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✚✥✚✑✎✎② ➣✑✚✥✏ ↔✎✚➣✦✚✑✦✜✖✒✥ ✔✏✥✗✖✒✥✜➧✎✏ ↔✖✔ ✓✏➣✖✤✏✔✏✒➣✏
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✥✦✚✓✜✏✓ ✑✒✓ ➣✖✒✦✔✖✎✎✏✓ ➛➩➸➝➩➡➟✱ ✑ ✥②✥✦✏→✑✦✜➣ ✑✗✗✔✖✑➣✤ ↔✖✔

➣✖✒✛✏✔✦✜✒↕ ✏✎✏➣✦✔✖✒✣✒✚➣✎✏✑✔ ✥✗✜✒ ✓✏↔✏➣✦✥ ✜✒✦✖ ✚✥✏↔✚✎ ➙✚✑✒✣

✦✚→ ✔✏✥✖✚✔➣✏✥ ✜✥ ✥✦✜✎✎ ✒✏✏✓✏✓✱ ✏➥↕➥✱ ✦✖ ✦✔✑✒✥↔✏✔ ✜✒↔✖✔→✑✦✜✖✒

➧✏✦➦✏✏✒ ✓✜✥✦✑✒✦ ➙✚✑✒✦✚→ ✔✏↕✜✥✦✏✔✥ ➛➩➢➝➩➨➟ ✖✔ ✜→✗✔✖✛✏ ✦✤✏

✥✏✒✥✜✦✜✛✜✦② ✖↔ ➙✚✑✒✦✚→ ✥✏✒✥✖✔✥ ➛➜➨✱➞➸➝➞➞➟➥

➺✏✔✏✱ ➦✏ ✏①✗✏✔✜→✏✒✦✑✎✎② ✓✏→✖✒✥✦✔✑✦✏ ✑✒ ✑✗✗✔✖✑➣✤ ✦✖

✜✓✏✒✦✜↔②✱ ✎✖➣✑✦✏✱ ✑✒✓ ➣✖✒✦✔✖✎ ✏✎✏➣✦✔✖✒✣✒✚➣✎✏✑✔ ✥✗✜✒ ✓✏↔✏➣✦✥

✜✒ ✦✤✏ ✏✒✛✜✔✖✒→✏✒✦ ✖↔ ✑ ➙✚✑✒✦✚→ ✗✔✖➧✏ ✚✥✜✒↕ ✓✖✚➧✎✏

✏✎✏➣✦✔✖✒✣✏✎✏➣✦✔✖✒ ✔✏✥✖✒✑✒➣✏ ✥✗✏➣✦✔✖✥➣✖✗②➥ ➻✚✔ ✑✗✗✔✖✑➣✤

✔✏✎✜✏✥ ✖✒ ✏①✗✎✖✜✦✜✒↕ ✦✤✏ ✒✖✒✦✔✜✛✜✑✎ ✦✔✑✒✥↔✖✔→✑✦✜✖✒ ✖↔ ✦✤✏

✥✗✜✒ ➺✑→✜✎✦✖✒✜✑✒ ✚✒✓✏✔ ✔✖✦✑✦✜✖✒ ✖↔ ✦✤✏ ✏①✦✏✔✒✑✎ →✑↕✒✏✦✜➣

↔✜✏✎✓ ✦✖ ✏✥✦✜→✑✦✏ ✦✤✏ ✗✑✔✑→✏✦✏✔✥ ✖↔ ✦✤✏ ✤②✗✏✔↔✜✒✏ ✑✒✓ ✓✜✗✖✎✑✔

✦✏✒✥✖✔✥✱ ✑✥ ✒✏✏✓✏✓ ✦✖ ✜✓✏✒✦✜↔② ✑✒✓ ✎✖➣✑✦✏ ✚✒✧✒✖➦✒ ✥✗✜✒

✓✏↔✏➣✦✥✱ ✑✥ ➦✏✎✎ ✑✥ ✦✖ ✓✏✥✜↕✒ ➣✖✒✦✔✖✎ ✥✏➙✚✏✒➣✏✥ ✦✖ ✜✒✜✦✜✑✎✜➼✏✱

→✑✒✜✗✚✎✑✦✏✱ ✑✒✓ ✔✏✑✓✖✚✦ ✦✤✏✜✔ ➙✚✑✒✦✚→ ✥✦✑✦✏✥➥ ❆✥ ✑ ✗✔✖✖↔✣

✖↔✣✗✔✜✒➣✜✗✎✏ ✓✏→✖✒✥✦✔✑✦✜✖✒✱ ➦✏ ✥✗✏➣✦✔✑✎✎② ➣✤✑✔✑➣✦✏✔✜➼✏ ✦➦✖

✚✒✧✒✖➦✒ ✏✎✏➣✦✔✖✒✣✒✚➣✎✏✑✔ ✥✗✜✒ ✓✏↔✏➣✦✥ ✜✒ ✦✤✏ ✏✒✛✜✔✖✒→✏✒✦

✖↔ ✑ ✥✜✒↕✎✏ ➯➲ ➣✏✒✦✏✔ ✜✒ ✓✜✑→✖✒✓ ✑✒✓ ➣✔✏✑✦✏ ➙✚✑✒✦✚→

➣✖✤✏✔✏✒➣✏ ✑→✖✒↕ ✦✤✏ ✦✤✔✏✏ ✏✎✏➣✦✔✖✒ ✥✗✜✒✥➥ ➫✤✏✥✏ ✔✏✥✚✎✦✥

✓✏→✖✒✥✦✔✑✦✏ ✑ ↔✚✔✦✤✏✔ ✥✦✏✗ ✦✖➦✑✔✓ ✑✥✥✏→➧✎✜✒↕ ✎✑✔↕✏ ✥➣✑✎✏

➙✚✑✒✦✚→ ✔✏↕✜✥✦✏✔✥ ✚✥✜✒↕ ✏✎✏➣✦✔✖✒ ✥✗✜✒✥ ✜✒ ✑ ✥✖✎✜✓➥

➻✚✔ ✏①✗✏✔✜→✏✒✦✑✎ ✥②✥✦✏→ ➣✖✒✥✜✥✦✥ ✖↔ ✑ ✥✜✒↕✎✏ ➯➲ ➣✏✒✦✏✔

✜✒✦✏✔✑➣✦✜✒↕ ✦✤✔✖✚↕✤ →✑↕✒✏✦✜➣ ✓✜✗✖✎✏✣✓✜✗✖✎✏ ✜✒✦✏✔✑➣✦✜✖✒ ➦✜✦✤

✦➦✖ ✏✎✏➣✦✔✖✒✣✒✚➣✎✏✑✔ ✥✗✜✒ ✓✏↔✏➣✦✥ ➭➽➾✱ ➽➚➳ ✔✑✒✓✖→✎②

➣✔✏✑✦✏✓ ➧② ✜→✗✎✑✒✦✜✒↕ ➾➪➯ ✜✖✒✥ ✦✤✔✖✚↕✤ ✒✑✒✖→✏✦✏✔✣✥✜➼✏✓

✑✗✏✔✦✚✔✏✥ ✜✒ ✑✒ ✜✥✖✦✖✗✜➣✑✎✎② ✗✚✔✜↔✜✏✓ ✓✜✑→✖✒✓ ➣✔②✥✦✑✎ ➛➞➠➟➥

➶✑➣✤ ➽ ✥✗✜✒ ➣✖✒✥✜✥✦✥ ✖↔ ✑✒ ✏✎✏➣✦✔✖✒✜➣ ✥✗✜✒ ➹ ➘ ➴➷➬ ✥✦✔✖✒↕✎②

➣✖✚✗✎✏✓ ✦✖ ✑ ✒✏✑✔➧② ✒✚➣✎✏✑✔ ✥✗✜✒ ➮ ➘ ➴➷➬✱ ↕✜✛✜✒↕ ✔✜✥✏ ✦✖

✦➦✖ ✔✏✥✖✎✛✏✓ ✤②✗✏✔↔✜✒✏ ✓✖✚➧✎✏✦✥ ✜✒ ✦✤✏ ✥✗✜✒✣✏➣✤✖ ✓✖✚➧✎✏✣

✔✏✥✖✒✑✒➣✏ ➭✢➶➱➻✃➳ ✥✗✏➣✦✔✚→ ➛❐✜↕➥ ➜➭✑➳➟ ➛➞➢➟➥ ➶✑➣✤ ✤②✗✏✔✣

↔✜✒✏ ✦✔✑✒✥✜✦✜✖✒ ➣✑✒ ➧✏ ✥✏✎✏➣✦✜✛✏✎② ✑✓✓✔✏✥✥✏✓ ✚✥✜✒↕ ✔✏✥✖✒✑✒✦

→✜➣✔✖➦✑✛✏ ✗✚✎✥✏✥ ➦✜✦✤ ✒✏↕✎✜↕✜➧✎✏ ➣✔✖✥✥✦✑✎✧➥ ❒✒✦✏✔✏✥✦✜✒↕✎②✱

✦✤✏ ➽ ✥✗✜✒✥ ✑✔✏ ✥✦✑➧✎✏ ✚✒✓✏✔ ✖✗✦✜➣✑✎ ✜✎✎✚→✜✒✑✦✜✖✒✱ ✏✒✑➧✎✜✒↕

✔✏✗✏✦✜✦✜✛✏ ✔✏✑✓✖✚✦ ✖↔ ✦✤✏✜✔ ➙✚✑✒✦✚→ ✥✦✑✦✏ ➛➞➞➟➥

➻✚✔ ✑✗✗✔✖✑➣✤ ✦✖ ✥✖✎✛✜✒↕ ✦✤✏ ✥②✥✦✏→ ✜✓✏✒✦✜↔✜➣✑✦✜✖✒ ✗✔✖➧✣

✎✏→ ➣✖✒✥✜✥✦✥ ✜✒ ✏✥✦✜→✑✦✜✒↕ ✦✤✏ ✗✑✔✑→✏✦✏✔✥ ✖↔ ✦✤✏ ✥✗✜✒

➺✑→✜✎✦✖✒✜✑✒ ✓✏✥➣✔✜➧✜✒↕ ✏✑➣✤ ✖↔ ✦✤✏ ✦➦✖ ✏✎✏➣✦✔✖✒✣✒✚➣✎✏✑✔

✥✗✜✒ ✓✏↔✏➣✦✥

❮ð❰Ï ÐÞ ➘ ÑÒÓ Ô Õ Ô ➹ þ ➹ Ô Ö Ô ➮ × ÕØÑØÓ Ô ➮Ï ð➜Þ

➦✤✏✔✏ Ó ➘ Óð❰ÏÐÞ ✜✥ ✦✤✏ ✥✦✑✦✜➣ →✑↕✒✏✦✜➣ ↔✜✏✎✓ ✛✏➣✦✖✔ ✖↔

✒✖✔→ ÓÙ✱ Ö ✜✥ ✦✤✏ ✤②✗✏✔↔✜✒✏ ✜✒✦✏✔✑➣✦✜✖✒ ✦✏✒✥✖✔✱ Õ ➭ÕØ➳ ✜✥ ✦✤✏ Õ

✦✏✒✥✖✔ ➭Õ ↔✑➣✦✖✔➳ ✖↔ ✦✤✏ ✏✎✏➣✦✔✖✒ ➭✒✚➣✎✏✑✔➳ ✥✗✜✒✱ ✑✒✓ ÑÒ ➭ÑØ➳ ✜✥

✦✤✏ Ú✖✤✔ ➭✒✚➣✎✏✑✔➳ →✑↕✒✏✦✖✒ ➭➦✏ ✥✏✦ Û ➘ ➴➳➥

ÜÝßàáâãä åæçáæè äæééæåà êëìí îïñòîó ôóîóîõ

➸➸➞➜✣➨➸➸➢➷➩➸➷➜➩➠➭➤➳➷➸➤➞➡➸➩➭➵➳ ➸➤➞➡➸➩✣➜ ö ➩➸➩➸ ❆→✏✔✜➣✑✒ P✤②✥✜➣✑✎ ✢✖➣✜✏✦②



❚♦ ❡①�✁✂✄� �t❡ ❡☎❡✁❣✆ ❡✝❣❡☎✈✂❛✞❡✟ ♦✠ ❍ð✡❀ ☛Þ✱ ☞❡

♣❡✁✠♦✁✌ ❞♦✞✍❛❡✎✁❡✟♦☎✂☎✄❡ ✟♣❡✄�✁♦✟✄♦♣✆ ✠♦✁ ❞✝✠✠❡✁❡☎� ♦✁✝✎

❡☎�✂�✝♦☎✟ ♦✠ �t❡ ✌✂❣☎❡�✝✄ ✠✝❡❛❞ ❬✏✝❣✑ ✶✒✍✓❪ ✍✆ �✁✂☎✟❛✂�✝☎❣ ✂☎❞

✁♦�✂�✝☎❣ ✂ ♣❡✁✌✂☎❡☎� ✌✂❣☎❡� ☞✝�t ✁❡✟♣❡✄� �♦ �t❡ ❞✝✂✌♦☎❞

✟✂✌♣❛❡✑ ✔♦☞❡✈❡✁✱ ✟✝✌♣❛✆ ✌❡✂✟✞✁✝☎❣ �t❡ ✁❡✟♦☎✂☎✄❡ ✠✁❡✎

q✞❡☎✄✆ ♦✠ �t❡ ◆✕❡❛❡✄�✁♦☎ ✟♣✝☎ ♦☎ ♦☎❛✆ ♦☎❡ ♦✠ ✝�✟ ❡❛❡✄�✁♦☎✝✄

✟♣✝☎ �✁✂☎✟✝�✝♦☎✟✱ ❡✑❣✑✱ ✈✝✂ ✄☞✎❝✖✗ ✝☎ �t❡ ♠s ✘ ❢✵❀ ✙✚✛

✌✂☎✝✠♦❛❞ ❬✏✝❣✑ ✶✒✄✓❪✱ ✝✟ ☎♦� ✟✞✠✠✝✄✝❡☎� �♦ ✞☎✝q✞❡❛✆ ✄t✂✁✂✄�❡✁✎

✝✐❡ ❇ð✡❀ ☛Þ ❬✜✢✱✜✣❪✤ ✝☎❞❡❡❞✱ ✌✞❛�✝♣❛❡ ✂❞✌✝✟✟✝✍❛❡ ♣✂✝✁✟ ♦✠

ð❇✥❀ ✡Þ ❡①✝✟� ✁❡✟✞❛�✝☎❣ ✝☎ �t❡ ✟✂✌❡ ✁❡✟♦☎✂☎✄❡ ✠✁❡q✞❡☎✄✆

❬✝☎✟❡� ♦✠ ✏✝❣✑ ✶✒✄✓❪✑ ❚♦ ✁❡✟♦❛✈❡ �t✝✟ ✂✌✍✝❣✞✝�✆✱ ☞❡ ✌❡✂✟✞✁❡

�t❡ ✠✁❡q✞❡☎✄✝❡✟ ♦✠ �t❡ ❡❛❡✄�✁♦☎ ✟♣✝☎✎❡✄t♦ ❡☎✈❡❛♦♣❡ ✌♦❞✞✎

❛✂�✝♦☎ ✒❝✖❝❝✭✓ ❬✦✧❪ ✄✂✞✟❡❞ ✍✆ �t❡ ✟�✁♦☎❣ ❞✝♣♦❛✂✁ ✄♦✞♣❛✝☎❣

�♦ �t❡ ★✩◆ ☎✞✄❛❡✂✁ ✟♣✝☎ ❬✏✝❣✑ ✶✒❞✓❪✑ ❲t❡☎ �t❡ ✌✂❣☎❡�✝✄ ✠✝❡❛❞

✝✟ ✌✝✟✂❛✝❣☎❡❞ ☞✝�t ✁❡✟♣❡✄� �♦ �t❡ ◆✕ ✌♦❛❡✄✞❛✂✁ ✂①✝✟ ✒❤✚✚✚✪

✄✁✆✟�✂❛❛♦❣✁✂♣t✝✄ ✂①✝✟✓✱ �t❡ ❡☎❡✁❣✆ ❛❡✈❡❛✟ ♦✠ �t❡ ◆✕ ❡❛❡✄�✁♦☎

✂☎❞ ☎✞✄❛❡✂✁ ✟♣✝☎✟ ✂✁❡ ✌✝①❡❞✱ ✟✞✄t �t✂� �t❡ ✟♣✝☎✎❡✄t♦ ✟✝❣☎✂❛

✝✟ ✌♦❞✞❛✂�❡❞ ✂� �t❡ ☎✞✄❛❡✂✁ ✠✁❡q✞❡☎✄✝❡✟ ✂☎❞ �t❡✝✁ ✄♦✌✍✝✎

☎✂�✝♦☎✟✱ ❢✫★❀ ✫✥❀ ✫★ ✬ ✫✥✛✑ P❡✁✠♦✁✌✝☎❣ ✂ ☎✞✌❡✁✝✄✂❛ ✠✝� �♦ �t❡

❝✖❝❝✭ ✟♣❡✄�✁✞✌ ❬✦✶❪✱ ☞❡ ✞☎✂✌✍✝❣✞♦✞✟❛✆ ❞❡�❡✁✌✝☎❡ �t❡

✌✂❣☎❡�✝✄ ✠✝❡❛❞ ✟�✁❡☎❣�t ✂☎❞ ♣♦❛✂✁ ✂☎❣❛❡ ✂� ❡✂✄t ✌✂❣☎❡�

♣♦✟✝�✝♦☎ ❬✜✦❪✑

❚♦ ❡✟�✝✌✂�❡ �t❡ ♣✂✁✂✌❡�❡✁✟ ♦✠ �t❡ t✆♣❡✁✠✝☎❡ �❡☎✟♦✁✟✱ ☞❡

✠♦❛❛♦☞ ✂☎ ✂♣♣✁♦✂✄t ✂✮✝☎ �♦ �♦✌♦❣✁✂♣t✝✄ ✝✌✂❣✝☎❣ ✁❡✄♦☎✎

✟�✁✞✄�✝♦☎✑ ●❡♦✌❡�✁✝✄✂❛❛✆✱ �t❡ t✆♣❡✁✠✝☎❡ �❡☎✟♦✁ ✄✂☎ ✍❡

✁❡♣✁❡✟❡☎�❡❞ ✂✟ ✂☎ ❡❛❛✝♣✟♦✝❞✱ ☞t♦✟❡ ❞✝✌❡☎✟✝♦☎✟ ✂✁❡ ❣✝✈❡☎

✍✆ �t❡ ♣✁✝☎✄✝♣✂❛ ✄♦✌♣♦☎❡☎�✟✱ ❢❆✯❀ ❆②❀ ❆③✛✱ ✂☎❞ ♣✁✝☎✄✝♣✂❛

✂☎❣❛❡✟✱ ❢✰❳❀ ✲❳❀ ✳❳✛✱ ♦✠ �t❡ t✆♣❡✁✠✝☎❡ �❡☎✟♦✁✑ ✗♦�✂�✝☎❣ �t❡
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✎❞❧❞✍✂✠✗✆❡❧❛♥❡✡ ✍❡✠♥❡✆✎ ✆❡✎✒❧♥❞✠✏ ❢✆✂✑ ✠❞♥✆✂✏❡✠✗❞✂✠ ❞✑♣❧❛✠✗

♥❛♥❞✂✠ ♥s✆✂✒✏s ❛ ✘✙✗✠✑ ❛✑✂✆♣s✂✒✎ ❙❞✚☞ ❧❛✌❡✆ ❞✠♥✆✂✡✒✍❡✡ ♥✂

✑❞♥❞✏❛♥❡ ❞✂✠ ✍s❛✠✠❡❧❞✠✏ ❬✓✛✖✳ ❋✒✆♥s❡✆ ♥✆❞♣❧❡✗✆❡✎✂✠❛✠✍❡

✑❡❛✎✒✆❡✑❡✠♥✎ ✂✠ ♥s❡ ✞ ✠✒✍❧❡❛✆ ✎♣❞✠✎ ✎s✂✒❧✡ ❡✠❛❜❧❡

✒✠❛✑❜❞✏✒✂✒✎ ❞✡❡✠♥❞❢❞✍❛♥❞✂✠ ✂❢ ♥s❡ ✠✒✍❧❡❛✆ ✎♣❞✠ ✎♣❡✍❞❡✎✳

❚✂ ✎♣❛♥❞❛❧❧✌ ❧✂✍❛♥❡ ♥s❡ ♥t✂ ✡❡❢❡✍♥✎✱ t❡ ✑❡❛✎✒✆❡ ♥s❡

✍s❛✠✏❡ ❞✠ ✡❞♣✂❧❛✆ ❞✠♥❡✆❛✍♥❞✂✠ ✎♥✆❡✠✏♥s✎ ❛✎ t❡ ✆✂♥❛♥❡ ♥s❡

♣✂❧❛✆ ❛✠✏❧❡ ✜ ✂❢ ♥s❡ ✑❛✏✠❡♥❞✍ ❢❞❡❧✡ ❞✠ ♥s❡ ❛✢❞✑✒♥s❛❧ ♣❧❛✠❡

✣ ➻ ✵✳ ❇❡✍❛✒✎❡ ♥s❡ ◆✤ ❛✠✡ ✞ ❡❧❡✍♥✆✂✠ ✎♣❞✠✎ ❛✆❡ q✒❛✠♥❞✢❡✡

❛❧✂✠✏ ✡❞❢❢❡✆❡✠♥ ❛✥❡✎✱ ♥s❡ ♥✆❛✠✎❢✂✆✑❛♥❞✂✠ ✂❢ ♥s❡ ✡❞♣✂❧❛✆

❞✠♥❡✆❛✍♥❞✂✠ ♥❡✠✎✂✆ ✒✠✡❡✆ ✆✂♥❛♥❞✂✠ ✂❢ ♥s❡ ✑❛✏✠❡♥❞✍ ❢❞❡❧✡ ❞✎

✠✂✠♥✆❞✈❞❛❧ ❬✦✓✖✳ ✧✠✂♥s❡✆ ✍✂✑♣❧❞✍❛♥❞✂✠ ❞✎ ♥s❛♥✱ ❛✎ ♥s❡

✑❛✏✠❡♥❞✍ ❢❞❡❧✡ ❞✎ ✆✂♥❛♥❡✡ ❛t❛✌ ❢✆✂✑ ♥s❡ ◆✤ ✑✂❧❡✍✒❧❛✆

❛✥❞✎✱ ♥s❡ ◆✤ ✍✂s❡✆❡✠✍❡ ✎❞✏✠❛❧ ❜❡✍✂✑❡✎ ✑✂✡✒❧❛♥❡✡ ❜✌ ♥s❡

s✌♣❡✆❢❞✠❡ ❞✠♥❡✆❛✍♥❞✂✠ t❞♥s ♥s❡ ✟★◆ ✠✒✍❧❡❛✆ ✎♣❞✠✱ ❞✠ ❛✡✡❞♥❞✂✠

♥✂ ♥s❡ ✡❡✎❞✆❡✡ ✑✂✡✒❧❛♥❞✂✠ ✡✒❡ ♥✂ ♥s❡ ✡❞♣✂❧❛✆ ❞✠♥❡✆❛✍♥❞✂✠ t❞♥s

♥s❡ ✆❡✍✂✒♣❧❡✡ ✞ ❡❧❡✍♥✆✂✠ ✎♣❞✠ ❬❋❞✏✳ ✦✩❛✪✖✳

❚✂ ✏❡✠❡✆❛♥❡ ♣✆✂❜❛❜❞❧❞♥✌ ✡❞✎♥✆❞❜✒♥❞✂✠ ✑❛♣✎ ❢✂✆ ♥s❡ ❧✂✍❛♥❞✂✠

✂❢ ♥s❡ ✞ ✎♣❞✠✎ t❞♥s ✆❡✎♣❡✍♥ ♥✂ ♥s❡ ◆✤ ✍❡✠♥❡✆ ❬❋❞✏✎✳ ✦✩✍✪ ❛✠✡

✦✩✡✪✖✱ t❡ ❡✈❛❧✒❛♥❡ ♥s❡ ❧❡❛✎♥✗✎q✒❛✆❡ ❡✆✆✂✆ ❜❡♥t❡❡✠ ♥s❡ ✡❞♣✂❧❛✆

✎♥✆❡✠✏♥s✎ ✍✂✑♣✒♥❡✡ ❢✂✆ ✈❛✆❞✂✒✎ ❛✡✑❞✎✎❞❜❧❡ ❧✂✍❛♥❞✂✠✎ ✂❢ ♥s❡

✡❡❢❡✍♥✎ ❛✠✡ ♥s❡ ✡❞♣✂❧❛✆ ✎♥✆❡✠✏♥s✎ ✑❡❛✎✒✆❡✡ ❢✆✂✑ ♥s❡ ❧✂t✗

❢✆❡q✒❡✠✍✌ ✍✂✑♣✂✠❡✠♥✎ ✂❢ ♥s❡ ❙✫✬✚✭ ✎❞✏✠❛❧ ❬❋❞✏✳ ✦✩❜✪✖✳ ✧♥

♥s❡ ✑✂✎♥ ♣✆✂❜❛❜❧❡ ❧✂✍❛♥❞✂✠✱ t❡ ❡✎♥❞✑❛♥❡ ♥s❡ ✡❞✎♥❛✠✍❡ ❢✆✂✑

♥s❡ ◆✤ ✍❡✠♥❡✆ ♥✂ ❜❡ r✟ ➻ ✁✳✷✸ð✸Þ ✠✑ ❛✠✡ r☞ ➻ ✻✳☛✽ð✸Þ ✠✑

❢✂✆ ✞✟ ❛✠✡ ✞☞✱ ✆❡✎♣❡✍♥❞✈❡❧✌✳ ❲❡ ✎❡❛✆✍s❡✡ ❢✂✆ ✎❞✏✠❛♥✒✆❡✎ ✂❢

✍✂s❡✆❡✠♥ ❞✠♥❡✆❛✍♥❞✂✠ ❜❡♥t❡❡✠ ✞✟ ❛✠✡ ✞☞ ❜✒♥ ✍✂✒❧✡ ✠✂♥

✆❡✎✂❧✈❡ ❛✠✌✱ ❞✠✡❞✍❛♥❞✠✏ ♥s❛♥ ♥s❡ ♥t✂ ✡❡❢❡✍♥✎ ❛✆❡ ❢❛✆♥s❡✆ ❛♣❛✆♥

❢✆✂✑ ❡❛✍s ✂♥s❡✆ ♥s❛✠ ❢✆✂✑ ♥s❡ ◆✤ ✍❡✠♥❡✆✳

❍❛✈❞✠✏ ♣❛✆♥❞❛❧❧✌ ❞✡❡✠♥❞❢❞❡✡ ❛✠✡ ❧✂✍❛♥❡✡ ♥s❡ ♥t✂ ✞ ✡❡❢❡✍♥✎✱

✠✂t✱ t❡ s❛✈❡ ❛ ✍✂✠✎❞✎♥❡✠♥ ✡❡✎✍✆❞♣♥❞✂✠ ✂❢ ♥s❡ ♥s✆❡❡✗✎♣❞✠

✎✌✎♥❡✑ ♥s❛♥ ❞✎ ✎✒❢❢❞✍❞❡✠♥ ❢✂✆ ✡❡✎❞✏✠❞✠✏ ✍✂✠♥✆✂❧ ♣✆✂♥✂✍✂❧✎ ♥✂

❡✠✏❞✠❡❡✆ ❞♥✎ q✒❛✠♥✒✑ ✎♥❛♥❡ ❛✠✡ ✍✆❡❛♥❡ ✍✂✆✆❡❧❛♥❡✡ ✎♥❛♥❡✎ ✂❢

✑✒❧♥❞♣❧❡ ✎♣❞✠✎✳ ❚✂ ✡❡✑✂✠✎♥✆❛♥❡ ✍✂✠♥✆✂❧ ✂❢ ♥s❡ ♥t✂ ✞ ✎♣❞✠✎

❬✦✓✖✱ t❡ ✍✆❡❛♥❡ q✒❛✠♥✒✑ ✍✂s❡✆❡✠✍❡ ❛✑✂✠✏ ♥s❡ ♥s✆❡❡

❡❧❡✍♥✆✂✠ ✎♣❞✠✎✱ ♥❛✮❞✠✏ ❛ ❢❞✆✎♥ ✎♥❡♣ ♥✂t❛✆✡ ♥s❡ ✍✆❡❛♥❞✂✠ ✂❢

✏❡✠✒❞✠❡ ♥✆❞♣❛✆♥❞♥❡ ❡✠♥❛✠✏❧❡✑❡✠♥✳ ✚✒✆ ✍✂✠♥✆✂❧ ♣✆✂♥✂✍✂❧

✩❋❞✏✳ ✓✪ ❞✎ ❜❛✎❡✡ ✂✠ ✩✘✪ ❞✠❞♥❞❛❧❞✢❞✠✏ ♥s❡ ♥s✆❡❡✗✎♣❞✠ ✎✌✎♥❡✑

❞✠ ❛ ♣✒✆❡ ✎♥❛♥❡ ✒✎❞✠✏ ✍✂s❡✆❡✠♥ ✎♣❞✠ ❡✥✍s❛✠✏❡ t❞♥s ♥s❡

✂♣♥❞✍❛❧❧✌ ♣✂❧❛✆❞✢❡✡ ◆✤ ✎♣❞✠✱ ✩✔✪ ✍✆❡❛♥❞✠✏ ♥s✆❡❡✗✎♣❞✠ ✍✂s❡✆✗

❡✠✍❡ ✒✎❞✠✏ ❛ ✎❡✆❞❡✎ ✂❢ ❡✠♥❛✠✏❧❞✠✏ ❈✯✰✲ ✏❛♥❡✎✱ ❛✠✡
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❘
❩➀
➁❴
❫➂
➃➄
➅
➆➇

❵➈❣

➉➋
➉➌

❵➍❣

❵➎❣

➉➋

➉➌

➏➐➑➒ ➓➒ ➔→➣↔↕➙➛➜ ↕➝→ ➞➟➙➛ ➠➡➢➡➣↕➞ ➙➛ ➠➙↔➤→➛➠➒ ➥↔➦ ➧➨➟➙➣↔➩

➠➙➟→➩↔➫ →➞➣➙➩➩↔↕➙→➛➞ ➤➡↔➞➭➫➡➠ ➭➞➙➛➜ ↔ ➫➡➣→➭➟➩➡➠ ➞➟➙➛➯➡➣➲→ ➞➡➯

➳➭➡➛➣➡ ➙➛ ↕➲➡ ➟➫➡➞➡➛➣➡ →➢ ↔ ➛→➛↔➵➙↔➩ ➤↔➜➛➡↕➙➣ ➢➙➡➩➠➒ ➧➲➡ ➞➩→➝

➤→➠➭➩↔↕➙→➛ ➥➞→➩➙➠ ➸➩➭➡ ➩➙➛➡➦ ➙➞ ➣↔➭➞➡➠ ➸➨ ↕➲➡ ➠➙➟→➩↔➫ ➙➛↕➡➫↔➣↕➙→➛

➸➡↕➝➡➡➛ ↕➲➡ ➺➼ ➡➩➡➣↕➫→➛ ➞➟➙➛ ↔➛➠ ↕➲➡ ➽➾ ➡➩➡➣↕➫→➛ ➞➟➙➛➚ ➝➲➡➫➡↔➞

↕➲➡ ➢↔➞↕ ➤→➠➭➩↔↕➙→➛ ➙➞ ➣↔➭➞➡➠ ➸➨ ↕➲➡ ➲➨➟➡➫➢➙➛➡ ➤➙➵➙➛➜ ➝➙↕➲ ↕➲➡

➺➼ ➛➭➣➩➡↔➫ ➞➟➙➛➒ ➥➸➦ ➪➡↔➞➭➫➡➠ ➠➙➟→➩↔➫ ➣→➭➟➩➙➛➜ ➞↕➫➡➛➜↕➲➞

➸➡↕➝➡➡➛ ↕➲➡ ➺➼ ➡➩➡➣↕➫→➛ ➞➟➙➛ ↔➛➠ ↕➲➡ ➽➾ ➥➸➩➭➡➦ ↔➛➠ ➽➶ ➥➜➫➡➡➛➦

➡➩➡➣↕➫→➛ ➞➟➙➛➞ ➢→➫ ➹↔➫➙→➭➞ ➤↔➜➛➡↕ ➟→➞➙↕➙→➛➞➒ ➧➲➡ ➞→➩➙➠ ➩➙➛➡ ➙➞ ↕➲➡

➸➡➞↕ ➩➡↔➞↕➯➞➳➭↔➫➡ ➢➙↕ ↕→ ↕➲➡ ➡➙➜➡➛➹↔➩➭➡➞ →➢ ↕➲➡ ➙➛↕➡➫↔➣↕➙➛➜ ➞➟➙➛

➘↔➤➙➩↕→➛➙↔➛ ➝➙↕➲ ↕➲➫➡➡ ➢➫➡➡ ➟↔➫↔➤➡↕➡➫➞ ➥➴➚ ➷➚ ➬➚ ➞➡➡ ➮➓➱✃➦➚ ➝➲➙➣➲

➟↔➫↔➤➡↕➫➙❐➡ ↕➲➡ ➫➡➩↔↕➙➹➡ ➟→➞➙↕➙→➛ →➢ ↕➲➡ ↕➝→ ➽ ➞➟➙➛➞ ➝➙↕➲ ➫➡➞➟➡➣↕ ↕→

↕➲➡ ➺➼ ➣➡➛↕➡➫➒ ➥➣➦ ↔➛➠ ➥➠➦ ❒➫→➸↔➸➙➩➙↕➨ ➠➙➞↕➫➙➸➭↕➙→➛ ➤↔➟➞ →➢ ↕➲➡

➩→➣↔↕➙→➛ →➢ ↕➲➡ ➽➾ ➥↕→➟➦ ↔➛➠ ➽➶ ➥➸→↕↕→➤➦ ➞➟➙➛➞ ➠➡➢➙➛➡➠ ➝➙↕➲

➫➡➞➟➡➣↕ ↕→ ↕➲➡ ➣→→➫➠➙➛↔↕➡ ➢➫↔➤➡ →➢ ↕➲➡ ➺➼ ➣➡➛↕➡➫ ➟➩↔➣➡➠ ↔↕ ↕➲➡

→➫➙➜➙➛➒ ➧➲➡ ➠↔➫❮➡➫ ➣→➩→➫ ➙➛➠➙➣↔↕➡➞ ↔ ➲➙➜➲➡➫ ➟➫→➸↔➸➙➩➙↕➨ →➢ ➢➙➛➠➙➛➜

↕➲➡ ➽ ➞➟➙➛ ↔↕ ↕➲➙➞ ➞➟➡➣➙➢➙➣ ➩→➣↔↕➙→➛➒

❰ÏÐ
Ñ Ñ ÒÓ

Ó

Ó

Ô Õ ÖÔ
×

Ø

ÙÚÛÜÝ ßàáâãÛäåàæ çÛäÝ èéêëìí

î
ïñ
òó

ôõö

÷ø

ùú

ùû

÷ø

ùú

ùû

üýþ

➏➐➑➒ ➱➒ ÿ➫➡↔↕➙➛➜ ↔➛➠ ➠➡↕➡➣↕➙➛➜ ↕➲➫➡➡➯➞➟➙➛ ➣→➲➡➫➡➛➣➡➒ ➥↔➦ ↔➛➠

➥➸➦ ➧➲➡ ➠➙➞➞➙➟↔↕➙➹➡ ➣➲↔➛➛➡➩ ✁ ➫➡➤→➹➡➞ ➡➛↕➫→➟➨ →➭↕ →➢ ↕➲➡

➳➭↔➛↕➭➤ ➞➨➞↕➡➤ ➸➨ →➟↕➙➣↔➩➩➨ ➟➭➤➟➙➛➜ ↕➲➡ ➺➼ ➣➡➛↕➡➫ ➥➜➫➡➡➛

➸→➵➦➒ ➧➲➡ ❙�❆✂ ➜↔↕➡➞ ➙➤➟➩➡➤➡➛↕➡➠ ➭➞➙➛➜ ➘↔➫↕➤↔➛➛➯➘↔➲➛ ➣➫→➞➞

➟→➩↔➫➙❐↔↕➙→➛ ➝➙↕➲ ✟❂✷ ➟➭➩➞➡➞ ↔➩→➛➜ ↕➲➡ ✄② ↔➵➙➞ ➥➸➫➙➜➲↕ ↔➛➠ ➟↔➩➡

➫➡➠ ➸→➵➦ ↔➛➠ ➣→➛↕➙➛➭→➭➞ ➠➫➙➹➙➛➜ ↔➩→➛➜ ↕➲➡ ✄① ↔➵➙➞ ➥➸➫➙➜➲↕ ↔➛➠

➟↔➩➡ ➸➩➭➡ ➸→➵➦ ➡➵➣➲↔➛➜➡ ↕➲➡ ➞↕↔↕➡ →➢ ↕➲➡ ➺➼ ↔➛➠ ➽ ➞➟➙➛➞➚

➡➢➢➡➣↕➙➹➡➩➨ ➟→➩↔➫➙❐➙➛➜ ↕➲➡ ➽ ➞➟➙➛➞➒ ☎ ➞➡➫➙➡➞ →➢ ➘↔➠↔➤↔➫➠ ➥❍➦

↔➛➠ ❈✆✝❚ ➜↔↕➡➞ ➙➤➟➩➡➤➡➛↕➡➠ ➭➞➙➛➜ ✟❂✷ ↔➛➠ ✟ ➟➭➩➞➡➞ ➫➡↔➩➙❐➡ ↔➛

➡➛↕↔➛➜➩➙➛➜ ↔➛➠ ➠➙➞➡➛↕↔➛➜➩➙➛➜ ➜↔↕➡ ↕→ ➣➫➡↔↕➡ ↔➛➠ ➠➡↕➡➣↕ ↕➲➫➡➡➯➞➟➙➛

➣→➲➡➫➡➛➣➡➚ ➝➲➙➣➲ ➙➞ ➟➫→↕➡➣↕➡➠ ↔➜↔➙➛➞↕ ➠➡➟➲↔➞➙➛➜ ➸➨ ↔ ➞➡➫➙➡➞ →➢ ➽

➜↔↕➡➞➒ ➧➲➡ ↕➲➫➡➡➯➞➟➙➛ ➣→➲➡➫➡➛➣➡ ➙➞ ➤↔➟➟➡➠ ➸↔➣❮ ➙➛↕→ ↔ ➟→➟➭➩↔↕➙→➛

➞↕↔↕➡ →➢ ↕➲➡ ➺➼ ➞➟➙➛ ➭➞➙➛➜ ↔ ➞➡➫➙➡➞ →➢ ➠➙➞➡➛↕↔➛➜➩➙➛➜ ➜↔↕➡➞ ↔➛➠

➤➡↔➞➭➫➡➠ ➟➫→♣➡➣↕➙➹➡➩➨ ➙➛ ↕➲➡ ❩ ➸↔➞➙➞ ➥➜➫➡➡➛ ➸→➵➦➒ ➧➲➡ ➟➲↔➞➡ →➢ ↕➲➡

➟➭➩➞➡➞ →➢ ↕➲➡ ➠➙➞➡➛↕↔➛➜➩➙➛➜ ➜↔↕➡ →➛ ↕➲➡ ➺➼➚ ➽➾➚ ↔➛➠ ➽➶ ➞➟➙➛➞ ↔➫➡

➙➛➣➫➡➤➡➛↕➡➠ ➸➨ ➞↕➡➟➞ →➢ ✞✠◆✡ ➻ ✺✟❂✶☛➚ ✞✠➶ ➻ ✷✟❂✶☛➚ ↔➛➠

✞✠➾ ➻ ✟❂✶☛➚ ➫➡➞➟➡➣↕➙➹➡➩➨➚ ↕→ ➞➟➡➣↕➫↔➩➩➨ ➩↔➸➡➩ ↕➲➡ ➞➟➙➛ ➣→➲➡➫➡➛➣➡

↕➡➫➤➞➒ ➥➣➦ ➧➲➡ ➟→➝➡➫ ➞➟➡➣↕➫➭➤ →➢ ↕➲➡ ➞➙➜➛↔➩ ➞➲→➝➞ ➟↔➫➙↕➨

→➞➣➙➩➩↔↕➙→➛➞ ➮❬☞✃ ↔↕ ↕➲➡ ➞➭➤ →➢ ↕➲➡ ↕➲➫➡➡ ➤→➠➭➩↔↕➙→➛ ➫↔↕➡➞

➥✞✠✌ ➻ ✽✟❂✶☛➦➚ ↕➲➭➞➚ ➙➛➠➙➣↔↕➙➛➜ ↕➲➡ ➣➫➡↔↕➙→➛ →➢ ↕➲➫➡➡➯➞➟➙➛

➣→➲➡➫➡➛➣➡ ➮➓➱✃➒

P❍✍❙✎✏✧✑ ✭✫✤✎✫❲ ✑✫❚❚✫✭❙ ✒✓✔✕ ✙✕✦✵✙✔ ✩✔✙✔✙✪

✙✕✦✵✙✔✗✦



✭�✁ ♠✂✄✄☎✆✝ t✞✟ ❝✠✞✟✡✟✆❝✟ ❜✂❝☛ ☎✆t✠ ✂ ✄✠✄♣☞✂t☎✠✆ ❞☎✌✌✟✡❢

✟✆❝✟ ✠✆ t✞✟ ◆✍ s✄☎✆ ♣s☎✆✝ ✂ s✟✡☎✟s ✠✌ ❞☎s✟✆t✂✆✝☞☎✆✝ ❈✎✏❚

✝✂t✟s ✇☎t✞ ♠✠❞♣☞✂t✟❞ ✄✞✂s✟s✑

❙✄✟❝☎✌☎❝✂☞☞✐✱ ❜✟❝✂♣s✟ t✞✟ ❳ s✄☎✆s ☞✂❝☛ ✂ ☛✆✠✇✆ ♠✟❝✞✂❢

✆☎s♠ ✌✠✡ ❞☎ss☎✄✂t☎✈✟ st✂t✟ ✄✡✟✄✂✡✂t☎✠✆✱ ✌☎✡st✱ ✇✟ ☎✆☎t☎✂☞☎✒✟ ☎ts

q♣✂✆t♣♠ st✂t✟ ♣s☎✆✝ ♠♣☞t☎✄☞✟ ✡✠♣✆❞s ✠✌ ❍✂✡t♠✂✆✆❢❍✂✞✆

❝✡✠ss ✄✠☞✂✡☎✒✂t☎✠✆ ❬✓✔➊✓�✺✱ ✇✞☎❝✞ ✡✟☞☎✟s ✠✆ s☎♠♣☞t✂✆✟✠♣s☞✐

❞✡☎✈☎✆✝ ❜✠t✞ s✄☎✆s ✂t t✞✟ s✂♠✟ ❘✂❜☎ ✌✡✟q♣✟✆❝✐ t✠ ✟✆✝☎✆✟✟✡

❝✠✞✟✡✟✆t s✄☎✆ ✟①❝✞✂✆✝✟ ☎✆ t✞✟ ✡✠t✂t☎✆✝ ✌✡✂♠✟ ✂t ✂ ✡✂t✟ ✝☎✈✟✆

❜✐ t✞✟ ❞☎✄✠☞✂✡ ❝✠♣✄☞☎✆✝ st✡✟✆✝t✞✑

✕✞✟✆✱ ✇✟ ❝✡✟✂t✟ t✞✡✟✟❢s✄☎✆ ❝✠✞✟✡✟✆❝✟ ❜✐ s✐✆t✞✟s☎✒☎✆✝

✟✆t✂✆✝☞☎✆✝ ✝✂t✟s ♣s☎✆✝ t✞✟ ✡✟❝✠♣✄☞✟❞ s✄☎✆❢✟❝✞✠ s✟q♣✟✆❝✟

❬�✖✺✱ ✇✞☎❝✞ ❞✟❝✠♣✄☞✟s t✞✟ ◆✍ s✄☎✆ ✌✡✠♠ ☎ts ✟✆✈☎✡✠✆♠✟✆t

♣s☎✆✝ ✂ s✄☎✆❢✟❝✞✠ s✟q♣✟✆❝✟ ✇✞☎☞✟ s✟☞✟❝t☎✈✟☞✐ ✡✟❝✠♣✄☞☎✆✝ t✞✟

❞☎✄✠☞✂✡ ☎✆t✟✡✂❝t☎✠✆ ✇☎t✞ t✞✟ ❳ s✄☎✆ ✇☎t✞ ✂ ✡✟❝✠♣✄☞☎✆✝ ✗

✄♣☞s✟✑ ✕✞✟ ✡✟❝✠♣✄☞✟❞ s✄☎✆❢✟❝✞✠ s✟q♣✟✆❝✟ ❝✠✡✡✟☞✂t✟s t✞✟ t✇✠

s✄☎✆s✱ ❜♣t ❞✠✟s ✆✠t ✆✟❝✟ss✂✡☎☞✐ ❝✡✟✂t✟ ✟✆t✂✆✝☞✟♠✟✆t ☎✆ t✞✟

✄✡✟s✟✆❝✟ ✠✌ ❝✠✆t✡✠☞ ☎♠✄✟✡✌✟❝t☎✠✆s✑

❋☎✆✂☞☞✐✱ ✇✟ q♣✂✆t☎✌✐ t✞✟ ✂♠✠♣✆t ✠✌ t✞✡✟✟❢s✄☎✆ ❝✠✞✟✡✟✆❝✟

❝✡✟✂t✟❞ ✂✌t✟✡ t✞✟ ✟✆t✂✆✝☞☎✆✝ ✝✂t✟ ❜✐ ♠✂✄✄☎✆✝ ☎t ❜✂❝☛ ☎✆t✠ ✂

♠✟✂s♣✡✂❜☞✟ ✄✠✄♣☞✂t☎✠✆ ❞☎✌✌✟✡✟✆❝✟ ✠✆ t✞✟ ◆✍ s✄☎✆✑ ✕✠

❞☎st☎✆✝♣☎s✞ ❜✟t✇✟✟✆ t✞✟ ❝✡✟✂t☎✠✆ ✠✌ s☎✆✝☞✟❢s✄☎✆ ✂✆❞ ♠♣☞t☎❢

s✄☎✆ ❝✠✞✟✡✟✆❝✟✱ ✇✟ ☎✆❝✡✟♠✟✆t t✞✟ ✄✞✂s✟ ✠✌ t✞✟ ✄♣☞s✟s ✠✌ t✞✟

❞☎s✟✆t✂✆✝☞☎✆✝ ✝✂t✟s ✂✌t✟✡ ✟✂❝✞ ✡✟✂☞☎✒✂t☎✠✆ ✠✌ t✞✟ ✟①✄✟✡☎♠✟✆t

❜✐ st✟✄s ✠✌ ✘✗❂✶✙✱ ✷✗❂✶✙✱ ✂✆❞ ✗❂✶✙ ✌✠✡ t✞✟ ◆✍✱ ❳✚✱ ✂✆❞ ❳✛

s✄☎✆s✱ ✡✟s✄✟❝t☎✈✟☞✐✑ ❆☞t✞✠♣✝✞ t✞☎s ♠✟t✞✠❞ ❬✓✜✱✓✓✺ ❞✠✟s ✆✠t

✄✡✠✈☎❞✟ ✌♣☞☞ st✂t✟ t✠♠✠✝✡✂✄✞✐✱ t✞✟ ♠✠❞♣☞✂t☎✠✆ ✠✌ t✞✟ ✄✞✂s✟s

✡✟s♣☞ts ☎✆ ✂ ♠✠❞♣☞✂t☎✠✆ ✠✌ t✞✟ ✄✠☞✂✡☎✒✂t☎✠✆ s☎✝✆✂☞ ❬❋☎✝✑ ✜✭❝✁✺

✂t ✂ ✡✂t✟ ✝☎✈✟✆ ❜✐ t✞✟ s♣♠ ✠✌ t✞✟ t✞✡✟✟ ☎✆❝✡✟♠✟✆t ✡✂t✟s

✭✽✗❂✶✙✁✱ t✞♣s✱ ☎✆❞☎❝✂t☎✆✝ t✞✟ ❝✡✟✂t☎✠✆ ✠✌ t✞✡✟✟❢s✄☎✆ ❝✠✞✟✡❢

✟✆❝✟ ✇☎t✞✠♣t s☎✝✆☎✌☎❝✂✆t ☞✟✂☛✂✝✟ t✠ ✠t✞✟✡ ❝✠✞✟✡✟✆❝✟ t✟✡♠s

✂✆❞ s✞✠✇☎✆✝ ✂ ✌☎✡st st✟✄ t✠✇✂✡❞ t✞✟ ❝✡✟✂t☎✠✆ ✠✌ ✝✟✆♣☎✆✟

t✡☎✄✂✡t☎t✟ ✟✆t✂✆✝☞✟♠✟✆t✱ ✇✞☎❝✞ ❝✠♣☞❞ ❜✟ ♣s✟❞ t✠ ✂❝✞☎✟✈✟

q♣✂✆t♣♠❢✟✆✞✂✆❝✟❞ s✟✆s☎✆✝ ❬��✺✑

■✆ ❝✠✆❝☞♣s☎✠✆✱ ✇✟ ✞✂✈✟ ❞✟♠✠✆st✡✂t✟❞ ✂✆ ✂✄✄✡✠✂❝✞ t✠

☎❞✟✆t☎✌✐ ✂✆❞ ❝✠✆t✡✠☞ ✟☞✟❝t✡✠✆❢✆♣❝☞✟✂✡ s✄☎✆ ❞✟✌✟❝ts ☎✆ t✞✟

✟✆✈☎✡✠✆♠✟✆t ✠✌ ✂ q♣✂✆t♣♠ ✄✡✠❜✟ ♣s☎✆✝ ❞✠♣❜☞✟❢✡✟s✠✆✂✆❝✟
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Supplemental Material

Identification and Control of Electron-Nuclear Spin Defects in Diamond

PREPARING THE DIAMOND SAMPLE

The nitrogen-vacancy (NV) center in diamond is a point-defect formed by a substitutional nitrogen atom located
nearby a vacancy in the diamond lattice. The NV center in its negatively charged state (NV−) has two unpaired
electrons that form a spin-triplet ground state with three magnetic sub-levels, ms = {0,±1}, and a zero-field splitting
of ∆ = 2π · 2870 MHz. The NV center has a spin-triplet excited state with a phonon-broaden spin-preserving optical
transition in the visible range centered at 637 nm. This optical transition enables spin-state initialization in the
ms = 0 ground state by optical pumping and spin-state readout by fluorescence imaging. The host nuclear spin
(I = 1 for N-14, I = 1/2 for 15N), coupled by an anisotropic hyperfine interaction, provides additional degrees of
freedom for storing quantum information and assisting in magnetic sensing applications.

We fabricated two-dimensional arrays of confined ensembles of spin defects in a synthetic diamond crystal [1], by
implanting 15N nitrogen ions through circular apertures with a diameter of 30 nm. The diamond substrate was a
single crystal chemical vapor deposition (CVD) diamond from Element Six with a 100 µm-thick layer of isotopically
enriched 99.999 % 12C grown on top of a 300 µm-thick electron grade single crystal diamond substrate. The diamond
sample was cut with its edge directed along the 〈110〉 crystallographic axis, such that the 〈111〉 molecular axis of the
NV center lied in the 〈110〉 × 〈001〉 crystallographic plane with its transverse projection oriented towards the 〈110〉
edge of the diamond sample.

After cleaning the surface with boiling acid, we deposited a 10-nm SiO2 layer to mitigate ion channeling during ion
implantation. We then coated the sample with a 150 nm-thick layer of Poly(methyl methacrylate) (PMMA) resist
and thermally evaporated Au. We used electron-beam lithography with an exposure dose of 1400 µC/cm2 to pattern
nano-aperture arrays, and finally developed the PMMA resist while keeping the SiO2 layer.

We then implanted 15N nitrogen ions with an energy of 14 keV and a dose of 1013 cm−2. We chose these implantation
energy and dose parameters as a trade-off between increasing the mean distance to the diamond surface and reducing
the longitudinal straggling of the nitrogen ions. We further annealed the diamond sample at a temperature of
800◦C for 4 h to promote the mobility of vacancies and create NV centers with a conversion efficiency of less than
a few percent. We finally cleaned the surface of the diamond with a boiling mixture of concentrated acids (1:1:1
H2SO4 : HNO3 : HClO4). We routinely cleaned the diamond surface with a piranha acid solution (3:1 H2O2 : H2SO4)
and did not observe any modifications of the properties of our spin system.

Numerical simulations with the SRIM software indicated that the spatial distribution of substitutional nitrogen de-
fects in each implanted region was normally distributed with a mean implantation depth of 19.9 nm and a longitudinal
straggling of 6.6 nm, greater than the interaction range with surface spins. We searched over more than 150 implanted
regions to identify three single NV centers, one of which exhibited a strongly modulated interferometric signal and
was thus used in this study. For this NV center, we could not resolve a coherent signal from ensembles of nuclear
spins associated with impurities on the surface of the diamond sample or protons of the confocal oil, suggesting a
relatively deep NV center.

DETERMINING THE STRENGTH AND ORIENTATION OF THE MAGNETIC FIELD

As the parameters of the dipolar and hyperfine tensors depend critically on the orientation of the static magnetic
field, we implemented a precise protocol to extract its strength and orientation from spectroscopic measurements on
the NV center.

To systematically vary the orientation of the static magnetic field at the location of the NV center, we mounted a
25.4 mm-edge cubic magnet on a linearly-actuated translation stage with rotational degrees of freedom. We aligned
the magnetization axis of the magnet along the 〈110〉 crystallographic axis of the diamond crystal in such a way that
displacing the magnet along its magnetization axis rotated the magnetic field by the polar angle θ in the 〈001〉×〈110〉
(φ = 0◦) crystallographic plane. This was confirmed by performing spectral measurements on an ensemble of NV
centers implanted in a nearby region of the same diamond and observing the spectral overlap of the resonance
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frequencies of two out of the four NV crystallographic classes. Fixing the position of the magnet at the polar angle
θ = 90◦ and rotating the magnet along its vertical axis further rotated the azimuthal angle φ of the magnetic field in
the 〈110〉 × 〈1̄10〉 crystallographic plane.

To quantify the strength and orientation of the static magnetic field at each position of the magnet, we first
measured the resonance frequency of the NV electron spin in the ms ∈ {0,−1} manifold using a continuous-wave
electron spin resonance (cw-ESR) sequence (sFig. 1a). The set of measured frequencies was, however, not sufficient to
uniquely determine the strength and orientation of the static magnetic field; there indeed existed an infinite number
of admissible values for (B0, θ) that resulted in the same resonance frequency (inset of sFig. 1a).

To resolve this ambiguity, we further measured the frequencies of the electron spin-echo envelope modulation
(ESEEM) [2] caused by the strong dipolar coupling to the intrinsic 15N nuclear spin of the NV center. As the
hyperfine tensor of the 15N spin is axially symmetric, no ESEEM is detectable when the static magnetic field is
oriented along the molecular axis of the NV center (〈111〉 crystallographic axis). For any other orientation of the
magnetic field (θ′ = θ − θNV 6= 0), the bare energy levels of the NV electron spin and 15N nuclear spin are mixed,
resulting in an effective interaction strength proportional to A⊥B sin(θ′)/(∆−γeB cos(θ′)). Then, the spin-echo signal
is modulated at the nuclear frequencies and their combinations, {ν1, ν0, ν1± ν0}. These frequencies correspond to the
quantization energies of the nuclear spin conditional on the NV electron spin being in the ms = 0 or ms = −1 spin
states, including the mixing contributions.

We numerically simulated the ESEEM spectrum [3] by diagonalizing the electron-nuclear spin Hamiltonian of the
NV center for different values of the strength and orientation of the static magnetic field. For each position of the
magnet, we searched for the field parameters (B0, θ) that best reproduced the measured ESEEM spectrum under the
constraint of a known NV resonance frequency. Following this approach, we determined a unique pair of admissible
values for the field parameters at each magnet position (inset of sFig. 1d).

CHARACTERIZING THE HYPERFINE INTERACTION STRENGTH

We derive an analytical expression for the hyperfine coupling strength in the secular approximation as a function
of the orientation of the static magnetic field. The Zeeman Hamiltonian for the electron spin is given by

He(θ, φ) = βe B · g · S (1)

= geβe B · S (2)

= ωe(cos(θ)Sz + sin(θ)(cos(φ)Sx + sin(φ)Sy)), (3)

where ωe = geβeB0 is the Zeeman energy of the electron spin and

B(θ, φ) = B0(sin(θ) cos(φ), sin(θ) sin(φ), cos(θ)), (4)

is the magnetic field vector expressed in the crystal frame using the polar and azimuthal angles (θ, φ).

The strength of the magnetic field is chosen such that the hyperfine coupling strength is smaller than the electron
spin Zeeman energy, but larger than the nuclear spin Zeeman energy, i.e., ωn ≪ ‖A‖ ≪ ωe. Under this assumption,
the electron spin is quantized by the Zeeman energy, whereas the nuclear spin is not.

Let’s recall that the hyperfine tensor is fully characterized by its principal components, {Ax, Ay, Az}, and its
orientation with respect to the crystal frame given by the Euler angles, {α, β, γ}. The hyperfine tensor in its principal
coordinate frame is thus represented by a diagonal matrix

A = diag[Ax, Ay, Az], (5)

which can be rotated into the crystal frame as

ˆ̂
A = RT ·A ·R, (6)
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sFig. 1. Measuring the strength and orientation of the static magnetic field. (a) Measurements of the
resonance frequency of the NV electron spin for various magnet positions. For each magnet position, there exist
multiple values of the strength and orientation of the magnetic field that result in the same NV resonance frequency
(inset). (b) Measurements of the electron spin-echo envelope modulation (ESEEM) of the NV electron spin for
various magnet positions. The spectral lines at the nuclear frequencies result from hyperfine mixing with the host
15N nuclear spin in the presence of a non-axial magnetic field. (c) For each magnet position, the field strength and
polar angle are unambiguously determined by finding the simulated spectrum that best matches the measured
spectrum. (d) Field strength and polar angle of the magnetic field recovered from a series of spectral measurements
on the NV electron spin.

where R is the rotation matrix describing the transformation of the hyperfine matrix from its principal coordinate
frame to the crystal frame,

R =





cos(γ) cos(β) cos(α)− sin(γ) sin(α) cos(γ) cos(β) sin(α) + sin(γ) cos(α) − cos(γ) sin(β)
− sin(γ) cos(β) cos(α)− cos(γ) sin(α) − sin(γ) cos(β) sin(α) + cos(γ) cos(α) sin(γ) sin(β)

sin(β) cos(α) sin(β) sin(α) cos(β)



 .

For simplicity, assume the magnetic field to be aligned along the z-axis of the crystal frame, such thatB = B0·(0, 0, 1)
for θ = 0 and φ = 0. The secular hyperfine Hamiltonian is given by

Hh = ~S ·
ˆ̂
A · ~I (7)

≈ SzÂz · ~I = Sz(AzxIx +AzyIy +AzzIz), (8)

giving rise to an effective hyperfine frequency shift of Cz =
√

A2
zx +A2

zy +A2
zz.

In general, the hyperfine coupling strength is given by

Cz =
√

Tr{(He ⊗ Ix)Hh}2 +Tr{(He ⊗ Iy)Hh}2 +Tr{(He ⊗ Iz)Hh}2/4ωe. (9)
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In the case of an isotropic hyperfine tensor, we have

C iso

z = Az, (10)

whereas in the case of an axially symmetric tensor, we have

Cax
z = 1

2
√
2

[

5A2
x + 3A2

z −
(

A2
x −A2

z

)

×
(

4 cos(2δ) sin2(β) sin2(θ) + 4 cos(δ) sin(2β) sin(2θ) + cos(2β)(3 cos(2θ) + 1) + cos(2θ)
)]1/2

,
(11)

where δ = α− φ. In the general case of an arbitrary tensor, we can also obtain an explicit expression, which is given
by

Cz =
1

4

[

5
(

A
2

x +A
2

y

)

+ 6A2

z + 8
(

A
2

x −A
2

y

)

sin(2γ)
(

cos(β) sin(2δ) sin2(θ)− sin(β) sin(δ) sin(2θ)
)

+
(

A
2

x −A
2

y

)

cos(2γ)
(

2(cos(2β) + 3) cos(2δ) sin2(θ)− 4 sin(2β) cos(δ) sin(2θ) + 2 sin2(β)(3 cos(2θ) + 1)
)

+
(

2A2

z −A
2

x −A
2

y

) (

4 sin2(β) cos(2δ) sin2(θ) + 4 sin(2β) cos(δ) sin(2θ) + cos(2β)(3 cos(2θ) + 1) + cos(2θ)
)]1/2

.

(12)

We fit the data collected as described in the main text to these formulas, where the magnetic field angles θ and φ
were varied by translating the permanent magnet with respect to the diamond crystal. We found that the model of
an axially symmetric tensor (Eq. (11)) fitted slightly better the data (lower χ2) than the general model of Eq. (12).
Further data points at different combinations of θ and φ could better discriminate between models.

CHARACTERIZING THE DIPOLAR INTERACTION STRENGTH

In the absence of an external static magnetic field, the NV center is quantized along its 〈111〉 molecular axis defined
by the strong crystal field responsible for the zero-field splitting ∆ = 2π · 2870 MHz. In the presence of a weak static
magnetic field of strength γeB0 ≪ ∆, the NV electronic spin is weakly tilted away from its molecular axis, whereas
the X electronic spin is predominantly quantized along the external field. This behavior is responsible for a non-trivial
transformation of the dipolar interaction tensor under rotation. The dependence of the effective dipolar interaction
strength on the orientation of the static magnetic field thus provides information about the spatial location of the X
spins with respect to the NV center.

The total spin Hamiltonian describing the interaction between the NV center (SNV = 1, INV = 1/2) and the X
electron-nuclear spin defect (SX = 1/2, IX = 1/2) is given by

H = HNV +HX +HNV−X, (13)

where HNV (HX) is the spin Hamiltonian of the NV center (X spin defect) and HNV−X the interaction Hamiltonian
describing the magnetic dipolar interaction between the NV electron spin and X electron spin. The dipolar Hamiltonian
in its general form is given by

HNV−X = −
µ0

4π

γNVγX~
2

r3
(3(S

NV
· r)(S

X
· r)− (S

NV
· S

X
)), (14)

where r = (sin (ζ) cos (ξ), sin (ζ) sin (ξ), cos (ζ)) is the interatomic vector of norm 1 that join the NV center and X spin
defect, parameterized by the distance r between the two centers and the polar and azimuthal angles (ζ, ξ) defined
with respect to the NV molecular axis.

Since we can consider the dipolar coupling as a perturbation of each spin Hamiltonian, the only visible component
in an experimental measurement is the energy-conserving one. Thus, the effective (secular) dipolar coupling strength
between the NV electron spin and X electron spin is obtained by computing the eigenvalues of the total dipolar
Hamiltonian in the doubly-tilted frame

H̃ = U−1

X
U−1

NV
HNV−XUNVUX (15)

where UNV (UX) is the unitary transformation diagonalizing HNV (HX).



5

By projecting the NV electron spin onto an effective two-level system, it is possible to analytically evaluate the
secular dipolar strength. In this approximation, valid when the ms = +1 level is energetically isolated and never
populated by the driving field, we obtain:

d = dc
3 sin(2ζ) cos(ξ) sin(θ′)[∆− 3γeB0 cos(θ

′)]− 6γeB0 sin
2(ζ) cos(2ξ) sin2(θ′) + (3 cos(2ζ) + 1)(∆ cos(θ′)− γeB0 cos(2θ

′))

4r3
√

2(γeB0 sin(θ′))2 + (∆− γeB0 cos(θ′))2

where dc = 2π · 52.041 kHz is the dipolar constant for two electronic spins at a distance of 1 nm and θ′ = θ − θNV is
the angle between the static magnetic field and the NV molecular axis in the yNV = 0 plane.

CONTROLLING THE THREE ELECTRON-NUCLEAR SPIN SYSTEM

GENERATION AND DETECTION OF THREE-SPIN COHERENCE

Identifying the unknown parameters of the three-spin Hamiltonian enables precise control of the three-spin system
via resonant microwave pulses and free evolution under dipolar interaction. To demonstrate control, we generated and
detected three-spin coherence. The spin system was first initialized by exploiting cross-polarization under continuous
driving and optical polarization of the NV system. We performed the cross polarization on each hyperfine transition of
the X spin in series, as the hardware implementation was easier to avoid cross-talks. Similarly, we applied microwave
pulses on each hyperfine transition in series rather than simultaneously.

We then used a recoupled spin-echo sequence to generate CNOT gates, combining single-spin π/2 pulses and free
evolution under the spin-spin couplings. Intuitively, the free evolution blocks engineer a controlled-Z rotation, which
is transformed into a CNOT by the π/2 pulses. In order to protect the spins affected by the gates from noise and
other couplings in the system, we embedded spin echoes in the gate.

The polarization sequence ideally prepares the state |000〉. The entangling control then prepares, in the absence of
control errors, the GHZ state |GHZ〉 = 1√

2
(|000〉+ eiχ|111〉). We repeat the experiment after incrementing the phase

of the detection pulses by steps of ∆φNV = 5π/10, ∆φX2 = 2π/10, and ∆φX1 = π/10 for a total of 64 repetitions.
Given these phase increments, only if there exists three-spin coherence, we would measure a modulation of the signal
at the sum of the three modulation rate, ∆φΣ = ∆φNV +∆φX2 +∆φX1 = 8π/10.

We further notice that, given an arbitrary mixed state, assuming the disentangling gate to be perfect, we would
expect modulation only at the rates of 0, π/10, 2π/10, . . . , 8π/10. Thus, our choice of modulation frequencies simplifies
the expected modulation spectrum. As shown in the spectrum presented in the main text, most of the signal is indeed
given by the ∆φΣ = 8π/10 component. However, we observe some small leakage at other spectral components (3π/10,
4π/10, and 7π/10), indicating that the disentangling gate is not perfect. We note that these imperfections would
affect any attempts to perform full state tomography, thus preventing us from distinguishing between imperfect state
preparation and imperfect state readout.

The frequency modulation can still give estimates of the prepared state fidelity and entanglement. First, we note
that our experiment effectively post-selects on the charge state of the NV center: indeed, we consider the difference
signal obtained when measuring the NV center in the |0〉 and | − 1〉 state, so that the signal measured when the NV
is ionized in the NV0 state is mainly canceled out as it would typically contribute just a common background noise.
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sFig. 2. Normalized modulation signal. The solid line is a non-linear fit of the experimental data (circles) to a
sum of sinusoids.

We can fit the difference signal to a sum of sinusoids (sFig. 2), Sd = a0 +
∑

i ai cos(φi + ωin), where n is the step
size in the experimental phase increment. The component a8 at ω8 = ∆φΣ = 8π/10 yields the absolute value of the
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coherence a8/2 = |ρ18| = |〈111|ρ|000〉|, where ρ is the state prepared by the series of cross-polarization and entangling
gates. By renormalizing the signal by its L2 norm,

∫

S2

d = 1/2, we effectively post-select the initialized state in the
subspace spanned by the observable. We then observe a8 = 2|ρ18| = 0.43(5), indicating that most of the signal is
indeed at the desired modulation frequency, showing good coherent control of the three-spin system.

We note that the fidelity is given by F = 〈GHZ|ρ|GHZ〉 = 1

2
(ρ11 + ρ88 + 2|ρ18|), where we allowed for a free

parameter, the phase χ. Also, the state is entangled if we have Tr[ρW ] < 0, with W an entanglement witness [4, 5]
given by W = 3

4
− |GHZ〉〈GHZ|, that is, there is genuine tripartite entanglement if the fidelity is F > 3

4
. If the only

off-diagonal term in the density matrix were ρ18, we can bound ρ11 + ρ88 by imposing that the density matrix should
be semidefinite positive, and the fidelity is bounded by F ≥ 2|ρ18| ≈ 0.43(5).

This estimate however overestimates the fidelity, since most of the signal in the experiment is actually lost due to
imperfect polarization. Indeed, an imperfectly polarized state gives rise to similar oscillations, but with a smaller
amplitude. To obtain an estimate of this effect, we can compare the difference signal amplitude for a simple NV-
only experiment (such as a Ramsey modulation experiment) with the signal amplitude obtained in the entangling
measurement. We then find 2|ρ18| = 0.10(2) indicating that, when accounting for imperfect polarization, despite
creating the desired coherence, no entanglement is generated.
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