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▼é♠♦✐r❡ ❞❡ ❚❤ès❡

❡♥ ✈✉❡ ❞❡ ❧✬♦❜t❡♥t✐♦♥ ❞✉ t✐tr❡ ❞❡
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♣rés❡♥té❡ ♣❛r

▼❛é✈❛ ▲❛♥❣♦✉ët

❉é♠❡♠❜r❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡s ❞é✜❝✐❡♥❝❡s ✐♥t❡❧❧❡❝t✉❡❧❧❡s ❡t

❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❜❛s❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ❛ss♦❝✐é❡s✱ à ❧✬èr❡ ❞✉

séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t

s♦✉t❡♥✉❡ ❧❡ ✵✸ ❉é❝❡♠❜r❡ ✷✵✶✹
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Pr♦❢❡ss❡✉r ❱❛❧ér✐❡ ❈❖❘▼■❊❘✲❉❆■❘❊ Prés✐❞❡♥t
Pr♦❢❡ss❡✉r ◆✐❝♦❧❛s ▲❊❱❨ ❘❛♣♣♦rt❡✉r
❉♦❝t❡✉r ❏❛♥❡t ❍❆▲▲ ❘❛♣♣♦rt❡✉r
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❉♦❝t❡✉r ▲❛✉r❡♥❝❡ ❈❖▲▲❊❆❯❳ ❉✐r❡❝t❡✉r ❞❡ t❤ès❡
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▼❛r❦ ❚✇❛✐♥





❘❊▼❊❘❈■❊▼❊◆❚❙

❆✉ ❉r ▲❛✉r❡♥❝❡ ❈♦❧❧❡❛✉①
❏✬❛❞r❡ss❡ ♠❡s ♣r❡♠✐❡rs ❡t ♠❡s ♣❧✉s ❣r❛♥❞s r❡♠❡r❝✐❡♠❡♥ts à ♠❛ ❞✐r❡❝tr✐❝❡ ❞❡ t❤ès❡✳ ■❧ ♠❡ s❡♠❜❧❡ q✉❡ ❧❛
ré✉ss✐t❡ ❞✬✉♥❡ t❤ès❡ ♥❡ ❞é♣❡♥❞ ♣❛s ✉♥✐q✉❡♠❡♥t ❞❡ ❧✬ét✉❞✐❛♥t ♦✉ ✉♥✐q✉❡♠❡♥t ❞✉ ❞✐r❡❝t❡✉r✱ ♠❛✐s ♣❧✉tôt ❞✉
❜✐♥ô♠❡ ❞✐r❡❝t❡✉r✲ét✉❞✐❛♥t✳ ❏❡ ♣❡♥s❡ ❛✈♦✐r ♣r✐s ✉♥❡ ❡①❝❡❧❧❡♥t❡ ❞é❝✐s✐♦♥ ✐❧ ② ❛ tr♦✐s ❛♥s ✭❡t tr♦✐s ❥♦✉rs✮ ❧♦rsq✉❡
❥✬❛✐ ❝❤♦✐s✐ ❞❡ ❢❛✐r❡ ♠♦♥ ❞♦❝t♦r❛t ❛✈❡❝ t♦✐✳ ❚✉ ❛s ♣❛r❢❛✐t❡♠❡♥t s✉ ♠✬❡♥❝❛❞r❡r ❡t ♠❡ ❢❛✐r❡ ❛✈❛♥❝❡r s✉r ♠❡s
♣r♦❥❡ts ❞❡ t❤ès❡ ❡t ❛✉✲❞❡❧à ❡t ❥✬❛✐ é♥♦r♠é♠❡♥t ❛♣♣ré❝✐é tr❛✈❛✐❧❧❡r ❛✈❡❝ t♦✐✳ ❏❡ t❡ r❡♠❡r❝✐❡✱ ▲❛✉r❡♥❝❡✱ ♣♦✉r t❛
r✐❣✉❡✉r ❡t t❡s ❝♦♠♣ét❡♥❝❡s ♠❛✐s ❛✉ss✐ t❛ ❣é♥ér♦s✐té ❡t t❛ ❝♦♥✜❛♥❝❡✳

❆✉ Pr ❆r♥♦❧❞ ▼✉♥♥✐❝❤
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ❞❡ ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐❡ ❞❛♥s ✈♦tr❡ ❯♥✐té ❞❡ ❘❡❝❤❡r❝❤❡✱ ❧✬❡①✲❯✼✽✶ ♦ù ❥✬❛✐ ❡✛❡❝t✉é ♠♦♥ ▼❛st❡r ✷
❡t ❧❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ♠♦♥ ❞♦❝t♦r❛t✳ ❏❡ ✈♦✉s r❡♠❡r❝✐❡ ♣♦✉r ✈♦s ❝♦♥s❡✐❧s ❡t ♥♦s ❞✐s❝✉ss✐♦♥s ❡♥r✐❝❤✐ss❛♥t❡s✳
❏❡ t✐❡♥s à ✈♦✉s ❡①♣r✐♠❡r t♦✉t❡ ♠❛ ❣r❛t✐t✉❞❡ ❡t ♠♦♥ ♣r♦❢♦♥❞ r❡s♣❡❝t✳

❆✉ Pr ❆❧❛✐♥ ❋✐s❝❤❡r ❡t ❛✉ Pr ❆r♥♦❧❞ ▼✉♥♥✐❝❤
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ❞❡ ♠✬❛❝❝✉❡✐❧❧✐r ❛✉ s❡✐♥ ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡ ❞❡♣✉✐s ❏❛♥✈✐❡r ✷✵✶✹✳ ❙♦②❡③ ❛ss✉rés ❞❡ ♠❛
r❡❝♦♥♥❛✐ss❛♥❝❡✳

❆✉ Pr ◆✐❝♦❧❛s ▲é✈② ❡t ❛✉ ❉r ❏❛♥❡t ❍❛❧❧
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ❞✬❛✈♦✐r ❛❝❝❡♣té ❞✬êtr❡ r❛♣♣♦rt❡✉rs ❞❡ ❝❡ tr❛✈❛✐❧✳ ❙♦②❡③ ❛ss✉rés ❞❡ ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡✳

❆✉ ❉r ❋✐♦♥❛ ❋r❛♥❝✐s ❡t ❛✉ ❉r ●ér❛r❞ P✐❡rr♦♥
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ❞✬❛✈♦✐r ❛❝❝❡♣té ❞❡ ♣❛rt✐❝✐♣❡r à ♠♦♥ ❥✉r② ❞❡ t❤ès❡✳ ❙♦②❡③ ❛ss✉rés ❞❡ ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡✳

❆✉ Pr ❱❛❧ér✐❡ ❈♦r♠✐❡r✲❉❛✐r❡
❱♦✉s ♠❡ ❢❛✐t❡s ❧✬❤♦♥♥❡✉r ❞❡ ♣rés✐❞❡r ♠♦♥ ❥✉r② ❞❡ t❤ès❡✳ ❏❡ ✈♦✉s r❡♠❡r❝✐❡ ♣♦✉r ✈♦s ❝♦♥s❡✐❧s ❡t ✈♦tr❡ ❜✐❡♥✲
✈❡✐❧❧❛♥❝❡✳

❆✉① ❝♦❧❧❛❜♦r❛t❡✉rs
❏❡ r❡♠❡r❝✐❡ ❧❡s éq✉✐♣❡s ❞❡ ❉r ❙❛❛❞✐✱ ❉r ❈❤❛♦✉❝❤✱ ❉r ❙t❡r♥✱ Pr ❙t♦♣♣❛✲▲②♦♥♥❡t✱ Pr ❖✬❉r✐s❝♦❧❧✱ Pr ❇r♦✇♥✱
Pr ❚✐s❞❛❧❡✱ Pr ❇❛r♦✉❦✐✱ Pr ❚❛✉❜❡r ❡t Pr ▼❛♥❝✐♥✐✳ ❏❡ t✐❡♥s à r❡♠❡r❝✐❡r é❣❛❧❡♠❡♥t ▼❛r✐❡✱ ●✉✐❧❧❛✉♠❡ ❡t ❉❡♥♥✐s
❛✈❡❝ q✉✐ ❥✬❛✐ ❛♣♣ré❝✐é tr❛✈❛✐❧❧❡r✳

❆✉ ❉r ❙②❧✈❛✐♥ ❍❛♥❡✐♥
❏❡ t❡ r❡♠❡r❝✐❡ ♣♦✉r t❡s très ♥♦♠❜r❡✉① ❝♦♥s❡✐❧s✱ t❡s r❡❧❡❝t✉r❡s ❡t ♣ré❝✐❡✉① ❝♦♠♠❡♥t❛✐r❡s✱ t❛ ❣é♥ér♦s✐té ❡t
t♦✉t s✐♠♣❧❡♠❡♥t t♦♥ ❛♠✐t✐é✳ ❚✉ ♠✬❛s ♦✛❡rt ❧✬♦♣♣♦rt✉♥✐té ❞✬❛✈♦✐r ✉♥ s❡❝♦♥❞ ♠❡♥t♦r t♦✉t ❛✉ ❧♦♥❣ ❞❡ ♠❛ t❤ès❡
❡t ❝❡ ❞❡ ❢❛ç♦♥ ❝♦♠♣❧èt❡♠❡♥t ❞és✐♥tér❡ssé❡✳ ❏❡ ♠❡s✉r❡ ❧❛ ❞✐♠❡♥s✐♦♥ ❞❡ ❝❡tt❡ ❢❛✈❡✉r q✉❡ t✉ ♠✬❛s ❢❛ît❡s ❡t
❧✬✐♥❝✐❞❡♥❝❡ q✉✬❡❧❧❡ ❛ ❡✉❡ s✉r ♠❛ ♣r♦❣r❡ss✐♦♥✳ ❏❡ ♥❡ t❡ r❡♠❡r❝✐❡r❛✐ ❥❛♠❛✐s ❛ss❡③ ✦

❆✉① ❉r ❱❛❧ér✐❡ ▼❛❧❛♥✱ ❉r ❏❡❛♥♥❡ ❆♠✐❡❧ ❡t ❉r ❈❤r✐st✐♥❡ ❇♦❧❡✲❋❡②s♦t
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ♣♦✉r ✈♦s ♣ré❝✐❡✉① ❝♦♥s❡✐❧s✱ ✈♦s r❡❧❡❝t✉r❡s ❡t ✈♦tr❡ s♦✉t✐❡♥✳

✺



❆✉ ❉r ❱✐♥❝❡♥t ❈❛♥t❛❣r❡❧
❏❡ t✐❡♥s à t❡ r❡♠❡r❝✐❡r ♣♦✉r t❡s r❡❧❡❝t✉r❡s ❡t t❡s ♣ré❝✐❡✉① ❝♦♥s❡✐❧s ❞é❧✐✈rés ❛✉ ❝♦✉rs ❞❡ ♥♦s ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s
❝♦♥❝❡r♥❛♥t ♠♦♥ ❛✈❡♥✐r ✦

❆✉① ❉r ▼❛t❤✐❧❞❡ ❉♦②❛r❞✱ ❉r ❆♥❛st❡❧❧❛ P❡❧❡t ❡t ❉r ▲✉❞♦✈✐❝ ▼❛rt✐♥
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ♣♦✉r ✈♦s r❡❧❡❝t✉r❡s✱ ✈♦s ❝♦♥s❡✐❧s ❡t ✈♦tr❡ ❛♠✐t✐é✳ ❱♦✉s ♠✬❛✈❡③ ♣rêté ✉♥❡ ♦r❡✐❧❧❡ ❛tt❡♥t✐✈❡
t♦✉t ❧✬été ❡t ❡❧❧❡ ❛ été ❞✬✉♥ ré❝♦♥❢♦rt ❝❡rt❛✐♥✳

❆✉① ❉r ❈❛t❤❡r✐♥❡ ❇✉✐ ❡t ❉r ▲❛♠✲❙♦♥ ◆❣✉②❡♥
❏❡ ✈♦✉s r❡♠❡r❝✐❡ ♣♦✉r ✈♦s ❝♦♥s❡✐❧s ♣r❛t✐q✉❡s ❛✉ q✉♦t✐❞✐❡♥✱ ✈♦tr❡ ❛♠✐t✐é ❡t t♦✉t❡s ♥♦s ❞✐s❝✉ss✐♦♥s ❛✉t♦✉r ❞✉
s✉❥❡t ♣❛ss✐♦♥♥❛♥t✱ q✉♦✐q✉❡ ❧é❣èr❡♠❡♥t ✭❝✬❡st ✉♥ ❡✉♣❤é♠✐s♠❡ ✦✮ ❛♥①✐♦❣è♥❡✱ ❞✉ ❝❤♦✐① ❞✉ ♣♦st✲❞♦❝ ✦

❆✉ ❉r ❨❛♠✐♥❛ ❍❛♠❡❧
❏❡ t❡ r❡♠❡r❝✐❡ ❞✬❛✈♦✐r ♣❛rt❛❣é t♦♥ ❡①♣ér✐❡♥❝❡ ❛✈❡❝ ♠♦✐✱ ❞❡ ♠✬é❝♦✉t❡r ❡t ❞❡ ♠❡ ❝♦♥s❡✐❧❧❡r✳ ❚✉ ❛s ❝❡tt❡
✐♥❝r♦②❛❜❧❡ ❝❛♣❛❝✐té à t♦✉❥♦✉rs ❣❛r❞❡r ✉♥ r❡❣❛r❞ ♣♦s✐t✐❢✱ ❞❡✈❛♥t ❧❡s ❜♦♥♥❡s ❡t ❧❡s ♠❛✉✈❛✐s❡s ♥♦✉✈❡❧❧❡s✳ ❏❡ t❡
r❡♠❡r❝✐❡ ♣♦✉r t♦♥ ✐♠♠❡♥s❡ s♦✉t✐❡♥✱ t❛ ❣r❛♥❞❡ ❣é♥ér♦s✐té ❡t t♦♥ ❛♠✐t✐é✳

➚ ♠♦♥ éq✉✐♣❡
❏❡ r❡♠❡r❝✐❡ très ❝❤❛❧❡✉r❡✉s❡♠❡♥t ❧❡s ✓ ♥❡✉♥❡✉① ✔ ✭♦✉ ❧❡s ✓ ■❙ ✔ ✦✮ ♣♦✉r ✈♦tr❡ s♦✉t✐❡♥ ❡t ✈♦tr❡ ❛♠✐t✐é✳ ❏❡
t✐❡♥s à ✈♦✉s ❝♦♠♠✉♥✐q✉❡r à q✉❡❧ ♣♦✐♥t ✐❧ ❡st ❛❣ré❛❜❧❡ ❞❡ tr❛✈❛✐❧❧❡r ❛✈❡❝ ❞❡s ♣❡rs♦♥♥❡s t❡❧❧❡s q✉❡ ✈♦✉s ✿
❡♥t✐èr❡s✳ ❱♦✉s ❛✈❡③ ❝❤❛❝✉♥ ♣❛rt✐❝✐♣é à ❧❛ ré✉ss✐t❡ ❡t ❧✬❛❝❤è✈❡♠❡♥t ❞❡ ❝❡tt❡ t❤ès❡✱ ♣❛r ✈♦tr❡ ❛✐❞❡ ❛✉ q✉♦t✐❞✐❡♥✱
♥♦s ❞✐s❝✉ss✐♦♥s ❛❝t✐✈❡s ❡t ❧✬❛♠❜✐❛♥❝❡ ♣❛✐s✐❜❧❡✱ sér✐❡✉s❡ ❡t ❧é❣èr❡ à ❧❛ ❢♦✐s✱ q✉✐ rè❣♥❡ ❞❛♥s ♥♦tr❡ ❣r♦✉♣❡✳ ❏❡
r❡♠❡r❝✐❡ ▲❛✉r❡♥❝❡✱ ◆❛t❤❛❧✐❡ ❡t ❱❛❧ér✐❡✳ ❏❡ r❡♠❡r❝✐❡ ❛✉ss✐ ❆♥♥❡✱ ♠❛ ❝♦❧❧è❣✉❡ ❞❡ ❜✉r❡❛✉ ♣❛r❢❛✐t❡✳ ❏❡ r❡♠❡r❝✐❡
❧❡s ❛♥❝✐❡♥s✱ ❖r✐❛♥♥❡ q✉✐ ♠✬❛ ❢♦r♠é❡ ♣❡♥❞❛♥t ♠♦♥ ▼❛st❡r ✷✱ ❡♥❝♦✉r❛❣é❡ ❡t ❝♦♥s❡✐❧❧é❡ ❛✉ t♦✉t ❞é❜✉t ❞❡ ♠❛
t❤ès❡ ❡t ❙é❜❛st✐❡♥ ❛✈❡❝ q✉✐ ♥♦✉s ❛✈♦♥s ♣❛ssé ✉♥❡ ❡①❝❡❧❧❡♥t❡ ❛♥♥é❡ ✷✵✶✷ ❡t ❛✈❡❝ q✉✐ ❥✬❛✐ ❜❡❛✉❝♦✉♣ ❛♣♣ré❝✐é
tr❛✈❛✐❧❧❡r✳ ❊♥ ✷✵✶✸✱ ❧❡ ❣r♦✉♣❡ s✬❡st ❛❣r❛♥❞✐ ❡t ❜♦♥✐✜é ❛✈❡❝ ❧✬❛rr✐✈é❡ ❞❡ ▲❛♠✲❙♦♥ ♣❧✉s ❝♦♥♥✉ s♦✉s ❧❡ ♥♦♠ ❞❡
❙♦♥♥② ✭♦✉ ✯✯✯✯✯ ✦✮ ❡t ❱✐♥❝❡♥t✱ q✉❡ ❥✬❛✐♠❡ ❛♣♣❡❧❡r ▼r ❈❡❧❧ ✭❡t ré❝❡♠♠❡♥t ▼r Pr❡♠✐❡r ❞❡ s❛ ❝♦♠♠✐ss✐♦♥✮✳
❊♥s✉✐t❡ ♥♦✉s ❛✈♦♥s ❡✉ ❧❛ ❝❤❛♥❝❡ ❞❡ ✓ ❞ér♦❜❡r ✔ ▼✐❝❤❛ë❧✱ q✉❡ ♥♦✉s ❝♦♥♥❛✐ss✐♦♥s ❡t ❛♣♣ré❝✐♦♥s ❞é❥à✱ à ❧✬éq✉✐♣❡
✓ ❛♠✐❡ ✔ ✈♦✐s✐♥❡✳ ❉❛♥✐❡❧ ❡t ❋❧♦r✐♥❡ ♥♦✉s ♦♥t r❡❥♦✐♥t✱ ❛❝❝♦♠♣❛❣♥és ❞❡ ❧❡✉r ♠♦t✐✈❛t✐♦♥ ❡t ❞❡ ❧❡✉r ❜♦♥♥❡ ❤✉♠❡✉r
❡t très ré❝❡♠♠❡♥t ❧✬éq✉✐♣❡ s✬❡st ❡♥❝♦r❡ ❛❣r❛♥❞✐❡ ❛✈❡❝ ❧✬❛rr✐✈é❡ ❞❡ ❍✐s❤❛♠ ❡t ❏✉❧✐❡♥ ✦ ❏✬❛✐ ❣❛r❞é ♣♦✉r ❧❛ ✜♥✱
❧❡s ❞❡✉① ♣❡rs♦♥♥❡s q✉✐ ♠✬♦♥t ❛❝❝♦♠♣❛❣♥é❡ ❞❡♣✉✐s ❧❡ ❞é❜✉t✱ ♠❡s ✈♦✐s✐♥❡s ❞❡ ♣❛✐❧❧❛ss❡ ❛✉ ✷❡ ét❛❣❡ ❞❡ ❧❛ t♦✉r
▲❛✈♦✐s✐❡r✳ ❊❧❧❡s ♦♥t été ✓ ❧❛ ❜❛s❡ ✔ ❞❡ ❝❡tt❡ éq✉✐♣❡ ♣❡♥❞❛♥t t♦✉t❡ ❧❛ ❞✉ré❡ ❞❡ ♠❛ t❤ès❡ ❡t ❥❡ t✐❡♥s t♦✉t
♣❛rt✐❝✉❧✐èr❡♠❡♥t à ❧❡✉r ❛❞r❡ss❡r ♠❡s r❡♠❡r❝✐❡♠❡♥ts✳ ▲❛ ❜r✐❧❧❛♥t❡ ●✐✉❧✐❛✱ ♠❡r❝✐ ♣♦✉r t❛ s❡♥s✐❜✐❧✐té✱ t♦♥ ❛♠✐t✐é
❡t ❜✐❡♥ sûr t♦♥ ❝é❧è❜r❡ ❣r❛✐♥ ❞❡ ❢♦❧✐❡ ❡t ❑❛r✐♥❡ ✭✲❑❛r✐♥❡✮✱ q✉✐ ♠✬❛ ❜❡❛✉❝♦✉♣ ❛♣♣r✐s ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ♠❡r❝✐
♣♦✉r t♦✉t✱ t❛ ❣é♥ér♦s✐té✱ t❛ ❢r❛♥❝❤✐s❡ ❡t t♦♥ s♦✉t✐❡♥✳

➚ t♦✉s ❧❡s ♠❡♠❜r❡s ❞❡ ❧✬❡①✲❯✼✽✶
❏❡ ✈♦✉s r❡♠❡r❝✐❡ t♦✉s très ❝❤❛❧❡✉r❡✉s❡♠❡♥t ♣♦✉r ✈♦s ❝♦♥s❡✐❧s ❡t ✈♦tr❡ ❛✐❞❡✳ ❏✬❛✐ été r❛✈✐❡ ❞❡ ✈♦✉s r❡♥❝♦♥tr❡r
❡t ❞✬❛✈♦✐r ❢❛✐t ♠❛ t❤ès❡ à ✈♦s ❝ôtés✳ ◆♦✉s ✈♦✐❧à ré♣❛rt✐s s✉r ❞✐✈❡rs ♥✐✈❡❛✉① ❞❛♥s ❧❡ t♦✉t ♥♦✉✈❡❛✉ ■♠❛❣✐♥❡✱ ❝❡
♠❛❣♥✐✜q✉❡ ✐♥st✐t✉t q✉❡ ♥♦✉s ❛tt❡♥❞✐♦♥s t♦✉s✳ ❈❡♣❡♥❞❛♥t✱ ❛✉❥♦✉r❞✬❤✉✐✱ ❥❡ ♥❡ r❡❣r❡tt❡ ❛❜s♦❧✉♠❡♥t ♣❛s ❞✬❛✈♦✐r
♣❛ssé ❧❛ ♠❛❥♦r✐té ❞❡ ♠❛ t❤ès❡ à ❧✬❯✼✽✶✳ ❈❡tt❡ ♣r♦①✐♠✐té✱ ♣❛r❢♦✐s ♣é♥✐❜❧❡✱ ét❛✐t ❛✉ss✐ s♦✉r❝❡ ❞✬é❝❤❛♥❣❡ ❡t ❞❡
♣r♦❞✉❝t✐✈✐té✱ ♣♦✉ss❛✐t ❛✉① ❞✐s❝✉ss✐♦♥s✱ ❣é♥ér❛✐t ❞❡s ❛ss♦❝✐❛t✐♦♥s✱ ❡t ❛✉ss✐ ❛ ❡♥❣❡♥❞ré ✉♥❡ ✐♥❝r♦②❛❜❧❡ s♦❧✐❞❛r✐té
❡t ✉♥❡ ❛♠✐t✐é ❡♥tr❡ s❡s ♠❡♠❜r❡s✳ ❏❡ ♥❡ ♠❡♥t✐♦♥♥❡ ✐❝✐ ❛✉❝✉♥ ♥♦♠ ❝❛r ❥❡ ✈♦✉❞r❛✐s t♦✉s ✈♦✉s ❝✐t❡r ❀ s♦②❡③
sûrs q✉❡ ❥❡ ❣❛r❞❡r❛✐ ✉♥ ❡①❝❡❧❧❡♥t s♦✉✈❡♥✐r ❞❡ ❝❡s ❛♥♥é❡s ❛✉ ❝♦✉rs ❞❡sq✉❡❧❧❡s ✈♦✉s êt❡s ❞❡✈❡♥✉s ♠❛ ✓ ❢❛♠✐❧❧❡
s❝✐❡♥t✐✜q✉❡ ✔✳

➚ t♦✉s ❧❡s ♠❡♠❜r❡s ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡
❏❡ t✐❡♥s à r❡♠❡r❝✐❡r t♦✉t ■♠❛❣✐♥❡✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s éq✉✐♣❡s ❞❡s ♣❧❛t❡❢♦r♠❡s ❞❡ ❣é♥♦♠✐q✉❡✱ ❞❡ ❜✐♦✲
✐♥❢♦r♠❛t✐q✉❡ ❡t ❞✬✐♠❛❣❡r✐❡✱ ❧❡s ✓ ❜✐s♦✉♥♦✉rs ✔ ❞✉ ✸❡ ét❛❣❡ ❡t t♦✉t❡ ❧✬éq✉✐♣❡ ✓ ❞♦❝✲♣♦st❞♦❝✴❨❘✷■ ✔✱ ♣♦✉r
✈♦tr❡ é♥❡r❣✐❡ ❡t ✈♦tr❡ ♠♦t✐✈❛t✐♦♥ ❛✉ q✉♦t✐❞✐❡♥ ✦

➚ ♠❡s ❛♠✐s
❏❡ t✐❡♥s à r❡♠❡r❝✐❡r t♦✉t❡ ♠♦♥ éq✉✐♣❡ ❞❡ ✇❛t❡r✲♣♦❧♦ ❞✉ ❙❈◆❈❘ ❛✈❡❝ q✉✐ ❥✬❛✐ ♣❛ssé ❞❡s ♠♦♠❡♥ts ❢♦rts
❞❡♣✉✐s ❞❡ ♥♦♠❜r❡✉s❡s ❛♥♥é❡s ❡t t♦✉t ❛✉ ❧♦♥❣ ❞❡ ♠❛ t❤ès❡✱ ❞❡ ♣rès ♦✉ ❞❡ ❧♦✐♥✳ ❏❡ r❡♠❡r❝✐❡ t♦✉s ❧❡s ❝♦♣❛✐♥s ❞❡



❈❤♦✐s②✲❧❡ r♦✐✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♠❡s ❛♠✐❡s ❞❡ ❧♦♥❣✉❡ ❞❛t❡ q✉✐ ♠❡ s✉✐✈❡♥t✱ ♠✬é❝♦✉t❡♥t ❡t ♠❡ s♦✉t✐❡♥♥❡♥t ✿
❆✉❞❡✱ ❈❛♠✐❧❧❡✱ ❈♦❧✐♥❡✱ ❉❡❧♣❤✐♥❡✱ ❉♦✉♥✐❛✱ ❍é❧é♥❛✱ ▲❛✉r❛✱ ▲✉❝✐❧❡✱ ▼❛r✐♦♥ ❡t ❙té♣❤❛♥✐❡✳ ❏❡ t✐❡♥s à r❡♠❡r❝✐❡r
❍é❧é♥❛ ♣♦✉r t♦♥ ❛❝❝✉❡✐❧ ❝❤❛❧❡✉r❡✉① ❝❡t été ♣♦✉r ❝❡tt❡ s❡♠❛✐♥❡ ❞❡ ✈❛❝❛♥❝❡s✲ré❞❛❝t✐♦♥✱ ▼❛r✐♦♥ ❡t ▲✉❝✐❧❡ ♣♦✉r
♠✬❛✈♦✐r s✉♣♣♦rté❡ ❧♦rs ❞✬✉♥❡ ♣❡t✐t❡ ❝r✐s❡ ❞❡ ♥❡r❢ ✐♥❛tt❡♥❞✉❡✱ ❡t ❆✉❞❡✱ ♣♦✉r t♦♥ ✐♠♠❡♥s❡ s♦✉t✐❡♥ ❛✉ q✉♦t✐❞✐❡♥✱
t♦✐ q✉✐ ❛ s✉✐✈✐ ❞❡ ♣rès✱ s♣✐r✐t✉❡❧❧❡♠❡♥t ❡t ❣é♦❣r❛♣❤✐q✉❡♠❡♥t✱ t♦✉t❡ ♠❛ t❤ès❡✳ ❈❡❧❧❡✲❝✐ ♥❡ s❡ s❡r❛✐t ♣❡✉t✲êtr❡
♣❛s ♣❛ssé❡ ❛✉ss✐ ❜✐❡♥ s❛♥s ❧❡s ❞é❜r✐❡❢❡s ❝❤❡③ ❙❡r❣❡✱ ♥♦tr❡ ◗●✱ à ♠✐✲❝❤❡♠✐♥ ❡♥tr❡ t♦♥ ❜♦✉❧♦t ❡t ❧❡ ♠✐❡♥ ✭❞❡✉①
❝❛❢és ❛❧❧♦♥❣és✱ ❝♦♠♠❡ ❞✬❤❛❜✐t✉❞❡ ❄✮✳

➚ ♠❛ ❢❛♠✐❧❧❡
❏❡ t❡r♠✐♥❡r❛✐ ❡♥ ❡①♣r✐♠❛♥t ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡ à ♠❛ ❢❛♠✐❧❧❡ ✿ ♠❡s ❣r❛♥❞s ♣❛r❡♥ts✱ ♣♦✉r ❧❡✉rs r❡❧❡❝t✉r❡s ❡t
❧❡✉rs ❡♥❝♦✉r❛❣❡♠❡♥ts ❀ ♠❡s ♣❛r❡♥ts✱ t♦✉❥♦✉rs ❧à ♣♦✉r ♠♦✐ ❀ ❡t ♠♦♥ ❢rèr❡ ❡t ♠❛ s÷✉r q✉❡ ❥✬❛✐♠❡ ♣❧✉s q✉❡ t♦✉t
❡t q✉✐ ❞♦✐✈❡♥t✱ ❞❡♣✉✐s ♣❡✉✱ ♣❛rt❛❣❡r ❧❛ ✈❡❞❡tt❡ ❛✈❡❝ ♠❡s ❞❡✉① ✭❡t ❜✐❡♥tôt tr♦✐s ❄✮ ❛❞♦r❛❜❧❡s ♣❡t✐t❡s ♥✐è❝❡s✱
❏❡♥❛ ❡t ❈❧é♦✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ♠❛ ❣r❛♥❞❡ ❢❛♠✐❧❧❡✱ ❧♦❝❛❧✐sé❡ à ❞✐✈❡rs ❡♥❞r♦✐ts ❞❛♥s ❧❡ ♠♦♥❞❡ ❧♦✐♥ ❞✬êtr❡
❞❡s ♣❧✉s ❞é♣❧❛✐s❛♥ts✱ ♣♦✉r ❧❡s ✈❛❝❛♥❝❡s ❝♦♠♠❡ ♣♦✉r ❧❛ ré❞❛❝t✐♦♥✳ ❖♥ ❞✐t q✉✬♦♥ ♥❡ ❝❤♦✐s✐t ♣❛s s❛ ❢❛♠✐❧❧❡✱ ♠❛✐s
s✐ ❝✬ét❛✐t à ❢❛✐r❡✱ ❥❡ ✈♦✉s ❝❤♦✐s✐r❛✐s ✦ ❱♦✉s r❡tr♦✉✈❡r ❡st t♦✉❥♦✉rs ✉♥ ❣r❛♥❞ ♠♦♠❡♥t✳ ❏❡ ✈♦✉s r❡♠❡r❝✐❡ t♦✉s
♣♦✉r ✈♦tr❡ ❛❝❝✉❡✐❧ ❝❤❛❧❡✉r❡✉① ❡t ✈♦tr❡ s♦✉t✐❡♥✳ ❏❡ t✐❡♥s à r❡♠❡r❝✐❡r ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❍♦ë❧ ❡t ▼❛t❤✐❧❞❡✱ ♠❡s
❞❡✉① ♣✐❧✐❡rs s✉r q✉✐ ❥❡ ♣❡✉① t♦✉❥♦✉rs ❝♦♠♣t❡r✱ ♣♦✉r ❧❛ t❤ès❡ ❡t ♣♦✉r ❧❛ ✈✐❡✳ ▼❡r❝✐ ♣♦✉r ✈♦tr❡ ❛✐❞❡ ♣ré❝✐❡✉s❡✱
✈♦tr❡ s♦✉t✐❡♥ ❞é♠❡s✉ré ❡t ✈♦tr❡ ❣é♥ér♦s✐té s❛♥s ❧✐♠✐t❡✳



❘➱❙❯▼➱

▲❛ ❞é✜❝✐❡♥❝❡ ✐♥t❡❧❧❡❝t✉❡❧❧❡ ✭❉■✮ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ✉♥ ✓❢♦♥❝t✐♦♥♥❡♠❡♥t ✐♥t❡❧❧❡❝t✉❡❧ ❣é♥ér❛❧ ✐♥❢ér✐❡✉r à ❧❛

♠♦②❡♥♥❡✱ q✉✐ s✬❛❝❝♦♠♣❛❣♥❡ ❞❡ ❧✐♠✐t❛t✐♦♥s s✐❣♥✐✜❝❛t✐✈❡s ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❛❞❛♣t❛t✐❢✔ ✭❉❙▼✲❱✮✳ ■❧ s✬❛❣✐t

❞✬✉♥ ❤❛♥❞✐❝❛♣ ❢réq✉❡♥t q✉✐ ❝♦♥❝❡r♥❡ ♣rès ❞❡ ✸✪ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡✳ ▲✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❧✬ét✐♦❧♦❣✐❡

❞✬✉♥❡ ❉■ ❡st ✉♥❡ q✉❡st✐♦♥ ♣r✐♠♦r❞✐❛❧❡ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞✬♦♣t✐♠✐s❡r ❧❛ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❞❡s ♣❛t✐❡♥ts s❛♥s r✐sq✉❡

❞❡ ♣❛ss❡r à ❝♦té ❞✬✉♥❡ ❝❛✉s❡ ❝✉r❛❜❧❡✱ ❡t ❞✬é✈❛❧✉❡r ❧❡ r✐sq✉❡ ❞❡ ré❝✐❞✐✈❡ ❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ❛✜♥ ❞✬♦✛r✐r ✉♥ ❝♦♥s❡✐❧

❣é♥ét✐q✉❡ ♣♦✉r ❧❡s ❣r♦ss❡ss❡s à ✈❡♥✐r✳

▼❛❧❣ré ❧❡s ré❝❡♥ts ♣r♦❣rès✱ ❧✬ét✐♦❧♦❣✐❡ ❞❡ ❧❛ ♠❛❧❛❞✐❡ r❡st❡ ✐♥❝♦♥♥✉❡ ❞❛♥s ♣rès ❞❡ ✹✵✪ ❞❡s ❝❛s✳ ▲❡ ❞é♠❡♠✲

❜r❡♠❡♥t ❞❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❜❛s❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ❞❡s ❉■ ❝♦♥st✐t✉❡♥t ❞♦♥❝

✉♥ ❣r❛♥❞ ❞é✜ s❝✐❡♥t✐✜q✉❡ ❡t ♠é❞✐❝❛❧✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ❉■ ❡t ❧❡ ❞é✲

❝r②♣t❛❣❡ ❞❡s ♣r♦❝❡ss✉s ❝❡❧❧✉❧❛✐r❡s s♦✉s✲❥❛❝❡♥ts à ❝❡s ♣❤é♥♦t②♣❡s s♦♥t ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❝❤♦✐① ♣♦✉r ét✉❞✐❡r ❧❡

❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❛ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡ ❝❤❡③ ❧✬❤♦♠♠❡ ❞✬✉♥❡ ♣❛rt ❡t ❡♥tr❡✈♦✐r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❧❧❡s

str❛té❣✐❡s t❤ér❛♣❡✉t✐q✉❡s ❞✬❛✉tr❡ ♣❛rt✳

▲❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ♣rés❡♥té ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t s✬✐♥s❝r✐t ❞❛♥s ❝❡tt❡ t❤é♠❛t✐q✉❡ ❞❡ r❡❝❤❡r❝❤❡ ❡t ❛ ♣♦rté s✉r

❧✬❛♥❛❧②s❡✱ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡❲❤♦❧❡ ❊①♦♠❡ ❙❡q✉❡♥❝✐♥❣ ✭❲❊❙✮✱ ❞❡ ❝✐♥q ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s ❞❛♥s ❧❡sq✉❡❧❧❡s

sé❣rè❣❡ ✉♥❡ ❢♦r♠❡ s②♥❞r♦♠✐q✉❡ ❞❡ ❉■✳

▲❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞ét❛✐❧❧❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡ tr♦✐s ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ❞❛♥s ❧❡sq✉❡❧❧❡s

sé❣rè❣❡ ✉♥❡ ❉■ ❛✉t♦s♦♠✐q✉❡ ré❝❡ss✐✈❡✳ ▲❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ♣rés❡♥t❡ ❧✬ét✉❞❡ ❞❡ ❞❡✉① ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s

❞♦♥t ❧❡s ❡♥❢❛♥ts ❛tt❡✐♥ts ♣rés❡♥t❡♥t ✉♥❡ ❝❧✐♥✐q✉❡ très s❡♠❜❧❛❜❧❡✳

❆✉ t♦t❛❧✱ ❝❡ ♠é♠♦✐r❡ ❞é❝r✐t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ✐✮ ❞❡✉① ❣è♥❡s ♣ré❝é❞❡♠♠❡♥t ❛ss♦❝✐és à ❧❛ ❉■ ✭❲❉❘✻✷ ❡t

❆P✹▼✶✮✱ ✐✐✮ ❞❡✉① ❣è♥❡s ❝❛♥❞✐❞❛ts ✭❘❆❉✺✹❇ ❡t ❍❊❘❈✷✮✱ ♣♦t❡♥t✐❡❧s ♠♦❞✐✜❝❛t❡✉rs ❞❡s s②♠♣tô♠❡s ♦❜s❡r✈és✱

♣✉✐s ✐✐✐✮ ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥ ♥♦✉✈❡❛✉ ♠♦❞❡ ❞✬❤éré❞✐té✱ ❡t ❡♥✜♥ ✐✈✮ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❞❡✉① ♥♦✉✈❡❛✉① ❣è♥❡s

✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■ ✭❚❚■✷ ❡t ◆❖◆❖✮ s✉✐✈✐❡ ❞❡s ét✉❞❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❞❡s ❡✛❡ts ❞❡s ♠✉t❛t✐♦♥s s✉r ❧❡s

❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❡t ❧✬❛♥❛❧②s❡ ❞✬✉♥ ♠♦❞è❧❡ ♠✉r✐♥ ◆♦♥♦❣t ✳

✽



❆❇❙❚❘❆❈❚

■♥t❡❧❧❡❝t✉❛❧ ❞❡✜❝✐❡♥❝② ✭■❉✮ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❜r♦❛❞ r❛♥❣❡ ♦❢ ❞❡✜❝✐ts ✐♥ ❤✐❣❤❡r ❜r❛✐♥ ❢✉♥❝t✐♦♥s t❤❛t

r❡s✉❧t ✐♥ s✐❣♥✐✜❝❛♥t ❧✐♠✐t❛t✐♦♥s ✐♥ ❛❞❛♣t✐✈❡ ❛♥❞ ❝♦❣♥✐t✐✈❡ ❝❛♣❛❝✐t✐❡s r❡q✉✐r❡❞ ❢♦r ❝♦♠♣❡t❡♥❝❡ ✐♥ ❞❛✐❧② ❧✐✈✐♥❣✱

❝♦♠♠✉♥✐❝❛t✐♦♥✱ s♦❝✐❛❧ ✐♥t❡r❛❝t✐♦♥ ❛♥❞ ✐♥t❡❣r❛t✐♦♥✱ s❡❧❢✲❞✐r❡❝t✐♦♥✱ ❛♥❞ ✇♦r❦ ✭❉❙▼✲❱✮✳ ■❉ ❛✛❡❝ts ❛♣♣r♦①✐♠❛✲

t❡❧② ✸✪ ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥✳ ■❞❡♥t✐❢②✐♥❣ ■❉ ❝❛✉s❡s ✐s ❡ss❡♥t✐❛❧ t♦ ✐♠♣r♦✈❡ ♣❛t✐❡♥ts✬ ❝❛r❡ s❡r✈✐❝❡s ✇✐t❤ ♥♦ r✐s❦

t♦ ♠✐ss ❛ ❝✉r❛❜❧❡ ❝❛✉s❡✱ ❜✉t ❛❧s♦ t♦ ♣r♦✈✐❞❡ ❣❡♥❡t✐❝ ❝♦✉♥s❡❧❧✐♥❣ t♦ t❤❡ ❢❛♠✐❧② ❢♦r ❢✉t✉r❡ ♣r❡❣♥❛♥❝✐❡s✳

▲✐tt❧❡ ✐s ❦♥♦✇♥ ❛❜♦✉t t❤❡ ❜✐♦❧♦❣✐❝❛❧ ❜❛s❡s ♦❢ t❤❡s❡ ❝♦♥❞✐t✐♦♥s✳ ■♥❞❡❡❞✱ ❞❡s♣✐t❡ r❡❝❡♥t ❛❞✈❛♥❝❡s ✐♥ ❝②t♦❣❡✲

♥❡t✐❝ ❛♥❞ ♠♦❧❡❝✉❧❛r ❣❡♥❡t✐❝✱ t❤❡ ❝❛✉s❡ ♦❢ t❤❡ ♠❡♥t❛❧ ❤❛♥❞✐❝❛♣ r❡♠❛✐♥s ✉♥❡①♣❧❛✐♥❡❞ ✐♥ ✹✵✪ ♦❢ t❤❡ ❝❛s❡s✳

❯♥❞❡rst❛♥❞✐♥❣ t❤❡ ♠♦❧❡❝✉❧❛r ❜❛s❡s ♦❢ t❤❡s❡ ❞✐s♦r❞❡rs ✐s t❤❡r❡❢♦r❡ ❛♥ ✐♠♣♦rt❛♥t ♠❡❞✐❝❛❧ ❝❤❛❧❧❡♥❣❡ ❢♦r t❤❡

♥❡①t ②❡❛rs✳ ❆❧s♦✱ ■❉ ❣❡♥❡s ✐❞❡♥t✐✜❝❛t✐♦♥ ❛♥❞ ❛♥❛❧②s✐s ♦❢ t❤❡ ❝❡❧❧✉❧❛r ♠❡❝❤❛♥✐s♠s ✉♥❞❡r❧②✐♥❣ t❤❡s❡ ❝♦♥❞✐t✐♦♥s

s❤♦✉❧❞ ♣r♦✈✐❞❡ s✐❣♥✐✜❝❛♥t ✐♥s✐❣❤t ✐♥t♦ t❤❡ ♠♦❧❡❝✉❧❛r ❛♥❞ ❝❡❧❧✉❧❛r ♣❛t❤✇❛②s ✐♥✈♦❧✈❡❞ ✐♥ ❝♦❣♥✐t✐♦♥ ❛♥❞ ♠❛② ❧❡❛❞

t♦ ♥❡✇ t❤❡r❛♣❡✉t✐❝ tr✐❛❧s ❛✐♠✐♥❣ ❛t ✐♠♣r♦✈✐♥❣ t❤❡ ❞❛✐❧② ❧✐✈✐♥❣ ♦❢ t❤❡s❡ ♣❛t✐❡♥ts ❛♥❞ t❤❡✐r ❢❛♠✐❧✐❡s✳

❚❤❡ P❤❉ ✇♦r❦ ♣r❡s❡♥t❡❞ ❤❡r❡ r❡♣♦rt ♦♥ t❤❡ ❛♥❛❧②s✐s✱ ✉s✐♥❣ ❲❤♦❧❡ ❊①♦♠❡ ❙❡q✉❡♥❝✐♥❣ ✭❲❊❙✮✱ ♦❢ ✜✈❡

❞✐✛❡r❡♥t ❢❛♠✐❧✐❡s ♣r❡s❡♥t✐♥❣ ✇✐t❤ s②♥❞r♦♠✐❝ ■❉✳

❚❤❡ ✜rst ♣❛rt ❞❡✈❡❧♦♣s r❡s✉❧ts ❢r♦♠ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤r❡❡ ❝♦♥s❛♥❣✉✐♥❡♦✉s ❢❛♠✐❧✐❡s ✇✐t❤ ❛♥ ❛✉t♦s♦♠❛❧ r❡❝❡ss✐✈❡

❢♦r♠ ♦❢ ■❉✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ♣r❡s❡♥ts t❤❡ st✉❞② ♦❢ ✷ ✉♥r❡❧❛t❡❞ ♠❛❧❡ ■❉ ♣❛t✐❡♥ts ✇❤♦ ♣r❡s❡♥t❡❞ t❤❡ s❛♠❡

❝❧✐♥✐❝❛❧ ❢❡❛t✉r❡s✳

❖✈❡r❛❧❧✱ t❤✐s ✇♦r❦ ❛❧❧♦✇❡❞ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ✐✮ t✇♦ ❣❡♥❡s ♣r❡✈✐♦✉s❧② ❛ss♦❝✐❛t❡❞ ✇✐t❤ ■❉ ✭❲❉❘✻✷ ❛♥❞

❆P✹▼✶✮✱ ✐✐✮ t✇♦ ❝❛♥❞✐❞❛t❡ ❣❡♥❡s ✭❘❆❉✺✹❇ ❛♥❞ ❍❊❘❈✷✮✱ ♣♦t❡♥t✐❛❧ ♠♦❞✐✜❡rs ♦❢ t❤❡ ♣❤❡♥♦t②♣❡✱ t❤❡♥ ✐✐✐✮

t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ♥♦✈❡❧ ❤❡r❡❞✐t❛r② ♠♦❞❡✱ ❛♥❞ ✜♥❛❧❧② ✐✈✮ t❤❡ ❝❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t✇♦ ♥❡✇ ❣❡♥❡s ♦❢ ■❉ ✭❚❚■✷

❛♥❞ ◆❖◆❖✮ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❢✉♥❝t✐♦♥❛❧ ❛♥❛❧②s✐s ♦❢ ♠✉t❛t✐♦♥s ❡✛❡❝ts ✐♥ ♣❛t✐❡♥ts✬ ❝❡❧❧s ❛♥❞ t❤❡ ◆♦♥♦❣t ♠♦✉s❡

♠♦❞❡❧✳

✾



❚❆❇▲❊ ❉❊❙ ▼❆❚■➮❘❊❙

❘❡♠❡r❝✐❡♠❡♥ts ✼

❘és✉♠é ✽

❆❜str❛❝t ✾

❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ✶✸

❚❛❜❧❡ ❞❡s ✜❣✉r❡s ✶✺

▲✐st❡ ❞❡s t❛❜❧❡❛✉① ✶✻

■♥❞❡① ✶✼

■ ■♥tr♦❞✉❝t✐♦♥ ✶✾

✶ ▲❡s ❞é✜❝✐❡♥❝❡s ✐♥t❡❧❧❡❝t✉❡❧❧❡s ✭❉■✮ ✷✵

✶✳✶ ❉é✜♥✐t✐♦♥s ❞❡s ❉■✱ ❝❧❛ss✐✜❝❛t✐♦♥ ❡t ♣ré✈❛❧❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✶✳✶✳✶ ❉é✜♥✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✶✳✶✳✷ ❈❧❛ss✐✜❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✳✶✳✸ Pré✈❛❧❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✶✳✷ ▲✬ét✐♦❧♦❣✐❡ ❞❡s ❉■ ❥✉sq✉✬à ❧❛ ré✈♦❧✉t✐♦♥ ◆●❙ ✭◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥❝✐♥❣✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✷✳✶ ❈❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✷✳✷ ❈❛✉s❡s ❣é♥ét✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷ ▲✬❛♣♣♦rt ❞❡s ♥♦✉✈❡❧❧❡s t❡❝❤♥♦❧♦❣✐❡s ✸✻

✷✳✶ ▲❛ ré✈♦❧✉t✐♦♥ ❞✉ séq✉❡♥ç❛❣❡ à très ❤❛✉t ❞é❜✐t ♦✉ ◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥❝✐♥❣ ✭◆●❙✮ ✿ ✉♥

❜r❡❢ ❤✐st♦r✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✷ ▲❡s ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✷✳✸ ❉é♠❡♠❜r❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡s ❉■ ♣❛r ◆●❙✱ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ✐♥♥♦✈❛♥t❡ ✳ ✳ ✳ ✳ ✸✽

✶✵



✷✳✸✳✶ Pr❡✉✈❡ ❞❡ ❝♦♥❝❡♣t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✷✳✸✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❉■ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✸ ▼é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ❞❡s ❉■✱ ❧✬ét❛t ❞❡ ❧✬❛rt ✹✶

✹ ❖❜❥❡❝t✐❢s ❞❡s tr❛✈❛✉① ✹✹

■■ ❆♣♣r♦❝❤❡ ❲❤♦❧❡ ❊①♦♠❡ ❙❡q✉❡♥❝✐♥❣ ✭❲❊❙✮ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ✿

❞✉ ♠♦♥♦❣é♥✐q✉❡ ❛✉ ♣♦❧②❣é♥✐q✉❡ ✹✻

✺ ■❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥❡ ♠✉t❛t✐♦♥ ❞❛♥s ✉♥ ❣è♥❡ ❝♦♥♥✉ ❞❡ ❉■ ✲❲❉❘✻✷✲ ❡t ✐❧❧✉str❛t✐♦♥ ❞❡ ❧✬✐♥térêt

❞✉ ❲❊❙ ✹✼
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✺✳✸ ❘és✉❧t❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✺✳✸✳✶ ❈❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ❡t r❡❝❤❡r❝❤❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✺✳✸✳✷ ➱t✉❞❡ ❞❡ ❧❛ st❛❜✐❧✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✹❇ ♠✉té❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✸✳✸ ❲❊❙ s✉r ✉♥ ✉♥✐q✉❡ ♣r♦❜❛♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✺✳✹ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❝❤❛q✉❡ ✈❛r✐❛♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺✳✹✳✶ ▲❡ ❣è♥❡ ❲❉❘✻✷✱ ❞♦♥♥é❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✺✳✺ ❉✐s❝✉ss✐♦♥ ❡t ❝♦♥❝❧✉s✐♦♥ ♣ré❧✐♠✐♥❛✐r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✻ ❈♦♠❜✐♥❛✐s♦♥ ❞❡ ❞❡✉① ♠ét❤♦❞❡s ❝♦♥❞✉✐s❛♥t à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬✉♥ ♥♦✉✈❡❛✉ ❣è♥❡ ❞❡ ❉■ ✿

❚❚■✷ ✻✻
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✻✳✸ ❘és✉❧t❛ts ✿ ♣✉❜❧✐❝❛t✐♦♥ ♥➦✶✱ ❬▲❛♥❣♦✉ët ❡t ❛❧✳✱ ✷✵✶✸❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻
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✻✳✹✳✶ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❝❧✐♥✐q✉❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡s ❛♥♦♠❛❧✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥
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✻✳✹✳✷ ➱t✉❞❡s ❞❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❞❡s P■❑❑s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
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❈❍❆P■❚❘❊ ✶

▲❊❙ ❉➱❋■❈■❊◆❈❊❙ ■◆❚❊▲▲❊❈❚❯❊▲▲❊❙ ✭❉■✮

▲✬éq✉✐♣❡ ❞❡ r❡❝❤❡r❝❤❡ ❞✐r✐❣é❡ ♣❛r ❧❡ ❉r ▲❛✉r❡♥❝❡ ❈♦❧❧❡❛✉① s✬✐♥tér❡ss❡ à ❧❛ ❣é♥ét✐q✉❡ ❞❡s ♣❛t❤♦❧♦❣✐❡s ❞✉

s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧✱ ❝♦♠♠❡ ❧❡s ❞é✜❝✐❡♥❝❡s ✐♥t❡❧❧❡❝t✉❡❧❧❡s ✭❉■✮✳ ❈❡s ♠❛❧❛❞✐❡s ❢réq✉❡♥t❡s ❡t ❣r❛✈❡♠❡♥t

✐♥✈❛❧✐❞❛♥t❡s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ✶✵✪ ❞❡s ❞é♣❡♥s❡s ❞❡ s❛♥té ❞❛♥s ❧❡s ♣❛②s ❞é✈❡❧♦♣♣és✱ ❧♦✐♥ ❞❡✈❛♥t ❧❡ ❝❛♥❝❡r ♦✉

❧❡s ♠❛❧❛❞✐❡s ❝❛r❞✐♦✈❛s❝✉❧❛✐r❡s ❡t ❝♦♥st✐t✉❡♥t ❞♦♥❝ ✉♥ ❡♥❥❡✉ ♠❛❥❡✉r ❞❡ s❛♥té ♣✉❜❧✐q✉❡✳ ▲✬❛❜s❡♥❝❡ ❞❡ ❞✐❛❣♥♦st✐❝

♠♦❧é❝✉❧❛✐r❡ ❧❛✐ss❡ ❧❡s ❢❛♠✐❧❧❡s s❛♥s ❡①♣❧✐❝❛t✐♦♥s✱ ♦r ❡❧❧❡s s♦♥t ❞ét❡r♠✐♥❛♥t❡s ♣♦✉r ❛✐❞❡r ❝❡s ❢❛♠✐❧❧❡s à ♠✐❡✉①

❛❝❝❡♣t❡r ❧❛ ♠❛❧❛❞✐❡ ❡♥ ❧✉✐ ❞♦♥♥❛♥t ✉♥ s❡♥s✳ ❈❡ tr❛✈❛✐❧ ❛s♣✐r❡ à ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ❜❛s❡s ♠♦❧é❝✉❧❛✐r❡s ❡t

♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ❞❡s ❉■ ❞✬✉♥❡ ♣❛rt ❡t ❧❡s ♣r♦❝❡ss✉s ♥é❝❡ss❛✐r❡s à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✉ s②stè♠❡ ♥❡r✈❡✉①

❝❡♥tr❛❧ ✭❙◆❈✮ ❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛✉tr❡ ♣❛rt✳ ❈❡s rés✉❧t❛ts ♦♥t é❣❛❧❡♠❡♥t ♣♦✉r ✈♦❝❛t✐♦♥ ✐♠♠é❞✐❛t❡

❞✬♦✛r✐r ✉♥❡ ♠❡✐❧❧❡✉r❡ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❞❡s ♣❛t✐❡♥ts ❡t ❞❡ ❧❡✉rs ❢❛♠✐❧❧❡s ♣❛r ❧❡s ❣é♥ét✐❝✐❡♥s ❡♥ ❧❡✉r ❛♣♣♦rt❛♥t ✉♥

❝♦♥s❡✐❧ ❣é♥ét✐q✉❡ ♣♦✉r ❧❡s ❣r♦ss❡ss❡s à ✈❡♥✐r ♠❛✐s ❛✉ss✐✱ à ♣❧✉s ❧♦♥❣ t❡r♠❡✱ ❞❡ ❢♦✉r♥✐r ❧❡s é❧é♠❡♥ts ♥é❝❡ss❛✐r❡s

à ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s str❛té❣✐❡s t❤ér❛♣❡✉t✐q✉❡s✳

✶✳✶ ❉é✜♥✐t✐♦♥s ❞❡s ❉■✱ ❝❧❛ss✐✜❝❛t✐♦♥ ❡t ♣ré✈❛❧❡♥❝❡

✶✳✶✳✶ ❉é✜♥✐t✐♦♥

▲❡s ❞é✜♥✐t✐♦♥s ❞❡ ❧❛ ❉■ ❞❡ ❧✬❆♠❡r✐❝❛♥ ❆ss♦❝✐❛t✐♦♥ ♦♥ ■♥t❡❧❧❡❝t✉❛❧ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t❛❧ ❉✐s❛❜✐❧✐t✐❡s ✭❆❆■❉❉✮

❡t ❞❡ ❧❛ ❈❧❛ss✐✜❝❛t✐♦♥ ■♥t❡r♥❛t✐♦♥✐❛❧❡ ❞❡s ▼❛❧❛❞✐❡s ✭❈■▼✲✶✵✮ ❞❡ ❧✬❖r❣❛♥✐s❛t✐♦♥ ▼♦♥❞✐❛❧❡ ❞❡ ❧❛ ❙❛♥té ✭❖▼❙✮

s♦♥t r❡❧❛t✐✈❡♠❡♥t ♣r♦❝❤❡s ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❆♠❡r✐❝❛♥ Ps②❝❤✐❛tr✐❝ ❆ss♦❝✐❛t✐♦♥ ✭❆P❆✮✱ ❧❛ ♣❧✉s ❧❛r❣❡♠❡♥t

✉t✐❧✐sé❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ s❝✐❡♥t✐✜q✉❡✱ ré❞✐❣é❡ ❞❛♥s ❧❛ ❝✐♥q✉✐è♠❡ é❞✐t✐♦♥ ❞✉ ♠❛♥✉❡❧ ✓ ❉✐❛❣♥♦st✐❝ ❛♥❞ ❙t❛✲

t✐st✐❝❛❧ ▼❛♥✉❛❧ ♦❢ ▼❡♥t❛❧ ❉✐s♦r❞❡rs ✔ ❛❜ré❣é ❉❙▼✲❱✳ ❙❡❧♦♥ ❝❡tt❡ s♦✉r❝❡✱ ❧❛ ❉■✱ ❞✐❛❣♥♦st✐q✉é❡ ♣❡♥❞❛♥t ❧❛

♣ér✐♦❞❡ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ✭❛✈❛♥t ❧✬â❣❡ ❞❡ ✶✽ ❛♥s✮✱ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❢❛✐❜❧❡ss❡ ❣é♥ér❛❧✐sé❡ ❞❡s ❝❛♣❛❝✐tés ♠❡♥✲

t❛❧❡s ❛✈❡❝ ✉♥ ✐♠♣❛❝t s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❛❞❛♣t❛t✐❢ ❞❡s tr♦✐s ❞♦♠❛✐♥❡s s✉✐✈❛♥ts ✿ ❧❡ ❞♦♠❛✐♥❡ ❝♦♥❝❡♣t✉❡❧

✭❧❛♥❣❛❣❡✱ ❧❡❝t✉r❡✱ é❝r✐t✉r❡✱ ♠❛t❤é♠❛t✐q✉❡s✱ r❛✐s♦♥♥❡♠❡♥t✱ ❝♦♥♥❛✐ss❛♥❝❡✱ ♠é♠♦✐r❡✱ t❡♠♣s✱ ❡s♣❛❝❡✱ ❛r❣❡♥t✳✳✳✮✱

❧❡ ❞♦♠❛✐♥❡ s♦❝✐❛❧ ✭❡♠♣❛t❤✐❡✱ r❡s♣♦♥s❛❜✐❧✐té s♦❝✐❛❧❡✱ ❥✉❣❡♠❡♥t s♦❝✐❛❧✱ ❝♦♠♣ét❡♥❝❡s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ✐♥t❡r✲

♣❡rs♦♥♥❡❧❧❡✱ ♠é✜❛♥❝❡✴♥❛ï✈❡té ❛♣♣r♦♣r✐é❡✱ ❝❛♣❛❝✐té à ❝ré❡r ❡t ♠❛✐♥t❡♥✐r ❞❡s r❡❧❛t✐♦♥s ❛♠✐❝❛❧❡s✱ ❝❛♣❛❝✐té à

rés♦✉❞r❡ ❧❡s ♣r♦❜❧è♠❡s s♦❝✐❛✉①✳✳✳✮ ❡t ❧❡ ❞♦♠❛✐♥❡ ♣r❛t✐q✉❡ ✭❛✉t♦♥♦♠✐❡ ✿ ❤②❣✐è♥❡✱ ✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦②❡♥s ❞❡

✷✵



tr❛♥s♣♦rt✱ r❡s♣♦♥s❛❜✐❧✐tés ♣r♦❢❡ss✐♦♥♥❡❧❧❡s✱ ❣❡st✐♦♥ ❞✉ ❜✉❞❣❡t✱ ❣❡st✐♦♥ ❞❡ ❧✬❡♠♣❧♦✐ ❞✉ t❡♠♣s✱ ♦r❣❛♥✐s❛t✐♦♥ ❞✉

tr❛✈❛✐❧✳✳✳✮✳

✶✳✶✳✷ ❈❧❛ss✐✜❝❛t✐♦♥

▲❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡ ❝❡s ❛✛❡❝t✐♦♥s r❡♣♦s❡ s✉r ❧❡ ❞❡❣ré ❞❡ sé✈ér✐té ❞❡ ❧❛ ❉■✳ ▲❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ✐♥t❡❧❧❡❝t✉❡❧

❣é♥ér❛❧ ❡st ❛♣♣ré❝✐é s❡❧♦♥ ❞✐✈❡rs t❡sts ❝♦❣♥✐t✐❢s st❛♥❞❛r❞✐sés ❡t ❛❞❛♣tés à ❧✬â❣❡ ❡t ❛✉ ♥✐✈❡❛✉ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t

❞✉ ♣❛t✐❡♥t✳ P♦✉r ❧❡s ♣❛t✐❡♥ts ❧❡s ♣❧✉s ❥❡✉♥❡s✱ ❧❡s ❝❧✐♥✐❝✐❡♥s ✉t✐❧✐s❡♥t ❞❡s t❡sts ♣s②❝❤♦♠étr✐q✉❡s q✉✐ ♣❡r♠❡tt❡♥t

❞✬❡st✐♠❡r ❧❡ ◗✉♦t✐❡♥t ❞❡ ❉é✈❡❧♦♣♣❡♠❡♥t ✭◗❉✮ ❝❤❡③ ❧✬❡♥❢❛♥t✱ ❝♦♠♠❡ ❧❡ t❡st ❞❡ ❉❡♥✈❡r ♦✉ ❧✬é❝❤❡❧❧❡ ❞❡ ❇r✉♥❡t✲

▲é③✐♥❡✳ ❙✐ ✉♥ ❞é✜❝✐t ❞❡s ❛❝q✉✐s✐t✐♦♥s ❡st ♦❜s❡r✈é✱ ✐❧ ❡st ❛❧♦rs ♥♦♠♠é ❘❡t❛r❞ Ps②❝❤♦♠♦t❡✉r ✭❘P▼✮✳ ❆✈❡❝

❧✬❛♣♣❛r✐t✐♦♥ ❞✉ ❧❛♥❣❛❣❡✱ ❧❡s ❝❧✐♥✐❝✐❡♥s s♦♥t ❡♥s✉✐t❡ ❡♥ ♠❡s✉r❡ ❞✬é✈❛❧✉❡r ❧❡ ◗✉♦t✐❡♥t ■♥t❡❧❧❡❝t✉❡❧ ✭◗■✮✳ ❈❡❧✉✐✲❝✐✱

❝♦♠♣♦sé ❞❡s s♦✉s✲❝❛té❣♦r✐❡s ◗■ ✈❡r❜❛❧ ❡t ◗■ ❞❡ ♣❡r❢♦r♠❛♥❝❡✱ r❡♣rés❡♥t❡ ❧❛ ♠❡s✉r❡ ❧❛ ♣❧✉s ❢réq✉❡♠♠❡♥t

✉t✐❧✐sé❡ ♣♦✉r ❝❧❛ss✐✜❡r ❧❡s ❉■✳

❉❛♥s ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞♦♥♥é❡✱ ❧❡s s❝♦r❡s ❞✉ ◗■ s✉✐✈❡♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ♥♦r♠❛❧❡ ❞♦♥t ❧❛ ♠♦②❡♥♥❡✱ ✜①é❡

❛r❜✐tr❛✐r❡♠❡♥t✱ ❡st ❞❡ ✶✵✵ ❡t ❧❛ ❞é✈✐❛t✐♦♥ st❛♥❞❛r❞ ✭❉❙✮ ❞❡ ✶✺✳ P❛r ❝♦♥séq✉❡♥t✱ ✾✺✪ ❞❡s ✐♥❞✐✈✐❞✉s ♦♥t ✉♥ ◗■

❡♥tr❡ ✲✷ ❉❙ ❡t ✰✷ ❉❙ ✭❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ✶✱✾✻✮ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s s❝♦r❡s ❡♥tr❡ ✼✵ ❡t ✶✸✵✳ P❛r ❞é✜♥✐t✐♦♥✱ ❧❛

❉■ ❝♦rr❡s♣♦♥❞ à ✉♥ s❝♦r❡ ❞✉ ◗■ ✐♥❢ér✐❡✉r à ✼✵ ✭s♦✐t ✲✷ ❉❙✮✳ ❈❡tt❡ ♥♦t✐♦♥ ❞❡ s❡✉✐❧ ❡st ♣❡r❞✉❡ ❞❛♥s ❧❡ ❉❙▼✲❱✱

❞❡r♥✐èr❡ ✈❡rs✐♦♥ ❞✉ ❉❙▼ ♣✉❜❧✐é❡ ❧❡ ✶✽ ▼❛✐ ✷✵✶✸✱ ❡t ♥✬❡①✐st❡ ❛✉❥♦✉r❞✬❤✉✐ q✉❡ ❞❛♥s ❧❛ ❈■▼✲✶✵✳ ▲❡s s❡✉✐❧s

✐♥❞✐q✉és ❞❛♥s ❧❛ t❛❜❧❡ ✶✳✶ s❡ ré❢èr❡♥t ❞♦♥❝ ❛✉ ❉❙▼✲■❱ t❛♥❞✐s q✉❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s ❞❡s

q✉❛tr❡ ❞❡❣rés ❞❡ ❣r❛✈✐té✱ ❞❡ ❧❛ ❉■ ❧é❣èr❡ à ❧❛ ❉■ ♣r♦❢♦♥❞❡✱ s♦♥t ❞é✜♥✐❡s ♣❛r ❧❡ ❉❙▼✲❱ ❬❉❛✐❧② ❡t ❛❧✳✱ ✷✵✵✵❪✳

❘✐❝❤❛r❞s♦♥ ❬✶✾✽✾❪ ♣r♦♣♦s❡ ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ s✐♠♣❧✐✜é❡ ❛✈❡❝ ✉♥✐q✉❡♠❡♥t ❞❡✉① ❞❡❣rés ❞❡ sé✈ér✐té ✿ ❧❛ ❉■ ❧é❣èr❡

❡t ❧❛ ❉■ sé✈èr❡ ✭t❛❜❧❡ ✶✳✶✮✳

❉■ ❧é❣èr❡ ❉■ ♠♦❞éré❡ ❉■ sé✈èr❡ ❉■ ♣r♦❢♦♥❞❡
✽✺✪ ❞❡s ❝❛s ✶✵✪ ❞❡s ❝❛s ✸ à ✹✪ ❞❡s ❝❛s ✶ à ✷✪ ❞❡s ❝❛s
✺✵❁◗■❁✼✵ ✸✺❁◗■❁✹✾ ✷✵❁◗■❁✸✹ ◗■❁✷✵

▲❡s ♣❛t✐❡♥ts s♦♥t
❛✉t♦♥♦♠❡s✱ ♣❡✉✈❡♥t
❛✈♦✐r ✉♥ ♣❛r❝♦✉rs

s❝♦❧❛✐r❡ ❛✈❡❝ s♦✉t✐❡♥ ❡t
♥é❝❡ss✐t❡♥t ✉♥❡ ❛✐❞❡
♣♦✉r ❣ér❡r ❧❡✉rs

✜♥❛♥❝❡s✱ ❧❡s tr❛♥s♣♦rts
❡t ❧❡✉r s❛♥té✳

▲❡s ♣❛t✐❡♥ts ♦♥t ❞❡s
❢❛❝✉❧tés

❝♦♠♠✉♥✐❝❛t✐✈❡s
❛❞éq✉❛t❡s✱ ♠❛✐s

♣❡✉✈❡♥t ❛✈♦✐r ❜❡s♦✐♥
❞✬✉♥❡ ❛✐❞❡ ❞❛♥s ❧❛ ✈✐❡
q✉♦t✐❞✐❡♥♥❡ ♣♦✉r ❞❡s
❛❝t✐✈✐tés t❡❧❧❡s q✉❡ ❧❡s
s♦✐♥s✱ ❧❡s ✐♥t❡r❛❝t✐♦♥s

s♦❝✐❛❧❡s✱ ❡t❝✳
▲✬♦❝❝✉♣❛t✐♦♥ ❞✬✉♥
❡♠♣❧♦✐ ❛✐❞é ❡st

♣♦ss✐❜❧❡✳

▲❡s ❢❛❝✉❧tés
❝♦♠♠✉♥✐❝❛t✐✈❡s s♦♥t
❜❛s✐q✉❡s✱ ❧❛ ♣r✐s❡ ❡♥
❝❤❛r❣❡ ♥é❝❡ss✐t❡ ✉♥❡
❛✐❞❡ q✉♦t✐❞✐❡♥♥❡✳

▲❡s ♣❛t✐❡♥ts s♦♥t
t♦t❛❧❡♠❡♥t ❞é♣❡♥❞❛♥ts
❞✬✉♥❡ ❛✐❞❡ ❡①tér✐❡✉r❡
❡t ♥é❝❡ss✐t❡♥t ✉♥❡ ♣r✐s❡
❡♥ ❝❤❛r❣❡ ♣❡r♠❛♥❡♥t❡✳

❉■ ❧é❣èr❡ ❉■ sé✈èr❡

❚❛❜❧❡ ✶✳✶ ✿ ▲❡s ❞✐✛ér❡♥ts ❞❡❣rés ❞❡ sé✈ér✐té ❞❡s ❉■✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✶



▲❛ ♣rés❡♥❝❡ é✈❡♥t✉❡❧❧❡ ❞✬❛✉tr❡s s✐❣♥❡s ❝❧✐♥✐q✉❡s ❛ss♦❝✐és ❛✉① ❉■ ❛♠è♥❡ ✉♥ ❛✉tr❡ ♥✐✈❡❛✉ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥✳

▲♦rsq✉❡ ❧❛ ❉■ ❡st ❧❡ s❡✉❧ s✐❣♥❡ ❝❧✐♥✐q✉❡ ♦❜s❡r✈é ❝❤❡③ ❧❡ ♣❛t✐❡♥t✱ ♦♥ ♥♦♠♠❡ ❝❡❧❧❡✲❝✐ ✉♥❡ ❉■ ✐s♦❧é❡ ♦✉ ♥♦♥✲

s②♥❞r♦♠✐q✉❡ ✭◆❙✮ ♦✉ ❡♥❝♦r❡ ♥♦♥✲s♣é❝✐✜q✉❡✳ ➚ ❧✬✐♥✈❡rs❡✱ ❧♦rsq✉✬❡❧❧❡ ❡st ❛ss♦❝✐é❡ à ❞✬❛✉tr❡s s②♠♣tô♠❡s ✭♠❛❧✲

❢♦r♠❛t✐♦♥s✱ ❞②s♠♦r♣❤✐❡ ❢❛❝✐❛❧❡✱ ❛♥♦♠❛❧✐❡s ❜✐♦❝❤✐♠✐q✉❡s ♦✉ r❛❞✐♦❧♦❣✐q✉❡s✮✱ ♦♥ ❧✬❛♣♣❡❧❧❡ ❉■ s②♥❞r♦♠✐q✉❡ ✭❙✮✳

✶✳✶✳✸ Pré✈❛❧❡♥❝❡

❖♥ ❡st✐♠❡ q✉❡ ❧❡s ❉■ ❛✛❡❝t❡♥t ✷✱✺✪ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡ ❡t ❧❛ ♣ré✈❛❧❡♥❝❡ t❤é♦r✐q✉❡ ❞❡s ❉■ sé✈èr❡s

✭✲✸ ❉❙✮ s❡r❛✐t ❞❡ ✵✱✷✸✪✳ ❉✐✈❡rs❡s ét✉❞❡s ♠♦♥tr❡♥t q✉❡ ❧❡s ❉■ t♦✉❝❤❡♥t ✶ à ✽✪ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡

❬❘♦♣❡rs✱ ✷✵✵✽✱ ✷✵✶✵❪✳ ❈❡s ❡st✐♠❛t✐♦♥s ✈❛r✐❡♥t ❝❛r ❡❧❧❡s s♦♥t ❜✐❛✐sé❡s ♣❛r ❧❛ s♦✉s✲♣♦♣✉❧❛t✐♦♥ ét✉❞✐é❡ ❡t ❧❡s

t❡sts ❞❡ ◗■✱ s♦✉✈❡♥t ❝✉❧t✉r❡✲❞é♣❡♥❞❛♥t✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ét✉❞❡s é♣✐❞é♠✐♦❧♦❣✐q✉❡s s✬❛❝❝♦r❞❡♥t t♦✉t ❞❡ ♠ê♠❡

s✉r ✉♥❡ ♣ré✈❛❧❡♥❝❡ ❞❡ ❧❛ ❉■ ❞❡ ✷ à ✸✪ ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ ♣ré✈❛❧❡♥❝❡ ❞❡s ❉■ sé✈èr❡s

♦❜s❡r✈é❡ ❡st ♣❧✉s é❧❡✈é❡ q✉❡ ❝❡❧❧❡ ❡st✐♠é❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✸ à ✵✱✺✪✮ ❬❈❛♥s ❡t ❛❧✳✱ ✶✾✾✾✱ ❘♦♣❡rs✱ ✷✵✶✵❪✳

▲✬❡①❝é❞❡♥t ❞❡ s✉❥❡ts ❛✈❡❝ ✉♥ ◗■ ✐♥❢ér✐❡✉r à ✺✵ ❝♦♠♣❛ré ❛✉ t❛✉① ❛tt❡♥❞✉ s✉❣❣èr❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❜✐♠♦❞❛❧❡

❞❡s s❝♦r❡s ❞❡ ◗■✱ ❝♦♠♠❡ ✐♥❞✐q✉é s✉r ❧❛ ✜❣✉r❡ ✶✳✶✳

❋✐❣✉r❡ ✶✳✶ ✿ ❉✐str✐❜✉t✐♦♥ ❞✉ ◗■ ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡✳

❊♥✜♥✱ ♦♥ ♦❜s❡r✈❡ ✉♥ s❡①✲r❛t✐♦ ❞éséq✉✐❧✐❜ré ✭❡♥tr❡ ✶✱✸ ❡t ✶✱✹✮ ❛✈❡❝ ✉♥❡ ♠❛❥♦r✐té ❞❡ s✉❥❡ts ♠â❧❡s ♣❛r♠✐ ❧❡s

♣❛t✐❡♥ts ❛tt❡✐♥ts ❞❡ ❉■ ❬❇❛❤✐✲❇✉✐ss♦♥ ❡t ❛❧✳✱ ✷✵✵✻✱ ❘♦♣❡rs✱ ✷✵✵✻❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✷



✶✳✷ ▲✬ét✐♦❧♦❣✐❡ ❞❡s ❉■ ❥✉sq✉✬à ❧❛ ré✈♦❧✉t✐♦♥ ◆●❙ ✭◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥✲

❝✐♥❣✮

▲❡s ❉■ s♦♥t ❞❡s ♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s ❞♦♥t ❧❛ ❝❛✉s❡ s❡ ♠❛♥✐❢❡st❡ ♣❡♥❞❛♥t ❧❛ ♣ér✐♦❞❡ ❞❡

❣❡st❛t✐♦♥✱ à ❧❛ ♥❛✐ss❛♥❝❡ ♦✉ ♣❡♥❞❛♥t ❧❡s ♣r❡♠✐èr❡s ❛♥♥é❡s ❞❡ ✈✐❡✱ ❛❧♦rs q✉❡ ❧❡ s②stè♠❡ ♥❡r✈❡✉① ❡st ❡♥❝♦r❡

❡♥ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ❊♥ ❡✛❡t✱ ❛♣rès ❧❛ ♥❛✐ss❛♥❝❡✱ ✉♥❡ ♣❤❛s❡ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t r❛♣✐❞❡ ❛✈❡❝ ♠❛t✉r❛t✐♦♥ s❡

❞ér♦✉❧❡ ❞✉r❛♥t ❧❡s ♣r❡♠✐èr❡s ❛♥♥é❡s ❞❡ ❧✬❡♥❢❛♥❝❡✳ ❯♥❡ ❞❡✉①✐è♠❡ ♣❤❛s❡✱ ♣❧✉s ❧❡♥t❡✱ ❧✉✐ s✉❝❝è❞❡ ❥✉sq✉✬à ❧❛ ✜♥

❞❡ ❧✬❛❞♦❧❡s❝❡♥❝❡ ❬❝♦❧❧❡❝t✐✈❡ ■◆❙❊❘▼✱ ✷✵✵✹❪✳

✶✳✷✳✶ ❈❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

▲❡s ❞é✜❝✐❡♥❝❡s ✐♥t❡❧❧❡❝t✉❡❧❧❡s ❞♦♥t ❧❛ ❝❛✉s❡ ❡st ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ r❡♣rés❡♥t❡♥t ✶✺ à ✷✵✪ ❞❡s ❝❛s ❞❡ ❉■

❬❝♦❧❧❡❝t✐✈❡ ■◆❙❊❘▼✱ ✷✵✵✹❪✳ ❈❡s ❝❛✉s❡s s♦♥t ❝✐té❡s ❝✐✲❞❡ss♦✉s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ s✉r✈❡♥✉❡✳

✐✮ Pér✐♦❞❡ ♣ré♥❛t❛❧❡

❊❧❧❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣ér✐♦❞❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ❧❡ ♣r❡♠✐❡r ❥♦✉r ❞❡s ❞❡r♥✐èr❡s rè❣❧❡s ❡t ❧❡ ❞é❜✉t ❞✉ tr❛✈❛✐❧✳

▲❡s ✐♥❢❡❝t✐♦♥s ❢÷t❛❧❡s ✭❝②t♦♠é❣❛❧♦✈✐r✉s ❈▼❱✱ t♦①♦♣❧❛s♠♦s❡✱ ❤❡r♣ès✱ r✉❜é♦❧❡✱ ❡t❝✳✳✳✮ s♦♥t r❡s♣♦♥s❛❜❧❡s

❞✬❡♥✈✐r♦♥ ✺✪ ❞❡s ❉■ ❬❇❡♥♦✐st ❡t ❛❧✳✱ ✷✵✵✽✱ ▼✇❛♥✐❦✐ ❡t ❛❧✳✱ ✷✵✶✷❪✳

❉❡ ♠ê♠❡✱ ❧✬❡①♣♦s✐t✐♦♥ ✐♥ ✉t❡r♦ à ❞❡s ❛❣❡♥ts ❡①♦❣è♥❡s t❡❧s q✉❡ ❧✬❛❧❝♦♦❧✱ ❝❡rt❛✐♥❡s ❞r♦❣✉❡s ✭❝♦❝❛ï♥❡✮✱ ❧❡

t❛❜❛❝ ❡t ❝❡rt❛✐♥s ♠é❞✐❝❛♠❡♥ts ♥❡✉r♦t♦①✐q✉❡s✱ ♣❡✉t ❛❧tér❡r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧✳ ❈❡s

✐♥t♦①✐❝❛t✐♦♥s s❡r❛✐❡♥t r❡s♣♦♥s❛❜❧❡s ❞✬❡♥✈✐r♦♥ ✷✪ ❞❡s ❉■ ❬❈❧✐✛♦r❞ ❡t ❛❧✳✱ ✷✵✶✷❪✳

❇❡❤r♦♦③ ❡t ❛❧✳ ❬✷✵✶✶❪ ❡t ❇❛t❤ ❡t ❛❧✳ ❬✷✵✶✸❪ r❛♣♣♦rt❡♥t ✉♥❡ ♣❧✉s ❢♦rt❡ ♣ré✈❛❧❡♥❝❡ ❞❡ ♠❛❧❢♦r♠❛t✐♦♥s ❝♦♥❣é✲

♥✐t❛❧❡s ❡t ❞❡ ❞é✜❝✐❡♥❝❡s ✐♥t❡❧❧❡❝t✉❡❧❧❡s ❡♥❣❡♥❞ré❡s ♣❛r ❝❡rt❛✐♥❡s ❝❛r❡♥❝❡s ♥✉tr✐t✐♦♥♥❡❧❧❡s ❞✉r❛♥t ❧❛ ♣ér✐♦❞❡

♣ér✐❝♦♥❝❡♣t✐♦♥♥❡❧❧❡✱ t❡❧❧❡s q✉❡ ❧❡ ❞é✜❝✐t ❡♥ ❢♦❧❛t❡s✱ ❧✬❤②♣❡r♣❤é♥②❧❛❧❛♥✐♥é♠✐❡ ♠❛t❡r♥❡❧❧❡ ♦✉ ❧✬❤②♣♦t❤②r♦ï❞✐s♠❡

❡t ❧❛ ❝❛r❡♥❝❡ ❡♥ ✐♦❞❡✳

✐✐✮ Pér✐♦❞❡s ♣ér✐✲♥❛t❛❧❡s ❡t ♣♦st✲♥❛t❛❧❡s

▲❛ ♣ér✐♦❞❡ ♣ér✐♥❛t❛❧❡ s✬ét❡♥❞ ❞✉ ❞é❜✉t ❞✉ tr❛✈❛✐❧ ❥✉sq✉✬❛✉ s❡♣t✐è♠❡ ❥♦✉r ❞❡ ✈✐❡✳ P❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡

❧❡s ❛❝❝✐❞❡♥ts t❡❧s q✉❡ ❧✬❛♥♦①✐❡ ❝éré❜r❛❧❡✱ ❧✬❤é♠♦rr❛❣✐❡ ❝éré❜r❛❧❡ ❡t ❧✬✐❝tèr❡ ♥✉❝❧é❛✐r❡ ✭❛tt❡✐♥t❡ ❝éré❜r❛❧❡ s✉✐t❡ à

❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞❡ ❜✐❧✐r✉❜✐♥❡✮ ♣❡✉✈❡♥t ❡♥tr❛î♥❡r ✉♥❡ ❉■✳ ❈♦♠♠❡ r❡♣♦rté ❞❛♥s ✉♥ ♣ré❝é❞❡♥t r❛♣♣♦rt ❞✬❡①♣❡rt✐s❡

❞❡ ❧✬■◆❙❊❘▼ ❬❝♦❧❧❡❝t✐✈❡ ■◆❙❊❘▼✱ ✷✵✵✹❪✱ ❧❛ ❣r❛♥❞❡ ♣ré♠❛t✉r✐té ❛✉❣♠❡♥t❡ ❛✉ss✐ ❞❡ ❢❛ç♦♥ ✐♠♣♦rt❛♥t❡ ❧❡ r✐sq✉❡

❞❡ tr♦✉❜❧❡s ❝♦❣♥✐t✐❢s✳

▲❛ ♣ér✐♦❞❡ q✉✐ s✉✐t ❡st ❞✐t❡ ♣♦st✲♥❛t❛❧❡✳ ❯♥❡ ❉■ ♣❡✉t ❛❧♦rs ♣r♦✈❡♥✐r ❞❡ ♠❛❧❛❞✐❡s ✐♥❢❡❝t✐❡✉s❡s ❞❡ ❧❛ ♣❡t✐t❡

❡♥❢❛♥❝❡ t❡❧❧❡s q✉❡ ❧❛ ♠é♥✐♥❣✐t❡✱ ❧✬❡♥❝é♣❤❛❧✐t❡✱ ❧❡s ❡♥❝é♣❤❛❧♦♣❛t❤✐❡s ♣♦st✲✈❛❝❝✐♥❛❧❡s✳ ▲❡s ✐♥t♦①✐❝❛t✐♦♥s ♣❡✉✈❡♥t

é❣❛❧❡♠❡♥t ❢❛✈♦r✐s❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❞é✜❝✐t ✐♥t❡❧❧❡❝t✉❡❧✳ ▲✬❡✛❡t ♥❡✉r♦t♦①✐q✉❡ ❞✬✉♥❡ ❡①♣♦s✐t✐♦♥ à ❞❡s ♠ét❛✉①

❧♦✉r❞s t❡❧s q✉❡ ❧❡ ♣❧♦♠❜ ❛ été ❧❛r❣❡♠❡♥t ❞é♠♦♥tré ❬▼❡♥❞♦❧❛ ❡t ❛❧✳✱ ✷✵✵✷✱ ▼✐♥ ❡t ❛❧✳✱ ✷✵✵✾✱ ▼❝❉❡r♠♦tt

❡t ❛❧✳✱ ✷✵✶✶❪✳ ❉❡ ♠ê♠❡✱ ❧❡ tr❛✉♠❛t✐s♠❡ ❝râ♥✐❡♥✱ ♣r✐♥❝✐♣❛❧❡ ❝❛✉s❡ ❞❡ ❤❛♥❞✐❝❛♣ ❡t ♣r❡♠✐èr❡ ❝❛✉s❡ ❞❡ ♠♦rt❛❧✐té

❝❤❡③ ❧❡s ♠♦✐♥s ❞❡ ✶✺ ❛♥s✱ ♣r♦✈♦q✉é ♣❛r ❧❡s ❛❝❝✐❞❡♥ts ❞❡ ❧❛ ✈♦✐❡ ♣✉❜❧✐q✉❡ ✭✻✵✪ ❞❡s ❝❛s✮✱ ❞❡s ❝❤✉t❡s ✭✷✺✪✮

♦✉ ❞❡s ❛❝❝✐❞❡♥ts ❞❡ s♣♦rt ✭✶✺✪✮ ♣❡✉t ❣é♥ér❡r ❞❡ ♠✉❧t✐♣❧❡s séq✉❡❧❧❡s ❝♦❣♥✐t✐✈❡s ❞♦♥t ❧❛ ❣r❛✈✐té ❡st ❝♦rré❧é❡ à

❧✬❛♠♣❧❡✉r ❞✉ tr❛✉♠❛t✐s♠❡ ❝râ♥✐❡♥ ❬❆♥❞❡rs♦♥ ❡t ❛❧✳✱ ✷✵✶✷❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✸



❊♥✜♥✱ ❧❡s ❢❛❝t❡✉rs s♦❝✐♦✲é❝♦♥♦♠✐q✉❡s t❡❧s q✉❡ ❧❛ ♠❛❧♥✉tr✐t✐♦♥✱ ❧❡s ❛❜✉s ♦✉ ❧❡s ❝❛r❡♥❝❡s é♠♦t✐♦♥♥❡❧❧❡s

r❡♣rés❡♥t❡♥t é❣❛❧❡♠❡♥t ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ❞❡ ❉■✳ ❊♥ ❡✛❡t✱ ✉♥ s♦✉t✐❡♥ é♠♦t✐♦♥♥❡❧ ❛✐♥s✐ q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥

❝♦❣♥✐t✐✈❡ ♣r♦✈❡♥❛♥t ❞❡ ❧✬❡♥t♦✉r❛❣❡ s♦♥t ♥é❝❡ss❛✐r❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ✐♥❞✐✈✐❞✉✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣❛rt ❞❡s

❝❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❛♥s ❧❛ ♣ré✈❛❧❡♥❝❡ ❞❡s ❉■ ❞✐✛èr❡ s❡❧♦♥ ❧❡ ♥✐✈❡❛✉ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♣❛②s✳ ❊♥

❡✛❡t✱ ❧✬✐♥❢♦r♠❛t✐♦♥✱ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧❛ ♣ré✈❡♥t✐♦♥ ❞❡s r✐sq✉❡s ❛✉♣rès ❞❡s ❢❡♠♠❡s ❡♥❝❡✐♥t❡s ❡t ❞✉ ♣❡rs♦♥♥❡❧

♠é❞✐❝❛❧ s♦♥t ♣❧✉s ♦✉ ♠♦✐♥s r✐❝❤❡s ❡t ❡♥❣❡♥❞r❡♥t ✉♥❡ q✉❛❧✐té ❞✐✛ér❡♥t❡ ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❞❡s ♣❛t✐❡♥ts

s❡❧♦♥ ❧❡s ➱t❛ts ❬❘♦♣❡rs✱ ✷✵✶✵❪✳ ■❧ ❡st ❞♦♥❝ ❞✐✣❝✐❧❡ ❞✬é✈❛❧✉❡r ❧❛ ♣❛rt ❞❡s ❢❛❝t❡✉rs s♦❝✐♦✲❡♥✈✐r♦♥♥❡♠❡♥t❛✉①

❞❡s ♣❛t❤♦❧♦❣✐❡s ✐♥❞✉✐t❡s ♣❛r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ✈✐❡✳ ◆é❛♥♠♦✐♥s✱ ❞❡s ét✉❞❡s ❝❛s✲té♠♦✐♥s s✉❣❣èr❡♥t ✉♥ ✐♠♣❛❝t

❞✐st✐♥❝t ❞❡ ❝❡s ❢❛❝t❡✉rs s✉r ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❞é✜❝✐t ✐♥t❡❧❧❡❝t✉❡❧✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ét✉❞❡ ✜♥❧❛♥❞❛✐s❡ ❛ ❛✐♥s✐

ét❛❜❧✐ ✉♥❡ ❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ❡♥tr❡ ❧❡ ♥✐✈❡❛✉ ❞✬✐♥str✉❝t✐♦♥ ❞❡s ♣❛r❡♥ts ❡t ❧❡✉r st❛t✉t s♦❝✐♦✲é❝♦♥♦♠✐q✉❡ ❡t ❧❛

♣ré✈❛❧❡♥❝❡ ❞❡ ❧❛ ❉■ ❬❍❡✐❦✉r❛ ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❉❡ ♠ê♠❡✱ ✉♥❡ ét✉❞❡ ❛♠ér✐❝❛✐♥❡ ❛ ♠♦♥tré q✉❡ ❞❡s ❡♥❢❛♥ts ♥és

❞❡ ♠èr❡s ❛✈❡❝ ♠♦✐♥s ❞❡ ✶✷ ❛♥♥é❡s ❞❡ s❝♦❧❛r✐s❛t✐♦♥ ♦♥t ✉♥ r✐sq✉❡ ✼ ❢♦✐s ♣❧✉s é❧❡✈é ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ r❡t❛r❞

❝♦❣♥✐t✐❢ ❝♦♠♣❛ré à ❝❡✉① ♥és ❞❡ ♠èr❡s ❛②❛♥t s✉✐✈✐ ❞❡s ét✉❞❡s s✉♣ér✐❡✉r❡s ❬❈❤❛♣♠❛♥ ❡t ❛❧✳✱ ✷✵✵✷❪✳

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ❢❛❝t❡✉rs ♦r❣❛♥✐q✉❡s✱ ❧❡s ❢❛❝t❡✉rs ♣s②❝❤♦s♦❝✐❛✉① ❛♣♣❛r❛✐ss❡♥t ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥ts

q✉✬♦♥ s❡ s✐t✉❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ❞é✜❝✐❡♥❝❡ ❧é❣èr❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡s ❉■ ❧é❣èr❡s ✭✽✺✪ ❞❡s ❉■✮✱ ❧❡s ❢❛❝t❡✉rs

♦r❣❛♥✐q✉❡s s♦♥t ♣❧✉s r❛r❡♠❡♥t r❡tr♦✉✈és✳ P❛r ❡①❡♠♣❧❡ ❞❡s ❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s ♥❡ s♦♥t r❡tr♦✉✈é❡s

q✉❡ ❞❛♥s ✹ à ✽✪ ❞❡s ❝❛s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❡s ❢❛❝t❡✉rs ♦r❣❛♥✐q✉❡s s♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ✼✺✪ ❞❡s ❝❛s

❞❡s ❉■ sé✈èr❡s ✭◗■ ❁ ✺✵✮ ❡t ❧❛ ♣ré✈❛❧❡♥❝❡ ❡st ❧❛ ♠ê♠❡ q✉❡❧ q✉❡ s♦✐t ❧❡ ♠✐❧✐❡✉ s♦❝✐♦✲é❝♦♥♦♠✐q✉❡ ❞❡ ❧✬❡♥❢❛♥t

❬❘♦♣❡rs✱ ✷✵✵✽✱ ✷✵✶✵❪✳ ❆✉ss✐✱ ♣♦✉r ❧❡s ❉■ ❞❡ ❝❛✉s❡ ♦r❣❛♥✐q✉❡ ❞ét❡r♠✐♥é❡✱ ❧❡s ❝♦♥❞✐t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

♣s②❝❤♦❧♦❣✐q✉❡s ❡t s♦❝✐❛❧❡s ❥♦✉❡♥t ✉♥ rô❧❡ ❞❛♥s ❧❡ s❡♥s ❞❡ ❧✬❛❣❣r❛✈❛t✐♦♥ ♦✉ ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞❡s s②♠♣tô♠❡s✳

▲❛ t❛❜❧❡ ✶✳✷ ❝✐✲❞❡ss♦✉s✱ rés✉♠❡ ❧❡s ❢réq✉❡♥❝❡s ❛ss♦❝✐é❡s ❛✉① ❞✐✛ér❡♥t❡s ❝❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❝✐té❡s

♣ré❝é❞❡♠♠❡♥t✳

❈❛✉s❡s ❋réq✉❡♥❝❡s ✭✪✮

❊♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

❚r❛✉♠❛t✐s♠❡ ✺
■♥❢❡❝t✐♦♥ ✺

■♥t♦①✐❝❛t✐♦♥ ✷
Pré♠❛t✉r✐té ✺

❆✉tr❡s ✶
❚♦t❛❧ ✶✽

❚❛❜❧❡ ✶✳✷ ✿ ❋réq✉❡♥❝❡s ❛ss♦❝✐é❡s ❛✉① ❞✐✛ér❡♥t❡s ❝❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❝♦♥♥✉❡s✳

✶✳✷✳✷ ❈❛✉s❡s ❣é♥ét✐q✉❡s

▲❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡ ❧❛ ❉■ s♦♥t ♥♦♠❜r❡✉s❡s ❡t ❞✐✈❡rs❡s✳ ■❧ ❡st ❞✐✣❝✐❧❡ ❞✬❡♥ ❞r❡ss❡r ✉♥❡ ❧✐st❡ ❡①❤❛✉st✐✈❡

ét❛♥t ❞♦♥♥é ❧❛ ❢réq✉❡♥❝❡ à ❧❛q✉❡❧❧❡ ❞❡ ♥♦✉✈❡❧❧❡s ét✐♦❧♦❣✐❡s s♦♥t ❞é❝r✐t❡s ❛✉❥♦✉r❞✬❤✉✐✳ P❛r♠✐ ❧❡s ✷✺ ✵✵✵ ❣è♥❡s

❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✱ ♦♥ ❡st✐♠❛✐t ❡♥ ✶✾✾✺✱ à ❡♥✈✐r♦♥ ✶✴✸ ❝❡✉① ❡①♣r✐♠és ❛✉ ♥✐✈❡❛✉ ❞✉ ❝❡r✈❡❛✉ ❬❚❛❦❛❤❛s❤✐ ❡t ❛❧✳✱

✶✾✾✺❪✳ ❘é❝❡♠♠❡♥t✱ ❞✉ ❢❛✐t ❞❡ ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬❛♥♥♦t❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ ❞✬✉♥❡ ♣❛rt ❡t ❞❡s t❡❝❤♥♦❧♦❣✐❡s

❞✬❛✉tr❡ ♣❛rt✱ ❝❡tt❡ ❡st✐♠❛t✐♦♥ ❛ été r❡✈✉❡ à ❧❛ ❤❛✉ss❡ ✿ ✽✹✪ ❞❡s ❣è♥❡s ♦♥t été ♦❜s❡r✈és ❡①♣r✐♠és ❞❛♥s ❛✉

♠♦✐♥s ✉♥❡ ❞❡s ré❣✐♦♥s ❞✉ ❝❡r✈❡❛✉✱ ♦ù ✐❧s ❥♦✉❡♥t ✉♥ rô❧❡ ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❝éré❜r❛❧✱

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✹



♣❡r♠❡tt❛♥t ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t ❞✬❡①♣❧✐q✉❡r ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❣é♥ét✐q✉❡ ❞❡s ❉■ ❬❍❛✇r②❧②❝③ ❡t ❛❧✳✱ ✷✵✶✷✱

❙❤❡♥ ❡t ❛❧✳✱ ✷✵✶✷❪✳

✐✮ ❆♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s

▲❡s ❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s s♦♥t ❧❛ ❝❛✉s❡ ❧❛ ♣❧✉s ❢réq✉❡♥t❡ ❞❡ ❉■✳ ■❧ s✬❛❣✐t ❞✬❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s

❞❡ ♥♦♠❜r❡ ✭❛♥❡✉♣❧♦ï❞✐❡s✮ ♦✉ ❞❡ str✉❝t✉r❡s t❡❧❧❡s q✉❡ ❧❡s ❞é❧ét✐♦♥s✱ ❞✉♣❧✐❝❛t✐♦♥s✱ tr❛♥s❧♦❝❛t✐♦♥s ♦✉ ✐♥✈❡rs✐♦♥s✳

▲✬❛♥❡✉♣❧♦ï❞✐❡✱ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣❡rt❡ ♦✉ ❛✉ ❣❛✐♥ ❞✬✉♥ ❝❤r♦♠♦s♦♠❡ ❡♥t✐❡r✱ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ❢réq✉❡♥t

à ❧❛ ❝♦♥❝❡♣t✐♦♥ ❬❘❡❣❛♥✱ ✷✵✶✵❪✳ ▲❡s ❛♥❡✉♣❧♦ï❞✐❡s ♣❡✉✈❡♥t êtr❡ ❤♦♠♦❣è♥❡s ✭❞❛♥s t♦✉t❡s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ❧✬♦r❣❛✲

♥✐s♠❡✮ ♦✉ ❡♥ ♠♦s❛ïq✉❡ ✭❞❛♥s ❝❡rt❛✐♥s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ✉♥✐q✉❡♠❡♥t✮✳ ▲❡s ❛♥❡✉♣❧♦ï❞✐❡s ❤♦♠♦❣è♥❡s rés✉❧t❡♥t ❧❡

♣❧✉s s♦✉✈❡♥t ❞✬✉♥❡ ♥♦♥✲❞✐s❥♦♥❝t✐♦♥ ♠é✐♦t✐q✉❡ ❡t ♣❡✉✈❡♥t s❡ tr❛❞✉✐r❡ ♣❛r ✉♥❡ tr✐s♦♠✐❡ ✭♣rés❡♥❝❡ ❞✬✉♥ ❝❤r♦♠♦✲

s♦♠❡ ♥♦r♠❛❧ s✉r♥✉♠ér❛✐r❡✮ ♦✉ ✉♥❡ ♠♦♥♦s♦♠✐❡ ✭♣❡rt❡ ❞✬✉♥ ❝❤r♦♠♦s♦♠❡✮✳ ▲❡ s②♥❞r♦♠❡ ❞❡ ❉♦✇♥ ♦✉ tr✐s♦♠✐❡

✷✶✱ ❛✈❡❝ ✉♥❡ ♣ré✈❛❧❡♥❝❡ ❞❡ ✶✴✼✺✵ ♦✉ ✶✴✽✵✵✱ ❡st ❧❛ ❢♦r♠❡ ❣é♥ét✐q✉❡ ❧❛ ♣❧✉s ❢réq✉❡♥t❡ ❞❡ ❉■✳ ■❧ ❝♦rr❡s♣♦♥❞ à

❧❛ ♣r❡♠✐èr❡ ❛♥♦♠❛❧✐❡ ❝❤r♦♠♦s♦♠✐q✉❡ ❞é❝r✐t❡ ❛ss♦❝✐é❡ à ✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❡t ✐❞❡♥t✐✜é❡ s✉r ❝❛r②♦t②♣❡ ♠❛rq✉é ❡♥

●✐❡♠s❛ ❬▲❡❥❡✉♥❡ ❡t ❛❧✳✱ ✶✾✺✾❪✳

▲❡s ❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s ❞❡ str✉❝t✉r❡ ❛♣♣❛r❛✐ss❡♥t à ❧❛ s✉✐t❡ ❞❡ ❝❛ss✉r❡s ❝❤r♦♠♦s♦♠✐q✉❡s s✉✐✈✐❡s

♣❛r ✉♥ ♦✉ ♣❧✉s✐❡✉rs ré✲❛ss❡♠❜❧❛❣❡s ✐♥❛tt❡♥❞✉s ❡t ❛✛❡❝t❡♥t ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❝❤r♦♠♦s♦♠❡s✱ ❤♦♠♦❧♦❣✉❡s ♦✉

♥♦♥✳ ❊❧❧❡s ♣❡✉✈❡♥t êtr❡ éq✉✐❧✐❜ré❡s ♦✉ ♥♦♥✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ❛♥♦♠❛❧✐❡s éq✉✐❧✐❜ré❡s ♥✬❡♥tr❛î♥❡♥t ♣❛s

❞❡ ❞éséq✉✐❧✐❜r❡ ❞✉ ♠❛tér✐❡❧ ❝❤r♦♠♦s♦♠✐q✉❡ ❡t ♥❡ s♦♥t ❞♦♥❝ ♣❛s ❛ss♦❝✐é❡s à ✉♥ ♣❤é♥♦t②♣❡✳ ❊①❝❡♣t✐♦♥ ❢❛✐t❡

❞❡s ❝❛s ❞❡s r❡♠❛♥✐❡♠❡♥ts ❝❤r♦♠♦s♦♠✐q✉❡s éq✉✐❧✐❜rés ❞♦♥t ✉♥ ❞❡s ♣♦✐♥ts ❞❡ ❝❛ss✉r❡ ✐♥t❡rr♦♠♣t ✉♥ ❣è♥❡

♦✉ ❛❧tèr❡ s♦♥ ❡①♣r❡ss✐♦♥✳ ❆✉ss✐✱ ❧♦rs ❞❡ ❧❛ ♠é✐♦s❡✱ ❧❡s ❛♥♦♠❛❧✐❡s éq✉✐❧✐❜ré❡s ♣❡✉✈❡♥t ❡♥tr❛î♥❡r ❧❛ ❢♦r♠❛t✐♦♥

❞❡ ❣❛♠èt❡s ❞éséq✉✐❧✐❜rés ❣é♥ér❛♥t ❞❡s ③②❣♦t❡s ❛♥♦r♠❛✉① ❛♣rès ❢é❝♦♥❞❛t✐♦♥ ❝♦♥❞✉✐s❛♥t ✉❧tér✐❡✉r❡♠❡♥t à ❧❛

♥é❝❡ss✐té ❞✬✐♥t❡rr♦♠♣r❡ ❧❛ ❣r♦ss❡ss❡ ♦✉ ❧❛ ♥❛✐ss❛♥❝❡ ❞✬❡♥❢❛♥ts ♣♦rt❡✉rs ❞✬❛♥♦♠❛❧✐❡s ❝♦♥❣é♥✐t❛❧❡s✳ ❆✐♥s✐✱ ❧❡s

❛♥♦♠❛❧✐❡s ♥♦♥✲éq✉✐❧✐❜ré❡s s✉r✈✐❡♥♥❡♥t ❞❡ ♥♦✈♦ ♦✉ à ❧❛ s✉✐t❡ ❞✬✉♥ r❡♠❛♥✐❡♠❡♥t ♣❛r❡♥t❛❧ éq✉✐❧✐❜ré✳

▲❡s ♣r❡♠✐❡rs ♦✉t✐❧s ❞❡ ❝❛r②♦t②♣❡ ♥❡ ♣❡r♠❡tt❛✐❡♥t q✉❡ ❧❡ ❞✐❛❣♥♦st✐❝ ❞❡s ❛♥♦♠❛❧✐❡s ❞❡ ♥♦♠❜r❡ ♦✉ ❞❡ str✉❝✲

t✉r❡ ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡ ✭s✉♣ér✐❡✉r❡s à ✷✺ ▼❜✮✳ P✉✐s✱ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✾✵✱ ❧✬❡ss♦r ❞❡ ❧❛ ❝②t♦❣é♥ét✐q✉❡ ♠♦❧é❝✉❧❛✐r❡

❛✈❡❝ ❧❡s s♦♥❞❡s✱ ❝❡s ♥♦✉✈❡❛✉① ♦✉t✐❧s ❞❡ ❜✐♦❧♦❣✐❡ ♠♦❧é❝✉❧❛✐r❡ ✉t✐❧✐sés ❞❛♥s ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ❋■❙❍ ✭❋❧✉♦r❡s❝❡♥t

■♥ ❙✐t✉ ❍②❜r✐❞✐③❛t✐♦♥✮✱ r❡♥❞❛✐t ♣♦ss✐❜❧❡ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✬❛♥♦♠❛❧✐❡s s✉❜♠✐❝r♦s❝♦♣✐q✉❡s ✭✐♥❢ér✐❡✉r❡s à ✹▼❜✮

❞✬✉♥❡ ré❣✐♦♥ ❞✬✐♥térêt ♠❛✐s ♥❡ ♣❡r♠❡tt❛✐t ♣❛s ❧✬ét✉❞❡ ❣❧♦❜❛❧❡ ❞✉ ❣é♥♦♠❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❡st ❞♦♥❝ ✉t✐❧✐sé❡

❧♦rsq✉✬✉♥❡ ré❣✐♦♥ ❝❤r♦♠♦s♦♠✐q✉❡ ❝❛♥❞✐❞❛t❡ ❡st ♣r♦♣♦sé❡ à ❧❛ s✉✐t❡ ❞✬✉♥ ❡①❛♠❡♥ ❝❧✐♥✐q✉❡ ❞ét❛✐❧❧é ♠❡tt❛♥t ❡♥

é✈✐❞❡♥❝❡ ✉♥ t❛❜❧❡❛✉ ❝❧✐♥✐q✉❡ é✈♦❝❛t❡✉r✳

❉❛♥s ❧❡s ❛♥♥é❡s ✷✵✵✵✱ ❧✬❛✈è♥❡♠❡♥t ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ❧✬❛♥❛❧②s❡ ❝♦♠♣❛r❛t✐✈❡ s✉r ♣✉❝❡ à ❆❉◆ ✭❆❈P❆✮ r❡♥❞❛✐t

♣♦ss✐❜❧❡ ❧❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ r❡♠❛♥✐❡♠❡♥ts s✉❜♠✐❝r♦s❝♦♣✐q✉❡s ❡♥tr❡ ✺ ❡t ✶✵ ▼❜✱ ♥♦♥ ✈✐s✐❜❧❡s s✉r ❝❛r②♦t②♣❡✱

❛♣♣❡❧és ❈◆❱s ✭♣♦✉r ❈♦♣② ◆✉♠❜❡r ❱❛r✐❛♥ts✮✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❛②❛♥t ❝♦♥s✐❞ér❛✲

❜❧❡♠❡♥t ♣r♦❣r❡ssé❡✱ ❡❧❧❡ ♦✛r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥❡ ét✉❞❡ ♣❛♥❣é♥♦♠✐q✉❡ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❡♥❝♦r❡ s✉♣ér✐❡✉r❡✱

❞❡ q✉❡❧q✉❡s ❑❜ ✭✈♦✐r ✜❣✉r❡ ❆✳✶ ❡♥ ❛♥♥❡①❡✮✳ ▲❛ r❡❝❤❡r❝❤❡ s②sté♠❛t✐q✉❡ ❞✬❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s ❝❤❡③

❧❡s ♣❛t✐❡♥ts ❛tt❡✐♥ts ❞❡ ❉■ ✐❞✐♦♣❛t❤✐q✉❡ ❛ ♣❡r♠✐s✱ ♣❛r ❧❡✉r ❛♥❛❧②s❡ rétr♦s♣❡❝t✐✈❡✱ ❞❡ ❞é❝r✐r❡ ❞❡ ♥♦✉✈❡❛✉①

s②♥❞r♦♠❡s ❛ss♦❝✐és à ❞❡s ♠✐❝r♦❞é❧ét✐♦♥s ♦✉ ❞❡s ♠✐❝r♦❞✉♣❧✐❝❛t✐♦♥s✳ ❊♥ ❡✛❡t✱ ❝❧❛ss✐q✉❡♠❡♥t✱ ❧❛ ❝❧✐♥✐q✉❡ ❞❡s

s②♥❞r♦♠❡s ét❛✐t ✐♥✐t✐❛❧❡♠❡♥t ❞é❝r✐t❡ ✭❝♦♠♠❡ ❧❛ tr✐s♦♠✐❡ ✷✶✮ ❡t ❧❡s ❜❛s❡s ❣é♥ét✐q✉❡s é❧✉❝✐❞é❡s ♣❛r ❧❛ s✉✐t❡✳

▲✬❆❈P❆ ❛ ♣❡r♠✐s ❞✬❛♣♣❧✐q✉❡r ❧❛ ❞é♠❛r❝❤❡ ✐♥✈❡rs❡ ❀ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❧✬❛♥♦♠❛❧✐❡ ❝❤r♦♠♦s♦♠✐q✉❡ ♣ré❝é❞❛♥t

❧❛ ❞❡s❝r✐♣t✐♦♥ ♣❤é♥♦t②♣✐q✉❡✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✺



P❧✉s✐❡✉rs ❛♥♦♠❛❧✐❡s ❝❤r♦♠♦s♦♠✐q✉❡s ❞❡ ♣❡t✐t❡ t❛✐❧❧❡ s♦♥t ré❝✉rr❡♥t❡s ❝❛r ✉♥ ♠ê♠❡ ♠é❝❛♥✐s♠❡ ❡♥ ❡st

à ❧✬♦r✐❣✐♥❡ ❡t ❧✬❛r❝❤✐t❡❝t✉r❡ ❞✉ ❣é♥♦♠❡ ❡①♣❧✐q✉❡ ❝❡ ❝♦♥st❛t✳ ▲❡s ré❣✐♦♥s té❧♦♠ér✐q✉❡s✱ r✐❝❤❡s ❡♥ séq✉❡♥❝❡s

♠✐♥✐s❛t❡❧❧✐t❡s ❤②♣❡r✈❛r✐❛❜❧❡s ✭séq✉❡♥❝❡s ré♣été❡s ❡♥ t❛♥❞❡♠ ❞❡ ✶✵ à ✻✵ ♣❛✐r❡s ❞❡ ❜❛s❡s ♦✉ ♣❜✮✱ s♦♥t ❞❡s

③♦♥❡s s✐♥❣✉❧✐èr❡♠❡♥t s❡♥s✐❜❧❡s ❛✉① ❝❛ss✉r❡s ❡t ❞❡ ♥♦♠❜r❡✉① s②♥❞r♦♠❡s ❝❧✐♥✐q✉❡♠❡♥t r❡❝♦♥♥❛✐ss❛❜❧❡s✱ ❞✉s à

❞❡s r❡♠❛♥✐❡♠❡♥ts ❞❛♥s ❝❡s ③♦♥❡s✱ ♦♥t été ✐❞❡♥t✐✜és ✿ ✶♣✸✻✱ ✷q✸✼✱ ✸♣t❡r✱ ✾q✸✹✱ ✶✽qt❡r ❡t ✷✷q✶✸✳ ❉✬❛✉tr❡

♣❛rt✱ ❞❡s séq✉❡♥❝❡s ❞✬❆❉◆ ré♣été❡s ❞❡ ✶✵ à ✹✵✵ ❦❜✱ ❛♣♣❡❧é❡s ❞✉♣❧✐❝♦♥s ♦✉ ▲❈❘s ✭♣♦✉r ▲♦✇ ❈♦♣② ❘❡♣❡❛ts✮

s♦♥t ♣rés❡♥t❡s ❡♥ ♣❧✉s✐❡✉rs ❝♦♣✐❡s ❞❛♥s ❧❡ ❣é♥♦♠❡ ❤✉♠❛✐♥✱ ❡s♣❛❝é❡s ❞❡ ✺✵✵ ❦❜ à ✹ ▼❜ ❡t ♣rés❡♥t❡♥t ♣❧✉s ❞❡

✾✵✪ ❞✬✐❞❡♥t✐té✳ ▲✬❤♦♠♦❧♦❣✐❡ ❞❡ ❝❡s séq✉❡♥❝❡s ❢❛✈♦r✐s❡ ❧❡s r❡❝♦♠❜✐♥❛✐s♦♥s ❤♦♠♦❧♦❣✉❡s ♥♦♥✲❛❧❧é❧✐q✉❡s ✭◆❆❍❘

♣♦✉r ♥♦♥✲❛❧❧❡❧✐❝ ❤♦♠♦❧♦❣♦✉s r❡❝♦♠❜✐♥❛t✐♦♥✮ ❧♦rs ❞❡ ❧❛ ♠é✐♦s❡ ❡♥tr❛î♥❛♥t ❧❛ ❞✉♣❧✐❝❛t✐♦♥ ♦✉ ❧❛ ❞é❧ét✐♦♥ ❞❡s

ré❣✐♦♥s ❝♦♠♣r✐s❡s ❡♥tr❡ ❞❡✉① ❞✉♣❧✐❝♦♥s ❞❡ ♠ê♠❡ ♦r✐❡♥t❛t✐♦♥✱ ❝♦♠♠❡ ✐❧❧✉stré ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✷✱ ❛❞❛♣té❡

❞✬❛♣rès ❧✬❛rt✐❝❧❡ ❞❡ ●✉ ❡t ❛❧✳ ❬✷✵✵✽❪✳

❋✐❣✉r❡ ✶✳✷ ✿ ■❧❧✉str❛t✐♦♥ ❞❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❤♦♠♦❧♦❣✉❡ ♥♦♥✲❛❧❧é❧✐q✉❡✱ ✜❣✉r❡ ♠♦❞✐✜é❡ ❞✬❛♣rès ❙t❛♥❦✐❡✇✐❝③ ❛♥❞ ▲✉♣s❦✐
❬✷✵✵✷❪✳

❯♥❡ r❡❝♦♠❜✐♥❛✐s♦♥ ❡♥tr❡ ▲❈❘ ✭❡♥ ❥❛✉♥❡✮ ❞❡ ♠ê♠❡ ♦r✐❡♥t❛t✐♦♥✱ ❡♥tr❡ ❝❤r♦♠♦s♦♠❡s ❤♦♠♦❧♦❣✉❡s ✭♣r❡✲

♠✐❡r ❝❛s✮ ♦✉ ❡♥tr❡ ❝❤r♦♠❛t✐❞❡s s÷✉rs ✭s❡❝♦♥❞ ❝❛s✮✱ ❡♥tr❛î♥❡ ✉♥❡ ❞é❧ét✐♦♥ ♦✉ ✉♥❡ ❞✉♣❧✐❝❛t✐♦♥ ❞✉ s❡❣♠❡♥t

✐♥t❡r♠é❞✐❛✐r❡ ✭❡♥ r♦✉❣❡✮ t❛♥❞✐s q✉✬✉♥ é❝❤❛♥❣❡ ❡♥tr❡ ▲❈❘ ❞❡ ♠ê♠❡ ♦r✐❡♥t❛t✐♦♥ s✉r ✉♥❡ ♠ê♠❡ ❝❤r♦♠❛t✐❞❡

❝♦♥❞✉✐t à ❧❛ ❞é❧ét✐♦♥ ❞✉ s❡❣♠❡♥t ✐♥t❡r♠é❞✐❛✐r❡ ✭❞❡r♥✐❡r ❝❛s✮✳

❯♥ ❞♦s❛❣❡ ✐♥❛♣♣r♦♣r✐é ❞❡s ❣è♥❡s ❝♦♥t❡♥✉s ❞❛♥s ❧❡ ❢r❛❣♠❡♥t ❣é♥♦♠✐q✉❡ r❡♠❛♥✐é ❡♥❣❡♥❞r❡ ✈r❛✐s❡♠❜❧❛✲

❜❧❡♠❡♥t ❧❡ ♣❤é♥♦t②♣❡ ❝❧✐♥✐q✉❡ ❛ss♦❝✐é✳ ❙❡❧♦♥ ❧❛ t❛✐❧❧❡ ❞✉ ❢r❛❣♠❡♥t ❣é♥♦♠✐q✉❡ ✐♠♣❧✐q✉é✱ ✉♥ ❞♦s❛❣❡ ❣é♥✐q✉❡

✐♥❛❞❛♣té ♣❡✉t s❡ ♠❛♥✐❢❡st❡r s♦✉s ❧❛ ❢♦r♠❡ ❞❡ s②♥❞r♦♠❡ ❞❡s ❣è♥❡s ❝♦♥t✐❣✉s ✭❙●❈✮ ♦✉ ❞❡ ♠❛❧❛❞✐❡ ♠❡♥❞é❧✐❡♥♥❡

♠♦♥♦❣é♥✐q✉❡✳

▲❛ ♥♦t✐♦♥ ❞❡ s②♥❞r♦♠❡ ❞❡s ❣è♥❡s ❝♦♥t✐❣✉s ❛ été ✐♥tr♦❞✉✐t❡ ♣❛r ❙❝❤♠✐❝❦❡❧ ❬✶✾✽✻❪ ❛✜♥ ❞✬❡①♣❧✐q✉❡r ❧✬❡♥s❡♠❜❧❡

❞❡s s✐❣♥❡s ❝❧✐♥✐q✉❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✬✉♥❡ ♠✐❝r♦❞é❧ét✐♦♥ ❤é♠✐③②❣♦t❡✳ ▲✬❛✉t❡✉r ♣r♦♣♦s❡ q✉❡ ❧❡ ♣❤é♥♦t②♣❡ ♦❜✲

s❡r✈é ❝❤❡③ ❝❡s ♣❛t✐❡♥ts s♦✐t ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧✬❤❛♣❧♦✐♥s✉✣s❛♥❝❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❣è♥❡s ❝♦♥t❡♥✉s ❞❛♥s ❧❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✻



s❡❣♠❡♥t ❞é❧été✳ ▲❡ s②♥❞r♦♠❡ ❞❡ ❲❆●❘ ✭❲✐❧♠s t✉♠♦r✱ ❆♥✐r✐❞✐❛✱ ●❡♥✐t♦✉r✐♥❛r② ❛♥♦♠❛❧✐❡s✱ ♠❡♥t❛❧ ❘❡t❛r❞❛✲

t✐♦♥✮ ❡st ✉♥ ❡①❡♠♣❧❡ ❞❡ ❙●❈ ❡t ❛ss♦❝✐❡ ✉♥ r✐sq✉❡ ❞❡ s✉r✈❡♥✉❡ ❞❡ t✉♠❡✉r ❞❡ ❲✐❧♠s à t♦✉t â❣❡✱ ✉♥❡ ❛♥✐r✐❞✐❡

t♦t❛❧❡ ♦✉ ♣❛rt✐❡❧❧❡✱ ❞❡s ❛♥♦♠❛❧✐❡s ❣é♥✐t♦✲✉r✐♥❛✐r❡s ❛❧❧❛♥t ❞❡ ❧✬❛♠❜✐❣✉ïté s❡①✉❡❧❧❡ à ❧✬❡❝t♦♣✐❡ t❡st✐❝✉❧❛✐r❡✱ ❛✐♥s✐

q✉✬✉♥❡ ❉■ ❞❡ ❞❡❣ré ✈❛r✐❛❜❧❡✳ ▲❛ ❞é❧ét✐♦♥ ❞✉ ❣è♥❡ P❆❳✻ ✭P❛✐r❡❞ ❜♦① ❣❡♥❡ ✻✮ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❛♥✐r✐❞✐❡ ❛❧♦rs

q✉❡ ❧✬❤❛♣❧♦✐♥s✉✣s♥❛♥❝❡ ❞✉ ❣è♥❡ ❲❚✶ ✭❲✐❧♠s✬ t✉♠♦r s✉♣♣r❡ss♦r ❣❡♥❡✮ ❡st ❛ss♦❝✐é❡ ❛✉ r✐sq✉❡ ❞❡ s✉r✈❡♥✉❡

❞❡ t✉♠❡✉r ❡t ❞❡s ❛♥♦♠❛❧✐❡s ✉r♦✲❣é♥✐t❛❧❡s ❬❋✐s❝❤❜❛❝❤ ❡t ❛❧✳✱ ✷✵✵✺❪✳ ❈❡tt❡ t❤é♦r✐❡ ❡st ✈❛❧❛❜❧❡ ♣♦✉r ❧❛ très

❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❝❛s ♠❛✐s ❡❧❧❡ ❛ t♦✉t❡❢♦✐s été ❞é♠❡♥t✐❡ ♣♦✉r ❝❡rt❛✐♥s s②♥❞r♦♠❡s✱ ❝♦♠♠❡ ❧❡s s②♥❞r♦♠❡s

❞✬❆♥❣❡❧♠❛♥ ✭❆❙✮✱ ❞❡ ❉✐●❡♦r❣❡✴✈é❧♦✲❝❛r❞✐♦✲❢❛❝✐❛❧ ✭❉●❙✴❱❈❋✮ ❡t ❞❡ ❙♠✐t❤✲▼❛❣❡♥✐s ✭❙▼❙✮✱ ♣♦✉r ❧❡sq✉❡❧s

❧✬❛♥♦♠❛❧✐❡ ❞✬✉♥ s❡✉❧ ❣è♥❡ ❡①♣❧✐q✉❡ ❧❛ très ❣r❛♥❞❡ ♠❛❥♦r✐té ❞✉ ♣❤é♥♦t②♣❡✱ r❡s♣❡❝t✐✈❡♠❡♥t ❯❇❊✸❆✱ ❚❇❳✶ ❡t

❘❆■✶ ❬❑✐s❤✐♥♦ ❡t ❛❧✳✱ ✶✾✾✼✱ ❇❛❧❞✐♥✐✱ ✷✵✵✺✱ ❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✷❪✳ ❉❛♥s ❝❡s ❝❛s ♣ré❝✐s✱ ♦♥ ❛♣♣❡❧❧❡ ❝❡ ❣è♥❡✱

✓ ❧❡ ❣è♥❡ ♠❛❥❡✉r ✔✳ ▲❛ t❛❜❧❡ ✶✳✸ ❝✐✲❞❡ss♦✉s✱ rés✉♠❡ ❧❡s ♣r✐♥❝✐♣❛✉① s②♥❞r♦♠❡s ❞❡ ❉■ ❡t✴♦✉ ♠❛❧❢♦r♠❛t✐♦♥s

❝♦♥❣é♥✐t❛❧❡s r❡❝♦♥♥❛✐ss❛❜❧❡s ❝❧✐♥✐q✉❡♠❡♥t✱ ❝❛✉sés ♣❛r ❞❡s ❈◆❱s ré❝✉rr❡♥ts ❬❙t❛♥❦✐❡✇✐❝③ ❛♥❞ ▲✉♣s❦✐✱ ✷✶✵❪✳

❙②♥❞r♦♠❡ ❖▼■▼ ▲♦❝✉s ❘é❛rr❛♥❣❡♠❡♥t ●è♥❡✭s✮ ■♥❝✐❞❡♥❝❡
❲✐❧❧✐❛♠s✲❇❡✉r❡♥

✭❲❇❙✮
✶✾✹✵✺✵ ✼q✶✶✳✷✸ ❞é❧ét✐♦♥ ❙●❈ ✐♥❝❧✳

❊▲◆

✶✴✷✵✵✵✵

❞✉♣✭✼✮q✶✶✳✷✸ ✻✵✾✼✺✼ ✼q✶✶✳✷✸ ❞✉♣❧✐❝❛t✐♦♥ ❙●❈ ✐♥❝❧✳
❊▲◆

✶✴✼✺✵✵

❆♥❣❡❧♠❛♥ ✭❆❙✮ ✶✵✺✽✸✵ ✶✺q✶✶✲q✶✷ ♠❛t ❞é❧✱ ❉❯P✶✺ ♣❛t ❯❇❊✸❆ ✶✴✶✵✵✵✵ ✲
✶✴✷✵✵✵✵

Pr❛❞❡r✲❲✐❧❧✐ ✭P❲❙✮ ✶✼✻✷✼✵ ✶✺q✶✶✲q✶✷ ❞é❧ ♣❛t✱ ❉❯P✶✺ ♠❛t ❙●❈ ✶✲✾✴✶✵✵✵✵✵
▼✐❧❧❡r✲❉✐❡❦❡r ✭▼❉▲❙✮ ✷✹✼✷✵✵ ✶✼♣✶✸✳✸ ❞é❧ét✐♦♥ ❙●❈ ✐♥❝❧✳

▲■❙✶

✶✴✶✵✵✵✵✵

❙♠✐t❤✲▼❛❣❡♥✐s ✭❙▼❙✮ ✶✽✷✷✾✵ ✶✼♣✶✶✳✷ ❞é❧ét✐♦♥ ❘❆■✶ ✶✴✶✺✵✵✵ ✲
✶✴✷✺✵✵✵

P♦t♦❝❦✐✲▲✉♣s❦✐
✭P❚▲❙✮

✻✶✵✽✽✸ ✶✼♣✶✶✳✷ ❞✉♣❧✐❝❛t✐♦♥ ❙●❈ ✶✴✷✺✵✵✵

❞❡❧✭✶✼✮q✷✶ ✻✶✵✹✹✸ ✶✼q✷✶✳✸✶ ❞é❧ét✐♦♥ ❙●❈ ✐♥❝❧✳
❑❆◆❙▲✶

✶✴✶✻✵✵✵

❉✐●❡♦r❣❡✴✈é❧♦✲❝❛r❞✐♦✲
❢❛❝✐❛❧

✭❉●❙✴❱❈❋❙✮

✶✽✽✹✵✵ ✷✷q✶✶✳✷ ❞é❧ét✐♦♥ ❚❇❳✶ ✶✴✺✵✵✵

❞✉♣✭✷✷✮q✶✶ ✻✵✽✸✻✸ ✷✷q✶✶✳✷ ❞✉♣❧✐❝❛t✐♦♥ ❙●❈ ✐♥❝❧✳
❚❇❳✶

✶✴✹✵✵✵

❚❛❜❧❡ ✶✳✸ ✿ ❙②♥❞r♦♠❡s ♠✐❝r♦❞é❧ét✐♦♥♥❡❧s à ♣♦✐♥ts ❞❡ ❝❛ss✉r❡s ré❝✉rr❡♥ts✳

❈❡♣❡♥❞❛♥t✱ s✐ ❝❡s s②♥❞r♦♠❡s ♠✐❝r♦❞é❧❡t✐♦♥♥❡❧s s♦♥t ❞✐ts ré❝✉rr❡♥ts ❝❛r ❧❡s ♣♦✐♥ts ❞❡ ❝❛ss✉r❡s ♦❜s❡r✈és

s♦♥t ✐♥✈❛r✐❛❜❧❡♠❡♥t ❧❡s ♠ê♠❡s ✐♠♣❧✐q✉❛♥t ✉♥❡ ♣ré✈❛❧❡♥❝❡ r❡❧❛t✐✈❡♠❡♥t é❧❡✈é❡ ✭✶✴✹✵✵✵ ♣♦✉r ❧❛ ❞✉♣❧✐❝❛t✐♦♥

✷✷q✶✶✳✷ ♣❛r ❡①❡♠♣❧❡✮✱ ✐❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉① ❛✉tr❡s r❡♠❛♥✐❡♠❡♥ts ✱ r❛r❡s ❡t ❞♦♥❝ ❞✐✣❝✐❧❡s à ❞✐❛❣♥♦st✐q✉❡r ❡t

à ✐♥t❡r♣rét❡r✳

❊♥✜♥✱ ✐❧ ❢❛✉t ❝✐t❡r ❧❡s ❞✐s♦♠✐❡s ✉♥✐♣❛r❡♥t❛❧❡s ✭❉❯P✮ ♦✉ ✉♥✐❞✐s♦♠✐❡s✱ q✉✐ ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♣rés❡♥❝❡

❝❤❡③ ✉♥ ✐♥❞✐✈✐❞✉ ❞❡ ❞❡✉① ❝❤r♦♠♦s♦♠❡s ❞✬✉♥❡ ♠ê♠❡ ♣❛✐r❡ ♣r♦✈❡♥❛♥t ❞✬✉♥ s❡✉❧ ❞❡ s❡s ♣❛r❡♥ts✳ ❆✐♥s✐✱ ❝❡s

♣❤é♥♦♠è♥❡s s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ré✈é❧❡r ❞❡s ♠❛❧❛❞✐❡s ré❝❡ss✐✈❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✼



✐✐✮ ❋♦r♠❡s ♠♦♥♦❣é♥✐q✉❡s ❞❡ ❉■

▲❡s ❢♦r♠❡s ♠♦♥♦❣é♥✐q✉❡s ❞❡s ❉■ rés✉❧t❡♥t ❞❡ ❧✬❛♥♦♠❛❧✐❡ ❞✬✉♥ s❡✉❧ ❣è♥❡✳ ❊❧❧❡s s♦♥t ♣rés❡♥té❡s ❝✐✲❞❡ss♦✉s

s❡❧♦♥ ❧❡s tr♦✐s ♠♦❞❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ♠❡♥❞é❧✐❡♥s ✿ ❧✐é ❛✉ ❝❤r♦♠♦s♦♠❡ ❳✱ ❛✉t♦s♦♠✐q✉❡ ❞♦♠✐♥❛♥t ❡t ❛✉t♦s♦✲

♠✐q✉❡ ré❝❡ss✐❢✳

▲❡s ❢♦r♠❡s ❧✐é❡s ❛✉ ❝❤r♦♠♦s♦♠❡ ❳ ✭❉■▲❳✮ ✿

▲✬❡①❝ès ❞❡ ❣❛rç♦♥s ♣❛r♠✐ ❧❡s ♣❛t✐❡♥ts ❛②❛♥t ✉♥❡ ❉■ ❡t ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❢❛♠✐❧❧❡s ❛✈❡❝ ✉♥❡ ❉■ sé❣ré❣❡❛♥t

s❡❧♦♥ ✉♥ ♠♦❞❡ ❧✐é ❛✉ ❝❤r♦♠♦s♦♠❡ ❳ s✉❣❣ér❛✐❡♥t q✉❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞❡s ❣è♥❡s ❞✉ ❝❤r♦♠♦s♦♠❡ ❳ ❝♦♥tr✐❜✉❛✐❡♥t

❞❡ ❢❛ç♦♥ ✐♠♣♦rt❛♥t❡ à ❧✬ét✐♦❧♦❣✐❡ ❞❡ ❝❡s ❛✛❡❝t✐♦♥s✳ ▲❡s r❡❝❤❡r❝❤❡s ❝♦♥❝❡r♥❛♥t ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞✉ ❝❤r♦♠♦s♦♠❡

❳ ❞❛♥s ❧❡s ❉■ ♦♥t ❞♦♥❝ ❞é❜✉té ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✾✵✱ ♣❧✉s ♣ré❝♦❝❡♠❡♥t q✉❡ ♣♦✉r ❧❡s ❢♦r♠❡s ❧✐é❡s ❛✉①

❛✉t♦s♦♠❡s✳ ▲❡ s②♥❞r♦♠❡ ❞❡ ❧✬❳ ❢r❛❣✐❧❡ ✭❋❳❙✮✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ❞é✜❝✐t ✐♥t❡❧❧❡❝t✉❡❧ ❞❡ ❧é❣❡r à sé✈èr❡

q✉✐ ♣❡✉t êtr❡ ❛ss♦❝✐é à ❞❡s tr♦✉❜❧❡s ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❡t à ❞❡s s✐❣♥❡s ♣❤②s✐q✉❡s ❝❛r❛❝tér✐st✐q✉❡s✱ ❛ été ❧❛

♣r❡♠✐èr❡ ❛♥♦♠❛❧✐❡ ❣é♥ét✐q✉❡ ✐❞❡♥t✐✜é❡ ❞❛♥s ❧❡ ❣r♦✉♣❡ ❞❡s ❉■▲❳ ❡t ❝♦rr❡s♣♦♥❞ à ❧❛ ❝❛✉s❡ ❧❛ ♣❧✉s ❢réq✉❡♥t❡ ❞❡

❉■ ❞✬♦r✐❣✐♥❡ ♠♦♥♦❣é♥✐q✉❡✳ ❊❧❧❡ ❡st ❞✉❡ à ✉♥ ♥♦♠❜r❡ ❞❡ ré♣ét✐t✐♦♥s s✉♣ér✐❡✉r❡ à ✷✵✵ ❞✬✉♥ tr✐♣❧❡t ❈●● ❞❛♥s ❧❛

ré❣✐♦♥ ✺✬❯❚❘ ✭❯♥❚r❛♥s❧❛t❡❞ ❘❡❣✐♦♥✮ ❞✉ ❣è♥❡ ❋▼❘✶ ✭❳q✷✼✳✸✮✱ ❡♥tr❛î♥❛♥t ✉♥❡ ré♣r❡ss✐♦♥ ❞❡ s♦♥ ❡①♣r❡ss✐♦♥

❬❱❡r❦❡r❦ ❡t ❛❧✳✱ ✶✾✾✶✱ ▼❛♥❞❡❧ ❛♥❞ ❍❡✐t③✱ ✶✾✾✷❪✳ ▲❛ ❝♦♥st✐t✉t✐♦♥ ❞✉ ❈♦♥s♦rt✐✉♠ ❡✉r♦♣é❡♥ ✓ ❊✉r♦▼❘❳ ✔ ❡♥

✶✾✾✺✱ s✬❛♣♣✉②❛♥t s✉r ❞❡s rés❡❛✉① ❞❡ ❝❧✐♥✐❝✐❡♥s ❡t ❞❡ ❝❤❡r❝❤❡✉rs✱ ❛ ♣❡r♠✐s ❞❡ r❡❣r♦✉♣❡r ❧❡s ❞♦♥♥é❡s ❝❧✐♥✐q✉❡s

❞✬✉♥❡ ❧❛r❣❡ ❝♦❤♦rt❡ ❞❡ ✻✵✵ ❢❛♠✐❧❧❡s ♠✉❧t✐♣❧❡① ✭❝♦♠♣♦sé❡s ❞❡ ♣❧✉s✐❡✉rs ❡♥❢❛♥ts ❛tt❡✐♥ts✮ ❞❛♥s ❧❡sq✉❡❧❧❡s

sé❣rè❣❡ ✉♥❡ ❉■▲❳✳ ▲✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ❣é♥ét✐q✉❡ ❡t ❞❡ ❝❧♦♥❛❣❡ ♣♦s✐t✐♦♥♥❡❧ ❞❡ ❝❡s ❢❛♠✐❧❧❡s ❛

❧❛r❣❡♠❡♥t ❛❝❝é❧éré ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❣è♥❡s ❞❡ ❉■▲❳✳ ▲❡ ♣r♦❥❡t ✓ ❊✉r♦▼❘❳ ✔ s✬❡st ♣♦✉rs✉✐✈✐ ♣❛r ✉♥ séq✉❡♥ç❛❣❡

s②sté♠❛t✐q✉❡ ❞❡ ✾✵ ❣è♥❡s ❞❡ ❉■▲❳✱ ❝♦♥♥✉s ♦✉ ❝❛♥❞✐❞❛ts ♣❡r♠❡tt❛♥t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♠✉t❛t✐♦♥s ❝❛✉s❛❧❡s

❞❛♥s ✹✷✪ ❞❡s ❢❛♠✐❧❧❡s ❬❞❡ ❇r♦✉✇❡r ❡t ❛❧✳✱ ✷✵✵✼❪✳

❊♥ ✷✵✶✵✱ ❧✬ét✉❞❡ ■●❖▲❉ ✭■♥t❡r♥❛t✐♦♥❛❧ ●❡♥❡t✐❝s ♦❢ ▲❡❛r♥✐♥❣ ❉✐s❛❜✐❧✐t②✮✱ ❜é♥é✜❝✐❛♥t ❞❡ ❧✬❛♠é❧✐♦r❛t✐♦♥

❞❡s t❡❝❤♥✐q✉❡s ❞❡ séq✉❡♥ç❛❣❡✱ ❛ ♣❡r♠✐s ✉♥❡ ❛✈❛♥❝é❡ ❝♦♥s✐❞ér❛❜❧❡ ❞❛♥s ❧❡ ❞é♠❡♠❜r❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡s

❉■▲❳✳ ❊♥ ❡✛❡t✱ ❝❡ ♣r❡♠✐❡r ♣r♦❥❡t ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t s✉r ✉♥❡ ❝♦❤♦rt❡ ❞❡ ✷✵✽ ❢❛♠✐❧❧❡s ❞❡ ❉■▲❳

❛ ❝✐❜❧é ❧❡s ❡①♦♥s ❝♦❞❛♥ts ❞❡ ✼✶✽ ❣è♥❡s ❝♦♥♥✉s✱ s♦✐t ✶▼❜ ❞❡ séq✉❡♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t à ✼✺✪ ❞❡s ré❣✐♦♥s

❝♦❞❛♥t❡s ❞✉ ❝❤r♦♠♦s♦♠❡ ❳ ❬❘❛②♠♦♥❞ ❡t ❛❧✳✱ ✷✵✵✾✱ ❚❛r♣❡② ❡t ❛❧✳✱ ✷✵✵✾✱ ❙❤♦✉❜r✐❞❣❡ ❡t ❛❧✳✱ ✷✵✶✵❪✳ ❈❡tt❡

ét✉❞❡ r❡♠❛rq✉❛✐t ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❧❡s ❜❡s♦✐♥s ✐♥❢♦r♠❛t✐q✉❡s ♣♦✉r ❛♥❛❧②s❡r ❡t st♦❝❦❡r ❞✬✐♠♣♦rt❛♥t❡s

q✉❛♥t✐tés ❞❡ ❞♦♥♥é❡s ♠❛✐s ❛✉ss✐ ❧✬❛❜♦♥❞❛♥❝❡ ❞❡ ✈❛r✐❛♥ts ♣♦t❡♥t✐❡❧❧❡♠❡♥t ♣❛t❤♦❣é♥✐q✉❡s ❞é❝♦✉✈❡rts ❛✈❡❝

✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t s♦✉❧❡✈❛♥t ❧❡s ♣r❡♠✐èr❡s q✉❡st✐♦♥s ❞❡ ♠ét❤♦❞❡s ❞✬✐♥t❡r♣rét❛t✐♦♥ ❡t

❞✬❡①❝❧✉s✐♦♥ ❞❡ ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts✳

➚ ❝❡ ❥♦✉r✱ ✶✵✷ ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❞és♦r❞r❡s ❧✐és ❛✉ ❝❤r♦♠♦s♦♠❡ ❳ ❞❛♥s ❧❡sq✉❡❧s ❧❛ ❉■ ❛♣♣❛r❛ît ❝♦♠♠❡

❧❛ ❝❛r❛❝tér✐st✐q✉❡ ♣r❡♠✐èr❡ ♦♥t été ❞é❝r✐ts✳ ■❧s s♦♥t r❛♣♣♦rtés ❞❛♥s ❧❡s ✐❧❧✉str❛t✐♦♥s ❝✐✲❞❡ss♦✉s ✭✜❣✉r❡ ✶✳✸ ❡t

✜❣✉r❡ ✶✳✹✮ ❞✬❛♣rès ❧❡ s✐t❡ ❡♥ ❧✐❣♥❡ ❤tt♣ ✿✴✴✇✇✇✳❣❣❝✳♦r❣✴r❡s❡❛r❝❤✴♠♦❧❡❝✉❧❛r✲st✉❞✐❡s✴①❧✐❞✳❤t♠❧ ❧❡q✉❡❧ ❝❡♥tr❛❧✐s❡

t♦✉t❡s ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❛❝t✉❛❧✐sé❡s s✉r ❧❡s ❉■▲❳✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✽



❋✐❣✉r❡ ✶✳✸ ✿ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡s ❣è♥❡s ❞❡ ❉■▲❳ ♥♦♥✲s②♥❞r♦♠✐q✉❡ ✭◆❙✮ ❡t ❧❡✉r ❧♦❝❛❧✐s❛t✐♦♥✳

▲❡s ❣è♥❡s ♥♦tés ❡♥ ♥♦✐r s♦♥t ❡①❝❧✉s✐✈❡♠❡♥t ❛ss♦❝✐és à ❞❡s ❉■▲❳ ◆❙ ❛❧♦rs q✉❡ ❝❡✉① ♥♦tés ❡♥ r♦✉❣❡ ♦♥t été ❛ss♦❝✐és à
❞❡s ❉■▲❳ s♦✐t s②♥❞r♦♠✐q✉❡s✱ s♦✐t ♥♦♥✲s②♥❞r♦♠✐q✉❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✾



❋✐❣✉r❡ ✶✳✹ ✿ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡s ❣è♥❡s ❞❡ ❉■▲❳ s②♥❞r♦♠✐q✉❡ ✭❙✮ ❡t ❧❡✉r ❧♦❝❛❧✐s❛t✐♦♥✳

▲❡s ❣è♥❡s ♥♦tés ❡♥ ♥♦✐r s♦♥t ❡①❝❧✉s✐✈❡♠❡♥t ❛ss♦❝✐és à ❞❡s ❉■▲❳ ❙✱ ❝❡✉① ♥♦tés ❡♥ r♦✉❣❡ ♦♥t été ❛ss♦❝✐és à ❞❡s ❉■▲❳ s♦✐t ❙✱ s♦✐t ◆❙✳

▼
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▲
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♥
❣
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✉
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t
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❞❡
❉
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✸
✵



▲❡s ❢♦r♠❡s ❛✉t♦s♦♠✐q✉❡s ❞♦♠✐♥❛♥t❡s ✭❉■❆❉✮ ✿

❈❡rt❛✐♥s ré❛rr❛♥❣❡♠❡♥ts ❝❤r♦♠♦s♦♠✐q✉❡s ♦♥t été ❞❡s ♣✐st❡s ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡

❢♦r♠❡s ❞♦♠✐♥❛♥t❡s ❞❡ ❉■✳ ❊♥ ❡✛❡t✱ ❧❛ ❞ét❡❝t✐♦♥ ❞❡ r❡♠❛♥✐❡♠❡♥ts ❝❤r♦♠♦s♦♠✐q✉❡s ❞éséq✉✐❧✐❜rés ❝❤❡③ ❞❡s

♣❛t✐❡♥ts ❛✈❡❝ ✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❝♦♠♠✉♥❡ ♣❡r♠❡t ❞✬✐❞❡♥t✐✜❡r ✉♥ ❧♦❝✉s ❞✬✐♥térêt✳ ▲❡s ❣è♥❡s ❝♦♥t❡♥✉s ❞❛♥s

❧❛ ré❣✐♦♥ ❛♥❡✉s♦♠✐q✉❡ s♦♥t ❛✉t❛♥t ❞❡ ❝❛♥❞✐❞❛ts ✐♥tér❡ss❛♥ts à ét✉❞✐❡r ❝❤❡③ ❞✬❛✉tr❡s ♣❛t✐❡♥ts ❡①♣r✐♠❛♥t

❧❛ ♠ê♠❡ ♠❛❧❛❞✐❡✱ ♠❛✐s s❛♥s ❞éséq✉✐❧✐❜r❡ ❣é♥♦♠✐q✉❡✳ ▲❡s ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡s s②♥❞r♦♠❡s ❞❡ ❈❍❆❘●❊

✭▼■▼ ✷✶✹✽✵✵✮ ❡t ❞❡ P✐tt✲❍♦♣❦✐♥s ✭▼■▼ ✻✵✷✷✼✷✮✱ r❡s♣❡❝t✐✈❡♠❡♥t ❈❍❉❈✼ ❡t ❚❈❋✹ ♦♥t✱ ♣❛r ❡①❡♠♣❧❡✱

été ✐❞❡♥t✐✜és à ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ❬❱✐ss❡rs ❡t ❛❧✳✱ ✷✵✵✹✱ ❆♠✐❡❧ ❡t ❛❧✳✱ ✷✵✵✼✱ ❩✇❡✐❡r ❡t ❛❧✳✱ ✷✵✵✼✱

❇❡r❦❡❧ ❡t ❛❧✳✱ ✷✵✶✵✱ ❍♦②❡r ❡t ❛❧✳✱ ✷✵✶✷❪✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧✬❛♥❛❧②s❡ ❞❡s ♣♦✐♥ts ❞❡ ❝❛ss✉r❡s ❞❡ tr❛♥s❧♦❝❛t✐♦♥s

❛♣♣❛r❡♠♠❡♥t éq✉✐❧✐❜ré❡s à ♣❤é♥♦t②♣❡ ❛♥♦r♠❛❧ ❛ é❣❛❧❡♠❡♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ❧♦❝✐ ✐♠♣❧✐q✉és

❞❛♥s ❧❡s ❉■ ❛✉t♦s♦♠✐q✉❡s ❞♦♠✐♥❛♥t❡s ✭❉■❆❉✮ ❬❉❛♦✉❞ ❡t ❛❧✳✱ ✷✵✵✾❪✳ ▲❛ ❝②t♦❣é♥ét✐q✉❡ ❡st ❞♦♥❝ ❧❛ ❞✐s❝✐♣❧✐♥❡

q✉✐ ❛ ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♣r❡♠✐❡rs ❣è♥❡s ❞❡ ❉■❆❉✳ ◆é❛♥♠♦✐♥s✱ ❞❡✈❛♥t ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❝❧✐♥✐q✉❡

❡t ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡ ❝❡s s②♥❞r♦♠❡s✱ ♣❡✉ ❞✬ét✉❞❡s ♦♥t été ❡♥tr❡♣r✐s❡s ♣♦✉r t❡♥t❡r ❞❡ ❞ét❡r♠✐♥❡r

❧❡✉rs ❜❛s❡s ❣é♥ét✐q✉❡s✳ ▲❡ ♣r♦❥❡t ❝❛♥❛❞✐❡♥ ✓ ❙②♥❛♣s❡ t♦ ❉✐s❡❛s❡ ✔ ✭❙✷❉✮✱ ❞é❜✉té ❡♥ ✷✵✵✻✱ ❛ été ❧❡ ♣r❡♠✐❡r

à ✉t✐❧✐s❡r ✉♥❡ str❛té❣✐❡ ❞❡ séq✉❡♥ç❛❣❡ s②sté♠❛t✐q✉❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts✳ ■❧ ♣♦rt❛✐t s✉r ❧✬❛♥❛❧②s❡ ❞❡ ✺✵✵ ❣è♥❡s

❝♦❞❛♥t ❞❡s ♣r♦té✐♥❡s s②♥❛♣t✐q✉❡s ❝❤❡③ ✉♥❡ ❝♦❤♦rt❡ ❞❡ ✸✼✶ ♣❛t✐❡♥ts ❛✈❡❝ ❉■ ◆❙✱ ❛✉t✐s♠❡ ♦✉ s❝❤✐③♦♣❤ré♥✐❡ ❡t

✶✾✵ ✐♥❞✐✈✐❞✉s ❝♦♥trô❧❡s ❡t ❛ ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♠✉t❛t✐♦♥s ❞é❧étèr❡s ❞❡ ♥♦✈♦ t♦✉❝❤❛♥t ❞❡s ❣è♥❡s ❝♦❞❛♥t

❞❡s ♣r♦té✐♥❡s ❞✉ s②stè♠❡ ❣❧✉t❛♠❛t❡r❣✐q✉❡ ✭❙❨◆●❆P✶✱ ❙❚❳❇P✶✱ ❙❍❆◆❑✸✱ ❑■❋✶❆✱ ●❘■◆✶✱ ❈❆❈◆●✷ ❡t

❊P❇✹✶▲✶✮ ❬❍❛♠❞❛♥ ❡t ❛❧✳✱ ✷✵✵✾❪✳ ■❧ ❢❛✉❞r❛ ❡♥s✉✐t❡ ❛tt❡♥❞r❡ ❧❛ ré✈♦❧✉t✐♦♥ ◆●❙ ✭◆❡✇ ●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥❝✐♥❣✮

♣♦✉r ✈♦✐r s❡ ♠✉❧t✐♣❧✐❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ ❉■❆❉ ❞é❝♦✉✈❡rts✳

▲❡s ❢♦r♠❡s ❛✉t♦s♦♠✐q✉❡s ré❝❡ss✐✈❡s ✭❉■❆❘✮ ✿

❈✬❡st ❡♥ ✶✾✽✻ q✉❡ ❧❡ t♦✉t ♣r❡♠✐❡r ❣è♥❡ ❞❡ ❉■ ❢✉t ❞é❝r✐t✱ ❧❡ ❣è♥❡ P❆❍ ❞♦♥t ❧❡s ♠✉t❛t✐♦♥s s♦♥t r❡s♣♦♥s❛❜❧❡s

❞✬✉♥❡ ❢♦r♠❡ ❞❡ ❉■❆❘ ❀ ❧❛ ♣❤é♥②❧❝ét♦♥✉r✐❡ ✭P❈❯✮✳ ▲❛ P❈❯ ❡st ❞✉❡ ❛✉ ❞é✜❝✐t ❞✬✉♥❡ ❡♥③②♠❡ ❤é♣❛t✐q✉❡ ✿ ❧❛

♣❤é♥②❧❛❧❛♥✐♥❡✲❤②❞r♦①②❧❛s❡ ✭P❆❍✮✱ ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❡ ♠ét❛❜♦❧✐s♠❡ ❞❡ ❧❛ ♣❤é♥②❧❛❧❛♥✐♥❡ ❬❉✐▲❡❧❧❛ ❡t ❛❧✳✱ ✶✾✽✻❪✳

❚♦✉t❡❢♦✐s✱ s✐ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❉■▲❳ ❛ ❝♦♥♥✉ ✉♥ ❡ss♦r ❝♦♥s✐❞ér❛❜❧❡ ❞❛♥s ❧❡s ❛♥✲

♥é❡s ✶✾✾✵✲✷✵✵✵✱ ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❣é♥ét✐q✉❡ ❡t ❝❧✐♥✐q✉❡ ❞❡s ❢♦r♠❡s ❛✉t♦s♦♠✐q✉❡s ré❝❡ss✐✈❡s ❡t ❧❛ t❛✐❧❧❡

s♦✉✈❡♥t très r❡str❡✐♥t❡ ❞❡s ❢r❛tr✐❡s ♦♥t✱ ❡♥ r❡✈❛♥❝❤❡✱ ❧♦♥❣t❡♠♣s ❢r❡✐♥é ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❣è♥❡s ❛ss♦❝✐és✱

♣♦✉rt❛♥t ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ♣❧✉s ❢réq✉❡♥t❡s q✉❡ ❧❡s ❉■▲❳ ♦✉ ❉■❆❉ ❬❘♦♣❡rs✱ ✷✵✵✼❪✳

❊♥ ❡✛❡t✱ ❧❡s ét✉❞❡s ❞❡ ❧✐❛✐s♦♥s ❝❧❛ss✐q✉❡s✱ ❜❛sé❡s s✉r ❧❡ r❡❣r♦✉♣❡♠❡♥t ❞❡ ♥♦♠❜r❡✉s❡s ❢❛♠✐❧❧❡s✱ s♦♥t ♣❡r❢♦r✲

♠❛♥t❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ♣❛t❤♦❧♦❣✐❡s ❝❧✐♥✐q✉❡♠❡♥t ❤♦♠♦❣è♥❡s✱ ❡t ❛✈❡❝ ❞❡s ❜❛s❡s ♠♦❧é❝✉❧❛✐r❡s ♣❡✉ ❤étér♦❣è♥❡s✳

❈✬❡st ❛✐♥s✐ q✉❡ ❧❡ ❣è♥❡ P▼▼✷ ❞♦♥t ❧❡s ♠✉t❛t✐♦♥s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞✬✉♥❡ ❛♥♦♠❛❧✐❡ ❝♦♥❣é♥✐t❛❧❡ ❞❡ ❧❛ ❣❧②❝♦✲

s②❧❛t✐♦♥✱ ❧❛ ❢♦r♠❡ ❈❉●✲■❛ ✭♣♦✉r ❈♦♥❣❡♥✐t❛❧ ❉✐s♦r❞❡rs ♦❢ ●❧②❝♦s②❧❛t✐♦♥✮ ❛ ♣✉ êtr❡ ✐❞❡♥t✐✜é❡ ❬❇❥✉rs❡❧❧ ❡t ❛❧✳✱

✶✾✾✽❪✱ ❞❛♥s ✉♥❡ ré❣✐♦♥ ♣ré❛❧❛❜❧❡♠❡♥t ❞é❧✐♠✐té❡ ♣❛r ✉♥❡ ét✉❞❡ ❞❡ ❧✐❛✐s♦♥ ré❛❧✐sé❡ s✉r ✷✺ ❢❛♠✐❧❧❡s ❛✈❡❝ ❈❉●✲■

❬▼❛rt✐♥ss♦♥ ❡t ❛❧✳✱ ✶✾✾✹❪✳

P♦✉r s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡s ❧✐♠✐t❡s✱ ♣❧✉s✐❡✉rs ♠ét❤♦❞❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s✳

▲✬❛♣♣r♦❝❤❡ ✓ ❣è♥❡ ❝❛♥❞✐❞❛t ✔ ❛ été ✉t✐❧✐sé❡ ❧♦rsq✉❡ ❞❡s s✐❣♥❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❧s q✉❡ ❞❡s ❛♥♦♠❛❧✐❡s ❜✐♦❝❤✐✲

♠✐q✉❡s ♦✉ ♠ét❛❜♦❧✐q✉❡s ♣❡r♠❡tt❡♥t ❞✬♦r✐❡♥t❡r ❧❛ str❛té❣✐❡ ❞❡ séq✉❡♥ç❛❣❡✳ ❈❡❧❛ ❛ été ❧❡ ❝❛s ♣♦✉r ❧❛ ❞é❝♦✉✈❡rt❡

❞❡s ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡ ❉❍❘❈✼✱ ❝♦❞❛♥t ❧❛ ❞❡r♥✐èr❡ ❡♥③②♠❡ ❞❡ ❧❛ ✈♦✐❡ ❞❡ ❜✐♦s②♥t❤ès❡ ❞✉ ❝❤♦❧❡stér♦❧✱ r❡s♣♦♥✲

s❛❜❧❡s ❞✉ s②♥❞r♦♠❡ ❙♠✐t❤✲▲❡♠❧✐✲❖♣✐t③ ♦✉ ❙▲❖ ✭▼■▼✷✼✵✹✵✵✮✳ ❈❡s ♣❛t✐❡♥ts✱ s♦✉✛r❛♥t ❞❡ ❉■ ❞❡ sé✈ér✐té

✈❛r✐❛❜❧❡✱ ♣rés❡♥t❡♥t é❣❛❧❡♠❡♥t ✉♥ t❛✉① ❢❛✐❜❧❡ ❞❡ ❝❤♦❧❡stér♦❧ ❛❝❝♦♠♣❛❣♥é ❞✬✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞❡ s♦♥ ♣ré❝✉r✲

s❡✉r ❬■r♦♥s ❡t ❛❧✳✱ ✶✾✾✸✱ ❋✐t③❦② ❡t ❛❧✳✱ ✶✾✾✽✱ ❲❛t❡r❤❛♠ ❡t ❛❧✳✱ ✶✾✾✽✱ ❲❛ss✐❢ ❡t ❛❧✳✱ ✶✾✾✽❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✶



❯♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❝♦♠♣❧é♠❡♥t❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❛ ❛✉ss✐ ❢❛✐t s❡s ♣r❡✉✈❡s ❧♦rsq✉✬✐❧ ❡①✐st❡ ✉♥ ♣❤é♥♦t②♣❡ ❝❡❧❧✉✲

❧❛✐r❡ ❛ss♦❝✐é à ✉♥❡ ♣❛t❤♦❧♦❣✐❡✳ P❛r ❡①❡♠♣❧❡✱ ❧✬❤②♣❡rs❡♥s✐❜✐❧✐té ❛✉① r❛②♦♥s ✉❧tr❛✈✐♦❧❡ts ✭❯❱✮ ❞❡s ✜❜r♦❜❧❛st❡s ❞❡

♣❡❛✉ ❞❡s ♣❛t✐❡♥ts ❛tt❡✐♥ts ❞✉ s②♥❞r♦♠❡ ❞❡ ❈♦❝❦❛②♥❡ ✭▼■▼ ✷✶✻✹✵✵✵✱ ❈❙✮ ❛ ♣❡r♠✐s ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡s ❜❛s❡s

♠♦❧é❝✉❧❛✐r❡ ❛ss♦❝✐é❡s ❬❚r♦❡❧str❛ ❡t ❛❧✳✱ ✶✾✾✷✱ ❞❡ ▲♦♥❧❛②✱ ✷✵✵✸❪✳

❉❛♥s t♦✉s ❧❡s ❛✉tr❡s ❝❛s✱ ✉♥❡ str❛té❣✐❡ ❞❡ ❝❤♦✐① ❡st ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ✭♦✉

❤♦♠♦③②❣♦t✐❡ ♣❛r ✜❧✐❛t✐♦♥✮✳ ❈❡tt❡ t❡❝❤♥✐q✉❡✱ ❞é❝r✐t❡ ❡♥ ✶✾✽✼ ♣❛r ▲❛♥❞❡r ❛♥❞ ❇♦tst❡✐♥ ❬✶✾✽✼❪✱ ❝♦♥s✐st❡ à

ét✉❞✐❡r ❞❡s ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ♠✉❧t✐♣❧❡① ❛✜♥ ❞❡ ❧♦❝❛❧✐s❡r ❞❡s ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ♠❛❧❛❞✐❡s ❛✉t♦s♦♠✐q✉❡s

ré❝❡ss✐✈❡s r❛r❡s✳ ▲❛ ❝♦♥s❛♥❣✉✐♥✐té ❛✉❣♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❧❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡ ❞❡✉① ❛❧❧è❧❡s

♠♦r❜✐❞❡s à ❧❛ ❣é♥ér❛t✐♦♥ s✉✐✈❛♥t❡ ✿ ♦♥ ♣❛ss❡ ❡♥ ❡✛❡t ❞✬✉♥ r✐sq✉❡ ❞❡ ❞♦♥♥❡r ♥❛✐ss❛♥❝❡ à ✉♥ ❡♥❢❛♥t ❛✈❡❝ ❉■

❞❡ ✵✱✵✶✷ ♣♦✉r ✉♥❡ ✉♥✐♦♥ ❛❧é❛t♦✐r❡ à ✵✱✵✻✷ ♣♦✉r ✉♥❡ ✉♥✐♦♥ ❞❡ ❝♦✉s✐♥s ❣❡r♠❛✐♥s ❬❇❛s❤✐✱ ✶✾✼✼✱ ▼♦rt♦♥✱ ✶✾✼✽❪✳

❉❛♥s ❝❡s ❢❛♠✐❧❧❡s✱ ❧❛ s✐t✉❛t✐♦♥ ❧❛ ♣❧✉s ❢réq✉❡♥t❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧❛ ♠✉t❛t✐♦♥✱ s✉r✈❡♥✉❡ s✉r ✉♥ ❞❡s ❛❧❧è❧❡s ❝❤❡③

❧✬❛♥❝êtr❡ ❝♦♠♠✉♥✱ ❡st ♣♦rté❡ ♣❛r ❝❤❛❝✉♥ ❞❡s ❞❡✉① ♣❛r❡♥ts✱ à ❧✬ét❛t ❤étér♦③②❣♦t❡✳ ▲❡s ❡♥❢❛♥ts ❛tt❡✐♥ts ❤ér✐t❡♥t

❞❡ ❞❡✉① ❝♦♣✐❡s ✐❞❡♥t✐q✉❡s ❞❡ ❧✬❛❧❧è❧❡ ♠✉té✳ ▲❡s s✉❥❡ts ♠❛❧❛❞❡s s♦♥t ❤♦♠♦③②❣♦t❡s ♣❛r ❞❡s❝❡♥❞❛♥❝❡ ♣♦✉r ❧✬❛❧❧è❧❡

♣♦rt❡✉r ❞❡ ❧❛ ♠❛❧❛❞✐❡ ♠❛✐s é❣❛❧❡♠❡♥t ♣♦✉r ❧❡ ❢r❛❣♠❡♥t ❞❡ ❝❤r♦♠♦s♦♠❡ ✢❛♥q✉❛♥t ❧❡ ❧♦❝✉s ♠♦r❜✐❞❡✱ ❝♦♠♠❡

✐❧❧✉stré ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✺✳

❋✐❣✉r❡ ✶✳✺ ✿ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ✿ r❡❝❤❡r❝❤❡ ❞❡ ♠✉t❛t✐♦♥s ❤♦♠♦③②❣♦t❡s✳

❉❛♥s ❧❡s ❛r❜r❡s ❣é♥é❛❧♦❣✐q✉❡s ❝♦♠♠❡ ❝❡❧✉✐✲❝✐✱ ❧❡s s②♠❜♦❧❡s ♣❧❡✐♥s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐♥❞✐✈✐❞✉s ♠❛❧❛❞❡s✳ ▲❡s ❤♦♠♠❡s
s♦♥t r❡♣rés❡♥tés ♣❛r ✉♥ ❝❛rré ❡t ❧❡s ❢❡♠♠❡s ♣❛r ✉♥ ❝❡r❝❧❡✳ ▲❡s ❞♦✉❜❧❡s ❜❛rr❡s r❡♣rés❡♥t❡♥t ❧❡s ✉♥✐♦♥s ❝♦♥s❛♥❣✉✐♥❡s ❡t
❧❡s ❧♦s❛♥❣❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❡♥❢❛♥ts à ♥❛îtr❡✱ ❞❡ s❡①❡ ✐♥❝♦♥♥✉✳

❖♥ ♥♦♠♠❡ ❝♦♠♠✉♥é♠❡♥t ❝❡s ❢r❛❣♠❡♥ts✱ ❧❡s ré❣✐♦♥s ■❇❉ ✭♣♦✉r ■❞❡♥t✐❝❛❧ ❇② ❉❡s❝❡♥t✮✳ ❉✬❛✉tr❡s ré❣✐♦♥s

s♦♥t é❣❛❧❡♠❡♥t ❤♦♠♦③②❣♦t❡s ♣❛r ❞❡s❝❡♥❞❛♥❝❡✱ ♠❛✐s s♦♥t ❞✐✛ér❡♥t❡s ❞✬✉♥ ✐♥❞✐✈✐❞✉ ❛tt❡✐♥t à ❧✬❛✉tr❡✳ ▲❛

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✷



♠ét❤♦❞❡ ❝♦♥s✐st❡ ❞♦♥❝ à ✐❞❡♥t✐✜❡r ❞❡s ré❣✐♦♥s ❤♦♠♦③②❣♦t❡s ❝♦♠♠✉♥❡s ❝❤❡③ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♥❞✐✈✐❞✉s ♠❛❧❛❞❡s✱

❤étér♦③②❣♦t❡s ❝❤❡③ ❧❡✉rs ❞❡✉① ♣❛r❡♥ts ❡t ❣é♥♦❞✐✛ér❡♥t❡s ❝❤❡③ ❧❡s ❢rèr❡s ❡t s÷✉rs s❛✐♥s✳ ❖♥ ❝♦♥s✐❞èr❡ ❛❧♦rs

q✉✬✐❧ ② ❛ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❧✐❛✐s♦♥ ❣é♥ét✐q✉❡ ❡♥tr❡ ❧✬❤❛♣❧♦t②♣❡ ❝♦♠♠✉♥ ❛✉① ❡♥❢❛♥ts ❛tt❡✐♥ts ❡t ❧❛ ♠❛❧❛❞✐❡✳

▲✬❛♥❛❧②s❡ ❞❡ ❧✐❛✐s♦♥ ❡st q✉❛♥t✐✜é❡ ❣râ❝❡ ❛✉ ❝❛❧❝✉❧ ❞✉ ❧♦❞ ✭❧♦❣❛r✐t❤♠ ♦❢ ❛♥ ♦❞❞s r❛t✐♦✮✲s❝♦r❡ ❬▼♦rt♦♥✱ ✶✾✺✺❪✳ ■❧

❝♦rr❡s♣♦♥❞ ❛✉ ❧♦❣❛r✐t❤♠❡ ❞✉ r❛♣♣♦rt ❞❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ❡♥tr❡ ❞❡✉① ❤②♣♦t❤ès❡s ❀ ❧✬❤②♣♦t❤ès❡ ❞❡ ❧✐❛✐s♦♥ ❣é♥ét✐q✉❡

❡♥tr❡ ❧❡ ♠❛rq✉❡✉r ✭♣♦s✐t✐♦♥ ❝♦♥♥✉❡✮ ❡t ❧❡ ❣è♥❡ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ✭♣♦s✐t✐♦♥ ✐♥❝♦♥♥✉❡✮ ♣♦✉r ✉♥❡ ❞✐st❛♥❝❡ ❣é♥ét✐q✉❡

❞♦♥♥é❡✱ r❡♣rés❡♥té❡ ♣❛r ❧❡ t❛✉① ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ ✒ ✭✵ ✔ ✒ ✔✵✳✺✮ ❡t ❝❡❧❧❡ ❞✬✐♥❞é♣❡♥❞❛♥❝❡ ❣é♥ét✐q✉❡ ❡♥tr❡ ❝❡

♠❛rq✉❡✉r ❡t ❧❡ ❣è♥❡ r❡❝❤❡r❝❤é ✭✒❂✵✳✺✮ ✿

❩✭✒✮ ❂ ❧♦❣✶✵❬▲✭✒✮❂▲✭✵✿✺✮❪

▲❡s ré❣✐♦♥s ✐❞❡♥t✐✜é❡s ❛✈❡❝ ✉♥ ❧♦❞✲s❝♦r❡ s✐❣♥✐✜❝❛t✐❢✱ ❝♦♥st✐t✉❡♥t ❞❡s ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❞❡s

❛♥♦♠❛❧✐❡s ❣é♥ét✐q✉❡s s♦♥t ❛❧♦rs r❡❝❤❡r❝❤é❡s✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st ❞✬❛♣♣❧✐❝❛t✐♦♥ s✐♠♣❧❡ ❞❡♣✉✐s ❧❡s ❡✛♦rts ❞é✲

♣❧♦②és ♣♦✉r ré❛❧✐s❡r ✉♥❡ ❝❛rt❡ ❣é♥ét✐q✉❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ à ❧✬❛✐❞❡ ❞❡ ♠❛rq✉❡✉rs ♣♦❧②♠♦r♣❤❡s ❞❡ t②♣❡

♠✐❝r♦s❛t❡❧❧✐t❡s ✭séq✉❡♥❝❡s ré♣été❡s ❡♥ t❛♥❞❡♠ ❁✶✵♣❜✮ ❡t s✐♥❣❧❡ ♥✉❝❧é♦t✐❞❡ ♣♦❧②♠♦r♣❤✐s♠ ✭❙◆P✮✳ ❉❡✉① ♣❛✲

r❛♠ètr❡s ✐♠♣♦rt❛♥ts ❛✛❡❝t❡♥t ❧✬❡✣❝❛❝✐té ❞❡ ❝❡tt❡ ♠ét❤♦❞❡✱ ❧❡ ♥♦♠❜r❡ t♦t❛❧ ❞✬❡♥❢❛♥ts ❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ❡t ❧❡

❞❡❣ré ❞❡ ❝♦♥s❛♥❣✉✐♥✐té ✿ ♣❧✉s ❝❡❧✉✐✲❝✐ ❡st é❧♦✐❣♥é✱ ♣❧✉s ❧❡ ♥♦♠❜r❡ ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥s ❛✉❣♠❡♥t❡ ❡t ♣❧✉s ❧❛

ré❣✐♦♥ s✉s♣❡❝t❡ ❡st ré❞✉✐t❡✳ ❊♥✜♥✱ s❛ ♣✉✐ss❛♥❝❡ ❡st ❜✐❡♥ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞✬❛♥❛❧②s❡ ❞❡ ❧✐❛✐s♦♥

❝❧❛ss✐q✉❡ q✉✐ ♥é❝❡ss✐t❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❡♥❢❛♥ts ❛tt❡✐♥ts✳

❉❛♥s ❧❡ ❝❛s ❞❡ ❢❛♠✐❧❧❡s ♠✉❧t✐♣❧❡① ❛✈❡❝ ♦✉ s❛♥s ❝♦♥s❛♥❣✉✐♥✐té✱ ✐❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞✬❛♥❛❧②s❡r ❧❡s

❞♦♥♥é❡s ❞✉ ❣é♥♦t②♣❡ à ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ré❣✐♦♥s ❤❛♣❧♦✲✐❞❡♥t✐q✉❡s ❝❤❡③ t♦✉s ❧❡s ✐♥❞✐✈✐❞✉s ❛tt❡✐♥ts ✭✜❣✉r❡ ✶✳✻✮✳

▲✬❤②♣♦t❤ès❡ ❡st ❛❧♦rs ❧❛ ♣rés❡♥❝❡ ❞❡ ❞❡✉① ♠✉t❛t✐♦♥s ❤étér♦③②❣♦t❡s ❝♦♠♣♦s✐t❡s✱ ❝❤❛q✉❡ ♠✉t❛t✐♦♥ ét❛♥t ♣♦rté❡

♣❛r ✉♥ ❛♥❝êtr❡ ❝♦♠♠✉♥ à ❧✬ét❛t ❤étér♦③②❣♦t❡✳ ▲❡s ❞❡✉① ♠✉t❛t✐♦♥s ❛✉r❛✐❡♥t sé❣ré❣é ❛✉ ❝♦✉rs ❞❡s ❣é♥ér❛t✐♦♥s

♣♦✉r ❡♥✜♥ s❡ r❡tr♦✉✈❡r ❝❤❡③ ❧❛ ❞❡s❝❡♥❞❛♥❝❡ à ❧✬ét❛t ❤étér♦③②❣♦t❡ ❝♦♠♣♦s✐t❡✱ ❝♦♠♠❡ ✐❧❧✉stré ❞❛♥s ❧❛ ✜❣✉r❡ ✶✳✻✳

❋✐❣✉r❡ ✶✳✻ ✿ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ✿ r❡❝❤❡r❝❤❡ ❞❡ ♠✉t❛t✐♦♥s ❤étér♦③②❣♦t❡s ❝♦♠♣♦✲
s✐t❡s✳

▲❡s ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s ❞é✜♥✐❡s ♣❛r ❝❡s t❡❝❤♥✐q✉❡s ❝♦♠♣r❡♥♥❡♥t ✉♥ ♥♦♠❜r❡ très ✈❛r✐❛❜❧❡ ❞❡ ❣è♥❡s ✐✳❡ ❞❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✸



q✉❡❧q✉❡s ❞✐③❛✐♥❡s à ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s s❡❧♦♥ ❧❛ r✐❝❤❡ss❡s ❣é♥✐q✉❡ ❞❡ ❧❛ ré❣✐♦♥ ❞✬✐♥térêt✳ ❏✉sq✉✬❡♥ ✷✵✵✾✱ ✉♥❡

❛♣♣r♦❝❤❡ ❣è♥❡ ❝❛♥❞✐❞❛t ét❛✐t ❛♣♣❧✐q✉é❡ ✉♥❡ ❢♦✐s ❝❡s ré❣✐♦♥s ré✈é❧é❡s✳ P❛r♠✐ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❣è♥❡s ❝♦♥♥✉s✱

♣rés❡♥ts ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❝r✐t✐q✉❡✱ s❡✉❧s ❧❡s ❣è♥❡s ❞♦♥t ❧❡ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ♣♦✉rr❛✐t r❡♥❞r❡ ❝♦♠♣t❡ ❞✉ ♣❤é✲

♥♦t②♣❡ ♦❜s❡r✈é ét❛✐❡♥t ❛❧♦rs séq✉❡♥❝és ♣♦✉r r❡❝❤❡r❝❤❡r ❧❛ ♣rés❡♥❝❡ ❞✬é✈❡♥t✉❡❧❧❡s ♠✉t❛t✐♦♥s✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡s

♣r♦❞✉✐ts ❞❡ ❝❡s ❣è♥❡s✱ ❧❡✉r ❡①♣r❡ss✐♦♥ ❡t ❧❡✉r é✈❡♥t✉❡❧❧❡ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❞❡s ♣❛t❤♦❧♦❣✐❡s ét❛✐❡♥t ❝♦♥s✐❞éré❡s✳

❈✬❡st ❛✐♥s✐ q✉❡ P❘❙❙✶✷ ❛ été ❧❡ ♣r❡♠✐❡r ❣è♥❡ ❞❡ ❉■❆❘ ◆❙ ✐❞❡♥t✐✜é ❡♥ ✷✵✵✷ ❞❛♥s ❧✬éq✉✐♣❡ ❞✉ ❉r ▲❛✉r❡♥❝❡

❈♦❧❧❡❛✉① ✿ ❛✉ ♠♦②❡♥ ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡✱ ❧❛ ♠ê♠❡ ❞é❧ét✐♦♥ ❞❡ ✹

♣❜ ét❛✐t ♦❜s❡r✈é❡ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❞❡ ✸ ❢❛♠✐❧❧❡s ❛❧❣ér✐❡♥♥❡s ❬▼♦❧✐♥❛r✐ ❡t ❛❧✳✱ ✷✵✵✷❪✳ ❯♥❡ ❞✐③❛✐♥❡ ❞❡ ❣è♥❡s ♦♥t

❡♥s✉✐t❡ été ✐❞❡♥t✐✜és ♣❛r ❧❛ ♠ê♠❡ str❛té❣✐❡ ✭t❛❜❧❡ ✶✳✹✮❬❘❛②♠♦♥❞ ❛♥❞ ❚❛r♣❡②✱ ✷✵✵✻✱ ❇❛s❡❧✲❱❛♥❛❣❛✐t❡✱ ✷✵✵✼✱

❘♦♣❡rs✱ ✷✵✶✵✱ ❊❧❧✐s♦♥ ❛♥❞ ❘♦s❡♥❢❡❧❞✱ ✷✵✶✸❪✳

●è♥❡s ❞é❝♦✉✈❡rts ♣❛r ❧❛
♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡

♣❛r ❛✉t♦③②❣♦t✐❡

P♦s✐t✐♦♥
❝❤r♦♠♦s♦♠✐q✉❡

❚❛✐❧❧❡ ❘é❢ér❡♥❝❡✭s✮

P❘❙❙✶✷ ✹q✷✻ ✼✷✱✼❦❜ ❬▼♦❧✐♥❛r✐ ❡t ❛❧✳✱ ✷✵✵✷❪
❈❘❇◆ ✸♣✷✻✳✷ ✸✵❦❜ ❬❍✐❣❣✐♥s ❡t ❛❧✳✱ ✷✵✵✹❪
❈❈✷❉✶❆ ✶✾♣✶✸✳✶✷ ✷✹✱✼❦❜ ❬❇❛s❡❧✲❱❛♥❛❣❛✐t❡ ❡t ❛❧✳✱ ✷✵✵✻❪
●❘■❑✷ ✻q✶✻✳✸ ✻✼✶❦❜ ❬▼♦t❛③❛❝❦❡r ❡t ❛❧✳✱ ✷✵✵✼❪
❚❯❙❈✸ ✽♣✷✷ ✷✸✱✶❦❜ ❬▼♦❧✐♥❛r✐ ❡t ❛❧✳✱ ✷✵✵✽✱ ●❛r✲

s❤❛s❜✐ ❡t ❛❧✳✱ ✷✵✵✽❪
❚❘❆PP❈✾ ✽q✷✹✳✸ ✼✷✽✱✷❦❜ ❬P❤✐❧✐♣♣❡ ❡t ❛❧✳✱ ✷✵✵✾✱ ▼♦❝❤✐❞❛

❡t ❛❧✳✱ ✷✵✵✾✱ ▼✐r ❡t ❛❧✳✱ ✷✵✵✾❪
❙❖❇P ✻q✷✶ ✶✼✶✱✷❦❜ ❬❇✐r❦ ❡t ❛❧✳✱ ✷✵✶✵❪
▼❊❉✷✸ ✻q✷✸✳✷ ✺✹✱✸❦❜ ❬❍❛s❤✐♠♦t♦ ❡t ❛❧✳✱ ✷✵✶✶❪
❩❈✸❍✶✹ ✶✹q✸✶✳✸ ✺✵✱✻❦❜ ❬P❛❦ ❡t ❛❧✳✱ ✷✵✶✶❪

❚❛❜❧❡ ✶✳✹ ✿ ●è♥❡s ❞❡ ❉■❆❘ ❞é❝♦✉✈❡rts ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡✳

✐✐✐✮ ▼♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ♥♦♥ ♠❡♥❞é❧✐❡♥

P❛r♠✐ ❧❡s ♠♦❞❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ♥♦♥✲♠❡♥❞é❧✐❡♥s✱ ♦♥ ♣❡✉t ❝✐t❡r ❧❡s ♣❛t❤♦❧♦❣✐❡s ❧✐é❡s à ✉♥ ❞é❢❛✉t ❞❛♥s ❧❡

❣é♥♦♠❡ ♠✐t♦❝❤♦♥❞r✐❛❧✳ ❈❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ ❧❛ ❝❡❧❧✉❧❡✲÷✉❢ r❡ç♦✐t ✉♥✐q✉❡♠❡♥t ❧❡s ♠✐t♦❝❤♦♥❞r✐❡s ✐ss✉❡s ❞✉

❣❛♠èt❡ ❢❡♠❡❧❧❡✳ P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ ❛♥♦♠❛❧✐❡ ❣é♥ét✐q✉❡ ❞✬♦r✐❣✐♥❡ ♠✐t♦❝❤♦♥❞r✐❛❧❡ ❡st tr❛♥s♠✐s❡ ✉♥✐q✉❡♠❡♥t

♣❛r ❧❡s ❢❡♠♠❡s✱ à t♦✉t❡ s❛ ❞❡s❝❡♥❞❛♥❝❡✱ q✉❡❧ q✉❡ s♦✐t ❧❡ s❡①❡✳ ❖♥ ♣❡✉t ❝✐t❡r ❝♦♠♠❡ ❡①❡♠♣❧❡ ❧✬❛tr♦♣❤✐❡

♦♣t✐q✉❡ ❞❡ ▲❡❜❡r✱ ✉♥❡ ♠❛❧❛❞✐❡ ♠✐t♦❝❤♦♥❞r✐❛❧❡ ♥❡✉r♦❞é❣é♥ér❛t✐✈❡ t♦✉❝❤❛♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡ ♥❡r❢ ♦♣t✐q✉❡

✭✇✇✇✳♠✐t♦♠❛♣✳♦r❣✮✳ ➚ ❝❡ ❥♦✉r✱ ❛✉❝✉♥❡ ❉■ ❞❡ tr❛♥s♠✐ss✐♦♥ ♠✐t♦❝❤♦♥❞r✐❛❧❡ ♥✬❛ été r❛♣♣♦rté❡ ❞❛♥s ❧❛ ❧✐ttér❛✲

t✉r❡✳ ❚♦✉t❡❢♦✐s✱ ❝❡ ♠♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❡st ♣❛r❢♦✐s s✉s♣❡❝té ❧♦rsq✉❡ ❞✬❛✉tr❡s ❤②♣♦t❤ès❡s ♥✬♦♥t ♣❛s ♣❡r♠✐s

❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❝❛✉s❡ ❣é♥ét✐q✉❡✳ ❈✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡ s②♥❞r♦♠❡ ❖❤❞♦✲▼❛❞♦❦♦r♦✲❙♦♥♦❞❛✳ ■❧ s✬❛❣✐t

❞✬✉♥ s②♥❞r♦♠❡ ❞❡ ♠❛❧❢♦r♠❛t✐♦♥s ❝♦♥❣é♥✐t❛❧❡s ♠✉❧t✐♣❧❡s ✐♥❝❧✉❛♥t ✉♥❡ ❉■✳

❯♥ ❛✉tr❡ ♠♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ♥♦♥✲♠❡♥❞é❧✐❡♥ ❝♦♥♥✉ ❡♥❣❧♦❜❡ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡✳ ▲✬❡♠✲

♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♠❛rq✉❡ é♣✐❣é♥ét✐q✉❡ ❞❡ ❧✬❆❉◆✱ ❞é♣♦sé❡ ❞✉r❛♥t ❧❛ s♣❡r♠❛t♦❣é♥ès❡ ♦✉

❧✬♦✈♦❣é♥ès❡✳ ❈❡❧❧❡✲❝✐ ♣r♦✈♦q✉❡ ✉♥❡ ✐♥❛❝t✐✈❛t✐♦♥ sé❧❡❝t✐✈❡ ❞❡ q✉❡❧q✉❡s ❣è♥❡s ❞❛♥s ❧❡ ❣é♥♦♠❡ ❞✐♣❧♦ï❞❡ ✐ss✉ ❞❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✹



❧❛ ❢é❝♦♥❞❛t✐♦♥✳ ❈❡s ❣è♥❡s✱ ❜✐❡♥ q✉✬à ❧✬ét❛t ❞✐♣❧♦ï❞❡✱ ♦♥t ✉♥❡ ❡①♣r❡ss✐♦♥ ♠♦♥♦❛❧❧é❧✐q✉❡✱ ❞é♣❡♥❞❛♥t❡ ❞❡ ❧✬♦r✐✲

❣✐♥❡ ♣❛r❡♥t❛❧❡ ❞❡s ❝❤r♦♠♦s♦♠❡s✳ P♦✉r ❧❡s ❣è♥❡s s♦✉♠✐s à ❧✬❡♠♣r❡✐♥t❡ ✭✐♥❛❝t✐✈❛t✐♦♥✮ ♣❛t❡r♥❡❧❧❡✱ s❡✉❧ ❧✬❛❧❧è❧❡

♠❛t❡r♥❡❧ ❡st ❡①♣r✐♠é✳ ➚ ❧✬✐♥✈❡rs❡✱ s❡✉❧ ❧✬❛❧❧è❧❡ ♣❛t❡r♥❡❧ ❡st ❡①♣r✐♠é ♣♦✉r ❧❡s ❣è♥❡s s♦✉♠✐s à ❧✬❡♠♣r❡✐♥t❡ ✭✐♥✲

❛❝t✐✈❛t✐♦♥✮ ♠❛t❡r♥❡❧❧❡✳ ❯♥ ❣è♥❡ ♣❡✉t êtr❡ s♦✉♠✐s à ❡♠♣r❡✐♥t❡ s❡✉❧❡♠❡♥t ❞❛♥s ✉♥ t✐ss✉ ♣❛rt✐❝✉❧✐❡r ♦✉ à ✉♥

♠♦♠❡♥t ♣❛rt✐❝✉❧✐❡r ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ➚ ❝❡ ❥♦✉r✱ ♣❧✉s ❞❡ ✶✵✵ ❣è♥❡s s♦✉♠✐s à ❡♠♣r❡✐♥t❡ ♦♥t été ❝❛r❛❝tér✐sés✱

♠❛✐s ♦♥ ❡st✐♠❡ à ❡♥✈✐r♦♥ ✶✪ ❧❛ ❢r❛❝t✐♦♥ ❞❡s ❣è♥❡s ❤✉♠❛✐♥s ♣rés❡♥t❛♥t ✉♥❡ ❡①♣r❡ss✐♦♥ ❞✐✛ér❡♥t✐❡❧❧❡ ❞❡s ✷

❛❧❧è❧❡s✳ ❈❡s ❣è♥❡s s♦♥t ❧❡ ♣❧✉s s♦✉✈❡♥t r❡❣r♦✉♣és ❞❛♥s ❞❡s ❞♦♠❛✐♥❡s ❝❤r♦♠❛t✐♥✐❡♥s ❡t ♣❧❛❝és s♦✉s ❧❡ ❝♦♥trô❧❡

❞✬✉♥ ❝❡♥tr❡ ❞✬✐♥❛❝t✐✈❛t✐♦♥ ❬❋r❛♥❦❧✐♥ ❛♥❞ ▼❛♥s✉②✱ ✷✵✶✶❪✳

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ ❞❡ ♠❛rq✉❛❣❡ é♣✐❣é♥ét✐q✉❡ s♦♥t ❝♦♥♥✉❡s ❡t ♣❡r♠❡tt❡♥t

❞✬❡①♣❧✐q✉❡r ❝❡rt❛✐♥❡s ♠❛❧❛❞✐❡s ❤✉♠❛✐♥❡s ❧✐é❡s à ❞❡s ❣è♥❡s s♦✉♠✐s à ❡♠♣r❡✐♥t❡ ❬❈❤❛♠❜❡r❧❛✐♥ ❛♥❞ ▲❛❧❛♥❞❡✱

✷✵✶✵✱ ▲✐♠ ❛♥❞ ▼❛❤❡r✱ ✷✵✵✾❪✳ ▲♦rsq✉✬✉♥❡ ❛♥♦♠❛❧✐❡ ❣é♥ét✐q✉❡ ❡st ❧♦❝❛❧✐sé❡ ❞❛♥s ✉♥❡ ré❣✐♦♥ ❝❤r♦♠♦s♦♠✐q✉❡

s♦✉♠✐s❡ à ❡♠♣r❡✐♥t❡✱ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❡st ❢♦♥❝t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ♣❛t❡r♥❡❧❧❡ ♦✉ ♠❛t❡r♥❡❧❧❡ ❞❡

❝❡❧❧❡✲❝✐✳

▲❛ ♣❡rt❡ ❞❡ ❧✬❛❧❧è❧❡ ❛❝t✐❢ ♣r♦✈♦q✉❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❝❡s ♠❛❧❛❞✐❡s ♣❛r ✉♥❡ ❞é❧ét✐♦♥ ♦✉ ✉♥❡ ❉❯P✳ ❊♥ ❡✛❡t✱ ❞❛♥s

❧❡s ❝❛s ❞❡ ❞✐s♦♠✐❡ ✉♥✐♣❛r❡♥t❛❧❡✱ ❜✐❡♥ q✉❡ ❧❛ ❢♦r♠❡ ❞✐♣❧♦ï❞❡ ❞❡ ❧✬❛❧❧è❧❡ s♦✐t ❝♦♥s❡r✈é❡✱ ❧❡s ❣è♥❡s s♦✉♠✐s à

❡♠♣r❡✐♥t❡ s♦♥t ❞éré❣✉❧és ❞❛♥s ❞❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❡t à ❞❡s st❛❞❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❝r✐t✐q✉❡s✳ ▲❡s ♠❛❧❛❞✐❡s

❧✐é❡s à ❧✬❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡ ♣❡✉✈❡♥t ❛✉ss✐ êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥❡ ♠✉t❛t✐♦♥ ❞✉ ❝❡♥tr❡ ❞✬✐♥❛❝t✐✈❛t✐♦♥✱ ♦✉

❞❡ ❧✬❡①♣r❡ss✐♦♥ ❛♥♦r♠❛❧❡ ❞❡ ❧✬❛❧❧è❧❡ ♥♦r♠❛❧❡♠❡♥t s✐❧❡♥❝✐❡✉① ✭✓ r❡❧❛①❛t✐♦♥ ❞✬❡♠♣r❡✐♥t❡ ✔✮✳

▲❡s s②♥❞r♦♠❡s ❞❡ Pr❛❞❡r✲❲✐❧❧✐ ✭♦✉ P❲❙✱ ▼■▼ ✿✶✼✻✷✼✵✮ ❡t ❞✬❆♥❣❡❧♠❛♥ ✭♦✉ ❆❙✱ ▼■▼ ✿✶✵✺✽✸✵✮✱ ❞é❝r✐ts

❞❛♥s ❧❛ t❛❜❧❡ ✶✳✺ ❝✐✲❞❡ss♦✉s✱ s♦♥t t♦✉s ❞❡✉① ❞✉s à ❞❡s ❛♥♦♠❛❧✐❡s ❣é♥ét✐q✉❡s ❞✬✉♥❡ ♠ê♠❡ ré❣✐♦♥ s♦✉♠✐s❡

à ❡♠♣r❡✐♥t❡ ❞✉ ❝❤r♦♠♦s♦♠❡ ✶✺ ♠❛✐s r❡♥❞❡♥t ❝♦♠♣t❡ ❞❡ ❞❡✉① s②♠♣t♦♠❛t♦❧♦❣✐❡s ❞✐✛ér❡♥t❡s ❡t r❡✢èt❡♥t

♣❛r❢❛✐t❡♠❡♥t ❝❡s ❛♥♦♠❛❧✐❡s ❞✬❡♠♣r❡✐♥t❡✳ ▲❡ P❲❙ ❡st ♠❛❥♦r✐t❛✐r❡♠❡♥t ❝❛✉sé ♣❛r ✉♥❡ ❞é❧ét✐♦♥ ❞✉ ❧♦❝✉s ✶✺q✶✶✲

q✶✸ ❞✬♦r✐❣✐♥❡ ♣❛t❡r♥❡❧❧❡✱ t❛♥❞✐s q✉✬✉♥❡ ❞é❧ét✐♦♥ ❞❡ ❝❡ ❧♦❝✉s ❞✬♦r✐❣✐♥❡ ♠❛t❡r♥❡❧❧❡ ❡①♣❧✐q✉❡♥t ❧❛ ♠❛❥♦r✐té ❞❡s

❝❛s ❛tt❡✐♥ts ❞❡ ❆❙ ❬❑✐s❤✐♥♦ ❡t ❛❧✳✱ ✶✾✾✼✱ ▼❝❆❧❧✐st❡r ❡t ❛❧✳✱ ✷✵✶✶❪✳

❙②♥❞r♦♠❡ ❞✬❆♥❣❡❧♠❛♥ ❙②♥❞r♦♠❡ ❞❡ Pr❛❞❡r✲❲✐❧❧✐
❈❧✐♥✐q✉❡ ❉■ sé✈èr❡✱ ❛❜s❡♥❝❡ ❞❡ ❧❛♥❣❛❣❡✱ ♠✐❝r♦❝é♣❤❛✲

❧✐❡✱ ❤②♣♦♣❧❛s✐❡ ♠❛①✐❧❧❛✐r❡✱ ❛t❛①✐❡ ❝éré❜❡❧❧❡✉s❡
♣❛r❢♦✐s ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ é♣✐❧❡♣s✐❡✱ ❊❊● ❝❛✲
r❛❝tér✐st✐q✉❡✱ ❝♦♠♣♦rt❡♠❡♥t ❥♦②❡✉①✱ ❛❝❝ès ❞❡
r✐r❡s ✐♥❛♣♣r♦♣r✐és ❛✈❡❝ ❜❛tt❡♠❡♥ts ❞❡s ♠❛✐♥s✱
❤②♣❡r❛❝t✐✈✐té s❛♥s ❛❣r❡ss✐✈✐té✱ ❛tt❡♥t✐♦♥ ré✲
❞✉✐t❡✱ ❤②♣❡r❡①❝✐t❛❜✐❧✐té✱ tr♦✉❜❧❡s ❞✉ s♦♠♠❡✐❧

❍②♣♦t♦♥✐❡ ♥é♦♥❛t❛❧❡ sé✈èr❡✱ ❤②♣❡r♣❤❛❣✐❡
❛✈❡❝ r✐sq✉❡ ❞✬♦❜és✐té ♠♦r❜✐❞❡✱ ❞②s♠♦r✲
♣❤✐❡ ❢❛❝✐❛❧❡✱ ❤②♣♦❣♦♥❛❞✐s♠❡ ✭r❡t❛r❞ ❞❡ ♣✉✲
❜❡rté✱ ✐♥❢❡rt✐❧✐té✮✱ ❞✐✣❝✉❧tés ❞✬❛♣♣r❡♥t✐ss❛❣❡✱
tr♦✉❜❧❡s ❞✉ ❝♦♠♣♦rt❡♠❡♥t✱ ♣❡t✐t❡ t❛✐❧❧❡

●é♥ét✐q✉❡ ✼✺✪ ❞❡s ❝❛s ✿ ❞é❧ét✐♦♥ ❞✉ ❧♦❝✉s ✶✺q✶✶✲q✶✸
❞✬♦r✐❣✐♥❡ ♠❛t❡r♥❡❧❧❡
✼✪ ❞❡s ❝❛s ✿ ❞✐s♦♠✐❡ ✉♥✐♣❛r❡♥t❛❧❡ ♣❛t❡r♥❡❧❧❡
❞✉ ❝❤r♦♠♦s♦♠❡ ✶✺
✷✲✹✪ ❞❡s ❝❛s ✿ ❞é❢❛✉t ❞✬❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡
✶✺✪ ❞❡s ❝❛s ✿ ♠✉t❛t✐♦♥ ❞✉ ❣è♥❡ ❯❇❊✸❆ ✭❧♦✲
❝✉s ✶✺q✶✶✳✷✮

✼✵✪ ❞❡s ❝❛s ✿ ❞é❧ét✐♦♥ ❞✉ ❧♦❝✉s ✶✺q✶✶✲q✶✸
❞✬♦r✐❣✐♥❡ ♣❛t❡r♥❡❧❧❡
✷✵✲✸✵✪ ❞❡s ❝❛s ✿ ❞✐s♦♠✐❡ ✉♥✐♣❛r❡♥t❛❧❡ ♠❛✲
t❡r♥❡❧❧❡ ❞✉ ❝❤r♦♠♦s♦♠❡ ✶✺
✶✲✸✪ ❞❡s ❝❛s ✿ ❞é❢❛✉t ❞✬❡♠♣r❡✐♥t❡ ♣❛r❡♥t❛❧❡

❘é❢ér❡♥❝❡s ❬❑✐s❤✐♥♦ ❡t ❛❧✳✱ ✶✾✾✼✱ ▼❛❜❜ ❡t ❛❧✳✱ ✷✵✶✶❪ ❬▼❝❆❧❧✐st❡r ❡t ❛❧✳✱ ✷✵✶✶✱ ❈❛ss✐❞② ❡t ❛❧✳✱ ✷✵✶✷❪

❚❛❜❧❡ ✶✳✺ ✿ ▲❡s s②♥❞r♦♠❡s ❛ss♦❝✐és ❛✉ ❧♦❝✉s ✶✺q✶✶✲q✶✸✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✺



❈❍❆P■❚❘❊ ✷

▲✬❆PP❖❘❚ ❉❊❙ ◆❖❯❱❊▲▲❊❙ ❚❊❈❍◆❖▲❖●■❊❙

✷✳✶ ▲❛ ré✈♦❧✉t✐♦♥ ❞✉ séq✉❡♥ç❛❣❡ à très ❤❛✉t ❞é❜✐t ♦✉ ◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡✲

q✉❡♥❝✐♥❣ ✭◆●❙✮ ✿ ✉♥ ❜r❡❢ ❤✐st♦r✐q✉❡

❏✉sq✉✬❛✉① ❛♥♥é❡s ✶✾✸✵✱ ❧❡ ❣é♥♦♠❡ ét❛✐t ✉♥ ❝♦♥❝❡♣t ❛❜str❛✐t✱ ♣✉✐sq✉✬♦♥ ♥✬❡♥ ❝♦♥♥❛✐ss❛✐t ♣❛s ❧❡ s✉♣♣♦rt

♣❤②s✐q✉❡✳ P✉✐s ▼♦r❣❛♥ ❞é♠♦♥tr❛ q✉❡ ❧❡s ❝❤r♦♠♦s♦♠❡s ét❛✐❡♥t ❧❡ s✉♣♣♦rt ❞❡ ❧✬❤éré❞✐té ♠❡♥❞é❧✐❡♥♥❡ ❞é❝♦✉✲

✈❡rt❡ ❡♥ ✶✾✵✵✳ ❈✬❡st ❡♥ ✶✾✺✸ q✉❡ ❲❛ts♦♥ ❡t ❈r✐❝❦ ❞é❝♦✉✈r✐r❡♥t ❧❛ str✉❝t✉r❡ ❞❡ ❧✬❆❉◆ ❬❲❛ts♦♥ ❛♥❞ ❈r✐❝❦✱

✶✾✺✸❪✳ ◗✉❡❧q✉❡s ❛♥♥é❡s ♣❧✉s t❛r❞✱ ❧❡ ❞♦❣♠❡ ❝❡♥tr❛❧ ❞❡ ❧❛ ❜✐♦❧♦❣✐❡ ♠♦❧é❝✉❧❛✐r❡ ❢✉t é♥♦♥❝é ❬❈r✐❝❦✱ ✶✾✼✵❪✳

❊♥ ✶✾✼✼✱ ❞❡✉① ♠ét❤♦❞❡s ❞❡ séq✉❡♥ç❛❣❡ ❞❡ ❧✬❆❉◆ ét❛✐❡♥t é❧❛❜♦ré❡s ✐♥❞é♣❡♥❞❛♠♠❡♥t ✿ ❧❛ ♠ét❤♦❞❡ ❞❡s ❞✐✲

❞é♦①②♥✉❝❧é♦t✐❞❡s t❡r♠✐♥❛t❡✉rs ❞❡ ❙❛♥❣❡r ❡t ❛❧✳ ❬✶✾✼✼❪ s✬❛♣♣✉②❛♥t s✉r ✉♥❡ s②♥t❤ès❡ ❡♥③②♠❛t✐q✉❡ sé❧❡❝t✐✈❡ ❡t

❝❡❧❧❡ ❞❡ ▼❛①❛♠ ❛♥❞ ●✐❧❜❡rt ❬✶✾✼✼❪ ❜❛sé❡ s✉r ✉♥❡ ❞é❣r❛❞❛t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧✬❆❉◆ ❡t ❞❡s ❝♦✉♣✉r❡s sé❧❡❝t✐✈❡s

❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ré❛❝t✐✈✐tés ❞❡s q✉❛tr❡ ❜❛s❡s ❆✱ ❚✱ ● ❡t ❈✳

❱✐♥t ❛❧♦rs ✉♥❡ ❧♦♥❣✉❡ ♣❤❛s❡ q✉✬♦♥ ❛♣♣❡❧❧❡r❛ ❡♥s✉✐t❡ ❧❛ ♣ér✐♦❞❡ ❙❛♥❣❡r ❞❡ ✶✾✼✼ à ✷✵✵✻✱ ♣❡♥❞❛♥t ❧❛q✉❡❧❧❡ ❧❛

♠ét❤♦❞❡ ❙❛♥❣❡r✱ ❧❛r❣❡♠❡♥t ❛❞♦♣té❡✱ ❡st ♣❛ssé❡ ❞✉ r❛❞✐♦❛❝t✐❢ ❛✉ ✢✉♦r❡s❝❡♥t ❡t ❞❡ ❧❛ ❧❡❝t✉r❡ ✈✐s✉❡❧❧❡ ❞❡s ❣❡❧s

❞✬❛❝r②❧❛♠✐❞❡ ❛✉① séq✉❡♥❝❡✉rs ❛✉t♦♠❛t✐q✉❡s ♣❡r♠❡tt❛♥t ✉♥ ❣❛✐♥ ❝♦♥s✐❞ér❛❜❧❡ ❞❡ t❡♠♣s ❡t ❞❡ ♣r♦❞✉❝t✐✈✐té✳

❊♥ ✶✾✾✻✱ ❧❡s ♣r❡♠✐❡rs ❣é♥♦♠❡s ❞✬♦r❣❛♥✐s♠❡s ✈✐✈❛♥ts ✭❍❛❡♠♦♣❤✐❧✉s✱ ▲❡✈✉r❡✮ ét❛✐❡♥t ♣✉❜❧✐é❡s ❬❋❧❡✐s❝❤♠❛♥♥

❡t ❛❧✳✱ ✶✾✾✺✱ ❏♦♥❡s✱ ✶✾✾✺❪✳ ▲❡ ♣r♦❥❡t ❞❡ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ ✭❚❤❡ ❍✉♠❛♥ ●❡♥♦♠❡ Pr♦❥❡❝t✮

❞é❜✉t❛✐t ❡♥ ✶✾✾✵✱ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❝♦♥s♦rt✐✉♠ ♥♦♠♠é ✓ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❍✉♠❛♥ ●❡♥♦♠❡ ❙❡q✉❡♥✲

❝✐♥❣ ❝♦♥s♦rt✐✉♠ ✔✳ ❯♥❡ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ ❞❡ ❝❡ ❣é♥♦♠❡✱ ✐♥❝♦♠♣❧èt❡✱ ét❛✐t ♣✉❜❧✐é❡ ❡♥ ✷✵✵✶✳ P✉✐s✱ ❞❛♥s ❧❛

♣✉❜❧✐❝❛t✐♦♥ s✉✐✈❛♥t❡ ❡♥ ✷✵✵✹✱ ✾✾✪ ❞✉ ❣é♥♦♠❡ ❡✉❝❛r②♦t✐q✉❡✱ ❝✬❡st✲à✲❞✐r❡ s❛♥s ❧❡s séq✉❡♥❝❡s té❧♦♠ér✐q✉❡s ❡t

❝❡♥tr♦♠ér✐q✉❡s✱ ét❛✐t ❝♦✉✈❡rt ❬❈♦♥s♦rt✐✉♠✱ ✷✵✵✹❪✳

❚rès ré❝❡♠♠❡♥t✱ ❧❛ ré✈♦❧✉t✐♦♥ ❣é♥♦♠✐q✉❡ ❛ ❝♦♥❞✉✐t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❛✉① ♦✉t✐❧s ❞❡ séq✉❡♥ç❛❣❡

à très ❤❛✉t ❞é❜✐t✱ ❛♣♣❡❧és ❞❡ ✓ ♥♦✉✈❡❧❧❡ ❣é♥ér❛t✐♦♥ ✔ ♦✉ ✓ ◆❡①t✲●❡♥❡r❛t✐♦♥ ❙❡q✉❡♥❝✐♥❣ ✔ ✭◆●❙✮✳

❏✉sq✉✬❡♥ ✷✵✵✻✱ ❧❡s ❛♣♣❧✐❝❛t✐♦♥s ❞✉ séq✉❡♥ç❛❣❡ ❞❡ t②♣❡ ❙❛♥❣❡r ❞❛♥s ❧❛ r❡❝❤❡r❝❤❡ ❞❡s ❝❛✉s❡s ♠♦♥♦❣é♥✐q✉❡s

❞❡s ♠❛❧❛❞✐❡s r❛r❡s r❡st❛✐❡♥t ❧✐♠✐té❡s ♣❛r ❧❡s ❢r❛✐s ❡t ❧❡ r❡♥❞❡♠❡♥t✱ ♠ê♠❡ ❛♣rès sé❧❡❝t✐♦♥ ❞❡ ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s

♣❛r ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡✳ ❯♥❡ ♥♦✉✈❡❧❧❡ ❣é♥ér❛t✐♦♥ ❞❡ séq✉❡♥❝❡✉rs à ❤❛✉t ❞é❜✐t ♣❡r♠❡t ❞és♦r♠❛✐s

❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡s ❧✐♠✐t❡s ❡t ❞❡ séq✉❡♥❝❡r ♣❧✉s✐❡✉rs ❣✐❣❛❜❛s❡s ❞✬❆❉◆ ❡♥ q✉❡❧q✉❡s ❥♦✉rs ❡t à ✉♥ ❝♦ût

très ✐♥❢ér✐❡✉r✳ ◆♦✉s s♦♠♠❡s ❞♦♥❝ ♣❛ssés ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ❙❛♥❣❡r ♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ❞❡ ❧♦♥❣s ❢r❛❣♠❡♥ts

✸✻



✭❥✉sq✉✬à ✶ ✵✵✵ ♣❜ ♣♦✉r ❧❡s ❛♣♣❛r❡✐❧s ❧❡s ♣❧✉s ♣❡r❢♦r♠❛♥ts✮ ♠❛✐s ♣❡✉ ❞❡ ❧❡❝t✉r❡s ❡t ✉♥❡ ✉♥✐q✉❡ ❝✐❜❧❡ t❡sté❡✱ à

✉♥❡ ❛♣♣r♦❝❤❡ ◆●❙ q✉✐ ❣é♥èr❡ ❞❡s ♠✐❧❧✐❡rs ❞❡ ❢r❛❣♠❡♥ts ❝♦✉rts ✭❡♥tr❡ ✶✵✵ ❡t ✺✵✵ ♣❜ s✉✐✈❛♥t ❧❡s t❡❝❤♥♦❧♦❣✐❡s✮

❝♦✉✈r❛♥t ✉♥ ❣é♥♦♠❡ ✐♥té❣r❛❧❡♠❡♥t✳ ❈✬❡st ♥♦t❛♠♠❡♥t ❣râ❝❡ à ❧❛ ❧❡❝t✉r❡ ❞❡ ♣❧✉s✐❡✉rs ♠✐❧❧✐♦♥s ❞❡ séq✉❡♥❝❡s

❡♥ ♣❛r❛❧❧è❧❡ q✉❡ ❝❡s ♥♦✉✈❡❛✉① séq✉❡♥❝❡✉rs ♦♥t ♣✉ ré✈♦❧✉t✐♦♥♥❡r ❧❡s ❛♥❛❧②s❡s ❡♥ ❣é♥♦♠✐q✉❡✳ ●❧♦❜❛❧❡♠❡♥t✱ ❧❛

t❡❝❤♥♦❧♦❣✐❡ ❞❡ ❝❡s ❛♣♣❛r❡✐❧s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t ❡st ❛ss❡③ ♣r♦❝❤❡ ❡t ❢♦♥❝t✐♦♥♥❡ ❡♥ ♣❧✉s✐❡✉rs ét❛♣❡s ✿

❧❛ ♣ré♣❛r❛t✐♦♥ ❡t ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❞✬❆❉◆ à ❛♥❛❧②s❡r✱ ❧❡✉r ✜①❛t✐♦♥ ♦✉ ❧❡✉r ré♣❛rt✐t✐♦♥ s✉r ✉♥

s✉♣♣♦rt s♦❧✐❞❡✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡s ❜❛s❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡s ❜r✐♥s à séq✉❡♥❝❡r ❝♦✉♣❧é❡s à ✉♥ ❢✉♦r♦❝❤r♦♠❡

♦✉ ❛✉tr❡ ❣r♦✉♣❡♠❡♥t ❝❤❡♠✐❧✉♠✐♥❡s❝❡♥t✱ ❡t ❡♥✜♥ ❧❛ ❧❡❝t✉r❡ ✭❜❛s❡ ❝❛❧❧✐♥❣✮ ❡t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s séq✉❡♥❝❡s

♣❛r ❛❧✐❣♥❡♠❡♥t ✭♠❛♣♣✐♥❣✮✳ ❚r♦✐s t❡❝❤♥♦❧♦❣✐❡s s♦♥t ❛♣♣❛r✉❡s ❞❡ ❢❛ç♦♥ q✉❛s✐ s✐♠✉❧t❛♥é❡ ✿ ❧❡ ♣②r♦séq✉❡♥ç❛❣❡✱

❧❡ séq✉❡♥ç❛❣❡ ❛✈❡❝ ❞❡s t❡r♠✐♥❛t❡✉rs ré✈❡rs✐❜❧❡s ❡t ❧❡ séq✉❡♥ç❛❣❡ ♣❛r ❧✐❣❛t✐♦♥ ❀ ♠❛✐s t♦✉t❡s s♦♥t ❜❛sé❡s s✉r ✉♥

s②stè♠❡ ❞❡ ❞ét❡❝t✐♦♥ ♥✉♠ér✐q✉❡ ❝❛♣❛❜❧❡ ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s é❝❤❛♥t✐❧❧♦♥s s❡❧♦♥ ❧❡✉rs ♣♦s✐t✐♦♥s s✉r ❧❡ s✉♣♣♦rt ❞❡

séq✉❡♥ç❛❣❡✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♠ét❤♦❞❡s s♦♥t ✐❧❧✉stré❡s ❡♥ ❛♥♥❡①❡ ✭✜❣✉r❡ ❆✳✷✮

t❛♥❞✐s q✉❡ ❧❡s ♠ét❤♦❞❡s ✉t✐❧✐sé❡s ♣♦✉r ❧❡s tr❛✈❛✉① ♣rés❡♥tés ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t s♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡

✶✺ ❡t ❡♥ ❛♥♥❡①❡ ✭✜❣✉r❡ ❆✳✸✱ ✜❣✉r❡ ❆✳✹ ❡t ✜❣✉r❡ ❆✳✺✮✳

❆✐♥s✐✱ ❡♥ ✷✵✵✶✱ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❧❛ séq✉❡♥❝❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ ét❛✐t ❧❡ ❢r✉✐t ❞❡ ✶✵ ❛♥s ❞❡ tr❛✈❛✐❧ ♣❛r

✷✵ ✐♥st✐t✉t✐♦♥s✳ ❊♥ ✷✵✶✹✱ ❧❡ r❡✲séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ ♣❡✉t êtr❡ ré❛❧✐sé ❡♥ ❞❡✉① s❡♠❛✐♥❡s ❡t ❝♦ût❡

❡♥✈✐r♦♥ ✶ ✵✵✵ ❡✉r♦s✳

✷✳✷ ▲❡s ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡

P❛r❛❧❧è❧❡♠❡♥t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡s t❡❝❤♥♦❧♦❣✐❡s✱ ❞❡s ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡✱ ♣❡r♠❡t✲

t❛♥t ❞❡ ❝✐❜❧❡r ❞❡s ré❣✐♦♥s ❞✬✐♥térêt✱ ♦♥t été ♠✐s❡s ❛✉ ♣♦✐♥t ✿ ❧❛ ♠ét❤♦❞❡ ❞❡ ✓ ❝❛♣t✉r❡ ❞❡ séq✉❡♥❝❡s ✔ ♣❛r

❤②❜r✐❞❛t✐♦♥ ét❛✐t ❧❛ ♣r❡♠✐èr❡ ❞é❝r✐t❡✳

❙✐ ❧❡s ré❣✐♦♥s ré❣✉❧❛tr✐❝❡s ❞❡ ❧✬❆❉◆✱ ❧❡s ❆❘◆ ♥♦♥ ❝♦❞❛♥ts ❡t ❛✉tr❡s é❧é♠❡♥ts ré❣✉❧❛t❡✉rs s✉s❝✐t❡♥t ❛✉❥♦✉r✲

❞✬❤✉✐ ❜❡❛✉❝♦✉♣ ❞✬✐♥térêt✱ ✐❧ ♥✬❡♥ r❡st❡ ♣❛s ♠♦✐♥s q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡s ♠✉t❛t✐♦♥s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❡s ♠❛❧❛❞✐❡s

❣é♥ét✐q✉❡s ♠❡♥❞é❧✐❡♥♥❡s ❛ été tr♦✉✈é❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❝♦❞❛♥t❡s✳ ▲✬❡①♦♠❡✱ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❡♥s❡♠❜❧❡ ❞❡s

❡①♦♥s ❝♦❞❛♥ts ❞✉ ❣é♥♦♠❡✱ r❡♣rés❡♥t❡ ✶ à ✷✪ ❞❡ ♥♦tr❡ ❆❉◆ ✭❡♥✈✐r♦♥ ✺✵ ▼❜✮ ❡t s❡♠❜❧❡ ❞♦♥❝ ♣❛rt✐❝✉❧✐èr❡♠❡♥t

✐♥tér❡ss❛♥t à ❛♥❛❧②s❡r ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❞❡s ♠❛❧❛❞✐❡s ❣é♥ét✐q✉❡s✳ ▲❛ ♠ê♠❡

❛♥♥é❡✱ ❍♦❞❣❡s ❡t ❛❧✳ ❬✷✵✵✼❪✱ ❖❦♦✉ ❡t ❛❧✳ ❬✷✵✵✼❪ ❡t ❆❧❜❡rt ❡t ❛❧✳ ❬✷✵✵✼❪ ❞é❝r✐✈❡♥t ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬❡♥r✐❝❤✐ss❡✲

♠❡♥t ❞❡ ❧✬❡①♦♠❡ ✐♠♣❧✐q✉❛♥t ✉♥❡ ❝❛♣t✉r❡ ♣❛r ❤②❜r✐❞❛t✐♦♥ s♣é❝✐✜q✉❡✱ ✉♥❡ ♣✉r✐✜❝❛t✐♦♥ ❞❡s ❡①♦♥s ❛✐♥s✐ ❝❛♣t✉rés

❡t ❧❡ séq✉❡♥ç❛❣❡ ❞❡ ❝❡✉①✲❝✐✳ ●♥✐r❦❡ ❡t ❛❧✳ ❬✷✵✵✾❪ ♣✉❜❧✐❡♥t ❧❛ ♣r❡♠✐èr❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ q✉❡ ♥♦✉s

❛✈♦♥s ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡s tr❛✈❛✉① ♣rés❡♥tés ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✱ ❛✉❥♦✉r❞✬❤✉✐ ❝♦♠♠❡r❝✐❛❧✐sé❡ ♣❛r

❆❣✐❧❡♥t ✭✜❣✉r❡ ❆✳✻✮✳

▲❛ t❡❝❤♥♦❧♦❣✐❡ ❘❛✐♥❉❛♥❝❡ ❛ ❡♥s✉✐t❡ été ❞é❝r✐t❡ ❬❚❡✇❤❡② ❡t ❛❧✳✱ ✷✵✵✾❪ ✿ ❡❧❧❡ r❡♣♦s❡ s✉r ✉♥ s②stè♠❡ très

❝♦♥trô❧é ❣é♥ér❛♥t ❞❡s P❈❘ ❡♥ é♠✉❧s✐♦♥ ✿ ❥✉sq✉✬à ✷✵ ✵✵✵ ♠✐❝r♦✲ré❛❝t✐♦♥s ❞❛♥s ✉♥ s❡✉❧ t✉❜❡ ✭✜❣✉r❡ ❆✳✼✮✳

P✉✐s✱ ❚✉r♥❡r ❡t ❛❧✳ ❬✷✵✵✾❪ ♣r♦♣♦s❡♥t ✉♥ ♣r♦t♦❝♦❧❡ ♦♣t✐♠✐sé ❛✈❡❝ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s s♦♥❞❡s ✐♥✈❡rsé❡s ✭♦✉ ▼■Ps

♣♦✉r ▼♦❧❡❝✉❧❛r ■♥✈❡rs✐♦♥ Pr♦❜❡s✮✱ ♣❡r♠❡tt❛♥t ❧❛ ❝❛♣t✉r❡ ❞❡s séq✉❡♥❝❡s ❞✬✐♥térêt ✭✜❣✉r❡ ❆✳✽✮✳ ▲❡s ✸ ♠ét❤♦❞❡s

❞✬❡♥r✐❝❤✐ss❡♠❡♥ts s♣é❝✐✜q✉❡s ✭❝❛♣t✉r❡ ♣❛r ❤②❜r✐❞❛t✐♦♥ s♣é❝✐✜q✉❡✱ ▼■Ps✱ ♦✉ P❈❘ ❝✐❜❧é❡s✮✱ s❝❤é♠❛t✐sé❡s ❡♥

❛♥♥❡①❡ ✭✜❣✉r❡ ❆✳✾✮ ♦♥t ♣❛r ❧❛ s✉✐t❡ ❜❡❛✉❝♦✉♣ é✈♦❧✉é ♣❡r♠❡tt❛♥t ❞✬♦♣t✐♠✐s❡r ❧❛ q✉❛❧✐té ❞✉ séq✉❡♥ç❛❣❡ t♦✉t

❡♥ ré❞✉✐s❛♥t ❧❡s ❡rr❡✉rs✱ ❧❡ ❝♦ût ❡t ❧❛ ❞✉ré❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❢❛♠✐❧❧❡s ❞❛♥s ❧❡sq✉❡❧❧❡s sé❣rè❣❡ ❝❧❛✐r❡♠❡♥t ✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❧✐é❡ ❛✉ ❝❤r♦♠♦s♦♠❡ ❳✱ ❧❡s

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✼



séq✉❡♥❝❡s ❝♦❞❛♥t❡s s♣é❝✐✜q✉❡s ❞❡ ❝❡ ❝❤r♦♠♦s♦♠❡ ♣rés❡♥t❡♥t é✈✐❞❡♠♠❡♥t ✉♥ ✐♥térêt s✐♥❣✉❧✐❡r✳ ❆✐♥s✐✱ ❞❡s ❦✐ts

❞❡ ❝❛♣t✉r❡ s♣é❝✐✜q✉❡s ❞❡s séq✉❡♥❝❡s ❝♦❞❛♥t❡s ❞✉ ❝❤r♦♠♦s♦♠❡ ❳ ♦♥t été é❧❛❜♦rés✳

❊♥✜♥✱ ✐❧ ❡st ❞és♦r♠❛✐s ♣♦ss✐❜❧❡ ❞❡ ♣r♦❝é❞❡r à ✉♥ séq✉❡♥ç❛❣❡ ❝✐❜❧é✱ ré❛❧✐sé ❛✉ ♠♦②❡♥ ❞✬✉♥ ❦✐t ❞♦♥t ❧❡s ré❣✐♦♥s

❝❛♣t✉ré❡s ♦♥t été ❞❡ss✐♥é❡s s❡❧♦♥ ❧❡s ✐♥térêts ❞✬✉♥ ♣r♦❥❡t ♣❛rt✐❝✉❧✐❡r✳

▲✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡ ❡t ❞❡ séq✉❡♥ç❛❣❡ ❤❛✉t ❞é❜✐t r❡♥❞ ❞♦♥❝ ♣♦ss✐❜❧❡ ❧❡

séq✉❡♥ç❛❣❡ ♠❛ss✐❢ ❞❡ t♦✉t ♦✉ ♣❛rt✐❡ ❞✬✉♥ ❣é♥♦♠❡ ❛✜♥ ❞✬❡♥ ✐❞❡♥t✐✜❡r ❧❡s ✈❛r✐❛t✐♦♥s ✭✜❣✉r❡ ❆✳✶✵✮✳

✷✳✸ ❉é♠❡♠❜r❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡s ❉■ ♣❛r ◆●❙✱ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥❡ ❛♣✲

♣r♦❝❤❡ ✐♥♥♦✈❛♥t❡

✷✳✸✳✶ Pr❡✉✈❡ ❞❡ ❝♦♥❝❡♣t

▲❛ ré✈♦❧✉t✐♦♥ t❡❝❤♥♦❧♦❣✐q✉❡ ❞✉ séq✉❡♥ç❛❣❡ ❤❛✉t ❞é❜✐t ❧❛✐ss❛✐t ❡♥tr❡✈♦✐r ❞✬❡①tr❛♦r❞✐♥❛✐r❡s ♣♦ss✐❜✐❧✐tés ♣♦✉r

❛✈❛♥❝❡r ❞❛♥s ❧✬é❧✉❝✐❞❛t✐♦♥ ❞❡s ❜❛s❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡s ❢♦r♠❡s ♠♦♥♦❣é♥✐q✉❡s ❞❡ ❉■✳

❊♥ ✉t✐❧✐s❛♥t ❧❡ s②♥❞r♦♠❡ ❞❡ ❋r❡❡♠❛♥✲❙❤❡❧❞♦♥ ✭❙❋❙✱ ▼■▼ ✶✾✸✼✵✵✮ ❝♦♠♠❡ ♣r❡✉✈❡ ❞❡ ❝♦♥❝❡♣t✱ ✉♥❡ ♣❛✲

t❤♦❧♦❣✐❡ r❛r❡ s✉✐✈❛♥t ✉♥ ♠♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❛✉t♦s♦♠✐q✉❡ ❞♦♠✐♥❛♥t ❞✉❡ ❛✉① ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡ ▼❨❍✸✱

◆❣ ❡t ❛❧✳ ❬✷✵✵✾❪ ❞é♠♦♥tr❡♥t ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s q✉❡ ❞❡s ♠✉t❛t✐♦♥s r❡s♣♦♥s❛❜❧❡s ❞❡ ♠❛❧❛❞✐❡s ♠♦♥♦❣é♥✐q✉❡s

♣❡✉✈❡♥t êtr❡ ✐❞❡♥t✐✜é❡s ❞✐r❡❝t❡♠❡♥t ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❲❤♦❧❡ ❊①♦♠❡ ❙❡q✉❡♥❝✐♥❣ ♦✉ ❲❊❙ s✉r ✉♥ ♥♦♠❜r❡

♠♦❞❡st❡ ❞❡ ♣❛t✐❡♥ts ♥♦♥ ❛♣♣❛r❡♥tés✱ s❛♥s ❛♥❛❧②s❡ ❞❡ ❧✐❛✐s♦♥ ♥✐ ét✉❞❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts✳ ❆♣rès ❛✈♦✐r sé✲

q✉❡♥❝é ❧✬❡①♦♠❡ ❞❡ ✹ ♣❛t✐❡♥ts ❛✈❡❝ ❙❋❙✱ ❛✐♥s✐ q✉❡ ✽ ✐♥❞✐✈✐❞✉s s❛✐♥s✱ ❧❡s ❛✉t❡✉rs ♦♥t ❡✛❡❝t✐✈❡♠❡♥t ♣✉ ❛♥❛❧②s❡r

❧❡s ❞♦♥♥é❡s ❡♥ ôt❛♥t ❧❡s ✈❛r✐❛♥ts ❢réq✉❡♥ts ♣rés❡♥ts ❝❤❡③ ❧❡s ✐♥❞✐✈✐❞✉s s❛✐♥s ❡t ♦♥t ❛✐♥s✐ r❡tr♦✉✈é ❧❡ ❣è♥❡

▼❨❍✸✱ q✉✐ ❛✈❛✐t été ✐❞❡♥t✐✜é ❛✉♣❛r❛✈❛♥t ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ✓ ❣è♥❡s ❝❛♥❞✐❞❛ts ✔ ❬❚♦②❞❡♠✐r ❡t ❛❧✳✱ ✷✵✵✻❪✳ ❉ès

❧♦rs✱ ❧❡s ❛✉t❡✉rs ❛✈❛♥ç❛✐❡♥t q✉❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝❡tt❡ str❛té❣✐❡ à ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ✈❛r✐❛♥ts r❡s♣♦♥s❛❜❧❡s

❞❡ ♣❛t❤♦❧♦❣✐❡s ré❝❡ss✐✈❡s ❞♦♥♥❡r❛✐t ♣r♦❜❛❜❧❡♠❡♥t ❞❡s rés✉❧t❛ts ❞❡ ❢❛ç♦♥ ♣❧✉s ✐♠♠é❞✐❛t❡✳ ❊♥ ❡✛❡t✱ ❝❤❛q✉❡

✐♥❞✐✈✐❞✉ ♣♦rt❡ ❞❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞❡ ✈❛r✐❛♥ts ❝♦❞❛♥ts ❞♦♥t ✺✲✶✵✪ s♦♥t ❛❜s❡♥ts ❞❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s

♣✉❜❧✐q✉❡s t❡❧❧❡s q✉❡ ❞❜❙◆P✱ ♦✉ s♦♥t ♣rés❡♥ts s❛♥s ♣ré❝✐s✐♦♥ ❝♦♥❝❡r♥❛♥t ❧❛ ❢réq✉❡♥❝❡ ❛❧❧é❧✐q✉❡ ❬❙❤❡rr② ❡t ❛❧✳✱

✷✵✵✶❪✳ ❈❡♣❡♥❞❛♥t✱ ♣❛r♠✐ ❧❡s ✈❛r✐❛♥ts r❛r❡s ♥♦♥ s②♥♦♥②♠❡s✱ ♦♥ tr♦✉✈❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ♠♦✐♥s ❞❡ ✈❛r✐❛♥ts

❤♦♠♦③②❣♦t❡s ♦✉ ❤étér♦③②❣♦t❡s ❝♦♠♣♦s✐t❡s q✉❡ ❞❡ ✈❛r✐❛♥ts ❤étér♦③②❣♦t❡s s✐♠♣❧❡s ré❞✉✐s❛♥t ❛✐♥s✐ ❧❡ ♥♦♠❜r❡

❞❡ ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts ❧♦rs ❞❡s ét✉❞❡s ❞❡ ♠❛❧❛❞✐❡s ré❝❡ss✐✈❡s✳ ▲❛ ♠ê♠❡ ❛♥♥é❡✱ ❏♦♥❡s ❡t ❛❧✳ ❬✷✵✵✾❪ ✐❞❡♥t✐✜❛✐❡♥t

❧❡s ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡ P❆▲❇✷ ❝♦♠♠❡ ❢❛❝t❡✉r ❞❡ s✉s❝❡♣t✐❜✐❧✐té ❞✬✉♥❡ ❢♦r♠❡ ❤éré❞✐t❛✐r❡ ❞❡ ❝❛♥❝❡r ❞✉ ♣❛♥❝ré❛s

♣❛r ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞❡ ❲❊❙ ❡♥tr❡ t✐ss✉s s❛✐♥s ❡t t✉♠♦r❛✉① ❞✬✉♥ ♠ê♠❡ s✉❥❡t✱ t❛♥❞✐s q✉✬✉♥ ❛✉tr❡

❣r♦✉♣❡ ❞é♠♦♥tr❛✐t ❧✬✉t✐❧✐té ❞❡ ❝❡t ♦✉t✐❧ ❡♥ ❞✐❛❣♥♦st✐❝ ♠♦❧é❝✉❧❛✐r❡ ❬❈❤♦✐ ❡t ❛❧✳✱ ✷✵✵✾❪✳

▲❛ ♣r❡♠✐èr❡ ❛♣♣❧✐❝❛t✐♦♥ ❞✉ ❲❊❙ ❛✉ ❞é♠❡♠❜r❡♠❡♥t ❞❡s ♠❛❧❛❞✐❡s ❣é♥ét✐q✉❡s ❛ été ♣✉❜❧✐é❡ ❧✬❛♥♥é❡ s✉✐✈❛♥t❡

❛✉ tr❛✈❡rs ❞✬✉♥❡ ét✉❞❡ r❡❣r♦✉♣❛♥t ✹ ♣❛t✐❡♥ts ❛tt❡✐♥ts ❞✉ s②♥❞r♦♠❡ ❞❡ ▼✐❧❧❡r ✭▼■▼ ✷✻✸✼✺✵✮✱ ✉♥❡ ❝♦♥❞✐t✐♦♥

❛✉t♦s♦♠✐q✉❡ ré❝❡ss✐✈❡✳ ▲❡ ❣è♥❡ ❉❍❖❉❍ ❡st ❛❧♦rs ❧❡ ♣r❡♠✐❡r ❣è♥❡ ❞♦♥t ❧❡s ❛♥♦♠❛❧✐❡s ❢✉r❡♥t ❞é❝♦✉✈❡rt❡s ♣❛r

❝❡tt❡ ❛♣♣r♦❝❤❡ ré✈♦❧✉t✐♦♥♥❛✐r❡ ❬◆❣ ❡t ❛❧✳✱ ✷✵✶✵❜❪✳

❆✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ✷✵✶✵✱ ♣❧✉s✐❡✉rs ❣r♦✉♣❡s ♣✉❜❧✐❛✐❡♥t ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s ❞é❝♦✉✈❡rts ♣❛r séq✉❡♥ç❛❣❡ ❞❡

❧✬❡①♦♠❡ ♣❛r ❧✬ét✉❞❡ ❞❡ q✉❡❧q✉❡s ✐♥❞✐✈✐❞✉s ♥♦♥ ❛♣♣❛r❡♥tés ❬▲❛❧♦♥❞❡ ❡t ❛❧✳✱ ✷✵✶✵✱ ◆❣ ❡t ❛❧✳✱ ✷✵✶✵❜✱❛✱ ❍♦✐s❝❤❡♥

❡t ❛❧✳✱ ✷✵✶✵✱ ●✐❧✐ss❡♥ ❡t ❛❧✳✱ ✷✵✶✵❪ ♦✉ ❜✐❡♥ ❞❡ ♣❧✉s✐❡✉rs s✉❥❡ts ❛tt❡✐♥ts ❞✬✉♥❡ ♠ê♠❡ ❢r❛tr✐❡ ❬❇✐❧❣ü✈❛r ❡t ❛❧✳✱

✷✵✶✵✱ ❇♦❧③❡ ❡t ❛❧✳✱ ✷✵✶✵✱ ❲❛❧s❤ ❡t ❛❧✳✱ ✷✵✶✵✱ ❏♦❤♥s♦♥ ❡t ❛❧✳✱ ✷✵✶✵✱ ▼✉s✉♥✉r✉ ❡t ❛❧✳✱ ✷✵✶✵✱ ❑r❛✇✐t③ ❡t ❛❧✳✱

✷✵✶✵✱ ❲❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵❪✳ ❉❡♣✉✐s ✷✵✶✵✱ ❧✬❛♣♣r♦❝❤❡ ❣è♥❡ ❝❛♥❞✐❞❛t ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞é❧❛✐ssé❡ ❛✉ ♣r♦✜t ❞❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✽



❧✬❛♥❛❧②s❡ ❞✉ ❲❊❙✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧✬✐♥térêt ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ❝♦♠❜✐♥é❡ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ♣❛r ❤②❜r✐❞❛t✐♦♥ ❡t ❞❡

❲❊❙ ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ♠✉t❛t✐♦♥s r❛r❡s ❞❛♥s ❞❡s ♣❛t❤♦❧♦❣✐❡s ❤✉♠❛✐♥❡s ❛ été ❧❛r❣❡♠❡♥t ❞é♠♦♥tré ❛✈❡❝ ♣❧✉s

❞❡ ✶✺✵ ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ s②♥❞r♦♠❡s ♠❡♥❞é❧✐❡♥s ❞é❝r✐ts ❡♥ ✷✵✶✸ ❬❇❛♠s❤❛❞ ❡t ❛❧✳✱ ✷✵✶✶✱ ❩❤❛♥❣✱ ✷✵✶✹❪✳

✷✳✸✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❉■

✐✮ ❉■▲❳

❆✉❥♦✉r❞✬❤✉✐✱ ❧❡ séq✉❡♥ç❛❣❡ ♠❛ss✐❢ ❞❡s ❣è♥❡s ❞✉ ❝❤r♦♠♦s♦♠❡ ❳ ❝❤❡③ ❞❡s ❢❛♠✐❧❧❡s ♦ù ✉♥❡ ❉■ sé❣rè❣❡

❝❧❛✐r❡♠❡♥t s❡❧♦♥ ✉♥ ♠♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❧✐é à ❧✬❳ ❛ ❧❛r❣❡♠❡♥t ❝♦♥tr✐❜✉é à ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s

❞❡ ❝❡s ❢♦r♠❡s ❞❡ ❉■ ❡t ❡st t♦✉❥♦✉rs ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❝❤♦✐① ❬▼♦♥❞❛❧ ❡t ❛❧✳✱ ✷✵✶✶✱ ❚s✉r✉s❛❦✐

❡t ❛❧✳✱ ✷✵✶✶❪✳

✐✐✮ ❉■❆❉

▲❡ ❲❊❙ ❛ ♥♦t❛♠♠❡♥t ♣❡r♠✐s ❧❛ r❡❝❤❡r❝❤❡ ❛❝t✐✈❡ ❞❡ ♠✉t❛t✐♦♥s ❞❡ ♥♦✈♦✳ ❊♥ ❡✛❡t✱ ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s

♦♥t ✈✉ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♣❧✉s✐❡✉rs ♣r♦❥❡ts très ❛♠❜✐t✐❡✉① ✈✐s❛♥t à séq✉❡♥❝❡r ❧✬❡①♦♠❡ ❞❡ ❞✐③❛✐♥❡s ❞❡ ♣❛t✐❡♥ts

❛tt❡✐♥ts ❞✬✉♥❡ ❉■ ❡t ❧❡✉rs ♣❛r❡♥ts s❛✐♥s ✭tr✐♦s✮ ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠✉t❛t✐♦♥s s✉r✈❡♥✉❡s ❞❡ ♥♦✈♦

❝❤❡③ ❝❡s ♣❛t✐❡♥ts ❬❱✐ss❡rs ❡t ❛❧✳✱ ✷✵✶✵✱ ❞❡ ▲✐❣t ❡t ❛❧✳✱ ✷✵✶✷✱ ❘❛✉❝❤ ❡t ❛❧✳✱ ✷✵✶✷❪✳ ▲❡ ❲❊❙ s✬❡st ❛✈éré ✉♥ ♦✉t✐❧

très ♣✉✐ss❛♥t ♣♦✉r ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ❉■❆❉✳

✐✐✐✮ ❉■❆❘

❊♥✜♥✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬ét✉❞❡ ❞❡ ❢❛♠✐❧❧❡s ♠✉❧t✐♣❧❡① ❡t ❝♦♥s❛♥❣✉✐♥❡s✱ ♣❧✉s✐❡✉rs ♣✉❜❧✐❝❛t✐♦♥s ré❝❡♥t❡s ♦♥t ❞é✲

♠♦♥tré ❧✬✐♥térêt ❞❡ ❝♦♠❜✐♥❡r ❧❡s ❛♥❛❧②s❡s ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ❝❧❛ss✐q✉❡ ❡t ❛♥❛❧②s❡s ❞❡ séq✉❡♥ç❛❣❡

❞✬❡①♦♠❡ ♣♦✉r ✐❞❡♥t✐✜❡r r❛♣✐❞❡♠❡♥t ❡t ❡✣❝❛❝❡♠❡♥t ❞❡s ✈❛r✐❛♥ts ❧♦❝❛❧✐sés ❞❛♥s ❞❡s ré❣✐♦♥s ❞✬❤♦♠♦③②❣♦t✐❡ ♦✉

❞✬❤❛♣❧♦✲✐❞❡♥t✐té ♣❛rt❛❣é❡s ♣❛r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡♥❢❛♥ts ❛tt❡✐♥ts✳ ▲❡ ♣r❡♠✐❡r ❣è♥❡ ❞❡ ❉■❆❘ ✐❞❡♥t✐✜é ♣❛r ❝❡tt❡

❞♦✉❜❧❡ ❛♣♣r♦❝❤❡ ❛ été ♣✉❜❧✐é ❡♥ ✷✵✶✵✱ P■●❱✱ ❞♦♥t ❧❡s ♠✉t❛t✐♦♥s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞✉ s②♥❞r♦♠❡ ❞✬❤②♣❡r✲

♣❤♦s♣❤❛t❛s✐❡ ❛✈❡❝ ❞é✜❝✐t ✐♥t❡❧❧❡❝t✉❡❧ ❬❑r❛✇✐t③ ❡t ❛❧✳✱ ✷✵✶✵❪✳

❯♥❡ ✈❛r✐❛♥t❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❛ été ✉t✐❧✐sé❡ ❞❛♥s ❧✬ét✉❞❡ ✐r❛♥♦✲❛❧❧❡♠❛♥❞❡ ❞❡ ◆❛❥♠❛❜❛❞✐ ❡t ❛❧✳ ❬✷✵✶✶❪ ❡t

✐❧❧✉str❡ ♣❛r❢❛✐t❡♠❡♥t ❧❡s ❛✈❛♥t❛❣❡s ❞✉ séq✉❡♥ç❛❣❡ ❝✐❜❧é✳ ❈❡ tr❛✈❛✐❧ ❛ ❞é❜✉té ♣❛r ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ré❣✐♦♥s

❤♦♠♦③②❣♦t❡s ❝❤❡③ ✶✸✻ ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ❛tt❡✐♥t❡s ❞❡ ❉■❆❘ ❛✉ ♠♦②❡♥ ❞❡ ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡✳

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❛✉ ❧✐❡✉ ❞❡ séq✉❡♥❝❡r ❧❛ t♦t❛❧✐té ❞❡ ❧✬❡①♦♠❡✱ ✉♥ ❦✐t ❞❡ ❝❛♣t✉r❡ ❝♦✉✈r❛♥t ❧✬❡♥s❡♠❜❧❡

❞❡s ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s ❛ été ❞é✈❡❧♦♣♣é ♣♦✉r séq✉❡♥❝❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ré❣✐♦♥s ❝❤❡③ ❧❡ ♣r♦❜❛♥t ❞❡ ❝❤❛q✉❡

❢❛♠✐❧❧❡✳ ▲✬❛♥❛❧②s❡ ❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ✉♥❡ ✈❛r✐❛t✐♦♥ ♣ré❞✐t❡ ❝♦♠♠❡ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ♣❛t❤♦❣è♥❡ ❞❛♥s ✉♥ ❣è♥❡

♣❡r♠❡tt❛♥t ❞✬❡①♣❧✐q✉❡r ❧❛ ♣❛t❤♦❧♦❣✐❡ ♣♦✉r ✼✽ ❞❡s ✶✸✻ ❢❛♠✐❧❧❡s ét✉❞✐é❡s✱ ❝♦♠♠❡ ✐♥❞✐q✉é ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✶✳

P❛r♠✐ ❧❡s ❣è♥❡s ✐❞❡♥t✐✜és✱ ✺✵ ♥✬❛✈❛✐❡♥t ♣❛s été ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■❆❘ ❛✉♣❛r❛✈❛♥t ❡t s❡✉❧❡♠❡♥t ✷ ❞❡ ❝❡s

❣è♥❡s ét❛✐❡♥t tr♦✉✈és ♠✉tés ❞❛♥s ❞❡✉① ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s✱ s♦✐t ✺✷ ❢❛♠✐❧❧❡s ré✈é❧❛♥t ✉♥❡ ♥♦✉✈❡❧❧❡ ❝❛✉s❡

❣é♥ét✐q✉❡ ❞❡ ❉■ ✭✷✷ ❉■ s②♥❞r♦♠✐q✉❡ ❡t ✸✵ ❉■ ♥♦♥✲s②♥❞r♦♠✐q✉❡✮✳ ➚ ❧✬✐♥✈❡rs❡✱ ♣♦✉r ✷✻ ❢❛♠✐❧❧❡s✱ ❧❡s ❛✉t❡✉rs

♦♥t ✐❞❡♥t✐✜é ❞❡s ✈❛r✐❛♥ts t♦✉❝❤❛♥t ❞❡s ❣è♥❡s ♣ré❝é❞❡♠♠❡♥t ❛ss♦❝✐és à ✉♥❡ ❉■ ♣r✐♥❝✐♣❛❧❡♠❡♥t s②♥❞r♦♠✐q✉❡

✭❞♦♥t ✸ ❣è♥❡s tr♦✉✈és ❝❤❡③ ❞❡✉① ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s ❡t ✷✵ ❣è♥❡s tr♦✉✈és ❝❤❡③ ✉♥❡ s❡✉❧❡ ❢❛♠✐❧❧❡✮✳ ❈❤❡③

✸✼ ❢❛♠✐❧❧❡s✱ ♣❧✉s✐❡✉rs ♠✉t❛t✐♦♥s ♣ré❞✐t❡s ♣❛t❤♦❣è♥❡s ♦♥t été ✐❞❡♥t✐✜é❡s✳ ❉❛♥s ❞❡ t❡❧s ❝❛s✱ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❧❛

❞❡s❝r✐♣t✐♦♥ ❞❡ ❝❛s s✉♣♣❧é♠❡♥t❛✐r❡s ❡t ❞❡ t♦✉t❡ ❛♥❛❧②s❡ ❢♦♥❝t✐♦♥♥❡❧❧❡✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬é✈❛❧✉❡r s✐ ❧❡ ♣❤é♥♦t②♣❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✸✾



❡st ❞û à ❧✬❛ss♦❝✐❛t✐♦♥ ❞❡ ❝❡s ✈❛r✐❛t✐♦♥s ✭♣♦❧②❣é♥✐s♠❡✮ ♦✉ à ❧✬❡✛❡t ❞✬✉♥ s❡✉❧ ❞❡s ❞❡✉① ✈❛r✐❛♥ts✳ ❊♥✜♥✱ ❧✬❛♥❛❧②s❡

❞❡s ❞♦♥♥é❡s ♥✬❛ ♣❛s ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts ❝❤❡③ ✷✶ ❢❛♠✐❧❧❡s✳

❋✐❣✉r❡ ✷✳✶ ✿ ❘és✉❧t❛ts ♦❜t❡♥✉s s✉r ❧✬ét✉❞❡ ❞❡ ✶✸✻ ❢❛♠✐❧❧❡s✱ ❞✬❛♣rès ◆❛❥♠❛❜❛❞✐ ❡t ❛❧✳ ❬✷✵✶✶❪✳

❈❡♣❡♥❞❛♥t✱ ❧♦rsq✉❡ ❧✬❤②♣♦t❤ès❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❣é♥ét✐q✉❡ ♥✬❡st ♣❛s tr❛♥❝❤é❡✱ ❧❡ ❲❊❙ r❡st❡ ❧✬♦♣t✐♦♥ ❧❛

♣❧✉s ✐♥tér❡ss❛♥t❡ ♣✉✐sq✉❡ t♦✉t❡s ❧❡s ❤②♣♦t❤ès❡s ❣é♥ét✐q✉❡s ♣❡✉✈❡♥t ❛❧♦rs êtr❡ t❡sté❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✵



❈❍❆P■❚❘❊ ✸

▼➱❈❆◆■❙▼❊❙ P❍❨❙■❖P❆❚❍❖▲❖●■◗❯❊❙ ❉❊❙ ❉■✱ ▲✬➱❚❆❚ ❉❊ ▲✬❆❘❚

▲✬ét✉❞❡ ❞❡s ❡✛❡ts ❞❡s ♠✉t❛t✐♦♥s ❞❡s ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■ ❡st ✉♥❡ ét❛♣❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r ❧❛ ❝♦♠✲

♣ré❤❡♥s✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s s♦✉s✲❥❛❝❡♥ts ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ❛♣♣r♦❝❤❡s

t❤ér❛♣❡✉t✐q✉❡s✳ ❙r✐✈❛st❛✈❛ ❛♥❞ ❙❝❤✇❛rt③ ❬✷✵✶✹❪ ♦♥t ré❝❡♠♠❡♥t ♣✉❜❧✐é ✉♥❡ r❡✈✉❡ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛✲

t❤♦❧♦❣✐q✉❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■✳ ❈♦♠♠❡ ❛tt❡♥❞✉✱ ét❛♥t ❞♦♥♥é ❧✬❤étér♦❣é♥é✐té ❞❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡ ❉■✱

❧❡s ❢♦♥❝t✐♦♥s ❝❡❧❧✉❧❛✐r❡s ❛ss♦❝✐é❡s ❛✉① ❣è♥❡s ❞❡ ❉■ s♦♥t ♠✉❧t✐♣❧❡s✳ ❖♥ ♣❡✉t ❝✐t❡r ♣❛r ❡①❡♠♣❧❡✱ ❧❛ ♠♦❞✐✜❝❛t✐♦♥

❞❡s ♣r♦té✐♥❡s✱ ❧❡ r❡♠♦❞❡❧❛❣❡ ❞❡ ❧❛ ❝❤r♦♠❛t✐♥❡ ❡t ❧✬❛ss❡♠❜❧❛❣❡ ❞✉ ❝②t♦sq✉❡❧❡tt❡ ❞✬❛❝t✐♥❡✳ ▲❡s ❛✉t❡✉rs ♦♥t

♠✐s ❧✬❡♠♣❤❛s❡ s✉r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❢♦♥❝t✐♦♥s ❝❡❧❧✉❧❛✐r❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡s

❢♦♥❝t✐♦♥s ♥❡✉r♦♥❛❧❡s✱ ❝r✉❝✐❛❧❡s ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♥♦r♠❛❧ ❞❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s ✭✜❣✉r❡ ✸✳✶✮✳

❋✐❣✉r❡ ✸✳✶ ✿ ❈♦♠♣♦s❛♥ts s②♥❛♣t✐q✉❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s✱ ❞✬❛♣rès ❬❙r✐✈❛st❛✈❛ ❛♥❞
❙❝❤✇❛rt③✱ ✷✵✶✹❪✳

▲❡s ♣r♦❞✉✐ts ❞❡ ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■ ❡t✴♦✉ ❧❡s tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡ s♦♥t ✐♥❞✐q✉és ❡♥ r♦✉❣❡✳

✹✶



❊♥ ❡✛❡t✱ ✉♥ ♥♦♠❜r❡ s✐❣♥✐✜❝❛t✐❢ ❞❡ ♣r♦té✐♥❡s ❧✐é❡s à ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ❧❛ ❉■ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s

♠♦❧é❝✉❧❡s s②♥❛♣t✐q✉❡s✳ ❊❧❧❡s ré❣✉❧❡♥t✱ ❡♥tr❡ ❛✉tr❡✱ ❧❛ tr❛♥s❝r✐♣t✐♦♥✱ ❧❡ tr❛♥s♣♦rt ✈és✐❝✉❧❛✐r❡ s②♥❛♣t✐q✉❡ ❡t ❧❡

♠❛✐♥t✐❡♥t ❞❡s ❝♦♥t❛❝ts s②♥❛♣t✐q✉❡s✳

❊♥✜♥✱ ❙r✐✈❛st❛✈❛ ❛♥❞ ❙❝❤✇❛rt③ ❬✷✵✶✹❪ ❡✛❡❝t✉❡♥t ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡ ✹ ❧✐st❡s ❞❡ ❣è♥❡s ♣❛r ❢♦♥❝t✐♦♥s

♠♦❧é❝✉❧❛✐r❡s ✭✜❣✉r❡ ✸✳✷✮ ♦✉ ♣r♦❝❡ss✉s ❜✐♦❧♦❣✐q✉❡s ✭✜❣✉r❡ ✸✳✸✮ ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞❡ ●❡♥❡ ❖♥t♦❧♦❣② ✭●❖✮ ❡t

❧✬♦✉t✐❧ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ P❆◆❚❍❊❘ ✭❤tt♣ ✿✴✴✇✇✇✳♣❛♥t❤❡r❞❜✳♦r❣✴✮ ✿ ❧❡s ✶✵✶ ❣è♥❡s ❞❡ ❉■▲❳✱ ❧❡s ✼✵✺ ❣è♥❡s

❛ss♦❝✐és à ✉♥ r❡t❛r❞ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ✭●r❡❡♥✇♦♦❞ ●❡♥❡t✐❝ ❈❡♥t❡r ❉❡✈❡❧♦♣♠❡♥t❛❧ ❉❡❧❛② ♦✉ ●●❈ ❉❉✮✱ ❧❡s

✺✹✻ ❣è♥❡s ❞❡ ❉■ ❡t ❞❡ tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡ ✭❙❋❆❘■ ✿ ❤tt♣s ✿✴✴s❢❛r✐✳♦r❣✴r❡s♦✉r❝❡s✴s❢❛r✐✲❣❡♥❡✮ ❡t ❧❡s

✶✽ ✸✸✶ ❣è♥❡s ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✳

❉❡ ❢❛ç♦♥ ✐♥❛tt❡♥❞✉❡✱ ❧❡s ❛✉t❡✉rs ❞❡ ❝❡tt❡ r❡✈✉❡ ♦❜s❡r✈❡♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ s✐♠✐❧❛✐r❡ ❞❡s ✹ ❧✐st❡s ❞❛♥s ❧❡s

❞✐✈❡rs❡s ❝❛té❣♦r✐❡s ❞❡ ●❖ ❡t ❞é♠♦♥tr❡♥t ❛✐♥s✐ q✉❡ ❧❡s ❣è♥❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■ ♥❡ s❡ ❝♦♥❝❡♥tr❡♥t ♣❛s

❞❛♥s ✉♥❡ ❝❛té❣♦r✐❡ ❞❡ ❢♦♥❝t✐♦♥s ♣❛rt✐❝✉❧✐èr❡s ❀ ❛✉ ❝♦♥tr❛✐r❡✱ ❧❡✉r ré♣❛rt✐t✐♦♥ s❡♠❜❧❡ r❡✢ét❡r ❝❡❧❧❡ ❞✉ ❣é♥♦♠❡

❤✉♠❛✐♥✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ ❡st s❛♥s ❞♦✉t❡ à r❛♣♣r♦❝❤❡r ❞✉ ♥♦♠❜r❡ ❞❡ ❣è♥❡s ❡①♣r✐♠és ❞❛♥s ❧❡ ❝❡r✈❡❛✉ ✭❝❢✳

♣✳✷✷✮ ❡t ❡①♣❧✐q✉❡✱ ❞✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡✱ ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❣é♥ét✐q✉❡ ❞❡ ❝❡s ❛✛❡❝t✐♦♥s✳ P❛r ❝♦♥séq✉❡♥t✱

❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s r❡❝❤❡r❝❤❡s ❞❡ ❣è♥❡s ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ❝❛té❣♦r✐❡ ❞❡ ●❖ ♥❡ s❡♠❜❧❡ ♣❛s ❧❛ ♠ét❤♦❞❡ ❧❛

♣❧✉s ❛❞❛♣té❡✱ ♥✐ ❧❛ ♣❧✉s ♣r♦♠❡tt❡✉s❡✳

❋✐❣✉r❡ ✸✳✷ ✿ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ♠♦❧é❝✉❧❛✐r❡s ❞❡s ❣è♥❡s ❞❡s ✹ ❧✐st❡s✱ ❞✬❛♣rès ❬❙r✐✈❛st❛✈❛ ❛♥❞ ❙❝❤✇❛rt③✱ ✷✵✶✹❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✷



❋✐❣✉r❡ ✸✳✸ ✿ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❜✐♦❧♦❣✐q✉❡s ❞❡s ❣è♥❡s ❞❡s ✹ ❧✐st❡s✱ ❞✬❛♣rès ❬❙r✐✈❛st❛✈❛ ❛♥❞ ❙❝❤✇❛rt③✱ ✷✵✶✹❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✸



❈❍❆P■❚❘❊ ✹

❖❇❏❊❈❚■❋❙ ❉❊❙ ❚❘❆❱❆❯❳

❏✉sq✉✬à ré❝❡♠♠❡♥t✱ t♦✉t❡s ❧❡s ét✉❞❡s ♣✉❜❧✐é❡s s✬❛❝❝♦r❞❛✐❡♥t à ♠♦♥tr❡r q✉❡ ❧✬ét✐♦❧♦❣✐❡ ❣é♥ét✐q✉❡ ét❛✐t

✐❞❡♥t✐✜é❡ ❞❛♥s ❡♥✈✐r♦♥ ✹✵✪ ❞❡s ❝❛s ❞❡ ❉■ sé✈èr❡ ✭◗■ ❁ ✺✵✮ ❬❘❛✉❝❤ ❡t ❛❧✳✱ ✷✵✵✻❪✳ ❉❡♣✉✐s ✹ ❛♥s✱ ❛✈❡❝ ❧❛

ré✈♦❧✉t✐♦♥ t❡❝❤♥♦❧♦❣✐q✉❡ ❛♣♣♦rté❡ ♣❛r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t✱ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❞❡

❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡ ❧❛ ❉■ s✬❡st ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛❝❝é❧éré ❡t ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❝❡

❞❡r♥✐❡r ❝❤✐✛r❡ s♦✐t q✉❡❧q✉❡ ♣❡✉ s♦✉s✲❡st✐♠é✳ ❆✉ss✐✱ s✐ ❧❡s ❝❛✉s❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s✬é❧è✈❡♥t à ♣❧✉s ❞❡ ✶✽✪✱

❧✬ét✐♦❧♦❣✐❡ ❞❡ ❧❛ ❉■ r❡st❡ ✐♥❝♦♥♥✉❡ ❞❛♥s ❡♥✈✐r♦♥ ✹✵✪ ❞❡s ❝❛s✱ ❛♣♣❡❧é❡s ❉■ ❝r②♣t♦❣é♥✐q✉❡s ♦✉ ✐❞✐♦♣❛t❤✐q✉❡s✳

▲✬❡♥s❡♠❜❧❡ ❞❡s ❛♣♣r♦❝❤❡s✱ ❝❛rt♦❣r❛♣❤✐❡✱ séq✉❡♥ç❛❣❡ ♠❛♥✉❡❧ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts ♣❛r ❧❡✉r✭s✮ ❢♦♥❝t✐♦♥✭s✮ ❡t✴♦✉

❧❡✉r ❧♦❝❛❧✐s❛t✐♦♥ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t✱ ❛ ré✈é❧é ✉♥❡ r❡♠❛rq✉❛❜❧❡ ❤étér♦❣é♥é✐té

❣é♥ét✐q✉❡ ❛✈❡❝ ❝♦♠♠❡ ❢❛✐t ♠❛rq✉❛♥t ✉♥❡ ❢réq✉❡♥❝❡ é❧❡✈é❡ ❞❡ ♠✉t❛t✐♦♥s ❞❡ ♥♦✈♦ ♥♦♥ ré❝✐❞✐✈❛♥t❡s ❬❍❛♠❞❛♥

❡t ❛❧✳✱ ✷✵✶✶❪✳ ❊✛❡❝t✐✈❡♠❡♥t✱ ❞é❜✉t ✷✵✶✸✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❣è♥❡s r❡❧✐és à ✉♥❡ ❉■ ét❛✐t é✈❛❧✉é à ✹✺✵ ❬❊❧❧✐s♦♥ ❛♥❞

❘♦s❡♥❢❡❧❞✱ ✷✵✶✸❪✱ ❝❤✐✛r❡ ❡♥ ❝♦♥st❛♥t❡ ❛✉❣♠❡♥t❛t✐♦♥✳ ❈❡tt❡ ❝♦♥s✐❞ér❛❜❧❡ ❤étér♦❣é♥é✐té ❛ ♣♦✉r ❝♦r♦❧❧❛✐r❡ ✉♥❡

r❡♠❛rq✉❛❜❧❡ ❤étér♦❣é♥é✐té ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡ ❬❙r✐✈❛st❛✈❛ ❛♥❞ ❙❝❤✇❛rt③✱ ✷✵✶✹❪✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ét✉❞❡s

✐❧❧✉str❡ ❝❧❛✐r❡♠❡♥t q✉❡ ❝❤❛❝✉♥ ❞❡s ❣è♥❡s ❛✐♥s✐ ✐❞❡♥t✐✜é ♥❡ r❡♥❞ ❝♦♠♣t❡ q✉❡ ❞✬✉♥ très ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ❝❛s✱ ❝❡

q✉✐ r❡♥❞ ❝♦♠♣❧❡①❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ❧❡✉r ❞✐❛❣♥♦st✐❝ ♠♦❧é❝✉❧❛✐r❡✳ ❉❡ ♣❧✉s✱ ❛✉✲❞❡❧à ❞❡ ❧❛ ❞é♠♦♥str❛t✐♦♥ ❞❡

❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❣é♥ét✐q✉❡ ❞❡s ❉■✱ ❝❡s tr❛✈❛✉① ❛tt❡st❡♥t é❣❛❧❡♠❡♥t ❞✬✉♥❡ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té ♣❤é♥♦✲

t②♣✐q✉❡ ✐♥tr❛✲ ❡t ✐♥t❡r✲❢❛♠✐❧✐❛❧❡ ❛ss♦❝✐é❡s ❛✉① ♠✉t❛t✐♦♥s ❞❡ ❝❡s ❣è♥❡s✳ ❯♥ ♠ê♠❡ ♣❤é♥♦t②♣❡ ♣❡✉t rés✉❧t❡r ❞❡

❧✬❡✛❡t ❞❡s ♠✉t❛t✐♦♥s ❞❡ ❣è♥❡s ❞✐✛ér❡♥ts ❡t✱ ✐♥✈❡rs❡♠❡♥t✱ ❞❡s ♠✉t❛t✐♦♥s ❞✬✉♥ ♠ê♠❡ ❣è♥❡ ♣❡✉t ♦❝❝❛s✐♦♥♥❡r

❞✐✈❡rs ♣❤é♥♦t②♣❡s✳ ❉❡s ❣è♥❡s ❝♦♥♥✉s ❝♦♠♠❡ r❡s♣♦♥s❛❜❧❡s ❞❡ ❢♦r♠❡s s②♥❞r♦♠✐q✉❡s ❞❡ ❉■ ♣❡✉✈❡♥t ❛✐♥s✐ êtr❡

é❣❛❧❡♠❡♥t ✐♠♣❧✐q✉és ❞❛♥s ❞❡s ❉■ ♥♦♥ ♦✉ ♣❡✉ s♣é❝✐✜q✉❡s✳ P❛r♠✐ ❧❡s ✹✵✪ ❞❡ ❉■ ✐❞✐♦♣❛t❤✐q✉❡s✱ ♦♥ s✬❛tt❡♥❞

❞♦♥❝ à ❞é❝r✐r❡ ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ ❉■ ♠❛✐s ❛✉ss✐ à tr♦✉✈❡r ❞❡s ✈❛r✐❛♥ts ♣❛t❤♦❣è♥❡s ❞❛♥s ❧❛ séq✉❡♥❝❡ ❞❡

❣è♥❡s ❞é❥à ❝❛r❛❝tér✐sés✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❝❡❝✐ ♣❡r♠❡ttr❛ ❞❡ ♠✐❡✉① ❝❛r❛❝tér✐s❡r ❧❡ s♣❡❝tr❡ ♣❤é♥♦t②♣✐q✉❡

❛ss♦❝✐é ❛✉① ♠✉t❛t✐♦♥s ❞✬✉♥ ❣è♥❡ ♣ré❝✐s✳

▼♦♥ ♣r♦❥❡t ❞❡ t❤ès❡✱ ❞❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡s rés✉❧t❛ts ❞é❥à ♦❜t❡♥✉s ❞❛♥s ❧✬éq✉✐♣❡ ❞✉ ❉r ▲❛✉r❡♥❝❡ ❈♦❧❧❡❛✉①✱

❝♦♠♣♦rt❛✐t ❞❡✉① ❛s♣❡❝ts✱ ❧✬✉♥ ❞❡ ❣é♥ét✐q✉❡ ❢♦r♠❡❧❧❡✱ ❡t ❧❡ s❡❝♦♥❞ ♣❧✉s ❢♦♥❝t✐♦♥♥❡❧✳ ▲❡s ♦❜❥❡❝t✐❢s ét❛✐❡♥t ❞❡

♣♦✉rs✉✐✈r❡ ❧❡ tr❛✈❛✐❧ ❞❡ ❞é♠❡♠❜r❡♠❡♥t ❣é♥ét✐q✉❡ ❞❡s ❉■✱ ❡♥ ✉t✐❧✐s❛♥t ❞❡ ♥♦✉✈❡❛✉① ♦✉t✐❧s ❞❡ séq✉❡♥ç❛❣❡

❤❛✉t✲❞é❜✐t ❝❤❡③ ❝✐♥q ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s ❞❛♥s ❧❡sq✉❡❧❧❡s sé❣rè❣❡ ✉♥❡ ❢♦r♠❡ s②♥❞r♦♠✐q✉❡ ❞❡ ❉■✱ ♣✉✐s

❞✬ét✉❞✐❡r ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡s ❛♥♦♠❛❧✐❡s ♠♦❧é❝✉❧❛✐r❡s ✐❞❡♥t✐✜é❡s ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ♠é❝❛♥✐s♠❡s

✹✹



♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s q✉✐ s♦✉s✲t❡♥❞❡♥t ❝❡s ❛✛❡❝t✐♦♥s✳ ❈❡ ♣r♦❥❡t s✬❛♣♣✉✐❡ s✉r ✉♥❡ ❡①♣❡rt✐s❡ ♠é❞✐❝❛❧❡ s♦❧✐❞❡✱ ✉♥

r❡❝r✉t❡♠❡♥t ❡①❝❡♣t✐♦♥♥❡❧ ❞❡ ♠❛❧❛❞❡s ❡t ✉♥ s❛✈♦✐r✲❢❛✐r❡ t❡❝❤♥♦❧♦❣✐q✉❡ ❛♣♣r♦♣r✐é✳ ❈❡s tr❛✈❛✉① s♦♥t ♥é❝❡ss❛✐r❡s

❡t ❝♦♥st✐t✉❡♥t ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❝❡s ♠❛❧❛❞✐❡s✱ ✐♥❞✐s♣❡♥s❛❜❧❡ ❛✈❛♥t ❞✬❛❜♦r❞❡r t♦✉t❡

❛♣♣r♦❝❤❡ t❤ér❛♣❡✉t✐q✉❡✳

▲❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡ ♠❛♥✉s❝r✐t s❡ ❝♦♥❝❡♥tr❡ s✉r ❧❡s ❢♦r♠❡s ❛✉t♦s♦♠✐q✉❡s ré❝❡ss✐✈❡s ❞❡ ❉■ ❡t s✬❛♣♣✉✐❡

s✉r ❧❡ r❡❝r✉t❡♠❡♥t ❞❡ ♣❧✉s✐❡✉rs ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ❡t ♠✉❧t✐♣❧❡① ❞♦♥t ❧❡s ❡♥❢❛♥ts s♦♥t ❛tt❡✐♥ts ❞✬✉♥❡ ❉■❆❘

s②♥❞r♦♠✐q✉❡✳ P♦✉r ❝❤❛q✉❡ ❢❛♠✐❧❧❡ ♣rés❡♥té❡✱ ❧❛ str❛té❣✐❡ ❞✬❛♥❛❧②s❡ ❡st ❞ét❛✐❧❧é❡ ♣✉✐s ❧❡s rés✉❧t❛ts s♦♥t ❞✐s❝✉tés✳

▲❡ s❡❝♦♥❞ ❝❤❛♣✐tr❡ ❞é✈❡❧♦♣♣❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❲❊❙ ❝❤❡③ ❞❡✉① ♣❛t✐❡♥ts ♥♦♥✲

❛♣♣❛r❡♥tés✱ ❛tt❡✐♥ts ❞✬✉♥❡ ❉■ s②♥❞r♦♠✐q✉❡ ❞♦♥t ❧❡s s②♠♣tô♠❡s s♦♥t r❡♠❛rq✉❛❜❧❡♠❡♥t ♣r♦❝❤❡s ❡t ❥✉st✐✜❛♥t

❧❡ r❡❣r♦✉♣❡♠❡♥t ❞❡ ❝❡s ❞❡✉① ❢❛♠✐❧❧❡s ♣♦✉r ✉♥❡ ét✉❞❡ s✐♠✉❧t❛♥é❡ ❛❜♦✉t✐ss❛♥t à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✬✉♥ ♥♦✉✈❡❛✉

s②♥❞r♦♠❡ ❞❡ ❉■✳

❈❡s ❞❡✉① ❝❤❛♣✐tr❡s s♦♥t s✉✐✈✐s ❞✬✉♥❡ ❞❡r♥✐èr❡ ♣❛rt✐❡ ❞❡ ❞✐s❝✉ss✐♦♥ ❡t ♣❡rs♣❡❝t✐✈❡s ❛✉t♦✉r ❞❡ ❧✬♦✉t✐❧ ❞❡

❲❊❙✱ ❞❡s ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ ❉■ ✐❞❡♥t✐✜és ❡t ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ♠✐s ❡♥ ❧✉♠✐èr❡ ♣❛r ❧❡s

❛♥❛❧②s❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❛❝❝♦♠♣❧✐❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✺



❉❡✉①✐è♠❡ ♣❛rt✐❡

❆♣♣r♦❝❤❡ ❲❤♦❧❡ ❊①♦♠❡ ❙❡q✉❡♥❝✐♥❣ ✭❲❊❙✮

♣♦✉r ❧✬ét✉❞❡ ❞❡ ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ✿ ❞✉

♠♦♥♦❣é♥✐q✉❡ ❛✉ ♣♦❧②❣é♥✐q✉❡

✹✻



❈❍❆P■❚❘❊ ✺

■❉❊◆❚■❋■❈❆❚■❖◆ ❉✬❯◆❊ ▼❯❚❆❚■❖◆ ❉❆◆❙ ❯◆ ●➮◆❊ ❈❖◆◆❯ ❉❊ ❉■

✲❲❉❘✻✷✲ ❊❚ ■▲▲❯❙❚❘❆❚■❖◆ ❉❊ ▲✬■◆❚➱❘✃❚ ❉❯ ❲❊❙

✺✳✶ ▲❛ ❢❛♠✐❧❧❡✱ ❧❡s ♣❛t✐❡♥ts

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬ét✉❞❡ ❞❡ ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s ❡t ♠✉❧t✐♣❧❡①✱ ♥♦✉s ❛✈♦♥s ❡✉ ❧✬♦♣♣♦rt✉♥✐té ❞✬ét✉❞✐❡r ❧❛

❢❛♠✐❧❧❡ ▼♦✱ ❞✬♦r✐❣✐♥❡ ❛❧❣ér✐❡♥♥❡✱ ❝♦♠♣♦sé❡ ❞❡ ✻ ❡♥❢❛♥ts ❛tt❡✐♥ts ✭✉♥❡ ✜❧❧❡ ❡t ✺ ❣❛rç♦♥s✮ s✉r ✉♥❡ ❢r❛tr✐❡ ❞❡

✶✷ ✭✜❣✉r❡ ✺✳✶✮✳

❋✐❣✉r❡ ✺✳✶ ✿ ❆r❜r❡ ❣é♥é❛❧♦❣✐q✉❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

❊❧❧❡ ❡st s✉✐✈✐❡ ♣❛r ❧❡ ❉r ❆❜❞❡❧❦r✐♠ ❙❛❛❞✐ ❛✉ s❡✐♥ ❞❡ ❧✬ét❛❜❧✐ss❡♠❡♥t ❤♦s♣✐t❛❧✐❡r ❞❡ ❇❡♥❛❦♥♦✉♥ à ❆❧❣❡r✳ ▲❡s

♣❛t✐❡♥ts ♦♥t ✉♥❡ ❉■ s②♥❞r♦♠✐q✉❡ ❀ ✐❧s ♣rés❡♥t❡♥t ❞❡ ♠❛♥✐èr❡ ❝♦♥st❛♥t❡ ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡✱ ✉♥❡ ❞②s♠♦r♣❤✐❡

❢❛❝✐❛❧❡ ✭✜❣✉r❡ ✺✳✷✮✱ ✉♥ r❡t❛r❞ ♣s②❝❤♦♠♦t❡✉r ❡t ❞❡s tr♦✉❜❧❡s ❞✉ ❝♦♠♣♦rt❡♠❡♥t✳

✹✼



✺✳✶✳ ▲❆ ❋❆▼■▲▲❊✱ ▲❊❙ P❆❚■❊◆❚❙

❋✐❣✉r❡ ✺✳✷ ✿ P❤♦t♦❣r❛♣❤✐❡s ❞❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

▲❡s ♣❛r❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦ s♦♥t ✐♥❞❡♠♥❡s ❡t ♦♥t ✉♥ ♣ér✐♠ètr❡ ❝râ♥✐❡♥ ✭P❈✮ ♥♦r♠❛❧ ✭t❛❜❧❡ ✺✳✶✮✳

▼❡s✉r❡s à ❧✬â❣❡ ❛❞✉❧t❡ Pèr❡ ▼èr❡
P❈ ✭❝♠✮ ✺✹ ✺✺
❚ ✭❝♠✮ ✶✻✽ ✶✻✵
P ✭❦❣✮ ✻✻ ✼✵

❚❛❜❧❡ ✺✳✶ ✿ ▼❡♥s✉r❛t✐♦♥s ❞❡s ♣❛r❡♥ts✳

▲✬❛î♥é ✭■❱✳✶✮✱ ♥é à ❞♦♠✐❝✐❧❡✱ ♥❡ ♣rés❡♥t❡ ♣❛s ❞✬❛♥té❝é❞❡♥ts ♣❛t❤♦❧♦❣✐q✉❡s ♣ré✲ ❡t ♣♦st✲♥❛t❛✉①✳ ▲❡s ♠❡♥✲

s✉r❛t✐♦♥s à ❧❛ ♥❛✐ss❛♥❝❡ ♥✬♦♥t ♣❛s été ♣r✐s❡s ♠❛✐s ❧❡s ♣❛r❡♥ts s✐❣♥❛❧❡♥t ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❝♦♥❣é♥✐t❛❧❡✳ ❙♦♥

❞é✈❡❧♦♣♣❡♠❡♥t ♣s②❝❤♦♠♦t❡✉r ❡st r❡t❛r❞é ❀ ✐❧ ❛ ♠❛r❝❤é à ✹ ❛♥s✱ ❡t ❞✐t ✉♥✐q✉❡♠❡♥t q✉❡❧q✉❡s ♠♦ts✳ ❆✉ss✐✱ ✐❧

♣rés❡♥t❡ ❞❡s tr❛✐ts ❛✉t✐st✐q✉❡s ❛✈❡❝ ♠♦✉✈❡♠❡♥ts stéré♦t②♣és ✭❥♦✉❛✐t ❛✈❡❝ ❧❡s ❧❛❝❡ts ♣❡♥❞❛♥t ❧❡ ❥❡✉♥❡ â❣❡✮ ❡t

❛❣r❡ss✐✈✐té✳ ■❧ ❛ ♣rés❡♥té ❞ès ❧✬â❣❡ ❞❡ ✻ ❛♥s ❞❡s ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡s ❞❡ ❧✬♦r❞r❡ ❞❡ ✷ à ✸ ❝r✐s❡s ♣❛r ❛♥✱ ❥✉sq✉✬à

❧✬â❣❡ ❞❡ ✷✵ ❛♥s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ✐❧ ❛ été tr❛✐té ❛✉ ♣❤é♥♦❜❛r❜✐t❛❧✳ ■❧ ♥❡ ♣r❡♥❞ ❛✉❝✉♥ tr❛✐t❡♠❡♥t ❞❡♣✉✐s ✶✾✽✻✳

➚ ❧✬â❣❡ ❞❡ ✹✺ ❛♥s✱ ❧✬❡①❛♠❡♥ ♦❜❥❡❝t✐✈❡ ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❛✈❡❝ ✉♥ P❈ ❞❡ ✹✻✱✺ ❝♠ ✭✲ ✺ ❉❙✮✱ ✉♥❡ ❉■ ❛✈❡❝ ✉♥

❧❛♥❣❛❣❡ très ré❞✉✐t✱ ❞❡s ❞✐✣❝✉❧tés à s✬❤❛❜✐❧❧❡r✱ s❡ r❛s❡r ❡t q✉❡❧q✉❡s s✐❣♥❡s ❞②s♠♦r♣❤✐q✉❡s t❡❧s q✉✬✉♥ ❢r♦♥t

r❛✐❞❡✱ ✉♥ ♥❡③ ♣r♦é♠✐♥❡♥t✱ ✉♥ ♣❛❧❛✐s ♣r♦❢♦♥❞✱ ❞❡s ②❡✉① ❡♥❢♦♥❝és✱ ✉♥❡ ❧è✈r❡ ✐♥❢ér✐❡✉r❡ é✈❡rsé❡ ❡t ✉♥❡ s❝♦❧✐♦s❡✳

▲✬❡①❛♠❡♥ ❞❡r♠❛t♦❧♦❣✐q✉❡ ré✈è❧❡ ✉♥❡ t❛❝❤❡ ❝❛❢é ❛✉ ❧❛✐t ✭❚❈▲✮ ❡t ❧✬❡①❛♠❡♥ ♥❡✉r♦❧♦❣✐q✉❡✱ ❞❡s ré✢❡①❡s ✈✐❢s✳

▲❡ ♣❛t✐❡♥t ■❱✳✹ ♥é à ❞♦♠✐❝✐❧❡✱ ♣rés❡♥t❛✐t ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❝♦♥❣é♥✐t❛❧❡ ❞✬❛♣rès ❧❡s ♣❛r❡♥ts✳ ▲❡s ♣ér✐♦❞❡s ♣ér✐✲

❡t ♥é♦♥❛t❛❧❡s s❡ s♦♥t ❞ér♦✉❧é❡s s❛♥s ✐♥❝✐❞❡♥t✳ ■❧ ❛ ♠❛r❝❤é à ✹ ❛♥s ❡t ♥❡ ♣❛r❧❡ ♣❛s✳ ■❧ ❛ ♣rés❡♥té ❞❡s tr♦✉❜❧❡s

❞✉ ❝♦♠♣♦rt❡♠❡♥t ✿ ❤②♣❡r❛❝t✐✈✐té ❡t ❛❣r❡ss✐✈✐té ❛✈❡❝ ❛✉t♦♠✉t✐❧❛t✐♦♥✳ ■❧ ❢r❛♣♣❛✐t s❛ tèt❡✱ s♦♥ ✈✐s❛❣❡ ❝♦♥tr❡ ❧❡

♠✉r ❞✉r❛♥t ❧✬❡♥❢❛♥❝❡✳ ❱❡rs ❧✬â❣❡ ❞❡ ✶✽ ❛♥s✱ ✐❧ ❛ ♣rés❡♥té ❞❡ ❢❛ç♦♥ ✐♥❡①♣❧✐q✉é❡ ✉♥ ❞é✜❝✐t ♠♦t❡✉r ♣r♦❣r❡ss✐❢ ❛✉①

✹ ♠❡♠❜r❡s ❛✈❡❝ ❛rrêt ❞❡ ❧❛ ♠❛r❝❤❡ ✈❡rs ✸✵ ❛♥s✳ ■❧ ❡st ❛✉❥♦✉r❞✬❤✉✐ ❣r❛❜❛t❛✐r❡ ❛✈❡❝ tr♦✉❜❧❡s ❞❡ ❧❛ ❞é❣❧✉t✐t✐♦♥✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✽



✺✳✶✳ ▲❆ ❋❆▼■▲▲❊✱ ▲❊❙ P❆❚■❊◆❚❙

▲❡ ♣❛t✐❡♥t ■❱✳✺ ❡st ♥é à t❡r♠❡ à ❧✬❤ô♣✐t❛❧✱ ❛♣rès ✉♥❡ ❣r♦ss❡ss❡ ♥♦r♠❛❧❡✳ ▲❡s ♠❡♥s✉r❛t✐♦♥s à ❧❛ ♥❛✐ss❛♥❝❡ ♥✬♦♥t

♣❛s été ♣r✐s❡s ♠❛✐s ❧❡s ♣❛r❡♥ts r❛♣♣♦rt❡♥t ❧❛ ♥♦t✐♦♥ ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡✳ ■❧ ❛ ♠❛r❝❤é à ✸ ❛♥s✱ ❞✐t q✉❡❧q✉❡s ♠♦ts

♠❛✐s ♥✬❛ ♣❛s ❞❡ ♣❤r❛s❡s✳ ➚ ❧✬â❣❡ ❞❡ ✹✺ ❛♥s✱ ❧❡s ♠❡♥s✉r❛t✐♦♥s ♠♦♥tr❡♥t ✉♥ P❈ ❞❡ ✹✽ ❝♠ ✭✲ ✹ ❉❙✮✱ ✉♥❡ t❛✐❧❧❡

❞❡ ✶✻✸ ❝♠ ❡t ✉♥ ♣♦✐❞s ❞❡ ✻✺ ❦❣✳ ❈✬❡st ❧❡ ♠♦✐♥s ❛✛❡❝té ❞❛♥s ❧❛ ❢r❛tr✐❡ ❀ ✐❧ ❡st ❝❛❧♠❡✱ s♦❝✐❛❜❧❡ ❡t ♥✬❛ ❥❛♠❛✐s

♣rés❡♥té ❞❡ ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡s✳ ■❧ ♣❡✉t s✬❤❛❜✐❧❧❡r✱ s❡ r❛s❡r✱ ❡①é❝✉t❡r ❞❡s ♦r❞r❡s s✐♠♣❧❡s✳ ■❧ ♣rés❡♥t❡ ✉♥ ❢r♦♥t

r❛✐❞❡✱ ✉♥ ♥❡③ ♣r♦é♠✐♥❡♥t✱ ❞❡s s♦✉r❝✐❧s é♣❛✐s✱ ✉♥ ♣❛❧❛✐s ♣r♦❢♦♥❞✱ ✉♥ ♣r♦❣♥❛t❤✐s♠❡ ❞❡ ❧❛ ♠â❝❤♦✐r❡ s✉♣ér✐❡✉r❡✱

✉♥ ❝♦✉ ❧❛r❣❡✱ ❞❡s ♠❛✐♥s tr❛♣✉❡s✱ ✉♥ ❝✉❜✐t✉s ✈❛❧❣✉s ❡t ❞❡s ♣✐❡❞s ❡♥ r♦t❛t✐♦♥ ✐♥t❡r♥❡✳ ▲✬❡①❛♠❡♥ ♥❡✉r♦❧♦❣✐q✉❡

❡st ♥♦r♠❛❧ ❡t ✉♥❡ ❚❈▲ ❡st ♦❜s❡r✈é❡ à ❧✬❡①❛♠❡♥ ❞❡r♠❛t♦❧♦❣✐q✉❡✳ ▲✬■❘▼ ❞✉ ♣❛t✐❡♥t ■❱✳✺ ❡st ❡♥ ❢❛✈❡✉r ❞✬✉♥❡

♣❛❝❤②❣②r✐❡ ❛✈❡❝ r❛ré❢❛❝t✐♦♥ ❞❡s ❝✐r❝♦♥✈♦❧✉t✐♦♥s ❡t ❛s♣❡❝t é♣❛✐ss✐ ❞❡ s❡s ❞❡r♥✐èr❡s ❡♥ ❢r♦♥t♦✲♣❛r✐❡t♦✲t❡♠♣♦r❛❧❡

❞❡ ❢❛ç♦♥ ❜✐❧❛tér❛❧❡ ✭✜❣✉r❡ ✺✳✶✸✮✳

P♦✉r ❧❡ ♣❛t✐❡♥t ■❱✳✻✱ ❡①❝❡♣té❡ ❧❛ ♠✐❝r♦❝é♣❤❛❧✐❡ s✐❣♥❛❧é❡ ♣❛r ❧❡s ♣❛r❡♥ts✱ ❧❛ ❣r♦ss❡ss❡ ❡t ❧✬❛❝❝♦✉❝❤❡♠❡♥t à

❧✬❤ô♣✐t❛❧ s❡ s♦♥t ❞ér♦✉❧é❡s s❛♥s ✐♥❝✐❞❡♥t✳ ❙♦♥ ❞é✈❡❧♦♣♣❡♠❡♥t ♣s②❝❤♦♠♦t❡✉r s✬❡st ❢❛✐t ❛✈❡❝ r❡t❛r❞✱ ✐❧ ❛ ♠❛r❝❤é

à ❧✬â❣❡ ❞❡ ✸ ❛♥s ❡t ♣♦✉✈❛✐t ❞✐r❡ q✉❡❧q✉❡s ♠♦ts✳ ■❧ ❛ ❛✉ss✐ ♣rés❡♥té ❞❡s tr♦✉❜❧❡s ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❀ ✐❧ ❡st

❝r❛✐♥t✐❢✱ ♣❛r❢♦✐s ❛❣r❡ss✐❢ ❡t r❡❢✉s❡ ❞❡ s❡ ❢❛✐r❡ ❡①❛♠✐♥❡r✳ ▲✬❡①❛♠❡♥ ré❛❧✐sé à ❧✬â❣❡ ❞❡ ✹✵ ❛♥s ♦❜❥❡❝t✐✈❡ ✉♥❡ ❉■

sé✈èr❡✱ ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ✭✲ ✹ ❉❙✮✱ ✉♥❡ ♣❡t✐t❡ t❛✐❧❧❡ ✭✶✺✹ ❝♠✮✱ ✉♥ ❢r♦♥t r❛✐❞❡ ❡t ❝♦✉rt✱ ✉♥ ♥❡③ ♣r♦é♠✐♥❡♥t✱

✉♥ ♣r♦❣♥❛t❤✐s♠❡ ❞❡ ❧❛ ♠â❝❤♦✐r❡ s✉♣ér✐❡✉r❡✱ ✉♥❡ ♠❛❧♣♦s✐t✐♦♥ ❞❡♥t❛✐r❡✱ ❞❡s s♦✉r❝✐❧s é♣❛✐s✱ ✉♥❡ ❝②♣❤♦s❝♦❧✐♦s❡

❡t ✉♥ ❣❡♥✉ ✢❡ss✉♠ ❞❡s ❣❡♥♦✉①✳ ■❧ ♣rés❡♥t❡ ✉♥ str❛❜✐s♠❡ ❞✐✈❡r❣❡♥t ❞❡ ❧✬÷✐❧ ❞r♦✐t ❡t ✉♥❡ ❚❈▲✳

▲❛ ♣❛t✐❡♥t❡ ■❱✳✽ ❡st â❣é❡ ❞❡ ✸✼ ❛♥s✳ ❙♦♥ ❤✐st♦✐r❡ ♣ré♥❛t❛❧❡ s✬❡st ❞ér♦✉❧é❡ s❛♥s ✐♥❝✐❞❡♥t✱ ❧✬❛❝❝♦✉❝❤❡♠❡♥t ét❛✐t

s♣♦♥t❛♥é✱ s❛♥s ❝♦♠♣❧✐❝❛t✐♦♥s✳ ▲❛ ♠✐❝r♦❝é♣❤❛❧✐❡ ❝♦♥❣é♥✐t❛❧❡ ❡t ❧❡ ♣❡t✐t ♣♦✐❞s ❞❡ ♥❛✐ss❛♥❝❡ ♦♥t été r❛♣♣♦r✲

tés ♣❛r ❧❡s ♣❛r❡♥ts✳ ❯♥ ❞é✜❝✐t ❞❡ ❧✬❤é♠✐❝♦r♣s ❣❛✉❝❤❡ ❛ été r❡tr♦✉✈é à ❧✬â❣❡ ❞❡ ✶ ♠♦✐s✳ ❙♦♥ ❞é✈❡❧♦♣♣❡♠❡♥t

♣s②❝❤♦♠♦t❡✉r s✬❡st ❢❛✐t ❛✈❡❝ r❡t❛r❞ ❀ ❡❧❧❡ ❛ ♠❛r❝❤é à ❧✬â❣❡ ❞❡ ✸ ❛♥s ❡t ♥❡ ♣❛r❧❡ ♣❛s✳ ➚ ❧✬â❣❡ ❞❡ ✹ ❛♥s ❡❧❧❡

❛ ♣rés❡♥té ❞❡s ❝r✐s❡s é♣✐❧❡♣t✐q✉❡s ♣❛rt✐❡❧❧❡s ♠♦tr✐❝❡s à ❣❛✉❝❤❡✱ tr❛✐té❡s ♣❛r ❛❝✐❞❡ ✈❛❧♣♦r✐q✉❡✳ ❘é❝❡♠♠❡♥t✱

❧✬❡①❛♠❡♥ ❝❧✐♥✐q✉❡ ❛ ♠♦♥tré ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ✭✲ ✹✱✺ ❉❙✮✱ ✉♥❡ ♣❡t✐t❡ t❛✐❧❧❡ ✭✶✸✻ ❝♠✮✱ ✉♥ ♣♦✐❞s ❞❡ ✸✵ ❦❣

❡t q✉❡❧q✉❡s s✐❣♥❡s ❞②s♠♦r♣❤✐q✉❡s ❀ ❢r♦♥t étr♦✐t ❡t ❢✉②❛♥t✱ ②❡✉① ❡♥❢♦♥❝és✱ ❣r❛♥❞❡ ❜♦✉❝❤❡ ♦✉✈❡rt❡✱ ♠❛✉✈❛✐s❡

❞❡♥t✐t✐♦♥✱ ❧è✈r❡ ✐♥❢ér✐❡✉r❡ é✈❡rsé❡✱ ♣✐❡❞s ♣❧❛ts✱ ❤❛❧❧✉① ✈❛❧❣✉s ❡t ❤é♠✐♣❛rés✐❡ s♣❛st✐q✉❡ ❣❛✉❝❤❡ à ❧✬❡①❛♠❡♥ ♥❡✉✲

r♦❧♦❣✐q✉❡✳

▲❡ ♣❛t✐❡♥t ■❱✳✶✷ ❡st â❣é ❞❡ ✸✵ ❛♥s✳ ❙♦♥ ❤✐st♦✐r❡ ♣ré♥❛t❛❧❡ s✬❡st ❞ér♦✉❧é❡ s❛♥s ❛♥té❝é❞❡♥ts ♣❛rt✐❝✉❧✐❡rs✱ ♥é

❛ t❡r♠❡✱ à ❧✬❤ô♣✐t❛❧✱ s❛♥s ✐♥❝✐❞❡♥ts✳ ▲❡s ♣❛r❡♥ts r❛♣♣♦rt❡♥t ❧❛ ♥♦t✐♦♥ ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡ à ❧❛ ♥❛✐ss❛♥❝❡✳ ■❧ ❛

♠❛r❝❤é à ✷ ❛♥s ❡t ♥❡ ❞✐t ❛✉❝✉♥ ♠♦t✳ ■❧ ♣rés❡♥t❡ ✉♥❡ ❛❣✐t❛t✐♦♥ ♣s②❝❤♦♠♦tr✐❝❡✱ ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❛✈❡❝ ✉♥ P❈

à ✹✻ ❝♠ ✭✲ ✺ ❉❙✮✱ ✉♥❡ t❛✐❧❧❡ ❞❡ ✶✻✺ ❝♠✱ ✉♥ ❢r♦♥t ❢✉②❛♥t✱ ✉♥ ♥❡③ ♣r♦é♠✐♥❡♥t✱ ❞❡s ②❡✉① ❡♥❢♦♥❝és✱ ✉♥ ♣❛❧❛✐s

♣r♦❢♦♥❞✱ ✉♥❡ ♠❛✉✈❛✐s❡ ❞❡♥t✐t✐♦♥✱ ✉♥ rétr♦❣♥❛t❤✐s♠❡✱ ✉♥❡ ❚❈▲ ❡t ✉♥❡ ❤②♣❡rré✢❡①✐❡✳

▲❛ t❛❜❧❡ ✺✳✸ ❝✐✲❞❡ss♦✉s rés✉♠❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❝❧✐♥✐q✉❡s ❞❡s ♣❛t✐❡♥ts✳

P❛t✐❡♥ts ■❱✳✷ ■❱✳✹ ■❱✳✺ ■❱✳✻ ■❱✳✽ ■❱✳✶✷

❙❡①❡ ▼ ▼ ▼ ▼ ❋ ▼

▼✐❝r♦❝é♣❤❛❧✐❡

♣♦st✲♥❛t❛❧❡

✰ ✰ ✰ ✰ ✰ ✰

▼❛r❝❤❡

✐♥❞é♣❡♥❞❛♥t❡

✹ ❛♥s ✹ ❛♥s ✸ ❛♥s ✸ ❛♥s ✸ ❛♥s ✷ ❛♥s

➶❣❡ à ❧❛ ❞❡r♥✐èr❡

é✈❛❧✉❛t✐♦♥

✹✹ ❛♥s ✹✵ ❛♥s ✹✶ ❛♥s ✹✵ ❛♥s ✸✼ ❛♥s ✸✵ ❛♥s

❉■ sé✈èr❡ ♣r♦❢♦♥❞❡ sé✈èr❡ sé✈èr❡ sé✈èr❡ sé✈èr❡

▲❛♥❣❛❣❡ q✉❡❧q✉❡s ♠♦ts ❛❜s❡♥t q✉❡❧q✉❡s ♠♦ts q✉❡❧q✉❡s ♠♦ts ❛❜s❡♥t ❛❜s❡♥t

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✹✾



✺✳✶✳ ▲❆ ❋❆▼■▲▲❊✱ ▲❊❙ P❆❚■❊◆❚❙

P❛t✐❡♥ts ■❱✳✷ ■❱✳✹ ■❱✳✺ ■❱✳✻ ■❱✳✽ ■❱✳✶✷

➱♣✐❧❡♣s✐❡s ❝r✐s❡s

❣é♥ér❛❧✐sé❡s

❛❜s❡♥t❡s ❛❜s❡♥t❡s ❛❜s❡♥t❡s ❝r✐s❡s

♣❛rt✐❡❧❧❡s

♠♦tr✐❝❡s

❛❜s❡♥t❡s

❊①❛♠❡♥

♥❡✉r♦❧♦❣✐q✉❡

❤②♣❡rré✢❡①✐❡ q✉❛❞r✐♣❛rés✐❡

s♣❛st✐q✉❡

❞✬✐♥st❛❧❧❛t✐♦♥

♣r♦❣r❡ss✐✈❡

❛♣rès ✶✽ ❛♥s

♥♦r♠❛❧ str❛❜✐s♠❡ ❤é♠✐♣❛rés✐❡

s♣❛st✐q✉❡

❞❡♣✉✐s ❧✬â❣❡

❞❡ ✉♥ ♠♦✐s

❤②♣❡rré✢❡①✐❡

❊①❛♠❡♥

❞❡r♠❛t♦❧♦❣✐q✉❡

❚❈▲ ♥❧ ❚❈▲ ❚❈▲ ♥❧ ❚❈▲

❈♦♠♣♦rt❡♠❡♥t ♣❡♥❞❛♥t ❧✬❡♥❢❛♥❝❡

❆❣r❡ss✐✈✐té ✰ ✰ ✲ ✰ ✲ ✲

❍②♣❡r❛❝t✐✈✐té ✲ ✰ ✲ ✲ ✲ ✰

❙téré♦t②♣✐❡s ✰ ✲ ✲ ✲ ✲ ✲

❆♥❣♦✐ss❡s ✲ ✲ ✲ ✰ ✲ ✲

❈❛❧♠❡ ✲ ✲ ✲ ✰ ✰ ✲

❙♦❝✐❛❜❧❡ ✲ ✲ ✰ ✲ ✲ ✲

▼❡s✉r❡s à ❧✬â❣❡ ❛❞✉❧t❡

P❈ ✭❝♠✮ ✹✻✱✺ ✭✲✺❉❙✮ ✹✼ ✭✲✹✱✺❉❙✮ ✹✽ ✭✲✹❉❙✮ ✹✽ ✭✲✹❉❙✮ ✹✺ ✭✲✺✱✺❉❙✮ ✹✻ ✭✲✺❉❙✮

❚ ✭❝♠✮ ✶✺✾ ♥❞ ✶✻✸ ✶✺✹ ✶✸✻ ✶✻✺

P❞s ✭❦❣✮ ✺✻ ♥❞ ✻✺ ✹✷ ✸✵ ✹✻

❉②s♠♦r♣❤✐❡

❋r♦♥t étr♦✐t ❡t

❢✉②❛♥t

✰ ✰ ✰ ✰ ✰ ✰

❨❡✉① ❡♥❢♦♥❝és ✰ ✲ ✲ ✲ ✰ ✰

◆❡③ ❧❛r❣❡ ❡t

♣r♦é♠✐♥❡♥t

✰ ✲ ✰ ✰ ✲ ✰

P❛❧❛✐s ♦❣✐✈❛❧ ✰ ✲ ✰ ✰ ✲ ✰

▼❛✉✈❛✐s❡

❞❡♥t✐t✐♦♥

✰ ✲ ✲ ✰ ✰ ✰

▲è✈r❡ ✐♥❢ér✐❡✉r❡

é✈❡rsé❡

✰ ✲ ✲ ✲ ✰ ✲

❈②♣❤♦s❝♦❧✐♦s❡

❞♦rs❛❧❡

✰ ✲ ✲ ✰ ✲ ✲

Pr♦❣♥❛t❤✐s♠❡ ✲ ✲ ♠â❝❤♦✐r❡

s✉♣ér✐❡✉r❡

♠â❝❤♦✐r❡

s✉♣ér✐❡✉r❡

✲ ✲

❘étr♦❣♥❛t❤✐s♠❡ ✲ ✲ ✲ ✲ ✲ ✰

❆✉tr❡s ✲ ✲ ❝♦✉ ❧❛r❣❡✱

♠❛✐♥s ❡t ♣✐❡❞s

❝♦✉rts ❡t

tr❛♣✉s✱

❝✉❜✐t✉s

✈❛❧❣✉s✱

♠❛r❝❤❡ ❛✈❡❝

❧❡s ♣✐❡❞s ❡♥

r♦t❛t✐♦♥

✐♥t❡r♥❡

s♦✉r❝✐❧s é♣❛✐s✱

❞♦✐❣ts ❝♦✉rts✱

❣r♦ss❡s

❛rt✐❝✉❧❛t✐♦♥s

✐♥t❡r✲

♣❤❛❧❛♥❣✐❡♥♥❡s

❛✈❡❝ ♣♦✉❝❡s

❡t ❣r♦s ♦rt❡✐❧s

❧❛r❣❡s✱ ✢❡①✉♠

❞❡s ❣❡♥♦✉①

❣r❛♥❞❡

❜♦✉❝❤❡✱

❤é♠✐♣❛rés✐❡✱

❤é♠✐❛tr♦♣❤✐❡

❣❛✉❝❤❡✱

rétr❛❝t✐♦♥ ❞✉

❝♦✉❞❡ ❡t ❞✉

♣♦✐❣♥❡t✱ ♣✐❡❞s

♣❧❛ts✱ ❤❛❧❧✉①

✈❛❧❣✉s ❣❛✉❝❤❡

✲

❇✐❧❛♥ ♣❛r❛❝❧✐♥✐q✉❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✵
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❙❝❛♥♥❡r ❝éré❜r❛❧

✭s❛♥s ✐♥❥❡❝t✐♦♥

P❈✮

♥❞ ♥❞ ♥❧ ♥❞ ♥❞ ♥❧

■❘▼ ♥❞ ♥❞ ♣❛❝❤②❣②r✐❡

❛✈❡❝

r❛ré❢❛❝t✐♦♥

❞❡s ❝✐r❝♦♥✈♦✲

❧✉t✐♦♥s ❡t

❛s♣❡❝t é♣❛✐ss✐

❞❡ s❡s

❞❡r♥✐èr❡s ❡♥

❢r♦♥t♦✲

♣❛r✐❡t♦✲

t❡♠♣♦r❛❧❡ ❞❡

❢❛ç♦♥

❜✐❧❛tér❛❧❡

♥❞ ♥❞ ♥❞

❊❊● ♥❞ ♥❞ ❚r❛❝é ❞✬✐♥t❡r✲

♣rét❛t✐♦♥

❞✐✣❝✐❧❡✱

❝❛r❛❝tér✐sé ♣❛r

✉♥❡ ❛❝t✐✈✐té

t❤êt❛✱ ♣❧✉tôt

♠♦♥♦♠♦r♣❤❡✱

❜✐❧❛tér❛❧❡ ❡t

❞✐✛✉s❡

♥❞ ❚r❛❝é

❣❧♦❜❛❧❡♠❡♥t

❧❡♥t✱ ❞é♥✉é

❞✬❛♥♦♠❛❧✐❡s

✐rr✐t❛t✐✈❡s

❚r❛❝é ❧❡♥t

♣♦✉r ❧✬â❣❡✱

❝❛r❛❝tér✐sé

♣❛r ✉♥❡ ❛❝✲

t✐✈✐té ❧❡♥t❡

t②♣❡ t❤êt❛✱

❝♦♥t✐♥✉❡ ❡t

❞✐✛✉s❡

➱❝❤♦❣r❛♣❤✐❡

❛❜❞♦♠✐♥❛❧❡

♥❞ ♥❞ ♥❧ ♥❞ ♥❞ ♥❧

➱❝❤♦❣r❛♣❤✐❡

t❤②r♦✐❞✐❡♥♥❡

♥❞ ♥❞ ♥❧ ♥❞ ♥❞ ♥❧

❘① sq✉❡❧❡tt❡ ✿

t❡❧❡t❤♦r❛①✱ r❛❝❤✐s

❞♦rs❛❧✱ ❧♦♠❜❛✐r❡s✱

❜❛ss✐♥✱ ♠❛✐♥s✱ ❡t

❤✉♠❛r✉s

♥❧ ♥❞ ♥❧ ♥❞ ♥❧ ♥❧

▼❛rq✉❡✉rs

t✉♠♦r❛✉①

♥❞ ♥❞ P❙❆ ❚♦t❛❧❡ ✿

✶ ✭✹✱✺♥❣✴♠❧✮✱

❈❆✶✾✲✾ ✿ ✶

✭✵✲✸✼ ✉✐✴❧✮✱

❈❆✶✷✺ ✿ ✶✷

✭✵✲✸✺ ✉✐✴❧✮

P❙❆ ❚♦t❛❧❡ ✿

✶

✭✵✲✹✱✺♥❣✴♠❧✮✱

❈❆✶✾✲✻ ✿ ✶

✭✵✲✸✼✉✐✴❧✮✱

❈❆✶✷✺ ✿

✶✻✭✵✲✸✺✉✐✴❧✮

❍❈● ✿✶✭✵✲

✹✉✐✴❧✮✱

❈❆✶✺✲✸ ✿

✷✶✭✵✲✸✵✉✐✴❧✮✱

❈❆✶✾✲✾ ✿✶

✭✵✲✸✼✉✐✴❧✮✱

❈❆✶✷✺ ✿ ✹✽

✭✵✲✸✺✉✐✴❧✮

♥❞

❉♦s❛❣❡✱

❝❤r♦♠❛t♦ ❆❆ ❡t

❆❖

♥❧ ♥❞ ♥❞ ♥❞ ♥❞ ♥❞

▼P❙ ✉r✐♥❛✐r❡s ♥❞ ♥❞ ✲ ♥❞ ♥❞ ✲

❚❙❍ ♥❞ ♥❞ ✵✱✹✾✸ ✭✵✱✷✼✲

✹✱✷♠❯■✴❧✮

♥❞ ♥❞ ✷✱✶✽ ♠❯■✴❧

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✶
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Pr♦t ✴❛❧❜✉♠✳ s❣ ♥❞ ♥❞ ♥❧ ♥❧ ♥❧ ♥❞

❍é♣❛t✐q✉❡ ♥❞ ♥❞ ♥❧ ♥❧ ♥❧ ♥❧

❘é♥❛❧ ♥❞ ♥❞ ♥❧ ♥❧ ♥❧ ♥❧

❈❤♦❧❡stér♦❧✱ ❚● ♥❞ ♥❞ ♥❧ ♥❧ ♥❧ ♥❧

❈❛✱ P✱ ▼❣ ♥❞ ♥❞ ♥❧ ♥❧ ♥❧ ♥❧

❋✐❣✉r❡ ✺✳✸ ✿ ❈❛r❛❝tér✐st✐q✉❡s ❝❧✐♥✐q✉❡s ❞❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

❉■ ✿ ❉é✜❝✐❡♥❝❡ ■♥t❡❧❧❡❝t✉❡❧❧❡✱ P❈ ✿ Pér✐♠ètr❡ ❈râ♥✐❡♥✱ ❚ ✿ ❚❛✐❧❧❡✱ P❞s ✿ P♦✐❞s✱ ❉■ ✿ ❉é✜❝✐❡♥❝❡ ■♥t❡❧❧❡❝t✉❡❧❧❡✱ ❉❙ ✿

❉é✈✐❛t✐♦♥ ❙t❛♥❞❛r❞✱ ❚❈▲ ✿ ❚❛❝❤❡ ❈❛❢é ❛✉ ▲❛✐t✱ ❚● ✿ ❚r✐❣❧②❝ér✐❞❡s✱ ▼P❙ ✿ ▼✉❝♦♣♦❧②s❛❝❝❤❛r✐❞❡s✱ ❈❛ ✿ ❈❛❧❝✐✉♠✱ P ✿

P❤♦s♣❤♦r❡✱ ▼❣ ✿ ▼❛❣♥és✐✉♠✱ s❣ ✿ s❛♥❣✉✐♥✱ ♥❧ ✿ ♥♦r♠❛❧✱ ♥❞ ✿ ♥♦♥ ❞✐s♣♦♥✐❜❧❡✳

✺✳✷ ❙tr❛té❣✐❡

▲✬ét✉❞❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✱ ❞✬♦r✐❣✐♥❡ ❛❧❣ér✐❡♥♥❡✱ ❛ ❞é❜✉té ❡♥ ✷✵✵✼✱ ❛✈❛♥t ♠♦♥ ❛rr✐✈é❡ ❛✉ s❡✐♥ ❞❡ ❧✬éq✉✐♣❡

❞✉ ❉r ❈♦❧❧❡❛✉①✳ ▲✬❛♥❛❧②s❡ ❞❡ ❝❡tt❡ ❧❛r❣❡ ❢❛♠✐❧❧❡ ❝♦♥s❛♥❣✉✐♥❡ ❛ ❞é❜✉té ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r

❛✉t♦③②❣♦t✐❡ s✉✐✈✐❡ ❞❡ ❧✬ét✉❞❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts✱ ré❛❧✐sé❡s ❧✬✉♥❡ ❡t ❧✬❛✉tr❡ ♣❛r ▼♦❤❛♠♠❡❞ ❩❛r❤r❛t❡✳ ➚ ♠♦♥

❛rr✐✈é❡ ❛✉ ❧❛❜♦r❛t♦✐r❡ ❡♥ ✷✵✶✶✱ ✉♥❡ ♠✉t❛t✐♦♥ ❞❛♥s ✉♥ ❣è♥❡ ❝❛♥❞✐❞❛t ❛✈❛✐t été ❞é❝♦✉✈❡rt❡✳ ▼❛ ❝♦♥tr✐❜✉t✐♦♥ à

❝❡ tr❛✈❛✐❧ ❝♦♠♠❡♥❝❡ ❛✈❡❝ ❧✬ét✉❞❡ ❞❡s ❡✛❡ts ❢♦♥❝t✐♦♥♥❡❧s ❞❡ ❝❡tt❡ ♠✉t❛t✐♦♥✳ ❆✉ ♠ê♠❡ ♠♦♠❡♥t✱ ♥♦✉s ❛✈♦♥s

❡✉ ❧✬♦♣♣♦rt✉♥✐té ❞❡ séq✉❡♥❝❡r ❧✬❡①♦♠❡ ❞✬✉♥ ✉♥✐q✉❡ ♣r♦❜❛♥t ❞❡ ❧❛ ❢❛♠✐❧❧❡✱ ♥♦✉s ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥✜r♠❡r ♦✉

❞❡ r❡✈♦✐r✱ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❲❊❙✱ ❧❡s ❤②♣♦t❤ès❡s ❢♦r♠✉❧é❡s à ❧❛ s✉✐t❡ ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r

❛✉t♦③②❣♦t✐❡ ❡t r❡❝❤❡r❝❤❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts✳

✺✳✸ ❘és✉❧t❛ts

✺✳✸✳✶ ❈❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ❡t r❡❝❤❡r❝❤❡ ❞❡ ❣è♥❡s ❝❛♥❞✐❞❛ts

❆✈❛♥t ♠♦♥ ❛rr✐✈é❡ ❛✉ ❧❛❜♦r❛t♦✐r❡✱ ét❛♥t ❞♦♥♥é q✉✬✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❡st ♦❜s❡r✈é❡ ❝❤❡③ ❧❡s ✻ ❡♥❢❛♥ts

❛tt❡✐♥ts✱ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❧✐❛✐s♦♥ ❣é♥ét✐q✉❡ à ❧✬✉♥ ❞❡s ❣è♥❡s ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❝♦♥♥✉s à ❝❡tt❡ é♣♦q✉❡ ❛✈❛✐t

été t❡sté❡ ♣❛r ❣é♥♦t②♣❛❣❡ ✭❆❙P▼✱ ♠✐❝r♦❝❡♣❤❛❧✐♥✱ ❈❉❑✺❘❆P✷✱ ❈❊◆P❏✮✳
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❆❙P▼

✶✺✷ ✶✺✷✴✶✺✻ ✶✺✻ ✶✺✻ ✶✺✷ ♥❞ ✶✺✷✴✶✺✻ ♥❞
✶✻✾ ✶✻✾ ✶✻✾ ✶✻✾ ✶✻✾ ♥❞ ✶✻✾ ✶✻✾
✷✺✶ ✷✺✶✴✷✺✸ ✷✺✶✴✷✺✸ ✷✺✶✴✷✺✸ ✷✺✶ ♥❞ ✷✺✶✴✷✺✸ ✷✺✶

♠✐❝r♦❝❡♣❤❛❧✐♥ ✶✻✽✴✶✼✵ ✶✻✽✴✶✼✵ ✶✻✽✴✶✼✵ ✶✼✵ ✶✼✵ ♥❞ ✶✼✵ ✶✻✽✴✶✼✵

❈❉❑✺❘❆P✷
✶✶✵✴✶✶✻ ✶✶✵✴✶✶✻ ✶✶✵✴✶✶✻ ✶✵✹✴✶✶✷ ✶✶✵✴✶✶✻ ♥❞ ✶✶✷✴✶✶✻ ✶✵✹✴✶✶✵

✷✵✸ ✷✵✸ ✷✵✸ ✷✵✸✴✷✵✺ ✷✵✸ ♥❞ ✷✵✸✴✷✵✺ ♥❞

❈❊◆P❏
✷✸✶ ✷✸✼ ✷✸✶✴✷✸✼ ✷✸✶✴✷✸✼ ✷✸✶✴✷✸✼ ♥❞ ✷✸✶✴✷✸✼ ✷✸✶✴✷✸✼
✷✻✼ ✷✽✷✴✷✽✹ ✷✻✼✴✷✽✹ ✷✻✼✴✷✽✹ ✷✻✼✴✷✽✷ ♥❞ ✷✻✼✴✷✽✷ ✷✻✼✴✷✽✹

❚❛❜❧❡ ✺✳✸ ✿ ●é♥♦t②♣❛❣❡ ❞❡s ❧♦❝✐s ❝♦♥♥✉s ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡✳

♥❞ ✿ ♥♦♥ ❞✐s♣♦♥✐❜❧❡✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✷



✺✳✸✳ ❘➱❙❯▲❚❆❚❙

❯♥ t♦✉r ❞❡ ❣é♥♦♠❡ ❛✈❛✐t ❞♦♥❝ été ré❛❧✐sé ♣❛r ❣é♥♦t②♣❛❣❡ ❞❡ ✶✵ ✵✵✵ ❙◆Ps ❝♦✉✈r❛♥t ❧❛ t♦t❛❧✐té ❞✉ ❣é♥♦♠❡

♣♦✉r ✺ ❞❡s ✻ ❡♥❢❛♥ts ❛tt❡✐♥ts ❡t ❧❡s ❞❡✉① ♣❛r❡♥ts s❛✐♥s ✭t❛❜❧❡ ✶✻✳✶✮✳ ➚ ❧✬✐ss✉❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s✱ ✸

ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s ❛✈❛✐❡♥t été r❡t❡♥✉❡s ❛✈❡❝ ✉♥ ❧♦❞ s❝♦r❡ s✉♣ér✐❡✉r à ✷✱ tr♦✉✈é❡s ❤♦♠♦③②❣♦t❡s ❝❤❡③ ❧❡s

❡♥❢❛♥ts ❛tt❡✐♥ts ❡t ❤étér♦③②❣♦t❡s ❝❤❡③ ❧❡s ♣❛r❡♥ts s❛✐♥s ✭t❛❜❧❡ ✺✳✹✮

❝❤r♦♠♦s♦♠❡ ♣♦s✐t✐♦♥ ✭●❘❈❤✸✼✮ ♣♦s✐t✐♦♥ t❛✐❧❧❡ ✭▼❜✮ ❧♦❞ s❝♦r❡ ♥♦♠❜r❡ ❞❡ ❣è♥❡s
✻ ✶✵✾✾✽✷✶✻✵✲✶✶✾✹✶✷✾✺✷ ✻q✷✶✲q✷✷✳✸✶ ✾✱✹ ❃ ✷✱✵ ✺✸
✽ ✾✵✽✷✷✼✺✾✲✾✾✷✽✷✸✹✶ ✽q✷✶✳✸✲q✷✷✳✷ ✽✱✺ ✷✱✻✻ ✹✻
✶✾ ✷✽✹✷✹✽✻✾✲✹✷✸✺✹✾✹✹ ✶✾q✶✶✲q✶✸✳✷ ✶✸✱✾ ❃ ✷✱✵ ✷✺✹

❚❛❜❧❡ ✺✳✹ ✿ ▲❡s ré❣✐♦♥s ■❇❉ ❝❛♥❞✐❞❛t❡s✳

▲❡ ❣é♥♦t②♣❛❣❡ ❞❡ ♠❛rq✉❡✉rs ♠✐❝r♦s❛t❡❧❧✐t❡s ❧♦❝❛❧✐sés ❞❛♥s ❝❡s ré❣✐♦♥s ❝❛♥❞✐❞❛t❡s ♣♦✉r ✺ ❡♥❢❛♥ts ❛tt❡✐♥ts✱

✷ ❡♥❢❛♥ts s❛✐♥s ❡t ❧❡s ✷ ♣❛r❡♥ts s❛✐♥s ❛✈❛✐t ♣❡r♠✐s ❞✬❡①❝❧✉r❡ ❞❡✉① ❞❡ ❝❡s ré❣✐♦♥s✳ ❯♥❡ ré❣✐♦♥ ✉♥✐q✉❡ ❞✬❤♦♠♦✲

③②❣♦t✐❡ ❞❡ ✽✱✺ ▼❜ ❡♥ ✽q✷✶✳✸✲q✷✷✳✷ s✐t✉é❡ ❡♥tr❡ ❧❡s ♠❛rq✉❡✉rs rs✷✽✶✹✹ ❡t ❉✽❙✷✺✼ ❛✈❛✐t été r❡t❡♥✉❡ s✉r ❧❡

❝❤r♦♠♦s♦♠❡ ✽✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❧♦❞✲s❝♦r❡ ❞♦♥♥❛✐t ✉♥❡ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞❡ ✷✱✻✻✳ ❈❡tt❡ ré❣✐♦♥ ❝♦♥t❡♥❛✐t ✹✷ ❣è♥❡s

❝♦♥♥✉s ❡t ✹ ❣è♥❡s ♣ré❞✐ts ✭✜❣✉r❡ ✺✳✹✮✳

❋✐❣✉r❡ ✺✳✹ ✿ ❈❛rt❡ ♣❤②s✐q✉❡ ❞❡ ❧❛ ré❣✐♦♥ ❝❛♥❞✐❞❛t❡ ✐❞❡♥t✐✜é❡ s✉r ❧❡ ❝❤r♦♠♦s♦♠❡ ✽ ✭s♦✉r❝❡ ✿ ❯❈❙❈✮✳

◗✉❛tr❡ ❣è♥❡s ❝❛♥❞✐❞❛ts sé❧❡❝t✐♦♥♥és ♣♦✉r ❧❡✉r ❢♦♥❝t✐♦♥ ♦✉ ❧❡✉r ♣r♦✜❧ ❞✬❡①♣r❡ss✐♦♥ ❛✈❛✐❡♥t ❞✬❛❜♦r❞ été

❡①❝❧✉s ♣❛r séq✉❡♥ç❛❣❡ ✭❘❯◆❳✶❚✶✱ ◆❇◆✱ ■◆❚❙✽ ❡t ❈❈◆❊✷✮✳ ❉❡ ♣❧✉s✱ ✉♥ ❛✉tr❡ ❣è♥❡✱ ❞é❥à ❛ss♦❝✐é à ✉♥❡

❛✉tr❡ ♣❛t❤♦❧♦❣✐❡ ✭❚▼❊▼✻✼ ❞♦♥t ❧❡s ♠✉t❛t✐♦♥s s♦♥t r❡s♣♦♥s❛❜❧❡s ❞✬✉♥❡ ❢♦r♠❡ ❞❡ s②♥❞r♦♠❡ ❞❡ ❏♦✉❜❡rt✱

▼■▼ ✻✶✵✻✽✽✮ ❛✈❛✐t é❣❛❧❡♠❡♥t été ❡①❝❧✉✳ P❛r♠✐ ❧❡s ❛✉tr❡s ❣è♥❡s ❝♦❞❛♥ts ❞❡ ❝❡tt❡ ré❣✐♦♥✱ ❘❆❉✺✹❇✱ ✉♥

❣è♥❡ ❞✬❡①♣r❡ss✐♦♥ ✉❜✐q✉✐t❛✐r❡ ❝♦❞❛♥t ✉♥❡ ♣r♦té✐♥❡ ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❛ ré♣❛r❛t✐♦♥ ❞❡s ❧és✐♦♥s ❞❡ ❧✬❆❉◆ ❡t ❧❛

r❡❝♦♠❜✐♥❛✐s♦♥ ♠✐t♦t✐q✉❡✱ s❡♠❜❧❛✐t êtr❡ ✉♥ ❜♦♥ ❣è♥❡ ❝❛♥❞✐❞❛t✳ ❊♥ ❡✛❡t✱ ♣❧✉s✐❡✉rs s✐❣♥❡s ❝❧✐♥✐q✉❡s ♦❜s❡r✈és

❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ▼♦✱ ❝♦♠♠❡ ❧❛ ♠✐❝r♦❝é♣❤❛❧✐❡ ❝♦♥❣é♥✐t❛❧❡✱ ❧❡ r❡t❛r❞ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♣s②❝❤♦♠♦t❡✉r sé✈èr❡✱ ❧❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✸



✺✳✸✳ ❘➱❙❯▲❚❆❚❙

r❡t❛r❞ ❞❡ ❝r♦✐ss❛♥❝❡ st❛t✉r♦✲♣♦♥❞ér❛❧ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ♣♦st♥❛t❛❧✮ ❡t ❧❛ ❞②s♠♦r♣❤✐❡ ❢❛❝✐❛❧❡✱ s♦♥t ré❣✉❧✐èr❡♠❡♥t

♦❜s❡r✈és ❞❛♥s ❞✬❛✉tr❡s ♠❛❧❛❞✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❬❖✬❉r✐s❝♦❧❧ ❛♥❞ ❏❡❣❣♦✱ ✷✵✵✽❪✳

▲❡ t❡st ♣❛r séq✉❡♥ç❛❣❡ ❞❡s ✾ ❡①♦♥s ❝♦❞❛♥t ❞❡ ❘❆❉✺✹❇ ❛✈❛✐t ♣❡r♠✐s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥❡ ✈❛r✐❛t✐♦♥ ❞❛♥s

❧✬❡①♦♥ ✽ ✿ ✉♥❡ tr❛♥s✐t✐♦♥ ❝✳✶✷✹✸❈❃❚ ✭✜❣✉r❡ ✺✳✺✮✳

❋✐❣✉r❡ ✺✳✺ ✿ ➱❧❡❝tr♦♣❤♦r❡❣r❛♠♠❡s r❡♣rés❡♥t❛♥t ❧❛ ♠✉t❛t✐♦♥ ❝✳✶✷✹✸❈❃❚ ❞✉ ❣è♥❡ ❘❆❉✺✹❇ ❝❤❡③ ❞❡✉① ❡♥❢❛♥ts ❛tt❡✐♥ts
❡t ✉♥ ❝♦♥trô❧❡✳

❈❡ ✈❛r✐❛♥t ❝♦✲sé❣rè❣❡❛✐t ❛✈❡❝ ❧❛ ♠❛❧❛❞✐❡ ❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ❡t ♥✬❛✈❛✐t ♣❛s été r❡tr♦✉✈é ❝❤❡③ ✉♥❡ ❝♦❤♦rt❡

❝♦♥trô❧❡ ❞❡ ✻✵✷ ❝❤r♦♠♦s♦♠❡s✱ ❞♦♥t ✷✵✷ ❞❡ ❧❛ ♠ê♠❡ ♦r✐❣✐♥❡ ❡t❤♥✐q✉❡ q✉❡ ❧❡s ♣❛t✐❡♥ts✱ é❝❛rt❛♥t ❛✐♥s✐ ❧✬❤②♣♦✲

t❤ès❡ ❞✬✉♥ ✈❛r✐❛♥t r❛r❡✳ ❈❡ ✈❛r✐❛♥t ❡♥tr❛î♥❡ ❧❛ s✉❜st✐t✉t✐♦♥ ♥♦♥✲s②♥♦♥②♠❡ ❞❡ ❧✬❛r❣✐♥✐♥❡ ❡♥ ♣♦s✐t✐♦♥ ✹✶✺ ♣❛r ✉♥❡

❝②sté✐♥❡ ✭♣✳❘✹✶✺❈✮✳ ❈❡t ❛❝✐❞❡ ❛♠✐♥é ❡st très ❝♦♥s❡r✈é ❝❤❡③ t♦✉s ❧❡s ♦rt❤♦❧♦❣✉❡s ❞❡ ❘❆❉✺✹❇ ✭✜❣✉r❡ ✺✳✻✮✱

❡t ❡st ❧♦❝❛❧✐sé ✾ ❛❝✐❞❡s ❛♠✐♥és ❡♥ ❛♠♦♥t ❞✉ ❞♦♠❛✐♥❡ ❤é❧✐❝❛s❡ ■■ ❞❡ ❧❛ ♣r♦té✐♥❡✳

❋✐❣✉r❡ ✺✳✻ ✿ ❆❧✐❣♥❡♠❡♥t ❞❡s séq✉❡♥❝❡s ♣r♦té✐q✉❡s ❞❡s ♦rt❤♦❧♦❣✉❡s ❞❡ ❘❆❉✺✹❇✳

▲❛ ✢è❝❤❡ r♦✉❣❡ ✐♥❞✐q✉❡ ❧✬❛r❣✐♥✐♥❡ ✹✶✺ ❛❧téré❡ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✹
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▲❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬❛❝✐❞❡ ❛♠✐♥é ❛✉ ✜❧ ❞❡ ❧✬é✈♦❧✉t✐♦♥ s✉♣♣♦rt❡ ❧✬✐❞é❡ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❧❛ ♠✉t❛t✐♦♥ ❛✛❡❝t❡ ❧❛

❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡✳ ❊♥✜♥✱ ❞✐✈❡rs ❧♦❣✐❝✐❡❧s ❞❡ ♣ré❞✐❝t✐♦♥ ✐♥ s✐❧✐❝♦ ❞❡s ❡✛❡ts ❢♦♥❝t✐♦♥♥❡❧s ❡t✴♦✉ str✉❝t✉r❛✉①

❞❡ ❝❡ ✈❛r✐❛♥t s✉❣❣ér❛✐❡♥t q✉✬✐❧ ♣✉✐ss❡ s✬❛❣✐r ❞✬✉♥ ✈❛r✐❛♥t ♣❛t❤♦❣è♥❡ ✭P♦❧②P❤❡♥✲✷ s❝♦r❡ ✿ ✶✱ ❙■❋❚ s❝♦r❡ ✿ ✵✮✳

▲❡ ❣è♥❡ ❘❆❉✺✹❇ ❡st ✉♥ ♣❛r❛❧♦❣✉❡ ❞✉ ❣è♥❡ ❘❆❉✺✹ ❞❡s ✈❡rté❜rés ❡t ✉♥ ❤♦♠♦❧♦❣✉❡ ❞❡ ❧❛ ♣r♦té✐♥❡

❘❞❤✺✹✴❚✐❞✶ ❞❡ ❧❛ ❧❡✈✉r❡ ❙❛❝❝❤❛r♦♠②❝❡s ❝❡r❡✈✐s✐❛❡ ❬❍✐r❛♠♦t♦ ❡t ❛❧✳✱ ✶✾✾✾❪✳ ❘❆❉✺✹❇ ❡st ✉♥❡ ♣r♦té✐♥❡ ♥✉✲

❝❧é❛✐r❡✳ ❊❧❧❡ ❝♦♠♣t❡ ✼ ❞♦♠❛✐♥❡s ❤é❧✐❝❛s❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❞❡ ♣r♦té✐♥❡s ❙◆❋✷✴❙❲■✷ ❡t ♣♦ssè❞❡

✉♥❡ ❛❝t✐✈✐té ❆❚P❛s❡ st✐♠✉❧é❡ ♣❛r s❛ ❧✐❛✐s♦♥ à ❧✬❆❉◆ ❞♦✉❜❧❡ ❜r✐♥✳ ❈❡tt❡ ♣r♦té✐♥❡ ❡st ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❛ ré♣❛r❛✲

t✐♦♥ ❞❡s ❝❛ss✉r❡s ❞♦✉❜❧❡s ❜r✐♥s ✭❈❉❇✮ ♣❛r r❡❝♦♠❜✐♥❛✐s♦♥ ❤♦♠♦❧♦❣✉❡ ✭✜❣✉r❡ ❆✳✶✶✮✳ ▲❡s ❈❉❇ s♦♥t ❝❛✉sé❡s

♣❛r ❧❡s r❛❞✐❛t✐♦♥s ✐♦♥✐s❛♥t❡s✱ ❧❡s ♣♦♥t❛❣❡s ✐♥t❡r✲❜r✐♥✱ ❧❡ str❡ss ♦①✐❞❛t✐❢ ❡t ❧❡s ❡rr❡✉rs ❞❡ ❧❛ ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆✳

▲❛ ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇ ♣❛r r❡❝♦♠❜✐♥❛✐s♦♥ ❤♦♠♦❧♦❣✉❡ ❞é♣❡♥❞ ❞❡s ❣è♥❡s ❞✉ ❣r♦✉♣❡ ❘❆❉✺✷✱ ❞♦♥t ❘❆❉✺✶✱

❘❆❉✺✹ ❡t ❘❆❉✺✹❇ ❢♦♥t ♣❛rt✐✳ ▲❡ ♣r♦✜❧ ❞✬❡①♣r❡ss✐♦♥ ❞✉ ❣è♥❡ ❘❆❉✺✹❇ ❝❤❡③ ❧✬❤♦♠♠❡ ❝♦ï♥❝✐❞❡ ❛✈❡❝ ❝❡❧✉✐ ❞❡

❘❆❉✺✹ ❬❚❛♥❛❦❛ ❡t ❛❧✳✱ ✷✵✵✵❪ ✿ ❧✬❡①♣r❡ss✐♦♥ ❡st ❢♦rt❡ ❞❛♥s ❧❛ r❛t❡ ❡t ❧❡s t❡st✐❝✉❧❡s✱ ❞❡s t✐ss✉s ♦ù ❞❡s é✈é♥❡✲

♠❡♥ts ❞❡ r❡❝♦♠❜✐♥❛✐s♦♥ s❡ ❞ér♦✉❧❡♥t✳ ▲❡ ❣è♥❡ s✬❡①♣r✐♠❡ à ✉♥ ♥✐✈❡❛✉ ❜❛s❛❧ ❞❛♥s ❧❡s ❛✉tr❡s ♦r❣❛♥❡s ❬❍✐r❛♠♦t♦

❡t ❛❧✳✱ ✶✾✾✾❪✳ ▲❡ ✈❛r✐❛♥t ♣✳❘✹✶✺❈ ❞✉ ❣è♥❡ ❘❆❉✺✹❇ ét❛✐t ❞♦♥❝ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ❜♦♥ ❝❛♥❞✐❞❛t à ét✉❞✐❡r

❛✈❡❝ ❞❡s ❛♥❛❧②s❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ❛✜♥ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞✬é✈❡♥t✉❡❧s ❡✛❡ts ❞❡ ❧❛ ♠✉t❛t✐♦♥ s✉r ❧❛ str✉❝t✉r❡✱

❧❛ st❛❜✐❧✐té ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞é❜✉té ✉♥❡ sér✐❡ ❞✬❡①♣ér✐❡♥❝❡s ✈✐s❛♥t à ❞é♠♦♥tr❡r

❧✬✐♠♣❛❝t ❞❡ ❝❡ ✈❛r✐❛♥t s✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✹❇✳

✺✳✸✳✷ ➱t✉❞❡ ❞❡ ❧❛ st❛❜✐❧✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✹❇ ♠✉té❡

P♦✉r t❡st❡r ❧✬❤②♣♦t❤ès❡ ❞❡ ❧❛ ♣❛t❤♦❣é♥✐❝✐té ❞✉ ✈❛r✐❛♥t ♣✳❘✹✶✺❈ ♥♦✉s ❞✐s♣♦s♦♥s ❞❡ ✜❜r♦❜❧❛st❡s ✐ss✉s ❞❡

❜✐♦♣s✐❡s ❝✉t❛♥é❡s ❞❡s ♣❛t✐❡♥ts ■❱✳✺ ❡t ■❱✳✶✷✳ ▲❡s ♣r❡♠✐❡rs t❡sts ré❛❧✐sés ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ♠♦♥tr❡r q✉❡ ❧❡

✈❛r✐❛♥t ♥✬❛✛❡❝t❡ ♥✐ ❧❛ st❛❜✐❧✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ✭✜❣✉r❡s ✺✳✼ ❡t ✺✳✾✮ ♥✐ s❛ ❧♦❝❛❧✐s❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✭✜❣✉r❡ ✺✳✽✮✳

❋✐❣✉r❡ ✺✳✼ ✿ ❙t❛❜✐❧✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✹❇✳

❲❡st❡r♥ ❜❧♦t ✭❲❇✮ ✿ ✸✺ ✖❣ ❞✬❡①tr❛✐ts ♣r♦té✐q✉❡s ❞❡ ♣❛t✐❡♥t ✈s ❝♦♥trô❧❡ ♦♥t été ❞é♣♦sés ❞❛♥s ❝❤❛q✉❡ ♣✉✐ts✳ ▲✬✐♥t❡♥s✐té
❞✉ ♠❛rq✉❛❣❡ ❞❡ ❧❛ ☞❛❝t✐♥❡ ét❛♥t tr♦♣ ✐♠♣♦rt❛♥t❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✶ ❝♦♠♠❡ té♠♦✐♥ ❞❡ ❝❤❛r❣❡✳
▲❡s ❞❡✉① ❢❛✐❜❧❡s ❜❛♥❞❡s✱ ♠❛rq✉é❡s ❞✬✉♥❡ ❛stér✐sq✉❡ ✭✯✮✱ s♦♥t ❞❡s ❜❛♥❞❡s ❛s♣é❝✐✜q✉❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✺
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❋✐❣✉r❡ ✺✳✽ ✿ ▲♦❝❛❧✐s❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❡ ❧❛ ♣r♦té✐♥❡ ❘❆❉✺✹❇✳

■♠♠✉♥♦❝②t♦❝❤✐♠✐❡ ✭■❈✮ ✿ ❧❡ ♠ê♠❡ ❛♥t✐❝♦r♣s ❛ été ✉t✐❧✐sé✳ ▲❡s ❛❝q✉✐s✐t✐♦♥s s♦♥t ré❛❧✐sé❡s ❛✉ ♠✐❝r♦s❝♦♣❡ ❝♦♥❢♦❝❛❧
▲❙▼✼✵✵ ❛✈❡❝ ✉♥ ♦❜❥❡❝t✐❢ P❧❛♥✲❆♣♦❝❤r♦♠❛t ✻✸①✴✶✳✹✵ ❖✐❧ ❉■❈ ▼✷✼ ❡t ✉♥ ❧♦❣✐❝✐❡❧ ❞✬❛❝q✉✐s✐t✐♦♥ ❩❡♥ ✭✈❡rs✐♦♥ ✷✵✵✾✮✳ ▲❛
♣r♦té✐♥❡ s❡ r❡tr♦✉✈❡ ré♣❛rt✐❡ ✉♥✐❢♦r♠é♠❡♥t ❞❛♥s ❧❡ ♥♦②❛✉✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ③♦♥❡s ♥✉❝❧é♦❧❛✐r❡s ♦ù ❡❧❧❡ ❡st ❛❜s❡♥t❡✱
❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❝♦♠♠❡ ❝❤❡③ ❧❡s ❝♦♥trô❧❡s✳

❋✐❣✉r❡ ✺✳✾ ✿ ■♥t❡♥s✐tés ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❞✉ ♠❛rq✉❛❣❡ ❘❆❉✺✹❇✳

◗✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ✿ ❧❡s ✐♥t❡♥s✐tés ❞❡ ✢✉♦r❡s❝❡♥❝❡ s♦♥t ♠❡s✉ré❡s ❛✈❡❝ ✐♠❛❣❡❏ s✉r ❧❡s ❛❝q✉✐s✐t✐♦♥s ✐❧❧✉stré❡s
❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✽✳ ▲❡s ♠♦②❡♥♥❡s ♣♦✉r ♥ ♥♦②❛✉① ♣❛r s✉❥❡t s♦♥t ❝❛❧❝✉❧é❡s ❡t s♦✉♠✐s❡s ❛✉ t❡st ❞❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡s
✈❛r✐❛♥❝❡s ✭❆◆❖❱❆✮ ❡t ❛✉ t❡st ♣♦st ❤♦❝ ❞❡ ❚✉❦❡② s✉r ❧❡ ❧♦❣✐❝✐❡❧ ❘✳ ▲❡s ♥✐✈❡❛✉① ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❝❤❡③ ❧❡s ❞❡✉① ♣❛t✐❡♥ts
♥❡ s♦♥t ♣❛s st❛t✐st✐q✉❡♠❡♥t ❞✐✈❡r❣❡♥ts ❝♦♠♣❛rés à ❝❤❛❝✉♥ ❞❡s ❝♦♥trô❧❡s ✭t❛❜❧❡❛✉ ❇✳✶ ❡♥ ❛♥♥❡①❡✮✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✻
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✺✳✸✳✸ ❲❊❙ s✉r ✉♥ ✉♥✐q✉❡ ♣r♦❜❛♥t

◆♦✉s ♥♦✉s ❛♣♣rêt✐♦♥s à ♣♦✉rs✉✐✈r❡ ♥♦tr❡ tr❛✈❛✐❧ ❞✬❛♥❛❧②s❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ♣♦✉r t❡st❡r ❧❡s ❝❛♣❛❝✐tés ❞❡s

✜❜r♦❜❧❛st❡s ❞❡ ♣❛t✐❡♥ts à ré♣❛r❡r ❧❡s ❧és✐♦♥s ❞❡ ❧✬❆❉◆ ❧♦rsq✉❡ ♥♦✉s ❛✈♦♥s ❡✉ ❧✬♦♣♣♦rt✉♥✐té ❛✉ ♣r✐♥t❡♠♣s

✷✵✶✶ ❞❡ ré❛❧✐s❡r ✉♥ ❲❊❙ ♣♦✉r ✉♥ ❞❡s s✉❥❡ts ❛tt❡✐♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳ ▲♦rs ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡

❲❊❙✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❝♦♥❝❡♥trés s✉r ❧❡s ✈❛r✐❛♥ts ❤♦♠♦③②❣♦t❡s✱ ❛❜s❡♥ts ❞❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s

✭✓ ❞❜❙◆P✶✸✽ ✔ ❡t ✓ t❤❡ ✶ ✵✵✵ ●❡♥♦♠❡s Pr♦❥❡❝t ✔✮✱ ❞♦♥t ❧✬❡✛❡t ❞é❧étèr❡ s✉r ❧❛ ♣r♦té✐♥❡ ❡st ❧❡ ♣❧✉s ♣r♦❜❛❜❧❡

✭♥♦♥ s②♥♦♥②♠❡s✱ ❛✛❡❝t❛♥t ❞❡s s✐t❡s ❞✬é♣✐ss❛❣❡ ♦✉ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ✐♥s❡rt✐♦♥s ❡t ❞é❧ét✐♦♥s ❞❛♥s ❧❛ ré❣✐♦♥

❝♦❞❛♥t❡✮✳ ❈❡tt❡ ❛♥❛❧②s❡ ♥♦✉s ❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ❧❡ ✈❛r✐❛♥t ❝✳✶✾✵✶❚❃❈✱ ♣✳▼❡t✻✸✹❚❤r t♦✉❝❤❛♥t ❧✬❡①♦♥ ✶✺

❞✉ ❣è♥❡ ❲❉✲r❡♣❡❛t✲❝♦♥t❛✐♥✐♥❣ ♣r♦t❡✐♥ ✻✷ ✭❲❉❘✻✷✮✳

▲✬❛❝✐❞❡ ❛♠✐♥é ✻✸✹✱ ♣❡✉ ❝♦♥s❡r✈é✱ ❛♣♣❛rt✐❡♥t à ✉♥ ❞♦♠❛✐♥❡ ✓❲❉✹✵✲r❡♣❡❛t ✔✳ ▲❛ ✈❛r✐❛t✐♦♥ ♣✳▼✻✸✹❚ ❡st ♣ré❞✐t❡

♣♦t❡♥t✐❡❧❧❡♠❡♥t ♣❛t❤♦❣è♥❡ ♣❛r ❞✐✈❡rs ♦✉t✐❧s ❞❡ ♣ré❞✐❝t✐♦♥s ✐♥ s✐❧✐❝♦ ✭P♦❧②P❤❡♥✲✷ s❝♦r❡ ✿ ✵✳✻✽✷✱ ❙■❋❚ s❝♦r❡ ✿

✵✳✵✹ ❡t ✓ ❉✐s❡❛s❡ ❈❛✉s✐♥❣ ✔ ❞✬❛♣rès ▼✉t❛t✐♦♥ ❚❛st❡r✮✳ ▲❡ ❣è♥❡ ❲❉❘✻✷ ❡st ❧♦❝❛❧✐sé s✉r ❧❡ ❝❤r♦♠♦s♦♠❡ ✶✾

✭✶✾q✶✸✳✶✷✮✱ ❞❛♥s ❧✬✉♥❡ ❞❡s ❣r❛♥❞❡s ré❣✐♦♥s ❞✬❤♦♠♦③②❣♦t✐❡ q✉❡ ♥♦✉s ❛✈✐♦♥s é❧✐♠✐♥é ♣❛r ❧✬ét✉❞❡ ❞❡ ♠❛rq✉❡✉rs

♠✐❝r♦s❛t❡❧❧✐t❡ ❡♥ ✷✵✵✼✳ ▲✬❛♥❛❧②s❡ ♣ré❝✐s❡ ❞❡ ❧❛ ré❣✐♦♥ ré✈è❧❡ q✉❡ ❧❡ ❣è♥❡ s❡ s✐t✉❡ ❞❛♥s ✉♥❡ ♣❡t✐t❡ ré❣✐♦♥

❞✬❤♦♠♦③②❣♦t✐❡ ❞❡ ✶✱✺ ▼❜ ✭❡♥tr❡ ❧❡s ♠❛rq✉❡✉rs rs✽✷✻✾✼✽ ❡t rs✶✻✾✻✽✼✻✶✮✳

▲❡ ✈❛r✐❛♥t ❝✳✶✾✵✶❚❃❈ ❛ été ✈❛❧✐❞é ♣❛r séq✉❡♥ç❛❣❡ ❙❛♥❣❡r ❡t ❝♦sé❣ré❣❡ ❛✈❡❝ ❧❡ ♣❤é♥♦t②♣❡ ❞❛♥s ❧❛ ❢❛♠✐❧❧❡

✭✜❣✉r❡ ✺✳✶✵✮✳ ❉❡ ♣❧✉s ✐❧ ♥✬❛ ♣❛s été r❡tr♦✉✈é ❝❤❡③ ✺✻ ❝♦♥trô❧❡s ❛❧❣ér✐❡♥s ❡t ✶✺✼ ❝♦♥trô❧❡s ❞❡ ❞✐✈❡rs❡s ❡t❤♥✐❡s✱

s♦✐t ✹✸✵ ❝❤r♦♠♦s♦♠❡s t❡stés ❛✉ t♦t❛❧✳

❋✐❣✉r❡ ✺✳✶✵ ✿ ➱❧❡❝tr♦♣❤♦r❡❣r❛♠♠❡s r❡♣rés❡♥t❛♥t ❧❛ ♠✉t❛t✐♦♥ ❝✳✶✾✵✶❚❃❈ ❞✉ ❣è♥❡ ❲❉❘✻✷ ❝❤❡③ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

❊❙ ✿ ❊♥❢❛♥t ❙❛✐♥✱ ❊❆ ✿ ❊♥❢❛♥t ❆tt❡✐♥t✳

❇✐❧❣ü✈❛r ❡t ❛❧✳ ❬✷✵✶✵❪ ♣✉❜❧✐❡♥t ❡♥ ◆♦✈❡♠❜r❡ ✷✵✶✵ ❧❡s ♣r❡♠✐èr❡s ♠✉t❛t✐♦♥s ❞❡ ❝❡ ❣è♥❡✱ ✐❞❡♥t✐✜é❡s ❝❤❡③ ❞❡s

♣❛t✐❡♥ts ❛✈❡❝ ❞❡ sé✈èr❡s ♠❛❧❢♦r♠❛t✐♦♥s ❝éré❜r❛❧❡s✳ ▲❡s ❛✉t❡✉rs ♣r♦♣♦s❡♥t q✉❡ ❧❡ ❣è♥❡❲❉❘✻✷ ❝♦rr❡s♣♦♥❞❡ ❛✉

❧♦❝✉s ▼❈P❍✷ ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ♣r✐♠❛✐r❡ ❛✉t♦s♦♠✐q✉❡ ré❝❡ss✐✈❡ ✭▼■▼ ✻✶✸✺✽✸✮ ❞♦♥t ❧❡ s♣❡❝tr❡ ♣❤é♥♦t②♣✐q✉❡

❡st ♣❧✉s ❧❛r❣❡ ❡t ♣❧✉s sé✈èr❡ q✉✬✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ✐s♦❧é❡✳ ❉❡♣✉✐s ✷✵✶✵✱ ❞❡ ♥♦♠❜r❡✉s❡s ♠✉t❛t✐♦♥s ❞❛♥s ❝❡

❣è♥❡ ♦♥t été ✐❞❡♥t✐✜é❡s ✭✜❣✉r❡ ✺✳✶✶✮✱ é❧❛r❣✐ss❛♥t ❛✐♥s✐ ❧❡ s♣❡❝tr❡ ♣❤é♥♦t②♣✐q✉❡ ❛ss♦❝✐é ❛✉① ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✼
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❲❉❘✻✷ ❬◆✐❝❤♦❧❛s ❡t ❛❧✳✱ ✷✵✶✵✱ ❋❛r❛❣ ❡t ❛❧✳✱ ✷✵✶✸✱ P♦✉❧t♦♥ ❡t ❛❧✳✱ ✷✵✶✹❪✳

❋✐❣✉r❡ ✺✳✶✶ ✿ ▼✉t❛t✐♦♥s ❲❉❘✻✷ ✐❞❡♥t✐✜é❡s à ❝❡ ❥♦✉r✱ ✜❣✉r❡ ♠♦❞✐✜é❡ ❞✬❛♣rès ▼❝❉♦♥❡❧❧ ❡t ❛❧✳ ❬✷✵✶✹❪✳

▲❡ ❣è♥❡ ❲❉❘✻✷ ✭✶✾q✶✸✳✶✷✮ ❝♦♠♣♦sé ❞❡ ✸✷ ❡①♦♥s ❝♦❞❡ ✉♥❡ ♣r♦té✐♥❡ ❞❡ ✶ ✺✷✸ ❛❝✐❞❡s ❛♠✐♥és✳ ▲❡s ✸✸ ♠✉t❛t✐♦♥s
♣✉❜❧✐é❡s à ❝❡ ❥♦✉r s♦♥t ♥♦té❡s s❡❧♦♥ ❧❡ ❝❤❛♥❣❡♠❡♥t ♣❡♣t✐❞✐q✉❡ ✭❡♥ ♥♦✐r✮✳ ▲❛ ♠✉t❛t✐♦♥ ♣✳▼❡t✻✸✹❚❤r✱ ♣rés❡♥t❡ ❝❤❡③ ❧❛
❢❛♠✐❧❧❡ ▼♦✱ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♥♦✉✈❡❧❧❡ ♠✉t❛t✐♦♥ ❡t ❡st ♥♦té❡ ❡♥ r♦✉❣❡✳

▲❡ ❣è♥❡ ❲❉❘✻✷ ❝♦❞❡ ✉♥❡ ♣r♦té✐♥❡ ❞✬é❝❤❛❢❛✉❞❛❣❡ ✭s❝❛✛♦❧❞ ♣r♦t❡✐♥✮ ♥✉❝❧é❛✐r❡ ❛♣♣❛rt❡♥❛♥t à ❧❛ ❢❛♠✐❧❧❡

❞❡s ♣r♦té✐♥❡s ❞✉ ♣ô❧❡ ❞✉ ❢✉s❡❛✉ ♠✐t♦t✐q✉❡ ❬❇❛❝✐♥♦ ❡t ❛❧✳✱ ✷✵✶✷❪✳ ❈❤❡③ ❧✬❤♦♠♠❡ ❡t ❝❤❡③ ❧❛ s♦✉r✐s✱ ❧❛ ♣r♦té✐♥❡

❲❉❘✻✷ ❡st ❡♥r✐❝❤✐❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ♥❡✉r♦♣r♦❣é♥✐tr✐❝❡s ✭◆❡✉r❛❧ Pr♦❣❡♥✐t♦r ❈❡❧❧s ♦✉ ◆P❈s✮ ❡t ❛ ✉♥ rô❧❡

❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❝♦rt✐❝❛❧ ♣ré❝♦❝❡ ❬❇✐❧❣ü✈❛r ❡t ❛❧✳✱ ✷✵✶✵❪✳ ▲✬✐♥✈❛❧✐❞❛t✐♦♥ ❞✉ ❣è♥❡ ❲❉❘✻✷ ❡♥❣❡♥❞r❡ ✉♥❡

ré❞✉❝t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ têt❡ ❝❤❡③ ❧❡ ③❡❜r❛✜s❤ ❡t ❧❛ s♦✉r✐s ❬◆♦✈♦r♦❧ ❡t ❛❧✳✱ ✷✵✶✸✱ ❳✉ ❡t ❛❧✳✱ ✷✵✶✹✱

❈❤❡♥ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❈❤❡③ ❧❛ s♦✉r✐s✱ ❳✉ ❡t ❛❧✳ ❬✷✵✶✹❪ ❡t ❈❤❡♥ ❡t ❛❧✳ ❬✷✵✶✹❪ ❝♦♥st❛t❡♥t ✉♥❡ ❢♦r♠❛t✐♦♥ ❛♥♦r♠❛❧❡

❞✉ ❢✉s❡❛✉ ♠✐t♦t✐q✉❡ ❞❛♥s ❧❡s ◆P❈s ♠✉r✐♥❡s✱ ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥ ❛rrêt ❞✉ ❝②❝❧❡ ❡t ✉♥❡ ♠♦rt ❝❡❧❧✉❧❛✐r❡ ❀ ❝❡s

❛♥♦♠❛❧✐❡s ❡♥tr❛î♥❡♥t ❞❡s ❞é❢❛✉ts ❞❛♥s ❧❛ ♥❡✉r♦❣❡♥ès❡ ❡t ❧❛ ♠✐❣r❛t✐♦♥ ♥❡✉r♦♥❛❧❡✱ r❡s♣♦♥s❛❜❧❡s ❞✉ ♣❤é♥♦t②♣❡

♠❛❝r♦s❝♦♣✐q✉❡ ♦❜s❡r✈é✳ ❊♥✜♥✱ ❳✉ ❡t ❛❧✳ ❬✷✵✶✹❪ ré❛❧✐s❡♥t ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ s❛✉✈❡t❛❣❡ ♣❤é♥♦t②♣✐q✉❡ ✿ ❧❡s

❛✉t❡✉rs ♣❛r✈✐❡♥♥❡♥t à r❡st❛✉r❡r ❧❡ ♣❤é♥♦t②♣❡ ❛✈❡❝ ❧❡ ❣è♥❡ ❤✉♠❛✐♥ s❛✉✈❛❣❡ ❞❛♥s ❧❡s ◆P❈s ♠✉r✐♥❡s ♠❛✐s

é❝❤♦✉❡♥t ❛✈❡❝ ❧❡s ✺ ♠✉t❛♥ts ❲❉❘✻✷ ♣✉❜❧✐és ♣❛r ◆✐❝❤♦❧❛s ❡t ❛❧✳ ❬✷✵✶✵❪✳

▲❡ ✈❛r✐❛♥t ♣✳▼❡t✻✸✹❚❤r ✐❞❡♥t✐✜é ❞❛♥s ❧❛ ❢❛♠✐❧❧❡ ▼♦ ❛♣♣❛r❛ît ❞♦♥❝ ❝♦♠♠❡ r❡s♣♦♥s❛❜❧❡ ❞✉ ♣❤é♥♦t②♣❡ ♦❜s❡r✈é

❝❤❡③ ❧❡s ♣❛t✐❡♥ts✳ ❈♦♠♠❡♥t é✈❛❧✉❡r ❛❧♦rs ❧❛ ♣❛rt ❞❡ r❡s♣♦♥s❛❜✐❧✐té ❞❡s ❞❡✉① ✈❛r✐❛♥ts ❞❛♥s ❧❡ ♣❤é♥♦t②♣❡ ❣❧♦❜❛❧

❞❡s ♣❛t✐❡♥ts ❄ ❆✈❡❝ ❧❛ r❡✈✉❡ ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ❡t ❧❡s rés✉❧t❛ts ❞❡ q✉❡❧q✉❡s t❡sts ❢♦♥❝t✐♦♥♥❡❧s✱ ♥♦✉s ❛✈♦♥s t❡♥té

❝✐✲❞❡ss♦✉s ❞✬é✈❛❧✉❡r ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡s ♣♦t❡♥t✐❡❧s ❡✛❡ts ❞é❧étèr❡s ❞❡s ❞❡✉① ✈❛r✐❛♥ts✳

✺✳✹ ➱✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❝❤❛q✉❡ ✈❛r✐❛♥t

✺✳✹✳✶ ▲❡ ❣è♥❡ ❲❉❘✻✷✱ ❞♦♥♥é❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡

▲❛ t❛❜❧❡ ✺✳✶✷ r❡❣r♦✉♣❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❛s ❲❉❘✻✷ r❛♣♣♦rtés ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❥✉sq✉✬à ♥♦✈❡♠❜r❡ ✷✵✶✹ ✿

✸✹ ♠✉t❛t✐♦♥s ❞✐st✐♥❝t❡s ✭✜❣✉r❡ ✺✳✶✶✮✱ ✶✵✺ ♣❛t✐❡♥ts ❝❤❡③ ✹✸ ❢❛♠✐❧❧❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✺✽
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❝♦rt❡①

♣✳❆r❣✽✻✸❍✐s ▼✐ss❡♥s❡ ✶ ❚✉♥✐s✐❛♥ ▼❈✱ ♠♦❞❡r❛t❡ ❞❡✈❡❧♦♣♠❡♥t❛❧ ❞❡❧❛②✱ ✐♥s✉❧✐♥

❞❡♣❡♥❞❡♥t ❞✐❛❜❡t❡s

❙②♠♠❡tr✐❝ ❜✐❧❛t❡r❛❧ ♣♦❧②♠✐❝r♦❣②r✐❛

♣✳❆s♣✾✺✺❆❧❛❢s✯✶✶✶✱

♣✳●❧②✽✻✷❙❡r

❋r❛♠❡s❤✐❢t✱

♠✐ss❡♥s❡

✶ ♥❛ ▼❈✱ ✐♥❢❛♥t✐❧❡ s♣❛s♠s✱ ❛st✐❣♠❛t✐s♠✱ s❡✈❡r❡

♣s②❝❤♦♠♦t♦r ❞❡❧❛②✱ ❛♥❞ ❢❡❡❞✐♥❣ ❞✐✣❝✉❧t✐❡s

❋r♦♥t❛❧ ♣❛❝❤②❣②r✐❛ ❀ ✉♥✐❧❛t❡r❛❧ ♣♦❧②♠✐❝r♦❣②r✐❛ ▼ü❧❧❡r ❡t ❛❧✳

✭♠❛♥✉s❝r✐♣t ✐♥

♣✳❆s♣✾✺✺❆❧❛❢s✯✶✶✹ ❋r❛♠❡s❤✐❢t ✶ ♥❛ ▼❈✱ ♥♦ ❛❝t✐✈❡ s♣❡❡❝❤ ◆♦ ❣r♦ss ❝♦rt✐❝❛❧ ♠❛❧❢♦r♠❛t✐♦♥ ♣r❡♣❛r❛t✐♦♥✮✱

♣✳●❧✉✺✸✻❳ ◆♦♥s❡♥s❡ ✶ ♥❛ ▼❈ ❛t ❜✐rt❤ ✲✷✳✼❙❉✱ ♥♦ s❡✐③✉r❡s✱ ■❉✱ ❢r✐❡♥❞❧②

❜❡❤❛✈✐♦r✱ ❤②♣❡r❛❝t✐✈❡✱ ✇❛❧❦❡❞ ❛t ✶✽♠✱ ♥♦ ❧❛♥❣✉❛❣❡

❛t ✹②

P❛❝❤②❣②r✐❛✱ ❈❈ ❞②s❣❡♥❡s✐s ❢r♦♠ P♦✉❧t♦♥

❡t ❛❧✳ ❬✷✵✶✹❪

♣✳❆s♣✽✹✸●❧②❢s✯✸ ❋r❛♠❡s❤✐❢t ✸ P❛❦✐st❛♥✐ ▼❈✱ ❛❣r❡ss✐✈❡ ❜❡❤❛✈✐♦r✱ ❛❜♥♦r♠❛❧❧② ✇❛t❡r ♠♦✉t❤ ❈❚✲s❝❛♥ ✿ r❡❞✉❝❡❞ ✈♦❧✉♠❡ ♦❢ t❤❡ r✐❣❤t ❝❡r❡❜r❛❧

❤❡♠✐s♣❤❡r❡ ❛♥❞ ♣r♦♠✐♥❡♥t ❡①tr❛ ❛①✐❛❧ ❝❡r❡❜r♦s♣✐♥❛❧

s♣❛❝❡s ✇✐t❤ ✐❧❧✲❞❡✜♥❡❞ ❣②r❛❧ ❛♥❞ ♥✉❝❧❡✐ ♣❛tt❡r♥

❘✉♣♣ ❡t ❛❧✳

❬✷✵✶✹❪

▼❈✱ ❛❣r❡ss✐✈❡ ❜❡❤❛✈✐♦r✱ ❛❜♥♦r♠❛❧❧② ✇❛t❡r ♠♦✉t❤ ♥❛

▼❈✱ ♥♦ ♦t❤❡r ❛❜♥♦r♠❛❧✐t✐❡s ♥❛

❋✐❣✉r❡ ✺✳✶✷ ✿ P❛t✐❡♥ts ❲❉❘✻✷ r❛♣♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ✐♥s♣✐ré ❞❡ P♦✉❧t♦♥ ❡t ❛❧✳ ❬✷✵✶✹❪✳

▼❈ ✿ ▼✐❝r♦❝❡♣❤❛❧②✱ ▼❙● ✿ ▼✐❝r♦❝❡♣❤❛❧② ✇✐t❤ ❙✐♠♣❧✐✜❡❞ ●②r❛t✐♦♥✱ P▼● ✿ P♦❧②♠✐❝r♦❣②r✐❛✱ ❈❈ ✿ ❈♦r♣✉s ❈❛❧❧♦s✉♠✱ ▼❘■ ✿ ▼❛❣♥❡t✐❝ ❘❡s♦♥❛♥❝❡ ■♠❛❣✐♥❣✱ ●❚❈ ✿ ●❡♥❡r❛❧✐③❡❞ ❚♦♥✐❝ ❈❧♦♥✐❝✱

❈❙❋ ✿ ❈❡r❡❜r♦s♣✐♥❛❧ ❋❧✉✐❞✱ ❈❍▼ ✿ ❈♦♠♣♦✉♥❞ ❍❡t❡r♦③②❣♦✉s ▼✉t❛t✐♦♥✱ ❍❈ ✿ ❍❡❛❞ ❈✐r❝✉♠❢❡r❡♥❝❡✱ ❈❚ ✿ ❈♦♠♣✉t❡r✐③❡❞ ❚♦♣♦❣r❛♣❤②✱ ❙❉ ✿ ❙t❛♥❞❛r❞ ❉❡✈✐❛t✐♦♥✱ ▲ ✿ ▲❡❢t✱ ❘ ✿❘✐❣❤t✱ ◆ ✿

■♥❞✐✈✐❞✉❛❧s✱ ♣❛t ✿ ♣❛t❡r♥❛❧✱ ♠❛t ✿ ♠❛t❡r♥❛❧✱ ♥❛ ✿ ♥♦♥ ❛✈❛✐❧❛❜❧❡✱ ② ✿ ②❡❛rs✱ ♠ ✿ ♠♦♥t❤s✱ ❜t✇ ❀ ❜❡t✇❡❡♥✳
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➱t❛♥t ❞♦♥♥é ❧❡s ❛♥♦♠❛❧✐❡s ❝♦rt✐❝❛❧❡s ♦❜s❡r✈é❡s très ❢réq✉❡♠♠❡♥t ❝❤❡③ ❧❡s ♣❛t✐❡♥ts r❛♣♣♦rtés ❛✈❡❝ ❞❡s

♠✉t❛t✐♦♥s ❞❛♥s ❧❡ ❣è♥❡ ❲❉❘✻✷✱ ❧❡s ✐♠❛❣❡s ■❘▼ ét❛✐❡♥t ♥é❝❡ss❛✐r❡s ❡t r❡♣rés❡♥t❛✐❡♥t ✉♥ ❜♦♥ ♠♦②❡♥ ♣♦✉r

❡st✐♠❡r ❧❛ ❝♦♥❝♦r❞❛♥❝❡ ❝❧✐♥✐q✉❡ ❞❡ ♥♦s ♣❛t✐❡♥ts ❛✈❡❝ ❧❡s ♣❛t✐❡♥ts ❲❉❘✻✷✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞❡♠❛♥❞é ❛✉

♥❡✉r♦❧♦❣✉❡ s✉✐✈❛♥t ❝❡s ♣❛t✐❡♥ts✱ ❧❡ ❉r ❑❛r✐♠ ❙❛❛❞✐✱ ❞❡ ré❛❧✐s❡r ❝❡t ❡①❛♠❡♥ ♣♦✉r ❧✬✉♥ ❞❡s ♣❛t✐❡♥ts✳ ▲❡s ✐♠❛❣❡s

❞✉ ♣❛t✐❡♥t ■❱✳✺ s♦♥t ♣rés❡♥té❡s ❝✐✲❞❡ss♦✉s ✭✜❣✉r❡ ✺✳✶✸✮✳

❋✐❣✉r❡ ✺✳✶✸ ✿ ■❘▼ ❞❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

❆ ✿ ❛①✐❛❧ ✢❛✐r ❀ ❇ ✿❝♦r♦♥❛❧ ❚✷ ❀ ❈ ✿ ❝♦r♦♥❛❧ ■❘✳

❈❡s ✐♠❛❣❡s ♠♦♥tr❡♥t ✉♥❡ ♣❛❝❤②❣②r✐❡ ❞✐✛✉s❡ t♦✉❝❤❛♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡ ❧♦❜❡ ❢r♦♥t♦✲♣❛r✐❡t♦✲t❡♠♣♦r❛❧

❜✐❧❛tér❛❧✱ ✉♥ ♠♦t✐❢ ❣②r❛❧ s✐♠♣❧✐✜é ❡t ✉♥ ❝♦rt❡① é♣❛✐s t❛♥❞✐s q✉❡ ❧❡ ❝❡r✈❡❧❡t ❡t ❧❡ tr♦♥❝ ❝éré❜r❛❧ s♦♥t ✐♥t❛❝ts✳

◗✉♦✐q✉❡ ❝❡rt❛✐♥s ❝❛s ♣rés❡♥t❡♥t ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ✐s♦❧é❡ ❬▼❝❉♦♥❡❧❧ ❡t ❛❧✳✱ ✷✵✶✹❪✱ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s

♣❛t✐❡♥ts ❲❉❘✻✷ ❞é❝r✐ts ❞♦♥t ❧❡s ❞♦♥♥é❡s ■❘▼ s♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ❛✐♥s✐ q✉❡ ❧❡ ♣❛t✐❡♥t ■❱✳✺ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✱

♣rés❡♥t❡♥t ❞❡s ♠❛❧❢♦r♠❛t✐♦♥s ❞✉ ❝♦rt❡① ❝éré❜r❛❧ ❛✈❡❝ ✉♥❡ ❛♥♦♠❛❧✐❡ ❞❡ ❧✬❛♣♣❛r❡♥❝❡ ❞❡s ❝✐r❝♦♥✈♦❧✉t✐♦♥s ❞✉

❝❡r✈❡❛✉ ✭❧✐ss❡♥❝é♣❤❛❧✐❡✮✳ ❈❡s ❛♥♦♠❛❧✐❡s s♦♥t ❛ss♦❝✐é❡s à ✉♥❡ ♦r❣❛♥✐s❛t✐♦♥ ❛♥♦r♠❛❧❡ ❞❡s ❝♦✉❝❤❡s ❞✉ ❝♦rt❡① ❡♥

r❛✐s♦♥ ❞✬✉♥ ❞é❢❛✉t s♣é❝✐✜q✉❡ ❞❡ ♠✐❣r❛t✐♦♥ ♥❡✉r♦♥❛❧❡ ❧♦rs ❞❡ ❧✬❡♠❜r②♦❣❡♥ès❡✳ ❊❧❧❡s s♦♥t ♣rés❡♥t❡s s♦✉s ❢♦r♠❡

❞❡ ♣❛❝❤②❣②r✐❡ ❡t✴♦✉ ♣♦❧②♠✐❝r♦❣②r✐❡✱ ❞✬✉♥❡ ❤②♣♦♣❧❛s✐❡ ❞✉ ❝♦r♣s ❝❛❧❧❡✉①✱ ♣❛r❢♦✐s ❛❝❝♦♠♣❛❣♥é❡s ❞✬✉♥ ❝♦rt❡①

é♣❛✐s ❡t ♣❧✉s r❛r❡♠❡♥t ❞✬✉♥❡ s❝❤✐③❡♥❝é♣❤❛❧✐❡ ❡t ❞✬❤étér♦t♦♣✐❡s✳ ▲❛ t❛❜❧❡ ✺✳✻ r❛♣♣♦rt❡ ❧❡s ❢réq✉❡♥❝❡s ❛ss♦❝✐é❡s

❛✉① ❛♥♦♠❛❧✐❡s ♥❡✉r♦❧♦❣✐q✉❡s ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❲❉❘✻✷ ♣✉❜❧✐és ❡t ❧❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✻✸
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P❤é♥♦t②♣❡ ❋réq✉❡♥❝❡ ❝❤❡③ ❧❡s
♣❛t✐❡♥ts ❲❉❘✻✷

❋réq✉❡♥❝❡ ❝❤❡③ ❧❡s
♣❛t✐❡♥ts ▼♦

❉é✜♥✐t✐♦♥

❉■ sé✈èr❡ ✶✺✴✼✾ ✻✴✻
❉■ ♠♦❞éré❡ ♦✉ ❧é❣èr❡ ✹✹✴✼✾ ✵✴✻
❘❡t❛r❞ ❞❡ ❧❛♥❣❛❣❡ ✹✾✴✾✼ ✻✴✻
❆❝q✉✐s✐t✐♦♥ ❞❡ ❧❛
♠❛r❝❤❡ t❛r❞✐✈❡

✶✼✴✾✼ ✻✴✻

➱♣✐❧❡♣s✐❡ ✷✸✴✾✼ ✷✴✻
❙♣❛st✐❝✐té ✹✴✾✼ ✵✴✻
❚r♦✉❜❧❡s ❞✉

❝♦♠♣♦rt❡♠❡♥t
✶✶✴✾✼ ✻✴✻

▼✐❝r♦❝é♣❤❛❧✐❡ ✶✵✸✴✶✵✸ ✻✴✻
●②r❛t✐♦♥ s✐♠♣❧✐✜é❡ ✶✺✴✹✾ ✶✴✶

❈♦rt❡① é♣❛✐s ✷✴✹✽ ✶✴✶
❆♥♦♠❛❧✐❡s ❞✉ ❈❈ ✶✼✴✹✽ ✵✴✶

P❛❝❤②❣②r✐❡ ✶✹✴✹✽ ✶✴✶ ❈✐r❝♦♥✈♦❧✉t✐♦♥s ❝éré✲
❜r❛❧❡s tr♦♣ é♣❛✐ss❡s ❡t
tr♦♣ ♣❡✉ ♥♦♠❜r❡✉s❡s

P♦❧②♠✐❝r♦❣②r✐❡ ✶✶✴✹✽ ✵✴✶ ❆♥♦♠❛❧✐❡ ❧♦❝❛❧❡ ❞✉ ❝♦r✲
t❡① ❝éré❜r❛❧ ❝❛r❛❝tér✐✲
sé❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✉♥
❡①❝ès ❞❡ ❣②r❛t✐♦♥s ❡t ❞❡
s✐❧❧♦♥s ♣❡✉ ♣r♦❢♦♥❞s

❙❝❤✐③❡♥❝é♣❤❛❧✐❡ ✺✴✹✽ ✵✴✶ ▼❛❧❢♦r♠❛t✐♦♥ ❝éré❜r❛❧❡
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡
❢❡♥t❡ ❧✐♥é❛✐r❡ ❜♦r❞é❡ ❞❡
s✉❜st❛♥❝❡ ❣r✐s❡ tr❛✈❡r✲
s❛♥t t♦✉t ❧✬❤é♠✐s♣❤èr❡✱
❞✉ ✈❡♥tr✐❝✉❧❡ ❧❛tér❛❧ à ❧❛
s✉r❢❛❝❡ ❡①t❡r♥❡ ❞✉ ❝♦r✲
t❡①

❍étér♦t♦♣✐❡s ✹✴✹✽ ✵✴✶ Prés❡♥❝❡ ❞❡ ♥❡✉r♦♥❡s
❡♥ ❞❡❤♦rs ❞✉ ❝♦rt❡①

❉✐s♠♦r♣❤✐❡ ❢❛❝✐❛❧❡ ✹✼✴✾✼ ✻✴✻
❆♥♦♠❛❧✐❡s ❞❡s
❡①tré♠✐tés

✹✴✾✼ ✸✴✻

❚❛❜❧❡ ✺✳✻ ✿ ❋réq✉❡♥❝❡ ❞❡s ❞✐✛ér❡♥ts s✐❣♥❡s ❝❧✐♥✐q✉❡s ♦❜s❡r✈és ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ▼♦ ❡t ❧❛ t♦t❛❧✐té ❞❡s ♣❛t✐❡♥ts ❲❉❘✻✷✳

▲❛ r❡✈✉❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠✉t❛t✐♦♥s ❲❉❘✻✷ ❞é❝r✐t❡s ❡t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❝❧✐♥✐q✉❡s ❛ss♦❝✐é❡s ♠♦♥tr❡

q✉❡ ❧❛ ♠✉t❛t✐♦♥ ❲❉❘✻✷ r❡♥❞ ❝♦♠♣t❡ ❞❡ ❧❛ ♠❛❥♦r✐té ❞❡s s✐❣♥❡s ♦❜s❡r✈és ❝❤❡③ ♥♦s ♣❛t✐❡♥ts ✭t❛❜❧❡ ✺✳✻✮✳ ❈❡t

❡①❡r❝✐❝❡ ♠❡t é❣❛❧❡♠❡♥t ❡♥ ✈❛❧❡✉r ❧✬❡①trê♠❡ ✈❛r✐❛❜✐❧✐té ❝❧✐♥✐q✉❡ ♦❜s❡r✈é❡ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ♠✉tés ❲❉❘✻✷

✭t❛❜❧❡ ✺✳✶✷✮✳ ❊♥ ❡✛❡t✱ ❝❡s ♠✉t❛t✐♦♥s s❡♠❜❧❡♥t êtr❡ ❛ss♦❝✐é❡s à ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡ sé✈èr❡ ❛✈❡❝ ✉♥ ❧❛r❣❡

s♣❡❝tr❡ ❞❡ ♠❛❧❢♦r♠❛t✐♦♥s ❝♦rt✐❝❛❧❡s ❡t ✉♥❡ ❛tt❡✐♥t❡ ❝♦❣♥✐t✐✈❡ ❞❡ ❞❡❣ré très ✈❛r✐❛❜❧❡✳ ❉✬❛♣rès ◆✐❝❤♦❧❛s ❡t ❛❧✳

❬✷✵✶✵❪✱ ❝❡tt❡ ✈❛r✐❛❜✐❧✐té ♣♦✉rr❛✐t êtr❡ ❞✉❡ ❛✉ t②♣❡ ❞❡ ♠✉t❛t✐♦♥✱ ❧✬❡✛❡t ❞❡s ♠✉t❛t✐♦♥s ♥♦♥ s❡♥s ét❛♥t ❛tt❡♥❞✉

♣❧✉s ✐♠♣♦rt❛♥t✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❝♦rré❧❛t✐♦♥ ♥✬❡st ♣❛s t♦t❛❧❡ ❝♦♠♠❡ ❧✬❛tt❡st❡♥t ❧❡s ♠✉t❛t✐♦♥s ❢❛✉① s❡♥s

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✻✹



✺✳✺✳ ❉■❙❈❯❙❙■❖◆ ❊❚ ❈❖◆❈▲❯❙■❖◆ P❘➱▲■▼■◆❆■❘❊❙

♣✳❚r♣✷✷✹❙❡r✱ ❬❇✐❧❣ü✈❛r ❡t ❛❧✳✱ ✷✵✶✵❪ ❡t ♣✳❱❛❧✻✺▼❡t✱ ❬❨✉ ❡t ❛❧✳✱ ✷✵✶✵❪ ❞é❝r✐t❡s ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ♣rés❡♥t❛♥t

✉♥ ♣❤é♥♦t②♣❡ ♣❧✉s sé✈èr❡ q✉❡ ❞❡s ♣❛t✐❡♥ts ❛✈❡❝ ❞❡s ♠✉t❛t✐♦♥s ♥♦♥ s❡♥s ♣✳❈②s✸✵✵❳✱ ❬❇❤❛t ❡t ❛❧✳✱ ✷✵✶✶❪ ❡t

♣✳●❧✉✺✷✻❳✱ ❬❇✐❧❣ü✈❛r ❡t ❛❧✳✱ ✷✵✶✵❪ ✭t❛❜❧❡ ✺✳✶✷✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❝❡rt❛✐♥❡s ♠✉t❛t✐♦♥s ♣rés❡♥t❡♥t ✉♥❡ ✈❛r✐❛❜✐✲

❧✐té ✐♥tr❛❢❛♠✐❧✐❛❧❡ ✭♣❛r ❡①❡♠♣❧❡ ♣✳❚r♣✷✷✹❙❡r✱ ❬❇✐❧❣ü✈❛r ❡t ❛❧✳✱ ✷✵✶✵❪ ❡t ♣✳❆r❣✻✵✽❙❡r❢s✯✷✻✱ ❬▼❝❉♦♥❡❧❧ ❡t ❛❧✳✱

✷✵✶✹❪✮✳ ❚rès ré❝❡♠♠❡♥t✱ P♦✉❧t♦♥ ❡t ❛❧✳ ❬✷✵✶✹❪ ♦♥t ❞é❝r✐t ❞❡✉① ♣❛t✐❡♥ts ♣♦rt❡✉rs ❞✬✉♥❡ ♠✉t❛t✐♦♥ ♣✳●❧✉✺✸✻❳

❞❛♥s ❧❡ ❣è♥❡ ❲❉❘✻✷ ❡t ❞♦♥t ❧✬✉♥ ♣rés❡♥t❡ ✉♥ ♣❤é♥♦t②♣❡ ♣❧✉s sé✈èr❡ q✉❡ ❧❡ s❡❝♦♥❞✳ ▲✬✐❞❡♥t✐✜❝❛t✐♦♥✱ ❝❤❡③

❝❡ ❞❡✉①✐è♠❡ ♣❛t✐❡♥t✱ ❞✬✉♥❡ ✈❛r✐❛t✐♦♥ ❞❛♥s ✉♥ s❡❝♦♥❞ ❣è♥❡✱ t✉❜✉❧✐♥ ❝♦❢❛❝t♦r ❉ ✭❚❇❈❉✮✱ ❝r✉❝✐❛❧ ♣♦✉r ❧❛

❞②♥❛♠✐q✉❡ ❞❡s ♠✐❝r♦t✉❜✉❧❡s✱ ❡①♣❧✐q✉❡ ❧❛ sé✈ér✐té ✐♠♣♦rt❛♥t❡ ❞❡ ❝❡s s②♠♣tô♠❡s ✭t❛❜❧❡ ✺✳✶✷✮✳ ▲❡s ❛✉t❡✉rs

♣r♦♣♦s❡♥t ❧✬❡①✐st❡♥❝❡ ❞❡ ❢❛❝t❡✉rs ❣é♥ét✐q✉❡s ♠♦❞✐✜❝❛t❡✉rs à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥tr❛✲❣r♦✉♣❡ ♦❜s❡r✈é❡

❝❤❡③ ❧❡s ♣❛t✐❡♥ts ♣♦rt❡✉rs ❞❡ ♠✉t❛t✐♦♥s ❲❉❘✻✷✳

✺✳✺ ❉✐s❝✉ss✐♦♥ ❡t ❝♦♥❝❧✉s✐♦♥ ♣ré❧✐♠✐♥❛✐r❡s

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬ét✉❞❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ♠✉t❛t✐♦♥ ❲❉❘✻✷✱

é❧❛r❣✐ss❛♥t ❡♥❝♦r❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝❛s ré♣❡rt♦r✐és ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ❈❡tt❡ ♠✉t❛t✐♦♥ ❡st ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t

r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s s②♠♣tô♠❡s ♦❜s❡r✈és ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❞❡ ❝❡tt❡ ❢❛♠✐❧❧❡✳ ❈❡♣❡♥❞❛♥t✱

❜✐❡♥ q✉❡ ❧❡s t❡sts ❢♦♥❝t✐♦♥♥❡❧s ♣ré❧✐♠✐♥❛✐r❡s ré❛❧✐sés ♥✬❛♣♣♦rt❡♥t ♣❛s ❞✬❛r❣✉♠❡♥ts ❡♥ ❢❛✈❡✉r ❞✬✉♥ ❡✛❡t ❝❛✉s❛❧

❞✉ ✈❛r✐❛♥t ❘❆❉✺✹❇✱ ♥♦✉s ♥❡ ♣♦✉✈♦♥s ♣❛s ❡♥t✐èr❡♠❡♥t ❡①❝❧✉r❡ q✉❡ ❝❡❧✉✐✲❝✐ ♥❡ ♣❛rt✐❝✐♣❡ ♣❛s à ✉♥ ❝❡rt❛✐♥ ❞❡❣ré

à ❧❛ sé✈ér✐té ❞❡s s②♠♣tô♠❡s ❞❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳ ❈♦♠♠❡ s✉❣❣éré ♣❧✉s tôt ♣❛r P♦✉❧t♦♥ ❡t ❛❧✳ ❬✷✵✶✹❪✱

❧❡ ✈❛r✐❛♥t ❘❆❉✺✹❇ ♣♦✉rr❛✐t ♣♦t❡♥t✐❡❧❧❡♠❡♥t êtr❡ ✉♥ ❢❛❝t❡✉r ❣é♥ét✐q✉❡ ♠♦❞✐✜❝❛t❡✉r ❞✉ ♣❤é♥♦t②♣❡ ✐♥❞✉✐t ♣❛r

❧❛ ♠✉t❛t✐♦♥ ❲❉❘✻✷✳

❯♥❡ ❝♦❤♦rt❡ ❞❡ ✶✸ ♣❛t✐❡♥ts ❛✈❡❝ ✉♥ t❛❜❧❡❛✉ ❝❧✐♥✐q✉❡ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦ ❛✈❛✐t été ét✉❞✐é❡

❡♥ ✷✵✵✼ ✿ ❛✉❝✉♥❡ ♥♦✉✈❡❧❧❡ ♠✉t❛t✐♦♥ ❞❛♥s ❧❡ ❣è♥❡ ❘❆❉✺✹❇ ♥✬❛✈❛✐t été ✐❞❡♥t✐✜é❡✳ ■❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡

r❡♣r❡♥❞r❡ ❝❡tt❡ ❝♦❤♦rt❡ ❛✉❥♦✉r❞✬❤✉✐ ♣♦✉r t❡st❡r ❧❡ ❣è♥❡ ❲❉❘✻✷✳ ▲❡ ❣è♥❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❧♦❝✉s ▼❈P❍✷ ❞❡

♠✐❝r♦❝é♣❤❛❧✐❡ ♣r✐♠❛✐r❡ ❛✉t♦s♦♠✐q✉❡ ré❝❡ss✐✈❡ ♥✬ét❛✐t ♣❛s ❝❛r❛❝tér✐sé ❛✈❛♥t ✷✵✶✵✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡ ❧♦❝✉s

♥✬❛✈❛✐t ♣❛s été ét✉❞✐é ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❣è♥❡s ❝♦♥♥✉s ❞❡ ♠✐❝r♦❝é♣❤❛❧✐❡ ❡♥ ♣r❡♠✐èr❡ ✐♥t❡♥t✐♦♥ ❡♥ ✷✵✵✼✳

❆✈❛♥t ❧❛ ré✈♦❧✉t✐♦♥ ◆●❙✱ ❧♦rs ❞❡ ❧✬ét✉❞❡ ❞❡ ❣r❛♥❞❡s ❢❛♠✐❧❧❡s ❝♦♥s❛♥❣✉✐♥❡s✱ ♥♦tr❡ ❛tt❡♥t✐♦♥ ét❛✐t ❝✐❜❧é❡ s✉r

❧❡s ♣❧✉s ❣r❛♥❞❡s ré❣✐♦♥s ■❇❉ ✐❞❡♥t✐✜é❡s ♣❛r ❝❛rt♦❣r❛♣❤✐❡✱ ❛♥t✐❝✐♣❛♥t ✉♥❡ ♣r♦❜❛❜✐❧✐té s✉♣ér✐❡✉r❡ q✉❡ ❝❡❧❧❡s✲❝✐

❝♦♥t✐❡♥♥❡♥t ✉♥❡ ♠✉t❛t✐♦♥ ❝❛✉s❛❧❡ ♣❛rt❛❣é❡ ♣❛r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛t✐❡♥ts✳ ◆♦s rés✉❧t❛ts ❞é♠♦♥tr❡♥t q✉❡ ❝❡tt❡

♣ré❝é❞❡♥t❡ ❛♣♣r♦❝❤❡ ♥✬ét❛✐t ♣❛s s❛♥s r✐sq✉❡ ❞❡ ♠❛♥q✉❡r ❞❡s ✈❛r✐❛♥ts ✐♥tér❡ss❛♥ts ❞❛♥s ❞✬❛✉tr❡s ré❣✐♦♥s ♣❧✉s

♣❡t✐t❡s✳ ❈❡ tr❛✈❛✐❧ ✐❧❧✉str❡ ❧✬❛♣♣♦rt ❞❡s ♥♦✉✈❡❧❧❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ séq✉❡♥ç❛❣❡s à ❤❛✉t ❞é❜✐t q✉✐ ❛ r❡♥❞✉ ♣♦ss✐❜❧❡

❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥❡ ♠✉t❛t✐♦♥ ❛✉♣❛r❛✈❛♥t ✐❣♥♦ré❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ❡t✱ à ❧✬❛✐❞❡

❞❡s ❛✉tr❡s ❝❛s ❝♦♥♥✉s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❛ ♣❡r♠✐s ❞❡ ♠✐❡✉① ❝❛r❛❝tér✐s❡r ❧❡ ♣❤é♥♦t②♣❡ ❞❡s ♣❛t✐❡♥ts✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✻✺
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●râ❝❡ ❛✉ s♦✉t✐❡♥ ❞❡ ❧❛ ❢♦♥❞❛t✐♦♥ ♠❛❧❛❞✐❡s r❛r❡s✱ ♥♦✉s ❛✈♦♥s ❡✉ ❧✬♦♣♣♦rt✉♥✐té ❞✬ét✉❞✐❡r ❧❛ ❢❛♠✐❧❧❡ ❊❧✳

❉✬♦r✐❣✐♥❡ ❛❧❣ér✐❡♥♥❡✱ ❝❡tt❡ ❢❛♠✐❧❧❡ ❝♦♠♣r❡♥❞ ✸ ❡♥❢❛♥ts ❛tt❡✐♥ts ✭✷ ✜❧❧❡s ❡t ✉♥ ❣❛rç♦♥✮ s✉r ✉♥❡ ❢r❛tr✐❡ ❞❡ ✶✷✱

✐ss✉s ❞✬✉♥❡ ✉♥✐♦♥ ❝♦♥s❛♥❣✉✐♥❡✳ ❊❧❧❡ ❡st s✉✐✈✐❡ ♣❛r ❧❡ ❉r ❆❜❞❡❧❦r✐♠ ❙❛❛❞✐ ❛✉ s❡✐♥ ❞❡ ❧✬ét❛❜❧✐ss❡♠❡♥t ❤♦s♣✐t❛❧✐❡r

❞❡ ❇❡♥❛❦♥♦✉♥ à ❆❧❣❡r✳ ▲❡s ♣❛t✐❡♥ts ♣rés❡♥t❡♥t ✉♥❡ ❉■ s②♥❞r♦♠✐q✉❡ ❛✈❡❝ ♥♦t❛♠♠❡♥t ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡✱ ✉♥❡

❞②s♠♦r♣❤✐❡ ❢❛❝✐❛❧❡✱ ✉♥❡ ♣❡t✐t❡ t❛✐❧❧❡ ❡t ❞❡s ❛♥♦♠❛❧✐❡s ❞✉ sq✉❡❧❡tt❡✳

✻✳✷ ❙tr❛té❣✐❡
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❧❡s ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts ♦♥t été ✜❧trés s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉r ❧♦❝❛❧✐s❛t✐♦♥ ❞❛♥s ❧❡s ré❣✐♦♥s ❞✬■❇❉✳
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ABSTRACT: Tel2-interacting proteins 1 and 2 (TTI1 and

TTI2) physically interact with telomere maintenance 2

(TEL2) to form a conserved trimeric complex called the

Triple T complex. This complex is a master regulator of

phosphoinositide-3-kinase-related protein kinase (PIKKs)

abundance and DNA damage response signaling. Using a

combination of autozygosity mapping and high-throughput

sequencing in a large consanguineous multiplex family, we

found that a missense c.1307T>A/p.I436N mutation in

TTI2 causes a human autosomal recessive condition char-

acterized by severe cognitive impairment, microcephaly,

behavioral troubles, short stature, skeletal anomalies, and

facial dysmorphic features. Immunoblotting experiment

showed decreased amount of all Triple T complex com-

ponents in the patient skin fibroblasts. Consistently, a

drastically reduced steady-state level of all PIKKs tested

was also observed in the patient cells. Combined with pre-

vious observations, these findings emphasises the role of

the TTI2 gene in the etiology of intellectual disability

and further support the role of PIKK signaling in brain

development and functioning.

Hum Mutat 34:1472–1476, 2013. C© 2013 Wiley Periodicals, Inc.

KEY WORDS: intellectual disability; TTI2; exome sequenc-

ing; PIKK

The Triple T complex is an evolutionary-conserved trimeric com-

plex composed of the proteins TEL2 (MIM #611140), TTI1 (MIM

#614425), and TTI2 (MIM #614426). tel2 has been first identified in

a screen for yeast mutants with altered telomere length [Lustig and

Petes, 1986]. Subsequently, Tti1p and its associated protein Tti2p

were implicated in tel2-dependent processes on the basis of their
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mutual association in yeast and mammalian cells [Hayashi et al.,

2007; Hurov et al., 2010; Kaizuka et al., 2010; Shevchenko et al.,

2008; Takai et al., 2007; Takai et al., 2010].

The components of the Triple T complex are mutually dependent

on each other, and act as critical regulators of the PIKK abun-

dance and checkpoint signaling. As such, the Triple T complex has

been shown to be required for various cellular processes, including

DNA damage response, nonsense-mediated decay, and telomerase

assembly [Horejsi et al., 2010; Hurov et al., 2010; Izumi et al., 2010;

Takai et al., 2007; Takai et al., 2010; Venteicher et al., 2008]. PIKKs

are unconventional serine–threonine protein kinases, with homol-

ogy in the catalytic domain to phosphatidylinositol 3-kinase, which

phosphorylates proteins rather than lipids. In mammals, the PIKK

family includes the catalytically active members protein kinase,

DNA-activated, catalytic polypeptide (PRKDC/DNA-PKcs; MIM

#600899), Ataxia Telangiectasia Mutated (ATM; MIM #607585),

ATM- and Rad3-Related (ATR; MIM #601215), mechanistic target

of rapamycin (MTOR; MIM #601231), and suppressor with mor-

phogenetic effect on genitalia-1 (SMG-1; MIM #607032), as well

as the catalytically inactive member transformation/transcription

domain-associated protein (TRRAP; MIM #603015).

Deficiencies of various signaling pathways regulated by PIKKs

cause different diseases. Mutations in ATM, which is crucial for re-

sponse to DNA double-strand breaks (DSBs) and cellular stresses

[Guo et al., 2010], and ATR, which is activated by replication stress

and certain DNA repair intermediates, cause ataxia telangiectasia

and Seckel syndrome, respectively. DNA-PKcs promotes nonho-

mologous end joining (NHEJ) and its deficiency causes diminished

V(D)J recombination and severe combined immunodeficiency in

mice. Finally, the MTOR pathway is implicated in the tumorigenesis

and its deregulation is associated with familial cancer syndromes

and tuberous sclerosis [Sabatini, 2006; Shaw and Cantley, 2006]. By

contrast, the consequences of mutations altering any of the three

Triple T subunits have only been studied in yeast or cultured mam-

malian cells.

We ascertained a sibship of three affected (two female and one

male) and six unaffected siblings born to healthy first cousin Alge-

rian parents (Fig. 1A). All patients were born with normal growth

parameters after an unremarkable pregnancy and delivery. For all

patients, the neonatal period was uncomplicated. At their last visit

at the age of 30–36 years, occipitofrontal circumference ranged

from –3 to –4 standard deviation (Supp. Table S1). They all had

severe cognitive impairment with severe speech delay and behav-

ioral disturbances but no seizures were reported. Short stature and

C© 2013 WILEY PERIODICALS, INC.



Figure 1. A missense mutation in TTI2 underlies a novel form of autosomal recessive syndromic ID. A: Pedigree of the family. Shaded symbols
indicate the affected individuals. B: Facial photographs of patients III-2, III-5, and III-9 showing dysmorphic features consisting of sloping forehead,
prominent nose and middle synophris in all patients. Deep-set eyes, large anteverted ears for patient III-2. Dental anomalies for patient III-2 and III-9
and strabismus for patient III-2 and III-5. Legal representative of the patients gave consent for the publication of these photographs. C: Spine X-ray
of patient III-5 showed dorsal lombar scoliosis. D: Homozygosity mapping results. The y axis represents the LOD scores and the x axis represents
the chromosome regions. A thick horizontal line indicates the LOD score threshold set at 2.0. Each peak above this line is part of the 14 homozygous
regions shared only by the three affected siblings. E: Sequence analysis in a patient, the mother and a healthy sib showing the c.1307T>A variant
in the TTI2/C8orf41 gene.

vertebral anomalies were noted in all affected sibs (Supp. Table S1

and Fig. 1C). Dysmorphic features including a sloping forehead,

deep set eyes, and anteverted large ears were also observed (Fig. 1B).

Laboratory analysis indicated normal circulating T, B, and NK cell

counts but a mild naı̈ve T (CD4, CD8) lymphocytopenia. Neurolog-

ical examination, molecular karyotyping, and standard metabolic

workup were normal.

Multipoint linkage analysis in all three affected children, the un-

affected child III-1, and the mother II-1 revealed 14 homozygous

identical-by-descent (IBD) regions shared by all affected sibling

(Fig. 1D and Supp. Methods). Collectively, these genomic intervals,

which size ranged from 700 kb to 11.5 Mb, encompassed 40.1 Mb,

and contained more than 320 known genes (Supp. Table S2).

To identify the disease-causing mutation, we performed whole-

exome sequencing on DNA from patient III-9 (Supp. Methods).

Exome sequencing data were first filtered for novel variants lo-

cated in IBD regions previously defined by autozygosity mapping

and focused primarily on nonsynonymous variants, splice accep-

tor and donor site mutations, and coding insertions/deletions (in-

dels), anticipating that synonymous variants were far less likely

to be pathogenic. We regarded variants as novel if they were

absent from all publically available data sets, including those

of dbSNP132 (http://www.ncbi.nih.gov/SNP), the 1000 Genomes

Project (http://browser.1000genomes.org/index.html), the NHLBI

ESP Exome Variant Server (http://evs.gs.washington.edu/EVS/),

and from in-house exome data containing information for more

than 600 samples. Two candidate variants fulfilled these crite-

ria (Supp. Table S3) and were confirmed by Sanger sequenc-

ing. Analysis of 130 chromosomes from an ethnic-specific con-

trol cohort allowed to discriminate between the two variants and
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Figure 2. Functional consequences of the TTI2/C8orf41 mutation A: Decreased amount of all Triple T subunits in the patient’s fibroblasts. Lysates
from controls (C-1 and C-2) and patient (III-2) cultured fibroblasts were subjected to immunoblotting with a polyclonal anti-TTI2 antibody and a
monoclonal anti-β-actin antibody as a loading control. Each extract was loaded in duplicate (controls) or in triplicate (patient). The same membrane
was incubated with a polyclonal anti-TTI1 antibody, a polyclonal anti-TEL2 antibody and a monoclonal anti-β-actin antibody as a loading control.
TTI1 and TEL2 protein amounts are clearly decreased in the patient compared with controls. B–D: Reduced ATM, DNA-PKcs, and MTOR levels in
patient fibroblasts. Lysates from control (C-3) and patient (III-2) fibroblasts were subjected to immunoblotting with a polyclonal anti-ATM antibody,
a monoclonal anti-DNA-PKcs antibody, a monoclonal anti-MTOR antibody and a monoclonal anti-β-actin antibody as a loading control. ATM and
ATR protein amounts are clearly decreased in the patient compared with control. (E) Densitometry analyses. Means ± standard error (SEM) for
TTI2/actin, TTI1/actin, TEL2/actin, ATM/actin, DNA-PKcs/actin and MTOR/actin ratios are given and expressed as a percentage of the control
values (100%). The number of replicates for each calculation is given (n). Significance was calculated using two-way analysis of variance (ANOVA)
test with Tukey correction. ∗∗P value < 0.01, ∗∗∗P value < 0.001.

after all filtering steps, a single variant mapping within the largest

IBD chromosomal region remained (8p12-p11.21, 11.5 Mb). This

NM 025115.1:c.1307T>A, p.Ile436Asn variant was located in exon

6 of TTI2/C8orf41 (Fig. 1E). Variant data were deposited in a pub-

lic database (http://www.lovd.nl/TTI2). Filtering exome sequencing

data according to other genetic mode of inheritance (compound

heterozygous mutation) did not provide any candidate variant.

The p.Ile436Asn variant alters a conserved residue (Supp.

Fig. S1) and was predicted to be damaging by various in silico

tools (PolyPhen-2 score: 0.868, SIFT scores: 0 and disease causing

according to Mutation Taster). Eleven patients with a similar pheno-

type were screened for mutations in TTI2/C8orf41 but no additional

variants could be identified. By contrast, a separate study reported

another missense TTI2 mutation (p.Pro367Leu) cosegregating with

intellectual disability (ID) in a large consanguineous Iranian fam-

ily [Najmabadi et al., 2011]. This variant was also predicted to be

deleterious (PolyPhen-2 score: 1, SIFT scores: 0 and disease causing

according to Mutation Taster). Collectively, these data suggest that

TTI2 mutations cause a novel form of autosomal recessive ID.

The consequence of the c.1307T>A variant on TTI2 expression

was first assessed by quantitative reverse-transcription PCR (RT-

PCR) of RNAs extracted from cultured skin fibroblasts of patient

III-2 but no difference in TTI2 mRNA expression between patient

and control cells was observed (data not shown). Subsequently, the

effect of the p.Ile436Asn mutation on TTI2 protein stability was

tested by Western blot analysis. Immunoblot analyses of fibroblast

lysates showed a markedly reduced amount of the TTI2 protein to

almost undetectable level in the patient cells compared with the

controls (Fig. 2A and E). Considering that TTI2, as TTI1 and TEL2,

is essential for stability and function of the Triple T complex [Hurov

et al., 2010; Takai et al., 2007], we investigated the consequence of

the mutation on TTT complex stability. We observed a significantly

reduced amount of TTI1 and TEL2 proteins in the patient fibroblasts

compared with the controls (Fig. 2A). Residual TTI1 and TEL2 levels

were less than 10% and 40% of controls, respectively (Fig. 2E). Alto-

gether, our data demonstrate that the p.Ile436Asn mutation caused

a dramatic decreased amount of all Triple T complex components.

In mammals, the Triple T complex regulates assembly and stabil-

ity of PIKK family proteins [Hurov et al., 2010; Takai et al., 2007;

2010]. We thus examined the effect of the p.Ile436Asn TTI2 muta-

tion on PIKKs stability. We observed that the TTI2 mutation caused

a significant reduction of ATM; DNA-PKcs and MTOR protein
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amount in the patients’ cells compared with the controls (Fig. 2B–D

and Supp. Methods). Residual ATM, DNA-PKcs and MTOR levels

were less than 24%, 45%, and 50% of controls, respectively (Fig. 2E).

To further confirm these results, siRNA directed against TTI2 were

transfected into HEK 293 cells. Silencing TTI2 expression had sim-

ilar effect on TTI1 and TEL2 protein stability to what is observed

in the patient cells (Supp. Fig. S2A). Similarly, a significant decrease

of ATM and DNA-PKcs protein levels were observed in depleted

cells when compared with the control cells (Supp. Fig. S2B). Taken

together, these results suggested that the p.Ile436Asn TTI2 muta-

tion impaired stability of the Triple T complex, leading to drastically

reduced steady-state level of all PIKKs tested.

In this study, by combining autozygosity mapping and high-

throughput sequencing in a large consanguineous family, we iden-

tified a TTI2 mutation responsible for an autosomal recessive

condition characterized by severe cognitive impairment, micro-

cephaly, behavioral troubles, short stature, skeletal anomalies, and

facial dysmorphic features. Combined to the previous identifi-

cation of another TTI2 mutation cosegregating with ID [Na-

jmabadi et al., 2011], our results suggest Triple T complex impair-

ment as a new pathophysiological mechanism underlying cognitive

deficit.

This recently discovered complex plays a key role in the fold-

ing/maturation of PIKK proteins. Three members of the PIKK fam-

ily, namely DNA-PK, ATM, and ATR, play prominent roles in the

cellular response to DNA damage through the detection and repair

of DSBs [Shiloh, 2003]. MTOR regulates translation, cell growth,

autophagy, metabolism, and organization of the actin cytoskeleton

[Wullschleger et al., 2006]. SMG-1 facilitates nonsense-mediated

mRNA decay [Yamashita et al., 2005]. The sixth known member of

the PIKK family, TRRAP, is devoid of kinase activity, and serves as an

essential component of several multiprotein chromatin-remodeling

complexes [McMahon et al., 2000].

TTI2 deficient patients share several features with those suffer-

ing from defective responses to DNA damage. First, ID and mi-

crocephaly are also observed in patients with Nijmegen Breakage,

DNA-ligase IV deficiency, Cernunnos-XLF, Seckel, and Bloom syn-

dromes. Second, short stature/growth retardation (Seckel, Fanconi,

DNA-ligase IV deficiency, Cernunnos-XLF, Bloom, Nijmegen, and

Ataxia telangiectasia syndromes), skeletal abnormalities (Fanconi,

Cernunnos-XLF, and Seckel syndromes) are frequently described

in DNA repair disorders. Third, facial dysmorphism is a sign of

Seckel, Cernunnos-XLF, or Nijmegen Breakage Syndromes. Finally,

the mild naı̈ve T (CD4 and CD8) lymphocytopenia found in the

TTI2 patients can also be observed in DNA repair disorders with

thymic deficiency.

By contrast, cancer predisposition, a feature commonly observed

in DNA repair disorders, is not hitherto reported in our family.

Along these lines, it is worth remembering that Seckel syndrome

linked to mutations in the ATR gene, as well as Ataxia-telangiectasia-

like disorder (A-T-LD, a clinically attenuated version of A-T linked

to hypomorphic mutations in the MRE11 gene and causing de-

fective NHEJ DNA-repair pathway), display no evidence of cancer

predisposition. In our family, absence of such predisposition could

also be a direct consequence of the downregulation of the MTOR

pathway, a prototypic survival pathway constitutively activated in

many types of cancer, thus preventing from tumorigenesis. Similarly,

RNA interference experiments have shown that TRRAP knockdown

significantly increased stem cell-like differentiation and suppressed

tumor formation [Wurdak et al., 2010]. Although we did not explore

the effect of TTI2 mutation on TRRAP stability, a reduced amount

of TRRAP protein in patient cells is also expected to protect against

cancer occurrence.

In neurons, mTOR is implicated in the local translation of den-

dritic mRNAs, a key aspect of dendrite and spine morphogenesis

and synaptic plasticity [Campbell and Holt, 2001; Jaworski et al.,

2005; Kumar et al., 2005]. Consistently, previous studies revealed a

connection between deregulation of the MTOR pathway and several

cognitive disorders. Hyperactivation of the MTOR pathway has been

observed in autism [Ehninger and Silva, 2011], tuberous sclerosis,

Fragile X and Down’s syndrome [Troca-Marin et al., 2012] and hy-

poactivation of MTOR has been linked to Rett syndrome [Ricciardi

et al., 2011]. As such, by impairing MTOR signaling in neuronal

cells, the TTI2 mutation could cause altered dendrite morphology

and synaptic plasticity leading to the cognitive deficit observed in

our patients.

In conclusion, our finding provide the first example of a hu-

man disorder related to a defect in Triple T complex, ascribing this

new condition to the large family of disorders linked to impaired

genome and transcriptome maintenance. These findings provide

further support to the hypothesis of a crucial role of PIKK signaling

in brain development and functioning.
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Supp. Materials and Methods 

 

Blood and skin patient samples 

Blood samples were collected for all affected and unaffected siblings and the mother, 

and skin fibroblasts were cultured from patient III-2. Institutional research ethic 

approval and written consent were obtained for all participants in the study. 

 

Genotyping and linkage analysis 

Single nucleotide polymorphism (SNP) genotyping from individuals II-1, III-1, III-2, III-

5, III-9 was carried out on GeneChip® Human Mapping 250K Array (Affymetrix, 

Santa Clara, CA, USA). Linkage analysis was performed with the Merlin program 

using a fully penetrant autosomal-recessive inheritance model. 

 

Exon enrichment and High-throughput sequencing 

The exome of individual III-9 was captured using the Agilent SureSelect Human All 

Exon 38 Mb kit (Agilent Technologies, Santa Clara CA, USA) and sequenced on a 

Genome Analyzer IIx (Illumina, San Diego, CA, USA). 3.8 Gb of sequences were 

produced allowing a mean sequence coverage of 50 reads per bp position, with more 

than 83% of targeted bases covered at 15X. Sequence reads were aligned to the 

human reference genome sequence (assembly GRCh37/hg19) using Burrow-

Wheeler Aligner. SNPs/indels were called using Sequence Alignement/Map tools 

(SAMtools) Pileup. Poorly mapped (less than 3X cover) and low-quality reads (less 

than 20 quality score) were removed.  

 

Cell culture and protein extraction 

Primary fibroblasts were cultured at 37°C under 5% CO2 in RPMI® + glutamax or 

OPTI-MEM® + glutamax supplemented with 10% of fetal bovine serum (FBS) and 5% 

of penicillin/streptomycin (complete medium) (Invitrogen). The adherent cells were 

washed in phosphate-buffered saline 1X PBS (Invitrogen) and then overlaid with a 

predetermined volume of the same regular lysis buffer (50 mM Tris pH 8, 170 mM 

NaCl, 0,5% NP-40, 50 mM NaF and Complete EDTA-free protease inhibitor from 

Roche Applied Science). Cells were scraped to concurrently dislodge and lyse the 

cells. After 30 min on ice and several vortex episodes, the lysates were clarified by 

centrifugation at 5,000 rpm for 1min and stored at -80°C until immunoblotting. The 
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Bradford protein assay was used to determine the concentration of each sample 

(B6916-500 Sigma). 

 

Western blotting experiments and quantification  

30-40µg of protein extracts were resolved by 4-15% SDS-PAGE (SDS-PAGE Mini-

PROTEAN® TGX™ #456-1086 Biorad) and transferred to 0.2 µm nitrocellulose 

membranes (Biorad). Membranes were blocked with 5% nonfat dried milk powder 

(Invitrogen) diluted in PBS-T (1XPBS with 0.2% Tween-20) and incubated overnight 

at 4°C with the primary antibodies in 0.5% milk in PBS-T at following dilutions: TTI2 

(1/2,500, A303-476A, Bethyl), TTI1 (1/5,000, A303-451A, Bethyl), TELO2 (1/5,000, 

15975-1-AP, Proteintech), and β-actin (1/10,000, AM4302, Ambion) used as a control 

for protein loading. Membranes were then incubated with horseradish peroxidase–

conjugated secondary antibodies (donkey anti-rabbit IgG-HRP antibody (sc-2313, 

Santa Cruz) or donkey anti-mouse IgG-HRP antibody (sc-2314, Santa Cruz) 

1/20,000 dilution. Proteins were visualized using ECL-Plus (GE Healthcare). Various 

exposure times were performed for either autoradiography films and AGFA 

development (Curix 60 n°1829) or Chemidoc system® (Biorad). The signal intensities 

were analyzed using relative quantification tool in the ImageLab software (Biorad).  

For PIKK immunoblotting experiments, membranes were blocked in Odyssey 

blocking buffer (LI-COR #927-40000) for 1h at RT and incubated overnight at 4°C 

with the primary antibodies at the following dilutions: ATM (1/1000, NB110-55475, 

Novus Biologicals), DNA-PKcs (1/500, MS-423-P0, Thermo Scientific), MTOR 

(1/1000, 2983, Cell Signaling) and β-actin (1/10,000, A-5316, Sigma). The secondary 

antibodies coupled to IRDye 800CW (anti-mouse: 926-32212, LI-COR 1/10,000; and 

anti-rabbit: 926-32213, LI-COR,1/10,000) were revealed using the Odyssey 

Quantitative Fluorescence Imaging System (Odyssey, LI-COR) and band intensities 

were quantified using Odyssey software(LI-COR).  

 

WEB RESOURCES 

The accession number and URLs for data presented herein are as follows: 

Ensembl Genome Browser, http://www.ensembl.org/ 

GenBank, http://www.ncbi.nlm.nih.gov/genbank/  

National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov/ 

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/ 
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Supp. Figure S1. Multiple Sequence Alignment of TTI2/C8orf41 
representative orthologs shows amino acid conservation of the mutated 
residue across species. 
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Supp. Figure S2. TTI2 silencing in HEK293 cells. HEK293 cells were co-
transfected with RNAi oligonucleotides directed against TTI2 or an 
negative control RNAi oligonucleotides using Lipofectamine RNAi MAX 
(Invitrogen) according to the manufacturer’s protocols. After 2 days, cells 
were harvested and knockdown of TTI2 mRNA expression was confirmed 
by RT-qPCR. 24 hours later, proteins were extracted and immunoblotted 
successively with an anti-TTI2, anti- TTI1, anti-TEL2 and anti-β-actin 
antibody (A) or with anti-ATM and anti-DNA-PKcs antibody (B). TTI2 
silencing results in the depletion of the three TTT complex components 
as observed in the patients’ cells. Similarly, a significant decreased of 
ATM and DNA-PKcs protein levels in depleted cells when compared to 
control cells. 
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Supp. Table S1. Summary of the clinical characteristics of children with TTI2 
mutation 
 

Patient III-2 III-5 III-9 

Gender M F F 

born 04/10/1974 12/09/1979 03/05/1987 

Prenatal/neonatal period normal normal normal 

Severe ID + + + 

Walk independently (years) 2.5 3 2.5 

Speech Few words No words No words 

Stereotypies + + + 

Hyperactivity +  + + 

Agressivity + + + 

Sleep disorder - - + 

Head circumference 50.5 cm (< - 4 SD) 50 cm (< - 3 SD) 48 cm (- 4 SD) 

Height 150 cm (< - 4 SD) 143 cm (< - 3.5 SD) 135 cm (< - 4 SD) 

Weight 42kg 48kg 48 kg 

Vision normal normal normal 

Hearing  normal normal normal 

Facial dysmorphy + + + 

Vertebral anomalies cyphoscoliosis scoliosis cyphoscoliosis 

Other features 

Dental malposition 

Hallus valgus - 

Dental malposition 

 

OFC: occipitofrontal circumference, H: height, IgA ,IgM,IgE: immunoglobulin,  
m: month, NA: not available, nl: normal, y: year  
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Supp. Table S2. IBD regions 
 
chromosome position (hg19) position taille (Mb) lod score # gènes 

8 31138127-42618286 8p12-p11.21 11.5 2.5327 60 

  49536604-50232086  8q11.21 0.7 2.5327 3 

  51348758-53047970 8q11.21-q11.23 1.7 2.5327 4 

  58390922-60539305 8q12.1 2.1 2.4395 6 

  70696034-72166253 8q13.3 1.5 2.4324 7 

9 120229555-121661874 9q33.1 1.5 2.5327 2 

  133843861-137153374 9q34.12-q34.2 3.5 2.5327 54 

  137248166-139367457 9q34.2-q34.3 2.1 2.5327 35 

16 18086557-22261697 16p12.3-p12.2 4.2 2.5327 50 

  61101396-65382833 16q21 4.3 2.5327 3 

  65420673-66861966 16q21-q22.1 1.5 2.5327 15 

  68434883-70531366 16q22.1 2.1 2.5327 36 

  71242062-72981230 16q22.2-q22.3 1.7 2.5326 23 

22 26175564-29465677 22q12.1 3.3 2.5327 23 

TOTAL     40.1   321 
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Supp. Table S3. Number of variants identified by whole-exome sequencing 
 

Total variants 128632 

Novel or rare homozygous variants (dbSNP130/1000GP/EVS) 4996 

Novel or rare homozygous variants in IBD regions 98 

Novel and Non-synonymous/indel/SS variants 2 

not found in control chromosomes 

Candidate Gene 

1 

TTI2 
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♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s ✭❞❡ ❧❛ ▼❘❚✸✵ ❛✉ s②♥❞r♦♠❡ ❞❡ ❇❧♦♦♠✮ ❞✬✉♥❡ ♣❛rt ❡t ❞✬❛✉tr❡ ♣❛rt ❞❡✉①

♣❛t❤♦❧♦❣✐❡s ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ♥❡✉r♦❞é❣❡♥❡r❡s❝❡♥❝❡ ♣r♦❣r❡ss✐✈❡ ✭à ♣❛rt✐r ❞❡ ❧✬â❣❡ ❞❡ ✶ à ✷ ❛♥s ❝❤❡③ ❧❡s

♣❛t✐❡♥ts ❆✲❚✮✳

➱t❛♥t ❞♦♥♥é q✉❡ ❧❡s ❣è♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬❆✲❚ ❡t ❧✬❆✲❚▲❉ s♦♥t ❛✉ss✐ ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ✈♦✐❡s ❞❡ ❧❛

ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇ ✭◆❍❊❏ ❡t ❍❘✮✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦✉s ❞❡♠❛♥❞❡r ❧❛ r❛✐s♦♥ ❞❡ ❝❡tt❡ ❞✐✈❡r❣❡♥❝❡ ❞❡ ♣❤é♥♦t②♣❡

♥❡✉r♦❧♦❣✐q✉❡✳ ❯♥❡ ❤②♣♦t❤ès❡ ❛ été ♣r♦♣♦sé❡ ♣♦✉r ❡①♣❧✐q✉❡r ❝❡ tr❛✐t ♣❤é♥♦t②♣✐q✉❡ ❬❖✬❉r✐s❝♦❧❧ ❛♥❞ ❏❡❣❣♦✱ ✷✵✵✽✱

❘✉❧t❡♥ ❛♥❞ ❈❛❧❞❡❝♦tt✱ ✷✵✶✸❪✳ ▲♦rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝❡r✈❡❛✉ ❞❡ ❧✬❡♠❜r②♦♥✱ ❞❡s ✈❛❣✉❡s ❞❡ ♣r♦❧✐❢ér❛t✐♦♥ ❞❡s

♥❡✉r♦♣r♦❣é♥✐t❡✉rs ♣✉✐s ❞❡ ♠✐❣r❛t✐♦♥ ❡t ❞✐✛ér❡♥t✐❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s ♥❡✉r♦♥❛❧❡s s❡ s✉❝❝è❞❡♥t✱ ♣❡♥❞❛♥t ❧❡sq✉❡❧❧❡s

s♦♥t s♦❧❧✐❝✐té❡s ❧❡s ✈♦✐❡s ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇ ❍❘ ❡t ◆❍❊❏ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❯♥ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❝❡s

✈♦✐❡s ♣❡✉t ❝♦♥❞✉✐r❡ à ✉♥ ❡①❝ès ❞❡ ❈❉❇ ❡♥tr❛î♥❛♥t ✉♥❡ ♠♦rt ❝❡❧❧✉❧❛✐r❡ ✐♠♣♦rt❛♥t❡ ❡t ✉♥❡ ♠✐❝r♦❝é♣❤❛❧✐❡✳ ❉❛♥s

❝❡s ❝❡❧❧✉❧❡s✱ ❧❛ ♠♦rt ❝❡❧❧✉❧❛✐r❡ s❡r❛✐t ❛❝t✐✈é❡ ♣❛r ❧❛ ♣r♦té✐♥❡ ❆❚▼ ❡t ❧❡ ❝♦♠♣❧❡①❡ ▼❘◆✳ P❛r ❝♦♥séq✉❡♥t✱ ❡♥

❧✬❛❜s❡♥❝❡ ❞❡ ❆❚▼✱ ❧❡s ♥❡✉r♦♥❡s ♣♦rt❛♥t ❞❡s ❈❉❇ ♥♦♥ ré♣❛ré❡s r✐sq✉❡♥t ❞✬é❝❤❛♣♣❡r à ❧✬❛♣♦♣t♦s❡ ❡t ♣❡rs✐st❡r

♠❛❧❣ré ✉♥ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❝❡✉①✲❝✐✱ ❡♥tr❛î♥❛♥t ✉♥❡ ♥❡✉r♦♣❛t❤✐❡ ❥✉✈é♥✐❧❡✱ ❞é❣é♥ér❛t✐✈❡ ❡t ♣r♦❣r❡ss✐✈❡✳

❉❡ ♣❧✉s✱ ✉♥ ❞é✜❝✐t ✐♠♠✉♥✐t❛✐r❡ ❡t ✉♥❡ ♣ré❞✐s♣♦s✐t✐♦♥ ❛✉ ❝❛♥❝❡r✱ ❞❡✉① s✐❣♥❡s très s♦✉✈❡♥t ❛ss♦❝✐és ❛✉①

❛♥♦♠❛❧✐❡s ❞❡ ré♣❛r❛t✐♦♥ ❞❡ ❧✬❆❉◆✱ ♥❡ s♦♥t ♣❛s r❛♣♣♦rtés ❝❤❡③ ♥♦s ♣❛t✐❡♥ts✳ ❈❡s s✐❣♥❡s ♥❡ s♦♥t ♣❛s ♥♦♥ ♣❧✉s

♦❜s❡r✈és ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❛✈❡❝ ✉♥ s②♥❞r♦♠❡ ❞❡ ❙❡❝❦❡❧ ❞♦♥t ❧❡ t❛❜❧❡❛✉ ❝❧✐♥✐q✉❡ ❡st ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡s ♣❛t✐❡♥ts

❊❧✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✽✵
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✉❜✐q✉✐t✐♥❛t✐♦♥✱ ✉♥❡

❝✐❜❧❡ ❞❡s ♣r♦té✐♥❡s

❆❚▼ ❡t ❆❚❘

❳❘❈❈✹✱ ▲■●✹✱

❉◆❆✲P❑

s✉❜str❛t ❞❡

❆❚▼ ❡t ❆❚❘

❝♦♠♣❧❡①❡ ❚❚❚ ❡t

❝♦♠♣❧❡①❡ ▼❘◆

❆❚▼ ❡t

❝♦♠♣♦s❛♥ts

❞✉ ❝♦♠♣❧❡①❡

▼❘◆

❚②♣❡ ❞❡ ❧és✐♦♥s

❞❡ ❧✬❆❉◆

❉❙❇s ❡t

❙❙❇s

❉❙❇s ❡t

❙❙❇s

❉❙❇s ❉❙❇s ❧✐❛✐s♦♥s ❝♦✈❛❧❡♥t❡s

❡♥tr❡ ❜r✐♥s ❞✬❆❉◆

❉❙❇s ❉❙❇s ❉❙❇s ❉❙❇s

❱♦✐❡ ❞❡ ❧❛

ré♣❛r❛t✐♦♥

❝♦♥❝❡r♥é❡

◆❍❊❏ ❡t

❍❘

❍❘ ◆❍❊❏ ❡t

❍❘

◆❍❊❏ ❍❘ ❡t ❘é♣❛r❛t✐♦♥

❞❡s ❧✐❛✐s♦♥s

❝♦✈❛❧❡♥t❡s

◆❍❊❏ ❍❘ ◆❍❊❏ ◆❍❊❏ ❡t ❍❘

❚r♦✉❜❧❡s ❞✉

❝♦♠♣♦rt❡♠❡♥t

✰ ✰✴✲ ✲ ✲ ✲ ✲ ✲ ✲ ✲

P❤é♥♦t②♣❡

♥❡✉r♦❧♦❣✐q✉❡

❉■ ❉■ ❉■ ❉■ ❉■ ✿ ✰✴✲ ❉■ ✿ ✰✴✲ ❉■ ✿ ✰✴✲ ❛t❛①✐❡ ❝éré❜❡❧❧❡✉s❡

♣r♦❣r❡ss✐✈❡ ❡t

❛♣r❛①✐❡

♦❝✉❧♦♠♦tr✐❝❡✳ ✸✵✪

❞❡s ❝❛s ❛✈❡❝ ✉♥❡

❉■ ♠♦❞éré❡ ♦✉ ❞❡s

❞✐✣❝✉❧tés

❞✬❛♣♣r❡♥t✐ss❛❣❡

❛♣r❛①✐❡ ♦❝✉❧♦✲

♠♦tr✐❝❡

▼✐❝r♦❝é♣❤❛❧✐❡ ✰ ✰ ✰ ✰ ✰✴✲ ✰ ✰ ✲ ✲

❘❡t❛r❞ ❞❡

❝r♦✐ss❛♥❝❡

✰ ✰ ✰ ✰ ✰ ✰ ✰ ✰✴✲ ✲

❆♥♦♠❛❧✐❡s ❞✉

sq✉❡❧❡tt❡

✰ ✰ ✲ ✲ ✰ ✰✴✲ ✲ ✰ ✲

❉②s♠♦r♣❤✐❡

❢❛❝✐❛❧❡

✰ ✰ ✰ ✲ ✲ ✰ ✲ ✲ ✲

■♠♠✉♥♦✲

❞é✜❝✐❡♥❝❡

✲ ✲ ✰ ✰ ✰ ✰ ✰ ✰ ✰

Pré❞✐s♣♦s✐t✐♦♥

❛✉ ❝❛♥❝❡r

✲ ✲ ✰ ✰ ✰ ✲ ✰ ✰ ✲

❋✐❣✉r❡ ✻✳✶ ✿ ❈❛r❛❝tér✐st✐q✉❡s ❝❧✐♥✐q✉❡s ❞❡s ♠❛❧❛❞✐❡s ❧✐é❡s à ✉♥❡ ❛♥♦♠❛❧✐❡ ❞❡ ❧❛ ré♣❛r❛t✐♦♥✳

❉❙❇s ✿ ❉♦✉❜❧❡✲❙tr❛♥❞ ❇r❡❛❦s✱ ❙❙❇s ✿ ❙✐♥❣❧❡✲❙tr❛♥❞ ❇r❡❛❦s✱ ❍❘ ✿ ❍♦♠♦❧♦❣♦✉s ❘❡❝♦♠❜✐♥❛t✐♦♥❛❧✱ ◆❍❊❏ ✿ ◆♦♥✲❍♦♠♦❧♦❣♦✉s ❊♥❞✲❏♦✐♥✐♥❣✳
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✻✳✹✳ ❉■❙❈❯❙❙■❖◆ ❊❚ P❊❘❙P❊❈❚■❱❊❙

❚♦✉t❡❢♦✐s✱ ✉♥ ❜✐❧❛♥ ✐♠♠✉♥♦❧♦❣✐q✉❡ ❛ été ❡✛❡❝t✉é ❝❤❡③ ❧❡ ♣❛t✐❡♥t ■■■✳✷ ❛✜♥ ❞❡ ❞é❝❡❧❡r ❞✬é✈❡♥t✉❡❧❧❡s ❛❧tér❛✲

t✐♦♥s✳ ❯♥❡ ❧é❣èr❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ♣♦✉r❝❡♥t❛❣❡s ❞❡ ❧②♠♣❤♦❝②t❡s ❚ ❈❉✹ ❡t ❚ ❈❉✽ ♥❛ï❢s ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥

❞❡s ❧②♠♣❤♦❝②t❡s ❚ ♠é♠♦✐r❡✱ ♥♦t❛♠♠❡♥t ❞❡s ❚ ❈❉✽ ❡✛❡❝t❡✉rs ♠é♠♦✐r❡ ❘❆✰ ✭❚❊▼❘❆✮✱ ♦♥t été ♦❜s❡r✈é❡s

✭t❛❜❧❡ ❇✳✷✱ ❡♥ ❛♥♥❡①❡✮✳ ❈❡ ♣❤é♥♦t②♣❡ ❡st ♦❜s❡r✈é✱ ♣❧✉s sé✈èr❡✱ ❞❛♥s ❧❡s ♣❛t❤♦❧♦❣✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❛✈❡❝

❛tt❡✐♥t❡ t❤②♠✐q✉❡✱ ❝♦♠♠❡ ❧❡ s②♥❞r♦♠❡ ❞❡ ◆✐❥♠❡❣❡♥✱ ❧✬❆✲❚ ❡t ❧❡ ❞é✜❝✐t ❡♥ ❝❡r♥✉♥♥♦s✲❳▲❋✳

❊♥✜♥✱ ❧❡ ❞♦s❛❣❡ ❞❡s ♠❛rq✉❡✉rs t✉♠♦r❛✉① ✭t❛❜❧❡ ❇✳✸✱ ❡♥ ❛♥♥❡①❡✮ s✬❡st ré✈é❧é ♥♦r♠❛❧ ❝❤❡③ ❧❡s ✸ ♣❛t✐❡♥ts✱

❡①❝❡♣té ♣♦✉r ❧✬❛❧♣❤❛✲❢÷t♦♣r♦té✐♥❡ ✭❆❋P✮ ✿ ♣❧✉s ❞❡ ✸ ❢♦✐s ❧❛ ♥♦r♠❛❧❡ ❝❤❡③ ❧❡s ✜❧❧❡s ✭■■■✳✺ ❡t ■■■✳✾✮ ❡t ♣❧✉s ❞❡ ✷

❢♦✐s ❝❤❡③ ❧❡ ❣❛rç♦♥ ✭■■■✳✷✮✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❝❡ ♠❛rq✉❡✉r ❡st ❝❛r❛❝tér✐st✐q✉❡ ❞✉ ❝❛r❝✐♥♦♠❡ ❤é♣❛t♦✲❝❡❧❧✉❧❛✐r❡

✭❈❍❈✮ q✉✐ r❡♣rés❡♥t❡ ❡♥✈✐r♦♥ ✾✵✪ ❞❡s ❝❛♥❝❡rs ♣r✐♠✐t✐❢s ❞✉ ❢♦✐❡✳ ▼ê♠❡ s✐ ❧❡s ❝❤✐✛r❡s ♥❡ s♦♥t ♣❛s très é❧❡✈és✱

❧❡ ♥❡✉r♦❧♦❣✉❡ ❡♥ ❝❤❛r❣❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ♣r♦♣♦s❡ ❞❡ s✉r✈❡✐❧❧❡r ❞❡ ❢❛ç♦♥ ré❣✉❧✐èr❡ ❧❡s ♣❛t✐❡♥ts s✉r ❧❡ ♣❧❛♥ ❝❧✐♥✐q✉❡✱

❜✐♦❧♦❣✐q✉❡ ✭♥♦t❛♠♠❡♥t ♣❛r ❧❡ ❞♦s❛❣❡ ❞❡ ❧✬❆❋P✮ ❡t é✈❡♥t✉❡❧❧❡♠❡♥t r❛❞✐♦❧♦❣✐q✉❡ ✭s❝❛♥♥❡r t❤♦r❛❝♦ ❛❜❞♦♠✐♥❛❧✮✳

▲❡ ♣❤é♥♦t②♣❡ ❞❡s ♣❛t✐❡♥ts ♠✉tés ❞❛♥s ❧❡ ❣è♥❡ ❚❚■✷ s✬✐♥s❝r✐t ❞♦♥❝ ❝❧❛✐r❡♠❡♥t ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♠❛❧❛❞✐❡s

❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❞❡ ❧✬❆❉◆✳

✻✳✹✳✷ ➱t✉❞❡s ❞❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❞❡s P■❑❑s

➱t❛♥t ❞♦♥♥é ❧✬✐♠♣❛❝t ♦❜s❡r✈é s✉r ❧❡s ♥✐✈❡❛✉① ♣r♦té✐q✉❡s ❞❡s ❞✐✛ér❡♥t❡s P■❑❑s t❡sté❡s✱ ♥♦✉s ❛✈♦♥s s♦✉❤❛✐té

ét✉❞✐❡r ❝❡rt❛✐♥❡s ❞❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❞❛♥s ❧❡sq✉❡❧❧❡s ❝❡s ♣r♦té✐♥❡s s♦♥t ✐♠♣❧✐q✉é❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝

❞é❜✉té ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❛✈❡❝ ❞❡✉① ❣r♦✉♣❡s ❞♦♥t ❧❡s ❝❡♥tr❡s ❞✬✐♥térêt r❡❥♦✐❣♥❡♥t ❝❡rt❛✐♥❡s ❞❡ ❝❡s ✈♦✐❡s ❡t

❧❡✉r ❛✈♦♥s ❡♥✈♦②é ❧❡s ✜❜r♦❜❧❛st❡s ❞✉ ♣❛t✐❡♥t ■■■✳✷✳

✐✮ ❆❚▼ ❡t ❧❛ ré♣♦♥s❡ ❛✉ str❡ss ♦①②❞❛t✐❢

❊♥ ✷✵✶✷✱ ♥♦✉s ❛✈♦♥s ❡✉ ❧✬♦❝❝❛s✐♦♥ ❞❡ ❝♦❧❧❛❜♦r❡r ❛✈❡❝ ❧❡ Pr ❉♦♠✐♥✐q✉❡ ❙t♦♣♣❛✲▲②♦♥♥❡t ❡t ❧✬éq✉✐♣❡ ❞✉

❉r ▼❛r❝✲❍❡♥r✐ ❙t❡r♥ ✭■♥st✐t✉t ❈✉r✐❡✱ P❛r✐s✮ ❞♦♥t ❧❡ s✉❥❡t ❞❡ r❡❝❤❡r❝❤❡ ❡st ❧❛ ❣é♥ét✐q✉❡ ❡t ❧❛ ❜✐♦❧♦❣✐❡ ❞❡s

❝❛♥❝❡rs✳ ❉✬❛♣rès ❇❛r❛s❝✉ ❡t ❛❧✳ ❬✷✵✶✷❪✱ ❧❡ str❡ss ♦①②❞❛t✐❢ ❡♥tr❛î♥❡ ✉♥❡ s✉r✲❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ❧❛♠✐♥❡ ❇✱ ❡❧❧❡✲

♠ê♠❡ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧✬❛r❝❤✐t❡❝t✉r❡ ❞❡s ♥♦②❛✉① ❞❡s ❝❡❧❧✉❧❡s✳ ▲❛ ♣r♦té✐♥❡ ❆❚▼ ❡st ✉♥ ❝❛♣t❡✉r

✐♠♣♦rt❛♥t ❞❡s ♥✐✈❡❛✉① ❞❡ ❘❖❙ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❤✉♠❛✐♥❡s ❡t ❝♦♥trô❧❡ ❧❛ ré♣♦♥s❡ ❛✉ str❡ss ♦①②❞❛t✐❢✳ ▲❡ str❡ss

♦①②❞❛t✐❢ ❡st ✉♥❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬❆✲❚ ❡t ✉♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ ❞❡s ♥♦②❛✉① ❡st ♦❜s❡r✈é❡ ❞❛♥s

❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❛✈❡❝ ❆✲❚✳ ❯♥ ❡①❝ès ❞❡ ❘❖❙ ✭❘❡❛❝t✐✈❡ ❖①②❣❡♥ ❙♣❡❝✐❡s✮ ♣♦✉rr❛✐t ❝❛✉s❡r ❧❡s ❞é❢❛✉ts

♥❡✉r♦❧♦❣✐q✉❡s ♦❜s❡r✈és ❝❤❡③ ♥♦s ♣❛t✐❡♥ts✱ ♥♦s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ❞♦♥❝ s♦✉❤❛✐té ét✉❞✐❡r ❝❡s ♣❛r❛♠ètr❡s ❞❛♥s

❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❚❚■✷✳ ▲❡s ❛♥❛❧②s❡s ❞❡ ❝✐r❝✉❧❛r✐té ❞❡s ♥♦②❛✉① ❡t ❞❡ ♥✐✈❡❛✉ ❞❡ ❘❖❙✱ ♠❡♥é❡s ♣❛r ❧❡

❉r ●✉✐❧❧❛✉♠❡ ❘✐❡✉♥✐❡r à ❧✬✐♥st✐t✉t ❈✉r✐❡✱ ♥✬✐♥❞✐q✉❡♥t ♣❛s ❞❡ ❞✐✛ér❡♥❝❡s s✐❣♥✐✜❝❛t✐✈❡s ❡♥tr❡ ❧❡s ✜❜r♦❜❧❛st❡s ❞❡

♣❛t✐❡♥ts ❡t ❞❡ ❝♦♥trô❧❡s ✭✜❣✉r❡s ❆✳✶✷✱ ❆✳✶✸ ❡t ❆✳✶✹✱ ❡♥ ❛♥♥❡①❡✮✳

✐✐✮ ▲❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❞❡ ❆❚▼ ❡t ❆❚❘

◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ét❛❜❧✐ ✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❣r♦✉♣❡ ❞✉ Pr ▼❛r❦ ❖✬❉r✐s❝♦❧❧ ✭❯♥✐✈❡rs✐té ❞❡

❙✉ss❡①✱ ❋❛❧♠❡r✱ ❇r✐❣❤t♦♥✱ ❯❑✮ ❞♦♥t ❧❡s r❡❝❤❡r❝❤❡s s❡ ❝♦♥❝❡♥tr❡♥t s✉r ❧❡s ♠❛❧❛❞✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❞❡s

❧és✐♦♥s ❞❡ ❧✬❆❉◆✳ ❈❡ ❣r♦✉♣❡ ❛ ♠♦♥tré q✉✬♦✉tr❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ♥✐✈❡❛✉① ♣r♦té✐q✉❡s ❞❡s ♣r♦té✐♥❡s ❆❚▼ ❡t

❉◆❆✲P❑✱ ✉♥❡ ré❞✉❝t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡s ♣r♦té✐♥❡s ❆❚❘ ❡t ❙▼●✶ ét❛✐t é❣❛❧❡♠❡♥t ♦❜s❡r✈é❡ ✭❞♦♥♥é❡s ♥♦♥

♣rés❡♥té❡s✮✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✽✷



✻✳✹✳ ❉■❙❈❯❙❙■❖◆ ❊❚ P❊❘❙P❊❈❚■❱❊❙

❉❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ♥♦s ❝♦❧❧❛❜♦r❛t❡✉rs s♦✉❤❛✐t❛✐❡♥t é✈❛❧✉❡r ❧❡s ❡✛❡ts ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❝❡s ♣r♦té✐♥❡s

s✉r ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ s♣é❝✐✜q✉❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❡❧❧❡s s♦♥t ✐♠♣❧✐q✉é❡s✳ ■❧s ♦♥t ét✉❞✐é ❧❛

❝✐♥ét✐q✉❡ ❞❡ ❧❛ ✈♦✐❡ ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇ ❞é♣❡♥❞❛♥t❡ ❞❡ ❆❚▼ ❡♥ ♦❜s❡r✈❛♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❢♦❝✐ ✺✸❇P✶

♠❛✐s ❛✉ss✐ ❧❡ st❛t✉t ♣❤♦s♣❤♦r②❧é ✈s ♥♦♥✲♣❤♦s♣❤♦r②❧é ❞❡ ❧❛ ♣r♦té✐♥❡ ❈❍❑✶✱ ❞é♣❡♥❞❛♥t ❞❡ ❆❚❘✳ ▲❡s ❞♦♥♥é❡s

♣ré❧✐♠✐♥❛✐r❡s ❞❡ ❝❡s t❡sts ♥✬✐♥❞✐q✉❡♥t ♣❛s ❞❡ ❞é❢❛✉ts ♠❛❥❡✉rs ❞❛♥s ❝❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥✳ ▲✬✉t✐❧✐s❛t✐♦♥

❞✬✐♥❤✐❜✐t❡✉rs ❞❡ ❆❚▼ ❡t ❆❚❘ ❛ ♣❡r♠✐s ❞❡ ❞é♠♦♥tr❡r q✉✬✐❧ ❡①✐st❡ ✉♥❡ ❛❝t✐✈✐té rés✐❞✉❡❧❧❡ ❞❡ ❝❡s ♣r♦té✐♥❡s ❞❛♥s

❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts✳

✐✐✐✮ ▲❛ ✈♦✐❡ ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ♠❚❖❘

❊♥ ♣❛r❛❧❧è❧❡ ❞❡s ❡ss❛✐s ♠❡♥és ❞❛♥s ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡✱ ❧❡ ❣r♦✉♣❡ ❞❡ ▼✳ ❖✬❉r✐s❝♦❧❧ ❛ ❛♥❛❧②sé ❧❛ ♣❤♦s♣❤♦✲

r②❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ ♣✼✵✲❙✻❑✐♥❛s❡ ✭❚❤r✸✽✾✮ ✐♥❞✉✐t❡ ♣❛r ❧✬❊●❋ ✭❊♣✐❞❡r♠❛❧ ●r♦✇t❤ ❋❛❝t♦r✮ ♣♦✉r é✈❛❧✉❡r

❧✬❛❝t✐✈✐té ❞❡ ♠❚❖❘ ✭✜❣✉r❡ ❆✳✶✺ ❡♥ ❛♥♥❡①❡✮✳ ◆♦s rés✉❧t❛ts ❛✐♥s✐ q✉❡ ❧❡s ❧❡✉rs ♥❡ ♠♦♥tr❡♥t ♣❛s ❞❡ ❞é❢❛✉t

s✐❣♥✐✜❝❛t✐❢ ✭❞♦♥♥é❡s ♥♦♥ ♣rés❡♥té❡s✮✳

✻✳✹✳✸ P❡rs♣❡❝t✐✈❡s ❡t ❝♦♥❝❧✉s✐♦♥ ♣ré❧✐♠✐♥❛✐r❡s

▲❡s ♣r❡♠✐❡rs t❡sts ré❛❧✐sés ❛✜♥ ❞✬❡①♣❧♦r❡r ❧❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ s♦✉s✲❥❛❝❡♥t❡s ❛✉① ✸ P■❑❑s ❛♥❛❧②sé❡s

❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ♥✬♦♥t ♣❛s ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ ❞é❢❛✉ts ♠❛❥❡✉rs ❞❛♥s ❝❡s ✈♦✐❡s✳

➱t❛♥t ❞♦♥♥é q✉✬✐❧ s✉❜s✐st❡ ❡♥tr❡ ✷✹ ❡t ✺✵✪ ❞❡ ♣r♦té✐♥❡s✱ ❧✬❛❝t✐✈✐té rés✐❞✉❡❧❧❡ ❡①✐st❛♥t❡ ❡st ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t

s✉✣s❛♥t❡ ♣♦✉r ❛ss✉r❡r ✉♥❡ s✐❣♥❛❧✐s❛t✐♦♥ ❝♦rr❡❝t❡ ❞❛♥s ❧❡s ✜❜r♦❜❧❛st❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♠✉t❛t✐♦♥ ❚❚■✷ ♣♦✉r✲

r❛✐t ❛✈♦✐r ✉♥ ✐♠♣❛❝t ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❞✬❛✉tr❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ♣♦✉r ❧❡sq✉❡❧s ❧❛ st❛❜✐❧✐té ❞❡s P■❑❑s ❡st

♣r✐♠♦r❞✐❛❧❡ ❡t ❧❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❛ss♦❝✐é❡s à ❝❡s ♣r♦té✐♥❡s s♦♥t ❝r✉❝✐❛❧❡s✳ ◆♦t❛♠♠❡♥t✱ ❧❛ ré♣♦♥s❡ ❛✉①

❞♦♠♠❛❣❡s ❞❡ ❧✬❆❉◆✱ ❛ss✉r❛♥t ✉♥❡ st❛❜✐❧✐té ❣é♥♦♠✐q✉❡ ❡t ❧❛ s✉r✈✐❡ ❝❡❧❧✉❧❛✐r❡✱ ❛♣♣❛r❛ît très ✐♠♣♦rt❛♥t❡ ❞❛♥s

❧❡s ❝❡❧❧✉❧❡s ❞✉ ❝❡r✈❡❛✉ ❡♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t s♦♥ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❡♥❣❡♥❞r❡ ✉♥❡ ❛tt❡✐♥t❡ ♥❡✉r♦❧♦❣✐q✉❡ ❞❛♥s

❞❡ ♥♦♠❜r❡✉s❡s ♣❛t❤♦❧♦❣✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❬❖✬❉r✐s❝♦❧❧ ❛♥❞ ❏❡❣❣♦✱ ✷✵✵✽❪✳ ▲❡ ❝♦♥trô❧❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❡t

❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❡♠❡✉r❡ é❣❛❧❡♠❡♥t ✉♥❡ ❢♦♥❝t✐♦♥ ✐♥❞✐s♣❡♥s❛❜❧❡ à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✉ s②stè♠❡

♥❡r✈❡✉① ❡t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ ❣é♥ér❛❧✳ ▲❛ ♠✐❝r♦❝é♣❤❛❧✐❡✱ ♣❛r ❡①❡♠♣❧❡✱ ✉♥ s②♠♣tô♠❡ ❧❛r❣❡♠❡♥t ♦❜s❡r✈é

❞❛♥s ❧❡ ❣r♦✉♣❡ ❞❡s ❛♥♦♠❛❧✐❡s ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❡t ❝❤❡③ ♥♦s ♣❛t✐❡♥ts✱ rés✉❧t❡ ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♠♦rt

❝❡❧❧✉❧❛✐r❡ ♦✉ ❞✬✉♥ ❞é❢❛✉t ❞❡ ♣r♦❧✐❢ér❛t✐♦♥ ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♥❡✉r♦♥❛❧❡s ♣❡♥❞❛♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❝éré❜r❛❧

❬❖✬❉r✐s❝♦❧❧ ❛♥❞ ❏❡❣❣♦✱ ✷✵✵✽❪✳ ❆✉ss✐✱ ✉♥❡ ét✉❞❡ ❞✬❡①♣r❡ss✐♦♥ s✉r ❞❡s ❝❉◆❆ ♣r♦✈❡♥❛♥t ❞❡ ❞✐✈❡rs t✐ss✉s ❤✉♠❛✐♥

♠♦♥tr❡ q✉❡ ❧❡ ❣è♥❡ ❚❚■✷ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡①♣r✐♠é ❞❛♥s ❧❡ t❤②♠✉s✱ ❧❡s t❡st✐❝✉❧❡s ❡t ❧❡ ❝❡r✈❡❛✉ ✭✜❣✉r❡ ❆✳✶✻✱

❡♥ ❛♥♥❡①❡✮✱ s✉❣❣ér❛♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ st❛❜✐❧✐té ❞❡s P■❑❑s ❞❛♥s ❝❡s t✐ss✉s✳

❊♥ rés✉♠é✱ ❧❡ ♣❤é♥♦t②♣❡ ❞❡s ♣❛t✐❡♥ts ❊❧ ❡st ❞û à ✉♥❡ ❛♥♦♠❛❧✐❡ ❞❡ ❞♦s❛❣❡ ♣❧✉tôt q✉✬à ✉♥❡ ♣❡rt❡ ❞❡ ❢♦♥❝✲

t✐♦♥ ❞❡s P■❑❑s✱ ♣✉✐sq✉❡ ❧❡s ♣r♦té✐♥❡s ❆❚▼✱ ❆❚❘ ❡t ❉◆❆✲P❑ s♦♥t t♦✉❥♦✉rs ❢♦♥❝t✐♦♥♥❡❧❧❡s✱ ❜✐❡♥ q✉❡ ♠♦✐♥s

❝♦♥❝❡♥tré❡s✳ ❈❡♣❡♥❞❛♥t ❧❛ st÷❝❤✐♦♠étr✐❡ ❛✛❛✐❜❧✐❡ ❞❡s tr♦✐s ♣r♦té✐♥❡s ❡st s✉s❝❡♣t✐❜❧❡ ❞✬❡♥tr❛î♥❡r ✉♥❡ ❞✐♠✐♥✉✲

t✐♦♥ ❣é♥ér❛❧❡ ❞❡ ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇✳ ◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ q✉❡ ❧❡ ♣❤é♥♦t②♣❡ ❞❡s ♣❛t✐❡♥ts

❚❚■✷ rés✉❧t❡ ❞❡ ❧✬❡✛❡t ❝✉♠✉❧❛t✐❢ ❞✬✉♥❡ ♠♦✐♥❞r❡ ❡✣❝❛❝✐té ❞❡s ❞✐✛ér❡♥t❡s ✈♦✐❡s ❛ss♦❝✐é❡s ❛✉① ✻ P■❑❑s✱ ❞❛♥s

❞❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❡t à ❞❡s st❛❞❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♦ù ❝❡❧❧❡s✲❝✐ s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❝t✐✈é❡s✳

❉❛♥s ❝❡ ❝❛s ❞❡ ✜❣✉r❡ ♣ré❝✐s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ✜❜r♦❜❧❛st❡s ❞❡ ♣❛t✐❡♥ts s❡♠❜❧❡ ❧✐♠✐t❛♥t❡✳ ❆✜♥ ❞✬é✈❛❧✉❡r ❧❡s

❡✛❡ts ❞❡ ❧❛ ♠✉t❛t✐♦♥ ♣✳■✹✸✻◆ ❞✉ ❣è♥❡ ❚❚■✷ ❞❛♥s ❧❡ ❙◆❈✱ ❞✬❛✉tr❡s s②stè♠❡s ♣❡✉✈❡♥t ❛♣♣♦rt❡r ❞❡ ♥♦✉✈❡❛✉①

é❧é♠❡♥ts ❞❡ ré♣♦♥s❡s✳ ■❧ s❡r❛✐t ✐♥tér❡ss❛♥t✱ ♣❛r ❡①❡♠♣❧❡✱ ❞✬é✈❛❧✉❡r ❧✬❡✛❡t ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ ❞✉ ❣è♥❡ ❚❚■✷ ❞❛♥s

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✽✸



✻✳✹✳ ❉■❙❈❯❙❙■❖◆ ❊❚ P❊❘❙P❊❈❚■❱❊❙

❞❡s ❝✉❧t✉r❡s ♥❡✉r♦♥❛❧❡s ✐ss✉❡s ❞❡ s♦✉r✐s ❡t ❛✐♥s✐ ✈ér✐✜❡r ♥♦tr❡ ❤②♣♦t❤ès❡✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ❧✬❛♥❛❧②s❡ ❞❡

❧✬✐♥✈❛❧✐❞❛t✐♦♥ ❞✉ ❣è♥❡ ❞❛♥s ❞❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① t❡❧s q✉❡ ❧❡ ③❡❜r❛✜s❤ ♥♦✉s ♣❡r♠❡ttr❛✐t ❞❡ ✈ér✐✜❡r q✉❡ ❝❡❧❧❡✲❝✐

❡♥tr❛î♥❡ ✉♥❡ ❛tt❡✐♥t❡ ♥❡✉r♦❧♦❣✐q✉❡✱ ❝♦♠♠❡ ♦❜s❡r✈é ❝❤❡③ ❧❡s ♣❛t✐❡♥ts✳

❊♥✜♥✱ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❝❡ tr❛✈❛✐❧ ❡♥ ✷✵✶✸ ❛ ❝♦♥❞✉✐t très ré❝❡♠♠❡♥t à ✉♥❡ ♥♦✉✈❡❧❧❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ Pr

❆♥❞r❡✇ ❈r♦s❜② ✭❯♥✐✈❡rs✐t② ♦❢ ❊①❡t❡r ▼❡❞✐❝❛❧ ❙❝❤♦♦❧✱ ❊①❡t❡r✱ ❯❑✮✳ ❯♥❡ ❢❛♠✐❧❧❡ ■r❛♥✐❡♥♥❡ ❞♦♥t ❧❡s ❞❡✉① ❡♥❢❛♥ts

❛tt❡✐♥ts ♣rés❡♥t❡♥t ✉♥ r❡t❛r❞ ♣s②❝❤♦♠♦t❡✉r✱ ✉♥❡ ❛❜s❡♥❝❡ ❞❡ ❧❛♥❣❛❣❡ ❡t ❞❡s r❡t❛r❞s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♥♦✉s ❛

été ❝♦♥✜é❡✳ ❯♥❡ ✉♥✐q✉❡ ré❣✐♦♥ ■❇❉ ❞❡ ✶✹ ▼❜ ❛ été ✐❞❡♥t✐✜é❡ ♣❛r ✉♥ t♦✉r ❞❡ ❣é♥♦♠❡ ❝❤❡③ ❝❡tt❡ ❢❛♠✐❧❧❡✱ ❞♦♥t

❧❡ ❞❡❣ré ❞❡ ❝♦♥s❛♥❣✉✐♥✐té ❞❡s ♣❛r❡♥ts ❡st ❢❛✐❜❧❡✳ ❈❡tt❡ ré❣✐♦♥ ❝♦♥t✐❡♥t ❧❡ ❣è♥❡ ❚❚■✷✳ ▲❡s ❝❧✐♥✐❝✐❡♥s s✉✐✈❛♥t

❝❡tt❡ ❢❛♠✐❧❧❡ ♦♥t ❞é❝❧❛ré q✉❡ ❧❡ ♣❤é♥♦t②♣❡ s✬❛❝❝♦r❞❡ ❛✈❡❝ ❝❡❧✉✐ ❞❡s ♣❛t✐❡♥ts ❊❧✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❡♥tr❡♣r✐s ❧❡

séq✉❡♥ç❛❣❡ ❞✉ ❣è♥❡ ❡♥t✐❡r ❝❤❡③ ✉♥ ❞❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❛✐♥s✐ q✉❡ ❝❤❡③ ❧❡s ♣❛r❡♥ts s❛✐♥s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✽✹



❈❍❆P■❚❘❊ ✼

▲❊ ◆●❙✱ ❯◆ ❖❯❚■▲ P❖❯❘ ❉➱❋■◆■❘ ❉❊ ◆❖❯❱❊❆❯❳ ▼❖❉❊❙ ❉❊

❚❘❆◆❙▼■❙❙■❖◆ ●➱◆➱❚■◗❯❊

✼✳✶ ▲❛ ❢❛♠✐❧❧❡✱ ❧❡s ♣❛t✐❡♥ts

▲❛ ❢❛♠✐❧❧❡ ▼❛✱ ❞✬♦r✐❣✐♥❡ ❛❧❣ér✐❡♥♥❡✱ ❡st s✉✐✈✐❡ ♣❛r ❧❡ ❉r ❏❡❛♥♥❡ ❆♠✐❡❧ à ❧✬❤ô♣✐t❛❧ ◆❡❝❦❡r✲❊♥❢❛♥ts ▼❛❧❛❞❡s✳

▲❡s ❞❡✉① ❡♥❢❛♥ts ✐ss✉s ❞✬✉♥❡ ✉♥✐♦♥ ❝♦♥s❛♥❣✉✐♥❡ s♦♥t ❛tt❡✐♥ts ❞✬✉♥❡ ❉■ sé✈èr❡✱ ✉♥ r❡t❛r❞ ♣s②❝❤♦♠♦t❡✉r✱ ✉♥❡

s♣❛st✐❝✐té ❡t ✉♥❡ ♦❜és✐té ♣ré❝♦❝❡ très sé✈èr❡ q✉✐ ❛ ❞é❜✉té à ✶ ❛♥ ❡t ❞❡♠✐ ♣♦✉r ❧❡ ♣❛t✐❡♥t ■■✳✶ ❡t à ✻ ♠♦✐s ♣♦✉r
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ABSTRACT 
 

We ascertained two sibs, born to consanguineous parents, with severe 

encephalopathy, progressive microcephaly and spasticity, thin corpus callosum, and 

early onset obesity. Whole-exome sequencing identified two homozygous 

substitutions in two genes 170 kb apart on 7q22.1: a c.1137+1G>T splice mutation in 

AP4M1 previously described in a familial case of AP4-deficiency syndrome and the 

AZGP1 c.595A>T misense variant. Haplotyping analysis indicated a founder effect of 

the AP4M1 mutation, whereas the AZGP1 mutation arose more recently in the family 

we describe. 

 

AP4-deficiency syndrome is characterized by severe intellectual disability, 

progressive microcephaly and spasticity but obesity is not a clinical feature. AZGP1 

encodes an adipokine that stimulate lipolysis in adipocytes and regulates body 

weight in mice. We propose that the sibs’ phenotype results from the combined 

effects of mutations in both AP4M1 and AZGP1 that account for the neurological 

signs and the morbid obesity of early onset, respectively. 

 

Contiguous gene syndromes are the consequence of loss of two or more adjacent 

genes and the phenotype reflects a combination of the endophenotypes caused by 

the haploinsufficiency of each gene. We propose to broaden this concept to disease 

phenotypes resulting from independent mutations in 2 genetically linked genes 

causing a contiguous mutation syndrome. 

 

 

 

 

 

Key Words: Whole-exome sequencing, intellectual deficiency, obesity, AP-4 

complex, zinc-alpha2-glycoprotein 
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We investigated two sibs (one female and one male) born to consanguineous 

Algerian parents (figure 1A) presenting the association of severe intellectual 

deficiency (ID), psychomotor delay, progressive microcephaly, spasticity, thin corpus 

callosum, and severe obesity with early onset (table 1 and figure 1B-C).  

To identify the disease-causing mutation of this undiagnosed condition, we 

performed whole-exome sequencing (WES) on peripheral-blood DNA from all family 

members. We first focused on novel homozygous variants cosegregating with the 

disease and corresponding to either nonsynonymous (NS) variants, splice acceptor 

and donor site mutations (SS) or coding insertions/deletions (indels). We regarded 

variants as novel if they were absent from all publically available data sets, including 

those of dbSNP138 (http://www.ncbi.nih.gov/SNP), the 1000 Genomes Project 

(http://browser.1000genomes.org/index.html), the NHLBI ESP Exome Variant Server 

(http://evs.gs.washington.edu/EVS/), and from in-house exome data containing 

information for over 600 patient samples. Three candidate variants fulfilled these 

criteria (table S1) and were confirmed by Sanger sequencing: a splice variant in the 

AP4M1 gene (NM_004722.3: c.1137+1G>T), a misense variation in the AZGP1 gene 

(NM_001185.3: c.595A>T, p.Asn199Tyr) and a misense variation in exon 81 of 

HERC2 (NM_004667.4: c.12445G>A, p.Ala4149Thr) (figure 1D). Filtering WES data 

for compound heterozygous mutations or heterozygous “de novo” mutations shared 

by the sibs did not provide any additional candidate variants.  

The AP4M1 splice variant affects the donor splice site of intron 14 (figure 1D) and 

was previously described in 5 affected sibs from a consanguineous Moroccan family 

with a highly similar neurological presentation but no obesity was reported [1]. As 

previously demonstrated by Verkerk and colleagues, this variant leads to skipping of 

exon 14 in the AP4M1 transcript extracted from patient’s cultured skin fibroblast 

(figure 1E). AP4M1 encodes one of the subunit () of the adaptor protein (AP) 

complex 4, an evolutionary conserved heterotetrameric complexe consisting of two 

large ( or ), a medium (), and a small () adaptin. Mutations affecting all four 

subunits of AP4 (AP4M1, AP4E1, AP4S1, and AP4B1) have been found to cause 

autosomal recessive AP-4 deficiency syndrome characterized by severe ID, 

microcephaly, progressive spastic paraplegia, speech delay and growth retardation 

(table 1 and table S2) [2]. 

The p.Ala4149Thr substitution in HERC2 affects an absolutely conserved amino acid 

residue located within the Regulator of Chromosome Condensation (RCC1) protein 
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domain and is predicted to be damaging by various in silico tools (PolyPhen-2 score: 

0.968, SIFT score: 0 and disease causing according to Mutation Taster). The HERC2 

gene is located on 15q13.1 and encodes a large ubiquitin ligase protein. A distinct 

HERC2 founder mutation (c.1781C>T, p.Pro594Leu) has been previously associated 

in the Amish community with a disorder characterized by mild developmental delay, 

Autism Spectrum Disorder and Angelman-like features (MIM:615516) [3, 4]. 

Functional studies of the p.Pro594Leu variant demonstrated that it induces protein 

aggregation and decreased HERC2 abundance. 

The third variant (c.595A>T, p.Asn199Tyr) affects the AZGP1 gene, encoding the 

zinc-alpha2-glycoprotein (ZAG). The c.595A>T variant does not affect a highly 

conserved amino acid residue and its consequences on protein function is unclear 

(PolyPhen-2 score: 0.946, SIFT score: 0.01 and Polymorphism according to Mutation 

Taster). AP4M1 and AZGP1 are located on chromosome 7q22.1, 170kb apart from 

each other (figure 1F). To discriminate between a hot spot and a founder mutation, 

we performed genotyping analysis in all family members as well as in 2 affected sibs 

from the Moroccan family using microsatellite markers encompassing the AP4M1 

locus. As shown in table S3, both families share a common haplotype supporting the 

hypothesis of a founder effect of the AP4M1 mutation. The c.595A>T AZGP1 

mutation was not present in the previously described Moroccan family (table S3). 

These data strongly support the hypothesis that the AZGP1 mutation arose more 

recently in our family and occurs secondarily to the AP4M1 mutation and on the 

same haplotype.  

Our patients are severely retarded. They have some features of the autistic spectrum 

but marked and prolonged ocular contacts (table 1). Although two AP-4 patients have 

been described with a shy and anxious character [5], the majority of patients with AP-

4 deficiency are described as shy, amicable and calm (table 1) [1, 2]. Collectively, 

these data predicted only a minor effect of the p.Ala4149Thr HERC2 variant 

identified in our family and demonstrated that the c.1137+1G>T AP4M1 variant 

clearly accounts for the neurological features observed in our patients. 

However, none of the 33 previously reported AP-4 deficiency cases are reported as 

obese, while obesity was described as a feature of the 2 sibs’ condition as it started 

very early on in both (before 1 year of age, table 1 and supplemental clinical data). 

Similarly, no obesity has been reported in HERC2 mutated patients. Whilst, we 

cannot exclude that the HERC2 variant may contribute to the neurological 
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presentation of our cases, it is unlikely that it accounts for the obesity. By contrast, 

ZAG is an adipokine secreted by the adipose tissue and playing an important role in 

the mobilization and utilization of stored lipids [6]. Furthermore, several studies 

support the role of the ZAG protein in the regulation of body weight in both animal 

models and humans. Reduced plasmatic ZAG levels have been observed in ob/ob 

mice [7] and Azgp1 deficient mice shown increased body weight and decreased 

adipocytic lipolysis [8]. Moreover, oral administration of human ZAG to ob/ob mice 

resulted in progressive loss of body weight [9]. Linkage analyses showed linkage 

disequilibrium mapping of genes influencing human obesity, insulin resistance and 

Type 2 Diabetes in the 7q22.1 region [10-14] and the rs4215 SNP in AZGP1 gene is 

associated with obesity in Chinese populations [15]. Finally, both lower serum 

concentrations of ZAG and significantly lower ZAG expression in the adipose tissue 

and liver have been observed in obese subjects [6, 16-18]. Further investigations will 

be needed to evaluate the ability of the mutant p.Asn199Tyr ZAG protein to induce 

lipolysis but these results make AZGP1 an excellent candidate gene for very early 

onset obesity in humans and may provide interesting clues for novel therapeutic 

interventions in obese patients. 

Altogether, our results suggest that the phenotype observed in our patients results 

from the additional effects of AP4M1 and AZGP1 mutations accounting for the 

neurological signs on the one hand and the precocious morbid obesity on the other 

hand. Additional subtle effects of the HERC2 variant on the neurological 

presentation, particularly on the communicative skills, cannot be excluded. The 

current report further demonstrates how consanguinity could increase intrafamilial 

clustering of multiple hereditary diseases and how WES has considerably 

empowered our ability to detect such complex events.  

The term contiguous gene syndromes (CGS) has been proposed in 1986 to explain 

the association of unrelated clinical features due to the deletion of multiple genes 

lying in close proximity to one another on a single chromosome [19]. The phenotypes 

observed arise as a result of the combination of the endophenotypes from each 

deleted gene sensitive to haploinsufficiency. While CGS is caused by a single 

mutational event (i.e a chromosomal deletion), the phenotype we describe is the 

consequence of two independent mutational hits in two genetically linked genes. The 

mode of inheritance we describe is also different from a digenic inheritance that 

refers to the alteration of two interacting genes to cause a phenotype. While the final 
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demonstration of our hypothesis is awaiting the identification of AZPG1 mutations in 

obese patients with normal neurodevelopment, we propose to use the name 

contiguous mutation syndrome to describe this complex and clinically challenging 

phenotype caused by independent mutations in genetically linked genes.  
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LEGEND TO FIGURES 

Figure 1: The combination of two substitutions in AP4M1 and AZGP1 genes 

underlies the association of two distinct syndromes in both patients. 

A: Pedigree of the family. Shaded symbols indicate the affected individuals. B: 

Photographs of patients II.1 (left) and II.2 (right). Legal representative of the patients 

gave consent for the publication of these photographs. C: Brain MRI of patient II.2 at 

4 years-old (left panel) and a 4 years-old normal control girl (right pannel): Sagittal T1 

(i) and sagittal T1 fat sat (ii), axial T2 weighted FSE images (iii) and coronal FLAIR 

weighted FSE images (iv). Sagittal T1 (i) and sagittal T1 fat Sat (ii) of the affected girl 

show a lipoma of the posterior part of the corpus callosum (white arrows). Axial T2 

(iii) show a moderate ventricular dilatation compared to age matched normal control. 

The Coronal Flair (iv) of the affected girl shows delayed myelination of the white 

matter (arrow) compared to age matched normal control.  D: Sequence analysis in a 

patient (II.1) and an healthy parent (I.1) showing the c.1137+1G>T; the c.595A>T, 

p.Asn199Tyr and the c.12445G>A, p.Ala4149Thr variants in the AP4M1, AZGP1 and 

HERC2 genes respectively. E: Exon 14 skipping in AP4M1 mRNA from patients’ 

fibroblasts compared to controls’. F: Drawing showing the 7q22.1 region and the the 

two mutated genes located 170kb apart.
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Table 1: Clinical findings in patients with mutations in AP4 subunits 

 This report Previously reported patients 

 II.1 II.2 with AP4-deficiency 

Sex M F Sex ratio~1 

Age at evaluation 
(years) 

7 4 from 2 to 24 

ID Severe Severe 33/33 

Speech  Less than 10 words, echolalia Never acquired 30/31 

Stereotypes Hand-flapping 
Unmotivated laughter, hand-

flapping 
26/28 

Character Calm 
Episodes of 

heteroagressivity 
Shy, amicable and calm for 14/19 unpublished, [2] and [1] 

Shy and anxious for 2/19 [5] 
Neonatal 
hypotonia 

+ + 25/25 

Pyramidal 
syndrome 

+ + 33/33 

 Deambulation Achieved then lost, wheelchair  Never achieved, wheelchair 31/31 

Seizures 

a unique episode of prolonged 
hyperthermic seizure at 10 months of 

life, treated with valproate until the age 
of 3 years without new convulsions 

- 16/31 

MRI examination Cerebral atrophy 
incomplete corpus callosum 

agenesis and lipoma, 
delayed myelinisation 

19/20                                                   
thin corpus callosum ; ventriculomegaly ; thinning and abnormal 
signal of the periventricular white matter; atrophy of the inferior 

vermis with cortical atrophy, dilated ventricles, prominent cisterns 

Head 
circumference 

-1.5 SD -2 SD Microcephaly for 25/32 

 Stature  +1 SD  +2 SD Short stature for 12/14 

early onset of 
severe obesity 

starting at 18 months of life, weight 
>+4 SD at 7 years old 

starting at 6 months of life, 
weight >+5 SD at 4 years 

old 
0/33 
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Supplementary Material 

 

Patients 

II.1 and II.2 are brother and sister born to first cousin parents originating from Algeria. 

They were term-born after an uneventful pregnancy and delivery with normal birth 

parameters. Neonatal hypotonia was reported for both patients. At their last visit at 4 

(II.2) and 7 (II.1) years of age, II.1 had a small head circumference (-1.5SD) and II.2 

was microcephalic with occipitofrontal circumference on -2 standard deviation (Table 

1). They had severe intellectual deficiency with only a few single words. Eye contact 

was sustained and they both had purposeful handskills. Patient II.2 presented 

unmotivated laughs and episodes of heteroagressivity. Patient II.1 could walked with 

wall support from 15 months of age and then lost the ability to walk at 4 years of age. 

Patient II.2 never achieved independent walking. Today, both patients are 

wheelchair-bound. II.1 experienced a unique episode of prolonged hyperthermic at 

10 months of life and received Valproate until the age of 3 years with no recurrent 

episodes. Both presented pyramidal syndrome with hyperreflexia, Babinski sign and 

spasticity. Excessive weight gain started at 18 months of life for patient II.1 and 6 

months of life for patient II.2. At 7 years of age, the weight of patient II.1 is over +4 

SD and over +5 SD for patient II.2 at 4 years of age while height remained on the 

normal range (+1SD and +2SD respectively). Currently, the father has a BMI of 24 

and the mother a BMI of 31.5, with a gain of weight in motherhood. No dysmorphic 

features were observed except a short columella. The neck was short with 

acanthosis nigricans. Brain MRI showed cerebral atrophy for patient II.1 (figure 1C, 

left pannel) and partial agenesis of the corpus callosum with a lipoma as well as 

delayed myelinisation for patient II.2 (not shown). Multiple ENT infections motivated 

amygdalectomy for both patients.  

Endocrine and metabolic screening showed no abnormalities except a raised PTH 

(57 ng/l, N: 10-46) with normal calcemia (2.57 mmol/l, N: 2.2-2.7) in II.2 who was 

supplemented in Vitamine D. Array-CGH (SpectralChip CC4-V0.3) showed no 

pathologic CNV.  

All human protocols were reviewed and approved by the institutional review board of 

the Necker Hospital and informed consent was obtained from all subjects involved in 

this study.  
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Whole Exome Sequencing (WES) 

Agilent SureSelect librairies were prepared from 3 µg of genomic DNA sheared with 

a Covaris S2 Ultrasonicator as recommended by the manufacturer. Exome capture 

was performed with the 50 Mb SureSelect Human All Exon kit (Agilent technologies) 

using a multiplex approach with molecular barcodes for traceable ID of samples. 

Sequencing was carried with the SOLiD5500 (Life Technologies) on a pool of 

barcoded exome libraries. 75+35 paired-end reads were generated and mapped on 

human genome reference (NCBI build37/hg19 version) using LifeScope (Life 

Technologies). 

Sequences produced allow respectable mean sequence coverage of 39-77 reads per 

bp position, with more than 74-85% of targeted bases covered at 15X. Sequence 

reads were aligned to the human reference genome sequence (assembly GRCh37) 

using Mapreads. SNPs/indels were called using Sequence Alignement/Map tools 

(SAMtools) Pileup. Poorly mapped (less than 3X cover) and low-quality reads (less 

than 20 quality score) were removed. An in-house software (PolyWeb) was used to 

annotate and filter the variants. 

 

Cell culture and RNA extraction 

Primary fibroblasts were cultured at 37°C under 5% CO2 in RPMI® + glutamax or 

OPTI-MEM® + glutamax supplemented with 10% of fetal bovine serum (FBS) and 

5% of penicillin/streptomycin (complete medium) (Life Technologies). Total RNA was 

isolated using the RNeasy Mini Kit (Qiagen) according to manufacturer’s protocol. 

RNA concentration was measured by spectrophotometry (Nanodrop, Thermo 

Scientific). 

 

Supplementary Tables 

Table S1: Number of variants identified by whole-exome sequencing 

Patients II.1 II.2 

Total variants 48036 52062 

Novel or rare variants (dbSNP130/1000GP/EVS/in-house database) 1526 1827 

Homozygous for patients and heterozygous for parents 326 370 

Coding Non-synonymous/indel/consensus SS variants 65 69 

Exclusively novel variants 48 50 

Shared by both patients 3 3 
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Table S2: Litterature review of patients with mutation in one of the four AP4 genes 

References AP4M1 AP4E1 AP4B1 AP4S1 TOTAL SEX 

[1] 5       5 2F,3M 

[20]   2     2 1F,1M 

[21] from [22]     2   2 1F,1M 

[2]   2 3 3 8 4F,4M 

Philippe thesis (2012) Gc2iD doctoral school     4   4 1F,3M 

[23] 1 1     2 nd 

[24]   2     2 2F 

[5]     2   2 1F,1M 

[25] 4   2   6 5F,1M 

This report 2       2 1F,1M 

TOTAL (August 2014) 12 7 13 3 35 18F,15M, 2nd 

Nd; no data 

 

Table S3: Genotypes of the two families carrying the c.1137+1G>T mutation [1] 

   This report [1]  

markers genes NCBI build37 position I.1 I.2 II.1 II.2 87RD35 87RD38 unrelated control 

D7S2409   91056453 219/221 219 219/221 219/221 219 219/223 219 

D7S657   92566477 258/260 250/256 256/258 250/258 246 256/258 250/260 

D7S479   96093138 121/123 117/123 117/123 123 123 123 121/123 

D7S651   98308219 165/171 159/171 171 171 171 171 165/167 

  AZGP1 99565796 A/T A/T T T A A A 

  AP4M1 99704138 G/T G/T T T T T G 

D7S2480   100055770 203/215 203/219 203 203 203 203 217/219 

D7S515   101703900 152/156 152 152 152 154 154 158 

D7S2420   106890015 282/288 284/288 284/288 284/288 280 280 286/288 
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❝♦♥séq✉❡♥t✱ ♦♥ s✬❛tt❡♥❞ à ✉♥❡ ❣❧②❝♦s②❧❛t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧❛ ♣r♦té✐♥❡✳ ◆♦s ❝♦❧❧❛❜♦r❛t❡✉rs t❡♥t❡♥t ❛✉❥♦✉r❞✬❤✉✐

❞❡ t❡st❡r ❧❡ st❛t✉ts ❣❧②❝♦s②❧é ❞❡ ❧❛ ♣r♦té✐♥❡ ♣r♦❞✉✐t❡✳ ▲✬❛❝t✐✈✐té ❞❡ ❧❛ ♣r♦té✐♥❡ ❩❆● ❡st ❞é♣❡♥❞❛♥t❡ ❞❡

s❛ ❧✐❛✐s♦♥ ❛✉ ré❝❡♣t❡✉r☞✲❛❞r❡♥❡r❣✐❝ ✭☞✲❆❘✮ à ❧❛ s✉r❢❛❝❡ ❞❡s ❛❞✐♣♦❝②t❡s ❬❘✉ss❡❧❧ ❛♥❞ ❚✐s❞❛❧❡✱ ✷✵✶✷❪✳ ❈❡tt❡

❝❛♣❛❝✐té ❞✬✐♥t❡r❛❝t✐♦♥ ❡st ❢♦rt❡♠❡♥t ❛❧téré❡ ♣❛r ❧❡s é♣✐s♦❞❡s ❞❡ ❝♦♥❣é❧❛t✐♦♥s✳ ❉✬❛✉tr❡s ❛♣♣r♦❝❤❡s ♣❡✉✈❡♥t

êtr❡ ❡♥✈✐s❛❣é❡s ♣♦✉r t❡st❡r ❧✬❡✛❡t ❞✉ ✈❛r✐❛♥t ♣✳❆s♥✶✾✾❚②r s✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ ❩❆● ✿ ✉♥ s②stè♠❡

❞❡ s✉r❡①♣r❡ss✐♦♥ ❞✉ ❣è♥❡ s❛✉✈❛❣❡ ♦✉ ♠✉té ❞❛♥s ❞❡s ❧✐❣♥é❡s ❝❡❧❧✉❧❛✐r❡s ❈❍❖ ✭❈❤✐♥❡s❡ ❍❛♠st❡r ❖✈❛r②✮ ♦✉

❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ r❡❝♦♠❜✐♥❛♥t❡ s❛✉✈❛❣❡ ♦✉ ♠✉té❡ à ❞❡s s♦✉r✐s ♦❜✴♦❜✱ ❝♦♠♠❡ ♣ré❝é❞❡♠♠❡♥t

ré❛❧✐sé ♣❛r ❘✉ss❡❧❧ ❛♥❞ ❚✐s❞❛❧❡ ❬✷✵✶✷❪✳

✼✳✺ ❉é✜♥✐t✐♦♥ ❞✉ ❝♦♥❝❡♣t ❞❡ s②♥❞r♦♠❡ ❞❡s ♠✉t❛t✐♦♥s ❝♦♥t✐❣✉ës

▲❛ ♥♦t✐♦♥ ❞❡ s②♥❞r♦♠❡ ❞❡s ❣è♥❡s ❝♦♥t✐❣✉s ❛ été ♣r♦♣♦sé❡ ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞✬❛ss♦❝✐❛t✐♦♥s ❝❧✐♥✐q✉❡s

❧✐é❡s à ❧✬❤❛♣❧♦✐♥s✉✣s❛♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ❣è♥❡s ❝♦♥t❡♥✉s ❞❛♥s ❧❡ s❡❣♠❡♥t ❞é❧été✳ ▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼❛

♣❛r séq✉❡♥ç❛❣❡ ❤❛✉t✲❞é❜✐t ♥♦✉s ❛ ♣❡r♠✐s ❞✬é❧❛r❣✐r ❝❡ ❝♦♥❝❡♣t✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞✉ ❙●❈ ❡st ❜❛sé❡ s✉r ✉♥ ✉♥✐q✉❡

é✈é♥❡♠❡♥t ♠✉t❛t✐♦♥♥❡❧ ❀ ✉♥❡ ❞é❧ét✐♦♥ ❛✛❡❝t❛♥t ❧❡ ❞♦s❛❣❡ ❣é♥✐q✉❡ ❞❡ ♣❧✉s✐❡✉rs ❣è♥❡s✳ ▲❡ ♣❤é♥♦t②♣❡ ❞❡ ❧❛

❢❛♠✐❧❧❡ ▼❛ ❡st ❞û à ❞❡✉① é✈é♥❡♠❡♥ts ♠✉t❛t✐♦♥♥❡❧s ❞✐st✐♥❝ts ❛✛❡❝t❛♥t ❞❡✉① ❣è♥❡s ❣é♥ét✐q✉❡♠❡♥t ❧✐és✳ ■❧ ♥❡

s✬❛❣✐t ♣❛s ❞❡ ❞✐❣é♥✐s♠❡ ✭✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❝❛✉sé❡ ♣❛r ❧✬❛ss♦❝✐❛t✐♦♥ ❞❡ ❞é❢❛✉ts ❞❛♥s ❞❡✉① ❣è♥❡s ❞✐st✐♥❝ts✮ ♣✉✐sq✉❡

❝❤❛q✉❡ ♠✉t❛t✐♦♥ ❡st à ❧✬♦r✐❣✐♥❡ ❞✬✉♥ t❛❜❧❡❛✉ ❝❧✐♥✐q✉❡ ❞✐st✐♥❝t ❬❙❝❤ä✛❡r✱ ✷✵✶✸❪✳ ▲❡s ♣❛t✐❡♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡

▼❛ ❝✉♠✉❧❡♥t ❞♦♥❝ ❞❡✉① ♣❛t❤♦❧♦❣✐❡s ♠♦♥♦❣é♥✐q✉❡s ❞✐st✐♥❝t❡s à s♣❡❝tr❡ ♣❤é♥♦t②♣✐q✉❡ ♥♦♥ ❝❤❡✈❛✉❝❤❛♥t✳ ▲❛

❝♦♥s❛♥❣✉✐♥✐té ❡t ❧❛ ❧✐❛✐s♦♥ ❣é♥ét✐q✉❡ ❞❡s ❞❡✉① ❣è♥❡s s♦♥t ❧❡s ❢❛❝t❡✉rs r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬❛ss♦❝✐❛t✐♦♥ ❞❡ ❝❡s

❞❡✉① ♣❛t❤♦❧♦❣✐❡s✳ ▲❡ ❝❛s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼❛ r❡ss❡♠❜❧❡ ❛✉ ❝♦♥❝❡♣t ❞✉ ❙●❈ ✿ ❧❡ t❛❜❧❡❛✉ ❝❧✐♥✐q✉❡ ❞❡s ♣❛t✐❡♥ts ❡st

❧✐é ❛✉① ♠✉t❛t✐♦♥s ❞❡ ♣❧✉s✐❡✉rs ❣è♥❡s ❝♦♥t❡♥✉s ❞❛♥s ✉♥ ❤❛♣❧♦t②♣❡ ❞é❧étèr❡✳ ▲❛ ♥♦t✐♦♥ ❞❡ ❙●❈ ♣❡✉t ❞♦♥❝ êtr❡

ét❡♥❞✉❡ à ❧❛ tr❛♥s♠✐ss✐♦♥ s✐♠✉❧t❛♥é❡ ❞✬é✈é♥❡♠❡♥ts ♠✉t❛t✐♦♥♥❡❧s ✐♥❞é♣❡♥❞❛♥ts ♠❛✐s ❣é♥ét✐q✉❡♠❡♥t ❧✐és q✉❡

♥♦✉s ❛✈♦♥s ❛♣♣❡❧é s②♥❞r♦♠❡ ❞❡s ♠✉t❛t✐♦♥s ❝♦♥t✐❣✉ës ✭❙▼❈✮✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ❞✐❣é♥✐s♠❡✱ ❞✉ ❙●❈ ❡t

❞✉ ❙▼❈ s♦♥t rés✉♠é❡s ❞❛♥s ❧❛ t❛❜❧❡ ✼✳✷✳

❈❛r❛❝tér✐st✐q✉❡s ❙●❈ ❢❛♠✐❧❧❡ ▼❛ ♦✉ ❙▼❈ ❉✐❣é♥✐s♠❡
◆♦♠❜r❡ ❞✬é✈é♥❡♠❡♥t ♠✉t❛t✐♦♥♥❡❧s ✶ ✷ ✷
❚②♣❡ ❞✬é✈é♥❡♠❡♥t ♠✉t❛t✐♦♥♥❡❧ ❈◆❱s s✉❜st✐t✉t✐♦♥s t♦✉s t②♣❡s ❞❡ ♠✉t❛t✐♦♥s
◆♦♠❜r❡ ❞❡ ❣è♥❡s ✐♠♣❧✐q✉és ❛✉ ♠♦✐♥s ✷ ✷ ✷

▲✐❛✐s♦♥ ❣é♥ét✐q✉❡ ♦✉✐ ♦✉✐ ♦✉✐ ♦✉ ♥♦♥
■♥t❡r❛❝t✐♦♥ ❣é♥ét✐q✉❡ ♥♦♥ ♥♦♥ ♦✉✐
▼♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞♦♠✐♥❛♥t ré❝❡ss✐❢ ❞♦♠✐♥❛♥t ♦✉ ré❝❡ss✐❢

❚❛❜❧❡ ✼✳✷ ✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ❙●❈✱ ❞✉ ❞✐❣é♥✐s♠❡ ❡t ❞✉ ❙▼❈✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✵✷



❚r♦✐s✐è♠❡ ♣❛rt✐❡

❆♣♣r♦❝❤❡ ❲❊❙ s✉r ❞❡s ❝❛s s♣♦r❛❞✐q✉❡s

❝❧✐♥✐q✉❡♠❡♥t s❡♠❜❧❛❜❧❡s ✿ ✐❞❡♥t✐✜❝❛t✐♦♥

❞✬✉♥ ♥♦✉✈❡❛✉ s②♥❞r♦♠❡ ❞❡ ❉■ ❡t

❞é♠♦♥str❛t✐♦♥ ❞✉ rô❧❡ ❞❡ ◆❖◆❖ ❞❛♥s ❧❛

❜✐♦❧♦❣✐❡ ❞❡s s②♥❛♣s❡s ●❆❇❆❡r❣✐q✉❡s

✶✵✸



❈❍❆P■❚❘❊ ✽

❆PP❘❖❈❍❊ ❆❉❖P❚➱❊

✽✳✶ Prés❡♥t❛t✐♦♥ ❞❡s ❢❛♠✐❧❧❡s

▲❛ q✉❛❧✐té ❞✉ r❡❝r✉t❡♠❡♥t ❞✉ ❞é♣❛rt❡♠❡♥t ❞❡ ●é♥ét✐q✉❡ ❞❡ ❧✬❤ô♣✐t❛❧ ◆❡❝❦❡r✲❊♥❢❛♥ts ▼❛❧❛❞❡s ❡t ❧✬étr♦✐t❡

✐♥t❡r❛❝t✐♦♥ ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡ ❛✈❡❝ ❧❡s ❛❝t✐✈✐tés ❝❧✐♥✐q✉❡s ❞✉ ❞é♣❛rt❡♠❡♥t ❢♦♥t ❞❡ ❝❡ ❧❛❜♦r❛t♦✐r❡ ✉♥ ❧✐❡✉

♣r✐✈✐❧é❣✐é ♣♦✉r ❞é✈❡❧♦♣♣❡r ✉♥ ♣r♦❣r❛♠♠❡ ❞❡ r❡❝❤❡r❝❤❡ ❜❛sé s✉r ❧✬❛♥❛❧②s❡ ❡①❤❛✉st✐✈❡ ❞❡ ♣❛t✐❡♥ts ❛✈❡❝ ❉■✳

▲❡s ♣❛t✐❡♥ts ♣rés❡♥tés ❞❛♥s ❝❡tt❡ ♣❛rt✐❡ s♦♥t ♣r✐s ❡♥ ❝❤❛r❣❡ ♣❛r ❞❡s ♠é❞❡❝✐♥s ❞❡ ❧✬❍ô♣✐t❛❧ ◆❡❝❦❡r✲❊♥❢❛♥ts

▼❛❧❛❞❡s ❛②❛♥t ✉♥❡ ❛❝t✐✈✐té ❞❡ r❡❝❤❡r❝❤❡ ❛✉ s❡✐♥ ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡ ❀ ❧❡s ❞♦❝t❡✉rs ❏❡❛♥♥❡ ❆♠✐❡❧ ❡t ▼❛r❧è♥❡

❘✐♦ ❞♦♥t ❧✬✐♥t❡r❛❝t✐♦♥ ❛ ♣❡r♠✐s ❞❡ r❡❣r♦✉♣❡r ❝❡s ♣❛t✐❡♥ts ❛✉ s❡✐♥ ❞✬✉♥❡ ♠ê♠❡ ét✉❞❡ ❣é♥ét✐q✉❡✳

▲❡s ♣❛t✐❡♥ts ▼❈❈■❉✶ ❡t ✷ s♦♥t ❞❡✉① ❣❛rç♦♥s✱ ✐ss✉s ❞❡ ❞❡✉① ❢❛♠✐❧❧❡s ♥♦♥ ❛♣♣❛r❡♥té❡s ❡t ♥♦♥ ❝♦♥s❛♥❣✉✐♥❡s✱

❝❤❛❝✉♥ ét❛♥t ❧✬✉♥✐q✉❡ ❡♥❢❛♥t ❛tt❡✐♥t ❞❡ ❧❛ ❢r❛tr✐❡✳ ▲❡s ♣❛t✐❡♥ts ♣rés❡♥t❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✉♥❡ ♠é❣❛❧❡♥❝é♣❤❛✲

❧✐❡✱ ✉♥ ❝♦r♣s ❝❛❧❧❡✉① é♣❛✐s ré✈é❧é ♣❛r ❧✬❛♥❛❧②s❡ ❞❡ ❧✬■❘▼ ❡t ✉♥❡ ❉■✱ ❛❜ré❣é ▼❈❈❉■✳ ❈❡s ♣❛t✐❡♥ts s♦✉✛r❡♥t

é❣❛❧❡♠❡♥t ❞✬✉♥❡ ❤②♣♦♣❧❛s✐❡ ♠❛❧❛✐r❡ ✐♠♣♦rt❛♥t❡ ❛❝❝♦♠♣❛❣♥é❡ ❞❡ tr♦✉❜❧❡s sé✈èr❡s ❞❡ ❧✬é❧♦❝✉t✐♦♥ ❡t s♦♥t t♦✉s

❞❡✉① ♠✐♥❝❡s✳

▲❡s ❝❧✐♥✐❝✐❡♥♥❡s✱ ❡①❡rç❛♥t s✉r ❧❡ ♠ê♠❡ s✐t❡✱ ♦♥t ♣✉ ♣r❛t✐q✉❡r ❧❡✉rs ❝♦♥s✉❧t❛t✐♦♥s ❡♥s❡♠❜❧❡ ❡t s♦♥t ❢♦r♠❡❧❧❡s ❀
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Identifying causes of sporadic intellectual disability remains a considerable 

medical challenge.  Here, we demonstrate that null mutations in the NONO 

gene, a member of the Drosophila Behavior Human Splicing (DBHS) protein 

family, are a novel cause of X-linked syndromic intellectual disability. 

Comparing patients to Nono-deficient mice revealed related behavioral, 

craniofacial, and transcriptional anomalies. In brain, these mice also showed 

deregulation of a large number of synaptic transcripts including the GABA 

receptor alpha2 subunit, as well as impaired postsynaptic scaffolding of 

gephyrin, a master organizer of inhibitory synapses.  Importantly, alteration of 

synaptic scaffolding could be rescued by over-expression of Gabra2 in NONO-

compromised neurons, suggesting that aspects of this syndrome are 

potentially treatable. Our data identify NONO as a new neurodevelopmental-

disease gene and highlight the key role of DBHS proteins in functional 

organization of GABAergic synapses. 
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Intellectual disability (ID) is characterized by significant limitations in intellectual 

functioning and adaptive behavior. Recent developments in next-generation 

sequencing (NGS) and whole-exome sequencing (WES) have considerably 

empowered detection of disease variants in ID1-3. WES was carried out in parallel in 

two unrelated male ID patients (MCCID1 and 2), who presented the same slender 

built-macrocephaly gestalt, facial features, shy behavior, a thick corpus callosum and 

a smaller cerebellum (Fig. 1a and 1b, Table S1 and Supplementary Note). 

Hypothesizing that the same disease gene was shared by the two patients, only the 

X-linked NONO (Non-octamer-containing, POU-domain DNA-binding protein, also 

known as p54NRB) gene emerged as a candidate (Supplementary Table 2). 

Capillary sequencing confirmed the de novo occurrence of a splice site variant 

affecting the last base of exon 10 in patient MCCID1 (NM_001145408.1:c.1131G>A; 

p.Ala377Ala) (Supplementary Fig.1). The variant identified in patient MCCID2 was a 

one-base-pair insertion in the last coding exon (NM_001145408.1:c.1394dup ; 

p.Asn466Lysfs*13) inherited from his healthy mother (Supplementary Fig.1). 

Immunoblot analyses of cultured skin fibroblast lysates using an anti-NONO antibody 

showed a markedly reduced amount of NONO proteins in patient cells compared to 

controls (Fig 1c, d). These results were confirmed by immuno-cytochemistry using 

the same antibody (Fig. 1e).  

 

NONO belongs to the highly conserved Drosophila Behaviour Human Splicing 

(DBHS) protein family. This family includes three members in mammals, namely 

NONO, paraspeckle component 1 (PSPC1), and Splicing Factor Proline/Glutamine-

Rich (SFPQ, also known as PSF). DBHS proteins are nuclear proteins forming 

homo- and heterodimers in vivo4,5, and previous literature documents their 
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involvement in various aspects of RNA production6. Studies in vitro suggest that they 

play a role in transcriptional activation and repression7-9, splicing10,11, pre-mRNA 

processing12 and RNA transport13,14. In addition, they are major components of 

nuclear paraspeckles, which have been recognized as nuclear RNA-holding 

structures for edited RNAs15,16  that likely play a role in stress-mediated regulation via 

nuclear retention of transcripts17-19. NONO and other DBHS family members also 

serve as transcriptional cofactors for correct circadian clock function in both flies and 

mammals, where they regulate the circadian clock via interaction with PER 

proteins20-23.  However, no study so far has linked impaired function of these proteins 

to human disease. 

Consistent with the established role for the NONO protein within the circadian clock, 

cultured skin fibroblasts from patients showed reduced amplitude of circadian 

oscillations (Supplementary Fig. 2). Microarray analysis of cultured skin fibroblast 

RNAs in patients compared to controls also revealed a marked modification in the 

global pattern of gene expression between the two groups. Indeed, hierarchical 

clustering analysis showed that the patient group formed an independent cluster 

away from the control RNAs, as illustrated by the corresponding heatmap (Fig. 2a). A 

total of 389 differentially expressed genes were shared by the two patients with 372 

transcripts being similarly affected (213 down regulated and 159 up regulated), 

whereas only 17 transcripts were deregulated in opposite orientation (Fig. 2b, 

Supplementary Table 3). Notably, increased levels of PSPC1 (2.22 and 2.78 fold 

respectively) and SFPQ transcripts (1.54 and 1.71 fold respectively) were detected in 

patients compared to controls. Expression data were confirmed by Western blot 

analysis showing increased amounts of PSPC1 and SFPQ proteins in patient 

fibroblasts compared to controls (Fig 1c,d).  
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To further characterize the physiological role of NONO upon brain development, we 

analyzed a mouse model in which the Nono gene had been disrupted by genetrap 

(gt)23. Visual inspection and CT scan revealed that mutant mice displayed a flattened 

nose mimicking the facial anomalies observed in the patients (Fig. 3a-c, 

Supplementary Table 4). Similarly, a smaller cerebellum was observed in mutant 

mice (Fig 3d, S2, Supplementary Table 4) and patients (Fig. 1b, Supplementary 

Table 1), as well as other structural anomalies (Supplementary Fig. 3, 

Supplementary Table 1, 4). Behaviorally, mice showed impaired performance in the 

Morris Water Maze (Fig 3e,f) reflective of the cognitive defects observed in patients, 

as well as a marked anxiety phenotype documented via prepulse inhibition, open 

field exploration, and light-dark preference testing (Supplementary Fig. 4). Gene 

expression analysis in adult dermal fibroblasts from wild type and Nonogt mice also 

revealed global transcriptional deregulation in the mutant mice compared to controls 

in patterns similar to that of human patients and controls. When human and mouse 

data sets were merged and submitted to a hierarchical clustering with the Spearman 

correlation similarity measure, the samples were split in two main groups. Nonogt 

mice samples segregated with the patients group, whereas wild type mice samples 

segregated with the human control samples (Fig. 2c and Supplementary Table 5). 

Taken together, these data demonstrated a regulatory role of NONO conserved 

through evolution and supported the relevance of the Nonogt model for further 

elucidation of the disease mechanism in patients. 

 

Immunofluorescence analysis using anti-Nono antibodies detected strong 

immunoreactivity in mouse brain, including cortex and hippocampus (Fig. 4a). 
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Staining was strongest in neuronal nuclei (NeuN-positive) in CA1 and CA3 pyramidal 

regions and granule cells of the dentate gyrus, but absent from neighboring 

astrocytes (GFAP-positive) (Supplementary Fig. 5). Gene expression analysis in 

hippocampi of wildtype and Nonogt mice identified 882 differentially expressed genes 

(Fig. 4b), including the two other DBHS family members Sfpq and Pspc1 

(Supplementary Fig. 6), as observed in fibroblasts from NONO-deficient patients 

(Supplementary Table 3). Protein levels of these orthologs were also overexpressed 

in Nonogt hippocampi (Supplementary Fig. 7). Interestingly, mRNA levels of Gabra2, 

the GABAA receptor alpha2 subunit, were markedly reduced in hippocampi of Nonogt 

mice compared to controls, a result confirmed by qRT-PCR and Western blot 

analyses (Supplementary Fig. 6,9). Finally, pathway analyses suggested that NONO-

regulated genes were markedly enriched in Gene Ontology categories related to 

synaptic functions (Supplementary Table 5). To support this in silico prediction, we 

compared the synaptosomal transcriptomes from Nonogt  and control mice.  RNA was 

extracted from synaptosomal fractions obtained by density gradient 

ultracentrifugation24. The quality of this fractionation was confirmed by verifying 

enrichment of known synaptically transported RNAs and depletion of known nuclear 

RNAs relative to whole transcriptome (Fig S7A-C). We found that 30.5% of 

synaptosomal transcripts, including Gabra2 (Fig S6D), were deregulated in samples 

from Nonogt mice when compared to controls, a significant over-representation 

compared to whole transcriptome (Table S6, p=0.0007). Hence, our data suggest 

that NONO might play an important role in the regulation of synaptic RNAs. 

 

Gabra2 codes for a subunit of the GABAA receptors that potentiate the majority of 

fast synaptic inhibition in the brain. Previous studies have demonstrated that GABAA 
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receptors are anchored postsynaptically by gephyrin, which self-assembles into a 

scaffold and interacts with the cytoskeleton. Gephyrin binding to GABAA receptors is 

mediated by interaction sites that have been mapped within the intracellular loop of of 

GABAA receptors 1,2 and 3  subunits25. We thus tested the consequences of 

loss of NONO at inhibitory synapses by immunohistological studies of brain sections 

from wild type and Nonogt mice, using antibodies directed against GABAAR α2 and 

gephyrin respectively. Post-synaptic punctate staining for gephyrin and GABAAR α2 

was significantly reduced in the CA3 hippocampal region of Nonogt mice, while 

staining of the presynaptic vesicular GABA transporter marker (VGAT) was 

unaffected (Fig. 4c). Quantitative evaluations showed that the number of gephyrin 

clusters was significantly reduced, but average cluster size was conserved (Fig. 4d).  

Western blot analyses showed markedly reduced GABAAR α2 levels in total brain 

lysates and synaptosomes (Supplementary Fig. 9). By contrast, gephyrin levels were 

similar in wild type and Nonogt in all compartments analyzed (Supplementary Fig. 9). 

Taken together, these data suggest that reduced GABAAR α2 levels in Nonogt mice 

are likely due to transcriptional deregulation. On the other hand, altered gephyrin 

clustering is likely a downstream consequence of altered synaptic composition.  

 

In principle, the anomalies observed in Nonogt mice could arise from either cellular 

synaptic defects, or broader neurodevelopmental changes. To distinguish between 

these possibilities and uncover potential cell-autonomous phenotypes, we used high-

resolution fluorescent in situ hybridization to analyse dissociated hippocampal 

neurons from wildtype and Nonogt mice. As in intact brain slices, we observed a 

significant reduction of Gabra2 transcripts in Nono-deficient neurons but unchanged 

transcript levels for other postsynaptic markers (collybistin, Gabra1) (Supplementary 
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Fig. 10). At the protein level, these cultures showed the same reduction of gephyrin 

scaffolding puncta and GABAAR α2 levels, demonstrating that primary culture 

neurons from these mice recapitulated the key cytological features observed in 

Nonogt mouse hippocampi.  This cellular model was therefore used for functional 

analysis of NONO in post-synaptic biology. 

 

It has been previously established in cultured primary neurons that over-expression 

of green fluorescent protein-tagged gephyrin (GFP-gephyrin) has no apparent effect 

on gephyrin clustering. This tool was used to examine in more detail the effects of 

NONO upon post-synaptic structures26. Inversely to what was observed in Nono-

deficient mouse neurons, over-expression of Myc-tagged NONO in wildtype primary 

hippocampal neurons expressing GFP-gephyrin caused a significant increase in 

density of GFP-gephyrin puncta compared to neurons transfected with GFP-gephyrin 

alone. By contrast, a reduction in GFP-gephyrin density was observed in cells 

transfected with a construct over-expressing a mutant form of the NONO protein, 

myc-NONO RRM (Fig. 4e,f). This construct contains four point mutations in the RNA 

recognition motif (RRM), and is therefore unable to bind to single-stranded RNAs.  

Thus, we can conclude that the function of NONO upon synaptic biology is RNA-

dependent. 

 

Gephyrin depends on the presence of GABAAR to form postsynaptic clusters in 

GABAergyc synapses, and the size and density of gephyrin scaffolding can be 

correlated to strength and frequency of GABAergic transmission25,26. Thus, gephyrin 

clustering is largely impaired in the mice lacking the GABAAR α2 subunit (Gabra2-

KO)27.   Therefore, we hypothesized that the altered gephyrin distribution observed in 
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NONO-deficient neurons might be the consequence of Gabra2 transcript 

deregulation, and furthermore that this defect might be rescued by over-expressing 

GABAAR α2.  Indeed, transfection of plasmids expressing Gabra2 could rescue the 

reduced gephyrin cluster density observed in cultured neurons transfected with myc-

NONO RRM (Fig. 4g,h), further supporting the view that NONO alters postsynaptic 

structure by regulating Gabra2 levels.  

 

In conclusion, this study shows that NONO-null mutations cause a novel, clinically 

recognizable ID syndrome, with slender built-macrocephaly, malar hypoplasia and 

thick corpus callosum. A mouse model deficient in NONO recapitulates the major 

features of this syndrome. Studying brains and neurons from these mutant mice 

suggested that NONO plays an unsuspected role in regulating inhibitory synaptic 

biology, results also consistent with intellectual and anxiety phenotypes of these 

mice.  Previous studies have identified NONO as a member of a neuronal RNA 

transport complex13 and demonstrated increased NONO abundance at synapses in 

response to synaptic activity28, but no study has yet linked dysfunction in NONO or 

other DBHS proteins to any human disease.  Our studies clearly demonstrate that, in 

the brain, NONO function is primarily mediated by its role in the regulation of RNA 

expression, and suggest that it may contribute to the local regulation of RNA 

metabolism underlying activity-dependent regulation of dendritic spine morphology. 

Finally, because inhibitory synapse structural defects caused by NONO dysfunction 

could be rescued by increasing the number of GABA-2 receptors, this study opens 

reasoned opportunities for therapeutic trials in this novel intellectual disability 

syndrome.  
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FIGURE LEGENDS 
 

Figure 1: P54NRB/NONO mutations and their functional consequences (a) 

Photographs and pedigree of both patients. Shaded symbols indicate the affected 

individuals. (b) Sagittal T1 and axial FSE T2 brain MRI of patient MCCID1 at 9 years-

old (left panel) and patient MCCID2 at 8 years old (right panel) showing a thick 

corpus callosum, a small cerebellum and a Chiari I malformation (arrows). (c) 

Immunoblots showing a complete absence of the NONO protein and overexpression 

of PSPC1 and SFPQ proteins in patients’ cells compared to controls. (d) 

Densitometry analyses. Means ± standard error (SEM) for the three DBHS proteins 

relative to the amount of total proteins are given from two independent experiment 
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and expressed as a percentage of the control values (100%). Significance was 

calculated using two-way analysis of variance (ANOVA) test with Tukey correction. 

Here and in subsequent figures, * P value < 0.05,   ** P value < 0.01, *** P value < 

0.001  (e) Immunofluorescence showing the complete absence of the NONO protein 

in patients’ cells compared to controls.  

 

Figure 2. Transcriptome analysis in human and mouse cells (a) Heatmap cluster 

analyses indicating similarity in expression profile among probes from the two 

patients and differences compared to the two controls. High detection signals relative 

to the mean were colored in red. Low detection signals were colored in green. The 

cut-off for inclusion in the heatmap was a 1.5-fold alteration of probe expression for 

both patients. (b) Venn diagram showing the number of genes commonly or 

differentially expressed in the two patients compared to the mean of the two controls. 

Significant differences are based on a 1.5-fold difference and a P-value of<.05. U= 

up, D= down. (c) Hierarchical clustering analysis of combined mouse and human 

orthologous genes, resulting in a striking separation highlighting similarity of mouse 

and human transcriptional dysregulation. 

 

Figure 3. Functional consequences of NONO deficiency in mice. (a) Side 

view of representative Nonogt mouse (right) compared to wildtype littermate (left). 

(b) CTscan analysis indicating a flattened and distorted nose in Nonogt mice 

(right) compared to WT (left). (c) Quantification of skull length, width and nose 

length in Nonogt mice (black) compared to wildtype littermate (white). n = 20 mice 

per genotype. ***P < 0.001 ; Student’s t-test. Bars represent mean ± SD. (d) MRI 

scan of representative Nonogt mouse (right) compared to wildtype littermate (left). 
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Yellow arrow indicates cerebellum. Also see Supplementary Fig 3 and 

Supplementary Table 4. (e-f) Behavior of Nonogt mice and WT littermates in 

Morris water maze, n=16-20 per genotype. Black circles, Nonogt; open circles, 

WT. Unless otherwise noted in this and subsequent figure, bars represent means 

± SEM. (e) Gallagher’s proximity test scores, i.e. average distance of mice from 

goal as fraction of total distance. Repeated ANOVA, gene p<0.0237, time 

p<0.001, gene x time n.s.  (f) Whishaw’s error, i.e. % path outside an 18cm-wide 

corridor connecting release point and goal. Gene p<0.0215, time p<0.001, gene x 

time n.s.  

 

Figure 4. Effects of NONO deficiency upon synaptic biology. (a) 

Immunofluorescence labeling of NONO in wildtype (top) and Nonogt (bottom) 

mouse coronal brain sections. PL = pyramidal cell layer, DG = dentate gyrus. (b) 

Scatter plot of hippocampal transcriptome from WT and Nonogt mice.  Red, 

diffrentially expressed genes, p  0.01 and log ratio  0.5. (c) 

Immunohistochemical staining for inhibitory postsynaptic marker gephyrin 

(green), GABA type II receptor (red), and the presynaptic marker vGat (blue) in 

wildtype and Nonogt mice in the stratum radiatum CA3 of the hippocampus. (d) 

Quantification of gephyrin, GABA type II receptor and vGat density (left) and 

gephyrin cluster size (right). Means ± SD are shown, *P < 0.05 , **P < 0.01 ; 

Student’s t-test (top) and Kolmogorov-Smirnov test (bottom). (e-h) 

Immunofluorescence analysis of inhibitory synapse morphology in-vitro. (e) 

Primary hippocampal rat neurons expressing control GFP-gephyrin alone, or (e’) 

co-expressed with myc-NONO, or (e’’) co-expressed with RNA binding-deficient 

myc-NONO-RRM,. Boxed region is magnified beneath. Postsynaptic clustering is 
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demonstrated by apposition of eGFP-gephyrin clusters (green) to vGat -positive 

terminals (blue). (f) Quantification of cluster density distribution in 9 neurons from 

3 independent experiments., Control x NONO *P < 0.05, Control x NONO- RRM 

*P < 0.05 using  Kolmogorov-Smirnov test. (g) Primary hippocampal rat neurons 

expressing control GFP-gephyrin alone, or (g’) co-expressed with myc-NONO-

RRM, or (g’’) co-expressed with myc-NONO-RRM and GABRA2. (h) 

Quantification, showing complete rescue of the impaired gephyrin cluster 

distribution by GABRA2. Control x NONO RRM *P < 0.05, Control x NONO RRM 

GABRA2 *P < 0.05 using  Kolmogorov-Smirnov test. 
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ONLINE METHODS 

Patients 

All human protocols were reviewed and approved by the institutional review board of 

the Necker Hospital and informed consent was obtained from all subjects involved in 

this study.  

Case MCCID1 was the second child of healthy, nonconsanguineous parents. Family 

history is unremarkable. He was born in the 41st week of gestation, after a normal 

pregnancy and delivery and an Apgar score29 of 10/10. Parameters at birth were in 

the normal range (BW 3370g, LW 50.5 cm, HC 34 cm). Developmental milestones 

were delayed: he was able to walk alone at 3 years of age, and had limited speech 

with preserved comprehension. He developed absence seizures at the age of 5 

years and continued to have seizures with increased frequency. He had strabismus 

and myopia. At the age of 15 years, he developed severe kyphoscoliosis. On 

examination at 17.5 years, his height was 1.79 m (+1SD), his weigh 50 kg (-1.5SD), 

and OFC 60.5 cm (+4SD). Hand and feet were narrow with long fingers and toes, 

overriding toes and bilateral ankylosis of the metacarpophalangeal joint of thumb. He 

had flat feet with dystrophic nails. He had long and expressionless face, malar 

hypoplasia, short palpebrale fissures, small and open mouth with drooling, high-

arched-palate and enamel defect. He had slender build and distal amyotrophy. 

Speech was limited with simple sentences, severe elocution disability and nasal 

speech. Extensive metabolic screening was normal. Myotonic dystrophy and fragile X 

were excluded. Brain MRI demonstrated bilateral megalencephaly, a thick corpus 

callosum, enlarged white matter, septum pellucidum cyst, and a small cerebellum. 

High resolution cytogenetic studies (array CGH) identified a de novo 15q13.3 

deletion. 
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Case MCCID2, a male, is the first child of healthy, non consanguineous parents with 

no medical family history of note. He has 3 healthy younger sisters (Figure 1A). 

Because hydramnios and short long bones were noted in the 2nd trimester of 

pregnancy, amniocentesis was performed and karyotyping showed normal 

chromosomes, 46,XY. He was born at 37.6 WG with low birth parameters (BW: 2540 

g, BL: 46 cm, OFC: 35.5 cm) and an Apgar score of 10/10. He presented poor 

sucking, gastrointestinal reflux, stridor, cryptorchidism and hypotonia from birth. He 

developed convergent strabismus within the first year of age. Motor skills have been 

delayed with head control achieved at 10 months and walking unaided at 3 years of 

age. At that time language was limited to a few single words. He was slender built 

and macrocephalic with weight and height on -2 SD and head circumference on +2 

SD. His thorax was long and narrow and he developed kyphoscoliosis and pes 

planus. He was awkward and slow with weak patella reflexes. He suffered from 

drooling, persistent deglutition difficulties and severe elocution disability with nasal 

speech. He could not blow or smack. He had multiple dental caries due to mouth 

breathing. Chronic otitis media resulted in conductive hearing loss of 40 to 60 dB and 

has been treated with grommets. Hands and feet were narrow with overriding toes 

and ankylosis of the metacarpophalangeal joint of both thumbs. Although 

macrocephalic, his forehead was relatively short and narrow with low frontal and 

temporal hairline. The face was elongated with upslanting palpebral features, a 

convergent squint, a thin and high nasal root with deviated nasal septum and large 

tip with short columella, severe malar hypoplasia, a small open mouth with narrow 

and high palate, narrow dental arcades and crowding of teeth. Ears were normally 

placed and folded with hypoplastic ear lobes.  He made constant progress, was toilet 

trained at about 7 years, speaks in sentences and is able to write his name and read 
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simple words. He has a shy, gentle and cheerful behaviour. When last seen at 15 

years of age, puberty was delayed and orthopaedic surgery of the kyphoscoliosis 

was planed.  

Brain MRI performed at 18 months and 8 years showed a thick corpus callosum, 

asymmetric trigone and lateral ventricles and a Chiari malformation type I (Figure 

1B). EEG showed no gross anomaly. Extensive metabolic screening was normal. 

Skeletal X-rays showed no malformation of the vertebrae. CytoChipTM (BlueGnome, 

Cambridge) array-CGH did not detect any copy number variant.    

Whole-exome sequencing 

Agilent SureSelect librairies were prepared from 3 µg of genomic DNA sheared with 

a Covaris S2 Ultrasonicator as recommended by the manufacturer. Exome capture 

was performed with the 50 Mb SureSelect Human All Exon kit (Agilent technologies) 

using a multiplex approach with molecular barcodes for traceable ID of samples. 

Sequencing was carried with the SOLiD5500 (Life Technologies) on a pool of 

barcoded exome librairies. 75+35 paired-end reads were generated and mapped on 

human genome reference (NCBI build37/hg19 version) using LifeScope (Life 

Technologies). 

Sequences produced allowed a mean sequence coverage of 42-87 reads per bp. 

The average coverage was 70X, with more than 75% of targeted bases covered 15X. 

Sequence reads were aligned to the human reference genome sequence (assembly 

GRCh37) using Mapreads. SNPs/indels were called using Genome analysis toolkit 

and Picard tools. Poorly mapped (less than 3X cover) and low-quality reads (less 

than 20 quality score) were removed. An in-house software (PolyWeb) was used to 

annotate and filter the variants. 
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Mice 

Generation of Nonogt mice was described previously23. Mice have been backcrossed 

greater than 12 generations to C57/Bl6J. All experiments were performed by 

comparing adult wild type and mutant littermates (2-3 months old). Animal housing 

and experimental procedures are in agreement with veterinary law of the canton of 

Zurich. 

CT and MR Scanning and analysis 

The skulls of 20 mice per genotype were scanned with in vivo 3D micro computed 

tomography (Quantum Fx, Perkin Elmer, Waltham MA). All mice were sacrificed prior 

to scanning and placed in the micro CT in ventral recumbency with the head 

centered to the field of view. Scans were taken with an isotropic voxel resolution of 

59 µm. The protocol used 90 kV and 100 μA with 50 msec per projection resulting in 

a total scan time of 3 minutes for 360°. 3D surface reconstructions of all skulls were 

created using the Quantum Fx viewer and assessed/scored for signs of deformation 

and morphological anormalies by two independent investigators. Analysis of skull 

parameters was done as described previously30. Micro MR images were acquired as 

described previously31 via high-resolution MRI of mouse brain at 9.4T using a 

cryogenic quadrature transceiver coil. (Inplane image resolution 60x60mm2). 

Mouse Behavioral Experiments 

STATISTICAL MODELS: Data were analyzed using mixed ANOVA models with 

genotype (KO, WT) as between-subject factor. Within-subject factors were added as 

needed to explore the dependence of genotype effects on place, time, or stimulus. 

Significant interactions and, where necessary, significant main effects were further 

explored by Tukey-Kramer post-hoc tests or by splitting the ANOVA model, as 

appropriate. One-sample t-tests were used for follow-up comparisons against chance 
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levels. Variables known to produce strongly skewed distributions and/or frequent 

outliers were subjected to a log transformation before ANOVA analysis (as indicated, 

e.g. latency measures). The significance threshold was set at 0.05. The false 

discovery rate (FDR) control procedure of Hochberg was applied to groups of 

conceptually related variables within single tests to correct significance thresholds for 

multiple comparisons. 

DESCRIPTIONS OF INDIVIDUAL TESTS: 

Prepulse Inhibition: The session consists of a series of six 40-ms startling pulses of 

different intensities varying between 100 and 120 dB in order to get an average 

magnitude of the initial animal’s startle response. The animal is then subjected to a 

succession of 6 discrete trials. Each trial includes a short period of background white 

noise (control no- stimulus condition), followed by 20-ms pre-pulses (4, 8, 12, 16, and 

20 decibels above the background white noise) and 40-ms startling pulses (100 to 

120 dB) presented either separately or in combination (pre-pulse + pulse, with a 

delay of 100 ms between the two stimuli). The session is completed with additional 

six 40-ms startling pulses and background noise. The time interval between two 

stimulus presentations can vary between 10 and 20 seconds. 

Elevated plus maze: The apparatus is a crossbar-shape maze, comprising two 

symmetrically arranged open arms equipped with 3-mm ledges and two closed arms 

equipped with 20-cm walls. The intersection of the 4 arms forms a small central zone 

(5 cm x 5 cm). The maze is elevated 38 cm from the ground. The whole apparatus is 

made of semi-transparent Plexiglas. The mouse is put on the central platform, the 

head facing a closed arm. The session lasts 5 min, starting once it enters the four 

paws in to one arm, whichever close or open. The behavioral parameters are 

recorded on-line. 
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Open-field Test: The large open-field arena is circular with a diameter of 150 cm, a 

white plastic floor, and 35 cm high sidewalls made of white polypropylene. 

Illumination is by indirect diffuse room light (4 40W bulbs, 12 lux). Each subject is 

released near the wall and observed for 10 min. The same procedure is repeated the 

following day, resulting in a total observation time of 20 min. Movements are tracked 

using Noldus EthoVision. The number of deposited fecal boli is recorded after each 

session. 

Light-Dark box: A 20x30 cm lit chamber with transparent Perspex walls (20 cm 

high) and open top is connected to a 20x15x20 cm polyvinyl-chloride box. The box is 

dark (ca. 10 lux) and completely enclosed, except for the 7.5x7.5 cm opening 

connecting it to the lit chamber. The lit chamber is under direct room light (ca. 450 

lux). Each subject is released in the middle of the lit compartment and observed for 5 

min. Movements are tracked using Noldus EthoVision. Rearings and grooming are 

recorded using the keyboard event-recorder provided by the video-tracking system. 

Morris Water Maze:  This test was conducted as described previously32, in ca. 12-

lux light in a 150cm-diameter water pool.  Six trials are conducted per day, each 

separated by 30-60min and lasting 2min, either learning (15x15cm platform 0.5cm 

above the water surface), or testing (platform 0.5cm below water surface).  Three 

days of acquisition and two days of reversal training are conducted.  Movements are 

tracked using Noldus Ethovision.  Mouse performance was evaluated using 

Gallagher’s measure of proximity (the average distance away from the goal during 

the test) and Whishaw’s error (% path outside a 18cm wide straight corridor 

connecting release point and goal)33,34.   
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Expression analyses 

Total cultured human and mouse skin fibroblast RNAs were isolated using the 

RNeasy Mini Kit (Qiagen). RNA quality was assessed using RNA Nano LabChips 

and the 2100 Bioanalyzer (Agilent Technologies) and RNA concentration was 

measured by spectrophotometry (Nanodrop, Thermo Scientific). Briefly, 100 ng of 

total RNA was reverse transcribed, and second strand DNA was produced and 

amplified by in vitro transcription in the presence of biotinylated ribonucleotides using 

the IVT Express kit (Affymetrix). Microarray experiments were performed for 2 

controls and 2 patients in duplicate on the Affymetrix Human PrimeView Arrays (a 

genome wide array with 49293 probe sets), hybridized with fragmented amplified 

RNA as recommended by the manufacturer. Similarly, mouse RNAs from 2 Nonogt 

and 2 WT mice were hybridized on Affymetrix GeneChip® Mouse Genome 430 2.0 

Arrays (a genome wide array allowing the analysis of 39,000 transcripts). 

Fluorescence data were imported into two analysis softwares: Affymetrix® 

Expression Console™ and R Bioconductor. Gene expression levels were calculated 

using the RMA algorithm Expression Console and flags were computed using a 

custom algorithm within R [http://www.r-project.org/]. Assuming that a maximum of 

80% of genes are expressed we select the 20% lowest values for each microarray to 

be background expression data measures. We have then computed a threshold at 

two standard deviations over the mean of the background. All probes which 

normalized intensity measures were lower than the computed threshold were flagged 

0 instead of 1. The list has been created filtering probes flagged as 1 for at least half 

of the chips. The group comparisons were done using Student’s t test. To estimate 

the false discovery rate we filtered the resulting p-values at 5% and used the 

Benjamini and Hochberg, Bonferroni or without correction. Cluster analysis was 
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performed by hierarchical clustering using the Spearman correlation similarity 

measure and average linkage algorithm.  

Meta-analysis of human and mouse samples types was performed as previously 

described35. 

 

Mouse hippocampal RNAs were extracted using a GenElute Mammalian Total RNA 

Miniprep Kit (Sigma, St Louis, MO, USA) according to the manufacturer's 

instructions. Total RNA was quantified by absorbance spectroscopy and RNA 

integrity and quality was assessed by 1.0% agarose gel electrophoresis. Total RNA 

(1 μg) was transcribed to cDNA with SuperScript II (Invitrogen, Carlsbad, CA, USA) 

using random hexamer primers according to the manufacturer's instructions.  

For quantitative real-time PCR (qPCR), 20 ng of cDNA was used, and single 

transcript levels of genes were detected with the HOT FIREPol EvaGreen qPCR Mix 

(Solis BioDyne, Tartu, Estonia) and an AB7900 thermocycler. Primers used for 

detection of synaptic transcripts were as follows: β-actin, 

AGTGTGACGTTGACATCCGTA (sense), GCCAGAGCAGTAATCTCCTTCT 

(antisense); Gephn, GGCGACCGAGGGAATGAT (sense), 

CCACCCAACAAAGAAGGATCTT (antisense); Gabra1, 

GGTTGACCGTGAGAGCTGAA (sense), CTACAACCACTGAACGGGCT 

(antisense); Gabra2, CAGTGGCCCATAACATGACAAT (sense), 

GGACATTCGGCTTGGACTGT (antisense); CamKIIa, 

CCCCTTTCGCCTACATGTGA (sense), GGCTACAGTGGAGCGGCTTA (antisense). 

Data were analyzed using the comparative CT method (Schmittgen & Livak, 2008). 
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For transcriptome analysis using RNA-Seq, the quality of the isolated RNA was 

determined with a Qubit® (1.0) Fluorometer (Life Technologies, California, USA) and 

a Bioanalyzer 2100 (Agilent, Waldbronn, Germany). RNAs were then processed 

using The TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc, California, USA) 

according to the manufacturer recommendations. The TruSeq SR Cluster Kit v3-

cBot-HS or TruSeq PE Cluster Kit v3-cBot-HS (Illumina, Inc, California, USA) was 

used for cluster generation using 8 pM of pooled normalized libraries on the cBOT. 

Sequencing was performed on a Illumina HiSeq 2000 system using the TruSeq SBS 

Kit v3-HS (Illumina, Inc, California, USA) with paired end 2 X100 reads or single end 

1X100 reads. 

RNA-seq reads were quality-checked with fastqc which computes various quality 

metrics for the raw reads. Reads were aligned to the genome and transcriptome with 

tophat v 1.3.3. Before mapping the low quality ends of the reads were clipped (3 

bases from the read start and 10 bases from the read end). Tophat was run with 

default options. The fragment length parameter was set to 100 bases with a standard 

deviation of 100 bases. Based on these alignments the distribution of the reads 

across genomic features was assessed.Isoform expression was quantified with the 

RSEM algorithm (http://www.biomedcentral.com/1471-2105/12/323) with the option 

for estimation of the read start position distribution turned on. 

Cell culture and transfection 

Human primary fibroblasts were cultured at 37°C under 5% CO2 in RPMI® + 

glutamax or OPTI-MEM® + glutamax supplemented with 10% of fetal bovine serum 

(FBS) and 5% of penicillin/streptomycin (complete medium) (Life Technologies).  
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Mouse primary hippocampal neuron cultures were prepared as described 

previously37. Hippocampal cultures were transfected with 0.5 μg of either eGFP–

gephyrin or the specific myc–NONO construct according to the protocol described 

previously36. Cells were transfected after 8 DIV and processed for 

immunofluorescence 7 days later (referred to as 8+7 DIV). In co-transfection 

experiments the total DNA concentration was maintained at 1.5 μg. 

Plasmids used for transfection 

The eGFP–gephyrin P1 variant has been described previously37. Overexpression of 

myc-NONO and myc-NONO RRM, were conducted using the plasmids described 

previously38. GABRA2 was created amplifying rat cDNA by primers containing HindIII 

and XhoI sites and subsequent cloning into the pCR3.1 vector. 

Western blot  

Human primary fibroblasts protein extracts were prepared on ice in lysis buffer (50 

mM Tris pH 8, 170 mM NaCl, 0.5% NP-40 X-100, 50 mM NaF, and Complete EDTA-

free protease inhibitor 11697498001, Roche Applied Science). The Bradford protein 

assay was used to determine the concentration of each sample (B6916-500 Sigma). 

20-30µg of protein extracts were separated by 4-20% SDS-PAGE (SDS-PAGE Mini-

PROTEAN® TGX Stain Free™ #4568093 Biorad). Stain Free gels were exposed to 

UV light for 2’30” prior to transfer to 0.2 µm nitrocellulose membranes (Trans-Blot 

Turbo Transfer Pack #1704158 Biorad). UV-induced fluorescence corresponding to 

total proteins were first visualized with ChemiDoc MP imaging system, then blocked 

with 5% nonfat dried milk powder (Invitrogen) diluted in PBS-T (1XPBS with 0.2% 

Tween-20) for 1-2H and incubated overnight at 4°C in 2% milk in PBS-T with the 

primary antibodies: NONO, SFPQ, PSPC1, and β-actin used as a control for protein 

loading. Membranes were then incubated with horseradish peroxidase–conjugated 
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secondary antibodies. Proteins were visualized using ECL-Plus (GE Healthcare). 

Various exposure times were performed for either autoradiography films and AGFA 

development (Curix 60 n°1829) or Chemidoc system (Biorad). Raw signal intensities 

were first obtained for target proteins as well as total proteins profile, with the same 

sample as reference, using volume tools in the ImageLab software (Biorad). 

Background signal was deducted from each value. Final quantification data were 

given as a ratio of target signal to total signal. 

Mouse brain lysate and sample preparation were performed as described39. Each 

lane was loaded with 50 μg protein and after blotting, the nitrocellulose membrane 

was directly blocked for 30 min with 1% solution of Western Blocking Reagent 

(Roche Applied Science, Indianapolis, US).  

Antibodies 

The following antibodies were used: Human Antibodies: mouse anti-β-actin (AM4302, 

1:20,000; Ambion), rabbit anti-NONO (LS-C31127, 1:2,000; LSBio Cliniscience), 

rabbit anti-SFPQ (A301-320A, Bethyl), mouse anti-PSPC1 (sc-374181, 1:1,000; 

Santa Cruz), Mouse anti-gephyrin antibody (mAb7a, 1:3000; or 3B11, 1:10000; 

Synaptic Systems, Gottingen, Germany), rabbit anti-vGAT antibody (1:3000, 

Synaptic Systems, Gottingen, Germany), guinea pig anti-GABAAR α2 subunit 

antibody39, mouse anti-Myc (1:10000, Roche), rabbit anti-NONO (1:500,20), rabbit 

anti-PSPC1 (1:500,20). rabbit anti-SFPQ (1:500, 20), NeuN (MAB377, Milipore), 

GFAP (Z0334, DAK=O and MAB360, Millipore), PSD-95 (MA1-045, Affinity 

Bioreagents), β-actin (MAB1501, Millipore). Secondary antibodies were Donkey anti-

rabbit IgG-HRP antibody (1:20,000; sc-2313, Santa Cruz) or donkey anti-mouse IgG-

HRP antibody (1:20,000; sc-2314, Santa Cruz). 
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Immunocytochemistry and Imaging on human skin fibroblasts  

Cells were harvested and seeded one day prior to immunocytochemistry experiment 

with equal cell density for each well. 24H later, cells were rinsed twice in PBS and 

fixed in IC fixation buffer (FB001 Invitrogen) for 10 minutes at room temperature. 

Cells were then permeabilized with 0.5% Triton X-100 for 10 minutes at room 

temperature. After 3 PBS washes, blocking was done with 5% BSA diluted in 0.1% 

Triton-PBS for 30 minutes at room temperature. Hybridization was performed with 

the first antibodies used in Western blotting experiments in a moist chamber 

overnight at 4°C.  After 3 x 10 minutes 0.1% Triton-PBS washes, the following 

detections were carried out with secondary antibodies Alexa488 anti-rabbit IgG 

(1:400, A-11034, Life Technologies) and Alexa594 anti-mouse IgG (1:400, A-11005, 

Life Technologies) for 1H at room temperature in a dark and moist chamber. After 3 x 

10 minutes 0.1% Triton-PBS washes and a final PBS wash, slides were mounted 

with ProLong (P36935, Invitrogen). Images were taken with a Zeiss LSM700 

microscope fitted with a Plan-Apochromat 40x/1.3 Oil DIC M27 objectif and the Zen 

2009 software. Images montage was done using ImageJ. 

Immunocytochemistry and immunohistochemistry on mouse samples 

Immunocytochemistry was performed as described previously26. In short, cells were 

rinsed in PBS and fixed for 10 minutes in 4% paraformaldehyde at room temperature. 

Cells were permeabilized with 0.01% Triton X-100 and detection of intracellular 

proteins were achieved by incubation for 60 minutes at room temperature with 

primary antibodies diluted in PBS containing 10% normal serum, followed by 

incubation with secondary antibodies coupled to Cy3 or Cy5 (1:500, Jackson 

ImmunoResearch) for 30 minutes at room temperature. Finally, coverslips were 

mounted with fluorescent mounting medium (Dako Cytomation, Carpinteria, CA). The 
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GABAARα2 subunit antibody was incubated in living cultures for 90 minutes in 

culture medium40. 

Staining and immunhistochemical analysis of synaptic components was performed 

as previously described41. Briefly, mice were anesthetized with pentobarbital and 

perfused intracardially with ice-cold, oxygenated ACSF. The brain was extracted and 

cut in blocks containing the regions of interest for analysis (e.g. hippocampal 

formation). The Tissue was plunged into ice-cold, freshly prepared fixative (4% PFA 

in PBS) and postfixed for 90 min, rinsed with phosphate-buffered saline (PBS), 

cryoprotected overnight in 30% sucrose in PBS and frozen with powdered dry ice 

and stored at –80 °C. Sections were cut from frozen blocks with a sliding microtome 

at a thickness of 40 μm and were collected free-floating in PBS. They were incubated 

under continuous agitation in primary solution (Tris buffer (pH 7.4) containing 0.2 

Triton X-100, 2% normal serum and the primary antibodies) for 15–48 h at 4 °C, 

washed in Tris buffer and incubated for 30–60 min at room temperature in secondary 

antibodies coupled to a fluorochrome. 

Immunofluorescence images were captured by laser scanning confocal microscopy, 

using a 20x, 40x or 64x lens respectively (NA 1.4, 1024 x 1024 pixels, Zeiss LSM 

710). Final illustrations were prepared from the maximal intensity projection of stacks 

of images spaced at 0.5 μm. Signals were quantified, using a custom macro created 

with the ImageJ software. Images were back- ground-subtracted and filtered with a 

Gaussian filter, but no change in brightness and contrast was applied.  

High-resolution in-situ hybridization 

Dissociated hippocampal neurons were prepared and maintained as previously 

described26. In situ hybridization was performed using the QuantiGene (QG) 

ViewRNA kit from Panomics as previously described with the following modifications. 
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Cells (DIV 14) were incubated for 2 min at room temperature in PBS and fixed for 15 

min using 4% formaldehyde solution (in PBS pH 7.4). After fixation, cells were 

permeabilized using a detergent solution (Panomics) for 5 min. Cells were washed 

three times with PBS followed it with in situ hybridization using GABRA2 and pan 

collybistin (Arhgef9) probes designed by Panomics, following the manufacturer’s 

instructions. Briefly, probes were diluted 1:100 in hybridization buffer supplied by 

Panomics, incubated at 40°C (3hr), washed, hybridized with preamplification 

oligonucleotides (1:100) at 40°C (40 min), washed, hybridized with amplification 

oligos (1:100) at 40°C (40 min), washed, and finally hybridized with the label oligos 

(1:100) at 40° C (40 min). Cover-slips were dried at RT in vertical position. Coverslips 

were mounted with Dako-DAPI fluorescent mounting Medium (Dako S3023) and left 

to polymerize overnight at 4°C. 

Synaptosome preparation  

Synaptosomes have been prepared as described previously24. In brief, mouse brains 

were homogenized in 5 ml homogenization buffer (0.32 M sucrose, 1 mM EDTA pH 

7.4, 1 mM dithiothreitol, phenylmethanesulfonyl fluoride solution (Sigma, 93482-

50ML-F), complete mini-protease inhibitor (Roche Diagnostics) for 10 sec using a 

polytron. The homogenate was centrifuged at 1,000g for 10 min at 4 °C yielding the 

nuclear fraction (Nuc) and the supernatant (Sup). The supernatant was centrifuged at 

31,000g for 5 min at 4°C using a discontinuous Percoll gradient. The layer between 

3% and 10% of Percoll were collected, washed in 30 ml of homogenization buffer 

and further centrifuged at 22,000 × g for 15 min at 4°CT. The pellet was resuspended 

in in EBC buffer (50 mM Tris-HCl pH 8.0, 120 mM NaCl and 0.5% NP-40) containing 

complete mini-protease inhibitor (Roche Diagnostics) and phosphatase inhibitor 

cocktail 1 and 2 (Sigma–Aldrich)) for Western blot analysis or lysis buffer for RNA 



 30 

extraction (GenElute Mammalian Total RNA Miniprep Kit, Sigma).  
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SUPPLEMENTARY INFORMATION 
 
 

 
 
 
 
 
 
Supplementary Figure 1. Molecular analyses of patients MCCID1 and MCCID2. (a) 
Sanger sequencing chromatograms showing the NONO mutations in the probands and 
their parents. (b) Schematic representation of the NONO transcript showing exon 
structure. (c) Schematic overview of the NONO protein showing the different functional 
domains. 
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Supplementary Figure 2. Reduced circadian amplitude in patient fibroblasts.  (a) 
Graph of average circadian oscillations of bioluminescence from Bmal1-luciferase 
reporter-infected fibroblasts from patients (grey) or siblings (black). Y-axis, background-
subtracted bioluminescence in photons per minute; X-axis, time in days. Depicted curve 
is the average of three independent experiments in technical quadruplicate. (b) 
Circadian period measured in cells from controls (black bars) and patients (open bars). 
(c) Circadian amplitude measured in the same cells (arbitrary units).  Student t-test, 
p<0.001. Values for both panels are the average of three independent experiments with 
fibroblasts from both patients and their siblings in technical quadruplicate. 
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Supplementary Figure 3. Brain morphology in Nonogt mice. (a) Photograph of 
representative brains from WT (left) and Nonogt (right) mice. (b) Quantification of weight 
of whole brain, cortex, and cerebellum. N=5-9 mice per genotype. Student t-test. White 
bars, WT. Black bars, Nonogt. In this and subsequent figures, *** p<0.001, ** p<0.01, * 
p<0.05.  Quantification of all brain parameters from different morphological tests is 
shown in detail in Supplementary Table 4. 
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Supplementary Figure 4. Anxiety-related phenotypes in Nonogt mice.  (a) 
Percentage of time spent in open arms of elevated plus-maze. N=13-14 mice per 
genotype. Student t-test, p<0.001 (b) Post-conditioning startle response in prepulse 
inhibition test.  Y-axis, whole-body startle response in volts; X-axis, stimulus in decibels. 
N=13-14 mice per genotype.  Student t-test, p<0.01 or 0.001 as indicated. (c) Open-field 
exploration. Y-axis, percentage of area surface tiles visited. X-axis, subsequent 5-minute 
intervals after commencement of test. N=18 mice per genotype, repeated ANOVA, gene 
p<.0002, time p<.0001, time x gene n.s. (d) Light-dark transition test. Y-axis, percentage 
of time spent in zones indicated on X-axis. N=18 mice per genotype, repeated ANOVA, 
gene p<.0001, zone p<.0001, zone x gene p<0.0001. In all panels, Nonogt mice are 
represented by black bars/circles, compared to WT littermates (open). 
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Supplementary Figure 5. Cell type and layer-specific localization of NONO in 
mouse brain.  (a) Staining of hippocampal cell nuclei by DAPI (blue), anti-NONO 
(green), and neuron-specific anti-NeuN or astrocyte-specific anti-GFAP (red, left or right 
column respectively). (b) Identical staining of cortex. 
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Supplementary Figure 6. Widespread dysregulation of transcription in Nonogt 
mice hippocampi.  (a) Volcano plot of deregulated genes.  Red dots, p<0.01 and 
log2>0.5. (b) Reduced GABRA2 protein levels in hippocampi of Nonogt mice. White bars, 
WT. Black bars, Nonogt. Student t-test, N=4. (c) List of most severely deregulated 
transcripts, showing upregulation of sister DBHS family members Sfpq and Pspc1. The 
full dataset is available as GEO Accession number XXX. 
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Supplementary Figure 7. Overexpression of PSPC1 and SFPQ protein in in Nonogt 
mice hippocampi.  (a) Western blots of hippocampal protein extracts from widtype and 
Nonogt mice hippocampi, probed with anti-NONO, anti-PSPC1, anti-SFPQ, and anti--
actin.  N=3 mice per genotype. (b) Quantification of (A). White bars, WT. Black bars, 
Nonogt. Student t-test, p<0.01. 
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Supplementary Figure 8. Transcript abundance in different neuronal 
compartments in Nonogt mice.  (a) Profile of the mouse forebrain synaptic 
transcriptome. Y-axis, ratio of transcript reads from synaptome RNA sequencing 
compared to total. Selected transcripts previously characterized to be transported to 
synapses (Kif5a, Shank3, CamK2A, Arc, Gabra2), present throughout the cell (Map2, 
Actb), or retained in the nucleus (Neat1) are indicated to demonstrate the quality of 
synaptosomal transcript enrichment. Blue shading, transcripts more than 1.5x enriched. 
(b) Quantification of Neat1 compared to Gapdh in whole-cell homogenate, purified nuclei, 
supernatant, or gradient-purified synaptosomes from WT (white bars) or Nonogt mice 
(solid bars). (c) Quantification of CamkII compared to Gapdh. (d) Quantification of 
Gabra2 compared to Gapdh.  
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Supplementary Figure 9. Reduction of synaptic GABRA2 in Nonogt mice.  (a) 
Western blot showing fractionation of mouse forebrain into different neuronal 
compartments by density gradient centrifugation.  Immunohistochemistry using 
antibodies against NONO, gephyrin, and GABA is pictured.  As a control, -actin and 
dendrite-enriched PSD-95 are also shown. (b) Quantification of the reduction in 
GABRA2 levels in each compartment. 
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Supplementary Figure 10. Specific reduction of Gabra2 transcript levels in 
cultured Nonogt neurons.  (a) Single-transcript-resolution RNA in-situ hybridization to 
detect abundance of collybistin (CB, blue), Gabra1 (blue), Gabra2 (red), and CamKII 
(red) in WT or Nonogt neurons.  Two transcripts were tested in different colors in a single 
plate of cells, and depicted in a single column. (b) Quantification of collybistin transcript 
distribution in puncta number per cell for 44-56 cells from 2 experiments. (C) Similar 
quantification of Gabra2. Solid circles, Nonogt neurons; open circles, WT. 
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Supplementary Table 1: Clinical characteristics of patients with NONO mutations 
 MCCID1 MCCID2 

Antenatal findings - hydramnios 
Term born 41 WG WG 
Birth parameters (BW, BL and OFC in 
grammes and cm) 

3370 g, 50.5 cm, 34 cm  2540 g, 46 cm, 35.5 cm  

Neonatal history - poor sucking, GR, hypotonia 
Motor skills walked at 3 y walked at 3 y 
Language short sentences  short sentences 
Nasal speach  ++  ++ 
Elocution disability  + (severe)  + (severe) 
Drooling   +   +  
ID   +  + 
Epilepsy   + (5 years)  - 
Ophthalmologic findings convergent strabismus, myopia convergent strabismus 
Behaviour  shy, gentle and cheerful  shy, gentle and cheerful  
Sleep disorder -  - 
Age at examination  17 y  15 y 
Growth parameters (W, H and OFS in 
SD) 

-1.5SD, + 1SD, +4SD)   -2 SD, -2 SD, +2SD  

Puberty - delayed 
Slender built   +   +  
Scoliosis   +  +++  
   
Arachnodactyly  +   - 
MCP joint ankylosis of P1  + (bilateral)  + (bilateral) 
Pes planus   ++  ++ 
Facial features   

Long face   +  + 
Palpebral fissures  up slanting  up slanting 

Malar hypoplasia  ++  ++ 
Nose Thin and high nasal root, 

deviated nasal septum 
Thin and high nasal root, 
deviated nasal septum 

Mouth   open  small and open 
Palate narrow and high arched narrow and high arched 
Teeth crowding crowding and dental caries 
EEG Abnormal No gross anomaly 
Brain MRI   

Corpus callosum Thick (+ cyst of the septum 
pellucidum) 

 Thick 

ventricles  nl asymmetric lateral ventricles 
Cerebellum  hypoplastic Chiari malformation type I  

Abbreviations are as follows:  
WG : weeks of gestation; BW : birth weight; BL : birth length, OFC : occipitofrontal 
circumference, W : weight, H, heigth, y : year, SD : standard deviation; ID : intellectual 
deficiency, nl : normal, GR : gastro-oesophageal reflux, -: absent, +: present 
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Supplementary Table 2 : Number of variants identified by whole-exome 
sequencing 
 

Patients MCCID1 MCCID2 

Total variants 64010 71478 

Novel or rare variants (dbSNP130/1000GP/EVS/in-house database) 1022 1030 

Coding Non-synonymous/indel/consensus SS variants 255 248 

exclusively novel variants 88 87 

Shared gene whose mutations co-segregate in the families  1 1 
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Supplementary Table 3: Differentially regulated transcripts in patients and Nono-deficient mice. The full dataset is 
available from ArrayExpress (accession E-MTAB-2894 and E-MTAB-2895), 
 

   MCCID1   
NONOgt 
mice  MCCID2   

DE Genes 

Profils 
(MCCID1, 
NONOgt 
mice, 
MCCID2) Full name p-value Fold Delta 

p-
value Fold Delta p-value Fold Delta 

ACTA2 UUU 
Actin, alpha 2, smooth 
muscle, aorta 0,00 2,93 28,06 0,00 34,96 220,94 0,02 2,34 40,08 

BHLHE40 UUU 
basic helix-loop-helix 
family, member e40 0,01 1,81 116,37 0,03 4,28 1309,55 0,01 1,63 90,20 

CNN1 UUU 
calponin 1, basic, smooth 
muscle 0,01 1,62 113,90 0,01 106,91 545,44 0,00 1,53 319,56 

COL11A1 UUU collagen, type XI, alpha 1 0,00 13,89 5906,34 0,00 697,63 4069,19 0,00 9,92 4084,12 
COL12A1 UUU collagen, type XII, alpha 1 0,00 2,06 44,11 0,01 460,70 6067,24 0,00 1,59 24,50 

DKK3 UUU 
dickkopf 3 homolog 
(Xenopus laevis) 0,01 1,52 28,35 0,03 3,36 3000,41 0,01 1,67 235,72 

DLG1 UUU 
discs, large homolog 1 
(Drosophila) 0,00 1,75 31,84 0,01 1,58 660,25 0,00 1,82 35,24 

FST UUU follistatin 0,01 1,61 266,91 0,05 10,45 63,58 0,01 1,60 261,20 
GPC4 UUU glypican 4 0,00 4,85 818,41 0,03 3,68 2496,10 0,00 2,07 226,85 

LMCD1 UUU 
LIM and cysteine-rich 
domains 1 0,01 1,62 73,52 0,00 83,09 479,42 0,03 2,41 828,09 

MEX3B UUU 
mex-3 homolog B (C, 
elegans) 0,01 2,84 171,59 0,02 2,18 322,22 0,04 1,56 51,83 

NCAM1 UUU 
neural cell adhesion 
molecule 1 0,00 4,20 204,70 0,02 6,66 3332,05 0,02 1,69 43,95 

PSPC1 UUU paraspeckle component 1 0,01 2,22 494,70 0,03 2,57 615,45 0,01 2,78 721,39 

RHOJ UUU 
ras homolog family 
member J 0,00 3,91 108,47 0,05 2,76 631,44 0,00 2,28 47,76 

RNF128 UUU 
ring finger protein 128, E3 
ubiquitin protein ligase 0,01 2,01 33,71 0,01 11,57 102,80 0,01 3,24 74,43 

SALL1 UUU sal-like 1 (Drosophila) 0,02 2,81 139,02 0,00 57,88 280,83 0,04 2,46 71,50 

SORBS2 UUU 
sorbin and SH3 domain 
containing 2 0,00 1,79 9,28 0,03 6,09 23,75 0,01 2,19 33,14 

SOX11 UUU 
SRY (sex determining 
region Y)-box 11 0,00 1,74 8,54 0,01 30,78 155,19 0,00 4,28 37,92 

TSHZ2 UUU 
teashirt zinc finger 
homeobox 2 0,01 2,47 89,36 0,02 2,80 10,19 0,04 1,80 48,72 

TWIST2 UUU twist homolog 2 0,00 2,14 300,21 0,00 4,50 1279,81 0,00 1,98 259,25 
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(Drosophila) 

WISP1 UUU 
WNT1 inducible signaling 
pathway protein 1 0,00 2,40 74,30 0,01 2,21 3716,63 0,01 3,38 125,83 

ABCA5 DDD 

ATP-binding cassette, 
sub-family A (ABC1), 
member 5 0,00 0,41 32,25 0,04 0,25 256,57 0,00 0,59 22,15 

AHR DDD aryl hydrocarbon receptor 0,01 0,40 579,72 0,01 0,57 31,72 0,03 0,56 429,28 

ALCAM DDD 
activated leukocyte cell 
adhesion molecule 0,01 0,41 97,88 0,01 0,25 486,49 0,02 0,39 101,38 

ARHGAP18 DDD 
Rho GTPase activating 
protein 18 0,00 0,47 796,59 0,00 0,21 1146,53 0,00 0,43 859,15 

CCBE1 DDD 
collagen and calcium 
binding EGF domains 1 0,00 0,25 625,52 0,02 0,18 1406,97 0,00 0,49 420,06 

EBF3 DDD early B-cell factor 3 0,00 0,28 89,36 0,02 0,24 133,74 0,04 0,37 77,64 

GJC1 DDD 
gap junction protein, 
gamma 1, 45kDa 0,03 0,58 510,20 0,02 0,38 853,36 0,05 0,60 138,37 

GLCCI1 DDD 
glucocorticoid induced 
transcript 1 0,03 0,50 85,92 0,01 0,32 177,94 0,02 0,37 107,83 

GLRX DDD 
glutaredoxin 
(thioltransferase) 0,00 0,60 299,02 0,04 0,33 293,86 0,00 0,48 390,86 

HAS2 DDD hyaluronan synthase 2 0,02 0,62 281,41 0,01 0,32 223,83 0,00 0,44 412,14 

IGF2BP3 DDD 
insulin-like growth factor 2 
mRNA binding protein 3 0,00 0,29 304,67 0,05 0,42 362,53 0,00 0,20 344,29 

MECOM DDD 
MDS1 and EVI1 complex 
locus 0,00 0,55 11,32 0,03 0,49 710,76 0,00 0,63 9,14 

NAV2 DDD neuron navigator 2 0,00 0,58 262,16 0,00 0,20 155,82 0,01 0,56 277,64 

NEGR1 DDD 
neuronal growth regulator 
1 0,01 0,56 231,28 0,01 0,04 105,79 0,03 0,58 219,71 

PTER DDD 
phosphotriesterase 
related 0,00 0,44 157,03 0,00 0,62 262,85 0,01 0,34 42,49 

RDH10 DDD 
retinol dehydrogenase 10 
(all-trans) 0,04 0,59 258,51 0,02 0,45 273,84 0,02 0,39 380,29 

RGS20 DDD 
regulator of G-protein 
signaling 20 0,00 0,43 65,24 0,03 0,11 325,08 0,00 0,64 40,72 

RICTOR DDD 

RPTOR independent 
companion of MTOR, 
complex 2 0,00 0,45 41,60 0,01 0,55 452,22 0,01 0,54 34,98 

TLE1 DDD 

transducin-like enhancer 
of split 1 (E(sp1) homolog, 
Drosophila) 0,00 0,42 66,91 0,02 0,50 265,44 0,01 0,52 56,10 

TRIOBP DDD 
TRIO and F-actin binding 
protein 0,01 0,52 69,16 0,04 0,29 1158,17 0,00 0,46 77,63 

WDR20 DDD WD repeat domain 20 0,00 0,46 99,70 0,02 0,66 60,93 0,00 0,45 102,71 

D downregulated; U: upregulated
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Supplementary Table 4. Quantification of brain morphology in Nonogt mice. 
 
 WT (%) Stdev NONO KO  Stdev p Value 

      

Brain weight 100.00 1.88 85.06 4.87 p < 0.0001 

Cortex 100.00 2.13 88.25 3.69 p < 0.0001 

Cerebellum 100.00 11.27 75.73 8.91 p = 0.0004  

      

Skull lenght 100.00 1.77 91.56 4.62 p = 2.49E-7 

Skull widht 100.00 2.61 96.85 6.00 p = 3.45E-6 

Nose lenght 100.00 3.69 84.97 9.06 p = 6.55E-7 

Relative nose 

length 32.47 0.90 29.86 2.67 p = 0.00019 

Skull Width/Length 45.74 1.06 48.10 2.46 p = 0.00032 
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Supplementary Table 5. Gene ontology localization of proteins identified as 
dysregulated in Nonogt mice. 
 
# Localizations p-value FDR 

1 extracellular space 2.809E-13 1.103E-10 

2 extracellular region part 3.250E-13 1.103E-10 

3 extracellular matrix 2.233E-11 5.053E-09 

4 extracellular region 7.617E-11 1.293E-08 

5 plasma membrane 6.585E-10 8.943E-08 

6 cell periphery 3.689E-09 4.174E-07 

7 cell surface 7.807E-09 7.573E-07 

8 cytoplasmic part 2.082E-08 1.767E-06 

9 proteinaceous extracellular matrix 4.814E-08 3.632E-06 

10 organelle 9.166E-07 6.224E-05 

11 extracellular matrix part 1.813E-06 1.119E-04 

12 vesicle 3.265E-06 1.848E-04 

13 neuron part 4.957E-06 2.589E-04 

14 plasma membrane part 6.855E-06 2.981E-04 

15 neuronal cell body 7.218E-06 2.981E-04 

16 external side of plasma membrane 7.241E-06 2.981E-04 

17 basement membrane 7.464E-06 2.981E-04 

18 neuron projection 8.693E-06 3.279E-04 

19 membrane 1.022E-05 3.653E-04 

20 membrane-bounded vesicle 1.111E-05 3.771E-04 

21 cell body 1.958E-05 6.330E-04 

22 cell projection 2.556E-05 7.890E-04 

23 intracellular organelle 2.726E-05 8.047E-04 

24 extracellular vesicular exosome 3.309E-05 9.362E-04 

25 extracellular membrane-bounded organelle 3.969E-05 1.036E-03 

26 extracellular organelle 3.969E-05 1.036E-03 

27 membrane-enclosed lumen 5.667E-05 1.425E-03 

28 cell projection part 7.825E-05 1.898E-03 

29 integral component of plasma membrane 8.650E-05 2.025E-03 
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30 intrinsic component of plasma membrane 1.612E-04 3.648E-03 

31 organelle lumen 1.755E-04 3.844E-03 

32 dendrite 2.060E-04 4.372E-03 

33 pericentriolar material 2.329E-04 4.792E-03 

34 basal lamina 3.408E-04 6.807E-03 

35 side of membrane 4.723E-04 9.115E-03 

36 protein complex 4.833E-04 9.115E-03 

37 haptoglobin-hemoglobin complex 5.051E-04 9.270E-03 

38 intracellular organelle part 5.319E-04 9.505E-03 

39 membrane raft 5.680E-04 9.730E-03 

40 perinuclear region of cytoplasm 5.802E-04 9.730E-03 

41 membrane-bounded organelle 5.875E-04 9.730E-03 

42 lysosomal lumen 6.163E-04 9.964E-03 

43 anchoring junction 6.784E-04 1.037E-02 

44 histone acetyltransferase complex 6.835E-04 1.037E-02 

45 macromolecular complex 6.872E-04 1.037E-02 

46 nucleoplasm part 7.722E-04 1.119E-02 

47 organelle part 7.744E-04 1.119E-02 

48 vacuolar lumen 9.221E-04 1.304E-02 

49 intracellular organelle lumen 9.534E-04 1.321E-02 

50 lysosome 9.928E-04 1.322E-02 

51 lytic vacuole 9.928E-04 1.322E-02 

52 cytosol 1.061E-03 1.385E-02 

53 MHC class II protein complex 1.163E-03 1.490E-02 

54 perikaryon 1.266E-03 1.591E-02 

55 collagen type I trimer 1.421E-03 1.750E-02 

56 protein acetyltransferase complex 1.469E-03 1.750E-02 

57 acetyltransferase complex 1.469E-03 1.750E-02 

58 dendritic spine 1.582E-03 1.852E-02 

59 paraspeckles 1.670E-03 1.916E-02 
60 neuron spine 1.693E-03 1.916E-02 
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Supplementary Table 6. Quantification of synaptic transcripts in Nonogt mice. 
 
Synaptically enriched genes 3668 

Total expressed genes 15393 

 23.83% 

  

NONO regulated genes 886 

NONO regulated genes with synaptic localization 270 

 30.47% 

  

Chi
2
 = 11.109, with 1 degree of freedom.  

P = 0.0009, 2-tailed  
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r❛s♣❡❝❦❧❡s ✿ ❞❡s str✉❝t✉r❡s r✐❜♦✲♥✉❝❧é♦♣r♦té✐q✉❡s ré❝❡♠♠❡♥t ❞é❝♦✉✈❡rt❡s✱ ❧♦❝❛❧✐sé❡s ❞❛♥s ❧✬❡s♣❛❝❡ ✐♥t❡r✲

❝❤r♦♠❛t✐q✉❡ ❡t ❞♦♥t ❧❡ ❝♦♠♣♦s❛♥t ♣r✐♥❝✐♣❛❧ ❡st ❧❡ ❧♦♥❣ ❆❘◆ ♥♦♥ ❝♦❞❛♥t ◆❡❛t✶ ✭▼❊◆✧✴☞✮✳ ▲❡ rô❧❡ ♣r✐♥❝✐♣❛❧

❞❡s ♣❛r❛s♣❡❝❦❧❡s ❡st ❞✬❛ss✉r❡r ❧❛ rét❡♥t✐♦♥ ♥✉❝❧é❛✐r❡ ❞❡s ❆❘◆ ❤②♣❡ré❞✐tés ✭❆❞❡♥♦s✐♥❡ ✈❡rs ■♥♦s✐♥❡✮✳ ■❧ ❛ été

♠♦♥tré q✉❡ ❧❡s ♣r♦té✐♥❡s ◆❖◆❖ ❡t P❙❋ ❛✐♥s✐ q✉❡ ❧✬❆❘◆ ◆❡❛t✶ s♦♥t ♥é❝❡ss❛✐r❡s à ❧✬✐♥té❣r✐té ❞❡s ♣❛r❛s♣❡❝❦❧❡s

❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❍❡▲❛ ❬❙❛s❛❦✐ ❡t ❛❧✳✱ ✷✵✵✾✱ ❈❧❡♠s♦♥ ❡t ❛❧✳✱ ✷✵✵✾✱ ❈❤❡♥ ❛♥❞ ❈❛r♠✐❝❤❛❡❧✱ ✷✵✵✾✱ ❙✉♥✇♦♦ ❡t ❛❧✳✱

✷✵✵✾❪✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ s♦✉❤❛✐té ét✉❞✐❡r ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡s ♠✉t❛t✐♦♥s ◆❖◆❖ s✉r ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡

❞❡s ❆❘◆ é❞✐tés✳ P♦✉r ❝❡❧❛✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ ❢r❛❝t✐♦♥♥❡♠❡♥t ❝❡❧❧✉❧❛✐r❡ ✈✐s❛♥t à sé♣❛r❡r ❧❡s

❆❘◆ ❝②t♦♣❧❛s♠✐q✉❡s ❞❡s ❆❘◆ ♥✉❝❧é❛✐r❡s ✭♣r♦t♦❝♦❧❡ ❞ét❛✐❧❧é ❞❛♥s ❧❛ ♣❛rt✐❡▼❛tér✐❡❧ ❡t ▼ét❤♦❞❡s✱ ✜❣✉r❡ ✶✽✳✶✮✳

▲❛ q✉❛❧✐té ❞✉ ❢r❛❝t✐♦♥♥❡♠❡♥t ❛ été ✈ér✐✜é❡ ❣râ❝❡ ❛✉① ♠❛rq✉❡✉rs ♥✉❝❧é❛✐r❡s ◆❡❛t✶ ❡t ▼❛❧❛t✶ ❛✐♥s✐ q✉❡ ✹ ❆❘◆

♥♦♥✲é❞✐tés ♠❛✐s ♥❛t✉r❡❧❧❡♠❡♥t ❡♥r✐❝❤✐s ❞❛♥s ❧❡ ♥♦②❛✉ ❞✬❛♣rès ❙❛s❛❦✐ ❡t ❛❧✳ ❬✷✵✵✾❪ ✿ ❙▼❈✶❆✱ ❋▲◆❇✱ ❍❨❖❯✶✱

❡t ❙❖◆✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ é✈❛❧✉é ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ rét❡♥t✐♦♥ ♥✉❝❧é❛✐r❡ ♣♦✉r ✺ ❆❘◆♠ ❝♦♥♥✉s ♣♦✉r êtr❡ é❞✐tés

❡t r❡t❡♥✉s ❛✉ ♥♦②❛✉ ✿ ▲■◆✷✽✱ ◆❯P✹✸✱ ◆■❈◆✶✱ P❆■❈❙ ❡t P❈❈❇ ❬❈❤❡♥ ❛♥❞ ❈❛r♠✐❝❤❛❡❧✱ ✷✵✵✾✱ ❈❤❡♥ ❡t ❛❧✳✱

✷✵✵✽❪✳ ❈♦♠♠❡ ❧✬✐♥❞✐q✉❡♥t ❧❡s ✜❣✉r❡s ✾✳✶ ❡t ✾✳✷✱ ❛✉❝✉♥❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ✺ ❆❘◆

é❞✐tés ♥✬❡st ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ✜❜r♦❜❧❛st❡s ❞❡ ♣❛t✐❡♥ts ♣❛r r❛♣♣♦rt à ❞❡s ❝❡❧❧✉❧❡s ✐ss✉❡s ❞❡ s✉❥❡ts s❛✐♥s✳

❋✐❣✉r❡ ✾✳✶ ✿ ❉✐str✐❜✉t✐♦♥ ❝②t♦♣❧❛s♠✐q✉❡ ✈s ♥✉❝❧é❛✐r❡ ❞❡s ❆❘◆ t❡stés ✿ rés✉❧t❛ts ❞❡ qP❈❘✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✺✽



✾✳✷✳ ❉❖◆◆➱❊❙ ❙❯PP▲➱▼❊◆❚❆■❘❊❙ ✿ ❘Ô▲❊ ❉❊ ◆❖◆❖ ❆❯ ❙❊■◆ ❉❊❙ P❆❘❆❙P❊❈❑▲❊❙

❋✐❣✉r❡ ✾✳✷ ✿ ❉✐str✐❜✉t✐♦♥ ❝②t♦♣❧❛s♠✐q✉❡ ✈s ♥✉❝❧é❛✐r❡ ❞❡s ❆❘◆ t❡stés ✿ rés✉❧t❛ts ❞❡ ❘❚✲P❈❘✳

▲❛ ♠❛❥♦r✐té ❞❡s rô❧❡s ❞❡ ◆❖◆❖ s♦♥t ♣❛rt❛❣és ❛✈❡❝ P❙❋ ❡t ❧❡s ❞❡✉① ♣r♦té✐♥❡s ❢♦r♠❡♥t ✉♥ ❤étér♦❞✐♠èr❡

❬▼②♦❥✐♥ ❡t ❛❧✳✱ ✷✵✵✹✱ ❑✉✇❛❤❛r❛ ❡t ❛❧✳✱ ✷✵✵✻✱ P❛ss♦♥ ❡t ❛❧✳✱ ✷✵✶✷❪✳ ◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ q✉❡ ❧❛ s✉r✲❡①♣r❡ss✐♦♥

❞❡s ♣r♦té✐♥❡s P❙❋ ❡t P❙P❈✶ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♥♦s ♣❛t✐❡♥ts ❡t ❝❤❡③ ❧❡s s♦✉r✐s ◆♦♥♦❣t ❝♦♠♣❡♥s❡

❧✬❛❜s❡♥❝❡ ❞❡ ♣r♦té✐♥❡ ◆❖◆❖ ✈✐❛ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❝♦♠♣❧❡①❡ P❙❋✴P❙P❈✶ ❡♥ ♣❧✉s ❣r❛♥❞❡ q✉❛♥t✐té ❝❛♣❛❜❧❡

❞✬❛ss✉r❡r s❡✉❧ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❢♦♥❝t✐♦♥s ❞❡s ♣❛r❛s♣❡❝❦❧❡s✳ ❯♥❡ ❝♦♠♣❡♥s❛t✐♦♥ s✐♠✐❧❛✐r❡ ❛ été ♦❜s❡r✈é❡ ré❝❡♠✲

♠❡♥t ♣❛r ▲✐ ❡t ❛❧✳ ❬✷✵✶✹❜❪ ❞❛♥s ❞❡s ▼❊❋s ❞❡ s♦✉r✐s ❞é✜❝✐❡♥t❡s ♣♦✉r ❧❡ ❣è♥❡ ◆♦♥♦✳

❊♥✜♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❧✬❛❜s❡♥❝❡ ❞❡ ◆❖◆❖ s✉r ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛s♣❡✲

❝❦❧❡s s♦✐t ❞é♣❡♥❞❛♥t❡ ❞✉ t②♣❡ ❝❡❧❧✉❧❛✐r❡ ❛♥❛❧②sé✳ ❆✐♥s✐✱ ◆❡❛t✶✱ ❡ss❡♥t✐❡❧ à ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ♣❛r❛s♣❡❝❦❧❡s✱ ♥✬❡st

♣❛s ❡①♣r✐♠é ❞❛♥s t♦✉s ❧❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❬◆❛❦❛❣❛✇❛ ❛♥❞ ❍✐r♦s❡✱ ✷✵✶✷❪✳ ❉❡ ♣❧✉s✱ ❧❛ ❧✐ttér❛t✉r❡ ❢♦✉r♥✐t ❞❡

♥♦♠❜r❡✉① ❡①❡♠♣❧❡s ❞❡s rô❧❡s ❝❡❧❧✉❧❡✲s♣é❝✐✜q✉❡ ❞❡s ♣❛r❛s♣❡❝❦❧❡s✳ ❆✐♥s✐✱ ❝❡rt❛✐♥s ❛✉t❡✉rs ♣r♦♣♦s❡♥t ❧✬❡①✐st❡♥❝❡

❞✬✉♥ ♠é❝❛♥✐s♠❡ ❞❡ ❧✐❜ér❛t✐♦♥ ❞❡s tr❛♥s❝r✐ts r❡t❡♥✉s ❞❛♥s ❝❡s str✉❝t✉r❡s✱ ❡♥ ré♣♦♥s❡ ❛✉ str❡ss ❬Pr❛s❛♥t❤ ❡t ❛❧✳✱

✷✵✵✺✱ ❇♦♥❞ ❛♥❞ ❋♦①✱ ✷✵✵✾✱ ◆❛❦❛❣❛✇❛ ❛♥❞ ❍✐r♦s❡✱ ✷✵✶✷❪✳ ➚ ❧✬✐♥✈❡rs❡✱ s❡❧♦♥ ❞✬❛✉tr❡s ❛✉t❡✉rs✱ ❧❛ ❢♦r♠❛t✐♦♥

❞❡s ♣❛r❛s♣❡❝❦❧❡s ❡st ❞é❝❧❡♥❝❤é❡ ❡♥ ré♣♦♥s❡ ❛✉ str❡ss ❬❙❤❡❧❦♦✈♥✐❦♦✈❛ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❈❡s ❛✉t❡✉rs s✉❣❣èr❡♥t

q✉✬✉♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞❡s ♣❛r❛s♣❡❝❦❧❡s ❞❛♥s ❧❡s ♥❡✉r♦♥❡s ❝♦♥tr✐❜✉❡ à ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❋❯✲

❙♦♣t❛❤✐❡s ✭❣r♦✉♣❡ ❞❡ ♠❛❧❛❞✐❡s ♥❡✉r♦❞é❣é♥ér❛t✐✈❡s✮✳ ❙❡❧♦♥ ✉♥ ❛✉tr❡ ♠♦❞è❧❡✱ ❧❡s ♣❛r❛s♣❡❝❦❧❡s ♦♥t ✉♥ rô❧❡ ❞❡

séq✉❡str❛t✐♦♥ ❞❡s ♣r♦té✐♥❡s t❡❧❧❡s q✉❡ ❧❡s ❉❇❍❙✱ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥trô❧❡r ❧❡✉r ❛❝t✐♦♥ ❬◆❛❦❛❣❛✇❛ ❛♥❞ ❍✐r♦s❡✱

✷✵✶✷✱ ❍✐r♦s❡ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❚♦✉t❡❢♦✐s✱ t♦✉t❡s ❝❡s ét✉❞❡s ♠❡tt❡♥t ❡♥ ❛✈❛♥t ✉♥❡ ét❛♣❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❡t ♥♦♥

❡ss❡♥t✐❡❧❧❡ ❞❛♥s ❧❡ ❝♦♥trô❧❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡s ❣è♥❡s✱ ♣❡r♠❡tt❛♥t ✉♥❡ ré❣✉❧❛t✐♦♥ r❛♣✐❞❡✱ ✜♥❡ ❡t s✉❜t✐❧❡✱ ❞é✲

♣❡♥❞❛♥t❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ str❡ss✱ ❞✉ t②♣❡ ❝❡❧❧✉❧❛✐r❡ ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s ❬◆❛❦❛❣❛✇❛ ❛♥❞ ❍✐r♦s❡✱

✷✵✶✷❪✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬❛❜s❡♥❝❡ ❞✬❛❧tér❛t✐♦♥ ❞❡ ❧❛ rét❡♥t✐♦♥ ♥✉❝❧é❛✐r❡ ❧✐é❡ ❛✉① ♣❛r❛s♣❡❝❦❧❡s ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts

♥✬❡st ♣❛s ❡♥ ❢❛✈❡✉r ❞❡ ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞❡ ❝❡ ♠é❝❛♥✐s♠❡ ❞❛♥s ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ❝❡tt❡ ❛✛❡❝t✐♦♥✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✺✾



❈❍❆P■❚❘❊ ✶✵

❉■❙❈❯❙❙■❖◆ ❊❚ P❊❘❙P❊❈❚■❱❊❙

✶✵✳✶ ❙②♥❞r♦♠❡ ▼❈❈■❉ ✿ ✉♥ s②♥❞r♦♠❡ ♣♦❧②♠❛❧❢♦r♠❛t✐❢ ❧✐é à ✉♥❡ ❞éré❣✉❧❛✲

t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❣❧♦❜❛❧❡

❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ rô❧❡ ❞❡ ◆❖◆❖ ❞❛♥s ❧❛ ❜✐♦❣❡♥ès❡ ❞❡s ❆❘◆ ♠❡ss❛❣❡rs✱ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❡tt❡ ♣r♦té✐♥❡ ❝❛✉s❡

✉♥ ❧❛r❣❡ ❞éséq✉✐❧✐❜r❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡s ❣è♥❡s ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts✳ ▲❡s ❝❛té❣♦r✐❡s ❞❡ ●❖ ❧❡s ♣❧✉s

s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❡♥r✐❝❤✐❡s ❡♥ ❣è♥❡s ❞✐✛ér❡♥t✐❡❧❧❡♠❡♥t ❡①♣r✐♠és ✭❉❊✮ s♦♥t ❧✐sté❡s ❞❛♥s ❧❛ t❛❜❧❡ ❇✳✹✱ ❡♥ ❛♥♥❡①❡✳

❈❡rt❛✐♥❡s ❞❡ ❝❡s ❝❛té❣♦r✐❡s✱ ❝♦♠♠❡ ❧❛ ❝r♦✐ss❛♥❝❡✱ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❛ ♠♦r♣❤♦❧♦❣✐❡✱ s♦♥t

❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ♣❧✉s✐❡✉rs ❞❡s s✐❣♥❡s ♦❜s❡r✈és ❝❤❡③ ❧❡s ❞❡✉① ♣❛t✐❡♥ts ▼❈❈■❉ t❡❧s q✉❡ ❧✬❛❧❧✉r❡ ♠❛r❢❛♥♦ï❞❡✱

❧❛ ♠é❣❛❧❡♥❝é♣❤❛❧✐❡ ❡t ❧✬❤②♣♦♣❧❛s✐❡ ♠❛❧❛✐r❡✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❞❡s ét✉❞❡s ♣ré❝é❞❡♠♠❡♥t ♣✉❜❧✐é❡s ❬P❛r❦ ❡t ❛❧✳✱

✷✵✶✸❪✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡s rés✉❧t❛ts ✐♥ s✐❧✐❝♦ ❞❡ ♥♦tr❡ ❛♥❛❧②s❡ tr❛♥s❝r✐♣t♦♠✐q✉❡ ❛✐♥s✐ q✉❡ ❞✬❛✉tr❡s ♣✉❜❧✐❝❛t✐♦♥s s✉❣❣èr❡♥t

✉♥ ❡✛❡t ♦♥❝♦❣è♥❡ ❞❡ ◆❖◆❖ ❬▲✐✉ ❡t ❛❧✳✱ ✷✵✶✹❜✱ ❚s♦❢❛❝❦ ❡t ❛❧✳✱ ✷✵✶✶✱ ❙❝❤✐✛♥❡r ❡t ❛❧✳✱ ✷✵✶✶✱ P❛✈❛♦ ❡t ❛❧✳✱

✷✵✵✶✱ ▼✐②❛♠♦t♦ ❡t ❛❧✳✱ ✷✵✵✽✱ ■s❤✐❣✉r♦ ❡t ❛❧✳✱ ✷✵✵✸✱ ❑✐♠ ❡t ❛❧✳✱ ✷✵✵✻❪✱ s♦✉❧✐❣♥❛♥t ❧❡ ❜❡s♦✐♥ ❞❡ ♠❡ttr❡ ❡♥

♣❧❛❝❡ ✉♥❡ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ ♥♦s ♣❛t✐❡♥ts ♣♦✉r ❞ét❡❝t❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞✬é✈❡♥t✉❡❧❧❡s t✉♠❡✉rs✳ ❊♥✜♥✱ ♣❧✉s✐❡✉rs ❣è♥❡s

❉❊ s♦♥t ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ sq✉❡❧❡tt❡ ✭■❚●❇✶❇P✶✱ P❇❳✶✱ ●❉❋✻✮✳ P❛r ❛✐❧❧❡✉rs✱ ❍❛t❛ ❡t ❛❧✳

❬✷✵✵✽❪ ♠♦♥tr❡♥t q✉❡ ❧❛ ♣r♦té✐♥❡ ◆❖◆❖ st✐♠✉❧❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❙❖❳✾ ♣❡♥❞❛♥t ❧❛ ❝❤♦♥❞r♦❣❡♥ès❡ ❝❤❡③ ❧❛ s♦✉r✐s

❬❍❛t❛ ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s ♣♦✉rr❛✐❡♥t ❞♦♥❝ ❡①♣❧✐q✉❡r ❧❡s ❛♥♦♠❛❧✐❡s sq✉❡❧❡tt✐q✉❡s ♦❜s❡r✈é❡s ❝❤❡③

❧❡s ♣❛t✐❡♥ts✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧❛ ❞éré❣✉❧❛t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡ ❣❧♦❜❛❧❡ ♦❜s❡r✈é❡ ❝❤❡③ ♥♦s ♣❛t✐❡♥ts ♥♦✉s ♣❡r♠❡t ❞❡ ❝❧❛ss❡r

❧❡ s②♥❞r♦♠❡ ▼❈❈■❉ ❞❛♥s ❧❡ ❧❛r❣❡ ❣r♦✉♣❡ ❞❡s ♣❛t❤♦❧♦❣✐❡s ❧✐é❡s à ✉♥ ❞é❢❛✉t ❞❡ ré❣✉❧❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡s

❣è♥❡s✳

✶✵✳✷ ❈♦♥tr✐❜✉t✐♦♥ ❞❡s ❛♥♦♠❛❧✐❡s ❞✉ r②t❤♠❡ ❝✐r❝❛❞✐❡♥ ❛✉ ♣❤é♥♦t②♣❡ ❞❡s ♣❛✲

t✐❡♥ts ▼❈❈■❉

■❧ ❛ été ❞é♠♦♥tré q✉❡ ◆❖◆❖✱ ❝♦♠♠❡ ❧❡s ❞❡✉① ❛✉tr❡s ♣r♦té✐♥❡s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❉❇❍❙✱ ré❣✉❧❡ ❧❡ ❝②❝❧❡

❝✐r❝❛❞✐❡♥ ❝❤❡③ ❧❛ ❞r♦s♦♣❤✐❧❡ ❡t ❧❡s ♠❛♠♠✐❢èr❡s ✈✐❛ s♦♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ♣r♦té✐♥❡s P❊❘ ❬❇r♦✇♥ ❡t ❛❧✳✱

✶✻✵



✶✵✳✷✳ ❈❖◆❚❘■❇❯❚■❖◆ ❉❊❙ ❆◆❖▼❆▲■❊❙ ❉❯ ❘❨❚❍▼❊ ❈■❘❈❆❉■❊◆ ❆❯ P❍➱◆❖❚❨P❊ ❉❊❙ P❆❚■❊◆❚❙ ▼❈❈■❉

✷✵✵✺✱ ❉✉♦♥❣ ❡t ❛❧✳✱ ✷✵✶✶✱ ❑♦✇❛❧s❦❛ ❡t ❛❧✳✱ ✷✵✶✷❪✳

❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s s✉r ❞❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ♦♥t ❞é♠♦♥tré ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ❝②❝❧❡ ❝✐r❝❛❞✐❡♥ ❞❛♥s ❧❡

❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡ ♥❡r✈❡✉①✳ ❈❤❡③ ❧❛ ❞r♦s♦♣❤✐❧❡✱ ❧❡ r②t❤♠❡ ❝✐r❝❛❞✐❡♥ ❝♦♥trô❧❡

❧❡s ♠♦❞✐✜❝❛t✐♦♥s str✉❝t✉r❡❧❧❡s q✉♦t✐❞✐❡♥♥❡s ❞❡s ♥❡✉r♦♥❡s ❡t ❞❡s s②♥❛♣s❡s ❬P②③❛ ❛♥❞ ●♦rs❦❛✲❆♥❞r③❡❥❛❦✱ ✷✵✵✽✱

❉❛♠✉❧❡✇✐❝③ ❛♥❞ P②③❛✱ ✷✵✶✶✱ ▼❡❤♥❡rt ❡t ❛❧✳✱ ✷✵✵✼❪✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡ à ❧♦♥❣ t❡r♠❡ ❡st é❣❛❧❡♠❡♥t

♠♦❞✉❧é❡ ♣❛r ❧✬❤♦r❧♦❣❡ ❜✐♦❧♦❣✐q✉❡ ❝❤❡③ ❧❡ ♣♦✐ss♦♥✲③è❜r❡✱ ❝❤❡③ ❧❡q✉❡❧ ❛♣♣r❡♥t✐ss❛❣❡ ❡t ♠é♠♦r✐s❛t✐♦♥ s❡ ❢♦♥t ♣❧✉s

❡✣❝❛❝❡♠❡♥t ♣❡♥❞❛♥t ❧❛ ❥♦✉r♥é❡ q✉❡ ❧❛ ♥✉✐t ❬❘❛✇❛s❤❞❡❤ ❡t ❛❧✳✱ ✷✵✵✼❪✳ ❆✐♥s✐✱ ✉♥ tr❛✐t❡♠❡♥t à ❧❛ ♠é❧❛t♦♥✐♥❡

♣❡♥❞❛♥t ❧❛ ❥♦✉r♥é❡ ♠✐♠❡ ❧❛ s✉♣♣r❡ss✐♦♥ ♥♦❝t✉r♥❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡✳ ❈❤❡③ ❧❛ s♦✉r✐s✱ ❧❡s ♦s❝✐❧❧❛t✐♦♥s

❝✐r❝❛❞✐❡♥♥❡s ❢❛✈♦r✐s❡♥t ❧❡ r❡♠♦❞❡❧❛❣❡ s②♥❛♣t✐q✉❡ ✐♥❞✉✐t ♣❛r ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡

❬▲✐st♦♥ ❡t ❛❧✳✱ ✷✵✶✸❪✳ ❉❡ ♣❧✉s✱ ❘✉❜② ❡t ❛❧✳ ❬✷✵✵✽❪ ♠♦♥tr❡♥t q✉✬✉♥❡ ❛❧tér❛t✐♦♥ ❞✉ s②stè♠❡ ❝✐r❝❛❞✐❡♥ ❛✛❡❝t❡ ❧❡s

❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s t❡❧❧❡s q✉❡ ❧❛ ♠é♠♦✐r❡ ❡t ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❝❤❡③ ❧❡ ❤❛♠st❡r✳

❈❤❡③ ❧✬❤♦♠♠❡✱ ❧❡s tr♦✉❜❧❡s ❞✉ s♦♠♠❡✐❧ ❡t✴♦✉ ❞✉ r②t❤♠❡ ❝✐r❝❛❞✐❡♥ s♦♥t très ❢réq✉❡♥ts ❞❛♥s ❧❡s ❞és♦r❞r❡s

❝♦❣♥✐t✐❢s ❡t ❞❡ ré❝❡♥t❡s ét✉❞❡s ♦♥t s✉❣❣éré ❞❡s ♠é❝❛♥✐s♠❡s ♥❡✉r♦❧♦❣✐q✉❡s ❝♦♠♠✉♥s ❡♥tr❡ ❧❡ s♦♠♠❡✐❧ ❡t ❧❛

❝♦❣♥✐t✐♦♥ ♣❡r♠❡tt❛♥t ❞✬❡①♣❧✐q✉❡r ❧✬❛♣♣❛r✐t✐♦♥ ❝♦♥❥♦✐♥t❡ ❞❡ ❝❡s s②♠♣tô♠❡s ❬❋♦st❡r ❡t ❛❧✳✱ ✷✵✶✸❪ ✿ ❞❡s ❛♥❛❧②s❡s

tr❛♥s❝r✐♣t♦♠✐q✉❡s é✈♦q✉❡♥t ✉♥❡ ❞éré❣✉❧❛t✐♦♥ ❞✉ r②t❤♠❡ ❝✐r❝❛❞✐❡♥ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❜✐♣♦❧❛✐r❡s ❬❆❦✉❧❛ ❡t ❛❧✳✱

✷✵✶✹❪✳ P❧✉s✐❡✉rs ♣✉❜❧✐❝❛t✐♦♥s r❛♣♣♦rt❡♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♠é❧❛t♦♥✐♥❡ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts

s♦✉✛r❛♥t ❞❡ tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡ ❬◆✐r ❡t ❛❧✳✱ ✶✾✾✺✱ ❑✉❧♠❛♥ ❡t ❛❧✳✱ ✷✵✵✵✱ ❚♦r❞❥♠❛♥ ❡t ❛❧✳✱ ✷✵✵✺✱

▼❡❧❦❡ ❡t ❛❧✳✱ ✷✵✵✽❪✳ ▲✬❤❛♣❧♦✐♥s✉✣s❛♥❝❡ ❞✉ ❣è♥❡ ❘❆■✶✱ r❡s♣♦♥s❛❜❧❡ ❞✉ s②♥❞r♦♠❡ ❞❡ ❙♠✐t❤✲▼❛❣❡♥✐s ✭❙▼❙✱

▼■▼ ✶✽✷✷✾✵✮✱ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❉■✱ ❞❡s ❛♥♦♠❛❧✐❡s ❝♦♥❣é♥✐t❛❧❡s ♠✉❧t✐♣❧❡s✱ ✉♥❡ ♦❜és✐té✱ ❞❡s ❛♥♦♠❛❧✐❡s

♥❡✉r♦❝♦♠♣♦rt❡♠❡♥t❛❧❡s ❡t ❞❡s tr♦✉❜❧❡s ❞✉ s♦♠♠❡✐❧✳ ❘é❝❡♠♠❡♥t✱ ❲✐❧❧✐❛♠s ❡t ❛❧✳ ❬✷✵✶✷❪ ♦♥t ♠♦♥tré q✉❡

❘❆■✶ ❝♦♥trô❧❡ ❞✐r❡❝t❡♠❡♥t ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❣è♥❡ ❈▲❖❈❑✱ ✉♥ ❛❝t❡✉r ❝❡♥tr❛❧ ❞✉ ❝②❝❧❡ ❝✐r❝❛❞✐❡♥✳ ❊♥✜♥✱ ❧❡ ❣è♥❡

❖P❍◆✶✱ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥❡ ❢♦r♠❡ ❞❡ ❉■▲❳✱ ✐♥t❡r✈✐❡♥t é❣❛❧❡♠❡♥t ❞❛♥s ❧❛ ré❣✉❧❛t✐♦♥ ❞✉ ❝②❝❧❡ ❝✐r❝❛❞✐❡♥ ❞❛♥s

❧✬❤✐♣♣♦❝❛♠♣❡ ❬❱❛❧♥❡❣r✐ ❡t ❛❧✳✱ ✷✵✶✶❪✳

❈❡s ❞♦♥♥é❡s✱ ❝♦♠❜✐♥é❡s à ❧✬♦❜s❡r✈❛t✐♦♥ ❞✬✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❝✐r❝❛❞✐❡♥♥❡s ❞❛♥s

❧❡s ✜❜r♦❜❧❛st❡s ❞❡ ♣❛t✐❡♥ts ▼❈❈■❉ s✉❣❣èr❡♥t q✉❡ ❧✬❛❜s❡♥❝❡ ❞❡ ♣r♦té✐♥❡ ◆❖◆❖ ♣✉✐ss❡ é❣❛❧❡♠❡♥t ❛❧tér❡r ❧❡

❞é✈❡❧♦♣♣❡♠❡♥t ❝♦❣♥✐t✐❢ ❞❡s ♣❛t✐❡♥ts ✈✐❛ s♦♥ ❡✛❡t s✉r ❧❡ r②t❤♠❡ ❝✐r❝❛❞✐❡♥✳

❆✉❝✉♥ tr♦✉❜❧❡ ❞✉ s♦♠♠❡✐❧ ♥✬❡st ❞é❝r✐t ❝❤❡③ ♥♦s ❞❡✉① ♣❛t✐❡♥ts ♠❛✐s ❛✉❝✉♥❡ ✐♥✈❡st✐❣❛t✐♦♥ s♣é❝✐✜q✉❡ ♥✬❛ été

♠❡♥é❡✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ♥♦✉s s♦✉❤❛✐t♦♥s ❛✉❥♦✉r❞✬❤✉✐ ♣♦✉rs✉✐✈r❡ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❝❡s ♣❛t✐❡♥ts

❡♥ ❝✐❜❧❛♥t ❧✬❛♥❛❧②s❡ ❞✉ r②t❤♠❡ ❝✐r❝❛❞✐❡♥✳ ❈❡tt❡ ét✉❞❡ s❡r❛ ❝♦♥❞✉✐t❡ ❡♥ ❞❡♠❛♥❞❛♥t ❛✉① ♣❛r❡♥ts ❞❡ r❡♠♣❧✐r

✉♥ ❛❣❡♥❞❛ ❞❡ s♦♠♠❡✐❧ ♣❡♥❞❛♥t ✶✺ ❥♦✉rs ✭✈♦✐r ❡♥ ❛♥♥❡①❡ ✿ ✜❣✉r❡ ❆✳✶✼✮ ♣♦✉r é✈❡♥t✉❡❧❧❡♠❡♥t ré✈é❧❡r ❞❡s

♣❛rt✐❝✉❧❛r✐tés ❝♦♠♠❡ ❧❡ ❞é❝❛❧❛❣❡ ❞❡ ♣❤❛s❡✳

❙✐ ♥♦✉s ♦❜t❡♥♦♥s ❧✬❛❝❝♦r❞ ❞❡s ❢❛♠✐❧❧❡s✱ ✉♥❡ ❛♥❛❧②s❡ ❝♦♠♣❧èt❡ ❞✉ s♦♠♠❡✐❧ s❡r❛ é❣❛❧❡♠❡♥t ré❛❧✐sé❡ ❡♥ ♠✐❧✐❡✉

❤♦s♣✐t❛❧✐❡r ♣♦✉r ♠❡s✉r❡r ✿

✲ ❧✬❛❝t✐✈✐té é❧❡❝tr✐q✉❡ ❞✉ ❝❡r✈❡❛✉ ♣❛r é❧❡❝tr♦✲❡♥❝é♣❤❛❧♦❣r❛♠♠❡ ✭❊❊●✮✱

✲ ❧✬❛❝t✐✈✐té ♠✉s❝✉❧❛✐r❡ ♣❛r ✉♥ é❧❡❝tr♦♠②♦❣r❛♠♠❡ ✭❊▼●✮✱

✲ ❧✬❛❝t✐✈✐té ❝❛r❞✐❛q✉❡ ♣❛r ✉♥ é❧❡❝tr♦❝❛r❞✐♦❣r❛♠♠❡ ✭❊❈●✮✱

✲ ❧✬❛❝t✐✈✐té ♦❝✉❧❛✐r❡ ♣❛r ✉♥ é❧❡❝tr♦♦❝✉❧♦❣r❛♠♠❡ ✭❊❖●✮✱

✲ ❧❛ r❡s♣✐r❛t✐♦♥ ✿ ❧❡ ❞é❜✐t ❞✬❛✐r ❝✐r❝✉❧❛♥t ♣❛r ❧❡ ♥❡③ ♣♦✉r ét✉❞✐❡r ❧❛ r❡s♣✐r❛t✐♦♥ ❡t ❞ét❡❝t❡r ❧❡s ❛♣♥é❡s ❞✉ s♦♠♠❡✐❧

❡t ❧✬❛❝t✐✈✐té ❞❡s ♠✉s❝❧❡s r❡s♣✐r❛t♦✐r❡s ❣râ❝❡ à ✉♥❡ s❛♥❣❧❡ ❛✉t♦✉r ❞✉ t❤♦r❛① ❡t ❞❡ ❧✬❛❜❞♦♠❡♥✱

✲ ❧❡s ♣♦s✐t✐♦♥s ♣❡♥❞❛♥t ❧❡ s♦♠♠❡✐❧ ♣❛r ✉♥ ❡♥r❡❣✐str❡♠❡♥t ✈✐❞é♦✱

✲ ❧❡ ♥✐✈❡❛✉ ❞✬♦①②❣è♥❡ ❞❛♥s ❧❡ s❛♥❣ ❣râ❝❡ à ✉♥ ❝❛♣t❡✉r ✜①é ❛✉ ❜♦✉t ❞✉ ❞♦✐❣t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✻✶



✶✵✳✸✳ ❆◆❖▼❆▲■❊ ❉❊❙ ❙❨◆❆P❙❊❙ ●❆❇❆❊❘●■◗❯❊❙ ❊❚ P❆❚❍❖▲❖●■❊❙ ◆❊❯❘❖❉➱❱❊▲❖PP❊▼❊◆❚❆▲❊❙ ✿ ❉❊❙ P■❙❚❊❙

❚❍➱❘❆P❊❯❚■◗❯❊❙

❊♥✜♥✱ s✉r ❧❡ ♣❧❛♥ ❜✐♦❧♦❣✐q✉❡✱ ❞♦s❡r ❧❛ ♠é❧❛t♦♥✐♥❡ ✭✷✲✸ ♣♦✐♥ts ❞❛♥s ❧❛ ❥♦✉r♥é❡✮ ♣❡r♠❡ttr❛✐t ❞❡ t❡st❡r ❧❡ r②t❤♠❡

❝✐r❝❛❞✐❡♥ à ❧✬é❝❤❡❧❧❡ ❞❡s ♣❛t✐❡♥ts ❡t ❛✐♥s✐ ❞ét❡r♠✐♥❡r s✐ ✉♥ ❛♥♦♠❛❧✐❡ ❞✉ ❝②❝❧❡ ❝✐r❝❛❞✐❡♥ ❝♦♥tr✐❜✉❡ ❛✉ ♣❤é♥♦t②♣❡

♦❜s❡r✈é✳

✶✵✳✸ ❆♥♦♠❛❧✐❡ ❞❡s s②♥❛♣s❡s ●❆❇❆❡r❣✐q✉❡s ❡t ♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❞é✈❡❧♦♣♣❡✲

♠❡♥t❛❧❡s ✿ ❞❡s ♣✐st❡s t❤ér❛♣❡✉t✐q✉❡s

▲✬❡①♣❧♦r❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ♠✉r✐♥ ◆♦♥♦❣t ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❞éré❣✉❧❛t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡

❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ✜❜r♦❜❧❛st❡s ❞❡ ♣❛t✐❡♥ts✳ P❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t✱ ❧✬❡①♣r❡ss✐♦♥ ❞❡s tr❛♥s❝r✐ts

s②♥❛♣t✐q✉❡s ❞♦♥t ❧❡ tr❛♥s❝r✐t ❞✉ ❣è♥❡ ●❆❇❘❆✷ ❡st ❛✛❡❝té❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ❞❡s s♦✉r✐s ◆♦♥♦❣t ✳ ❆✈❡❝

❧✬❛♥❛❧②s❡ ❞✉ rés❡❛✉ ❞❡ ♣r♦té✐♥❡s ♣♦st✲s②♥❛♣t✐q✉❡s✱ ♥♦s ❞♦♥♥é❡s ❞é♠♦♥tr❡♥t ❝❧❛✐r❡♠❡♥t ✉♥❡ ❞és♦r❣❛♥✐s❛t✐♦♥

❞❡s s②♥❛♣s❡s ✐♥❤✐❜✐tr✐❝❡s ❞❛♥s ❧❡s ♥❡✉r♦♥❡s ❞❡ ❝❡s s♦✉r✐s✳ ◆♦s tr❛✈❛✉① ❞é♠♦♥tr❡♥t é❣❛❧❡♠❡♥t ❧❛ ré✈❡rs✐❜✐❧✐té✱

✐♥ ✈✐tr♦✱ ❞❡ ❝❡ ♣❤é♥♦t②♣❡ q✉✐ ♣❡✉t êtr❡ ❝♦rr✐❣é ❡♥ ✐♥❞✉✐s❛♥t ❧❛ s✉r✲❡①♣r❡ss✐♦♥ ❞✉ ❣è♥❡ ●❆❇❘❆✷✳ ▲❡ ●❆❇❆

✭❛❝✐❞❡ ✌✲❛♠✐♥♦❜✉t②r✐q✉❡✮ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ ♥❡✉r♦tr❛♥s♠❡tt❡✉r ✐♥❤✐❜✐t❡✉r ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧ ❝❤❡③ ❧❡s

♠❛♠♠✐❢èr❡s✳ ▲✬éq✉✐❧✐❜r❡ ❞②♥❛♠✐q✉❡ ❡♥tr❡ ❡①❝✐t❛t✐♦♥ ❡t ✐♥❤✐❜✐t✐♦♥ ❞❡s s✐❣♥❛✉① s②♥❛♣t✐q✉❡s ❡st ❝r✉❝✐❛❧ ♣♦✉r ❧❡

❜♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❝✐r❝✉✐ts ♥❡✉r♦♥❛✉①✳ ◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ q✉❡ ❧❡ ♣❤é♥♦t②♣❡ ❝♦❣♥✐t✐❢ ♦❜s❡r✈é ❝❤❡③

♥♦s ♣❛t✐❡♥ts s♦✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥ ❞éséq✉✐❧✐❜r❡ ❡♥tr❡ ❡①❝✐t❛t✐♦♥ ❡t ✐♥❤✐❜✐t✐♦♥✳

❉❡ ♥♦♠❜r❡✉s❡s ♠❛❧❛❞✐❡s ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s t❡❧❧❡s q✉❡ ❧❡s s②♥❞r♦♠❡s ❞❡ ❧✬❳ ❢r❛❣✐❧❡✱ ❞❡ ❘❡tt✱ ❞❡ ❉♦✇♥✱

❞❡ ❚♦✉r❡tt❡✱ ❧❡s tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡✱ ❧❛ s❝❤✐③♦♣❤ré♥✐❡ ♦✉ ❧❛ ♥❡✉r♦✜❜r♦♠❛t♦s❡ s♦♥t ❧✐é❡s à ✉♥❡

❞éré❣✉❧❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ●❆❇❆❡r❣✐q✉❡✳ ❉❡♣✉✐s ♣❧✉s✐❡✉rs ❛♥♥é❡s✱ ❞❡ ♥♦♠❜r❡✉① ❧❛❜♦r❛t♦✐r❡s ♦♥t ❞♦♥❝

t❡sté ❞✐✈❡rs❡s ♠♦❧é❝✉❧❡s ♠♦❞✉❧❛♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ●❆❇❆❡r❣✐q✉❡ s✉r ❞❡s ♠♦❞è❧❡s ❝❡❧❧✉❧❛✐r❡s ❡t ❛♥✐♠❛✉① ❞❡

❝❡s ♠❛❧❛❞✐❡s ❬❉❡✐❞❞❛ ❡t ❛❧✳✱ ✷✵✶✹❪✳

❊♥ ❞❡❤♦rs ❞❡s s✐t❡s ❞❡ ❧✐❛✐s♦♥ ❞✉ ●❆❇❆✱ ✉♥❡ ✈❛r✐été ❞✬❛✉tr❡s s✐t❡s ré❝❡♣t❡✉rs t♦♣♦❣r❛♣❤✐q✉❡♠❡♥t ❞✐st✐♥❝ts s♦♥t

❡♥ ❡✛❡t ❝❛♣❛❜❧❡s ❞❡ r❡❝♦♥♥❛îtr❡ ❞❡s s✉❜st❛♥❝❡s ♣❤❛r♠❛❝♦❧♦❣✐q✉❡♠❡♥t ❛❝t✐✈❡s✱ ❡♥ ❝♦♠♣ét✐t✐♦♥ ♦✉ ♥♦♥ ❛✈❡❝ ❧❡

●❆❇❆ ❝♦♠♠❡ ❧❡s ❜❡♥③♦❞✐❛③é♣✐♥❡s ✭❇❩❉s✮✱ ❧❡s ❜❛r❜✐t✉r✐q✉❡s✱ ❧❡s ♥❡✉r♦stér♦ï❞❡s✱ ❧❡s ❝♦♥✈✉❧s✐✈❛♥ts✱ ❧✬❛❧❝♦♦❧✱ ❧❡

♠✉s❝✐♠♦❧✱ ❧❛ ❜✐❝✉❝✉❧❧✐♥❡ ❡t ❧❛ ♣✐❝r♦t♦①✐♥❡✳ ❈❡s s✉❜st❛♥❝❡s ✐♥t❡r❛❣✐ss❡♥t ❞❡ ♠❛♥✐èr❡ ❛❧❧♦stér✐q✉❡ ❛✈❡❝ ❧❡s s✐t❡s

ré❝❡♣t❡✉rs ❛✉ ●❆❇❆ ❡t ♠♦❞✉❧❡♥t ❧❛ ré♣♦♥s❡ ●❆❇❆❆✳ ▲❛ ♣❧✉♣❛rt ❞❡s ❜❡♥③♦❞✐❛③é♣✐♥❡s ✭❇❩❉✮ ❡t ❧❡ ♠✉s❝✐♠♦❧

s♦♥t ❞❡s ❛❣♦♥✐st❡s q✉✐ ❢❛✈♦r✐s❡♥t ❧✬♦✉✈❡rt✉r❡ ❞✉ ❝❛♥❛❧ ❈❧✲ ♣❛r ❧❡ ●❆❇❆ ❡t ♦♥t ❞♦♥❝ ✉♥ ❡✛❡t ✐♥❤✐❜✐t❡✉r✳ ❊❧❧❡s ♦♥t

❞❡s ♣r♦♣r✐étés ♣❤❛r♠❛❝♦❧♦❣✐q✉❡s ❝♦♠♠✉♥❡s ✿ ❛♥①✐♦❧②t✐q✉❡s✱ ❤②♣♥♦t✐q✉❡s✱ ❛♥t✐✲❝♦♥✈✉❧s✐✈❛♥t❡s✱ ♠②♦r❡❧❛①❛♥t❡s

❡t ♣❡✉✈❡♥t ❛✈♦✐r ✉♥ ❡✛❡t ❛♠♥és✐❛♥t✳ P❛r ❝♦♥séq✉❡♥t✱ ❡❧❧❡s ♦♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❧❡s ♠ê♠❡s ✐♥❞✐❝❛t✐♦♥s ❡t

❧❡s ♠ê♠❡s ❡✛❡ts ✐♥❞és✐r❛❜❧❡s✳ ❉❡s ❛❣♦♥✐st❡s ❞✉ ré❝❡♣t❡✉r ●❆❇❆❆ ✲❚❍■P✱ ❇❡♥③♦❞✐❛③❡♣✐♥❡ ▼✐❞❛③♦❧❛♠ ❡t ▲✲

✽✸✽✱✹✶✼✲ ♦♥t é❣❛❧❡♠❡♥t été ✉t✐❧✐sés r❡s♣❡❝t✐✈❡♠❡♥t s✉r ❧❡s ♠♦❞è❧❡s ♠✉r✐♥s ❞✉ s②♥❞r♦♠❡ ❞❡ ❧✬❳ ❢r❛❣✐❧❡ ✭s♦✉r✐s

❑♥♦❝❦✲❖✉t ✭❑❖✮ ❋♠r✶✮✱ ❞❡ ❘❡tt ✭s♦✉r✐s ❑❖ ▼❊❈P✷✮ ❡t ❞❡ ❧✬❛✉t✐s♠❡ ✭❛❣♦♥✐st❡ s♣é❝✐✜q✉❡ ❞❡s s♦✉s✲✉♥✐tés

☛✷ ❡t ✸ ✿ ▲✲✽✸✽✱✹✶✼✱ s♦✉r✐s ❇❚❇❘ ❚✰ ■t♣r✸t❢ ✴❏✮ ❡t ♦♥t ♣❡r♠✐s ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞✉ ♣❤é♥♦t②♣❡ ❬❖❧♠♦s✲❙❡rr❛♥♦

❡t ❛❧✳✱ ✷✵✶✶✱ ❱♦✐t✉r♦♥ ❛♥❞ ❍✐❧❛✐r❡✱ ✷✵✶✶✱ ❍❛♥ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s ♠♦❧é❝✉❧❡s ❢♦♥t ❞é❥à ❧✬♦❜❥❡t ❞✬❡ss❛✐s

❝❧✐♥✐q✉❡s✳ ❈✬❡st ❧❡ ❝❛s ❞✉ tr❛✐t❡♠❡♥t à ❧❛ ❜✉♠❡t❛♥✐❞❡ ❞❡s ♣❛t✐❡♥ts ❛tt❡✐♥t ❞✬✉♥ s②♥❞r♦♠❡ ❞❡ ❧✬❳ ❢r❛❣✐❧❡ ♦✉ ❞❡

tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡ ♣❡r♠❡tt❛♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s s❝♦r❡s ❛✉t✐st✐q✉❡s ❡t ✐♥t❡❧❧❡❝t✉❡❧s ❬▲❡♠♦♥♥✐❡r

❡t ❛❧✳✱ ✷✵✶✷✱ ❍❛❞❥✐❦❤❛♥✐ ❡t ❛❧✳✱ ✷✵✶✸✱ ❍❡ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❉❡ ♣❧✉s✱ ❧❡ ❣❛♥❛①♦❧♦♥❡✱ ✉♥ ♥❡✉r♦stér♦ï❞❡ ❝❛♣❛❜❧❡

❞❡ st✐♠✉❧❡r ❧❡s ré❝❡♣t❡✉rs ●❆❇❆❆✱ ❡st ❛❝t✉❡❧❧❡♠❡♥t t❡sté ❡♥ ♣❤❛s❡ ✷ ❞✬✉♥ ❡ss❛✐ ❝❧✐♥✐q✉❡ r❡❣r♦✉♣❛♥t ❞❡s

❡♥❢❛♥ts ❛tt❡✐♥ts ❞✉ s②♥❞r♦♠❡ ❞❡ ❧✬❳ ❢r❛❣✐❧❡ ✭◆❈❚✵✶✼✷✺✶✺✷✱ ❤tt♣ ✿✴✴❝❧✐♥✐❝❛❧tr✐❛❧s✳❣♦✈✴✮ s✉✐t❡ ❛✉① rés✉❧t❛ts

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✻✷



✶✵✳✸✳ ❆◆❖▼❆▲■❊ ❉❊❙ ❙❨◆❆P❙❊❙ ●❆❇❆❊❘●■◗❯❊❙ ❊❚ P❆❚❍❖▲❖●■❊❙ ◆❊❯❘❖❉➱❱❊▲❖PP❊▼❊◆❚❆▲❊❙ ✿ ❉❊❙ P■❙❚❊❙

❚❍➱❘❆P❊❯❚■◗❯❊❙

❡♥❝♦✉r❛❣❡❛♥ts ♦❜t❡♥✉s s✉r ❧❡ ♠♦❞è❧❡ ♠✉r✐♥ ✭❬❍❡✉❧❡♥s ❡t ❛❧✳✱ ✷✵✶✷❪✮✳

❉❡s ❛❣♦♥✐st❡s s♣é❝✐✜q✉❡s ❞❡s s♦✉s✲✉♥✐tés ☛✷ ❡t ✸ s♦♥t t❡stés ♣♦✉r ❧❡✉r ❛❝t✐♦♥ ❛♥①✐♦❧✐t✐q✉❡✴❛♥❛❧❣és✐q✉❡ ❞❛♥s

❧❡ tr❛✐t❡♠❡♥t ❞❡ ❧❛ s❝❤✐③♦♣❤ré♥✐❡✱ ❢❛✐s❛♥t ❧✬♦❜❥❡t ❞✬✉♥ ❛✉tr❡ ❡ss❛✐ ❝❧✐♥✐q✉❡ ✭♣❤❛s❡ ✶✮ ❬▲❡✇✐s ❡t ❛❧✳✱ ✷✵✵✽❪✳ ❊♥✜♥✱

✉♥ ❡ss❛✐ ❝❧✐♥✐q✉❡ ❞é❜✉t❡r❛ ❜✐❡♥tôt ❛✈❡❝ ❧❡ r❡❝r✉t❡♠❡♥t ❞❡s ♣❛t✐❡♥ts ❛✈❡❝ tr♦✉❜❧❡s ❞✉ s♣❡❝tr❡ ❛✉t✐st✐q✉❡✱ ♣♦✉r

❧❛ ♣❤❛s❡ ✶ ❞❡ ❧✬❛❣♦♥✐st❡ s♣é❝✐✜q✉❡ s♦✉s✲✉♥✐tés ☛✷ ❡t ✸✱ ❆❩✼✸✷✺ ❬❍❛♥ ❡t ❛❧✳✱ ✷✵✶✹❪✳

❈♦♠♣t❡ t❡♥✉ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s s✉r ❧❡ ♠♦❞è❧❡ ♠✉r✐♥ ◆♦♥♦❣t ✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ t❡st❡r ❞❡s ♠♦❧é❝✉❧❡s

❛❣♦♥✐st❡s ❞✉ ●❆❇❆❆ ❝❤❡③ ❧❡s s♦✉r✐s✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ♥♦tr❡ tr❛✈❛✐❧ ❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ✉♥ ♥♦✉✈❡❛✉ s②♥❞r♦♠❡ ❝❧✐♥✐q✉❡♠❡♥t r❡❝♦♥♥❛✐ss❛❜❧❡ ❡t ❧✐é à

❞❡s ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡ ◆❖◆❖✳ ▲❡s tr❛✈❛✉① ♠❡♥és ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❡t ❧❡s s♦✉r✐s ◆♦♥♦❣t ♦♥t ♣❡r♠✐s

✉♥❡ ❛✈❛♥❝é❡ ♠❛❥❡✉r❡ ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ❝❡tt❡ ♠❛❧❛❞✐❡✳ ❊♥✜♥✱ ✐❧s s✉❣❣èr❡♥t q✉❡

❧❡ s②♥❞r♦♠❡ ▼❈❈❉■ ❡st ✉♥❡ ♥♦✉✈❡❧❧❡ ♠❛❧❛❞✐❡ ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡ ❧✐é❡ ❛✉ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡

●❆❇❆❡r❣✐q✉❡✱ ♦✉✈r❛♥t ❧❛ ✈♦✐❡ ❞✬ ✉♥ ❡ss❛✐ t❤ér❛♣❡✉t✐q✉❡ ♣♦✉r ❝❡s ♠❛❧❛❞❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✻✸



◗✉❛tr✐è♠❡ ♣❛rt✐❡

❉✐s❝✉ss✐♦♥ ❡t ♣❡rs♣❡❝t✐✈❡s ✿ ❆♣♣♦rt ❡t

❧✐♠✐t❡s ❞✉ ❲❊❙ ♣♦✉r ❧❡ ❞é♠❡♠❜r❡♠❡♥t

❣é♥ét✐q✉❡ ❞❡ ❧❛ ❉■

✶✻✹



❈❍❆P■❚❘❊ ✶✶

❇■▲❆◆ ❉❊❙ ❚❘❆❱❆❯❳ ❉❊ ❚❍➮❙❊

▲❛ ❉■✱ ❤❛♥❞✐❝❛♣ ❧❡ ♣❧✉s ❢réq✉❡♥t ❝❤❡③ ❧✬❡♥❢❛♥t ❡t ❧❡ ❥❡✉♥❡ ❛❞✉❧t❡✱ r❡st❡ ❞❡ ❝❛✉s❡ ✐♥❝♦♥♥✉❡ ❞❛♥s ❡♥✈✐r♦♥

✹✵✪ ❞❡s ❝❛s✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ tr❛✈❛✐❧ ét❛✐t ❞❡ ❝♦♥tr✐❜✉❡r à ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡ ❉■

♣❛r ❧✬❛♥❛❧②s❡ ❞❡ ✺ ❢❛♠✐❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s ❡t✱ ❛✐♥s✐✱ ❛♠é❧✐♦r❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ❝❡s

❝♦♥❞✐t✐♦♥s✳ ▲❛ t❛❜❧❡ ✶✶✳✶ rés✉♠❡ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ❧✬❛♥❛❧②s❡ ❞❡ ❲❊❙ ♣♦✉r ❝❡s ✺ ❢❛♠✐❧❧❡s ✿ ❝❡s tr❛✈❛✉①

♥♦✉s ♦♥t ❞✬❛❜♦r❞ ♠❡♥é à ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ ♠✉t❛t✐♦♥ ❞❛♥s ✉♥ ❣è♥❡ ❝♦♥♥✉ ❞❡ ❉■✱ ❲❉❘✻✷✱ ❝❤❡③

✉♥❡ ❢❛♠✐❧❧❡ ❝♦♥s❛♥❣✉✐♥❡ ❡t ♠✉❧t✐♣❧❡①✱ ❧❛ ❢❛♠✐❧❧❡ ▼♦✳ ▲❡ ❲❊❙ ♥♦✉s ❛ ❡♥s✉✐t❡ ♣❡r♠✐s ❞❡ ❞é✜♥✐r ✉♥ ♥♦✉✈❡❛✉

♠♦❞❡ ❞✬❤éré❞✐té ❀ ❧❡ s②♥❞r♦♠❡ ❞❡s ♠✉t❛t✐♦♥s ❝♦♥t✐❣✉ës✱ ❛✈❡❝ ❧✬ét✉❞❡ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼❛ ❞♦♥t ❧❡ ♣❤é♥♦t②♣❡ ❡st ❧✐é

à ✉♥❡ ♠✉t❛t✐♦♥ ❞✉ ❣è♥❡ ❆P✹▼✶ ❡t ✉♥❡ ❛✉tr❡ ♠✉t❛t✐♦♥ ❞✉ ❣è♥❡ ❆❩●P✶✱ ✉♥ ❡①❝❡❧❧❡♥t ❝❛♥❞✐❞❛t ♣❡r♠❡tt❛♥t ❞❡

❝❛r❛❝tér✐s❡r ✉♥❡ ❢♦r♠❡ très ♣ré❝♦❝❡ ❞✬♦❜és✐té ♠♦r❜✐❞❡✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ✐❞❡♥t✐✜é ❞❡s ✈❛r✐❛♥ts ❞❛♥s ❞❡✉①

❣è♥❡s ❘❆❉✺✹❇ ❡t ❍❊❘❈✷ q✉✐ ♣♦✉rr❛✐❡♥t ❥♦✉❡r ✉♥ rô❧❡ ♠♦❞✐✜❝❛t❡✉r ❞✉ ♣❤é♥♦t②♣❡ ❛ss♦❝✐é ❛✉① ♠✉t❛t✐♦♥s ❞❡s

❣è♥❡s ♠❛❥❡✉rs ❲❉❘✻✷ ✭▼♦✮ ❡t ❆P✹▼✶✴❆❩●P✶ ✭▼❛✮✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❊♥✜♥✱ ❧✬❛♥❛❧②s❡ ❞❡s tr♦✐s ❞❡r♥✐èr❡s

❢❛♠✐❧❧❡s ✭❊❧✱ ▼❈❈■❉✶ ❡t ▼❈❈■❉✷✮ ❛ ❞♦♥♥é ❧✐❡✉ à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❞❡✉① ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ ❉■✱ ❚❚■✷ ❡t

◆❖◆❖✳

❣è♥❡✭s✮ ♠❛❥❡✉r✭s✮ ♣♦t❡♥t✐❡❧s ❣è♥❡s
❢❛♠✐❧❧❡ ♥♦✉✈❡❛✉ ❣è♥❡ ❞❡ ❉■ ❣è♥❡ ❝♦♥♥✉ ❞❡ ❉■ ♥♦✉✈❡❛✉ ♠♦❞❡ ❞✬❤éré❞✐té ♠♦❞✐✜❝❛t❡✉rs

❢❛♠✐❧❧❡ ▼♦ ✲ ✰ ✲ ✰
❢❛♠✐❧❧❡ ❊❧ ✰ ✲ ✲ ✲
❢❛♠✐❧❧❡ ▼❛ ✲ ✰ ✰ ✰

❢❛♠✐❧❧❡s ▼❈❈■❉ ✰ ✲ ✲ ✰✴✲

❚❛❜❧❡ ✶✶✳✶ ✿ ❇✐❧❛♥ ❞❡ ❧✬❛♥❛❧②s❡ ♣❛r ❲❊❙ ❞❡s ✺ ❢❛♠✐❧❧❡s ♣rés❡♥té❡s✳

➚ ❧✬✐ss✉❡ ❞❡ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❝❡s ❞❡✉① ♥♦✉✈❡❛✉① ❣è♥❡s ❞❡ ❉■✱ ❧✬❛♥❛❧②s❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡s ❡✛❡ts ❞❡s ♠✉t❛t✐♦♥s

s✉r ❧❡s ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❡t ❝❡❧❧❡ ❞✬✉♥ ♠♦❞è❧❡ ♠✉r✐♥ ✭◆♦♥♦❣t✮ ❛ ♣❡r♠✐s ❞❡ ❞é♠♦♥tr❡r ❧❛ ♣❛t❤♦❣é♥✐❝✐té ❞❡ ❝❡s

♠✉t❛t✐♦♥s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❝❡s ét✉❞❡s ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s

r❡s♣♦♥s❛❜❧❡s ❞❡s ♣❤é♥♦t②♣❡s ♦❜s❡r✈és ❞❛♥s ❝❡s tr♦✐s ❢❛♠✐❧❧❡s ✿ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧✬✐♥té❣r✐té ❞✉ ❣é♥♦♠❡ ❡t ❧❛

ré❣✉❧❛t✐♦♥ tr❛♥s❝r✐♣t✐♦♥♥❡❧❧❡✱ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐♦❧♦❣✐q✉❡s q✉✐ ❛✈❛✐❡♥t ❞é❥à été ❛ss♦❝✐és à ❧❛ ❉■ ❛✉♣❛r❛✈❛♥t✳

✶✻✺



◆♦s tr❛✈❛✉① ❛♣♣♦rt❡♥t ❞♦♥❝ ❧❛ ♣r❡♠✐èr❡ ❞é♠♦♥str❛t✐♦♥ ❞✉ rô❧❡ ❞❡s ❣è♥❡s ❚❚■✷ ❡t ◆❖◆❖ ❧♦rs ❞❡ ❧❛ ♠✐s❡ ❡♥

♣❧❛❝❡ ❞✉ ❙◆❈ ❡t s♦✉❧✐❣♥❡♥t ❡♥❝♦r❡ ✉♥❡ ❢♦✐s ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ✈♦✐❡s ❛✉ ❝♦✉rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✻✻



❈❍❆P■❚❘❊ ✶✷

❘➱❋▲❊❳■❖◆❙ ❆❯❚❖❯❘ ❉❊ ▲✬❖❯❚■▲ ❲❊❙

✶✷✳✶ ➱✈♦❧✉t✐♦♥ ❡t ❛✈❛♥t❛❣❡s ❞❡ ❧✬❛♣♣r♦❝❤❡ ❲❊❙ ❛✉ ❝♦✉rs ❞❡s ✹ ❞❡r♥✐èr❡s

❛♥♥é❡s

✶✷✳✶✳✶ ➱t✉❞❡s ❢❛♠✐❧✐❛❧❡s

▲♦rsq✉❡ ♥♦✉s ❛✈♦♥s ❝♦♠♠❡♥❝é ❧✬❛♥❛❧②s❡ ❞❡ ❢❛♠✐❧❧❡s ♣❛r ❲❊❙ ❡♥ ✷✵✶✶✱ ♥♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ♦♣té ♣♦✉r

✉♥❡ str❛té❣✐❡ ❛ss♦❝✐❛♥t ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ❡t ❧❡ ❲❊❙ ✿ ❝✬❡st ❧❡ ❝❛s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❊❧✱ q✉✐ ♥♦✉s

❛✈❛✐t ❛❧♦rs s❡r✈✐ ❞✬ét✉❞❡ ♣✐❧♦t❡ ❞❛♥s ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ❡t ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼♦✱ q✉✐ ❛ ❛✐♥s✐ ♠❛rq✉é ❧❛ tr❛♥s✐t✐♦♥ ❞❡

❧❛ ❝❛rt♦❣r❛♣❤✐❡ ✈❡rs ❧❡ ❲❊❙✳ ❉é❥à✱ ♣♦✉r ❧❡s ♣r♦❥❡ts s✉✐✈❛♥ts ❡♥ ✷✵✶✷✱ ❧❡ séq✉❡♥ç❛❣❡ à ❤❛✉t✲❞é❜✐t ❞❡✈❡♥❛♥t

♣❧✉s ❛❝❝❡ss✐❜❧❡ ✜♥❛♥❝✐èr❡♠❡♥t✱ ♥♦✉s ❝❤❛♥❣✐♦♥s ❞❡ str❛té❣✐❡ ❡t ♣ré❢ér✐♦♥s ré❛❧✐s❡r ✉♥ ❲❊❙ ♣♦✉r ✉♥❡ ♠❛❥♦r✐té

❞❡ s✉❥❡ts ♣❛r ❢❛♠✐❧❧❡✱ ♥♦✉s ♣❡r♠❡tt❛♥t ❞✬❡✛❡❝t✉❡r ❧❡s ét✉❞❡s ❞❡ sé❣ré❣❛t✐♦♥ ❞✐r❡❝t❡♠❡♥t s✉r ❧❡s ❞♦♥♥é❡s ❞❡

séq✉❡♥ç❛❣❡ ❀ ❝✬❡st ❧❡ ❝❛s ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼❛✳ ❆✉❥♦✉r❞✬❤✉✐✱ ✉♥❡ ❛✈❛♥❝é❡ ♣♦ss✐❜❧❡ ❞✉ ❲❊❙ s❡r❛✐t ❞✬✐♥té❣r❡r ❞❡s

♦✉t✐❧s ❞❡ ❣é♥♦t②♣❛❣❡ ❛✉① ✐♥t❡r❢❛❝❡s ❞✬❛♥❛❧②s❡ ❀ ❛✐♥s✐ ❧❡ tr❛✈❛✐❧ ❞❡ ❣é♥♦t②♣❛❣❡ ré❛❧✐sé ❛✉t♦✉r ❞❡ ❧❛ ❢❛♠✐❧❧❡ ▼❛

❡t ❞❡ ❝❡❧❧❡ ♣♦rt❛♥t ❧❛ ♠ê♠❡ ♠✉t❛t✐♦♥ ♣✉❜❧✐é❡ ♣❛r ❱❡r❦❡r❦ ❡t ❛❧✳ ❬✷✵✵✾❪✱ ♣♦✉rr❛✐t êtr❡ ♣r❛t✐q✉é ❞✐r❡❝t❡♠❡♥t

s✉r ❧❡s ❞♦♥♥é❡s ❞❡ ❲❊❙✳

✶✷✳✶✳✷ ➱t✉❞❡s ❞❡ ❝♦❤♦rt❡ ❞❡ ♣❛t✐❡♥ts

❉❡ s✉r❝r♦ît✱ ♥♦s rés✉❧t❛ts ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❢❛♠✐❧❧❡s ▼❈❈■❉✱ ❝♦♠❜✐♥é❡s ❛✉① ❞♦♥♥é❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡✱

❝♦♥✜r♠❡♥t ❧✬❡✣❝❛❝✐té ❞✉ ❲❊❙ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❝♦❤♦rt❡ ❞❡ ♣❛t✐❡♥ts✳ ❇✐❡♥ q✉❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ❝♦❤♦rt❡✱ q✉❛♥❞

❡❧❧❡ ❡st ✐♠♣♦rt❛♥t❡✱ s♦✐t ✉♥ ❢❛❝t❡✉r ❜é♥é✜q✉❡ à ❧❛ ré✉ss✐t❡ ❞❡ ❝❡ t②♣❡ ❞✬ét✉❞❡s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉✬❡❧❧❡

♥✬❡st ♣❛s ✉♥ ❢❛❝t❡✉r ❧✐♠✐t❛♥t ✿ ❡♥ ❡✛❡t✱ ❧❛ ❢♦r❝❡ ❞❡ ❝❡s ét✉❞❡s rés✐❞❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞❡

❧❛ ❝♦❤♦rt❡✳ ▲❡s ❝r✐tèr❡s ❞❡ ❝♦♥st✐t✉t✐♦♥ ❞❡ ❝❡❧❧❡✲❝✐ s♦♥t ❞♦♥❝ ❝r✉❝✐❛✉① ✿ ❣r♦✉♣❡r ❥✉❞✐❝✐❡✉s❡♠❡♥t ❞❡s ♣❛t✐❡♥ts

❛✉ s❡✐♥ ❞✬✉♥ ♠ê♠❡ ♣r♦❥❡t ❞❡ ❲❊❙ s❡♠❜❧❡ à ❧✬♦r✐❣✐♥❡ ❞✉ s✉❝❝ès ❞❡ ❝❡s ét✉❞❡s✳ ❖♥ ♠❡s✉r❡ ❛❧♦rs ❧✬✐♠♣♦rt❛♥❝❡

❞❡ ❧❛ q✉❛❧✐té ❞❡s ❞❡s❝r✐♣t✐♦♥s ❝❧✐♥✐q✉❡s ❡t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ❛❝t❡✉rs ❞✉ ❝♦r♣s ♠é❞✐❝❛❧✳

P♦✉r ❝♦♥❝❧✉r❡✱ ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ♣r❡♠✐❡rs ♣r♦❥❡ts ❞❡ ❲❊❙ ❛✉ s❡✐♥ ❞❡ ♥♦tr❡ éq✉✐♣❡ ❡♥ ✷✵✶✶✱ ✐❧ ét❛✐t

♥é❝❡ss❛✐r❡ ❞❡ ✈ér✐✜❡r ♣❛r séq✉❡♥ç❛❣❡ ❙❛♥❣❡r ❧❛ sé❣ré❣❛t✐♦♥ ❞❡ ♥♦♠❜r❡✉① ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts ❛✉ s❡✐♥ ❞✬✉♥❡

✶✻✼
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❢❛♠✐❧❧❡ ❡♥t✐èr❡ ♦✉ ❞❡ t❡st❡r ❧❡ ❝❛r❛❝tèr❡ r❛r❡ ❞❡s ✈❛r✐❛♥ts ❞❛♥s ❞❡s ❝♦❤♦rt❡ ❞❡ ❝♦♥trô❧❡s s❛✐♥s✳ ❉❡♣✉✐s ✹ ❛♥s✱

❝❡❝✐ ♥✬❡st ♣❧✉s ♥é❝❡ss❛✐r❡ ✿ ❧❡ ❝♦ût ❞✬✉♥ ❲❊❙ ❛ ❞✐♠✐♥✉é ❞❡ ❢❛ç♦♥ ✐♠♣♦rt❛♥t❡ ♥♦✉s ♣❡r♠❡tt❛♥t ❞❡ ré❛❧✐s❡r

✉♥ ❲❊❙ ♣♦✉r ❞❛✈❛♥t❛❣❡ ❞❡ s✉❥❡ts ❞✬✉♥❡ ♠ê♠❡ ❢❛♠✐❧❧❡ ♦✉ ❞✬✉♥❡ ❝♦❤♦rt❡ ❞❡ ♣❛t✐❡♥ts✳ ❉❡ ❝♦♥❝❡rt ❛✈❡❝ ❝❡

❝♦♥t❡①t❡ ✜♥❛♥❝✐❡r ❡t ❧✬❛♣♣r♦❝❤❡ ❛②❛♥t r❛♣✐❞❡♠❡♥t ❢❛✐t s❡s ♣r❡✉✈❡s✱ ❧❡ ♥♦♠❜r❡ ❞✬ét✉❞❡s ♣❛r ❲❊❙ ♣✉❜❧✐é❡s✱

♦✉ s✐♠♣❧❡♠❡♥t ré❛❧✐sé❡s✱ ❛ ❞é❝✉♣❧é ❀ s✐ ❜✐❡♥ q✉✬❛✉❥♦✉r❞✬❤✉✐✱ ✐❧ ❡st ❛✐sé ❞❡ ❝♦♠♣❛r❡r ❧❡s ✈❛r✐❛♥ts ✐❞❡♥t✐✜és à

❞❡ ♥♦♠❜r❡✉s❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ✲t❡❧❧❡s q✉❡ ❊①♦♠❡ ❱❛r✐❛♥t ❙❡r✈❡r ✭❊❱❙✮✱ ❜❛s❡ ❞❡ ❞♦♥♥é❡ ✐♥t❡r♥❡✲ ❡t ❞✬❡♥

é✈❛❧✉❡r ❛✐♥s✐ ❧❡ ❝❛r❛❝tèr❡ ✓ ♥♦✉✈❡❛✉ ✔✳

✶✷✳✷ ▲✐♠✐t❡s ❞✉ ❲❊❙

◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡ ❲❊❙ ❡st ✉♥ ❜♦♥ ♦✉t✐❧ ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ❜❛s❡s ♠♦❧é❝✉❧❛✐r❡s ❞❡s ❉■ ❞✬♦r✐❣✐♥❡

♠♦♥♦❣é♥✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ♥♦✉s s♦♠♠❡s ❝♦♥❢r♦♥té ❛✉① ❧✐♠✐t❡s ❞❡ ❝❡t ♦✉t✐❧ ❧♦rsq✉❡ ❧✬❛♥❛❧②s❡ ♠❡t ❡♥ é✈✐❞❡♥❝❡

❞❡ ♠✉❧t✐♣❧❡s ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts✳ ❈♦♠♠❡♥t ❛❧♦rs é✈❛❧✉❡r ❧❛ ♣❛rt ❞❡ r❡s♣♦♥s❛❜✐❧✐té ❞❡ ❝❤❛q✉❡ ✈❛r✐❛♥t ❞❛♥s ❧❡

♣❤é♥♦t②♣❡ ❄ ❈♦♠♠❡ ❞ét❛✐❧❧é ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✱ ❧❡s ❞♦♥♥é❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡ ❡t ❧❡s ét✉❞❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s

s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ✈❛❧✐❞❡r ❧❛ ♣❛t❤♦❣é♥✐❝✐té ❞✬✉♥ ✈❛r✐❛♥t✳ ❆✐♥s✐✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛t✐❡♥ts ré♣❡rt♦r✐és ❛✈❡❝

❞❡s ♠✉t❛t✐♦♥s ❞❛♥s ❧❡ ♠ê♠❡ ❣è♥❡ ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❧❡s ✈❛r✐❛♥ts ✐❞❡♥t✐✜és ❞❛♥s ❧❡s ❣è♥❡s ❲❉❘✻✷ ❡t

❆P✹▼✶ ♣♦✉r ❧❡s ❢❛♠✐❧❧❡s ▼♦ ❡t ▼❛✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ t❛♥❞✐s q✉❡ ❧❡s ét✉❞❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s s✉r ❧❡s ❝❡❧❧✉❧❡s ❞❡

♣❛t✐❡♥ts ❡t ❧✬ét✉❞❡ ❞✬✉♥ ♠♦❞è❧❡ ♠✉r✐♥ ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❝❡✉① ✐❞❡♥t✐✜és ❞❛♥s ❧❡s ❣è♥❡s ❚❚■✷ ❡t ◆❖◆❖

♣♦✉r ❧❡s ❢❛♠✐❧❧❡s ❊❧ ❡t ▼❈❈■❉✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❇✐❡♥ q✉❡ ❧❛ ♣❛t❤♦❣é♥✐❝✐té ❞✉ ❣è♥❡ ♠❛❥❡✉r ❛✐t été ✈❛❧✐❞é❡✱

♥♦✉s ♥❡ ♣♦✉✈♦♥s ❡①❝❧✉r❡ ❧✬❡✛❡t ❞❡s ✈❛r✐❛♥ts s✉♣♣❧é♠❡♥t❛✐r❡s ✐❞❡♥t✐✜és✱ ❞♦♥t ❧❛ sé❣ré❣❛t✐♦♥ ❞❛♥s ❧❛ ❢❛♠✐❧❧❡

❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ ❡✛❡t ❞❡ ❝❡s ✈❛r✐❛♥ts s✉r ❧❡ ♣❤é♥♦t②♣❡ ❞❡s ♣❛t✐❡♥ts✳ ◆♦✉s ❛✈♦♥s ♣r♦♣♦sé

q✉✬✐❧ s✬❛❣✐ss❡ ❞❡ ✈❛r✐❛♥ts ❝♦♥t❡♥✉s ❞❛♥s ❞❡s ❣è♥❡s ♠♦❞✐✜❝❛t❡✉rs ❀ ✐❧s ♠♦❞✉❧❡♥t ❧✬❡①♣r❡ss✐♦♥ ❝❧✐♥✐q✉❡ ❡t✴♦✉ ❧❛

sé✈ér✐té ❞❡ ❧❛ ♠❛❧❛❞✐❡✳ ▲❡s ❣è♥❡s ♠♦❞✐✜❝❛t❡✉rs s♦♥t ❞✬✉♥ ✐♥térêt t♦✉t ♣❛rt✐❝✉❧✐❡r ♣✉✐sq✉✬✐❧s ♣❡r♠❡tt❡♥t ❡♥

♣❛rt✐❡ ❞❡ ♣r♦♣♦s❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ à ❧❛ ✈❛r✐❛❜✐❧✐té ♣❤é♥♦t②♣✐q✉❡ ✐♥t❡r❢❛♠✐❧✐❛❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❞é♠♦♥str❛t✐♦♥ ❞❡

❧❡✉r ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❛ ♣❛t❤♦❧♦❣✐❡ ♥✬❡st q✉❡ ♣❛rt✐❡❧❧❡ ✿ ♣♦✉r ✈❛❧✐❞❡r ❧❡✉r rô❧❡✱ ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❝❛s s❡♠❜❧❛❜❧❡s

♦✉ ❞❡s ét✉❞❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s s♦♥t ♥é❝❡ss❛✐r❡s✳

➚ ❧✬✐♥✈❡rs❡ ❞✉ ♣r♦❜❧è♠❡ ❧✐é ❛✉① ❝❛♥❞✐❞❛ts ♠✉❧t✐♣❧❡s✱ ❧❛ s❡❝♦♥❞❡ ❞✐✣❝✉❧té à ❧❛q✉❡❧❧❡ ♥♦✉s s♦♠♠❡s ♣❛r❢♦✐s

❝♦♥❢r♦♥té ❛✈❡❝ ❧❡ ❲❊❙✱ ❝♦rr❡s♣♦♥❞ à ❧✬❛❜s❡♥❝❡ t♦t❛❧❡ ❞❡ ✈❛r✐❛♥ts ❝❛♥❞✐❞❛ts à ❧✬✐ss✉ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s✳

❈❡tt❡ s✐t✉❛t✐♦♥ ♣❡✉t ♣❛r❢♦✐s êtr❡ ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥❡ ❝♦♠♣❧✐❝❛t✐♦♥ ❧✐é❡ à ❧❛ t❡❝❤♥✐q✉❡✱ ❝♦♠♠❡ ❧❡ ❞❡s✐❣♥ ❞❡

❧❛ ❝❛♣t✉r❡✱ ❧❛ q✉❛❧✐té ❞❡ ❧❛ ❝♦✉✈❡rt✉r❡ ♦✉ ❧❡s ❡rr❡✉rs ❞✬❛❧✐❣♥❡♠❡♥t✳ ❚♦✉t❡❢♦✐s✱ ❝❡ ❝❛s ❞❡ ✜❣✉r❡ ♣❡✉t é❣❛❧❡♠❡♥t

r❡✢ét❡r ❧❡s ❧✐♠✐t❡s ❞✉ ❲❊❙ ❞❡✈❛♥t ❞❡s ♣❛t❤♦❧♦❣✐❡s ❞♦♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ♥✬❡st ♣❛s ❧✐é❡ à ✉♥ ✈❛r✐❛♥t ❝♦❞❛♥t ✿

✈❛r✐❛♥ts ❧♦❝❛❧✐sés ❞❛♥s ❧❡s ré❣✐♦♥s ❯❚❘✱ ✐♥tr♦♥✐q✉❡s ♦✉ ✐♥t❡r❣é♥✐q✉❡s✱ ♠♦❞❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ♥♦♥✲♠❡♥❞é❧✐❡♥✱

♣❛t❤♦❧♦❣✐❡ ♣♦❧②❣é♥✐q✉❡ ♦✉ ♠✉❧t✐❢❛❝t♦r✐❡❧❧❡✳ ❉❛♥s ❞❡ t❡❧❧❡s s✐t✉❛t✐♦♥s✱ ❧❡ ❲❊❙ ♥❡ s❡♠❜❧❡ ♣❛s s✉✣s❛♥t ♣♦✉r

❞é❝❤✐✛r❡r ❧❡s ♠é❝❛♥✐s♠❡s ♠♦❧é❝✉❧❛✐r❡s s♦✉s✲❥❛❝❡♥ts à ❝❡s ♣❛t❤♦❧♦❣✐❡s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✻✽



❈❍❆P■❚❘❊ ✶✸

P❊❘❙P❊❈❚■❱❊❙ P❖❯❘ ▲✬■❉❊◆❚■❋■❈❆❚■❖◆ ❉❊❙ ●➮◆❊❙ ❉❊ ❉■ ❀

▲✬❆PP❘❖❈❍❊ ❉❊ ❉❊▼❆■◆

▲❛ ré✈♦❧✉t✐♦♥ ◆●❙ s✬❡st ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ ✈ér✐t❛❜❧❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❞✐✈❡rs❡s ❝❛✉s❡s

❣é♥ét✐q✉❡s ❞❡ ❉■✳ ❈❡tt❡ ❛✈❛♥❝é❡ ❡st ♠❛❥❡✉r ✿ ❧❛ ❣é♥ét✐q✉❡ ❞❡s ❉■ ❡st ❛✉❥♦✉r❞✬❤✉✐ ✉♥ ❞♦♠❛✐♥❡ ❡♥ ♣❡r♣ét✉❡❧❧❡

é✈♦❧✉t✐♦♥ ❡t ❝❤❛q✉❡ ♠♦✐s ❞❡ ♥♦✉✈❡❛✉① ❣è♥❡s s♦♥t ❝❛r❛❝tér✐sés✳ P♦✉rt❛♥t✱ ❧❡s ♥♦✉✈❡❛✉① ❣è♥❡s ✐❞❡♥t✐✜és ❝❡s

❞❡r♥✐èr❡s ❛♥♥é❡s ♥❡ r❡♥❞❡♥t ❝♦♠♣t❡ q✉❡ ❞✬✉♥ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ♣❛t✐❡♥ts ❡t ❞❡ tr♦♣ ♥♦♠❜r❡✉s❡s ❢❛♠✐❧❧❡s r❡st❡♥t

❡♥❝♦r❡ s❛♥s ❡①♣❧✐❝❛t✐♦♥s✳

✶✸✳✶ ❆♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ❞é♠❛r❝❤❡ ❞✐❛❣♥♦st✐q✉❡

✶✸✳✶✳✶ ▼✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥ rés❡❛✉ ❞✬é❝❤❛♥❣❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ✿ ❈❆❘■❉

❆✜♥ ❞❡ ♣❛❧❧✐❡r ❧❡s ❞✐✣❝✉❧tés ❞❡ ❞✐❛❣♥♦st✐❝ ❧✐é❡s à ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❞❡s ❉■✱ ✉♥ ❝♦♥s♦rt✐✉♠ ✐♥t❡r♥❛✲

t✐♦♥❛❧ ❝♦♠♣♦sé ❞❡ ✼ ❣r♦✉♣❡s✱ ❛♣♣❡❧é ❈♦♥s♦rt✐✉♠ ❢♦r ❆✉t♦s♦♠❛❧ ❘❡❝❡ss✐✈❡ ■♥t❡❧❧❡❝t✉❛❧ ❉✐s❛❜✐❧✐t② ✭❈❆❘■❉✮✱ ❛

été ❝♦♥str✉✐t ♣❛r ❧❡ Pr ❆✳ ❘❡✐s ✭❊r❧❛♥❣❡♥✱ ❆❧❧❡♠❛❣♥❡✮✳ ➚ ❧✬✐♥st❛r ❞✉ ❝♦♥s♦rt✐✉♠ ✓ ❊✉r♦▼❘❳ ✔ ❝♦♥ç✉ ❞❛♥s ❧❡s

❛♥♥é❡s ✾✵✱ ❝❡ ♣r♦❥❡t ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ ❝❛❞r❡ ❢❛✈♦r✐s❛♥t ❧✬é❝❤❛♥❣❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ❝❧✐♥✐q✉❡s ❡t

❣é♥ét✐q✉❡s✱ ❝♦♠♠❡ ❧❡s ❞♦♥♥é❡s ❞❡ ❲❊❙✱ ❝♦♥❝❡r♥❛♥t ❧❡s ❢❛♠✐❧❧❡s ét✉❞✐é❡s ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s éq✉✐♣❡s✳ ❈❡s

é❝❤❛♥❣❡s ❛♣♣♦rt❡r♦♥t ❝❡rt❛✐♥❡♠❡♥t ❞❡ ♥♦✉✈❡❛✉① é❧é♠❡♥ts ❞❡ ré♣♦♥s❡s ♣♦✉r t♦✉t❡s ❧❡s ❢❛♠✐❧❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s

❧❡s ✈❛r✐❛♥ts ✐❞❡♥t✐✜és ♣❛r ❧✬❛♥❛❧②s❡ ❞❡ ❲❊❙ s♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡ ❜♦♥s ❝❛♥❞✐❞❛ts s❛♥s ♣♦✉r ❛✉t❛♥t êtr❡

✈❛❧✐❞és✳

✶✸✳✶✳✷ ❱❡rs ✉♥ t❡st ❞✐❛❣♥♦st✐❝ ✉♥✐q✉❡ ❞❡ ❧❛ ❉■

❆❝t✉❡❧❧❡♠❡♥t✱ ❛✜♥ ❞✬♦♣t✐♠✐s❡r ❧❛ ❞é♠❛r❝❤❡ ❞✐❛❣♥♦st✐q✉❡ ❞❡s ♣❛t✐❡♥ts ❡t ❞❡ ❧❡✉r ❢❛♠✐❧❧❡✱ ♣❧✉s✐❡✉rs ♣r♦❥❡ts

❞❡ r❡❝❤❡r❝❤❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❡♥tr❡♣r❡♥♥❡♥t ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✬✉♥ t❡st ❞✐❛❣♥♦st✐❝ ❞❡ ❧❛ ❉■ ✉t✐❧✐s❛♥t ❧❡s ♦✉t✐❧s

❞❡ séq✉❡♥ç❛❣❡ ❤❛✉t✲❞é❜✐t✳ ▲❡ s❡r✈✐❝❡ ❞❡ ❣é♥ét✐q✉❡ ♠é❞✐❝❛❧❡ ❞❡ ❧✬❤ô♣✐t❛❧ ◆❡❝❦❡r✲❊♥❢❛♥ts ▼❛❧❛❞❡s ❡♥ étr♦✐t❡

❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡s ♣❧❛t❡❢♦r♠❡s ❞❡ ❣é♥♦♠✐q✉❡ ❡t ❞❡ ❜✐♦✲✐♥❢♦r♠❛t✐q✉❡ ♦♥t ré❝❡♠♠❡♥t t❡r♠✐♥é ❧❛ ❝♦♥❝❡♣t✐♦♥

❞✬✉♥ ❦✐t ❞✐❛❣♥♦st✐❝ ❤❛✉t ❞é❜✐t ❞❡ ❧❛ ❉■✱ ❞♦♥t ❧❛ ♣r❡✉✈❡ ❞❡ ❝♦♥❝❡♣t ❡st ❡♥ ❝♦✉rs✳ ❈❡ ❦✐t ❞❡ ❝❛♣t✉r❡ ♣❡r♠❡t ❞❡

❧✐♠✐t❡r ❧❡ séq✉❡♥ç❛❣❡ ✉♥✐q✉❡♠❡♥t ❛✉① ré❣✐♦♥s ❞✬✐♥térêt ✿ ❧❡s séq✉❡♥❝❡s ❝♦❞❛♥t❡s ❞❡ ✷✺✸ ❣è♥❡s ❡①♣❧✐❝✐t❡♠❡♥t

✶✻✾



✶✸✳✷✳ ❊❳P▲❖❘❆❚■❖◆ ❉❯ ●➱◆❖▼❊ ❊◆❚■❊❘ ✿ P❘❊▼■❊❘❙ P❆❙

✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❉■ ✭✽✶ ❣è♥❡s ❞❡ ❉■❆❉✱ ✼✼ ❣è♥❡s ❞❡ ❉■❆❘ ❡t ✾✺ ❣è♥❡s ❞❡ ❉■▲❳✮✳ P❛r❛❧❧è❧❡♠❡♥t✱ ✺ ❛✉tr❡s

❣r♦✉♣❡s tr❛✈❛✐❧❧❛✐❡♥t s✉r ✉♥ ♣r♦❥❡t s✐♠✐❧❛✐r❡ ❡t ❝❤❛❝✉♥ ❛ sé❧❡❝t✐♦♥♥é ✉♥❡ ❧✐st❡ q✉❡❧q✉❡ ♣❡✉ ❞✐✛ér❡♥t❡✱ ✐♥❝❧✉❛♥t

❞❡ ✷✶✼ à ✹✽✶ ❣è♥❡s✳ ❚rès ré❝❡♠♠❡♥t✱ ✉♥ ❞❡ ❝❡s ❣r♦✉♣❡s ❛ ♣✉❜❧✐é ❧❡s rés✉❧t❛ts ❞✬✉♥❡ ét✉❞❡ ♣✐❧♦t❡✱ ❧✬❛♥❛❧②s❡

❞❡ ✷✶✼ ❣è♥❡s ❝✐❜❧és ♣♦✉r ✶✵✻ ♣❛t✐❡♥ts ❛✈❡❝ ✉♥ s✉❝❝ès ❞✉ ❞✐❛❣♥♦st✐❝ ♣♦✉r ✷✺✪ ❞❡s ♣❛t✐❡♥ts✱ ✈❛❧✐❞❛♥t ❛✐♥s✐

❝❡tt❡ ❛♣♣r♦❝❤❡ ❬❘❡❞✐♥ ❡t ❛❧✳✱ ✷✵✶✹❪✳ P♦✉r ❧❡s ❛♥♥é❡s à ✈❡♥✐r✱ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s s❡r✈✐❝❡s ❞❡ ❣é♥ét✐q✉❡

♠é❞✐❝❛❧❡ ❡♥ ❋r❛♥❝❡ ❡st ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ ❦✐t ❝♦♠♠✉♥ ✭❝♦♠♣♦sé ❞❡ ❧❛ ♠ê♠❡ ❧✐st❡ ❞❡ ❣è♥❡s✮ ❡t é✈♦❧✉t✐❢✱ ✉t✐❧✐sé

❡♥ ♣r❡♠✐èr❡ ✐♥t❡♥t✐♦♥ ♣♦✉r ❧❡ ❞✐❛❣♥♦st✐❝ ❞❡ ❧❛ ❉■ à ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡✳

❈♦♠♠❡ ❛✈❛♥❝é ♣❛r ❧❡s rés✉❧t❛ts ❞❡ ❘❡❞✐♥ ❡t ❛❧✳ ❬✷✵✶✹❪✱ ❝❡ ♣r♦❥❡t ♣r♦♠❡t é❣❛❧❡♠❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ❛♠é❧✐♦r❛t✐♦♥s

❞❛♥s ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ❝♦rré❧❛t✐♦♥s ❣é♥♦t②♣❡✴♣❤é♥♦t②♣❡ ❝❧✐♥✐q✉❡♠❡♥t ♣❡rt✐♥❡♥t❡s ♣♦✉r ❞é✜♥✐r ❞❡ ♥♦✉✈❡❛✉①

s②♥❞r♦♠❡s ❡t ❛✐❞❡r à ❧❛ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡s ♥♦✉✈❡❧❧❡s ❡♥t✐tés✳ ■❧ ♣❡r♠❡ttr❛ ❛✉ss✐ ❞✬ét❡♥❞r❡ ❧❡ s♣❡❝tr❡

♣❤é♥♦t②♣✐q✉❡ ❞❡s ♠✉t❛t✐♦♥s ❞✬✉♥ ❣è♥❡ ❝♦♥♥✉✳ ❊♥✜♥✱ ♣♦✉r ❧❡s ❢❛♠✐❧❧❡s ❞♦♥t ❝❡tt❡ ❛♣♣r♦❝❤❡ ♥❡ ♣❡r♠❡ttr❛✐t

♣❛s ❞❡ ❞✐❛❣♥♦st✐❝ ♠♦❧é❝✉❧❛✐r❡✱ ✉♥❡ ❛♣♣r♦❝❤❡ ❲❊❙ s❡r❛ ❡♥❣❛❣é❡✳

✶✸✳✷ ❊①♣❧♦r❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ❡♥t✐❡r ✿ ♣r❡♠✐❡rs ♣❛s

◆♦✉s ❛✈♦♥s ✈✉ q✉✬✉♥❡ ❞❡s ❧✐♠✐t❡s ❞❡ ❧✬♦✉t✐❧ ❞❡ ❲❊❙ ❡st ❧✬❛❜s❡♥❝❡ ❞❡ ❝❛♥❞✐❞❛ts s❛t✐s❢❛✐s❛♥ts✳ ❉❡✈❛♥t

✉♥❡ t❡❧❧❡ s✐t✉❛t✐♦♥✱ ❡t ❝♦♥♥❛✐ss❛♥t ❧✬❡①trê♠❡ ❤étér♦❣é♥é✐té ❣é♥ét✐q✉❡ ❞❡ ❧❛ ❉■✱ ❧❛ ❝♦♠♠✉♥❛✉té s❝✐❡♥t✐✜q✉❡

s✉❣❣ér❛✐t✱ ❡t ❝❡ à ❥✉st❡ t✐tr❡✱ q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♥♦s r❡❝❤❡r❝❤❡s ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❡s ré❣✐♦♥s ❝♦❞❛♥t❡s

❞✉ ❣é♥♦♠❡ ❞❡✈❡♥❛✐t à ♣rés❡♥t ✉♥❡ ❢❛✐❜❧❡ss❡ ♣❧✉tôt q✉✬✉♥❡ ❢♦r❝❡ ❡t ❛s♣✐r❛✐t à ét✉❞✐❡r ❧❡s ❛✉tr❡s ré❣✐♦♥s✱ ♠♦✐♥s

❝♦♥♥✉❡s✱ ❞❡ ♥♦tr❡ ❣é♥♦♠❡ ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❞❡ ♥♦✉✈❡❧❧❡s ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡ ❉■✳ P❧✉s✐❡✉rs ❣r♦✉♣❡s ♦♥t t❡♥té

❞✬✉t✐❧✐s❡r ❧❛ ♠ét❤♦❞❡ ❞❡ séq✉❡♥ç❛❣❡ ❞✉ ❣é♥♦♠❡ ❡♥t✐❡r ♦✉ ❲❤♦❧❡ ●❡♥♦♠❡ ❙❡q✉❡♥❝✐♥❣ ✭❲●❙✮ ❛✜♥ ❞❡ ❞ét❡❝t❡r

❞❡s ✈❛r✐❛♥ts ✐♠♣❧✐q✉és ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s tr♦✉❜❧❡s ❛✉t✐st✐q✉❡s ❬❏✐❛♥❣ ❡t ❛❧✳✱ ✷✵✶✸✱ ▼✐❝❤❛❡❧s♦♥ ❡t ❛❧✳✱ ✷✵✶✷❪✳

❚rès ré❝❡♠♠❡♥t✱ ●✐❧✐ss❡♥ ❡t ❛❧✳ ❬✷✵✶✹❪ ♦♥t ♣✉❜❧✐é ❧❡ ♣r❡♠✐❡r tr❛✈❛✐❧ ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❝❛✉s❡s ❣é♥ét✐q✉❡s ❞❡

❉■ ♣❛r ❲●❙✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛ été ré❛❧✐sé❡ ♣♦✉r ✺✵ tr✐♦s ❞❡♠❡✉r❛♥t s❛♥s ❞✐❛❣♥♦st✐❝ ♠♦❧é❝✉❧❛✐r❡ à ❧✬✐ss✉❡

❞✬✉♥❡ ❛♣♣r♦❝❤❡ ❣è♥❡ ❝❛♥❞✐❞❛t✱ ❞✬✉♥❡ r❡❝❤❡r❝❤❡ ❞❡ ❈◆❱s ❡t ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❲❊❙✳ ▲❛ r❡❝❤❡r❝❤❡

❞❡ ❙◆❱ ✭❙✐♥❣❧❡ ◆✉❝❧❡♦t✐❞❡ ❱❛r✐❛♥t✮ ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡ ❲●❙ ❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ✶✸✷ ✈❛r✐❛♥ts

♣❛r♠✐ ❧❡sq✉❡❧s ✽✹ s♦♥t s✐t✉és ❞❛♥s ❧❡s ré❣✐♦♥s ❝♦❞❛♥t❡s✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥ r❡✢èt❡ ❧❛ ♣♦ss✐❜✐❧✐té q✉❡ ❧✬❛❜s❡♥❝❡

❞❡ ❞✐❛❣♥♦st✐❝ ♠♦❧é❝✉❧❛✐r❡ à ❧✬✐ss✉❡ ❞✉ ❲❊❙ s♦✐t ♣❛r❢♦✐s ❞✉❡ à ✉♥ ♣r♦❜❧è♠❡ t❡❝❤♥✐q✉❡ ❡t ♣❛s s❡✉❧❡♠❡♥t ❛✉

❜❡s♦✐♥ ❞✬❡①♣❧♦r❡r ❧❡s ré❣✐♦♥s ♥♦♥ ❝♦❞❛♥t❡s✳

▲❡s ❛✉t❡✉rs ✐❞❡♥t✐✜❡♥t é❣❛❧❡♠❡♥t ✽ ❈◆❱ ❞❡ ♥♦✈♦ ✐♥❝❧✉❛♥t ❞❡s ❞é❧ét✐♦♥s ❞✬✉♥ ❡①♦♥ ✉♥✐q✉❡✱ ❞❡ ré❣✐♦♥s ✐♥tr❛✲

❡①♦♥✐q✉❡s ❡t ❞❡s ❞✉♣❧✐❝❛t✐♦♥s ✐♥t❡r❝❤r♦♠♦s♦♠✐q✉❡s✳

❙❡❧♦♥ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ rô❧❡ ❞❡s ♠✉t❛t✐♦♥s ♥♦♥ ❝♦❞❛♥t❡s ❞❛♥s ❧✬ét✐♦❧♦❣✐❡ ❣é♥ét✐q✉❡ ❞❡ ❧❛ ❉■✱ ❧❡s ❛✉t❡✉rs

sé❧❡❝t✐♦♥♥❡♥t ❡♥s✉✐t❡ ❞❡s ✈❛r✐❛♥ts ❞❡ ♥♦✈♦ ♥♦♥ ❝♦❞❛♥ts✱ s✐t✉és ❞❛♥s ❧❡s ré❣✐♦♥s ♣r♦♠♦tr✐❝❡s✱ ✐♥tr♦♥✐q✉❡s ♦✉

❧❡s séq✉❡♥❝❡s ❯❚❘ ❞❡s ❣è♥❡s ❞❡ ❉■ ❝♦♥♥✉s ✿ ✹✸ ✈❛r✐❛♥ts ❝♦rr❡s♣♦♥❞❡♥t à ❝❡s ❝r✐tèr❡s✳ ▲❡s ❞✐✈❡rs❡s s♦✉r❝❡s

❊◆❈❖❉❊ ❞✐s♣♦♥✐❜❧❡s ❬❈♦♥s♦rt✐✉♠✱ ✷✵✶✷❪ ❛♣♣♦rt❛♥t ❞❡s é❧é♠❡♥ts ❞❡ ❞✐s❝✉ss✐♦♥ s✉r ❧❡s ré❣✐♦♥s ♥♦♥ ❝♦❞❛♥t❡s

✐❞❡♥t✐✜é❡s ♥✬♦♥t ♣❛s ❞♦♥♥é ❞✬✐♥❢♦r♠❛t✐♦♥s ❡♥ ❢❛✈❡✉r ❞✬✉♥❡ é✈❡♥t✉❡❧❧❡ ♣❛t❤♦❣é♥✐❝✐té ❞❡ ❝❡s ✈❛r✐❛♥ts✱ ❝❡ q✉✐

❝♦♥✜r♠❡ ❧❛ ❞✐✣❝✉❧té ❞✬✐♥t❡r♣rét❛t✐♦♥ ❞❡ ❝❡s ✈❛r✐❛♥ts✳ ▲❛ ✜❣✉r❡ ✶✸✳✶ rés✉♠❡ ❧❡s ❢réq✉❡♥❝❡s ❞❡ ❞✐❛❣♥♦st✐❝ ♣♦s✐t✐❢

♦❜t❡♥✉❡s ❛♣rès ❝❤❛❝✉♥❡ ❞❡s ♠ét❤♦❞♦❧♦❣✐❡s✱ ♠❡tt❛♥t ❡♥ ❛✈❛♥t ❧❡ ●❲❙ ❛✈❡❝ ❧❡ ♠❡✐❧❧❡✉r t❛✉① ❞❡ ré✉ss✐t❡ ✭✹✷✪✮✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✵



✶✸✳✷✳ ❊❳P▲❖❘❆❚■❖◆ ❉❯ ●➱◆❖▼❊ ❊◆❚■❊❘ ✿ P❘❊▼■❊❘❙ P❆❙

❋✐❣✉r❡ ✶✸✳✶ ✿ ❇✐❧❛♥ ❞❡s ❢réq✉❡♥❝❡s ❞❡ ❞✐❛❣♥♦st✐❝ ♣♦s✐t✐❢ ♦❜t❡♥✉❡s s❡❧♦♥ ❧✬❛♣♣r♦❝❤❡ ✉t✐❧✐sé❡✱ ❞✬❛♣rès ●✐❧✐ss❡♥ ❡t ❛❧✳ ❬✷✵✶✹❪✳

❯♥❡ ❛✉tr❡ ét✉❞❡ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ❲●❙ ❛ s✉✐✈✐ ❝❡❧❧❡✲❝✐ ♠❡♥❛♥t à ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬✉♥ ✈❛r✐❛♥t ❞❛♥s ✉♥❡

ré❣✐♦♥ ❝♦❞❛♥t❡ ❞✉ ❣è♥❡ ◆❖❚❈❍✶ ❬❙t✐ttr✐❝❤ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ▲❛ ♠ét❤♦❞❡ ❲●❙ ❝♦♠♠❡♥❝❡ ❞♦♥❝ à é♠❡r❣❡r ♠❛✐s

❧❡s ❝❤❡r❝❤❡✉rs ❝♦♥t✐♥✉❡♥t ❞✬❡①♣❧♦r❡r ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧❡s ré❣✐♦♥s ❝♦❞❛♥t❡s r❡♣rés❡♥t❛♥t ✶ à ✷✪ ❞❡s ❞♦♥♥é❡s

❣é♥éré❡s ♣❛r ❝❡tt❡ ❛♣♣r♦❝❤❡✱ ❞♦♥t ❧❡ ❝♦ût ❡st ✸ à ✹ ❢♦✐s ♣❧✉s é❧❡✈é q✉❡ ❧❡ ❲❊❙✳ ▲❛ t❛❜❧❡ ✶✸✳✶ rés✉♠❡ ❧❡s

❝❛r❛❝tér✐st✐q✉❡s ❛ss♦❝✐é❡s à ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① ❛♣♣r♦❝❤❡s ✿

❆♣♣r♦❝❤❡ ❲❊❙ ❲●❙
❈♦ût ✶ ✸ ♦✉ ✹

❈♦✉✈❡rt✉r❡ ❞✉ ❣é♥♦♠❡ ✶ à ✷✪ ✶✵✵✪
Pr♦❢♦♥❞❡✉r ❃✶✵✵❳ ✸✵✲✽✵❳

◗✉❛♥t✐té ❞✬✐♥❢♦r♠❛t✐♦♥s ❣é♥éré❡ ✺●♦ ✶✵✵●♦
❉ét❡❝t✐♦♥ ❞❡s ❈◆❱s ✲ ✰

❚❛❜❧❡ ✶✸✳✶ ✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♦✉t✐❧s ❞❡ ❲❊❙ ✈s ❲●❙✳

▲❛ ❢♦r❝❡ ❞❡ ❝❡tt❡ ♥♦✉✈❡❧❧❡ ❛♣♣r♦❝❤❡ ♣r♦♠❡tt❡✉s❡ rés✐❞❡ ❞♦♥❝ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❛♥s ❧❡s ♠✉❧t✐♣❧❡s ♣♦ss✐❜✐❧✐tés

❞✬❡①♣❧♦r❛t✐♦♥s q✉✬❡❧❧❡ ♦✛r❡ ❛✈❡❝ ✉♥❡ s❡✉❧❡ ❡t ♠ê♠❡ ♦♣ér❛t✐♦♥ ❀ ❧❛ r❡❝❤❡r❝❤❡ ✲❛✉❥♦✉r❞✬❤✉✐ ❞❡✈❡♥✉❡ ❝♦✉r❛♥t❡✲

❞❡ ✈❛r✐❛♥ts ❞❛♥s ❧❡s ré❣✐♦♥s ❝♦❞❛♥t❡s ❡t ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ✈❛r✐❛♥ts ❞❛♥s ❧❡s séq✉❡♥❝❡s ♥♦♥ ❝♦❞❛♥t❡s✳ ▼❛✐s✱

s✉rt♦✉t✱ ❧❛ ♠ét❤♦❞❡ ❞❡ ❲●❙ ♣❡r♠❡t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❈◆❱s ❞❡ ❣r❛♥❞❡s ♦✉ ♣❡t✐t❡s t❛✐❧❧❡s✱ ❝❡ q✉✐ ❧❛ ❞✐✛ér❡♥❝✐❡

❞❡ ❧✬❛♣♣r♦❝❤❡ ❲❊❙✳

❊♥ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧✬❡①♣❧♦s✐♦♥ ❞❡s ❛♣♣r♦❝❤❡s ❲❊❙✱ ❧❡s ❧♦❣✐❝✐❡❧s ❞❡ ♣ré❞✐❝t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ✈❛r✐❛♥ts ❝♦❞❛♥ts

s❡ s♦♥t ❛♠é❧✐♦rés ❡t ❧❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s s❡ s♦♥t ❡♥r✐❝❤✐❡s✱ ♦✛r❛♥t ❛✐♥s✐ ❞❡s ♣✐st❡s ❞✬✐♥t❡r♣rét❛t✐♦♥

❞❡s ✈❛r✐❛♥ts ❞ét❡❝tés ♣❛r ❲❊❙✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❡♥ ❞❡❤♦rs ❞❡s ré❣✐♦♥s ❝♦❞❛♥t❡s✱ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ✈❛r✐❛♥ts

r❡st❡ ❝♦♠♣❧èt❡♠❡♥t ✐♥❡①♣❧♦ré❡ ❡t t♦✉t r❡st❡ à ♠❡ttr❡ ❡♥ ♣❧❛❝❡✳ ❆✉❥♦✉r❞✬❤✉✐✱ ✐❧ s❡♠❜❧❡ ♣❧✉s ✐♥tér❡ss❛♥t ❞❡

❝♦♥t✐♥✉❡r à ✉t✐❧✐s❡r ❧❡ ❲❊❙ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♣✉✐s✱ ♣♦✉r ❧❡s ❢❛♠✐❧❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❛✉❝✉♥ ✈❛r✐❛♥t

❝❛♥❞✐❞❛t ♥✬❡st r❡t❡♥✉ à ❧✬✐ss✉❡ ❞❡ ❝❡❧✉✐✲❝✐✱ t❡♥t❡r ❞❡ ré❛❧✐s❡r ✉♥ ❲●❙✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✶



❈❍❆P■❚❘❊ ✶✹

❱❆▲■❉❆❚■❖◆ ❋❖◆❈❚■❖◆◆❊▲▲❊ ❉❊❙ ❱❆❘■❆◆❚❙ ✿ ❉■❙❙❊❘❚❆❚■❖◆

❆❯❚❖❯❘ ❉❯ ❈❍❖■❳ ❉❊❙ ▼❖❉➮▲❊❙

❆✈❡❝ ❧❛ ré✈♦❧✉t✐♦♥ ◆●❙✱ ❧❡ ❝❤❛❧❧❡♥❣❡ ♣♦✉r ❧❡s ❣é♥ét✐❝✐❡♥s ❛ ❜❛s❝✉❧é ✿ ✐❧ rés✐❞❛✐t ❞❛♥s ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡

✈❛r✐❛♥ts ❡t r❡♣♦s❡ à ♣rés❡♥t ❞❛♥s ❧❡✉r ✐♥t❡r♣rét❛t✐♦♥✳ ❆✉❥♦✉r❞✬❤✉✐✱ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞❡s ❝❛♥❞✐❞❛ts

✐❞❡♥t✐✜és ♣❛r ❲❊❙ ❡st ❞❡✈❡♥✉❡ ❡ss❡♥t✐❡❧❧❡ ❡t ❝❡❧❧❡✲❝✐ s✬❛♥♥♦♥❝❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ❛✈❡❝ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡s ét✉❞❡s

♠❡♥é❡s ♣❛r ❲●❙✳

P♦✉r ❧❡s ✺ ❢❛♠✐❧❧❡s ♣rés❡♥té❡s ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✱ ♥♦✉s ❛✈♦♥s ❡✉ ❧❛ ❝❤❛♥❝❡ ❞✬♦❜t❡♥✐r ✉♥❡ ❜✐♦♣s✐❡ ❞❡ ♣❡❛✉

♣♦✉r ❛✉ ♠♦✐♥s ✉♥ ❡♥❢❛♥t ❛tt❡✐♥t ❞❡ ❝❤❛q✉❡ ❢❛♠✐❧❧❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ré❛❧✐sé ❧✬❡♥s❡♠❜❧❡ ❞❡ ♥♦s ét✉❞❡s ❢♦♥❝✲

t✐♦♥♥❡❧❧❡s s✉r ❧❡s ✜❜r♦❜❧❛st❡s ♣r✐♠❛✐r❡s ♦✛r❛♥t ✉♥❡ ✈ér✐t❛❜❧❡ ❢♦r❝❡ à ♥♦s rés✉❧t❛ts ♣✉✐sq✉✬✐❧s ♥♦✉s ♣❡r♠❡tt❡♥t

❞❡ ✈❛❧✐❞❡r ❧❡s ❡✛❡ts ❞✬✉♥ ✈❛r✐❛♥t ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❞❡s ♣❛t✐❡♥ts✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ♣❡rt✐♥❡♥❝❡ ❞✉

♠♦❞è❧❡ ♥✬❡st ♣❛s ❡♥t✐èr❡ ♣✉✐sq✉❡ ❧❡ t②♣❡ ❝❡❧❧✉❧❛✐r❡ ❞✐s♣♦♥✐❜❧❡ ♥✬❡st ♣❛s r❡♣rés❡♥t❛t✐❢ ❞✉ t✐ss✉ ❛tt❡✐♥t ❞❛♥s ❧❡s

♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s✳ ▲✬ét✉❞❡ ❞❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ❝❡s ❝♦♥❞✐t✐♦♥s ❡st ❛❧♦rs r❛♣✐❞❡♠❡♥t

❝♦♥tr❛r✐é❡ ❡♥ r❛✐s♦♥ ❞✉ ♠♦❞è❧❡ ❞✐s♣♦♥✐❜❧❡✳

❆✜♥ ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡tt❡ ❧✐♠✐t❡✱ ❞✬❛✉tr❡s ♠♦❞è❧❡s ♣❡✉✈❡♥t ❢♦✉r♥✐r ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s ❞✬ét✉❞❡s✳

P❛r ❡①❡♠♣❧❡✱ ❞❡s tr❛✈❛✉① ❢♦♥❝t✐♦♥♥❡❧s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❡✉r♦s❝✐❡♥❝❡s ♦♥t s♦✉✈❡♥t été ❝♦♥❞✉✐ts à ❧✬❛✐❞❡

❞❡ ❧✐❣♥é❡s ♥❡✉r♦♥❛❧❡s t❡❧❧❡s q✉❡ ❧❛ ❧✐❣♥é❡ P❈✶✷ ♣r♦✈❡♥❛♥t ❞✉ r❛t ♦✉ ❧❛ ❧✐❣♥é❡ ❤✉♠❛✐♥❡ ❙❍❙❨✺❨ ❬❈♦♥tr❡♣❛s

❡t ❛❧✳✱ ✷✵✵✾✱ P❛r❦ ❡t ❛❧✳✱ ✷✵✶✹✱ ▼♦❞✐ ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❉❡s t❡sts ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ♠❡♥és s✉r ❧❡s ❝✉❧t✉r❡s

❞❡ ♥❡✉r♦♥❡s ♣r✐♠❛✐r❡s ♣r♦✈❡♥❛♥t ❞❡ ❧❛ ❞✐ss❡❝t✐♦♥ ❞❡ ❝❡r✈❡❛✉① ❞✬❡♠❜r②♦♥s ❞❡ s♦✉r✐s ❬❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✵✻✱ ❍✐r❛t❛

❡t ❛❧✳✱ ✷✵✶✸❪✳ ▲❡s ❝✉❧t✉r❡s ♥❡✉r♦♥❛❧❡s s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✉t✐❧❡s ♣✉✐sq✉✬❡❧❧❡s ♣❡r♠❡tt❡♥t ❞✬ét✉❞✐❡r ❧❡s ❡✛❡ts

❞❡ ✈❛r✐❛♥ts ❞❛♥s ✉♥ t②♣❡ ❝❡❧❧✉❧❛✐r❡ ❛♣♣r♦♣r✐é✳ P♦✉rt❛♥t✱ ❡❧❧❡s ♣rés❡♥t❡♥t ❛✉ss✐ ❞❡s ✐♥❝♦♥✈é♥✐❡♥ts ✿ ❡♥ ❡✛❡t✱ ❧❡

❝❛r❛❝tèr❡ tr❛♥s✐t♦✐r❡ ❞❡s ♠❛♥✐♣✉❧❛t✐♦♥s ❣é♥ét✐q✉❡s q✉✐ ❛❝❝♦♠♣❛❣♥❡ ✐♥é✈✐t❛❜❧❡♠❡♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡ ♠♦❞è❧❡

♣❡✉t ♣❛r❢♦✐s ❞❡✈❡♥✐r ❧✐♠✐t❛♥t✱ ♣❛r ❡①❡♠♣❧❡ ❧♦rsq✉✬✉♥ ♣r♦❝❡ss✉s ❜✐♦❧♦❣✐q✉❡ ❛ ❜❡s♦✐♥ ❞✬êtr❡ é✈❛❧✉é ❞❛♥s ❧❡ t❡♠♣s✳

❉❡♣✉✐s ✷✵✵✻✱ ❧❡s ♣r♦❣rès ❞❡ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♦♥t ♦✉✈❡rt ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s

♣♦✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡ ❞❡ ♥♦♠❜r❡✉s❡s ♣❛t❤♦❧♦❣✐❡s ❤✉♠❛✐♥❡s✳ ■❧ ❡st ❞és♦r♠❛✐s ♣♦ss✐❜❧❡

❞❡ ❣é♥ér❡r ❞❡s ❝❡❧❧✉❧❡s ♣❧✉r✐♣♦t❡♥t❡s ❤✉♠❛✐♥❡s ♣❛r ❞é❞✐✛ér❡♥❝✐❛t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s s♦♠❛t✐q✉❡s ✭t❡❧❧❡s q✉❡ ❧❡s

✜❜r♦❜❧❛st❡s ♣r✐♠❛✐r❡s ❞❡ ♣❛t✐❡♥ts✮✱ ❛♣♣❡❧é❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♣❧✉r✐♣♦t❡♥t❡s ✐♥❞✉✐t❡s ♦✉ ✐P❙❈s ✭✐♥❞✉❝❡❞ P❧✉✲

r✐♣♦t❡♥t ❙t❡♠ ❈❡❧❧s✮ ❬❚❛❦❛❤❛s❤✐ ❛♥❞ ❨❛♠❛♥❛❦❛✱ ✷✵✵✻✱ ❚❛❦❛❤❛s❤✐ ❡t ❛❧✳✱ ✷✵✵✼✱ ❨✉ ❡t ❛❧✳✱ ✷✵✵✼❪✳ ▲❡s ✐P❙❈s

♦❜t❡♥✉❡s ♣❡✉✈❡♥t ❡♥s✉✐t❡ êtr❡ r❡✲❞✐✛ér❡♥❝✐é❡s ❡♥ ❞✐✈❡rs t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❞♦♥t ❞❡s ♣ré❝✉rs❡✉rs ❞❡ ♥❡✉r♦♥❡s ♦✉

✶✼✷



◆P❈s ✭◆❡✉r❛❧ Pr♦❣❡♥✐t♦rs ❈❡❧❧s✮✱ ♦✛r❛♥t ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s ♠❛❧❛❞✐❡s ♥❡✉r♦❧♦❣✐q✉❡s

❡t ❛✉❥♦✉r❞✬❤✉✐ ❧❛r❣❡♠❡♥t ✉t✐❧✐sé❡s ❬❈❤❛♠❜❡r❧❛✐♥ ❡t ❛❧✳✱ ✷✵✶✵✱ ❆❦✐③✉ ❡t ❛❧✳✱ ✷✵✶✸✱ ▼❛rt✐♥s✲❚❛②❧♦r ❡t ❛❧✳✱ ✷✵✶✹❪✳

P❧✉s ré❝❡♠♠❡♥t✱ ❧❡ ❣r♦✉♣❡ ❞❡ ▲❛♥❝❛st❡r ❡t ❛❧✳ ❬✷✵✶✸❪ ❡st ♣❛r✈❡♥✉ à ét❛❜❧✐r ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❝✉❧t✉r❡✱ à

♣❛rt✐r ❞❡ ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♣❧✉r✐♣♦t❡♥t❡s ✭❡♠❜r②♦♥♥❛✐r❡s ✲❡♠❜r②♦♥✐❝ st❡♠ ✭❊❙✮✲ ♦✉ ✐P❙❈s✮✱ ❛❜♦✉t✐ss❛♥t à ❧❛

❣é♥ér❛t✐♦♥ ❞❡ str✉❝t✉r❡s ♣r♦❝❤❡s ❞✉ ❝❡r✈❡❛✉ ❛♣♣❡❧é❡s ✓ ❝❡r❡❜r❛❧ ♦r❣❛♥♦✐❞s ✔✱ ré❝❛♣✐t✉❧❛♥t ❛✐♥s✐ ❧❡ ❞é✈❡❧♦♣✲

♣❡♠❡♥t ❞✉ ❝❡r✈❡❛✉ ❤✉♠❛✐♥✳ ➚ ❧✬❛✐❞❡ ❞❡ ❝❡ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ q✉❡❧q✉❡ ♣❡✉ ré✈♦❧✉t✐♦♥♥❛✐r❡✱ ❧❡s ❛✉t❡✉rs ♦♥t ♣✉

❞é♠♦♥tr❡r ✉♥ ❞é❢❛✉t ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ❞✐✛ér❡♥t✐❛t✐♦♥ ♥❡✉r♦♥❛❧❡ ❞❛♥s ❧❡s ✓ ❝❡r❡❜r❛❧ ♦r❣❛♥♦✐❞s ✔ ✐ss✉s ❞✬✉♥

♣❛t✐❡♥t ❛✈❡❝ ♠✐❝r♦❝é♣❤❛❧✐❡✱ ❛♣♣♦rt❛♥t ❞❡ s♦❧✐❞❡s é❧é♠❡♥ts ♣♦✉r ❡①♣❧✐q✉❡r ❧✬❛♣♣❛r✐t✐♦♥ ❞✉ ♣❤é♥♦t②♣❡✳

P❛r ❛✐❧❧❡✉rs✱ ❧❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ❢♦✉r♥✐ss❡♥t ❞✬❡①❝❡❧❧❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬ét✉❞❡s ❞❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡

❞❡s ❉■✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ♠✉t❛t✐♦♥s ❞✉ ❣è♥❡ ◆❖◆❖✱ ❧❡ ♠♦❞è❧❡ ♠✉r✐♥ ❞✉ ❣r♦✉♣❡ ❞✉ Pr ❙✳ ❇r♦✇♥ ✭◆♦♥♦❣t✮ ❛

♣❡r♠✐s ✉♥❡ ❛✈❛♥❝é❡ ♠❛❥❡✉r❡ ❞❡ ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡ r❡s♣♦♥s❛❜❧❡ ❞✉ ♣❤é♥♦t②♣❡

❞❡s ♣❛t✐❡♥ts ▼❈❈■❉✳ ❚♦✉t❡❢♦✐s✱ ❧❛ ❣é♥ér❛t✐♦♥ ❞✬✉♥ t❡❧ ♠♦❞è❧❡ ❡st ❧♦♥❣✉❡ ❡t ❢❛st✐❞✐❡✉s❡ ✿ ❝✬❡st ♣♦✉rq✉♦✐

❞✬❛✉tr❡s ♠♦❞è❧❡s s♦♥t ♣❛r❢♦✐s ♣ré❢érés ❛✉① ♠♦❞è❧❡s ♠✉r✐♥s✱ ❝♦♠♠❡ ❧❛ ❞r♦s♦♣❤✐❧❡ ❬✈❛♥ ❇♦♥ ❡t ❛❧✳✱ ✷✵✶✸❪ ♦✉

❧✬♦✈♦❝②t❡ ❞❡ ❳é♥♦♣❡ ✭❳❡♥♦♣✉s ❧❛❡✈✐s✮ ❬❇❛r❝✐❛ ❡t ❛❧✳✱ ✷✵✶✷❪✳ ▲❡ ♣♦✐ss♦♥✲③è❜r❡ ✭❉❛♥✐♦ r❡r✐♦ ♦✉ ③❡❜r❛✜s❤✮ ❡st

é❣❛❧❡♠❡♥t s♦✉✈❡♥t ♠❛♥✐♣✉❧é ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ♠❛❧❛❞✐❡s ❞✉ ❙◆❈ ❬❚❛r❛❜❡✉① ❡t ❛❧✳✱ ✷✵✶✵✱ ●❛✉t❤✐❡r ❡t ❛❧✳✱

✷✵✶✵✱ ❇♦❝③♦♥❛❞✐ ❡t ❛❧✳✱ ✷✵✶✹✱ ❙❝❤❛✛❡r ❡t ❛❧✳✱ ✷✵✶✹❪✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥

❞✉ ❝❡r✈❡❛✉ ❡t ❞✉ ❣é♥♦♠❡ ♣❛r r❛♣♣♦rt à ❧✬❤♦♠♠❡✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♠❜r②♦♥♥❛✐r❡ ❡①t❡r♥❡✱ s②♥❝❤r♦♥✐sé ❡t

r❛♣✐❞❡ ❡t ❧❛ tr❛♥s♣❛r❡♥❝❡ ❞❡ ❧✬❡♠❜r②♦♥ s♦♥t ❛✉t❛♥t ❞✬❛t♦✉ts ❢❛❝✐❧✐t❛♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡ ♠♦❞è❧❡✳

❊♥✜♥✱ ✉♥ ♥♦✉✈❡❧ ♦✉t✐❧ ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❣é♥ét✐q✉❡ ❛ é♠❡r❣é ❞❡♣✉✐s ✷✵✵✾✳ ❈❡tt❡ str❛té❣✐❡ s✬❛♣♣✉✐❡ s✉r ❧❡s

♣r♦♣r✐étés ❞✬✉♥❡ ❡♥③②♠❡ ❤②❜r✐❞❡ ❝❛♣❛❜❧❡ ❞❡ r❡❝♦♥♥❛îtr❡ ❞❡s séq✉❡♥❝❡s ♣❛rt✐❝✉❧✐èr❡s ❞❡ ❧✬❆❉◆ ❡t ❞❡ ❝♦✉♣❡r

à ❝❡t ❡♥❞r♦✐t ♣ré❝✐sé♠❡♥t✱ ♠❛✐s ❛✉ss✐ s✉r ❧❡s ♣r♦❝❡ss✉s ♣❤②s✐♦❧♦❣✐q✉❡s ❞❡ ré♣❛r❛t✐♦♥ ❞❡ ❧✬❆❉◆✳ ■❧ s✬❛❣✐t ❞❡

❧❛ ❥♦♥❝t✐♦♥ ❞❡s ❞♦♠❛✐♥❡s ♣r♦té✐q✉❡s ❞✬✉♥❡ ♥✉❝❧é❛s❡ ❛s♣é❝✐✜q✉❡ ❛✈❡❝ ❝❡✉① ❞✬✉♥❡ ♣r♦té✐♥❡ ❝❛♣❛❜❧❡ ❞❡ r❡❝♦♥✲

♥❛îtr❡ ❡t ❞❡ ❧✐❡r ❞❡s séq✉❡♥❝❡s s♣é❝✐✜q✉❡s ❞❡ ❧✬❆❉◆ ✿ ❩❋◆s ✭❩✐♥❝ ❋✐♥❣❡r ◆✉❝❧❡❛s❡s✮✱ ❚❆▲❊◆❙ ✭❚r❛♥s❝r✐♣t✐♦♥

❆❝t✐✈❛t♦r✕▲✐❦❡ ❊✛❡❝t♦r ◆✉❝❧❡❛s❡❙✮✱ ♠❡❣❛♥✉❝❧❡❛s❡s ✭❡♥❣✐♥❡❡r❡❞ ❤♦♠✐♥❣ ❡♥❞♦♥✉❝❧❡❛s❡s✮ ❡t très ré❝❡♠♠❡♥t✱

❧❛ ♥✉❝❧é❛s❡ ❜❛sé❡ s✉r ❧❡ s②stè♠❡ ❈❘■❙P❘ ✭❈❧✉st❡r❡❞ ❘❡❣✉❧❛r❧② ■♥t❡rs♣❛❝❡❞ ❙❤♦rt P❛❧✐♥❞r♦♠✐❝ ❘❡♣❡❛t✮✲❈❛s

✭❈❘■❙P❘ ❛ss♦❝✐❛t❡❞✮ ❬❙❡❣❛❧ ❛♥❞ ▼❡❝❦❧❡r✱ ✷✵✶✸✱ ❏♦✉♥❣ ❛♥❞ ❙❛♥❞❡r✱ ✷✵✶✸✱ ❚❡r♥s ❛♥❞ ❚❡r♥s✱ ✷✵✶✹❪✳ ❈❡s

❝♦♥str✉❝t✐♦♥s s♦♥t ❢❛❝✐❧❡♠❡♥t ❢❛ç♦♥♥❛❜❧❡s✱ ♣❡r♠❡tt❛♥t ❞❡ ♠♦❞✐✜❡r ❣é♥ét✐q✉❡♠❡♥t ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ♣♦s✐t✐♦♥

❞✉ ❣é♥♦♠❡ ❞✬✉♥❡ ✐♠♣♦rt❛♥t❡ ✈❛r✐été ❞❡ t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❡t ❞✬♦r❣❛♥✐s♠❡s✱ t♦✉t ❡♥ é✈✐t❛♥t ❧❡s ❛❧tér❛t✐♦♥s ❣é✲

♥ét✐q✉❡s ♥♦♥ ❞és✐ré❡s✱ ✐♥❝♦♥✈é♥✐❡♥ts ❞❡s ♣ré❝é❞❡♥t❡s ❛♣♣r♦❝❤❡s ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❣é♥ét✐q✉❡✳

❈❡tt❡ ré❝❡♥t❡ t❡❝❤♥♦❧♦❣✐❡ ❞❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ♦✉✈r❡ ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝♦♥❞✐✲

t✐♦♥s ♥❡✉r♦❧♦❣✐q✉❡s✳ ❊❧❧❡ ♦✛r❡ ❡♥ ❡✛❡t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ r❡♣r♦❞✉✐r❡ ❡①❛❝t❡♠❡♥t ❧❛ ♠ê♠❡ ♠✉t❛t✐♦♥ ✐❞❡♥t✐✜é❡

❝❤❡③ ✉♥ ♣❛t✐❡♥t✱ ❞❛♥s ❞❡s ❝✉❧t✉r❡s ❞❡ ❝❡❧❧✉❧❡s ♦✉ s✉r ✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❀ ✉♥❡ ❛❧t❡r♥❛t✐✈❡ sé❞✉✐s❛♥t❡✱ ♣❛rt✐❝✉✲

❧✐èr❡♠❡♥t ❧♦rsq✉❡ ❧✬♦❜t❡♥t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s ❞❡ ♣❛t✐❡♥ts ❡st ✐♠♣♦ss✐❜❧❡✳

▲❛ ♣ré❝✐s✐♦♥ ❞❡ ❝❡s ♦✉t✐❧s ❡t ❧❡ ❢❛✐❜❧❡ t❛✉① ❞❡ ♠✉t❛t✐♦♥s ♥♦♥ ❞és✐ré❡s ❛ss♦❝✐é ❬❙✉③✉❦✐ ❡t ❛❧✳✱ ✷✵✶✹❪ ♣❡r♠❡t

❞❡ s✬❛✛r❛♥❝❤✐r ❞✬✉♥ ❜✐❛✐s ✐♠♣♦rt❛♥t ✿ ❧❡ ❢♦♥❞ ❣é♥ét✐q✉❡✳ ❊♥ ❡✛❡t✱ ✐❧s ♦✛r❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ tr❛✈❛✐❧❧❡r s✉r

❞❡s ❧✐❣♥é❡s ✐s♦❣é♥✐q✉❡s✱ ✉♥ ♠♦❞è❧❡ ✐❞é❛❧ q✉❛♥❞ ♦♥ ❡ss❛✐❡ ❞❡ ♠♦♥tr❡r q✉✬✉♥❡ ❞✐✛ér❡♥❝❡ ♣❤é♥♦t②♣✐q✉❡ ❡st

❞✉❡ ✉♥✐q✉❡♠❡♥t à ✉♥❡ ♠✉t❛t✐♦♥ ♣♦♥❝t✉❡❧❧❡✱ ❡t ♥♦t❛♠♠❡♥t ♣♦✉r ❡♥tr❡♣r❡♥❞r❡ ❞❡s ❡①♣ér✐❡♥❝❡s ❞❡ s❛✉✈❡t❛❣❡

♣❤é♥♦t②♣✐q✉❡✳

▲✬❛❧❧✐❛♥❝❡ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ r❡♣r♦❣r❛♠♠❛t✐♦♥ ❞✉ ❞❡st✐♥ ❝❡❧❧✉❧❛✐r❡ ❡t ❞❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✉ ❣é♥♦♠❡ ♦✛r❡ ❞♦♥❝

❞❡s ♣✐st❡s ✐♥é❞✐t❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ♠✉t❛t✐♦♥s ❞❛♥s ❞❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❛♣♣r♦♣r✐és ❡t ♣r♦♠❡t

❞❡ ❢✉t✉r❡s ❣r❛♥❞❡s ❛✈❛♥❝é❡s ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦♣❛t❤♦❧♦❣✐q✉❡s ❞❡s ❝♦♥❞✐t✐♦♥s ♥❡✉✲

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✸



r♦❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡s✳ ❊♥✜♥✱ ❝❡s ♦✉t✐❧s✱ ♣❡r♠❡tt❛♥t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡s ❡✛❡ts ✐♥❞és✐r❛❜❧❡s ❛ss♦❝✐és ❛✉ tr❛♥s❢❡rt

❞✬✉♥ tr❛♥s❣è♥❡✱ ❛♥♥♦♥❝❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s str❛té❣✐❡s ♣r♦♠❡tt❡✉s❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ t❤ér❛♣✐❡

❣é♥✐q✉❡ ❬P❡r❡③ ❡t ❛❧✳✱ ✷✵✵✽✱ ❙❡❣❛❧ ❛♥❞ ▼❡❝❦❧❡r✱ ✷✵✶✸✱ ▲✐ ❡t ❛❧✳✱ ✷✵✶✹❛❪✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✹



▼❛tér✐❡❧s ❡t ▼ét❤♦❞❡s

✶✼✺



❈❍❆P■❚❘❊ ✶✺

❈❆P❚❯❘❊ ❊❚ ❙➱◗❯❊◆➬❆●❊ ❉❊ ▲✬❊❳❖▼❊

❉❡♣✉✐s ✷✵✵✽✱ ✉♥❡ ♣❧❛t❡❢♦r♠❡ ❞❡ ●é♥♦♠✐q✉❡ ❛ été ❝ré❡ s✉r ❧❡ s✐t❡ ❞❡ ❧✬❤ô♣✐t❛❧ ◆❡❝❦❡r✲❊♥❢❛♥ts ▼❛❧❛❞❡s✱

❛✉ s❡✐♥ ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡✳ ❊❧❧❡ ♣❡r♠❡t ❛✉① éq✉✐♣❡s ❞✉ s✐t❡ ❞✬❛✈♦✐r ❛❝❝ès à ❞❡s t❡❝❤♥♦❧♦❣✐❡s à ✉♥ ❝♦ût

ré❞✉✐t✳ ▲❡ séq✉❡♥ç❛❣❡ ❞❡ ❧✬❡①♦♠❡ ✭❲❊❙✮ ❛ été ré❛❧✐sé ♣♦✉r ✺ ❢❛♠✐❧❧❡s ❞✐st✐♥❝t❡s✱ ❛♣♣❛rt❡♥❛♥t à ✹ ♣r♦❥❡ts

✐♥❞é♣❡♥❞❛♥ts ❡t ♣rés❡♥tés ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✳ P♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s ♣r♦❥❡ts✱ ❧❛ ❝❛♣t✉r❡ ❞❡s séq✉❡♥❝❡s

❝♦❞❛♥t❡s s✬❡st ❡✛❡❝t✉é❡ ❡♥ ♣❤❛s❡ ❧✐q✉✐❞❡✱ ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ❆❣✐❧❡♥t ❙✉r❡❙❡❧❡❝t✱ ✭❦✐t ❆❣✐❧❡♥t ❍✉♠❛♥ ❆❧❧ ❊①♦♥

✸✽ ♦✉ ✺✵ ▼❜✮ ♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ✉♥❡ ❜❛♥q✉❡ ❝♦♥t❡♥❛♥t t♦✉s ❧❡s ❡①♦♥s ❞✉ ❣é♥♦♠❡ à ♣❛rt✐r ❞❡ ❧✬❆❉◆ ✭❆❝✐❞❡

❉❡s♦①②r✐❜♦♥✉❝❧é✐q✉❡✮ ❣é♥♦♠✐q✉❡✳ ❇r✐è✈❡♠❡♥t✱ ❧✬❆❉◆ ❣é♥♦♠✐q✉❡ ❡st ❢r❛❣♠❡♥té ✿ ❞❡s ❝❛ss✉r❡s ♠é❝❛♥✐q✉❡s

s♦♥t ♣r♦✈♦q✉é❡s ♣❛r ♥é❜✉❧✐s❛t✐♦♥ ✭❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣❛ss❛❣❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ à tr❛✈❡rs ✉♥ ♦r✐✜❝❡ très étr♦✐t

s♦✉s ❧❛ ♣r❡ss✐♦♥ ❞❡ ❣❛③✮ ♦✉ ❜✐❡♥ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ✉❧tr❛s♦♥✐❝❛t❡✉r ❈♦✈❛r✐s ❞✐✛✉s❛♥t ❞❡s ♦♥❞❡s ❛❝♦✉st✐q✉❡s✳

❆♣rès ré♣❛r❛t✐♦♥ ❞❡s ❡①tré♠✐tés ❞❡s ❆❉◆ ❢r❛❣♠❡♥tés✱ ❞❡s séq✉❡♥❝❡s ❛❞❛♣t❛tr✐❝❡s ✉♥✐✈❡rs❡❧❧❡s ❡t s♣é❝✐✜q✉❡s

❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ◆●❙ ✉t✐❧✐sé❡ s♦♥t ❧✐❣✉é❡s ❛✉① ❡①tré♠✐tés ❞❡s ❢r❛❣♠❡♥ts✱ s✉✐✈✐ ♦✉ ♥♦♥ ❞✬✉♥❡ ❛♠♣❧✐✜❝❛t✐♦♥

P❈❘ ✭P♦❧②♠❡r❛s❡ ❈❤❛✐♥ ❘❡❛❝t✐♦♥✮✳ P❛r ❛✐❧❧❡✉rs ✉♥❡ séq✉❡♥❝❡ s♣é❝✐✜q✉❡ ✭❝♦❞❡✲❜❛rr❡ ♦✉ ✐♥❞❡①✮ ❡st é❣❛❧❡♠❡♥t

r❛❥♦✉té❡ à ❝❤❛q✉❡ ❜❛♥q✉❡ ♣♦✉r ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❝❤❛q✉❡ é❝❤❛♥t✐❧❧♦♥ ❛✉ s❡✐♥ ❞✬✉♥ ♣♦♦❧✳ ➚ ❝❡tt❡ ét❛♣❡✱ ♦♥

♦❜t✐❡♥t ❞♦♥❝ ✉♥❡ ❜❛♥q✉❡ ❞✬❆❉◆ ✓ ❣é♥♦♠❡ ❝♦♠♣❧❡t ✔ ♦✉ ✓ ✇❤♦❧❡ ❣❡♥♦♠❡ ✔✳ ❈❡tt❡ ❜❛♥q✉❡ ❞❡ ❢r❛❣♠❡♥t ❡st

❛❧♦rs ❞é♥❛t✉ré❡ ♣✉✐s ❤②❜r✐❞é❡ à ✉♥ ♣❛♥❡❧ ❞✬♦❧✐❣♦♥✉❝❧é♦t✐❞❡s ❆❘◆ ❜✐♦t✐♥②❧és ❝✐❜❧❛♥t ❧❡s séq✉❡♥❝❡s à ❝❛♣t✉r❡r

✭❆❣✐❧❡♥t ❙✉r❡❙❡❧❡❝t❚▼✮✳ ▲❡s ❤②❜r✐❞❡s ❜✐♦t✐♥②❧és ❢♦r♠és s♦♥t ❡♥s✉✐t❡ ❝❛♣t✉rés à ❧✬❛✐❞❡ ❞❡ ❜✐❧❧❡s ♠❛❣♥ét✐q✉❡s

❝♦✉✈❡rt❡s ❞✬❛✈✐❞✐♥❡ ✭✜❣✉r❡ ❆✳✻✮✱ ♣✉✐s ❛♠♣❧✐✜és ❡t séq✉❡♥❝és✳ ▲❡ ❦✐t ❍✉♠❛♥ ❆❧❧ ❊①♦♥ ✉t✐❧✐sé ❛ é✈♦❧✉é ❛✉ ✜❧ ❞✉

t❡♠♣s✱ ❝✐❜❧❛♥t ♣❧✉s ❞❡ ✶✽✵ ✵✵✵ ❡①♦♥s ❡t ❝♦✉✈r❛♥t ❞❡ ✸✽ à ✺✵ ▼❜ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥ s❡❧♦♥ ❧❡s ✈❡rs✐♦♥s✳

▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧❡s r✉♥s ❞❡ séq✉❡♥ç❛❣❡ ❞❡ ❝❤❛❝✉♥ ❞❡s ♣r♦❥❡ts ❞❡ ❲❊❙ ❡①♣♦sés ❞❛♥s ❝❡

♠❛♥✉s❝r✐t s♦♥t rés✉♠é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✺✳✶ ❝✐✲❞❡ss♦✉s ✿

✲ ❧❡s s✉❥❡ts séq✉❡♥❝és ❞❛♥s ❝❤❛q✉❡ ❢❛♠✐❧❧❡✱

✲ ❧❡ t②♣❡ ❞❡ ❝❛♣t✉r❡ ré❛❧✐sé❡✱

✲ ❧❡ t②♣❡ ❞❡ séq✉❡♥ç❛❣❡ ♣r❛t✐q✉é ❡t ❧✬❛♣♣❛r❡✐❧ ✉t✐❧✐sé✱

✲ ❧❛ ♣❧❛t❡❢♦r♠❡ ✉t✐❧✐sé❡✱

✲ ❧❛ ♣r♦❢♦♥❞❡✉r ❞❡ ❧❡❝t✉r❡ ♦✉ ❝♦✉✈❡rt✉r❡ ♠♦②❡♥♥❡✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♥♦♠❜r❡ ❞❡ ❢♦✐s q✉✬✉♥❡ ♣♦s✐t✐♦♥ ❞♦♥♥é❡

❞✉ ❣é♥♦♠❡ ❛ été séq✉❡♥❝é❡ ✭♠✐♥✐♠✉♠ ❡t ♠❛①✐♠✉♠ ♦❜s❡r✈és s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♥❞✐✈✐❞✉s ❞✬✉♥ ♠ê♠❡ ♣r♦❥❡t✮✱

✲ ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ ❝❛♣t✉r❡ ❡st✐♠é❡ ✭❞♦♥♥é❡ ❡♥ ✪ ❞❡ séq✉❡♥❝❡s ❝❛♣t✉ré❡s ❛✈❡❝ ✉♥ t❛✉① ❞❡ ❝♦✉✈❡rt✉r❡ s✉♣ér✐❡✉r

✶✼✻



à ✶✺❳✮✳

❋❛♠✐❧❧❡✭s✮ ●è♥❡✭s✮ ❙✉❥❡ts ❈❛♣t✉r❡ ❚②♣❡ ❞❡
❙éq✉❡♥✲
ç❛❣❡

✭❆♣♣❛r❡✐❧✮

P❧❛t❡❢♦r♠❡ Pr♦❢♦♥❞❡✉r
❞❡ ❧❡❝t✉r❡
♠♦②❡♥♥❡

✭❳✮

❚❛✉① ❞❡ ❝♦✉✲
✈❡rt✉r❡ ♦✉
❤♦♠♦❣é♥é✐té
✭✪✮

▼♦ ❲❉❘✻✷✱
❘❆❉✺✹❇

✶ ❊❆ ♥❞ ❙♦❧❡①❛ ●❡♥♦s❝♦♣❡ ✲
❈❡♥tr❡

◆❛t✐♦♥❛❧ ❞❡
❙éq✉❡♥ç❛❣❡

✭❈◆❙✮

♥❞ ♥❞

❊❧ ❚❚■✷ ✶ ❊❆ ❦✐t ❆❣✐❧❡♥t
❙✉r❡❙❡❧❡❝t
❍✉♠❛♥ ❆❧❧
❊①♦♥ ✸✽ ▼❜

●❡♥♦♠❡
❆♥❛❧②③❡r

■■①
✭■❧❧✉♠✐♥❛✮

●❡♥♦s❝♦♣❡ ✲
❈❡♥tr❡

◆❛t✐♦♥❛❧ ❞❡
❙éq✉❡♥ç❛❣❡

✭❈◆❙✮

✼✵❳ ♣❧✉s ❞❡ ✽✸✪
❞❡s ♣❜ ❝♦✉✲
✈❡rt❡s à ✶✺❳

▼❛ ❆P✹▼✶✱
❆❩●P✶✱
❍❊❘❈✷

Pèr❡✱
▼èr❡✱
✷ ❊❆s

❦✐t ❆❣✐❧❡♥t
❙✉r❡❙❡❧❡❝t
❍✉♠❛♥ ❆❧❧
❊①♦♥ ✺✵ ▼❜

❙❖▲✐❉✺✺✵✵
✭▲✐❢❡

❚❡❝❤♥♦❧♦✲
❣✐❡s✮

■♠❛❣✐♥❡ ✸✾✲✼✼❳ ♣❧✉s ❞❡ ✼✹✲
✽✺✪ ❞❡s ♣❜
❝♦✉✈❡rt❡s à
✶✺❳

▼❈❈■❉✶
❡t

▼❈❈■❉✷

◆❖◆❖ ✷
tr✐♦s

❦✐t ❆❣✐❧❡♥t
❙✉r❡❙❡❧❡❝t
❍✉♠❛♥ ❆❧❧
❊①♦♥ ✺✵ ▼❜

❙❖▲✐❉✺✺✵✵
✭▲✐❢❡

❚❡❝❤♥♦❧♦✲
❣✐❡s✮

■♠❛❣✐♥❡ ✹✷✲✽✼❳ ♣❧✉s ❞❡ ✼✺✲
✼✽✪ ❞❡s ♣❜
❝♦✉✈❡rt❡s à
✶✺❳

❚❛❜❧❡ ✶✺✳✶ ✿ ▲❡s ❞✐✛ér❡♥ts ♣r♦❥❡ts ❞❡ ❲❊❙ ré❛❧✐sés✳

❊❙ ✿ ❊♥❢❛♥t ❙❛✐♥✱ ❊❆ ✿ ❊♥❢❛♥t ❆tt❡✐♥t✱ ♥❞ ✿ ♥♦♥ ❞✐s♣♦♥✐❜❧❡✳

▲❛ t❡❝❤♥✐q✉❡ ❞❡ séq✉❡♥ç❛❣❡ ✉t✐❧✐sé❡ ♣♦✉r ✷ ❞❡s ✺ ❢❛♠✐❧❧❡s ét❛✐t ❝❡❧❧❡ ❞✬■❧❧✉♠✐♥❛✱ ❛♥❝✐❡♥♥❡♠❡♥t t❡❝❤♥♦❧♦❣✐❡

❙♦❧❡①❛✱ s✉r ❧❡ séq✉❡♥❝❡✉r ●❡♥♦♠❡ ❆♥❛❧②③❡r ■■①✳ ▲❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❝❡tt❡ t❡❝❤♥♦❧♦❣✐❡ s♦♥t ✐❧❧✉stré❡s

❞❛♥s ❧❛ ✜❣✉r❡ ❆✳✸✳ ❊❧❧❡ ✐♥❝❧✉t ❞✬❛❜♦r❞ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝❧✉st❡r✐♥❣✱ q✉✐ ❝♦♥s✐st❡ ❡♥ ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❝❧♦♥❛❧❡ ❞❡

❧✬é❝❤❛♥t✐❧❧♦♥ à ❛♥❛❧②s❡r ❛♣♣❡❧é ❧❛ ❜❛♥q✉❡ ❞✬❡①♦♠❡ ✐❝✐ ✭♦✉ ❧✐❜r❛r②✮✱ ♣r♦❞✉✐s❛♥t ❧❡s ❝❧✉st❡rs✳ ❈❡❧❧❡✲❝✐ ♥❡ s✬❡✛❡❝t✉❡

♣❛s ❡♥ s♦❧✉t✐♦♥ ♠❛✐s ❞✐r❡❝t❡♠❡♥t s✉r s✉♣♣♦rt s♦❧✐❞❡ ❞❡ séq✉❡♥ç❛❣❡ ❛♣♣❡❧é ✢♦✇ ❝❡❧❧ ✿ ❡❧❧❡ ❝♦♠♣♦rt❡ ✽ ❝❛♥❛✉①✱

❝❤❛q✉❡ ❝❛♥❛❧ s❡r✈❛♥t ❞✬❡♥❝❡✐♥t❡ ❞❡ ré❛❝t✐♦♥ ♣♦✉r ✉♥❡ ❜❛♥q✉❡ ♦✉ ♣❧✉s✐❡✉rs✱ s✐ ❡❧❧❡s ♣♦rt❡♥t ❞❡s ❝♦❞❡✲❜❛rr❡s

♣❡r♠❡tt❛♥t ❞❡ ❧❡s ❞✐✛ér❡♥❝✐❡r ✭✜❣✉r❡ ❆✳✹✮✳ ▲❛ ré❛❝t✐♦♥ ❞❡ séq✉❡♥ç❛❣❡ ❡st ❛❧♦rs ré❛❧✐sé❡ ❞✐r❡❝t❡♠❡♥t s✉r ❧❡

s✉♣♣♦rt ♦ù ❧✬❆❉◆ ❛ été ❛♠♣❧✐✜é ✭❡♥ ♣❤❛s❡ s♦❧✐❞❡✮✳ ❊❧❧❡ s❡ ❞ér♦✉❧❡ ❜❛s❡ ❛♣rès ❜❛s❡ ❡♥ ❛❥♦✉t❛♥t ✉♥ ♠é❧❛♥❣❡

❝♦♥t❡♥❛♥t t♦✉t❡s ❧❡s ❜❛s❡s✱ ❝❤❛❝✉♥❡ ét❛♥t ❛ss♦❝✐é❡ à ✉♥ ✢✉♦r♦♣❤♦r❡ ❞✐✛ér❡♥t✳ ▲✬❡①tré♠✐té ❞❡ ❝❡s ❜❛s❡s ❡st

♣r♦té❣é❡ ♣♦✉r ❡♠♣ê❝❤❡r ❧✬❛❞❞✐t✐♦♥ ❞❡ ❜❛s❡s s✉♣♣❧é♠❡♥t❛✐r❡s à ❝❤❛q✉❡ ❝②❝❧❡ ❞✬✐♥❝♦r♣♦r❛t✐♦♥ ✭t❡r♠✐♥❛t❡✉rs

✢✉♦r❡s❝❡♥ts ré✈❡rs✐❜❧❡s✮✳ ❯♥❡ ❧❡❝t✉r❡ ❧❛s❡r ♣❡r♠❡t ❛❧♦rs ❞❡ ❞ét❡❝t❡r s✐♠✉❧t❛♥é♠❡♥t t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ✐♥❝♦r✲

♣♦ré❡s✳ ▲❡ ❝❧✐✈❛❣❡ ❞❡s ✢✉♦r♦♣❤♦r❡s ♣❡r♠❡t ❡♥s✉✐t❡ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ❧❛ ❜❛s❡ s✉✐✈❛♥t❡ ✭✜❣✉r❡ ❆✳✺✮✳ ▲❛ ❧❡❝t✉r❡

❡st ❡✛❡❝t✉é❡ ❛✐♥s✐ ❝②❝❧❡ ❛♣rès ❝②❝❧❡ s✉r ❝❤❛q✉❡ ❝❧✉st❡r ❞❡ ❧❛ ✢♦✇ ❝❡❧❧✳ ▲❡s ❝❧✉st❡rs ét❛♥t ✐❞❡♥t✐✜és ♣❛r ❧❡✉r

♣♦s✐t✐♦♥ s✉r ❧❛ ✢♦✇ ❝❡❧❧✱ ❝❡tt❡ ♠ét❤♦❞❡ ♣❡r♠❡t ❧✬❛❝q✉✐s✐t✐♦♥ ❡♥ ♣❛r❛❧❧è❧❡ ❞❡ ♣❧✉s ❞❡ ✸ ♠✐❧❧✐❛r❞s ❞❡ séq✉❡♥❝❡s✳

❈❤❛q✉❡ ♣♦s✐t✐♦♥ ét❛♥t ❧✉❡ ❧✬✉♥❡ ❛♣rès ❧✬❛✉tr❡✱ ❧❡s ❡rr❡✉rs ♣r✐♥❝✐♣❛❧❡s ❞❡ ❝❡tt❡ t❡❝❤♥♦❧♦❣✐❡ s♦♥t ❞❡s ❡rr❡✉rs ❞❡

s✉❜st✐t✉t✐♦♥ ❞✬✉♥❡ ❜❛s❡ ♣❛r ✉♥❡ ❛✉tr❡✳

❯♥❡ ❛✉tr❡ t❡❝❤♥✐q✉❡ ❞❡ séq✉❡♥ç❛❣❡ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ✸ ❞❡s ✺ ❢❛♠✐❧❧❡s ✿ ❧❡ séq✉❡♥ç❛❣❡ ♣❛r ❧✐❣❛t✐♦♥

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✼



❛✈❡❝ ❧❡ ❙❖▲■❉ ✺✺✵✵ ✭✜❣✉r❡ ❆✳✷✮✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❝❧♦♥❛❧❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ séq✉❡♥ç❛❣❡

❞✬❆♣♣❧✐❡❞ ❇✐♦s②st❡♠s ❡st ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞✉ ♣②r♦séq✉❡♥ç❛❣❡ ✿ ❧❛ ❜❛♥q✉❡ ❞✬❆❉◆ ♣♦rt❛♥t ❞❡s ❛❞❛♣t❛t❡✉rs

✉♥✐✈❡rs❡❧s s♣é❝✐✜q✉❡s s✉❜✐t ✉♥❡ ét❛♣❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❝❧♦♥❛❧❡ ♣❛r P❈❘ ❡♥ é♠✉❧s✐♦♥✱ ♣❡r♠❡tt❛♥t ❧❛ ♣r♦❞✉❝t✐♦♥

❞❡ ❜✐❧❧❡s ❝♦✉✈❡rt❡s ❞❡ ❝❧♦♥❡s ❞✬❆❉◆ ❞❛♥s ❞❡s ♠✐❧❧✐♦♥s ❞❡ ré❛❝t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s ❞❛♥s ✉♥ s❡✉❧ t✉❜❡✳ ❈❡s

❜✐❧❧❡s ❝♦✉✈❡rt❡s ❞❡ ❝❧♦♥❡s ❞✬❆❉◆ s♦♥t ✜①é❡s ❞❡ ❢❛ç♦♥ ❝♦✈❛❧❡♥t❡ s✉r ❧❡ s✉♣♣♦rt ❞❡ séq✉❡♥ç❛❣❡ ❛♣♣❡❧é ✢♦✇

❝❤✐♣✳ ▲❛ ré❛❝t✐♦♥ ❞❡ séq✉❡♥ç❛❣❡ s✬❡✛❡❝t✉❡ ❡♥s✉✐t❡ ♣❛r ✉♥ s②stè♠❡ ❛ss❡③ ❝♦♠♣❧❡①❡ ❞❡ sér✐❡s ❞❡ ❝②❝❧❡s ❞❡

❧✐❣❛t✐♦♥✱ ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❡t ❞❡ ❝❧✐✈❛❣❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ✈❛ ♣❡r♠❡ttr❡ ♥♦♥ s❡✉❧❡♠❡♥t ❧❛ ❧❡❝t✉r❡

❞❡ ❧❛ séq✉❡♥❝❡ ♠❛✐s ✐♥❝❧✉t ✉♥ s②stè♠❡ ❞❡ ❝♦rr❡❝t✐♦♥ ❞❡s ❡rr❡✉rs ❞✬✐♥❝♦r♣♦r❛t✐♦♥s✳ ●râ❝❡ à ❝❡tt❡ ♠ét❤♦❞❡✱ ✐❧

❡st ♣♦ss✐❜❧❡ ❞❡ ❧✐r❡ ❥✉sq✉✬à ✉♥ ♠✐❧❧✐❛r❞ ❡t ❞❡♠✐ ❞❡ séq✉❡♥❝❡s ❡♥ ♣❛r❛❧❧è❧❡✳ ▲❡ s②stè♠❡ ✐♥❝♦r♣♦ré ❞❡ ❝♦rr❡❝t✐♦♥

❞✬❡rr❡✉rs ❛ss♦❝✐é❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ❧✐❣❛s❡ ré❞✉✐t ❧❡ t❛✉① ❞✬❡rr❡✉r ❞❡ séq✉❡♥ç❛❣❡✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✼✽
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●➱◆❖❚❨P❆●❊

▲❡ ❣é♥♦t②♣❛❣❡ ♦✉ ✓ t♦✉r ❞❡ ❣é♥♦♠❡ ✔ ❛ été ré❛❧✐sé ♣♦✉r ✷ ❢❛♠✐❧❧❡s ❞✐st✐♥❝t❡s ♣rés❡♥té❡s ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t✳

▲❡s ✐♥❢♦r♠❛t✐♦♥s s♦♥t rés✉♠é❡s ❞❛♥s ❧❛ t❛❜❧❡ ✶✻✳✶ ❝✐✲❞❡ss♦✉s ♣♦✉r ❝❤❛❝✉♥❡ ❞✬❡♥tr❡ ❡❧❧❡s ✿

✲ ❧❡ ♥♦♠❜r❡ ❞✬✐♥❞✐✈✐❞✉s ❣é♥♦t②♣és ♣❛r ❢❛♠✐❧❧❡✱

✲ ❧❡ t②♣❡ ❞❡ ♣✉❝❡ ✉t✐❧✐sé❡✱

✲ ❧❛ ♣❧❛t❡❢♦r♠❡ ✉t✐❧✐sé❡✳

❋❛♠✐❧❧❡✭s✮ Pr♦❥❡t ●è♥❡✭s✮ ■♥❞✐✈✐❞✉s ❚②♣❡ ❞❡ ♣✉❝❡ ✉t✐❧✐sé❡ P❧❛t❡❢♦r♠❡
❣é♥♦t②♣és

▼♦ ❊❳❚✷✵✵✼ ❘❆❉✺✹❇✱ Pèr❡✱ ▼èr❡✱ ❆✛②♠❡tr✐① ●❡♥❡❈❤✐♣➤ ❊①tér✐❡✉r
❲❉❘✻✷ ✺ ❊❆s ❍✉♠❛♥ ▼❛♣♣✐♥❣ ✶✵❑ ✷✳✵

❊❧ ■▼●✷✵✶✵ ❚❚■✷ ▼èr❡✱ ✶ ❊❙✱ ❆✛②♠❡tr✐① ●❡♥❡❈❤✐♣➤ ■♠❛❣✐♥❡

❴✵✵✵✼✵ ✸ ❊❆s ❍✉♠❛♥ ▼❛♣♣✐♥❣ ✷✺✵❑

❚❛❜❧❡ ✶✻✳✶ ✿ ▲❡s ❞✐✛ér❡♥ts ♣r♦❥❡ts ❞❡ ❝❛rt♦❣r❛♣❤✐❡ ♣❛r ❛✉t♦③②❣♦t✐❡ ré❛❧✐sés✳

❊❙ ✿ ❊♥❢❛♥t ❙❛✐♥✱ ❊❆ ✿ ❊♥❢❛♥t ❆tt❡✐♥t✳

✶✼✾



❈❍❆P■❚❘❊ ✶✼

❇■❖✲■◆❋❖❘▼❆❚■◗❯❊

❖✉tr❡ ❧❡s ♣r♦❜❧è♠❡s t❡❝❤♥✐q✉❡s✱ ❧❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✣❝✉❧té ♣♦sé❡ ♣❛r ❝❡s ❛♣♣r♦❝❤❡s ❞❡ séq✉❡♥ç❛❣❡ à ❤❛✉t ❞é❜✐t

❡st s❛♥s ❛✉❝✉♥ ❞♦✉t❡ ❞❡ ré♣♦♥❞r❡ ❛✉ ❞é✜ ✐♥❢♦r♠❛t✐q✉❡ q✉❡ ♣♦s❡ ❧❡ st♦❝❦❛❣❡ ❡t✱ s✉rt♦✉t✱ ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ q✉❛♥t✐té

♠❛ss✐✈❡ ❞❡ ❞♦♥♥é❡s ❣é♥éré❡s ♣❛r ❝❡s t❡❝❤♥♦❧♦❣✐❡s✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ♥♦✉s tr❛✈❛✐❧❧♦♥s ❡♥ étr♦✐t❡

❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧❛t❡❢♦r♠❡ ❞❡ ❇✐♦✐♥❢♦r♠❛t✐q✉❡ ❞❡ ❧✬✐♥st✐t✉t ■♠❛❣✐♥❡✳ ▲❡s séq✉❡♥❝❡s ♦❜t❡♥✉❡s s♦♥t ❡♥s✉✐t❡

❛♥❛❧②sé❡s à ❧✬❛✐❞❡ ❞❡ ❧♦❣✐❝✐❡❧s ✐♠♣❧é♠❡♥t❛♥t ❞❡s ❛❧❣♦r✐t❤♠❡s ❞✬❛ss❡♠❜❧❛❣❡ ❡t ❞✬❛❧✐❣♥❡♠❡♥t à ✉♥❡ séq✉❡♥❝❡ ❞❡

ré❢ér❡♥❝❡ t❡❧s q✉❡ ❇❲❆ ✭❇✉rr♦✇✲❲❤❡❡❧❡r ❆❧✐❣♥♠❡♥t ❚♦♦❧✮ ❡t ❙❆▼t♦♦❧ ✭❙❡q✉❡♥❝❡ ❆❧✐❣♥♠❡♥t✴▼❛♣✮✳ ❚♦✉s

❧❡s ✓ ❝❛❧❧s ✔ ❛✈❡❝ ✉♥❡ ❝♦✉✈❡rt✉r❡ ✐♥❢ér✐❡✉r❡ ♦✉ é❣❛❧❡ à ✸ ❡t ✉♥ s❝♦r❡ ❞❡ q✉❛❧✐té ✐♥❢ér✐❡✉r à ✷✵ ♦♥t été é❧✐♠✐♥és✳

▲✬❡♥s❡♠❜❧❡ ❞❡s ✈❛r✐❛♥ts ✭❙◆Ps ❡t ✐♥s❡rt✐♦♥✴❞é❧ét✐♦♥✮ ✐❞❡♥t✐✜és ❡st ❡♥s✉✐t❡ ❛♥♥♦té ❣râ❝❡ ❛✉ ✓ ♣✐♣❡❧✐♥❡ ✔

❞✬❛♥❛❧②s❡ ♣✉✐s✱ ✉♥❡ ✐♥t❡r❢❛❝❡ ❣r❛♣❤✐q✉❡✱ ❞é✈❡❧♦♣♣é❡ ♣❛r ❧❛ ♣❧❛t❡❢♦r♠❡ ❞❡ ❜✐♦✲✐♥❢♦r♠❛t✐q✉❡ s✬❛♣♣✉②❛♥t s✉r ❧❛

❜❛s❡ ❞❡ ❞♦♥♥é❡s ❊♥s❡♠❜❧ ✭r❡❧❡❛s❡ ✻✶✮ ❡t ♣❡r♠❡tt❛♥t ❞❡ ♣rés❡♥t❡r ❧❡s ❞♦♥♥é❡s ✐ss✉❡s ❞✉ séq✉❡♥ç❛❣❡ ❞❡ ❢❛ç♦♥

s✐♠♣❧❡ ❡t ❝♦♥✈✐✈✐❛❧❡✳ ■❧ ❡st ❛✐♥s✐ ♣♦ss✐❜❧❡ ❞❡ ✿

✲ ✈✐s✉❛❧✐s❡r ❧✬❡♥s❡♠❜❧❡ ❞❡s ✈❛r✐❛♥ts ✭❙◆Ps ♦✉ ✐♥s❡rt✐♦♥✴❞é❧ét✐♦♥✮ ✐❞❡♥t✐✜és ❞❛♥s ✉♥ ❆❉◆ t❡st ♣❛r r❛♣♣♦rt à

❧❛ séq✉❡♥❝❡ ❞❡ ré❢ér❡♥❝❡ ❞✉ ❣é♥♦♠❡ ❤✉♠❛✐♥✱

✲ ✜❧tr❡r ❝❡s ✈❛r✐❛♥ts ♣♦✉r é❧✐♠✐♥❡r ❝❡✉① ❞é❥à ❞é❝r✐ts ❝❤❡③ ❞❡s s✉❥❡ts s❛✐♥s ✭❡♥ ✉t✐❧✐s❛♥t ❧❡s ❛♥♥♦t❛t✐♦♥s ❞❡s

❞❛t❛❜❛s❡s ❞❜❙◆P✱ ✶✵✵✵ ●❡♥♦♠❡s Pr♦❥❡❝t ❡t ✉♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ✐♥t❡r♥❡ ❝♦♠♣♦sé❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣r♦❥❡ts

❡①♦♠❡s ré❛❧✐sés s✉r ❧❛ ♣❧❛t❡❢♦r♠❡✮✱

✲ ♣ré❞✐r❡ ❧❡s ❝♦♥séq✉❡♥❝❡s é✈❡♥t✉❡❧❧❡s ❞❡ ❝❡s ✈❛r✐❛♥ts s✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ ✭❡♥ ✉t✐❧✐s❛♥t ❞❡s ❧♦❣✐❝✐❡❧s

❞❡ t②♣❡ P♦❧②♣❤❡♥✮✱

✲ ❝♦♠♣❛r❡r ❞❡s é❝❤❛♥t✐❧❧♦♥s ❡♥tr❡ ❡✉① ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ✈❛r✐❛♥ts ❝♦♠♠✉♥s ♦✉ ❞❡s ✈❛r✐❛♥ts ❞✐✛ér❡♥ts ♠❛✐s

❝♦♥❝❡r♥❛♥t ❧❡s ♠ê♠❡s ❣è♥❡s✳

▲✬✐♥t❡r❢❛❝❡ ❣r❛♣❤✐q✉❡ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ♣rés❡♥t❡r ❧❡s ❞♦♥♥é❡s ✐ss✉❡s ❞✉ ❣é♥♦t②♣❛❣❡ ✿ ❧✬❛♥❛❧②s❡ ♣❛r ❧❡

❝❤♦✐① ❞✉ s❡✉✐❧ ❞❡ t❛✐❧❧❡ ❡t ❞❡ ❧♦❞ s❝♦r❡ ❡t ❧✬♦❜t❡♥t✐♦♥ ❞❡s rés✉❧t❛ts ❞❡ ré❣✐♦♥s ❣é♥ét✐q✉❡s ❝❛♥❞✐❞❛t❡s ♦♥t ❞♦♥❝

été ❢❛❝✐❧✐té❡s✳

✶✽✵
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❋❘❆❈❚■❖◆◆❊▼❊◆❚ ❈❊▲▲❯▲❆■❘❊

▲❡ t❡①t❡ ❝✐✲❞❡ss♦✉s ❡①♣❧✐q✉❡ ❧❛ ♠ét❤♦❞❡ ✉t✐❧✐sé❡ ♣♦✉r ré❛❧✐s❡r ❧✬❛♥❛❧②s❡ ♣rés❡♥té❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✾✳✶✳ Pr✐♠❛r②

✜❜r♦❜❧❛st ❝❡❧❧s ✇❡r❡ ❣r♦✇♥ t✇♦ ✼✺ ❝♠✷ ❞✐s❤❡s✳ ❆❢t❡r r❡❛❝❤✐♥❣ ✽✵✲✾✵✪ ❝♦♥✢✉❡♥❝❡✱ ❝❡❧❧s ✇❡r❡ ❤❛r✈❡st❡❞ ✉s✐♥❣

tr②♣s✐♥ ✭❧✐❢❡t❡❝❤♥♦❧♦❣✐❡s✮ ❢♦r ✺ ♠✐♥✉t❡s ❛t ✸✼➦❈✳ ❈❡❧❧s ✇❡r❡ ❝❡♥tr✐❢✉❣❡❞ ❛t ✶✺✵✵ r♣♠ ❢♦r ✺ ♠✐♥ ❛♥❞ r✐♥s❡❞

✇✐t❤ ✐❝❡✲❝♦❧❞ P❇❙✳ ❈❡❧❧ ♣❡❧❧❡ts ✇❡r❡ r❡s✉s♣❡♥❞❡❞ ❜② ❣❡♥t❧❡ ♣✐♣❡tt✐♥❣ ✐♥ ✹✵✵ ✖▲ ❧②s✐s ❜✉✛❡r ❆ ❬✶✵ ♠▼ ❚r✐s

✭♣❍✽✳✵✮✱ ✶✹✵ ♠▼ ◆❛❈❧✱ ✶✳✺ ♠▼ ▼❣❈❧✷✱ ✵✳✶✪ ■❣❡♣❛❧✱ ✷ ♠▼ ❘◆❛s❡ ❖❯❚ ✭❧✐❢❡t❡❝❤♥♦❧♦❣✐❡s✮❪✱ ❛♥❞ ✐♥❝✉❜❛t❡❞

♦♥ ✐❝❡ ❢♦r ✶✵ ♠✐♥✳ ✽✵ ✖▲ ♦❢ t❤❡ t♦t❛❧ ❘◆❆s ✇❡r❡ ❡①tr❛❝t❡❞ ❜② ❚r✐③♦❧ r❡❛❣❡♥t ✭❧✐❢❡t❡❝❤♥♦❧♦❣✐❡s✮✳ ❚❤❡ r❡st ♦❢

t❤❡ ❧②s❛t❡ ✇❛s ❝❡♥tr✐❢✉❣❡❞ ❛t ✶✱✵✵✵ ❣ ❢♦r ✸ ♠✐♥ ❛t ✹➦❈ t♦ ✐s♦❧❛t❡ t❤❡ ❝②t♦♣❧❛s♠✐❝ ❢r❛❝t✐♦♥❛t✐♦♥ ❛♥❞ ♣❡❧❧❡t

t❤❡ ♥✉❝❧❡✐✳ ❈②t♦♣❧❛s♠✐❝ ❢r❛❝t✐♦♥s ✇❡r❡ ❢✉rt❤❡r ❝❡♥tr✐❢✉❣❡❞ ❛t ♠❛①✐♠✉♠ s♣❡❡❞ ❛♥❞ ♥✉❝❧❡❛r ♣❡❧❧❡ts ✉♥❞❡r✇❡♥t

t✇♦ ❛❞❞✐t✐♦♥❛❧ ✇❛s❤❡s ✇✐t❤ ✸✷✵ ✖▲ ❧②s✐s ❜✉✛❡r ❆ ❜❡❢♦r❡ ❡①tr❛❝t✐♦♥ ✇✐t❤ ❚r✐③♦❧✳ ❆❢t❡r ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❘◆❆

❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❡❛❝❤ s❛♠♣❧❡ ✇✐t❤ t❤❡ ◆❛♥♦❞r♦♣✱ ✺✵✵♥❣ ♦❢ ❘◆❆ ✇❛s ✉s❡❞ t♦ r✉♥ s❡♠✐ q✉❛♥t✐t❛t✐✈❡ ❛♥❞

q✉❛♥t✐t❛t✐✈❡ r❡✈❡rs❡✲tr❛♥s❝r✐♣t✐♦♥ ✭❘❚✮ P❈❘✳ Pr✐♠❡rs ✉s❡❞ ❢♦r ♠❘◆❆ ♥✉❝❧❡❛r ❛♥❞ ❝②t♦♣❧❛s♠✐❝ ❞✐str✐❜✉t✐♦♥

❛♥❛❧②s✐s ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ ❞♦✇♥str❡❛♠ ♦❢ ■❘❆❧✉s ✭■♥✈❡rt❡❞ ❘❡♣❡❛t ❆❧✉ ❡❧❡♠❡♥ts✮ ✐♥ t❤❡ ✸✬✲❯❚❘s t♦ ❞❡t❡❝t

♦♥❧② ❢✉❧❧✲❧❡♥❣t❤ ♠❘◆❆s✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❡♥ ❛♥❞ ❈❛r♠✐❝❤❛❡❧ ❬✷✵✵✾❪✱ ❈❤❡♥ ❡t ❛❧✳ ❬✷✵✵✽❪ ✭✜❣✉r❡ ✶✽✳✶✮✳

❋✐❣✉r❡ ✶✽✳✶ ✿ P♦s✐t✐♦♥ ❞❡s ❛♠♦r❝❡s ♣❡r♠❡tt❛♥t ❞❡ sé❧❡❝t✐♦♥♥❡r ❧❡s ❆❘◆ é❞✐tés✱ ♠♦❞✐✜é ❞✬❛♣rès ❈❤❡♥ ❛♥❞ ❈❛r♠✐❝❤❛❡❧
❬✷✵✵✾❪✳

❚❛r❣❡t ❛♥❞ ❤♦✉s❡❦❡❡♣✐♥❣ ❣❡♥❡s ❈t ✈❛❧✉❡s ❢r♦♠ ❈②t♦♣❧❛s♠✐❝ ❛♥❞ ◆✉❝❧❡❛r s❛♠♣❧❡s ✇❡r❡ ✜rst ♥♦r♠❛❧✐③❡❞

t♦ t❤❡ ❧❡✈❡❧ ♦❢ ❚♦t❛❧ s❛♠♣❧❡ ❢♦r ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧✳ ❚❤❡♥ t❤❡s❡ ♥♦r♠❛❧✐③❡❞ ✈❛❧✉❡s ✇❡r❡ tr❡❛t❡❞ ✇✐t❤ t❤❡ ❝❧❛ss✐❝❛❧

❝♦♠♣❛r❛t✐✈❡ ❈t ♠❡t❤♦❞✳ ■♥ ❝♦♥tr♦❧s ❛♥❞ ♣❛t✐❡♥ts ❝❡❧❧s✱ t❤❡ ♠❛❥♦r✐t② ♦❢ ❢✉❧❧✲❧❡♥❣t❤ ▲■◆✷✽✱ ◆❯P✹✸✱ ◆■❈◆✶✱

P❆■❈❙ ❛♥❞ P❈❈❇ ♠❘◆❆s ❛r❡ r❡t❛✐♥❡❞ ✐♥ t❤❡ ♥✉❝❧❡✉s ❛s ❙▼❈✶❆✱ ❋▲◆❇✱ ❍❨❖❯✶✱ ❛♥❞ ❙❖◆✱ ♠❘◆❆s t❤❛t ❞♦

♥♦t ❝♦♥t❛✐♥ ■❘❆❧✉s ✐♥ t❤❡✐r ✸✬✲❯❚❘s✱ ❜✉t ❛r❡ ♥♦r♠❛❧❧② ❡♥r✐❝❤❡❞ ✐♥ t❤❡ ♥✉❝❧❡✉s✳ ❚✱ t♦t❛❧ ❘◆❆ ❀ ❈✱ ❝②t♦♣❧❛s♠✐❝

❘◆❆ ❀ ◆✱ ♥✉❝❧❡❛r ❘◆❆✳

✶✽✶



❆♥♥❡①❡s

✶✽✷



❆◆◆❊❳❊❆

❋■●❯❘❊❙

❋✐❣✉r❡ ❆✳✶ ✿ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ❈●❍ s✉r ♠ét❛♣❤❛s❡ ❡t s✉r ♣✉❝❡ à ❆❉◆ ✭❈●❍ ❛rr❛②✮✱ ❞✬❛♣rès ❙❛♥❧❛✈✐❧❧❡ ❡t ❛❧✳ ❬✷✵✵✺❪✳

▲❛ ❈●❍ ♦✉ ❈♦♠♣❛r❛t✐✈❡ ●❡♥♦♠✐❝ ❍②❜r✐❞✐③❛t✐♦♥ ♣❡r♠❡t ✉♥❡ ❛♥❛❧②s❡ ❣❧♦❜❛❧❡ ❞✉ ❣é♥♦♠❡ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ s✉✲

♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞✉ ❝❛r②♦t②♣❡✳ ▲❛ ♣❛rt✐❡ ❣❛✉❝❤❡ ❞❡ ❧❛ ✜❣✉r❡ ✐♥❞✐q✉❡ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ❈●❍ s✉r ❝❤r♦♠♦s♦♠❡ ✿ ❧❛ ♠ê♠❡

q✉❛♥t✐té ❞✬❆❉◆ ♣r♦✈❡♥❛♥t ❞✬✉♥ ♣❛t✐❡♥t ❡t ❞✬✉♥ té♠♦✐♥✱ ❝❤❛❝✉♥❡ ♠❛rq✉é❡ ♣❛r ✉♥ ✢✉♦r♦❝❤r♦♠❡ ❞✐✛ér❡♥t✱ ❡st ❝♦✲❤②❜r✐❞é❡

s✉r ❧❡s ❝❤r♦♠♦s♦♠❡s ❞✬✉♥ ✐♥❞✐✈✐❞✉ ♥♦r♠❛❧✳ ▲❡s s✐❣♥❛✉① ❣é♥érés ♣❛r ❧❡s ❞❡✉① ✢✉♦r♦❝❤r♦♠❡s s♦♥t ♥✉♠ér✐sés ❡t ✉♥ r❛♣♣♦rt

✶✽✸



❞❡ ❧❡✉r ✐♥t❡♥s✐té r❡s♣❡❝t✐✈❡ ❡st ét❛❜❧✐ ❛✉ ♥✐✈❡❛✉ ❞❡s ❜❛♥❞❡s ❞❡ ❝❤❛❝✉♥❡ ❞❡s ♣❛✐r❡s ❞❡ ❝❤r♦♠♦s♦♠❡s ✿ ✐❧ r❡✢èt❡ ❧❡ r❛♣♣♦rt

❞❡ ❧❛ q✉❛♥t✐té ❞✬❆❉◆ ❞✉ ♣❛t✐❡♥t ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ ❞✉ té♠♦✐♥✳ ▲❛ ♣❛rt✐❡ ❞❡ ❣❛✉❝❤❡ ❞❡ ❧❛ ✜❣✉r❡ r❡♣rés❡♥t❡ ❧❡ ♣r✐♥❝✐♣❡

❞❡ ❧❛ ❈●❍ s✉r ♣✉❝❡s à ❆❉◆ ✿ ❞❡s séq✉❡♥❝❡s ❞✬❆❉◆✱ ❞♦♥t ♦♥ ❝♦♥♥❛ît ❧❛ ♣♦s✐t✐♦♥ s✉r ❧❡ ❣é♥♦♠❡✱ s♦♥t ❞é♣♦sé❡s s✉r ❞❡s

❧❛♠❡s ❞❡ ✈❡rr❡s ✭♦✉ ♠✐❝r♦❛rr❛②✮✳ ▲❡ r❛♣♣♦rt ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❡st ✐❝✐ ❝❛❧❝✉❧é ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❤❛q✉❡ ❞é♣ôt ❝♦rr❡s♣♦♥❞❛♥t ❛✉

❢r❛❣♠❡♥t ❞✬❆❉◆ ✜①é✳ ❉❡s ❧♦❣✐❝✐❡❧s ♣❡r♠❡tt❡♥t ✉♥ tr❛✐t❡♠❡♥t st❛t✐st✐q✉❡ ❞❡s ❞♦♥♥é❡s ❡t ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❣r❛♣❤✐q✉❡

❞❡ ❝❡❧❧❡s✲❝✐✳

❋✐❣✉r❡ ❆✳✷ ✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣r✐♥❝✐♣❡s ❞❡s ✸ ♣r✐♥❝✐♣❛❧❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ ◆●❙✳

P♦✉r ❝❤❛q✉❡ ♠ét❤♦❞❡ ❞❡ séq✉❡♥ç❛❣❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✬✉♥❡ ❜❛♥q✉❡ ❞✬❆❉◆ ❣é♥♦♠✐q✉❡ ✿
❧✬❆❉◆ à séq✉❡♥❝❡r ❡st ❞✬❛❜♦r❞ ❢r❛❣♠❡♥té✳ ▲✬❛❥♦✉t ❞✬❛❞❛♣t❛t❡✉rs ✉♥✐✈❡rs❡❧s ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s ❜❛♥q✉❡s
♣❡r♠❡t ❞✬❛♠♣❧✐✜❡r ❡t ❞❡ séq✉❡♥❝❡r ❞❡s ♠✐❧❧✐❡rs ❞❡ ♠♦❧é❝✉❧❡s ❡♥ ♣❛r❛❧❧è❧❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥ s❡✉❧ t②♣❡ ❞✬❛♠♦r❝❡s✳
❆✈❡❝ ❧❛ ♠ét❤♦❞❡ ❞❡ ♣②r♦séq✉❡♥ç❛❣❡ ✭❘♦❝❤❡✮✱ ❛♣rès ❢r❛❣♠❡♥t❛t✐♦♥✱ ❧✬❆❉◆ s✉❜✐t ✉♥❡ ét❛♣❡ ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ♣❛r P❈❘✳
❈❡❧❧❡✲❝✐ ❡st ré❛❧✐sé❡ ❡♥ é♠✉❧s✐♦♥✱ ♣❡r♠❡tt❛♥t ❞✬❡✛❡❝t✉❡r ♣❧✉s✐❡✉rs ♠✐❧❧✐♦♥s ❞❡ ré❛❝t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s ❞❛♥s ✉♥ s❡✉❧
t✉❜❡✳ ▲❡ ♠é❧❛♥❣❡ ♦❜t❡♥✉ ❡st ❡♥s✉✐t❡ ❞é♣♦sé s✉r ✉♥❡ ♣❧❛q✉❡ ❞♦♥t ❝❤❛q✉❡ ❡♠♣❧❛❝❡♠❡♥t ♥❡ ♣❡✉t ❝♦♥t❡♥✐r q✉✬✉♥❡ s❡✉❧❡
♠♦❧é❝✉❧❡ ❞✬❆❉◆ ❛♠♣❧✐✜é❡✳ ▲❛ ré❛❝t✐♦♥ ❞❡ séq✉❡♥ç❛❣❡ ♣❛r s②♥t❤ès❡ ❡st ❛❧♦rs ✐♥✐t✐é❡ ❜❛s❡ ♣❛r ❜❛s❡✳ ▲❛ ❧❡❝t✉r❡ ❞❡
❝❤❛q✉❡ ❜❛s❡ ✐♥❝♦r♣♦ré❡ ❡st ré✈é❧é❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ré❛❝t✐♦♥ ❝❤❡♠♦❧✉♠✐♥❡s❝❡♥t❡ ❡t ❞ét❡❝té❡ ♣❛r ✉♥❡ ❝❛♠ér❛ ❈❈❉
✭❈❤❛r❣❡ ❈♦✉♣❧❡❞ ❉❡✈✐❝❡✱ ❛ss✉r❛♥t ❧❛ ❝♦♥✈❡rs✐♦♥ ❞✬✉♥ s✐❣♥❛❧ ❧✉♠✐♥❡✉① ❡♥ ✉♥ s✐❣♥❛❧ é❧❡❝tr✐q✉❡✮✳ ▲❡s ❡rr❡✉rs ❞❡
séq✉❡♥❝❡s ❞ét❡❝té❡s s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s ✐♥s❡rt✐♦♥s✴❞é❧ét✐♦♥s ❞✉❡s ❛✉① ré♣ét✐t✐♦♥s ✐❞❡♥t✐q✉❡s ❞❡ ❧❛ ♠ê♠❡ ❜❛s❡✳
▲❡s ❞❡✉① ❛✉tr❡s ♠ét❤♦❞❡s s♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✺ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✹



❋✐❣✉r❡ ❆✳✸ ✿ ❊♥s❡♠❜❧❡ ❞❡s ét❛♣❡s ❞❡s ❧❛ t❡❝❤♥♦❧♦❣✐❡ ■❧❧✉♠✐♥❛ ✭s♦✉r❝❡ ✿ ■❧❧✉♠✐♥❛✮✳

❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ■❧❧✉♠✐♥❛ ❡st ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✺ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✺



❋✐❣✉r❡ ❆✳✹ ✿ ➱t❛♣❡ ❞❡ ✜①❛t✐♦♥ ❡t ❞✬❛♠♣❧✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❧✐❜r❛✐r✐❡ s✉r ❧❛ ✢♦✇ ❝❡❧❧ ✭s♦✉r❝❡ ✿ ■❧❧✉♠✐♥❛✮✳

❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ■❧❧✉♠✐♥❛ ❡st ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✺ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

❋✐❣✉r❡ ❆✳✺ ✿ ❘é❛❝t✐♦♥ ❞❡ séq✉❡♥ç❛❣❡ ♣❛r ❧❛ t❡❝❤♥✐q✉❡ ■❧❧✉♠✐♥❛ ✭s♦✉r❝❡ ✿ ■❧❧✉♠✐♥❛✮✳

❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ■❧❧✉♠✐♥❛ ❡st ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✺ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✻



❋✐❣✉r❡ ❆✳✻ ✿ ❚❡❝❤♥✐q✉❡ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❆❣✐❧❡♥t ❙✉r❡❙❡❧❡❝t✱ ♠♦❞✐✜é ❞❡ ❧❛ s♦✉r❝❡ ✿ Pr♦t♦❝♦❧❡ ❆❣✐❧❡♥t ❙✉r❡❙❡❧❡❝t ❚❛r❣❡t
❊♥r✐❝❤♠❡♥t ❙②st❡♠✳

❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞✬❡♥r✐❝❤✐ss❡♠❡♥t ❞❡ ❧✬❡①♦♠❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❆❣✐❧❡♥t ❙✉r❡❙❡❧❡❝t ❡st ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✶✺ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✼



❋✐❣✉r❡ ❆✳✼ ✿ ▲❛ t❡❝❤♥♦❧♦❣✐❡ ❘❛✐♥❉❛♥❝❡ ✿ s②stè♠❡ ❞❡ P❈❘ ❡♥ ♠✐❝r♦❣♦✉tt❡❧❡tt❡s✱ ❞✬❛♣rès ❚❡✇❤❡② ❡t ❛❧✳ ❬✷✵✵✾❪✳

▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ t❡❝❤♥♦❧♦❣✐❡ ❘❛✐♥❉❛♥❝❡ r❡♣♦s❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ♣✉❝❡ ♠✐❝r♦✢✉✐❞✐q✉❡✱ ♣❡r♠❡tt❛♥t ❧❛ ❣é♥ér❛t✐♦♥
❞❡ ❞❡✉① t②♣❡s ❞❡ ♠✐❝r♦✲❣♦✉tt❡❧❡tt❡s✳ ❊❧❧❡s ❝♦♥t✐❡♥♥❡♥t s♦✐t ❞❡s ❝♦✉♣❧❡s ❞✬❛♠♦r❝❡s ♣❡r♠❡tt❛♥t ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ❞❡s
ré❣✐♦♥s ❞✬✐♥térêt ❞✉ ❣é♥♦♠❡ s♦✐t ❧❡ ♠é❧❛♥❣❡ ré❛❝t✐♦♥♥❡❧ ♥é❝❡ss❛✐r❡ à ❧❛ ré❛❝t✐♦♥ ❞❡ P❈❘✳ ▲❡s ❞❡✉① t②♣❡s ❞❡
♠✐❝r♦✲❣♦✉tt❡❧❡tt❡s s♦♥t ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❛ ♣✉❝❡ ♣❛r ✉♥ ♠✐❝r♦✲❝❛♥❛❧ ❞✐✛ér❡♥t✳ ▲❡s ♠✐❝r♦✲❝❛♥❛✉① s❡ ❝♦♥♥❡❝t❡♥t ❡♥s✉✐t❡
❡♥tr❡ ❡✉① ❞❡ ♠❛♥✐èr❡ à ré❛❧✐s❡r ❧❡ ♠é❧❛♥❣❡ ❞✬✉♥ ❝♦✉♣❧❡ ❞✬❛♠♦r❝❡s ❞♦♥♥é ❛✈❡❝ ❧❡s ré❛❝t✐❢s ❛✜♥ ❞❡ ré❛❧✐s❡r ✉♥❡ s❡✉❧❡
ré❛❝t✐♦♥ ❞❡ P❈❘ ♣❛r ♠✐❝r♦✲❣♦✉tt❡❧❡tt❡✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✽



❋✐❣✉r❡ ❆✳✽ ✿ ❈❛♣t✉r❡ ❞❡s ❡①♦♥s ❛✈❡❝ ❧❡s s♦♥❞❡s ✐♥✈❡rsé❡s ✭▼■Ps✮✱ ❞✬❛♣rès ❚✉r♥❡r ❡t ❛❧✳ ❬✷✵✵✾❪✳

❈❤❛q✉❡ ▼■P ❝♦♠♣r❡♥❞ ✉♥❡ ré❣✐♦♥ ❝♦♠♠✉♥❡ ✭❡♥ ✈❡rt✮✱ ❡♥❝❛❞ré❡ ❞❡ séq✉❡♥❝❡s ❝✐❜❧❛♥t ❧❡s ré❣✐♦♥s ❞✬✐♥térêt ✭❧❡s
❡①♦♥s✮✱ ❝❛♣❛❜❧❡s ❞❡ s✬❤②❜r✐❞❡r ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡ ❝❡❧❧❡s✲❝✐ ✭❡♥ ❥❛✉♥❡✮✳ ▲✬❛❥♦✉t ❞❡ ❧❛ ♣♦❧②♠ér❛s❡ ❡t ❞❡ ❧❛ ❧✐❣❛s❡
♣❡r♠❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❢♦r♠❡ ❝✐r❝✉❧❛✐r❡ ✐♥❝❧✉❛♥t ❧❛ ❝♦♣✐❡ ❞❡ ❧❛ séq✉❡♥❝❡ ❞✬✐♥térêt✳ ❆♣rès ❛❥♦✉t ❞❡s ❛❞❛♣t❛t❡✉rs ✭❡♥
♥♦✐r✮✱ ❧❡s ❛♠♣❧✐❝♦♥s ♦❜t❡♥✉s s♦♥t ❞✐r❡❝t❡♠❡♥t séq✉❡♥❝és✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✽✾



❋✐❣✉r❡ ❆✳✾ ✿ ▲❡s ✸ ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡ ✿ P❈❘ ❝✐❜❧é❡s ✭❛✮✱ ▼■Ps ✭❜✮ ❡t ❝❛♣t✉r❡ ♣❛r ❤②❜r✐❞❛t✐♦♥
s♣é❝✐✜q✉❡ ✭❝✮✱ ❞✬❛♣rès ▼❛♠❛♥♦✈❛ ❡t ❛❧✳ ❬✷✵✶✵❪✳

P❛r♠✐ ❝❡s ❞✐✈❡rs❡s ♠ét❤♦❞❡s ❞✬❡♥r✐❝❤✐ss❡♠❡♥t s♣é❝✐✜q✉❡✱ ❧❛ ❝❛♣t✉r❡ ♣❛r ❤②❜r✐❞❛t✐♦♥ s♣é❝✐✜q✉❡ ❡♥ ♣❤❛s❡ ❧✐q✉✐❞❡ ❛ été
♠❛❥♦r✐t❛✐r❡♠❡♥t ✉t✐❧✐sé❡ ♣❛r ❧❛ s✉✐t❡ ❀ ♣♦✉r ❧❡s rés✉❧t❛ts ♣rés❡♥tés ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t ❡t ♣❛r ❧❛ ❝♦♠♠✉♥❛✉té s❝✐❡♥t✐✜q✉❡
❡♥ ❣é♥ér❛❧✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✾✵



❋✐❣✉r❡ ❆✳✶✵ ✿ ❉✉ ❣é♥♦♠❡ à ❧❛ ✈❛r✐❛t✐♦♥✱ ❞✬❛♣rès ❇❡❧❧ ❡t ❛❧✳ ❬✷✵✶✶❪✳

❆♣rès ❧✬ét❛♣❡ ✐♥✐t✐❛❧❡ ❞✬❡①❛♠❡♥ ❝❧✐♥✐q✉❡✱ ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞✉ ♣r♦❝❡ss✉s ♣❡r♠❡tt❛♥t ❞✬✐❞❡♥t✐✜❡r ❞❡s ✈❛r✐❛♥ts
❝❛♥❞✐❞❛ts ❡st ✐❝✐ ❞ét❛✐❧❧é ✿ ✐❧ ❝♦♠♠❡♥❝❡ ❛✈❡❝ ❧✬❡①tr❛❝t✐♦♥ ❞❡ ❧✬❆❉◆ ❞❡s é❝❤❛♥t✐❧❧♦♥s r❡ç✉s✳ ➚ ❧❛ s✉✐t❡ ❞✉ séq✉❡♥ç❛❣❡ ❡t
❞❡ ❞✉ tr❛✐t❡♠❡♥t ❜✐♦✲✐♥❢♦r♠❛t✐q✉❡✱ ❧✬ét❛♣❡ s✉✐✈❛♥t❡ ❝♦rr❡s♣♦♥❞ à ❧✬❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❡t ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❝❡ ♠❛♥✉s❝r✐t✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✶✾✶



❋✐❣✉r❡ ❆✳✶✶ ✿ ▲❡ ♠é❝❛♥✐s♠❡ ❞❡ ré♣❛r❛t✐♦♥ ❞❡s ❈❉❇ ❞é♣❡♥❞❛♥t ❞❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ ❤♦♠♦❧♦❣✉❡ ❞✬❛♣rès ▲✐✉ ❡t ❛❧✳
❬✷✵✶✹❛❪✳

P♦✉r q✉❡ ❧❛ ré♣❛r❛t✐♦♥ s✬ét❛❜❧✐ss❡✱ q✉❡❧q✉❡s ét❛♣❡s ♣ré❧✐♠✐♥❛✐r❡s s♦♥t ✐♥❞✐s♣❡♥s❛❜❧❡s ❀ ❧❡s ❡①tré♠✐tés ✺✬ ❞❡s ❈❉❇ s♦♥t
❞✐❣éré❡s ♣♦✉r ❣é♥ér❡r ❞❡s ❡①tré♠✐tés s✐♠♣❧❡ ❜r✐♥ ❞❡ ❝❤❛q✉❡ ❝ôté ❞❡ ❧❛ ❝❛ss✉r❡✳ ❈❡❧❧❡s✲❝✐ s♦♥t r❡❝♦✉✈❡rt❡s ❡t st❛❜✐❧✐sé❡s
♣❛r ❧❡s ♣r♦té✐♥❡s ❘P❆✳ ❊♥s✉✐t❡✱ ❘❆❉✺✶ s❡ ❧✐❡ à ❝❡s ❡①tré♠✐tés s✐♠♣❧❡ ❜r✐♥ ❛✈❡❝ ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞❡ ♠é❞✐❛t❡✉rs ❞❡ ❧❛
r❡❝♦♠❜✐♥❛✐s♦♥ ❘❆❉✺✷✱ ❘❆❉✺✺✲✺✼✱ ❘❆❉✺✹ ❡t ❘❆❉✺✹❇✳ ▲❛ str✉❝t✉r❡ ❛✐♥s✐ ❢♦r♠é❡ ❡♥✈❛❤✐t ❧❛ ♠♦❧é❝✉❧❡ ❞♦✉❜❧❡ ❜r✐♥
✐♥t❛❝t❡ ❡t ❝♦♠♠❡♥❝❡ ✉♥ ❞é♣✐st❛❣❡ ❞❡ ré❣✐♦♥s ❤♦♠♦❧♦❣✉❡s✱ ❢♦r♠❛♥t ✉♥❡ str✉❝t✉r❡ ❛♣♣❡❧é❡ ❧❛ ❉✲❧♦♦♣✳ ▲❛ ❧♦♥❣✉❡✉r ❞❡
❧❛ ❉✲❧♦♦♣ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ♠✐❣r❛t✐♦♥ ❞❡s ❜r❛♥❝❤❡s ❞✬❆❉◆✳ ❘❆❉✺✹❇ ❡st ❝❛♣❛❜❧❡✱ ❣râ❝❡ à ❧✬❤②❞r♦❧②s❡ ❞✬❆❚P✱ ❞❡ s❡
❞é♣❧❛❝❡r s✉r ❧✬❆❉◆ ❞♦✉❜❧❡✲❜r✐♥ ✭tr❛♥s❧♦❝❛t✐♦♥✮✳ ❙♦♥ ❞é♣❧❛❝❡♠❡♥t ❣é♥èr❡ ❞❡s ❡♥r♦✉❧❡♠❡♥ts ❞❡ ❧✬❆❉◆✱ ♣♦s✐t✐❢s ❡♥
❛♠♦♥t ❡t ♥é❣❛t✐❢s ❡♥ ❛✈❛❧✳ ▲❡s s✉♣❡r✲t♦✉rs ♥é❣❛t✐❢s ❡♥ ❛✈❛❧ ♣❡r♠❡tt❡♥t ❧✬♦✉✈❡rt✉r❡ tr❛♥s✐t♦✐r❡ ❞❡ ❧❛ ❞♦✉❜❧❡ ❤é❧✐❝❡
❞✬❆❉◆ ❡t ❢❛❝✐❧✐t❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ❥♦♥❝t✐♦♥s ❡♥tr❡ ❧❡s ré❣✐♦♥s ❤♦♠♦❧♦❣✉❡s✳ ❊♥✜♥✱ ❘❆❉✺✹❇ ❡st ❝❛♣❛❜❧❡ ❞✬✐♥t❡r❛❣✐r
❞✐r❡❝t❡♠❡♥t ❛✈❡❝ ❧❡s r❡❝♦♠❜✐♥❛s❡s ❘❆❉✺✶ ❡t ❉▼❈✶ ❛✜♥ ❞❡ ❢❛❝✐❧✐t❡r ❧❡ ❝❤❛r❣❡♠❡♥t ❞❡ ❝❡❧❧❡s✲❝✐ s✉r ❧✬❆❉◆ s✐♠♣❧❡ ❜r✐♥✳
❘❆❉✺✹❇ st✐♠✉❧❡ é❣❛❧❡♠❡♥t ❧❛ ré❛❝t✐♦♥ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❧❛ ❉✲❧♦♦♣✱ ✉♥ ✐♥t❡r♠é❞✐❛✐r❡ ❡ss❡♥t✐❡❧ ❞❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥
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❋✐❣✉r❡ ❆✳✶✸ ✿ ❈✐r❝✉❧❛r✐té ❞❡s ♥♦②❛✉① ❞❛♥s ❧❡s ✜❜r♦❜❧❛st❡s ❞✉ ♣❛t✐❡♥t ■■■✳✷✱ ❧❡s ❝❡❧❧✉❧❡s ❧②♠♣❤♦ï❞❡s ❆❚✶✻✸ ❆❚▼✲✴✲ ❡t
❧❡s ❝♦♥trô❧❡s ❝♦rr❡s♣♦♥❞❛♥ts ✭✜❜r♦❜❧❛st❡s ❝♦♥trô❧❡s ❡t ❝❡❧❧✉❧❡s ❧②♠♣❤♦ï❞❡s ❊❇❱✵✶✵✮✳

➚ ❧✬❛✐❞❡ ❞✉ ❧♦❣✐❝✐❡❧ ■♠❛❣❡❏✱ ❧❛ ❝✐r❝✉❧❛r✐té ❈ ❛ été ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ré❛❧✐sé❡s s✉r ❧❡s ✐♠❛❣❡s ❝♦♥tr❛sté❡s
✐ss✉❡s ❞✉ ♠❛rq✉❛❣❡ ❉❆P■ ♣rés❡♥té❡s ❞❛♥s ❧❛ ✜❣✉r❡ ❆✳✶✷✳ ❯♥ ♥♦♠❜r❡ ♥ ❞❡ ❝❡❧❧✉❧❡s ❛ été ✉t✐❧✐sé ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛
❝✐r❝✉❧❛r✐té ♠♦②❡♥♥❡ ❞❡ ❝❤❛q✉❡ ❣r♦✉♣❡✳ ❯♥ t❡st ❞❡ st✉❞❡♥t ❛ ❡♥s✉✐t❡ été ré❛❧✐sé ❡♥tr❡ ❧❡s ❞❡✉① ❣r♦✉♣❡s ❞❡ ❝❤❛q✉❡ t②♣❡
❝❡❧❧✉❧❛✐r❡✳ ▲❡s ♣✲✈❛❧✉❡s ♦❜t❡♥✉❡s s♦♥t ✐♥❞✐q✉é❡s s✉r ❧❛ ✜❣✉r❡ ✿ ❡❧❧❡s ✐♥❞✐q✉❡♥t ✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❝❡❧❧✉❧❡s
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❊♥ ré♣♦♥s❡ à ❞❡s st✐♠✉❧✐ ❡①t❡r♥❡s à ❧❛ ❝❡❧❧✉❧❡✱ t❡❧s q✉❡ ❧❡s ❢❛❝t❡✉rs ❞❡ ❝r♦✐ss❛♥❝❡✱ ❧✬✐♥s✉❧✐♥❡ ❡t❝✳✱ ❧❛ ✈♦✐❡ ♠❚❖❘ ❡st
❛❝t✐✈é❡✳ ❯♥❡ ❞❡s ét❛♣❡s ❞❡ ❝❡tt❡ ✈♦✐❡ ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❝♦♥❞✉✐t à ❧❛ ♣❤♦s♣❤♦r②❧❛t✐♦♥ ❞❡ ❧❛ ❚❤ré♦♥✐♥❡ ✭❚❤r✮ ✸✸✾ ❞❡ ❧❛
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s♣é❝✐✜q✉❡s✳
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▲❛ ❜❛♥❞❡ s✉♣ér✐❡✉r❡ ❝♦rr❡s♣♦♥❞ à ❧✬❛♠♣❧✐✜❝❛t✐♦♥ ♣❛r ❘❚✲P❈❘ ❞✉ ❣è♥❡ ❚❚■✷ ❡t ❧❛ ❜❛♥❞❡ ✐♥❢ér✐❡✉r❡ à ❝❡❧❧❡ ❞✉ ❣è♥❡
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RESEAU MORPHEE : AGENDA  DE VIGILANCE ET DE SOMMEIL

DATE HEURES
Appréciation par :            

TB - B - Moy. - M - TM

Nuit du ... au...
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TRAITEMENT ET REMARQUES 

PARTICULIERES

EXEMPLE S S M TM Moy

 

heure de mise au lit      long réveil S Somnolence dans la journée

sommeil ou sieste

heure du lever R R R      1/2 sommeil

  20       22       24        2          4         6          8        10       12       14        16       18       20

        21       23        1         3         5          7         9         11       13       15        17       19          
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RRéésseeaauu  ddee  ssaannttéé  ccoonnssaaccrréé  àà  llaa   pprr iissee  eenn  cchhaarrggee  

ddeess  ttrroouubblleess  cchhrroonniiqquueess  dduu  ssoommmmeeii ll   

  

  

  

CCOOMMMMEENNTT  RREEMMPPLLIIRR  LL’’AAGGEENNDDAA  DDUU  SSOOMMMMEEIILL   
 

 

L’agenda se remplit à deux moments de la journée :  

 le matin au réveil pour décrire le déroulement de la nuit  

 le soir pour reporter ce qui s’est passé dans la journée. 

 Le matin : inscrivez la date (nuit du 5 au 6 juin par exemple). 

- Notez le moment où vous vous êtes mis au lit par une flèche vers le bas. (même si c’était 

 pour lire ou pour regarder la télévision) 

- Mettez une flèche vers le haut pour indiquer votre horaire définitif de lever, ou pour 

 préciser un lever en cours de nuit. 

- Hachurez la zone qui correspond à votre sommeil. Si vous vous êtes réveillé en pleine 

 nuit et que cet éveil a été gênant, vous interromprez la zone hachurée en regard des 

 horaires du réveil. Le but n’est pas de vous souvenir précisément que l’éveil s’est produit 

 entre 3h17 et 4h12 mais de traduire simplement votre impression avec des horaires qui 

 seront obligatoirement approximatifs. 

- Précisez ensuite la qualité de votre nuit, votre forme au réveil, en remplissant les 

 colonnes de droite (TB = très bon, B = Bon, Moy = moyen, M = mauvais, TM = très 

 mauvais) 

- Précisez si vous avez pris des médicaments, ou s’il s’est passé quelque chose qui a pu 

 interférer avec votre sommeil (par exemple faire du sport le soir, avoir mal à la tête, 

 avoir de la fièvre…). 

 Le soir : vous remplissez à nouveau l’agenda 

- Pour préciser si vous avez fait une sieste, par une zone hachurée, de la même façon que 

 vous avez noté votre sommeil de nuit. Vous reportez si besoin les moments de 

 somnolence en notant un « S » en regard des horaires correspondants. 

- Enfin, vous apprécierez votre forme globale dans la journée. 

 

Vous remplirez cet agenda pendant 3 semaines minimum. S’il vous est possible de le remplir à la 

fois sur une période de travail et une période de vacances, vous aurez beaucoup plus d’informations. 

 

Réseau Morphée 

❋✐❣✉r❡ ❆✳✶✼ ✿ ❆❣❡♥❞❛ ❞❡ s♦♠♠❡✐❧✳



❆◆◆❊❳❊❇

❚❆❇▲❊❙

s✉❥❡t ❝♦♥trô❧❡ ✶ ❝♦♥trô❧❡ ✷ ♣❛t✐❡♥t ■❱✳✺ ♣❛t✐❡♥t ■❱✳✶✷

✐♥t❡♥s✐té ❞❡ ✢✉♦r❡s❝❡♥❝❡

✶✻✺✶✻✳✶✻✸ ✶✵✹✼✾✳✻✼ ✶✵✷✶✹✳✶✹✼ ✶✷✼✸✺✳✶✼✷
✶✷✵✵✵✳✾✹✻ ✶✶✵✺✸✳✽✹✻ ✼✽✼✸✳✻✾✺ ✶✻✷✼✼✳✺✺✼
✶✸✼✾✵✳✷✵✾ ✼✷✺✾✳✻✽✾ ✽✺✸✷✳✾✹✽ ✶✺✽✻✽✳✶✺✻
✶✷✼✷✽✳✵✺✾ ✶✷✹✺✷✳✾✽✽ ✽✷✸✺✳✼✾✸ ✽✺✾✷✳✸✻✷
✶✹✸✼✽✳✸✸✹ ✶✵✹✼✸✳✸✺✺ ✶✵✵✵✶✳✽✵✽ ✽✺✼✷✳✹✷✾
✶✶✻✸✹✳✶✷✾ ✶✶✶✼✹✳✾✸ ✽✸✵✹✳✷✻✹ ✶✵✷✷✷✳✶✵✽
✶✼✵✾✷✳✷✶✶ ✾✾✻✶✳✹✷✾ ✾✾✹✼✳✵✹✼ ✶✷✽✵✽✳✽✾✷
✶✸✻✻✻✳✸✹✼ ✽✵✻✶✳✵✺✽ ✽✽✸✵✳✹✻✽ ✻✸✹✵✳✼✾✻
✶✶✷✾✽✳✺✸✸ ✶✶✽✾✽✳✽✺✻ ✶✷✼✶✻✳✵✻✽ ✶✶✸✹✾✳✻✷✷
✶✽✹✻✻✳✶✸✷ ✾✾✵✾✳✷✵✺ ✾✾✼✹✳✺✶✽ ✼✷✹✶✳✶✼✻
✶✸✶✼✶✳✸✽✸ ✶✵✺✻✹✳✹✺✾ ✶✵✻✸✷✳✺✹✷ ✾✵✺✾✳✽✸
✶✻✹✵✵✳✽✷✸ ✶✵✵✻✽✳✹✵✾ ✽✵✽✽✳✼✽✾ ✾✶✶✽✳✾✶✾
✶✼✵✹✹✳✷✹ ✶✷✷✽✸✳✷✶✼ ✷✻✹✵✺✳✹✵✼ ✽✻✽✽✳✹✶✾
✶✹✼✺✶✳✶✼✹ ✶✻✶✵✻✳✼✽ ✷✺✼✵✵✳✺✼✼ ✶✷✺✹✺✳✾✽✶
✶✸✼✺✼✳✻✺✷ ✶✽✾✽✽✳✺✺✾ ✶✺✽✽✻✳✸✵✻ ✼✶✾✼✳✼
✷✻✺✶✻✳✽✻✸ ✶✻✷✹✷✳✹✵✹ ✶✺✺✻✼✳✸✻✾ ✸✶✾✷✽✳✸✾✷
✶✺✼✼✾✳✼✼✻ ✷✷✵✻✶✳✽✼✷ ✸✶✷✵✵✳✺✸✽ ✶✻✼✼✽✳✻✽✾
✷✺✽✶✺✳✵✹✶ ✶✾✷✾✵✳✽✸✹ ✷✵✸✶✽✳✷✻✽ ✶✼✸✾✽✳✶✻✶
✷✼✽✾✵✳✽✽✻ ✶✷✽✵✸✳✵✹✷ ✲ ✲

♠✐♥✐♠✉♠ ✶✶✷✾✽✳✺✸✸ ✼✷✺✾✳✻✽✾ ✼✽✼✸✳✻✾✺ ✻✸✹✵✳✼✾✻
♠❛①✐♠✉♠ ✷✼✽✾✵✳✽✽✻ ✷✷✵✻✶✳✽✼✷ ✸✶✷✵✵✳✺✸✽ ✸✶✾✷✽✳✸✾✷
♠é❞✐❛♥❡ ✶✹✼✺✶✳✶✼✹ ✶✶✶✼✹✳✾✸ ✶✵✶✵✽ ✶✵✼✽✻
♠♦②❡♥♥❡ ✶✻✹✺✽ ✶✷✻✾✶ ✶✸✽✵✷ ✶✷✸✼✹

♣✲✈❛❧ ✭✈s ❝♦♥trô❧❡ ✶✮ ✲ ✲ ✵✳✹✽✾✸✷✻✽ ✵✳✶✸✻✺✶✽✶
♣✲✈❛❧ ✭✈s ❝♦♥trô❧❡ ✷✮ ✲ ✲ ✵✳✾✸✸✷✻✾✼ ✵✳✾✾✽✷✷✾✶

❚❛❜❧❡ ❇✳✶ ✿ ❉♦♥♥é❡s ❞✬✐♥t❡♥s✐tés ❞❡ ✢✉♦r❡s❝❡♥❝❡ ❞✉ ♠❛rq✉❛❣❡ ❘❆❉✺✹❇ ✿
♠❡s✉r❡ ❞✉ ♥✐✈❡❛✉ ❞❡ ❣r✐s ♣❛r ♥♦②❛✉ ✭✉♥✐tés ❛r❜✐tr❛✐r❡s✱ ♥ ❂ ✶✽ ♦✉ ✶✾ ♥♦②❛✉① ♣❛r ✐♥❞✐✈✐❞✉✮✳

✷✵✵



P♦♣✉❧❛t✐♦♥s ❧②♠♣❤♦❝②t❛✐r❡s P❛t✐❡♥t ■■■✳✷✱ à
❧✬â❣❡ ❞❡ ✸✽❛♥s

◆♦r♠❡s

❈❉✸ ✽✶✪ ✻✹✲✽✺✪
❈❉✹ ✹✽✪ ✸✹✲✻✷✪
❈❉✽ ✸✵✪ ✶✹✲✹✷✪

❚ ❈❉✹ ♥❛ï❢s ✶✹✪ ✸✵✲✹✽✪
❚ ❈❉✹ ♠é♠♦✐r❡ ✻✸✪
❚ ❈❉✽ ♥❛ï❢s ✶✹✪ ✸✼✲✺✵✪

❚ ❈❉✽ ❝❡♥tr❛❧ ♠é♠♦✐r❡ ✹✪ ✻✲✶✻✪
❚ ❈❉✽ ❡✛❡❝t❡✉r ♠é♠♦✐r❡ ✸✹✪ ✷✺✲✸✼✪

❚ ❈❉✽ ❡✛❡❝t❡✉r ♠é♠♦✐r❡ ❘❆✰ ✹✽✪ ✽✲✷✵✪
❇ ❈❉✶✾ ✻✪ ✻✲✶✼✪
◆❑ ✶✸✪ ✺✲✷✵✪
■❣● ✶✵✳✺✺❣✴❧ ✻✳✻✺✲✶✷✳✽❣✴❧
■❣❆ ✶✳✻✻❣✴❧ ✵✳✼✲✸✳✹✹❣✴❧
■❣▼ ✶✳✵✾❣✴❧ ✵✳✺✲✷✳✵✾❣✴❧

Pr♦❧✐❢ér❛t✐♦♥ ❧②♠♣❤♦❝②t❛✐r❡ ❡♥ ré♣♦♥s❡ à ❧❛ P❍❆ ✻✻❝♣♠✴✶✵✸ ❃✺✵❝♣♠✴✶✵✸

Pr♦❧✐❢ér❛t✐♦♥ ❧②♠♣❤♦❝②t❛✐r❡ ❡♥ ré♣♦♥s❡ à ❧❛ t✉❜❡r❝✉❧✐♥❡ ✶❝♣♠✴✶✵✸ ❃✶✵❝♣♠✴✶✵✸

❚❛❜❧❡ ❇✳✷ ✿ ❇✐❧❛♥ ■♠♠✉♥♦❧♦❣✐q✉❡ ❞✉ ♣❛t✐❡♥t ■■■✳✷ ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❊❧✳

■❣ ✿ ■♠♠✉♥♦❣❧♦❜✉❧✐♥❡s✱ ❝♣♠ ✿ ❝♦✉♣ ♣❛r ♠✐♥✉t❡✱ ❣✴❧ ✿ ❣r❛♠♠❡s ♣❛r ❧✐tr❡✳

▼❛rq✉❡✉rs ◆♦♠ ❡♥t✐❡r P❛t✐❡♥t ■■■✳✷ P❛t✐❡♥t ■■■✳✺ P❛t✐❡♥t ■■■✳✾ ◆♦r♠❡s
❈❆✶✷✺ ❈❛r❜♦❤②❞r❛t❡ ❆♥t✐❣❡♥

✶✷✺
✾✱✷✷ ✶✵✱✻✽ ✶✺✱✷✻ ❁✸✺❯✴♠❧

❈❆✶✺✲✸ ❈❛r❜♦❤②❞r❛t❡ ❆♥t✐❣❡♥
✶✺✲✸

✶✶✱✵✶ ✶✵ ✱✸✽ ✶✷✱✶✻ ❁✷✺❯✴♠❧

❈❆✶✾✲✾ ❈❛r❜♦❤②❞r❛t❡ ❆♥t✐❣❡♥
✶✾✲✾

✶✼✱✸✹ ✹✱✾✷ ✾✱✷✶ ❁✸✾❯✴♠❧

❆❋P ❆❧♣❤❛✲❋÷t♦Pr♦té✐♥❡ ✶✸✱✾✷ ✶✼✱✽✸ ✶✾✱✶✶ ❁✺✱✽ ❯✴♠❧
❆❈❊ ❆♥t✐❣è♥❡

❈❛r❝✐♥♦✲❊♠❜r②♦♥♥❛✐r❡
✸✱✾✹ ✸✱✸✻ ✸✱✾✷ ❁✸✱✹ ♥❣✴❧

❍❈●☞ ❍♦r♠♦♥❡ ❈❤♦r✐♦♥✐q✉❡
●♦♥❛❞♦tr♦♣❡ ☞

✸✱✷✾ ✶✱✽✸ ❁✹♠❯■✴♠❧

P❙❆ t♦t❛❧❡ ❆♥t✐❣è♥❡ ❙♣é❝✐✜q✉❡
Pr♦st❛t✐q✉❡

✵✱✻✸✼ ❁✷✉❣✴❧

❚❛❜❧❡ ❇✳✸ ✿ ❉♦s❛❣❡ ❞❡s ♠❛rq✉❡✉rs t✉♠♦r❛✉① ❝❤❡③ ❧❡s ✸ ❡♥❢❛♥ts ❛tt❡✐♥ts ❞❡ ❧❛ ❢❛♠✐❧❧❡ ❊❧✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✵✶



❈❛té❣♦r✐❡ ❞❡ ●❖ ♣✲✈❛❧✉❡ ◆❜ ❞❡ ●è♥❡s ✐♥❝❧✉s
❈❛♥❝❡r ✽✿✶✼�✶✼✲✷✿✵✼�✵✸ ✷✺✹

●❛str♦✐♥t❡st✐♥❛❧ ❉✐s❡❛s❡ ✽✿✶✼�✶✼✲✷✿✵✷�✵✸ ✶✼✹
❈❡❧❧✉❧❛r ●r♦✇t❤ ❛♥❞ Pr♦❧✐❢❡r❛t✐♦♥ ✽✿✶✶�✶✻✲✶✿✽✶�✵✸ ✶✻✵

❈❡❧❧✉❧❛r ❉❡✈❡❧♦♣♠❡♥t ✷✿✺✶�✵✾✲✶✿✾✸�✵✸ ✶✺✽
❖r❣❛♥✐s♠❛❧ ❉❡✈❡❧♦♣♠❡♥t ✶✿✾✼�✶✸✲✷✿✵✾�✵✸ ✶✺✶
❚✐ss✉❡ ❉❡✈❡❧♦♣♠❡♥t ✽✿✼✶�✶✷✲✷✿✵✾�✵✸ ✶✹✶

❖r❣❛♥✐s♠❛❧ ■♥❥✉r② ❛♥❞ ❆❜♥♦r♠❛❧✐t✐❡s ✶✿✹✹�✵✼✲✷✿✵✻�✵✸ ✶✸✺
❈❡❧❧ ❉❡❛t❤ ❛♥❞ ❙✉r✈✐✈❛❧ ✷✿✽✼�✼✲✷✿✵✾�✵✸ ✶✸✺
❚✐ss✉❡ ▼♦r♣❤♦❧♦❣② ✶✿✵✼�✼✲✷✿✵✽�✵✸ ✶✶✽
❈❡❧❧ ▼♦r♣❤♦❧♦❣② ✽✿✽✽�✽✲✶✿✾✸�✵✸ ✶✶✺

❊♠❜r②♦♥✐❝ ❉❡✈❡❧♦♣♠❡♥t ✷✿✽✹�✵✾✲✷✿✵✾�✵✸ ✶✶✵
❖r❣❛♥✐s♠❛❧ ❙✉r✈✐✈❛❧ ✶✿✵✹�✵✾✲✶✿✶✸�✵✹ ✶✵✾
❈❡❧❧✉❧❛r ▼♦✈❡♠❡♥t ✾✿✵✷�✶✹✲✷✿✵✼�✵✸ ✶✵✻
❖r❣❛♥ ❉❡✈❡❧♦♣♠❡♥t ✷✿✽✹�✵✾✲✷✿✵✾�✵✸ ✾✾

❙❦❡❧❡t❛❧ ❛♥❞ ▼✉s❝✉❧❛r ❉✐s♦r❞❡rs ✷✿✸✻�✵✽✲✶✿✺✼�✵✸ ✾✾

❚❛❜❧❡ ❇✳✹ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞éré❣✉❧é❡s ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ▼❈❈■❉✳

▲❡s ❞♦♥♥é❡s ♦♥t été s♦✉♠✐s❡s ❛✉ ❧♦❣✐❝✐❡❧ ■♥❣❡♥✉✐t② P❛t❤✇❛② ❆♥❛❧②s✐s ✭■P❆✮ ❬❤tt♣ ✿✴✴✇✇✇✳✐♥❣❡♥✉✐t②✳❝♦♠❪ ❛✜♥ ❞❡
♠♦❞é❧✐s❡r ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s ❣è♥❡s ❡t ❧❡s ♣r♦té✐♥❡s ❡t ❛✐♥s✐ ❞é✜♥✐r ❧❡s ✈♦✐❡s ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ❡t ❧❡s ♣r♦❝❡ss✉s
❜✐♦❧♦❣✐q✉❡s s✐❣♥✐✜❝❛t✐❢s✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✵✷



❘➱❋➱❘❊◆❈❊❙

❆❦✐③✉✱ ◆✳✱ ❈❛♥t❛❣r❡❧✱ ❱✳✱ ❙❝❤r♦t❤✱ ❏✳✱ ❈❛✐✱ ◆✳✱ ❱❛✉①✱ ❑✳✱ ▼❝❈❧♦s❦❡②✱ ❉✳✱ ◆❛✈✐❛✉①✱ ❘✳✱ ❱❛♥ ❱❧❡❡t✱ ❏✳✱ ❋❡♥st❡r♠❛❦❡r✱ ❆✳✱

❙✐❧❤❛✈②✱ ❏✳✱ ❙❝❤❡❧✐❣❛✱ ❏✳✱ ❚♦②❛♠❛✱ ❑✳✱ ▼♦r✐s❛❦✐✱ ❍✳✱ ❙♦♥♠❡③✱ ❋✳ ▼✳✱ ❈❡❧❡♣✱ ❋✳✱ ❖r❛❜②✱ ❆✳✱ ❩❛❦✐✱ ▼✳✱ ❆❧✲❇❛r❛❞✐❡✱ ❘✳✱

❋❛q❡✐❤✱ ❊✳ ❆✳✱ ❙❛❧❡❤✱ ▼✳ ❆✳✱ ❙♣❡♥❝❡r✱ ❊✳✱ ❘♦st✐✱ ❘✳✱ ❙❝♦tt✱ ❊✳✱ ◆✐❝❦❡rs♦♥✱ ❊✳✱ ●❛❜r✐❡❧✱ ❙✳✱ ▼♦r✐s❛❦✐✱ ❚✳✱ ❍♦❧♠❡s✱ ❊✳✱

❛♥❞ ●❧❡❡s♦♥✱ ❏✳ ✭✷✵✶✸✮✳ ❆♠♣❞✷ r❡❣✉❧❛t❡s ❣t♣ s②♥t❤❡s✐s ❛♥❞ ✐s ♠✉t❛t❡❞ ✐♥ ❛ ♣♦t❡♥t✐❛❧❧② tr❡❛t❛❜❧❡ ♥❡✉r♦❞❡❣❡♥❡r❛t✐✈❡

❜r❛✐♥st❡♠ ❞✐s♦r❞❡r✳ ❈❡❧❧✱ ✶✺✹✭✸✮ ✿✺✵✺ ✕ ✺✶✼✳

❆❦✉❧❛✱ ◆✳✱ ❇❛r❜✱ ❏✳✱ ❏✐❛♥❣✱ ❳✳✱ ❲❡♥❞❧❛♥❞✱ ❏✳✱ ❈❤♦✐✱ ❑✳✱ ❙❡♥✱ ❙✳✱ ❍♦✉✱ ▲✳✱ ❈❤❡♥✱ ❉✳✱ ▲❛❥❡✱ ●✳✱ ❏♦❤♥s♦♥✱ ❑✳✱ ▲✐♣s❦❛✱ ❇✳✱
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❏✳ ❋✳✱ ❉♦✉❣❤❡rt②✱ ❇✳ ❆✳✱ ❛♥❞ ▼❡rr✐❝❦✱ ❏✳ ▼✳ ❡✳ ❛✳ ✭✶✾✾✺✮✳ ❲❤♦❧❡✲❣❡♥♦♠❡ r❛♥❞♦♠ s❡q✉❡♥❝✐♥❣ ❛♥❞ ❛ss❡♠❜❧② ♦❢

❤❛❡♠♦♣❤✐❧✉s ✐♥✢✉❡♥③❛❡ r❞✳ ❙❝✐❡♥❝❡✱ ✷✻✾ ✿✹✾✻✕✺✶✷✳

❋♦st❡r✱ ❘✳ ●✳✱ P❡✐rs♦♥✱ ❙✳ ◆✳✱ ❲✉❧✛✱ ❑✳✱ ❲✐♥♥❡❜❡❝❦✱ ❊✳✱ ❱❡tt❡r✱ ❈✳✱ ❛♥❞ ❘♦❡♥♥❡❜❡r❣✱ ❚✳ ✭✷✵✶✸✮✳ ❈❤❛♣t❡r ❡❧❡✈❡♥ ✲

s❧❡❡♣ ❛♥❞ ❝✐r❝❛❞✐❛♥ r❤②t❤♠ ❞✐sr✉♣t✐♦♥ ✐♥ s♦❝✐❛❧ ❥❡t❧❛❣ ❛♥❞ ♠❡♥t❛❧ ✐❧❧♥❡ss✳ ■♥ ●✐❧❧❡tt❡✱ ▼✳ ❯✳✱ ❡❞✐t♦r✱ ❈❤r♦♥♦❜✐♦❧♦❣② ✿

❇✐♦❧♦❣✐❝❛❧ ❚✐♠✐♥❣ ✐♥ ❍❡❛❧t❤ ❛♥❞ ❉✐s❡❛s❡✱ ✈♦❧✉♠❡ ✶✶✾ ♦❢ Pr♦❣r❡ss ✐♥ ▼♦❧❡❝✉❧❛r ❇✐♦❧♦❣② ❛♥❞ ❚r❛♥s❧❛t✐♦♥❛❧ ❙❝✐❡♥❝❡✱

♣❛❣❡s ✸✷✺ ✕ ✸✹✻✳ ❆❝❛❞❡♠✐❝ Pr❡ss✳

❋r❛♥❦❧✐♥✱ ❚✳ ❇✳ ❛♥❞ ▼❛♥s✉②✱ ■✳ ▼✳ ✭✷✵✶✶✮✳ ❚❤❡ ✐♥✈♦❧✈❡♠❡♥t ♦❢ ❡♣✐❣❡♥❡t✐❝ ❞❡❢❡❝ts ✐♥ ♠❡♥t❛❧ r❡t❛r❞❛t✐♦♥✳ ◆❡✉r♦❜✐♦❧♦❣②

♦❢ ▲❡❛r♥✐♥❣ ❛♥❞ ▼❡♠♦r②✱ ✾✻✭✶✮ ✿✻✶ ✕ ✻✼✳ ❊♣✐❣❡♥❡t✐❝s ❛♥❞ ♠❡♠♦r②✳

●❛rs❤❛s❜✐✱ ▼✳✱ ❍❛❞❛✈✐✱ ❱✳✱ ❍❛❜✐❜✐✱ ❍✳✱ ❑❛❤r✐③✐✱ ❑✳✱ ❑❛r✐♠✐♥❡❥❛❞✱ ❘✳✱ ❇❡❤❥❛t✐✱ ❋✳✱ ❚③s❝❤❛❝❤✱ ❆✳✱ ◆❛❥♠❛❜❛❞✐✱ ❍✳✱ ❘♦♣❡rs✱

❍✳ ❍✳✱ ❛♥❞ ❑✉ss✱ ❆✳ ❲✳ ✭✷✵✵✽✮✳ ❆ ❞❡❢❡❝t ✐♥ t❤❡ t✉s❝✸ ❣❡♥❡ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛✉t♦s♦♠❛❧ r❡❝❡ss✐✈❡ ♠❡♥t❛❧ r❡t❛r❞❛t✐♦♥✳

❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ●❡♥❡t✐❝s✱ ✽✷ ✿✶✶✺✽✕✶✶✻✹✳

●❛✉t❤✐❡r✱ ❏✳✱ ❈❤❛♠♣❛❣♥❡✱ ◆✳✱ ▲❛❢r❡♥✐èr❡✱ ❘✳ ●✳✱ ❳✐♦♥❣✱ ▲✳✱ ❙♣✐❡❣❡❧♠❛♥✱ ❉✳✱ ❇r✉st❡✐♥✱ ❊✳✱ ▲❛♣♦✐♥t❡✱ ▼✳✱ P❡♥❣✱ ❍✳✱ ❈ôté✱

▼✳✱ ◆♦r❡❛✉✱ ❆✳✱ ❍❛♠❞❛♥✱ ❋✳ ❋✳✱ ❆❞❞✐♥❣t♦♥✱ ❆✳ ▼✳✱ ❘❛♣♦♣♦rt✱ ❏✳ ▲✳✱ ❉❡▲✐s✐✱ ▲✳ ❊✳✱ ❑r❡❜s✱ ▼✳✲❖✳✱ ❏♦♦❜❡r✱ ❘✳✱ ❋❛t❤❛❧❧✐✱

❋✳✱ ▼♦✉❛✛❛❦✱ ❋✳✱ ❍❛❣❤✐❣❤✐✱ ❆✳ P✳✱ ◆ér✐✱ ❈✳✱ ❉✉❜é✱ ▼✳✲P✳✱ ❙❛♠✉❡❧s✱ ▼✳ ❊✳✱ ▼❛r✐♥❡❛✉✱ ❈✳✱ ❙t♦♥❡✱ ❊✳ ❆✳✱ ❆✇❛❞❛❧❧❛✱ P✳✱

❇❛r❦❡r✱ P✳ ❆✳✱ ❈❛r❜♦♥❡tt♦✱ ❙✳✱ ❉r❛♣❡❛✉✱ P✳✱ ❘♦✉❧❡❛✉✱ ●✳ ❆✳✱ ❛♥❞ t❤❡ ❙✷❉ ❚❡❛♠ ✭✷✵✶✵✮✳ ❉❡ ♥♦✈♦ ♠✉t❛t✐♦♥s ✐♥ t❤❡

❣❡♥❡ ❡♥❝♦❞✐♥❣ t❤❡ s②♥❛♣t✐❝ s❝❛✛♦❧❞✐♥❣ ♣r♦t❡✐♥ s❤❛♥❦✸ ✐♥ ♣❛t✐❡♥ts ❛s❝❡rt❛✐♥❡❞ ❢♦r s❝❤✐③♦♣❤r❡♥✐❛✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡

◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✱ ✶✵✼✭✶✼✮ ✿✼✽✻✸✕✼✽✻✽✳

●✐❧✐ss❡♥✱ ❈✳✱ ❆rts✱ ❍✳ ❍✳✱ ❍♦✐s❝❤❡♥✱ ❆✳✱ ❙♣r✉✐❥t✱ ▲✳✱ ▼❛♥s✱ ❉✳ ❆✳✱ ❆rts✱ P✳✱ ✈❛♥ ▲✐❡r✱ ❇✳✱ ❙t❡❡❤♦✉✇❡r✱ ▼✳✱ ✈❛♥ ❘❡❡✉✇✐❥❦✱

❏✳✱ ❑❛♥t✱ ❙✳ ●✳✱ ❘♦❡♣♠❛♥✱ ❘✳✱ ❑♥♦❡rs✱ ◆✳ ❱✳ ❆✳ ▼✳✱ ❱❡❧t♠❛♥✱ ❏✳ ❆✳✱ ❛♥❞ ❇r✉♥♥❡r✱ ❍✳ ●✳ ✭✷✵✶✵✮✳ ❊①♦♠❡ s❡q✉❡♥❝✐♥❣

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✵✼



❇■❇▲■❖●❘❆P❍■❊

✐❞❡♥t✐✜❡s ✇❞r✸✺ ✈❛r✐❛♥ts ✐♥✈♦❧✈❡❞ ✐♥ s❡♥s❡♥❜r❡♥♥❡r s②♥❞r♦♠❡✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ●❡♥❡t✐❝s✱ ✽✼✭✸✮ ✿✹✶✽

✕ ✹✷✸✳

●✐❧✐ss❡♥✱ ❈✳✱ ❍❡❤✐r✲❑✇❛✱ ❏✳✱ ❚❤✉♥❣✱ ❉✳✱ ✈❛♥✱ ❞❡ ❱♦rst✱ ▼✳✱ ✈❛♥ ❇♦♥✱ ❇✳✱ ❲✐❧❧❡♠s❡♥✱ ▼✳✱ ❑✇✐♥t✱ ▼✳✱ ❏❛♥ss❡♥✱ ■✳✱ ❍♦✐s❝❤❡♥✱

❆✳✱ ❙❝❤❡♥❝❦✱ ❆✳✱ ▲❡❛❝❤✱ ❘✳✱ ❑❧❡✐♥✱ ❘✳✱ ❚❡❛r❧❡✱ ❘✳✱ ❇♦✱ ❚✳✱ P❢✉♥❞t✱ ❘✳✱ ❨♥t❡♠❛✱ ❍✳✱ ❞❡ ❱r✐❡s✱ ❇✳✱ ❑❧❡❡❢str❛✱ ❚✳✱ ❇r✉♥♥❡r✱

❍✳✱ ❱✐ss❡rs✱ ▲✳✱ ❛♥❞ ❱❡❧t♠❛♥✱ ❏✳ ✭✷✵✶✹✮✳ ●❡♥♦♠❡ s❡q✉❡♥❝✐♥❣ ✐❞❡♥t✐✜❡s ♠❛❥♦r ❝❛✉s❡s ♦❢ s❡✈❡r❡ ✐♥t❡❧❧❡❝t✉❛❧ ❞✐s❛❜✐❧✐t②✳

◆❛t✉r❡✱ ✺✶✶ ✿✸✹✹✕✸✹✼✳

●♥✐r❦❡✱ ❆✳✱ ▼❡❧♥✐❦♦✈✱ ❆✳✱ ▼❛❣✉✐r❡✱ ❏✳✱ ❘♦❣♦✈✱ P✳✱ ▲❡ Pr♦✉st✱ ❊✳ ▼✳✱ ❇r♦❝❦♠❛♥✱ ❲✳✱ ❋❡♥♥❡❧❧✱ ❚✳✱ ●✐❛♥♥♦✉❦♦s✱ ●✳✱

❋✐s❤❡r✱ ❙✳✱ ❘✉ss✱ ❈✳✱ ●❛❜r✐❡❧✱ ❙✳✱ ❏❛✛❡✱ ❉✳ ❇✳✱ ▲❛♥❞❡r✱ ❊✳ ❙✳✱ ❛♥❞ ◆✉s❜❛✉♠✱ ❈✳ ✭✷✵✵✾✮✳ ❙♦❧✉t✐♦♥ ❤②❜r✐❞ s❡❧❡❝t✐♦♥

✇✐t❤ ✉❧tr❛✲❧♦♥❣ ♦❧✐❣♦♥✉❝❧❡♦t✐❞❡s ❢♦r ♠❛ss✐✈❡❧② ♣❛r❛❧❧❡❧ t❛r❣❡t❡❞ s❡q✉❡♥❝✐♥❣✳ ◆❛t ❇✐♦t❡❝❤♥♦❧✳✱ ✷✼ ✿✶✽✷✕✶✽✾✳

●✉✱ ❲✳✱ ❩❤❛♥❣✱ ❋✳✱ ❛♥❞ ▲✉♣s❦✐✱ ❏✳ ✭✷✵✵✽✮✳ ▼❡❝❤❛♥✐s♠s ❢♦r ❤✉♠❛♥ ❣❡♥♦♠✐❝ r❡❛rr❛♥❣❡♠❡♥ts✳ P❛t❤♦●❡♥❡t✐❝s✱ ✶✭✶✮ ✿✹✳

❍❛❞❥✐❦❤❛♥✐✱ ◆✳✱ ❩ür❝❤❡r✱ ◆✳✱ ❘♦❣✐❡r✱ ❖✳✱ ❘✉❡st✱ ❚✳✱ ❍✐♣♣♦❧②t❡✱ ▲✳✱ ❇❡♥✲❆r✐✱ ❨✳✱ ❛♥❞ ▲❡♠♦♥♥✐❡r✱ ❊✳ ✭✷✵✶✸✮✳ ■♠♣r♦✈✐♥❣

❡♠♦t✐♦♥❛❧ ❢❛❝❡ ♣❡r❝❡♣t✐♦♥ ✐♥ ❛✉t✐s♠ ✇✐t❤ ❞✐✉r❡t✐❝ ❜✉♠❡t❛♥✐❞❡ ✿ ❆ ♣r♦♦❢✲♦❢✲❝♦♥❝❡♣t ❜❡❤❛✈✐♦r❛❧ ❛♥❞ ❢✉♥❝t✐♦♥❛❧ ❜r❛✐♥

✐♠❛❣✐♥❣ ♣✐❧♦t st✉❞②✳ ❆✉t✐s♠✳

❍❛♠❞❛♥✱ ❋✳✱ ●❛✉t❤✐❡r✱ ❏✳✱ ❆r❛❦✐✱ ❨✳✱ ▲✐♥✱ ❉✳✲❚✳✱ ❨♦s❤✐③❛✇❛✱ ❨✳✱ ❍✐❣❛s❤✐✱ ❑✳✱ P❛r❦✱ ❆✳✲❘✳✱ ❙♣✐❡❣❡❧♠❛♥✱ ❉✳✱ ❉♦❜r③❡♥✐❡❝❦❛✱

❙✳✱ P✐t♦♥✱ ❆✳✱ ❚♦♠✐t♦r✐✱ ❍✳✱ ❉❛♦✉❞✱ ❍✳✱ ▼❛ss✐❝♦tt❡✱ ❈✳✱ ❍❡♥r✐♦♥✱ ❊✳✱ ❉✐❛❧❧♦✱ ❖✳✱ ❙❤❡❦❛r❛❜✐✱ ▼✳✱ ▼❛r✐♥❡❛✉✱ ❈✳✱ ❙❤❡✈❡❧❧✱

▼✳✱ ▼❛r❛♥❞❛✱ ❇✳✱ ▼✐t❝❤❡❧❧✱ ●✳✱ ◆❛❞❡❛✉✱ ❆✳✱ ❉✬❆♥❥♦✉✱ ●✳✱ ❱❛♥❛ss❡✱ ▼✳✱ ❙r♦✉r✱ ▼✳✱ ▲❛❢r❡♥✐èr❡✱ ❘✳✱ ❉r❛♣❡❛✉✱ P✳✱

▲❛❝❛✐❧❧❡✱ ❏✳✱ ❑✐♠✱ ❊✳✱ ▲❡❡✱ ❏✳✲❘✳✱ ■❣❛r❛s❤✐✱ ❑✳✱ ❍✉❣❛♥✐r✱ ❘✳✱ ❘♦✉❧❡❛✉✱ ●✳✱ ❛♥❞ ▼✐❝❤❛✉❞✱ ❏✳ ✭✷✵✶✶✮✳ ❊①❝❡ss ♦❢ ❞❡ ♥♦✈♦

❞❡❧❡t❡r✐♦✉s ♠✉t❛t✐♦♥s ✐♥ ❣❡♥❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❣❧✉t❛♠❛t❡r❣✐❝ s②st❡♠s ✐♥ ♥♦♥s②♥❞r♦♠✐❝ ✐♥t❡❧❧❡❝t✉❛❧ ❞✐s❛❜✐❧✐t②✳ ❚❤❡
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✐♥❜r❡❞ ❝❤✐❧❞r❡♥✳ ❙❝✐❡♥❝❡✱ ✷✸✻ ✿✶✺✻✼✕✶✺✼✵✳

▲❛♥❣♦✉ët✱ ▼✳✱ ❙❛❛❞✐✱ ❆✳✱ ❘✐❡✉♥✐❡r✱ ●✳✱ ▼♦✉tt♦♥✱ ❙✳✱ ❙✐q✉✐❡r✲P❡r♥❡t✱ ❑✳✱ ❋❡r♥❡t✱ ▼✳✱ ◆✐ts❝❤❦❡✱ P✳✱ ▼✉♥♥✐❝❤✱ ❆✳✱ ❙t❡r♥✱

▼✳✲❍✳✱ ❈❤❛♦✉❝❤✱ ▼✳✱ ❛♥❞ ❈♦❧❧❡❛✉①✱ ▲✳ ✭✷✵✶✸✮✳ ▼✉t❛t✐♦♥ ✐♥ tt✐✷ r❡✈❡❛❧s ❛ r♦❧❡ ❢♦r tr✐♣❧❡ t ❝♦♠♣❧❡① ✐♥ ❤✉♠❛♥ ❜r❛✐♥

❞❡✈❡❧♦♣♠❡♥t✳ ❍✉♠❛♥ ▼✉t❛t✐♦♥✱ ✸✹✭✶✶✮ ✿✶✹✼✷✕✶✹✼✻✳

▲❡❥❡✉♥❡✱ ❏✳✱ ❚✉r♣✐♥✱ ❘✳✱ ❛♥❞ ●❛✉t✐❡r✱ ▼✳ ✭✶✾✺✾✮✳ ▼♦♥❣♦❧✐s♠ ❀ ❛ ❝❤r♦♠♦s♦♠❛❧ ❞✐s❡❛s❡ ✭tr✐s♦♠②✮✳ ❇✉❧❧❡t✐♥ ❞❡ ❧✬❆❝❛❞é♠✐❡

♥❛t✐♦♥❛❧❡ ❞❡ ♠é❞❡❝✐♥❡✱ ✶✹✸ ✿✷✺✻✕✷✻✺✳

▲❡♠♦♥♥✐❡r✱ ❊✳✱ ❉❡❣r❡③✱ ❈✳✱ P❤❡❧❡♣✱ ▼✳✱ ❚②③✐♦✱ ❘✳✱ ❏♦ss❡✱ ❋✳✱ ●r❛♥❞❣❡♦r❣❡✱ ▼✳✱ ❍❛❞❥✐❦❤❛♥✐✱ ◆✳✱ ❛♥❞ ❇❡♥✲❆r✐✱ ❨✳ ✭✷✵✶✷✮✳

❆ r❛♥❞♦♠✐s❡❞ ❝♦♥tr♦❧❧❡❞ tr✐❛❧ ♦❢ ❜✉♠❡t❛♥✐❞❡ ✐♥ t❤❡ tr❡❛t♠❡♥t ♦❢ ❛✉t✐s♠ ✐♥ ❝❤✐❧❞r❡♥✳ ❚r❛♥s❧ Ps②❝❤✐❛tr②✳✱ ✷✳

▲❡✇✐s✱ ❉✳✱ ❈❤♦✱ ❘✳✱ ❈❛rt❡r✱ ❈✳✱ ❊❦❧✉♥❞✱ ❑✳✱ ❋♦rst❡r✱ ❙✳✱ ❑❡❧❧②✱ ▼✳✱ ❛♥❞ ▼♦♥tr♦s❡✱ ❉✳ ✭✷✵✵✽✮✳ ❙✉❜✉♥✐t✲s❡❧❡❝t✐✈❡ ♠♦❞✉❧❛t✐♦♥

♦❢ ❣❛❜❛ t②♣❡ ❛ r❡❝❡♣t♦r ♥❡✉r♦tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❝♦❣♥✐t✐♦♥ ✐♥ s❝❤✐③♦♣❤r❡♥✐❛✳ ❆♠ ❏ Ps②❝❤✐❛tr②✳✱ ✶✻✺ ✿✶✺✽✺✕✶✺✾✸✳

▲✐✱ ▼✳✱ ❙✉③✉❦✐✱ ❑✳✱ ❑✐♠✱ ◆✳ ❨✳✱ ▲✐✉✱ ●✳✲❍✳✱ ❛♥❞ ■③♣✐s✉❛ ❇❡❧♠♦♥t❡✱ ❏✳ ❈✳ ✭✷✵✶✹❛✮✳ ❆ ❝✉t ❛❜♦✈❡ t❤❡ r❡st ✿ ❚❛r❣❡t❡❞

❣❡♥♦♠❡ ❡❞✐t✐♥❣ t❡❝❤♥♦❧♦❣✐❡s ✐♥ ❤✉♠❛♥ ♣❧✉r✐♣♦t❡♥t st❡♠ ❝❡❧❧s✳ ❏♦✉r♥❛❧ ♦❢ ❇✐♦❧♦❣✐❝❛❧ ❈❤❡♠✐str②✱ ✷✽✾✭✽✮ ✿✹✺✾✹✕✹✺✾✾✳

▲✐✱ ❙✳✱ ▲✐✱ ❩✳✱ ❙❤✉✱ ❋✳ ❏✳✱ ❳✐♦♥❣✱ ❍✳✱ P❤✐❧❧✐♣s✱ ❆✳ ❈✳✱ ❛♥❞ ❉②♥❛♥✱ ❲✳ ❙✳ ✭✷✵✶✹❜✮✳ ❉♦✉❜❧❡✲str❛♥❞ ❜r❡❛❦ r❡♣❛✐r ❞❡✜❝✐❡♥❝② ✐♥

♥♦♥♦ ❦♥♦❝❦♦✉t ♠✉r✐♥❡ ❡♠❜r②♦♥✐❝ ✜❜r♦❜❧❛sts ❛♥❞ ❝♦♠♣❡♥s❛t✐♦♥ ❜② s♣♦♥t❛♥❡♦✉s ✉♣r❡❣✉❧❛t✐♦♥ ♦❢ t❤❡ ♣s♣❝✶ ♣❛r❛❧♦❣✳

◆✉❝❧❡✐❝ ❆❝✐❞s ❘❡s✳✱ ✻✳

▲✐♠✱ ❉✳ ❍✳ ❛♥❞ ▼❛❤❡r✱ ❊✳ ❘✳ ✭✷✵✵✾✮✳ ❍✉♠❛♥ ✐♠♣r✐♥t✐♥❣ s②♥❞r♦♠❡s✳ ❊♣✐❣❡♥♦♠✐❝s✱ ✶ ✿✸✹✼✕✸✻✾✳

▲✐st♦♥✱ ❈✳✱ ❈✐❝❤♦♥✱ ❏✳ ▼✳✱ ❏❡❛♥♥❡t❡❛✉✱ ❋✳✱ ❏✐❛✱ ❩✳✱ ❈❤❛♦✱ ▼✳ ❱✳✱ ❛♥❞ ●❛♥✱ ❲✳ ❇✳ ✭✷✵✶✸✮✳ ❈✐r❝❛❞✐❛♥ ❣❧✉❝♦❝♦rt✐❝♦✐❞

♦s❝✐❧❧❛t✐♦♥s ♣r♦♠♦t❡ ❧❡❛r♥✐♥❣✲❞❡♣❡♥❞❡♥t s②♥❛♣s❡ ❢♦r♠❛t✐♦♥ ❛♥❞ ♠❛✐♥t❡♥❛♥❝❡✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✻ ✿✻✾✽✕✼✵✺✳

▲✐✉✱ ❈✳✱ ❙r✐❤❛r✐✱ ❙✳✱ ❈❛♦✱ ❑✳✲❆✳ ▲✳✱ ❈❤❡♥❡✈✐①✲❚r❡♥❝❤✱ ●✳✱ ❙✐♠♣s♦♥✱ P✳ ❚✳✱ ❘❛❣❛♥✱ ▼✳ ❆✳✱ ❛♥❞ ❑❤❛♥♥❛✱ ❑✳ ❑✳ ✭✷✵✶✹❛✮✳ ❆

✜♥❡✲s❝❛❧❡ ❞✐ss❡❝t✐♦♥ ♦❢ t❤❡ ❞♥❛ ❞♦✉❜❧❡✲str❛♥❞ ❜r❡❛❦ r❡♣❛✐r ♠❛❝❤✐♥❡r② ❛♥❞ ✐ts ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ❜r❡❛st ❝❛♥❝❡r t❤❡r❛♣②✳

◆✉❝❧❡✐❝ ❆❝✐❞s ❘❡s❡❛r❝❤✱ ✹✷✭✶✵✮ ✿✻✶✵✻✕✻✶✷✼✳

▲✐✉✱ P✳ ❨✳✱ ❊rr✐q✉❡③✱ ❉✳✱ ▼❛rs❤❛❧❧✱ ●✳ ▼✳✱ ❚❡❡✱ ❆✳ ❊✳✱ P♦❧❧②✱ P✳✱ ❲♦♥❣✱ ▼✳✱ ▲✐✉✱ ❇✳✱ ❇❡❧❧✱ ❏✳ ▲✳✱ ❩❤❛♥❣✱ ❳✳ ❉✳✱ ▼✐❧❛③③♦✱

●✳✱ ❈❤❡✉♥❣✱ ❇✳ ❇✳✱ ❋♦①✱ ❆✳✱ ❙✇❛r❜r✐❝❦✱ ❆✳✱ ❍ütt❡❧♠❛✐❡r✱ ❙✳✱ ❑❛✈❛❧❧❛r✐s✱ ▼✳✱ P❡r✐♥✐✱ ●✳✱ ▼❛tt✐❝❦✱ ❏✳ ❙✳✱ ❉✐♥❣❡r✱ ▼✳ ❊✳✱

❛♥❞ ▲✐✉✱ ❚✳ ✭✷✵✶✹❜✮✳ ❊✛❡❝ts ♦❢ ❛ ♥♦✈❡❧ ❧♦♥❣ ♥♦♥❝♦❞✐♥❣ r♥❛✱ ❧♥❝✉s♠②❝♥✱ ♦♥ ♥✲♠②❝ ❡①♣r❡ss✐♦♥ ❛♥❞ ♥❡✉r♦❜❧❛st♦♠❛

♣r♦❣r❡ss✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❈❛♥❝❡r ■♥st✐t✉t❡✱ ✶✵✻✭✼✮✳

▼❛❜❜✱ ❆✳ ▼✳✱ ❏✉❞s♦♥✱ ▼✳ ❈✳✱ ❩②❧❦❛✱ ▼✳ ❏✳✱ ❛♥❞ P❤✐❧♣♦t✱ ❇✳ ❉✳ ✭✷✵✶✶✮✳ ❆♥❣❡❧♠❛♥ s②♥❞r♦♠❡ ✿ ✐♥s✐❣❤ts ✐♥t♦ ❣❡♥♦♠✐❝

✐♠♣r✐♥t✐♥❣ ❛♥❞ ♥❡✉r♦❞❡✈❡❧♦♣♠❡♥t❛❧ ♣❤❡♥♦t②♣❡s✳ ❚r❡♥❞s ✐♥ ◆❡✉r♦s❝✐❡♥❝❡s✱ ✸✹✭✻✮ ✿✷✾✸ ✕ ✸✵✸✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✶✶
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▼❛♠❛♥♦✈❛✱ ▲✳✱ ❈♦✛❡②✱ ❆✳ ❏✳✱ ❙❝♦tt✱ ❈✳ ❊✳✱ ❑♦③❛r❡✇❛✱ ■✳✱ ❚✉r♥❡r✱ ❊✳ ❍✳✱ ❑✉♠❛r✱ ❆✳✱ ❍♦✇❛r❞✱ ❊✳✱ ❙❤❡♥❞✉r❡✱ ❏✳✱ ❛♥❞

❚✉r♥❡r✱ ❉✳ ❏✳ ✭✷✵✶✵✮✳ ❚❛r❣❡t✲❡♥r✐❝❤♠❡♥t str❛t❡❣✐❡s ❢♦r ♥❡①t✲❣❡♥❡r❛t✐♦♥ s❡q✉❡♥❝✐♥❣✳ ◆❛t ▼❡t❤♦❞s✳✱ ✼ ✿✶✶✶✕✶✶✽✳

▼❛♥❞❡❧✱ ❏✳ ▲✳ ❛♥❞ ❍❡✐t③✱ ❉✳ ✭✶✾✾✷✮✳ ▼♦❧❡❝✉❧❛r ❣❡♥❡t✐❝s ♦❢ t❤❡ ❢r❛❣✐❧❡✲① s②♥❞r♦♠❡ ✿ ❛ ♥♦✈❡❧ t②♣❡ ♦❢ ✉♥st❛❜❧❡ ♠✉t❛t✐♦♥✳

❈✉rr ❖♣✐♥ ●❡♥❡t ❉❡✈✱ ✷ ✿✹✷✷✕✹✸✵✳

▼❛rt✐♥s✲❚❛②❧♦r✱ ❑✳✱ ❍s✐❛♦✱ ❏✳ ❙✳✱ ❈❤❡♥✱ P✳✲❋✳✱ ●❧❛tt✲❉❡❡❧❡②✱ ❍✳✱ ❉❡ ❙♠✐t❤✱ ❆✳ ❏✳✱ ❇❧❛❦❡♠♦r❡✱ ❆✳ ■✳✱ ▲❛❧❛♥❞❡✱ ▼✳✱ ❛♥❞

❈❤❛♠❜❡r❧❛✐♥✱ ❙✳ ❏✳ ✭✷✵✶✹✮✳ ■♠♣r✐♥t❡❞ ❡①♣r❡ss✐♦♥ ♦❢ ✉❜❡✸❛ ✐♥ ♥♦♥✲♥❡✉r♦♥❛❧ ❝❡❧❧s ❢r♦♠ ❛ ♣r❛❞❡r✕✇✐❧❧✐ s②♥❞r♦♠❡ ♣❛t✐❡♥t

✇✐t❤ ❛♥ ❛t②♣✐❝❛❧ ❞❡❧❡t✐♦♥✳ ❍✉♠❛♥ ▼♦❧❡❝✉❧❛r ●❡♥❡t✐❝s✱ ✷✸✭✾✮ ✿✷✸✻✹✕✷✸✼✸✳

▼❛rt✐♥ss♦♥✱ ❚✳✱ ❇❥✉rs❡❧❧✱ ❈✳✱ ❙t✐❜❧❡r✱ ❍✳✱ ❑r✐st✐❛♥ss♦♥✱ ❇✳✱ ❙❦♦✈❜②✱ ❋✳✱ ❏❛❡❦❡♥✱ ❏✳✱ ❇❧❡♥♥♦✇✱ ●✳✱ ❙trö♠♠❡✱ P✳✱ ❍❛♥❡❢❡❧❞✱

❋✳✱ ❛♥❞ ❲❛❤❧strö♠✱ ❏✳ ✭✶✾✾✹✮✳ ▲✐♥❦❛❣❡ ♦❢ ❛ ❧♦❝✉s ❢♦r ❝❛r❜♦❤②❞r❛t❡✲❞❡✜❝✐❡♥t ❣❧②❝♦♣r♦t❡✐♥ s②♥❞r♦♠❡ t②♣❡ ✐ ✭❝❞❣✶✮ t♦

❝❤r♦♠♦s♦♠❡ ✶✻♣✱ ❛♥❞ ❧✐♥❦❛❣❡ ❞✐s❡q✉✐❧✐❜r✐✉♠ t♦ ♠✐❝r♦s❛t❡❧❧✐t❡ ♠❛r❦❡r ❞✶✻s✹✵✻✳ ❍✉♠❛♥ ▼♦❧❡❝✉❧❛r ●❡♥❡t✐❝s✱ ✸ ✿✷✵✸✼✕

✷✵✹✷✳

▼❛①❛♠✱ ❆✳ ▼✳ ❛♥❞ ●✐❧❜❡rt✱ ❲✳ ✭✶✾✼✼✮✳ ❆ ♥❡✇ ♠❡t❤♦❞ ❢♦r s❡q✉❡♥❝✐♥❣ ❞♥❛✳ Pr♦❝ ◆❛t❧ ❆❝❛❞ ❙❝✐ ❯ ❙ ❆✱ ✼✹ ✿✺✻✵✕✺✻✹✳

▼❝❆❧❧✐st❡r✱ ❈✳ ❏✳✱ ❲❤✐tt✐♥❣t♦♥✱ ❏✳ ❊✳✱ ❛♥❞ ❍♦❧❧❛♥❞✱ ❆✳ ❏✳ ✭✷✵✶✶✮✳ ❉❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❡❛t✐♥❣ ❜❡❤❛✈✐♦✉r ✐♥ ♣r❛❞❡r✲✇✐❧❧✐

s②♥❞r♦♠❡ ✿ ❛❞✈❛♥❝❡s ✐♥ ♦✉r ✉♥❞❡rst❛♥❞✐♥❣✳ ■♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♦❜❡s✐t②✱ ✸✺ ✿✶✽✽✕✶✾✼✳

▼❝❉❡r♠♦tt✱ ❙✳✱ ❲✉✱ ❏✳✱ ❈❛✐✱ ❇✳✱ ▲❛✇s♦♥✱ ❆✳✱ ❛♥❞ ❆❡❧✐♦♥✱ ❈✳ ▼✳ ✭✷✵✶✶✮✳ Pr♦❜❛❜✐❧✐t② ♦❢ ✐♥t❡❧❧❡❝t✉❛❧ ❞✐s❛❜✐❧✐t② ✐s ❛ss♦❝✐❛t❡❞

✇✐t❤ s♦✐❧ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ❛rs❡♥✐❝ ❛♥❞ ❧❡❛❞✳ ❈❤❡♠♦s♣❤❡r❡✱ ✽✹✭✶✮ ✿✸✶ ✕ ✸✽✳

▼❝❉♦♥❡❧❧✱ ▲✳✱ ❲❛r♠❛♥ ❈❤❛r❞♦♥✱ ❏✳✱ ❙❝❤✇❛rt③❡♥tr✉❜❡r✱ ❏✳✱ ❋♦st❡r✱ ❉✳✱ ❇❡❛✉❧✐❡✉✱ ❈✳✱ ❈♦♥s♦rt✐✉♠✱ ❋✳ ❈✳✱ ▼❛❥❡✇s❦✐✱ ❏✳✱

❇✉❧♠❛♥✱ ❉✳✱ ❛♥❞ ❇♦②❝♦tt✱ ❑✳ ✭✷✵✶✹✮✳ ❚❤❡ ✉t✐❧✐t② ♦❢ ❡①♦♠❡ s❡q✉❡♥❝✐♥❣ ❢♦r ❣❡♥❡t✐❝ ❞✐❛❣♥♦s✐s ✐♥ ❛ ❢❛♠✐❧✐❛❧ ♠✐❝r♦❝❡♣❤❛❧②

❡♣✐❧❡♣s② s②♥❞r♦♠❡✳ ❇▼❈ ◆❡✉r♦❧♦❣②✱ ✶✹✭✶✮ ✿✷✷✳

▼❡❤♥❡rt✱ ❑✳ ■✳✱ ❇❡r❛♠❡♥❞✐✱ ❆✳✱ ❊❧❣❤❛③❛❧✐✱ ❋✳✱ ◆❡❣r♦✱ P✳✱ ❑②r✐❛❝♦✉✱ ❈✳ P✳✱ ❛♥❞ ❈❛♥t❡r❛✱ ❘✳ ✭✷✵✵✼✮✳ ❈✐r❝❛❞✐❛♥ ❝❤❛♥❣❡s

✐♥ ❞r♦s♦♣❤✐❧❛ ♠♦t♦r t❡r♠✐♥❛❧s✳ ❉❡✈❡❧♦♣♠❡♥t❛❧ ◆❡✉r♦❜✐♦❧♦❣②✱ ✻✼✭✹✮ ✿✹✶✺✕✹✷✶✳

▼❡❧❦❡✱ ❏✳✱ ●♦✉❜r❛♥✱ ❇♦tr♦s✱ ❍✳✱ ❈❤❛st❡✱ P✳✱ ❇❡t❛♥❝✉r✱ ❈✳✱ ◆②❣r❡♥✱ ●✳✱ ❆♥❝❦❛rsät❡r✱ ❍✳✱ ❘❛st❛♠✱ ▼✳✱ ❙t❛❤❧❜❡r❣✱ ❖✳✱

●✐❧❧❜❡r❣✱ ■✳✱ ❉❡❧♦r♠❡✱ ❘✳✱ ❈❤❛❜❛♥❡✱ ◆✳✱ ▼♦✉r❡♥✲❙✐♠❡♦♥✐✱ ▼✳✱ ❋❛✉❝❤❡r❡❛✉✱ ❋✳✱ ❉✉r❛♥❞✱ ❈✳✱ ❈❤❡✈❛❧✐❡r✱ ❋✳✱ ❉r♦✉♦t✱ ❳✳✱

❈♦❧❧❡t✱ ❈✳✱ ▲❛✉♥❛②✱ ❏✳✱ ▲❡❜♦②❡r✱ ▼✳✱ ●✐❧❧❜❡r❣✱ ❈✳✱ ❛♥❞ ❇♦✉r❣❡r♦♥✱ ❚✳ ✭✷✵✵✽✮✳ ❆❜♥♦r♠❛❧ ♠❡❧❛t♦♥✐♥ s②♥t❤❡s✐s ✐♥ ❛✉t✐s♠

s♣❡❝tr✉♠ ❞✐s♦r❞❡rs✳ ▼♦❧ Ps②❝❤✐❛tr②✳✱ ✶✸ ✿✾✵✕✾✽✳

▼❡♠♦♥✱ ▼✳✱ ❘❛③❛✱ ❙✳✱ ❇❛s✐t✱ ❙✳✱ ❑♦✉s❛r✱ ❘✳✱ ❆❤♠❛❞✱ ❲✳✱ ❛♥❞ ❆♥s❛r✱ ▼✳ ✭✷✵✶✸✮✳ ❆ ♥♦✈❡❧ ✇❞r✻✷ ♠✉t❛t✐♦♥ ❝❛✉s❡s

♣r✐♠❛r② ♠✐❝r♦❝❡♣❤❛❧② ✐♥ ❛ ♣❛❦✐st❛♥✐ ❢❛♠✐❧②✳ ▼♦❧❡❝✉❧❛r ❇✐♦❧♦❣② ❘❡♣♦rts✱ ✹✵✭✶✮ ✿✺✾✶✕✺✾✺✳

▼❡♥❞♦❧❛✱ P✳✱ ❙❡❧❡✈❛♥✱ ❙✳ ●✳✱ ●✉tt❡r✱ ❙✳✱ ❛♥❞ ❘✐❝❡✱ ❉✳ ✭✷✵✵✷✮✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❢❛❝t♦rs ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ s♣❡❝tr✉♠ ♦❢

♥❡✉r♦❞❡✈❡❧♦♣♠❡♥t❛❧ ❞❡✜❝✐ts✳ ▼❡♥t❛❧ r❡t❛r❞❛t✐♦♥ ❛♥❞ ❞❡✈❡❧♦♣♠❡♥t❛❧ ❞✐s❛❜✐❧✐t✐❡s r❡s❡❛r❝❤ r❡✈✐❡✇s✱ ✽ ✿✶✽✽✕✶✾✼✳

▼✐❝❤❛❡❧s♦♥✱ ❏✳✱ ❙❤✐✱ ❨✳✱ ●✉❥r❛❧✱ ▼✳✱ ❩❤❡♥❣✱ ❍✳✱ ▼❛❧❤♦tr❛✱ ❉✳✱ ❏✐♥✱ ❳✳✱ ❏✐❛♥✱ ▼✳✱ ▲✐✉✱ ●✳✱ ●r❡❡r✱ ❉✳✱ ❇❤❛♥❞❛r✐✱ ❆✳✱ ❲✉✱

❲✳✱ ❈♦r♦♠✐♥❛s✱ ❘✳✱ P❡♦♣❧❡s✱ ❆✳✱ ❑♦r❡♥✱ ❆✳✱ ●♦r❡✱ ❆✳✱ ❑❛♥❣✱ ❙✳✱ ▲✐♥✱ ●✳✱ ❊st❛❜✐❧❧♦✱ ❏✳✱ ●❛❞♦♠s❦✐✱ ❚✳✱ ❙✐♥❣❤✱ ❇✳✱

❩❤❛♥❣✱ ❑✳✱ ❆❦s❤♦♦♠♦✛✱ ◆✳✱ ❈♦rs❡❧❧♦✱ ❈✳✱ ▼❝❈❛rr♦❧❧✱ ❙✳✱ ■❛❦♦✉❝❤❡✈❛✱ ▲✳✱ ▲✐✱ ❨✳✱ ❲❛♥❣✱ ❏✳✱ ❛♥❞ ❙❡❜❛t✱ ❏✳ ✭✷✵✶✷✮✳

❲❤♦❧❡✲❣❡♥♦♠❡ s❡q✉❡♥❝✐♥❣ ✐♥ ❛✉t✐s♠ ✐❞❡♥t✐✜❡s ❤♦t s♣♦ts ❢♦r ❞❡ ♥♦✈♦ ❣❡r♠❧✐♥❡ ♠✉t❛t✐♦♥✳ ❈❡❧❧✱ ✶✺✶✭✼✮ ✿✶✹✸✶ ✕ ✶✹✹✷✳

▼✐♥✱ ▼✳ ❖✳✱ ❙✐♥❣❡r✱ ▲✳ ❚✳✱ ❑✐r❝❤♥❡r✱ ❍✳ ▲✳✱ ▼✐♥♥❡s✱ ❙✳✱ ❙❤♦rt✱ ❊✳✱ ❍✉ss❛✐♥✱ ❩✳✱ ❛♥❞ ◆❡❧s♦♥✱ ❙✳ ✭✷✵✵✾✮✳ ❈♦❣♥✐t✐✈❡

❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❧♦✇✲❧❡✈❡❧ ❧❡❛❞ ❡①♣♦s✉r❡ ✐♥ ♣♦❧②✲❞r✉❣ ❡①♣♦s❡❞ ❝❤✐❧❞r❡♥✳ ◆❡✉r♦t♦①✐❝♦❧♦❣② ❛♥❞ ❚❡r❛t♦❧♦❣②✱ ✸✶✭✹✮ ✿✷✷✺

✕ ✷✸✶✳

▼❛é✈❛ ▲❛♥❣♦✉ët ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ✷✶✷



❇■❇▲■❖●❘❆P❍■❊

▼✐r✱ ❆✳✱ ❑❛✉❢♠❛♥✱ ▲✳✱ ◆♦♦r✱ ❆✳✱ ▼♦t❛③❛❝❦❡r✱ ▼✳ ▼✳✱ ❏❛♠✐❧✱ ❚✳✱ ❆③❛♠✱ ▼✳✱ ❑❛❤r✐③✐✱ ❑✳✱ ❘❛✜q✱ ▼✳ ❆✳✱ ❲❡❦s❜❡r❣✱

❘✳✱ ◆❛sr✱ ❚✳✱ ◆❛❡❡♠✱ ❋✳✱ ❚③s❝❤❛❝❤✱ ❆✳✱ ❑✉ss✱ ❆✳ ❲✳✱ ■s❤❛❦✱ ●✳ ❊✳✱ ❉♦❤❡rt②✱ ❉✳✱ ❘♦♣❡rs✱ ❍✳ ❍✳✱ ❇❛r❦♦✈✐❝❤✱ ❆✳ ❏✳✱

◆❛❥♠❛❜❛❞✐✱ ❍✳✱ ❆②✉❜✱ ▼✳✱ ❛♥❞ ❱✐♥❝❡♥t✱ ❏✳ ❇✳ ✭✷✵✵✾✮✳ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ♠✉t❛t✐♦♥s ✐♥ tr❛♣♣❝✾✱ ✇❤✐❝❤ ❡♥❝♦❞❡s t❤❡ ♥✐❦✲

❛♥❞ ✐❦❦✲❜❡t❛✲❜✐♥❞✐♥❣ ♣r♦t❡✐♥✱ ✐♥ ♥♦♥s②♥❞r♦♠✐❝ ❛✉t♦s♦♠❛❧✲r❡❝❡ss✐✈❡ ♠❡♥t❛❧ r❡t❛r❞❛t✐♦♥✳ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥

●❡♥❡t✐❝s✱ ✽✺ ✿✾✵✾✕✾✶✺✳

▼✐②❛♠♦t♦✱ ❑✳✱ ❙❛❦✉r❛✐✱ ❍✳✱ ❛♥❞ ❙✉❣✐✉r❛✱ ❚✳ ✭✷✵✵✽✮✳ Pr♦t❡♦♠✐❝ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❛ ♣s❢✴♣✺✹♥r❜ ❤❡t❡r♦❞✐♠❡r ❛s r♥❢✹✸

♦♥❝♦♣r♦t❡✐♥✲✐♥t❡r❛❝t✐♥❣ ♣r♦t❡✐♥s✳ P❘❖❚❊❖▼■❈❙✱ ✽✭✶✹✮ ✿✷✾✵✼✕✷✾✶✵✳

▼♦❝❤✐❞❛✱ ●✳✱ ▼❛❤❛❥♥❛❤✱ ▼✳✱ ❍✐❧❧✱ ❆✳✱ ❇❛s❡❧✲❱❛♥❛❣❛✐t❡✱ ▲✳✱ ●❧❡❛s♦♥✱ ❉✳✱ ❍✐❧❧✱ ❘✳✱ ❇♦❞❡❧❧✱ ❆✳✱ ❈r♦s✐❡r✱ ▼✳✱ ❙tr❛✉ss❜❡r❣✱

❘✳✱ ❛♥❞ ❲❛❧s❤✱ ❈✳ ✭✷✵✵✾✮✳ ❆ tr✉♥❝❛t✐♥❣ ♠✉t❛t✐♦♥ ♦❢ tr❛♣♣❝✾ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛✉t♦s♦♠❛❧✲r❡❝❡ss✐✈❡ ✐♥t❡❧❧❡❝t✉❛❧

❞✐s❛❜✐❧✐t② ❛♥❞ ♣♦st♥❛t❛❧ ♠✐❝r♦❝❡♣❤❛❧②✳ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ ❍✉♠❛♥ ●❡♥❡t✐❝s✱ ✽✺ ✿✽✾✼✕✾✵✷✳

▼♦❞✐✱ ❑✳ ❑✳✱ ❏❛♥❛✱ ❆✳✱ ●❤♦s❤✱ ❙✳✱ ❲❛ts♦♥✱ ❘✳✱ ❛♥❞ P❛❤❛♥✱ ❑✳ ✭✷✵✶✹✮✳ ❆ ♣❤②s✐❝❛❧❧②✲♠♦❞✐✜❡❞ s❛❧✐♥❡ s✉♣♣r❡ss❡s ♥❡✉r♦♥❛❧
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