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⑧❏❬❏ ⑨❏ ❖♠t❬①❱❞❑❏ ❩ ♠❏⑨ ❶❩✇❖❣♦ ①❶ ❥♣❏❑❖❩❣⑤♣❞❬♣①❥❏ ⑥❞❩♠t❞✇ ❏❬❬①❬⑤❑①❬❬❏❑t❖♠④ ❑①❱❏❥ t❭❩t ①❶❶❏❬ ❩♠

❏③♣①♠❏♠t❖❩❣ ❬❏❱❞❑t❖①♠ ❖♠ ①❙❏❬❭❏❩❱ ❑①✇♣❩❬❏❱ t① t❭❏ ❞❥❞❩❣ ❬❏♣❏t❖t❖①♠ ❑①❱❏⑦ ❷❭❏♦ ❩❬❏ t❩❖❣①❬❏❱ ❶①❬ ❩ ❑①✇✇①♠
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✚✥✖✗ ➙↔✒✗➣↔➛ ➜✕➜➣✖➛➜✱ ✓➜ ✒ →✖✗➣r✒❛ ✚➝➜➣✒→❛✖ ➣✚ ✔✖✈✖❛✚✥✓✗➞
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✗✖➣➟✚r➠➜✱ ✒✗✔ →✚➛✥↔➣✖r➜➡ ➢✜✓➜ ✚➝➜➣✒→❛✖ ✓➜ →✚➛✥✚↔✗✔✖✔ ➝✕

➣✜✖ ✔✖➜➣r↔→➣✓✈✖ ✗✒➣↔r✖ ✚↕ ➙↔✒✗➣↔➛ ➛✖✒➜↔r✖➛✖✗➣➤ ➜➣r✒✓➞✜➣➥

↕✚r➟✒r✔ ✒➣➣✖➛✥➣➜ ➣✚ ✓✔✖✗➣✓↕✕➦✒✗✔ ↔❛➣✓➛✒➣✖❛✕ r✖✈✖r➜✖➦

✔✖→✚✜✖r✖✗→✖ ✔✖➜➣r✚✕ ➣✜✖ ➙↔✒✗➣↔➛ →✚✜✖r✖✗→✖ ➣✜✖✕ ➜✖✖➠ ➣✚

✥r✚➣✖→➣➡ ➧↔✒✗➣↔➛ ✖rr✚r →✚rr✖→➣✓✚✗ ➨➧➩✛➫ ✓➜ ✒ ➣✖→✜✗✓➙↔✖ ↕✚r

➣✒➛✓✗➞ ✔✖→✚✜✖r✖✗→✖✱ ➟✜✓→✜ ➜✓✔✖➜➣✖✥➜ ➣✜✓➜ ✓➜➜↔✖➡ ➭➣ ✖✗→✚✔✖➜

❛✚➟✖r➥✔✓➛✖✗➜✓✚✗✒❛ ➙↔✒✗➣↔➛ ➜➣✒➣✖➜ ✓✗➣✚ ✒ ✜✓➞✜✖r➥✔✓➛✖✗➥

➜✓✚✗✒❛ ➙↔✒✗➣↔➛ ➜✕➜➣✖➛ ➜↔→✜ ➣✜✒➣ ✔✖→✚✜✖r✖✗→✖ →✒✗ ➝✖

✔✖➣✖→➣✖✔ ✒✗✔ ✒✥✥r✚➯✓➛✒➣✖❛✕ r✖✈✖r➜✖✔ ➟✓➣✜✚↔➣ →✚❛❛✒✥➜✓✗➞

➣✜✖ ✖✗→✚✔✖✔ ➜➣✒➣✖➡ ➲✥✖→✓↕✓→✒❛❛✕✱ ➣✜✖ ➛✚➜➣ →✚➛➛✚✗ ✒✥✥r✚✒→✜

✖✗→✚✔✖➜ ➳ ❛✚➞✓→✒❛ ➙↔➝✓➣➜ ✓✗➣✚ ✒✗ ➵➥➙↔➝✓➣ r✖➞✓➜➣✖r ➨➳ ➸ ➵➫

➟✜✚➜✖ ➺✓❛➝✖r➣ ➜✥✒→✖ ➻ ✓➜ ✔✖→✚➛✥✚➜✖✔ ✓✗➣✚ ✚r➣✜✚➞✚✗✒❛

➜↔➝➜✥✒→✖➜ ➼➽➾ ➼➚➾ ➼➪➾➶ ✚↕ ✔✓➛✖✗➜✓✚✗ ➹➘ ➴➷➬➡ ➢✜✖➜✖ ➜↔➝➥

➜✥✒→✖➜ ✒r✖ →✜✚➜✖✗ ➝✕ ➜✥✖→✓↕✕✓✗➞ ✚✥✖r✒➣✚r➜ ➮➚➾ ➮➪➾➶ ✒✗✔

✔✖➛✒✗✔✓✗➞ ➣✜✒➣ ➣✜✖ ❛✚➞✓→✒❛ ➜➣✒➣✖➜✱ ➟✜✓→✜ r✖➜✓✔✖ ✓✗ ➼➽✱ ➝✖

➛✒✥✥✖✔ ➣✚ ➼➱ ➝✕ ➮➱ ➟✓➣✜✚↔➣ ✔✓➜➣✚r➣✓✚✗ ➴✃➬➡ ❐✕ ✥✖r↕✚r➛✓✗➞ ✒

✥✒r➣✓✒❛ ➛✖✒➜↔r✖➛✖✗➣ ➣✜✒➣ r✖✈✖✒❛➜ ❒❮❰Ï ➟✜✓→✜ ➜↔➝➜✥✒→✖

→✚✗➣✒✓✗➜ ➣✜✖ ➜➣✒➣✖✱ ✒✗✔ ↕✖✖✔✓✗➞ ➝✒→➠ ✒✥✥r✚✥r✓✒➣✖❛✕✱ ✚✗✖

→✒✗ r✖✈✖r➜✖ ➣✜✖ ✚→→↔rr✖✗→✖ ✚↕ ✒✗✕ ➮➱➦✒✗✔✱ ➛✚r✖ ➞✖✗✖r✒❛❛✕✱

✒✗✕ ✖rr✚r ✓✗ Ð Ñ ➜✥✒✗ÒÓ➾ ➮➚➾ ➮➪➾➶Ô➡ ➢✜✖ →✚✗✈✖✗➣✓✚✗✒❛

➜➣r✒➣✖➞✕ ✓➜ ➣✚ ✥✓→➠ ➮➱➜ ➜✚ ➣✜✒➣ Ð ✖✗→✚➛✥✒➜➜✖➜ ✒ ➝r✚✒✔

↕✒➛✓❛✕ ✚↕ ✚✥✖r✒➣✚r➜ ✚✗ ➻➡ Õ➜✓✗➞ P✒↔❛✓ ✚✥✖r✒➣✚r➜ ✚↕ ➟✖✓➞✜➣

↔✥ ➣✚ Ö✱ ↕✚r ✓✗➜➣✒✗→✖✱ ✥r✚✔↔→✖➜ ✒ ➧➩✛ →✚✔✖ ➣✜✒➣ →✚rr✖→➣➜

✒r➝✓➣r✒r✕ ✖rr✚r➜ ✚✗ Ö ➙↔➝✓➣➜➡ ➢✜✓➜ ✓➜ ✒ ✥✚➟✖r↕↔❛ ✒✥✥r✚✒→✜✱

✖➜✥✖→✓✒❛❛✕ ✓✗ ❛✒r➞✖ ✔✖✈✓→✖➜ ➨➵ × Ø➫✱ ➜✓✗→✖ ✓➣ →✒✗ r✖✈✖r➜✖

✔✖→✚✜✖r✖✗→✖ ➟✓➣✜ ❛✓➣➣❛✖ r✖➞✒r✔ ➣✚ ✓➣➜ ✥✜✕➜✓→✒❛ ✚r✓➞✓✗➜ ➴Ù✱Ú➬➡
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➺✚➟✖✈✖r✱ ➟✜✓❛✖ ➣✜✓➜ ➜➣r✒➣✖➞✕ ✓➜ ➟✖❛❛➥➠✗✚➟✗ ➨➜✖✖ ➴Ù➬
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➣✜✖ ↕❛↔→➣↔✒➣✚r ✓➜ ✓✗ ➜➣✒➣✖ ûüýè✱ ➙↔➝✓➣ ❥ ✜✒➜ ✒✗ ✖↕↕✖→➣✓✈✖

�✁✂✆✝✞✟✠ ❘✡☛✝✡☞ ✠✡▲▲✡❘✆ ✶✌✍✎ ✵✏✵✑✵✒ ✭✏✵✏✵✓

ááÙ➷➥✔ááæ❂✃á❂➷✃Ú➨✃➫❂á✃áäáÚ➨â➫ á✃áäáÚ➥➷ ➞ ✃á✃á Ý➛✖r✓→✒✗ P✜✕➜✓→✒❛ ➲✚→✓✖➣✕
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✇t✝✠✝ ✧ ➻ ✔❂
★★★★★★★★★★
❥❥ ✚✉❥❥✶

✪
✳ ❚t✁✞ ❣✁✈✝✞ ❧✄❣✁❝❛❧ ✞✂❛✂✝✞

❥✵▲✐ ➻ ❥✫✦✐❥✵✐❀ ❥✔▲✐ ➻ ❥✫✶✐❥✔✐❀ ✜✡✬Þ

✇✁✂t

❥✫✦✐ ➻ ✧✜
★★★★★★★★★★★★★★★★★
❥✗✶ ❾ ✗✙❥

✪
❡✮✯✰ ❥✵✐ þ

★★★★★★★★★★★★★★★★★
❥✗✶ þ ✗✙❥

✪
❡✮✯✱ ❥✔✐Þ❀

❥✫✶✐ ➻ ✧✜
★★★★★★★★★★★★★★★★★
❥✗✶ þ ✗✙❥

✪
❡✮✲✴ ❥✵✐ þ

★★★★★★★★★★★★★★★★★
❥✗✶ ❾ ✗✙❥

✪
❡✮✲✹ ❥✔✐Þ❀ ✜✡✡Þ

✇t✝✠✝ ❥✵✐ ❛☎� ❥✔✐ ✠✝❢✝✠ ✂✄ ✂t✝ ✞✂❛✂✝✞ ✄❢ ❛ q✟✎✁✂✳ ❚t✝ ✗✶ ❁ ✵

❝❛✞✝ ❣✁✈✝✞ ✂t✝ ✞❛s✝ ✠✝✞✟❧✂ ✟♣ ✂✄ ❛ ✠✝❧❛✎✝❧❧✁☎❣ ✄❢

❥✵▲✐ ✺ ❥✔▲✐✳ ❚t✁✞ ❝✄�✝ ❝✄✠✠✝❝✂✞ ❢✄✠ ✻ ➻ ✞♣❛☎✼■❀❍❊✽✿ ✎✍

�✝✞✁❣☎✆ t✄✇✝✈✝✠✆ ✁✂ �✄✝✞ ☎✄✂ ❝✄✠✠✝❝✂ ❢✄✠ ❩✶❩✙✆ ☎✄✠ ❩✶ ✄✠ ❩✙
✁☎�✁✈✁�✟❛❧❧✍✆ ☎✄☎✝ ✄❢ ✇t✁❝t ✎✝❧✄☎❣ ✂✄ ✻✳ ❘❛✂t✝✠✆ ✁✂ ❝✄✠✠✝❝✂✞

✌❈❄ ✇✁✂t ❢✝✇✝✠ q✟✎✁✂✞ ✂t❛☎ ✂t✝ ✞s❛❧❧✝✞✂ ✠✝♣✝✂✁✂✁✄☎ ❝✄�✝

♣✠✝❝✁✞✝❧✍ ✎✝❝❛✟✞✝ ✇✝ t❛✈✝ ❝t✄✞✝☎ ☎✄✂ ✂✄ ❝✄✠✠✝❝✂ ✁☎�✁✈✁�✟❛❧

P❛✟❧✁ ✄♣✝✠❛✂✄✠✞✳

❖✎✞✝✠✈✝ ✂t❛✂ ☞q✞✳ ✭✡✬✖ ❛☎� ✭✡✡✖ ✠✝�✟❝✝ ✂✄ ❛ ❄❈❙ ✁☎ ✂t✝

❧✁s✁✂ ✇t✝✠✝ ✄☎✝ ✝①✁✞✂✞ ✭❥✗✶❥ ➻ ❥✗✙❥✖✆ ✎✟✂ ✂t✁✞ ✁✞ ✁☎ ♣✠❛❝✂✁❝✝

✠❛✠✝✳ ▼✄✠✝ ❣✝☎✝✠❛❧❧✍✆ ☎✄✂✁❝✝ ✂t❛✂ ✂t✝ ❝t✄✁❝✝ ❅✦ ➻ ❆✶ þ ❇ ➻

❾❅✙ ➻ ❾❆✥ ➻ ❉ ❢✄✠ ❛✠✎✁✂✠❛✠✍ ❉ ♣✠✄✈✝✞ ❝✄☎✈✝☎✁✝☎✂❋ ❢✁✠✞✂✆ ✁✂

❣✁✈✝✞ ❤✫✦❥✫✶✐ ➻ ✵✆ ❛☎� ❛ ✞✁s♣❧✝ ❛❝✂✁✄☎ ✄❢ ❍❊ ✄☎ ❧✄❣✁❝❛❧

✞✂❛✂✝✞❋

❍❊❥✵▲✐ ● ❥✫✶✐❥✵✐❏ ❥✵❑✐

❍❊❥✔▲✐ ● ❥✫✦✐❥✔✐❏ ❥✔❑✐❯ ✜✡✕Þ

❳✄✂t ❧✁☎✝✞ t❛✈✝ ✂t✝ ✞❛s✝ ♣✠✄♣✄✠✂✁✄☎❛❧✁✂✍ ❝✄☎✞✂❛☎✂✆ ❛☎� ✇✝

t❛✈✝ �✝❢✁☎✝� ✂t✝ ✝✠✠✄✠ ✞✂❛✂✝✞ ❥✵❑✐ ❛☎� ❥✔❑✐✳ ❲✝ ✝s♣t❛✞✁♠✝

✂t❛✂ ✞✁☎❝✝ ❍❊ ❝❛☎☎✄✂ ❣✝☎✝✠✁❝❛❧❧✍ ✎✝ �✝❝✄s♣✄✞✝� ❛✞ ❛ ✂✝☎✞✄✠

♣✠✄�✟❝✂✆ ✁✂ s❛♣✞ s✄✞✂ ✞✝♣❛✠❛✎❧✝ ✞✂❛✂✝✞ ✂✄ ✝☎✂❛☎❣❧✝� ✞✂❛✂✝✞✿

☞q✳ ✭✡✕✖➋✇t✝✠✝✁☎ ✂t✝ ❢✁✠✞✂ q✟✎✁✂ ✁✞ ➇❢❧✁♣♣✝�➈ ✎✍ ❍❊➋✁✞

�✟✝ ✂✄ ✄✟✠ ❝t✄✁❝✝ ✄❢ ❥✵▲✐ ❛☎� ❥✔▲✐✳ ❙✝❝✄☎�✆ ❝✄☎✞✁�✝✠ ✂t✝

✄✠✂t✄❣✄☎❛❧ ♣✠✄❨✝❝✂✄✠✞ ❭▲ ➻ ❥✵▲✐❤✵▲❥ þ ❥✔▲✐❤✔▲❥ ❛☎� ❭❑ ➻

❥✵❑✐❤✵❑❥ þ ❥✔❑✐❤✔❑❥ ✄☎✂✄ ❪✦ ➻ ✞♣❛☎✼❥✵▲✐❀ ❥✔▲✐✽ ❛☎� ❪✶ ➻

✞♣❛☎✼❥✵❑✐❀ ❥✔❑✐✽ ✠✝✞♣✝❝✂✁✈✝❧✍ ✭❫ ➻ ❪✦ ❴ ❪✶✖✳ ❖☎✝ ❝❛☎

�✝✂✝❝✂ ❛☎ ✝✠✠✄✠ ☎✄☎�✝✞✂✠✟❝✂✁✈✝❧✍ ✎✍ s✝❛✞✟✠✁☎❣ ♣❛✠✁✂✍ ✁☎

✂t✝ ❥✫✮✐❥❵✐ ✎❛✞✁✞✆ ✇t✁❝t ❝❛☎ ✎✝ �✄☎✝ ✎✍ ♣✝✠❢✄✠s✁☎❣ ♣t❛✞✝

✝✞✂✁s❛✂✁✄☎ ✭✁✳✝✳✆ ➇♣t❛✞✝ ❦✁❝❦✎❛❝❦➈✖ ✄☎

❜ ➻ ❭▲ ❾ ❭❑ ➻ ❞③ ♦ ❩✙ ✜✡✸Þ

✇✁✂t ❛☎ ❛☎❝✁❧❧❛ ❬✸✸☛✳ ✌✠✟❝✁❛❧❧✍✆ ✂t✝ ❝t✄✁❝✝ ✄❢ ♣t❛✞✝✞ ✁☎ ❥✵▲✐

❛☎� ❥✔▲✐ s❛❦✝✞ ❜ ✞✝♣❛✠❛✎❧✝ t✝✠✝✆ ✇t✝✠✝ ❞③ ② ❥✫✦✐❤✫✦❥ ❾

❥✫✶✐❤✫✶❥ ✁✞ ❛ ❇ ✠✄✂❛✂✁✄☎ ❛✎✄✟✂ ✞✄s✝ ❛①✁✞ �✝✂✝✠s✁☎✝� ✎✍ ✗✶✆

✗✙✆ ❛☎� ❉✳ ❚t✁✞ s✝❛☎✞ ✂t❛✂ ✂t✝ ❝✄☎✂✠✄❧❧✝�✏❜ ✭❝❜✖ ✄♣✝✠❛✂✁✄☎

✟✞✝� ✂✄ s✝❛✞✟✠✝ ✂t✝ ✝✠✠✄✠ ✞✍☎�✠✄s✝ ❝❛☎ ✎✝ ✁s♣❧✝s✝☎✂✝�

✂t✠✄✟❣t ❛ ♣❛✁✠ ✄❢ ✂✇✄✏q✟✎✁✂ ✄♣✝✠❛✂✁✄☎✞ ✭❝❞③ ❛☎� ❝❩✖✆ ✠❛✂t✝✠

✂t❛☎ ❛ s✄✠✝ ❝t❛❧❧✝☎❣✁☎❣ ✂t✠✝✝✏q✟✎✁✂ ✄♣✝✠❛✂✁✄☎✳ ✤❢ ❛☎ ✝✠✠✄✠ ✁✞

�✝✂✝❝✂✝�✆ ✁✂ ❝❛☎ ✎✝ ❝✄✠✠✝❝✂✝� ✎✍ ❛♣♣❧✍✁☎❣ ❞④ ② ❥✫✦✐❤✫✶❥ þ

❥✫✶✐❤✫✦❥ ✂✄ q✟✎✁✂ ✡➋❛ ❇ ✠✄✂❛✂✁✄☎ ❛✎✄✟✂ ❛ �✁❢❢✝✠✝☎✂ ❛①✁✞✳

✭❳✄✂t ❞④ ❛☎� ❞③ ❝✄✟❧� ✎✝ ✞✍☎✂t✝✞✁♠✝� ✄✟✂ ✄❢ ❛ ❝✄☎✞✂❛☎✂

☎✟s✎✝✠ ✄❢ P❛✟❧✁ ✠✄✂❛✂✁✄☎✞✆ ✄✠ ✁s♣❧✝s✝☎✂✝� �✁✠✝❝✂❧✍✆ ✝✳❣✳✆ ✎✍

�✠✁✈✁☎❣ q✟✎✁✂ ✡ ✄❢❢ ✠✝✞✄☎❛☎❝✝ ❬✸⑤☛✳✖ ❚t✝ ❢✟❧❧ ✠✝❝✄✈✝✠✍

♣✠✄❝✝�✟✠✝✆ ✇t✁❝t ❝✄✠✠✝❝✂✞ ✌❈❄ ✂✄ ❧✝❛�✁☎❣ ✄✠�✝✠✆ ✁✞ ✞t✄✇☎

✁☎ ❈✁❣✳ ✕✳ ◆✄✂✝ ✂t❛✂ ❜ ✎✝t❛✈✝✞ ❧✁❦✝ ❛ ✞✂❛✎✁❧✁♠✝✠✆ ✁☎ ✂t✝ ✞✝☎✞✝

✄❢ ✁✂✞ ❛❝✂✁✄☎ ✄☎ ❪✦ ❛☎� ❪✶✳ ✤✂ �✄✝✞ ☎✄✂✆ t✄✇✝✈✝✠✆ ❢✁✂ ✁☎ ✂t✝

✟✞✟❛❧ ◗☞✌ ✞✂❛✎✁❧✁♠✝✠ ❢✄✠s❛❧✁✞s ✞✁☎❝✝ ✼❍❊❀ ❜✽ ⑥ ✵ ❣✝☎✝✠✁✏

❝❛❧❧✍✆ ✎✝❝❛✟✞✝ ✼❍❊❀ ❜✽❥⑦✐ ➻ ✵ ❢✄✠ ❥⑦✐ ⑧ ❪✦ ✎✟✂ ☎✄✂ ❢✄✠

❥⑦✐ ⑧ ❪✶ ❬✸⑨☛✳ ❚t✁✞ ✁✞ ✎✝❝❛✟✞✝ ❍❊ s❛♣✞ ❪✦ ✂✄ ❪✶ ✇✁✂t✄✟✂

�✁✞✂✄✠✂✁✄☎✆ ✎✟✂ ☎✄✂ ✈✁❝✝ ✈✝✠✞❛✆ ❛✞ ❍❊ ✁✞ ☎✄✂ ❣✝☎✝✠✁❝❛❧❧✍ ✁☎ ✂t✝

P❛✟❧✁ ❣✠✄✟♣✳ ✭◆✝✁✂t✝✠ ✁✞ ❜✳✖ ✤☎ ✞♣✁✂✝ ✄❢ ✂t✝✞✝ ✟☎✟✞✟❛❧

❢✝❛✂✟✠✝✞✆ ✂t✝ ♣✠✄❝✝�✟✠✝ ❢✄✠ ❢✝✝�✁☎❣ ✎❛❝❦ ✄☎ ❜ ✁☎ ❈✁❣✳ ✕

✁✞ ❧❛✠❣✝❧✍ ✂t✝ ✞❛s✝ ❛✞ ✂t❛✂ ✄❢ ✂t✝ ✟✞✟❛❧ ✞✂❛✎✁❧✁♠✝✠ ❢✄✠s❛❧✁✞s✳

⑩❶❷❸ ❹❸ ❺❻❼❽❿➀➁➂❻➃ ❻➄ ➅➆❺ ➉❻➊➌➂ ❽➌➀➄❻➀❼❿➃➉➌❸ ➍➌ ❿➂➂➎❼➌

➏➐❿➏ ➏➐➌ ➌➄➄➌➉➏ ❻➄ ➏➐➌ ➑➎❿➃➏➎❼ ➄➒➎➉➏➎❿➏❻➀ ➁➂ ➏❻ ➁❼❽❿➀➏ ❿ ➀❿➃➊❻❼

❽➐❿➂➌➓ ➔➓ →➐➁➉➐ ➄❻➒➒❻→➂ ❿ ❷❿➎➂➂➁❿➃ ➊➁➂➏➀➁➣➎➏➁❻➃ ➔ ↔ ↕ ð➙➛ ➜➝ →➁➏➐

➂➏❿➃➊❿➀➊ ➊➌➞➁❿➏➁❻➃ ➜❸ ➟➠ ➃❻➀❼❿➒➁➡➁➃➢ ➏➐➌ ➤➥➂ ➏❻ ➒➁➌ ➁➃ ➼➙➛ ➦➧➨➓ ➜

➊➌➂➉➀➁➣➌➂ ➏➐➌ ➃❻➁➂➌ ➂➏➀➌➃➢➏➐❸ ❺⑩➩ ➄❻➒➒❻→➌➊ ➣➠ ❿ ➅➆❺ ➀➌➉❻➞➌➀➠ ➫➁➄

❿❽❽➒➁➉❿➣➒➌➭ ➀➌➂➎➒➏➂ ➁➃ ❿➃ ➌➄➄➌➉➏➁➞➌ ❽➐❿➂➌➯ ❻➀ ➣➁➏➯➄➒➁❽ ➉➐❿➃➃➌➒

➳ ➵ ð➦ ➸ ➺➝➳ ➽ ➺➾➳➾➓ →➐➌➀➌ ➾ ➚ ➪ ➄❻➀ ➏➐➌ ❽➐➠➂➁➉❿➒ ➑➎➣➁➏➂➓

➶➹ ➄❻➀ ➏➐➌ ➀➌❽➌➏➁➏➁❻➃ ➉❻➊➌➂➓ ❿➃➊ ➪➹ ➄❻➀ ➐❿➀➊→❿➀➌➯➌➄➄➁➉➁➌➃➏ ➉❻➊➌➂❸

➘➐➌ ❿➞➌➀❿➢➌ ➁➃➄➁➊➌➒➁➏➠➓ ❿➞➌➀❿➢➌ ➏➀❿➉➌ ➊➁➂➏❿➃➉➌ ❿➃➊ ➊➁❿❼❻➃➊

➊➁➂➏❿➃➉➌ ➏❻ ➴ ❿➀➌ ❿➒➒ ➷ ➺❸ ➬➂ ➏➐➌ ❽➌➀➄❻➀❼❿➃➉➌ ❻➄ ❿➒➒ ➂➏➀❿➏➌➢➁➌➂

➂➐❻→➃ ➊➌❽➌➃➊➂ ❻➃ ➮➤➥➱➓ →➌ ❽➒❻➏ ➏➐➌ ❿➞➌➀❿➢➌ ❻➄ ➺ ❻➞➌➀

➮➤➥➱ ✃ ➼➙➛ ➦➧➨❸ ➘➐➌ ➌➀➀❻➀ ➣❿➃➊➂ ➄❻➀ ➏➐➌ ➐❿➀➊→❿➀➌➯➌➄➄➁➉➁➌➃➏ ➉❻➊➌➂

➊➌➃❻➏➌ ➏➐➌ ➂➏❿➃➊❿➀➊ ➌➀➀❻➀ ❻➄ ➏➐➌ ❼➌❿➃ ➄➀❻❼ ❐❻➃➏➌ ❺❿➀➒❻

➁➃➏➌➢➀❿➏➁❻➃❸ ❐❻➀➌ ➊➌➏❿➁➒➂ ❻➃ ➏➐➌ ➃➎❼➌➀➁➉❿➒ ➁❼❽➒➌❼➌➃➏❿➏➁❻➃ ❿➀➌

➢➁➞➌➃ ➁➃ ❒❮❹❰❸

PÏÐ❙✤✌ÑÒ ❘☞Ó✤☞❲ Ò☞❚❚☞❘❙ ÔÕÖ× ✬✕✬⑨✬⑤ ✭✕✬✕✬✖

✬✕✬⑨✬⑤✏✸



❋�✁✂✄✄☎✱ ✭�✆ t✝✞ ✞✁❡✟✠�✁✡ ❡✂✁ ❜✞ r✞✂✄�☛✞✠ ❜☎ ✂❛❛✄☎�✁✡ ✂

❝✷ð❯①Þ✶ ✡✂t✞ t✟ ✂✁ �✁�t�✂✄ st✂t✞ ❥☞✵✐❥✌✐✱ ✂✁✠ ✭��✆ t✝✞r✞ �s ✂

s�✍❛✄✞ ✇✂☎ t✟ �✍❛✄✞✍✞✁t ✂✁☎ ✄✟✡�❡✂✄ ✉✁�t✂r☎ ❯▲ �✁ t✝�s

❡✟✠✞✎ ✂❛❛✄☎ t✝✞ ❡✟rr✞s❛✟✁✠�✁✡ ❛✝☎s�❡✂✄ ❯ t✟ q✉❜�t ✏

❢✟✄✄✟✇✞✠ ❜☎ ✂ r✞❡✟✈✞r☎✳

❚✝✞ ✄✟✡�❡✂✄ st✂t✞s ✠✞r�✈✞✠ ✂❜✟✈✞ ✂r✞ ✂✄s✟ ✈✂✄�✠ ❢✟r ✂✄✄

✑ ✒ ✓ ✭�✳✞✳✱ ♥ ✒ ✔ q✉❜�ts✆✱ ❜✉t t✝✞ ❡✟rr✞s❛✟✁✠�✁✡ r✞❡✟✈✞r☎

✂✁✠ ✄✟✡�❡✂✄ ✟❛✞r✂t�✟✁s ✂r✞ ✡✞✁✞r✂✄✄☎ ✍✟r✞ �✁✈✟✄✈✞✠✳

●✞✁✞r�❡✂✄✄☎✱ t✝✞ ✂✁✂✄✟✡s ✟❢ ❙ �✁ ✭✕✖✆ ✂r✞ ✁✟t s✞❛✂r✂❜✄✞

❢✟r ✂✁☎ ❡✝✟�❡✞ ✟❢ ✗✘ ✂✁✠ ✙✘ ❬✖✚✛✳ ❖✁✞ ✍�✡✝t st�✄✄ s☎✁t✝✞s�☛✞

t✝✞✍ ✇�t✝ ✟✁✞♦ ✂✁✠ t✇✟♦q✉❜�t ✟❛✞r✂t�✟✁s✱ ❛✞r❢✟r✍ ❛✝✂s✞

❦�❡❦❜✂❡❦ t✝r✟✉✡✝ ✟❛t�✍✂✄ ❡✟✁tr✟✄✱ ✟r �✍❛✄✞✍✞✁t ✂ ◗✜✢

r✞❡✟✈✞r☎ ✈�✂ ✍✟r✞ ✡✞✁✞r✂✄ ❡✝✂✁✁✞✄♦✞✁✡�✁✞✞r�✁✡ t✞❡✝✁�q✉✞s

❬✖✣➊✹✤✛✳ ▼✟r✞ ✞❢❢�❡�✞✁t s✟✄✉t�✟✁s ❡✟✉✄✠ ✞✈✞✁ ❜✞ ❢✟✉✁✠ ❜☎

✂✁✂✄☎☛�✁✡ s❛✞❡�❢�❡ ✞✥❛✞r�✍✞✁t✂✄ s❡✞✁✂r�✟s✳ ❖✁✞ ✂❛❛r✟✂❡✝

❡✟✉✄✠ ❜✞ ❢✟r ✞✥✂✍❛✄✞ t✟ ✉s✞ ✠✞✈�❡✞s ✇�t✝ ✦❣✘✧ ❡✝✟s✞✁ s✟

t✝✂t t✝✞ r✞❡✟✈✞r☎ ✂✁✠ ✄✟✡�❡✂✄ ✟❛✞r✂t�✟✁s ❡✂✁ ❜✞ ❡✟✁✈✞✁�✞✁t✄☎

�✍❛✄✞✍✞✁t✞✠✳ ❖✁✞ ❡✟✉✄✠ ✂✄s✟ ❡✟rr✞❡t t✟ ✂ s✄�✡✝t✄☎ ✄✟✇✞r

✟r✠✞r ✑ ❬�✳✞✳✱ ✍✂�✁t✂�✁�✁✡ ♥ ➻ ★ð✄✟✡ ✑Þ ❜✉t ✁✟t s✂t✉r✂t�✁✡

t✝✞ ❡✞�✄�✁✡ �✁ ✜q✳ ✭✖✆✛❪ t✝�s ✇✟✉✄✠ ☎�✞✄✠ ✂ ❡✟✁t�✁✉✟✉s ❢✂✍�✄☎

✟❢ ❛✟ss�❜✄✞ ✩③ s ❬❡❢✳ ✜q✳ ✭✪✆✛✱ ✂✍✟✁✡ ✇✝�❡✝ ✟✁✞ ✍�✡✝t ❢�✁✠

❡✟✠✞s ✇�t✝ ❡✟✁✈✞✁�✞✁t ◗✜✢ ✟❛✞r✂t�✟✁s✳ ◆✟t✞ ❢�✁✂✄✄☎ t✝✂t

❢✟r ♥ ✒ ✔ �t �s ✁✟t t✝✞ ❜✂r✞ ❍♠
❊s t✝✂t ✍✂❛ t✝✞ ❡✟✠✞s❛✂❡✞ t✟

t✝✞ ✟rt✝✟✡✟✁✂✄ s✉❜s❛✂❡✞s ✦❈✫✧✫✬✶✱ ❜✉t r✂t✝✞r ✄�✁✞✂r ❡✟✍❜�♦

✁✂t�✟✁s ✟❢ t✝✞✍✳

❚✝✞s✞ ✁✟�s✞♦✂✠✂❛t✞✠ ◗✜✢ ❡✟✠✞s �✁✈✟✄✈✞ ✂ tr✂✠✞♦✟❢❢✎ t✝✞☎

❡✟rr✞❡t ✢❋✮ ✈✞r☎ ✞❢❢�❡�✞✁t✄☎ ✂t t✝✞ ❡✟st ✟❢ ✄✞✂✈�✁✡ ✍✟st

✟t✝✞r ✞rr✟rs ✉✁❡✟rr✞❡t✞✠✳ ❋✟r �✁st✂✁❡✞✱ ✞rr✟rs ✠✉r�✁✡

✡✂t✞s✱ ✠✉✞ t✟ ✍�s❡✂✄�❜r✂t�✟✁ ✟❢ ❣✘s✱ ✟r ❢r✟✍ ✠✞❡✟✝✞r✞✁❡✞

❜✞☎✟✁✠ ✢❋✮ ✇�✄✄ ✡✞✁✞r✂✄✄☎ ✂❢❢✞❡t t✝✞ ✄✟✡�❡✂✄ st✂t✞ ❬✖✕✛✳

❆❡❡✟r✠�✁✡✄☎✱ t✝✞s✞ ❡✟✠✞s ✂r✞ ✍✂✁�❢✞st✄☎ ✁✟t ❢✂✉✄t♦t✟✄✞r✂✁t �✁

t✝✞�r ❡✉rr✞✁t ❢✟r✍ ❬✹✕✛✳ ✢r✉❡�✂✄✄☎ t✝✟✉✡✝✱ t✝✞☎ ✟❢❢✞r s✉❡✝ ✂

✄✂r✡✞ ✞rr✟r ❜✉✠✡✞t ✉✁✠✞r str✟✁✡ ✢❋✮➋✂s ✞✈�✠✞✁❡✞✠ ❜☎ t✝✞

✡✂❛s ❜✞t✇✞✞✁ ◗✜✢ ❡✟✠✞s ✂✁✠ ❛✝☎s�❡✂✄ q✉❜�ts �✁ ❋�✡✳ ✕➋

t✝✂t t✝�s tr✂✠✞♦✟❢❢ ❡✂✁ ✞✂s�✄☎ ❜✞ ✇✟rt✝✇✝�✄✞✱ ✍✉❡✝ ✄�❦✞ t✝✞

t✂r✡✞t✞✠ ❡✟rr✞❡t�✟✁ ✟❢ ❛✝✟t✟✁ ✄✟ss �✁ ❬✹✏✛✳ ■✁✠✞✞✠✱ ✂s ✇✞

s✝✟✇ �✁ ❬✖✕✛✱ t✝✞ ✡✂❛ s✉r✈�✈✞s ✞✈✞✁ �✁ t✝✞ ❛r✞s✞✁❡✞ ✟❢ ✄✂r✡✞

✍�s❡✂✄�❜r✂t�✟✁ ✟❢ t✝✞ ❣✘s✳ ❋✂✉✄t♦t✟✄✞r✂✁❡✞ ❡✟✉✄✠ st�✄✄ ❜✞

✂❡✝�✞✈✞✠ ✉s�✁✡ �✍❛✄✞✍✞✁t✂t�✟✁♦s❛✞❡�❢�❡ ✍✞t✝✟✠s ✂s �✁

❘✞❢✳ ❬✹✖✛✳ ■✁ t✝✞ ✄✟✁✡♦t✞r✍✱ ❡✟✁❡✂t✞✁✂t�✟✁ ❡✟✉✄✠ ❛✟t✞✁t�✂✄✄☎

r✞✂❡✝ ❢✂✉✄t t✟✄✞r✂✁❡✞✱ ✉s�✁✡ ✟✉r ✁✟�s✞♦✂✠✂❛t✞✠ ❡✟✠✞s ✂t t✝✞

✄✟✇✞st ✄✞✈✞✄ ✟❢ ✞✁❡✟✠�✁✡ t✟ ❛r✟t✞❡t ✂✡✂�✁st t✝✞ ✠✟✍�✁✂✁t

✞rr✟r s✟✉r❡✞✱ ✂✁✠ ✍✟r✞ ❡✟✁✈✞✁t�✟✁✂✄ ❡✟✠✞s ✂t ✝�✡✝✞r ✄✞✈✞✄s✳

✜✈✞✁ ✍✟r✞ �✍❛✟rt✂✁t✄☎✱ ✟✉r ❡✟✠✞s ❡✟✉✄✠ ✝✂✈✞ ✂ ✁✞✂r♦t✞r✍

�✍❛✂❡t �✁ ✂❛❛✄�❡✂t�✟✁s s✉❡✝ ✂s q✉✂✁t✉✍ s✞✁s�✁✡ ✂✁✠

❡✟✍✍✉✁�❡✂t�✟✁✱ ✇✝✞r✞ ✄✟✁✡♦✄�✈✞✠ q✉✂✁t✉✍ ✍✞✍✟r�✞s ✂r✞

✉s✞❢✉✄ ✞✈✞✁ ✇✝✞✁ t✝✞☎ ✂r✞ ✁✟t ❢✂✉✄t t✟✄✞r✂✁t✳ ❲✞ ✞✍❛✝✂s�☛✞✱

✝✟✇✞✈✞r✱ t✝✂t t✝✞s✞ ❡✟✠✞s ✂r✞ ✠✞s�✡✁✞✠ ✞✥❛r✞ss✄☎ ❢✟r s✍✂✄✄♦

✂✁✠ ✍✞✠�✉✍♦s❡✂✄✞ q✉❜�t r✞✡�st✞rs✱ ✂✁✠ t✝✂t t✝✞ ✞✥❛✟✁✞✁t�✂✄

r✞✠✉❡t�✟✁ �✁ ✟✈✞r✝✞✂✠ s✝✟✉✄✠ ❜✞ ✉✁✠✞rst✟✟✠ t✟ ✂❛❛✄☎ ✟✁✄☎

�✁ s✉❡✝ ✠✞✈�❡✞s✳ ❋✟r ✟✁✞✱ t✝✞r✞ �s t☎❛�❡✂✄✄☎ ✂ ✍✂✥�✍✉✍ ♥

✂❜✟✈✞ ✇✝�❡✝ ✢❋✮ ✁✟ ✄✟✁✡✞r ✠✟✍�✁✂t✞s✳ ❆✄s✟✱ ✇✝�✄✞ t✝✞

✞rr✟r ❜✉✠✡✞t ✂✄✇✂☎s �✁❡r✞✂s✞s ✇�t✝ ♥ �✁ ❛r�✁❡�❛✄✞✱ s✟ t✟✟ ✠✟

t✝✞ ✞❢❢✞❡ts ✟❢ ✡✂t✞ ✞rr✟rs✱ ✍�s❡✂✄�❜r✂t�✟✁ ✟❢ ❣✘s ✂✁✠

✠✞❡✟✝✞r✞✁❡✞ ❜✞☎✟✁✠ ✢❋✮✱ ✂s ✍✟r✞ q✉❜�ts �✁tr✟✠✉❡✞ ✍✟r✞

✞rr✟r ❡✝✂✁✁✞✄s✳ ✢✟✁✈✞rs✞✄☎✱ t✝�s ✡r✟✇�✁✡ s✞✁s�t�✈�t☎ s✉✡♦

✡✞sts ✂✁ ✉✁❡✟✁✈✞✁t�✟✁✂✄ q✉✂✁t✉✍ s✞✁s�✁✡ s❡✝✞✍✞ t✟

✍✞✂s✉r✞ ✦❣✘✧ ❢✟r ✄✂r✡✞ ♥✱ ❜☎ ✈✂r�✂t�✟✁✂✄✄☎ ✂✠✯✉st�✁✡ ✟✁✞➆s

✞st�✍✂t✞s t✟ ✍✂✥�✍�☛✞ ❡✟✠✞ ❛✞r❢✟r✍✂✁❡✞✳ ■✁ t✝✞ ✁✞✂r✞r

t✞r✍✱ ✝✟✇✞✈✞r✱ t✝✞s✞ �✍❛✞r❢✞❡t�✟✁s ✇�✄✄ ✄�❦✞✄☎ s✞t ✂ ✍✂✥�♦

✍✉✍ ♥ �✁ ✂✁☎ ❛✂rt�❡✉✄✂r ✠✞✈�❡✞ ❜✞☎✟✁✠ ✇✝�❡✝ ✟✁✞ ✂❡✝�✞✈✞s

✁✟ ❢✉rt✝✞r ✡✂�✁s✱ ✠✞❛✞✁✠�✁✡ ✟✁ t✝✞�r r✞✄✂t�✈✞ �✍❛✟rt✂✁❡✞

❡✟✍❛✂r✞✠ t✟ ✢❋✮ ❬✖✕✛✳

❚✝✞ ◗✜✢ ❡✟✠✞s ❛r✞s✞✁t✞✠ ❡✟✉✄✠ ❜✞ ✡✞✁✞r✂✄�☛✞✠ �✁

s✞✈✞r✂✄ ✇✂☎s✳ ❋�rst✱ t✝✞☎ ❡✂✁ r✞✂✠�✄☎ ❜✞ ✍✂✠✞ t✟ ❡✟rr✞❡t

✠✞❛✝✂s�✁✡ ✠✉✞ t✟ ✍✉✄t�❛✄✞ ❡✟✍✍✟✁ ❢✄✉❡t✉✂t✟rs ✡�✈✞✁

✞✁✟✉✡✝ q✉❜�ts✱ ✂t t✝✞ ❡✟st ✟❢ ❡✟rr✞❡t�✁✡ t✟ ✄✟✇✞r ✟r✠✞r �✁

✰✳ ✲�✍�✄✂r✄☎✱ t✝✞☎ ❡✂✁ ❡✟rr✞❡t s❛✂t�✂✄✄☎ ❡✟rr✞✄✂t✞✠ ❛✝✂s✞

✁✟�s✞ ❜✞☎✟✁✠ t✝✂t ✂r�s�✁✡ ❢r✟✍ ❡✟✍✍✟✁ ❢✄✉❡t✉✂t✟rs✳ ❋✟r

�✁st✂✁❡✞✱ ❡✄✂ss�❡✂✄ ✇✝�t✞ ✁✟�s✞ �✁ t✝✞ ✞✁✞r✡☎ ✡✂❛s ✟❢

r✞✡�st✞r q✉❜�ts ✄✞✂✠s t✟ ✴�✁✠❜✄✂✠ ✞rr✟r ✟❛✞r✂t✟rs ✸✘ ➻✺✺✺✺
✻✘

♣
✩❝✘ ➲ ð❩✶❀❹❀❩✼Þ✱ ✇✝✞r✞ ✦

✺✺✺✺
✻✘

♣
✩❝✘✧ ✠✞s❡r�❜✞s t✝✞ ✁✟�s✞➆s

✁✟r✍✂✄ ✍✟✠✞s ❬✹✹✛✳ ■✁ t✝✞ ✄�✍�t ✟❢ s❛✂t�✂✄✄☎ ✉✁❡✟rr✞✄✂t✞✠

✁✟�s✞ t✝✞ ✸✘s ❜✞❡✟✍✞ P✂✉✄� ❩ ✟❛✞r✂t✟rs❪ ✝✟✇✞✈✞r✱ ❡✟rr✞♦

✄✂t✞✠ ✁✟�s✞ ❛r✟✠✉❡✞s ✸✘s ✇�t✝ ✉✁✞q✉✂✄ ✂✍❛✄�t✉✠✞s
✺✺✺✺
✻✘

♣
✳

❲✝✞✁ t✝✞ ✁✟�s✞ ❡✟rr✞✄✂t�✟✁s ✂r✞ ✂❛❛r✞❡�✂❜✄✞✱ �t ❡✟✉✄✠ ❜✞

✂✠✈✂✁t✂✡✞✟✉s t✟ ✉s✞ ✂ ◗✜✢ ❡✟✠✞ t✝✂t ❡✟rr✞❡ts t✝✞ str✟✁✡✞r

✁✟�s✞ ✍✟✠✞s ✭t✝✟s✞ ✇�t✝ ✄✂r✡✞ ✻✘s✆ t✟ ✝�✡✝✞r ✟r✠✞r �✁ ✰ t✝✂✁

t✝✞ ✇✞✂❦✞r ✟✁✞s ✭s✍✂✄✄✞r ✻✘s✆ t✝r✟✉✡✝ ✂✁ ✂❛❛r✟❛r�✂t✞ ❡✝✟�❡✞

✟❢ ❱✳ ■t ✍✂☎ ✂✄s✟ ❜✞ ❛✟ss�❜✄✞ t✟ ✞✥t✞✁✠ t✝✞ ❡✟✠✞s ❛r✞s✞✁t✞✠

✝✞r✞ ❢✟r t✝✞ s✞tt�✁✡ ✇✝✞r✞ ✂ ❢✄✉❡t✉✂t✟r➆s st✂t✞ ✂❢❢✞❡ts ✁✟t

✟✁✄☎ t✝✞ ✞✁✞r✡☎ ✡✂❛ ✟❢ ✞✂❡✝ q✉❜�t✱ ❜✉t ✂✄s✟ t✝✞ ✠�r✞❡t�✟✁ ✟❢

�ts ✽✂✍�✄t✟✁�✂✁ ✭�✳✞✳✱ �ts q✉✂✁t�☛✂t�✟✁ ✂✥�s✆ ❬✹✾✛✳ ✜�✡✞✁st✂t✞♦

❛r✞s✞r✈�✁✡ ❡✟✉❛✄�✁✡ ✂r�s✞s ❢r✞q✉✞✁t✄☎ �✁ ❛r✂❡t�❡✞ ❜✞❡✂✉s✞ ✂

✄✂r✡✞ ✠✞t✉✁�✁✡ ❜✞t✇✞✞✁ ✂ ✇✞✂❦✄☎♦❡✟✉❛✄✞✠ q✉❜�t ✂✁✠ ❢✄✉❡♦

t✉✂t✟r s✉❛❛r✞ss✞s ✁✟✁❡✟✍✍✉t�✁✡ ❛✂rts ✟❢ t✝✞�r �✁t✞r✂❡t�✟✁

✽✂✍�✄t✟✁�✂✁✳ ✽✟✇✞✈✞r✱ ✇✝✞✁ t✝✞ ❡✟✉❛✄�✁✡ t✟ t✝✞ ❢✄✉❡t✉✂t✟r

�s ❡✟✍❛✂r✂❜✄✞ t✟ t✝✞ �✁t✞r✁✂✄ ✽✂✍�✄t✟✁�✂✁✱ s✉❡✝ ✂s ❢✟r

✁✉❡✄✞✂r s❛�✁s ✁✞✂r ✠✞❢✞❡ts �✁ ✠�✂✍✟✁✠✱ t✝✞r✞ ❡✂✁ r✞✍✂�✁

s�✡✁�❢�❡✂✁t ✁✟✁❡✟✍✍✉t�✁✡ t✞r✍s ✄✞✂✠�✁✡ t✟ ❍❊ ✿
❁

✘ ✩❣✘ ➲

✩❂✘ �✁ ✜q✳ ✭✏✆✳ ❲✞ ✂✁✂✄☎☛✞ t✝�s ✞❢❢✞❡t➆s �✍❛✂❡t ✟✁ ❡✟✠✞

❛✞r❢✟r✍✂✁❡✞ �✁ ❬✖✕✛✳ ✜✥t✞✁✠�✁✡ t✝✞ ❡✟✠✞s �✁tr✟✠✉❡✞✠ ✝✞r✞

t✟ t✝�s ✍✟r✞ ✡✞✁✞r✂✄ s✞tt�✁✡ ✇✟✉✄✠ ✍✂❦✞ t✝✞✍ ✞✈✞✁ ✍✟r✞

✇�✠✞✄☎ ✂❛❛✄�❡✂❜✄✞ t✟ ✁✞✂r♦t✞r✍ ✞✥❛✞r�✍✞✁ts✱ ❜✉t ✂t t✝✞ ❡✟st

✟❢ ✄✂r✡✞r ✟✈✞r✝✞✂✠s✱ s�✁❡✞ t✝✞☎ ✇✟✉✄✠ ✁✞✞✠ t✟ ❡✟✁t✞✁✠

✇�t✝ ✂ s✉❜st✂✁t�✂✄✄☎ ✄✂r✡✞r s❛✂❡✞ ✟❢ ❛✟ss�❜✄✞ ✞rr✟rs✳ ■t ✍✂☎

❜✞ ✍✟r✞ ❛r✂❡t�❡✂✄ �✁st✞✂✠ t✟ s✉❛❛r✞ss ✁✟✁❡✟✍✍✉t�✁✡

❃❄❅❇ ❉❇ ❏ ❑❳❨❭❫❳❑❴ ❵❑❭❨❳❞❤❑❳ ❧❭❑ ② ④ ⑤ ⑥❤⑦⑧⑨⑩ ❶❷❳❑❳ ❸❺❻❼ ④

❽❸❾❻❼ ❿ ➀❸➁❻❼ ❧❭❑ ➂❑⑦⑧⑨❑➂❑❴ ❽ ➂➃❞ ➀➄ ➅ ❞❳➃❭⑨❳⑩ ➂ ➇➂❞➂➈➂❑❞ ➉➂⑨❳➄

➂➃❞ ➌ ⑧⑩ ➂ ❑➂➃❞❭➈ ❫➂❑⑧➂⑦➍❳❇ ➎❷❳ ❤➃⑧⑨➂❑⑧❳⑩ ➏➐ ➂➃❞ ➏➑ ➂❑❳ ⑦❭⑨❷ ➒

❑❭⑨➂⑨⑧❭➃⑩ ➂⑦❭❤⑨ ❭❑⑨❷❭➉❭➃➂➍ ➂➓❳⑩ ❭➃ ⑨❷❳ ➔➍❭❨❷ ⑩❵❷❳❑❳ ❶❷⑧❨❷ ➂❑❳

❞❳⑨❳❑➈⑧➃❳❞ ⑦❴ →➣➄ →↔➄ ➂➃❞ ↕❇

P✽➙✲■✢❆✴ ❘✜➛■✜❲ ✴✜❚❚✜❘✲ ➜➝➞➟ ✤✏✤✾✤✹ ✭✏✤✏✤✆

✤✏✤✾✤✹♦✹



✐�✁✂✄☎✆✁✐✝� ✁✂✄t✞ ☎✁ ✁✟✂ ✟☎✄❤✠☎✄✂ ❧✂✈✂❧ ❜✡ ✐�✆✄✂☎✞✐�☛ ✁✟✂

✂�✂✄☛✡ ☛☎❣✞ ☞❥ ✝♦ ✁✟✂ ✄✂☛✐✞✁✂✄ q✌❜✐✁✞✍ ✝✄ ☎✁ ✁✟✂ ➇✞✝♦✁✠☎✄✂s

❧✂✈✂❧ ✁✟✄✝✌☛✟ ✆✝�✆☎✁✂�☎✁✐✝� ❬✎✏✑✳ ❆�✝✁✟✂✄ ✐�✁✂✄✂✞✁✐�☛

☛✂�✂✄☎❧✐✒☎✁✐✝� ✠✝✌❧❤ ❜✂ ✁✝ ✂♦♦✐✆✐✂�✁❧✡ ✂�✆✝❤✂ ❦ ✓ ✶ ❧✝☛✐✆☎❧

q✌❜✐✁✞✍ ✠✟✐✆✟ ✞✂✂t✞ ❣❧☎✌✞✐❜❧✂ ❜☎✞✂❤ ✝� ✁✟✂ ✆✝✌�✁✐�☛

☎✄☛✌t✂�✁ ✌✞✂❤ ✁✟✄✝✌☛✟✝✌✁ ✐�✈✝❧✈✐�☛ ✁✟✂ ❤✐t✂�✞✐✝� ✝♦ ❍

✈✞ ❊✳ ❋✐�☎❧❧✡✍ ✐✁ ✠✝✌❧❤ ❜✂ ✐�✁✂✄✂✞✁✐�☛ ✁✝ ✌✞✂ ✁✟✂ ✁✝✝❧✞

❣✄✂✞✂�✁✂❤ ✟✂✄✂ ✁✝ ❤✂✞✐☛� ✆✝❤✂✞ ♦✝✄ ✝✁✟✂✄ ✆✝tt✝� ✂✄✄✝✄

✞✝✌✄✆✂✞✍ ✞✌✆✟ ☎✞ ✝✁✟✂✄ ✁✡❣✂✞ ✝♦ ❤✂✆✝✟✂✄✂�✆✂✍ ✝✄ ✆✝�✁✄✝❧ ☎�❤❛

✝✄ t✂☎✞✌✄✂t✂�✁ ✂✄✄✝✄✞✳

❖✌✄ ✄✂✞✌❧✁✞ ❤✂t✝�✞✁✄☎✁✂ ✁✟☎✁ ✐✁ ✐✞ ❣✝✞✞✐❜❧✂ ✁✝ ♦✐�❤ �✝✐✞✂♥

☎❤☎❣✁✂❤ ◗✔✕ ✆✝❤✂✞ ✠✐✁✟ ☎ ✠✂❧❧♥❤✂♦✐�✂❤ ☎❤✈☎�✁☎☛✂ ✭✟✂✄✂

✂①❣✝�✂�✁✐☎❧✖ ✝✈✂✄ ✗�✝✠�✍ ☛✂�✂✄☎❧ ✆✝❤✂✞✳ ■✁ ✐✞ ✆✝tt✝�❧✡

☎✄☛✌✂❤ ✁✟☎✁ ◗✔✕ ✠✐❧❧ ❜✂ ✝♦ ❧✐✁✁❧✂ ✌✞✂ ✐� �✝✐✞✡ ✐�✁✂✄t✂❤✐☎✁✂♥

✞✆☎❧✂ q✌☎�✁✌t ✭✘■✙◗✖ ❤✂✈✐✆✂✞ ❤✌✂ ✁✝ ✐✁✞ ❣✄✝✟✐❜✐✁✐✈✂ ✝✈✂✄♥

✟✂☎❤ ❬✚✛✑✳ ✘✝✐✞✂♥☎❤☎❣✁✂❤ ◗✔✕ ✆✝❤✂✞ ☎✄✂ ☎ ❣✄✝t✐✞✐�☛ ✠☎✡

✁✝ ✄✂❤✌✆✂ ✁✟✐✞ ✝✈✂✄✟✂☎❤✍ ☎❧✁✟✝✌☛✟ ✁✝ ❤☎✁✂ ✁✟✂✡ ✟☎✈✂ t✝✞✁❧✡

✄✂❧✐✂❤ ✝� �✌t✂✄✐✆☎❧ ☎�❤ ✈☎✄✐☎✁✐✝�☎❧ ✁✂✆✟�✐q✌✂✞ ✁✟☎✁ ❧☎✆✗

✁✄☎�✞❣☎✄✂�✆✡ ✐� ✁✂✄t✞ ✝♦ ✠✟☎✁ ☎❤✈☎�✁☎☛✂ ✁✟✂ ✆✝❤✂✞ ✆☎�

✝♦♦✂✄✍ ☎�❤ ✠✟✂� ❬✚✜➊✺✏✑ ✭✞✂✂ ☎❧✞✝ ❬✚✑ ✕✟✳ ✏✎ ☎�❤ ❬✺✢✑✖✳ ■�

✆✝�✁✄☎✞✁✍ ✁✟✂ ✆✝❤✂✞ ✐�✁✄✝❤✌✆✂❤ ✟✂✄✂ ✂①✟✐❜✐✁ ☎ ✆❧✂☎✄ ✄✂❤✌✆✁✐✝�

✐� ✝✈✂✄✟✂☎❤ ✌�❤✂✄ ☎ ✠✂❧❧♥✆✟☎✄☎✆✁✂✄✐✒✂❤ ☎�❤ ✆✝tt✝� ✁✡❣✂

✝♦ �✝✐✞✂✳ ✘✂✠ ◗✔✕ ✆✝❤✂✞ ✝♦ ✁✟✐✞ ✁✡❣✂ ✆✝✌❧❤ ❣✄✝✈✐❤✂ ☎

t✐❤❤❧✂ ☛✄✝✌�❤ ❜✂✁✠✂✂� ✞t☎❧❧♥✞✆☎❧✂ ✌�✆✝✄✄✂✆✁✂❤ ❤✂✈✐✆✂✞

☎�❤ ❧☎✄☛✂♥✞✆☎❧✂ ♦☎✌❧✁♥✁✝❧✂✄☎�✁ ✝�✂✞✍ ✠✟✂✄✂ ✁✟✂ ❤✝t✐�☎�✁

❤✂✆✝✟✂✄✂�✆✂ t✂✆✟☎�✐✞t✞ ☎✄✂ ✁☎t✂❤ ✁✟✄✝✌☛✟ ✞❣✂✆✐☎❧✐✒✂❤

✆✝❤✂✞ ✠✐✁✟ ✝�❧✡ t✝❤✂✞✁ ✝✈✂✄✟✂☎❤✞✳ ❚✟✐✞ ✈✐✂✠ ✝♦ �✂☎✄♥✁✂✄t

◗✔✕ ☎✞ q✌☎�✁✌t ➇♦✐✄t✠☎✄✂➈ ✄☎✁✟✂✄ ✁✟☎� ➇✞✝♦✁✠☎✄✂➈ ✞✌☛♥

☛✂✞✁✞ ☎ ❣✝✞✞✐❜❧✂ ✐�✁✂✄❣❧☎✡ ❜✂✁✠✂✂� ✁✟✂✝✄✡ ☎�❤ ✂①❣✂✄✐t✂�✁✍

✠✟✂✄✂❜✡ ✘■✙◗ ✟☎✄❤✠☎✄✂ ☎�❤ ✂♦♦✐✆✐✂�✁ ◗✔✕ ✆✝❤✂✞ ❜✝✁✟

☛✌✐❤✂ ✂☎✆✟ ✝✁✟✂✄➆✞ ❤✂✈✂❧✝❣t✂�✁✳

❲✂ ✠✐✞✟ ✁✝ ✁✟☎�✗ ■✞☎☎✆ ✕✟✌☎�☛✍ ▲✐☎�☛ ❏✐☎�☛✍ ▼✝✄✁✂�

❑✣☎✂✄☛☎☎✄❤✍ ❨✐♥✤✐☎�☛ ▲✐✌✍ ❲✐❧❧✐☎t ❖❧✐✈✂✄✍ ☎�❤ P✂✁✂✄ ✙✟✝✄

♦✝✄ ✟✂❧❣♦✌❧ ❤✐✞✆✌✞✞✐✝�✞✳ ❚✟✐✞ ✠✝✄✗ ✠☎✞ ✞✌❣❣✝✄✁✂❤ ✐� ❣☎✄✁ ❜✡

✁✟✂ ❯✳✙✳ ❆✄t✡ ❘✂✞✂☎✄✆✟ ❖♦♦✐✆✂ ✁✟✄✝✌☛✟ ▼❯❘■ ●✄☎�✁

✘✝✳ ❲✾✏✏✘❋♥✏✺♥✏♥✥✺✚✦✍ ☎�❤ ❜✡ ✘✙❋ ●✄☎�✁✞

✘✝✳ ✔✔✕✙✏✜✥✢✜✏✛ ☎�❤ ✘✝✳ ✔❋❘■♥❆✕◗❯■❘✔ ✏✛✚✏✥✛✚✳

✧★✩ ✪✫ ✬✮✫✮✯✰✱✲ ✴✵✮✯✮ ❝✷✸✱✹ ✰✱✻✷ ✼✮ ✰ ✽✯✮r✰✿✫✹✮✯❀ ✻✸✼✻♣✰❝✮ ❈❁ ✷❂

✰✯✼✿✴✯✰✯❃ ✹✿r✮✫✻✿✷✫ ✻✷ ✴✵✰✴ ❄ ➻ ❅❇❉❈❉Þ ◆ ❈❁❙

✧❱✩ ❳✵✿✱✮ ✿✴ ✿✻ ♣✷✻✻✿✼✱✮ ❂✷✯ r✸✱✴✿♣✱✮ ❩❉✻ ✴✷ ✵✰❭✮ ✴✵✮ ✻✰r✮ ✮❂❂✮❝✴

✷✫ ✴✵✮ ✱✷✬✿❝✰✱ ✻✴✰✴✮✻✲ ✴✵✸✻ ✯✮✹✸❝✿✫✬ ✴✵✮ ✫✸r✼✮✯ ✷❂ ✻✸✼✻♣✰❝✮✻

✯✮❪✸✿✯✮✹ ❂✷✯ ❫❴❵✲ ✇✮ ✇✿✱✱ ✫✷✴ ✹✮✰✱ ✇✿✴✵ ✻✸❝✵ ✹✮✬✮✫✮✯✰✴✮

❝✷✹✮✻ ✵✮✯✮❙

✧❞✩ ❡❙ ❢✿✮✱✻✮✫ ✰✫✹ ✪❙ ❵✵✸✰✫✬✲ ♠✉②③④✉⑤ ⑥⑦⑤⑧✉④②④⑨⑦③ ②③⑩

♠✉②③④✉⑤ ❶③❷⑦❸⑤②④⑨⑦③❹ ❺❻④❼ ❽③③⑨❾❿❸➀②❸➁ ➂⑩⑨④⑨⑦③

➃❵✰r✼✯✿✹✬✮ ➄✫✿❭✮✯✻✿✴❃ ➅✯✮✻✻✲ ❵✰r✼✯✿✹✬✮✲ ➄➉✲ ❱➋★➋➌❙

✧➍✩ ➎❙ ➏✿✹✰✯ ✰✫✹ ➐❙ ➑✯✸✫✲ ♠✉②③④✉⑤ ➂❸❸⑦❸ ⑥⑦❸❸❿➒④⑨⑦③

➃❵✰r✼✯✿✹✬✮ ➄✫✿❭✮✯✻✿✴❃ ➅✯✮✻✻✲ ❢✮✇ ➓✷✯➔✲ ❢➓✲ ❱➋★❞➌❙

✧→✩ ➎❙ ❳❙ ➏✮✸✫✬✲ ❡❙ ➣❙ ❢✿✮✱✻✮✫✲ ✪❙ ➏❙ ❵✵✸✰✫✬✲ ✰✫✹ ➓❙ ➓✰r✰↔

r✷✴✷✲ ➅✵❃✻❙ ↕✮❭❙ ➣ ➙➛✲ ❱→➜➝ ➃★➞➞➝➌❙

✧➜✩ ➣❙ ↕✷✼✮✯✴✻✷✫✲ ❵❙ ➟✯✰✫✰✹✮✲ ➠❙ ➎❙ ➑✰✯✴✱✮✴✴✲ ✰✫✹ ➠❙ ➐❙ ➡✱✰rr✿✰✲

➅✵❃✻❙ ↕✮❭❙ ➣♣♣✱✿✮✹ ➢✲ ➋➜➍➋➋➍ ➃❱➋★➝➌❙

✧➝✩ ➎❙ ➏✰❃✹✮✫✲ ➠❙ ➤✵✷✸✲ ➅❙ ❵✰♣♣✮✱✱✰✯✷✲ ✰✫✹ ➏❙ ➥✿✰✫✬✲ ➅✵❃✻❙ ↕✮❭❙

➏✮✴✴❙ ➦➧➧✲ ➋➍➋→➋❱ ➃❱➋★➞➌❙

✧➨✩ ➠❙ ❡✰❝✵✱✸♣✲ ➥❙ ➣♣♣✱❙ ➅✵❃✻❙ ➧➙✲ ❞➍★ ➃★➞→➍➌❙

✧➞✩ ❵❙ ❢✮✸✮✫✵✰✵✫✲ ➑❙ ➉✸✼✰✱✰✲ ➑❙ ➣✼✮✱✲ ✰✫✹ ➡❙ ❡✰✯❪✸✰✯✹✴✲ ➅✵❃✻❙

➠✴✰✴✸✻ ➠✷✱✿✹✿ ➑ ➧➩➛✲ ★➋★➨ ➃❱➋➋➞➌❙

✧★➋✩ ❡❙ ❵✵✮✫✲ ❳❙ ➉❙ ❵❙ ➠✸✫✲ ➉❙ ➠✰✵✰✲ ➥❙↔❵❙ ➥✰✻➔✸✱✰✲ ✰✫✹ ➅❙

❵✰♣♣✮✱✱✰✯✷✲ ❢✮✇ ➥❙ ➅✵❃✻❙ ➧➫✲ ➋➜❞➋★★ ➃❱➋★➨➌❙

✧★★✩ ➠✸❝✵ ❝✷✸♣✱✿✫✬ ✿✫✹✸❝✮✻ ✰✫ ✮❂❂✮❝✴✿❭✮ ➭þ➭➯ ➲ ➭➯➭þ ✿✫✴✮✯✰❝↔

✴✿✷✫ ✼✮✴✇✮✮✫ ❪✸✼✿✴✻✲ ✇✵✿❝✵ ❝✷✸✱✹ ✼✮ ✻✸♣♣✯✮✻✻✮✹ ✴✵✯✷✸✬✵

✹❃✫✰r✿❝✰✱ ✹✮❝✷✸♣✱✿✫✬ ✷✯ ✴✵✯✷✸✬✵ ✱✰✯✬✮ ✹✮✴✸✫✿✫✬✻ ✼✮✴✇✮✮✫

❪✸✼✿✴✻❙

✧★❱✩ ➅❙ ❵❙ ❡✰✸✯✮✯✲ ➟❙ ➉✸❝✻➔✷✲ ❵❙ ➏✰✴✴✰✲ ➏❙ ➥✿✰✫✬✲ ❢❙ ➓❙ ➓✰✷✲ ➠❙ ➎❙

➑✮✫✫✮✴✴✲ ➡❙ ➅✰✻✴✰✇✻➔✿✲ ➎❙ ➳✸✫✬✮✯✲ ❢❙ ❵✵✿✻✵✷✱r✲ ❡❙

❡✰✯➔✵✰r✲ ➎❙ ➥❙ ➐✇✿✴❝✵✮✫✲ ➥❙ ✪❙ ❵✿✯✰❝✲ ✰✫✹ ❡❙ ➎❙ ➏✸➔✿✫✲

➠❝✿✮✫❝✮ ➵➵➛✲ ★❱➨❞ ➃❱➋★❱➌❙

✧★❞✩ ➥❙ ➳❙ ➠✵✿r✲ ✪❙ ❢✿✮r✮❃✮✯✲ ➥❙ ➤✵✰✫✬✲ ✰✫✹ ➎❙ ➠✸✴✮✯✲ ➅✵❃✻❙ ↕✮❭❙

➣ ➢➸✲ ➋★❱❞➋★ ➃❱➋★❞➌❙

✧★➍✩ ➠❙ ➤✰✿✻✮✯✲ ➐❙ ↕✮✫✹✱✮✯✲ ✪❙ ➥✰➔✷✼✿✲ ➐❙ ❳✷✱❂✲ ➠❙↔➓❙ ➏✮✮✲ ➠❙

❳✰✬✫✮✯✲ ➺❙ ➑✮✯✬✵✷✱r✲ ➐❙ ➠❝✵✸✱✴✮↔➳✮✯✼✯➼✬✬✮✫✲ ➅❙ ❢✮✸r✰✫✫✲

✰✫✹ ➥❙ ❳✯✰❝✵✴✯✸♣✲ ❢✰✴❙ ❵✷rr✸✫❙ ➸✲ ★❱❱➝➞ ➃❱➋★➜➌❙

✧★→✩ ➅❙ ➑✮✯✴✮✴✲ ✪❙ ❵✵✿✷✯✮✻❝✸✲ ➟❙ ➑✸✯➔✰✯✹✲ ➉❙ ➠✮r✼✰✲ ❵❙ ➥❙ ➅❙ ❡❙

➳✰✯r✰✫✻✲ ➎❙ ➅❙ ➎✿➺✿✫❝✮✫➽✷✲ ✰✫✹ ➥❙ ❴❙ ❡✷✷✿➾✲ ➅✵❃✻❙ ↕✮❭❙

➏✮✴✴❙ ➚➙✲ ❱→➝➋➋❱ ➃❱➋➋→➌❙

✧★➜✩ ➅❙ ➑✮✯✴✮✴✲ ✪❙ ❵✵✿✷✯✮✻❝✸✲ ❵❙ ➳✰✯r✰✫✻✲ ✰✫✹ ➥❙ ❡✷✷✿➾✲ ✵✴✴♣✻➪➶➶

✰✯➹✿❭❙✷✯✬➶✰✼✻➶❝✷✫✹↔r✰✴➶➋→➋➝❱➞➋❙

✧★➝✩ ➥❙ ➟✰r✼✮✴✴✰✲ ➣❙ ➑✱✰✿✻✲ ➎❙ ✪❙ ➠❝✵✸✻✴✮✯✲ ➣❙ ❳✰✱✱✯✰❂❂✲ ➏❙

➡✯✸✫➽✿✷✲ ➥❙ ❡✰➾✮✯✲ ❡❙ ➳❙ ➎✮❭✷✯✮✴✲ ➠❙ ❡❙ ➟✿✯❭✿✫✲ ✰✫✹ ↕❙ ➥❙

➠❝✵✷✮✱➔✷♣❂✲ ➅✵❃✻❙ ↕✮❭❙ ➣ ➸➩✲ ➋➍❱❞★➨ ➃❱➋➋➜➌❙

✧★➨✩ ➥❙ ❡✰➾✮✯✲ ➥❙ ❵✵✷✇✲ ➥❙ ➟✰r✼✮✴✴✰✲ ➥❙ ➉✷❝✵✲ ➑❙ ➥✷✵✫✻✷✫✲ ➥❙

➠❝✵✯✮✿✮✯✲ ➏❙ ➡✯✸✫➽✿✷✲ ➎❙ ➠❝✵✸✻✴✮✯✲ ➣❙ ➳✷✸❝➔✲ ➣❙ ❳✰✱✱✯✰❂❂

❿④ ②➘➴✲ ❢✰✴✸✯✮ ➃➏✷✫✹✷✫➌ ➩➩➚✲ ➍➍❞ ➃❱➋➋➝➌❙

✧★➞✩ ➣❙ ➣❙ ❵✱✮✯➔ ✰✫✹ ➎❙❳❙ ➄✴✰r✿✲ ➅✵❃✻❙ ↕✮❭❙ ➣ ➸➙✲ ➋➍❱❞➋❱

➃❱➋➋➝➌❙

✧❱➋✩ ➣❙ ➅❙ ➠✮✰✯✻✲ ➣❙ ➅✮✴✯✮✫➔✷✲ ➟❙ ❵✰✴✮✱✰✫✿✲ ➏❙ ➠✸✫✲ ➳❙ ➅✰✿➔✲ ➟❙
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Appendix A: Probability distribution of θ and effective channel form

We consider in the main text a register of n qubits coupled to a common fluctuator. In the interaction picture, the
register evolves by U(θ) = e−iθHe in any run of the experiment, where θ is a random variable that depends on the
fluctuator’s dynamics, its coupling to the register, and the elapsed time. The fluctuator can behave differently in
each run of the experiment, producing a different value of θ in each realization, and thus causing decoherence in the
register.

As far as the register is concerned, the fluctuator’s behavior can be fully captured by specifying a (classical) probability
distribution for θ. Generically, this distribution will depend on the underlying physics of the fluctuator. For instance,
a fluctuator consisting of a Nitrogen-vacancy center electronic spin at room temperature under dynamical decoupling
can produce a somewhat different distribution for θ than a fluctuator consisting of a microwave resonator at cryogenic
temperature. This variation between different systems precludes a fully general performance analysis not just of
the QEC codes introduced here, but also of existing codes under CFD. Instead we consider a simple probability
distribution for θ for the sake of illustration, both here and in Fig. 1 of the main text.

In Fig. 1 we choose θ ∼ N (0, σ) to be normally distributed with zero mean and standard deviation σ. (A non-zero
mean of θ could always be absorbed into the rotating frame to give the aforementioned distribution.) This choice has
two main motivations:

1. It depends only on a single parameter σ that can straightforwardly be interpreted as the noise strength, since
we normalize the coupling strengths to lie in [0, 1].

2. It induces a generally monotonic loss of coherence in the register with the noise strength σ. In contrast, more
complicated distributions, such as those arising from random telegraph noise in certain regimes, can induce an
oscillating loss of coherence. Such oscillations would becloud some of the analyses below. (For instance, there is
some ambiguity in defining pseudothresholds when the physical and logical infidelities, or the like, display small
oscillations and intersect several times.)

For the sake of comparison, however, we plot in Fig. A1 quantities analogous to those in Fig. 1 of the main text, but
with a different underlying distribution of θ. Notice that the curves are deformed slightly from those in Fig. 1, but
are qualitatively similar.

Returning to θ ∼ N (0, σ), we now show that the effective logical channel describing CFD followed by a recovery has
the form ρl 7→ (1 − p)ρl + pZlρlZl, where p depends on σ, n and {gj}. The average effect of U(θ) can be readily
calculated for θ ∼ N (0, σ). First, we define the superoperators He and Uθ by their action on a generic matrix X as
He(X) := [He, X] and Uθ(X) := U(θ)XU(θ)† = e−iθHe(X). To find 〈U〉 :=

∫

R
Uθ p(θ) dθ, the superoperator describing

the register’s average evolution, we begin by diagonalizing He. Notice that if He|j〉 = Ej |j〉, then {|j〉〈k|}2
n−1

j,k=0 is a
complete eigenbasis for He. In particular:

He

(

|j〉〈k|
)

= (Ej − Ek)|j〉〈k|, (A1)

and so the spectral decomposition of He reads

He(X) =

2n−1
∑

j,k=0

(Ej − Ek)〈j|X|k〉 |j〉〈k|. (A2)
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Notice that (RUθ)(ρl) will comprise a weighted sum of terms with the form R(Hℓ
e
ρl H

m
e
). Using that

PlH
m
e
Pl =

1

2
tr(Zm

l
Hm

e
)Zm

l
(A6)

from Eqs. (6)–(8) of the main text, and that ρl = PlρlPl for encoded states, we find

R(Hℓ
e
ρl H

m
e
) =

1

4

p
∑

j,k=0

(M+)jk tr(Z
j+ℓ
l

Hj+ℓ
e

) tr(Zk+m
l

Hk+m
e

)Zj+ℓ
l

ρlZ
k+m
l

. (A7)

It follows immediately that R〈U〉 = 〈RUθ〉 must have the form

〈RUθ〉(ρl) = a0ρl + a1Zlρl + a2ρlZl + a3ZlρlZl (A8)

for appropriate aj ’s. In particular,

〈RUθ〉(ρl) =
∞
∑

ℓ,m=0

(−1)ℓ iℓ+m 〈θℓ+m〉

ℓ!m!
R(Hℓ

e
ρl H

m
e
). (A9)

For θ ∼ N (0, σ), 〈θℓ+m〉 = 0 if ℓ+m is odd, i.e., if ℓ and m have different parities. Therefore, the only non-vanishing
terms in Eq. (A9) have ℓ and m both even or both odd. Comparing with Eq. (A7), one immediately sees that the
a1 and a2 cross-terms vanish. Finally, since 〈RUθ〉 is completely positive and trace-preserving (CPTP), we can write
a0 = 1− p and a3 = p for some p ∈ [0, 1], as claimed2. For n = 2 the resulting function p is

p =
1

4g21
e−2(g1+g2)

2σ2
[

2g21e
2(g1+g2)

2σ2

+ (g1 − g2)g2 − 2(g21 − g22)e
2g1(g1+2g2)σ

2

− e8g1g2σ
2

g2(g1 + g2)
]

, (A10)

where we have assumed |g1| ≥ |g2| ≥ 0 without loss of generality. The expressions for p quickly become complicated
for larger n.

More straightforwardly, the effect of CFD on the physical qubit j can be shown to have the same form, except

with p = [1 − 〈cos(2gjθ)〉]/2, where 〈cos(2gjθ)〉 = e−2g2

jσ
2

for θ ∼ N (0, σ). Similarly, the logical channels for the
n = 3 and n = 5 qubit repetition codes (i.e., phase-flip codes) can be shown to have the form of a bit-flip channel
ρl 7→ (1−p)ρl+pXlρlXl, for different functions p. Alternatively, they could be expressed as phase-flip channels with

the same p’s by using the labeling convention |±l〉 = |±〉⊗n
. For n = 3,

p =
1

16

(

8− 4e−2g2

1
σ2

− 4e−2g2

2
σ2

− 4e−2g2

3
σ2

+ e−2(g1+g2+g3)
2σ2

+ e8(g1+g2)g3σ
2−2(g1+g2+g3)

2σ2

+ e8g2(g1+g3)σ
2−2(g1+g2+g3)

2σ2

+ e8g1(g2+g3)σ
2−2(g1+g2+g3)

2σ2
)

. (A11)

The corresponding expression for n = 5 is more complicated. Notice that while the codewords for the repetition code
do not depend on {gj}, Eq. (A11) does, via 〈U〉.

Many common measures of performance, e.g., average infidelity, average trace distance or diamond distance from
the identity channel, have the form p × const. for bit- or phase-flip channels. It is therefore highly convenient that
the channels above have this form, as one can capture all of these performance measures at once (up to constant
pre-factors) simply by considering p. This avoids any ambiguity in choosing one performance measure over others.

Appendix B: Pseudothresholds and non-commuting interaction terms

We now examine the pseudothresholds for our hardware-efficient codes with θ ∼ N (0, σ). That is, for a given n, we
find the largest σ for which p of our codes is smaller than the p’s of all physical qubits. Naturally, this pseudothreshold

2 The same argument holds for symmetric distributions about θ = 0 more generally, such as θ ∼ unif(−θmax, θmax).
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value, which we denote σth, depends on {gj}. As discussed above, the pseudothresholds derived from p are the same
as those from average infidelity, and average trace and diamond distance from the identity.

The left panel of Fig. B1 shows the pseudothresholds for the efficient code with n = 2. Notice that σth diverges
around the region where g1 = g2, as the codespace becomes a decoherence-free subspace (DFS) here. In order to put
these values of σth in perspective, we repeat this analysis for the 3-qubit repetition code. Its pseudothreshold under
CFD will depend on {g1, g2, g3}, making it difficult to visualize. To get around this difficulty, we fix max{gj} = 1
and leave the other coupling strengths free. One could interpret this as expressing σth and {gj} \ {gmax} in units of
gmax. To simplify comparison between two- and three-qubit codes, the right pannel of Fig. B1 shows σth in this way
for the n = 2 efficient code. Fig. B2 then shows the pseudothresholds for the n = 3 repetition code (left) and efficient
code (right) under CFD. We used different color maps to emphasize that these plots depict very different ranges of
σth, since their features would be obscured if they were shown on a single shared color map with the same scale. The
pseudothresholds in Figs. B1 and B2 assume perfect operations, exact knowledge of {gj}, and no other decoherence
besides the CFD.

0 0.2 0.4 0.6 0.8 1
❣20
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✁1=1

FIG. B1: The pseudothresholds for the n = 2 efficient code. Without loss of generality, we consider g1, g2 ≥ 0. Left:
the pseudothreshold vs. the coupling strengths (g1, g2). Right: a slice of the left pannel with g1 fixed to 1, for

comparison with Fig. B2.

FIG. B2: Left: the pseudothresholds for the n = 3 repetition code. Right: the pseudothresholds for the n = 3
efficient code. In both panels gmax = g1 is fixed to 1. Without loss of generality, we consider g1, g2 ≥ 0.

As discussed in the main text, there are experimental settings in which the fluctuator’s state affects not only the
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energy gaps of the register qubits, but also their quantization axes. This not only dephases the qubits, but more
generally depolarizes them. Our hardware-efficient codes do not correct such decoherence at present; instead, the
underlying interaction terms can be suppressed at the hardware level by increasing the qubits’ free energy gaps. Or,
they could be corrected at the “software” level by concatenating these codes with a more conventional QEC code.
Fig. B3 shows the impact of such terms on the pseudothresholds of the n = 2 efficient code.

We model the effect of these depolarizing terms (here for 2 qubits) by the Hamiltonian,

He = g⊥1 X1 + g
‖
1Z1 + g⊥2 X2 + g

‖
2Z2, (B1)

choosing the non-commuting (⊥) components to lie along X1 and X2, without loss of generality. In the interaction
picture, the total Hamiltonian (cf. Eq. (2) of the main text) takes the form

H̃int(t) =
∑

ℓ

λℓ|ℓ〉〈ℓ|f ⊗
(

g⊥1
[

cos(ω1t)X1 − sin(ω1t)Y1

]

+ g
‖
1Z1 + g⊥2

[

cos(ω2t)X2 − sin(ω2t)Y2

]

+ g
‖
2Z2

)

. (B2)

In each run of the experiment, the register’s dynamics is therefore generated by

H̃eff(t) = λ(t)
(

g⊥1
[

cos(ω1t)X1 − sin(ω1t)Y1

]

+ g
‖
1Z1 + g⊥2

[

cos(ω2t)X2 − sin(ω2t)Y2

]

+ g
‖
2Z2

)

, (B3)

where the stochastic process λ(t) is defined such that λ(t) = λℓ when the fluctuator is in state ℓ at time t. When

g⊥j = 0, this reduces to the case from the main text, with gj ↔ g
‖
j and θ =

∫∆t

0
λ(t)dt, where ∆t is the elapsed time

between recoveries. In the more general setting here, however, the U from Eq. (??) can instead be expressed as a
Magnus series, which we truncate to leading order under the assumption that the couplings are weak compared to
∆t−1:

U ≈ exp
[

− i

∫ ∆t

0

H̃eff(t) dt
]

. (B4)

For the sake of illustration, we take ω1 = ω2 =: ω and g⊥1 /g
‖
1 = g⊥2 /g

‖
2 . Moreover, as per the hardware-level approach

described above, we will assume that ω is made large compared to the coupling strengths and ∆t−1. We do not,

however, make any assumptions about the relative strengths of g⊥j and g
‖
j .

The integral in Eq. (B4) contains two kinds of terms: (i) those considered in the main text, of the form θ (g
‖
1Z1+g

‖
2Z2),

and (ii) rapidly oscillating terms of the form

g⊥j

∫ ∆t

0

λ(t)
[

cos(ωt)Xj − sin(ωt)Yj

]

dt. (B5)

As with θ, here we want to describe these integrals, ξx =
∫∆t

0
λ(t) cos(ωt)dt and ξy =

∫∆t

0
λ(t) sin(ωt)dt, as stochastic

variables with a given distribution. Defining the Hamiltonian and propagator superoperators, H and U , as done
Sec. (A), we would find that the Xj and Yj components (normalized by ∆t) give quadratures of the power spectral
density of λ at ω, Sλ(ω). As they represent quadratures of the spectrum at a (shifted) frequency ω, we can thus
model ξx,y as independent of θ and of each other, identically distributed, and as both following a normal distribution
with zero mean and variance Sλ(ω)∆t/2 (so that the total power Sλ(ω) is split evenly between both quadratures).
Concretely, we take

U = exp







−i
[

2
∑

j=1

g⊥j
(

ξxXj + ξyYj

)

+ θ
2

∑

j=1

g
‖
jZj

]







, (B6)

and average over θ ∼ N (0, σ) and ξx, ξy ∼ N (0,
√

Sλ(ω)∆t

2 ) (all independent). Notice that the non-commuting terms’

importance depends not only on the relative strengths of g⊥j and g
‖
j , but also on Sλ(ω), which is a property of the

fluctuator. In fact, using the scaling property of normal distributions, Eq. (B6) can be re-written as

U = exp







−i

2
∑

j=1

g
‖
j

[

ΞxXj + ΞyYj + θZj

]







, (B7)
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where Ξx,Ξy ∼ N

(

0,
√

Sλ(ω)∆t

2

g⊥
j

g
‖
j

)

. Therefore, just as σ sets the strength of the commuting noise,
√

Sλ(ω)∆t g⊥j /g
‖
j

(which is independent of j) sets the strength of the non-commuting noise3. Fig B3 shows the resulting pseudothresholds
for different ratios

r =

√

Sλ(ω)∆t g⊥j /g
‖
j

σ
(B8)

of these two quantities. The ratio r describes the relative importance of the two noise types: r ≪ 1 when commuting
(‖) noise dominates, while r ≫ 1 when non-commuting (⊥) noise dominates.
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FIG. B3: The analogous pseudothresholds to Fig. B1, but under non-commuting interaction terms of various
strengths. The r = 0 curve is the same as in Fig. B1. The r > 0 curves were calculated using the average infidelity
(as opposed to 〈p〉), as their logical channels no longer have a simple phase-flip form. These curves appear to diverge

like the r = 0 curve, but at larger values of g
‖
2 . Only when the non-commuting (⊥) terms become dominant (i.e.,

when r > 1, not shown) do the pseudothresholds start to behave erratically and become ill-defined. The
pseudothreshols for r > 0 were computed at discrete intervals; the interpolating curves serve to guide the eye.

Pseudothresholds under CFD become difficult to visualize for n ≥ 4. Moreover, since those of efficient codes diverge
around DFS’s, we cannot average σth over {gj}. Therefore, in order to analyze the sensitivity of efficient codes to
calibration errors (i.e., uncertainty) in {gj} versus n, we will revert to plotting 〈p〉 versus σ, as in Fig. 1 of the main
text. p is always bounded, so the average 〈p〉 over {gj} is always well-defined, in contrast with σth.

Appendix C: Monte Carlo averaging

We use Monte Carlo integration to compute 〈p〉 =
∫ 1

0
dg1 · · ·

∫ 1

0
dgn p in Figs. 1, A1, D1, D2 and D3. Specifically, we

estimate 〈p〉 through

〈p〉 = 〈p(σ)〉 ≈
1

N

N
∑

i=1

p(~g(i), σ) =: µ, (C1)

where ~g = (g1, . . . , gn) is sampled uniformly N times from [0, 1]n. The sample variance of p over ~g ∈ [0, 1]n is

Var(p) =
1

N − 1

N
∑

i=1

[

p(~g(i), σ)− µ
]2
, (C2)

so the standard error in approximating 〈p〉 by µ is
√

Var(p)/N , which is shown as error bars/bands in these plots.
To validate this numerical averaging, we compare in Fig. C1 the Monte Carlo estimates of 〈p〉’s with analytical

3 The factor of 1/
√
2 drops out since there are two independent quadratures that contribute.










