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❡✐♥❡ ❢❛'❡)$②♣'♣❡③✐✜'❝❤❡ ❆$)♦♣❤✐❡ ✈♦♥ '❝❤♥❡❧❧❡♥ ▼✉'❦❡❧♥ ♥❛❝❤ ❍■ ❤✐♥✱ ✉♥$❡)'$L$③$ ❞✉)❝❤ ❤✐'$♦❧✲

♦❣✐'❝❤❡ ❯♥$❡)'✉❝❤✉♥❣❡♥✱ ✇❡❧❝❤❡ ❡✐♥❡ ●)Hg❡♥❛❜♥❛❤♠❡ ✈♦♥ ❣❧②❦♦❧②$✐'❝❤❡♥ ❋❛'❡)♥ ❛✉❢③❡✐❣$❡♥✱

'♦✇✐❡ ♠♦)♣❤♦❧♦❣✐'❝❤❡ ❱❡)Z♥❞❡)✉♥❣❡♥✱ ✇❡❧❝❤❡ ❛✉''❝❤❧✐❡g❧✐❝❤ ✐♥ ❚②♣ ✷ ▼✉'❦❡❧❢❛'❡)♥ ✐♥ ♥❛$✐✈❡♥

●❡✇❡❜❡'❝❤♥✐$$❡♥ ③✉ ✜♥❞❡♥ ✇❛)❡♥✳

◆❡✉$)♦♣❤✐❧❞❡♣❧❡$✐♦♥✱ ❛❧' ♠H❣❧✐❝❤❡ ■♥$❡)✈❡♥$✐♦♥ ✉♠ ❞❡) ✐♥✐$✐❛❧❡♥ ■♠♠✉♥❛♥$✇♦)$ ❡♥$❣❡❣❡♥✲

③✉✇✐)❦❡♥✱ ❦♦♥♥$❡ ❞❡♥ ❦❛)❞✐❛❧❡♥ ✉♥❞ ❙❦▼ E❤Z♥♦$②♣ ❞❡✉$❧✐❝❤ ✈❡)❜❡''❡)♥✳ h❜❡))❛'❝❤❡♥❞❡)✇❡✐'❡

✇✉)❞❡ ❞✐❡ ❦❛)❞✐❛❧❡ ■❧✲✻ ❊①♣)❡''✐♦♥ ❞✉)❝❤ ◆❡✉$)♦♣❤✐❧❞❡♣❧❡$✐♦♥ ♥✐❝❤$ ✈❡)Z♥❞❡)$✱ ♦❜✇♦❤❧ ✇❡✐$❡)❡

❩②$♦❦✐♥❡ ✉♥❞ ❡✐♥ ●)♦g$❡✐❧ ❞❡) ❆$)♦❣❡♥❡ ❦❛✉♠ ❤♦❝❤❣❡)✉❧✐❡)$ ✇✉)❞❡♥✳

■♥ ❞✐❡'❡♥ ♥❡✉❛)$✐❣❡♥ ❍■ ▼♦❞❡❧❧❡♥ ✇❛) ✇❡❞❡) ❦❛)❞✐❛❧❡' ■❧✲✻ ❛✉')❡✐❝❤❡♥❞ ✉♠ ❡✐♥❡ ❙❦▼

❆$)♦♣❤✐❡ ❛✉'③✉❧H'❡♥✱ ♥♦❝❤ ✇❛) ❦❛)❞✐❛❧❡' ▼(,♥ ♥♦$✇❡♥❞✐❣✱ ✉♠ ❙❦▼ ❆$)♦♣❤✐❡ ③✉ ✐♥✐$✐✐❡)❡♥✳

❉✐❡'❡ ♣✸✽▼❆E❑α ❑❖ ▼♦❞❡❧❧❡ '✐♥❞ ✈✐❡❧✈❡)'♣)❡❝❤❡♥❞❡' ▼♦❞❡❧❧❡ ✉♠ ❢)L❤❡ ❆✉'❧H'❡) ❍■✲

✐♥❞✉③✐❡)$❡) ▼✉'❦❡❧❛$)♦♣❤✐❡ ③✉ ✉♥$❡)'✉❝❤❡♥✳
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■♥"#♦❞✉❝"✐♦♥

✶✳✶ ❈❛❝❤❡①✐❛

❚❤❡ #❡$♠ ❝❛❝❤❡①✐❛ ✭❝❤$♦♥✐❝ ❞✐.❡❛.❡✲❛..♦❝✐❛#❡❞ ✇❡✐❣❤# ❧♦..✮ ✐. ♦❢#❡♥ ♠✐.#❛❦❡♥ ❢♦$ ❛♥♦$❡①✐❛

✭✇❡✐❣❤# ❧♦.. ❞✉❡ #♦ ✐♥.✉✣❝✐❡♥# ❢♦♦❞ ✐♥#❛❦❡✮ ♦$ .❛$❝♦♣❡♥✐❛ ✭❛❣❡✲❛..♦❝✐❛#❡❞ ✇❡✐❣❤# ❧♦..✮✱ ❛❧✲

#❤♦✉❣❤ ✐# ✐. ❤✐❣❤❧② ❞✐.#✐♥❝# ❢$♦♠ #❤❡.❡ ❝♦♥❞✐#✐♦♥.✳ ■♥ ✷✵✵✻✱ .❝✐❡♥#✐.#. ❛♥❞ ❝❧✐♥✐❝✐❛♥. ♠❡# #♦

$❡❛❝❤ ❛ ❝♦♥.❡♥.✉. ♦♥ #❤❡ ❞❡✜♥✐#✐♦♥ ♦❢ ❝❛❝❤❡①✐❛✱ ❞❡✜♥✐♥❣ ✐# ❛. ❛ ✧❝♦♠♣❧❡① ♠❡#❛❜♦❧✐❝ .②♥❞$♦♠❡

❛..♦❝✐❛#❡❞ ✇✐#❤ ✉♥❞❡$❧②✐♥❣ ✐❧❧♥❡.. ❛♥❞ ❝❤❛$❛❝#❡$✐③❡❞ ❜② ❧♦.. ♦❢ ♠✉.❝❧❡ ✇✐#❤ ♦$ ✇✐#❤♦✉# ❧♦.. ♦❢

❢❛# ♠❛..✧ ✭❊✈❛♥. ❡# ❛❧✳ ✷✵✵✽✮✳ ❈❛❝❤❡①✐❛ ✐. #❤❡ ❝♦♥.❡H✉❡♥❝❡ ♦❢ ❛♥ ✉♥❞❡$❧②✐♥❣ ❝❤$♦♥✐❝ ✐❧❧♥❡..

.✉❝❤ ❛. ❝❛♥❝❡$✱ ❝❤$♦♥✐❝ ❤❡❛$# ❢❛✐❧✉$❡✱ ❝❤$♦♥✐❝ ❦✐❞♥❡② ❞✐.❡❛.❡✱ ❝❤$♦♥✐❝ ✐♥❢❡❝#✐♦♥ ❛♥❞ .❡♣.✐. ♦$

❆■❉❙✳ ❈❧✐♥✐❝❛❧ ❢❡❛#✉$❡. ♦❢ ❝❛❝❤❡①✐❛ ✐♥❝❧✉❞❡ ✇❡✐❣❤# ❧♦..✱ ❛♥♦$❡①✐❛✱ ✐♥✢❛♠♠❛#✐♦♥✱ ✐♥.✉❧✐♥ $❡✲

.✐.#❛♥❝❡✱ ❤②♣♦❣♦♥❛❞✐.♠ ❛♥❞ ❛♥❡♠✐❛✳ ❊.♣❡❝✐❛❧❧② ♠✉.❝❧❡ ✇❛.#✐♥❣ ♣❧❛②. ❛♥ ✐♠♣♦$#❛♥# $♦❧❡ ✐♥

❝❛❝❤❡❝#✐❝ ♣❛#✐❡♥#.✱ ❛. ✐# ✐. ♠❛✐♥❧② $❡.♣♦♥.✐❜❧❡ ❢♦$ #❤❡ ✇❡✐❣❤# ❧♦..✱ ✇❡❛❦♥❡.. ❛♥❞ ❢❛#✐❣✉❡ ♦❢ ♣❛✲

#✐❡♥#.✳ M❡$ ❞❡✜♥✐#✐♦♥ ❛ ♣❛#✐❡♥# ✐. ❞✐❛❣♥♦.❡❞ ❝❛❝❤❡❝#✐❝ ✐❢ ❤❡ ❧♦.# ❛# ❧❡❛.# ✺✪ ♦❢ ❤✐. ❜♦❞② ✇❡✐❣❤#

✭♥♦♥ ❡❞❡♠❛#♦✉.✮ ✐♥ #❤❡ ❧❛.# ✶✷ ♠♦♥#❤ ✐♥❝❧✉❞✐♥❣ #❤$❡❡ ♦✉# ♦❢ ✜✈❡ ♦❢ #❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛$❛♠❡#❡$.

✭❛❧.♦ .❡❡ ✜❣✉$❡ ✶✳✶✮✿

✶✳ ❞❡❝$❡❛.❡❞ ♠✉.❝❧❡ .#$❡♥❣#❤✱

✷✳ ❢❛#✐❣✉❡✱

✸✳ ❛♥♦$❡①✐❛✱

✹✳ ❧♦✇ ❢❛#✲❢$❡❡ ♠❛.. ✐♥❞❡① ❛♥❞

✺✳ ❛❜♥♦$♠❛❧ ❜✐♦❝❤❡♠✐.#$② ✭❊✈❛♥. ❡# ❛❧✳ ✷✵✵✽✮✳

❚$❡❛#♠❡♥# ♦❢ ❝❛❝❤❡①✐❛ ✐. ♠❛✐♥❧② ❧✐♠✐#❡❞ #♦ #$❡❛# #❤❡ ✉♥❞❡$❧②✐♥❣ ❝❤$♦♥✐❝ ❞✐.❡❛.❡✳ ❊✈❡♥

♣❛$❡♥#❡$❛❧ ♥✉#$✐#✐♦♥ ❞♦❡. ♥♦# ♣$❡✈❡♥# #❤❡ ♦♥❣♦✐♥❣ ❧♦.. ♦❢ ♠✉.❝❧❡ ♠❛..✱ ❤❡♥❝❡ ♦♥❝❡ ✇❛.#✐♥❣

✐. ❞✐❛❣♥♦.❡❞ ✐# ❤❛. ❛ ✈❡$② ♣♦♦$ ♣$♦❣♥♦.✐. ✭❆♥❦❡$ ❡# ❛❧✳ ✶✾✾✼✮✳ ❈✉$$❡♥#❧② ❛♣♣$♦①✐♠❛#❡❧② ♥✐♥❡

♠✐❧❧✐♦♥ ♣❛#✐❡♥#. .✉✛❡$ ❢$♦♠ ❝❛❝❤❡①✐❛ ♦$✐❣✐♥❛#✐♥❣ ❢$♦♠ ✈❛$✐♦✉. ❝❤$♦♥✐❝ ❞✐.❡❛.❡.✱ ♠❡❛♥✐♥❣ ✵✳✶✺✪

♦❢ ✇♦$❧❞✬. ♣♦♣✉❧❛#✐♦♥ ✐. ❛✛❡❝#❡❞✳ ❚❤❡ ♠♦$#❛❧✐#② $❛#❡ ✐♥❝$❡❛.❡. ❢$♦♠ ✶✼✪ #♦ ✺✵✪ ✐♥ ❝❛❝❤❡❝#✐❝

♣❛#✐❡♥#. ✐♥ ❛ ✶✽ ♠♦♥#❤ ❢♦❧❧♦✇ ✉♣ ✭❍❛❡❤❧✐♥❣ ❛♥❞ ❆♥❦❡$ ✷✵✶✵✮✳ ❉✐✛❡$❡♥# ❝❤$♦♥✐❝ ❞✐.❡❛.❡. ❝❛♥

✉❧#✐♠❛#❡❧② ❧❡❛❞ #♦ ❝❛❝❤❡①✐❛✱ ❜✉# #❤❡$❡ .❡❡♠ #♦ ❜❡ .♦♠❡ ❣❡♥❡$❛❧ ♣❛#❤♦♠❡❝❤❛♥✐.♠. ✐♥✈♦❧✈❡❞ ✐♥

#❤❡ ✐♥❞✉❝#✐♦♥ ♦❢ ❝❛❝❤❡①✐❛ ✭▼♦$❧❡② ❡# ❛❧✳ ✷✵✵✻✮✳

✶✳ ■♥✢❛♠♠❛#✐♦♥ ✲ .❡✈❡$❛❧ ♣$♦✲✐♥✢❛♠♠❛#♦$② ❝②#♦❦✐♥❡.✱ ✐♥❝❧✉❞✐♥❣ ✐♥#❡$❧❡✉❦✐♥ ✭■▲✮ ✶✱ ■▲✲

✷✱ ■▲✲✻✱ ✐♥#❡$❢❡$♦♥ γ✱ ❛♥❞ #✉♠♦$ ♥❡❝$♦.✐. ❢❛❝#♦$ ❛❧♣❤❛ ✭❚◆❋✲α✮ ❛$❡ ♦❢#❡♥ ❢♦✉♥❞ #♦ ❜❡

✉♣$❡❣✉❧❛#❡❞ ✐♥ ♣❛#✐❡♥#. .✉✛❡$✐♥❣ ❢$♦♠ ❝❛❝❤❡①✐❛✳ ❚❤❡② ❛✛❡❝# ♠✉.❝❧❡ ♣$♦#❡✐♥ .②♥#❤❡.✐.
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Prevalence [%]
1 year mortality

rate [%]

AIDS 10-35 20*

Cancer 23-57 20-80

CHF 8-42 20-40

CKD 30-60 20

COPD 27-35 20-40

Cachexia

Weight loss ≥ 5% in last 12 

month (or BMI < 20kg/m2)
3 of 5

Decreased muscle strength

Fatigue

Anorexia

Low fat-free mass index

Abnormal biochemistry 

* 5-year mortality rate

❋✐❣✉$❡ ✶✳✶✿ ❉❡✜♥✐,✐♦♥✱ /$❡✈❛❧❡♥❝❡ ❛♥❞ ▼♦$,❛❧✐,② ❘❛,❡ ♦❢ ❈❛❝❤❡①✐❛

●❡♥❡#❛❧ ♣❛#❛♠❡(❡#) (♦ ❞✐❛❣♥♦)❡ ❝❛❝❤❡①✐❛ ❛♥❞ (❤❡ ✈❛#✐❛❜✐❧✐(② ✐♥ ♣#❡✈❛❧❡♥❝❡ ❛♥❞ ✶✲②❡❛# ♠♦#(❛❧✐(②

♦❢ ❝❛❝❤❡①✐❛ ❛))♦❝✐❛(❡❞ ❝❤#♦♥✐❝ ❞✐)❡❛)❡) ✭❛❝8✉✐#❡❞ ✐♠♠✉♥♦❞❡✜❝✐❡♥❝② )②♥❞#♦♠❡ ✭❆■❉❙✮✯✱ ❝❛♥❝❡#✱

❝❤#♦♥✐❝ ❤❡❛#( ❢❛✐❧✉#❡ ✭❈❍❋✮✱ ❝❤#♦♥✐❝ ❦✐❞♥❡② ❞✐)❡❛)❡ ✭❈❑❉✮ ❛♥❞ ❝❤#♦♥✐❝ ♦❜)(#✉❝(✐✈❡ ♣✉❧♠♦♥❛#②

❞✐)❡❛)❡ ✭❈❖H❉✮✮✳ ✯ ✺✲②❡❛# ♠♦#(❛❧✐(② #❛(❡ ✭▲❡✐(♥❡# ❡( ❛❧✳ ✷✵✶✼✮

✭●✉##$✐❞❣❡ ❡# ❛❧✳ ✷✵✵✵✮✱ #❤❡ $❡❧❡❛1❡ ♦❢ ❝♦$#✐1♦❧ ❛♥❞ ❝❛#❡❝❤♦❧❛♠✐♥❡1 ❢$♦♠ #❤❡ ❛❞$❡♥❛❧
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1❡❝*✐♦♥1 ♦❢ ❙▼✷✷♣✸✽▼❆A❑α ❝♦♥*.♦❧ ❛♥❞ ❑❖ ❤❡❛.* ❛❢*❡. ✹✽ ❤♦✉.1 ♦❢ ❆◆●■■ *.❡❛*♠❡♥* 1❤♦✇✐♥❣

❧✐♣✐❞ ❛❝❝✉♠✉❧❛*✐♦♥ ✐♥ ❑❖ ❤❡❛.*1 ✭❢❛* .❡❞ 1*❛✐♥✐♥❣✮✳ ❙❝❛❧❡ ❜❛. ❂ ✶✵✵✵µ♠

❜② ✐#$ ♣❧❛$#✐❝✐#② ❛♥❞ $♣❡❝✐❛❧✐③❛#✐♦♥ ✇❤✐❝❤ ✐$ 0❡$♣♦♥$✐✈❡ #♦ ❡♥✈✐0♦♥♠❡♥#❛❧ ❝✉❡$ ✭❇❧❛❛✉✇ ❡# ❛❧✳

✷✵✶✶✮✳

✶✳✷✳✶ ❙$%✉❝$✉%❡ ❛♥❞ ❋✉♥❝$✐♦♥ ♦❢ ❙❦❡❧❡$❛❧ ▼✉3❝❧❡

❆$ ❞❡♣✐❝#❡❞ ✐♥ ✜❣✉0❡ ✶✳✸ $❦❡❧❡#❛❧ ♠✉$❝❧❡$ ❛0❡ ❣❡♥❡0❛❧❧② ❝♦♠♣♦$❡❞ ♦❢ ❢✉$❡❞ ♠♦♥♦♥✉❝❧❡❛#❡❞

♠②♦❝②#❡$ ❢♦0♠✐♥❣ #❤❡ ♠✉❧#✐♥✉❝❧❡❛#❡❞ $②♥❝②#✐✉♠ ✭♠②♦❜❧❛$#$✮✳ ❚❤❡$❡ ❝❡❧❧$ ♠❛✐♥❧② ♠❛#✉0❡ ✐♥#♦

❝♦♥#0❛❝#✐♥❣ ♠✉$❝❧❡ ✜❜❡0$✱ ✇✐#❤ $♦♠❡ 0❡♠❛✐♥✐♥❣ ✉♥❞✐✛❡0❡♥#✐❛#❡❞ ♣0❡❝✉0$♦0 ❝❡❧❧$ ✲ #❤❡ ♠✉$❝❧❡

$♣❡❝✐✜❝ $#❡♠ ❝❡❧❧$ ♦0 $❛#❡❧❧✐#❡ ❝❡❧❧$ ✭❈❤❛0❣F ❛♥❞ ❘✉❞♥✐❝❦✐ ✷✵✵✹❀ ❈✐❝✐❧✐♦# ❛♥❞ ❙❝❤✐❛✣♥♦ ✷✵✶✵✮✳
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❋✐❣✉$❡ ✶✳✸✿ ❙❝❤❡♠❛/✐❝ ♦❢ ❙❦❡❧❡/❛❧ ▼✉5❝❧❡ ❉✐✛❡$❡♥/✐❛/✐♦♥ ◗✉✐❡$❝❡♥' $❛'❡❧❧✐'❡ ❝❡❧❧$ ✭♠✉$✲

❝❧❡ $'❡♠ ❝❡❧❧$✮ ❝❛♥ ❜❡ ❛❝'✐✈❛'❡❞ ❜② ❡①'❡3♥❛❧ ❝✉❡$✱ ❧✐❦❡ ♠✉$❝❧❡ ❞❛♠❛❣❡✳ ❚❤❡3❡❜② '❤❡② $'❛3' '♦

♣3♦❧✐❢❡3❛'❡ ❛♥❞ ❞✐✛❡3❡♥'✐❛'❡ ✐♥'♦ ♠②♦❜❧❛$'$✱ ✇❤✐❝❤ ✉❧'✐♠❛'❡❧② ❢✉$❡ ❛♥❞ ❢♦3♠ ♠②♦'✉❜❡$✳ ❚❤❡$❡

♠✉❧'✐♥✉❝❧❡❛'❡❞ ♠②♦'✉❜❡$ ❢✉3'❤❡3 ♠❛'✉3❡ ✐♥'♦ ❢✉♥❝'✐♦♥❛❧ ♠②♦✜❜❡3$✳ ✭❙❝❤❡♠❛'✐❝ ❛❞❛♣'❡❞ ❢,♦♠ ❩❛♠♠✐'

❡' ❛❧✳ ✷✵✵✻✮✳

❆! !❡❡♥ ✐♥ ✜❣✉(❡ ✶✳✹✱ -❤❡(❡ ❛(❡ -❤(❡❡ ❞✐✛❡(❡♥- ❧❛②❡(! ♦❢ ❝♦♥♥❡❝-✐✈❡ -✐!!✉❡ ✕ -❤❡ ❡♣✐♠②!✐✉♠✱

-❤❡ ♣❡(✐♠②!✐✉♠ ❛♥❞ -❤❡ ❡♥❞♦♠②!✐✉♠✳ ❚❤❡ ❡♥❞♦♠②!✐✉♠ ❡♥❝❛!❡! -❤❡ ❝♦♥-(❛❝-✐♥❣ ♠✉!❝❧❡ ✜❜❡(!

✇❤✐❝❤ ❛(❡ -❤❡♥ ❣(♦✉♣❡❞ ✐♥-♦ ❢❛!❝✐❝❧❡! ✭♣❡(✐♠②!✐✉♠✮ -♦ ❢♦(♠ ❛ !❦❡❧❡-❛❧ ♠✉!❝❧❡ ✭!✉((♦✉♥❞❡❞ ❜②

❡♣✐♠②!✐✉♠✮✳

❆ !✐♥❣❧❡ !❦❡❧❡-❛❧ ♠✉!❝❧❡ ✜❜❡( ✐! ❛❜♦✉- ✺✵ µ♠ ✐♥ ❞✐❛♠❡-❡( ❛♥❞ ❝❛♥ ❜❡ !❡✈❡(❛❧ ❝❡♥-✐♠❡-❡(!

✐♥ ❧❡♥❣-❤ ✭✐♥ ❤✉♠❛♥!✮✳ ■♥ -❤❡ ❝②-♦♣❧❛!♠ ♣(✐♠❛(✐❧② ♠②♦✜❜(✐❧! ❛(❡ ❢♦✉♥❞ ✲ -❤❡!❡ ❛(❡ ❝②❧✐♥✲

❞(✐❝❛❧ ❜✉♥❞❧❡! ♦❢ -❤✐❝❦ ✭♠②♦!✐♥✮ ❛♥❞ -❤✐♥ ✜❧❛♠❡♥-! ✭❛❝-✐♥✮✳ ❆ ♠②♦✜❜(✐❧ ✐! ❛ ❝♦♥❝❛-❡♥❛-✐♦♥ ♦❢

❝♦♥-(❛❝-✐❧❡ ✉♥✐-! ✭!❛(❝♦♠❡(❡!✮ ❧❡❛❞✐♥❣ -♦ -❤❡ !❦❡❧❡-❛❧ ♠✉!❝❧❡✬! ❡♣♦♥②♠♦✉! !-(✐❛-❡❞ ❛♣♣❡❛(❛♥❝❡✳

❆! !❡❡♥ ✐♥ ✜❣✉(❡ ✶✳✹ ✭❡✮ ❛ !❛(❝♦♠❡(✐❝ ✉♥✐- !♣❛♥! ❢(♦♠ ♦♥❡ ❩ ❞✐!❝ -♦ ❛♥♦-❤❡(✱ ✇✐-❤ ▼

❧✐♥❡ ✐♥ -❤❡ ♠✐❞❞❧❡✳ ❖♥❡ ❝♦♥-(❛❝-✐❧❡ ✉♥✐- ✐! ❞✐✈✐❞❡❞ ✐♥-♦ ■ ❛♥❞ ❆ ❜❛♥❞! ❛♥❞ ❍ ③♦♥❡✳ ■♥ ■

❜❛♥❞ ❛♥❞ ❍ ③♦♥❡ ❡✐-❤❡( ❛❝-✐♥ ♦( ♠②♦!✐♥ ✐! ❢♦✉♥❞✱ (❡!♣❡❝-✐✈❡❧②✱ ✇❤❡(❡❛! ❆ ❜❛♥❞!✱ ♠❛✐♥❧②

❝♦♥-❛✐♥✐♥❣ ♠②♦!✐♥!✱ !❤♦✇! ♦✈❡(❧❛♣! ✇✐-❤ ❛❝-✐♥ ✜❧❛♠❡♥-! ✐♥ ♣❡(✐♣❤❡(❛❧ (❡❣✐♦♥!✳ ❆❝-✐♥ ✜❧❛♠❡♥-!

❛(❡ ❛--❛❝❤❡❞ -♦ ❩ ❞✐!❝!✱ ♠②♦!✐♥ ✜❧❛♠❡♥-! -♦ -❤❡ ▼ ❧✐♥❡✳ ❚❤❡ ♣(♦-❡✐♥! ❚✐-✐♥ ❛♥❞ ♥❡❜✉❧✐♥

!-❛❜✐❧✐③❡ -❤❡ !❛(❝♦♠❡(❡ !-(✉❝-✉(❡✳ ▼✉!❝❧❡ ❝♦♥-(❛❝-✐♦♥ ✐♠♣❧✐❡! -❤❡ !❤♦(-❡♥✐♥❣ ♦❢ !❛(❝♦♠❡(❡!✱

-❤❡ ❩ ❞✐!❝! ❣❡--✐♥❣ ❝❧♦!❡(✱ ■ ❜❛♥❞ ❛♥❞ ❍ ③♦♥❡ ♥❡❛(❧② ❞✐!❛♣♣❡❛(✱ ✇❤❡(❡❛! -❤❡ ❆ ❜❛♥❞ ✇✐❞-❤

(❡♠❛✐♥! ✉♥❝❤❛♥❣❡❞✳ ❉✉(✐♥❣ ❝♦♥-(❛❝-✐♦♥ ♠②♦!✐♥ ❛♥❞ ❛❝-✐♥ ✜❧❛♠❡♥-! ✐♥-❡(❛❝-✱ ❣❡♥❡(❛-✐♥❣ ❛

♠♦✈❡♠❡♥- (❡❧❛-✐✈❡ -♦ ♦♥❡ ❛♥♦-❤❡(✱ ❛❧!♦ ❦♥♦✇♥ ❛! -❤❡ !❧✐❞✐♥❣ ✜❧❛♠❡♥- ♠♦❞❡❧✱ ✇❤❡(❡ ♠②♦!✐♥

❢✉♥❝-✐♦♥! ❛! ❛ ♠♦-♦( ♦❢ -❤✐! ♠♦-✐♦♥✳

❙❦❡❧❡-❛❧ ♠✉!❝❧❡ ♠②♦!✐♥ ♣(♦-❡✐♥ ✭❛❜♦✉- ✺✵✵ ❦❉✮ ❝♦♥!✐!-! ♦❢ -✇♦ ❤❡❛✈② ❛♥❞ -✇♦ ❧✐❣❤- ❝❤❛✐♥!✳

❚❤❡ ❧♦♥❣ α✲❤❡❧✐❝❛❧ -❛✐❧ ♦❢ -❤❡ -✇♦ ✐❞❡♥-✐❝❛❧ ❤❡❛✈② ❝❤❛✐♥! ❢♦(♠ ❛ ❝♦✐❧❡❞✲❝♦✐❧ ❞✐♠❡( ✇✐-❤ -❤❡ ❧✐❣❤-

❝❤❛✐♥! ❛!!♦❝✐❛-❡❞ -♦ -❤❡ ♥❡❝❦ ♦❢ -❤❡ ❤❡❛✈② ❝❤❛✐♥ ❤❡❛❞ (❡❣✐♦♥ ✭✜❣✉(❡ ✶✳✺✮✳

❍✉♥❞(❡❞! ♦❢ ♠②♦!✐♥ ♠♦❧❡❝✉❧❡! ❛(❡ ❛((❛♥❣❡❞ ✐♥ ♣❛(❛❧❧❡❧ ✐♥ -❤❡ -❤✐❝❦ ✜❧❛♠❡♥-! ✇✐-❤ -❤❡✐(

❤❡❛❞! !-✐❝❦✐♥❣ ♦✉- ❛♥❞ ❜✐♥❞✐♥❣ ❛❝-✐♥ ✜❧❛♠❡♥-!✳ ❚❤❡(❡❜② -❤❡② ❢♦(♠ ❝(♦!!✲❜(✐❞❣❡! ❜❡-✇❡❡♥ -❤❡

-❤✐❝❦ ❛♥❞ -❤✐♥ ✜❧❛♠❡♥-!✳ ❚❤❡✐( ♦(✐❡♥-❛-✐♦♥ ✐! ♠✐((♦(❡❞ ❛- -❤❡ ▼ ❞✐!❝✱ ❛❧❧♦✇✐♥❣ -♦ !❤♦(-❡♥ -❤❡

!❛(❝♦♠❡(❡ ❢(♦♠ ❜♦-❤ !✐❞❡!✱ ✇❤✐❝❤ (❡!✉❧-! ✐♥ ♠✉!❝❧❡ ❝♦♥-(❛❝-✐♦♥✳

❆❞❞✐-✐♦♥❛❧❧② -♦ -❤❡ ❛❝-✐♥ ❜✐♥❞✐♥❣ ♣(♦♣❡(-②✱ ♠②♦!✐♥ ❤❡❛❞! ❛❧!♦ ❜✐♥❞ ❛♥❞ ❤②❞(♦❧②③❡ ❆❚M✳

❚❤❡ -❤❡(❡❜② ♦(✐❣✐♥❛-❡❞ ❝♦♥❢♦(♠❛-✐♦♥❛❧ ❝❤❛♥❣❡ ♦❢ ♠②♦!✐♥ ❧❡❛❞! -♦ (❡♣❡❛-❡❞ ❝②❝❧❡! ♦❢ ✐♥-❡(❛❝-✐♦♥

❜❡-✇❡❡♥ ♠②♦!✐♥ ❤❡❛❞! ❛♥❞ ❛❝-✐♥ ❛♥❞ ❞(✐✈❡! -❤❡ ✜❧❛♠❡♥- !❧✐❞✐♥❣✳

❚♦ -(✐❣❣❡( ❝♦♥-(❛❝-✐♦♥ ♦❢ !❦❡❧❡-❛❧ ♠✉!❝❧❡ ❛ ♥❡(✈❡ ✐♠♣✉❧!❡ !-✐♠✉❧❛-❡! -❤❡ (❡❧❡❛!❡ ♦❢ ❈❛

2+

❢(♦♠ -❤❡ !❛(❝♦♣❧❛!♠✐❝ (❡-✐❝✉❧✉♠✳ ❚❤✐! (❡❧❡❛!❡ ✐♥❝(❡❛!❡! -❤❡ ❝②-♦!♦❧✐❝ ❈❛

2+
❢(♦♠ ✶✵

−7
-♦
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✶✵

−5
▼✳ ❚✇♦ ❈❛

2+
)❡♥)✐-✐✈❡ ♣0♦-❡✐♥)✱ -0♦♣♦♠②♦)✐♥ ❛♥❞ -0♦♣♦♥✐♥✱ )✐❣♥❛❧ ♠✉)❝❧❡ ❝♦♥-0❛❝-✐♦♥✳

❚❤❡ -0♦♣♦♠②)✐♥ ♣0♦-❡✐♥ ❜✐♥❞) ❛❝-✐♥ ✜❧❛♠❡♥-) ❛) ✇❡❧❧ ❛) -0♦♣♦♥✐♥✳ ❚0♦♣♦♥✐♥ ✐) ❛ ❝♦♠♣❧❡①

♦❢ -❤0❡❡ ♣♦❧②♣❡♣-✐❞❡)✿ -0♦♣♦♥✐♥ ❈ ✭❈❛

2+
✲❜✐♥❞✐♥❣✮✱ -0♦♣♦♥✐♥ ■ ✭✐♥❤✐❜✐-♦0②✮✱ ❛♥❞ -0♦♣♦♥✐♥ ❚

✭-0♦♣♦♠②♦)✐♥✲❜✐♥❞✐♥❣✮✳ ❯♥❞❡0 ❧♦✇ ❈❛

2+
❝♦♥❝❡♥-0❛-✐♦♥✱ -❤❡ -0♦♣♦♠②♦)✐♥✴-0♦♣♦♥✐♥ ❝♦♠♣❧❡①

✐♥❤✐❜✐-) -❤❡ ❛❝-✐♥✴♠②♦)✐♥ ✐♥-❡0❛❝-✐♦♥✱ ✇❤❡0❡❛) ❛- ❤✐❣❤ ❝♦♥❝❡♥-0❛-✐♦♥✱ ❈❛

2+
❜✐♥❞) -♦ -0♦♣♦♥✐♥

❈✱ ❛♥❞ ✐♥❞✉❝✐♥❣ -❤❡0❡❜② -❤❡ ❝♦♥❢♦0♠❛-✐♦♥❛❧ )✇✐-❝❤ ✐♥ ♠②♦)✐♥ ✜❧❛♠❡♥-✱ 0❡)✉❧-✐♥❣ ✐♥ ♠✉)❝❧❡

❝♦♥-0❛❝-✐♦♥ ✭❈♦♦♣❡0 ✷✵✵✵✮✳

■♥ 0♦❞❡♥-) -❤❡0❡ ❛0❡ ❢♦✉0 ❞✐✛❡0❡♥- ▼②♦)✐♥ ❤❡❛✈② ❝❤❛✐♥) ✭▼②❍❈✮ ✐♥ )❦❡❧❡-❛❧ ♠✉)❝❧❡)✱ ✇❤✐❝❤

❝❛♥ ❜❡ ❞✐)-✐♥❣✉✐)❤❡❞ ❜②

✶✳ -❤❡✐0 ❛♣♣❡❛0❛♥❝❡

✷✳ -❤❡✐0 ✈❡❧♦❝✐-② ♦❢ -✇✐-❝❤✐♥❣

✸✳ -❤❡✐0 ♠❡-❛❜♦❧✐❝ ♣0♦✜❧❡

▼②❍❈ $②♣❡ ✶ ✭▼②❍❈✶✮ ✜❜❡0) ❛♣♣❡❛0 0❡❞✱ -❤❡② ❛0❡ 0✐❝❤ ✐♥ ♠✐-♦❝❤♦♥❞0✐❛ ✭♦①✐❞❛-✐✈❡

♣0♦✜❧❡✮ ❛♥❞ -❤❡② ❛❧)♦ ❛0❡ ❦♥♦✇♥ ❛) ❡♥❞✉0❛♥❝❡ ✜❜❡0) ✭)❧♦✇ -✇✐-❝❤✮✳ ❚❤❡ ▼②❍❈ -②♣❡ ✷ ✜❜❡0) ❛0❡

)✉❜❞✐✈✐❞❡❞ ✐♥-♦ ▼②❍❈ $②♣❡ ✷❛ ✭▼②❍❈✷❛✮✱ ❛♥ ✐♥-❡0♠❡❞✐❛-❡ ♦①✐❞❛-✐✈❡✲❣❧②❝♦❧②-✐❝ ✜❜❡0 -②♣❡

✇❤✐❝❤ ✐) 0❡❞ ✐♥ ❝♦❧♦0 ❛♥❞ ✐) ❝♦♥)✐❞❡0❡❞ ❛) ❛ ❢❛)- -✇✐-❝❤ ✜❜❡0✳▼②❍❈ $②♣❡ ✷❞✴① ✭▼②❍❈✷❞✴①✮

✜❜❡0) ❛) ✇❡❧❧ ❛) ▼②❍❈ $②♣❡ ✷❜ ✭▼②❍❈✷❜ ✲ -❤✐) ✜❜❡0 -②♣❡ ✐) ♥♦- )❡❡♥ ✐♥ ❤✉♠❛♥)✮ ✜❜❡0)

❛♣♣❡❛0 ✇❤✐-❡ ✭♣❛❧❡✮ ✐♥ ❝♦❧♦0✱ -❤❡② ♠❛✐♥❧② 0✉♥ ♦♥ ❛ ❣❧②❝♦❧②-✐❝ ♣0♦✜❧❡ ❛♥❞ ❛0❡ ✉)❡❞ ❢♦0 ❢❛)- ❢♦0❝❡

❋✐❣✉$❡ ✶✳✹✿ ❙+$✉❝+✉$❡ ♦❢ ❙❦❡❧❡+❛❧ ▼✉3❝❧❡3

❚❤❡ #❦❡❧❡&❛❧ ♠✉#❝❧❡# ✐# ❝♦❛&❡❞ ✇✐&❤ &❤❡ ❊♣✐♠②#✐✉♠ ❛♥❞ ❝♦♥&❛✐♥# #❡✈❡4❛❧ ♠✉#❝❧❡ ❢❛#❝✐❝❧❡# ✭❛✮✳

❚❤❡#❡ ❢❛#❝✐❝❧❡ ✐# #✉44♦✉♥❞❡❞ ❜② &❤❡ :❡4✐♠②#✐✉♠ ❛♥❞ ✐# ♠❛❞❡ ♦❢ #✐♥❣❧❡ ♠✉#❝❧❡ ✜❜❡4# ✭❜✮✳ ❊❛❝❤

♠✉#❝❧❡ ✜❜❡4✱ ✇❤✐❝❤ ✐# ❝♦❛&❡❞ ✇✐&❤ &❤❡ ❊♥❞♦♠②#✐✉♠✱ ❝♦♥#✐#&# ♦❢ ♠②♦✜❜4✐❧# ✭❝✮✱ ✇❤✐❝❤ ❛4❡ ❡♠❜❡❞✲

❞❡❞ ✐♥ &❤❡ #❛4❝♦♣❧❛#♠✐❝ 4❡&✐❝✉❧✉♠ ✭❞✮✳ ❚❤❡ ♠②♦✜❜4✐❧# ❛4❡ ♠❛❞❡ ♦❢ #❛4❝♦♠❡4❡# ✭4❛♥❣✐♥❣ ❢4♦♠ ❩

❧✐♥❡ &♦ ❩ ❧✐♥❡✮✱ ✇❤✐❝❤ ❝♦♥#✐#&# ♦❢ &❤✐❝❦ ❛♥❞ &❤✐♥ ✜❧❛♠❡♥&# ✭❡✮✳ ✭❈♦♣②%✐❣❤)➞ ✷✵✵✹ -❡❛%0♦♥ ❊❞✉❝❛)✐♦♥✱

■♥❝✳✱ ♣✉❜❧✐0❤✐♥❣ ❛0 ❇❡♥❥❛♠✐♥ ❈✉♠♠✐♥❣0 ❋✐❣✉%❡ ✶✵✳✻ ▲❡✈❡❧0 ♦❢ ❋✉♥❝)✐♦♥❛❧ ❖%❣❛♥✐③❛)✐♦♥ ✐♥ ❙❦❡❧❡)❛❧ ▼✉0❝❧❡ ❋✐❜❡%✮



✶✳ ■♥$%♦❞✉❝$✐♦♥ ✽

❋✐❣✉$❡ ✶✳✺✿ ❙+$✉❝+✉$❡ ♦❢ ▼②♦1✐♥

▼②♦#✐♥ ❝♦♥#✐#'# ♦❢ '✇♦ ❛❧♣❤❛ ❤❡❧✐❝❛❧ '❛✐❧#✱ ✇❤✐❝❤ ♠❛❦❡ ✉♣ '❤❡ ❤❡❛✈② ❝❤❛✐♥#✱ ❛♥❞ '✇♦ ❧✐❣❤' ❝❤❛✐♥#✱

'❤❡ ❡##❡♥'✐❛❧ ✭❊▲❈✮ ❛♥❞ ;❡❣✉❧❛'♦;② ❧✐❣❤' ❝❤❛✐♥ ✭❘▲❈✮✳ ✭❈♦♣②%✐❣❤)➞ ✷✵✵✸ ❚❍❊ ❈❊▲▲✱ ❚❤✐%❞ ❊❞✐)✐♦♥✱

❋✐❣✉%❡ ✶✶✳✷✸ ❆❙▼ <%❡== ❛♥❞ ❙✐♥❛✉❡% ❆==♦❝✐❛)❡=✱ ■♥❝✳✮

❚❛❜❧❡ ✶✳✶✿ 7$♦♣❡$+✐❡1 ♦❢ ❙❦❡❧❡+❛❧ ▼✉1❝❧❡ ❋✐❜❡$ ❚②♣❡1

❚②♣❡ ■ ❚②♣❡ ✷❛ ❚②♣❡ ✷ ❜ ❛♥❞ ❞✴①

 !♦♣❡!%✐❡' ❙❧♦✇ ♦①✐❞❛1✐✈❡

✜❜❡45

❋❛51 ♦①✐❞❛1✐✈❡

✜❜❡45

❋❛51 ❣❧②❝♦❧②1✐❝

✜❜❡45

❈♦❧♦✉$ ❘❡❞ ✭❞✉❡ )♦

♠②♦❣❧♦❜✐♥✮

❘❡❞ ✭❞✉❡ )♦

♠②♦❣❧♦❜✐♥✮

❲❤✐)❡ ✭❛❜4❡♥❝❡ ♦❢

♠②♦❣❧♦❜✐♥✮

❈♦♥)$❛❝)✐♦♥ )✐♠❡ ❙❧♦✇ ❋❛4) ❱❡$② ❢❛4)

❖①✐❞❛)✐✈❡ ❝❛♣❛❝✐)② ❍✐❣❤ ❍✐❣❤ ▲♦✇

❘❡4✐4)❛♥❝❡ )♦ ❢❛)✐❣✉❡ ❍✐❣❤ ▼❡❞✐✉♠

✭✐♥)❡$♠❡❞✐❛)❡✮

▲♦✇

❈$♦44 4❡❝)✐♦♥❛❧ ❛$❡❛ ❙♠❛❧❧ ▼❡❞✐✉♠

✭✐♥)❡$♠❡❞✐❛)❡✮

▲❛$❣❡

❈❛♣✐❧❧❛$② ❞❡♥4✐)② ❍✐❣❤ ▼❡❞✐✉♠

✭✐♥)❡$♠❡❞✐❛)❡✮

▲♦✇

▼✐)♦❝❤♦♥❞$✐❛❧ ❞❡♥4✐)② ❍✐❣❤ ❍✐❣❤ ▲♦✇

●❧②❝♦❣❡♥ $❡4❡$✈❡4 ▲♦✇ ■♥)❡$♠❡❞✐❛)❡ ❍✐❣❤

▼❛✐♥ ✭♠❡)❛❜♦❧✐❝✮ ♣❛)❤✇❛②

❢♦$ ♣$♦❞✉❝)✐♦♥ ♦❢ ❆❚F

❆❡$♦❜✐❝ ♠❡)❛❜♦❧✐4♠ ❆❡$♦❜✐❝ ❛♥❞

❛♥❛❡$♦❜✐❝

♠❡)❛❜♦❧✐4♠

❆♥❛❡$♦❜✐❝

♠❡)❛❜♦❧✐4♠

❋♦$❝❡ ♣$♦❞✉❝)✐♦♥ ▲♦✇ ▼❡❞✐✉♠✲❤✐❣❤ ❱❡$② ❍✐❣❤

❣❡♥❡#❛%✐♦♥ ✭❢❛*% %✇✐%❝❤✮ ✭❙❝❤✐❛✣♥♦ ❛♥❞ ❘❡❣❣✐❛♥✐ ✷✵✶✶✮✳ ❚❤❡ ❞✐✛❡#❡♥% ♣#♦♣❡#%✐❡* ♦❢ *❦❡❧❡%❛❧

♠✉*❝❧❡ ✜❜❡#* ❛#❡ *✉♠♠❛#✐③❡❞ ✐♥ %❛❜❧❡ ✶✳✶✳

❉✉❡ %♦ %❤❡✐# ♠❡%❛❜♦❧✐❝ ♣#♦♣❡#%✐❡* %❤❡✐# #❡*♣♦♥*✐✈❡♥❡** %♦ ❡①%❡#♥❛❧ ❢❛❝%♦#* ✈❛#✐❡*✳ ■♥ ❤②✲

♣❡#%#♦♣❤✐❝ ❝♦♥❞✐%✐♦♥*✱ ✇❡#❡ ❛♥ ✐♥❝#❡❛*❡ ✐♥ ♠✉*❝❧❡ ♠❛** ✐* *❡❡♥✱ ❧✐❦❡ ❞✉#✐♥❣ ❡①❡#❝✐*❡✱ %❤❡#❡ ✐* ❛

*❤✐❢% ❡✐%❤❡# %♦ ♦①✐❞❛%✐✈❡ ✜❜❡#* ✭❡♥❞✉#❛♥❝❡ %#❛✐♥✐♥❣✮ ♦# ❣❧②❝♦❧②%✐❝ ✜❜❡#* ✭*%#❡♥❣%❤ %#❛✐♥✐♥❣✮✳ ■♥

❝♦♥%#❛*% %♦ ❤②♣♦%#♦♣❤✐❝ ❝♦♥❞✐%✐♦♥*✱ ✇❤❡#❡ ♠✉*❝❧❡ ♠❛** ✐* ❧♦*%✱ ❡✐%❤❡# ♦①✐❞❛%✐✈❡ ✜❜❡#* ❛#❡ ♠♦#❡

*✉*❝❡♣%✐❜❧❡ %♦ ❞❡❣❡♥❡#❛%✐♦♥ ✭❡✳❣✳ ❞❡♥❡#✈❛%✐♦♥✮ ♦# ❣❧②❝♦❧②%✐❝ ✜❜❡#* ✭❝❛♥❝❡# ❝❛❝❤❡①✐❛✮ ✭❈✐❝✐❧✐♦%

❡% ❛❧✳ ✷✵✶✸✮✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡*❝#✐❜❡❞ ✐♥ ♠♦#❡ ❞❡%❛✐❧ ✐♥ *❡❝%✐♦♥ ✶✳✸✳✹✳
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Chronic Disease

• Inflammation ↑

• Muscle Mass ↓

• Atrogenes ↑

• Weakness ↑

• Fatique ↑

• Muscle Strength ↓

• Protein Degradation ↑

• Apoptosis ↑

• Oxidative Stress ↑

Malnutrition

Inactivity

Insulin resistance

Cytokines ↑ (TNF-α, IL6, 

IL1b)

Myostatin ↑

Oxidative stress ↑

Corticosteroids ↑

IGF-1 ↓

CancerAIDSCOPD CHFCKD

Skeletal Muscle Atrophy

Uremic toxin

AngII

❋✐❣✉$❡ ✶✳✻✿ ❙❦❡❧❡-❛❧ ▼✉0❝❧❡ ❲❛0-✐♥❣ ■♥❞✉❝❡❞ ❜② ❈❤$♦♥✐❝ ❉✐0❡❛0❡0

❈❤"♦♥✐❝ ❞✐(❡❛(❡(✱ (✉❝❤ ❛( ❝❤"♦♥✐❝ ♦❜(."✉❝.✐✈❡ ♣✉❧♠♦♥❛"② ❞✐(❡❛(❡ ✭❈❖6❉✮✱ ❝❤"♦♥✐❝ ❦✐❞♥❡② ❞✐(✲

❡❛(❡ ✭❈❑❉✮✱ ❛❝<✉✐"❡❞ ✐♠♠✉♥♦❞❡✜❝✐❡♥❝② (②♥❞"♦♠❡ ✭❆■❉❙✮✱ ❈❛♥❝❡" ❛♥❞ ❝❤"♦♥✐❝ ❤❡❛". ❢❛✐❧✉"❡

✭❈❍❋✮ (❤❛"❡ ❝♦♠♠♦♥ ♠❡.❛❜♦❧✐❝ ❝❤❛♥❣❡( ✭♠❛❧♥✉."✐.✐♦♥❀ ✐♥❛❝.✐✈✐.②❀ ✐♥(✉❧✐♥ "❡(✐(.❛♥❝❡❀ ✐♥❝"❡❛(❡❞

❧❡✈❡❧( ♦❢ ❝②.♦❦✐♥❡( ✭❚◆❋✲α✱ ■▲✲✻✱ ■▲✲✶❜✮✱ ▼②♦(.❛.✐♥ ❛♥❞ ❝♦".✐❝♦(.❡"♦✐❞(✱ ✐♥❝"❡❛(❡❞ ♦①✐❞❛.✐✈❡
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❋❧✉♦)❡'❝❡✐♥ ✭❋■❚❈✮ ❣♦❛* ❛♥*✐✲♠♦✉'❡ ■❣● ❏❛❝❦'♦♥ ■❘✱ ❯❙❆

✭✶✺✺✲✵✾✺✲✵✻✷✮

❋❧✉♦)❡'❝❡✐♥ ✭❋■❚❈✮ ❣♦❛* ❛♥*✐✲♠♦✉'❡ ■❣●✶ ❏❛❝❦'♦♥ ■❘✱ ❯❙❆

✭✶✺✺✲✵✾✺✲✷✵✺✮

❘❤♦❞❛♠✐♥❡ )❡❞ ❣♦❛* ❛♥*✐✲)❛* ■❣● ❏❛❝❦'♦♥ ■❘✱ ❯❙❆

✭✶✷✷✲✷✾✺✲✶✻✼✮

❘❤♦❞❛♠✐♥❡ )❡❞ ❣♦❛* ❛♥*✐✲♠♦✉'❡ ■❣●✷❜ ❏❛❝❦'♦♥ ■❘✱ ❯❙❆

✭✶✺✺✲✷✾✺✲✷✵✼✮

■❘❉②❡ ✽✵✵❈❲ ●♦❛* ❆♥*✐✲▼♦✉'❡ ■❣● ▲■✲❈❖❘✱ ❯❙❆

✭✾✷✺✲✸✷✷✶✵✮
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■❘❉②❡ ✽✵✵❈❲ ●♦❛, ❆♥,✐✲❘❛❜❜✐, ■❣● ▲■✲❈❖❘✱ ❯❙❆

✭✾✷✺✲✸✷✷✶✶✮

■❘❉②❡ ✻✽✵❘❉ ●♦❛, ❆♥,✐✲▼♦✉B❡ ■❣● ▲■✲❈❖❘✱ ❯❙❆

✭✾✷✺✲✻✽✵✼✵✮

■❘❉②❡ ✻✽✵ ●♦❛, ❆♥,✐✲❘❛❜❜✐, ■❣● ▲■✲❈❖❘✱ ❯❙❆

✭✾✷✺✲✻✽✵✼✶✮

❲●❆✱ ❛ ❧❡❝,✐♥✱ ❜✐♥❞B ,♦ ❣❧②❝♦♣H♦,❡✐♥B ♦❢ ,❤❡ ❝❡❧❧ ♠❡♠❜H❛♥❡✱ ❛♥❞ ✐B H♦✉,✐♥❡❧② ✉B❡❞ ,♦ B,❛✐♥

❢♦H B❦❡❧❡,❛❧ B❛H❝♦❧❡♠♠❛ ,♦ ❞❡,❡H♠✐♥❡ ❝H♦BB B❡❝,✐♦♥❛❧ ❛H❡❛✳ ❈❉✸✶ ✐B ❛ ✇✐❞❡❧② ✉B❡❞ ♠❛H❦❡H ❢♦H

❡♥❞♦,❤❡❧✐❛❧ ❝❡❧❧B ✐♥ ❤✐B,♦❧♦❣✐❝❛❧ ,✐BB✉❡B✱ ✇❤✐❝❤ ❛❧❧♦✇B ❝♦♥❝❧✉B✐♦♥B ❛❜♦✉, ❝❛♣✐❧❧❛H② ❞❡♥B✐,②✳ ❉❆O■

✐B ❛ ✢✉♦H❡B❝❡♥, B,❛✐♥ ,❤❛, ❜✐♥❞B B,H♦♥❣❧② ,♦ ❆✲❚ H✐❝❤ H❡❣✐♦♥B ✐♥ ❉◆❆ ❛♥❞ ✐B ✉B❡❞ ❛B ♠❛H❦❡H

♦❢ ❝❡❧❧ ♥✉❝❧❡✐✳

✷✳✻ ❑✐%& ❛♥❞ ▼❛&%❡, ▼✐①❡&

❘◆❡❛B② ❋✐❜H♦✉B ❚✐BB✉❡ ❑✐, ◗✐❛❣❡♥✱ ●❡H♠❛♥②

❘◆❡❛B② ❑✐, ◗✐❛❣❡♥✱ ●❡H♠❛♥②

◗✉❛♥,✐❚❡❝, ❘❡✈❡HB❡ ❚H❛♥B❝H✐♣,✐♦♥ ❑✐, ◗✐❛❣❡♥✱ ●❡H♠❛♥②

▼❛①✐♠❛ ❙❨❇❘ ●H❡❡♥✴❘❖❳ ♣O❈❘ ❚❤❡H♠♦ ❙❝✐❡♥,✐✜❝✱ ❯❙❆

▼❛B,❡H ▼✐① ✭✷①✮
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✷✳✼ #❈❘ #&✐♠❡&*

 !✐♠❡!% ❙❡'✉❡♥❝❡ ✺✬ ✲ ✸✬

❇♥✐♣✸ ❋✇❞ ❆❈❈❆❈❆❆●❆❚❆❈❈❆❆❈❆●❆●

❘❡✈ ❆❆❚❈❚❚❈❈❚❈❆●❆❈❆●❆●❚

❈&♥❦✷❜ ❋✇❞ ●❆❚❈❚❚❆●❆❈❈❚●●❆❆❈❈❚●

❘❡✈ ❈❆❆❈❈❈❆❚❆❆❆●❈❆❚❈❚❈❆●

❈*&❧ ❋✇❞ ●❚❚❈❚❆❚❆●❚❚❈❆●●❈❆❚❈❚❆❈

❘❡✈ ●❆❆❚❈❚●❚❚❈❈❚❚❈❆❚❆●❈

❈①❝❧✺ ❋✇❞ ❚●❚❚❚●❈❚❚❆❆❈❈●❚❆❆❈❚❈

❘❡✈ ❈❆●❚❚❚❆●❈❚❆❚●❆❈❚❚❈❈❆❈

❈①❝/✷ ❋✇❞ ❈❚❆❈❚●❈❆●●❆❚❚❆❆●❚❚❚❆❈❈

❘❡✈ ●❆❈●❚❆❚❆❚❚❆❈❆❆❈❈❆❈❆●❈

❋❜①♦✸✷ ❋✇❞ ❈❚●❆❆❆●❚❚❈❚❚●❆❆●❆❈❈❆●

❘❡✈ ●❚●❚●❈❆❚❆❆●●❆❚●❚●❚❆●

❋♦①♦✶ ❋✇❞ ❆❆❆❈❆❈❆❚❆❚❚●❆●❈❈❆❈❚●

❘❡✈ ❚❈❚❆❈❚❈❚●❚❚❚●❆❆●●❆●●

❋♦①♦✸ ❋✇❞ ❈❚❈❈●❚❈●❚●❚❚❚❚❆❈❚❆❚❈

❘❡✈ ●❆❆❆❆❈❚❈❆●❆●●●❚❈❆❆❆●

●❛❜❛/❛♣❧✶ ❋✇❞ ❈❈❆●❚❚❈❚❆❈❚❚❈❚❚❆❆❚❈❈●

❘❡✈ ❈❚●❈❈❚❈❆❚❚❚❚❈❈❆❚❆●❆

■❧✲✶❜ ❋✇❞ ●●❆❚●❆❚●❆❚❆❆❈❈❚●❈

❘❡✈ ❈❆❚●●❆●❆❆❚❆❚❈❆❈❚❚●❚❚●●

■❧✲✶/✷ ❋✇❞ ❆❆❆❆❈❚❆❚●❚●●❆❆●❚●❚❈●

❘❡✈ ●❆❆●❆●❆❈❚❚❈❚❚❚●❆❈❚●❚●

■❧✲✻ ❋✇❞ ❆❆●❆❆❆❚●❆❚●●❆❚●❈❚❆❈❈

❘❡✈ ●❆●❚❚❚❈❚●❚❆❚❈❚❈❚❈❚●❆❆●

■❧✲✻/❛ ❋✇❞ ❆❆❆●❚❚❈❚❆❈❆●❆❆●❈❆❆❈●

❘❡✈ ❚❚●❆●❚❈❚❈❆●●❆❚●❆❚●❆❆●

▼&*♥ ❋✇❞ ❈❚❆❚❆❆●❆❈❆❆❈❚❚❈❚●❈❈❆❆●

❘❡✈ ❆●❆❆❆●❚❈❆●❆❈❚❈❚●❚❆●

❚/✐♠✻✸ ❋✇❞ ❆❈❆❚●●❆❈❚❆❈❚❚❚❆❈❚❈❚●●

❘❡✈ ❈❆❚❚●●❚●❚❚❈❚❚❈❚❚❚❆❈❈❈

✷✳✽ ❍②❜&✐❞♦♠❛ ❈❡❧❧ ▲✐♥❡*

❍②❜#✐❞♦♠❛ ❝❡❧❧ ❧✐♥❡- ❛#❡ ❡-.❛❜❧✐-❤❡❞ ❜② ❢✉-✐♦♥ ♦❢ ✐♠♠♦#.❛❧✐③❡❞ ❝❛♥❝❡# ❝❡❧❧- ✭✉-❡❞ ❤❡#❡✿ ◆❙❖

♠②❡❧♦♠❛ ❝❡❧❧-✮ ✇✐.❤ ❛♥.✐❜♦❞② ♣#♦❞✉❝✐♥❣ ❝❡❧❧- ✭✉-❡❞ ❤❡#❡✿ -♣❧❡❡♥ ❝❡❧❧- ❢#♦♠ ❛ ❇❆▲❇✴❝ ♠♦✉-❡✮✳

❚❤❡-❡ ❝❡❧❧- .❤❡♥ ❛#❡ ❝✉❧.✐✈❛.❡❞ ❛❝❝♦#❞✐♥❣ .♦ .❤❡ ❞✐-.#✐❜✉.♦#- #❡❝♦♠♠❡♥❞❛.✐♦♥-✳ ❚❤❡ -❡❝#❡.❡❞

❛♥.✐❜♦❞✐❡- ❝❛♥ ❜❡ ❤❛#✈❡-.❡❞ ❢#♦♠ .❤❡ -✉♣❡#♥❛.❛♥. ❛♥❞ ✉-❡❞ ❞✐#❡❝.❧② ❛- ♣#✐♠❛#② ❛♥.✐❜♦❞✐❡- ✐♥

✐♠♠✉♥♦❤✐-.♦❝❤❡♠✐❝❛❧ -.❛✐♥✐♥❣- ♦# ❛#❡ ♣✉#✐✜❡❞ ✉-❡❞ ✐♥ ❲❡-.❡#♥ ❜❧♦..✐♥❣✳

❆❧❧ .❤#❡❡ ❤②❜#✐❞♦♠❛ ❝❡❧❧ ❧✐♥❡- ✉-❡❞ ✐♥ .❤✐- ✇♦#❦ ✇❡#❡ ❞❡♣♦-✐.❡❞ ❜② F#♦❢✳ ❙✳ ❙❝❤✐❛✣♥♦✱
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❯♥✐✈❡%&✐'② ♦❢ +❛❞♦✈❛✱ +❛❞♦✈❛✱ ■'❛❧②✳

✷✳✽✳✶ ❇❆✲❋✽

❚❤❡&❡ ❤②❜%✐❞♦♠❛ ❝❡❧❧& ✇❡%❡ ❞❡%✐✈❡❞ ❢%♦♠ ♠✐❝❡ '❤❛' ❤❛❞ ❜❡❡♥ ✐♠♠✉♥✐③❡❞ ✇✐'❤ ♣✉%✐✜❡❞ ♠②♦&✐♥

❢%♦♠ ❜♦✈✐♥❡ ❛'%✐✉♠ ❛♥❞ &❡❝%❡'❡& ❛ ♠✉%✐♥❡ ♠♦♥♦❝❧♦♥❛❧ ❛♥'✐❜♦❞② ✭■❣●✷❜✮ '❤❛' %❡❛❝'& ✇✐'❤ %❛'

'②♣❡ ✶ ✭&❧♦✇✲'✇✐'❝❤✱ ♦①✐❞❛'✐✈❡✮ ✜❜❡%& ✭❇♦%%✐♦♥❡ ❡' ❛❧✳ ✶✾✽✽✮✳

✷✳✽✳✷ ❇❋✲❋✸

❚❤❡&❡ ❤②❜%✐❞♦♠❛ ❝❡❧❧& ✇❡%❡ ❞❡%✐✈❡❞ ❢%♦♠ ♠✐❝❡ '❤❛' ❤❛❞ ❜❡❡♥ ✐♠♠✉♥✐③❡❞ ✇✐'❤ ♣✉%✐✜❡❞ ♠②♦&✐♥

❢%♦♠ ❢❡'❛❧ ❜♦✈✐♥❡ ♠✉&❝❧❡& ❛♥❞ &❡❝%❡'❡& ❛ ♠✉%✐♥❡ ♠♦♥♦❝❧♦♥❛❧ ❛♥'✐❜♦❞② ✭■❣▼✮ '❤❛' %❡❛❝'& ✇✐'❤

%❛' '②♣❡ ✷❇ ✭❢❛&'✲'✇✐'❝❤✱ ❣❧②❝♦❧②'✐❝✮ ✜❜❡%& ✭❙❝❤✐❛✣♥♦ ❡' ❛❧✳ ✶✾✽✾✮✳

✷✳✽✳✸ ❙❈✲✼✶

❚❤❡&❡ ❤②❜%✐❞♦♠❛ ❝❡❧❧& ✇❡%❡ ❞❡%✐✈❡❞ ❢%♦♠ ♠✐❝❡ '❤❛' ❤❛❞ ❜❡❡♥ ✐♠♠✉♥✐③❡❞ ✇✐'❤ ♣✉%✐✜❡❞ ♠②♦&✐♥

❢%♦♠ ❜♦✈✐♥❡ &✉❜❝✉'❛♥❡♦✉& ♠✉&❝❧❡ ❛♥❞ &❡❝%❡'❡& ❛ ♠✉%✐♥❡ ♠♦♥♦❝❧♦♥❛❧ ❛♥'✐❜♦❞② ✭■❣●✶✮ '❤❛'

%❡❛❝'& ✇✐'❤ %❛' '②♣❡ ✷❆ ✭❢❛&'✲'✇✐'❝❤✱ ♦①✐❞❛'✐✈❡✮ ✜❜❡%& ✭❙❝❤✐❛✣♥♦ ❡' ❛❧✳ ✶✾✽✾✮✳



3
▼❡"❤♦❞&

✸✳✶ ❑❖ ▼♦✉(❡ ▼♦❞❡❧(

❆❧❧ ❞❡$❝&✐❜❡❞ ❛♥✐♠❛❧ ❡①♣❡&✐♠❡♥.$ ✇❡&❡ ✐♥ ❛❝❝♦&❞❛♥❝❡ ✇✐.❤ .❤❡ ♥❛.✐♦♥❛❧ ❣✉✐❞❡❧✐♥❡$ ❛♥❞ ❛♣✲

♣&♦✈❡❞ ❜② .❤❡ ❧♦❝❛❧ ❛♥✐♠❛❧ ❝❛&❡ ❛♥❞ ✉$❡ ❝♦♠♠✐..❡❡ ✭▲❆◆❯❱✱ ❘❡❝❦❧✐♥❣❤❛✉$❡♥✱ ▲✐❝❡♥❝❡ ♥♦✳

❆❩✿ ✽✹✲✵✷✳✵✹✳✷✵✶✹✳❆✷✷✵✮✳ ❚❤❡ ❛♥✐♠❛❧$ ✇❡&❡ ❤♦✉$❡❞ ❛. ✷✵✲✷✷➦❈ &♦♦♠ .❡♠♣❡&❛.✉&❡ ❛♥❞ ❛ ✶✷❤✲

❧✐❣❤.✲❞❛&❦✲❝②❝❧❡ ✇✐.❤ ✇❛.❡& ❛♥❞ $.❛♥❞❛&❞ ❞✐❡. ❝❤♦✇ ❛❞ ❧✐❜✐.✉♠✳

✸✳✶✳✶ ❙▼✷✷♣✸✽▼❆)❑α ▼✐❝❡

❙▼✷✷♣✸✽▼❆M❑α ❑❖ ♠✐❝❡ ✇❡&❡ ❣❡♥❡&❛.❡❞ ❜② ❝&♦$$✐♥❣ ❛♥ ✐♥❜&❡❞ ❈✺✼❇❧✴✻ ♠♦✉$❡ ❧✐♥❡ ❡①♣&❡$$✲

✐♥❣ ❈&❡ &❡❝♦♠❜✐♥❛$❡ $♣❡❝✐✜❝❛❧❧② ✐♥ ✈❛$❝✉❧❛& $♠♦♦.❤ ♠✉$❝❧❡ ❝❡❧❧$ ❛♥❞ ❝❛&❞✐♦♠②♦❝②.❡$ ✉♥❞❡& .❤❡

❝♦♥.&♦❧ ♦❢ .❤❡ $♠✷✷α ♣&♦♠♦.❡& ✭❑■$♠✷✷α✲❈&❡✱ ❙.&❛✐♥ ◆❛♠❡ ❇✻✳✶✷✾❙✻✲❚❛❣❧♥.♠✷✭❝&❡✮❨❡❝✴❏✱

❙.♦❝❦ ◆✉♠❜❡& ✵✵✻✽✼✽✱ ❚❤❡ ❏❛❝❦$♦♥ ▲❛❜♦&❛.♦&②✱ ❇❛& ❍❛&❜♦&✱ ▼❊✮ ✭▲❡♣♦&❡ ❡. ❛❧✳ ✷✵✵✺❀ ❩❤❛♥❣

❡. ❛❧✳ ✷✵✵✻✮ ✇✐.❤ ❈✺✼❇❧✴✻ ♠✐❝❡ ❤♦♠♦③②❣♦✉$❧② ❡①♣&❡$$✐♥❣ ✢♦①❡❞ ♣✸✽▼❆M❑α ✭♣✸✽

flox/flox
✱

❊①♦♥ ✷ ❛♥❞ ✸✮ ✭❱❡♥.✉&❛ ❡. ❛❧✳ ✷✵✵✼✮✳ ❚❤❡ ♣✸✽▼❆M❑α✢♦①✴✢♦① ♠✐❝❡ ✇❡&❡ ❦✐♥❞❧② ♣&♦✈✐❞❡❞ ❜②

▼✳ M❛$♣❡&❛❦✐$✱ ■♥$.✐.✉.❡ ❢♦& ●❡♥❡.✐❝$✱ ❯♥✐✈❡&$✐.② ♦❢ ❈♦❧♦❣♥❡✱ ●❡&♠❛♥②✳ ✶✷ ✇❡❡❦ ♦❧❞ ♠❛❧❡ ♠✐❝❡

✇❡&❡ ✉$❡❞ ❢♦& ❡①♣❡&✐♠❡♥.$✳ ❆$ ❝♦♥.&♦❧$✱ ♣✸✽▼❆M❑αflox/flox
❧✐..❡& ♠❛.❡$ ✇❡&❡ ✉$❡❞✳

✸✳✶✳✷ ✐❈▼♣✸✽▼❆)❑α ▼✐❝❡

✐❈▼♣✸✽▼❆M❑α ❑❖ ♠✐❝❡ ✇❡&❡ ❣❡♥❡&❛.❡❞ ❜② ❝&♦$$✐♥❣ ♣✸✽▼❆M❑αflox/flox
♠✐❝❡ ✇✐.❤ ♠✐❝❡

❤❡♠✐③②❣♦✉$❧② ❡①♣&❡$$✐♥❣ .❤❡ .❛♠♦①✐❢❡♥✲✐♥❞✉❝✐❜❧❡ ❈&❡✲&❡❝♦♠❜✐♥❛$❡ ♠❡&❈&❡♠❡& ✭❱❡&&♦✉ ❡. ❛❧✳

✶✾✾✾❀ ❙♦❤❛❧ ❡. ❛❧✳ ✷✵✵✶✮ ✉♥❞❡& ❝♦♥.&♦❧ ♦❢ ❛♥ α✲▼❍❈ ♣&♦♠♦.♦& ✭❛ ❝❛&❞✐❛❝✲$♣❡❝✐✜❝ ♣&♦♠♦.❡&

♦❢ ♠✉&✐♥❡ ❛❧♣❤❛ ♠②♦$✐♥✲❤❡❛✈② ❝❤❛✐♥ ✭α✲▼❍❈✮✮✳ ❋♦& ❑❖ ✐♥❞✉❝.✐♦♥ ♠✐❝❡ ✇❡&❡ ✐♥❥❡❝.❡❞ ✇✐.❤

✺✵✵µ❣ ✹❖❍✲❚❛♠♦①✐❢❡♥ ✭✺♠❣✴♠❧ ✐♥ ♣❡❛♥✉. ♦✐❧✮ ✐✳♣✳ ❢♦& ✶✵ ❞❛②$✱ $.❛&.✐♥❣ ❛. ✻ ✇❡❡❦$ ♦❢ ❛❣❡✱

❢♦❧❧♦✇✐♥❣ ❛ ✹ ✇❡❡❦ &❡❝♦✈❡&② ♣❡&✐♦❞ ❜❡❢♦&❡ ❡①♣❡&✐♠❡♥.$✳

✶✷ ✇❡❡❦ ♦❧❞ ♠❛❧❡ ♠✐❝❡ ✇❡&❡ ✉$❡❞ ❢♦& ❡①♣❡&✐♠❡♥.$✳ ❆$ ❝♦♥.&♦❧$✱ ♣✸✽▼❆M❑αflox/flox
❧✐..❡&

♠❛.❡$ ✇❡&❡ ✉$❡❞✱ ✇❤✐❝❤ ✇❡&❡ ❛❧$♦ ✐♥❥❡❝.❡❞ ✇✐.❤ ✺✵✵µ❣ ✹❖❍✲❚❛♠♦①✐❢❡♥ ✐✳♣✳ ❢♦& ✶✵ ❞❛②$✳

✸✳✶✳✸ ❝❈▼♣✸✽▼❆)❑α ▼✐❝❡

❝❈▼♣✸✽▼❆M❑α ❑❖ ♠✐❝❡ ✇❡&❡ ❣❡♥❡&❛.❡❞ ❜② ❝&♦$$✐♥❣ ♣✸✽▼❆M❑αflox/flox
♠✐❝❡ ✇✐.❤ ♠✐❝❡

❤❡♠✐③②❣♦✉$❧② ❡①♣&❡$$✐♥❣ .❤❡ ❈&❡✲&❡❝♦♠❜✐♥❛$❡ ✭❆❣❛❤ ❡. ❛❧✳ ✶✾✾✼✮ ✉♥❞❡& ❝♦♥.&♦❧ ♦❢ ❛♥ α✲▼❍❈

♣&♦♠♦.♦&✳

✷✹
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✶✷ ✇❡❡❦ ♦❧❞ ♠❛❧❡ ♠✐❝❡ ✇❡,❡ ✉.❡❞ ❢♦, ❡①♣❡,✐♠❡♥3.✳ ❆. ❝♦♥3,♦❧.✱ ♣✸✽▼❆:❑αflox/flox
❧✐33❡,

♠❛3❡. ✇❡,❡ ✉.❡❞✳

✸✳✷ ❊❝❤♦❝❛(❞✐♦❣(❛♣❤②

❊❝❤♦❝❛,❞✐♦❣,❛♣❤✐❝ ✐♥✈❡.3✐❣❛3✐♦♥. ✇❡,❡ ♣❡,❢♦,♠❡❞ ✉.✐♥❣ ❱❡✈♦ ✷✶✵✵ ❍✐❣❤ ❋,❡D✉❡♥❝② ❯❧3,❛.♦✉♥❞

❙②.3❡♠ ✭❱✐.✉❛❧.♦♥✐❝.✱ ❚♦,♦♥3♦✱ ❈❛♥❛❞❛✮✳ ❆♥❛❡.3❤❡3✐❝ ✐♥❞✉❝3✐♦♥ ✇❛. ❞♦♥❡ ✇✐3❤ ✹✪ ✐.♦✢✉,❛♥❡

✐♥ ❛ ❝❧♦.❡❞ ❝❤❛♠❜❡,✳ ❚❤❡,❡❛❢3❡, 3❤❡ ♠✐❝❡ ✇❡,❡ ♣❧❛❝❡❞ ♦♥ ❛ ♠♦✈❡❛❜❧❡ ❤❡❛3✐♥❣ ♣❧❛3❡ ❛♥❞ ✇❡,❡

❦❡♣3 ❛♥❡.3❤❡3✐③❡❞ ✇✐3❤ ✷✲✷✳✺✪ ✐.♦✢✉,❛♥❡ ✈✐❛ ❛ ♥♦.❡ ❝♦♥❡✱ 3♦ ♦❜3❛✐♥ ❛ ,❡❣✉❧❛, ❤❡❛,3 ❜❡❛3 ♦❢

❛❜♦✉3 ✺✵✵ ❜❡❛3. ♣❡, ♠✐♥✉3❡ ✭❜♣♠✮✳ ❚❤❡✐, ♣❛✇. ✇❡,❡ ✜①❡❞ ♦♥3♦ ❡❧❡❝3,♦❞❡. 3♦ ♠♦♥✐3♦, ❤❡❛,3 ,❛3❡

✭✈✐❛ ❡❧❡❝3,♦❝❛,❞✐♦❣,❛♠ ✭❊❈●✮✮ ❛♥❞ ❜,❡❛3❤✐♥❣ ❢,❡D✉❡♥❝②✳ ❚❤❡✐, ❜♦❞② 3❡♠♣❡,❛3✉,❡ ✇❛. ❛♥❛❧❧②

♦❜.❡,✈❡❞ ✇✐3❤ ❛ 3❡♠♣❡,❛3✉,❡ ♣,♦❜❡✱ ✐❢ 3❤❡ 3❡♠♣❡,❛3✉,❡ ❞,♦♣♣❡❞✱ 3❤❡② ❝♦✉❧❞ ❜❡ ✇❛,♠❡❞ ✇✐3❤

✐♥❢,❛,❡❞ ❧❛♠♣✳ ❚❤❡ ❜,❡❛.3 ♦❢ 3❤❡ ♠✐❝❡ ✇❛. ✜,.3 .❤❛✈❡❞✱ 3❤❡♥ ❤❛✐, ,❡♠♦✈❛❧ ❝,❡❛♠ ✇❛. ❛♣♣❧✐❡❞

3♦ ❞❡♣✐❧❛3❡ 3❤❡ ❜,❡❛.3 ❝♦♠♣❧❡3❡❧② ❢♦, ❜❡.3 ✉❧3,❛.♦✉♥❞ ,❡.✉❧3.✳ ❇❡❢♦,❡ ✐♠❛❣✐♥❣ 3❤❡ ❜,❡❛.3 ✇❛.

❝♦✈❡,❡❞ ✇✐3❤ ♣,❡✲✇❛,♠❡❞ .♦♥✐❝❛3✐♦♥ ❣❡❧✳ ❚❤❡ ❡❝❤♦❝❛,❞✐♦❣,❛♣❤✐❝ ♠❡❛.✉,❡♠❡♥3. ✇❡,❡ ❞♦♥❡ ✇✐3❤

3,❛♥.❞✉❝❡, ▼❙✹✵✵ ✭✶✽✲✸✽ ▼❍③✮ ❢♦, ✉♣ 3♦ ✸✵ ♠✐♥✉3❡.✳ ❇✲♠♦❞❡ ❛♥❞ ▼✲♠♦❞❡ ♠❡❛.✉,❡♠❡♥3. ♦❢

3❤❡ ♣❛,❛.3❡,♥❛❧ ❧♦♥❣ ❛♥❞ .❤♦,3 ❛①✐. ✇❡,❡ ♣❡,❢♦,♠❡❞✳

❚♦ ❡.3✐♠❛3❡ ❡❥❡❝3✐♦♥ ❢,❛❝3✐♦♥ ✭❊❋✮✱ ❡♥❞ ❞✐❛.3♦❧✐❝✲ ❛♥❞ ❡♥❞ .②.3♦❧✐❝ ✈♦❧✉♠❡ ✭❊❉❱ ❛♥❞

❊❙❱✮ 3❤❡ ❜✐♣❧❛♥❡ ❙✐♠♣.♦♥✬. ♣,♦3♦❝♦❧ ✇❛. ✉.❡❞✳ ❋♦, 3❤❛3 ♣❛,❛.3❡,♥❛❧ .❤♦,3 ✭❛♣✐❝❛❧✱ ♠✐❞ ❛♥❞

❜❛.❛❧ .❡❝3✐♦♥.✮ ❛♥❞ ❧♦♥❣ ❛①✐. ❇✲▼♦❞❡ ✐♠❛❣❡. ♦❢ .②.3♦❧❡ ❛♥❞ ❞✐❛.3♦❧❡ ✇❡,❡ ♠❡❛.✉,❡❞ ✉.✐♥❣ 3❤❡

❱❡✈♦ ▲❆❇ ✶✳✼✳✶ .♦❢3✇❛,❡✳ ❚❤❡ ❙✐♠♣.♦♥ ♠❡3❤♦❞ ✐. 3❤❡ ♠♦.3 ❛❝❝✉,❛3❡ ✇❛② 3♦ ❡.3✐♠❛3❡ ❡❥❡❝3✐♦♥

❢,❛❝3✐♦♥ ✭❊❋✮✱ ❡♥❞ ❞✐❛.3♦❧✐❝✲ ❛♥❞ ❡♥❞ .②.3♦❧✐❝ ✈♦❧✉♠❡ ✭❊❉❱ ❛♥❞ ❊❙❱✮ ❜❛.❡❞ ♦♥ ✷❉ ✐♠❛❣❡.✳

✸✳✸ ❈❡❧❧ ❈✉2✉(❡ ♦❢ ❍②❜(✐❞♦♠❛ ❈❡❧❧7

❚❤,❡❡ ❞✐✛❡,❡♥3 ❤②❜,✐❞♦♠❛ ✭❇❆✲❋✽✱ ❇❋✲❋✸ ❛♥❞ ❙❈✲✼✶✮ ❝❡❧❧ ❧✐♥❡. ✇❡,❡ ✉.❡❞ ✐♥ 3❤✐. ✇♦,❦ ✲ .❡❡

.❡❝3✐♦♥ ✷✳✽✳

✸✳✸✳✶ ❈✉❧&✉'❡ ▼❡❞✐❛

❋!❡❡③✐♥❣ ▼❡❞✐✉♠

❼ ✻✵✪ ❉▼❊▼

❼ ✷✵✪ ❋❡3❛❧ ❇♦✈✐♥❡ ❙❡,✉♠

❼ ✷✵✪ ❉▼❙❖ ✭❉✐♠❡3❤②❧.✉❧❢♦①✐❞✮

●!♦✇.❤ ▼❡❞✐✉♠

❼ ✽✾✪ ❉✉❧❜❡❝❝♦✬. ▼❊▼ ✭✹✳✺ ❣✴▲ ❣❧✉❝♦.❡✮

❼ ✶✵✪ ❋❡3❛❧ ❜♦✈✐♥❡ .❡,✉♠ ✭❙❈✲✼✶ ❛♥❞ ❇❋✲❋✸✮✴❍♦,.❡ .❡,✉♠ ✭❇❆✲❋✽✮

❼ ✶✪ :❡♥✐❝✐❧❧✐♥✴❙3,❡♣3♦♠②❝✐♥
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❚♦ ✐❞❡♥)✐❢② )❤❡ )+❛♥%❝+✐♣) ♣+♦✜❧❡ ♦❢ ❤❡❛+) ❛♥❞ %❦❡❧❡)❛❧ ♠✉%❝❧❡% ✭▼✳ ♣❧❛♥&❛'✐)✮✱ ♠❘◆❆ ♦❢

❙▼✷✷♣✸✽▼❆P❑α ❝♦♥)+♦❧ ❛♥❞ ❑❖ ❛♥✐♠❛❧% ✇❛% ✐%♦❧❛)❡❞ ✉♥❞❡+ ❜❛%❡❧✐♥❡ ❝♦♥❞✐)✐♦♥ ❛♥❞ ❛❢)❡+ ✹✽

❤♦✉+% ♦❢ ❆◆●■■ )+❡❛)♠❡♥)✳ ❋♦✉+ ❛♥✐♠❛❧% ✇❡+❡ ✉%❡❞ ❢♦+ ❡❛❝❤ ❣+♦✉♣ ✭❈♦♥)+♦❧ ❜❛%❡❧✐♥❡✱ ❈♦♥)+♦❧

❆◆●■■✱ ❑❖ ❜❛%❡❧✐♥❡✱ ❑❖ ❆◆●■■✮✳

❚❤❡ ♠❘◆❆ ✇❛% ✐%♦❧❛)❡❞ ❛% ❞❡%❝+✐❜❡❞ ✐♥ %❡❝)✐♦♥ ✸✳✻✳✶✳ ■♠♣♦+)❛♥) )♦ ♥♦)✐❝❡ ✐% )❤❡ ♦♥✲❝♦❧✉♠♥

❞✐❣❡%)✐♦♥ ✇✐)❤ ❉◆❛%❡✱ )♦ ❡❧✐♠✐♥❛)❡ ❣❡♥♦♠✐❝ ❉◆❆ ❝♦♥)❛♠✐♥❛)✐♦♥ ♦❢ )❤❡ ✐%♦❧❛)❡%✳ ❚❤❡ ♠❘◆❆

❝♦♥❝❡♥)+❛)✐♦♥ ✇❛% ❡%)✐♠❛)❡❞ ✉%✐♥❣ ◆❛♥♦❞+♦♣ ◆❉✲✶✵✵✵✳ ■❢ ❛♣♣❧✐❝❛❜❧❡ )❤❡ ♠❘◆❆ ✇❛% ❞✐❧✉)❡❞

)♦ ❛ ✜♥❛❧ ❝♦♥❝❡♥)+❛)✐♦♥ ♦❢ ✶✵✵♥❣✴µ❧✳ ❚❤❡ ♠❘◆❆ ✇❛% ✜+%) ❛♥❛❧②③❡❞ ❜② ❉+✳ ❘❡♥[ ❉❡❡♥❡♥ ♦❢

)❤❡ ✬❇✐♦❧♦❣✐%❝❤✲▼❡❞✐③✐♥✐%❝❤❡% ❋♦+%❝❤✉♥❣%③❡♥)+✉♠ ✭❇▼❋❩✮✬ ♦❢ )❤❡ ❍❡✐♥+✐❝❤ ❍❡✐♥❡ ❯♥✐✈❡+%✐)②

❉`%%❡❧❞♦+❢ ❢♦+ !✉❛❧✐)② ❜② ❞❡)❡+♠✐♥✐♥❣ )❤❡ ❘◆❆ ✐♥)❡❣+✐)② ♥✉♠❜❡+ ✭❘■◆✮✱ ✇❤✐❝❤ ✐♥❞✐❝❛)❡% )❤❡

✐♥)❡❣+✐)② ♦❢ ❘◆❆✱ ❜② ❝❧❛%%✐❢②✐♥❣ ❘◆❆ ❜❛%❡❞ ♦♥ )❤❡✐+ ✶✽❙ )♦ ✷✽❙ +✐❜♦%♦♠❛❧ %✉❜✉♥✐)% +❛)✐♦ ✭❛%

❞❡❣+❛❞❛)✐♦♥ ♦❢ ❘◆❆ ❝❛♥ ❜❡ %❡❡♥ ❜② ❛ ❞❡❝+❡❛%❡ ✐♥ )❤❡ ✶✽❙ )♦ ✷✽❙ +✐❜♦%♦♠❛❧ ❜❛♥❞ +❛)✐♦ ❛♥❞ ❛♥

✐♥❝+❡❛%❡ ✐♥ )❤❡ ❜❛%❡❧✐♥❡ %✐❣♥❛❧ ❜❡)✇❡❡♥ )❤❡ )✇♦ +✐❜♦%♦♠❛❧ ♣❡❛❦% ❛♥❞ )❤❡ ❧♦✇❡+ ♠❛+❦❡+✮✳ ■) +❛♥❦%

❢+♦♠ ✶ )♦ ✶✵✱ ✇✐)❤ ✶ ❜❡✐♥❣ )❤❡ ♠♦%) ❞❡❣+❛❞❡❞ ♣+♦✜❧❡ ❛♥❞ ✶✵ ❜❡✐♥❣ )❤❡ ♠♦%) ✐♥)❛❝) ✭❙❝❤+♦❡❞❡+

❡) ❛❧✳ ✷✵✵✻✮✳ ❋♦+ ♠✐❝+♦❛++❛② ❛♥❛❧②%✐% ❛ ❤✐❣❤ !✉❛❧✐)② ♠❘◆❆ ✭❘■◆ ♦❢ ✽✲✶✵✮ ✐% ♣+❡❢❡+❛❜❧❡✳ ❚❤❡

❤✐❣❤ !✉❛❧✐)② ♦❢ )❤❡ ❘◆❆ %❛♠♣❧❡% ❣❡♥❡+❛)❡❞ ❛+❡ ✐❧❧✉%)+❛)✐✈❡❧② %❤♦✇♥ ✐♥ ✜❣✉+❡ ✸✳✷✱ ✇❤❡+❡ ♠❘◆❆

✐%♦❧❛)❡% ♦❢ ❤❡❛+) ✭❍+)✮✱▼✳ ❣❛)&'♦❝♥❡♠✐✉) ✭●✮✱▼✳ ♣❧❛♥&❛'✐) ✭P✮ ❛♥❞▼✳ )♦❧❡✉) ✭❙✮ ❛+❡ ❞❡♣✐❝)❡❞✱

❛❧❧ %❤♦✇✐♥❣ ❛ ❘■◆ ❛❜♦✈❡ ✽✳

P❛%%✐♥❣ )❤❡ !✉❛❧✐)② ❝♦♥)+♦❧✱ )❤❡ ♠❘◆❆ ❝♦✉❧❞ ❜❡ ✉%❡❞ ❢♦+ ♠✐❝+♦❛++❛② )+❛♥%❝+✐♣) ❛♥❛❧②%✐%✱

✇❤✐❝❤ ❛❧%♦ ✇❡+❡ ♣❡+❢♦+♠❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ❜② ❉+✳ ❘❡♥[ ❉❡❡♥❡♥ ✭❇♦))❡+♠❛♥♥✱ ▲❡✐)♥❡+ ❡) ❛❧✱ ✐♥

♣+❡♣❛+❛)✐♦♥✮✱ ❛% ❞❡%❝+✐❜❡❞ ✐♥ %✉♣♣❧❡♠❡♥)❛❧ %❡❝)✐♦♥ ✾✳✷✳

✸✳✼✳✶ ■♥❣❡♥✉✐*② ,❛*❤✇❛② ❆♥❛❧②2✐2 ✭■,❆✮ ♦❢ ▼✐❝9♦❛99❛② ❉❛*❛

▲✐%)% ♦❢ %✐❣♥✐✜❝❛♥)❧② ❛❧)❡+❡❞ )+❛♥%❝+✐♣)% ✭❢♦❧❞✲❝❤❛♥❣❡ ❃✶✳✺✮ ♦❢▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆P❑α

❝♦♥)+♦❧ ❛♥❞ ❑❖ ♠✐❝❡ ✹✽ ❤♦✉+% ❛❢)❡+ ❆◆●■■ )+❡❛)♠❡♥) ❜② ♠✐❝+♦❛++❛② ❛♥❛❧②%✐% ✇❡+❡ ✉♣❧♦❛❞❡❞

❛♥❞ ❛♥❛❧②③❡❞ ✉%✐♥❣ )❤❡ ■P❆ %♦❢)✇❛+❡ ✭◗✐❛❣❡♥✮✳ ❈♦+❡ ❛♥❛❧②%✐% ♦❢ ♠✐❝+♦❛++❛② ❞❛)❛ ✇❛% ❞♦♥❡ )♦

✐❞❡♥)✐❢② %✐❣♥✐✜❝❛♥)❧② ❛❧)❡+❡❞ ❝❛♥♦♥✐❝❛❧ ♣❛)❤✇❛②% ❛% ✇❡❧❧ ❛% ❛%%♦❝✐❛)❡❞ ❞✐%❡❛%❡% ❛♥❞ ❢✉♥❝)✐♦♥%

❧✐%)❡❞ ❜② )❤❡✐+ ♣✲✈❛❧✉❡✳



✸✳ ▼❡$❤♦❞( ✸✻

Assay Origin Path:

❋✐❣✉$❡ ✸✳✷✿ ◗✉❛❧✐-② ❈♦♥-$♦❧ ♦❢ ♠❘◆❆ ■8♦❧❛-❡8

❚❤❡ #✉❛❧✐(② ♦❢ ♠❘◆❆ ✐0♦❧❛(❡❞ ❢2♦♠ ❤❡❛2( ✭❍2(✮✱ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$ ✭●✮✱ ▼✳ ♣❧❛♥%❛&✐$ ✭8✮ ❛♥❞

▼✳ $♦❧❡✉$ ✭❙✮✳ ❚❤❡ ❧❡♥❣(❤ ♦❢ ✶✽❙ ❛♥❞ ✷✽❙ ♠❘◆❆ ✐0 ❞❡♣✐❝(❡❞ ✐♥ ♥✉❝❧❡♦(✐❞❡0 ❬♥(❪✱ ✇❤❡2❡ ✶✽❙ ✐0

❛❜♦✉( ✷✵✵✵♥( ✐♥ 0✐③❡ ❛♥❞ ✷✽❙ ❛❜♦✉( ✹✵✵✵♥(✳ ❚❤❡ ❛♠♦✉♥( ♦❢ ❜♦(❤ 2✐❜♦0♦♠❡0 ✐0 ❝❛❧❝✉❧❛(❡❞ ❜❛0❡❞

♦♥ (❤❡✐2 ✢✉♦2❡0❝❡♥❝❡ ❬❋❯❪✳



✸✳ ▼❡$❤♦❞( ✸✼

✸✳✽ ❆♥❣✐♦(❡♥*✐♥ ■■ ❚-❡❛(♠❡♥(

❆♥❣✐♦%❡♥'✐♥ ■■ ✭❆◆●■■✮ ♠♦❞✉❧❛%❡' ♠❛♥② ❝❛4❞✐❛❝ ❢✉♥❝%✐♦♥' ✐♥❝❧✉❞✐♥❣ ❝❛4❞✐❛❝ ❝♦♥%4❛❝%✐❧✐%②✱

4❡♠♦❞❡❧✐♥❣✱ ❣4♦✇%❤ ❛♥❞ ❛♣♦♣%♦'✐'✳ ▲♦♥❣ %❡4♠✱ '②'%❡♠❛%✐❝❛❧❧② ❛♣♣❧✐❡❞ ❆◆●■■ ✐♥ ❤②♣❡4♣❤②'✲

✐♦❧♦❣✐❝❛❧ ❝♦♥❞✐%✐♦♥' ✭✶✳✺µ❣✴❣✴❞❛②✮ ❧❡❛❞' %♦ ✈❛'♦❝♦♥'%4✐❝%✐♦♥✱ '✉❜'❡B✉❡♥%❧② %♦ ❜❧♦♦❞ ♣4❡''✉4❡

♦✈❡4❧♦❛❞ ❛♥❞ ✉❧%✐♠❛%❡❧② 4❡'✉❧%✐♥❣ ✐♥ ❤❡❛4% ❢❛✐❧✉4❡ ✭❈4♦✇❧❡② ❡% ❛❧✳ ✷✵✵✻✮✳

✸✳✽✳✶ ❖%♠♦(✐❝ ▼✐♥✐♣✉♠♣ ■♠♣❧❛♥(❛(✐♦♥

▼✐❝❡ 4❡❝❡✐✈❡❞ ✶µ❣✴❦❣✴♠✐♥ ❆♥❣✐♦%❡♥'✐♥ ■■ ✭❆◆●■■❀ ❙✐❣♠❛✱ ★❆✾✺✷✺✮ ✈✐❛ ❆❧③❡% ♦'♠♦%✐❝ ♠✐♥✐

♣✉♠♣' ✭♠♦❞❡❧ ✶✵✵✸❉✮ ❢♦4 ✷ ❛♥❞ ✶✹ ❞❛②'✱ 4❡'♣❡❝%✐✈❡❧②✳ ❚❤❡ ❢✉♥❝%✐♦♥ ♦❢ %❤❡ ♣✉♠♣' ✐' ❜❛'❡❞ ♦♥

%❤❡ ♦'♠♦%✐❝ ♣4✐♥❝✐♣❧❡ ❜❡%✇❡❡♥ ❛ ❝♦♠♣❛4%♠❡♥% ✇✐%❤✐♥ %❤❡ ♣✉♠♣ ❛♥❞ %❤❡ %✐''✉❡ ❡♥✈✐4♦♥♠❡♥%✳

❆' ✢✉✐❞' ♦❢ %❤❡ %✐''✉❡ ❡♥✈✐4♦♥♠❡♥% ❡♥%❡4 %❤❡ ♠✐♥✐ ♣✉♠♣✱ %❤❡ '✉❜'%❛♥❝❡ ❣❡%' 4❡❧❡❛'❡❞ ✐♥%♦ %❤❡

❜♦❞②✳

❊❛❝❤ ♣✉♠♣ ♠♦❞❡❧ ❤❛' ✐%' '♣❡❝✐✜❡❞ ♣✉♠♣✐♥❣ 4❛%❡✳ ❚❤❡ ♣✉♠♣ 4❛%❡ ♦❢ %❤❡ ✶✵✵✸❉ ♠♦❞❡❧ ✭✸❞

♣✉♠♣✮ ✐' ✶µ❧✴❤4 ✇✐%❤ ❛ ✜♥❛❧ ✜❧❧✐♥❣ ✈♦❧✉♠❡ ♦❢ ✶✵✵µ❧✳ ❆' %❤❡ ❢✉♥❝%✐♦♥ ✐' ❜❛'❡❞ ♦♥ ❛♥ ♦'♠♦%✐❝

♣4✐♥❝✐♣❧❡ ✐% ✐' ♦❢ ❣4❡❛% ✐♠♣♦4%❛♥❝❡✱ %❤❛% %❤❡ ♣✉♠♣' ❛4❡ ✜❧❧❡❞ ❝♦♠♣❧❡%❡❧② ✭♠✐♥✐♠✉♠ ✾✵✪✮✱ ❡✈❡♥

✐❢ %❤❡ %✐♠❡ ♦❢ ✐♥❢✉'✐♦♥ ✐' ❜❡❧♦✇ ♠❛①✐♠❛❧ ❞✉4❛%✐♦♥✳ ❚❤❡ ❝♦♠♣❧❡%❡ ✜❧❧✐♥❣ ❤❛❞ %♦ ❜❡ ✈❛❧✐❞❛%❡❞

❜② ✇❡✐❣❤%✐♥❣ %❤❡ ♣✉♠♣' ❜❡❢♦4❡ ❛♥❞ ❛❢%❡4 ✜❧❧✐♥❣✳ ■❢ %❤❡ ✜❧❧✐♥❣ ❞✐❞ ♥♦% ❡①❝❡❡❞ ✾✵✪ ✭

∼= ✾✵µ❧ ∼=

✾✵♠❣✮✱ %❤❡ ♣✉♠♣ ✇❛' ❡♠♣%✐❡❞ ❛♥❞ 4❡✜❧❧❡❞ ❜❡❢♦4❡ ✐♠♣❧❛♥%❛%✐♦♥✳

❚♦ ❣❡% %❤❡ '✉❜'%4❛%❡ ❛❞♠✐♥✐'%4❛%✐♦♥ '%❛4%❡❞✱ %❤❡ ♣✉♠♣' ❤❛❞ %♦ ❜❡ ✐♥❝✉❜❛%❡❞ ❢♦4 ❛% ❧❡❛'%

✹✲✻ ❤♦✉4' ✭♣4❡❢❡4❡♥%✐❛❧❧② ♦✴♥✮ ❛% ✸✼➦❈ ❜❡❢♦4❡ ✐♠♣❧❛♥%❛%✐♦♥ %♦ ❣✉❛4❛♥%❡❡ ✐♠♠❡❞✐❛%❡ ❆◆●■■

❛❞♠✐♥✐'%4❛%✐♦♥ ♦♥❝❡ ✐♠♣❧❛♥%❡❞✳ ❚♦ ✐♠♣❧❛♥% %❤❡ ♣✉♠♣' %❤❡ ♠✐❝❡ ✇❡4❡ ❛♥❡'%❤❡%✐③❡❞ ✇✐%❤ ✷✳✺

✪ ✐'♦✢✉4❛♥❡ ❛♥❞ ❦❡♣% ❛♥❡'%❤❡%✐③❡❞ %❤4♦✉❣❤♦✉% %❤❡ ✐♥%❡4✈❡♥%✐♦♥✳ ❚❤❡ ♥❡❝❦ ❣♦% ❧♦❝❛❧❧② '❤❛✈❡❞

❢♦❧❧♦✇❡❞ ❜② ❛ '♠❛❧❧ ✐♥❝✐'✐♦♥✱ ✇❤❡4❡ %❤❡ ♣✉♠♣' ✇❡4❡ '✉❜❝✉%❛♥❡♦✉'❧② ✭❜② ❝❛4❡❢✉❧❧② ❢♦4♠✐♥❣ ❛

'✉❜❝✉%❛♥❡♦✉' ♣♦❝❦❡% ✉'✐♥❣ ❛ '✉4❣✐❝❛❧ ❝❧❛♠♣✮ ✐♠♣❧❛♥%❡❞ ♦♥ %❤❡ ❜❛❝❦ ♦❢ %❤❡ ♠✐❝❡✳ ❚❤❡4❡❛❢%❡4

%❤❡ ✇♦✉♥❞ ✐' '✉%✉4❡❞ ✇✐%❤ ✹✲✺ '%✐%❝❤❡'✳

✸✳✾ ◆❡✉(-♦♣❤✐❧ ❉❡♣❧❡(✐♦♥

❋♦4 %❤❡ ❞❡♣❧❡%✐♦♥ ♦❢ ♥❡✉%4♦♣❤✐❧ ❛♥%✐✲▲②✻●✲❛♥%✐❜♦❞②✱ ❝❧♦♥❡ ✶❆✽ ✭❇✐♦❳❈❡❧❧✱ ★❇❊✵✵✼✺✲✶✮ ✇❛'

✉'❡❞✳ ❚♦ 4✉❧❡ ♦✉% ♥♦♥✲'♣❡❝✐✜❝ ❡✛❡❝%' ♦❢ %❤❡ ❛♥%✐❜♦❞②✱ ❛ ❝♦♥%4♦❧ ❣4♦✉♣ ✇❛' %4❡❛%❡❞ ✇✐%❤ ❛♥

✐'♦%②♣❡ ❝♦♥%4♦❧ ❛♥%✐❜♦❞② ✭■♥❱✐✈♦▼❛❜ ❘❛% ■❣●✷❛✱ ❝❧♦♥❡ ✷❆✸✱ ❇✐♦❳❈❡❧❧✱ ★❇❊✵✵✽✾✮✳ ✺✵✵µ❣ ♦❢

%❤❡ ❛♥%✐✲▲②✻● ❛♥%✐❜♦❞② ❛♥❞ %❤❡ ❝♦44❡'♣♦♥❞✐♥❣ ✐'♦%②♣❡ ❝♦♥%4♦❧ ✇❡4❡ ✐♥❥❡❝%❡❞ ✐✳♣✳ ✶✷✲✶✻ ❤♦✉4'

❜❡❢♦4❡ ♦'♠♦%✐❝ ♠✐♥✐ ♣✉♠♣ ✐♠♣❧❛♥%❛%✐♦♥✳ ❋♦✉4 ❞✐✛❡4❡♥% ❣4♦✉♣' ✇❡4❡ ❞❡✜♥❡❞ ✲ ✐'♦%②♣❡ %4❡❛%❡❞

❝♦♥%4♦❧' ✭❈%4❧✰■❚✮ ❛♥❞ ❑❖' ✭❑❖✰■❚✮ ❛♥❞ ❛♥%✐✲▲②✻● ❛♥%✐❜♦❞② %4❡❛%❡❞ ❝♦♥%4♦❧' ✭❈%4❧✰❆❇✮

❛♥❞ ❑❖' ✭❑❖✰❆❇✮✳ ❚❤❡ ❛♥✐♠❛❧ ♥✉♠❜❡4 ✐♥✈❡'%✐❣❛%❡❞ ❛' ❧✐'%❡❞✿

❈%4❧✰■❚ ❑❖✰■❚ ❈%4❧✰❆❇ ❑❖✰❆❇

◆✉♠❜❡4 ♦❢ ❆♥✐♠❛❧' ✻ ✻ ✽ ✽

❚❤❡ ✢♦✇ ❝②%♦♠❡%4✐❝ ❛♥❛❧②'✐' ♦❢ ❝✐4❝✉❧❛%✐♥❣ ♥❡✉%4♦♣❤✐❧' ✐♥ ❜❧♦♦❞ '❡4✉♠ ✇❛' ♣❡4❢♦4♠❡❞ ❜②

❉4✳ ▼❛4✐❛ ●4❛♥❞♦❝❤ ❛' ❞❡'❝4✐❜❡❞ ✐♥ ●4❛♥❞♦❝❤ ❡% ❛❧✳ ✷✵✶✺✳ ✹✽ ❤♦✉4' ❛❢%❡4 ♣✉♠♣ ✐♠♣❧❛♥%❛%✐♦♥

%❤❡ '✉❝❝❡''❢✉❧ ❞❡♣❧❡%✐♦♥ ♦❢ ♥❡✉%4♦♣❤✐❧' ❝♦✉❧❞ ❜❡ ✈❛❧✐❞❛%❡❞✱ ❛' ❞❡♠♦♥'%4❛%❡❞ ✐♥ '✉♣♣❧❡♠❡♥%❛❧

✜❣✉4❡ ✾✳✹✳



✸✳ ▼❡$❤♦❞( ✸✽

❈❛"❞✐❛❝ ♣❛"❛♠❡)❡" ♦❢ ♠✐❝❡ ✇❡"❡ ❡❝❤♦❝❛"❞✐♦❣"❛♣❤✐❝❛❧❧② ❛11❡11❡❞ ❜② ❉"✳ ❇♦))❡"♠❛♥♥ ❛)

❜❛1❡❧✐♥❡ ❛♥❞ ❛❢)❡" ✹✽ ❤♦✉"1 ♦❢ ❆◆●■■ )"❡❛)♠❡♥)✳

✶✷✲✶✻ ❤♦✉"1 ❛❢)❡" )❤❡ ✐♥❥❡❝)✐♦♥ ♦❢ )❤❡ ❛♥)✐❜♦❞✐❡1 ✭❛♥)✐✲▲②✻● ❛♥❞ ■❚✮✱ ❆◆●■■ ✜❧❧❡❞ ♦1♠♦)✐❝

♠✐♥✐♣✉♠♣1 ✇❡"❡ ✐♠♣❧❛♥)❡❞✳ ❆❢)❡" ✹✽ ❤♦✉"1 ♦❢ )"❡❛)♠❡♥)✱ )❤❡ )✐11✉❡1 ✇❡"❡ ❤❛"✈❡1)❡❞ ❛♥❞ ✉1❡❞

❢♦" ❤✐1)♦❧♦❣✐❝❛❧ ✐♥✈❡1)✐❣❛)✐♦♥1✱ ❛1 ✇❡❧❧ ❛1 ♠❘◆❆ ❛♥❛❧②1❡1 ❛1 ❞❡1❝"✐❜❡❞ ❡❛"❧✐❡"✳

✸✳✶✵ ❙%❛%✐(%✐❝(

❆❧❧ ❞❛)❛ ❛"❡ ❞❡♣✐❝)❡❞ ❛1 ♠❡❛♥ ± 1)❛♥❞❛"❞ ❞❡✈✐❛)✐♦♥✱ 1)❛)✐1)✐❝❛❧ ❛♥❛❧②1✐1 ✇❡"❡ ♣❡"❢♦"♠❡❞ ✉1✐♥❣

▼✐❝"♦1♦❢) ❊①❝❡❧ N"♦❢❡11✐♦♥❛❧ N❧✉1 ✷✵✶✸ ❛♥❞ ●"❛♣❤ N❛❞ N"✐1♠ ✺✳ ❋♦" )✐♠❡ ❧✐♥❡ ❛♥❛❧②1✐1 )✇♦

✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❇♦♥❢❡"♦♥✐ ♣♦1) )❡1) ✇❛1 ✉1❡❞✳ ❚✇♦ ❣"♦✉♣1 ✇❡"❡ ❝♦♠♣❛"❡❞ ✉1✐♥❣

1)✉❞❡♥)✬1 )✲)❡1)✳ ❋♦" ❝♦♠♣❛"✐1♦♥ ♦❢ ♠✉❧)✐♣❧❡ ❣"♦✉♣1 ♦♥❡ ✇❛② ❆◆❖❱❆ ❢♦❧❧♦✇❡❞ ❜② ❚✉❦❡② ♣♦1)

)❡1) ✇❛1 ♣❡"❢♦"♠❡❞✳ ❉✐✛❡"❡♥❝❡1 ♦❢ ♣❁✵✳✵✺ ✇❡"❡ ❝♦♥1✐❞❡"❡❞ 1)❛)✐1)✐❝❛❧❧② 1✐❣♥✐✜❝❛♥) ✭✯ ♣❁✵✳✵✺✱

✯✯ ♣❁✵✳✵✶✱ ✯✯✯ ♣❁✵✳✵✵✶✮✳



4
❘❡"✉❧%"

✹✳✶ ❍❡❛&' ❋❛✐❧✉&❡ ▼♦❞❡❧ ✕ ❙▼✷✷♣✸✽▼❆6❑α ❑❖ ▼♦✉9❡

❚♦ ❜❡$$❡% ✉♥❞❡%)$❛♥❞ ❡❛%❧② $%✐❣❣❡%) ♦❢ ❤❡❛%$✲)❦❡❧❡$❛❧ ♠✉)❝❧❡ ❝%♦)) $❛❧❦ $❤❡ ❙▼✷✷♣✸✽▼❆<❑α

❑❖ ♠♦✉)❡ ♠♦❞❡❧✱ ❛) ❞❡)❝%✐❜❡❞ ✐♥ $❤❡ ✐♥$%♦❞✉❝$✐♦♥ ✭)❡❡ )❡❝$✐♦♥ ✶✳✶✳✶ ❛♥❞ ♠❡$❤♦❞ )❡❝$✐♦♥ ✸✳✶✳✶✮

✇❛) ✉)❡❞✳ ❚❤❡ ❙▼✷✷♣✸✽▼❆<❑α ♠♦✉)❡ ❞❡✈❡❧♦♣) ❛ ❞✐❧❛$✐✈❡ ♣❤❡♥♦$②♣❡ ✇✐$❤ )❡✈❡%❡ ❝❛%❞✐❛❝

❞②)❢✉♥❝$✐♦♥ ♦✈❡% ✶✹ ❞❛②) ❛❢$❡% ❆◆●■■ $%❡❛$♠❡♥$ ✭)❡❡ ✜❣✉%❡ ✶✳✷✮✳ ✶✷ ✇❡❡❦ ♦❧❞ ♠❛❧❡ ♠✐❝❡ ✇❡%❡

✉)❡❞ ❢♦% $❤❡ ❡①♣❡%✐♠❡♥$)✳ ❆) ❝♦♥$%♦❧) ♣✸✽▼❆<❑αflox/flox
❧✐$$❡% ♠❛$❡) ✇❡%❡ ✉)❡❞✱ ✇✐$❤♦✉$

❡①♣%❡))✐♥❣ $❤❡ ❈%❡ %❡❝♦♠❜✐♥❛)❡✳

❯♥❞❡% ❜❛)❡❧✐♥❡ ❝♦♥❞✐$✐♦♥) ❢✉♥❝$✐♦♥❛❧ ❤❡❛%$ ♣❛%❛♠❡$❡%) ♦❢ ❙▼✷✷♣✸✽▼❆<❑α ❑❖ ♠✐❝❡ ✇❡%❡

✐♥❞✐)$✐♥❣✉✐)❤❛❜❧❡ ❢%♦♠ ❝♦♥$%♦❧)✱ ❛) )❡❡♥ ✐♥ ✜❣✉%❡ ✶✳✷✳ ❆❢$❡% ✐♥❞✉❝$✐♦♥ ♦❢ ❤❡❛%$ ❢❛✐❧✉%❡✱ ✉)✐♥❣

❆◆●■■ ❛♣♣❧✐❡❞ ✈✐❛ ♦)♠♦$✐❝ ♠✐♥✐ ♣✉♠♣)✱ $❤❡ ❡❝❤♦❝❛%❞✐♦❣%❛♣❤✐❝❛❧ ❛♥❛❧②)✐) ♦❢ ❙▼✷✷♣✸✽▼❆<❑α

♠✐❝❡ ✉♥%❛✈❡❧❡❞ $❤❡ ❢✉❧❧ ❡)$❛❜❧✐)❤♠❡♥$ ♦❢ ❝❛%❞✐❛❝ ❞②)❢✉♥❝$✐♦♥ ✐♥ ❑❖ ❤❡❛%$) ❛❧%❡❛❞② ✷ ❞❛②) ❛❢$❡%

❆◆●■■ $%❡❛$♠❡♥$✱ ✇❤✐❝❤ ❞✐❞ ♥♦$ ✐♠♣%♦✈❡ ♦✈❡% $✐♠❡✳ ❈♦♥$%♦❧ ❛♥✐♠❛❧)✱ ✇❤✐❝❤ ❛❧)♦ )❤♦✇❡❞ ❛

)♠❛❧❧ ❞❡❝%❡❛)❡ ♦❢ ❡❥❡❝$✐♦♥ ❢%❛❝$✐♦♥ ✭❊❋✮ ❛❢$❡% ✷ ❞❛②)✱ ❢✉❧❧② %❡❝♦✈❡%❡❞✱ ❛) )❡❡♥ ❛$ ❞❛② ✼ ❛♥❞ ❞❛②

✶✹✳

❇❡)✐❞❡) $❤❡ ❤❡❛%$ ❢❛✐❧✉%❡✱ ❛ )❡✈❡%❡ ❧♦)) ♦❢ ❜♦❞② ♠❛)) ♦✈❡% $✐♠❡ ♦❢ ❙▼✷✷♣✸✽▼❆<❑α ❑❖

♠✐❝❡ ✇❛) ♦❜)❡%✈❡❞✱ ❛) )❤♦✇♥ ✐♥ ✜❣✉%❡ ✹✳✶✳ ❚❤❡ ❜♦❞② ✇❡✐❣❤$ ♦❢ ❙▼✷✷♣✸✽▼❆<❑α ❝♦♥$%♦❧ ❛♥❞

❑❖ ❛♥✐♠❛❧) ❞%♦♣) ✐♥ $❤❡ ✜%)$ $✇♦ ❞❛②)✱ ❜✉$ ✐♥ ❝♦♥$%❛)$ $♦ ❝♦♥$%♦❧ ♠✐❝❡✱ ✇❤✐❝❤ %❡❝♦✈❡% ♦✈❡%

$✐♠❡✱ ❑❖ ❛♥✐♠❛❧) )$❛②❡❞ ❜❡❧♦✇ ✐♥✐$✐❛❧ ❜♦❞② ✇❡✐❣❤$ $❤%♦✉❣❤♦✉$ $❤❡ $✐♠❡ ♦❢ ✐♥✈❡)$✐❣❛$✐♦♥✳

❚❤✐) ♦❜)❡%✈❛$✐♦♥ ❧❡❛❞ $♦ $❤❡ ❛))✉♠♣$✐♦♥ $❤❛$ ❙▼✷✷♣✸✽▼❆<❑α ❑❖ ♠✐❝❡ ❝♦✉❧❞ )❡%✈❡ ❛)

❛ ♠♦❞❡❧ $♦ ✐♥✈❡)$✐❣❛$❡ ♠✉)❝❧❡ ✇❛)$✐♥❣✱ ❧✐❦❡❧② ✐♥❞✉❝❡❞ ❜② ❤❡❛%$ ❢❛✐❧✉%❡✳

❆) ❤❡❛%$ ❢❛✐❧✉%❡ ✐♥ $❤❡)❡ ♠✐❝❡ ✇❛) ❛❧%❡❛❞② ❢✉❧❧② ❡)$❛❜❧✐)❤❡❞ ❛❢$❡% ✷ ❞❛②) ♦❢ $%❡❛$♠❡♥$✱ $❤✐)

$✐♠❡ ♣♦✐♥$ ✇❛) ❝❤♦)❡♥ ❛) $❤❡ )$❛%$✐♥❣ ♣♦✐♥$ $♦ ✐♥✈❡)$✐❣❛$❡ ✐♥✢✉❡♥❝❡) ♦❢ ❝❛%❞✐❛❝ ✐♠♣❛✐%♠❡♥$ ♦♥

)❦❡❧❡$❛❧ ♠✉)❝❧❡)✳ ❚♦ $❡)$ ❢♦% ❡❛%❧② )✐❣♥) ♦❢ )❦❡❧❡$❛❧ ♠✉)❝❧❡ ✇❛)$✐♥❣✱ ❤✐)$♦❧♦❣✐❝❛❧ )❡❝$✐♦♥) ❝♦✉❧❞

♣%♦✈✐❞❡ ✈❛❧✉❛❜❧❡ ✜%)$ ✐♥)✐❣❤$)✱ ❛) ❛$%♦♣❤② ❝♦✉❧❞ ❛✛❡❝$ ❝%♦)) )❡❝$✐♦♥❛❧ ❛%❡❛) ♦❢ )✐♥❣❧❡ ✜❜❡%)✳

❚❤❡%❡❢♦%❡ ❢♦❧❧♦✇✐♥❣ ♠✉)❝❧❡) ❢%♦♠ $❤❡ ❤✐♥❞ ❧✐♠❜ ✇❡%❡ ❤❛%✈❡)$❡❞ ❛♥❞ ❛♥❛❧②③❡❞✿ ▼✳ ❣❛$%&♦❝♥❡✲

♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$✳ ❚❤❡)❡ ♠✉)❝❧❡) ❛%❡ ♦❢$❡♥ ❝❤♦)❡♥ ❢♦% ❛♥❛❧②)✐)✱ ❛) $❤❡② ❛%❡

❞❡✜♥✐$❡✱ ❡❛)✐❧② ❛❝❝❡))✐❜❧❡ ❛♥❞ ❞✉❡ $♦ $❤❡✐% ❞✐✛❡%❡♥$ ♠❡$❛❜♦❧✐❝ ♣%♦♣❡%$✐❡)✿ ❢❛)$✲$✇✐$❝❤✱ ❣❧②❝♦❧②$✐❝

♦% )❧♦✇ $✇✐$❝❤✱ ♦①✐❞❛$✐✈❡ ♠✉)❝❧❡ ✜❜❡%) ✭❛❧)♦ )❡❡ $❛❜❧❡ ✶✳✶✮✳ ❊)♣❡❝✐❛❧❧② ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳

$♦❧❡✉$ ❛%❡ ♦❢$❡♥ ❛♥❛❧②③❡❞✱ ❛) $❤❡② ❡①❤✐❜✐$ ❛ ❤♦♠♦❣❡♥♦✉) ❞✐)$%✐❜✉$✐♦♥ ♦❢ ♠❛✐♥❧② ❣❧②❝♦❧②$✐❝ ♦%

♦①✐❞❛$✐✈❡ ✜❜❡%)✱ %❡)♣❡❝$✐✈❡❧②✳

❚♦ ❣❡$ ❛ ❜❡$$❡% ✐♠♣%❡))✐♦♥ ♦❢ $❤❡✐% ❛❝$✉❛❧ )✐③❡✱ ❛ ♣❤♦$♦❣%❛♣❤ ♦❢ $❤❡ ♠✉)❝❧❡) ✐) )❤♦✇♥ ✐♥

✸✾
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❋✐❣✉$❡ ✹✳✶✿ ❇♦❞② ❲❡✐❣❤0 1$♦❣$❡22✐♦♥ ♦❢ ❙▼✷✷♣✸✽▼❆1❑α ▼✐❝❡

❇♦❞② ✇❡✐❣❤) ♣+♦❣+❡,,✐♦♥ ♦❢ ❙▼✷✷♣✸✽▼❆5❑α ❝♦♥)+♦❧ ✭❣+❡②✮ ❛♥❞ ❑❖ ✭❜❧❛❝❦✮ ♠✐❝❡ ♦✈❡+ ✶✹ ❞❛②,

♦❢ ❆◆●■■ )+❡❛)♠❡♥)✳ ❉❛)❛ +❡♣+❡,❡♥) ♠❡❛♥±❙❉❀ ✯✯✿ ♣❁✵✳✵✶❀ ♥❂✹✲✾✳

✜❣✉#❡ ✹✳✷✳ ❋#♦♠ ❧❡❢- -♦ #✐❣❤- ▼✳ ❣❛$%&♦❝♥❡♠✐✉$ ✭❛❜♦✉- ✶✺✵♠❣✮✱ ▼✳ ♣❧❛♥%❛&✐$ ✭❛❜♦✉- ✶✽♠❣✮

❛♥❞ ▼✳ $♦❧❡✉$ ✭❛❜♦✉- ✶✵♠❣✮ ❢#♦♠ -❤❡ ;❛♠❡ ❛♥✐♠❛❧ ❛#❡ ❞❡♣✐❝-❡❞✳ ❉✉❡ -♦ -❤❡ ❤✐❣❤ ❛♠♦✉♥- ♦❢

♠②♦❣❧♦❜✐♥ ♦❢ ;❧♦✇ ♦①✐❞❛-✐✈❡ ✜❜❡#;✱ -❤❡ ❝♦❧♦# ♦❢ ▼✳ $♦❧❡✉$ ❛♣♣❡❛#; ❞❛#❦ #❡❞✳ ■♥ ❝♦♥-#❛;- ▼✳

♣❧❛♥%❛&✐$ ❝♦♥;✐;-; ♠❛✐♥❧② ♦❢ -②♣❡ ✷ ✜❜❡#;✱ ✇❤✐❝❤ ❝♦♥-❛✐♥ ❧❡;; ♠②♦❣❧♦❜✐♥ ❛♥❞ -❤❡#❡❢♦#❡ ❛♣♣❡❛#;

♣❛❧❡# ✐♥ ❝♦❧♦#✳ ❆#❡❛; ♦❢ #❛-❤❡# ♦①✐❞❛-✐✈❡ ♦# ❣❧②❝♦❧②-✐❝ ✜❜❡#; ✐♥ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$ ❝❛♥ ❛❧;♦ ❜❡

❡;-✐♠❛-❡❞ ❜② -❤❡✐# ❞✐✛❡#❡♥- ;❤❛❞❡; ♦❢ #❡❞ ✭♠②♦❣❧♦❜✐♥ ❝♦♥-❡♥-✮ ✐♥ -❤✐; ♣❤♦-♦❣#❛♣❤✳

❋✐❣✉$❡ ✹✳✷✿ ■♠❛❣❡ ♦❢ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$

5❤♦)♦❣+❛♣❤✐❝ ✐♠❛❣❡ ♦❢ ✭❢+♦♠ ❧❡❢) )♦ +✐❣❤)✮ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$✳ ❚❤❡

✐♥)❡♥,✐)② ♦❢ +❡❞ ❝♦❧♦+ ✐, ❞✉❡ )♦ ❞✐✛❡+❡♥) ♠②♦❣❧♦❜✐♥ ❝♦♥)❡♥), ✭❞❛+❦ +❡❞ ✲ ♦①✐❞❛)✐✈❡ ✜❜❡+,✱ ♣❛❧❡

❝♦❧♦+ ✲ ❣❧②❝♦❧②)✐❝ ✜❜❡+,✮✳ ❙❝❛❧❡ ❂ ✶❝♠

✹✳✷ ❍✐%&♦❧♦❣✐❝❛❧ ❆♥❛❧②%✐% ♦❢ ❙❦❡❧❡&❛❧ ▼✉%❝❧❡%

❚♦ ✐♥✈❡;-✐❣❛-❡ ♣♦;;✐❜❧❡ ♠♦#♣❤♦❧♦❣✐❝❛❧ ❛❧-❡#❛-✐♦♥; ✐♥ ;❦❡❧❡-❛❧ ♠✉;❝❧❡;✱ -❤❡② ✇❡#❡ ❤❛#✈❡;-❡❞✱

❢#♦③❡♥ ❛♥❞ ;❡❝-✐♦♥❡❞ ❛; ❞❡;❝#✐❜❡❞ ✐♥ ;❡❝-✐♦♥ ✸✳✹✳ ❙❡#✐❛❧ ✽ µ♠ ❝#♦;; ;❡❝-✐♦♥; ✇❡#❡ ♠❛❞❡ ♦❢

♠✉#✐♥❡ ❝❛❧❢ ♠✉;❝❧❡; ✭✐♥❝❧✉❞✐♥❣ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$✮ ♦❢ ❝♦♥-#♦❧ ❛♥❞

♣✸✽▼❆L❑α ❑❖ ♠✐❝❡✳ ❚✇♦ ❝♦♥;❡❝✉-✐✈❡ ❝#♦;; ;❡❝-✐♦♥; ✇❡#❡ ♣❧❛❝❡❞ ♦♥ ♦♥❡ ♠✐❝#♦;❝♦♣❡ ;❧✐❞❡
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❋✐❣✉$❡ ✹✳✸✿ ▼♦$♣❤♦❧♦❣✐❝❛❧ ❆❧2❡$❛2✐♦♥4 ✐♥ ❙❦❡❧❡2❛❧ ▼✉4❝❧❡4 ❛❢2❡$ ❍❡❛$2 ❋❛✐❧✉$❡

◆❛"✐✈❡ ❝'♦)) )❡❝"✐♦♥) ♦❢ ♠✉'✐♥❡ ❤✐♥❞ ❧✐♠❜ ♦❢ ❙▼✷✷♣✸✽▼❆9❑α ❝♦♥"'♦❧ ✭❆✰❈✮ ❛♥❞ ❑❖ ✭❇✰❉✮

❛♥✐♠❛❧) ✉♥❞❡' ❜❛)❡❧✐♥❡ ❝♦♥❞✐"✐♦♥) ✭❆✰❇✮ ❛♥❞ ✷ ❞❛②) ❛❢"❡' ❆◆●■■ "'❡❛"♠❡♥"✳ ❙❝❛❧❡ ❜❛') ✶✵✵✵µ♠

❛♥❞ ✻ $❧✐❞❡$ ✇❡)❡ ♠❛❞❡ ♦❢ ❡❛❝❤ $❛♠♣❧❡✳

❙❦❡❧❡3❛❧ ♠✉$❝❧❡ $❡❝3✐♦♥$ ✇❡)❡ ❛♥❛❧②③❡❞ ✉♥❞❡) ❜❛$❡❧✐♥❡ ❝♦♥❞✐3✐♦♥ ❛♥❞ ✹✽ ❤♦✉)$ ❛❢3❡) ❆◆●■■

3)❡❛3♠❡♥3 ✐♥ ❙▼✷✷♣✸✽▼❆A❑α ♠✐❝❡✳ ❙✉)♣)✐$✐♥❣❧② ♥❛3✐✈❡ ❝)♦$$ $❡❝3✐♦♥$ ♦❢ ❆◆●■■✲3)❡❛3❡❞

❙▼✷✷♣✸✽▼❆A❑α ❑❖ ♠✐❝❡ ❡①❤✐❜✐3❡❞ ❞❛)❦❡) ❛♣♣❡❛)✐♥❣ ✜❜❡)$ ✐♥ ❛ $♣♦33❡❞ ♣❛33❡)♥ ✐♥ $❦❡❧❡3❛❧

♠✉$❝❧❡ $❡❝3✐♦♥$✱ ✐♥ ❝♦♥3)❛$3 3♦ ♥❛3✐✈❡ ❝)♦$$ $❡❝3✐♦♥$ ♦❢ ✉♥3)❡❛3❡❞ ❙▼✷✷♣✸✽▼❆A❑α ❝♦♥3)♦❧

❛♥❞ ❑❖ ♠✐❝❡✱ ✇❤✐❝❤ ❞✐❞ ♥♦3 $❤♦✇ ❛♥② ❛❜♥♦)♠❛❧✐3✐❡$✱ ❛$ $❡❡♥ ✐♥ ✜❣✉)❡ ✹✳✸✳ ❚❤✐$ ✇❛$ 3❤❡ ✜)$3

✐♥❞✐❝❛3✐♦♥ ♦❢ ♦♥❣♦✐♥❣ ❛❧3❡)❛3✐♦♥$ ✐♥ $❦❡❧❡3❛❧ ♠✉$❝❧❡$ $❤♦)3❧② ❛❢3❡) ✐♥❞✉❝3✐♦♥ ♦❢ ❤❡❛)3 ❢❛✐❧✉)❡✳

❚♦ ✐❞❡♥3✐❢② ❛ ♣♦$$✐❜❧❡ ✜❜❡)✲3②♣❡ $♣❡❝✐✜❝✐3② ♦❢ 3❤❡$❡ ❛❧3❡)❛3✐♦♥$✱ ✇❤✐❝❤ ✇❡)❡ $♦❧❡❧② ❢♦✉♥❞ ✐♥

❆◆●■■ 3)❡❛3❡❞ ❙▼✷✷♣✸✽▼❆A❑α ❑❖ ♠✐❝❡✱ $❡✈❡)❛❧ ❡♥③②♠❛3✐❝ ❛♥❞ ✐♠♠✉♥♦❧♦❣✐❝❛❧ $3❛✐♥✐♥❣$

✇❡)❡ ♣❡)❢♦)♠❡❞✳

✹✳✷✳✶ ■❞❡♥(✐❢②✐♥❣ ❖①✐❞❛(✐✈❡ ❋✐❜❡34 ✇✐(❤✐♥ ❙❦❡❧❡(❛❧ ▼✉4❝❧❡

❚♦ ❣❡3 ❛ ❜❡33❡) ✉♥❞❡)$3❛♥❞✐♥❣ ♦❢ ✜❜❡) 3②♣❡ ❞✐$3)✐❜✉3✐♦♥ ✇✐3❤✐♥ 3❤❡ $❦❡❧❡3❛❧ ♠✉$❝❧❡$ ♦❢ ✐♥3❡)✲

❡$3 3❤❡ ♦①✐❞❛3✐✈❡ ♣♦3❡♥3✐❛❧ ♦❢ ♠✉$❝❧❡$ ✜❜❡)$ ✇❛$ ✐❞❡♥3✐✜❡❞ ✇✐3❤ 3❤❡ $✉❝❝✐♥❛3❡ ❞❡❤②❞)♦❣❡♥❛$❡

✭❙❉❍✮ ❛$$❛②✱ ❛♥ ❛$$❛② ❜❛$❡❞ ♦♥ 3❤❡ ♦①✐❞❛3✐✈❡ ❝❛♣❛❝✐3② ♦❢ ♠✐3♦❝❤♦♥❞)✐❛❧ ❝♦♠♣❧❡① ■■ ✭$❡❡ $❡❝✲

3✐♦♥ ✸✳✹✳✷✮✳ ❚❤✐$ ❡♥❛❜❧❡$ 3♦ ❞✐$3✐♥❣✉✐$❤ ❜❡3✇❡❡♥ ♦①✐❞❛3✐✈❡ ✭)✐❝❤ ✐♥ ♠✐3♦❝❤♦♥❞)✐❛✮ ❛♥❞ ❣❧②❝♦❧②3✐❝

✜❜❡)$✳ ■♥ ✜❣✉)❡ ✹✳✹ 3❤❡ ✉$✉❛❧ ❞✐$3)✐❜✉3✐♦♥ ♦❢ ♦①✐❞❛3✐✈❡ ✭❞❛)❦✮ ❛♥❞ ❣❧②❝♦❧②3✐❝ ✜❜❡)$ ✭❜)✐❣❤3✮

♦❢ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$ ✐$ ❞❡♣✐❝3❡❞✳ ❲❤❡)❡❛$ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳

$♦❧❡✉$ $❤♦✇ ❛ )❛3❤❡) ❤♦♠♦❣❡♥♦✉$ ❞✐$3)✐❜✉3✐♦♥ ♦❢ ♠✉$❝❧❡ ✜❜❡)$✱▼✳ ❣❛$%&♦❝♥❡♠✐✉$ ❤❛$ ❞✐✛❡)❡♥3
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M. soleus

M. gastrocnemius

M. plantaris

❋✐❣✉$❡ ✹✳✹✿ ❖①✐❞❛-✐✈❡ /♦-❡♥-✐❛❧ ♦❢ ❙❦❡❧❡-❛❧ ▼✉7❝❧❡7

❙✉❝❝✐♥❛& ❞❡❤②❞+♦❣❡♥❛.❡ ✭❙❉❍✮ .&❛✐♥❡❞ ✽µ♠ &❤✐❝❦ ❝+♦.. .❡❝&✐♦♥ ♦❢ ♦①✐❞❛&✐✈❡ ✭❞❛+❦✮ ❛♥❞ ❣❧②❝♦❧②&✐❝

✭❧✐❣❤&✮ .❦❡❧❡&❛❧ ♠✉.❝❧❡ ✜❜❡+.✳ ▼✳ ❣❛$%&♦❝♥❡♠✐✉$✱ ▼✳ ♣❧❛♥%❛&✐$ ❛♥❞ ▼✳ $♦❧❡✉$ ❛+❡ ♠❛+❦❡❞ ✇✐&❤✐♥

&❤❡ .❡❝&✐♦♥✳ ❙❝❛❧❡ ❜❛+ ❂ ✶✵✵✵µ♠✳

❛!❡❛# ♦❢ ♠❛✐♥❧② ❣❧②❝♦❧②-✐❝ ♦! ♦①✐❞❛-✐✈❡ ✜❜❡!#✳

✹✳✷✳✷ ❋✐❜❡'✲)②♣❡ ,♣❡❝✐✜❝ ❙)❛✐♥✐♥❣

■♥-❡!❡#-✐♥❣❧② -❤❡ ♣❛--❡!♥ ♦❢ -❤❡ ♠♦!♣❤♦❧♦❣✐❝❛❧❧② ❛❧-❡!❡❞ ✜❜❡!# ♦❢ ❙▼✷✷♣✸✽▼❆=❑α ❑❖ ♠✐❝❡

❛❢-❡! ❤❡❛!- ❢❛✐❧✉!❡ ✇❛# #✐♠✐❧❛! -♦ ❙❍❉ #-❛✐♥❡❞ #❡❝-✐♦♥#✳ ❍❡♥❝❡ -❤❡ ♥❡①- ❧♦❣✐❝❛❧ #-❡♣ ✇❛#

-♦ ❞❡❝✐♣❤❡! ❛ ♣♦##✐❜❧❡ ✜❜❡! -②♣❡ #♣❡❝✐✜❝✐-②✳ ❋♦! -❤❛- !❡❛#♦♥ -❤❡ #❡❝-✐♦♥# ✇❡!❡ #-❛✐♥❡❞ ✇✐-❤

✜❜❡!✲-②♣❡ #♣❡❝✐✜❝ ❛♥-✐❜♦❞✐❡#✳ ❚❤!❡❡ ✜❜❡! -②♣❡ #♣❡❝✐✜❝ ❛♥-✐❜♦❞✐❡#✱ ✇❤✐❝❤ ✐❞❡♥-✐❢② -❤❡ ❞✐✛❡!✲

❡♥- ♠②♦#✐♥ ❤❡❛✈② ❝❤❛✐♥# ✭▼②❍❈#✮ ♦❢ #❦❡❧❡-❛❧ ♠✉#❝❧❡ ✜❜❡!# ✭❛♥-✐✲▼②❍❈✶✱ ❛♥-✐✲▼②❍❈✷❛ ❛♥❞

❛♥-✐✲▼②❍❈✷❜✮ ✇❡!❡ ❤❛!✈❡#-❡❞ ❢!♦♠ ❤②❜!✐❞♦♠❛ ❝❡❧❧ ❧✐♥❡#✱ ❛# ❞❡#❝!✐❜❡❞ ✐♥ #❡❝-✐♦♥ ✸✳✸✳✼ ❛♥❞

✷✳✽✳ ❇!✐❡✢② -❤❡ #❧♦✇✱ ♦①✐❞❛-✐✈❡ -②♣❡ ✶ ✜❜❡!✱ ✇❛# ✐❞❡♥-✐✜❡❞ ❜② ▼②❍❈✶ ❛♥❞ ❧❛❜❡❧❡❞ ✇✐-❤ ❛ !❡❞

✢✉♦!❡#❝❡♥- ✭❘❤♦❞❛♠✐♥❡ !❡❞✮ #❡❝♦♥❞❛!② ❛♥-✐❜♦❞②✳ ❚❤❡ ✐♥-❡!♠❡❞✐❛-❡ -②♣❡ ✷❛ ✜❜❡!✱ ♠❛!❦❡❞ ❜②

▼②❍❈✷❛✱ ✇❛# ❧❛❜❡❧❡❞ ✇✐-❤ ❛ ❣!❡❡♥ ✢✉♦!❡#❝❡♥- ✭❋■❚❈✮ #❡❝♦♥❞❛!② ❛♥-✐❜♦❞②✱ ✇❤❡!❡❛# -❤❡ ❢❛#-

❣❧②❝♦❧②-✐❝ -②♣❡ ✷❜ ✜❜❡! ✭▼②❍❈✷❜✮ ✇❛# ❧❛❜❡❧❡❞ ✇✐-❤ ❛ ❜❧✉❡ ✢✉♦!❡#❝❡♥- ✭❆▼❈❆✮ #❡❝♦♥❞❛!② ❛♥✲

-✐❜♦❞②✳ ❚❤❡ ❢♦✉!-❤✱ ❣❧②❝♦❧②-✐❝ -②♣❡ ✷❞✴① ✜❜❡! ✭▼②❍❈✷❞✴①✮ !❡♠❛✐♥❡❞ ✉♥#-❛✐♥❡❞ ❛♥❞ ❛♣♣❡❛!❡❞

-❤❡!❡❢♦!❡ ❞❛!❦ ✐♥ ✢✉♦!❡#❝❡♥- ✐♠❛❣❡#✳

❚❤❡ #-❛✐♥✐♥❣ !❡✈❡❛❧❡❞ -❤❛- -❤❡ ♠♦!♣❤♦❧♦❣✐❝❛❧❧② ❞✐✛❡!❡♥-❧② ❛♣♣❡❛!✐♥❣ ✜❜❡!# ❛!❡ -②♣❡ ✷❛

✭❛❧❧✮ ❛♥❞ -②♣❡ ✷❞✴① ✭#♦♠❡✮ #♣❡❝✐✜❝ ❛# ✐❧❧✉#-!❛-❡❞ ✐♥ ✜❣✉!❡ ✹✳✺✳

✹✳✷✳✸ ❚❡,)✐♥❣ ❢♦' ▲✐♣✐❞ ❉'♦♣❧❡) ❆❝❝✉♠✉❧❛)✐♦♥ ❛♥❞ ■♠♠✉♥❡ ❈❡❧❧ ■♥✜❧)'❛)✐♦♥

■♥ ❤❡❛!-# ♦❢ ♣✸✽▼❆=❑α ❑❖ ♠✐❝❡ ❛ ♠❛##✐✈❡ ❧✐♣✐❞ ❞!♦♣❧❡- ❛❝❝✉♠✉❧❛-✐♦♥ ❛# ✇❡❧❧ ❛# ❛♥ ✐♥✜❧-!❛✲

-✐♦♥ ♦❢ ♥❡✉-!♦♣❤✐❧# ❛❢-❡! ✷❞ ♦❢ ❆◆●■■ -!❡❛-♠❡♥- ✇❛# ❢♦✉♥❞ ✭#❡❡ ✜❣✉!❡ ✹✳✶✺ ❈✮✳ ❚❤✐# !♦#❡ -❤❡

W✉❡#-✐♦♥✱ ✇❤❡-❤❡! ♦♥❡ ♦❢ -❤❡#❡ ♣!♦❝❡##❡# ❛❧#♦ ❛❝❝♦✉♥-# ❢♦! -❤❡ ❞✐✛❡!❡♥- ❛♣♣❡❛!❛♥❝❡ ♦❢ -②♣❡ ✷❛
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❋✐❣✉$❡ ✹✳✺✿ ◆❛,✐✈❡ ❛♥❞ ❙,❛✐♥❡❞ ❈$②♦4❡❝,✐♦♥4 ♦❢ ❈♦♥,$♦❧ ❛♥❞ ❑❖ ▼✐❝❡ ,$❡❛,❡❞ ✇✐,❤

❆♥❣✐♦,❡♥4✐♥ ■■ ❢♦$ ,✇♦ ❉❛②4

❚❤"❡❡ ❝♦♥'❡❝✉)✐✈❡ ❝"♦'' '❡❝)✐♦♥' ♦❢ ❙▼✷✷♣✸✽▼❆4❑α ❝♦♥)"♦❧ ✭❆✲❈✮ ❛♥❞ ❑❖ ✭❉✲❋✮ ♠✐❝❡ ❛"❡

❞❡♣✐❝)❡❞✳ ■♥ ❆ ❛♥❞ ❉ ❛ ❝❧♦'❡✉♣ ♦❢ ♥❛)✐✈❡ '❡❝)✐♦♥' '❤♦✇ ♠♦"♣❤♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡' ♦❢ '✐♥❣❧❡ ✜❜❡"'

✐♥ ❑❖ ♠✐❝❡ ✭❉✮❀ )❤❡ '❡❝)✐♦♥' ✐♥ ❇ ❛♥❞ ❊ ❛"❡ ')❛✐♥❡❞ ✇✐)❤ '✉❝❝✐♥❛) ❞❡❤②❞"♦❣❡♥❛'❡ ✭❙❉❍✮ )♦

❞✐')✐♥❣✉✐'❤ ♦①✐❞❛)✐✈❡ ✭❞❛"❦✮ ❢"♦♠ ❣❧②❝♦❧②)✐❝ ✭❧✐❣❤)✮ ✜❜❡"'✳ ❈ ❛♥❞ ❋ ❛"❡ ✐♠♠✉♥♦')❛✐♥❡❞ ✇✐)❤

▼②♦'✐♥ ❤❡❛✈② ❝❤❛✐♥ ✭▼②❍❈✮ '♣❡❝✐✜❝ ❛♥)✐❜♦❞✐❡' ✭◦✿ ▼②❍❈ ✶❀ ★✿ ▼②❍❈ ✷❛❀ △✿ ▼②❍❈ ✷❞✴①❀ ✯✿

▼②❍❈ ✷❜✮✳ ❙❝❛❧❡ ❜❛"' ❂ ✶✵✵µ♠✳
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❋✐❣✉$❡ ✹✳✻✿ ◆♦ ❉❡,❡❝,✐♦♥ ♦❢ ▲✐♣✐❞ ❆❝❝✉♠✉❧❛,✐♦♥ ♦$ ■♥✢❛♠♠❛,✐♦♥ ✐♥ ❙❦❡❧❡,❛❧ ▼✉4✲

❝❧❡4 ❛❢,❡$ ❍❡❛$, ❋❛✐❧✉$❡

❈"♦'' '❡❝)✐♦♥' ♦❢ ❙▼✷✷♣✸✽▼❆4❑α ❝♦♥)"♦❧ ✭❆✲❈✮ ❛♥❞ ❑❖ ✭❉✲❋✮ ♠✐❝❡ ❛"❡ ❞❡♣✐❝)❡❞✳ ◆♦ ❧✐♣✐❞'

✇❡"❡ ❞❡)❡❝)❛❜❧❡ ✐♥ ❆ ❛♥❞ ❉ ✇✐)❤ ✹✵✲❢♦❧❞ ♠❛❣♥✐✜❝❛)✐♦♥ ✭❢❛)✲"❡❞ ')❛✐♥✐♥❣✮✳ ❖♥❧② '♦♠❡ ❛"❡❛' ♦❢

✐♥✜❧)"❛)✐♥❣ ♥❡✉)"♦♣❤✐❧' ✭❛♥)✐✲▲②✻●✮ ❛"❡ ❞❡)❡❝)❡❞ ✐♥ ❇ ❛♥❞ ❉ ♦✈❡"✈✐❡✇ '❡❝)✐♦♥' ✭■♠♠✉♥♦✢✉♦✲

"❡'❝❡♥❝❡ ')❛✐♥✐♥❣ ✇✐)❤ ❛♥)✐✲▲②✻●✱ "❡❞✮✱ ♦❢ ✇❤✐❝❤ ❤✐❣❤❡" ♠❛❣♥✐✜❝❛)✐♦♥' ✭❛"❡❛' ♠❛"❦❡❞ ❛' ✇❤✐)❡

❜♦①❡'✮ ❛"❡ '❡❡♥ ✐♥ ❈ ❛♥❞ ❋ ✭■♠♠✉♥♦✢✉♦"❡'❝❡♥❝❡ ')❛✐♥✐♥❣ ✇✐)❤ ❛♥)✐✲▲②✻● "❡❞✱ ❝❡❧❧ ♠❡♠❜"❛♥❡'

✭❲●❆✮ ❣"❡❡♥✱ ♥✉❝❧❡✐ ✭❉❆4■✮ ❜❧✉❡✮✳ ❙❝❛❧❡ ❜❛"' ❂ ✺✵µ♠ ✭❆✱ ❈✱ ❉✱ ❋✮❀ ✶✵✵✵µ♠ ✭❇✱ ❊✮✳
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❋✐❣✉$❡ ✹✳✼✿ ❆$❡❛, ♦❢ ❖①✐❞❛2✐✈❡ ❛♥❞ ●❧②❝♦❧②2✐❝ ❋✐❜❡$,

❘❡♣#❡$❡♥&❛&✐✈❡ ❛#❡❛$ $❡❧❡❝&❡❞ ❢♦# ✜❜❡# ❝❤❛#❛❝&❡#✐③❛&✐♦♥ ♦❢ ♠❛✐♥❧② ❣❧②❝♦❧②&✐❝ ✭❜❧✉❡ ❜♦①✮ ♦# ♦①✲

✐❞❛&✐✈❡ ✭#❡❞ ❜♦①✮ ✜❜❡#$✱ ❜❛$❡❞ ♦♥ ❙❉❍✲$&❛✐♥❡❞ $❡❝&✐♦♥$✳ ❙❝❛❧❡ ❜❛# ❂ ✶✵✵✵µ♠

❛♥❞ #②♣❡ ✷❞✴① ✜❜❡,-✳ ❚❤❡,❡❢♦,❡ ❝♦♥-❡❝✉#✐✈❡ ♠✉-❝❧❡ -❡❝#✐♦♥- ✇❡,❡ -#❛✐♥❡❞ ✇✐#❤ ❛♥#✐✲▲②✻● ✭❛♥

❛♥#✐❣❡♥✱ ✇❤✐❝❤ ❞❡#❡❝#- ❛ -✉,❢❛❝❡ ♠❛,❦❡, ♦❢ ♥❡✉#,♦♣❤✐❧-✮ ❛- ✇❡❧❧ ❛- ✇✐#❤ ❢❛#✲,❡❞✱ ❛ ❞②❡ ✉-❡❞ #♦

❞❡#❡❝# ❧✐♣✐❞- ✭-❡❝#✐♦♥ ✸✳✹✳✸✮✳ ❚❤❡,❡ ✇❡,❡ ♥♦ ❧✐♣✐❞- ❞❡#❡❝#❛❜❧❡ ✐♥ ❆◆●■■ #,❡❛#❡❞ ♠✉-❝❧❡- ✭✜❣✲

✉,❡ ✹✳✻ ❆ ❛♥❞ ❉✮ ❛♥❞ ♦♥❧② -♦♠❡ ♥❡✉#,♦♣❤✐❧- ✇❡,❡ ❞❡#❡❝#❡❞ ✐♥ ❆◆●■■ #,❡❛#❡❞ -❦❡❧❡#❛❧ ♠✉-❝❧❡-✱

❜✉# #❤❡-❡ ,❛,❡ ❛♣♣❡❛,❛♥❝❡ ♦❢ ♥❡✉#,♦♣❤✐❧- ✇❛- ♥❡✐#❤❡, ♠✉-❝❧❡ ,❡❣✐♦♥ ♥♦, ❣❡♥♦#②♣❡ ✭❝♦♥#,♦❧ ♦,

❑❖✮ ♥♦, #,❡❛#♠❡♥# ✭✇ ♦, ✇✴♦ ❆◆●■■✮ -♣❡❝✐✜❝✳ ❘❡♣,❡-❡♥#❛#✐✈❡ ✢✉♦,❡-❝❡♥# ✐♠❛❣❡- ♦❢ ♠✉-❝❧❡-

❤❛,❜♦,✐♥❣ -♦♠❡ ♥❡✉#,♦♣❤✐❧- ❛,❡ ❞❡♣✐❝#❡❞ ✐♥ ✜❣✉,❡ ✹✳✻ ❇✲❋ ✭❛♥#✐✲▲②✻●✮✳

◆❡✐#❤❡, ❧✐♣✐❞- ♥♦, ✐♥✜❧#,❛#✐♥❣ ✐♠♠✉♥❡ ❝❡❧❧- ❛❝❝♦✉♥# ❢♦, #❤❡ ♠♦,♣❤♦❧♦❣✐❝❛❧❧② ❞✐✛❡,❡♥#❧②

❛♣♣❡❛,✐♥❣ ✜❜❡,-✳

✹✳✷✳✹ ❈❤❛&❛❝(❡&✐③❛(✐♦♥ ♦❢ ❈❡❧❧ ❙✐③❡✱ ❈❡❧❧ ◆✉♠❜❡& ❛♥❞ ❈❛♣✐❧❧❛&② ❉❡♥:✐(②

❚♦ #❡-# ❢♦, ❛❞❞✐#✐♦♥❛❧ ♠♦,♣❤♦❧♦❣✐❝❛❧ ❛❧#❡,❛#✐♦♥- ✐♥ #❤❡-❡ ♠✉-❝❧❡-✱ ❝♦♥-❡❝✉#✐✈❡ -❡❝#✐♦♥- ♦❢ #❤❡

♠✉-❝❧❡ ✇❡,❡ -#❛✐♥❡❞ ✇✐#❤ ❲❤❡❛# ●❡,♠ ❆❣❣❧✉#✐♥✐♥ ✭❲●❆✮ ✭❝❡❧❧ ♠❡♠❜,❛♥❡-✮✱ ❛♥#✐✲❈❉✸✶ ❛♥✲

#✐❜♦❞✐❡- ✭❝❛♣✐❧❧❛,✐❡-✮ ❛♥❞ ❉❆S■ ✭♥✉❝❧❡✐✮ ❛❝❝♦,❞✐♥❣ #♦ #❤❡ ♣,♦#♦❝♦❧ ❞❡-❝,✐❜❡❞ ✐♥ -❡❝#✐♦♥ ✸✳✹✳✹✳

❚✇♦ ✺✵✵①✹✵✵♥♠ ❛,❡❛- ✇❡,❡ ❞❡✜♥❡❞ ✇✐#❤✐♥ ♦①✐❞❛#✐✈❡ ❛♥❞ ❣❧②❝♦❧②#✐❝ ,❡❣✐♦♥- ♦❢ #❤❡ ♠✉-❝❧❡✱

,❡-♣❡❝#✐✈❡❧②✳ ❚❤✐- -❡❧❡❝#✐♦♥✱ ❛- ♠❛,❦❡❞ ✐♥ ✜❣✉,❡ ✹✳✼✱ ✇❛- ❜❛-❡❞ ♦♥ #❤❡ ✜❜❡, #②♣❡ ❞✐-#,✐❜✉#✐♦♥

-❡❡♥ ❜② ❙❉❍ -#❛✐♥✐♥❣✳ ❚❤❡ ♥✉♠❜❡, ♦❢ ❝❡❧❧-✱ #❤❡✐, ❝,♦-- -❡❝#✐♦♥❛❧ ❛,❡❛ ✭❈❙❆✮ ❛- ✇❡❧❧ ❛- #❤❡

❝❛♣✐❧❧❛,② ❞❡♥-✐#② ✇❛- ❝♦✉♥#❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ✉-✐♥❣ #❤❡ ❝♦♠♣✉#❡, ♣,♦❣,❛♠ ✧■♠❛❣❡❏✧✳ ✹✲✻ ❝♦♥#,♦❧

❛♥❞ ❑❖ ❛♥✐♠❛❧- ✇❡,❡ ✉-❡❞ ❢♦, #❤❡-❡ ❛♥❛❧②-❡- ✭❜❛-❡❧✐♥❡✱ ✷❞ ❆◆●■■✮✳ ❚❤❡ \✉❛♥#✐#❛#✐✈❡ ❞❛#❛

❛,❡ -✉♠♠❛,✐③❡❞ ✐♥ ✜❣✉,❡ ✹✳✽✳ ■♥ ❣❡♥❡,❛❧ ♦①✐❞❛#✐✈❡ ✜❜❡,- ❛,❡ -♠❛❧❧❡, ✐♥ -✐③❡ ✇✐#❤ ❛ ❤✐❣❤❡,

❝❛♣✐❧❧❛,② ❞❡♥-✐#② ❝♦♠♣❛,❡❞ #♦ ❣❧②❝♦❧②#✐❝ ✜❜❡,- ✭❙❝❤✐❛✣♥♦ ❛♥❞ ❘❡❣❣✐❛♥✐ ✷✵✶✶✮✳ ❋✐,-# #❤❡-❡

♣❛,❛♠❡#❡, ✇❡,❡ ❛❧-♦ ❛♥❛❧②③❡❞ ✐♥ #❤❡ ❙▼✷✷♣✸✽▼❆S❑α ♠♦❞❡❧ ✉♥❞❡, ❜❛-❡❧✐♥❡ ❝♦♥❞✐#✐♦♥- ✐♥

❜♦#❤✱ ❝♦♥#,♦❧ ❛♥❞ ❑❖ ♠✐❝❡✳ ❚❤❡ ❝❡❧❧ -✐③❡ ♦❢ ♦①✐❞❛#✐✈❡ ✜❜❡,- ❛# ❜❛-❡❧✐♥❡ ✇❛- -♠❛❧❧❡, #❤❛♥ #❤❛#



✹✳ ❘❡$✉❧'$ ✹✺

♦❢ ❣❧②❝♦❧②&✐❝ ✜❜❡+, ✭♦①✐❞❛&✐✈❡✿ ✶✹✷✷✳✼✺µ♠2±✷✼✻✳✵✾ ✭❝♦♥&+♦❧✮❀ ✶✸✷✺✳✺✸µ♠2±✸✷✼✳✾✹ ✭❑❖✮ ✈,

❣❧②❝♦❧②&✐❝✿ ✷✵✸✺✳✺✽µ♠2±✷✻✵✳✷✺ ✭❝♦♥&+♦❧✮❀ ✷✶✸✶✳✽✶µ♠2±✸✸✼✳✻✹ ✭❑❖✮✮✳ ❚❤✐, ✇❛, ✐♥ ❧✐♥❡ ✇✐&❤

❛♥ ✐♥❝+❡❛,❡❞ ❝❡❧❧ ♥✉♠❜❡+ ♣❡+ ❛+❡❛ ❝♦✉♥&❡❞ ✭♦①✐❞❛&✐✈❡✿ ✶✵✾±✶✻ ✭❝♦♥&+♦❧✮❀ ✶✶✷±✶✾ ✭❑❖✮ ✈,

❣❧②❝♦❧②&✐❝✿ ✽✻±✶✵ ✭❝♦♥&+♦❧✮❀ ✽✷±✻ ✭❑❖✮✮✳ ❚❤❡ ❞❡♥,✐&② ♦❢ ❝❛♣✐❧❧❛+✐❡, ✇❛, ❛❧,♦ ❛♥❛❧②③❡❞ ❛♥❞ ✇❛,

❢♦✉♥❞ &♦ ❜❡ ❤✐❣❤❡+ ✐♥ ♦①✐❞❛&✐✈❡ ♠✉,❝❧❡ ✜❜❡+, ❝♦♠♣❛+❡❞ &♦ ❣❧②❝♦❧②&✐❝ ✜❜❡+, ✭♦①✐❞❛&✐✈❡✿ ✶✽✷±✶✾

✭❝♦♥&+♦❧✮❀ ✶✾✵±✸✵ ✭❑❖✮ ✈, ❣❧②❝♦❧②&✐❝✿ ✽✷±✶✹ ✭❝♦♥&+♦❧✮❀ ✾✵±✶✸ ✭❑❖✮✮✳

◆♦✇ &❤❡ K✉❡,&✐♦♥ ❛+♦,❡✱ ✇❤❡&❤❡+ &❤❡,❡ ♣❛+❛♠❡&❡+, ❝❤❛♥❣❡ ❛❢&❡+ ❆◆●■■ &+❡❛&♠❡♥&✳ ❚❤❡+❡✲

❢♦+❡ &❤❡② ✇❡+❡ ❛❧,♦ ❛♥❛❧②③❡❞ ❛❢&❡+ ✹✽ ❤♦✉+, ♦❢ ❆◆●■■ &+❡❛&♠❡♥& ❛, ,❡❡♥ ✐♥ ✜❣✉+❡ ✹✳✽✳ ❚❤❡

❝❛♣✐❧❧❛+② ❞❡♥,✐&② +❡♠❛✐♥❡❞ ✉♥❝❤❛♥❣❡❞ ✐♥ ♦①✐❞❛&✐✈❡ ❛♥❞ ❣❧②❝♦❧②&✐❝ ✜❜❡+, ✭♦①✐❞❛&✐✈❡✿ ✷✵✻±✸✵

✭❝♦♥&+♦❧✮❀ ✷✵✷±✷✹ ✭❑❖✮ ✈, ❣❧②❝♦❧②&✐❝✿ ✽✽±✶✻ ✭❝♦♥&+♦❧✮❀ ✾✽±✶✻ ✭❑❖✮✮✳ ❚❤❡ ♥✉♠❜❡+ ♦❢ ✜❜❡+,

♣❡+ ❛+❡❛ ❝♦✉♥&❡❞ ✇❛, ✉♥❝❤❛♥❣❡❞ ✐♥ ♦①✐❞❛&✐✈❡ ✜❜❡+, ✭✶✶✶±✷✾ ✭❝♦♥&+♦❧✮❀ ✶✶✺±✷✾ ✭❑❖✮✮ ❛, ✇❡❧❧

❛, &❤❡✐+ ❈❙❆, ✭✶✻✶✺✳✵✵±✸✼✷✳✶✶ ✭❝♦♥&+♦❧✮❀ ✶✹✺✽✳✵✵±✸✸✼✳✵✺ ✭❑❖✮✮✳

■♥ ❣❧②❝♦❧②&✐❝ ♠✉,❝❧❡, ❤♦✇❡✈❡+✱ &❤❡ ✜❜❡+ ♥✉♠❜❡+ ✇❛, ✐♥❝+❡❛,❡❞ ✐♥ ❑❖ ❛♥✐♠❛❧, ❛❢&❡+ ❆◆●■■

&+❡❛&♠❡♥& ❝♦♠♣❛+❡❞ &♦ ❜❛,❡❧✐♥❡ ✭✽✷±✽ ❜❛,❡❧✐♥❡❀ ✾✼±✼ ✷❞ ❆◆●■■❀ ♣❂✵✳✵✵✾✹✮✱ ✇❤✐❝❤ ✇❛, ,✉♣✲

♣♦+&❡❞ ❜② ❞❡❝+❡❛,❡❞ ❝❡❧❧ ,✐③❡ ✐♥ &❤❡,❡ ✜❜❡+, ✭✷✶✸✷µ♠2±✸✸✽ ❜❛,❛❧❀ ✶✾✶✼µ♠2±✶✼✷ ✷❞ ❆◆●■■❀

♣❂✵✳✶✶✮✳

❚♦ ,✉♠♠❛+✐③❡ &❤❡ ❤✐,&♦❧♦❣✐❝❛❧ ✜♥❞✐♥❣,✱ ✐& ❝♦✉❧❞ ❜❡ ❞❡♠♦♥,&+❛&❡❞ &❤❛& ❙▼✷✷♣✸✽▼❆U❑α

❑❖ ♠✐❝❡ ❞✐❞ ♥♦& ,❤♦✇ ❛♥② ❞✐✛❡+❡♥❝❡, ✉♥❞❡+ ❜❛,❡❧✐♥❡ ❝♦♥❞✐&✐♦♥,✳ ❲❤❡+❡❛, ♦①✐❞❛&✐✈❡ ✜❜❡+,

,&❛②❡❞ ✉♥❛✛❡❝&❡❞ ❛❢&❡+ ❆◆●■■ &+❡❛&♠❡♥&✱ &❤❡ ❣❧②❝♦❧②&✐❝ ✜❜❡+, ,❡❡♠❡❞ &♦ ❜❡❝♦♠❡ ,♠❛❧❧❡+✱

❛, ✐♥❞✐❝❛&❡❞ ❜② ❤✐❣❤❡+ ❝❡❧❧ ♥✉♠❜❡+ ♣❡+ ❛+❡❛ ❝♦✉♥&❡❞✱ ♣+♦❜❛❜❧② &❤❡ ✜+,& ,✐❣♥ ♦❢ ❣❧②❝♦❧②&✐❝

✜❜❡+✲,♣❡❝✐✜❝ ❛&+♦♣❤②✳ ❆❞❞✐&✐♦♥❛❧❧② &❤❡ ❤✐,&♦❧♦❣✐❝❛❧ ❝❤❛+❛❝&❡+✐③❛&✐♦♥ ♦❢ ❤❡❛+& ❢❛✐❧✉+❡ ❜❡❛+✐♥❣

❙▼✷✷♣✸✽▼❆U❑α ❑❖ ♠✐❝❡ +❡✈❡❛❧❡❞ ♠♦+♣❤♦❧♦❣✐❝❛❧❧② ❞✐✛❡+❡♥&❧② ❛♣♣❡❛+✐♥❣ &②♣❡ ✷❛ ❛♥❞ ✷❞✴①
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❋✐❣✉$❡ ✹✳✶✵✿ ❚♦♣ ✶✵ ❈❛♥♦♥✐❝❛❧ 3❛4❤✇❛②8 ♦❢ ▼✳ ♣❧❛♥&❛'✐) ✐❞❡♥4✐✜❡❞ ❜② ■3❆ ❙♦❢4✇❛$❡

❚❤❡ ✶✵ ❤✐❣❤❡'( ❛✛❡❝(❡❞ ❝❛♥♦♥✐❝❛❧ ♣❛(❤✇❛②' ♦❢ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆:❑α ❑❖ ♠✐❝❡ ❛❢(❡>
✐♥❞✉❝(✐♦♥ ♦❢ ❤❡❛>( ❢❛✐❧✉>❡ ❛' ❛♥❛❧②③❡❞ ❜② ■:❆ '♦❢(✇❛>❡✳ ➞ ✷✵✵✵✲✷✵✶✼ ◗■❆●❊◆✳ ❆❧❧ -✐❣❤12 -❡2❡-✈❡❞✳

✹✳✸✳✶ ❚%❛♥(❝%✐♣, ❆♥❛❧②(✐( ✉(✐♥❣ ■♥❣❡♥✉✐,② 4❛,❤✇❛② ❆♥❛❧②(✐( ✭■4❆✮ ❙♦❢,✲

✇❛%❡

❚♦ ✐❞❡♥&✐❢② ❛ ♣♦++✐❜❧❡ ✇❛+&✐♥❣ 0❡❧❛&❡❞ &0❛♥+❝0✐♣& ❡①♣0❡++✐♦♥ ♣0♦✜❧❡ ♦❢ ▼✳ ♣❧❛♥&❛'✐)✱ +②+&❡♠✲

❛&✐❝ ❛♥❛❧②+✐+ ♦❢ ❙▼✷✷♣✸✽▼❆=❑α ❑❖ ♠✐❝❡ ❝♦♠♣❛0❡❞ &♦ ❝♦♥&0♦❧+ ❛❢&❡0 ✹✽ ❤♦✉0+ ♦❢ ❆◆●■■

&0❡❛&♠❡♥& ✇❛+ ♣❡0❢♦0♠❡❞ ✉+✐♥❣ &❤❡ ■♥❣❡♥✉✐&② =❛&❤✇❛② ❆♥❛❧②+✐+ ✭■=❆✮ +♦❢&✇❛0❡ ✭❛❧+♦ +❡❡ +❡❝✲

&✐♦♥ ✸✳✼✳✶✮✳ ❚❤✐+ ❛♥❛❧②+✐+ ✐❞❡♥&✐✜❡❞ ✷✻✶ ❛✛❡❝&❡❞ ❝❛♥♦♥✐❝❛❧ ♣❛&❤✇❛②+ ✭❧♦❣✭♣✲✈❛❧✉❡✮❃✷✮✱ 0❡✈❡❛❧✲

✐♥❣ &❤❡ ♣0♦&❡✐♥ ✉❜✐O✉✐&✐♥❛&✐♦♥ ♣❛&❤✇❛② &♦ ❜❡ ❤✐❣❤❡+& ❛✛❡❝&❡❞ ✭❧♦❣✭♣✲✈❛❧✉❡✮❂✶✶✳✸✼✹✮✱ ❛+ ❛❧+♦

+❤♦✇♥ ✐♥ ✜❣✉0❡ ✹✳✶✵✳

❚❤❡ ✐♥❞✉❝&✐♦♥ ♦❢ &❤❡ ♣0♦&❡✐♥ ✉❜✐O✉✐&✐♥❛&✐♦♥ ♣❛&❤✇❛② ✐+ ❛ ❤❛❧❧♠❛0❦ ♦❢ ♠✉+❝❧❡ ✇❛+&✐♥❣✱ ❛+

✇❡❧❧ ❛+ ❛✉&♦♣❤❛❣②✱ ✇❤✐❝❤ ✐+ ❛❧+♦ ❤✐❣❤❧② ❛++♦❝✐❛&❡❞ ✇✐&❤ ♠✉+❝❧❡ ✇❛+&✐♥❣✳ ❆✉&♦♣❤❛❣② ✇❛+ ❛❧+♦

❢♦✉♥❞ &♦ ❜❡ ❛✛❡❝&❡❞ ✉+✐♥❣ ■=❆ +♦❢&✇❛0❡✱ 0❡✈❡❛❧✐♥❣ ✷✶ ♦✉& ♦❢ ✻✵ ♠♦❧❡❝✉❧❡+ ❛++♦❝✐❛&❡❞ ✇✐&❤

❛✉&♦♣❤❛❣② &♦ ❜❡ ❞❡0❡❣✉❧❛&❡❞ ✭✶✼ ✉♣✲✱ ✹ ❞♦✇♥✲0❡❣✉❧❛&❡❞✱ ❧♦❣✭♣✲✈❛❧✉❡✮❂✷✳✶✸✹✮✱ ❛+ +❤♦✇♥ ✐♥

✜❣✉0❡ ✹✳✶✶✳

❆❧+♦ ♦&❤❡0 ❤✐❣❤❧② ❛✛❡❝&❡❞ ❝❛♥♦♥✐❝❛❧ ♣❛&❤✇❛②+ ✭❛+ ❧✐+&❡❞ ✐♥ ✜❣✉0❡ ✹✳✶✵✮✱ +✉❝❤ ❛+ ◆❋✲κ❇

+✐❣♥❛❧✐♥❣✱ ♦0 ♣✸✽ ▼❆=❑ +✐❣♥❛❧✐♥❣ ❛0❡ ❛++♦❝✐❛&❡❞ ✇✐&❤ +❦❡❧❡&❛❧ ♠✉+❝❧❡ ✇❛+&✐♥❣✳

❋✉0&❤❡0♠♦0❡ &❤❡ ❛❧&❡0❡❞ &0❛♥+❝0✐♣&+ ❞❡&❡❝&❡❞ ❜② ♠✐❝0♦❛00❛② ❝♦✉❧❞ ❜❡ ❛++♦❝✐❛&❡❞ &♦ ❞✐+❡❛+❡+

❛♥❞ ❜✐♦❧♦❣✐❝❛❧ ❢✉♥❝&✐♦♥+✱ ✇❤❡0❡ &❤❡② ❣♦& +♦0&❡❞ ❜② &❤❡ +♦✲❝❛❧❧❡❞ ✧❛❝&✐✈❛&✐♦♥ ③✲+❝♦0❡✧✱ ✇✐&❤

❡♥❛❜❧❡+ &♦ ♣0❡❞✐❝& &❤❡ ❛❝&✐✈❛&✐♦♥ +&❛&❡ ♦❢ ❛ 0❡❣✉❧❛&♦0 ✭❁✵✿ ✐♥❤✐❜✐&❡❞✱ ❃✵✿ ❛❝&✐✈❛&❡❞✮✳ ■♥ ♣0❛❝&✐❝❡✱

③✲+❝♦0❡+ ❣0❡❛&❡0 &❤❛♥ ✷ ♦0 +♠❛❧❧❡0 &❤❛♥ ✲✷ ❝❛♥ ❜❡ ❝♦♥+✐❞❡0❡❞ +✐❣♥✐✜❝❛♥&✳

❚❤❡ ■=❆ ❛♥❛❧②+✐+ 0❡✈❡❛❧❡❞ ✸✷ 0❡❣✉❧❛&♦0+ &♦ ❞❡❝0❡❛+❡ +♣❡❝✐✜❝ ❢✉♥❝&✐♦♥+ ❛♥❞ ✾ 0❡❣✉❧❛&♦0+
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❋✐❣✉$❡ ✹✳✶✶✿ ■♠♣❛❝/ ♦❢ ❍❡❛$/ ❋❛✐❧✉$❡ ♦♥ ❆✉/♦♣❤❛❣② ❈❛♥♦♥✐❝❛❧ 9❛/❤✇❛② ♦❢ ▼✳ ♣❧❛♥✲

'❛(✐*

❉❡"❡❣✉❧❛'❡❞ '"❛♥*❝"✐♣'* ❢♦✉♥❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆6❑α ❑❖ ♠✐❝❡✱ ✇❤✐❝❤ ✇❡"❡ ❛*✲

*♦❝✐❛'❡❞ ✇✐'❤ '❤❡ ❛✉'♦♣❤❛❣② ❝❛♥♦♥✐❝❛❧ ♣❛'❤✇❛② ❛❢'❡" ✐♥❞✉❝'✐♦♥ ♦❢ ❤❡❛"' ❢❛✐❧✉"❡ ❛* ❛♥❛❧②③❡❞

❜② ■6❆ *♦❢'✇❛"❡✳ ❉❡'❡❝'❡❞ ♣"♦'❡✐♥* ❛"❡ ❢"❛♠❡❞ ✐♥ ♣✐♥❦❀ '❤❡ ❜♦①❡* ❛"❡ ✜❧❧❡❞ ✐♥ "❡❞ ♦" ❣"❡❡♥✱

✇❤✐❝❤ "❡♣"❡*❡♥' ✉♣✲ ✭"❡❞✮ ♦" ❞♦✇♥✲ ✭❣"❡❡♥✮ "❡❣✉❧❛'✐♦♥ ♦❢ ♣"♦'❡✐♥*✳ ❚❤❡ ✐♥'❡♥*✐'✐❡* ♦❢ "❡❞ ❛♥❞

❣"❡❡♥ ✐♥❞✐❝❛'❡ '❤❡ ❡①♣"❡**✐♦♥ ❞✐✛❡"❡♥❝❡* ✭♣❛❧❡ ✲ ♠♦❞❡"❛'❡✱ ✐♥'❡♥*❡ ✲ *'"♦♥❣ ✉♣✲✴❞♦✇♥"❡❣✉❧❛'✐♦♥✮

❜❡'✇❡❡♥ ❝♦♥'"♦❧ ❛♥❞ ❑❖ ❛♥✐♠❛❧*✳ ❧♦❣✭♣✲✈❛❧✉❡✮❂✷✳✶✸✹ ➞ ✷✵✵✵✲✷✵✶✼ ◗■❆●❊◆✳ ❆❧❧ -✐❣❤12 -❡2❡-✈❡❞✳

 ♦ ❛❝ ✐✈❛ ❡ '♣❡❝✐✜❝ ❢✉♥❝ ✐♦♥'✱ ❛' ❧✐' ❡❞ ✐♥ '✉♣♣❧❡♠❡♥ ❛❧ ✜❣✉2❡ ✾✳✸✳ ❉❡❝2❡❛'❡❞ ❢✉♥❝ ✐♦♥' ✇❡2❡

♠❛✐♥❧② ❛''♦❝✐❛ ❡❞ ✇✐ ❤ ✐♠♣❛✐2❡❞ ❝❡❧❧✉❧❛2 ❢✉♥❝ ✐♦♥'✱ '✉❝❤ ❛' ❝❡❧❧✉❧❛2 ♠♦✈❡♠❡♥ ✱ ❞❡✈❡❧♦♣♠❡♥ ✱

❛♥❞ ❢✉♥❝ ✐♦♥✱ ❜✉ ✇❡2❡ ❛❧'♦ ✐♥✈♦❧✈❡❞ ✐♥ ❞❡2❡❣✉❧❛ ❡❞ '❦❡❧❡ ❛❧ ❛♥❞ ♠✉'❝✉❧❛2 ❞❡✈❡❧♦♣♠❡♥ ❛♥❞

❢✉♥❝ ✐♦♥✳ ❚❤❡'❡ ✜♥❞✐♥❣' ♣♦✐♥ ❡❞  ♦✇❛2❞' ✐♠♣❛✐2❡❞ ❝❡❧❧ ♠❡ ❛❜♦❧✐'♠✱ ❛' ❢♦✉♥❞ ✐♥ '❦❡❧❡ ❛❧ ♠✉'❝❧❡

✇❛' ✐♥❣✱ ✇❤✐❝❤ ✇❛' ❛❝❝♦♠♣❛♥✐❡❞ ❜② ✐♥❝2❡❛'❡❞ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ❝❡❧❧ ❞❡❛ ❤✴♥❡❝2♦'❡'✳

■♥ ❡2❡' ✐♥❣❧② ❢✉♥❝ ✐♦♥' ✐♥✈♦❧✈❡❞ ✐♥ ✐♥❢❡❝ ✐♦✉' ❞✐'❡❛'❡' ✇❡2❡ ❛❧'♦ ❢♦✉♥❞  ♦ ❜❡ ❤✐❣❤❧② ✐♥❞✉❝❡❞

❛❝❝♦2❞✐♥❣  ♦ ❛❝ ✐✈❛ ✐♦♥ ③✲'❝♦2❡ ❛♥❛❧②'✐' ✭'❡❡ '✉♣♣❧❡♠❡♥ ❛❧ ✜❣✉2❡ ✾✳✸✮✳ ❆' ❝② ♦❦✐♥❡' ♣❧❛② ❛♥

✐♠♣♦2 ❛♥ 2♦❧❡ ✐♥  ❤❡ ❤❡❛2 ❢❛✐❧✉2❡ ✐♥❞✉❝❡❞ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✭●✉❧❧❡' ❛❞ ❡ ❛❧✳ ✷✵✶✷✮✱ ✐ ✇❛'

❤②♣♦ ❤❡'✐③❡❞  ❤❛ ❝② ♦❦✐♥❡ ✐♥❞✉❝ ✐♦♥ ✐' ❝❛✉'❡❞ ❜② ❝❛2❞✐❛❝ ❞②'❢✉♥❝ ✐♦♥ ♦❢ ❙▼✷✷♣✸✽▼❆K❑α

❑❖ ♠✐❝❡✳ ❆❞❞✐ ✐♦♥❛❧❧②  ❤❡ ■❧✲✻ ❝❛♥♦♥✐❝❛❧ ♣❛ ❤✇❛② ✇❛' ❛❧'♦ ❢♦✉♥❞  ♦ ❜❡ '✐❣♥✐✜❝❛♥ ❧② ❛✛❡❝ ❡❞

✭❧♦❣✭♣✲✈❛❧✉❡✮❂✷✳✷✾✻✮✱ ❛' ❞❡♠♦♥' 2❛ ❡❞ ✐♥ ✜❣✉2❡ ✹✳✶✷✳

■♥  ❛❜❧❡ ✹✳✶  ❤❡ ❢♦❧❞✲❝❤❛♥❣❡ ♦❢  2❛♥'❝2✐♣ ❡①♣2❡''✐♦♥ ♦❢ '❡✈❡2❛❧ ❛ 2♦❣❡♥❡' ✭✇❤✐❝❤ ❛2❡ ❣❡♥❡'

'♣❡❝✐✜❝❛❧❧② ❛''♦❝✐❛ ❡❞ ✇✐ ❤ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✲ ▲❡❝❦❡2 ❡ ❛❧✳ ✷✵✵✹✮✱ ✐♥❝❧✉❞✐♥❣ ♣2♦ ❡❛'♦♠❛❧

❞❡❣2❛❞❛ ✐♦♥ 2❡❧❛ ❡❞ ❣❡♥❡' ✭❚!✐♠✻✸ ✭▼✉!❢✶ ✮✱ ❋❜①♦✸✷ ✭❆0!♦❣✐♥✶ ✮✱ ❋♦①♦✶ ❛♥❞ ❋♦①♦✸ ✮ ❛♥❞ ❦❡②

❛✉ ♦♣❤❛❣② ♠❛2❦❡2' ✭❇♥✐♣✸✱ ●❛❜❛!❛♣❧✶ ❛♥❞ ❈❛0❡♣:✐♥ ▲ ✭❈0:❧✮✮ ♦❢ ▼✳ ♣❧❛♥0❛!✐: ❛❢ ❡2 ✐♥❞✉❝ ✐♦♥

♦❢ ❤❡❛2 ❢❛✐❧✉2❡ ❛2❡ ❧✐' ❡❞✳ ❆❞❞✐ ✐♦♥❛❧❧②✱  ❤❡ ❢♦❧❞✲❝❤❛♥❣❡ ♦❢  2❛♥'❝2✐♣ ❡①♣2❡''✐♦♥ ♦❢ ❝② ♦❦✐♥❡'
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❋✐❣✉$❡ ✹✳✶✷✿ ■♠♣❛❝0 ♦❢ ❍❡❛$0 ❋❛✐❧✉$❡ ♦♥ ■❧✲✻ ❈❛♥♦♥✐❝❛❧ 9❛0❤✇❛② ✐♥ ▼✳ ♣❧❛♥&❛'✐)

❉❡"❡❣✉❧❛'❡❞ '"❛♥*❝"✐♣'* ❢♦✉♥❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆6❑α ❑❖ ♠✐❝❡✱ ✇❤✐❝❤ ✇❡"❡ ❛**♦❝✐✲
❛'❡❞ ✇✐'❤ '❤❡ ■❧✲✻ ❝❛♥♦♥✐❝❛❧ ♣❛'❤✇❛② ❛❢'❡" ✐♥❞✉❝'✐♦♥ ♦❢ ❤❡❛"' ❢❛✐❧✉"❡ ❛* ❛♥❛❧②③❡❞ ❜② ■6❆ *♦❢'✇❛"❡✳

❉❡'❡❝'❡❞ ♣"♦'❡✐♥* ❛"❡ ❢"❛♠❡❞ ✐♥ ♣✐♥❦❀ '❤❡ ❜♦①❡* ❛"❡ ✜❧❧❡❞ ✐♥ "❡❞ ♦" ❣"❡❡♥✱ ✇❤✐❝❤ "❡♣"❡*❡♥' ✉♣✲

✭"❡❞✮ ♦" ❞♦✇♥✲ ✭❣"❡❡♥✮ "❡❣✉❧❛'✐♦♥ ♦❢ ♣"♦'❡✐♥*✳ ❚❤❡ ✐♥'❡♥*✐'✐❡* ♦❢ "❡❞ ❛♥❞ ❣"❡❡♥ ✐♥❞✐❝❛'❡ '❤❡

❡①♣"❡**✐♦♥ ❞✐✛❡"❡♥❝❡* ✭♣❛❧❡ ✲ ♠♦❞❡"❛'❡✱ ✐♥'❡♥*❡ ✲ *'"♦♥❣ ✉♣✲✴❞♦✇♥"❡❣✉❧❛'✐♦♥✮ ❜❡'✇❡❡♥ ❝♦♥'"♦❧

❛♥❞ ❑❖ ❛♥✐♠❛❧*✳ ❧♦❣✭♣✲✈❛❧✉❡✮❂✷✳✷✾✻ ➞ ✷✵✵✵✲✷✵✶✼ ◗■❆●❊◆✳ ❆❧❧ -✐❣❤12 -❡2❡-✈❡❞✳

❛♥❞ ❝②%♦❦✐♥❡ *❡❝❡♣%♦*, ✐♥ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆4❑α ❑❖ ♠✐❝❡ ✇❡*❡ ❧✐,%❡❞ ✐♥ %❛❜❧❡ ✹✳✷✳

■♥ ❛❞❞✐%✐♦♥ %♦ ❆◆●■■ ✐♥❞✉❝❡❞ %*❛♥,❝*✐♣% ❞❡*❡❣✉❧❛%✐♦♥,✱ %❤❡ ❛♥❛❧②,✐, ♦❢ ♠✐❝*♦❛**❛② ❛♥❛❧②,✐,

*❡✈❡❛❧❡❞ %❤❛% ✹✱✷✻✽ ✭❤❡❛*%,✮ ❛♥❞ ✸✱✷✻✼ ✭▼✳ ♣❧❛♥&❛'✐)✮ %*❛♥,❝*✐♣%, ✇❡*❡ ≥✷✲❢♦❧❞ ❞✐✛❡*❡♥%✐❛❧❧②

❡①♣*❡,,❡❞ ✭♣❁✵✳✵✶✮ ✐♥ ❆◆●■■ %*❡❛%❡❞ ❙▼✷✷♣✸✽▼❆4❑α ❑❖ ♠✐❝❡ ✇❤❡♥ ❝♦♠♣❛*❡❞ %♦ ❆◆●■■

%*❡❛%❡❞ ❝♦♥%*♦❧,✳ ❲✐%❤✐♥ %❤♦,❡ %❤❡ %*❛♥,❝*✐♣% ❡①♣*❡,,✐♦♥ ♦❢ ❛%*♦♣❤②✲*❡❧❛%❡❞ ❛♥❞ ✐♥✢❛♠♠❛%✐♦♥

❛,,♦❝✐❛%❡❞ ♣*♦❣*❛♠, ✇❛, ❢♦✉♥❞ %♦ ❜❡ ✐♥❞✉❝❡❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❙▼✷✷♣✸✽▼❆4❑α ❑❖,✱

,✉❣❣❡,%✐♥❣ %❤❛% %❤❡ ❞❡*❡❣✉❧❛%✐♦♥ ♦❢ ❛%*♦♣❤② ❛,,♦❝✐❛%❡❞ %*❛♥,❝*✐♣%, ✇❛, ❞✉❡ %♦ %❤❡ ❢❛✐❧✐♥❣ ❤❡❛*%

✐♥ %❤❡,❡ ❛♥✐♠❛❧,✳ ❚❤❡*❡❢♦*❡ ✐% ✇❛, ,♣❡❝✉❧❛%❡❞✱ ✇❤❡%❤❡* %❤❡ ❛❧%❡*❛%✐♦♥, ✇❡*❡ ❝❛✉,❡❞ ❜② ✐♥❝*❡❛,❡❞

❝②%♦❦✐♥❡ ❡①♣*❡,,✐♦♥ ✐♥ %❤❡ ❤❡❛*%✳ ❆ ♣❧❡%❤♦*❛ ♦❢ ❝②%♦❦✐♥❡, ❛♥❞ ❝❤❡♠♦❦✐♥❡, ✇❛, ❢♦✉♥❞ %♦ ❜❡

❤✐❣❤❧② ✉♣*❡❣✉❧❛%❡❞ ✐♥ ❙▼✷✷♣✸✽▼❆4❑α ❑❖ ❤❡❛*%, ✭,✉♣♣❧❡♠❡♥%❛❧ ✜❣✉*❡ ✾✳✷✮✳ ■♥%❡*❡,%✐♥❣❧②

,❡✈❡*❛❧ ♦❢ %❤♦,❡ ✇❡*❡ ✐♥❝*❡❛,❡❞ ✐♥ ❜♦%❤ ♦*❣❛♥,✱ ✐♥❝❧✉❞✐♥❣ ■❧✲✻✱ ■❧✲✻'❛ ❛♥❞ ■❧✲✶'✷ ✭%❛❜❧❡ ✹✳✷✮✱

♦%❤❡*, ,✉❝❤ ❛, ■❧✲✶❜ ✇❛, ♦♥❧② ✉♣*❡❣✉❧❛%❡❞ ✐♥ %❤❡ ❤❡❛*% ♦❢ ❙▼✷✷♣✸✽▼❆4❑α ❑❖ ♠✐❝❡✱ ✇❤❡*❡❛,

%❤❡ ❝♦**❡,♣♦♥❞✐♥❣ *❡❝❡♣%♦* ✭■❧✲✶'✷ ✮ ✇❛, ✐♥❝*❡❛,❡❞ ✐♥ ❜♦%❤ ✲ ▼✳ ♣❧❛♥&❛'✐) ❛♥❞ ❤❡❛*% ✭%❛❜❧❡ ✹✳✷✮

✳

❇❡,✐❞❡, ❝②%♦❦✐♥❡,✱ ✇❤✐❝❤ ,❡❡♠ %♦ ♣❧❛② ❛♥ ✐♠♣♦*%❛♥% *♦❧❡ ✐♥ %❤❡ ❤❡❛*% ❢❛✐❧✉*❡✲✐♥❞✉❝❡❞

♠✉,❝❧❡ ✇❛,%✐♥❣✱ %❤❡ ❣*♦✇%❤ ❛♥❞ ❞✐✛❡*❡♥%✐❛%✐♦♥ ❢❛❝%♦* ▼②♦)&❛&✐♥ ✭▼)&♥✮✱ ❛ ❢❛❝%♦* ❦♥♦✇♥ %♦

✐♥❤✐❜✐% ♠②♦❣❡♥❡,✐,✱ ✐, ❛❧,♦ ,✉❣❣❡,%❡❞ %♦ ✐♥❞✉❝❡ ,❦❡❧❡%❛❧ ♠✉,❝❧❡ ✇❛,%✐♥❣✱ ✇❤❡♥ *❡❧❡❛,❡❞ ❢*♦♠

%❤❡ ❢❛✐❧✐♥❣ ❤❡❛*% ✭❇*❡✐%❜❛*% ❡% ❛❧✳ ✷✵✶✶✮✳ ❆% ❧❡❛,% ❛% %❤✐, ❡❛*❧② %✐♠❡ ♣♦✐♥% ▼)&♥ ✇❛, ♦♥❧② ❢♦✉♥❞

%♦ ❜❡ ✉♣*❡❣✉❧❛%❡❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ❜✉% ♥♦% ✐♥ %❤❡ ❤❡❛*% ✭,❡❡ %❛❜❧❡ ✹✳✷✮✳
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❚❛❜❧❡ ✹✳✶✿ ❊①♣,❡--✐♦♥ ♦❢ ❆3,♦❣❡♥❡- ❛♥❞ ❆✉3♦♣❤❛❣②✲,❡❧❛3❡❞ ❚,❛♥-❝,✐♣3- ✐♥ ▼✳ ♣❧❛♥✲

'❛(✐* ✿ ❚❤❡ ✉♣&❡❣✉❧❛*✐♦♥ ✭✐♥❞✐❝❛*❡❞ ❛1 ❢♦❧❞✲❝❤❛♥❣❡✮ ♦❢ *&❛♥1❝&✐♣*1 ✐♥✈♦❧✈❡❞ ✐♥ 1❦❡❧❡*❛❧ ♠✉1❝❧❡

✇❛1*✐♥❣ ✭❛*&♦❣❡♥❡1 ❛♥❞ ❛✉*♦♣❤❛❣②✲&❡❧❛*❡❞ ❣❡♥❡1✮ ❢&♦♠ ❆◆●■■ *&❡❛*❡❞ ❙▼✷✷♣✸✽▼❆C❑α 1❦❡❧❡✲

*❛❧ ♠✉1❝❧❡ ✭▼✳ ♣❧❛♥&❛'✐)✮ ❝♦♠♣❛&❡❞ *♦ ❆◆●■■ *&❡❛*❡❞ ❝♦♥*&♦❧1 ❞❡*❡❝*❡❞ ❜② ♠✐❝&♦❛&&❛② *&❛♥1❝&✐♣*

❡①♣&❡11✐♦♥ ❛♥❛❧②1✐1✳

❚!❛♥$❝!✐♣( ◆❛♠❡ ✉♣!❡❣✉❧❛(✐♦♥

[❢♦❧❞✲❝❤❛♥❣❡]

❆❚❘❖●❊◆❊❙

❋♦①♦✸ ✻✶✳✻

❉♦❝✷❜ ✺✾✳✹

❚)✐♠✻✸ ✶✽✳✾

■❧✲✶)✷ ✶✶✳✽

▼2✶❧ ✶✵✳✷

▼2✶❜ ✶✵✳✵

❋❜①♦✸✷ ✾✳✷

❈①❝❧✶✸ ✼✳✺

❈4♥❦✷❛✷ ✼✳✺

▼❛✛ ✻✳✾

❋♦①♦✶ ✺✳✺

❊✐❢✹❣✸ ✹✳✽

❚❣✐❢ ✹✳✸

❘❛♥❜♣✾ ✸✳✾

❊✐❢✹❡❜♣✶ ✸✳✽

❆❯❚❖;❍❆●❨ ●❊◆❊❙

●❛❜❛)❛♣❧✶ ✺✳✶

❇♥✐♣✸ ✹✳✼

❈24❧✷ ✸✳✾

❚❛❜❧❡ ✹✳✷✿ ❈②3♦❦✐♥❡ ❛♥❞ ▼②♦-3❛3✐♥ ❚,❛♥-❝,✐♣3 ❊①♣,❡--✐♦♥ ♦❢ ❍❡❛,3 ❛♥❞ ▼✳ ♣❧❛♥✲

'❛(✐* ✿ ❚❤❡ ❞❡&❡❣✉❧❛*✐♦♥ ✭✐♥❞✐❝❛*❡❞ ❛1 ❢♦❧❞✲❝❤❛♥❣❡✮ ♦❢ ❝②*♦❦✐♥❡1 ❛♥❞ ♠②♦1*❛*✐♥ ❢&♦♠ ❆◆●■■

*&❡❛*❡❞ ❙▼✷✷♣✸✽▼❆C❑α ❑❖ ❤❡❛&*1 ❛♥❞ ▼✳ ♣❧❛♥&❛'✐) ❝♦♠♣❛&❡❞ *♦ ❆◆●■■ *&❡❛*❡❞ ❝♦♥*&♦❧1

❞❡*❡❝*❡❞ ❜② ♠✐❝&♦❛&&❛② *&❛♥1❝&✐♣* ❡①♣&❡11✐♦♥ ❛♥❛❧②1✐1

❚!❛♥$❝!✐♣( ◆❛♠❡ ❍❡❛!( ▼✳ ♣❧❛♥&❛'✐)

[❢♦❧❞✲❝❤❛♥❣❡] [❢♦❧❞✲❝❤❛♥❣❡]

▼42♥ ↔ ✸① ↑

■❧✲✻ ✸✸① ↑ ✷✵① ↑

❈①❝❧✺ ✼✽① ↑ ↔

■❧✲✶)✷ ✹✾① ↑ ✾① ↑

❈①❝❧✶ ✷✵① ↑ ↔

❈❝❧✷ ✶✾① ↑ ✶✷① ↓

❈①❝)✷ ✶✶① ↑ ↔

■❧✲✶❜ ✾① ↑ ↔

■❧✲✻)❛ ✷① ↑ ✶✷① ↑
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KO           control

panAKT

p38α

SkMHeart

KO         control

❋✐❣✉$❡ ✹✳✶✸✿ ❱❛❧✐❞❛/✐♦♥ ♦❢ ♣✸✽▼❆7❑α ❑♥♦❝❦✲♦✉/ ✭❑❖✮ ✐♥ ❍❡❛$/ ❜✉/ ♥♦/ ❙❦❡❧❡/❛❧

▼✉B❝❧❡ ✭❙❦▼✮

❑❖ ♦❢ ♣✸✽▼❆)❑α ✐♥ ❤❡❛/01 ❜✉0 ♥♦0 1❦❡❧❡0❛❧ ♠✉1❝❧❡1 ♦❢ ✐❈▼♣✸✽▼❆)❑α ❑❖ ♠✐❝❡ ❝♦♠♣❛/❡❞

0♦ ❝♦♥0/♦❧1 ❜② ✇❡10❡/♥ ❜❧♦0 ❛♥❛❧②1✐1✳ )❛♥❆❑❚ ✉1❡❞ ❛1 ❧♦❛❞✐♥❣ ❝♦♥0/♦❧✳

❚❤❡ ♠✐❝&♦❛&&❛② *&❛♥,❝&✐♣* ❡①♣&❡,,✐♦♥ ❛♥❛❧②,✐, ❝❧❡❛&❧② ❞❡♠♦♥,*&❛*❡❞ ❛♥ ✐♥❞✉❝*✐♦♥ ♦❢ ♠✉,✲

❝❧❡ ✇❛,*✐♥❣ ❛,,♦❝✐❛*❡❞ ❣❡♥❡ ♣&♦✜❧❡ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ✇✐*❤ *❤❡ ✐♥❞✉❝*✐♦♥ ♦❢ ♣&♦✲✐♥✢❛♠♠❛*♦&②

❝②*♦❦✐♥❡, ✐♥ *❤❡ ❤❡❛&* ❛, ✇❡❧❧ ❛, ✐♥ ▼✳ ♣❧❛♥&❛'✐)✱ ✇❤✐❝❤ ✇❡&❡ ♥♦* *&✐❣❣❡&❡❞ ❜② ❆◆●■■ ❜✉* ♠♦,*

❧✐❦❡❧② ❜② *❤❡ ❢❛✐❧✐♥❣ ❤❡❛&*✳

✹✳✹ ■♥❞✉❝✐❜❧❡ ❈❛-❞✐♦♠②♦❝②1❡ 2♣❡❝✐✜❝ ♣✸✽ ❑❖ ▼♦✉2❡ ▼♦❞❡❧

❚❤❡ ❙▼✷✷♣✸✽▼❆E❑α ♠♦❞❡❧ ✐, ❛ &♦❜✉,* ♠♦❞❡❧ *♦ ✐♥❞✉❝❡ ❤❡❛&* ❢❛✐❧✉&❡ ✇✐*❤✐♥ ✷ ❞❛②, ✉,✐♥❣

❆♥❣✐♦*❡♥,✐♥ ■■✳ ❚❤✐, ❝❛&❞✐❛❝ &❡♠♦❞❡❧✐♥❣ ✐♥❞✉❝❡, ❛❧*❡&❛*✐♦♥ ✐♥ ,❦❡❧❡*❛❧ ♠✉,❝❧❡,✱ ♥♦* ♦♥❧② ♦♥ ❛

♠♦&♣❤♦❧♦❣✐❝❛❧✱ ❜✉* ❛❧,♦ ♦♥ ❛ *&❛♥,❝&✐♣* ❡①♣&❡,,✐♦♥ ❧❡✈❡❧✳

❍♦✇❡✈❡& *❤❡&❡ ❛&❡ ,♦♠❡ ❝♦♥,*&❛✐♥*, ♦❢ *❤✐, ♠♦❞❡❧✱ ❛, *❤❡ ♣✸✽▼❆E❑α ✐, ♥♦* ♦♥❧② ✐♥❛❝*✐✲

✈❛*❡❞ ✐♥ ❝❛&❞✐♦♠②♦❝②*❡,✱ ❜✉* ❛❧,♦ ✐♥ ✈❛,❝✉❧❛& ,♠♦♦*❤ ♠✉,❝❧❡ ❝❡❧❧,✱ ✇❤✐❝❤ ♠✐❣❤* ❛❧,♦ ❝♦♥*&✐❜✉*❡

*♦ *❤❡ ❞❡✈❡❧♦♣♠❡♥* ♦❢ *❤❡ ,❡✈❡&❡ ❝❛&❞✐❛❝ ♣❤❡♥♦*②♣❡✳ ❆❞❞✐*✐♦♥❛❧❧②✱ ♣✸✽▼❆E❑α ✐, ❝♦♥,*✐*✉✲

*✐✈❡❧② ✐♥❛❝*✐✈❛*❡❞ ✐♥ *❤❡,❡ ❛♥✐♠❛❧,✳ ❚❤✐, ♠✐❣❤* ❝❛✉,❡ ❡❛&❧② ❞❡✈❡❧♦♣♠❡♥*❛❧ ❛❞❛♣*✐♦♥,✱ ✇❤✐❝❤

♣&♦❜❛❜❧② ❧❡❛❞ *♦ ❛ ❤✐❣❤❡& ,✉,❝❡♣*✐❜✐❧✐*② *♦ ✐♥❝&❡❛,❡❞ ❡♥✈✐&♦♥♠❡♥*❛❧ ,*&❡,,✱ ✇❤✐❝❤ ✉❧*✐♠❛*❡❧②

❝♦✉❧❞ *&✐❣❣❡& ❤❡❛&* ❢❛✐❧✉&❡✳ ❚❤✐, ❛,,✉♠♣*✐♦♥ ✇❛, ❢✉&*❤❡& ,✉♣♣♦&*❡❞ ❜② *❤❡ ♦❜,❡&✈❛*✐♦♥ ♦❢ ❢❡✲

♠❛❧❡ ❙▼✷✷♣✸✽▼❆E❑α ❑❖ ♠✐❝❡✱ ✇❤✐❝❤ ❞❡✈❡❧♦♣❡❞ ❤❡❛&* ❢❛✐❧✉&❡ ❞✉&✐♥❣ ♣&❡❣♥❛♥❝②✳ ❚❤✐, ✐, ✐♥

❝♦♥*&❛,* *♦ *❤❡ ♠❛❥♦&✐*② ♦❢ ❛❞✉❧* ♣❛*✐❡♥*, ,✉✛❡&✐♥❣ ❢&♦♠ ❤❡❛&* ❢❛✐❧✉&❡✴❝❛❝❤❡①✐❛✱ ✇❤♦ ❞❡✈❡❧♦♣

*❤❡ ❞✐,❡❛,❡ ✐♥❞❡♣❡♥❞❡♥* ♦❢ ❣❡♥❡*✐❝ ♣&❡❞✐,♣♦,✐*✐♦♥,✳

❚♦ ♦✈❡&❝♦♠❡ *❤❡,❡ ❞✐,❛❞✈❛♥*❛❣❡,✱ ❛♥ ✐♥❞✉❝✐❜❧❡ ❝❛&❞✐♦♠②♦❝②*❡✲,♣❡❝✐✜❝ ♣✸✽▼❆E❑α ❑❖

♠♦✉,❡ ✇❛, ❣❡♥❡&❛*❡❞ ✭,❡❡ ,❡❝*✐♦♥ ✸✳✶✳✷✮✱ *❤❡&❡❛❢*❡& &❡❢❡&&❡❞ *♦ ❛, ✐❈▼♣✸✽▼❆E❑α ♠✐❝❡✳ ❚❤❡

❑❖ ✇❛, ✐♥❞✉❝❡❞ ✐♥ ✻✲✽ ✇❡❡❦ ♦❧❞ ♠✐❝❡ ✉,✐♥❣ *❛♠♦①✐❢❡♥ ✭✺✵✵µ❣✴❞ ✐✳♣✳ ✐♥❥❡❝*✐♦♥, ❢♦& ✶✵ ❞❛②,✮✳

❆❢*❡& ❛ ✹ ✇❡❡❦ &❡❝♦✈❡&② ♣❡&✐♦❞ ♣✸✽▼❆E❑α ♣&♦*❡✐♥ ❧❡✈❡❧, ✇❡&❡ ❛♥❛❧②③❡❞ ✐♥ ❤❡❛&* ❛♥❞ ,❦❡❧❡✲

*❛❧ ♠✉,❝❧❡ ✭❙❦▼✮ ❜② ✇❡,*❡&♥ ❜❧♦**✐♥❣✳ ❆, ,❤♦✇♥ ✐♥ ✜❣✉&❡ ✹✳✶✸ *❤❡ ❝❛&❞✐❛❝ ♣&♦*❡✐♥ ❧❡✈❡❧, ♦❢

♣✸✽▼❆E❑α ❞&♦♣♣❡❞ *♦ ❛♣♣&♦①✐♠❛*❡❧② ✺✪ ♦❢ *❤❡ ❝♦♥*&♦❧ ❧❡✈❡❧✱ ✇❤❡&❡❛, *❤❡ ♣✸✽▼❆E❑α ♣&♦✲

*❡✐♥ ❧❡✈❡❧, &❡♠❛✐♥ ✉♥❛❧*❡&❡❞ ✐♥ ,❦❡❧❡*❛❧ ♠✉,❝❧❡,✳ ❆, *❤❡ ❑❖ ✇❛, ❢✉❧❧② ❡,*❛❜❧✐,❤❡❞ ✹ ✇❡❡❦, ❛❢*❡&

✐♥❞✉❝*✐♦♥✱ *❤❡ ❝❛&❞✐❛❝ ❝❤❛&❛❝*❡&✐③❛*✐♦♥ ♦❢ ✐❈▼♣✸✽▼❆E❑α ♠✐❝❡ ✉♥❞❡& ❜❛,❡❧✐♥❡ ❝♦♥❞✐*✐♦♥, ❛♥❞

❛❢*❡& ❆◆●■■ *&❡❛*♠❡♥* ❝♦✉❧❞ ❜❡ ♣❡&❢♦&♠❡❞ ✭✜❣✉&❡ ✹✳✶✹✮✳



✹✳ ❘❡$✉❧'$ ✺✸

6-8 weeks 10 d

48 hours

ANGII minipump

implantation

birth

Tamoxifen

4 weeks

Time frame of investigation

❋✐❣✉$❡ ✹✳✶✹✿ ❍❡❛$, ❋❛✐❧✉$❡ ■♥❞✉❝,✐♦♥ ✐♥ ✐❈▼♣✸✽▼❆9❑α ❑❖ ▼✐❝❡

♣✸✽▼❆%❑α ❑❖ ✇❛* ✐♥❞✉❝❡❞ ✇✐1❤ ✺✵✵µ❣ ✹❖❍✲❚❛♠♦①✐❢❡♥✱ ✐♥1?❛♣❡?✐1♦♥❡❛❧❧② ✭✐✳♣✳✮ ✐♥❥❡❝1❡❞ ❢♦?

1❡♥ ❝♦♥*❡❝✉1✐✈❡ ❞❛②* ✻✲✽ ✇❡❡❦* ❛❢1❡? ❜✐?1❤✳ ❆❢1❡? ❛ ?❡❝♦✈❡?② ♣❡?✐♦❞ ♦❢ ✹ ✇❡❡❦* ❆◆●■■ ♠✐♥✐♣✉♠♣*

✭✶µ❣✯❦❣−1
✯♠✐♥

−1
✮ ✇❡?❡ ✐♠♣❧❛♥1❡❞✳ ▼✐❝❡ ❣♦1 *❛❝?✐✜❝❡❞ ✶✷✱ ✷✹ ♦? ✹✽ ❤♦✉?* 1❤❡?❡❛❢1❡?✳

✶✷ ✇❡❡❦ ♦❧❞ ♠❛❧❡ ♠✐❝❡ ✇❡,❡ ✉.❡❞ ❢♦, ❡①♣❡,✐♠❡♥3.✳ ❆. ❝♦♥3,♦❧✱ ♣✸✽▼❆:❑αflox/flox
❧✐33❡,

♠❛3❡. ✇❡,❡ ✉.❡❞✱ ✇✐3❤♦✉3 ❡①♣,❡..✐♥❣ 3❤❡ 3❛♠♦①✐❢❡♥✲✐♥❞✉❝✐❜❧❡ ❈,❡✲,❡❝♦♠❜✐♥❛.❡ ♠❡,❈,❡♠❡,✳

◆♦♥❡3❤❡❧❡.. 3❤❡ ❝♦♥3,♦❧ ♠✐❝❡ ✇❡,❡ ❛❧.♦ ✐♥❥❡❝3❡❞ ✇✐3❤ 3❛♠♦①✐❢❡♥ ❢♦, ✶✵ ❞❛②. 3♦ ,✉❧❡ ♦✉3 ❛♥②

3❛♠♦①✐❢❡♥ ,❡❧❛3❡❞ ❡✛❡❝3.✳

❈❤❛,❛❝3❡,✐③❛3✐♦♥ ♦❢ 3❤❡ ❝❛,❞✐❛❝ ♣❤❡♥♦3②♣❡ ✇❛. ♣❡,❢♦,♠❡❞ ❜② ❡❝❤♦❝❛,❞✐♦❣,❛♣❤✐❝ ❛♥❛❧②.✐.✱

✇❤✐❝❤ ✇❛. ❞♦♥❡ ✐♥ ❝♦♦♣❡,❛3✐♦♥ ✇✐3❤ ❉,✳ ♠❡❞✳ ❑❛3❤❛,✐♥❛ ❇♦33❡,♠❛♥♥✳ ❚❤✐. ❛♥❛❧②.✐. ,❡✈❡❛❧❡❞

3❤❛3 ✐❈▼♣✸✽▼❆:❑α ❑❖ ❤❡❛,3. ❞❡✈❡❧♦♣❡❞ ❛ .✐♠✐❧❛, ❝❛,❞✐❛❝ ♣❤❡♥♦3②♣❡ ❛. ❙▼✷✷♣✸✽▼❆:❑α

❑❖♠✐❝❡✳ ❯♥❞❡, ❜❛.❡❧✐♥❡ ❝♦♥❞✐3✐♦♥. ♥♦ .✐❣♥✐✜❝❛♥3 ❞✐✛❡,❡♥❝❡. ✐♥ ❝❛,❞✐❛❝ ♣❛,❛♠❡3❡,. ✇❡,❡ ❢♦✉♥❞

✐♥ ✐❈▼♣✸✽▼❆:❑α ❝♦♥3,♦❧ ❛♥❞ ❑❖ ♠✐❝❡✳ ❆❢3❡, ✹✽❤ ♦❢ ❆◆●■■ 3,❡❛3♠❡♥3 ✐♠♣❛✐,❡❞ ❝❛,❞✐❛❝

❢✉♥❝3✐♦♥ ✇✐3❤ ❛ ❞✐❧❛3✐✈❡ ♣❤❡♥♦3②♣❡ ✇❛. ♦❜.❡,✈❡❞ ❛. .❡❡♥ ❜② ,❡❞✉❝❡❞ ❊❋ ❛♥❞ ✐♥❝,❡❛.❡❞ ❡♥❞

.②.3♦❧✐❝ ❛♥❞ ❞✐❛.3♦❧✐❝ ✈♦❧✉♠❡. ✭❊❙❱✱ ❊❉❱✮✳ ❍✐.3♦❧♦❣✐❝❛❧ ✐♥✈❡.3✐❣❛3✐♦♥. .❤♦✇❡❞ ❧✐♣✐❞ ❞,♦♣❧❡3

❛❝❝✉♠✉❧❛3✐♦♥ ❛. ✇❡❧❧ ❛. ♥❡✉3,♦♣❤✐❧ ✐♥✜❧3,❛3✐♦♥ ❛❢3❡, ✹✽❤ ♦❢ ❆◆●■■ 3,❡❛3♠❡♥3 ✭.❡❡ ✜❣✉,❡ ✹✳✶✺✮✳

❚❤❡ ✐❈▼♣✸✽▼❆:❑α ❑❖ ♠✐❝❡ .❤♦✇❡❞ ❛ .✐♠✐❧❛, ♣❤❡♥♦3②♣❡ ❛. ❙▼✷✷♣✸✽▼❆:❑α ❑❖ ♠✐❝❡✱

❤❡♥❝❡ ✐3 ✇❛. ❝♦♥❝❧✉❞❡❞ 3❤❛3 ✐♥❛❝3✐✈❛3✐♦♥ ♦❢ ♣✸✽▼❆:❑α ✐♥ ✈❛.❝✉❧❛, .♠♦♦3❤ ♠✉.❝❧❡ ❝❡❧❧.✱ ✇❤✐❝❤

♦❝❝✉,,❡❞ ✐♥ 3❤❡ ❙▼✷✷♣✸✽▼❆:❑α ♠♦❞❡❧✱ ❝♦♥3,✐❜✉3❡❞ ♦♥❧② 3♦ ❛ ♠✐♥♦, ❡①3❡♥3 3♦ 3❤❡ ❝❛,❞✐❛❝

♣❤❡♥♦3②♣❡✳

❆. 3❤❡ ❝❛,❞✐❛❝ ♣❤❡♥♦3②♣❡ ✇❛. ❢♦✉♥❞ 3♦ ❜❡ .✐♠✐❧❛, ✐♥ ❜♦3❤ ♣✸✽▼❆:❑α ❑❖ ♠♦❞❡❧.✱ 3❤❡

Y✉❡.3✐♦♥ ❛,♦.❡✱ ✇❤❡3❤❡, .❦❡❧❡3❛❧ ♠✉.❝❧❡. ✇❡,❡ ❛❧.♦ ❛✛❡❝3❡❞ ✐♥ 3❤✐. ♠♦❞❡❧✳

✹✳✺ ❚$❛♥'❝$✐♣+ ❊①♣$❡''✐♦♥ ❆♥❛❧②'✐' ✉'✐♥❣ ◗✉❛♥+✐+❛+✐✈❡ ❘❡❛❧ ❚✐♠❡

9❈❘ ✭<9❈❘✮

❚♦ 3❡.3 ✇❤❡3❤❡, ✐❈▼♣✸✽▼❆:❑α ❑❖ ♠✐❝❡ ❛❧.♦ .❤♦✇❡❞ ❛♥ ❛❧3❡,❡❞ 3,❛♥.❝,✐♣3 ❡①♣,❡..✐♦♥ ✐♥

.❦❡❧❡3❛❧ ♠✉.❝❧❡. ❛. ❢♦✉♥❞ ❜② ♠✐❝,♦❛,,❛② ❛♥❛❧②.✐. ✐♥ ❙▼✷✷♣✸✽▼❆:❑α ❑❖ ♠✐❝❡✱ 3❤❡ 3,❛♥.❝,✐♣3

❡①♣,❡..✐♦♥ ♦❢ .❡❧❡❝3❡❞ ❣❡♥❡. ✇❛. ✐♥✈❡.3✐❣❛3❡❞ ❛❢3❡, ✹✽ ❤♦✉,. ♦❢ 3,❡❛3♠❡♥3 ✉.✐♥❣ ❙②❜,●,❡❡♥

❜❛.❡❞ Y✉❛♥3✐3❛3✐✈❡ ,❡❛❧ 3✐♠❡ :❈❘ ✭Y:❈❘✮ ❛. ❞❡.❝,✐❜❡❞ ✐♥ .❡❝3✐♦♥ ✸✳✻✳
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❋✐❣✉$❡ ✹✳✶✺✿ ❈❤❛$❛❝/❡$✐③❛/✐♦♥ ♦❢ /❤❡ ✐❈▼♣✸✽▼❆9❑α ▼♦❞❡❧

❚❤❡ ❞❡✈❡❧♦♣♠❡♥* ♦❢ ❝❛.❞✐❛❝ ❞②1❢✉♥❝*✐♦♥ *❤❡ *✐♠❡ ❝♦✉.1❡ ♦❢ ❆✮ ❡❥❡❝*✐♦♥ ❢.❛❝*✐♦♥ ✭❊❋✮✱ ❡♥❞

❞✐❛1*♦❧✐❝ ✈♦❧✉♠❡ ✭❊❉❱✮ ❛♥❞ ❡♥❞ 1②1*♦❧✐❝ ✈♦❧✉♠❡ ✭❊❙❱✮ ♦❢ ✐❈▼♣✸✽▼❆A❑α ❝♦♥*.♦❧ ✭❣.❡②✮ ❛♥❞

❑❖ ✭❜❧❛❝❦✮ ❤❡❛.*1 ❛* ❜❛1❡❧✐♥❡ ❛♥❞ ❛❢*❡. ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉.1 ♦❢ ❆◆●■■ *.❡❛*♠❡♥* ✐1 1❤♦✇♥✳ ❉❛*❛

.❡♣.❡1❡♥* ♠❡❛♥±❙❉❀ ✯✯✿ ♣❁✵✳✵✶✱ ✯✯✯✿ ♣❁✵✳✵✵✶❀ ♥❂✹✲✻✳ ❇✮ ❍✐❣❤ .❡1♦❧✉*✐♦♥ ✉❧*.❛1♦✉♥❞ ✐♠❛❣❡1

✭♣❛.❛1*❡.♥❛❧ ❧♦♥❣ ❛①✐1✱ ❇✲♠♦❞❡✮ ♦❢ ❝♦♥*.♦❧ ❛♥❞ ❑❖ ❤❡❛.*1 ✉♥❞❡. ❜❛1❡❧✐♥❡ ❝♦♥❞✐*✐♦♥1 ✭✉♣♣❡.

♣❛♥❡❧✮ ❛♥❞ ❛❢*❡. ✹✽ ❤♦✉.1 ♦❢ ❆◆●■■ *.❡❛*♠❡♥* ✭❧♦✇❡. ♣❛♥❡❧✮✳ ❈✮ ❋❛* .❡❞ 1*❛✐♥✐♥❣ ✭✉♣♣❡. ♣❛♥❡❧✮

❛♥❞ ❛♥*✐✲▲②✻● ✐♠♠✉♥♦✢✉♦.❡1❝❡♥❝❡ 1*❛✐♥✐♥❣ ✭❧♦✇❡. ♣❛♥❡❧✮ ♦❢ ✐❈▼♣✸✽▼❆A❑α ❝♦♥*.♦❧ ❛♥❞ ❑❖

❤❡❛.*1 ❛❢*❡. ✹✽❤ ♦❢ ❆◆●■■ *.❡❛*♠❡♥*✳

✹✳✺✳✶ ❙❡❧❡❝(✐♦♥ ♦❢ ❘❡❢❡.❡♥❝❡ ●❡♥❡0

❆♥♦#❤❡& ❡''❡♥#✐❛❧ ♣❛&❛♠❡#❡& ♦❢ ./❈❘ ✐' ❛♥ ❛♣♣&♦♣&✐❛#❡ ✐♥#❡&♥❛❧ ❝♦♥#&♦❧✳ ❆❝❝♦&❞✐♥❣ #♦ ♠✐✲

❝&♦❛&&❛② ❞❛#❛ #❤❡ #&❛♥'❝&✐♣# ❡①♣&❡''✐♦♥ ❧❡✈❡❧' ♦❢ ❝❧❛''✐❝❛❧ &❡❢❡&❡♥❝❡ ♦& ❤♦✉'❡❦❡❡♣✐♥❣ ❣❡♥❡' '✉❝❤

❛' ❍②♣♦①❛♥'❤✐♥❡ +❤♦,♣❤♦-✐❜♦,②❧'-❛♥,❢❡-❛,❡ ✶ ✭❍♣-'✶ ✮ ❛♥❞ ▲❛❝'❛'❡ ❉❡❤②❞-♦❣❡♥❛,❡ ✭▲❞❤✮ ✇❡&❡

'✐❣♥✐✜❝❛♥#❧② ❞❡&❡❣✉❧❛#❡❞ ❛❢#❡& ❆◆●■■ #&❡❛#♠❡♥# ✭❍♣-'✶ ✿ ✶✳✾✲❢♦❧❞ ✉♣ &❡❣✉❧❛#❡❞❀ ▲❞❤✿ ✶✳✻✺✲

❢♦❧❞ ❞♦✇♥ &❡❣✉❧❛#❡❞✮✱ ♠❛❦✐♥❣ #❤❡♠ ✐♠♣♦''✐❜❧❡ #♦ ✉'❡ ❛' ✐♥#❡&♥❛❧ ❝♦♥#&♦❧'✳ ●❧②❝❡-❛❧❞❡❤②❞❡

✸✲♣❤♦,♣❤❛'❡ ❉❡❤②❞-♦❣❡♥❛,❡ ✭●❛♣❞❤✮✱ ❛♥♦#❤❡& ❢&❡.✉❡♥#❧② ✉'❡❞ ❤♦✉'❡❦❡❡♣✐♥❣ ❣❡♥❡✱ ✇❛' ♥♦#

'✐❣♥✐✜❝❛♥#❧② ❝❤❛♥❣❡❞ ❛❝❝♦&❞✐♥❣ #♦ ♠✐❝&♦❛&&❛② ❞❛#❛✱ ♥❡✈❡&#❤❡❧❡'' ✐#' ❡①♣&❡''✐♦♥ ❧❡✈❡❧ ✐' ♠✉❝❤

❤✐❣❤❡& #❤❛♥ #❤♦'❡ ♦❢ #❤❡ ❣❡♥❡' ♦❢ ✐♥#❡&❡'#✱ ♠❛❦✐♥❣ #❤❡ ❛♥❛❧②'✐' ❡&&♦&✲♣&♦♥❡✳ ❚♦ ♦✈❡&❝♦♠❡ #❤✐'

♦❜'#❛❝❧❡ #❤❡ ♠✐❝&♦❛&&❛② #&❛♥'❝&✐♣# ❡①♣&❡''✐♦♥ &❡'✉❧#' ✇❡&❡ '❝&❡❡♥❡❞ ❢♦& #&❛♥'❝&✐♣#' '❤♦✇✐♥❣ #❤❡

❧❡❛'# ❛❧#❡&❛#✐♦♥ ♦❢ #&❛♥'❝&✐♣# ❡①♣&❡''✐♦♥ ✇✐#❤✐♥ ❛❧❧ ❣❡♥♦#②♣❡' ✭❝♦♥#&♦❧ ❛♥❞ ❑❖✮ ❛♥❞ ❝♦♥❞✐#✐♦♥'

✭❜❛'❛❧ ❛♥❞ ❛❢#❡& ❆◆●■■ #&❡❛#♠❡♥#✮✳ ❚❤&❡❡ ♦❢ #❤♦'❡✱ ❘✐❜♦,♦♠❛❧ +-♦'❡✐♥ ❙✶✼ ✭❘♣,✶✼ ✮✱ ❈❛,❡✐♥
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Expression difference KO vs. Ctrl in M. plantaris (fold-

change)

Expression difference 2d ANGII vs. baseline in M. plantaris

(fold-change)

up/down-

regulated

Reference 

Csnk2b

Reference 

Gstz1

Reference 

Rps17

up/down-

regulated

Reference 

Csnk2b

Reference 

Gstz1

Reference 

Rps17

Baseline Csnk2b - 1,37 1,39 Ctrl Csnk2b - 1,57 1,13

Gstz1 1,37 - 1,01 Gstz1 1,57 - 1,40

Rps17 1,39 1,01 - Rps17 1,13 1,40 -

2d ANGII Csnk2b - 1,69 1,22 KO Csnk2b - 1,47 1,01

Gstz1 1,69 - 2,06 Gstz1 1,47 - 1,46

Rps17 1,22 2,06 - Rps17 1,01 1,46 -

❋✐❣✉$❡ ✹✳✶✻✿ ❆♥❛❧②0✐0 ♦❢ ❘❡❢❡$❡♥❝❡ ●❡♥❡0 ✐♥ ▼✳ ♣❧❛♥&❛'✐)

 ♦"❡♥"✐❛❧ (❡❢❡(❡♥❝❡ ❣❡♥❡,✱ ❈!♥❦✷❜✱ ●!'③✶ ❛♥❞ ❘♣!✶✼✱ ✇❡(❡ ♠❡❛,✉(❡❞ ✐♥ ❛❣❛✐♥," ❡❛❝❤ ♦"❤❡( ▼✳

♣❧❛♥'❛1✐! ♦❢ ❙▼✷✷♣✸✽▼❆ ❑α ❑❖ ❛♥❞ ❝♦♥"(♦❧ ♠✐❝❡ ✉♥❞❡( ❜❛,❡❧✐♥❡ ❝♦♥❞✐"✐♦♥, ❛♥❞ ❛❢"❡( ✷ ❞❛②,

♦❢ ❆◆●■■ "(❡❛"♠❡♥"✳ ❚❤❡✐( ❢♦❧❞✲❝❤❛♥❣❡ ✇❛, ❛♥❛❧②③❡❞ ✉,✐♥❣ E ❈❘✳ ■♥ ②❡❧❧♦✇ "❤❡ ❝♦♠♣❛(✐,♦♥ ♦❢

❈!♥❦✷❜ ❛♥❞ ❘♣!✶✼ ✐, ❤✐❣❤❧✐❣❤"❡❞✳

❑✐♥❛$❡ ✷ ❜❡(❛ ✭❈$♥❦✷❜✮ ❛♥❞ ●❧✉(❛(❤✐♦♥❡ ❙ ❚2❛♥$❢❡2❛$❡ ③❡(❛ ✶ ✭●$(③✶ ✮ ✇❡'❡ ❝❤♦+❡♥ ,♦ ,❡+, ❢♦'

'❡❧✐❛❜✐❧✐,② ❛♥❞ +,❛❜✐❧✐,② ✐♥ ▼✳ ♣❧❛♥(❛2✐$ ♦❢ ❙▼✷✷♣✸✽▼❆9❑α ❑❖ ❛♥❞ ❝♦♥,'♦❧ ♠✐❝❡✳

❆+ ❞❡♣✐❝,❡❞ ✐♥ ✜❣✉'❡ ✹✳✶✻✱ ❈$♥❦✷❜✱ ●$(③✶ ❛♥❞ ❘♣$✶✼ ✇❡'❡ ♠❡❛+✉'❡❞ ❛❣❛✐♥+, ❡❛❝❤ ♦,❤❡'✳

❚❤❡ ,'❛♥+❝'✐♣, ❡①♣'❡++✐♦♥ ♦❢ ❘♣$✶✼ ❛♥❞ ❈$♥❦✷❜ +❤♦✇❡❞ ,❤❡ ❤✐❣❤❡+, +,❛❜✐❧✐,② ✇❤❡♥ ❝♦♠♣❛'❡❞

✇✐,❤ ❡❛❝❤ ♦,❤❡' ✭✈❛'✐❛,✐♦♥ ❁✶✳✹✲❢♦❧❞✮ ✐♥ J9❈❘ ❛♥❛❧②+✐+ ♦❢ ♣✸✽▼❆9❑α ❝♦♥,'♦❧ ❛♥❞ ❑❖ ♠✉+❝❧❡

+❛♠♣❧❡+ ✉♥❞❡' ❜❛+❡❧✐♥❡ ❝♦♥❞✐,✐♦♥ ❛+ ✇❡❧❧ ❛+ ❛❢,❡' ✷ ❞❛②+ ♦❢ ❆◆●■■ ,'❡❛,♠❡♥,✳ ❆+ ,❤❡ ❡①♣'❡++✐♦♥

❧❡✈❡❧ ♦❢ ❈$♥❦✷❜ ✇❛+ ❝❧♦+❡+, ,♦ ,❤❡ ❡①♣'❡++✐♦♥ ❧❡✈❡❧+ ♦❢ ❣❡♥❡+ ♦❢ ✐♥,❡'❡+,✱ ✐, ✇❛+ ❝❤♦+❡♥ ❛+

'❡❢❡'❡♥❝❡ ❣❡♥❡ ,❤'♦✉❣❤♦✉, ❛❧❧ ❡①♣❡'✐♠❡♥,+✳ ❚❤❡ +❛♠❡ ✇❛+ ❞♦♥❡ ❢♦' ❤❡❛',✱ ✇❤❡'❡ ◆✉❞❝ ✭◆✉❝❧❡❛2

❞✐$(2✐❜✉(✐♦♥ ❈✱ ❞②♥❡✐♥ ❝♦♠♣❧❡① 2❡❣✉❧❛(♦2✮ ✇❛+ ❝❤♦+❡♥ ❛+ ♠♦+, '❡❧✐❛❜❧❡ '❡❢❡'❡♥❝❡ ❣❡♥❡✳

✹✳✺✳✷ ❈❛❧✐❜)❛*♦) ❆♥❛❧②/✐/

❚♦ ❜❡ ❛❜❧❡ ,♦ ❝♦♠♣❛'❡ +❡✈❡'❛❧ J9❈❘ ♣❧❛,❡+ ✇✐,❤ ❡❛❝❤ ♦,❤❡'✱ ✐, ✇❛+ ♥❡❝❡++❛'② ,♦ ✐♥❝❧✉❞❡ ❛

❝❛❧✐❜'❛,♦' ♦♥ ❡❛❝❤ ♣❧❛,❡✳ ❚❤❡ ❝❛❧✐❜'❛,♦' ❝♦♥+✐+,❡❞ ♦❢ ❝❉◆❆ ❣❛✐♥❡❞ ❢'♦♠ ♣♦♦❧❡❞ ❘◆❆ +❛♠♣❧❡+

♦❢ ❞✐✛❡'❡♥, ❛♥✐♠❛❧+ ❛, ❞✐✛❡'❡♥, ❝♦♥❞✐,✐♦♥+✳ ■, ✐+ ✐♠♣♦',❛♥,✱ ,❤❛, ,❤❡ '❡✈❡'+❡ ,'❛♥+❝'✐♣,✐♦♥ ♦❢ ,❤❡

♣♦♦❧❡❞ ❘◆❆ ✐+ ❞♦♥❡ ✐♥ ♦♥❡ ❛♣♣'♦❛❝❤ ,♦ ❣✉❛'❛♥,❡❡ ,❤❡ ✉+❡ ♦❢ ,❤❡ +❛♠❡ ❝❉◆❆ ♦♥ ❡✈❡'② ♣❧❛,❡✳
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♠❛❧4 ❝♦♠♣❛.❡❞ 1♦ ❝♦♥1.♦❧4✱ ❛♥❛❧②③❡❞ ❜② D>❈❘ ❜❡❢♦.❡ ❛♥❞ ❛❢1❡. ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉.4 ♦❢ ❆◆●■■

1.❡❛1♠❡♥1✳

▼✳ ♣❧❛♥&❛'✐) ✶✷❤ ✷✹❤ ✹✽❤

❜❛'❛❧ ❆◆●■■ ❆◆●■■ ❆◆●■■

●-♦✇0❤ ❋❛❝0♦-

▼!"♥ ↔ ↔ ↔ ✷✳✼① ↑

❈②0♦❦✐♥❡'

■❧✲✶❜ ↔ ↔ ↔ ↔

■❧✲✻ ↔ ↔ ✷✳✾① ↓ ✼✳✼① ↑

■❧✲✶*✷ ↔ ↔ ↔ ✷✳✵① ↑

■❧✲✻*❛ ↔ ↔ ✸✳✹① ↑ ✽✳✵① ↑

❆0-♦❣❡♥❡'

❋♦①♦✶ ↔ ↔ ✷✳✻ ↑ ✷✳✶① ↑

❋♦①♦✸ ↔ ↔ ↔ ✸✳✸① ↑

❋❜①♦✸✷ ↔ ↔ ↔ ✺✳✸① ↑

❚*✐♠✻✸ ↔ ↔ ✷✳✵↑ ✼✳✼① ↑

❆✉0♦♣❤❛❣② ●❡♥❡'

❇♥✐♣✸ ↔ ↔ ✷✳✻ ↑ ✷✳✷① ↑

❈"!❧ ↔ ↔ ↔ ↔

●❛❜❛*❛♣❧✶ ↔ ↔ ↔ ✷✳✼ ↑

❚❛❜❧❡ ✹✳✹✿ ❚✐♠❡ ▲✐♥❡ ♦❢ ❚/❛♥0❝/✐♣3 ❊①♣/❡00✐♦♥ ✐♥ ❍❡❛/3 ✿ ❚❤❡ ✉♣✲.❡❣✉❧❛1✐♦♥ ✭✐♥❞✐❝❛1❡❞

❛4 ❢♦❧❞✲❝❤❛♥❣❡✮ ♦❢ ▼②♦#$❛$✐♥ ❛♥❞ ❝②1♦❦✐♥❡4 ✐♥ ❤❡❛.14 ♦❢ ✐❈▼♣✸✽▼❆>❑α ❑❖ ❛♥✐♠❛❧4 ❝♦♠♣❛.❡❞

1♦ ❝♦♥1.♦❧4✱ ❛♥❛❧②③❡❞ ❜② D>❈❘ ❜❡❢♦.❡ ❛♥❞ ❛❢1❡. ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉.4 ♦❢ ❆◆●■■ 1.❡❛1♠❡♥1✳

❍❡❛-0 ✶✷❤ ✷✹❤ ✹✽❤

❜❛'❛❧ ❆◆●■■ ❆◆●■■ ❆◆●■■

▼!"♥ ↔ ↔ ↔ ↔

■❧✲✶❜ ↔ ↔ ✼① ↑ ✸① ↑

■❧✲✻ ↔ ↔ ✶✶① ↑ ✷① ↑

❈①❝❧✺ ↔ ↔ ✻① ↑ ✷① ↑

❈❝❧✷ ↔ ↔ ✺① ↑ ✹① ↑

❛! ❜❛#❡❧✐♥❡ ❧❡✈❡❧#✱ ❛# ✇❡❧❧ ❛# ❛❢!❡, ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉,# ♦❢ ❆◆●■■ !,❡❛!♠❡♥! ✭#❡❡ !❛❜❧❡ ✹✳✸✮✳ ❋♦,

❡❛❝❤ ❣✐✈❡♥ !✐♠❡ ♣♦✐♥! ✹✲✻ ❛♥✐♠❛❧# ✭❝♦♥!,♦❧# ❛♥❞ ❑❖#✮ ✇❡,❡ ✐♥✈❡#!✐❣❛!❡❞✳ ❆# ✐! ✐# ✈❡,② ❧✐❦❡❧②✱

!❤❛! ❢❛❝!♦,# ,❡❧❡❛#❡❞ ❢,♦♠ !❤❡ ❤❡❛,! ✭❡❣✳ ❝②!♦❦✐♥❡#✮ ✐♥❞✉❝❡ !❤❡ ❛!,♦♣❤② ,❡❧❛!❡❞ ❣❡♥❡ ♣,♦❣,❛♠✱

✐! ✇❛# ❤②♣♦!❤❡#✐③❡❞ !❤❛! ❡①♣,❡##✐♦♥ ❝❤❛♥❣❡# ✐♥ ▼✳ ♣❧❛♥&❛'✐) ♦❝❝✉,,❡❞ ❧❛!❡, !❤❛♥ ✐♥ !❤❡ ❤❡❛,!✳

❚♦ !❡#! !❤✐#✱ !,❛♥#❝,✐♣! ❡①♣,❡##✐♦♥ ❞❛!❛ ❢♦, ▼✳ ♣❧❛♥&❛'✐) ✇❡,❡ ❝♦♠♣❛,❡❞ !♦ ❞❛!❛ ❢♦, !❤❡ ❤❡❛,!✳

❆❧❧ ♦❢ !❤❡ ❝②!♦❦✐♥❡# ❛♥❛❧②③❡❞ ✐♥ !❤❡ ❤❡❛,! ♦❢ ✐❈▼♣✸✽▼❆M❑α ❑❖ ♠✐❝❡ ♣❡❛❦❡❞ ❛❢!❡,

✷✹ ❤♦✉,# ♦❢ ❆◆●■■ !,❡❛!♠❡♥!✱ ✇❤❡,❡❛# ✐♥ ▼✳ ♣❧❛♥&❛'✐) !❤❡ ♠♦#! ♣,♦♠✐♥❡♥! ✉♣,❡❣✉❧❛!✐♦♥ ✐♥

❝②!♦❦✐♥❡# ❛♥❞ ❛!,♦❣❡♥❡# ✇❛# #❡❡♥ ❛❢!❡, ✹✽ ❤♦✉,# ♦❢ !,❡❛!♠❡♥!✳ ❚❤✐# ✜♥❞✐♥❣ ♣♦✐♥!❡❞ !♦✇❛,❞#

❛♥ ✐♥✐!✐❛❧ ❞❡,❡❣✉❧❛!✐♦♥ ✐♥ ❑❖ ❤❡❛,!# ❢♦❧❧♦✇❡❞ ❜② !❤❡ ✐♥❞✉❝!✐♦♥ ♦❢ ✇❛#!✐♥❣ ,❡❧❛!❡❞ ❣❡♥❡# ✐♥ ▼✳

♣❧❛♥&❛'✐)✱ ✇❤✐❝❤ ❢✉,!❤❡, #✉♣♣♦,!❡❞ !❤❡ ❤②♣♦!❤❡#✐# ♦❢ ❛ ❤❡❛,!✲#❦❡❧❡!❛❧ ♠✉#❝❧❡ ❝,♦## !❛❧❦✳

■♥ !❛❜❧❡# ✹✳✸ ❛♥❞ ✹✳✹ #♦❧❡❧② !❤❡ ,❡❧❛!✐✈❡ ❢♦❧❞ ❝❤❛♥❣❡ ♦❢ !,❛♥#❝,✐♣! ❡①♣,❡##✐♦♥ ✭❛# ❝❛❧❝✉❧❛!❡❞
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❋✐❣✉$❡ ✹✳✶✽✿ ❚$❛♥.❝$✐♣1 ❊①♣$❡..✐♦♥ ❈❤❛♥❣❡. ♦❢ ❆1$♦❣❡♥❡. ✐♥ ▼✳ ♣❧❛♥&❛'✐) ❛❢1❡$

❆◆●■■ ❚$❡❛1♠❡♥1

❚❤❡ #$❛♥'❝$✐♣# ❡①♣$❡''✐♦♥ ✭❛''❡''❡❞ ❜② 12❈❘✮ ♦❢ ❛#$♦❣❡♥❡' ✭❚!✐♠✻✸ ✭▼✉!❢✶✮✱ ❋❜①♦✸✷ ✭❆3!♦✲

❣✐♥✶✮✱ ❋♦①♦✶✱ ❋♦①♦✸ ✮ ♦❢ ▼✳ ♣❧❛♥3❛!✐; ♦❢ ✐❈▼♣✸✽▼❆2❑α ❝♦♥#$♦❧' ✭❣$❡②✮ ✇❛' ❝♦♠♣❛$❡❞ #♦

✐❈▼♣✸✽▼❆2❑α ❑❖' ✭❜❧❛❝❦✮ ❛# ❜❛'❡❧✐♥❡ ❝♦♥❞✐#✐♦♥' ❛' ✇❡❧❧ ❛' ❛❢#❡$ ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉$' ♦❢

❆◆●■■ #$❡❛#♠❡♥#✳ ❊❛❝❤ ✈❛❧✉❡ ✇❛' ♥♦$♠❛❧✐③❡❞ #♦ #❤❡ ❜❛'❡❧✐♥❡ #$❛♥'❝$✐♣# ❡①♣$❡''✐♦♥ ✈❛❧✉❡ ♦❢ ❝♦♥✲

#$♦❧'✱ ✇❤✐❝❤ $❡♣$❡'❡♥#' ✶✵✵✪✳ ✹✲✻ ❛♥✐♠❛❧' ✇❡$❡ ❛♥❛❧②③❡❞ ♣❡$ ❣$♦✉♣✳ ❉❛#❛ $❡♣$❡'❡♥# ♠❡❛♥±❙❉✱

✯ ♣❁✵✳✵✺✱ ✯✯ ♣❁✵✳✵✶✱ ✯✯✯ ♣❁✵✳✵✵✶✳

❜② "❤❡ ❝♦♠♣❛*❛"✐✈❡ ❈" ♠❡"❤♦❞ ✲ 0❡❡ 0❡❝"✐♦♥ ✸✳✻✳✺✮ ❜❡"✇❡❡♥ ❑❖ ❛♥❞ ❝♦♥"*♦❧0 ✇❡*❡ 0✉♠♠❛✲

*✐③❡❞✱ ✇✐"❤♦✉" ♣*♦✈✐❞✐♥❣ ❢✉*"❤❡* ✐♥❢♦*♠❛"✐♦♥ ❛❜♦✉" ❡①♣*❡00✐♦♥ ❧❡✈❡❧0 ♦* ❡①♣*❡00✐♦♥ ❞✐✛❡*❡♥❝❡0

❜❡"✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧0✳ ▼♦*❡♦✈❡*✱ "❤❡ ❢♦❧❞✲❝❤❛♥❣❡ ❞♦❡0 ♥♦" ♣*♦✈✐❞❡ ❛♥② ✐♥❢♦*♠❛"✐♦♥ ❛❜♦✉" "❤❡

❞✐*❡❝"✐♦♥ ♦❢ ❡①♣*❡00✐♦♥ ✈❛❧✉❡0 ✐♥ ❝♦♠♣❛*✐0♦♥ "♦ ❜❛0❡❧✐♥❡ ✈❛❧✉❡0✳ ❆ ❞✐✛❡*❡♥❝❡ ♦❢ ✹✲❢♦❧❞ ✐0 ❝♦♠✲

♣❛"✐❜❧❡ ✇✐"❤ ❛ ✹✲❢♦❧❞ ✉♣*❡❣✉❧❛"✐♦♥ ♦❢ ❛ "*❛♥0❝*✐♣" ✐♥ ❡❣ ❑❖✱ ❛ ✹✲❢♦❧❞ ❞♦✇♥*❡❣✉❧❛"✐♦♥ ✐♥ ❝♦♥"*♦❧0

♦* ❛❧❧ ❝♦♠❜✐♥❛"✐♦♥0 ♦❢ ✉♣✲ ❛♥❞ ❞♦✇♥*❡❣✉❧❛"✐♦♥ *❡0✉❧"✐♥❣ ✐♥ ❛ ✹✲❢♦❧❞ ❞✐✛❡*❡♥❝❡✳ ❋♦* "❤❛" *❡❛0♦♥

"*❛♥0❝*✐♣" ❡①♣*❡00✐♦♥ ✇❛0 ❛❧0♦ ❛♥❛❧②③❡❞ ✉0✐♥❣ "❤❡ ❳0 ♠❡"❤♦❞ ✭0❡❡ 0❡❝"✐♦♥ ✸✳✻✳✺✮✳

❚❤❡ ♠♦❞✉❧❛"✐♦♥ ♦❢ ❛"*♦❣❡♥❡ ❡①♣*❡00✐♦♥ ✐0 0❤♦✇♥ ✐♥ ✜❣✉*❡ ✹✳✶✽✱ ✇❡*❡ ❛♥ ✉♣*❡❣✉❧❛"✐♦♥ ♦❢

❋♦①♦✶ ✭✷✳✵±✵✳✼ ↑✮✱ ❋♦①♦✸ ✭✸✳✷±✵✳✼ ↑✮✱ ❋❜①♦✸✷ ✭✺✳✸±✶✳✶ ↑✮ ❛♥❞ ❚(✐♠✻✸ ✭✶✵✳✹±✽✳✺ ↑✮ ✇❛0

❢♦✉♥❞ ✐♥ ✐❈▼♣✸✽▼❆O❑α ❑❖ ▼✳ ♣❧❛♥2❛(✐3 ❛❢"❡* ✹✽❤ ♦❢ ❆◆●■■ "*❡❛"♠❡♥"✳ ■♥ ❝♦♥"*♦❧0✱ "*❛♥✲

0❝*✐♣" ❡①♣*❡00✐♦♥ ❧❡✈❡❧0 ❛♣♣❡❛*❡❞ "♦ ✐♥❝*❡❛0❡ "♦ ❛ ❧♦✇❡* ❡①"❡♥❞✱ ❜✉" "❤❡ ❞✐✛❡*❡♥❝❡0 ✇❡*❡ ♥♦"

0✐❣♥✐✜❝❛♥"✳ ■♥"❡*❡0"✐♥❣❧② "❤❡ ❡①♣*❡00✐♦♥ ♦❢ ❋♦①♦✶ ♣❡❛❦❡❞ ❛❧*❡❛❞② ❛❢"❡* ✷✹ ❤♦✉*0 ♦❢ "*❡❛"♠❡♥"

✐♥ ✐❈▼♣✸✽▼❆O❑α ❑❖0 ✭✷✳✽±✶✳✷ ❢♦❧❞ ✉♣*❡❣✉❧❛"❡❞✮✳ ❚❤✐0 ✜♥❞✐♥❣ ✐0 ✐♥ ❧✐♥❡ ✇✐"❤ ✐"0 ❦♥♦✇♥ ✐♥✲

✈♦❧✈❡♠❡♥" ✐♥ "❤❡ ✐♥✐"✐❛"✐♦♥ ♦❢ ❚(✐♠✻✸ ✭▼✉(❢✶✮ ❛♥❞ ❋❜①♦✸✷ ✭❆2(♦❣✐♥✶✮ ✭❛❧0♦ 0❡❡ 0❡❝"✐♦♥ ✶✳✸✳✶✮✱
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■♥❥❡❝2✐♦♥C ♦♥ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❲✐❧❞2②♣❡ ▼✐❝❡

✶♠❧ ♦❢ ❆◆●■■ )*❡❛)❡❞ ❝❈▼♣✸✽▼❆4❑α ❝♦♥)*♦❧ ♦* ❑❖ ❙❡*✉♠ ✇❛; ✐♥❥❡❝)❡❞ ✐✳♣✳ ✐♥)♦ ✉♥)*❡❛)❡❞

✇✐❧❞)②♣❡ ♠✐❝❡✳ ❆❢)❡* ✷✹ ❤♦✉*; )❤❡ )*❛♥;❝*✐♣) ❡①♣*❡;;✐♦♥ ♦❢ ■❧✲✻ ✭❆✮✱ ■❧✲✻$❛ ✭❇✮✱ ❋❜①♦✸✷ ✭❈✮✱

❚$✐♠✻✸ ✭❉✮ ❛♥❞ ❋♦①♦✸ ✭❊✮ ♦❢ ▼✳ ♣❧❛♥3❛$✐4 ✇❛; ❛;;❡;;❡❞ ✐♥ ✉♥)*❡❛)❡❞ ✇✐❧❞)②♣❡ ♠✐❝❡ ✭❝✐*❝❧❡;✮✱

✇✐❧❞)②♣❡ ♠✐❝❡ )*❡❛)❡❞ ✇✐)❤ ❝♦♥)*♦❧ ;❡*✉♠ ✭;J✉❛*❡;✮ ❛♥❞ ✇✐❧❞)②♣❡ ♠✐❝❡ )*❡❛)❡❞ ✇✐)❤ ❑❖ ;❡*✉♠

✭)*✐❛♥❣❧❡;✮✳ ❚❤❡ )*❛♥;❝*✐♣) ❡①♣*❡;;✐♦♥ ♦❢ ;❡*✉♠ )*❡❛)❡❞ ❛♥✐♠❛❧; ✇❛; ♥♦*♠❛❧✐③❡❞ )♦ )❤❡ ❡①♣*❡;;✐♦♥

♦❢ ✉♥)*❡❛)❡❞ ✇✐❧❞)②♣❡; ✭❡J✉❛❧; ✶✵✵✪✮✳ ✷ ❛♥✐♠❛❧; ✇❡*❡ ❛♥❛❧②③❡❞ ♣❡* ❣*♦✉♣✳



5
❉✐"❝✉""✐♦♥

✽✲✹✷✪ ♦❢ ♣❛)✐❡♥)- -✉✛❡0✐♥❣ ❢0♦♠ ❝❤0♦♥✐❝ ❤❡❛0) ❢❛✐❧✉0❡ ❞❡✈❡❧♦♣ ❝❛0❞✐❛❝ ❝❛❝❤❡①✐❛✱ ✇❤✐❝❤ ✐- ❛❝✲

❝♦♠♣❛♥✐❡❞ ❜② ✐00❡✈❡0-✐❜❧❡ ❧♦-- ♦❢ ♠✉-❝❧❡ ❛♥❞ ❢❛) ♠❛--✳ ❚❤✐- ❡♥❞ -)❛❣❡ ♠❡)❛❜♦❧✐❝ ❝♦♥❞✐)✐♦♥

❞0❛♠❛)✐❝❛❧❧② ✐♥❝0❡❛-❡- )❤❡ ✶✲②❡❛0 ♠♦0)❛❧✐)② ✐♥ )❤❡-❡ ♣❛)✐❡♥)-✱ ❜✉) ✉♥)✐❧ ♥♦✇ ♥♦ ❡✣❝✐❡♥) )0❡❛)✲

♠❡♥) ❝♦✉❧❞ ❜❡ ❞❡✈❡❧♦♣❡❞ ✭❛❧-♦ ❞❡-❝0✐❜❡❞ ✐♥ -❡❝)✐♦♥ ✶✳✶✳✶✮✳

❚❤❡ -)0♦♥❣❡-) ✐♥❞✐❝❛)✐♦♥ ♦❢ ❡♠❡0❣✐♥❣ ❝❛❝❤❡①✐❛ ✐- ❧♦-- ♦❢ ❜♦❞② ♠❛-- ❞✉❡ )♦ -❦❡❧❡)❛❧ ♠✉-❝❧❡

❛♥❞ ❛❞✐♣♦-❡ )✐--✉❡ ❞❡❣0❛❞❛)✐♦♥✳ ❯♥)✐❧ ♥♦✇ )❤✐- ❡❛0❧② ♣0♦❝❡--❡- ❝♦✉❧❞ ❜❡ ❤❛0❞❧② ✐♥✈❡-)✐❣❛)❡❞✱

❛- )❤❡ ♦♥-❡) ♦❢ ❝❛0❞✐❛❝ ❝❛❝❤❡①✐❛ ✐- ❤❛0❞ )♦ ❞❡✜♥❡ ✐♥ ❡①✐-)✐♥❣ ❝❛0❞✐❛❝ ❝❛❝❤❡①✐❛ ♠♦✉-❡ ♠♦❞❡❧-✳

■) ✐- ♦❢ ✐♠♣♦0)❛♥❝❡ )♦ ❦♥♦✇✱ )❤❛)✱ ❡-♣❡❝✐❛❧❧② ✐♥ ❡♥❞ -)❛❣❡ ❤❡❛0) ❢❛✐❧✉0❡✱ ❢✉♥❝)✐♦♥❛❧ ♣❛0❛♠❡)❡0-

♦❢ )❤❡ ❢❛✐❧✐♥❣ ♦0❣❛♥ ❝❛♥ ♥♦) ♣0❡❞✐❝) ❝❛❝❤❡①✐❛ ✭❆♥❦❡0 ❡) ❛❧✳ ✶✾✾✼✱ ❆♥❦❡0 ❡) ❛❧✳ ✷✵✵✹✮✳

❚♦ ♦✈❡0❝♦♠❡ )❤❡-❡ ❧✐♠✐)❛)✐♦♥- )❤❡ ❝❛0❞✐❛❝ -♣❡❝✐✜❝ ♣✸✽▼❆M❑α ❑❖ ♠♦✉-❡ ♠♦❞❡❧-✱ ❞❡✲

-❝0✐❜❡❞ ✐♥ )❤✐- ✇♦0❦✱ ♦✛❡0 ❛ ♥♦✈❡❧ ❛♥❞ ✉♥✐P✉❡ ♣♦--✐❜✐❧✐)② )♦ ✐♥✈❡-)✐❣❛)❡ ✐♥✐)✐❛)✐♦♥ -)❡♣- ♦❢

❤❡❛0) ❢❛✐❧✉0❡✲✐♥❞✉❝❡❞ ♠✉-❝❧❡ ✇❛-)✐♥❣✱ ❛- ❤❡❛0) ❢❛✐❧✉0❡ ❝❛♥ ❜❡ ♣0❡❝✐-❡❧② ❛♥❞ 0❡♣0♦❞✉❝✐❜❧② ✐♥✲

❞✉❝❡❞ ✇✐)❤✐♥ ✹✽ ❤♦✉0- ✐♥ ❛❞✉❧) ♣✸✽▼❆M❑α ❑❖ ♠✐❝❡ ❜② ❆◆●■■ ♠✐♥✐♣✉♠♣ ✐♠♣❧❛♥)❛)✐♦♥✳

❚❤✐- ✇♦0❦ ♣0♦✈✐❞❡- -)0♦♥❣ ❡✈✐❞❡♥❝❡ )❤❛) ❤❡❛0) ❢❛✐❧✉0❡ ✐♥❞✉❝❡- -✉❜-)❛♥)✐❛❧ ❝❤❛♥❣❡- ✐♥ -❦❡❧❡✲

)❛❧ ♠✉-❝❧❡ )0❛♥-❝0✐♣) ❡①♣0❡--✐♦♥✳ ❚❤❡ 0❡-✉❧)✐♥❣ ♣❛))❡0♥ ✐- ❝♦♠♣❛)✐❜❧❡ ✇✐)❤ ♠✉-❝❧❡ ✇❛-)✐♥❣✳

❚❤✐- ❝♦✉❧❞ ❜❡ ❞❡♠♦♥-)0❛)❡❞ ❛) ❞✐✛❡0❡♥) ❧❡✈❡❧-✱ ✐♥❝❧✉❞✐♥❣ ❤✐-)♦❧♦❣✐❝❛❧ ❛- ✇❡❧❧ ❛- )0❛♥-❝0✐♣)

❡①♣0❡--✐♦♥ ❛♥❛❧②-✐-✳

✺✳✶ ❚$❛♥'❝$✐♣+ ❊①♣$❡''✐♦♥ ❆♥❛❧②'✐' ♦❢▼✳ ♣❧❛♥&❛'✐)

✺✳✶✳✶ ❚$❛♥'❝$✐♣+ ❊①♣$❡''✐♦♥ ❆♥❛❧②'✐' ✐♥ ❙▼✷✷♣✸✽▼❆8❑α ▼✐❝❡

❆♥❣✐♦)❡♥-✐♥ ■■ ✭❆◆●■■✮ ✐- ♥♦) ♦♥❧② ❦♥♦✇♥ )♦ ✐♥❞✉❝❡ ♣0❡--✉0❡ ♦✈❡0❧♦❛❞ ❝❛0❞✐❛❝ ❤②♣❡0)0♦♣❤②

✐♥ 0♦❞❡♥)- ✭❘♦-❡♥❦0❛♥③ ✷✵✵✹✱ ▼❛)-✉♠♦)♦ ❡) ❛❧✳ ✷✵✶✸✮ ❜✉) ❛❧-♦ ✐♥❞✉❝❡- ♠✉-❝❧❡ ✇❛-)✐♥❣ ❜②

✐)-❡❧❢ ❛♥❞ ❛♥)❛❣♦♥✐③❡- )❤❡ ❛♥❛❜♦❧✐❝ ❛❝)✐♦♥ ♦❢ ❣0♦✇)❤ ❢❛❝)♦0-✱ -✉❝❤ ❛- ■●❋✲✶ ✭❇0✐♥❦ ❡) ❛❧✳ ✷✵✵✶✮✳

❆◆●■■ ✐♥❞✉❝❡- )❤❡ ♣0♦❞✉❝)✐♦♥ ♦❢ 0❡❛❝)✐✈❡ ♦①②❣❡♥ -♣❡❝✐❡- ✭❘❖❙✮ ✐♥ -❦❡❧❡)❛❧ ♠✉-❝❧❡ ✭❙❡♠♣0✉♥✲

M0✐❡)♦ ❡) ❛❧✳ ✷✵✶✶✱ ❙✉❦❤❛♥♦✈ ❡) ❛❧✳ ✷✵✶✶✮✱ ✇❤✐❝❤✱ ❜❡-✐❞❡- )❤❡✐0 -✐❣♥❛❧✐♥❣ ❢✉♥❝)✐♦♥-✱ ❛❧-♦ ✐♥❞✉❝❡

♦①✐❞❛)✐✈❡ ❞❛♠❛❣❡ ♦❢ ♣0♦)❡✐♥- ❛♥❞ ❧✐♣✐❞-✳ ❆- ❆◆●■■ ✇❛- ❛♣♣❧✐❡❞ ✈✐❛ ♦-♠♦)✐❝ ♠✐♥✐♣✉♠♣-✱ -✐❞❡

❡✛❡❝)- ✐♥ ❛❞❞✐)✐♦♥ )♦ )❤❡ ❞❡-✐0❡❞ ✐♥❝0❡❛-❡ ✐♥ ❜❧♦♦❞ ♣0❡--✉0❡ ❝❛♥♥♦) ❜❡ 0✉❧❡❞ ♦✉)✳

❆ -②-)❡♠✐❝ ❡✛❡❝) ♦❢ ❆◆●■■ ♦♥ )0❛♥-❝0✐♣) ❡①♣0❡--✐♦♥ ✇❛- ❛❧-♦ ❞❡)❡❝)❛❜❧❡ ✐♥ )❤✐- ✇♦0❦ ❜② )❤❡

♠✐❝0♦❛00❛② ❞❛)❛ ❢0♦♠ ❤❡❛0) ❛♥❞ -❦❡❧❡)❛❧ ♠✉-❝❧❡✱ ✇❤✐❝❤ ❝❧❡❛0❧② -❤♦✇❡❞ )0❛♥-❝0✐♣) ❡①♣0❡--✐♦♥

❞✐✛❡0❡♥❝❡- ❝♦♠♣❛0✐♥❣ ❙▼✷✷♣✸✽▼❆M❑α ❝♦♥)0♦❧ ❛♥❞ ❑❖ ❛♥✐♠❛❧- ❜❡❢♦0❡ ❛♥❞ ❛❢)❡0 ✹✽ ❤♦✉0- ♦❢

✼✹



✺✳ ❉✐$❝✉$$✐♦♥ ✼✺

❆◆●■■ $%❡❛$♠❡♥$ ✭+❡❡ ✜❣✉%❡ ✹✳✾✮✳

❇✉$ ✐♥ ❛❞❞✐$✐♦♥ $♦ ❆◆●■■ ✐♥❞✉❝❡❞ $%❛♥+❝%✐♣$ ❡①♣%❡++✐♦♥ ❛❧$❡%❛$✐♦♥+✱ $❤❡ ❙▼✷✷♣✸✽▼❆B❑α

❑❖+ ❝♦✉❧❞ +$✐❧❧ ❜❡ ❞✐+❝%✐♠✐♥❛$❡❞ ❢%♦♠ ❝♦♥$%♦❧+ ❛❢$❡% ❆◆●■■ $%❡❛$♠❡♥$ ❜② ❛♥ ❡✈❡♥ ❤✐❣❤❡%

❛♠♦✉♥$ ♦❢ ❞✐✛❡%❡♥$✐❛❧❧② ❡①♣%❡++❡❞ $%❛♥+❝%✐♣$+✳ ❚❤❡ +②+$❡♠❛$✐❝ ❛♥❛❧②+✐+ ♦❢ $%❛♥+❝%✐♣$ ❡①♣%❡+✲

+✐♦♥ ❞❛$❛ ♦❢ ▼✳ ♣❧❛♥&❛'✐) ❛❢$❡% ❆◆●■■ $%❡❛$♠❡♥$ %❡✈❡❛❧❡❞ ❛ ❤✐❣❤ ✐♥❞✉❝$✐♦♥ ♦❢ $❤❡ ♣%♦$❡✐♥

✉❜✐L✉✐$✐♥❛$✐♦♥ ♣❛$❤✇❛② ❛+ ✇❡❧❧ ❛+ $❤❡ ❛✉$♦♣❤❛❣② ♣❛$❤✇❛②✱ ❜♦$❤ ❤✐❣❤❧② ✐♥✈♦❧✈❡❞ ✐♥ +❦❡❧❡$❛❧

♠✉+❝❧❡ ❛$%♦♣❤② ✭+❡❡ +❡❝$✐♦♥ ✹✳✸✮✳ ❚❤❡+❡ ❞❡%❡❣✉❧❛$✐♦♥ ♦❢ $%❛♥+❝%✐♣$+ ✐♥❝❧✉❞❡+ ❦❡② ♠❛%❦❡%+ ♦❢

❜♦$❤ ♣❛$❤✇❛②+✱ +✉❝❤ ❛+ ❚'✐♠✻✸ ✭▼✉'❢✶ ✮✱ ❋❜①♦✸✷ ✭❆&'♦❣✐♥✶ ✮✱ ❋♦①♦✶✱ ❋♦①♦✸✱ ❇♥✐♣✸✱ ●❛❜❛'❛♣❧✶

❛♥❞ ❈❛&❡♣)✐♥ ▲✳ ❆❧❧ ♦❢ $❤❡♠ ❛%❡ ❢♦✉♥❞ $♦ ❜❡ ❤✐❣❤❧② ✉♣%❡❣✉❧❛$❡❞ ✐♥ ❆◆●■■ $%❡❛$❡❞▼✳ ♣❧❛♥&❛'✐)

♦❢ ❙▼✷✷♣✸✽▼❆B❑α ❑❖ ♠✐❝❡ ❝♦♠♣❛%❡❞ $♦ ❆◆●■■ $%❡❛$❡❞ ❝♦♥$%♦❧+✳

❆♥ ❛$%♦♣❤②✲%❡❧❛$❡❞ $%❛♥+❝%✐♣$ ❡①♣%❡++✐♦♥ ♣%♦❣%❛♠ ✇❛+ +♦❧❡❧② ❢♦✉♥❞ $♦ ❜❡ ✐♥❞✉❝❡❞ ✐♥ ▼✳

♣❧❛♥&❛'✐) ♦❢ ❆◆●■■ $%❡❛$❡❞ ❙▼✷✷♣✸✽▼❆B❑α ❑❖+ ✇❤❡♥ ❝♦♠♣❛%❡❞ $♦ ❆◆●■■ $%❡❛$❡❞ ❝♦♥$%♦❧+✱

+✉❣❣❡+$✐♥❣ $❤❛$ $❤❡ ❞❡%❡❣✉❧❛$✐♦♥ ♦❢ ❛$%♦♣❤② ❛++♦❝✐❛$❡❞ $%❛♥+❝%✐♣$+ ✇❛+ ❞✉❡ $♦ $❤❡ ❢❛✐❧✐♥❣ ❤❡❛%$

✐♥ ❑❖ ❛♥✐♠❛❧+✳ ❚❤✐+ ❛++✉♠♣$✐♦♥ ✇❛+ ❢✉%$❤❡% +✉♣♣♦%$❡❞ ❜② $❤❡ ♠✐❝%♦❛%%❛② ❞❛$❛ ❛♥❛❧②+✐+ ✇❤✐❝❤

+❤♦✇❡❞ ❛ +✐❣♥✐✜❝❛♥$ ✐♥❞✉❝$✐♦♥ ♦❢ ✐♥✢❛♠♠❛$✐♦♥ ❛++♦❝✐❛$❡❞ ♣❛$❤✇❛②+ ✭+✉❝❤ ❛+ $❤❡ ■❧✲✻ ♣❛$❤✇❛②✮

✐♥ ❆◆●■■ $%❡❛$❡❞ ♣❧❛♥$❛%✐+ ♠✉+❝❧❡+ ♦❢ ❑❖ ♠✐❝❡ ✭+❡❡ ✜❣✉%❡ ✹✳✶✷✮✳ ❆❞❞✐$✐♦♥❛❧❧② ❛ ❤✐❣❤ ♥✉♠❜❡% ♦❢

❝②$♦❦✐♥❡+ ✇❛+ ✐♥❞✉❝❡❞ ✐♥ ❤❡❛%$+ ♦❢ ❑❖ ❛♥✐♠❛❧+ ✭+❡❡ +✉♣♣❧❡♠❡♥$❛❧ ✜❣✉%❡ ✾✳✷✮✱ ✇❤✐❝❤ ♣♦✐♥$❡❞

$♦✇❛%❞+ ❛♥ ✐♥✈♦❧✈❡♠❡♥$ ♦❢ ❝❛%❞✐❛❝ %❡❧❡❛+❡❞ ❢❛❝$♦%+ $♦ $%✐❣❣❡% ❤❡❛%$ ❢❛✐❧✉%❡✲✐♥❞✉❝❡❞ ♠✉+❝❧❡

✇❛+$✐♥❣✳

✺✳✶✳✷ ❚%❛♥(❝%✐♣, ❊①♣%❡((✐♦♥ ❆♥❛❧②(✐( ✐♥ ✐❈▼♣✸✽▼❆8❑α ▼✐❝❡

■♥ $❤❡ ❙▼✷✷♣✸✽▼❆B❑α ♠♦❞❡❧✱ ♣✸✽▼❆B❑α ✐+ ♥♦$ ♦♥❧② ❝♦♥+$✐$✉$✐✈❡❧② ✐♥❛❝$✐✈❛$❡❞ ✐♥ ❝❛%✲

❞✐♦♠②♦❝②$❡+✱ ❜✉$ ❛❧+♦ ✐♥ ✈❛+❝✉❧❛% +♠♦♦$❤ ♠✉+❝❧❡ ❝❡❧❧+✱ ✇❤✐❝❤ ♠✐❣❤$ ❛❧+♦ ❝♦♥$%✐❜✉$❡ $♦ $❤❡

❝❛%❞✐❛❝ ♣❤❡♥♦$②♣❡✳ ❆+ ♣✸✽▼❆B❑α ✐+ ❝♦♥+$✐$✉$✐✈❡❧② ✐♥❛❝$✐✈❛$❡❞ ✐♥ $❤❡+❡ ❛♥✐♠❛❧+ $❤✐+ ♠✐❣❤$

❝❛✉+❡ ❡❛%❧② ❞❡✈❡❧♦♣♠❡♥$❛❧ ❛❞❛♣$✐♦♥+✱ ✇❤✐❝❤ ❝♦✉❧❞ ❧❡❛❞ $♦ ❛♥ ❛❧$❡%❡❞ +✉+❝❡♣$✐❜✐❧✐$② $♦ ✐♥❝%❡❛+❡❞

❡♥✈✐%♦♥♠❡♥$❛❧ +$%❡++✱ ✇❤✐❝❤ ✉❧$✐♠❛$❡❧② ❝♦✉❧❞ $%✐❣❣❡% ❤❡❛%$ ❢❛✐❧✉%❡✳ ❚❤✐+ ❛++✉♠♣$✐♦♥ ✇❛+ +✉♣✲

♣♦%$❡❞ ❜② $❤❡ ♦❜+❡%✈❛$✐♦♥ ♦❢ +♦♠❡ ♠❛❧❡ ❙▼✷✷♣✸✽▼❆B❑α ❑❖ ♠✐❝❡✱ ✇❤✐❝❤ ❛❧%❡❛❞② +❤♦✇❡❞

❛♥ ✐♠♣❛✐%❡❞ ❝❛%❞✐❛❝ ❢✉♥❝$✐♦♥ ❜❡❢♦%❡ ❆◆●■■ $%❡❛$♠❡♥$✳ ❆❞❞✐$✐♦♥❛❧❧②✱ ❢❡♠❛❧❡ ❙▼✷✷♣✸✽▼❆B❑α

❑❖ ♠✐❝❡ +♦♠❡$✐♠❡+ ❞❡✈❡❧♦♣❡❞ ❤❡❛%$ ❢❛✐❧✉%❡ ❞✉%✐♥❣ ♣%❡❣♥❛♥❝②✳ ❚❤✐+ ♠✐❣❤$ ❜❡ ❝❛✉+❡❞ ❜② $❤❡

✐♥❝%❡❛+❡❞ ✇♦%❦❧♦❛❞ ✇❤✐❝❤ ♥❛$✉%❛❧❧② ♦❝❝✉%+ ❞✉%✐♥❣ ♣%❡❣♥❛♥❝② ❛♥❞ ✉+✉❛❧❧② ❧❡❛❞+ $♦ ❛ ♣❤②+✐♦✲

❧♦❣✐❝❛❧ ❤②♣❡%$%♦♣❤② ✐♥ ❤❡❛❧$❤② ♠✐❝❡✳ ❇❡❝❛✉+❡ ♦❢ $❤✐+ ♦❜+❡%✈❛$✐♦♥ ✐$ ✐+ ✈❡%② ❧✐❦❡❧② $❤❛$ $❤❡ ❍❋

✐+ ✐♥❞✉❝✐❜❧❡ ❜② ❞✐✛❡%❡♥$ +$%❡++ ❝♦♥❞✐$✐♦♥+ ❛♥❞ ♥♦$ ♦♥❧② ✐♥ ❆◆●■■ ✐♥❞✉❝❡❞ ♣%❡++✉%❡ ♦✈❡%❧♦❛❞✳

❚♦ ♦✈❡%❝♦♠❡ ❞❡✈❡❧♦♣♠❡♥$❛❧ ♦% ✈❛+❝✉❧❛% +♠♦♦$❤ ♠✉+❝❧❡ %❡❧❛$❡❞ ✐++✉❡+ ❛♥ ✐♥❞✉❝✐❜❧❡ ❝❛%❞✐♦✲

♠②♦❝②$❡✲+♣❡❝✐✜❝ ♣✸✽▼❆B❑α ❑❖ ♠♦✉+❡ ✇❛+ ❣❡♥❡%❛$❡❞ ✭%❡❢❡%%❡❞ $♦ ❛+ ✐❈▼♣✸✽▼❆B❑α ♠✐❝❡✮✳

■♥ $❤✐+ ♠♦❞❡❧ ♣✸✽▼❆B❑α ✇❛+ ✐♥❛❝$✐✈❛$❡❞ ✐♥ ❛❞✉❧$ ❝❛%❞✐♦♠②♦❝②$❡+ ✉+✐♥❣ $❤❡ $❛♠♦①✐❢❡♥✲

✐♥❞✉❝✐❜❧❡ ❈%❡✲%❡❝♦♠❜✐♥❛+❡ ♠❡%❈%❡♠❡% ✭❛+ ❞❡+❝%✐❜❡❞ ✐♥ +❡❝$✐♦♥+ ✸✳✶✳✷ ❛♥❞ ✹✳✹✮✳ ❇❡+✐❞❡+ ✐$+

❝❛%❞✐♦♠②♦❝②$❡ +♣❡❝✐✜❝✐$②✱ $❤✐+ ♠♦❞❡❧ ❛❧+♦ ♠♦%❡ %❡❧✐❛❜❧② ♠✐♠✐❝+ $❤❡ +✐$✉❛$✐♦♥ ✐♥ $❤❡ ♠❛❥♦%✲

✐$② ♦❢ ❛❞✉❧$ ♣❛$✐❡♥$+ +✉✛❡%✐♥❣ ❢%♦♠ ❤❡❛%$ ❢❛✐❧✉%❡✴❝❛%❞✐❛❝ ❝❛❝❤❡①✐❛✱ ✇❤♦ ❞❡✈❡❧♦♣ $❤❡ ❞✐+❡❛+❡

✐♥❞❡♣❡♥❞❡♥$ ♦❢ ❣❡♥❡$✐❝ ♣%❡❞✐+♣♦+✐$✐♦♥+✳

❆❧$❤♦✉❣❤ ❜♦$❤ ♠♦❞❡❧+ +❤♦✇❡❞ ❛ +✐♠✐❧❛% ❝❛%❞✐❛❝ ♣❤❡♥♦$②♣❡✱ $❤❡ +❡✈❡%✐$② ♦❢ ❤❡❛%$ ❢❛✐❧✉%❡

+❤♦✇❡❞ ❛ ❤✐❣❤❡% ✈❛%✐❛❜✐❧✐$② ✐♥ ✐❈▼♣✸✽▼❆B❑α ❑❖ ♠✐❝❡ $❤❛♥ ✐♥ ❙▼✷✷♣✸✽▼❆B❑α ❑❖+✳ ❚❤✐+

❞✐✛❡%❡♥❝❡ ✇❛+ ♣%♦❜❛❜❧② ❝❛✉+❡❞ ✐♥ ♣❛%$ ❜② $❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈❛+❝✉❧❛% +♠♦♦$❤ ♠✉+❝❧❡ ❝❡❧❧+✱ ✇❤❡%❡



✺✳ ❉✐$❝✉$$✐♦♥ ✼✻

♣✸✽▼❆%❑α ✇❛) ❛❧)♦ ✐♥❛❝/✐✈❛/❡❞✳ ❆❧)♦ ❞❡✈❡❧♦♣♠❡♥/❛❧ ❡✛❡❝/) ❞✉❡ /♦ /❤❡ ❝♦♥)/✐/✉/✐✈❡ ❦♥♦❝❦

♦✉/ ♦❢ ♣✸✽▼❆%❑α ✐♥ /❤❡ ❙▼✷✷♣✸✽▼❆%❑α ♠♦✉)❡ ♠♦❞❡❧ ♠✉)/ ❜❡ ❝♦♥)✐❞❡=❡❞✳ ❇❡❝❛✉)❡ ❤❡❛=/

❢❛✐❧✉=❡ )❡✈❡=✐/② ✈❛=✐❡❞ ✐♥ ✐♥❞✉❝✐❜❧❡ ✐❈▼♣✸✽▼❆%❑α ❑❖ ♠✐❝❡✱ ✐/ ✇❛) ❢♦✉♥❞ /❤❛/ ♦♥❧② /❤♦)❡ ❑❖

♠✐❝❡ )❤♦✇❡❞ ❛❧/❡=❛/✐♦♥) ✐♥ )❦❡❧❡/❛❧ ♠✉)❝❧❡ /=❛♥)❝=✐♣/ ❡①♣=❡))✐♦♥✱ ✇❤✐❝❤ )✉✛❡=❡❞ ❢=♦♠ )❡✈❡=❡

❤❡❛=/ ❢❛✐❧✉=❡✳ ❍❡♥❝❡✱ ♦♥❧② ♠✐❝❡ ✇❤✐❝❤ ❞❡✈❡❧♦♣❡❞ )❡✈❡=❡ ❤❡❛=/ ❢❛✐❧✉=❡ ✇❡=❡ ✉)❡❞ ❢♦= ❢✉=/❤❡=

/=❛♥)❝=✐♣/ ❡①♣=❡))✐♦♥ ❛♥❛❧②)✐) ❜② E%❈❘✳

❇❡)✐❞❡) /❤❡ )✐♠✐❧❛= ❝❛=❞✐❛❝ ♣❤❡♥♦/②♣❡ ✐♥ ❜♦/❤ ♠♦❞❡❧)✱ /❤❡ /=❛♥)❝=✐♣/ ❡①♣=❡))✐♦♥ ❛♥❛❧②)✐)

♦❢ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ✐❈▼♣✸✽▼❆%❑α ❝♦♥/=♦❧ ❛♥❞ ❑❖ ♠✐❝❡ ❛❧)♦ =❡✈❡❛❧❡❞ ❛ )✐♠✐❧❛= ✉♣=❡❣✉❧❛/✐♦♥

♦❢ ❛/=♦♣❤② ❛♥❞ ✐♥✢❛♠♠❛/✐♦♥ ❛))♦❝✐❛/❡❞ /=❛♥)❝=✐♣/) ✐♥ ✐❈▼♣✸✽▼❆%❑α ❑❖ ♠✐❝❡ ❛) ✐❞❡♥/✐✜❡❞

❜② ♠✐❝=♦❛==❛② ❛♥❛❧②)✐) ✐♥ /❤❡ ❙▼✷✷♣✸✽▼❆%❑α ♠♦❞❡❧ ❛❢/❡= ✹✽ ❤♦✉=) ♦❢ ❆◆●■■ /=❡❛/♠❡♥/✳

❚♦ ❢✉=/❤❡= ❝❤❛=❛❝/❡=✐③❡ ❛ ❝❛=❞✐❛❝ ❞❡♣❡♥❞❡♥/ ❞❡=❡❣✉❧❛/✐♦♥ ♦❢ /=❛♥)❝=✐♣/) ✐♥ )❦❡❧❡/❛❧ ♠✉)❝❧❡✱

❛ /✐♠❡❧✐♥❡ ❛♥❛❧②)✐) ✭❜❡❢♦=❡ ❛♥❞ ❛❢/❡= ✶✷✱ ✷✹ ❛♥❞ ✹✽ ❤♦✉=) ♦❢ ❆◆●■■ /=❡❛/♠❡♥/✮ ♦❢ /=❛♥)❝=✐♣/

❡①♣=❡))✐♦♥ ✇❛) ♣❡=❢♦=♠❡❞ ✐♥ ✐❈▼♣✸✽▼❆%❑α ❝♦♥/=♦❧ ❛♥❞ ❑❖ ♠✐❝❡✳ ❚❤✐) ❛♥❛❧②)✐) =❡✈❡❛❧❡❞ ❛♥

✉♣=❡❣✉❧❛/✐♦♥ ♦❢ ♠♦)/ ❛/=♦❣❡♥❡) ✭✜❣✉=❡ ✹✳✶✽✮✱ ❛✉/♦♣❤❛❣② =❡❧❛/❡❞ /=❛♥)❝=✐♣/) ✭✜❣✉=❡ ✹✳✷✵✮ ❛♥❞

❝②/♦❦✐♥❡) ✭✜❣✉=❡ ✹✳✶✾✮ ❛❢/❡= ✹✽ ❤♦✉=) ♦❢ ❆◆●■■ /=❡❛/♠❡♥/ ✐♥ ❑❖ ♠✐❝❡✱ ✇❤❡=❡❛) /❤❡ /=❛♥)❝=✐♣/

❡①♣=❡))✐♦♥ ❧❡✈❡❧) ♦❢ ❝♦♥/=♦❧) =❡♠❛✐♥❡❞ ✉♥❝❤❛♥❣❡❞ ✇✐/❤✐♥ /❤❡ ✜=)/ ✹✽ ❤♦✉=)✱ ❢✉=/❤❡= )✉♣♣♦=/✐♥❣

/❤❡ ❤②♣♦/❤❡)✐)✱ /❤❛/ /❤❡)❡ ❛❧/❡=❛/✐♦♥) ✇❡=❡ ✐♥❞✉❝❡❞ ❜② /❤❡ ❢❛✐❧✐♥❣ ❤❡❛=/ ❛♥❞ ♥♦/ ❜② ❆◆●■■✳

■♥ /❤❡ ❤❡❛=/ ♦❢ ✐❈▼♣✸✽▼❆%❑α ❑❖) /❤❡ ✉♣=❡❣✉❧❛/✐♦♥ ♦❢ ❝②/♦❦✐♥❡) )/❛=/❡❞ ❛❧=❡❛❞② ❛❢/❡=

✷✹ ❤♦✉=) ♦❢ ❆◆●■■ /=❡❛/♠❡♥/✱ ❢♦❧❧♦✇❡❞ ❜② /❤❡ /=❛♥)❝=✐♣/ ❞❡=❡❣✉❧❛/✐♦♥ ✐♥▼✳ ♣❧❛♥&❛'✐) ✷✹ ❤♦✉=)

❧❛/❡=✱ ❢✉=/❤❡= ♣♦✐♥/✐♥❣ /♦✇❛=❞) ❛ ❤❡❛=/ ✲ )❦❡❧❡/❛❧ ♠✉)❝❧❡ ❝=♦)) /❛❧❦✳

✺✳✷ ❊✛❡❝'( ♦❢ ◆❡✉'-♦♣❤✐❧ ❉❡♣❧❡'✐♦♥ ♦♥ ❍❡❛-' ❋❛✐❧✉-❡✲✐♥❞✉❝❡❞

▼✉(❝❧❡ ❲❛('✐♥❣

■♥✢❛♠♠❛/✐♦♥ ♣❧❛②) ❛♥ ✐♠♣♦=/❛♥/ =♦❧❡ ✐♥ ❤❡❛=/ ❢❛✐❧✉=❡✲✐♥❞✉❝❡❞ ♠✉)❝❧❡ ✇❛)/✐♥❣ ✭●✉❧❧❡)/❛❞ ❡/ ❛❧✳

✷✵✶✷✮✳ ❆ ♠❛❥♦= ✐♥✈♦❧✈❡♠❡♥/ ♦❢ ✐♥✢❛♠♠❛/✐♦♥ ✐♥ ❤❡❛=/ ❢❛✐❧✉=❡ ♦❢ ✐❈▼♣✸✽▼❆%❑α ❑❖ ♠✐❝❡ ✇❛)

♥♦/ ♦♥❧② )✉♣♣♦=/❡❞ ❜② /❤❡ ❤✐❣❤ ✐♥❞✉❝/✐♦♥ ♦❢ ❝②/♦❦✐♥❡) ✐♥ /❤❡ ❤❡❛=/✱ ❜✉/ ❛❧)♦ ❜② ❛ ♠❛))✐✈❡

♥❡✉/=♦♣❤✐❧ ✐♥✜❧/=❛/✐♦♥ ♦❢ ❑❖ ❤❡❛=/) ❢♦✉♥❞ ❛❢/❡= ✹✽ ❤♦✉=) ♦❢ ❆◆●■■ /=❡❛/♠❡♥/ ✭)❡❡ ✜❣✉=❡ ✹✳✶✺

❈✮✳ ❚♦ ❡①❛♠✐♥❡ /❤❡ ❡✛❡❝/ ♦❢ ✐♥✜❧/=❛/✐♥❣ ♥❡✉/=♦♣❤✐❧)✱ /❤❡② ✇❡=❡ ❞❡♣❧❡/❡❞ ✉)✐♥❣ ❛♥/✐✲▲②✻●

)♣❡❝✐✜❝ ❛♥/✐❜♦❞✐❡) ✭❆❇✮ ✭)❡❡ )❡❝/✐♦♥ ✸✳✾✮✳ ❈♦♥/=♦❧ ❛♥❞ ❑❖ ♠✐❝❡✱ /=❡❛/❡❞ ✇✐/❤ ✐)♦/②♣❡ ✭■❚✮

❛♥/✐❜♦❞✐❡)✱ ✇❡=❡ ✉)❡❞ ❛) ❛ ❝♦♥/=♦❧ ❣=♦✉♣ /♦ =✉❧❡ ♦✉/ ♥♦♥✲)♣❡❝✐✜❝ ❡✛❡❝/)✳

❚❤❡ ✐♠♣♦=/❛♥/ ✜♥❞✐♥❣ ♦❢ /❤✐) ❡①♣❡=✐♠❡♥/ ✇❛)✱ /❤❛/ ♥❡✉/=♦♣❤✐❧ ❞❡♣❧❡/✐♦♥ )✉❜)/❛♥/✐❛❧❧②

✐♠♣=♦✈❡❞ ❝❛=❞✐❛❝ ❢✉♥❝/✐♦♥ ✐♥ ❆◆●■■ /=❡❛/❡❞ ✐❈▼♣✸✽▼❆%❑α ❑❖ ♠✐❝❡✳ ❚❤✐) ❢✉♥❝/✐♦♥❛❧ ✐♠✲

♣=♦✈❡♠❡♥/ ❧❡❞ /♦ ✐♠♣♦=/❛♥/ ❛❧/❡=❛/✐♦♥) ❛❧)♦ ✐♥ ▼✳ ♣❧❛♥&❛'✐)✳

❋✐=)/ ♠♦)/ ♦❢ /❤❡ ❝②/♦❦✐♥❡) ❛♥❞ ❛/=♦❣❡♥❡) ✉♣=❡❣✉❧❛/❡❞ ✐♥ /❤❡ ✐❈▼♣✸✽▼❆%❑α ❑❖ ♠✐❝❡

✇✐/❤ ❤❡❛=/ ❢❛✐❧✉=❡✱ =❡/✉=♥❡❞ /♦ ❝♦♥/=♦❧ ❧❡✈❡❧)✳ ❖♥❡ ❝♦✉❧❞ )♣❡❝✉❧❛/❡✱ ✇❤❡/❤❡= /❤❡ =❡❞✉❝❡❞ ❝②✲

/♦❦✐♥❡ /=❛♥)❝=✐♣/ ❧❡✈❡❧) ❢♦✉♥❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ✇❡=❡ ❞✉❡ /♦ )②)/❡♠✐❝ ❞❡♣❧❡/✐♦♥ ♦❢ ♥❡✉/=♦♣❤✐❧)✱

✇❤✐❝❤ ✇❛) ✈❡=② ✉♥❧✐❦❡❧②✱ ❛) ❤✐)/♦❧♦❣✐❝❛❧ ❛♥❛❧②)✐) ♦❢ )❦❡❧❡/❛❧ ♠✉)❝❧❡ ❞✐❞ ♥♦/ =❡✈❡❛❧ ♥❡✉/=♦♣❤✐❧

✐♥✜❧/=❛/✐♦♥ ❛❢/❡= ✐♥❞✉❝/✐♦♥ ♦❢ ❤❡❛=/ ❢❛✐❧✉=❡ ✭✜❣✉=❡ ✹✳✻ ❇✲❋ ✭❛♥/✐✲▲②✻●✮✮✳

■♥ ❤❡❛=/) ♦❢ ❜♦/❤ ❑❖ ❣=♦✉♣)✱ ♦♥❧② ■❧✲✻ =❡♠❛✐♥❡❞ ❝♦♠♣❛=❛❜❧② ✉♣=❡❣✉❧❛/❡❞ ❛♥❞ ❛❧)♦ ❋❜①♦✸✷

)/❛②❡❞ ✉♣=❡❣✉❧❛/❡❞ ✐♥ ▼✳ ♣❧❛♥&❛'✐) ✐♥ ❜♦/❤ ❑❖ ❣=♦✉♣) ✭)❡❡ ✜❣✉=❡ ✹✳✷✽✮✳ ❚❤✉) ♠♦)/ ♦❢ /❤❡

❝②/♦❦✐♥❡) ✐♥ /❤❡ ❤❡❛=/ ✇❡=❡ ❡❧❡✈❛/❡❞ ❞✉❡ /♦ ♥❡✉/=♦♣❤✐❧ ✐♥✜❧/=❛/✐♦♥ ❡✐/❤❡= ❡①♣=❡))❡❞ ❜② ♥❡✉✲



✺✳ ❉✐$❝✉$$✐♦♥ ✼✼

 !♦♣❤✐❧' ♦! ✐♥❞✉❝❡❞ ❜② ✐ ✳ ■❧✲✻ ♠✐❣❤ ❜❡ ❡①♣!❡''❡❞ ❢!♦♠ ❝❛!❞✐♦♠②♦❝② ❡'✱ ❛' ✐ ' ❡①♣!❡''✐♦♥ ❧❡✈❡❧

!❡♠❛✐♥❡❞ ❝♦♠♣❛!❛❜❧② ✉♣!❡❣✉❧❛ ❡❞ ✐♥ ❤❡❛! ' ♦❢ ❜♦ ❤ ❑❖ ❣!♦✉♣'✳

❚❤✐' ✜♥❞✐♥❣ ❞❡♠♦♥' !❛ ❡❞  ❤❛ ■❧✲✻ ❜② ✐ '❡❧❢ ✐' ♥♦ ❛❜❧❡  ♦ ✐♥❞✉❝❡ ♠✉'❝❧❡ ❛ !♦♣❤② ❛' ♣♦'✲

 ✉❧❛ ❡❞ ❜② '❡✈❡!❛❧ ❣!♦✉♣'✱ ❛'  ❤❡ ❛ !♦♣❤② ❛''♦❝✐❛ ❡❞ ❡①♣!❡''✐♦♥ ♣!♦✜❧❡ ✇❛' ♥♦ ❧♦♥❣❡! ✐♥❞✉❝❡❞

✐♥ ♥❡✉ !♦♣❤✐❧ ❞❡♣❧❡ ❡❞ ❑❖ ♠✐❝❡✳ ■❧✲✻ ❛♥❞ ✐ ' ✐♥✈♦❧✈❡♠❡♥ ✐♥ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✇✐❧❧ ❜❡

❞✐'❝✉''❡❞ ❜❡❧♦✇ ✐♥ '❡❝ ✐♦♥ ✺✳✸✳✶ ✐♥ ♠♦!❡ ❞❡ ❛✐❧✳

❙❡❝♦♥❞✱  ❤❡ ❜♦❞② ✇❡✐❣❤ ❧♦'' ❛❢ ❡! ✹✽ ❤♦✉!' ♦❢ ❆◆●■■  !❡❛ ♠❡♥ ✇❛' '✐❣♥✐✜❝❛♥ ❧② ❤✐❣❤❡! ✐♥

❜♦ ❤ ❑❖ ❣!♦✉♣' ❝♦♠♣❛!❡❞  ♦ ❝♦♥ !♦❧ ❣!♦✉♣'✳ ■♥ ❡!❡' ✐♥❣❧②  ❤❡ ❛♥❛❧②'✐' ♦❢  ❤❡ ♠✉'❝❧❡ ✇❡✐❣❤ 

 ♦ ✐♥✐ ✐❛❧ ❜♦❞② ✇❡✐❣❤ !❛ ✐♦ !❡✈❡❛❧❡❞ ❛ '✐❣♥✐✜❝❛♥ !❡❞✉❝❡❞ !❛ ✐♦ ♦❢ ▼✳ ❣❛()*♦❝♥❡♠✐✉( ✐♥ ♥♦♥✲

❞❡♣❧❡ ❡❞ ❑❖ ♠✐❝❡ ❝♦♠♣❛!❡❞  ♦ ♥♦♥✲❞❡♣❧❡ ❡❞ ❝♦♥ !♦❧'✱ ✇❤✐❝❤ ✇❛' ♥♦ '❡❡♥ ✐♥  ❤❡ ♥❡✉ !♦♣❤✐❧

❞❡♣❧❡ ❡❞ ❣!♦✉♣✳

❚❤✐' ✜♥❞✐♥❣ '✉❣❣❡' ❡❞  ❤❛  ❤❡ !❡❞✉❝❡❞ ❜♦❞② ✇❡✐❣❤ ✐♥ ♥❡✉ !♦♣❤✐❧ ❞❡♣❧❡ ❡❞ ❛♥✐♠❛❧' ✇❛'

!❛ ❤❡! ❞✉❡  ♦ ❧♦'' ♦❢ ❢❛ ♠❛''  ❤❛♥ ♠✉'❝❧❡ ♠❛''✱ ✐♥ ❝♦♥ !❛'  ♦ ♥♦♥✲❞❡♣❧❡ ❡❞ ❑❖ ♠✐❝❡✱ ✇❤❡!❡

 ❤❡ !❡❞✉❝ ✐♦♥ ♦❢ ❜♦❞② ✇❡✐❣❤ ✇❛' ❛ ❧❡❛' ♣❛! ❧② ❞✉❡  ♦ ❧♦'' ♦❢ ♠✉'❝❧❡ ♠❛'' ❛' ✇❡❧❧ ✭'❡❡

✜❣✉!❡ ✹✳✷✾✮✳

❆❞❞✐ ✐♦♥❛❧❧② ❤✐' ♦❧♦❣✐❝❛❧ '❡❝ ✐♦♥' ♦❢ '❦❡❧❡ ❛❧ ♠✉'❝❧❡' ✇❡!❡ ♠❛❞❡✱ ✇❤✐❝❤ !❡✈❡❛❧❡❞✱  ❤❛  ❤❡

 ②♣✐❝❛❧ ♠♦!♣❤♦❧♦❣✐❝❛❧ ❛❧ ❡!❛ ✐♦♥' ✐♥ '❦❡❧❡ ❛❧ ♠✉'❝❧❡' ♦❝❝✉!!✐♥❣ ✐♥  ②♣❡ ✷ ✜❜❡!' ♦❢ ♠✐❝❡ ✇✐ ❤

♦♥❧② '❡✈❡!❡ ❤❡❛! ❢❛✐❧✉!❡ ✇❡!❡ ♥♦ ❞❡ ❡❝ ❛❜❧❡ ❛❢ ❡! ♥❡✉ !♦♣❤✐❧ ❞❡♣❧❡ ✐♦♥✱ ✇❤❡!❡❛'  ❤❡② ✇❡!❡

' ✐❧❧ ❢♦✉♥❞ ✐♥ ♥♦♥✲❞❡♣❧❡ ❡❞ ❑❖' ❛❢ ❡! ❆◆●■■  !❡❛ ♠❡♥ ✳

❙✉♠♠❛!✐③✐♥❣  ❤❡ ✜♥❞✐♥❣' ♦❢  ❤❡ ♥❡✉ !♦♣❤✐❧ ❞❡♣❧❡ ✐♦♥ ❡①♣❡!✐♠❡♥ ✱ ✐ ❝♦✉❧❞ ❜❡ ❞❡♠♦♥' !❛ ❡❞

 ❤❛ ❝❛!❞✐❛❝ ♥❡✉ !♦♣❤✐❧ ✐♥✜❧ !❛ ✐♦♥ ✐' ❤✐❣❤❧② ✐♥✈♦❧✈❡❞ ✐♥  ❤❡ ✐♥✐ ✐❛❧ ♣❤❛'❡ ♦❢ ❝❛!❞✐❛❝ !❡♠♦❞❡❧✐♥❣

✐♥ ✐❈▼♣✸✽▼❆O❑α ❑❖ ♠✐❝❡✳ ❇② ❞❡♣❧❡ ✐♥❣ ✐♥✜❧ !❛ ✐♥❣ ♥❡✉ !♦♣❤✐❧' ♥♦ ♦♥❧② ❝❛!❞✐❛❝ !❡♠♦❞❡❧✐♥❣

✇❛' '✐❣♥✐✜❝❛♥ ❧② ✐♠♣!♦✈❡❞✱ ❜✉ ❝♦♥'❡Q✉❡♥ ❧② ❛❧'♦ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ❛ !♦♣❤② ❝♦✉❧❞ ❜❡ ♥❡❛!❧②

❝♦♠♣❧❡ ❡❧② !❡'❝✉❡❞✳

✺✳✸ ❚❤❡ &♦(❡♥(✐❛❧ ❘♦❧❡. ♦❢ ▼②♦.(❛(✐♥ ♦2 ■▲✲✻ ❛. ❇✐♦♠❛2❦❡2. ♦❢

❈❛2❞✐❛❝ ❈❛❝❤❡①✐❛

❯♥ ✐❧ ♥♦✇ ✐ ✐' ♥♦ ❢✉❧❧② ✉♥❞❡!' ♦♦❞✱ ❤♦✇ ❤❡❛! ❢❛✐❧✉!❡✲✐♥❞✉❝❡❞ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✐' ♠❡❞✐❛ ❡❞✳ ■ 

✐' '✉❣❣❡' ❡❞  ❤❛  ❤❡ ❢❛✐❧✐♥❣ ❤❡❛! !❡❧❡❛'❡' '♣❡❝✐✜❝ ❢❛❝ ♦!' ✇❤✐❝❤ ❝♦♥'❡Q✉❡♥ ❧② ✐♥❞✉❝❡ '❦❡❧❡ ❛❧

♠✉'❝❧❡ ❛ !♦♣❤②✳ ■♥  ❤✐' ❝♦♥ ❡① ✱ ❜♦ ❤✱ ▼②♦' ❛ ✐♥ ❛' ✇❡❧❧ ❛' ■▲✲✻✱ ❛!❡ '✉❣❣❡' ❡❞ ❝❛♥❞✐❞❛ ❡' ♦❢

❤❡❛! ❢❛✐❧✉!❡ ✐♥❞✉❝❡❞ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✭❇!❡✐ ❜❛! ❡ ❛❧✳ ✷✵✶✶✱ ❈❛!'♦♥ ❛♥❞ ❇❛❧ ❣❛❧✈✐'

✷✵✶✵✮✳

✺✳✸✳✶ ■▲✲✻

■♥ ❡!❧❡✉❦✐♥✲✻ ✭■▲✲✻✮ ✐' ❝♦♠♠♦♥❧② ❞❡'❝!✐❜❡❞ ❛' ❛ ♣❧❡✐♦ !♦♣✐❝ ❝② ♦❦✐♥❡✱ ✇❤✐❝❤ ✐' ❜♦ ❤ ♣!♦❞✉❝❡❞

❜② ❛ ✈❛!✐❡ ② ♦❢ ❝❡❧❧  ②♣❡'✱  ❛!❣❡ ' ❛ ✈❛!✐❡ ② ♦❢ ❝❡❧❧  ②♣❡'✱ ❛♥❞ ❤❛'  ❤❡ ❝❛♣❛❝✐ ②  ♦ ✐♥❞✉❝❡

'❡✈❡!❛❧ ❞✐✛❡!❡♥ ✐♥ !❛❝❡❧❧✉❧❛! '✐❣♥❛❧✐♥❣ ♣❛ ❤✇❛②'✳ ❈✐!❝✉❧❛ ✐♥❣ ■▲✲✻ ❧❡✈❡❧' ❛!❡ ♥♦!♠❛❧❧② ✈❡!②

❧♦✇ ♦! ✉♥❞❡ ❡❝ ❛❜❧❡✳ ■ ❝❛♥  !❛♥'✐❡♥ ❧② ✐♥❝!❡❛'❡ ✶✵✵✲❢♦❧❞ ✐♥  ❤❡ ❝✐!❝✉❧❛ ✐♦♥ ❢♦❧❧♦✇✐♥❣ ♣!♦❧♦♥❣❡❞

❡①❡!❝✐'❡✱ ✇❤❡!❡❛' ✐♥ ✐♥✢❛♠♠❛ ♦!② ❝♦♥❞✐ ✐♦♥' ✐ !❡♠❛✐♥' ❞!❛♠❛ ✐❝❛❧❧② ✐♥❝!❡❛'❡❞✱ ♦❢ ❡♥ !❡❧❛ ❡❞

 ♦  ❤❡ ❛❝✉ ❡ ♣❤❛'❡ ✐♠♠✉♥❡ !❡'♣♦♥'❡  ♦ ✐♥❢❡❝ ✐♦♥ ✭❈❛!'♦♥ ❛♥❞ ❇❛❧ ❣❛❧✈✐' ✷✵✶✵✮✳ ❊❧❡✈❛ ❡❞

❧❡✈❡❧' ♦❢ ❝✐!❝✉❧❛ ✐♥❣ ■▲✲✻ ❛!❡ ❤✐❣❤❧② ❛''♦❝✐❛ ❡❞ ✇✐ ❤ '❦❡❧❡ ❛❧ ♠✉'❝❧❡ ✇❛' ✐♥❣ ✭❍❛❞❞❛❞ ❡ ❛❧✳



✺✳ ❉✐$❝✉$$✐♦♥ ✼✽

✷✵✵✺✱ ❇❛❧'❣❛❧✈✐+ ❡' ❛❧✳ ✷✵✵✾✱ ❲❤✐'❡ ❡' ❛❧✳ ✷✵✶✷✮✳ ❆❧'❤♦✉❣❤ ♦✈❡6❡①♣6❡++✐♦♥ ♦❢ ■▲✲✻ ✇❛+ +❤♦✇♥ '♦

❛❝❝❡❧❡6❛'❡ ❝❛♥❝❡6 ❝❛❝❤❡①✐❛ ✐♥ ❣❡♥❡'✐❝❛❧❧② ♣6❡❞✐+♣♦+❡❞ ❆♣❝

Min/−
♠✐❝❡ ✭❛♥ ❡+'❛❜❧✐+❤❡❞ ♠♦✉+❡

♠♦❞❡❧ ♦❢ ❝♦❧♦♥ ❝❛♥❝❡6✮✱ ♦✈❡6❡①♣6❡++✐♦♥ ♦❢ ■▲✲✻ ✇❛+ ♥♦' +✉✣❝✐❡♥' '♦ ✐♥❞✉❝❡ ♠✉+❝❧❡ ✇❛+'✐♥❣ ✐♥

✇✐❧❞'②♣❡ ❛♥✐♠❛❧+ ✭G✉♣♣❛ ❡' ❛❧✳ ✷✵✶✷✮✳

❘❡+✉❧'+ ❢6♦♠ '❤✐+ '❤❡+✐+ ❛❧+♦ ❛6❣✉❡ ❛❣❛✐♥+' ❛ +✐♥❣❧❡ 6♦❧❡ ♦❢ ■❧✲✻ ✐♥ ❡❛6❧② ❡✈❡♥'+ ❧❡❛❞✐♥❣ '♦

♠✉+❝❧❡ ✇❛+'✐♥❣✳

■❧✲✻ ✇❛+ ❤✐❣❤❧② ✐♥❞✉❝❡❞ ✐♥ ❤❡❛6'+ ♦❢ ❜♦'❤ ♣✸✽▼❆G❑α ❑❖ ♠♦❞❡❧+✳ ❚❤❡ ♠✐❝6♦❛66❛② ❞❛'❛

6❡✈❡❛❧❡❞ ❛ ✸✸✲❢♦❧❞ ✉♣6❡❣✉❧❛'✐♦♥ ♦❢ ■❧✲✻ ✐♥ ❙▼✷✷♣✸✽▼❆G❑α ❑❖ ♠✐❝❡✱ ✇❤❡6❡❛+ ❛ ✼✲❢♦❧❞ ✐♥✲

❞✉❝'✐♦♥ ♦❢ ■❧✲✻ ✇❛+ ❢♦✉♥❞ ❛❧6❡❛❞② ❛❢'❡6 ✷✹ ❤♦✉6+ ♦❢ ❆◆●■■ '6❡❛'♠❡♥' ✐♥ ✐❈▼♣✸✽▼❆G❑α ❑❖

♠✐❝❡ ✭+❡❡ '❛❜❧❡+ ✹✳✷ ❛♥❞ ✹✳✹✮✳

❲❤❡♥ ♠✐❝❡ ✇❡6❡ ❞❡♣❧❡'❡❞ ❢6♦♠ ♥❡✉'6♦♣❤✐❧+ '6❛♥+❝6✐♣' ❡①♣6❡++✐♦♥ ❧❡✈❡❧+ ♦❢ ■❧✲✻ ✇❡6❡ ❝♦♠✲

♣❛6❛❜❧② ❡❧❡✈❛'❡❞ ✐♥ ❝♦♥'6♦❧ ❛♥❞ ♥❡✉'6♦♣❤✐❧ ❞❡♣❧❡'❡❞ ❑❖ ♠✐❝❡✱ ❞❡♠♦♥+'6❛'✐♥❣ '❤❛' ❝❛6❞✐❛❝ ■❧✲✻

❡①♣6❡++✐♦♥ ✇❛+ ♥♦' '6✐❣❣❡6❡❞ ❜② ♥❡✉'6♦♣❤✐❧ ❞❡♣❧❡'✐♦♥ ✭✜❣✉6❡ ✹✳✷✻ ❉✮✳ ❚❤✐+ ✇❛+ ✐♥ ❝♦♥'6❛+' '♦

♦'❤❡6 ❝②'♦❦✐♥❡+✱ ✇❤✐❝❤ ✇❡6❡ +✐❣♥✐✜❝❛♥'❧② 6❡❞✉❝❡❞ ❛❢'❡6 ♥❡✉'6♦♣❤✐❧ ❞❡♣❧❡'✐♦♥✳

◆♦♥❡'❤❡❧❡++ '❤❡ ❛'6♦♣❤② 6❡❧❛'❡❞ '6❛♥+❝6✐♣' ❡①♣6❡++✐♦♥ ♣6♦❣6❛♠ ✇❛+ ❛❧♠♦+' ❝♦♠♣❧❡'❡❧②

❡①'✐♥❣✉✐+❤❡❞✳ ❚❤✉+ ■❧✲✻✱ ❛' ❧❡❛+' ✐♥ '❤❡ ❤❡❛6' ❢❛✐❧✉6❡ ♠♦❞❡❧ ✉+❡❞ ✐♥ '❤✐+ ✇♦6❦✱ ✇❛+ ♥♦' +✉✣❝✐❡♥'

'♦ '6✐❣❣❡6 ❍❋✲✐♥❞✉❝❡❞ ♠✉+❝❧❡ ✇❛+'✐♥❣✳

✺✳✸✳✷ ▼②♦'(❛(✐♥

▼②♦+'❛'✐♥✱ ❛❧+♦ ❦♥♦✇♥ ❛+ ❣6♦✇'❤✴❞✐✛❡6❡♥'✐❛'✐♦♥ ❢❛❝'♦6 ✽✱ ✇❛+ '❤❡ ✜6+' ✐❞❡♥'✐✜❡❞ ♠②♦❦✐♥❡ ♦❢

'❤❡ ❚●❋β +✉♣❡6❢❛♠✐❧②✳ ■♥❛❝'✐✈❛'✐♦♥ ♦❢ '❤❡ ▼②♦'(❛(✐♥ ❣❡♥❡ ✭❦♥♦❝❦♦✉'✮ 6❡+✉❧'+ ✐♥ ❡①'❡♥+✐✈❡

+❦❡❧❡'❛❧ ♠✉+❝❧❡ ❤②♣❡6'6♦♣❤② ✐♥ ♠✐❝❡✱ ❝❛''❧❡ ❛♥❞ ❤✉♠❛♥+ ✭▼❝G❤❡66♦♥ ❡' ❛❧✳ ✶✾✾✼✱ ▼❝G❤❡6✲

6♦♥ ❛♥❞ ▲❡❡ ✶✾✾✼✱ ❉+❝❤✐❡'③✐❣ ✷✵✶✹✮✳ ▼②♦+'❛'✐♥ ✐+ ♦♥❡ ♦❢ '❤❡ ✈❡6② ♣6♦♠✐♥❡♥' ❡①❛♠♣❧❡+ ♦❢ ❛

+❡❝6❡'❡❞ ❣6♦✇'❤ ❢❛❝'♦6 +✉❣❣❡+'❡❞ '♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ '❤❡ ❞❡✈❡❧♦♣♠❡♥' ♦❢ ❝❛6❞✐❛❝ ❝❛❝❤❡①✐❛✳ ■'

✐+ ❣❡♥❡6❛'❡❞ ♣6❡❞♦♠✐♥❛♥'❧② ✐♥ ♠✉+❝❧❡ ❛♥❞ ❛❝'+ ❛+ ❛ ♠❛❥♦6 +✉♣♣6❡++♦6 ♦❢ ♠✉+❝❧❡ ❣6♦✇'❤✳ ■♥✲

'❡6❡+'✐♥❣❧②✱ ❝❛6❞✐♦♠②♦❝②'❡✲+♣❡❝✐✜❝ ❞❡❧❡'✐♦♥ ♦❢ '❤❡ ▼②♦'(❛(✐♥ ❣❡♥❡ ✐♥ ♠✐❝❡ ❛''❡♥✉❛'❡+ +❦❡❧❡'❛❧

♠✉+❝❧❡ ✇❛+'✐♥❣ ✐♥ 6❡+♣♦♥+❡ '♦ ♣6❡++✉6❡ ♦✈❡6❧♦❛❞ ✭❇6❡✐'❜❛6' ❡' ❛❧✳ ✷✵✶✶✮✳ ❚❤✐+ ❛++♦❝✐❛'✐♦♥ ✇❛+

❛❧+♦ ❞❡♠♦♥+'6❛'❡❞ ❜② ♦'❤❡6+✱ ✇❤✐❝❤ +❤♦✇❡❞ ❛♥ ✐♥❞✉❝'✐♦♥ ♦❢ ▼②♦'(❛(✐♥ ♦♥ '6❛♥+❝6✐♣'✐♦♥❛❧ ❧❡✈✲

❡❧+ ✐♥ 6♦❞❡♥' ♠♦❞❡❧+ ♦❢ ❝❤6♦♥✐❝ ❤❡❛6' ❢❛✐❧✉6❡ ✭❈❍❋✮✱ ✇❤✐❝❤ ✇❡6❡ ❛❧+♦ ❛++♦❝✐❛'❡❞ ✇✐'❤ ❡❧❡✈❛'❡❞

❝✐6❝✉❧❛'✐♥❣ ❧❡✈❡❧+ ♦❢ ♠②♦+'❛'✐♥ ✭❈♦♦❦ ❡' ❛❧✳ ✷✵✵✷✱ ❙❤②✉ ❡' ❛❧✳ ✷✵✵✻✱ ▲❡♥❦ ❡' ❛❧✳ ✷✵✵✾✮✳ ❖'❤❡6

❣6♦✉♣+✱ ✐♥❝❧✉❞✐♥❣ ❈❤6✐+'❡♥+❡♥ ❡' ❛❧ ❞✐❞ ♥♦' ✜♥❞ ✐♥❝6❡❛+❡❞ ❧❡✈❡❧+ ♦❢ ❝✐6❝✉❧❛'✐♥❣ ▼②♦+'❛'✐♥ ✐♥

❈❍❋ ♣❛'✐❡♥'+ ✭❈❤6✐+'❡♥+❡♥ ❡' ❛❧✳ ✷✵✶✸✮✳

■♥ '❤✐+ ✇♦6❦ ♥♦ ❛❧'❡6❛'✐♦♥ ♦❢ ▼②♦'(❛(✐♥ '6❛♥+❝6✐♣' ❡①♣6❡++✐♦♥ ❧❡✈❡❧+ ✐♥ '❤❡ ❤❡❛6' ✇✐'❤✐♥ '❤❡

✜6+' ✹✽ ❤♦✉6+ ♦❢ ❆◆●■■ '6❡❛'♠❡♥' ❝♦✉❧❞ ❜❡ ❞❡'❡❝'❡❞ ✐♥ ♥❡✐'❤❡6 ♦❢ '❤❡ ♣✸✽▼❆G❑α ♠♦❞❡❧+

✭'❛❜❧❡+ ✹✳✷ ❛♥❞ ✹✳✹✮✱ +✉❣❣❡+'✐♥❣ '❤❛' ❝❛6❞✐❛❝ 6❡❧❡❛+❡ ♦❢ ▼②♦+'❛'✐♥ ✇❛+ ♥♦' ✐♥✈♦❧✈❡❞ ✐♥ '❤❡

♠♦❞✉❧❛'✐♦♥ ♦❢ ❛'6♦❣❡♥❡+ ✐♥ ♣❧❛♥'❛6✐+ ♠✉+❝❧❡+✳

◆♦♥❡'❤❡❧❡++ ✐♥ +❦❡❧❡'❛❧ ♠✉+❝❧❡ ▼②♦'(❛(✐♥ ✇❛+ +✐❣♥✐✜❝❛♥'❧② ✉♣6❡❣✉❧❛'❡❞ ❛❢'❡6 ✹✽ ❤♦✉6+ ♦❢

❆◆●■■ '6❡❛'♠❡♥' ✭✸✲❢♦❧❞ ✉♣6❡❣✉❧❛'❡❞ ✐♥ ❙▼✷✷♣✸✽▼❆G❑α ❑❖ ♠✐❝❡ ❛♥❞ ✷✳✼✲❢♦❧❞ ✉♣6❡❣✉❧❛'❡❞

✐♥ ✐❈▼♣✸✽▼❆G❑α ❑❖ ♠✐❝❡✮✱ ✐♥❞✐❝❛'✐♥❣ ✐'+ ❡❛6❧② ✐♥✈♦❧✈❡♠❡♥' ✐♥ '❤❡ ✐♥❞✉❝'✐♦♥ ♦❢ +❦❡❧❡'❛❧

♠✉+❝❧❡ ❛'6♦♣❤②✳ ❚❤✉+✱ ✐♥ '❤❡ ❝♦♥'❡①' ♦❢ ❤❡❛6' ❢❛✐❧✉6❡ ▼②♦'(❛(✐♥ ✐♥❞✉❝'✐♦♥ ✐♥ +❦❡❧❡'❛❧ ♠✉+❝❧❡

♠✐❣❤' 6❡♣6❡+❡♥' ❛♥ ❛❞❞✐'✐♦♥❛❧ ♣❛6❛❦6✐♥❡ ♠❡❝❤❛♥✐+♠ ❢♦6 ✐♥❞✉❝'✐♦♥ ♦❢ ❛ +❦❡❧❡'❛❧ ♠✉+❝❧❡ ✇❛+'✐♥❣



✺✳ ❉✐$❝✉$$✐♦♥ ✼✾

♣!♦❣!❛♠✳ ❆((✉♠✐♥❣ ❛♥ ✐♥✈♦❧✈❡♠❡♥/ ♦❢ (❦❡❧❡/❛❧ ♠✉(❝❧❡ ▼②♦#$❛$✐♥✱ /❤❡ 5✉❡(/✐♦♥ !✐(❡(✱ ❤♦✇

▼②♦#$❛$✐♥ ✐( ✐♥❞✉❝❡❞✳ ❆/ ❧❡❛(/ ■❧✲✻ ✐( ❛♥ ✉♥❧✐❦❡❧② ❝❛♥❞✐❞❛/❡ /♦ ✐♥❞✉❝❡▼②♦#$❛$✐♥✱ ❛( ✐/ !❡♠❛✐♥❡❞

✉♣!❡❣✉❧❛/❡❞ ✐♥ ♥❡✉/!♦♣❤✐❧ ❞❡♣❧❡/❡❞ ♠✐❝❡ ✇❤❡!❡❛( ▼②♦#$❛$✐♥ ✇❛( ♥♦/ ✐♥❞✉❝❡❞ ✐♥ /❤✐( ♠✐❝❡✳

■/ ❝♦✉❧❞ ❜❡ ❞❡♠♦♥(/!❛/❡❞ /❤❛/ /❤❡ ✐♥❞✉❝/✐♦♥ ♦❢ ❛ ❙❦▼ ✇❛(/✐♥❣✲!❡❧❛/❡❞ ♣!♦❣!❛♠ ✇❛( ♥♦/

❞❡♣❡♥❞❡♥/ ♦♥ ❝❛!❞✐❛❝✲❡①♣!❡((❡❞ ■❧✲✻ ♦! ▼②♦#$❛$✐♥ ✐♥ /❤❡(❡ ♠♦❞❡❧(✱ ❛( /!❛♥(❝!✐♣/ ❡①♣!❡((✐♦♥

❧❡✈❡❧( ♦❢ ❜♦/❤ ❢❛❝/♦!( ❞✐❞ ♥♦/ ❝♦!!❡❧❛/❡ ✇✐/❤ /❤❡ ✐♥❞✉❝/✐♦♥ ♦❢ ❛ ✇❛(/✐♥❣✲!❡❧❛/❡❞ ♣!♦❣!❛♠✳

❚❤❡!❡❢♦!❡ ♦/❤❡! ❤✉♠♦!❛❧ ❢❛❝/♦!( ❛!❡ ❧✐❦❡❧② ✐♥✈♦❧✈❡❞✳ ■♥ /❤✐( ❝♦♥/❡①/ /❤❡ ♣❧❡/❤♦!❛ ♦❢ ❝②/♦❦✐♥❡(

❛♥❞ ❝❤❡♠♦❦✐♥❡( ✉♣!❡❣✉❧❛/❡❞ ✐♥ /❤❡ ❢❛✐❧✐♥❣ ❤❡❛!/ ✭(❡❡ (✉♣♣❧❡♠❡♥/❛❧ ✜❣✉!❡ ✾✳✷✮✱ ♣!♦✈✐❞❡ ♥♦✈❡❧

♣♦/❡♥/✐❛❧ ❝❛♥❞✐❞❛/❡(✱ ✇❤✐❝❤ ♠✐❣❤/ ❜❡ ❝❛✉(❛❧❧② ✐♥✈♦❧✈❡❞ ✐♥ /❤❡ ✉♣!❡❣✉❧❛/✐♦♥ ♦❢ ❛/!♦❣❡♥❡( ❡✐/❤❡!

❞✐!❡❝/❧② ❛♥❞✴♦! ✈✐❛ ✐♥❞✉❝/✐♦♥ ♦❢ ▼②♦#$❛$✐♥✳

✺✳✹ ❋✐❜❡'(②♣❡✲,♣❡❝✐✜❝ ❙✉,❝❡♣(✐❜✐❧✐(② ♦❢ ❙❦❡❧❡(❛❧ ▼✉,❝❧❡

❆ ♣♦((✐❜❧❡ ✜❜❡!/②♣❡ (♣❡❝✐✜❝✐/② ✐♥ ♣✸✽▼❆H❑α ❑❖ ♠♦❞❡❧( ✇❛( ❞❡♠♦♥(/!❛/❡❞ ❜② ❤✐(/♦❧♦❣✐✲

❝❛❧ ❛♥❛❧②(✐(✱ ✇❤✐❝❤ !❡✈❡❛❧❡❞ ❛♥ ✐♥❝!❡❛(❡❞ ♥✉♠❜❡! ♦❢ ❣❧②❝♦❧②/✐❝ ✜❜❡!( ♣❡! ❞❡✜♥❡❞ ❛!❡❛✱ ✇❤✐❝❤

✇❛( ✐♥ ❧✐♥❡ ✇✐/❤ ❛ !❡❞✉❝/✐♦♥ ♦❢ ✜❜❡! (✐③❡ ✐♥ ❙▼✷✷♣✸✽▼❆H❑α ❑❖ ♠✐❝❡ ❛❢/❡! ❆◆●■■ /!❡❛/✲

♠❡♥/✱ ✇❤❡!❡❛( ♦①✐❞❛/✐✈❡ ❝❡❧❧( !❡♠❛✐♥❡❞ ✉♥❛✛❡❝/❡❞✳ ❆❞❞✐/✐♦♥❛❧❧② /❤❡ ♠♦!♣❤♦❧♦❣✐❝❛❧❧② ❞✐✛❡!❡♥/

❛♣♣❡❛!✐♥❣ ❝❡❧❧( ✇❡!❡ ❢♦✉♥❞ /♦ ❜❡ /②♣❡ ✷❛ ❛♥❞ ✷❞✴① (♣❡❝✐✜❝ ✭(❡❡ ✜❣✉!❡ ✹✳✺✮✱ ❛❧(♦ ♣♦✐♥/✐♥❣

/♦✇❛!❞( ❛ ✜❜❡!✲/②♣❡ (♣❡❝✐✜❝✐/② ✐♥ /❤✐( ♠♦❞❡❧✳

■♥ ♠✉(❝❧❡ ✇❛(/✐♥❣✱ ✐♥❞✉❝❡❞ ❜② ❝❤!♦♥✐❝ ❞✐(❡❛(❡✱ ❣❧②❝♦❧②/✐❝ ✜❜❡!( /❡♥❞ /♦ ❜❡ ✜!(/ ❛✛❡❝/❡❞ ✐♥

❝♦♥/!❛(/ /♦ ♦①✐❞❛/✐✈❡ ✜❜❡!( ✭❛❧(♦ !❡✈✐❡✇❡❞ ❜② ❲❛♥❣ ❛♥❞ H❡((✐♥ ✷✵✶✸✮✳ ◆♦♥❡/❤❡❧❡(( /❤❡ ✜❜❡!

/②♣❡ (✉(❝❡♣/✐❜✐❧✐/② ❛❢/❡! ❤❡❛!/ ❢❛✐❧✉!❡ ✐( ❝♦♥/!♦✈❡!(✐❛❧❧② ❞✐(❝✉((❡❞ ✐♥ ❧✐/❡!❛/✉!❡✱ ✇❤❡!❡ ▲✐ ❡/ ❛❧

❢♦✉♥❞ ♦①✐❞❛/✐✈❡ ✜❜❡!( /♦ ❜❡ ♠♦!❡ ♣!♦/❡❝/❡❞ ✐♥ ✇❛(/✐♥❣ ❝♦♥❞✐/✐♦♥( ✭▲✐ ❡/ ❛❧✳ ✷✵✵✼✮✱ ✇❤❡!❡❛(

❉!❡①❧❡! ❡/ ❛❧ (❤♦✇❡❞ ❛ (❤✐❢/ ❢!♦♠ ♦①✐❞❛/✐✈❡ /♦ ❣❧②❝♦❧②/✐❝ ✜❜❡!( ♦❢ ♣❛/✐❡♥/( ✇✐/❤ ❝❤!♦♥✐❝ ❤❡❛!/

❢❛✐❧✉!❡ ✭❉!❡①❧❡! ❡/ ❛❧✳ ✶✾✾✷✮✳

❚❤✐( ❛❧❧❡❣❡❞ ❞✐(❝!❡♣❛♥❝② ✐( ❧✐❦❡❧② ❡①♣❧❛✐♥❡❞ ❜② /❤❡ ❞✐✛❡!❡♥/ (❡//✐♥❣ ♦❢ /❤❡(❡ (/✉❞✐❡(✳ ■♥

❝♦♥/!❛(/ /♦ ❤✉♠❛♥ ♣❛/✐❡♥/(✱ ✇❤♦ (✉✛❡!❡❞ ❢!♦♠ ❝❤!♦♥✐❝ ❤❡❛!/ ❢❛✐❧✉!❡ ✭❈❍❋✮ ♦✈❡! ②❡❛!(✱ /❤❡

❈❍❋ ✐♥ ♠✐❝❡ ✐( !❡❧❛/✐✈❡❧② !❛♣✐❞❧② ✐♥❞✉❝❡❞ ✭✸✲✹ ✇❡❡❦(✮✳ ❍❡♥❝❡ /❤❡ ✜♥❞✐♥❣( ❞✐(♣❧❛②❡❞ ✐♥ /❤❡(❡

(/✉❞✐❡( !❡✢❡❝/ ❛♥ ❡❛!❧② (/❛❣❡ ♦❢ ♠✉(❝❧❡ ✇❛(/✐♥❣ ✭♠✐❝❡✮ ✇❤❡!❡❛( /❤❡ ❤✉♠❛♥ ❞❛/❛ !❡✢❡❝/ ❧❛/❡!

(/❛❣❡( ♦❢ ❈❍❋✱ ✇❤❡!❡ ❜♦/❤ ✜❜❡!( /②♣❡( ❛!❡ ❧✐❦❡❧② ❛✛❡❝/❡❞✳ ❆❞❞✐/✐♦♥❛❧❧② /❤❡ ❤✉♠❛♥ ❞❛/❛ ✇❛(

❣❛✐♥❡❞ ❢!♦♠ (✐♥❣❧❡ ♠✉(❝❧❡ ❜✐♦♣(✐❡(✱ ✇❤✐❝❤ ❞♦ ♥♦/ ♣!♦✈✐❞❡ ❛♥② ✐♥(✐❣❤/ ❛❜♦✉/ ✇❤♦❧❡ ♠✉(❝❧❡

❛/!♦♣❤②✳

■♥ /❤❡ ❤❡❛!/ ❢❛✐❧✉!❡ ♠♦❞❡❧ ✉(❡❞ ✐♥ /❤✐( ✇♦!❦ ♦♥❧② ❣❧②❝♦❧②/✐❝ ♠✉(❝❧❡( ✇❡!❡ ❢♦✉♥❞ /♦ ❜❡

❛✛❡❝/❡❞✱ ♣♦✐♥/✐♥❣ /♦✇❛!❞( ❛ (✉(❝❡♣/✐❜✐❧✐/② ♦❢ /②♣❡ ✷ ✜❜❡!( ❛❢/❡! ❤❡❛!/ ❢❛✐❧✉!❡✱ ❛/ ❧❡❛(/ ❛/ /❤❡

♦♥(❡/ ♦❢ ♠✉(❝❧❡ ✇❛(/✐♥❣✳

❚❤❡ ♦!✐❣✐♥ ♦❢ /❤❡ /②♣❡ ✷❛ ❛♥❞ ✷❞✴① (♣❡❝✐✜❝ ❛❧/❡!❛/✐♦♥( !❡♠❛✐♥( /♦ ❜❡ ❡❧✉❝✐❞❛/❡❞✱ ❜✉/

/❤❡ ❛❧/❡!❛/✐♦♥( ❝♦✉❧❞ ❜❡ ✉(❡❞ ❛( ❛♥ ✐♥❞✐❝❛/♦! ❢♦! /❤❡ (❡✈❡!✐/② ♦❢ ❝❛!❞✐❛❝ ❞②(❢✉♥❝/✐♦♥✱ ❛( /❤❡(❡

❛❧/❡!❛/✐♦♥( ✇❡!❡ ♦♥❧② ❢♦✉♥❞ ✐♥ ♠✐❝❡✱ ✇❤✐❝❤ (✉✛❡!❡❞ ❢!♦♠ (❡✈❡!❡ ❤❡❛!/ ❢❛✐❧✉!❡ ✭(❡❡ (❡❝/✐♦♥ ✹✳✺✳✸✮✳

■♥/!✐❣✉✐♥❣❧② /❤✐( ❡✛❡❝/ (❡❡♠❡❞ /♦ ❜❡ ❛ ❣❡♥❡!❛❧ ♠❡❝❤❛♥✐(♠ ✐♥ ❤❡❛!/ ❢❛✐❧✉!❡ ❜❡❛!✐♥❣ ♠✐❝❡✱ ❛( ✐/

✇❛( ❢♦✉♥❞ /♦ ❜❡ ♥❡✐/❤❡! ♠✉(❝❧❡ (♣❡❝✐✜❝ ✭✐/ ✇❛( ❛❧(♦ ❞❡/❡❝/❛❜❧❡ ✐♥ ▼✳ $✐❜✐❛❧✐# ❛♥$❡/✐♦/ ❛♥❞ ▼✳

❡①$❡♥#♦/ ❞✐❣✐$♦/✉♠ ❧♦♥❣✉#✮ ♥♦! ♠♦❞❡❧ (♣❡❝✐✜❝✱ ❛( ✐/ ✇❛( ♥♦/ ♦♥❧② ❢♦✉♥❞ ✐♥ ❜♦/❤ ♣✸✽▼❆H❑α

❑❖ ♠♦❞❡❧( ✭❙▼✷✷♣✸✽▼❆H❑α ❛♥❞ ✐❈▼♣✸✽▼❆H❑α✮ ❜✉/ ❛❧(♦ ✐♥ ❛♥♦/❤❡! ❤❡❛!/ ❢❛✐❧✉!❡ ♠♦✉(❡

♠♦❞❡❧ ✭❝❛!❞✐❛❝ (♣❡❝✐✜❝ ❆❑❚✶✴❆❑❚✷ ❞♦✉❜❧❡ ❑❖✮ ❛( (❤♦✇♥ ✐♥ (✉♣♣❧❡♠❡♥/❛❧ ✜❣✉!❡ ✾✳✶✳
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❆❧"♦ ♦♥ %❤❡ ♠♦❧❡❝✉❧❛, ❧❡✈❡❧ ✜❜❡, %②♣❡✲"♣❡❝✐✜❝✐%② ✐♥ ♠✉"❝❧❡ ❛%,♦♣❤② ✇❛" ❢♦✉♥❞✳ ■♥ ❝♦♥✲

%,❛"% %♦ ❣❧②❝♦❧②%✐❝ ▼✳ ♣❧❛♥&❛'✐)✱ ♦①✐❞❛%✐✈❡ ▼✳ )♦❧❡✉) ❞✐❞ ♥♦% ✐♥❞✉❝❡ %❤❡ %,❛♥"❝,✐♣% ❡①♣,❡""✐♦♥

♦❢ ❝②%♦❦✐♥❡" ✭✜❣✉,❡ ✹✳✷✶✮✱ ❛%,♦❣❡♥❡" ✭✜❣✉,❡ ✹✳✷✷✮✱ ❛✉%♦♣❤❛❣② ,❡❧❛%❡❞ ❣❡♥❡" ❛♥❞ ▼②♦)&❛&✐♥

✭✜❣✉,❡ ✹✳✷✸✮ ❚❤❡ ♦♥❧② ❡①❝❡♣%✐♦♥ ❢♦✉♥❞ ✇❛" ❛♥ ✉♣,❡❣✉❧❛%✐♦♥ ♦❢ ■❧✲✶❜ ✐♥ ▼✳ )♦❧❡✉)✳

✺✳✺ ❇♦❞② ❲❡✐❣❤+ ,-♦❣-❡..✐♦♥

❆❞❞✐%✐♦♥❛❧❧② %♦ %❤❡ %,❛♥"❝,✐♣%✐♦♥❛❧ ❛♥❞ ❤✐"%♦❧♦❣✐❝❛❧ ❛❧%❡,❛%✐♦♥" ❢♦✉♥❞ ✐♥ "❦❡❧❡%❛❧ ♠✉"❝❧❡" ♦❢

❝❛,❞✐❛❝ "♣❡❝✐✜❝ ♣✸✽▼❆F❑α ❑❖" ❛❢%❡, ✐♥❞✉❝%✐♦♥ ♦❢ ❤❡❛,% ❢❛✐❧✉,❡✱ %❤❡"❡ ♠✐❝❡ ❛❧"♦ "❤♦✇❡❞ ❛

"✐❣♥✐✜❝❛♥% ❤✐❣❤❡, ❧♦"" ♦❢ ❜♦❞② ✇❡✐❣❤% ✇❤❡♥ ❝♦♠♣❛,❡❞ %♦ ❝♦♥%,♦❧"✳

■♥ ❙▼✷✷♣✸✽▼❆F❑α ❑❖ ♠✐❝❡ %❤❡ ❧♦"" ♦❢ ❜♦❞② ♠❛"" ❝♦✉❧❞ ❛❧,❡❛❞② ❜❡ "❡❡♥ ✷ ❞❛②" ❛❢%❡,

%,❡❛%♠❡♥% ❛♥❞ "%❛②❡❞ ❜❡❧♦✇ ❜❛"❡❧✐♥❡ ❜♦❞② ✇❡✐❣❤% %❤,♦✉❣❤♦✉% ✶✹ ❞❛②"✱ ✇❤❡,❡❛" ❝♦♥%,♦❧" ,❡✲

❝♦✈❡,❡❞ ❢,♦♠ ❛ ❞,♦♣ ✐♥ ❜♦❞② ✇❡✐❣❤% ❛❢%❡, ✷ ❞❛②" ✇✐%❤✐♥ ✼ ❞❛②" ✭"❡❡ ✜❣✉,❡ ✹✳✶✮✳ ❆ "✐♠✐❧❛,

❜♦❞② ✇❡✐❣❤% ♣,♦❣,❡""✐♦♥ ✇❛" ❢♦✉♥❞ ✐♥ ✐❈▼♣✸✽▼❆F❑α ❑❖ ❛♥✐♠❛❧" ❛❢%❡, ✹✽ ❤♦✉," ♦❢ ❆◆●■■

%,❡❛%♠❡♥%✱ ✇❤❡,❡ %❤❡ ❧♦"" ♦❢ ❜♦❞② ♠❛"" ✇❛" ❢♦✉♥❞ %♦ ❜❡ ♠♦,❡ "❡✈❡,❡ ✐♥ ❑❖ ♠✐❝❡ ❝♦♠♣❛,❡❞

%♦ ❝♦♥%,♦❧" ✭"❡❡ ✜❣✉,❡ ✹✳✷✺✮✳ ❍♦✇❡✈❡,✱ "✐♥❣❧❡ ♠✉"❝❧❡ ✇❡✐❣❤% ❛♥❛❧②"✐" ♦❢ ▼✳ ♣❧❛♥&❛'✐)✱ ▼✳ )♦❧❡✉)

❛♥❞ ▼✳ ❣❛)&'♦❝♥❡♠✐✉) ❞✐❞ ♥♦% ,❡✈❡❛❧ ❛ "✐❣♥✐✜❝❛♥% ,❡❞✉❝%✐♦♥ ♦❢ ♠✉"❝❧❡ ♠❛"" ✇✐%❤✐♥ %❤❡ ✜,"%

❛❢%❡, %✇♦ ❞❛②" ♦❢ ❆◆●■■ %,❡❛%♠❡♥% ✭"❡❡ ✜❣✉,❡ ✹✳✷✹✮✳ ❚❤✐" ♠✐❣❤% ❜❡ ❞✉❡ %♦ %❤❡ ❡❛,❧② %✐♠❡

♣♦✐♥%✱ ✇❤❡,❡ ♠✉"❝❧❡ ❞❡❣,❛❞❛%✐♦♥ ✇❛" ❛❜♦✉% %♦ "%❛,%✱ ❜✉% ❤❛❞ ♥♦% ②❡% ,❡❛❝❤❡❞ "✐❣♥✐✜❝❛♥% ❧❡✈✲

❡❧"✳ ❚❤✉"✱ %❤❡ ❧♦"" ♦❢ ❢❛% ♠❛"" ♠✐❣❤% ❤❛✈❡ ❛❝❝♦✉♥%❡❞ ❢♦, %❤❡ ,❡❞✉❝%✐♦♥ ♦❢ ❜♦❞②✇❡✐❣❤% ❛% %❤✐"

❡❛,❧② %✐♠❡♣♦✐♥%✳

❚❤❡ ❜♦❞② ❛♥❞ ♠✉"❝❧❡ ✇❡✐❣❤% ❛♥❛❧②"✐" ♦❢ ♥❡✉%,♦♣❤✐❧ ❞❡♣❧❡%❡❞ ❛♥✐♠❛❧" ✉♥❝♦✈❡,❡❞✱ %❤❛%✱

❛❧%❤♦✉❣❤ ♥❡✉%,♦♣❤✐❧ ❞❡♣❧❡%❡❞ ❑❖ ❛♥✐♠❛❧" "❤♦✇❡❞ ❛ "✐♠✐❧❛, ❧♦"" ♦❢ ❜♦❞② ✇❡✐❣❤% %❤❛♥ ♥♦♥✲

❞❡♣❧❡%❡❞ ❑❖" ❛❢%❡, ❆◆●■■ %,❡❛%♠❡♥%✱ "❦❡❧❡%❛❧ ♠✉"❝❧❡ ♠❛"" ✇❛" ♥♦% ❛✛❡❝%❡❞ ✐♥ ♥❡✉%,♦♣❤✐❧

❞❡♣❧❡%❡❞ ❑❖ ♠✐❝❡✱ ✇❤❡,❡❛" ❛ "✐❣♥✐✜❝❛♥% ,❡❞✉❝%✐♦♥ ♦❢ ♠✉"❝❧❡ ♠❛"" ❝♦✉❧❞ ❜❡ ❞❡♠♦♥"%,❛%❡❞ ✐♥

♥♦♥✲❞❡♣❧❡%❡❞ ❑❖ ♠✐❝❡✳ ❚❤✐" ♦♥❣♦✐♥❣ "❦❡❧❡%❛❧ ♠✉"❝❧❡ ❞❡❣,❛❞❛%✐♦♥ ✇❛" ❢✉,%❤❡, "✉♣♣♦,%❡❞ ❜②

❛♥ ✐♥❞✉❝%✐♦♥ ♦❢ ❛♥ ❛%,♦♣❤②✲,❡❧❛%❡❞ %,❛♥"❝,✐♣% ❡①♣,❡""✐♦♥ ♣,♦✜❧❡✱ ❛" ✇❡❧❧ ❛" %❤❡ ♠♦,♣❤♦❧♦❣✐❝❛❧

❛❧%❡,❛%✐♦♥"✱ ✇❤✐❝❤ ✇❡,❡ ♦♥❧② ❞❡%❡❝%❛❜❧❡ ✐♥ ♥♦♥✲❞❡♣❧❡%❡❞ ❑❖ ♠✐❝❡✳

✺✳✻ ■♥✈♦❧✈❡♠❡♥+ ♦❢ ❈✐-❝✉❧❛+✐♥❣ ❋❛❝+♦-. ✐♥ ❍❡❛-+ ❋❛✐❧✉-❡✲✐♥❞✉❝❡❞

▼✉.❝❧❡ ❲❛.+✐♥❣

❚❤✐" ✇♦,❦ ♣,♦✈✐❞❡" "%,♦♥❣ ❡✈✐❞❡♥❝❡ %❤❛% ❤❡❛,% ❢❛✐❧✉,❡ ✐♥ ♣✸✽▼❆F❑α ❑❖ ♠✐❝❡ ❞✐❞ ♥♦% ♦♥❧②

✐♥❞✉❝❡ ❡①%❡♥"✐✈❡ ❛❧%❡,❛%✐♦♥" ♦❢ "❦❡❧❡%❛❧ ♠✉"❝❧❡ %,❛♥"❝,✐♣% ❡①♣,❡""✐♦♥ ❜✉% ❛❧"♦ ❧❡❞ %♦ ❛♥ ✐♥❝,❡❛"❡❞

❧♦"" ♦❢ ❜♦❞②✇❡✐❣❤%✳ ■♥✢❛♠♠❛%♦,② ♣,♦❝❡""❡" "❡❡♠❡❞ %♦ ❜❡ ❤✐❣❤❧② ✐♥✈♦❧✈❡❞ ✐♥ %❤❡ ✐♥✐%✐❛%✐♦♥ ♦❢

%❤✐" ✐♥%❡,✲♦,❣❛♥ ❝♦♠♠✉♥✐❝❛%✐♦♥✱ ❛" "❡❡♥ ❜② %❤❡ ❤✐❣❤ ✐♥❞✉❝%✐♦♥ ♦❢ ❝②%♦❦✐♥❡" ♦♥ ❛ %,❛♥"❝,✐♣%✐♦♥❛❧

❧❡✈❡❧ ✐♥ ♣✸✽▼❆F❑α ❑❖ ❤❡❛,%" ✭"❡❡ %❛❜❧❡" ✹✳✷ ❛♥❞ "✉♣♣❧❡♠❡♥%❛❧ ✜❣✉,❡ ✾✳✷✮ ❛" ✇❡❧❧ ❛" ❜② %❤❡

❝❛,❞✐❛❝ ✐♥✜❧%,❛%✐♦♥ ♦❢ ♥❡✉%,♦♣❤✐❧" ✭"❡❡ ✜❣✉,❡ ✹✳✶✺ ❈✮✳

❇② ✐♥❤✐❜✐%✐♥❣ ❝❛,❞✐❛❝ ✐♥✜❧%,❛%✐♦♥ ♦❢ ♥❡✉%,♦♣❤✐❧" ✭❛" ❞❡"❝,✐❜❡❞ ❛❜♦✈❡✮ %❤❡ %,❛♥"❝,✐♣%✐♦♥❛❧

❛❧%❡,❛%✐♦♥" ✇❡,❡ ♥❡❛,❧② ❝♦♠♣❧❡%❡❧② ♣,❡✈❡♥%❡❞ ✐♥ ❤❡❛,%" ❛♥❞ "❦❡❧❡%❛❧ ♠✉"❝❧❡" ♦❢ ❑❖ ♠✐❝❡✳ ❚❤✐"

❢✉,%❤❡, "✉♣♣♦,%❡❞ ❛ ♣✐✈♦%❛❧ ,♦❧❡ ♦❢ ✐♥✢❛♠♠❛%♦,② ♣,♦❝❡""❡" ✐♥ ❤❡❛,% ❢❛✐❧✉,❡✲✐♥❞✉❝❡❞ ♠✉"❝❧❡

✇❛"%✐♥❣ ✐♥ %❤❡ ✐❈▼♣✸✽▼❆F❑α ♠♦❞❡❧✳



✺✳ ❉✐$❝✉$$✐♦♥ ✽✶

❚♦ "❡$" "❤❡ ❡✛❡❝" ♦❢ ❝✐*❝✉❧❛"✐♥❣ ❢❛❝"♦*$ ♦♥ $❦❡❧❡"❛❧ ♠✉$❝❧❡✱ ❛♥❞ ✇❤❡"❤❡* "❤❡$❡ ✇♦✉❧❞ ❜❡

$✉✣❝✐❡♥" "♦ ✐♥❞✉❝❡ ♠✉$❝❧❡ ✇❛$"✐♥❣✱ "❤❡ ♣❛*❛❜✐♦$✐$ ♠♦❞❡❧ ✇❛$ ❝♦♥$✐❞❡*❡❞ "♦ ❜❡ ♣❡*❢♦*♠❡❞ ✐♥

"❤❡ ❧❛❜ ♦❢ 8*♦❢✳ ❨❛♥ ❛" "❤❡ ❯♥✐✈❡*$✐"② ♦❢ ❱✐*❣✐♥✐❛ ✭❯❱❆✮✱ ✇❤❡*❡ "❤❡ ♣❛*❛❜✐♦$✐$ ♠♦❞❡❧ ✐$ ✇❡❧❧

❡$"❛❜❧✐$❤❡❞✳

❚❤❡ ♣*✐♥❝✐♣❧❡ ♦❢ ♣❛*❛❜✐♦$✐$ ✐$ ❜❛$❡❞ ♦♥ ❛ $❤❛*❡❞ ❜❧♦♦❞ ❝✐*❝✉❧❛"✐♦♥ ❜❡"✇❡❡♥ "✇♦ ❛♥✐♠❛❧$✳

❚❤✐$ ✐$ ❛❝❤✐❡✈❡❞ ❜② $"✐"❝❤✐♥❣ "❤❡♠ "♦❣❡"❤❡* ❛❧♦♥❣ "❤❡✐* ❜♦❞② $✐❞❡$ ✭❝❢✳ ❝♦♥❥♦✐♥❡❞ "✇✐♥$✮✳

❇*✐❡✢②✱ ❛ ❧♦♥❣ ✐♥❝✐$✐♦♥ ♦❢ "❤❡ $❦✐♥ ✐$ ♠❛❞❡ ❢*♦♠ "❤❡ ❢*♦♥" "♦ "❤❡ ❜❛❝❦ ❧✐♠❜ ✭♦♣♣♦$✐"❡ $✐❞❡$ ♦❢ "✇♦

❛♥✐♠❛❧$✮✳ ❚❤❡♥ "❤❡$❡ "✇♦ ❛♥✐♠❛❧$ ✭✇❤✐❝❤ $❤❛❧❧ ❜❡ $❛♠❡ $❡① ❧✐""❡* ♠❛"❡$✮ ❛*❡ ❝♦♠❜✐♥❡❞ ❜② ✜①✐♥❣

"❤❡✐* ❡❧❜♦✇$ ❛♥❞ ❦♥❡❡ ❥♦✐♥"$ "♦❣❡"❤❡*✳ ❚❤❡*❡❛❢"❡*✱ "❤❡ $❦✐♥ ♦❢ "❤❡$❡ "✇♦ ❛♥✐♠❛❧$ ✐$ $✉"✉*❡❞

❛❧♦♥❣$✐❞❡ "❤❡✐* ❜♦❞✐❡$✳ ❚❤✐$ ✐$ $✉✣❝✐❡♥" "♦ ✐♥❞✉❝❡ "❤❡ ❡$"❛❜❧✐$❤♠❡♥" ♦❢ ♠✐❝*♦✈❛$❝✉❧❛"✉*❡✱

✇❤✐❝❤ ✉❧"✐♠❛"❡❧② ❧❡❛❞$ "♦ ❛ $❤❛*❡❞ ❜❧♦♦❞ ❝✐*❝✉❧❛"✐♦♥ ✇✐"❤✐♥ ✶✵✲✶✹ ❞❛②$✳ ❆ ❞❡"❛✐❧❡❞ ✭✈✐❞❡♦✲✮

♣*♦"♦❝♦❧ ♦❢ "❤✐$ ♣*♦❝❡❞✉*❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ❤❡*❡✿ ❑❛♠*❛♥ ❡" ❛❧✳ ✷✵✶✸✳ ❯♥"✐❧ ♥♦✇✱ "❤❡*❡ ✐$ ♦♥❧②

♦♥❡ ♣✉❜❧✐❝❛"✐♦♥ ✉$✐♥❣ ❛ *❛" ♣❛*❛❜✐♦$✐$ ♠♦❞❡❧ "♦ ✐♥✈❡$"✐❣❛"❡ ❝❛♥❝❡* ❝❛❝❤❡①✐❛✱ ✇❤❡*❡ "❤✐$ ♠♦❞❡❧

♣*♦✈✐❞❡❞ ❡✈✐❞❡♥❝❡ ❢♦* "❤❡ ❤✉♠♦*❛❧ ♠❡❞✐❛"✐♦♥ ♦❢ ❝❛♥❝❡*✲❛$$♦❝✐❛"❡❞ ❝❛❝❤❡①✐❛ ✭◆♦*"♦♥ ❡" ❛❧✳

✶✾✽✺✮✳
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❛"❡❞ ❛" "❤❡ ❨❛♥ ❧❛❜✱ ✇❤✐❝❤ $❤♦✇❡❞ ❛ $✐♠✐❧❛* ♣❤❡♥♦"②♣❡ ❛$ "❤❡ ♦"❤❡* ♣✸✽▼❆8❑α ❑❖ ♠♦❞❡❧$
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♣*♦"❡✐♥$ $✉❝❤ ❛$ ❊❝❙❖❉ ✭▼❲✿✶✸✺ ❦❉❛✮ ❝♦✉❧❞ ❜❡ ❛❜$♦*❜❡❞ ✐❢ ❛♣♣❧✐❡❞ ✐♥"*❛♣❡*✐"♦♥❡❛❧❧② ✭❨❛♥

❡" ❛❧✱ ✉♥♣✉❜❧✐$❤❡❞ ❞❛"❛✮✳
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✇❡"❡ ❝♦❧❧❡❝&❡❞✳ ▼✳ ♣❧❛♥&❛'✐) ♦❢ ❆◆●■■ &"❡❛&❡❞ ❝❈▼♣✸✽▼❆4❑α ❑❖ ♠✐❝❡ ✇❡"❡ 9❝"❡❡♥❡❞ ❢♦"

❛❧&❡"❡❞ ❛&"♦❣❡♥❡ ❡①♣"❡99✐♦♥✳ ❖♥❧② 9❡"✉♠ ♦❢ ♣♦9✐&✐✈❡❧② &❡9&❡❞ ❑❖ ♠✐❝❡✱ ❛9 ✇❡❧❧ ❛9 ♦❢ ❆◆●■■

&"❡❛&❡❞ ❝♦♥&"♦❧9 ✇❛9 ♣♦♦❧❡❞ ❛♥❞ ✐♥❥❡❝&❡❞ ✐♥&♦ ✇✐❧❞&②♣❡ ❛♥✐♠❛❧9✱ "❡9♣❡❝&✐✈❡❧②✳ ❆♥ ✉♥&"❡❛&❡❞

✇✐❧❞&②♣❡ ♠♦✉9❡ ✇❛9 ✉9❡❞ ❛9 ❝♦♥&"♦❧✳ ❆❢&❡" ✷✹ ❤♦✉"9 ▼✳ ♣❧❛♥&❛'✐) ♦❢ ✐♥❥❡❝&❡❞ ♠✐❝❡ ✇❡"❡ ❛♥✲
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H4❈❘✳ ❚❤✐9 &✐♠❡♣♦✐♥& ✇❛9 ❝❤♦9❡♥✱ ❛9 &❤❡ &✐♠❡❧✐♥❡ ❛♥❛❧②9✐9 ♦❢ ✐❈▼♣✸✽▼❆4❑α ❝♦♥&"♦❧ ❛♥❞

❑❖ ❛♥✐♠❛❧9 "❡✈❡❛❧❡❞ &"❛♥9❝"✐♣&✐♦♥❛❧ ❛❧&❡"❛&✐♦♥9 ✐♥ ▼✳ ♣❧❛♥&❛'✐) ❥✉9& ✷✹ ❤♦✉"9 ❛❢&❡" ✜"9& &"❛♥✲

9❝"✐♣&✐♦♥❛❧ ❛❧&❡"❛&✐♦♥9 ✇❡"❡ ❞❡&❡❝&❡❞ ✐♥ ❤❡❛"& ♦❢ ❑❖ ♠✐❝❡✳
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❼ ❈✐"❝✉❧❛&✐♥❣ ❢❛❝&♦"9 ❛"❡ ♥♦& 9&❛❜❧❡ ❡♥♦✉❣❤ ✐♥ 9❡"✉♠ ✭♣❧❛9♠❛ ♣"♦❜❛❜❧② ❜❡&&❡"✮

❼ ❲"♦♥❣ ✇❛② ♦❢ ❛♣♣❧✐❝❛&✐♦♥ ✕ ✇❤♦❧❡ 9❡"✉♠ ✇❛9 ❛♣♣❧✐❡❞ ❛& ♦♥❝❡✱ ♠✉❧&✐♣❧❡ &✐♠❡9 ❝♦✉❧❞ ❜❡

❜❡&&❡"✱ &♦ ♠✐♠✐❝ ❝♦♥&✐♥✉♦✉9 "❡❧❡❛9❡ ♦❢ ❢❛❝&♦"9

❼ ❲"♦♥❣ ✐♥❥❡❝&✐♦♥ 9✐&❡ ✕ ♣"♦❜❛❜❧② ❢❛❝&♦"9 ❢"♦♠ &❤❡ 9❡"✉♠✱ ✇❤✐❝❤ ✇❡"❡ ❛♣♣❧✐❡❞ ✐♥&"❛♣❡"✐✲

&♦♥❡❛❧❧② ✇❡"❡ ♥♦& 9✉✣❝✐❡♥&❧② ❛❜9♦"❜❡❞

❼ ❲✐❧❞&②♣❡ 9❡"✉♠ ♣"♦&❡❝&❡❞ ❛♥✐♠❛❧9 ❛❣❛✐♥9& ♠✉9❝❧❡ ✇❛9&✐♥❣

❚❤❡ ♣♦&❡♥❝② ♦❢ ❝✐"❝✉❧❛&✐♥❣ ❢❛❝&♦"9 ❝♦✉❧❞ ❜❡ ✜"9& &❡9&❡❞ ✉9✐♥❣ ❛♥ ✐♥✲✈✐&"♦ ❛99❛② ✭❛9 9✉❣❣❡9&❡❞

✐♥ 9❡❝&✐♦♥ ✻✳✷✳✶✮✱ &♦ ❞❡✜♥❡ ❝♦♥❝❡♥&"❛&✐♦♥ ❛♥❞ ❞✉"❛&✐♦♥ ♦❢ &"❡❛&♠❡♥& ♦❢ &❤❡9❡ ❢❛❝&♦"9✱ ✇❤✐❝❤

✇♦✉❧❞ ❤❡❧♣ &♦ ♦♣&✐♠✐③❡ &❤❡ ✐♥✲✈✐✈♦ ❛♣♣"♦❛❝❤✱ ❛9 &❤❡9❡ ♥♦✈❡❧ ♠♦✉9❡ ♠♦❞❡❧9 ♣"♦✈✐❞❡ ♦♣&✐♠❛❧

♣"❡"❡H✉✐9✐&❡9 &♦ ✐♥✈❡9&✐❣❛&❡ ❡❛"❧② &"✐❣❣❡"9 ♦❢ ❤❡❛"& ❢❛✐❧✉"❡✲✐♥❞✉❝❡❞ ♠✉9❝❧❡ ✇❛9&✐♥❣✳
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❚❤❡ ♣✸✽▼❆(❑α ❑❖ ♠♦❞❡❧/ ♦✛❡1 2❤❡ ✉♥✐6✉❡ ♣♦//✐❜✐❧✐2② 2♦ ✐♥✈❡/2✐❣❛2❡ ✐♥✐2✐❛❧ /2❡♣/ ♦❢ ❤❡❛12

❢❛✐❧✉1❡✲✐♥❞✉❝❡❞ ♠✉/❝❧❡ ✇❛/2✐♥❣✳ ❚❤✐/ ✐/ ❛ ✈❛❧✉❛❜❧❡ ❛❞✈❛♥❝❡ 2♦ ❡①✐/2✐♥❣ ❝❛❝❤❡❝2✐❝ ♠♦✉/❡ ♠♦❞❡❧/

✇❤❡1❡ 2❤❡ ♦♥/❡2 ♦❢ ♠✉/❝❧❡ ✇❛/2✐♥❣ ✇❛/ ♥❡✐2❤❡1 ♣1❡❞✐❝2❛❜❧❡ ♥♦1 ✐♥❞✉❝✐❜❧❡✳ ❋♦1 2❤❡ ♣✸✽▼❆(❑α

❑❖ ♠♦❞❡❧/ ✐2 ✇❛/ ❞❡♠♦♥/21❛2❡❞ 2❤❛2 ✜1/2 ❛❧2❡1❛2✐♦♥/ ♦❢ /❦❡❧❡2❛❧ ♠✉/❝❧❡✱ ❛/ ♥♦2❛❜❧❡ ❜② ❤✐/✲

2♦❧♦❣✐❝❛❧ ❛♥❞ 21❛♥/❝1✐♣2✐♦♥❛❧ ❝❤❛♥❣❡/✱ ✇❡1❡ /❡❡♥ ✹✽ ❤♦✉1/ ❛❢2❡1 2❤❡ ✐♥❞✉❝2✐♦♥ ♦❢ ❤❡❛12 ❢❛✐❧✉1❡✱

♣1♦✈✐❞✐♥❣ ❛ ❞❡✜♥❡❞ ✇✐♥❞♦✇ ✐♥ 2✐♠❡✱ 2♦ ✐♥✈❡/2✐❣❛2❡ 2❤❡ ♦♥/❡2 ♦❢ ❤❡❛12✲/❦❡❧❡2❛❧ ♠✉/❝❧❡ ❝1♦// 2❛❧❦✳

❚❤✐/ ♠♦❞❡❧ ♦✛❡1/ ❛ ♣❧❡2❤♦1❛ ♦❢ ♣♦//✐❜✐❧✐2✐❡/ 2♦ ✉♥1❛✈❡❧ 2❤✐/ ♣♦♦1❧② ✉♥❞❡1/2♦♦❞ ❡❛1❧② ♣❤❛/❡ ♦❢

✐♥2❡1♦1❣❛♥ ❝♦♠♠✉♥✐❝❛2✐♦♥✳

✻✳✶ #$♦&❡✐♥ ❊①♣$❡--✐♦♥ ❆♥❛❧②-✐-

(1♦2❡✐♥ ❡①♣1❡//✐♦♥ ❛♥❞ ❛❝2✐✈✐2② ❛♥❛❧②/✐/ ✇✐❧❧ ♣1♦✈✐❞❡ ♠♦1❡ ✐♥/✐❣❤2/ ✐♥ 2❤❡ ♣1♦❣1❡//✐♦♥ ♦❢

♠✉/❝❧❡ ✇❛/2✐♥❣✳ ❚❤❡ ❡①2❡♥/✐✈❡ 21❛♥/❝1✐♣2 ❡①♣1❡//✐♦♥ ❛❧2❡1❛2✐♦♥/ ❢♦✉♥❞ ✐♥ /❦❡❧❡2❛❧ ♠✉/❝❧❡/ ♦❢

♣✸✽▼❆(❑α ❑❖ ♠✐❝❡ /21♦♥❣❧② /✉❣❣❡/2 2❤❡ ✐♥❞✉❝2✐♦♥ ♦❢ ✇❛/2✐♥❣ ❛//♦❝✐❛2❡❞ ♣❛2❤✇❛②/ ✐♥❝❧✉❞✲

✐♥❣ 2❤❡ ✉❜✐6✉✐2✐♥✲♣1♦2❡❛/♦♠❡ ♣❛2❤✇❛② ❛/ ✇❡❧❧ ❛/ 2❤❡ ❛✉2♦♣❤❛❣② ♣❛2❤✇❛②/✳ ❆♥ ✉♣1❡❣✉❧❛2✐♦♥ ♦❢

♣1♦2❡♦/♦♠❛❧ ❛❝2✐✈✐2② ✐♥ ♠✉/❝❧❡/ ❝❛♥ ❜❡ /❤♦✇♥ ✉/✐♥❣ ✇❡/2❡1♥ ❜❧♦2 ❛♥❛❧②/✐/ 2♦ 2❡/2 ❢♦1 ✐♥❝1❡❛/❡❞

❛♠♦✉♥2/ ♦❢ ❛❝2✐✈❡ ❊✸ ❧✐❣❛/❡/ ✐♥ ❆◆●■■ 21❡❛2❡❞ ❑❖ ❛♥✐♠❛❧/ ❝♦♠♣❛1❡❞ 2♦ ❆◆●■■ 21❡❛2❡❞

❝♦♥21♦❧/ ✭❙❛♥❞1✐ ✷✵✶✸✮✳ ❚❤❡ ♣1♦2❡♦/♦♠❛❧ ❛❝2✐✈✐2② ✐2/❡❧❢ ❝❛♥ ❜❡ ❛❞❞✐2✐♦♥❛❧❧② ♠❡❛/✉1❡❞ ✉/✐♥❣

❧✉♠✐♥❡/❝❡♥❝❡✲❜❛/❡❞ ♣1♦2❡❛/♦♠❛❧ ❛❝2✐✈✐2② ❛//❛②/✱ ✇❤✐❝❤ ❛1❡ ❝♦♠♠❡1❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ✭❙21✉❝❦/✲

❜❡1❣ ❡2 ❛❧✳ ✷✵✶✵✮✳

✻✳✷ ❆♣♣$♦❛❝❤❡- &♦ ■♥✈❡-&✐❣❛&❡ ▼❡❞✐❛&♦$- ♦❢ ▼✉-❝❧❡ ❲❛-&✐♥❣

❈✐1❝✉❧❛2✐♥❣ ✐♥✢❛♠♠❛2♦1② ❢❛❝2♦1/✱ ❧✐❦❡❧② /❡❝1❡2❡❞ ❢1♦♠ 2❤❡ ❢❛✐❧✐♥❣ ❤❡❛12✱ ❛1❡ ❤✐❣❤❧② /✉❣❣❡/2❡❞

2♦ ❛2 ❧❡❛/2 ❝♦♥21✐❜✉2❡ 2♦ ❤❡❛12✲/❦❡❧❡2❛❧ ♠✉/❝❧❡ ❝1♦// 2❛❧❦✳ ❆/ ❞✐1❡❝2 ✐♥❥❡❝2✐♦♥ ♦❢ ❑❖ /❡1✉♠ ✐♥2♦

✇✐❧❞2②♣❡ ♠✐❝❡ ❞✐❞ ♥♦2 ✇♦1❦✱ ♦2❤❡1 ❛♣♣1♦❛❝❤❡/ ❝❛♥ ❜❡ ❝♦♥/✐❞❡1❡❞✱ 2♦ 2❡/2 ❢♦1 2❤❡✐1 ♣♦2❡♥❝②✳

❚❤❡1❡❛❢2❡1 ❛♥ ♦♣2✐♠✐③❡❞ ✐♥✲✈✐✈♦ ❛♣♣1♦❛❝❤ ♦❢ /❡1✉♠ ✐♥❥❡❝2✐♦♥/ ❝♦✉❧❞ ❜❡ ♣❡1❢♦1♠❡❞✳

❆♥❛❧②③✐♥❣ ❝✐1❝✉❧❛2✐♥❣ ❢❛❝2♦1/ ❢1♦♠ 2❤❡ ❜❧♦♦❞ ✭❡✐2❤❡1 ♣❧❛/♠❛ ♦1 /❡1✉♠✮ ♦❢ ♣✸✽▼❆(❑α

❑❖ ♠✐❝❡ ✇♦✉❧❞ ❛❧❧♦✇ 2♦ ❝♦♥❝❧✉❞❡ ✇❤❡2❤❡1 ❤✉♠♦1❛❧ ❢❛❝2♦1/ ❛1❡ /✉✣❝✐❡♥2 2♦ ✐♥❞✉❝❡ ♠✉/❝❧❡

✇❛/2✐♥❣✳ ■2 ✇♦✉❧❞ ♥♦2 ♣1♦✈✐❞❡ ❛♥② ✐♥❢♦1♠❛2✐♦♥ ♦❢ 2❤❡ ♦1✐❣✐♥ ♦❢ 2❤❡/❡ ❢❛❝2♦1/✱ ✇❤✐❝❤ ♠✐❣❤2 ♥♦2

❝♦♠❡ ❡①❝❧✉/✐✈❡❧② ❢1♦♠ 2❤❡ ❢❛✐❧✐♥❣ ❤❡❛12✳ ❚♦ ❞✐/❝1✐♠✐♥❛2❡ ❜❡2✇❡❡♥ ❢❛❝2♦1/ ❡①❝❧✉/✐✈❡❧② 1❡❧❡❛/❡❞

❢1♦♠ 2❤❡ ❞✐/❡❛/❡❞ ♦1❣❛♥ ❛♥❞ ❣❡♥❡1❛❧❧② ❡❧❡✈❛2❡❞ ❝✐1❝✉❧❛2✐♥❣ ❢❛❝2♦1/ ✭♣1♦❜❛❜❧② 1❡❧❡❛/❡❞ ❢1♦♠

✽✸
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♣❡"✐♣❤❡"❛❧ '✐((✉❡(✮✱ ❤❡❛"' ❡✤✉❛'❡( ❝♦✉❧❞ ❜❡ ❝♦❧❧❡❝'❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ✭❡✳❣✳ ✐(♦❧❛'❡❞ ♣❡"❢✉(❡❞

❤❡❛"' ❛((❛② ✭▲❛♥❣❡♥❞♦"✛✮✮✳

❆( '❤❡ ❝♦♥❝❡♥'"❛'✐♦♥ ♦❢ ❝✐"❝✉❧❛'✐♥❣✴"❡❧❡❛(❡❞ ❝②'♦❦✐♥❡(✴❢❛❝'♦"( ✐( "❛'❤❡" ❧♦✇ ✭✶✲✶✵✵ ♣❣✴♠❧

"❛♥❣❡ ❢♦" ❝②'♦❦✐♥❡(✮ ❛ (❡♥(✐'✐✈❡ ❞❡'❡❝'✐♦♥ ♠❡'❤♦❞ ❤❛( '♦ ❜❡ ❝♦♥(✐❞❡"❡❞ ✭❑❧❡✐♥❡" ❡' ❛❧✳ ✷✵✶✸✮✱

(✉❝❤ ❛( ▼❛(( (♣❡❝'"♦♠❡'❡"(✱ ❊▲■❙❆ ♦" ▼✉❧'✐♣❧❡① ❆♥❛❧②(✐(✳ ❆❞❞✐'✐♦♥❛❧❧②✱ ✐♥ ✈✐'"♦ ❝❡❧❧ ❝✉❧'✉"❡

❛((❛②( ♠✐❣❤' ❤❡❧♣ '♦ "❡✈❡❛❧ '❤❡ ♣♦'❡♥❝② ♦❢ ❝✐"❝✉❧❛'✐♥❣ ❢❛❝'♦"(✿

✻✳✷✳✶ ■♥ ✈✐()♦ ❆,,❛②

❆( ❛♥ ✐♥❞✐"❡❝' '❡(' ❢♦" '❤❡ ❛❜✉♥❞❛♥❝❡ ♦❢ ✇❛('✐♥❣ ✐♥❞✉❝✐♥❣ ❢❛❝'♦"(✱ ❈✷❈✶✷ ❝❡❧❧( ✭❛ ♠✉"✐♥❡

♠②♦❜❧❛('( ❝❡❧❧ ❧✐♥❡✮ ✇✐❧❧ ❜❡ ✉(❡❞✳ ❚❤❡ ♠②♦❜❧❛('( ❝❛♥ ❜❡ ❞✐✛❡"❡♥'✐❛'❡❞ ✐♥'♦ ♠②♦'✉❜❡(✱ ❛♥❞ ❜❡

('✐♠✉❧❛'❡❞ ✇✐'❤ ♣❧❛(♠❛✴(❡"✉♠✴❡✤✉❛'❡( ♦❢ ♣✸✽▼❆O❑α ❑❖ ♠✐❝❡ ❛♥❞ '❡('❡❞ ❢♦" ❛❝'✐✈❛'✐♦♥

♦❢ ❛'"♦❣❡♥❡(✳ ❚♦ ❛♥❛❧②③❡ '❤❡ ✐♥❞✉❝'✐♦♥ ♦❢ ❛'"♦❣❡♥❡(✱ ❛ "❡♣♦"'❡" ❝❡❧❧ ❧✐♥❡ ✐( ❝✉""❡♥'❧② ✉♥❞❡"
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❼ ▼♦.♣❤♦❧♦❣✐❝❛❧❧② ✲ ❜② ❤✐),♦❧♦❣✐❝❛❧ ❞✐✛❡.❡♥,❧② ❛♣♣❡❛.✐♥❣ ,②♣❡ ✷❛ ❛♥❞ ,②♣❡ ✷❞✴① ✜❜❡.)
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❏✳ ❇✐♦❧✳ ❈❤❡♠✳ ✷✼✼✳✷✺✱ ♣♣✳ ✷✷✺✷✽✕✷✷✺✸✸✳
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❈4♦✇❧❡②✱ ❙)❡✈❡♥ ❉✳ ❡) ❛❧✳ ✭✷✵✵✻✮✳ ✏❆♥❣✐♦)❡♥8✐♥ ■■ ❝❛✉8❡8 ❤②♣❡4)❡♥8✐♦♥ ❛♥❞ ❝❛4❞✐❛❝ ❤②♣❡4)4♦♣❤②
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♣❤②+✐❝❛ ❆❝)❛ ✶✽✶✸✳✶✶✱ ♣♣✳ ✶✾✺✹✕✶✾✻✵✳
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♣♣✳ ✽✺✺✵✕✽✺✺✼✳
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✐♥❞✉❝❡❞ ❜② ❝❤%♦♥✐❝ ❤❡❛%* ❢❛✐❧✉%❡ ✐♥ ♠✐❝❡✑✳ ❆♠✳ ❏✳ /❛4❤♦❧✳ ✶✼✵✳✷✱ ♣♣✳ ✺✾✾✕✻✵✽✳

▲✐♥✱ ❏✐❛♥❞✐❡ ❡* ❛❧✳ ✭✷✵✵✷✮✳ ✏❚%❛♥#❝%✐♣*✐♦♥❛❧ ❝♦✲❛❝*✐✈❛*♦% M●❈✲✶ ❛❧♣❤❛ ❞%✐✈❡# *❤❡ ❢♦%♠❛*✐♦♥ ♦❢

#❧♦✇✲*✇✐*❝❤ ♠✉#❝❧❡ ✜❜%❡#✑✳ ◆❛4✉0❡ ✹✶✽✳✻✽✾✾✱ ♣♣✳ ✼✾✼✕✽✵✶✳

▲✐♥❦❡✱ ❆①❡❧ ❡* ❛❧✳ ✭✷✵✵✺✮✳ ✏❆♥*✐♦①✐❞❛*✐✈❡ ❊✛❡❝*# ♦❢ ❊①❡%❝✐#❡ ❚%❛✐♥✐♥❣ ✐♥ M❛*✐❡♥*# ❲✐*❤ ❈❤%♦♥✐❝

❍❡❛%* ❋❛✐❧✉%❡✑✳ ❈✐0❝✉❧❛4✐♦♥ ✶✶✶✳✶✹✱ ♣♣✳ ✶✼✻✸✕✶✼✼✵✳

▲✐✉✱ ❨✉♥✲❍❡ ❡* ❛❧✳ ✭✷✵✵✺✮✳ ✏■♥❤✐❜✐*✐♦♥ ♦❢ ♣✸✽ ♠✐*♦❣❡♥✲❛❝*✐✈❛*❡❞ ♣%♦*❡✐♥ ❦✐♥❛#❡ ♣%♦*❡❝*# *❤❡

❤❡❛%* ❛❣❛✐♥#* ❝❛%❞✐❛❝ %❡♠♦❞❡❧✐♥❣ ✐♥ ♠✐❝❡ ✇✐*❤ ❤❡❛%* ❢❛✐❧✉%❡ %❡#✉❧*✐♥❣ ❢%♦♠ ♠②♦❝❛%❞✐❛❧

✐♥❢❛%❝*✐♦♥✑✳ ❏✳ ❈❛0❞✳ ❋❛✐❧✳ ✶✶✳✶✱ ♣♣✳ ✼✹✕✽✶✳

▲✐✈❛❦✱ ❑✳ ❏✳ ❛♥❞ ❚✳ ❉✳ ❙❝❤♠✐**❣❡♥ ✭✷✵✵✶✮✳ ✏❆♥❛❧②#✐# ♦❢ %❡❧❛*✐✈❡ ❣❡♥❡ ❡①♣%❡##✐♦♥ ❞❛*❛ ✉#✐♥❣

%❡❛❧✲*✐♠❡ U✉❛♥*✐*❛*✐✈❡ M❈❘ ❛♥❞ *❤❡ ✷✭✲❉❡❧*❛ ❉❡❧*❛ ❈✭❚✮✮ ▼❡*❤♦❞✑✳▼❡4❤♦❞+ ✷✺✳✹✱ ♣♣✳ ✹✵✷✕

✹✵✽✳

▲♦❥❞❛✱ ❩❞❡♥❡❦✱ ❘❡✐♥❤❛%* ●♦##%❛✉✱ ❛♥❞ ❚❤❡♦❞♦% ❙❝❤✐❡❜❧❡% ✭✶✾✼✻✮✳ ❊♥③②♠❤✐+4♦❝❤❡♠✐+❝❤❡ ▼❡4❤✲

♦❞❡♥✳ ❙♣%✐♥❣❡%✲❱❡%❧❛❣ ❇❡%❧✐♥✳

▲♦❦✐%❡❞❞②✱ ❙✉❞❛%#❛♥❛%❡❞❞② ❡* ❛❧✳ ✭✷✵✶✷✮✳ ✏■❞❡♥*✐✜❝❛*✐♦♥ ♦❢ ❛*%♦❣✐♥✲✶✲*❛%❣❡*❡❞ ♣%♦*❡✐♥# ❞✉%✲

✐♥❣ *❤❡ ♠②♦#*❛*✐♥✲✐♥❞✉❝❡❞ #❦❡❧❡*❛❧ ♠✉#❝❧❡ ✇❛#*✐♥❣✑✳ ❆♠✳ ❏✳ /❤②+✐♦❧✳✱ ❈❡❧❧ /❤②+✐♦❧✳ ✸✵✸✳✺✱

♣♣✳ ❈✺✶✷✕✺✷✾✳

▼❛♠♠✉❝❛%✐✱ ❈%✐#*✐♥❛ ❡* ❛❧✳ ✭✷✵✵✼✮✳ ✏❋♦①❖✸ ❝♦♥*%♦❧# ❛✉*♦♣❤❛❣② ✐♥ #❦❡❧❡*❛❧ ♠✉#❝❧❡ ✐♥ ✈✐✈♦✑✳

❈❡❧❧ ▼❡4❛❜✳ ✻✳✻✱ ♣♣✳ ✹✺✽✕✹✼✶✳

▼❛#✐❡%♦✱ ❊✈❛ ❛♥❞ ▼❛%❝♦ ❙❛♥❞%✐ ✭✷✵✶✵✮✳ ✏❆✉*♦♣❤❛❣② ✐♥❤✐❜✐*✐♦♥ ✐♥❞✉❝❡# ❛*%♦♣❤② ❛♥❞ ♠②♦♣❛*❤②

✐♥ ❛❞✉❧* #❦❡❧❡*❛❧ ♠✉#❝❧❡#✑✳ ❆✉4♦♣❤❛❣② ✻✳✷✱ ♣♣✳ ✸✵✼✕✸✵✾✳



❘❡❢❡#❡♥❝❡& ✾✸

▼❛"✐❡%♦✱ ❊✈❛ ❡* ❛❧✳ ✭✷✵✵✾✮✳ ✏❆✉*♦♣❤❛❣② ✐" %❡9✉✐%❡❞ *♦ ♠❛✐♥*❛✐♥ ♠✉"❝❧❡ ♠❛""✑✳ ❈❡❧❧ ▼❡$❛❜✳

✶✵✳✻✱ ♣♣✳ ✺✵✼✕✺✶✺✳

▼❛*"✉♠♦*♦✱ ❊♠✐ ❡* ❛❧✳ ✭✷✵✶✸✮✳ ✏❆♥❣✐♦*❡♥"✐♥ ■■✲✐♥❞✉❝❡❞ ❝❛%❞✐❛❝ ❤②♣❡%*%♦♣❤② ❛♥❞ ✜❜%♦"✐" ❛%❡

♣%♦♠♦*❡❞ ✐♥ ♠✐❝❡ ❧❛❝❦✐♥❣ ❋❣❢✶✻✑✳ ●❡♥❡* ❈❡❧❧* ✶✽✳✼✱ ♣♣✳ ✺✹✹✕✺✺✸✳

▼❛*"✉③❛❦✐✱ ❍✐*♦♠✐ ❡* ❛❧✳ ✭✷✵✵✺✮✳ ✏❆❝❡*②❧❛*✐♦♥ ♦❢ ❋♦①♦✶ ❛❧*❡%" ✐*" ❉◆❆✲❜✐♥❞✐♥❣ ❛❜✐❧✐*② ❛♥❞

"❡♥"✐*✐✈✐*② *♦ ♣❤♦"♣❤♦%②❧❛*✐♦♥✑✳ +,♦❝✳ ◆❛$❧✳ ❆❝❛❞✳ ❙❝✐✳ ❯✳❙✳❆✳ ✶✵✷✳✸✷✱ ♣♣✳ ✶✶✷✼✽✕✶✶✷✽✸✳

▼❝S❤❡%%♦♥✱ ❆✳ ❈✳ ❛♥❞ ❙✳ ❏✳ ▲❡❡ ✭✶✾✾✼✮✳ ✏❉♦✉❜❧❡ ♠✉"❝❧✐♥❣ ✐♥ ❝❛**❧❡ ❞✉❡ *♦ ♠✉*❛*✐♦♥" ✐♥ *❤❡

♠②♦"*❛*✐♥ ❣❡♥❡✑✳ +,♦❝✳ ◆❛$❧✳ ❆❝❛❞✳ ❙❝✐✳ ✾✹✳✷✸✱ ♣♣✳ ✶✷✹✺✼✕✶✷✹✻✶✳

▼❝S❤❡%%♦♥✱ ❆✳ ❈✳✱ ❆✳ ▼✳ ▲❛✇❧❡%✱ ❛♥❞ ❙✳ ❏✳ ▲❡❡ ✭✶✾✾✼✮✳ ✏❘❡❣✉❧❛*✐♦♥ ♦❢ "❦❡❧❡*❛❧ ♠✉"❝❧❡ ♠❛""

✐♥ ♠✐❝❡ ❜② ❛ ♥❡✇ ❚●❋✲❜❡*❛ "✉♣❡%❢❛♠✐❧② ♠❡♠❜❡%✑✳ ◆❛$✉,❡ ✸✽✼✳✻✻✷✽✱ ♣♣✳ ✽✸✕✾✵✳

▼❡❤❧✱ ❑%✐"*❡♥ ❆✳ ❡* ❛❧✳ ✭✷✵✵✺✮✳ ✏▼②♦✜❜❡% ❞❡❣❡♥❡%❛*✐♦♥✴%❡❣❡♥❡%❛*✐♦♥ ✐" ✐♥❞✉❝❡❞ ✐♥ *❤❡ ❝❛❝❤❡❝*✐❝

❆♣❝▼✐♥✴✰ ♠♦✉"❡✑✳ ❏✳ ❆♣♣❧✳ +❤②*✐♦❧✳ ✾✾✳✻✱ ♣♣✳ ✷✸✼✾✕✷✸✽✼✳

▼❡♥❞❡❧❧✱ ❏✳ ❘✳ ❛♥❞ ❲✳ ❑✳ ❊♥❣❡❧ ✭✶✾✼✶✮✳ ✏❚❤❡ ✜♥❡ "*%✉❝*✉%❡ ♦❢ *②♣❡ ■■ ♠✉"❝❧❡ ✜❜❡% ❛*%♦♣❤②✑✳

◆❡✉,♦❧♦❣② ✷✶✳✹✱ ♣♣✳ ✸✺✽✕✸✻✺✳

▼✐❧❛♥✱ ●✐✉❧✐❛ ❡* ❛❧✳ ✭✷✵✶✺✮✳ ✏❘❡❣✉❧❛*✐♦♥ ♦❢ ❛✉*♦♣❤❛❣② ❛♥❞ *❤❡ ✉❜✐9✉✐*✐♥✲♣%♦*❡❛"♦♠❡ "②"*❡♠

❜② *❤❡ ❋♦①❖ *%❛♥"❝%✐♣*✐♦♥❛❧ ♥❡*✇♦%❦ ❞✉%✐♥❣ ♠✉"❝❧❡ ❛*%♦♣❤②✑✳ ◆❛$ ❈♦♠♠✉♥ ✻✱ ♣✳ ✻✻✼✵✳

▼✐②❛❝❤✐✱ ▼❛"❛❛❦✐ ❡* ❛❧✳ ✭✷✵✵✾✮✳ ✏❊①❡%❝✐"❡ *%❛✐♥✐♥❣ ❛❧*❡%" ❧❡❢* ✈❡♥*%✐❝✉❧❛% ❣❡♦♠❡*%② ❛♥❞ ❛**❡♥✲

✉❛*❡" ❤❡❛%* ❢❛✐❧✉%❡ ✐♥ ❞❛❤❧ "❛❧*✲"❡♥"✐*✐✈❡ ❤②♣❡%*❡♥"✐✈❡ %❛*"✑✳ ❍②♣❡,$❡♥*✐♦♥ ✺✸✳✹✱ ♣♣✳ ✼✵✶✕

✼✵✼✳

▼✐③✉"❤✐♠❛✱ ◆♦❜♦%✉ ❡* ❛❧✳ ✭✷✵✵✹✮✳ ✏■♥ ✈✐✈♦ ❛♥❛❧②"✐" ♦❢ ❛✉*♦♣❤❛❣② ✐♥ %❡"♣♦♥"❡ *♦ ♥✉*%✐❡♥*

"*❛%✈❛*✐♦♥ ✉"✐♥❣ *%❛♥"❣❡♥✐❝ ♠✐❝❡ ❡①♣%❡""✐♥❣ ❛ ✢✉♦%❡"❝❡♥* ❛✉*♦♣❤❛❣♦"♦♠❡ ♠❛%❦❡%✑✳ ▼♦❧✳

❇✐♦❧✳ ❈❡❧❧ ✶✺✳✸✱ ♣♣✳ ✶✶✵✶✕✶✶✶✶✳

▼♦❧✐♥❛%✐✱ ❋%❛♥❝❡"❝❛ ❡* ❛❧✳ ✭✷✵✶✻✮✳ ✏❆♥✐♠❛❧ ♠♦❞❡❧" ♦❢ ❝❛%❞✐❛❝ ❝❛❝❤❡①✐❛✑✳ ■♥$✳ ❏✳ ❈❛,❞✐♦❧✳ ✷✶✾✱

♣♣✳ ✶✵✺✕✶✶✵✳

▼♦♥✐❡%✱ ❙✳✱ ❆✳ ▲❡ ❈❛♠✱ ❛♥❞ ❨✳ ▲❡ ▼❛%❝❤❛♥❞✲❇%✉"*❡❧ ✭✶✾✽✸✮✳ ✏■♥"✉❧✐♥ ❛♥❞ ✐♥"✉❧✐♥✲❧✐❦❡ ❣%♦✇*❤

❢❛❝*♦% ■✳ ❊✛❡❝*" ♦♥ ♣%♦*❡✐♥ "②♥*❤❡"✐" ✐♥ ✐"♦❧❛*❡❞ ♠✉"❝❧❡" ❢%♦♠ ❧❡❛♥ ❛♥❞ ❣♦❧❞*❤✐♦❣❧✉❝♦"❡✲

♦❜❡"❡ ♠✐❝❡✑✳ ❉✐❛❜❡$❡* ✸✷✳✺✱ ♣♣✳ ✸✾✷✕✸✾✼✳

▼♦%❧❡②✱ ❏♦❤♥ ❊✳✱ ❉❛✈✐❞ ❘✳ ❚❤♦♠❛"✱ ❛♥❞ ▼❛%❣❛%❡*✲▼❛%② ●✳ ❲✐❧"♦♥ ✭✷✵✵✻✮✳ ✏❈❛❝❤❡①✐❛✿ ♣❛*❤♦✲

♣❤②"✐♦❧♦❣② ❛♥❞ ❝❧✐♥✐❝❛❧ %❡❧❡✈❛♥❝❡✑✳ ❆♠✳ ❏✳ ❈❧✐♥✳ ◆✉$,✳ ✽✸✳✹✱ ♣♣✳ ✼✸✺✕✼✹✸✳

◆❛❦❛❡✱ ❏✉♥ ❡* ❛❧✳ ✭✷✵✵✷✮✳ ✏❘❡❣✉❧❛*✐♦♥ ♦❢ ✐♥"✉❧✐♥ ❛❝*✐♦♥ ❛♥❞ ♣❛♥❝%❡❛*✐❝ ❜❡*❛✲❝❡❧❧ ❢✉♥❝*✐♦♥ ❜②

♠✉*❛*❡❞ ❛❧❧❡❧❡" ♦❢ *❤❡ ❣❡♥❡ ❡♥❝♦❞✐♥❣ ❢♦%❦❤❡❛❞ *%❛♥"❝%✐♣*✐♦♥ ❢❛❝*♦% ❋♦①♦✶✑✳ ◆❛$✳ ●❡♥❡$✳
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ProbeName p (Corr) Regulation ko/wt FC (abs) ko/wt GeneSymbol Description Go GenbankAccession EnsemblID EntrezGeneID RefSeqAccessioUniGeneID

A_51_P470079 1,55E-05 up 70,05 Il1r2 Mus musculus iGO:0004910|GNM_010555 ENSMUST00000 16178 NM_010555 Mm.1349

A_51_P114462 3,88E-04 up 36,26 Ccl17 Mus musculus cGO:0008009|GNM_011332 ENSMUST00000 20295 NM_011332 Mm.41988

A_55_P1997756 2,11E-04 up 33,07 Il6 Mus musculus iGO:0005515|GNM_031168 ENSMUST00000 16193 NM_031168 Mm.1019

A_51_P286737 1,78E-04 up 20,58 Ccl2 Mus musculus cGO:0005515|GNM_011333 ENSMUST00000 20296 NM_011333 Mm.290320

A_51_P348280 2,94E-05 up 16,44 Il17ra Mus musculus iGO:1900017|GNM_008359 ENSMUST00000 16172 NM_008359 Mm.4481

A_51_P212782 2,14E-04 up 12,50 Il1b Mus musculus iGO:0032755|GNM_008361 ENSMUST00000 16176 NM_008361 Mm.222830

A_51_P474459 9,57E-04 up 8,00 Socs3 Mus musculus suGO:0005515|GNM_007707 ENSMUST00000 12702 NM_007707 Mm.3468

A_51_P436652 0,00121374 up 7,35 Ccl7 Mus musculus cGO:0008009|GNM_013654 ENSMUST00000 20306 NM_013654 Mm.341574

A_51_P267783 5,16E-04 up 6,45 Il11 Mus musculus iGO:0046888|GNM_008350 ENSMUST00000 16156 NM_008350 Mm.35814

A_51_P140710 0,00244981 up 6,11 Ccl3 Mus musculus cGO:0005515|GNM_011337 ENSMUST00000 20302 NM_011337 Mm.1282

A_55_P2023294 2,16E-04 up 5,88 Il20rb Mus musculus iGO:0032703|GNM_001033543 ENSMUST00000 213208 NM_001033543Mm.242896

A_51_P241457 7,38E-05 up 5,21 Lilrb4 Mus musculus lGO:0016020|GNM_013532 ENSMUST00000 14728 NM_013532 Mm.34408

A_66_P104618 3,11E-05 up 5,09 Ccl25 chemokine (C-CGO:0031735|GAK043043 ENSMUST00000 20300 Mm.7275

A_55_P1984556 7,49E-04 up 5,07 Ccl12 Mus musculus cGO:0008009|GNM_011331 ENSMUST00000 20293 NM_011331 Mm.867

A_55_P2017789 7,93E-04 up 4,32 Il4ra Mus musculus iGO:0005515|GNM_001008700 ENSMUST00000 16190 NM_001008700Mm.233802

A_55_P20795610,00745865 up 4,29 Lilra6 Mus musculus lGO:0008150|GNM_011090 ENSMUST00000 18726 NM_011090 Mm.440989

A_55_P1957459 4,38E-04 up 3,83 Lilrb4 Mus musculus lGO:0016020|GNM_013532 ENSMUST00000 14728 NM_013532 Mm.34408

A_55_P2087622 8,05E-04 up 3,67 Il4i1 Mus musculus iGO:0001716|GNM_010215 ENSMUST00000 14204 NM_010215 Mm.2565

A_55_P2035320 5,06E-04 up 3,55 Nfil3 Mus musculus nGO:0005515|GNM_017373 ENSMUST00000 18030 NM_017373 Mm.136604

A_51_P460954 0,00696599 up 3,53 Ccl6 Mus musculus cGO:0008009|GNM_009139 ENSMUST00000 20305 NM_009139 Mm.137

A_51_P271503 1,16E-04 up 2,65 Il1r1 Mus musculus iGO:0005515|GNM_008362 ENSMUST00000 16177 NM_008362 Mm.896

A_52_P1026777 5,56E-04 up 2,46 Ecscr Mus musculus enGO:0016020|GNM_001033141 ENSMUST00000 68545 NM_001033141Mm.329362

A_52_P222073 4,70E-04 up 2,01 Ackr2 Mus musculus aGO:0005515|GNM_021609 ENSMUST00000 59289 NM_021609 Mm.258105

A_55_P2058783 3,29E-04 up 2,00 Hilpda Mus musculus hGO:0005811|GNM_023516 ENSMUST00000 69573 NM_023516 Mm.45161

A_55_P20079640,00389304 down 41,01 Cx3cr1 Mus musculus cGO:0043005|GNM_009987 ENSMUST00000 13051 NM_009987 Mm.44065

A_55_P20543620,00382711 down 24,34 Cx3cr1 Mus musculus cGO:0043005|GNM_009987 13051 NM_009987 Mm.44065

A_52_P99810 8,69E-04 down 9,08 Cx3cr1 Mus musculus cGO:0043005|GNM_009987 ENSMUST00000 13051 NM_009987 Mm.44065

A_55_P20502260,00522034 down 6,14 Ackr4 Mus musculus cGO:0007165|GAY072938 252837 Mm.269254

A_51_P461665 0,00132688 down 5,92 Cxcl9 Mus musculus cGO:0008009|GNM_008599 ENSMUST00000 17329 NM_008599 Mm.766

A_51_P464703 0,00770386 down 4,72 Ccl8 Mus musculus cGO:0008009|GNM_021443 ENSMUST00000 20307 NM_021443 Mm.42029

A_51_P184969 7,63E-05 down 3,82 Rilpl1 Mus musculus RGO:0005622|GNM_021430 ENSMUST00000 75695 NM_021430 Mm.41180

A_52_P15461 3,01E-04 down 3,73 Il15 Mus musculus iGO:0008284|GNM_008357 ENSMUST00000 16168 NM_008357 Mm.4392

A_55_P19807960,00905052 down 3,56 Il2ra Mus musculus iGO:0002437|GNM_008367 ENSMUST00000 16184 NM_008367 Mm.915

A_51_P372702 0,00102354 down 3,49 Il16 Mus musculus iGO:0005515|GNM_010551 ENSMUST00000 16170 NM_010551 Mm.10137

A_55_P2145680 4,70E-04 down 3,02 Rilpl1 Mus musculus RGO:0005622|GNM_021430 ENSMUST00000 75695 NM_021430 Mm.41180

A_52_P577384 5,50E-04 down 2,93 Il18bp Mus musculus iGO:0042088|GNM_010531 ENSMUST00000 16068 NM_010531 Mm.422756

A_55_P2181109 1,05E-04 down 2,79 Il10rb Mus musculus iGO:0005515|GNM_008349 ENSMUST00000 16155 NM_008349 Mm.4154

A_55_P2130399 2,76E-04 down 2,70 Rilp Mus musculus RGO:0005739|GNM_001029938 ENSMUST00000 280408 NM_001029938Mm.41416

A_51_P231549 0,00788821 down 2,64 Mill2 Mus musculus MGO:0005515|GNM_153761 ENSMUST00000 243864 NM_153761 Mm.233503

A_55_P19861130,00724935 down 2,51 Ppil1 Mus musculus pGO:0008380|GNM_026845 ENSMUST00000 68816 NM_026845 Mm.328928

A_55_P2068734 8,86E-05 down 2,48 Ccl27a Mus musculus cGO:0005515|GNM_001048179 ENSMUST00000 20301 NM_001048179Mm.335946

A_55_P2068723 1,23E-04 down 2,47 Ccl27a Mus musculus cGO:0005515|GNM_011336 ENSMUST00000 20301 NM_011336 Mm.425176

A_55_P20994150,00373349 down 2,28 Neil1 Mus musculus nGO:0003906|GNM_028347 ENSMUST00000 72774 NM_028347 Mm.35749

A_55_P2010778 6,33E-04 down 2,03 Il11ra1 Mus musculus iGO:0038154|GNM_001172054 ENSMUST00000 16157 NM_001172054Mm.193451
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Categories

Diseases or Functions 

Annotation p-Value

Predicted 

Activation State

Activation 

z-score # Molecules
Cellular Movement migration of cells 8,73E-09 Decreased -3,806 610

Cellular Movement cell movement 3,48E-10 Decreased -3,158 694

Cellular Movement migration of tumor cell lines 1,22E-06 Decreased -2,984 248

Cellular Development differentiation of cells 1,24E-16 Decreased -2,904 766

Cellular Movement

cell movement of connective 

tissue cells 1,07E-06 Decreased -2,771 85

Cellular Movement

migration of connective tissue 

cells 3,82E-07 Decreased -2,746 70

Cancer, Organismal Injury and 

Abnormalities
benign neoplasia

1,67E-08 Decreased -2,745 325

Cancer, Organismal Injury and 

Abnormalities, Renal and Urological 

Disease

urinary tract tumor

2,87E-09 Decreased -2,626 456

Cellular Assembly and Organization organization of organelle 1,85E-10 Decreased -2,625 207

Developmental Disorder, Gastrointestinal 

Disease, Hepatic System Disease, 

Organismal Injury and Abnormalities

hypoplasia of liver

3,72E-05 Decreased -2,610 20

Cellular Assembly and Organization, 

Cellular Function and Maintenance
organization of filaments

1,28E-05 Decreased -2,601 72

Cancer, Organismal Injury and 

Abnormalities, Renal and Urological 

Disease

urinary tract cancer

6,08E-10 Decreased -2,584 445

Cell-To-Cell Signaling and Interaction attachment of cells 5,96E-05 Decreased -2,544 48

Embryonic Development, Organ 

Development, 

Development, Skeletal and Muscular 

System Development and Function, Tissue 

Development

formation of muscle

1,48E-07 Decreased -2,472 139

Cellular Movement
cell movement of tumor cell lines

3,56E-08 Decreased -2,465 307

Cell Morphology, Cellular Assembly and 

Organization, Cellular Function and 

Maintenance

formation of cellular protrusions

1,38E-06 Decreased -2,432 281

Cellular Movement, Connective Tissue 

Development and Function

cell movement of fibroblast cell 

lines 2,54E-08 Decreased -2,373 79

Cardiovascular System Development and 

Function, Organismal Development
vasculogenesis

3,81E-10 Decreased -2,301 267

Organismal Development size of body 2,23E-06 Decreased -2,289 277

Cancer, Organismal Injury and 

Abnormalities, Renal and Urological 

Disease

renal cancer

3,89E-09 Decreased -2,267 361

Cancer, Organismal Injury and 

Abnormalities
urogenital cancer

5,91E-09 Decreased -2,179 1467

Embryonic Development, Organismal 

Development
development of body trunk

9,12E-08 Decreased -2,172 395

Cancer, Organismal Injury and 

Abnormalities, Renal and Urological 

Disease

Renal Cancer and Tumors

1,77E-09 Decreased -2,165 370

Post-Translational Modification phosphorylation of protein 6,93E-14 Decreased -2,156 256

Lipid Metabolism, Molecular Transport, 

Small Molecule Biochemistry
concentration of lipid

4,64E-07 Decreased -2,140 267

Neurological Disease, Skeletal and 

Muscular Disorders
neuromuscular disease

2,16E-05 Decreased -2,122 286

Cardiovascular System Development and 

Function, Organismal Development
angiogenesis

2,71E-08 Decreased -2,093 311

Cellular Development, Hematological 

System Development and Function
differentiation of blood cells

6,18E-08 Decreased -2,091 286

Cell Death and Survival neuronal cell death 5,88E-06 Decreased -2,065 221

Cellular Assembly and Organization, 

Cellular Function and Maintenance
microtubule dynamics

2,40E-07 Decreased -2,058 371

Cardiovascular System Development and 

Function
development of vasculature

1,56E-10 Decreased -2,043 363

Cancer, Organismal Injury and 

Abnormalities
neoplasia of epithelial tissue

1,53E-49 Decreased -2,015 3105

Cell Death and Survival, Skeletal and 

Muscular Disorders
cell death of muscle cells

5,12E-05 Increased 2,002 109

Infectious Diseases infection by HIV-1 3,03E-07 Increased 2,143 206

Cell Death and Survival, Skeletal and 

Muscular Disorders
necrosis of muscle

1,40E-05 Increased 2,362 114

Cell Death and Survival cell death of muscle 1,05E-05 Increased 2,362 115

Infectious Diseases infection by RNA virus 4,12E-11 Increased 2,875 310

Infectious Diseases infection of cells 1,46E-09 Increased 2,887 272

Infectious Diseases infection of tumor cell lines 3,47E-05 Increased 3,029 161

Infectious Diseases replication of virus 2,01E-06 Increased 3,726 181

Infectious Diseases Viral Infection 5,96E-12 Increased 3,972 538
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❊✐❞❡..!❛!!❧✐❝❤❡ ❊%❦❧1%✉♥❣

■❝❤ ✈❡&1✐❝❤❡&❡ ❛♥ ❊✐❞❡1 ❙*❛**✱ ❞❛11 ❞✐❡ ❉✐11❡&*❛*✐♦♥ ✈♦♥ ♠✐& 1❡❧❜1*1*E♥❞✐❣ ✉♥❞ ♦❤♥❡ ✉♥✲

③✉❧E11✐❣❡ ❢&❡♠❞❡ ❍✐❧❢❡ ✉♥*❡& ❇❡❛❝❤*✉♥❣ ❞❡& ✧●&✉♥❞1E*③❡ ③✉& ❙✐❝❤❡&✉♥❣ ❣✉*❡& ✇✐11❡♥1❝❤❛❢*❧✐❝❤❡&

6&❛①✐1 ❛♥ ❞❡& ❍❡✐♥&✐❝❤✲❍❡✐♥❡ ❯♥✐✈❡&1✐*E* ❉>11❡❧❞♦&❢✧ ❡&1*❡❧❧* ✇♦&❞❡♥ ✐1*✳ ❉❛&>❜❡& ❤✐♥❛✉1 ✈❡&✲

1✐❝❤❡&❡ ✐❝❤✱ ❞❛11 ✐❝❤ ❞✐❡ ❉✐11❡&*❛*✐♦♥ ✇❡❞❡& ✐♥ ❞❡& ❤✐❡& ✈♦&❣❡❧❡❣*❡♥ ♥♦❝❤ ✐♥ ❡✐♥❡& E❤♥❧✐❝❤❡♥

❋♦&♠ ❜❡✐ ❡✐♥❡♠ ❛♥❞❡&❡♥ ■♥1*✐*✉* ❡✐♥❣❡&❡✐❝❤* ❤❛❜❡ ✉♥❞ ❜✐1❤❡& ❦❡✐♥❡ 6&♦♠♦*✐♦♥1✈❡&1✉❝❤❡ ✉♥✲

*❡&♥♦♠♠❡♥ ❤❛❜❡✳

❉>11❡❧❞♦&❢✱ ❞❡♥

▲✉❝✐❛ ▼❛&✐❛ ▲❡✐*♥❡&

✶✵✺
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❆①❡❧✱

❉❛♥❦❡✱ ❞❛'' ❉✉ ♠✐+ ✐♠♠❡+ ♠✐, ❘❛, ✉♥❞ ❚❛, ③✉+ ❙❡✐,❡ ❣❡',❛♥❞❡♥ ❜✐',✱ ♠✐+ ❞✐❡ ▼4❣❧✐❝❤❦❡✐,❡♥

❣❡❣❡❜❡♥ ❤❛',✱ ♠✐❝❤ ✇❡✐,❡+③✉❡♥,✇✐❝❦❡❧♥ ✲ ✐♠ ▲❛❜♦+ ✉♥❞ ❛✉<❡+❤❛❧❜ ❛✉❢ ❞❡♥ ③❛❤❧+❡✐❝❤❡♥

❑♦♥❣+❡''❡♥✱ ❞✐❡ ✐❝❤ ❜❡'✉❝❤❡♥ ❞✉+❢,❡✳ ❉❛♥❦❡✱ ❞❛'' ✐❝❤ ❚❡✐❧ ❉❡✐♥❡' ❚❡❛♠' '❡✐♥ ❞✉+❢,❡✦

❑%&❤✐✱

❉❛♥❦❡ ❢A+ ❞✐❡ ✉♥③B❤❧✐❣❡♥ ❙,✉♥❞❡♥✱ ❞✐❡ ✇✐+ ❣❡♠❡✐♥'❛♠ ✈❡+❜+❛❝❤, ❤❛❜❡♥ ✲ ❢A+ ❉❡✐♥❡

❯♥,❡+',A,③✉♥❣ ✉♥❞ ❉❡✐♥❡ ❋+❡✉♥❞'❝❤❛❢,✳

▼✐*✐ ✉♥❞ ❏❛♥❛✱

❉❛♥❦❡✱ ❞❛'' ■❤+ ❞✐❡ ❜❡',❡♥ ❉♦❦,♦+❛♥❞❡♥ ✇❛+,✱ ❞✐❡ ♠❛♥ '✐❝❤ ♥✉+ ✇A♥'❝❤❡♥ ❦❛♥♥✳

❘✐❛♥♥❡✱ ❱✐❝✐✱ ❏❛❝4✉❡❧✐♥❡✱ ▲✐6❛ ✉♥❞ ❛❧❧❡ ▼✐&❣❧✐❡❞❡* ❞❡6 ■♥6&✐&✉&6 ❢:*

❍❡*③❦*❡✐6❧❛✉❢♣❤②6✐♦❧♦❣✐❡✱

❉❛♥❦❡ ❢A+ ❊✉+❡♥ ❩✉'❛♠♠❡♥❤❛❧, ✉♥❞ ❊✉+❡ ❯♥,❡+',A,③✉♥❣✳ ❖❤♥❡ ❊✉❝❤ ✇B+❡ ✐❝❤ ✈✐❡❧ 4❢,❡+

✈❡+③✇❡✐❢❡❧,✳

◆✐❝❦②✱ ◆❡♥❥❛ ✉♥❞ ❙✉6✐✱

❉❛♥❦❡✱ ❞❛'' ■❤+ ♠✐❝❤ ❛✉❢ ❞✐❡'❡♠ ❲❡❣ ❜❡❣❧❡✐,❡, ❤❛❜, ✉♥❞ '♦ ✈✐❡❧ ♠✐, ♠✐+ ❣❡,❡✐❧, ❤❛❜,✳

■❘❚● ✲ ❛❧❧❡♥ ✈♦*❛♥ ❙❛♥❞*❛✱

❉❛♥❦❡✱ ❞❛'' ✐❝❤ ❚❡✐❧ ❞✐❡'❡' ❛✉❢+❡❣❡♥❞❡♥ K+♦❣+❛♠♠' '❡✐♥ ❞✉+❢,❡✳ ❊' ✐', ♥✉+ ❞✉+❝❤ ❊✉❝❤ ③✉ '♦

❡,✇❛' ❇❡'♦♥❞❡+❡♠ ❣❡✇♦+❞❡♥ ✉♥❞ ❜❡❣❧❡✐,❡, ✉♥' ❤♦✛❡♥,❧✐❝❤ ♥♦❝❤ ❧❛♥❣❡✦

H*♦❢✳ ❉*✳ ❯❧*✐❝❤ ❘:&❤❡*✱

❉❛♥❦❡ ❢A+ ❞✐❡ ❩❡✐,✱ ❞✐❡ ❉✉ ❉✐+ ❢A+ ❞✐❡ K+♦❥❡❦,❜❡'♣+❡❝❤✉♥❣❡♥ ✉♥❞ ❞✐❡ ❩✇❡✐,❜❡❣✉,❛❝❤,✉♥❣

❣❡♥♦♠♠❡♥ ❤❛',✳

❆✉6 &✐❡❢6&❡♠ ❍❡*③❡♥ ❉❆◆❑❊ ✐❝❤

▼❛♠❛ ✉♥❞ H❛♣❛✱

❏❛❦♦❜✱ ❏✉❞✐&❤ ✉♥❞ ▲❡♥❛✱

▼❛*✐♦✱

✉♥❞ ❛❧❧ ♠❡✐♥❡♥ ❧✐❡❜❡♥ ❋*❡✉♥❞❡♥✳

■❝❤ ❜✐♥ ❡✉❝❤ ✉♥❡♥❞❧✐❝❤ ❞❛♥❦❜❛+ ❢A+ ❊✉+❡ ❯♥,❡+',A,③✉♥❣✱ ❊✉+❡ ▲✐❡❜❡ ✉♥❞ ❊✉❡+ ❱❡+',B♥❞♥✐'✳

❉❛♥❦❡✱ ❞❛'' ■❤+ ✐♠♠❡+ ❢A+ ♠✐❝❤ ❞❛ '❡✐❞✦ ■❝❤ ❜✐♥ ♥✐❝❤,' ♦❤♥❡ ❊✉❝❤✦

✶✵✻


