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❛♣♣✍✓❛❝☛☞s ❛ ✒☞♠♣☞✍❛✒✉✍☞✲✑✌❞☞♣☞✌❞☞✌✒ s❛✒✉✍❛✒☞❞ ✈❛✔✉☞ ✇☛☞✌ ❚ ❃ ❚❝ ❬��✁✘ ✭❜✖ ✡☞♠✲

♣☞✍❛✒✉✍☞ ❞☞♣☞✌❞☞✌❝☞ ✓✕ ✒☛☞ ✍☞s✑s✒✑✈✑✒✑☞s ✓✕ ◆✑ ❛✌❞ P❞✘ ❇☞✔✓✇ ✒☛☞ ❈✉✍✑☞ ✒☞♠♣☞✍❛✒✉✍☞✱

◆✑ s☛✓✇s ❛✌✑s✓✒✍✓♣✑❝ ❜☞☛❛✈✑✓✍ ❞✉☞ ✒✓ ♠❛✎✌☞✒✑❝ s❝❛✒✒☞✍✑✌✎ ❬✷✷✱ �✷✁✘

✇❤�r� ❆❡❧✟♣✆ ✐✂ ✁ ♠✁t�r✐✁❧ ✙♦♥✂t✁♥t ✛r♦✛♦rt✐♦♥✁❧ t♦ t❤� �❧�✙tr♦♥★✛❤♦♥♦♥ ✙♦✉✛❧✐♥❣

✙♦♥✂t✁♥t✱ t❤� ❉�✣②� ❢r�q✉�♥✙②✱ ✁♥✚ t❤� ✛❧✁✂♠✁ ❢r�q✉�♥✙②✳ ✂✠ ✐✂ t❤� ❉�✣②�

t�♠✛�r✁t✉r�✱ ✇❤✐❧� t❤� ✙♦♥✂t✁♥t ✌ ❣�♥�r✁❧❧② t✁❜�✂ t❤� ✈✁❧✉�✂ ✷✱ ✸ ✁♥✚ ✺ ✚�✛�♥✚✐♥❣

♦♥ t❤� ♥✁t✉r� ♦❢ ✐♥t�r✁✙t✐♦♥✳ ✢♦r ✂✐♠✛❧� ♠�t✁❧✂ ✌ ❂ ✺ ✘♠♣❧✘✞✝ ✟✚✆✟ ✟✚✞ ✂✞✝✘✝✟✆♥✙✞ ✘✝

❧✉✞ ✟✄ ✝✙✆✟✟✞✂✘♥✖ ✄❢ ✞❧✞✙✟✂✄♥✝ ✂② ♣✚✄♥✄♥✝ ❬✹✸❪✳

❋✘✖✳ ✷✳✹✭✂✮ ✙✄♠♣✆✂✞✝ ✟✚✞ ✂✞✝✘✝✟✆♥✙✞ ✄❢ ✆ ♥✄♥✲♠✆✖♥✞✟✘✙ ✟✂✆♥✝✘✟✘✄♥ ♠✞✟✆❧ ✭P❧✮ ✇✘✟✚

✟✚✞ ✟✄✟✆❧ ✂✞✝✘✝✟✆♥✙✞ ✄❢ ◆✘✱ ✞①✟✂✆✙✟✞❧ ❢✂✄♠ ❋✘✖✳ ✷✳✹✭✆✮✳ ❇✄✟✚ ◆✘ ✆♥❧ P❧ ✆✂✞ ✈✆❧✞♥✙✞

✘✝✄✞❧✞✙✟✂✄♥✘✙ ✆♥❧ ✚✆✈✞ ✟✞♥ ✞❧✞✙✟✂✄♥✝ ✄✉✟✝✘❧✞ ✟✚✞ ♥✄✂❧✞ ✖✆✝ ✝✚✞❧❧✳ ❚✚✞✂✞❢✄✂✞✱ ✟✚✞✘✂

✞❧✞✙✟✂✄♥✘✙ ✝✟✂✉✙✟✉✂✞✝ ✆✂✞ ❤✉✘✟✞ ✝✘♠✘❧✆✂✳ ◆✘ ✞①✚✘✂✘✟ ✆ ✂✞❧✉✙✞❧ ✂✞✝✘✝✟✆♥✙✞ ✂✞❧✄✇ ✟✚✞

❈✉✂✘✞ ✟✞♠♣✞✂✆✟✉✂✞ ✇✚✘✙✚ ✘✝ ❧✉✞ ✟✄ ✆♣♣✞✆✂✆♥✙✞ ✄❢ ✝♣✄♥✟✆♥✞✄✉✝ ♠✆✖♥✞✟✘③✆✟✘✄♥✳ ❚✚✘✝

✄✙✙✉✂✂✞♥✙✞ ✘♥ ❢✞✂✂✄♠✆✖♥✞✟✘✙ ✞❧✞♠✞♥✟✝ ✘✝ ✆ ✂✞✝✉❧✟ ✄❢ ✆♥ ✞①✙✚✆♥✖✞ ✝♣❧✘✟✟✘♥✖ ✄❢ ❞✲✝✟✆✟✞✝

✭✝✞✞ ❋✘✖✳ ✷✳✺✭✆✮✮✳ ▼✄✟✟ ✞①♣❧✆✘♥✞❧ ✟✚✘✝ ♣✚✞♥✄♠✞♥✄♥ ✇✘✟✚ s�❞ ✝✙✆✟✟✞✂✘♥✖ ♠✄❧✞❧ ❬✹✻❪✳

■♥ ✟✚✞ ❢✄❧❧✄✇✘♥✖ ✆ ❧✞✝✙✂✘♣✟✘✈✞ ✞①♣❧✆♥✆✟✘✄♥ ✄❢ ✟✚✞ ♠✄❧✞❧ ✘✝ ✖✘✈✞♥✳

✂♦tt s� ❞ s✂❛tt✄r✐�❣ ♠♦❞✄☎

✝✝ ✞①♣❧✆✘♥✞❧ ✘♥ ❘✞❢✳ ❬✶✱ ✹✼❪✱ ✟✚✞ ✂✞✝✘✝✟✘✈✘✟② ✄❢ ✟✂✆♥✝✘✟✘✄♥ ♠✞✟✆❧✝ ✘✝ ✚✘✖✚✞✂ ✟✚✆♥ ✝✘♠♣❧✞

♠✞✟✆❧✝ ❧✘✞✞ ✝❧✳ ❚✚✞ ✞①♣❧✆♥✆✟✘✄♥ ✄❢ ✟✚✞ ♣✚✞♥✄♠✞♥✄♥ ✇✆✝ ✖✘✈✞♥ ✂② ▼✄✟✟✱ ♥✆♠✞❧②✱

s�❞ ✝✙✆✟✟✞✂✘♥✖ ♠✄❧✞❧✳ ■♥ ✎✌✒✠✍✡✎✡s✠ ✓☞✎✒✐✍✱ ✟✚✞ ❋✞✂♠✘ ❧✞✈✞❧ ✘✝ ❧✄✙✆✟✞❧ ✘♥ ✟✚✞ ♠✘❧❧❧✞

✄❢ ❞✲✂✆♥❧✱ ✟✚✞✂✞❢✄✂✞✱ ✟✚✞ ❧✞♥✝✘✟② ✄❢ ✝✟✆✟✞✝ ✆✟ ✟✚✞ ❋✞✂♠✘ ❧✞✈✞❧ ✘✝ ✚✘✖✚✞✂ ✟✚✆♥ ❢✄✂

♠✞✟✆❧✝✱ ✇✚✞✂✞ s� ✆♥❧ ♣�✝✟✆✟✞✝ ✞①✘✝✟ ✆✟ ❊❋ ✳ ▼✄✂✞✄✈✞✂✱ ✟✚✞ ✝✙✆✟✟✞✂✘♥✖ ♣✂✄✂✆✂✘❧✘✟② ✄❢

✟✚✞ ✙✄♥❧✉✙✟✘✄♥ ✞❧✞✙✟✂✄♥✝ ✘✝ ♣✂✄♣✄✂✟✘✄♥✆❧ ✟✄ ✟✚✞ ❧✞♥✝✘✟② ✄❢ ✝✟✆✟✞✝ ✆✟ ✟✚✞ ❋✞✂♠✘ ❧✞✈✞❧✳

❈✄♥✝✞❤✉✞♥✟❧②✱ ✟✚✞ ✚✘✖✚✞✂ ❧✞♥✝✘✟② ✄❢ ✝✟✆✟✞✝ ✆✟ ✟✚✞ ❋✞✂♠✘ ❧✞✈✞❧ ✇✄✉❧❧ ✂✞✝✉❧✟ ✟✚✞ ✚✘✖✚✞✂

✂✞✝✘✝✟✘✈✘✟② ✘♥ ✟✂✆♥✝✘✟✘✄♥ ♠✞✟✆❧✝✳

✶✷
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❋✄☎✆✝❡ ✞✟✺✠ ✭❛✖ ❉☞✌s✑✒✏ ✓✕ s✒❛✒☞ ✑✌ ✈❛✔☞✌❝☞ ❜❛✌❞ ✕✓✍ ♣✉✍☞ ◆✑ ❛✒ ✍✓✓♠ ✒☞♠♣☞✍❛✒✉✍☞✘

✡☛☞✍☞ ✑s ❛ s☛✑✕✒ ❜☞✒✇☞☞✌ s♣✑✌✲✉♣ ❛✌❞ s♣✑✌✲❞✓✇✌ ❜❛✌❞s ❞✉☞ ✒✓ ☞①❝☛❛✌✎☞ ✑✌✒☞✍❛❝✒✑✓✌✘

✭❜✖ ❆ ❝✓♠♣❛✍❛✒✑✈☞ ✑✔✔✉s✒✍❛✒✑✓✌ ✕✓✍ ❞☞✌s✑✒✏ ✓✕ s✒❛✒☞s ❜☞✒✇☞☞✌ ❛ ♣❛✍❛♠❛✎✌☞✒✑❝ ❛✌❞ ❛

✕☞✍✍✓♠❛✎✌☞✒✑❝ ♠❛✒☞✍✑❛✔✘

■♥ ❢☞✌✌s✓✒❣✠☞✎✡♠ ✎✌✒✠✍✡✎✡s✠ ✓☞✎✒✐✍✱ t❤� ✂✛✐♥★✉✛ ✣✁♥✚ ✐✂ ✚✐✂✛❧✁✙�✚ t♦ ❤✐❣❤�r �♥�r❣✐�✂

r�❧✁t✐✈� t♦ t❤� ✂✛✐♥★✚♦✇♥ ✣✁♥✚ ✚✉� t♦ �①✙❤✁♥❣� �♥�r❣② ✁✂ ♠�♥t✐♦♥�✚ ✁✣♦✈� ✩✂��

✢✐❣✳ ✷✳✺✩✣✮✮✳ ❆✙✙♦r✚✐♥❣ t♦ ▼♦tt s� ❞ ✂✙✁tt�r✐♥❣ ♠♦✚�❧✱ ✁t ❧♦✇ t�♠✛�r✁t✉r�✱ ✚✉r✐♥❣

✂✙✁tt�r✐♥❣✱ t❤� ✂✛✐♥★♦r✐�♥t✁t✐♦♥ ♦❢ ✙♦♥✚✉✙t✐♦♥ �❧�✙tr♦♥✂ ♠✉✂t ✣� ✉♥✙❤✁♥❣�✚✳ ■t

♠�✁♥✂ t❤✁t ✂✛✐♥★✉✛ �❧�✙tr♦♥✂ ✙✁♥ ♥♦t ♠✁❜� tr✁♥✂✐t✐♦♥✂ t♦ t❤� ✂✛✐♥★✉✛ ❞★✣✁♥✚ ✣�★

✙✁✉✂� ✐t ✐✂ ❢✉❧❧ ✩✂�� ✢✐❣✳ ✷✳✺✩✣✮ r✐❣❤t✮✳ ❚❤�r�❢♦r�✱ ✂✛✐♥★✉✛ �❧�✙tr♦♥✂ ✁✙q✉✐r� ✁ ❧♦♥❣�r

♠�✁♥ ❢r�� ✛✁t❤ ✙♦♠✛✁r✐♥❣ t♦ ✂✛✐♥★✚♦✇♥ �❧�✙tr♦♥✂ r�✂✉❧t✐♥❣ t❤� ❧♦✇�r✐♥❣ ♦❢ t❤� r�★

✂✐✂t✐✈✐t② ✐♥ t❤� ❢�rr♦♠✁❣♥�t✐✙ ♠✁t�r✐✁❧✂ ❧✐❜� ✤✐✳ ❖♥ t❤� ♦t❤�r ❤✁♥✚✱ ✁✣♦✈� t❤� ✪✉r✐�

t�♠✛�r✁t✉r�✱ ✣♦t❤ ✂✛✐♥★✉✛ ✁♥✚ ✂✛✐♥★✚♦✇♥ �❧�✙tr♦♥✂ ✛✁rt✐✙✐✛✁t� �q✉✁❧❧② ✐♥ s�❞ tr✁♥★

✂✐t✐♦♥✱ ✂✐♥✙� ❢�rr♦♠✁❣♥�t✐✙ ♠✁t�r✐✁❧ ✣�✙♦♠�✂ ✛✁r✁♠✁❣♥�t✐✙ ❬✹✼❪ ✩✂�� ✢✐❣✳ ✷✳✺✩✣✮ ❧�❢t✮✳

▼✁❣♥�t♦r�✂✐✂t✁♥✙� ✩▼❘✮ ✐✂ ✁ t�r♠ ✇✐✚�❧② ✉✂�✚ ✇❤✐✙❤ ✚�✁❧✂ ✇✐t❤ t❤� ✙❤✁♥❣� ✐♥ r�★

✂✐✂t✐✈✐t② ♦❢ ♠✁t�r✐✁❧ ✇❤�♥ ✂✉✣❥�✙t�✚ t♦ ✁ ♠✁❣♥�t✐✙ ✜�❧✚✳ ❚❤� ✜r✂t ♠✁❣♥�t♦r�✂✐✂t✐✈�

�❞�✙t ✇✁✂ ✚✐✂✙♦✈�r�✚ ✣② ▲♦r✚ ❑�❧✈✐♥ ✐♥ ✳✽✺✻ ❬✹✽❪✳ ❯✛ t♦ ♥♦✇ ✂�✈�r✁❧ t②✛�✂ ♦❢ ▼❘

�❞�✙t✂ ✁r� ✐♥tr♦✚✉✙�✚ ✁♥✚ ❢♦✉♥✚ t❤�✐r ✇✁②✂ t♦ ✐♥✚✉✂tr✐✁❧ ✁✛✛❧✐✙✁t✐♦♥✂✳

■♥ t❤� ❢♦❧❧♦✇✐♥❣✱ ✂♦♠� ♦❢ t❤� ♠♦✂t ✐♠✛♦rt✁♥t t②✛�✂ ♦❢ ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ❧✐❜� ♦r✚✐★

♥✁r② ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✩❖▼❘✮✱ ✁♥✐✂♦tr♦✛✐✙ ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✩❆▼❘✮✱ ✁♥✐✂♦tr♦✛✐✙

✐♥t�r❢✁✙� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✩❆■▼❘✮✱ ✂✛✐♥★✚✐✂♦r✚�r ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✩❙▼❘✮✱ ✁♥✚

❍✁❧❧ �❞�✙t ✁r� r�✈✐�✇�✚✳

✷✳✷✳✶ �✦✧★✣✢✦② ▼✢♥✣✤✪♦✦✤✜★✜✪✢✣❝✤
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✇✆✝ ✙✆❧❧✞❧ ✆✝ ✩✞✄♠✞✟✂✘✙✆❧ ❙✘③✞ ❊✥✞✙✟ ✭✩❙❊✮✱ ✇✚✘✙✚ ✘✝ ✆ ♠✘✝❧✞✆❧✘♥✖ ✘♥✟✞✂♣✂✞✟✆✟✘✄♥✳

✝❢✟✞✂✇✆✂❧✝✱ ❘✘❥✞✝ ✞✟ ✆❧✳ ❬✺✼❪ ✙✆✂✂✘✞❧ ✄✉✟ ✆ ✝②✝✟✞♠✆✟✘✙ ✝✟✉❧② ✄❢ ✂✞✝✘✝✟✘✈✘✟② ✘♥ ✂✄✟✚

✟✞①✟✉✂✞❧ ✆♥❧ ✉♥✟✞①✟✉✂✞❧ ♣✄❧②✙✂②✝✟✆❧❧✘♥✞ ♣✞✂♠✆❧❧✄② ✟✚✘♥ ✜❧♠✝✱ ✇✘✟✚ ✟✚✞ ♠✆✖♥✞✟✘③✆✲

✟✘✄♥ ✈✞✙✟✄✂ ✂✄✟✆✟✘♥✖ ✘♥ ✟✚✞ ✜❧♠ ♣❧✆♥✞ ✆✝ ✇✞❧❧ ✆✝ ✄✉✟ ✄❢ ✟✚✞ ✜❧♠ ♣❧✆♥✞✳ ❚✚✞② ❢✄✉♥❧

✶✻



t❤✁t t❤� ♦✛★r✁t✐♦ ✐✂ ✙♦♥✂✐✚�r✁✣❧② ❧✁r❣�r t❤✁♥ ✐✛★r✁t✐♦✱ ✇❤✐✙❤ ✚�✛�♥✚✂ ✂tr♦♥❣❧② ♦♥ t❤�

✚�❣r�� ♦❢ t�①t✉r�✳

■♥ ♦r✚�r t♦ ✜♥✚ t❤� r�❧✁t✐♦♥ ✣�t✇��♥ �❙❙ ✁♥✚ t�①t✉r� ♦❢ t❤� ✜❧♠✱ �✐❧ ✁♥✚ ✙♦✇♦r❜�r✂

❬✺✺❪ ❤✁✈� ✐♥✈�✂t✐❣✁t�✚ t❤� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ♦❢ ✳✵ ★ ✷✵✵ ♥♠ t❤✐♥ ✛♦❧②✙r②✂t✁❧❧✐♥� ✪♦

✜❧♠✂ ✐♥ t❤� t❤r�� ✛r✐♥✙✐✛✁❧ ✚✐r�✙t✐♦♥✂ ✇✐t❤ r�✂✛�✙t t♦ t❤� ✙✉rr�♥t✳ ❙✐♠✐❧✁r t♦ t❤�

✛r�✈✐♦✉✂ ✂t✉✚✐�✂✱ t❤�② ♦✣✂�r✈�✚ t❤✁t t❤� r�✂✐✂✐t✐✈✐t② ✐♥ ✛♦❧✁r ❣�♦♠�tr② ✐✂ ✉✛ t♦ t✇✐✙�

❧✁r❣�r t❤✁♥ tr✁♥✂✈�r✂� ✜�❧✚✳ ❚❤�② �①✛❧✁✐♥�✚ t❤� �❞�✙t ✇✐t❤ ✁♥ ✁♥✐✂♦tr♦✛✐✙ �❞�✙t ♦❢

t❤� ✂✛✐♥★♦r✣✐t ✐♥t�r✁✙t✐♦♥ ♦♥ t❤� s� ❞ ✂✙✁tt�r✐♥❣ ♦❢ t❤� ♠✐♥♦r✐t② ✂✛✐♥✂ ✚✉� t♦ ✁ ✜❧♠

t�①t✉r�✱ ✣✁✂�✚ ♦♥ P♦tt�r❧✂ t❤�♦r② ❬✺✽❪✳ ■t ✐✂ ✂❤♦✇♥✱ ✁✚✚✐t✐♦♥✁❧❧②✱ t❤✁t t❤� ✂✐✧� ♦❢

�❙❙ ✐✂ ✐♥✚�✛�♥✚�♥t ♦❢ t�♠✛�r✁t✉r�✳ ✢✐❣ ✷✳✽ ❢r♦♠ ❘�❢✳ ❬✺✺❪✱ ✂❤♦✇✂ ✁✂ ✁♥ �①✁♠✛❧�✱

t❤� �❙❙ �❞�✙t ✐♥ ✷✵ ♥♠ ✛✉r� ✪♦ ✁t r♦♦♠ t�♠✛�r✁t✉r�✫ ✚♣ ❁ ✚✄✳

✷✳✷✳✹ ❆✣★✜♦✪✦♦✄★❝ ★✣✪✤✦✛✢❝✤ �✢♥✣✤✪♦✦✤✜★✜✪✢✣❝✤

❆♥✐✂♦tr♦✛✐✙ ■♥t�r❢✁✙� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✐✂ ✁♥♦t❤�r �❞�✙t ✇❤✐✙❤ ✐✂ r�✛♦rt�✚ ✐♥ ♠✁❣★

♥�t♦tr✁♥✂✛♦rt ✛r♦✛�rt✐�✂ ♦❢ ❢�rr♦♠✁❣♥�t✂ ✇✐t❤ r�✚✉✙�✚ ✚✐♠�♥✂✐♦♥✳ ■t ✇✁✂ ♦✣✂�r✈�✚

✣② ❆✳ ❑♦✣✂ t❤✁t t❤� r�✂✐✂t✐✈✐t② ♦❢ Pt✴✪♦✴Pt ✂tr✉✙t✉r� ✚�✛�♥✚✂ ♦♥ ♠✁❣♥�t✐✧✁t✐♦♥

♦r✐�♥t✁t✐♦♥ ✇❤�♥ ✐t r♦t✁t�✂ ✐♥ t❤� ✛❧✁♥� ✛�r✛�♥✚✐✙✉❧✁r t♦ t❤� ✙✉rr�♥t ✚✐r�✙t✐♦♥ ❬✳✵❪✳

❉✉� t♦ t❤� ❆■▼❘ t❤� r�✂✐✂t✐✈✐t② ✐✂ ❧♦✇�r ❢♦r t❤� ♠✁❣♥�t✐✧✁t✐♦♥ ✂ ♦r✐�♥t�✚ ✇✐t❤✐♥

t❤� ✜❧♠ ✛❧✁♥� ✩tr✁♥✂✈�r✂� r�✂✐✂t✐✈✐t② ✚✄✮ t❤✁♥ ❢♦r✂ ♦r✐�♥t�✚ ♦✉t ♦❢ ✛❧✁♥� ✩✛♦❧✁r r�✂✐✂★

t✐✈✐t② ✚♣✮✳ ❚❤✐✂ ✐✂ ♦✛✛♦✂✐t� t♦ t❤� ✂♦ ✙✁❧❧�✚ ❣�♦♠�tr✐✙✁❧ ✂✐✧� �❞�✙t ✩�❙❙✮✱ �①✛❧✁✐♥�✚

✁✣♦✈�✱ ✇❤✐✙❤ ✐✂ ✁ ✙♦♥✂�q✉�♥✙� ♦❢ t❤� t�①t✉r� ♦❢ t❤� ✜❧♠✂✳

❖♥ t❤� ♦t❤�r ❤✁♥✚✱ ✣② ✂t✉✚②✐♥❣ t❤� ✁♥❣✉❧✁r ✚�✛�♥✚�♥✙� ♦❢ t❤� r�✂✐✂t✐✈✐t②✱ ✁ ✙♦✂✷

✣�❤✁✈✐♦r ✇✁✂ ♦✣t✁✐♥�✚ ❢♦r ❆■▼❘✱ ✂✐♠✐❧✁r t♦ t❤� ❆▼❘ �❞�✙t✱ ✁♥✚ ❣✐✈�♥ ✣②

✚�■▼✁✩✒✮ ❂ ✚✄ ✰ ✭✚♣ � ✚✄
⑤ ④✂ ⑥
✂✚✄�☎✆

✮ ✙✄✝✷ ✒ ✭✷✳✷✺✮

✇✚✞✂✞ ✒ ✘✝ ❧✞✜♥✞❧ ✆✝ ✟✚✞ ✆♥✖❧✞ ✂✞✟✇✞✞♥ ♠✆✖♥✞✟✘③✆✟✘✄♥ ✆♥❧ ✟✚✞ ✜❧♠ ♥✄✂♠✆❧✳ ■✟ ✚✆✝

✟✄ ✂✞ ♠✞♥✟✘✄♥✞❧ ✟✚✆✟ ✘♥ ✝■▼❘ ✟✚✞ ♠✆✖♥✞✟✘③✆✟✘✄♥ ✘✝ ✆❧✇✆②✝ ♣✞✂♣✞♥❧✘✙✉❧✆✂ ✟✄ ✟✚✞

✙✉✂✂✞♥✟✱ ✟✚✞✂✞❢✄✂✞✱ ✟✚✞ ✝▼❘ ✙✆♥ ✂✞ ✞①✙❧✉❧✞❧ ✆✝ ✆ ✙✆✉✝✞ ❢✄✂ ✟✚✘✝ ✂✞✚✆✈✘✄✂✳

❇② ✘♥✈✞✝✟✘✖✆✟✘♥✖ ✟✚✞ ✟✚✘✙✞♥✞✝✝ ❧✞♣✞♥❧✞♥✙✞ ✄❢ ✝■▼❘ ✂✆✟✘✄✱ ✆ ☎✚�■▼✁ ✴ ✶✆✟❈♦ ✂✞✲

✚✆✈✘✄✂ ✇✆✝ ❢✄✉♥❧ ❢✄✂ ❈✄✁P✟ ✝✆♥❧✇✘✙✚✞✝ ✂✞✈✞✆❧✘♥✖ ✟✚✞ ♣✂✞✝✞♥✙✞ ✄❢ ✆♥ ✆♥✘✝✄✟✂✄♣✘✙

♠✆✖♥✞✟✘✙ ✝✙✆✟✟✞✂✘♥✖ ♠✞✙✚✆♥✘✝♠ ✄❢ ✞❧✞✙✟✂✄♥✝ ✆✟ ✟✚✞ ✘♥✟✞✂❢✆✙✞✳ ❚✚✞✂✞❢✄✂✞ ✟✚✞ ✞✥✞✙✟

♥✆♠✞❧ ✆✝ ✝♥✘✝✄✟✂✄♣✘✙ ■♥✟✞✂❢✆✙✞ ▼✆✖♥✞✟✄✂✞✝✘✝✟✆♥✙✞ ✭✝■▼❘✮✳ ❚✚✞ ✝■▼❘ ✞✥✞✙✟ ✙✄✉❧❧

✂✞ ❤✉✆❧✘✟✆✟✘✈✞❧② ♠✄❧✞❧✞❧ ✘♥ ✆ ❢✉❧❧② ✂✞❧✆✟✘✈✘✝✟✘✙ ❧✞✝✙✂✘♣✟✘✄♥ ✄❢ ✟✚✞ ♠✆✖♥✞✟✄✟✂✆♥✝♣✄✂✟

✇✚✞✂✞ ✟✚✞ ✝♣✘♥ ✄✂✂✘✟ ✘♥✟✞✂✆✙✟✘✄♥ ✘✝ ✘♥✚✞✂✞♥✟❧② ✘♥✙❧✉❧✞❧ ❬✺✾❪✳

❙✄ ❢✆✂✱ ✟✚✞ ✝■▼❘ ✞✥✞✙✟ ✇✆✝ ✄✂✝✞✂✈✞❧ ✆❧✝✄ ✘♥ P②✁P✟ ✆♥❧ ❈✄✁P❧ ❧✆②✞✂✞❧ ✝✟✂✉✙✟✉✂✞✝

✞①♣✞✂✘♠✞♥✟✆❧❧② ❬✻✛✱ ✻✶❪✳

✶✼



✷✳ ❚❤�♦r② ♦❢ ♠✁❣♥�t✐✂♠

(a) (b)

❋✄☎✆✝❡ ✞✟✾✠ ✭❛✖ ✡☛☞ ✎☞✓♠☞✒✍✏ ✓✕ ❍❛✔✔ ☞✛☞❝✒ ☞①♣☞✍✑♠☞✌✒✘ ✡☛☞ ❝✉✍✍☞✌✒ ✑s ❞✍✑✈☞✌ ✒☛✍✓✉✎☛

✒☛☞ s✔❛❜ ✑✌ ① ❞✑✍☞❝✒✑✓✌ ❛✌❞ ♠❛✎✌☞✒✑❝ ✜☞✔❞ ✑s ❛♣♣✔✑☞❞ ✑✌ ③ ❞✑✍☞❝✒✑✓✌✱ ✇☛✑✔☞ ❯� ✑s ♠☞❛s✉✍☞❞

✕✍✓♠ ✒☛☞ s✑❞☞s ❛s s☛✓✇✌ ✑✌ ✒☛☞ s❛☞✒❝☛ ❬✷✷✁✘ ✭❜✖❍❛✔✔ ✍☞s✑s✒❛✌❝☞ ✑✌ ❞☞♣☞✌❞☞✌❝☞ ✓✕♠❛✎✌☞✒✑❝

✜☞✔❞ ✕✓✍ ❞✑✛☞✍☞✌❝☞ ✒☞♠♣☞✍❛✒✉✍☞ ✕✓✍ ◆✑✻✼P✒✠✠ ❛✔✔✓✏s ❬✁✷✁✘

✷✳✷✳✺ ◆♦✦�✢✩ ✢✣✧ ❆✣♦�✢✩♦✉✜ ✂✢✩✩ ✤✛✤❝✪

✤�✁r❧② ✳✽ ②�✁r✂ ✣�❢♦r� t❤� ✚✐✂✙♦✈�r② ♦❢ t❤� �❧�✙tr♦♥✱ ❙✚✇✐♥ ❍✁❧❧ ♦✣✂�r✈�✚ ✁♥ �❞�✙t✱

t❤✁t ♥♦✇ ✣�✁r✂ ❤✐✂ ♥✁♠� ✁♥✚ ♦✛�♥�✚ ✁ ♥�✇ ✜�❧✚ ✐♥ ✛❤②✂✐✙✂ ✁♥✚ ✣�✙✁♠� ✁ ✂♦✉r✙� ♦❢

♠✁♥② ❢✉t✉r� ✁✙❤✐�✈�♠�♥t✂ ❬✻✷❪✳

❚❤� ❣�♦♠�tr② ♦❢ t❤� ❍✁❧❧ �❞�✙t ✙✁♥ ✣� ✉♥✚�r✂t♦♦✚ ❢r♦♠ ✢✐❣✳ ✷✳✾✩✁✮✳ ❲❤�♥ ✁♥

�①t�r♥✁❧ ♠✁❣♥�t✐✙ ✜�❧✚ ✖✵❍ ✐✂ ✁✛✛❧✐�✚ ✛�r✛�♥✚✐✙✉❧✁r t♦ ✁ ✙♦♥✚✉✙t✐♥❣ ♠✁t�r✐✁❧ ✇✐t❤

✁ ✙✉rr�♥t ✢♦✇✐♥❣ ✐♥ ① ✚✐r�✙t✐♦♥✱ t❤� ✙❤✁r❣� ✙✁rr✐�r ✇✐❧❧ ✣� ✚�✢�✙t�✚ t♦ t❤� ✂✐✚�✇✁②✂

✚✉� t♦ t❤� ▲♦r�♥✧ ❢♦r✙�✳ ❚❤� ✣✉✐❧✚✉✛ ♦❢ ✙❤✁r❣� ✙✁rr✐�r✂ ✁t t❤� ✂✐✚�✂ ♦❢ t❤� ✙♦♥✚✉✙t♦r✂

✇✐❧❧ ✣✁❧✁♥✙� t❤� ♠✁❣♥�t✐✙ ✐♥✢✉�♥✙�✱ ✛r♦✚✉✙✐♥❣ ✁ ♠�✁✂✉r✁✣❧� ✈♦❧t✁❣� ✣�t✇��♥ t❤� t✇♦

✂✐✚�✂ ♦❢ t❤� ✙♦♥✚✉✙t♦r✳ ❚❤✐✂ ♠�✁✂✉r✁✣❧� tr✁♥✂✈�r✂� ✈♦❧t✁❣� ✐✂ ❣✐✈�♥ ✣②

❯✄ ❂ �
✶

✌❡✄

■①✖✵❍�

✟
❂ ❘✵

■①✖✵❍�

✟
✭✷✳✷✻✮

✇✚✞✂✞ ✌❡ ✘✝ ✟✚✞ ✙✚✆✂✖✞ ✙✆✂✂✘✞✂ ❧✞♥✝✘✟②✱ ❘✵ ❂ ✭✌❡✄✮
✁✶

✘✝ ✙✆❧❧✞❧ ✄✂❧✘♥✆✂② ❍✆❧❧ ✙✄✞✣✙✘✞♥✟✱

✆♥❧ ✟ ✘✝ ✟✚✞ ✝✆♠♣❧✞ ✟✚✘✙✞♥✞✝✝✳ ❋✄✂ ♣✄❧②✙✂②✝✟✆❧❧✘♥✞ ◆✘ ✜❧♠ ✟✚✞ ✈✆❧✉✞✝ �❘☎✐✵ ❂ ✺✳✾ ✲

✻✳✶✂ ✶✛
❂✶✶♠✠✁❈ ✇✞✂✞ ✂✞♣✄✂✟✞❧ ✘♥ ❧✘✟✞✂✆✟✉✂✞ ✆✟ ✂✄✄♠ ✟✞♠♣✞✂✆✟✉✂✞ ❬✻✸✕✻✻❪✱ ✇✚✞✂✞✆✝

❢✄✂ ♣✄❧②✙✂②✝✟✆❧❧✘♥✞ P✟ ✇✆✝ ❢✄✉♥❧ ✝♠✆❧❧✞✂☛ �❘P✄✵ ❂ ✶✳✺ ✲ ✷✳✹✂ ✶✛
❂✶✶♠✠✁❈ ❬✻✼✕✻✾❪✳

❚✚✞ ✆♥✄♠✆❧✄✉✝ ❍✆❧❧ ✞✥✞✙✟ ✭✝❍❊✮ ✘✝ ✆♥✄✟✚✞✂ ✟✂✆♥✝♣✄✂✟ ♣✚✞♥✄♠✞♥✆ ✘♥ ♠✆✖♥✞✟✘✙ ♠✆✲

✟✞✂✘✆❧✝✳ ■♥ ✶✾✽✶✱ ✘✟ ✇✆✝ ❧✘✝✙✄✈✞✂✞❧ ✂② ❊✳ ❍✆❧❧ ✟✚✆✟ ✘♥ ❢✞✂✂✄♠✆✖♥✞✟✝ ✟✚✞ ✂✞✝✘✝✟✘✈✘✟② ✄❢

✟✚✞ ✝✆♠♣❧✞ ✘♥ ✟✚✞ ❧✘✂✞✙✟✘✄♥ ♣✞✂♣✞♥❧✘✙✉❧✆✂ ✟✄ ✙✉✂✂✞♥✟ ✆♥❧ ♠✆✖♥✞✟✘✙ ✜✞❧❧ ✆✙❤✉✘✂✞✝ ✆♥

✆❧❧✘✟✘✄♥✆❧ ✙✄♥✟✂✘✂✉✟✘✄♥ ❧✉✞ ✟✄ ✟✚✞ ♠✆✖♥✞✟✘③✆✟✘✄♥ ✄❢ ✟✚✞ ✝✆♠♣❧✞ ❬✼✶❪☛

❯✄ ❂ ✭❘✵❍� ✰❘❙��✮
✖✵■①

✟
✭✷✳✷✼✮

✶✽



(a) (b)

❋✄☎✆✝❡ ✞✟✶✶✠ ✭❛✖ ✡☛☞ ✒✍❛✌s✈☞✍s☞ ♠❛✎✌☞✒✓✍☞s✑s✒❛✌❝☞ ✓✕ �✷ ✌♠ ◆✑ s❛♠♣✔☞ ♠☞❛s✉✍☞❞

❛✒ ✒☞♠♣☞✍❛✒✉✍☞ ✍❛✌✎✑✌✎ ✕✍✓♠ ✷❑ ✒✓ �✷✷❑✘ ❆✒ ☛✑✎☛ ✜☞✔❞ ✒☛☞ ✍☞s✑s✒✑✈✑✒✏ ❞☞❝✍☞❛s☞s

♠✓✌✓✒✓✌✑❝❛✔✔✏ ✇✑✒☛ ❛♣♣✔✑☞❞ ✜☞✔❞ ❬✁�✁✘ ✭❜✖ ✡☞♠♣☞✍❛✒✉✍☞ ❞☞♣☞✌❞☞✌❝☞ ✓✕ ❆❘ s✔✓♣☞ ✓✕

�✷ ✌♠ ✗☞P✒ s✏s✒☞♠✘ ✡☛☞ s✓✔✑❞ ✔✑✌☞ ✑s ✒☛☞ ✜✒ ❛❝❝✓✍❞✑✌✎ ✒✓ ❊q✘ ✷✘�� ❬✁✷✁✘

✇❤✐❧� ❘❙ ✐✂ t❤� ✁♥♦♠✁❧♦✉✂ ❍✁❧❧ ✙♦�✣✙✐�♥t✳ ❘❙ ✐✂ ✁✂✂♦✙✐✁t�✚ ✇✐t❤ ✁ ✣r�✁❜ ♦❢ r✐❣❤t★

❧�❢t ✂②♠♠�tr② ✚✉r✐♥❣ ✂✛✐♥★♦r✣✐t ✂✙✁tt�r✐♥❣ ✐♥ ♠✁❣♥�t✐✙ ♠✁t�r✐✁❧✂ ✁♥✚ ✙✁♥ ✣� ♠✉✙❤

❧✁r❣�r t❤✁♥ ❘✵✳ ■t ❤✁✂ ✣��♥ �✂t✁✣❧✐✂❤�✚ t❤✁t t❤�r� ✐✂ ✁ ✚✐r�✙t ✙♦rr�❧✁t✐♦♥ ✣�t✇��♥

❘❙ ✁♥✚ ❧♦♥❣✐t✉✚✐♥✁❧ r�✂✐✂t✐✈✐t② ✁✂

❘❙ ✴ ✚♥ ✩✷✳✷✽✮

✇❤�r� ✌ ✚�✛�♥✚✂ ♦♥ t❤� ✛r�✚♦♠✐♥✁♥t ✂✙✁tt�r✐♥❣ ♠�✙❤✁♥✐✂♠✫ ✌ ❂ ✶ ❢✄✂ ✝✞✞✇ ✝✙✆✟✲

✟✞✂✘♥✖ ✆♥❧ ✌ ❂ ✷ ❢✄✂ ✝✘❧✞ ❥✉♠♣✳ ❙✉♣✞✂♣✄✝✘✟✘✄♥ ✄❢ ✟✇✄ ✞✥✞✙✟✝ ✘✝ ✉✝✉✆❧❧② ♣✂✞✝✞♥✟✞❧

✆✝

❘❙ ❂ ❛✚ ✰ ❜✚✷ ✭✷✳✷✾✮

✇✚✞✂✞ ❛ ✆♥❧ ❜ ✆✂✞ ✙✄✞✣✙✘✞♥✟✝ ✙✄✂✂✞✝♣✄♥❧✘♥✖ ✟✄ ✟✚✞ ✝✞✞✇ ✝✙✆✟✟✞✂✘♥✖ ✆♥❧ ✝✘❧✞ ❥✉♠♣✱

✂✞✝♣✞✙✟✘✈✞❧②✳ ■✟ ✘✝ ✆✝✝✉♠✞❧ ✟✚✆✟ ✘♥ ❧✄✇✲✂✞✝✘✝✟✘✈✘✟② ✝②✝✟✞♠✝✱ ✟✚✞ ❧✄♠✘♥✆♥✟ ♠✞✙✚✆♥✘✝♠

✘✝ ✝✞✞✇ ✝✙✆✟✟✞✂✘♥✖✱ ✇✚✘❧✞ ✘✟ ✘✝ ✙❧✆✘♠✞❧ ✟✚✆✟ ✘♥ ❢✞✂✂✄♠✆✖♥✞✟✝ ✇✘✟✚ ✂✞❧✆✟✘✈✞❧② ✚✘✖✚

✂✞✝✘✝✟✘✈✘✟② ✟✚✞ ✝✘❧✞ ❥✉♠♣ ♠✞✙✚✆♥✘✝♠ ✘✝ ✟✚✞ ❧✄♠✘♥✆♥✟ ✄♥✞ ❬✼✷❪✳ ❘❙ ✘✝ ♠✞✆✝✉✂✞❧

✆♥❧ ✂✞♣✄✂✟✞❧ ✆✟ ✸✛✛❑ ❢✄✂ ♣✉✂✞ ◆✘ ✘♥ ❧✘✟✞✂✆✟✉✂✞ ✆✝☛ �❘☎✐❙ ❂ ✼✳✾ ✲ ✶✷✳✸✂ ✶✛
❂✾♠✠✁❈

❬✻✹✱ ✻✼✱ ✼✸❪✳

❋✘✖✳ ✷✳✾✭✂✮ ✝✚✄✇✝ ✟✚✞ ❧✞♣✞♥❧✞♥✙✞ ✄❢ ❍✆❧❧ ✂✞✝✘✝✟✆♥✙✞ ✘♥ ◆✘P✟ ✇✘✟✚ ✻✼✪ ◆✘ ✙✄♥✝✟✆♥✟

✆✟ ❧✘✥✞✂✞♥✟ ✟✞♠♣✞✂✆✟✉✂✞✝ ❬✼✛❪✳ ✝✙✙✄✂❧✘♥✖ ✟✄ ✟✚✞✘✂ ✝✟✉❧②✱ ❞❘①②✆❞❍ ✆✟ ❧✄✇ ✜✞❧❧✝

❧✞✙✂✞✆✝✞✝ ✇✘✟✚ ✘♥✙✂✞✆✝✘♥✖ ✟✞♠♣✞✂✆✟✉✂✞✳

✷✳✷✳✻ ❙✄★✣♥✧★✜♦✦✧✤✦ ▼✢♥✣✤✪♦✦✤✜★✜✪✢✣❝✤

❚✚✞ ✙✄♥✟✂✘✂✉✟✘✄♥ ✄❢ ♠✆✖♥✄♥ ✝✙✆✟✟✞✂✘♥✖ ✟✄ ✟✚✞ ✞❧✞✙✟✂✘✙✆❧ ✂✞✝✘✝✟✘✈✘✟② ✇✚✘✙✚ ♣✂✄✈✘❧✞✝

✆ ❧✘♥✞✆✂ ❧✞♣✞♥❧✞♥✙✞ ✄❢ ✟✚✞ ✂✞✝✘✝✟✆♥✙✞ ✄♥ ✟✚✞ ✆♣♣❧✘✞❧ ✜✞❧❧ ✙✆♥ ✂✞ ✂✞✖✆✂❧✞❧ ✆✝ ✝♣✘♥✲

❧✘✝✄✂❧✞✂ ♠✆✖♥✞✟✄✂✞✝✘✝✟✆♥✙✞ ✭❙▼❘✮✳ ■♥ ✷✛✛✷✱ ❘✆❤✉✞✟ ✞✟ ✆❧✳ ✝✚✄✇✞❧ ❢✄✂ ✸❞✲♠✞✟✆❧ ✟✚✘♥

✶✾



✷✳ ❚❤�♦r② ♦❢ ♠✁❣♥�t✐✂♠

✜❧♠✂ t❤✁t t❤� ♠✁❣♥♦♥★�❧�✙tr♦♥ ✐♥t�r✁✙t✐♦♥✂ ✁r� t❤� ✂♦✉r✙� ♦❢ ✁ ❧✐♥�✁r ✚�✛�♥✚�♥✙�

♦❢ t❤� r�✂✐✂t✐✈✐t② ♦♥ ✁♥ ✁✛✛❧✐�✚ ✜�❧✚ ❬✼✻❪✳ ■♥ ❤✐❣❤ ✜�❧✚ r�❣✐♦♥ ✇❤✐✙❤ ✐✂ �♥♦✉❣❤ t♦

✂✁t✉r✁t� t❤� ♠✁❣♥�t✐✧✁t✐♦♥✱ ✣�✙✁✉✂� ♦❢ ✁♥♥✐❤✐❧✁t✐♦♥ ♦❢ ♠✁❣♥♦♥✂ t❤� ♠✁❣♥�t✐✧✁t✐♦♥

�♥❤✁♥✙�✂ ✇✐t❤ t❤� ✜�❧✚✳ ❆✂ ✁ r�✂✉❧t ♦❢ ✚�✙r�✁✂✐♥❣ �❧�✙tr♦♥★♠✁❣♥♦♥ ✂✙✁tt�r✐♥❣ t❤�

r�✂✐✂t✐✈✐t② ♦❢ t❤� ✂②✂t�♠ ✚�✙r�✁✂�✂ ✇✐t❤ t❤� ✜�❧✚✳

▼♦r�♦✈�r✱ ✁ t�♠✛�r✁t✉r� ✚�✛�♥✚�♥✙� ♦❢ r�✂✐✂t✐✈✐t② ✁t ❤✐❣❤ ✜�❧✚ ✐✂ ✛r♦✛♦✂�✚ ✣② ❘✁★

q✉�t �t ✁❧✳ ✁✂

✁✚✩❚❀❍✮ ✙ ✚✩❚❀❍✮� ✚✩❚❀ ✵✮ ✴
✖✵❍❚

❉✩❚ ✮✷
❧♥

✒
✖❇✖✵❍

☎❇❚

✓

✩✷✳✸✵✮

✇❤�r� ❉ ✐✂ t❤� �①✙❤✁♥❣� ✂t✐❞♥�✂✂ ✁♥✚ ❢r♦♠ t❤� ✚�r✐✈✁t✐♦♥ ♦❢ t❤✐✂ �①✛r�✂✂✐♦♥✱ t❤�

t�♠✛�r✁t✉r� ✚�✛�♥✚�♥✙� ♦❢ t❤� ▼❘ ✂❧♦✛� r�✂✉❧t✂ ✁✂

�

☞
☞
☞
☞
☞

✚✚✁❛❣
✚❍

☞
☞
☞
☞
☞
✴ ❚ ✩✳✰ ✷❞✶❚

✷
✮ ❧♥

❚

❚✵
✩✷✳✸✳✮

✇❤�r� ❚✵ ✐✂ ✁ t�♠✛�r✁t✉r�★✐♥✚�✛�♥✚�♥t t�r♠ ✁♥✚ ❞✶ ✛r�✂�♥t✂ t❤� t�♠✛�r✁t✉r� ✚�★

✛�♥✚�♥t ✙❤✁♥❣� ✐♥ t❤� ♠✁❣♥♦♥✐✙ ♠✁✂✂✳ ▼♦r� ✚�t✁✐❧✂ ✁✣♦✉t t�♠✛�r✁t✉r� ✚�✛�♥✚�♥✙�

♦❢ r�✂✐✂t✐✈✐t② ✙✁♥ ✣� ❢♦✉♥✚ ✐♥ ❘�❢✳ ❬✳✳✱ ✼✻✱ ✼✼❪✳

✢✐❣ ✷✳✳✵✩✁✮ ✂❤♦✇✂ t❤� ❧✐♥�✁r ✚�✛�♥✚�♥✙� ♦❢ r�✂✐✂t✐✈✐t② ❢♦r ✤✐ ✂✁♠✛❧�✂ ✁t t�♠✛�r✁t✉r�

r✁♥❣✐♥❣ ✷❑ t♦ ✸✵✵❑ ♠�✁✂✉r�✚ ✣② ▼✁✚✚✉r✐ �t ✁❧✳ ❬✼✹❪✳ ❆✙✙♦r✚✐♥❣ t♦ ❙q✳ ✷✳✸✳✱ ▼✐❤✁✐

�t ✁❧✳ ♠�✁✂✉r�✚ t❤� ▼❘ ✂❧♦✛� ♦❢ ✸✷ ♥♠ ✢�Pt ✂✁♠✛❧� ✈✂ t�♠✛�r✁t✉r� ✂❤♦✇♥ ✐♥ ✢✐❣✳

✷✳✳✵✩✣✮ ❬✼✺❪✳

■♥ ✙❤✁✛t�r ✹✱ t❤� t❤✐✙❜♥�✂✂ ✚�✛�♥✚�♥✙� ♦❢ ❙▼❘ �❞�✙t ♦❢ ✤✐✴Pt ✂②✂t�♠✂ ✐✂ ✛r�✂�♥t�✚✳

✷✵



❚❤� ♠✁✐♥ ❢♦✙✉✂ ♦❢ t❤✐✂ ✇♦r❜ ✐✂ ♦♥ ♠✁❣♥�t♦tr✁♥✂✛♦rt ✛r♦✛�rt✐�✂ ♦❢ ✤✐✴Pt ✁♥✚ ✪♦✴P✚

t❤✐♥ ✜❧♠✂ t❤✁t ✁r� ✚✐✂✙✉✂✂�✚ ✐♥ ✚�t✁✐❧✂ ✐♥ ❢♦❧❧♦✇✐♥❣ ✙❤✁✛t�r✂✳ ❇�❢♦r� ❣♦✐♥❣ t❤r♦✉❣❤

t❤� r�✂✉❧t✂✱ ■ ✛r�❢�r t♦ ✚�✂✙r✐✣� ✣r✐�✢② ✐♥ t❤✐✂ ✙❤✁✛t�r t❤� ✂✁♠✛❧� ✛r�✛✁r✁t✐♦♥ ✛r♦✙�✂✂

✁♥✚ t❤� �①✛�r✐♠�♥t✁❧ ✂�t✉✛ ❤✁✈� ✣��♥ ✉✂�✚ ✇✐t❤✐♥ t❤✐✂ ✇♦r❜✳ ❆✙✙♦r✚✐♥❣❧②✱ t❤� ✜r✂t

✂�✙t✐♦♥ ♦❢ t❤✐✂ ✙❤✁✛t�r ♦✉t❧✐♥�✂ ♠�t❤♦✚✂ ✉t✐❧✐✧�✚ ❢♦r ✂✁♠✛❧� ✛r�✛✁r✁t✐♦♥✱ ♥✁♠�❧②

✚✐r�✙t ✙✉rr�♥t ✩❉✪✮ ♠✁❣♥�tr♦♥ ✁♥✚ �❧�✙tr♦♥★✙②✙❧♦tr♦♥ r�✂♦♥✁♥✙� ✩❙✪❘✮ ✂✛✉tt�r✐♥❣

✚�✛♦✂✐t✐♦♥✱ ✁✂ ✇�❧❧ ✁✂ ✁ ✂❤♦rt ✛r�✂�♥t✁t✐♦♥ ♦❢ ♦✉r ✛r�✛✁r✁t✐♦♥ ✙❤✁♠✣�r✳ ■♥ ✂�✙t✐♦♥

✸✳✷ t❤� �①✛�r✐♠�♥t✁❧ ✂�t✉✛ ✉✂�✚ ❢♦r ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ♠�✁✂✉r�♠�♥t✂ ♦❢ t❤� ✂✁♠✛❧�✂

✇✐❧❧ ✣� ✂❤♦rt❧② r�✈✐�✇�✚✳ ❚❤� ✙❤✁✛t�r ✇✐❧❧ ✣� ✙❧♦✂�✚ ✣② ✐♥tr♦✚✉✙✐♥❣ t❤� t�✙❤♥✐q✉�✂

✉✂�✚ t♦ ✐♥✈�✂t✐❣✁t� t❤� ✂tr✉✙t✉r✁❧ ✛r♦✛�rt✐�✂ ♦❢ ✤✐✴Pt ✁♥✚ ✪♦✴P✚ ❧✁②�r�✚ ✂tr✉✙t✉r�✂✳

✸✳✶ ❙❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥

❚❤�r� ✁r� ♠✁♥② ✚✐❞�r�♥t ✇✁②✂ t♦ ✚�✛♦✂✐t ♠✁t�r✐✁❧✂ ✂✉✙❤ ✁✂ ♠�t✁❧✂✱ ✙�r✁♠✐✙✂✱ ✁♥✚

✛❧✁✂t✐✙✂ ♦♥t♦ ✁ ✂✉r❢✁✙� ✩✂✉✣✂tr✁t�✮ t♦ ❢♦r♠ ✁ t❤✐♥ ✜❧♠✳ ❆♠♦♥❣ t❤�✂� t�✙❤♥✐q✉�✂✱

✍s✕✎✎☞✌✡✠❣ ❤✁✂ ✣�✙♦♠� ♦♥� ♦❢ t❤� ♠♦✂t ✙♦♠♠♦♥ ✇✁②✂ t♦ ❢✁✣r✐✙✁t� t❤✐♥ ✜❧♠✂✳

■t ✇✁✂ ✚✐✂✙♦✈�r�✚ ♦✈�r ✁ ❤✉♥✚r�✚ ②�✁r✂ ✁❣♦ ✁♥✚ ✇✁✂ ✜r✂t r�✛♦rt�✚ ✣② �r♦✈� ❬✼✽❪ ✐♥

✳✽✺✷ ✁♥✚ ✐♥✚�✛�♥✚�♥t❧② ✣② P❧❧✙❜�r ❬✼✾❪ ✐♥ ✳✽✺✽✳ ❆✂ ❧♦♥❣ ✁❣♦ ✁✂ ✳✽✼✼✱ ✂✛✉tt�r✐♥❣

✇✁✂ ✉✂�✚ t♦ ✙♦✁t ♠✐rr♦r✂ ❬✽✵❪✳

❙✛✉tt�r✐♥❣ ✐✂ t❤� �❥�✙t✐♦♥ ♦❢ ✁t♦♠✂ ✣② t❤� ✣♦♠✣✁r✚♠�♥t ♦❢ ✁ ✂♦❧✐✚ ♦r ❧✐q✉✐✚ t✁r❣�t

✣② �♥�r❣�t✐✙ ✛✁rt✐✙❧�✂✱ ♠♦✂t❧② ✐♦♥✂✳ ■t r�✂✉❧t✂ ❢r♦♠ ✙♦❧❧✐✂✐♦♥✂ ✣�t✇��♥ t❤� ✐♥✙✐✚�♥t

�♥�r❣�t✐✙ ✛✁rt✐✙❧�✂✱ ✁♥✚✴♦r r�✂✉❧t✁♥t r�✙♦✐❧ ✁t♦♠✂✱ ✇✐t❤ ✂✉r❢✁✙� ✁t♦♠✂ ✩✂�� ✢✐❣✳ ✸✳✳✮✳

❚❤� ♠♦✂t ✙♦♠♠♦♥❧② ✉✂�✚ ✐♥✙✐✚�♥t ✂✛�✙✐�✂ ✁r� ✐♥�rt ❣✁✂ ✐♦♥✂ ✩�✳❣✳ ❆r
✰
✱ ❑r

✰
✱ ❳�✰✮✱

✣✉t ✂✛✉tt�r✐♥❣ ✙✁♥ ✁❧✂♦ r�✂✉❧t ❢r♦♠ t❤� ✣♦♠✣✁r✚♠�♥t ♦❢ ♦t❤�r �♥�r❣�t✐✙ ✐♦♥✂✱ ♥�✉★

tr✁❧✂✱ �❧�✙tr♦♥✂ ✁♥✚ �✈�♥ ✛❤♦t♦♥✂✳ ❚❤� �❥�✙t�✚ ✁t♦♠✂ t❤�♥ tr✁✈�❧ ✂♦♠� ✚✐✂t✁♥✙� ✉♥t✐❧

t❤�② r�✁✙❤ t❤� ✂✉✣✂tr✁t� ✁♥✚ ✂t✁rt t♦ ✙♦♥✚�♥✂� ✐♥t♦ ✁ ✜❧♠✳ ❆✂ ♠♦r� ✁♥✚ ♠♦r� ✁t♦♠✂

r�✁✙❤ ♦♥ t❤� ✂✉✣✂tr✁t�✱ t❤�② ✣�❣✐♥ t♦ ✣✐♥✚ t♦ �✁✙❤ ♦t❤�r ✁♥✚ ❢♦r♠✐♥❣ ✁♥ ✁t♦♠✐✙ ❧✁②�r✳

❖♥� ♦r ♠♦r� ❧✁②�r✂ ♦❢ ✂✉✙❤ ✁t♦♠✂ ✙✁♥ ✣� ✙r�✁t�✚ ✚�✛�♥✚✐♥❣ ♦♥ t❤� ✂✛✉tt�r✐♥❣ t✐♠�✳

✷✳





✸✳✶✳✷ ❊✩✤❝✪✦♦✣♥❝②❝✩♦✪✦♦✣ ✦✤✜♦✣✢✣❝✤ ✭❊❈❘✮ ✜✄✉✪✪✤✦★✣♥ ✧✤✄♦♥

✜★✪★♦✣

❙❧�✙tr♦♥★✙②✙❧♦tr♦♥ r�✂♦♥✁♥✙� ✩❙✪❘✮ ✛❧✁✂♠✁✱ ✣�❧♦♥❣✂ t♦ t❤� ❣r♦✉✛ ♦❢ ✪❤�♠✐✙✁❧ ❱✁★

✛♦r ❉�✛♦✂✐t✐♦♥ ✩✪❱❉✮✱ ❤✁✂ ✣��♥ ✇✐✚�❧② ✉✂�✚ ❢♦r ✜❧♠ ✚�✛♦✂✐t✐♦♥ ❬✽✷❪✳ ❚❤� ♠✁✐♥

✛♦✐♥t✂ ♦❢ ❙✪❘ t�✙❤♥✐q✉� ✐✂ ✂✐♠✐❧✁r t♦ t❤� ♠✁❣♥�tr♦♥ ✂✛✉tt�r✐♥❣ ♠�t❤♦✚✳ ❍�r�✱ ♠✐★

✙r♦✇✁✈�✂✱ ✇❤✐✙❤ ✁r� ✙r�✁t�✚ ✣② ✁ ♠✁❣♥�tr♦♥✱ ✁r� ✐♥tr♦✚✉✙�✚ t♦ t❤� ✛❧✁✂♠✁ ✙❤✁♠✣�r

t❤r♦✉❣❤ ✁♥ ✁♥t�♥♥✁✳ ❆r ❣✁✂ ✐✂ ✐♥✂�rt�✚ t♦ t❤� ✙❤✁♠✣�r✳ ❚❤�r� ✁r� ✛�r♠✁♥�♥t✂

♠✁❣♥�t✂ ✐♥ t❤� ✙❤✁♠✣�r ✐♥ ♦r✚�r t♦ ❢♦r✙� �❧�✙tr♦♥✂ t♦ ♠♦✈� ✐♥ ✙✐r✙✉❧✁r ♠♦t✐♦♥ ✇✐t❤

r�✂♦♥✁♥✙� ❢r�q✉�♥✙② ✩t❤� �❧�✙tr♦♥✂ ✇�r� ✙r�✁t�✚ ✣② t❤� ✙♦❧❧✐✂✐♦♥ ♦❢ ❆r ❣✁✂ ✁t♦♠✂✮✳

❖♥✙� t❤� ✐♥✛✉t ♠✐✙r♦✇✁✈� ❢r�q✉�♥✙② ♠✁t✙❤�✂ t♦ t❤� �❧�✙tr♦♥ ✙②✙❧♦tr♦♥ ❢r�q✉�♥✙②

✩❙✪❘ ✙♦♥✚✐t✐♦♥✮✱ t❤� �♥�r❣② ♦❢ t❤� ✇✁✈� ✐✂ tr✁♥✂❢�rr�✚ t♦ t❤� �❧�✙tr♦♥✂ ✁♥✚ ❣�♥�r★

✁t�✂ ♠♦r� ✐♦♥✐✧�✚ ✁t♦♠✂✳ ❚❤� ✐♦♥✐✧�✚ ✁t♦♠✂ ✁r� ✁✙✙�❧�r✁t�✚ ✇✐t❤ ❤✐❣❤ ✈♦❧t✁❣� ❢r♦♠

t❤� ✛❧✁✂♠✁ ✙❤✁♠✣�r t♦ t❤� t✁r❣�t✱ ✇❤✐✙❤ ✐✂ ✛❧✁✙�✚ ❢✁✙� t♦ ❢✁✙� t♦ t❤� ✂✉✣✂tr✁t�✳ ✪♦♥★

✂�q✉�♥t❧②✱ t❤� t✁r❣�t ✐✂ ✣♦♠✣✁r✚�✚ ✣② t❤� ✁✙✙�❧�r✁t�✚ ✐♦♥✂ ✁♥✚ ✙✁✉✂�✂ r�❧�✁✂✐♥❣ t❤�

t✁r❣�t ♠✁t�r✐✁❧✳ ❖♥� ♦❢ t❤� ✁✚✈✁♥t✁❣�✂ ♦❢ t❤✐✂ ♠�t❤♦✚ ✐✂ t❤✁t t❤� ✇♦r❜✐♥❣ ✛r�✂✂✉r�

✐♥ t❤� ❯❍❱ ✙❤✁♠✣�r ✐✂ ❧♦✇ ✚✉� t♦ t❤� ✙r�✁t✐♦♥ ♦❢ ✛❧✁✂♠✁ ✐♥ ✁ ✂�✛✁r✁t� ✙❤✁♠✣�r

✩✇✐t❤ ♠✉✙❤ ❤✐❣❤�r ✛r�✂✂✉r�✮✳ ▼♦r� ✚�t✁✐❧✂ ✁✣♦✉t ❙✪❘ ✙✁♥ ✣� ❢♦✉♥✚ ✐♥ ❘�❢✳ ❬✽✻✕✾✵❪

✁♥✚ r�❢�r�♥✙�✂ t❤�r�✐♥✳

✸✳✶✳✸ P✦✤✄✢✦✢✪★♦✣ ♦✛ ◆★✴P✪ ✢✣✧ ❈♦✴P✧ ✜✢�✄✩✤✜ ★✣ ✜✄✉✪✪✤✦
❝✥✢�❜✤✦

■♥ ♦r✚�r t♦ ✐♥✈�✂t✐❣✁t� t❤� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ✛r♦✛�rt✐�✂ ♦❢ ❢�rr♦♠✁❣♥�t✐✙ t❤✐♥ ✜❧♠✂✱

✁ ✂�r✐�✂ ♦❢ Pt✴✤✐✴Pt ✂✁♠✛❧�✂ ✇✐t❤ ✚✐❞�r�♥t t❤✐✙❜♥�✂✂�✂ ♦❢ ✤✐ ✇�r� ✛r�✛✁r�✚ ✐♥ ♦✉r

✛r�✛✁r✁t✐♦♥ ✙❤✁♠✣�r✳ ✢✉rt❤�r♠♦r�✱ ✇� ❤✁✈� ❢✁✣r✐✙✁t�✚ ✁ ✂�r✐�✂ ♦❢ P✚✴✪♦✴P✚ ✂✁♠★

✛❧�✂ ✇✐t❤ ✈✁r②✐♥❣ ✪♦ t❤✐✙❜♥�✂✂ t♦ ✐♥✈�✂t✐❣✁t� t❤� ✐♥✢✉�♥✙� ♦❢ ✁❣✐♥❣ ♦♥ t❤� ✂tr✉✙t✉r�

✁♥✚ ♠✁❣♥�t♦tr✁♥✂✛♦rt ✛r♦✛�rt✐�✂✳

✢✐❣✳ ✸✳✷✩✁✮ ✂❤♦✇✂ t❤� �①t�r✐♦r ✈✐�✇ ♦❢ ♦✉r ❯❍❱ ✛r�✛✁r✁t✐♦♥ ✙❤✁♠✣�r ✇❤✐✙❤ ✐✂ ✣✁✂�

♦♥ ✂✛✉tt�r✐♥❣ ✚�✛♦✂✐t✐♦♥ ✁✂ ♠�♥t✐♦♥�✚ ✣�❢♦r� ✇✐t❤ ✛r�✂✂✉r� ❧�✂✂ t❤✁♥ ✷✂ ✳✵✁✾♠✣✁r✳

❚❤� ✙❤✁♠✣�r ✐✂ �q✉✐✛✛�✚ ✇✐t❤ ✣♦t❤ ♠✁❣♥�tr♦♥ ✁♥✚ ❙✪❘ ✂✛✉tt�r✐♥❣ ✚�✈✐✙�✂ ✁♥✚

✣♦t❤ ✛r♦✙�✂✂�✂ ✇�r� ✙♦♠✣✐♥�✚ ✐♥ t❤� ❣r♦✇t❤ ♦❢ ✤✐✴Pt ✜❧♠✂✳ ❆✙✙♦r✚✐♥❣ t♦ t❤� r�✂✉❧t

♦❢ ❙t✐❧❧r✐✙❤ �t ✁❧✳ ❬✾✳❪✱ t❤� ✛�r✛�♥✚✐✙✉❧✁r ♠✁❣♥�t✐✙ ✁♥✐✂♦tr♦✛② ♦❢ ✪♦✴Pt ❧✁②�r�✚

✂tr✉✙t✉r�✂ �♥❤✁♥✙�✂ ✇❤�♥ t❤� ✂��✚ ❧✁②�r ✐✂ ✜r✂t ✚�✛♦✂✐t�✚ ✣② ❙✪❘ ✁♥✚ t❤�♥ ✐✂ ✙♦✈�r�✚

✣② ✳♥♠ ♠✁❣♥�tr♦♥ ✂✛✉tt�r✐♥❣ t�✙❤♥✐q✉�✳ ❍� �①✛❧✁✐♥�✚ t❤✁t t❤� ✐♥t�r♠✐①✐♥❣ ♦❢

t❤� ♠✁t�r✐✁❧ ✁t t❤� ✐♥t�r❢✁✙�✂ r�✚✉✙�✂ ✚✉� t♦ t❤� ❧♦✇�r ✐♦♥ �♥�r❣② ✐♥ t❤� ✙✁✂� ♦❢

♠✁❣♥�tr♦♥ ✂✛✉tt�r✐♥❣ ✁♥✚ ✛r♦✈✐✚�✂ ✁ ✂♠♦♦t❤�r ✂✉r❢✁✙�✳ ▼♦r�♦✈�r✱ ❙✪❘ ✂✛✉tt�r

✚�✛♦✂✐t✐♦♥ ♦♥ ✂✉✣✂tr✁t� r�✂✉❧t✂ t�①t✉r�✚ ✜❧♠✂ ✇✐t❤ r✁t❤�r r♦✉❣❤ ✐♥t�r❢✁✙�✂✳

✢✐❣✳ ✸✳✷✩✣✮ ✂❤♦✇✂ t❤� ✂✙❤�♠✁t✐✙ ✙♦♥✂tr✉✙t✐♦♥ ♦❢ t❤� ✂✁♠✛❧�✂✳ ❙✐✠✤✡ ✇✁✂ ✉✂�✚ ✁✂ ✁

✂✉✣✂tr✁t� ✇✐t❤ ✷✵✵ ♥♠ t❤✐✙❜♥�✂✂ t♦ ❣r♦✇ t❤� ❧✁②�r✂ ♦♥ t♦✛✳ ❆✂ ✁ ✂��✚ ❧✁②�r ✹♥♠

Pt ✇�r� ✚�✛♦✂✐t�✚ ✇✐t❤ ❙✪❘ t�✙❤♥✐q✉�✳ ❚❤� ❆r ✇♦r❜✐♥❣ ✛r�✂✂✉r� ❢♦r ✚�✛♦✂✐t✐♦♥

✇✁✂ ✺ ✂ ✳✵✁✡♠✣✁r ✁♥✚ t❤� ✚�✛♦✂✐t✐♦♥ r✁t� ♦❢ Pt ✇✁✂ ✁✣♦✉t ✵✳✵✽ ♥♠✴✂✱ ✇❤✐✙❤ ✇✁✂

✙✁❧✐✣r✁t�✚ ✣② ①★r✁② r�✢�✙t♦♠�tr②✳ ❆✂ �①✛❧✁✐♥�✚ ✁✣♦✈�✱ t❤� ❣r♦✇t❤ ✛r♦✙�✚✉r� ✇✁✂

✷✸







✸✳ ❙✁♠✛❧� ✛r�✛✁r✁t✐♦♥ ✁♥✚ �①✛�r✐♠�♥t✁❧ ✂�t✉✛

Helium reservoir

Nitrogen reservoir

VTI

Vacuum

Helmholtz coils

Sample space

Sample rod

(a) (b) (c)

❋✄☎✆✝❡ ✸✟✹✠ ✭❛✖ ❊①✒☞✍✑✓✍ ✈✑☞✇ ✓✕ ❙♣☞❝✒✍✓♠❛✎ s☞✒✉♣✘ ✭❜✖ ❆ ❝✍✓ss✲s☞❝✒✑✓✌❛✔ ✈✑☞✇ ✓✕

❙♣☞❝✒✍✓♠❛✎✘ ❆✔✔ ✑♠♣✓✍✒❛✌✒ ♣❛✍✒s ❛✍☞ ✔❛❜☞✔☞❞ ✑✌ ✒☛☞ s❛☞✒❝☛✘ ✭❝✖ ❆ s❝☛☞♠❛✒✑❝ ✈✑☞✇ ✓✕

s❛♠♣✔☞ ✍✓❞✘ ✡☛☞ s❛♠♣✔☞ ✑s ❛✒✒❛❝☛☞❞ ✒✓ ✒☛☞ ❜✓✒✒✓♠ ♣❛✍✒ ✇✑✒☛ ☛☞✔♣ ✓✕ s❛♠♣✔☞ ☛✓✔❞☞✍✘

❉�t✁✐❧✂ ✁✣♦✉t t❤� ♠�✁✂✉r�♠�♥t ❣�♦♠�tr✐�✂ ✁♥✚ ✂✁♠✛❧� ❧✁②♦✉t ✁r� ✛r�✂�♥t�✚ ✐♥ ❙�✙✳

✹✳✷✳

✸✳✷✳✷ ▼❘ �✤✢✜✉✦✤�✤✣✪ ✜✤✪✉✄ ✇★✪✥ ✈✢✦★✢❜✩✤ ✪✤�✄✤✦✢✪✉✦✤

❚❤� ✂②✂t�♠ t❤✁t ✇✁✂ ✉✂�✚ t♦ ♠�✁✂✉r� t❤� ▼❘ ✛r♦✛�rt✐�✂ ♦❢ t❤� ✂✁♠✛❧�✂ ✁t ✈✁r✐✁✣❧�

t�♠✛�r✁t✉r�✂ ✙♦♥✂✐✂t✂ ♦❢ ✂✉✛�r✙♦♥✚✉✙t✐♥❣ ♠✁❣♥�t✂ ✩❍�❧♠❤♦❧t✧ ✙♦✐❧✂✮ t❤✁t ✛r♦✈✐✚�

❤♦♠♦❣�♥�♦✉✂ ♠✁❣♥�t✐✙ ✜�❧✚ ✉✛ t♦ ✝✼❚✱ ❤♦r✐✧♦♥t✁❧❧②✱ ✁♥✚ ✐✂ ✙✁❧❧�✚ ❙s☞♠✎✌s✓✒❣
✷ ✩✂��

✢✐❣✳ ✸✳✹✩✁✮✮✳ ❆✂ ✂❤♦✇♥ ✐♥ ✢✐❣✳ ✸✳✹✩✣✮✱ t❤� ✂✛�✙tr♦♠✁❣ ✙r②♦✂t✁t ✐✂ ✂❤✐�❧✚�✚ ✇✐t❤

❧✐q✉✐✚ ♥✐tr♦❣�♥ r�✂�r✈♦✐r ✁♥✚ t❤� ✙♦✐❧✂ ✁r� ✂✐t✉✁t�✚ ✁♥✚ ✇�❧✚�✚ ✐♥t♦ ✁ ❧✐q✉✐✚ ❤�❧✐✉♠

r�✂�r✈♦✐r✳ ❇♦t❤ r�✂�r✈♦✐r✂ ✁r� t❤�r♠✁❧❧② ✐✂♦❧✁t�✚ ✣② ✉✂✐♥❣ ♠✁t�r✐✁❧✂ ✇✐t❤ ❧♦✇ t❤�r♠✁❧

✙♦♥✚✉✙t✐✈✐t② ✁♥✚ ✁❧✂♦ ❤✐❣❤ ✈✁✙✉✉♠ ✙❤✁♠✣�r ✇✐t❤ ✛r�✂✂✉r� ✉✛ t♦ ✳✵✁✻♠✣✁r✳

❆ ✈✁r✐✁✣❧� t�♠✛�r✁t✉r� ✐♥✂�rt ✩❱❚■✮ ✐✂ ✂✐t✉✁t�✚ ✐♥ t❤� ♠✐✚✚❧� ♦❢ ✙r②♦✂t✁t ✁♥✚ ✉✂�✚

t♦ ✁✚❞✉✂t t❤� t�♠✛�r✁t✉r� ♦❢ t❤� ✂✁♠✛❧� ❢r♦♠ ✳✳✺ t♦ ✸✵✵❑✳ ❚❤✐✂ ✐✂ ✚♦♥� ✣② ✣✁❧★

✁♥✙✐♥❣ t❤� ✙♦♦❧✐♥❣ ✛♦✇�r ♦❢ ✁ ✢♦✇ ♦❢ ❧✐q✉✐✚ ❤�❧✐✉♠ t❤r♦✉❣❤ ✁ ♥��✚❧� ✈✁❧✈� ✇✐t❤ ✁

❤�✁t�r✳ ❚❤� ✢♦✇ ✙✁♥ ✣� ✙♦♥tr♦❧❧�✚ ✣② ✁♥ ✁✉t♦ ♥��✚❧� ✈✁❧✈� ♠♦t♦r ✇❤✐❧� t❤� ❧✐q✉✐✚

❤�❧✐✉♠ ✐✂ ✚r✁✇♥ ❢r♦♠ t❤� ♠✁✐♥ r�✂�r✈♦✐r✳ ✢✐❣✳ ✸✳✹✩✙✮ ✂❤♦✇✂ t❤� ✂✁♠✛❧� r♦✚ t❤✁t ✐✂

✚�✂✐❣♥�✚ t♦ ✣r✐♥❣ t❤� ✂✁♠✛❧� ✐♥t♦ t❤� ♠✁❣♥�t✐✙ ✜�❧✚ ✁♥✚ ✁❧✂♦ ✙✁rr② ✁ ❤�✁t�r ✁♥✚

✷❖①❢♦�✁ ✐♥st�✉♠❡♥ts✱ ♣�♦❥❡❝t ♥✉♠❜❡� ✺✂✄☎✆

✷✻



➫ ①

③

❦■

❦❚

❦❘

✂ ✂

✂

(b)(a)

❋✄☎✆✝❡ ✸✟✺✠ ✭❛✖ ❆ ✒✏♣✑❝❛✔ s☞✒✉♣ ✓✕ ❳�� ☞①♣☞✍✑♠☞✌✒✘ ❍☞✍☞ ❈✉ ✑s ✉s☞❞ ❛s ❛✌✓❞☞

♠❛✒☞✍✑❛✔✱ ✇☛☞✍☞ ✒☛☞ ❈✉ ❑☛ ✔✑✌☞ ✇✑✒☛ ❛ ✇❛✈☞ ✔☞✌✎✒☛ ✓✕ ✕ ❂�✘✁✂✷✄➴ ✑s ✉✒✑✔✑③☞❞✘ ✭❜✖

❙❝☛☞♠❛✒✑❝ s❛☞✒❝☛ ✓✕ ✍☞✕✍❛❝✒✑✓✌ ❛✌❞ ✍☞✢☞❝✒✑✓✌ ☞✛☞❝✒ ✓❝❝✉✍✍✑✌✎ ❛✒ ✒☛☞ ❜✓✉✌❞❛✍✏ ✓✕ ✒✇✓
❞✑✛☞✍☞✌✒ ♠☞❞✑❛ ✒☛❛✒ ❝❛✌ ❜☞ ❞☞s❝✍✑❜☞❞ ❜✏ ❙✌☞✔✔✬s ✔❛✇ ❛✌❞ ✗✍☞s✌☞✔ ☞q✉❛✒✑✓✌s✘

t❤�r♠♦♠�t�r✳ ❚❤� ✂✁♠✛❧�✂ ✁r� ✙♦♥♥�✙t�✚ t♦ t❤� �♥✚ ♦❢ ✂✁♠✛❧� r♦✚ ✇✐t❤ ❤�❧✛ ♦❢ t✇♦

✚✐❞�r�♥t ✂✁♠✛❧� ❤♦❧✚�r✂ ✇❤✐✙❤ ✛r♦✈✐✚� t❤� ✛♦✂✂✐✣✐❧✐t② ♦❢ r♦t✁t✐♦♥ ♦❢ t❤� ✂✁♠✛❧� ✐♥

✚✐❞�r�♥t r♦t✁t✐♦♥✁❧ ✛❧✁♥�✂ ✩✂�� ✢✐❣✳ ✹✳✼✩✚✮✮✳ ❯♥❧✐❜� t❤� ❲✁r♠★✣♦r� ♠✁❣♥�t✱ ❤�r�✱

♥♦ ♠�✙❤✁♥✐✙✁❧ ✙♦♥✈�rt�r ✐✂ ♥�✙�✂✂✁r② t♦ r♦t✁t� t❤� ✂✁♠✛❧�✳ ❆✂ ✁ r�✂✉❧t✱ ✐♥ ✁✚✚✐t✐♦♥

t♦ ▼❘ ♠�✁✂✉r�♠�♥t✂ ✛�r❢♦r♠�✚ ✣② ❲✁r♠✣♦r� ✂�t✉✛✱ t❤� t�♠✛�r✁t✉r� ✈✁r✐✁t✐♦♥ ♦❢

▼❘ ♠�✁✂✉r�♠�♥t✂ ✙✁♥ ✣� ✙✁rr✐�✚ ♦✉t ✣② ❙✛�✙tr♦♠✁❣ ✂�t✉✛✳

❆ ❤✐❣❤★✛r�✙✐✂✐♦♥ ✛♦✇�r ✂✉✛✛❧② ✩■P❙✮✠ ✐✂ ✁❧✂♦ ✚�✂✐❣♥�✚ t♦ ✛r♦✚✉✙� ♠✁❣♥�t✐✙ ✜�❧✚

✇❤✐✙❤ ✐✂ ✛r♦✛♦rt✐♦♥✁❧ t♦ t❤� ✙✉rr�♥t ✢♦✇✳ ❚❤� ✛♦✇�r ✂✉✛✛❧② ✐✂ ✙✁✛✁✣❧� ♦❢ ✂♦✉r✙✐♥❣

✁♥✚ ✂✐♥❜✐♥❣ ✙✉rr�♥t ✁♥✚ ✐t ✁❧✂♦ ✁✙✙✉r✁t�❧② ✙♦♥tr♦❧✂ t❤� ✂❧�✇ ♦❢ t❤� ✙✉rr�♥t✳

✸✳✸ ❙tr✉❝t✉r❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ t❡❝❤♥✐☎✉❡�

❙✐♥✙� ✂tr✉✙t✉r� ✁♥✚ ❢✉♥✙t✐♦♥✁❧✐t② ✁r� r�❧✁t�✚ ✛r♦✛�rt✐�✂ ✐♥ ✁♥② ♠✁t�r✐✁❧✱ t❤� ✙❤✁r✁✙★

t�r✐✧✁t✐♦♥ ♦❢ ✂tr✉✙t✉r✁❧ ✛r♦✛�rt✐�✂ ✐✂ ✁ ✈�r② r�❧�✈✁♥t ✐✂✂✉� ✐♥ t❤✐♥ ✜❧♠ ✐♥✈�✂t✐❣✁t✐♦♥✳

❆❧t❤♦✉❣❤ t❤�r� ✁r� ✈✁r✐♦✉✂ t�✙❤♥♦❧♦❣✐�✂ ❢♦r ✙❤✁r✁✙t�r✐✧✁t✐♦♥ ♦❢ t❤� ♠✁❣♥�t✐✙ ✂✁♠★

✛❧�✂✱ ♦♥❧② t❤♦✂� ✙♦♥✙�r♥✐♥❣ ①★r✁② ✂✙✁tt�r✐♥❣ ✩①★r✁② r�✢�✙t✐✈✐t② ✁♥✚ ①★r✁② ✚✐❞r✁✙t✐♦♥✮

✁✂ ✇�❧❧ ✁✂ tr✁♥✂♠✐✂✂✐♦♥ �❧�✙tr♦♥ ♠✐✙r♦✂✙♦✛② ✇�r� ✉✂�✚ ✐♥ t❤✐✂ ✇♦r❜✳ ❚❤�r� ✐✂ ✁ ♥✉♠★

✣�r ♦❢ r�❢�r�♥✙�✂ ✚�✁❧✐♥❣ ✇✐t❤ t❤� ❢✉♥✚✁♠�♥t✁❧✂ ♦❢ t❤�✂� �①✛�r✐♠�♥t✁❧ t�✙❤♥✐q✉�✂✱
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❙✐♥✙� ♠✁♥② ✛r♦✛�rt✐�✂ ♦❢ t❤✐♥ ✜❧♠✂ ✁r� t❤✐✙❜♥�✂✂ ✚�✛�♥✚�♥t✱ ✐t ✂��♠✂ t♦ ✣� �✂✂�♥t✐✁❧

t♦ ✚�t�r♠✐♥� t❤� t❤✐✙❜♥�✂✂ ♦❢ ❧✁②�r✂ ✇✐t❤ ❤✐❣❤ ✛r�✙✐✂✐♦♥ ✐♥ ♠✁♥② t�✙❤♥♦❧♦❣✐✙✁❧ ✁✛✛❧✐★
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✢✐❣✳ ✸✳✺✩✁✮ ✂✙❤�♠✁t✐✙✁❧❧② ✂❤♦✇✂ ✁ t②✛✐✙✁❧ �①✛�r✐♠�♥t✁❧ ✂�t✉✛ ❢♦r r�✢�✙t✐✈✐t② ♠�✁✂✉r�★

♠�♥t✂✳ ❚❤✐✂ ♠�t❤♦✚ ✐♥✈♦❧✈�✂ ♠♦♥✐t♦r✐♥❣ t❤� ✐♥t�♥✂✐t② ♦❢ t❤� ①★r✁② ✣�✁♠ r�✢�✙t�✚ ✣②
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✁ ✂✁♠✛❧� ✁t ✁ ❣r✁✧✐♥❣ ✁♥❣❧� ✒ ✁♥✚ t❤� r�✢�✙t�✚ ✐♥t�♥✂✐t② ✁t ✁♥ ✁♥❣❧� ✒ ✐✂ r�✙♦r✚�✚
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❚❤� ✣✁✂✐✙ ✛r✐♥✙✐✛❧� ♦❢ ❳❘❘ ✐✂ ✚�✂✙r✐✣�✚ ✁✂ ❢♦❧❧♦✇✂✳ ❲❤�♥ ❧✐❣❤t ✙❤✁♥❣�✂ ✐t✂ ✚✐r�✙t✐♦♥

♦❢ ✛r♦✛✁❣✁t✐♦♥ ✁t ✁♥ ✐♥t�r❢✁✙� ✣�t✇��♥ t✇♦ ♠✁t�r✐✁❧✂✱ ✐t ✐✂ ✇�❧❧ ❜♥♦✇♥ ✁✂ r�❢r✁✙★

t✐♦♥ ✁♥✚ r�✢�✙t✐♦♥ �❞�✙t✳ ❚❤� r�✢�✙t✐♦♥ ✁t t❤� ✂✉r❢✁✙� ✁♥✚ ✐♥t�r❢✁✙�✂ ✐✂ ✚✉� t♦ t❤�
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❢✄✂✂✘❧❧✞♥ ✂✞✢✞✙✟✘✄♥✝ ✙✄♠✞ ❢✂✄♠ ♠✘①✞❧ ✭✞✈✞♥ ✆♥❧ ✄❧❧✮ ▼✘❧❧✞✂ ✘♥❧✘✙✞✝ ✆♥❧ ✙❧✞✆✂❧②

❋ ❂ ✛✳ ❚✚✉✝✱ ✂✞✢✞✙✟✘✄♥✝ ♠✆② ✄✙✙✉✂ ❢✄✂ ✝✉✙✚ ♣❧✆♥✞✝ ✆✝ ✭✶✶✶✮✱ ✭✷✛✛✮✱ ✆♥❧ ✭✷✷✛✮ ✂✉✟

♥✄✟ ❢✄✂ ✟✚✞ ♣❧✆♥✞✝ ✭✶✛✛✮✱ ✭✷✶✛✮✱ ✭✶✶✷✮✱ ✞✟✙✳ ■♥ ✟✚✞ ❢✄❧❧✄✇✘♥✖ ✟✇✄ ✙✚✆♣✟✞✂✝ ✟✚✞ ✂✞✝✉❧✟ ✄❢

❳❘❘ ✆♥❧ ❳❘☎ ♠✞✆✝✉✂✞♠✞♥✟✝ ✄♥ P✟✁◆✘✁P✟ ✆♥❧ P❧✁❈✄✁P❧ ✇✘❧❧ ✂✞ ❧✘✝✙✉✝✝✞❧ ✂✞❢✄✂✞

✂✞♣✂✞✝✞♥✟✘♥✖ ✟✚✞ ♠✆✖♥✞✟✄✟✂✆♥✝♣✄✂✟ ✜♥❧✘♥✖✝✳
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✸✳ ❙✁♠✛❧� ✛r�✛✁r✁t✐♦♥ ✁♥✚ �①✛�r✐♠�♥t✁❧ ✂�t✉✛

✸✷



❚❤� ♠✁❣♥�t♦tr✁♥✂✛♦rt ✛r♦✛�rt✐�✂ ♦❢ ✤✐✴Pt ✂✁♥✚✇✐✙❤�✂ ✁♥✚ t❤� ✙✁✉✂�✂ ♦❢ t❤� ♦✣✂�r✈�✚

�❞�✙t✂ ✁r� ✚✐✂✙✉✂✂�✚ ✐♥ t❤✐✂ ✙❤✁✛t�r✳ ✢✐r✂t ♦❢ ✁❧❧✱ t❤� ✂tr✉✙t✉r✁❧ ✛r♦✛�rt✐�✂ ♦❢ t❤� ✂✁♠★

✛❧�✂ ✁r� ✂t✉✚✐�✚ ✉t✐❧✐✧✐♥❣ ✚✐❞�r�♥t t�✙❤♥✐q✉�✂ ✂✉✙❤ ✁✂ ❳★r✁② r�✢�✙t✐✈✐t② ✩❳❘❘✮✱ ❳★r✁②

✚✐❞r✁✙t✐♦♥ ✩❳❘❉✮✱ ✁♥✚ ❤✐❣❤ r�✂♦❧✉t✐♦♥ tr✁♥✂♠✐✂✂✐♦♥ �❧�✙tr♦♥ ♠✐✙r♦✂✙♦✛② ✩❍❘❚❙▼✮

✐♥ ♦r✚�r t♦ ♦✣t✁✐♥ ✁ ✛r♦✛�r ❢♦✉♥✚✁t✐♦♥ ❢♦r t❤� ✐♥t�r✛r�t✁t✐♦♥ ♦❢ t❤� ▼❘ �❞�✙t✂ ✐♥

Pt✴✤✐✴Pt ❧✁②�r�✚ ✂tr✉✙t✉r� ✩❙�✙✳ ✹✳✳✮✳ ■♥ ❙�✙✳ ✹✳✷ t❤� ❣�♦♠�tr✐�✂ ♦❢ t❤� ♠�✁✂✉r�★

♠�♥t✂ ✁♥✚ t❤� ✂✁♠✛❧� ❧✁②♦✉t ✁r� ✐♥tr♦✚✉✙�✚✳ ❚❤� ♠✁❣♥�t✐✙ ✁♥✐✂♦tr♦✛② ✁♥✚ t❤�

r�✂✉❧t ♦❢ t❤✐✙❜♥�✂✂ ✚�✛�♥✚�♥✙� ♦❢ ❑✶☞❡✁ ✁r� ✂❤♦✇♥ ✁♥✚ ✚�✂✙r✐✣�✚ ✐♥ ❙�✙✳ ✹✳✸✳

❇② ✂t✉✚②✐♥❣ t❤� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� ♠�✁✂✉r�♠�♥t✂ ✁✂ ✁ ❢✉♥✙t✐♦♥ ♦❢ ✂✇��✛✐♥❣ ♠✁❣♥�t✐✙

✜�❧✚✱ ✐t ✐✂ ✂��♥ t❤✁t ✚♣ ❁ ✚✄✱ ✇❤✐✙❤ ✐✂ ✁❣✁✐♥✂t t❤� ✂✐♠✐❧✁r r�✂✉❧t ♦❢ ✪♦✴Pt ✂②✂t�♠✳

❚❤�r�❢♦r�✱ t❤� ✁♥❣✉❧✁r ✚�✛�♥✚�♥✙� ♦❢ r�✂✐✂t✐✈✐t② ♦❢ ✤✐✴Pt ✇✁✂ ✐♥✈�✂t✐❣✁t�✚ ✁♥✚ ❧�✚

t♦ ♦✣✂�r✈✁t✐♦♥ ♦❢ ❤✐❣❤�r ♦r✚�r ✙♦♥tr✐✣✉t✐♦♥✂ t♦ t❤� ♦✛★❆▼❘ �❞�✙t✳ ❚❤✐✂ ✐✂ t❤� ♠✁✐♥

✁✙❤✐�✈�♠�♥t ♦❢ t❤✐✂ ✇♦r❜✱ ✁✂ ✐t ❤✁✂ ♥♦t ✣��♥ ✂t✉✚✐�✚ ♦r r�✛♦rt�✚ ✐♥ ❧✐t�r✁t✉r� ✂♦ ❢✁r

✩✂�✙t✐♦♥✂ ✹✳✹ ✁♥✚ ✹✳✺✮✳

■♥ ✂�✙t✐♦♥✂ ✹✳✻ ✁♥✚ ✹✳✼✱ ■ ✛r�✂�♥t t❤� t❤✐✙❜♥�✂✂ ✚�✛�♥✚�♥✙� ♦❢ ▼❘ �❞�✙t✂ ✙♦♥✂✐✂t✐♥❣

♦❢ ❆▼❘✱ ♦✛★❆▼❘✱ ❙▼❘✱ ✁♥✚ ❍✁❧❧ �❞�✙t ✙♦♥✂t✁♥t✂ ♠�✁✂✉r�✚ ❢♦r ✤✐✴Pt ✂②✂t�♠✳ ■t

❤✁✂ t♦ ✣� ♠�♥t✐♦♥�✚ t❤✁t t❤� r�✂✉❧t✂ ♦❢ ▼❘ �❞�✙t✂ ✐♥ ✤✐✴Pt ❤✁✈� ✣��♥ ✙♦♠✛✁r�✚

✂t�✛ ✣② ✂t�✛ ✇✐t❤ ✂✐♠✐❧✁r ✪♦✴Pt ✂tr✉✙t✉r� ✂t✉✚✐�✚ ✣② ❆✳ ❑♦✣✂ ❬✳✵✱ ✳✳✱ ✳✵✷❪✳

✢✐♥✁❧❧②✱ t❤� r�✂✐✂t✁♥✙� ✩r�✂✐✂t✐✈✐t②✮ ♦❢ ✤✐✴Pt ✂②✂t�♠ ✐✂ ✐♥✈�✂t✐❣✁t�✚ ✐♥ t❤� t�♠✛�r✁t✉r�

r✁♥❣� ♦❢ ✷ ★ ✸✵✵❑✳

✹✳✶ ❙❛♠♣❧❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥

❇�❢♦r� ✐♥tr♦✚✉✙✐♥❣ t❤� ♠✁❣♥�t♦r�✂✐✂t✁♥✙� �❞�✙t✂✱ ✐♥✈�✂t✐❣✁t�✚ ✐♥ Pt✴✤✐✴Pt ✂t✁✙❜✂✱ ■

✇♦✉❧✚ ❧✐❜� t♦ ✛r�✂�♥t t❤� ✂tr✉✙t✉r✁❧ ✛r♦✛�rt✐�✂ ♦❢ t❤� ✂✁♠✛❧�✂✳ ❆✂ ✂t✁t�✚ ✐♥ ✛r�✈✐♦✉✂

✙❤✁✛t�r✱ ✁♥ ❳★r✁② ✚✐❞r✁✙t♦♠�t�r ✐✂ ✉✂�✚ t♦ ✚�t�r♠✐♥� t❤� ♦r✐�♥t✁t✐♦♥ ✁♥✚ ✁❧✂♦ t❤�

✸✸



✹✳ ▼✁❣♥�t♦r�✂✐✂t✁♥✙� �❞�✙t✂ ✐♥ ✤✐✴Pt ✂tr✉✙t✉r�

source de
te
ct
or

sample

grain

lattice planes

✂

��

❋✄☎✆✝❡ ✹✟✶✠ ❙❛☞✒❝☛ ✓✕ ✒☛☞❳�❉♠☞❛s✉✍☞♠☞✌✒✘ ■✒ ✑s ♣✓ss✑❜✔☞ ✒✓ ✈❛✍✍✏ ✒ ❛✌❞ ✦ s☞♣❛✍❛✒☞✔✏

✑✌ ✓✍❞☞✍ ✒✓ ✕✉✔✜✔✔ ❇✍❛✎✎✬s ✔❛✇ ❝✓✌❞✑✒✑✓✌s✘ ✡☛☞ ✜✎✉✍☞ ✑s ✓❜✒❛✑✌☞❞ ✕✍✓♠ �☞✕✘ ❬��✁✘

✂tr✉✙t✉r� ♦❢ ✙r②✂t✁❧❧✐t�✂✳ ❳★r✁② r�✢�✙t✐✈✐t② ♠�t❤♦✚ ✐✂ ✁❧✂♦ ✁✛✛❧✐�✚ t♦ ♦✣t✁✐♥ ✚�t✁✐❧✂

✁✣♦✉t ✐♥t�r❢✁✙� r♦✉❣❤♥�✂✂ ✁♥✚ t❤✐✙❜♥�✂✂ ♦❢ t❤� ❧✁②�r✂✳ ❚♦ ✙♦♠✛❧�t� t❤� ✂t✉✚② ✁♥✚

❢♦r ✁ ✙r♦✂✂ ✙❤�✙❜✱ ❙✙✁♥♥✐♥❣ ❙❧�✙tr♦♥ ▼✐✙r♦✂✙♦✛② ✩❙❙▼✮ ✁♥✚ ❚r✁♥✂♠✐✂✂✐♦♥ ❙❧�✙tr♦♥

▼✐✙r♦✂✙♦✛② ✩❚❙▼✮ ✁r� ✉✂�✚ t♦ ♠�✁✂✉r� t❤� ❧✁t�r✁❧ ✂✐✧� ♦❢ ❣r✁✐♥✂ ✁♥✚ t❤� ❧✁②�r✂

t♦✛♦❧♦❣②✳ ❚❤� ❳★r✁② ♠�✁✂✉r�♠�♥t✂ ❤✁✈� ✣��♥ ✛�r❢♦r♠�✚ ✣② �✳ ❲✐♥❜❧�r✱ ✁♥✚ ❉✳

▲♦tt ✐♥ ❍�❧♠❤♦❧t✧★❩�♥tr✉♠ ���✂t❤✁✙❤t ✩�❩�✮✳ ❚❤� r�✂✉❧t✂ ✁r� ✚✐✂✙✉✂✂�✚ ✐♥ t❤�

❢♦❧❧♦✇✐♥❣ ✂�✙t✐♦♥✂✳

✹✳✶✳✶ ✆♥✦✢② �★✛✦✢❝✪★♦✣ ✭✆❘�✮

❚❤� ✙r②✂t✁❧❧✐♥✐t② ♦❢ ✤✐✴Pt ✂✁♠✛❧�✂ ✁r� ✁♥✁❧②✧�✚ ✣② ❤✐❣❤ ✁♥❣❧� ❳★r✁② ✚✐❞r✁✙t✐♦♥

✩❳❘❉✮✳ ✢✐❣✳ ✹✳✳ ✂❤♦✇✂ ✁ ✂✙❤�♠✁t✐✙ ✂❜�t✙❤ ♦❢ t❤� ❳❘❉ ♠�✁✂✉r�♠�♥t✳ ■♥ ✁ ❳❘❉

♠✁✛ ✁ ✂�r✐�✂ ♦❢ ✒★♠�✁✂✉r�♠�♥t✂ ✁r� r�✙♦r✚�✚ ✁t ✚✐❞�r�♥t ✁✳ ■t ♠�✁♥✂ t❤✁t ❢♦r �✁✙❤

✁♥❣❧� ✁✱ t❤� ✚�t�✙t♦r ✂✇��✛✂ ✒ ✁♥❣❧� ✁♥✚ r�✙♦r✚✂ t❤� ✐♥t�♥✂✐t② ✇❤✐✙❤ ✐✂ ✛r♦✛♦rt✐♦♥✁❧

t♦ t❤� ♥✉♠✣�r ♦❢ ❳★r✁② ✛❤♦t♦♥✂ ♦❢ ✁ ✛✁rt✐✙✉❧✁r �♥�r❣②✳ ❚❤� ✐♥t�♥✂✐t② ✐✂ �①✛r�✂✂�✚

✐♥ ✁r✣✐tr✁r② ✉♥✐t✂ ✣�✙✁✉✂� ✉✂✉✁❧❧② t❤� r�❧✁t✐✈� ✐♥t�♥✂✐t✐�✂ ♦❢ t❤� ✛�✁❜✂ ✁r� ♠♦r�

✐♥t�r�✂t✐♥❣ r✁t❤�r t❤✁♥ t❤� ✁✣✂♦❧✉t� ✐♥t�♥✂✐t②✳ ��♥�r✁❧❧②✱ t❤� r�✙♦r✚�✚ ✚✐❞r✁✙t✐♦♥

✛✁tt�r♥ ❤✁✂ ✁ ✣✁✙❜❣r♦✉♥✚ ✂✐❣♥✁❧✱ ✇❤✐✙❤ ✐✂ ✂✉✣tr✁✙t�✚ ❤�r� t♦ ♦✣t✁✐♥ ✂♠♦♦t❤ ✛�✁❜✂✳

✢✐❣✳ ✹✳✷✩✁✮ ✂❤♦✇✂ ✁ r�✛r�✂�♥t✁t✐✈� ✚✐❞r✁✙t✐♦♥ ♠✁✛ ♦❢ Pt✴✤✐✴Pt ✂✁♥✚✇✐✙❤�✂ ✇✐t❤

✺✵ ♥♠ ✤✐ t❤✐✙❜♥�✂✂ ♦♥ ❙✐✠✤✡ ✂✉✣✂tr✁t�✳ ❚❤� ✛✁tt�r♥ ✙♦♥✂✐✂t✂ ♦❢ t✇♦ ✂❤✁r✛ ✛�✁❜✂✳

❚❤� ✐♥t�♥✂✐t② ✐✂ ✛❧♦tt�✚ ♦♥ t❤� ♦r✚✐♥✁t� ✁♥✚ t❤� ♠�✁✂✉r�✚ ✚✐❞r✁✙t✐♦♥ ✁♥❣❧�✱ ✷✒✱ ✁❧♦♥❣

t❤� ✁✣✂✙✐✂✂✁✳

✢✐❣✳ ✹✳✷✩✣✮ ✚✐✂✛❧✁②✂ t❤� ✐♥t�❣r✁t�✚ ✐♥t�♥✂✐t② ■✩✷✒✮ ❂
P
✂ ■✭✁❀ ✷✒✮ ✄❢ ✟✚✞ ❧✘✥✂✆✙✟✘✄♥
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❋✐❣�r❡ ✹✁✻✂ ❚❤☎ ✝♣☎❝✉❧❛✡❧② ✡☎✢☎❝t☎❞ ✞✟t☎✟✝✞t② ❛✝ ❛ ✠✉✟❝t✞♦✟ ♦✠ ✇❛✈☎ ✈☎❝t♦✡ ✠♦✡ ❛

✝❛✏♣❧☎ ✇✞t❤ � ✟✏ ◆✞ t❤✞❝✆✟☎✝✝✳ ❚❤☎ ✡☎❞ ❧✞✟☎ ✞✝ t❤☎ ✜t t♦ t❤☎ ❞❛t❛✳

✩✘✥s✪✖✘✩✘♥✙s ✕♥✤② ✛✗✙✜ ✗♥✦✗✚✘♥✦✘ ✥♥✽✤✘s ✤✘ss ✙✜✥♥ ✣❅❖✫

❆s ✩✘♥✙✗✕♥✘✚ ✗♥ ❙✘✦✫ ✸✫✸✫✣✱ ✙✜✘ ✖✘✁✘✦✙✗✕♥ ✕❢ ✥ s✗♥✽✤✘ ✤✥②✘✖ ✕♥ ✥ s✪✵s✙✖✥✙✘ ✦✥♥ ✵✘

✚✘s✦✖✗✵✘✚ ✥s ✙✜✘ ✗♥✙✘✖❢✘✖✘♥✦✘ ✕❢ ✙✜✘ ✖✘✁✘✦✙✗✕♥ ✥✙ ✙✛✕ ✗♥✙✘✖❢✥✦✘s ✤✘✥✚✗♥✽ ✙✕ ✕s✦✗✤✤✥✙✕✖②

✧✥✙✙✘✖♥✫ ❇② s✕✤✼✗♥✽ ✙✜✘ ✾✖✘s♥✘✤ ✘✻✪✥✙✗✕♥s ❢✕✖ ✖✘✁✘✦✙✗✕♥ ✥♥✚ ✙✖✥♥s✩✗ss✗✕♥ ✗♥✦✤✪✚✺

✗♥✽ ✩✪✤✙✗✧✤✘ s✦✥✙✙✘✖✗♥✽ ❢✖✕✩ ✙✜✘ ✙✛✕ ✗♥✙✘✖❢✥✦✘s✱ ✙✜✘ ✖✘✁✘✦✙✗✼✗✙② ✦✥♥ ✵✘ ✕✵✙✥✗♥✘✚ ❬✣❅✂❪✫

■♥ ✙✜✘ ✖✘✦✗✧✖✕✦✥✤ s✧✥✦✘✱ ✗♥✦✗✚✘♥✙ ✥♥✚ ✖✘✁✘✦✙✘✚ ✛✥✼✘ ✥✖✘ ✚✘s✦✖✗✵✘✚ ✛✗✙✜ ✙✜✘✗✖ ✛✥✼✘

✼✘✦✙✕✖s ❦✐ ✥♥✚ ❦❢ ✱ ✛✜✘✖✘ ❥✄❥ ● ❥✙❂✕❴ ➆❘ ❬❨❯ ❫❱❬♠❱⑥❯⑨ ❦✐④ ❦❢ ④ ◗❘❙ ❘❬❯♠◗⑧ ⑥❬ ⑥⑩❱

❲◗♠⑤⑧❱ ❲❨❯❩◗③❱ ⑧⑨❪❘❫ ❪❘ ⑥⑩❱ ❯❱❩❯◗③⑥❪❬❘ ⑤⑧◗❘❱❴ ❻⑩❱❯❱❩❬❯❱④ ⑥⑩❱ ⑥❯◗❘❲❩❱❯❯❱❙ ♠❬♠❱❘⑥❨♠

❪❘ ⑥⑩❱ ③◗❲❱ ❬❩ ❲⑤❱③❨⑧◗❯ ❯❱☎❱③⑥❪⑦❪⑥⑨ ❪❲ ◗③ ● ❵✙ ❲❪❘ ➅❂✕④ ➀⑩❱❯❱ ➅ ❪❲ ⑥⑩❱ ◗❘❫⑧❱ ❬❩ ❪❘③❪❿
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✞♥ ✙✜✗s ✛✕✖❦✱ ✙✜✘ ✩✥✽♥✘✙✕✽✥✤✼✥♥✗✦ ✘✛✘✦✙s ✗♥✼✘s✙✗✽✥✙✘✚ ✗♥ ✲✙✰✯✗✰✲✙ s✙✖✪✦✙✪✖✘s ✥✖✘

✦✕✩✧✥✖✘✚ s✙✘✧ ✵② s✙✘✧ ✛✗✙✜ ✙✜✘ ✖✘s✪✤✙ ❢✕✖ ✲✙✰❈✕✰✲✙ s✥♥✚✛✗✦✜✘s✱ ✛✜✗✦✜ ✛✥s s✙✪✚✗✘✚

✗♥ ✚✘✙✥✗✤ ✵② ❆✫ ❑✕✵s ❬✣✣❪✫ ✬✜✗s ✗s ✚✪✘ ✙✕ ✙✜✘ ❢✥✦✙ ✙✜✥✙ ✙✜✘ s✙✥✖✙✗♥✽ ✧✕✗♥✙ ✕❢ ✩② s✙✪✚②

✹✼



✹✫ ❁✥✽♥✘✙✕✖✘s✗s✙✥♥✦✘ ✘✛✘✦✙s ✗♥ ✯✗✰✲✙ s✙✖✪✦✙✪✖✘

(a) (b)

-90 -45 0 45 90

25.7

25.8

25.9

26.0

xx
(H

ll
)

xx
(H

t
)

xx
(H

p
)

(µ
Ω
c
m
)

H (kOe)

GSE

❋✐❣�r❡ ✹✁✶�✂ ✭❛✄ ❚❤☎ ❧♦✟✓✞t✉❞✞✟❛❧ ✡☎✝✞✝t✞✈✞t② ✚①① ♦✠ Pt✭✂ ✟✏✄✴✴♦✭✻✟✏✄✴Pt✭✄ ✟✏✄

♣❧♦tt☎❞ ❛✓❛✞✟✝t ✏❛✓✟☎t✞❝ ✜☎❧❞ ♦✡✞☎✟t☎❞ ❛❧♦✟✓ t❤☎ t❤✡☎☎ ✓☎✟☎✡✞❝ ❞✞✡☎❝t✞♦✟✝ ✭♣♦❧❛✡✱ ❧♦✟✲

✓✞t✉❞✞✟❛❧✱ ❛✟❞ t✡❛✟✝✈☎✡✝☎✄ ✇✞t❤ ✡☎✝♣☎❝t t♦ t❤☎ ❝✉✡✡☎✟t ❞✞✡☎❝t✞♦✟ ❛✟❞ ✜❧✏ ✟♦✡✏❛❧ ❬✶✵✁✳

✭❜✄ ✁✞✓❤ ✜☎❧❞ ✏❛✓✟☎t♦✡☎✝✞✝t❛✟❝☎ ♦✠ ✷✵ ✟✏ ♣✉✡☎ ✴♦ ✜❧✏ ❛t ✡♦♦✏ t☎✏♣☎✡❛t✉✡☎ ✠♦✡ t❤☎

✝❛✏☎ ❞✞✡☎❝t✞♦✟✝ ♦✠ t❤☎ ✜☎❧❞✳ ✚♣ ❁ ✚✎ ✞✝ ❞✉☎ t❤☎ t☎①t✉✡☎ ♦✠ t❤☎ ✜❧✏ ❬✂✂✁✳

✗s ✙✜✘ ✚✗s✦✕✼✘✖② ✕❢ ❆♥✗s✕✙✖✕✧✗✦ ✞♥✙✘✖❢✥✦✘ ❁✥✽♥✘✙✕✖✘s✗s✙✥♥✦✘ ✢❆✞❁❘✮ ✘✛✘✦✙ ❢✕✪♥✚

✗♥ ❈✕✰✲✙ s✥♥✚✛✗✦✜✘s ❬✣❅❪✫ ❆s s✙✥✙✘✚ ✵✖✗✘✢② ✗♥ ❙✘✦✫ ✷✫✷✫✹✱ ✙✜✘ ✩✥✽♥✘✙✕✖✘s✗s✙✥♥✦✘

✧✖✕✧✘✖✙✗✘s ✕❢ ❈✕✰✲✙ ✤✥②✘✖✘✚ s✙✖✪✦✙✪✖✘s ✛✥s ✗♥✼✘s✙✗✽✥✙✘✚ ✗♥ ✦✪✖✖✘♥✙ ✗♥✺✧✤✥♥✘ ✢❈✞✲✮

✽✘✕✩✘✙✖② ✥✙ ✖✕✕✩ ✙✘✩✧✘✖✥✙✪✖✘ ✗♥ ✕✪✖ ✽✖✕✪✧ ✵② ❆✫ ❑✕✵s✫ ✞✙ ✛✥s ❢✕✪♥✚ ✙✜✥✙ ✙✜✘

✖✘s✗s✙✗✼✗✙② ✚✘✧✘♥✚s ✕♥ ✙✜✘ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✚✗✖✘✦✙✗✕♥ ✛✜✘♥ ✗✙ ✖✕✙✥✙✘s ✗♥ ✙✜✘ ✧✤✥♥✘

✧✘✖✧✘♥✚✗✦✪✤✥✖ ✙✕ ✙✜✘ ✦✪✖✖✘♥✙ ✚✗✖✘✦✙✗✕♥✫ ✞♥ ✕✖✚✘✖ ✙✕ ★♥✚ ✙✜✘ ✕✖✗✽✗♥ ✕❢ ✙✜✗s ✘✛✘✦✙✱ ✗♥

✙✜✥✙ s✙✪✚②✱ ✥ s✘✖✗✘s ✕❢ ✲✙✰❈✕✰✲✙ s✥✩✧✤✘s ✛✘✖✘ ❢✥✵✖✗✦✥✙✘✚ ✛✗✙✜ ✙✜✘ s✥✩✘ ✧✖✘✧✥✖✥✙✗✕♥

✧✖✕✦✘✚✪✖✘ ✜✘✖✘ ❢✕✖ ✲✙✰✯✗✰✲✙✫

✾✕✖ ✦✕✩✧✥✖✗s✕♥✱ ✾✗✽✫ ✹✫✣❅✢✥✮ s✜✕✛s ✙✜✘ ✙②✧✗✦✥✤ ✩✥✽♥✘✙✕✖✘s✗s✙✥♥✦✘ ✖✘s✪✤✙s ✩✘✥s✪✖✘✚

❢✕✖ ✥ ✲✙✰❈✕✰✲✙ s✥✩✧✤✘ ✛✗✙✜ ✻♥✩ ❈✕ ✙✜✗✦❦♥✘ss ❢✖✕✩ ❘✘❢✫ ❬✣❅❪✫ ✬✜✘ ✗♥✙✘✖✘s✙✗♥✽ ✧✥✖✙

✗s ✙✜✥✙ ✗♥ ✯✗✰✲✙ s✥✩✧✤✘ ✢✾✗✽✫ ✹✫�✮ ✙✜✘ ✧✕✤✥✖ ✖✘s✗s✙✗✼✗✙② ✚♣ ✗s ✤✘ss ✙✜✥♥ ✙✜✘ ✙✖✥♥s✼✘✖s✘

✕♥✘ ✚✎ ✛✜✗✦✜ ✗s ✕✵✼✗✕✪s✤② ✕✧✧✕s✗✙✘ ✙✕ ✙✜✘ ★♥✚✗♥✽s ✕❢ ❈✕✰✲✙ s✧✘✦✗✩✘♥ s✜✕✛♥ ✗♥ ✾✗✽✫

✹✫✣❅✢✥✮✫ ✬✜✗s ✚✗✛✘✖✘♥✦✘ ✛✥s ✘♥✕✪✽✜ ✙✕ ✚✖✥✛ ✩② ✥✙✙✘♥✙✗✕♥ ✙✕✛✥✖✚s ✗♥✼✘s✙✗✽✥✙✗♥✽ ✗♥

✚✘✙✥✗✤ ✙✜✘ ✩✥✽♥✘✙✕✖✘s✗s✙✥♥✦✘ ✘✛✘✦✙s ✗♥ ✯✗✰✲✙ s✥♥✚✛✗✦✜✘s✫

▲✕✕❦✗♥✽ ✗♥✙✕ ✤✗✙✘✖✥✙✪✖✘✱ ✙✜✘ ✽✘✕✩✘✙✖✗✦✥✤ s✗✐✘ ✘✛✘✦✙ ✢●❙✂✮ ✦✥♥ ✦✥✪s✘ ✥ ✚✗✛✘✖✘♥✦✘

✵✘✙✛✘✘♥ ✗♥ ✧✤✥♥✘ ✥♥✚ ✕✪✙ ✕❢ ✧✤✥♥✘ ✖✘s✗s✙✗✼✗✙② ✛✗✙✜ ✚♣ ❁ ✚✎ ✥s ✗✙ ✗s ✕✵s✘✖✼✘✚ ✗♥ ❈✕✱

✯✗✱ ✥♥✚ ✧✘✖✩✥✤✤✕② ❬❄✻✱ ❄✼✱ ✣✣✣✱ ✣✣✷❪✫ ❆s ✥♥ ✘✴✥✩✧✤✘✱ ●✗✤ ✘✙ ✥✤✫ ❬❄❄❪ ✖✘✧✕✖✙✘✚ ✙✜✘

s✥✩✘ ✧✘✖❢✕✖✩✥♥✦✘ ✢✚♣ ❁ ✚✎✮ ❢✕✖ ✷❅ ♥✩ ✧✪✖✘ ❈✕ ✥✙ ✷�❄❑ ✛✜✗✦✜ ✗s s✜✕✛♥ ✗♥ ✾✗✽✫

✹✫✣❅✢✵✮✫ ✞✙ ✛✥s ✘✴✧✤✥✗♥✘✚ ✗♥ ❙✘✦✫ ✷✫✷✫✳ ✙✜✥✙ ✗♥ ✦✕♥✙✖✥s✙ ✙✕ ✗✙s ♥✥✩✘✱ ●❙✂ ✗s ✦✥✪s✘✚

✵② ✙✜✘ ✦✖②s✙✥✤✤✗♥✘ ✙✘✴✙✪✖✘ ✕❢ ✙✜✘ s✥✩✧✤✘✫

❙✗✩✗✤✥✖ ✙✕ ✙✜✘ ★♥✚✗♥✽s ✕❢ ❈✕✰✲✙ ✤✥②✘✖✘✚ s✙✖✪✦✙✪✖✘✱ ✙✜✘ ✖✘s✗s✙✗✼✗✙② ✚✗✛✘✖✘♥✦✘ ✗♥ ✯✗✰✲✙

s✙✥✦❦s ✵✘✙✛✘✘♥ ✚❦ ✥♥✚ ✚✎ ✢✄✚✌♣✮ ✦✥♥ ✵✘ ✥✙✙✖✗✵✪✙✘✚ ✙✕ ✙✜✘ ✦✕♥✼✘♥✙✗✕♥✥✤ ❆❁❘ ✘✛✘✦✙

✛✜✗✦✜ ✗s ✥ ✵✪✤❦ ✘✛✘✦✙✫ ❖♥ ✙✜✘ ✕✙✜✘✖ ✜✥♥✚✱ ✥s ✗s ✘✴✧✤✥✗♥✘✚ ✗♥ ❘✘❢✫ ❬✣❅❪✱ ✙✜✘ ✖✘s✗s✙✗✼✗✙②

✚✗✛✘✖✘♥✦✘ ❢✖✕✩ ✗♥✺✧✤✥♥✘ ✙✕ ✕✪✙✺✕❢✺✧✤✥♥✘ ✦✕♥★✽✪✖✥✙✗✕♥ ✢✄✚♦♣ ✗♥ ✦✥s✘ ✕❢ ❈✕✰✲✙✮ ✦✕✩✘s

✹✽
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❋✐❣�r❡ ✹✁✶✶✂ ▼❛✓✟☎t✞❝ ✜☎❧❞ ❞☎♣☎✟❞☎✟❝☎ ♦✠ ✁❛❧❧ ✡☎✝✞✝t❛✟❝☎ ❛t ✡♦♦✏ t☎✏♣☎✡❛t✉✡☎ ✠♦✡

Pt✭✂ ✟✏✄✴◆✞✭✶✂ ✟✏✄✴Pt✭✄✟✏✄✳ ❚❤☎ ✜☎❧❞ ✞✝ ❛♣♣❧✞☎❞ ♣☎✡♣☎✟❞✞❝✉❧❛✡ t♦ t❤☎ ✜❧✏ ♣❧❛✟☎✳

❇♦t❤ ✁❛❧❧ ❝♦✟✝t❛✟t✝ ✭❘✣ ❛✟❞ ❘❙✄ ❤❛✈☎ ✟☎✓❛t✞✈☎ ✈❛❧✉☎✝✳ ❋♦✡ ✶✂ ✟✏ ◆✞ t❤✞❝✆✟☎✝✝

❘✣ ❂✭❂✵✳✵✔✻✝ ✵✳✵✵✷✄✂ ✶✵�✾✏✸✴✴ ❛✟❞ ❘❙ ❂✭❂✶✳✶✄✝ ✵✳✵✻✄✂ ✶✵�✾✏✸✴✴ ✇☎✡☎ ❝❛❧✲

❝✉❧❛t☎❞✳

❢✖✕✩ s✦✥✙✙✘✖✗♥✽ ✩✘✦✜✥♥✗s✩ ✥✙ ✗♥✙✘✖❢✥✦✘s✱ ✙✜✘✖✘❢✕✖✘✱ ✦✕✗♥✘✚ ❆♥✗s✕✙✖✕✧✗✦ ✞♥✙✘✖❢✥✦✘ ❁❘

✢❆✞❁❘✮✫ ✁② ✦✕✩✧✥✖✗♥✽ ★✽✪✖✘s ✹✫� ✥♥✚ ✹✫✣❅✱ ✙✜✘ ✻✪✘s✙✗✕♥ ✥✖✗s✘s ✛✜✥✙ ✗s ✙✜✘ ✕✖✗✽✗♥

✕❢ ✄✚♦♣ ❁ ❅ ✗♥ ✯✗✰✲✙✱ ✗s ✗✙ ✙✜✘ ✧✖✘s✘♥✦✘ ✕❢ ●❙✂ ✘✛✘✦✙ ✕✖ ✙✜✘ ✘✴✗s✙✘♥✦✘ ✕❢ ❆✞❁❘ ✛✗✙✜

♥✘✽✥✙✗✼✘ s✗✽♥♥

✞♥ ✕✖✚✘✖ ✙✕ ★♥✚ ✙✜✘ ✕✖✗✽✗♥ ✕❢ ✙✜✗s ✘✛✘✦✙ ✥✚✚✗✙✗✕♥✥✤ ❁❘ ✩✘✥s✪✖✘✩✘♥✙s ✥✦✦✕✖✚✗♥✽

✙✕ ✙✜✘ s✘✦✕♥✚ ✩✘✙✜✕✚ s✙✥✙✘✚ ✥✵✕✼✘ ✜✥✼✘ ✵✘✘♥ ✧✘✖❢✕✖✩✘✚ ✥♥✚ ✥✖✘ ✘✴✧✤✥✗♥✘✚ ✗♥ ✙✜✘

❢✕✤✤✕✛✗♥✽ s✘✦✙✗✕♥s ✢s✘✘ ❙✘✦✫ ✹✫❄✮✫

✚①❁✢❍▲✮✿ ✾✗✽✫ ✹✫✣✣ s✜✕✛s ❘①❁✢❍▲✮ ✩✘✥s✪✖✘✩✘♥✙ ❢✕✖ ✯✗✰✲✙ ✤✥②✘✖✘✚ s✙✖✪✦✙✪✖✘ ✛✗✙✜

✣❄ ♥✩ ✯✗ ✙✜✗✦❦♥✘ss ✥✙ ✖✕✕✩ ✙✘✩✧✘✖✥✙✪✖✘✫ ✬✜✘ ✩✥✽♥✘✙✗✦ ★✘✤✚ ✗s ✥✧✧✤✗✘✚ ✧✘✖✧✘♥✚✗✦✪✤✥✖

✙✕ ✙✜✘ ★✤✩ ✧✤✥♥✘ ✛✜✗✦✜ ✗s ✙✜✘ ✚✗✖✘✦✙✗✕♥ ✕❢ ✜✥✖✚✺✥✴✗s ✕❢ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✥♥✚ ✙✜✘ ✦✪✖✼✘

✦✕♥✙✥✗♥s ✥ s✪✧✘✖✧✕s✗✙✗✕♥ ✕❢ ✥♥✕✩✥✤✕✪s✺ ✥♥✚ ✕✖✚✗♥✥✖② ❀✥✤✤ ✘✛✘✦✙✫ ❆✤✤ ✙✜✘ s✥✩✧✤✘s

s✜✕✛ ✙✜✘ s✥✩✘ ✵✘✜✥✼✗✕✖ ✥s ✾✗✽✫ ✹✫✣✣✫ ❆✙ ✤✕✛ ★✘✤✚ ✢✄❅✫✼✬ ❁ ✢✣❍ ❁ ❅✫✼✬✮ ✗✙ ✗s

❢✕✪♥✚ ✗♥✗✙✗✥✤✤② ✥ s✙✘✘✧ ✤✗♥✘✥✖ ✖✗s✘ ✕❢ ✙✜✘ ✖✘s✗s✙✥♥✦✘ ✛✗✙✜ ✗♥✦✖✘✥s✗♥✽ ✩✥✽♥✘✙✗✦ ★✘✤✚✱

❢✕✤✤✕✛✘✚ ✵② ✥ s✘✦✕♥✚ ✤✗♥✘✥✖ ✵✘✜✥✼✗✕✖ ✜✥✼✗♥✽ ✥ ✖✘✤✥✙✗✼✘✤② s✩✥✤✤✘✖ ✽✖✥✚✗✘♥✙✫ ✬✜✘ ★✖s✙

✕♥✘ ✗s ✖✘✽✥✖✚✘✚ ✥s ✥♥✕✩✥✤✕✪s ❀✥✤✤ ✘✛✘✦✙ ✥♥✚ ✙✜✘ s✘✦✕♥✚ ✕♥✘ ✗s ✕✖✚✗♥✥✖② ❀✥✤✤ ✘✛✘✦✙✫

✬✜✘✖✘❢✕✖✘✱ ✗✙ ✗s ✧✕ss✗✵✤✘ ✙✕ ✦✥✤✦✪✤✥✙✘ ❀✥✤✤ ✦✕♥s✙✥♥✙s ✢❘✣ ✥♥✚ ❘❙ ✦✕♥✦✘✖♥✗♥✽ ✚①❁✢❍▲✮

✩✘✥s✪✖✘✩✘♥✙✫

✞♥ ❙✘✦✫ ✹✫✻✫✳ ✙✜✘ ✵✘✜✥✼✗✕✖ ✕❢ ❀✥✤✤ ✦✕♥s✙✥♥✙s ✼✘✖s✪s ✯✗ ✙✜✗✦❦♥✘ss ✗s ✚✗s✦✪ss✘✚✫

☎✳✺ ❆✆✞✉✟❛r ❞✠♣✠✆❞✠✆✡✠ ☛❢ ✟☛✆✞✐t✉❞✐✆❛✟ r✠s✐st✐✈✲

✐t② ☛✆ ♠❛✞✆✠t✐③❛t✐☛✆ ❞✐r✠✡t✐☛✆

✬✜✘ ✖✘s✗s✙✗✼✗✙② ✼s✫ ✙✜✘ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✕✖✗✘♥✙✥✙✗✕♥ ✜✥✼✘ ✵✘✘♥ ✗♥✼✘s✙✗✽✥✙✘✚ ✥✦✦✕✖✚✺

✗♥✽ ✙✕ ✙✜✘ s✘✦✕♥✚ ✩✘✙✜✕✚ ✘✴✧✤✥✗♥✘✚ ✗♥ ☞✘✦✫ ✹✫✌✫ ❆ ✦✕♥s✙✥♥✙ ✩✥✽♥✘✙✗✦ ★✘✤✚

✹✍
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❋✐❣�r❡ ✹✁✶�✂ ✭❛✄ ✑☎✝✞✝t✞✈✞t② ✚①① ♦✠ ◆✞✴Pt ✝❛✏♣❧☎ ✇✞t❤ ✾ ✟✏ ◆✞ t❤✞❝✆✟☎✝✝ ❛✝ ❛ ✠✉✟❝t✞♦✟

♦✠ ❛✟✓❧☎ ❜☎t✇☎☎✟ ✏❛✓✟☎t✞③❛t✞♦✟ ❛✟❞ ❝✉✡✡☎✟t ❞✞✡☎❝t✞♦✟ ✭❜❧❛❝✆ ✝②✏❜♦❧✝✄✳ ❋♦✡ ❝♦✏♣❛✡✞✝♦✟

t❤☎ ✡☎✝✉❧t ♦✠ ❈♦✴Pt ✝❛✏♣❧☎ ✇✞t❤ t❤☎ ✝❛✏☎ ❈♦ t❤✞❝✆✟☎✝✝ ✞✝ ♣❧♦tt☎❞ ✞✟ t❤☎ ✝❛✏☎ ✓✡❛♣❤

✭✡☎❞ ✝②✏❜♦❧✝✄✳ ❚❤☎ ❞❛✝❤☎❞ ❧✞✟☎ ✞✝ ❛ ❝♦✝✷✭✬✄ ✜t✳ ✭❜✄ ❙❝❤☎✏☎ ♦✠ ✞✟✲♣❧❛✟☎ ✡♦t❛t✞♦✟✳

✬ ❂ ✝✾✵✍ ✞✟❞✞❝❛t☎✝ ▼ ✞✟ t✡❛✟✝✈☎✡✝☎ ✓☎♦✏☎t✡② ✇❤✞❧☎ ✬ ❂ ✵✍ ✞✟ ❧♦✟✓✞t✉❞✞✟❛❧ ❞✞✡☎❝t✞♦✟✳

✕❢ ✻✬ ✢s✙✖✕♥✽ ✘♥✕✪✽✜ ✙✕ s✥✙✪✖✥✙✘ ✙✜✘ ✩✥✽♥✘✙✗✐✥✙✗✕♥✮ ✗s ✥✧✧✤✗✘✚ ✥✤✕♥✽ ✕♥✘ ✕❢

✙✜✘ ✽✘✕✩✘✙✖✗✘s ✥♥✚ ✙✜✘ s✥✩✧✤✘ ✗s ✖✕✙✥✙✘✚ ✥✙ ★✖s✙ ✥✖✕✪♥✚ ✙✜✘ s✪✖❢✥✦✘ ♥✕✖✩✥✤ ✢✗✧

✖✕✙✥✙✗✕♥✮ ✥♥✚ ✙✜✘♥ ✥✖✕✪♥✚ ✦✪✖✖✘♥✙ ✚✗✖✘✦✙✗✕♥ ✢✕✧ ✖✕✙✥✙✗✕♥✮✫ ✞♥ ✵✕✙✜ ✦✥s✘s ✙✜✘

✖✘s✗s✙✗✼✗✙② ✗s ✩✘✥s✪✖✘✚ ✥s ✥ ❢✪♥✦✙✗✕♥ ✕❢ ✙✜✘ ✚✗✖✘✦✙✗✕♥ ✕❢ ✥✧✧✤✗✘✚ ✩✥✽♥✘✙✗✦ ★✘✤✚

✛✜✗✦✜ ✗s ✥✤✩✕s✙ ✙✜✘ s✥✩✘ ✥s ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✚✗✖✘✦✙✗✕♥✺✫ ❁✘♥✙✗✕♥✘✚ ✥✵✕✼✘ ✙✜✘

✗s✕✙✖✕✧✗✦ ✜✗✽✜ ★✘✤✚ ✵✘✜✥✼✗✕✖ ✕❢ s✛✘✘✧ ✩✘✥s✪✖✘✩✘♥✙ ✦✕♥★✖✩s ✙✜✥✙ ✖✕✙✥✙✗✕♥✥✤ ✩✘✥✺

s✪✖✘✩✘♥✙ ✕❢ ✖✘s✗s✙✗✼✗✙② ✗s ✥ ✦✕♥s✘✻✪✘♥✦✘ ✕❢ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✥♥✚ ♥✕✙ ✙✜✘ ✩✥✽♥✘✙✗✦ ★✘✤✚✫

✞♥ ✾✗✽✫ ✹✫✣✌✢✥✮ ✙✜✘ ✖✘s✗s✙✗✼✗✙② ✕❢ ✲✙✢❄ ♥✩✮✰✯✗✢✍♥✩✮✰✲✙✢✸ ♥✩✮ ✗s ✧✤✕✙✙✘✚ ✢✵✤✥✦❦

s✙✥✖s✮ ✥s ✥ ❢✪♥✦✙✗✕♥ ✕❢ ✥♥✽✤✘ ✁ ✵✘✙✛✘✘♥ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✥♥✚ ✦✪✖✖✘♥✙ ✚✗✖✘✦✙✗✕♥ ✢s✘✘

s✦✜✘✩✘ ✗♥ ✾✗✽✫ ✹✫✣✌✢✵✮✮✫ ✞♥ ✥✚✚✗✙✗✕♥✱ ✙✜✘ ✗♥✺✧✤✥♥✘ ✖✕✙✥✙✗✕♥ ✕❢ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✕❢

✂✕✰✲✙ s✙✖✪✦✙✪✖✘ ✛✗✙✜ ✍♥✩ ✂✕ ✙✜✗✦❦♥✘ss ✢s✗✩✗✤✥✖ ✙✕ ✯✗✰✲✙ s✥✩✧✤✘✮ ✜✥s ✵✘✘♥ ✧✤✕✙✙✘✚

✕♥ ✙✜✘ s✥✩✘ ✽✖✥✧✜ ❢✕✖ ✦✕✩✧✥✖✗s✕♥ ✢✖✘✚ ✦✗✖✦✤✘s✮✫ ❆✦✦✕✖✚✗♥✽ ✙✕ ❊✻✫ ✌✫✌✸✱ ✙②✧✗✦✥✤ ✦✕s✷

✵✘✜✥✼✗✕✖ ✕❢ ✩✥✽♥✘✙✗✐✥✙✗✕♥ ✖✕✙✥✙✗✕♥ ✗♥ ✙✜✘ ★✤✩ ✧✤✥♥✘ ✗s ❢✕✪♥✚ ✥s ✛✘ ✘✴✧✘✦✙✘✚ ❢✕✖

❆❁❘ ✘✛✘✦✙✫ ❆s s✜✕✛♥ ✗♥ ✙✜✘ ✧✤✕✙✱ ✙✜✘ ✩✥✽♥✗✙✪✚✘ ✕❢ ❆❁❘ ✘✛✘✦✙ ✦✥♥ ✵✘ ✕✵✙✥✗♥✘✚ ✵②

✙✜✘ ✥✩✧✤✗✙✪✚✘ ✕❢ ✦✕s✷ ★✙✫ ✞♥ ✙✜✘ ✦✥s✘ ✕❢ ✙✜✗s s✥✩✧✤✘ ✄☎☞✌✌♣ ✆ ✭✵✳✝✞✟ ✠ ✵✳✵✵✡✮ ➭☛❝♠

✐☞ ♠✌❛☞✉✎✌❞ ❢♦✎ ◆✐✏Pt ❛♥❞ ✑☎✒♦✌♣ ✆ ✭✵✳✞✹✵ ✠ ✵✳✵✵✝✮ ➭☛❝♠ ✐☞ ♦❜t❛✐♥✌❞ ❢♦✎ ✓♦✏Pt✱

✇❤✐❝❤ ✐☞ ☞❛♠✌ ♦✎❞✌✎ ♦❢ ♠❛❣♥✐t✉❞✌✳

✔♦t❛t✐♦♥ ♦❢ ♠❛❣♥✌t✐✕❛t✐♦♥ ✐♥ t❤✌ ♣✖❛♥✌ ♣✌✎♣✌♥❞✐❝✉✖❛✎ t♦ t❤✌ ❝✉✎✎✌♥t ❛❝❝♦✎❞✐♥❣ t♦

❋✐❣✳ ✹✳✡✞✭❛✮ ✇❛☞ t❤✌ ♥✌①t ☞t✌♣ ✐♥ ♦✉✎ ♠✌❛☞✉✎✌♠✌♥t☞✳ ❆✖t❤♦✉❣❤ ❛ ❝♦☞✷ ☞②♠♠✌t✎②

✗❚✘❡r❡ ✙s ✛ ✢✙✣❡r❡✤✥❡ ✦❡✧★❡❡✤ ✧✘❡ ✢✙r❡✥✧✙✩✤ ✩✪ ❡✫✧❡r✤✛✯ ✰✛✷✤❡✧✙✥ ✼❡✯✢ ✛✤✢ ✰✛✷✤❡✧✙✽✛✧✙✩✤ ✙✤ ✧✘❡

✥✛s❡ ✩✪ r✩✧✛✧✙✩✤ ✪r✩✰ ❡✛s✿ ✛✫❡s ✧✩ ✘✛r✢ ✛✫❡s❀ ★✘✙✥✘ ✙s ✢✙s✥❁ss❡✢ ✛✤✢ ✥✛✯✥❁✯✛✧❡✢ ✙✤ ✥✩rr❡s❃✩✤✢✙✤✷

s❡✥✧✙✩✤❄
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❋✐❣�r❡ ✹✁✶✸✂ ✭❛✄ ❙❝❤☎✏☎ ♦✠ ✡♦t❛t✞♦✟ ♦✠ ✏❛✓✟☎t✞③❛t✞♦✟ ✞✟ t❤☎ ♣❧❛✟☎ ♣☎✡♣☎✟❞✞❝✉❧❛✡ t♦

t❤☎ ❝✉✡✡☎✟t ❞✞✡☎❝t✞♦✟✳ ✒ ❂ ✝✾✵✍ ✞✟❞✞❝❛t☎✝ ▼ ✞✟ t✡❛✟✝✈☎✡✝☎ ✓☎♦✏☎t✡② ✇❤✞❧☎ ✒ ❂ ✵✍ ✞✟

♣♦❧❛✡ ❞✞✡☎❝t✞♦✟✳ ✭❜✄ ✑☎✝✞✝t✞✈✞t② ✚①① ♦✠ ◆✞✴Pt ✝❛✏♣❧☎ ✇✞t❤ ✾ ✟✏ ◆✞ t❤✞❝✆✟☎✝✝ ❛✝ ❛ ✠✉✟❝t✞♦✟

♦✠ ✒ ❜☎t✇☎☎✟ ✏❛✓✟☎t✞③❛t✞♦✟ ❛✟❞ ✜❧✏ ✟♦✡✏❛❧ ✭❜❧❛❝✆ ✝②✏❜♦❧✝✄✳ ❖✉t✲♦✠✲♣❧❛✟☎ ✡♦t❛t✞♦✟

♦✠ ✏❛✓✟☎t✞③❛t✞♦✟ ♦✠ ✝✞✏✞❧❛✡ ❈♦✴Pt ✝❛✏♣❧☎ ✞✝ ♣❧♦tt☎❞ ✞✟ ✡☎❞ ✝②✏❜♦❧✝ ✠♦✡ ❝♦✏♣❛✡✞✝♦✟✳

❉❛✝❤☎❞ ❧✞✟☎✝ ❛✡☎ ✜t ✠✉✟❝t✞♦✟✝ t♦ t❤☎ ❞❛t❛✳

✇❛s r❡♣♦rt❡❞ ❢♦r ❈♦✴Pt ❛♥❞ ❛❧s♦ ♦t❤❡r s②st❡♠s ❬�✵✱ ✺✻✱ ✻✵✱ ✻�✱ ��✸❪✱ t❤❡ ♦♣ r♦t❛t✐♦♥

♦❢ ♠❛❣♥❡t✐✁❛t✐♦♥ ✐♥ ◆✐✴Pt str✉✂t✉r❡s s❤♦✇s ❛ ✂♦♠♣❧❡t❡❧② ❞✐✄❡r❡♥t ❜❡❤❛✈✐♦r✳ ■♥ ❋✐❣✳

✹✳�✸✭❜☎✱ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ♦♣ r♦t❛t✐♦♥ ♦❢ ❛ ◆✐✴Pt str✉✂t✉r❡ ✇✐t❤ ✾ ♥♠ ◆✐ t❤✐✂❦♥❡ss

✐s s❤♦✇♥ ❛s ❛ ❢✉♥✂t✐♦♥ ♦❢ ✆ ✐♥ ❜❧❛✂❦ s②♠❜♦❧s✳ ❋♦r ✂♦♠♣❛r✐s♦♥ t❤❡ r❡s✉❧t ♦❢ t❤❡
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P❞✭✟ ☎♠✮✴✠♦✭✼ ☎♠✮✴P❞✭✸ ☎♠✮✳ ✭❛✮ ❘✆s✞st❛☎❝✆ ❛s ❛ ❢✉☎❝t✞♦☎ ♦❢ t❤✆ ✞☎✲♣❧❛☎✆ ❛☎❞ ♦✉t✲♦❢✲

♣❧❛☎✆ ❛☎✄❧✆ ✭✬❀ ✒✮ ♠✆❛s✉✝✆❞ ✞☎ ❛ s❛t✉✝❛t✞♦☎ ✜✆❧❞ ♦❢ ✻ ❚✳ ❚❤✆ ❞❛s❤✆❞ ❧✞☎✆s ❛✝✆ ❝♦s☛ ✜ts✳

✭❜✮ ❚②♣✞❝❛❧ ✜✆❧❞ ❞✆♣✆☎❞✆☎❝✆ ♦❢ ✝✆s✞st❛☎❝✆ ♠✆❛s✉✝✆❞ ✞☎ ♣♦❧❛✝ ✄✆♦♠✆t✝② ❢♦✝ ❜♦t❤ s❛♠♣❧✆s

❛t ❝✆✝t❛✞☎ ❞❛t✆s ❛❢t✆✝ ♣✝✆♣❛✝❛t✞♦☎✳ ❚❤✆ ❝❤❛☎✄✆s ✞☎ s♣✞☎✲❞✞s♦✝❞✆✝ ▼❘ ❛✝✆ ♦❜t❛✞☎✆❞ ❢✝♦♠

t❤✆ ❧♦☎✄✞t✉❞✞☎❛❧ ♠✆❛s✉✝✆♠✆☎ts ☞①①✭❍✌✮✱ ✇❤✞❧✆ t❤✆ ❛✄✞☎✄ ✞☎ ♠❛✄☎✆t✞❝ ❛☎✞s♦t✝♦♣② ❛☎❞

✍❛❧❧ ❝♦☎st❛☎ts ❛✝✆ ❞✆t✆✝♠✞☎✆❞ ✈✞❛ t❤✆ t✝❛☎s✈✆✝s✆ ♠✆❛s✉✝✆♠✆☎ts ☞①✎✭❍✌✮✳

✏✾
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❋✐❣�r❡ ✺✁✸✂ ❳✲✝❛② ✝✆✢✆❝t✝♦♠✆t✝② ♦❢ P❞✭✟ ☎♠✮✴✠♦✭✡ ☎♠✮✴P❞✭✸ ☎♠✮ ❛☎❞

P❞✭✟ ☎♠✮✴✠♦✭✼ ☎♠✮✴P❞✭✸ ☎♠✮ ♦☎ ❙✞☎◆✹ s✉❜st✝❛t✆ ✭❜❧❛❝❦ s②♠❜♦❧s✮ ♠✆❛s✉✝✆❞ ✶
❞❛② ❛❢t✆✝ ♣✝✆♣❛✝❛t✞♦☎✳ ❚❤✆ ✝✆❞ s♦❧✞❞ ❧✞☎✆s ❛✝✆ ✜ts t♦ t❤✆ ❝✉✝✈✆s ✉t✞❧✞③✞☎✄ P❛✝❛tt✬s
✝✆❝✉✝s✞✈✆ ❢♦✝♠❛❧✞s♠✳

■t ✐s ♣♦ss✐✆✝❡ t♦ ✐✁✈❡st✐�❛t❡ t❤❡ ✂❡s✐st✐✈✐t② ✚✞✟✠✡☛✱ ☞✚✌✍✎✱ ❛✁❞ ☞✚✌✏✍✎ ❛s ❛ ❢✉✁✄t✐♦✁
♦❢ t✐✑❡ ❢✂♦✑ ✂♦t❛t✐♦✁❛✝ ✑❡❛s✉✂❡✑❡✁t ✭❋✐�✳ ✺✳✒✭❛✮✮✳

❆❞❞✐t✐♦✁❛✝✝②✱ t❤❡ ✝♦✁�✐t✉❞✐✁❛✝ ❛✁❞ t✂❛✁s✈❡✂s❡ ✜❡✝❞ s✇❡❡♣ ✑❡❛s✉✂❡✑❡✁ts ❢♦✂ ✆♦t❤ ❈♦
t❤✐✄✓✁❡ss❡s ❛✂❡ s❤♦✇✁ ✐✁ ❋✐�✳ ✺✳✒✭✆✮✳ ■✁ ♦✂❞❡✂ t♦ st✉❞② t❤❡ t✐✑❡✲❞❡♣❡✁❞❡✁✄❡ ♦❢
✑❛�✁❡t✐✄ ❛✁✐s♦t✂♦♣② ❑✔✕✖✛✱ ❖❍✗✱ ❛✁❞ ❆❍✗ ❡✘❡✄ts t❤❡ s✇❡❡♣ ✑❡❛s✉✂❡✑❡✁ts ✐✁ ♣♦✝❛✂
�❡♦✑❡t✂② ✇❡✂❡ ♣✂❡❢♦✂✑❡❞✳

❚❤❡ ❢♦✝✝♦✇✐✁� s❡✄t✐♦✁ ❞❡❛✝s ✇✐t❤ ✐✁t✂♦❞✉✄✐✁� t❤❡ ✙❘❘ ✑❡❛s✉✂❡✑❡✁ts ❞♦✁❡ ❢♦✂ t❤❡
s❛✑♣✝❡s✳

✣✤✷ ✥✦r✧★✦✧r✩❧ ✪r✫✪✯r✦✰✯✵ ✫✻ ✼✽✾✿✫✾✼✽ ✵✩♥✽❀✰★❁

❋✐�✳ ✺✳❂ s❤♦✇s ❛✁ ❡①❡✑♣✝❛✂② ✂❡s✉✝t ♦❢ ✙❘❘ ❞❛t❛ ❢♦✂ ❈♦✴P❞ s❛✑♣✝❡s ✇✐t❤ ❃✞✟ ❄ ✒
❛✁❞ ✏ ✁✑✱ ✑❡❛s✉✂❡❞ ♦✁❡ ❞❛② ❛❢t❡✂ ♣✂❡♣❛✂❛t✐♦✁✳ ❚❤❡ ✂❡❞ s♦✝✐❞ ✝✐✁❡s ❛✂❡ t❤❡ ✜ts ✆❛s❡❞
♦✁ P❛✂❛tt❅s ✂❡✄✉✂s✐✈❡ ❢♦✂✑❛✝✐s✑✳ ❚❤❡ ■●❖❘ P✂♦✔ s♦❢t✇❛✂❡ ✇✐t❤ ▼♦t♦✜t ♣❛✄✓❛�❡ ✇❛s
✉s❡❞ t♦ ❛♣♣✝② t❤❡ ✜t✳ ▼♦✂❡ ❞❡t❛✐✝s ❛✆♦✉t t❤❡ ✜t ❢✉✁✄t✐♦✁ ✇❡✂❡ ❡①♣✝❛✐✁❡❞ ✐✁ ❇❡✄✳ ❉✳❊✳✒✳

❍❡✂❡✱ t❤❡ ✜t ♣❛✂❛✑❡t❡✂s ✇❡✂❡ t❤✐✄✓✁❡ss ❛✁❞ ✂♦✉�❤✁❡ss ♦❢ t❤❡ ✝❛②❡✂s✱ ✇❤✐✝❡ t❤❡ s✄❛t✲
t❡✂✐✁� ✝❡✁�t❤ ❞❡✁s✐t② ✭❇❏▲✮ ♦❢ ❡❛✄❤ ✝❛②❡✂ ✇❛s ✜①❡❞✳ ❚❤❡ ✂❡❛✝ ❛✁❞ ✐✑❛�✐✁❛✂② ♣❛✂ts
♦❢ s✄❛tt❡✂✐✁� ✝❡✁�t❤ ❞❡✁s✐t② ✭❞✐s♣❡✂s✐♦✁ ❛✁❞ ❛✆s♦✂♣t✐♦✁✮ ❢♦✂ ❈♦ ❛✁❞ P❞ ❛✂❡ ♦✆t❛✐✁❡❞
❢✂♦✑ ❈❡✁t❡✂ ♦❢ ✙✲✂❛② ❖♣t✐✄s ❞❛t❛✆❛s❡ ✭❈✙❘❖✮☛✳ ❚❤❡s❡ ♣❛✂❛✑❡t❡✂s ❛✂❡ �✐✈❡✁ ✐✁ t❛✆✝❡
✺✳❊✳

◗❯❱❱❲❨❩❬❬❭❭❭❪❭❫❴❵♠❵❱❜❝❣❨❪❣❥♠
q❯❱❱❲❩❬❬❯❵④⑤❵❪⑥⑦⑥❪⑧❥❴❬❥❲❱❝❣❫⑥⑨❣❥④❨❱❫④❱❨❬❲❵❜❱⑨⑩❥❜♠❪❯❱♠⑥
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❋✐❣�r❡ ✺✁✹✂ ✭❛✮ ❳❘❘ ♠✆❛s✉✝✆♠✆☎ts ♦❢ P❞✭✟ ☎♠✮✴✠♦✭✡ ☎♠✮✴P❞✭✸ ☎♠✮ t❤✞☎ ✜❧♠ ♠✆❛✲

s✉✝✆❞ ❢♦✝ ✟ ❞✞✛✆✝✆☎t t✞♠✆s ❛❢t✆✝ ♣✝✆♣❛✝❛t✞♦☎✳ ✭❜✮ ❆ ③♦♦♠✲✞☎ t♦ t❤✆ ✜✝st ♦s❝✞❧❧❛t✞♦☎

s❤♦✇☎ ✞☎ ✭❛✮✳

❙�❉✭✍✮ ✭➴❂✷✮ ✐❙�❉✭☞✮ ✭➴❂✷✮

❈♦ ✻✿✸ ✂ ✶✵✁✺ ✾✿✄ ✂ ✶✵✁☎

P❞ ✽✿✾ ✂ ✶✵✁✺ ✼✿✼ ✂ ✶✵✁☎

❙✐✆◆✝ ✄✿✾ ✂ ✶✵✁✺ ✞✿✞ ✂ ✶✵✁✟

❚❛✠❧❡ ✺✁✡✂ ☛❝❛tt✆✝✞☎✄ ❧✆☎✄t❤ ❞✆☎s✞t② ♦❢ ✠♦✌ P❞✌ ❛☎❞ ☛✞✆✎✝✳

✏✑ ✒❡ ✑❡❡✱ t❤❡ ❞✓t✓ ❝✓♥ ❜❡ ❞❡✑❝r✐❜❡❞ ✈❡r② ✒❡✔✔ ✒✐t❤ ✓ t❤r❡❡✲✔✓②❡r ♠♦❞❡✔✕ ✏❝❝♦r❞✐♥✖

t♦ ❊q✕ ✞✕✸ t❤❡ t♦t✓✔ t❤✐❝❦♥❡✑✑ ♦❢ ❡✓❝❤ ✑t✓❝❦ ❝✓♥ ❜❡ ❝✓✔❝✉✔✓t❡❞ ❢r♦♠ ✗◗✘ ❜❡t✒❡❡♥ t❤❡

♠✓①✐♠✓ ♦❢ ✓ ♣❡r✐♦❞✕ ❍❡r❡ t❤❡ t♦t✓✔ t❤✐❝❦♥❡✑✑ ♦❢ ✶✵✵✕✾➴ ✓♥❞ ✶✞✾✕✻➴ ✓r❡ ♦❜t✓✐♥❡❞

❢♦r ❋✐✖✕ ✙✕✸✭✓✮ ✓♥❞ ✭❜✮ r❡✑♣❡❝t✐✈❡✔②✱ r❡✈❡✓✔✐♥✖ ✵✕✾✪ ✓♥❞ ✵✕✞✪ ❞✐✚❡r❡♥❝❡ ❢r♦♠ t❤❡

♥♦♠✐♥✓✔ t❤✐❝❦♥❡✑✑✱ ✒❤✐❝❤ ✐✑ ✒✐t❤✐♥ t❤❡ r❡✑♦✔✉t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✕ ✜❤❡✑❡ ✈✓✔✉❡✑

✈❡r✐❢② t❤❡ ❞❡♣♦✑✐t✐♦♥ r✓t❡✑ ❢♦r t❤❡ ✑✓♠♣✔❡ ♣r❡♣✓r✓t✐♦♥✕

❲✢✣✤✢✥ ✣✤✦ ✣✢✧✦ s★✩✥ ✫✬ ✯✰✰ ✳✩✴s❀ ✣✤✦ ❁❃❃ ✧✦✩s❄❅✦✧✦✥✣s ✫✥ ❇✫●■✳ s✩✧★❏✦s ❑✢✣✤

▲▼❖ ❘ ✄ ✓♥❞ ✼ ♥♠ ✑❤♦✒ ✈✐✑✐❜✔❡ ❝❤✓♥✖❡✑✕ ✜❤✐✑ ✐✑ ✑❤♦✒♥ ✓✑ ✓♥ ❡①✓♠♣✔❡ ❢♦r ✄ ♥♠ ❈♦

t❤✐❝❦♥❡✑✑ ✐♥ ❋✐✖✕ ✙✕✞✭✓✮✱ ✒❤✐✔❡ ❋✐✖✕ ✙✕✞✭❜✮ ❞✐✑♣✔✓②✑ ✓♥ ❡♥✔✓r✖❡❞ r❡♣r❡✑❡♥t✓t✐♦♥ ♦❢

♦♥❡ ♦✑❝✐✔✔✓t✐♦♥ ♦❢ ✭✓✮✕ ❈✔❡✓r✔② t❤❡ ✓♠♣✔✐t✉❞❡ ♦❢ t❤✐✑ ♦✑❝✐✔✔✓t✐♦♥ ❝❤✓♥✖❡✑ ✒✐t❤ t✐♠❡✕

❯♦r❡♦✈❡r✱ ✓ ✒❡✓❦ ❞✐✚❡r❡♥❝❡ ✐♥ ❞✓♠♣✐♥✖ ♦❢ t❤❡ ❝✉r✈❡ ✐✑ ❞❡t❡❝t✓❜✔❡ ❢♦r t❤❡ ♦✑❝✐✔✔✓t✐♦♥✑✱

✒❤✐❝❤ r❡❱❡❝t✑ ❝❤✓♥✖❡✑ ♦❢ t❤❡ r♦✉✖❤♥❡✑✑ ✓♥❞ ✐♥t❡r❞✐✚✉✑✐♦♥ r❡✖✐♦♥ ✓t t❤❡ ✐♥t❡r❢✓❝❡✑✕

❨♥ ♦r❞❡r t♦ ❤✓✈❡ ✓ q✉✓♥t✐t✓t✐✈❡ ❞❡✑❝r✐♣t✐♦♥ ♦❢ t❤❡✑❡ ❝❤✓♥✖❡✑ ♦✈❡r ✓ t✐♠❡ ✑♣✓♥ ♦❢

✻✵✵ ❞✓②✑✱ t❤❡ r❡✑✉✔t ♦❢ t❤❡ ❩t ♣✓r✓♠❡t❡r✑ ❤✓✈❡ t♦ ❜❡ ♣✔♦tt❡❞ ✓♥❞ ❞✐✑❝✉✑✑❡❞✕ ✜❤✐✑ ✐✑

❞♦♥❡ ✐♥ t❤❡ ❢♦✔✔♦✒✐♥✖ ✑❡❝t✐♦♥ ✓❢t❡r ♣r❡✑❡♥t✐♥✖ t❤❡ r❡✑✉✔t✑ ❢♦r t❤❡ ❯❬ ❡✚❡❝t✑✕

✽✶



✙✕ ✏✖✐♥✖ ♦♥ ❯❬ ♣r♦♣❡rt✐❡✑ ♦❢ ❈♦✴P❞ ✑tr✉❝t✉r❡

✺✳✸ ■�✁✂✄�♥✄ ♦❢ ❛❣✐�❣ ♦� r✄s✐st✐✈✐t②✱ ❆▼❘✱ ❛�☎

❆■▼❘ ✄✛✄♥ts ✐� ❈♦✆P☎ ❧❛②✄r✄☎ str✂♥t✂r✄

❨♥ t❤✐✑ ✑❡❝t✐♦♥✱ ❨ ♣r❡✑❡♥t t❤❡ ✓✖✐♥✖ ♣r♦❝❡✑✑ ♦❢ t❤❡ ♠✓✖♥❡t♦r❡✑✐✑t✓♥❝❡ ❡✚❡❝t✑ ♦❢ t✒♦

❈♦✴P❞ ✑✓♠♣✔❡✑ ✐♥ ✓ t✐♠❡ ✑♣✓♥ ♦❢ ✻✵✵ ❞✓②✑✕ ❋✐✖✕ ✙✕✙ ❞✐✑♣✔✓②✑ t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥❝❡ ♦❢

r❡✑✐✑t✓♥❝❡✱ ♠✓✖♥❡t✐❝ ✓♥✐✑♦tr♦♣②✱ ✏❯❬✱ ✓♥❞ ✏❨❯❬ ❡✚❡❝t✑ ❢♦r ✄ ♥♠ ✭❜✔✓❝❦ ✑②♠❜♦✔✑✮

✓♥❞ ✼ ♥♠ ✭r❡❞ ✑②♠❜♦✔✑✮ ❈♦ t❤✐❝❦♥❡✑✑ ✑✓♠♣✔❡✑✕

❋✐r✑t ♦❢ ✓✔✔ t❤❡ r❡✑✉✔t ♦❢ ✝①① ✭✚①①✮ ✐✑ ❞✐✑❝✉✑✑❡❞✞✕ ❨t ✐✑ ✑❡❡♥ t❤✓t ❜♦t❤ ✑✓♠♣✔❡✑ ❜❡❤✓✈❡

❞✐✚❡r❡♥t✔②✕ ✜❤❡ r❡✑✐✑t✓♥❝❡ ✐♥❝r❡✓✑❡✑ ✑❤✓r♣✔② ✐♥ t❤❡ ❩r✑t ✻✵✲✾✵ ❞✓②✑ ✓♥❞ ❢r♦♠ t❤✐✑

♣♦✐♥t ✝①① ♦❢ t❤❡ ✑✓♠♣✔❡ ✒✐t❤ ✄ ♥♠ ❈♦ ❞❡❝r❡✓✑❡✑ ✑✔✐✖❤t✔② ✒❤✐✔❡ t❤❡ r❡✑✐✑t✓♥❝❡ ♦❢ t❤❡

t❤✐❝❦❡r ✑✓♠♣✔❡ ✔❡✈❡✔✑ ♦✉t t♦ ✓ ❝♦♥✑t✓♥t ✈✓✔✉❡✕ ❨ ❤✓✈❡ t♦ ♠❡♥t✐♦♥ t❤✓t t❤❡ t❤✐♥♥❡r

✑✓♠♣✔❡ ✐✑ ♠♦r❡ ✑❡♥✑✐t✐✈❡ t♦ t❤❡ ✓♠♦✉♥t ♦❢ P❞ ✭✽✵✪ ♦❢ t❤❡ ❩✔♠✮ ❝♦♠♣✓r✐♥✖ t♦ t❤❡

t❤✐❝❦❡r ✑✓♠♣✔❡ ✒✐t❤ ✙ ✙✵✪ P❞✕ ❍❡♥❝❡✱ t❤❡ ✓✖✐♥✖ ♣r♦❝❡✑✑ ✐♥ t❤❡✑❡ t✒♦ ❈♦✴P❞ ✑✓♠♣✔❡✑

✓r✐✑❡✑ ♥♦t ♦♥✔② ❢r♦♠ t❤❡ ✐♥t❡r❢✓❝❡✑ ❜✉t ✓✔✑♦ ❢r♦♠ t❤❡ ❜✉✔❦✕

◗✉✓✔✐t✓t✐✈❡✔②✱ ✓t ✔❡✓✑t t✒♦ ♠❡❝❤✓♥✐✑♠✑ ❝✓♥ ❜❡ ✑✉✖✖❡✑t❡❞ ❢♦r t❤❡ ❝❤✓♥✖❡✑ ✐♥ r❡✑✐✑t✓♥❝❡✕

❨♥t❡r♠✐①✐♥✖ ✓♥❞ ❢♦r♠✓t✐♦♥ ♦❢ ✐♥t❡r❢✓❝✐✓✔ ❈♦P❞ ✓✔✔♦②✑ r❡✑✉✔t✑ ✐♥ ✐♥❝r❡✓✑✐♥✖ ✝①① ✐♥ t❤❡

❩r✑t ♣❤✓✑❡ ✭✻✵✲✾✵ ❞✓②✑✮✱ ✒❤✐✔❡ ❞❡❝r❡✓✑✐♥✖ t❤❡ r❡✑✐✑t✓♥❝❡ ✐♥ t❤✐♥♥❡r ✑✓♠♣✔❡ ❝✓♥ ❜❡

✓ttr✐❜✉t❡❞ t♦ t❤❡ ✓❜✑♦r♣t✐♦♥ ♦❢ ✖✓✑❡♦✉✑ ❡✔❡♠❡♥t✑ ✭❤②❞r♦✖❡♥✮ ❞✉r✐♥✖ ❡①♣♦✑✉r❡ t♦ t❤❡

✓✐r✕ ✜❤❡ ✔✓tt❡r ✐✑ r❡♣♦rt❡❞ ❢r❡q✉❡♥t✔② ❢♦r ❈♦✴P❞ ✑②✑t❡♠ ✐♥ ✔✐t❡r✓t✉r❡ ❬✶✼✱ ✶✽✱ ✶✙✙❪✕
✜❤❡ ♠✓✐♥ ❝♦♠♣♦✑✐t✐♦♥ ♦❢ t❤❡ ✓✐r ✓r❡ ◆☛ ✓♥❞ ❖☛✕ �✐ ❡t ✓✔✕ ✑❤♦✒❡❞ t❤✓t ◆☛ ❝✓♥

♥♦t ❝❤✓♥✖❡ t❤❡ ♠✓✖♥❡t✐❝ ♣r♦♣❡rt✐❡✑ ♦❢ ❈♦✴P❞ ♠✉✔t✐✔✓②❡r✑ ❬✶✼❪✕ ❯♦r❡♦✈❡r✱ P❞ ✐✑

❝♦♠♠♦♥✔② ✉✑❡❞ ✓✑ ✓ ♠✓t❡r✐✓✔ ❢♦r ♣r❡✈❡♥t✐♦♥ ♦❢ ♦①✐❞✓t✐♦♥ ❬✶✙✻✕✶✙✽❪✕ ✜❤❡r❡❢♦r❡✱ ❖☛

❝✓♥ ❜❡ r✉✔❡❞ ♦✉t ✓✑ ✒❡✔✔✕ ✏✔t❤♦✉✖❤ ✐t ✐✑ r❡♣♦rt❡❞ t❤✓t ❈❖ ✓♥❞ ◆❖ ❤✓✈❡ ✐♥❱✉❡♥❝❡✑

♦♥ ♠✓✖♥❡t✐❝ ✓♥✐✑♦tr♦♣② ♦❢ t❤❡ ❈♦ t❤✐♥ ❩✔♠✑ ❬✶✙✾❪✱ ✐t ✐✑ ❤✓r❞✔② ♣♦✑✑✐❜✔❡ t♦ ✓r✖✉❡ t❤✓t

t❤❡② ♠✐✖❤t ❜❡ ✓❜✔❡ t♦ ♣❡♥❡tr✓t❡ ✐♥t♦ ❈♦ ✔✓②❡r t❤r♦✉✖❤ t❤❡ P❞ ❝✓♣♣✐♥✖ ✔✓②❡r ❞✉❡ t♦

t❤❡✐r ✈❡r② ✔✓r✖❡ ✓t♦♠✐❝ r✓❞✐✉✑ ❢♦r ♣❡♥❡tr✓t✐♦♥ t❤r♦✉✖❤ P❞ ❬✶✼❪✕
❋✉rt❤❡r♠♦r❡✱ ✐t ✐✑ ✒❡✔✔ ❦♥♦✒♥ t❤✓t P❞ ❝✓♥ ✓❜✑♦r❜ ✓ ✔✓r✖❡ ✓♠♦✉♥t ♦❢ ❍ ❬✶✽❪
✓♥❞ t❤✐✑ ✐✑ ✉✑❡❞ ✐♥ t❤❡ ✐♥❞✉✑tr② t♦ ♣✉r✐❢② ❍ ❬✶✻✵✱ ✶✻✶❪✕ ❨t ✐✑ ♦❜✑❡r✈❡❞ t❤✓t t❤❡

✑✉✑❝❡♣t✐❜✐✔✐t② ✤ ♦❢ P❞ ❞❡❝r❡✓✑❡✑ ✒✐t❤ ✐♥❝r❡✓✑✐♥✖ ❍ ❝♦♥❝❡♥tr✓t✐♦♥✕ ✜❤✐✑ ✐✑ ❞✉❡

t♦ t❤❡ ✖r✓❞✉✓✔ ❩✔✔✐♥✖ ♦❢ ✞❞ ❜✓♥❞ ❤♦✔❡✑ ❜② ❡✔❡❝tr♦♥✑ ❝♦♠✐♥✖ ❢r♦♠ ❍ ❬✶✻✄✱ ✶✻✸❪✕
❲✦✥ ✦✣ ✩❏✟ ❅✦★✫❅✣✦✳ ✣✤✩✣ ✳❄✦ ✣✫ ✣✤✦ ✩❜s✫❅★✣✢✫✥ ✫✬ ❍ ✢✥ ❇✫●■✳ ✧❄❏✣✢❏✩✴✦❅s❀ ✣✤✦

s✩✣❄❅✩✣✢✫✥ ✧✩✠✥✦✣✢✡✩✣✢✫✥ ✩✥✳ ✣✤✦ ❝✫✦❅❝✢☛✢✣✴ ✳✦✧✫✥s✣❅✩✣✦ ✩ ✳❅✩s✣✢❝ ✳✦❝❅✦✩s✦ ☞✌✼❀ ✌✍✍✎✟

❚✤✦ ❅✦s❄❏✣s ✬✫❅ ✣✤✦ ✩✠✢✥✠ ✫✬ ✏✑❃ ✩✥✳ ✏✒✑❃ ✩❅✦ s✤✫❑✥ ✢✥ ❋✢✠✟ ✍✟✍✟ ❚✤✦ ✓✝✔✖✗
✭✓✚✔✖✗✮ ✫✬ ❜✫✣✤ s✩✧★❏✦s ✬✫❏❏✫❑ ✩ ❝✫✧★❏✦✣✦❏✴ ✫★★✫s✢✣✦ ❜✦✤✩☛✢✫❅ ❑✤✢❏✦ ✣✤✦ ✓✝✔✘✖✗
✭✓✚✔✘✖✗✮ ❜✦✤✩☛✢✫❅ ✢s ✧❄❝✤ ✧✫❅✦ ❝✫✧★❏✢❝✩✣✦✳✟ ✒✣ ✢s ✬✫❄✥✳ ✣✤✩✣ ✣✤✦ ✧✫s✣ ❝✤✩✥✠✦s
✫❝❝❄❅ ✩❏❅✦✩✳✴ ✢✥ ✣✤✦ ✜❅s✣ ✙ ✌✰✰ ✳✩✴s ✢✥ ❜✫✣✤ ✦✢✦❝✣s✟

✏✳✳✢✣✢✫✥✩❏❏✴❀ ✣✤✦ ✧✩✠✥✦✣✢❝ ✩✥✢s✫✣❅✫★✴ ❑✶✣❡✥ ✫✬ ✣✤✦ s✩✧★❏✦s ✢s ✳✦✣✦❅✧✢✥✦✳ ✬❅✫✧ ✣❅✩✥s✲
☛✦❅s✦ s❑✦✦★ ✧✦✩s❄❅✦✧✦✥✣ ✝①✦ ✩❝❝✫❅✳✢✥✠ ✣✫ ❙✦❝✟ ✹✟✧✟ ❋✢✠✟ ✍✟✍✭❝✮ ✳✦✧✫✥s✣❅✩✣✦s ✣✤✩✣

✣✤✦ ✧✩✠✥✦✣✢❝ ✩✥✢s✫✣❅✫★✴ ✢✥ ❜✫✣✤ s✩✧★❏✦s ✳✫ ✥✫✣ ❝✤✩✥✠✦ s✢✠✥✢✜❝✩✥✣❏✴ ✫☛✦❅ ✣✢✧✦✟

★✩✪✫ ✬❤✯ ✰✵✷✯ ✪✻ ✽✪✾♣✿✯✬✯❀✯✰✰ ❁✬ ❁✰ ✾✯❀✬❁✪❀✯❂ ✬❤✵✬ ✬❤✯ ✫✯✰❁✰✬❁❃❁✬❄ ✪✻ ❅✪❇❉❂ ✰✵✾♣✿✯✰ ✵✫✯ ✽✵✿✽✉✿✵✬✯❂
✵✽✽✪✫❂❁❀❊ ✬✪ ●q❏ ▲❏▲ ✇❁✬❤ ✬❤✯ ✬✪✬✵✿ ✬❤❁✽✷❀✯✰✰ ✪✻ ✬❤✯ ◆✿✾❏
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❈♦✴☞❞ ✇✠t❤ ✷ ❛☎❞ ✼☎♠ ❈♦ t❤✠❝❦☎✝ss ❛s ❛ ✞✉☎❝t✠♦☎ ♦✞ t✠♠✝✳ ✭❝✄ ❈❤❛☎✆✝s ♦✞ t❤✝ ♠❛✆☎✝t✠❝

❛☎✠s♦t✟♦✌② ❑✶✍✎✛ ♦✞ t❤✝ s❛♠✝ s❛♠✌❧✝s ❛s ❛ ✞✉☎❝t✠♦☎ ♦✞ t✠♠✝✳ ❚❤✝ s♦❧✠❞ ❧✠☎✝s ❛✟✝ ✆✉✠❞✝s

t♦ t❤✝ ✝②✝s✳
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✺✳ ❆�✐✁� ♦✁ ▼❘ ♣✂♦♣❡✂t✐❡s ♦❢ ❈♦✴P❞ st✂✉✄t✉✂❡

■✁ t❤❡ ✄❛s❡ ♦❢ t❤❡ t❤✐✁✁❡✂ s❛♠♣☎❡✱ ❑✶✍✎✛ ✄❤❛✁�❡s ❛✂❡ ❛❜♦✉t ✻✪✱ ✇❤✐☎❡ ❢♦✂ t❤❡ t❤✐✄❦❡✂
s❛♠♣☎❡ ✐t ✐s ♦✁☎♥ ✷✪✳ ❆s ■ st❛t❡❞ ❛t t❤❡ ❜❡�✐✁✁✐✁� ♦❢ t❤✐s ✄❤❛♣t❡✂✱ t❤❡ ❛�✐✁� ♣✂♦✄❡ss
♦❢ ♠❛�✁❡t✐✄ ♣✂♦♣❡✂t✐❡s ♦❢ ❈♦✴P❞ t❤✐✁ ✜☎♠s ✇❡✂❡ ✁♦t ❢♦✉✁❞ ♦✂ st✉❞✐❡❞ ✐✁ ❞❡t❛✐☎s ❜❡✲
❢♦✂❡ ✷✵✶✵✳ ❚❤✐s ♠✐�❤t ❜❡ ❞✉❡ t♦ t❤❡ s♠❛☎☎ ✄❤❛✁�❡s ♦❢ ♠❛�✁❡t✐✄ ❛✁✐s♦t✂♦♣♥ ✐✁ ❈♦✴P❞✱
✇❤❡✂❡ t❤❡ ❛�✐✁� ♣✂♦✄❡ss s❡ts ✐✁✳ ■✁ ✄♦✁t✂❛st t♦ ♦✉✂ ✜✁❞✐✁�s ✭✁♦ ✄❤❛✁�❡ ✐✁ ✆❙ ❛✁❞
❛☎♠♦st ✄♦✁st❛✁t ❑✶✍✎✛✮✱ ❤♦✇❡✈❡✂✱ ✐t ✐s ✂❡♣♦✂t❡❞ ✂❡✄❡✁t☎♥ t❤❛t ❛�✐✁� ❛☎s♦ ✐✁✝✉❡✁✄❡s
t❤❡ ♠❛�✁❡t✐✞❛t✐♦✁ s❛t✉✂❛t✐♦✁ ❛✁❞ ♠❛�✁❡t✐✄ ❛✁✐s♦t✂♦♣♥ ♦❢ ❈♦✴P❞ s♥st❡♠ ❬✶✼✱ ✶✻✹❪✳
▼❡✁t✐♦✁❡❞ ❜❡❢♦✂❡✱ ▲✐ ❡t ❛☎✳ ♦❜s❡✂✈❡❞ ❛ ❞❡✄✂❡❛s❡ ✐✁ t❤❡ s❛t✉✂❛t✐♦✁ ♠❛�✁❡t✐✞❛t✐♦✁ ♦❢
❈♦✴P❞ s♥st❡♠✱ ✇❤✐✄❤ ✇❛s st✂♦✁�☎♥ ✂❡☎❛t❡❞ t♦ t❤❡ ❈♦ ☎❛♥❡✂ t❤✐✄❦✁❡ss✳ ❉✉✂✐✁� ❡①♣♦✲
s✉✂❡ ♦❢ t❤❡ s❛♠♣☎❡s t♦ t❤❡ ❛✐✂✱ ✆❙ ❞✂♦♣s ✶✵✪✱ ✺✵✪✱ ❛✁❞ ✾✵✪ ❢♦✂ ✟✠✡ ❂ ✻✱ ✺✱ ❛✁❞
✸➴✱ ✂❡s♣❡✄t✐✈❡☎♥✱ ♦✈❡✂ t✐♠❡ s♣❛✁ ♦❢ ✶✸ ❞❛♥s ❬✶✼❪✳ ❚❤❡✂❡❢♦✂❡✱ ✐✁ t❤❡ ✄❛s❡ ♦❢ ✟✠✡ ❂
✷ ✁♠ ✭♠♥ t❤✐✁✁❡✂ s❛♠♣☎❡✮ ✐t ✇❛s ✁♦t ❡①♣❡✄t❡❞ t♦ ♦❜s❡✂✈❡ ❛ ❞✂❛st✐✄ ✄❤❛✁�❡ ✐✁ s❛t✉✂❛✲
t✐♦✁ ♠❛�✁❡t✐✞❛t✐♦✁ ❛✁❞ ♠❛�✁❡t✐✄ ❛✁✐s♦t✂♦♣♥ ♦✈❡✂ t✐♠❡✳ ■✁ ❛✁♦t❤❡✂ ✐✁✈❡st✐�❛t✐♦✁ ♦❢
✄❤❛✁�❡s ✐✁ ♠❛�✁❡t✐✄ ♣✂♦♣❡✂t✐❡s ♦❢ ❈♦✴P❞ ♠✉☎t✐☎❛♥❡✂s ❜♥ ▼✉✁❜♦❞❤ ❡t ❛☎✳✱ ✐t ✇❛s ✂❡✲
♣♦✂t❡❞ t❤❛t ✆❙ ❛✁❞ ❑✎✛ ❞❡✄✂❡❛s❡ ✉♣♦✁ ❡①♣♦s✐✁� t❤❡ s❛♠♣☎❡s t♦ ✶ ❛t♠ ♦❢ ❍☛ ❛t ✂♦♦♠
t❡♠♣❡✂❛t✉✂❡ ❬✶✻✹❪✳ ■✁ t❤✐s ✄❛s❡✱ ✄☎❡❛✂☎♥✱ ❛ ❞✂❛st✐✄ ✄❤❛✁�❡s ✐✁ ♠❛�✁❡t✐✄ ♣✂♦♣❡✂t✐❡s ✐s
♠♦✂❡ ♣✂♦❜❛❜☎❡ ✄♦♠♣❛✂✐✁� t♦ ❡①♣♦s✉✂❡ ♦❢ t❤❡ s❛♠♣☎❡s t♦ t❤❡ ❛✐✂✳

☞✌✍ ✎✏✑✒✓✏✔✓ ✕✖ ✗❣✘✏❣ ✕✏ ✙✗❧❧ ✔✕✏✚✛✗✏✛✚ ✘✏ ✢✕✣✤✥

❧✗②✓r✓✥ ✚✛r✒✔✛✒r✓

❚❤✐s s❡✄t✐♦✁ ❞❡❛☎s ✇✐t❤ t❤❡ ♦t❤❡✂ ▼❘ ❡✦❡✄ts ♦❜t❛✐✁❡❞ ❢✂♦♠ s✇❡❡♣ ♠❡❛s✉✂❡♠❡✁ts ✐✁
P❞✴❈♦✴P❞ s❛♠♣☎❡s ♦✈❡✂ t✐♠❡✳ ❋✐�✳ ✺✳✻ s❤♦✇s t❤❡ ✂❡s✉☎t ♦❢ ❛�✐✁� ❢♦✂ ❍❛☎☎ ✄♦✁st❛✁ts
❛✁❞ ❢♦✂ ❜♦t❤ s❛♠♣☎❡s s❡♣❛✂❛t❡☎♥✳ ■t ✐s ✇♦✂t❤ ♠❡✁t✐♦✁✐✁� t❤❛t t❤❡ ❍❛☎☎ ✄♦✁st❛✁ts ❛✂❡
✄❛☎✄✉☎❛t❡❞ ❛✄✄♦✂❞✐✁� t♦ ❊q✳ ✹✳✷✷ ✇✐t❤ t❤❡ t♦t❛☎ t❤✐✄❦✁❡ss ♦❢ t❤❡ ✜☎♠✳

❖❜✈✐♦✉s☎♥✱ t❤❡✂❡ ✐s ❛ s✐�✁✐✜✄❛✁t ❞✐✦❡✂❡✁✄❡ ❜❡t✇❡❡✁ t❤❡ ✂❡s✉☎ts ❢♦✂ t❤❡ t✇♦ s❛♠♣☎❡s✳
❚❤❡ ✄❤❛✁�❡s ✐✁ t❤❡ t❤✐✄❦❡✂ s❛♠♣☎❡ s❤♦✇ ❛ s❤❛✂♣ ✐✁✄✂❡❛s❡ ♦✂ ❞❡✄✂❡❛s❡ ✐✁ ❍❛☎☎ ✄♦✁st❛✁ts
❞✉✂✐✁� t❤❡ ✜✂st ✻✵ ❞❛♥s s✐✁✄❡ ♣✂❡♣❛✂❛t✐♦✁ ❛✁❞ t❤❡✁ ❢♦☎☎♦✇ ❛ ✂❡☎❛t✐✈❡☎♥ st❛❜☎❡ ❜❡❤❛✈✐♦✂✱
✇❤✐☎❡ t❤❡ t❤✐✁✁❡✂ s❛♠♣☎❡ ❡①♣❡✂✐❡✁✄❡s ❛ ✄♦♠♣☎✐✄❛t❡❞ ❜❡❤❛✈✐♦✂✳

❆☎t❤♦✉�❤ ❜♦t❤ s❛♠♣☎❡s ❞❡♠♦✁st✂❛t❡ ❞✐✦❡✂❡✁t ❜❡❤❛✈✐♦✂✱ t❤❡ ♦✂❞✐✁❛✂♥ ❍❛☎☎ ✄♦✁st❛✁t
✄❤❛✁�❡s ❛❜♦✉t ✶✵✪ ❢♦✂ ❜♦t❤ s❛♠♣☎❡s ✇❤✐☎❡ t❤❡ ✈❛☎✉❡s ❢♦✂ ❛✁♦♠❛☎♦✉s ❍❛☎☎ ✄♦✁st❛✁ts
✄❤❛✁�❡ ♦✁☎♥ ✷✳✺✪ ♦✈❡✂ ✻✵✵ ❞❛♥s✳ ■t ✐s ✂❡♣♦✂t❡❞ t❤❛t t❤❡ ♣♦☎❛✂✐t♥ ♦❢ ❆❍❊ ✐✁ ❈♦✴P❞
s♥st❡♠ ✄❤❛✁�❡s ♦✈❡✂ t✐♠❡ ❬✶✺✷✱ ✶✺✸❪✳ ❆s ❛✁ ❡①❛♠♣☎❡✱ ❲✧★✩✫ ✩✬ ✯✰✸ ✽✩✿❀★❁✬✫✯✬✩✽
✫✩❝✩★✬✰❃ ✬❄✯✬ ✬❄✩ ✫✩❅✩✫❁✯✰ ❀❇ ●❏◆ ◗❀✰✯✫✧✬❃ ✧❁ ✽❯✩ ✬❀ ✧★✬✩✫✿✧❱✧★❳ ✯★✽ ❇❀✫✿✯✬✧❀★ ❀❇
❨❀❩✽ ✯✰✰❀❃❁ ✯✬ ✬❄✩ ✧★✬✩✫❇✯❝✩❁ ❀❇ ❨❀❭❩✽ ✿❯✰✬✧✰✯❃✩✫❁ ❫❴❵❥③✸ ④❀✬✯⑤✰❃⑥ ✧★ ✬❄✩ ❝✯❁✩ ❀❇ ❀❯✫
❁✯✿◗✰✩❁ ✬❄✩ ✫✩❅✩✫❁✯✰ ❀❇ ●❏◆ ◗❀✰✯✫✧✬❃ ⑦✯❁ ★❀✬ ❀⑤❁✩✫❅✩✽✸

⑧❀✫ ✬❄✩ ❁✯⑨✩ ❀❇ ❝❀✿◗✰✩✬✩★✩❁❁ ✬❄✩ ✯❳✧★❳ ◗✫❀❝✩❁❁ ✧★ ⑩❶❷ ✩❸✩❝✬ ❇❀✫ ⑤❀✬❄ ❁✯✿◗✰✩❁ ✧❁
❁❄❀⑦★ ✧★ ✯◗◗✩★✽✧❱✸
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❋✐❣�r❡ ✺✁✻✂ ✭❛✄ ❖☎❞✆♥❛☎② ❍❛✝✝ ❝♦♥st❛♥t ✭❖❍✞✄ ❛♥❞ ✭❜✄ ❛♥♦✟❛✝♦✠s ❍❛✝✝ ❝♦♥st❛♥t
✭❆❍✞✄ ❛☎✡ s❤♦✇♥ ❢♦☎ P❞✴☛♦✴P❞ s❛♥❞✇✆❝❤✡s ✇✆t❤ ☞❈✌ ❂ ✷ ❛♥❞ ✼♥✟ ❛s ❛ ❢✠♥❝t✆♦♥ ♦❢
t✆✟✡ ✡✝❛✍s✡❞ ❛❢t✡☎ ✍☎✡✍❛☎❛t✆♦♥✳ ❚❤✡ s♦✝✆❞ ✝✆♥✡s ❛☎✡ ✎✠✆❞✡s t♦ t❤✡ ✡②✡s✳
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❬☞✺✖❪ ❙✳✲❑✳ ❑✐♠✱ ❨✳✲✙✳ ❑✍✍✱ ✁✳ ❆✳ ❈❤❡r♥✍✈✱ ❏✳ ❑✍rtr✐❣❤t✱ ❛♥❞ ❙✳✲❈✳

❙❤✐♥✱ ✒❈♦♠✂❛r✄s♦♥ ♦❢ ❛t♦♠✄❝ str✉❝t✉r� ❛♥✄s♦tr♦✂② ❜�t✇��♥ ❈♦☎P❞ ❛❧❧♦②s ❛♥❞

❈♦✴P❞ ♠✉❧t✄❧❛②�r ✜❧♠s✓✱ P✏②✝✆☞�☛ ❘✄✎✆✄❡ ❇ ✻✷✱ ✑✵✠✺ ✭✠✵✵✵✮✟

❬☞✺✺❪ ❋✳ ❲❡♥✱ ❋✳ ❩❤❛♥❣✱ ❨✳ ▲ü✱ ❏✳ ❳✐❛♥❣✱ ❲✳ ▲✐✱ ❨✳ ▲✦✱ ❩✳ ▲✐✦✱ ❇✳ ❳✦✱

✌✳ ❨✦✱ ❏✳ ❍❡ ✄☎ �☛♦✱ ✒❚✄♠� ❞�✂�♥❞�♥❝� ♦❢ ✄♥t�r❧❛②�r ❝♦✉✂❧✄♥✁ ✄♥ P❞✭✺✵

➴✮✴❈♦✭t❈♦ ➴✮✴P❞✭✺✖ ➴✮✴❈♦✭t❈♦ ➴✮✴P❞✭✺✵ ➴✮ ♠✉❧t✄❧❛②�r ✇✄t❤ ✂�r✂�♥❞✄❝✉❧❛r

❛♥✄s♦tr♦✂②✓✱ ✘♦✉✠✂�☛ ♦❢ ✣✤✤☛✆✄✡ P✏②✝✆☞✝ ✶✶✵✱ ✵✖✑✾☞✽ ✭✠✵☞☞✮✟

❬☞✺✻❪ ✙✳ ✗❛st✦r❡❧✱ ✙✳ ❙❧❛♠❛♥✱ ❍✳ ❙❝❤r❡✦❞❡rs✱ ❏✳ ❘❡❝t✍r✱ ✌✳ ❇✍rs❛✱

❇✳ ✌❛♠✱ ❛♥❞ ❘✳ ●r✐❡ss❡♥✱ ✒❍②❞r♦✁�♥ ❛❜s♦r✂t✄♦♥ ❦✄♥�t✄❝s ❛♥❞ ♦✂t✄❝❛❧ ✂r♦✂☎

�rt✄�s ♦❢ P❞☎❞♦✂�❞ ✆✁ t❤✄♥ ✜❧♠s✓✱ ✘♦✉✠✂�☛ ♦❢ �✤✤☛✆✄✡ ✤✏②✝✆☞✝ ✶✵✵✱ ✵✠✑✺☞✺

✭✠✵✵✻✮✟

❬☞✺✼❪ ❇✳ ❍❥ör✈❛rss✍♥✱ ❏✳ ✌✦r❛✱ ✗✳ ■s❜❡r❣✱ ✥✳ ❲❛t❛♥❛❜❡✱ ✥✳ ✚❞✍✈✐❝✱

●✳ ❆♥❞❡rss✍♥✱ ❛♥❞ ❈✳ ✙❛❥❦r③❛❦✱ ✒✝�✈�rs✄❜❧� t✉♥✄♥✁ ♦❢ t❤� ♠❛✁♥�t✄❝

☞✵✠



�✌❝❤❛♥✁� ❝♦✉✂❧✄♥✁ ✄♥ ❋�✴❱ ✭✵✵☞✮ s✉✂�r❧❛tt✄❝�s ✉s✄♥✁ ❤②❞r♦✁�♥✓✱ P✏②✝✆☞�☛ ✠✄✲

✎✆✄❡ ☛✄☎☎✄✠✝ ✼✾✱ ✾✵☞ ✭☞✾✾✼✮✟

❬☞✺✽❪ ●✳ ❆♥❞❡rss✍♥✱ ❇✳ ❍❥ör✈❛rss✍♥✱ ❛♥❞ ❍✳ ❩❛❜❡❧✱ ✒❍②❞r♦✁�♥☎✄♥❞✉❝�❞ ❧❛t☎

t✄❝� �✌✂❛♥s✄♦♥ ♦❢ ✈❛♥❛❞✄✉♠ ✄♥ ❛ ❋�✴❱ ✭✵✵☞✮ s✄♥✁❧�☎❝r②st❛❧ s✉✂�r❧❛tt✄❝�✓✱ P✏②✝✲

✆☞�☛ ❘✄✎✆✄❡ ❇ ✺✺✱ ☞✺✾✵✺ ✭☞✾✾✼✮✟

❬☞✺✾❪ ✌✳ ✙❛ts✦♠✦r❛✱ ✥✳ ✢❛❦❛❣❛✇❛✱ ❍✳ ❲❛t❛♥❛❜❡✱ ❍✳ ❆❜❡✱ ❑✳ ❆♠❡♠✐②❛✱

✥✳ ❖❤t❛✱ ❛♥❞ ✥✳ ❨✍❦✍②❛♠❛✱ ✒✆❛✁♥�t✄✐❛t✄♦♥ ✂r♦❝�ss ♦❢ ❈♦✴P❞ ✭☞☞☞✮ t❤✄♥

✜❧♠s✿ ❈❤�♠✄s♦r✂t✄♦♥☎✄♥❞✉❝�❞ s✂✄♥☎r�♦r✄�♥t❛t✄♦♥ tr❛♥s✄t✄♦♥✓✱ ✕✉✠❢�☞✄ ✕☞✆✄✂☞✄

✻✵✷✱ ☞✾✾✾ ✭✠✵✵✽✮✟

❬☞✻✵❪ ❋✳ ❏✳ ❆❝❦❡r♠❛♥ ❛♥❞ ●✳ ❏✳ ❑✍s❦✐♥❛s✱ ✒P�r♠�❛t✄♦♥ ♦❢ ❤②❞r♦✁�♥ ❛♥❞ ❞�✉☎

t�r✄✉♠ t❤r♦✉✁❤ ✂❛❧❧❛❞✄✉♠☎s✄❧✈�r ❛❧❧♦②s✓✱ ✘♦✉✠✂�☛ ♦❢ ❈✏✄✞✆☞�☛ �✂✡ ✔✂✁✆✂✄✄✠✆✂✁

❉�☎� ✶✼✱ ✺☞ ✭☞✾✼✠✮✟

❬☞✻☞❪ ❨✳✲✙✳ ▲✐♥ ❛♥❞ ✙✳✲❍✳ ❘❡✐✱ ✒Pr♦❝�ss ❞�✈�❧♦✂♠�♥t ❢♦r ✁�♥�r❛t✄♥✁ ❤✄✁❤ ✂✉r✄t②

❤②❞r♦✁�♥ ❜② ✉s✄♥✁ s✉✂✂♦rt�❞ ✂❛❧❧❛❞✄✉♠ ♠�♠❜r❛♥� r�❛❝t♦r ❛s st�❛♠ r�❢♦r♠�r✓✱

■✂☎✄✠✂�☎✆♦✂�☛ ✘♦✉✠✂�☛ ♦❢ ❍②✡✠♦✁✄✂ ✔✂✄✠✁② ✷✺✱ ✠☞☞ ✭✠✵✵✵✮✟

❬☞✻✠❪ ✢✳ ✙✍tt✱ ✒❆ ❞✄s❝✉ss✄♦♥ ♦❢ t❤� tr❛♥s✄t✄♦♥ ♠�t❛❧s ♦♥ t❤� ❜❛s✄s ♦❢ ✐✉❛♥t✉♠

♠�❝❤❛♥✄❝s✓✱ P✠♦☞✄✄✡✆✂✁✝ ♦❢ ☎✏✄ P✏②✝✆☞�☛ ✕♦☞✆✄☎② ✹✼✱ ✺✼☞ ✭☞✾✑✺✮✟

❬☞✻✑❪ ❍✳ ❏❛♠✐❡s✍♥ ❛♥❞ ❋✳ ✙❛♥❝❤❡st❡r✱ ✒❚❤� ♠❛✁♥�t✄❝ s✉s❝�✂t✄❜✄❧✄t② ♦❢ P❞✱

P❞❍ ❛♥❞ P❞❤ ❜�t✇��♥ ✖ ❛♥❞ ✑✵✵ ❑✓✱ ✘♦✉✠✂�☛ ♦❢ P✏②✝✆☞✝ ❋✟ ▼✄☎�☛ P✏②✝✆☞✝ ✷✱

✑✠✑ ✭☞✾✼✠✮✟

❬☞✻✖❪ ❑✳ ✙✦♥❜✍❞❤✱ ❋✳ ❆✳ ✗❡r❡③✱ ❛♥❞ ✌✳ ▲❡❞❡r♠❛♥✱ ✒❈❤❛♥✁�s ✄♥ ♠❛✁♥�t✄❝

✂r♦✂�rt✄�s ♦❢ ❈♦✴P❞ ♠✉❧t✄❧❛②�rs ✄♥❞✉❝�❞ ❜② ❤②❞r♦✁�♥ ❛❜s♦r✂t✄♦♥✓✱ ✘♦✉✠✂�☛ ♦❢

✣✤✤☛✆✄✡ P✏②✝✆☞✝ ✶✶✶✱ ☞✠✑✾☞✾ ✭✠✵☞✠✮✟

☞✵✑



☞✵✖



❼ ❆❢s❛♥�❤ ❋❛r❤❛❞✄ ●❤❛❧❛t✄✱ ❆♥❞r♥ P❤✄❧✄✂✂✄☎❑♦❜s✱ ❤✄�t�r ✛♦tt✱ ❏♦♥❛t❤❛♥ ❏❛❝♦❜☎

s♦❤♥✱ ●�rr✄t ❲�✠❦✁✄r✱ ❛✠❞ ❍❛✠s P✄☛✄r ✟✄✑✄✠✱ ✧■♠✑❛❙☛ ♦❢ ❛✎�✠✎ ✑r♦❙✄ss ♦✠ ☛❤✄

♠❛✎✠✄☛♦☛r❛✠s✑♦r☛ ✑r♦✑✄r☛�✄s ♦❢ ✍♦✴P❞ ✁❛②✄r✄❞ s☛r✉❙☛✉r✄s✧✱ P♦s☛✄r ❛☛ ❙✑r�✠✎�

♠✄✄☛�✠✎ ♦❢ ☛❤✄ ●✄r♠❛✠ P❤②s�❙❛✁ ❙♦❙�✄☛②✱ ❉r✄s❞✄✠ ✭✆✵✶✼✮

� ❆❢s❛✠✄❤ ❋❛r❤❛❞� ●❤❛✁❛☛�✱ ❆✠❞ré ❑♦❜s✱ ●✄rr�☛ ❲�✠❦✁✄r✱ ✍❛rs☛✄✠ ❚❤ö✠✠�ss✄✠✱

❛✠❞ ❍❛✠s P✄☛✄r ✟✄✑✄✠✱ ✧❍�✎❤✄r ♦r❞✄r ❙♦✠☛r�❜✉☛�♦✠s ☛♦ ❆✠�s♦☛r♦✑�❙ ■✠☛✄r❢❛❙✄

▼❛✎✠✄☛♦r✄s�s☛❛✠❙✄ ✭❆■▼❘✮ �✠ ◆�✴P☛ ☛❤�✠ ✐✁♠s✧✱ ❚❛✁❦ ❛☛ ❙✑r�✠✎�♠✄✄☛�✠✎ ♦❢ ☛❤✄

●✄r♠❛✠ P❤②s�❙❛✁ ❙♦❙�✄☛②✱ ✒✄r✁�✠ ✭✆✵✶✺✮

� ❆✠❞ré ❑♦❜s✱ ❆❢s❛✠✄❤ ❋❛r❤❛❞� ●❤❛✁❛☛�✱ ●✄rr�☛ ❲�✠❦✁✄r✱ ✍❛rs☛✄✠ ❚❤ö✠✠�ss✄✠✱

❛✠❞ ❍❛✠s P✄☛✄r ✟✄✑✄✠✱ ✧❍�✎❤✄r ♦r❞✄r ❙♦✠☛r�❜✉☛�♦✠s ☛♦ ☛❤✄ ❆✠�s♦☛r♦✑�❙ ■✠☛✄r�

❢❛❙✄ ▼❛✎✠✄☛♦r✄s�s☛❛✠❙✄ ✭❆■▼❘✮ �✠ ◆�✴P☛ ✁❛②✄r✄❞ s☛r✉❙☛✉r✄s✧✱ P♦s☛✄r ❛☛ ☛❤✄

■✠☛✄r✠❛☛�♦✠❛✁ ✍♦✁✁♦q✉�✉♠ ♦✠ ▼❛✎✠✄☛�❙ ❋�✁♠s ❛✠❞ ❙✉r❢❛❙✄s ✭■✍▼❋❙✮✱ P♦✁❛✠❞

✭✆✵✶✺✮

� ❆①✄✁ ❋r❛✉✄✠✱ ❆✠❞ré ❑♦❜s✱ ❚�♠ ✒ö❤✠✄r☛✱ ❆✠✠�❑❛☛❤r�✠ ▼�❙❤✄✁✱

❆❢s❛✠✄❤ ❋❛r❤❛❞� ●❤❛✁❛☛�✱ ❑♦r✠✄✁�✉s ◆�✄✁s❙❤✱ ❛✠❞ ❍❛✠s P✄☛✄r ✟✄✑✄✠✱

✧❆✠�s♦☛r♦✑�❙ �✠☛✄r❢❛❙✄ ❙♦✠☛r�❜✉☛�♦✠s ☛♦ ☛❤✄ ♠❛✎✠✄☛♦☛❤✄r♠♦✄✁✄❙☛r�❙ ✑♦✇✄r

✭▼❚❊P✮ �✠ ✍♦✴P☛ ✁❛②✄r✄❞ s☛r✉❙☛✉r✄s✧✱ P♦s☛✄r ❛☛ ❙✑r�✠✎�♠✄✄☛�✠✎ ♦❢ ☛❤✄

●✄r♠❛✠ P❤②s�❙❛✁ ❙♦❙�✄☛②✱ ✒✄r✁�✠ ✭✆✵✶✺✮

✶✵✺



☞✵✻



❚❤✄s ✇♦r❦ ✇♦✉❧❞ ♥♦t ❤❛✈� ❜��♥ ✂♦ss✄❜❧� ✇✄t❤♦✉t t❤� s✉✂✂♦rt ♦❢ ♠❛♥② ✂�♦✂❧�✱ ❛❧❧ ♦❢

✇❤♦♠ ■ ✇♦✉❧❞ ❧✄❦� t♦ t❤❛♥❦ ❛t t❤✄s ✂♦✄♥t✟

❋✄rst ♦❢ ❛❧❧✱ ■ ❛♠ ❢✉❧❧② ✄♥❞�❜t�❞ t♦ Pr♦❢✟ ❤r✟ ❍❛♥s P�t�r ❖�✂�♥ ❢♦r ✁✄✈✄♥✁ ♠�

t❤� ♦✂✂♦rt✉♥✄t② t♦ ✂✉rs✉� ♠② �❞✉❝❛t✄♦♥ ❛♥❞ ❢✉❧✜❧❧ ♠② ❞r�❛♠ ♦❢ ❞♦✄♥✁ ♠② P❤❤

✄♥ t❤✄s ✜�❧❞✟ ■ ✇♦✉❧❞ ❧✄❦� t♦ ❛❝❦♥♦✇❧�❞✁� ❤✄♠ ❢♦r ♥✉♠�r♦✉s ❞✄s❝✉ss✄♦♥s✱ ❢♦r ❤✄s

✉♥❞�rst❛♥❞✄♥✁ ❛♥❞ ✂❛t✄�♥❝�✱ ❛♥❞ ❢♦r ✂✉s❤✄♥✁ ♠� ❢♦r✇❛r❞ ✄♥ t❤✄s ❝❤❛❧❧�♥✁✄♥✁ ✇❛②✟ ■♥
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