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▼❛♥✉✱ )❛2*✐❝❦✱ ❙❛♥❞*❛✱ ❙♦♣❤✐❡✱ ❙✉♠❛✐*❛✱ ❙②❧✈❛✐♥✱ ❳❛✈✐❡*✱ ♣♦✉, ❧❡" (,♦✐" ❛♥"

:✉❡ ❥✬❛✐ ♣✉ ♣❛""8 ❞❛♥" ❧❛ ❜♦♥♥❡ ❛♠❜✐❛♥❝❡ ❞✉ ❧❛❜♦✳

❏❡ ,❡♠❡,❝✐❡ ❙25♣❤❛♥❡ ❡( ❖❧✐✈✐❡* ❞✬❛✈♦✐, ,8♣♦♥❞✉ = ♠❡" :✉❡"(✐♦♥" ✐♥✜♥✐❡" ♣❛(✐❡♠✲

♠❡♥( ❡( ❛✈❡❝ ❜♦♥♥❡ ❤✉♠❡✉,✳

▼❡,❝✐✱ ❆❜❞❡❧✱ ❆♥♥✐❡✱ ❊♠✐❧✐❡ ❙✳✱ ❊♠✐❧✐❡ ❱✳ ❡( ❙❛♥❞*❛ ❞✬❛✈♦✐, ♣❛,(❛❣8 ❧❡" ♠C♠❡"

♣,♦❜❧B♠❡" ✿ ♠❛♥:✉❡ ❞❡ ♣❧❛♥(❡✱ ❧❛ "8❝❤❡,❡""❡ ❡( ❧❛ ❝❤❛❧❡✉, ❡♥ "❡,,❡"✱ ❧✬♦U❞✐✉♠✱ ❧❡" ❝♦✲

❝❤❡♥✐❧❧❡"✳✳✳ ❡( ♣♦✉, ❧❛ ❜♦♥♥❡ ❛♠❜✐❛♥❝❡ ❛✉ ❧❛❜♦✳ ▼❡,❝✐ ❞✬❛✈♦✐, "✉♣♣♦,(8 ♠❛ ♠✉"✐:✉❡

❡( ♠♦♥ ❜♦,❞❡❧ ✦

▼❡,❝✐ ❆❣♥C+ ❉✳ ❡( ❙✉♠❛✐*❛ ♣♦✉, ❧❡" (,♦✐" ❛♥" :✉❡ ♥♦✉" ❛✈♦♥" ♣❛""8" ❞❛♥" ❧❡ ♠C♠❡

❜✉,❡❛✉ ❡( ❜♦♥ ❝♦✉,❛❣❡ ♣♦✉, ✈♦" (❤B"❡" ✦

▼❡,❝✐ ❛✉① ✏❥❡✉♥❡"✑ ❞❡ 5▼❊ ✿ ❈♦+✐♠♦✱ ❋*❛♥❝❦✱ ❍❡*❜❡*2✱ ■✉❧✐❛✱ ■✈❛♥✱ ❏5*♦♠❡✱

❏♦❛♥✱ ▲❡♦✱ ▼❛*✐♥❡✱ ▼❛♥✉❡❧✱ ❙♦✉❦❛②♥❛✱ ❚❤♦♠❛+✱ ❚♦♠♠❛+♦✱ ❚✐❜✱ ❱✐*❣✐♥✐❡✱

✐✐✐



  



❩❤✐♣❡♥❣ ♣♦✉# $♦✉% ❧❡% ❜♦♥ ♠♦♠❡♥$% ♣❛%%,% ❡♥%❡♠❜❧❡✱ ❧❡% ❝❛❢,% ❧❡ ♠❛$✐♥✱ ❧❡% %♦✐#,❡%

❝❤❡③ ♥♦✉% ♦✉ ❛✐❧❧❡✉#%✱ ❧❡% %♦#$✐❡%✱ ❧❛ ❜♦♥♥❡ ❜♦✉✛❡ ✭❦❡❜❛❜✱ ♣❛# ❡①❡♠♣❧❡✮✱ ❧❡% ❥❡✉①✳✳✳

▼❡#❝✐ ; ❝❡✉① <✉✐ ♦♥$ ❝♦♥$#✐❜✉, ; ❝❡$$❡ $❤=%❡ ❛✈❡❝ ❧❡✉# ❛✐❞❡ $❡❝❤♥✐<✉❡ ✿ ❆❧❜❡*+♦

❋❡**❛*✐♥✐ ❡$ ▼❛00✐♠♦ ❉❡❧❧❡❞♦♥♥❡ ; ❧✬❯♥✐✈❡#%✐$, ❱,#♦♥❡ ♣♦✉# ❧❡% ❛♥❛❧②%❡% $#❛♥%✲

❝#✐♣$♦♠✐<✉❡%✱ ▼✐❝❤❡❧ ❘♦00✐❣♥♦❧ ; ❚♦✉❧♦✉%❡ ♣♦✉# ❧❡% ❛♥❛❧②%❡% ❞❡ %♣❡❝$#♦♠,$#✐❡

❞❡ ♠❛%%❡✱ ❘✐❝❤❛*❞ ❇❧✐❣♥② ❛✉ ❈❊❆ ●#❡♥♦❜❧❡ ♣♦✉# ❧❡% ❛♥❛❧②%❡% ❘▼◆✱ ◆❛+❤❛❧✐❡

❱❛✐❧❧❛♥+✲●❛✈❡❛✉ ; ❘❡✐♠% ♣♦✉# %♦♥ ❛✐❞❡ ❛✈❡❝ ❧✬■♠❛❣✐♥❣ O❆▼✱ ❈❤❛♥+❛❧ ❖❧✐✈❛✐♥

❞❡ ▼❙❊ ♣♦✉# ❧✬✉$✐❧✐%❛$✐♦♥ ❞✉ ♠✐❝#♦%❝♦♣❡✱ ◆✐❝♦❧❛0 ❙✐❝❛*❞ ❞❡ ❧✬■❯❚ ♣♦✉# ❧✬✉$✐❧✐%❛✲

$✐♦♥ ❞✉ #♦❜♦$ ❈♦❜❛% ▼✐#❛✱ ❏♦♥❛+❤❛♥ ◆B❣*❡❧ ♣♦✉# ❧✬✉$✐❧✐%❛$✐♦♥ ❞✉ %♣❡❝$#♦♠=$#❡ ;

✽ ♣✉✐$%✳ ❊$ ✉♥ ❣#❛♥❞ ♠❡#❝✐ ; ♠♦♥ %$❛❣✐❛✐#❡ ❚❤♦♠❛0 ◆✉*② ♣♦✉# %❛ ♣❛$✐❡♥❝❡ ❡$ %❛

❜♦♥♥❡ ❤✉♠❡✉#✳

▼❡#❝✐ ; ♠❡% ❝♦❧♦❝%✱ ❆✉*B❧✐❡♥✱ ❙✐♠♦♥✱ ❚❤✐❜❛✉❞ ❡$ ▲✉❝✐❡✱ ♣♦✉# ❧❡% %♦✐#,❡% <✉✬♦♥

❛ ♣❛%%, ❛✉$♦✉# ❞❡ ♥♦$#❡ $❛❜❧❡ ❞❛♥% ♥♦$#❡ %✉♣❡# ❛♣♣❛#$✱ ; ♠❛♥❣❡#✱ ❞✐%❝✉$❡#✱ #✐❣♦❧❡#

❡$ ❥♦✉❡#✳

❆✉*B❧✐❡♥✱ <✉❡❧❧❡ ❝❤❛♥❝❡ ❞✬❛✈♦✐# $#♦✉✈, ✉♥ ❛♠✐ ❝♦♠♠❡ $♦✐ ✦ ▼❡#❝✐ ♣♦✉# ❝❡% ✷ ❛♥% ❡♥

❝♦❧♦❝✱ ♣♦✉# ❧❡% ❞,❜❛$%✱ ❧❡% ❥❡✉① ❡$ ❧❡% #✐#❡% ✦ ❍,✱ ❙✐♠♦♥✱ ♦♥ ❡♥ ❛ ❣#♦% ✦

▲✉❝✐❡ ✭▲✉❝❦❛✮✱ ♠❛ ❝♦❧❧=❣✉❡✱ ❛%%✉#❛$#✐❝❡✱ ❝♦❧♦❝✱ ❛♠✐❡✱ ♠❡#❝✐ ♣♦✉# ❝❡ <✉✬♦♥ ❛ ♣❛#✲

$❛❣,✳✳✳ ❧❡% ❥♦✉#♥,❡% ❞❡❤♦#% ; ❧❛ ❢❛❧❛✐%❡✱ ❧❡% ❢♦✉%✲#✐#❡%✱ ❧❡% ♠♦$% ✐♥✈❡♥$,%✱ ❧❡% ♣#✐%❡% ❞❡

$V$❡✱ ❧❡% ❞✐%❝✉%%✐♦♥%✱ ❧❡% %♦✐#,❡% ✏♣,♥✐❝❤❡✑✳✳✳

▼❡#❝✐ ; ❚✐+✐✱ ♠♦♥ ♣#,%✐❞❡♥$✱ ♣♦✉# ❝❡ <✉❡ $✉ ♠✬❛% ❛♣♣#✐% ✿ ❞❡% ♠♦$% ❢#❛♥Y❛✐%✳ ❘❛✲

❝♦♥$❡# ❞❡% ❝♦♥♥❡#✐❡%✳ ❊$ ✉♥ ♣❡✉ ❧✬❡%❝❛❧❛❞❡ ❛✉%%✐✳ ❏❡ ✈❛✐% ❡%%❛②❡# ❞❡ ♠✐❡✉① ♣♦%❡# ♠❡%

♣✐❡❞%✳ ❱❛❧B*✐❡✱ ❙♦❧❛♥❣❡✱ ◆❛+❤❛❧✐❡✱ ❈❤*✐0+✐♥❡✱ ❏❡❛♥✲▲✉❝✱ ▼✐❝❤❡❧✱ ❡$ ❧❡% ❛✉$#❡%

❞✬❆❣#✐♣✱ ♦♥ ❛ ❛✉$❛♥$ #✐❣♦❧, <✉❡ ❢❛✐$ ❧✬❡%❝❛❧❛❞❡ ❡$ ❥✬❡%♣=#❡ <✉✬✐❧ ② ❛✉#❛ $♦✉❥♦✉#% ❛%%❡③

❞❡ ♣❛✐❧❧❡ ♣♦✉# $♦✉$ ❧❡ ♠♦♥❞❡✳

▼❡#❝✐✱ ❇❡♥✱ ❞❡ $✬❛✈♦✐# ♠♦<✉, ❞❡ ♠♦✐✱ ❞❡ ♠✬❛✈♦✐# ❤✉♠✐❧✐, ✭$✉ #V✈❡% ✦✮ ❡$ ❡♥❝♦✉#❛❣,

♣❡♥❞❛♥$ ❧❡% ❤❡✉#❡% <✉✬♦♥ ❛ ♣❛%%, ; ❝♦✉#✐# %✉# ❧❡% ♠❛#❝❤❡% ❞❛♥% ❧❛ ❝♦♠❜❡ ; ❧❛ %❡#♣❡♥$

♦✉ ❛✉$♦✉# ❞❡ ❧❛❝ ❑✐#✳

▼❡#❝✐ ; $♦✉% ❧❡% ✐♥❝♦♥♥✉% <✉✐ ♦♥$ ❝♦♥$#✐❜✉, ; ♠❛ $❤=%❡ %❛♥% ❧❡ %❛✈♦✐# ✿ ❧❛ ❜♦✉❧❛♥❣=#❡

<✉✐ ♠✬❛ ✈❡♥❞✉❡ ♠♦♥ %❛♥❞✇✐❝❤ ♣♦✉# ♠✐❞✐ ❛✈❡❝ ❧❡ ❣#❛♥❞ %♦✉#✐#❡ ✭♠V♠❡ $^$ ❧❡ ♠❛$✐♥✮✱

❧✬,<✉✐♣❡ ❞❡ ❧❡♦✳♦#❣ ✭♣❛% ✉♥ %❡✉❧ ❥♦✉# ♦_ ❥❡ ♥✬❛✈❛✐% ♣❛% ❜❡%♦✐♥ ❞❡ ❧❡✉#% ❞✐❝$✐♦♥♥❛✐#❡%

❡♥ ❧✐❣♥❡✮✱ ❡$ $♦✉% ❧❡% ✉$✐❧✐%❛$❡✉#% ❞❡ ▲

❆

❚

❊

❳ ❡$ ❡①❝❡❧ <✉✐ ❞✐%❝✉$❡♥$ ❡$ ❛✐❞❡♥$ ❞❛♥% ❧❡%

❢♦#✉♠% %✉# ❧❡ ♥❡$✳ ▲❡✉#% %♦❧✉$✐♦♥% ♠✬♦♥$ %♦✉✈❡♥$ %❛✉✈, ❧❛ ❥♦✉#♥,❡✳

✐✈



  



❊♥✜♥✱ ♠❡&❝✐ ❛✉① ❛❧❧❡♠❛♥❞. ✿

❉❛♥❦❡✱ ❙!❡✈❡♥ ✦ ❉❡✐♥❡ ❇❡❣❡✐.5❡&✉♥❣ ❢7& ❞✐❡ ❲✐..❡♥.❝❤❛❢5 ❤❛5 ♠✐❝❤ ❛♥❣❡.5❡❝❦5✱ ❛❧.

✐❝❤ ♠❡✐♥ ❡&.5❡. :&❛❦5✐❦✉♠ ❜❡✐ ❞❡♥ :❤②5♦. ❣❡♠❛❝❤5 ❤❛❜❡✳ ❉❛.✱ ✇❛. ✐❝❤ ✈♦♥ ❞✐& ❣❡❧❡&♥5

❤❛❜✱ ❤❛5 ♠✐❝❤ ❛✉❢ ✭❢❛.5✮ ❛❧❧❡. ❤✐❡& ❣✉5 ✈♦&❜❡&❡✐5❡5✳ ❉❛♥❦❡ ❛✉❝❤ ❛♥ ❛❧❧❡ ❛♥❞❡&❡♥

:❤②5♦.✱ ❆✐❦♦✱ ❑❛+,!❡♥✱ ◆✐❝❦❡❧,✱ ❚❡❧❧✐ ✉♥❞ ❚♦♥②✱ ✐❝❤ ❤❛❜ ❣❡&♥❡ ❛♥ ♠❡✐♥❡ ❩❡✐5 ✐♥

❇✐❡❧❡❢❡❧❞ ③✉&7❝❦❣❡❞❛❝❤5✳

❍❡②✱ ❙❛+❛❤✱ ❡. ✐.5 ♥✐❝❤5 .♦ ❧❡✐❝❤5✱ 7❜❡& ❚❡❧❡❢♦♥ ✉♥❞ ❊♠❛✐❧ ♥❡ ❋&❡✉♥❞.❝❤❛❢5 ❛✉❢&❡❝❤5

③✉ ❡&❤❛❧5❡♥✱ ❛❜❡& ❡. ❦❧❛♣♣5 ✦ ❏❡5③5 ❜✐.5 ❞✉ ❞✐❡ ◆K❝❤.5❡✱ ✈✐❡❧ ❊&❢♦❧❣ ✦

❉❛♥❦❡ ❛♥ ♠❡✐♥❡ ❋❛♠✐❧✐❡✳

❉❛♥❦❡✱ ▼❛♠❛ ✉♥❞ 5❛♣❛✱ ❢7& ❡✉❡& ❱❡&.5K♥❞♥✐. ✉♥❞ ❞✐❡ ❊&♠✉5✐❣✉♥❣❡♥✱ ❘❛5.❝❤❧K❣❡

✉♥❞ ❇❡.✉❝❤❡✳ ●✉5✱ ❞❛.. ❡. ❚❡❧❡❢♦♥❡ ❣✐❜5 ✭❛✉❝❤✱ ✇❡♥♥ ✐❝❤ ✐♠♠❡& ✐♠ ❢❛❧.❝❤❡♥ ▼♦♠❡♥5

❛♥&✉❢❡✮ ✉♥❞ ❞❛.. ❙❦②♣❡ ❛✉❝❤ ❱✐❞❡♦. .❝❤✐❝❦5 ✦

❈❤+✐,!♦♣❤✱ ✐❝❤ ✇❡&❞❡ ❢❡&5✐❣✱ ❞✉ ❢K♥❣.5 ❣&❛❞❡ ❛♥✱ ❜✐♥ ❣❡.♣❛♥♥5✱ ✇❛. ❞&❛✉. ✇✐&❞ ✦ ■❝❤

✇❡&❞❡ ❡❤ ♥✐❡ ✈❡&.5❡❤❡♥✱ ✇♦&✉♠ ❣❡♥❛✉ ❡. ❣❡❤5✱ ❛❜❡& ✈✐❡❧ ❊&❢♦❧❣ ❞❛❜❡✐ ✦ ❉❛♥❦❡✱ ❞❛..

❞✉ ♠✐& ▲

❆

❚

❊

❳ ❣❡③❡✐❣5 ❤❛.5✱ .♦♥.5 ✇7&❞ ❞❛. ❤✐❡& ♥✐❝❤5 .♦ ❣✉5 ❛✉..❡❤❡♥✳

▼❛!!❤✐❛,✱ ✐❝❤ ③K❤❧❡ ❞&❛✉❢✱ ❞❛.. ❞✉ ❞❡& ✏❝♦♦❧❡✑ ❖♥❦❡❧ ✇✐&.5 ✦ ▼✐5 ♥❡♠ ▼❛5❤❡♠❛5✐❦❡&

✉♥❞ ♥❡♠ ❆&❝❤✐5❡❦5❡♥ ❛❧. ❱❡&❣❧❡✐❝❤ ❦❛♥♥ ❞❛. ❛❧. ▼✉.✐❦❡& ❞♦❝❤ ♥✐❝❤5 .♦ .❝❤✇❡& .❡✐♥ ✦

■❝❤ ❢&❡✉ ♠✐❝❤✱ ❞❛.. ❞✉ ❣❡❢✉♥❞❡♥ ❤❛.5✱ ✇❛. ❞✉ ♠❛❝❤❡♥ ✇✐❧❧.5 ✉♥❞ ✇7♥.❝❤ ❞✐& ❛❧❧❡.

●✉5❡ ❢7& ❞❡✐♥❡ :❧K♥❡ ✦

▼❛+❦✉,✱ ❥❡5③5 ❡&.5♠❛❧ ❆❜✐ ✉♥❞ ❞❛♥♥ ❞✐❡ ❯♥✐✱ ✐❝❤ ✇7♥.❝❤ ❞✐& ✈✐❡❧ ❙♣❛.. ✐♥ ❍❛♠❜✉&❣ ✦

❇✐♥ ♠❛❧ ❣❡.♣❛♥♥5✱ ✇❛. ♥♦❝❤ ❦♦♠♠5 ✦
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▲✐"#❡ ❞❡" ❛❜❜(❡✈✐❛#✐♦♥"

❆❇❆ ❛❝✐❞❡ ❛❜(❝✐((✐)✉❡

❆❈❚ ❛❝-✐♥❡

❆❉❍✷ ❛❧❝♦♦❧ ❞4(❤②❞7♦❣4♥❛(❡ ✷

❆❉◆❝ ❛❝✐❞❡ ❞4(♦①②7✐❜♦♥✉❝❧4✐)✉❡ ❝♦♠♣❧4♠❡♥-❛✐7❡

❆❉◆❣ ❛❝✐❞❡ ❞4(♦①②7✐❜♦♥✉❝❧4✐)✉❡ ❣4♥♦♠✐)✉❡

❆❉= ❛❞4♥♦(✐♥❡ ❞✐✲♣❤♦(♣❤❛-❡

❆❉=✲●❧✉ ❆❉=✲❣❧✉❝♦(❡

❆●=❛(❡ ❆❉=✲❣❧✉❝♦(❡ ♣②7♦♣❤♦(♣❤♦7②❧❛(❡

❆◆❖❱❆ ❛♥❛❧②(✐( ♦❢ ✈❛7✐❛♥❝❡ ✭❛♥❛❧②(❡ ❞❡ ✈❛7✐❛♥❝❡✮

❆♣▲ ❣7❛♥❞❡ (♦✉(✲✉♥✐-4 ❞❡ ❧✬❆●=❛(❡ ✭❆●=❛(❡ ❧❛7❣❡ (✉❜✉♥✐-✮

❆♣❙ ♣❡-✐-❡ (♦✉(✲✉♥✐-4 ❞❡ ❧✬❆●=❛(❡ ✭❆●=❛(❡ (♠❛❧❧ (✉❜✉♥✐-✮

❆❘◆♠ ❛❝✐❞❡ 7✐❜♦♥✉❝❧4✐)✉❡ ♠❡((❛❣❡7

❆❘◆7 ❛❝✐❞❡ 7✐❜♦♥✉❝❧4✐)✉❡ 7✐❜♦(♦♠✐)✉❡

❆❚= ❛❞4♥♦(✐♥❡ -7✐✲♣❤♦(♣❤❛-❡

❆❚=❛(❡ ❆❚= (②♥-❤4-❛(❡

❆✈7 ❛✈✐7✉❧❡♥❝❡

❆❲❋ ❛♣♦♣❧❛(-✐❝ ✇❛(❤ ✢✉✐❞ ✭✢✉✐❞❡( ❛♣♦♣❧❛(-✐)✉❡(✮

❆❲■ ✢✉✐❞❡( ❛♣♦♣❧❛(-✐)✉❡( ❞❡( ❢❡✉✐❧❧❡( ✐♥❢❡❝-4❡(

❆❲❙ ✢✉✐❞❡( ❛♣♦♣❧❛(-✐)✉❡( ❞❡( ❢❡✉✐❧❧❡( -4♠♦✐♥(

❇❆▼ β✲❛♠②❧❛(❡
❇❝=●✶ ❡♥❞♦♣♦❧②❣❛❧❛❝-✉7♦♥❛(❡ ✶ ❞❡ ❇♦"#②"✐& ❝✐♥❡#❡❛

❇❊ ❜7❛♥❝❤✐♥❣ ❡♥③②♠❡✱ ❡♥③②♠❡ ❞❡ ❜7❛♥❝❤❡♠❡♥-

❈❊❆ ❝♦♠♠✐((❛7✐❛- T ❧✬4♥❡7❣✐❡ ❛-♦♠✐)✉❡

❝❉◆❆✲❆❋▲= ❝❉◆❆ ❛♠♣❧✐✜❡❞ ❢7❛❣♠❡♥-✲❧❡♥❣-❤ ♣♦❧②♠♦7♣❤✐(♠

❝✲❤♣✐ ❤❡①♦(❡✲♣❤♦(♣❤❛-❡ ✐(♦♠47❛(❡ ❝②-♦♣❧❛(♠✐)✉❡

❝✲♠❞❤ ♠❛❧❛-❡ ❞4(❤②❞7♦❣4♥❛(❡ ❝②-♦♣❧❛(♠✐)✉❡

❈◆❘❙ ❈❡♥-7❡ ◆❛-✐♦♥❛❧ ❞❡ ❧❛ ❘❡❝❤❡7❝❤❡ ❙❝✐❡♥-✐✜)✉❡

❈❖❘ ❝♦7♦♥❛-✐♥❡

❈- (❡✉✐❧ ❞❡( ♥♦♠❜7❡( ❞❡ ❝②❝❧❡( ✭❝②❝❧❡ -❤7❡(❤♦❧❞✮

❈❚❆❇ ❝4-②❧-7✐♠4-❤②❧❛♠♠♦♥✐✉♠❜7♦♠✐❞❡

❝✈ ❝✉❧-✐✈❛7

❝✇■♥✈ ❝❡❧❧ ✇❛❧❧ ✐♥✈❡7-❛(❡✱ ✐♥✈❡7-❛(❡ ♣❛7✐4-❛❧❡

❉❆▼= ❉❛♠❛❣❡✲❆((♦❝✐❛-❡❞ ▼♦❧❡❝✉❧❛7 =❛--❡7♥

❉❇❊ ❞❡❜7❛♥❝❤✐♥❣ ❡♥③②♠❡✱ ❡♥③②♠❡ ❞❡ ❞4❜7❛♥❝❤❡♠❡♥-

❉▼❙❖ ❞✐♠4-❤②❧ (✉❧❢♦①②❞❡

❉❚❚ ❞✐-❤✐♦-❤74✐-♦❧

❉❖ ❞❡♥(✐-4 ♦♣-✐)✉❡

❉=❊ ❞✐(♣7♦♣♦7-✐♦♥❛-✐♥❣ ❡♥③②♠❡✱ ❡♥③②♠❡ ❞✐(♣7♦♣♦7-✐♦♥♥❛♥-❡

❊❉❚❆ ❛❝✐❞❡ 4-❤②❧V♥❡❞✐❛♠✐♥❡-4-7❛❛❝4-✐)✉❡

❊●❚❆ ❛❝✐❞❡ 4-❤②❧V♥❡❣❧②❝♦❧-4-7❛❛❝4-✐)✉❡

❊❋✶✲α ❢❛❝-❡✉7 ❞✬4❧♦♥❣❛-✐♦♥ ✶ α
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❊!✶ ❡①♣&❡''❡❞ ♣&♦*❡✐♥

❊❙ ❡&&❡✉& '*❛♥❞❛&❞

❊❚ 1*❤②❧5♥❡

❊❚■ ❡✛❡❝*♦&✲*&✐❣❣❡&❡❞ ✐♠♠✉♥✐*②

❋❆❖ ❢♦&♠❡' ❛❝*✐✈❡' ❞❡ ❧✬♦①②❣5♥❡

❋❉❆ ✢✉♦&❡'❝1✐♥❡ ❞✐❛❝1*❛*❡

❋❉❘ ❋❛❧'❡ ❉✐'❝♦✈❡&② ❘❛*❡

❋&✉ ❢&✉❝*♦'❡

❋&✉✲✻! ❢&✉❝*♦'❡ ✻✲♣❤♦'♣❤❛*❡

●❇❙❙ ❣&❛♥✉❧❡✲❜♦✉♥❞ '*❛&❝❤ '②♥*❤❛'❡

●❧✉ ❣❧✉❝♦'❡

●❧✉✲✶! ❣❧✉❝♦'❡ ✶✲♣❤♦'♣❤❛*❡

●❧✉✲✻! ❣❧✉❝♦'❡ ✻✲♣❤♦'♣❤❛*❡

●❙❚ ❣❧✉*❛*❤✐♦♥✲❙✲*&❛♥'❢1&❛'❡

●❚! ❣✉❛♥♦'✐♥❡ *&✐✲♣❤♦'♣❤❛*❡

●❲❉ α✲❣❧✉❝❛♥✱ ✇❛*❡& ❞✐❦✐♥❛'❡
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❍❘ ❤②❣&♦♠1*&✐❡ &❡❧❛*✐✈❡
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❍❚ *&❛♥'♣♦&*❡✉& ❞❡' ❤❡①♦'❡'

❍❳❑ ❤❡①♦❦✐♥❛'❡
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■❙❆ ✐'♦❛♠②❧❛'❡

❏❆ ❛❝✐❞❡ ❥❛'♠♦♥✐S✉❡ ✭❥❛'♠♦♥✐❝ ❛❝✐❞✮

❥♣✐ ❥♦✉&' ♣♦'*✲✐♥♦❝✉❧❛*✐♦♥

▲❉❆ ❧✐♠✐*✲❞❡①*&✐♥❛'❡

▲!❙ ❧✐♣♦✲♣♦❧②'❛❝❝❤❛&✐❞❡

▲❘❘ &1♣1*✐*✐♦♥' &✐❝❤❡' ❡♥ ❧❡✉❝✐♥❡

▲❙❉ ❧❡❛'* '✐❣♥✐✜❝❛♥* ❞✐✛❡&❡♥❝❡ *❡'*

▼❛❧

✷✲

♠❛❧❛*❡

✷✲

▼❆▼! ▼✐❝&♦❜❡✲❆''♦❝✐❛*❡❞ ▼♦❧❡❝✉❧❛& !❛**❡&♥

▼❆!❑ ▼✐*♦❣❡♥✲❆❝*✐✈❛*❡❞ !&♦*❡✐♥ ❑✐♥❛'❡

▼❊❙ ✷✲✭◆✲♠♦&♣❤♦❧✐♥♦✮ ❡*❤❛♥❡'✉❧❢♦♥✐❝ ❛❝✐❞
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◆❆❉!❍ ♥✐❝♦*✐♥❛♠✐❞❡✲❛❞1♥✐♥❡ ❞✐♥✉❝❧1♦*✐❞❡ ♣❤♦'♣❤❛*❡ &1❞✉✐*

♥■♥✈ ♥❡✉*&❛❧ ✐♥✈❡&*❛'❡✱ ✐♥✈❡&*❛'❡ ❝②*♦♣❧❛'♠✐S✉❡

✈✐✐



  



◆❊❇ ◆❡✇ ❊♥❣❧❛♥❞ ❇✐♦❧❛❜-

◆▲❙ -✐❣♥❛❧ ❞❡ ❧♦❝❛❧✐-❛1✐♦♥ ♥✉❝❧3❛✐4❡

◆❖ ♠♦♥♦①②❞❡ ❞✬❛③♦1❡

◆❘ ♥✐14❛1❡ 43❞✉❝1❛-❡

◆✴=✴❑ ♥✐14❛1❡✴♣❤♦-♣❤❛1❡✴♣♦1❛--✐✉♠

◆❇❙✲▲❘❘ ♥✉❝❧3♦1✐❞❡✲❜✐♥❞✐♥❣ -✐1❡✲❧❡✉❝✐♥❡✲4✐❝❤ 4❡♣❡❛1

❖❙❚✶ ♦♣❡♥ -1♦♠❛1❛ ✶

= ♣4♦❜❛❜✐❧✐13

=❆▲ ♣❤3♥②❧❛❧❛♥✐♥❡ ❛♠♠♦♥✐✉♠ ❧②❛-❡

=❆▼ ♣✉❧-❡ ❛♠♣❧✐1✉❞❡ ♠♦❞✉❧❛1❡❞

=❆▼= =❛1❤♦❣❡♥✲❆--♦❝✐❛1❡❞ ▼♦❧❡❝✉❧❛4 =❛11❡4♥

=❈❆ ❛❝✐❞❡ ♣❡4❝❤❧♦4✐G✉❡

=❈❘ ♣♦❧②♠❡4❛-❡ ❝❤❛✐♥ 4❡❛❝1✐♦♥ ✭43❛❝1✐♦♥ ❡♥ ❝❤❛I♥❡ ♣❛4 ♣♦❧②♠34❛-❡✮

=❋ ♣♦✐❞- ❢4❛✐-

✸✲=●❆ ✸✲♣❤♦-♣❤♦✲❣❧②❝34❛1❡

=●■ ♣❤♦-♣❤♦❣❧✉❝♦-❡ ✐-♦♠34❛-❡

=●▼ ♣❤♦-♣❤♦❣❧✉❝♦-❡ ♠✉1❛-❡

=❤♦✷ α✲❣❧✉❝❛♥ ♣❤♦-♣❤♦4②❧❛-❡
=❤♦1 ♣❤♦1♦14♦♣✐♥❡-

=✐ ♦41❤♦✲♣❤♦-♣❤❛1❡

♣■ ♣♦✐♥1 ✐-♦✲3❧❡❝14✐G✉❡

=❑ ♣4♦13✐♥❡ ❦✐♥❛-❡

=▼❙❋ ♣❤❡♥②❧♠❡1❤❛♥❡-✉❧❢♦♥②✢✉♦4✐❞❡

=◆●❛-❡ ❋ ◆✲●❧②❝♦-✐❞❛-❡ ❋

♣✴♣ ♣♦✐❞-✴♣♦✐❞-

==✷❈ ♣4♦13✐♥❡ ♣❤♦-♣❤❛1❛-❡ ✷❈

=❘ ♣❛1❤♦❣❡♥❡-✐-✲4❡❧❛1❡❞

=❘❘ ♣❛1❤♦❣❡♥ 4❡❝♦❣♥✐1✐♦♥ 4❡❝❡♣1♦4

=❙ ♣♦✐❞- -❡❝

=❙■■ ♣❤♦1♦-②-1S♠❡ ■■

=❚■ =❆▼=✲14✐❣❣❡4❡❞ ✐♠♠✉♥✐1②

♣✈ ♣❛1❤♦✈❛4

♣✴✈ ♣♦✐❞-✴✈♦❧✉♠❡

=✈❆❈❚  ✳ ✈✐$✐❝♦❧❛ ❛❝1✐♥❡

=❱== ♣♦❧②✈✐♥②❧♣♦❧②♣②44♦❧✐❞♦♥❡

=❲❉ ♣❤♦-♣❤♦❣❧✉❝❛♥✱ ✇❛1❡4 ❞✐❦✐♥❛-❡

=❨❘✶ =②4❛❜❛❝1✐♥ ❘❡-✐-1❛♥❝❡ ✶

G= G✉❡♥❝❤✐♥❣ ♣❤♦1♦❝❤✐♠✐G✉❡

G❘❚✲=❈❘ G✉❛♥1✐1❛1✐✈❡ 4❡✈❡4-❡ 14❛♥-❝4✐♣1✐♦♥ =❈❘

G◆= G✉❡♥❝❤✐♥❣ ♥♦♥✲♣❤♦1♦❝❤✐♠✐G✉❡

❘ 43-✐-1❛♥❝❡

❘❍ 43❛❝1✐♦♥ ❤②♣❡4-❡♥-✐❜❧❡

❘▲❑ 4❡❝❡♣1♦4✲❧✐❦❡ ❦✐♥❛-❡

❘▲= 4❡❝❡♣1♦4✲❧✐❦❡ ♣4♦1❡✐♥

✈✐✐✐



 



❘▼❆ ❘♦❜✉&' ▼✉❧'✐✲❆++❛② ❆❧❣♦+✐'❤♠

❘▼◆ +2&♦♥❛♥❝❡ ♠❛❣♥2'✐6✉❡ ♥✉❝❧2❛✐+❡

❘7❱ +2&✐&'❛♥❝❡ 9  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛

❘❚✲7❈❘ 7❈❘ ❡♥ '❡♠♣& +2❡❧

+✉❜✐&❝♦ +✐❜✉❧♦&❡✲✶✱✺ ❜✐&♣❤♦&♣❤❛'❡ ❝❛+❜♦①②❧❛&❡✴❞2❝❛+❜♦①②❧❛&❡

❙❆ ❛❝✐❞❡ &❛❧✐❝②❧✐6✉❡ ✭&❛❧✐❝②❧✐❝ ❛❝✐❞✮

❙❆▼ ❙'❛'✐&'✐❝❛❧ ❆♥❛❧②&✐& ♦❢ ▼✐❝+♦❛++❛②&

❙▼❉✸ ❙♠❛❧❧ ♥✉❝❧❡❛+ +✐❜♦♥✉❝❧❡♦♣+♦'❡✐♥

❙♥❘❑ &✉❝+♦&❡ ♥♦♥ ❢❡+♠❡♥'✐♥❣ ✭❙◆❋✶✮✲+❡❧❛'❡❞ ♣+♦'❡✐♥ ❦✐♥❛&❡

❙❖❉ &✉♣❡+♦①②❞❡ ❞✐&♠✉'❛&❡

❙77 &✉❝+♦&❡ ♣❤♦&♣❤❛'❡ ♣❤♦&♣❤❛'❛&❡

❙7❙ &✉❝+♦&❡ ♣❤♦&♣❤❛'❡ &②♥'❤❛&❡

✸✾❙❘7 ✸✾❙ +✐❜♦&♦♠❛❧ ♣+♦'❡✐♥

✻✵❙❘7 ✻✵❙ +✐❜♦&♦♠❛❧ ♣+♦'❡✐♥ ▲✶✽❡

❙❘7❱ ❙❡+✈✐❝❡ ❘2❣✐♦♥❛❧ ❞❡ 7+♦'❡❝'✐♦♥ ❞❡& ❱2❣2'❛✉①

❙❚❙ &'✐❧❜S♥❡ &②♥'❤❛&❡

❙❙ &'❛+❝❤ &②♥'❤❛&❡&✱ ❛♠✐❞♦♥✲&②♥'❤2'❛&❡&

❙❙❙ &♦❧✉❜❧❡ &'❛+❝❤ &②♥'❤❛&❡✱ ❛♠✐❞♦♥✲&②♥'❤2'❛&❡ &♦❧✉❜❧❡

❙✉❝7 ♣❤♦&♣❤❛'❛&❡ &✉❝+♦&❡ ♣❤♦&♣❤❛'❡ ♣❤♦&♣❤❛'❛&❡✱ &❛❝❝❤❛+♦&❡✲♣❤♦&♣❤❛'❡ ♣❤♦&♣❤❛'❛&❡

❙✉❝7 ❙②♥'❤2'❛&❡ &✉❝+♦&❡ ♣❤♦&♣❤❛'❡ &②♥'❤❛&❡✱ &❛❝❝❤❛+♦&❡✲♣❤♦&♣❤❛'❡ &②♥'❤2'❛&❡

❙❯❘❊ &✉❝+♦&❡ +❡&♣♦♥&✐✈❡ ❡❧❡♠❡♥'

❙❯❙ &✉❝+♦&❡ &②♥'❤❛&❡✱ &❛❝❝❤❛+♦&❡ &②♥'❤2'❛&❡

❙❯❚ &✉❝+♦&❡ '+❛♥&♣♦+'❡+✱ '+❛♥&♣♦+'❡✉+ ❞✉ &❛❝❝❤❛+♦&❡

❚▼ ❞♦♠❛✐♥❡ '+❛♥&♠❡♠❜+❛♥❛✐+❡

❚❖❘ ❚❛+❣❡' ♦❢ ❘❛♣❛♠②❝✐♥

❚+❡7 '+2❤❛❧♦&❡ ♣❤♦&♣❤❛'❡

❚+✐♦✲7 '+✐♦&❡✲♣❤♦&♣❤❛'❡&

❚❘❳ '❤✐♦+2❞♦①✐♥❡

❚❚❙❙ &②&'S♠❡ ❞❡ &2❝+2'✐♦♥ ❞❡ '②♣❡ ■■■

❯❇❊✷ ❯❜✐6✉✐'✐♥ ❝❛++✐❡+ ♣+♦'❡✐♥ ❊✷

❯❉7 ❯+✐❞✐♥❡ ❞✐✲♣❤♦&♣❤❛'❡

❯❉7✲●❧✉ ❯❉7✲❣❧✉❝♦&❡

❯◗❈❈ ❯❜✐6✉✐♥♦❧✲❝②'♦❝❤+♦♠❡ +2❞✉❝'❛&❡ ❝♦♠♣❧❡① ❝❤❛♣❡+♦♥❡

❯❱ ✉❧'+❛✈✐♦❧❡'& ✭❧♦♥❣✉❡✉+ ❞✬♦♥❞❡ ❝♦♠♣+✐&❡ ❡♥'+❡ ✶✵✵ ❡' ✸✽✵ ♥♠✮

❱❆❚7✶✻ ❱✲'②♣❡ ♣+♦'♦♥ ❆❚7❛&❡

✈■♥✈ ✐♥✈❡+'❛&❡ ✈❛❝✉♦❧❛✐+❡

❱7❙✺✹ ❱❛❝✉♦❧❛+ ♣+♦'❡✐♥ &♦+'✐♥❣✲❛&&♦❝✐❛'❡❞ ♣+♦'❡✐♥ ✺✹

✈✴✈ ✈♦❧✉♠❡✴✈♦❧✉♠❡

❱✈❍❚✺ ❱✳ ✈✐♥✐❢❡'❛ ❤❡①♦&❡ '+❛♥&♣♦+'❡+ ✺

Ψ▲ ♣♦'❡♥'✐❡❧ ❤②❞+✐6✉❡ ❢♦❧✐❛✐+❡

λ ❧♦♥❣✉❡✉+ ❞✬♦♥❞❡

✐①



  



❙♦♠♠❛✐%❡

■♥"#♦❞✉❝"✐♦♥ ❣*♥*#❛❧❡ ✶

✶ ❈♦♥$❡①$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✷ ■♥$❡*❛❝$✐♦♥. ♣❧❛♥$❡.✲♣❛$❤♦❣4♥❡. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷

✷✳✶ ▲✬✐♠♠✉♥✐$9 ✐♥❞✉✐$❡ ♣❛* ❧❡. ;❆▼; ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✷✳✷ ❊✛❡❝$❡✉*. ❡$ ✐♠♠✉♥✐$9 ✐♥❞✉✐$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✷✳✸ ▲❡. ❣4♥❡. ❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✸ ❱✐❣♥❡✲ ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✸✳✶ ;❤②❧♦❣9♥✐❡ ❞❡. ♦♦♠②❝4$❡. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✸✳✷ ▲❡ ❝②❝❧❡ ❞❡ ✈✐❡ ❞✉ ♠✐❧❞✐♦✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✸✳✸ ▲❡. *9❛❝$✐♦♥. ❞❡ ❞9❢❡♥.❡ ❞❡ ❧❛ ✈✐❣♥❡ ❝♦♥$*❡ ❧❡ ♠✐❧❞✐♦✉ ✳ ✳ ✳ ✳ ✳ ✽

✸✳✹ ❊✛❡$ ❞✉ ♠✐❧❞✐♦✉ .✉* ❧❛ ✈✐❣♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✹ ❖❜❥❡❝$✐❢. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

■✳ ❉*#*❣✉❧❛"✐♦♥ ❞✉ ♠*"❛❜♦❧✐3♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ✶✶

■♥"#♦❞✉❝"✐♦♥ ✶✷

✶ ▲❡ ♠9$❛❜♦❧✐.♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✶ ▲❛ .②♥$❤4.❡ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✶✳✷ ▲❡ ❝❛$❛❜♦❧✐.♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✷ ▲❡. .✉❝*❡. .♦❧✉❜❧❡. ✿ ♠♦❧9❝✉❧❡. ❞✉ ♠9$❛❜♦❧✐.♠❡ 9♥❡*❣9$✐P✉❡ ❡$ ❞❡ ❧❛

.✐❣♥❛❧✐.❛$✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✶ ▲❡ ❣❧✉❝♦.❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✷ ▲❡ .❛❝❝❤❛*♦.❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸ ▲❡ $*9❤❛❧♦.❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✸ ▲✬✐♥✢✉❡♥❝❡ ❞✬✉♥❡ ✐♥❢❡❝$✐♦♥ ❡$ ❧❛ $*❛♥.✐$✐♦♥ .♦✉*❝❡✲♣✉✐$. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

▼❛"-#✐❡❧ ❡" ▼-"❤♦❞❡1 ✷✹

✶ ▼❛$9*✐❡❧ ❜✐♦❧♦❣✐P✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✳✶ ▼❛$9*✐❡❧ ✈9❣9$❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✳✷ ▲✬❛❣❡♥$ ♣❛$❤♦❣4♥❡  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✶✳✸ ;*9❧4✈❡♠❡♥$ ❞❡. 9❝❤❛♥$✐❧❧♦♥. ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷ ❉♦.❛❣❡ ❞❡. .✉❝*❡. .♦❧✉❜❧❡. ❡$ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✶ ❆♥❛❧②.❡ ❞❡. .✉❝*❡. .♦❧✉❜❧❡. ♣❛* .♣❡❝$*♦♠9$*✐❡ ❞❡ ❘9.♦♥❛♥❝❡

▼❛❣♥9$✐P✉❡ ◆✉❝❧9❛✐*❡ ✭❘▼◆✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

①



  



✷✳✷ ❉♦$❛❣❡ ❞❡$ $✉❝+❡$ $♦❧✉❜❧❡$ ♣❛+ ❍0❆❊❈✲0❆❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✷✳✸ ▼✐$❡ ❡♥ :✈✐❞❡♥❝❡ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥$ ❧❡$ ❢❡✉✐❧❧❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✷✳✹ ◗✉❛♥B✐✜❝❛B✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✸ ▼❡$✉+❡$ ❞❡$ ❛❝B✐✈✐B:$ ❡♥③②♠❛B✐F✉❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✶ ❊①B+❛❝B✐♦♥ ❞❡$ ♣+♦B:✐♥❡$ B♦B❛❧❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✷ ▼❡$✉+❡ ❞❡ ❧✬❛❝B✐✈✐B: ✐♥✈❡+B❛$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✸ ▼❡$✉+❡ ❞❡ ❧✬❛❝B✐✈✐B: B+:❤❛❧❛$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✹ ❊①B+❛❝B✐♦♥ ❞❡$ ♣+♦B:✐♥❡$ ❝❤❧♦+♦♣❧❛$B✐F✉❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✸✳✺ ▼❡$✉+❡ ❞❡ ❧✬❛❝B✐✈✐B: ❆❉0✲❣❧✉❝♦$❡ ♣②+♦♣❤♦$♣❤♦+②❧❛$❡ ✳ ✳ ✳ ✳ ✳ ✷✽

✸✳✻ ▼❡$✉+❡ ❞❡$ ❛❝B✐✈✐B:$ ❛♠②❧❛$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✹ ❆❝B✐✈✐B: ♣❤♦B♦$②♥B❤:B✐F✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✹✳✶ ▼❡$✉+❡ ❞❡ ❧❛ ✢✉♦+❡$❝❡♥❝❡ ❝❤❧♦+♦♣❤②❧❧✐❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✹✳✷ ❉♦$❛❣❡ ❞❡$ ❝❤❧♦+♦♣❤②❧❧❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✺ ▼:B❤♦❞❡$ ♠♦❧:❝✉❧❛✐+❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✺✳✶ ❊①B+❛❝B✐♦♥ ❞❡$ ❆❘◆ B♦B❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✺✳✷ ❈♦♥B+P❧❡ ❞❡ ❧❛ F✉❛♥B✐B: ❡B ❞❡ ❧❛ F✉❛❧✐B: ❞❡$ ❆❘◆ B♦B❛✉① ✳ ✳ ✳ ✸✵

✺✳✸ ▼✐❝+♦❛++❛② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✺✳✹ F❘❚✲0❈❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✺✳✺ ❊$B✐♠❛B✐♦♥ ❞✉ ❞:✈❡❧♦♣♣❡♠❡♥B ❞❡  ✳ ✈✐$✐❝♦❧❛ ♣❛+ +❡❛❧ B✐♠❡✲0❈❘ ✸✸

✻ ▼:B❤♦❞❡$ ♠✐❝+♦$❝♦♣✐F✉❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✻✳✶ ❱✐$✉❛❧✐$❛B✐♦♥ ❞❡  ✳ ✈✐$✐❝♦❧❛ ♣❛+ ❝♦❧♦+❛B✐♦♥ ❤✐$B♦❝❤✐♠✐F✉❡ ❛✉

❜❧❡✉ ❞✬❛♥✐❧✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✻✳✷ ▼✐❝+♦$❝♦♣✐❡ :❧❡❝B+♦♥✐F✉❡ T B+❛♥$♠✐$$✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

❘!"✉❧%❛%" ✸✼

✶ ❉:✈❡❧♦♣♣❡♠❡♥B ❞❡  ✳ ✈✐$✐❝♦❧❛ ❞❛♥$ ❧❡$ ❢❡✉✐❧❧❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✷ ❆❝❝✉♠✉❧❛B✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡$ B❛❝❤❡$ ❞✬❤✉✐❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✸ ❆♥❛❧②$❡ B+❛♥$❝+✐♣B♦♠✐F✉❡ ❛✉ ♥✐✈❡❛✉ ❞❡$ ❢❡✉✐❧❧❡$ ✐♥❢❡❝B:❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹ ❱❛❧✐❞❛B✐♦♥ ❞❡$ ❣U♥❡$ ❞❡ +:❢:+❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✺ ■♠♣❛❝B ❞❡ ❧✬✐♥❢❡❝B✐♦♥ ♣❛+  ✳ ✈✐$✐❝♦❧❛ $✉+ ❧❡ ♠:B❛❜♦❧✐$♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ✳ ✸✾

✻ ■♠♣❛❝B ❞❡ ❧✬✐♥❢❡❝B✐♦♥ ♣❛+  ✳ ✈✐$✐❝♦❧❛ $✉+ ❧❡ ♠:B❛❜♦❧✐$♠❡ ❞❡$ $✉❝+❡$

$♦❧✉❜❧❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✼ ❚+:❤❛❧♦$❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✽ ❆❝B✐✈✐B: ♣❤♦B♦$②♥B❤:B✐F✉❡ ❞❛♥$ ❧❡$ ❢❡✉✐❧❧❡$ B:♠♦✐♥$ ❡B ✐♥❢❡❝B:❡$ ✳ ✳ ✳ ✳ ✹✷

✾ ❚❛❝❤❡$ ❞✬❤✉✐❧❡ ❡B ③♦♥❡$ ❛❞❥❛❝❡♥B❡$ ❞❡$ ❢❡✉✐❧❧❡$ ✐♥❢❡❝B:❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

❉✐"❝✉""✐♦♥ ✹✹

■■✳ ❉#$#❣✉❧❛)✐♦♥ -)♦♠❛)✐/✉❡ ✺✺

■♥%0♦❞✉❝%✐♦♥ ✺✻

✶ ▲❡$ $B♦♠❛B❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✶✳✶ ▲❡$ ❝❡❧❧✉❧❡$ ❞❡ ❣❛+❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✶✳✷ ▲❡$ ♠♦✉✈❡♠❡♥B$ $B♦♠❛B✐F✉❡$ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

①✐



  



✶✳✸ ❊✛❡& ❞✬✉♥❡ ✐♥❢❡❝&✐♦♥ /✉0 ❧❡ ❢♦♥❝&✐♦♥♥❡♠❡♥& /&♦♠❛&✐4✉❡ ✳ ✳ ✳ ✳ ✺✾

✷ ▲✬❛♣♦♣❧❛/♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✷✳✶ ❈♦♠♣♦/✐&✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✷✳✷ ❈❛0❛❝&=0✐/&✐4✉❡/ ♣❤②/✐❝♦✲❝❤✐♠✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✷✳✸ ❘C❧❡ ❞❛♥/ ❧❛ 0=❣✉❧❛&✐♦♥ ❞❡/ /&♦♠❛&❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

▼❛"#$✐❡❧ ❡" ▼#"❤♦❞❡+ ✻✻

✶ ▼❛&=0✐❡❧ ❜✐♦❧♦❣✐4✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✷ ■/♦❧❡♠❡♥& ❞❡/ ✢✉✐❞❡/ ❛♣♦♣❧❛/&✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✷✳✶ ▼=&❤♦❞♦❧♦❣✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✷✳✷ ▼❛04✉❡✉0/ ❞❡ ❝♦♥&❛♠✐♥❛&✐♦♥ ❝②&♦♣❧❛/♠✐4✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✸ ▼♦❞I❧❡ ❞✐/4✉❡/ =♣✐❞❡0♠✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✶ K0=♣❛0❛&✐♦♥ ❞❡/ ❞✐/4✉❡/ =♣✐❞❡0♠✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✷ ■♥❞✉❝&✐♦♥ ❞❡ ❧✬♦✉✈❡0&✉0❡ /&♦♠❛&✐4✉❡ M ❧✬♦❜/❝✉0✐&= ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✸ ▼♦✉✈❡♠❡♥&/ /&♦♠❛&✐4✉❡/ M ❧❛ ❧✉♠✐I0❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✸✳✹ ❖❜/❡0✈❛&✐♦♥ ❡& ♠❡/✉0❡ ❞❡ ❧✬♦✉✈❡0&✉0❡ /&♦♠❛&✐4✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹ ❉♦/❛❣❡ ❞❡/ /✉❝0❡/ /♦❧✉❜❧❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✺ ➱&✉❞❡ ❞✉ ❝♦♠♣♦/= ❛❝&✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✺✳✶ ❊/&✐♠❛&✐♦♥ ❞❡ ❧❛ &❛✐❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✺✳✷ ❚0❛✐&❡♠❡♥& ❛✉① ♣0♦&=❛/❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✺✳✸ ❚0❛✐&❡♠❡♥&/ ❞❡ ❞=❣❧②❝♦/②❧❛&✐♦♥ ❞❡/ ♣0♦&=✐♥❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✺✳✹ ❚0❛✐&❡♠❡♥& ❞❡ 0=❞✉❝&✐♦♥ ❞❡/ ♣♦♥&/ ❞✐/✉❧❢✉0❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✻ ❙=♣❛0❛&✐♦♥ ❡& ✈✐/✉❛❧✐/❛&✐♦♥ ❞❡/ ♣0♦&=✐♥❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✼ K0=✲♣✉0✐✜❝❛&✐♦♥ ❞✉ ❝♦♠♣♦/= ❛❝&✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✼✳✶ ❚0❛✐&❡♠❡♥& ❛✉ /✉❧❢❛&❡ ❞✬❛♠♠♦♥✐✉♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✼✳✷ ❙=♣❛0❛&✐♦♥ ♣❛0 ❧❛ &❛✐❧❧❡✿ ❝❤0♦♠❛&♦❣0❛♣❤✐❡ ❞✬❡①❝❧✉/✐♦♥ ✳ ✳ ✳ ✳ ✳ ✼✵

✽ ❙♣❡❝&0♦♠=&0✐❡ ❞❡ ♠❛//❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✾ ❆♥❛❧②/❡/ /&❛&✐/&✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

❘#+✉❧"❛"+ ✼✷

✶ ■/♦❧❡♠❡♥& ❞❡/ ✢✉✐❞❡/ ❛♣♦♣❧❛/&✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✶✳✶ ▲❡/ ♠❛04✉❡✉0/ ❞❡ ❧❛ ❝♦♥&❛♠✐♥❛&✐♦♥ ❝②&♦♣❧❛/♠✐4✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✷ ❊✛❡& ❞❡/ ✢✉✐❞❡/ ❛♣♦♣❧❛/&✐4✉❡/ /✉0 ❧❡/ ♠♦✉✈❡♠❡♥&/ /&♦♠❛&✐4✉❡/ ✳ ✳ ✳ ✳ ✼✹

✷✳✶ ❱❛❧✐❞❛&✐♦♥ ❞✉ /②/&I♠❡ ❞❡/ ❞✐/4✉❡/ =♣✐❞❡0♠✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✷✳✷ ❊✛❡& ❞❡/ ✢✉✐❞❡/ ❛♣♦♣❧❛/&✐4✉❡/ /✉0 ❧❡/ ♠♦✉✈❡♠❡♥&/ /&♦♠❛&✐4✉❡/ ✼✹

✸ ▲❡ ♠♦❞❡ ❞✬❛❝&✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✸✳✶ ▲✬❆❚K❛/❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✸✳✷ ❆❝&✐✈✐&= ❞❡/ ❆❲■ ❞❡ ✈✐❣♥❡ /✉0 ❆0❛❜✐❞♦♣/✐/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✹ ❙✉❝0❡/ /♦❧✉❜❧❡/ ❞❛♥/ ❧❡/ ✢✉✐❞❡/ ❛♣♦♣❧❛/&✐4✉❡/ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✺ ❈❛0❛❝&=0✐/&✐4✉❡/ ❞✉ ❝♦♠♣♦/= ❛❝&✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✺✳✶ ❙&❛❜✐❧✐&= ❞✉ ❝♦♠♣♦/= ❛❝&✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✺✳✷ ❚❛✐❧❧❡ ❞✉ ❝♦♠♣♦/= ❛❝&✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✸ ❚0❛✐&❡♠❡♥& ♣0♦&=❛/✐4✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✹ ❚0❛✐&❡♠❡♥& ♣❡0♠❡&&❛♥& ❧❛ 0=❞✉❝&✐♦♥ ❞❡/ ♣♦♥& /✉❧❢✉0❡/ ✳ ✳ ✳ ✳ ✳ ✼✼

✺✳✺ ❉=❣❧②❝♦/②❧❛&✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

①✐✐



  



✻ !✉#✐✜❝❛(✐♦♥ ❞✉ ❝♦♠♣♦./ ❛❝(✐❢ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✶ !#/❝✐♣✐(❛(✐♦♥ ❛✉ .✉❧❢❛(❡ ❞✬❛♠♠♦♥✐✉♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✷ ❆♥❛❧②.❡ ❞❡. ♣#♦✜❧. ♣#♦(/✐;✉❡. ❞❡. ❆❲❋ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✸ ❙♣❡❝(#♦♠/(#✐❡ ❞❡ ♠❛..❡ ✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✹ ❈❤#♦♠❛(♦❣#❛♣❤✐❡ ❞✬❡①❝❧✉.✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✻✳✺ ❙♣❡❝(#♦♠/(#✐❡ ❞❡ ♠❛..❡ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

❉✐"❝✉""✐♦♥ ✽✶

❈♦♥❝❧✉&✐♦♥ ✽✾

❇✐❜❧✐♦❣-❛♣❤✐❡ ✾✷

❆♥♥❡①❡ ✶✷✹

❉♦♥♥/❡. ❞❡ .♣❡❝(#♦♠/(#✐❡ ❞❡ ♠❛..❡ ❞❡. ✢✉✐❞❡. ❛♣♦♣❧❛.(✐;✉❡.✳

▲✐.(❡ ❞❡. ♣#/.❡♥(❛(✐♦♥. ❡( ♣✉❜❧✐❝❛(✐♦♥.

!✉❜❧✐❝❛(✐♦♥ ✿ ■❞❡♥(✐✜❝❛(✐♦♥ ❛♥❞ ✈❛❧✐❞❛(✐♦♥ ♦❢ #❡❢❡#❡♥❝❡ ❣❡♥❡. ❢♦# ❣❡♥❡ ❡①♣#❡..✐♦♥

♥♦#♠❛❧✐③❛(✐♦♥ ✐♥ ❣#❛♣❡✈✐♥❡✳

!✉❜❧✐❝❛(✐♦♥ ✿ ❈❤❛♥❣❡. ✐♥ ❝❛#❜♦❤②❞#❛(❡ ♠❡(❛❜♦❧✐.♠ ✐♥  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ✲✐♥❢❡❝(❡❞

❣#❛♣❡✈✐♥❡ ❧❡❛✈❡.✳

①✐✐✐



  



■♥"#♦❞✉❝"✐♦♥ ❣*♥*#❛❧❡



  



✶ ❈♦♥$❡①$❡

▲❛ ✈✐$✐❝✉❧$✉(❡ ❡*$ ✉♥ *❡❝$❡✉( $(,* ✐♠♣♦($❛♥$ ❞❛♥* ❧✬❛❣(✐❝✉❧$✉(❡ ❡$ ❧✬3❝♦♥♦♠✐❡ ❞❡

♥♦♠❜(❡✉① ♣❛②*✳ ❊♥ ❋(❛♥❝❡✱ ❧❛ *✉(❢❛❝❡ ♣❧❛♥$3❡ ❞❡ ✈✐❣♥❡ ❡*$ ❞❡ ✽✹✵✵✵✵ ❤❛✱ ❛✈❡❝ ✉♥❡

✈❛❧❡✉( ❞❡ ♣(♦❞✉❝$✐♦♥ *✬3❧❡✈❛♥$ @ ✾✱✺ ♠✐❧❧✐❛(❞* ❞✬❡✉(♦* ✭❤♦(* *✉❜✈❡♥$✐♦♥✱ ❞♦♥♥3❡* ❞❡

❱✐♥✐✢❤♦( ✷✵✵✾✮✳ ❈❡❝✐ ❝♦♥*$✐$✉❡ ✶✺✪ ❞❡ ❧❛ ✈❛❧❡✉( ❞❡ ❧❛ ♣(♦❞✉❝$✐♦♥ ❛❣(✐❝♦❧❡ $♦$❛❧❡✳

❈❡♣❡♥❞❛♥$✱ ❧❛ ✈✐$✐❝✉❧$✉(❡ ❡*$ ❝♦♥❢(♦♥$3❡ @ ❞❡ *3(✐❡✉① ♣(♦❜❧,♠❡* ♣❤②$♦♣❛$❤♦❧♦❣✐K✉❡*✳

❊♥ ❡✛❡$✱ ❧❡* ❝3♣❛❣❡* ❞❡ ❱✐"✐# ✈✐♥✐❢❡(❛ ❝✉❧$✐✈3* *♦♥$ *❡♥*✐❜❧❡* @ ❞❡ ♥♦♠❜(❡✉*❡* ♠❛✲

❧❛❞✐❡*✳ ❉❡* ♣❛$❤♦❣,♥❡* ❞✐✈❡(* ♣❡✉✈❡♥$ ❛✛❡❝$❡( ❧❡* ❢❡✉✐❧❧❡*✱ ❧❡ ❜♦✐*✱ ❧❡* (❛❝✐♥❡* ❡$ ❧❡*

❢(✉✐$*✱ ♣❛( ❡①❡♠♣❧❡ ❞❡* ✈✐(✉* ✭❝♦✉($✲♥♦✉3✱ ❡♥(♦✉❧❡♠❡♥$✮✱ ❞❡* ♣❤②$♦♣❧❛*♠❡* ✭✢❛✈❡*✲

❝❡♥❝❡ ❞♦(3❡✮✱ ❞❡* ❜❛❝$3(✐❡* ✭♥3❝(♦*❡ ❜❛❝$3(✐❡♥♥❡✱ ❣❛❧❧❡ ❞✉ ❝♦❧❧❡$✱ ♠❛❧❛❞✐❡ ❞❡ O✐❡(❝❡✮✱

❞❡* ❝❤❛♠♣✐❣♥♦♥* ✭♦P❞✐✉♠✱ ♣♦✉((✐$✉(❡ ❣(✐*❡✱ ❡*❝❛✱ ❡✉$②♣✐♦*❡✱ ♣♦✉((✐❞✐3*✮ ❡$ ❞❡* ♦♦♠②✲

❝,$❡* ✭♠✐❧❞✐♦✉✮✳ ❉❡ ♥♦♠❜(❡✉① $(❛✐$❡♠❡♥$* ♣❤②$♦*❛♥✐$❛✐(❡* *♦♥$ ❛♣♣❧✐K✉3* ❛✉ ❝♦✉(*

❞❡ ❧✬❛♥♥3❡ ♣♦✉( ❧✉$$❡( ❝♦♥$(❡ ❧❡* ♠❛❧❛❞✐❡* ❝(②♣$♦❣❛♠✐K✉❡* ❡$ ❣❛(❛♥$✐( ❧❛ K✉❛♥$✐$3 ❡$

❧❛ K✉❛❧✐$3 ❞❡ ❧❛ ✈❡♥❞❛♥❣❡✳ ❖( ❝❡* $(❛✐$❡♠❡♥$* *♦♥$ ❝♦R$❡✉① ❡$ ♣♦*❡♥$ ❞❡* ♣(♦❜❧,♠❡*

$❡❧* K✉❡ ✿ ♣♦❧❧✉$✐♦♥ ❞❡ ❧✬❡♥✈✐(♦♥♥❡♠❡♥$✱ (✐*K✉❡* ♣♦✉( ❧❛ *❛♥$3 ❞✉ ✈✐$✐❝✉❧$❡✉(✱ *3❧❡❝$✐♦♥

❞❡ *♦✉❝❤❡* ❞❡ ♠✐❝(♦♦(❣❛♥✐*♠❡* ♣❛$❤♦❣,♥❡* (3*✐*$❛♥$❡* @ ❝❡($❛✐♥* ♣❡*$✐❝✐❞❡*✱ (3*✐❞✉*

❞❛♥* ❧❡* ✈✐♥*✳ ❉❛♥* ❧❡ ❜✉$ ❞❡ ❞✐♠✐♥✉❡( ❝❡* ✐♥$(❛♥$* ❛✉ ✈✐❣♥♦❜❧❡✱ ❞✐✛3(❡♥$❡* ❛♣♣(♦❝❤❡*

❢♦♥$ ❧✬♦❜❥❡$ ❞❡ (❡❝❤❡(❝❤❡*✱ ❝♦♠♠❡ ❧✬♦❜$❡♥$✐♦♥ ❞✬❤②❜(✐❞❡* ♦✉ ❞❡ ✈✐❣♥❡* $(❛♥*❣3♥✐K✉❡*

(3*✐*$❛♥$* @ ❝❡($❛✐♥❡* ♠❛❧❛❞✐❡*✳ ❆✉ ❧❛❜♦(❛$♦✐(❡✱ ♥♦✉* $(❛✈❛✐❧❧♦♥* ❛✉ ❞3✈❡❧♦♣♣❡♠❡♥$

❞✬✉♥❡ *$(❛$3❣✐❡ ❜❛*3❡ *✉( ❧✬❛❝$✐✈❛$✐♦♥ ❞❡* ❞3❢❡♥*❡* ♥❛$✉(❡❧❧❡* ❞❡ ❧❛ ✈✐❣♥❡ ♣❛( ❞❡* ❝♦♠✲

♣♦*3* ❛♣♣❡❧3* 3❧✐❝✐$❡✉(*✳ ❈❡❧❛ ✐♠♣❧✐K✉❡ ✉♥❡ 3$✉❞❡ ✜♥❡ ❞❡* 3✈3♥❡♠❡♥$* ♠♦❧3❝✉❧❛✐(❡*

✐♠♣❧✐K✉3* ❞❛♥* ❧❛ ♠✐*❡ ❡♥ ♣❧❛❝❡ ❞❡* (3❛❝$✐♦♥* ❞❡ ❞3❢❡♥*❡ ❡$ ✉♥❡ ❜♦♥♥❡ ❝♦♥♥❛✐**❛♥❝❡

❞❡* ✐♥$❡(❛❝$✐♦♥* ♣❧❛♥$❡*✲♣❛$❤♦❣,♥❡*✳

O❛(♠✐ ❧❡* ♠❛❧❛❞✐❡* ❛✛❡❝$❛♥$ ❧❡* ❢❡✉✐❧❧❡* ❡$ ❧❡* ❥❡✉♥❡* ❜❛✐❡* ❞❡ ❧❛ ✈✐❣♥❡✱ ✜❣✉(❡

❧❡ ♠✐❧❞✐♦✉✳ ▲✬❛❣❡♥$ (❡*♣♦♥*❛❜❧❡✱ *❧❛#♠♦♣❛(❛ ✈✐"✐❝♦❧❛✱ ✐♥❞✉✐$ ❞❡* ❛❧$3(❛$✐♦♥* ♣❤②✲

*✐♦❧♦❣✐K✉❡*✱ $❡❧❧❡* K✉✬✉♥❡ ❞3(3❣✉❧❛$✐♦♥ ❞✉ ❢♦♥❝$✐♦♥♥❡♠❡♥$ ❞❡* *$♦♠❛$❡* K✉✐ (❡*$❡♥$

❛♥♦(♠❛❧❡♠❡♥$ ♦✉✈❡($* ❞❡ ♥✉✐$✱ ❡✛❡$ ♣(♦❜❛❜❧❡♠❡♥$ ✐♥❞✉✐$ ♣❛( ✉♥ ❢❛❝$❡✉( ❞✬♦(✐❣✐♥❡

♣❛$❤♦❣,♥❡ ♦✉ ✈3❣3$❛❧❡ ♣(♦❞✉✐$ ❛✉ ❝♦✉(* ❞❡ ❧✬✐♥❢❡❝$✐♦♥ ✭❆❧❧,❣(❡✱ ✷✵✵✼✮✳ ❉❡ ♣❧✉*✱ *✳ ✈✐✲

"✐❝♦❧❛ ✐♥❞✉✐$ ❞❡* ♠♦❞✐✜❝❛$✐♦♥* ❞✉ ♠3$❛❜♦❧✐*♠❡ ♣(✐♠❛✐(❡ ❝♦♠♠❡ ✉♥❡ ❞✐♠✐♥✉$✐♦♥ ❞❡

❧❛ ♣❤♦$♦*②♥$❤,*❡ ❡$ ✉♥❡ ❛❝❝✉♠✉❧❛$✐♦♥ ❛♥♦(♠❛❧❡ ❞❡ ❧✬❛♠✐❞♦♥✳

▼♦♥ $(❛✈❛✐❧ ❞❡ $❤,*❡ *✬❡*$ ❢♦❝❛❧✐*3 *✉( ❧✬✐♥$❡(❛❝$✐♦♥ ✈✐❣♥❡✲*✳ ✈✐"✐❝♦❧❛✱ ❡♥ ♣❛($✐❝✉❧✐❡(

*✉( ❧✬3$✉❞❡ ❞❡ ❝❡* ❞❡✉① ♠♦❞✐✜❝❛$✐♦♥* ✐♥❞✉✐$❡* ❞❛♥* ❧❡* ❢❡✉✐❧❧❡* ✐♥❢❡❝$3❡*✳

✷ ■♥$❡)❛❝$✐♦♥- ♣❧❛♥$❡-✲♣❛$❤♦❣3♥❡-

▲❡* ♣❧❛♥$❡* *♦♥$ ❝♦♥❢(♦♥$3❡* @ ❞❡ ♥♦♠❜(❡✉① ♠✐❝(♦♦(❣❛♥✐*♠❡* ♣♦$❡♥$✐❡❧❧❡♠❡♥$

♣❛$❤♦❣,♥❡* ❝♦♠♠❡ ❞❡* ✈✐(✉*✱ ❞❡* ❜❛❝$3(✐❡*✱ ❞❡* ❝❤❛♠♣✐❣♥♦♥* ❡$ ❞❡* ♦♦♠②❝,$❡*✳ ▲❡*

♣❛$❤♦❣,♥❡* ✐♥❢❡❝$❡♥$ ❧❡✉( ❤Y$❡ ❡$ ♣(3❧,✈❡♥$ ❞❡* ♥✉$(✐♠❡♥$* ♣♦✉( ❧❡✉( ❝(♦✐**❛♥❝❡ ❡$ ❧❡✉(

❞3✈❡❧♦♣♣❡♠❡♥$ ❡♥ ✉$✐❧✐*❛♥$ ❞❡* ♠3❝❛♥✐*♠❡* ❞✐✛3(❡♥$*✳ ❯♥ ♣❛$❤♦❣,♥❡ ♥3❝(♦$(♦♣❤❡

✐♥❞✉✐$ ❧❛ ♠♦($ ❝❡❧❧✉❧❛✐(❡ ❡$ *❡ ♥♦✉((✐$ @ ♣❛($✐( ❞❡* ❝❡❧❧✉❧❡* ♠♦($❡* ❞❡ ❧✬❤Y$❡✳ ❆✉

❝♦♥$(❛✐(❡✱ ❧❡* ♣❛$❤♦❣,♥❡* ❜✐♦$(♦♣❤❡* *♦♥$ ❝❛♣❛❜❧❡* ❞✬✐♥❢❡❝$❡( ❧❛ ♣❧❛♥$❡ ❡$ ❞❡ *❡ ♥♦✉((✐(

*❛♥* $✉❡( ❧❡* ❝❡❧❧✉❧❡*✱ *♦✉✈❡♥$ @ ❧✬❛✐❞❡ ❞❡ *$(✉❝$✉(❡* *♣3❝✐❛❧✐*3❡*✱ ❧❡* ❤❛✉*$♦(✐❛✳ ▲❡*

✷
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❜✐♦#$♦♣❤❡( ♦❜❧✐❣❛#♦✐$❡( (♦♥# ✐♥❝❛♣❛❜❧❡( ❞❡ ✈✐✈$❡ ✐♥❞0♣❡♥❞❛♠♠❡♥# ❞❡ ❧❡✉$ ❤3#❡ ❡# ♥❡

(♦♥# ❞♦♥❝ ♣❛( ❝✉❧#✐✈❛❜❧❡( (✉$ ♠✐❧✐❡✉ ❡♥ ❧❛❜♦$❛#♦✐$❡✳ ❈❡$#❛✐♥( ♣❛#❤♦❣6♥❡( ❝♦♠♠❡♥❝❡♥#

❧✬✐♥❢❡❝#✐♦♥ ♣❛$ ✉♥❡ ♣❤❛(❡ ❜✐♦#$♦♣❤❡ ♣✉✐( ❧❛ ♣♦✉$(✉✐✈❡♥# ♣❛$ ✉♥❡ ♣❤❛(❡ ♥0❝$♦#$♦♣❤❡ ✿

❝❡ (♦♥# ❧❡( ❤0♠✐❜✐♦#$♦♣❤❡( ♦✉ ❜✐♦#$♦♣❤❡( ❢❛❝✉❧#❛#✐❢(✳

▲❡( ✈0❣0#❛✉① ♣♦((6❞❡♥# ❞❡( ♠0❝❛♥✐(♠❡( ❞❡ ♣$♦#❡❝#✐♦♥ ❡# ❞❡ ❞0❢❡♥(❡ ❝♦♥#$❡ ❧❡(

❛❣❡♥#( ♣❛#❤♦❣6♥❡( ♣♦#❡♥#✐❡❧( ♠❛✐( ❝❡( ❞❡$♥✐❡$( ♥❡ (♦♥# ♣❛( #♦✉❥♦✉$( (✉✣(❛♥#(✳ ❙✐

❧✬✐♥#❡$❛❝#✐♦♥ ❡♥#$❡ ♣❧❛♥#❡ ❡# ♠✐❝$♦❜❡ ❝♦♥❞✉✐# ❛✉ ❞0✈❡❧♦♣♣❡♠❡♥# ❞❡ ❧❛ ♠❛❧❛❞✐❡✱ ❧❛

♣❧❛♥#❡ ❡(# (❡♥(✐❜❧❡ ❡# ❧✬✐♥#❡$❛❝#✐♦♥ ❡(# ❞✐#❡ ❝♦♠♣❛#✐❜❧❡✳ ❙✐ ❧❡( (②(#6♠❡( ❞❡ ❞0❢❡♥(❡

♠✐( ❡♥ ♣❧❛❝❡ ♣❛$ ❧❛ ♣❧❛♥#❡ (♦♥# ❡✣❝❛❝❡( ❡# ❡♠♣A❝❤❡♥# ❧❛ ❝$♦✐((❛♥❝❡ ❞✉ ♣❛#❤♦❣6♥❡✱

❧❛ ♣❧❛♥#❡ ❡(# $0(✐(#❛♥#❡ ❡# ❧✬✐♥#❡$❛❝#✐♦♥ ❡(# ✐♥❝♦♠♣❛#✐❜❧❡✳

▲❡ (②(#6♠❡ ❞❡ ❞0❢❡♥(❡ ❞❡( ♣❧❛♥#❡( ❡(# ❝♦♥(#$✉✐# ❡♥ ❞❡✉① ♥✐✈❡❛✉①✳ ▲❡ ♣$❡♠✐❡$

❡(# ❝♦♥(#✐#✉0 ♣❛$ ✉♥❡ ❜❛$$✐6$❡ ♣❤②(✐❝♦✲❝❤✐♠✐C✉❡ ❝♦♥(#✐#✉#✐✈❡✱ ✐♥❝❧✉❛♥# ❧❛ ❝✉#✐❝✉❧❡✱

❧❡( ♣❛$♦✐(✱ ❞❡( ❡♥③②♠❡( ❛♥#✐✲♠✐❝$♦❜✐❡♥♥❡( ❡# ❞❡( ♠0#❛❜♦❧✐#❡( (❡❝♦♥❞❛✐$❡( ✭◆G$♥❜❡$✲

❣❡$ ❡! ❛❧✳✱ ✷✵✵✹✮✳ ▲❡( ♠✐❝$♦♦$❣❛♥✐(♠❡( C✉✐ ♣❛$✈✐❡♥♥❡♥# L ❢$❛♥❝❤✐$ ❝❡##❡ ♣$❡♠✐6$❡

❧✐❣♥❡ ❞❡ ❞0❢❡♥(❡ (❡$♦♥# ❝♦♥❢$♦♥#0( L ❞✬❛✉#$❡( ♠0❝❛♥✐(♠❡( ❞❡ ❞0❢❡♥(❡ ✐♥❞✉✐#( ❛♣$6(

❧❡✉$ ♣❡$❝❡♣#✐♦♥ ♣❛$ ❧✬❤3#❡✳ ▲❡( ♣❧❛♥#❡( ♦♥# ❡♥ ❢❛✐# ✉♥ (②(#6♠❡ ❞❡ ❞0❢❡♥(❡ $❛♣♣❡✲

❧❛♥# ❧❡ (②(#6♠❡ ✐♠♠✉♥✐#❛✐$❡ ❞❡( ❛♥✐♠❛✉①✳ ❈❡ (②(#6♠❡ ✐♠♠✉♥✐#❛✐$❡ ❝♦♠♣$❡♥❞ ❞❡✉①

❝♦♠♣♦(❛♥#❡( ✿ ❧❛ $0(✐(#❛♥❝❡ ♥♦♥✲(♣0❝✐✜C✉❡ ✐♥❞✉✐#❡ ♣❛$ ❞❡( 0❧✐❝✐#❡✉$( ❣0♥0$❛✉① ♦✉
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❞❡ ❧❛ ♣❧❛♥:❡✳ V❧✉%✐❡✉,% A:✉❞❡% ♦♥: ♠♦♥:,A ❞❡% ❛❧:A,❛:✐♦♥% ❛✉ ♥✐✈❡❛✉ ❞✉ ♠A:❛❜♦❧✐%♠❡

♣,✐♠❛✐,❡ ❡: ❞❡ ❧❛ ♣❤♦:♦%②♥:❤C%❡ ✭❇,❡♠ ❡! ❛❧✳✱ ✶✾✽✻❀ ❍❛②❡% ❡! ❛❧✳✱ ✷✵✶✵❀ ▼♦,✐♦♥❞♦

❡! ❛❧✳✱ ✷✵✵✺✮ ❡: ❆❧❧C❣,❡ ✭✷✵✵✼✮ ❛ ♦❜%❡,✈A ✉♥❡ ❛❝❝✉♠✉❧❛:✐♦♥ ❛♥♦,♠❛❧❡ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥%

❧❡% ③♦♥❡% ✐♥❢❡❝:A❡%✳ ■❧ ❛ A❣❛❧❡♠❡♥: A:A ♠♦♥:,A ?✉❡ ❝❡ ♣❛:❤♦❣C♥❡ ♣♦✉✈❛✐: ♠❛♥✐♣✉❧❡,

❧✬♦✉✈❡,:✉,❡ %:♦♠❛:✐?✉❡ ✭❆❧❧C❣,❡✱ ✷✵✵✼❀ ❆❧❧C❣,❡ ❡! ❛❧✳✱ ✷✵✵✼✮✳

✹ ❖❜❥❡❝&✐❢)

▲❡ ♣,❡♠✐❡, ♦❜❥❡❝:✐❢ A:❛✐: ❞❡ ❝♦♠♣,❡♥❞,❡ ❧✬♦,✐❣✐♥❡ ❡: ❧❡ ♠A❝❛♥✐%♠❡ ❞❡ ❧✬❛❝❝✉♠✉✲

❧❛:✐♦♥ ❛♥♦,♠❛❧❡ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥% ❧❡% ❢❡✉✐❧❧❡% ✐♥❢❡❝:A❡%✳ V♦✉, ❝❡❧❛✱ ♥♦✉% ❛✈♦♥% ✐♥✐:✐A

❞✐✛A,❡♥:❡% ❛♣♣,♦❝❤❡% ✿ ?✉❛♥:✐✜❝❛:✐♦♥ ❞❡% %✉❝,❡% %♦❧✉❜❧❡% ❡: ❞❡ ❧✬❛♠✐❞♦♥✱ ❞♦%❛❣❡ ❞❡%

❛❝:✐✈✐:A% ❡♥③②♠❛:✐?✉❡% ❝❧A% ✐♠♣❧✐?✉A❡% ❞❛♥% ❧❡ ♠A:❛❜♦❧✐%♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ❡: ?✉❛♥✲

:✐✜❝❛:✐♦♥ ❞❡% :,❛♥%❝,✐:% ❞❡% ❣C♥❡% ❝♦❞❛♥: ♣♦✉, ❝❡% ❡♥③②♠❡% ❛✐♥%✐ ?✉❡ ❧✬A:✉❞❡ ❞❡

❧✬❛❝:✐✈✐:A ♣❤♦:♦%②♥:❤A:✐?✉❡✳ ❈❡% ❡①♣A,✐♠❡♥:❛:✐♦♥% ,A❛❧✐%A❡% ❛✉ ❝♦✉,% ❞❡ ❧✬✐♥❢❡❝:✐♦♥

♦♥: A:A ❝♦♠♣❧A:A❡% ♣❛, ✉♥ %✉✐✈✐ ❞✉ ❞A✈❡❧♦♣♣❡♠❡♥: ❞✉ ♣❛:❤♦❣C♥❡✳

▲❡ %❡❝♦♥❞ ♦❜❥❡❝:✐❢ ❞❡ ❝❡::❡ :❤C%❡ A:❛✐: ❞❡ ❝❛,❛❝:A,✐%❡, ❧✬♦,✐❣✐♥❡ ❡: ❧❡ ♠A❝❛♥✐%♠❡ ❞❡

❧❛ ❞A,A❣✉❧❛:✐♦♥ ❞❡% %:♦♠❛:❡%✳ ◆♦✉% %♦♠♠❡% ♣❛,:✐% ❞❡ ❧✬❤②♣♦:❤C%❡ ❞❡ ❧✬❡①✐%:❡♥❝❡ ❞✬✉♥

❝♦♠♣♦%A ,❡%♣♦♥%❛❜❧❡ ❞❡ ❝❡::❡ ❞A,A❣✉❧❛:✐♦♥✱ ♣,A%❡♥: ❞❛♥% ❧❡% ✢✉✐❞❡% ❛♣♦♣❧❛%:✐?✉❡% ❞❡

❢❡✉✐❧❧❡% ✐♥❢❡❝:A❡%✱ ♣,♦❞✉✐: ♣❛, ❧❛ ♣❧❛♥:❡ ♦✉ ❧❡ ♣❛:❤♦❣C♥❡✳ ❉❛♥% ❧❡ ❜✉: ❞❡ ♣✉,✐✜❡, ❡:

✐❞❡♥:✐✜❡, ❝❡ ❝♦♠♣♦%A ❛❝:✐❢✱ ❧❡% ✢✉✐❞❡% ❛♣♦♣❧❛%:✐?✉❡% ♦♥: A:A ✐%♦❧A% ♣✉✐% :❡%:A% U ❧✬❛✐❞❡

❞✬✉♥ ♠♦❞C❧❡ ✏❞✐%?✉❡ A♣✐❞❡,♠✐?✉❡✑✳

✶✵



  



■✳ ❉#$#❣✉❧❛)✐♦♥ ❞✉ ♠#)❛❜♦❧✐0♠❡ ❞❡

❧✬❛♠✐❞♦♥



❋✐❣✉$❡ ✻ ✕ ❙!"✉❝!✉"❡ ♠♦❧)❝✉❧❛✐"❡ ❞✉ ❣"❛✐♥ ❞❡ ❧✬❛♠✐❞♦♥✳

❆ ✿ ❙%&✉❝%✉&❡* ❝❤✐♠✐.✉❡* ❞❡ ❧✬❛♠②❧♦*❡ ❡% ❞❡ ❧✬❛♠②❧♦♣❡❝%✐♥❡✳ ❇ ✿ ❈♦♠♣♦*✐%✐♦♥ ❞✉

❣&❛✐♥ ❞✬❛♠✐❞♦♥ ❞✬❛♣&;* ❚❡%❧♦✇ ✭✷✵✵✹✮✳ ▲❡* ③♦♥❡* ❣&✐*❡* ❝♦&&❡*♣♦♥❞❡♥% ❛✉① ❧❛♠❡❧❧❡*

❝&✐*%❛❧❧✐♥❡*✱ ❧❡* ③♦♥❡* ❜❧❛♥❝❤❡* ❛✉① ❧❛♠❡❧❧❡* ❛♠♦&♣❤❡*✳



■♥"#♦❞✉❝"✐♦♥

✶ ▲❡ ♠$%❛❜♦❧✐+♠❡ ❞❡ ❧✬❛♠✐❞♦♥

▲❛ ♣❤♦%♦&②♥%❤)&❡ ❡&% ✉♥ ♠-❝❛♥✐&♠❡ ❢♦♥❞❛♠❡♥%❛❧ ♣❛3 ❧❡4✉❡❧ ❧❡& ♣❧❛♥%❡& ❝❛♣%❡♥%

❧✬-♥❡3❣✐❡ &♦❧❛✐3❡ ❡% ❧❛ ❝♦♥✈❡3%✐&&❡♥% ❡♥ ❝♦♠♣♦&-& ❝❤✐♠✐4✉❡& ❛&&✐♠✐❧❛❜❧❡& ✿ ❧❡& &✉❝3❡&✳

❆✉ &❡✐♥ ❞❡& ♣❧❛♥%❡&✱ ♦♥ ❞✐&%✐♥❣✉❡ ❞❡& ♦3❣❛♥❡& &♦✉3❝❡& ❡% ♣✉✐%&✳ ▲❡& ♦3❣❛♥❡& &♦✉3❝❡&

♦♥% ✉♥❡ ❛❝%✐✈✐%- ♣❤♦%♦&②♥%❤-%✐4✉❡ ❡% ♣3♦❞✉✐&❡♥% ♣❧✉& ❞✬❛&&✐♠✐❧❛%& 4✉✬✐❧& ♥✬❡♥ ✉%✐❧✐&❡♥%

♣♦✉3 ❧❡✉3 ♠-%❛❜♦❧✐&♠❡✱ ❧❡✉3 ❝3♦✐&&❛♥❝❡ ♦✉ ❞-✈❡❧♦♣♣❡♠❡♥% ❡% ✈♦♥% ❡♥ ❡①♣♦3%❡3✱ &♦✉&

❢♦3♠❡ ❞❡ &❛❝❝❤❛3♦&❡✱ ✈❡3& ❧❡& ♦3❣❛♥❡& ♣✉✐%& 4✉✐ ♦♥% ✉♥❡ ❛❝%✐✈✐%- ♣❤♦%♦&②♥%❤-%✐4✉❡

♥✉❧❧❡ ♦✉ ✐♥&✉✣&❛♥%❡ ? &❛%✐&❢❛✐3❡ ❧❡✉3& ❜❡&♦✐♥& ❡♥ &✉❝3❡&✳ ❆✐♥&✐ ❧❡& ❢❡✉✐❧❧❡& ❛❞✉❧%❡& &♦♥%

❞❡& ♦3❣❛♥❡& &♦✉3❝❡&✱ ❛❧♦3& 4✉❡ ❧❡& ❥❡✉♥❡& ❢❡✉✐❧❧❡&✱ ❧❡& ✢❡✉3&✱ ❧❡& 3❛❝✐♥❡&✱ ❧❡& %✉❜❡3❝✉❧❡&

♦✉ ❧❡& ❢3✉✐%& &♦♥% ❞❡& ♦3❣❛♥❡& ♣✉✐%&✳ ▲❡& &✉❝3❡& &♦♥% ✉%✐❧✐&-& ❞✐3❡❝%❡♠❡♥%✱ ❡①♣♦3%-& ♦✉

&%♦❝❦-& ? ♣❧✉& ♦✉ ♠♦✐♥& ❧♦♥❣ %❡3♠❡✳

❈❤❡③ ❧❛ ♣❧✉♣❛3% ❞❡& ♣❧❛♥%❡&✱ ❧✬❛♠✐❞♦♥ ❡&% ❧❛ ❢♦3♠❡ ♠❛❥❡✉3❡ ❞❡ &%♦❝❦❛❣❡ ❞❡& &✉❝3❡&✱

♠E♠❡ &✬✐❧ ❡♥ ❡①✐&%❡ ❞✬❛✉%3❡&✱ ❝♦♠♠❡ ❞❡& ♦❧✐❣♦&❛❝❝❤❛3✐❞❡& ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞✉ 3❛✣♥♦&❡

❡% ❧❡& ❢3✉❝%❛♥❡& ❝❤❡③ ❧❡& ❝-3-❛❧❡& ✭❩❡❡♠❛♥ ❡! ❛❧✳✱ ✷✵✵✼✮✳ ❉❛♥& ❝❡3%❛✐♥& %✐&&✉& ♣✉✐%&✱

❧✬❛♠✐❞♦♥ ❡&% ✉♥❡ ❢♦3♠❡ ❞❡ &%♦❝❦❛❣❡ ❞❡ ❧♦♥❣✉❡ ❞✉3-❡✳ ❆✉ ❝♦♥%3❛✐3❡✱ ❞❛♥& ❧❡& ❢❡✉✐❧❧❡&✱

❧✬❛♠✐❞♦♥ ❡&% &②♥%❤-%✐&- ❞❡ ❥♦✉3 ? ♣❛3%✐3 ❞❡& &✉❝3❡& ♣3♦❞✉✐%& ♣❛3 ❧❛ ♣❤♦%♦&②♥%❤)&❡ ❡%

&%♦❝❦- %❡♠♣♦3❛✐3❡♠❡♥%✳ ❉❡ ♥✉✐%✱ ✐❧ ❡&% ❞-❣3❛❞- ❡% ❧✐❜)3❡ ❞❡& &✉❝3❡& ❞♦♥% ❧❡& ❤❡①♦&❡&

❢3✉❝%♦&❡ ❡% ❣❧✉❝♦&❡✱ 4✉✐ &♦♥% ✉%✐❧✐&-& ❞❛♥& ❧❡& ❢❡✉✐❧❧❡& ♣♦✉3 ❧❡✉3 ♠-%❛❜♦❧✐&♠❡ ♦✉ ❡①♣♦3✲

%-& &♦✉& ❢♦3♠❡ ❞❡ &❛❝❝❤❛3♦&❡ ✈❡3& ❧❡& ♦3❣❛♥❡& ♣✉✐%&✳ ▲❛ ♣3♦♣♦3%✐♦♥ ❞❡ &✉❝3❡& ♦3✐❡♥%-&

✈❡3& ❧❛ &②♥%❤)&❡ ❡% ❧❡ &%♦❝❦❛❣❡ ❞✬❛♠✐❞♦♥ ❞❡ ❥♦✉3 ❞-♣❡♥❞ ❞❡& ❝♦♥❞✐%✐♦♥& ❡♥✈✐3♦♥✲

♥❡♠❡♥%❛❧❡&✱ ❡♥ ♣❛3%✐❝✉❧✐❡3 ❞❡ ❧❛ ♣❤♦%♦♣-3✐♦❞❡✱ ❡% ♣❡✉% ❛%%❡✐♥❞3❡ ❥✉&4✉✬? ✼✺✪ ❝❤❡③

❆3❛❜✐❞♦♣&✐& ✭❙♠✐%❤ ❡% ❙%✐%%✱ ✷✵✵✼❀ ❩❡❡♠❛♥ ❡% ❘❡❡&✱ ✶✾✾✾✮✳ U❧✉& ❧❛ ♣-3✐♦❞❡ ❞✐✉3♥❡ ❡&%

❝♦✉3%❡✱ ♣❧✉& ✉♥❡ ♣❛3%✐❡ ✐♠♣♦3%❛♥%❡ ❞❡& ♣❤♦%♦❛&&✐♠✐❧❛%& ❡&% ♦3✐❡♥%-❡ ✈❡3& ❧❛ &②♥%❤)&❡

❞✬❛♠✐❞♦♥✳

▲✬❛♠✐❞♦♥ ❡&% ✉♥ ❣❧✉❝✐❞❡ ❝♦♠♣❧❡①❡ ❝♦♠♣♦&- ❞✬✉♥✐%-& ❞❡ ❉✲❣❧✉❝♦&❡ ❧✐-❡& ❡♥ α✲✶✱✹✳
■❧ ❡&% ❝♦♥&%✐%✉- ❞❡ ❞❡✉① ❤♦♠♦♣♦❧②♠)3❡&✿ ❧✬❛♠②❧♦&❡✱ 4✉✐ ♥✬❡&% ♣❛& 3❛♠✐✜-✱ ❡% ❧✬❛♠②❧♦✲

♣❡❝%✐♥❡✱ ❝♦♥&%✐%✉❛♥% ♣❧✉& ❞❡ ✾✵✪ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥& ❧❡& ❢❡✉✐❧❧❡& ✭❋✐❣✉3❡ ✻ ❆✮✳ ▲✬❛♠②✲

❧♦♣❡❝%✐♥❡ ❡&% ❝♦♥&%✐%✉-❡ ❞❡ ❝❤❛[♥❡& ❞❡ 3-&✐❞✉& ❣❧✉❝♦&❡ ✭❞❡ ✻ ? ♣❧✉&✐❡✉3& ❝❡♥%❛✐♥❡&

❞✬✉♥✐%-& ❣❧✉❝♦&❡✱ ✷✵ ? ✷✺ ✉♥✐%-& ❡♥ ♠♦②❡♥♥❡✮ ❧✐-& ❡♥ α✲✶✱✹ ✭❙♠✐%❤✱ ✷✵✵✶✮✳ ❈❡3%❛✐♥❡&
❝❤❛[♥❡& &❡ ❧✐❡♥% ? ❞✬❛✉%3❡& ♣❛3 ❞❡& ❧✐❛✐&♦♥& α✲✶✱✻ ❝♦♥&%✐%✉❛♥% ❛✐♥&✐ ❞❡& ✏♣♦✐♥%& ❞❡ ❜3❛♥✲
❝❤❡♠❡♥%✑✱ ❝❡ 4✉✐ ❢♦3♠❡ ✉♥❡ &%3✉❝%✉3❡ ❣-♥-3❛❧❡ ✏❡♥ ❣3❛♣♣❡&✑ ✭❋✐❣✉3❡ ✻ ❇✮✳ ❈❤❛4✉❡

♠♦❧-❝✉❧❡ ❞✬❛♠②❧♦♣❡❝%✐♥❡ ❝♦♥%✐❡♥% ❛✉ %♦%❛❧ ✶✵ ✵✵✵ ? ✶✵✵ ✵✵✵ 3-&✐❞✉& ❣❧✉❝♦&❡ ✭❩❡❡♠❛♥

❡! ❛❧✳✱ ✷✵✵✼✮✳ ❉❡& ❝❤❛[♥❡& ♥♦♥ 3❛♠✐✜-❡& ❞❡ ✶✵ ? ✶✺ 3-&✐❞✉& ❣❧✉❝♦&❡ ♣❡✉✈❡♥% &✬❛♣✲

♣❛3✐❡3 ♣♦✉3 ❢♦3♠❡3 ❞❡& ❞♦✉❜❧❡ ❤-❧✐❝❡&✱ &✬❛&&♦❝✐❛♥% ❡♥ ❧❛♠❡❧❧❡& ❝3✐&%❛❧❧✐♥❡& ❛❧%❡3♥❛♥%

❛✈❡❝ ❧❡& ❧❛♠❡❧❧❡& ✏❛♠♦3♣❤❡&✑ ❝♦♥%❡♥❛♥% ❧❡& ♣♦✐♥%& ❞❡ ❜3❛♥❝❤❡♠❡♥%✳ ■❧ ❡♥ 3-&✉❧%❡ ✉♥❡

&%3✉❝%✉3❡ &❡♠✐✲❝3✐&%❛❧❧✐♥❡ ✐♥&♦❧✉❜❧❡ ✭❍❛♥♥❛❤ ❡% ❏❛♠❡&✱ ✷✵✵✽❀ ❚❡%❧♦✇✱ ✷✵✵✹❀ ❩❡❡♠❛♥

❡! ❛❧✳✱ ✷✵✵✼✮✳ ▲✬❛3❝❤✐%❡❝%✉3❡ ♠♦❧-❝✉❧❛✐3❡ ♣3-❝✐&❡ ❞❡ ❧✬❛♠②❧♦♣❡❝%✐♥❡ 3❡&%❡ %♦✉%❡❢♦✐& ♠❛❧

✶✷



❋✐❣✉$❡ ✼ ✕ ❙❝❤#♠❛ &✐♠♣❧✐✜# ♣+#&❡♥.❛♥. ❧❡& #.❛♣❡& ♣+✐♥❝✐♣❛❧❡& ❞❡ ❧❛ &②♥✲

.❤2&❡ ❞❡ ❧✬❛♠✐❞♦♥✳

❙✉❜%&'❛&% ✿ ❆❉,✲●❧✉ ✿ ❆❉,✲❣❧✉❝♦%❡✱ ❋'✉✲✻, ✿ ❢'✉❝&♦%❡ ✻✲♣❤♦%♣❤❛&❡✱ ●❧✉✲✶, ✿ ❣❧✉❝♦%❡

✶✲♣❤♦%♣❤❛&❡✱ ●❧✉✲✻, ✿ ❣❧✉❝♦%❡ ✻✲♣❤♦%♣❤❛&❡✱ ❚'✐♦✲, ✿ &'✐♦%❡%✲♣❤♦%♣❤❛&❡%✳

❊♥③②♠❡% ✿ ❆●,❛%❡ ✿ ❆❉,✲❣❧✉❝♦%❡ ♣②'♦♣❤♦%♣❤♦'②❧❛%❡✱ ❇❊ ✿ ❡♥③②♠❡ ❞❡ ❜'❛♥❝❤❡♠❡♥&✱

❉❇❊ ✿ ❡♥③②♠❡ ❞❡ ❞E❜'❛♥❝❤❡♠❡♥&✱ ●❇❙❙ ✿ ❣'❛♥✉❧❡ ❜♦✉♥❞ %&❛'❝❤ %②♥&❤❛%❡✱ ,●■ ✿

♣❤♦%♣❤♦❣❧✉❝♦%❡ ✐%♦♠E'❛%❡✱ ,●▼ ✿ ♣❤♦%♣❤♦❣❧✉❝♦%❡ ♠✉&❛%❡✱ ❙❙❙ ✿ ❛♠✐❞♦♥✲%②♥&❤E&❛%❡

%♦❧✉❜❧❡✳ ❉✬❛♣'I% ❩❡❡♠❛♥ ❡! ❛❧✳ ✭✷✵✵✼✮✳
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-2❛♣❡' ❞✉ ♠-2❛❜♦❧✐'♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ♦♥2 -2- ❝♦♥❞✉✐2' ❡♥ ❣)❛♥❞❡ ♣❛)2✐❡ 4 ❧✬❛✐❞❡ ❞❡

♠✉2❛♥2' ❞✬❆)❛❜✐❞♦♣'✐'✳ ❈❡♣❡♥❞❛♥2✱ ✐❧ )❡'2❡ ❡♥❝♦)❡ ❞❡' ♣♦✐♥2' ♦❜'❝✉)'✱ '✉)2♦✉2 ♣♦✉)

❧❡' ♠-❝❛♥✐'♠❡' ❞✉ ❝❛2❛❜♦❧✐'♠❡ ❛✉ ♥✐✈❡❛✉ ❢♦❧✐❛✐)❡✳

✶✳✶ ▲❛ $②♥'❤)$❡ ❞❡ ❧✬❛♠✐❞♦♥

❉❛♥' ❧❡' ❝❤❧♦)♦♣❧❛'2❡' ❞❡' 2✐''✉' ♣❤♦2♦'②♥2❤-2✐7✉❡'✱ ❧❡ ❢)✉❝2♦'❡ ✻✲♣❤♦'♣❤❛2❡✱ ♣)♦✲

❞✉✐2 ♣❛) ❧❡ ❝②❝❧❡ ❞❡ ❈❛❧✈✐♥✱ ❡'2 ✉2✐❧✐'- ♣❛) ❧❛ ♣❤♦'♣❤♦❣❧✉❝♦'❡ ✐'♦♠-)❛'❡ ✭B●■✮ ❛✜♥ ❞❡

❢♦)♠❡) ❞✉ ❣❧✉❝♦'❡ ✻✲♣❤♦'♣❤❛2❡ ✭❋✐❣✉)❡ ✼✮✳ ▲❛ B●■ ❡'2 ❧❛ ♣)❡♠✐+)❡ ❡♥③②♠❡ ✐♠♣❧✐7✉-❡

❞❛♥' ❧❛ ✈♦✐❡ ❞❡ ❜✐♦'②♥2❤+'❡ ❞❡ ❧✬❛♠✐❞♦♥✳ ❉✬❛✐❧❧❡✉)'✱ ❧❡ ♠✉2❛♥2 ❞✬❆)❛❜✐❞♦♣'✐' ♣❣✐✶ ❡!"

❛✛❡❝"& ❞❛♥! ❧❛ !②♥"❤,!❡ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥! ❧❡! "✐!!✉! ♣❤♦"♦!②♥"❤&"✐3✉❡! ❡" ❡♥ ❛❝❝✉♠✉❧❡

♠♦✐♥! ✭❨✉ ❡! ❛❧✳✱ ✷✵✵✵✮✳ ▲❡ ❣❧✉❝♦!❡ ✻✲♣❤♦!♣❤❛"❡ ❡!" ❡♥!✉✐"❡ "?❛♥!❢♦?♠& ❡♥ ❣❧✉❝♦!❡

✶✲♣❤♦!♣❤❛"❡ ♣❛? ❧❛ ♣❤♦!♣❤♦❣❧✉❝♦!❡ ♠✉"❛!❡ ✭B●▼✮ ✭◆❡✉❤❛✉! ❡" ❙"✐""✱ ✶✾✾✵✮✳ ➚ ♣❛?✲

"✐? ❞✉ ❣❧✉❝♦!❡ ✶✲♣❤♦!♣❤❛"❡ ❡" ❞❡ ❧✬❆❚B✱ ❧✬❆❉B✲❣❧✉❝♦!❡ ♣②?♦♣❤♦!♣❤♦?②❧❛!❡ ✭❆●B❛!❡✮

!②♥"❤&"✐!❡ ❧✬❆❉B✲❣❧✉❝♦!❡ ❡♥ ❧✐❜&?❛♥" ❞✉ ♣②?♦♣❤♦!♣❤❛"❡✳ ▼M♠❡ !✐ ❝❡""❡ ?&❛❝"✐♦♥ ❡!"

?&✈❡?!✐❜❧❡✱ ❧❛ ❢♦?"❡ ❛❝"✐✈✐"& ❞✬✉♥❡ ♣②?♦♣❤♦!♣❤❛"❛!❡ ❛❧❝❛❧✐♥❡ ❧♦❝❛❧✐!&❡ ❞❛♥! ❧❡! ♣❧❛!"❡!

♦?✐❡♥"❡ ❧❛ ?&❛❝"✐♦♥ ✈❡?! ❧❛ !②♥"❤,!❡ ❞✬❆❉B✲❣❧✉❝♦!❡ ✭❲❡✐♥❡? ❡! ❛❧✳✱ ✶✾✽✼✮✳ ❉❡ ❝❡ ❢❛✐"✱

❝❡""❡ ?&❛❝"✐♦♥ ❡!" ❝♦♥!✐❞&?&❡ ❝♦♠♠❡ ❧✬&"❛♣❡ ❝❧& ❞❡ ❧❛ !②♥"❤,!❡ ❞❡ ❧✬❛♠✐❞♦♥ ❝❛? ❡❧❧❡

❝♦♥"?R❧❡ ❧❡ ✢✉① ❞❡ !✉❝?❡! ♦?✐❡♥"&! ✈❡?! ❝❡❧❧❡✲❝✐✳

▲✬❆❉B✲❣❧✉❝♦!❡ ❡!" ✉"✐❧✐!& ❝♦♠♠❡ ❞♦♥♥❡✉? ❞❡ ❣❧✉❝♦!❡ ♣♦✉? ❧❛ ❢♦?♠❛"✐♦♥ ❞❡ ❧✬❛♠②✲

❧♦!❡ ❡" ❞❡ ❧✬❛♠②❧♦♣❡❝"✐♥❡✳ ❉❡! ❡♥③②♠❡! ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡! ❛♠✐❞♦♥✲!②♥"❤&"❛!❡! ❝❛"❛✲

❧②!❡♥" ❧❛ ❢♦?♠❛"✐♦♥ ❞❡! ❧✐❛✐!♦♥! ♦!✐❞✐3✉❡! α✲✶✱✹ ❡♥ "?❛♥!❢&?❛♥" ❧❡ ❣❧✉❝♦!❡ W ❧✬❡①"?&✲

♠✐"& ♥♦♥✲?&❞✉❝"?✐❝❡ ❞✬✉♥ ❣❧✉❝❛♥❡ α✲✶✱✹ ❡①✐!"❛♥"✳ ■❧ ❡①✐!"❡ ❞❡✉① ❣?♦✉♣❡! ❞✬❛♠✐❞♦♥✲

!②♥"❤&"❛!❡! ❛✈❡❝ ❞❡! ✐!♦❢♦?♠❡! "?,! ❝♦♥!❡?✈&❡! ✭❇❛❧❧ ❡" ▼♦?❡❧❧✱ ✷✵✵✸✮ ✿ ❧❡! ❣?❛♥✉❧❡✲

❜♦✉♥❞✲!"❛?❝❤✲!②♥"❤&"❛!❡! ✭♦✉ ●❇❙❙✮ 3✉✐✱ ❛!!♦❝✐&❡! ❛✉ ❣?❛✐♥ ❞✬❛♠✐❞♦♥✱ ♣❡?♠❡""❡♥"

❧❛ !②♥"❤,!❡ ❞❡ ❧✬❛♠②❧♦!❡ ✭❉❡❧?✉❡ ❡! ❛❧✳✱ ✶✾✾✷❀ ❍♦✈❡♥❦❛♠♣✲❍❡?♠❡❧✐♥❦ ❡! ❛❧✳✱ ✶✾✽✼❀ ◆❡❧✲

!♦♥ ❡" ❘✐♥❡!✱ ✶✾✻✷❀ ❚!❛✐✱ ✶✾✼✹✮ ❡" ❧❡! ❛♠✐❞♦♥✲!②♥"❤&"❛!❡! !♦❧✉❜❧❡!✱ ❧♦❝❛❧✐!&❡! ❞❛♥!

❧❡ !"?♦♠❛ ❞❡! ❝❤❧♦?♦♣❧❛!"❡!✳ ❊❧❧❡! ♠M♠❡! !♦♥" ❞✐✈✐!&❡! ❡♥ ✹ ❣?♦✉♣❡! ♣❤②❧♦❣&♥&"✐3✉❡!

!✉? ❧❛ ❜❛!❡ ❞❡ ❧❡✉? !&3✉❡♥❝❡ ❡♥ ❛❝✐❞❡! ❛♠✐♥&! ✭❙❙■✱ ❙❙■■✱ ❙❙■■■ ❡" ❙❙■❱✮ ✭❇❛❧❧ ❡"

▼♦?❡❧❧✱ ✷✵✵✸✮✳ ❉❛♥! ❧❡! ♦?❣❛♥❡! ❞❡ ?&!❡?✈❡✱ ✐❧ !❡♠❜❧❡?❛✐" 3✉❡ ❧❛ ❙❙■ !②♥"❤&"✐!❡ ❞❡!

❣❧✉❝❛♥❡! ❝♦✉?"! ❞❡ ✶✵ !♦✉!✲✉♥✐"&! ❞❡ ❣❧✉❝♦!❡ ♠❛①✐♠✉♠ ✭❈♦♠♠✉?✐ ❡" ❑❡❡❧✐♥❣✱ ✷✵✵✶❀

❉❡❧✈❛❧❧❡ ❡! ❛❧✳✱ ✷✵✵✺✮ ❡" 3✉❡ ❧✬&❧♦♥❣❛"✐♦♥ ❞❡ ❝❡! ♠♦❧&❝✉❧❡! !♦✐" ❡✛❡❝"✉&❡ ♣❛? ❧❡! ❙❙■■

❡" ❙❙■■■ ✭❚❡"❧♦✇ ❡! ❛❧✳✱ ✷✵✵✹❛✮✳ ▲❛ ❙❙■❱ !❡♠❜❧❡ ❛✈♦✐? ✉♥❡ ❢♦♥❝"✐♦♥ ❞❛♥! ❧✬✐♥✐"✐❛"✐♦♥

❞❡ ❧❛ ❢♦?♠❛"✐♦♥ ❞❡! ❣?❛✐♥! ❞❡ ❧✬❛♠✐❞♦♥ ✭❘♦❧❞❛♥ ❡! ❛❧✳✱ ✷✵✵✼❀ ❙③②❞❧♦✇!❦✐ ❡! ❛❧✳✱ ✷✵✵✾✮✳

❉❡! ❡♥③②♠❡! ❞❡ ❜?❛♥❝❤❡♠❡♥" ✭❇❊✮ ♣❡?♠❡""❡♥" ❧❡! ?❛♠✐✜❝❛"✐♦♥! ❞❡ ❧✬❛♠②❧♦♣❡❝✲
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❣❧✉❝❛♥✱ ✇❛2❡. ❞✐❦✐♥❛7❡ ❀ ❍❳❚ ✿ 2.❛♥7♣♦.2❡✉. ❞✬❤❡①♦7❡ ❀ ▼❊❳ ✿ 2.❛♥7♣♦.2❡✉. ❞✉ ♠❛❧✲
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❢❡✉✐❧❧❡" ,'❛❧,❡" ❡♥✈✐)♦♥ ❝✐♥R "❡♠❛✐♥❡" ❛♣)G" ❧❡ )❡♠♣♦'❛❣❡ ❡' "♦♥' ✉'✐❧✐",❡" D ❝❡ "'❛❞❡

♣♦✉) ❧❡" ❡①♣,)✐♠❡♥'❛'✐♦♥"✳

✶✳✷ ▲✬❛❣❡♥$ ♣❛$❤♦❣3♥❡  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛

❯♥❡ "♦✉❝❤❡ ❞❡  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ❬✭❇❡)❦✳ ✫ ❈✉)'✳✮ ❇❡)❧✳ ❡' ❞❡ ❚♦♥✐❪ ❢♦✉)♥✐❡

♣❛) ❧✬❛♥❝✐❡♥ ❙❘I❱ ✭❙❡)✈✐❝❡ ❘,❣✐♦♥❛❧ ❞❡ I)♦'❡❝'✐♦♥ ❞❡" ❱,❣,'❛✉①✮ ❞❡ ❇❡❛✉♥❡ ❡"'

❡♥')❡'❡♥✉❡ ♣❛) )❡♣✐R✉❛❣❡" "✉❝❝❡""✐❢" ❞❡♣✉✐" ✷✵✵✶ "✉) ❞❡" ♣❧❛♥'❡" ❤❡)❜❛❝,❡" ❞❡ ▼❛)✲

"❡❧❛♥✳ I♦✉) ❧✬❡♥')❡'✐❡♥ ❞❡ ❧✬❛❣❡♥' ♣❛'❤♦❣G♥❡ ❡' ❧❛ ♣),♣❛)❛'✐♦♥ ❞❡" ♣❧❛♥'❡" ✐♥❢❡❝',❡"✱

❧❡" "♣♦)❛♥❣❡" ❞❡  ✳ ✈✐*✐❝♦❧❛ "♦♥' ❝♦❧❧❡❝'," ❡♥ ❜❛❧❛②❛♥' ❧❛ "✉)❢❛❝❡ ✐♥❢,)✐❡✉)❡ ❞❡" ❢❡✉✐❧❧❡"

"♣♦)✉❧❛♥'❡" ❛✈❡❝ ✉♥ ♣✐♥❝❡❛✉ ♣✉✐" ♠✐" ❡♥ "✉"♣❡♥"✐♦♥ ❞❛♥" ❞❡ ❧✬❡❛✉ ♦"♠♦",❡✳ ❆♣)G"

❝♦♠♣'❛❣❡ D ❧✬❛✐❞❡ ❞✬✉♥❡ ❝❡❧❧✉❧❡ ❞❡ ▼❛❧❛""❡③✱ ❧❛ ❝♦♥❝❡♥')❛'✐♦♥ ❞❡ ❧❛ "✉"♣❡♥"✐♦♥ ❡"'

❛❥✉"',❡ D ✶✵

✹

"♣♦)❛♥❣❡" ♠❧

✲✶

✳ ▲✬✐♥♦❝✉❧❛'✐♦♥ "✬❡✛❡❝'✉❡ "✉) ❧❛ "✉)❢❛❝❡ ✐♥❢,)✐❡✉)❡ ❞❡"

❢❡✉✐❧❧❡" ❞❡ ✈✐❣♥❡ D ❧✬❛✐❞❡ ❞✬✉♥ ♣✉❧✈,)✐"❛'❡✉) ♠❛♥✉❡❧ ❡' ❧❡" ♣❧❛♥'❡" "♦♥' ♣❧❛❝,❡" ❞❛♥"

✉♥❡ ❝❤❛♠❜)❡ ❤✉♠✐❞❡ ♣❡♥❞❛♥' ✉♥❡ ♥✉✐' D ❤✉♠✐❞✐', )❡❧❛'✐✈❡ "❛'✉),❡ ♣✉✐" )❡♣❧❛❝,❡" ❡♥
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❥♣✐✱ ❧♦)"R✉❡ ❧❡" "②♠♣'i♠❡" "♦♥' ')G" ♠❛)R✉,"✱ ❧❡" ♣❧❛♥'❡" ✐♥❢❡❝',❡" "♦♥' ♣❧❛❝,❡" ✉♥❡

♥✉✐' ❞❛♥" ✉♥❡ ❝❤❛♠❜)❡ "❛'✉),❡ ❡♥ ✈❛♣❡✉) ❞✬❡❛✉ ❛✜♥ ❞❡ ♣)♦✈♦R✉❡) ❧❛ "♣♦)✉❧❛'✐♦♥✳

▲❡" ❢❡✉✐❧❧❡" ♣❡✉✈❡♥' ❛❧♦)" "❡)✈✐) ❞❡ "♦✉)❝❡ ❞✬✐♥♦❝✉❧✉♠✳
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✶✳✸ #$%❧'✈❡♠❡♥, ❞❡. %❝❤❛♥,✐❧❧♦♥.

 ♦✉# $♦✉$❡& ❧❡& ❡①♣*#✐❡♥❝❡&✱ ❧❡& ❢❡✉✐❧❧❡& ❞❡ #❛♥❣ ✷ ❡$ ✸ &♦✉& ❧✬❛♣❡① ✭&❡♥&✐❜❧❡& 8 ❧❛

♠❛❧❛❞✐❡✮ &♦♥$ ♣#*❧❡✈*❡& 8 ❧❛ ✜♥ ❞❡ ❧❛ ♥✉✐$ ✭❝♦♥❞✐$✐♦♥ ♦❜&❝✉#✐$*✮ ♦✉ ❛♣#=& ✶✵ ❤❡✉#❡& ❞❡

❧✉♠✐=#❡ ✭❝♦♥❞✐$✐♦♥ ❧✉♠✐=#❡✮✳  ♦✉# ❧❡& ❡①$#❛❝$✐♦♥& ❞✬❆❘◆✱ ❞✬❆❉◆✱ ❞❡ &✉❝#❡& &♦❧✉❜❧❡&✱

❞❡ ♣#♦$*✐♥❡& $♦$❛❧❡& ❡$ ❞✬❛♠✐❞♦♥ ❛✐♥&✐ F✉❡ ♣♦✉# ❧❛ ❝♦❧♦#❛$✐♦♥ ❛✉ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡✱ ❧❡&

❢❡✉✐❧❧❡& &♦♥$ ♣#*❧❡✈*❡& 8 ✶✱ ✸✱ ✺ ❡$ ✼ ❥♦✉#& ♣♦&$ ✐♥♦❝✉❧❛$✐♦♥ ✭❥♣✐✮✳  ♦✉# ❧❡& ❛✉$#❡&

❛♥❛❧②&❡&✱ ❧❡& *❝❤❛♥$✐❧❧♦♥& &♦♥$ ♣#*❧❡✈*& 8 ✻ ♦✉ ✼ ❥♣✐✳ ❙✐① ♣❧❛♥$❡& &♦♥$ ✉$✐❧✐&*❡& ♣❛#

❝♦♥❞✐$✐♦♥ ❡$ $#♦✐& #*♣*$✐$✐♦♥& ❜✐♦❧♦❣✐F✉❡& &♦♥$ ❡✛❡❝$✉*❡&✳

 ♦✉# ❝❡#$❛✐♥❡& ❛♥❛❧②&❡&✱ ❞❡& ❞✐&F✉❡& ❢♦❧✐❛✐#❡& ✭❞✐❛♠=$#❡ ❞❡ ✹ ♠♠✮ &♦♥$ ♣#*❧❡✈*&

❞❛♥& ❧❡& $❛❝❤❡& ❞✬❤✉✐❧❡ ❡$ ❧❡& ③♦♥❡& ❛❞❥❛❝❡♥$❡& ❞❡& ❢❡✉✐❧❧❡& ✐♥❢❡❝$*❡& 8 ✻ ❥♣✐ ❛✐♥&✐ F✉❡ &✉#

❞❡& ♣❧❛♥$❡& $*♠♦✐♥&✳ ❈❡ ♠❛$*#✐❡❧ ❡&$ ❝♦♥❣❡❧* ✐♠♠*❞✐❛$❡♠❡♥$ ❞❛♥& ❞❡ ❧✬❛③♦$❡ ❧✐F✉✐❞❡

❡$ ✉$✐❧✐&* ♣♦✉# ❧❛ F✉❛♥$✐✜❝❛$✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥✱ ❧✬❡①$#❛❝$✐♦♥ ❞❡& ❆❘◆ ❡$ ❧❛ ❞*$❡❝$✐♦♥ ❞❡

❧✬❛❝$✐✈✐$* ✐♥✈❡#$❛&❡ ❝♦♠♠❡ ❞*❝#✐$ ❝✐✲❞❡&&♦✉&✳

✷ ❉♦#❛❣❡ ❞❡# #✉❝*❡# #♦❧✉❜❧❡# ❡- ❞❡ ❧✬❛♠✐❞♦♥

✷✳✶ ❆♥❛❧②.❡ ❞❡. .✉❝$❡. .♦❧✉❜❧❡. ♣❛$ .♣❡❝,$♦♠%,$✐❡ ❞❡ ❘%.♦✲

♥❛♥❝❡ ▼❛❣♥%,✐>✉❡ ◆✉❝❧%❛✐$❡ ✭❘▼◆✮

 ♦✉# ❧✬❡①$#❛❝$✐♦♥ ❞❡& &✉❝#❡& &♦❧✉❜❧❡&✱ ✹✼✺ µ❧ ❞✬❛❝✐❞❡ ♣❡#❝❤❧♦#✐F✉❡ ✼✵ ✪ ❡$ ✷✺✵ µ❧
❞❡ ♠❛❧*❛$❡ ✺✵✵ ♠▼ ✭&$❛♥❞❛#❞ ✐♥$❡#♥❡✮ &♦♥$ ❛❥♦✉$*& 8 ✺ ❣ ❞❡ ❢❡✉✐❧❧❡& ❜#♦②*❡& ❞❛♥&

❧✬❛③♦$❡ ❧✐F✉✐❞❡✳ ❆♣#=& ❝❡♥$#✐❢✉❣❛$✐♦♥ 8 ✷✹ ✵✵✵ ❣ ♣❡♥❞❛♥$ ✶✵ ♠✐♥ 8 ✹

◦
❈✱ ❧❡ &✉#♥❛❣❡❛♥$

❡&$ #*❝✉♣*#* ♣✉✐& ✺✵✵ µ❧ ❞✬❤②❞#♦❣*♥♦❝❛#❜♦♥❛$❡ ❞❡ ♣♦$❛&&✐✉♠ ✭❑❍❈❖

✸

✮ &❛$✉#* &♦♥$

❛❥♦✉$*& ❛✜♥ ❞✬❛❥✉&$❡# ❧❡ ♣❍ 8 ✺ ✲ ✺✱✷✳ ❆♣#=& ✉♥❡ ❞❡✉①✐=♠❡ ❝❡♥$#✐❢✉❣❛$✐♦♥ ✭✶✵ ♠✐♥ 8

✷✵ ✵✵✵ ❣✮✱ ❧❡ &✉#♥❛❣❡❛♥$ ❡&$ #*❝✉♣*#* ♣✉✐& ❧②♦♣❤✐❧✐&*✳ ✷✵✵ µ❧ ❞✬❡❛✉ ❧♦✉#❞❡ &♦♥$ ❡♥&✉✐$❡
❛❞❞✐$✐♦♥♥*& ❡$ ❧❡& *❝❤❛♥$✐❧❧♦♥& &♦♥$ ❝❡♥$#✐❢✉❣*& ✭✺ ♠✐♥ 8 ✶✵ ✵✵✵ ❣✮✳ ▲❡ &✉#♥❛❣❡❛♥$ ❡&$

#❡♣#✐& ♣✉✐& ❝♦♥❣❡❧* 8 ✲✷✵

◦
❈✳ ❆♣#=& ❛❥✉&$❡♠❡♥$ ❞✉ ♣❍ 8 ✼✱ ❧❡& *❝❤❛♥$✐❧❧♦♥& ♦♥$ ❡♥&✉✐$❡

*$* ❛♥❛❧②&*& 8 ❧✬❛✐❞❡ ❞✉ &♣❡❝$#♦♠=$#❡ ❘▼◆ ✭♠♦❞❡❧ ❆▼❳ ✹✵✵✱ ❇#✉❦❡# ❇✐❧❧❡#✐❝❛ ▼❆✮

❛✉ ▲❛❜♦#❛$♦✐#❡ ❞❡  ❤②&✐♦❧♦❣✐❡ ❈❡❧❧✉❧❛✐#❡ ❱*❣*$❛❧❡ ✭❘✐❝❤❛#❞ ❇❧✐❣♥②✱ ❈❊❆ ●#❡♥♦❜❧❡✮

❞❛♥& ❧❡& ❝♦♥❞✐$✐♦♥& ♣#*❛❧❛❜❧❡♠❡♥$ ❞*❝#✐$❡& ♣❛# ❏♦❜✐❝ ❡" ❛❧✳ ✭✷✵✵✼✮✳

✷✳✷ ❉♦.❛❣❡ ❞❡. .✉❝$❡. .♦❧✉❜❧❡. ♣❛$ ❍#❆❊❈✲#❆❉

▲❡& ❢❡✉✐❧❧❡& &♦♥$ ❜#♦②*❡& ❞❛♥& ❧✬❛③♦$❡ ❧✐F✉✐❞❡ ♣✉✐& ❧②♦♣❤✐❧✐&*❡&✳ ✶ ♠❧ ❞✬*$❤❛♥♦❧

✽✵ ✪ ❡&$ ❛❥♦✉$* 8 ✺✵ ♠❣ ❞❡ ❧②♦♣❤✐❧✐&❛$✳ ▲❡& *❝❤❛♥$✐❧❧♦♥& &♦♥$ ♣❧❛❝*& ❞❛♥& ✉♥ ❜❛✐♥

✉❧$#❛&♦♥✐F✉❡ 8 ✽✵

◦
❈ ❞✉#❛♥$ ✸✵ ♠✐♥ ♣✉✐& ❝❡♥$#✐❢✉❣*& ♣❡♥❞❛♥$ ✶✵ ♠✐♥ 8 ✶✺ ✵✵✵ ❣✳ ▲❡

❣❧✉❝♦&❡✱ ❢#✉❝$♦&❡✱ &❛❝❝❤❛#♦&❡ ❡$ $#*❤❛❧♦&❡ &♦♥$ F✉❛♥$✐✜*& ♣❛# ❍ ❆❊❈✲ ❆❉ ✭❝❤#♦♠❛✲

$♦❣#❛♣❤✐❡ ❞✬*❝❤❛♥❣❡ ❞✬❛♥✐♦♥& ❝♦✉♣❧*❡ 8 ✉♥❡ ❞*$❡❝$✐♦♥ ❛♠♣*#♦♠*$#✐F✉❡ ♣✉❧&*❡ ❀ ■❈❙

✸✵✵✵ ❉✐♦♥❡① ■♥&$#✉♠❡♥$✱ ❉✐♦♥❡① ❈♦#♣✳✮ ♣❛# ❧✬❯ ❙  ❘❖❳■❙❙ ✭●✳ ❆❧❝❛#❛③✱ ❆❣#♦&✉♣
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❑❖❍ ✷✵ ♠▼ ♣❍ ✼✱✺ ❝♦♥&❡♥❛♥& ✶✵✵ ♠▼ ❞❡ "❛❝❝❤❛$♦"❡ ❝♦♠♠❡ "✉❜"&$❛&✳ T♦✉$ ❧❡"

✐♥✈❡$&❛"❡" ❛❝✐❞❡"✱ ❧❡" ❡①&$❛✐&" "♦♥& ✐♥❝✉❜'" ❞❛♥" ✷✵ ✈♦❧ ❞✬✉♥❡ "♦❧✉&✐♦♥ ❞✬❛❝'&❛&❡ ❞❡

"♦❞✐✉♠ ✶✵✵ ♠▼ ♣❍ ✹✱✺ ❝♦♥&❡♥❛♥& ✶✵✵ ♠▼ ❞❡ "❛❝❝❤❛$♦"❡ ❝♦♠♠❡ "✉❜"&$❛&✳ ❆♣$G"

✸❤ ❞✬✐♥❝✉❜❛&✐♦♥ Z ✷✺

◦
❈✱ ❧❡" &✉❜❡" "♦♥& ❝❤❛✉✛'" Z ✾✽

◦
❈ ♣❡♥❞❛♥& ✹ ♠✐♥ ❛✜♥ ❞✬❛$$`&❡$

&♦✉&❡ ❛❝&✐✈✐&' ❡♥③②♠❛&✐H✉❡✳ ▲❡" ❜❧❛♥❝" "♦♥& ♣$'♣❛$'" ❞❡ ❧❛ ♠`♠❡ ❢❛e♦♥ ♠❛✐" ❝❤❛✉✛'"

✐♠♠'❞✐❛&❡♠❡♥&✳ ▲❡" ❛❝&✐✈✐&'" ✐♥✈❡$&❛"❡" "♦♥& ♠❡"✉$'❡" ❡♥ ❞♦"❛♥& ❧❡ ❣❧✉❝♦"❡ ❧✐❜'$'

✭❝❢✳ ♣❛$❛❣$❛♣❤❡ ✷✳✹✮✳

✸✳✸ ▼❡.✉&❡ ❞❡ ❧✬❛❝%✐✈✐%0 %&0❤❛❧❛.❡

▲✬❛❝&✐✈✐&' &$'❤❛❧❛"❡ ❡"& H✉❛♥&✐✜'❡ ❞❛♥" ❧❛ ❢$❛❝&✐♦♥ "♦❧✉❜❧❡ ❞❡ ❧✬❡①&$❛✐& ♣$♦&'✐H✉❡

"❡❧♦♥ ❧❡ ♣$♦&♦❝♦❧❡ ❞'❝$✐& ♣❛$ ❇$♦❞♠❛♥♥ ❡! ❛❧✳ ✭✷✵✵✷✮✳ ✶✵ µ❧ ❞❡ ❧✬❡①&$❛✐& "♦♥& ✐♥❝✉❜'"
❞❛♥" ✷✵✵ µ❧ ❞❡ &❛♠♣♦♥ ✭❍❡♣❡"✲❑❖❍ ✷✵ ♠▼ ❀ ♣❍ ✻✱✸✮ ❝♦♥&❡♥❛♥& ❞✉ &$'❤❛❧♦"❡ ✶✵

♠▼ ❝♦♠♠❡ "✉❜"&$❛&✳ ❆♣$G" ✻✵ ♠✐♥ Z ✸✼

◦
❈✱ ❧❡" '❝❤❛♥&✐❧❧♦♥" "♦♥& ❝❤❛✉✛'" Z ✾✽

◦
❈

♣❡♥❞❛♥& ✹ ♠✐♥ ❛✜♥ ❞✬❛$$`&❡$ &♦✉&❡ ❛❝&✐✈✐&' ❡♥③②♠❛&✐H✉❡✳ ▲✬❛❝&✐✈✐&' ❞❡ ❧❛ &$'❤❛❧❛"❡

❡"& ♠❡"✉$'❡ ❡♥ ❞♦"❛♥& ❧❡ ❣❧✉❝♦"❡ ❧✐❜'$' ✭❝❢✳ ♣❛$❛❣$❛♣❤❡ ✷✳✹✮

✸✳✹ ❊①%&❛❝%✐♦♥ ❞❡. ♣&♦%0✐♥❡. ❝❤❧♦&♦♣❧❛.%✐9✉❡.

✶✵ ❣ ❞❡ ❢❡✉✐❧❧❡" "♦♥& ❜$♦②'" ❛✈❡❝ ❞✉ "❛❜❧❡ ❞❡ ❢♦♥&❛✐♥❡❜❧❡❛✉ ❞❛♥" ✶✵✵ ♠❧ ❞❡ &❛♠♣♦♥

❞✬❡①&$❛❝&✐♦♥ ♣$'♣❛$' ❡①&❡♠♣♦$❛♥'♠❡♥& ❬❍❡♣❡"✲❑❖❍ ✺✵ ♠▼ ♣❍ ✽✱✵ ❀ "♦$❜✐&♦❧ ✸✸✵

♠▼ ❀ ❛❝✐❞❡ ❛"❝♦$❜✐H✉❡ ✺ ♠▼ ❀ ❝②"&'✐♥❡ ✺ ♠▼ ❀ ❊❉❚❆ ✷ ♠▼ ❀ T▼❙❋ ✶ ♠▼ ❀ T❱TT

✷✱✺ ✪ ✭♣✴✈✮❪✳ ❆♣$G" ✜❧&$❛&✐♦♥ ❡♥&$❡ ❞❡✉① ❝♦✉❝❤❡" ❞❡ ▼✐$❛❝❧♦&❤ ✭♠❛✐❧❧❡" Z ✸✺ µ♠✮✱
❧✬'❝❤❛♥&✐❧❧♦♥ ❡"& ❝❡♥&$✐❢✉❣' ✭✷✵✵ ❣✱ ✷✵ ♠✐♥✱ ✹

◦
❈✮✳ ▲❡ "✉$♥❛❣❡❛♥& ❡"& &$❛♥"❢'$' ❞❛♥"

✷✼



❋✐❣✉$❡ ✶✻ ✕ ❙✉❜#$%❛$# #♣(❝✐✜,✉❡# ❞❡# ❛♠②❧❛#❡# ✉$✐❧✐#(# ❞❛♥# ❧❡# ❦✐$# ❞❡ ▼❡❣❛✲

③②♠❡✳ ❆ ✿ ♣✲♥✐%&♦♣❤*♥②❧ ♠❛❧%♦❤❡♣%❛♦0✐❞❡ ❞♦♥% ❧❛ ❢♦♥❝%✐♦♥ ♥♦♥✲&*❞✉❝%&✐❝❡ ❛ *%* ♣&♦%*❣*❡

✭♣&♦%❡❝%✐♦♥ &❡♣&*0❡♥%*❡ ♣❛& ❧❡ ✏❇✑✮✱ ❇ ✿ ♣✲♥✐%&♦♣❤*♥②❧✲β✲❉✲♠❛❧%♦%&✐♦0✐❞❡✳ ❉✬❛♣&?0 ▼❡❣❛✲

③②♠❡✳



✉♥ ♥♦✉✈❡❛✉ &✉❜❡ ❡& ❝❡♥&)✐❢✉❣- ✭✻ ✵✵✵ ❣✱ ✷✺ ♠✐♥✱ ✹

◦
❈✮✳ ▲❡ ❝✉❧♦& ❡;& ❧❛✈- ❛✈❡❝ ✶ ✈♦❧

❞❡ &❛♠♣♦♥ ❞❡ ❧❛✈❛❣❡ ✭❍❡♣❡;✲❑❖❍ ✺✵ ♠▼ ♣❍ ✽✱✵ ❀ ;♦)❜✐&♦❧ ✸✸✵ ♠▼ ❀ ❊❉❚❆ ✷ ♠▼ ❀

K▼❙❋ ✶ ♠▼✮✱ )❡♣)✐; ❞❛♥; ✶ ✈♦❧ ❞❡ &❛♠♣♦♥ ✭❍❡♣❡;✲❑❖❍ ✶✵ ♠▼ ♣❍ ✽✱✵ ❀ ▼❣❈❧

✷

✺ ♠▼ ❀ K▼❙❋ ✶ ♠▼✮✱ ✐♥❝✉❜- ;✉) ❣❧❛❝❡ ♣❡♥❞❛♥& ✶✵ ♠✐♥ ❡& ❝❡♥&)✐❢✉❣- ✭✶✵ ✵✵✵ ❣✱

✷✺ ♠✐♥✱ ✹

◦
❈✮✳ ▲❡; ♣)♦&-✐♥❡; ❝♦♥&❡♥✉❡; ❞❛♥; ❧❡ ;✉)♥❛❣❡❛♥& ;♦♥& ❝♦♥❝❡♥&)-❡; ❛✈❡❝ ✉♥

✜❧&)❡ ▼✐❝)♦❝♦♥ ✭✸✵ ❦❉❛✱ ▼✐❧❧✐♣♦)❡✮✳ ▲❛ ❝♦♥❝❡♥&)❛&✐♦♥ ♣)♦&-✐P✉❡ ❡;& ❡;&✐♠-❡ ♣❛) ❧❛

♠-&❤♦❞❡ ❞❡ ❇)❛❞❢♦)❞ ✭❇)❛❞❢♦)❞ ✶✾✼✻✮✳

✸✳✺ ▼❡%✉'❡ ❞❡ ❧✬❛❝-✐✈✐-0 ❆❉3✲❣❧✉❝♦%❡ ♣②'♦♣❤♦%♣❤♦'②❧❛%❡

▲✬❛❝&✐✈✐&- ❆●K❛;❡ ❡;& ♠❡;✉)-❡ ❡♥ ❞✐)❡❝&✐♦♥ ❞❡ ❧❛ ♣❤♦;♣❤♦)♦❧②;❡ ❝♦♠♠❡ ❞-❝)✐&

♣❛) ❚✐❡;;❡♥ ❡" ❛❧✳ ✭✷✵✵✷✮✳ K♦✉) ♣❡)♠❡&&)❡ ❧✬❛❝&✐✈❛&✐♦♥ ❞❡ ❧✬❡♥③②♠❡✱ ✸✵ µ❧ ❞❡ ❧✬❡①%&❛✐%

♣&♦%+✐,✉❡ ❝❤❧♦&♦♣❧❛0%✐,✉❡ 0♦♥% ❛✉ ♣&+❛❧❛❜❧❡ ✐♥❝✉❜+0 ✭✶✵ ♠✐♥ 7 ✹

◦
❈✮ ❞❛♥0 ✷✵✵ µ❧ ❞✬✉♥❡

0♦❧✉%✐♦♥ ❝♦♥%❡♥❛♥% ❞❡ ❧✬❆❉>✲❣❧✉❝♦0❡ ✶ ♠▼ ❡% ❉❚❚ ✺ ♠▼✳ ▲❛ &+❛❝%✐♦♥ ❞+❜✉%❡ ♣❛&

❧✬❛❞❞✐%✐♦♥ ❞❡ ✺✵ µ❧ ❞❡ ❝❡% ❡①%&❛✐% ❛❝%✐✈+ 7 ✸✺✵µ❧ ❞❡ %❛♠♣♦♥ ❞❡ &+❛❝%✐♦♥ ✭❍❡♣❡0✲❑❖❍

✺✵ ♠▼ ♣❍ ✼✱✽ ❀ ▼❣❈❧

✷

✺ ♠▼ ❀ ❣❧✉❝♦0❡ ✶✱✻✲❜✐0♣❤♦0♣❤❛%❡ ✶✵ µ▼ ❀ ◆❆❉ ✵✱✻ ♠▼ ❀ ◆❛✲

>>✐ ✷✱✺ ♠▼ ❀ ♣❤♦0♣❤♦❣❧✉❝♦♠✉%❛0❡ ✶ ✉✳♠❧

✲✶

❀ ❣❧✉❝♦0❡ ✻✲♣❤♦0♣❤❛%❡ ❞+0❤②❞&♦❣+♥❛0❡

✷✱✺ ✉✳♠❧

✲✶

❀ ❆❉>✲❣❧✉❝♦0❡ ✶ ♠▼✮✳ ▲✬❛❜0♦&❜❛♥❝❡ ❡0% ♠❡0✉&+❡ 7 ✸✹✵ ♥♠ ♣❡♥❞❛♥% ✸✵

♠✐♥ ❛✜♥ ❞❡ 0✉✐✈&❡ ❧❛ ❢♦&♠❛%✐♦♥ ❞✉ ◆❆❉❍✳ ❉❡0 %+♠♦✐♥0 0♦♥% ♣&+♣❛&+0 0❛♥0 ❆❉>✲

❣❧✉❝♦0❡✳ ▲✬❛❝%✐✈✐%+ ❡♥③②♠❛%✐,✉❡ ♠❡0✉&+❡ ♣❛& ✈♦❧✉♠❡ ❡0% &❛♣♣♦&%+❡ 7 ❧❛ ❝♦♥❝❡♥%&❛%✐♦♥

♣&♦%+✐,✉❡ ❞+%❡&♠✐♥+❡ ❛✉♣❛&❛✈❛♥%✳

✸✳✻ ▼❡%✉'❡ ❞❡% ❛❝+✐✈✐+.% ❛♠②❧❛%❡

▲❡0 ❛❝%✐✈✐%+0 α✲ ❡% β✲❛♠②❧❛0❡0 ❞❡0 ❡①%&❛✐%0 ♣&♦%+✐,✉❡0 ❝❤❧♦&♦♣❧❛0%✐,✉❡0 0♦♥% ♠❡✲

0✉&+❡0 ❡♥ ✉%✐❧✐0❛♥% &❡0♣❡❝%✐✈❡♠❡♥% ❧❡0 ❦✐%0 ✏❈❡&❛❧♣❤❛✑ ❡% ✏❇❡%❛♠②❧✲✸✑ ✭▼❡❣❛③②♠❡✮

0❡❧♦♥ ❧❡0 ✐♥0%&✉❝%✐♦♥0 ❞✉ ❢❛❜&✐❝❛♥% ❡♥ ❞✐❧✉❛♥% ❧❡0 ❡①%&❛✐%0 ❞❛♥0 ❧❡0 %❛♠♣♦♥0 ❢♦✉&♥✐0

❬✶✴✶✵ ❀ ✭✈✴✈✮❪✳

▲❡ ♠+❧❛♥❣❡ &+❛❝%✐♦♥♥❡❧ ❞✉ ❦✐% ✏❈❡&❛❧♣❤❛✑ ❝♦♥%✐❡♥% ❧❡ 0✉❜0%&❛% 0♣+❝✐✜,✉❡ ♣♦✉&

❧✬α✲❛♠②❧❛0❡ ✭❧❡ ♣✲♥✐%&♦♣❤+♥②❧ ♠❛❧%♦❤❡♣%❛♦0✐❞❡ ❞♦♥% ❧❛ ❢♦♥❝%✐♦♥ ♥♦♥✲&+❞✉❝%&✐❝❡ ❛

+%+ ♣&♦%+❣+❡✱ ❋✐❣✉&❡ ✶✻ ❆✮ ❡% ❞❡0 ❝♦♥❝❡♥%&❛%✐♦♥0 0❛%✉&❛♥%❡0 ❞✬❛♠②❧♦❣❧✉❝♦0✐❞❛0❡ ❡%

❞✬α✲❣❧✉❝♦0✐❞❛0❡✳ ▲♦&0 ❞❡ ❧❛ ❞+❣&❛❞❛%✐♦♥ ❞✉ 0✉❜0%&❛% ♣❛& ❧✬α✲❛♠②❧❛0❡✱ ❧✬❛♠②❧♦❣❧✉✲

❝♦0✐❞❛0❡ ❡% ❧✬α✲❣❧✉❝♦0✐❞❛0❡ ❤②❞&♦❧②0❡♥% ✐♠♠+❞✐❛%❡♠❡♥% ❧❡ ❢&❛❣♠❡♥% ♣✲♥✐%&♦♣❤+♥②❧✲

♠❛❧%♦0❛❝❝❤❛&✐❞❡ ♣♦✉& ♣&♦❞✉✐&❡ ❞❡ ♠❛♥✐]&❡ 0%^❝❤✐♦♠+%&✐,✉❡ ❞✉ ❣❧✉❝♦0❡ ❡% ❞✉ ♣✲

♥✐%&♦♣❤+♥♦❧✳

▲❡ ❦✐% ✏❇❡%❛♠②❧✲✸✑ ❝♦♥%✐❡♥% ❧❡ 0✉❜0%&❛% ♣♦✉& ❧❛ β✲❛♠②❧❛0❡✱ ❧❡ ♣✲♥✐%&♦♣❤+♥②❧✲β✲❉✲
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❝✐✜?✉❡, ❞❛♥, ❧❡, ❝♦♥❞✐!✐♦♥, ♣*3❝3❞❡♠♠❡♥! ❞3❝*✐!❡, ✭❝❢✳ ♣❛*❛❣*❛♣❤❡ ✺✳✹✮✳ ▲❛ ,❡✉❧❡

♠♦❞✐✜❝❛!✐♦♥ ❝♦♥,✐,!❡ ❡♥ ❧❛ ❞3!❡❝!✐♦♥ ❞❡ ❧❛ ✢✉♦*❡,❝❡♥❝❡ 0 ✽✶

◦
❈✱ ❛♣*+, ❧❛ ♣❤❛,❡ ❞✬3❧♦♥✲

❣❛!✐♦♥✱ ❛✜♥ ❞❡ ♥❡ ❞3!❡❝!❡* ?✉❡ ❧❡, ♣*♦❞✉✐!, ❞✬❛♠♣❧✐✜❝❛!✐♦♥ ,♣3❝✐✜?✉❡,✳

✸✹



  



✻ ▼"#❤♦❞❡( ♠✐❝,♦(❝♦♣✐.✉❡(

✻✳✶ ❱✐%✉❛❧✐%❛)✐♦♥ ❞❡  ✳ ✈✐$✐❝♦❧❛ ♣❛/ ❝♦❧♦/❛)✐♦♥ ❤✐%)♦❝❤✐♠✐3✉❡

❛✉ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡

▲❡" ❞✐"%✉❡" ❢♦❧✐❛✐+❡" ✭✵✱✺ ❝♠ ❞❡ ❞✐❛♠23+❡✮ "♦♥3 ✜①8" ❡3 ❞8♣✐❣♠❡♥38" ❞❛♥" ❞✉

♠83❤❛♥♦❧ ❛❜"♦❧✉ ♣❡♥❞❛♥3 ✉♥❡ ♥✉✐3 = 3❡♠♣8+❛3✉+❡ ❛♠❜✐❛♥3❡ ♣✉✐" ❝❧❛+✐✜8" ✉♥❡ ♥✉✐3

❞❛♥" ✉♥❡ "♦❧✉3✐♦♥ ❛%✉❡✉"❡ ❞✬❤②❞+❛3❡ ❞❡ ❝❤❧♦+❛❧ ✭✷✱✺ ✪✱ ♣✴✈✮✳ ❆♣+2" ❞❡✉① +✐♥F❛❣❡"

❛✉ 3❛♠♣♦♥ ♣❤♦"♣❤❛3❡ ✭✶✵✵ ♠▼✱ ♣❍ ✽✮✱ ❧❡" ❞✐"%✉❡" "♦♥3 ❝♦❧♦+8" ♣❡♥❞❛♥3 ❞❡✉① ❥♦✉+"

= 3❡♠♣8+❛3✉+❡ ❛♠❜✐❛♥3❡ ❞❛♥" ✉♥❡ "♦❧✉3✐♦♥ ✜❧3+8❡ ❞❡ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡ ✭✵✱✵✺ ✪ ❀ ♣✴✈ ❀

3❛♠♣♦♥ ♣❤♦"♣❤❛3❡ ✶✵✵ ♠▼ ❀ ♣❍ ✽✮✳ ▲❡" ❞✐"%✉❡" "♦♥3 ❡♥"✉✐3❡ ♠♦♥38" ❡♥3+❡ ❧❛♠❡ ❡3

❧❛♠❡❧❧❡ ❞❛♥" ❧❛ "♦❧✉3✐♦♥ ❞❡ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡ ♣✉✐" ❧❛ ❢❛❝❡ ✐♥❢8+✐❡✉+❡ ❡"3 ❡①❛♠✐♥8❡ ❡♥

8♣✐✢✉♦+❡"❝❡♥❝❡ ✭♠✐❝+♦"❝♦♣❡ ❉▼▲❇✱ ▲❡✐❝❛ ♠✐❝+♦"②"3❡♠"✮ "♦✉" ✜❧3+❡ ❯❱ ✭λ
❡①

✸✹✵ =

✸✽✵ ♥♠✱ λ
"♠

✹✷✺ ♥♠✮✳ ❉❛♥" ❝❡" ❝♦♥❞✐3✐♦♥"✱ ❧❡" "3+✉❝3✉+❡" ❞❡ ❧✬♦♦♠②❝23❡ ✢✉♦+❡"❝❡♥3

❡♥ ❜❧❡✉ ❝❧❛✐+✳

✻✳✷ ▼✐❝/♦%❝♦♣✐❡ 8❧❡❝)/♦♥✐3✉❡ 9 )/❛♥%♠✐%%✐♦♥

❋✐①❛$✐♦♥✲❞)*❤②❞-❛$❛$✐♦♥

❉❡" ❢+❛❣♠❡♥3" ❢♦❧✐❛✐+❡" ✭✷ ♠♠ ① ✺ ♠♠ ❡♥✈✐+♦♥✮ "♦♥3 ♣+8❧❡✈8" = ✹

◦
❈ ❞❛♥" ❞✉

3❛♠♣♦♥ ❝❛❝♦❞②❧❛3❡ ✵✱✶ ▼ ✭♣❍ ✼✱✷✮ = ♣❛+3✐+ ❞❡ ❢❡✉✐❧❧❡" ✐""✉❡" ❞❡ ♣❧❛♥3❡" 38♠♦✐♥"

♦✉ ✐♥❢❡❝38❡" ✭✻ ❥♣✐✮✱ = ❧✬♦❜"❝✉+✐38✳ ▲❡" 8❝❤❛♥3✐❧❧♦♥" "♦♥3 ✜①8" ✶❤ "♦✉" ✈✐❞❡ ❞❛♥" ❞❡"

♣✐❧✉❧✐❡+" ✐♥❞✐✈✐❞✉❡❧" ❝♦♥3❡♥❛♥3 ❞✉ ❣❧✉3❛+❛❧❞8❤②❞❡ = ✷✱✺ ✪ ✭✈✴✈✮ ♣+8♣❛+8 ❞❛♥" ❞✉

3❛♠♣♦♥ ❝❛❝♦❞②❧❛3❡ ✵✱✶ ▼ ✭♣❍ ✼✱✷ ❀ ✹

◦
❈✮✱ ♣✉✐" ❧❛ ♥✉✐3 = ✹

◦
❈✳ ■❧" "♦♥3 +✐♥❝8" ✸ ❢♦✐"

✶❤ ❞❛♥" ❞✉ 3❛♠♣♦♥ ❝❛❝♦❞②❧❛3❡ ✵✱✶ ▼ ✭♣❍ ✼✱✷ ❀ ✹

◦
❈✮ ❡3 ♣♦"3✲✜①8" ♣❡♥❞❛♥3 ✶❤ ❛✉

383+♦①②❞❡ ❞✬♦"♠✐✉♠ ✶ ✪ ✭✈✴✈✱ ❞❛♥" ❞✉ 3❛♠♣♦♥ ❝❛❝♦❞②❧❛3❡ ✵✱✷ ▼ ❀ ♣❍ ✼✱✷ ❀ ✹

◦
❈✮✳ ▲❡"

8❝❤❛♥3✐❧❧♦♥" "♦♥3 ❛❧♦+" ❞8"❤②❞+❛38" = 3❡♠♣8+❛3✉+❡ ❛♠❜✐❛♥3❡ ❞❛♥" ❞❡" ❜❛✐♥" "✉❝❝❡""✐❢"

❞✬83❤❛♥♦❧ ❬✭✸✵ ✪ ✲ ✶✵✵ ✪✱ ✈✴✈✮✱ ✸✵ ♠✐♥✉3❡" ❞❛♥" ❝❤❛%✉❡ ❜❛✐♥❪✱ ♣✉✐" ❞❡✉① ❜❛✐♥"

❞✬♦①②❞❡ ❞❡ ♣+♦♣②❧2♥❡ ♣❡♥❞❛♥3 ✸✵ ♠✐♥✉3❡"✳

■♥❝❧✉*✐♦♥ ❡♥ -)*✐♥❡

▲❡" 8❝❤❛♥3✐❧❧♦♥" "♦♥3 ♣❧❛❝8" ✷❤ = 3❡♠♣8+❛3✉+❡ ❛♠❜✐❛♥3❡ ❞❛♥" ❞❡" ❜❛✐♥" "✉❝❝❡""✐❢"

❞❡ +8"✐♥❡ ✭❘8"✐♥❡ ❊♣♦♥ ✽✶✷✱ ▼❡+❝❦✮ ✴ ♦①②❞❡ ❞❡ ♣+♦♣②❧2♥❡ ❬✭✶✲✷ ❀ ✶✲✶ ❀ ✷✲✶ ✭✈✴✈✮❪✱

♣✉✐" ✉♥❡ ♥✉✐3 ❞❛♥" ✉♥ ❜❛✐♥ ❞❡ +8"✐♥❡ ♣✉+❡ ❛✈❛♥3 ❞✬^3+❡ ✐♥❝❧✉" ❞❛♥" ❞❡ ❧❛ +8"✐♥❡

✭♣♦❧②♠8+✐"❛3✐♦♥ = ✻✵

◦
❈ ❞✉+❛♥3 ✹✽ ❤✮✳

❘)❛❧✐*❛$✐♦♥ ❞❡* ❝♦✉♣❡*✱ ❝♦♥$-❛*$❡ ❡$ ♦❜*❡-✈❛$✐♦♥*

❉❡" ❝♦✉♣❡" 3+❛♥"✈❡+"❛❧❡" ✉❧3+❛✜♥❡" ✭✾✵ ♥♠ ❞✬8♣❛✐""❡✉+✮ "♦♥3 +8❛❧✐"8❡" = ❧✬❛✐❞❡

❞✬✉♥ ✉❧3+❛✲♠✐❝+♦3♦♠❡ ✭❘❡✐❝❤❡+3 ✉❧3+❛❝✉3 ❊✱ ▲❡✐❝❛✮ 8%✉✐♣8 ❞✬✉♥ ❞✐❛♠❛♥3 ✏✉❧3+❛✑ ✭✷

♠♠✱ ✹✺

◦
✮ ❡3 ❝♦❧❧❡❝38❡" "✉+ ❞❡" ❣+✐❧❧❡" ❞❡ ❝✉✐✈+❡ ✭✸✵✵ ♠❡"❤ ❝♦♣♣❡+✱ b❡❧❛♥♥❡ ■♥"3+✉✲

♠❡♥3"✮✳ ❆✈❛♥3 ❧✬♦❜"❡+✈❛3✐♦♥✱ ❧❡" 8❝❤❛♥3✐❧❧♦♥" "♦♥3 ❞♦✉❜❧❡♠❡♥3 ❝♦♥3+❛"38" ❛✈❡❝ ❧✬❛❝8✲

3❛3❡ ❞✬✉+❛♥②❧❡ ✭✷✱✺ ✪✱ ♣✴✈✮ ❡3 ❧❡ ❝✐3+❛3❡ ❞❡ ♣❧♦♠❜ ✭✷✱✺ ✪✱ ♣✴✈✮✳ ▲❡" ❣+✐❧❧❡" "8❝❤8❡"

✸✺



  



 ♦♥# ♦❜ ❡&✈(❡ ❛✉ ♠✐❝&♦ ❝♦♣❡ (❧❡❝#&♦♥✐0✉❡ 1 #&❛♥ ♠✐  ✐♦♥ ✭❍✐#❛❝❤✐ ✻✵✵✱ ✼✺ ❦❱✮✳ >♦✉&

❝❤❛0✉❡ #&❛✐#❡♠❡♥#✱ ❛✉ ♠♦✐♥ ✺ ❜❧♦❝  ♦♥# (#✉❞✐( ✱ ❧❡ (❝❤❛♥#✐❧❧♦♥ ♣&♦✈❡♥❛♥# ❞❡ ✸

♣❧❛♥#❡ ❞✐ #✐♥❝#❡ ✳

✸✻



❋✐❣✉$❡ ✶✾ ✕ ❉!✈❡❧♦♣♣❡♠❡♥) ❞❡  ✳ ✈✐$✐❝♦❧❛ ❞❛♥, ❞❡, ❢❡✉✐❧❧❡, ❞❡ ❱✳ ✈✐♥✐❢❡-❛ ❝✈✳

▼❛3,❡❧❛♥✳ ❖❜"❡$✈❛'✐♦♥ ❞❡ ❢❡✉✐❧❧❡" ✐♥❢❡❝'0❡" ❡♥ ♠✐❝$♦"❝♦♣✐❡ 3 ✢✉♦$❡"❝❡♥❝❡ ❛♣$5" ❝♦❧♦$❛'✐♦♥

❛✉ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡ ❡' 0✈♦❧✉'✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥' ❞✬✐♥❢❡❝'✐♦♥ ✭✶ 3 ✼ ❥♣✐✮✳ ▲❡" ✐♠❛❣❡" ♣$0"❡♥'❡♥'

❧❡" ❞✐✛0$❡♥'" "'❛❞❡" ❞❡ ❞0✈❡❧♦♣♣❡♠❡♥' ❞❡  ✳ ✈✐$✐❝♦❧❛✳ ▲❡" ❜❛$$❡" ❜❧❛♥❝❤❡" ❝♦$$❡"♣♦♥❞❡♥'

3 ✶✵ µ♠✳ ▲❡" ✐♠❛❣❡" "♦♥' $❡♣$0"❡♥'❛'✐✈❡" ❞❡ '$♦✐" $0♣0'✐'✐♦♥" ❜✐♦❧♦❣✐C✉❡"✳ ▲❡ ❝♦❡✣❝✐❡♥'

❞✬✐♥❢❡❝'✐♦♥ $❡♣$0"❡♥'❡ ❧❡ $❛'✐♦ ❡♥'$❡ ❧❛ '❡♥❡✉$ ❡♥ ❆❉◆ ❞✬♦$✐❣✐♥❡ ♣❛'❤♦❣5♥❡ ✭ ✈❆❈❚ ✮ ❡'

✈0❣0'❛❧❡ ✭❱✈❍❚✺ ✮ C✉❛♥'✐✜0❡ ♣❛$ ❘❚✲K❈❘✳ ▲❡" 0❝❤❛♥'✐❧❧♦♥" ❢♦❧✐❛✐$❡" ♦♥' 0'0 ♣$0❧❡✈0" 3 ❧❛

❧✉♠✐5$❡ ✭▲✮ ❡' 3 ❧✬♦❜"❝✉$✐'0 ✭❖✮✳ ▲❡" ❞♦♥♥0❡" ❝♦$$❡"♣♦♥❞❡♥' 3 ❧❛ ♠♦②❡♥♥❡ ❞❡ '$♦✐" $0♣0'✐'✐♦♥"

❜✐♦❧♦❣✐C✉❡" ± 0❝❛$'✲'②♣❡✳ ▲❡" ❛"'0$✐"C✉❡" ✭✯✮ ✐♥❞✐C✉❡♥' ❧❡" ✈❛❧❡✉$" ♣♦✉$ ❧❡"C✉❡❧❧❡" ✐❧ ② ❛ ✉♥❡

❞✐✛0$❡♥❝❡ "'❛'✐"'✐C✉❡♠❡♥' "✐❣♥✐✜❝❛'✐✈❡ ✭K ❁ ✵✱✵✺✮✳



❘!"✉❧%❛%"

✶ ❉"✈❡❧♦♣♣❡♠❡♥* ❞❡  ✳ ✈✐$✐❝♦❧❛ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡-

▲❡ ❞#✈❡❧♦♣♣❡♠❡♥* ❞❡  ✳ ✈✐$✐❝♦❧❛ ❞❛♥, ❧❡, ❢❡✉✐❧❧❡, ❞❡ ✈✐❣♥❡ ❛ #*# ,✉✐✈✐ ♣❛1 ❞❡,

♦❜,❡1✈❛*✐♦♥, ❡♥ ♠✐❝1♦,❝♦♣✐❡ 4 ✢✉♦1❡,❝❡♥❝❡ ❛♣16, ❝♦❧♦1❛*✐♦♥ ❛✉ ❜❧❡✉ ❞✬❛♥✐❧✐♥❡ ❛✐♥,✐

8✉❡ ♣❛1 ❧✬#✈♦❧✉*✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥* ❞✬✐♥❢❡❝*✐♦♥✳ ❈❡ ❞❡1♥✐❡1 ❝♦11❡,♣♦♥❞ ❛✉ 1❛*✐♦ ❡♥*1❡

❧❛ *❡♥❡✉1 ❡♥ ❆❉◆ ❞✉ ♣❛*❤♦❣6♥❡ ❡* ❝❡❧❧❡ ❞❡ ❧❛ ♣❧❛♥*❡ ❞#*❡1♠✐♥#❡, ❛♣16, ❘❚✲C❈❘ ,✉1

❧✬❆❉◆ ❣#♥♦♠✐8✉❡ ❛✈❡❝ ❧❡, ❛♠♦1❝❡, ❱✈❍❚✺ ✭♣❧❛♥*❡✮ ❡*  ✈❆❈❚ ✭♣❛*❤♦❣6♥❡✮✳ ▲❛ ❝✐✲

♥#*✐8✉❡ ❞❡ ❧✬✐♥❢❡❝*✐♦♥ ❞❛♥, ♥♦, ❝♦♥❞✐*✐♦♥, ❝♦11❡,♣♦♥❞ 4 ❝❡ 8✉✐ ❛ #*# ❞#❝1✐* ❛✉♣❛1❛✈❛♥*

✭❚1♦✉✈❡❧♦* ❡$ ❛❧✳✱ ✷✵✵✽✮✳ ➚ ✶ ❥♣✐✱ ❞❡, ③♦♦,♣♦1❡, ♦♥* ❛**❡✐♥* ❧❡, ,*♦♠❛*❡,✱ ,✬❡♥❦②,*❡♥*

❡* ❝❡1*❛✐♥❡, ♦♥* ✐♥✐*✐# ❧❛ ❣❡1♠✐♥❛*✐♦♥ ✭❋✐❣✉1❡ ✶✾✮✳ ▲❡ ❝♦❡✣❝✐❡♥* ❞✬✐♥❢❡❝*✐♦♥ ❡,* ♥✉❧

❥✉,8✉✬4 ✸ ❥♣✐ ❝❛1 ❧✬❆❉◆ ❞❡ ❧✬♦♦♠②❝6*❡ ♥✬❛ ♣✉ S*1❡ ❞#*❡❝*# ❛✈❛♥*✳ ➚ ❝❡ ,*❛❞❡✱ ❧❡,

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

,♦♣❤②❧❧❡ ❞❡ ❧✬❤T*❡✳ ❊♥,✉✐*❡✱ ❧❡, ❤②♣❤❡, ♣1♦❣1❡,,❡♥* ❞❛♥, ❧❡, *✐,,✉, ❡* ,❡ 1❛♠✐✜❡♥*✳

▲❡ ❝♦❡✣❝✐❡♥* ❞✬✐♥❢❡❝*✐♦♥ ❛✉❣♠❡♥*❡ ,✐❣♥✐✜❝❛*✐✈❡♠❡♥* 4 ♣❛1*✐1 ❞❡ ✺ ❥♣✐✱ 8✉❛♥❞ ❧❡ ♣❛✲

*❤♦❣6♥❡ ❛ ❜✐❡♥ ❝♦❧♦♥✐,# ❧❡, *✐,,✉, ❢♦❧✐❛✐1❡,✳ ❈❡ ,*❛❞❡ ❝♦11❡,♣♦♥❞ 4 ❧✬❛♣♣❛1✐*✐♦♥ ❞❡,

,②♠♣*T♠❡, ✑*❛❝❤❡, ❞✬❤✉✐❧❡✑ 4 ❧❛ ❢❛❝❡ ,✉♣#1✐❡✉1❡ ❞❡ ❧❛ ❢❡✉✐❧❧❡✳ ➚ ✼ ❥♣✐✱ ❧❡ ❝♦❡✣❝✐❡♥*

❞✬✐♥❢❡❝*✐♦♥ ❡,* ♠❛①✐♠❛❧ ❡* ❧❡, ,②♠♣*T♠❡, ,♦♥* ❜✐❡♥ ✈✐,✐❜❧❡, ,✉1 *♦✉*❡ ❧❛ ❢❡✉✐❧❧❡✳ ➚

❝❡ ,*❛❞❡✱ ❧✬♦♦♠②❝6*❡ ❡,* ♣1#,❡♥* ❞❛♥, ❧❡, ❝❤❛♠❜1❡, ,♦✉,✲,*♦♠❛*✐8✉❡, ❡* ❡,* ♣1S* 4

,♣♦1✉❧❡1 ,✐ ❧❡, ❝♦♥❞✐*✐♦♥, ❞✬❤✉♠✐❞✐*# ❧❡ ♣❡1♠❡**❡♥*✳

✷ ❆❝❝✉♠✉❧❛*✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡- *❛❝❤❡-

❞✬❤✉✐❧❡

❯♥❡ ❝♦❧♦1❛*✐♦♥ ❛✉ ❧✉❣♦❧ ❛ ♣❡1♠✐, ❞❡ ✈✐,✉❛❧✐,❡1 ❧✬❛♠✐❞♦♥ ❞❛♥, ❧❡, ❢❡✉✐❧❧❡, *#♠♦✐♥,

❡* ✐♥❢❡❝*#❡, ♣❛1  ✳ ✈✐$✐❝♦❧❛✳ ➚ ✼ ❥♣✐✱ ❧❡, ❢❡✉✐❧❧❡, *#♠♦✐♥, ♣1#❧❡✈#❡, 4 ❧✬♦❜,❝✉1✐*# ♥❡

♠♦♥*1❡♥* ♣❛, ❞❡ ❝♦❧♦1❛*✐♦♥ ✭❋✐❣✉1❡ ✷✵ ❆✮✱ ❝♦♥*1❛✐1❡♠❡♥* ❛✉① ❢❡✉✐❧❧❡, ✐♥❢❡❝*#❡, 8✉✐

♣1#,❡♥*❡♥* ✉♥❡ ❝♦❧♦1❛*✐♦♥ ❜❧❡✉❡ ✲ ✈✐♦❧❡**❡ ❞❛♥, ❧❡, ③♦♥❡, ❝♦11❡,♣♦♥❞❛♥* ❛✉① ,②♠♣✲

*T♠❡, ✑*❛❝❤❡, ❞✬❤✉✐❧❡✑ ✭❋✐❣✉1❡ ✷✵ ❇✮✳ ➚ ❧❛ ❧✉♠✐61❡✱ ❧✬❛♠✐❞♦♥ ❡,* ♣1#,❡♥* ❞❡ ♠❛♥✐61❡

❤♦♠♦❣6♥❡ ❛✉ ♥✐✈❡❛✉ ❞❡, ❢❡✉✐❧❧❡, *#♠♦✐♥,✱ ♠❛✐, ✐❧ ,❡♠❜❧❡ ♣1#❢#1❡♥*✐❡❧❧❡♠❡♥* ❛❝❝✉♠✉❧#

❛✉ ♥✐✈❡❛✉ ❞❡, ✑*❛❝❤❡, ❞✬❤✉✐❧❡,✑ ❞❛♥, ❧❡, ❢❡✉✐❧❧❡, ✐♥❢❡❝*#❡, ✭❞♦♥♥#❡, ♥♦♥ ♣1#,❡♥*#❡,✮✳

❉❡, ❝♦✉♣❡, ✉❧*1❛✜♥❡, ♦♥* #*# 1#❛❧✐,#❡, 4 ♣❛1*✐1 ❞❡ ❢❡✉✐❧❧❡, *#♠♦✐♥, ❡* ✐♥❢❡❝*#❡,

♣❛1  ✳ ✈✐$✐❝♦❧❛ ✭✻ ❥♣✐✱ ♦❜,❝✉1✐*#✮ ♣✉✐, ♦❜,❡1✈#❡, ❡♥ ♠✐❝1♦,❝♦♣✐❡ #❧❡❝*1♦♥✐8✉❡ 4 *1❛♥,✲

♠✐,,✐♦♥✳ ❉❛♥, ❧❡, ❝❡❧❧✉❧❡, ❞✉ ♣❛1❡♥❝❤②♠❡ ❧❛❝✉♥❡✉① ❞❡, ❢❡✉✐❧❧❡, *#♠♦✐♥,✱ ❧❡, ❝❤❧♦✲

1♦♣❧❛,*❡, ,❡♠❜❧❡♥* ❝♦♥*❡♥✐1 ♣❡✉ ❞✬❛♠✐❞♦♥ ❧♦❝❛❧✐,# ❞❛♥, 8✉❡❧8✉❡, ❣1❛✐♥, ♣❡✉ ✈♦❧✉✲

♠✐♥❡✉① ✭❋✐❣✉1❡ ✷✵ ❈✮✳ ❉❛♥, ❧❡, ❢❡✉✐❧❧❡, ✐♥❢❡❝*#❡,✱ ❧❡, ❝❤❧♦1♦♣❧❛,*❡, ❝♦♥*✐❡♥♥❡♥* ❞❡,

❣1❛✐♥, ❞✬❛♠✐❞♦♥ ❛♥♦1♠❛❧❡♠❡♥* ✈♦❧✉♠✐♥❡✉① ♠❛✐, ❝❡❧❛ ♥❡ ,❡♠❜❧❡ *♦✉*❡❢♦✐, ♣❛, ❛❧*#1❡1

❧❡✉1 ,*1✉❝*✉1❡ ✭❋✐❣✉1❡ ✷✵ ❉✮✳

✸✼



❋✐❣✉$❡ ✷✵ ✕ ❖❜"❡$✈❛'✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥" ❧❡" ❢❡✉✐❧❧❡" ❞❡ ✈✐❣♥❡ '2♠♦✐♥" ❡'

✐♥❢❡❝'2❡" ♣❛$  ✳ ✈✐$✐❝♦❧❛✱ 6 ❧✬♦❜"❝✉$✐'2✳ ✭❆✮ ❡$ ✭❇✮✿ ❧❛ ♣❛*$✐❡ ❣❛✉❝❤❡ ❞❡ ❝❤❛1✉❡ ✐♠❛❣❡

❝♦**❡4♣♦♥❞ 6 ✉♥❡ ♣❤♦$♦ ❞✬✉♥❡ ❢❡✉✐❧❧❡ $9♠♦✐♥ ✭❆✮ ❡$ ✐♥❢❡❝$9❡ ✭❇✮ 6 ✼ ❥♣✐✳ ▲❛ ♣❛*$✐❡ ❞*♦✐$❡

*❡♣*94❡♥$❡ ❧❛ ♠>♠❡ ❢❡✉✐❧❧❡ ❛♣*?4 ❝❧❛*✐✜❝❛$✐♦♥ ❡$ ❝♦❧♦*❛$✐♦♥ ❛✉ ❧✉❣♦❧✳ ▲✬❡♥❝❛*$ *❡♣*94❡♥$❡ ❧❡

❣*♦44✐44❡♠❡♥$ ❞✬✉♥❡ ✑$❛❝❤❡ ❞✬❤✉✐❧❡✑✳ ✭❈✮ ❡$ ✭❉✮✿ ✐♠❛❣❡4 ❞❡ ❝❡❧❧✉❧❡4 ❞✉ ♣❛*❡♥❝❤②♠❡ ❧❛❝✉♥❡✉①

❞❛♥4 ❞❡4 ❢❡✉✐❧❧❡4 $9♠♦✐♥4 ✭❈✮ ❡$ ✐♥❢❡❝$9❡4 ✭❉✮ 6 ✼ ❥♣✐✱ ♦❜4❡*✈9❡4 ❡♥ ♠✐❝*♦4❝♦♣✐❡ 9❧❡❝$*♦♥✐1✉❡

6 $*❛♥4♠✐44✐♦♥✳ ❍ ✿ ❤❛✉4$♦*✐✉♠✱ J ✿ ❤②♣❤❡4 ❞❡  ✳ ✈✐$✐❝♦❧❛ ✱ ❈ ✿ ❝❤❧♦*♦♣❧❛4$❡4✱ ❙ ✿ ❣*❛✐♥4

❞✬❛♠✐❞♦♥✳ ▲❡4 ❜❛**❡4 ♥♦✐*❡4 ❝♦**❡4♣♦♥❞❡♥$ 6 ✶ µ♠✳

❋✐❣✉$❡ ✷✶ ✕ ❘❛'✐♦ ❡♥'$❡ ❧❛ '❡♥❡✉$ ❡♥

❛♠✐❞♦♥ ❞❡" ❢❡✉✐❧❧❡" ✐♥❢❡❝'2❡" ♣❛$  ✳

✈✐$✐❝♦❧❛ ✭✶ 6 ✼ ❥♣✐✮ ❡' ❝❡❧❧❡ ❞❡" ❢❡✉✐❧❧❡"

'2♠♦✐♥"✳ ▲❡4 9❝❤❛♥$✐❧❧♦♥4 ♦♥$ 9$9 ♣*9❧❡✲

✈94 6 ❧❛ ❧✉♠✐?*❡ ✭▲✮ ❡$ 6 ❧✬♦❜4❝✉*✐$9 ✭❖✮✳

▲❡4 $❡♥❡✉*4 ❡♥ ❛♠✐❞♦♥ ♦♥$ 9$9 ❞9$❡*♠✐♥9❡4

♣❛* ♠❡4✉*❡ ❞✉ ❣❧✉❝♦4❡ ❧✐❜9*9 ❛♣*?4 ✉♥❡ ❞✐✲

❣❡4$✐♦♥ ❡♥③②♠❛$✐1✉❡✳ ▲❡4 ❞♦♥♥9❡4 ❝♦**❡4✲

♣♦♥❞❡♥$ 6 ❧❛ ♠♦②❡♥♥❡ ❞❡ $*♦✐4 *9♣9$✐$✐♦♥4

❜✐♦❧♦❣✐1✉❡4 ± 9❝❛*$✲$②♣❡4✳ ▲❡4 ❛4$9*✐41✉❡4

✭✯✮ ✐♥❞✐1✉❡♥$ ❧❡4 ✈❛❧❡✉*4 ♣♦✉* ❧❡41✉❡❧❧❡4 ✐❧

② ❛ ✉♥❡ ❞✐✛9*❡♥❝❡ 4$❛$✐4$✐1✉❡♠❡♥$ 4✐❣♥✐✜✲

❝❛$✐✈❡ ✭J ❁ ✵✱✵✺✮✳



▲❛ "❡♥❡✉& ❡♥ ❛♠✐❞♦♥ ❞❡ ❝❡, ❢❡✉✐❧❧❡, ❛ /"/ ❞/"❡&♠✐♥/❡ ♣❛& ❞♦,❛❣❡ ❞✉ ❣❧✉❝♦,❡

❧✐❜/&/ ❛♣&3, ❞/❣&❛❞❛"✐♦♥ ❡♥③②♠❛"✐6✉❡✳ 8♦✉& ❧❡, ❢❡✉✐❧❧❡, "/♠♦✐♥,✱ ❧❡, "❡♥❡✉&, ,♦♥"

&❡,♣❡❝"✐✈❡♠❡♥" ❞❡ ✶✸ ❡" ✵✱✽ ♠❣ ❣❧✉❝♦,❡✳❣

✲✶

8❋ @ ❧❛ ❧✉♠✐3&❡ ❡" @ ❧✬♦❜,❝✉&✐"/✳ ❉❡ ✶ @ ✺

❥♣✐✱ ❧❡, "❡♥❡✉&, ,♦♥" ,✐♠✐❧❛✐&❡, ❞❛♥, ❧❡, ❢❡✉✐❧❧❡, ✐♥❢❡❝"/❡,✱ ❞✬♦E ✉♥❡ ✈❛❧❡✉& ❞✬❡♥✈✐&♦♥ ✶

♣♦✉& ✉♥ &❛"✐♦ ❞❡, "❡♥❡✉&, ❞❡, ❢❡✉✐❧❧❡, "/♠♦✐♥, ❡" ✐♥❢❡❝"/❡, ✭❋✐❣✉&❡ ✷✶✮✳ ❈❡♣❡♥❞❛♥"✱ @

✼ ❥♣✐ ❡" @ ❧✬♦❜,❝✉&✐"/✱ ❧❡, "❡♥❡✉&, ,♦♥" ❡♥✈✐&♦♥ ✻ ❢♦✐, ♣❧✉, ✐♠♣♦&"❛♥"❡, ❞❛♥, ❧❡, ❢❡✉✐❧❧❡,
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❳▼❴✵✵✷✷✻✸✼✺✽✳✶ ❋#✉❝"♦)❡✲❜✐)♣❤♦)♣❤❛"❡ ❛❧❞♦❧❛)❡✱ ❝②"♦♣❧❛)♠✐❝ ✵✱✹✸

❳▼❴✵✵✷✷✻✺✾✷✽✳✶ ❙"❛#❝❤ ❞❡❜#❛♥❝❤✐♥❣ ❡♥③②♠❡ ✵✱✹✹
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✽ ✸✾❙❘# ✸✾❙❘# ✸✾❙❘# ❆❈❚✶

✾ ❊#✶ ❯❇❊✷ ❆❈❚✶ ✸✾❙❘#
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❧✬❆❘◆& ✶✽❙✱ ❯❇❊✷✱ ✸✾❙❘ ❡/ ❆❈❚✶ ;✉✐ ♥❡ ❝♦♥✈✐❡♥♥❡♥/ ❞♦♥❝ ♣❛' ❝♦♠♠❡ ❣>♥❡' ❞❡

&-❢-&❡♥❝❡ ❞❛♥' ♥♦' ❝♦♥❞✐/✐♦♥'✳ ▲❡' ❣>♥❡' ❯◗❈❈✱ ❱❆❚ ✶✻ ❡/ ✻✵❙❘ '♦♥/ ❧❡' /&♦✐'

♠✐❡✉① ❝❧❛''-'✳ ▲❡ ♥♦♠❜&❡ ❞❡ ❣>♥❡' ❞❡ &-❢-&❡♥❝❡ A ✉/✐❧✐'❡& ♣♦✉& ❧❛ ♥♦&♠❛❧✐'❛/✐♦♥ -/❛♥/

❞✬❛✉ ♠♦✐♥' ❞❡✉① ✭❱❛♥❞❡'♦♠♣❡❧❡ ❡$ ❛❧✳✱ ✷✵✵✷✮✱ ♥♦✉' ❛✈♦♥' &❡/❡♥✉ ❱❆❚ ✶✻ ❡/ ✻✵❙❘ 

♣♦✉& ♥♦' ❡①♣-&✐❡♥❝❡'✳

✺ ■♠♣❛❝& ❞❡ ❧✬✐♥❢❡❝&✐♦♥ ♣❛/  ✳ ✈✐$✐❝♦❧❛ 0✉/ ❧❡ ♠2&❛✲

❜♦❧✐0♠❡ ❞❡ ❧✬❛♠✐❞♦♥

❉❡' -/✉❞❡' ♣❛& ;❘❚✲P❈❘ ❞❡ ❧✬❡①♣&❡''✐♦♥ ❞❡ ❣>♥❡' ♦♥/ -/- ❡✛❡❝/✉-❡' ❛✜♥ ❞❡

✈❛❧✐❞❡& ❧❡' ✈❛&✐❛/✐♦♥' ♦❜'❡&✈-❡' ❞❛♥' ❧❡' &-'✉❧/❛/' ❞❡ ❧✬❛♥❛❧②'❡ /&❛♥'❝&✐♣/♦♠✐;✉❡ ❡/ ❞❡

❧❡' -/✉❞✐❡& ♣❡♥❞❛♥/ ❧❛ ❝✐♥-/✐;✉❡ ❞❡ ❧✬✐♥❢❡❝/✐♦♥ ❡♥ ❝♦♥❞✐/✐♦♥' ❞❡ ❧✉♠✐>&❡ ❡/ ❞✬♦❜'❝✉&✐/-✳
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❞❡ ❧✬❛♠✐❞♦♥✳

▲✬❡①♣&❡''✐♦♥ ❞❡' ❞❡✉① ❣>♥❡' ✐♠♣❧✐;✉-' ❞❛♥' ❧❛ '②♥/❤>'❡ ❞❡ ❧✬❛♠✐❞♦♥ ❡'/ &-♣&✐♠-❡

✉♥✐;✉❡♠❡♥/ A ❧❛ ✜♥ ❞❡ ❧✬✐♥❢❡❝/✐♦♥✳ ❊♥ ❡✛❡/✱ ❝❡❧❧❡ ❞✉ ❣>♥❡ ❝♦❞❛♥/ ♣♦✉& ❧✬❆●P❛'❡ ❧✬❡'/

A ✼ ❥♣✐ A ❧✬♦❜'❝✉&✐/- ❡/ A ❧❛ ❧✉♠✐>&❡ ✭❋✐❣✉&❡ ✷✺ ❆✮✱ ❛❧♦&' ;✉❡ ❝❡❧❧❡ ❞✉ ❣>♥❡ ❝♦❞❛♥/

♣♦✉& ❧❛ '♦❧✉❜❧❡ '/❛&❝❤ '②♥/❤-/❛'❡ ❧✬❡'/ A ♣❛&/✐& ❞❡ ✺ ❥♣✐ ✭❋✐❣✉&❡ ✷✺ ❇✮✳ ▲✬❡①♣&❡''✐♦♥

❞✉ ❣>♥❡ ❝♦❞❛♥/ ♣♦✉& ❧❛ β✲❛♠②❧❛'❡ ❡'/ &-♣&✐♠-❡ A ✼ ❥♣✐ ❡/ '❡✉❧❡♠❡♥/ A ❧❛ ❧✉♠✐>&❡

✭❋✐❣✉&❡ ✷✺ ❈✮ ❛❧♦&' ;✉❡ ❝❡❧❧❡ ❞✉ ❣>♥❡ ❝♦❞❛♥/ ♣♦✉& ❧✬α✲❛♠②❧❛'❡ ❡'/ ✐♥❞✉✐/❡ A ♣❛&/✐& ❞❡

✺ ❥♣✐✱ A ❧❛ ❧✉♠✐>&❡ ❡/ A ❧✬♦❜'❝✉&✐/-✱ ❛✈❡❝ ✉♥ ♠❛①✐♠✉♠ A ✼ ❥♣✐ A ❧❛ ❧✉♠✐>&❡ ✭❋✐❣✉&❡ ✷✺

❉✮✳

▲❡' ❛❝/✐✈✐/-' ❞❡ ❧✬❆●P❛'❡✱ α✲❛♠②❧❛'❡ ❡/ β✲❛♠②❧❛'❡ ♦♥/ -/- ♠❡'✉&-❡' ❞❛♥' ❞❡'

❢❡✉✐❧❧❡' /-♠♦✐♥' ❡/ ✐♥❢❡❝/-❡' ✭✼ ❥♣✐✮✳ ▲✬❛❝/✐✈✐/- ❆●P❛'❡ ❡'/ ♣❧✉' -❧❡✈-❡ ❞❛♥' ❧❡' ❢❡✉✐❧❧❡'

✐♥❢❡❝/-❡' ;✉❡ ❞❛♥' ❧❡' /-♠♦✐♥'✱ ❛✈❡❝ ✵✱✼✷ ± ✵✱✸ ❡/ ✵✱✺✺ ± ✵✱✵✽ ♥❣ ❣❧✉❝♦'❡✳♠❣

✲✶

✸✾



❋✐❣✉$❡ ✷✺ ✕ ❱❛"✐❛$✐♦♥ ❞❡ ❧✬❡①♣"❡--✐♦♥ ❞❡- ❣/♥❡- ❝♦❞❛♥$ ♣♦✉" ✉♥❡ ❆●4❛-❡ ✭❆✮✱

❛♠✐❞♦♥✲-②♥$❤<$❛-❡ -♦❧✉❜❧❡ ✭❇✮✱ β✲❛♠②❧❛-❡ ✭❈✮ ❡$ α✲❛♠②❧❛-❡ ✭❉✮ ❛✉ ❝♦✉"- ❞❡

❧✬✐♥❢❡❝$✐♦♥✳ ▲❡" ❢❡✉✐❧❧❡" ♦♥) *)* ♣,*❧❡✈*❡" . ❧❛ ❧✉♠✐1,❡ ✭▲✮ ❡) . ❧✬♦❜"❝✉,✐)* ✭❖✮ ❛✉ ❝♦✉," ❞❡

❧✬✐♥❢❡❝)✐♦♥ ♣❛,  ✳ ✈✐$✐❝♦❧❛ ✭❞❡ ✶ . ✼ ❥♣✐✮✳ ▲❡" ❞♦♥♥*❡" ❞✬❡①♣,❡""✐♦♥ ♦♥) *)* ♥♦,♠❛❧✐"*❡" ♣❛,

,❛♣♣♦,) . ❝❡❧❧❡" ❞❡ ❱❆❚ ✶✻ ❡) ✻✵❙❘ ✳ ▲❡" ,*"✉❧)❛)" ♣,*"❡♥)*" ❝♦,,❡"♣♦♥❞❡♥) ❛✉ ,❛)✐♦ ❡♥),❡

❧❡" ✈❛❧❡✉," ♦❜)❡♥✉❡" ♣♦✉, ❧❡" ❢❡✉✐❧❧❡" ✐♥❢❡❝)*❡" ❡) ❝❡❧❧❡" ♦❜)❡♥✉❡" ♣♦✉, ❧❡" ❢❡✉✐❧❧❡" )*♠♦✐♥"✳

▲❡" ❞♦♥♥*❡" ❝♦,,❡"♣♦♥❞❡♥) . ❧❛ ♠♦②❡♥♥❡ ❞❡ ),♦✐" ,*♣*)✐)✐♦♥" ❜✐♦❧♦❣✐@✉❡" ± *❝❛,)✲)②♣❡"✳

❋✐❣✉$❡ ✷✻ ✕ ❆❝$✐✈✐$< ❞❡ ❧✬❆●4❛-❡

❞❛♥- ❞❡- ❢❡✉✐❧❧❡- $<♠♦✐♥- ❡$ ✐♥❢❡❝✲

$<❡- ♣❛"  ✳ ✈✐$✐❝♦❧❛✭✼ ❥♣✐✮✳ ▲❡" *❝❤❛♥✲

)✐❧❧♦♥" ♦♥) *)* ♣,*❧❡✈*" . ❧❛ ❧✉♠✐1,❡ ✭▲✮

❡) . ❧✬♦❜"❝✉,✐)* ✭❖✮✳ ▲❡" ❞♦♥♥*❡" ❝♦,,❡"✲

♣♦♥❞❡♥) . ❧❛ ♠♦②❡♥♥❡ ❞❡ ),♦✐" ,*♣*)✐)✐♦♥"

❜✐♦❧♦❣✐@✉❡" ± *❝❛,)✲)②♣❡"✳ ▲❡" ❛")*,✐"@✉❡"

✭✯✮ ✐♥❞✐@✉❡♥) ❧❡" ✈❛❧❡✉," ♣♦✉, ❧❡"@✉❡❧❧❡" ✐❧

② ❛ ✉♥❡ ❞✐✛*,❡♥❝❡ ")❛)✐")✐@✉❡♠❡♥) "✐❣♥✐✜✲

❝❛)✐✈❡ ✭F ❁ ✵✱✵✺✮✳



❋✐❣✉$❡ ✷✼ ✕ ❆❝"✐✈✐"%& ❞❡ ❧❛ β✲❛♠②❧❛&❡ ✭❆✮ ❡" ❞❡ ❧✬α✲❛♠②❧❛&❡ ✭❇✮ ❞❛♥& ❞❡& ❢❡✉✐❧❧❡&

"%♠♦✐♥& ❡" ✐♥❢❡❝"%❡& ♣❛7  ✳ ✈✐$✐❝♦❧❛ ✭✼ ❥♣✐✮✳ ▲❡" #❝❤❛♥(✐❧❧♦♥" ♦♥( #(# ♣-#❧❡✈#" / ❧❛

❧✉♠✐2-❡ ✭▲✮ ❡( / ❧✬♦❜"❝✉-✐(# ✭❖✮✳ ▲❡" ❞♦♥♥#❡" ❝♦--❡"♣♦♥❞❡♥( / ❧❛ ♠♦②❡♥♥❡ ❞❡ (-♦✐" -#♣#(✐(✐♦♥"

❜✐♦❧♦❣✐<✉❡" ± #❝❛-(✲(②♣❡"✳ ▲❡" ❛"(#-✐"<✉❡" ✭✯✮ ✐♥❞✐<✉❡♥( ❧❡" ✈❛❧❡✉-" ♣♦✉- ❧❡"<✉❡❧❧❡" ✐❧ ② ❛

✉♥❡ ❞✐✛#-❡♥❝❡ "(❛(✐"(✐<✉❡♠❡♥( "✐❣♥✐✜❝❛(✐✈❡ ✭A ❁ ✵✱✵✺✮✳



❋✐❣✉$❡ ✷✽ ✕ ❙♣❡❝$%❡&

✶✸

❈✲❘▼◆ ♦❜$❡♥✉& 0 ♣❛%$✐% ❞✬❡①$%❛✐$& ❞❡ ❢❡✉✐❧❧❡& $8♠♦✐♥&

✭❆✮ ❡$ ✐♥❢❡❝$8❡& ♣❛%  ✳ ✈✐$✐❝♦❧❛ ✭❇✮✳ ▲❡" ❛♥❛❧②"❡" ♦♥( )() *)❛❧✐")❡" , ♣❛*(✐* ❞❡ ❢❡✉✐❧❧❡"

♣*)❧❡✈)❡" , ✻ ❥♣✐✱ , ❧✬♦❜"❝✉*✐()✳ ❛"❝ ✿ ❛"❝♦*❜❛(❡✱ ❚ ✿ (❛*(*❛(❡✱ ♠❛❧ ✿ ♠❛❧❛(❡✱ ❣❧❝ ✿ ❣❧✉❝♦"❡✱ ❢*❝

✿ ❢*✉❝(♦"❡✱ "✉❝ ✿ "❛❝❝❤❛*♦"❡✱ *❡❢ ✿ *)❢)*❡♥❝❡✱ ♥✳✐✳ ♥♦♥ ✐❞❡♥(✐✜)✳ ▲❡" ❞♦♥♥)❡" ❝♦**❡"♣♦♥❞❡♥( ,

✉♥❡ ❡①♣)*✐❡♥❝❡ *❡♣*)"❡♥(❛(✐✈❡ ❞❡ (*♦✐" *)♣)(✐(✐♦♥" ❜✐♦❧♦❣✐@✉❡"✳ ♣♣♠ ✿ ♣❛*(✐❡" ♣❛* ♠✐❧❧✐♦♥"



♣!♦#$✐♥❡( ❝❤❧♦!♦♣❧❛(#✐-✉❡(✳♠✐♥

✲✶

✭♦❜(❝✉!✐#$ ❡# ❧✉♠✐3!❡✮ ♣❛! !❛♣♣♦!# 5 ✵✱✵✼ ± ✵✱✵✽ ❡#

✵✱✵✽ ± ✵✱✵✺ ♥❣ ❣❧✉❝♦(❡✳♠❣

✲✶

♣!♦#$✐♥❡( ❝❤❧♦!♦♣❧❛(#✐-✉❡(✳♠✐♥

✲✶

✭♦❜(❝✉!✐#$ ❡# ❧✉♠✐3!❡✱

!❡(♣❡❝#✐✈❡♠❡♥#✮✱ !❡(♣❡❝#✐✈❡♠❡♥# ✭❋✐❣✉!❡ ✷✻✮✳

❉❛♥( ❧❡( ❢❡✉✐❧❧❡( #$♠♦✐♥(✱ ❧❛ β✲❛♠②❧❛(❡ ❛ ✉♥❡ ❛❝#✐✈✐#$ ♣❧✉( $❧❡✈$❡ 5 ❧✬♦❜(❝✉!✐#$ ✭✶✼
± ✸ ✉♥✐#$( ❇❡#❛♠②❧✲✸✳µ❣✲✶

♣!♦#$✐♥❡( ❝❤❧♦!♦♣❧❛(#✐-✉❡(✮ -✉✬5 ❧❛ ❧✉♠✐3!❡ ✭✺ ± ✸ ✉♥✐✲

#$( ❇❡#❛♠②❧✲✸✳µ❣✲✶

♣!♦#$✐♥❡( ❝❤❧♦!♦♣❧❛(#✐-✉❡(✮✳ ❉❛♥( ❧❡( ❢❡✉✐❧❧❡( ✐♥❢❡❝#$❡(✱ ❧✬❛❝#✐✈✐#$

❡(# (✐♠✐❧❛✐!❡ 5 ❧✬♦❜(❝✉!✐#$ ❡# 5 ❧❛ ❧✉♠✐3!❡ ❡# ❝♦!!❡(♣♦♥❞ 5 ❝❡❧❧❡ ❞❡( $❝❤❛♥#✐❧❧♦♥( #$✲

♠♦✐♥( 5 ❧❛ ❧✉♠✐3!❡ ✭❋✐❣✉!❡ ✷✼ ❆✮✳ ▲✬❛❝#✐✈✐#$ ❞❡ ❧✬α✲❛♠②❧❛(❡ ❡(# (✐♠✐❧❛✐!❡ 5 ❧❛ ❧✉♠✐3!❡

❡# 5 ❧✬♦❜(❝✉!✐#$ ❞❛♥( ❧❡( ❢❡✉✐❧❧❡( #$♠♦✐♥( ✭✶✹ ± ✶✷ ✉♥✐#$( ❝❡!❛❧♣❤❛✳µ❣✲✶

♣!♦#$✐♥❡(

❝❤❧♦!♦♣❧❛(#✐-✉❡(✮ ❡# ❡❧❧❡ ❡(# ♣❧✉( $❧❡✈$❡ ❞❛♥( ❧❡( ❢❡✉✐❧❧❡( ✐♥❢❡❝#$❡( ✭✼✻ ± ✷✶ ✉♥✐#$(

❝❡!❛❧♣❤❛✳µ❣✲✶

✮ ❀ 5 ❧❛ ❧✉♠✐3!❡ ❝♦♠♠❡ 5 ❧✬♦❜(❝✉!✐#$ ✭❋✐❣✉!❡ ✷✼ ❇✮✳

✻ ■♠♣❛❝& ❞❡ ❧✬✐♥❢❡❝&✐♦♥ ♣❛/  ✳ ✈✐$✐❝♦❧❛ 0✉/ ❧❡ ♠2&❛✲

❜♦❧✐0♠❡ ❞❡0 0✉❝/❡0 0♦❧✉❜❧❡0

❉❡( ❛♥❛❧②(❡(

✶✸

❈✲❘▼◆ ♦♥# $#$ !$❛❧✐($❡( ✭❢❡✉✐❧❧❡( #$♠♦✐♥( ❡# ✐♥❢❡❝#$❡(✱ ✻ ❥♣✐✱ ♦❜(✲

❝✉!✐#$✮ ❛✜♥ ❞❡ ✈$!✐✜❡! (✐ ❧✬✐♥❢❡❝#✐♦♥ ♣❛!  ✳ ✈✐$✐❝♦❧❛ ❛✛❡❝#❛✐# ❛✉((✐ ❧❡ ♠$#❛❜♦❧✐(♠❡ ❞❡(

(✉❝!❡( (♦❧✉❜❧❡(✳ ▲❡ ❢!✉❝#♦(❡ ❡# ❧❡ ❣❧✉❝♦(❡ (❡♠❜❧❡♥# ❡♥ ♣❧✉( ❢♦!#❡( ❝♦♥❝❡♥#!❛#✐♦♥( ❞❛♥(

❧❡( ❢❡✉✐❧❧❡( ✐♥❢❡❝#$❡( -✉❡ ❞❛♥( ❧❡( ❢❡✉✐❧❧❡( #$♠♦✐♥( ❛❧♦!( -✉❡ ❝✬❡(# ❧✬✐♥✈❡!(❡ ♣♦✉! ❧❡

(❛❝❝❤❛!♦(❡ ✭❋✐❣✉!❡ ✷✽✮✳

❆✉ ✈✉ ❞❡ ❝❡( !$(✉❧#❛#(✱ ❧❡( (✉❝!❡( (♦❧✉❜❧❡( ❞♦♥# ❧❡ ❣❧✉❝♦(❡✱ ❧❡ ❢!✉❝#♦(❡ ❡# ❧❡ (❛❝✲
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♠❛❧✐"#❡" ♣❛. .❛♣♣♦.) 0 ❧✬❡①♣.❡""✐♦♥ ❞✉ ❣I♥❡

 ✈❆❈❚✳ ▲❡" ❞♦♥♥#❡" ❝♦..❡"♣♦♥❞❡♥) 0 ❧❛

♠♦②❡♥♥❡ ❞❡ ).♦✐" .#♣#)✐)✐♦♥" ❜✐♦❧♦❣✐9✉❡" ±

#❝❛.)✲)②♣❡"✳



❋✐❣✉$❡ ✸✹ ✕ ❙✉✐✈✐ ❞❡ ❧✬❡①♣*❡++✐♦♥ ❞✉ ❣/♥❡ ✭❆✮ ❡3 ♠❡+✉*❡ ❞❡ ❧✬❛❝3✐✈✐37 ✭❇✮ ❞❡

❧❛ 3*7❤❛❧❛+❡✳ ❆✿ ▲❡$ ❞♦♥♥(❡$ ❞✬❡①♣,❡$$✐♦♥ ♦♥. (.( ♥♦,♠❛❧✐$(❡$ ♣❛, ,❛♣♣♦,. 2 ❧✬❡①♣,❡$$✐♦♥

❞❡$ ❣4♥❡$ ❞❡ ,(❢(,❡♥❝❡ ❱❆❚#✶✻ ❡. ✻✵❙❘#✳ ▲❡$ (❝❤❛♥.✐❧❧♦♥$ ♦♥. (.( ♣,(❧❡✈($ ❛✉ ❝♦✉,$ ❞❡

❧✬✐♥❢❡❝.✐♦♥ ✭✶ 2 ✼ ❥♣✐✮ 2 ❧✬♦❜$❝✉,✐.( ✭❖✮ ♦✉ 2 ❧❛ ❧✉♠✐4,❡ ✭▲✮✳ ▲❡$ ✈❛❧❡✉,$ ♦❜.❡♥✉❡$ ♣♦✉,

❧❡$ ❢❡✉✐❧❧❡$ ✐♥❢❡❝.(❡$ ♦♥. (.( ,❛♣♣♦,.(❡$ ❛✉① ✈❛❧❡✉,$ .(♠♦✐♥$ ❝♦,,❡$♣♦♥❞❛♥.❡$✳ ▲❡$ ❞♦♥♥(❡$

❝♦,,❡$♣♦♥❞❡♥. 2 ❧❛ ♠♦②❡♥♥❡ ❞❡ .,♦✐$ ,(♣(.✐.✐♦♥$ ❜✐♦❧♦❣✐C✉❡$ ± (❝❛,.✲.②♣❡$✳ ❇✿ ▲✬❛❝.✐✈✐.( ❛

(.( ♠❡$✉,(❡ ❞❛♥$ ❧❛ ❢,❛❝.✐♦♥ $♦❧✉❜❧❡ ❞✬✉♥ ❡①.,❛✐. ♣,♦.(✐C✉❡ ❞❡ ❢❡✉✐❧❧❡$ .(♠♦✐♥$ ❡. ✐♥❢❡❝.(❡$

♣❛, #✳ ✈✐,✐❝♦❧❛✳ ▲❡$ ❞♦♥♥(❡$ ❝♦,,❡$♣♦♥❞❡♥. 2 ❧❛ ♠♦②❡♥♥❡ ❞❡ .,♦✐$ ,(♣(.✐.✐♦♥$ ❜✐♦❧♦❣✐C✉❡$ ±

(❝❛,.✲.②♣❡$✳ ▲❡$ ❛$.(,✐$C✉❡$ ✭✯✮ ✐♥❞✐C✉❡♥. ❧❡$ ✈❛❧❡✉,$ ♣♦✉, ❧❡$C✉❡❧❧❡$ ✐❧ ② ❛ ✉♥❡ ❞✐✛(,❡♥❝❡

$.❛.✐$.✐C✉❡♠❡♥. $✐❣♥✐✜❝❛.✐✈❡ ✭I ❁ ✵✱✵✺✮✳

❚❛❜❧❡❛✉ ✾ ✕ ❈♦♥❝❡♥3*❛3✐♦♥ ❡♥ 3*7❤❛❧♦+❡ ❬♠❣✳❣

✲✶

=❙❪ ❞❛♥+ ❞❡+ ❢❡✉✐❧❧❡+ ❞❡ ✈✐❣♥❡

37♠♦✐♥+ ❡3 ✐♥❢❡❝37❡+ ♣❛*  ✳ ✈✐$✐❝♦❧❛✳ ▲❡ .,(❤❛❧♦$❡ ❛ (.( C✉❛♥.✐✜( ♣❛, ❍I❆❊❈✲I❆❉ ❛✉

♥✐✈❡❛✉ ❞❡ ❢❡✉✐❧❧❡$ ♣,(❧❡✈(❡$ 2 ❧❛ ❧✉♠✐4,❡ ❡. 2 ❧✬♦❜$❝✉,✐.( ❛✉ ❝♦✉,$ ❞❡ ❧✬✐♥❢❡❝.✐♦♥ ✭✶ 2 ✼ ❥♣✐✮✳

▲❡$ ❞♦♥♥(❡$ ❝♦,,❡$♣♦♥❞❡♥. 2 ❧❛ ♠♦②❡♥♥❡ ❞❡ .,♦✐$ ,(♣(.✐.✐♦♥$ ❜✐♦❧♦❣✐C✉❡$ ± (❝❛,.✲.②♣❡$✳

✶ ❥♣✐ ✸ ❥♣✐ ✺ ❥♣✐ ✼ ❥♣✐

♦❜$❝✉,✐.( .(♠♦✐♥ .,❛❝❡$ .,❛❝❡$ .,❛❝❡$ .,❛❝❡$

✐♥❢❡❝.(❡ .,❛❝❡$ .,❛❝❡$ ✵✱✷✾ ± ✵✱✷✶ ✷✱✹✶ ± ✶✱✶

❧✉♠✐4,❡ .(♠♦✐♥ .,❛❝❡$ .,❛❝❡$ .,❛❝❡$ .,❛❝❡$

✐♥❢❡❝.(❡ .,❛❝❡$ .,❛❝❡$ ✶✱✸✹ ± ✵✱✸✶ ✺✱✶✻ ± ✹✱✵✼



❈❤❡③ ❧❡% ♣❧❛♥)❡%✱ ❧❡% ✐♥✈❡-)❛%❡% ❡①✐%)❡♥) ❡♥ ♣❧✉%✐❡✉-% ✐%♦❢♦-♠❡% 3✉✐ %❡ ❞✐%)✐♥❣✉❡♥)

♣❛- ❧❡✉- ❧♦❝❛❧✐%❛)✐♦♥ ❝❡❧❧✉❧❛✐-❡ ❡) ❧❡✉- ♣❍ ♦♣)✐♠✉♠✳ ❆✜♥ ❞❡ ✈;-✐✜❡- ❧✬✐♥✢✉❡♥❝❡ ❞❡

❧✬✐♥❢❡❝)✐♦♥ %✉- ❧✬❛❝)✐✈✐); ✐♥✈❡-)❛%❡✱ ❝❡❧❧❡✲❝✐ ❛ ;); ♠❡%✉-;❡ ❞❛♥% ❧❡% ❢-❛❝)✐♦♥% %♦❧✉❜❧❡

❡) ✐♥%♦❧✉❜❧❡ ❞✬❡①)-❛✐)% ♣-♦);✐3✉❡% ❞❡ ❢❡✉✐❧❧❡% );♠♦✐♥% ❡) ✐♥❢❡❝);❡%✱ @ ♣❍ ✹✱✺ ❡) ✼✱✺

✭❋✐❣✉-❡ ✸✶✮✳ ❉❛♥% ❧❛ ❢-❛❝)✐♦♥ %♦❧✉❜❧❡✱ ❛✉❝✉♥❡ ❞✐✛;-❡♥❝❡ %)❛)✐%)✐3✉❡♠❡♥) %✐❣♥✐✜❝❛)✐✈❡

♥❡ ♣❡✉) K)-❡ ♥♦);❡ ❡♥)-❡ ❧❡% ❢❡✉✐❧❧❡% );♠♦✐♥% ❡) ✐♥❢❡❝);❡%✱ 3✉❡❧3✉❡ %♦✐) ❧❡ ♣❍✳ L♦✉-

❧❛ ❢-❛❝)✐♦♥ ✐♥%♦❧✉❜❧❡✱ ❞❛♥% ❧❛3✉❡❧❧❡ %❡ )-♦✉✈❡♥) ❧❡% ✐♥✈❡-)❛%❡% ♣❛-✐;)❛❧❡%✱ ✐❧ ♥✬② ❛ ♣❛%

❞❡ ❞✐✛;-❡♥❝❡% ❡♥)-❡ ❧❡% ❢❡✉✐❧❧❡% );♠♦✐♥% ❡) ✐♥❢❡❝);❡% @ ♣❍ ✹✱✺ ✭❞;❝-✐) ❝♦♠♠❡ ♣❍

♦♣)✐♠✉♠ ♣♦✉- ❧❡% ✐♥✈❡-)❛%❡% ♣❛-✐;)❛❧❡%✮✳ ❈❡♣❡♥❞❛♥)✱ @ ♣❍ ✼✱✺✱ ❧✬❛❝)✐✈✐); ✐♥✈❡-)❛%❡

❡%) ♣❧✉% ;❧❡✈;❡ ❞❛♥% ❧❡% ❢❡✉✐❧❧❡% ✐♥❢❡❝);❡% 3✉❡ ❞❛♥% ❧❡% );♠♦✐♥%✱ ❛✈❡❝ ✉♥❡ ❛❝)✐✈✐);

-❡%♣❡❝)✐✈❡ ❞❡ ✼✱✸✺ ± ✷✱✷ ❡) ✵✱✸✽ ± ✵✱✷µ❣ ❣❧✉❝♦%❡ ❢♦-♠;✳❣✲✶

L❋✳♠✐♥

✲✶

✳

▲✬❛❝)✐✈✐); ✐♥✈❡-)❛%❡ ❛ ❡♥%✉✐)❡ ;); ♠❡%✉-;❡ ❞❛♥% ❧❡% ❢-❛❝)✐♦♥% ✐♥%♦❧✉❜❧❡% ❞✬❡①)-❛✐)%

♣-♦);✐3✉❡% ❞❡ ❢❡✉✐❧❧❡% );♠♦✐♥% ❡) ✐♥❢❡❝);❡%✱ ❛✉ ❝♦✉-% ❞❡ ❧✬✐♥❢❡❝)✐♦♥ ✭❋✐❣✉-❡ ✸✷✮✳ ➚ ♣❍

✹✱✺✱ ✐❧ ♥✬② ❛ ♣❛% ❞❡ ❞✐✛;-❡♥❝❡ %)❛)✐%)✐3✉❡♠❡♥) %✐❣♥✐✜❝❛)✐✈❡ ❡♥)-❡ ❧❡% ❢❡✉✐❧❧❡% );♠♦✐♥%

❡) ✐♥❢❡❝);❡%✳ ❈❡♣❡♥❞❛♥)✱ @ ♣❍ ✼✱✺✱ ♦♥ ♥♦)❡ ✉♥❡ ❛✉❣♠❡♥)❛)✐♦♥ %✐❣♥✐✜❝❛)✐✈❡ ❞❡ ❝❡))❡

❛❝)✐✈✐); ❞❛♥% ❧❡% ❢❡✉✐❧❧❡% ✐♥❢❡❝);❡% @ ♣❛-)✐- ❞❡ ✺ ❥♣✐ ❡) 3✉✐ %✬❛❝❝❡♥)✉❡ ❛✉ ❝♦✉-% ❞✉

)❡♠♣%✱ ✐♥❞;♣❡♥❞❛♠♠❡♥) ❞❡% ❝♦♥❞✐)✐♦♥% ❧✉♠✐T-❡ ✴ ♦❜%❝✉-✐);✳ ▲✬❛❝)✐✈✐); ✐♥✈❡-)❛%❡ ❛

;❣❛❧❡♠❡♥) ;); ♠❡%✉-;❡ ❞❛♥% ❧❡% ❢-❛❝)✐♦♥% %♦❧✉❜❧❡% ❞❡% ❡①)-❛✐)% ♣-♦);✐3✉❡% ❛✉ ❝♦✉-%

❞❡ ❧✬✐♥❢❡❝)✐♦♥✱ ♠❛✐% ❛✉❝✉♥❡ ❞✐✛;-❡♥❝❡ %✐❣♥✐✜❝❛)✐✈❡ ♥✬❛ ;); ❞;)❡❝)❛❜❧❡ ✭❞♦♥♥;❡% ♥♦♥

♣-;%❡♥);❡%✮✳

❆✐♥%✐ ❧✬❛❝)✐✈✐); ❞❡ ❧✬✐♥✈❡-)❛%❡ ♣-;%❡♥)❡ ❞❛♥% ❧❛ ❢-❛❝)✐♦♥ ✐♥%♦❧✉❜❧❡ ♠❡%✉-;❡ @ ♣❍

✼✱✺ ❛✉❣♠❡♥)❡ ❞❡ ❢❛V♦♥ ❝♦♥❝♦♠✐)❛♥)❡ ❛✈❡❝ ❧✬✐♥❞✉❝)✐♦♥ ❞❡ ❧✬❡①♣-❡%%✐♦♥ ❞✉ ❣T♥❡ ❝♦✲

❞❛♥) ♣♦✉- ✉♥❡ ✐♥✈❡-)❛%❡ ♣❛-✐;)❛❧❡ ❞;❝-✐)❡ ❞❛♥% ❧❡ ♣❛-❛❣-❛♣❤❡ ♣-;❝;❞❡♥)✳ ❙❛❝❤❛♥) 3✉❡

❧❡% ♦♦♠②❝T)❡% ♦♥) ❧❡✉-% ♣-♦♣-❡% ✐♥✈❡-)❛%❡%✱ ❧✬❡①♣-❡%%✐♦♥ ❞✬✉♥ ❣T♥❡ ❝♦❞❛♥) ♣♦✉- ✉♥❡

✐♥✈❡-)❛%❡ ❞❡  ✳ ✈✐$✐❝♦❧❛ ❛ ;❣❛❧❡♠❡♥) ;); %✉✐✈✐❡ ❛✉ ❝♦✉-% ❞❡ ❧✬✐♥❢❡❝)✐♦♥✳ ❈❡❧❧❡✲❝✐ ❡%)

❛❝)✐✈;❡ @ ♣❛-)✐- ❞❡ ✺ ❥♣✐ ❡) %✉-)♦✉) @ ❧✬♦❜%❝✉-✐); ✭❋✐❣✉-❡ ✸✸✮✳

✼ ❚"#❤❛❧♦(❡

▲✬❛♥❛❧②%❡ ❍L❆❊❈✲L❆❉ ❛ ;❣❛❧❡♠❡♥) ♣❡-♠✐% ❞❡ 3✉❛♥)✐✜❡- ❧❡ )-;❤❛❧♦%❡✳ L♦✉- ❧❡%

);♠♦✐♥% ❡) ♣♦✉- ❧❡% %)❛❞❡% ♣-;❝♦❝❡% ❞❡ ❧✬✐♥❢❡❝)✐♦♥ ✭✶ @ ✸ ❥♣✐✮✱ ❝❡ ❞✐%❛❝❝❤❛-✐❞❡ ♥✬❛

;); ❞;)❡❝); 3✉✬❡♥ )-❛❝❡%✳ ❉❛♥% ❧❡% ❢❡✉✐❧❧❡% ✐♥❢❡❝);❡%✱ ❧❛ ❝♦♥❝❡♥)-❛)✐♦♥ ❡♥ )-;❤❛❧♦%❡

❛✉❣♠❡♥)❡ ❛✉ ❝♦✉-% ❞❡ )❡♠♣% ♣♦✉- ❛))❡✐♥❞-❡ ✷✱✹✶ ± ✶✱✶ ♠❣✳❣

✲✶

L❙ @ ❧✬♦❜%❝✉-✐); ❡)

✺✱✶✻ ± ✹✱✵✼ ♠❣✳❣

✲✶

L❙ @ ❧❛ ❧✉♠✐T-❡ @ ✼ ❥♣✐ ✭❚❛❜❧❡❛✉ ✾✮✳

▲✬;)✉❞❡ )-❛♥%❝-✐♣)♦♠✐3✉❡ ❛ ♠♦♥)-; 3✉❡ ❧✬❡①♣-❡%%✐♦♥ ❞✉ ❣T♥❡ ❝♦❞❛♥) ♣♦✉- ❧❛ )-;✲

❤❛❧♦%❡ ✻✲♣❤♦%♣❤❛)❡ %②♥)❤;)❛%❡ ❡%) -;♣-✐♠;❡ ❞❛♥% ❧❡% ❢❡✉✐❧❧❡% ✐♥❢❡❝);❡% ❛❧♦-% 3✉❡ ❝❡❧❧❡
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❧❡* ❢❡✉✐❧❧❡* ✐♥❢❡❝$'❡*✱ ❧✬❛❝$✐✈✐$' ❡*$ ❞❡ ✶✸✱✹✻ ± ✹✱✽ µ❣ ❣❧✉❝♦*❡✳♠❣

✲✶

♣(♦$'✐♥❡✳♠✐♥

✲✶

:

❧✬♦❜*❝✉(✐$' ❡$ ✶✼✱✶✸ ± ✻✱✺✾ µ❣ ❣❧✉❝♦*❡✳♠❣

✲✶

♣(♦$'✐♥❡✳♠✐♥

✲✶

: ❧❛ ❧✉♠✐F(❡ ✭❋✐❣✉(❡ ✸✹

❇✮✳

✽ ❆❝#✐✈✐#& ♣❤♦#♦*②♥#❤&#✐-✉❡ ❞❛♥* ❧❡* ❢❡✉✐❧❧❡* #&♠♦✐♥*

❡# ✐♥❢❡❝#&❡*

▲✬❛❝$✐✈✐$' ♣❤♦$♦*②♥$❤'$✐N✉❡ ❞❡* ❢❡✉✐❧❧❡* $'♠♦✐♥* ❡$ ✐♥❢❡❝$'❡* ✭✶ : ✼ ❥♣✐✮ ❛ '$'

'$✉❞✐'❡ : ♣❛($✐( ❞✬❛♥❛❧②*❡* ❞❡ ❧❛ ✢✉♦(❡*❝❡♥❝❡ ❞❡ ❧❛ ❝❤❧♦(♦♣❤②❧❧❡✳ ❉❛♥* ❧❡* ❢❡✉✐❧❧❡*

✐♥❢❡❝$'❡*✱ ❧✬❡✣❝❛❝✐$' ♠❛①✐♠❛❧❡ ❞✉ ♣❤♦$♦*②*$F♠❡ ■■ ✭G❙■■✱

Fv
Fm

✮ ❞✐♠✐♥✉❡ : ♣❛($✐( ❞❡

✺ ❥♣✐ ❞❛♥* ❧❡* ③♦♥❡* ✐♥❢❡❝$'❡* ✭❋✐❣✉(❡ ✸✺ ❆✮✳ ▲❡* ✐♠❛❣❡* ❞❡ ✢✉♦(❡*❝❡♥❝❡ ♦❜$❡♥✉❡* :

✼ ❥♣✐ ♦♥$ '$' ✉$✐❧✐*'❡* ♣♦✉( ❞'$❡(♠✐♥❡( ❧❡* ✈❛❧❡✉(* ❞❡

Fv
Fm

✱ ❧❡ (❡♥❞❡♠❡♥$ N✉❛♥$✐N✉❡

❞✉ G❙■■ ✭Φ
G❙■■

✮✱ ❧❡ ✏N✉❡♥❝❤✐♥❣✑ ♣❤♦$♦❝❤✐♠✐N✉❡ ❡$ ♥♦♥✲♣❤♦$♦❝❤✐♠✐N✉❡ ✭N

 

❡$ N

◆ 

✮

❞❛♥* ❧❡* ❢❡✉✐❧❧❡* $'♠♦✐♥* ❛✐♥*✐ N✉❡ ❞❛♥* ❞❡✉① ③♦♥❡* ❞❡* ❢❡✉✐❧❧❡* ✐♥❢❡❝$'❡* ✿ ❞❛♥* ❧❡*

✏$❛❝❤❡* ❞✬❤✉✐❧❡✑ ❡$ ❞❛♥* ❧❡* ③♦♥❡* ❛❞❥❛❝❡♥$❡*✳ ▲❡ (❛♣♣♦($

Fv
Fm

❡*$ ♣❧✉* ♣❡$✐$ ❞❛♥* ❧❡*

✏$❛❝❤❡* ❞✬❤✉✐❧❡✑ ❝♦♠♣❛(' ❛✉① ❢❡✉✐❧❧❡* $'♠♦✐♥* ✭✵✱✻✸ ± ✵✱✵✻ ❡$ ✵✱✼✻ ± ✵✱✵✷✱ (❡*♣❡❝✲

$✐✈❡♠❡♥$✮✳ ❖♥ ♥♦$❡ ❛✉**✐ ❞❡* ✈❛❧❡✉(* ✐♥❢'(✐❡✉(❡* ♣♦✉( Φ
G❙■■

✭✵✱✶✾ ± ✵✱✵✹ : ✵✱✸✹ ±

✵✱✵✸✱ (❡*♣❡❝$✐✈❡♠❡♥$✮ ❡$ N

 

✭✵✱✺✹ ± ✵✱✵✽ : ✵✱✻✸ ± ✵✱✵✸✱ (❡*♣❡❝$✐✈❡♠❡♥$✮✳ ❈❡♣❡♥❞❛♥$✱

❧❛ ✈❛❧❡✉( ❞❡ N

◆ 

❡*$ ♣❧✉* '❧❡✈'❡ ✭✵✱✽✹ ± ✵✱✵✸ : ✵✱✼✼ ± ✵✱✵✹✱ (❡*♣❡❝$✐✈❡♠❡♥$✮✳ G♦✉(

❝❡* ♣❛(❛♠F$(❡*✱ ♥♦✉* ♥✬❛✈♦♥* ♣❛* ♦❜*❡(✈' ❞❡ ❞✐✛'(❡♥❝❡ ❡♥$(❡ ❧❡* ③♦♥❡* ❞'♣♦✉(✈✉❡*

❞❡ *②♠♣$]♠❡* ❞❡* ❢❡✉✐❧❧❡* ✐♥❢❡❝$'❡* ❡$ ❧❡* ❢❡✉✐❧❧❡* $'♠♦✐♥* ✭❋✐❣✉(❡ ✸✺ ❇✮✳

▲❡* $❡♥❡✉(* ❡♥ ❝❤❧♦(♦♣❤②❧❧❡* ♦♥$ '$' ❞'$❡(♠✐♥'❡* ♣♦✉( ❧❡* ❢❡✉✐❧❧❡* $'♠♦✐♥* ❡$

✐♥❢❡❝$'❡* ✭✼ ❥♣✐✮✳ ▲❛ ❝♦♥❝❡♥$(❛$✐♦♥ ❡♥ ❝❤❧♦(♦♣❤②❧❧❡* $♦$❛❧❡* ❡*$ ♣❧✉* ❢❛✐❜❧❡ ❞❛♥* ❧❡*

❢❡✉✐❧❧❡* ✐♥❢❡❝$'❡* ❝♦♠♣❛(' ❛✉① ❢❡✉✐❧❧❡* $'♠♦✐♥* ✭✶✼✱✸ ± ✵✱✽ ♠❣✳❣

✲✶

G❙ ❡$ ✷✹✱✽ ± ✶✱✽

♠❣✳❣

✲✶

G❙✱ (❡*♣❡❝$✐✈❡♠❡♥$✮✳ ❈❡$$❡ ❞✐✛'(❡♥❝❡ ('*✉❧$❡ *✉($♦✉$ ❞✬✉♥❡ ('❞✉❝$✐♦♥ ❞❡ ❧❛

$❡♥❡✉( ❡♥ ❝❤❧♦(♦♣❤②❧❧❡ ❛ ✭❋✐❣✉(❡ ✸✺ ❈✮✳

✾ ❚❛❝❤❡* ❞✬❤✉✐❧❡ ❡# ③♦♥❡* ❛❞❥❛❝❡♥#❡* ❞❡* ❢❡✉✐❧❧❡* ✐♥✲

❢❡❝#&❡*

❆✜♥ ❞❡ ♣('❝✐*❡( *✐ ❧❡* ❞'('❣✉❧❛$✐♦♥* ❞'❝(✐$❡* ❝✐✲❞❡**✉* ❝♦♥❝❡(♥❡♥$ ❧❛ ❢❡✉✐❧❧❡ ✐♥❢❡❝$'❡

❞❛♥* *♦♥ ❡♥*❡♠❜❧❡ ♦✉ *♦♥$ *♣'❝✐✜N✉❡* ❞❡* ✏$❛❝❤❡* ❞✬❤✉✐❧❡✑✱ ❝❡($❛✐♥❡* ❛♥❛❧②*❡* ♦♥$ '$'

('❛❧✐*'❡* *✉( ❞❡* '❝❤❛♥$✐❧❧♦♥* ♣(♦✈❡♥❛♥$ *♣'❝✐✜N✉❡♠❡♥$ ❞❡* $❛❝❤❡* ❞✬❤✉✐❧❡ ❡$ ❞❡*

③♦♥❡* ❛❞❥❛❝❡♥$❡* ❞'♣♦✉(✈✉❡* ❞❡ *②♠♣$]♠❡*✳ ➚ ❧❛ ❧✉♠✐F(❡✱ ❧❡* $❡♥❡✉(* ❡♥ ❛♠✐❞♦♥ ❞❡*

$❛❝❤❡* ❞✬❤✉✐❧❡ ❡$ ❞❡* ③♦♥❡* ❛❞❥❛❝❡♥$❡* *♦♥$ *✐♠✐❧❛✐(❡* : ❝❡❧❧❡* ❞❡* ❢❡✉✐❧❧❡* $'♠♦✐♥*

✭❝♦♠♠❡ ❧✬✐♥❞✐N✉❡ ❧❛ ✈❛❧❡✉( ❞✉ (❛$✐♦ ❞✬❡♥✈✐(♦♥ ✶✮✳ ❊♥ (❡✈❛♥❝❤❡✱ : ❧✬♦❜*❝✉(✐$'✱ ✐❧ ② ❛

♣❧✉* ❞✬❛♠✐❞♦♥ ❞❛♥* ❧❡* ❢❡✉✐❧❧❡* ✐♥❢❡❝$'❡* N✉❡ ❞❛♥* ❧❡* $'♠♦✐♥*✱ ♠❛✐* ❝❡$$❡ ❞✐✛'(❡♥❝❡

♥✬❡*$ *$❛$✐*$✐N✉❡♠❡♥$ *✐❣♥✐✜❝❛$✐✈❡ N✉✬❛✉ ♥✐✈❡❛✉ ❞❡* ✏$❛❝❤❡* ❞✬❤✉✐❧❡✑✱ N✉✐ ❝♦♥$✐❡♥♥❡♥$

✽ ❢♦✐* ♣❧✉* ❞✬❛♠✐❞♦♥ N✉❡ ❧❡ $'♠♦✐♥ ✭❋✐❣✉(❡ ✸✻✮✳

✹✷



  



▲✬❛❝$✐✈✐$' ✐♥✈❡*$❛+❡ ❛ '$' ♠❡+✉*'❡ . ♣❍ ✼✱✺ ❞❛♥+ ❝❡+ '❝❤❛♥$✐❧❧♦♥+✳ ❈❡❧❧❡✲❝✐ ❡+$ ❞❡

✶✱✶✻ ± ✵✱✻ µ❣ ❣❧✉❝♦+❡ ❢♦*♠'✳❣✲✶

@❋✳♠✐♥

✲✶

❞❛♥+ ❧❡+ ❢❡✉✐❧❧❡+ $'♠♦✐♥+✱ . ❧✬♦❜+❝✉*✐$' ❡$

. ❧❛ ❧✉♠✐C*❡✳ ❊❧❧❡ +❡♠❜❧❡ ♣❧✉+ '❧❡✈'❡ ✭✼✱✹✾ ± ✺✱✺ µ❣ ❣❧✉❝♦+❡ ❢♦*♠'✳❣✲✶

@❋✳♠✐♥

✲✶

.

❧✬♦❜+❝✉*✐$'✮ ❞❛♥+ ❧❡+ ③♦♥❡+ ❛❞❥❛❝❡♥$❡+✱ ♠❛✐+ ❝❡$$❡ ❞✐✛'*❡♥❝❡ ♥✬❡+$ ♣❛+ +$❛$✐+$✐L✉❡♠❡♥$

+✐❣♥✐✜❝❛$✐✈❡✳ ❉❛♥+ ❧❡+ ✏$❛❝❤❡+ ❞✬❤✉✐❧❡✑✱ ❝❡$$❡ ❛❝$✐✈✐$' ❡+$ +$❛$✐+$✐L✉❡♠❡♥$ +✐❣♥✐✜❝❛$✐✲

✈❡♠❡♥$ ♣❧✉+ '❧❡✈'❡ ✭❡♥✈✐*♦♥ ✶✻ µ❣ ❣❧✉❝♦+❡ ❢♦*♠'✳❣✲✶

@❋✳♠✐♥

✲✶

✮✱ . ❧❛ ❧✉♠✐C*❡ ❝♦♠♠❡

. ❧✬♦❜+❝✉*✐$' ✭❋✐❣✉*❡ ✸✼✮✳

▲✬❡①♣*❡++✐♦♥ ❞❡ ❣C♥❡+ ✐♠♣❧✐L✉'+ ❞❛♥+ ❧❡ ♠'$❛❜♦❧✐+♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ❡$ ❞✉ +❛❝❝❤❛*♦+❡

❛ '❣❛❧❡♠❡♥$ '$' '$✉❞✐'❡ ❞❛♥+ ❝❡+ ❞❡✉① ③♦♥❡+✳ ▲✬❡①♣*❡++✐♦♥ ❞❡+ ❣C♥❡+ ❝♦❞❛♥$ ♣♦✉*

❧✬❆●@❛+❡ ❡$ ❧✬❛♠✐❞♦♥✲+②♥$❤'$❛+❡ ❡+$ *'♣*✐♠'❡ ❞❛♥+ ❧❡+ $❛❝❤❡+ ❞✬❤✉✐❧❡ . ❧❛ ❧✉♠✐C*❡

❝♦♠♠❡ . ❧✬♦❜+❝✉*✐$' ❀ ❝❡ L✉✐ ❝♦**❡+♣♦♥❞ ❛✉① ♦❜+❡*✈❛$✐♦♥+ ❢❛✐$❡+ +✉* ❢❡✉✐❧❧❡ ❡♥$✐C*❡✳

▲✬❡①♣*❡++✐♦♥ ❞❡ ❝❡+ ❣C♥❡+ ❞❛♥+ ❧❡+ ③♦♥❡+ ❛❞❥❛❝❡♥$❡+ ♥❡ +❡♠❜❧❡ ♣❛+ ❞✐✛'*❡♥$❡ ❞❡ ❝❡❧❧❡

❞❡+ ❢❡✉✐❧❧❡+ $'♠♦✐♥+ ✭❋✐❣✉*❡ ✸✽ ❆ ✫ ❇✮✳ @♦✉* ❧❛ β✲❛♠②❧❛+❡✱ ❧❡+ *'+✉❧$❛$+ ♦♥$ '$'
+✐♠✐❧❛✐*❡+ ✭❋✐❣✉*❡ ✸✽ ❈✮✳ ▲✬❡①♣*❡++✐♦♥ ❞✉ ❣C♥❡ ❝♦❞❛♥$ ♣♦✉* ❧✬α ✲❛♠②❧❛+❡ ❡+$ ✐♥❞✉✐$❡ .
❧✬♦❜+❝✉*✐$' ❡$ . ❧❛ ❧✉♠✐C*❡ ❞❛♥+ ❧❡+ ③♦♥❡+ ❛❞❥❛❝❡♥$❡+ ❡$ +✉*$♦✉$ ❞❛♥+ ❧❡+ $❛❝❤❡+ ❞✬❤✉✐❧❡

✭❋✐❣✉*❡ ✸✽ ❉✮✳ ▲✬❡①♣*❡++✐♦♥ ❞✉ ❣C♥❡ ❝♦❞❛♥$ ♣♦✉* ❧❛ +❛❝❝❤❛*♦+❡✲♣❤♦+♣❤❛$❡ +②♥$❤'$❛+❡

❡+$ *'♣*✐♠'❡ ❞❛♥+ ❧❡+ $❛❝❤❡+ ❞✬❤✉✐❧❡ ♠❛✐+ ♣❛+ ❞❛♥+ ❧❡+ ③♦♥❡+ ❛❞❥❛❝❡♥$❡+ ✭❋✐❣✉*❡ ✸✽

❊✮✳ ❊♥✜♥✱ ❧✬❡①♣*❡++✐♦♥ ❞✉ ❣C♥❡ ❝♦❞❛♥$ ♣♦✉* ❧✬✐♥✈❡*$❛+❡ ❡+$ ✐♥❞✉✐$❡ ❞❛♥+ ❧❡+ ③♦♥❡+

❛❞❥❛❝❡♥$❡+ ❡$ ❧❡+ $❛❝❤❡+ ❞✬❤✉✐❧❡ +❛♥+ ❞✐✛'*❡♥❝❡ ❡♥$*❡ ❧❡+ '❝❤❛♥$✐❧❧♦♥+ ♣*'❧❡✈'+ . ❧❛

❧✉♠✐C*❡ ❡$ . ❧✬♦❜+❝✉*✐$' ✭❋✐❣✉*❡ ✸✽ ❋✮✳

✹✸



  



❉✐"❝✉""✐♦♥

❉❛♥# ❧❡# ♦'❣❛♥❡# ♣❤♦+♦#②♥+❤-+✐/✉❡# +❡❧# /✉❡ ❧❡# ❢❡✉✐❧❧❡#✱ ❧✬❛♠✐❞♦♥ #✬❛❝❝✉♠✉❧❡ ❛✉

❝♦✉'# ❞❡ ❧❛ ❥♦✉'♥-❡ ❡+ ❡#+ ❞-❣'❛❞- ❞❡ ♥✉✐+✳ ❈❡# ♣'♦❝❡##✉# #♦♥+ ✜♥❡♠❡♥+ '-❣✉❧-# ❡+

❛❞❛♣+-# ❛✉① ❝♦♥❞✐+✐♦♥# ❡♥✈✐'♦♥♥❡♠❡♥+❛❧❡# ❛✜♥ ❞❡ ❣❛'❛♥+✐' = ❧❛ ♣❧❛♥+❡ ✉♥❡ ❞✐#♣♦♥✐✲

❜✐❧✐+- ❡♥ #✉❝'❡# #✉✣#❛♥+❡ ♣♦✉' +♦✉+❡ ❧❛ ❞✉'-❡ ❞❡ ❧❛ ♥✉✐+✳ ❉❛♥# ❞❡# ❢❡✉✐❧❧❡# ❞❡ ✈✐❣♥❡

✐♥❢❡❝+-❡# ♣❛'  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛✱ ✉♥❡ ❛❝❝✉♠✉❧❛+✐♦♥ ❛♥♦'♠❛❧❡ ❞❡ ❧✬❛♠✐❞♦♥ ❛ -+- ♦❜✲

#❡'✈-❡ ❡♥ ✜♥ ❞❡ ♥✉✐+✳ ❉❡# ❝♦❧♦'❛+✐♦♥# ❛✉ ❧✉❣♦❧ ♦♥+ ♣❡'♠✐# ❞❡ ✈♦✐' /✉❡ ❝❡+ ❛♠✐❞♦♥

❡#+ ❛❝❝✉♠✉❧- ❞❛♥# ❧❡# ✏+❛❝❤❡# ❞✬❤✉✐❧❡✑✱ #②♠♣+C♠❡# ❝❛'❛❝+-'✐#+✐/✉❡# ❞❡ ❧❛ ♠❛❧❛❞✐❡✱ =

♣❛'+✐' ❞❡ ✸ ❥♣✐✳ ▲❛ ♠-+❤♦❞❡ ❞❡ /✉❛♥+✐✜❝❛+✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ♥❡ ❞-+❡❝+❡ ❝❡++❡ ❛❝❝✉♠✉✲

❧❛+✐♦♥ ❛♥♦'♠❛❧❡ /✉✬= ✼ ❥♣✐✱ ♣'♦❜❛❜❧❡♠❡♥+ ❞G = ✉♥ ❡✛❡+ ✏❞✐❧✉+✐♦♥✑ ♣❛' ❧❡# +✐##✉# ♥♦♥

✐♥❢❡❝+-#✳

❉❡# ♠♦❞✐✜❝❛+✐♦♥# ❞✉ ♠-+❛❜♦❧✐#♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ♦♥+ ❞-❥= -+- ❞-❝'✐+❡# ♣♦✉' ❞✬❛✉+'❡#

✐♥+❡'❛❝+✐♦♥# ♣❧❛♥+❡ ✲ ♣❛+❤♦❣I♥❡ ❡+ #♦♥+ #♦✉✈❡♥+ ❛❝❝♦♠♣❛❣♥-❡# ♣❛' ❞❡# ❛❧+-'❛+✐♦♥# ♣'♦✲

❢♦♥❞❡# ❛✉ ♥✐✈❡❛✉ ❞✉ ♠-+❛❜♦❧✐#♠❡ ❣❧✉❝✐❞✐/✉❡✳ ▲❡# ❡✛❡+# ❞❡ ❧✬✐♥❢❡❝+✐♦♥ ❞-♣❡♥❞❡♥+ ❞✉

♠♦❞I❧❡ -+✉❞✐-✳ ❈❤❡③  ✐#✉♠ #❛*✐✈✉♠✱ ✉♥❡ ❞✐♠✐♥✉+✐♦♥ ❞❡ ❧❛ +❡♥❡✉' ❡♥ ❛♠✐❞♦♥ ❞✉❡ =

✉♥❡ '-❞✉❝+✐♦♥ ❞❡ ❧✬❛❝+✐✈✐+- ❞❡ ❧✬❆●M❛#❡ ❛ -+- ♦❜#❡'✈-❡ ❞❛♥# ❞❡# ❢❡✉✐❧❧❡# ✐♥❢❡❝+-❡# ♣❛'

❊'②#✐♣❤❡ ♣✐#✐ ✭❙+♦'' ❡+ ❍❛❧❧✱ ✶✾✾✷✮✳ ❈❡♣❡♥❞❛♥+✱ ❧❡# +❡♥❡✉'# ❡♥ #✉❝'❡# '-❞✉❝+❡✉'# ❡+ ❡♥

#❛❝❝❤❛'♦#❡ ♥❡ #♦♥+ ♣❛# ♠♦❞✐✜-❡#✳ ▲♦'# ❞❡ ❧✬✐♥❢❡❝+✐♦♥ ❞❡# ❥❡✉♥❡# ❢❡✉✐❧❧❡# ❞❡ ❩❡❛ ♠❛②#

♣❛' ❯#*✐❧❛❣♦ ♠❛②❞✐#✱ ❍♦'#+ ❡* ❛❧✳ ✭✷✵✵✽✮ ♦♥+ ♦❜#❡'✈- ✉♥❡ '-❞✉❝+✐♦♥ ❞❡ ❧❛ #②♥+❤I#❡

❞❡ ❧✬❛♠✐❞♦♥ ❡+ ❞✉ #❛❝❝❤❛'♦#❡✱ ❛✐♥#✐ /✉✬✉♥❡ /✉❛♥+✐+- ✐♠♣♦'+❛♥+❡ ❞✬❤❡①♦#❡#✳ ❉❛♥# ❧❡#

❢❡✉✐❧❧❡# ❞❡ ❙♦❧❛♥✉♠ ❧②❝♦♣❡'#✐❝✉♠ ✐♥❢❡❝+-❡# ♣❛'  ❤②*♦♣❤*❤♦'❛ ✐♥❢❡#*❛♥#✱ ❧❡# +❡♥❡✉'#

❡♥ ❛♠✐❞♦♥ ❡+ ❡♥ #❛❝❝❤❛'♦#❡ ❞✐♠✐♥✉❡♥+ ❛✉ ❝♦✉'# ❞❡ ❧✬✐♥❢❡❝+✐♦♥✱ ❛❧♦'# /✉❡ ❧❡ ❣❧✉❝♦#❡

❡+ #✉'+♦✉+ ❧❡ ❢'✉❝+♦#❡ #✬❛❝❝✉♠✉❧❡♥+ ✭❏✉❞❡❧#♦♥ ❡* ❛❧✳✱ ✷✵✵✾✮✳ ❯♥❡ ❛✉❣♠❡♥+❛+✐♦♥ ❞❡ ❧❛

+❡♥❡✉' ❡♥ ❛♠✐❞♦♥ ❛ -+- ♦❜#❡'✈-❡ ❞❛♥# ❧❡# ❢❡✉✐❧❧❡# ❞✬❍❡❧✐❛♥*❤✉# ❛♥♥✉✉# ✐♥❢❡❝+-❡# ♣❛'

❧❡ ✈✐'✉# ❙✉❈▼♦❱✱ /✉✐ ✐♥❞✉✐+ -❣❛❧❡♠❡♥+ ✉♥❡ ❛❝❝✉♠✉❧❛+✐♦♥ ❞❡# #✉❝'❡# #♦❧✉❜❧❡#✱ +♦✉+

❡♥ ❞✐♠✐♥✉❛♥+ ❧✬❛❝+✐✈✐+- ♣❤♦+♦#②♥+❤-+✐/✉❡ ✭❘♦❞'✐❣✉❡③ ❡* ❛❧✳✱ ✷✵✶✵✮✳ ❊♥✜♥✱ ❧✬✐♥❢❡❝+✐♦♥

❞❡ ❢❡✉✐❧❧❡# ❞❡ ❈✐*'✉# #✐♥❡♥#✐# ♣❛' ❧❛ ❜❛❝+-'✐❡ ❈❛♥❞✐❞❛*✉# ❧✐❜❡'✐❜❛❝*❡' ✐♥❞✉✐+ ❧✬❡①♣'❡#✲

#✐♦♥ ❞❡# ❣I♥❡# ❝♦❞❛♥+ ♣♦✉' ❧❡# ❡♥③②♠❡# ✐♠♣❧✐/✉-❡# ❞❛♥# ❧❛ #②♥+❤I#❡ ❞❡ ❧✬❛♠✐❞♦♥ ❡+

♣'♦✈♦/✉❡ ❧✬❛❝❝✉♠✉❧❛+✐♦♥ ❞❡ ❝❡ ❞❡'♥✐❡' ❡+ ❞✉ #❛❝❝❤❛'♦#❡ ✭❑✐♠ ❡* ❛❧✳✱ ✷✵✵✾✮✳

▲❛ ❞-'-❣✉❧❛+✐♦♥ ❞✉ ♠-+❛❜♦❧✐#♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ❛ #♦✉✈❡♥+ -+- ❞-❝'✐+❡ #✉' ❧❛ ❜❛#❡

❞❡ ♠♦❞✐✜❝❛+✐♦♥# ❞❡ ❧✬❡①♣'❡##✐♦♥ ❞❡# +'❛♥#❝'✐+# ❞❡# ❣I♥❡# ❝♦❞❛♥+ ♣♦✉' ❞❡# ❡♥③②♠❡#

✐♠♣❧✐/✉-❡# ❞❛♥# ❝❡++❡ ✈♦✐❡ ♠-+❛❜♦❧✐/✉❡✳ ◆♦✉# ❛✈♦♥# ✐♥✐+✐- ✉♥❡ ❛♥❛❧②#❡ +'❛♥#❝'✐♣+♦✲

♠✐/✉❡ = ❧✬❛✐❞❡ ❞✬✉♥❡ ♣✉❝❡ ✏✈✐❣♥❡✑ ✭◆✐♠❜❧❡●❡♥ ✏❣'❛♣❡ ✇❤♦❧❡ ❣❡♥♦♠❡ ▼✐❝'♦❛''❛②✑✮

❛✜♥ ❞✬-+✉❞✐❡' ❧❡# ❝❤❛♥❣❡♠❡♥+# ❣❧♦❜❛✉① ❞❡ ❧✬❡①♣'❡##✐♦♥ ❞❡ ❣I♥❡# ❞❛♥# ❧❡# ❢❡✉✐❧❧❡# ✐♥✲

❢❡❝+-❡# ✭✼ ❥♣✐✱ = ❧✬♦❜#❝✉'✐+-✮✳ M❛'♠✐ ❧❡# ✸✵ ✵✵✵ ❣I♥❡# -+✉❞✐-#✱ ✶✶✪ ♦♥+ ✉♥❡ ❡①♣'❡##✐♦♥

♠♦❞✉❧-❡ ♣❛' ❧✬✐♥❢❡❝+✐♦♥ ❞♦♥+ ❡♥✈✐'♦♥ ❧❛ ♠♦✐+✐- ❡#+ '-♣'✐♠-❡ ❡+ ❧❛ #❡❝♦♥❞❡ ✐♥❞✉✐+❡✳

M❛'♠✐ ❡✉①✱ ♥♦✉# ❛✈♦♥# ✐❞❡♥+✐✜- ❞❡# ❣I♥❡# ❝♦❞❛♥+ ♣♦✉' ❞❡# ✐#♦❢♦'♠❡# ❞✬❡♥③②♠❡# ✐♠✲

♣❧✐/✉-❡# ❞❛♥# ❧❡# ♠-+❛❜♦❧✐#♠❡# ❞❡ ❧✬❛♠✐❞♦♥✱ ❞✉ #❛❝❝❤❛'♦#❡✱ ❞✉ +'-❤❛❧♦#❡ ❡+ ❞❛♥# ❧❛

♣❤♦+♦#②♥+❤I#❡✳

✹✹



  



❆✜♥ ❞❡ ✈❛❧✐❞❡) ❝❡+ ),+✉❧.❛.+ ♣❛) 0❘❚✲4❈❘✱ ✐❧ ❛ ,., ♥,❝❡++❛✐)❡ ❞✬✐❞❡♥.✐✜❡) ❞❡+ ❣9♥❡+ ❞❡

),❢,)❡♥❝❡✳ ❈❡..❡ .❡❝❤♥✐0✉❡ ♣❡)♠❡. ❞✬,.✉❞✐❡) ❧❡+ ❝❤❛♥❣❡♠❡♥.+ ❞✬❡①♣)❡++✐♦♥ ❞❡ ❣9♥❡+

♣❛) ❧❛ 0✉❛♥.✐✜❝❛.✐♦♥ ❞❡ ❧❡✉)+ .)❛♥+❝)✐.+✳ ▲❡+ ❞♦♥♥,❡+ ❞✬❡①♣)❡++✐♦♥ +♦♥. ♥♦)♠❛❧✐+,❡+

♣❛) )❛♣♣♦). A ✉♥ ♦✉ ♣❧✉+✐❡✉)+ ❣9♥❡✭+✮ ❞❡ ),❢,)❡♥❝❡ ❞♦♥. ❧✬❡①♣)❡++✐♦♥ ❡+. +✉♣♣♦+,❡

+.❛❜❧❡✱ ❛✜♥ ❞✬,✈✐.❡) ❞✬✐♥.,❣)❡) ❞❡+ ✈❛)✐❛.✐♦♥+ ❧✐,❡+ A ❧✬❡①.)❛❝.✐♦♥ ❞❡+ ❆❘◆ ♦✉ A ❧❛

♣)♦❞✉❝.✐♦♥ ❞❡+ ❆❉◆❝✳ ●,♥,)❛❧❡♠❡♥.✱ ❧❡+ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ✉.✐❧✐+,+ ♦♥. ✉♥❡ ❢♦♥❝.✐♦♥

❝❡❧❧✉❧❛✐)❡ ✏❜❛+❛❧❡✑ ❡. +♦♥. +✉♣♣♦+,+ J.)❡ ❡①♣)✐♠,+ ❞❡ ♠❛♥✐9)❡ ❝♦♥+.❛♥.❡ ❞❛♥+ .♦✉+ ❧❡+

,❝❤❛♥.✐❧❧♦♥+✳ 4❛)♠✐ ❧❡+ ♣❧✉+ ✉.✐❧✐+,+✱ ♦♥ ♣❡✉. ❝✐.❡) ❝❡✉① ❝♦❞❛♥. ♣♦✉) ❧✬❛❝.✐♥❡ ✭❋❧✉❝❦

❡! ❛❧✳✱ ✷✵✵✺❀ ❋✉♥❣ ❡! ❛❧✳✱ ✷✵✵✽✮✱ ❧✬✉❜✐0✉✐.✐♥❡ ✭▲✉♥❞ ❡! ❛❧✳✱ ✷✵✵✽❀ ❖❧+❡♥ ❡! ❛❧✳✱ ✷✵✶✵✮✱

❞❡+ ❢❛❝.❡✉)+ ❞✬,❧♦♥❣❛.✐♦♥ ✭❆❜❜❛❧ ❡! ❛❧✳✱ ✷✵✵✽❀ ❖❧+❡♥ ❡! ❛❧✳✱ ✷✵✶✵✮ ♦✉ ❧❡+ +♦✉+✲✉♥✐.,+

)✐❜♦+♦♠✐0✉❡+ ✭❇❛+ ❡! ❛❧✳✱ ✷✵✵✹❀ ❲❛♥❣ ❡! ❛❧✳✱ ✷✵✶✵❀ ❳✉❡ ❡! ❛❧✳✱ ✷✵✶✵✮✳ ❚♦✉.❡❢♦✐+✱ ♣❧✉✲

+✐❡✉)+ ,.✉❞❡+ ♦♥. ♠♦♥.), 0✉❡ ❧✬❡①♣)❡++✐♦♥ ❞❡ ❝❡+ ❣9♥❡+ ♣♦✉✈❛✐. ✈❛)✐❡) ✭❇❛+ ❡! ❛❧✳✱

✷✵✵✹❀ ●✉❡♥✐♥ ❡! ❛❧✳✱ ✷✵✵✾❀ ❚)✐❝❛)✐❝♦ ❡! ❛❧✳✱ ✷✵✵✷✮✱ +♦✉❧✐❣♥❛♥. ❧✬✐♠♣♦).❛♥❝❡ ❞❡ ✈❛❧✐❞❡)

❧❛ +.❛❜✐❧✐., ❞❡ ❧❡✉) ❡①♣)❡++✐♦♥ ♣♦✉) ❝❤❛0✉❡ ❡①♣,)✐♠❡♥.❛.✐♦♥ ❝♦♥❞✉✐.❡✳ 4♦✉) ❧❛ ✈✐❣♥❡✱

❘❡✐❞ ❡! ❛❧✳ ✭✷✵✵✻✮ ♦♥. ✈❛❧✐❞, ❞❡+ ❣9♥❡+ ❝♦❞❛♥. ♣♦✉) ❧❛ ●❆4❉❍ ✭❣❧②❝❡)❛❧❞,❤②❞❡ ✸✲

♣❤♦+♣❤❛.❡ ❞,+❤②❞)♦❣,♥❛+❡✮✱ ❧✬❛❝.✐♥❡✱ ❧✬❊❋✶✲α ❡. ✉♥❡ ♣)♦.,✐♥❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❙❆◆❉

❝♦♠♠❡ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ♣♦✉) ❞❡+ ,.✉❞❡+ +✉) ❜❛✐❡+ ❞❡ ❈❛❜❡)♥❡. ❙❛✉✈✐❣♥♦♥✱ ♠❛✐+

❛✉❝✉♥❡ ✈❛❧✐❞❛.✐♦♥ ♥✬❛ ,., ♣✉❜❧✐,❡ ♣♦✉) ❞❡+ ❢❡✉✐❧❧❡+ ❞❡ ✈✐❣♥❡✳

➚ ♣❛).✐) ❞❡+ ❞♦♥♥,❡+ ♠✐❝)♦❛))❛②✱ ❞❡+ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ❝❛♥❞✐❞❛.+ ♦♥. ,., ❝❤♦✐+✐+✳

▲❡✉) ❡①♣)❡++✐♦♥ ❞❛♥+ ❞❡+ ,❝❤❛♥.✐❧❧♦♥+ ❞❡ ❢❡✉✐❧❧❡+ .,♠♦✐♥+ ♦✉ ✐♥❢❡❝.,❡+ ♣❛) %✳ ✈✐!✐❝♦❧❛✱

♣),❧❡✈,+ ❛✉ ❝♦✉)+ ❞❡ ❧✬✐♥❢❡❝.✐♦♥✱ ❛ ,., ♠❡+✉),❡ ❡. ❧❡+ ❞♦♥♥,❡+ ❛♥❛❧②+,❡+ A ❧✬❛✐❞❡

❞❡ .)♦✐+ ❧♦❣✐❝✐❡❧+ ❞,❞✐,+ ✿ ●❡◆♦)♠ ✭❱❛♥❞❡+♦♠♣❡❧❡ ❡! ❛❧✳✱ ✷✵✵✷✮✱ ❇❡+.❦❡❡♣❡) ✭4❢❛✤

❡! ❛❧✳✱ ✷✵✵✹✮ ❡. ◆♦)♠✜♥❞❡) ✭❆♥❞❡)+❡♥ ❡! ❛❧✳✱ ✷✵✵✹✮✳ ❈❡+ ❞❡)♥✐❡)+ ✉.✐❧✐+❡♥. ❞❡+ ♠♦❞9❧❡+

♠❛.❤,♠❛.✐0✉❡+ ❞✐✛,)❡♥.+ ❛✜♥ ❞✬✐❞❡♥.✐✜❡) ✉♥ ♦✉ ♣❧✉+✐❡✉)+ ❣9♥❡+ ❧❡+ ♠✐❡✉① ❛❞❛♣.,+

♣♦✉) ❧❛ ♥♦)♠❛❧✐+❛.✐♦♥ ❞❡+ ,❝❤❛♥.✐❧❧♦♥+ ❛♥❛❧②+,+✳ ❈❡+ ❛♥❛❧②+❡+ +.❛.✐+.✐0✉❡+ ♦♥. ♣❡)♠✐+

❞✬✐❞❡♥.✐✜❡) ❧❡+ .)♦✐+ ❣9♥❡+ ✻✵❙❘%✱ ❱❆❚%✶✻ ❡. ❯◗❈❈ ❝♦♠♠❡ ❧❡+ ♣❧✉+ +.❛❜❧❡+ ❡. ❞♦♥❝

❧❡+ ♠✐❡✉① ❛❞❛♣.,+ ♣♦✉) J.)❡ ✉.✐❧✐+,+ ❝♦♠♠❡ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ❞❛♥+ ♥♦.)❡ ,.✉❞❡✳

▲❡ ♥♦♠❜)❡ ❞❡ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ A ✉.✐❧✐+❡) ♣♦✉) ❧❛ ♥♦)♠❛❧✐+❛.✐♦♥ ,.❛♥. ❞✬❛✉ ♠♦✐♥+

❞❡✉① ✭❱❛♥❞❡+♦♠♣❡❧❡ ❡! ❛❧✳✱ ✷✵✵✷✮✱ ❧❡+ ❞❡✉① ❡♥ .J.❡ ❞✉ ❝❧❛++❡♠❡♥. ✜♥❛❧✱ ❱❆❚%✶✻ ❡.

✻✵❙❘% ♦♥. ,., )❡.❡♥✉+ ♣♦✉) ♥♦+ ❡①♣,)✐❡♥❝❡+✳ ▲❡+ ❣9♥❡+ ❛②❛♥. ❧❡ ♣❧✉+ ❞❡ ✈❛)✐❛❜✐❧✐.,

+✉) ❧✬❡♥+❡♠❜❧❡ ❞❡ ❝❡+ ❛♥❛❧②+❡+ ♦♥. ,., ❧✬❆❘◆) ✶✽❙✱ ❯❇❊✷✱ ✸✾❙❘% ❡. ❆❈❚✶ 0✉✐ ♥❡

❝♦♥✈✐❡♥♥❡♥. ❞♦♥❝ ♣❛+ ❝♦♠♠❡ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ❞❛♥+ ♥♦+ ❝♦♥❞✐.✐♦♥+✳ ❈❡❝✐ ✐♥❝❧✉. ❞❡✉①

❣9♥❡+✱ ❧✬❆❘◆) ✶✽❙ ❡. ❆❈❚✶✱ 0✉✐ +♦♥. ❤❛❜✐.✉❡❧❧❡♠❡♥. ✉.✐❧✐+,+ ♣♦✉) ❧❛ ♥♦)♠❛❧✐+❛.✐♦♥

❞❡+ ),+✉❧.❛.+ ❞❡ 0❘❚✲4❈❘ ❝❤❡③ ❧❛ ✈✐❣♥❡✳ ❉❡ ♣❧✉+✱ ✐❧ +✬❡+. ❛✈,), ❧♦)+ ❞❡ ❝❡..❡ ,.✉❞❡

0✉❡ ❧❡+ ❛♠♦)❝❡+ ✉.✐❧✐+,❡+ ♣♦✉) ❊❋✲✶α ♥❡ +♦♥. ♣❛+ ❛❞❛♣.,❡+ A ❧✬,.✉❞❡ ❞✬❡①♣)❡++✐♦♥

❝❤❡③ ❧❡ ❝,♣❛❣❡ ▼❛)+❡❧❛♥✱ ♣)♦❜❛❜❧❡♠❡♥. A ❝❛✉+❡ ❞❡ ❞✐✛,)❡♥❝❡+ ❞❡ +,0✉❡♥❝❡ ❡♥.)❡ ❧❡

❝,♣❛❣❡ ▼❛)+❡❧❛♥ ❡. ❧❡ ❈❛❜❡)♥❡. ❙❛✉✈✐❣♥♦♥✱ ♣♦✉) ❧❡0✉❡❧ ❝❡+ ❛♠♦)❝❡+ ♦♥. ,., ),❛❧✐+,❡+✳

❊♥+❡♠❜❧❡✱ ❝❡+ ),+✉❧.❛.+ ❝♦♥✜)♠❡♥. ❝❡ 0✉✐ ,.❛✐. ❞,❝)✐. ❞❛♥+ ❧❛ ❧✐..,)❛.✉)❡ ♣♦✉) ❧❛

✈❛)✐❛❜✐❧✐., ❞✬❡①♣)❡++✐♦♥ ❞❡+ +♦✉+✲✉♥✐.,+ )✐❜♦+♦♠✐0✉❡+ ✭❚)✐❝❛)✐❝♦ ❡! ❛❧✳✱ ✷✵✵✷❀ ❲♦♥❣

❡. ▼❡❞)❛♥♦✱ ✷✵✵✺✮ ❡. ❧❛ ♥,❝❡++✐., ❞❡ ✈❛❧✐❞❡) ❧❡+ ❛♠♦)❝❡+ ❡. ❧❛ +.❛❜✐❧✐., ❞❡ ❧✬❡①♣)❡++✐♦♥

❞❡ ❣9♥❡+ ❞❡ ),❢,)❡♥❝❡ ✉.✐❧✐+,+ ♣♦✉) +❡+ ❝♦♥❞✐.✐♦♥+ ❡①♣,)✐♠❡♥.❛❧❡+✳

❊♥ ❝♦♠♣❧,♠❡♥. ❞❡ ❧✬,.✉❞❡ ♠✐❝)♦❛))❛②✱ ❧✬❡①♣)❡++✐♦♥ ❞❡+ ❣9♥❡+ ❝♦❞❛♥. ♣♦✉) ❧❡+ ❡♥③②♠❡+

✐♠♣❧✐0✉,❡+ ❞❛♥+ ❧❡ ♠,.❛❜♦❧✐+♠❡ ❞❡ ❧✬❛♠✐❞♦♥✱ ❞✉ +❛❝❝❤❛)♦+❡ ❡. ❞✉ .),❤❛❧♦+❡ ❛ ,.,
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 ✉✐✈✐❡ ♣❛' (❘❚✲,❈❘ ❡♥ ✉/✐❧✐ ❛♥/ ❞❡ ❛♠♦'❝❡ ❝♦''❡ ♣♦♥❞❛♥/ 5 ❧✬✐ ♦❢♦'♠❡ ❧❛ ♣❧✉ 

❛✛❡❝/9❡ ❞✬❛♣': ❧❡ ❞♦♥♥9❡ /'❛♥ ❝'✐♣/♦♠✐(✉❡ ✳ ❈❡//❡ ❛♥❛❧② ❡ ❛ ♣❡'♠✐ ❞✬9/✉❞✐❡'
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9❣❛❧❡♠❡♥/ 9/9 9/✉❞✐9❡✳
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✉♥❡ ♣❡,"❡ ❞✬❡✣❝❛❝✐"8 ❞❡ ❧❛ ❞8❣,❛❞❛"✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❡①♣❧✐A✉❛♥" ❧❡. ❛❝❝✉♠✉❧❛"✐♦♥.

❛♥♦,♠❛❧❡. ♦❜.❡,✈8❡.✳

❊♥ ♣❧✉. ❞✬✉♥❡ ❞8,8❣✉❧❛"✐♦♥ ❞✉ ♠8"❛❜♦❧✐.♠❡ ❞❡ ❧✬❛♠✐❞♦♥✱ ❧✬✐♥❢❡❝"✐♦♥ ❞❡. ❢❡✉✐❧❧❡.

♣❛, ❞❡. ♣❛"❤♦❣+♥❡. ❝♦♠♠❡ ❞❡. ✈✐,✉.✱ ❞❡. ❝❤❛♠♣✐❣♥♦♥.✱ ❞❡. ❜❛❝"8,✐❡. ❡" ❞❡. ♦♦✲

♠②❝+"❡.✱ ♣❡✉" ✐♥❞✉✐,❡ ✉♥❡ ❞8,8❣✉❧❛"✐♦♥ ❞✉ ♠8"❛❜♦❧✐.♠❡ ❞❡. .✉❝,❡. .♦❧✉❜❧❡. ✭❍♦,."

❡! ❛❧✳✱ ✷✵✵✽❀ ❏♦❜✐❝ ❡! ❛❧✳✱ ✷✵✵✼❀ ❘♦❞,✐❣✉❡③ ❡! ❛❧✳✱ ✷✵✶✵✮✳ ❉❛♥. ❞❡. ❢❡✉✐❧❧❡. ❞❡ ❜❧8 ✐♥❢❡❝✲

"8❡. ♣❛, ❊+②-✐♣❤❡ ❣+❛♠✐♥✐-✱ ✉♥❡ ❛❝❝✉♠✉❧❛"✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❡." ❛❝❝♦♠♣❛❣♥8❡ ♣❛, ✉♥❡

❛❝❝✉♠✉❧❛"✐♦♥ ❞❡ .❛❝❝❤❛,♦.❡✱ ❢,✉❝"♦.❡ ❡" ❣❧✉❝♦.❡ ❡" ✉♥❡ ❛✉❣♠❡♥"❛"✐♦♥ ❞❡ ❧✬❛❝"✐✈✐"8

✐♥✈❡,"❛.❡ ✭❲,✐❣❤" ❡! ❛❧✳✱ ✶✾✾✺✮✳ ❯♥❡ ♦❜.❡,✈❛"✐♦♥ .✐♠✐❧❛✐,❡ ❛ 8"8 ❢❛✐"❡ ♣♦✉, ❧❡. ❢❡✉✐❧❧❡.

❞✬❆✳ !❤❛❧✐❛♥❛ ✐♥❢❡❝"8❡. ♣❛, ❆❧❜✉❣♦ ❝❛♥❞✐❞❛ ✭❈❤♦✉ ❡! ❛❧✳✱ ✷✵✵✵❀ ❚❛♥❣ ❡! ❛❧✳✱ ✶✾✾✻✮✳

❊♥✜♥✱ ❞❛♥. ❧❡. ❢❡✉✐❧❧❡. ❞❡ "❛❜❛❝✱ %❤②!♦♣❤!❤♦+❛ ♥✐❝♦!✐❛♥❛❡ ✐♥❞✉✐" ✉♥❡ ❞✐♠✐♥✉"✐♦♥ ❞❡

❧✬❡①♣♦," ❞✉ .❛❝❝❤❛,♦.❡ ❡" ✉♥❡ ❛❝❝✉♠✉❧❛"✐♦♥ ❞❡. ❤❡①♦.❡. ✭❙❝❤❛,"❡ ❡! ❛❧✳✱ ✷✵✵✺✮✳

2♦✉, ❧❡. ✐♥"❡,❛❝"✐♦♥. ♣❧❛♥"❡ ✲ ♣❛"❤♦❣+♥❡✱ ❧❡. .✉❝,❡. ❥♦✉❡♥" ✉♥ ❞♦✉❜❧❡ ,O❧❡✳ ■❧.

.❡,✈❡♥" ❛✉ ♣❛"❤♦❣+♥❡ ♣♦✉, .❛ ♥✉",✐"✐♦♥✱ ♣❡,♠❡""❛♥" .❛ ❝,♦✐..❛♥❝❡ ❡" .♦♥ ❞8✈❡❧♦♣✲

♣❡♠❡♥"✱ ❡" T ❧❛ ♣❧❛♥"❡ ❝♦♠♠❡ ✉♥❡ .♦✉,❝❡ ❞✬8♥❡,❣✐❡ ✉"✐❧❡ T ❧❛ ♠✐.❡ ❡♥ ♣❧❛❝❡ ❞❡.

,8❛❝"✐♦♥. ❞❡ ❞8❢❡♥.❡✳ ❉❡ ♣❧✉.✱ ❧❡. .✉❝,❡. .♦❧✉❜❧❡. .♦♥" ,❡❝♦♥♥✉. ❡♥ "❛♥" A✉❡ ♠♦❧8✲

❝✉❧❡. ❞❡ .✐❣♥❛❧✐.❛"✐♦♥ ✭❘♦✐".❝❤✱ ✶✾✾✾✮ ❡"✱ ❡♥",❡ ❛✉",❡.✱ ✐❧. ,8❣✉❧❡♥" ❧✬❡①♣,❡..✐♦♥ ❞❡

❣+♥❡. ❝♦❞❛♥" ♣♦✉, ❧❡. ♣,♦"8✐♥❡. 2❘ ✭❘♦✐".❝❤✱ ✶✾✾✾✮✱ ✐♥❞✉✐.❡♥" ❞❡. ❣+♥❡. ✐♠♣❧✐A✉8.

❞❛♥. ❧❡ ♠8"❛❜♦❧✐.♠❡ ✏♣✉✐".✑✱ ❝♦♠♠❡ ❝❡❧✉✐ ❝♦❞❛♥" ♣♦✉, ❧✬✐♥✈❡,"❛.❡✱ ❡" ,8♣,✐♠❡♥" ❝❡✉①

❧✐8. ❛✉ ♠8"❛❜♦❧✐.♠❡ ✏.♦✉,❝❡✑✱ ❝♦♠♠❡ ❝❡✉① ✐♠♣❧✐A✉8. ❞❛♥. ❧✬❛❝"✐✈✐"8 ♣❤♦"♦.②♥"❤8"✐A✉❡

✭❘♦❧❧❛♥❞ ❡! ❛❧✳✱ ✷✵✵✻✮✳

❉❛♥. ❧❡. ❢❡✉✐❧❧❡. ❞❡ ✈✐❣♥❡ ✐♥❢❡❝"8❡. ♣❛, %✳ ✈✐!✐❝♦❧❛ ✭✼ ❥♣✐✮✱ ❧❡. "❡♥❡✉,. ❡♥ ❣❧✉❝♦.❡

❡" ❢,✉❝"♦.❡ .♦♥" 8❧❡✈8❡. T ❧✬♦❜.❝✉,✐"8✱ ❛❧♦,. A✉❡ ❝❡❧❧❡ ❡♥ .❛❝❝❤❛,♦.❡ ❡." ❞✐♠✐♥✉8❡ T

❧❛ ❧✉♠✐+,❡✳ ❈❡. 8✈♦❧✉"✐♦♥. .✬❛❝❝♦♠♣❛❣♥❡♥" ❞❡ ❝❤❛♥❣❡♠❡♥". ❞✬❡①♣,❡..✐♦♥ ❞❡ ❣+♥❡.

✐♠♣❧✐A✉8. ❞❛♥. ❧❡ ♠8"❛❜♦❧✐.♠❡ ❞✉ .❛❝❝❤❛,♦.❡✳ ❊♥ ❡✛❡"✱ ❧✬❛♥❛❧②.❡ ",❛♥.❝,✐♣"♦♠✐A✉❡

❛ ,8✈8❧8 A✉❡ ❧✬❡①♣,❡..✐♦♥ ❞❡ ❣+♥❡. ❝♦❞❛♥" ♣♦✉, A✉❛",❡ ✐.♦❢♦,♠❡. ❞❡ ❧❛ .❛❝❝❤❛,♦.❡✲

♣❤♦.♣❤❛"❡ .②♥"❤8"❛.❡ ✭❙2❙✮ ❡." ,8♣,✐♠8❡ ❞❛♥. ❧❡. ❢❡✉✐❧❧❡. ✐♥❢❡❝"8❡. ❛❧♦,. A✉❡ ❝❡❧❧❡
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❞❡ "❡♣$ ❞❡" ♥❡✉❢ ❣)♥❡" ❝♦❞❛♥$ ♣♦✉- ❞❡" ✐"♦❢♦-♠❡" ❞❡ ❧✬✐♥✈❡-$❛"❡ ❡"$ ✐♥❞✉✐$❡✳ ❈❡"

✈❛-✐❛$✐♦♥" ♦♥$ 5$5 ✈❛❧✐❞5❡" ♣❛- 6❘❚✲:❈❘ ♣♦✉- ❞❡" ❣)♥❡" ❝♦❞❛♥$ ♣♦✉- ✉♥❡ ❙:❙ ❡$

✉♥❡ ✐♥✈❡-$❛"❡✳ ◆♦" -5"✉❧$❛$" "♦♥$ ❝♦♥❢♦-♠❡" = ❝❡✉① ❞❡ ❍❛②❡" ❡! ❛❧✳ ✭✷✵✶✵✮✱ 6✉✐ ♦♥$

❞5❝-✐$ ✉♥❡ ❛✉❣♠❡♥$❛$✐♦♥ ❞❡ ❧✬❡①♣-❡""✐♦♥ ❞❡ ❣)♥❡ ❝♦❞❛♥$ ♣♦✉- ✉♥❡ ✐♥✈❡-$❛"❡ ♣❛-✐5$❛❧❡

❞❛♥" ❞❡" ❢❡✉✐❧❧❡" ❞❡ ✈✐❣♥❡ ✐♥❢❡❝$5❡" ♣❛- %✳ ✈✐!✐❝♦❧❛✳

▲✬✐♥✈❡-$❛"❡ ❡①✐"$❡ "♦✉" ♣❧✉"✐❡✉-" ✐"♦❢♦-♠❡" ❛✈❡❝ ❞❡" ❧♦❝❛❧✐"❛$✐♦♥" ❝❡❧❧✉❧❛✐-❡"✱ ❞❡"

♣❍ ♦♣$✐♠❛ ❡$ ❞❡" ♣♦✐♥$" ✐"♦✲5❧❡❝$-✐6✉❡" ❞✐✛5-❡♥$"✳ ▲✬❛❝$✐✈✐$5 ❞❡ ❧✬✐♥✈❡-$❛"❡ ❛ ❞♦♥❝

5$5 ♠❡"✉-5❡ ❞❛♥" ❧❡" ❢-❛❝$✐♦♥" "♦❧✉❜❧❡ ❡$ ✐♥"♦❧✉❜❧❡ ❞✬✉♥ ❡①$-❛✐$ ♣-♦$5✐6✉❡ ❞❡ ❢❡✉✐❧❧❡"

$5♠♦✐♥" ❡$ ✐♥❢❡❝$5❡"✳ ❙❡✉❧❡ ❧❛ ❢-❛❝$✐♦♥ ✐♥"♦❧✉❜❧❡ ❛ ♣-5"❡♥$5✱ = ♣❍ ♥❡✉$-❡✱ ✉♥❡ ❛❝$✐✲

✈✐$5 ✐♥✈❡-$❛"❡ ♣❧✉" ❢♦-$❡ ❞❛♥" ❧❡" ❢❡✉✐❧❧❡" ✐♥❢❡❝$5❡" ✭❛❝$✐✈✐$5 ❝-♦✐""❛♥$❡ ❛✉ ❝♦✉-" ❞❡

❧✬✐♥❢❡❝$✐♦♥✮✳ ❯♥❡ ❛✉❣♠❡♥$❛$✐♦♥ ❞❡ ❧✬❛❝$✐✈✐$5 ✐♥✈❡-$❛"❡ ❛ 5$5 ❞5❝-✐$❡ ❞❛♥" ❞❡ ♥♦♠✲

❜-❡✉"❡" ✐♥$❡-❛❝$✐♦♥" ♣❧❛♥$❡" ✲ ♣❛$❤♦❣)♥❡" ❝♦♠♠❡ ❞❛♥" ❧❡" ♣❧❛♥$❡" ✐♥❢❡❝$5❡" ♣❛- ❞❡"

✈✐-✉" ✭❍❡-❜❡-" ❡! ❛❧✳✱ ✷✵✵✵✮✱ ❞❡" ❜❛❝$5-✐❡" ✭❙$✉-♠ ❡$ ❈❤-✐"♣❡❡❧"✱ ✶✾✾✵✮ ❡$ ❞❡" ❝❤❛♠✲

♣✐❣♥♦♥" ✭❇❡♥❤❛♠♦✉ ❡! ❛❧✳✱ ✶✾✾✶❀ ❋♦$♦♣♦✉❧♦" ❡! ❛❧✳✱ ✷✵✵✸❀ ❱♦❡❣❡❧❡ ❡! ❛❧✳✱ ✷✵✵✻✮✳ ❉❛♥"

❝❡" ✐♥$❡-❛❝$✐♦♥"✱ ❧✬✐♥✈❡-$❛"❡ "❡♠❜❧❡ ❥♦✉❡- ✉♥ -U❧❡ ❡""❡♥$✐❡❧ ❞❛♥" ❧❛ ♠♦❜✐❧✐"❛$✐♦♥ ❞❡

❧✬5♥❡-❣✐❡ ♣♦✉- ❧❡ ♣❛$❤♦❣)♥❡ ♦✉ ❧✬❤U$❡ ❡$ "♦♥ ❛❝$✐✈✐$5 ❡"$ ❝❡♥$-❛❧❡ ❧♦-" ❞❡ ❧❛ $-❛♥"✐$✐♦♥

"♦✉-❝❡ ✲ ♣✉✐$" ❞❛♥" ❧❡" ❢❡✉✐❧❧❡" ✐♥❢❡❝$5❡"✳ ❈♦♠♠❡ ❧❛ ♣❧❛♥$❡ ❡$ ❧❡ ♣❛$❤♦❣)♥❡ ♣♦"")❞❡♥$

❞❡" ✐"♦❢♦-♠❡" ❞❡ ❝❡$$❡ ❡♥③②♠❡✱ ✐❧ ❡"$ "♦✉✈❡♥$ ❞✐✣❝✐❧❡ ❞❡ ❞5$❡-♠✐♥❡- ❧✬♦-✐❣✐♥❡ ❞❡ ❧✬❛❝✲

$✐✈✐$5 ❡♥③②♠❛$✐6✉❡ ♦❜"❡-✈5❡ ♣❡♥❞❛♥$ ❧✬✐♥$❡-❛❝$✐♦♥✳ %✳ ✈✐!✐❝♦❧❛ 5$❛♥$ ✉♥ ❜✐♦$-♦♣❤❡

♦❜❧✐❣❛$♦✐-❡✱ ✐❧ ❛ 5$5 ✐♠♣♦""✐❜❧❡ ❞❡ ❞5$❡❝$❡- "♣5❝✐✜6✉❡♠❡♥$ ❧✬❛❝$✐✈✐$5 ✐♥✈❡-$❛"❡ ❝❤❡③

❝❡$ ♦♦♠②❝)$❡✳ ❉❛♥" ❧❡ ❣5♥♦♠❡ ❞❡ ❧✬♦♦♠②❝)$❡ %✳ ✐♥❢❡,!❛♥,✱ ✐❧ ❡①✐"$❡ ✉♥❡ "56✉❡♥❝❡

❝♦❞❛♥$ ♣♦✉- ✉♥❡ ✐♥✈❡-$❛"❡ = ♣❛-$✐- ❞❡ ❧❛6✉❡❧❧❡ ♥♦✉" ❛✈♦♥" -5❛❧✐"5 ❞❡" ❛♠♦-❝❡" "♣5❝✐✲

✜6✉❡"✳ ❈❡❧❧❡"✲❝✐ ♥♦✉" ♦♥$ ♣❡-♠✐" ❞❡ "✉✐✈-❡ ❧✬❡①♣-❡""✐♦♥ ❞✬✉♥❡ ✐♥✈❡-$❛"❡ ❞✉ ♣❛$❤♦❣)♥❡

❛✉ ❝♦✉-" ❞❡ ❧✬✐♥❢❡❝$✐♦♥ ❞❡" ❢❡✉✐❧❧❡" ❞❡ ✈✐❣♥❡✳ ▲❡" ❛♥❛❧②"❡" ♦♥$ ♠♦♥$-5 ✉♥❡ ❛✉❣♠❡♥$❛✲

$✐♦♥ ❞❡ ❧✬❡①♣-❡""✐♦♥ ❞✉ ❣)♥❡ = ♣❛-$✐- ❞❡ ✺ ❥♣✐✳ ■❧ "❡♠❜❧❡-❛✐$ 6✉❡ ❧✬❡①♣-❡""✐♦♥ "♦✐$ ♣❧✉"

♠❛-6✉5❡ = ❧✬♦❜"❝✉-✐$5✳ ❈❡" ♦❜"❡-✈❛$✐♦♥"✱ ❛❥♦✉$5❡" = ❝❡❧❧❡" ❞✬✉♥❡ ❛❝❝✉♠✉❧❛$✐♦♥ ❞❡"

❤❡①♦"❡" ❞❡ ♥✉✐$ ❡$ ✉♥❡ ❞✐♠✐♥✉$✐♦♥ ❞✉ "❛❝❝❤❛-♦"❡ ❞❡ ❥♦✉- ❞❛♥" ❧❡" ❢❡✉✐❧❧❡" ✐♥❢❡❝$5❡"✱

"♦♥$ ♣❡✉$✲[$-❡ = ❛""♦❝✐❡- = ❞❡" ❞✐✛5-❡♥❝❡" ❥♦✉- ✴ ♥✉✐$ ❞❛♥" ❧❡" ♣❤❛"❡" ❞❡ ❞5✈❡❧♦♣♣❡✲

♠❡♥$ ❞❡ %✳ ✈✐!✐❝♦❧❛✳ ❈❡$$❡ ❤②♣♦$❤)"❡ ❝♦♥❝♦-❞❡ ❛✈❡❝ ❧✬♦❜"❡-✈❛$✐♦♥ 6✉❡ ❧❡ ♣❛$❤♦❣)♥❡

"♣♦-✉❧❡ ♣❡♥❞❛♥$ ❧❛ ♥✉✐$ ✭❘✉♠❜♦❧③ ❡! ❛❧✳✱ ✷✵✵✷✮✳ ●5♥5-❛❧❡♠❡♥$✱ ❧❡" ✐♥✈❡-$❛"❡" ♣❛✲
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❞✉ ♣❛$❤♦❣)♥❡✳
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▲❡ ♠40❛❜♦❧✐ ♠❡ ❞✉ 0"4❤❛❧♦ ❡ ❡ 0 4❣❛❧❡♠❡♥0 ❛❧04"4 ❞❛♥ ❧❡ ❢❡✉✐❧❧❡ ✐♥❢❡❝04❡ ✳ ❈❡

❞✐ ❛❝❝❤❛"✐❞❡ ♥✬❛ ♣✉ @0"❡ ❞40❡❝04 ❞❛♥ ❧❡ ❢❡✉✐❧❧❡ 04♠♦✐♥ ✱ ❛❧♦" >✉✬✐❧  ✬❛❝❝✉♠✉❧❡ ❛✉
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❞✐♠✐♥✉0✐♦♥ ❞❡ ❧✬❡①♣"❡  ✐♦♥ ❞❡ ❣-♥❡ ❝♦❞❛♥0 ♣♦✉" >✉❛0"❡ ✐ ♦❢♦"♠❡ ❞❡ ❧❛ 0"4❤❛❧♦ ❡

♣❤♦ ♣❤❛0❡  ②♥0❤40❛ ❡ ✭♣❛"♠✐ ❧❡ ✶✹ ❛♥♥♦04  ✉" ❧❛ ♣✉❝❡✮ ❡0 ❧✬✐♥❞✉❝0✐♦♥ ❞❡ ❧✬❡①♣"❡ ✲
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✭▼G❧❧❡ ❡! ❛❧✳✱ ✶✾✾✽✮ ❡% ✐♥❞✉✐ ❡ ❧❛ .②♥%❤0.❡ ❞❡ ❧✬❛♠✐❞♦♥ ♣❛ ❛❝%✐✈❛%✐♦♥ ❞❡ ❧✬❆●K❛.❡

✭❋ ✐%③✐✉. ❡! ❛❧✳✱ ✷✵✵✶❀ ❑♦❧❜❡ ❡! ❛❧✳✱ ✷✵✵✺❀ ❘❛♠♦♥ ❡% ❘♦❧❧❛♥❞✱ ✷✵✵✼❀ ❲✐♥❣❧❡ ❡! ❛❧✳✱

✷✵✵✵✮✳ ❙❛ ❞!❣ ❛❞❛%✐♦♥ ♣❛ ❧❛ % !❤❛❧❛.❡ ❧✐❜0 ❡ ❞✉ ❣❧✉❝♦.❡ >✉✐ ✈✐❡♥% ❡♥ ✐❝❤✐ ❧❡ ♣♦♦❧ ❞❡
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❡.% ❧✬✉%✐❧✐.❛%✐♦♥ ❞❡ ❢❡✉✐❧❧❡. ❡♥%✐0 ❡.✳ ■❧ ❡.% ♣♦..✐❜❧❡ >✉❡ ❧❡. ♠♦❞✐✜❝❛%✐♦♥. ❞!❝ ✐%❡. .✉ ✲

✈✐❡♥♥❡♥% ❞❛♥. ❧❡. %❛❝❤❡. ❞✬❤✉✐❧❡. ♣❧✉. %Y% ♣❡♥❞❛♥% ❧✬✐♥❢❡❝%✐♦♥✱ ♠❛✐. ♥❡ .♦✐❡♥% ♣❛.

❞!%❡❝%!❡. ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❢❡✉✐❧❧❡ ❡♥%✐0 ❡ C ❝❛✉.❡ ❞✬✉♥ ❡✛❡% ❞❡ ✏❞✐❧✉%✐♦♥✑ ♣❛ ❧❡. %✐..✉.
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▲✬❛❝❝✉♠✉❧❛'✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥- ❧❡- '❛❝❤❡- ❞✬❤✉✐❧❡ ♣♦✉00❛✐' 1'0❡ ❞✉❡ ❡♥ ♣❛0'✐❡ 2

✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧✬❛❝'✐✈✐'5 ❞❡ ❧✬❆●8❛-❡ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡-✳ ▲✬❡①♣0❡--✐♦♥

❞❡- ❣<♥❡- ❝♦❞❛♥' ♣♦✉0 ❧❡- ❣0❛♥❞❡- -♦✉-✲✉♥✐'5- ❆♣▲✶ ❡-' 05♣0✐♠5❡✱ ♠❛✐- ❧✬❛❝'✐✈✐'5

❡♥③②♠❛'✐B✉❡ ♣❧✉- ❢♦0'❡ ❞❡ ❧✬❆●8❛-❡ ♣♦✉00❛✐' 05-✉❧'❡0 ❞✬✉♥❡ ♠♦❞✐✜❝❛'✐♦♥ ❞❡ -❛ ❝♦♠✲

♣♦-✐'✐♦♥ -♦✉-✲✉♥✐'❛✐0❡✳ ❆✜♥ ❞❡ ❝♦♥✜0♠❡0 ❝❡''❡ ❤②♣♦'❤<-❡ ✐❧ ❢❛✉❞0❛✐' ❝♦♥❞✉✐0❡ ✉♥❡

❛♥❛❧②-❡ ♣❧✉- ✜♥❡ ❞❡ ❧✬❡①♣0❡--✐♦♥ ❞❡- ❣<♥❡- ❝♦❞❛♥' ♣♦✉0 ❧❡- ❛✉'0❡- -♦✉-✲✉♥✐'5- ❡'

❝♦♠♣❛0❡0 ❧❡- ❝❛0❛❝'50✐-'✐B✉❡- ❞❡- ❡♥③②♠❡- ✐-♦❧5❡- ❞❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡- ❡' '5♠♦✐♥-✱

❝♦♠♠❡ ❝❡❧❛ ❛ ❞5❥2 5'5 05❛❧✐-5 ❝❤❡③ ❆0❛❜✐❞♦♣-✐- ♣♦✉0 ❞✐-'✐♥❣✉❡0 ❡♥'0❡ ❧❡- ❆●8❛-❡

✏-♦✉0❝❡✑ ❡' ✏♣✉✐'-✑ ✭❈0❡✈✐❧❧5♥ ❡! ❛❧✳✱ ✷✵✵✸✮✳ ❉❡ ♣❧✉-✱ ✐❧ -❡0❛✐' ✐♥'50❡--❛♥' ❞❡ B✉❛♥'✐✜❡0
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♠5❝❛♥✐-♠❡- ❞❡ 05❣✉❧❛'✐♦♥ ❞❡ ❧✬❆●8❛-❡ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡-✳

▲❛ ✈♦✐❡ ❞❡ ❞5❣0❛❞❛'✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ -❡♠❜❧❡ 5❣❛❧❡♠❡♥' ❛✛❡❝'5❡ ♣❛0 ❧✬✐♥❢❡❝'✐♦♥✳ ▲❛

β✲❛♠②❧❛-❡✱ ♣05❞♦♠✐♥❛♥'❡ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡-✱ -❡♠❜❧❡ 1'0❡ ✏0❡♠♣❧❛❝5❡✑ ♣❛0 ❧✬α✲❛♠②❧❛-❡✱
❝❛0❛❝'50✐-'✐B✉❡ ❞❡- '✐--✉- ♣✉✐'-✳ ❆✜♥ ❞❡ ♠✐❡✉① ❝❛0❛❝'50✐-❡0 ❝❡- ♠♦❞✐✜❝❛'✐♦♥-✱ ✐❧ -❡0❛✐'

✐♥'50❡--❛♥' ❞✬5'✉❞✐❡0 ♣❧✉- ❡♥ ❞5'❛✐❧ ❧❛ ❝♦♠♣♦-✐'✐♦♥ ❡♥ ❛♠②❧❛-❡- ❞❡- ❢❡✉✐❧❧❡- '5♠♦✐♥-

❡' ✐♥❢❡❝'5❡-✱ ♣❛0 ❡①❡♠♣❧❡ 2 ❧✬❛✐❞❡ ❞✬✉♥❡ 5❧❡❝'0♦♣❤♦0<-❡ ♥❛'✐✈❡ -✉✐✈✐❡ ❞✬✉♥❡ ❞5'❡❝'✐♦♥

-♣5❝✐✜B✉❡ ❞❡ ❧✬❛❝'✐✈✐'5 ❛♠②❧❛-❡✱ ❝♦♠♠❡ ❞5❝0✐' ♣❛0 ▲✐♥ ❡! ❛❧✳ ✭✶✾✽✽✮✳ ■❧ -❡0❛✐' 5❣❛❧❡✲

♠❡♥' ♣♦--✐❜❧❡ ❞❡ ❝♦♠♣❛0❡0 ❧❡- ❝❛0❛❝'50✐-'✐B✉❡- ❡♥③②♠❛'✐B✉❡- ❞❡ ❝❡- ❛♠②❧❛-❡- ❡' ❧❡✉0

❛❝'✐✈✐'5✳

❯♥❡ ❛❝❝✉♠✉❧❛'✐♦♥ ❞❡ '05❤❛❧♦-❡ ❛ 5'5 ♦❜-❡0✈5❡ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡-✱ ❛❝❝♦♠♣❛✲

❣♥5❡ ❞✬✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧✬❛❝'✐✈✐'5 '05❤❛❧❛-❡✳ ❉✬❛♣0<- ❧❛ ❧✐''50❛'✉0❡✱ ❧❡ '05❤❛❧♦-❡

❡' -♦♥ ♣05❝✉0-❡✉0✱ ❧❡ '05❤❛❧♦-❡ ✻✲♣❤♦-♣❤❛'❡✱ -♦♥' ✐♠♣❧✐B✉5- ❞❛♥- ❧❛ 05❣✉❧❛'✐♦♥ ❞✉

♠5'❛❜♦❧✐-♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ❡' ❞❡- -✉❝0❡- -♦❧✉❜❧❡-✱ ❛✐♥-✐ B✉❡ ❞❡ ❧❛ ♣❤♦'♦-②♥'❤<-❡✳ ❆✜♥

❞❡ ❝♦♠♣❧5'❡0 ❧❡- ❛♥❛❧②-❡- ❡✛❡❝'✉5❡- -✉0 ❧❡ ♠5'❛❜♦❧✐-♠❡ ❞✉ '05❤❛❧♦-❡ ❞❛♥- ❧❡ ❝♦♥'❡①'❡

❞❡ ❝❡''❡ '❤<-❡✱ ✐❧ -❡0❛✐' ✐♥'50❡--❛♥' ❞❡ B✉❛♥'✐✜❡0 ❧❡ '05❤❛❧♦-❡ ✻✲♣❤♦-♣❤❛'❡ ❛✜♥ ❞❡ ❞5✲

'❡0♠✐♥❡0 -✬✐❧ ♣♦✉00❛✐' 1'0❡ 5❣❛❧❡♠❡♥' ✐♠♣❧✐B✉5 ❞❛♥- ❧❡- ♠♦❞✐✜❝❛'✐♦♥- ♠5'❛❜♦❧✐B✉❡-

♦❜-❡0✈5❡- ❞❛♥- ❧❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡-✳ ❉❛♥- ❝❡ ❝♦♥'❡①'❡✱ ✐❧ -❡0❛✐' ❛✉--✐ ✐♥'50❡--❛♥' ❞✬5'✉✲

❞✐❡0 ❧✬♦0✐❣✐♥❡ ❞❡ ❧❛ '05❤❛❧❛-❡ ♣♦✉0 ❞5'❡0♠✐♥❡0 -✐ ❡❧❧❡ ❡-' ♣0♦❞✉✐'❡ ♣❛0 ❧❛ ♣❧❛♥'❡ ❞❛♥-

❧❡ ❜✉' ❞❡ -❡ ♣0♦'5❣❡0 ❝♦♥'0❡ ❧✬❛❝❝✉♠✉❧❛'✐♦♥ ❞✉ '05❤❛❧♦-❡ ♦✉ ♣❛0 ❧❡ ♣❛'❤♦❣<♥❡ ♣♦✉0

✉'✐❧✐-❡0 ❝❡ -✉❝0❡ ❝♦♠♠❡ -♦✉0❝❡ ❞✬5♥❡0❣✐❡✳

❉❛♥- ❧❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡-✱ ♦♥ ♦❜-❡0✈❡ ✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥ ❞✬✉♥❡ ❛❝'✐✈✐'5 ✐♥✈❡0'❛-❡

❞❛♥- ❧❛ ❢0❛❝'✐♦♥ ✐♥-♦❧✉❜❧❡✱ 2 ♣❍ ✼✱✺✳ ❈✉0✐❡✉-❡♠❡♥'✱ ❧❡- ✐♥✈❡0'❛-❡- ♣❛0✐5'❛❧❡- -♦♥'

❣5♥50❛❧❡♠❡♥' ❞5❝0✐'❡- ❛✈❡❝ ✉♥ ♣❍ ♦♣'✐♠✉♠ ❛❝✐❞❡✳ ❈❡''❡ ❡♥③②♠❡ ♣05-❡♥'❡ ❞❛♥- ❧❡-

❢❡✉✐❧❧❡- ✐♥❢❡❝'5❡- ♣♦✉00❛✐' ❞♦♥❝ 1'0❡ ✉♥❡ ✐-♦❢♦0♠❡ ♣❛0'✐❝✉❧✐<0❡ ♦✉ ✉♥❡ ❡♥③②♠❡ ❞✉ ♣❛✲

'❤♦❣<♥❡✳ ▲❡- ♣0❡♠✐❡0- ❡--❛✐- B✉❡ ♥♦✉- ❛✈♦♥- ❝♦♥❞✉✐'- ♣♦✉0 ✐-♦❧❡0 ❝❡''❡ ❡♥③②♠❡ ♥✬♦♥'

♣❛- ♣❡0♠✐- ❞❡ ❧❛ -♦❧✉❜✐❧✐-❡0 -✉✣-❛♠♠❡♥' ♣♦✉0 ♣♦✉✈♦✐0 5'✉❞✐❡0 -❡- ❝❛0❛❝'50✐-'✐B✉❡-✳

▲✬5'✉❞❡ ❞❡ -❛ -5B✉❡♥❝❡ ❡♥ ❛❝✐❞❡- ❛♠✐♥5- ♣❛0 -♣❡❝'0♦♠5'0✐❡ ❞❡ ♠❛--❡ ❡' ❧✬❛♥❛❧②-❡

❞❡- ❝❛0❛❝'50✐-'✐B✉❡- ❡♥③②♠❛'✐B✉❡- ♣♦✉00❛✐❡♥' ♣❡0♠❡''0❡ ❞✬5❧✉❝✐❞❡0 -♦♥ ♦0✐❣✐♥❡ ❡' -♦♥

✐♠♣❧✐❝❛'✐♦♥ ❞❛♥- ❧✬✐♥❢❡❝'✐♦♥✳

▲✬❛❝'✐✈✐'5 ✐♥✈❡0'❛-❡ -❡♠❜❧❡ ❛--♦❝✐5❡ 2 ✉♥❡ '0❛♥-✐'✐♦♥ -♦✉0❝❡✲♣✉✐'- B✉✐ -❡ ♠❛♥✐❢❡-'❡

5❣❛❧❡♠❡♥' ♣❛0 ✉♥❡ ❞✐♠✐♥✉'✐♦♥ ❞❡ ❧✬❛❝'✐✈✐'5 ♣❤♦'♦-②♥'❤5'✐B✉❡✳ ❉✬❛♣0<- ❧❛ ❧✐''50❛'✉0❡✱

❧❛ '0❛♥-✐'✐♦♥ -♦✉0❝❡✲♣✉✐'- ✐♥❞✉✐'❡ ♣❛0 ❧✬✐♥❢❡❝'✐♦♥ ❞✬✉♥❡ ❢❡✉✐❧❧❡ ♣❛0 ✉♥ ♣❛'❤♦❣<♥❡ ❜✐♦✲

✺✸
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✶ ▲❡# #$♦♠❛$❡#

▲❡" "#♦♠❛#❡" "♦♥# ❞❡" "#)✉❝#✉)❡" "♣-❝✐❛❧✐"-❡" ❧♦❝❛❧✐"-❡" ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬-♣✐❞❡)♠❡ ❡#

♣❡)♠❡##❛♥# ❧❡" -❝❤❛♥❣❡" ❣❛③❡✉① ✭❞✐♦①②❞❡ ❞❡ ❝❛)❜♦♥❡✱ ♦①②❣:♥❡ ❡# ✈❛♣❡✉) ❞✬❡❛✉✮ ❡♥#)❡

❧✬✐♥#-)✐❡✉) ❡# ❧✬❡①#-)✐❡✉) ❞❡ ❧❛ ♣❧❛♥#❡✳ ■❧" "♦♥# ❝♦♥"#✐#✉-" ❞❡ ❞❡✉① ❝❡❧❧✉❧❡" ❞❡ ❣❛)❞❡

>✉✐ ❡♥#♦✉)❡♥# ✉♥ ♣♦)❡✱ ❧✬♦"#✐♦❧❡✱ ❡#✱ ❡♥ ❢♦♥❝#✐♦♥ ❞❡ ❧✬❡"♣:❝❡✱ ❞✬✉♥ ❝❡)#❛✐♥ ♥♦♠❜)❡ ❞❡

❝❡❧❧✉❧❡" "✉❜"✐❞✐❛✐)❡"✳

▲♦)" ❞✉ ❞-✈❡❧♦♣♣❡♠❡♥# ❞❡ ❧❛ ♣❧❛♥#❡✱ ❧❡" "#♦♠❛#❡" "♦♥# ❢♦)♠-" ❛✉ ♥✐✈❡❛✉ ❞❡"

❥❡✉♥❡" ❢❡✉✐❧❧❡" A ♣❛)#✐) ❞✬✉♥❡ ❧✐❣♥-❡ ❝❡❧❧✉❧❛✐)❡ "♣-❝✐❛❧✐"-❡ ✭❋✐❣✉)❡ ✹✶✮✳ ■❧ ② ❛ ❞✬❛❜♦)❞

✉♥❡ ❞✐✈✐"✐♦♥ ❛"②♠-#)✐>✉❡ ♣♦✉) ♣)♦❞✉✐)❡ ✉♥❡ ❣)❛♥❞❡ ❝❡❧❧✉❧❡✱ >✉✐ "❡ ❞✐✛-)❡♥❝✐❡)❛ ❡♥
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)❡♠❛ ❡' ❍❡❞&✐❝❤✱ ✷✵✵✺✮✳ ▲❡) ♠♦✉✈❡♠❡♥') ❞❡) )'♦♠❛'❡) )♦♥' ♣&♦✈♦B✉8) ♣❛& ❞❡) ❝❤❛♥✲

❣❡♠❡♥') ❞❡ ❝♦♥❝❡♥'&❛'✐♦♥) ❡♥ ♦)♠♦❧②'❡)✱ &❡)♣♦♥)❛❜❧❡) ❞✬✉♥ ✐♥✢✉① ♦✉ ❞✬✉♥ ❡✤✉①

❞✬❡❛✉ B✉✐ ♠♦❞✐✜❡ ❧❡ ✈♦❧✉♠❡ ❡' ❞♦♥❝ ❧❛ ❢♦&♠❡ ❞❡) ❝❡❧❧✉❧❡) ❞❡ ❣❛&❞❡✳

▲✬♦✉✈❡&'✉&❡ ('♦♠❛'✐,✉❡

▲✬♦✉✈❡&'✉&❡ ❞❡) )'♦♠❛'❡) &8)✉❧'❡ ❞✬✉♥ ✐♥✢✉① ❞✬❡❛✉ ❞❛♥) ❧❡) ❝❡❧❧✉❧❡) ❞❡ ❣❛&❞❡ ♣&♦✲

✈♦B✉8 ♣❛& ✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧❛ ♣&❡))✐♦♥ ♦)♠♦'✐B✉❡ ✭❍✉♠❜❧❡ ❡' ❘❛)❝❤❦❡✱ ✶✾✼✶✮✳

❉✐✛8&❡♥') )'✐♠✉❧✐ ✐♥❞✉✐)❡♥' ❝❡ ♠8❝❛♥✐)♠❡✱ ❝♦♠♠❡ ❧❡) ❛✉①✐♥❡) C ❢❛✐❜❧❡ ❝♦♥❝❡♥'&❛✲

'✐♦♥ ✭b❡♠❛❞❛)❛✱ ✶✾✽✷✮✱ ❧❡) ❝②'♦❦✐♥✐♥❡) ✭■♥❝♦❧❧ ❡' ❲❤✐'❡❧❛♠✱ ✶✾✼✼✮✱ ❧✬❤✉♠✐❞✐'8 8❧❡✈8❡

✭■&✈✐♥❣ ❡! ❛❧✳✱ ✶✾✾✷✮✱ ✉♥❡ ❝♦♥❝❡♥'&❛'✐♦♥ ❢❛✐❜❧❡ ❡♥ ❈❖

✷

✭▼❛♥)✜❡❧❞ ❡! ❛❧✳✱ ✶✾✾✵✮ ❡' ❧❛

❧✉♠✐?&❡ ✭❲✐❧❧♠❡& ❡' ❋&✐❝❦❡&✱ ✶✾✾✻✮✳ ▲❡) ♠8❝❛♥✐)♠❡) ❞✬♦✉✈❡&'✉&❡ ❞❡) )'♦♠❛'❡) ✐♥❞✉✐'❡

♣❛& ❧❛ ❧✉♠✐?&❡ )♦♥' ❜✐❡♥ ❞8❝&✐') ❡' ♦♥ ♣❡✉' ❞✐)'✐♥❣✉❡& ❧❛ &8♣♦♥)❡ ❞❡) ❝❡❧❧✉❧❡) ❞❡ ❣❛&❞❡

C ❧❛ ❧✉♠✐?&❡ ❜❧❡✉❡ ❡' C ❧❛ ❧✉♠✐?&❡ &♦✉❣❡✳

▲❛ ♣❡&❝❡♣'✐♦♥ ❞❡ ❧❛ ❧✉♠✐?&❡ ❜❧❡✉❡ ♣❛& ❞❡) &8❝❡♣'❡✉&) ♠❡♠❜&❛♥❛✐&❡) ❞❡) ❝❡❧❧✉❧❡)

❞❡ ❣❛&❞❡ ❬♣❤♦'✶ ❡' ♣❤♦'✷✱ ✭❑✐♥♦)❤✐'❛ ❡! ❛❧✳✱ ✷✵✵✶✮❪ ❡♥'&❛f♥❡ ❧✬❛❝'✐✈❛'✐♦♥ ❞❡ ❧❛ ♣♦♠♣❡

❍

✰

✲❆❚b❛)❡ ✭❋✐❣✉&❡ ✹✹✮✳ ❈❡ ❝♦♠♣❧❡①❡ ♣&♦'8✐B✉❡ ❡)' ❛❝'✐✈8 ♣❛& ♣❤♦)♣❤♦&②❧❛'✐♦♥ ❡'

♣❛& )♦♥ ✐♥'❡&❛❝'✐♦♥ ❛✈❡❝ ✉♥❡ ♣&♦'8✐♥❡ ✶✹✲✸✲✸ ✭❑✐♥♦)❤✐'❛ ❡' ❙❤✐♠❛③❛❦✐✱ ✶✾✾✾✱ ✷✵✵✷✮✳

▲✬❡✤✉① ♠❛))✐❢ ❞❡ ♣&♦'♦♥) B✉✐ ❡♥ &8)✉❧'❡ ❡♥'&❛f♥❡ ❧✬❛❝✐❞✐✜❝❛'✐♦♥ ❞❡ ❧✬❛♣♦♣❧❛)♠❡ ❡'

✉♥❡ ❤②♣❡&♣♦❧❛&✐)❛'✐♦♥ ❞❡ ❧❛ ♠❡♠❜&❛♥❡ ♣❧❛)♠✐B✉❡ ❥✉)B✉✬C ✉♥ ♣♦'❡♥'✐❡❧ ♠❡♠❜&❛♥❛✐&❡

✺✼



❋✐❣✉$❡ ✹✹ ✕ ➱✈"♥❡♠❡♥&' ✐♠♣❧✐+✉"' ❞❛♥' ❧✬♦✉✈❡1&✉1❡ ❞❡' '&♦♠❛&❡' 2 ❧❛ ❧✉♠✐31❡✳

❆♣"#$ ♣❡"❝❡♣'✐♦♥ ❞❡$ ❧♦♥❣✉❡✉"$ ❞✬♦♥❞❡$ ❛❝'✐✈❡$ ❞❡ ❧❛ ❧✉♠✐#"❡ ♣❛" ❞❡$ ❝❡❧❧✉❧❡$ ❞❡ ❣❛"❞❡✱ ✐❧ ②

❛ $'✐♠✉❧❛'✐♦♥ ❞❡ ❧✬❍

✰

✲❆❚8❛$❡✳ ▲✬❤②♣❡"♣♦❧❛"✐$❛'✐♦♥ ❞❡ ❧❛ ♠❡♠❜"❛♥❡ ♣❧❛$♠✐=✉❡ ">$✉❧'❛♥'❡

❛❝'✐✈❡ ❞❡$ ❝❛♥❛✉① ❑

✰

A "❡❝'✐✜❝❛'✐♦♥ ❡♥'"❛♥'❡ =✉✐ ❛❜♦✉'✐' A ✉♥❡ ❡♥'">❡ ♠❛$$✐✈❡ ❞✬✐♦♥$ ❑

✰

❞❛♥$ ❧❡ ❝②'♦♣❧❛$♠❡ ♣✉✐$ ❧❛ ✈❛❝✉♦❧❡✳ ▲✬ ✐♥✢✉① ❞✬❛♥✐♦♥$ ❈❧

✲

❡' ❧✬❛❝❝✉♠✉❧❛'✐♦♥ ❞✉ ♠❛❧❛'❡

✷✲

✭✐$$✉ ❞❡ ❧❛ ❞>❣"❛❞❛'✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥✮ ❞❛♥$ ❧❛ ✈❛❝✉♦❧❡ =✉✐ ❝♦♠♣❡♥$❡♥' ❧❡$ ❝❤❛"❣❡$ ♣♦$✐'✐✈❡$

❞✉ ❑

✰

❛✉❣♠❡♥'❡♥' >❣❛❧❡♠❡♥' ❧❛ ♣"❡$$✐♦♥ ♦$♠♦'✐=✉❡✳ ■❧ ② ❛ ❛❧♦"$ ✉♥❡ ❡♥'">❡ ♠❛$$✐✈❡ ❞✬❡❛✉✱

'✉"❣❡$❝❡♥❝❡ ❞❡$ ❝❡❧❧✉❧❡$ ❞❡ ❣❛"❞❡ ❡' ♦✉✈❡"'✉"❡ ❞✉ $'♦♠❛'❡✳ ❯♥ ✐♠♣♦"' ❞❡ $❛❝❝❤❛"♦$❡ ❞❛♥$ ❧❡

❝②'♦♣❧❛$♠❡ ♣✉✐$ ❞❛♥$ ❧❛ ✈❛❝✉♦❧❡ ♣❛"'✐❝✐♣❡ >❣❛❧❡♠❡♥' A ❧❛ '✉"❣❡$❝❡♥❝❡ ❞❡$ ❝❡❧❧✉❧❡$ ❞❡ ❣❛"❞❡✳

❆❙ ✿ '"❛♥$♣♦"'❡✉" ✭$②♠♣♦"'✮ ❞✬❛♥✐♦♥$✱ ❑

✐♥

✿ ❝❛♥❛✉① ❑

✰

A "❡❝'✐✜❝❛'✐♦♥ ❡♥'"❛♥'❡✱ 8❊8❈ ✿

♣❤♦$♣❤♦>♥♦❧♣②"✉✈❛'❡ ❝❛"❜♦①②❧❛$❡✱ 8❤♦' ✿ ">❝❡♣'❡✉"$ ❞❡ ❧❛ ❧✉♠✐#"❡✱ ❙❚ ✿ '"❛♥$♣♦"'❡✉" ❞❡

$✉❝"❡$✱ ❚❈❆ ✿ ❝②❝❧❡ ❞❡ ❑"❡❜$✳ ❋✐❣✉"❡ ❛❞❛♣'>❡ ❞❡ ❖✉'❧❛✇ ❏"✳ ✭✷✵✵✸✮✳



❞❡ ✲✷✵✵♠❱ ✭❚❤✐❡❧ ❡! ❛❧✳✱ ✶✾✾✷✮✳ ❈❡22❡ ❤②♣❡5♣♦❧❛5✐8❛2✐♦♥ ❛❝2✐✈❡ ❧❡8 ❝❛♥❛✉① ❑

✰

?

5❡❝2✐✜❝❛2✐♦♥ ❡♥25❛♥2❡ A✉✐ ♣❡5♠❡22❡♥2 ❧✬❡♥25C❡ ♠❛88✐✈❡ ❞✬✐♦♥8 ❑

✰

❞❛♥8 ❧❡ ❝②2♦♣❧❛8♠❡

8✉✐✈❛♥2 ❧❡ ❣5❛❞✐❡♥2 C❧❡❝25♦❝❤✐♠✐A✉❡ ✭●5❛❜♦✈ ❡2 ❇❧❛22✱ ✶✾✾✾❀ ▼❛❝❘♦❜❜✐❡✱ ✶✾✾✽❀ ❩❡✐❣❡5

❡! ❛❧✳✱ ✶✾✼✽✮✳ ▲❡ ❑

✰

❡82 ❡♥8✉✐2❡ 25❛♥8♣♦52C ❞❛♥8 ❧❛ ✈❛❝✉♦❧❡ ❝♦♥25❡ 8♦♥ ❣5❛❞✐❡♥2 ❞❡

❝♦♥❝❡♥25❛2✐♦♥ ✭❙❤✐ ❡2 ❩❤✉✱ ✷✵✵✷❀ ❱❡5② ❡2 ❙❡♥2❡♥❛❝✱ ✷✵✵✸❀ ❲✐❧❧♠❡5 ❡2 ❋5✐❝❦❡5✱ ✶✾✾✻✮✳

▲✬❛❝❝✉♠✉❧❛2✐♦♥ ❞❡ ❝❤❛5❣❡8 ♣♦8✐2✐✈❡8 ❞❛♥8 ❧❡ ❝②2♦♣❧❛8♠❡ ❡82 ❝♦♠♣❡♥8C❡✱ 8❡❧♦♥ ❧❡8

❡8♣U❝❡8✱ ♣❛5 ✉♥ ✐♥✢✉① ❞✬❛♥✐♦♥8 ❈❧

✲

✱ ♣5♦❜❛❜❧❡♠❡♥2 ❡♥ 8②♠♣♦52 ❛✈❡❝ ❍

✰

✭❖✉2❧❛✇ ❏5✳✱

✷✵✵✸✮ ❡2 ✴ ♦✉ ♣❛5 ✉♥❡ ❛❝❝✉♠✉❧❛2✐♦♥ ❞✉ ♠❛❧❛2❡

✷✲

✐88✉ ❞❡ ❧❛ ❞C❣5❛❞❛2✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥✳

❉❛♥8 ❧❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡ ❞❡ ♥♦♠❜5❡✉8❡8 ❡8♣U❝❡8✱ ❧❛ 5C❣✉❧❛2✐♦♥ ❞✉ ♠C2❛❜♦❧✐8♠❡ ❞❡

❧✬❛♠✐❞♦♥ ♥❡ ❝♦55❡8♣♦♥❞ ♣❛8 ? ❝❡❧❧❡ ♦❜8❡5✈C❡ ❞❛♥8 ❧❡8 ❝❡❧❧✉❧❡8 ❞✉ ♠C8♦♣❤②❧❧❡✳ ❊♥

❡✛❡2✱ ❞❛♥8 ❧❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡✱ ❧✬❛♠✐❞♦♥ ❡82 ❛❝❝✉♠✉❧C ❞❛♥8 ❧❡8 ❝❤❧♦5♦♣❧❛82❡8 ❧❛ ♥✉✐2

❡2 ❞C❣5❛❞C ❧❡ ❥♦✉5 ✭❲✐❧❧♠❡5 ❡2 ❋5✐❝❦❡5✱ ✶✾✾✻✮✳ ▲❛ 2❡♥❡✉5 ❡♥ ❛♠✐❞♦♥ ❞✬✉♥❡ ❝❡❧❧✉❧❡

❞❡ ❣❛5❞❡ ❡82 ❞♦♥❝ ✐♥✈❡58❡♠❡♥2 ♣5♦♣♦52✐♦♥♥❡❧❧❡ ? ❧✬♦✉✈❡52✉5❡ 82♦♠❛2✐A✉❡ ✭❖✉2❧❛✇ ❡2

▼❛♥❝❤❡82❡5✱ ✶✾✼✾✮✳ ❙❛ ❞C❣5❛❞❛2✐♦♥ ❧♦58 ❞❡ ❧✬♦✉✈❡52✉5❡ 82♦♠❛2✐A✉❡ ♣❡5♠❡2 ? ❧❛ ❢♦✐8

❧❛ ❧✐❜C5❛2✐♦♥ ❞❡ ❧✬C♥❡5❣✐❡ ♥C❝❡88❛✐5❡ ❛✉① 25❛♥8♣♦528 ❛❝2✐❢8 ❞✬✐♦♥8 ❡2 ❧❛ ♣5♦❞✉❝2✐♦♥ ❞✉

♠❛❧❛2❡

✷✲

✭❆8❛✐ ❡! ❛❧✳✱ ✷✵✵✵❀ ▲❡❡ ❡! ❛❧✳✱ ✷✵✵✽❀ ❱❛✈❛88❡✉5 ❡2 ❘❛❣❤❛✈❡♥❞5❛✱ ✷✵✵✺✮✳ ▲❡

♠❛❧❛2❡

✷✲

❡82 ♣5♦❞✉✐2 ❞❛♥8 ❧❡ ❝②2♦8♦❧ ♣✉✐8 25❛♥8♣♦52C ❞❛♥8 ❧❛ ✈❛❝✉♦❧❡ ✭❖✉2❧❛✇ ❏5✳✱

✷✵✵✸✮✳ ▲✬❛❝❝✉♠✉❧❛2✐♦♥ ❞❡8 ✐♦♥8 ✭❑

✰

✱ ❈❧

✲

✱ ♠❛❧❛2❡

✷✲

✮ ❞❛♥8 ❧❛ ✈❛❝✉♦❧❡ ❛✉❣♠❡♥2❡ ❧❛

♣5❡88✐♦♥ ♦8♠♦2✐A✉❡ ❡2 ❛❜❛✐88❡ ❧❡ ♣♦2❡♥2✐❡❧ ❤②❞5✐A✉❡✱ ❡♥25❛c♥❛♥2 ✉♥❡ ❡♥25C❡ ❞✬❡❛✉✳ ■❧

② ❛ ❛❧♦58 ✉♥❡ ❛✉❣♠❡♥2❛2✐♦♥ ❞❡ ❧❛ 2✉5❣❡8❝❡♥❝❡ ❞❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡ ❡2 ♦✉✈❡52✉5❡ ❞✉

82♦♠❛2❡ ✭▼❛❝❘♦❜❜✐❡✱ ✷✵✵✻✮✳

▲✬♦✉✈❡52✉5❡ ❞❡8 82♦♠❛2❡8 ♥C❝❡88✐2❡ C❣❛❧❡♠❡♥2 ❞❡ ❧❛ ❧✉♠✐U5❡ 5♦✉❣❡ ❞♦♥2 ❧❡ 5e❧❡

5❡82❡ ❞✐8❝✉2C✳ ❉✬✉♥❡ ♣❛52✱ ❧❛ ❧✉♠✐U5❡ 5♦✉❣❡ ♣♦✉55❛✐2 ❛✈♦✐5 ✉♥ 5e❧❡ ❞✐5❡❝2 8✉5 ❧❡8 ❝❡❧✲

❧✉❧❡8 ❞❡ ❣❛5❞❡ ✈✐❛ ❧✬✐♥❞✉❝2✐♦♥ ❞❡ ❧❛ ♣❤♦2♦8②♥2❤U8❡ ? ❧❡✉5 ♥✐✈❡❛✉✳ ❉✬❛✉25❡ ♣❛52✱ ❡❧❧❡

♣♦✉55❛✐2 ❛✈♦✐5 ✉♥ 5e❧❡ ✐♥❞✐5❡❝2 ✈✐❛ ❧✬✐♥❞✉❝2✐♦♥ ❞❡ ❧❛ ♣❤♦2♦8②♥2❤U8❡ ❛✉ ♥✐✈❡❛✉ ❞❡8 ❝❡❧✲

❧✉❧❡8 ❞✉ ♠C8♦♣❤②❧❧❡✱ ❡♥25❛c♥❛♥2 ✉♥❡ ❞✐♠✐♥✉2✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥25❛2✐♦♥ ❡♥ ❈❖

✷

❛✉ ♥✐✈❡❛✉

❞❡8 ❝❤❛♠❜5❡8 8♦✉8✲82♦♠❛2✐A✉❡8 ❡2 ✉♥❡ ❛✉❣♠❡♥2❛2✐♦♥ ❞✉ 8❛❝❝❤❛5♦8❡ ❞❛♥8 ❧✬❛♣♦♣❧❛8♠❡

✭▲❛✇8♦♥✱ ✷✵✵✾❀ ❙❤✐♠❛③❛❦✐ ❡! ❛❧✳✱ ✷✵✵✼✮✳ ▲❛ ❝❛8❝❛❞❡ ❞✬C✈C♥❡♠❡♥28 ❝♦♥❞✉✐8❛♥2 ? ❧✬♦✉✲

✈❡52✉5❡ 82♦♠❛2✐A✉❡ ❡♥ 5C♣♦♥8❡ ? ❧❛ ❧✉♠✐U5❡ 5♦✉❣❡ ❡82 ♣❡✉ ❞C❝5✐2❡ ♠❛✐8 ❡❧❧❡ 8❡♠❜❧❡

✐♥❞C♣❡♥❞❛♥2❡ ❞✬✉♥ ✐♥✢✉① ❞❡ ♣♦2❛88✐✉♠ ❡2 ❞❡ ❧❛ ❞C❣5❛❞❛2✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ✭❱❛✈❛88❡✉5

❡2 ❘❛❣❤❛✈❡♥❞5❛✱ ✷✵✵✺✮✱ ❝❡ A✉✐ 8✉❣❣U5❡ A✉✬✉♥ ❛✉25❡ ❝♦♠♣♦8C ♦8♠♦2✐A✉❡ ♣❛52✐❝✐♣❡ ?

❧❛ 2✉5❣❡8❝❡♥❝❡ ❞❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡✳ ❚❛❧❜♦22 ❡2 ❩❡✐❣❡5 ✭✶✾✾✸✮ ♦♥2 ♠♦♥25C ❧✬❛❝❝✉♠✉✲

❧❛2✐♦♥ ❞✉ 8❛❝❝❤❛5♦8❡ ❞❛♥8 ❧❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡ ❧♦58 ❞❡ ❧✬♦✉✈❡52✉5❡ 82♦♠❛2✐A✉❡✳ ❈❡

8✉❝5❡ ♣❡✉2 g25❡ 8②♥2❤C2✐8C ♣❛5 ❧❡8 ❝❡❧❧✉❧❡8 ❞❡ ❣❛5❞❡ ? ♣❛52✐5 ❞✉ ❣❧✉❝♦8❡ ✶✲♣❤♦8♣❤❛2❡

5C8✉❧2❛♥2 ❞❡ ❧❡✉5 ❛❝2✐✈✐2C ♣❤♦2♦8②♥2❤C2✐A✉❡ ❡2 ✐♠♣♦52C ❞❡♣✉✐8 ❧✬❛♣♦♣❧❛8♠❡ ✭❚❛❧❜♦22

❡2 ❩❡✐❣❡5✱ ✶✾✾✸✮✳

❆✐♥8✐✱ ❧✬♦✉✈❡52✉5❡ 82♦♠❛2✐A✉❡ ? ❧✬❛✉❜❡ 8❡5❛✐2 ♣5♦✈♦A✉C❡ ♣❛5 ❧✬✐♥✢✉① ❞✬✐♦♥8 ❑

✰

❡♥ 5C♣♦♥8❡ ? ❧❛ ❧✉♠✐U5❡ ❜❧❡✉❡✳ ❆✉ ❝♦✉58 ❞❡ ❧❛ ❥♦✉5♥C❡✱ ❧❡ 8❛❝❝❤❛5♦8❡ 5C8✉❧2❛♥2 ❞❡ ❧❛

♣❤♦2♦8②♥2❤U8❡ ❞❡✈✐❡♥❞5❛✐2 ❧✬♦8♠♦2✐❝✉♠ ♣5C♣♦♥❞C5❛♥2 ♣♦✉5 ❝❡ ♠C❝❛♥✐8♠❡ ✭❙❤✐♠❛③❛❦✐

❡! ❛❧✳✱ ✷✵✵✼❀ ❚❛❧❜♦22 ❡2 ❩❡✐❣❡5✱ ✶✾✾✻✮✳

▲❛ ❢❡$♠❡&✉$❡ ❞❡) )&♦♠❛&❡)

▲❛ ❢❡5♠❡2✉5❡ ❞❡8 82♦♠❛2❡8 ❡82 ✉♥ ♣5♦❝❡88✉8 ❜❡❛✉❝♦✉♣ ♣❧✉8 5❛♣✐❞❡ A✉❡ ❧✬♦✉✈❡52✉5❡

✭▲❛♥❣❡5 ❡! ❛❧✳✱ ✷✵✵✹✮✳ ❊❧❧❡ ❡82 ✐♥❞✉✐2❡ ♣❛5 ❞✐✛C5❡♥28 82✐♠✉❧✐ ❝♦♠♠❡ ❧✬♦❜8❝✉5✐2C✱ ✉♥❡

✺✽



❋✐❣✉$❡ ✹✺ ✕ ❈❛"❝❛❞❡ ❞✬'✈'♥❡♠❡♥+" ❝♦♥❞✉✐"❛♥+ / ❧❛ ❢❡2♠❡+✉2❡ ❞❡" "+♦♠❛+❡"

✐♥❞✉✐+❡ ♣❛2 ❧✬❆❇❆✳ ▲❛ ♣❡$❝❡♣&✐♦♥ ❞❡ ❧✬❆❇❆ ♣❛$ ❧❛ ❝❡❧❧✉❧❡ ❞❡ ❣❛$❞❡ ✐♥❞✉✐& ✉♥❡ ❝❛1❝❛❞❡

❞✬2✈2♥❡♠❡♥&1 ❞♦♥& ❧✬❛❝&✐✈❛&✐♦♥ ❞❡ ♣$♦&2✐♥❡1 ❦✐♥❛1❡1✴♣❤♦1♣❤❛&❛1❡1 ❡& ✉♥❡ ❛✉❣♠❡♥&❛&✐♦♥ ❞❡

❧❛ ❝♦♥❝❡♥&$❛&✐♦♥ ❡♥ ❝❛❧❝✐✉♠ ❧✐❜$❡ ❝②&♦1♦❧✐:✉❡✳ ■❧ ② ❛ ❛$$=& ❞❡ ❧❛ 1&✐♠✉❧❛&✐♦♥ ❞❡ ❧✬❍

✰

✲❆❚A❛1❡✱

❛❝&✐✈❛&✐♦♥ ❞❡ ❝❛♥❛✉① ❛♥✐♦♥✐:✉❡1✱ ✐♥❤✐❜✐&✐♦♥ ❞❡1 ❝❛♥❛✉① ❑

✰

E $❡❝&✐✜❝❛&✐♦♥ ❡♥&$❛♥&❡ ❡& ❛❝&✐✲

✈❛&✐♦♥ ❞❡1 ❝❛♥❛✉① ❑

✰

E $❡❝&✐✜❝❛&✐♦♥ 1♦$&❛♥&❡✳ ❈❡1 2✈2♥❡♠❡♥&1 ❡♥&$❛H♥❡♥& ✉♥❡ ❞✐♠✐♥✉&✐♦♥

❞❡ ❧❛ ♣$❡11✐♦♥ ♦1♠♦&✐:✉❡ ❞❡1 ❝❡❧❧✉❧❡1 ❞❡ ❣❛$❞❡ ✐♥❞✉✐1❛♥& ✉♥❡ 1♦$&✐❡ ❞✬❡❛✉ ❡& ❧❛ ❢❡$♠❡&✉$❡

❞❡1 1&♦♠❛&❡1✳ ❆❇■ ✶✴✷ ✿ ♣❤♦1♣❤❛&❛1❡1 ❞❡ &②♣❡ ✷❈✱ ❊❘ ✿ $2&✐❝✉❧✉♠ ❡♥❞♦♣❧❛1♠✐:✉❡✱ ❋❆❖ ✿

❢♦$♠❡1 ❛❝&✐✈❡1 ❞✬♦①②❣Q♥❡✱ ❑

♦✉&

✿ ❝❛♥❛✉① ❑

✰

E $❡❝&✐✜❝❛&✐♦♥ 1♦$&❛♥&❡✱ ◆❆❉A❍ ♦①✳ ✿ ◆❆❉A❍

♦①✐❞❛1❡✱ ❖❙❚✶ ✿ ♣$♦&2✐♥❡ ❦✐♥❛1❡ ❙♥❘❑✷✱ ❘✴❙ ✿ ❝❛♥❛✉① ❛♥✐♦♥✐:✉❡1✱ ❚❈❆ ✿ ❝②❝❧❡ ❞❡ ❑$❡❜1✳

❋✐❣✉$❡ ❛❞❛♣&2❡ ❞❡ ❖✉&❧❛✇ ❏$✳ ✭✷✵✵✸✮✱ ✭A❛$❦ ❡! ❛❧✳✱ ✷✵✵✾✮ ❡& ▼♦$✐ ❡& ▼✉$❛&❛ ✭✷✵✶✶✮✳



❝♦♥❝❡♥$%❛$✐♦♥ (❧❡✈(❡ ❡♥ ❈❖

✷

✭▼♦$$✱ ✶✾✽✽✮✱ ✉♥❡ ❢❛✐❜❧❡ ❤✉♠✐❞✐$(✱ ✉♥ ;$%❡;; ❤②❞%✐=✉❡

♠(❞✐( ♣❛% ❧✬❛❝✐❞❡ ❛❜;❝✐;;✐=✉❡ ✭❆❇❆✮✱ ♦✉ ❜✐❡♥ ❡♥❝♦%❡ ❧❛ ♣%(;❡♥❝❡ ❞❡ ❜❛❝$(%✐❡; ♦✉ ❧❛

%❡❝♦♥♥❛✐;;❛♥❝❡ ❞✬✉♥ ▼❆▼B ✭❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✵✽✮ ✭❋✐❣✉%❡ ✹✺✮✳

▲❡; ♠(❝❛♥✐;♠❡; ❝♦♥❞✉✐;❛♥$ K ❧❛ ❢❡%♠❡$✉%❡ ;$♦♠❛$✐=✉❡ ♦♥$ ;♦✉✈❡♥$ ($( ❞(❝%✐$;

❡♥ %(♣♦♥;❡ K ❧✬❆❇❆✳ ▲❛ ♣❡%❝❡♣$✐♦♥ ❞❡ ❧✬❆❇❆ ❛✉ ♥✐✈❡❛✉ ❞❡; ❝❡❧❧✉❧❡; ❞❡ ❣❛%❞❡ ❡;$

❧♦♥❣$❡♠♣; %❡;$(❡ ♦❜;❝✉%❡✳ ❉✐✛(%❡♥$❡; ❤②♣♦$❤N;❡; ♣♦✉% ;❛ ♣❡%❝❡♣$✐♦♥ ✐♥$%❛✲ ♦✉ ❡①✲

$%❛❝❡❧❧✉❧❛✐%❡ ♦♥$ ($( ♣%♦♣♦;(❡; ❬♣♦✉% %❡✈✉❡ ✈♦✐% ❍✉❜❜❛%❞ ❡! ❛❧✳ ✭✷✵✶✵✮❀ ▼♦%✐ ❡$ ▼✉%❛$❛

✭✷✵✶✶✮❪✳ ❘(❝❡♠♠❡♥$✱ ✉♥ %(❝❡♣$❡✉% ;♣(❝✐✜=✉❡ ❞❡ ❧✬❆❇❆ ✭B❨❘✶✱ B②%❛❜❛❝$✐♥ ❘❡;✐;✲

$❛♥❝❡ ✶✮ ❛ ($( ❞(❝%✐$ ❛✉ ♥✐✈❡❛✉ ✐♥$%❛❝❡❧❧✉❧❛✐%❡ ✭▼❛ ❡! ❛❧✳✱ ✷✵✵✾❀ B❛%❦ ❡! ❛❧✳✱ ✷✵✵✾✮✳ ❉❛♥;

❧❡ ♠♦❞N❧❡ ♣%♦♣♦;( ♣❛% B❛%❦ ❡! ❛❧✳ ✭✷✵✵✾✮✱ ❞❡; ♣❤♦;♣❤❛$❛;❡; ❞❡ $②♣❡ ✷❈ ✭❆❇■✶✴✷✮ ✐♥✲

❤✐❜❡♥$ ❧❛ ♣❤♦;♣❤♦%②❧❛$✐♦♥ ❡$ ❞♦♥❝ ❧✬❛❝$✐✈❛$✐♦♥ ❞✬✉♥❡ ♣%♦$(✐♥❡ ❦✐♥❛;❡ ❙♥❘❑✷ ✭❖❙❚✶✮

✭❱❧❛❞ ❡! ❛❧✳✱ ✷✵✵✾✮✳ ▲❛ ❧✐❛✐;♦♥ ❞❡ ❧✬❆❇❆ K ;♦♥ %(❝❡♣$❡✉% ✐♥$%❛❝❡❧❧✉❧❛✐%❡ B❨❘✶ ✐♥❤✐❜❡

❆❇■✶✴✷ ♣❡%♠❡$$❛♥$ ❛✐♥;✐ ❧✬❛❝$✐✈❛$✐♦♥ ❞❡ ❧❛ ♣%♦$(✐♥❡ ❦✐♥❛;❡ ❖❙❚✶✳ ■❧ ② ❛ ❛❧♦%; ♣❤♦;✲

♣❤♦%②❧❛$✐♦♥ ❞❡ ♣%♦$(✐♥❡; ❡♥ ❛✈❛❧✳ ❖❙❚✶ ;$✐♠✉❧❡ ✉♥❡ ◆❆❉B❍ ♦①✐❞❛;❡✱ ♣❡%♠❡$$❛♥$

❛✐♥;✐ ❧❛ ♣%♦❞✉❝$✐♦♥ ❞❡; ❋❆❖ ✭❙✐%✐❝❤❛♥❞%❛ ❡! ❛❧✳✱ ✷✵✵✾✮ ♥(❝❡;;❛✐%❡ K ❧❛ ❢❡%♠❡$✉%❡ ;$♦✲

♠❛$✐=✉❡ ✐♥❞✉✐$❡ ♣❛% ❧✬❆❇❆ ✭❑✇❛❦ ❡! ❛❧✳✱ ✷✵✵✸✮✳ ❉✬❛✉$%❡; (✈(♥❡♠❡♥$; ❞❡ ❧❛ ❝❛;❝❛❞❡

❞❡ ;✐❣♥❛❧✐;❛$✐♦♥ ❝♦♠♠❡ ✉♥❡ ♣%♦❞✉❝$✐♦♥ ❞❡ ◆❖ ❡$ ✉♥❡ ❛✉❣♠❡♥$❛$✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥$%❛✲

$✐♦♥ ❡♥ ❈❛

✷✰

;❡♠❜❧❡♥$ ✐♥❞(♣❡♥❞❛♥$; ❞❡ ❧❛ ✈♦✐❡ ❞❡ ;✐❣♥❛❧✐;❛$✐♦♥ ❞✬❖❙❚✶ ✭❍✉❜❜❛%❞

❡! ❛❧✳✱ ✷✵✶✵❀ ❘✐❜❡✐%♦ ❡! ❛❧✳✱ ✷✵✵✾✮✳ ❖❙❚✶ ♣❡%♠❡$ (❣❛❧❡♠❡♥$ ❧✬❛%%b$ ❞❡ ❧❛ ;$✐♠✉❧❛$✐♦♥ ❞❡

❧✬❍

✰

✲❆❚B❛;❡ ❡$ ❧✬❛❝$✐✈❛$✐♦♥ ❞❡ ❝❛♥❛✉① ❛♥✐♦♥✐=✉❡; ✭❍✉❜❜❛%❞ ❡! ❛❧✳✱ ✷✵✶✵✮ ❡♥$%❛c♥❛♥$

✉♥ ❡✤✉① ❞✬❛♥✐♦♥; ✭♠❛❧❛$❡

✷✲

❡$ ❈❧

✲

✮✳ ❈❡; (✈(♥❡♠❡♥$; ❝♦♥❞✉✐;❡♥$ K ❧❛ ❞(♣♦❧❛%✐;❛$✐♦♥

❞❡ ❧❛ ♠❡♠❜%❛♥❡ ♣❧❛;♠✐=✉❡ ❡$ ❞♦♥❝ ❧✬✐♥❤✐❜✐$✐♦♥ ❞❡; ❝❛♥❛✉① ❑

✰

K %❡❝$✐✜❝❛$✐♦♥ ❡♥✲

$%❛♥$❡✳ ❉❡; ❝❛♥❛✉① ❑

✰

K %❡❝$✐✜❝❛$✐♦♥ ;♦%$❛♥$❡ ;♦♥$ ❛❝$✐✈(; ❡$ ♣❡%♠❡$$❡♥$ ❧❛ ;♦%$✐❡

❞❡; ✐♦♥; ❑

✰

❞❡ ❧❛ ❝❡❧❧✉❧❡ ;✉✐✈❛♥$ ❧❡ ❣%❛❞✐❡♥$ ❞❡ ❝♦♥❝❡♥$%❛$✐♦♥ ✭❖✉$❧❛✇ ❏%✳✱ ✷✵✵✸✮✳ ▲❛

❞✐♠✐♥✉$✐♦♥ ❞❡ ❧❛ ♣%❡;;✐♦♥ ♦;♠♦$✐=✉❡ ✈❛❝✉♦❧❛✐%❡ ❡♥$%❛c♥❡ ✉♥ ❡✤✉① ❞✬❡❛✉✱ ✉♥❡ ♣❡%$❡

❞❡ $✉%❣❡;❝❡♥❝❡ ❞❡; ❝❡❧❧✉❧❡; ❞❡ ❣❛%❞❡ ❡$ ❧❛ ❢❡%♠❡$✉%❡ ❞❡; ;$♦♠❛$❡; ✭▼❛❝❘♦❜❜✐❡✱ ✷✵✵✻❀

❘♦❡❧❢;❡♠❛ ❡! ❛❧✳✱ ✷✵✵✹✮✳ ▲❡ ❞❡✈❡♥✐% ❞✉ ;❛❝❝❤❛%♦;❡ ❧♦%; ❞❡ ❧❛ ❢❡%♠❡$✉%❡ ;$♦♠❛$✐=✉❡

%❡;$❡ ♦❜;❝✉%✱ ✐❧ ♣♦✉%%❛✐$ b$%❡ ❡①♣♦%$( ❞❛♥; ❧✬❛♣♦♣❧❛;♠❡ ♦✉ ♠($❛❜♦❧✐;( ❞❛♥; ❧❡; ❝❡❧❧✉❧❡;

❞❡ ❣❛%❞❡ ✭❱❛✈❛;;❡✉% ❡$ ❘❛❣❤❛✈❡♥❞%❛✱ ✷✵✵✺✮✳

✶✳✸ ❊✛❡& ❞✬✉♥❡ ✐♥❢❡❝&✐♦♥ /✉0 ❧❡ ❢♦♥❝&✐♦♥♥❡♠❡♥& /&♦♠❛&✐4✉❡

▲❡; ;$♦♠❛$❡; ❝♦♥;$✐$✉❡♥$ ❞❡; ♣♦%$❡; ❞✬❡♥$%(❡ ❡$ ❞❡ ;♦%$✐❡ ♣%✐✈✐❧(❣✐(❡; ♣♦✉% ❞❡

♥♦♠❜%❡✉① ♠✐❝%♦♦%❣❛♥✐;♠❡; =✉✐ ❧❡; ✉$✐❧✐;❡♥$ ♣♦✉% ❝♦♥$♦✉%♥❡% ❧❛ ❜❛%%✐N%❡ ❝✉$✐❝✉❧❛✐%❡

❡$ (♣✐❞❡%♠✐=✉❡✳ ❈❡%$❛✐♥; ♦♥$ ♠b♠❡ ❞(✈❡❧♦♣♣( ❞❡; ;$%❛$(❣✐❡; ♣♦✉% ❧❡; ♠❛♥✐♣✉❧❡%✱

❧❡; ❞(%(❣✉❧❡% K ❧❡✉% ♣%♦✜$ ✭▼❡❧♦$$♦ ❡! ❛❧✳✱ ✷✵✵✽✮✳ ❯♥ ❞②;❢♦♥❝$✐♦♥♥❡♠❡♥$ ;$♦♠❛$✐=✉❡

✐♥❞✉✐$ ❧♦%; ❞✬✉♥❡ ✐♥$❡%❛❝$✐♦♥ ♣❧❛♥$❡ ✴ ♣❛$❤♦❣N♥❡ ♣❡✉$ ❛✈♦✐% ❞❡; ♦%✐❣✐♥❡; ♠✉❧$✐♣❧❡;✳

▲❡ ♣❛$❤♦❣N♥❡ ♣❡✉$ ♠♦❞✐✜❡% ❞❡ ❢❛h♦♥ ✐♥❞✐%❡❝$❡ ❧❡ ❞❡❣%( ❞✬♦✉✈❡%$✉%❡ ❞❡; ;$♦♠❛$❡;✱

♣❛% ❡①❡♠♣❧❡ ❡♥ ♣%♦✈♦=✉❛♥$ ❧❛ ♠♦%$ ❞❡; ❝❡❧❧✉❧❡; (♣✐❞❡%♠✐=✉❡; ❡♥$♦✉%❛♥$ ❧❡; ;$♦♠❛$❡;

✭B%❛$; ❡! ❛❧✳✱ ✷✵✵✻✮ ♦✉ ❡♥ ;(❝%($❛♥$ ❞❡; ❡♥③②♠❡; =✉✐ ❤②❞%♦❧②;❡♥$ ❧❡; ♣❛%♦✐; ❞❡; ❝❡❧❧✉❧❡;

❞❡ ❣❛%❞❡ ✭❲✐❧❧♠❡% ❡$ ❋%✐❝❦❡%✱ ✶✾✾✻✮✳ ▲❡; ;$♦♠❛$❡; %❡;$❡♥$ ❞♦♥❝ ❝♦♥;$❛♠♠❡♥$ ♦✉✈❡%$;✳

❉❡; ❝♦♠♣♦;(; ❞✬♦%✐❣✐♥❡ ♣❛$❤♦❣N♥❡ ♣❡✉✈❡♥$ ❛❣✐% ❞✐%❡❝$❡♠❡♥$ ;✉% ❧❛ ;✐❣♥❛❧✐;❛$✐♦♥ ♦✉

❧❡; ♠(❝❛♥✐;♠❡; ❞✬♦✉✈❡%$✉%❡ ✴ ❢❡%♠❡$✉%❡ ❞❡; ;$♦♠❛$❡;✳ ▲❛ ❢✉;✐❝♦❝❝✐♥❡ ♣%♦❞✉✐$❡ ♣❛%

❧❡ ❝❤❛♠♣✐❣♥♦♥ ❋✉'✐❝♦❝❝✉♠ ❛♠②❣❞❛❧✐ ;$✐♠✉❧❡ ❧✬❍

✰

✲❆❚B❛;❡ ❡$ ❜❧♦=✉❡ ❧❡; ;$♦♠❛$❡; ❡♥

✺✾



❚❛❜❧❡❛✉ ✶✵ ✕ ❈♦♠♣♦-✐/✐♦♥ ❞❡- ✢✉✐❞❡- ❛♣♦♣❧❛-/✐3✉❡-✳ ❉✬❛♣78- ❉✐❡/③ ✭✶✾✾✼✮

❈♦♠♣♦$%$ ❝♦♥❝❡♥)*❛)✐♦♥ ❬♠▼❪ ❡$♣0❝❡ *%❢%*❡♥❝❡

♠%)❛❜♦❧✐)❡$

❛❝✐❞❡$ ❛♠✐♥%$ ✸✱✶ ± ✵✱✹ ❍♦"❡❞✉♠ ✈✉❧❣❛"✐, ▲♦❤❛✉$ ❡- ❛❧✳ ✭✶✾✾✺✮

✸✱✷ ± ✵✱✽ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡

❛❝✐❞❡ ❛$❝♦*❜✐C✉❡ ✵✱✹✺ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡ ❚❛❦❛❤❛♠❛ ❡) ❖♥✐❦✐ ✭✶✾✾✷✮

❛❝✐❞❡ ❞%❤②❞*♦❛$❝♦*❜✐C✉❡ ✵✱✵✼ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡ ❚❛❦❛❤❛♠❛ ❡) ❖♥✐❦✐ ✭✶✾✾✷✮

❢*✉❝)♦$❡ ✶✱✵ ± ✵✱✺ ❍♦"❞❡✉♠ ❞✐,-✐❝❤✉♠ ❚❡)❧♦✇ ❡) ❋❛**❛* ✭✶✾✾✸✮

❣❧✉❝♦$❡ ✶✱✵ ± ✵✱✹ ❍♦"❞❡✉♠ ❞✐,-✐❝❤✉♠ ❚❡)❧♦✇ ❡) ❋❛**❛* ✭✶✾✾✸✮

✹✱✷ ± ✷✱✸ ❍♦"❞❡✉♠ ✈✉❧❣❛"✐, ▲♦❤❛✉$ ❡- ❛❧✳ ✭✶✾✾✺✮

✵✱✺ ± ✵✱✷ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡

✵✱✶ ✲ ✵✱✹ 4✐,✉♠ ,❛-✐✈✉♠ ❆❦❡❞ ❡) ❍❛❧❧ ✭✶✾✾✸✮

❣❧✉)❛)❤✐♦♥ ✻✱✺ µ▼ 4✐❝❡❛ ❛❜✐❡, ✭P♦❧❧❡ ❡- ❛❧✳✱ ✶✾✾✵✮

♠❛❧❛)❡ ✺✱✺ ± ✶✱✹ ❍♦"❞❡✉♠ ✈✉❧❣❛"✐, ▲♦❤❛✉$ ❡- ❛❧✳ ✭✶✾✾✺✮

✵✱✻ ± ✵✱✸ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡

$❛❝❝❤❛*♦$❡ ✶✱✹ ± ✵✱✹ ❍♦"❞❡✉♠ ❞✐,-✐❝❤✉♠ ❚❡)❧♦✇ ❡) ❋❛**❛* ✭✶✾✾✸✮

■♦♥$

❈❤❧♦*✉*❡ ✹ ± ✶ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡ ❙♣❡❡* ❡) ❑❛✐$❡* ✭✶✾✾✶✮

✺ ± ✷ 4✐,✉♠ ,❛-✐✈✉♠

▼❛❣♥%$✐✉♠ ✷ ± ✶ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡ ❙♣❡❡* ❡) ❑❛✐$❡* ✭✶✾✾✶✮

◆✐)*❛)❡ ✽✱✾ ± ✹✱✾ ❍♦"❞❡✉♠ ✈✉❧❣❛"✐, ▲♦❤❛✉$ ❡- ❛❧✳ ✭✶✾✾✺✮

✼✱✸ ± ✹✱✵ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡

✻ ± ✺ ❙♣✐♥❛❝✐❛ ♦❧❡"❛❝❡❛❡ ❙♣❡❡* ❡) ❑❛✐$❡* ✭✶✾✾✶✮

P❤♦$♣❤❛)❡ ✷✱✺ ± ✵✱✹ ❍♦"❞❡✉♠ ✈✉❧❣❛"❡ ▼✐♠✉*❛ ❡- ❛❧✳ ✭✶✾✾✵✮

P♦)❛$$✐✉♠ ✷✱✹ ± ✶✶✱✽ 4✐,✉♠ ,❛-✐✈✉♠ ▲♦♥❣ ❡) ❲✐❞❞❡*$ ✭✶✾✾✵✮

❙♦❞✐✉♠ ✶ ± ✶ ❙♣✐♥❛❝✐❛ ♦❧❡❛❝❡❛❡ ❙♣❡❡* ❡) ❑❛✐$❡* ✭✶✾✾✶✮

✷ ± ✶ 4✐,✉♠ ,❛-✐✈✉♠

❙✉❧❢❛)❡ ✵✱✹ V ✶✱✻ ❙♣✐♥❛❝✐❛ ♦❧❡❛❝❡❛❡ ❙♣❡❡* ❡) ❑❛✐$❡* ✭✶✾✾✶✮

4✐,✉♠ ,❛-✐✈✉♠

❍♦*♠♦♥❡$

❆❝✐❞❡ ❛❜$❝✐$$✐C✉❡ ✷✵ ✲ ✶✵✵ ♥▼ ●♦,,②♣✐✉♠ ❤✐",✉-✉♠ ❍❛*)✉♥❣ ❡- ❛❧✳ ✭✶✾✾✷✮

❈②)♦❦✐♥✐♥❡ ❡♥✈✐*♦♥ ✶✵ ♥▼ ●♦,,②♣✐✉♠ ❤✐",✉-✉♠ ❍❛*)✉♥❣ ❡- ❛❧✳ ✭✶✾✾✷✮

❆❝✐❞❡ ✐♥❞♦❧❡ ❛❝%)✐C✉❡ ✷✵ ✲ ✶✵✵ ♥▼ ●♦,,②♣✐✉♠ ❤✐",✉-✉♠ ❍❛*)✉♥❣ ❡- ❛❧✳ ✭✶✾✾✷✮
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✶✾✾✻❀ I❡❛&❝❡ ❡! ❛❧✳✱ ✶✾✾✶✮✳

▲❡# ♣&♦)'✐♥❡# ❛♣♦♣❧❛#)✐/✉❡# ❥♦✉❡♥) ✈&❛✐#❡♠❜❧❛❜❧❡♠❡♥) ✉♥ &^❧❡ ✐♠♣♦&)❛♥) ❡♥ #✐✲

)✉❛)✐♦♥ ❞❡ #)&❡## ❛❜✐♦)✐/✉❡✳ ❊♥ ❡✛❡)✱ ❞✐✛'&❡♥)# #)✐♠✉❧✐✱ ❝♦♠♠❡ ❧✬❡①♣♦#✐)✐♦♥ 8 ❧✬♦③♦♥❡✱

❛✉① ♠')❛✉① ❧♦✉&❞#✱ ❛✉ ❢&♦✐❞ ♦✉ 8 ✉♥ #)&❡## ❤②❞&✐/✉❡ ✐♥❞✉✐#❡♥) ❞❡# ❝❤❛♥❣❡♠❡♥)# /✉❛✲

❧✐)❛)✐❢# ❡) /✉❛♥)✐)❛)✐❢# ❞❡# ♣&♦)'✐♥❡# ✭●✉♦ ❡) ❙♦♥❣✱ ✷✵✵✾❀ ❍✐✐❧♦✈❛❛&❛✲❚❡✐❥♦ ❡! ❛❧✳✱ ✶✾✾✾❀

▲❡❡ ❡! ❛❧✳✱ ✷✵✵✹✮✳ ▲❡# ♣&♦)'✐♥❡# ❛♣♦♣❧❛#)✐/✉❡# #♦♥) '❣❛❧❡♠❡♥) ❞❡# ❢❛❝)❡✉&# ✐♠♣♦&)❛♥)#

❞❛♥# ❧❛ ❞'❢❡♥#❡ ❝♦♥)&❡ ❧❡# ♣❛)❤♦❣;♥❡#✳ ❈♦♠♠❡ ❝❡❧❛ ❛ ')' ❞'❝&✐) ❛✉♣❛&❛✈❛♥) ✭❈❤❛✲

♣✐)&❡ ✶✮✱ ❞❡# ♣&♦)'✐♥❡# ❝♦♠♠❡ ❞❡# ❝❤✐)✐♥❛#❡#✱ ❣❧✉❝❛♥❛#❡# ❡) ♣&♦)'❛#❡#✱ ♠❛✐# ❛✉##✐

❞❡# ✐♥❤✐❜✐)❡✉&# ❞✬❡♥③②♠❡# ♣❛)❤♦❣;♥❡# ❝♦♥#)✐)✉❡♥) ✉♥ ♣&❡♠✐❡& ♥✐✈❡❛✉ ❞❡ ♣&♦)❡❝)✐♦♥

❝♦♥)&❡ ✉♥❡ ✐♥❢❡❝)✐♦♥ ✭❍❛&❞❤❛♠ ❡! ❛❧✳✱ ✷✵✵✼❀ ▲❛❣❛❡&) ❡! ❛❧✳✱ ✷✵✵✾✮✳ ❈❡&)❛✐♥❡# ❞❡ ❝❡#

♣&♦)'✐♥❡# #♦♥) ❞'❝&✐)❡# ❝♦♠♠❡ ❞❡# ♣&♦)'✐♥❡# I❘ ✭❡♥)&❡ ❛✉)&❡# ❧❡# ❝❤✐)✐♥❛#❡# ❡) β✲
✭✶✱✸✮✲❣❧✉❝❛♥❛#❡#✮ ❞♦♥) ❧❛ ♣&♦❞✉❝)✐♦♥ ❡) ❧❛ #'❝&')✐♦♥ ❞❛♥# ❧❡ ♠✐❧✐❡✉ ❡①)&❛❝❡❧❧✉❧❛✐&❡

#♦♥) ✐♥❞✉✐)❡# ♣❛& ❧❡# ❜❧❡##✉&❡#✱ ❧✬❛))❛/✉❡ ♣❛& ❞❡# ✐♥#❡❝)❡# ❡) ❧✬✐♥❢❡❝)✐♦♥ ♣❛& ❞❡# ❝❤❛♠✲

♣✐❣♥♦♥# ♦✉ ❞❡# ♦♦♠②❝;)❡# ✭●❛✉ ❡! ❛❧✳✱ ✷✵✵✹❀ ❍✐✐❧♦✈❛❛&❛✲❚❡✐❥♦ ❡! ❛❧✳✱ ✶✾✾✾❀ ▲❡❡ ❡! ❛❧✳✱

✷✵✵✹❀ ▼✐#❛#✲❱✐❧❧❛♠✐❧ ❡) ✈❛♥ ❞❡& ❍♦♦&♥✱ ✷✵✵✽❀ ▼✐)❤e❢❡& ❡! ❛❧✳✱ ✷✵✵✷✮✳ ❊♥ ♦✉)&❡✱ ✐❧ ❡#)

8 ♥♦)❡& /✉❡ ❜❡❛✉❝♦✉♣ ❞❡ ♣❛)❤♦❣;♥❡# #'❝&;)❡♥) ❞❡# ❡✛❡❝)❡✉&# ❛♣♦♣❧❛#)✐/✉❡# ❝♦♠♠❡

❞❡# ✐♥❤✐❜✐)❡✉&# ❞❡ ❣❧✉❝❛♥❛#❡# ❡) ❞❡ ♣&♦)'❛#❡#✱ ❞❡# )&❛♥#❣❧✉)❛♠✐♥❛#❡# ❡) ❞❡# ♣❡)✐)❡#

♣&♦)'✐♥❡# &✐❝❤❡# ❡♥ ❝②#)'✐♥❡✱ ❧❡# '❧✐❝✐)✐♥❡# ✭❑❛♠♦✉♥✱ ✷✵✵✻✮✳

✻✸



  



✷✳✷ ❈❛$❛❝&'$✐)&✐*✉❡) ♣❤②)✐❝♦✲❝❤✐♠✐*✉❡)

❙!"✉❝!✉"❡ ❞❡ ❧❛ ♣❛"♦✐

▲❛ ❝♦♠♣♦&✐(✐♦♥ ❡( ❧✬✐♥(❡-❝♦♥♥❡❝(✐♦♥ ❞❡& ❝♦♥&(✐(✉❛♥(& ❞❡& ♣❛-♦✐& ❞0(❡-♠✐♥❡♥( ❧❛

&(-✉❝(✉-❡ ♣❛-✐0(❛❧❡ ❧♦❝❛❧❡ 1✉✐ ♣❡✉( ❞0♣❡♥❞-❡ ❞❡& ❝♦♥❞✐(✐♦♥& ❡♥✈✐-♦♥♥❡♠❡♥(❛❧❡&✱ ❞❡

❧✬0(❛( ❞❡ ❞0✈❡❧♦♣♣❡♠❡♥( ❞✬✉♥ (✐&&✉ ❡( ❞❡ ❧❛ ❢♦♥❝(✐♦♥ &♣0❝✐✜1✉❡ ❞❡& ❝❡❧❧✉❧❡& ❛❞❥❛❝❡♥(❡&

✭❇✉-(♦♥ ❡! ❛❧✳✱ ✷✵✶✵✮✳ ▲❛ &(-✉❝(✉-❡ ♣❛-✐0(❛❧❡ ✐♥✢✉❡♥❝❡ ❧❡& 0❝❤❛♥❣❡& ❞❡ ♠♦❧0❝✉❧❡& ❡♥(-❡

❧✬❛♣♦♣❧❛&♠❡ ❡( ❧❡& ❝❡❧❧✉❧❡& ❡( ❞0(❡-♠✐♥❡ ❧❛ ♠♦❜✐❧✐(0 ❞❡& &✉❜&(❛♥❝❡& ❞❛♥& ❧✬❛♣♦♣❧❛&♠❡

✭●✐❧❧✐❤❛♠ ❡! ❛❧✳✱ ✷✵✶✶✮✳ ❆✐♥&✐✱ ❧✬♦-❣❛♥✐&❛(✐♦♥ ❞❡& ♣❡❝(✐♥❡& ✐♥✢✉❡♥❝❡ ❧❛ (❛✐❧❧❡ ❞❡& ♣♦-❡&

♣❡-♠❡((❛♥( ❧❛ ❞✐✛✉&✐♦♥ E (-❛✈❡-& ❧❛ ♣❛-♦✐✳ ●0♥0-❛❧❡♠❡♥(✱ ♦♥ (-♦✉✈❡ ❞❡& ♣♦-❡& ❞❡ ✸

E ✽ ♥♠ ✭●-✐❣♥♦♥ ❡( ❙❡♥(❡♥❛❝✱ ✶✾✾✶✮ 1✉✐ ♣❡-♠❡((❡♥( ❧❛ ❞✐✛✉&✐♦♥ ❧✐❜-❡ ❞❡& ♣❡(✐(❡&

♠♦❧0❝✉❧❡&✳ ▲❡ &❡✉✐❧ (❤0♦-✐1✉❡ ❞❡ (❛✐❧❧❡ ♠❛①✐♠❛❧❡ ♣♦✉- ❧❛ ❞✐✛✉&✐♦♥ ❞✬✉♥❡ ♣-♦(0✐♥❡ ❡&(

❞✬❡♥✈✐-♦♥ ✹✺ ❦❉❛✳ ❈❡♣❡♥❞❛♥(✱ ❞❡& ♣-♦(0✐♥❡& ❛♣♦♣❧❛&(✐1✉❡& ❞❡ (❛✐❧❧❡ ♣♦✉✈❛♥( ❛((❡✐♥❞-❡

✸✵✵ ❦❉❛ ♦♥( 0(0 ✐&♦❧0❡& ✭❉✐❡(③✱ ✶✾✾✼✮✳

♣❍

▲❡ ♣❍ ❞❡ ❧✬❛♣♦♣❧❛&♠❡ ♣❡✉( ✈❛-✐❡- ❞❡ ✹ E ✼✱ ♠❛✐& ♣♦✉- ❧❛ ♣❧✉♣❛-( ❞❡& ♣❧❛♥(❡&✱

✐❧ &❡ &✐(✉❡ ❡♥(-❡ ✺ ❡( ✻✱✺ ✭●-✐❣♥♦♥ ❡( ❙❡♥(❡♥❛❝✱ ✶✾✾✶✮✳ ▲❡ ♣❍ ✐♥✢✉❡♥❝❡ ❧❡ (-❛♥&♣♦-(

♠❡♠❜-❛♥❛✐-❡ ❡( -0❣✉❧❡ ❞❡& ❛❝(✐✈✐(0& ❡♥③②♠❛(✐1✉❡& ❞❛♥& ❧✬❛♣♦♣❧❛&♠❡✱ ♣❡-♠❡((❛♥(

✉♥❡ -0❛❝(✐♦♥ ❧♦❝❛❧✐&0❡ ❛✉① ❝❤❛♥❣❡♠❡♥(& ❞❡& ❝♦♥❞✐(✐♦♥& ❝❡❧❧✉❧❛✐-❡& ✭●-✐❣♥♦♥ ❡( ❙❡♥✲

(❡♥❛❝✱ ✶✾✾✶✮✳ ❈❡-(❛✐♥& ❢❛❝(❡✉-& ♣❡✉✈❡♥( ♠♦❞✐✜❡- ❧❡ ♣❍ ❛♣♦♣❧❛&(✐1✉❡✳ V❛- ❡①❡♠♣❧❡✱

❧❛ ❧✉♠✐W-❡ ♣-♦✈♦1✉❡ ✉♥❡ ❧0❣W-❡ ❛❝✐❞✐✜❝❛(✐♦♥ ❞✉❡ E ✉♥ ❡✤✉① ❞❡ ♣-♦(♦♥& ❞❡& ❝❡❧❧✉❧❡&

♣❤♦(♦&②♥(❤0(✐1✉❡& ✭●-✐❣♥♦♥ ❡( ❙❡♥(❡♥❛❝✱ ✶✾✾✶❀ ▼[❤❧✐♥❣ ❡( ▲\✉❝❤❧✐✱ ✷✵✵✵✮✳ ❉❡& &(-❡&&

❜✐♦(✐1✉❡& ❡( ❛❜✐♦(✐1✉❡& ♣❡✉✈❡♥( ❛✉&&✐ ♠♦❞✐✜❡- ❧❡ ♣❍ ❛♣♦♣❧❛&(✐1✉❡✳ V❛- ❡①❡♠♣❧❡✱ ❧✬✐♥✲

❢❡❝(✐♦♥ ❞❡& ❢❡✉✐❧❧❡& ❞✬♦-❣❡ ♣❛- ❇❧✉♠❡(✐❛ ❣(❛♠✐♥✐, ✐♥❞✉✐( ✉♥❡ ❢♦-(❡ ❛❧❝❛❧✐♥✐&❛(✐♦♥ ✭❋❡❧❧❡

❡! ❛❧✳✱ ✷✵✵✽✮✳ ❯♥ &(-❡&& ❤②❞-✐1✉❡ ✐♥❞✉✐( ❧✬❛✉❣♠❡♥(❛(✐♦♥ ❞✉ ♣❍ ❛♣♦♣❧❛&(✐1✉❡ ❝❤❡③ ❝❡-✲

(❛✐♥❡& ♣❧❛♥(❡& ✭❝♦♠♠❡ ❧❛ (♦♠❛(❡✮ ✭❏✐❛ ❡( ❉❛✈✐❡&✱ ✷✵✵✼✮✱ ❝❡ 1✉✐ ♣♦✉--❛✐( ✐♥✢✉❡- ❧❛

❞✐&(-✐❜✉(✐♦♥ ❞❡ ❧✬❆❇❆ ❡♥(-❡ ❧❡& ❝❡❧❧✉❧❡& ❡( ❧✬❛♣♦♣❧❛&♠❡ ♣♦✉- ✐♥❞✉✐-❡ ❧❛ ❢❡-♠❡(✉-❡ &(♦✲

♠❛(✐1✉❡✳ ❊♥ ❡✛❡(✱ ❧✬❆❇❆ ❡&( ✉♥ ❛❝✐❞❡ ❢❛✐❜❧❡ 1✉✐ &✬❛❝❝✉♠✉❧❡ ♣-0❢0-❡♥(✐❡❧❧❡♠❡♥( ❞❛♥&

❧❡& ❝♦♠♣❛-(✐♠❡♥(& ❛❧❝❛❧✐♥& ✭❍❛-(✉♥❣ ❡! ❛❧✳✱ ✷✵✵✷✮✳

■❧ ❡①✐&(❡ ❛✉&&✐ ❞❡& ❣-❛❞✐❡♥(& &♣❛(✐❛✉① ❞❡ ♣❍✳ V❛- ❡①❡♠♣❧❡✱ ❧✬❛♣♦♣❧❛&♠❡ ❛✉(♦✉-

❞❡& ❝❡❧❧✉❧❡& ❞❡ ❣❛-❞❡ ❡&( ♣❧✉& ❛❧❝❛❧✐♥ 1✉✬❛✉(♦✉- ❞❡& ❝❡❧❧✉❧❡& 0♣✐❞❡-♠✐1✉❡& ❡( ❧❡ ♣❍

❞❡ ❧❛ &W✈❡ ❜-✉(❡ ❡&( ❣0♥0-❛❧❡♠❡♥( ♣❧✉& ❛❝✐❞❡ 1✉❡ ❝❡❧✉✐ ❞❡ ❧✬❛♣♦♣❧❛&♠❡ ❞❡ ❧❛ ❢❡✉✐❧❧❡

✭❈❤✐❦♦✈ ❡( ❇❛❦✐-♦✈❛✱ ✷✵✵✹❀ ❏✐❛ ❡( ❉❛✈✐❡&✱ ✷✵✵✼❀ ▼[❤❧✐♥❣ ❡( ▲\✉❝❤❧✐✱ ✷✵✵✵✮✳ ❏✐❛ ❡(

❉❛✈✐❡& ✭✷✵✵✼✮ ♦♥( ♠♦♥(-0 1✉❡ ❧❛ &W✈❡ ❜-✉(❡ ❡&( ❛❧❝❛❧✐♥✐&0❡ ❛✉ ❝♦✉-& ❞❡ &♦♥ (-❛♥&♣♦-(
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❣✉6❡ ✺✾✮✳ ❈❡♣❡♥❞❛♥(✱ ❝❡((❡ ♦✉✈❡6(✉6❡ ❡,( ♥❡((❡♠❡♥( ♣❧✉, ❢❛✐❜❧❡ 8✉❡ ❝❡❧❧❡ ✐♥❞✉✐(❡ ♣❛6
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◦
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♠♦②❡♥♥❡ ✭±❊❙✮ ♠❡"✉)'❡ ♣♦✉) ❛✉ ♠♦✐♥" ✶✺✵ "-♦♠❛-❡" ❛✉ -♦-❛❧ ✭✷ )'♣'-✐-✐♦♥" ❜✐♦❧♦❣✐%✉❡"

✐♥❞'♣❡♥❞❛♥-❡"✮✳ ▲❡" ❧❡--)❡" ✭❛✱ ❜✱ ❝✱ ❞ ❡- ❡✮ ✐♥❞✐%✉❡♥- ❧❡" ✈❛❧❡✉)" ♣♦✉) ❧❡"%✉❡❧❧❡" ✐❧ ② ❛ ✉♥❡

❞✐✛')❡♥❝❡ "-❛-✐"-✐%✉❡♠❡♥- "✐❣♥✐✜❝❛-✐✈❡ ✭Q ❁ ✵✱✵✺✮✳



❋✐❣✉$❡ ✻✷ ✕ ❊✛❡# ❞✬✉♥ #(❛✐#❡♠❡♥# ♣(♦♥❛.❡ .✉( ❧✬❛❝#✐✈✐#2 ❞❡. ✢✉✐❞❡. ❛♣♦♣❧❛.✲

#✐5✉❡. ❞❡. ❢❡✉✐❧❧❡. ✐♥❢❡❝#2❡. ✭❆❲■✮ .✉( ❧❡. ♠♦✉✈❡♠❡♥#. .#♦♠❛#✐5✉❡.✳ ❉❡" ❞✐"%✉❡"

'♣✐❞❡)♠✐%✉❡" ♦♥- '-' ✐♥❝✉❜'" ❞❛♥" ❧❡ ♠✐❧✐❡✉ ❞✬✐♥✜❧-)❛-✐♦♥ ✭▼❡"✲❑❖❍ ✶✵✵ ♠▼ ♣❍ ✻✱✺ ❀ ✸✵

♠▼ ❑❈❧✮ "❡✉❧ ✭-'♠♦✐♥✮ ♦✉ ❡♥ ♣)'"❡♥❝❡ ❞❡" ❆❲■✱ ❞❡" ❆❲■ -)❛✐-'" F ✺✺

◦
❈ ♣❡♥❞❛♥- ✸❤ ❡- ❞❡"

❆❲■ -)❛✐-'" F ❧❛ ♣)♦♥❛"❡ F ✺✺

◦
❈ ♣❡♥❞❛♥- ✸❤✳ ▲❡" ❞♦♥♥'❡" )❡♣)'"❡♥-❡♥- ❧❛ ✈❛❧❡✉) ♠♦②❡♥♥❡

✭±❊❙✮ ♠❡"✉)'❡ ♣♦✉) ❛✉ ♠♦✐♥" ✸✵✵ "-♦♠❛-❡" ❛✉ -♦-❛❧ ✭✸ )'♣'-✐-✐♦♥" ❜✐♦❧♦❣✐%✉❡" ✐♥❞'♣❡♥✲

❞❛♥-❡"✮✳ ▲❡" ❧❡--)❡" ✭❛✱ ❜✱ ❝ ❡- ❞✮ ✐♥❞✐%✉❡♥- ❧❡" ✈❛❧❡✉)" ♣♦✉) ❧❡"%✉❡❧❧❡" ✐❧ ② ❛ ✉♥❡ ❞✐✛')❡♥❝❡

"-❛-✐"-✐%✉❡♠❡♥- "✐❣♥✐✜❝❛-✐✈❡ ✭P ❁ ✵✱✵✺✮✳

❋✐❣✉$❡ ✻✸ ✕ ❊✛❡# ❞✬✉♥ #(❛✐#❡✲

♠❡♥# ❛✉ ❉❚❚ ✷✪ .✉( ❧✬❛❝#✐✈✐#2

❞❡. ✢✉✐❞❡. ❛♣♦♣❧❛.#✐5✉❡. ❞❡.

❢❡✉✐❧❧❡. ✐♥❢❡❝#2❡. ✭❆❲■✮ .✉( ❧❡.

♠♦✉✈❡♠❡♥#. .#♦♠❛#✐5✉❡.✳ ❉❡"

❞✐"%✉❡" '♣✐❞❡)♠✐%✉❡" ♦♥- '-' ✐♥❝✉✲

❜'" ❞❛♥" ❧❡ ♠✐❧✐❡✉ ❞✬✐♥✜❧-)❛-✐♦♥ ✭▼❡"✲

❑❖❍ ✶✵✵ ♠▼ ♣❍ ✻✱✺ ❀ ✸✵ ♠▼ ❑❈❧✮

"❡✉❧ ✭-'♠♦✐♥✮ ♦✉ ❡♥ ♣)'"❡♥❝❡ ❞❡"

❆❲■✱ ❞✉ -❛♠♣♦♥ ❛❞❞✐-✐♦♥♥' ❞❡ ❉❚❚

✷✪ ❡- ❞❡" ❆❲■ -)❛✐-'" ❛✉ ❉❚❚ ✷✪✳

▲❡" ❞♦♥♥'❡" )❡♣)'"❡♥-❡♥- ❧❛ ✈❛❧❡✉)

♠♦②❡♥♥❡ ✭±❊❙✮ ♠❡"✉)'❡ ♣♦✉) ❛✉

♠♦✐♥" ✸✵✵ "-♦♠❛-❡" ❛✉ -♦-❛❧ ✭✸ )'✲

♣'-✐-✐♦♥" ❜✐♦❧♦❣✐%✉❡" ✐♥❞'♣❡♥❞❛♥-❡"✮✳

▲❡" ❧❡--)❡" ✭❛ ❡- ❜✮ ✐♥❞✐%✉❡♥- ❧❡" ✈❛✲

❧❡✉)" ♣♦✉) ❧❡"%✉❡❧❧❡" ✐❧ ② ❛ ✉♥❡ ❞✐✛'✲

)❡♥❝❡ "-❛-✐"-✐%✉❡♠❡♥- "✐❣♥✐✜❝❛-✐✈❡ ✭P

❁ ✵✱✵✺✮✳



❋✐❣✉$❡ ✻✹ ✕ ❊✛❡# ❞❡ ❧❛ ❞'❣❧②❝♦,②❧❛#✐♦♥ ❝❤✐♠✐1✉❡ ✭❆✮ ❡# ❡♥③②♠❛#✐1✉❡ ✭❇✮ ,✉8

❧✬❛❝#✐✈✐#' ❞❡, ✢✉✐❞❡, ❛♣♦♣❧❛,#✐1✉❡, ❞❡, ❢❡✉✐❧❧❡, ✐♥❢❡❝#'❡, ✭❆❲■✮ ,✉8 ❧❡, ♠♦✉✲

✈❡♠❡♥#, ,#♦♠❛#✐1✉❡,✳ ✭❆✮ ❉❡% ❞✐%(✉❡% *♣✐❞❡,♠✐(✉❡% ♦♥0 *0* ✐♥❝✉❜*% ❞❛♥% ❧❡ ♠✐❧✐❡✉

❞✬✐♥✜❧0,❛0✐♦♥ ✭▼❡%✲❑❖❍ ✶✵✵ ♠▼ ♣❍ ✻✱✺ ❀ ✸✵ ♠▼ ❑❈❧✮ %❡✉❧ ✭0*♠♦✐♥✮ ♦✉ ❡♥ ♣,*%❡♥❝❡ ❞❡%

❆❲■✱ ❞✉ 0❛♠♣♦♥ ❛❞❞✐0✐♦♥♥* ❞✬✐♦❞❛0❡ ❞❡ %♦❞✐✉♠ ✭◆❛■❖

✸

✷ ♠▼✮ ♦✉ ❞❡% ❆❲■ 0,❛✐0*% ❛✉

◆❛■❖

✸

✳ ✭❇✮ ❉❡% ❞✐%(✉❡% *♣✐❞❡,♠✐(✉❡% ♦♥0 *0* 0,❛✐0*% ❞❛♥% ❧❡ ♠✐❧✐❡✉ ❞✬✐♥✜❧0,❛0✐♦♥ ✭▼❡%✲

❑❖❍ ✶✵✵ ♠▼ ♣❍ ✻✱✺ ❀ ✸✵ ♠▼ ❑❈❧✮ %❡✉❧ ✭0*♠♦✐♥✮ ♦✉ ❡♥ ♣,*%❡♥❝❡ ❞❡% ❆❲■ ❡0 ❞❡% ❆❲■

0,❛✐0*% ♣❛, ✉♥ ♠*❧❛♥❣❡ ❞✬❡♥③②♠❡% ✭M◆●❛%❡ ❋✱ ❖✲❣❧✉❝♦%✐❞❛%❡✱ α✲✭✷✲✸✱✻✱✽✱✾✮✲♥❡✉,❛♠✐♥✐❞❛%❡✱

β✲✭✶✱✹✮✲❣❛❧❛❝0♦%✐❞❛%❡ ❡0 β✲◆✲❛❝*0②❧❣❧✉❝♦%❛♠✐♥✐❞❛%❡✮✱ ♣❛, ❧❛ M◆●❛%❡ ❋ ♦✉ ❧✬❖✲❣❧✉❝♦%✐❞❛%❡✳

▲❡% ❞♦♥♥*❡% ,❡♣,*%❡♥0❡♥0 ❧❛ ✈❛❧❡✉, ♠♦②❡♥♥❡ ✭±❊❙✮ ♠❡%✉,*❡ ♣♦✉, ❛✉ ♠♦✐♥% ✺✵✵ %0♦♠❛0❡% ❛✉

0♦0❛❧ ✭✸ ,*♣*0✐0✐♦♥% ❜✐♦❧♦❣✐(✉❡% ✐♥❞*♣❡♥❞❛♥0❡%✮✳ ▲❡% ❧❡00,❡% ✭❛✱ ❜ ❡0 ❝✮ ✐♥❞✐(✉❡♥0 ❧❡% ✈❛❧❡✉,%

♣♦✉, ❧❡%(✉❡❧❧❡% ✐❧ ② ❛ ✉♥❡ ❞✐✛*,❡♥❝❡ %0❛0✐%0✐(✉❡♠❡♥0 %✐❣♥✐✜❝❛0✐✈❡ ✭M ❁ ✵✱✵✺✮✳



✺✳✷ ❚❛✐❧❧❡ ❞✉ ❝♦♠♣♦./ ❛❝0✐❢

 ♦✉# ❡%&✐♠❡# ❧❛ &❛✐❧❧❡ ❞✉ ❝♦♠♣♦%. ❛❝&✐❢✱ ❞❡% .&❛♣❡% ❞❡ ✜❧&#❛&✐♦♥ 3 ❧✬❛✐❞❡ ❞❡ ✜❧&#❡%

3 ❝❡♥&#✐❢✉❣❛&✐♦♥ ♦♥& .&. ❡✛❡❝&✉.❡%✳ ▲❡% ✜❧&#❡% ❛✈❡❝ ✉♥ %❡✉✐❧ ❞❡ ❝♦✉♣✉#❡ ❞❡ ✺✵ ❦❉❛✱ ✶✵

❦❉❛ ❡& ✸ ❦❉❛ ♦♥& .&. ✉&✐❧✐%.% %✉❝❝❡%%✐✈❡♠❡♥&✳ ❉✬❛♣#@% ♥♦% #.%✉❧&❛&%✱ %❡✉❧❡ ❧❛ ❢#❛❝&✐♦♥

%✉♣.#✐❡✉#❡ 3 ✺✵ ❦❉❛ ✐♥❞✉✐& ✉♥❡ ♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ✭✷✱✺ µ♠ ♣❛# #❛♣♣♦#& ❛✉ &.♠♦✐♥✮

%✐♠✐❧❛✐#❡ 3 ❝❡❧❧❡ ♣#♦✈♦A✉.❡ ♣❛# ❧❡% ❆❲■ ✭❋✐❣✉#❡ ✻✶✮✱ %✉❣❣.#❛♥& A✉❡ ❧❡ ❝♦♠♣♦%. ❛❝&✐❢

❛ ✉♥❡ &❛✐❧❧❡ %✉♣.#✐❡✉#❡ 3 ❝❡ %❡✉✐❧✳

✺✳✸ ❚3❛✐0❡♠❡♥0 ♣3♦0/❛.✐5✉❡

❆✜♥ ❞❡ ❞.&❡#♠✐♥❡# %✐ ❧❡ ❝♦♠♣♦%. ✐♥❞✉✐%❛♥& ❧✬♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ❡%& ❞❡ ♥❛&✉#❡

♣#♦&.✐A✉❡✱ ❧❡% ❆❲■ ♦♥& .&. &#❛✐&.% 3 ❧❛ ♣#♦♥❛%❡ ✭♠.❧❛♥❣❡ ❞❡ ♣#♦&.❛%❡%✮ 3 ✺✺

◦
❈ ♣❡♥❞❛♥&

✸❤✳  ♦✉# ♦❜%❡#✈❡# ❧✬❡✛❡& %♣.❝✐✜A✉❡ ❞✉ &#❛✐&❡♠❡♥& ❡♥③②♠❛&✐A✉❡✱ ❧❡% ✢✉✐❞❡% ♦♥& .&.

.❣❛❧❡♠❡♥& ✐♥❝✉❜.% 3 ✺✺

◦
❈ ♣❡♥❞❛♥& ✸❤ ❡♥ ❛❜%❡♥❝❡ ❞❡ ♣#♦♥❛%❡✳ ❈❡ &#❛✐&❡♠❡♥& &.♠♦✐♥

%❡♠❜❧❡ ❧.❣@#❡♠❡♥& #.❞✉✐#❡ ❧✬❛❝&✐✈✐&. ❞❡% ❆❲■ %✉# ❧✬♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ✭♠♦✐♥% ✵✱✼✺

µ♠ ❀ ❋✐❣✉#❡ ✻✷✮✳ ❈❡♣❡♥❞❛♥&✱ ❧❡ &#❛✐&❡♠❡♥& ♣#♦♥❛%❡ #.❞✉✐& ❧✬♦✉✈❡#&✉#❡ ✐♥❞✉✐&❡ ♣❛# ❧❡%
❆❲■ ❞❡ ♠❛♥✐@#❡ ❜❡❛✉❝♦✉♣ ♣❧✉% ♠❛#A✉.❡✳ ❈❡ &#❛✐&❡♠❡♥& ❞✐♠✐♥✉❡ ❧✬❛❝&✐✈✐&. ❞❡ ✻✺ ✪

♣❛# #❛♣♣♦#& ❛✉① ❆❲■ ♥♦♥✲&#❛✐&.%✳ ▲❛ ♣#♦♥❛%❡ %❡✉❧❡ ♥✬❛ ❛✉❝✉♥ ❡✛❡& %✉# ❧✬♦✉✈❡#&✉#❡

%&♦♠❛&✐A✉❡✳ ❈❡% #.%✉❧&❛&% %✉❣❣@#❡♥& A✉❡ ❧❡ ❝♦♠♣♦%. ❛❝&✐❢ ❡%& ❞❡ ♥❛&✉#❡ ♣#♦&.✐A✉❡✳

✺✳✹ ❚3❛✐0❡♠❡♥0 ♣❡3♠❡00❛♥0 ❧❛ 3/❞✉❝0✐♦♥ ❞❡. ♣♦♥0 .✉❧❢✉3❡.

▲❡% ♣#♦&.✐♥❡% ♣♦%%@❞❡♥& %♦✉✈❡♥& ❞❡% ♣♦♥&% %✉❧❢✉#❡% A✉✐ ❧❡% #❡♥❞❡♥& %&❛❜❧❡% ❡&

♣❡✉✈❡♥& ✐♥✢✉❡# %✉# ❧❡✉# ❛❝&✐✈✐&.✳ ❆✜♥ ❞❡ ❞.&❡#♠✐♥❡# %✐ ❞❡% ♣♦♥&% %✉❧❢✉#❡% %♦♥& ❡%✲

%❡♥&✐❡❧% ♣♦✉# ❧✬❛❝&✐✈✐&. ❞❡ ❧❛ ♣#♦&.✐♥❡ %✉# ❧❡% %&♦♠❛&❡%✱ ✐❧% ♦♥& .&. #.❞✉✐&% ♣❛# ✉♥

&#❛✐&❡♠❡♥& ❛✉ ❉❚❚✳ ▲❡% ❆❲■ &#❛✐&.% ♦✉ ♥♦♥ ❛✉ ❉❚❚ ✐♥❞✉✐%❡♥& ✉♥❡ ♦✉✈❡#&✉#❡ %&♦✲

♠❛&✐A✉❡ 3 ❧✬♦❜%❝✉#✐&. ❞❡ ✶✱✾ µ♠ ✭❋✐❣✉#❡ ✻✸✮✳ ▲❡ ❉❚❚ %❡✉❧ ♥✬❛ ❛✉❝✉♥ ❡✛❡&✳ ❆✉❝✉♥

❡✛❡& ❞❡ ❝❡ &#❛✐&❡♠❡♥& ♥✬❡%& ❞♦♥❝ ♦❜%❡#✈.✳

✺✳✺ ❉/❣❧②❝♦.②❧❛0✐♦♥

❆✜♥ ❞✬.&✉❞✐❡# ❧❡ #W❧❡ ❞❡% ❣❧②❝♦%②❧❛&✐♦♥% ❞❛♥% ❧✬❛❝&✐✈✐&. ❞✉ ❝♦♠♣♦%. #❡❝❤❡#❝❤.

%✉# ❧❡% ♠♦✉✈❡♠❡♥&% %&♦♠❛&✐A✉❡%✱ ❞❡% &#❛✐&❡♠❡♥&% ❞❡ ❞.❣❧②❝♦%②❧❛&✐♦♥% ❝❤✐♠✐A✉❡ ❡&

❡♥③②♠❛&✐A✉❡ ♦♥& .&. ❡✛❡❝&✉.%✳ ▲❛ ❞.❣❧②❝♦❧②%❛&✐♦♥ ❝❤✐♠✐A✉❡ ❝♦♥%✐%&❡ ❡♥ ✉♥ &#❛✐&❡♠❡♥&

3 ❧✬✐♦❞❛&❡ ❞❡ %♦❞✐✉♠ A✉✐ #.❞✉✐& ❞❡ ♠❛♥✐@#❡ %✐❣♥✐✜❝❛&✐✈❡ ❧✬♦✉✈❡#&✉#❡ ✐♥❞✉✐&❡ ♣❛# ❧❡%

❆❲■ 3 ❧✬♦❜%❝✉#✐&. ❞❡ ✶ µ♠ ❛❧♦#% A✉❡ ❧✬✐♦❞❛&❡ ❞❡ %♦❞✐✉♠ %❡✉❧ ♥✬❛ ♣❛% ❞✬❡✛❡& %✉#

❧✬♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ✭❋✐❣✉#❡ ✻✹ ❆✮✳

 ♦✉# ❧❛ ❞.❣❧②❝♦%②❧❛&✐♦♥ ❡♥③②♠❛&✐A✉❡✱ ❞✐✛.#❡♥&❡% ❡♥③②♠❡% ✭ ◆●❛%❡ ❋✱ ❖✲❣❧✉✲

❝♦%✐❞❛%❡✱ α✲✭✷✲✸✱✻✱✽✱✾✮✲♥❡✉#❛♠✐♥✐❞❛%❡✱ β✲✭✶✱✹✮✲❣❛❧❛❝&♦%✐❞❛%❡ ❡& β✲◆✲❛❝.&②❧❣❧✉❝♦%❛♠✐✲
♥✐❞❛%❡✮ ♦♥& .&. ❛♣♣❧✐A✉.❡% %❡✉❧❡% ♦✉ ❡♥ ♠.❧❛♥❣❡✳ ▲❡ ♠.❧❛♥❣❡ ❞✬❡♥③②♠❡% %✉♣♣#✐♠❡

❧✬❛❝&✐✈✐&. ❞❡% ❆❲■ %✉# ❧✬✐♥❞✉❝&✐♦♥ ❞✬♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ✭❋✐❣✉#❡ ✻✹ ❇✮✳ ▲❡% ♠^♠❡%

&#❛✐&❡♠❡♥&% ❡✛❡❝&✉.% %✉# ❧❡% ❆❲❙ ♦✉ ✉♥ ✈♦❧✉♠❡ ❞❡ &❛♠♣♦♥ .A✉✐✈❛❧❡♥& ♥❡ ♠♦♥&#❡♥&

♣❛% ❞✬❡✛❡& %✉# ❧✬♦✉✈❡#&✉#❡ %&♦♠❛&✐A✉❡ ✭❞♦♥♥.❡% ♥♦♥ ♣#.%❡♥&.❡%✮✳ ▲❡% ❡♥③②♠❡% α✲
✭✷✲✸✱✻✱✽✱✾✮✲♥❡✉#❛♠✐♥✐❞❛%❡✱ β✲✭✶✱✹✮✲❣❛❧❛❝&♦%✐❞❛%❡ ❡& β✲◆✲❛❝.&②❧❣❧✉❝♦%❛♠✐♥✐❞❛%❡ ❛♣♣❧✐✲

✼✼



❋✐❣✉$❡ ✻✺ ✕ ❊✛❡# ❞❡% &❝❤❛♥#✐❧❧♦♥% ♦❜#❡♥✉% ❛♣12% #1❛✐#❡♠❡♥# ❞❡% ✢✉✐❞❡% ❛♣♦✲

♣❧❛%#✐6✉❡% ❞❡% ❢❡✉✐❧❧❡% #&♠♦✐♥% ✭❆❲❙✮ ❡# ✐♥❢❡❝#&❡% ✭❆❲■✮ ♣❛1 ❧❡ %✉❧❢❛#❡ ❞✬❛♠✲
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▲❛ ❞#$#❣✉❧❛(✐♦♥ ❞❡- -(♦♠❛(❡- ❞❡ ❢❡✉✐❧❧❡- ❞❡ ✈✐❣♥❡ ✐♥❢❡❝(#❡- ♣❛$  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛

❡-( ♣$♦❜❛❜❧❡♠❡♥( ❞✉❡ 4 ✉♥ ❝♦♠♣♦-# ❞✬♦$✐❣✐♥❡ ✈#❣#(❛❧❡ ♦✉ ♣❛(❤♦❣7♥❡ ♣$♦❞✉✐( ❧♦$- ❞❡

❧✬✐♥(❡$❛❝(✐♦♥ ✭♣$♦❜❛❜❧❡♠❡♥( ♣♦✉$ ❢❛❝✐❧✐(❡$ ❧❛ -♣♦$✉❧❛(✐♦♥ ❞✉ ♣❛(❤♦❣7♥❡✮ ❡( ❧♦❝❛❧✐-#

❞❛♥- ❧❡- ✢✉✐❞❡- ❛♣♦♣❧❛-(✐;✉❡- ✭❆❧❧7❣$❡ ❡* ❛❧✳✱ ✷✵✵✼✮✳

B❧✉-✐❡✉$- ♠#(❤♦❞❡- ❞✬❡①($❛❝(✐♦♥ ❞❡ ❝❡- ✢✉✐❞❡- ♦♥( #(# ❞#❝$✐(❡- ✭❑❛♥❣ ❡* ❛❧✳✱ ✷✵✵✼❛❀

▲♦❤❛✉- ❡* ❛❧✳✱ ✷✵✵✶✮✳ B❛$♠✐ ❝❡❧❧❡- (❡-(#❡- ♣♦✉$ ❧❛ ✈✐❣♥❡✱ ❧❛ (❡❝❤♥✐;✉❡ ❞✬✐♥✜❧($❛(✐♦♥✲

❝❡♥($✐❢✉❣❛(✐♦♥ -❡♠❜❧❡ ❧❛ ♣❧✉- ❛❞❛♣(#❡ 4 ♥♦($❡ #(✉❞❡✳ ❙✉$ ❧❡ ♠♦❞7❧❡ ❞✐-;✉❡- #♣✐❞❡$✲

♠✐;✉❡-✱ -❡✉❧- ❧❡- ✢✉✐❞❡- ❛♣♦♣❧❛-(✐;✉❡- ❡①($❛✐(- ❞❡- ❢❡✉✐❧❧❡- ✐♥❢❡❝(#❡- ♦♥( ✐♥❞✉✐( ✉♥❡

♦✉✈❡$(✉$❡ -(♦♠❛(✐;✉❡ 4 ❧✬♦❜-❝✉$✐(# ❡( ♦♥( -✉♣♣$✐♠# ❧✬❡✛❡( ❞❡ ❧✬❆❇❆ 4 ❧❛ ❧✉♠✐7$❡✳

◆♦✉- ♥❡ ♣♦✉✈♦♥- (♦✉(❡❢♦✐- ♣❛- ❡①❝❧✉$❡ ✉♥❡ ❝♦♥(❛♠✐♥❛(✐♦♥ ❝②(♦♣❧❛-♠✐;✉❡ ❞❡ ❝❡-

✢✉✐❞❡-✳ ❊♥ ❡✛❡(✱ ❧♦$- ❞❡- ❞✐✛#$❡♥(❡- #(❛♣❡- ❞✉ ♣$♦(♦❝♦❧❡ ❞✬✐-♦❧❡♠❡♥(✱ ❧❡- ❝❡❧❧✉❧❡-

✈#❣#(❛❧❡- ♦✉ ♣❛(❤♦❣7♥❡- ♣❡✉✈❡♥( O($❡ ❧#-#❡- ❡( ❧✐❜#$❡$ ❞❡- ♠♦❧#❝✉❧❡- ❞✬♦$✐❣✐♥❡ ❝②(♦✲

♣❧❛-♠✐;✉❡ ❡( ✴ ♦✉ ✈❛❝✉♦❧❛✐$❡✳ B❛$♠✐ ❧❡- ❞✐✛#$❡♥(- ♠❛$;✉❡✉$- ❞❡ ❧❛ ❝♦♥(❛♠✐♥❛(✐♦♥

❝②(♦♣❧❛-♠✐;✉❡ ❞#❝$✐(- ❞❛♥- ❧❛ ❧✐((#$❛(✉$❡ ✭▲♦❤❛✉- ❡* ❛❧✳✱ ✷✵✵✶❀ ▲✉✇❡ ❡( ❍❡❜❡$✱ ✶✾✾✺❀

❨❛♠❛❞❛ ❡* ❛❧✳✱ ✷✵✵✾✮✱ ♥♦✉- ❛✈♦♥- ❝❤♦✐-✐ ❞❡ ♠❡-✉$❡$ ❧❡- ❛❝(✐✈✐(#- ❞❡ ❧❛ ❝✲♠❞❤ ❡( ❞❡

❧❛ ❝✲❤♣✐ ❞❛♥- ❧❡- ✢✉✐❞❡- ❛♣♦♣❧❛-(✐;✉❡- ❡( ❞❡ ❧❡- ❝♦♠♣❛$❡$ 4 ❝❡❧❧❡- ♦❜(❡♥✉❡- ❞❛♥- ❞❡-

❡①($❛✐(- ♣$♦(#✐;✉❡- ❞❡ ❢❡✉✐❧❧❡- ❡♥(✐7$❡-✳ ❉✬❛♣$7- ♥♦- $#-✉❧(❛(-✱ ❧❡ (❛✉① ❞❡ ❝♦♥(❛♠✐♥❛✲

(✐♦♥ ❡-( ♣❧✉- #❧❡✈# ❞❛♥- ❧❡- ❆❲■ ;✉❡ ❞❛♥- ❧❡- ❆❲❙ ❡( ✐❧ ❡-( ❝♦$$#❧# ❛✉ ❞#✈❡❧♦♣♣❡♠❡♥(

❞✉ ♣❛(❤♦❣7♥❡✳ ❉❡- ♦❜-❡$✈❛(✐♦♥- -✐♠✐❧❛✐$❡- ♦♥( #(# ❢❛✐(❡- ♣❛$ ❆❦❡❞ ❡( ❍❛❧❧ ✭✶✾✾✸✮ -✉$

❧✬✐♥(❡$❛❝(✐♦♥  ✐#✉♠ #❛*✐✈✉♠ ✲ ❊'②#✐♣❤❡ ♣✐#✐✳ ❙❡❧♦♥ ❝❡- ❛✉(❡✉$-✱ ❝❡- ❝♦♥(❛♠✐♥❛(✐♦♥-

♣$♦✈✐❡♥❞$❛✐❡♥( ❞❡- ③♦♥❡- ♦❝❝✉♣#❡- ♣❛$ ❧❡- ❤❛✉-(♦$✐❛ ✭❆❦❡❞ ❡( ❍❛❧❧✱ ✶✾✾✸✮✳ ❉❛♥- ♥♦-

#❝❤❛♥(✐❧❧♦♥-✱ ❧❡- ❝♦♥(❛♠✐♥❛(✐♦♥- ♣♦✉$$❛✐❡♥( O($❡ ❞✬♦$✐❣✐♥❡ ✈#❣#(❛❧❡ ♦✉ ♣$♦✈❡♥✐$ ❞❡-

③♦♥❡- ❞❡- ❤❛✉-(♦$✐❛ ❡( ❞❡- ❤②♣❤❡- ❞❡  ✳ ✈✐*✐❝♦❧❛ ❧#-#- ❧♦$- ❞❡ ❧✬❡①($❛❝(✐♦♥ ❞❡- ✢✉✐❞❡-✳

B♦✉$ $#♣♦♥❞$❡ 4 ❝❡((❡ ;✉❡-(✐♦♥✱ ✐❧ -❡$❛✐( ♥#❝❡--❛✐$❡ ❞✬✉(✐❧✐-❡$ ❞❡- ♠❛$;✉❡✉$- ♣❧✉- -♣#✲

❝✐✜;✉❡- ❞❡ ❧❛ ♣❧❛♥(❡ ❡( ❞✉ ♣❛(❤♦❣7♥❡✳ ▲❡ (❛✉① ❞❡ ❝♦♥(❛♠✐♥❛(✐♦♥ ❞❛♥- ❧❡- ❆❲■ ❡-(✐♠#

♣❛$ ❧✬❛❝(✐✈✐(# ❝✲♠❞❤ ❡-( ❡♥ ❞❡--♦✉- ❞✉ -❡✉✐❧ ❥✉❣# ❝♦♠♠❡ #(❛♥( ❛❝❝❡♣(❛❜❧❡ ✭-♦✐( ✶✵ ✪

❞❡ ❧✬❛❝(✐✈✐(# ❡♥③②♠❛(✐;✉❡ (♦(❛❧❡✮✭▲♦♣❡③✲▼✐❧❧❛♥ ❡* ❛❧✳✱ ✷✵✵✵✮✱ ❝♦♥($❛✐$❡♠❡♥( 4 ❝❡❧✉✐

❡-(✐♠# ♣❛$ ❧✬❛❝(✐✈✐(# ❝✲❤♣✐ ♦_ ✐❧ ❡-( ($7- ♥❡((❡♠❡♥( -✉♣#$✐❡✉$✳ ▼❛❧❤❡✉$❡✉-❡♠❡♥(✱ ✐❧

♥♦✉- ❡-( ❞✐✣❝✐❧❡ ❞❡ ❞#(❡$♠✐♥❡$ ;✉❡❧ ♠❛$;✉❡✉$ ❡-( ❧❡ ♣❧✉- ✜❛❜❧❡✳ ❉✬❛✐❧❧❡✉$-✱ ❝❡$(❛✐♥-

❛✉(❡✉$- ✭▲♦♣❡③✲▼✐❧❧❛♥ ❡* ❛❧✳✱ ✷✵✵✵✮ -✬✐♥(❡$$♦❣❡♥( -✉$ ❧❛ ♣❡$(✐♥❡♥❝❡ ❞✬✉(✐❧✐-❡$ ❞❡ (❡❧-

♠❛$;✉❡✉$-✳

▲❡- -✉❝$❡- ♣❡✉✈❡♥( ♠♦❞✉❧❡$ ❧✬♦✉✈❡$(✉$❡ -(♦♠❛(✐;✉❡ ✭❊✇❡$( ❡* ❛❧✳✱ ✷✵✵✵✮ ❡(✱ ♣❛$

❛✐❧❧❡✉$-✱ ✉♥❡ ❞#$#❣✉❧❛(✐♦♥ ❞✉ ♠#(❛❜♦❧✐-♠❡ ❞❡- -✉❝$❡- ❛ #(# ♦❜-❡$✈#❡ ❞❛♥- ❧❡- ❢❡✉✐❧❧❡-

✐♥❢❡❝(#❡- ♣❛$  ✳ ✈✐*✐❝♦❧❛ ✭❝❢✳ ❝❤❛♣✐($❡ ✶✮✳ ❯♥❡ ❞❡ ♥♦- ❤②♣♦(❤7-❡- ❛ #(# ;✉❡ ❞❡- ♠♦❞✐✲

✜❝❛(✐♦♥- ;✉❛❧✐(❛(✐✈❡- ❡( ✴ ♦✉ ;✉❛♥(✐(❛(✐✈❡- ❞❡- -✉❝$❡- ❛♣♦♣❧❛-(✐;✉❡- ♣♦✉✈❛✐❡♥( ❛✈♦✐$

✉♥ ❡✛❡( -✉$ ❧✬♦✉✈❡$(✉$❡ -(♦♠❛(✐;✉❡✳ ❈✬❡-( ♣♦✉$;✉♦✐ ♥♦✉- ❛✈♦♥- ❞♦-# ❧❡- -✉❝$❡- -♦✲

✽✶



  



❧✉❜❧❡$ ❞❛♥$ ❧❡$ ❆❲❙ ❡+ ❆❲■✳ .♦✉0 ❧❡$ ♣❧❛♥+❡$ 2✉✐ ❝❤❛0❣❡♥+ ❧❡ ♣❤❧♦7♠❡ ✈✐❛ ❧❛ ✈♦✐❡

❛♣♦♣❧❛$+✐2✉❡✱ ❞❡$ ❝♦♥❝❡♥+0❛+✐♦♥$ ❡♥ $✉❝0❡$ ❛++❡✐❣♥❡♥+ ❞❡$ ✈❛❧❡✉0$ ❞❡ ❧✬♦0❞0❡ ❞✉ ♠▼

❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛♣♦♣❧❛$♠❡ ❢♦❧✐❛✐0❡ ✭❆❦❡❞ ❡+ ❍❛❧❧✱ ✶✾✾✸❀ ▲♦❤❛✉$ ❡$ ❛❧✳✱ ✷✵✵✶✮✳ ❉✬❛♣07$

❑❛♥❣ ❡$ ❛❧✳ ✭✷✵✵✼❜✮✱ ♦♥ ♣♦✉✈❛✐+ $✬❛++❡♥❞0❡ L ❞❡$ ❝♦♥❝❡♥+0❛+✐♦♥$ ♣❧✉$ ❢❛✐❜❧❡$ ✭❞❡

❧✬♦0❞0❡ ❞❡ ✶✵✵ µ▼ ♣♦✉0 ❧❡ $❛❝❝❤❛0♦$❡ ❡+ ❧❡$ ❤❡①♦$❡$✮ ♣♦✉0 ❧❛ ✈✐❣♥❡✱ 2✉✐ ✉+✐❧✐$❡ ❧❛ ✈♦✐❡

$②♠♣❧❛$+✐2✉❡✳ ❈❡♣❡♥❞❛♥+✱ ♥♦✉$ ❛✈♦♥$ ♦❜+❡♥✉ ❞❡$ ❝♦♥❝❡♥+0❛+✐♦♥$ ♣❧✉$ P❧❡✈P❡$ ♣♦✉0

❧❡$ ❆❲❙ ❡+ ❆❲■ ✭❞❡ ❧✬♦0❞0❡ ❞❡ ✶✵ ♠▼✮✳ ◆♦✉$ ♥❡ ♣♦✉✈♦♥$ +♦✉+❡❢♦✐$ ♣❛$ ❡①❝❧✉0❡ 2✉❡

❝❡$ ✈❛❧❡✉0$ $♦✐❡♥+ $✉0❡$+✐♠P❡$ ❞✉ ❢❛✐+ ❞❡ ❝♦♥+❛♠✐♥❛+✐♦♥$ ❝②+♦♣❧❛$♠✐2✉❡$✳

▲✬❛❜$❡♥❝❡ ❞❡ $❛❝❝❤❛0♦$❡ ❡+ ❧❛ ♣❧✉$ ❢♦0+❡ +❡♥❡✉0 ❡♥ ❤❡①♦$❡$ ❞❡$ ✢✉✐❞❡$ ❞❡ ❢❡✉✐❧❧❡$

✐♥❢❡❝+P❡$ ✭❡♥ ❝♦♠♣❛0❛✐$♦♥ ❛✈❡❝ ❧❡$ ❆❲❙✮ ♣♦✉00❛✐❡♥+ S+0❡ ❝♦00P❧P❡$ L ❧✬❛✉❣♠❡♥+❛+✐♦♥

❞❡ ❧✬❛❝+✐✈✐+P ❞✬✉♥❡ ✐♥✈❡0+❛$❡ ♣❛0✐P+❛❧❡ ❛✐♥$✐ 2✉✬L ❧❛ +0❛♥$✐+✐♦♥ $♦✉0❝❡✲♣✉✐+$ ♠✐$❡ ❡♥

P✈✐❞❡♥❝❡ ❛✉ ❝♦✉0$ ❞❡ ❧✬✐♥❢❡❝+✐♦♥ ✭❝❢✳ ❝❤❛♣✐+0❡ ■✮✳ ❯♥❡ ♠♦❞✐✜❝❛+✐♦♥ ❞❡$ ❝♦♥❝❡♥+0❛✲

+✐♦♥$ ❡♥ $✉❝0❡$ ❞❛♥$ ❞❡$ ✢✉✐❞❡$ ❛♣♦♣❧❛$+✐2✉❡$ ❞❡ ❢❡✉✐❧❧❡$ ✐♥❢❡❝+P❡$ ❛ ❞P❥L P+P ❞P❝0✐+❡✳

.♦✉0 ❧✬✐♥+❡0❛❝+✐♦♥ '✐(✉♠ (❛$✐✈✉♠ ✲ ❊,②(✐♣❤❡ ♣✐(✐✱ ❧❡$ ❝♦♥❝❡♥+0❛+✐♦♥$ ❡♥ ❣❧✉❝♦$❡ ❡+ ❡♥
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♣❛* ♣❧✉+✐❡✉*+ ♣❧❛♥!❡+ ✭❋❛❜*✐!✐✉+ ❡! ❏✉❞❡❧+♦♥✱ ✷✵✵✸✮✳ ❯♥❡ ♣*♦!%✐♥❡ ❣❧②❝♦+②❧%❡ ♥♦♠✲

♠%❡ ❈❇❊▲ ✭❈❡❧❧✉❧♦+❡✲❇✐♥❞✐♥❣✱ ❊❧✐❝✐!♦*✱ ▲❡❝!✐♥✲❧✐❦❡✮ ❞❡ %❤②!♦♣❤!❤♦*❛ ♣❛*❛.✐!✐❝❛✱ A✉✐

❥♦✉❡ ✉♥ *Q❧❡ ❝❧% ❞❛♥+ ❧✬♦*❣❛♥✐+❛!✐♦♥ ❞❡ ❧❛ ♣❛*♦✐ ❞✉ ♣❛!❤♦❣K♥❡ ❡+! %❣❛❧❡♠❡♥! *❡❝♦♥♥✉❡

❝♦♠♠❡ %❧✐❝✐!❡✉* ✭●❛✉❧✐♥ ❡! ❛❧✳✱ ✷✵✵✷✮✳

❉✐✛%*❡♥!❡+ ♦*✐❣✐♥❡+ +♦♥! ❞♦♥❝ ♣♦++✐❜❧❡+ ♣♦✉* ❧❛ ♣*♦!%✐♥❡ ❣❧②❝♦+②❧%❡ A✉❡ ♥♦✉+ *❡✲

❝❤❡*❝❤♦♥+ ✿ ✭✐✮ ❧❛ ♣*♦!%✐♥❡ ❣❧②❝♦+②❧%❡ ❛❝!✐✈❡ ❡+! +%❝*%!%❡ ♣❛* ❧❛ ♣❧❛♥!❡ ♦✉ ❧❡ ♣❛!❤♦❣K♥❡

❛✉ ❝♦✉*+ ❞❡ ❧✬✐♥❢❡❝!✐♦♥✳ ✭✐✐✮ ❧❛ ♣*♦!%✐♥❡ ❡+! ♣*%+❡♥!❡ ❞❛♥+ ❧❡+ ❢❡✉✐❧❧❡+ !%♠♦✐♥+ ❡! +❛

❣❧②❝♦+②❧❛!✐♦♥ ❡+! ♠♦❞✐✜%❡ ❛✉ ❝♦✉*+ ❞❡ ❧✬✐♥❢❡❝!✐♦♥✳ ✭✐✐✐✮ ❧❛ ♣*♦!%✐♥❡ ❡+! +%❝*%!%❡ ♣❛* ❧❡

♣❛!❤♦❣K♥❡ ❡! +❛ ❣❧②❝♦+②❧❛!✐♦♥ ❡+! ♠♦❞✐✜%❡ ❛✉ ❝♦✉*+ ❞❡ ❧✬✐♥❢❡❝!✐♦♥✳

❯♥❡ ♣*❡♠✐K*❡ ❛♥❛❧②+❡ ❡♥ +♣❡❝!*♦♠%!*✐❡ ❞❡ ♠❛++❡ ❛ ♣❡*♠✐+ ❞✬✐❞❡♥!✐✜❡* ❞❡+ ♣*♦✲

!%✐♥❡+ ❝♦♥!❡♥✉❡+ ❞❛♥+ ❧❡+ ❆❲❙ ❡! ❆❲■✳ ▲❡+ ♠%!❤♦❞❡+ ✉!✐❧✐+%❡+ ♣♦✉* ❧❛ ♣*%♣❛*❛✲

!✐♦♥ ❞❡+ %❝❤❛♥!✐❧❧♦♥+ ♥❡ ♣❡*♠❡!!❡♥! ♣❛+ ❞❡ ❝♦♠♣❛*❛✐+♦♥ A✉❛♥!✐!❛!✐✈❡ ❞❡+ ♣*♦!%✐♥❡+

❝♦♥!❡♥✉❡+✳ ◆♦✉+ ❛❧❧♦♥+ ❞♦♥❝ ♥♦✉+ ❧✐♠✐!❡* C ✉♥❡ ❞❡+❝*✐♣!✐♦♥ A✉❛❧✐!❛!✐✈❡ ❞❡+ ♣*♦!%✐♥❡+

✐❞❡♥!✐✜%❡+✳ ❉❛♥+ ❧❡+ ❆❲❙✱ ♥♦✉+ ❛✈♦♥+ ✐❞❡♥!✐✜% ❞❡+ ♣*♦!%✐♥❡+ ❝②!♦♣❧❛+♠✐A✉❡+ ✭∼✶✺

✪✮✱ ❝❡ A✉✐ ❝♦♥✜*♠❡ ❧❡+ *%+✉❧!❛!+ ♦❜!❡♥✉+ ♣*%❝%❞❡♠♠❡♥! C ❧✬❛✐❞❡ ❞❡+ ♠❛*A✉❡✉*+ ❝②!♦✲

♣❧❛+♠✐A✉❡+✳ ▲❛ ♣❧✉♣❛*! ❞❡+ ❛✉!*❡+ ♣*♦!%✐♥❡+ ❛♥♥♦!%❡+ ♦♥! ✉♥ *Q❧❡ ❝♦❤%*❡♥! ❛✈❡❝ ✉♥❡

❧♦❝❛❧✐+❛!✐♦♥ ❡①!*❛❝❡❧❧✉❧❛✐*❡✳ ❖♥ !*♦✉✈❡ ❞❡+ ♣*♦!%✐♥❡+ ❞✉ ♠%!❛❜♦❧✐+♠❡ ❞❡+ ♣❡❝!✐♥❡+ ❡!

❞❡+ ❣❧②❝❛♥❡+✱ ❛✐♥+✐ A✉❡ ❞❡+ ❡♥③②♠❡+ ✐♠♣❧✐A✉%❡+ ❞❛♥+ ❧❡ ♠%!❛❜♦❧✐+♠❡ ❞✉ ❣❛❧❛❝!♦+❡✱ ❢✉✲

❝♦+❡ ❡! ♠❛♥♥♦+❡✱ A✉✐ ❥♦✉❡♥! ❞♦♥❝ ✉♥ *Q❧❡ ❞❛♥+ ❧❛ +②♥!❤K+❡ ❡! ❧❛ ❞%❣*❛❞❛!✐♦♥ ❞❡+ ♦❧✐❣♦✲

❡! ♣♦❧②+❛❝❝❤❛*✐❞❡+ ♣❛*✐%!❛✉① ✭❙❡✐❢❡*!✱ ✷✵✵✹✮✳ ❯♥❡ α✲❛♠②❧❛+❡ ❛ %!% ✐❞❡♥!✐✜%❡ ❞❛♥+ ❧❡+

✽✸



  



❆❲❙✳ $❧✉'✐❡✉*' +,✉❞❡' ♦♥, ❞+❥1 ✐♥❞✐2✉+ ❧❛ ❧♦❝❛❧✐'❛,✐♦♥ ❞✬✐'♦❢♦*♠❡' ❞❡ ❝❡,,❡ ❡♥③②♠❡

❞❛♥' ❧❡ ♠✐❧✐❡✉ ❡①,*❛❝❡❧❧✉❧❛✐*❡ ✭❈❤❡♥ ❡! ❛❧✳✱ ✷✵✵✹❀ ❉♦②❧❡ ❡! ❛❧✳✱ ✷✵✵✼✮✳ ▲❛ ,*+❤❛❧❛'❡

❛ +❣❛❧❡♠❡♥, +,+ ❞+❝*✐,❡ ❝♦♠♠❡ +,❛♥, ❧♦❝❛❧✐'+❡ '✉* ❧❛ ❢❛❝❡ ❡①,❡*♥❡ ❞❡ ❧❛ ♠❡♠❜*❛♥❡

♣❧❛'♠✐2✉❡ ✭❋*✐'♦♥ ❡! ❛❧✳✱ ✷✵✵✼✮✳ ❉❡ ♣❧✉'✱ ♦♥ ,*♦✉✈❡ ❞❡' ✐♥✈❡*,❛'❡' ♣❛*✐+,❛❧❡'✳ ❊♥✜♥✱

❧❡' ❆❲❙ ❝♦♥,✐❡♥♥❡♥, +❣❛❧❡♠❡♥, ❞❡' ♣*♦,+✐♥❡' ❛''♦❝✐+❡' ❛✉① ♠+❝❛♥✐'♠❡' ❞❡ ❞+❢❡♥'❡

❝♦♥',✐,✉,✐✈❡ ♦✉ ❜❛'❛❧❡✱ ❝♦♠♠❡ ❞❡' ❝❤✐,✐♥❛'❡'✱ ❞❡' ♣*♦,+❛'❡' ❡, ❞❡' ✐♥❤✐❜✐,❡✉*' ❞✬❡♥✲

③②♠❡' ❤②❞*♦❧②,✐2✉❡' ✭◆P*♥❜❡*❣❡* ❡! ❛❧✳✱ ✷✵✵✹✮✳ ❉❡ ♣❧✉'✱ 2✉❡❧2✉❡' *+❝❡♣,❡✉*' ❦✐♥❛'❡'

♦♥, +,+ ✐❞❡♥,✐✜+'✳

▲✬✐♥❢❡❝,✐♦♥ ♣❛* %✳ ✈✐!✐❝♦❧❛ ✐♥❞✉✐, ❞❡' ❛❧,+*❛,✐♦♥' ❞❛♥' ❧❛ ❝♦♠♣♦'✐,✐♦♥ ♣*♦,+✐2✉❡

❞❡' ✢✉✐❞❡' ❛♣♦♣❧❛',✐2✉❡'✱ ❝♦♠♠❡ ❝❡❧❛ ❛ ❞+❥1 +,+ ♠♦♥,*+ ♣♦✉* ❞✬❛✉,*❡' ✐♥,❡*❛❝,✐♦♥'

♣❧❛♥,❡' ✲ ♣❛,❤♦❣S♥❡' ✭●❛✉ ❡! ❛❧✳✱ ✷✵✵✹❀ ❍✐✐❧♦✈❛❛*❛✲❚❡✐❥♦ ❡! ❛❧✳✱ ✶✾✾✾❀ ▲❡❡ ❡! ❛❧✳✱ ✷✵✵✹❀

▼✐'❛'✲❱✐❧❧❛♠✐❧ ❡, ✈❛♥ ❞❡* ❍♦♦*♥✱ ✷✵✵✽❀ ▼✐,❤\❢❡* ❡! ❛❧✳✱ ✷✵✵✷✮✳

❯♥❡ ♣❛*,✐❡ ❞❡' ♣*♦,+✐♥❡' '♣+❝✐✜2✉❡♠❡♥, ✐❞❡♥,✐✜+❡' ❞❛♥' ❧❡' ❆❲■ '♦♥, ❞❡' ♣*♦✲

,+✐♥❡' ❞❡ ❧❛ ✈✐❣♥❡✳ $❛*♠✐ ❡❧❧❡' '❡ ,*♦✉✈❡♥, ❞❡' ✐♥❤✐❜✐,❡✉*' ❞❡' ♣*♦,+❛'❡'✱ ❞❡' ♣♦❧②✲

❣❛❧❛❝,✉*♦♥❛'❡'✱ ❛✐♥'✐ 2✉❡ ❞❡' ♣*♦,+✐♥❡' $❘✳ ❈❡' *+'✉❧,❛,' *❡✢S,❡♥, ❧✬✐♥❞✉❝,✐♦♥ ❞❡'

*+❛❝,✐♦♥' ❞❡ ❞+❢❡♥'❡ ❞❡ ❧❛ ♣❧❛♥,❡ ❡♥ *+♣♦♥'❡ 1 ❧✬✐♥❢❡❝,✐♦♥ ♣❛* %✳ ✈✐!✐❝♦❧❛✳

❉❡' ❧❛❝❝❛'❡' ♦♥, +,+ ,*♦✉✈+❡' ❞❛♥' ❧❡' ❆❲■✱ ❝❡ 2✉✐ ♣❡✉, `,*❡ ❝♦**+❧+ ❛✉① *+'✉❧,❛,'

❞❡ ❧✬❛♥❛❧②'❡ ,*❛♥'❝*✐♣,♦♠✐2✉❡ ❞❡' ❢❡✉✐❧❧❡' ✐♥❢❡❝,+❡' ♠♦♥,*❛♥, ❧✬❡①♣*❡''✐♦♥ ❞❡ ♣❧✉'✐❡✉*'

❣S♥❡' ❝♦❞❛♥, ♣♦✉* ❞❡' ✐'♦❢♦*♠❡' ❡①,*❛❝❡❧❧✉❧❛✐*❡'✳ ✭❝❢✳ ❈❤❛♣✐,*❡ ✶✮✳ ▲❡' ❧❛❝❝❛'❡' '♦♥,

❞❡' ♣*♦,+✐♥❡' ❣❧②❝♦'②❧+❡' ❛②❛♥, ✉♥❡ ❛❝,✐✈✐,+ ❞❡ ♣❤+♥♦❧ ♦①②❞❛'❡ ❡, ✐♥,❡*✈✐❡♥♥❡♥, ❞❛♥'

❞✐✛+*❡♥,' ♣*♦❝❡''✉' ♣❤②'✐♦❧♦❣✐2✉❡'✳

❉❡✉① ✐'♦❢♦*♠❡' ❞✬✐♥✈❡*,❛'❡' ♣❛*✐+,❛❧❡' ♦♥, +,+ '♣+❝✐✜2✉❡♠❡♥, ,*♦✉✈+❡' ❞❛♥' ❧❡'

❆❲■ ❡, ♣♦✉**❛✐❡♥, `,*❡ ❧✐+❡' 1 ❧❛ ❞✐♠✐♥✉,✐♦♥ ❞❡ ❧❛ ,❡♥❡✉* ❡♥ '❛❝❝❤❛*♦'❡ ❡, ❧✬❛❝❝✉♠✉✲

❧❛,✐♦♥ ❞✉ ❣❧✉❝♦'❡ ❡, ❢*✉❝,♦'❡ ❞❛♥' ❧❡' ✢✉✐❞❡' ❛♣♦♣❧❛',✐2✉❡' ❞❡' ❢❡✉✐❧❧❡' ✐♥❢❡❝,+❡'✳

$❡✉ ❞❡ ♣*♦,+✐♥❡' ❞✬♦*✐❣✐♥❡ ♣❛,❤♦❣S♥❡ ♦♥, ♣✉ `,*❡ ✐❞❡♥,✐✜+❡' ❞❛♥' ❧❡' ❆❲■✳ ◆♦✉'

♥❡ ♣♦✉✈♦♥' ❞+✜♥✐* '✐ ❡❧❧❡' '♦♥, '♣+❝✐✜2✉❡' ❞❡ %✳ ✈✐!✐❝♦❧❛ ❝❛* ❧❛ '+2✉❡♥❝❡ ❣+♥♦♠✐2✉❡

❞❡ ❝❡ ♣❛,❤♦❣S♥❡ ♥✬❡', ♣❛' ❞✐'♣♦♥✐❜❧❡ 1 ❝❡ ❥♦✉* ❡, ❧❡' *❡❝❤❡*❝❤❡' ❞❛♥' ❧❡' ❜❛'❡' ❞❡

❞♦♥♥+❡' ❞❡' '+2✉❡♥❝❡' ❞✬♦♦♠②❝S,❡' ❞✐'♣♦♥✐❜❧❡' ♥❡ ♣❡*♠❡,,❡♥, ♣❛' ❞✬♦❜,❡♥✐* ❝❡,,❡ ✐♥✲

❢♦*♠❛,✐♦♥✳ ◗✉❡❧2✉❡' ❡♥③②♠❡' ❞+❣*❛❞❛♥, ❧❛ ♣❛*♦✐ ♦♥, +,+ ,*♦✉✈+❡' ♣❛*♠✐ ❧❡' ♣*♦,+✐♥❡'

✐❞❡♥,✐✜+❡'✳ ❉❡ ♣❧✉'✱ ♦♥ ,*♦✉✈❡ ❞❡' ♣*♦,+✐♥❡' ✭❝♦♠♠❡ ✉♥❡ ❝❛,❛❧❛'❡ ❡, ✉♥❡ '✉♣❡*♦①✐❞❡

❞✐'♠✉,❛'❡✮ 2✉✐ ♣♦✉**❛✐❡♥, '❡*✈✐* 1 ♣*♦,+❣❡* ❧❡ ♣❛,❤♦❣S♥❡ ❝♦♥,*❡ ❧❡' ❋❆❖ ♣*♦❞✉✐,❡'
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❞❡ ❞2✲❣❧②❝♦0②❧❛3✐♦♥✳ ❉✬❛♣7N0 ❧❛ ❧✐3327❛3✉7❡✱ ❝❡0 ✻ ♣7♦32✐♥❡0 ♥❡ 0♦♥3 ♣❛0 ❝♦♥♥✉❡0 ♣♦✉7

❥♦✉❡7 ✉♥ 7a❧❡ ❞❛♥0 ❧❛ 72❣✉❧❛3✐♦♥ ❞❡0 ♠♦✉✈❡♠❡♥30 03♦♠❛3✐8✉❡0✳ ▲❡✉7 ❢♦♥❝3✐♦♥ ❝♦♥♥✉❡

0❡7❛✐3 ❞♦♥❝ ✐♥❞2♣❡♥❞❛♥3❡ ❞❡ ❧❡✉7 ❡✛❡3 0✉7 ❧❡0 03♦♠❛3❡0✳ ❉✬❛♣7N0 ❧❡✉7 028✉❡♥❝❡ ❡♥

✽✺



  



❛❝✐❞❡% ❛♠✐♥(%✱ ❧❡✉, -❛✐❧❧❡ ❡%- ✐♥❢(,✐❡✉,❡ / ✺✵ ❦❉❛✱ ❝❡ 4✉✐ %✉❣❣6,❡ 4✉❡ ❧❛ ❣❧②❝♦%②❧❛-✐♦♥

,❡♣,(%❡♥-❡ ✉♥❡ ♣❛,-✐❡ ✐♠♣♦,-❛♥-❡ ❞❡ ❧❛ -❛✐❧❧❡ ❞❡ ❧❛ ♣,♦-(✐♥❡ ❛❝-✐✈❡✳

❈❡♣❡♥❞❛♥-✱ ♦♥ ♥❡ ♣❡✉- ♣❛% ❡①❝❧✉,❡ 4✉❡ ❧❛ ♣,♦-(✐♥❡ ,❡❝❤❡,❝❤(❡ ♥❡ %♦✐- ❛✉❝✉♥❡

❞❡% %✐① ❧✐%-(❡% ❝✐✲❞❡%%✉% ❡- %♦✐- ❡♥ 4✉❛♥-✐-( -,♦♣ ❢❛✐❜❧❡ ❞❛♥% ❧❡% ✢✉✐❞❡% ❛♣♦♣❧❛%-✐4✉❡%

♣♦✉, ♣♦✉✈♦✐, B-,❡ ❞(-❡❝-(❡ ❡♥ %♣❡❝-,♦♠(-,✐❡ ❞❡ ♠❛%%❡ ✭▼✳ ❘♦%%✐❣♥♦❧✱ ❝♦♠♠✉♥✐❝❛-✐♦♥

♣❡,%♦♥♥❡❧❧❡✮✳

❊♥✜♥✱ ✐❧ %❡ ♣❡✉- 4✉❡ ❧❛ ♣,♦-(✐♥❡ ,❡❝❤❡,❝❤(❡ %♦✐- %♣(❝✐✜4✉❡ ❞❡  ✳ ✈✐$✐❝♦❧❛✳ ❈♦♠♠❡

✐❧ ♥✬❡①✐%-❡ ♣❛% ❞❡ ❜❛%❡ ❞❡ ❞♦♥♥(❡% ❞✐%♣♦♥✐❜❧❡ ♣♦✉, ❧❡% %(4✉❡♥❝❡% ❞❡ ❝❡- ♦♦♠②❝6-❡✱ ❡❧❧❡

♥✬❛ ❞♦♥❝ ♣✉ B-,❡ ✐❞❡♥-✐✜(❡ ♣❛, ❧❡% ❛♥❛❧②%❡% ❞❡ ❞♦♥♥(❡% ❞❡ %♣❡❝-,♦♠(-,✐❡ ❞❡ ♠❛%%❡✳

✽✻



  



 ❡"#♣❡❝&✐✈❡#

▲❡" #$"✉❧'❛'" ♦❜'❡♥✉" "✉❣❣-#❡♥' .✉✬✉♥❡ ♣#♦'$✐♥❡ ❣❧②❝♦"②❧$❡ ❧♦❝❛❧✐"$❡ ❞❛♥" ❧❡"

✢✉✐❞❡" ❛♣♦♣❧❛"'✐.✉❡" "❡#❛✐' #❡"♣♦♥"❛❜❧❡ ❞❡ ❧❛ ❞$#$❣✉❧❛'✐♦♥ "'♦♠❛'✐.✉❡ ♦❜"❡#✈$❡ ❧♦#"

❞❡ ❧✬✐♥❢❡❝'✐♦♥ ❞❡" ❢❡✉✐❧❧❡" ♣❛#  ✳ ✈✐$✐❝♦❧❛✳ ❈❡♣❡♥❞❛♥'✱ ❧❡" ❛♥❛❧②"❡" ♣❛# "♣❡❝'#♦♠$'#✐❡

❞❡ ♠❛""❡ ♥❡ ♥♦✉" ♦♥' ♣❛" ♣❡#♠✐" ❞❡ ❧✬✐❞❡♥'✐✜❡#✳ ❉❡" ❡①♣$#✐❡♥❝❡" "✉♣♣❧$♠❡♥'❛✐#❡"

"❡#♦♥' ❞♦♥❝ ♥$❝❡""❛✐#❡" ♣♦✉# ❧✬✐❞❡♥'✐✜❡# ❡' ✈❛❧✐❞❡# "♦♥ #?❧❡ ❞❛♥" ❧✬✐♥❢❡❝'✐♦♥✳

❉❛♥" ❧✬❤②♣♦'❤-"❡ ♦A ❧❛ ♣#♦'$✐♥❡ #❡❝❤❡#❝❤$❡ ♥✬❛ ♣❛" $'$ ❞$'❡❝'$❡ ♣❛#❝❡ .✉✬❡❧❧❡ $'❛✐'

❡♥ '#♦♣ ❢❛✐❜❧❡ ❝♦♥❝❡♥'#❛'✐♦♥✱ ✐❧ "❡#❛ ♥$❝❡""❛✐#❡ ❞❡ #❡❢❛✐#❡ ❞❡" ❛♥❛❧②"❡" ❡♥ ♣❛#'❛♥' ❞✬✉♥❡

♣❧✉" ❣#❛♥❞❡ .✉❛♥'✐'$ ❞❡ ✢✉✐❞❡"✳ ▲❡ ❢❛✐' .✉✬❡❧❧❡ "♦✐' ❣❧②❝♦"②❧$❡ ♣♦✉##❛✐' ❢❛❝✐❧✐'❡# "❛

♣✉#✐✜❝❛'✐♦♥✳ ❊♥ ❡✛❡'✱ ❧✬✉'✐❧✐"❛'✐♦♥ ❞❡ ❝♦❧♦♥♥❡" ✏❧❡❝'✐♥❡"✑ ♣❡#♠❡''#❛✐' ❧✬❡♥#✐❝❤✐""❡♠❡♥'

❞❡" $❝❤❛♥'✐❧❧♦♥" ❡♥ ♣#♦'$✐♥❡" ❣❧②❝♦"②❧$❡"✳

▲❛ ♣#$✲♣✉#✐✜❝❛'✐♦♥ ❛ ♣❡#♠✐" ❞❡ #$❞✉✐#❡ ❢♦#'❡♠❡♥' ❧❛ ❧✐"'❡ ❞❡" ♣#♦'$✐♥❡" ❝❛♥❞✐✲

❞❛'❡"✳ ❈❡♣❡♥❞❛♥'✱ ✉♥❡ ❛♠$❧✐♦#❛'✐♦♥ ❞❡ ❧❛ '❡❝❤♥✐.✉❡ ❞❡ "$♣❛#❛'✐♦♥ ♣❛# ❝❤#♦♠❛'♦❣#❛✲

♣❤✐❡ ❞✬❡①❝❧✉"✐♦♥ ❞❡✈#❛ G'#❡ ❛♣♣♦#'$❡✳ ❊♥ ❡✛❡'✱ ♣♦✉# ❧✬✐❞❡♥'✐✜❝❛'✐♦♥ ♣❛# "♣❡❝'#♦♠$'#✐❡

❞❡ ♠❛""❡✱ ✐❧ "❡#❛✐' ♥$❝❡""❛✐#❡ ❞✬♦❜'❡♥✐# ❞❡" ❢#❛❝'✐♦♥" ♣❧✉" ♣✉#❡"✳ ❉❛♥" ❝❡ ❝❛"✱ ♥♦✉"

♥♦✉" ❛''❡♥❞♦♥" H ❛✈♦✐# ✉♥ ❣#❛♥❞ ♥♦♠❜#❡ ❞✬$❝❤❛♥'✐❧❧♦♥" .✉✬✐❧ ❢❛✉❞#❛ ❛✉ ♣#$❛❧❛❜❧❡

'❡"'❡# "✉# ❧❡" "'♦♠❛'❡"✳ ▲❛ ♠$'❤♦❞❡ ✉'✐❧✐"$❡ ❛❝'✉❡❧❧❡♠❡♥' ♣♦✉# '❡"'❡# ❧✬❡✛❡' ❞❡ ♠♦❧$✲

❝✉❧❡" "✉# ❧❡" ♠♦✉✈❡♠❡♥' "'♦♠❛'✐.✉❡" ✭❞✐".✉❡" $♣✐❞❡#♠✐.✉❡"✮ ❡"' ❧♦✉#❞❡ ♣✉✐".✉✬❡❧❧❡

♥$❝❡""✐'❡✱ ♥♦'❛♠♠❡♥'✱ ❞❡ ♥♦♠❜#❡✉"❡" ❡' ❧♦♥❣✉❡" ♦❜"❡#✈❛'✐♦♥" ❛✉ ♠✐❝#♦"❝♦♣❡ H ✢✉♦✲

#❡"❝❡♥❝❡✳ ❈✬❡"' ♣♦✉#.✉♦✐✱ ❡♥ ♣❛#❛❧❧-❧❡✱ ✐❧ "❡#❛✐' ♥$❝❡""❛✐#❡ ❞❡ ❞$✈❡❧♦♣♣❡# ✉♥ ❛✉'#❡

♠♦❞-❧❡ ❞✬$'✉❞❡ ♣❧✉" ❛❞$.✉❛' ❡' ✴ ♦✉ ❞✬❛✉'♦♠❛'✐"❡# ❧✬❛♥❛❧②"❡ ❞✬✐♠❛❣❡ ❡♥ ✉'✐❧✐"❛♥' ✉♥

♠♦❞-❧❡ ✐♥❢♦#♠❛'✐.✉❡ ♣❡#♠❡''❛♥' ❞❡ ❞$'❡#♠✐♥❡# ❧✬♦✉✈❡#'✉#❡ "'♦♠❛'✐.✉❡✳

➚ ❧✬❤❡✉#❡ ❛❝'✉❡❧❧❡✱ ✐❧ ♥✬② ❛ ♣❛" ❞❡ ❜❛"❡ ❞❡ ❞♦♥♥$" "♣$❝✐✜.✉❡" ❞❡  ❧❛)♠♦♣❛,❛

✈✐$✐❝♦❧❛✳ ❈❡♣❡♥❞❛♥'✱ ✉♥ ♣#♦❥❡' ❞❡ #❡❝❤❡#❝❤❡ ✭✏❉♦✇♥② ♠✐❧❞❡✇ ❣❡♥♦♠✐❝"✑ ❝♦♦#❞♦♥♥$

♣❛# ❋✳ ❉❡❧♠♦''❡ H ❧✬■◆❘❆ ❞❡ ❇♦#❞❡❛✉①✮ ❡"' ❛❝'✉❡❧❧❡♠❡♥' ❡♥ ❝♦✉#" ♣♦✉# ❡♥ ❝#$❡# ✉♥❡✳

■❧ "❡#❛ ✐♥❞✐"♣❡♥"❛❜❧❡ ♣♦✉# ❧❛ ♣♦✉#"✉✐'❡ ❞❡ ❝❡ '#❛✈❛✐❧ ❞✬✉'✐❧✐"❡# ❝❡' ♦✉'✐❧ ♣♦✉# "✬❛""✉#❡#

❞❡ ❧✬♦#✐❣✐♥❡ ✭✈$❣$'❛❧❡ ✴ ♣❛'❤♦❣-♥❡✮ ❞❡ ❧❛ ♣#♦'$✐♥❡ #❡"♣♦♥"❛❜❧❡ ❞✉ ❞②"❢♦♥❝'✐♦♥♥❡♠❡♥'

"'♦♠❛'✐.✉❡✳

❉❛♥" ❧✬❤②♣♦'❤-"❡ ♦A ❝❡" ❛♥❛❧②"❡" ♣❡#♠❡''#❛✐❡♥' ❧✬✐❞❡♥'✐✜❝❛'✐♦♥ ❞❡ ❧❛ ♣#♦'$✐♥❡✱ ❧❛

❣❧②❝♦"②❧❛'✐♦♥ #❡♥❞#❛✐' ❧✬$'✉❞❡ ❢♦♥❝'✐♦♥♥❡❧❧❡ ❞✐✣❝✐❧❡✳ ❊♥ ❡✛❡'✱ ♠G♠❡ "✬✐❧ ❡"' ♣♦""✐❜❧❡

❞❡ ♣#♦❞✉✐#❡ ❧❛ ♣#♦'$✐♥❡ ❞❛♥" ✉♥ "②"'-♠❡ ❤$'$#♦❧♦❣✉❡ ♣♦✉# ✈❛❧✐❞❡# "♦♥ ❛❝'✐✈✐'$ "✉#

❧❡" "'♦♠❛'❡"✱ ✐❧ "❡#❛ ❞✐✣❝✐❧❡ ❞❡ #❡❝♦♥"'#✉✐#❡ ❧❛ ♠♦❞✐✜❝❛'✐♦♥ ♣♦"'✲'#❛❞✉❝'✐♦♥♥❡❧❧❡✳

❆✜♥ ❞✬$'✉❞✐❡# ❧❡ #?❧❡ ❞❡ ❧❛ ❣❧②❝♦"②❧❛'✐♦♥ ♣♦✉# ❧✬❛❝'✐✈✐'$ ❞❡ ❧❛ ♣#♦'$✐♥❡ #❡❝❤❡#❝❤$❡✱

✐❧ "❡#❛ ✐♥'$#❡""❛♥' ❞❡ "❛✈♦✐# "✐ ❧❛ ♣❛#'✐❡ ❣❧✉❝✐❞✐.✉❡ "❡✉❧❡ ✐♥❞✉✐' ❧✬♦✉✈❡#'✉#❡ "'♦♠❛✲

'✐.✉❡✳ V♦✉# ❝❡❧❛✱ ✐❧ ❢❛✉❞#❛✐' ✐"♦❧❡# ❧❛ ♣❛#'✐❡ ❣❧②❝♦"②❧$❡ ❞❡ ❧❛ ♣#♦'$✐♥❡ ✭❞$❣❧②❝♦"②❧❛'✐♦♥

❡♥③②♠❛'✐.✉❡✮✱ ❧❛ ♣✉#✐✜❡# ♣✉✐" ❧❛ '❡"'❡# "✉# ❧❡ ♠♦❞-❧❡ ❞✐".✉❡" $♣✐❞❡#♠✐.✉❡"✳ ❉❛♥"

❝❡''❡ ❤②♣♦'❤-"❡✱ ✐❧ "❡#❛✐' ♣♦""✐❜❧❡ $❣❛❧❡♠❡♥' ❞✬$'✉❞✐❡# ❧❡" ♠♦❞✐✜❝❛'✐♦♥" ❞❡ ❣❧②❝♦"②✲

❧❛'✐♦♥ ❧♦#" ❞❡ ❧✬✐♥❢❡❝'✐♦♥ ♣❛# ❞❡" ♠$'❤♦❞❡" ❞❡ "♣❡❝'#♦♠$'#✐❡ ❞❡ ♠❛""❡ ♣❡#♠❡''❛♥'

❧❛ ❞✐"'✐♥❝'✐♦♥ ❡♥'#❡ ❧❡" ❞✐✛$#❡♥'❡" ❢♦#♠❡" ❣❧②❝♦"②❧$❡" ❞✬✉♥❡ ♣#♦'$✐♥❡ ✭▼♦#❡❧❧❡ ❡' ▼✐✲

❝❤❛❧"❦✐✱ ✷✵✵✼❀ ❚♦❧❧ ❡$ ❛❧✳✱ ✷✵✵✻✮✳

❊♥✜♥✱ ✐❧ "❡#❛✐' ✐♥'$#❡""❛♥' ❞❡ ❝❛#❛❝'$#✐"❡# ♣✉✐" $'✉❞✐❡# ❧❡ ♠♦❞❡ ❞✬❛❝'✐♦♥ ❞❡ ❝❡''❡

✽✼



 



♣!♦#$✐♥❡✳ ❉✬❛♣!,- ♥♦- !$-✉❧#❛#- ♣!$❧✐♠✐♥❛✐!❡-✱ ❧❡- ❆❲■ ♥✬❛❣✐--❡♥# ♣❛- -✉! ❧✬❍

✰

✲❆❚9❛-❡✱

♠❛✐- ✉♥❡ ✈❛❧✐❞❛#✐♦♥ ❛✈❡❝ ❧❛ ♣!♦#$✐♥❡ ♣✉!✐✜$❡ -❡!❛✐# ♥$❝❡--❛✐!❡✳ ❉❡ ♣❧✉-✱ ❞❡- ❛♥❛❧②-❡-

❞✬$❧❡❝#!♦♣❤②-✐♦❧♦❣✐❡ ✭♣❛! ❡①❡♠♣❧❡ ❞❡ ♠❡-✉!❡ ❞❡- ✢✉① ❞❡ ❑

✰

✮ ♣♦✉!!❛✐❡♥# ❛✐❞❡! E

❝♦♠♣!❡♥❞!❡ -✉! F✉❡❧- $✈$♥❡♠❡♥#- ❧❛ ♣!♦#$✐♥❡ ❛❝#✐✈❡ ❛❣✐# ❡#✱ $✈❡♥#✉❡❧❧❡♠❡♥#✱ E F✉❡❧

♥✐✈❡❛✉✳ ▼❛❧❤❡✉!❡✉-❡♠❡♥#✱ ✐❧ ♥❡ -❡!❛ ♣❛- ♣♦--✐❜❧❡ ❞✬✉#✐❧✐-❡! ❞❡- ♠✉#❛♥#- ❞✬❆!❛❜✐❞♦♣✲

-✐- ❞❛♥- ❧❛ ♠❡-✉!❡ ♦I ❧❡- ❆❲■ ♥✬♦♥# ❡✉ ❛✉❝✉♥ ❡✛❡# -✉! ❧✬♦✉✈❡!#✉!❡ -#♦♠❛#✐F✉❡ ✭E

❧✬♦❜-❝✉!✐#$✮ ❞❡ ❝❡##❡ ♣❧❛♥#❡ ♠♦❞,❧❡✳

❆✉ ✈✉ ❞❡ ❧✬❡♥-❡♠❜❧❡ ❞❡- !$-✉❧#❛#- F✉❡ ♥♦✉- ❛✈♦♥- ♦❜#❡♥✉- ❛✉ ❝♦✉!- ❞❡ ❝❡##❡

#❤,-❡ ❡# ❞❡ #!❛✈❛✉① ♣!$❝$❞❡♥#- ✭❆❧❧,❣!❡✱ ✷✵✵✼✮✱ ♥♦✉- -✉♣♣♦-♦♥- F✉❡ ❧❡ ❝♦♠♣♦-$ ❛❝#✐❢

❞$!$❣✉❧❡ ❧❡ ❢♦♥❝#✐♦♥♥❡♠❡♥# -#♦♠❛#✐F✉❡ ♣♦✉! ❢❛❝✐❧✐#❡! ❧❛ -♣♦!✉❧❛#✐♦♥ ❞✉ ♣❛#❤♦❣,♥❡✳

❈❡ !P❧❡ ♣♦✉!!❛✐# Q#!❡ ❝♦♥✜!♠$ ❡♥ ✉#✐❧✐-❛♥# ❞❡- ❤②❜!✐❞❡- #♦❧$!❛♥#- ❛✉ ♠✐❧❞✐♦✉✱ ♥♦✲

#❛♠♠❡♥# ❝❡✉① ♣♦✉! ❧❡-F✉❡❧- ✉♥ ❞$✈❡❧♦♣♣❡♠❡♥# ❞❡  ✳ ✈✐$✐❝♦❧❛ ❡-# ♦❜-❡!✈$ ♠❛✐- ❛✈❡❝

✉♥❡ -♣♦!✉❧❛#✐♦♥ ❧✐♠✐#$❡ ♦✉ ❛❜-❡♥#❡ ✭❙✳ ❲✐❡❞❡♠❛♥♥✲▼❡!❞✐♥♦❣❧✉✱ ❝♦♠♠✉♥✐❝❛#✐♦♥ ♣❡!✲

-♦♥♥❡❧❧❡✮✳ ❉❛♥- ✉♥ ♣!❡♠✐❡! #❡♠♣-✱ ♦♥ ♣♦✉!!❛✐# #❡-#❡! ❧❡- ❆❲■ ✏❞✬♦!✐❣✐♥❡ ▼❛!-❡❧❛♥✑

-✉! ❞❡- ❞✐-F✉❡- $♣✐❞❡!♠✐F✉❡- ❞❡ ❝❡- ♣❧❛♥#❡- ❛✜♥ ❞❡ ❞$#❡!♠✐♥❡! -✐ ❧❡ ❢♦♥❝#✐♦♥♥❡♠❡♥#

-#♦♠❛#✐F✉❡ ❡-# ❞$!$❣✉❧$ ❞❡ ❧❛ ♠Q♠❡ ♠❛♥✐,!❡✳ ➚ ❧✬✐♥✈❡!-❡✱ ✐❧ -❡!❛✐# ♣♦--✐❜❧❡ ❞✬$#✉❞✐❡!

❧❡- ❡✛❡#- ❞❡- ❆❲■ ♦❜#❡♥✉- E ♣❛!#✐! ❞❡ ❝❡- ❡-♣,❝❡- -✉! ❧❡- ❞✐-F✉❡- $♣✐❞❡!♠✐F✉❡- ❞❡

▼❛!-❡❧❛♥✳ ❈❡❝✐ ♣❡!♠❡##!❛✐# ❞✬$#✉❞✐❡! -✐ ❧✬✐♥❢❡❝#✐♦♥ ✐♥❞✉✐# ❧❛ ♣!♦❞✉❝#✐♦♥ ❞❡ ❧❛ ♣!♦#$✐♥❡

❛❝#✐✈❡ ❞❛♥- ❝❡- ❢❡✉✐❧❧❡- ♦✉ ♣❛-✳
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❈♦♥❝❧✉&✐♦♥

▲✬✐♥❢❡❝'✐♦♥ ♣❛+  ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ❡♥'+❛,♥❡ ❞❡. ♠♦❞✐✜❝❛'✐♦♥. ✐♠♣♦+'❛♥'❡. ❛✉

♥✐✈❡❛✉ ❞✉ ❢♦♥❝'✐♦♥♥❡♠❡♥' ❞❡ ❧❛ ❢❡✉✐❧❧❡ ❞❡ ✈✐❣♥❡✳ ❉✬✉♥❡ ♣❛+'✱ ❛✉ ♥✐✈❡❛✉ ❞✉ ♠8'❛❜♦✲

❧✐.♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ✿ ❧❡. ❢❡✉✐❧❧❡. ✐♥❢❡❝'8❡. ❧✬❛❝❝✉♠✉❧❡♥' ❛✉ ♥✐✈❡❛✉ ❞❡. '❛❝❤❡. ❞✬❤✉✐❧❡✳

❉✬❛✉'+❡ ♣❛+'✱ ❛✉ ♥✐✈❡❛✉ ❞❡. .'♦♠❛'❡. ✿ ❧✬✐♥❢❡❝'✐♦♥ ✐♥❞✉✐' ✉♥❡ ❞8+8❣✉❧❛'✐♦♥ ❞❡ ❧❡✉+.

♠♦✉✈❡♠❡♥'.✳ ■❧. +❡.'❡♥' ❛♥♦+♠❛❧❡♠❡♥' ♦✉✈❡+'. ❞❡ ♥✉✐' ❡' ♥❡ .❡ ❢❡+♠❡♥' ♣❧✉. ❡♥ +8✲

♣♦♥.❡ > ✉♥ .'+❡.. ❤②❞+✐@✉❡ ♦✉ > ✉♥ '+❛✐'❡♠❡♥' > ❧✬❆❇❆✳ ▲❡. ❞❡✉① ♣❛+'✐❡. ❞❡ ❝❡''❡

'❤D.❡ ❛✈❛✐❡♥' ♣♦✉+ ♦❜❥❡❝'✐❢ ✐✮ ❞✬❡①♣❧✐@✉❡+ ❧✬♦+✐❣✐♥❡ ❡' ❧❡ ♠8❝❛♥✐.♠❡ ❞❡ ❧✬❛❝❝✉♠✉❧❛✲

'✐♦♥ ❞✬❛♠✐❞♦♥ ❡' ✐✐✮ ❞✬✐.♦❧❡+ ❡' ✐❞❡♥'✐✜❡+ ❧❡ ❢❛❝'❡✉+ +❡.♣♦♥.❛❜❧❡ ❞❡ ❧❛ ❞8+8❣✉❧❛'✐♦♥

.'♦♠❛'✐@✉❡✳

▲✬❛❧'8+❛'✐♦♥ ❞✉ ♠8'❛❜♦❧✐.♠❡ ❞❡ ❧✬❛♠✐❞♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡. ❢❡✉✐❧❧❡. ✐♥❢❡❝'8❡. ❛ ❞✬❛❜♦+❞

8'8 8'✉❞✐8❡ > ❧✬❛✐❞❡ ❞✬✉♥❡ ❛♥❛❧②.❡ '+❛♥.❝+✐♣'♦♠✐@✉❡ ❛✜♥ ❞✬✐❞❡♥'✐✜❡+ ❧❡. ❣D♥❡. ❝♦❞❛♥'

♣♦✉+ ❞❡. ❡♥③②♠❡. ✐♠♣❧✐@✉8❡. ❞❛♥. ❝❡ ♠8'❛❜♦❧✐.♠❡✱ ♣✉✐. ❧❡. ❛❝'✐✈✐'8. ❞❡. ❡♥③②♠❡.

❝♦++❡.♣♦♥❞❛♥'❡. ♦♥' 8'8 ❞8'❡+♠✐♥8❡.✳ ❈❡. ❛♣♣+♦❝❤❡.✱ ❝♦♠♣❧8'8❡. ♣❛+ ❞❡. ❞♦.❛❣❡. ❞❡

❧✬❛♠✐❞♦♥ ❡' ❞❡. .✉❝+❡. .♦❧✉❜❧❡. ❛✐♥.✐ @✉❡ ❧❛ ♠❡.✉+❡ ❞❡ ❧✬❛❝'✐✈✐'8 ♣❤♦'♦.②♥'❤8'✐@✉❡✱ ♦♥'

♣❡+♠✐. ❞❡ ❝♦++8❧❡+ ❞✐✛8+❡♥'. 8✈8♥❡♠❡♥'. ❛✈❡❝ ❧✬✐♥❢❡❝'✐♦♥✳ ❉✬❛♣+D. ♥♦. +8.✉❧'❛'.✱ ❧✬❛❝✲

❝✉♠✉❧❛'✐♦♥ ❞❡ ❧✬❛♠✐❞♦♥ ❞❛♥. ❧❡. '❛❝❤❡. ❞✬❤✉✐❧❡ ♣♦✉++❛✐' +8.✉❧'❡+ ❞✬✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥

❞❡ .❛ .②♥'❤D.❡ ♣❛+ ❧✬❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧✬❛❝'✐✈✐'8 ❆●K❛.❡✱ ❝♦♠❜✐♥8❡ > ✉♥❡ ❞✐♠✐♥✉'✐♦♥

❞❡ .❛ ❞8❣+❛❞❛'✐♦♥ ♣❛+ ♠♦❞✐✜❝❛'✐♦♥ ❞❡ ❧❛ ✈♦✐❡ ❞❡ .❛ ❞8❣+❛❞❛'✐♦♥✳ ❙✐♠✉❧'❛♥8♠❡♥'✱ ✉♥❡

❞✐♠✐♥✉'✐♦♥ ❞❡ ❧❛ ♣❤♦'♦.②♥'❤D.❡ ❡' ✉♥❡ ❛✉❣♠❡♥'❛'✐♦♥ ❞❡ ❧✬❛❝'✐✈✐'8 ✐♥✈❡+'❛.❡ ♠❛+@✉❡♥'

✉♥❡ '+❛♥.✐'✐♦♥ .♦✉+❝❡✲♣✉✐'. ❛✉ ♥✐✈❡❛✉ ❞❡. +8❣✐♦♥. ❢♦❧✐❛✐+❡. ✐♥❢❡❝'8❡.✳

▲❛ ❞❡✉①✐D♠❡ ♣❛+'✐❡ ❞❡ ❧❛ '❤D.❡ ❛ ♣♦+'8 .✉+ ❧❡ ❢❛❝'❡✉+ +❡.♣♦♥.❛❜❧❡ ❞❡ ❧❛ ❞8+8❣✉❧❛✲

'✐♦♥ .'♦♠❛'✐@✉❡✳ ▲✬❤②♣♦'❤D.❡ ❞❡ ❞8♣❛+' 8'❛✐' ❝❡❧❧❡ ❞✬✉♥❡ ♠♦❧8❝✉❧❡ .♦❧✉❜❧❡ ❞✬♦+✐❣✐♥❡

✈8❣8'❛❧❡ ♦✉ ♣❛'❤♦❣D♥❡ .8❝+8'8❡ ❞❛♥. ❧✬❛♣♦♣❧❛.♠❡ ❛✉ ❝♦✉+. ❞❡ ❧✬✐♥❢❡❝'✐♦♥ ❡' ❝❛♣❛❜❧❡

❞✬✐♥❞✉✐+❡ ❧✬♦✉✈❡+'✉+❡ .'♦♠❛'✐@✉❡✳ ▲❛ ♠✐.❡ ❛✉ ♣♦✐♥' ❞✬✉♥❡ ♠8'❤♦❞❡ ❞✬✐.♦❧❡♠❡♥' ❞❡ ❝❡.

✢✉✐❞❡. ❛ ♣❡+♠✐. ❞✬8'✉❞✐❡+ ❧❡✉+ ❡✛❡' .✉+ ❧✬♦✉✈❡+'✉+❡ .'♦♠❛'✐@✉❡✳ ▲❡. ✢✉✐❞❡. ❞❡. ❢❡✉✐❧❧❡.

✐♥❢❡❝'8❡. ♠✐♠❡♥' ❧❛ ❞8+8❣✉❧❛'✐♦♥ ♦❜.❡+✈8❡ .✉+ ♣❧❛♥'❡ ❡♥'✐D+❡✳ ▲❡ ❝♦♠♣♦.8 ❛❝'✐❢ .❡+❛✐'

✉♥❡ ♣+♦'8✐♥❡ ❛..❡③ .'❛❜❧❡✱ ❞❡ '❛✐❧❧❡ ❃✺✵ ❦❉❛ ❡' ♠♦❞✐✜8❡ ♣♦.'✲'+❛❞✉❝'✐♦♥♥❡❧❧❡♠❡♥' ♣❛+

✉♥❡ ❣❧②❝♦.②❧❛'✐♦♥ ❡..❡♥'✐❡❧❧❡ > .♦♥ ❛❝'✐✈✐'8 .✉+ ❧✬♦✉✈❡+'✉+❡ .'♦♠❛'✐@✉❡✳ ❆♣+D. ❢+❛❝✲

'✐♦♥♥❡♠❡♥' ❞❡. ✢✉✐❞❡. ❞❡. ❢❡✉✐❧❧❡. ✐♥❢❡❝'8❡. ❡' ❛♥❛❧②.❡ ♣❛+ .♣❡❝'+♦♠8'+✐❡ ❞❡ ♠❛..❡✱
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❣'❛② ♠♦❧❞ ❛♥❞ ❞♦✇♥② ♠✐❧❞❡✇✳ %❤②7♦♣❛7❤♦❧♦❣② ✾✻✱ ✶✶✽✽✕✶✶✾✹✳

❇❛❧❧✱ ❙✳ ●✳✱ ▼♦'❡❧❧✱ ▼✳ ❑✳✱ ✷✵✵✸✳ ❋'♦♠ ❜❛❝7❡'✐❛❧ ❣❧②❝♦❣❡♥ 7♦ :7❛'❝❤✿ ✉♥❞❡':7❛♥❞✐♥❣ 7❤❡

❜✐♦❣❡♥❡:✐: ♦❢ 7❤❡ ♣❧❛♥7 :7❛'❝❤ ❣'❛♥✉❧❡✳ ❆♥♥✉✳ ❘❡✈✳ %❧❛♥7 ❇✐♦❧✳ ✺✹✱ ✷✵✼✕✷✸✸✳

❇❛'❦❡'✱ ▲✳✱ ❑✉❤♥✱ ❈✳✱ ❲❡✐:❡✱ ❆✳✱ ❙❝❤✉❧③✱ ❆✳✱ ●❡❜❤❛'❞7✱ ❈✳✱ ❍✐'♥❡'✱ ❇✳✱ ❍❡❧❧♠❛♥♥✱ ❍✳✱

❙❝❤✉❧③❡✱ ❲✳✱ ❲❛'❞✱ ❏✳ ▼✳✱ ❋'♦♠♠❡'✱ ❲✳ ❇✳✱ ✷✵✵✵✳ ❙❯❚✷✱ ❛ ♣✉7❛7✐✈❡ :✉❝'♦:❡ :❡♥:♦'

✐♥ :✐❡✈❡ ❡❧❡♠❡♥7:✳ %❧❛♥7 ❈❡❧❧ ✶✷✱ ✶✶✺✸✕✶✶✻✹✳
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❇❛"✱ ❆✳✱ ❋♦("❜❡(❣✱ ●✳✱ ❍❛♠♠❛("/(♦♠✱ ❙✳✱ ❍❛♠♠❛("/(♦♠✱ ▼✳ ▲✳✱ ✷✵✵✹✳ ❯/✐❧✐/② ♦❢ /❤❡ ❤♦✉✲

"❡❦❡❡♣✐♥❣ ❣❡♥❡" ✶✽❙ (❘◆❆✱ β✲❛❝/✐♥ ❛♥❞ ❣❧②❝❡(❛❧❞❡❤②❞❡✲✸✲♣❤♦"♣❤❛/❡✲❞❡❤②❞(♦❣❡♥❛"❡ ❢♦(

♥♦(♠❛❧✐③❛/✐♦♥ ✐♥ (❡❛❧✲/✐♠❡ I✉❛♥/✐/❛/✐✈❡ (❡✈❡("❡ /(❛♥"❝(✐♣/❛"❡✲♣♦❧②♠❡(❛"❡ ❝❤❛✐♥ (❡❛❝/✐♦♥

❛♥❛❧②"✐" ♦❢ ❣❡♥❡ ❡①♣(❡""✐♦♥ ✐♥ ❤✉♠❛♥ ❚ ❧②♠♣❤♦❝②/❡"✳ ❙❝❛♥❞✳ ❏✳ ■♠♠✉♥♦❧✳ ✺✾✱ ✺✻✻✕✺✼✸✳

❇❛✉♠❡(/✱ ❆✳✱ ▼♦❝❦✱ ❍✳ T✳✱ ❙❝❤♠✐❞/✱ ❏✳✱ ❍❡(❜❡("✱ ❑✳✱ ❙♦♥♥❡✇❛❧❞✱ ❯✳✱ ❙/(❛❝❦✱ ❉✳✱ ✷✵✵✶✳

T❛//❡(♥" ♦❢ ♣❤❡♥②❧♣(♦♣❛♥♦✐❞" ✐♥ ♥♦♥✲✐♥♦❝✉❧❛/❡❞ ❛♥❞ ♣♦/❛/♦ ✈✐(✉" ❨✲✐♥♦❝✉❧❛/❡❞ ❧❡❛✈❡" ♦❢

/(❛♥"❣❡♥✐❝ /♦❜❛❝❝♦ ♣❧❛♥/" ❡①♣(❡""✐♥❣ ②❡❛"/✲❞❡(✐✈❡❞ ✐♥✈❡(/❛"❡✳ T❤②/♦❝❤❡♠✐"/(② ✺✻✱ ✺✸✺✕

✺✹✶✳

❇❡❝❦✱ ❊✳✱ ❩✐❡❣❧❡(✱ T✳✱ ✶✾✽✾✳ ❇✐♦"②♥/❤❡"✐" ❛♥❞ ❞❡❣(❛❞❛/✐♦♥ ♦❢ "/❛(❝❤ ✐♥ ❤✐❣❤❡( ♣❧❛♥/"✳ ❆♥♥✉✳

❘❡✈✳ T❧❛♥/✳ T❤②"✐♦❧✳ T❧❛♥/✳ ▼♦❧✳ ❇✐♦❧✳ ✹✵✱ ✾✺✕✶✶✼✳

❇❡❧❦❤❛❞✐(✱ ❨✳✱ ❙✉❜(❛♠❛♥✐❛♠✱ ❘✳✱ ❉❛♥❣❧✱ ❏✳ ▲✳✱ ❆✉❣ ✷✵✵✹✳ T❧❛♥/ ❞✐"❡❛"❡ (❡"✐"/❛♥❝❡ ♣(♦/❡✐♥

"✐❣♥❛❧✐♥❣✿ ◆❇❙✲▲❘❘ ♣(♦/❡✐♥" ❛♥❞ /❤❡✐( ♣❛(/♥❡("✳ ❈✉((✳ ❖♣✐♥✳ T❧❛♥/ ❇✐♦❧✳ ✼✱ ✸✾✶✕✸✾✾✳

❇❡❧❧✐♥✱ ❉✳✱ T❡(❡""♦//✐✱ ❊✳✱ ▼❡(❞✐♥♦❣❧✉✱ ❉✳✱ ❲✐❡❞❡♠❛♥♥✲▼❡(❞✐♥♦❣❧✉✱ ❙✳✱ ❆❞❛♠✲❇❧♦♥❞♦♥✱

❆✳ ❋✳✱ ❈✐♣(✐❛♥✐✱ ●✳✱ ▼♦(❣❛♥/❡✱ ▼✳✱ ❚❡"/♦❧✐♥✱ ❘✳✱ ❉✐ ●❛"♣❡(♦✱ ●✳✱ ✷✵✵✾✳ ❘❡"✐"/❛♥❝❡ /♦

 ❧❛#♠♦♣❛'❛ ✈✐*✐❝♦❧❛ ✐♥ ❣(❛♣❡✈✐♥❡ ✬❇✐❛♥❝❛✬ ✐" ❝♦♥/(♦❧❧❡❞ ❜② ❛ ♠❛❥♦( ❞♦♠✐♥❛♥/ ❣❡♥❡ ❝❛✉"✐♥❣

❧♦❝❛❧✐"❡❞ ♥❡❝(♦"✐" ❛/ /❤❡ ✐♥❢❡❝/✐♦♥ "✐/❡✳ ❚❤❡♦(✳ ❆♣♣❧✳ ●❡♥❡/✳ ✶✷✵✱ ✶✻✸✕✶✼✻✳

❇❡♥❤❛♠♦✉✱ ◆✳✱ ✶✾✾✾✳ ❊❧✐❝✐/♦(✲✐♥❞✉❝❡❞ ♣❧❛♥/ ❞❡❢❡♥❝❡ ♣❛/❤✇❛②"✳ ❚(❡♥❞" ✐♥ T❧❛♥/ ❙❝✐✳ ✶✱ ✷✸✸✕

✷✹✵✳

❇❡♥❤❛♠♦✉✱ ◆✳✱ ●(❡♥✐❡(✱ ❏✳✱ ❈❤(✐"♣❡❡❧"✱ ▼✳ ❏✳✱ ✶✾✾✶✳ ❆❝❝✉♠✉❧❛/✐♦♥ ♦❢ β✲❋(✉❝/♦"✐❞❛"❡ ✐♥

/❤❡ ❈❡❧❧ ❲❛❧❧" ♦❢ ❚♦♠❛/♦ ❘♦♦/" ❢♦❧❧♦✇✐♥❣ ■♥❢❡❝/✐♦♥ ❜② ❛ ❋✉♥❣❛❧ ❲✐❧/ T❛/❤♦❣❡♥✳ T❧❛♥/

T❤②"✐♦❧✳ ✾✼✱ ✼✸✾✕✼✺✵✳

❇❡♥/✱ ❆✳ ❋✳✱ ▼❛❝❦❡②✱ ❉✳✱ ✷✵✵✼✳ ❊❧✐❝✐/♦("✱ ❡✛❡❝/♦("✱ ❛♥❞ ❘ ❣❡♥❡"✿ /❤❡ ♥❡✇ ♣❛(❛❞✐❣♠ ❛♥❞ ❛

❧✐❢❡/✐♠❡ "✉♣♣❧② ♦❢ I✉❡"/✐♦♥"✳ ❆♥♥✉✳ ❘❡✈✳ T❤②/♦♣❛/❤♦❧✳ ✹✺✱ ✸✾✾✕✹✸✻✳

❇❡(❣❡(✱ ❙✳✱ ❙✐♥❤❛✱ ❆✳ ❑✳✱ ❘♦✐/"❝❤✱ ❚✳✱ ✷✵✵✼✳ T❧❛♥/ ♣❤②"✐♦❧♦❣② ♠❡❡/" ♣❤②/♦♣❛/❤♦❧♦❣②✿ ♣❧❛♥/

♣(✐♠❛(② ♠❡/❛❜♦❧✐"♠ ❛♥❞ ♣❧❛♥/✲♣❛/❤♦❣❡♥ ✐♥/❡(❛❝/✐♦♥"✳ ❏✳ ❊①♣✳ ❇♦/✳ ✺✽✱ ✹✵✶✾✕✹✵✷✻✳

❇❡(❣♠❛♥♥✱ ❉✳ ❈✳✱ ❙❛❝❦✱ ❋✳ ❉✳✱ ✷✵✵✼✳ ❙/♦♠❛/❛❧ ❞❡✈❡❧♦♣♠❡♥/✳ ❆♥♥✉✳ ❘❡✈✳ T❧❛♥/ ❇✐♦❧✳ ✺✽✱

✶✻✸✕✶✽✶✳

❇✐❡♠❡❧/✱ ❙✳✱ ❙♦♥♥❡✇❛❧❞✱ ❯✳✱ ✷✵✵✻✳ T❧❛♥/✲♠✐❝(♦❜❡ ✐♥/❡(❛❝/✐♦♥" /♦ ♣(♦❜❡ (❡❣✉❧❛/✐♦♥ ♦❢ ♣❧❛♥/

❝❛(❜♦♥ ♠❡/❛❜♦❧✐"♠✳ ❏✳ T❧❛♥/ T❤②"✐♦❧✳ ✶✻✸✱ ✸✵✼✕✸✶✽✳

❇✐(❝❤✱ T✳ ❘✳✱ ❘❡❤♠❛♥②✱ ❆✳ T✳✱ T(✐/❝❤❛(❞✱ ▲✳✱ ❑❛♠♦✉♥✱ ❙✳✱ ❇❡②♥♦♥✱ ❏✳ ▲✳✱ ✷✵✵✻✳ ❚(❛✣❝❦✐♥❣

❛(♠"✿ ♦♦♠②❝❡/❡ ❡✛❡❝/♦(" ❡♥/❡( ❤♦"/ ♣❧❛♥/ ❝❡❧❧"✳ ❚(❡♥❞" ▼✐❝(♦❜✐♦❧✳ ✶✹✱ ✽✕✶✶✳

❇❧♦❝❦✱ ❆✳✱ ▲✐✱ ●✳✱ ❋✉✱ ❩✳ ◗✳✱ ❆❧❢❛♥♦✱ ❏✳ ❘✳✱ ✷✵✵✽✳ T❤②/♦♣❛/❤♦❣❡♥ /②♣❡ ■■■ ❡✛❡❝/♦( ✇❡❛♣♦♥(②

❛♥❞ /❤❡✐( ♣❧❛♥/ /❛(❣❡/"✳ ❈✉((✳ ❖♣✐♥✳ T❧❛♥/ ❇✐♦❧✳ ✶✶✱ ✸✾✻✕✹✵✸✳

❇♦(❝❤❡(/✱ ❙✳✱ ●(♦d❡✱ ❍✳✱ ❍❡❧❞/✱ ❍✳✱ ✶✾✽✾✳ ❙♣❡❝✐✜❝ /(❛♥"♣♦(/ ♦❢ ✐♥♦(❣❛♥✐❝ ♣❤♦"♣❤❛/❡✱ ❣❧✉❝♦"❡

✻✲♣❤♦"♣❤❛/❡✱ ❞✐❤②❞(♦①②❛❝❡/♦♥❡ ♣❤♦"♣❤❛/❡ ❛♥❞ ✸✲♣❤♦"♣❤♦❣❧②❝❡(❛/❡ ✐♥/♦ ❛♠②❧♦♣❧❛"/" ❢(♦♠

♣❡❛ (♦♦/"✳ ❋❊❇❙ ❧❡//❡(" ✷✺✸✱ ✶✽✸✕✶✽✻✳
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❇♦"♦✈$❦②✱ ❉✳✱ ❙♠✐-❤✱ ❊✳ ❊✳✱ ❲❤❡❧❛♥✱ ❲✳ ❏✳✱ ✶✾✼✺✳ :✉"✐✜❝❛-✐♦♥ ❛♥❞ ♣"♦♣❡"-✐❡$ ♦❢ ♣♦-❛-♦

✶✱✹✲α✲❉✲❣❧✉❝❛♥✿✶✱✹✲α✲❉✲❣❧✉❝❛♥ ✻✲α✲✭✶✱✹✲α✲❣❧✉❝❛♥♦✮✲-"❛♥$❢❡"❛$❡✳ ❊✈✐❞❡♥❝❡ ❛❣❛✐♥$- ❛ ❞✉❛❧

❝❛-❛❧②-✐❝ ❢✉♥❝-✐♦♥ ✐♥ ❛♠②❧♦$❡✲❜"❛♥❝❤✐♥❣ ❡♥③②♠❡✳ ❊✉"✳ ❏✳ ❇✐♦❝❤❡♠✳ ✺✾✱ ✻✶✺✕✻✷✺✳

❇♦$♦✱ ❙✳✱ ❑❛$$❡♠❡②❡"✱ ❍✳ ❍✳✱ ✷✵✵✽✳ ❉✐✛❡"❡♥- $✉$❝❡♣-✐❜✐❧✐-② ♦❢ ❊✉"♦♣❡❛♥ ❣"❛♣❡✈✐♥❡ ❝✉❧-✐✈❛"$

❢♦" ❞♦✇♥② ♠✐❧❞❡✇✳ ❱✐-✐$ ✹✼✱ ✸✾✕✹✾✳

❇♦✉"T✉❡✱ ❙✳✱ ✶✾✾✾✳ ❊✛❡-$ ❝♦♠♣❛"U$ ❞❡$ ❡❧✐❝✐-✐♥❡$ ❡- ❝❛"❛❝-U"✐$❛-✐♦♥ ❞❡ ❧❡✉" $✐-❡ ❞❡ ✜①❛-✐♦♥

❝❤❡③ ❧❡ -❛❜❛❝✳ ❚❤X$❡ ❞❡ ❞♦❝-♦"❛- Y ❧✬✉♥✐✈❡"$✐-U ❞❡ ❇♦✉"❣♦❣♥❡✳

❇"❡♠✱ ❙✳✱ ❘❛$-✱ ❉✳✱ ❘✉✛♥❡"✱ ❍✳✱ ✶✾✽✻✳ :❛"-✐-✐♦♥✐♥❣ ♦❢ ♣❤♦-♦$②♥-❤❛-❡ ✐♥ ❧❡❛✈❡$ ♦❢ ❱✐"✐# ✈✐♥✐✲
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❋❧✉❝❦✱ ▼✳✱ ❉❛♣♣✱ ❈✳✱ ❙❝❤♠✉7③✱ ❙✳✱ ❲✐7✱ ❊✳✱ ❍♦♣♣❡❧❡&✱ ❍✳✱ ✷✵✵✺✳ ❚&❛♥6❝&✐♣7✐♦♥❛❧ ♣&♦✜❧✐♥❣

♦❢ 7✐66✉❡ ♣❧❛67✐❝✐7②✿ &♦❧❡ ♦❢ 6❤✐❢76 ✐♥ ❣❡♥❡ ❡①♣&❡66✐♦♥ ❛♥❞ 7❡❝❤♥✐❝❛❧ ❧✐♠✐7❛7✐♦♥6✳ ❏✳ ❆♣♣❧✳
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●❡♥0②✱ ❇✳✱ ❇"✐❛♥0❛✐<✱ ❏✳✱ ❇❛❦❡"✱ ◆✳✱ ✶✾✽✾✳ ❚❤❡ "❡❧❛0✐♦♥<❤✐♣< ❜❡0✇❡❡♥ 0❤❡ 7✉❛♥0✉♠ ②✐❡❧❞ ♦❢

♣❤♦0♦<②♥0❤❡0✐❝ ❡❧❡❝0"♦♥ 0"❛♥<♣♦"0 ❛♥❞ 7✉❡♥❝❤✐♥❣ ♦❢ ❝❤❧♦"♦♣❤②❧❧ ✢✉♦"❡<❝❡♥❝❡✳ ❇✐♦❝❤✐♠✳

❇✐♦♣❤②<✳ ❆❝0❛ ✾✾✵✱ ✽✼✕✾✷✳

●❤♦<❤✱ ❙✳✱ ▼❡❧✐✱ ❱✳ ❙✳✱ ❑✉♠❛"✱ ❆✳✱ ❚❤❛❦✉"✱ ❆✳✱ ❈❤❛❦"❛❜♦"0②✱ ◆✳✱ ❈❤❛❦"❛❜♦"0②✱ ❙✳✱

❉❛00❛✱ ❆✳✱ ✷✵✶✶✳ ❚❤❡ ◆✲❣❧②❝❛♥ ♣"♦❝❡<<✐♥❣ ❡♥③②♠❡< α✲♠❛♥♥♦<✐❞❛<❡ ❛♥❞ β✲❉✲◆✲

❛❝❡0②❧❤❡①♦<❛♠✐♥✐❞❛<❡ ❛"❡ ✐♥✈♦❧✈❡❞ ✐♥ "✐♣❡♥✐♥❣✲❛<<♦❝✐❛0❡❞ <♦❢0❡♥✐♥❣ ✐♥ 0❤❡ ♥♦♥✲❝❧✐♠❛❝0❡"✐❝

❢"✉✐0< ♦❢ ❝❛♣<✐❝✉♠✳ ❏✳ ❊①♣✳ ❇♦0✳ ✻✷✱ ✺✼✶✕✺✽✷✳

●✐❜♦♥✱ ❨✳✱ ❇❧a<✐♥❣✱ ❖✳ ❊✳✱ ;❛❧❛❝✐♦<✲❘♦❥❛<✱ ◆✳✱ ;❛♥❦♦✈✐❝✱ ❉✳✱ ❍❡♥❞"✐❦<✱ ❏✳ ❍✳✱ ❋✐<❛❤♥✱ ❏✳✱

❍d❤♥❡✱ ▼✳✱ ●e♥0❤❡"✱ ▼✳✱ ❙0✐00✱ ▼✳✱ ✷✵✵✹✳ ❆❞❥✉<0♠❡♥0 ♦❢ ❞✐✉"♥❛❧ <0❛"❝❤ 0✉"♥♦✈❡" 0♦ <❤♦"0

❞❛②<✿ ❞❡♣❧❡0✐♦♥ ♦❢ <✉❣❛" ❞✉"✐♥❣ 0❤❡ ♥✐❣❤0 ❧❡❛❞< 0♦ ❛ 0❡♠♣♦"❛"② ✐♥❤✐❜✐0✐♦♥ ♦❢ ❝❛"❜♦❤②❞"❛0❡

✉0✐❧✐③❛0✐♦♥✱ ❛❝❝✉♠✉❧❛0✐♦♥ ♦❢ <✉❣❛"< ❛♥❞ ♣♦<0✲0"❛♥<❧❛0✐♦♥❛❧ ❛❝0✐✈❛0✐♦♥ ♦❢ ❆❉;✲❣❧✉❝♦<❡

♣②"♦♣❤♦<♣❤♦"②❧❛<❡ ✐♥ 0❤❡ ❢♦❧❧♦✇✐♥❣ ❧✐❣❤0 ♣❡"✐♦❞✳ ;❧❛♥0 ❏✳ ✸✾✱ ✽✹✼✕✽✻✷✳

●✐❜♦♥✱ ❨✳✱ ;②❧✱ ❊✳ ❚✳✱ ❙✉❧♣✐❝❡✱ ❘✳✱ ▲✉♥♥✱ ❏✳ ❊✳✱ ❍d❤♥❡✱ ▼✳✱ ●e♥0❤❡"✱ ▼✳✱ ❙0✐00✱ ▼✳✱ ✷✵✵✾✳

❆❞❥✉<0♠❡♥0 ♦❢ ❣"♦✇0❤✱ <0❛"❝❤ 0✉"♥♦✈❡"✱ ♣"♦0❡✐♥ ❝♦♥0❡♥0 ❛♥❞ ❝❡♥0"❛❧ ♠❡0❛❜♦❧✐<♠ 0♦ ❛

❞❡❝"❡❛<❡ ♦❢ 0❤❡ ❝❛"❜♦♥ <✉♣♣❧② ✇❤❡♥ ❆"❛❜✐❞♦♣<✐< ✐< ❣"♦✇♥ ✐♥ ✈❡"② <❤♦"0 ♣❤♦0♦♣❡"✐♦❞<✳

;❧❛♥0 ❈❡❧❧ ❊♥✈✐"♦♥✳ ✸✷✱ ✽✺✾✕✽✼✹✳

●✐❧❧✐❤❛♠✱ ▼✳✱ ❉❛②♦❞✱ ▼✳✱ ❍♦❝❦✐♥❣✱ ❇✳ ❏✳✱ ❳✉✱ ❇✳✱ ❈♦♥♥✱ ❙✳ ❏✳✱ ❑❛✐<❡"✱ ❇✳ ◆✳✱ ▲❡✐❣❤✱ ❘✳ ❆✳✱

❚②❡"♠❛♥✱ ❙✳ ❉✳✱ ✷✵✶✶✳ ❈❛❧❝✐✉♠ ❞❡❧✐✈❡"② ❛♥❞ <0♦"❛❣❡ ✐♥ ♣❧❛♥0 ❧❡❛✈❡<✿ ❡①♣❧♦"✐♥❣ 0❤❡ ❧✐♥❦

✇✐0❤ ✇❛0❡" ✢♦✇✳ ❏✳ ❊①♣✳ ❇♦0✳ ✻✷✱ ✷✷✸✸✕✷✷✺✵✳

●✐♥❞"♦✱ ❑✳✱ ;❡③❡0✱ ❘✳✱ ❱✐"❡0✱ ❖✳✱ ✷✵✵✸✳ ❍✐<0♦❧♦❣✐❝❛❧ <0✉❞② ♦❢ 0❤❡ "❡<♣♦♥<❡< ♦❢ 0✇♦ ❱✐)✐$

✈✐♥✐❢❡.❛ ❝✉❧0✐✈❛"< ✭"❡<✐<0❛♥0 ❛♥❞ <✉<❝❡♣0✐❜❧❡✮ 0♦ 0❧❛$♠♦♣❛.❛ ✈✐)✐❝♦❧❛ ✐♥❢❡❝0✐♦♥<✳ ;❧❛♥0

;❤②<✳ ❇✐♦❝❤❡♠✳ ✹✶✱ ✽✹✻✕✽✺✸✼✳

✶✵✵



●♦❜❜✐♥✱ ❉✳✱ ❇❧❡②❡,✱ ●✳✱ ❑❡✐❧✱ ❙✳✱ ❑❛00❡♠❡②❡,✱ ❍✳✱ ●❡00❧❡,✱ ❈✳✱ ✷✵✵✼✳ ❊✈✐❞❡♥❝❡ ❢♦, 0♣♦,❛♥❣✐❛❧

❞✐0♣❡,0❛❧ ❧❡❛❞✐♥❣ >♦ ❛ 0✐♥❣❧❡ ✐♥❢❡❝>✐♦♥ ❡✈❡♥> ❛♥❞ ❛ 0✉❞❞❡♥ ❤✐❣❤ ✐♥❝✐❞❡♥❝❡ ♦❢ ❣,❛♣❡✈✐♥❡

❞♦✇♥② ♠✐❧❞❡✇✳ B❧❛♥> B❛>❤♦❧✳ ✺✻✱ ✽✹✸✕✽✹✼✳

●♦❞❞✐❥♥✱ ❖✳✱ ❙♠❡❡❦❡♥0✱ ❙✳✱ ✶✾✾✽✳ ❙❡♥0✐♥❣ >,❡❤❛❧♦0❡ ❜✐♦0②♥>❤❡0✐0 ✐♥ ♣❧❛♥>0✳ B❧❛♥> ❏✳ ✶✹✱

✶✹✸✕✶✹✻✳

●♦❞❢,❡②✱ ❉✳✱ ❆❜❧❡✱ ❆✳ ❏✳✱ ❉,②✱ ■✳ ❇✳✱ ✷✵✵✼✳ ■♥❞✉❝>✐♦♥ ♦❢ ❛ ❣,❛♣❡✈✐♥❡ ❣❡,♠✐♥✲❧✐❦❡ ♣,♦>❡✐♥

✭❱✈●▲B✸✮ ❣❡♥❡ ✐0 ❝❧♦0❡❧② ❧✐♥❦❡❞ >♦ >❤❡ 0✐>❡ ♦❢ ❊!②#✐♣❤❡ ♥❡❝❛+♦! ✐♥❢❡❝>✐♦♥✿ ❛ ♣♦00✐❜❧❡ ,♦❧❡

✐♥ ❞❡❢❡♥0❡ ❄ ▼♦❧✳ B❧❛♥> ▼✐❝,♦❜❡ ■♥>❡,❛❝>✳ ✷✵✱ ✶✶✶✷✕✶✶✷✺✳

●♦,❥❛♥♦✈✐❝✱ ❙✳✱ ❇❡❧❥❛♥0❦✐✱ ▼✳✱ ●❛✈,♦✈✐❝✲❏❛♥❦✉❧♦✈✐❝✱ ▼✳✱ ●♦❥❣✐❝✲❈✈✐❥♦✈✐❝✱ ●✳✱ B❛✈❧♦✈✐❝✱ ▼✳✱

❇❡❥♦0❛♥♦✱ ❋✳✱ ✶✾✾✺✳ ❆♥>✐♠✐❝,♦❜✐❛❧ ❆❝>✐✈✐>② ♦❢ ▼❛❧>✐♥❣ ❇❛,❧❡② ●,❛✐♥ ❚❤❛✉♠❛>✐♥✲▲✐❦❡

B,♦>❡✐♥ ■0♦❢♦,♠0✱ ❙ ❛♥❞ ❘✳ ❏✳ ■♥0>✳ ❇,❡✇✳ ✶✶✸✱ ✷✵✻✕✷✶✷✳

●,❛❜♦✈✱ ❆✳✱ ❇❧❛>>✱ ▼✳ ❘✳✱ ✶✾✾✾✳ ❆ 0>❡❡♣ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ✐♥✇❛,❞✲,❡❝>✐❢②✐♥❣ ♣♦>❛00✐✉♠ ❝❤❛♥♥❡❧0

♦♥ ❝②>♦0♦❧✐❝ ❢,❡❡ ❝❛❧❝✐✉♠ ❝♦♥❝❡♥>,❛>✐♦♥ ✐♥❝,❡❛0❡ ❡✈♦❦❡❞ ❜② ❤②♣❡,♣♦❧❛,✐③❛>✐♦♥ ✐♥ ❣✉❛,❞

❝❡❧❧0✳ B❧❛♥> B❤②0✐♦❧✳ ✶✶✾✱ ✷✼✼✕✷✽✽✳

●,❛❢✱ ❆✳✱ ❙❝❤❧❡,❡>❤✱ ❆✳✱ ❙>✐>>✱ ▼✳✱ ❙♠✐>❤✱ ❆✳ ▼✳✱ ✷✵✶✵✳ ❈✐,❝❛❞✐❛♥ ❝♦♥>,♦❧ ♦❢ ❝❛,❜♦❤②❞,❛>❡

❛✈❛✐❧❛❜✐❧✐>② ❢♦, ❣,♦✇>❤ ✐♥ ❆,❛❜✐❞♦♣0✐0 ♣❧❛♥>0 ❛> ♥✐❣❤>✳ B,♦❝✳ ◆❛>❧✳ ❆❝❛❞✳ ❙❝✐✳ ❯✳❙✳❆✳ ✶✵✼✱

✾✹✺✽✕✾✹✻✸✳

●,❛❢✱ ❆✳✱ ❙♠✐>❤✱ ❆✳ ▼✳✱ ✷✵✶✶✳ ❙>❛,❝❤ ❛♥❞ >❤❡ ❝❧♦❝❦✿ >❤❡ ❞❛,❦ 0✐❞❡ ♦❢ ♣❧❛♥> ♣,♦❞✉❝>✐✈✐>②✳

❚,❡♥❞0 B❧❛♥> ❙❝✐✳ ✶✻✱ ✶✻✾✕✶✼✺✳

●,❛♥♦>✱ ❉✳✱ ✷✵✵✽✳ B✉>>✐♥❣ ♣❧❛♥> ❤❡①♦❦✐♥❛0❡0 ✐♥ >❤❡✐, ♣,♦♣❡, ♣❧❛❝❡✳ B❤②>♦❝❤❡♠✐0>,② ✻✾✱

✷✻✹✾✕✷✻✺✹✳

●,❡✐♥❡,✱ ❙✳✱ ❑,❛✉0❣,✐❧❧✱ ❙✳✱ ❘❛✉0❝❤✱ ❚✳✱ ✶✾✾✽✳ ❈❧♦♥✐♥❣ ♦❢ ❛ >♦❜❛❝❝♦ ❛♣♦♣❧❛0♠✐❝ ✐♥✈❡,>❛0❡

✐♥❤✐❜✐>♦,✳ B,♦♦❢ ♦❢ ❢✉♥❝>✐♦♥ ♦❢ >❤❡ ,❡❝♦♠❜✐♥❛♥> ♣,♦>❡✐♥ ❛♥❞ ❡①♣,❡00✐♦♥ ❛♥❛❧②0✐0 ❞✉,✐♥❣

♣❧❛♥> ❞❡✈❡❧♦♣♠❡♥>✳ B❧❛♥> B❤②0✐♦❧✳ ✶✶✻✱ ✼✸✸✕✼✹✷✳

●,✐❡,0♦♥✱ ❈✳✱ ❉✉✱ ❏✳ ❙✳✱ ❞❡ ❚♦,,❡0 ❩❛❜❛❧❛✱ ▼✳✱ ❇❡❣❣0✱ ❑✳✱ ❙♠✐>❤✱ ❈✳✱ ❍♦❧❞0✇♦,>❤✱ ▼✳✱ ❇❡✈❛♥✱

▼✳✱ ✶✾✾✹✳ ❙❡♣❛,❛>❡ ❝✐0 0❡a✉❡♥❝❡0 ❛♥❞ >,❛♥0 ❢❛❝>♦,0 ❞✐,❡❝> ♠❡>❛❜♦❧✐❝ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥>❛❧

,❡❣✉❧❛>✐♦♥ ♦❢ ❛ ♣♦>❛>♦ >✉❜❡, 0>♦,❛❣❡ ♣,♦>❡✐♥ ❣❡♥❡✳ B❧❛♥> ❏✳ ✺✱ ✽✶✺✕✽✷✻✳

●,✐❣♥♦♥✱ ❈✳✱ ❙❡♥>❡♥❛❝✱ ❍✳✱ ✶✾✾✶✳ ♣❍ ❛♥❞ ■♦♥✐❝ ❈♦♥❞✐>✐♦♥0 ✐♥ >❤❡ ❆♣♦♣❧❛0>✳ ❆♥♥✉✳ ❘❡✈✳

B❧❛♥> B❤✈0✐♦❧✳ ✹✷✱ ✵✸✕✷✽✳

●,✐❣0>♦♥✱ ❏✳ ❈✳✱ ❖0✉♥❛✱ ❉✳✱ ❙❝❤❡✐❜❧❡✱ ❲✳ ❘✳✱ ▲✐✉✱ ❈✳✱ ❙>✐>>✱ ▼✳✱ ❏♦♥❡0✱ ❆✳ ▼✳✱ ✷✵✵✽✳ ❉✲

●❧✉❝♦0❡ 0❡♥0✐♥❣ ❜② ❛ ♣❧❛0♠❛ ♠❡♠❜,❛♥❡ ,❡❣✉❧❛>♦, ♦❢ ● 0✐❣♥❛❧✐♥❣ ♣,♦>❡✐♥✱ ❆>❘●❙✶✳ ❋❊❇❙

▲❡>>✳ ✺✽✷✱ ✸✺✼✼✕✸✺✽✹✳

●✉❞❡0❜❧❛>✱ ●✳ ❊✳✱ ❚♦,,❡0✱ B✳ ❙✳✱ ❱♦❥♥♦✈✱ ❆✳ ❆✳✱ ✷✵✵✾✳ ❳❛♥+❤♦♠♦♥❛# ❝❛♠♣❡#+!✐# ♦✈❡,❝♦♠❡0

❆,❛❜✐❞♦♣0✐0 0>♦♠❛>❛❧ ✐♥♥❛>❡ ✐♠♠✉♥✐>② >❤,♦✉❣❤ ❛ ❉❙❋ ❝❡❧❧✲>♦✲❝❡❧❧ 0✐❣♥❛❧✲,❡❣✉❧❛>❡❞ ✈✐,✉✲

❧❡♥❝❡ ❢❛❝>♦,✳ B❧❛♥> B❤②0✐♦❧✳ ✶✹✾✱ ✶✵✶✼✕✶✵✷✼✳

●✉❡♥✐♥✱ ❙✳✱ ▼❛✉,✐❛>✱ ▼✳✱ B❡❧❧♦✉①✱ ❏✳✱ ❱❛♥ ❲✉②>0✇✐♥❦❡❧✱ ❖✳✱ ❇❡❧❧✐♥✐✱ ❈✳✱ ●✉>✐❡,,❡③✱ ▲✳✱ ✷✵✵✾✳

◆♦,♠❛❧✐③❛>✐♦♥ ♦❢ a❘❚✲B❈❘ ❞❛>❛✿ >❤❡ ♥❡❝❡00✐>② ♦❢ ❛❞♦♣>✐♥❣ ❛ 0②0>❡♠❛>✐❝✱ ❡①♣❡,✐♠❡♥>❛❧

❝♦♥❞✐>✐♦♥0✲0♣❡❝✐✜❝✱ ✈❛❧✐❞❛>✐♦♥ ♦❢ ,❡❢❡,❡♥❝❡0✳ ❏✳ ❊①♣✳ ❇♦>✳ ✻✵✱ ✹✽✼✕✹✾✸✳

✶✵✶



●✉✐♠❛%&❡(✱ ❘✳ ▲✳✱ ❙.♦.③✱ ❍✳ ❯✳✱ ✷✵✵✹✳ ❖①❛❧❛.❡ ♣%♦❞✉❝.✐♦♥ ❜② ❙❝❧❡$♦&✐♥✐❛ *❝❧❡$♦&✐♦$✉♠ ❞❡✲

%❡❣✉❧❛.❡( ❣✉❛%❞ ❝❡❧❧( ❞✉%✐♥❣ ✐♥❢❡❝.✐♦♥✳ B❧❛♥. B❤②(✐♦❧✳ ✶✸✻✱ ✸✼✵✸✕✸✼✶✶✳

●✉♦✱ ❨✳✱ ❙♦♥❣✱ ❨✳✱ ✷✵✵✾✳ ❉✐✛❡%❡♥.✐❛❧ ♣%♦.❡♦♠✐❝ ❛♥❛❧②(✐( ♦❢ ❛♣♦♣❧❛(.✐❝ ♣%♦.❡✐♥( ❞✉%✐♥❣ ✐♥✐.✐❛❧

♣❤❛(❡ ♦❢ (❛❧. (.%❡(( ✐♥ %✐❝❡✳ B❧❛♥. ❙✐❣♥❛❧ ❇❡❤❛✈✳ ✹✱ ✶✷✶✕✶✷✷✳

●O❤%❡✱ ❱✳✱ ❘♦❜❛.③❡❦✱ ❙✳✱ ✷✵✵✽✳ ❇%❡❛❦✐♥❣ .❤❡ ❜❛%%✐❡%(✿ ♠✐❝%♦❜✐❛❧ ❡✛❡❝.♦% ♠♦❧❡❝✉❧❡( (✉❜✈❡%.

♣❧❛♥. ✐♠♠✉♥✐.②✳ ❆♥♥✉✳ ❘❡✈✳ B❤②.♦♣❛.❤♦❧✳ ✹✻✱ ✶✽✾✕✷✶✺✳

❍❛♥♥❛❤✱ ▲✳ ❈✳✱ ❏❛♠❡(✱ ▼✳✱ ✷✵✵✽✳ ❚❤❡ ❝♦♠♣❧❡①✐.✐❡( ♦❢ (.❛%❝❤ ❜✐♦(②♥.❤❡(✐( ✐♥ ❝❡%❡❛❧ ❡♥❞♦✲

(♣❡%♠(✳ ❈✉%%✳ ❖♣✐♥✳ ❇✐♦.❡❝❤♥♦❧✳ ✶✾✱ ✶✻✵✕✶✻✺✳

❍❛♥(♦♥✱ ❏✳✱ ❙♠❡❡❦❡♥(✱ ❙✳✱ ✷✵✵✾✳ ❙✉❣❛% ♣❡%❝❡♣.✐♦♥ ❛♥❞ (✐❣♥❛❧✐♥❣✕❛♥ ✉♣❞❛.❡✳ ❈✉%%✳ ❖♣✐♥✳

B❧❛♥. ❇✐♦❧✳ ✶✷✱ ✺✻✷✕✺✻✼✳

❍❛%❞❤❛♠✱ ❆✳ ❘✳✱ ❏♦♥❡(✱ ❉✳ ❆✳✱ ❚❛❦❡♠♦.♦✱ ❉✳✱ ✷✵✵✼✳ ❈②.♦(❦❡❧❡.♦♥ ❛♥❞ ❝❡❧❧ ✇❛❧❧ ❢✉♥❝.✐♦♥ ✐♥

♣❡♥❡.%❛.✐♦♥ %❡(✐(.❛♥❝❡✳ ❈✉%%✳ ❖♣✐♥✳ B❧❛♥. ❇✐♦❧✳ ✶✵✱ ✸✹✷✕✸✹✽✳

❍❛%♠❡%✱ ❙✳ ▲✳✱ ❍♦❣❡♥❡(❝❤✱ ❏✳ ❇✳✱ ❙.%❛✉♠❡✱ ▼✳✱ ❈❤❛♥❣✱ ❍✳ ❙✳✱ ❍❛♥✱ ❇✳✱ ❩❤✉✱ ❚✳✱ ❲❛♥❣✱ ❳✳✱

❑%❡♣(✱ ❏✳ ❆✳✱ ❑❛②✱ ❙✳ ❆✳✱ ✷✵✵✵✳ ❖%❝❤❡(.%❛.❡❞ .%❛♥(❝%✐♣.✐♦♥ ♦❢ ❦❡② ♣❛.❤✇❛②( ✐♥ ❆%❛❜✐❞♦♣(✐(

❜② .❤❡ ❝✐%❝❛❞✐❛♥ ❝❧♦❝❦✳ ❙❝✐❡♥❝❡ ✷✾✵✱ ✷✶✶✵✕✷✶✶✸✳

❍❛%.✉♥❣✱ ❲✳✱ ❙❛✉.❡%✱ ❆✳✱ ❍♦(❡✱ ❊✳✱ ✷✵✵✷✳ ❆❜(❝✐(✐❝ ❛❝✐❞ ✐♥ .❤❡ ①②❧❡♠✿ ✇❤❡%❡ ❞♦❡( ✐. ❝♦♠❡

❢%♦♠✱ ✇❤❡%❡ ❞♦❡( ✐. ❣♦ .♦ ❄ ❏✳ ❊①♣✳ ❇♦.✳ ✺✸✱ ✷✼✕✸✷✳

❍❛%.✉♥❣✱ ❲✳✱ ❲❡✐❧❡%✱ ❊✳✱ ❘❛❞✐♥❣✱ ❏✳✱ ✶✾✾✷✳ ❆✉①✐♥ ❛♥❞ ❝②.♦❦✐♥✐♥( ✐♥ .❤❡ ❛♣♦♣❧❛(♠✐❝ (♦❧✉.✐♦♥

♦❢ ❞❡❤②❞%❛.❡❞ ❝♦..♦♥ ❧❡❛✈❡(✳ ❏✳ B❧❛♥. B❤②(✐♦❧✳ ✶✹✵✱ ✸✷✹✕✸✷✼✳

❍❛②❡(✱ ▼✳ ❆✳✱ ❋❡❡❝❤❛♥✱ ❆✳✱ ❉%②✱ ■✳ ❇✳✱ ✷✵✶✵✳ ■♥✈♦❧✈❡♠❡♥. ♦❢ ❛❜(❝✐(✐❝ ❛❝✐❞ ✐♥ .❤❡ ❝♦♦%❞✐♥❛.❡❞

%❡❣✉❧❛.✐♦♥ ♦❢ ❛ (.%❡((✲✐♥❞✉❝✐❜❧❡ ❤❡①♦(❡ .%❛♥(♣♦%.❡% ✭❱✈❍❚✺✮ ❛♥❞ ❛ ❝❡❧❧ ✇❛❧❧ ✐♥✈❡%.❛(❡ ✐♥

❣%❛♣❡✈✐♥❡ ✐♥ %❡(♣♦♥(❡ .♦ ❜✐♦.%♦♣❤✐❝ ❢✉♥❣❛❧ ✐♥❢❡❝.✐♦♥✳ B❧❛♥. B❤②(✐♦❧✳ ✶✺✸✱ ✷✶✶✕✷✷✶✳

❍❡❛.❤✱ ▼✳ ❈✳✱ ✷✵✵✵✳ ❍②♣❡%(❡♥(✐.✐✈❡ %❡(♣♦♥(❡✲%❡❧❛.❡❞ ❞❡❛.❤✳ B❧❛♥. ▼♦❧✳ ❇✐♦❧✳ ✹✹✱ ✸✷✶✕✸✸✹✳

❍❡✐♥✱ ■✳✱ ●✐❧%♦②✱ ❊✳ ▼✳✱ ❆%♠(.%♦♥❣✱ ▼✳ ❘✳✱ ❇✐%❝❤✱ B✳ ❘✳✱ ✷✵✵✾✳ ❚❤❡ ③✐❣✲③❛❣✲③✐❣ ✐♥ ♦♦♠②❝❡.❡✲

♣❧❛♥. ✐♥.❡%❛❝.✐♦♥(✳ ▼♦❧✳ B❧❛♥. B❛.❤♦❧✳ ✶✵✱ ✺✹✼✕✺✻✷✳

❍❡❥❛③✐✱ ▼✳✱ ❋❡..❦❡✱ ❏✳✱ ❍❛❡❜❡❧✱ ❙✳✱ ❊❞♥❡%✱ ❈✳✱ B❛%✐(✱ ❖✳✱ ❋%♦❤❜❡%❣✱ ❈✳✱ ❙.❡✉♣✱ ▼✳✱ ❘✐..❡✱

●✳✱ ✷✵✵✽✳ ●❧✉❝❛♥✱ ✇❛.❡% ❞✐❦✐♥❛(❡ ♣❤♦(♣❤♦%②❧❛.❡( ❝%②(.❛❧❧✐♥❡ ♠❛❧.♦❞❡①.%✐♥( ❛♥❞ .❤❡%❡❜②

✐♥✐.✐❛.❡( (♦❧✉❜✐❧✐③❛.✐♦♥✳ B❧❛♥. ❏✳ ✺✺✱ ✸✷✸✕✸✸✹✳

❍❡♥❞%✐❦(✱ ❏✳ ❍✳✱ ❑♦❧❜❡✱ ❆✳✱ ●✐❜♦♥✱ ❨✳✱ ❙.✐..✱ ▼✳✱ ●❡✐❣❡♥❜❡%❣❡%✱ B✳✱ ✷✵✵✸✳ ❆❉B✲❣❧✉❝♦(❡

♣②%♦♣❤♦(♣❤♦%②❧❛(❡ ✐( ❛❝.✐✈❛.❡❞ ❜② ♣♦(..%❛♥(❧❛.✐♦♥❛❧ %❡❞♦①✲♠♦❞✐✜❝❛.✐♦♥ ✐♥ %❡(♣♦♥(❡ .♦

❧✐❣❤. ❛♥❞ .♦ (✉❣❛%( ✐♥ ❧❡❛✈❡( ♦❢ ❆%❛❜✐❞♦♣(✐( ❛♥❞ ♦.❤❡% ♣❧❛♥. (♣❡❝✐❡(✳ B❧❛♥. B❤②(✐♦❧✳ ✶✸✸✱

✽✸✽✕✽✹✾✳

❍❡♥❞%✐①✱ ❉✳ ▲✳✱ ●%❛♥❣❡✱ ❘✳ ■✳✱ ✶✾✾✶✳ ❈❛%❜♦♥ ♣❛%.✐.✐♦♥✐♥❣ ❛♥❞ ❡①♣♦%. ❢%♦♠ ♠❛.✉%❡ ❝♦..♦♥

❧❡❛✈❡(✳ B❧❛♥. B❤②(✐♦❧✳ ✾✺✱ ✷✷✽✕✷✸✸✳

❍❡%❜❡%(✱ ❑✳✱ ❚❛❦❛❤❛.❛✱ ❨✳✱ ▼❡❧③❡%✱ ▼✳✱ ▼♦❝❦✱ ❍✳ B✳✱ ❍❛❥✐%❡③❛❡✐✱ ▼✳✱ ❙♦♥♥❡✇❛❧❞✱ ❯✳✱ ✷✵✵✵✳

❘❡❣✉❧❛.✐♦♥ ♦❢ ❝❛%❜♦❤②❞%❛.❡ ♣❛%.✐.✐♦♥✐♥❣ ❞✉%✐♥❣ .❤❡ ✐♥.❡%❛❝.✐♦♥ ♦❢ ♣♦.❛.♦ ✈✐%✉( ❨ ✇✐.❤

.♦❜❛❝❝♦✳ ▼♦❧✳ B❧❛♥. B❛.❤♦❧✳ ✶✱ ✺✶✕✺✾✳

✶✵✷



❍❡"❤❡$✐♥❣"♦♥✱ ❆✳ ▼✳✱ ❲♦♦❞✇❛$❞✱ ❋✳ ■✳✱ ✷✵✵✸✳ ❚❤❡ $♦❧❡ ♦❢ 9"♦♠❛"❛ ✐♥ 9❡♥9✐♥❣ ❛♥❞ ❞$✐✈✐♥❣

❡♥✈✐$♦♥♠❡♥"❛❧ ❝❤❛♥❣❡✳ ◆❛"✉$❡ ✹✷✹✱ ✾✵✶✕✾✵✽✳

❍✐✐❧♦✈❛❛$❛✲❚❡✐❥♦✱ ▼✳✱ ❍❛♥♥✉❦❦❛❧❛✱ ❆✳✱ ●$✐✣"❤✱ ▼✳✱ ❨✉✱ ❳✳ ▼✳✱ K✐❤❛❦❛9❦✐✲▼❛✉♥9❜❛❝❤✱ ❑✳✱

✶✾✾✾✳ ❙♥♦✇✲♠♦❧❞✲✐♥❞✉❝❡❞ ❛♣♦♣❧❛9"✐❝ ♣$♦"❡✐♥9 ✐♥ ✇✐♥"❡$ $②❡ ❧❡❛✈❡9 ❧❛❝❦ ❛♥"✐❢$❡❡③❡ ❛❝"✐✈✐"②✳

K❧❛♥" K❤②9✐♦❧✳ ✶✷✶✱ ✻✻✺✕✻✼✹✳

❍♦$9"✱ ❘✳ ❏✳✱ ❊♥❣❡❧9❞♦$❢✱ ❚✳✱ ❙♦♥♥❡✇❛❧❞✱ ❯✳✱ ❱♦❧❧✱ ▲✳ ▼✳✱ ✷✵✵✽✳ ■♥❢❡❝"✐♦♥ ♦❢ ♠❛✐③❡ ❧❡❛✈❡9
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♣❤♦7♣❤♦❣❧✉❝❛♥✱ ✇❛4❡) ❞✐❦✐♥❛7❡✳ -❧❛♥4 -❤②7✐♦❧✳ ✶✸✼✱ ✷✹✷✕✷✺✷✳
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❍❡❞)✐❝❤✱ ❘✳✱ ✷✵✵✹✳ ❚❤❡ ♣♦♣❧❛) ❑

✰

❝❤❛♥♥❡❧ ❑-❚✶ ✐7 ❛77♦❝✐❛4❡❞ ✇✐4❤ ❑

✰

✉♣4❛❦❡ ❞✉)✐♥❣
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❆♠②❧❛3❡3 ✐♥ ❆,❛❜✐❞♦♣3✐3 ▲❡❛❢✳ L❧❛♥4 L❤②3✐♦❧✳ ✽✻✱ ✷✺✶✕✷✺✾✳

▲✐♥❞❡♥4❤❛❧✱ ▼✳✱ ❙4❡✐♥❡,✱ ❯✳✱ ❉❡❤♥❡✱ ❍✳ ❲✳✱ ❖❡,❦❡✱ ❊✳ ❈✳✱ ✷✵✵✺✳ ❊✛❡❝4 ♦❢ ❞♦✇♥② ♠✐❧❞❡✇

❞❡✈❡❧♦♣♠❡♥4 ♦♥ 4,❛♥3♣✐,❛4✐♦♥ ♦❢ ❝✉❝✉♠❜❡, ❧❡❛✈❡3 ✈✐3✉❛❧✐③❡❞ ❜② ❞✐❣✐4❛❧ ✐♥❢,❛,❡❞ 4❤❡,♠♦✲

❣,❛♣❤②✳ L❤②4♦♣❛4❤♦❧♦❣② ✾✺✱ ✷✸✸✕✷✹✵✳

▲✐3✱ ❍✳✱ ❙❤❛,♦♥✱ ◆✳✱ ✶✾✾✸✳ L,♦4❡✐♥ ❣❧②❝♦3②❧❛4✐♦♥✳ ❙4,✉❝4✉,❛❧ ❛♥❞ ❢✉♥❝4✐♦♥❛❧ ❛3♣❡❝43✳ ❊✉,✳ ❏✳

❇✐♦❝❤❡♠✳ ✷✶✽✱ ✶✕✷✼✳

▲✐3❝♦♠❜❡✱ ❉✳ ❑✳✱ ❋❛❝❝❤✐♥✐✱ L✳ ❏✳✱ ✷✵✵✽✳ ❊✈♦❧✉4✐♦♥❛,② ❛♥❞ ❝❡❧❧✉❧❛, ✇❡❜3 ✐♥ ❜❡♥③②❧✐3♦b✉✐♥♦❧✐♥❡

❛❧❦❛❧♦✐❞ ❜✐♦3②♥4❤❡3✐3✳ ❈✉,,✳ ❖♣✐♥✳ ❇✐♦4❡❝❤♥♦❧✳ ✶✾✱ ✶✼✸✕✶✽✵✳

▲✐✉✱ ❏✳ ❏✳✱ ❙4✉,,♦❝❦✱ ❘✳✱ ❊❦,❛♠♦❞❞♦✉❧❧❛❤✱ ❆✳ ❑✳✱ ✷✵✶✵✳ ❚❤❡ 3✉♣❡,❢❛♠✐❧② ♦❢ 4❤❛✉♠❛4✐♥✲❧✐❦❡

♣,♦4❡✐♥3✿ ✐43 ♦,✐❣✐♥✱ ❡✈♦❧✉4✐♦♥✱ ❛♥❞ ❡①♣,❡33✐♦♥ 4♦✇❛,❞3 ❜✐♦❧♦❣✐❝❛❧ ❢✉♥❝4✐♦♥✳ L❧❛♥4 ❈❡❧❧

❘❡♣✳ ✷✾✱ ✹✶✾✕✹✸✻✳

▲❧♦②❞✱ ❏✳ ❘✳✱ ❑♦33♠❛♥♥✱ ❏✳✱ ❘✐44❡✱ ●✳✱ ✷✵✵✺✳ ▲❡❛❢ 34❛,❝❤ ❞❡❣,❛❞❛4✐♦♥ ❝♦♠❡3 ♦✉4 ♦❢ 4❤❡

3❤❛❞♦✇3✳ ❚,❡♥❞3 L❧❛♥4 ❙❝✐✳ ✶✵✱ ✶✸✵✕✶✸✼✳

▲♦❤❛✉3✱ ●✳✱ L❡♥♥❡✇✐33✱ ❑✳✱ ❙❛44❡❧♠❛❝❤❡,✱ ❇✳✱ ❍✉33♠❛♥♥✱ ▼✳✱ ▼✉❡❤❧✐♥❣✱ ❍✳✱ ✷✵✵✶✳ ■3 4❤❡

✐♥✜❧4,❛4✐♦♥✲❝❡♥4,✐❢✉❣❛4✐♦♥ 4❡❝❤♥✐b✉❡ ❛♣♣,♦♣,✐❛4❡ ❢♦, 4❤❡ ✐3♦❧❛4✐♦♥ ♦❢ ❛♣♦♣❧❛34✐❝ ✢✉✐❞ ❄ ❆

❝,✐4✐❝❛❧ ❡✈❛❧✉❛4✐♦♥ ✇✐4❤ ❞✐✛❡,❡♥4 ♣❧❛♥4 3♣❡❝✐❡3✳ L❤②3✐♦❧✳ L❧❛♥4✳ ✶✶✶✱ ✹✺✼✕✹✻✺✳

▲♦❤❛✉3✱ ●✳✱ ❲✐♥4❡,✱ ❍✳✱ ❘✐❡♥3✱ ❇✳✱ ❍❡❧❞4✱ ❍✳✱ ✶✾✾✺✳ ❋✉,4❤❡, 34✉❞✐❡3 ♦❢ 4❤❡ ♣❤❧♦❡♠ ♣,♦❝❡33

✐♥ ❧❡❛✈❡3 ♦❢ ❜❛,❧❡② ❛♥❞ 3♣✐♥❛❝❤✳ ❚❤❡ ❝♦♠♣❛,✐3♦♥ ♦❢ ♠❡4❛❜♦❧✐4❡ ❝♦♥❝❡♥4,❛4✐♦♥3 ✐♥ 4❤❡

❛♣♦♣❧❛34✐❝ ❝♦♠♣❛,4♠❡♥4 ✇✐4❤ 4❤♦3❡ ✐♥ 4❤❡ ❝②4♦3♦❧✐❝ ❝♦♠♣❛,4♠❡♥4 ❛♥❞ ✐♥ 4❤❡ 3✐❡✈❡ 4✉❜❡3✳

❇♦4✳ ❆❝4❛ ✶✵✽✱ ✷✼✵✕✷✼✺✳

▲♦♥❣✱ ❏✳ ▼✳✱ ❲✐❞❞❡,3✱ ■✳ ❊✳✱ ✶✾✾✵✳ ◗✉❛♥4✐✜❝❛4✐♦♥ ♦❢ ❆♣♦♣❧❛34✐❝ L♦4❛33✐✉♠ ❈♦♥4❡♥4 ❜②

❊❧✉4✐♦♥ ❆♥❛❧②3✐3 ♦❢ ▲❡❛❢ ▲❛♠✐♥❛ ❚✐33✉❡ ❢,♦♠ L❡❛ ✭2✐+✉♠ +❛'✐✈✉♠ ▲✳ ❝✈ ❆*❣❡♥'❡✉♠✮✳

L❧❛♥4 L❤②3✐♦❧✳ ✾✹✱ ✶✵✹✵✕✶✵✹✼✳

✶✵✽



▲♦♣❡③✲▼✐❧❧❛♥✱ ❆✳ ❋✳✱ ▼♦/❛❧❡0✱ ❋✳✱ ❆❜❛❞✐❛✱ ❆✳✱ ❆❜❛❞✐❛✱ ❏✳✱ ✷✵✵✵✳ ❊✛❡❝90 ♦❢ ✐/♦♥ ❞❡✜❝✐❡♥❝②

♦♥ 9❤❡ ❝♦♠♣♦0✐9✐♦♥ ♦❢ 9❤❡ ❧❡❛❢ ❛♣♦♣❧❛09✐❝ ✢✉✐❞ ❛♥❞ ①②❧❡♠ 0❛♣ ✐♥ 0✉❣❛/ ❜❡❡9✳ ■♠♣❧✐❝❛9✐♦♥0

❢♦/ ✐/♦♥ ❛♥❞ ❝❛/❜♦♥ 9/❛♥0♣♦/9✳ D❧❛♥9 D❤②0✐♦❧✳ ✶✷✹✱ ✽✼✸✕✽✽✹✳

▲✉✱ ❨✳✱ ●❡❤❛♥✱ ❏✳ D✳✱ ❙❤❛/❦❡②✱ ❚✳ ❉✳✱ ✷✵✵✺✳ ❉❛②❧❡♥❣9❤ ❛♥❞ ❝✐/❝❛❞✐❛♥ ❡✛❡❝90 ♦♥ 09❛/❝❤

❞❡❣/❛❞❛9✐♦♥ ❛♥❞ ♠❛❧9♦0❡ ♠❡9❛❜♦❧✐0♠✳ D❧❛♥9 D❤②0✐♦❧✳ ✶✸✽✱ ✷✷✽✵✕✷✷✾✶✳

▲✉✱ ❨✳✱ ❙❤❛/❦❡②✱ ❚✳ ❉✳✱ ✷✵✵✹✳ ❚❤❡ /♦❧❡ ♦❢ ❛♠②❧♦♠❛❧9❛0❡ ✐♥ ♠❛❧9♦0❡ ♠❡9❛❜♦❧✐0♠ ✐♥ 9❤❡ ❝②9♦0♦❧

♦❢ ♣❤♦9♦0②♥9❤❡9✐❝ ❝❡❧❧0✳ D❧❛♥9❛ ✷✶✽✱ ✹✻✻✕✹✼✸✳

▲✉✱ ❨✳✱ ❙❤❛/❦❡②✱ ❚✳ ❉✳✱ ✷✵✵✻✳ ❚❤❡ ✐♠♣♦/9❛♥❝❡ ♦❢ ♠❛❧9♦0❡ ✐♥ 9/❛♥0✐9♦/② 09❛/❝❤ ❜/❡❛❦❞♦✇♥✳

D❧❛♥9 ❈❡❧❧ ❊♥✈✐/♦♥✳ ✷✾✱ ✸✺✸✕✸✻✻✳

▲✉✱ ❨✳✱ ❙9❡✐❝❤❡♥✱ ❏✳ ▼✳✱ ❨❛♦✱ ❏✳✱ ❙❤❛/❦❡②✱ ❚✳ ❉✳✱ ✷✵✵✻✳ ❚❤❡ /♦❧❡ ♦❢ ❝②9♦0♦❧✐❝ α✲❣❧✉❝❛♥ ♣❤♦0✲

♣❤♦/②❧❛0❡ ✐♥ ♠❛❧9♦0❡ ♠❡9❛❜♦❧✐0♠ ❛♥❞ 9❤❡ ❝♦♠♣❛/✐0♦♥ ♦❢ ❛♠②❧♦♠❛❧9❛0❡ ✐♥ ❆/❛❜✐❞♦♣0✐0

❛♥❞ ❊!❝❤❡%✐❝❤✐❛ ❝♦❧✐ ✳ D❧❛♥9 D❤②0✐♦❧✳ ✶✹✷✱ ✽✼✽✕✽✽✾✳

▲✉♥❞✱ ❙✳ ❚✳✱ D❡♥❣✱ ❋✳ ❨✳✱ ◆❛②❛/✱ ❚✳✱ ❘❡✐❞✱ ❑✳ ❊✳✱ ❙❝❤❧♦00❡/✱ ❏✳✱ ✷✵✵✽✳ ●❡♥❡ ❡①♣/❡00✐♦♥

❛♥❛❧②0❡0 ✐♥ ✐♥❞✐✈✐❞✉❛❧ ❣/❛♣❡ ✭❱✐+✐! ✈✐♥✐❢❡%❛ ▲✳✮ ❜❡//✐❡0 ❞✉/✐♥❣ /✐♣❡♥✐♥❣ ✐♥✐9✐❛9✐♦♥ /❡✈❡❛❧

9❤❛9 ♣✐❣♠❡♥9❛9✐♦♥ ✐♥9❡♥0✐9② ✐0 ❛ ✈❛❧✐❞ ✐♥❞✐❝❛9♦/ ♦❢ ❞❡✈❡❧♦♣♠❡♥9❛❧ 09❛❣✐♥❣ ✇✐9❤✐♥ 9❤❡

❝❧✉09❡/✳ D❧❛♥9 ▼♦❧✳ ❇✐♦❧✳ ✻✽✱ ✸✵✶✕✸✶✺✳

▲✉♥♥✱ ❏✳ ❊✳✱ ❋❡✐❧✱ ❘✳✱ ❍❡♥❞/✐❦0✱ ❏✳ ❍✳✱ ●✐❜♦♥✱ ❨✳✱ ▼♦/❝✉❡♥❞❡✱ ❘✳✱ ❖0✉♥❛✱ ❉✳✱ ❙❝❤❡✐❜❧❡✱ ❲✳ ❘✳✱

❈❛/✐❧❧♦✱ D✳✱ ❍❛❥✐/❡③❛❡✐✱ ▼✳ ❘✳✱ ❙9✐99✱ ▼✳✱ ✷✵✵✻✳ ❙✉❣❛/✲✐♥❞✉❝❡❞ ✐♥❝/❡❛0❡0 ✐♥ 9/❡❤❛❧♦0❡ ✻✲

♣❤♦0♣❤❛9❡ ❛/❡ ❝♦//❡❧❛9❡❞ ✇✐9❤ /❡❞♦① ❛❝9✐✈❛9✐♦♥ ♦❢ ❆❉D❣❧✉❝♦0❡ ♣②/♦♣❤♦0♣❤♦/②❧❛0❡ ❛♥❞

❤✐❣❤❡/ /❛9❡0 ♦❢ 09❛/❝❤ 0②♥9❤❡0✐0 ✐♥ ❆%❛❜✐❞♣♦!✐! +❤❛❧✐❛♥❛✳ ❇✐♦❝❤❡♠✳ ❏✳ ✸✾✼✱ ✶✸✾✕✶✹✽✳

▲✉♥♥✱ ❏✳ ❊✳✱ ▼❛❝❘❛❡✱ ❊✳✱ ✷✵✵✸✳ ◆❡✇ ❝♦♠♣❧❡①✐9✐❡0 ✐♥ 9❤❡ 0②♥9❤❡0✐0 ♦❢ 0✉❝/♦0❡✳ ❈✉//✳ ❖♣✐♥✳

D❧❛♥9 ❇✐♦❧✳ ✻✱ ✷✵✽✕✷✶✹✳

▲✉✇❡✱ ▼✳✱ ❍❡❜❡/✱ ❯✳✱ ✶✾✾✺✳ ❖③♦♥❡ ❞❡9♦①✐✜❝❛9✐♦♥ ✐♥ 9❤❡ ❛♣♦♣❧❛0♠ ❛♥❞ 0②♠♣❧❛0♠ ♦❢ 0♣✐♥❛❝❤✱

❜/♦❛❞ ❜❡❛♥ ❛♥❞ ❜❡❡❝❤ ❧❡❛✈❡0 ❛9 ❛♠❜✐❡♥9 ❛♥❞ ❡❧❡✈❛9❡❞ ❝♦♥❝❡♥9/❛9✐♦♥0 ♦❢ ♦③♦♥❡ ✐♥ ❛✐/✳

D❧❛♥9❛ ✶✾✼✱ ✹✹✽✕✹✺✺✳

▼❛✱ ❨✳✱ ❙③♦09❦✐❡✇✐❝③✱ ■✳✱ ❑♦/9❡✱ ❆✳✱ ▼♦❡0✱ ❉✳✱ ❨❛♥❣✱ ❨✳✱ ❈❤/✐09♠❛♥♥✱ ❆✳✱ ●/✐❧❧✱ ❊✳✱ ✷✵✵✾✳

❘❡❣✉❧❛9♦/0 ♦❢ DD✷❈ ♣❤♦0♣❤❛9❛0❡ ❛❝9✐✈✐9② ❢✉♥❝9✐♦♥ ❛0 ❛❜0❝✐0✐❝ ❛❝✐❞ 0❡♥0♦/0✳ ❙❝✐❡♥❝❡ ✸✷✹✱

✶✵✻✹✕✶✵✻✽✳

▼❛❝❘♦❜❜✐❡✱ ❊✳ ❆✳✱ ✶✾✾✽✳ ❙✐❣♥❛❧ 9/❛♥0❞✉❝9✐♦♥ ❛♥❞ ✐♦♥ ❝❤❛♥♥❡❧0 ✐♥ ❣✉❛/❞ ❝❡❧❧0✳ D❤✐❧♦0✳ ❚/❛♥0✳

❘✳ ❙♦❝✳ ▲♦♥❞✳✱ ❇✱ ❇✐♦❧✳ ❙❝✐✳ ✸✺✸✱ ✶✹✼✺✕✶✹✽✽✳

▼❛❝❘♦❜❜✐❡✱ ❊✳ ❆✳ ❈✳✱ ✷✵✵✻✳ ❈♦♥9/♦❧ ♦❢ ❱♦❧✉♠❡ ❛♥❞ ❚✉/❣♦/ ✐♥ ❙9♦♠❛9❛❧ ●✉❛/❞ ❈❡❧❧0✳

❏✳▼❡♠❜/❛♥❡ ❇✐♦❧♦❣② ✷✶✵✱ ✶✸✶✕✶✹✷✳

▼❛♥0✜❡❧❞✱ ❚✳✱ ❍❡9❤❡/✐♥❣9♦♥✱ ❆✳✱ ❆9❦✐♥0♦♥✱ ❈✳✱ ✶✾✾✵✳ ❙♦♠❡ ❝✉//❡♥9 ❛0♣❡❝90 ♦❢ 09♦♠❛9❛❧

♣❤②0✐♦❧♦❣②✳ ❆♥♥✉✳ ❘❡✈✳ D❧❛♥9 D❤②0✐♦❧✳ D❧❛♥9 ▼♦❧✳ ✹✶✱ ✺✺✕✼✺✳

▼❛/❝❤✐✈❡✱ ❈✳✱ ▼③✐❞✱ ❘✳✱ ❉❡❧✉❝✱ ▲✳✱ ❇❛//✐❡✉✱ ❋✳✱ D✐//❡❧❧♦✱ ❏✳✱ ●❛✉9❤✐❡/✱ ❆✳✱ ❈♦/✐♦✲❈♦09❡9✱

▼✳ ❋✳✱ ❘❡❣❛❞✱ ❋✳✱ ❈❛✐❧❧❡9❡❛✉✱ ❇✳✱ ❍❛♠❞✐✱ ❙✳✱ ▲❛✉✈❡/❣❡❛9✱ ❱✳✱ ✷✵✵✼✳ ■0♦❧❛9✐♦♥ ❛♥❞ ❝❤❛/❛❝✲

9❡/✐③❛9✐♦♥ ♦❢ ❛ ❱✐+✐! ✈✐♥✐❢❡%❛ 9/❛♥0❝/✐♣9✐♦♥ ❢❛❝9♦/✱ ❱✈❲❘❑❨✶✱ ❛♥❞ ✐90 ❡✛❡❝9 ♦♥ /❡0♣♦♥0❡0

9♦ ❢✉♥❣❛❧ ♣❛9❤♦❣❡♥0 ✐♥ 9/❛♥0❣❡♥✐❝ 9♦❜❛❝❝♦ ♣❧❛♥90✳ ❏✳ ❊①♣✳ ❇♦9✳ ✺✽✱ ✶✾✾✾✕✷✵✶✵✳

✶✵✾



▼❛"❣✉❡"✐'✱ ❊✳✱ ❇♦✉"②✱ ❈✳✱ ▼❛♥✐❝❦✐✱ ❆✳✱ ❉♦♥♥❛"'✱ ▼✳✱ ❇✉''❡"❧✐♥✱ ●✳✱ ◆7♠♦"✐♥✱ ❆✳✱

❲✐❡❞❡♠❛♥♥✲▼❡"❞✐♥♦❣❧✉✱ ❙✳✱ ▼❡"❞✐♥♦❣❧✉✱ ❉✳✱ ❖❧❧❛'✱ ◆✳✱ ❉❡❝"♦♦❝>✱ ❙✳✱ ✷✵✵✾✳ ●❡♥❡'✐❝ ❞✐B✲

B❡❝'✐♦♥ ♦❢ B❡① ❞❡'❡"♠✐♥✐B♠✱ ✐♥✢♦"❡B❝❡♥❝❡ ♠♦"♣❤♦❧♦❣② ❛♥❞ ❞♦✇♥② ♠✐❧❞❡✇ "❡B✐B'❛♥❝❡ ✐♥

❣"❛♣❡✈✐♥❡✳ ❚❤❡♦"✳ ❆♣♣❧✳ ●❡♥❡'✳ ✶✶✽✱ ✶✷✻✶✕✶✷✼✽✳

▼❛"B❤❛❧❧✱ ❖✳ ❏✳✱ ✷✵✵✹✳ R❡"❧R"✐♠❡"✿ ❝"♦BB✲♣❧❛'❢♦"♠✱ ❣"❛♣❤✐❝❛❧ ♣"✐♠❡" ❞❡B✐❣♥ ❢♦" B'❛♥❞❛"❞✱

❜✐B✉❧♣❤✐'❡ ❛♥❞ "❡❛❧✲'✐♠❡ R❈❘✳ ❇✐♦✐♥❢♦"♠❛'✐❝B ✷✵✱ ✷✹✼✶✕✷✹✼✷✳

▼❛'B✉❜❛②❛B❤✐✱ ❨✳✱ ❙❛❦❛❣❛♠✐✱ ❨✳✱ ✶✾✾✻✳ R❤②'♦B✉❧❢♦❦✐♥❡✱ B✉❧❢❛'❡❞ ♣❡♣'✐❞❡B '❤❛' ✐♥❞✉❝❡ '❤❡

♣"♦❧✐❢❡"❛'✐♦♥ ♦❢ B✐♥❣❧❡ ♠❡B♦♣❤②❧❧ ❝❡❧❧B ♦❢ ❆B♣❛"❛❣✉B ♦✣❝✐♥❛❧✐B ▲✳ R"♦❝✳ ◆❛'❧✳ ❆❝❛❞✳ ❙❝✐✳

❯✳❙✳❆✳ ✾✸✱ ✼✻✷✸✕✼✻✷✼✳

▼❡✐❞♥❡"✱ ❍✳✱ ▼❛♥B✜❡❧❞✱ ❚✳✱ ✶✾✻✽✳ R❤②B✐♦❧♦❣② ♦❢ B'♦♠❛'❛✳ ▼❝●"❛✇❍✐❧❧✱ ▲♦♥❞♦♥✳

▼❡❧♦''♦✱ ▼✳✱ ❯♥❞❡"✇♦♦❞✱ ❲✳✱ ❍❡✱ ❙✳ ❨✳✱ ✷✵✵✽✳ ❘♦❧❡ ♦❢ B'♦♠❛'❛ ✐♥ ♣❧❛♥' ✐♥♥❛'❡ ✐♠♠✉♥✐'②

❛♥❞ ❢♦❧✐❛" ❜❛❝'❡"✐❛❧ ❞✐B❡❛B❡B✳ ❆♥♥✉✳ ❘❡✈✳ R❤②'♦♣❛'❤♦❧✳ ✹✻✱ ✶✵✶✕✶✷✷✳

▼❡❧♦''♦✱ ▼✳✱ ❯♥❞❡"✇♦♦❞✱ ❲✳✱ ❑♦❝③❛♥✱ ❏✳✱ ◆♦♠✉"❛✱ ❑✳✱ ❍❡✱ ❙✳ ❨✳✱ ✷✵✵✻✳ R❧❛♥' B'♦♠❛'❛

❢✉♥❝'✐♦♥ ✐♥ ✐♥♥❛'❡ ✐♠♠✉♥✐'② ❛❣❛✐♥B' ❜❛❝'❡"✐❛❧ ✐♥✈❛B✐♦♥✳ ❈❡❧❧ ✶✷✻✱ ✾✻✾✕✾✽✵✳

▼❡"❞✐♥♦❣❧✉✱ ❉✳✱ ❲✐❡❞❡♠❛♥♥✲▼❡"❞✐♥♦❣❧✉✱ ❙✳✱ ❈♦B'❡✱ R✳✱ ❉✉♠❛B✱ ❱✳✱ ❍❛❡''②✱ ❆✳✱ ❇✉''❡"❧✐♥✱

●✳✱ ●"❡✐❢✱ ❈✳✱ ✷✵✵✸✳ ●❡♥❡'✐❝ ❛♥❛❧②B✐B ♦❢ ❞♦✇♥② ♠✐❧❞❡✇ "❡B✐B'❛♥❝❡ ❞❡"✐✈❡❞ ❢"♦♠▼✉"❝❛❞✐♥✐❛

(♦*✉♥❞✐❢♦❧✐❛✳ ❆❝'❛ ❍♦"'✳ ✻✵✸✱ ✹✺✶✕✹✺✻✳

▼❡"③❡♥❞♦"❢❡"✱ ❍✳✱ ❩✐♠♦❝❤✱ ▲✳✱ ✷✵✵✸✳ ❈❤✐'✐♥ ♠❡'❛❜♦❧✐B♠ ✐♥ ✐♥B❡❝'B✿ B'"✉❝'✉"❡✱ ❢✉♥❝'✐♦♥ ❛♥❞

"❡❣✉❧❛'✐♦♥ ♦❢ ❝❤✐'✐♥ B②♥'❤❛B❡B ❛♥❞ ❝❤✐'✐♥❛B❡B✳ ❏✳ ❊①♣✳ ❇✐♦❧✳ ✷✵✻✱ ✹✸✾✸✕✹✹✶✷✳

▼❡②❡"✱ ❙✳✱ ❉❡ ❆♥❣❡❧✐✱ ❆✳✱ ❋❡"♥✐❡✱ ❆✳ ❘✳✱ ▼❛"'✐♥♦✐❛✱ ❊✳✱ ✷✵✶✵✳ ■♥'"❛✲ ❛♥❞ ❡①'"❛✲❝❡❧❧✉❧❛"

❡①❝"❡'✐♦♥ ♦❢ ❝❛"❜♦①②❧❛'❡B✳ ❚"❡♥❞B R❧❛♥' ❙❝✐✳ ✶✺✱ ✹✵✕✹✼✳

▼✐❦❦❡❧B❡♥✱ ❘✳✱ ❇❛✉♥B❣❛❛"❞✱ ▲✳✱ ❇❧❡♥♥♦✇✱ ❆✳✱ ✷✵✵✹✳ ❋✉♥❝'✐♦♥❛❧ ❝❤❛"❛❝'❡"✐③❛'✐♦♥ ♦❢ α✲

❣❧✉❝❛♥✱✇❛'❡" ❞✐❦✐♥❛B❡✱ '❤❡ B'❛"❝❤ ♣❤♦B♣❤♦"②❧❛'✐♥❣ ❡♥③②♠❡✳ ❇✐♦❝❤❡♠✳ ❏✳ ✸✼✼✱ ✺✷✺✕✺✸✷✳

▼✐❦❦❡❧B❡♥✱ ❘✳✱ ❇❧❡♥♥♦✇✱ ❆✳✱ ✷✵✵✺✳ ❋✉♥❝'✐♦♥❛❧ ❞♦♠❛✐♥ ♦"❣❛♥✐③❛'✐♦♥ ♦❢ '❤❡ ♣♦'❛'♦ α✲❣❧✉❝❛♥✱

✇❛'❡" ❞✐❦✐♥❛B❡ ✭●❲❉✮✿ ❡✈✐❞❡♥❝❡ ❢♦" B❡♣❛"❛'❡ B✐'❡ ❝❛'❛❧②B✐B ❛B "❡✈❡❛❧❡❞ ❜② ❧✐♠✐'❡❞ ♣"♦✲

'❡♦❧②B✐B ❛♥❞ ❞❡❧❡'✐♦♥ ♠✉'❛♥'B✳ ❇✐♦❝❤❡♠✳ ❏✳ ✸✽✺✱ ✸✺✺✕✸✻✶✳

▼✐❦❦❡❧B❡♥✱ ❘✳✱ ▼✉'❡♥❞❛✱ ❑✳ ❊✳✱ ▼❛♥'✱ ❆✳✱ ❙❝❤✉"♠❛♥♥✱ R✳✱ ❇❧❡♥♥♦✇✱ ❆✳✱ ✷✵✵✺✳ ❆❧♣❤❛✲

❣❧✉❝❛♥✱ ✇❛'❡" ❞✐❦✐♥❛B❡ ✭●❲❉✮✿ ❛ ♣❧❛B'✐❞✐❝ ❡♥③②♠❡ ✇✐'❤ "❡❞♦①✲"❡❣✉❧❛'❡❞ ❛♥❞ ❝♦♦"❞✐♥❛'❡❞

❝❛'❛❧②'✐❝ ❛❝'✐✈✐'② ❛♥❞ ❜✐♥❞✐♥❣ ❛✣♥✐'②✳ R"♦❝✳ ◆❛'❧✳ ❆❝❛❞✳ ❙❝✐✳ ❯✳❙✳❆✳ ✶✵✷✱ ✶✼✽✺✕✶✼✾✵✳

▼✐♠✉"❛✱ ❚✳✱ ❉✐❡'③✱ ❑✳✱ ❑❛✐B❡"✱ ❲✳✱ ❙❝❤"❛♠♠✱ ▼✳✱ ❑❛✐B❡"✱ ●✳✱ ❍❡❜❡"✱ ❯✳✱ ✶✾✾✵✳ R❤♦B♣❤❛'❡

'"❛♥B♣♦"' ❛❝"♦BB ❜✐♦♠❡♠❜"❛♥❡B ❛♥❞ ❝②'♦B♦❧✐❝ ♣❤♦B♣❤❛'❡ ❤♦♠❡♦B'❛B✐B ✐♥ ❜❛"❧❡② ❧❡❛✈❡B✳

R❧❛♥'❛ ✶✽✵✱ ✶✸✾✕✶✹✻✳

▼✐B❛B✲❱✐❧❧❛♠✐❧✱ ❏✳✱ ✈❛♥ ❞❡" ❍♦♦"♥✱ ❘✳✱ ✷✵✵✽✳ ❊♥③②♠❡➊✐♥❤✐❜✐'♦" ✐♥'❡"❛❝'✐♦♥B ❛' '❤❡ ♣❧❛♥'➊✲

♣❛'❤♦❣❡♥ ✐♥'❡"❢❛❝❡✳ ❈✉""✳ ❖♣✳ R❧❛♥' ❇✐♦❧✳ ✶✶✱ ✸✽✵✕✸✽✽✳

▼✐'❤g❢❡"✱ ❆✳✱ ▼h❧❧❡"✱ ❇✳✱ ❲❛♥♥❡"✱ ●✳✱ ❊✐❝❤❛❝❦❡"✱ ▲✳ ❆✳✱ ✷✵✵✷✳ ■❞❡♥'✐✜❝❛'✐♦♥ ♦❢ ❞❡❢❡♥❝❡✲

"❡❧❛'❡❞ ❝❡❧❧ ✇❛❧❧ ♣"♦'❡✐♥B ✐♥ -❤②*♦♣❤*❤♦(❛ "♦❥❛❡✲✐♥❢❡❝'❡❞ B♦②❜❡❛♥ "♦♦'B ❜② ❊❙■✲▼❙✴▼❙✳

▼♦❧✳ R❧❛♥' R❛'❤♦❧✳ ✸✱ ✶✻✸✕✶✻✻✳

✶✶✵



▼✐②❛③❛✇❛✱ ❨✳✱ ❙❛❦❛✐✱ ❆✳✱ ▼✐②❛❣✐-❤✐♠❛✱ ❙✳✱ ❚❛❦❛♥♦✱ ❍✳✱ ❑❛✇❛♥♦✱ ❙✳✱ ❑✉6♦✐✇❛✱ ❚✳✱ ✶✾✾✾✳

❆✉①✐♥ ❛♥❞ ❝②<♦❦✐♥✐♥ ❤❛✈❡ ♦♣♣♦-✐<❡ ❡✛❡❝<- ♦♥ ❛♠②❧♦♣❧❛-< ❞❡✈❡❧♦♣♠❡♥< ❛♥❞ <❤❡ ❡①♣6❡--✐♦♥
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❱✐❧❧❛♥❞✱ 7✳✱ ❖❧$❡♥✱ ❖✳ ❆✳✱ ❑✐❧✐❛♥✱ ❆✳✱ ❑❧❡❝③❦♦✇$❦✐✱ ▲✳ ❆✳✱ ✶✾✾✷✳ ❆❉7✲●❧✉❝♦$❡ 7②%♦♣❤♦$✲

♣❤♦%②❧❛$❡ ▲❛%❣❡ ❙✉❜✉♥✐3 ❝❉◆❆ ❢%♦♠ ❇❛%❧❡② ❊♥❞♦$♣❡%♠✳ 7❧❛♥3 7❤②$✐♦❧✳ ✶✵✵✱ ✶✻✶✼✕✶✻✶✽✳

❱❧❛❞✱ ❋✳✱ ❘✉❜✐♦✱ ❙✳✱ ❘♦❞%✐❣✉❡$✱ ❆✳✱ ❙✐%✐❝❤❛♥❞%❛✱ ❈✳✱ ❇❡❧✐♥✱ ❈✳✱ ❘♦❜❡%3✱ ◆✳✱ ▲❡✉♥❣✱ ❏✳✱ ❘♦✲

❞%✐❣✉❡③✱ 7✳ ▲✳✱ ▲❛✉%✐❡%❡✱ ❈✳✱ ▼❡%❧♦3✱ ❙✳✱ ✷✵✵✾✳ 7%♦3❡✐♥ ♣❤♦$♣❤❛3❛$❡$ ✷❈ %❡❣✉❧❛3❡ 3❤❡

❛❝3✐✈❛3✐♦♥ ♦❢ 3❤❡ ❙♥❢✶✲%❡❧❛3❡❞ ❦✐♥❛$❡ ❖❙❚✶ ❜② ❛❜$❝✐$✐❝ ❛❝✐❞ ✐♥ ❆%❛❜✐❞♦♣$✐$✳ 7❧❛♥3 ❈❡❧❧

✷✶✱ ✸✶✼✵✕✸✶✽✹✳

✶✷✶



❱♦❡❣❡❧❡✱ ❘✳ ❚✳✱ ❙*+✉❝❦✱ ❈✳✱ ❍❛❤♥✱ ▼✳✱ ▼❡♥❞❣❡♥✱ ❑✳✱ ✷✵✵✶✳ ❚❤❡ +♦❧❡ ♦❢ ❤❛✉;*♦+✐❛ ✐♥ ;✉❣❛+

;✉♣♣❧② ❞✉+✐♥❣ ✐♥❢❡❝*✐♦♥ ♦❢ ❜+♦❛❞ ❜❡❛♥ ❜② *❤❡ +✉;* ❢✉♥❣✉; ❯!♦♠②❝❡' ❢❛❜❛❡✳ @+♦❝✳ ◆❛*❧✳

❆❝❛❞✳ ❙❝✐✳ ❯✳❙✳❆✳ ✾✽✱ ✽✶✸✸✕✽✶✸✽✳

❱♦❡❣❡❧❡✱ ❘✳ ❚✳✱ ❲✐+;❡❧✱ ❙✳✱ ▼I❧❧✱ ❯✳✱ ▲❡❝❤♥❡+✱ ▼✳✱ ▼❡♥❞❣❡♥✱ ❑✳✱ ✷✵✵✻✳ ❈❧♦♥✐♥❣ ❛♥❞ ❝❤❛+❛❝✲

*❡+✐③❛*✐♦♥ ♦❢ ❛ ♥♦✈❡❧ ✐♥✈❡+*❛;❡ ❢+♦♠ *❤❡ ♦❜❧✐❣❛*❡ ❜✐♦*+♦♣❤ ❯!♦♠②❝❡' ❢❛❜❛❡ ❛♥❞ ❛♥❛❧②;✐;

♦❢ ❡①♣+❡;;✐♦♥ ♣❛**❡+♥; ♦❢ ❤♦;* ❛♥❞ ♣❛*❤♦❣❡♥ ✐♥✈❡+*❛;❡; ✐♥ *❤❡ ❝♦✉+;❡ ♦❢ ✐♥❢❡❝*✐♦♥✳ ▼♦❧✳

@❧❛♥* ▼✐❝+♦❜❡ ■♥*❡+❛❝*✳ ✶✾✱ ✻✷✺✕✻✸✹✳

❲❛❧*❡+;✱ ❉✳ ❘✳✱ ▼❝❘♦❜❡+*;✱ ◆✳✱ ✷✵✵✻✳ @❧❛♥*; ❛♥❞ ❜✐♦*+♦♣❤;✿ ❛ ♣✐✈♦*❛❧ +♦❧❡ ❢♦+ ❝②*♦❦✐♥✐♥; ❄

❚+❡♥❞; @❧❛♥* ❙❝✐✳ ✶✶✱ ✺✽✶✕✺✽✻✳

❲❛♥❣✱ ❳✳✱ ▲✐✉✱ ❲✳✱ ❈❤❡♥✱ ❳✳✱ ❚❛♥❣✱ ❈✳✱ ❉♦♥❣✱ ❨✳✱ ▼❛✱ ❏✳✱ ❍✉❛♥❣✱ ❳✳✱ ❲❡✐✱ ●✳✱ ❍❛♥✱

◗✳✱ ❍✉❛♥❣✱ ▲✳✱ ❑❛♥❣✱ ❩✳✱ ✷✵✶✵✳ ❉✐✛❡+❡♥*✐❛❧ ❣❡♥❡ ❡①♣+❡;;✐♦♥ ✐♥ ✐♥❝♦♠♣❛*✐❜❧❡ ✐♥*❡+❛❝*✐♦♥

❜❡*✇❡❡♥ ✇❤❡❛* ❛♥❞ ;*+✐♣❡ +✉;* ❢✉♥❣✉; +❡✈❡❛❧❡❞ ❜② ❝❉◆❆✲❆❋▲@ ❛♥❞ ❝♦♠♣❛+✐;♦♥ *♦

❝♦♠♣❛*✐❜❧❡ ✐♥*❡+❛❝*✐♦♥✳ ❇▼❈ @❧❛♥* ❇✐♦❧✳ ✶✵✱ ✾✳

❲❡✐♥❡+✱ ❍✳✱ ❙*✐**✱ ▼✳✱ ❍❡❧❞*✱ ❍✳✱ ✶✾✽✼✳ ❙✉❜❝❡❧❧✉❧❛+ ❝♦♠♣❛+*♠❡♥*❛*✐♦♥ ♦❢ ♣②+♦♣❤♦;♣❤❛*❡

❛♥❞ ❛❧❦❛❧✐♥❡ ♣❤♦;♣❤❛*❛;❡ ✐♥ ❧❡❛✈❡;✳ ❇✐♦❝❤✐♠✳ ❇✐♦♣❤②;✳ ❆❝*❛ ✽✾✸✱ ✶✸✕✷✶✳

❲❡✐;❡✱ ❙✳ ❊✳✱ ✈❛♥ ❲✐❥❦✱ ❑✳ ❏✳✱ ❙❤❛+❦❡②✱ ❚✳ ❉✳✱ ✷✵✶✶✳ ❚❤❡ +♦❧❡ ♦❢ *+❛♥;✐*♦+② ;*❛+❝❤ ✐♥ ❈✸✱

❈❆▼✱ ❛♥❞ ❈✹ ♠❡*❛❜♦❧✐;♠ ❛♥❞ ♦♣♣♦+*✉♥✐*✐❡; ❢♦+ ❡♥❣✐♥❡❡+✐♥❣ ❧❡❛❢ ;*❛+❝❤ ❛❝❝✉♠✉❧❛*✐♦♥✳

❏✳ ❊①♣✳ ❇♦*✳ ✻✷✱ ✸✶✵✾✕✸✶✶✽✳

❲❡❧❧❜✉+♥✱ ❆✳✱ ▲✐❝❤*❡♥*❤❛❧❡+✱ ❍✳✱ ✶✾✽✹✳ ❋♦+♠✉❧❛❡ ❛♥❞ ♣+♦❣+❛♠ *♦ ❞❡*❡+♠✐♥❡ ❝❛+♦*❡♥♦✐❞; ❛♥❞

❝❤❧♦+♦♣❤②❧❧ ❛ ❛♥❞ ❜ ♦❢ ❧❡❛❢ ❡①*+❛❝*; ✐♥ ❞✐✛❡+❡♥* ;♦❧✈❡♥*;✳ ■♥✿ ❈✳ ❙②❜❡;♠❛✱ ❡❞✱ ❆❞✈❛♥❝❡;

✐♥ ♣❤♦*♦;②♥*❤❡;✐; +❡;❡❛+❝❤ ❱♦❧ ✷✳✱ ✾✕✶✷✳

❲❡❧*❡+✱ ■✳✱ ●I❦*d+❦✲❇❛②❞❛+✱ ◆✳✱ ❆❦❦✉+*✱ ▼✳✱ ▼❛✉❧✱ ❋✳✱ ❊✐❜❛❝❤✱ ❘✳✱ ❚I♣❢❡+✱ ❘✳✱ ❩②♣+✐❛♥✱ ❊✳✱

✷✵✵✼✳ ●❡♥❡*✐❝ ♠❛♣♣✐♥❣ ❛♥❞ ❧♦❝❛❧✐③❛*✐♦♥ ♦❢ e✉❛♥*✐*❛*✐✈❡ *+❛✐* ❧♦❝✐ ❛✛❡❝*✐♥❣ ❢✉♥❣❛❧ ❞✐;❡❛;❡

+❡;✐;*❛♥❝❡ ❛♥❞ ❧❡❛❢ ♠♦+♣❤♦❧♦❣② ✐♥ ❣+❛♣❡✈✐♥❡ ✭❱✐-✐' ✈✐♥✐❢❡!❛ ▲✳✮✳ ▼♦❧✳ ❇+❡❡❞✳ ✷✵✱ ✸✺✾✕✸✼✹✳

❲❡❧*♠❡✐❡+✱ ❋✳✱ ❘❛❤♠❛♥✐✱ ❋✳✱ ❊❤❧❡+*✱ ❆✳✱ ❉✐❡*+✐❝❤✱ ❑✳✱ ❙❝❤✉*③❡✱ ❑✳✱ ❲❛♥❣✱ ❳✳✱ ❈❤❛❜❛♥✱ ❈✳✱

❍❛♥;♦♥✱ ❏✳✱ ❚❡✐❣❡✱ ▼✳✱ ❍❛+*❡+✱ ❑✳✱ ❱✐❝❡♥*❡✲❈❛+❜❛❥♦;❛✱ ❏✳✱ ❙♠❡❡❦❡♥;✱ ❙✳✱ ❉+♦❣❡✲▲❛;❡+✱ ❲✳✱

✷✵✵✾✳ ❊①♣+❡;;✐♦♥ ♣❛**❡+♥; ✇✐*❤✐♥ *❤❡ ❆+❛❜✐❞♦♣;✐; ❈✴❙✶ ❜❩■@ *+❛♥;❝+✐♣*✐♦♥ ❢❛❝*♦+ ♥❡*✲

✇♦+❦✿ ❛✈❛✐❧❛❜✐❧✐*② ♦❢ ❤❡*❡+♦❞✐♠❡+✐③❛*✐♦♥ ♣❛+*♥❡+; ❝♦♥*+♦❧; ❣❡♥❡ ❡①♣+❡;;✐♦♥ ❞✉+✐♥❣ ;*+❡;;

+❡;♣♦♥;❡ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥*✳ @❧❛♥* ▼♦❧✳ ❇✐♦❧✳ ✻✾✱ ✶✵✼✕✶✶✾✳

❲✐❧❧❡✱ ❆✳ ❈✳✱ ▲✉❝❛;✱ ❲✳ ❏✳✱ ✶✾✽✹✳ ❯❧*+❛;*+✉❝*✉+❛❧ ❛♥❞ ❤✐;*♦❝❤❡♠✐❝❛❧ ;*✉❞✐❡; ♦♥ ❣✉❛+❞ ❝❡❧❧;✳

@❧❛♥*❛ ✶✻✵✱ ✶✷✾✕✶✹✷✳

❲✐❧❧♠❡+✱ ❈✳✱ ❋+✐❝❦❡+✱ ▼✳✱ ✶✾✾✻✳ ❙*♦♠❛*❛✳ ❙❡❝♦♥❞ ❡❞✐*✐♦♥✳ ❈❤❛♣♠❛♥✱ ❍❛❧❧✱ ▲♦♥❞♦♥✱ ❯❑✳

❲✐❧❧♠❡+✱ ❈✳✱ ❙❡①*♦♥✱ ❘✳✱ ✶✾✼✾✳ ❙*♦♠❛*❛ ❛♥❞ @❧❛;♠♦❞❡;♠❛*❛✳ @+♦*♦♣❧❛;♠❛ ✶✵✵✱ ✶✶✸✕✶✷✹✳

❲✐♥❞✱ ❏✳✱ ❙♠❡❡❦❡♥;✱ ❙✳✱ ❍❛♥;♦♥✱ ❏✳✱ ✷✵✶✵✳ ❙✉❝+♦;❡✿ ♠❡*❛❜♦❧✐*❡ ❛♥❞ ;✐❣♥❛❧✐♥❣ ♠♦❧❡❝✉❧❡✳

@❤②*♦❝❤❡♠✐;*+② ✼✶✱ ✶✻✶✵✕✶✻✶✹✳

❲✐♥❣❧❡+✱ ❆✳✱ ❋+✐*③✐✉;✱ ❚✳✱ ❲✐❡♠❦❡♥✱ ❆✳✱ ❇♦❧❧❡+✱ ❚✳✱ ❆❡;❝❤❜❛❝❤❡+✱ ❘✳ ❆✳✱ ✷✵✵✵✳ ❚+❡❤❛❧♦;❡

✐♥❞✉❝❡; *❤❡ ❆❉@✲❣❧✉❝♦;❡ ♣②+♦♣❤♦;♣❤♦+②❧❛;❡ ❣❡♥❡✱ ❆♣▲✸✱ ❛♥❞ ;*❛+❝❤ ;②♥*❤❡;✐; ✐♥ ❆+❛❜✐✲

❞♦♣;✐;✳ @❧❛♥* @❤②;✐♦❧✳ ✶✷✹✱ ✶✵✺✕✶✶✹✳

✶✷✷



❲✐♥#❡%✱ ❍✳✱ ❍✉❜❡%✱ ❙✳ ❈✳✱ ❇%♦✇♥✱ ❈✳ ❙✳✱ ✷✵✵✵✳ ❘❡❣✉❧❛#✐♦♥ ♦❢ 7✉❝%♦7❡ ♠❡#❛❜♦❧✐7♠ ✐♥ ❤✐❣❤❡%

♣❧❛♥#7✿ ❧♦❝❛❧✐③❛#✐♦♥ ❛♥❞ %❡❣✉❧❛#✐♦♥ ♦❢ ❛❝#✐✈✐#② ♦❢ ❦❡② ❡♥③②♠❡7✳ ❈%✐#✳ ❘❡✈✳ ❇✐♦❝❤❡♠✳ ▼♦❧✳

❇✐♦❧✳ ✸✺✱ ✷✺✸✕✷✽✾✳

❲✐♥#❡%✱ ❍✳✱ ❘♦❜✐♥7♦♥✱ ❉✳✱ ❍❡❧❞#✱ ❍✳✱ ✶✾✾✹✳ ❙✉❜❝❡❧❧✉❧❛% ✈♦❧✉♠❡7 ❛♥❞ ♠❡#❛❜♦❧✐#❡ ❝♦♥❝❡♥#%❛✲

#✐♦♥7 ✐♥ 7♣✐♥❛❝❤ ❧❡❛✈❡7✳ L❧❛♥#❛ ✶✾✸✱ ✺✸✵✕✺✸✺✳

❲♦♥❣✱ ▼✳ ▲✳✱ ▼❡❞%❛♥♦✱ ❏✳ ❋✳✱ ✷✵✵✺✳ ❘❡❛❧✲#✐♠❡ L❈❘ ❢♦% ♠❘◆❆ R✉❛♥#✐#❛#✐♦♥✳ ❇✐♦❚❡❝❤♥✐R✉❡7

✸✾✱ ✼✺✕✽✺✳
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Abstract The recent publication of the grapevine genome

sequence facilitates the use of qRT-PCR to study gene

expression changes. For this approach, reference genes are

commonly used to normalize data and their stability of

expression should be systematically validated. Among

grapevine defenses is the production of the antimicrobial

stilbenic phytoalexins, notably the highly fungitoxic ptero-

stilbene, which plays a crucial role in grapevine interaction

with Plasmopara viticola and Botrytis cinerea. As a resve-

ratrol O-methyltransferase (ROMT) gene involved in ptero-

stilbene synthesis was recently identiWed, we investigated

the accumulation of the corresponding transcripts to those

of two other stilbene biosynthesis related genes phenylala-

nine ammonia lyase (PAL) and stilbene synthase (STS) in

response to pathogen infection. Using three computer-

based statistical methods and Ct values or LRE method

generated values as input data, we have Wrst identiWed two

reference genes (VATP16 and 60SRP) suitable for normali-

zation of qPCR expression data obtained in grapevine

leaves and berries infected by P. viticola and B. cinerea,

respectively. Next, we have highlighted that the expression

of ROMT is induced in P. viticola-infected leaves and also

in B. cinerea-infected berries, conWrming the involvement

of pterostilbene in grapevine defenses.

Keywords Grapevine · Reference gene · Resveratrol 

O-methyltransferase · Plasmopara viticola · Botrytis cinerea

Introduction

As for other plant models already sequenced, the recent

publication of the genomic sequence of V. vinifera cv. Pinot

Noir (Jaillon et al. 2007; Velasco et al. 2007) facilitates the

use of transcriptomic methods for grapevine. Among them,

quantitative reverse transcription PCR (qRT-PCR) is

largely used to study changes in gene expression by provid-

ing a quantiWcation of their transcript levels. This method

requires the use of reference genes having a supposed sta-

ble expression to normalize the expression data of the stud-

ied genes. However, several works have reported the

variation of supposedly stable reference gene expression

making them inappropriate as reference genes for diVerent

organisms. As (i) a part of our studies dealing with grape-

vine/pathogen interactions uses qRT-PCR and (ii) informa-

tion about the stability of reference genes in infected

grapevine samples is lacking, it was necessary to identify

reference genes suitable for our conditions. The obtained

results will also be helpful for further works aiming at fol-

lowing changes in gene expression in grapevine. In addi-

tion, the objective of our studies is to better understand

grapevine defense mechanisms and to precisely determine

if their activation can limit infection by pathogens. Among

defenses, the antimicrobial compounds, phytoalexins, play

a crucial role in grapevine interactions with Plasmopara

viticola and Botrytis cinerea, responsible for downy mil-

dew and gray mold, respectively. Among these compounds,

pterostilbene has retained attention because of its high anti-

fungal activity, although its biosynthesis has been poorly

described. Recently, Schmidlin et al. (2008) have identiWed
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a gene encoding a resveratrol O-methyltransferase (ROMT)

involved in pterostilbene synthesis and have reported its

expression in V. vinifera cv. Cabernet Sauvignon leaves

infected by downy mildew. These Wndings encouraged us

to use qRT-PCR to follow the expression of ROMT and two

other genes involved in the stilbene biosynthesis pathway

[phenylalanine ammonia lyase (PAL) and stilbene synthase

(STS)], in our pathosystems (V. vinifera cv. Marselan leaves

infected by P. viticola and berries infected by B. cinerea).

This work will contribute to obtain a better knowledge of

the importance of pterostilbene production in the grapevine

phytoalexin response.

qRT-PCR studies require one or more reference genes as

internal controls for the standardization of raw expression

data to control experimental errors which are introduced

during sample preparation or quantiWcation [e.g. inhibitory

factors in the sample, RNA integrity, and enzyme or primer

performance (Bustin 2002; Fleige et al. 2006; Fluck et al.

2005)]. Several reference genes are commonly used, such

as actin (Fung et al. 2008; Ruan and Lai 2007), ubiquitin

(Lund et al. 2008; Olsen et al. 2010), elongation factor

(Abbal et al. 2008; Olsen et al. 2010). The ribosomal units

(18S or 28S rRNA) (Bas et al. 2004; Wang et al. 2010; Xue

et al. 2010) are also frequently used. Such genes are typi-

cally involved in basic cellular functions and should be

expressed at a constant level in all samples (Thellin et al.

1999). Nonetheless, several studies have reported the varia-

tion of supposedly stable reference gene expression (Bas

et al. 2004; Guenin et al. 2009; Tricarico et al. 2002). As

the interpretation of qRT-PCR results is highly dependent

on the normalization (Bas et al. 2004; Dheda et al. 2005;

Guenin et al. 2009), it is evident that the stability of refer-

ence gene expression has to be validated for the experimen-

tal conditions used, in given species and organs/tissues, to

avoid errors in data analysis. In the particular case of grape-

vine, Reid et al. (2006) assessed the expression stability of

a set of candidate reference genes in developing Vitis vinif-

era cv. Cabernet Sauvignon berries including elongation

factor 1-a (EF1-a) and actin (ACT1) genes. Both of them,

together with the 18S rRNA, have often been used as inter-

nal control genes to study grapevine gene expression

(Abbal et al. 2008; Fung et al. 2008; Gao et al. 2010; Hren

et al. 2009; Polesani et al. 2008; Terrier et al. 2005)

although the stability of their expression has not been

checked in conditions diVerent from those of Reid et al.

(2006). In particular, no validation of reference genes has

been reported for grapevine samples in the context of

plant–pathogen interaction until now. Typically, in order to

identify appropriate reference genes, the expression stabil-

ity of several candidate genes is estimated in a range of

diVerent samples. For this purpose, computer-based statisti-

cal approaches have been developed, among them the

programs BestKeeper (PfaZ et al. 2004), NormWnder

(Andersen et al. 2004), and geNorm (Vandesompele et al.

2002). The identiWcation of reliable reference genes by

using these tools has been reported both in animal (Bower

and Johnson 2009; Cappelli et al. 2008; Li et al. 2009;

Robinson et al. 2007) and plant tissues (Hu et al. 2009; Lee

et al. 2010; Remans et al. 2008; Tong et al. 2009). All these

methods rely on the relative Ct values as input data. In the

widely used exponential model of PCR ampliWcation, Ct

values are generated from the ampliWcation proWle after the

determination of a Xuorescence threshold. However, Rutledge

and Stewart (2008a, b, 2010) have reported drawbacks of

the exponential model of the PCR reactions—and therefore

the Ct values—and recommended the “Linear Regression

of EYciency” (LRE) method for a more accurate determi-

nation of PCR eYciency.

One major problem in wine growing is the susceptibility

of most grown grapevine (Vitis vinifera) cultivars to patho-

genic microorganisms such as oomycetes and fungi respon-

sible for serious diseases. Numerous protective treatments

are thus required to ensure fruit quality and quantity.

Among the most destructive pathogens are Plasmopara

viticola and Botrytis cinerea. The obligate biotrophic

oomycete P. viticola infects and alters the green parts of the

plant: leaves, Xowers, and young berries. B. cinerea is a

necrotrophic fungus with a wide host range and it causes

gray mold on Xowers and ripening berries. Our objective is

to study grapevine defense reactions in order to validate a

strategy of protection based on their activation. Such a

strategy would contribute to reduce the use of pesticides in

the vineyard. Among the grapevine defenses activated upon

fungal infection is the production and accumulation of the

antimicrobial compounds phytoalexins (Jeandet et al.

2002). The best-described grapevine phytoalexin is resvera-

trol (3,5,49-trihydroxy-trans-stilbene), which is synthesized

from phenylalanine via the phenylpropanoid pathway

including phenylalanine ammonia lyase (PAL) and stilbene

synthase (STS) (Ferrer et al. 2008). The other phytoalexins

are resveratrol derivatives: the polymers viniferins, the gly-

cosylated derivatives such as piceid, and the dimethylated

derivative pterostilbene or 3,5-dimethoxy-49-hydroxy-

trans-stilbene (Jeandet et al. 2002). Both resveratrol and

pterostilbene have antifungal properties against P. viticola

and B. cinerea (Adrian et al. 1997; Jeandet et al. 2002), but

the dimethylated compound has a higher activity (Adrian

et al. 1997; Pezet and Pont 1990) and therefore certainly

plays a crucial protective role against these pathogens. The

precise biosynthesis pathway of pterostilbene in grapevine

has long remained unknown, but recently, Schmidlin et al.

(2008) used a candidate gene approach to identify a resve-

ratrol O-methyltansferase (ROMT) responsible for resvera-

trol methylation. They have shown that ROMT was

expressed in Cabernet Sauvignon leaves infected by Plas-

mopara viticola. In order to further understand the role of
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pterostilbene in grapevine/pathogen interactions, the expres-

sion of this newly identiWed gene was analyzed in another

V. vinifera cultivar and interaction (grapevine/B. cinerea)

and compared with those of PAL and STS genes.

This study was therefore performed in order to select refer-

ence genes suitable for diVerential gene expression analysis in

grapevine leaves infected by P. viticola and berries infected

by B. cinerea. Using several available methods, two genes,

VATP16 and 60SRP, were selected and next used in combina-

tion or alone to follow the expression of PAL, STS, and ROMT

genes in infected grapevine leaves and berries. These three

genes were induced in response to infection, with STS show-

ing the highest activation factors. Our results indicate that

ROMT is induced in P. viticola-infected Marselan leaves, as

previously described in Cabernet Sauvignon (Schmidlin et al.

2008) and also in berries upon B. cinerea infection.

Materials and methods

Biological material

V. vinifera L. cv. Marselan (Cabernet Sauvignon £ Grenache

Noir) leaves and berries were used in this study and were

infected by Plasmopara viticola and Botrytis cinerea,

respectively.

For the experiments on leaves, herbaceous cuttings were

grown in individual pots (10 £ 7 £ 7 cm) containing a

mixture of peat/sand/perlite (5:1:1, vol/vol/vol) in a green-

house at 24 and 18°C (day and night, respectively) with a

16 h light/8 h dark photoperiod and a relative humidity

(RH) of 70% until six leaves had developed.

P. viticola was maintained on cv. Marselan plants as pre-

viously described (Allègre et al. 2009). For inoculation, the

lower side of leaves was sprayed with a suspension of 104

sporangia ml¡1 in water, incubated overnight at a relative

humidity of 100%, and placed in the conditions described

above. Samples were collected prior to inoculation (con-

trol) and at 1, 3, 5, and 7 days post-inoculation (dpi), at 8

am and 4 pm (10 samples in total). Each sample was com-

posed of the 3rd and 4th (from the shoot base) leaves of six

plants that were frozen immediately in liquid nitrogen.

Three independent biological repetitions were performed.

Berries were harvested in September 2009 in a vineyard

of Bordeaux appellation (France). Healthy berries from the

top of the bunches were chosen, washed and kept at 20°C

and 75 lE s¡1 m¡1 under 100% RH for 3 h prior to inocula-

tion. The equator region of the berries was inoculated with

either a suspension of B. cinerea conidia (5.105 conidia

ml¡1) in potato dextrose broth 1:4 (w:v) in water (Duchefa

Biochemie, Haarlem, Netherlands) or potato broth alone

(control). The berries were placed under the same culture

conditions with a 12 h day/12 h night photoperiod. From

both control and infected berries, one sample was collected

at 0, 16, and 24 h post-inoculation (hpi), and two samples at

48 hpi (10 samples in total). Each sample was composed of

25 peel disks (one peel per berry, 25 berries per condition)

harvested with an 8 mm cork borer.

RNA Extraction

For each berry/leaf sample, total RNA was extracted fol-

lowing the protocol described by Reid et al. (2006). After

determination of the concentration and purity by spectro-

photometry, DNA contaminations were removed with the

“DNase 1-Kit” (Sigma–Aldrich, St Louis, USA) according

to the manufacturer’s instructions.

Four lg of leaf total RNA was used to synthesize the

Wrst-strand cDNA using the ‘‘SuperScript III Reverse

Transcriptase’’ Kit (Invitrogen, Carlsberg, USA) with a 1:1

mixture of Oligo-dT and random hexamer primers follow-

ing the kit’s technical notice.

Ten micrograms of berry RNA was transcribed to total

cDNA using the Invitrogen Superscript Double-Stranded

cDNA Synthesis Kit (Invitrogen, Carlsberg, USA) and an

Oligo-dT primer, according to the manufacturer’s protocol.

Primer design and validation

Microarray data of control and P. viticola-infected (7 dpi)

leaf samples from three independent biological repetitions

(unpublished data) were used to select candidate reference

genes. Nine candidates were chosen on the basis of an

expression level above the background (Xuorescence

intensity > 1000) and a stable expression indicated by a

ratio of 1.0 for treated versus control samples (activation

factor » 1). Attention was paid to select genes coming

from diVerent functional groups in order to reduce the prob-

ability of co-regulation (Table 1).

Primer pairs were designed using the software PerlPrimer

(Marshall 2004) and the sequence data of V. vinifera cv.

Pinot noir [Jaillon et al. 2007; data source was the Geno-

scope Grape Genome Browser (http://www.genoscope.cns.fr/

externe/GenomeBrowser/Vitis)] (Table 2). Primer pairs of

three reference genes typically used for grapevine studies

were included: ACT1, EF1-a, and 18S rRNA.

For the transcriptional analysis of genes implicated in

the stilbene metabolism, primer pairs were used for phenyl-

alanine ammonia lyase (PAL, XM_002281763.1, 59-GGGA

TTTCACTGTTGCATATACTC-39, 59-CATAGAATAG

AAAGCGCGAGG-39), stilbene synthase (STS, XM_00226

5296.1 59-AAAGAAACTCGAAGCAACGAGG-39, 59-

TGGCCCTCTCCCCCTTAA-39), and resveratrol O-meth-

yltransferase (ROMT, XM_002281445.1, 59-TGCCTCT

AGGCTCCTTCTAA-39, 59-TTTGAAACCAAGCACTC

AGA-39) as described earlier (Schmidlin et al. 2008).



276 Mol Genet Genomics (2011) 285:273–285

13

All primers were examined for their target speciWcity by

end-point PCR, using 20 ng of leaf cDNA as template and

following this thermal cycling proWle: 95°C for 15 min; 45

cycles at 95°C for 20 s, 60°C for 30 s, 72°C for 30 s. The

products were visualized by agarose gel electrophoresis and

sequenced by the Sanger method (Genoscreen, France).

qRT-PCR

The qRT-PCR experiments were carried out with the

‘‘ABsolute ™ QPCR SYBR Green ROX Mix’’ (Thermo

Fisher ScientiWc, Waltham, USA), with a Wnal primer con-

centration of 500 nM and 5 ng of total cDNA, in a Light-

Cycler480 (Roche Applied Science, Penzberg, Germany)

using the following thermal cycling proWle: 95°C for

15 min; 45 cycles at 95°C for 20 s, 60°C for 30 s, 72°C for

30 s. Each real-time assay was tested in a dissociation pro-

tocol to ensure that each amplicon was a single product.

AmpliWcation eYciency and the regression coeYcient R2

for each sample were calculated from the Xuorescence raw

data with the LinRegPCR program (Ruijter et al. 2009).

Samples were treated in technical triplicates and the mean

values of Ct and eYciency were used for the further analy-

sis. For the LRE method, the mean values of the raw Xuo-

rescence data of the three technical repeats were Wlled into

the Java applet prototype developed for LRE analysis

(Rutledge and Stevart 2008b).

Statistical analyses

Two sets of data were generated: one for berries (control

and B. cinerea-infected) and one for leaves (control and

P. viticola-infected). Analysis of the expression data were

performed by freely available Visual Basic Applications for

Microsoft Excel, namely geNorm (Vandesompele et al.

2002), NormWnder (Andersen et al. 2004) and BestKeeper

(PfaZ et al. 2004) according to the conditions and restric-

tions described by the authors.

Raw Ct values were transformed into relative quantities

required as data input for geNorm and NormWnder using

the formula Q = E-DCt with E being the ampliWcation

eYciency of the gene and DCt being the diVerence of Ct

values between the sample and the Wrst time-point of the

corresponding infection time-course. Values representing

transcript quantity were transformed into relative quantities

using the ratio between the sample and the Wrst time point

of the corresponding infection time-course.

Results

Primer design and validation

Nine candidate reference genes were selected on the basis

of their microarray expression proWles obtained in a com-

parative study of control and P. viticola-infected grapevine

leaves (unpublished data) after they fulWlled three criteria:

an expression ratio of 1.0 between control and infected

leaves (supposing an equal expression in both samples), a

relative Xuorescence above the background (>1000 relative

units) to ensure the expression of the gene, and the belong-

ing to diVerent functional groups in order to reduce the

probability of a co-regulation. Additionally, three genes

typically used as internal control genes in grapevine studies

Table 1 Description of the candidate reference genes used for qRT-PCR

Gene name Gene annotation Suggested function NCBI identiWer

ADH2 Alcohol dehydrogenase 2 Anaerobic metabolism XM_002281263.1

39SRP 39S ribosomal protein L41-A Component of the mitochondrial 

ribosome large subunit (39S)

XM_002285709.1

UBE2 Ubiquitin carrier protein E2 Protein degradation XM_002275879.1

VATP16 V-type proton ATPase 

16 kDa proteolipid subunit

Transport XM_002269086.1

60SRP 60S ribosomal protein L18 Component of the large 60S 

ribosomal subunit

XM_002270599.1

VPS54 Vacuolar protein sorting-associated 

protein 54

Protein binding, retrograde transport XM_002272141.1

UQCC Ubiquinol-cytochrome c reductase 

complex chaperone (CBP3 homolog)

Unknown XM_002264785.1

SMD3 Small nuclear ribonucleoprotein SmD3 Pre-mRNA splicing AM435088.2

EP1 not annotated (expressed protein) Unknown XM_002278976.1

18S rRNA 18S ribosomal RNA Small ribosomal subunit GQ849399

ACT1 Actin 1 Cytoskeletal structural protein XM_002265440.1

EF1-a EF1-a elongation factor Translation XM_002284888.1
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were included (Table 1): EF1-a (Reid et al. 2006), ACT1,

and 18S rRNA (Polesani et al. 2008).

Primer pairs for qRT-PCR were designed and subse-

quently evaluated on grapevine cv. Marselan cDNA. For 11

of the 12 primer pairs tested, a single amplicon was observed

after electrophoretic separation that was sequenced to

conWrm the primer speciWcity. The primer pair for EF1-a

had to be excluded from the study as it produced two ampli-

cons in our conditions, even if only one peak was visible in

the melting curve analysis (data not shown). Melting curve

analysis of the 11 remaining amplicons conWrmed that

the primers ampliWed a single product. The primer pair

ampliWcation eYciency was estimated using the absolute

Xuorescence increase (Ruijter et al. 2009). For all

couples, the eYciency was above 1.8 (Table 2) and no

signal was detected in no-template controls. Except for

18S rRNA, which showed a strong abundance, all genes

displayed a moderate expression in both the berry and

leaf data sets (Fig. 1). The mean cycle threshold (Ct)

values lay between about 13 for the 18S rRNA and 24

for VPS54 in berry samples (Fig. 1a) and between about 8

for the 18S rRNA and 27 for ADH2 in leaf samples

(Fig. 1b).

The gene expression data obtained with the validated

primer pairs were analyzed independently for both the

berry and the leaf data sets with three software programs,

geNorm, BestKeeper, and NormWnder to obtain the expres-

sion stability of the candidate reference genes.

geNorm statistical analysis

geNorm (Vandesompele et al. 2002) provides a ranking of

the analyzed genes according to their expression stability

that is based on the assumption that two ideal reference

genes should not vary in comparison with each other in the

diVerent test conditions. It calculates the average pairwise

variation of a given candidate reference gene with all other

genes of the set and assigns a measure of its expression

stability (M) to each gene. Stepwise exclusion of genes

with the highest M values (indicating the least stable

Table 2 Selected candidate reference gene primers and their parameters derived from qRT-PCR analysis

a  Mean ampliWcation eYciency values determined with LinRegPCR
b  Emax values determined with LRE

Gene 

symbol

Primer sequences 59–39 Amplicon 

size (bp)

Mean E § SDa Mean Emax (%) § SDb Tm (°C)

ADH2 GACCATGTTCTTCCTGTATTCAC

GTAGCACCAAGACCTGTAGAG

292 1.90 § 0.064 102.5 § 3.1 83.47

39SRP GACTGACTTCAAGCTTAAACC

GATATAACAGGGAATACAGCAC

281 1.92 § 0.030 102.9 § 4.2 81.93

UBE2 CATCCTTCAGGACAAGTGGT

GAGCTTTACAGATATACGAAACCG

299 1.8 § 0.096 102.1 § 7.0 81.07

VATP16 CTTCTCCTGTATGGGAGCTG

CCATAACAACTGGTACAATCGAC

112 1.93 § 0.069 103.7 § 4.1 85.23

60SRP ATCTACCTCAAGCTCCTAGTC

CAATCTTGTCCTCCTTTCCT

165 1.9 § 0.107 105.2 § 4.6 82.39

VPS54 ATTTGTTGGATGGTGATGAG

TAATGAAAGGGAGAAGACGA

263 1.9 § 0.063 108.4 § 11.1 81.11

UQCC CAAAGTATGAGGGTATCCGA

GTATTGCCCAAATTCAACACC

250 1.89 § 0.056 105.8 § 8.1 80.30

SMD3 GCTCTGTTGTTGAAGATGGG

GGAAGCAGTTTGTAGCATCAG

156 1.92 § 0.097 106.7 § 5.5 82.51

EP1 ACATGGGTTCTGGTATAATGG

ATAAAGATTGCCTCTCAGGT

173 1.96 § 0.071 108.4 § 5.3 81.21

18S rRNA GCCCTATCAACTTTCGATGG

TGGATGTGGTAGCCGTTTCT

109 1.91 § 0.074 100.2 § 3.7 82.62

ACT1 CCACCTTGATCTTCATGCTGC

CACCTCCCCATGCTATCCTTCGTC

295 1.91 § 0.114 103.5 § 4.2 83.67

EF1-a AACCAAAAATATCCGGGAGTAAAAGA

GAACTGGGTGCTTGATAGGC

150 1.94 § 0.058 102.7 § 2.9 82.70
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expression) before recalculation Wnally reveals the two

most stable candidate genes. These are assumed to be

expressed at a constant level in all the tested samples, under

the precondition that they are not co-regulated in the stud-

ied conditions. This program thus provides a ranking of

candidate reference genes according to the stability mea-

sure M, from the least to the most stable. For the berry data

set, the outcome was as follows: 18S rRNA > VPS54 >

ACT1 > 39SRP > UQCC > UBE2 > SMD3 > 60SRP > EP1 >

ADH2 and VATP16 (Table 3) and for the leaf data set: 18S

rRNA > ACT1 > 39SRP > UBE2 > ADH2 > EP1 > VPS54 >

SMD3 > VATP16 > 60SRP and UQCC (Table 3).

Most of the genes evaluated, except the top-ranking can-

didates, showed an M value higher than the limit of <1.5

suggested by the authors of geNorm, indicating a rather

high variability of expression. Nevertheless, it was possible

to identify genes with a low variability that matched the

preconditions: EP1, VATP16, and ADH2 for the berry sam-

ples and 60SRP, and UQCC for leaf samples (Table 3).

BestKeeper statistical analysis

The stability of candidate reference gene expression was

also analyzed by BestKeeper (PfaZ et al. 2004). This

approach performs a statistical analysis of the Ct values,

determining a set of presumably stable candidate reference

genes with a standard deviation <1. These genes are then

used to calculate a ‘‘BestKeeper index’’. The ranking of the

candidate reference genes is based on their pair-wise corre-

lation with this index value which is indicated by the Pear-

son correlation coeYcient (r). As the maximal number of

genes analyzed by this program is 10, the 18S rRNA, one of

the worst ranking candidates in the previous analyses, was

excluded from the studied data sets.

For the berry data set, 39SRP, VPS54, SMD3, and EP1

were included into the BestKeeper index calculation

(Table 4). The comparison of the candidate genes with this

value resulted in a ranking as follows, from the least stable to

the most stable: VPS54 > UQCC > SMD3 > EP1 > 39SRP >

ADH2 > UBE2 > 60SRP > ACT1 > VATP16 (Table 4). While

VPS54 and UQCC showed a low correlation with the Best-

Keeper index, the Pearson coeYcients for 60SRP, ACT1,

and VATP16 were relatively high. A BestKeeper index

from leaf data was calculated with all the genes except

UQCC, VPS54, and ACT1 and the ranking was as follows:

UBE2 > EP1 > 39SRP > ADH2 > SMD3 > ACT1 > VPS54 >

UQCC > 60SRP > VATP16 (Table 4). UBE2 showed

the lowest and UQCC, 60SRP, and VATP16 the highest

correlation coeYcients.

NormWnder expression stability analysis

NormWnder calculates a ‘‘stability value’’ for the candidate

reference genes, where a low value represents stable

expression (Andersen et al. 2004). This model-based

approach produces a ranking of the genes by the compari-

son of their estimated intra- and intergroup variations. For

this analysis, in both the berry and the leaf data sets, two

groups were deWned, corresponding to control and infected

Fig. 1 qRT-PCR expression 

values for candidate reference 

genes in grapevine samples. 

Expression data for a B. cinerea-

infected berries and b P. vitico-

la-infected leaves are displayed 

as cycle threshold values for 

each gene in the totality of the 

samples of a data set. The boxes 

indicate the 25th and 75th per-

centiles and the line within the 

box represent the median. Mini-

mum and maximum values are 

represented by whiskers

Table 3 Candidate reference gene ranking according to their expres-

sion stability as calculated by the geNorm program

For each gene the M value was calculated by geNorm as the average

expression stability in B. cinerea-infected berries and P. viticola-in-

fected leaves, respectively

Ranking Berries Leaves

Gene name M value Gene name M value

1 & 2 ADH2 & VATP16 0.355 60SRP & UQCC 0.911

3 EP1 0.481 VATP16 5.510

4 60SRP 4.560 SMD3 6.697

5 SMD3 5.738 VPS54 8.639

6 UBE2 5.843 EP1 10.412

7 UQCC 7.580 ADH2 11.256

8 39SRP 8.734 UBE2 12.054

9 ACT1 9.732 39SRP 12.643

10 VPS54 11.474 ACT1 13.401

11 18S rRNA 13.690 18S rRNA 14.832
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samples, respectively. Such repartition allows the analysis

of the eVect of pathogen infection on the candidate refer-

ence gene expression.

The Wrst calculation, based on both inter- and intragroup

variations, resulted in the following order of candidate ref-

erence gene stability in berries, from the least stable to

the most stable: UQCC > 18S rRNA > VPS54 > EP1 > AD

H2 > SMD3 > ACT1 > UBE2 > 39SRP > 60SRP > VATP16

(Table 5). When selecting a reference gene from a set of

candidates with NormWnder, an important precondition is

that all genes in the set are unaVected by the treatment

(Andersen et al. 2004). Therefore, the worst-ranked genes,

whose expression evidently varied between or within the

control and infected groups (UQCC, 18S rRNA, VPS54,

and EP1) were excluded from the panel and the analysis

was repeated with the remaining candidate genes. The sec-

ond calculation produced a slightly diVerent order of candi-

date reference genes: ADH2 > ACT1 > 39SRP >  UBE2 >

SMD3 > 60SRP > VATP16, with 60SRP and VATP16 as the

most stable genes (Table 5). For candidate reference gene

expression in leaves, the NormWnder calculation produced

the following ranking: 18S rRNA >  ACT1 > UBE2 >

39SRP > EP1 > VPS54 > ADH2 > SMD3 > UQCC > 60SR

P = VATP16 with 60SRP and VATP16 as the most stable

genes (Table 6). The intra-group variation reached 1.025 in

the control leaves for ACT1 and 0.795 for the 18S rRNA in

infected leaves (Table 6).

Final ranking of reference gene candidates

As described earlier (Expósito-Rodríguez et al. 2008), val-

ues from 1 (most stable) to 11 (least stable) were attributed

to the candidate genes according to their relative position in

the ranking produced by each of the three programs. The

sums of these values were then used to list these genes

according to their stability. For berries the following order

of candidate reference genes was obtained, from the least

to the most appropriate: 18S rRNA > VPS54 > UQCC >

39SRP > EP1 > ACT1 > SMD3 > ADH2 > UBE2 > 60SRP

> VATP16 with 60SRP and VATP16 as the most stable genes

(Table 7). The same approach used with leaf data generated

Table 4 BestKeeper software statistical analysis of Ct values for

candidate reference genes

Candidate reference genes expressed in berries infected with B. cine-

rea and leaves inoculated with P. viticola are ranked according to their

pair-wise correlation with the BestKeeper-index expressed by the

Pearson coeYcient r. This index is calculated with the data of genes

showing a standard deviation (SD) of their Ct values < 1, values of the

excluded genes are presented in italics

Ranking Berries Leaves

Gene name SD r Gene name SD r

1 VATP16 2.112 0.989 VATP16 0.817 0.960

2 ACT1 1.536 0.987 60SRP 0.736 0.953

3 60SRP 1.134 0.986 UQCC 1.026 0.950

4 UBE2 2.174 0.984 VPS54 1.056 0.922

5 ADH2 2.223 0.973 ACT1 1.162 0.910

6 39SRP 0.607 0.943 SMD3 0.699 0.871

7 EP1 0.913 0.922 ADH2 0.972 0.862

8 SMD3 0.366 0.920 39SRP 0.886 0.785

9 UQCC 2.211 0.354 EP1 0.999 0.779

10 VPS54 0.785 0.296 UBE2 0.846 0.633

Table 5 NormWnder statistical analysis of candidate reference gene expression in grapevine berries infected with B. cinerea

Ranking of reference gene candidates was based on the statistical analysis of the inter- and intra-group variations of their relative expression in

control and infected samples given by NormWnder. A second analysis was performed with the program after exclusion of the values considered as

outliers in the Wrst analysis (stability value > 0.3, presented in italics)

First analysis Second analysis

Gene name Intergroup 

variation

Intragroup variation Stability 

value

Gene name Stability 

value
Control Infected

1 VATP16 0.007 0.001 0.074 0.109 VATP16 0.050

2 60SRP 0.069 0.001 0.026 0.134 60SRP 0.087

3 39SRP 0.112 0.002 0.002 0.143 SMD3 0.094

4 UBE2 0.082 0.010 0.023 0.161 UBE2 0.106

5 ACT1 0.104 0.004 0.020 0.170 39SRP 0.150

6 SMD3 0.035 0.144 0.011 0.171 ACT1 0.161

7 ADH2 0.105 0.124 0.031 0.246 ADH2 0.193

8 EP1 0.340 0.143 0.000 0.408

89 VPS54 0.579 0.517 0.147 0.628

10 18S rRNA 0.129 9.836 2.171 1.054

11 UQCC 0.951 0.005 8.808 1.260
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the following order of genes: 18S rRNA > UBE2 > 39SRP >

ACT1 > EP1 > ADH2 > VPS54 > SMD3 > UQCC > 60SRP

> VATP16 with 60SRP, and VATP16 as the best candidates

(Table 7).

Stability of the candidate reference genes assessed 

with LRE data

The ampliWcation proWles of the candidate reference genes

were also analyzed by the LRE method. Emax values for all

primer couples were above 100% (Table 2). and the vari-

ances were similar to those obtained by LinRegPCR (data

not shown).The expression data obtained were Wlled into

Genorm and NormWnder to allow comparison with the

results derived from the traditionally calculated Ct values

(Table 8). For Genorm, the amplitude of M values obtained

for the diVerent candidate genes was lower than previously

observed. 39SRP, VPS54 and 60SRP showed an acceptable

M value for berry samples and UBE2, VATP16 and ADH2

for leaf samples. For NormWnder, generally higher stability

values were obtained compared with the analysis based on

the Ct values (Table 8). 60SRP and VATP16 were the best

ranked for berry and leaf samples, respectively. The Wnal

ranking of the candidate genes was determined according to

their relative position in the ranking produced by Genorm

and NormWnder as described earlier. 60SRP was the top-

ranked for berry samples and VATP16 for leaf samples

(Table 8).

Expression of genes involved in pterostilbene biosynthesis

The expression of PAL, STS, and ROMT genes, encoding

enzymes involved in pterostilbene synthesis, was analyzed

in B. cinerea-infected berries and P. viticola-infected

leaves. Based on the data described earlier, the expression

of genes was normalized using VATP16 and 60SRP in com-

bination (Fig. 2). For comparison purpose, they were nor-

malized using 60SRP alone for berry samples and VATP16

alone for leaf samples according to the results obtained

with the data of LRE analysis (data not shown). The results

were similar in both conditions of normalization. In B. cine-

rea-infected berries, the expression of STS and ROMT were

induced from 16 and 48 hpi, respectively, whereas PAL was

induced at 24 h only. (Fig. 2a–c). In P. viticola-infected

leaves, the expression of PAL, STS, and ROMT was

induced from 1 dpi, with a strong increase from 5 dpi for

Table 6 NormWnder statistical analysis of candidate reference gene

expression in P. viticola-infected grapevine leaves

Ranking of reference gene candidates was based on the statistical anal-

ysis of the inter- and intra-group variations of their relative expression

in control and infected samples given by NormWnder

First analysis

Gene name Intergroup 

variation

Intragroup 

variation

Stability 

value

Control Infected

1 VATP16 0.009 0.021 0.102 0.058

2 60SRP 0.022 0.081 0.020 0.058

3 UQCC 0.126 0.243 0.070 0.102

4 SMD3 0.004 0.275 0.127 0.117

5 ADH2 0.074 0.184 0.284 0.124

6 VPS54 0.054 0.328 0.220 0.138

7 EP1 0.010 0.120 0.573 0.139

8 39SRP 0.043 0.428 0.283 0.157

9 UBE2 0.173 0.423 0.620 0.186

10 ACT1 0.053 1.025 0.145 0.191

11 18S rRNA 0.120 0.456 0.795 0.202

Table 7 Final ranking of the candidate reference genes

The expression data of candidate reference genes in V. vinifera berries

and leaves infected with B. cinerea and P. viticola, respectively, was

analyzed by the programs BestKeeper, NormWnder and geNorm. The

program-speciWc results were combined to produce a conclusive rank-

ing from the most (1) to the least (11) stable candidate reference gene.

The NormWnder data of a Wrst analysis was retained for those genes that

were excluded as outliers prior to the second analysis

BestKeeper NormWnder GeNorm Conclusion

Berries

1 VATP16 VATP16 ADH2 & VATP16 VATP16

2 ACT1 60SRP EP1 60SRP

3 60SRP SMD3 60SRP UBE2

4 UBE2 UBE2 SMD3 ADH2

5 ADH2 39SRP UBE2 SMD3

6 39SRP ACT1 UQCC ACT1

7 EP1 ADH2 39SRP EP1

8 SMD3 EP1 ACT1 39SRP

9 UQCC VPS54 VPS54 UQCC

10 VPS54 18S rRNA 18S rRNA VPS54

11 UQCC 18S rRNA

Leaves

1 VATP16 VATP16 60SRP & UQCC VATP16

2 60SRP 60SRP VATP16 60SRP

3 UQCC UQCC SMD3 UQCC

4 VPS54 SMD3 VPS54 SMD3

5 ACT1 ADH2 EP1 VPS54

6 SMD3 VPS54 ADH2 ADH2

7 ADH2 EP1 UBE2 EP1

8 39SRP 39SRP 39SRP ACT1

9 EP1 UBE2 ACT1 39SRP

10 UBE2 ACT1 18S rRNA UBE2

11 18S rRNA 18S rRNA
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PAL and from 3 dpi for STS and ROMT (Fig. 3a–c); the

activation factors were particularly high for STS. The levels

of gene expression were higher in leaf samples than in the

berry samples.

Discussion

The three programs geNorm, BestKeeper, and NormWnder

were used to identify reference genes suitable for diVeren-

tial gene expression analysis in grapevine/pathogen interac-

tions. NormWnder analysis allowed us to study the eVect

of infection on the candidate gene expression. In berries,

UQCC showed a high intra-group variation in the infected

samples, together with a high inter-group variation, sug-

gesting an eVect of the B. cinerea infection. However, 18S

rRNA showed the highest intra-group variation in the con-

trol samples, but the corresponding inter-group variation

was rather low, indicating that the low ranking of this can-

didate did not result from infection. Furthermore, infection

seemed to have little eVect on the expression of the other

candidate genes. For leaves, both the inter- and intra-group

variations were lower than that in berry samples, indicating

that the development of the oomycete did not aVect the can-

didate gene expression.

Studies using a combination of geNorm, BestKeeper,

and NormWnder often describe minor to substantial discrep-

ancies in the results of the three programs. These are typi-

cally explained by the diVerences in the mathematical

models associated with each approach (Reid et al. 2006;

Schmidt and Delaney 2010). In this study, the results

obtained by the three methods did not show excessive dis-

crepancies and were compared to produce a Wnal ranking of

the candidate genes. This allowed an identiWcation of the

best candidates based on more than one program. Some

diVerences in the order of the gene rankings obtained with

the three models were observed between the two data sets

from diVerent organs. For berry samples, UBE2 was placed

in the top or middle of the ranking, while this gene was

low-ranked for leaf samples. An inverse observation could

be made for the candidate UQCC, which is one of the least

stable in berries, but near the top of the rankings for leaves.

These variations are probably the result of expression regu-

lation diVerences caused by the diVerent organ types.

Despite these discrepancies, similarities between the diVer-

ent analyses were observed. Some of the candidate genes

were repeatedly ranked low in the sample sets, namely

the 18S rRNA, which was not adequate to be used as a

reference gene in the tested conditions. These results are in

accordance with previous studies describing that ribosomal

subunits can be inappropriate internal controls for gene

expression analysis (Tricarico et al. 2002; Wong and Medr-

ano 2005). These results also conWrm that the identiWcation

of stable reference genes has to be systematically done for

any study of gene expression using qRT-PCR in grapevine

as in other plant species. On the other hand, VATP16 and

60SRP genes were the top-ranked reference genes for

almost every analysis and in the Wnal ranking, indicating

that they are suitable for the normalization of qRT-PCR

expression data obtained in grapevine/P. viticola and B.

cinerea interactions. As the use of at least two reference

genes is generally recommended (Vandesompele et al.

2002) to normalize gene expression, the combination of

VATP16 and 60SRP appeared suitable for qRT-PCR studies

in our experimental conditions.

All these results were obtained using the traditionally

calculated Ct values and associated methods. For current

Table 8 Genorm and NormWnder statistical analysis of candidate ref-

erence gene expression in P. viticola-infected grapevine leaves and

berries using values derived from LRE analysis as input data

For each gene the M value was calculated by geNorm as the average

expression stability in B. cinerea-infected berries and P. viticola-in-

fected leaves, respectively. Ranking of reference gene candidates was

based on the statistical analysis of the inter- and intra-group variations

of their relative expression in control and infected samples given by

NormWnder

GeNorm NormWnder Final 

ranking
Gene symbol M value Gene 

symbol

Stability 

value

Berries

1 39SRP & VPS54 1.329 60SRP 0.353 60SRP

2 60SRP 1.660 EP1 0.416 VPS54

3 VATP16 2.164 UQCC 0.464 39SRP

4 UQCC 2.440 VATP16 0.525 VATP16

5 EP1 2.644 VPS54 0.573 EP1

6 ADH2 2.754 39SRP 0.583 UQCC

7 SMD3 2.836 SMD3 0.722 ADH2

8 ACT1 3.257 ADH2 0.773 SMD3

9 UBE2 3.629 ACT1 1.060 ACT1

10 18S rRNA 3.975 UBE2 1.493 UBE2

11 18S rRNA 1.721 18S rRNA

Leaves

1 UBE2 & VATP16 1.599 VATP16 0.211 VATP16

2 ADH2 1.679 SMD3 0.274 ADH2

3 SMD3 1.816 ADH2 0.363 SMD3

4 39SRP 1.934 39SRP 0.365 UBE2

5 ACT1 2.180 UBE2 0.367 39SRP

6 EP1 2.529 ACT1 0.651 ACT1

7 UQCC 2.868 VPS54 0.682 EP1

8 VPS54 3.141 EP1 0.703 VPS54

9 60SRP 3.382 60SRP 0.717 UQCC

10 18S rRNA 3.793 UQCC 0.821 60SRP

11 18S rRNA 1.012 18S rRNA
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qRT-PCR methods, DNA quantiWcation is calculated from

Xuorescence threshold and ampliWcation eYciency. These

methods consider that the exponential phase of the PCR

ampliWcation proWle indicates a constant eYciency of

ampliWcation and use the slope of this region to estimate

this eYciency. However, Rutledge and Stewart (2008a)

have reported innate limitations and the inaccuracy of this

model and proposed the LRE analysis (Rutledge and Stew-

art 2008b, 2010). LRE analysis is based on the observation

that the log-linear phase of the PCR ampliWcation proWle

does not result from a constant eYciency but, on the con-

trary, from an exponential loss in ampliWcation rate (Rutl-

edge and Stewart 2008a) leading to underestimations with

usual methods. LRE analysis Wrst determines the maximal

ampliWcation eYciency (Emax) and the rate of loss in ampli-

Wcation eYciency by applying linear regression analysis to

the Xuorescence readings within the central region of an

ampliWcation proWle and next calculates the DNA quantity

by conversion of Xuorescence readings (Rutledge and Stewart

2008b, 2010). Rutledge and Stewart (2008a, b, 2010) have

reported that the LRE method was more accurate than usual

methods to follow changes in gene expression and also rec-

ommended absolute DNA quantiWcation using bacterio-

phage lambda genomic DNA as a universal quantitative

standard. In our study, this method was simply used to pro-

duce expression data other than Ct in order to assess the sta-

bility of the candidate reference genes by their relative

expression in infected versus control samples. A prototypic

Java program that enables the implementation of the LRE-

based methodology is available and could be used with our

RT-PCR raw data to allow comparison with usual methods.

As Bestkeeper directly uses Ct values, it was not suitable

for this comparison. NormWnder and Genorm, however,

were Wlled with data obtained with the LRE method. In

these conditions, 60SRP and VATP16 were the most stable

of the studied reference gene in berry and leaf samples,

respectively (Table 8). Regarding the expression stability

values obtained with this analysis, the use of a single gene

instead of several in combination seems better for normali-

zation.

60SRP and VATP16 in combination, and VATP16 or

60SRP alone were therefore used as reference genes to

Fig. 2 Relative expression of genes coding for enzymes involved in

pterostilbene biosynthesis in B. cinerea-infected grapevine berries.

a phenylalanine ammonia-lyase, PAL, b stilbene synthase, STS, and

c resveratrol O-methyltransferase, ROMT, gene expression analyzed

by qRT-PCR. Samples were collected from 0 to 48 h post-inoculation.

Expression levels were normalized with respect to VATP16 and 60SRP

expression and related to the corresponding control. Graphs corre-

spond to one representative experiment

Fig. 3 Relative expression of genes coding for enzymes involved in

pterostilbene biosynthesis in P.viticola-infected grapevine leaves.

a phenylalanine ammonia-lyase, PAL, b stilbene synthase, STS, and

c resveratrol O-methyltransferase, ROMT, gene expression analyzed

by qRT-PCR. Samples were collected from 1 to 7 days post-inocula-

tion. Expression levels were normalized with respect to VATP16 and

60SRP expression and related to the corresponding control. Graphs

correspond to one representative experiment
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study the expression of genes encoding enzymes involved

in pterostilbene biosynthesis in P. viticola-infected leaves

and B. cinerea-infected berries. Similar results were

obtained in both cases. As previously reported by Schmid-

lin et al. (2008), we conWrmed that ROMT expression is

induced in P. viticola infected grapevine leaves, but in the

Marselan variety. In addition, our results indicate that it is

also induced in berries in response to B. cinerea infection.

These data are consistent with previous studies reporting

the occurrence of pterostilbene in B. cinerea-infected

grapevine berries, even if it is generally detected in small

amounts, largely well below those of resveratrol (Adrian

et al. 2000). Many studies on grapevine/B. cinerea interac-

tion did not systematically detect pterostilbene, whereas

resveratrol and derivatives were accumulated (Adrian et al.

2000). It would be interesting to determine whether ptero-

stilbene was present under the limit of detection or if there

is a post-translational regulation of its production. Our

results indicate that ROMT is expressed in diVerent grape-

vine organs (leaves and berries) and in response to infection

by a biotrophic (P. viticola) and a necrotrophic (B. cinerea)

pathogen. In berries, the level of stilbene accumulation in

response to infection or other stresses such as UV-irradia-

tion is highly dependent on the berry state of development

and declines from veraison to maturity. In our experiments

mature berries were used, which certainly explains why the

levels of gene expression were lower than in leaves. Stil-

bene production has been described as a grapevine response

to various abiotic stresses such as UV light or aluminum

chloride and also to biotic stresses such as pathogen infec-

tion. Expression of a stilbene synthase gene in tobacco and

other plants often leads to an increased resistance against

necrotrophic or biotrophic pathogens (Jeandet et al. 2002),

indicating that stilbene production is potentially a large

spectrum defense strategy.

This study was Wrst conducted to assess the expression

stability of candidate reference genes in two diVerent

grapevine organs (leaves and berries) infected by a bio-

trophic and a necrotrophic pathogen (P. viticola and

B. cinerea, respectively). Using three computer-based sta-

tistical methods and Ct values or LRE method generated

values as input data, we have identiWed two genes, VATP16

and 60SRP, as suitable reference genes to normalize gene

expression data obtained in grapevine/P. viticola and

B. cinerea interactions. The usually used 18S RNA was

highly unstable and had to be rejected, conWrming the

importance to systematically verify the stability of candi-

date reference genes for any study of gene expression using

qRT-PCR in grapevine as in other plant species. For a sec-

ond calculation with data obtained from LRE analysis, we

observed a stable expression of 60SRP and VATP16 in

berry and leaf samples, respectively. Second, we have fol-

lowed the expression of three genes involved in stilbene

production in both interactions, especially the recently

identiWed ROMT gene involved in the pterostilbene synthe-

sis. For the Wrst time, we highlight that the expression of the

ROMT gene encoding an enzyme involved in pterostilbene

synthesis is regulated not only in leaves but also in berries

during grapevine/P. viticola and B. cinerea interactions.

Further studies will be needed to determine the function of

ROMT gene in the global grapevine phytoalexin defense

response to pathogens. In particular, it would be interesting

to determine if compounds known to activate grapevine

defenses (elicitors) induce the expression of ROMT gene

and whether this activation is essential to induce grapevine

resistance against pathogenic fungi. Such information

would contribute to the development of a strategy of pro-

tection of the vineyard based on the use of elicitors in order

to reduce the use of pesticides.
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The oomycete Plasmopara viticola is responsible for downy 
mildew, a severe grapevine disease. In infected grapevine 
leaves, we have observed an abnormal starch accumulation 
at the end of the dark period, suggesting modifications in 
starch metabolism. Therefore, several complementary 
approaches, including transcriptomic analyses, 
measurements of enzyme activities, and sugar 
quantification, were performed in order to investigate and 
to understand the effects of P. viticola infection on leaf 
starch and—to a larger extent—carbohydrate metabolism. 
Our results indicate that starch accumulation is associated 
with an increase in ADP-glucose pyrophosphorylase 
(AGPase) activity and modifications in the starch 
degradation pathway, especially an increased -amylase 
activity. Together with these alterations in starch 
metabolism, we have observed an accumulation of hexoses, 
an increase in invertase activity, and a reduction of 
photosynthesis, indicating a source-to-sink transition in 
infected leaf tissue. Additionally, we have measured an 
accumulation of the disaccharide trehalose correlated to an 
increased trehalase gene expression and enzyme activity. 
Altogether, these results highlight a dramatic alteration of 
carbohydrate metabolism correlated with later stages of P. 
viticola development in leaves. 

Plasmopara viticola is the causal agent for grapevine downy 
mildew, a severe disease which affects harvest quality and 
quantity. This disease remains problematic because its control 
requires frequent fungicide applications in wet weather. P. 
viticola is an obligate biotrophic oomycete which needs living 
tissue for nutrient uptake, growth, and reproduction. It uses 
stomata to penetrate into leaves, develops an intercellular 
mycelium with haustoria for nutrient uptake from mesophyll 
cells, and subsequently reaches other stomata for sporulation. 
The disease is characterized by the occurrence of typical “oil-
spot symptoms” on the upper side of the leaf. In infected 
leaves, we have observed an abnormal starch accumulation at 
the end of the dark period, suggesting modifications in the 

carbohydrate metabolism. 
Recently, the effects of pathogen infection on plant primary 

metabolism have aroused new interest (Berger et al. 2007). 
Plants need photoassimilates to fuel the activation of defense 
reactions and to mediate physiological adaptations (Bolton 
2009) whereas pathogens attempt to manipulate the plant to 
use carbohydrates for their development. Both compete for 
sugars, resulting in modifications of photoassimilate 
production and partitioning within host tissues (Abood and 
Lösel 2003; Hall and Williams 2000; Scholes et al. 1994).  

Plants produce carbohydrates in photosynthetic source 
organs and export them toward sugar-importing sink organs. 
During the day, a part of the sugars is retained in leaf 
chloroplasts and metabolized in transitory starch, which is 
degraded during the dark period to support leaf metabolism 
and sucrose export. Starch, the major form of plant carbon 
storage, is mainly composed of branched amylopectin and also 
the nonbranched amylose. Both molecules are polymers of -
1,4- and -1,6-linked glucose units. Starch synthesis involves 
ADP-glucose pyrophosphorylase (AGPase) (EC 2.7.7.27), 
starch synthases (EC 2.4.1.21), and branching enzymes (EC 
2.4.1.25 3.2.1.33) (Zeeman et al. 2007). The knowledge of 
starch breakdown mechanisms in plastids remains incomplete. 
It is proposed that phosphorylation by glucan, water dikinase 
(EC 2.7.9.4), and phosphoglucan water dikinase (PWD) (EC 
2.7.9.4) is required to allow the subsequent degradation by -
amylases (EC 3.2.1.2) (Lloyd et al. 2005; Scheidig et al. 2002; 
Smith et al. 2005). The role of -amylases (EC 3.2.1.1) in leaf 
starch degradation remains uncertain (Llyod et al. 2005). 

Plant sugar concentrations alter in response to diurnal 
changes and biotic and abiotic stresses (Rolland et al. 2006). 
In addition to their role as resources for respiration, metabolic 
intermediates, and storage components, sugars are signaling 
molecules and can impact gene expression and enzyme 
activity, especially those related to carbohydrate metabolism 
and photosynthesis (Koch 2004; Rolland et al. 2002; 
Smeekens 2000). For example, glucose or sucrose repress the 
expression of genes encoding the small subunit of ribulose 
bisphosphate carboxylase (EC 4.1.1.39, Rubisco), the 
chlorophyll a/b binding protein, and -amylase (Gibson 2005; 
Krapp et al. 1993), whereas both induce the expression of the 
gene encoding extracellular invertase (EC 3.2.1.26) (Roitsch 
1999; Sheen et al. 1999). In Arabidopsis, trehalose activates 
the transcription of AGPase genes (Wingler et al. 2000). 
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Sugars also regulate enzyme activities. For example, 
extracellular invertase activity is induced by glucose and 
sucrose in Chenopodium rubrum (Roitsch et al. 1995) and by 
sucrose in tomato (Godt and Roitsch 1997; Sinha et al. 2002). 

Invertases are key enzymes for carbohydrate allocation 
because they catalyze the irreversible cleavage of sucrose, the 
major form of translocated sugars in plants, into glucose and 
fructose. Plants contain several isoforms of invertases that 
differ by their subcellular localization, pH optimum, and 
isoelectric point (Godt and Roitsch 1997). Soluble intracellular 
invertases (vacuolar acidic and cytoplasmic alkaline) can be 
distinguished from acidic apoplastic or cell-wall invertases. 
The cell-wall invertase activity is an important determinant of 
local sink strength (Sturm 1999). Invertases are not plant 
specific and are also present in bacteria and fungi such as 
Aspergillus spp. or Uromyces fabae (Voegele et al. 2006). An 
increase in invertase activity is a common feature of plant–
pathogen interactions (Fotopoulos et al. 2003; Roitsch et al. 
2003; Sutton et al. 2007; Voegele et al. 2006). In compatible 
plant–biotrophic microorganism interactions, it is associated 
with a reduction in the rate of net photosynthesis (Chou et al. 
2000; Tang et al. 1996) and an accumulation of hexose sugars 
at the site of infection, resulting in a local shift of source to 
sink (Scholes et al. 1994). In grapevine leaves infected by 
powdery and downy mildew, Brem and associates (1986) have 
described an increase of acid invertase activity and, more 
recently, Hayes and associates (2010) have reported changes in 
the expression of apoplastic invertase and hexose transporter 
genes. 

Whereas grapevine–P. viticola interaction has already been 
described in a context of genetic or induced resistance (Dai 
1995; Díez-Navajas et al. 2008, Trouvelot et al. 2008), to our 
knowledge, neither a deregulation of starch metabolism nor a 
general view of the effect of the infection on carbohydrate 
metabolism was reported until now. Therefore, in this study, 
several complementary approaches, including transcriptomic 
analyses, measurements of enzyme activities, and sugar 
quantification, were used in order to understand the 
mechanisms responsible for starch abnormal accumulation and 
to investigate the effect of P. viticola infection on the leaf 
carbohydrate metabolism. 

RESULTS 

P. viticola development induces  
abnormal starch accumulation. 

P. viticola development was monitored by analysis of the 
ratio of pathogen/leaf DNA content (coefficient of infection) 
and visualized by microscopy after aniline blue staining (Fig. 
1). At 1 day postinoculation (dpi), zoospores have reached 
stomata, encysted, and initiated germination. The oomycete 
DNA was detectable from 3 dpi, when hyphae have developed 
and formed haustoria in mesophyll cells. The coefficient of 
infection increased significantly from 5 dpi concomitantly to 
extensive leaf colonization and to the occurrence of the “oil-
spot” symptoms. It reached a maximum when symptoms were 
spread over most of the leaf surface and the oomycete was 
ready to initiate sporangiophores (7 dpi). 

Lugol staining was used to visualize starch in control and P. 
viticola-infected leaves when the coefficient of infection 
reached the maximum (7 dpi). At the end of the dark period, 
control leaves showed no starch (Fig. 2A) whereas, in infected 
leaves, starch was co-localized with the oil-spot symptoms 
(Fig. 2B). During the light period, starch was evenly 
distributed in control leaves whereas it seemed preferentially 
localized in oil spots of infected leaves (data not shown). 

Ultrathin cuts of control and inoculated (6 dpi) leaves, 

collected at the end of the dark period, were observed using 
transmission electron microscopy. In the spongy parenchyma 
cells of control leaves, some chloroplasts seemed to contain 
only small starch amounts, as indicated by the presence of few 
and relatively small granules (Fig. 2C). In infected leaves, 
however, chloroplasts contained voluminous starch granules 
but the integrity of such chloroplasts seemed unaltered (Fig. 
2D). 

The starch content was determined in leaf extracts by the 
measure of glucose units released after enzymatic digestion. 
For leaf extracts sampled during the light period, glucose at 
approximately 13 mg/g fresh weight (FW) was detected and 
no significant differences between control and P. viticola-
inoculated plants were observed (ratio of approximately 1) 
(Fig. 3). For samples collected at the end of the dark period, 
glucose at approximately 0.8 mg/g FW was measured in 
control plants. It was not significantly different from the values 
obtained in infected plants at 1 to 5 dpi. At 7 dpi, however, the 
release of glucose was more than sixfold higher in extracts of 
infected leaves, indicating a higher starch concentration (Fig. 
3). 

Modifications of carbohydrate metabolism- and 
photosynthesis-related gene expression revealed  
by microarray profiles. 

A microarray analysis of control and P. viticola-infected 
grapevine leaves (7 dpi, end of the dark period) revealed that 
3,100 of the nearly 30,000 genes studied were affected by 
infection. Among the regulated genes, 5.4% were annotated as 
related to carbohydrate metabolism, including genes involved 
in starch and soluble sugar metabolism, and 0.6% was 
connected to photosynthesis (Supplementary Fig. S1, 
Supplementary Table S1). Gene expression of AGPase, soluble 
starch synthase, PWD, -amylase, sucrose phosphate synthase, 
trehalose phosphate synthase (TPS), Rubisco large subunit, 
chlorophyll synthases, and chlorophyll a/b binding proteins 
were repressed, while genes encoding -amylase, invertase, 
trehalase, and chlorophyllase showed induced expression 
(Table 1). 

Alteration of starch metabolism. 
Quantitative reverse-transcription polymerase chain reaction 

(qRT-PCR) analysis was performed to validate the variations 
observed in the microarray profile for a set of genes encoding 
key enzymes of starch metabolism and to analyze these 
variations throughout the infection time course. Genes 
encoding AGPase and soluble starch synthase were both 
repressed at the end of the infection. The AGPase gene 
expression was repressed at 7 dpi during both the dark and 
light periods (Fig. 4A), whereas that of soluble starch synthase 
was repressed from 5 dpi (Fig. 4B). Whereas the -amylase 
gene expression varied slightly over the course of infection 
and was repressed at 7 dpi during the light period (Fig. 4C), 
that of -amylase was clearly induced from 5 dpi, with a 
maximal activation at 7 dpi at light (Fig. 4D). 

AGPase and - and -amylase activities were measured in 
control and infected leaves (7 dpi). The AGPase activity was 
more than sixfold higher in infected than in control leaves for 
both sampling periods (Fig. 5A). In control plants, the -
amylase activity was more than three times higher in the dark 
than during the light period. In infected plants, this activity 
was similar in the dark and light periods and corresponded to 
the low value measured for control samples of the light period 
(Fig. 5B). -Amylase activity was more than threefold higher 
in infected than in control leaves for both sampling periods 
(Fig. 5C). 
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Alteration of soluble sugar. 
To verify whether infection leads to a global deregulation of 

the sugar metabolism, 13C-spectroscopy was used to draw up 
and compare the profiles of soluble metabolites in control and 
P. viticola-infected leaves (6 dpi, end of the dark period). 13C-
nuclear magnetic resonance (NMR) spectra showed that 
fructose and glucose seemed more abundant and sucrose less 
present in infected compared with control leaves 
(Supplementary Fig. S2). Malic acid was the most abundant, 
Krebs intermediate, and tartaric acid appeared particularly 
abundant in both control and infected leaves. 

Next, high-performance anion-exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) was used 
to quantify glucose, fructose, and sucrose in samples over the 
course of infection. At the end of the dark period, glucose, 
fructose, and sucrose at approximately 9, 6, and 13 mg/g dry 
weight (DW), respectively, were detected in control leaves. No 
significant difference could be observed between control and 
infected leaves before 7 dpi (Fig. 6A). At 7 dpi, however, 
glucose and fructose concentrations increased significantly in 
infected leaves, while the sucrose level remained similar to 
that of control plants (Fig. 6A). For control leaves collected 
during the light period, the sugar concentrations varied for 
glucose, fructose, and sucrose at approximately 11, 8.5, and 30 
mg/g DW, respectively. The concentrations were quite similar 
in infected leaves until 7 dpi, whereas sucrose concentration 
showed a 1.8-fold decrease in infected leaves compared with 
control leaves (Fig. 6B). 

To further investigate the origin of the variations of the 
sugar content, the expression of genes encoding sucrose 
phosphate synthase and cell wall invertase, two enzymes 
implicated in the synthesis and degradation of sucrose, 
respectively, were followed using qRT-PCR analysis. The gene 
encoding sucrose phosphate synthase was repressed at 5 dpi at 
the end of the dark period and at 7 dpi during both the light 
and dark periods (Fig. 4E). However, that encoding cell wall 
invertase was clearly induced from 5 dpi during both periods 
(Fig. 4F). These data fit well with those obtained in the 
microarray analysis (Table 1). 

Finally, invertase activity was assessed in the insoluble 
fraction of leaf extracts (Fig. 7). At pH 4.5, optimum for cell 
wall invertases (Avigad 1982), no difference in activity could 
be measured between control and infected leaves. At pH 7.5, 
however, a strong increase of invertase activity was observed 
in infected leaves from 5 dpi, independently of the sampling 
period. The invertase activities were also assessed in the 
soluble fraction of the leaf extracts but no significant 
difference was shown, whatever the pH conditions (data not 
shown). 

Trehalose accumulation. 
HPAEC-PAD also allowed trehalose analysis. It was only 

present in trace amounts in control leaves. In infected leaves, 
its concentration increased from 5 dpi to reach 2.41  1.1 mg/g 
DW and 5.16  4.07 mg/g DW at 7 dpi in samples collected in 
the dark and light periods, respectively. 

The microarray analysis showed that the expression of the 
gene encoding TPS was repressed in infected leaves (Table 1), 
whereas that encoding trehalose 6-phosphate phosphatase was 
not differentially regulated (data not shown). The trehalase 
gene expression was induced from 5 dpi (Table 1; Fig. 8A). 
Trehalase activity was more than 10 times higher in infected 
leaves (7 dpi) for both sampling periods (Fig. 8B). 

Decrease in the photosynthetic efficiency and in 
chlorophyll levels. 

In infected leaves, Fv/Fm, the maximum efficiency of 

photosystem II (PSII), was reduced from 5 dpi in the infected 
area (Fig. 9A). Fv/Fm, the effective PSII quantum yield 
( PSII), and photochemical and nonphotochemical quenching 
(qP and qN) were determined in the oil spots and adjacent areas 
of infected leaves (7 dpi) compared with control leaves (Fig. 
9B). The Fv/Fm was reduced to 0.63  0.06 in the oil spots, 
compared with 0.76  0.02 in control leaves. It was 
accompanied by a decrease of PSII from 0.34  0.03 to 0.19  
0.04 and of qP from 0.63  0.03 to 0.54  0.08. Meanwhile, the 
qN value increased from 0.77  0.04 to 0.84  0.03. The 
measured parameters showed no significant difference 
between noninfected control leaves and green regions showing 
no symptoms (adjacent to oil spots) in infected leaves (Fig. 
9B). 

In addition, the chlorophyll content was determined in 
control and infected leaves at 7 dpi. In control leaves, the total 
chlorophyll concentration was 24.8  1.8 mg/g FW, and it was 
reduced to 17.3  0.8 mg/g FW in infected leaves, mainly due 
to a decrease of the chlorophyll a level (Fig. 9C). 

DISCUSSION 

In leaves, starch accumulates during the day and is degraded 
during the dark period. This dynamic is regulated, so that 
starch catabolism is almost complete at the end of the night. 
Plants are able to adjust this finely tuned pattern in response to 
changes in environmental conditions. In P. viticola-infected 
grapevine leaves, we observed an abnormally high starch 
accumulation at the end of the dark period, suggesting major 
modifications in starch metabolism regulation. Depending on 
the pathosystems, a decrease (Horst et al. 2008; Judelson et al. 
2009; Storr and Hall 1992) or an increase (Ji et al. 2009; Kim 
et al. 2009; Rodríguez et al. 2010) of the starch content was 
observed in some plant–biotrophic pathogen interactions. 

A microarray analysis revealed that the expression of several 
genes related to the carbohydrate metabolism was modified in 
infected leaves. The expression of genes encoding starch-
degrading enzymes (i.e., a grapevine isoform of a 
phosphoglucan water, dikinase, and -amylase) were 
repressed. PWD plays an essential role in starch degradation 
because the phosphorylation of semicrystalline starch particles 
is required for the subsequent degradation by other enzymes 
(Kötting et al. 2005; Ritte et al. 2002, 2004; Smith and Stitt 
2007). -Amylase is an exo-acting enzyme that degrades the 

-1,4-glycosidic bonds from the nonreducing end of the starch 
molecules, releasing maltose. It plays a major role in the 
degradation of leaf starch in potato leaves (Scheidig et al. 
2002) and probably in other species (Lloyd et al. 2005). These 
microarray results suggest that starch catabolism is affected in 
P. viticola-infected leaves. 

Surprisingly, we have observed a high induction of the 
expression of a gene encoding -amylase, an endo-acting 
enzyme that degrades 1,4-glycosidic bonds to release malto-
oligosaccharides. This enzyme is mostly described in the 
context of sink tissues, as potato tubers or cereal endosperm, 
but conflicting reports exist about its function in foliar tissues 
(Llyod et al. 2005). The rice isoform AMY1 was shown to 
have a significant function in leaf starch degradation 
(Asatsuma et al. 2005). It seems to play no essential role in 
Arabidopsis (Yu et al. 2005), except in leaves during 
senescence or infection with Pseudomonas syringae pv. 
tomato, where the gene encoding -amylase A1 is induced 
(Doyle et al. 2007). Up to now, to our knowledge, no data on 
the function and the importance of the amylase isoforms in 
grapevine leaf starch metabolism were available. In our study, 
qRT-PCR confirmed that the expression of the -amylase gene 
was repressed in infected leaves, whereas it was clearly 
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induced for the -amylase gene. Concerning enzyme 
activities, the -amylase activity was reduced in infected 
leaves at the end of the dark period whereas it remained 
unchanged for the light period. The activity of -amylase was 
induced in infected leaves for both sampling periods. These 
results suggest that, in Plasmopara viticola-infected leaves, -
amylase replaces -amylase for starch degradation. The 
observed starch accumulation might result from a lower 
efficiency of -amylase to degrade starch. 

We have also studied enzymes involved in starch synthesis, 
including the key enzyme AGPase. The microarray analysis, 
confirmed by qRT-PCR, revealed that the expression of the 
gene encoding the large subunit 1 of AGPase was repressed in 
infected leaves. However, it was not correlated to a reduction 
but an increase of the enzyme activity. In Arabidopsis, changes 
in the transcription of this gene do not systematically lead to a 
change in protein abundance or enzyme activity because a 
strong post-translational regulation is important to control 
starch metabolism (Gibon et al. 2004; Lu et al. 2005; Smith et 
al. 2004). Therefore, in P. viticola-infected leaves, starch 
accumulation could result from the increase of AGPase activity 
and alteration of starch degradation. 

At 7 dpi, both glucose and fructose levels were higher in 
infected than in control leaves at the end of the dark period. 
Microorganisms can induce changes in soluble sugar 
concentrations (Horst et al. 2008; Ji et al. 2009; Jobic et al. 
2007; Rodriguez et al. 2010). For example, an increase in 
soluble sugars was observed in Arabidopsis, wheat, or tobacco 
infected by Albugo candida, Puccinia graminis, or 
Phytophthora nicotianae, respectively (Chou et al. 2000; 
Scharte et al. 2005; Tang et al. 1996; Wright et al. 1995). In 
plant–pathogen interactions, sugars play several roles: energy 
source to fuel the activation of defense reactions, regulators of 
gene expression (sugar signaling), and nutrients. They can 
induce pathogenesis-related (PR) proteins (Roitsch 1999) and 
sink-specific genes (such as invertase) and repress source-
specific genes, such as the chlorophyll subunit a/b binding 
protein and Rubisco (Rolland et al. 2002). In our case, because 
sugars accumulate just before sporulation, a role in plant 
defense seems uncertain but they certainly serve as nutrients 
for the pathogen. 

Sucrose is the main form of sugar transported in plants and 
invertase catalyzes its cleavage into glucose and fructose. At 7 
dpi, infected leaves showed a low level of sucrose, but only 
during the light period. However, we have shown an increase 
in invertase activity in the insoluble fraction after 3 dpi, 
independently of the sampling period. Therefore, one could 
expect a lower sucrose level at the end of the dark period and a 
higher level of glucose and fructose during the light period 
compared with the obtained results. Such discrepancies might 
reflect distinct day and night carbohydrate metabolism of 
Plasmopara viticola. (Query #1) It is consistent with 
developmental events such as sporulation, which preferentially 
occurs in the dark. An increase in cell-wall invertase activity 
seems to be a common feature in plants infected by viruses 
(Herbers et al. 2000), bacteria (Sturm and Chrispeels 1990), 
necrotrophic fungi (Benhamou et al. 1991), and biotrophic 
fungi (Chou et al. 2000; Fotopoulos et al. 2003; Hall and 
Williams 2000; Roitsch et al. 2003; Scholes et al. 1994; Sutton 
et al. 2007; Voegele et al. 2006). In grapevine, Hayes and 
associates (2010) have reported the induction of a cell-wall 
invertase gene expression in downy and powdery mildew-
infected leaves. Because host and pathogen possess invertases, 
it is difficult to establish which one is activated during the 
interaction. Few works stated the plant or pathogen origin of 
invertases during interactions. An immunological approach 
was used to show the involvement of a fungal invertase in 

sunflower–Sclerotinia sclerotiorum and grapevine–Botrytis 
cinerea interactions (Jobic et al. 2007; Ruiz and Ruffner 
2002). In the Vicia faba–U. fabae interaction, Voegele and 
associates (2006) have observed an increase of both plant and 
pathogen invertase gene expression. In our pathosystem, 
because P. viticola is an obligate intra-tissular biotroph 
pathogen, we cannot state whether the invertase activity 
determinant for the carbohydrate changes observed is of plant 
or pathogen origin. The increase in the invertase activity might 
be linked to the starch accumulation observed. Indeed, Fernie 
and associates (2001) have reported a correlation between an 
increase in invertase activity and starch synthesis in potato 
discs treated by palatinose. 

The invertase detected in the insoluble fraction had an 
alkaline optimum pH, whereas major plant invertases activated 
during a compatible interaction with biotrophic fungi are 
extracellular acid enzymes (Roitsch et al. 2003). To our 
knowledge, only one study has reported an alkaline cell-wall 
invertase in rice cell suspensions but not in a context of plant–
pathogen interaction (Hsiao et al. 2002). Thus, further 
experiments would be required in order to characterize the 
alkaline invertase found in P. viticola-infected grapevine 
leaves. 

An increasing level of the disaccharide trehalose was 
observed in P. viticola-infected leaves. Brem and associates 
(1986) have reported a depletion of sucrose and a diversion of 
glucose to trehalose in P. viticola-infected leaves but it was 
after the beginning of sporulation. In most plants, trehalose is 
found only in trace amounts (Goddjin et al. 1997; Paul et al. 
2008); however, there is growing interest in its metabolic 
pathway because it has effects on growth, development, 
metabolism, and stress resistance and it may play an important 
regulatory role in carbohydrate metabolism or signaling 
(Goddjin and Smeekens 1998; Paul 2007). In Arabidopsis, it 
activates ApL3 gene expression, AGPase activity, and starch 
accumulation (Fritzius et al. 2001; Kolbe et al. 2005; Ramon et 
al. 2007; Wingler et al. 2000). In soybean, it affects sucrose 
synthase and invertase activities (Müller et al. 1998). The 
trehalose precursor, trehalose 6-phosphate (T6P), also 
regulates starch biosynthesis via post-translational redox 
modification of AGPase (Kolbe et al. 2005; Lunn et al. 2006; 
Schluepmann et al. 2003); therefore, the increase in trehalose 
concentration—or T6P—during leaf infection might be 
involved in the starch accumulation observed. Few studies 
have reported a trehalose accumulation in plant organs 
infected by pathogens (Fernandez et al. 2010). In Arabidopsis, 
trehalose activates the expression of genes encoding a defense-
related transcription factor and a PR protein (Schluepmann et 
al. 2004). In wheat, it confers a protection against the 
necrotrophic agent Blumeria graminis, associated with papilla 
deposition, H2O2 production, and an increase in phenylalanine 
ammonia lyase and peroxidase activities (Reignault et al. 
2001; Renard-Merlier et al. 2007). It could also act as a 
virulence factor in some interactions such as Arabidopsis 
thaliana–Plasmodiophora brassicae (Brodmann et al. 2002). 
In this case, a trehalase activity was also detected and 
supposed to be produced by the plant to counteract trehalose 
accumulation. In our pathosystem, it is unclear whether 
trehalose is produced by the plant or by the oomycete. Its 
accumulation was correlated to increasing trehalase gene 
expression and enzyme activity. The accumulated trehalose 
might be degraded by the plant as a regulation process or by 
the pathogen for nutrition. 

Starch and sugar metabolic pathways are known to be 
regulated by the circadian rhythm (Graf et al. 2010; Lu et al. 
2005; Smith and Stitt 2007; Smith et al. 2004; Zeeman et al. 
2007); therefore, we have studied the gene expression and 
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enzyme activities in both darkness and light. In our conditions, 
the day and night regulation of gene expression was visible in 
control samples and was maintained in infected leaves. 
However, it is not visible on the graphs because data of 
infected leaves were related to the corresponding values of 
control leaves. For enzymatic activities, only -amylase 
showed a circadian regulation in control leaves. As previously 
described, the diurnal regulation of gene expression does not 
always directly impact the protein level, underlining the 
importance of post-translational regulation (Lu et al. 2005; 
Smith et al. 2004). 

We have observed a repression of the expression of genes 
encoding chlorophyll synthase, chlorophyll a/b binding 
protein, and Rubisco and an induction of chlorophyllase gene 
expression in infected leaves. This was associated with a 
decrease of the leaf chlorophyll content. Moreover, 
measurement of chlorophyll fluorescence indicated a reduction 
of the Fv/Fm associated with an increase in the qN values in 
the oil spots, whereas both parameters where similar in control 
leaves and the green area surrounding oil spots. Moriondo and 
associates (2005) also described a similar Fv/Fm in uninfected 
leaves and the green area of downy mildew-infected leaves. 
However, they did not determine it in oil spots. Several studies 
have shown that rates of photosynthesis are reduced near areas 
infected with pathogens (Berger et al. 2007; Chou et al. 2000; 
Scharte et al. 2005; Swarbrick et al. 2006; Zou et al. 2005) and 
can be associated with a loss of chlorophyll, as observed in 
leaves infected by rusts and downy and powdery mildew 
(Ahmad et al. 1983; Scholes et al. 1994; Wright et al. 1995). In 
oat leaves infected with crown rust, Scholes and Rolfe (1996) 
also observed reduced photosynthesis efficiency in infected 
area and an increase of qN values that they associated with a 
high demand for ATP. In stress situations, increases in qN 
values are often accompanied by photoinactivation of PSII 
reaction centers leading to a dissipation of excitation energy as 
heat rather than as photochemistry (Melis 1999). In our 
conditions, the repression of genes encoding the Rubisco large 
subunit and chlorophyll a/b binding protein may also explain 
the reduction of the photosynthetic efficiency. A lower rate in 
photosynthesis is associated with an increase in invertase 
activity, a hexose accumulation, and a downregulation of 
photosynthetic gene expression. These events reflect a source 
to sink transition in carbohydrate production and partitioning 
within host tissues as described before for compatible 
interactions (Abood and Lösel 2003; Chou et al. 2000; Hall 
and Williams 2000; Scholes et al. 1994; Swarbrick et al. 2006; 
Tang et al. 1996). 

In conclusion, in Plasmopara viticola-infected leaves, we 
have described, for the first time, an abnormal starch 
accumulation associated with an increase of starch synthesis 
(increase in AGPase activity) and modifications in the starch-
degradation pathway (increase in -amylase activity and 
decrease in -amylase activity). These events occur together 
with a source-to-sink transition marked by an increase in 
hexose levels and invertase activity and a reduction of 
photosynthetic capacity. Altogether, these results highlight a 
dramatic alteration of carbohydrate metabolism. All these 
modifications occurred at the end of infection when the leaves 
were highly colonized and may be associated with the 
presporulation stage. The originality of this study remains in 
the identification of key events from gene expression toward 
the sugar dynamic. 

MATERIALS AND METHODS 

Biological material. 
Grapevine (Vitis vinifera L. ‘Marselan’) herbaceous cuttings 

were grown as previously described (Allègre et al. 2007) in a 
greenhouse at 25  4 and 18  7 C (day and night, 
respectively). 

The P. viticola strain was maintained on Marselan plants and 
inoculation was performed as previously described (Allègre et 
al. 2009). Briefly, the lower side of leaves was sprayed with a 
suspension of 104 sporangia/ml in distilled water, incubated 
overnight at a relative humidity of 100%, and placed in the 
conditions described above. For mock inoculation used as a 
control, the leaf lower surface was sprayed with water and the 
plants placed in the conditions described above. 

For all experiments, the third and fourth (from the shoot 
base) leaves of control and inoculated plants were harvested at 
the end of the dark period or after 10 h of light. For mRNA, 
DNA, soluble sugar, total protein and starch extractions, and 
aniline blue staining, leaves were collected at 1, 3, 5, and 7 dpi 
and immediately frozen in liquid nitrogen. For the other 
experiments, samples were collected at 6 or 7 dpi. Six plants 
were used per treatment and time point and three biological 
repetitions were performed. 

Visualization of pathogen development. 
Leaf discs (7 mm) from infected and control plants were 

harvested at 1, 3, 5, and 7 dpi and P. viticola was visualized 
using blue aniline staining as previously described (Trouvelot 
et al. 2008). 

Transmission electron microscopy. 
Samples were prepared and examined as previously 

described (Trouvelot et al. 2008). For each leaf, sections were 
cut in three different zones along the leaf fragment. At least 60 
sections were observed per zone. 

Leaf starch staining by lugol. 
Leaves were clarified in absolute ethanol (10 min at 90 C), 

rinsed in water, incubated for 10 min in diluted lugol solution 
(1:16 [vol/vol]) (Sigma-Aldrich, St Louis), rinsed twice, and 
photographed immediately. 

Starch extraction and quantification. 
Starch was extracted and quantified from 500 mg of leaves 

according to Smith and Zeeman (2006). 

NMR spectrometry. 
Perchloric acid extracts were prepared using 5 g of leaves 

according to the method described by Aubert and associates 
(1996) and NMR spectrometry was performed as described by 
Jobic and associates (2007). 

HPAEC-PAD analysis of soluble sugars. 
Samples were ground in liquid nitrogen and lyophilized. 

The powder (50 mg) was treated by 1 ml of 80% ethanol (30 
min, 80 C) in an ultrasonic bath. After centrifugation (10 min, 
15,000 × g), 10 µl of supernatant was injected on an ICS 3000 
Dionex instrument (Dionex Corp., Sunnyvale, CA, U.S.A.). 
The sugar contents were determined by HPAEC-PAD using a 
guard and analytical column CarboPac PA100 (Dionex 
P/N043055), according to Dionex instructions (Dionex 
Application Note 122 [2004]). 

Total protein extraction and enzyme activities. 
Proteins were extracted as described by Dancer and 

associates (1990). The protein concentration of the extracts 
was estimated according to the method of Bradford (1976). 
Invertase activities of soluble and insoluble fractions were 
assayed as described by Dancer and associates (1990). 
Trehalase activity of the soluble fraction was quantified 
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according to Brodmann and associates (2002). 

Chloroplast protein extraction. 
Chloroplast proteins were extracted from enriched 

chloroplast fractions according to a protocol modified from 
Elias and Givan (1978) and Triboush and associates (1998). 
Leaves (10 g) were ground with sand, added by 100 ml of 
extraction buffer (50 mM HEPES-KOH [pH 8.0], 330 mM 
sorbitol, 5 mM ascorbic acid, 5 mM cysteine, 2 mM EDTA, 1 
mM PMSF, and 2.5% [wt/vol] polyvinyl-polypyrrolidone), 
filtered through two layers of cloth (mesh size 35 µm), and 
centrifuged (200 × g, 20 min, 4 C). The supernatant was 
transferred to a new tube and centrifuged (6,000 × g, 25 min, 
4 C). The pellet was washed with 1 vol of washing buffer (50 
mM HEPES-KOH [pH 8.0], 330 mM sorbitol, 2 mM EDTA, 
and 1 mM PMSF), resuspended in 1 vol of protein buffer (10 
mM HEPES-KOH [pH 8.0], 5 mM MgCl2, and 1 mM PMSF), 
incubated on ice for 10 min, and centrifuged (10,000 × g, 25 
min, 4 C). Proteins of the supernatant were concentrated using 
Microcon spin columns (cut-off 30 kDa; Millipore, Bedford, 
MA, U.S.A. [Query #2]). The protein concentration of the 
samples was estimated according to the method of Bradford 
(1976). 

Ceralpha and Betamyl-3 kits (Megazyme, Wicklow, Ireland) 
were used to determine - and -amylase activities in 
chloroplast protein extracts diluted in the kit’s extraction buffer 
(1:10 [vol/vol]). The release of p-nitrophenol from the specific 
substrates was quantified according to the manufacturer’s 
instructions. The AGPase activity in the pyrophosphorolysis 
direction was assessed as previously described (Tiessen et al. 
2002). 

RNA extraction. 
Total RNA was extracted from 500 mg of ground leaves as 

described by Reid and associates (2006). DNA contaminations 
were removed with the DNase 1-Kit (Sigma-Aldrich) 
according to the manufacturer’s instructions. The 
concentration and purity of RNA extracts were determined by 
spectrophotometry. For microarray analysis, the quality was 
verified using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, U.S.A.). 

Total RNA (4 µg) was used to synthesize the first-strand 
cDNA using the SuperScript III Reverse Transcriptase Kit 
(Invitrogen, Carlsbad, CA, U.S.A.) with a 1:1 mixture of 
Oligo-dT and random hexamer primers following the kit’s 
technical notice. 

Microarray analysis. 
The microarray analysis was performed at the University of 

Verona (Italy) on a NimbleGen V. vinifera chip (Roche 
NimbleGen, Madison, WI, U.S.A.). This array was based on 
the 12X grapevine genome assembly produced by the French-
Italian consortium. In all, 29,582 transcripts were analyzed 
with four probes per transcript (one replicate per probe). RNA 
samples for hybridization were extracted from control or 
infected leaves (7 dpi, end of the dark period), as described 
above, including three independent biological replicates. 
cDNA labeled with Cyanine 3 (Cy3) was produced from total 
RNA (1 µg) and hybridized as indicated in the NimbleGen 
array user guide. The array was scanned using the Axon 
GenePix 4400A Microarray scanner (Molecular Devices, 
Menlo Park, CA, U.S.A. [Query #2]) and images were 
analyzed using the Nimblescan software (Roche NimbleGen). 
Fluorescence data were extracted using the robust multi-array 
algorithm with quantile normalization (Supplementary Table 
S2). 

Student’s t test and statistical analysis of microarrays 

method (two-class unpaired test) (Tusher et al. 2001) were 
used to identify differentially expressed genes (fold change < 
0.5 [repressed] or > 2 [induced]; P < 0.05; false discovery rate 
< 5%]. 

Primer design and validation. 
Primer pairs were designed (Supplementary Table S3) using 

PerlPrimer software (Marshall 2004) and the sequence data of 
V. vinifera ‘Pinot noir’ (Jaillon et al. 2007) provided by the 
Genoscope Grape Genome Browser. All primers were 
examined for their target specificity by end-point PCR and the 
products sequenced by the Sanger method (Genoscreen, Lille, 
France [Query #2]). 

qRT-PCR. 
The ABsolute QPCR SYBR Green ROX Mix (Thermo 

Scientific, Sugarland, TX, U.S.A. [Query #2]) was used with a 
final primer concentration of 500 nM and 5 ng of total cDNA. 
The thermal cycling profile was: 95 C for 15 min and 45 
cycles at 95 C for 20 s, 60 C for 30 s, and 72 C for 30 s 
(LightCycler480; Roche Applied Science, Penzberg, 
Germany). Each real-time assay was tested in a dissociation 
protocol to ensure that the amplicon was a single product. 
Amplification efficiency for each sample was calculated from 
the fluorescence raw data with the LinRegPCR program 
(Ruijter et al. 2009). 

Samples were treated in technical triplicates and the mean 
values of cycle threshold (Ct) and efficiency were used for 
further analysis. VATP16 and 60SRP (L18e) were used as 
internal control genes (Gamm et al. 2011). Fold change in 
RNA expression was estimated using Ct by the Ct method 
(Livak and Schmittgen 2001). 

Pathogen quantification. 
Pathogen quantification was performed as described before 

(Silvar et al. 2005; Valsesia et al. 2005). DNA was extracted 
from control and infected leaves and P. viticola sporangia 
according to Porebski and associates (1997). DNA (100 ng) 
was used in a qRT-PCR mix with the ABsolute QPCR SYBR 
Green ROX Mix (Thermo Scientific), applying a final primer 
concentration of 500 nM. Pathogen and plant DNA contents 
were quantified using a P. viticola actin primer and a V. 
vinifera HT5 primer pair (Hayes et al. 2010; Schmidlin et al. 
2008), respectively. The thermal cycling profile using a 
LightCycler480 (Roche Applied Science) was as described 
above. 

Chlorophyll analysis. 
The leaf chlorophyll a fluorescence was quantified on 

attached leaves using an IMAGING-PAM Chlorophyll 
Fluorometer (Walz, Effeltrich, Germany). Measurements were 
performed on the central parts of the leaf adaxial side after 
preconditioning in the dark. From these measurements, several 
fluorescence parameters were calculated according to 
Schreiber and associates (1986) and Genty and associates 
(1989): PSII and Fv/Fm. PSII represents the number of 
electrons transported by a PSII reaction center per mole of 
quanta absorbed by PSII and Fv/Fm is the ratio of variable to 
maximal fluorescence. In addition, both qP and qN were 
calculated according to van Kooten and Snel (1990). On each 
image, the values of the selected fluorescence parameters were 
averaged. Images of PSII were displayed with the help of a 
false color code ranging from 0.000 (black) to 1.000 (pink). 

For chlorophyll quantification, 3 g of leaves was ground in a 
mortar with sand and calcium carbonate and extracted with 20 
ml of 95% methanol. The sample was filtered and analyzed by 
spectrometry at 645 and 663 nm (Hitachi U-2001 



MPMI 02-11-0040.P1 Gamm, galley 7 

Vol. 24, No. 0, 2011 / 7 

spectrophotometer, Hitachi Scientific Instruments, Mountain 
View, CA, U.S.A. [Query #2]), and the levels of chlorophylls 
were determined according to Wellburn and Lichtenthaler 
(1984). 

Statistical analysis. 
Data obtained for pathogen, carbohydrate, and chlorophyll 

quantification; enzyme activities; and chlorophyll fluorescence 
measurement were analyzed by one-way analysis of variance 
and means were compared using Fisher’s least significant 
difference test to detect significant differences (P < 0.05) 
between treatments. All analyses were performed with the 
statistical program STATGRAPHICS (release 5.1; Manugistic, 
Inc., Rockville, MD, U.S.A.). 
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Table 1. Transcriptional changes for genes involved in carbohydrate metabolism and photosynthesis associated to Plasmopara viticola infection 

NCBI reference sequence Annotation Ratio of gene expression P value 

XM_002277244.1 PSI type II chlorophyll a/b-binding protein 0.20 0.045 
XM_002285596.1 , -Trehalose-phosphate synthase 0.23 0.015 
XM_002271362.1 Sucrose-phosphate synthase 0.25 0.017 
AM424156.2 Phosphoglucan, water dikinase 0.25 0.050 
XM_002267433.1 Ribulose-1,5 bisphosphate carboxylase/oxygenase large subunit, chloroplastic 0.31 0.027 
XM_002281033.1 Glucose-1-phosphate adenylyltransferase (large subunit 1) (AGPase) 0.32 0.032 
XM_002277336.1 Soluble starch synthase 0.32 0.032 
XM_002263235.1 Chlorophyll synthase, chloroplastic 0.46 0.027 
XM_002265662.1 -Amylase 0.47 0.027 
XM_002263662.1 Trehalase 2.89 0.019 
XM_002279752.1 -Bructofuranosidase (invertase) 3.02 0.039 
XM_002271938.1 Chlorophyllase-1 9.98 0.009 
XM_002282148.1 -Amylase 13.53 0.044 

a NCBI = National Center for Biotechnology Information. 

 



 

 

 

Fig. 1. Monitoring of Plasmopara viticola development in Vitis vinifera ‘Marselan’ leaves by UV epifluorescence after aniline blue staining and DNA
quantification at different times postinoculation. Images present the different stages of development. Infection coefficient representing the ratio between 
pathogen DNA (PvACT) and host DNA (VvHT5) quantified by real-time polymerase chain reaction. Leaf samples were collected during the light period (L)
and at the end of the dark period (D) over a time course of infection (1 to 7 days postinoculation [dpi]). At 1 dpi, zoospores have reached stomata, encysted, 
and initiated germination. At 3 dpi, developing hyphae have formed haustoria in contact with the host mesophyll cells. At 5 dpi, the pathogen has highly
colonized the host tissues and, at 7 dpi, it is present in the substomatal cavities to prepare sporulation. Scale bars correspond to 10 µm. Images are
representative of three biological replicates. Data correspond to the average of four independent biological replicates  standard deviation. Means with 
different letters (a, b, c) are significantly different (P < 0.05). 

 



 

 

Fig. 2. Starch visualization in control and Plasmopara viticola-infected grapevine leaves at the end of the dark period. A and B, Left part of each image 
corresponds to a photograph of A, control and B, P. viticola-infected leaves at 7 days postinoculation (dpi). Right part corresponds to the same leaves after 
clarification and lugol staining. The inset image shows a detail of “oil-spot” symptoms. C and D, Transmission electron micrographs of spongy parenchyma 
cells of C, control and D, infected leaves at 7 dpi. H: haustorium, Pv: P. viticola hyphae, C: chloroplast, S: starch granule. Scale bar corresponds to 1 µm. 

 

 

Fig. 3. Ratio of the starch content of Plasmopara viticola-infected versus
control grapevine leaves over a time course of infection (1 to 7 days 
postinoculation [dpi]) in samples collected at the end of the dark period
(D) or during the light period (L). Values correspond to the measurement
of glucose released after enzymatic degradation of starch. Data correspond
to the average of three independent biological replicates standard 
deviation. Means with different letters (a, b) are significantly different (P
< 0.05). 

 



 

 

Fig. 4. Relative expression of genes encoding A, ADP-glucose pyrophosphorylase (AGPase); B, soluble starch synthase; C, -amylase; D, -amylase; E, 
sucrose phosphate synthase; and F, cell wall invertase analyzed by quantitative reverse-transcription polymerase chain reaction. Leaf samples were collected 
during the light period (L) and at the end of the dark period (D) during a time course of grapevine leaf infection by Plasmopara viticola (1 to 7 days 
postinoculation [dpi]). Expression levels obtained for infected leaves were normalized with respect to VATP16 and 60SRP expression and related to the 
corresponding values of control leaves. Data correspond to the average of three independent biological replicates  standard deviation. 

 

 



 

 

Fig. 5. Activity of A, ADP-glucose pyrophosphorylase (AGPase); B, -
amylase; and C, -amylase in control and Plasmopara viticola-infected
grapevine leaves (7 days postinoculation [dpi]). Leaves were collected
during the light period (L) and at the end of the dark period (D). Data 
correspond to the average of three biological replicates standard 
deviation. Means with different letters (a, b) are significantly different (P
< 0.05). 

 

 

Fig. 6. Ratios of glucose, fructose, and sucrose concentrations of
Plasmopara viticola-infected versus control grapevine leaves. Samples 
were collected from 1 to 7 days postinoculation (dpi) A, at the end of the 
dark period or B, during the light period and analyzed by high-
performance anion-exchange chromatography with pulsed amperometric 
detection. Data correspond to the average of three independent biological 
repeats  standard deviation. Means with different letters (a, b) are 
significantly different (P < 0.05). 

 

 

Fig. 7. Invertase activity measured at pH 4.5 and 7.5. Ratios of enzyme 
activity in the insoluble fraction of leaf extracts from control versus 
Plasmopara viticola-infected grapevine samples collected at the end of the 
dark period (D) and during the light period (L). Data correspond to the 
average of three independent biological replicates standard deviation. 
Means with different letters (a, b, c) are significantly different (P < 0.05). 

 



 

 

Fig. 8. A, Trehalase gene expression and B, enzyme activity. A,
Expression levels obtained for infected leaves were normalized with
respect to VATP16 and 60SRP expression and related to the corresponding
values of control leaves. Samples were collected during the light period
(L) or at the end of the dark period (D) during a time course of grapevine
leaf infection by Plasmopara viticola (1 to 7 days postinoculation [dpi]). 
Data correspond to the average of three independent biological replicates

 standard deviation. B, Quantification of the trehalase activity was
performed in control and P. viticola-infected grapevine leaves at 7 dpi.
Bars represent the average of three biological replicates standard 
deviation. Means with different letters (a, b) are significantly different (P
< 0.05). 

 

 

 

 



 

 

Fig. 9. Photosynthetic parameters in control and Plasmopara viticola-infected leaves. A, Imaging of the maximum efficiency of PSII (Fv/Fm); B, values for 
Fv/Fm, effective PSII quantum yield ( PSII), and photochemical (qP) and nonphotochemical (qN) quenching parameters; and C, chlorophyll concentrations in 
control and P. viticola-infected leaves (7 days postinoculation [dpi]). A, Representative false-color images of control and P. viticola-infected leaves during 
the course of infection (1 to 7 dpi). Scale represents 0.5 cm. B, Measurements were performed in infected (oil spots and adjacent area without symptoms) 
and control leaves. Data correspond to the average of 35 measurements  standard deviation. Means with different letters (a, b) are significantly different (P
< 0.05). C, Data correspond to the average of three biological replicates  standard deviation. Means with different letters (a, b) are significantly different (P
< 0.05). 

 


