
Highlights

	 Supply-driven increase in foreign born workers in a department (location) increases the productivity of firms 
in that department. The previous effect is significantly stronger for firms with initially low (or zero) level of 
foreign employment.

	 Productivity effect of immigrants is associated with faster growth of capital and improved export performances 
(both extensive and intensive margins) of the firms.

	 Supply-driven increase in foreign born workers in a department (location) implies a re-allocation of native 
workers towards communication and cognitive intensive tasks.
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	 Abstract 
Immigrants may complement native workers, allow reallocation by skill in the firm and lower costs. These effects 
could be beneficial for the firm and increase its productivity and profits. However not all firmes use immigrants. 
Allowing firms to have differential fixed cost in hiring immigrants, because of different information and access to 
their network, we analyze the impact of an increase in local supply of immigrants on firms' immigrant employment 
and productivity. Using micro-level data on French firms during the period 1995-2005, we show that a supply-driven 
increase in foreign born workers in a department (location) increases the productivity of firms in that department. 
We also find that this effect is significantly stronger for firms with initially low (or zero) level of foreign employment. 
Those are also the firms whose share of immigrants increases the most. We also find that the positive productivity 
effect of immigrants is associated with faster growth of capital and improved export performances (for extensive and 
intensive margin) of the firms. While these outcomes depend on the firm share of immigrants in employment we find 
a positive effect of immigration on wages of natives and on specialization of natives in complex occupations that is 
common to all firms in the district. Supply-driven increase in foreign born workers in a department (location) implies 
a re-allocation of native workers towards communication and cognitive intensive tasks.
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#✉♣♣❧②✲❞&✐✈❡♥ ❝❤❛♥❣❡# ♦❢ ✐♠♠✐❣&❛♥ # ❛❝&♦## ❋&❡♥❝❤ ✧❉❡♣❛& ♠❡♥ #✧ ✭●❡♦❣&❛♣❤✐❝❛❧ ❉✐# &✐❝ #✮

♦✈❡&  ✐♠❡ ❞✉❡  ♦ #✉♣♣❧② #❤♦❝❦✳ ❲❡ ❝♦♥#✐❞❡&  ❤❡ ❞✐✛❡&❡♥ ✐❛❧ &❡#♣♦♥#❡ ♦❢ ✜&♠# ✐♥ ❤✐&✐♥❣  ❤❡♠

❛# ❞&✐✈❡♥ ❜② ❞✐✛❡&❡♥ ✐❛❧ ✜①❡❞ ❝♦# ♦❢ ❤✐&✐♥❣  ❤❡♠✱ ❝♦♥ &♦❧❧✐♥❣ ❢♦& ❛♥❞ ✐♥ ❡&❛❝ ✐♥❣ ✇✐ ❤ ✐♥✐ ✐❛❧

✐♠♠✐❣&❛♥ ✲#❤❛&❡ ❛❝&♦## ✜&♠#✳ ❲✐ ❤✐♥  ❤✐# ❢&❛♠❡✇♦&❦ ❛ #✐♠♣❧❡ ♠♦❞❡❧ ❞❡❧✐✈❡&#  ❤❡ ♣&❡❞✐❝ ✐♦♥

 ❤❛ ✜&♠#  ❤❛ ❛&❡ ❤❡ ❡&♦❣❡♥❡♦✉# ✐♥  ❤❡ ❝♦# ♦❢ ❤✐&✐♥❣ ✐♠♠✐❣&❛♥ # ✇✐❧❧ &❡#♣♦♥❞ ❞✐✛❡&❡♥ ❧②

 ♦  ❤❡ ❝♦♠♠♦♥ ✐♥❝&❡❛#❡ ✐♥ #✉♣♣❧② ❛♥❞  ❤❡ ♣&♦❞✉❝ ✐✈✐ ② ❝♦♥#❡S✉❡♥❝❡# ✇✐❧❧ ❜❡ ❞✐✛❡&❡♥ ❛❝&♦##

 ❤❡♠✳ ❙♣❡❝✐✜❝❛❧❧②✱  ❤❡ ❛✈❛✐❧❛❜✐❧✐ ② ♦❢ ❞❛ ❛ ♦♥ ❡♠♣❧♦②♠❡♥ ❜② ♥❛ ✐✈✐ ②✱ ❝❛♣✐ ❛❧✱ ♦✉ ♣✉ ✱ ♣&♦❞✉❝✲

 ✐✈✐ ② ❛♥❞ ♦ ❤❡& ❝❤❛&❛❝ ❡&✐# ✐❝# ❢♦&  ❤❡ ✉♥✐✈❡&#❡ ♦❢ ❋&❡♥❝❤ ♠❛♥✉❢❛❝ ✉&✐♥❣ ✜&♠# ✐♥  ❤❡ ♣❡&✐♦❞

✶✾✾✺✲✷✵✵✺✱ ❛❧❧♦✇# ✉#  ♦ ✐❞❡♥ ✐❢② ✜&♠# ✐♥ &❡❣✐♦♥❛❧ ❧❛❜♦& ♠❛&❦❡ # ✭✧❞❡♣❛& ♠❡♥ #✧✮✱  ❤❛ ❡①✲

♣❡&✐❡♥❝❡❞ ❧❛&❣❡ ♦& #♠❛❧❧ ✈❛&✐❛ ✐♦♥ ✐♥ ✐♠♠✐❣&❛♥ # ♦✈❡&  ❤❡ ❝♦♥#✐❞❡&❡❞ ♣❡&✐♦❞✳ ❚❤❡♥✱ ✉#✐♥❣ ❛♥

✐♥# &✉♠❡♥ ❛❧ ✈❛&✐❛❜❧❡ ♠❡ ❤♦❞✱ ✇❡ ❛♥❛❧②③❡  ❤❡ &❡#♣♦♥#❡ ♦❢ ✜&♠✲❧❡✈❡❧ ♣&♦❞✉❝ ✐✈✐ ②  ♦ #✉♣♣❧②✲

❞&✐✈❡♥ ❝❤❛♥❣❡# ♦❢ ✐♠♠✐❣&❛♥ #✱ ❞✐# ✐♥❣✉✐#❤✐♥❣ ❜❡ ✇❡❡♥ ✜&♠# ✇✐ ❤ ❤✐❣❤❡& ✜①❡❞ ❝♦# # ♦❢ ❤✐&✐♥❣

 ❤❡♠ ✭&❡✈❡❛❧❡❞ ❜② ❛ ③❡&♦ ✐♥✐ ✐❛❧ #❤❛&❡ ♦❢ ✐♠♠✐❣&❛♥ # ❛♠♦♥❣ ✇♦&❦❡&#✮ ❛♥❞ ✜&♠# ✇✐ ❤ ❧♦✇❡&

✜①❡❞ ❝♦# # ✭✇✐ ❤ ❛ ♥♦♥✲③❡&♦ ✐♥✐ ✐❛❧ #❤❛&❡ ♦❢ ✐♠♠✐❣&❛♥ #✮✳

❲❡ #❦❡ ❝❤ ❛ #✐♠♣❧❡ ♠♦❞❡❧  ❤❛ ❝❛♣ ✉&❡# ❤❡ ❡&♦❣❡♥❡♦✉# ✜①❡❞ ❝♦# # ♦❢ ❤✐&✐♥❣ ✐♠♠✐❣&❛♥ # ❛❝&♦##

✜&♠# ❛♥❞ ❝♦♠♣❧❡♠❡♥ ❛&✐ ② ❜❡ ✇❡❡♥ ♥❛ ✐✈❡# ❛♥❞ ✐♠♠✐❣&❛♥ # ✐♥ ♣&♦❞✉❝ ✐♦♥✳ ❲❡ ❞❡&✐✈❡ ❢&♦♠

✐  ❤❡ ✐♥ ❡&❡# ✐♥❣ ♣&❡❞✐❝ ✐♦♥  ❤❛ ❛♥ ✐♥❝&❡❛#❡ ✐♥  ❤❡ ✐♠♠✐❣&❛♥ #✉♣♣❧② ✐♥  ❤❡ ❛&❡❛ ❤❛# ❧❛&❣❡&

✹
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♣♦"✐$✐✈❡ ❡✛❡❝$" ♦♥ $❤❡ ✐♠♠✐❣-❛♥$ "❤❛-❡ ❛♥❞ ❝♦♥"❡0✉❡♥$❧② ♦♥ $❤❡ ♣-♦❞✉❝$✐✈✐$②✱ ❢♦- $❤♦"❡ ✜-♠"

$❤❛$ ✐♥✐$✐❛❧❧② ❤✐-❡❞ ♥♦ ✐♠♠✐❣-❛♥$" ✭-❡✈❡❛❧✐♥❣ -❡❧❛$✐✈❡❧② ❤✐❣❤ ✜①❡❞ ❝♦"$" ♦❢ ❤✐-✐♥❣ $❤❡♠✮✳ ❚❤♦"❡

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

$❤❡ ❧❛-❣❡"$ ❣❛✐♥"✳ ❚❤❡ ♠♦❞❡❧ "✉❣❣❡"$" $❤❛$ $❤❡-❡ ✐" ❛ ❝♦"$ $❤-❡"❤♦❧❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ $❤❡ ✇❛❣❡

♦❢ ✐♠♠✐❣-❛♥$"✱ ❜❡❧♦✇ ✇❤✐❝❤ ✜-♠" ✇✐❧❧ ❜❡❣✐♥ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$" ✭-❛$❤❡- $❤❛♥ ♦♥❧② ♥❛$✐✈❡"✮ ❛♥❞

$❤❡② ✇✐❧❧ -❡❛❧✐③❡ ❧❛-❣❡- "✉-♣❧✉" ❛♥❞ ♣-♦✜$" ❜② ❞♦✐♥❣ "♦✳ ❚❤✐" $❤-❡"❤♦❧❞ ✐" ✜-♠✲"♣❡❝✐✜❝ ✐❢ $❤❡

❝♦"$ ♦❢ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$" ✈❛-✐❡" ❛❝-♦"" ✜-♠"✳ ❲❤❡♥ $❤❡ "✉♣♣❧② ♦❢ ✐♠♠✐❣-❛♥$" ✐♥❝-❡❛"❡" ❛♥❞

$❤❡✐- ✇❛❣❡ ❞❡❝-❡❛"❡" ❛$ $❤❡ -❡❣✐♦♥❛❧ ❧❡✈❡❧ $❤♦"❡ ✜-♠" $❤❛$ ❜❡❣✐♥ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$" ✇✐❧❧ ❤❛✈❡

$❤❡ ❧❛-❣❡"$ ♣-♦❞✉❝$✐✈✐$② ❣❛✐♥"✳ ■♥ ❣❡♥❡-❛❧ ❛❧❧ ✜-♠" ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$" ✐♥❝-❡❛"❡ $❤❡✐- "✉-♣❧✉"

❛" ✐♠♠✐❣-❛♥$" ✇❛❣❡ ❞❡❝-❡❛"❡"✱ ❜✉$ $❤❡ ❧❛-❣❡"$ ❡✛❡❝$ ✇✐❧❧ ❜❡ ❢♦- $❤♦"❡ ✇✐$❤ ♥♦ ✐♠♠✐❣-❛♥$"

✐♥✐$✐❛❧❧②✳

❖✉- ❡♠♣✐-✐❝❛❧ ❛♣♣-♦❛❝❤ ❜❛"❡" ♦♥ ♠❛♥✉❢❛❝$✉-✐♥❣ ✜-♠" ♦♥❧② ❜❡❝❛✉"❡ ♦❢ ❞❛$❛ ❛✈❛✐❧❛❜✐❧✐$②✱ ❛♥❞

"❤♦✇" $❤❛$ ❛ "✉♣♣❧② ❞-✐✈❡♥ ✐♥❝-❡❛"❡ ✐♥ ✐♠♠✐❣-❛$✐♦♥ ✐♥ ❛ ❞❡♣❛-$♠❡♥$ -❛✐"❡" $❤❡ "❤❛-❡ ♦❢ ✐♠✲

♠✐❣-❛♥$" ❤✐-❡❞ ❜② ✜-♠" ❛" ✇❡❧❧ ❛" $❤❡ "❤❛-❡ ♦❢ ✜-♠" ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$"✳ ❈♦♥✜-♠✐♥❣ $❤❡

♣-❡❞✐❝$✐♦♥" ♦❢ ♦✉- "✐♠♣❧❡ ♠♦❞❡❧ ✇❡ ✜♥❞ $❤❛$ $❤❡ ❧❛-❣❡"$ ✐♥❝-❡❛"❡ ✐♥ ✐♠♠✐❣-❛♥$" ❛" "❤❛-❡ ♦❢

❡♠♣❧♦②♠❡♥$ ✇✐$❤✐♥ ❛-❡❛" ♦❢ ❧❛-❣❡ ✐♠♠✐❣-❛$✐♦♥✱ ✐" ❢♦- $❤❡ "✉❜"❡$ ♦❢ ✜-♠" $❤❛$ ❤❛❞ ✐♥✐$✐❛❧❧② ♥♦

✐♠♠✐❣-❛♥$" ✭♦- ❛ ✈❡-② "♠❛❧❧ "❤❛-❡ ♦❢ ✐♠♠✐❣-❛♥$"✮ ❛♥❞ ❡♥❞❡❞ $❤❡ ♣❡-✐♦❞ ✇✐$❤ "♦♠❡ ✐♠♠✐❣-❛♥$"✳

❚❤❡♥ ✇❡ "❤♦✇ $❤❛$ ❢♦- ✜-♠" ✇✐$❤ ❧♦✇ ✭♦- ③❡-♦✮ ✐♥✐$✐❛❧ "❤❛-❡" ♦❢ ✐♠♠✐❣-❛♥$" $❤❡ ♣♦"✐$✐✈❡ ♣-♦✲

❞✉❝$✐✈✐$② ❡✛❡❝$ ✐" $❤❡ ❧❛-❣❡"$✱ ❛" ❧♦♥❣ ❛" $❤♦"❡ ✜-♠" ❤✐-❡❞ "♦♠❡ ✐♠♠✐❣-❛♥$"✳ ❚❤❡"❡ -❡"✉❧$"

❛-❡ ❝♦♥"✐"$❡♥$ ✇✐$❤ $❤❡ ❝♦"$✲-❡❞✉❝✐♥❣ -♦❧❡ ♦❢ ✐♠♠✐❣-❛♥$" ❝♦♠❜✐♥❡❞ ✇✐$❤ ❛ ✜①❡❞ ❝♦"$ ♦❢ ❤✐-✐♥❣

$❤❡♠ $❤❛$ ✈❛-② ❛❝-♦"" ✜-♠"✳ ❲❡ $❤❡♥ ❡①♣❧♦-❡ ✇❤❡$❤❡- ♦$❤❡- ♦✉$❝♦♠❡"✱ ♣-♦①②✐♥❣ ❢♦- $❤❡

♣-♦❞✉❝$✐✈✐$② ♦❢ $❤❡ ✜-♠✱ ✇❡-❡ ✐♠♣-♦✈❡❞ ❜② ❤✐-✐♥❣ ✐♠♠✐❣-❛♥$"✳ ❲❡ ✐❞❡♥$✐❢② ❛ "✐❣♥✐✜❝❛♥$ ❡✛❡❝$

♦♥ ❡①♣♦-$" ♦❢ $❤❡ ✜-♠✱ ❛ "✐❣♥✐✜❝❛♥$ "❤✐❢$ ♦❢ ♥❛$✐✈❡ ✇♦-❦❡-" ✐♥ $❤❡ ✜-♠" $♦✇❛-❞" ❝♦♠♣❧❡①

$❛"❦"✱ ❛♥❞ ❛ "✐❣♥✐✜❝❛♥$ ✐♥❝-❡❛"❡ ✐♥ ❧❡✈❡❧ ♦❢ ❝❛♣✐$❛❧ ✉"❡❞ ❜② ✜-♠"✳ ❊✈❡♥ ❢♦- $❤❡"❡ ♦✉$❝♦♠❡"✱

✐♥ ♠♦"$ ❝❛"❡"✱ $❤❡ "$-♦♥❣❡"$ ❡✛❡❝$ ✐" ❢♦- ✜-♠" "$❛-$✐♥❣ ✇✐$❤ ♥♦ ✐♠♠✐❣-❛♥$"✳ ❚❤❡"❡ ❛❞❞✐$✐♦♥❛❧

-❡"✉❧$" ❛-❡ ❝♦♥"✐"$❡♥$ ✇✐$❤ $❤❡ ✐❞❡❛ $❤❛$ $❤❡ ♣-♦❞✉❝$✐✈✐$② ❣❛✐♥" ❛-❡ ❝♦♥"✐"$❡♥$ ✇✐$❤ ✐♠♣-♦✈❡❞

"❦✐❧❧ $♦ $❛"❦ "♣❡❝✐❛❧✐③❛$✐♦♥ ✐♥ $❤❡ ✜-♠✱ ✐♠♣-♦✈❡❞ ❡①♣♦-$ ♣❡-❢♦-♠❛♥❝❡ ❛♥❞ ♣♦$❡♥$✐❛❧❧② ♠♦-❡

❝❛♣✐$❛❧✲✐♥$❡♥"✐✈❡ ♣-♦❞✉❝$✐♦♥✳ ❲❡ ❛❧"♦ "❤♦✇ $❤❛$ $❤❡-❡ ✐" ♥♦ ❡✈✐❞❡♥❝❡ ♦❢ ❛ ❞❡❝❧✐♥❡ ✐♥ ♥❛$✐✈❡
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✇❛❣❡$ ✐♥ '❤❡ ✜*♠ ❛$ ❝♦♥$❡.✉❡♥❝❡ ♦❢ ✐♠♠✐❣*❛'✐♦♥✳ ❘❛'❤❡*✱ ❛$ ❛ ❝♦♥$❡.✉❡♥❝❡ ♦❢ ❤✐❣❤❡* ♣*♦✲

❞✉❝'✐✈✐'②✱ ✇❛❣❡$ ✐♥❝*❡❛$❡❞ ❛❧$♦ ❢♦* ♥❛'✐✈❡$✳ ❚❤❡$❡ ❡✛❡❝'$ ❛*❡ ♥♦' ❝♦♥$✐$'❡♥' ✇✐'❤ ❛ ✇♦*❧❞ ✐♥

✇❤✐❝❤ ♥❛'✐✈❡ ❛♥❞ ✐♠♠✐❣*❛♥'$ ❛*❡ ♣❡*❢❡❝' $✉❜$'✐'✉'❡$ ✐♥ ♣*♦❞✉❝'✐♦♥ ❛$ ✐♥ '❤❛' ❝❛$❡ ♣*♦❞✉❝'✐✈✲

✐'② $❤♦✉❧❞ ♥♦' ❜❡ ❛✛❡❝'❡❞✱ ❝❛♣✐'❛❧ ✐♥'❡♥$✐'② $❤♦✉❧❞ ❞❡❝❧✐♥❡✱ ♥❛'✐✈❡ ✇❛❣❡$ $❤♦✉❧❞ ❞❡❝❧✐♥❡ ❛♥❞

♥❛'✐✈❡ $♣❡❝✐❛❧✐③❛'✐♦♥ $❤♦✉❧❞ *❡♠❛✐♥ '❤❡ $❛♠❡ ❛❢'❡* '❤❡ ✐♥❝*❡❛$❡ ✐♥ ✐♠♠✐❣*❛♥'$✳

❚❤❡ *❡$' ♦❢ '❤❡ ♣❛♣❡* ✐$ ♦*❣❛♥✐③❡❞ ❛$ ❢♦❧❧♦✇$✳ ❙❡❝'✐♦♥ ✷ ♣✉'$ '❤✐$ ♣❛♣❡* ✐♥ '❤❡ ❝♦♥'❡①' ♦❢ '❤❡

❡①✐$'✐♥❣ ❧✐'❡*❛'✉*❡✳ ❙❡❝'✐♦♥ ✸ $❦❡'❝❤❡$ ❛ $✐♠♣❧❡ ♣❛*'✐❛❧ ❡.✉✐❧✐❜*✐✉♠ ♠♦❞❡❧ ❛♥❞ ❞❡*✐✈❡$ $♦♠❡

'❡$'❛❜❧❡ ✐♠♣❧✐❝❛'✐♦♥$✳ ❙❡❝'✐♦♥ ✹ ❞✐$❝✉$$❡$ '❤❡ ❡♠♣✐*✐❝❛❧ $♣❡❝✐✜❝❛'✐♦♥$ ❛♥❞ '❤❡ ✐❞❡♥'✐✜❝❛'✐♦♥

$'*❛'❡❣② ❛♥❞ ❧✐♠✐'❛'✐♦♥$✳ ❙❡❝'✐♦♥ ✺ ♣*❡$❡♥'$ '❤❡ ❞❛'❛ ❛♥❞ '❤❡ $✉♠♠❛*② $'❛'✐$'✐❝$✳ ❙❡❝'✐♦♥ ✻

❞❡$❝*✐❜❡$ ❛♥❞ ❝♦♠♠❡♥'$ ♦♥ '❤❡ ❡$'✐♠❛'❡$ ♦❢ '❤❡ ❡✛❡❝'$ ♦❢ ✐♠♠✐❣*❛'✐♦♥ ♦♥ ✜*♠ ♦✉'❝♦♠❡$✳

❙❡❝'✐♦♥ ✼ ❝♦♥❝❧✉❞❡$ '❤❡ ♣❛♣❡*✳

✷✳ ▲✐$❡&❛$✉&❡ ❘❡✈✐❡✇

❲❤✐❧❡ '❤❡*❡ ✐$ ❛♥ ❛❜✉♥❞❛♥❝❡ ♦❢ $'✉❞✐❡$ ❛❜♦✉' '❤❡ ❡✛❡❝' ♦❢ ✐♠♠✐❣*❛♥'$ ♦♥ '❤❡ ❧❛❜♦* ♠❛*❦❡'

♦✉'❝♦♠❡ ♦❢ ♥❛'✐✈❡$ *❛♥❣✐♥❣ ❢*♦♠ '❤❡ ♥❛'✐♦♥❛❧ ❧❡✈❡❧ ✭❡✳❣✳ ❇♦*❥❛$ ✷✵✵✸✱ ❇♦*❥❛$ ❛♥❞ ❑❛'③ ✷✵✵✼✱

❖''❛✈✐❛♥♦ ❛♥❞ N❡*✐ ✷✵✶✷✮ '♦ '❤❡ ❛*❡❛ $'✉❞✐❡$ ✭$✉❝❤ ❛$ ❈❛*❞ ✷✵✵✶✱ ✷✵✵✾✮ ❛♥❞ ✉$✐♥❣ ❞❛'❛ ❢*♦♠

$❡✈❡*❛❧ ❞✐✛❡*❡♥' ❝♦✉♥'*✐❡$

✸

✭$❡❡ ❛❧$♦ '❤❡ *❡❝❡♥' ❧✐'❡*❛'✉*❡ *❡✈✐❡✇$ ❜② ▲♦♥❣❤✐ ❡' ❛❧ ✭✷✵✵✺✮

❛♥❞ ❑❡** ❛♥❞ ❑❡** ✭✷✵✶✶✮✮✱ ♠✉❝❤ ❧❡$$ ✐$ ❦♥♦✇♥ ❛❜♦✉' '❤❡ ✜*♠✲❧❡✈❡❧ ❡✛❡❝' ♦❢ ✐♠♠✐❣*❛♥'$✳

❙♦♠❡ ❛❣❣*❡❣❛'❡ $'✉❞✐❡$ $✉❣❣❡$' ✐♥'❡*❡$'✐♥❣ ♠❡❝❤❛♥✐$♠$ '❤*♦✉❣❤ ✇❤✐❝❤ ✐♠♠✐❣*❛♥'$ ♠❛② ❜❡

❛❜$♦*❜❡❞ ✇✐'❤✐♥ ✜*♠$✱ ❜② ❛❞❥✉$'✐♥❣ '❤❡ '❛$❦ $♣❡❝✐❛❧✐③❛'✐♦♥ ♦❢ ✇♦*❦❡*$ ✭N❡*✐ ❛♥❞ ❙♣❛*❜❡* ✷✵✵✾✱

❖''❛✈✐❛♥♦ N❡*✐ ❛♥❞ ❲*✐❣❤' ✷✵✶✸✮ ♦♥❧② ❢❡✇ *❡❝❡♥' $'✉❞✐❡$ '❛❝❦❧❡ '❤✐$ ✐$$✉❡ ✇✐'❤ ❛❝'✉❛❧ ✜*♠

❧❡✈❡❧ ❞❛'❛✳

▼❛❧❝❤♦✇✲▼♦❧❧❡*✱ ▼✉♥❝❤ ❛♥❞ ❙❦❛❦$❡♥ ✭✷✵✶✷✮ ✉$✐♥❣ ❙✇❡❞✐$❤ ✜*♠$ ❞❛'❛ ✜♥❞ '❤❛' ✐♠♠✐❣*❛♥'$

$'*♦♥❣❧② $✉❜$'✐'✉'❡ ❢♦* ♥❛'✐✈❡$ ✇✐'❤✐♥ '❤❡ $✐♥❣❧❡ ✜*♠✳ ❉✐✛❡*❡♥'❧② ▼❛*'✐♥$✱ N✐*❛❝❤❛ ❛♥❞ ❱❛*❡❥❛♦

✭✷✵✶✷✮ ♦♥ N♦*'✉❣✉❡$❡ ❞❛'❛ ✜♥❞ '❤❡ ♦♣♣♦$✐'❡ ❡✛❡❝'$ ✜♥❞✐♥❣ ♥♦ ❡✛❡❝' ♦❢ ✐♠♠✐❣*❛♥'$ ♦♥ '❤❡

❡♠♣❧♦②♠❡♥' ♦❢ ♥❛'✐✈❡$ ❛' ✜*♠ ❧❡✈❡❧✳ ❚❤✐$ $'✉❞✐❡$ ❢♦❝✉$ ♦♥❧② ♦♥ '❤❡ ✇❛❣❡ ❛♥❞ ❡♠♣❧♦②♠❡♥'

✸

❙♦♠❡ ❝♦✉♥'(✐❡* ❛(❡ ♣❛('✐❝✉❧❛❧(② *'✉❞✐❡❞ *✉❝❤ ❛* ●❡(♠❛♥② ✭❉❡ ◆❡✇ ❛♥❞ ❩✐♠♠❡(♠❛♥♥ ✶✾✾✹✮ ❛♥❞ '❤❡ ❯❑

✭❉✉*'♠❛♥♥✱ ❋❛❜❜(✐ ❛♥❞ @(❡*'♦♥ ✷✵✵✺✮✳ ❆ (❡❝❡♥' ♣❛♣❡( ❧♦♦❦✐♥❣ ❛' '❤❡ ❧❛❜♦( ♠❛(❦❡' ❡✛❡❝' ♦❢ ✐♠♠✐❣(❛♥' ✐♥

❋(❛♥❝❡ ✐* ❊❞♦ ✭✷✵✶✸✮ ✳

✻
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❡✛❡❝# ♦❢ ✐♠♠✐❣)❛♥#,✳ ■♠♣♦)#❛♥#❧②✱ ❤♦✇❡✈❡)✱ #❤❡,❡ ,#✉❞✐❡, ❞♦ ♥♦# ❞✐,#✐♥❣✉✐,❤ ❜❡#✇❡❡♥ ❛♥

✐♥❝)❡❛,❡ ✐♥ ✐♠♠✐❣)❛♥# ,✉♣♣❧② ❛# #❤❡ )❡❣✐♦♥❛❧ ❧❡✈❡❧ ❛♥❞ ❛# #❤❡ ✜)♠ ❧❡✈❡❧✳ ❲❤✐❧❡ ♦♥❡ ❝❛♥ ✐❞❡♥#✐❢②

❛♥ ❡①♦❣❡♥♦✉, ,❤♦❝❦ ✭❞)✐✈❡♥ ❜② ❛❣❣)❡❣❛#❡ ❝♦✉♥#)②✲,♣❡❝✐✜❝ ✢♦✇,✮ ♦❢ ✐♠♠✐❣)❛♥#, ✐♥#♦ ❛♥ ❛)❡❛✱

✐# ✐, ✈❡)② ❤❛)❞ #♦ #❤✐♥❦ #❤❛# #❤❡ ✐♥❝)❡❛,❡ ✐♥ #❤❡ ,❤❛)❡ ♦❢ ✐♠♠✐❣)❛♥#, ❛# #❤❡ ✜)♠ ❧❡✈❡❧ ✐, ,✐♠♣❧②

✧,✉♣♣❧②✲❞)✐✈❡♥✧✱ ♥♦# ❝♦))❡❧❛#❡❞✱ #❤❛# ✐,✱ ✇✐#❤ ♦❜,❡)✈❛❜❧❡ ❛♥❞ ✉♥♦❜,❡)✈❛❜❧❡ ❝❤❛)❛❝#❡)✐,#✐❝,

♦❢ #❤❡ ✜)♠✳ ❙♣❡❧❧✐♥❣ ♦✉# #❤❡ ❞❡#❛✐❧, ♦❢ ❤♦✇ #❤❡ ,❤❛)❡ ♦❢ ❢♦)❡✐❣♥✲❜♦)♥ ❡♠♣❧♦②♠❡♥# ✐♥ ❛

✜)♠ ✐, )❡❧❛#❡❞ #♦ #❤❡ ❧♦❝❛❧ ❧❛❜♦) ♠❛)❦❡# ,✉♣♣❧② ❛♥❞ ❤♦✇ ✐# ✐, )❡❧❛#❡❞ #♦ ✜)♠✬, ❝❤♦✐❝❡ ❛♥❞

❝❤❛)❛❝#❡)✐,#✐❝, ✐, ❝)✉❝✐❛❧ ❛♥❞ ✐# ✐, ♥♦# ❞♦♥❡ ✐♥ #❤❡,❡ ♣❛♣❡),✳ ❙✐♠✐❧❛)❧② ❍❛#③✐❣❡♦)❣✐♦✉ ❛♥❞

▲♦❞❡❢❛❧❦ ✭✷✵✶✶✮✱ ❛♥❞ ❍✐❧❧❡) ✭✷✵✶✸✮ ❛♥❛❧②③❡ #❤❡ ❡✛❡❝# ♦❢ ✐♠♠✐❣)❛♥#, ♦♥ #❤❡ ✜)♠✲❧❡✈❡❧ ❡①♣♦)#✱

)❡❧②✐♥❣ ♦♥ ❛ ,✐♠♣❧❡ )❡❞✉❝❡❞✲❢♦)♠ ❡♠♣✐)✐❝❛❧ ,♣❡❝✐✜❝❛#✐♦♥✳

❘❡❝❡♥# ,#✉❞✐❡, ,✉❣❣❡,# #❤❛# ✐♠♠✐❣)❛♥#, ♣)♦❞✉❝❡ ❛ ❝❤❛♥❣❡ ✐♥ #❤❡ ❧♦❝❛❧ ,✉♣♣❧② ♦❢ ,♣❡❝✐✜❝

,❦✐❧❧, ✭♠❛♥✉❛❧✮ ❛♥❞ #❤❡ ❝♦♥,❡L✉❡♥# ❝❤❛♥❣❡ ✐♥ #❤❡ ,♣❡❝✐❛❧✐③❛#✐♦♥ ♦❢ ♥❛#✐✈❡,✱ ❛♥❞ #❤❡ ❝♦))❡✲

❧❛#❡❞ ❛❞♦♣#✐♦♥ ♦❢ ♣)♦❞✉❝#✐✈❡ #❡❝❤♥✐L✉❡, ❛♥❞ ✐♥✈❡,#♠❡♥#, ❜② ✜)♠, ❝❛♥ ❝❤❛♥❣❡ #❤❡ #♦#❛❧ ❢❛❝#♦)

♣)♦❞✉❝#✐✈✐#② ❛♥❞ #❤❡ ❝❛♣✐#❛❧ ✐♥#❡♥,✐#② ♦❢ ✜)♠, ✭M❡)✐ ❛♥❞ ❙♣❛)❜❡) ✷✵✵✾✱ ▲❡✇✐, ✷✵✶✸✮✳ M)♦❞✉❝✲

#✐✈✐#② ❣❛✐♥, ❢)♦♠ ✐♠♠✐❣)❛#✐♦♥ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ ❛❝)♦,, ❯❙ ,#❛#❡, ❜② M❡)✐ ✭✷✵✶✷✮✳ ❚❤❛# ♣❛♣❡)

,❤♦✇, #❤❛# #❤❡ ♠❛✐♥ ❝❛✉,❡ ❢♦) #❤♦,❡ ♣)♦❞✉❝#✐✈✐#② ❣❛✐♥ ❢)♦♠ ✐♠♠✐❣)❛#✐♦♥ ✇❛, #❤❡ ,♣❡❝✐❛❧✐③❛✲

#✐♦♥ ♦❢ ♥❛#✐✈❡ ✇♦)❦❡), ✐♥#♦ ❝♦♠♠✉♥✐❝❛#✐♦♥✲✐♥#❡♥,✐✈❡ #❛,❦, ✐♥ ✇❤✐❝❤ #❤❡② ❤❛✈❡ ❛ ❝♦♠♣❛)❛#✐✈❡

❛❞✈❛♥#❛❣❡ ❛♥❞ ✇❤✐❝❤ ❛)❡ ❝♦♠♣❧❡♠❡♥#❛)② #♦ #❛,❦, ♣❡)❢♦)♠❡❞ ❜② ✐♠♠✐❣)❛♥# ✇♦)❦❡), ✭♠❛✐♥❧②

♠❛♥✉❛❧✮✳

❱❡)② ❧✐##❧❡ ❛##❡♥#✐♦♥ ❤❛, ❜❡❡♥ ❞❡✈♦#❡❞ ✐♥ #❤❡ ❧✐#❡)❛#✉)❡ #♦ #❤❡ ❢❛❝# #❤❛# ❛ ❧❛)❣❡ ,❤❛)❡ ♦❢ ✜)♠,

❞♦❡, ♥♦# ❤✐)❡ ❛♥② ✐♠♠✐❣)❛♥# ❡✈❡♥ ✐♥ )❡❣✐♦♥, ✇✐#❤ ✈❡)② ❧❛)❣❡ ✐♠♠✐❣)❛♥# ♣)❡,❡♥❝❡ ✭❛❜♦✉#

✹✵✪ ♦❢ ✜)♠, ❞♦ ♥♦# ❤✐)❡ ❛♥② ✐♠♠✐❣)❛♥# ✐♥ ♦✉) ,❛♠♣❧❡✮✳ ❖♥ #❤❡ ♦#❤❡) ❤❛♥❞ ,♦♠❡ ♦❢ #❤❡♠

❤✐)❡ ❛ ✈❡)② ❧❛)❣❡ ,❤❛)❡✳ ■♠♠✐❣)❛♥#,✱ #❤❛# ✐,✱ ❥✉,# ❛, ❡①♣♦)#, ✭❡✳❣✳ ❇❡)♥❛)❞ ❛♥❞ ❏❡♥,❡♥

✶✾✾✾ ✮✱ ❛)❡ ❞✐,#)✐❜✉#❡❞ ✈❡)② ✉♥❡✈❡♥❧② ❛❝)♦,, ✜)♠,✳ ❚❤✐, ,✉❣❣❡,#, #❤❛# #❤❡)❡ ♠❛② ❜❡ ✜①❡❞

❝♦,#, ❛,,♦❝✐❛#❡❞ #♦ ❤✐)✐♥❣ ✐♠♠✐❣)❛♥#, ❛, ✇❡❧❧ ❛, ❜❡♥❡✜#, #❤❛# ❛❝❝)✉❡ #♦ #❤❡ ✜)♠ ✐❢ ✐# ❤✐)❡,

✐♠♠✐❣)❛♥#, ✉♣ #♦ ❛ ❝❡)#❛✐♥ ,❝❛❧❡✳ ■# ♠❛❦❡ ,❡♥,❡ #♦ #❤✐♥❦ #❤❛# #❤❡,❡ ❝♦,#, ♠❛② ❜❡ )❡❧❛#❡❞

#♦ #❤❡ ❢❛❝# #❤❛# ✐♥❢♦)♠❛#✐♦♥ ❛❜♦✉# ✐♠♠✐❣)❛♥# ✇♦)❦❡), ✐, ❤❛)❞❡) #♦ )❡❛❞ ❜② ✜)♠, ❛♥❞ #❤❛#

✐♥#❡❣)❛#✐♥❣ ✐♠♠✐❣)❛♥#, ✐♥ ♣)♦❞✉❝#✐♦♥ ♠❛② )❡L✉✐)❡ ,♦♠❡ ❜❛,✐❝ ❛))❛♥❣❡♠❡♥#, ✭❡✳❣✳ #♦ ✐♠♣)♦✈❡
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❝♦♠♠✉♥✐❝❛'✐♦♥✮ '❤❛' *♦♠❡ ✜-♠* ❞♦ ♥♦' ❤❛✈❡ ✐♥ ♣❧❛❝❡✳ ❖♥ '❤❡ ♦'❤❡- ❤❛♥❞ ❢♦- ✜-♠* '❤❛'

❤❛✈❡ ❛ ❧♦✇✲ ✜①❡❞ ❝♦*' ♦❢ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥'*✱ ✭❜❡❝❛✉*❡ '❤❡② ❛-❡ ❜❡''❡- ❝♦♥♥❡❝'❡❞ ✐♥'♦ '❤❡✐-

✐♥❢♦-♠❛'✐♦♥ ♥❡'✇♦-❦✮✱ '❤❡-❡ ♠❛② ❜❡ ❛ ♣-♦❞✉❝'✐✈✐'② ❣❛✐♥✴ ❝♦*' -❡❞✉❝✐♥❣ ❡✛❡❝' ❢-♦♠ ❤✐-✐♥❣

'❤❡♠✳ ❚❤❡ ♣-❡*❡♥❝❡ ♦❢ ✜①❡❞ ❝♦*'* ❛♥❞ ✜-♠ ❤❡'❡-♦❣❡♥❡✐'② ❤❛* ❜❡❡♥ ✈❡-② ♠✉❝❤ ❛' '❤❡ ❝❡♥'❡-

♦❢ '❤❡ -❡❝❡♥' ♠♦❞❡❧* ♦❢ ✐♥'❡-♥❛'✐♦♥❛❧ '-❛❞❡ ✭▼❡❧✐'③ ✷✵✵✸✱ ❇❡-♥❛-❞ ❡' ❛❧ ✷✵✵✸✮✳ ❆ ❧❛-❣❡

*❤❛-❡ ♦❢ '❤❡ ♠❛♥✉❢❛❝'✉-✐♥❣ ✜-♠* ❞♦ ♥♦' '-❛❞❡ ❛❜-♦❛❞✱ ♦♥❧② ❧❛-❣❡- ❛♥❞ ♠♦-❡ ♣-♦❞✉❝'✐✈❡ ✜-♠*

'-❛❞❡ ❛❜-♦❛❞ ❛♥❞ '❤❡ ♣-♦❞✉❝'✐✈✐'② ❡✛❡❝'* ♦❢ '-❛❞❡ ♦♣❡♥♥❡** ✐* ✐♥ ❧❛-❣❡ ♣❛-' '❤❛' ♦❢ *❡❧❡❝'✐♥❣

❤✐❣❤❡- ♣-♦❞✉❝'✐✈✐'② ✜-♠* ❜② ✐♥❝-❡❛*✐♥❣ '❤❡✐- ❛❞✈❛♥'❛❣❡✳ ❖✉- ♣❛♣❡- ♠♦✈❡* *♦♠❡ *'❡♣* ✐♥

'❤❡ ❞✐-❡❝'✐♦♥ ♦❢ '❤✐♥❦✐♥❣ ❛❜♦✉' ✐♠♠✐❣-❛'✐♦♥ ✇✐'❤✐♥ '❤❡ ❝♦♥'❡①' ♦❢ ✜-♠* ✇✐'❤ ✜①❡❞ ❝♦*'*

♦❢ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥'*✳ ◆❛♠❡❧② ✇❡ ❝♦♠❜✐♥❡ '❤❡ ✐❞❡❛ ♦❢ ❝♦♠♣❧❡♠❡♥'❛-✐'② ❜❡'✇❡❡♥ ♥❛'✐✈❡*

❛♥❞ ✐♠♠✐❣-❛♥'* ❛' '❤❡ ✜-♠ ❧❡✈❡❧ ✭❡✳❣✳ ❖''❛✈✐❛♥♦ ❛♥❞ I❡-✐✱ ✷✵✶✷✮ ✇✐'❤ '❤❡ ♣-❡*❡♥❝❡ ♦❢

❤❡'❡-♦❣❡♥❡♦✉* ✜①❡❞ ❝♦*'* ♦❢ ❤✐-✐♥❣ ✐♠♠✐❣-❛♥'* ❛' '❤❡ ✜-♠ ❧❡✈❡❧✳ ❇♦'❤ '❤❡ '❤❡♦-❡'✐❝❛❧ ❛♥❞

❡♠♣✐-✐❝❛❧ ❧✐'❡-❛'✉-❡ ✐♥ '❤❡ ❛-❡❛ ♦❢ ✐♠♠✐❣-❛'✐♦♥ ❛♥❞ '❤❡ ✜-♠ ❛-❡ ✐♥ '❤❡✐- ✐♥❢❛♥❝②✳ ❆ -❡❝❡♥'

♣❛♣❡- ❜② ❍❛❛* ❛♥❞ ▲✉❝❤' ✭✷✵✶✸✮ ✉*❡* ❛ ❣❡♥❡-❛❧ ❡M✉✐❧✐❜-✐✉♠ ♠♦❞❡❧ ✇✐'❤ ❤❡'❡-♦❣❡♥❡♦✉* ✜-♠*

✭▼❡❧✐'③ ✷✵✵✸✮ ✇❤❡-❡ ♠✐❣-❛♥'* ✐♠♣❡-❢❡❝'❧② *✉❜*'✐'✉'❡ ❢♦- ♥❛'✐✈❡ ✇♦-❦❡-* ❛♥❞ ✜-♠* ❞✐✛❡- ❢♦-

'❤❡✐- ♣-♦❞✉❝'✐✈✐'② ❧❡✈❡❧*❀ *✐♠✉❧❛'✐♦♥ -❡*✉❧'* *❤♦✇ '❤❛'✿ ✭✐✮ ♥❛'✐✈❡* ♦✈❡- ♠✐❣-❛♥'* ✇❛❣❡ -❛'✐♦

✐♥❝-❡❛*❡* ✇✐'❤ '❤❡ ✐♠♠✐❣-❛♥'* *❤❛-❡ ✐♥ '❤❡ ✜-♠❀ ✭✐✐✮ ✜-♠ ♣-♦❞✉❝'✐✈✐'② ✐♥❝-❡❛*❡* ✇✐'❤ '❤❡

✐♠♠✐❣-❛♥'* *❤❛-❡ ✐♥ '❤❡ ✜-♠✳ ❚-❛① ❡' ❛❧ ✭✷✵✶✸✮ ✐* ♦♥❡ ♦❢ '❤❡ ❢❡✇ ❡①❛♠♣❧❡*✱ '♦ ♦✉- ❦♥♦✇❧❡❞❣❡✱

♦❢ ❡♠♣✐-✐❝❛❧ ❛♥❛❧②*✐* ♦❢ '❤❡ ✐♠♣❛❝' ♦❢ '❤❡ ❝♦✉♥'-②✲♦❢✲❜✐-'❤ ❞✐✈❡-*✐'② ♦♥ ♣❧❛♥' ♣-♦❞✉❝'✐✈✐'②✳

❈❡-'❛✐♥❧② ✇✐'❤ '❤❡ ✐♥❝-❡❛*❡❞ ❛✈❛✐❧❛❜✐❧✐'② ♦❢ ✜-♠✲❧❡✈❡❧ ❞❛'❛ ✐' ✇✐❧❧ ❜❡❝♦♠❡ ♠♦-❡ ❝♦♠♠♦♥ '♦

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

'♦ '❤✐♥❦ ♠♦-❡ -✐❣♦-♦✉*❧② ❛❜♦✉' '❤❡♦-❡'✐❝❛❧ ❛♥❞ ❡♠♣✐-✐❝❛❧ ❛♣♣-♦❛❝❤❡*✳

✸✳ ❚❤❡♦&❡'✐❝❛❧ ❋&❛♠❡✇♦&❦

❚❤✐* *❡❝'✐♦♥ ♣-♦✈✐❞❡* ❛ *✐♠♣❧❡ ✐♥'✉✐'✐♦♥✱ ❜❛*❡❞ ♦♥ ❛ ♣❛-'✐❛❧ ❡M✉✐❧✐❜-✐✉♠ ♠♦❞❡❧✱ ♦❢ '❤❡ ✐♠♣❛❝'

♦❢ ❛♥ ✐♥❝-❡❛*❡ ✐♥ '❤❡ ❧♦❝❛❧ *✉♣♣❧② ♦❢ ✐♠♠✐❣-❛♥'* ♦♥ ❞✐✛❡-❡♥' ✜-♠* ✐♥ '❡-♠* ♦❢ '❤❡✐- ✐♠♠✐✲

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

❝♦♠♣❧❡♠❡♥'❛-✐'② ❜❡'✇❡❡♥ ♥❛'✐✈❡* ❛♥❞ ✐♠♠✐❣-❛♥'* ❛♥❞ '❤❡ ❡①✐*'❡♥❝❡ ♦❢ ✜①❡❞ ❝♦*'* ♦❢ ❤✐-✐♥❣

✐♠♠✐❣-❛♥'*✳ ❚❤❡*❡ '✇♦ ✐♥❣-❡❞✐❡♥'* ❞❡❧✐✈❡- '❤❡ ❦❡② -❡*✉❧'*✳ ❲❡ ❢♦-♠❛❧✐③❡ '❤❡♠ ✐♥ '❤❡ *✐♠♣❧❡*'
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✇❛② ♣♦%%✐❜❧❡✳

❈♦♥%✐❞❡. ❛ ✜①❡❞ ♥✉♠❜❡. ♦❢ ✜.♠% ✐♥ ❛ .❡❣✐♦♥ ✭%❡❝7♦.✲.❡❣✐♦♥✮ ♣.♦❞✉❝✐♥❣ ❛ ❤♦♠♦❣❡♥❡♦✉% ❣♦♦❞

② ✉%✐♥❣ ❧♦❝❛❧ ✇♦.❦❡.% ✇❤♦ ❝❛♥ ❜❡ ♥❛7✐✈❡ ✭✐♥❞✐❝❛7❡❞ ❛% ♥ ✮ ♦. ✐♠♠✐❣.❛♥7 ✭✐♥❞✐❝❛7❡❞ ❛% ♠✮✳

❚❤❡%❡ ✜.♠% ❛.❡ ❤❡7❡.♦❣❡♥❡♦✉% ❛% 7❤❡② ❞✐✛❡. ✐♥ 7❤❡ ❝♦%7 ♦❢ ❤✐.✐♥❣ ✐♠♠✐❣.❛♥7 ✇♦.❦❡.%✳ ■♥

♣❛.7✐❝✉❧❛. 7❤❡.❡ ✐% ❛ ✜①❡❞ ❝♦%7 ✭♣❡. ✉♥✐7 ♦❢ ♣.♦❞✉❝7✮ ✐♥ ❤✐.✐♥❣ ✐♠♠✐❣.❛♥7% ❛% 7❤♦%❡ ✇♦.❦❡.%

♠❛② ❜❡ ❤❛.❞❡. 7♦ .❡❛❝❤ ♦. 7♦ 7.❛✐♥ ❛♥❞ ✜.♠% ♥❡❡❞ %♦♠❡ ❢❛♠✐❧✐❛.✐7② ✇✐7❤ 7❤❡✐. ♥❡7✇♦.❦ 7♦ ❤✐.❡
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✄

✐

♦❢ ✐♠♠✐❣!❛♥$%✳ ◆♦$✐❝❡ ❛❧%♦ $❤❛$

✐♥ ♦✉! %✐♠♣❧❡ ♠♦❞❡❧ ♣!♦✜$ ♣❡! ✉♥✐$ ♦❢ ♦✉$♣✉$ ✐♥ ❛ ✜!♠ ✐% ❛ ♠❡❛%✉!❡ ♦❢ ✉♥✐$ ♣!♦❞✉❝$✐✈✐$② ♦❢

✇♦!❦❡!% ❛% ✐$ !❡♣!❡%❡♥$ $❤❡ !❡✈❡♥✉❡ ♥❡$ ♦❢ ❝♦%$ ♣❡! ✉♥✐$ ♦❢ ♦✉$♣✉$✳

❈♦♥%✐❞❡! ♥♦✇ $❤❡%❡ ✜!♠% ❛% ✇❛❣❡ $❛❦❡!% !❡❧❛$✐✈❡ $♦ ✇

▼

♦♥ $❤❡ ❧♦❝❛❧ ♠❛!❦❡$ ✭❜❡❝❛✉%❡ $❤❡!❡

❛!❡ %❡✈❡!❛❧ ♦$❤❡! ✜!♠% ❛♥❞ %❡❝$♦!% ✐♥ $❤❡ !❡❣✐♦♥✮✳ ❋!♦♠ ❝♦♥❞✐$✐♦♥% ✭✸✮✲✭✺✮ ✇❡ ♦❜$❛✐♥ $❤❡

❢♦❧❧♦✇✐♥❣ ♣!❡❞✐❝$✐♦♥%✳

✎ M!❡❞✐❝$✐♦♥ ✶✿ ❆ ❞❡❝!❡❛%❡ ✐♥ ✇

▼

✭♣♦%%✐❜❧② ❞✉❡ $♦ ❛♥ ✐♥❝!❡❛%❡ ✐♥ $❤❡ %✉♣♣❧② ♦❢ ❢♦!❡✐❣♥✲❜♦!♥✮

✇✐❧❧ ❞❡❝!❡❛%❡ ✇̃ ❛♥❞ ❤❡♥❝❡ ✐$ ✇✐❧❧ ✐♥❝!❡❛%❡ $❤❡ $❤!❡%❤♦❧❞ ✭%$!❛✐❣❤$❢♦!✇❛!❞ ❢!♦♠ ❡A✉❛$✐♦♥ ✹✮

❛♥❞ %♦♠❡ ✜!♠% ✇✐❧❧ ❜❡❣✐♥ ❤✐!✐♥❣ ✐♠♠✐❣!❛♥$%✳ ❍❡♥❝❡ $❤❡ %❤❛!❡ ♦❢ ✜!♠% ✐♥ $❤❡ !❡❣✐♦♥ ❤✐!✐♥❣

❛ ♣♦%✐$✐✈❡ ♥✉♠❜❡! ♦❢ ✐♠♠✐❣!❛♥$%✱ &❤

✭✐♠♠❃✵✮

✇✐❧❧ ✐♥❝!❡❛%❡✳

✎ M!❡❞✐❝$✐♦♥ ✷✿ ❆ ❞❡❝!❡❛%❡ ✐♥ ✇

▼

✇✐❧❧ ✐♥❝!❡❛%❡ $❤❡ %❤❛!❡ ♦❢ ✐♠♠✐❣!❛♥$% ❤✐!❡❞ ❜② $❤♦%❡ ❡❛❝❤

✜!♠ ✇✐$❤ ♣♦%✐$✐✈❡ ✐♠♠✐❣!❛♥$ %❤❛!❡ ✭%❡❡ ❝♦♥❞✐$✐♦♥ ✸✮ ❛% ✭&❤❴❢ ♦-✮

✄

✐

❞❡♣❡♥❞% ♥❡❣❛$✐✈❡❧② ♦♥

$❤❡ !❛$✐♦

✇

▼

✇

◆

✳

✶✶
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✎  !❡❞✐❝&✐♦♥ ✸✿ ❆♥ ✐♥❝!❡❛-❡ ✐♥ &❤❡ -❤❛!❡ ♦❢ ✐♠♠✐❣!❛♥&- ✐♥ ❛ ✜!♠ -✉❜-❡5✉❡♥& &♦ ❛ ❞❡❝!❡❛-❡ ✐♥

✇

▼

✇✐❧❧ ❜❡ ❧❛!❣❡! ❢♦! &❤♦-❡ ♠❛!❣✐♥❛❧ ✜!♠- ✇✐&❤ ♦!✐❣✐♥❛❧❧② ♥♦ ✐♠♠✐❣!❛♥&-✳ ❚❤❡② ✇✐❧❧ ❣♦ ❢!♦♠

✵ &♦ ✭!❤❴❢ ♦%✮

✄

✐

✇❤✐❧❡ &❤❡ ♦&❤❡! ✜!♠- ✇✐❧❧ ❡①♣❡!✐❡♥❝❡ ❛ ♠❛!❣✐♥❛❧ ✐♥❝!❡❛-❡ ✐♥ ✭!❤❴❢ ♦%✮

✄

✐

✿

✎  !❡❞✐❝&✐♦♥ ✹✿ ❆ ❞❡❝!❡❛-❡ ✐♥ ✇

▼

✇✐❧❧ ✐♥❝!❡❛-❡ &❤❡ ♣!♦✜&- ❛♥❞ ❤❡♥❝❡ ♠❡❛-✉!❡❞ ♣!♦❞✉❝&✐✈✐&② ♦❢

✜!♠- &❤❛& ❤✐!❡ ✐♠♠✐❣!❛♥&-✳ ❚❤❡ ♣!♦✜& ♣❡! ✉♥✐& ♦❢ ♦✉&♣✉& ✭!❡✈❡♥✉❡ ♥❡& ♦❢ ❝♦-&-✮ !❡♣!❡-❡♥&-

&❤❡ -✉!♣❧✉- ♦❢ ❡❛❝❤ ✜!♠ ❤✐!✐♥❣ ✐♠♠✐❣!❛♥&-✱ ✭❡5✉❛&✐♦♥ ✺✮ ❛♥❞ ✐& ✐♥❝!❡❛-❡- ❛- ✇̃ ❞❡❝❧✐♥❡-✿

▼♦!❡♦✈❡! ✜!♠- &❤❛& ♠♦✈❡ ❢!♦♠ ✵ ✐♠♠✐❣!❛♥&- &♦ ♣♦-✐&✐✈❡ ✈❛❧✉❡- ✇✐❧❧ ❛❧-♦ ❡①♣❡!✐❡♥❝❡ ❛

-✉❜-&❛♥&✐❛❧ ✐♥❝!❡❛-❡ ✐♥ &❤❡✐! -✉!♣❧✉- ❜❡❢♦!❡ &❤❡② ♣❛② ❢♦! &❤❡ ✜①❡❞ ❝♦-& ❢!♦♠ ❛♥ ✐♥✐&✐❛❧ ✈❛❧✉❡

♦❢ ✵✳ ❚❤❡ ✐♥❝!❡❛-❡ ✐♥ ♣!♦❞✉❝&✐✈✐&② ✇✐❧❧ ❜❡ ❧❛!❣❡! ❢♦! ✜!♠- ♠♦✈✐♥❣ ❢!♦♠ ✵ &♦ ♣♦-✐&✐✈❡ ✈❛❧✉❡-

♦❢ ✐♠♠✐❣!❛♥&- &❤❛♥ ❢♦! &❤❡ ♦&❤❡! ✜!♠-✳

❲❤✐❧❡ ♦✉! ♠♦❞❡❧ ✐- ♣❛!&✐❛❧ ❡5✉✐❧✐❜!✐✉♠ ❛♥❞ ✈❡!② -✐♠♣❧❡ ✐& ♣!♦✈✐❞❡- -♦♠❡ ♣!❡❞✐❝&✐♦♥- &❤❛& ❛!❡

-&!❛✐❣❤&❢♦!✇❛!❞ ❝♦♥-❡5✉❡♥❝❡- ♦❢ &❤❡ ❝♦♠♣❧❡♠❡♥&❛!✐&② ❜❡&✇❡❡♥ ♥❛&✐✈❡ ❛♥❞ ✐♠♠✐❣!❛♥&- ❛♥❞ ♦❢

&❤❡ ❡①✐-&❡♥❝❡ ♦❢ ❛ ✜①❡❞ ❝♦-&- ✐♥ ❤✐!✐♥❣ ✐♠♠✐❣!❛♥&-✱ ✇❤✐❝❤ ✐- ❤❡&❡!♦❣❡♥❡♦✉- ❛❝!♦-- ✜!♠-✳ ■♥

♦✉! ❡♠♣✐!✐❝❛❧ ❛♥❛❧②-✐- ✇❡ ✇✐❧❧ &❡-& &❤❡ ✐♠♣❛❝& ♦❢ ❛♥ ❡①♦❣❡♥♦✉- ✐♥❝!❡❛-❡ ✐♥ &❤❡ ❧♦❝❛❧ -✉♣♣❧② ♦❢

✐♠♠✐❣!❛♥&- ✇❤✐❝❤ !❡❞✉❝❡- &❤❡✐! ✇❛❣❡- ♦♥ -✉!♣❧✉- ❛♥❞ ♣❡!❢♦!♠❛♥❝❡ ♦❢ ❛ ✜!♠✳

❋✐!-&✱ ✇❡ ✇✐❧❧ ❝❤❡❝❦ ✇❤❡&❤❡!✱ ❛- ♣!❡❞✐❝&❡❞ ✐♥ &❤❡ ♠♦❞❡❧ ❛❜♦✈❡✱ ❛ ♣♦-✐&✐✈❡ ✐♠♠✐❣!❛&✐♦♥ -❤♦❝❦

✐♥❝!❡❛-❡- &❤❡ -❤❛!❡ ♦❢ ✐♠♠✐❣!❛♥&- ✐♥ -♦♠❡ ✜!♠-✱ ❞❡❝!❡❛-❡- &❤❡ -❤❛!❡ ♦❢ ✜!♠- ✇✐&❤ ♥♦ ✐♠✲

♠✐❣!❛♥&-✱ ❛♥❞ ❤❛- &❤❡ ❧❛!❣❡-& ❡✛❡❝& ♦♥ ✜!♠- ✇✐&❤ ✐♥✐&✐❛❧❧② ③❡!♦ ✭♦! ❡①&!❡♠❡❧② ❧♦✇✮ -❤❛!❡-

♦❢ ✐♠♠✐❣!❛♥&- ✭ !❡❞✐❝&✐♦♥ ✶✲✸✮✳ ❚❤❡♥ ✇❡ ❝❤❡❝❦ ✇❤❡&❤❡! &❤❡ ✜!♠- ✇✐&❤ ❧❛!❣❡! ✐♥❝!❡❛-❡ ✐♥

✐♠♠✐❣!❛♥&- -❤❛!❡- ❤❛❞ ♣!♦❞✉❝&✐✈✐&② ✭-✉!♣❧✉-✮ ❝❤❛♥❣❡- ❛♥❞ ✇❤❡&❤❡! &❤✐- ❡✛❡❝& ✐- -&!♦♥❣❡! ❢♦!

✜!♠- ✇✐&❤ ✐♥✐&✐❛❧❧② ♥♦ ✭♦! ✈❡!② ❢❡✇✮ ✐♠♠✐❣!❛♥&-✳ ❋✐♥❛❧❧② ✇❡ &❡-& ✇❤❡&❤❡! ♦&❤❡! ❢❡❛&✉!❡- ♦❢

♣!♦❞✉❝&✐♦♥ ♦❢&❡♥ ❛--♦❝✐❛&❡❞ ✇✐&❤ ❤✐❣❤❡! ♣!♦❞✉❝&✐✈✐&② ❛!❡ ❛❧-♦ ❛❞❥✉-&❡❞ &♦ &❤❡ ✐♥✢♦✇ ♦❢ ✐♠♠✐✲

❣!❛♥&- -✉❝❤ ❛- &❤❡ -♣❡❝✐❛❧✐③❛&✐♦♥ ♦❢ ♥❛&✐✈❡- ✐♥ ❝♦♠♣❧❡① &❛-❦- ❛♥❞ &❤❡ ❡①♣♦!& ♦❢ &❤❡ ✜!♠- ❜♦&❤

✐♥ &❡!♠- ♦❢ ✈❛❧✉❡- -♦❧❞ ✭✐♥&❡♥-✐✈❡ ♠❛!❣✐♥✮ ❛♥❞ ♥✉♠❜❡! ♦❢ ♠❛!❦❡&- ✭❡①&❡♥-✐✈❡ ♠❛!❣✐♥✮ ❛♥❞

✇❡&❤❡! &❤❡-❡ ❡✛❡❝&- ❛!❡ -&!♦♥❣❡!✱ ❢♦! ✜!♠- -&❛!&✐♥❣ ✇✐&❤ ❛ ③❡!♦ ❛♥❞ ✐♥❝!❡❛-✐♥❣ &❤❡✐! -❤❛!❡ ♦❢

✐♠♠✐❣!❛♥&-✳

✶✷
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✹✳ ❊♠♣✐&✐❝❛❧ ❋&❛♠❡✇♦&❦

❖✉" ❡♠♣✐"✐❝❛❧ *+"❛+❡❣② ✐* *❡+ ✉♣ +♦ +❡*+ +❤❡ ♣"❡❞✐❝+✐♦♥* ♦❢ ♦✉" *✐♠♣❧❡ ♠♦❞❡❧✳ ❚❤❡ ❡♠♣✐"✐❝❛❧

*♣❡❝✐✜❝❛+✐♦♥*✱ ❤♦✇❡✈❡"✱ ❛"❡ 9✉✐+❡ ❣❡♥❡"❛❧ ❛♥❞ ❣♦ ✇❡❧❧ ❜❡②♦♥❞ +❤❛+ ♠♦❞❡❧✳ ❚❤❡ ❣♦❛❧ ♦❢ +❤❡

❡♠♣✐"✐❝❛❧ ❛♥❛❧②*✐* ✐* +♦ ❤❡❧♣ ✉* ✉♥❞❡"*+❛♥❞ +❤❡ "❡*♣♦♥*❡ ♦❢ ✜"♠*✬ ♦✉+❝♦♠❡* +♦ ✐♥✢♦✇* ♦❢

✐♠♠✐❣"❛♥+* ✐♥ +❤❡ ❧♦❝❛❧ ❛"❡❛✳ ■♥ ♣❛"+✐❝✉❧❛" ✇❡ *❡+ ✉♣ ❛♥ ❡♠♣✐"✐❝❛❧ ♠♦❞❡❧ +❤❛+✱ ❝♦♥+"♦❧❧✐♥❣ ❢♦"

✜"♠ ❤❡+❡"♦❣❡♥❡✐+②✱ ❛♥❛❧②③❡* +❤❡ "❡*♣♦♥*❡ ♦❢ ✜"♠ ♦✉+❝♦♠❡* +♦ "❡❣✐♦♥❛❧ ✐♠♠✐❣"❛+✐♦♥ *❤♦❝❦*✳

❲❡ ❛❧*♦ ❛❧❧♦✇* ✜"♠* +❤❛+ ✐♥✐+✐❛❧❧② ❤❛❞ ♥♦ ✭♦" ✈❡"② ❢❡✇✮ ✐♠♠✐❣"❛♥+* +♦ "❡*♣♦♥❞ +♦ +❤❡*❡

*❤♦❝❦* ✐♥ ❞✐✛❡"❡♥+ ✇❛② +❤❛♥ +❤♦*❡ +❤❛+ ❛❧"❡❛❞② ❡♠♣❧♦②❡❞ ✐♠♠✐❣"❛♥+*❀ +❤❡ "❛+✐♦♥❛❧❡ ❢♦" +❤✐*
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✇✐.❤ ♠♦'❡ .❤❛♥ ✺✵ ♠✐❧❧✐♦♥/ ♦❢ ♦❜/❡'✈❛.✐♦♥/ ❜② ②❡❛' ✇❡'❡ ♠❡'❣❡❞✳ ■♥ ❡❛❝❤ ❞❛.❛/❡. .❤❡ /✐♥❣❧❡

♦❜/❡'✈❛.✐♦♥ ❝♦''❡/♣♦♥❞/ .♦ ❛ ✉♥✐C✉❡ ❡♠♣❧♦②❡❡✲②❡❛'✲❡/.❛❜❧✐/❤♠❡♥. /♦ .❤❛. ✇❡ ❝❛♥ '❡❝♦♥/.'✉❝.

.❤❡ ❡①❛❝. ❡♠♣❧♦②♠❡♥. /.'✉❝.✉'❡ ♦❢ ❡❛❝❤ ❡/.❛❜❧✐/❤♠❡♥.✳ ❆. .❤❡ ❡/.❛❜❧✐/❤♠❡♥. ❧❡✈❡❧ ❉❆❉❙

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

✇❡❧❧ ❛/ .❤❡ ✐❞❡♥.✐✜❝❛.✐♦♥ ♥✉♠❜❡' .❤❛. ❝♦''❡/♣♦♥❞/ .♦ .❤❡ ❡/.❛❜❧✐/❤♠❡♥. ✭❙■❘❊❚✮ ❛♥❞ .❤❡

✐❞❡♥.✐✜❝❛.✐♦♥ ♥✉♠❜❡' .❤❛. ❝♦''❡/♣♦♥❞/ .♦ .❤❡ ♣❛'❡♥. ❡♥.❡'♣'✐/❡ ✭❙■❘❊◆✮✳

✶✹

❆! ❛ ♣$❡❧✐♠✐♥❛$② +❡!+ ♦❢ +❤❡ $❡❧❡✈❛♥❝❡ ♦❢ ♦✉$ ✐♥!+$✉♠❡♥+ ✭$✐❣♦$♦✉! +❡!+ ✉!✐♥❣ ❋✲+❡!+ ✐! !❤♦✇❡❞ ✐♥ ❡❛❝❤ +❛❜❧❡

✸✲✶✵✮ ✇❡ ❝♦♠♣✉+❡ +❤❡ ❝♦$$❡❧❛+✐♦♥ ❜❡+✇❡❡♥ +❤❡ ✶✾✾✺✬! ❞✐!+$✐❜✉+✐♦♥ ♦❢ ✐♠♠✐❣$❛♥+! ❛❝$♦!! ❞❡♣❛$+♠❡♥+✱ ✇✐+❤ +❤❡

❞✐!+$✐❜✉+✐♦♥! ❛+ +❂✶✾✾✻✱✳✳✳✱✷✵✵✺✳ ❲❡ ♦❜+❛✐♥ ✈❡$② !+$♦♥❣ ♣♦!✐+✐✈❡ ❝♦$$❡❧❛+✐♦♥ ❜❡+✇❡❡♥ ✶✾✾✺✬! ❛♥❞ +❤❡ ❢♦❧❧♦✇✐♥❣

②❡❛$!✬ ❞✐!+$✐❜✉+✐♦♥✳ ❚❤✐! !❤♦✇! +❤❛+ ❞❡♣❛$+♠❡♥+! ❤❛✈✐♥❣ ❤✐❣❤ !❤❛$❡ ♦❢ ✐♠♠✐❣$❛♥+! ✐♥ ✶✾✾✺ ❛$❡ ✭❛♣♣$♦①✐♠❛+❡❧②✮

+❤❡ !❛♠❡ ❞❡♣❛$+♠❡♥+! ✇✐+❤ ❤✐❣❤ !❤❛$❡ ♦❢ ✐♠♠✐❣$❛♥+! ❢$♦♠ ✶✾✾✻ +♦ ✷✵✵✺ ✲ ✇❤✐❝❤ ✐! +❤❡ $❛+✐♦♥❛❧❡ ❛+ +❤❡ ❜❛!❡

♦❢ ♦✉$ ✐♥!+$✉♠❡♥+✳ ❆! ❛♥ ❡①❛♠♣❧❡✱ +❛❜❧❡ ❆✽ !❤♦✇! ♣♦!✐+✐✈❡ ❝♦$$❡❧❛+✐♦♥ ❜❡+✇❡❡♥ +❤❡ !❤❛$❡ ♦❢ ✐♠♠✐❣$❛♥+! ❛❝$♦!!

❞❡♣❛$+♠❡♥+ ✐♥ ✶✾✾✺ ❛♥❞ ✷✵✵✺✳

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

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

❛♥❞ ♠❛✐♥ ♦❝❝✉♣❛%✐♦♥ ✭❜♦%❤ ❛% %✇♦✲❞✐❣✐% ❈❙ ❛♥❞ ❢♦✉$✲❞✐❣✐% >❈❙✲❊❙❊ ❝❧❛!!✐✜❝❛%✐♦♥✮✳ ■♥❞✐✈✐❞✉❛❧

❡♠♣❧♦②❡❡! ❛$❡ ♥♦% ❧✐♥❦❡❞ ❛❝$♦!! ②❡❛$! ❛♥❞ ❤❡♥❝❡ ✇❡ ❝❛♥♥♦% ❝♦♥!%$✉❝% ❛ ♣❛♥❡❧ ♦❢ ✐♥❞✐✈✐❞✉❛❧!✳

❍♦✇❡✈❡$ ✇❡ ❝❛♥ $❡❝♦♥!%$✉❝% ❛ ❧♦♥❣✐%✉❞✐♥❛❧ ♣❛♥❡❧ ♦❢ ❡!%❛❜❧✐!❤♠❡♥%! ❛♥❞ ✇❡ ❝❛♥ ❝♦♥!%$✉❝% %❤❡

❝❤❛$❛❝%❡$✐!%✐❝! ♦❢ ❡♠♣❧♦②❡❡! ❜② ✜$♠ ✭❙■❘❊◆✮ ❡❛❝❤ ②❡❛$✳

■♥ ♦$❞❡$ %♦ ♠❡❛!✉$❡ ✇❤❡%❤❡$ ♥❛%✐✈❡ ❛♥❞ ❢♦$❡✐❣♥ ✇♦$❦❡$! !♣❡❝✐❛❧✐③❡ ✐♥ ❞✐✛❡$❡♥% ♣$♦❞✉❝%✐♦♥ %❛!❦!

✇❡ ❝♦♠❜✐♥❡ %❛!❦✲❧❡✈❡❧ ❞❛%❛ ❢$♦♠ %❤❡ ❙%❛♥❞❛$❞ ❖❝❝✉♣❛%✐♦♥❛❧ ❈❧❛!!✐✜❝❛%✐♦♥ ✭❙❖❈✮ !②!%❡♠ ❜②

❖✯◆❊❚ ❞❛%❛!❡% ✇✐%❤ %❤❡ ♦❝❝✉♣❛%✐♦♥❛❧ !%$✉❝%✉$❡ ♦❢ ❋$❡♥❝❤ ♣$♦✈✐❞❡❞ ❜② %❤❡ ❉❆❉❙ ❞❛%❛❜❛!❡

❞❡!❝$✐❜❡❞ ❛❜♦✈❡✳ ❖✉$ ❛✐♠ ✐! %♦ ❝♦♥!%$✉❝% ❛♥ ✐♥❞✐❝❛%♦$ ♦❢ %❤❡ ❝♦♠♣❧❡①✐%② ♦❢ %❛!❦! ♣❡$❢♦$♠❡❞

❜② ♥❛%✐✈❡ ✇♦$❦❡$! ✇✐%❤✐♥ ❡❛❝❤ ❋$❡♥❝❤ ✜$♠ ♦✈❡$ %✐♠❡✳ ❲❡ ✉!❡ %❤❡ ✷✵✶✵ ✈❡$!✐♦♥ ♦❢ ❖✯◆❊❚

❞❛%❛!❡% ✇❤✐❝❤ ✐♥❝❧✉❞❡! ♠❡❛!✉$❡! ♦❢ %❤❡ ✐♠♣♦$%❛♥❝❡✱ ♦♥ ❛ !❝❛❧❡ ❢$♦♠ ✵ %♦ ✶✵✵✱ ♦❢ ♠♦$❡ %❤❛♥

✷✵✵ !❦✐❧❧! ✭❡✳❣✳ ✜♥❣❡$ ❞❡①%❡$✐%②✱ ♦$❛❧ ❡①♣$❡!!✐♦♥✱ %❤✐♥❦✐♥❣ ❝$❡❛%✐✈❡❧②✱ ♦♣❡$❛%✐♥❣ ♠❛❝❤✐♥❡!✮ ✐♥

❛❧❧ %❤❡ !✐①✲❞✐❣✐% ❙%❛♥❞❛$❞ ❖❝❝✉♣❛%✐♦♥❛❧ ❈❧❛!!✐✜❝❛%✐♦♥ ✭❙❖❈✮ ♦❢ ♦❝❝✉♣❛%✐♦♥!✳ ❲❡ ❢♦❧❧♦✇ >❡$✐

❛♥❞ ❙♣❛$❜❡$ ✭✷✵✵✾✮✱ ❛♥❞ ✇❡ ❢♦❝✉! ♦♥ %❤❡ ❞✐❝❤♦%♦♠② ❝♦♠♠✉♥✐❝❛%✐♦♥ ✈❡$!✉! ♠❛♥✉❛❧ %❛!❦!✱ ❛!

♦✉$ ✐♥❞❡① ♦❢ ❤♦✇ ❝♦♠♣❧❡① ❛ %❛!❦ ✐!✳ ❋♦$ %❤❡ ❞❡✜♥✐%✐♦♥ ♦❢ ♠❛♥✉❛❧ !❦✐❧❧! ✇❡ ❛✈❡$❛❣❡ ✶✾ ❖✯◆❊❚

✈❛$✐❛❜❧❡! ❝❛♣%✉$✐♥❣ ❛♥ ♦❝❝✉♣❛%✐♦♥ ♠♦✈❡♠❡♥%✱ ❝♦♦$❞✐♥❛%✐♦♥ ❛♥❞ !%$❡♥❣%❤ $❡R✉✐$❡♠❡♥%!✳ ❋♦$

%❤❡ ❝♦♠♠✉♥✐❝❛%✐♦♥ ✐♥%❡♥!✐%② ✐♥❞❡① ✇❡ ❛✈❡$❛❣❡ ✹ ❖✯◆❊❚ ✈❛$✐❛❜❧❡! ❝♦♥!✐❞❡$✐♥❣ ♦$❛❧ ❛♥❞ ✇$✐%%❡♥

❡①♣$❡!!✐♦♥ ❛♥❞ ❝♦♠♣$❡❤❡♥!✐♦♥✳ ❋♦$ %❤❡ ❝♦❣♥✐%✐✈❡ %❛!❦ ✇❡ ✉!❡ ✶✵ ❖✯◆❊❚ ✈❛$✐❛❜❧❡! ❝❛♣%✉$✐♥❣

%❤❡ ❛♥❛❧②%✐❝❛❧ !❦✐❧❧! ✉!❡❞✳ ❖♥❝❡ ✇❡ ❤❛✈❡ ❛!!♦❝✐❛%❡❞ ♦✉$ ❝♦♠♣❧❡①✐%② ♠❡❛!✉$❡ %♦ ❛♥ ♦❝❝✉♣❛%✐♦♥✱

✇❡ ❝♦♥!%$✉❝% %❤❡ ♠❡❛!✉$❡ ♦❢ !❦✐❧❧ ❝♦♠♣❧❡①✐%② ♦❢ ♥❛%✐✈❡ ✇♦$❦❡$! ❛% %❤❡ ✜$♠ ❧❡✈❡❧ ✉!✐♥❣ %❤❡

❉❆❉❙ ❞❛%❛!❡%✳ ❆! %❤❡ ♦❝❝✉♣❛%✐♦♥❛❧ ❝❧❛!!✐✜❝❛%✐♦♥ ✐♥ ❉❆❉❙ ✐! !♣❡❝✐✜❝ %♦ ❋$❛♥❝❡ ✇❡ ❤❛✈❡ %♦

❞♦ %❤❡ ♠❡$❣❡ ❜② ❝♦♥✈❡$%✐♥❣ ❜♦%❤ ♦❝❝✉♣❛%✐♦♥❛❧ ❝❧❛!!✐✜❝❛%✐♦♥! ✐♥%♦ ❛ ❝♦♠♠♦♥ ♥♦♠❡♥❝❧❛%✉$❡✱

%❤❛% ✐! %❤❡ ✶✾✽✽ ■♥%❡$♥❛%✐♦♥❛❧ ❙%❛♥❞❛$❞ ❈❧❛!!✐✜❝❛%✐♦♥ ♦❢ ❖❝❝✉♣❛%✐♦♥! ✭■❙❈❖ ✲✽✽✮

✶✺

✳

❚♦ ❝♦♥!%$✉❝% %❤❡ ✈❛$✐❛❜❧❡! %❤❛% ❝❛♣%✉$❡ ✜$♠ ♦✉%❝♦♠❡ ✇❡ ❛❧!♦ ✉!❡ %✇♦ ❛❞❞✐%✐♦♥❛❧ ❞❛%❛ !♦✉$❝❡!✳

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

$❡❝♦$❞! ♦❢ ❛❧❧ %❤❡ ❋$❡♥❝❤ ✜$♠! ❡①♣♦$%✐♥❣ ❣♦♦❞! ❞✉$✐♥❣ %❤❡ ♣❡$✐♦❞ ✶✾✾✺✲✷✵✵✺✳ ❊①♣♦$%! ✲

✶✺

❋♦" ❛ ❞❡&❛✐❧❡❞ ❞❡)❝"✐♣&✐♦♥ ♦❢ &❤❡ ♣"♦❝❡❞✉"❡ ❛❞♦♣&❡❞ &♦ ♠❡"❣❡ ♦❝❝✉♣❛&✐♦♥) ❛♥❞ ❝❛❧❝✉❧❛&❡ &❤❡ ♦❝❝✉♣❛&✐♦♥✲)♣❡❝✐✜❝

)❦✐❧❧ ✐♥&❡♥)✐&② )❡❡ &❤❡ ❆♣♣❡♥❞✐① ❆✳✸✳ ❚❛❜❧❡ ❆✳✻ )❤♦✇) ❝♦♠♣❧❡①✐&② ♠❡❛)✉"❡) ❢♦" ✷✲❞✐❣✐& ❧❡✈❡❧ ♦❝❝✉♣❛&✐♦♥)✳
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✶✻
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♦❜$❛✐♥ $❤❡ $♦$❛❧ ♥✉♠❜❡. ♦❢ ✐♠♠✐❣.❛♥$ ❛♥❞ ♥❛$✐✈❡ ✇♦.❦❡.( ✐♥ $❤❡ ❞❡♣❛.$♠❡♥$ ✐♥ $❤❡ ②❡❛.✳
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❛❜♦✉$ ✻✵✪ ♦❢ $❤❡♠ ✭✜.♠✲②❡❛.✮ ❤❛✈✐♥❣ ✵ ✐♠♠✐❣.❛♥$ (❤❛.❡✳ ❖♥ $❤❡ ♦$❤❡. ❤❛♥❞✱ $♦ ❣✐✈❡ ❛♥

✐❞❡❛ ❛❜♦✉$ $❤❡ ❞✐($.✐❜✉$✐♦♥ ♦❢ ✐♠♠✐❣.❛♥$( ❛❝.♦(( ❋.❡♥❝❤ .❡❣✐♦♥(✱ ✇❡ ♣.♦✈✐❞❡ ❚❛❜❧❡ ❆✷ ✐♥ $❤❡

❛♣♣❡♥❞✐①✱ (❤♦✇✐♥❣ ✐♠♠✐❣.❛♥$( ❛( (❤❛.❡ ♦❢ $❤❡ ♣♦♣✉❧❛$✐♦♥✳ ❲❤❛$ ❛♣♣❡❛.( ✐♠♠❡❞✐❛$❡❧② ✐( $❤❛$

$❤❡ ♣❡.✐♦❞ ✇❡ ❝♦♥(✐❞❡. ✐( ♦♥❡ ♦❢ ✈❡.② (✐❣♥✐✜❝❛♥$ ✐♥❝.❡❛(❡ ✐♥ ❢♦.❡✐❣♥✲❜♦.♥ ✭❢.♦♠ ✺✪ $♦ ✶✺✪ ♦❢

$❤❡ ♣♦♣✉❧❛$✐♦♥✮ ❛♥❞ $❤❛$ ❞✐✛❡.❡♥$ .❡❣✐♦♥( ❤❛✈❡ ✈❡.② ❞✐✛❡.❡♥$ ❡①♣♦(✉.❡ $♦ ✐♠♠✐❣.❛♥$(✿ ■❧❡ ❞❡

❋.❛♥❝❡ ❛♥❞ F.♦✈❡♥❝❡✲❆❧♣❡(✲❈♦$❡ ❉✬❆③✉. ❤❛✈❡ ❤✐❣❤ (❤❛.❡ ♦❢ ♠✐❣.❛♥$ ✇♦.❦❡.( ✉♣ $♦ ✶✽ ❛♥❞

✶✺✪ .❡(♣❡❝$✐✈❡❧②✱ ✇❤✐❧❡ ✐♥ .❡❣✐♦♥( (✉❝❤ ❛( ❇❛((❡✲◆♦.♠❛♥❞✐❡ $❤❡ (❤❛.❡ ♦❢ ♠✐❣.❛♥$( ✇♦.❦❡.( ✐(

♦♥❧② ✹✪✳

✻✳ ❚❤❡ ❊✛❡❝() ♦❢ ❉✐)(.✐❝( ■♠♠✐❣.❛♥( ♦♥ ❋✐.♠)

❚❛❜❧❡( ✸ $♦ ✾ (❤♦✇ $❤❡ ❡($✐♠❛$❡❞ ♣❛.❛♠❡$❡.( ♦♥ $❤❡ ❡①♣❧❛♥❛$♦.② ✈❛.✐❛❜❧❡( ♦❢ ✐♥$❡.❡($ ❢♦.

(♣❡❝✐✜❝❛$✐♦♥( ✭✻✮ ✉(✐♥❣ $✇♦ (❛♠♣❧❡( ♦❢ ✜.♠(✳ ❚❤❡ ✜.($ (❛♠♣❧❡✱ ✐♥ ❝♦❧✉♠♥( ✶✲✹✱ ✐♥❝❧✉❞❡( ♦♥❧②

✶✻
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✭✸✮ ✇❡ #❤♦✇ *❤❡ ❦❡② ❝♦❡✣❝✐❡♥*# ✐♥ *❤❡ ❢✉❧❧ #♣❡❝✐✜❝❛*✐♦♥ ✐♥❝❧✉❞✐♥❣ *❤❡ ✐♥*❡!❛❝*✐♦♥ ❜❡*✇❡❡♥

*❤❡ #❤❛!❡ ♦❢ ✐♠♠✐❣!❛♥*# ✐♥ *❤❡ ❞❡♣❛!*♠❡♥* ❛♥❞ *❤❡ ❞✉♠♠② ❡I✉❛❧ *♦ ♦♥❡ ✐❢ *❤❡ ✜!♠ ❤❛❞ ♥♦

✐♠♠✐❣!❛♥*# ✐♥ ✶✾✾✺✳ ■♥ ❝♦❧✉♠♥ ✭✹✮ !❛*❤❡! *❤❛♥ ✐♥*❡!❛❝*✐♥❣ ✇✐*❤ ❛ ❞✉♠♠② ❞❡♥♦*✐♥❣ ❡①❛❝*❧②

♥♦ ✐♠♠✐❣!❛♥*# ✐♥ ✶✾✾✺ ✇❡ ✐♥*❡!❛❝* ✇✐*❤ ♦♥❡ ❝❛♣*✉!✐♥❣ ✜!♠# ✇✐*❤ ✈❡!② ❢❡✇ ✐♠♠✐❣!❛♥*# ✭❜❡❧♦✇

*❤❡ ♠❡❞✐❛♥ ✈❛❧✉❡ ♦❢ ✜!♠# ✐♠♠✐❣!❛♥*# #❤❛!❡✱ ✇❤✐❝❤ ✇❛# ✷✳✸✪ ✐♥ ✶✾✾✺✮✳ ■♥ ❛❧❧ ❝❛#❡# *❤❡

#❛♠♣❧❡ ✉#❡❞ ❢♦! *❤❡ !❡❣!❡##✐♦♥ ✐♥❝❧✉❞❡# ✜!♠# *❤❛* ❤❛❞ ❛* ❧❡❛#* ♦♥❡ ✐♠♠✐❣!❛♥* ❜② *❤❡ ❧❛#*

♣❡!✐♦❞ ♦❢ ♦❜#❡!✈❛*✐♦♥ ❛# *❤♦#❡ ✜!♠# *❤❛* ♥❡✈❡! ❤❛❞ ✐♠♠✐❣!❛♥*# ❞♦ ♥♦* ❝♦♥*!✐❜✉*❡ *♦ ✐❞❡♥*✐❢②

*❤❡#❡ ❡✛❡❝*#✳ ❚❤❡ #*❛♥❞❛!❞ ❡!!♦!# ❛!❡ ❝❧✉#*❡!❡❞ ❜② ❞✐#*!✐❝* ❧❡✈❡❧ ✐♥ ❡❛❝❤ #♣❡❝✐✜❝❛*✐♦♥ ✐♥

♦!❞❡! *♦ ❛❝❝♦✉♥* ❢♦! *❤❡ ❝♦!!❡❧❛*✐♦♥ ♦❢ ❡!!♦!# ❛❝!♦## ✜!♠# ❛♥❞ ♦✈❡! *✐♠❡ ✇✐*❤✐♥ ❛ ❣❡♦❣!❛♣❤✐❝

❞❡♣❛!*♠❡♥*✳ ❚❤❡#❡ !❡❣!❡##✐♦♥# ❛!❡ #✐♠♣❧② ♠❡❛♥* *♦ ❡#*❛❜❧✐#❤ ✇❤❡*❤❡! ✜!♠# ✇✐*❤ ✐♥✐*✐❛❧❧②

♥♦ ✭♦! ❢❡✇✮ ✐♠♠✐❣!❛♥*# !❡#♣♦♥❞❡❞ *♦ *❤❡ ❡①♦❣❡♥♦✉# ❝❤❛♥❣❡# ✐♥ *❤❡ ❧♦❝❛❧ ✐♠♠✐❣!❛♥* #✉♣♣❧②

✶✼

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

♦♥❡ ✐♠♠✐❣'❛♥% ✐♥ %❤❡ ♣❡'✐♦❞✳ ❘❡!✉❧%!✱ ❛✈❛✐❧❛❜❧❡ ✉♥❞❡' '❡:✉❡!%✱ ❞♦ ♥♦% ❝❤❛♥❣❡✳
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❲✐&❤ ♥♦ ✜①❡❞ ❝♦.&. ♦❢ ❤✐$✐♥❣ ✐♠♠✐❣$❛♥&.✱ ❛♥❞ ❛ ✜$♠✲❧❡✈❡❧

♥❡&✇♦$❦✱ ♦♥❡ .❤♦✉❧❞ ❡①♣❡❝& &❤❛& ♥❡✇ ✐♠♠✐❣$❛♥&. ❛$❡ ❤✐$❡❞ ❛❝$♦.. ✜$♠. ✐♥ ♣$♦♣♦$&✐♦♥ ♦❢

❡①✐.&✐♥❣ ♦♥❡.✳ ❚❤✐. ✇♦✉❧❞ ✐♠♣❧② ❧❛$❣❡$ .❤❛$❡ ❣$♦✇&❤ ✐♥ ✜$♠. ✇✐&❤ ❧❛$❣❡$ ✐♥✐&✐❛❧ .❤❛$❡✱ ❛♥❞

❤❡♥❝❡ ❛ ♥❡❣❛&✐✈❡ ❝♦❡✣❝✐❡♥& ♦♥ &❤❡ ✐♥&❡$❛❝&✐♦♥ ❡✛❡❝&✳ ❚❤❡ ♠♦❞❡❧ ♣$❡.❡♥&❡❞ ❛❜♦✈❡✱ ✐♥.&❡❛❞✱

♣$❡❞✐❝&. &❤❡ ♦♣♣♦.✐&❡ ❡✛❡❝&✳ ❲✐&❤ ✜①❡❞ ❝♦.&. ❛♥❞ ❛♥ ♦♣&✐♠❛❧ ❝♦♠❜✐♥❛&✐♦♥ ♥❛&✐✈❡✲✐♠♠✐❣$❛♥&.

❢♦$ ♣$♦❞✉❝&✐♦♥✱ .♦♠❡ ✜$♠. ✇✐❧❧ ♠♦✈❡ ❢$♦♠ ✵ &♦ &❤❡ ♦♣&✐♠❛❧ .❤❛$❡✱ ✇❤❡♥ .✉♣♣❧② ✐♥❝$❡❛.❡.

❛♥❞ &❤❡ ❝♦.& ♦❢ ✐♠♠✐❣$❛♥&. ❞❡❝$❡❛.❡.✱ .❤♦✇✐♥❣ ❧❛$❣❡$ ✐♥❝$❡❛.❡ &❤❛♥ ✜$♠. ❛❧$❡❛❞② ❡♠♣❧♦②✐♥❣

✐♠♠✐❣$❛♥&.✳

❲❡ .❡❡ &❤❛&✱ ❜❡❝❛✉.❡ ♦❢ &❤❡ ♣♦✇❡$ ♦❢ &❤❡ ✐♥.&$✉♠❡♥&✱ &❤❡ ✷❙▲❙ ❡.&✐♠❛&❡. ❛$❡ ♣$❡❝✐.❡ ❛♥❞

.✐❣♥✐✜❝❛♥&✳ ❚❤❡② ❛$❡ ❛❧.♦ ❧❛$❣❡$ &❤❛♥ &❤❡ ❖▲❙ ❡.&✐♠❛&❡. $❡✈❡❛❧✐♥❣ &❤❡ ♣♦&❡♥&✐❛❧ ❡①✐.&❡♥❝❡

♦❢ ❛ ♠❡❛.✉$❡♠❡♥& ❡$$♦$ ❜✐❛. .&$♦♥❣❡$ &❤❛♥ &❤❡ ❡♥❞♦❣❡♥❡✐&② ❜✐❛.✳ ▼♦$❡ ✐♥&❡$❡.&✐♥❣❧②✱ ✇❡ ✜♥❞

&❤❛& &❤❡ ❡✛❡❝& ♦❢ ❛♥ ✐♥❝$❡❛.❡ ✐♥ ✐♠♠✐❣$❛♥&. ❜② ♦♥❡ ♣❡$❝❡♥&❛❣❡ ♣♦✐♥& ♦❢ &❤❡ ♣♦♣✉❧❛&✐♦♥ ✐♥ &❤❡

❞❡♣❛$&♠❡♥& &$❛♥.❧❛&❡. ✐♥&♦ ❛♥ ✐♥❝$❡❛.❡ ✐♥ &❤❡ .❤❛$❡ ♦❢ ✐♠♠✐❣$❛♥&. ✐♥ ✜$♠. ❜② ✵✳✼✷ ♣❡$❝❡♥&❛❣❡

♣♦✐♥&. ♦♥ ❛✈❡$❛❣❡✱ ✭❝♦❧✉♠♥ ✷✮✳ ❲❤❡♥ .❡♣❛$❛&✐♥❣ ✜$♠. ✇✐&❤ ✐♥✐&✐❛❧❧② ✵ ✐♠♠✐❣$❛♥&. ✇❡ ✜♥❞

&❤❛& &❤♦.❡✱ ❡①♣❡$✐❡♥❝❡❞ ❛♥ ❡①&$❛ ❡✛❡❝& ❢$♦♠ ❉✐.&$✐❝& ✐♠♠✐❣$❛&✐♦♥ ❜② ❛❧♠♦.& ✵✳✹✺ ♣❡$❝❡♥&❛❣❡

♣♦✐♥&. ♦♥ &❤❡✐$ ✐♠♠✐❣$❛♥& .❤❛$❡✳ ❋✐$♠. ✇✐&❤ ♥♦ ✐♥✐&✐❛❧ ✐♠♠✐❣$❛♥& ❡♠♣❧♦②❡❞ ✐♥❝$❡❛.❡❞ &❤❡✐$

✐♠♠✐❣$❛♥&. ❜② ✶✳✶ ♣❡$❝❡♥&❛❣❡ ♣♦✐♥&. ♦❢ ❡♠♣❧♦②♠❡♥& ❢♦$ ❡❛❝❤ ✐♥❝$❡❛.❡ ♦❢ ✐♠♠✐❣$❛♥&. ❜② ♦♥❡

♣❡$❝❡♥&❛❣❡ ♣♦✐♥& ✐♥ &❤❡ ❞✐.&$✐❝& ♣♦♣✉❧❛&✐♦♥✳ ❋♦$ ✜$♠. ❛❧$❡❛❞② ❤✐$✐♥❣ ✐♠♠✐❣$❛♥&. &❤❛& ✐♥❝$❡❛.❡

✇❛. ♦♥❧② ✵✳✻✺ ♣❡$❝❡♥&❛❣❡ ♣♦✐♥&.✳ ❍❡♥❝❡✱ &❤❡ ❝♦❡✣❝✐❡♥&. .❤♦✇ &❤❛& ✇❤✐❧❡ ❛❧❧ ✜$♠. &❤❛& ❤✐$❡

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

.❤❛$❡ ✐♥ ❡♠♣❧♦②♠❡♥&✱ ✜$♠. &❤❛& ✐♥✐&✐❛❧❧② ❤❛❞ ♥♦ ✐♠♠✐❣$❛♥&. ✭♦$ ✈❡$② ❢❡✇ ♦❢ &❤❡♠✮ $❡.♣♦♥❞

.✐❣♥✐✜❝❛♥&❧② ♠♦$❡✳ ❈♦❧✉♠♥ ✭✹✮ .❤♦✇. &❤❛& &❤❡ ❞✐✛❡$❡♥&✐❛❧ $❡.♣♦♥.❡ ♦❢ ✜$♠ ✇✐&❤ ✈❡$② ❢❡✇

✐♠♠✐❣$❛♥&. ✐♥ ✶✾✾✺✳ ❙✐♠✐❧❛$❧② &♦ &❤❡ ❝❛.❡ ♦❢ ✐♥✐&✐❛❧❧② ✵ ✐♠♠✐❣$❛♥&. ✜$♠. ✇✐&❤ ❢❡✇ ✐♠♠✐❣$❛♥&.

❤❛✈❡ ❛ $❡.♣♦♥.❡ ✶✵✵✪ ❧❛$❣❡$ ✭.✉♠ ♦❢ ♠❛✐♥ ❛♥❞ ✐♥&❡$❛❝&✐♦♥ ❝♦❡✣❝✐❡♥&✮ &❤❛♥ &❤❡ $❡.♣♦♥.❡ ♦❢

✜$♠. ✇✐&❤ ❧❛$❣❡$ ✐♠♠✐❣$❛♥& .❤❛$❡. ✐♥ ✶✾✾✺✳ ❙♣❡❝✐✜❝❛&✐♦♥ ✭✶✮✲✭✹✮ &❡.& ♣$♦♣♦.✐&✐♦♥. ✷ ❛♥❞ ✸

♦❢ ❙❡❝&✐♦♥ ✭✸✮✳ ❚❤♦.❡ $❡.✉❧&. ❡.&❛❜❧✐.❤ &❤❛& ✇❤✐❧❡ ✜$♠. ✐♥❝$❡❛.❡ &❤❡✐$ .❤❛$❡ ♦❢ ✐♠♠✐❣$❛♥&.

✇❤❡♥ ♠♦$❡ ♦❢ &❤❡♠ ❛$❡ ❛✈❛✐❧❛❜❧❡ ✐♥ &❤❡ ❞✐.&$✐❝& ✭❛♥❞ &❤❡✐$ ✇❛❣❡ ✐. ❧♦✇❡$✮✱ &❤❡ ✜$♠. ✇✐&❤

✶✽

 !❡❧✐♠✐♥❛!② ❞❡*❝!✐♣-✐✈❡ ❡✈✐❞❡♥❝❡ !❡♣♦!-❡❞ ✐♥ ❚❛❜❧❡ ❆✾ *✉♣♣♦!-* *✉❝❤ ❢❡❛-✉!❡✿ ✜!♠* ❤❛✈✐♥❣ ♥♦ ✐♠♠✐❣!❛♥-* ✐♥

-❤❡ *-❛!-✐♥❣ ②❡❛! ✭✶✾✾✺✮ ❡①♣❡!✐❡♥❝❡❞ ✭♦♥ ❛✈❡!❛❣❡✮ ❜✐❣❣❡! ✐♥❝!❡❛*❡* ✐♥ -❤❡✐! ✐♠♠✐❣!❛♥-* *❤❛!❡ -❤❛♥ ♦-❤❡! ✜!♠*✳
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♥✉♠❜❡$ ♦❢ ♣❧❛♥&( &❤❛& &❤❡ ✜$♠ ♦♣❡$❛&❡(✳ ❚❛❜❧❡ ❆✹ (❤♦✇( &❤❡ ✐♠♣❛❝& ♦❢ ❞✐(&$✐❝& ✐♠♠✐❣$❛&✐♦♥
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♦♣❡$❛&✐♥❣ ♥❡✇ ♣❧❛♥&(✳
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*♦✇❛$❞& ❥♦❜& ✉&✐♥❣ ♠♦$❡ ❝♦❣♥✐*✐✈❡ ❝♦♠♣❧❡① &❦✐❧❧& ❛♥❞ ❛✇❛② ❢$♦♠ ♠❛♥✉❛❧✲✐♥*❡♥&✐✈❡ &❦✐❧❧&✳ ❚❛❜❧❡

✻ ❛♥❞ ✼ &❤♦✇ *❤❡ ❡&*✐♠❛*❡❞ ❝♦❡✣❝✐❡♥*& ✉&✐♥❣ *❤♦&❡ *✇♦ ✐♥❞✐❝❡& ❛& ❞❡♣❡♥❞❡♥* ✈❛$✐❛❜❧❡ ❛♥❞

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

❇♦*❤ ❖▲❙ ❛♥❞ *❤❡ ✷❙▲❙ ❡&*✐♠❛*❡& ♣♦✐♥* *♦ ❛ ♣♦&✐*✐✈❡ ❡✛❡❝* ♦❢ *❤❡ ❞✐&*$✐❝* ✐♠♠✐❣$❛*✐♦♥ ♦♥

*❤❡ ❝♦❣♥✐*✐✈❡ &♣❡❝✐❛❧✐③❛*✐♦♥ ♦❢ ♥❛*✐✈❡& ✐♥ *❤❡ ✜$♠✱ *❤❡② ❞♦ ♥♦* ✜♥❞ ❛ &*$♦♥❣❡$ ❡✛❡❝* ❢♦$ ✜$♠&

✐♥✐*✐❛❧❧② ❤✐$✐♥❣ ♥♦ ✐♠♠✐❣$❛♥*&✳ ❲❤✐❧❡ *❤❡ ✐♥*❡$❛❝*✐♦♥& ❡✛❡❝*& ✐♥ &♣❡❝✐✜❝❛*✐♦♥& ✭✸✮ ❛♥❞ ✭✹✮ ❛♥❞

✐♥ &♣❡❝✐✜❝❛*✐♦♥ ✭✻✮ ❤❛✈❡ ❛ ♣♦&✐*✐✈❡ ❝♦❡✣❝✐❡♥* *❤❛* ✈❛❧✉❡ ✐& ♥❡✈❡$ &✐❣♥✐✜❝❛♥* ❛* *❤❡ &*❛♥❞❛$❞

❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧&✳ ❚❤✐& ♠❛② ✐♥❞✐❝❛*❡ *❤❛* ✐♥ ♠♦&* ✜$♠& ✐♥ ❞✐&*$✐❝*& ✇✐*❤ ❤✐❣❤ ✐♠♠✐❣$❛*✐♦♥

♥❛*✐✈❡ ✇♦$❦❡$& ♠♦✈❡ *♦✇❛$❞& ♠♦$❡ ❝♦❣♥✐*✐✈❡ ✐♥*❡♥&✐✈❡ ❥♦❜&✱ ❜✉* *❤✐& ✐& ❛ ❣❡♥❡$❛❧ $❡&♣♦♥&❡✱ ♥♦*

❧✐♠✐*❡❞ *♦ ✜$♠& *❤❛* ❤✐$❡ ✐♠♠✐❣$❛♥*&✳ ■❢ *❤❡ ❝♦♠♣❡*✐*✐♦♥ ❜❡*✇❡❡♥ ♥❛*✐✈❡& ❛♥❞ ✐♠♠✐❣$❛♥*& ✐&

❛♥ ❛**$✐❜✉*❡ ♦❢ *❤❡ ✇❤♦❧❡ ❧❛❜♦$ ♠❛$❦❡* ✐* ♠❛❦❡ &❡♥&❡ *♦ ❤❛✈❡ ♥❛*✐✈❡ ✇♦$❦❡$& $❡&♣♦♥❞ ✐♥ &✐♠✐❧❛$

✇❛② ✐♥ ❛❧❧ ✜$♠&✳ ❆❢*❡$ ❛❧❧ *❤❡ ♠❛$❣✐♥❛❧ ♣$♦❞✉❝*✐✈✐*② ♦❢ ❛ &❦✐❧❧✱ ✐❢ ✇♦$❦❡$& ❛$❡ ♠♦❜✐❧❡ ❛❝$♦&&

✜$♠&✱ ✐& ❛✛❡❝*❡❞ *❤$♦✉❣❤♦✉* *❤❡ ♠❛$❦❡*✳ ■♥❞✐✈✐❞✉❛❧ ✜$♠& ♠❛② ❤❛✈❡ ❞✐✛❡$❡♥* ♣$♦❞✉❝*✐✈✐*②

❡✛❡❝*& ❛♥❞ &*✐❧❧ ♥❛*✐✈❡ ✇♦$❦❡$& ♠❛② ❜❡ ❛✛❡❝*❡❞ ✐♥ ❛ &✐♠✐❧❛$ ✇❛② ❛❝$♦&& ✜$♠&✳ ❚❤✐&✱ ❛& ✇❡ ✇✐❧❧

&❡❡ ✐& ♠✐$$♦$❡❞ ✐♥ *❤❡ ❛♥❛❧②&✐& ♦❢ *❤❡ ✇❛❣❡ ❡✛❡❝*& ♦❢ ✐♠♠✐❣$❛♥*& ♦♥ ❧♦❝❛❧ ♥❛*✐✈❡&✳

❚❤❡ ❝♦♠♣❡*✐*✐♦♥ ❡✛❡❝* ♦❢ ✐♠♠✐❣$❛♥*& ✐♥ ♠❛♥✉❛❧ *❛&❦& ❛♣♣❡❛$& *♦ ❜❡ ❛ ♣❤❡♥♦♠❡♥♦♥ *❤❛*

❛✛❡❝*& *❤❡ ✇❤♦❧❡ ❧♦❝❛❧ ❧❛❜♦$ ♠❛$❦❡* ✐♥ ❛ &✐♠✐❧❛$ ✇❛② ❛♥❞ ❤❡♥❝❡ ♥❛*✐✈❡& ♠♦✈❡ *♦✇❛$❞& ♠♦$❡
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❝♦♠♣❧❡① ♦❝❝✉♣❛)✐♦♥, ✐♥ ❛❧❧ ✜.♠,✳ ❚❤❡ ♣.♦❞✉❝)✐✈✐)② ❛♥❞ ✐♥✈❡,)♠❡♥) ♦❢ ✜.♠,✱ ❤♦✇❡✈❡.✱ ❛.❡

❛✛❡❝)❡❞ ♠♦.❡ ,).♦♥❣❧② ✐❢ )❤❡② ❤✐.❡ ✐♠♠✐❣.❛♥),✱ ❛♥❞ )❤♦,❡ ✇✐)❤ ✐♥✐)✐❛❧❧② ♥♦ ✐♠♠✐❣.❛♥), ❛♣♣❡❛.

)♦ ❜❡ )❤❡ ✜.♠, ✇✐)❤ )❤❡ ❧❛.❣❡,) ✐♥❝.❡❛,❡ ✐♥ ✐♠♠✐❣.❛♥), ,❤❛.❡, ❛♥❞ ♣.♦❞✉❝)✐✈✐)② ✐♥❞✐❝❛)♦.,✳

✻✳✺✳ ❋✐%♠'✬ ❊①♣♦%-

❚❤❡ ♣.♦❞✉❝)✐✈✐)② ❣❛✐♥ ❢.♦♠ ✐♠♠✐❣.❛)✐♦♥ ,❤♦✇♥ ❜❡❢♦.❡ ❝♦✉❧❞ ❛❧,♦ ❜❡ .❡✢❡❝)❡❞ ✐♥ )❤❡ ❡①♣♦.)

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

❏❡♥,❡♥ ✶✾✾✾✮ ❤❛, ❡♠♣❤❛,✐③❡❞ )❤❛) ♦♥❧② ♠♦.❡ ♣.♦❞✉❝)✐✈❡ ✜.♠, ❛.❡ )❤♦,❡ )❤❛) ❛❝❝❡,, ✐♥)❡.♥❛✲

)✐♦♥❛❧ ♠❛.❦❡) ❛♥❞ ❡①♣♦.)✳ ▼♦.❡♦✈❡. ✜.♠, )❤❛) ❡①♣♦.) ✐♥ ♠❛♥② ❞✐✛❡.❡♥) ♠❛.❦❡), ❛.❡ )❤❡ ♠♦,)

♣.♦❞✉❝)✐✈❡ ♦♥❡, ✭❜❡❝❛✉,❡ )❤❡② ❛.❡ ❛❜❧❡ )♦ ❝♦✈❡. )❤❡ ✜①❡❞ ❝♦,) ♦❢ ❡♥).② ✐♥ ♥❡✇ ♠❛.❦❡),✮✳ ❆)

)❤❡ ,❛♠❡ )✐♠❡ ,❡✈❡.❛❧ ♣❛♣❡., ❤❛✈❡ ❛♥❛❧②③❡❞ )❤❡ ❝♦♥♥❡❝)✐♦♥ ❜❡)✇❡❡♥ ✐♠♠✐❣.❛)✐♦♥ ❛♥❞ ❡①♣♦.),

❛) )❤❡ ♥❛)✐♦♥❛❧ ❛♥❞ .❡❣✐♦♥❛❧ ❧❡✈❡❧ ✭,❡❡ ❋❡❧❜❡.♠❛②.✱ ●.♦,,♠❛♥ ❛♥❞ ❑♦❤❧❡. ✷✵✶✷ ❢♦. ❛ .❡❝❡♥)

.❡✈✐❡✇✮ ❜✉) ♦♥❧② ❢❡✇ ♦❢ )❤❡♠ ,♦ ❢❛. ❤❛✈❡ ❧♦♦❦❡❞ ❛) )❤❡ ✜.♠✲❧❡✈❡❧ ❝♦♥♥❡❝)✐♦♥ ❜❡)✇❡❡♥ )❤❡

)✇♦ ✭❍✐❧❧❡. ✷✵✶✸ ❛♥❞ ❍❛)③✐❣❡♦.❣✐♦✉ ❛♥❞ ▲♦❞❡❢❛❧❦ ✷✵✶✶ ,❤♦✇ )❤✐, ❡✛❡❝) ✉,✐♥❣ ❉❛♥✐,❤ ❛♥❞

❙✇❡❞✐,❤ ❞❛)❛ .❡,♣❡❝)✐✈❡❧②✮✳ ▼♦,) ,)✉❞✐❡, ✜♥❞ )❤❛) ✐♠♠✐❣.❛♥), ❤❛✈❡ ❛ ).❛❞❡✲❝.❡❛)✐♦♥ ❡✛❡❝),

♦♥ .❡❣✐♦♥, ❛♥❞ ✜.♠, ❛♥❞ ✐♥)❡.♣.❡) )❤✐, ❛, )❤❡ .❡,✉❧) ♦❢ .❡❞✉❝✐♥❣ ✜①❡❞ ❝♦,), ♦❢ ).❛❞✐♥❣ ✇✐)❤

)❤❡ ❝♦✉♥).② ♦❢ ♦.✐❣✐♥ ♦❢ ✐♠♠✐❣.❛♥), ✭❡✳❣✳ Q❡.✐ ❛♥❞ ❘❡S✉❡♥❛ ✷✵✶✵✮✳ ■♥ ❛ ✜.♠ ❧❡✈❡❧ ✭).❛❞❡✮

❢.❛♠❡✇♦.❦✱ ✐❢ )❤❡ ).❛❞❡ ❝.❡❛)✐♦♥ ❡✛❡❝) ♦❢ ✐♠♠✐❣.❛♥), ✇❡.❡ ❞✉❡ )♦ ♦♥❧② )❤❡ .❡❞✉❝❡❞ ✜①❡❞ ❝♦,)

)♦ ❡①♣♦.) ✭✐✳❡✳ ,✉♣♣❧❡♠❡♥)❛.② ✐♥❢♦.♠❛)✐♦♥ ♦♥ ❞❡,)✐♥❛)✐♦♥ ❝♦✉♥).✐❡, ♣.♦✈✐❞❡❞ ❜② ✐♠♠✐❣.❛♥),✮✱

✇❡ ✇♦✉❧❞ ♦❜,❡.✈❡ ♦♥❧② ❛ ♣♦,✐)✐✈❡ ❡✛❡❝) ♦❢ ✐♠♠✐❣.❛♥), ♦♥ )❤❡ ❡①)❡♥,✐✈❡ ♠❛.❣✐♥, ✭♥✉♠❜❡. ♦❢

♠❛.❦❡),✮ ❛♥❞ ❛ ♥✉❧❧ ❡✛❡❝) ♦♥ )❤❡ ✐♥)❡♥,✐✈❡ ♠❛.❣✐♥ ✭,✐♥❝❡ )❤❡ ✐♥)❡♥,✐✈❡ ♠❛.❣✐♥ ✐, ❛✛❡❝)❡❞ ♦♥❧②

❜② ❝❤❛♥❣❡, ✐♥ ✈❛.✐❛❜❧❡ ).❛❞❡ ❝♦,)✮✳ ❙♦✱ )❤✐, ,❡❝)✐♦♥ ❛✐♠, ❛❧,♦ )♦ ,❤❡❞ ❧✐❣❤) ♦♥ )❤❡ ❝❤❛♥♥❡❧,

)❤.♦✉❣❤ ✇❤✐❝❤ ✐♠♠✐❣.❛♥), ❜♦♦,) ).❛❞❡✳

■♥ ♦✉. ❛♥❛❧②,✐, ✇❡ ❤❛✈❡ ♥♦) ✐♥❢♦.♠❛)✐♦♥ ♦♥ )❤❡ ❝♦✉♥).② ♦❢ ♦.✐❣✐♥ ♦❢ ✐♠♠✐❣.❛♥) ✇♦.❦❡.,✱ ❤❡♥❝❡

✇❡ ❝❛♥♥♦) ♣.♦♣❡.❧② )❡,) )❤❡ ✐♥❢♦.♠❛)✐♦♥ ❝❤❛♥♥❡❧ ❞.✐✈✐♥❣ )❤❡ ♣.♦✲).❛❞❡ ❡✛❡❝) ♦❢ ✐♠♠✐❣.❛)✐♦♥✳

❍♦✇❡✈❡.✱ ❝♦♥,✐❞❡.✐♥❣ )❤❡ ✈❛❧✉❡ ♦❢ ).❛❞❡ ❛, ❛✛❡❝)❡❞ ❜② ✜.♠ ♣.♦❞✉❝)✐✈✐)② ✇❡ ❝♦♥,✐❞❡. ✐) ❛,

♦✉)❝♦♠❡ ✐♥ ,♣❡❝✐✜❝❛)✐♦♥, ,✐♠✐❧❛. )♦ )❤♦,❡ )❡,)❡❞ ✐♥ )❤❡ ♣.❡✈✐♦✉, )❛❜❧❡,✳

■♥ )❛❜❧❡ ❚❛❜❧❡ ✽ ✇❡ .❡♣♦.) ❡,)✐♠❛)✐♦♥ .❡,✉❧), ✇❤❡♥ )❤❡ ❧♦❣❛.✐)❤♠ ♦❢ )❤❡ )♦)❛❧ ✈❛❧✉❡ ♦❢ ❡①♣♦.),
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❢♦$ ✉♥♦❜1❡$✈❛❜❧❡1✧✱ ❘❡✈✐❡✇ ♦❢ ❊❝♦♥♦♠✐❝ ❙6✉❞✐❡1✱ ✼✵✭✷✮✿✸✶✼✲✸✹✶✳
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Table A8 - Correlation between the share of immigrants across French departments in 

1995 and 2005 
 

 
 

Table A9 - Changes in immigrant employment across French firms (2005-1996)   

 
NOTE: Firms experienced no differences in their share of immigrants have been dropped here. 
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Table A10 - Changes in TFP levels across French firms (2005-1996)   
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