱ ❝❛t❤♦❞✐❝ ❜✐❛s

❋✐❣✉r❡ ✹✳✽✵✿ ■♠♣❡❞❛♥❝❡ s♣❡❝tr❛ ♦❢ ♣❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ✇✐t❤ ◆✐✴●❉❈
❡❧❡❝tr♦❞❡s ♠❡❛s✉r❡❞ ✉♥❞❡r ❞✐✛❡r❡♥t ❜✐❛s ✈♦❧t❛❣❡s

❋✐❣✉r❡ ✹✳✽✶✳ ❚❤❡ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡ ❤❛❞ ❛ ♠✐♥✐♠✉♠ ❛r♦✉♥❞ ✷✺✵ ♠❱ ❡✛❡❝t✐✈❡
♦✈❡r♣♦t❡♥t✐❛❧ ❛♥❞ ✐♥❝r❡❛s❡❞ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s ✈♦❧t❛❣❡✳ ▲♦✇❡r✐♥❣ t❤❡ ❜✐❛s✱ r❡✲
s✉❧t❡❞ ✐♥ ❛ s❤❛r♣ ✐♥❝r❡❛s❡ ✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✲✷✺✵ ♠❱✱ ❢♦❧❧♦✇❡❞ ❜②
❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♠♦r❡ ❝❛t❤♦❞✐❝ r❡❣✐♠❡✳ ❚❤✐s ❜❡❤❛✈✐♦r ✇❛s ❛❧s♦ ♦❜s❡r✈❡❞ ✇✐t❤ t❤❡
◆✐✴●❉❈ ✇✐♥❣ s❛♠♣❧❡✱ s❡❡ ❋✐❣✉r❡ ✹✳✼✼✳ ❍♦✇❡✈❡r✱ t❤❡ ❤✐❣❤ ❡❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡s
✇❡r❡ ❛❧❧ ♠❡❛s✉r❡❞ ✇❤✐❧❡ ✐♥❝r❡❛s✐♥❣ t❤❡ ❜✐❛s ❢r♦♠ t❤❡ ♠♦st ♥❡❣❛t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡ ♦❢
✲✶✷✵✵ ♠❱✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✇❛s r❛t❤❡r ❝♦♥st❛♥t ✉♥❞❡r ♠♦❞❡r❛t❡ ❛♥♦❞✐❝
❜✐❛s ❛♥❞ s❧✐❣❤t❧② ❞❡❝r❡❛s❡❞ ✉♥❞❡r ❤✐❣❤ ♣♦s✐t✐✈❡ ❜✐❛s✳ ❲✐t❤ ♥❡❣❛t✐✈❡ ❛♣♣❧✐❡❞ ❜✐❛s
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✭❛✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ✻✺✵➦❈ ✭❜✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✻✺✵➦❈

✭❝✮ ❊❧❡❝tr♦❞❡ r❡s✐st❛♥❝❡✱ ✼✺✵➦❈ ✭❞✮ ❈❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡✱ ✼✺✵➦❈

❋✐❣✉r❡ ✹✳✽✶✿ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ♣❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠✲
♣❧❡ ✇✐t❤ ◆✐✴●❉❈ ❡❧❡❝tr♦❞❡s✳ ❉❛t❛ ✇❛s ♦❜t❛✐♥❡❞ ✇✐t❤ t✇♦ ❜✐❛s ❝②❝❧❡s
❛t ❜♦t❤ t❡♠♣❡r❛t✉r❡s✳ ❚❤❡ ❛rr♦✇s ❛r❡ ✐♥❞✐❝❛t✐♥❣ t❤❡ s✉❝❝❡ss✐♦♥ ♦❢
t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❖①②❣❡♥ ♣❛rt✐❛❧ ♣r❡ss✉r❡s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡
❡✛❡❝t✐✈❡ ♦✈❡r♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ✇♦r❦✐♥❣ ❡❧❡❝tr♦❞❡✳

✈♦❧t❛❣❡✱ t❤❡ ❝❤❡♠✐❝❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛❧s♦ ❤❛❞ ❛ ♠❛①✐♠✉♠ ❛r♦✉♥❞ ✲✷✺✵ ♠❱ ❛♥❞ ❞❡✲
❝r❡❛s❡❞ ✇✐t❤ ♠♦r❡ ❝❛t❤♦❞✐❝ ❜✐❛s✳ ❆❣❛✐♥✱ s✐♠✐❧❛r s❝❛❧✐♥❣ ✇❛s ❢♦✉♥❞ ✇✐t❤ ♣r❡✈✐♦✉s
♠❡❛s✉r❡♠❡♥ts✳

❚❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽✷✳ ■♥ t❤❡ ❝❛t❤♦❞✐❝
r❡❣✐♠❡✱ t❤❡ ❝✉r✈❡s ✇❡r❡ ✢❛t ♦✈❡r ❛ ✇✐❞❡ ❜✐❛s r❛♥❣❡✱ ❜✉t s❤♦✇❡❞ ❛ ❞r❛st✐❝ ❞❡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
.

❛t ✈❡r② ❤✐❣❤ ❝❛t❤♦❞✐❝ ❜✐❛s✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ s✉❞❞❡♥ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡
r❡s✐st❛♥❝❡✳ ❆♣❛rt ❢r♦♠ t❤❛t✱ t❤❡ ❝❤❛♥❣❡❞ ❜❡❤❛✈✐♦r ✇✐t❤ ❞❡s❝❡♥❞✐♥❣ ❛♥❞ ✐♥❝r❡❛s✐♥❣
❜✐❛s ✇❛s ❛❧s♦ ✈✐s✐❜❧❡ ❛s ❞✐✛❡r❡♥t ❝♦✉rs❡s ❢♦r t❤❡ ❝✉r✈❡s ❛t ✼✺✵➦❈✳ ■♥ t❤❡ ❛♥♦❞✐❝
r❡❣✐♠❡✱ t❤❡ ❝✉r✈❡s ✇❡r❡ s❧✐❣❤t❧② st❡❡♣❡r t❤❛♥ ✇✐t❤ ❝❛t❤♦❞✐❝ ❜✐❛s✳

❋✐❣✉r❡ ✹✳✽✷✿ ❈✉rr❡♥t✲✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ♣❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡
✇✐t❤ ◆✐✴●❉❈ ❡❧❡❝tr♦❞❡s✳ ❚❤❡ ❛rr♦✇s ❛r❡ ✐♥❞✐❝❛t✐♥❣ t❤❡ s✉❝❝❡ss✐♦♥ ♦❢
t❤❡ ♠❡❛s✉r❡♠❡♥t✳

❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ♣❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡ ②✐❡❧❞❡❞ ✈✐❛❜❧❡ r❡s✉❧ts
t❤❛t ✇❡r❡ ✐♥ ♣❛rts ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❝♦♥❞✉❝t❡❞ ♦♥ ✇✐♥❣ s❛♠♣❧❡s✳
❆s t❤✐s ✇❛s ♦♥❧② ❛ t❡st s❛♠♣❧❡✱ t❤❡ ♠❛❝❤✐♥✐♥❣ ✇❛s ♥♦t ♣❡r❢❡❝t❡❞ ❛♥❞ ✐♥✢✉❡♥❝❡❞ t❤❡
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡s ✭s❤❛♣❡ ♦❢ ❡❧❡❝tr♦❞❡ s♣❡❝tr❛✱ ✐♥❝r❡❛s❡❞ ❆❙❘ ❝♦♠♣❛r❡❞
t♦ ✇✐♥❣ s❛♠♣❧❡✮✳ ◆♦t❛❜❧②✱ ♦♥❧② ❢❡✇ ❛♥❞ s♠❛❧❧ ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts ✇❡r❡ ✈✐s✐❜❧❡ ✐♥
t❤❡ s♣❡❝tr❛✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤✐s s❡t✉♣ ✐s ❛ ♣r♦♠✐s✐♥❣ ❝❤♦✐❝❡ ❢♦r t❤r❡❡✲❡❧❡❝tr♦❞❡
♠❡❛s✉r❡♠❡♥ts✳ ❍♦✇❡✈❡r✱ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s ♦r ❢❛❜r✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡s ♥❡❡❞ t♦ ❜❡
♦♣t✐♠✐③❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts✳

✶✶✼
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✺ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❖✉t❧♦♦❦

■♥ t❤❡ ❝♦✉rs❡ ♦❢ t❤✐s t❤❡s✐s✱ ♣♦r♦✉s t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✐♥ ❛ ♥❡✇❧② ❞❡✈❡❧♦♣❡❞
✧✇✐♥❣✧ ❣❡♦♠❡tr② ✇❡r❡ ♣r♦❞✉❝❡❞ ❛♥❞ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ✐♠♣❡❞❛♥❝❡
s♣❡❝tr♦s❝♦♣②✳ ❚❤❡ ♠❛✐♥ ❣♦❛❧ ✇❛s t♦ ❡①♣❧♦r❡ ✉♥❞❡r ✇❤✐❝❤ ❝♦♥❞✐t✐♦♥s ✈✐rt✉❛❧❧②
❛rt✐❢❛❝t✲❢r❡❡ ❤❛❧❢ ❝❡❧❧ s♣❡❝tr❛ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞✳ ❚♦ t❡st t❤❡ ♠❡❛s✉r❡♠❡♥t s❡t✉♣
❛♥❞ ♦❜t❛✐♥ r❡❢❡r❡♥❝❡ r❡s✉❧ts✱ ✜rst ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ r❡❣✉❧❛r t✇♦✲
❡❧❡❝tr♦❞❡ s❛♠♣❧❡s ✇✐t❤ ♣♦r♦✉s ❛♥❞ t❤✐♥ ✜❧♠ ❡❧❡❝tr♦❞❡s✳ ❚❤❡ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❛♠✲
♣❧❡s ✇❡r❡ ♣r♦❞✉❝❡❞ ✇✐t❤ s②♠♠❡tr✐❝ ❛♥❞ ❛s②♠♠❡tr✐❝ ❡❧❡❝tr♦❞❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞
✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ ❝❤❛♥❣✐♥❣ ♦①✐❞✐③✐♥❣ ❛♥❞ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ ❛s ✇❡❧❧ ❛s ✇✐t❤
❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳ ❚♦ ❡①♣❧♦r❡ t❤❡ ♦♣t✐♠❛❧ ❝❤♦✐❝❡ ♦❢ ✇♦r❦✐♥❣ ❛♥❞ ❝♦✉♥t❡r ❡❧❡❝✲
tr♦❞❡ ♠❛t❡r✐❛❧s✱ ❛ ✈❛r✐❡t② ♦❢ ♠❛t❡r✐❛❧s ✇❛s t❡st❡❞✿ ♣♦r♦✉s ▲❙❋ ❛♥❞ ●❉❈✱ ❛s ✇❡❧❧ ❛s
❝❡r♠❡ts ♦❢ Pt✴❨❙❩✱ ◆✐✭❖✮✴❨❙❩ ❛♥❞ ◆✐✭❖✮✴●❉❈✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❝❧✉s✐♦♥s ❝❛♥
❜❡ ❞r❛✇♥✿

❼ ●❡♥❡r❛❧❧②✱ t✇♦ ❛rt✐❢❛❝t s♦✉r❝❡s ✇❡r❡ r❡❧❡✈❛♥t ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡
❝♦✉♣❧✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❡❧❡❝tr♦❞❡ ♠❡❛s✉r✐♥❣ ❧✐♥❡ t♦ ✐ts ❣r♦✉♥❞❡❞
s❤✐❡❧❞ r❡s✉❧t❡❞ ✐♥ ❤✐❣❤ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts t❤❛t ✇❡r❡ ✈✐s✐❜❧❡ ✐♥ ❛❧♠♦st ❛❧❧
♠❡❛s✉r❡❞ t❤r❡❡✲❡❧❡❝tr♦❞❡ s♣❡❝tr❛✳ ❚❤r♦✉❣❤ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛❝t✐✈❡
s❤✐❡❧❞✐♥❣✱ ❤♦✇❡✈❡r✱ t❤❡ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡s❡ ❛rt✐❢❛❝ts ✇❛s r❡❞✉❝❡❞✳ ❚❤✐s ✇❛s
❡s♣❡❝✐❛❧❧② ♥❡❡❞❡❞ ❢♦r ❡❧❡❝tr♦❞❡s ✇✐t❤ ❤✐❣❤ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s s✉❝❤ ❛s ◆✐✴●❉❈✱
◆✐✴❨❙❩ ❛♥❞ Pt✴❨❙❩✳ ❚❤❡ ♦t❤❡r ❛rt✐❢❛❝t s♦✉r❝❡ ✇❛s ❛ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t
❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥ t❤❛t r❡s✉❧t❡❞ ✐♥ ❛rt✐❢❛❝ts ✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ t❤❡
r❡s♣❡❝t✐✈❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❚❤❡s❡ ❛rt✐❢❛❝ts ✇❡r❡ ♣♦ss✐❜❧② ♣r♦❜❧❡♠❛t✐❝ ❛s
t❤❡② ❝♦✉❧❞ ♦❝❝✉r ✐♥ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛s t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ❛♥❞
t❤❡r❡❢♦r❡ ❤❡❛✈✐❧② ❞✐st♦rt t❤❡ s♣❡❝tr❛✳

❼ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❛♥ ❛s②♠♠❡tr✐❝ ❡❧❡❝tr♦❞❡ s❡t✉♣ ②✐❡❧❞❡❞ ♠♦r❡ ❝♦♥s✐s✲
t❡♥t r❡s✉❧ts t❤❛♥ ✇✐t❤ s②♠♠❡tr✐❝ s❛♠♣❧❡s✳ ❲✐t❤ s②♠♠❡tr✐❝ s❛♠♣❧❡s✱ t❤❡ ❡❧❡❝✲
tr♦❞❡s s❤♦✉❧❞ ❤❛✈❡ ❡q✉❛❧ ♣r♦♣❡rt✐❡s ✇❤❡♥ ♠❡❛s✉r❡❞ ❛t ♦♣❡♥✲❝✐r❝✉✐t ✈♦❧t❛❣❡✳
❍♦✇❡✈❡r✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts r❡✈❡❛❧❡❞ t❤❛t t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢ ♥♦♠✐♥❛❧❧②
✐❞❡♥t✐❝❛❧ ❡❧❡❝tr♦❞❡s ❞✐✛❡r❡❞ ❜② ✉♣ t♦ ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡✳ ❆s ❛ ❝♦♥s❡✲
q✉❡♥❝❡✱ ❧♦✇ ❢r❡q✉❡♥❝② ✐♥❞✉❝t✐✈❡ ❛rt✐❢❛❝ts ✇❡r❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr❛ ♦❢ t❤❡
❤❛❧❢ ❝❡❧❧ ✇✐t❤ ❤✐❣❤❡r ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ❡✈❡♥ ❛t ♦♣❡♥✲❝✐r❝✉✐t ✈♦❧t❛❣❡✳ ❲❤❡♥
❛♣♣❧②✐♥❣ ❜✐❛s ✈♦❧t❛❣❡✱ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts ♦❢t❡♥ ❞✐st♦rt❡❞ t❤❡
s♣❡❝tr❛ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✇✐t❤ ❧♦✇❡r ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s✱ ♣r❡✈❡♥t✐♥❣ ❛♥ ❡q✉✐✈✲
❛❧❡♥t ❝✐r❝✉✐t ✜t✳ ❲✐t❤ ❛s②♠♠❡tr✐❝ s❛♠♣❧❡s✱ t❤❡ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧s ✇❡r❡
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❝❤♦s❡♥ ✐♥ ❛ ✇❛② t❤❛t t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ✇❡❧❧ s❡♣❛r❛t❡❞✱ ❡✈❡♥ ✇✐t❤
❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳

❼ ■♥ str♦♥❣❧② r❡❞✉❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ✈❡r② ❧♦✇ ❍✷❖ ♣❛rt✐❛❧ ♣r❡ss✉r❡✱ ❣❛s ❞✐❢✲
❢✉s✐♦♥ ❜❡❝❛♠❡ r❡❧❡✈❛♥t ❢♦r ◆✐✴❨❙❩ ❡❧❡❝tr♦❞❡s ❛♥❞ r❡s✉❧t❡❞ ✐♥ ❢❡❛t✉r❡s ✐♥
t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ ✶ ❍③✳ ❆s t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s ♦❢ t②♣✐❝❛❧ ▼■❊❈
❡❧❡❝tr♦❞❡s ❛r❡ ❛❧s♦ ✐♥ t❤✐s ❢r❡q✉❡♥❝② r❛♥❣❡✱ ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ ❣❛s ❞✐✛✉s✐♦♥
❧✐♠✐t❛t✐♦♥ ✐s ❝r✉❝✐❛❧ s❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞✱ ❡✳❣✳ ❜② ♠❡❛s✉r✐♥❣ ✐♥ ♣✉r❡ ❍✷ ✰ ❍✷❖
❛t ❧♦✇ ♣r❡ss✉r❡✳

❼ ◆♦t ♦♥❧② t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡✱ ❜✉t ❛❧s♦ t❤❡ s✐③❡ ♦❢ ❛rt✐❢❛❝ts r❡s✉❧t✐♥❣ ❢r♦♠ ❛
❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ❝✉rr❡♥t ❞✐str✐❜✉t✐♦♥✱ ✇❛s ❞❡✜♥❡❞ ❜② t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛✲
t✉r❡ ♦❢ t❤❡ ❝♦✉♥t❡r ❡❧❡❝tr♦❞❡✳ ❲❤❡♥ ♠❡❛s✉r✐♥❣ s❛♠♣❧❡s ✇✐t❤ ❦✐♥❡t✐❝❛❧❧② ❢❛st
❲❊s ❛♥❞ ❝♦♥s✐❞❡r❛❜❧② s❧♦✇❡r ❈❊s✱ t❤❡ s♣❡❝tr❛ ♦❢t❡♥ ❝♦♥t❛✐♥❡❞ ❛rt✐❢❛❝t ❢❡❛✲
t✉r❡s t❤❛t ✇❡r❡ ❧❛r❣❡r t❤❛♥ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡s✳ ❚❤✐s r❡s✉❧t❡❞ ✐♥ ❡rr♦♥❡♦✉s
❡❧❡❝tr♦❧②t❡ ♦✛s❡t r❡s✐st❛♥❝❡s ❛♥❞ ✐♠♣❛✐r❡❞ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✜ts ✭❡s♣❡✲
❝✐❛❧❧② ✇✐t❤ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ❛rt✐❢❛❝ts✮✳ ❍❡♥❝❡✱ ❈❊s ✇✐t❤ ❧♦✇ ❡❧❡❝tr♦❞❡
r❡s✐st❛♥❝❡s ❛r❡ ♣r❡❢❡r❛❜❧❡✳

❼ ▼❡❛♥✐♥❣❢✉❧ r❡s✉❧ts ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts✱
❡✈❡♥ ✐❢ ❛rt✐❢❛❝ts ✇❡r❡ ♣r❡s❡♥t ✐♥ t❤❡ s♣❡❝tr❛✳ ■❢ t❤❡ ❛rt✐❢❛❝ts ✇❡r❡ ✇❡❧❧ s❡♣❛✲
r❛t❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦❞❡ ❢❡❛t✉r❡✱ t❤❡② ❞✐❞ ♥♦t ❛✛❡❝t t❤❡ ❡❧❡❝tr♦❞❡ ♣r♦♣❡rt✐❡s✳
❆s ❛ r❡s✉❧t✱ ✜tt✐♥❣ ✇✐t❤ t❤❡ ♣❤②s✐❝❛❧❧② ♠♦t✐✈❛t❡❞ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ❡q✉✐✈❛✲
❧❡♥t ❝✐r❝✉✐t ✇❛s ♣♦ss✐❜❧❡ ❢♦r s❡❧❡❝t❡❞ s❛♠♣❧❡s✱ ❧✐❦❡ ♣♦r♦✉s ▲❙❋✱ ❛♥❞ ❡①tr❛❝t❡❞
♣❛r❛♠❡t❡rs ✇❡r❡ ❝♦♠♣❛r❛❜❧❡ t♦ ❞❡❢❡❝t ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s✳

❼ ❚❤❡ ♣❡❞❡st❛❧ t❤r❡❡✲❡❧❡❝tr♦❞❡ s❡t✉♣ t✉r♥❡❞ ♦✉t t♦ ❜❡ ❛ ♣r♦♠✐s✐♥❣ ❝❤♦✐❝❡ ❢♦r
❧♦✇ ❛rt✐❢❛❝t t❤r❡❡✲❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts ❞✉❡ t♦ t❤❡ r❡❧❛t✐✈❡❧② ❧❛r❣❡r ❈❊✳

❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ ▼■❊❈ ❡❧❡❝tr♦❞❡ ♠❛t❡r✐❛❧ ✇✐t❤ ❧♦✇ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ❛♥❞
❛ ❝❡r♠❡t ❡❧❡❝tr♦❞❡ ✇✐t❤ ❤✐❣❤ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ✭Pt✴❨❙❩ ❛♥❞ ◆✐✴❨❙❩ ✐♥ ♦①✐❞✐③✐♥❣
❛♥❞ r❡❞✉❝✐♥❣ ❛t♠♦s♣❤❡r❡s✱ r❡s♣❡❝t✐✈❡❧②✮ ✇❛s ♠♦st s✉✐t❛❜❧❡ ❢♦r ♠❡❛♥✐♥❣❢✉❧ t❤r❡❡✲
❡❧❡❝tr♦❞❡ ♠❡❛s✉r❡♠❡♥ts✳ ❊✈❡♥ ✇✐t❤ ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✱ t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s ♦❢
t❤❡ ❝❡r♠❡t ❡❧❡❝tr♦❞❡s ✇❡r❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ 103 ❍③✱ ✇❤❡r❡❛s t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝✐❡s
♦❢ t❤❡ ▼■❊❈ ❡❧❡❝tr♦❞❡ ✇❡r❡ ❛t ❧❡❛st t✇♦ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❜❡❧♦✇ t❤❛t✳ ❚♦
♣r❡✈❡♥t ❣❛s ❞✐✛✉s✐♦♥ ❧✐♠✐t❛t✐♦♥✱ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ❧♦✇ ♣r❡ss✉r❡
♠❡❛s✉r✐♥❣ s❡t✉♣✳
❋✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ ♣❡❞❡st❛❧ ❞❡s✐❣♥✳ ❚❤❡r❡❢♦r❡✱ ❡s✲

t❛❜❧✐s❤✐♥❣ ❛ ❝❧❡❛♥ ♣r❡♣❛r❛t✐♦♥ r♦✉t✐♥❡ ✐s ♥❡❡❞❡❞ t♦ ♣r♦❞✉❝❡ ❡❧❡❝tr♦❞❡s t❤❛t ❛r❡ ♥♦t
✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♠❛❝❤✐♥✐♥❣✳ ▼❡❛s✉r❡♠❡♥ts ✇✐t❤ ❞✐✛❡r❡♥t ❡❧❡❝tr♦❞❡ ❝♦♠❜✐♥❛t✐♦♥s
❛r❡ r❡q✉✐r❡❞ t♦ r❡✈❡❛❧ t❤❡ ❢✉❧❧ ♣♦t❡♥t✐❛❧ ♦❢ t❤✐s s❡t✉♣ ❝♦♥❝❡r♥✐♥❣ t❤❡ ♣r♦♥❡♥❡ss t♦
❛rt✐❢❛❝ts✳
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❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❲✳ ▼✳ ❖r❣❛♥✐③❛t✐♦♥✳ ●♦❧❜❛❧ ❚❡♠♣❡r❛t✉r❡ ❢♦r ✇❛r♠❡st ②❡❛rs ♦♥ r❡❝♦r❞✳ ✉r❧✿
❤tt♣s✿✴✴♣✉❜❧✐❝✳✇♠♦✳✐♥t✴❡♥✴♠❡❞✐❛✴♥❡✇s✴✷✵✶✾✲s❡t✲❜❡✲✷♥❞✲♦r✲✸r❞✲

✇❛r♠❡st✲②❡❛r✲r❡❝♦r❞ ✭✈✐s✐t❡❞ ♦♥ ✶✷✴✸✵✴✷✵✶✾✮✳

❬✷❪ ❆✳ ❩ütt❡❧✱ ❆✳ ❇♦r❣s❝❤✉❧t❡✱ ❛♥❞ ▲✳ ❙❝❤❧❛♣❜❛❝❤✳ ❍②❞r♦❣❡♥ ❛s ❛ ❋✉t✉r❡ ❊♥❡r❣②
❈❛rr✐❡r✳ ❲■▲❊❨✲❱❈❍✱ ✷✵✵✽✳ ❞♦✐✿ ✶✵✳✶✵✵✷✴✾✼✽✸✺✷✼✻✷✷✽✾✹✳

❬✸❪ ❋✳ ●❛r❞♥❡r✱ ▼✳ ❉❛②✱ ◆✳ ❇r❛♥❞♦♥✱ ▼✳ P❛s❤❧❡②✱ ❛♥❞ ▼✳ ❈❛ss✐❞②✳ ✏❙❖❋❈
t❡❝❤♥♦❧♦❣② ❞❡✈❡❧♦♣♠❡♥t ❛t ❘♦❧❧s✲❘♦②❝❡✑✳ ■♥✿ ❏♦✉r♥❛❧ ♦❢ P♦✇❡r ❙♦✉r❝❡s ✽✻✳✶
✭✷✵✵✵✮✱ ♣♣✳ ✶✷✷✕✶✷✾✳ ❞♦✐✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❙✵✸✼✽✲✼✼✺✸✭✾✾✮
✵✵✹✷✽✲✵✳
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