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❘❡♠❡r❝✐❡♠❡♥ts

❏❡ t✐❡♥s t♦✉t ❞✬❛❜♦r❞ à r❡♠❡r❝✐❡r ♠❡s tr♦✐s ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡✱ ❡t ♣❧✉s
s♣é❝✐❛❧❡♠❡♥t ❱✐♥❝❡♥t ❱❛♥ ❲❛❡s✱ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝♦♠♣❛❣♥é❡ ❞❡ ♠❡s t♦✉s ♣r❡✲
♠✐❡rs ♣❛s ❞❛♥s ❧❛ ❘❡❝❤❡r❝❤❡✱ ❡♥ ▼❛st❡r ✶✱ à ♠❡s ❞é❜✉ts ❞❛♥s ❧✬❛♣rès✲t❤ès❡
s✐① ❛♥s ♣❧✉s t❛r❞✳ ▼❡r❝✐ ♣♦✉r ♠✬❛✈♦✐r ❛♣♣r✐s à ❝♦♥❝✐❧✐❡r ♣r❛t✐q✉❡ ❡t t❤é♦r✐❡✱
❡♥❝♦✉r❛❣é❡ à ❢❛✐r❡ ♠❡s ♣r♦♣r❡s ❝❤♦✐①✱ ❡t ♣♦✉r ♠✬❛✈♦✐r ♦✛❡rt ✉♥ ❣r❛♥❞ ♥♦♠❜r❡
❞✬♦♣♣♦rt✉♥✐tés ❞❡ ❝♦♥❣rès ❡t st❛❣❡s✳

❯♥ ❣r❛♥❞ ♠❡r❝✐ ❜✐❡♥ sûr à ♠❡s ❞❡✉① ❛✉tr❡s ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡ ❊♠♠❛♥✉❡❧
❍❛✛❡♥ ❡t ❉❛♥✐❡❧ ❙❡❝❤t❡r✱ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝♦r❞é ❧❡✉r ❝♦♥✜❛♥❝❡ ❡t ❞♦♥♥é ❧❛
♣♦ss✐❜✐❧✐té ❞❡ ré❛❧✐s❡r ❝❡ tr❛✈❛✐❧✳

❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t très s✐♥❝èr❡♠❡♥t ❈❛t❤❡r✐♥❡ ❇❡❧③✉♥❣✱ ❉❛✈✐❞ ❇❡❧✐♥ ❡t
▼✐❝❦❛ë❧ ◆❛❛ss✐❧❛ ❞❡ ♠✬❛✈♦✐r ❢❛✐t ❧✬❤♦♥♥❡✉r ❞✬❛❝❝❡♣t❡r ❞❡ ❝♦♥st✐t✉❡r ♠♦♥ ❥✉r②✳
▼❡r❝✐ à ▼❛r✐❡✲❋r❛♥ç♦✐s❡ ❙✉❛✉❞✲❈❤❛❣♥② ❡t P✐❡rr❡✲❨✈❡s ❘✐s♦❧❞✱ ♠❡♠❜r❡s ❞❡
♠♦♥ ❝♦♠✐té ❞❡ s✉✐✈✐ ❞❡ t❤ès❡✱ ♣♦✉r ❛✈♦✐r é✈❛❧✉é ♠♦♥ ♣❛r❝♦✉rs ♣❡♥❞❛♥t ✹ ❛♥s
❡t ❛✈♦✐r s✉ ♠❡ ❣✉✐❞❡r ❡t ♠❡ ❞♦♥♥❡r ❞❡ ♥♦✉✈❡❧❧❡s ♣✐st❡s ❞❡ ré✢❡①✐♦♥✳

❏❡ t✐❡♥s à r❡♠❡r❝✐❡r ▼✳ ◆❛❛ss✐❧❛✱ ❛✐♥s✐ q✉❡ ❧❡s Pr✳ ❚s❡♥❣ ❡t ❙t❡✐♥❡r ❡t
❧❡✉rs éq✉✐♣❡s r❡s♣❡❝t✐✈❡s✱ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐❡ ❞❛♥s ❧❡✉rs ❧❛❜♦r❛t♦✐r❡s ❛✉
❝♦✉rs ❞❡s ❞❡✉① st❛❣❡s q✉✬✐❧ ♠✬❛ été ❞♦♥♥é ❞❡ ré❛❧✐s❡r ❞✉r❛♥t ❝❡tt❡ t❤ès❡✳

❏✬❛❞r❡ss❡ ♠❡s ❝❤❛❧❡✉r❡✉① r❡♠❡r❝✐❡♠❡♥ts à ❏❡❛♥✲▲♦✉✐s ▼✐❧❧♦t ♣♦✉r s❡s
❝♦♥s❡✐❧s ❡t s♦♥ s♦✉t✐❡♥ ♥♦t❛♠♠❡♥t ❧♦rs ❞❡ ♠❡s ❝❛♥❞✐❞❛t✉r❡s ❛✉① ♣♦st❡s ❞✬❡♥✲
s❡✐❣♥❡♠❡♥t✳

▼❡r❝✐ ♣❛rt✐❝✉❧✐èr❡♠❡♥t à P❛tr✐❝❡ q✉✐ ♥❡ ❝r♦②❛✐t ♣❛s ❡♥ ❝❡ ✧tr✉❝ q✉✐ ♥❡
♠❛r❝❤❡r❛ ♣❛s✧ ❡t ❛ ♣❛r ❝♦♥séq✉❡♥t t♦✉t ♠✐s ❡♥ ÷✉✈r❡ ♣♦✉r q✉❡ ç❛ ❢♦♥❝t✐♦♥♥❡
❡♥❝♦r❡ ♠✐❡✉① q✉✬♦♥ ♥❡ ❧✬❡s♣ér❛✐t✳ ▼❡r❝✐ ❛✉ss✐ ❞✬❛✈♦✐r été ❧à q✉❛♥❞ ❧✬❛✐❞❡ ❧♦✲
❣✐❝✐❡❧❧❡ ♥❡ s✉✣s❛✐t ♣❧✉s✳✳✳

▼❛ ❣r❛t✐t✉❞❡ ✈❛ é❣❛❧❡♠❡♥t à ♠❡s ✭❡①✲✮❛❝♦❧②t❡s P✐❡rr❡✲❊❞♦✉❛r❞ ❡t ▲✉❝✐❡✱
q✉✐ ♦♥t r❡♥❞✉ s✐ ✈✐✈❛♥t ❧❡ ❜✉r❡❛✉ ✷✶✸✳

▼❡r❝✐ à ❨✈❛♥ ❡t ▲❛✉r❡♥❝❡✱ ❛✐♥s✐ q✉✬à t♦✉s ❧❡s ❛✉tr❡s ▼❈❯ q✉✐ ♠✬♦♥t
❢❛✐t ♣r♦✜t❡r ❞❡ ❧❡✉r s❛✈♦✐r ❡t ❞❡ ❧❡✉r ❡①♣ér✐❡♥❝❡ q✉❡ ❝❡ s♦✐t ❡♥ r❡❝❤❡r❝❤❡ ♦✉
❡♥ ❡♥s❡✐❣♥❡♠❡♥t ❀ ❡t ♣❧✉s ❣é♥ér❛❧❡♠❡♥t à t♦✉s ❧❡s ❛✉tr❡s ♠❡♠❜r❡s ✜①❡s ♦✉
❞❡ ♣❛ss❛❣❡ ❞❡ ❧✬éq✉✐♣❡ ❊❆✹✽✶✱ ♥♦t❛♠♠❡♥t ❧❡s ♥♦♠❜r❡✉① ét✉❞✐❛♥ts q✉✐ ♠✬♦♥t
❛✐❞é❡ ❞❛♥s ♠❡s ♠❛♥✐♣s ❡t ♠✬♦♥t ❛♣♣r✐s à ❡♥❝❛❞r❡r ❡t tr❛♥s♠❡ttr❡✳

▼❡r❝✐ ❡♥✜♥ à ♠❛ ❢❛♠✐❧❧❡ ❡t à ♠❡s ❛♠✐s ♣♦✉r ❧❡✉r s♦✉t✐❡♥✱ ❡t ♣❛rt✐❝✉❧✐è✲
r❡♠❡♥t à ❨♦❛♥ ♣♦✉r ❛✈♦✐r ❜r❛✈❡♠❡♥t r❡❧✉ ❝❡ t❛♣✉s❝r✐t✳✳✳

✸



✹



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■ ■♥tr♦❞✉❝t✐♦♥ ✶✸

✶ ▲✬é❧❡❝tr♦t❤ér❛♣✐❡ ✶✺
✶✳✶ ❇r❡❢ ❤✐st♦r✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✶✳✷ ▲✬é❧❡❝tr♦st✐♠✉❧❛t✐♦♥ ♠♦❞❡r♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✶✳✷✳✶ ▲❛ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ ♣r♦❢♦♥❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✶✳✷✳✷ ▲❛ st✐♠✉❧❛t✐♦♥ ❞✉ ♥❡r❢ ✈❛❣✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾
✶✳✷✳✸ ▲✬é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
✶✳✷✳✹ ▲❛ st✐♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶
✶✳✷✳✺ ▲❛ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✸ ▲❛ t❉❈❙ ✿ ♣r✐♥❝✐♣❡ ❡t ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✶✳✸✳✶ ❘❛♣♣❡❧s s✉r ❧❡ ♣♦t❡♥t✐❡❧ ♠❡♠❜r❛♥❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✶✳✸✳✷ ❆s♣❡❝ts ♣❤②s✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ t❉❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
✶✳✸✳✸ ❆✉tr❡s ♠é❝❛♥✐s♠❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✷ ▲❛ t❉❈❙ ✿ ❛♣♣❧✐❝❛t✐♦♥s ❝❤❡③ ❧✬❍♦♠♠❡ ✸✼
✷✳✶ ❆♣♣❧✐❝❛t✐♦♥s ❞❡ ❧❛ t❉❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✷✳✶✳✶ ❚r❛✐t❡r ❞❡s tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✷✳✶✳✷ ❉✐♠✐♥✉❡r ❧❛ ❞♦✉❧❡✉r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✷✳✶✳✸ ❚r❛✐t❡r ❞❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✷✳✶✳✹ ❈❤❡③ ❧❡ s✉❥❡t s❛✐♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✷✳✷ ❈✐❜❧❡r ❧❡ ❈P❋❉▲ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸
✷✳✷✳✶ ■♠♣♦rt❛♥❝❡ ❞❡s rés❡❛✉① ♥❡✉r♦♥❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹
✷✳✷✳✷ ▲❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✷✳✸ ❘❡❝❤❡r❝❤❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✸ ▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ✺✾
✸✳✶ ◆♦t✐♦♥ ❞❡ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾
✸✳✷ ▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ❞❡ t❉❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✳✷✳✶ ➱t✉❞❡s s✉r ❛♥✐♠❛✉① s❛✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵
✸✳✷✳✷ ➱t✉❞❡s s✉r ♠♦❞è❧❡s ❞❡ ♣❛t❤♦❧♦❣✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✺
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✹ ■♥térêt ❞✬✉♥ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ ✼✺

■■ ▼❛tér✐❡❧ ❡t ♠ét❤♦❞❡s ✼✼

✺ ▲❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ ✼✾
✺✳✶ ❙✉❥❡ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
✺✳✷ ▲❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✺✳✷✳✶ ❈❤✐r✉r❣✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✺✳✷✳✷ ❙❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✻ ❚❡sts ❝♦♠♣♦rt❡♠❡♥t❛✉① ✽✸
✻✳✶ ❆❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✻✳✶✳✶ ❊♥ ♠✐❧✐❡✉ ❢❛♠✐❧✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸
✻✳✶✳✷ ❊♥ ré♣♦♥s❡ à ❧❛ ♥♦✉✈❡❛✉té ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✻✳✷ ❈♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧✬❛♥①✐été ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹
✻✳✸ ❈♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺
✻✳✹ ▼é♠♦✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✻✳✹✳✶ ▲❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼
✻✳✹✳✷ ▲❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✻✳✺ ❈♦♠♣♦rt❡♠❡♥ts ✈✐s✲à✲✈✐s ❞❡s ❞r♦❣✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾
✻✳✺✳✶ ❚❡st ❞❡ ❧✐❜r❡ ❝❤♦✐① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾
✻✳✺✳✷ Pr♦♣r✐étés ❛♣♣ét✐t✐✈❡s ❞❡s ❞r♦❣✉❡s ❞✬❛❜✉s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵
✻✳✺✳✸ ❚❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶
✻✳✺✳✹ ❙❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✼ ❚❡sts ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ✾✺
✼✳✶ ■♠♠✉♥♦❤✐st♦❝❤✐♠✐❡ ✿ ét✉❞❡ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✼✳✶✳✶ ❚r❛✐t❡♠❡♥t à ❧❛ ❇r❞❯ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺
✼✳✶✳✷ ❋✐①❛t✐♦♥ ❡t ❝♦♥s❡r✈❛t✐♦♥ ❞❡s t✐ss✉s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺
✼✳✶✳✸ ■♠♠✉♥♦❤✐st♦❝❤✐♠✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✻
✼✳✶✳✹ ▼♦♥t❛❣❡ ❞❡s ❧❛♠❡s ❡t ❛♥❛❧②s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✼✳✷ ❍②❜r✐❞❛t✐♦♥ ✐♥ s✐t✉ ✿ ❩✐❢✷✻✽ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
✼✳✷✳✶ ❖❜t❡♥t✐♦♥ ❡t ♣ré♣❛r❛t✐♦♥ ❞❡s ❝♦✉♣❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
✼✳✷✳✷ ▼❛rq✉❛❣❡ ❞❡s s♦♥❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
✼✳✷✳✸ ❍②❜r✐❞❛t✐♦♥ ✐♥ s✐t✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾
✼✳✷✳✹ ❘é✈é❧❛t✐♦♥ ❡t ❛♥❛❧②s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✾

✽ ❚r❛✐t❡♠❡♥t ❞❡s rés✉❧t❛ts ✶✵✶
✽✳✶ Prés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
✽✳✷ ❙t❛t✐st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
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✽✳✷✳✶ t✲t❡sts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
✽✳✷✳✷ ❆◆❖❱❆s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

■■■ ❘és✉❧t❛ts ✶✵✸

✾ ➱t✉❞❡ ✶ ✶✵✺
✾✳✶ ❈❤♦✐① ❞✉ ♠♦❞è❧❡ ❛♥✐♠❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✾✳✶✳✶ ▲❛ s♦✉r✐s ❙✇✐ss ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼
✾✳✶✳✷ Pr♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼
✾✳✶✳✸ ▲❡ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡ ❧❛ s♦✉r✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✾✳✷ ❊✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾
✾✳✷✳✶ ❈r✐❜❧❛❣❡ ❞❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾
✾✳✷✳✷ ■♠♣❛❝t ❞❡ ❧❛ ♣♦❧❛r✐té ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦❞❡ ✳ ✳ ✶✶✹

✾✳✸ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

✶✵ ➱t✉❞❡ ✷ ✶✷✶
✶✵✳✶ ▲❛ ♥❡✉r♦❣❡♥ès❡ à ❧✬â❣❡ ❛❞✉❧t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶

✶✵✳✶✳✶ ▲❛ ♥é♦✲♥❡✉r♦❣❡♥ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✶
✶✵✳✶✳✷ ◆❡✉r♦❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❡t ❞é♣r❡ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹
✶✵✳✶✳✸ ◆❡✉r♦❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❡t ♠é♠♦✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✶✵✳✷ ▲❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽
✶✵✳✷✳✶ ▲❛ t❉❈❙ ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽
✶✵✳✷✳✷ ■♠♣❛❝t ❞❡ ❧✬â❣❡ ❞❡s s♦✉r✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✶✵✳✸ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✶✶ ➱t✉❞❡ ✸ ✶✸✼
✶✶✳✶ ▼♦❞❡ ❞✬❛❝t✐♦♥ ❞❡s ❞r♦❣✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼
✶✶✳✷ ▲❛ t❉❈❙ ❡t ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❞r♦❣✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✶
✶✶✳✸ ❊①♣♦s✐t✐♦♥ ❝❤r♦♥✐q✉❡ à ❧❛ ♥✐❝♦t✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

✶✶✳✸✳✶ ▲❛ t❉❈❙ ❛♣rès ✉♥❡ ♣r✐s❡ ❝❤r♦♥✐q✉❡ ❞❡ ♥✐❝♦t✐♥❡ à ❧✬❛❞♦✲
❧❡s❝❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✶✶✳✸✳✷ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺
✶✶✳✹ ❊①♣♦s✐t✐♦♥ à ❧✬❛❧❝♦♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻

✶✶✳✹✳✶ t❉❈❙ ❡t ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ❞✬ét❤❛♥♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻
✶✶✳✹✳✷ t❉❈❙ ❡t ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧✬ét❤❛♥♦❧ ✶✹✽
✶✶✳✹✳✸ t❉❈❙ ❡t r❡❝❤✉t❡ ❡♥ ❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾
✶✶✳✹✳✹ t❉❈❙ ❡t s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ à ❧✬ét❤❛♥♦❧ ✳ ✳ ✳ ✳ ✳ ✶✺✶
✶✶✳✹✳✺ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✹

✶✶✳✺ ❊①♣♦s✐t✐♦♥ à ❧❛ ❝♦❝❛ï♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✼
✶✶✳✺✳✶ ▲❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✼



✽ ❚❆❇▲❊ ❉❊❙ ▼❆❚■➮❘❊❙

✶✶✳✺✳✷ ❈♦❝❛ï♥❡ ❡t ❩✐❢✷✻✽ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾
✶✶✳✺✳✸ t❉❈❙ ❡t ✐♠♣❛❝t ❞✬✉♥❡ ❡①♣♦s✐t✐♦♥ ❛✐❣✉ë à ❧❛ ❝♦❝❛ï♥❡ ✳ ✳ ✶✻✵
✶✶✳✺✳✹ t❉❈❙ ❡t ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❛ ❝♦❝❛ï♥❡ ✶✻✺
✶✶✳✺✳✺ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✼

✶✶✳✻ ❈♦♥❝❧✉s✐♦♥ ❞❡ ❧✬ét✉❞❡ ✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✾

■❱ ❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ✶✼✶

✶✷ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡ ✶✼✸
✶✷✳✶ ▲✐♠✐t❡s ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✹
✶✷✳✷ ❙♦✉❧❛❣❡r ❞❡s s②♠♣tô♠❡s ♣s②❝❤✐❛tr✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺
✶✷✳✸ ❈♦♠♣r❡♥❞r❡ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❧❛ t❉❈❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✼
✶✷✳✹ P❡rs♣❡❝t✐✈❡ ✿ st✐♠✉❧❡r à ❧✬❛❞♦❧❡s❝❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✽
✶✷✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

❆♥♥❡①❡s ✷✶✾

❆ ❘❡✈✉❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ✲ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲

❧❛t✐♦♥ ❢♦r ♠❡♠♦r② ❡♥❤❛♥❝❡♠❡♥t ✿ ❢r♦♠ ❝❧✐♥✐❝❛❧ r❡s❡❛r❝❤ t♦

❛♥✐♠❛❧ ♠♦❞❡❧s ✷✷✶

❇ ❆rt✐❝❧❡ ✶ ✲ ❘❡♣❡❛t❡❞ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥

♣r❡✈❡♥ts ❛❜♥♦r♠❛❧ ❜❡❤❛✈✐♦rs ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❜st✐♥❡♥❝❡ ❢r♦♠

❝❤r♦♥✐❝ ♥✐❝♦t✐♥❡ ❝♦♥s✉♠♣t✐♦♥ ✷✸✶

❈ ❆rt✐❝❧❡ ✷ ✲ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♣r♦❞✉❝❡s

❧♦♥❣✲❧❛st✐♥❣ ❛tt❡♥✉❛t✐♦♥ ♦❢ ❝♦❝❛✐♥❡✲✐♥❞✉❝❡❞ ❜❡❤❛✈✐♦r❛❧ r❡s✲

♣♦♥s❡s ❛♥❞ ❣❡♥❡ r❡❣✉❧❛t✐♦♥ ✐♥ ❝♦rt✐❝♦str✐❛t❛❧ ❝✐r❝✉✐ts ✷✹✶

❉ Prés❡♥t❛t✐♦♥ ❞✉ st✐♠✉❧❛t❡✉r ❖♣❡♥✲t❊❙ ✷✺✺

❆❜ré✈✐❛t✐♦♥s ✷✺✼



❆✈❛♥t✲♣r♦♣♦s

▲❡ ❝❡r✈❡❛✉ ❡st ❧✬♦r❣❛♥❡ ❧❡ ♣❧✉s ❝♦♠♣❧❡①❡ ❡t ♣❡✉t✲êtr❡ ❧❡ ♣❧✉s ♠②stér✐❡✉① ❞✉
❝♦r♣s ❤✉♠❛✐♥✳ ❇✐❡♥ q✉✬✐❧ ♥❡ r❡♣rés❡♥t❡ q✉❡ ✷ ✪ ❞✉ ♣♦✐❞s ❞✬✉♥ ❍♦♠♠❡ ❛❞✉❧t❡✱
✐❧ ❡st ❧❡ ❝❡♥tr❡ ❞❡s ❢♦♥❝t✐♦♥s ✈✐t❛❧❡s ❡t ♠♦tr✐❝❡s✱ ❡t ❧❡ s✐è❣❡ ❞❡s é♠♦t✐♦♥s✱ ❞✉
r❛✐s♦♥♥❡♠❡♥t✱ ❡t ❞❡s ♣❡♥sé❡s ❡♥ ❣é♥ér❛❧✳

▲❛ ♣♦ss✐❜✐❧✐té ❞✬❡①❡r❝❡r ✉♥ ❝♦♥trô❧❡ ❡①t❡r♥❡ s✉r ❝❡t ♦r❣❛♥❡✱ q✉❡ ❝❡ s♦✐t
♣♦✉r ❛✉❣♠❡♥t❡r s❡s ❢❛❝✉❧tés ♦✉ ♣♦✉r tr❛✐t❡r s❡s ♣❛t❤♦❧♦❣✐❡s✱ ✐♥tér❡ss❡ ❞❡♣✉✐s
❧✬❆♥t✐q✉✐té✳ ◗✉❡ ❝❡ s♦✐t ♣❛r ❧❡ s✉✐✈✐ ❞❡ ♣r♦❣r❛♠♠❡s ❞✬❡♥tr❛î♥❡♠❡♥t s♣é❝✐✜q✉❡s
✭❥❡✉① ❞❡ ♠é♠♦✐r❡✱ ❧♦❣✐q✉❡✳✳✳✮ ♦✉ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❞r♦❣✉❡s✱ ❧❛ ❝❛♣❛❝✐té ❞❡
♠♦❞✐✜❡r ❧✬❛❝t✐✈✐té ❝éré❜r❛❧❡ ❡t ❧❡s ❢♦♥❝t✐♦♥s q✉✐ ❡♥ ❞é❝♦✉❧❡♥t ❢❛✐t ❧✬♦❜❥❡t ❞❡
♥♦♠❜r❡✉s❡s ét✉❞❡s✳

P❛r♠✐ ❧❡s ♣❧✉s ❛♥❝✐❡♥♥❡s t❡❝❤♥✐q✉❡s ❛②❛♥t ♣♦✉r ❜✉t ❧❛ ♠♦❞✉❧❛t✐♦♥ ❝é✲
ré❜r❛❧❡✱ s❡ tr♦✉✈❡ ❧❛ st✐♠✉❧❛t✐♦♥ ♣❛r ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❀ ❞❡ ♥♦s ❥♦✉rs ❡❧❧❡
❝♦♥st✐t✉❡ ✉♥❡ ♣✐st❡ sér✐❡✉s❡ ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞❡ ♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s
♦✉ ♥❡✉r♦❧♦❣✐q✉❡s✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t
❝♦♥t✐♥✉ ✭t❉❈❙✮ ❡st ✉♥❡ t❡❝❤♥✐q✉❡ r❡❧❛t✐✈❡♠❡♥t ré❝❡♥t❡✱ ❞♦♥t ❧❛ ♣♦♣✉❧❛r✐té ❛
❛✉❣♠❡♥té ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✳

❆✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✱ ❥✬❛✐ ❡✉ ❧✬♦❝❝❛s✐♦♥ ❞✬ét✉❞✐❡r ❝❡tt❡ t❡❝❤♥✐q✉❡ s✉r ✉♥
♠♦❞è❧❡ ❛♥✐♠❛❧✱ ❧❛ s♦✉r✐s✳ ❇❡❛✉❝♦✉♣ ❞✬❛♣♣r♦❝❤❡s ❛✉r❛✐❡♥t ♣✉ êtr❡ ré❛❧✐sé❡s ❀
♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞✬❛❝q✉ér✐r ✉♥❡ ✈✉❡ ❞✬❡♥s❡♠❜❧❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥
tr❛♥s❝râ♥✐❡♥♥❡ s✉r ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉①✱ ♣❧✉tôt q✉❡
❞❡ ♥♦✉s ❝♦♥❝❡♥tr❡r s✉r ✉♥ ❝r✐tèr❡ ♣ré❝✐s ❡t ❞❡ ❧✬é✈❛❧✉❡r ❡♥ ♣r♦❢♦♥❞❡✉r✳

❉❡ ♥♦♠❜r❡✉① ♣❛rt❡♥❛✐r❡s ♥♦✉s ♦♥t ❛✐❞és à ré❛❧✐s❡r ❝❡s tr❛✈❛✉①✳ ❊♥ ♣r❡✲
♠✐❡r ❧✐❡✉✱ ❧❛ ✈✐❧❧❡ ❞❡ ❇❡s❛♥ç♦♥ q✉✐ ❛ ✜♥❛♥❝é ♠♦♥ ❛❧❧♦❝❛t✐♦♥ ❞❡ t❤ès❡ ♣❡♥❞❛♥t
tr♦✐s ❛♥s✳ P❛r♠✐ ♥♦s ❛✉tr❡s s♦✉r❝❡s ❞❡ ✜♥❛♥❝❡♠❡♥t✱ ❧❛ ❋♦♥❞❛t✐♦♥ ♣♦✉r ❧❛
❘❡❝❤❡r❝❤❡ ❡♥ ❆❧❝♦♦❧♦❣✐❡ ✭❋❘❆✮ ♥♦✉s ❛ ❛❝❝♦r❞é ♣❧✉s✐❡✉rs ❜♦✉rs❡s ♥♦✉s ♣❡r✲
♠❡tt❛♥t ❞✬❛❝❤❡t❡r ❞✉ ♠❛tér✐❡❧ ♣♦✉r ♥♦s ét✉❞❡s✳

▲✬❡♥tr❡♣r✐s❡ ❉✐①✐ ♠✐❝r♦t❡❝❤♥✐q✉❡s✱ à ❇❡s❛♥ç♦♥✱ ❛ ❞é✈❡❧♦♣♣é ✉♥❡ ♣❛rt✐❡ ❞✉
♠❛tér✐❡❧ ❞❡ st✐♠✉❧❛t✐♦♥ q✉✐ ♥♦✉s ❛ été ♥é❝❡ss❛✐r❡ ♣♦✉r ré❛❧✐s❡r ❧❛ t❡❝❤♥✐q✉❡
s✉r ❧❛ s♦✉r✐s✳

❆✉ ♥✐✈❡❛✉ t❡❝❤♥♦❧♦❣✐q✉❡✱ ♥♦tr❡ ✐♥❣é♥✐❡✉r ❞❡ r❡❝❤❡r❝❤❡ P❛tr✐❝❡ ❆♥❞r✐❡✉ ❛
❞é✈❡❧♦♣♣é ♥♦tr❡ s②stè♠❡ ❞❡ ❝♦♥t❡♥t✐♦♥ ❡t ✉♥ ❣é♥ér❛t❡✉r ❞❡ ❝♦✉r❛♥t s♣é❝✐✜q✉❡
à ❧✬❛♥✐♠❛❧✳

◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ré❛❧✐sé ❞❡s ét✉❞❡s ❡♥ ♣❛rt❡♥❛r✐❛t ❛✈❡❝ ❞❡✉① ❧❛✲
❜♦r❛t♦✐r❡s✳ ❏✬❛✐ ❛✐♥s✐ ❡✛❡❝t✉é ✉♥ st❛❣❡ ❛✉ s❡✐♥ ❞❡ ❧✬éq✉✐♣❡ ❞✉ Pr✳ ◆❛❛ss✐❧❛✱
❞✉ ●r♦✉♣❡ ❞❡ r❡❝❤❡r❝❤❡ s✉r ❧✬❛❧❝♦♦❧ ❡t ❧❡s ♣❤❛r♠❛❝♦❞é♣❡♥❞❛♥❝❡s ✭●❘❆P✮ à

✾



✶✵ ❚❆❇▲❊ ❉❊❙ ▼❆❚■➮❘❊❙

❆♠✐❡♥s ✭■◆❙❊❘▼ ❊❘■ ✷✹✮✱ ❡t ✉♥ ❛✉tr❡ ❞❛♥s ❧❡s éq✉✐♣❡s ❞✉ Pr✳ ❙t❡✐♥❡r ❡t
❞✉ Pr✳ ❚s❡♥❣ ❞❡ ❧❛ ❈❤✐❝❛❣♦ ▼❡❞✐❝❛❧ ❙❝❤♦♦❧ ✭❘♦s❛❧✐♥❞ ❋r❛♥❦❧✐♥ ❯♥✐✈❡rs✐t②✱
◆♦rt❤ ❈❤✐❝❛❣♦✮✳

❊♥✜♥✱ ❧❡s tr❛✈❛✉① ❞❡ ❝❡tt❡ t❤ès❡ s♦♥t à r❡♣❧❛❝❡r ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ r❡✲
❝❤❡r❝❤❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ s✉r ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❡✛❡❝t✉é❡ ❛✉ ❧❛❜♦r❛t♦✐r❡✱
❛✈❡❝ ❞❡s éq✉✐♣❡s tr❛✈❛✐❧❧❛♥t s✉r ♠♦❞è❧❡ ❛♥✐♠❛❧ ♦✉ ❝❤❡③ ❧❡ s✉❥❡t ❤✉♠❛✐♥✳ ❊♥
♣❧✉s ❞❡ ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡✱ ❞✬❛✉tr❡s str✉❝t✉r❡s t❡❧❧❡s q✉❡ ❧❡ ❝❡♥tr❡ ❤♦s♣✐t❛❧✐❡r
✉♥✐✈❡rs✐t❛✐r❡ ❡t ❧❡ ❈❡♥tr❡ ❞✬■♥✈❡st✐❣❛t✐♦♥ ❈❧✐♥✐q✉❡ ✲ ■♥♥♦✈❛t✐♦♥ ❚❡❝❤♥♦❧♦❣✐q✉❡
✭❈■❈✲■❚ ✽✵✽✮ ❞❡ ❇❡s❛♥ç♦♥ ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❝❡tt❡ r❡❝❤❡r❝❤❡✱ s♦✉s ❧❛ ❝♦♦r✲
❞✐♥❛t✐♦♥ ❞✉ Pr✳ ❊♠♠❛♥✉❡❧ ❍❛✛❡♥✳



❘és✉♠é

▲❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ✭t❉❈❙✮ ❡st ✉♥❡ t❡❝❤✲
♥✐q✉❡ ♥♦♥ ✐♥✈❛s✐✈❡ q✉✐ ♣❡r♠❡t ❞❡ ♠♦❞✐✜❡r ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ❛✉ ♠♦②❡♥
❞✬✉♥ ❢❛✐❜❧❡ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❞é❧✐✈ré à tr❛✈❡rs ❧❡ ❝râ♥❡✳ P❡✉ ❝♦ût❡✉s❡ ❡t ❜✐❡♥
t♦❧éré❡✱ ❡❧❧❡ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ét✉❞✐é❡ ♣♦✉r ❧✬é❧❛❜♦r❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① tr❛✐t❡✲
♠❡♥ts ❞❡ tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s t❡❧s q✉❡ ❧❛ ❞é♣r❡ss✐♦♥ ❡t ❧✬❛❞❞✐❝t✐♦♥✳ ❈❡♣❡♥✲
❞❛♥t s❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ s♦♥t ♠é❝♦♥♥✉s✱ ❞✬♦ù ❧❛ ♥é❝❡ss✐té ❞❡ r❡❝❤❡r❝❤❡s
❝♦♠♣❧é♠❡♥t❛✐r❡s s✉r ❧✬❛♥✐♠❛❧✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ♠❛ t❤ès❡ ét❛✐t ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ t❉❈❙
♣♦✉r ✶✮ ❝❛r❛❝tér✐s❡r ❝❤❡③ ❧❛ s♦✉r✐s ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✛❡❝tés ♣❛r ❞❡s s❡ss✐♦♥s
ré♣été❡s ❞❡ t❉❈❙ ❀ ✷✮ ❝♦♠♠❡♥❝❡r à ❛♣♣ré❤❡♥❞❡r ❧❡s ♠é❝❛♥✐s♠❡s ♥❡✉r♦❜✐♦❧♦✲
❣✐q✉❡s s♦✉s✲t❡♥❞❛♥t s❡s ❡✛❡ts ❀ ❡t ✸✮ é✈❛❧✉❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡
❛✐❞❡ ❛✉ s❡✈r❛❣❡ ♣♦✉r ❞✐✛ér❡♥ts ♣s②❝❤♦tr♦♣❡s✳

◆♦✉s ❛✈♦♥s st✐♠✉❧é ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡s s♦✉r✐s ♣❛r ✉♥ ❝♦✉r❛♥t ❛♥♦❞✐q✉❡
❞❡ ✵✳✷ ♠❆ ✭✷①✷✵ ♠✐♥✉t❡s✴❥♦✉r✱ ✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮✳

◆♦s ❞♦♥♥é❡s ✐♥❞✐q✉❡♥t q✉❡ ❧❛ t❉❈❙ ❛ ✉♥ ❡✛❡t ❜é♥é✜q✉❡ s✉r ❧❡s ❝♦♠✲
♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❡t à ❧❛ ♠é♠♦✐r❡ ✭✈✐s✉♦✲s♣❛t✐❛❧❡ ❡t ❞❡
tr❛✈❛✐❧✮ ❛♣♣❛r❛✐ss❛♥t tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ t❉❈❙✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ q✉❛♥✲
t✐✜é ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❡t ♠♦♥tré q✉✬❡❧❧❡ ❡st
♣❧✉s ✐♠♣♦rt❛♥t❡ ❝❤❡③ ❧❡s s♦✉r✐s st✐♠✉❧é❡s ♣❛r t❉❈❙✳ ❊♥✜♥✱ ❧❛ t❉❈❙ ✐♠♣❛❝t❡
❧❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ❡t ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❞❡ ❞✐✛ér❡♥t❡s ❞r♦❣✉❡s✳ ◆♦✲
t❛♠♠❡♥t✱ ❝❡rt❛✐♥s ❡✛❡ts ❞é❧étèr❡s ❞✬✉♥❡ ♣r✐s❡ ❝❤r♦♥✐q✉❡ ❞❡ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t
❧✬❛❞♦❧❡s❝❡♥❝❡ ✭t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✱ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡✮ s♦♥t
❛♥♥✉❧és ♣❛r ❧❛ t❉❈❙✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❞✐♠✐♥✉❡ ❛✉ss✐ ❧❛ ✈❛❧❡✉r ❤é❞♦♥✐q✉❡ ❞❡
❧❛ ♥✐❝♦t✐♥❡ ❡t ❞❡ ❧❛ ❝♦❝❛ï♥❡ ✭♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡✮✱ ❛✐♥s✐ q✉❡ ❧❛
r❡❝❤✉t❡ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬❛❧❝♦♦❧ ✭❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ♣❛r ✈♦✐❡ ♦r❛❧❡✮ ❛♣rès
❡①t✐♥❝t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t✳ ❊♥✜♥✱ ❡❧❧❡ ❞✐♠✐♥✉❡ ❧❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉①
✭❧♦❝♦♠♦t✐♦♥✮ ❡t ♠♦❧é❝✉❧❛✐r❡s ✭✐♥❞✉❝t✐♦♥ ❞❡ ❩✐❢✷✻✽ ❞❛♥s ❧❡s ❝✐r❝✉✐ts ❝♦rt✐❝♦✲
str✐❛t❛✉①✮ ❞✬✉♥❡ ❡①♣♦s✐t✐♦♥ ❛✐❣✉ë à ❧❛ ❝♦❝❛ï♥❡✳

◆♦s rés✉❧t❛ts s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❝❧✐♥✐q✉❡s r❡❝✉❡✐❧❧✐❡s ❝❤❡③
❧✬❍♦♠♠❡ ❡t s♦✉t✐❡♥♥❡♥t ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t êtr❡ ✉♥ tr❛✐t❡✲
♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ ❜é♥é✜q✉❡ ♣♦✉r ❞✐✈❡rs❡s ♣❛t❤♦❧♦❣✐❡s✳ ■❧s ♦✉✈r❡♥t ❧❛ ✈♦✐❡
à ❞✐✛ér❡♥t❡s ét✉❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ♥♦tr❡ ♠♦❞è❧❡ ❛♥✐♠❛❧
❝♦♥st✐t✉❡ ✉♥ ♦✉t✐❧ ✐♥tér❡ss❛♥t✳

✶✶



✶✷



Pr❡♠✐èr❡ ♣❛rt✐❡

■♥tr♦❞✉❝t✐♦♥

✶✸





✶ ▲✬é❧❡❝tr♦t❤ér❛♣✐❡

✶✳✶ ❇r❡❢ ❤✐st♦r✐q✉❡

▲❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ✭t❉❈❙✮ ❡st ✉♥❡ t❡❝❤✲
♥✐q✉❡ ❞❡ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ q✉✐ s✬✐♥s❝r✐t ❞❛♥s ❧❡ ❝❤❛♠♣ ♣❧✉s ❣é♥ér❛❧ ❞❡ ❧✬é❧❡❝✲
tr♦t❤ér❛♣✐❡ ✭❡♠♣❧♦✐ ❞❡ ❧✬é❧❡❝tr✐❝✐té ❞❛♥s ✉♥ ❜✉t t❤ér❛♣❡✉t✐q✉❡✮✳

▲❛ ♣♦ss✐❜✐❧✐té ❞❡ tr❛✐t❡r ❝❡rt❛✐♥❡s ♣❛t❤♦❧♦❣✐❡s ♣❛r ❧✬é❧❡❝tr✐❝✐té ♥✬❡st ♣❛s
✉♥❡ ✐❞é❡ ♥♦✉✈❡❧❧❡ ❀ ❧❡s ♣r❡♠✐èr❡s tr❛❝❡s ❞✬é❧❡❝tr♦t❤ér❛♣✐❡ r❡♠♦♥t❡♥t ❛✉ ■❡r

s✐è❝❧❡ ❞❡ ♥♦tr❡ èr❡✳ ❯♥ ♠é❞❡❝✐♥ r♦♠❛✐♥✱ ❙❝r✐❜♦♥✐✉s ▲❛r❣✉s✱ ❞é❝r✐✈❛✐t ❛❧♦rs
❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ r❛✐❡s é❧❡❝tr✐q✉❡s ✈✐✈❛♥t❡s ❞✉ ❣❡♥r❡ t♦r♣❡❞♦ ♣♦✉r s♦✉❧❛❣❡r ❧❡s
♠❛✉① ❞❡ têt❡ ❡t ❧❛ ❣♦✉tt❡✱ ♣❛r ❛♣♣❧✐❝❛t✐♦♥ r❡s♣❡❝t✐✈❡♠❡♥t s✉r ❧❡ ❢r♦♥t ♦✉ s♦✉s
❧❡ ♣✐❡❞ ✭❚s♦✉❝❛❧❛s ❡t ❛❧✳✱ ✷✵✶✹✮✳

◆é❛♥♠♦✐♥s✱ ✐❧ ❢❛✉❞r❛ ❛tt❡♥❞r❡ ❧❛ ✜♥ ❞✉ ❳❱■■■è♠❡ s✐è❝❧❡ ❡t ❧❡s tr❛✈❛✉① ❞❡
▲✉✐❣✐ ●❛❧✈❛♥✐ ❡t ❞✬❆❧❡ss❛♥❞r♦ ❱♦❧t❛ ❞❡ P❛❧✉❛ ♣♦✉r q✉❡ ❞❡ ♣r❡♠✐èr❡s ét✉❞❡s✱
q✉✐ s❡r♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❡♥ ❝❧✐♥✐q✉❡✱ s♦✐❡♥t
♠❡♥é❡s s✉r ❧✬❛♥✐♠❛❧✳ ❊♥ ✶✽✵✻✱ ●✐♦✈❛♥♥✐ ❆❧❞✐♥✐✱ ♥❡✈❡✉ ❞❡ ●❛❧✈❛♥✐✱ r❡♣♦rt❛
❧✬❡✣❝❛❝✐té ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❧♦❜❡ ♣❛r✐ét❛❧
✭✜❣✉r❡ ✶✳✶✱ ❆✮ ♣♦✉r s♦✉❧❛❣❡r ✉♥❡ ❞é♣r❡ss✐♦♥ sé✈èr❡ ✭▼❛❝❞♦♥❛❧❞✱ ✶✾✾✸✮✳

A B

❋✐❣✉r❡ ✶✳✶ ✕ ❆✴ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞✬✉♥ s✉❥❡t ❤✉♠❛✐♥ ♣❛r ❝♦✉✲
r❛♥t ❣❛❧✈❛♥✐q✉❡ s❡❧♦♥ ❆❧❞✐♥✐ ❀ t✐ré ❞❡ ❙t❛❣❣ ❡t ◆✐ts❝❤❡ ✭✷✵✶✶✮✳ ❇✴ ●é♥ér❛t❡✉r
❞❡ ❝♦✉r❛♥t ❣❛❧✈❛♥✐q✉❡ ✉t✐❧✐sé ♣❛r ❆r♥❞t ❀ t✐ré ❞❡ ❙t❡✐♥❜❡r❣ ✭✷✵✶✸✮✳

✶✺



✶✻ ❈❍❆P■❚❘❊ ✶✳ ▲✬➱▲❊❈❚❘❖❚❍➱❘❆P■❊

❉ès ❧❛ ✜♥ ❞✉ ❳■❳è♠❡ s✐è❝❧❡✱ ❞❡✉① ♣s②❝❤✐❛tr❡s ❛❧❧❡♠❛♥❞s✱ ❘✉❞♦❧♣❤ ●♦tt✲
❢r✐❡❞ ❆r♥❞t ❡t ❲✐❧❤❡❧♠ ❚✐❣❣❡s✱ ♦♥t ❝♦♥❞✉✐t ❞❡s ét✉❞❡s s✉r ❞❡s ❣r♦✉♣❡s ❞❡
♣❛t✐❡♥ts ❞é♣r❡ss✐❢s ♦✉ ♣s②❝❤♦t✐q✉❡s✳ ■❧s ♦♥t ✉t✐❧✐sé ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬é❧❡❝tr♦✲
st✐♠✉❧❛t✐♦♥ ❛♣♣❧✐q✉é❡ s✉r ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ♣❡❛✉ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧❛ têt❡✮ ❀
❧❡s ❞ét❛✐❧s ❞✉ ♣r♦t♦❝♦❧❡ t❡❧s q✉❡ ❧✬✐♥t❡♥s✐té ❞❡ ❝♦✉r❛♥t ❡t ❧❡ t❡♠♣s ❞❡ st✐♠✉✲
❧❛t✐♦♥ s♦♥t ❝❡♣❡♥❞❛♥t ♠❛♥q✉❛♥ts ✭✜❣✉r❡ ✶✳✶ ❇✮✳ ❚✐❣❣❡s ❞✐✛ér❡♥❝✐❛ ♣❧✉s✐❡✉rs
❣r♦✉♣❡s ❞❡ ♣❛t✐❡♥ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs s②♠♣tô♠❡s ❡t ❝♦♥❝❧✉t q✉❡ ❧✬é❧❡❝tr♦✲
t❤ér❛♣✐❡ ét❛✐t ❡✣❝❛❝❡ ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s✱
❡t ♣♦✉rr❛✐t ♠ê♠❡ êtr❡ r❡❝♦♠♠❛♥❞é❡ ❝♦♠♠❡ tr❛✐t❡♠❡♥t q✉❛♥❞ ❧❡s t❤ér❛♣✐❡s
❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s ♥❡ ❢♦♥❝t✐♦♥♥❡♥t ♣❛s ✭❙t❡✐♥❜❡r❣✱ ✷✵✶✸✮✳

❈❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ s❡r❛ ♠✐s❡ ❞❡ ❝ôté ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡
❞✉ ❳❳è♠❡ s✐è❝❧❡✱ ❞✉ ❢❛✐t ♥♦t❛♠♠❡♥t ❞❡ ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❧✬é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦✲
t❤ér❛♣✐❡ ♣❛r ❇✐♥✐ ❡t ❈❡r❧❡tt✐ ❡♥ ✶✾✸✽✳ ❈❡tt❡ ❛✉tr❡ ♠ét❤♦❞❡ ❞✬é❧❡❝tr♦st✐♠✉❧❛✲
t✐♦♥ ❝♦♥s✐st❡ à ♣r♦✈♦q✉❡r ✉♥❡ ❝r✐s❡ ❞✬é♣✐❧❡♣s✐❡ ♣❛r ❛❞♠✐♥✐str❛t✐♦♥ ❞❡ tr❛✐♥s
❞✬✐♠♣✉❧s✐♦♥ ❞✬✐♥t❡♥s✐té ✈❛r✐❛❜❧❡✱ ❡t ❛ ❢❛✐t ♣r❡✉✈❡ ❞✬❡✣❝❛❝✐té ♣❛r ❡①❡♠♣❧❡ ❞❛♥s
❧❡ tr❛✐t❡♠❡♥t ❞❡ ❞é♣r❡ss✐♦♥s rés✐st❛♥t❡s ❛✉① tr❛✐t❡♠❡♥ts ♠é❞✐❝❛♠❡♥t❡✉①✳

▲❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ré❛♣♣❛r❛ît ❞❛♥s ❧❡s
❛♥♥é❡s ✶✾✻✵✳ ▲❡s éq✉✐♣❡s ❞❡ ❈r❡✉t③❢❡❧❞t ❡t ❛❧✳ ✭✶✾✻✷✮✱ ♣✉✐s ❞❡ ❇✐♥❞♠❛♥ ❡t ❛❧✳
✭✶✾✻✹✮ ❞é♠♦♥tr❡♥t q✉❡ ❧❡ ♣❛ss❛❣❡ ❞✬✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❛♣♣❧✐q✉é à ❧❛ s✉r❢❛❝❡
❝♦rt✐❝❛❧❡ ❡♥tr❛î♥❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧✬❛❝t✐✈✐té é❧❡❝tr✐q✉❡ ❞❡s ❝❡❧❧✉❧❡s ♥❡r✲
✈❡✉s❡s ❝❤❡③ ❧✬❛♥✐♠❛❧ ✭r❡s♣❡❝t✐✈❡♠❡♥t s✉r ❧✬❡♥❝é♣❤❛❧❡ ✐s♦❧é ❞❡ ❝❤❛t ❡t s✉r ❧❡
r❛t ❛♥❡st❤és✐é✮✱ ❡t q✉❡ ❝❡s ♠♦❞✐✜❝❛t✐♦♥s ♣❡r❞✉r❡♥t ♣❧✉s✐❡✉rs ❤❡✉r❡s ❛♣rès ✉♥❡
st✐♠✉❧❛t✐♦♥ ❞❡ ✺ à ✶✵ ♠✐♥✉t❡s✳ ❊♥ ✶✾✻✹✱ ▲✐♣♣♦❧❞ ❡t ❘❡❞❢❡❛r♥ ét✉❞✐❡♥t ❧✬❡❢✲
❢❡t ❞✬✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ s✉❥❡ts ❤✉♠❛✐♥s✳ ❯♥❡ ♣❡t✐t❡
é❧❡❝tr♦❞❡ ♣♦❧❛r✐s❛♥t❡ ❡st ♣❧❛❝é❡ ❛✉✲❞❡ss✉s ❞❡ ❝❤❛q✉❡ s♦✉r❝✐❧✱ ❡t ✉♥❡ é❧❡❝tr♦❞❡
❞❡ ré❢ér❡♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❣❡♥♦✉✳ ▲✬✐♥t❡♥s✐té ❡t ❧❛ ❞✉ré❡ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ s♦♥t
✈❛r✐❛❜❧❡s ✭❡♥tr❡ ✶ ❡t ✸ ♠❆✱ ❞❡ q✉❡❧q✉❡s ♠✐♥✉t❡s à ♣❧✉s✐❡✉rs ❤❡✉r❡s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ t♦❧ér❛♥❝❡ ❞✉ s✉❥❡t✮✱ ❡t ❝❤❛q✉❡ s✉❥❡t r❡ç♦✐t ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r ✉♥ ❝♦✉r❛♥t
❞❡ ♣♦❧❛r✐té ♣♦s✐t✐✈❡ ❡t ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r ✉♥ ❝♦✉r❛♥t ❞❡ ♣♦❧❛r✐té ♥é❣❛t✐✈❡✳
▲❡s ❛✉t❡✉rs ❝♦♥❝❧✉❡♥t ❞❡ ❧❡✉rs ♦❜s❡r✈❛t✐♦♥s q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ s❝❛❧♣✲♣♦s✐t✐✈❡
❛ ✉♥ ❡✛❡t ❡①❝✐t❛t❡✉r ♥♦t❛♠♠❡♥t s✉r ❧❛ ✈✐❣✐❧❛♥❝❡ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧✬❡♥✈✐✲
r♦♥♥❡♠❡♥t ✭✈♦❧✉❜✐❧✐té✱ r✐r❡✳✳✳✮✱ t❛♥❞✐s q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ s❝❛❧♣✲♥é❣❛t✐✈❡ ❛ ✉♥
❡✛❡t ♦♣♣♦sé ✭✐♥❤✐❜✐t✐♦♥✱ r❡tr❛✐t ♦❜s❡r✈és ♣❛r ❧✬❡♥t♦✉r❛❣❡ ❀ ▲✐♣♣♦❧❞ ❡t ❘❡❞❢❡❛r♥
✭✶✾✻✹✮✮✳

P❧✉s✐❡✉rs ét✉❞❡s ❝❧✐♥✐q✉❡s ❝♦♥trô❧é❡s ♦✉ ♥♦♥ s♦♥t ❛❧♦rs ré❛❧✐sé❡s ♣❛r ❞✐❢✲
❢ér❡♥t❡s éq✉✐♣❡s s✉r ❞❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s✳ ▲❡s ♣❛t✐❡♥ts s♦♥t tr❛✐tés ♣❛r ❞❡s
st✐♠✉❧❛t✐♦♥s s❝❛❧♣✲♣♦s✐t✐✈❡s ✭é❧❡❝tr♦❞❡s ♣❧❛❝é❡s s❡❧♦♥ ❧❛ ♣♦s✐t✐♦♥ ❞é❝r✐t❡ ♣ré✲
❝é❞❡♠♠❡♥t✮✱ ❞✬✉♥❡ ✐♥t❡♥s✐té ✈❛r✐❛♥t ❞❡ ✵✳✵✷ à ✵✳✷✺ ♠❆ ❡♥ sé❛♥❝❡s ré♣été❡s
❞❡ ♣❧✉s✐❡✉rs ❤❡✉r❡s ❝❤❛❝✉♥❡ ✭❘❡❞❢❡❛r♥ ❡t ❛❧✳✱ ✶✾✻✹ ❀ ❈♦st❛✐♥ ❡t ❛❧✳✱ ✶✾✻✹✮✳ ▲❡s
❛✉t❡✉rs ❢♦♥t ét❛t ❞✬❛♠é❧✐♦r❛t✐♦♥s s✐❣♥✐✜❝❛t✐✈❡s ❝❤❡③ ❝❡rt❛✐♥s ❞❡ ❝❡s ♣❛t✐❡♥ts
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✭ét✉❞❡ ❞❡ ❝❛s ❛✈❡❝ ♦❜s❡r✈❛t✐♦♥s ❜❛sé❡s s✉r ❧❡ r❡ss❡♥t✐ ❝❤❡③ ❘❡❞❢❡❛r♥ ❡t ❛❧✳
✭✶✾✻✹✮ ❀ ❡ss❛✐ ❝♦♥trô❧é ❛✈❡❝ ❞❡s s❝♦r❡s ét❛❜❧✐s ♣❛r ❧❡ ♣s②❝❤✐❛tr❡✱ ❧❡ ♣❡rs♦♥♥❡❧
s♦✐❣♥❛♥t✱ ❡t ❧❡ ♣❛t✐❡♥t ❧✉✐✲♠ê♠❡ ❝❤❡③ ❈♦st❛✐♥ ❡t ❛❧✳ ✭✶✾✻✹✮✮✳ ❈❡♣❡♥❞❛♥t✱ ❞✉
❢❛✐t ❞✬✉♥❡ ♣❛rt ❞❡ ❞✐✣❝✉❧tés ❞❡ r❡♣r♦❞✉❝t✐❜✐❧✐té ❞❡s rés✉❧t❛ts ❡t ❞✬❛✉tr❡ ♣❛rt
❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣✐❡ ✭❛♣♣❛r✐t✐♦♥ ❞❡s ♣s②❝❤♦tr♦♣❡s
♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs❡s ♠❛❧❛❞✐❡s ♣s②❝❤✐❛tr✐q✉❡s✮✱ ❧❡ tr❛✐t❡♠❡♥t ♣❛r
t❉❈❙ ❡st ❞❡ ♥♦✉✈❡❛✉ ♠✐s à ❧✬é❝❛rt✳

❈✬❡st ♣♦✉rt❛♥t à ❧❛ ♠ê♠❡ é♣♦q✉❡ q✉✬✉♥ ♥❡✉r♦♣❤②s✐♦❧♦❣✐st❡✱ ❏♦sé ❉❡❧❣❛❞♦✱
❞❡✈✐❡♥t ❝é❧è❜r❡ ♣♦✉r s❡s tr❛✈❛✉① ✈✐s❛♥t à ❝♦♥trô❧❡r é❧❡❝tr✐q✉❡♠❡♥t ❧❡ ❝❡r✈❡❛✉
✭② ❝♦♠♣r✐s ❤✉♠❛✐♥✮✳ ❙♦♥ rés✉❧t❛t ❧❡ ♣❧✉s ♠é❞✐❛t✐sé ❡st ❞✬❛✈♦✐r ❛rrêté ✉♥ t❛✉✲
r❡❛✉ ❡♥ ♣❧❡✐♥❡ ❝❤❛r❣❡ ❧♦rs ❞✬✉♥❡ ❞é♠♦♥str❛t✐♦♥ ❞❛♥s ✉♥❡ ❛rè♥❡ à ❈♦r❞♦✉❡✱
❡♥ ✶✾✻✸✳ ❉❡❧❣❛❞♦ ❛✈❛✐t ♣ré❛❧❛❜❧❡♠❡♥t ♣❧❛❝é ✉♥ ✐♠♣❧❛♥t ❝éré❜r❛❧✱ ✈✐❛ ❧❡q✉❡❧
✐❧ st✐♠✉❧❛ ✭❛✉ ♠♦②❡♥ ❞✬✉♥❡ té❧é❝♦♠♠❛♥❞❡✮ ❧❡ ♥♦②❛✉ ❝❛✉❞é ❞❡ ❧✬❛♥✐♠❛❧ ♣♦✉r
❝♦♥trô❧❡r s❡s ♠♦✉✈❡♠❡♥ts✳ ❙❡s tr❛✈❛✉① ♠❡♥èr❡♥t à ❞❡ ✈✐✈❡s ❝r✐t✐q✉❡s✱ ❧✬♦❜❧✐✲
❣❡❛♥t à s❡ t♦✉r♥❡r ✈❡rs ❞❡s ét✉❞❡s ♠♦✐♥s ❝♦♥tr♦✈❡rsé❡s ❀ t♦✉❥♦✉rs ❡st✲✐❧ q✉❡
❧✉✐ ❛✉ss✐ ❡♥✈✐s❛❣❡❛✐t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ st✐♠✉❧❛t✐♦♥s ❝éré❜r❛❧❡s ♣♦✉r ✉♥ ✉s❛❣❡
t❤ér❛♣❡✉t✐q✉❡ ✭❉❡❧❣❛❞♦✱ ✶✾✼✼✮✳

❋✐❣✉r❡ ✶✳✷ ✕ ■♠❛❣❡s ❞✬❛r❝❤✐✈❡ ♠♦♥tr❛♥t ❏♦sé ❉❡❧❣❛❞♦ ❧♦rs ❞❡ s❛ ❞é♠♦♥s✲
tr❛t✐♦♥ ❞❛♥s ✉♥❡ ❛rè♥❡ à ❈♦r❞♦✉❡ ✭✶✾✻✸✮✳ ▲❡ ♥❡✉r♦♣❤②s✐♦❧♦❣✐st❡ ❝♦♥trô❧❛ ❧❡s
♠♦✉✈❡♠❡♥ts ❞✬✉♥ t❛✉r❡❛✉ ✈✐❛ ✉♥ st✐♠✉❧❛t❡✉r ❝éré❜r❛❧ ✐♠♣❧❛♥té ♣✉✐s ❝♦♠✲
♠❛♥❞é à ❞✐st❛♥❝❡✳

❈✬❡st à ❧❛ ✜♥ ❞❡s ❛♥♥é❡s ✶✾✾✵ q✉✬✉♥❡ éq✉✐♣❡ r♦♠❛✐♥❡ ét✉❞✐❡ ❧✬❡✛❡t ❞❡
❧❛ ♣♦❧❛r✐s❛t✐♦♥ ❝éré❜r❛❧❡ s✉r ❧✬❡①❝✐t❛❜✐❧✐té ❞✉ ❝♦rt❡① ♠♦t❡✉r ❝❤❡③ ❞❡s s✉❥❡ts
❤✉♠❛✐♥s ✭Pr✐♦r✐ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❯♥❡ é❧❡❝tr♦❞❡ ❡st ♣♦sé❡ s✉r ❧❡ ❝♦rt❡① ♠♦t❡✉r
❣❛✉❝❤❡✱ ❡t ❧✬❛✉tr❡ s✉r ❧❡ ♠❡♥t♦♥✳ ❯♥ ❝♦✉r❛♥t ❞✬✉♥❡ ✐♥t❡♥s✐té ✈❛r✐❛❜❧❡ ✭♠❛①✐✲
♠✉♠ ✵✳✺ ♠❆✮ ❡st ❞é❧✐✈ré ♣❡♥❞❛♥t s❡♣t s❡❝♦♥❞❡s ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♣♦t❡♥t✐❡❧s
é✈♦q✉és ♠♦t❡✉rs ✭❝✬❡st✲à✲❞✐r❡ ❧❛ ré♣♦♥s❡ ♠✉s❝✉❧❛✐r❡ ❢❛✐s❛♥t s✉✐t❡ à ❧❛ st✐✲
♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡ ✲❚▼❙✲ ❞✉ ❝♦rt❡① ♠♦t❡✉r✮ ❡st ♠❡s✉ré❡✳
❈❡tt❡ ét✉❞❡ ❝♦♥✜r♠❡ q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♠♦❞✉❧❡ ❧✬❡①❝✐t❛❜✐❧✐té
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❝♦rt✐❝❛❧❡ ❞✬✉♥❡ ♠❛♥✐èr❡ ❞é♣❡♥❞❛♥t❡ ❞❡ ❧✬✐♥t❡♥s✐té ❡t ❞❡ ❧❛ ♣♦❧❛r✐té ❞✉ ❝♦✉r❛♥t✳
❈❡tt❡ ♣✉❜❧✐❝❛t✐♦♥ ❛ ❡♥tr❛î♥é ✉♥ r❡❣❛✐♥ ❞✬✐♥térêt ♣♦✉r ❝❡tt❡ ♠ét❤♦❞❡ ❞❡

st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡✱ q✉✐ ♣r❡♥❞ ❧❡ ♥♦♠ ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r
❝♦✉r❛♥t ❝♦♥t✐♥✉✳

✶✳✷ ▲❡s ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ♠♦❞❡r♥❡s ❞✬é❧❡❝✲

tr♦st✐♠✉❧❛t✐♦♥

▲✬é❧❡❝tr♦t❤ér❛♣✐❡ ❛ ❝♦♠♠❡♥❝é à êtr❡ ré❡❧❧❡♠❡♥t ✉t✐❧✐sé❡ ❡♥ ❝❧✐♥✐q✉❡ ♣❛r
❧❡s ♥❡✉r♦♣s②❝❤✐❛tr❡s ❞ès ❧❡ ❳■❳è♠❡ s✐è❝❧❡✱ ❡t r❡♥✈♦②❛✐t à ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✐r❡❝t❡
❞❡ ❝♦✉r❛♥ts s♦✐t s✉r ❧❛ ♣❡❛✉✱ s♦✐t s✉r ❧❡s ♥❡r❢s ♣r♦❝❤❡s ❞❡ ❧❛ s♦✉r❝❡ ❞❡ ❧❛
♣❛t❤♦❧♦❣✐❡ ♦✉ ❞❡ ❧✬♦r❣❛♥❡ ❛✛❡❝té✳ ▲❡s ♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ét❛♥t ❛❧♦rs
❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s ♠❛❧❛❞✐❡s ❞✉ ❝❡r✈❡❛✉✱ ❧✬é❧❡❝tr✐❝✐té ét❛✐t ❛♣♣❧✐q✉é❡ à
tr❛✈❡rs ❧❡ ❝râ♥❡✳

➚ ♣❛rt✐r ❞❡ ❧à✱ ♣❧✉s✐❡✉rs t❡❝❤♥✐q✉❡s ❞✬é❧❡❝tr♦t❤ér❛♣✐❡ ♦♥t été ét✉❞✐é❡s✱ ❡t
♣♦✉r ❝❡rt❛✐♥❡s ✉t✐❧✐sé❡s ❡♥ ❝❧✐♥✐q✉❡ ♣♦✉r tr❛✐t❡r ❧❡s tr♦✉❜❧❡s ♥❡✉r♦♣s②❝❤✐❛✲
tr✐q✉❡s✳ ▲❡s ❞❡✉① ♣r❡♠✐èr❡s s♦♥t ❞✐t❡s ✐♥✈❛s✐✈❡s✱ ❝❛r ❡❧❧❡s ✐♠♣❧✐q✉❡♥t ✉♥❡
❧és✐♦♥ ❞❡ ❧✬♦r❣❛♥✐s♠❡✳ ▲❡s ❛✉tr❡s s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ❞é❝r✐t❡s ❝♦♠♠❡ ❢❛✐s❛♥t
♣❛rt✐❡ ❞❡s st✐♠✉❧❛t✐♦♥s ♥♦♥ ✐♥✈❛s✐✈❡s✱ ❜✐❡♥ q✉❡ ❝❡rt❛✐♥s ❛✉t❡✉rs ❝♦♥t❡st❡♥t
❧✬❡♠♣❧♦✐ ❞❡ ❝❡ t❡r♠❡ ❡t ❧❛ ❞é✜♥✐t✐♦♥ ❣é♥ér❛❧❡ ❞✬✉♥❡ ✧♣r♦❝é❞✉r❡ ✐♥✈❛s✐✈❡✧
✭❉❛✈✐s ❡t ✈❛♥ ❑♦♥✐♥❣s❜r✉❣❣❡♥✱ ✷✵✶✸✮✳

✶✳✷✳✶ ▲❛ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ ♣r♦❢♦♥❞❡

❈❡tt❡ t❡❝❤♥✐q✉❡ ❛ été ❞é❝♦✉✈❡rt❡ ♣❛r ❤❛s❛r❞ ❡♥ ✶✾✽✼ ♣❛r ❧❡ ♥❡✉r♦❝❤✐r✉r✲
❣✐❡♥ ❆❧✐♠✲▲♦✉✐s ❇❡♥❛❜✐❞ ❛❧♦rs q✉✬✐❧ ♦♣ér❛✐t ✉♥ ♣❛t✐❡♥t ❛tt❡✐♥t ❞❡ tr❡♠❜❧❡✲
♠❡♥ts✳ ▲✬♦♣ér❛t✐♦♥ à ❧✬é♣♦q✉❡ ❝♦♥s✐st❛✐t à ❧és❡r ✉♥❡ ③♦♥❡ s✉♣♣♦sé❡ r❡s♣♦♥✲
s❛❜❧❡ ❞❡ ❧❛ ♣❛t❤♦❧♦❣✐❡ à tr❛✐t❡r ❀ ❧❛ ③♦♥❡ ♦♣t✐♠❛❧❡ ét❛✐t r❡♣éré❡ ❡♥ ♦❜s❡r✈❛♥t
❧❡s ❡✛❡ts ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❞❡s ♥❡✉r♦♥❡s ❛✈♦✐s✐♥❛♥ts✳ ▲❡ ♣r♦❢❡ss❡✉r ❇❡♥❛❜✐❞
❞é❝✐❞❛ ❞❡ t❡st❡r ❧✬❡✛❡t ❞❡ ❞✐✛ér❡♥t❡s ❢réq✉❡♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❡t r❡♠❛rq✉❛
q✉❡ ❧❡s tr❡♠❜❧❡♠❡♥ts ❞❡ s♦♥ ♣❛t✐❡♥t ❞✐s♣❛r❛✐ss❛✐❡♥t s♦✉s st✐♠✉❧❛t✐♦♥ à ❤❛✉t❡
❢réq✉❡♥❝❡ ✭❃ ✶✵✵ ❍③ ❀ ❉❡▲♦♥❣ ▼❘ ❡t ❇❡♥❛❜✐❞ ❆ ✭✷✵✶✹✮✮✳ ❉❡ ❧à ❞é❝♦✉❧❛ ❧✬✐❞é❡
❞✬✐♠♣❧❛♥t❡r ✉♥❡ é❧❡❝tr♦❞❡ ❞❛♥s ❧❛ ③♦♥❡ ❝✐❜❧❡ ❡t ✉♥ st✐♠✉❧❛t❡✉r ❣é♥ér❛❧❡♠❡♥t
❡♥ ③♦♥❡ s♦✉s✲❝❧❛✈✐❝✉❧❛✐r❡ ❞✉ ♣❛t✐❡♥t✱ ❛❧♦rs é✈❡✐❧❧é ❡t ❝♦♥s❝✐❡♥t ✭✜❣✉r❡ ✶✳✸✮✳
❯♥❡ st✐♠✉❧❛t✐♦♥ à ✶✸✵ ❍③ ❡st ré❛❧✐sé❡ ♣❡♥❞❛♥t ❧✬♦♣ér❛t✐♦♥ ❡t ❧❡s ♣❛r❛♠ètr❡s
❞❡ st✐♠✉❧❛t✐♦♥ ♦♣t✐♠❛✉① ✭♣❡r♠❡tt❛♥t ❞✬♦❜s❡r✈❡r ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s s②♠♣✲
tô♠❡s s❛♥s ❛♣♣❛r✐t✐♦♥ ❞✬❡✛❡ts ✐♥❞és✐r❛❜❧❡s✮ s♦♥t ♣r♦❣r❡ss✐✈❡♠❡♥t r❡❝❤❡r❝❤és
✭❇r❡✐t ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❚②♣✐q✉❡♠❡♥t ✐❧s s♦♥t ❝♦♠♣r✐s ❡♥tr❡ ✶ ❡t ✸✳✺ ❱✱ ✻✵ ❡t
✷✶✵ µs ❞❡ ❧❛r❣❡✉r ❞✬✐♠♣✉❧s✐♦♥✱ ❡t ❡♥tr❡ ✶✸✵ ❡t ✶✽✺ ❍③ ❞❡ ❢réq✉❡♥❝❡ ✭❑✉♥❝❡❧
❡t ●r✐❧❧✱ ✷✵✵✹✮✳
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❙✐ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❛ ré✈é❧é s♦♥ ❡✣❝❛❝✐té ❞❛♥s ❧❡ s♦✉❧❛❣❡♠❡♥t ❞❡s s②♠♣✲
tô♠❡s ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥✱ ❡❧❧❡ ❡st é❣❛❧❡♠❡♥t ét✉❞✐é❡ ♣♦✉r ❧❡ tr❛✐✲
t❡♠❡♥t ❞✬❛✉tr❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s t❡❧s q✉❡ ❧❡s tr♦✉❜❧❡s ♦❜s❡ss✐♦♥♥❡❧s
❝♦♠♣✉❧s✐❢s ♦✉ ❡♥❝♦r❡ ❧❛ ❞é♣r❡ss✐♦♥ ✭❧❡s ③♦♥❡s ❝éré❜r❛❧❡s tr❛✐té❡s ✈❛r✐❛♥t s❡✲
❧♦♥ ❧❡s ❛✉t❡✉rs ❀ ❑✉♥❝❡❧ ❡t ●r✐❧❧ ✭✷✵✵✹✮✮✳ ❈❡❧❛ ét❛♥t✱ ❡❧❧❡ r❡st❡ ✉♥❡ t❡❝❤♥✐q✉❡
très ✐♥✈❛s✐✈❡✱ ♥é❝❡ss✐t❛♥t ✉♥❡ ❧♦✉r❞❡ ❝❤✐r✉r❣✐❡ ❝♦♥s✐st❛♥t à ✐♠♣❧❛♥t❡r ❞❡s é❧❡❝✲
tr♦❞❡s ♣r♦❢♦♥❞é♠❡♥t ❞❛♥s ❧❡ ❝❡r✈❡❛✉✳ ❆✉ss✐ ❡♥❝♦r❡ ♣❡✉ ❞❡ ♣❛t✐❡♥ts ❡♥ ❜é♥é✲
✜❝✐❡♥t ✭❡♥ ✷✵✶✺✱ ❡♥✈✐r♦♥ ✺ à ✶✵ ✪ ❞❡s ♣❛t✐❡♥ts ♣❛r❦✐♥s♦♥✐❡♥s ❡♥ ❋r❛♥❝❡ s❡❧♦♥
❧✬■◆❙❊❘▼✮✳

Sonde
Electrode

Stimulateur

❋✐❣✉r❡ ✶✳✸ ✕ ❙❝❤é♠❛ ❞✉ ♠♦♥t❛❣❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥
❝éré❜r❛❧❡ ♣r♦❢♦♥❞❡✳ ❆❞❛♣té ❞✉ s✐t❡ ❞✉ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ▼❡♥t❛❧ ❍❡❛❧t❤
✭✇✇✇✳♥✐♠❤✳♥✐❤✳❣♦✈✮✳

✶✳✷✳✷ ▲❛ st✐♠✉❧❛t✐♦♥ ❞✉ ♥❡r❢ ✈❛❣✉❡

❯♥❡ ❛✉tr❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ ♥é❝❡ss✐t❛♥t ❧✬✐♠♣❧❛♥t❛t✐♦♥
❞✬✉♥ ❞✐s♣♦s✐t✐❢ ❡st ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ♥❡r❢ ✈❛❣✉❡✳ ❯♥ ♣❡t✐t ❣é♥ér❛t❡✉r ❞✬✐♠✲
♣✉❧s✐♦♥s é❧❡❝tr✐q✉❡s ❡st ✐♠♣❧❛♥té ❞❛♥s ❧❛ ♣❛r♦✐ s✉♣ér✐❡✉r❡ ❣❛✉❝❤❡ ❞✉ t❤♦r❛① ❀
✐❧ ❡st ❧✐é à ✉♥❡ é❧❡❝tr♦❞❡ ♣❧❛❝é❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ♥❡r❢ ✈❛❣✉❡ ❣❛✉❝❤❡ ❞❛♥s ❧❡ ❝♦✉
✭✜❣✉r❡ ✶✳✹✮✳ ❈❡tt❡ ❢♦r♠❡ ❞❡ t❤ér❛♣✐❡ ❡st ✐♥✈❛s✐✈❡ ❝❛r ♥é❝❡ss✐t❡ ✉♥❡ ❝❤✐r✉r❣✐❡✱
♠❛✐s ❛ ❞❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ♣❡✉ ✐♥t❡♥s❡s ❡t tr❛♥s✐t♦✐r❡s
✭❡♥r♦✉❡♠❡♥t✱ s❡♥s❛t✐♦♥ ❞✬✐♥❝♦♥❢♦rt ❞❛♥s ❧❛ ❣♦r❣❡✱ t♦✉①✮✳ ❯t✐❧✐sé❡ ♣♦✉r tr❛✐té❡
❧✬é♣✐❧❡♣s✐❡ rés✐st❛♥t❡✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❛ ♠♦♥tré ✉♥❡ ❡✣❝❛❝✐té ♣♦✉r ❛♠é❧✐♦✲
r❡r ❧✬❤✉♠❡✉r ❞❡s ♣❛t✐❡♥ts é♣✐❧❡♣t✐q✉❡s✳ ❊❧❧❡ ❡st ❞♦♥❝✱ ❞❡♣✉✐s✱ ❛✉ss✐ ét✉❞✐é❡
❝♦♠♠❡ tr❛✐t❡♠❡♥t ❞✬❛✉tr❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s t❡❧s q✉❡ ❧❡s tr♦✉❜❧❡s ❞❡
❧✬❤✉♠❡✉r ✭❞é♣r❡ss✐♦♥✮ ♦✉ ❡♥❝♦r❡ ❧❛ ♠❛❧❛❞✐❡ ❞✬❆❧③❤❡✐♠❡r ✭❱♦♥❝❦ ❡t ❛❧✳✱ ✷✵✶✹✮✳
▲✬❡✣❝❛❝✐té ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ♥❡r❢ ✈❛❣✉❡ s✉r ❧❛ ❞é♣r❡ss✐♦♥ ♣♦✉rr❛✐t s✬❡①✲
♣❧✐q✉❡r ♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ sé❝rét✐♦♥ ❞❡ ♠♦♥♦❛♠✐♥❡s ✭sér♦t♦♥✐♥❡✱
♥♦r❛❞ré♥❛❧✐♥❡✮✱ q✉✐ ❛✉❣♠❡♥t❡r❛✐t ❧❛ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦✲
❝❛♠♣❡✳ ❉❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ♣♦✉rr❛✐❡♥t ❛✐♥s✐ ✐♥té❣r❡r ❡t rét❛❜❧✐r ❧❡s rés❡❛✉①
❝♦rt✐❝♦✲❧✐♠❜✐q✉❡s ❛✛❡❝tés ♣❛r ❧❛ ❞é♣r❡ss✐♦♥ ✭●r✐♠♦♥♣r❡③ ❡t ❛❧✳✱ ✷✵✶✺✮✳
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Electrode

Générateur

Nerf vague

❋✐❣✉r❡ ✶✳✹ ✕ ❙❝❤é♠❛ ❞✉ ♠♦♥t❛❣❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉✲
❧❛t✐♦♥ ❞✉ ♥❡r❢ ✈❛❣✉❡✳ ❆❞❛♣té ❞✉ s✐t❡ ❞✉ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ▼❡♥t❛❧ ❍❡❛❧t❤
✭✇✇✇✳♥✐♠❤✳♥✐❤✳❣♦✈✮✳

✶✳✷✳✸ ▲✬é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡

❈❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡✱ ❛♣♣❡❧é❡ é❣❛❧❡♠❡♥t s✐s♠♦t❤ér❛✲
♣✐❡ ✭♦✉ ♣❧✉s ❝♦✉r❛♠♠❡♥t é❧❡❝tr♦❝❤♦❝s✮✱ ❡st ❤✐st♦r✐q✉❡♠❡♥t ❝♦♥s✐❞éré❡ ❝♦♠♠❡
✐♥✈❛s✐✈❡✱ ❝❛r à s❡s ❞é❜✉ts ❡❧❧❡ ❡♥❣❡♥❞r❛✐t ❞❡s tr❛✉♠❛t✐s♠❡s ♣❤②s✐q✉❡s ✐rré✈❡r✲
s✐❜❧❡s✳

❊❧❧❡ ❛ ✈✉ ❧❡ ❥♦✉r ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✸✵ ❀ à ❝❡tt❡ é♣♦q✉❡✱ ❞✐✛ér❡♥ts ♠é❞❡❝✐♥s
s✬✐♥tér❡ss❛✐❡♥t à ❞❡s tr❛✐t❡♠❡♥ts ♣❛r ❝♦♥✈✉❧s✐♦♥s ❝♦♥tr❡ ❧❡s ♠❛❧❛❞✐❡s ♠❡♥t❛❧❡s✳
❆✐♥s✐ ♣❛r ❡①❡♠♣❧❡✱ ❧❡ ♣s②❝❤✐❛tr❡ ❤♦♥❣r♦✐s ▼❡❞✉♥❛ é♠✐t ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ r❡✲
❧❛t✐♦♥ ✐♥✈❡rs❡ ❡♥tr❡ é♣✐❧❡♣s✐❡ ❡t s❝❤✐③♦♣❤ré♥✐❡✱ ❡t ❝❤❡r❝❤❛ à ❣✉ér✐r s❡s ♣❛t✐❡♥ts
s❝❤✐③♦♣❤rè♥❡s ❡♥ ❧❡✉r ❝❛✉s❛♥t ✉♥❡ ❝r✐s❡ ❞✬é♣✐❧❡♣s✐❡ ♣❛r ✐♥❥❡❝t✐♦♥ ❞✬❤✉✐❧❡ ❞❡
❝❛♠♣❤r❡ ✭♣✉✐s✱ ♣❛r ❧❛ s✉✐t❡✱ ❞❡ ♣❡♥t②❧è♥❡tétr❛③♦❧❡✱ ✉♥ ❛♥t❛❣♦♥✐st❡ ●❆❇❆✮✳
▲❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s ❞❡ ❝❡ tr❛✐t❡♠❡♥t ét❛✐❡♥t ❡①trê♠❡♠❡♥t tr❛✉♠❛t✐s❛♥ts✱
♣♦✉ss❛♥t ❞✐✈❡rs❡s éq✉✐♣❡s à r❡❝❤❡r❝❤❡r ❞❡s ♠ét❤♦❞❡s ❛❧t❡r♥❛t✐✈❡s ♣♦✉r ✐♥❞✉✐r❡
❧❡s ❝♦♥✈✉❧s✐♦♥s✳ ❈✬❡st ❡♥ ✶✾✸✽ q✉❡ ❈❡r❧❡tt✐ ❡t ❇✐♥✐ tr❛✐tèr❡♥t ✉♥ ♣r❡♠✐❡r ♣❛✲
t✐❡♥t s♦✉✛r❛♥t ❞✬❤❛❧❧✉❝✐♥❛t✐♦♥s ♣❛r é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡ ✭❊❈❚✮ ✭P❛②♥❡
❡t Pr✉❞✐❝✱ ✷✵✵✾✮✳

❉❡ ♥♦s ❥♦✉rs✱ ❝❡ tr❛✐t❡♠❡♥t ❡st ❡♥❝♦r❡ ré❛❧✐sé ♣♦✉r tr❛✐t❡r ❞✐✈❡rs tr♦✉❜❧❡s
♣s②❝❤✐❛tr✐q✉❡s t❡❧s q✉❡ ❧❡s ❞é♣r❡ss✐♦♥s rés✐st❛♥t❡s✳ ■❧ ❡st ré❛❧✐sé s♦✉s ❛♥❡st❤é✲
s✐❡ ❡t ♠②♦r❡❧❛①❛♥t ❀ ❧❡ ♣❧❛❝❡♠❡♥t ❞❡s é❧❡❝tr♦❞❡s ❡st ✉♥✐❧❛tér❛❧ ✭✜❣✉r❡ ✶✳✺✮ ♦✉
❜✐❧❛tér❛❧✱ ❡t ❧❡ ❝♦✉r❛♥t ❞é❧✐✈ré ♣❡✉t êtr❡ s✐♥✉s♦ï❞❛❧ ✭✉s❛❣❡ ❛♥❝✐❡♥✮ ♦✉ ❝♦♥t✐♥✉
à ♦♥❞❡s ❝❛rré❡s ❜rè✈❡s ♣✉❧sé❡s✳ ▲❡ ♣r❛t✐❝✐❡♥ ❞♦✐t ❞é✜♥✐r ❧❡ s❡✉✐❧ é♣✐❧❡♣t♦❣è♥❡
❞✉ ♣❛t✐❡♥t ✭q✉❛♥t✐té ❞✬é♥❡r❣✐❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ✐♥❞✉✐r❡ ✉♥❡ ❝r✐s❡ ❝♦♥✈✉❧s✐✈❡
❣é♥ér❛❧✐sé❡ ❀ ❍❛✉t❡ ❛✉t♦r✐té ❞❡ s❛♥té✱ ❛♥❝✐❡♥♥❡♠❡♥t ❆❣❡♥❝❡ ♥❛t✐♦♥❛❧❡ ❞✬❛❝✲
❝ré❞✐t❛t✐♦♥ ❡t ❞✬é✈❛❧✉❛t✐♦♥ ❡♥ s❛♥té ❆◆❆❊❙ ✭✶✾✾✼✮✮✳ ▲❡s ♣❛r❛♠ètr❡s ❞✉ ❝♦✉✲
r❛♥t ❞é❧✐✈ré s♦♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ✺✵✵ à ✽✵✵ ♠❆✱ ✷✵ à ✶✷✵ ❍③✱ ♣♦✉r ✉♥❡ ❞✉ré❡
❞✬✐♠♣✉❧s✐♦♥ ❞❡ ✵✳✸ à ✷ ♠✐❧❧✐s❡❝♦♥❞❡s ❡t ✉♥❡ ❞✉ré❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♥❡ ❞é♣❛ss❛♥t
♣❛s ✽ s❡❝♦♥❞❡s ✭❙✐❡♥❛❡rt ❡t ❛❧✳✱ ✷✵✵✼✮✳
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❇✐❡♥ q✉❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❛✐t s♦✉✛❡rt ❞✬✉♥❡ ♠❛✉✈❛✐s❡ ♣✉❜❧✐❝✐té ❡♥ r❛✐s♦♥
❞✬✉♥ ❝♦✉r❛♥t ❛♥t✐✲♣s②❝❤✐❛tr✐q✉❡ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✻✵✴✶✾✼✵ ❡t ❞❡ ♠é❞✐❛s r❡✲
❧❛t❛♥t ❞❡s ❛❜✉s ♠é❞✐❝❛✉① ❛✉ ❞é❜✉t ❞❡ s♦♥ ✉t✐❧✐s❛t✐♦♥ ✲ t❡❧s q✉❡ ❧❡ ✜❧♠ ❱♦❧
❛✉ ❞❡ss✉s ❞✬✉♥ ♥✐❞ ❞❡ ❝♦✉❝♦✉ ✭▼✐❧♦s ❋♦r♠❛♥✱ ✶✾✼✺✮ ✲✱ s♦♥ ❡✣❝❛❝✐té ❛ ❧❛r✲
❣❡♠❡♥t été ❞é♠♦♥tré❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡s tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r
✭♣❛r ❡①❡♠♣❧❡✱ ❡✣❝❛❝✐té ❛❧❧❛♥t ❥✉sq✉✬à ✾✵ ✪ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡
❞é♣r❡ss✐♦♥ ♠❛❥❡✉r❡ ❀ ❆◆❆❊❙ ✭✶✾✾✼✮✮✳

❋✐❣✉r❡ ✶✳✺ ✕ ❙❝❤é♠❛ ❞✉ ♠♦♥t❛❣❡ ❞❡ t②♣❡ ✉♥✐❧❛tér❛❧ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐✲
t❡♠❡♥t ♣❛r é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡✳ ❚✐ré ❞✉ s✐t❡ ❞✉ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢
▼❡♥t❛❧ ❍❡❛❧t❤ ✭✇✇✇✳♥✐♠❤✳♥✐❤✳❣♦✈✮✳

✶✳✷✳✹ ▲❛ st✐♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡

P❛r♠✐ ❧❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ ♥♦♥ ✐♥✈❛s✐✈❡s✱ ❧❛ st✐♠✉✲
❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡ ✭❚▼❙✮ ❡st ❛❝t✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡ ❞❛♥s ❧❡
tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s ❡t ❝♦♠♠❡ ♦✉t✐❧ ❞✬✐♥✈❡st✐❣❛t✐♦♥
❡♥ r❡❝❤❡r❝❤❡ ❝❧✐♥✐q✉❡✳ ▲❡ st✐♠✉❧❛t❡✉r ❡st ❝♦♠♣♦sé ❞✬✉♥❡ ❜♦❜✐♥❡ q✉✐ ♣r♦❞✉✐t
✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣♦✉✈❛♥t ❛❧❧❡r ❥✉sq✉✬à ✷ ❚❡s❧❛ ❡t ❞✉r❡r ✶✵✵ ♠s ✭▲❡❢❛✉✲
❝❤❡✉r✱ ✷✵✵✾✮✳ ❯♥ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ♣❛ss❛♥t ❞❛♥s ❧❛ ❜♦❜✐♥❡ ❣é♥èr❡ ✉♥ ❝❤❛♠♣
♠❛❣♥ét✐q✉❡✱ q✉✐ ❧✉✐✲♠ê♠❡ ❣é♥èr❡ ✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ s❡❝♦♥❞❛✐r❡ ❝❛♣❛❜❧❡ ❞❡
♣r♦❞✉✐r❡ ✉♥❡ ❞é♣♦❧❛r✐s❛t✐♦♥ ✭❡①❝✐t❛t✐♦♥✮ ❞❡s ♥❡✉r♦♥❡s ✭✜❣✉r❡ ✶✳✻✮✳

❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❞✐✈❡rs ♣❛r❛♠ètr❡s ✭t②♣❡ ❞❡ ❧❛ ❜♦❜✐♥❡✱ ♦r✐❡♥t❛t✐♦♥ ♣❛r r❛♣✲
♣♦rt ❛✉ ❝râ♥❡✱ ✐♥t❡♥s✐té ❞✉ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡✳✳✳✮✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥
✈❛r✐❡♥t ✭❱✐❞❛✐❧❤❡t ❡t ❛❧✳✱ ✷✵✵✺✮✳

P❧✉s✐❡✉rs t②♣❡s ❞❡ st✐♠✉❧❛t✐♦♥s ♣❡✉✈❡♥t êtr❡ ré❛❧✐sés✳ ▲❡s st✐♠✉❧❛t✐♦♥s ❞❡
t②♣❡ ✉♥✐q✉❡ ✭s✐♥❣❧❡✲♣✉❧s❡✮ ♦✉ ❞♦✉❜❧❡ ✭♣❛✐r❡❞✲♣✉❧s❡✮ s♦♥t ✉t✐❧✐sé❡s ❡♥ r❡❝❤❡r❝❤❡
❝♦♠♠❡ ♦✉t✐❧ ❞✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ♣❤②s✐♦❧♦❣✐q✉❡s ❀ ✉♥❡ s❡✉❧❡ ♦✉ ❞❡✉①
✐♠♣✉❧s✐♦♥s s♦♥t ❞é❧✐✈ré❡s✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❜✉t ❞❡ ❣é♥ér❡r ✉♥ ♣♦t❡♥t✐❡❧
é✈♦q✉é ♠♦t❡✉r ❡♥ ré♣♦♥s❡ à ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ♠♦t❡✉r✳ ❊♥ r❡✈❛♥❝❤❡✱
❡♥ ❝❧✐♥✐q✉❡✱ ❛✜♥ ❞❡ ♠♦❞✉❧❡r ❞✉r❛❜❧❡♠❡♥t ❧✬❛❝t✐✈✐té ❞✬✉♥❡ ③♦♥❡ ❝♦rt✐❝❛❧❡ ❞✬✐♥✲
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térêt✱ ❧❛ st✐♠✉❧❛t✐♦♥ s❡ ❢❛✐t s❡❧♦♥ ✉♥❡ ♠♦❞❛❧✐té ré♣ét✐t✐✈❡✱ à s❛✈♦✐r q✉❡ ❞❡s
✐♠♣✉❧s✐♦♥s ♦✉ ❞❡s sér✐❡s ❞❡ tr❛✐♥s ❞✬✐♠♣✉❧s✐♦♥ s♦♥t ❞é❧✐✈ré❡s à ✐♥t❡r✈❛❧❧❡ ré✲
❣✉❧✐❡r ❀ ♦♥ ♣❛r❧❡ ❛❧♦rs ❞❡ st✐♠✉❧❛t✐♦♥s ♠❛❣♥ét✐q✉❡s tr❛♥s❝râ♥✐❡♥♥❡s ré♣été❡s
✭r❚▼❙✮✳ ❊♥ ❣é♥ér❛❧✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ à ❜❛ss❡ ❢réq✉❡♥❝❡ ✭❁✶ ❍③✮ ❡♥tr❛î♥❡ ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ t❛♥❞✐s q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ à ❤❛✉t❡ ❢ré✲
q✉❡♥❝❡ ✭❃✺ ❍③✮ ❛✉❣♠❡♥t❡ ❧✬❛❝t✐✈✐té ❞❡s ♥❡✉r♦♥❡s ❝✐❜❧❡s ✭❇✉rt ❡t ❛❧✳✱ ✷✵✵✷
❀ ▲❡❢❛✉❝❤❡✉r✱ ✷✵✵✾✮✳ ❈❡s ❡✛❡ts ♣❛ss❡r❛✐❡♥t ♣❛r ✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ♣❧❛s✲
t✐❝✐té s②♥❛♣t✐q✉❡ ✭♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ❞é♣r❡ss✐♦♥ ♦✉ ❞❡ ❧❛ ♣♦t❡♥t✐❛❧✐s❛t✐♦♥ à
❧♦♥❣ t❡r♠❡ ❀ ▲❡❢❛✉❝❤❡✉r ✭✷✵✵✾✮✮✳ ●é♥ér❛❧❡♠❡♥t ❜✐❡♥ t♦❧éré❡✱ ❝❡tt❡ t❡❝❤♥✐q✉❡
❛ ♣❡✉ ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s ✭❝♦♥tr❛❝t✐♦♥s ♠✉s❝✉❧❛✐r❡s✱ ♠❛✉① ❞❡ têt❡ ❞❛♥s ✶✵ à
✸✵ ✪ ❞❡s ❝❛s ❀ ❇✉rt ❡t ❛❧✳ ✭✷✵✵✷✮✮✳ ◗✉❡❧q✉❡s r❛r❡s ❝❛s ❞❡ ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡ ♦♥t
été r❡♣♦rtés s✉✐t❡ à ✉♥❡ st✐♠✉❧❛t✐♦♥✱ ♠❛✐s ❞❛t❡♥t ❞✬✉♥❡ ♣ér✐♦❞❡ ❛♥tér✐❡✉r❡ à
❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡ rè❣❧❡s st❛♥❞❛r❞ ❞❡ sé❝✉r✐té✳

❇✐❡♥ q✉❡ ♥é❝❡ss✐t❛♥t ✉♥ ❛♣♣❛r❡✐❧❧❛❣❡ s♣é❝✐✜q✉❡ ❝♦ût❡✉① ❡t ♥♦♥ tr❛♥s✲
♣♦rt❛❜❧❡✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❛♣♣❛r❛ît ✐♥tér❡ss❛♥t❡ ♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs
tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s ❡t ♣s②❝❤✐❛tr✐q✉❡s✱ ♥♦t❛♠♠❡♥t ❧❛ ❞é♣r❡ss✐♦♥✳ ▲❛ ❞✉ré❡
❞❡ s❡s ❡✛❡ts ❜é♥é✜q✉❡s r❡st❡ ❝❡♣❡♥❞❛♥t ♠é❝♦♥♥✉❡ ❀ ❡❧❧❡ ♣♦✉rr❛✐t ❛✉❣♠❡♥t❡r
❡♥ ❝✉♠✉❧❛♥t ❧❡s s❡ss✐♦♥s s✉r ✉♥❡ ♣ér✐♦❞❡ ♣❧✉s ❧♦♥❣✉❡ q✉❡ ❝❡❧❧❡ ❤❛❜✐t✉❡❧❧❡♠❡♥t
❞é❝r✐t❡ ❞❛♥s ❧❡s ❛rt✐❝❧❡s ✭✶ à ✷ s❡♠❛✐♥❡s✮✳ ❊♥✜♥✱ ✐❧ r❡st❡ à ❞ét❡r♠✐♥❡r ❧❡s ♣❛r❛✲
♠ètr❡s ♦♣t✐♠❛✉① ❞❡ st✐♠✉❧❛t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ♣❛t❤♦❧♦❣✐❡ tr❛✐té❡ ✭❇✉rt ❡t ❛❧✳✱
✷✵✵✷✮✳

Portique de positionnement

Electro-

aimant

Champ 

magnétique

❋✐❣✉r❡ ✶✳✻ ✕ ❙❝❤é♠❛ ❞✉ ❞✐s♣♦s✐t✐❢ ❞❡ st✐♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ✲
♥✐❡♥♥❡ ✭❚▼❙✮✳ ❆❞❛♣té ❞✉ s✐t❡ ❞✉ ◆❛t✐♦♥❛❧ ■♥st✐t✉t❡ ♦❢ ▼❡♥t❛❧ ❍❡❛❧t❤
✭✇✇✇✳♥✐♠❤✳♥✐❤✳❣♦✈✮✳

➚ ♥♦t❡r q✉✬✐❧ ❡①✐st❡ ❛✉ss✐ ✉♥❡ ❛❧t❡r♥❛t✐✈❡ ♠❛❣♥ét✐q✉❡ à ❧✬❊❈❚ ✿ ❧❛ ▼❙❚
✭♣♦✉r ▼❛❣♥❡t✐❝ ❙❡✐③✉r❡ ❚❤❡r❛♣②✮ ❝♦♥s✐st❡ à ❛♣♣❧✐q✉❡r ✉♥ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡
❞❡ ❤❛✉t❡ ❢réq✉❡♥❝❡ ✭♣❛r ❡①❡♠♣❧❡✱ ✶✵✵ ❍③✮ ♣♦✉r ♣r♦✈♦q✉❡r ✉♥❡ ❝r✐s❡ ❞✬é♣✐❧❡♣✲
s✐❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❝♦♠❜✐♥❡r❛✐t ❧❡s ❛✈❛♥t❛❣❡s ❞❡ ❧✬❊❈❚ ✭❡✣❝❛❝✐té✮ ❡t ❞❡ ❧❛
❚▼❙ ✭sé❝✉r✐té✮✱ ❡t ❡st ét✉❞✐é❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡s tr♦✉❜❧❡s ❞❡
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❧✬❤✉♠❡✉r ✭❈r❡t❛③ ❡t ❛❧✳✱ ✷✵✶✺✮✳

✶✳✷✳✺ ▲❛ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡

▲✬❛❝t✐✈✐té ❝♦rt✐❝❛❧❡ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ♠♦❞✉❧é❡ ♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝♦✉✲
r❛♥ts é❧❡❝tr✐q✉❡s ❢❛✐❜❧❡s à tr❛✈❡rs ❧❡ ❝✉✐r ❝❤❡✈❡❧✉ ❞❡s s✉❥❡ts✱ ❡t ❝❡❝✐ ❞❡ ♠❛♥✐èr❡
♥♦♥ ✐♥✈❛s✐✈❡✳

▲❡s st✐♠✉❧❛t✐♦♥s tr❛♥s❝râ♥✐❡♥♥❡s é❧❡❝tr✐q✉❡s s♦♥t ❞❡ ♣❧✉s✐❡✉rs t②♣❡s ❀ ❧❛
♣❧✉s ét✉❞✐é❡ à ❝❡ ❥♦✉r ❡st ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉
✭t❉❈❙✮✱ ♦❜❥❡t ❞❡ ❝❡tt❡ t❤ès❡✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❜❛s❡ ❡st s✐♠♣❧❡ ✿ ✉♥❡ ❜❛tt❡r✐❡
❣é♥èr❡ ✉♥ ❢❛✐❜❧❡ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❞é❧✐✈ré ❛✉ ❝❡r✈❡❛✉ ♣❛r ✉♥❡ é❧❡❝tr♦❞❡ ♣♦s✐✲
t✐♦♥♥é❡ s✉r ❧❡ ❝✉✐r ❝❤❡✈❡❧✉ ❡♥ r❡❣❛r❞ ❞✬✉♥❡ ③♦♥❡ ❝✐❜❧❡ ✭✜❣✉r❡ ✶✳✼✮✳ ❈❡ ❝♦✉r❛♥t
♣❛r❝♦✉rt ❧❡ ❝❡r✈❡❛✉✱ ♠♦❞✉❧❛♥t ❧✬❛❝t✐✈✐té ♥❡✉r♦♥❛❧❡✱ ❡t s♦rt ✈✐❛ ✉♥❡ s❡❝♦♥❞❡
é❧❡❝tr♦❞❡ q✉✐ ❢❡r♠❡ ❧❡ ❝✐r❝✉✐t✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❡st ❣é♥ér❛❧❡♠❡♥t très ❜✐❡♥
t♦❧éré❡ ❡t ♦♥ ♥❡ ❧✉✐ ❝♦♥♥❛ît ♣❛s ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s sér✐❡✉① ✭❑❡ss❧❡r ❡t ❛❧✳✱
✷✵✶✷✮✳ ◆♦t♦♥s q✉✬❡❧❧❡ ❛ ♣♦✉r ❝❛r❛❝tér✐st✐q✉❡ ✲ s♦✉✈❡♥t ❞é❝r✐t❡ ❝♦♠♠❡ ✉♥ ❞❡
s❡s ❛✈❛♥t❛❣❡s ✲ ❞❡ st✐♠✉❧❡r ✉♥❡ ③♦♥❡ ❛ss❡③ ❧❛r❣❡ ❞✉ ❝♦rt❡① ❝éré❜r❛❧ ❀ ♠❛✐s ✐❧
❡♥ ❡①✐st❡ ✉♥❡ ✈❛r✐❛♥t❡✱ ❧❛ t❉❈❙ ❤❛✉t❡ ❞é✜♥✐t✐♦♥ ✭❍❉✲t❉❈❙✮✱ q✉✐ ♣❡r♠❡t ✉♥❡
st✐♠✉❧❛t✐♦♥ très ❢♦❝❛❧❡ ❣râ❝❡ à ❞❡ ♣❡t✐t❡s é❧❡❝tr♦❞❡s ❡♥ ❣❡❧ ✭❚♦ ❡t ❛❧✳✱ ✷✵✶✻✮✳

❉✬❛✉tr❡s ❢♦r♠❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ré❛❧✐sé❡s ❀ ♥♦t❛♠♠❡♥t✱ ❧❛
t❉❈❙ ♣❡✉t êtr❡ ♣✉❧sé❡ ✭tP❈❙✱ st✐♠✉❧❛t✐♦♥ ❝②❝❧✐q✉❡ ♣❛r ✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉✮✳
❊♥ t❉❈❙✱ ♥♦✉s s♦♠♠❡s ❡♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ✿ ❧❡ ❝♦✉r❛♥t s✬é❝♦✉❧❡ ❞❛♥s ✉♥❡
❞✐r❡❝t✐♦♥ ✭❧❡s é❧❡❝tr♦♥s ❝✐r❝✉❧❛♥t ❞❡ ❧❛ ❜♦r♥❡ ♥é❣❛t✐✈❡ à ❧❛ ❜♦r♥❡ ♣♦s✐t✐✈❡
❞✬✉♥❡ ❜❛tt❡r✐❡✮✳ ➚ ❧✬♦♣♣♦sé✱ ♥♦✉s ♣♦✉✈♦♥s st✐♠✉❧❡r ❡♥ ❝♦✉r❛♥t ❛❧t❡r♥❛t✐❢ ✿ ❧❡s
é❧❡❝tr♦♥s ❝✐r❝✉❧❡♥t ❛❧♦rs ❛❧t❡r♥❛t✐✈❡♠❡♥t ❞❛♥s ✉♥❡ ❞✐r❡❝t✐♦♥ ♣✉✐s ❞❛♥s ❧✬❛✉tr❡
s❡❧♦♥ ✉♥ ❝②❝❧❡ ré❣✉❧✐❡r✳ ❆✐♥s✐ ✐❧ ❡①✐st❡ ❞❡s ♠♦❞❛❧✐tés ❞❡ st✐♠✉❧❛t✐♦♥ ♣❛r ❝♦✉✲
r❛♥ts ❛❧t❡r♥❛t✐❢s ❡t s✐♥✉s♦ï❞❛✉① ✭t❆❈❙✮✱ ♦✉ ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r
❜r✉✐t ❛❧é❛t♦✐r❡ ✭t❘◆❙ ✿ ❧❡ ❝♦✉r❛♥t ✈❛r✐❡ ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✮ ✭P❛✉❧✉s✱ ✷✵✶✶✮✳

❙✐ ❧❛ t❆❈❙ ❡st ré❛❧✐sé❡ ❛✈❡❝ ✉♥ ❞é❝❛❧❛❣❡ ❡♥ t❡♥s✐♦♥ ✭♦✛s❡t✮ s✉✣s❛♥t ♣♦✉r
♣♦❧❛r✐s❡r ❧❡ ❝♦✉r❛♥t✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♣r❡♥❞ ❧❡ ♥♦♠ ❞✬♦t❉❈❙ ✭♣♦✉r t❉❈❙ ♦s❝✐❧✲
❧❛t♦✐r❡ ❀ ❍❡rr♠❛♥♥ ❡t ❛❧✳ ✭✷✵✶✸✮✮ ✭✜❣✉r❡ ✶✳✼✮✳ ▲❛ t❘◆❙ ❛✉ss✐ ♣❡✉t êtr❡ ré❛❧✐sé❡
❛✈❡❝ ✉♥ ♦✛s❡t ❀ ❧✬éq✉✐♣❡ ❞❡ ❍♦ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛ ❞✬❛✐❧❧❡✉rs ♠♦♥tré q✉❡ ❝❡tt❡ ♠♦✲
❞❛❧✐té s❡r❛✐t ♣❧✉s ❡✣❝❛❝❡ q✉❡ ❧❛ t❘◆❙ s❛♥s ♦✛s❡t ✭❝♦✉r❛♥t ♥♦♥ ♣♦❧❛r✐sé✮ ♣♦✉r
❛✉❣♠❡♥t❡r ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡✳

◆♦t♦♥s q✉❡ s✐ ♣♦✉r ❧❛ t❉❈❙✱ ❧❡ ❢❛❝t❡✉r ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t ✐♥✢✉❡♥ç❛♥t ❧❡s
❡✛❡ts ♦❜s❡r✈és ❡st ❧❛ ♣♦❧❛r✐té ❞✉ ❝♦✉r❛♥t✱ ♣♦✉r ❧❛ t❆❈❙ ✐❧ s✬❛❣✐t ❞❡ ❧❛ ❢réq✉❡♥❝❡
❞✉ ❝♦✉r❛♥t✳
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A

❋✐❣✉r❡ ✶✳✼ ✕ ❆✴ ▼♦♥t❛❣❡ ♣♦✉r ❧❛ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡✳ ■❝✐✱
❧✬❛♥♦❞❡ ❡st ♣❧❛❝é❡ s✉r ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧ ❣❛✉❝❤❡✱ ❡t ❧❛ ❝❛t❤♦❞❡
s✉r ❧✬❛✐r❡ s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧❡✳ ❆❞❛♣té ❞❡ ❉❛②❛♥ ❡t ❛❧✳ ✭✷✵✶✸✮✳ ❇✴
▲❡s ❞✐✛ér❡♥t❡s ♠♦❞❛❧✐tés ❞❡ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡✳ t❉❈❙ ✿ st✐✲
♠✉❧❛t✐♦♥ tr❛♥s❝r❛♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❀ tP❈❙ ✿ t❉❈❙ ♣✉❧sé❡ ❀ ♦t❉❈❙ ✿
t❉❈❙ ♦s❝✐❧❧❛t♦✐r❡ ❀ t❆❈❙ ✿ st✐♠✉❧❛t✐♦♥ tr❛♥s❝r❛♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❛❧t❡r♥❛t✐❢ ❀
t❘◆❙ ✿ st✐♠✉❧❛t✐♦♥ tr❛♥s❝r❛♥✐❡♥♥❡ ♣❛r ❜r✉✐t ❛❧é❛t♦✐r❡✳ ❆❞❛♣té ❞❡ ❍❡rr♠❛♥♥
❡t ❛❧✳ ✭✷✵✶✸✮ ❡t ❞❡ ❙❛✐♦t❡ ❡t ❛❧✳ ✭✷✵✶✸✮✳

▲❡ ❝❡r✈❡❛✉ é♠❡t ❞❡s ♦♥❞❡s ❝éré❜r❛❧❡s à ❞❡s ❢réq✉❡♥❝❡s ❞é✜♥✐❡s✳ ❉❛♥s ❧❡ ❝❛s
❞❡ ❧❛ tP❈❙✱ t❆❈❙ ♦✉ t❘◆❙✱ ❧❡s ❢réq✉❡♥❝❡s é❧❡❝tr✐q✉❡s ❛♣♣❧✐q✉é❡s ♣❡r♠❡tt❡♥t
❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡s r②t❤♠❡s ❝♦rt✐❝❛✉① ✐♥tr✐♥sèq✉❡s ✭❜✐♦❧♦❣✐q✉❡s✮✳ ❆✐♥s✐ ❝❡s
t❡❝❤♥✐q✉❡s ♣❡r♠❡ttr❛✐❡♥t ❞❡ r❡❝t✐✜❡r ❞❡s ♦♥❞❡s ♣❛t❤♦❧♦❣✐q✉❡s✱ ✈♦✐r❡ ❞❡ r❡♠✲
♣❧❛❝❡r ✉♥ s✐❣♥❛❧ ❛❜s❡♥t✳ ❙t✐♠✉❧❡r ✉♥❡ ③♦♥❡ ❝♦rt✐❝❛❧❡ ♣ré❝✐s❡ ♣❛r ❝❡tt❡ ♠ét❤♦❞❡✱
à ✉♥❡ ❢réq✉❡♥❝❡ ♣r♦❝❤❡ ❞❡ ❝❡❧❧❡ ❞❡s ♦♥❞❡s ❝éré❜r❛❧❡s ♥♦r♠❛❧❡s✱ ♠♦❞✐✜❡ ❧✬❡①❝✐✲
t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ✿ ♣❛r ❡①❡♠♣❧❡✱ ▼♦❧✐❛❞③❡ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ♠♦♥tré ✭✈✐❛
❧✬ét✉❞❡ ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és ♠♦t❡✉rs✮ q✉❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ t❆❈❙ à ❤❛✉t❡
❢réq✉❡♥❝❡ ✭✶✹✵ ❍③✮ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s ❡t à ✶ ♠❆ ♣❡r♠❡tt❛✐t ❞✬❛✉❣♠❡♥t❡r
❧✬❡①❝✐t❛❜✐❧✐té ❞✉ ❝♦rt❡① ♠♦t❡✉r✱ ❡t q✉❡ ❧❡s ❡✛❡ts ♦❜s❡r✈és ❞é♣❡♥❞❛✐❡♥t ❞❡ ❧❛
❢réq✉❡♥❝❡ ❛♣♣❧✐q✉é❡ ✭▼♦❧✐❛❞③❡ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈❡ t②♣❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣♦✉r✲
r❛✐t s❡ ré✈é❧❡r ✐♥tér❡ss❛♥t ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞❡s tr♦✉❜❧❡s ❞✉ ♠♦✉✈❡♠❡♥t✱ ❡t
♣❧✉s ❣é♥ér❛❧❡♠❡♥t ❞❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s ❛ss♦❝✐és à ❞❡s ♦♥❞❡s ❝éré❜r❛❧❡s
❛♥♦r♠❛❧❡s✳

▲❛ t❘◆❙ ❝♦♥s✐st❡ à ❛♣♣❧✐q✉❡r ✉♥ ❝♦✉r❛♥t ❛❧t❡r♥❛t✐❢ à ❞❡s ❢réq✉❡♥❝❡s ❛❧é❛✲
t♦✐r❡s s✉r ✉♥❡ ré❣✐♦♥ ❝✐❜❧❡ ❞✉ ❝♦rt❡①✳ ▲❡ s♣❡❝tr❡ ❞❡ ❢réq✉❡♥❝❡s ❝♦♠♣❧❡t ✈❛ ❞❡
✵✳✶ à ✻✹✵ ❍③ ❀ ❧❡s ♣❧✉s ❤❛✉t❡s ❢réq✉❡♥❝❡s ✭à ♣❛rt✐r ❞❡ ✶✵✵ ❍③✮ ♣❡r♠❡ttr❛✐❡♥t
❞✬❛✉❣♠❡♥t❡r ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ✭♠❡s✉r❡ ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és ♠♦t❡✉rs
❛♣rès st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ♠♦t❡✉r✮ ❡t ❞✬❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❛♥s ✉♥
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t❡st ❞❡ ♠é♠♦✐r❡ ✐♠♣❧✐❝✐t❡ ❛✉ss✐ ❜✐❡♥✱ ✈♦✐r❡ ♠✐❡✉①✱ q✉❡ ❧❛ t❉❈❙✱ ❝❡❝✐ ❡♥ s✬❛❢✲
❢r❛♥❝❤✐ss❛♥t ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❧✐é❡ ❛✉ ❝❤♦✐① ❞❡ ❧❛ ♣♦❧❛r✐té ❞❡ ❝♦✉r❛♥t ✭❚❡r♥❡②
❡t ❛❧✳✱ ✷✵✵✽ ❀ ❋❡rt♦♥❛♥✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❊♥✜♥✱ ♣♦✉r ❧❛ t❆❈❙ ❡t ❧❛ t❘◆❙✱ ❧✬✐♥t❡♥s✐té ❞✉ ❝♦✉r❛♥t ♣♦✉rr❛✐t ❞ét❡r♠✐♥❡r
❧❡ ❝❛r❛❝tèr❡ ✐♥❤✐❜✐t❡✉r ♦✉ ❡①❝✐t❛t❡✉r ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥✳ ▲✬éq✉✐♣❡ ❞❡ ▼♦❧✐❛❞③❡
❛ ♣✉ ❛✐♥s✐ ♣r♦✉✈❡r q✉❡ ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❆❈❙ ❛✉① ♣❛r❛♠ètr❡s ❝✐✲
tés ❝✐✲❛✈❛♥t ✭st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ♠♦t❡✉r à ✉♥❡ ❢réq✉❡♥❝❡ ❞❡ ✶✹✵ ❍③✱ ✶✵
♠✐♥✉t❡s✮ ♦✉ ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❘◆❙ ✭s♣❡❝tr❡ ❞❡ ❢réq✉❡♥❝❡ ❝♦♠♣❧❡t✱
s♦✐t ❥✉sq✉✬à ✻✹✵ ❍③✮✱ ✉♥ ❝♦✉r❛♥t ❞❡ ❢❛✐❜❧❡ ✐♥t❡♥s✐té ✭✵✳✹ ♠❆✮ ❡♥tr❛î♥❛✐t ✉♥❡
✐♥❤✐❜✐t✐♦♥ ❛❧♦rs q✉✬✉♥ ❝♦✉r❛♥t ❞❡ ♣❧✉s ❢♦rt❡ ✐♥t❡♥s✐té ✭✶ ♠❆✮ ❡♥tr❛î♥❛✐t ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ✭▼♦❧✐❛❞③❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲❡s ✐♥t❡♥s✐✲
tés ✐♥t❡r♠é❞✐❛✐r❡s r❡st❛✐❡♥t s❛♥s ❡✛❡t s✉r ❧✬✐♥t❡♥s✐té ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és
♠♦t❡✉rs✳

P♦✉r ❝♦♥❝❧✉r❡✱ ❧❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ ❝♦♠♣r❡♥♥❡♥t ❞é✲
s♦r♠❛✐s ✉♥ ❧❛r❣❡ é✈❡♥t❛✐❧ ❞❡ ♣❛r❛♠ètr❡s ✿ t②♣❡ ❞❡ ❝♦✉r❛♥t✱ ✐♥t❡♥s✐té✱ ❢réq✉❡♥❝❡
❞✬♦s❝✐❧❧❛t✐♦♥s✳✳✳ ▲❡ ❝❤♦✐① ❞❡s ♠♦❞❛❧✐tés ❞❡ st✐♠✉❧❛t✐♦♥ s❡ ❜❛s❡ ❛❝t✉❡❧❧❡♠❡♥t
s✉r ❞❡s ❤②♣♦t❤ès❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❡✛❡ts q✉✬❡❧❧❡s ♣r♦✈♦q✉❡r♦♥t✱ ❧❡s ♣❛r❛♠ètr❡s
♦♣t✐♠❛✉① r❡st❛♥t à ❞ét❡r♠✐♥❡r✳

P♦✉r ❝❡s ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❛✉❝✉♥ ❡✛❡t s❡❝♦♥❞❛✐r❡ sér✐❡✉① ♥✬❛ ❡♥❝♦r❡
été r❛♣♣♦rté ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♣ré❝♦♥✐sé❡s ❞✬✉t✐❧✐s❛t✐♦♥ ✭▲♦♦ ❡t ❛❧✳✱ ✷✵✶✶✮✱
❡t ❧❡✉r ❢❛❝✐❧✐té ❞✬❡①é❝✉t✐♦♥ ✭❜✐❡♥ q✉❡ ❝❡s st✐♠✉❧❛t✐♦♥s ❞♦✐✈❡♥t êtr❡ ré❛❧✐sé❡s
♣❛r ✉♥ ♣r♦❢❡ss✐♦♥♥❡❧ ❢♦r♠é ❡t s♦✉s ❧❛ s✉♣❡r✈✐s✐♦♥ ❞✬✉♥ ♠é❞❡❝✐♥✱ ❧❡ ❞✐s♣♦s✐t✐❢
♥é❝❡ss❛✐r❡ ❡st ♣❡✉ ❝♦ût❡✉① ❡t ♣♦rt❛t✐❢✮ ❡♥ ❢♦♥t ✉♥❡ ♣✐st❡ ✐♥tér❡ss❛♥t❡ ♣♦✉r ❧❡
tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs❡s ♣❛t❤♦❧♦❣✐❡s ✭❛✈❡❝ ♣♦ss✐❜✐❧✐té ❞❡ ❧❡ ré❛❧✐s❡r à ❞♦♠✐❝✐❧❡✮✳

✶✳✸ ▲❛ t❉❈❙ ✿ ♣r✐♥❝✐♣❡ ❡t ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥

▲❡ t❡r♠❡ ❞❡ ✧st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉✧ ❞és✐❣♥❡
❞♦♥❝ ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ q✉✐ ✉t✐❧✐s❡ ✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉✱
❞❡ ❢❛✐❜❧❡ ✐♥t❡♥s✐té✱ ❞✐r✐❣é ✈❡rs ✉♥❡ ❛✐r❡ ❝éré❜r❛❧❡ s♣é❝✐✜q✉❡✳

▲✬✉♥ ❞❡s ❛✈❛♥t❛❣❡s ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡✱ ♦✉tr❡ s♦♥ ❝❛r❛❝tèr❡ ♥♦♥ ✐♥✈❛s✐❢✱
❝♦♥s✐st❡ ❡♥ ❧❛ s✐♠♣❧✐❝✐té ❞❡ s♦♥ ❛♣♣❛r❡✐❧❧❛❣❡✱ ❝♦♠♣♦sé ❞✬✉♥ ❣é♥ér❛t❡✉r ❞❡
❝♦✉r❛♥t ❡t ❞❡ ❞❡✉① é❧❡❝tr♦❞❡s ❞❡ ♣♦❧❛r✐té ❞✐✛ér❡♥t❡✳ ▲❡s é❧❡❝tr♦❞❡s s♦♥t ❡♥✲
❞✉✐t❡s ❞❡ ❣❡❧ ❝♦♥❞✉❝t❡✉r ❡t ♣❧❛❝é❡s s✉r ❧❡ s❝❛❧♣ ❞✉ s✉❥❡t ❀ ❧❡ ❝♦✉r❛♥t ❝✐r❝✉❧❡
❞❡ ❧❛ ❝❛t❤♦❞❡ ✭é❧❡❝tr♦❞❡ ❝❤❛r❣é❡ ♥é❣❛t✐✈❡♠❡♥t✮ ✈❡rs ❧✬❛♥♦❞❡ ✭❝❤❛r❣é❡ ♣♦✲
s✐t✐✈❡♠❡♥t✮ à tr❛✈❡rs ❧❛ ❜♦ît❡ ❝râ♥✐❡♥♥❡ ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❛ ♣♦s✐t✐♦♥
❞❡s é❧❡❝tr♦❞❡s✱ ❧❡ t❡♠♣s ❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡ st✐♠✉❧❛t✐♦♥ ✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬❡✛❡t q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ét✉❞✐❡r ❀ ❧❡ ❝♦✉r❛♥t ❡st ❛♣♣❧✐q✉é ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs
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♠✐♥✉t❡s ❛✈❡❝ ✉♥❡ ♠♦♥té❡ ✭❂❢❛❞❡ ✐♥✮ ❡t ✉♥❡ ❞❡s❝❡♥t❡ ✭❂❢❛❞❡ ♦✉t✮ ♣r♦❣r❡ss✐✈❡s
✭♣❛r ❡①❡♠♣❧❡✱ ❝❤❡③ ❧✬❍♦♠♠❡✱ ♠♦♥té❡ ❞❡ ✵ à ✷ ♠❆ ❡♥ ✶✵ s❡❝♦♥❞❡s✱ st✐♠✉❧❛t✐♦♥
à ✷ ♠❆ ♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s✱ ♣✉✐s ❞❡s❝❡♥t❡ ❡♥ ✶✵ s❡❝♦♥❞❡s✮✳ ▲❡s ✈❛r✐❛t✐♦♥s
♣r♦❣r❡ss✐✈❡s ❞✉ ❝♦✉r❛♥t s❡r✈❡♥t à é✈✐t❡r ❧❡ r❡ss❡♥t✐ ❞❡ s❡♥s❛t✐♦♥s ❞és❛❣ré❛❜❧❡s
❛✉ ♠♦♠❡♥t ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✉ ❝♦✉r❛♥t✳

✶✳✸✳✶ ❘❛♣♣❡❧s s✉r ❧❡ ♣♦t❡♥t✐❡❧ ♠❡♠❜r❛♥❛✐r❡

❆✜♥ ❞✬❡①♣❧✐q✉❡r ❧❡s ❡✛❡ts ❣é♥érés ♣❛r ❧❡ ♣❛ss❛❣❡ ❞✬✉♥ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡
❛✉ ♥✐✈❡❛✉ ❞✬✉♥ ♥❡✉r♦♥❡✱ ✐❧ ❛♣♣❛r❛ît ✐♠♣♦rt❛♥t ❞❡ r❛♣♣❡❧❡r q✉❡❧q✉❡s ♥♦t✐♦♥s
s✉r ❧❛ ♣❤②s✐♦❧♦❣✐❡ ❞❡s ❝❡❧❧✉❧❡s ❡①❝✐t❛❜❧❡s✳

▲❡ ♣♦t❡♥t✐❡❧ ❞❡ r❡♣♦s

▲❡ ♥❡✉r♦♥❡ ❡st ✉♥❡ ❝❡❧❧✉❧❡ ❡①❝✐t❛❜❧❡✱ q✉✐ ✉t✐❧✐s❡ ❞❡s s✐❣♥❛✉① é❧❡❝tr✐q✉❡s
♣♦✉r tr❛♥s♠❡ttr❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥✳ ❆✉ r❡♣♦s✱ s✐ ❧✬♦♥ ✐♥tr♦❞✉✐t ✉♥❡ ♠✐❝r♦é❧❡❝✲
tr♦❞❡ ❞❛♥s ✉♥ ♥❡✉r♦♥❡ ❡t ✉♥❡ é❧❡❝tr♦❞❡ ❞❡ ré❢ér❡♥❝❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❡①tr❛❝❡❧✲
❧✉❧❛✐r❡✱ ♦♥ ♣❡✉t ♠❡s✉r❡r ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ ♣♦t❡♥t✐❡❧ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡
❧❛ ♠❡♠❜r❛♥❡ ✿ ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡st ♥é❣❛t✐❢ ♣❛r r❛♣♣♦rt à ❧✬❡①tér✐❡✉r✳
❈❡tt❡ ❞✐✛ér❡♥❝❡✱ st❛❜❧❡✱ ❡st ❛♣♣❡❧é❡ ♣♦t❡♥t✐❡❧ ❞❡ r❡♣♦s✳ ❖♥ ❞é✜♥✐t ❧❛ ✈❛❧❡✉r
❞✉ ♣♦t❡♥t✐❡❧ ❞❡ r❡♣♦s à ❡♥✈✐r♦♥ ✲✼✵ ♠❱✳

▲❡ ♣♦t❡♥t✐❡❧ ❞✬❛❝t✐♦♥

❯♥❡ st✐♠✉❧❛t✐♦♥ ❛rr✐✈❡ s✉r ✉♥ ♥❡✉r♦♥❡✱ ❡♥tr❛î♥❛♥t ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ❝❛✲
♥❛✉① s♦❞✐q✉❡s ✈♦❧t❛❣❡✲❞é♣❡♥❞❛♥ts ❡♥❝❤❛ssés ❞❛♥s s❛ ♠❡♠❜r❛♥❡✱ ❝❡ q✉✐ ♣r♦✲
✈♦q✉❡ ✉♥❡ ❞é♣♦❧❛r✐s❛t✐♦♥✳ ❙✐ ❧❛ ✈❛❧❡✉r ❞✉ s❡✉✐❧ ❞✬❡①❝✐t❛❜✐❧✐té ❞❡ ❧❛ ❝❡❧❧✉❧❡ ❡st
❛tt❡✐♥t❡ ✭❡♥✈✐r♦♥ ✲✺✵ ♠❱✮✱ ✐❧ ② ❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❞✬❛❝t✐♦♥ ✭✜❣✉r❡
✶✳✽✮ ✿ ✭✶✮ ✉♥ ♠❛①✐♠✉♠ ❞❡ ❝❛♥❛✉① s♦❞✐q✉❡s ✈♦❧t❛❣❡✲❞é♣❡♥❞❛♥ts s✬♦✉✈r❡ ❀ ❧❡s
✐♦♥s ◆❛+ r❡♥tr❡♥t ❛❧♦rs ♠❛ss✐✈❡♠❡♥t ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥tr❛❝❡❧❧✉❧❛✐r❡ ✭♣❤❛s❡
❛s❝❡♥❞❛♥t❡ ✿ ❞é♣♦❧❛r✐s❛t✐♦♥ r❛♣✐❞❡ ❞❡ ❧❛ ♠❡♠❜r❛♥❡✮✳ ✭✷✮ ▲♦rsq✉❡ ❧❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❡♥ ◆❛+ ❛ ❛tt❡✐♥t ✉♥❡ ❝❡rt❛✐♥❡ ✈❛❧❡✉r ✭✰✸✵ ♠❱✮✱ ❧❡s ❝❛♥❛✉① s♦❞✐q✉❡s
s✬✐♥❛❝t✐✈❡♥t✳ ✭✸✮ ▲❡s ❝❛♥❛✉① ♣♦t❛ss✐q✉❡s ✈♦❧t❛❣❡✲❞é♣❡♥❞❛♥ts s✬♦✉✈r❡♥t ❡♥✈✐✲
r♦♥ ✶ ♠s ❛♣rès q✉❡ ❧❡ s❡✉✐❧ ❞✬❡①❝✐t❛❜✐❧✐té ❛✐t été ❛tt❡✐♥t✱ ❧❛✐ss❛♥t s♦rt✐r ❧❡s ✐♦♥s
❑+ ✿ ♣❤❛s❡ ❞❡ r❡♣♦❧❛r✐s❛t✐♦♥✳ ✭✹✮ ▲❡s ❝❛♥❛✉① ❑+ ♠❡tt❡♥t ♣❧✉s ❞❡ t❡♠♣s à
s❡ r❡❢❡r♠❡r✱ ❡♥tr❛î♥❛♥t ✉♥❡ ❤②♣❡r♣♦❧❛r✐s❛t✐♦♥✳ ✭✺✮ P♦✉r r❡tr♦✉✈❡r ❧✬éq✉✐❧✐❜r❡
é❧❡❝tr♦❝❤✐♠✐q✉❡✱ ❧❡s ♣♦♠♣❡s ◆❛+ ❡t ❑+ ♣r❡♥♥❡♥t ❧❡ r❡❧❛✐s✱ ❢❛✐s❛♥t s♦rt✐r ❧❡s
✐♦♥s ❑+ ❡t ❡♥tr❡r ❧❡s ✐♦♥s ◆❛+ ♣♦✉r ♣❡r♠❡ttr❡ ❛✉ ♣♦t❡♥t✐❡❧ ❞❡ r❡tr♦✉✈❡r s❛
✈❛❧❡✉r ❞❡ r❡♣♦s ✭❇❡❛r ❡t ❛❧✳✱ ✷✵✵✼✮✳
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❋✐❣✉r❡ ✶✳✽ ✕ ▲❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❝♦♥❞✉✐s❛♥t ❛✉ ❞é❝❧❡♥❝❤❡♠❡♥t ❞✬✉♥ ♣♦✲
t❡♥t✐❡❧ ❞✬❛❝t✐♦♥✱ ❞é❝r✐t❡s ❞❛♥s ❧❡ t❡①t❡ ✿ ✭✶✮ ❞é♣♦❧❛r✐s❛t✐♦♥ ❀ ✭✷✮ ✐♥❛❝t✐✈❛t✐♦♥
❞❡s ❝❛♥❛✉① s♦❞✐q✉❡s ❀ ✭✸✮ r❡♣♦❧❛r✐s❛t✐♦♥ ❀ ✭✹✮ ❤②♣❡r♣♦❧❛r✐s❛t✐♦♥ ❀ ✭✺✮ r❡t♦✉r ❛✉
♣♦t❡♥t✐❡❧ ❞❡ r❡♣♦s✳

◆♦t♦♥s q✉❡ ❝♦♥tr❛✐r❡♠❡♥t à ❞✬❛✉tr❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥✱ t❡❧❧❡s q✉❡
❧❛ st✐♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ tr❛♥s❝râ♥✐❡♥♥❡ ✭❚▼❙✮✱ ❧❛ t❉❈❙ ♥✬❡♥tr❛î♥❡ ♣❛s
❞✐r❡❝t❡♠❡♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❞✬❛❝t✐♦♥✱ ♠❛✐s ♠♦❞✐✜❡ ❧✬❡①❝✐t❛❜✐❧✐té
♥❡✉r♦♥❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞✉ s✐t❡ ❞❡ st✐♠✉❧❛t✐♦♥ ✭✜❣✉r❡ ✶✳✾✮ ❀ ❝✬❡st ♣♦✉rq✉♦✐ ✐❧
s❡r❛✐t ♣❧✉s ❥✉❞✐❝✐❡✉① ❞❡ ♣❛r❧❡r ❞❡ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥✳

✶✳✸✳✷ ❆s♣❡❝ts ♣❤②s✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ t❉❈❙

❆♣♣♦rt ❞❡s ét✉❞❡s s✉r ❧❛ ♣♦❧❛r✐s❛t✐♦♥

▲❡s ♣r❡♠✐èr❡s ét✉❞❡s ♠❡♥é❡s ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✻✵ ♦♥t ❞é♠♦♥tré q✉✬✉♥
❢❛✐❜❧❡ ❝♦✉r❛♥t ❛♣♣❧✐q✉é ❛✉ ♥✐✈❡❛✉ ❝♦rt✐❝❛❧ ♠♦❞✐✜❡ ❧✬❡①❝✐t❛❜✐❧✐té ♥❡✉r♦♥❛❧❡
♣❡♥❞❛♥t ❡t ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥ ✭❇✐♥❞♠❛♥ ❡t ❛❧✳✱ ✶✾✻✹✮✳ ❆✐♥s✐✱ ❞❛♥s ❧❡ ❝❛s
❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉✱ ❧✬❛♥♦❞❡ ❡♥tr❛î♥❡ ✉♥❡ ❞é♣♦❧❛r✐s❛t✐♦♥
♠❡♠❜r❛♥❛✐r❡ q✉✐✱ r❛♣♣r♦❝❤❛♥t ❧❡s ♥❡✉r♦♥❡s ❞❡ ❧❡✉r s❡✉✐❧ ❞✬❛❝t✐✈❛t✐♦♥✱ ❛✉❣✲
♠❡♥t❡ ❧❡s ❝❤❛♥❝❡s ❞❡ ❞é❝❤❛r❣❡ ♥❡✉r♦♥❛❧❡ ✭❢♦r♠❛t✐♦♥ ❞✬✉♥ ♣♦t❡♥t✐❡❧ ❞✬❛❝t✐♦♥ ❀
✜❣✉r❡ ✶✳✾ ❆✮✳ ❆✉ ❝♦♥tr❛✐r❡ ❧❛ ❝❛t❤♦❞❡ ❡♥tr❛î♥❡ ✉♥❡ ❤②♣❡r♣♦❧❛r✐s❛t✐♦♥ q✉✐ ❞✐✲
♠✐♥✉❡ ❧✬❡①❝✐t❛❜✐❧✐té ♥❡✉r♦♥❛❧❡ ✭✜❣✉r❡ ✶✳✾ ❇✮✳ ◆é❛♥♠♦✐♥s✱ ❝❡t ❡✛❡t ❞é♣❡♥❞ ❞❡
❧❛ ♣♦s✐t✐♦♥ ❞❡s ♥❡✉r♦♥❡s ❞❛♥s ❧❡ ❝♦rt❡① ✭❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ♥❡✉r♦♥❡s ❞❡s ❝♦✉❝❤❡s
♣r♦❢♦♥❞❡s s❡r❛✐t ❛✉ ❝♦♥tr❛✐r❡ ♣❧✉tôt ❢❛❝✐❧✐té❡ ♣❛r ❧❛ ❝❛t❤♦❞❡ ❡t ✐♥❤✐❜é❡ ♣❛r
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❋✐❣✉r❡ ✶✳✾ ✕ ❊✛❡t ❞✬✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❞✬✉♥❡ ✐♥t❡♥s✐té ❞❡ ✵✳✵✶ ♠❆ s✉r ❧❛
❞é❝❤❛r❣❡ ♥❡✉r♦♥❛❧❡✳ ❆✴ P♦❧❛r✐s❛t✐♦♥ ❛♥♦❞✐q✉❡ ✿ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❞é❝❤❛r❣❡s ♥❡✉r♦♥❛❧❡s ✭❛✉✲❞❡ss✉s✮ ♣❛r r❛♣♣♦rt ❛✉ ❝♦♥trô❧❡ ✭❡♥ ❞❡ss♦✉s✮✳ ❇✴
P♦❧❛r✐s❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ✿ ❞✐♠✐♥✉t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❞é❝❤❛r❣❡s ♥❡✉r♦♥❛❧❡s ♣❛r
r❛♣♣♦rt ❛✉ ❝♦♥trô❧❡✳ ♣❡ ✿ tr❛❝é ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣♦t❡♥t✐❡❧ é✈♦q✉é ✭t♦✉t❡s
❧❡s ✷ s❡❝♦♥❞❡s✮ ❀ ❞ ✿ tr❛❝é ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❞é❝❤❛r❣❡ ♥❡✉r♦♥❛❧❡✳ ❆❞❛♣té ❞❡
❇✐♥❞♠❛♥ ❡t ❛❧✳ ✭✶✾✻✹✮✳

❆♣♣♦rt ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és ♠♦t❡✉rs ✿ ét✉❞❡s ♣❤❛r♠❛❝♦❧♦❣✐q✉❡s

❯♥ ♣♦t❡♥t✐❡❧ é✈♦q✉é ✭P❊✮ ❡st ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té é❧❡❝tr✐q✉❡ ❞✉
s②stè♠❡ ♥❡r✈❡✉① ❡♥ ré♣♦♥s❡ à ✉♥❡ st✐♠✉❧❛t✐♦♥ ❡①tér✐❡✉r❡✳ ▲❡s P❊ ♠♦t❡✉rs
s♦♥t ♦❜t❡♥✉s ❡♥ st✐♠✉❧❛♥t ❧❡ ❝♦rt❡① ♠♦t❡✉r ✭❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s ♣❛r ❚▼❙ ❀
✈♦✐r ✶✳✷✳✹✮ ❡t ❡♥ ❡♥r❡❣✐str❛♥t ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ré♣♦♥s❡ ♣❛r é❧❡❝tr♦♠②♦❣r❛♣❤✐❡
✭✈✐❛ ❞❡s é❧❡❝tr♦❞❡s ❝✉t❛♥é❡s✮ ❛✉ ♥✐✈❡❛✉ ❞✉ ♠✉s❝❧❡ ❝✐❜❧❡✳

▲❛ ♠❡s✉r❡ ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és ♣❡r♠❡t ❧✬ét✉❞❡ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉
s②stè♠❡ ♥❡r✈❡✉① s♦✉s ❞✐✈❡rs❡s ❝♦♥❞✐t✐♦♥s ✭❢♦♥❝t✐♦♥♥❡♠❡♥t ♥♦r♠❛❧✱ ♣❛t❤♦❧♦✲
❣✐q✉❡✳✳✳✮✳ ❊❧❧❡ ❛ ❧❛r❣❡♠❡♥t ❝♦♥tr✐❜✉é à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙✱
❝♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡s ét✉❞❡s ❝✐✲❞❡ss♦✉s✳

❈❡s ❡✛❡ts ♣❡✉✈❡♥t êtr❡ ❞✐✛ér❡♥❝✐és ❡♥ ❡✛❡ts ✐♠♠é❞✐❛ts ✭♣❡♥❞❛♥t✮ ❡t ré✲
♣❡r❝✉ss✐♦♥s ✭❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥✮✱ rés✉♠és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✳✶✳

❆✴ ❊✛❡ts ✐♠♠é❞✐❛ts ✿ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✐♠♣❧✐q✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t
✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞❡s ❝❛♥❛✉① s♦❞✐q✉❡s ♠❡♠❜r❛♥❛✐r❡s✳ ❊♥ ❡✛❡t✱ ❧❡✉r ❜❧♦❝❛❣❡
✭♣❛r ❧❛ ❝❛r❜❛♠❛③é♣✐♥❡✮ ❛♥♥✉❧❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té ♥♦r♠❛❧❡♠❡♥t
♦❜s❡r✈é❡✳ ❉❡ ♠❛♥✐èr❡ ♣❧✉s ♠♦❞éré❡✱ ✉♥ ❜❧♦❝❛❣❡ ❞❡s ❝❛♥❛✉① ❝❛❧❝✐q✉❡s ✭✢✉✲
♥❛r✐③✐♥❡✮ ❞✐♠✐♥✉❡ ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙ ❀ ❝❡t ❡✛❡t ♠♦✐♥❞r❡ ❞✉ ❜❧♦❝❛❣❡ ❞❡s
❝❛♥❛✉① ❝❛❧❝✐q✉❡s s✬❡①♣❧✐q✉❡ ♣❛r ❧❛ ♣ré❞♦♠✐♥❛♥❝❡ ❞❡s ❝❛♥❛✉① s♦❞✐q✉❡s ❞❛♥s
❧❡ ❝♦♥trô❧❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ♣♦t❡♥t✐❡❧s ♠❡♠❜r❛♥❛✐r❡s ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✸❛✮✳

❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ❜❧♦❝❛❣❡ ❞❡ ❝❡s ❝❛♥❛✉① ✐♦♥✐q✉❡s ♥✬❛ ❛✉❝✉♥ ❡✛❡t s✉r ❧✬❤②✲
♣❡r♣♦❧❛r✐s❛t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✳ ❈❡❝✐ ♣♦✉rr❛✐t s✬❡①✲
♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t q✉❡ ♣❤②s✐♦❧♦❣✐q✉❡♠❡♥t✱ ❧✬❤②♣❡r♣♦❧❛r✐s❛t✐♦♥ ✐♠♣❧✐q✉❡ ❞é❥à
✉♥❡ ✐♥❛❝t✐✈❛t✐♦♥ ❞❡s ❝❛♥❛✉① s♦❞✐q✉❡s ❡t ❝❛❧❝✐q✉❡s ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✸❛✮✳
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❇✴ ❘é♣❡r❝✉ss✐♦♥s ✿ ❧à ❡♥❝♦r❡ ❧❡ ❜❧♦❝❛❣❡ ❞❡s ❝❛♥❛✉① s♦❞✐q✉❡s ♦✉ ❝❛❧❝✐q✉❡s
♥❡ s✉♣♣r✐♠❡ ❧❡s ❡✛❡ts q✉❡ ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭❡t ♥♦♥ ❝❛t❤♦❞✐q✉❡✮✳

▲❡s ré❝❡♣t❡✉rs ◆✲♠ét❤②❧✲❉✲❛s♣❛rt❛t❡ ✭◆▼❉❆✮ ♦♥t été ❝❤♦✐s✐s ❝♦♠♠❡
❝✐❜❧❡ ❞✬✐♥térêt ♣♦✉r ❧✬ét✉❞❡ ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❧❛ t❉❈❙✳ ❈❡s ré❝❡♣t❡✉rs ❝❛✲
♥❛✉① ✭♣❡r♠é❛❜❧❡s ❛✉① ✐♦♥s ◆❛+✱ ❑+ ❡t ❈❛++✮ s♦♥t ❡♥ ❡✛❡t ✐♠♣❧✐q✉és ❞❛♥s
❧❡s ♣r♦❝❡ss✉s ❞❡ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡ t❡❧s q✉❡ ❧❛ ♣♦t❡♥t✐❛❧✐s❛t✐♦♥ ❡t ❧❛ ❞é♣r❡s✲
s✐♦♥ à ❧♦♥❣ t❡r♠❡ ✭P▲❚ ❡t ❉▲❚✱ très ét✉❞✐és ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡✉r rô❧❡ ❞❛♥s
♣❧✉s✐❡✉rs t②♣❡s ❞❡ ♠é♠♦✐r❡ ❀ ▲üs❝❤❡r ❡t ▼❛❧❡♥❦❛ ✭✷✵✶✷✮✮✳

❉❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♥♦r♠❛❧❡s ❝❡s ré❝❡♣t❡✉rs s♦♥t ✐♥❛❝t✐❢s✳ ▲♦rsq✉✬✉♥ ♥❡✉✲
r♦♥❡ ♣rés②♥❛♣t✐q✉❡ ❧✐❜èr❡ ✉♥❡ q✉❛♥t✐té s✉✣s❛♥t❡ ❞❡ ❣❧✉t❛♠❛t❡ ✭♣r✐♥❝✐♣❛❧
♥❡✉r♦tr❛♥s♠❡tt❡✉r ❛❝t✐✈❛t❡✉r ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧✮ ♣♦✉r q✉❡ ❧❡ s❡✉✐❧
❞✬❛❝t✐✈❛t✐♦♥ ❞✬✉♥ ♥❡✉r♦♥❡ ♣♦sts②♥❛♣t✐q✉❡ s♦✐t ❞é♣❛ssé✱ ❧❡s ré❝❡♣t❡✉rs ◆▼❉❆
❞❡ ❝❡ s❡❝♦♥❞ ♥❡✉r♦♥❡ s✬♦✉✈r❡♥t ❡t ❞❡s ✐♦♥s ❝❛❧❝✐✉♠ ❡♥tr❡♥t ♠❛ss✐✈❡♠❡♥t✳ ■❧s
❞é❝❧❡♥❝❤❡♥t ❛❧♦rs ✉♥❡ ❝❛s❝❛❞❡ ❞❡ ré❛❝t✐♦♥s ♠♦❧é❝✉❧❛✐r❡s q✉✐ ❛❜♦✉t✐t à ✉♥❡
♠♦❞✐✜❝❛t✐♦♥ ❞✉r❛❜❧❡ ❞❡ ❧❛ s②♥❛♣s❡ ✭✜❣✉r❡ ✶✳✶✵✮✳

Neurone 
présynaptique

Neurone 
postsynaptique

Ca++

Na+

Mg++

Activation5
de5gènes

Glutamate

(1)

(2)

(3)

(4)

AMPA5R

NMDA5R

(5)

Message5rétrograde

❋✐❣✉r❡ ✶✳✶✵ ✕ ❙❝❤é♠❛ ❞❡s ♠é❝❛♥✐s♠❡s ❝♦♥❞✉✐s❛♥t à ❧❛ ♣♦t❡♥t✐❛❧✐s❛t✐♦♥ à ❧♦♥❣
t❡r♠❡✳ ❆♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ à ❤❛✉t❡ ❢réq✉❡♥❝❡✱ ❞✉ ❣❧✉t❛♠❛t❡ ❡st ❡①❝rété
❞❛♥s ❧❛ s②♥❛♣s❡ ✭✶✮✳ ■❧ s❡ ✜①❡ s✉r ❞❡✉① t②♣❡s ❞❡ ré❝❡♣t❡✉rs ✿ ❆▼P❆ ❡t ◆▼❉❆
✭✷✮✳ ▲❡s ❆▼P❆ ❘ s✬♦✉✈r❡♥t✱ ❧❛✐ss❛♥t ❡♥tr❡r ❞❡s ✐♦♥s ◆❛+ q✉✐ ♣r♦✈♦q✉❡♥t ✉♥❡
❞é♣♦❧❛r✐s❛t✐♦♥ ✭✸✮✳ ▲❛ ❞é♣♦❧❛r✐s❛t✐♦♥ ♣r♦✈♦q✉❡ ❧❡ ❞é♣❛rt ❞❡ ❧✬✐♦♥ ▼❣++ q✉✐
❜❧♦q✉❛✐t ❧❡ ◆▼❉❆ ❘ ✭✹✮ ❀ ❧❡ ré❝❡♣t❡✉r ❧❛✐ss❡ ❛❧♦rs ❡♥tr❡r ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t
❧❡s ✐♦♥s ❈❛++✱ q✉✐ ❞é❝❧❡♥❝❤❡♥t ✉♥❡ ❝❛s❝❛❞❡ ❞❡ s✐❣♥❛❧✐s❛t✐♦♥ ✭✺✮ ❛❜♦✉t✐ss❛♥t
❛✉ r❡♥❢♦r❝❡♠❡♥t ❞❡ ❧❛ s②♥❛♣s❡✳ ❯♥ ♠❡ss❛❣❡ rétr♦❣r❛❞❡ s❡r❛✐t ❡♥s✉✐t❡ ❡♥✈♦②é
✈❡rs ❧✬é❧é♠❡♥t ♣ré✲s②♥❛♣t✐q✉❡✱ ♣❡r♠❡tt❛♥t ❧❡ ♠❛✐♥t✐❡♥ ❞❡ ❧❛ P▲❚✳
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▲✬éq✉✐♣❡ ❞❡ ▲✐❡❜❡t❛♥③ ❛ ❜❧♦q✉é ❝❡s ré❝❡♣t❡✉rs ❛✉ ♠♦②❡♥ ❞✬✉♥ ❛♥t❛❣♦♥✐st❡✱
❧❡ ❞❡①tr♦♠ét❤♦r♣❤❛♥❡ ✭❛❞♠✐♥✐stré à ❞❡s s✉❥❡ts ✈♦❧♦♥t❛✐r❡s ✷ ❤ ❛✈❛♥t ✉♥❡
st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡ ❞❡ ✺ ♠✐♥✉t❡s✮✱ ❡t ♠♦♥tré ✭✈✐❛ ❧✬ét✉❞❡ ❞❡s
P❊ ♠♦t❡✉rs✮ q✉❡ ❝❡❧❛ ❛♥♥✉❧❛✐t ❧❡s ❡✛❡ts à ❧❛ ❢♦✐s ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
❡t ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✳ ❈❡❝✐ s✉❣❣èr❡ q✉❡ ❧❡s ré❝❡♣t❡✉rs ◆▼❉❆ s♦♥t
✐♠♣♦rt❛♥ts ❞❛♥s ❧✬❛♣♣❛r✐t✐♦♥ ❞❡s ❡✛❡ts à ❧♦♥❣ t❡r♠❡ ❞❡ ❧❛ t❉❈❙✱ q✉❡❧❧❡ q✉❡
s♦✐t ❧❛ ♣♦❧❛r✐té ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭▲✐❡❜❡t❛♥③ ❡t ❛❧✳✱ ✷✵✵✷✮✳

❈❡s rés✉❧t❛ts ♦♥t été r❡♣r♦❞✉✐ts ♣❛r ❧❛ ♠ê♠❡ éq✉✐♣❡ ❞❛♥s ✉♥❡ ♣✉❜❧✐❝❛t✐♦♥
✉❧tér✐❡✉r❡ ✿ ✷ ❤ ❛♣rès ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❞❡①tr♦♠ét❤♦r♣❤❛♥❡✱ ❧✬❡✛❡t ❞✬✉♥❡
st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞❡ ✶✶ à ✶✸ ♠✐♥✉t❡s ♦✉ ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞❡
✾ ♠✐♥✉t❡s ét❛✐t ❝♦♠♣❧èt❡♠❡♥t ❛❜♦❧✐ ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✸❛✮✳

❊♥✜♥✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ✐♠♣❧✐q✉❡r❛✐❡♥t é❣❛❧❡♠❡♥t ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡
❞✐✈❡rs ♥❡✉r♦tr❛♥s♠❡tt❡✉rs✱ ♥♦t❛♠♠❡♥t ❧❛ sér♦t♦♥✐♥❡ ❡t ❧❛ ❞♦♣❛♠✐♥❡✳ ▲❡ ❜❧♦✲
❝❛❣❡ ❞❡ ❧❛ r❡❝❛♣t✉r❡ ❞❡ sér♦t♦♥✐♥❡ ♣❛r ❞✉ ❝✐t❛❧♦♣r❛♠ ❛✉❣♠❡♥t❡ ✭❡t ♣r♦❧♦♥❣❡✮
❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❛♥♦❞✐q✉❡✱ ❡t ❝❤❛♥❣❡ ❧✬✐♥❤✐❜✐t✐♦♥ ♥♦r♠❛❧❡♠❡♥t ✐♥❞✉✐t❡
♣❛r ✉♥❡ t❉❈❙ ❝❛t❤♦❞✐q✉❡ ❡♥ ❢❛❝✐❧✐t❛t✐♦♥ ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✾❜✮✳ ❈♦♥❝❡r♥❛♥t
❧❛ ❞♦♣❛♠✐♥❡✱ ❧❡ ❜❧♦❝❛❣❡ ❞❡ s❡s ré❝❡♣t❡✉rs ❉✷ ♣❛r ❧❛ s✉❧♣✐r✐❞❡ r❡t❛r❞❡ ❧❡s ❡❢✲
❢❡ts ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❡t ❛♥♥✉❧❡ ❝❡✉① ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✳
▲✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ♣❡r❣♦❧✐❞❡✱ ❛❣♦♥✐st❡ ❞❡s ré❝❡♣t❡✉rs à ❧❛ ❞♦♣❛♠✐♥❡ ✭❉✶ ❡t
❉✷✮✱ ♣r♦❧♦♥❣❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✬❡①❝✐t❛❜✐❧✐té ✐♥❞✉✐t❡ ♣❛r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦✲
❞✐q✉❡✳ ◗✉❛♥❞ ❧❡s ré❝❡♣t❡✉rs ❉✷ s♦♥t ❜❧♦q✉és ❡t ❧❡s ❉✶ ❛❝t✐✈és ✭❛❞♠✐♥✐str❛t✐♦♥
❝♦♥❥♦✐♥t❡ ❞❡ s✉❧♣✐r✐❞❡ ❡t ❞❡ ♣❡r❣♦❧✐❞❡✮✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ s♦♥t é❣❛❧❡♠❡♥t
❞✐♠✐♥✉és ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡❝✐ s✉❣❣èr❡ q✉❡ ❧❡s ré❝❡♣t❡✉rs ❉✷ ❥♦✉❡♥t ✉♥
rô❧❡ ♣ré♣♦♥❞ér❛♥t ❞❛♥s ❧✬✐♥❞✉❝t✐♦♥ ❞❡ ♣❧❛st✐❝✐té ♣❛r ❧❛ t❉❈❙✳

▲✬❛❝✐❞❡ ❣❛♠♠❛✲❛♠✐♥♦❜✉t②r✐q✉❡ ✭●❆❇❆✱ ♣r✐♥❝✐♣❛❧ ♥❡✉r♦tr❛♥s♠❡tt❡✉r ✐♥✲
❤✐❜✐t❡✉r ❞✉ s②stè♠❡ ♥❡r✈❡✉①✮ ❥♦✉❡ ❛✉ss✐ ✉♥ rô❧❡✳ ▲✬éq✉✐♣❡ ❞❡ ◆✐ts❝❤❡ ❡t ❛❧✳
✭✷✵✵✹✮ ❛ ♠♦♥tré q✉❡ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞✬✉♥ ❛❣♦♥✐st❡ ❞✉ ré❝❡♣t❡✉r ❞✉ ●❆❇❆✲❆
✭❧♦r❛③é♣❛♠✮ ❡♥tr❛î♥❡ ✉♥ r❡t❛r❞ s✉✐✈✐ ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❡t ❞✬✉♥❡ ♣r♦❧♦♥❣❛✲
t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡✳ ❊♥ r❡✈❛♥❝❤❡ ❝❡ tr❛✐t❡♠❡♥t ♥❡
s❡♠❜❧❡ ♣❛s ✐♥✢✉❡♥❝❡r ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ✭◆✐ts❝❤❡
❡t ❛❧✳✱ ✷✵✵✹✮✳ ❈❡rt❛✐♥s ❛✉t❡✉rs ♣❡♥s❡♥t q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐❡♥t
s✬❡①♣❧✐q✉❡r ❡♥ ♣❛rt✐❡ ♣❛r ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❜❛❧❛♥❝❡ ❡①❝✐t❛t✐♦♥✴✐♥❤✐❜✐t✐♦♥
✭r❛t✐♦ ❣❧✉t❛♠❛t❡✴●❆❇❆✮ ✭❑r❛✉s❡ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❆✐♥s✐✱ ❧✬éq✉✐♣❡ ❞❡ ❙t❛❣❣ ❛
♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ rés✉❧t❡ ❡♥ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ❡♥ ❣❧✉t❛♠❛t❡ ❛ss♦❝✐é❡ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ●❆❇❆
❞❛♥s ✉♥❡ ét✉❞❡ ❞❡ s♣❡❝tr♦s❝♦♣✐❡ ♣❛r rés♦♥❛♥❝❡ ♠❛❣♥ét✐q✉❡ ✭❙t❛❣❣ ❡t ❛❧✳✱
✷✵✵✾✮✳
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Anode Cathode Anode Cathode

CanauxgNa? Annulegeffets Ø Annulegeffets Ø

CanauxgCa?? Diminuegeffets Ø Annulegeffets Ø

RécepteursgNMDAgHGlutamatey Ø Ø Annulegeffets Annulegeffets

RécepteursgDopamine Retardegeffets Annulegeffets

RecapturegSérotonine

Augmentegetg

prolongeglag

facilitation

Changeg

lEinhibitiongeng

facilitation

A
go

n
is
te

RécepteurgaugGABA

Aucungeffetg

significatifgHtendg

àgdiminuerglag

facilitationy

Ø

Retardegpuisg

augmentegetg

prolongeglag

facilitation

Ø

Normaux

B
lo

qu
eu

r

NT

Effetsgimmédiats Répercussions

Dépolarisationg

infraliminaire
Hyperpolarisation

Prochesgdesgmécanismesgdeg

plasticitégsynaptiqueg?

❚❛❜❧❡ ✶✳✶ ✕ ❘és✉♠é ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s ❧♦rs ❞❡s ❞✐✛ér❡♥t❡s ét✉❞❡s ♣❤❛r✲
♠❛❝♦❧♦❣✐q✉❡s s✉r ❧❡s ❡✛❡ts ✐♠♠é❞✐❛ts ❡t ❧❡s ré♣❡r❝✉ss✐♦♥s ❞❡ ❧❛ t❉❈❙ ✭P❊
♠♦t❡✉rs✮✳ ⊘ ✿ ♣❛s ❞✬❡✛❡t ♦❜s❡r✈é ❀ ◆❚ ✿ ♥♦♥ t❡sté✳

❈❡❧❛ ét❛♥t✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ♥❡ ❞é♣❡♥❞❡♥t ♣❛s ✉♥✐q✉❡♠❡♥t ❞❡ ❧❛
♣♦❧❛r✐té ❞❡ ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡✱ ♠❛✐s ❛✉ss✐ ❞❡ ❧✬✐♥t❡♥s✐té ❞✉ ❝♦✉r❛♥t ❡t ❞❡
❧❛ ❞✉ré❡ ❡t ❞✉ ❞é❧❛✐ ❡♥tr❡ ❞❡✉① st✐♠✉❧❛t✐♦♥s✳

❆✐♥s✐✱ ❇❛ts✐❦❛❞③❡ ❡t ❛❧✳ ✭✷✵✶✸✮ ♦♥t ♠♦♥tré ✭t♦✉❥♦✉rs ♣❛r ❧✬ét✉❞❡ ❞❡s P❊
♠♦t❡✉rs ❝❤❡③ ❧✬❍♦♠♠❡✮ q✉❡ ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞❡ ✶ ♠❆✱ ♦♥
♦❜s❡r✈❛✐t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té ❞✉ ❝♦rt❡① ♠♦t❡✉r✱ ❛❧♦rs q✉✬à ✷ ♠❆✱
❧✬❡✛❡t ét❛✐t ✐♥✈❡rs❡ ✿ ✐❧ ② ❛✈❛✐t ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té✳

▼♦♥t❡✲❙✐❧✈❛ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t q✉❛♥t à ❡✉① ❞é♠♦♥tré ❧✬✐♠♣♦rt❛♥❝❡
❞❡ ❧❛ ❞✉ré❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❡t s✉rt♦✉t ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❞❡✉① st✐♠✉❧❛t✐♦♥s
q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ♣♦❧❛r✐té ❞❡ ❧❛ t❉❈❙ ✭▼♦♥t❡✲❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✵✱ ✷✵✶✸✮✳ ❈❡s
❡✛❡ts s♦♥t rés✉♠és ❞❛♥s ❧❛ t❛❜❧❡ ✶✳✷✳

Intervalle Anode Cathode

Nul ↘4excitabilité41inhibition'

Court4134ou4204min'
Prolonge4la4facilitation41j4de4244h4

après4la4tDCS'

Long4134ou4244h'
Abolit4la4facilitation4après4la42ème4

tDCS

Retarde41de414h'4mais4prolonge41j4de4

24h'4lRinhibition4après4la42ème4tDCS

Effet4dRune4double4stimulation

Prolonge4lRinhibition41jusquRà424h4après4

la4tDCS'4et4augmente4son4amplitude4

pour4lRintervalle4204min

❚❛❜❧❡ ✶✳✷ ✕ ❊✛❡ts ❞✬✉♥❡ ❞♦✉❜❧❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭✷ ① ✶✸ ♠✐♥✱ ▼♦♥t❡✲
❙✐❧✈❛ ❡t ❛❧✳ ✭✷✵✶✸✮✮ ♦✉ ❝❛t❤♦❞✐q✉❡ ✭✷ ① ✾ ♠✐♥✱ ▼♦♥t❡✲❙✐❧✈❛ ❡t ❛❧✳ ✭✷✵✶✵✮✮✳



✸✷ ❈❍❆P■❚❘❊ ✶✳ ▲✬➱▲❊❈❚❘❖❚❍➱❘❆P■❊

✶✳✸✳✸ ❆✉tr❡s ♠é❝❛♥✐s♠❡s

▲❡s ❡✛❡ts ♣❤②s✐♦❧♦❣✐q✉❡s ❡t ❝❡❧❧✉❧❛✐r❡s ❞❡ ❧❛ t❉❈❙ ♦♥t été t❡stés ❛✉ ♠♦②❡♥
❞✬❛✉tr❡s ♠ét❤♦❞❡s✳

❆✴ ➱t✉❞❡s ✐♥ ✈✐tr♦ ✿ ♣❧✉s✐❡✉rs éq✉✐♣❡s s❡ s♦♥t ♣❡♥❝❤é❡s s✉r ❧✬ét✉❞❡ ❞❡s
❡✛❡ts ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ s✉r ❞❡s tr❛♥❝❤❡s ❞❡ ❝❡r✈❡❛✉✳

✶✳ ❋r✐ts❝❤ ❡t ❛❧✳ ✭✷✵✶✵✮ ✿ ❧❛ st✐♠✉❧❛t✐♦♥ ♣❛r ✉♥ ❢❛✐❜❧❡ ❝♦✉r❛♥t ❝♦♥t✐♥✉
✭✵✳✵✶ ♠❆✱ ✶✺ ♠✐♥✉t❡s✮ ❞❡ ♣♦❧❛r✐té ❛♥♦❞✐q✉❡ ❝♦✉♣❧é❡ à ✉♥❡ ❛❝t✐✈❛t✐♦♥
s②♥❛♣t✐q✉❡ à ❜❛ss❡ ❢réq✉❡♥❝❡ ✭✵✳✶ ❍③✮ ✐♥❞✉✐t ✉♥❡ P▲❚ ✭❝♦rt❡① ♠♦t❡✉r
▼✶✱ s♦✉r✐s✮✳
✖ ▲❛ ❢réq✉❡♥❝❡ ❞❡ ❧❛ ❝♦✲❛❝t✐✈❛t✐♦♥ s②♥❛♣t✐q✉❡ ❡st ✐♠♣♦rt❛♥t❡ ✭❧❡s

❡✛❡ts ❞✉ ❝♦✉r❛♥t ❝♦♥t✐♥✉ s♦♥t ♠❛①✐♠✉♠ ♣♦✉r ✉♥❡ ❢réq✉❡♥❝❡ ❞❡
✵✳✶ ❍③✮✳

✖ ❯♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ♥✬✐♥❞✉✐t ♣❛s ❞❡ P▲❚✳
✖ ❈❡tt❡ ❢♦r♠❡ ❞❡ ♣❧❛st✐❝✐té ❡st ◆▼❉❆✲❞é♣❡♥❞❛♥t❡ ♣✉✐sq✉✬✉♥ ♣ré✲

tr❛✐t❡♠❡♥t ♣❛r ✉♥ ❛♥t❛❣♦♥✐st❡ ❞❡s ré❝❡♣t❡✉rs ◆▼❉❆ ✭❧❡ ❉✲❛❝✐❞❡
✷✲❛♠✐♥♦✲✺✲♣❤♦s♣❤♦♥♦✈❛❧ér✐q✉❡✮ ❡♠♣ê❝❤❡ t♦✉t❡ ✐♥❞✉❝t✐♦♥ ❞❡ P▲❚
✭❝♦rr♦❜♦r❡ ❧❡s ét✉❞❡s ♠❡♥é❡s ❝❤❡③ ❧✬❍♦♠♠❡ ❡t ✈✉❡s ❝✐✲❛✈❛♥t✮✳

✖ ▲❡ ❢❛❝t❡✉r ♥❡✉r♦tr♦♣❤✐q✉❡ ❞ér✐✈é ❞✉ ❝❡r✈❡❛✉ ✭❇❉◆❋✱ ❞♦♥t ❧❛ sé✲
❝rét✐♦♥ ❞é♣❡♥❞ ♥♦t❛♠♠❡♥t ❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ré❝❡♣t❡✉rs ◆▼❉❆✮
❡st ✉♥ ♠é❞✐❛t❡✉r ❡ss❡♥t✐❡❧ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ✿ ❝❤❡③ ❞❡s s♦✉✲
r✐s ♠✉t❛♥t❡s ♥✬❡①♣r✐♠❛♥t ♣❛s ❧❡ ❇❉◆❋✱ ❧❛ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡
♥✬✐♥❞✉✐t ♣❛s ❞❡ P▲❚✳

✷✳ ❘❛♥✐❡r✐ ❡t ❛❧✳ ✭✷✵✶✷✮ ✿ ✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ✭✵✳✵✶ ♠❆✱ ✷✵ ♠✐♥✉t❡s✮ ♠♦✲
❞✉❧❡ ❧❛ P▲❚ ✭tr❛♥❝❤❡s ❞✬❤✐♣♣♦❝❛♠♣❡ ❞❡ r❛t✮✳
✖ ▲✬❡✛❡t ❡st ♣♦❧❛r✐té✲❞é♣❡♥❞❛♥t ✭❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❛✉❣♠❡♥t❡✱

❡t ❧❛ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞✐♠✐♥✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧❛ P▲❚✮✳
✖ ▲❡s ❞❡✉① ♣♦❧❛r✐tés ❞❡ st✐♠✉❧❛t✐♦♥ ✐♥❞✉✐s❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡

❩✐❢✷✻✽ ✭③✐♥❝ ✜♥❣❡r ❜✐♥❞✐♥❣ ♣r♦t❡✐♥ ❝❧♦♥❡ ✷✻✽ ✮ ❞❛♥s ❧❡s ré❣✐♦♥s
❈❆✶ ❡t ❈❆✸ ❞❡ ❧❛ ❝♦r♥❡ ❞✬❆♠♠♦♥✳ ❈❡ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥
❡st ❝♦♥♥✉ ♣♦✉r s♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡✳ ▲❡
❢❛✐t q✉❡ s♦♥ ✐♥❞✉❝t✐♦♥ ❛✉❣♠❡♥t❡ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ♣♦❧❛r✐té ❧❛✐ss❡ à
♣❡♥s❡r q✉✬✐❧ ❛❣✐t ❡♥ ♣rés❡♥❝❡ ❞✬❛✉tr❡s ❡✛❡❝t❡✉rs q✉✐ ♠♦❞✉❧❡♥t s❡s
❡✛❡ts✳

✖ ▲❡ t❛✉① ❞❡ ❇❉◆❋ ❞✐♠✐♥✉❡ ❛♣rès st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✱ s❛♥s ✈❛✲
r✐❛t✐♦♥ ❛♣rès st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭❝❡ q✉✐ ♣♦✉rr❛✐t êtr❡ ❡①♣❧✐q✉é
♣❛r ✉♥❡ ❤❛✉t❡ ✈❛r✐❛❜✐❧✐té ❞✉❡ ❛✉ ❢❛✐❜❧❡ ❡✛❡❝t✐❢ ❞✬❛♥✐♠❛✉① ❡t ❛✉
❢❛✐❜❧❡ é❝❤❛♥t✐❧❧♦♥ ♣♦✉✈❛♥t êtr❡ ♣ré❧❡✈é ❛♣rès ✐s♦❧❡♠❡♥t ❞❡ ❧✬❤✐♣♣♦✲
❝❛♠♣❡✮✳
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✸✳ ❑❛❜❛❦♦✈ ❡t ❛❧✳ ✭✷✵✶✷✮ ✿ ❧❡s ❡✛❡ts ❞✉ ❝♦✉r❛♥t ✭✐♥t❡♥s✐té ♠❛①✐♠✉♠ ✿
✵✳✹ ♠❆✱ ✺ ♠✐♥✉t❡s✮ ❞é♣❡♥❞❡♥t ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡s é❧é♠❡♥ts ❝❡❧❧✉❧❛✐r❡s
✭tr❛♥❝❤❡s ❞✬❤✐♣♣♦❝❛♠♣❡ ❞❡ r❛t✮✳
✖ ▲✬♦r✐❡♥t❛t✐♦♥ ❞❡s ❛①♦♥❡s ♣❛r r❛♣♣♦rt ❛✉ ✈❡❝t❡✉r ❞✉ ❝❤❛♠♣ é❧❡❝✲

tr✐q✉❡ ❞ét❡r♠✐♥❡ s✐ ❧❡ ❝♦✉r❛♥t ❡st ❡①❝✐t❛t❡✉r ♦✉ ✐♥❤✐❜✐t❡✉r✳
✖ ▲✬♦r✐❡♥t❛t✐♦♥ ❞❡s ❞❡♥❞r✐t❡s ❛✛❡❝t❡ ❧❛ ♠❛❣♥✐t✉❞❡ ❞❡ s❡s ❡✛❡ts✳
✖ ❆✐♥s✐ ❧✬❛❝t✐✈✐té ❞❡ t♦✉s ❧❡s ♥❡✉r♦♥❡s s✐t✉és ❞❛♥s ❧❡ ❝❤❛♠♣ é❧❡❝tr✐q✉❡

♥❡ s❡r❛✐t ♣❛s ♠♦❞✉❧é❡ ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✳ P♦✉r ♦♣t✐♠✐s❡r ❧❡s ❡✛❡ts
r❡❝❤❡r❝❤és ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥✱ ❧❡ ♣❧❛❝❡♠❡♥t ❞❡s é❧❡❝tr♦❞❡s ♣♦✉rr❛✐t
êtr❡ ❣✉✐❞é ♣❛r tr❛❝t♦❣r❛♣❤✐❡ ♦✉ ❛✉tr❡s t❡❝❤♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ♣❡r✲
♠❡tt❛♥t ❞❡ ❞é✜♥✐r ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡s ❛①♦♥❡s ✐♥ ✈✐✈♦✳

✹✳ ❘❛❤♠❛♥ ❡t ❛❧✳ ✭✷✵✶✸✮ ✿ ❧♦rs ❞❡ ❧❛ t❉❈❙✱ ❧❡ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❛ ❞❡s
❝♦♠♣♦s❛♥t❡s ♦r✐❡♥té❡s r❛❞✐❛❧❡♠❡♥t ❡t t❛♥❣❡♥t✐❡❧❧❡♠❡♥t ✭❛✈❡❝ ✉♥❡ ❞♦✲
♠✐♥❛♥❝❡ ❞❡s ❝❤❛♠♣s t❛♥❣❡♥t✐❡❧s✮ ♣❛r r❛♣♣♦rt à ❧❛ s✉r❢❛❝❡ ❝♦rt✐❝❛❧❡✳
✖ ❯♥ ❝❤❛♠♣ r❛❞✐❛❧✱ ♦r✐❡♥té s✉✐✈❛♥t ❧✬❛①❡ s♦♠❛t♦✲❞❡♥❞r✐t✐q✉❡ ❞❡s ♥❡✉✲

r♦♥❡s ♣②r❛♠✐❞❛✉①✱ ♣r♦❞✉✐t ✉♥❡ ♣♦❧❛r✐s❛t✐♦♥ s♦♠❛t✐q✉❡ ✭❧❛ ❞é♣♦❧❛✲
r✐s❛t✐♦♥ ❢❛❝✐❧✐t❛♥t ❧✬❡✣❝❛❝✐té s②♥❛♣t✐q✉❡✱ ❧✬❤②♣❡r♣♦❧❛r✐s❛t✐♦♥ ❧❛ ❞✐✲
♠✐♥✉❛♥t✮✳

✖ ❯♥ ❝❤❛♠♣ t❛♥❣❡♥t✐❡❧✱ tr❛♥s✈❡rs❛❧ ♣❛r r❛♣♣♦rt à ❝❡t ❛①❡ s♦♠❛t♦✲
❞❡♥❞r✐t✐q✉❡✱ ♣♦❧❛r✐s❡ ❧❡s ❛①♦♥❡s ♦r✐❡♥tés ❤♦r✐③♦♥t❛❧❡♠❡♥t ✭❧✬❤②♣❡r✲
♣♦❧❛r✐s❛t✐♦♥ ❢❛❝✐❧✐t❛♥t ❧✬❡✣❝❛❝✐té s②♥❛♣t✐q✉❡✱ ❧❛ ❞é♣♦❧❛r✐s❛t✐♦♥ ❧❛
❞✐♠✐♥✉❛♥t✮✳

✖ ❉✉r❛♥t ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙✱ ❧❡s ❝✐❜❧❡s ❝❡❧❧✉❧❛✐r❡s r❡s♣♦♥✲
s❛❜❧❡s ❞❡ ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧✬❡✣❝❛❝✐té s②♥❛♣t✐q✉❡ s♦♥t ❞♦♥❝ à ❧❛
❢♦✐s ❧❡s s♦♠❛s ❡t ❧❡s ❛①♦♥❡s t❡r♠✐♥❛✉①✱ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ❝♦✉r❛♥t
❞ét❡r♠✐♥❛♥t ❧❡✉r ✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡✳

❊♥✜♥✱ ❞❡s ét✉❞❡s s✉r ❞✐✛ér❡♥ts t②♣❡s ❝❡❧❧✉❧❛✐r❡s ❡♥ ❝✉❧t✉r❡ ♦♥t ♣❡r♠✐s ❞❡
♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❡①t❡r♥❡ ♣❡✉t ❛✈♦✐r
✉♥ ✐♠♣❛❝t s✉r ❧❛ ♠✐❣r❛t✐♦♥✱ ❧✬♦r✐❡♥t❛t✐♦♥✱ ❧❛ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❡t ❧❡ ♠ét❛❜♦❧✐s♠❡
❝❡❧❧✉❧❛✐r❡ ✭✜❣✉r❡ ✶✳✶✶✮✱ ❝❡ q✉✐ ♣♦✉rr❛✐t êtr❡ ❡①♣❧✐q✉é ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡ ♣❛r
❞❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥tr❛❝❡❧❧✉❧❛✐r❡ ❡♥ ✐♦♥s ❝❛❧❝✐✉♠✱ ❡t ♣❛r
❧❛ ré♦r❣❛♥✐s❛t✐♦♥ ❞❡ ré❝❡♣t❡✉rs ♠❡♠❜r❛♥❛✐r❡s✱ t❡❧s q✉❡ ❧❡s ré❝❡♣t❡✉rs t②r♦s✐♥❡
❦✐♥❛s❡ ♦✉ ◆▼❉❆✱ ❛✉ ♥✐✈❡❛✉ ❞❡s s②♥❛♣s❡s ✭P❡❧❧❡t✐❡r ❡t ❈✐❝❝❤❡tt✐✱ ✷✵✶✹✮✳

P♦✉r ❝✐t❡r ✉♥❡ ❞❡r♥✐èr❡ ét✉❞❡✱ ❧✬éq✉✐♣❡ ❞❡ P❡❧❧❡t✐❡r ❡t ❛❧✳ ✭✷✵✶✺✮ s✬❡st
♣❡♥❝❤é❡ s✉r ❧✬❡✛❡t ❞✬✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❝♦♥t✐♥✉ ✭❞✬✉♥❡ ✐♥t❡♥s✐té ✈❛r✐❛♥t ❞❡
✵ à ✶✵✵ ❱✴♠✱ ✶✵✵ ❱✴♠ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ❢♦rt❡ ❞❡♥s✐té ✭✈❛❧❡✉r ♥♦♥ ♣ré❝✐sé❡
♣❛r ❧❡s ❛✉t❡✉rs✮ ❞❡ st✐♠✉❧❛t✐♦♥ ❡♥ ❆✴♠2✮ ✐♥ ✈✐tr♦ s✉r ❧❛ ré♣♦♥s❡ ❞❡ ♥❡✉r♦♥❡s✱
❞❡ ❝❡❧❧✉❧❡s ❞❡ ❧❛ ♠✐❝r♦❣❧✐❡✱ ❡t ❞✬❛str♦❝②t❡s✳ ■❧s ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ✿

✶✳ ❛♣rès st✐♠✉❧❛t✐♦♥✱ ❧❡s ♥❡✉r♦♥❡s ❞é✈❡❧♦♣♣❡♥t ✉♥ ❝♦r♣s ❝❡❧❧✉❧❛✐r❡ ♣❧✉s
❛❧❧♦♥❣é ❡t s✬♦r✐❡♥t❡♥t ♣❛r❛❧❧è❧❡♠❡♥t ❛✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❀
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✖ ❧❡s ♥❡✉r✐t❡s ✭♣r♦❧♦♥❣❡♠❡♥ts ❞✉ ❝♦r♣s ❝❡❧❧✉❧❛✐r❡ ✿ ❛①♦♥❡s ❡t ❞❡♥✲
❞r✐t❡s✮ s✬❛❧❧♦♥❣❡♥t ❡t s✬♦r✐❡♥t❡♥t ✈❡rs ❧❛ ❝❛t❤♦❞❡

✖ ❝❡❝✐ ❡st ❛ss♦❝✐é à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ●r♦✇t❤ ❆s✲
s♦❝✐❛t❡❞ Pr♦t❡✐♥ ✹✸ ✭●❆P✲✹✸✮✱ ❡①♣r✐♠é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝ô♥❡s ❞❡
❝r♦✐ss❛♥❝❡ ✭❢♦r♠❛t✐♦♥ ❞❡s ♥❡✉r✐t❡s✮ ♣❡♥❞❛♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t
❧❛ ré❣é♥ér❛t✐♦♥ ❛①♦♥❛❧❡

✷✳ ❧❡s ❛str♦❝②t❡s ❡t ❧❛ ♠✐❝r♦❣❧✐❡ s✬❛❧❧♦♥❣❡♥t ❡t s✬❛❧✐❣♥❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡✲
♠❡♥t ❛✉ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ ❞❡s ❝♦r♣s ❡t s❛✐❧❧✐❡s ❝❡❧❧✉❧❛✐r❡s✳

❈❡tt❡ ét✉❞❡ ♠♦♥tr❡ ❧❛ ❝❛♣❛❝✐té ❞❡s ❞✐✛ér❡♥ts t②♣❡s ❝❡❧❧✉❧❛✐r❡s à ré♣♦♥❞r❡
à ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ ❝❤❛♠♣ é❧❡❝tr✐q✉❡ à ❧❛ ❢♦✐s ♣❛r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ♠♦r♣❤♦✲
❧♦❣✐q✉❡s ❡t ✉♥❡ ❡①♣r❡ss✐♦♥ ♣r♦té✐q✉❡✱ ❝♦♠♣❧ét❛♥t ❛✐♥s✐ ❧❡s ❞♦♥♥é❡s rés✉♠é❡s
❞❛♥s ❧❛ r❡✈✉❡ ❞❡ P❡❧❧❡t✐❡r ❡t ❈✐❝❝❤❡tt✐ ✭✷✵✶✹✮✳
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❋✐❣✉r❡ ✶✳✶✶ ✕ ❋✐❣✉r❡ ❛❞❛♣té❡ ❞❡ ❧❛ r❡✈✉❡ ❞❡ P❡❧❧❡t✐❡r ❡t ❈✐❝❝❤❡tt✐ ✭✷✵✶✹✮✳ ▲❡s
❡✛❡ts ❞❡ ❝♦✉r❛♥ts ❞✐r❡❝ts ❡①t❡r♥❡s s✉r ❧❡s ❝❡❧❧✉❧❡s ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧
✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❝❡❧❧✉❧❛✐r❡✳ ⊘ ✿ ❛✉❝✉♥ ❡✛❡t s✐❣♥❛❧é ❀ ❱❊●❋ ✿ ❢❛❝t❡✉r
❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❡♥❞♦t❤é❧✐✉♠ ✈❛s❝✉❧❛✐r❡✳

❇✴ ➱t✉❞❡s ✐♥ ✈✐✈♦ ✿ ❞✬❛✉tr❡s ❢❛❝t❡✉rs ♠♦❧é❝✉❧❛✐r❡s s♦♥t ✐♠♣❧✐q✉és ❞❛♥s
❧✬❛❝t✐♦♥ ♥❡✉r♦♠♦❞✉❧❛tr✐❝❡ ❞❡ ❧❛ t❉❈❙✳

▲❡ ❇❉◆❋ ❡st ❝♦♥♥✉ ♣♦✉r s♦♥ rô❧❡ ❞❛♥s ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡ ❝♦rt✐❝❛❧❡✳
❖r✱ ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥✱ s♦♥ ❣è♥❡ ♣❡✉t ♣rés❡♥t❡r ✉♥ ♣♦❧②♠♦r♣❤✐s♠❡ ✭✐❧ ♣❡✉t
♣rés❡♥t❡r ❧❡s ❛❧❧è❧❡s ❱❛❧✻✻❱❛❧ ♦✉ ❱❛❧✻✻▼❡t✮✳ ❆✉ ♥✐✈❡❛✉ ❝♦♠♣♦rt❡♠❡♥t❛❧✱ s✐ ❧❛
t❉❈❙ ❛✉❣♠❡♥t❡ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡ s✉❥❡ts s❛✐♥s ✭❍♦♠♠❡ ❡t s♦✉r✐s✮ ❞❛♥s ❞❡s
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tâ❝❤❡s ❞✬❛♣♣r❡♥t✐ss❛❣❡ ♠♦t❡✉r✱ ❝❤❡③ ❞❡s s✉❥❡ts ♣♦rt❡✉rs ❞✉ ♣♦❧②♠♦r♣❤✐s♠❡
❱❛❧✻✻▼❡t ✭q✉✐ ❞✐♠✐♥✉❡ ❧❛ sé❝rét✐♦♥ ❞❡ ❇❉◆❋ ❡t s❡r❛✐t ❛ss♦❝✐é à ✉♥❡ ❞✐♠✐✲
♥✉t✐♦♥ ❞❡ ❧❛ s✉r✈✐❡ ❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ❡t ❞❡ ❝❡rt❛✐♥s t②♣❡s ❞❡ ♠é♠♦✐r❡✱
❡t à ✉♥❡ ♣❧✉s ❣r❛♥❞❡ s✉s❝❡♣t✐❜✐❧✐té à ❝❡rt❛✐♥s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s✮ ❝❡tt❡
❛♠é❧✐♦r❛t✐♦♥ ❡st s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♠♦✐♥❞r❡ ✭❋r✐ts❝❤ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈❡♣❡♥❞❛♥t✱
❧✬éq✉✐♣❡ ❞❡ ❆♥t❛❧ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛ ♠♦♥tré q✉❡ ❧✬❡✛❡t ❢❛❝✐❧✐t❛t❡✉r ♦✉ ✐♥❤✐❜✐t❡✉r
❞❡ ❧❛ t❉❈❙ ✭❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡✱ r❡s♣❡❝t✐✈❡♠❡♥t✮ s✉r ❧❡s P❊ ♠♦t❡✉rs ❡st
♣rés❡♥t ❞❛♥s ❧❡s ❞❡✉① t②♣❡s ❞❡ ♣♦♣✉❧❛t✐♦♥s✱ ♠❛✐s s❡r❛✐t ♣❧✉s ✐♠♣♦rt❛♥t ❝❤❡③
❞❡s s✉❥❡ts ♣♦rt❡✉rs ❞✉ ♣♦❧②♠♦r♣❤✐s♠❡ ❱❛❧✻✻▼❡t✳

◗✉♦✐q✉✬✐❧ ❡♥ s♦✐t✱ ❛✉ ♥✐✈❡❛✉ ❝❧✐♥✐q✉❡✱ ❇r✉♥♦♥✐ ❡t ❛❧✳ ✭✷✵✶✸❛✮ ♦♥t ♠♦♥tré
❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s q✉❡ ❧❡ ♣♦❧②♠♦r♣❤✐s♠❡ ♣♦✉r ❧❡ ❇❉◆❋ ♥✬❛✉r❛✐t
❛✉❝✉♥ ✐♠♣❛❝t s✉r ❧❛ ré♣♦♥s❡ à ✉♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ♦✉ ♣❛r ✉♥ ❛♥t✐❞é♣r❡s✲
s❡✉r ♠é❞✐❝❛♠❡♥t❡✉①✱ ❧❛ s❡rtr❛❧✐♥❡✳ ❊♥ ♦✉tr❡✱ ❧❡ t❛✉① ❞❡ ❇❉◆❋ s❛♥❣✉✐♥ ♥❡
✈❛r✐❡ ♣❛s ❛♣rès t❉❈❙✱ ❡t ♥❡ ❝♦♥st✐t✉❡ ♣❛s ♥♦♥ ♣❧✉s ✉♥ ❜✐♦♠❛rq✉❡✉r ❞❡ ❧✬❡✣✲
❝❛❝✐té ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❡s ❞é♣r❡ss✐❢s ✭❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✹❜✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡
s②stè♠❡ sér♦t♦♥✐♥❡r❣✐q✉❡ s❡r❛✐t ❞❡ ♣r❡♠✐èr❡ ✐♠♣♦rt❛♥❝❡ ♣✉✐sq✉❡ ❧❛ ré♣♦♥s❡ à
❧❛ t❉❈❙ ✈❛r✐❡r❛✐t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣♦❧②♠♦r♣❤✐s♠❡ ❡①♣r✐♠é ❛✉ ♥✐✈❡❛✉ ❞✉ ♣r♦✲
♠♦t❡✉r ❞✉ ❣è♥❡ ❞❡ ❧❛ sér♦t♦♥✐♥❡ ✭✺✲❍❚❚▲P❘✮✳ ▲❡s ❤♦♠♦③②❣♦t❡s ❧♦♥❣✴❧♦♥❣
✭❝♦♠♣❛rés à ❧✬❛❧❧è❧❡ ❝♦✉rt✮ ♣rés❡♥t❡r❛✐❡♥t ✉♥❡ ré♣♦♥s❡ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❛✉①
❡✛❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ ✭❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✸❛✮✳

◆é❛♥♠♦✐♥s✱ ❤♦rs ❞❡s ❝♦♥s✐❞ér❛t✐♦♥s ❣é♥ét✐q✉❡s✱ P♦❞❞❛ ❡t ❛❧✳ ✭✷✵✶✻✮ ♦♥t
♠♦♥tré ❝❤❡③ ❧❛ s♦✉r✐s q✉❡ ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ❡t ❧✬❛✉❣✲
♠❡♥t❛t✐♦♥ ❞❡ P▲❚ ❛♣rès t❉❈❙ ❛♥♦❞✐q✉❡ ❡st ❛ss♦❝✐é❡ à ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡
❧✬❡①♣r❡ss✐♦♥ ❞✉ ❇❉◆❋ ✭♥♦t❛♠♠❡♥t ✈✐❛ ❞❡s ré❣✉❧❛t✐♦♥s é♣✐❣é♥ét✐q✉❡s✮✳

P❧✉s✐❡✉rs ét✉❞❡s ♦♥t été ♠❡♥é❡s s✉r ❧❛ ❝✐r❝✉❧❛t✐♦♥ s❛♥❣✉✐♥❡ ❝éré❜r❛❧❡ é❣❛✲
❧❡♠❡♥t ✭❞❛♥s ❞❡s ré❣✐♦♥s ❝éré❜r❛❧❡s ❞✐✛ér❡♥t❡s✮✳ ❈❤❡③ ❧❡ r❛t✱ ❲❛❝❤t❡r ❡t ❛❧✳
✭✷✵✶✶✮ ♦♥t ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❛✉❣♠❡♥t❡ t❛♥❞✐s q✉✬✉♥❡ st✐✲
♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞✐♠✐♥✉❡ ❧❡ ❞é❜✐t s❛♥❣✉✐♥ ❝éré❜r❛❧ ✭♣❡♥❞❛♥t ❛✉ ♠♦✐♥s
✸✵ ♠✐♥✉t❡s ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❞❡ ✶✺ ♠✐♥✉t❡s✮ ❞❡ ♠❛♥✐èr❡ ❞é♣❡♥❞❛♥t❡ ❞❡
❧✬✐♥t❡♥s✐té✳ ▲❡ t❛✉① ❞✬♦①②❣é♥❛t✐♦♥ ❞✉ s❛♥❣ ♣❡♥❞❛♥t ❡t ❛♣rès st✐♠✉❧❛t✐♦♥ ❛ é❣❛✲
❧❡♠❡♥t été ♠❡s✉ré à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ♣❛r ✐♠❛❣❡r✐❡ s♣❡❝tr♦s❝♦♣✐q✉❡ ♣r♦❝❤❡
✐♥❢r❛r♦✉❣❡ ✭❢◆■❘❙✮✳ ❚♦✉❥♦✉rs ❝❤❡③ ❧❡ r❛t✱ ❍❛♥ ❡t ❛❧✳ ✭✷✵✶✹✮ ♦♥t ♠♦♥tré ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❛✉① ❞✬♦①②✲❤é♠♦❣❧♦❜✐♥❡ ♣❡♥❞❛♥t ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
à ✵✳✷ ♠❆ ✭✶✵ ♠✐♥✉t❡s✮ s✉✐✈✐❡ ❞✬✉♥❡ ❞✐♠✐♥✉t✐♦♥ ✭r❡t♦✉r à ❧❛ ♥♦r♠❛❧❡✱ ♠❡s✉r❡
s✉r ❧❡s ✷✵ ♠✐♥✉t❡s s✉✐✈❛♥t❡s✮✱ ❝❡❝✐ ✉♥✐q✉❡♠❡♥t ❞✉ ❝ôté st✐♠✉❧é✳ ■❧s ♦♥t r❡❧❡✈é
✉♥❡ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✐♥❞✐✈✐❞✉❡❧❧❡ q✉❛♥t à ❧❛ ré♣♦♥s❡ ❤é♠♦❞②♥❛♠✐q✉❡ à
❧❛ t❉❈❙ ✭r❛♣✐❞✐té ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ ❞é❜✐t s❛♥❣✉✐♥✮✱ s✉❣❣ér❛♥t q✉❡ ❧❡s ♣❛r❛✲
♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❞❡✈r❛✐❡♥t êtr❡ ❛❞❛♣tés à ❝❤❛q✉❡ ✐♥❞✐✈✐❞✉ ♥♦t❛♠♠❡♥t
♣♦✉r é✈✐t❡r ❧❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s✳

❈❤❡③ ❧✬❍♦♠♠❡✱ ❩❤❡♥❣ ❡t ❛❧✳ ✭✷✵✶✶✮ ♦♥t ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r
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t❉❈❙ ✭❡♥✈✐r♦♥ ✼ ♠✐♥✉t❡s✱ ❞✐✛ér❡♥t❡s ✐♥t❡♥s✐tés✮ ❛✉❣♠❡♥t❡ ❧❡ ❞é❜✐t s❛♥❣✉✐♥
❝éré❜r❛❧ ♣❡♥❞❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ✭❛✈❡❝ ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡ ♣♦✉r ✉♥❡
st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ q✉❡ ❝❛t❤♦❞✐q✉❡✮✳ ▲❡ ❞é❜✐t s❛♥❣✉✐♥ ❞✐♠✐♥✉❡ à ❧❛ ❝❡ss❛✲
t✐♦♥ ❞❡ ❧❛ t❉❈❙✱ ❛✈❡❝ ✉♥ r❡t♦✉r à s♦♥ ♥✐✈❡❛✉ ❞❡ ❜❛s❡ ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥
❛♥♦❞✐q✉❡✱ ❡t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ✭♣❛r r❛♣♣♦rt ❛✉ ♥✐✈❡❛✉ ❞❡ ❜❛s❡✮
❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✳ ❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❡♥ ré♣ét❛♥t ❧❡s
st✐♠✉❧❛t✐♦♥s✱ ❧❡ ❞é❜✐t s❛♥❣✉✐♥ ❡st ❛✉❣♠❡♥té à ❧❛ ✜♥ ❞❡ ❧❛ ❞❡✉①✐è♠❡ st✐♠✉❧❛✲
t✐♦♥ ❛♥♦❞✐q✉❡✱ t❛♥❞✐s q✉✬✐❧ ❡st ♣❧✉s ❢♦rt❡♠❡♥t ❞✐♠✐♥✉é à ❧❛ ✜♥ ❞❡ ❧❛ ❞❡✉①✐è♠❡
st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✳ ❈❡❝✐ ♣♦✉rr❛✐t r❡✢ét❡r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ♦✉ ❧❛ ❞✐♠✐♥✉✲
t✐♦♥ ❞✬❡①❝✐t❛❜✐❧✐té ❛♣rès st✐♠✉❧❛t✐♦♥ ✭❡♥ ❢♦♥❝✐t♦♥ ❞❡ ❧❛ ♣♦❧❛r✐té✮✳

❊♥✜♥✱ ❧✬éq✉✐♣❡ ❞❡ ▼♦♥❛✐ ❡t ❛❧✳ ✭✷✵✶✻✮ ❛ ré❝❡♠♠❡♥t ♠♦♥tré ♣❛r ✐♠❛❣❡r✐❡
tr❛♥s❝râ♥✐❡♥♥❡ ✭❝❤❡③ ❞❡s s♦✉r✐s ♠✉t❛♥t❡s ❡①♣r✐♠❛♥t ✉♥❡ ♣r♦té✐♥❡ ✢✉♦r❡s❝❡♥t❡
♣❡r♠❡tt❛♥t ❞❡ ♠❡s✉r❡r ❧❛ s✐❣♥❛❧✐s❛t✐♦♥ ❝❛❧❝✐q✉❡✮ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❛str♦❝②t❡s
❞❛♥s ❧❛ ♣❧❛st✐❝✐té ✐♥❞✉✐t❡ ♣❛r ❧❛ t❉❈❙✳ ❊♥ ❡✛❡t✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
❞✉ ❝♦rt❡① ✈✐s✉❡❧ ♣r✐♠❛✐r❡ ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥
❝❛❧❝✐✉♠ ❛✉ ♥✐✈❡❛✉ ❞❡s ❛str♦❝②t❡s ✭❞❛♥s t♦✉t ❧❡ ❝♦rt❡①✮✳ ❈❡ ♣❤é♥♦♠è♥❡ ❞❡
✈❛❣✉❡s ❝❛❧❝✐q✉❡s✱ q✉✐ ✐♠♣❧✐q✉❡ ✉♥❡ s✐❣♥❛❧✐s❛t✐♦♥ ✈✐❛ ❧✬✐♥♦s✐t♦❧ tr✐♣❤♦s♣❤❛t❡✱
❡st ❧✐é à ❧❛ ❢♦♥❝t✐♦♥ ❞✬✐♥té❣r❛t✐♦♥ ❞✬✐♥❢♦r♠❛t✐♦♥s ❡t ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡s
❛str♦❝②t❡s ✭❡♥tr❡ ❡✉① ❡t ❛✈❡❝ ❞✬❛✉tr❡s t②♣❡s ❝❡❧❧✉❧❛✐r❡s✱ ❞♦♥t ❧❡s ♥❡✉r♦♥❡s✮✱ ❡t
❥♦✉❡ ✉♥ rô❧❡ ❝♦♥s✐❞ér❛❜❧❡ ❞❛♥s ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡ ✐♥ ✈✐✈♦ ❞❛♥s ❧❡ ❝♦rt❡①
❡t ❧✬❤✐♣♣♦❝❛♠♣❡ ✭▼♦♥❛✐ ❡t ❛❧✳✱ ✷✵✶✻✮✳



✷ ▲❛ t❉❈❙ ✿ ❛♣♣❧✐❝❛t✐♦♥s ❝❤❡③
❧✬❍♦♠♠❡

❆❝t✉❡❧❧❡♠❡♥t ❧❛ t❉❈❙ ❡st ✉t✐❧✐sé❡ s✉✐✈❛♥t ❞❡✉① ❣r❛♥❞s ❛①❡s ❡♥ r❡❝❤❡r❝❤❡✳
❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ❡❧❧❡ ❡st ❝♦♥s✐❞éré❡ ♣♦✉r s❡s ♣♦t❡♥t✐❡❧s ❡✛❡ts ❜é♥é✜q✉❡s

❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ✲ ♦✉ ❞✉ ♠♦✐♥s ❧❡ s♦✉❧❛❣❡♠❡♥t ❞❡ s②♠♣tô♠❡s ✲ ❞❡ ❞✐✈❡rs
tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s ❡t ♣s②❝❤✐❛tr✐q✉❡s✳ ❆✐♥s✐ ♦♥ r❡tr♦✉✈❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s
❝♦♥❝❡r♥❛♥t ❧✬ét✉❞❡ ❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡ tr❛✐t❡♠❡♥t ❞❡ ❞♦✉❧❡✉rs✱ ❞✬❛❝♦✉♣❤è♥❡s✱
❞❡ ♠✐❣r❛✐♥❡s✱ ❞❡ ❧✬é♣✐❧❡♣s✐❡ ❀ ❡❧❧❡ ❡st é❣❛❧❡♠❡♥t ❡♠♣❧♦②é❡ ❞❛♥s ❧❡ ❜✉t ❞❡ ❢❛✲
❝✐❧✐t❡r ❧❛ ré❝✉♣ér❛t✐♦♥ ❛♣rès ✉♥ ❛❝❝✐❞❡♥t ✈❛s❝✉❧❛✐r❡ ❝éré❜r❛❧✳ ❙♦♥ ❞♦♠❛✐♥❡
❞✬❛♣♣❧✐❝❛t✐♦♥ ❝♦♥❝❡r♥❡ ❛✉ss✐ ❧❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s✱ ♥♦t❛♠♠❡♥t ❛✈❡❝ ❧❡
tr❛✐t❡♠❡♥t ❞❡ ❧❛ ❞é♣r❡ss✐♦♥✱ ❞❡ ❧❛ s❝❤✐③♦♣❤ré♥✐❡✱ ♦✉ ❡♥❝♦r❡ ❞❡s ❛❞❞✐❝t✐♦♥s✳

❉✬❛✉tr❡ ♣❛rt✱ ❝❡rt❛✐♥❡s éq✉✐♣❡s s✬❡♥ s❡r✈❡♥t ❞✬♦✉t✐❧ ❞✬✐♥✈❡st✐❣❛t✐♦♥ ❞✉
❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❝❡♥tr❛❧ ❝❤❡③ ❧❡ s✉❥❡t s❛✐♥✳ ❊❧❧❡ ♣❡r♠❡t
❛✐♥s✐ ❞✬❡①♣❧♦r❡r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ♣r✐s❡ ❞❡ r✐sq✉❡✱ ♦✉ ❧❡s ♣❡r❢♦r♠❛♥❝❡s
❝♦❣♥✐t✐✈❡s t❡❧❧❡s q✉❡ ❧✬❛tt❡♥t✐♦♥ ❡t ❧❛ ♠é♠♦r✐s❛t✐♦♥✳

✷✳✶ ❆♣♣❧✐❝❛t✐♦♥s ❞❡ ❧❛ t❉❈❙

✷✳✶✳✶ ❚r❛✐t❡r ❞❡s tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ❥❡ ♠✬✐♥tér❡ss❡r❛✐ à ❞✐✛ér❡♥t❡s ét✉❞❡s ❝❧✐♥✐q✉❡s ♣♦rt❛♥t
s✉r ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞✬❛❧tér❛t✐♦♥s ❞✉ s②stè♠❡ ♥❡r✈❡✉①
❝❡♥tr❛❧✳

▲❡s ❛❝❝✐❞❡♥ts ✈❛s❝✉❧❛✐r❡s ❝éré❜r❛✉① ✭❆❱❈✮

❯♥❡ ❛tt❛q✉❡ ❝éré❜r❛❧❡ ❡st ✉♥❡ ❞é❢❛✐❧❧❛♥❝❡ ❞❡ ❧❛ ❝✐r❝✉❧❛t✐♦♥ s❛♥❣✉✐♥❡ ✭♦❜s✲
tr✉❝t✐♦♥ ♦✉ r✉♣t✉r❡ ❞✬✉♥ ✈❛✐ss❡❛✉✮ q✉✐ ❛✛❡❝t❡ ✉♥❡ ré❣✐♦♥ ♣❧✉s ♦✉ ♠♦✐♥s ét❡♥✲
❞✉❡ ❞✉ ❝❡r✈❡❛✉✱ ♣r♦✈♦q✉❛♥t ❧❛ ♠♦rt ❞❡ ❝❡❧❧✉❧❡s ♥❡r✈❡✉s❡s✳ ❊❧❧❡ r❡♣rés❡♥t❡ ❧❛
♣r❡♠✐èr❡ ❝❛✉s❡ ❞❡ ❤❛♥❞✐❝❛♣✱ ❡t ❧❛ tr♦✐s✐è♠❡ ❝❛✉s❡ ❞❡ ♠♦rt❛❧✐té ❝❤❡③ ❧✬❍♦♠♠❡
❞❛♥s ❧❡s ♣❛②s ♦❝❝✐❞❡♥t❛✉① ✭❍❛✉t❡ ❆✉t♦r✐té ❞❡ ❙❛♥té✮✳

✸✼
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❯♥❡ ré❝✉♣ér❛t✐♦♥ s♣♦♥t❛♥é❡ ♣❡✉t ❛✈♦✐r ❧✐❡✉ ❛♣rès ❧✬❛tt❛q✉❡✱ ♣❛r ré❣é♥ér❛✲
t✐♦♥ ❛①♦♥❛❧❡ ❡t ❞❡♥❞r✐t✐q✉❡ ❡t✴♦✉ ré♦r❣❛♥✐s❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ✭❧❡s ❢♦♥❝t✐♦♥s
❛tt❡✐♥t❡s ♣❛r ❧❡s ❛✐r❡s ❧ésé❡s s♦♥t ♣r✐s❡s ❡♥ ❝❤❛r❣❡ ♣❛r ❞✬❛✉tr❡s✮✳ ▲❡s t❡❝❤✲
♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ❝éré❜r❛❧❡ ♦♥t ♣❡r♠✐s ❞❡ ♠♦♥tr❡r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❝✲
t✐✈✐té ❝éré❜r❛❧❡ ❞✉ ❝ôté ❝♦♥tr♦❧és✐♦♥♥❡❧ ✭♥♦♥ ❛✛❡❝té✮ q✉❛♥❞ ✉♥ ♣❛t✐❡♥t ✭❛♣rès
❆❱❈✮ ❡✛❡❝t✉❡ ❞❡s tâ❝❤❡s ♠♦tr✐❝❡s ❀ ♠❛✐s ♦♥ ✐❣♥♦r❡ s✬✐❧ s✬❛❣✐t ❞✬✉♥ ♠é❝❛♥✐s♠❡
❛❞❛♣t❛t✐❢ ✐♠♣❧✐q✉é ❞❛♥s ❧❛ ré❝✉♣ér❛t✐♦♥✱ ♦✉ ❛✉ ❝♦♥tr❛✐r❡ ❞✬✉♥ ♠é❝❛♥✐s♠❡ ♠❛✲
❧❛❞❛♣t❛t✐❢ q✉✐ ♣♦✉rr❛✐t ❧❛ ❢r❡✐♥❡r✳ ❉✐✛ér❡♥t❡s ét✉❞❡s s❡ ❜❛s❡♥t ❞♦♥❝ s✉r ✉♥
♠♦❞è❧❡ ❞❡ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❛♥♦❞✐q✉❡ s✉r ❧✬❤é♠✐s♣❤èr❡ ❧ésé ♦✉ ❝❛t❤♦❞✐q✉❡
s✉r ❧✬❤é♠✐s♣❤èr❡ s❛✐♥✳

❈❤❡③ ❧✬❍♦♠♠❡✱ ♣❧✉s✐❡✉rs ét✉❞❡s ♦♥t ♠♦♥tré ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❢♦♥❝✲
t✐♦♥s ♠♦tr✐❝❡s ❞✉ ❝ôté ❧ésé ❝❤❡③ ❞❡s ♣❛t✐❡♥ts r❡❝❡✈❛♥t ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦✲
❞✐q✉❡ ❞✉ ❝♦rt❡① ▼✶ ❛✛❡❝té ♣❛r ❧✬❛tt❛q✉❡ ♦✉ ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞✉
❝♦rt❡① ▼✶ ❝♦♥tr♦❧és✐♦♥♥❡❧ ✭❋r❡❣♥✐ ❡t ❛❧✳✱ ✷✵✵✺❛ ❀ ❙❝❤❧❛✉❣ ● ❡t ❛❧✳✱ ✷✵✵✽ ❀
❊❞✇❛r❞s♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆✉ ✈✉ ❞❡ ❝❡s rés✉❧t❛ts✱ ✉♥ ♠♦♥t❛❣❡ ❜✐❤é♠✐s♣❤é✲
r✐q✉❡ ✭❛♥♦❞❡ s✉r ❧❡ ❝♦rt❡① ♠♦t❡✉r ❧ésé✱ ❝❛t❤♦❞❡ s✉r ❧❡ ❝♦rt❡① ❝♦♥tr♦❧és✐♦♥♥❡❧✮
❛ é❣❛❧❡♠❡♥t été t❡sté à ♣❧✉s✐❡✉rs r❡♣r✐s❡s✱ ❡t s✬❡st ❛✉ss✐ ré✈é❧é ❡✣❝❛❝❡ s✉r
❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ♠♦tr✐❝❡s ✭▲✐♥❞❡♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✶✵ ❀ ▼❛❤♠♦✉❞✐
❡t ❛❧✳✱ ✷✵✶✶✮✳ ❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s ✉♥❡ st✐♠✉❧❛t✐♦♥ ✉♥✐q✉❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡
✶ à ✷ ♠❆✱ ✷✵ à ✸✵ ♠✐♥✉t❡s✮ ❛ été ré❛❧✐sé❡✱ ❝❡rt❛✐♥❡s ét✉❞❡s ❛❧❧❛♥t ❥✉sq✉✬à
✶✵ s❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥✳ ❉❡s ❡✛❡ts ❜é♥é✜q✉❡s ♦♥t été ♠♦♥trés ❥✉sq✉✬à ✉♥❡
s❡♠❛✐♥❡ ❛♣rès ❧❛ ✜♥ ❞✉ tr❛✐t❡♠❡♥t ❝❤❡③ ❞❡s s✉❥❡ts ❛②❛♥t r❡ç✉ ✺ st✐♠✉❧❛t✐♦♥s
❝❛t❤♦❞✐q✉❡s ❞✉ ❝♦rt❡① ♠♦t❡✉r ❝♦♥tr♦❧és✐♦♥♥❡❧ ✭◆❛✐r ❡t ❛❧✳✱ ✷✵✶✶✮ ♦✉ ✺ st✐♠✉✲
❧❛t✐♦♥s ❜✐❤é♠✐s♣❤ér✐q✉❡s ✭▲✐♥❞❡♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❙✐ ❧❡s ❛♠é❧✐♦r❛t✐♦♥s ❢♦♥❝t✐♦♥♥❡❧❧❡s r❡st❡♥t ♠♦❞❡st❡s✱ ❝❡s ❡✛❡ts ❜é♥é✜q✉❡s
❞❡ ❧❛ t❉❈❙ s♦♥t ❡♥❝♦✉r❛❣❡❛♥ts ❡t t❡♥❞❡♥t à ❢❛✐r❡ ♣❡♥s❡r q✉❡ ❝❡tt❡ ♠ét❤♦❞❡ ❞❡
st✐♠✉❧❛t✐♦♥✱ ❛✉① ❡✛❡ts s❡❝♦♥❞❛✐r❡s ♣❡✉ ✐♠♣♦rt❛♥ts✱ ❡st ✉♥❡ ♣✐st❡ ♣r♦♠❡tt❡✉s❡
❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ré❝✉♣ér❛t✐♦♥ ❛♣rès ✉♥❡ ❛tt❛q✉❡ ❝éré❜r❛❧❡✳

▲❡s ♠❛❧❛❞✐❡s ♥❡✉r♦✲❞é❣é♥ér❛t✐✈❡s

❊♥ ❋r❛♥❝❡✱ ❧❡s ♠❛❧❛❞✐❡s ♥❡✉r♦❞é❣ér❛t✐✈❡s ❧❡s ♣❧✉s ❢réq✉❡♥t❡s s♦♥t ❧❛ ♠❛❧❛✲
❞✐❡ ❞✬❆❧③❤❡✐♠❡r ❡t ❧❛ ♠❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥✱ ❞♦♥t ❧❡s tr❛✐t❡♠❡♥ts ♣❤❛r♠❛❝♦✲
❧♦❣✐q✉❡s ❛❝t✉❡❧s ♦♥t ✉♥❡ ❡✣❝❛❝✐té ❧✐♠✐té❡ ❡t ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ré♠✐ss✐♦♥✳

✲ ❆❧③❤❡✐♠❡r ❡t ♠é♠♦✐r❡ ✿ ▲❛ ♠❛❧❛❞✐❡ ❞✬❆❧③❤❡✐♠❡r ❡st ✉♥❡ ❢♦r♠❡ ❞❡
❞é❣é♥ér❡s❝❡♥❝❡ ❞✉ t✐ss✉ ❝éré❜r❛❧ ❡♥tr❛î♥❛♥t ✉♥ ❞é❝❧✐♥ ♣r♦❣r❡ss✐❢ ❞❡s ❢❛❝✉❧tés
❝♦❣♥✐t✐✈❡s ❡t ❞❡ ❧❛ ♠é♠♦✐r❡✳ P❧✉s✐❡✉rs ét✉❞❡s ♦♥t été ♠❡♥é❡s ❝❤❡③ ❞❡s ♣❛t✐❡♥ts
❝♦♥s✐❞érés ❝♦♠♠❡ s♦✉✛r❛♥t ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❝❡tt❡ ♠❛❧❛❞✐❡✳ ❯♥❡ st✐♠✉❧❛t✐♦♥
❜✐❧❛tér❛❧❡ ❞❡s ❛✐r❡s t❡♠♣♦r♦✲♣❛r✐ét❛❧❡s ✲ ❞♦♥t ♦♥ r❡tr♦✉✈❡ ✉♥ ❤②♣♦✲❛❝t✐✈❛t✐♦♥



✷✳✶✳ ❆PP▲■❈❆❚■❖◆❙ ❉❊ ▲❆ ❚❉❈❙ ✸✾

❞❛♥s ❝❡tt❡ ♠❛❧❛❞✐❡ ✭❋❡rr✉❝❝✐ ❡t ❛❧✳✱ ✷✵✵✽ ❀ ❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✾❛✮ ✲ ♦✉ ✉♥❡ st✐♠✉✲
❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧ ✭❈P❋❉▲✮ ❣❛✉❝❤❡ ✭❇♦❣❣✐♦
❡t ❛❧✳✱ ✷✵✵✾❛✮ ♦♥t ❡♥tr❛î♥é ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡ é♣✐s♦❞✐q✉❡ ❞❛♥s
❞✐✛ér❡♥t❡s tâ❝❤❡s ✭❞❡ ♠é♠♦✐r❡ ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡✱ ❞✬❛tt❡♥t✐♦♥ ✈✐s✉❡❧❧❡✳✳✳✮ ✐♠✲
♠é❞✐❛t❡♠❡♥t ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥ ✭◆❛r❞♦♥❡ ❡t ❛❧✳✱ ✷✵✶✷✱ ✷✵✶✺✮✳ ▲✬éq✉✐♣❡ ❞❡
❇♦❣❣✐♦ ❛ é❣❛❧❡♠❡♥t ♠♦♥tré q✉❡ ❝❡s ❡✛❡ts ♣❡rs✐st❛✐❡♥t ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✹ s❡✲
♠❛✐♥❡s ❛♣rès ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ✭✷ ♠❆✱ ✸✵ ♠✐♥✴❥♦✉r ♣❡♥❞❛♥t
✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s ❀ ❇♦❣❣✐♦ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳

✲ P❛r❦✐♥s♦♥ ❡t ♠♦tr✐❝✐té ✿ ▲❛ ♠❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r
✉♥❡ ♣❡rt❡ ♣r♦❣r❡ss✐✈❡ ❞❡s ♥❡✉r♦♥❡s ❞♦♣❛♠✐♥❡r❣✐q✉❡s ❞❡ ❧❛ ✈♦✐❡ ♥✐❣r♦✲str✐é❡✱ à
❧✬♦r✐❣✐♥❡ ❞✬✉♥ ❞éséq✉✐❧✐❜r❡ ❢♦♥❝t✐♦♥♥❡❧ ❞✉ s②stè♠❡ ♠♦t❡✉r✳ P❧✉s✐❡✉rs ❛✉t❡✉rs
s✬✐♥tér❡ss❡♥t à ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❡♥tr❛î♥❡r ✉♥❡ ❧✐❜ér❛t✐♦♥ ❞❡ ❞♦♣❛♠✐♥❡ ❞❛♥s ❧❡s
③♦♥❡s s♦✉s✲❝♦rt✐❝❛❧❡s ♣❛r st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♥♦♥ ✐♥✈❛s✐✈❡✳ ❋r❡❣♥✐ ❡t
s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❝♦rt❡① ▼✶
❣❛✉❝❤❡ ✭✶ ♠❆✱ ✷✵ ♠✐♥✮ rés✉❧t❛✐t ❡♥ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡s s❝♦r❡s
♠♦t❡✉rs ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ♣❛r❦✐♥s♦♥✐❡♥s ❞❛♥s ❧✬é❝❤❡❧❧❡ ❯P❉❘❙ ✭❯♥✐✜❡❞ P❛r✲
❦✐♥s♦♥ ❉✐s❡❛s❡ ❘❛t✐♥❣ ❙❝❛❧❡ ❀ ❋r❡❣♥✐ ❡t ❛❧✳ ✭✷✵✵✻❝✮✮✱ t❛♥❞✐s q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥
❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ✭✷ ♠❆✱ ✷✵ ♠✐♥✮ ❡♥tr❛î♥❛✐t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡
❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ✭♣♦✉✈❛♥t êtr❡ ❛❧téré❡ ❝❤❡③ ❝❡s ♣❛t✐❡♥ts ❀ ❇♦❣❣✐♦ ❡t ❛❧✳
✭✷✵✵✻✮✮✳ ❇❡♥♥✐♥❣❡r ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ♠♦♥tré q✉❡ ❞❡s s❡ss✐♦♥s ré♣été❡s
❞❡ t❉❈❙ ❛♥♦❞✐q✉❡ ✭✷ ♠❆✱ ✽ s❡ss✐♦♥s ❞❡ ✷✵ ♠✐♥ t♦✉s ❧❡s ✷ à ✸ ❥♦✉rs✮ ❛✉ ♥✐✈❡❛✉
❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ♦✉ ♠♦t❡✉r rés✉❧t❛✐❡♥t ❡♥ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s s❝♦r❡s
♠♦t❡✉rs ✭❜r❛❞②❦✐♥és✐❡ ❡t ♠❛r❝❤❡✮ ❥✉sq✉✬à ✸ ♠♦✐s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s
✭❇❡♥♥✐♥❣❡r ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆✐♥s✐ ❧❛ t❉❈❙ s❡♠❜❧❡ êtr❡ ✉♥ tr❛✐t❡♠❡♥t ✐♥tér❡ss❛♥t
✲ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡ ❧❛ ♣❤❛r♠❛❝♦❧♦❣✐❡ ❛❝t✉❡❧❧❡ ✲ ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ q✉❛❧✐té ❞❡
✈✐❡ ❞❡s ♣❛t✐❡♥ts ♣❛r❦✐♥s♦♥✐❡♥s✳

▲✬é♣✐❧❡♣s✐❡

▲✬é♣✐❧❡♣s✐❡ ❡st ✉♥❡ ♠❛❧❛❞✐❡ ❝❤r♦♥✐q✉❡ ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡s ❝r✐s❡s ❝♦♠✐t✐❛❧❡s
ré❝✐❞✐✈❛♥t❡s ❞✉❡s à ✉♥❡ ❛❧tér❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ tr❛♥s✐t♦✐r❡ ❛✉ s❡✐♥ ❞✬✉♥❡ ♣♦✲
♣✉❧❛t✐♦♥ ❞❡ ♥❡✉r♦♥❡s✳ ❊♥tr❡ ✷✵ ❡t ✹✵ ✪ ❞❡s ♣❛t✐❡♥ts é♣✐❧❡♣t✐q✉❡s s❡r❛✐❡♥t
ré❢r❛❝t❛✐r❡s ❛✉① tr❛✐t❡♠❡♥ts✱ ❧❡✉r ♠é❞✐❝❛t✐♦♥ ♥✬❡♠♣ê❝❤❛♥t ♣❛s ❧❛ s✉r✈❡♥✉❡
❞❡ ❝r✐s❡s✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡s ♣❛t✐❡♥ts ♣❡✉✈❡♥t êtr❡ ❛♠❡♥és à s✉❜✐r ✉♥❡ ❝❤✐r✉r❣✐❡
✈✐s❛♥t à r❡t✐r❡r ❧❡✉r ❢♦②❡r é♣✐❧❡♣t♦❣è♥❡ ❀ ♠❛✐s q✉❛♥❞ ❝❡tt❡ s♦❧✉t✐♦♥ ♥✬❡st ♣❛s
ré❛❧✐s❛❜❧❡✱ ✐❧ s❡ ♣♦s❡ ❧✬✐♥térêt ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡ ♥♦✉✈❡❧❧❡s ♠ét❤♦❞❡s ❞❡ ❝♦♥trô❧❡
❞❡s ❝r✐s❡s ✈✐❛ ❧❛ ♥❡✉r♦st✐♠✉❧❛t✐♦♥✳

❆✉ ♥✐✈❡❛✉ ♠ét❤♦❞♦❧♦❣✐q✉❡✱ ❧❡s ét✉❞❡s ❝❧✐♥✐q✉❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬é♣✐❧❡♣✲
s✐❡ s♦♥t ❞✐✣❝✐❧❡s ❞✉ ❢❛✐t ❞❡ ❧✬✐♠♣♦ss✐❜✐❧✐té ❞✬❛rrêt❡r ❧❡ tr❛✐t❡♠❡♥t ❞✉ ♣❛t✐❡♥t
✭q✉✐ ♣♦✉rr❛✐t ♣♦✉rt❛♥t ✐♥t❡r❢ér❡r ❛✈❡❝ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙✮ ❡t ❞❡ ❧❛ ♥é❝❡ss✐té ❞❡
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ré❛❧✐s❡r ❞❡s ét✉❞❡s à ❧♦♥❣ t❡r♠❡ ✭s✉r ♣❧✉s✐❡✉rs ♠♦✐s ✈♦✐r❡ ❛♥♥é❡s✮✳ ❋r❡❣♥✐ ❡t
s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ♥é❛♥♠♦✐♥s ♠♦♥tré q✉✬✉♥❡ s❡ss✐♦♥ ❞❡ t❉❈❙ ❝❛t❤♦❞✐q✉❡
✭❡♥ r❡❣❛r❞ ❞✉ ❢♦②❡r é♣✐❧❡♣t♦❣è♥❡✮ ❡♥tr❛î♥❡ ✉♥❡ ré❞✉❝t✐♦♥ ❞❡s ❞é❝❤❛r❣❡s é♣✐✲
❧❡♣t✐❢♦r♠❡s ✭✈✉❡s s♦✉s ❡♥r❡❣✐str❡♠❡♥t ❡♥❝é♣❤❛❧♦❣r❛♣❤✐q✉❡✮ ✐♠♠é❞✐❛t❡♠❡♥t
❡t ❥✉sq✉✬à ✸✵ ❥♦✉rs ❛♣rès ❧❛ t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ré❢r❛❝t❛✐r❡s à ❧❡✉r tr❛✐✲
t❡♠❡♥t ✭♠❛✐s ❧❡ ♣♦✉rs✉✐✈❛♥t ❞✉r❛♥t ❧✬ét✉❞❡✮✳ ■❧s ♦♥t é❣❛❧❡♠❡♥t ♦❜s❡r✈é ✉♥❡
t❡♥❞❛♥❝❡ à ✉♥❡ ré❞✉❝t✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞✉ ♥♦♠❜r❡ ❞❡ ❝r✐s❡s s✉r✈❡♥✉❡s
✭✲✹✹ ✪✮ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❛②❛♥t r❡ç✉ ❧❛ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❝♦♠♣❛ré ❛✉
❣r♦✉♣❡ ❝♦♥trô❧❡ ✭❋r❡❣♥✐ ❡t ❛❧✳✱ ✷✵✵✻❞✮✳

✷✳✶✳✷ ❉✐♠✐♥✉❡r ❧❛ ❞♦✉❧❡✉r

▲❛ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❞❡ ❧❛ ❞♦✉❧❡✉r ❝❤r♦♥✐q✉❡ ré❢r❛❝t❛✐r❡✱ ❝❛✉s❡ ♣♦ss✐❜❧❡
❞❡ ❤❛♥❞✐❝❛♣ ❡t ❞✬❛❧tér❛t✐♦♥ ❝♦♥séq✉❡♥t❡ ❞❡ ❧❛ q✉❛❧✐té ❞❡ ✈✐❡✱ ❡st ❧✬✉♥ ❞❡s
❞♦♠❛✐♥❡s ♦ù ❧❛ t❉❈❙ ❡st ❡♥✈✐s❛❣é❡ ❝♦♠♠❡ tr❛✐t❡♠❡♥t✳ ▲❛ t❉❈❙ ♣♦✉rr❛✐t
♣❡r♠❡ttr❡ ❞❡ ♠♦❞✉❧❡r ❧❡ s❡✉✐❧ ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧❛ ❞♦✉❧❡✉r ❛✉ ♥✐✈❡❛✉ ❝❡♥tr❛❧✳
▲✬éq✉✐♣❡ ❞❡ ❇♦❣❣✐♦ ❛ ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ à ✷ ♠❆ ❞✉ ❝♦rt❡①
♠♦t❡✉r ✭▼✶✮ ♦✉ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ❛✉❣♠❡♥t❛✐t ❧❡s s❡✉✐❧s ❞❡ ♣❡r❝❡♣t✐♦♥ t❛❝t✐❧❡
✭♣❡♥❞❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ▼✶ s❡✉❧❡♠❡♥t✮ ❡t ❛❧❣✐q✉❡ ✭♣❡♥❞❛♥t ❧❛ st✐♠✉❧❛t✐♦♥
❞✉ ▼✶ ♦✉ ❞✉ ❈P❋❉▲✮ ❝❤❡③ ❞❡s ✈♦❧♦♥t❛✐r❡s s❛✐♥s ✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❞✮✳ ▲❡s
❛✉t❡✉rs s✉♣♣♦s❡♥t q✉❡ ❝❡ rés✉❧t❛t s✬❡①♣❧✐q✉❡ ♣❛r ✉♥❡ ✐♥❤✐❜✐t✐♦♥ ❞✉ t❤❛❧❛♠✉s
✭❞♦♥t ❧✬❛❝t✐✈✐té ❡st ❛♥♦r♠❛❧❡♠❡♥t é❧❡✈é❡ ❝❤❡③ ❝❡rt❛✐♥s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡
❞♦✉❧❡✉rs ❝❤r♦♥✐q✉❡s✮ ❛♣rès st✐♠✉❧❛t✐♦♥ ❞❡s ③♦♥❡s ❝♦rt✐❝❛❧❡s s✉s✲❝✐té❡s ✭✈✐❛
❧✬❛❝t✐♦♥ ❞❡ ✜❜r❡s ✐♥❤✐❜✐tr✐❝❡s ❝♦rt✐❝♦✲t❤❛❧❛♠✐q✉❡s✮✱ ✈♦✐r❡ ♣❛r ✉♥❡ ♠♦❞✉❧❛t✐♦♥
❞❡ ❧✬❛s♣❡❝t é♠♦t✐♦♥♥❡❧ ❞❡ ❧❛ ❞♦✉❧❡✉r ❧♦rs ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ❈P❋❉▲✳ ▲❡s
ét✉❞❡s ❝❧✐♥✐q✉❡s s♦♥t ♠❡♥é❡s ❝❤❡③ ❞❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡ ❞♦✉❧❡✉rs ❞✬♦r✐❣✐♥❡s
❞✐✈❡rs❡s✳

✲ ▲és✐♦♥s ❞❡ ❧❛ ♠♦❡❧❧❡ é♣✐♥✐èr❡ ✿ ❧✬éq✉✐♣❡ ❞❡ ❋r❡❣♥✐ ❛ ♠♦♥tré ✉♥ ❡✛❡t ❛♥✲
t❛❧❣✐q✉❡ tr❛♥s✐t♦✐r❡ ❞✬✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ré♣été❡ ✭✶ sé❛♥❝❡
❞❡ ✷✵ ♠✐♥✉t❡s à ✷ ♠❆ ♣❛r ❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮ ❞✉ ❝♦rt❡① ▼✶ ✭❤é✲
♠✐s♣❤èr❡ ❝♦♥tr♦❧❛tér❛❧ ❛✉① ❞♦✉❧❡✉rs s✐ ❞♦✉❧❡✉r ❛s②♠étr✐q✉❡✱ ♦✉ ❤é♠✐s♣❤èr❡
❞♦♠✐♥❛♥t ❡♥ ❝❛s ❞❡ ❞♦✉❧❡✉r s②♠étr✐q✉❡✮✳ ❉ès ❧❡ ❞❡✉①✐è♠❡ ❥♦✉r✱ ❧❡s ❛✉t❡✉rs
♦♥t ♠♦♥tré ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❞♦✉❧❡✉r ✭❛✉t♦✲é✈❛❧✉❛t✐♦♥ ❛✈❡❝
❧✬é❝❤❡❧❧❡ ✈✐s✉❡❧❧❡ ❛♥❛❧♦❣✐q✉❡✱ ❡t é✈❛❧✉❛t✐♦♥ ♣❛r ✉♥ ❝❧✐♥✐❝✐❡♥✮ ❞❛♥s ❧❡ ❣r♦✉♣❡
st✐♠✉❧é✳ ❈❡t ❡✛❡t ❜é♥é✜q✉❡ s✬❡st ❡st♦♠♣é ❛✈❡❝ ❧❡ t❡♠♣s✱ ♣❛ss❛♥t ❞✬✉♥❡ ré✲
❞✉❝t✐♦♥ ♠♦②❡♥♥❡ ❞❡ ✺✽ ✪ ✭♣❛r r❛♣♣♦rt ❛✉ ♥✐✈❡❛✉ ❞❡ ❜❛s❡ ♠❡s✉ré ❞❛♥s ❧❡s
✷ s❡♠❛✐♥❡s ♣ré❝é❞❛♥t ❧✬ét✉❞❡✮ à s❡✉❧❡♠❡♥t ✸✻ ✪ ❧♦rs ❞❡ ❧❛ ✈✐s✐t❡ ❞❡ s✉✐✈✐
✭✶✻ ❥♦✉rs ❛♣rès✮✳ ▲✬ét✉❞❡ ♣♦rt❛✐t s✉r ✶✼ ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡ ❧és✐♦♥s ❞❡ ❧❛
♠♦❡❧❧❡ ❞✬♦r✐❣✐♥❡ ❡t ❞❡ ❧♦❝❛❧✐s❛t✐♦♥ ❞✐✈❡rs❡s✱ ❡t r❡st❛♥t s♦✉s ❞❡s ♠é❞✐❝❛t✐♦♥s
✈❛r✐é❡s ✭❋r❡❣♥✐ ❡t ❛❧✳✱ ✷✵✵✻❛✮✳
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✲ ❋✐❜r♦♠②❛❧❣✐❡ ✿ ❧✬❡♠♣❧♦✐ ❞❡ ❧❛ t❉❈❙ ♣♦✉r s♦✉❧❛❣❡r ❧❡s ❞♦✉❧❡✉rs ❧✐é❡s à
❝❡tt❡ ♣❛t❤♦❧♦❣✐❡✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ét❛t ❞❡ ❞♦✉❧❡✉r ❝❤r♦♥✐q✉❡✱ ❡♥tr❛î♥❡
❞❡s rés✉❧t❛ts ✈❛r✐❛❜❧❡s✱ ♣r♦❜❛❜❧❡♠❡♥t ❞✉ ❢❛✐t ❞❡ ♣r♦t♦❝♦❧❡s ❞❡ st✐♠✉❧❛t✐♦♥
♥♦♥ ❞é✜♥✐s✳ ❯♥❡ ét✉❞❡ ❞✬♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ❞❡ t❉❈❙ ❤❛✉t❡ ❞é✜♥✐t✐♦♥
❛ été ré❛❧✐sé❡ ré❝❡♠♠❡♥t ❀ ❧❡s ❛✉t❡✉rs ❝❤❡r❝❤❛✐❡♥t à ❞ét❡r♠✐♥❡r ❧❡ ♥♦♠❜r❡
❞❡ sé❛♥❝❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ✺✵ ✪ ❞❡ ❧✬✐♥t❡♥s✐té
❞♦✉❧♦✉r❡✉s❡ ❝❤❡③ ❧❡✉rs ♣❛t✐❡♥ts ✭♠❡s✉ré❡ ♥♦t❛♠♠❡♥t ♣❛r ❧✬é❝❤❡❧❧❡ ✈✐s✉❡❧❧❡
❛♥❛❧♦❣✐q✉❡✮✳ ▲✬❛♥♦❞❡ ét❛✐t ♣❧❛❝é❡ s✉r ❧❡ ❝♦rt❡① ▼✶ ❣❛✉❝❤❡ ✭❧❛ ❝❛t❤♦❞❡ ét❛♥t
r❛❞✐❛❧❡♠❡♥t ré♣❛rt✐❡ ❡♥ q✉❛tr❡ é❧❡❝tr♦❞❡s ❛✉t♦✉r ❞❡ ❝❡tt❡ ③♦♥❡✮✱ ❡t ❧❡ ❝♦✉r❛♥t
ét❛✐t ❞é❧✐✈ré ✷✵ ♠✐♥✉t❡s à ✉♥❡ ✐♥t❡♥s✐té ❞❡ ✷ ♠❆✳ ■❧s ♦♥t ❛✐♥s✐ ♣✉ ❡st✐♠❡r à
✶✺ ❧❡ ♥♦♠❜r❡ ♠é❞✐❛♥ ❞❡ sé❛♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥ r❡q✉✐s❡s ♣♦✉r ❛tt❡✐♥❞r❡ ❧✬❡✛❡t
❞és✐ré ✭❈❛st✐❧❧♦✲❙❛❛✈❡❞r❛ ❡t ❛❧✳✱ ✷✵✶✻✮✳

✲ ▼✐❣r❛✐♥❡ ✿ ❝❡tt❡ ♣❛t❤♦❧♦❣✐❡ à ❢♦rt❡ ♣ré✈❛❧❡♥❝❡ ✭❡♥✈✐r♦♥ ✶✷ ✪ ❞❡ ❧❛ ♣♦♣✉✲
❧❛t✐♦♥ ❣é♥ér❛❧❡✮ ♣❡✉t s❡ ré✈é❧❡r très ❤❛♥❞✐❝❛♣❛♥t❡ à ❧❛ ❢♦✐s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ❡t
s♦❝✐♦✲é❝♦♥♦♠✐q✉❡♠❡♥t✳ ▲❛ ♠✐❣r❛✐♥❡ ♣❡✉t ❛♣♣❛r❛îtr❡ ❛✈❡❝ ♦✉ s❛♥s ❛✉r❛ ✭s✐❣♥❡
❛✈❛♥t✲❝♦✉r❡✉r✮✱ ❧✬❛✉r❛ ét❛♥t ❞✉❡ à ✉♥ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t t❡♠♣♦r❛✐r❡ ❞❡ ❝❡r✲
t❛✐♥❡s ré❣✐♦♥s ❝éré❜r❛❧❡s✳ ▲❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♥♦♥✲✐♥✈❛s✐✈❡s s♦♥t
✉t✐❧✐sé❡s ❞✬✉♥❡ ♣❛rt ♣♦✉r ❡ss❛②❡r ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❛ ♣❤②s✐♦♣❛t❤♦❧♦❣✐❡✱ ♠❛✐s
❛✉ss✐ ❝♦♠♠❡ ❛♣♣r♦❝❤❡s t❤ér❛♣❡✉t✐q✉❡s ♣♦t❡♥t✐❡❧❧❡s ❞❡s ♠✐❣r❛✐♥❡s ❡t ❛✉tr❡s
❝é♣❤❛❧é❡s ✭❇r✐❣❤✐♥❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❊♥ s❡ ❜❛s❛♥t s✉r ❧✬✐❞é❡ ❞❡ ❞✐♠✐♥✉❡r ❧✬❡①❝✐✲
t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ✭❝♦♥s✐❞éré❡ ❝♦♠♠❡ ♣❧✉s é❧❡✈é❡ ❡♥ ❝❛s ❞❡ ♠✐❣r❛✐♥❡✮✱ ❧✬éq✉✐♣❡
❞❡ P❛✉❧✉s ❛ ♠♦♥tré q✉❡ ❞❡s ♣❛t✐❡♥ts tr❛✐tés ♣❛r t❉❈❙ ❝❛t❤♦❞✐q✉❡ ❛✉ ♥✐✈❡❛✉
❞✉ ❝♦rt❡① ✈✐s✉❡❧ ✭✸ s❡ss✐♦♥s ❞❡ ✶✺ ♠✐♥✉t❡s ♣❛r s❡♠❛✐♥❡ ♣❡♥❞❛♥t ✸ s❡♠❛✐♥❡s✱
✶ ♠❆✮ r❛♣♣♦rt❛✐❡♥t ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❞♦✉❧❡✉r ♣❡♥❞❛♥t ❧❡s
❝r✐s❡s ❞❛♥s ❧❡s ✽ s❡♠❛✐♥❡s s✉✐✈❛♥t ❧❡ tr❛✐t❡♠❡♥t ✭❆♥t❛❧ ❡t ❛❧✳✱ ✷✵✶✶✮✳

✲ ❆❝♦✉♣❤è♥❡s ✿ ▲❡s ❛❝♦✉♣❤è♥❡s s♦♥t ❞❡s ♣❡r❝❡♣t✐♦♥s s♦♥♦r❡s s❛♥s s♦✉r❝❡
❡①tér✐❡✉r❡ ✐❞❡♥t✐✜❛❜❧❡ ❡t ✐♥❛✉❞✐❜❧❡s ♣❛r ❧✬❡♥t♦✉r❛❣❡✳ ■❧s ♣❡✉✈❡♥t êtr❡ t❡♠✲
♣♦r❛✐r❡s✱ ✐♥t❡r♠✐tt❡♥ts ♦✉ ♣❡r♠❛♥❡♥ts ❀ ❧❡s ❝❛s ❧❡s ♣❧✉s ❣r❛✈❡s ♣❡✉✈❡♥t ♣❛r
❛✐❧❧❡✉rs êtr❡ ✈é❝✉s ❝♦♠♠❡ ❞❡s ❞♦✉❧❡✉rs ❝❤r♦♥✐q✉❡s✳ ❉✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞❡
♥❡✉r♦♠♦❞✉❧❛t✐♦♥ ♦♥t été t❡sté❡s ♣♦✉r tr❛✐t❡r ❝❡s ❛❝♦✉♣❤è♥❡s ❀ ♣❛r♠✐ ❡❧❧❡s✱
❧❛ t❉❈❙ s✬❡st ré✈é❧é❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t❡ ❝❛r ♦✉tr❡ s❡s ♥♦♠❜r❡✉①
❛✈❛♥t❛❣❡s✱ s❡s ❡✛❡ts ❜é♥é✜q✉❡s ✭✐♥❤✐❜✐t✐♦♥ ❞❡s ❛❝♦✉♣❤è♥❡s✮ ❞✉r❡♥t ♣❧✉s ❧♦♥❣✲
t❡♠♣s q✉❡ ❝❡✉① ♦❜t❡♥✉s ♣❛r ❞✬❛✉tr❡s t❡❝❤♥✐q✉❡s✱ t❡❧❧❡s q✉❡ ❧❛ ❚▼❙✳ ❯♥❡
♠ét❛✲❛♥❛❧②s❡ ❞❡ ✷✵✶✷ r❡❝❡♥s❡ ✹✵ ✪ ❞❡ ♣❛t✐❡♥ts ré♣♦♥❞❛♥t à ❝❡ tr❛✐t❡♠❡♥t
❛✈❡❝ ✉♥❡ ♠♦②❡♥♥❡ ❞❡ ✶✸✳✺ ✪ ❞❡ ré❞✉❝t✐♦♥ ❞✬✐♥t❡♥s✐té ❞❡s ❛❝♦✉♣❤è♥❡s s♦✉s
st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❧♦❜❡ t❡♠♣♦r❛❧ ❣❛✉❝❤❡ ♦✉ st✐♠✉❧❛t✐♦♥ ❜✐❢r♦♥t❛❧❡ ❞✉
❈P❋❉▲ ✭✐♥t❡♥s✐té ❞❡ ✶ à ✶✳✺ ♠❆✱ ✸ à ✷✵ ♠✐♥✉t❡s✮ ✭❙♦♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮✳
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✷✳✶✳✸ ❚r❛✐t❡r ❞❡s tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s

▲❛ ❞é♣r❡ss✐♦♥

▲❛ ❞é♣r❡ss✐♦♥ ❡st ✉♥ tr♦✉❜❧❡ ♠❡♥t❛❧ q✉✐ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ❞✐✈❡rs s②♠♣✲
tô♠❡s ❞é✜♥✐s ♣❛r ❧✬❖r❣❛♥✐s❛t✐♦♥ ▼♦♥❞✐❛❧❡ ❞❡ ❧❛ ❙❛♥té ✭❖▼❙✮ ❡t ❧✬❆ss♦❝✐❛t✐♦♥
❆♠ér✐❝❛✐♥❡ ❞❡ Ps②❝❤✐❛tr✐❡✱ t❡❧s q✉✬✉♥ s❡♥t✐♠❡♥t ❞❡ ❞és❡s♣♦✐r✱ ✉♥❡ ♣❡rt❡ ❞❡
♣❧❛✐s✐r✱ ❞❡ ♠♦t✐✈❛t✐♦♥ ❡t ❞❡s ❢❛❝✉❧tés ❞❡ ❞é❝✐s✐♦♥✳ ❯♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ tr❛✐✲
t❡♠❡♥ts ♠é❞✐❝❛♠❡♥t❡✉① ❡①✐st❡♥t ♠❛✐s s❡ ré✈è❧❡♥t ✐♥❡✣❝❛❝❡s ❝❤❡③ ❝❡rt❛✐♥s ♣❛✲
t✐❡♥ts ❀ ✐❧s s♦♥t ❡♥ ♦✉tr❡ ❛❝❝♦♠♣❛❣♥és ❞✬❡✛❡ts ✐♥❞és✐r❛❜❧❡s ♣❛r❢♦✐s ✐♠♣♦rt❛♥ts✳
❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ♦♥t ♣♦rté s✉r ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡✱
♥♦t❛♠♠❡♥t ❞❡ ❧❛ t❉❈❙✱ ❡♥ t❛♥t q✉❡ tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r✳

▲❛ ♠ét❛✲❛♥❛❧②s❡ ❞❡ ▼❡r♦♥ ❡t ❛❧✳ ✭✷✵✶✺✮ r❡❝❡♥s❡ ✶✵ ét✉❞❡s ❡♥ ❞♦✉❜❧❡
❛✈❡✉❣❧❡ s✬✐♥tér❡ss❛♥t ❛✉ tr❛✐t❡♠❡♥t ❞✬é♣✐s♦❞❡s ❞é♣r❡ss✐❢s ♠❛❥❡✉rs ✭♣r✐♥❝✐♣❛✲
❧❡♠❡♥t ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ tr♦✉❜❧❡s ✉♥✐♣♦❧❛✐r❡s✱ ♦✉ ✧❞é♣r❡ss✐♦♥✧ à ♣r♦♣r❡♠❡♥t
♣❛r❧❡r ❀ ✐♥❝❧✉❛♥t é❣❛❧❡♠❡♥t q✉❡❧q✉❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡ tr♦✉❜❧❡s ❜✐♣♦❧❛✐r❡s✱
❛♥❝✐❡♥♥❡♠❡♥t ❛♣♣❡❧és ♠❛♥✐❛❝♦✲❞é♣r❡ss✐♦♥✱ ❞❛♥s ❞❡✉① ♣✉❜❧✐❝❛t✐♦♥s✮ ♣❛r ❞❡s
s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ✭✺ à ✶✺ sé❛♥❝❡s ❞❡ ✷✵ à ✸✵ ♠✐♥✉t❡s✮ ❞♦♥t ❧✬✐♥t❡♥✲
s✐té ét❛✐t ✜①é❡ à ✷ ♠❆ s❛✉❢ ♣♦✉r ✸ ét✉❞❡s ✭✶ ♠❆✮✳ ▲✬é❧❡❝tr♦❞❡ ❛❝t✐✈❡✱ ❡♥
❧✬♦❝❝✉rr❡♥❝❡ ❧✬❛♥♦❞❡✱ ét❛✐t t♦✉❥♦✉rs ♣❧❛❝é❡ ❡♥ ❋✸ s❡❧♦♥ ❧❡ s②stè♠❡ ✐♥t❡r♥❛✲
t✐♦♥❛❧ ✶✵✴✷✵ ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡s é❧❡❝tr♦❞❡s ♣♦✉r é❧❡❝tr♦❡♥❝é♣❤❛❧♦❣r❛♣❤✐❡
✭s♦✐t ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡✱ ❞♦♥t ✐❧ ❛ été ♠♦♥tré q✉❡ ❧✬❛❝t✐✈✐té ❡st ❞✐♠✐♥✉é❡ ❝❤❡③
❧❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s ❀ ✜❣✉r❡ ✷✳✶✮✳ ▲❛ ❝❛t❤♦❞❡ ét❛✐t q✉❛♥t à ❡❧❧❡ ♣♦s✐t✐♦♥♥é❡
❡♥ ❋♣✷ ♦✉ ❋✽ ✭♥✐✈❡❛✉ s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧✮✱ ♦✉ ❡♥ ❋✹ ✭❈P❋❉▲ ❞r♦✐t ❀
✜❣✉r❡ ✷✳✶✮✳

◗✉❛tr❡ ❞❡ ❝❡s ét✉❞❡s ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s s❝♦r❡s ❞❡
❞é♣r❡ss✐♦♥ ✭s✉r ❧❡s é❝❤❡❧❧❡s ❞❡ ❞é♣r❡ss✐♦♥ ❞❡ ❍❛♠✐❧t♦♥ ♦✉ ❞❡ ▼♦♥t❣♦♠❡r②
❡t ➴s❜❡r❣✮ ❝❤❡③ ❧❡s ♣❛t✐❡♥ts ❛②❛♥t r❡ç✉ ❞❡s s❡ss✐♦♥s ❞❡ t❉❈❙ ❛❝t✐✈❡ ✭❋r❡❣♥✐
❡t ❛❧✳✱ ✷✵✵✻❜ ❀ ❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❛ ❀ ▲♦♦ ❡t ❛❧✳✱ ✷✵✶✷ ❀ ❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✸❜✮✳
▲✬é❝❤❡❝ à r❡♣r♦❞✉✐r❡ ❝❡s rés✉❧t❛ts ❞❛♥s ❧❡s ❛✉tr❡s ét✉❞❡s ♣♦✉rr❛✐t s✬❡①♣❧✐q✉❡r
♣❛r ❧❡s ❞✐✛ér❡♥❝❡s ❧✐é❡s ❛✉ ♣r♦t♦❝♦❧❡ ✭t❡❧❧❡s q✉❡ ❧✬✐♥t❡♥s✐té ❞❡ st✐♠✉❧❛t✐♦♥✱ ❧❛
❞♦s❡ à ✷ ♠❆ s❡♠❜❧❛♥t ♣❧✉s ❡✣❝❛❝❡ q✉❡ ❝❡❧❧❡ à ✶ ♠❆✱ ♦✉ ❡♥❝♦r❡ ❧❡ ♥♦♠❜r❡
❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡s s❡ss✐♦♥s✮ ♦✉ ❧✐é❡s ❛✉① s✉❥❡ts ✭❞❡❣ré ❞❡ rés✐st❛♥❝❡ ❛✉①
tr❛✐t❡♠❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs✱ ♣r✐s❡ ❞❡ ♠é❞✐❝❛t✐♦♥ ❝♦♥❝♦♠✐tt❡♥t❡✱ â❣❡✳✳✳✮ ✭▲♦♦
❡t ❛❧✳✱ ✷✵✶✵ ❀ P❛❧♠ ❡t ❛❧✳✱ ✷✵✶✷ ❀ ❇❧✉♠❜❡r❣❡r ❡t ❛❧✳✱ ✷✵✶✷ ❀ ❇❡♥♥❛❜✐ ❡t ❛❧✳✱ ✷✵✶✺
❀ ❙❡❣r❛✈❡ ❡t ❛❧✳✱ ✷✵✶✹ ❀ ❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✹❛✮✳

❊♥ rés✉♠é✱ s✐ ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡ tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r ♥✬❛
♣❛s ♣✉ êtr❡ ♠♦♥tré❡ s②sté♠❛t✐q✉❡♠❡♥t✱ ❝❡rt❛✐♥s rés✉❧t❛ts ❧❛✐ss❡♥t ❡♥tr❡✈♦✐r
❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛♠é❧✐♦r❡r ❧✬❤✉♠❡✉r ❞❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s ♣❛r ❝❡tt❡ t❡❝❤♥✐q✉❡
❞❡ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ ✭❡♥ t❛♥t q✉❡ tr❛✐t❡♠❡♥t ❝♦♥❝♦♠✐t❛♥t à ✉♥❡ ♠é❞✐❝❛t✐♦♥
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❛♥t✐❞é♣r❡ss✐✈❡✱ ♦✉ ❡♥ t❛♥t q✉❡ ♥♦✉✈❡❧❧❡ t❡♥t❛t✐✈❡ t❤ér❛♣❡✉t✐q✉❡ ❝❤❡③ ❞❡s ♣❛✲
t✐❡♥ts rés✐st❛♥ts ❛✉① tr❛✐t❡♠❡♥ts ♠é❞✐❝❛♠❡♥t❡✉①✮✳ ◆♦t♦♥s ♣❛r ❛✐❧❧❡✉rs q✉❡
❝✬❡st ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡ ❧❛ ❞é♣r❡ss✐♦♥ q✉❡ ❧❛ ♣r❡♠✐èr❡ ét✉❞❡
❝❧✐♥✐q✉❡ ❞❡ ♣❤❛s❡ ■■■ ♣♦rt❛♥t s✉r ❧❛ t❉❈❙ ❛ été ❧❛♥❝é❡ ✭❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✺✮✳

Fp1 Fp2

F3 F4
F8F7

C3 C4Cz

Fz

PzP3 P3

T4

T6

O2O1

T5

T3

❋✐❣✉r❡ ✷✳✶ ✕ ❙❝❤é♠❛ ❞✉ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡s é❧❡❝tr♦❞❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s②s✲
tè♠❡ ✐♥t❡r♥❛t✐♦♥❛❧ ✶✵✴✷✵✳ ❆❞❛♣té ❞✉ ✶✵✴✷✵ ❙②st❡♠ P♦s✐t✐♦♥✐♥❣ ▼❛♥✉❛❧ ❀ ❧❡
❝❡r❝❧❡ r♦✉❣❡ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛♥♦❞❡✱ ❡t ❧❡s ❝❡r❝❧❡s ❜❧❡✉s ❧❛ ♣♦s✐t✐♦♥
❞❡ ❧❛ ❝❛t❤♦❞❡✱ ❧♦rs ❞❡s ét✉❞❡s s✉r ❧✬❡✛❡t ❛♥t✐❞é♣r❡ss❡✉r ❞❡ ❧❛ t❉❈❙✳

▲❛ s❝❤✐③♦♣❤ré♥✐❡

▲❛ s❝❤✐③♦♣❤ré♥✐❡ ❡st ✉♥ tr♦✉❜❧❡ ♣s②❝❤♦t✐q✉❡ sé✈èr❡ ❡t ❝❤r♦♥✐q✉❡ s❡ ♠❛✲
♥✐❢❡st❛♥t ♣❛r ✉♥❡ ♣❡rt❡ ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧❛ ré❛❧✐té✱ ❡t ♣♦✉✈❛♥t s✬❛❝❝♦♠♣❛❣♥❡r
❞✬❛✉tr❡s s②♠♣tô♠❡s t❡❧s q✉❡ ❞❡s ❤❛❧❧✉❝✐♥❛t✐♦♥s ✭♥♦t❛♠♠❡♥t ❛✉❞✐t✐✈❡s✮✱ ❞❡s
tr♦✉❜❧❡s ❞❡ ❧✬é♠♦t✐♦♥ ♦✉ ❞❡s ❝❛♣❛❝✐tés ❝♦❣♥✐t✐✈❡s ✭♣❛r ❡①❡♠♣❧❡✱ ❝❛♣❛❝✐té à ♣❧❛✲
♥✐✜❡r ❞❡s tâ❝❤❡s✮✳ ▲❡ tr❛✐t❡♠❡♥t ✭♥❡✉r♦❧❡♣t✐q✉❡s✱ ♣s②❝❤♦t❤ér❛♣✐❡✮ ❡st s②♠♣✲
t♦♠❛t✐q✉❡✱ ❡t ❞❛♥s ❧❛ ♠❛❥♦r✐té ❞❡s ❝❛s ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ré♠✐ss✐♦♥ ♣♦✉r t♦✉s
❧❡s s②♠♣tô♠❡s✳ ▲❡s s✐❣♥❡s rés✐❞✉❡❧s ❛❧tèr❡♥t ❧❛ q✉❛❧✐té ❞❡ ✈✐❡ ❞❡s ♣❛t✐❡♥ts ❀
❝✬❡st ♣♦✉rq✉♦✐ ❞❡s tr❛✐t❡♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ♣❛r st✐♠✉❧❛t✐♦♥ ♥♦♥ ✐♥✈❛s✐✈❡
s♦♥t ❡♥✈✐s❛❣és✳

▲❡s ét✉❞❡s s✉r ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞❡s s②♠♣tô♠❡s
❞❡ ❧❛ s❝❤✐③♦♣❤ré♥✐❡ s♦♥t ❡♥❝♦r❡ ré❝❡♥t❡s ❡t ♣❡✉ ♥♦♠❜r❡✉s❡s✱ ❧❛ ♣r❡♠✐èr❡ ❞❛✲
t❛♥t ❞❡ ✷✵✶✶✳ P❧✉s✐❡✉rs ét✉❞❡s ❞❡ ❝❛s ❡t ♥♦t❛♠♠❡♥t ✉♥❡ ét✉❞❡ r❛♥❞♦♠✐sé❡✱
❡♥ ❞♦✉❜❧❡ ❛✈❡✉❣❧❡✱ ♦♥t r❛♣♣♦rté ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s s②♠♣tô♠❡s ♠❡s✉rés ♣❛r
❧✬é❝❤❡❧❧❡ ❞❡s s②♠♣tô♠❡s ♣♦s✐t✐❢s ✭q✉✐ ❛♣♣❛r❛✐ss❡♥t ❝❤❡③ ❧❡s ♣❛t✐❡♥ts✱ t❡❧s q✉❡
❧❡s ❤❛❧❧✉❝✐♥❛t✐♦♥s✮ ❡t ♥é❣❛t✐❢s ✭tr❛✐ts q✉✐ ❞✐♠✐♥✉❡♥t✱ t❡❧s q✉❡ ❧❛ ♠♦t✐✈❛t✐♦♥✮✱
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❡t ❝❡ ♣♦✉r ✉♥❡ ❞✉ré❡ ❞✬❛✉ ♠♦✐♥s ✸ ♠♦✐s ❛♣rès ❧❡ tr❛✐t❡♠❡♥t ✭✷ ♠❆✱ ✷ s❡ss✐♦♥s
❞❡ ✷✵ ♠✐♥✴❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s ❀ ❇r✉♥❡❧✐♥ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳ ▲❛ st✐♠✉✲
❧❛t✐♦♥ ét❛✐t ré❛❧✐sé❡ ❛✈❡❝ ❧❛ ❝❛t❤♦❞❡ ✭✐♥❤✐❜✐tr✐❝❡✮ ♣❧❛❝é❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡①
t❡♠♣♦r♦✲♣❛r✐ét❛❧ ❣❛✉❝❤❡ ✭♣♦✉r tr❛✐t❡r ❧❡s ❤❛❧❧✉❝✐♥❛t✐♦♥s✮✱ ❡t ❧✬❛♥♦❞❡ ✭❡①❝✐t❛✲
tr✐❝❡✮ ❛✉ ♥✐✈❡❛✉ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ✭♣♦✉r tr❛✐t❡r ❧❡s s②♠♣tô♠❡s ♥é❣❛t✐❢s✮✳
❉✬❛✉tr❡s ❛✉t❡✉rs ♦♥t ♠♦♥tré ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s ❝♦❣♥✐t✐✈❡s✱
♥♦t❛♠♠❡♥t s✉r ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧✱ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts s❝❤✐③♦♣❤rè♥❡s tr❛✐✲
tés ♣❛r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ à ✷ ♠❆ ✭✷✵ ♠✐♥✉t❡s ❀
❝❛t❤♦❞❡ ♣❧❛❝é❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛✐r❡ s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧❡ ❀ ❍♦② ❡t ❛❧✳
✭✷✵✶✹✮✮ ♦✉ ♣❛r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ✭é❧❡❝tr♦❞❡s st✐♠✉❧❛tr✐❝❡s
♣❧❛❝é❡s s✉r ❋✸ ❡t ❋✹✮ ♦s❝✐❧❧❛♥t ❡♥tr❡ ✵ ❡t ✵✳✸ ♠❆ ✭✺ ❜❧♦❝s ❞❡ ✺ ♠✐♥✉t❡s sé♣❛rés
❞❡ ✶ ♠✐♥✉t❡✮ ♣❡♥❞❛♥t ❧❡ s♦♠♠❡✐❧ ❞❡s s✉❥❡ts ✭❝❡❝✐ ♣♦✉r t❡st❡r ❧✬✐♠♣❛❝t ❞❡ ❧❛
t❉❈❙ s✉r ❧❛ ❝♦♥s♦❧✐❞❛t✐♦♥ ❞❡ ❧❛ ♠é♠♦✐r❡ ❞é❝❧❛r❛t✐✈❡ ❧✐é❡ ❛✉ s♦♠♠❡✐❧ ❀ ●ö❞❡r
❡t ❛❧✳ ✭✷✵✶✸✮✮✳ ➱t❛♥t ❞♦♥♥é❡ ❧❛ ❜♦♥♥❡ t♦❧ér❛♥❝❡ ❞❡s tr❛✐t❡♠❡♥ts ♣❛r t❉❈❙✱
❝❡tt❡ t❡❝❤♥✐q✉❡ s❡♠❜❧❡ ♣r♦♠❡tt❡✉s❡ ♣♦✉r ✈❡♥✐r ❝♦♠♣❧ét❡r ❧❡s ♠é❞✐❝❛t✐♦♥s
❛♥t✐✲♣s②❝❤♦t✐q✉❡s ❡t ❛♠é❧✐♦r❡r ❧❛ q✉❛❧✐té ❞❡ ✈✐❡ ❞❡s ♣❛t✐❡♥ts s❝❤✐③♦♣❤rè♥❡s ❡♥
❞✐♠✐♥✉❛♥t ❧❡✉rs s②♠♣tô♠❡s rés✐❞✉❡❧s✳

▲❡s ❝♦♥❞✉✐t❡s ❛❞❞✐❝t✐✈❡s

▲✬❛❞❞✐❝t✐♦♥ ❡st ✉♥❡ ♣❛t❤♦❧♦❣✐❡ ♣s②❝❤✐❛tr✐q✉❡ ✐♠♣❧✐q✉❛♥t à ❧❛ ❢♦✐s ❞❡s ♠♦❞✐✲
✜❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ✭♥♦t❛♠♠❡♥t ❛✉ ♥✐✈❡❛✉ ❝éré❜r❛❧✮ ❡t ❞❡s ❛tt❡✐♥t❡s ♣s②❝❤♦✲
❧♦❣✐q✉❡s✳ ➚ ❝❡ ❥♦✉r ❛✉❝✉♥ tr❛✐t❡♠❡♥t ✭s❡✈r❛❣❡ ❛ss✐sté ♣❛r ❞❡s tr❛✐t❡♠❡♥ts ❞❡
s✉❜st✐t✉t✐♦♥✱ t❤ér❛♣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡✳✳✳✮ ♥✬❛ ❞é♠♦♥tré ❞❡ t♦t❛❧❡ ❡✣❝❛❝✐té✱
❡t ❝❡rt❛✐♥s s✬❛❝❝♦♠♣❛❣♥❡♥t ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s ♥❡ ❢❛✈♦r✐s❛♥t ♣❛s ❧❛ ré♠✐ss✐♦♥✳
❈✬❡st ♣♦✉rq✉♦✐ ❞✬é✈❡♥t✉❡❧s ❡✛❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ ♦♥t été r❡❝❤❡r❝❤és
❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs❡s ❛❞❞✐❝t✐♦♥s à ❞❡s s✉❜st❛♥❝❡s✳

✲ ❚❛❜❛❣✐s♠❡ ✿ ❧✬éq✉✐♣❡ ❞❡ ❋r❡❣♥✐ ❡t ❛❧✳ ✭✷✵✵✽❛✮ ❛ st✐♠✉❧é ❧❡ ❈P❋❉▲ ❞r♦✐t
♦✉ ❣❛✉❝❤❡ ✭❛♥♦❞❡ ❞✬✉♥ ❝ôté✱ ❝❛t❤♦❞❡ ❞❡ ❧✬❛✉tr❡ ❀ ✷ ♠❆✱ ✷✵ ♠✐♥✉t❡s✮ ❞❡ ❢✉✲
♠❡✉rs ✭♣❧✉s ❞❡ ✶✺ ❝✐❣❛r❡tt❡s✴❥♦✉r ❞❡♣✉✐s ❛✉ ♠♦✐♥s ✉♥ ❛♥✮✳ ▲❡ ❝r❛✈✐♥❣ ✭❡♥✈✐❡
✐rré♣r❡ss✐❜❧❡ ❞❡ ❝♦♥s♦♠♠❡r✮ ✐♥❞✉✐t ♣❛r ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❞❡ ❝✐❣❛r❡tt❡s ♦✉ ❧❡
✈✐s✐♦♥♥❛❣❡ ❞❡ ✈✐❞é♦s ✐♥❝✐t❛♥t à ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ét❛✐t ré❞✉✐t ❛✉ ♠♦✐♥s t❡♠✲
♣♦r❛✐r❡♠❡♥t ✭♣❡♥❞❛♥t ❡t ❥✉sq✉✬à ✉♥❡ ❞✐③❛✐♥❡ ❞❡ ♠✐♥✉t❡s ❛♣rès ❧❛ t❉❈❙✮✳ ❉❡
♣❧✉s✱ ❡♥ ré♣ét❛♥t ❧❡s s❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ✭✶✴❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs ❝♦♥sé✲
❝✉t✐❢s✱ ❛♥♦❞❡ s✉r ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡ ❡t ❝❛t❤♦❞❡ s✉r ❧❡ ❞r♦✐t✮✱ ❝❡t ❡✛❡t ❞❡✈✐❡♥t
❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♠♣♦rt❛♥t✱ ❡t ❧❡s s✉❥❡ts ❝♦♥s♦♠♠❡♥t ♠♦✐♥s ❞❡ ❝✐❣❛r❡tt❡s ❛✉
❝♦✉rs ❞❡ ❧✬ét✉❞❡ ✭❞✐♠✐♥✉t✐♦♥ ❞❡ ✸✵ ✪ ❞✉ ♥♦♠❜r❡ ❞❡ ❝✐❣❛r❡tt❡s ❢✉♠é❡s ❀ ❇♦❣❣✐♦
❡t ❛❧✳ ✭✷✵✵✾❜✮✮✱ ❝❡ ❥✉sq✉✬à ✹ ❥♦✉rs ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s ✭❋❡❝t❡❛✉ ❡t ❛❧✳✱
✷✵✶✹✮✳

▲✬❡✛❡t s✉r ❧❡ ❝r❛✈✐♥❣ ♥✬❛ ♣❛s été r❡tr♦✉✈é ♣❛r ❧✬éq✉✐♣❡ ❞❡ ❳✉ ❡t ❛❧✳ ✭✷✵✶✸✮
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❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭✷ ♠❆✱ ✷✵ ♠✐♥✉t❡s✮ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡
✭❝❛t❤♦❞❡ s✉r ❧✬❛✐r❡ s✉♣r❛✲♦r❜✐t❛✐r❡ ❞r♦✐t❡✮ ❀ ♠❛✐s ❧❡s ❛✉t❡✉rs r❡♣♦rt❡♥t q✉❡
❝♦♥tr❛✐r❡♠❡♥t ❛✉① ét✉❞❡s ♣ré❝é❞❡♥t❡s✱ ❧❡s s✉❥❡ts ét✉❞✐és ét❛✐❡♥t ❛❜st✐♥❡♥ts
❞❡♣✉✐s ❧❛ ✈❡✐❧❧❡ ✭❧❡s ❛✉tr❡s ét❛♥t ❛❜st✐♥❡♥ts ❞❡♣✉✐s ❡♥✈✐r♦♥ ✶ ❤ ✸✵✮✳ ❈❡s ❛✉✲
t❡✉rs ♦♥t ❡♥ r❡✈❛♥❝❤❡ ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ré❞✉❝t✐♦♥ ❞❡s ❛✛❡❝ts ♥é❣❛t✐❢s
❛♣rès ❧❛ t❉❈❙✱ ❝❡❝✐ ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝❤❡③ ❧❡s s✉❥❡ts ❧❡s ♣❧✉s ❞é♣❡♥❞❛♥ts✳

▲✬éq✉✐♣❡ ❞❡ ❋❛❧❝♦♥❡ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛ ♠♦♥tré à s♦♥ t♦✉r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧❛ ❧❛t❡♥❝❡ ❛✈❛♥t ❞❡ ❝♦♥s♦♠♠❡r ✉♥❡ ❝✐❣❛r❡tt❡✱ ❡t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ♥♦♠❜r❡
❞❡ ❝✐❣❛r❡tt❡s ❢✉♠é❡s ❞❛♥s ❧❡s ✸✵ ♠✐♥✉t❡s s✉✐✈❛♥t ✉♥❡ ✉♥✐q✉❡ s❡ss✐♦♥ ❞❡ t❉❈❙
✭❛♥♦❞❡ ❛✉ ❞❡ss✉s ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡✱ ✶ ♠❆ ♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s✮ ❝❤❡③ ❞❡s
❢✉♠❡✉rs ❛❜st✐♥❡♥ts ❞❡♣✉✐s ❧❛ ✈❡✐❧❧❡✳

✲ ❆❧❝♦♦❧♦✲❞é♣❡♥❞❛♥❝❡ ✿ ❧✬éq✉✐♣❡ ❞❡ ❋r❡❣♥✐ ❛ ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥
❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱ ❝❛t❤♦❞❡ à ❣❛✉❝❤❡✱ ♦✉ ❧✬✐♥✈❡rs❡ ❀ ✷ ♠❆
♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s✮ ré❞✉✐s❛✐t ❧❡ ❝r❛✈✐♥❣ ♣♦✉r ❧✬❛❧❝♦♦❧ ✭✐♥❞✉✐t ♣❛r ❧❡ ✈✐s✐♦♥✲
♥❛❣❡ ❞❡ ✈✐❞é♦s ✐♥❝✐t❛t✐✈❡s✮ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts ❛❜st✐♥❡♥ts
❞❡♣✉✐s ❛✉ ♠♦✐♥s ✶✵ ❥♦✉rs ✭❡♥ ♠♦②❡♥♥❡ ✹✶ ❥♦✉rs ❀ ❇♦❣❣✐♦ ❡t ❛❧✳ ✭✷✵✵✽❝✮✮✳ ❈❡t
❡✛❡t ❞❡ ❧❛ t❉❈❙ ❛ été r❡♣r♦❞✉✐t ♣❛r ❞❡♥ ❯②❧ ❡t ❛❧✳ ✭✷✵✶✺✮ ❝❤❡③ ❞❡s ét✉✲
❞✐❛♥ts ❣r❛♥❞s ❜✉✈❡✉rs ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ✉♥✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡
✭❛♥♦❞✐q✉❡ ❀ ❝❛t❤♦❞❡ ♣❧❛❝é❡ ❛✉✲❞❡ss✉s ❞❡ ❧✬❛✐r❡ s✉♣r❛✲♦r❜✐t❛✐r❡ ♦♣♣♦sé❡✮ à ✉♥❡
✐♥t❡♥s✐té ❞❡ ✶ ♠❆ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✳ ▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ③♦♥❡ ❞❡ st✐♠✉✲
❧❛t✐♦♥ s❡♠❜❧❡ ❞ét❡r♠✐♥❛♥t❡ ♣✉✐sq✉✬✐❧s ♥✬♦♥t ❡♥ r❡✈❛♥❝❤❡ ♦❜t❡♥✉ ❛✉❝✉♥ ❡✛❡t
❛♣rès st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❣②r✉s ❢r♦♥t❛❧ ✐♥❢ér✐❡✉r ❞r♦✐t ✭❞❡♥ ❯②❧ ❡t ❛❧✳✱
✷✵✶✺✮✳

❉❡s s❡ss✐♦♥s ❤❡❜❞♦♠❛❞❛✐r❡s ❞❡ ✷✵ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥✱ ré♣été❡s s✉r
✺ s❡♠❛✐♥❡s ✭❛♥♦❞❡ s✉r ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡✱ ✷ ♠❆✮✱ ré❞✉✐s❛✐❡♥t ❧❡ ❝r❛✈✐♥❣ ❛✐♥s✐
q✉❡ ❧❛ s②♠♣t♦♠❛t♦❧♦❣✐❡ ❞é♣r❡ss✐✈❡ ✭é❝❤❡❧❧❡ ❞❡ ❍❛♠✐❧t♦♥✮ ❝❤❡③ ❞❡s s✉❥❡ts ❞é✲
♣❡♥❞❛♥ts ✭❡♥tr❡ ✶ ❡t ✸✹ ❥♦✉rs ❞✬❛❜st✐♥❡♥❝❡✮✱ ❜✐❡♥ q✉✬✉♥❡ t❡♥❞❛♥❝❡ à ❧❛ r❡❝❤✉t❡
❛✐t été r❡❧❡✈é❡ ✭❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❯♥❡ ❛✉tr❡ ét✉❞❡ ❛✈❡❝ ❞❡s ♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❞✐✛ér❡♥ts ✭✷ ♠❆✱
✷ s❡ss✐♦♥s q✉♦t✐❞✐❡♥♥❡s ❞❡ ✶✸ ♠✐♥✉t❡s à ✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ ✷✵ ♠✐♥✉t❡s ♣❡♥❞❛♥t
✺ ❥♦✉rs✱ ❛♥♦❞❡ s✉r ❧❡ ❈P❋❉▲ ❞r♦✐t ❡t ❝❛t❤♦❞❡ s✉r ❧❡ ❣❛✉❝❤❡✮ ♥✬❛ ♣❛s r❡tr♦✉✈é
❝❡s ❡✛❡ts s✉r ❧❡ ❝r❛✈✐♥❣ ❡t ❧❡s s❝♦r❡s ❞❡ ❞é♣r❡ss✐♦♥✳ ❊♥ r❡✈❛♥❝❤❡ ✉♥❡ ♣r♦✲
♣♦rt✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ♣❛t✐❡♥ts ✭q✉✐ ét❛✐❡♥t✱ ✐❝✐✱ ❛❜st✐♥❡♥ts ❞❡♣✉✐s ❡♥
♠♦②❡♥♥❡ ✷✶ ❥♦✉rs✮ ét❛✐❡♥t t♦✉❥♦✉rs ❛❜st✐♥❡♥ts ❛✉ ❜♦✉t ❞❡ ✻ ♠♦✐s ❝❤❡③ ❧❡s
st✐♠✉❧és ✭✺✵ ✪✮ ♣❛r r❛♣♣♦rt ❛✉① s❤❛♠ ✭❣r♦✉♣❡ té♠♦✐♥✱ ♥♦♥ st✐♠✉❧é ❀ ✶✶ ✪✮ ❀
✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧❡✉r q✉❛❧✐té ❞❡ ✈✐❡ ❝❤❡③ ❧❡s st✐♠✉❧és ét❛✐t
❛✉ss✐ ♥♦té❡ ✭❑❧❛✉ss ❡t ❛❧✳✱ ✷✵✶✹✮✳

✲ ❈❛♥♥❛❜✐s ✿ ❇♦❣❣✐♦ ❡t ❛❧✳ ✭✷✵✶✵✮ ♦♥t ♠♦♥tré q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡
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❞✉ ❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱ ❝❛t❤♦❞❡ à ❣❛✉❝❤❡ ❀ ✷ ♠❆ ♣❡♥❞❛♥t ✶✺ ♠✐♥✉t❡s✮
rés✉❧t❛✐t ❡♥ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❝r❛✈✐♥❣ ♣♦✉r ❧❛ ♠❛r✐❥✉❛♥❛✳

✲ ❈♦❝❛ï♥❡ ✿ ❇❛t✐st❛ ❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t ét✉❞✐é ❧✬❡✛❡t ❞❡ ❧❛ ré♣ét✐t✐♦♥ ❞❡ st✐✲
♠✉❧❛t✐♦♥s ❜✐❧❛tér❛❧❡s ❞✉ ❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱ ❝❛t❤♦❞❡ à ❣❛✉❝❤❡✮ ❝❤❡③
❞❡s ❝♦♥s♦♠♠❛t❡✉rs ❞é♣❡♥❞❛♥ts à ❧❛ ❝♦❝❛ï♥❡✳ ▲❡s s✉❥❡ts ✭❛❜st✐♥❡♥ts ❞❡♣✉✐s
❡♥✈✐r♦♥ ✶ ♠♦✐s✮ r❡❝❡✈❛✐❡♥t ✺ s❡ss✐♦♥s ❞❡ t❉❈❙ ✭t♦✉s ❧❡s ❞❡✉① ❥♦✉rs✱ ✷✵ ♠✐✲
♥✉t❡s à ✷ ♠❆✮ ❀ ❧❡s s❡ss✐♦♥s ❛❝t✐✈❡s ♦♥t ❡♥tr❛î♥é ✉♥❡ ré❞✉❝t✐♦♥ ❞✉ ❝r❛✈✐♥❣✱ ❞❡
❧✬❛♥①✐été✱ ❡t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ q✉❛❧✐té ❞❡ ✈✐❡ ♣❡rç✉❡✳

❈♦♥t✐ ❡t ◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s ✭✷✵✶✹✮ ♦♥t ♦❜s❡r✈é ❧❛ ré❛❝t✐✈✐té ❞❡ s✉❥❡ts
❞é♣❡♥❞❛♥ts ❢❛❝❡ à ❞❡s ✐♠❛❣❡s ❛ss♦❝✐é❡s à ❧❛ ❝♦❝❛ï♥❡ ✈✐❛ ❧✬ét✉❞❡ ❞❡s ♣♦t❡♥t✐❡❧s
é✈♦q✉és ❞❛♥s ❧❡ ❝♦rt❡① ❝✐♥❣✉❧❛✐r❡ ❛♥tér✐❡✉r ✭q✉✐ s❡r❛✐t ✐♠♣❧✐q✉é ❞❛♥s ❧❡ ❜✐❛✐s
❞✬❛tt❡♥t✐♦♥ ❡♥✈❡rs ❧❡s ❞r♦❣✉❡s✮ ♣❛r é❧❡❝tr♦❡♥❝é♣❤❛❧♦❣r❛♣❤✐❡ ✭❊❊●✮✳ ❆♣rès
st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱ ❝❛t❤♦❞❡ à ❣❛✉❝❤❡ ❀ ✷ ♠❆
♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s✮✱ ✐❧s ♦♥t ♠♦♥tré q✉❡ ❧✬❡①♣♦s✐t✐♦♥ à ❞❡s ✐♠❛❣❡s ❧✐é❡s à
❧❛ ♣r✐s❡ ❞❡ ❝♦❝❛ï♥❡ ❡♥tr❛î♥❛✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✬❛❝t✐✈✐té ❞❛♥s ❧❡ ❝♦rt❡①
❝✐♥❣✉❧❛✐r❡ ❛♥tér✐❡✉r ❝❤❡③ ❧❡s ❝♦❝❛ï♥♦♠❛♥❡s ❞✉ ❣r♦✉♣❡ s❤❛♠✳ ❯♥❡ ❞✐♠✐♥✉t✐♦♥
❞✬❛❝t✐✈✐té ❞❛♥s ❝❡tt❡ ③♦♥❡ ❝éré❜r❛❧❡ ét❛✐❡♥t ❡♥ r❡✈❛♥❝❤❡ r❡❧❡✈é❡ ❝❤❡③ ❧❡s s✉❥❡ts
tr❛✐tés ♣❛r t❉❈❙ ❛❝t✐✈❡✳ ❈❡❝✐ ❝♦♥✜r♠❡ q✉❡ ❧❛ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ ♣♦✉rr❛✐t êtr❡
✉♥ ♦✉t✐❧ ❡✣❝❛❝❡ ❞❛♥s ❧✬❛✐❞❡ ❛✉ s❡✈r❛❣❡ ❡t à ❧❛ ❧✉tt❡ ❝♦♥tr❡ ❧❛ r❡❝❤✉t❡ ❝❤❡③ ❧❡s
♣❛t✐❡♥ts ❞é♣❡♥❞❛♥ts✳

❈❡s ❛✉t❡✉rs ♦♥t é❣❛❧❡♠❡♥t ♠♦♥tré ✉♥ ❡✛❡t ❞❡ ❝❡tt❡ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡
❞✉ ❈P❋❉▲ ✭♠ê♠❡s ♣❛r❛♠ètr❡s✮ s✉r ❧✬♦♥❞❡ P✸✱ q✉✐ ❡st ✉♥ ♣♦t❡♥t✐❡❧ é✈♦q✉é r❡✲
♣rés❡♥t❛♥t ❧✬❛❝t✐✈✐té ❞❡ ❞✐✈❡rs❡s ❛✐r❡s ❝éré❜r❛❧❡s ❡♥ ré♣♦♥s❡ à ✉♥ st✐♠✉❧✉s ✭t❡❧
q✉❡ ❧❛ ✈✉❡ ❞✬✉♥❡ ✐♠❛❣❡✮✳ ▲✬❡①♣♦s✐t✐♦♥ à ❧❛ ❝♦❝❛ï♥❡ ❡♥tr❛î♥❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s
❞✬❛❝t✐✈✐té ❞❛♥s ❞❡s str✉❝t✉r❡s s✉❜❝♦rt✐❝❛❧❡s t❡❧❧❡s q✉❡ ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s
❡t ❧❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡✱ q✉✐ ❡♥tr❛î♥❡♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❞✉
❝♦rt❡① ♣ré❢r♦♥t❛❧✳ ❈❡tt❡ ❞✐♠✐♥✉t✐♦♥ ♣❡✉t ❡①♣❧✐q✉❡r ❧❡ ♣❤é♥♦♠è♥❡ ❞✬❛❞❞✐❝t✐♦♥
❡t ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❞r♦❣✉❡ s✉r ❧❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s✳ ❉❡s s❡ss✐♦♥s ❞❡ t❉❈❙
❥♦✉r♥❛❧✐èr❡s ✭✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮ ❛✉❣♠❡♥t❡♥t ❧✬❛❝t✐✈❛t✐♦♥ ✭r❡❧❛t✐✈❡ ❛✉ ✈✐s✐♦♥✲
♥❛❣❡ ❞✬✐♥❞✐❝❡s ❧✐és à ❧❛ ❞r♦❣✉❡✮ ❞❡ ❧✬♦♥❞❡ P✸ ❞❛♥s ❞✐✈❡rs❡s ❛✐r❡s ♣ré❢r♦♥t❛❧❡s
❞♦♥t ❧❡ ❈P❋❉▲ ❡t ❧❡s ❝♦rt❡① ❢r♦♥t♦♣♦❧❛✐r❡✱ ♦r❜✐t♦❢r♦♥t❛❧ ❡t ❝✐♥❣✉❧❛✐r❡ ❛♥té✲
r✐❡✉r✳ ❈❡❧❛ ♣♦✉rr❛✐t r❡♣rés❡♥t❡r ✉♥❡ r❡st❛✉r❛t✐♦♥ ❞❡ ♣r♦❝❡ss✉s ♣ré❢r♦♥t❛✉①
♣ré❛❧❛❜❧❡♠❡♥t ❛❧térés ♣❛r ❧✬❡①♣♦s✐t✐♦♥ ❝❤r♦♥✐q✉❡ à ❧❛ ❞r♦❣✉❡ ✭❈♦♥t✐ ❡t ❛❧✳✱
✷✵✶✹✮✳

✲ ❆❞❞✐❝t✐♦♥s ❛❧✐♠❡♥t❛✐r❡s ✿ ❋r❡❣♥✐ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t été ❧❡s ♣r❡✲
♠✐❡rs à ♠♦♥tr❡r q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ✭✷✵ ♠✐♥✉t❡s à
✷ ♠❆✮ ❞✐♠✐♥✉❛✐t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡ ❝r❛✈✐♥❣ ♣♦✉r ❧❛ ♥♦✉rr✐t✉r❡ ✭❞❡ ❞✐✛ér❡♥ts
t②♣❡s✱ ❝❤♦✐① ❜❛sé s✉r ❧❡s ♣ré❢ér❡♥❝❡s ❧♦❝❛❧❡s ✿ ❜rés✐❧✐❡♥♥❡s✮ ❡t ❧❛ q✉❛♥t✐té ❞❡
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♥♦✉rr✐t✉r❡ ❝♦♥s♦♠♠é❡ à ❧❛ ✜♥ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭❋r❡❣♥✐ ❡t ❛❧✳✱ ✷✵✵✽❜✮✳ ■❧s
♦♥t ❝♦♠♣❧été ❝❡s rés✉❧t❛ts ♣❛r ✉♥❡ ét✉❞❡ ❞✬❊❊● ♠♦♥tr❛♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥
❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ◆✷ ✭q✉✐ ♣♦✉rr❛✐t s❡ tr❛❞✉✐r❡ ♣❛r ✉♥❡ ❞✐✲
♠✐♥✉t✐♦♥ ❞✉ ❝♦♥✢✐t ❝♦♥❞✉✐s❛♥t à ❧✬✐♥❤✐❜✐t✐♦♥ ❞✬✉♥ ❝♦♠♣♦rt❡♠❡♥t ❛✉ ♥✐✈❡❛✉
s✉❜❝♦rt✐❝❛❧✮ ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ P✸ ✭tr❛❞✉✐t❡ ♣❛r
✉♥ ♣❧✉s ❧❛r❣❡ ❝♦♥trô❧❡ ✐♥❤✐❜✐t❡✉r ❛✉ ♥✐✈❡❛✉ ❝♦rt✐❝❛❧✮ s✉✐t❡ à ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉
❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱ ❝❛t❤♦❞❡ à ❣❛✉❝❤❡✱ ♠ê♠❡s ♣❛r❛♠ètr❡s✮✳ ▲❡s s✉❥❡ts
✐♥❝❧✉s ♥✬ét❛✐❡♥t ❡♥ r❡✈❛♥❝❤❡ ♣❛s ❞❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡ tr♦✉❜❧❡s ❞❡ ❧✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❛✉ s❡♥s ❞✉ ❉❙▼✲■❱ ♠❛✐s r❛♣♣♦rt❛✐❡♥t ❞❡ ❢♦rts ❡t ❢réq✉❡♥ts ✭♣❧✉s
❞❡ tr♦✐s ❢♦✐s ♣❛r ❥♦✉r✮ ❝r❛✈✐♥❣ ♣♦✉r ❧❛ ♥♦✉rr✐t✉r❡ ✭▲❛♣❡♥t❛ ❡t ❛❧✳✱ ✷✵✶✹✮✳

❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ▼♦♥t❡♥❡❣r♦ ❡t ❛❧✳ ✭✷✵✶✷✮ ♦♥t ♠♦♥tré ❝❤❡③ ❞❡s ♣❛✲
t✐❡♥ts ❡♥ s✉r♣♦✐❞s q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ✭❝❛t❤♦❞❡
s✉r ❧✬❛✐r❡ s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧❡✮ ❛ss♦❝✐é❡ à ❞❡ ❧✬❡①❡r❝✐❝❡ ❛ér♦❜✐q✉❡
❞✐♠✐♥✉❛✐t ❧❛ ❢❛✐♠ ❡t ❛✉❣♠❡♥t❛✐t ❧❛ s❛t✐été ❞❡s s✉❥❡ts ✭❞❡ ♠❛♥✐èr❡ ♣❧✉s ✐♠♣♦r✲
t❛♥t❡ q✉❡ ❧❛ t❉❈❙ ♦✉ ❧✬❡①❡r❝✐❝❡ s❡✉❧s✮✳

P♦✉r ✜♥✐r✱ ❑❤❡❞r ❡t ❛❧✳ ✭✷✵✶✹✮ s❡ s♦♥t ✐♥tér❡ssés à s❡♣t ♣❛t✐❡♥ts ❛tt❡✐♥ts
❞✬❛♥♦r❡①✐❡ ♠❡♥t❛❧❡✱ rés✐st❛♥ts ❛✉① tr❛✐t❡♠❡♥ts✱ ❡t ❧❡✉r ♦♥t ❛❞♠✐♥✐stré ✶✵ s❡s✲
s✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ✭✶ s❡ss✐♦♥ ❞❡ ✷✺ ♠✐♥✉t❡s
♣❛r ❥♦✉r✱ à ✷ ♠❆✮✳ ▲❡ s❝♦r❡ ❞❡ s✐① ♣❛t✐❡♥ts s✉r ❧✬✐♥✈❡♥t❛✐r❡ ❞❡ ❞é♣r❡ss✐♦♥ ❞❡
❇❡❝❦ ✭tr♦✉❜❧❡s ❞é♣r❡ss✐❢s✮ s✬❡st tr♦✉✈é ❛♠é❧✐♦ré✱ ❛✈❡❝ ♣♦✉r ❝✐♥q ❞✬❡♥tr❡ ❡✉①
✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ é❣❛❧❡♠❡♥t s✉r ❞❡✉① é❝❤❡❧❧❡s é✈❛❧✉❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❛❧✐✲
♠❡♥t❛✐r❡ ✭❊❆❚ ✿ ❊❛t✐♥❣ ❆tt✐t✉❞❡ ❚❡st ❡t ❊❉■ ✿ ❊❛t✐♥❣ ❉✐s♦r❞❡r ■♥✈❡♥t♦r②✮
à ❧❛ ✜♥ ❞✉ tr❛✐t❡♠❡♥t ❡t ❥✉sq✉✬à ✉♥ ♠♦✐s ❛♣rès✳

▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s rés✉❧t❛ts s✉❣❣èr❡ q✉❡ ❧❛ t❉❈❙ ♣❡r♠❡ttr❛✐t ❞❡ ré❣✉❧❡r
❞✐✈❡rs t②♣❡s ❞❡ tr♦✉❜❧❡s ❛❧✐♠❡♥t❛✐r❡s ❡♥ ❝♦♠♣❧é♠❡♥t ❞✬❛✉tr❡s tr❛✐t❡♠❡♥ts
✭♣♦✉r r❡✈✉❡✱ ✈♦✐r ❙❛✉✈❛❣❡t ❡t ❛❧✳ ✭✷✵✶✺✮✮✳

❙❝❤é♠❛ ré❝❛♣✐t✉❧❛t✐❢

P♦✉r rés✉♠❡r✱ tr♦✐s ♣r✐♥❝✐♣❛✉① ♠♦♥t❛❣❡s ❡♥tr❛î♥❡♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ s✐✲
❣♥✐✜❝❛t✐✈❡ ❞❡s s②♠♣t♦♠❛t♦❧♦❣✐❡s ❞é♣r❡ss✐✈❡ ❡t ❛❞❞✐❝t✐✈❡ ✲ ❧❡s ❞❡✉① ♣❛t❤♦❧♦✲
❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ❛✉①q✉❡❧❧❡s ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❞❛♥s ❝❡tt❡ t❤ès❡ ✲ ✿
❧❛ st✐♠✉❧❛t✐♦♥ ✉♥✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡✱ ❡t ❧❛ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ❞✉
❈P❋❉▲ ✭✜❣✉r❡ ✷✳✷✮✳
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Cathode
Anode

-EScoresEdeEdépression
-EConsommationE(tabac)
-ECravingE(alcool)

-EScoresEdeEdépression
-EConsommationE(tabac)
-ECravingE(tabac,Ealcool,E
nourriture)

-EProportionEdeErechuteE
(alcool)
-ECravingE(tabac,Ealcool,E
cannabis,Enourriture)D

IM
IN

U
E

❋✐❣✉r❡ ✷✳✷ ✕ ❙❝❤é♠❛ ❞❡s ♣r✐♥❝✐♣❛✉① ♣♦s✐t✐♦♥♥❡♠❡♥ts ❞✬é❧❡❝tr♦❞❡s ét✉❞✐és
❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡ ❧❛ ❞é♣r❡ss✐♦♥ ♦✉ ❞❡ ❧✬❛❞❞✐❝t✐♦♥✳ ▲❡s ❝❡r❝❧❡s
r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧✬❛♥♦❞❡✱ ❡t ❧❡s ❝❡r❝❧❡s ❜❧❡✉s ❧❛ ❝❛t❤♦❞❡✳

✷✳✶✳✹ ❈❤❡③ ❧❡ s✉❥❡t s❛✐♥

❈♦♠♠❡ ✈✉ ❝✐✲❛✈❛♥t✱ ❧❛ t❉❈❙ ❡st ♣❛r❢♦✐s ❡♠♣❧♦②é❡ ❝♦♠♠❡ ✉♥ ♦✉t✐❧ ❞✬ét✉❞❡
❞❡s ❢♦♥❝t✐♦♥s ❞❡s ❛✐r❡s ❝éré❜r❛❧❡s s✉r ❧❡ ♣❧❛♥ ❝♦♠♣♦rt❡♠❡♥t❛❧✱ ♠♦t❡✉r ♦✉
❝♦❣♥✐t✐❢ ✭❑✉♦ ❡t ◆✐ts❝❤❡✱ ✷✵✶✺✮✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s ♠é❝❛♥✐s♠❡s
❡t ❞✬♦✉✈r✐r ❞❡s ♣✐st❡s ♣♦✉r ❧❡ tr❛✐t❡♠❡♥t ❞❡s ♣❛t❤♦❧♦❣✐❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡s
❢♦♥❝t✐♦♥s ét✉❞✐é❡s s♦♥t ❛❧téré❡s✳

t❉❈❙ ❡t ♣r✐s❡ ❞❡ r✐sq✉❡

P❧✉s✐❡✉rs ❛✉t❡✉rs s❡ s♦♥t ✐♥tér❡ssés à ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts
❞❡ ♣r✐s❡ ❞❡ r✐sq✉❡ ♣❛r ❧❛ t❉❈❙✳ ❈❡rt❛✐♥s ♣r♦t♦❝♦❧❡s ✭s♦✉✈❡♥t r❡❣r♦✉♣és s♦✉s
❧❡ t❡r♠❡ ❞❡ r✐s❦ t❛s❦✮ ❝❤❡③ ❧✬❍♦♠♠❡ ♣❡r♠❡tt❡♥t ❞❡ ❧❡s t❡st❡r✱ ❡♥ ❢❛✐s❛♥t ✉♥❡
❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ❧✬❛ttr❛✐t ❞❡ ❧❛ ré❝♦♠♣❡♥s❡ ❡t ❧❡ ❝♦♥trô❧❡ q✉❡ ❧✬♦♥ ❡st ❝❛♣❛❜❧❡
❞❡ s✬✐♠♣♦s❡r ❞❛♥s ✉♥❡ s✐t✉❛t✐♦♥ ❞❡ r✐sq✉❡✳ ❊♥ ✷✵✵✼✱ ❧✬éq✉✐♣❡ ❞❡ ❋❡❝t❡❛✉ ❛ ♣✉✲
❜❧✐é ✉♥❡ ét✉❞❡ ♠♦♥tr❛♥t q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ✭❛♥♦❞❡ s✉r ❧❡ ❈P❋❉▲
❞r♦✐t✱ ❝❛t❤♦❞❡ s✉r ❧❡ ❣❛✉❝❤❡✮ ♣❛r t❉❈❙ ✭✷ ♠❆✱ ❞❡ ✺ ♠✐♥✉t❡s ❛✈❛♥t ❥✉sq✉✬à
❧❛ ✜♥ ❞✉ t❡st ❝♦♠♣♦rt❡♠❡♥t❛❧✱ q✉✐ ❞✉r❛✐t ♠♦✐♥s ❞❡ ✶✵ ♠✐♥✉t❡s✮ rés✉❧t❛✐t✱
❝❤❡③ ❞❡s s✉❥❡ts s❛✐♥s ✈♦❧♦♥t❛✐r❡s✱ ❡♥ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❝❤♦✐① r✐sq✉és ❞❛♥s ❧❡
t❡st ❞❡ r✐s❦ t❛s❦✳ ▲❡ ♠♦♥t❛❣❡ ✐♥✈❡rs❡ ♥✬❛✈❛✐t ♣❛s ❞✬❡✛❡t ❞❛♥s ❝❡ t❡st ✭❋❡❝t❡❛✉
❡t ❛❧✳✱ ✷✵✵✼✮✳

t❉❈❙ ❡t ♠♦tr✐❝✐té

■❧ ❡①✐st❡ ✉♥❡ r✐❝❤❡ ❧✐ttér❛t✉r❡ ré♣❡rt♦r✐❛♥t ❧❡s ❡✛❡ts ❜é♥é✜q✉❡s ❞❡s st✐♠✉✲
❧❛t✐♦♥s ❝éré❜r❛❧❡s ♥♦♥ ✐♥✈❛s✐✈❡s s✉r ❧❡s ❢♦♥❝t✐♦♥s ♠♦tr✐❝❡s ✿



✷✳✶✳ ❆PP▲■❈❆❚■❖◆❙ ❉❊ ▲❆ ❚❉❈❙ ✹✾

✖ ❆♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ♠♦tr✐❝❡ ✭❞❡ss✐♥ ❞✬✉♥ ❝❡r❝❧❡✮ ✐♠♠é❞✐❛t❡✲
♠❡♥t ❡t ✸✵ ♠✐♥✉t❡s ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭✷✵ ♠✐♥✉t❡s à ✶ ♠❆✮
❞✉ ❝♦rt❡① ♠♦t❡✉r ♣r✐♠❛✐r❡ ✭▼✶✮ ❞r♦✐t ✭▼❛ts✉♦ ❡t ❛❧✳✱ ✷✵✶✶✮ ❀

✖ ❆♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s ❡♥ ♠❛t✐èr❡ ❞✬❛❝q✉✐s✐t✐♦♥ ❡t ❞❡ ❝♦♥s♦❧✐✲
❞❛t✐♦♥ ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ♠♦t❡✉r ❞❡ t②♣❡ t❡♠♣s ❞❡ ré❛❝t✐♦♥ ♣❡♥❞❛♥t
❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❝♦rt❡① ♠♦t❡✉r ❣❛✉❝❤❡ ✭❡♥✈✳ ✶✺ ♠✐♥✉t❡s✱
✶ ♠❆✮ ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✸❜✮ ❀

✖ ❆✉❣♠❡♥t❛t✐♦♥ ❞✉ t❡♠♣s ❞✬❡♥❞✉r❛♥❝❡ s✉r ❧❛ ❝♦♥tr❛❝t✐♦♥ ♠✉s❝✉❧❛✐r❡
✭✢é❝❤✐ss❡✉r ❞✉ ❝♦✉❞❡ ❣❛✉❝❤❡✮ ❛♣rès st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭✶✵ ♠✐♥✉t❡s
à ✶✳✺ ♠❆✮ ❞✉ ❝♦rt❡① ▼✶ ❞r♦✐t ✭❈♦❣✐❛♠❛♥✐❛♥ ❡t ❛❧✳✱ ✷✵✵✼✮ ❀

✖ ❆✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢♦r❝❡ ♠✉s❝✉❧❛✐r❡ ❞❡ ❧❛ ❥❛♠❜❡ ✭♣❡♥❞❛♥t ❛✉ ♠♦✐♥s
✸✵ ♠✐♥✉t❡s✮ ❛♣rès st✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❛✐r❡ ❝éré❜r❛❧❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ❛✉
♥✐✈❡❛✉ ❞✉ ▼✶ ❞r♦✐t ✭❛✐r❡ ❧♦❝❛❧✐sé❡ ♣❛r ✉♥ st✐♠✉❧✉s ♣❛r ❚▼❙ ❀ t❉❈❙
✶✵ ♠✐♥✉t❡s à ✷ ♠❆✮ ✭❚❛♥❛❦❛ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❆✐♥s✐✱ ❧❛ t❉❈❙ ❛♥♦❞✐q✉❡ ❛♣♣❧✐q✉é❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ▼✶ ♣❡✉t ❛♠é❧✐♦r❡r ❧❡s
♣❡r❢♦r♠❛♥❝❡s ❞❛♥s ❞✐✈❡rs ❛s♣❡❝ts ❞❡ tâ❝❤❡s ♠♦tr✐❝❡s t❡❧s q✉❡ ❧❛ ♣ré❝✐s✐♦♥✱
❧✬❛♣♣r❡♥t✐ss❛❣❡✱ ♦✉ ❡♥❝♦r❡ ❧❛ ❢♦r❝❡✳

t❉❈❙ ❡t ❝♦❣♥✐t✐♦♥

❯♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❞♦♠❛✐♥❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ t❉❈❙✱ ♦s❝✐❧❧❛♥t ❡♥tr❡ ét✉❞❡
❞❡ ♠é❝❛♥✐s♠❡s ❡t ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❝❛♣❛❝✐tés✱ ❡st ❝❡❧✉✐ ❞❡ ❧❛ ❝♦❣♥✐t✐♦♥✳

➚ ❝❡ ❥♦✉r✱ ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s s✉r s✉❥❡t s❛✐♥ é✈❛❧✉❡♥t ❧✬❡✛❡t ❞✬✉♥❡ s❡ss✐♦♥
❞❡ t❉❈❙ ✭❛♥♦❞❡ s✉r ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡✱ ❝❛t❤♦❞❡ ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s s✉r ❧✬❛✐r❡
s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧❡✮ s✉r ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧✳
❊♥ ❣é♥ér❛❧ ❧❡s ♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ s♦♥t ✉♥❡ ✐♥t❡♥s✐té ❞❡ ✶ à ✷ ♠❆ ❡t
✉♥❡ ❞✉ré❡ ❞❡ ✶✵ à ✷✵ ♠✐♥✉t❡s ✭♣♦✉r r❡✈✉❡✱ ✈♦✐r ❛rt✐❝❧❡ ❡♥ ❛♥♥❡①❡ ❆✱ ❇❡♥♥❛❜✐
❡t ❛❧✳ ✭✷✵✶✹✮✮✳

❆♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲✱ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬❛♣✲
♣r❡♥t✐ss❛❣❡ ✐♠♣❧✐❝✐t❡ ✭q✉✐ ❝♦♥s✐st❡ à ❞é✈❡❧♦♣♣❡r ✐♥❝♦♥s❝✐❡♠♠❡♥t ❞❡s ❝♦♥♥❛✐s✲
s❛♥❝❡s✱ s❛♥s ♣♦✉✈♦✐r ❧❡s ✈❡r❜❛❧✐s❡r✮ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ✉♥❡ tâ❝❤❡
❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣r♦❜❛❜✐❧✐st❡ ✭❑✐♥❝s❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲✬❛♣♣r❡♥t✐ss❛❣❡ ❡①♣❧✐❝✐t❡
✭❛♣♣r❡♥t✐ss❛❣❡ ❝❡tt❡ ❢♦✐s ✈♦❧♦♥t❛✐r❡✱ ❝♦♥s❝✐❡♥t✮ ♣❡✉t ❛✉ss✐ êtr❡ ❢❛❝✐❧✐té ♣❛r
❝❡tt❡ t❡❝❤♥✐q✉❡ ✭❍❛♠♠❡r ❡t ❛❧✳✱ ✷✵✶✶✮✮✳

▲❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ❡st s♦✉✈❡♥t é✈❛❧✉é❡ ♣❛r ❧❛ tâ❝❤❡ ❞❡ ♥✲❜❛❝❦✱ ♦ù ❧✬♦♥
♣rés❡♥t❡ ❞❡s st✐♠✉❧✐ s✉❝❝❡ss✐❢s à ✉♥ s✉❥❡t q✉✐ ❞♦✐t ré❛❣✐r q✉❛♥❞ ✉♥ st✐♠✉✲
❧✉s ❛ été ♣rés❡♥té ♥ ♣♦s✐t✐♦♥s ❛✉♣❛r❛✈❛♥t✳ ❆✐♥s✐✱ ❞❡ ♠❛♥✐èr❡ ♥♦♥ ❡①❤❛✉st✐✈❡✱
♣❧✉s✐❡✉rs ❛✉t❡✉rs ♦♥t ♣✉ ♠♦♥tr❡r ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s s✉✐t❡ à
✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡✱ ❛✈❡❝ ✉♥ ♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ❞❡
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ré♣♦♥s❡s ❝♦rr❡❝t❡s ✭❋r❡❣♥✐ ❡t ❛❧✳✱ ✷✵✵✺❜✮ ❥✉sq✉✬à ✸✵ ♠✐♥✉t❡s ❛♣rès ❧❛ st✐♠✉❧❛✲
t✐♦♥ ✭❖❤♥ ❡t ❛❧✳✱ ✷✵✵✽✮ ♦✉ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ t❡♠♣s ❞❡ ré❛❝t✐♦♥ ✭❚❡♦ ❡t ❛❧✳✱
✷✵✶✶✮✳

❉✬❛✉tr❡s ❛✉t❡✉rs ♦♥t é❣❛❧❡♠❡♥t r❡♣♦rté q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉
❈P❋❉▲ ♣❡r♠❡t ❞✬❛♠é❧✐♦r❡r ❧❛ ♠é♠♦✐r❡ é♣✐s♦❞✐q✉❡✱ ♣r♦❝❡ss✉s ♣❡r♠❡tt❛♥t ❧❡
s♦✉✈❡♥✐r ❞✬é✈è♥❡♠❡♥ts ✈é❝✉s ❞❛♥s ✉♥ ❝❡rt❛✐♥ ❝♦♥t❡①t❡ ✭▼❛♥❡♥t✐ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❊♥✜♥✱ ❧✬éq✉✐♣❡ ❞❡ ❇r✉♥②é ❡t ❛❧✳ ✭✷✵✶✹✮ ❛ ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦✲
❞✐q✉❡ ❞✉ ❝♦rt❡① t❡♠♣♦r❛❧ ❞r♦✐t à ✷ ♠❆ ✭♣❡♥❞❛♥t ✉♥❡ tâ❝❤❡ ❞❡ ♥❛✈✐❣❛t✐♦♥
s♣❛t✐❛❧❡ ✈✐rt✉❡❧❧❡✮ ❛✉❣♠❡♥t❡ ❧✬❡✣❝❛❝✐té ❡♥ t❡r♠❡ ❞❡ ♥❛✈✐❣❛t✐♦♥ ❡t ❛♠é❧✐♦r❡ ❧❛
♠é♠♦✐r❡ s♣❛t✐❛❧❡ ❝❤❡③ ❞❡s s✉❥❡ts ❛②❛♥t ✉♥ ❢❛✐❜❧❡ s❡♥s ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥✳

t❉❈❙✱ ❞♦♣❛❣❡ ❡t ❞ér✐✈❡s

❈❡s rés✉❧t❛ts s❡♠❜❧❡♥t ❝❧❛♠❡r ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s
❝♦❣♥✐t✐✈❡s ❞❡ ❧✬êtr❡ ❤✉♠❛✐♥✱ ♦✉✈r❛♥t ❧❛ ✈♦✐❡ à ❞✐✈❡rs❡s ❞ér✐✈❡s✳

✲ ●r❛♥❞ ♣✉❜❧✐❝ ✿ ❞❡ ♥♦♠❜r❡✉① t✉t♦r✐❡❧s s✉r ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ❞✐s♣♦s✐t✐❢
❞❡ st✐♠✉❧❛t✐♦♥✱ ❛✐♥s✐ q✉❡ ❞❡s st✐♠✉❧❛t❡✉rs ❝♦♠♠❡r❝✐❛❧✐sés✱ s♦♥t ❞✐s♣♦♥✐❜❧❡s
s✉r ■♥t❡r♥❡t✳ ❯♥ ❝❛sq✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ✭t❉❈❙✱ t❆❈❙✱ t❘◆❙✮
♥♦♠♠é ❢♦❝✳✉s ❡st ❛✐♥s✐ ❛❝t✉❡❧❧❡♠❡♥t ♣r♦♣♦sé à ❧❛ ✈❡♥t❡ ❛✉① ♣❛rt✐❝✉❧✐❡rs✱
❛✈❡❝ ❞❡s ❛r❣✉♠❡♥ts t❡❧s q✉❡ ❧❛ s✉♣♣♦sé❡ ♣♦ss✐❜✐❧✐té ❞✬❛♠é❧✐♦r❡r ❧❡s ❝❛♣❛❝✐tés
♣❤②s✐q✉❡s ✭❡♥❞✉r❛♥❝❡✮✱ ❝♦❣♥✐t✐✈❡s✱ ❡♥ ❥❡✉ ✈✐❞é♦✱ ♦✉ ♠ê♠❡ ❞❡ ❢❛✐r❡ ❞❡s rê✈❡s
❧✉❝✐❞❡s ✭✜❣✉r❡ ✷✳✸✱ ♣❛rt✐❡ ❆✮✳

P✉✐sq✉❡ ❧❡s st✐♠✉❧❛t❡✉rs ♠❛rq✉és ❈❊ ✭❝♦♥❢♦r♠❡ ❛✉① ❡①✐❣❡♥❝❡s✱ ❝❡ q✉✐
✐♠♣❧✐q✉❡ ❧❡ r❡s♣❡❝t ❞❡ ❝❡rt❛✐♥❡s ♥♦r♠❡s✮ ✉t✐❧✐sés ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❝❧✐♥✐q✉❡
♦♥t ❡✛❡❝t✐✈❡♠❡♥t ❞❡s ❡✛❡ts ❜é♥é✜q✉❡s s✉r ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧✱ ❙t❡❡♥❜❡r❣❡♥
❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t ré❛❧✐sé ✉♥❡ ét✉❞❡ ❝♦♠♣❛r❛♥t ❧❡s ❡✛❡ts ❞✉ st✐♠✉❧❛t❡✉r ❝♦♠✲
♠❡r❝✐❛❧ à ✉♥ ❣r♦✉♣❡ s❤❛♠ ❞❛♥s ❧❛ tâ❝❤❡ ❞❡ ♥✲❜❛❝❦✳ ■❧s ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❧❛
st✐♠✉❧❛t✐♦♥ ❛❝t✐✈❡ ✭✷✵ ♠✐♥✉t❡s✱ ❡♥ ♣♦s✐t✐♦♥♥❛♥t ❧❡ ❝❛sq✉❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s♣é✲
❝✐✜é❡ ♣❛r ❧❡ ✈❡♥❞❡✉r ❀ ✜❣✉r❡ ✷✳✸✱ ♣❛rt✐❡ ❇✮ ❞✐♠✐♥✉❛✐t ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❛♥s
❝❡ t❡st✱ s❡ ré✈é❧❛♥t ❛✐♥s✐ ♣ré❥✉❞✐❝✐❛❜❧❡ ❡t ♥❡ ❝♦♥st✐t✉❛♥t ❡♥ ❛✉❝✉♥ ❝❛s ✉♥❡
❛❧t❡r♥❛t✐✈❡ ❛✉① ❣é♥ér❛t❡✉rs ❞❡ ❝♦✉r❛♥t ✈❡♥❞✉s ♣♦✉r ❧❛ ❝❧✐♥✐q✉❡✳ ▲❡s ❡✛❡ts s✉r
❧❡ ❧♦♥❣ t❡r♠❡ ❞❡ st✐♠✉❧❛t✐♦♥s ♣❛r ❝❡t ❛♣♣❛r❡✐❧ r❡st❡♥t à ❞ét❡r♠✐♥❡r✱ ♠❛✐s ✐❧
❝♦♥✈✐❡♥t ❞✬êtr❡ ♣r✉❞❡♥t ❢❛❝❡ à ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ s❡ ♣r♦❝✉r❡r ✲ ♦✉ ❞❡ ❢❛❜r✐q✉❡r
✲ ❝❡ ❣❡♥r❡ ❞❡ st✐♠✉❧❛t❡✉rs✳
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A B

❋✐❣✉r❡ ✷✳✸ ✕ ▲✬❛♣♣❛r❡✐❧❧❛❣❡ ❢♦❝✳✉s✳ ❆✮ P❤♦t♦s t✐ré❡s ❞✉ s✐t❡ ♣r♦♠♦t✐♦♥♥❡❧ ❞❡
❧✬❛♣♣❛r❡✐❧✱ ✇✇✇✳❢♦❝✳✉s✳ ❇✮ ❙❝❤é♠❛ ❞✉ ♠♦♥t❛❣❡ ❞❡s é❧❡❝tr♦❞❡s ♣♦✉r ❧❡ st✐♠✉❧❛✲
t❡✉r ❢♦❝✳✉s✱ s❡❧♦♥ ❧❡s s♣é❝✐✜❝❛t✐♦♥s ❢♦✉r♥✐❡s à ❧✬❛❝❤❛t ❀ ❛❞❛♣té ❞❡ ❙t❡❡♥❜❡r❣❡♥
❡t ❛❧✳ ✭✷✵✶✺✮✳

P❛r ❛✐❧❧❡✉rs✱ ✉♥ s♦♥❞❛❣❡ ✐♥t❡r♥❛t✐♦♥❛❧ ♣❛r♠✐ ❧❡s ❝❤❡r❝❤❡✉rs ❛②❛♥t ♣✉❜❧✐é
❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ❧❛ t❉❈❙ ré✈è❧❡ q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ♣♦✉r
❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ♣♦s❡ ♣❧✉s ❞❡ ♣ré♦❝❝✉♣❛t✐♦♥s ❛✉① ❝❤❡r❝❤❡✉rs q✉❡
s♦♥ ✉t✐❧✐s❛t✐♦♥ ❡♥ r❡❝❤❡r❝❤❡ ♦✉ ❡♥ ❝❧✐♥✐q✉❡✳ ❈❡s s♦✉❝✐s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t
❝❡✉① ❝♦♥❝❡r♥❛♥t ❧✬✐♥♥♦❝✉✐té ❡t ❧❡ r✐sq✉❡ ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s✱ ❧❛ st✐♠✉❧❛t✐♦♥
♣♦✉✈❛♥t êtr❡ ❛♣♣❧✐q✉é❡ ❞❡ ♠❛♥✐èr❡ ✐♥❛♣♣r♦♣r✐é❡ ♣❛r ❞❡s ♣❡rs♦♥♥❡s ♥♦♥ ❢♦r✲
♠é❡s à ❝❡tt❡ t❡❝❤♥✐q✉❡✳ ❙✬❛❥♦✉t❡♥t ❧❡s s♦✉❝✐s ét❤✐q✉❡s✱ s♦✉❧✐❣♥és ♣❛r ❧❡ r✐sq✉❡
✐♥❤ér❡♥t à ❧❛ ♠✐s❡ à ❞✐s♣♦s✐t✐♦♥ ❞✬✉♥❡ t❡❝❤♥✐q✉❡ ✧❞✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r✲
❢♦r♠❛♥❝❡s✧ s❛♥s q✉❡ s❡s ❡✛❡ts ❡t ♠é❝❛♥✐s♠❡s ❛✐❡♥t été ❝❧❛✐r❡♠❡♥t ét❛❜❧✐s ❀
♣❛r ❛✐❧❧❡✉rs ❧❛ ♣r❡✉✈❡ ❞✬✉♥ r❛♣♣♦rt ❜é♥é✜❝❡✲r✐sq✉❡ ❢❛✈♦r❛❜❧❡ r❡st❡ à ❛♣♣♦rt❡r
✭❘✐❣❣❛❧❧ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ◆♦t♦♥s ❡♥✜♥ q✉❡ ❧❡s ❡✛❡ts à ❧♦♥❣ t❡r♠❡ ❞❡ ❧❛ t❉❈❙✱
♥♦t❛♠♠❡♥t s❛♥s ❝♦♥trô❧❡ ♠é❞✐❝❛❧ ♥✐ ✐♥❞✐❝❛t✐♦♥ t❤ér❛♣❡✉t✐q✉❡✱ r❡st❡♥t ✐♥❝❡r✲
t❛✐♥s✳ ■❧ ❛♣♣❛r❛ît ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ s❡ ♠♦♥tr❡r ♣r✉❞❡♥ts ❢❛❝❡ à ❧✬❡♠♣❧♦✐ ❞❡
❝❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡✳

✲ ❆r♠é❡ ❡t ♣❡rs♦♥♥❡❧ ❞❡ sé❝✉r✐té ✿ ❧✬éq✉✐♣❡ ❞❡ ▲❡✈❛ss❡✉r✲▼♦r❡❛✉ ❡t ❛❧✳
✭✷✵✶✸✮ s✬❡st ♣♦sé ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ✲ ❡t ❞❡ ❧✬✐♥térêt ✲ ❞✬✉t✐❧✐s❡r ❧❡s
st✐♠✉❧❛t✐♦♥s tr❛♥s❝râ♥✐❡♥♥❡s ♥♦♥ ✐♥✈❛s✐✈❡s ♣♦✉r ❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s
♠♦tr✐❝❡s ❡t ❝♦❣♥✐t✐✈❡s ❞❡s ♣❡rs♦♥♥❡❧s ❞❡ ❧✬❛r♠é❡✱ ♦✉ ❞❡s s❡r✈✐❝❡s ❞❡ sé❝✉✲
r✐té ♣✉❜❧✐❝s ♦✉ ♣r✐✈és✳ ■❧s s♦✉❧✐❣♥❡♥t q✉❡ ❞❡s ♣r♦❣r❛♠♠❡s ❞✬❡♥tr❛î♥❡♠❡♥t ❞❡
❝❡rt❛✐♥❡s ❢♦♥❝t✐♦♥s ♠♦tr✐❝❡s ❡t ❝♦❣♥✐t✐✈❡s ✲ ♣♦✉✈❛♥t êtr❡ ❛♠é❧✐♦ré❡s ♣❛r ❝❡s
t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ ✲ ❡①✐st❡♥t ❞é❥à ♣♦✉r ❝❡s ♣❡rs♦♥♥❡❧s ✿ ❡♥tr❛î♥❡♠❡♥ts
à ❧✬❤❛❜✐❧❡té ❛✉ ❝♦♠❜❛t ♣♦✉r ❧❡s ♠✐❧✐t❛✐r❡s✱ ♦✉ ❡♥❝♦r❡ ❞❡s ❝♦♠♣ét❡♥❝❡s ❛tt❡♥✲
t✐♦♥♥❡❧❧❡s ♣♦✉r ❧❡ ♣❡rs♦♥♥❡❧ ❞❡ sé❝✉r✐té ❞❡s ❛ér♦♣♦rts✳



✺✷ ❈❍❆P■❚❘❊ ✷✳ ▲❆ ❚❉❈❙ ✿ ❆PP▲■❈❆❚■❖◆❙ ❈❍❊❩ ▲✬❍❖▼▼❊

▲❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡s✱ ❞❛♥s ❝❡tt❡ ♦♣t✐q✉❡✱ s❡✲
r❛✐❡♥t ✉♥ ♦✉t✐❧ ♣♦✉r ❧✬✧❛♠é❧✐♦r❛t✐♦♥✧ ❞❡s ♣❡rs♦♥♥❡❧s ❞❡ sé❝✉r✐té ❀ ♠❛✐s ✐❧ r❡st❡
à ❞ét❡r♠✐♥❡r s✐ ❧❡✉rs ❡✛❡ts ❜é♥é✜q✉❡s ♣❡✉✈❡♥t êtr❡ tr❛♥s❢érés à ❞❡s s✐t✉❛t✐♦♥s
ré❡❧❧❡s✱ ❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ❞♦♥♥é❡s ♣rés❡♥té❡s ❥✉sq✉✬à ♣rés❡♥t ❛②❛♥t été
❝♦❧❧❡❝té❡ ❡♥ ❧❛❜♦r❛t♦✐r❡✳ ❊♥✜♥✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧✬✐♥térêt ❞❡ ❝❡s t❡❝❤♥✐q✉❡s ❞❛♥s
❝❡ ❝❛❞r❡ s❡ ♣♦s❡ ❛✉ss✐ ✿ ❧❡✉rs ❡✛❡ts s♦♥t✲✐❧s ❛ss❡③ ♣✉✐ss❛♥ts ✭❡♥ t❡r♠❡ ❞✬❛♠♣❧✐✲
t✉❞❡ ❡t ❞❡ ❞✉ré❡✮ ♣♦✉r ♣r♦✈♦q✉❡r ❞❡s ❛♠é❧✐♦r❛t✐♦♥s s✉✣s❛♥t❡s ❄ ▲❡s ❛✉t❡✉rs
♣ré❝✐s❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❞✐s❝✉t❡r ❞✉ ❝❛r❛❝tèr❡ ét❤✐q✉❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡
❝❡s t❡❝❤♥✐q✉❡s ♣♦✉r ❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s✱ ❡t s✉rt♦✉t ❞✉ ❝♦♥trô❧❡ ❞❡ s❛
ré❡❧❧❡ ✐♥♥♦❝✉✐té ✭▲❡✈❛ss❡✉r✲▼♦r❡❛✉ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❙❡❤♠ ❡t ❘❛❣❡rt ✭✷✵✶✸✮ ré♣♦♥❞❡♥t ❞✬❛✐❧❧❡✉rs à ❝❡t ❛rt✐❝❧❡ ❡♥ ♦♣♣♦s❛♥t
❞✬✐♠♣♦rt❛♥ts ❞♦✉t❡s q✉❛♥t ❛✉① ❡✛❡ts à ❧♦♥❣✲t❡r♠❡✱ à ❧❛ s♣é❝✐✜❝✐té ❞❡ ❧❛ ♠♦✲
❞✉❧❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❝éré❜r❛❧❡s✱ ❡t à ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ♠❡ttr❡ ❡♥ ❛♣♣❧✐❝❛t✐♦♥
❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ❤♦rs ❞❡s ❝♦♥❞✐t✐♦♥s ❝♦♥trô❧é❡s ❞❡ ❧❛❜♦r❛t♦✐r❡✳
❊♥ ❡✛❡t✱ ❞❛♥s ❞❡s s✐t✉❛t✐♦♥s ❝♦♠♣❧❡①❡s ✭❛✈❡❝ ❞❡ ♣♦ss✐❜❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥✲
✈✐r♦♥♥❡♠❡♥t❛❧❡s✱ é♠♦t✐♦♥♥❡❧❧❡s ♦✉ ❞❡ ❞✐✈❡rs❡s ♥❛t✉r❡s✮✱ ✐❧ ❡st ❛❝t✉❡❧❧❡♠❡♥t
✐♠♣♦ss✐❜❧❡ ❞❡ s❛✈♦✐r ❝♦♠♠❡♥t ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❢❛❝t❡✉rs t❡❧s q✉❡ ❧✬❛tt❡♥t✐♦♥
♦✉ ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ♣♦✉rr❛✐t s❡ ré♣❡r❝✉t❡r✱ ❡t s✬✐❧ ♥✬② ❛ ♣❛s ✉♥ r✐sq✉❡
❞✬❛❜♦✉t✐r à ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ♥é❣❛t✐❢s ✈♦✐r❡ ❞❛♥❣❡r❡✉① ♣♦✉r ❧❡s t✐❡rs✳

❊♥ ré♣♦♥s❡ à ❝❡s ❝r✐t✐q✉❡s✱ ❧❛ ♣r❡♠✐èr❡ éq✉✐♣❡ ❛ ♣✉❜❧✐é ✉♥ ♥♦✉✈❡❧ ❛rt✐❝❧❡
♣ré❝✐s❛♥t q✉✬❛✈❛♥t t♦✉t ✉s❛❣❡ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♥♦♥✲✐♥✈❛s✐✈❡
❝♦♠♠❡ ♦✉t✐❧ ❞✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ s✉❥❡ts s❛✐♥s ✐❧ r❡st❛✐t à é✈❛❧✉❡r ❧❡ r❛♣♣♦rt
❜é♥é✜❝❡✲r✐sq✉❡✱ ❡t q✉❡ t♦✉t ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❞❡✈r❛✐t êtr❡ ré✈✐sé ♣❛r
❞❡s ✐♥st✐t✉t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s✳ ▲❡s st✐♠✉❧❛t✐♦♥s ❞❡✈r❛✐❡♥t ♣❛r ❛✐❧❧❡✉rs êtr❡
ré❛❧✐sé❡s ♣❛r ✉♥ ♣❡rs♦♥♥❡❧ ❤❛❜✐❧✐té ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❝♦♥trô❧é✱ ❛✈❡❝ ❞❡
str✐❝ts ❝r✐tèr❡s ❞✬✐♥❝❧✉s✐♦♥ ❡t ❞✬❡①❝❧✉s✐♦♥ ♣♦✉r ❧❡s ♣❛rt✐❝✐♣❛♥ts ✭❇r✉♥❡❧✐♥ ❡t ❛❧✳✱
✷✵✶✸✮✳

▲❡ ❞é❜❛t r❡st❡ ❞♦♥❝ ♦✉✈❡rt✱ ❝❡rt❛✐♥s ❛✉t❡✉rs ❞é❢❡♥❞❛♥t ❧✬✐♥térêt ❞❡s ♠é✲
t❤♦❞❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ ♣♦✉r ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬❡s♣è❝❡ ❤✉♠❛✐♥❡ ❀ ✐❧s
♣❧❛❝❡♥t ❛❧♦rs ❧❡s t❡❝❤♥✐q✉❡s t❡❧❧❡s q✉❡ ❧❛ t❉❈❙ ❛✉ ♠ê♠❡ t✐tr❡ q✉❡ ❞✬❛✉tr❡s
❛♠é❧✐♦r❛t✐♦♥s ✲ t❡❧❧❡s q✉❡ ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡ ✈êt❡♠❡♥ts ♦✉ ❧❛ ❧✐ttér❛t✉r❡ ✲ r❡♥✲
❞❛♥t ♣♦ss✐❜❧❡ ❧❛ s✉r✈✐❡ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❛♥s ❞❡ ❜♦♥♥❡s ❝♦♥❞✐t✐♦♥s ✭q✉❛❧✐té
❞❡ ✈✐❡✮ ❞❡ ❧✬❍♦♠♠❡ ✭❈❧❛r❦✱ ✷✵✶✹✮✳
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✷✳✷ P♦✉rq✉♦✐ ❝✐❜❧❡r ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦✲

❧❛tér❛❧ ❄

❈❤❡③ ❧✬❍♦♠♠❡✱ ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s ré❛❧✐sé❡s s❡ ❜❛s❡♥t s✉r ✉♥❡ st✐♠✉❧❛✲
t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❡t ♠♦♥tr❡♥t ❞❡s ❡✛❡ts ♣♦s✐t✐❢s s✉r ❞❡s s②♠♣tô♠❡s
❞❡ ❞é♣r❡ss✐♦♥✱ ❞✬❛❞❞✐❝t✐♦♥✱ ❡t ❞❛♥s ❞❡s t❡sts ❝♦❣♥✐t✐❢s ✭❈❢✳ ❝❤❛♣✐tr❡ ✷✮✳ ▲❛
♠❛❥♦r✐té ❞❡s ét✉❞❡s ✈✐s❛♥t ❞✬❛✉tr❡s ③♦♥❡s ❝éré❜r❛❧❡s s✬✐♥tér❡ss❡♥t ♣❛r ❛✐❧❧❡✉rs
à ❞❡s ❧és✐♦♥s ♦✉ ❞❡s ♣❛t❤♦❧♦❣✐❡s très s♣é❝✐✜q✉❡s ✭♣❛r ❡①❡♠♣❧❡✱ st✐♠✉❧❛t✐♦♥
❞❡ ❧❛ ③♦♥❡ ❧ésé❡ ❛♣rès ✉♥❡ ❛tt❛q✉❡ ❝éré❜r❛❧❡✱ ♦✉ ✐♥❤✐❜✐t✐♦♥ ❞✉ ❢♦②❡r é♣✐❧❡♣t♦✲
❣è♥❡ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts é♣✐❧❡♣t✐q✉❡s✮ ❀ ♥♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❞♦♥❝ ❞❛♥s ❝❡tt❡
s❡❝t✐♦♥ ❛✉ ❈P❋❉▲✳

▲❡ ❝♦rt❡① ❢r♦♥t❛❧ ❤✉♠❛✐♥ ❡st ❞é❧✐♠✐té ♣❛r ❧❡ s✐❧❧♦♥ ❝❡♥tr❛❧ ✭s❝✐ss✉r❡ ❞❡ ❘♦✲
❧❛♥❞♦✮✱ q✉✐ ❧❡ sé♣❛r❡ ❞✉ ❧♦❜❡ ♣❛r✐ét❛❧✱ ❡t ❧❡ s✐❧❧♦♥ ❧❛tér❛❧ ✭s❝✐ss✉r❡ ❞❡ ❙②❧✈✐✉s✮✱
q✉✐ ❧❡ sé♣❛r❡ ❞✉ ❧♦❜❡ t❡♠♣♦r❛❧✳ ❖♥ ❧❡ s✉❜❞✐✈✐s❡ ❡♥ tr♦✐s ❣r❛♥❞❡s str✉❝t✉r❡s
✭✜❣✉r❡ ✷✳✹✮ ✿

✖ ▲❡ ❝♦rt❡① ♠♦t❡✉r ❀
✖ ▲❡ ❝♦rt❡① ♣ré♠♦t❡✉r ❡♥ ❛✈❛♥t ❞✉ ♣ré❝é❞❡♥t ❀
✖ ❊t ❧❛ ③♦♥❡ q✉✐ ♥♦✉s ✐♥tér❡ss❡r❛ ♣❛r ❧❛ s✉✐t❡✱ ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧✳

Lobe frontal

Lobe temporal

Lobe occipital

Cortex préfrontal

Cortex

prémoteur
Cortex

moteur

CPFDL

CPFVL

CPFOF

Sillon central

Sillon latéral

Lobe pariétal

❋✐❣✉r❡ ✷✳✹ ✕ ❙❝❤é♠❛ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❝♦rt❡① ❝éré❜r❛❧ ❝❤❡③ ❧✬❍♦♠♠❡✳
❈P❋ ✿ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❀ ❉▲ ✿ ❞♦rs♦❧❛tér❛❧✱ ❱▲ ✿ ✈❡♥tr♦❧❛tér❛❧✱ ❖❋ ✿ ♦r❜✐t♦✲
❢r♦♥t❛❧✳ ❆❞❛♣té ❞✉ ♠❛♥✉❡❧ ❞✬❛♥❛t♦♠✐❡ ❞❡ ●r❛② ✭✶✾✶✽✮✳
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✷✳✷✳✶ ■♠♣♦rt❛♥❝❡ ❞❡s rés❡❛✉① ♥❡✉r♦♥❛✉①

▲❡ ❝♦rt❡① ❢r♦♥t❛❧ ❡st ✐♠♣❧✐q✉é ❞❛♥s ❞✐✈❡rs❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s ❡t ❝♦♠✲
♣♦rt❡♠❡♥t❛❧❡s ✭♣❧❛♥✐✜❝❛t✐♦♥✱ ❡①é❝✉t✐♦♥ ❡t ❝♦♥trô❧❡ ❞❡s ♠♦✉✈❡♠❡♥ts ✈♦❧♦♥✲
t❛✐r❡s✳✳✳✮✳ ▲❛ ③♦♥❡ ♣ré❢r♦♥t❛❧❡ ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡st ❝♦♥♥❡❝té❡ à ❞❡ ♥♦♠✲
❜r❡✉s❡s ré❣✐♦♥s ❝♦rt✐❝❛❧❡s ❡t s♦✉s✲❝♦rt✐❝❛❧❡s✱ ❛ss✉r❛♥t ✉♥ rô❧❡ ❞✬✐♥té❣r❛t❡✉r
❝❡♥tr❛❧ ❛✉ s❡✐♥ ❞✉ s②stè♠❡ ♥❡r✈❡✉①✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ ③♦♥❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡
❝♦♠♠❡ ❧❡ ❝♦rt❡① ❛ss♦❝✐❛t✐❢ ❞✉ ❧♦❜❡ ❢r♦♥t❛❧✱ ❡t s❡s ❢♦♥❝t✐♦♥s ♥❡ ♣❡✉✈❡♥t êtr❡
ét✉❞✐é❡s s✐ ❡❧❧❡s ♥❡ s♦♥t ♣❛s r❡♠✐s❡s ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞✉ rés❡❛✉ ❢♦r♠é ❛✈❡❝ ❧❡s
❛✉tr❡s ❛✐r❡s ❝éré❜r❛❧❡s✳

▲❡ ❝♦rt❡① ❢r♦♥t❛❧ ❡st ❝♦♥♥❡❝té ✭❞❡ ♠❛♥✐èr❡ t♦♣♦❣r❛♣❤✐q✉❡ ❡t✱ ❧❛ ♣❧✉♣❛rt
❞✉ t❡♠♣s✱ ré❝✐♣r♦q✉❡♠❡♥t✮ ❛✈❡❝ ❧❡ tr♦♥❝ ❝éré❜r❛❧✱ ❧❡ t❤❛❧❛♠✉s✱ ❧❡ s②stè♠❡
❧✐♠❜✐q✉❡ ❡t ❧❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡✳ ■❧ ✐♥tè❣r❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❡①t❡r♥❡s
✭❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✮ ❡t ✐♥t❡r♥❡s ✭❞♦♥t ❧❛ ♠♦t✐✈❛t✐♦♥✮✱ ❡t ❢♦✉r♥✐t ✉♥❡ ré♣♦♥s❡
❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❛❞❛♣té❡ ✭❋✉st❡r✱ ✷✵✵✶✮✳

❊♥✜♥✱ ✐❧ ♣rés❡♥t❡ é❣❛❧❡♠❡♥t ❞❡s ❝♦♥♥❡①✐♦♥s ✐♥t❡r✲❤é♠✐s♣❤ér✐q✉❡s ❛ss✉r❛♥t
✉♥ tr❛♥s❢❡rt ❞✬✐♥❢♦r♠❛t✐♦♥s✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✉ ❝♦r♣s
❝❛❧❧❡✉①✳

✷✳✷✳✷ ▲❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧

▲❡ ❈P❋❉▲✱ ✐♠♣❧✐q✉é ♥♦t❛♠♠❡♥t ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❡①é❝✉t✐✈❡s t❡❧❧❡s q✉❡
❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧✱ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ♦✉ ❡♥❝♦r❡ ❧❛ ✢❡①✐✲
❜✐❧✐té ♠❡♥t❛❧❡ ✭▼✐❧❧❡r ❡t ❈✉♠♠✐♥❣s✱ ✷✵✵✼✮✱ ❡st ✉♥❡ ré❣✐♦♥ ❞é✜♥✐❡ ❞✬✉♥ ♣♦✐♥t
❞❡ ✈✉❡ ❢♦♥❝t✐♦♥♥❡❧ ♣❧✉tôt q✉✬❛♥❛t♦♠✐q✉❡ ✭✜❣✉r❡ ✷✳✹✮✳ ■❧ ❡st ❝♦♥♥❡❝té à ❞❡
♥♦♠❜r❡✉s❡s ❛✉tr❡s ré❣✐♦♥s ❞♦♥t ❧❡ ❝♦rt❡① ♦r❜✐t♦❢r♦♥t❛❧ ✭❡♥❣❛❣é ❞❛♥s ❧❛ ♣r✐s❡
❞❡ ❞é❝✐s✐♦♥✮✱ ❧❡ t❤❛❧❛♠✉s ✭r❡❧❛✐s ❞❡ s✐❣♥❛✉① s❡♥s♦r✐❡❧s ❡t ♠♦t❡✉rs✱ ❝♦♥trô❧❡
❞❡ ❧✬ét❛t ❞❡ ❝♦♥s❝✐❡♥❝❡✮✱ ❧❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡ ✭♠♦✉✈❡♠❡♥ts ✈♦❧♦♥t❛✐r❡s✱
❞✐✈❡rs❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s✱ ❝♦♠♣♦rt❡♠❡♥t s♦❝✐❛❧✮✱ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❞✐✛ér❡♥ts
t②♣❡s ❞❡ ♠é♠♦✐r❡✮✱ ❡t ❞❡s ❛✐r❡s ❛ss♦❝✐❛t✐✈❡s ❞❡s ❧♦❜❡s t❡♠♣♦r❛✉①✱ ♣❛r✐ét❛✉①✱
❡t ♦❝❝✐♣✐t❛✉① ✭✐♥té❣r❛t✐♦♥ ❡t tr❛✐t❡♠❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s❡♥s♦r✐❡❧❧❡s ❡t ♠♦✲
tr✐❝❡s✮✳

❉❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❞❡s ❧és✐♦♥s ♦✉ ❞❡s ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥ts ❞✉ ❈P❋❉▲ ❡t
❞✐✈❡rs❡s ♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ♦♥t été ét❛❜❧✐❡s✳ ❱♦②♦♥s ❜r✐è✈❡♠❡♥t ❧✬✐♠✲
♣❧✐❝❛t✐♦♥ ❞❡ ❝❡tt❡ ③♦♥❡ ❝éré❜r❛❧❡ ❞❛♥s ❧❡s tr♦✐s ❛s♣❡❝ts q✉✐ ♥♦✉s ✐♥tér❡ss❡r♦♥t
❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✳

❈P❋❉▲ ❡t ❞é♣r❡ss✐♦♥

P❛r♠✐ ❧❡s ❞✐✛ér❡♥t❡s ③♦♥❡s ❝éré❜r❛❧❡s ❛✛❡❝té❡s ❞❛♥s ❧❛ ❞é♣r❡ss✐♦♥✱ ✉♥❡
❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛ été ♣♦rté❡ ❛✉ ❈P❋❉▲✳ ❉✐✈❡rs❡s ét✉❞❡s ❡♥ ✐♠❛❣❡r✐❡



✷✳✷✳ ❈■❇▲❊❘ ▲❊ ❈P❋❉▲ ✺✺

❢♦♥❝t✐♦♥♥❡❧❧❡ ♦♥t ♠♦♥tré s♦♥ r❡❝r✉t❡♠❡♥t ❧♦rs ❞❡ tâ❝❤❡s ❞❡ ré❣✉❧❛t✐♦♥ ❞❡s
é♠♦t✐♦♥s ♥é❣❛t✐✈❡s ✭❑♦❡♥✐❣s ❡t ●r❛❢♠❛♥✱ ✷✵✵✾✮✳ ❯♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧❛ ré❣✉❧❛✲
t✐♦♥ ❞❡s ❛✛❡❝ts ♥é❣❛t✐❢s ❞✉❡ à ✉♥ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ❈P❋❉▲ r❡♣rés❡♥t❡
✉♥ ❞❡s ♠é❝❛♥✐s♠❡s ♣♦✉✈❛♥t ❡①♣❧✐q✉❡r ❧❛ s②♠♣t♦♠❛t♦❧♦❣✐❡ ❞é♣r❡ss✐✈❡✳

P❧✉s ♣ré❝✐sé♠❡♥t✱ ♣r❡✉✈❡ ❛ été ❢❛✐t❡ ❞✬✉♥ ❞éséq✉✐❧✐❜r❡ ❡♥tr❡ ❧❡s ❤é♠✐✲
s♣❤èr❡s ❣❛✉❝❤❡ ❡t ❞r♦✐t ❝❤❡③ ❧❡s ❞é♣r❡ss✐❢s✱ ❡t ❝❡❝✐ ♥♦t❛♠♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞✉
❈P❋❉▲✳ ❊♥ ❡✛❡t✱ ❞❡s ét✉❞❡s ❡♥ ✐♠❛❣❡r✐❡ ❝éré❜r❛❧❡ ✭♣❛r ❡①❡♠♣❧❡✱ ✐♠❛❣❡r✐❡
♣❛r rés♦♥♥❛♥❝❡ ♠❛❣♥ét✐q✉❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ✿ ■❘▼❢✮ ♠❡tt❡♥t ❡♥ é✈✐❞❡♥❝❡ ✉♥❡
❤②♣♦❛❝t✐✈✐té ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡✱ ❛ss♦❝✐é ❛✉ ❥✉❣❡♠❡♥t é♠♦t✐♦♥♥❡❧ ♥é❣❛t✐❢✱ ❡t
✉♥❡ ❤②♣❡r❛❝t✐✈✐té ❞✉ ❈P❋❉▲ ❞r♦✐t✱ ❛ss♦❝✐é à ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧✬❛tt❡♥t✐♦♥
♣♦rté❡ ❛✉ ❥✉❣❡♠❡♥t é♠♦t✐♦♥♥❡❧ ✭●r✐♠♠ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❆✐♥s✐✱ ❧❡ ❝❤♦✐① ❞❡ st✐♠✉❧❡r ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡ ✭♣❛r ❞❡s s❡ss✐♦♥s ❞❡ t❉❈❙
❛♥♦❞✐q✉❡✱ ♦✉ ❞✬❛✉tr❡s ♠ét❤♦❞❡s ❞❡ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ t❡❧❧❡s q✉❡ ❧❛ ❚▼❙✮ ✈✐s❡
à ❛✉❣♠❡♥t❡r ❧✬❡①❝✐t❛❜✐❧✐té ♥❡✉r♦♥❛❧❡✱ ❡t r❡st❛✉r❡r ✉♥❡ ré♣♦♥s❡ ♥♦r♠❛❧❡ ❞❡
❝❡tt❡ ré❣✐♦♥✳ P❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t✱ ❢❛❝✐❧✐t❡r ❧✬❛❝t✐✈❛t✐♦♥ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡
t♦✉t ❡♥ ❞✐♠✐♥✉❛♥t ❧✬❛❝t✐✈✐té ❞✉ ❈P❋❉▲ ❞r♦✐t ✭t❉❈❙ ❜✐❧❛tér❛❧❡✮ ❡st ✉♥❡ ♣✐st❡
✐♥tér❡ss❛♥t❡ ♣♦✉r rét❛❜❧✐r ❧✬éq✉✐❧✐❜r❡ ❡♥tr❡ ❝❡s ❞❡✉① ③♦♥❡s ❛✛❡❝té❡s ❞❛♥s ❧❡s
tr♦✉❜❧❡s ❞é♣r❡ss✐❢s ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✾❛✮✳

❈P❋❉▲ ❡t tr♦✉❜❧❡s ❞❡ ❧❛ ♠é♠♦✐r❡

▲❛ ♠é♠♦✐r❡ ❢❛✐t ♣❛rt✐❡ ❞❡s ❢♦♥❝t✐♦♥s ❛ss✉ré❡s ♣❛r ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ✭❡♥
❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ❞✬❛✉tr❡s ❛✐r❡s ❝éré❜r❛❧❡s✮✳ ■❧ ❛✉❣♠❡♥t❡ ❧✬❡✣❝❛❝✐té ❞❡ ❧✬❡♥❝♦✲
❞❛❣❡ ✭❛❝q✉✐s✐t✐♦♥ ❞✬✐♥❢♦r♠❛t✐♦♥s à ♣❛rt✐r ❞❡ st✐♠✉❧✐✮✱ ♣❛r ❡①❡♠♣❧❡ ❡♥ ♦r✐❡♥t❛♥t
❧✬❛tt❡♥t✐♦♥ ✈❡rs ❧❡s é❧é♠❡♥ts ✐♠♣♦rt❛♥ts ✭❇✉❝❦♥❡r ❡t ❛❧✳✱ ✶✾✾✾✮✳

▲❡ ❈P❋❉▲ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣♦rt❛♥t ♣♦✉r ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧
✭❇r✉♥♦♥✐ ❡t ❱❛♥❞❡r❤❛ss❡❧t✱ ✷✵✶✹✮✳ ❙✉✐t❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧
❝❤❡③ ❞❡s s✉❥❡ts ❛tt❡✐♥ts ❞❡ ❧és✐♦♥s ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ❡t✴♦✉ ❞r♦✐t✱ ✐❧ ❛ été
♠♦♥tré q✉❡ ❧❡ ❈P❋❉▲ ❣❛✉❝❤❡ ❡st ♥é❝❡ss❛✐r❡ à ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❞✬✐♥❢♦r♠❛t✐♦♥s
✈❡r❜❛❧❡s ❡t s♣❛t✐❛❧❡s✱ t❛♥❞✐s q✉❡ ❧❡ ❈P❋❉▲ ❞r♦✐t ❡st ✐♠♣❧✐q✉é ❞❛♥s ❝❡ q✉✐ ❛
tr❛✐t ❛✉ r❛✐s♦♥♥❡♠❡♥t ✭❇❛r❜❡② ❡t ❛❧✳✱ ✷✵✶✸✮✳

❯♥❡ ❜❛✐ss❡ ❞❡ ♣❡r❢♦r♠❛♥❝❡ ❡♥ ♠❛t✐èr❡ ❞❡ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ❡st s♦✉✲
✈❡♥t r❡♣♦rté❡ ❞❛♥s ❞✐✈❡rs❡s ♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ❡t ♥❡✉r♦❧♦❣✐q✉❡s✱ s❛♥s
q✉✬✉♥ tr❛✐t❡♠❡♥t ❡✣❝❛❝❡ ♥✬❛✐t été ét❛❜❧✐ ✭❆♥❞r❡✇s ❡t ❛❧✳✱ ✷✵✶✶✮✳ P✉✐sq✉✬✐❧
❛ été ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ❛✉❣♠❡♥t❡ ❧❡s
♣❡r❢♦r♠❛♥❝❡s ❝♦❣♥✐t✐✈❡s✱ à ❧❛ ❢♦✐s ❝❤❡③ ❞❡s s✉❥❡ts s❛✐♥s ✭✈♦✐r s❡❝t✐♦♥ ✷✳✶✳✹✮
❡t ❞❡s s✉❥❡ts ♣❛r❦✐♥s♦♥✐❡♥s ✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ✐❧ ❡st ♣❡r♠✐s ❞❡ ♣❡♥s❡r q✉❡
❧❛ t❉❈❙ ♣♦✉rr❛✐t êtr❡ ✉♥ tr❛✐t❡♠❡♥t à ❝♦♠❜✐♥❡r à ✉♥❡ ♠é❞✐❝❛t✐♦♥ ♦✉ à ❞❡s
❡①❡r❝✐❝❡s ❞❡ r❡♠é❞✐❛t✐♦♥ ❝♦❣♥✐t✐✈❡ ✳
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❈P❋❉▲ ❡t ❛❞❞✐❝t✐♦♥

▲❛ ❝♦♥s♦♠♠❛t✐♦♥ ❛❜✉s✐✈❡ ❞❡ ❞r♦❣✉❡s ❡t ❧❛ ❞é♣❡♥❞❛♥❝❡ ❡♥tr❛î♥❡♥t ✉♥❡
❞éré❣✉❧❛t✐♦♥ ❞❡ ♣r♦❝❡ss✉s é♠♦t✐♦♥♥❡❧s ❡t ❝♦❣♥✐t✐❢s ❝♦♥trô❧és ♣❛r ❧❡ ❝♦rt❡①✱
✐♥❝❧✉❛♥t ❧❡ ❈P❋❉▲✳ ❈❡tt❡ ③♦♥❡ ❡st ✐♠♣❧✐q✉é❡ ❞❛♥s ❞❡s ❢♦♥❝t✐♦♥s t❡❧❧❡s q✉❡ ❧❛
♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❡t ❧❡ ❝♦♥trô❧❡ ❞❡s ✐♠♣✉❧s✐♦♥s ❀ ❛✉ss✐ ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ♥❡✉✲
r♦❜✐♦❧♦❣✐q✉❡s ✲ ♥♦t❛♠♠❡♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ s♦♥ ❛❝t✐✈✐té ✲ s♦♥t à ❧✬♦r✐❣✐♥❡
❞✬✉♥❡ ré♣♦♥s❡ ✐♥❛❞❛♣té❡ ❛✉① ❡✛❡ts ❞❡s ❞r♦❣✉❡s✳ ❈✬❡st ❛✐♥s✐ q✉✬♦♥ ✈♦✐t ❛♣♣❛✲
r❛îtr❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❞✬✐♥❤✐❜✐t✐♦♥✱ ♦✉ ❡♥❝♦r❡ ❞❡s ♣❤é♥♦✲
♠è♥❡s ❞❡ r❡❝❤✉t❡ ❛♣rès ❡①♣♦s✐t✐♦♥ à ❞❡s ✐♥❞✐❝❡s ❧✐és à ❧❛ ❞r♦❣✉❡ ✭●❛r❛✈❛♥ ❡t
❍❡st❡r✱ ✷✵✵✼ ❀ ❑♦♦❜ ❡t ❱♦❧❦♦✇✱ ✷✵✶✵✮✳

▲✬❛❜st✐♥❡♥❝❡ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❝✐❣❛r❡tt❡s ❝❤❡③ ❞❡s ❢✉♠❡✉rs ❞é♣❡♥❞❛♥ts
❡♥tr❛î♥❡ ✉♥❡ ✈❛r✐été ❞❡ s②♠♣tô♠❡s ❞♦♥t ❞❡s ❞é✜❝✐ts ❝♦❣♥✐t✐❢s ❛ss♦❝✐és ❛✉ s❡✲
✈r❛❣❡ q✉✐ ❛✉r❛✐❡♥t ♣❛r ❛✐❧❧❡✉rs✱ ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✬❛❝t✐✈✐té ❞❛♥s ❧❡ ❈P❋❉▲
❣❛✉❝❤❡✱ ✉♥❡ ❢♦rt❡ ✈❛❧✐❞✐té ♣ré❞✐❝t✐✈❡ ♣♦✉r ❧❛ r❡❝❤✉t❡ ✭▲♦✉❣❤❡❛❞ ❡t ❛❧✳✱ ✷✵✶✺
❀ P❛tt❡rs♦♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈❡s ❞é✜❝✐ts s❡r❛✐❡♥t ❛♥♥✉❧és ❛♣rès ✉♥❡ ❛❞♠✐♥✐str❛✲
t✐♦♥ ❞❡ ♥✐❝♦t✐♥❡ ♦✉ ❞✬✉♥ tr❛✐t❡♠❡♥t ✭t❡❧ q✉❡ ❧❡ ❜✉♣r♦♣✐♦♥✮ ❢❛✈♦r✐s❛♥t ❧✬❛rrêt
❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ✭❆s❤❛r❡ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▲❛ t❉❈❙ ♣♦✉rr❛✐t ❛♠é❧✐♦r❡r ❧❡s ❢♦♥❝✲
t✐♦♥s ❝♦❣♥✐t✐✈❡s ✭❞✐♠✐♥✉é❡s ❝❤❡③ ❧❡ s✉❥❡t ❞é♣❡♥❞❛♥t✮ ❡t ❧❡ ❝♦♥trô❧❡ ❝♦❣♥✐t✐❢✱
ré❞✉✐s❛♥t ❛✐♥s✐ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥❡ r❡❝❤✉t❡✳

▲✬❡①♣♦s✐t✐♦♥ ❞❡ s✉❥❡ts ❞é♣❡♥❞❛♥ts à ❞❡s st✐♠✉❧✐ ❛ss♦❝✐és à ❧❡✉r ❞r♦❣✉❡
❞✬❛❜✉s ❡♥tr❛î♥❡ ✉♥❡ ❛❝t✐✈❛t✐♦♥ ❞✉ ❈P❋❉▲ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❞❡s ét✉❞❡s
❞✬✐♠❛❣❡r✐❡ ❝éré❜r❛❧❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ✭t♦♠♦❣r❛♣❤✐❡ ♣❛r é♠✐ss✐♦♥ ❞❡ ♣♦s✐t♦♥s✱ q✉✐
♣❡r♠❡t ❞❡ ♠❡s✉r❡r ❧❡ ♠ét❛❜♦❧✐s♠❡ ❝❡❧❧✉❧❛✐r❡✱ ♦✉ ■❘▼❢✱ q✉✐ ♣❡r♠❡t ❞❡ ♠❡s✉r❡r
❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ✢✉① s❛♥❣✉✐♥ ❡t ❞♦♥❝ ❧✬❛❝t✐✈✐té ❞❡s ré❣✐♦♥s ❝éré❜r❛❧❡s✮✳ ❈❡❝✐ ❛
été ré❛❧✐sé ♣♦✉r ❞✐✛ér❡♥t❡s ❞r♦❣✉❡s t❡❧❧❡s q✉❡ ❧❛ ❝✐❣❛r❡tt❡ ✭❇r♦❞② ❡t ❛❧✳✱ ✷✵✵✷
❀ ❉✉❡ ❡t ❛❧✳✱ ✷✵✵✷✮✱ ❧✬❛❧❝♦♦❧ ✭❲r❛s❡ ❡t ❛❧✳✱ ✷✵✵✷ ❀ ❖❧❜r✐❝❤ ❡t ❛❧✳✱ ✷✵✵✻✮ ❡t ❧❛
❝♦❝❛ï♥❡ ✭●r❛♥t ❡t ❛❧✳✱ ✶✾✾✻ ❀ ▼❛❛s ❡t ❛❧✳✱ ✶✾✾✽✮✳ ▲✬❛❝t✐✈❛t✐♦♥ ❞✉ ❈P❋❉▲ r❡✲
✢ét❡r❛✐t ❧❡ ❝r❛✈✐♥❣ r❡ss❡♥t✐ ♣❛r ❝❡s s✉❥❡ts ❛✐♥s✐ q✉❡ ❧❛ ❣é♥ér❛t✐♦♥ ❡t ❧❛ ♠❛✐♥t❡✲
♥❛♥❝❡ ❞✬♦❜❥❡❝t✐❢s ❝♦♠♣♦rt❡♠❡♥t❛✉① ✈✐s❛♥t à ♦❜t❡♥✐r ❧❛ ❞r♦❣✉❡ ✭❲✐❧s♦♥ ❡t ❛❧✳✱
✷✵✵✹✮✳

❆♣♣❧✐q✉é❡ s✉r ❧❡ ❈P❋❉▲✱ ❧❛ t❉❈❙ s❡♠❜❧❡ ❝❛♣❛❜❧❡ ❞❡ ♠♦❞✐✜❡r ❛✉ ♠♦✐♥s
tr❛♥s✐t♦✐r❡♠❡♥t ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❧✐és à ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❡t ❞❡ r✐sq✉❡ ❛✐♥s✐
q✉✬à ❧✬✐♠♣✉❧s✐✈✐té t♦✉t ❡♥ ❞✐♠✐♥✉❛♥t ❧❡ ❝r❛✈✐♥❣✳

✷✳✸ ❘❡❝❤❡r❝❤❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡

▲❡ ❝♦♥❝❡♣t ❞❡ r❡❝❤❡r❝❤❡ tr❛♥s❧❛t✐♦♥♥❡❧❧❡ ❞és✐❣♥❡ ❧❡ tr❛♥s❢❡rt ❞❡s ♦❜s❡r✲
✈❛t✐♦♥s ré❛❧✐sé❡s ❡♥ r❡❝❤❡r❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡ ✭tr❛✈❛✉① ❡①♣ér✐♠❡♥t❛✉①✱ ♥♦t❛♠✲
♠❡♥t s✉r ❞❡s ❝✉❧t✉r❡s ❞❡ ❝❡❧❧✉❧❡s ♦✉ s✉r ❞❡s ♠♦❞è❧❡s ❛♥✐♠❛✉①✮ à ❧❛ r❡❝❤❡r❝❤❡
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❝❧✐♥✐q✉❡ ✭❞♦♥t ❧✬♦❜❥❡t ❡st ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦✉✈❡❛✉① tr❛✐t❡♠❡♥ts ♠é❞✐✲
❝❛✉① ❡✣❝❛❝❡s✮✱ ❡t ✐♥✈❡rs❡♠❡♥t✳ ▲❡ ❜✉t ❡st✱ ✈✐❛ ❧❛ r❡❝❤❡r❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡✱
❞✬❛♣♣♦rt❡r à ❧❛ ❝❧✐♥✐q✉❡ ❞❡s ✐♥♥♦✈❛t✐♦♥s t❤ér❛♣❡✉t✐q✉❡s ✭❞é✈❡❧♦♣♣❡♠❡♥t ❞❡
♥♦✉✈❡❛✉① tr❛✐t❡♠❡♥ts✱ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❡✉rs ♠é❝❛♥✐s♠❡s✳✳✳✮ t♦✉t ❡♥ ❛②❛♥t
❧❡ r❡t♦✉r ❞✬♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s ❝❤❡③ ❧✬❍♦♠♠❡ s✉r ❧✬❡✣❝❛❝✐té ré❡❧❧❡ ❞✉ tr❛✐t❡✲
♠❡♥t✱ s❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s✱ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ♣❛t❤♦❧♦❣✐❡s tr❛✐té❡s✳✳✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ t❉❈❙✱ s✐ ❡❧❧❡ ❛♣♣❛r❛ît ✐♥tér❡ss❛♥t❡ ❝♦♠♠❡ tr❛✐✲
t❡♠❡♥t ✭♦✉ tr❛✐t❡♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡✮ ❞❡ ❞✐✈❡rs tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s ❡t
♣s②❝❤✐❛tr✐q✉❡s✱ ❡❧❧❡ ♥✬❛ ♣❛s ❡♥❝♦r❡ ❣❛❣♥é ❧❡ t✐tr❡ ❞✬✐♥t❡r✈❡♥t✐♦♥ ♣r❡s❝r✐♣t✐❜❧❡✳
❆✈❛♥t ❞❡ ♣♦✉✈♦✐r êtr❡ ♠✐s s✉r ❧❡ ♠❛r❝❤é ❛✈❡❝ ✉♥❡ ✐♥❞✐❝❛t✐♦♥ t❤ér❛♣❡✉t✐q✉❡✱
t♦✉t ♥♦✉✈❡❛✉ tr❛✐t❡♠❡♥t ❞♦✐t ♣❛ss❡r ♣❛r ♣❧✉s✐❡✉rs ♣❤❛s❡s ❞✬ét✉❞❡ ❛✉ s❡✐♥ ❞✬✉♥
❡ss❛✐ ❝❧✐♥✐q✉❡✳

▲❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❞✬ét✉❞❡ ❝❧✐♥✐q✉❡

❆♣rès ❞❡s ét✉❞❡s ♣ré❝❧✐♥✐q✉❡s ✭❝❤❡③ ❧✬❛♥✐♠❛❧✮ ✈✐s❛♥t à ❞ét❡r♠✐♥❡r ❧❡s ❡✛❡ts
❞✉ tr❛✐t❡♠❡♥t ❡t ❧❡s ❞♦s❡s ❛✉①q✉❡❧❧❡s ❧❡s ❡✛❡ts ❜é♥é✜q✉❡s ❡t ❧❡s ❡✛❡ts t♦①✐q✉❡s
❛♣♣❛r❛✐ss❡♥t✱ ❧❡ tr❛✐t❡♠❡♥t ❡♥tr❡ ❡♥ ♣❤❛s❡ ❝❧✐♥✐q✉❡✳ ▲❛ ♣❤❛s❡ ■ ❝♦♥s✐st❡ à
ét✉❞✐❡r ❧❛ t♦❧ér❛♥❝❡ ❡t ❧❛ ❝✐♥ét✐q✉❡ ❞✉ tr❛✐t❡♠❡♥t ❝❤❡③ ❧✬êtr❡ ❤✉♠❛✐♥ ✭s✉❥❡ts
✈♦❧♦♥t❛✐r❡s✱ s❛✐♥s ♦✉ ❛tt❡✐♥ts ❞❡ ♣❛t❤♦❧♦❣✐❡s s♣é❝✐✜q✉❡s✮ ❀ ❡❧❧❡ ❡st s✉✐✈✐❡ ❞❡ ❧❛
♣❤❛s❡ ■■✱ ❞♦♥t ❧❡ ❜✉t ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❞♦s❡ ♦♣t✐♠❛❧❡ ❞✉ tr❛✐t❡♠❡♥t ❛✐♥s✐
q✉❡ s❡s ❡✛❡ts ✐♥❞és✐r❛❜❧❡s✳

❆❝t✉❡❧❧❡♠❡♥t ✉♥❡ s❡✉❧❡ ét✉❞❡ ❝♦♥❝❡r♥❛♥t ❧❛ t❉❈❙ ❡♥tr❡ ❞❛♥s ❧❛ ♣❤❛s❡ ■■■✱
q✉✐ ét✉❞✐❡ ❧✬❡✣❝❛❝✐té ❞✉ tr❛✐t❡♠❡♥t ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ✉♥ ♣❧❛❝❡❜♦ ❡t✴♦✉ à ✉♥
tr❛✐t❡♠❡♥t ❞❡ ré❢ér❡♥❝❡✳ ❈❡tt❡ ét✉❞❡✱ ❊▲❊❈❚✲❚❉❈❙✱ ❡st ❞✐r✐❣é❡ ♣❛r ❆♥❞r❡
❇r✉♥♦♥✐✱ ❞❡ ❧✬✉♥✐✈❡rs✐té ❞❡ ❙❛♦ P❛✉❧♦✱ ❡t s✬✐♥tér❡ss❡ à ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙
❝♦♠♠❡ tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r ✭❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✺✮ ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ✉♥
tr❛✐t❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ✭❊s❝✐t❛❧♦♣r❛♠ ♦①❛❧❛t❡✱ tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r ❞❡
❧❛ ❝❧❛ss❡ ❞❡s ✐♥❤✐❜✐t❡✉rs sé❧❡❝t✐❢s ❞❡ r❡❝❛♣t✉r❡ ❞❡ ❧❛ sér♦t♦♥✐♥❡✮ ❡t à ✉♥ ♣❧❛❝❡❜♦
✭♠é❞✐❝❛♠❡♥t ♣❧❛❝❡❜♦ ❡t tr❛✐t❡♠❡♥t s❤❛♠✱ ❝✬❡st✲à✲❞✐r❡ t❉❈❙ ✐♥❛❝t✐✈❡✮✳ ❊❧❧❡
s❡ ❜❛s❡ s✉r ✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ♣ré❝é❞❡♥t❡ ❞✉ ❣r♦✉♣❡ ❞❡ ❇r✉♥♦♥✐✱ q✉✐ ♠❡tt❛✐t
❡♥ é✈✐❞❡♥❝❡ q✉✬✉♥ tr❛✐t❡♠❡♥t ♣❛r ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ✭✶ s❡ss✐♦♥
à ✷ ♠❆✴❥♦✉r ♣❡♥❞❛♥t ✶✵ ❥♦✉rs✱ ♣✉✐s ✷ s❡ss✐♦♥s✴s❡♠❛✐♥❡ ❧❡s ✹ s❡♠❛✐♥❡s s✉✐✲
✈❛♥t❡s✮ ét❛✐t ❛✉ss✐ ❡✣❝❛❝❡ q✉✬✉♥ ❛♥t✐❞é♣r❡ss❡✉r ❞❡ ré❢ér❡♥❝❡✱ ❧❛ s❡rtr❛❧✐♥❡
✭é❣❛❧❡♠❡♥t ❞❡ ❧❛ ❝❧❛ss❡ ❞❡s ✐♥❤✐❜✐t❡✉rs sé❧❡❝t✐❢s ❞❡ r❡❝❛♣t✉r❡ ❞❡ ❧❛ sér♦t♦✲
♥✐♥❡✮✱ ❡t q✉❡ ❧✬❡✛❡t ❜é♥é✜q✉❡ ❞❡s ❞❡✉① ❝♦♠❜✐♥és ét❛✐t ♣❧✉s ✐♠♣♦rt❛♥t q✉❡
❧✬❡✛❡t ❞❡ ❝❤❛q✉❡ tr❛✐t❡♠❡♥t ❞♦♥♥é sé♣❛ré♠❡♥t ✭❇r✉♥♦♥✐ ❡t ❛❧✳✱ ✷✵✶✸❜✮✳ ❊♥
❝❛s ❞❡ rés✉❧t❛ts s❛t✐s❢❛✐s❛♥ts✱ ❝❡tt❡ ét✉❞❡ ❝♦♥st✐t✉❡r❛ ✉♥ ❣r❛♥❞ ♣❛s ❡♥ ❛✈❛♥t
✈❡rs ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡ ♥♦✉✈❡❛✉ tr❛✐t❡♠❡♥t ❛♥✲
t✐❞é♣r❡ss❡✉r✱ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛✉ss✐ ❡✣❝❛❝❡ ❡t ❛✈❡❝ ♠♦✐♥s ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s
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q✉❡ ❧❡s tr❛✐t❡♠❡♥ts ❞❡ ré❢ér❡♥❝❡ ❛❝t✉❡❧s✳
◆♦t♦♥s q✉✬❡♥ ❝❛s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡ ❝❡ tr❛✐t❡♠❡♥t✱ ✐❧ ② ❛✉r❛ ❛❧♦rs ✉♥❡ ♣❤❛s❡

■❱ ❞✬❡ss❛✐ ❝❧✐♥✐q✉❡✱ ❝♦♥s✐st❛♥t à ét✉❞✐❡r s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ✭❛♣rès s❛ ♠✐s❡ s✉r
❧❡ ♠❛r❝❤é✮ s❡s ❡✛❡ts s❡❝♦♥❞❛✐r❡s✳

▲❛ r❡❝❤❡r❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡

❊♥ ♣❛r❛❧❧è❧❡ ❞❡s ❞♦♥♥é❡s r❡❝✉❡✐❧❧✐❡s ❝❤❡③ ❧✬❍♦♠♠❡✱ ❞❡s ét✉❞❡s s✉r ❧✬❛♥✐♠❛❧
s✬❛✈èr❡♥t ♥é❝❡ss❛✐r❡s à ♣❧✉s✐❡✉rs ♥✐✈❡❛✉① ❛✈❛♥t ❞❡ ✈❛❧✐❞❡r ❧✬❡♠♣❧♦✐ ❞❡ ❧❛ t❉❈❙
♣♦✉r ✉♥ ✉s❛❣❡ ❝❧✐♥✐q✉❡ ✿ ❝♦♠♣r❡♥❞r❡ s♦♥ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ ❡t ♠❡s✉r❡r s♦♥
❡✣❝❛❝✐té ❞❛♥s ❞❡s ♠♦❞è❧❡s ❡①♣ér✐♠❡♥t❛✉① ✭❛♥✐♠❛✉① ✧s❛✐♥s✧ ♦✉ ♠♦❞è❧❡s ❞❡
♠❛❧❛❞✐❡✮ ❀ ❞é❝r✐r❡ ❧❡ tr❛❥❡t ♣❛r❝♦✉r✉ ♣❛r ❧❡ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ❡t ❧❛ ❢❛ç♦♥ ❞♦♥t
✐❧ ❡st ❛❜s♦r❜é ♣❛r ❧❡s t✐ss✉s ✭♥♦t❛♠♠❡♥t ✈✐❛ ❞❡s ét✉❞❡s ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡s✮ ❀
r❡❝❤❡r❝❤❡r ❧❡s ♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♦♣t✐♠❛✉① ❡t ✈ér✐✜❡r ❧✬✐♥♥♦❝✉✐té ❞❡
❧❛ ♠ét❤♦❞❡✳

❈✬❡st ♣♦✉rq✉♦✐ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ♣❡r♠❡tt❛♥t ❧✬ét✉❞❡
❞❡ ❝❤❛❝✉♥ ❞❡ ❝❡s ♣♦✐♥ts ❛ s♦✉❧❡✈é ♥♦tr❡ ✐♥térêt✳ ❏❡ ❞é❝r✐r❛✐ ❧❛ ♥♦t✐♦♥ ❞❡
✧♠♦❞è❧❡✧ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✱ ♣rés❡♥t❡r❛✐ ❝❡✉① ❛❝t✉❡❧❧❡♠❡♥t ❡①✐st❛♥ts ✭♣♦✉r
❧❛ t❉❈❙✮✱ ❡t ❞✐s❝✉t❡r❛✐ ❞❡ ❧✬✐♥térêt ❞✬✉♥ ♥♦✉✈❡❛✉ ♠♦❞è❧❡✳ ❏❡ ❥✉st✐✜❡r❛✐ ❞❡
♠❛♥✐èr❡ ♣❧✉s ❞ét❛✐❧❧é❡ ❧❡s ❝❤♦✐① ♠ét❤♦❞♦❧♦❣✐q✉❡s q✉❡ ♥♦✉s ❛✈♦♥s ❢❛✐t ❧♦rs ❞✉
❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ♠✉r✐♥ ❞❡ t❉❈❙ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾✳



✸ ▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉①

▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① s♦♥t ❡ss❡♥t✐❡❧s à ❧❛ r❡❝❤❡r❝❤❡ ❜✐♦♠é❞✐❝❛❧❡✳ ■❧s ♣❡r✲
♠❡tt❡♥t ❧✬ét✉❞❡ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♥♦r♠❛❧ ❡t ♣❛t❤♦❧♦❣✐q✉❡ ❞❡s ♦r❣❛♥✐s♠❡s✱
❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠é❞✐❝❛t✐♦♥s ❡t ❛✉tr❡s ✐♥t❡r✈❡♥t✐♦♥s ✭❝❤✐r✉r❣✐❝❛❧❡s ♦✉
♥♦♥ ✐♥✈❛s✐✈❡s✮✳ ▲❡ ❝♦♠✐té ❞✉ ❈♦♥s❡✐❧ ◆❛t✐♦♥❛❧ ❆♠ér✐❝❛✐♥ ❞❡ ❘❡❝❤❡r❝❤❡ s✉r
❧❡s ▼♦❞è❧❡s ❆♥✐♠❛✉① ❞é✜♥✐t ❛✐♥s✐ ❝❡tt❡ ♥♦t✐♦♥ ✿ ✉♥ ♠♦❞è❧❡ ❞❛♥s ❧❡q✉❡❧ ❧❛
❜✐♦❧♦❣✐❡ ♦✉ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♥♦r♠❛t✐❢s✱ ♦✉ ❜✐❡♥ ✉♥ ♣r♦❝❡ss✉s ♣❛t❤♦❧♦❣✐q✉❡
✭s♣♦♥t❛♥é ♦✉ ✐♥❞✉✐t✮ ♣❡✉✈❡♥t êtr❡ ét✉❞✐és✱ ❡t ♣❛rt❛❣❡❛♥t ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❛s✲
♣❡❝ts ❝♦♠♠✉♥s ❛✈❡❝ ✉♥ ♣❤é♥♦♠è♥❡ éq✉✐✈❛❧❡♥t ❝❤❡③ ❧✬❍♦♠♠❡ ♦✉ ❞✬❛✉tr❡s
❡s♣è❝❡s ❛♥✐♠❛❧❡s ✭◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧ ❈♦♠♠✐tt❡❡ ♦♥ ❆♥✐♠❛❧ ▼♦❞❡❧s
❢♦r ❘❡s❡❛r❝❤ ❛♥❞ ❆❣✐♥❣✮✳

✸✳✶ ◆♦t✐♦♥ ❞❡ ♠♦❞è❧❡

❆✈❛♥t ❞❡ ❝♦♥t✐♥✉❡r✱ ✐❧ ♠✬❛♣♣❛r❛ît ✐♠♣♦rt❛♥t ❞❡ ♣ré❝✐s❡r ❧❛ ♥♦t✐♦♥ ❞❡ ♠♦✲
❞è❧❡✱ ♣✉✐sq✉❡ ❥✬❡♠♣❧♦✐❡r❛✐ ❝❡ t❡r♠❡ ❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✳

❯♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ à ♣r♦♣r❡♠❡♥t ♣❛r❧❡r ♣❡✉t êtr❡ ♥❛t✉r❡❧ ✭❝♦♥❞✐t✐♦♥ ♥❛✲
t✉r❡❧❧❡✱ ♣❛t❤♦❧♦❣✐❡ s♣♦♥t❛♥é❡✮✱ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✐♥❞✉✐t ✭♠♦❞✐✜❝❛t✐♦♥ ❣é✲
♥ét✐q✉❡✱ tr❛✐t❡♠❡♥t s♣é❝✐✜q✉❡✳✳✳✮✱ ♦✉ ♥❛t✉r❡❧❧❡♠❡♥t rés✐st❛♥t à ✉♥❡ ❛✛❡❝t✐♦♥
s♣é❝✐✜q✉❡✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ✐❧ ❞♦✐t ré♣♦♥❞r❡ à ✉♥❡ ❧✐st❡ ❞❡ ❝r✐tèr❡s ❞♦♥t ❧❡
❜✉t ❡st ❞❡ ❧❡ r❡♥❞r❡ ❧❡ ♣❧✉s ♣❡rt✐♥❡♥t ♣♦ss✐❜❧❡ ♣♦✉r ❡①tr❛♣♦❧❡r à ❧✬❍♦♠♠❡ ❧❡s
♦❜s❡r✈❛t✐♦♥s ré❛❧✐sé❡s✳

■❧ ❡①✐st❡ ❛✐♥s✐ tr♦✐s ♣r✐♥❝✐♣❛✉① ❝r✐tèr❡s ❞❡ ✈❛❧✐❞✐té à ❝♦♥s✐❞ér❡r ✭◆❡st❧❡r ❡t
❍②♠❛♥✱ ✷✵✶✵ ❀ ❇❡❧③✉♥❣ ❡t ▲❡♠♦✐♥❡✱ ✷✵✶✶✮ ✿

✖ ❈r✐tèr❡ ❞✬❤♦♠♦❧♦❣✐❡ ✭♦✉ ✈❛❧✐❞✐té ❞❡ ❝♦♥str✉❝t✐♦♥✮ ✿ ❧❡s ♠é❝❛♥✐s♠❡s
❞❡ ❝♦♥str✉❝t✐♦♥ ❞✉ ♠♦❞è❧❡ s♦♥t s✐♠✐❧❛✐r❡s à ❝❡✉① ✐♠♣❧✐q✉és ❞❛♥s ❧❛
♣❛t❤♦❧♦❣✐❡ ❝❤❡③ ❧✬❍♦♠♠❡ ❀

✖ ❈r✐tèr❡ ✐s♦♠♦r♣❤✐q✉❡ ✭♦✉ ✈❛❧✐❞✐té ❞✬❛♣♣❛r❡♥❝❡✮ ✿ ❧❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ r❡✲
♣r♦❞✉✐t ❞❡ ❧❛ ♠❛♥✐èr❡ ❧❛ ♣❧✉s ✜❞è❧❡ ♣♦ss✐❜❧❡ ❧❡s ❧és✐♦♥s✱ s②♠♣tô♠❡s ♦✉
♠é❝❛♥✐s♠❡s ❞✬✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❤✉♠❛✐♥❡ ❀

✖ ❈r✐tèr❡ ♣ré❞✐❝t✐❢ ✭✈❛❧✐❞✐té ❞❡ ♣ré❞✐❝t✐♦♥✮ ✿ ❧✬❡✛❡t ❞✬✉♥ tr❛✐t❡♠❡♥t ❡t ❧❡s
♠é❝❛♥✐s♠❡s ❡①♣❧✐q✉❛♥t ❝❡t ❡✛❡t ❞♦✐✈❡♥t êtr❡ s✐♠✐❧❛✐r❡s à ❝❡✉① ♦❜s❡r✈és

✺✾
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❝❤❡③ ❧✬❍♦♠♠❡✳
❆✐♥s✐ ✉♥ ❜♦♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ ♣❛t❤♦❧♦❣✐❡ ✭② ❝♦♠♣r✐s ♣❛t❤♦❧♦❣✐❡ ♣s②❝❤✐❛✲

tr✐q✉❡✮ s❡ ❞♦✐t ❞❡ ré♣♦♥❞r❡ à ❝❡s tr♦✐s ❝r✐tèr❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡st ✐♠♣♦rt❛♥t
❞❡ r❛♣♣❡❧❡r ❧❡s ❧✐♠✐t❡s ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ▲✬❛♥❛❧♦❣✐❡ ❡♥tr❡ ❞❡✉① ❡s♣è❝❡s ❛♥✐✲
♠❛❧❡s ♥❡ ♣❡✉t ❥❛♠❛✐s êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ♣❛r❢❛✐t❡ ✭♥♦t❛♠♠❡♥t ❡♥ t❡r♠❡
❞❡ s②♠♣tô♠❡s ❞❡ ♣❛t❤♦❧♦❣✐❡s ❡t ré♣♦♥s❡ ❛✉① tr❛✐t❡♠❡♥ts✮✳ ❙✐ ❧❡s ♦❜s❡r✈❛t✐♦♥s
ré❛❧✐sé❡s s✉r ♠♦❞è❧❡ ❛♥✐♠❛❧ ♣❡✉✈❡♥t t♦✉❥♦✉rs ❛♣♣♦rt❡r ❞❡s é❧é♠❡♥ts ✐♥tér❡s✲
s❛♥ts ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ s✉r ❧✬❍♦♠♠❡✱ ✐❧ ❝♦♥✈✐❡♥t ❞❡ ♥❡ ♣❛s t✐r❡r ❞❡ ❝♦♥❝❧✉s✐♦♥s
❤ât✐✈❡s ❡t ❞❡ r❡st❡r ♣r✉❞❡♥ts ❧♦rs ❞❡s ❝♦♠♣❛r❛✐s♦♥s✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠❛ t❤ès❡✱ ♥♦✉s ♥❡ ❝❤❡r❝❤♦♥s ♣❛s à ✈❛❧✐❞❡r ♦✉ ✉t✐❧✐s❡r
✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ ♣❛t❤♦❧♦❣✐❡ ❀ ♥♦✉s ✉t✐❧✐s♦♥s ❧❛ s♦✉r✐s ❞❡ s♦✉❝❤❡ ❙✇✐ss
♣♦✉r ét✉❞✐❡r ❧❡ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙✳ ◆♦✉s ❡♠♣❧♦✐❡r♦♥s ♣❛r❢♦✐s ❧❡ t❡r♠❡ ❞❡
✧♠♦❞è❧❡✧ ♣✉✐sq✉❡ ♥♦✉s ❝❤❡r❝❤♦♥s à ♠✐♠❡r ❝❤❡③ ❧✬❛♥✐♠❛❧ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙
r❡tr♦✉✈és ❝❤❡③ ❧✬❍♦♠♠❡✱ ♠❛✐s ❝❡ t❡r♠❡ ❡st à ♥❡ ♣❛s ❝♦♥❢♦♥❞r❡ ❛✈❡❝ ❧❛ ♥♦t✐♦♥
♣ré❝✐s❡ ❞❡ ✧♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ ♣❛t❤♦❧♦❣✐❡✧✳

✸✳✷ ▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ❞❡ t❉❈❙

■❧ ❡①✐st❡ ❛❝t✉❡❧❧❡♠❡♥t ♣❧✉s✐❡✉rs ♠♦❞è❧❡s ❛♥✐♠❛✉① ❞❡ t❉❈❙✱ ♥♦t❛♠♠❡♥t
❝❤❡③ ❧❡ r❛t✳ ❏❡ ♣rés❡♥t❡r❛✐ ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❝❡✉① ❝❤❡③ ❧❡sq✉❡❧s ♦♥t été ♠✐s ❡♥
♣❧❛❝❡ ❧❛ t❉❈❙ ✐♥ ✈✐✈♦✱ ❡t ❡①❝❧✉r❛✐ ❝❡✉① ♣♦✉r ❧❡sq✉❡❧s ✉♥❡ ❝❤✐r✉r❣✐❡ ♣❛rt✐❝✉❧✐è✲
r❡♠❡♥t ✐♥✈❛s✐✈❡ ✭♣❛r ❡①❡♠♣❧❡✱ ✐♠♣❧❛♥t❛t✐♦♥ ❞✬é❧❡❝tr♦❞❡s ❞❛♥s ❧✬♦s ❞✉ ❝râ♥❡ ❡t
♥♦♥ ❡♥ s✉r❢❛❝❡ ✭■s❧❛♠ ❡t ❛❧✳✱ ✶✾✾✹✱ ✶✾✾✺✮✮ ❛ été ré❛❧✐sé❡✱ é❧♦✐❣♥❛♥t ❧❡ ♠♦❞è❧❡
❞❡ ❝❡ q✉✐ ❡st ♣r❛t✐q✉é ❝❤❡③ ❧✬❍♦♠♠❡✳ ❏✬❡①❝❧✉r❛✐ ❛✉ss✐ ❧❡s ét✉❞❡s s✬✐♥tér❡ss❛♥t
à ❞❡s t❡❝❤♥✐q✉❡s ❞ér✐✈é❡s ❞❡ ❧❛ t❉❈❙ ✭t❡❧❧❡ q✉❡ ❧❛ t❉❈❙ ♦s❝✐❧❧❛t♦✐r❡✱ ét✉❞✐é❡
♣❛r ❡①❡♠♣❧❡ ♣❛r ❇✐♥❞❡r ❡t ❛❧✳ ✭✷✵✶✹❛✱❜✮✱ ♦✉ ❡♥❝♦r❡ ❧❛ t❉❈❙ ♣✉❧sé❡✱ ❝♦♠♠❡
❝❤❡③ ❇❡♥ ❚❛✐❜ ❡t ▼❛♥t♦ ✭✷✵✵✾✮✮✳

P❛r ❝♦♥séq✉❡♥t✱ ❥❡ ♥❡ ❝✐t❡r❛✐ ♣❛s ♥♦♥ ♣❧✉s ✐❝✐ ❧❡s ét✉❞❡s ✐♥ ✈✐tr♦✱ q✉✐ s♦♥t
❡①trê♠❡♠❡♥t ✐♥tér❡ss❛♥t❡s ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❞❡s ♠é❝❛♥✐s♠❡s ❝❡❧❧✉❧❛✐r❡s ♠❛✐s
❝♦♥❝❡r♥❡♥t ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝♦✉r❛♥ts ❞❡ ❢❛✐❜❧❡ ❞❡♥s✐té ❞✐r❡❝t❡♠❡♥t s✉r ❞❡s
tr❛♥❝❤❡s ❞❡ ❝❡r✈❡❛✉✳ ❈❡s ét✉❞❡s ♦♥t été ♣rés❡♥té❡s ❞❛♥s ❧❛ s❡❝t✐♦♥ ✶✳✸✳✸✳

✸✳✷✳✶ ➱t✉❞❡s s✉r ❛♥✐♠❛✉① s❛✐♥s

▲❛ t❉❈❙ ❝❤❡③ ❧✬❛♥✐♠❛❧ ❛ été ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ❞✐✛ér❡♥t❡s ♠❛♥✐èr❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡s éq✉✐♣❡s✳

❘♦♥❣❡✉rs ✿ ♠♦❞è❧❡s ❛✈❡❝ ❝❤✐r✉r❣✐❡ ❧é❣èr❡

❯♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♠♦❞è❧❡s ❡①✐st❛♥ts✱ ♠✐s ❡♥ ♣❧❛❝❡ ❝❤❡③ ❧❡ r❛t✱ ❡st ❝❡❧✉✐ ❞❡
❧✬éq✉✐♣❡ ❞❡ ▲✐❡❜❡t❛♥③✱ ❋r❡❣♥✐ ❡t ◆✐ts❝❤❡✳ ❯♥❡ ❡♠❜❛s❡ ✭❝②❧✐♥❞r❡ ❡♥ ♣❧❛st✐q✉❡✮
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♣♦✉r ❧✬é❧❡❝tr♦❞❡ ✭s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧✬♦s ✿ ✸✳✺ ♠♠2✮ ❡st ✜①é❡ ❛✉ ♠♦②❡♥
❞❡ ❝✐♠❡♥t ❞❡♥t❛✐r❡ s✉r ❧❡ ❝râ♥❡ ❞❡ ❧✬❛♥✐♠❛❧✳

▲♦rs ❞❡s st✐♠✉❧❛t✐♦♥s✱ ❧❡ r❛t ❡st é✈❡✐❧❧é ❛✜♥ ❞✬é✈✐t❡r t♦✉t❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡
✉♥ ❛♥❡st❤és✐❛♥t ❡t ❧❛ st✐♠✉❧❛t✐♦♥✳ ❯♥❡ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ✭✶✵✳✺ ❝♠2✮ ❡st ♠❛✐♥✲
t❡♥✉❡ ❝♦♥tr❡ s♦♥ t❤♦r❛① ♣❛r ✉♥ ❝♦rs❡t ❧❡ t❡♠♣s ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭✜❣✉r❡ ✸✳✶✮✳
▲✬❛s②♠étr✐❡ ❡♥tr❡ ❧❡s ❞❡✉① é❧❡❝tr♦❞❡s ❛ été ❞é❝✐❞é❡ ❞❛♥s ❧❡ ❜✉t ❞❡ ❝ré❡r ✉♥
❣r❛❞✐❡♥t ❞❡ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ✭❧❛ ❞❡♥s✐té ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ét❛♥t ❝❡❧❧❡ ❛✉
♥✐✈❡❛✉ ❞❡ ❧✬❛✐r❡ ❝éré❜r❛❧❡ st✐♠✉❧é❡✮✳ ▲❡✉r é❧♦✐❣♥❡♠❡♥t ✭❝♦♥tr❛✐r❡♠❡♥t à ❝❡
q✉✐ ❡st ♣r❛t✐q✉é ❝❤❡③ ❧✬❍♦♠♠❡✱ ♦ù ❧❡s ❞❡✉① é❧❡❝tr♦❞❡s s♦♥t ❧❡ ♣❧✉s s♦✉✈❡♥t
❝é♣❤❛❧✐q✉❡s✮ ♣❡r♠❡t ❞✬é✈✐t❡r ❧❡ ♣❛ss❛❣❡ ❞❡ ❝♦✉r❛♥t ❞✐r❡❝t❡♠❡♥t ❞❡ ❧✬✉♥❡ à
❧✬❛✉tr❡ ✭s❤✉♥t✮✳

▲✬✐♥t❡♥s✐té ❞❡ ❝♦✉r❛♥t ❛✉❣♠❡♥t❡ ❣r❛❞✉❡❧❧❡♠❡♥t ✭❢❛❞❡✲✐♥ ❞❡ ✶✵ s❡❝♦♥❞❡s✮✱
r❡st❡ ❝♦♥st❛♥t❡ ♣❡♥❞❛♥t ❧❡ t❡♠♣s ❞és✐ré ✭♣❛r ❡①❡♠♣❧❡ ✷✵ ♠✐♥✉t❡s✮✱ ♣✉✐s ❞✐✲
♠✐♥✉❡ ✭❢❛❞❡✲♦✉t ❞❡ ✶✵ s❡❝♦♥❞❡s✮ ❛✜♥ ❞✬é✈✐t❡r ❧❛ s❡♥s❛t✐♦♥ ❞✉❡ à ✉♥❡ ❜r✉sq✉❡
✈❛r✐❛t✐♦♥ ❞❡ ❝♦✉r❛♥t✳

P❧✉s✐❡✉rs ét✉❞❡s ♦♥t été ♠❡♥é❡s s✉r ❝❡ ♠♦❞è❧❡ ❀ ❝❡tt❡ éq✉✐♣❡ s✬❡st ♥♦t❛♠✲
♠❡♥t ♣❡♥❝❤é❡ s✉r ❧❡s ❧✐♠✐t❡s ❞❡ sûr❡té ❝♦♥❝❡r♥❛♥t ❧❡s st✐♠✉❧❛t✐♦♥s ❝❛t❤♦❞✐q✉❡s
❝❤❡③ ✻✷ r❛ts ❲✐st❛r ❞❡s ❞❡✉① s❡①❡s✳ ❯♥ ❝♦✉r❛♥t ❝❛t❤♦❞✐q✉❡ ❛ été ❛♣♣❧✐q✉é
s✉r ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ✭✷ ♠♠ ❡♥ ❛✈❛♥t ❡t ✶✳✺ ♠♠ s✉r ❧❛ ❞r♦✐t❡ ❞✉ ❇r❡❣♠❛✱ q✉✐
❡st ❧❡ ♣♦✐♥t ❞❡ ❥♦♥❝t✐♦♥ ❡♥tr❡ s✉t✉r❡ ❝♦r♦♥❛❧❡ ❡t s✉t✉r❡ s❛❣✐tt❛❧❡ s✉r ❧✬♦s ❞✉
❝râ♥❡✮ ❞❡s ❛♥✐♠❛✉① ✈✐❛ ❧✬é❧❡❝tr♦❞❡ é♣✐❝râ♥✐❛❧❡✳ ❉✐✈❡rs❡s ✐♥t❡♥s✐tés ❞❡ ❝♦✉r❛♥t
♦♥t été t❡sté❡s ✭✵✳✵✵✶ ❀ ✵✳✵✶ ❀ ✵✳✵✺ ❀ ✵✳✶ ❀ ✵✳✺ ❡t ✶ ♠❆✮ ♣❡♥❞❛♥t ✶✺✱ ✸✵✱ ✾✵ ♦✉ ✷✼✵
♠✐♥✉t❡s✳ ❯♥ ❣r♦✉♣❡ ❞❡ ✹ r❛ts ❛ é❣❛❧❡♠❡♥t r❡ç✉ ✺ st✐♠✉❧❛t✐♦♥s ❝♦♥sé❝✉t✐✈❡s ❞❡
✶✵ ♠✐♥✉t❡s à ✵✳✹ ♠❆ ✭✐♥t❡♥s✐té ❥✉st❡ ❡♥ ❞❡ss♦✉s ❞❡ ❝❡❧❧❡ à ❧❛q✉❡❧❧❡ ❛♣♣❛r❛✐s✲
s❛✐❡♥t ❧❡s ❧és✐♦♥s ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ✉♥✐q✉❡✮✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥tré
q✉✬❡♥ ❞❡ss♦✉s ❞✬✉♥❡ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❞❡ ✶✹✸ ❆✴♠2✱ ❛✉❝✉♥❡ ❧és✐♦♥ ❝éré❜r❛❧❡
♥✬ét❛✐t ❞ét❡❝té❡✳ ▲❡s ❧és✐♦♥s ❛♣♣❛r❛✐ss❛✐❡♥t ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ à ♣❛rt✐r ❞❡
✵✳✺ ♠❆ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s ❡t ♣❧✉s✳ ❙♦✉s ❝❡ s❡✉✐❧✱ ♠ê♠❡ ❧❡s st✐♠✉❧❛t✐♦♥s ❞❡
❧♦♥❣✉❡ ❞✉ré❡ ♦✉ ré♣été❡s ✺ ❢♦✐s ♥✬❡♥tr❛î♥❛✐❡♥t ❛✉❝✉♥ ❞♦♠♠❛❣❡ ✭▲✐❡❜❡t❛♥③
❡t ❛❧✳✱ ✷✵✵✾✮✳

❉❡ ♠ê♠❡✱ ❝❡tt❡ éq✉✐♣❡ ❛ ♠♦♥tré q✉❡ ❧❛ t❉❈❙ ♠♦❞✉❧❛✐t ❧❡ ❞é❜✐t s❛♥✲
❣✉✐♥ ❝éré❜r❛❧ ❞❡ ♠❛♥✐èr❡ ♣♦❧❛r✐té✲ ❡t ✐♥t❡♥s✐té✲❞é♣❡♥❞❛♥t❡ ✭r❛t ♠â❧❡ ❙♣r❛❣✉❡✲
❉❛✇❧❡② ❀ é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ s✉r ❧❡ t❡rr✐t♦✐r❡ ❞❡ ❧✬❛rtèr❡ ❝éré❜r❛❧❡ ♠♦②❡♥♥❡✱
✐♥t❡♥s✐té ❞❡ ✵✳✵✷✺✱ ✵✳✵✺ ♦✉ ✵✳✶ ♠❆✱ ❞✉ré❡ ❞❡ ✶✺ ♠✐♥✉t❡s✮ ✿ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉
❞é❜✐t s❛♥❣✉✐♥ ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡✱ ❡t ❞✐♠✐♥✉t✐♦♥ ❛♣rès ✉♥❡ st✐✲
♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ✭❲❛❝❤t❡r ❡t ❛❧✳✱ ✷✵✶✶✮✳ ➚ ♥♦t❡r q✉❡ ❞❛♥s ❝❡ ❝❛s✱ ❧❡s r❛ts
ét❛✐❡♥t ❛♥❡st❤és✐és ♣❡♥❞❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ❡t ❧❛ ♠❡s✉r❡ ❞✉ ❞é❜✐t s❛♥❣✉✐♥✳ ▲❡
♠ê♠❡ t②♣❡ ❞❡ ♣r♦t♦❝♦❧❡ ❛ été ❛♣♣❧✐q✉é ♣❛r ❍❛♥ ❡t ❛❧✳ ✭✷✵✶✹✮✱ q✉✐ ❛ ét✉❞✐é ❧❛
ré♣♦♥s❡ ❤é♠♦❞②♥❛♠✐q✉❡ ❞✉ ❝❡r✈❡❛✉ ❞❡ r❛t ✭♣❛r ❢◆■❘❙✱ rés✉❧t❛ts ♣rés❡♥tés
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❞❛♥s ❧❛ s❡❝t✐♦♥ ✶✳✸✳✸✮ s♦✉s t❉❈❙ ✿ r❛t ❛♥❡st❤és✐és ❞❡ ❧❛ ❝❤✐r✉r❣✐❡ à ❧❛ t❉❈❙
✭✵✳✷ ♠❆✱ ✶✵ ♠✐♥✉t❡s✮✱ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭✷ ♠♠ ❡♥ ❛rr✐èr❡ ❞✉ ❇r❡❣♠❛✱
✺ ♠♠ à ❞r♦✐t❡✮✳

❈❡ ♠♦❞è❧❡ ❞❡ t❉❈❙ ❛ é❣❛❧❡♠❡♥t s❡r✈✐ ❞❛♥s ✉♥❡ ét✉❞❡ s✉r ❧✬❛♣♣r❡♥t✐ss❛❣❡
❡t ❧❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ✈✐s✉♦✲s♣❛t✐❛❧❡✳ ▲❡s ❛✉t❡✉rs ♦♥t t❡sté ❞❡s r❛ts ✭▲♦♥❣
❊✈❛♥s ♠â❧❡s✮ s❤❛♠✱ st✐♠✉❧és ♣❛r ❧✬❛♥♦❞❡✱ ♦✉ st✐♠✉❧és ♣❛r ❧❛ ❝❛t❤♦❞❡ ❛✉ ♥✐✈❡❛✉
❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ♣❛r ✉♥ ❝♦✉r❛♥t ❞❡ ✵✳✷ ♠❆ ♣❡♥❞❛♥t ✸✵ ♠✐♥✉t❡s✳ ▲❡s r❛ts ♦♥t
s✉❜✐ ✸ sé❛♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❥✉st❡ ❛✈❛♥t ✉♥ t❡st ❞✬é✈✐t❡♠❡♥t ❞❡ ♣❧❛❝❡✱ s✉r
✸ ❥♦✉rs ❀ ❛✉ ❜♦✉t ❞❡ ✷✶ ❥♦✉rs✱ ✐❧s ♦♥t s✉❜✐ ❞❡ ♥♦✉✈❡❛✉ ❧❡ t❡st ✭s❛♥s st✐♠✉❧❛t✐♦♥
♣ré❛❧❛❜❧❡✮✳ ❆✉❝✉♥❡ ♣♦❧❛r✐té ❞❡ ❝♦✉r❛♥t ♥✬✐♥❞✉✐s❛✐t ❞✬❡✛❡t à ❝♦✉rt t❡r♠❡ ❞❛♥s
❧❡✉r t❡st✱ ♠❛✐s ❛♣rès ✷✶ ❥♦✉rs✱ ❧❡s r❛ts st✐♠✉❧és ♣❛r ❧❛ ❝❛t❤♦❞❡ ❛✈❛✐❡♥t ❞❡
♠❡✐❧❧❡✉r❡s ♣❡r❢♦r♠❛♥❝❡s ✭❡♥ ❛♣♣r❡♥t✐ss❛❣❡ ❡t ❡♥ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ s♣❛t✐❛❧❡✮
❝♦♠♣❛rés ❛✉① s❤❛♠ ✭❉♦❝❦❡r② ❡t ❛❧✳✱ ✷✵✶✶✮✳

❘✉❡❣❡r ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs s❡ s♦♥t ✐♥tér❡ssés à ❧❛ ré♣♦♥s❡ ❝❡❧❧✉❧❛✐r❡ ❛✉
♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❛♣rès ♣❧✉s✐❡✉rs s❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙
✭✺ ♦✉ ✶✵ sé❛♥❝❡s ❞❡ ✶✺ ♠✐♥✉t❡s à ✵✳✺ ♠❆✱ r❛ts ❛♥❡st❤és✐és✮✳ ■❧s ♦♥t ♠♦♥✲
tré q✉❡ ❧❡s st✐♠✉❧❛t✐♦♥s ♣❛r ❧❡s ❞❡✉① ♣♦❧❛r✐tés ✐♥❞✉✐s❛✐❡♥t ✉♥❡ ré♣♦♥s❡ ♣r♦✲
✐♥✢❛♠♠❛t♦✐r❡✱ ♠❛✐s q✉❡ s❡✉❧❡s ❧❡s st✐♠✉❧❛t✐♦♥s ❝❛t❤♦❞✐q✉❡s ♣r♦✈♦q✉❛✐❡♥t ❧❡
r❡❝r✉t❡♠❡♥t ❞❡ ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♥❡✉r♦♥❛❧❡s ✭♠❛rq✉é❡s à ❧❛ ❇r♦♠♦❞és♦①②✉r✐✲
❞✐♥❡✮ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① st✐♠✉❧é✱ ❡t ❝❡ ♣❧✉s ❢♦rt❡♠❡♥t ❛♣rès ✶✵ st✐♠✉❧❛t✐♦♥s✳
❈❡❝✐ ♣♦✉rr❛✐t ♣❛r ❡①❡♠♣❧❡ ♣❛rt✐❝✐♣❡r à ❧❛ ré❣é♥ér❛t✐♦♥ ❞❡s ③♦♥❡s ❝éré❜r❛❧❡s
❛tt❡✐♥t❡s ♣❛r ✉♥ ❛❝❝✐❞❡♥t ✐s❝❤é♠✐q✉❡ ✭❘✉❡❣❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳

❊♥✜♥✱ ré❝❡♠♠❡♥t✱ ❝❡ ♠♦❞è❧❡ ❛ été ✉t✐❧✐sé ♣❛r P♦❞❞❛ ❡t ❛❧✳ ✭✷✵✶✻✮ ❝❤❡③
❧❛ s♦✉r✐s✳ ▲❡s ❛♥✐♠❛✉① ♦♥t s✉❜✐ ✉♥❡ ❝❤✐r✉r❣✐❡ ✈✐s❛♥t à ✐♠♣❧❛♥t❡r ❧✬é❧❡❝tr♦❞❡
st✐♠✉❧❛tr✐❝❡ ✭s♦✉s ❛♥❡st❤és✐❡✮✱ ❡t ❛♣rès ✺ ❥♦✉rs ❞❡ r❡♣♦s ♦♥t été st✐♠✉❧és
é✈❡✐❧❧és ✭❡t ❧✐❜r❡s ❞❡ ❧❡✉rs ♠♦✉✈❡♠❡♥ts✮ ♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s à ✵✳✸✺ ♠❆ ❛✉
♥✐✈❡❛✉ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❣❛✉❝❤❡ ✭✶ ♠♠ ❡♥ ❛rr✐èr❡ ❞✉ ❇r❡❣♠❛✱
✶ ♠♠ à ❣❛✉❝❤❡✮✳ ■❧s ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❡♥tr❛î♥❛✐t
✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❞❡ ❧❛ ♠é♠♦✐r❡ ✭♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s ❡t t❡st
❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t✮ ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣♦t❡♥t✐❛❧✐s❛t✐♦♥ à ❧♦♥❣
t❡r♠❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✱ ❝❡❝✐ ❛ss♦❝✐é à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉
❇❉◆❋✳ ❈❡s ❡✛❡ts ❞✉r❛✐❡♥t ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✉♥❡ s❡♠❛✐♥❡ ❛♣rès ❧❛ t❉❈❙✳
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Electrode stimulatrice

Contre-électrode

❋✐❣✉r❡ ✸✳✶ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ r❛t ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③ ❀
❧✬❛♥♦❞❡ ❡st ✜①é❡ ❛✉ ♠♦②❡♥ ❞✬✉♥❡ ❝❤✐r✉r❣✐❡ ❧é❣èr❡ à ✉♥❡ ♣♦s✐t✐♦♥ ❞♦♥♥é❡ s✉r ❧❡
❝râ♥❡ ❞❡ ❧✬❛♥✐♠❛❧✱ ❡t ❧❛ ❝❛t❤♦❞❡ ❡st ♠❛✐♥t❡♥✉❡ ❝♦♥tr❡ s♦♥ t❤♦r❛① ✈❡♥tr❛❧ ❛✉
♠♦②❡♥ ❞✬✉♥ ❝♦rs❡t✳ ❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s✱ ❧✬❛♥✐♠❛❧ ❡st st✐♠✉❧é é✈❡✐❧❧é✳
❆❞❛♣té ❞❡ ▲✐❡❜❡t❛♥③ ❡t ❛❧✳ ✭✷✵✵✻❜✮✳

P♦✉r ✜♥✐r✱ ♣❧✉s✐❡✉rs ét✉❞❡s s✉r ♠♦❞è❧❡ ❛♥✐♠❛❧ ♣♦rt❡♥t s✉r ❧✬é❧❡❝tr♦♣❤②✲
s✐♦❧♦❣✐❡ ❀ ❧❡s ❛♥✐♠❛✉① s♦♥t ❛❧♦rs ❛♥❡st❤és✐és ♣r♦❢♦♥❞é♠❡♥t ❡t ♣❧❛❝és ❞❛♥s ✉♥
❝❛❞r❡ ❞❡ stéré♦t❛①✐❡ ♣❡♥❞❛♥t ❧❛ st✐♠✉❧❛t✐♦♥✳

▲✬éq✉✐♣❡ ❞❡ ❈❛♠❜✐❛❣❤✐ ❡t ▲❡♦❝❛♥✐ s✬❡st ✐♥tér❡ssé❡ ❛✉ ♠♦❞è❧❡ ♠✉r✐♥ ✭s♦✉✲
r✐s ❢❡♠❡❧❧❡s✱ s♦✉❝❤❡ ❈✺✼❇▲✴✻✮✱ ré❛❧✐s❛♥t ✉♥ ♠♦♥t❛❣❡ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞é❝r✐t
♣❛r ▲✐❡❜❡t❛♥③✳ ❯♥❡ ❡♠❜❛s❡ ❡♥ ♣❧❛st✐q✉❡ ✭s✉r❢❛❝❡ ✐♥t❡r♥❡ ✹✳✺ ♠♠2✮ ét❛✐t ♣♦✲
sé❡ ❡t ♠❛✐♥t❡♥✉❡ ♣❛r ❞✉ ❝✐♠❡♥t ❞❡♥t❛✐r❡ s✉r ❧❡ ❝râ♥❡ ❞❡s ❛♥✐♠❛✉① ❛✉ ♥✐✈❡❛✉
❞✉ ❝♦rt❡① ♠♦t❡✉r ▼✶ ❞r♦✐t✳ ❆♣rès ✉♥ r❡♣♦s ❞❡ ✸ à ✻ ❥♦✉rs✱ ❧❡s ❛♥✐♠❛✉①
ét❛✐❡♥t ❛♥❡st❤és✐és✱ ✉♥❡ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ✭✺✳✷ ❝♠2✮ ♣❧❛❝é❡ ❝♦♥tr❡ ❧❡✉r t❤♦r❛①
❛✉ ♠♦②❡♥ ❞✬✉♥ ❝♦rs❡t✱ ❡t ❧❛ st✐♠✉❧❛t✐♦♥ ✭❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡✮ ét❛✐t ❛♣♣❧✐✲
q✉é❡ ✶✵ ♠✐♥✉t❡s à ✵✳✷✺ ♠❆ ✭❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❞❡ ✺✳✺✺ ♠❆✴❝♠2✮✳ ▲✬éq✉✐♣❡
ét✉❞✐❛✐t ❛❧♦rs ❧✬❛♠♣❧✐t✉❞❡ ❞❡s P❊ ♠♦t❡✉rs ✭❈❛♠❜✐❛❣❤✐ ❡t ❛❧✳✱ ✷✵✶✵✮ ♦✉ ✈✐✲
s✉❡❧s ✭❈❛♠❜✐❛❣❤✐ ❡t ❛❧✳✱ ✷✵✶✶✮ ❛✈❛♥t ❡t ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡✱ ❝❛✲
t❤♦❞✐q✉❡✱ ♦✉ s❤❛♠✳ ▲❡✉rs rés✉❧t❛ts s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❝❡✉① ♦❜t❡♥✉s ❝❤❡③
❧✬❍♦♠♠❡ ✭❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s P❊ s♦✉s st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡✱
❡t ❞✐♠✐♥✉t✐♦♥ s♦✉s st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡✮✱ ❝♦♥✜r♠❛♥t q✉❡ ❧❛ s♦✉r✐s ❡st ✉♥
♠♦❞è❧❡ ✐♥tér❡ss❛♥t ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙✳

❚♦✉❥♦✉rs s✉r ♠♦❞è❧❡ ♠✉r✐♥✱ ▼♦♥❛✐ ❡t ❛❧✳ ✭✷✵✶✻✮ ♦♥t ré❝❡♠♠❡♥t ♠♦♥tré
q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ❛✉❣♠❡♥t❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ✐♦♥s ❝❛❧❝✐✉♠ ❞❛♥s
❧❡s ❛str♦❝②t❡s✱ ❥♦✉❛♥t très ♣r♦❜❛❜❧❡♠❡♥t ✉♥ rô❧❡ ❞❛♥s ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡
❛ss♦❝✐é❡ ❛✉① ré❝❡♣t❡✉rs ◆▼❉❆ ✭♣✉✐sq✉❡ ❧❡ t❛✉① ❞❡ ❝❛❧❝✐✉♠ ❛str♦❝②t❛✐r❡ ❡st
♣♦s✐t✐✈❡♠❡♥t ❝♦rré❧é ❛✉ t❛✉① ❡①tr❛❝❡❧❧✉❧❛✐r❡ ❞❡ ❉✲sér✐♥❡✱ ❝♦✲❛❣♦♥✐st❡ ❞❡s ré✲
❝❡♣t❡✉rs ◆▼❉❆✮✳ ■❧s ♦♥t ♣♦✉r ❝❡❝✐ ❛♣♣❧✐q✉é ✉♥ ❝♦✉r❛♥t ❞❡ ✵✳✶ ♠❆ ♣❡♥❞❛♥t
✶✵ ♠✐♥✉t❡s s✉r ❧❡ ❝♦rt❡① ✈✐s✉❡❧ ♣r✐♠❛✐r❡ ❞❡ s♦✉r✐s ♠✉t❛♥t❡s ❞♦♥t ❧❡s ❛str♦❝②t❡s
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❡①♣r✐♠❛✐❡♥t ✉♥❡ ♣r♦té✐♥❡ ✢✉♦r❡s❝❡♥t❡ ✭♣❡r♠❡tt❛♥t ❞❡ ré❛❧✐s❡r ✉♥❡ t❡❝❤♥✐q✉❡
❞✬✐♠❛❣❡r✐❡ tr❛♥s❝râ♥✐❡♥♥❡ ✐♥ ✈✐✈♦✮ ✭▼♦♥❛✐ ❡t ❛❧✳✱ ✷✵✶✻✮✳

◆♦✉s ♣♦✉✈♦♥s é❣❛❧❡♠❡♥t ❝✐t❡r ❧✬❛rt✐❝❧❡ ❞❡ ❇♦❧③♦♥✐ ❡t ❛❧✳ ✭✷✵✶✸✮✱ q✉✐ ❛
ét✉❞✐é ❝❤❡③ ❧❡ r❛t ❛♥❡st❤és✐é ❧❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ♠♦t❡✉r ✭✶ à
✷ ♠♠ à ❞r♦✐t❡ ❞✉ ❇r❡❣♠❛✮ à ✉♥❡ ✐♥t❡♥s✐té ❞❡ ✵✳✷ ♠❆ ♣❡♥❞❛♥t ✺ à ✼ ♣ér✐♦❞❡s ❞❡
✺ ♠✐♥✉t❡s✳ ▲❛ ❝❛t❤♦❞❡ ❡t ❧✬❛♥♦❞❡ ❡♥tr❛î♥❛✐❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ✉♥❡ ❢❛❝✐❧✐t❛t✐♦♥
♦✉ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ré♣♦♥s❡s ♠✉s❝✉❧❛✐r❡s é✈♦q✉é❡s s✉✐t❡ à ❧❛ st✐♠✉❧❛t✐♦♥
❞❡ ③♦♥❡s ❞✉ tr♦♥❝ ❝éré❜r❛❧ ✭❧❡ ❢❛✐s❝❡❛✉ ❧♦♥❣✐t✉❞✐♥❛❧ ♠é❞✐❛❧ ❡t ❧❡ ♥♦②❛✉ r♦✉❣❡✮
❞✉r❛♥t ❛✉ ♠♦✐♥s ✶ ❤✳ ❇✐❡♥ q✉❡ ❝❡s ❡✛❡ts s❡♠❜❧❡♥t ❝♦♥tr❛❞✐❝t♦✐r❡s ❛✈❡❝ ❧❡s
ét✉❞❡s ♣ré❝é❞❡♥t❡s s✉r ❧❛ ♣♦❧❛r✐té✱ ❝❡❝✐ ❞é♠♦♥tr❡ ✉♥ ✐♠♣❛❝t à ❧♦♥❣ t❡r♠❡ ❞❡
❧❛ t❉❈❙ s✉r ❧❡s ♥❡✉r♦♥❡s s♦✉s✲❝♦rt✐❝❛✉① ✭❇♦❧③♦♥✐ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❘♦❤❛♥ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t st✐♠✉❧é ✸✹ r❛ts ❙♣r❛❣✉❡✲❉❛✇❧❡② ♠â❧❡s
♣♦✉r ré❛❧✐s❡r ❡♥s✉✐t❡ ✉♥❡ ét✉❞❡ s✉r tr❛♥❝❤❡s ❞❡ ❝❡r✈❡❛✉✳ ❆♣rès ❧❛ ♣♦s❡ ❞✬✉♥❡
é❧❡❝tr♦❞❡ s✉r ❧✬♦s ❞✉ ❝râ♥❡✱ ✷✳✺ ♠♠ ❡♥ ❛rr✐èr❡ ❞✉ ❇r❡❣♠❛ ❡t ❡♥ ♣♦s✐t✐♦♥ ❝❡♥✲
tr❛❧❡✱ ❧❡s ❛♥✐♠❛✉① ❜é♥é✜❝✐❛✐❡♥t ❞✬✉♥❡ s❡♠❛✐♥❡ ❞❡ r❡♣♦s✳ ❯♥❡ é❧❡❝tr♦❞❡ ❞❡
ré❢ér❡♥❝❡ ét❛✐t ❡♥s✉✐t❡ ♣❧❛❝é❡ ❡♥tr❡ ❧❡✉rs é♣❛✉❧❡s✱ ❡t ✐❧s ét❛✐❡♥t ♣❧❛❝és ❞❛♥s ✉♥
❡♥✈✐r♦♥♥❡♠❡♥t ♥♦✉✈❡❛✉ ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❞❡ ✸✵ ♠✐♥✉t❡s à ❞❡s ❝♦✉r❛♥ts
❞❡ ✵✳✶ ♦✉ ✵✳✷✺ ♠❆ t♦✉t ❡♥ r❡st❛♥t ❧✐❜r❡s ❞❡ ❧❡✉rs ♠♦✉✈❡♠❡♥ts✳ ■❧s ét❛✐❡♥t
❛❧♦rs r❡♣❧❛❝és ❞❛♥s ❧❡✉r ❝❛❣❡ ❡t ❡✉t❤❛♥❛s✐és ✸✵ ♠✐♥✉t❡s ♦✉ ✷✹ ❤ ❛♣rès ♣♦✉r
ré❝✉♣ér❛t✐♦♥ ❞❡ ❧❡✉r ❝❡r✈❡❛✉ ✭❘♦❤❛♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥✲
tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ✭✐♥ ✈✐✈♦✮ r❡♥❢♦r❝❡ ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡
✭▲❚P✮ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❞❡ ♠❛♥✐èr❡ ❞♦s❡✲❞é♣❡♥❞❛♥t❡✱ ❝❡❝✐ ❡♥❝♦r❡
✷✹ ❤ ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ à ✵✳✷✺ ♠❆✳

❘♦♥❣❡✉rs ✿ ♠♦❞è❧❡s s❛♥s ❝❤✐r✉r❣✐❡

✲ ❆✈❡❝ ❛♥❡st❤és✐❡ ✿ t♦✉❥♦✉rs ❝❤❡③ ❧❡ r❛t ✭❙♣r❛❣✉❡✲❉❛✇❧❡② ♠â❧❡s✮✱ ❚❛❦❛♥♦
❡t ❛❧✳ ✭✷✵✶✶✮ ♦♥t ✜①é ✉♥❡ é❧❡❝tr♦❞❡ ❡♥ ✜❜r❡s ❞❡ ❝❛r❜♦♥❡ ✭✺ ♠♠ ① ✺ ♠♠✮
❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❡t ✉♥❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦✉ ✭✷✵ ♠♠ ❞❡ ❞✐❛♠ètr❡ ❀
✜❣✉r❡ ✸✳✷✮✳ ▲❡s r❛ts ét❛✐❡♥t st✐♠✉❧és s♦✉s ❛♥❡st❤és✐❡ ✭st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ à
✵✳✹ ♦✉ ✵✳✵✹ ♠❆✱ ✶✵ ♠✐♥✉t❡s✮ ❡t ❧✬❛❝t✐✈✐té ❝éré❜r❛❧❡ ❛ été ♠❡s✉ré❡ ♣❛r ■❘▼
❢♦♥❝t✐♦♥♥❡❧❧❡✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉
❝♦rt❡① ❢r♦♥t❛❧ à ✉♥❡ ✐♥t❡♥s✐té ❞❡ ✵✳✹ ♠❆ ❛✉❣♠❡♥t❡ ❧✬✐♥t❡♥s✐té ❞❡ s✐❣♥❛❧ ❛✉
♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❡t ❞✉ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s✱ ✉♥❡ ré❣✐♦♥ s♦✉s✲❝♦rt✐❝❛❧❡
❝♦♥♥❡❝té❡ à ❧❛ ♣r❡♠✐èr❡ ❡t ✐♠♣❧✐q✉é❡ ❞❛♥s ❞❡s ❢♦♥❝t✐♦♥s ❧✐é❡s ❛✉ ❝✐r❝✉✐t ❞❡ ❧❛
ré❝♦♠♣❡♥s❡ ✭❚❛❦❛♥♦ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❙✉r ❧❡ ♠ê♠❡ ♠♦❞è❧❡✱ ❧❡s ❛✉t❡✉rs ♦♥t ♠♦♥tré
q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡ ✶✵ ♠✐♥✉t❡s à ✵✳✽ ♠❆ ♣❛r ❧❛ ❝❛t❤♦❞❡
✭♠❛✐s ♣❛s ♣❛r ❧✬❛♥♦❞❡✮ ❢❛✐s❛✐t ✈❛r✐❡r ❧❡s t❛✉① ❡①tr❛❝❡❧❧✉❧❛✐r❡s ❞❡ ❞♦♣❛♠✐♥❡
❞❛♥s ❧❡ str✐❛t✉♠✳ ◆♦t♦♥s q✉❡ ♠❛❧❣ré ❧❛ ❢♦rt❡ ✐♥t❡♥s✐té ❞❡ ❝♦✉r❛♥t✱ ✉♥❡ ét✉❞❡
❤✐st♦❧♦❣✐q✉❡ ❛✈❡❝ ❞❡✉① t②♣❡s ❞❡ ❝♦❧♦r❛t✐♦♥ ✭❝rés②❧ ✈✐♦❧❡t ❡t ❤é♠❛t♦①②❧✐♥❡✲
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é♦s✐♥❡✮ ♥✬❛ ♣❛s ré✈é❧é ❞❡ ❧és✐♦♥ t✐ss✉❧❛✐r❡✳
❈❡❝✐ s✉❣❣èr❡ ✉♥ ❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧❡ s②stè♠❡ ❞♦♣❛♠✐♥❡r❣✐q✉❡ ❛✉ ♥✐✈❡❛✉

❞❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡✱ q✉✐ ♣❛rt✐❝✐♣❡♥t à ❞❡s rés❡❛✉① ♥❡✉r♦♥❛✉① ✐♠♣❧✐q✉és
❞❛♥s ❞✐✈❡rs❡s ❢♦♥❝t✐♦♥s✱ ❞♦♥t ❞❡s ❢♦♥❝t✐♦♥s ♠♦tr✐❝❡s✱ ❝♦❣♥✐t✐✈❡s ❡t ❧✐♠❜✐q✉❡s
✭❚❛♥❛❦❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳

Anode Cathode5 mm

5 mm

❋✐❣✉r❡ ✸✳✷ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ r❛t ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❚❛❦❛♥♦✳
❯♥❡ é❧❡❝tr♦❞❡ ❡st ♣♦sé❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧✱ ❧✬❛✉tr❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦✉✳
▲❡ r❛t ❡st st✐♠✉❧é s♦✉s ❛♥❡st❤és✐❡✳ ❆❞❛♣té ❞❡ ❚❛❦❛♥♦ ❡t ❛❧✳ ✭✷✵✶✶✮✳

✲ ❙❛♥s ❛♥❡st❤és✐❡ ✿ ▼❛❝❡❞♦ ❡t ❛❧✳ ✭✷✵✶✻✮ ♦♥t ré✉ss✐ à ♠❡ttr❡ ❡♥ ♣❧❛❝❡
❝❤❡③ ❧❡ r❛t ✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ✭❛♥♦❞❡ à ❞r♦✐t❡✱
❝❛t❤♦❞❡ à ❣❛✉❝❤❡✮✳ P♦✉r ❝❡❝✐✱ ✐❧s ♦♥t ❝♦❧❧é ❞❡s é❧❡❝tr♦❞❡s ❛❞❤és✐✈❡s s✉r ❧❡
❝râ♥❡ r❛sé ❞❡s r❛ts ✭✜①é❡s ❛✉ ♠♦②❡♥ ❞❡ s♣❛r❛❞r❛♣✮ ❡t ❧❡s ♦♥t st✐♠✉❧és ♣❡♥❞❛♥t
✷✵ ♠✐♥✉t❡s à ✵✳✺ ♠❆✳ ❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ✐❧s ♦♥t ✉t✐❧✐sé ❞❡✉① ❣r♦✉♣❡s
té♠♦✐♥s ✿ ✉♥ ❣r♦✉♣❡ ❝♦♥trô❧❡ s❛♥s st✐♠✉❧❛t✐♦♥ ❡t ✉♥ ❣r♦✉♣❡ s❤❛♠ s✐♠✐❧❛✐r❡ à ❝❡
q✉✐ ❡st ♣r❛t✐q✉é ❝❤❡③ ❧✬❍♦♠♠❡✱ ❛✈❡❝ ✸✵ s❡❝♦♥❞❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❛✈❛♥t q✉❡ ❧❡
❝♦✉r❛♥t ♥❡ s♦✐t ❛rrêté✳ ❈❡ t②♣❡ ❞❡ ❝♦♥trô❧❡ ❡st ré❛❧✐sé ❝❤❡③ ❧✬❍♦♠♠❡ ♣♦✉r q✉❡
❧❡s s✉❥❡ts ❛✐❡♥t ❧❛ s❡♥s❛t✐♦♥ ❞✬é❝❤❛✉✛❡♠❡♥t ♦✉ ♣✐❝♦t❡♠❡♥t ♣❛r❢♦✐s r❡ss❡♥t✐❡
❛✉ ❞é❜✉t ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥✱ q✉❛♥❞ ❧❡ ❝♦✉r❛♥t ❝♦♠♠❡♥❝❡ à êtr❡ ❛♣♣❧✐q✉é ❀ ❝❤❡③
❧✬❛♥✐♠❛❧✱ ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s✱ ❧❡s ❛♥✐♠❛✉① s❤❛♠ s✉❜✐ss❡♥t ❧❡ ♠ê♠❡ tr❛✐t❡♠❡♥t
q✉❡ ❧❡s st✐♠✉❧és ♠❛✐s ♥❡ s❡ ✈♦✐❡♥t ❛❞♠✐♥✐str❡r ❛✉❝✉♥❡ st✐♠✉❧❛t✐♦♥✳

■❧s ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❧❛ t❉❈❙✱ ❝♦♠♠❡ ❝❤❡③ ❧✬❍♦♠♠❡✱ ré❞✉✐s❛✐t ❝❤❡③ ❧❡
r❛t ❧❡ ❝r❛✈✐♥❣ ♣♦✉r ✉♥❡ ♥♦✉rr✐t✉r❡ ♣❛❧❛t❛❜❧❡ ✭❝éré❛❧❡s s✉❝ré❡s✮ ✷✹ ❤ ❛♣rès ❧❛
st✐♠✉❧❛t✐♦♥✳
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Cathode
Générateur

de courant

❋✐❣✉r❡ ✸✳✸ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ r❛t ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ▼❛❝❡❞♦ ❀
❧❡s é❧❡❝tr♦❞❡s st✐♠✉❧❛tr✐❝❡s s♦♥t ♣♦sé❡s s❛♥s ❛♥❡st❤és✐❡ ♥✐ ❝❤✐r✉r❣✐❡ ❛✉ ♥✐✈❡❛✉
❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧✱ ❡t ❧❡ r❛t ❡st st✐♠✉❧é é✈❡✐❧❧é✳ ❆❞❛♣té ❞❡ ▼❛❝❡❞♦ ❡t ❛❧✳
✭✷✵✶✻✮✳

❆✉tr❡s ♠♦❞è❧❡s ❛♥✐♠❛✉①

❊♥✜♥✱ ❧❛ t❉❈❙ ❛ é❣❛❧❡♠❡♥t été t❡sté❡ s✉r ❧❡ ❝❤❛t ❡t ❧❡ ❧❛♣✐♥✳ ❯♥❡ éq✉✐♣❡
s✬❡st ✐♥tér❡ssé❡ ❛✉① ♣❡r❢♦r♠❛♥❝❡s ✈✐s✉♦✲s♣❛t✐❛❧❡s ❞❡ tr♦✐s ❝❤❛ts ❞♦♠❡st✐q✉❡s
♠â❧❡s ♣❡♥❞❛♥t ❡t ❛♣rès st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞✉ ❝♦rt❡① ✈✐s✉♦✲♣❛r✐ét❛❧✳ ▲❡s
é❧❡❝tr♦❞❡s ✭✹ ❝♠2✮ ♦♥t été ♣♦sé❡s s✉r ❧❛ têt❡ r❛sé❡ ❡t ♥❡tt♦②é❡ à ❧✬❛❧❝♦♦❧ ❞❡s
❝❤❛ts✱ ❧❛ ❝❛t❤♦❞❡ ❛✉✲❞❡ss✉s ❞✉ ❝♦rt❡① ✈✐s✉♦✲s♣❛t✐❛❧ ❞r♦✐t ❡t ❧✬❛♥♦❞❡ s✉r ❧❡
❢r♦♥t ❣❛✉❝❤❡ ✭✜❣✉r❡ ✸✳✹ ❆✮✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥tré q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥
❝❛t❤♦❞✐q✉❡ ❞❡ ✷✵ ♠✐♥✉t❡s à ✷ ♠❆ ❞❡ ❝❡tt❡ ❛✐r❡ ❝éré❜r❛❧❡ ❡♥tr❛î♥❛✐t ✉♥❡ ❜❛✐ss❡
❞❡s ♣❡r❢♦r♠❛♥❝❡s à ❞ét❡❝t❡r ❡t ❧♦❝❛❧✐s❡r ❞❡s st✐♠✉❧✐ ❞❛♥s ❧❡ ❝❤❛♠♣ ✈✐s✉❡❧
❝♦♥tr♦❧❛tér❛❧✱ ❝❡❝✐ ❥✉sq✉✬à ✶ ❤ ❛♣rès ❧❛ ✜♥ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭❙❝❤✇❡✐❞ ❡t ❛❧✳✱
✷✵✵✽✮✳

▼árq✉❡③✲❘✉✐③ ❡t ❛❧✳ ✭✷✵✶✷✮ s❡ s♦♥t ✐♥tér❡ssés à ❧❛ ♠♦❞✉❧❛t✐♦♥✱ ♣❛r t❉❈❙✱
❞❡ ❧❛ ♣❡r❝❡♣t✐♦♥ s❡♥s♦r✐❡❧❧❡ ♥é❝❡ss❛✐r❡ à ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ❛s✲
s♦❝✐❛t✐❢ ❝❤❡③ ❧❡ ❧❛♣✐♥✳ ◗✉❛tr❡ é❧❡❝tr♦❞❡s st✐♠✉❧❛tr✐❝❡s ❡♥ ❛r❣❡♥t ét❛✐❡♥t ♣❧❛❝é❡s
❝❤✐r✉r❣✐❝❛❧❡♠❡♥t s✉r ❧❡ ❝râ♥❡ ❞❡s ❧❛♣✐♥s ❛✉✲❞❡ss✉s ❞✉ ❝♦rt❡① s♦♠❛t♦s❡♥s♦r✐❡❧
❞r♦✐t ❀ ✉♥❡ é♣♦♥❣❡ r❡♠♣❧✐❡ ❞❡ s♦❧✉t✐♦♥ s❛❧✐♥❡ ❡t ♣❧❛❝é❡ s✉r ❧✬♦r❡✐❧❧❡ ❝♦♥tr♦❧❛té✲
r❛❧❡ s❡r✈❛✐t ❞❡ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ✭✜❣✉r❡ ✸✳✹ ❇✮✳ ▲❡s ❛♥✐♠❛✉①✱ é✈❡✐❧❧és✱ ♦♥t r❡ç✉
✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡ à ❞✐✛ér❡♥t❡s ✐♥t❡♥s✐tés ✭✵✳✺✱ ✶✱ ✶✳✺ ♦✉
✷ ♠❆ ❀ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ♠❛①✐♠✉♠ r❡ç✉❡ ✿ ✸✳✼ ❆✴♠2✮ ♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s✳
▲❛ t❉❈❙ ❛♥♦❞✐q✉❡ ❛✉❣♠❡♥t❛✐t ❡t ❧❛ t❉❈❙ ❝❛t❤♦❞✐q✉❡ ❞✐♠✐♥✉❛✐t ❧✬❛❝q✉✐s✐✲
t✐♦♥ ❞✉ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞❡ ❝❧✐❣♥❡♠❡♥t ❞❡s ②❡✉① ❡♥ ré♣♦♥s❡ à ✉♥ st✐♠✉❧✉s
❝♦♥❞✐t✐♦♥♥é ✭st✐♠✉❧❛t✐♦♥ ❞❡s ❜❛❜✐♥❡s✮✳
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❋✐❣✉r❡ ✸✳✹ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ♥♦♥ r♦♥❣❡✉rs✳
❆✴ ❈❤❡③ ❧❡ ❝❤❛t✱ ❧❡s é❧❡❝tr♦❞❡s s♦♥t ♣♦s✐t✐♦♥♥é❡s s❛♥s ❝❤✐r✉r❣✐❡ s✉r ❧❡ ❝râ♥❡
❞❡ ❧✬❛♥✐♠❛❧✱ q✉✐ ❡st st✐♠✉❧é é✈❡✐❧❧é✳ ❇✴ ❈❤❡③ ❧❡ ❧❛♣✐♥✱ ✉♥❡ é❧❡❝tr♦❞❡ ❞✬❡♥r❡✲
❣✐str❡♠❡♥t ❡st ✐♥séré❡ ❞❛♥s ❧❡ ❝❡r✈❡❛✉✳ ✹ ❜✐❧❧❡s ❞✬❛r❣❡♥t ✭❡♥ r♦✉❣❡✮ s❡r✈❛♥t
❞✬é❧❡❝tr♦❞❡s ❛❝t✐✈❡s ♣♦✉r ❧❛ t❉❈❙ s♦♥t ♣❧❛❝é❡s ❛✉t♦✉r ✭à ✸ ♠♠ ❞✉ ❝❡♥tr❡ ❞❡
❧❛ ❢❡♥êtr❡ ❞✬✐♥s❡rt✐♦♥✮ ❀ ❧❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ❡st ❛tt❛❝❤é❡ à ❧✬♦r❡✐❧❧❡ ❞✉ ❧❛♣✐♥✳
❆❞❛♣té ❞❡ ❙❝❤✇❡✐❞ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡t ❞❡ ▼árq✉❡③✲❘✉✐③ ❡t ❛❧✳ ✭✷✵✶✷✮✳

✸✳✷✳✷ ➱t✉❞❡s s✉r ♠♦❞è❧❡s ❞❡ ♣❛t❤♦❧♦❣✐❡s

■❧ ② ❛ é❣❛❧❡♠❡♥t ❡✉ q✉❡❧q✉❡s ét✉❞❡s ❞❡ t❉❈❙ ❝❤❡③ ❞❡s ❛♥✐♠❛✉① ♣rés❡♥t❛♥t
❞❡s ❞és♦r❞r❡s ♥❡✉r♦❧♦❣✐q✉❡s✳

✲ ➱♣✐❧❡♣s✐❡ ✿ ❝❤❡③ ❧❡ r❛t✱ ❞❡s ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡ ♦♥t été ✐♥❞✉✐t❡s s♦✐t ♣❛r
❞❡s st✐♠✉❧❛t✐♦♥s é❧❡❝tr✐q✉❡s✱ s♦✐t ♣❛r ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ s✉❜st❛♥❝❡s s♣é❝✐✜q✉❡s
✭❝♦♠❜✐♥❛✐s♦♥ ❧✐t❤✐✉♠✲♣✐❧♦❝❛r♣✐♥❡✱ ✉♥ ❝❤♦❧✐♥♦✲♠✐♠ét✐q✉❡✱ ♦✉ ♣❡♥t②❧❡♥❡t❡tr❛✲
③♦❧✱ ✉♥ ❛♥t❛❣♦♥✐st❡ ❞✉ ré❝❡♣t❡✉r ●❆❇❆A✮✳

▲✐❡❜❡t❛♥③ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t t❡sté s✉r ✉♥ ♠♦❞è❧❡ ❞❡ r❛t é♣✐❧❡♣t✐q✉❡
❧✬❡✛❡t ❛♥t✐❝♦♥✈✉❧s✐✈❛♥t ❞❡ ❧❛ t❉❈❙✳ ▲❛ t❉❈❙ ❛ été ré❛❧✐sé❡ s✉r ❧✬❛♥✐♠❛❧ ❝♦♠♠❡
❞é❝r✐t ❝✐✲❛✈❛♥t✱ ❧✬❡♠❜❛s❡ ét❛♥t ✜①é❡ ✐❝✐ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❞r♦✐t
✭✸ ♠♠ ❡♥ ❛✈❛♥t ❞✉ ❇r❡❣♠❛✱ ✸ ♠♠ s✉r ❧❛ ❞r♦✐t❡✮✳ ■❧s ♦♥t ♠♦♥tré q✉✬❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ❞✉ré❡ ❡t ❞❡ ❧✬✐♥t❡♥s✐té ❞✉ tr❛✐t❡♠❡♥t ✭✸✵ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥ à ✵✳✷ ♠❆
♦✉ ✻✵ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥ à ✵✳✶ ♠❆✮✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ✭♠❛✐s ♣❛s
❛♥♦❞✐q✉❡✮ ♣❡r♠❡tt❛✐t ❞✬❛✉❣♠❡♥t❡r ❧❡ s❡✉✐❧ é♣✐❧❡♣t♦❣è♥❡ ✭❞♦♥❝ ❞❡ ❞✐♠✐♥✉❡r ❧❡
r✐sq✉❡ ❞❡ s✉r✈❡♥✉❡ ❞✬✉♥❡ ❝r✐s❡ ❞✬é♣✐❧❡♣s✐❡ ❀ ▲✐❡❜❡t❛♥③ ❡t ❛❧✳ ✭✷✵✵✻❜✮✮✳

❑❛♠✐❞❛ s✬❡st ❜❛sé s✉r ❧❡ ♠♦❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③ ✿ ❧❡s r❛ts✱ ❞❡s ♠â❧❡s ❲✐s✲
t❛r✱ ♦♥t s✉❜✐ ✉♥❡ ♦♣ér❛t✐♦♥ ❝♦♥s✐st❛♥t ❡♥ ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬✉♥❡ ❡♠❜❛s❡ ✭✷ ♠♠
❡♥ ❛✈❛♥t ❡t ✶✳✺ ♠♠ à ❞r♦✐t❡ ❞✉ ❇r❡❣♠❛✮ ♣r♦❝✉r❛♥t ✉♥❡ ❛✐r❡ ❞❡ ❝♦♥t❛❝t ❞❡
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✸✳✺ ♠♠2✱ s✉✐✈✐❡ ❞✬✉♥❡ ❥♦✉r♥é❡ ❞❡ ré❝✉♣ér❛t✐♦♥ ❛✈❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ✭❝❛t❤♦✲
❞✐q✉❡ ❀ ✵✳✷ ♠❆✱ ✸✵ ♠✐♥✉t❡s✴❥♦✉r ♣❡♥❞❛♥t ✷ s❡♠❛✐♥❡s✮✳ ▲❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡
ét❛✐t ✐❝✐ ✉♥❡ é❧❡❝tr♦❞❡✲❛✐❣✉✐❧❧❡ ✐♥séré❡ à ❧✬❛rr✐èr❡ ❞✉ ❝♦✉ ❞❡s r❛ts✳ ▲❡s ❛✉t❡✉rs
♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❝❡ ♣r♦t♦❝♦❧❡ ré❞✉✐s❛✐t ❧❡s ❝♦♥✈✉❧s✐♦♥s ❡t ❛✈❛✐t ❞❡s ❡✛❡ts
♥❡✉r♦♣r♦t❡❝t❡✉rs s✉r ❧✬❤✐♣♣♦❝❛♠♣❡ ❞❡s r❛ts ❥❡✉♥❡s ✭â❣és ❞❡ ✷✶ ❥♦✉rs ❧♦rs ❞❡
❧✬✐♥❞✉❝t✐♦♥ ❞✉ ♠❛❧ é♣✐❧❡♣t✐q✉❡ ❀ ❑❛♠✐❞❛ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳

❉❤❛♠♥❡ ❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t é❣❛❧❡♠❡♥t ré❛❧✐sé ✉♥ ♠♦❞è❧❡ ❞❡ t❉❈❙ ❝❤❡③ ❧❡
r❛t ✭▲♦♥❣ ❊✈❛♥s✱ ♠â❧❡✮✳ ▲✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ét❛✐t ❛❧♦rs ✉♥❡ é❧❡❝tr♦❞❡
❞✐sq✉❡ ❞✬é❧❡❝tr♦❡♥❝é♣❤❛❧♦❣r❛♣❤✐❡ ♣❧❛❝é❡ s✉r ❧❡ s❝❛❧♣ ❛♣rès r❛s❛❣❡ ❀ ❧✬é❧❡❝tr♦❞❡
❞❡ ré❢ér❡♥❝❡ ét❛✐t ✉♥❡ é♣♦♥❣❡ ❞❡ ✾ ❝♠2 ♠♦✉✐❧❧é❡ ❞❡ ◆❛❈❧ ❡t ♣❧❛❝é❡ ❝♦♥tr❡
❧❡ t❤♦r❛① ✭✜❣✉r❡ ✸✳✺✮✳ ▲❡s r❛ts ét❛✐❡♥t ❡♥ ❝♦♥t❡♥t✐♦♥ ✭r❡st❛♥t é✈❡✐❧❧és ❛✈❡❝
♣♦ss✐❜✐❧✐té ❞❡ ♥❡ ❜♦✉❣❡r q✉❡ ❧❛ têt❡✱ ❧❡s ♠❡♠❜r❡s ❡t ❧❛ q✉❡✉❡✮ ❡t ♦♥t r❡ç✉
✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞❡ ✷✵ ♠✐♥✉t❡s à ✵✳✶ ♦✉ ✶ ♠❆✱ ♦✉ ✉♥❡ st✐♠✉❧❛t✐♦♥
s❤❛♠✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ❝♦♥✜r♠é q✉✬✉♥❡ s❡ss✐♦♥ ❞❡ t❉❈❙ ❝❛t❤♦❞✐q✉❡
à ✶ ♠❆ ré❞✉✐s❛✐t ❧❡s ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡ ❡t ♦♥t ♠♦♥tré q✉❡ ❝❡❧❛ ♣❛ss❛✐t ♣❛r
✉♥❡ ✐♥❤✐❜✐t✐♦♥ ●❆❇❆❡r❣✐q✉❡ ✐♥tr❛❝♦rt✐❝❛❧❡ ✭❝❡❝✐ ❛✉ ♠♦②❡♥ ❞❡ ❧✬ét✉❞❡ ❞❡s P❊
♠♦t❡✉rs ♣r♦✈♦q✉és ♣❛r ❚▼❙ ❀ ❉❤❛♠♥❡ ❡t ❛❧✳ ✭✷✵✶✺✮✮✳

Cathode

Contre-électrode

Générateur

❋✐❣✉r❡ ✸✳✺ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ ♠♦❞è❧❡ ❞❡ r❛t é♣✐❧❡♣t✐q✉❡ ❞❡
❉❤❛♠♥❡ ❀ ❧❡s é❧❡❝tr♦❞❡s s♦♥t ♣♦s✐t✐♦♥♥é❡s s❛♥s ❝❤✐r✉r❣✐❡✱ ❡t ❧❛ st✐♠✉❧❛t✐♦♥ s❡
❢❛✐t s✉r ❛♥✐♠❛❧ é✈❡✐❧❧é ❡♥ ❝♦♥t❡♥t✐♦♥✳ ❆❞❛♣té ❞❡ ❉❤❛♠♥❡ ❡t ❛❧✳ ✭✷✵✶✺✮✳

✲ ❉é♣r❡ss✐♦♥ ❝♦rt✐❝❛❧❡ ❡♥✈❛❤✐ss❛♥t❡ ✿ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ♦♥t été t❡s✲
tés s✉r ❧❛ ❞é♣r❡ss✐♦♥ ❝♦rt✐❝❛❧❡ ❡♥✈❛❤✐ss❛♥t❡✱ ❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t tr❛♥s✐t♦✐r❡ ❞✉
❝♦rt❡① q✉✐ ❞é❜✉t❡ ♣❛r ✉♥❡ ❜rè✈❡ ❞é♣♦❧❛r✐s❛t✐♦♥ ♥❡✉r♦♥❛❧❡ ✭❡①❝✐t❛t✐♦♥✮ ❧♦❝❛❧❡
❡t ❡st s✉✐✈✐❡ ❞✬✉♥❡ ❤②♣❡r♣♦❧❛r✐s❛t✐♦♥ ✭✐♥❤✐❜✐t✐♦♥✮ q✉✐ s❡ ♣r♦♣❛❣❡ à ❧❛ s✉r❢❛❝❡
❞✉ ❝♦rt❡① s✉✐✈❛♥t ✉♥❡ ✈❛❣✉❡ ❧❡♥t❡ ✭❇♦✉❤❛ss✐r❛ ❡t ❈❛❧✈✐♥♦✱ ✷✵✵✾✮✳ ❈❡ ♣❤é♥♦✲
♠è♥❡ s❡r❛✐t r❡s♣♦♥s❛❜❧❡ ❞❡s ❛✉r❛s ❞❛♥s ❧❡s ❝r✐s❡s ❞❡ ♠✐❣r❛✐♥❡ ❡t ♣♦✉rr❛✐t êtr❡
❛ss♦❝✐é é❣❛❧❡♠❡♥t ❛✉① ❝r✐s❡s ❞✬é♣✐❧❡♣s✐❡✳ ▲❡s ❛✉t❡✉rs ♦♥t é♠✐s ❧✬❤②♣♦t❤ès❡ q✉❡
❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧✬❡①❝✐t❛❜✐❧✐té ❝♦rt✐❝❛❧❡ ❞✉❡ à ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❛❧tér❡r ❧❛
♣r♦♣❛❣❛t✐♦♥ ❞❡ ❝❡tt❡ ❞é♣r❡ss✐♦♥ ❝♦rt✐❝❛❧❡ ✭✐♥✐t✐é❡✱ ❝❤❡③ ❧❡ r❛t✱ ♣❛r ❛♣♣❧✐❝❛t✐♦♥
❞❡ ❑❈❧✮✳ ■❧s ♦♥t ❛✐♥s✐ ❛❞♠✐♥✐stré à ❞❡s r❛ts ❲✐st❛r ♠â❧❡s ✉♥ tr❛✐t❡♠❡♥t ♣❛r



✸✳✷✳ ▲❊❙ ▼❖❉➮▲❊❙ ❆◆■▼❆❯❳ ❉❊ ❚❉❈❙ ✻✾

t❉❈❙ ❛♥♦❞✐q✉❡✱ ❝❛t❤♦❞✐q✉❡ ♦✉ s❤❛♠ ❞❡ ✷✵ ♠✐♥✉t❡s à ✵✳✷ ♠❆✱ ❝❡❝✐ s✉r ❧❡
❝♦rt❡① ♣❛r✐ét❛❧ ❞r♦✐t✳ ➚ ♥♦t❡r q✉✬✐❝✐✱ ❧❡s r❛ts s❤❛♠ r❡❝❡✈❛✐❡♥t ✉♥❡ st✐♠✉❧❛✲
t✐♦♥ ❞❡ ✶✵ s❡❝♦♥❞❡s✳ ▲❛ t❉❈❙ ❛♥♦❞✐q✉❡ ❡♥tr❛î♥❛✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧❛ ❞é♣r❡ss✐♦♥ ❝♦rt✐❝❛❧❡ ❡♥✈❛❤✐ss❛♥t❡ ❀ ❧❛ st✐♠✉❧❛t✐♦♥
❝❛t❤♦❞✐q✉❡ ♥✬❛✈❛✐t ❛✉❝✉♥ ❡✛❡t ✭❝❡ q✉✐ ♣♦✉rr❛✐t êtr❡ ❞û à ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧✬❛♥❡st❤és✐❛♥t ✉t✐❧✐sé ♣❡♥❞❛♥t ❧❡s st✐♠✉❧❛t✐♦♥s✮ ✭▲✐❡❜❡t❛♥③ ❡t ❛❧✳✱ ✷✵✵✻❛✮✳ ❈❡t
❡✛❡t ❡st ❛✉❣♠❡♥té q✉❛♥❞ ❝♦♠❜✐♥é à ✉♥❡ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ ré♣ét✐t✐✈❡ ✭st✐✲
♠✉❧❛t✐♦♥ ❞❡ ✷✵ ♠✐♥✉t❡s ♣❛r ♣✉❧s❡s ❞❡ ✺ s❡❝♦♥❞❡s✱ à ✵✳✻ ♠❆✱ à ✉♥❡ ❢réq✉❡♥❝❡
❞❡ ✶ ❍③ ❀ ❋r❡❣♥✐ ❡t ❛❧✳ ✭✷✵✵✼✮✮✳

✲ ❆❱❈ ✿ ❑✐♠ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ét✉❞✐é ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ✭❛♥♦❞✐q✉❡
❡t ❝❛t❤♦❞✐q✉❡✮ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❞✬✐s❝❤é♠✐❡ ♣❡r♠❛♥❡♥t❡ ✭♣❛r ♦❝❝❧✉s✐♦♥ ❞❡ ❧✬❛r✲
tèr❡ ❝éré❜r❛❧❡ ♠♦②❡♥♥❡ ❝❤❡③ ❞❡s r❛ts ❙♣r❛❣✉❡✲❉❛✇❧❡② ❞❡s ❞❡✉① s❡①❡s✮✳ ❈❡s
r❛ts ♦♥t été ré♣❛rt✐s ❡♥ ✹ ❣r♦✉♣❡s ✿ tr❛✐tés ♣❛r ❡①❡r❝✐❝❡ ✭✸✵ ♠✐♥✴❥♦✉r ♣❡♥❞❛♥t
✷ s❡♠❛✐♥❡s✮✱ t❉❈❙ ❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡ ✭é❧❡❝tr♦❞❡ ❛❝t✐✈❡ s✉r ❧✬❤é♠✐s♣❤èr❡
❧ésé ❀ ✵✳✶ ♠❆✱ ✸✵ ♠✐♥✴❥♦✉r ♣❡♥❞❛♥t ✷ s❡♠❛✐♥❡s✮✱ ♦✉ r✐❡♥✳ ▲✬é❧❡❝tr♦❞❡ ❝râ♥✐❛❧❡
✭✵✳✼✾ ❝♠2✮ ét❛✐t ❛tt❛❝❤é❡ ❞✐r❡❝t❡♠❡♥t s✉r ❧❛ têt❡ ❞❡ ❧✬❛♥✐♠❛❧ ✭✷ ♠♠ ❡♥ ❛✈❛♥t
❞❡ ❧❛ ❧✐❣♥❡ ✐♥t❡r❛✉r❛❧❡✱ ✸ ♠♠ s✉r ❧❛ ❣❛✉❝❤❡✮ ❥✉st❡ ❛✈❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ❡t ♠❛✐♥✲
t❡♥✉❡ ♣❛r ✉♥❡ ❝♦✉♣❡ ❡♥ ♣❧❛st✐q✉❡✳ ▲❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ét❛✐t ♣❧❛❝é❡ ❝♦♥tr❡ ❧❡
tr♦♥❝ ❡t ♠❛✐♥t❡♥✉❡ ♣❛r ❞❡ ❧❛ ❣❛③❡ ✭✜❣✉r❡ ✸✳✻✮✳ ▲❡s ❛♥✐♠❛✉① ét❛✐❡♥t ❛♥❡s✲
t❤és✐és ❧❡ t❡♠♣s ❞❡s st✐♠✉❧❛t✐♦♥s✳ ▲❡s r❛ts r❡❝❡✈❛♥t ❧❛ t❉❈❙ ❛♥♦❞✐q✉❡ ♦♥t
✈✉ ❧❡✉rs ♣❡r❢♦r♠❛♥❝❡s ♠♦tr✐❝❡s ❛♠é❧✐♦ré❡s ❡t ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❛ ❞étér✐♦✲
r❛t✐♦♥ ❛①♦♥❛❧❡✱ s✉❣❣ér❛♥t q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞❡ ❧✬❤é♠✐s♣❤èr❡ ❧ésé
♣♦✉rr❛✐t ❛✈♦✐r ✉♥ ❡✛❡t ♥❡✉r♦♣r♦t❡❝t❡✉r ❡t ❛✐❞❡r à ❧❛ ré❝✉♣ér❛t✐♦♥ ❛♣rès ✉♥
❛❝❝✐❞❡♥t ✈❛s❝✉❧❛✐r❡ ❝éré❜r❛❧ ✭❑✐♠ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈❡tt❡ éq✉✐♣❡ ❛ ❡♥s✉✐t❡ ♠♦♥tré
q✉❡ ❧❛ t❉❈❙ ❛♥♦❞✐q✉❡ ✭✵✳✷ ♠❆✱ ❛♥♦❞❡ ❛✉✲❞❡ss✉s ❞✉ ❝♦rt❡① ▼✶✱ ✷✵ ♠✐♥✴❥♦✉r
♣❡♥❞❛♥t ✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮ ❛♣♣❧✐q✉é❡ tôt ✭❧❡ ❧❡♥❞❡♠❛✐♥✮ ♦✉ t❛r❞ ✭✼ ❥♦✉rs✮
❛♣rès ❧✬❛❝❝✐❞❡♥t ✐s❝❤é♠✐q✉❡ rés✉❧t❛✐t ❡♥ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s
♠♦tr✐❝❡s ❡t ❝♦❣♥✐t✐✈❡s ✭t❡st ❞❡ ♠é♠♦✐r❡ s♣❛t✐❛❧❡ ✿ ❧❛❜②r✐♥t❤❡ ❞❡ ❇❛r♥❡s✮ ❝♦♠✲
♣❛ré ❛✉① r❛ts s❤❛♠✳ ❈❡❝✐ ét❛✐t ❛❝❝♦♠♣❛❣♥é ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡s✲
s✐♦♥ ❞❡ ♣r♦té✐♥❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ ❝r♦✐ss❛♥❝❡ ❡t ❧❡ r❡♠♦❞❡❧❛❣❡ ❞❡♥❞r✐t✐q✉❡
✭▼✐❝r♦t✉❜✉❧❡✲❛ss♦❝✐❛t❡❞ ♣r♦t❡✐♥ ✷✱ ▼❆P✲✷✮ ❡t ❞❛♥s ❧❛ ré❣é♥ér❡s❝❡♥❝❡ ❛①♦♥❛❧❡
✭●r♦✇t❤ ❆ss♦❝✐❛t❡❞ Pr♦t❡✐♥ ✹✸✱ ●❆P✲✹✸✮ ❞❛♥s ❧❡s ❛✐r❡s ♣ér✐❧és✐♦♥♥❡❧❧❡s ♦✉
❝♦♥tr♦❧❛tér❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❛r❛❝tèr❡ ♣ré❝♦❝❡ ♦✉ t❛r❞✐❢ ❞❡ ❧❛ t❉❈❙ ✭❨♦♦♥
❡t ❛❧✳✱ ✷✵✶✷✮✳ ❙❡ ❜❛s❛♥t s✉r ❝❡ ♠ê♠❡ ♠♦❞è❧❡ ❞❡ t❉❈❙ ❝❤❡③ ❧❡ r❛t✱ ✉♥❡ ❛✉tr❡
éq✉✐♣❡ ❛ ♣✉ ♠♦♥tr❡r q✉❡ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❛♥♦❞✐q✉❡ s✉r ❧❛ ré❝✉♣ér❛t✐♦♥
♣♦st✲❆❱❈ s❡r❛✐t ♣❧✉s ✐♠♣♦rt❛♥t ❛♣rès ✼ à ✶✹ ❥♦✉rs ❞❡ t❉❈❙ ✭❛♣rès ❧✬❆❱❈✮
q✉✬❛♣rès s❡✉❧❡♠❡♥t ✸ ❥♦✉rs✱ ❡t q✉❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ♣r♦♠♦✉✈♦✐r ❧❡ ♣❧❛st✐❝✐té
♥❡✉r♦♥❛❧❡ ✭❏✐❛♥❣ ❡t ❛❧✳✱ ✷✵✶✷✮✳
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◆♦tt✉r♥♦ ❡t ❛❧✳ ✭✷✵✶✹✮ ♦♥t q✉❛♥t à ❡✉① ♠♦♥tré✱ t♦✉❥♦✉rs ❝❤❡③ ❧❡ r❛t ✐s✲
❝❤é♠✐q✉❡✱ q✉❡ ❞❡s st✐♠✉❧❛t✐♦♥s ❝❛t❤♦❞✐q✉❡s à ✵✳✷ ♠❆ ✭✶ ♠♠ ❡♥ ❛rr✐èr❡ ❞✉
❇r❡❣♠❛✱ ✷ ♠♠ s✉r ❧❛ ❣❛✉❝❤❡ ❀ ❝②❝❧❡s ❞❡ ✶✺ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥✱ ✶✺ ♠✐✲
♥✉t❡s ❞❡ r❡♣♦s ♣❡♥❞❛♥t ✹ à ✻ ❤❡✉r❡s✱ r❡s♣❡❝t✐✈❡♠❡♥t ✹✺ ♠✐♥✉t❡s ♦✉ ✐♠♠é❞✐❛✲
t❡♠❡♥t ❛♣rès ❧✬❛tt❛q✉❡✮ ❡♥tr❛î♥❛✐❡♥t ✉♥❡ ré❞✉❝t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❞❡ ❧✬✐♥❢❛r❝t✉s
✭❛✐r❡ ❧ésé❡ ♣❛r ❧✬✐s❝❤é♠✐❡✮ ❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❞é♣♦❧❛r✐s❛t✐♦♥s ❡♥✈❛❤✐ss❛♥t❡s ♣ér✐✲
❧és✐♦♥♥❡❧❧❡s ✭q✉✐ s♦♥t s✉♣♣♦sé❡s ❛✉❣♠❡♥t❡r ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ③♦♥❡ ❝éré❜r❛❧❡ ❧ésé❡✮✳
❈❡tt❡ ét✉❞❡ ❝♦♥✜r♠❡ ❞♦♥❝ q✉❡ ❧❛ t❉❈❙ ❛✉r❛✐t ✉♥ ❡✛❡t ♥❡✉r♦♣r♦t❡❝t❡✉r ❞❛♥s
❧❛ ♣❤❛s❡ ❛✐❣✉ë ❞❡ ❧✬❛tt❛q✉❡ ❝éré❜r❛❧❡✳

Cathode

Anode

❋✐❣✉r❡ ✸✳✻ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ r❛t ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❑✐♠ ❀
❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ❡st ♣♦sé❡ s✉r ❧❡ ❝râ♥❡ ❡t ❧❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ❝♦♥tr❡ ❧❡
tr♦♥❝ s❛♥s ❝❤✐r✉r❣✐❡ ❀ ❧❡s ❛♥✐♠❛✉① s♦♥t st✐♠✉❧és s♦✉s ❛♥❡st❤és✐❡✳ ❆❞❛♣té ❞❡
❑✐♠ ❡t ❛❧✳ ✭✷✵✶✵✮✳

✲ ❉♦✉❧❡✉r ✿ ◆❡❦❤❡♥❞③② ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ét✉❞✐é ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙
s❡✉❧❡ ♦✉ ❝♦♠❜✐♥é❡ à ❧❛ t❆❈❙ ✭❝✬❡st✲à✲❞✐r❡ ❞❡ ❧✬♦t❉❈❙✮ s✉r ❧❛ ❞♦✉❧❡✉r✳ P♦✉r
st✐♠✉❧❡r ❧❡s r❛ts ✭❙♣r❛❣✉❡✲❉❛✇❧❡② ♠â❧❡s✮✱ ❧❡s ❛✉t❡✉rs ♦♥t r❛sé ❧❡✉r têt❡ ✭s♦✉s
❛♥❡st❤és✐❡✮ ❡t ♣❧❛❝é ❧❛ ❝❛t❤♦❞❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ♣ô❧❡ ❛♥tér✐❡✉r ❞❡ ❧❡✉r ❝♦rt❡①
❢r♦♥t❛❧✱ ❡t ❧✬❛♥♦❞❡ s✉r ❝❤❛q✉❡ ♠❛st♦ï❞❡ ✭s✉r❢❛❝❡ ❞❡s é❧❡❝tr♦❞❡s ♥♦♥ ♣ré❝✐sé❡✮✳
❘é✈❡✐❧❧és✱ ❧❡s r❛ts ♦♥t été st✐♠✉❧és ✹✺ ♠✐♥✉t❡s ✈✐❛ ❧❛ ❝❛t❤♦❞❡ à ❞✐✛ér❡♥t❡s
✐♥t❡♥s✐tés ❡t ❞✐✛ér❡♥t❡s ❢réq✉❡♥❝❡s✱ t♦✉t ❡♥ s✉❜✐ss❛♥t ❧❡s t❡sts ♣❡r♠❡tt❛♥t
❞✬é✈❛❧✉❡r ❧❛ ❞♦✉❧❡✉r ✭t❡st ❞❡ ❧❛ ♣❧❛q✉❡ ❝❤❛✉✛❛♥t❡ ❡t t❡st ❞❡ rétr❛❝t✐♦♥ ❞❡ ❧❛
q✉❡✉❡✮✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❧✬♦t❉❈❙ ✭♠❛✐s ♣❛s ❧❛ t❉❈❙ ❝❧❛s✲
s✐q✉❡✮ ❛✈❛✐t ✉♥ ❡✛❡t ❛♥t✐♥♦❝✐❝❡♣t✐❢ ❝❤❡③ ❧❡ r❛t ♣❡♥❞❛♥t ❡t ❥✉sq✉✬à ✶✺ ♠✐♥✉t❡s
❛♣rès ❧❛ ✜♥ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭◆❡❦❤❡♥❞③② ❡t ❛❧✳✱ ✷✵✵✹✮✳

▲✬éq✉✐♣❡ ❞❡ ❚♦rr❡s q✉❛♥t à ❡❧❧❡ ❛ ♠♦♥tré ❝❤❡③ ❞❡s r❛ts ♠â❧❡s ❲✐st❛r q✉❡
❧❛ t❉❈❙ ❛♥♥✉❧❛✐t ❧❡s ❡✛❡ts ♥♦❝✐❝❡♣t✐❢s ✐♥❞✉✐ts ♣❛r ✉♥ str❡ss ✭❤②♣❡r❛❧❣és✐❡ ❡t
❛❧❧♦❞②♥✐❡✮✳ ■❧s s❡ s♦♥t ❜❛sés s✉r ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞❡ st✐♠✉❧❛t✐♦♥✱ ♣♦s✐t✐♦♥✲
♥❛♥t ❧✬❛♥♦❞❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ♣❛r✐ét❛❧ s✉r ❧❛ têt❡ r❛sé❡ ❞❡s ❛♥✐♠❛✉① ❡t
❧❛ ❝❛t❤♦❞❡ s✉r ❧✬❛✐r❡ s✉♣r❛♦r❜✐t❛✐r❡ ✭♥✐ ❛♥❡st❤és✐❡ ♥✐ ❝❤✐r✉r❣✐❡ ❀ ✜❣✉r❡ ✸✳✼✮
❡t ❛♣♣❧✐q✉❛♥t ✉♥ ❝♦✉r❛♥t ❞❡ ✵✳✺ ♠❆ ♣❡♥❞❛♥t ✷✵ ♠✐♥✉t❡s s✉r ❧❡s r❛ts é✈❡✐❧❧és
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✭❙♣❡③✐❛ ❆❞❛❝❤✐ ❡t ❛❧✳✱ ✷✵✶✷✱ ✷✵✶✺✮✳ ❈❤❡③ ❞❡s r❛ts ❢❡♠❡❧❧❡s ✭❲✐st❛r✮ ❛②❛♥t s✉❜✐
✉♥❡ ♦✈❛r✐❡❝t♦♠✐❡ ✭✐♥❞✉✐s❛♥t ✉♥❡ ré♣♦♥s❡ ❛❝❝r✉❡ ❛✉① t❡sts ❞❡ ❞♦✉❧❡✉r ❡t ❛❧té✲
r❛♥t ❧❡s t❛✉① ❞❡ ❇❉◆❋ s❛♥❣✉✐♥ ❡t ❤②♣♦t❤❛❧❛♠✐q✉❡✮✱ ✐❧s ♦♥t ❝❡tt❡ ❢♦✐s ré❛❧✐sé
✉♥ tr❛✐t❡♠❡♥t ❝❛t❤♦❞✐q✉❡ ré♣été ✭✷✵ ♠✐♥✉t❡s à ✵✳✺ ♠❆✱ ♣❡♥❞❛♥t ✽ ❥♦✉rs✮✳ ▲❛
t❉❈❙ ❛ ♣❛rt✐❡❧❧❡♠❡♥t ❛♥♥✉❧é ❧❡s ❡✛❡ts ♥♦❝✐❝❡♣t✐❢s ❞❡ ❧✬♦✈❛r✐❡❝t♦♠✐❡✳ ❉❡ ♠❛✲
♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❡❧❧❡ ❛ é❣❛❧❡♠❡♥t ❛✉❣♠❡♥té ❧❡ t❛✉① ❞❡ ❇❉◆❋ ❝♦rt✐❝❛❧ ❝❤❡③
❧❡s ❛♥✐♠❛✉① ♦✈❛r✐❡❝t♦♠✐sés ♠❛✐s ❧✬❛ ❞✐♠✐♥✉é ❝❤❡③ ❝❡✉① ♥♦♥ ♦✈❛r✐❡❝t♦♠✐sés✱
s✉❣❣ér❛♥t q✉❡ ❧✬ét❛t ❤♦r♠♦♥❛❧ ❞❡s ❢❡♠❡❧❧❡s ✭❡t✱ ♣❛r ❡①t❡♥s✐♦♥✱ ❞❡s ❢❡♠♠❡s✮
♣♦✉rr❛✐t ✐♥✢✉❡r s✉r ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ✭❞❛ ❙✐❧✈❛ ▼♦r❡✐r❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳

Cathode

Anode

❋✐❣✉r❡ ✸✳✼ ✕ P♦s✐t✐♦♥ ❞❡s é❧❡❝tr♦❞❡s s✉r ❧❡ r❛t ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❚♦rr❡s ❀
❧✬❛♥♦❞❡ ❡t ❧❛ ❝❛t❤♦❞❡ s♦♥t ♣♦s✐t✐♦♥♥é❡s s❛♥s ❝❤✐r✉r❣✐❡ ✭♥✐ ❛♥❡st❤és✐❡✮ ❡t ❧❡s
❛♥✐♠❛✉① s♦♥t st✐♠✉❧és é✈❡✐❧❧és✳ ❆❞❛♣té ❞❡ ❙♣❡③✐❛ ❆❞❛❝❤✐ ❡t ❛❧✳ ✭✷✵✶✷✮✳

✲ ▼❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥ ✿ ❏✐❛♥❣ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ét✉❞✐é ❧✬❡✛❡t
❞❡ ❧❛ t❉❈❙ s✉r ❧❡ ❜✐❛✐s ✐♣s✐❧❛tér❛❧ ♦❜s❡r✈é ❝❤❡③ ❞❡s r❛ts ♠♦❞è❧❡s ❞❡ ♠❛✲
❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥ ✭♠♦❞è❧❡ ✻✲❖❍❉❆✱ ♦❜t❡♥✉ ♣❛r ✐♥❥❡❝t✐♦♥ ✉♥✐❧❛tér❛❧❡ ❞❡
✻✲❤②❞r♦①②❞♦♣❛♠✐♥❡ ❞❛♥s ❧❡ ❢❛✐s❝❡❛✉ ♠é❞✐❛♥ ❞✉ té❧❡♥❝é♣❤❛❧❡✱ ❝❡ q✉✐ ❛❜♦✉✲
t✐t à ❧❛ ❞❡str✉❝t✐♦♥ ❞❡s ♥❡✉r♦♥❡s ❞♦♣❛♠✐♥❡r❣✐q✉❡s ❞❡ ❧❛ s✉❜st❛♥❝❡ ♥♦✐r❡✮✳
❈❡ ❜✐❛✐s ✐♠♣❧✐q✉❡ q✉❡ ❧❡s r❛ts ♥é❣❧✐❣❡♥t ❞❡ ❧❛ ♥♦✉rr✐t✉r❡ ♣rés❡♥té❡ ❞✉ ❝ôté
♥♦♥ ❞♦♠✐♥❛♥t ✭❝♦♥tr♦❧❛tér❛❧ à ❧❡✉r ❝ôté ♣ré❢éré✮✳ ❊♥ s❡ ❜❛s❛♥t s✉r ❧❡ ♠♦✲
❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③✱ ❧❡s ❛✉t❡✉rs ♦♥t ♣✉ ♠♦♥tr❡r q✉✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
✭✸✵ ♠✐♥✉t❡s✱ ✵✳✹ ♦✉ ✵✳✽ ♠❆✮ ❞✉ ❝♦rt❡① ▼✶ ❛♥♥✉❧❡ ❝❡ ❜✐❛✐s ✐♠♠é❞✐❛t❡♠❡♥t
❡t ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✷✹ ❤✱ ♣r♦❜❛❜❧❡♠❡♥t ❡♥ ❢❛❝✐❧✐t❛♥t ❞❡s ♠é❝❛♥✐s♠❡s ❝♦♠✲
♣❡♥s❛♥t ❧❛ ♣❡rt❡ ❞❡ ❢♦♥❝t✐♦♥ ❝éré❜r❛❧❡ ❀ ❝❡s rés✉❧t❛ts ❧❛✐ss❡♥t à ♣❡♥s❡r q✉❡ ❧❛
t❉❈❙ ♣♦✉rr❛✐t ❛♠é❧✐♦r❡r ❧❛ ❢♦♥❝t✐♦♥ ♠♦tr✐❝❡ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ♣❛r❦✐♥s♦♥✐❡♥s
✭▲✐ ❡t ❛❧✳✱ ✷✵✶✶✮✳

▲✬éq✉✐♣❡ ❞❡ ❍✉ s✬❡st ✐♥tér❡ssé❡ q✉❛♥t à ❡❧❧❡ à ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡s ♣❛r❛✲
♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ♣♦✉r ❛♠é❧✐♦r❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ♠♦tr✐❝❡s
❝❤❡③ ❞❡s s✐♥❣❡s ♠♦❞è❧❡s ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥ ✭♠❛❧❛❞✐❡ ✐♥❞✉✐t❡ ♣❛r ✐♥✲
❥❡❝t✐♦♥ ❞❡ ✶✲♠❡t❤②❧✲✹✲♣❤❡♥②❧✲✶✱ ✷✱ ✸✱ ✻✲t❡tr❛❤②❞r♦♣②r✐❞✐♥❡✱ ▼P❚P✮✳ ▲❛ t❉❈❙
❛ été ❛❞♠✐♥✐stré❡✱ ❝♦♠♠❡ ❝❤❡③ ❧✬❍♦♠♠❡✱ ✈✐❛ ✉♥❡ ♣❛✐r❡ ❞✬é❧❡❝tr♦❞❡s ❝♦♥t❡✲
♥❛♥t ✉♥❡ é♣♦♥❣❡ ✐♠❜✐❜é❡ ❞❡ s♦❧✉t✐♦♥ s❛❧✐♥❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❞✐✛ér❡♥t❡s ③♦♥❡s
✭▼✶✱ ❝♦rt❡① ♣ré❢r♦♥t❛❧✱ ❡t ❧♦❜❡ t❡♠♣♦r❛❧ ❞r♦✐t ♦✉ ❣❛✉❝❤❡✮ ❡t s❡❧♦♥ ❞✐✛ér❡♥ts
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♣❛r❛♠ètr❡s ✭♠❛①✐♠✉♠ ✻✵ ♠✐♥✉t❡s✱ à ✉♥❡ ✐♥t❡♥s✐té ♠❛①✐♠❛❧❡ ❞❡ ✷✳✺ ♠❆✮✳ ▲❡s
❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠♦♥tré q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ▼✶ ❛♠é❧✐♦r❛✐t s✐❣♥✐✜❝❛✲
t✐✈❡♠❡♥t ✭♠❛✐s t❡♠♣♦r❛✐r❡♠❡♥t✮ ❧❡s ❝❛♣❛❝✐tés ♠♦tr✐❝❡s✱ ❡t s✉rt♦✉t q✉❡ ❝❡tt❡
❛♠é❧✐♦r❛t✐♦♥ ❞é♣❡♥❞❛✐t ♣❧✉s ❞❡ ❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞❡s s❡ss✐♦♥s q✉❡ ❞❡ ❧✬✐♥t❡♥s✐té
♦✉ ❧❛ ❞✉ré❡ ❞❡ ❝❤❛q✉❡ st✐♠✉❧❛t✐♦♥✳ ■❧s ♣r♦♣♦s❡♥t ❛✐♥s✐ q✉✬✉♥ tr❛✐t❡♠❡♥t ♣❛r
t❉❈❙ ❛♥♦❞✐q✉❡ s✉r ❧❡ ❧♦♥❣ ❝♦✉rs ♣✉✐ss❡ êtr❡ ✉♥❡ ♠❡✐❧❧❡✉r❡ str❛té❣✐❡ ♣♦✉r ❧❡
tr❛✐t❡♠❡♥t ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ P❛r❦✐♥s♦♥ ✭▲✐ ❡t ❛❧✳✱ ✷✵✶✺✮✳

✲ ▼❛❧❛❞✐❡ ❞✬❆❧③❤❡✐♠❡r ✿ ❨✉ ❡t ❛❧✳ ✭✷✵✶✹✮ ♦♥t ♠♦♥tré ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s
s❝♦r❡s ♠♦t❡✉rs ❡t ❞✬✐♥❞✐❝❡s ❧✐és à ❧❛ ❝♦❣♥✐t✐♦♥ ✭♥♦♠❜r❡ ❞✬❡rr❡✉rs ❞❛♥s ✉♥ t❡st
❞✬♦♣❡♥ ✜❡❧❞✮ ❛♣rès t❉❈❙ ❝❤❡③ ❞❡s r❛ts ❛②❛♥t r❡ç✉ ❞❡s ✐♥❥❡❝t✐♦♥s ❞❡ s❝♦♣♦❧❛✲
♠✐♥❡ ✭♣r♦t♦❝♦❧❡ ✈✐s❛♥t à ✐♥❞✉✐r❡ ❞❡s s②♠♣tô♠❡s ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞✬❆❧③❤❡✐♠❡r✮✳
▲❡s ❛✉t❡✉rs ♦♥t ❛✉ss✐ ♠♦♥tré ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❝❤♦❧✐♥❡r❣✐q✉❡
❛♣rès t❉❈❙ ❀ ♦r✱ ❧✬❛❝ét②❧❝❤♦❧✐♥❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ❡st ✉♥ ♥❡✉r♦tr❛♥s♠❡tt❡✉r
✐♠♣♦rt❛♥t ♣♦✉r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡ ♠é♠♦✐r❡ ❡t ❞✬❛♣♣r❡♥t✐ss❛❣❡✳ ▲❡s ♣❛r❛✲
♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♥❡ s♦♥t ♣❛s ❡①♣♦sés ❝❧❛✐r❡♠❡♥t ✭❞✬♦ù ❧✬❛❜s❡♥❝❡ ❞❡ ❧❛
♣rés❡♥t❛t✐♦♥ ❞❡ ❝❡ ♠♦❞è❧❡ ❞❛♥s ❧❛ t❛❜❧❡ ré❝❛♣✐t✉❧❛t✐✈❡ ✸✳✶✮✱ s✐ ❝❡ ♥✬❡st q✉❡
❧❡s r❛ts ♦♥t r❡ç✉ ✹ s❡♠❛✐♥❡s ❞❡ t❉❈❙ à r❛✐s♦♥ ❞❡ ✷ ❢♦✐s✴❥♦✉r✱ ✺ ❥♦✉rs✴s❡♠❛✐♥❡
✭s❡ss✐♦♥s ❞❡ ✷✵ ♠✐♥✉t❡s à ✵✳✶ ♠❆ ❀ ❨✉ ❡t ❛❧✳ ✭✷✵✶✹✮✮✳
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Liebetanz5et al. KJTT9F

Wachter5et al. KJTYYF

Dockery5et al. KJTYYF

Rueger5et al. KJTYJF

Bolzoni5 et al. KJTYéF

Han5et al. KJTYpF

Rohan5et al. KJTYSF

Cambiaghi5et al. KJTYTs5JTYYF

Monai5et al. KJTYvF

Podda5et al. KJTYvF

Liebetanz5et al. KJTTvbF

Kamida5et al. KJTYYF

Liebetanz5et al. KJTTvaF
Fregni et al. KJTTèF

Rat5A5Parkinson Li5et al. KJTYYF

Rat5A5AVC Notturno5et al. KJTYpF
Takano5et al. KJTYYF

Tanaka5et al. KJTYéF

Kim5et al. KJTYTF

Yoon5et al. KJTYJF

Jiang5et al. KJTYJF
Rat Macedo5et al. KJTYvF

Rat5A5douleur Nekhendzy5et al. KJTTpF

Rat5A5épilepsie Dhamne5et al. KJTYSF

Rat5A5stress Spezia5Adachi5et al. KJTYSF

Rate5A5ovariectomie da5Silva5Moreira5et al. KJTYSF

Modèle Chirurgie
État5sous5

stimulation
Auteurs

Rat

oui
Anesthésié5

ou5Veille
Souris

Rat5A5épilepsie

Rat5A5migraine

Rat

non Anesthésié

Rat5A5AVC

non Veille

❚❛❜❧❡ ✸✳✶ ✕ ▲❡s ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ❝❤❡③ ❧❡
r♦♥❣❡✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❡♠♣❧♦✐ ❞❡ ❝❤✐r✉r❣✐❡s ♦✉ ❞✬❛♥❡st❤és✐❡s✳



✼✹



✹ ■♥térêt ❞✬✉♥ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ ✿
♦❜❥❡❝t✐❢s ❡t ♣rés❡♥t❛t✐♦♥ ❞❡s
tr❛✈❛✉①

❆✐♥s✐ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ é❧❡❝tr✐q✉❡✱ q✉✐ s✉s❝✐t❡ ✉♥
r❡❣❛✐♥ ❞✬✐♥térêt ❞❡♣✉✐s ❧❛ ✜♥ ❞❡s ❛♥♥é❡s ✾✵✱ ❛ à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ❞é♠♦♥tré
s♦♥ ❡✣❝❛❝✐té ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ tr❛✐t❡♠❡♥t ❞❡ ❞✐✈❡rs❡s ♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❧♦✲
❣✐q✉❡s ❡t ♣s②❝❤✐❛tr✐q✉❡s✳ ❙♦♥ ✐♥térêt ❡st ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t q✉✬✐❧ s✬❛❣✐t
❞✬✉♥❡ t❡❝❤♥✐q✉❡ ♣❡✉ ❝♦ût❡✉s❡✱ très s✐♠♣❧❡ à ♠❡ttr❡ ❡♥ ♣❧❛❝❡✱ ❡t q✉✐ ♦✛r❡ ❞❡
♥♦♠❜r❡✉s❡s ♣♦ss✐❜✐❧✐tés ✭st✐♠✉❧❛t✐♦♥ ❢♦❝❛❧✐sé❡ ✿ ❍❉✲t❉❈❙ ♦✉ ♥♦♥✱ ❝♦✉r❛♥t ❛❧✲
t❡r♥❛t✐❢✱ ♣✉❧sé✱ ❛❧é❛t♦✐r❡✳✳✳✮ q✉✐ ♣❡✉✈❡♥t êtr❡ ♦♣♣♦sé❡s à ✉♥ tr❛✐t❡♠❡♥t ♣❧❛❝❡❜♦
♣♦✉r ❞❡s ét✉❞❡s ✜❛❜❧❡s ❡♥ ❞♦✉❜❧❡✲❛✈❡✉❣❧❡✳ ❊❧❧❡ ❡st ❞❡ ♣❧✉s ❞é❝r✐t❡ ❝♦♠♠❡ ♥♦♥
✐♥✈❛s✐✈❡ ❡t ❡st ❜✐❡♥ t♦❧éré❡ ✭❑❡ss❧❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳

❈❡♣❡♥❞❛♥t✱ s♦♥ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ r❡st❡ ♠é❝♦♥♥✉✱ ❡t ❧❛ ♠❛♥✐èr❡ ❞♦♥t
❧❡s ❞✐✛ér❡♥ts ❛❝t❡✉rs ❝❡❧❧✉❧❛✐r❡s ❡t ♠♦❧é❝✉❧❛✐r❡s s♦♥t ❛✛❡❝tés ♣❛r ❧❛ t❉❈❙ ❡t
♠♦❞✐✜❡♥t à ❧❡✉r t♦✉r ❧❡s ❢♦♥❝t✐♦♥s ❝éré❜r❛❧❡s r❡st❡ à ❞ét❡r♠✐♥❡r✳

P❧✉s✐❡✉rs ♠♦❞è❧❡s ❛♥✐♠❛✉① ♦♥t été ❞é✈❡❧♦♣♣és✱ é✈❛❧✉❛♥t ✉♥ ♣❛r❛♠ètr❡
❝♦♠♣♦rt❡♠❡♥t❛❧✱ ♥❡✉r♦❜✐♦❧♦❣✐q✉❡✱ ♦✉ é❧❡❝tr♦♣❤②s✐♦❧♦❣✐q✉❡✱ ❝❡❝✐ ♣❛r❢♦✐s ❞❛♥s
❧❡ ❝❛❞r❡ ❞❡ ♣❛t❤♦❧♦❣✐❡s s♣é❝✐✜q✉❡s✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ♠❛ t❤ès❡ ét❛✐t ❞❡ ♠❡ttr❡ ❡♥
♣❧❛❝❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s ❡♥ ❛❞❛♣t❛♥t ❧❡s ♣r♦❝é❞✉r❡s ❞é❥à ❡①✐st❛♥t❡s ♣♦✉r ✿

✶✳ ❡✛❡❝t✉❡r ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❣é♥ér❛❧❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✛❡❝tés ♣❛r
✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ré♣été❡ ✭❝❡♥sé ❛✉❣♠❡♥t❡r✴♣r♦❧♦♥❣❡r ❧❡s
❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧✬❍♦♠♠❡✮

✷✳ ❛♣♣r♦❢♦♥❞✐r ❧❡s r❡❝❤❡r❝❤❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬❛❞❞✐❝t✐♦♥✱ ♦ù ❡♥❝♦r❡
très ♣❡✉ ❞✬ét✉❞❡s s✉r ❧❛ t❉❈❙ s♦♥t ré❛❧✐sé❡s ✭s✉rt♦✉t ❝❤❡③ ❧✬❛♥✐♠❛❧✮

✸✳ é♠❡ttr❡ ❡t ❝♦♠♠❡♥❝❡r à t❡st❡r ❞❡s ❤②♣♦t❤ès❡s ♣♦✉✈❛♥t ❡①♣❧✐q✉❡r ❧❡s
♠é❝❛♥✐s♠❡s s♦✉s✲t❡♥❞❛♥t ❧❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ❞❡ ❧❛ t❉❈❙✳

✼✺
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P❧❛♥ ❞❡s tr❛✈❛✉① ré❛❧✐sés

❆♣rès ❝❡tt❡ ✐♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡✱ ❥❡ ♣rés❡♥t❡r❛✐ ✉♥ ❝❤❛♣✐tr❡ s✉r ❧✬❛♣✲
♣r♦❝❤❡ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❡♠♣❧♦②é❡ ❛✉ ❝♦✉rs ❞❡ ♠❡s ❞✐✛ér❡♥t❡s ét✉❞❡s ✭♣r♦t♦✲
❝♦❧❡ ❧✐é à ❧❛ t❉❈❙✱ t❡sts ❝♦♠♣♦rt❡♠❡♥t❛✉①✱ t❡sts ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❡t st❛t✐s✲
t✐q✉❡s✮✳

❊♥s✉✐t❡✱ ❥❡ ❞é❝❧✐♥❡r❛✐ ♠❡s tr❛✈❛✉① ❡♥ tr♦✐s ♣❛rt✐❡s q✉✐ ♣♦rt❡r♦♥t s✉r ❝❤❛q✉❡
❣r❛♥❞ ❞♦♠❛✐♥❡ ❞✬ét✉❞❡s ré❛❧✐sé❡s ❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡ ✭✜❣✉r❡ ✹✳✶✮ ✿

✖ ➱t✉❞❡ ✶ ✿ ▼✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥ ♠♦❞è❧❡ ♠✉r✐♥ ❞❡ t❉❈❙✳ ▲❡ ❝❤♦✐① ❞❡ ♥♦tr❡
♠♦❞è❧❡ ♠✉r✐♥ ❡t ❞✉ ♣r♦t♦❝♦❧❡ q✉✐ ❛ été ❛♣♣❧✐q✉é ♣♦✉r ❝❤❛❝✉♥❡ ❞❡ ♠❡s
ét✉❞❡s ② s❡r❛ ❞ét❛✐❧❧é✳ ◆♦tr❡ ♣r❡♠✐❡r ❛rt✐❝❧❡ ✭❡♥ ❛♥♥❡①❡ ❇✮ ♣♦rt❛♥t s✉r
❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✹✮ ② s❡r❛
♣rés❡♥té✳

✖ ➱t✉❞❡ ✷ ✿ ➱t✉❞❡s s✉r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ▲❡s rés✉❧t❛ts ❞❡ ♥♦s
ét✉❞❡s s✉❣❣èr❡♥t q✉❡ ❧✬✉♥ ❞❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ ❞❡ ❧❛ t❉❈❙ s✉r ❧❛
❝♦❣♥✐t✐♦♥ ❡t ❧❛ ❞é♣r❡ss✐♦♥ ♣♦✉rr❛✐t ✐♠♣❧✐q✉❡r ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ♥❡✉✲
r♦❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ré❛❧✐sé ❞❡ ♣r❡♠✐èr❡s ét✉❞❡s
✈✐s❛♥t à é✈❛❧✉❡r ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❛♥s ♥♦tr❡ ♠♦✲
❞è❧❡✳

✖ ➱t✉❞❡ ✸ ✿ ➱t✉❞❡s ❝♦♠♣♦rt❡♠❡♥t❛❧❡s ❡t ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❧✐é❡s à ❧✬❡①♣♦✲
s✐t✐♦♥ à ❞✐✛ér❡♥t❡s ❞r♦❣✉❡s✳ ❏✬❛✐ ét✉❞✐é ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧✬❛ttr❛✐t
♣♦✉r tr♦✐s ❞r♦❣✉❡s ✿ ♥✐❝♦t✐♥❡✱ ❛❧❝♦♦❧ ❡t ❝♦❝❛ï♥❡✳ ❈✬❡st ♣♦✉r ❧✬ét✉❞❡
❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❞r♦❣✉❡ q✉❡ ♥♦✉s ❛✈♦♥s ♣✉❜❧✐é ❧✬❛rt✐❝❧❡ ♣rés❡♥té ❡♥
❛♥♥❡①❡ ❈ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✻✮✳

❏❡ ❝♦♥❝❧✉r❛✐ ❝❡ r❛♣♣♦rt ♣❛r ✉♥❡ ❞✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡ s✉r ❧❡s ♣❡rs♣❡❝t✐✈❡s
♦✉✈❡rt❡s ♣❛r ❝❡s tr❛✈❛✉①✳

Criblage des effets 

comportementaux

Mise en place du 
modèle murin

Dépression/Cognition

Addiction

La tDCS module-t-elle la 

neurogenèse ?

La tDCS module-t-elle la

vulnérabilité aux drogues ?

2

3

1

❋✐❣✉r❡ ✹✳✶ ✕ ❙❝❤é♠❛ ré❝❛♣✐t✉❧❛t✐❢ ❞✉ ♣❧❛♥ s✉✐✈✐ ❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✳



❉❡✉①✐è♠❡ ♣❛rt✐❡

▼❛tér✐❡❧ ❡t ♠ét❤♦❞❡s

✼✼





✺ ▲❡ ♠♦❞è❧❡ ❛♥✐♠❛❧

✺✳✶ ❙✉❥❡ts

▲❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s q✉❡ ❥❡ ♣rés❡♥t❡r❛✐ ♦♥t été ré❛❧✐sé❡s s✉r ❞❡s s♦✉r✐s
❢❡♠❡❧❧❡s ❞❡ s♦✉❝❤❡ ❙✇✐ss✱ ré♣❛rt✐❡s ❡♥ ❛✉ ♠♦✐♥s ❞❡✉① ❣r♦✉♣❡s ✿

✖ ●r♦✉♣❡ ❙❤❛♠ ✿ ❝❤✐r✉r❣✐❡ ❛✈❡❝ ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬❡♠❜❛s❡ ❞❡ ❧✬é❧❡❝tr♦❞❡✱
♣❛s ❞❡ st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡✳

✖ ●r♦✉♣❡ t❉❈❙ ✿ ❝❤✐r✉r❣✐❡ ❛✈❡❝ ✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❧✬❡♠❜❛s❡ ❞❡ ❧✬é❧❡❝tr♦❞❡✱
t❉❈❙ ❛♥♦❞✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❧♦❜❡ ❢r♦♥t❛❧ ❣❛✉❝❤❡✳

❈♦♥❞✐t✐♦♥s ❞✬é❧❡✈❛❣❡

▲❡s s♦✉r✐s ♦♥t été é❧❡✈é❡s ❡♥ ❝♦♥❞✐t✐♦♥s st❛♥❞❛r❞ à ❧✬❛♥✐♠❛❧❡r✐❡ ✭❝②❝❧❡
❥♦✉r✴♥✉✐t ❞❡ ✶✷✴✶✷ ❤✱ ❧✉♠✐èr❡s ❛❧❧✉♠é❡s à ✼ ❤ ❀ t❡♠♣ér❛t✉r❡ ❡t ❤✉♠✐❞✐té
❝♦♥trô❧é❡s✮ ❛✈❡❝ ❡❛✉ ❡t ♥♦✉rr✐t✉r❡ ❞✐s♣♦♥✐❜❧❡s ❛❞ ❧✐❜✐t✉♠✳

▲❡s s♦✉r✐s ❜é♥é✜❝✐❛✐❡♥t ❞✬✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t s♦❝✐❛❧ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù
❡❧❧❡s ét❛✐❡♥t ♣❧❛❝é❡s ❡♥ ❝❛❣❡s ❝♦❧❧❡❝t✐✈❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ✭♥❂✺
à ✶✵✴❝❛❣❡✮✱ ❡①❝❡♣té ❧♦rs ❞❡s ♣ér✐♦❞❡s ❞❡ ❝❤✐r✉r❣✐❡ ❡t ❞❡ st✐♠✉❧❛t✐♦♥s ✭♣❧❛✲
❝❡♠❡♥t ❡♥ ❝❛❣❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❛✜♥ ❞✬é✈✐t❡r ❧❡ ❞ét❛❝❤❡♠❡♥t ❞❡ ❧✬❡♠❜❛s❡✮✳ ▲❡
♠✐❧✐❡✉ ♣❤②s✐q✉❡ ❡♥ r❡✈❛♥❝❤❡ ♥✬ét❛✐t ♣❛s ❡♥r✐❝❤✐ ✭❛✉ ♠♦②❡♥ ❞❡ ❥♦✉❡ts ♦✉ ♠❛✲
tér✐❛✉①✮ ❛✜♥ ❞❡ ❧✐♠✐t❡r t♦✉t ❡✛❡t s✉r ❧❡s ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉① ❡t
♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ✭❞é♣r❡ss✐♦♥✱ ♠é♠♦✐r❡✱ ♥❡✉r♦❣❡♥ès❡✳✳✳✮✳ ❊♥ ❡✛❡t✱ s✬✐❧ ❡st ❞❡
♣❧✉s ❡♥ ♣❧✉s ❞é♠♦♥tré q✉❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ✐♥✢✉❡♥❝❡ ❧❡s ♠❡s✉r❡s
❝♦♠♣♦rt❡♠❡♥t❛❧❡s ❡t ❜✐♦❧♦❣✐q✉❡s✱ ✉♥❡ st❛♥❞❛r❞✐s❛t✐♦♥ ❞❡s ♠ét❤♦❞❡s r❡st❡ à
❞ét❡r♠✐♥❡r ❝❛r ❞✐✛ér❡♥ts ♣r♦❝é❞és ♣❡✉✈❡♥t ❡♥tr❛î♥❡r ❞❡s ✐♠♣❛❝ts ✈❛r✐és ✭❚♦t❤✱
✷✵✶✺✮ ❀ ❞❡ ♣❧✉s✱ ✐❧ s❡♠❜❧❡r❛✐t q✉❡ ❧✬❡✛❡t ❞❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥
❞✉ s❡①❡ ❞✉ r♦♥❣❡✉r ✭▲✐♥ ❡t ❛❧✳✱ ✷✵✶✶ ❀ ●✐r❜♦✈❛♥ ❡t P❧❛♠♦♥❞♦♥✱ ✷✵✶✸✮✳

❚♦✉t❡s ❧❡s ét✉❞❡s s✉✐✈❡♥t ❧❡s ♥♦r♠❡s ❡✉r♦♣é❡♥♥❡s ♣♦✉r ❧❡ s♦✐♥ ❡t ❧✬✉t✐❧✐✲
s❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ❞❡ ❧❛❜♦r❛t♦✐r❡✳ ❊❧❧❡s ♦♥t été ❛♣♣r♦✉✈é❡s ♣❛r ❧❡ ❝♦♠✐té
❞✬ét❤✐q✉❡ ❜✐s♦♥t✐♥ ❡♥ ❡①♣ér✐♠❡♥t❛t✐♦♥ ❛♥✐♠❛❧❡ ✭❈❊❇❊❆✲✺✽✮✳

✼✾



✽✵ ❈❍❆P■❚❘❊ ✺✳ ▲❊ ▼❖❉➮▲❊ ❆◆■▼❆▲

➶❣❡ ❞❡s s♦✉r✐s

■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♣♦rt❡r ❛tt❡♥t✐♦♥ à ❧✬â❣❡ ❞❡s s♦✉r✐s ✭❡t ❛✉① ♣ér✐♦❞❡s
❞❡ ❧❛ ✈✐❡ ❝♦rr❡s♣♦♥❞❛♥t❡s ❝❤❡③ ❧✬❍♦♠♠❡✮ ❧♦rs ❞❡s ét✉❞❡s✳ ❈✬❡st ♣❛rt✐❝✉❧✐è✲
r❡♠❡♥t ✈r❛✐ ❧♦rsq✉❡ ❧✬♦♥ s✬✐♥tér❡ss❡ ❛✉① st✐♠✉❧❛t✐♦♥s ❝éré❜r❛❧❡s✱ ❧❡ ❝❡r✈❡❛✉
♣♦✉rs✉✐✈❛♥t s❛ ♠❛t✉r❛t✐♦♥ ❛♣rès ❧❛ ♥❛✐ss❛♥❝❡ ❥✉sq✉✬à ❧✬â❣❡ ❛❞✉❧t❡✳

❊♥ ♥♦✉s ❜❛s❛♥t s✉r ❞❡s r❡✈✉❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡✱ ♥♦✉s ♣♦✉✈♦♥s ❞é✜♥✐r
❞✐✛ér❡♥t❡s ét❛♣❡s ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❝❤❡③ ❧❡ r♦♥❣❡✉r ✭❧❡s r❛ts ❡t ❧❡s s♦✉r✐s
s✉✐✈❛♥t ✉♥ ♣r♦✜❧ s✐♠✐❧❛✐r❡✮ ✭▼❝❈✉t❝❤❡♦♥ ❡t ▼❛r✐♥❡❧❧✐✱ ✷✵✵✾ ❀ ❙♣❡❛r✱ ✷✵✵✵✮ ✿

✖ ❙é♣❛r❛t✐♦♥ ❞❡ ❧❛ ♠èr❡ ✿ ✷✶ ❥♦✉rs ❛♣rès ❧❛ ♥❛✐ss❛♥❝❡
✖ ▼❛t✉r✐té s❡①✉❡❧❧❡ ✭❞é❜✉t ❛❞♦❧❡s❝❡♥❝❡✮ ✿ ❡♥✈✐r♦♥ ✸✷ ❥♦✉rs ♣♦✉r ❧❡s ❢❡✲

♠❡❧❧❡s✱ ✹✺ ❥♦✉rs ♣♦✉r ❧❡s ♠â❧❡s
✖ ❚r❛♥s✐t✐♦♥ ✈❡rs ❧✬â❣❡ ❛❞✉❧t❡ ✿ ❡♥✈✐r♦♥ ✻✵ ❥♦✉rs ✭s❡①❡s ❝♦♥❢♦♥❞✉s✮

❈❡s ❞♦♥♥é❡s ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ❞ét❡r♠✐♥❡r ❧✬â❣❡ ❛✉q✉❡❧ ♥♦✉s s♦✉❤❛✐t✐♦♥s
♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❞❡s tr❛✐t❡♠❡♥ts s♣é❝✐✜q✉❡s ✭t❡❧s q✉✬✉♥ tr❛✐t❡♠❡♥t à ❧✬❛❞♦❧❡s✲
❝❡♥❝❡✮✳ ◆♦t♦♥s q✉❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡ ♥♦s ét✉❞❡s✱ ❧❡s ❛♥✐♠❛✉① ét❛✐❡♥t st✐♠✉❧és
♣❛r t❉❈❙ à ❧✬â❣❡ ❞❡ ✽ s❡♠❛✐♥❡s✳ P♦✉r ❞❡s s♦✉r✐s ❢❡♠❡❧❧❡s✱ ❝❡❝✐ ❝♦rr❡s♣♦♥❞ ❛✉
❞é❜✉t ❞❡ ❧✬â❣❡ ❛❞✉❧t❡✳

✺✳✷ ▲❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s

✺✳✷✳✶ ❈❤✐r✉r❣✐❡

❈♦♥❝❡r♥❛♥t ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ t❉❈❙✱ ✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡
❧✬❍♦♠♠❡ ❡t ❧❛ s♦✉r✐s ❡st ❧❛ ♥é❝❡ss✐té ❞❡ ✜①❡r ✉♥ s✉♣♣♦rt s✉r ❧❡ ❝râ♥❡ ❞❡ ❧✬❛♥✐✲
♠❛❧✳ ❈❡ s✉♣♣♦rt✱ ❛♣♣❡❧é ❡♠❜❛s❡✱ ♣❡r♠❡t ❞❡ ♣❧❛❝❡r ✉♥❡ é❧❡❝tr♦❞❡ ❛✉✲❞❡ss✉s
❞✬✉♥❡ ③♦♥❡ ❝✐❜❧❡ ❞✉ ❝❡r✈❡❛✉ ❡t ❞✬é✈✐t❡r s♦♥ ❞é♣❧❛❝❡♠❡♥t ✭❞û ❛✉① ♠♦✉✈❡♠❡♥ts
❞❡ ♣❡❛✉✮ ♣❡♥❞❛♥t ♦✉ ❡♥tr❡ ❞❡✉① st✐♠✉❧❛t✐♦♥s✳

▲✬❡♠❜❛s❡ ❝♦♥ç✉❡ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬❡♥tr❡♣r✐s❡ ❞❡ ❜✐♦t❡❝❤♥♦❧♦❣✐❡ ❉■❳■
▼✐❝r♦t❡❝❤♥✐q✉❡s ✭❇❡s❛♥ç♦♥✱ ❋r❛♥❝❡✮ ❡st ✜①é❡ ❧♦rs ❞✬✉♥❡ ❝❤✐r✉r❣✐❡ ré❛❧✐sé❡ s♦✉s
❛♥❡st❤és✐❡ ❣é♥ér❛❧❡ ✭s♦❧✉t✐♦♥ ❞❡ ❑ét❛♠✐♥❡ ✽✵ ♠❣✴❦❣ ❡t ❳②❧❛③✐♥❡ ✶✷ ♠❣✴❦❣✱
✈♦✐❡ ✐♥tr❛✲♣ér✐t♦♥é❛❧❡✮✳ ▲❛ s♦✉r✐s ❡st ♣❧❛❝é❡ ❞❛♥s ✉♥ ❝❛❞r❡ stéré♦t❛①✐q✉❡ ❡t
✉♥❡ ✐♥❝✐s✐♦♥ s❛❣✐tt❛❧❡ ❡st ♣r❛t✐q✉é❡ s✉r ❧❛ ❧♦♥❣✉❡✉r ❞❡ s♦♥ ❝râ♥❡ ❡♥ ♣❛rt❛♥t ❞❡
❧❛ ré❣✐♦♥ s✉♣r❛✲♦r❜✐t❛✐r❡✳ ▲✬❡♠❜❛s❡ ❡st ♣❧❛❝é❡ s✉r ❧❛ ré❣✐♦♥ ❢r♦♥t❛❧❡ ❣❛✉❝❤❡
✭❝❡♥tr❡ ✰✶ ♠♠ ❡♥ ❛✈❛♥t ❞✉ ❇r❡❣♠❛✱ ✰✶ ♠♠ s✉r ❧❛ ❣❛✉❝❤❡ ❀ ✜❣✉r❡ ✺✳✶ ❆
❡t ❇✮ ❡t ✜①é❡ ♣❛r ❧✬❛❞❥♦♥❝t✐♦♥ ❞❡ ❝✐♠❡♥t ❞❡♥t❛✐r❡ ✭●❧❛ss ✐♦♥♦♠❡r✱ ●❈ ❋✉❥✐
■✱ ❏❛♣♦♥✮✳ ❯♥❡ ❝rè♠❡ ❛♥t✐❜✐♦t✐q✉❡ ✭❆✉ré♦♠②❝✐♥❡ ✸ ✪✮ ❡t ✉♥❡ ❝rè♠❡ ❛♥t✐✲
❞é♠❛♥❣❡❛✐s♦♥s ✭P❖✶✷✮ s♦♥t ❛♣♣❧✐q✉é❡s s✉r ❧✬✐♥❝✐s✐♦♥✳ ❉✉ ♣❛r❛❝ét❛♠♦❧ ❡st
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❛❞♠✐♥✐stré ♣❛r ✈♦✐❡ ♦r❛❧❡ ❛✉① s♦✉r✐s ❛✉ ❝♦✉rs ❞❡s ✷✹ ❤ s✉✐✈❛♥t ❧✬♦♣ér❛t✐♦♥
✭✶✵ ♠❣ ❞✐❧✉és ❞❛♥s ✶✵✵ ♠❧ ❞✬❡❛✉ ❞❡ ❜♦✐ss♦♥✮✳

❆✜♥ ❞✬é✈✐t❡r ❧❛ ❞é❣r❛❞❛t✐♦♥ ♦✉ ❧❡ ❞é❝r♦❝❤❛❣❡ ❞❡s ❡♠❜❛s❡s✱ ❧❡s s♦✉r✐s s♦♥t
♣❧❛❝é❡s ❡♥ ❝❛❣❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞ès ❧❛ ✜♥ ❞❡s ♦♣ér❛t✐♦♥s✳ ❯♥❡ s❡♠❛✐♥❡ ❞❡ r❡♣♦s
❡st r❡s♣❡❝té❡ ❡♥tr❡ ❧❛ ❝❤✐r✉r❣✐❡ ❡t ❧❡ ❞é❜✉t ❞❡s st✐♠✉❧❛t✐♦♥s✳

A B

2.1 mm

crâne

Embase

Electrode de stimulation

C

Electrode de référence

3.5 cm

2
.7

 c
m

NaCl

❋✐❣✉r❡ ✺✳✶ ✕ ❙❝❤é♠❛ ❞✉ ♠❛tér✐❡❧ ❞❡ st✐♠✉❧❛t✐♦♥✳ ❆✴ P♦s✐t✐♦♥ ❞❡ ❧✬❡♠❜❛s❡ s✉r
❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ✭✰✶ ♠♠ ❡♥ ❛✈❛♥t ❞✉ ❇r❡❣♠❛✱ ✰✶ ♠♠ s✉r ❧❛ ❣❛✉❝❤❡ ❀ ❋r❛♥❦❧✐♥
❡t P❛①✐♥♦s ✭✶✾✾✻✮✮ ❀ ❇✴ é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ❡♥ ❝✉✐✈r❡ ✭r❡❝♦✉✈❡rt❡ ❞✬♦r✮
✈✐ssé❡ ❞❛♥s ❧✬❡♠❜❛s❡ r❡♠♣❧✐❡ ❞❡ ❧✐q✉✐❞❡ ♣❤②s✐♦❧♦❣✐q✉❡ ✭◆❛❈❧✮ ❀ ❈✴ ❝♦♥tr❡✲
é❧❡❝tr♦❞❡✱ ♠❛✐♥t❡♥✉❡ ❝♦♥tr❡ ❧❡ t❤♦r❛① ❞❡ ❧❛ s♦✉r✐s ❞❛♥s ❧❛ ❜♦ît❡ ❞❡ ❝♦♥t❡♥t✐♦♥✳

✺✳✷✳✷ ❙❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥

▲❡s s♦✉r✐s ✭❙❤❛♠ ❡t t❉❈❙✮ s♦♥t ♣❧❛❝é❡s ❞❛♥s ❞❡s s②stè♠❡s ❞❡ ❝♦♥t❡♥t✐♦♥
❢❛❜r✐q✉és ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡ ◆❡✉r♦s❝✐❡♥❝❡s ❞❡ ❇❡s❛♥ç♦♥✳ ❈❡s ❜♦ît❡s ♣❡r♠❡tt❡♥t
❞❡ ♠❛✐♥t❡♥✐r ❧❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ✭s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ✿ ✾✳✺ ❝♠2✱ ✜❣✉r❡s ✺✳✶ ❈ ❡t
✺✳✷✮ r❡❝♦✉✈❡rt❡ ❞❡ ❣❡❧ ❝♦♥❞✉❝t❡✉r ✭❘❡❡❣❛P❤❛ ✻✶✵✶✱ ❋r❛♥❝❡✮ s✉r ❧❡✉r t❤♦r❛①✳
▲✬❡♠❜❛s❡ ❡st r❡♠♣❧✐❡ ❞❡ ◆❛❈❧ ✵✳✾ ✪✱ ❡t ✉♥❡ é❧❡❝tr♦❞❡ ✭s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ❛✈❡❝
❧❡ ❝râ♥❡ ✿ ✸✳✺ ♠♠2 ❀ ❞é✈❡❧♦♣♣é❡ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❉■❳■ ▼✐❝r♦t❡❝❤♥✐q✉❡s✱
❇❡s❛♥ç♦♥✱ ❋r❛♥❝❡✮ ② ❡st ✈✐ssé❡✳ ❉❡✉① sé❛♥❝❡s ❞❡ ✷✵ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥
❛♥♦❞✐q✉❡ s♦♥t ré❛❧✐sé❡s ♣❛r ❥♦✉r ✭t❡♠♣s ♠♦②❡♥ ❡♥tr❡ ❞❡✉① st✐♠✉❧❛t✐♦♥s ✿
✻ ❤❡✉r❡s✮✱ ❝❡❝✐ ♣❡♥❞❛♥t ❝✐♥q ❥♦✉rs ❝♦♥sé❝✉t✐❢s✳ ❆✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡ ♥♦✉s
❛✈♦♥s ✉t✐❧✐sé ✉♥ ❣é♥ér❛t❡✉r ❞❡ ❝♦✉r❛♥t ❉❈✲❙❚■▼❯▲❆❚❖❘ P▲❯❙ ✭◆❡✉r♦✲
❝♦♥♥✱ ❆❧❧❡♠❛❣♥❡ ❀ é❣❛❧❡♠❡♥t ✉t✐❧✐sé ❡♥ ❝❧✐♥✐q✉❡✮ ♣✉✐s ✉♥ ❣é♥ér❛t❡✉r ❢❛❜r✐q✉é
❞❛♥s ♥♦tr❡ ❧❛❜♦r❛t♦✐r❡ ✭❖♣❡♥✲t❊❙✱ ❇❡s❛♥ç♦♥✱ ❋r❛♥❝❡ ❀ ❛♥♥❡①❡ ❉✮ s♣é❝✐❛❧✐sé
♣♦✉r ❧❛ st✐♠✉❧❛t✐♦♥ ❞✉ r♦♥❣❡✉r✳ ▲✬✐♥t❡♥s✐té ❞❡ st✐♠✉❧❛t✐♦♥ ❡st ❞❡ ✵✳✷ ♠❆ ❛✈❡❝
♠♦♥té❡ ❡t ❞❡s❝❡♥t❡ ♣r♦❣r❡ss✐✈❡s ✭❢❛❞❡✲✐♥ ❡t ❢❛❞❡✲♦✉t ❞❡ ✶✵ s❡❝♦♥❞❡s ❝❤❛❝✉♥ ❀
❈❛♠❜✐❛❣❤✐ ❡t ❛❧✳ ✭✷✵✶✵✱ ✷✵✶✶✮✮✳

➚ ❧❛ ✜♥ ❞❡ ❧❛ s❡♠❛✐♥❡ ❞❡ st✐♠✉❧❛t✐♦♥s✱ ❧❡s s♦✉r✐s s♦♥t r❡♣❧❛❝é❡s ❡♥ ❝❛❣❡s
❝♦❧❧❡❝t✐✈❡s✱ ❙❤❛♠ ❡t t❉❈❙ ♠é❧❛♥❣é❡s✳
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Electrode de référence

Electrode de stimulation

Boîte de contention

Générateur de courant

❋✐❣✉r❡ ✺✳✷ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥❡ s❡ss✐♦♥ ❞❡ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s✳ ▲❛ ❜♦ît❡
❞❡ ❝♦♥t❡♥t✐♦♥✱ ❡♥ té✢♦♥✱ ♣♦ssè❞❡ ✉♥ ❡♠♣❧❛❝❡♠❡♥t ♣♦✉r ❧✬é❧❡❝tr♦❞❡ ❞❡ ré❢é✲
r❡♥❝❡✳ ▲❛ s♦✉r✐s ② ❡st ♠❛✐♥t❡♥✉❡ ♣❛r ✉♥ ❝♦✉✈❡r❝❧❡ r❡❝♦✉✈❡rt ❞❡ ♠♦✉ss❡✱ s❛
têt❡ r❡st❛♥t ❧✐❜r❡ ❞❡ ♠♦✉✈❡♠❡♥t✳ ▲❛ ✜①❛t✐♦♥ ❝❤✐r✉r❣✐❝❛❧❡ ❞❡ ❧✬❡♠❜❛s❡ ❛ss✉r❡
❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡✳



✻ ❚❡sts ❝♦♠♣♦rt❡♠❡♥t❛✉①

❊♥ ❢♦♥❝t✐♦♥ ❞❡ ♥♦s ét✉❞❡s✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❞❡s t❡sts ❞❡ ❝♦♠♣♦rt❡♠❡♥t
s♦✐t à ❝♦✉rt ✭❞❛♥s ❧❛ s❡♠❛✐♥❡ s✉✐✈❛♥t ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✮✱ s♦✐t à ♣❧✉s ❧♦♥❣
t❡r♠❡ ✭à ♣❛rt✐r ❞❡ ✸ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✮✳

✻✳✶ ❆❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡

✻✳✶✳✶ ❊♥ ♠✐❧✐❡✉ ❢❛♠✐❧✐❡r

❈❡ t❡st ❡st ré❛❧✐sé ❞❛♥s ✉♥❡ ❝❛❣❡ ❞✬❛❝t✐♠étr✐❡ ✭✶✼ ❝♠ ❞❡ ❧❛r❣❡✉r ① ✷✶ ❝♠
❞❡ ❧♦♥❣✉❡✉r ① ✶✹ ❝♠ ❞❡ ❤❛✉t❡✉r✮ s✐♠✐❧❛✐r❡ à ❧❛ ❝❛❣❡ ❞❡ st❛❜✉❧❛t✐♦♥ ❞❡s s♦✉r✐s
✭❧✐t✐èr❡ ❤❛❜✐t✉❡❧❧❡✱ ❛✈❡❝ ❛❝❝ès à ❧✬❡❛✉ ❡t ❛✉① ❣r❛♥✉❧és✮✳ ❈❡tt❡ ❝❛❣❡ ❡st ♣❧❛❝é❡
s✉r ✉♥ ❝❛♣t❡✉r ❞❡ ♣r❡ss✐♦♥ ✭♠❡s✉r❡ ❞❡ ❧✬❛❝t✐✈✐té ❛✉ s♦❧ ✿ ✐♠♠♦❜✐❧✐té✱ ❞é♣❧❛✲
❝❡♠❡♥ts✳✳✳✮ ❡t ❡♥tr❡ ❞❡s ❜❛rr❡s ✐♥❢r❛✲r♦✉❣❡s ✭♠❡s✉r❡ ❞❡ ❧✬❛❝t✐✈✐té ✈❡rt✐❝❛❧❡ ✿
r❡❞r❡ss❡♠❡♥t✱ ❡s❝❛❧❛❞❡ ❞❡ ❧❛ ❣r✐❧❧❡✳✳✳✮✳ ❈❡ s②stè♠❡ ❡st r❡❧✐é à ✉♥ ♦r❞✐♥❛t❡✉r
✭❧♦❣✐❝✐❡❧ ❞✬❛❝t✐♠étr✐❡✱ ❇✐♦s❡❜✱ ❋r❛♥❝❡✮ q✉✐ ♣❡r♠❡t ❧✬❛❝q✉✐s✐t✐♦♥ ❞❡ ❞✐✛ér❡♥t❡s
❞♦♥♥é❡s✱ ❞♦♥t ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞✬❛❝t✐✈✐té ❞❡ ❧❛ s♦✉r✐s ✿

Activitetotale = activitemobile(exploration) + activiteimmobile(toilettage, etc)

▲✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❞❡s s♦✉r✐s ❞❛♥s ✉♥ ♠✐❧✐❡✉ q✉✐ ❧❡✉r
❡st ❢❛♠✐❧✐❡r ♣❡✉t êtr❡ ré❛❧✐sé❡ ♥♦t❛♠♠❡♥t ♣♦✉r ét✉❞✐❡r ❧❡s é✈❡♥t✉❡❧s ❡✛❡ts
s❡❝♦♥❞❛✐r❡s ❞❡ tr❛✐t❡♠❡♥ts ✭♣♦t❡♥t✐❡❧❧❡♠❡♥t ♥❡✉r♦t♦①✐q✉❡s✮ s✉r ❧❡ s②stè♠❡
♥❡r✈❡✉① ❝❡♥tr❛❧ ✭▲②♥❝❤ ■■■ ❡t ❛❧✳✱ ✷✵✶✶ ❀ ▼♦s❡r✱ ✷✵✶✶✮✳

✽✸
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Capteur de 

pression

Détecteur infra-

rouge

Cage d'élevage

❋✐❣✉r❡ ✻✳✶ ✕ ❉✐s♣♦s✐t✐❢ ❞✬❛❝t✐♠étr✐❡ ✭❇✐♦s❡❜✱ ❋r❛♥❝❡✮✳ ❯♥❡ ❝❛❣❡ s✐♠✐❧❛✐r❡ à
❧❛ ❝❛❣❡ ❞❡s s♦✉r✐s ❡st ♣♦sé❡ s✉r ✉♥ ❝❛♣t❡✉r ❞❡ ♣r❡ss✐♦♥ ❡t ❡♥tr❡ ❞❡✉① ❜❛rr❡s
✐♥❢r❛✲r♦✉❣❡s✳ ▲✬❛❝t✐✈✐té ❞❡ ❧❛ s♦✉r✐s ❡st ♠❡s✉ré❡ ♣❛r ❧❡ ❧♦❣✐❝✐❡❧ ❆❝t✐✈♠❡t❡r
✭❇✐♦s❡❜✱ ❋r❛♥❝❡✮✳

✻✳✶✳✷ ❊♥ ré♣♦♥s❡ à ❧❛ ♥♦✉✈❡❛✉té

▲❡ t❡st ❞❡ ❧✬♦♣❡♥ ✜❡❧❞ ❡st ✉♥ t❡st q✉✐ ♣❡r♠❡t ❞❡ ♠❡s✉r❡r ❧✬❛❝t✐✈✐té ❧♦✲
❝♦♠♦tr✐❝❡ ❣é♥ér❛❧❡ ❞❡s s♦✉r✐s ❞❛♥s ✉♥ ♠✐❧✐❡✉ q✉✐✱ ❛✉ ❝♦♥tr❛✐r❡ ❞❡ ❧❛ ❝❛❣❡
❞✬❛❝t✐♠étr✐❡✱ ♥✬❡st ♣❛s ❢❛♠✐❧✐❡r✳ ▲❡s s♦✉r✐s s♦♥t ♣❧❛❝é❡s ❞❛♥s ✉♥ ❞✐s♣♦s✐t✐❢ ❝✐r✲
❝✉❧❛✐r❡ ✭✹✼ ❝♠ ❞❡ ❞✐❛♠ètr❡✮ ♦✉ ❝❛rré ✭✸✼ ❝♠ ❞❡ ❝ôté✮ ♣❧❛❝é s♦✉s ✉♥❡ ❝❛♠ér❛
r❡❧✐é❡ à ✉♥ ♦r❞✐♥❛t❡✉r✳ ▲❡ ❧♦❣✐❝✐❡❧ ❊t❤♦✈✐s✐♦♥ ✭◆♦❧❞✉s✱ P❛②s✲❇❛s✮ ♣❡r♠❡t ❧❡
❝❛❧❝✉❧ ♦❜❥❡❝t✐✈é ❞❡ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉① ❞♦♥t ❧❛ ❞✐st❛♥❝❡
♣❛r❝♦✉r✉❡ ♣❛r ❧❡s s♦✉r✐s ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ❞✉ t❡st ✭✹✵ ♠✐♥✉t❡s✮✳ ❉✐✛ér❡♥t❡s
③♦♥❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ❞é✜♥✐❡s✱ ❡t ❧❡✉r ❢réq✉❡♥t❛t✐♦♥ ❝❛❧❝✉❧é❡✳

✻✳✷ ❈♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧✬❛♥①✐été

▲✬❛♥①✐été ❝❤❡③ ❧❡s r♦♥❣❡✉rs ❡st ❝❧❛ss✐q✉❡♠❡♥t é✈❛❧✉é❡ ❞❛♥s ❧❡ t❡st ❞✉ ❧❛❜②✲
r✐♥t❤❡ ❡♥ ❝r♦✐① s✉ré❧❡✈é❡ ✭▲✐st❡r✱ ✶✾✽✼ ❀ ❍♦❣❣✱ ✶✾✾✻✮✳ ■❧ s❡ ❜❛s❡ s✉r ❧❡ ❝♦♥✢✐t
❡♥tr❡ ❧❛ ❝✉r✐♦s✐té ♥❛t✉r❡❧❧❡ ❞❡s s♦✉r✐s ✭❧❡s ♣♦✉ss❛♥t à ❧✬❡①♣❧♦r❛t✐♦♥✮ ❡t ❧❡✉r
♣ré❢ér❡♥❝❡ ♣♦✉r ❧❡s ❡♥❞r♦✐ts s♦♠❜r❡s ❡t ❝❧♦s ♣❛r r❛♣♣♦rt ❛✉① ❡♥❞r♦✐ts ❡①♣♦✲
sés✳

▲❡ ❧❛❜②r✐♥t❤❡ ✭✻ ❝♠ ❞❡ ❧❛r❣❡✉r ① ✸✵ ❝♠ ❞❡ ❧♦♥❣✉❡✉r ❀ ❤❛✉t❡✉r ❞❡s ♣❛r♦✐s ✿
✶✹✳✺ ❝♠ ♣❛r ❜r❛s✮ ❡st ❛✐♥s✐ ❝♦♥st✐t✉é ❞❡ ✷ ❜r❛s ♦✉✈❡rts ✭❇❖✱ ❛♥①✐♦❣è♥❡s ❝❛r
❡①♣♦sés ❡t ❛✉✲❞❡ss✉s ❞✉ ✈✐❞❡✮ ❡t ❞❡ ✷ ❜r❛s ❢❡r♠és ✭❇❋✱ r❛ss✉r❛♥ts✮ r❡❧✐és ♣❛r
✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❝❡♥tr❛❧❡ ❡t s✐t✉és à ✹✺ ❝♠ ❛✉✲❞❡ss✉s ❞✉ s♦❧ ✭✜❣✉r❡ ✻✳✷✮✳ ▲❛
s♦✉r✐s ❡st ♣❧❛❝é❡ ✺ ♠✐♥✉t❡s ❞❛♥s ❝❡ ❞✐s♣♦s✐t✐❢ ✭s♦✉s ✉♥❡ ❧✉♠✐♥♦s✐té ❞❡ ✺✵ ❧✉①✮
❡t s♦♥ ❛❝t✐✈✐té ❡st ❡♥r❡❣✐stré❡ ♣❛r ❧❡ ❧♦❣✐❝✐❡❧ ❊t❤♦✈✐s✐♦♥✳ ❯♥ ♣♦✉r❝❡♥t❛❣❡ ❞❡
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t❡♠♣s ♣❛ssé ❞❛♥s ❧❡s ❜r❛s ♦✉✈❡rts ❡st ❝❛❧❝✉❧é à ❧❛ ✜♥ ❞✉ t❡st ✿

ScoreBO =
TempsBO

(TempsBO + TempsBF )
.100

Bras ouvert

Bras fermé

45 cm

30 cm

6 cm

14.5 cm

❋✐❣✉r❡ ✻✳✷ ✕ ▲❛❜②r✐♥t❤❡ ❡♥ ❝r♦✐① s✉ré❧❡✈é❡ ✭❊P▼✮✳ ❈❡ ❧❛❜②r✐♥t❤❡ ❡st ❝♦♠✲
♣♦sé ❞❡ ❞❡✉① ❜r❛s ❢❡r♠és ❡t ❞❡✉① ❜r❛s ♦✉✈❡rts ❛✉✲❞❡ss✉s ❞✉ ✈✐❞❡ ✭❛♥①✐♦❣è♥❡s✮✳
■♠❛❣❡ t✐ré❡ ❞✉ s✐t❡ ❞❡ ❇✐♦♣r♦❜❡s ▲t❞✳

✻✳✸ ❈♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥

❯♥ ♠♦②❡♥ ❞❡ ♠❡s✉r❡r ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és ❛✉ ❞és❡s♣♦✐r ✭❡t ♣❛r
❡①t❡♥s✐♦♥ à ❧❛ ❞é♣r❡ss✐♦♥✮ ❝❤❡③ ❧❛ s♦✉r✐s ❡st ❞❡ ♣❧❛❝❡r ❝❡tt❡ ❞❡r♥✐èr❡ ❞❛♥s ✉♥❡
s✐t✉❛t✐♦♥ ✐♥❝♦♥❢♦rt❛❜❧❡✳ ▲❛ s♦✉r✐s ❝❤❡r❝❤❡ à s✬❡♥ s♦rt✐r ❡♥ s❡ ❞é❜❛tt❛♥t✱ ♣✉✐s
tr❛✈❡rs❡ ❞❡s ♣❤❛s❡s ❞❡ ✧❞és❡s♣♦✐r✧ ♣❡♥❞❛♥t ❧❡sq✉❡❧❧❡s ❡❧❧❡ r❡st❡ ✐♠♠♦❜✐❧❡✳

❉❡✉① t❡sts s♦♥t ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sés ♣♦✉r ♠❡s✉r❡r ❝❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡
❞és❡s♣♦✐r✱ t♦✉s ❞❡✉① ✜❧♠és✱ ❡♥r❡❣✐strés✱ ❡t ❛♥❛❧②sés ♣❛r ❧✬❡①♣ér✐♠❡♥t❛t❡✉r ❡t
♣❛r ✉♥❡ ♣❡rs♦♥♥❡ ❡①tér✐❡✉r❡ à ❧✬ét✉❞❡ ✭✧❡♥ ❛✈❡✉❣❧❡✧ ✿ ❝❡tt❡ ♣❡rs♦♥♥❡ ♥✬❛ ♣❛s
❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❣r♦✉♣❡s ❞✬❛♣♣❛rt❡♥❛♥❝❡ ❞❡s s♦✉r✐s✮✳

▲❛ ♥❛❣❡ ❢♦r❝é❡

➱❣❛❧❡♠❡♥t ❛♣♣❡❧é t❡st ❞❡ P♦rs♦❧t ✭P♦rs♦❧t ❡t ❛❧✳✱ ✶✾✼✼✮✱ ❝❡ t❡st ❝♦♥s✐st❡
à ♣❧❛❝❡r ✉♥❡ s♦✉r✐s ❞❛♥s ✉♥ ❝②❧✐♥❞r❡ ✭✶✽ ❝♠ ❞❡ ❞✐❛♠ètr❡✮ r❡♠♣❧✐ ❞✬❡❛✉ ✭♣r♦✲
❢♦♥❞❡✉r ✶✼ ❝♠ ❀ t❡♠♣ér❛t✉r❡ ✸✶ ± ✷◦❈ ❀ ✜❣✉r❡ ✻✳✸✮ ♣❡♥❞❛♥t ✻ ♠✐♥✉t❡s✳ ▲❡s
♣❛r❛♠ètr❡s ♠❡s✉rés s♦♥t ❧❡ t❡♠♣s ❞✬❛❝t✐✈✐té ✭♥❛❣❡r ❡t✴♦✉ ❡s❝❛❧❛❞❡r ❞❡s ♣❛✲
r♦✐s ❞❛♥s ❧❡ ❜✉t ❞❡ s✬é❝❤❛♣♣❡r✮ à ♦♣♣♦s❡r ❛✉ t❡♠♣s ❞✬✐♠♠♦❜✐❧✐té ✭s❡ ❧❛✐ss❡r
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✢♦tt❡r ♣❧✉s ❞✬✉♥❡ s❡❝♦♥❞❡✮✱ ❛✐♥s✐ q✉❡ ❧❛ ❧❛t❡♥❝❡ ❛✈❛♥t ❧❛ ♣r❡♠✐èr❡ ✐♠♠♦❜✐❧✐té
❡♥ s❡❝♦♥❞❡s ✭P❡t✐t✲❉❡♠♦✉❧✐❡r❡ ❡t ❛❧✳✱ ✷✵✵✺✮✳

ImmobilitéNage active

Enregistrement 

vidéo 17 cm

❋✐❣✉r❡ ✻✳✸ ✕ ❚❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✳ ▲❛ s♦✉r✐s ❡st ♣❧❛❝é❡ ❞❛♥s ❧✬❡❛✉✱ ❡t
❧✬❡①♣ér✐♠❡♥t❛t❡✉r ♠❡s✉r❡ ❧❛ ❧❛t❡♥❝❡ ❛✈❛♥t ❧❛ ♣r❡♠✐èr❡ ✐♠♠♦❜✐❧✐té ❛✐♥s✐ q✉❡
❧❡ t❡♠♣s t♦t❛❧ ❞✬✐♠♠♦❜✐❧✐té ✭rés✐❣♥❛t✐♦♥ ✿ ❡❧❧❡ ♥❡ ❝❤❡r❝❤❡ ♣❧✉s à s✬é❝❤❛♣♣❡r✮✳

▲❛ s✉s♣❡♥s✐♦♥ ♣❛r ❧❛ q✉❡✉❡

❈❡ t❡st s❡ ❞ér♦✉❧❡ ❞❛♥s ✉♥ ❞✐s♣♦s✐t✐❢ sé♣❛ré ❡♥ tr♦✐s ❝❤❛♠❜r❡s ✭❝❤❛❝✉♥❡
❞❡ ✸✵ ❝♠ ❞❡ ❤❛✉t s✉r ✷✹ ❝♠ ❞❡ ❧❛r❣❡✮ ♠✉♥✐❡s ❞✬✉♥ ❝r♦❝❤❡t✳ ▲❛ s♦✉r✐s ❡st
s✉s♣❡♥❞✉❡ ♣❛r ❧❛ q✉❡✉❡ ❛✉ ❝r♦❝❤❡t✱ têt❡ ✈❡rs ❧❡ ❜❛s ✭à ❡♥✈✐r♦♥ ✶✵ à ✶✺ ❝♠ ❞✉
s♦❧✮ ♣❡♥❞❛♥t ✻ ♠✐♥✉t❡s✳ ■❝✐ ❛✉ss✐ ❧❛ ❧❛t❡♥❝❡ ❡t ❧❡ t❡♠♣s ♣❛ssé ✐♠♠♦❜✐❧❡✱ ♣❛r
♦♣♣♦s✐t✐♦♥ ❛✉ t❡♠♣s ♣❛ssé à s❡ ❞é❜❛ttr❡ ❡t s❡ r❡❞r❡ss❡r✱ s♦♥t ♠❡s✉rés ✭❈r②❛♥
❡t ❛❧✳✱ ✷✵✵✺✮✳

Souris immobile

Souris active

Capteur de pression

3
0
 cm

24 cm

Enregistrement 

vidéo

❋✐❣✉r❡ ✻✳✹ ✕ ❚❡st ❞❡ s✉s♣❡♥s✐♦♥ ♣❛r ❧❛ q✉❡✉❡✳ ▲❛ s♦✉r✐s ❡st ♣❧❛❝é❡ têt❡ ❡♥
❜❛s✱ ❡t ❧✬❡①♣ér✐♠❡♥t❛t❡✉r ♠❡s✉r❡ ❧❛ ❧❛t❡♥❝❡ ❛✈❛♥t ❧❛ ♣r❡♠✐èr❡ ✐♠♠♦❜✐❧✐té ❛✐♥s✐
q✉❡ ❧❡ t❡♠♣s t♦t❛❧ ❞✬✐♠♠♦❜✐❧✐té ✭rés✐❣♥❛t✐♦♥✮✳
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✻✳✹ ▼é♠♦✐r❡

❉✐✛ér❡♥ts t②♣❡s ❞❡ ♠é♠♦✐r❡ ♣❡✉✈❡♥t êtr❡ é✈❛❧✉és ❝❤❡③ ❧❡ r♦♥❣❡✉r✱ s♦✐t ❞❛♥s
❞❡s t❡sts ❞✐✛ér❡♥ts✱ s♦✐t ❞❛♥s ✉♥ ♠ê♠❡ t❡st ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡s ♣❛r❛♠ètr❡s
❡①♣ér✐♠❡♥t❛✉①✳

✻✳✹✳✶ ▲❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡

◆♦✉s ❛✈♦♥s é✈❛❧✉é ❧❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ❞❡s s♦✉r✐s ❛✉ ♠♦②❡♥ ❞✉ t❡st
❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s ✭▼♦rr✐s ✇❛t❡r ♠❛③❡✱ ▼❲▼❀ ▼♦rr✐s ✭✶✾✽✹✮✮✳ ▲❡ ♣r✐♥✲
❝✐♣❡ r❡♣♦s❡ s✉r ❧❡ ❢❛✐t q✉❡ ❧✬❡❛✉ ❝♦♥st✐t✉❡ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❛✈❡rs✐❢ ❞♦♥t ❧❛
s♦✉r✐s ❝❤❡r❝❤❡ à s✬é❝❤❛♣♣❡r ❡♥ r❡❥♦✐❣♥❛♥t ❧❡ ♣❧✉s r❛♣✐❞❡♠❡♥t ♣♦ss✐❜❧❡ ✉♥❡
♣❧❛t❡✲❢♦r♠❡ ✐♠♠❡r❣é❡ ✭✐♥✈✐s✐❜❧❡✮ à ✉♥❡ ♣♦s✐t✐♦♥ ✜①❡✳ ▲❛ s♦✉r✐s ❡st ❧â❝❤é❡
❞❛♥s ✉♥❡ ♦r✐❡♥t❛t✐♦♥ ❛❧é❛t♦✐r❡ ❛✉ ❝❡♥tr❡ ❞✬✉♥❡ ♣✐s❝✐♥❡ ✭❞✐❛♠ètr❡ ✾✵ ❝♠✱ ❡❛✉
❝❤❛✉✛é❡ à ✸✶ ± ✷◦❈✮✳

▲❛ ♣❤❛s❡ ❞✬❡♥tr❛î♥❡♠❡♥t ❞✉r❡ ✸ ❥♦✉rs✳ ❈❤❛q✉❡ ❥♦✉r s♦♥t ré❛❧✐sés ✸ ❜❧♦❝s ❞❡
✹ ❡ss❛✐s ♣❡♥❞❛♥t ❧❡sq✉❡❧s ❧❛ s♦✉r✐s ❛♣♣r❡♥❞ à ❧♦❝❛❧✐s❡r ❧❛ ♣❧❛t❡❢♦r♠❡ ❛✉ ♠♦②❡♥
❞✬✐♥❞✐❝❡s ✈✐s✉❡❧s s✐t✉és s✉r ❧❡s ♣❛r♦✐s ❞❡ ❧❛ ♣✐s❝✐♥❡✳ ❙✐ ❧❛ s♦✉r✐s ♥❡ ♣❛r✈✐❡♥t
♣❛s à tr♦✉✈❡r ❧❛ ♣❧❛t❡❢♦r♠❡ ❛✉ ❜♦✉t ❞❡ ✻✵ s❡❝♦♥❞❡s✱ ❧✬❡①♣ér✐♠❡♥t❛t❡✉r ❧❛
♣❧❛❝❡ ❞❡ss✉s✳ ❱✐♥❣t✲q✉❛tr❡ ❤❡✉r❡s ❛♣rès ❧❛ ❞❡r♥✐èr❡ ❥♦✉r♥é❡ ❞✬❡♥tr❛î♥❡♠❡♥t✱
✉♥ ❡ss❛✐ ✧♣r♦❜❡ tr✐❛❧✧ ❡st ré❛❧✐sé ✿ ❧❛ s♦✉r✐s ❡st ♣❧❛❝é❡ ❞❛♥s ❧❛ ♣✐s❝✐♥❡✱ ❧❛
♣❧❛t❡✲❢♦r♠❡ ❛②❛♥t été r❡t✐ré❡✳ ❙✐ ❧❛ s♦✉r✐s ❛✈❛✐t ❜✐❡♥ ♠é♠♦r✐sé ❧❛ ❧♦❝❛❧✐s❛t✐♦♥
❞❡ ❧❛ ♣❧❛t❡✲❢♦r♠❡✱ ❡❧❧❡ ♣❛ss❡r❛ ♣❧✉s ❞❡ t❡♠♣s ❞❛♥s ❧❡ q✉❛❞r❛♥t ♦ù ❝❡❧❧❡✲❝✐ s❡
s✐t✉❛✐t✳ ◆♦t♦♥s q✉❡ ❧❡ t②♣❡ ❞❡ ♠é♠♦✐r❡ é✈❛❧✉é❡ ❡st ❤✐♣♣♦❝❛♠♣♦✲❞é♣❡♥❞❛♥t✱
✉♥❡ ❧és✐♦♥ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❡♥tr❛î♥❛♥t ✉♥❡ ❜❛✐ss❡ ❞❡ ♣❡r❢♦r♠❛♥❝❡ ❞❛♥s ❝❡
t❡st ✭❱♦r❤❡❡s ❡t ❲✐❧❧✐❛♠s✱ ✷✵✵✻✱ ✷✵✶✹✮✳
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Indice4visuel

Système4
Ethovision

Entraînement4:4la4souris4apprend4à4
repérer4la4plate-forme4P34blocs4de444
essais/jour4pendant434joursg

Probe trial4:4le4temps4passé4dans4le4
quadrant4jplate-formej4Pabsenteg4
est4mesuré4Psur4604secondesg

Plate-forme4
immergée

A B

❋✐❣✉r❡ ✻✳✺ ✕ ❚❡st ❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s✳ ❆✴ ▲❛ s♦✉r✐s ❛♣♣r❡♥❞ à r❡♣ér❡r
✉♥❡ ♣❧❛t❡❢♦r♠❡ ✐♠♠❡r❣é❡ ❛✉ ♠♦②❡♥ ❞✬✐♥❞✐❝❡s ✈✐s✉❡❧s ✭❡♥tr❛î♥❡♠❡♥t✮✱ ♣✉✐s ❇✴
s❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ❡st t❡sté❡ ✭♣r♦❜❡ tr✐❛❧✮✳

✻✳✹✳✷ ▲❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧

▲❛ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ❞❡s s♦✉r✐s ❛ été é✈❛❧✉é❡ ❛✉ ♠♦②❡♥ ❞✉ t❡st ❞❡ r❡✲
❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t✳ ▲❡s s♦✉r✐s ét❛✐❡♥t ❤❛❜✐t✉é❡s ❛✉ ❞✐s♣♦s✐t✐❢ ❞❡ ❧✬♦♣❡♥ ✜❡❧❞
♣❡♥❞❛♥t q✉❛tr❡ ❥♦✉rs ✿ ❡❧❧❡s ét❛✐❡♥t ♣❧❛❝é❡s ❞❛♥s ❧✬♦♣❡♥ ✜❡❧❞ ✈✐❞❡ ♣❡♥❞❛♥t
❞✐① ♠✐♥✉t❡s ❡t ♣♦✉✈❛✐❡♥t ❧✬❡①♣❧♦r❡r ❧✐❜r❡♠❡♥t✳ ▲❡ ❝✐♥q✉✐è♠❡ ❥♦✉r✱ ❧❡ t❡st s❡
❞ér♦✉❧❛✐t ❡♥ tr♦✐s ♣❤❛s❡s ✿

✖ ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✱ ✉♥❡ s♦✉r✐s ét❛✐t ♣❧❛❝é❡ ❞❛♥s ❧✬♦♣❡♥ ✜❡❧❞ ❝♦♥t❡♥❛♥t
❞❡✉① ♦❜❥❡ts ✐❞❡♥t✐q✉❡s ✭♥♦♠♠és ❆✮ ✜①és ♣❛r ❞✉ ✈❡❧❝r♦ ❛✉ s♦❧ ❀

✖ ❡❧❧❡s r❡t♦✉r♥❛✐❡♥t ❡♥s✉✐t❡ ❞❛♥s ❧❡✉r ❝❛❣❡ ♣❡♥❞❛♥t ❞❡✉① ♠✐♥✉t❡s ❀
✖ ✉♥ ❞❡s ❞❡✉① ♦❜❥❡ts ét❛✐t é❝❤❛♥❣é ♣❛r ✉♥ ❛✉tr❡ ✭❞✐✛ér❡♥t✱ ♥♦♠♠é ❇✮✱

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

▲✬❡①♣ér✐♠❡♥t❛t❡✉r ♠❡s✉r❡ ❧❡ t❡♠♣s ♣❛ssé à ❡①♣❧♦r❡r ❧❡s ♦❜❥❡ts ✭♠✉s❡❛✉
à ♠♦✐♥s ❞❡ ✶ ❝♠✮✳ ▲❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬❡①♣❧♦r❛t✐♦♥ ❞✉ ♥♦✉✈❡❧ ♦❜❥❡t ❡st ❛✐♥s✐
❝❛❧❝✉❧é ✿

ExplorationB =
TempsB

(TempsB + TempsA)
.100

▲❡s s♦✉r✐s ♦♥t ♥❛t✉r❡❧❧❡♠❡♥t t❡♥❞❛♥❝❡ à ❡①♣❧♦r❡r ❝❡ q✉✐ ❧❡✉r ❡st ✐♥❝♦♥♥✉
✭❛ttr❛✐t ♣♦✉r ❧❛ ♥♦✉✈❡❛✉té✮✳ ❯♥ s❝♦r❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t s✉♣ér✐❡✉r à ✺✵ ✪
♣❡r♠❡t ❞♦♥❝ ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❛ s♦✉r✐s r❡❝♦♥♥❛ît ❧❡ ♥♦✉✈❡❧ ♦❜❥❡t ♣❛r r❛♣♣♦rt
à ❝❡❧✉✐ q✉✬❡❧❧❡ ❛ ❞é❥à ♦❜s❡r✈é✳
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❉❛♥s ✉♥❡ ét✉❞❡ ♣ré❧✐♠✐♥❛✐r❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❛ss✉rés s✉r ✉♥ ❛✉tr❡
❣r♦✉♣❡ ❞❡ s♦✉r✐s q✉✬❡❧❧❡s ♥✬❡①♣r✐♠❛✐❡♥t ♣❛s ❞❡ ♣ré❢ér❡♥❝❡ ♣♦✉r ✉♥ ❞❡s ❞❡✉①
♦❜❥❡ts q✉❡ ♥♦✉s ♣r♦♣♦s✐♦♥s ✭✉♥ ❥♦✉❡t ♣♦✉r ❝❤❛ts ❡♥ ❢♦r♠❡ ❞❡ s♣❤èr❡ à tr♦✉s
❡t ✉♥❡ ✜❣✉r✐♥❡ ❞❡s ❙✐♠♣s♦♥s ❝©✮✳

❊♥tr❡ ❝❤❛q✉❡ ♣❛ss❛❣❡✱ ❧✬♦♣❡♥ ✜❡❧❞ ❡t ❝❤❛q✉❡ ♦❜❥❡t ét❛✐t ♥❡tt♦②é à ❧✬❡❛✉
♣✉✐s à ❧✬❛❧❝♦♦❧ ❛✜♥ ❞✬é✈✐t❡r t♦✉t❡ tr❛❝❡ ♦❧❢❛❝t✐✈❡✳

➚ ♥♦t❡r q✉✬✐❧ ❛ été ❞é♠♦♥tré q✉❡ ❝❡ t②♣❡ ❞❡ ♠é♠♦✐r❡ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡
❧✬❤✐♣♣♦❝❛♠♣❡ ✭❆✐♥❣❡ ❡t ❛❧✳✱ ✷✵✵✻ ❀ ❇❛r❦❡r ❡t ❲❛r❜✉rt♦♥✱ ✷✵✶✶✮✱ ❝♦♥tr❛✐r❡♠❡♥t
❛✉ t②♣❡ ❞❡ ♠é♠♦✐r❡ é✈❛❧✉é❡ ❞❛♥s ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s✳

Phase515:5Présentation5de525
objets5identiques5(105min)

Phase525:5Retour5à5la5cage5(25min)

Phase535:5Présentation5du5
nouvel5objet5(55min)

A
A A

B

❋✐❣✉r❡ ✻✳✻ ✕ ❚❡st ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t✳ ❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ♣❤❛s❡✱ ❧❡s
s♦✉r✐s ♣❡✉✈❡♥t ❡①♣❧♦r❡r ❞❡✉① ❝♦♣✐❡s ❞✬✉♥ ♦❜❥❡t ❆ ❀ ❛✉ ❝♦✉rs ❞❡ ❧❛ ♣❤❛s❡ t❡st✱
❡❧❧❡s ♦♥t ❧❡ ❝❤♦✐① ❡♥tr❡ ✉♥❡ ❝♦♣✐❡ ❞❡ ❝❡t ♦❜❥❡t ❆ ❡t ✉♥ ♦❜❥❡t ❇ q✉✬❡❧❧❡s ♥✬♦♥t
❥❛♠❛✐s ✈✉ ❛✉♣❛r❛✈❛♥t✳

✻✳✺ ❈♦♠♣♦rt❡♠❡♥ts ✈✐s✲à✲✈✐s ❞❡s ❞r♦❣✉❡s

✻✳✺✳✶ ❚❡st ❞❡ ❧✐❜r❡ ❝❤♦✐①

▲❡ t❡st ❞❡ ❧✐❜r❡ ❝❤♦✐① ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ✭♣❛r
✈♦✐❡ ♦r❛❧❡✮ ❞✬✉♥❡ s✉❜st❛♥❝❡ ♣r♦♣♦sé❡ ❛✉① s♦✉r✐s ❡♥ ❧✐❜r❡ ❝❤♦✐① ❛✈❡❝ ❧❡✉r ❡❛✉
❞❡ ❜♦✐ss♦♥ ❤❛❜✐t✉❡❧❧❡✳

❈❡ t❡st ❡st ré❛❧✐sé à ❧✬❛♥✐♠❛❧❡r✐❡✳ ▲❡s s♦✉r✐s s♦♥t ♣❧❛❝é❡s ❡♥ ❝❛❣❡s ✐♥❞✐✲
✈✐❞✉❡❧❧❡s ❛✈❡❝ ❛❝❝ès à ❞❡✉① ❜✐❜❡r♦♥s✱ ❧✬✉♥ ❝♦♥t❡♥❛♥t ❞❡ ❧✬❡❛✉ ❡t ❧✬❛✉tr❡ ❧❛
s♦❧✉t✐♦♥ à t❡st❡r✳ ❯♥ r❡❧❡✈é ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ✭♣❛r ♣❡sé❡ ❞❡s ❜✐❜❡r♦♥s✮ ❡st
ré❛❧✐sé t♦✉s ❧❡s ✷ à ✸ ❥♦✉rs ♣♦✉r ❧❡s ❞❡✉① ❜♦✐ss♦♥s✱ ❛✈❡❝ ♠❡s✉r❡ ❞❡ ❧✬é❣♦✉t✲
t❡♠❡♥t ❧♦rs ❞❡ ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥✳ ➚ ❝❤❛q✉❡ r❡❧❡✈é✱ ❧❛ ♣❧❛❝❡ ❞❡s ❜✐❜❡r♦♥s ❡st
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✐♥✈❡rsé❡ ♣♦✉r é✈✐t❡r ✉♥ ❜✐❛✐s ❞❡ ♣ré❢ér❡♥❝❡ ❧✐é❡ à ❧❡✉r ♣♦s✐t✐♦♥✳

◆♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥ t❡st ❞❡ ❧✐❜r❡ ❝❤♦✐① ❡❛✉ ✈❡rs✉s ét❤❛♥♦❧ à ✺ ✪ q✉✐
s✬❡st ét❛❧é s✉r ❞❡✉① s❡♠❛✐♥❡s ✭❛✈❡❝ ✻ r❡❧❡✈és ❞❡ ❝♦♥s♦♠♠❛t✐♦♥✮✳ ❈❡❝✐ ♥♦✉s
❛ ♣❡r♠✐s ❞❡ ❝❛❧❝✉❧❡r ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ s♦❧✉t✐♦♥ ❛❧❝♦♦❧✐sé❡ ❝♦♥s♦♠♠é❡ ✭♣❛r
r❛♣♣♦rt à ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬❡❛✉✮ ❛✐♥s✐ q✉❡ ❧❛ q✉❛♥t✐té ❞✬❛❧❝♦♦❧ ✐♥❣éré❡ ♣❛r
❥♦✉r ✭r❛♣♣♦rté❡ ❛✉ ♣♦✐❞s ❞❡ ❝❤❛q✉❡ s♦✉r✐s✱ ♠❡s✉ré é❣❛❧❡♠❡♥t à ❝❤❛q✉❡ r❡❧❡✈é✮✳

✻✳✺✳✷ Pr♦♣r✐étés ❛♣♣ét✐t✐✈❡s ❞❡s ❞r♦❣✉❡s ❞✬❛❜✉s

▲❡ t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❡s ❡✛❡ts
❛♣♣ét✐t✐❢s ♦✉ ❛✈❡rs✐❢s ❞✬✉♥❡ s✉❜st❛♥❝❡ ✭❚③s❝❤❡♥t❦❡✱ ✶✾✾✽✮✳ ❈❡ t❡st ❡st ❝♦♠♣♦sé
❞❡ ❞❡✉① ❝♦♠♣❛rt✐♠❡♥ts ✭✶✽ ① ✶✽ ① ✷✹ ❝♠ ❝❤❛❝✉♥✮ r❡❧✐és ♣❛r ✉♥ ❝♦✉❧♦✐r✳ ❈❡s
❝♦♠♣❛rt✐♠❡♥ts s♦♥t ❞✐✛ér❡♥t✐❛❜❧❡s ❞✬✉♥❡ ♣❛rt ♣❛r ❧❡✉r ❝♦✉❧❡✉r ✭♠✉rs ❡t s♦❧
❜❧❛♥❝s ✈s✳ ♠✉rs r❛②és ❞❡ ♥♦✐r ❡t s♦❧ ✈❡rt✮ ❡t ❞✬❛✉tr❡ ♣❛rt ♣❛r ❧❡✉r t❡①t✉r❡ ✭s♦❧
❧✐ss❡ ✈s✳ s♦❧ ❣r✐❧❧❛❣é✱ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st ❞❡ ❝♦♥❞✐t✐♦♥♥❡r ❧✬❛♥✐♠❛❧
à ❛ss♦❝✐❡r s♦♥ ét❛t ✐♥t❡r♥❡ ✭❛♣rès ✐♥❥❡❝t✐♦♥ ❞❡ ❞r♦❣✉❡✮ ❛✈❡❝ ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
❞♦♥♥é ✭✉♥ ❞❡s ❞❡✉① ❝♦♠♣❛rt✐♠❡♥ts✮✳

❈❡ t❡st s❡ ❞ér♦✉❧❡ ❡♥ ✸ ♣❤❛s❡s ✿
✖ ❏♦✉r ✶ ✿ ❍❛❜✐t✉❛t✐♦♥✳ ▲❡s ❛♥✐♠❛✉① ✈✐s✐t❡♥t ♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s ❧❡

❞✐s♣♦s✐t✐❢ ❡♥ ❛②❛♥t ❛❝❝ès ❛✉① ❞❡✉① ❝♦♠♣❛rt✐♠❡♥ts✳ ▲❡ t❡♠♣s ♣❛ssé
❞❛♥s ❝❤❛❝✉♥ ❡st ♠❡s✉ré ✈✐❛ ❧❡ ❧♦❣✐❝✐❡❧ ❊t❤♦✈✐s✐♦♥✳

✖ ❏♦✉rs ✷ à ✹ ✿ ❈♦♥❞✐t✐♦♥♥❡♠❡♥t✳ ❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❞❛♥s ♥♦tr❡ t❡st
❧❛ ♣❧✉♣❛rt ❞❡s ❛♥✐♠❛✉① ♦♥t ✉♥❡ ♣ré❢ér❡♥❝❡ ✐♥✐t✐❛❧❡ ♠❛rq✉é❡ ♣♦✉r ❧❡
❝♦♠♣❛rt✐♠❡♥t ❛✉① ♠✉rs r❛②és ❡t ❛✉ s♦❧ ❣r✐❧❧❛❣é✱ ♥♦✉s ❛✈♦♥s ❛♣♣❧✐q✉é
❧❛ ♠ét❤♦❞❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞✐t❡ ✧❜✐❛✐sé❡✧ ❡♥ ❛ss♦❝✐❛♥t ❧❛ ❞r♦❣✉❡
❛✉ ❝♦♠♣❛rt✐♠❡♥t ❧❡ ♠♦✐♥s ✈✐s✐té ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❞✬❤❛❜✐t✉❛t✐♦♥✳ ▲❡s
❛♥✐♠❛✉① r❡ç♦✐✈❡♥t ❧❛ ❞r♦❣✉❡ t❡sté❡ ❡t s♦♥t ❜❧♦q✉és ✶✺ ♠✐♥✉t❡s ❞❛♥s
❧❡ ❝♦♠♣❛rt✐♠❡♥t ♠♦✐♥s ❛♣♣ré❝✐é ✭❝♦♠♣❛rt✐♠❡♥t ❛ss♦❝✐é à ❧❛ ❞r♦❣✉❡
❂ ❈❆❉✮✳ ❈❤❛q✉❡ ❥♦✉r ✐❧s r❡ç♦✐✈❡♥t é❣❛❧❡♠❡♥t ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ s♦❧✲
✈❛♥t ✭sér✉♠ ♣❤②s✐♦❧♦❣✐q✉❡✱ ❛❞❞✐t✐♦♥♥é ❞❡ ✵✳✵✸ ✪ ❞✬❛❝✐❞❡ ❛s❝♦r❜✐q✉❡
❞❛♥s ❧❡s ét✉❞❡s ✐♠♣❧✐q✉❛♥t ❧❛ ❝♦❝❛ï♥❡✮ ❡t s♦♥t ❜❧♦q✉és ❞❛♥s ❧✬❛✉tr❡
❝♦♠♣❛rt✐♠❡♥t ✭❝♦♠♣❛rt✐♠❡♥t ♥❡✉tr❡ ❂ ❈◆✮✳

✖ ❏♦✉r ✺ ✿ ❚❡st✳ ▲❡ ❥♦✉r s✉✐✈❛♥t ❧❛ ✜♥ ❞✉ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✱ ❧❡s ❛♥✐♠❛✉①
s♦♥t ❞❡ ♥♦✉✈❡❛✉ ♣❧❛❝és ✶✵ ♠✐♥✉t❡s ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢ ❛✈❡❝ ❛❝❝ès ❛✉①
❞❡✉① ❝♦♠♣❛rt✐♠❡♥ts ✭s❛♥s ✐♥❥❡❝t✐♦♥ ♣ré❛❧❛❜❧❡✮ ❡t ❧❡ t❡♠♣s ❞❡ ✈✐s✐t❡
❡st ♠❡s✉ré s♦✉s ❊t❤♦✈✐s✐♦♥✳

❯♥ s❝♦r❡ ❞❡ ♣ré❢ér❡♥❝❡ ❡st ❝❛❧❝✉❧é ❝♦♠♠❡ s✉✐t ✿

Score =
TempsCAD

(TempsCAD + TempsCN)
.100



✻✳✺✳ ❈❖▼P❖❘❚❊▼❊◆❚❙ ❱■❙✲➚✲❱■❙ ❉❊❙ ❉❘❖●❯❊❙ ✾✶

▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ s❝♦r❡ ❞❡ ♣ré❢ér❡♥❝❡ ♦❜t❡♥✉ à ❏✺ ❡t ❝❡❧✉✐ ♦❜t❡♥✉ à ❏✶
❡st ❝❛❧❝✉❧é❡✳

✖ ❉✐✛ér❡♥❝❡ ❃ ✵ ✿ ❧❛ ❞r♦❣✉❡ ❛ ❡✉ ✉♥ ❡✛❡t ❛♣♣ét✐t✐❢ ♣♦✉ss❛♥t ❧❡s s♦✉r✐s à
❛✉❣♠❡♥t❡r ❧❡✉r ❢réq✉❡♥t❛t✐♦♥ ❞✉ ❝♦♠♣❛rt✐♠❡♥t ♦ù ❡❧❧❡s ❧✬♦♥t r❡ç✉❡✳

✖ ❉✐✛ér❡♥❝❡ ❁ ✵ ✿ ❧❛ ❞r♦❣✉❡ ❛ ❡✉ ✉♥ ❡✛❡t ❛✈❡rs✐❢✳
✖ ❉✐✛ér❡♥❝❡ ❂ ✵ ✿ ❧❛ ❞r♦❣✉❡ ♥✬❛ ❡✉ ❛✉❝✉♥ ❡✛❡t ❞❛♥s ❝❡ t❡st ✭♥❡✉tr❡✮✳

SystèmeC
Ethovision

PhaseC1C:CHabituationC

18Ccm

18
Cc

m 24Ccm

A

DrogueCdansC
leCCAD

Solvant

PhaseC2C:CConditionnementC(3Cjours)

B

PhaseC3C:CTest

C

❋✐❣✉r❡ ✻✳✼ ✕ ❚❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡✳ ❆✴ ❏♦✉r ✶ ✿ ❍❛✲
❜✐t✉❛t✐♦♥ ✭✶✵ ♠✐♥✉t❡s✱ s❛♥s ✐♥❥❡❝t✐♦♥✮ ❀ ❇✴ ❥♦✉rs ✷ à ✹ ✿ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t
✭✶✺ ♠✐♥✉t❡s ❛✈❡❝ ❧❛ ❞r♦❣✉❡ ❡t ✶✺ ♠✐♥✉t❡s ❛✈❡❝ ❧❡ s♦❧✈❛♥t ♣❛r ❥♦✉r ♣❡♥❞❛♥t
✸ ❥♦✉rs✮ ❀ ❈✴ ❥♦✉r ✺ ✿ t❡st ✭✶✵ ♠✐♥✉t❡s✱ s❛♥s ✐♥❥❡❝t✐♦♥✮✳ ❈❆❉ ❂ ❝♦♠♣❛rt✐♠❡♥t
❛ss♦❝✐é à ❧❛ ❞r♦❣✉❡✳

✻✳✺✳✸ ❚❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥

❈❡ t❡st é✈❛❧✉❡ ❧❛ ♠♦t✐✈❛t✐♦♥ ❞✬✉♥ ❛♥✐♠❛❧ à s❡ ♣r♦❝✉r❡r ✉♥❡ ❞r♦❣✉❡✳ ■❧ s❡
❞ér♦✉❧❡ ❞❛♥s ✉♥❡ ❝❛❣❡ ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ❞✐t❡ ❞❡ ❙❦✐♥♥❡r✱ q✉✐ ♣❡r♠❡t ❞❡
ré❛❧✐s❡r ✉♥ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ♦♣ér❛♥t✳ ❈❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ré❢èr❡ à
✉♥ ❛♣♣r❡♥t✐ss❛❣❡ s✉✐t❡ ❛✉① ❝♦♥séq✉❡♥❝❡s ❞✬✉♥❡ ❛❝t✐♦♥✳ ▲❛ ❝♦♥séq✉❡♥❝❡ ♣❡✉t
êtr❡ ❧❡ r❡♥❢♦r❝❡♠❡♥t ✭❡✛❡t ♣♦s✐t✐❢ ❞✉ ❝♦♠♣♦rt❡♠❡♥t✱ ❞✬♦ù ✉♥❡ r❡♣r♦❞✉❝t✐♦♥
❞❡ ❧✬❛❝t✐♦♥✮ ♦✉ ❧❛ ♣✉♥✐t✐♦♥ ✭❡✛❡t ♥é❣❛t✐❢ ✿ ❧✬❛❝t✐♦♥ s❡r❛ ♠♦✐♥s ré✐téré❡✮✳

▲♦rs ❞❡ ♠❛ t❤ès❡✱ ❝✬❡st ♣❧✉s ♣ré❝✐sé♠❡♥t ✉♥ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥
❞✬❛❧❝♦♦❧ ♣❛r ✈♦✐❡ ♦r❛❧❡ q✉✐ ❛ été ré❛❧✐sé✳ ▲❛ ❝❛❣❡ ✭✸✵ ① ✹✵ ① ✸✻ ❝♠✮ ❝♦♠♣♦rt❡
s✉r ❞❡✉① ♣❛r♦✐s ✉♥ ✐♥❞✐❝❡ ❧✉♠✐♥❡✉①✱ ✉♥❡ ❢❡♥êtr❡ à ♥♦s❡✲♣♦❦❡✱ ❡t ✉♥ s②stè♠❡
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♣❡r♠❡tt❛♥t ❞❡ ❞é❧✐✈r❡r ❧✬❛❧❝♦♦❧ ✭✜❣✉r❡ ✻✳✽ ❀ ❇✐♦s❡❜✱ ❱✐tr♦❧❧❡s✱ ❋r❛♥❝❡✮✳ P❛r♠✐
❝❡s ❞❡✉① tr✐♦s ❞❡ s②stè♠❡s✱ ❧✬✉♥ ❡st ❛❝t✐❢ ✭tr♦✉ ❛❝t✐❢ ♣❡r♠❡tt❛♥t ❧✬❛❧❧✉♠❛❣❡ ❞❡
❧✬✐♥❞✐❝❡ ✈✐s✉❡❧ ❡t ❧❛ ❞é❧✐✈r❛♥❝❡ ❞✬❛❧❝♦♦❧✮ ❡t ❧✬❛✉tr❡ ❡st ✐♥❛❝t✐❢ ✭❛✉❝✉♥❡ ❝♦♥sé✲
q✉❡♥❝❡ ❡♥ ❝❛s ❞❡ ♥♦s❡✲♣♦❦❡✮✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❡st ❡♥r❡❣✐stré ❛✉ ♠♦②❡♥ ❞✉
❧♦❣✐❝✐❡❧ P❛❝❦❲✐♥ ✭❇✐♦s❡❜✮✳

❉❛♥s ♥♦tr❡ ♣r♦t♦❝♦❧❡✱ ❧❡s s♦✉r✐s ♣❧❛❝é❡s ❞❛♥s ❝❡tt❡ ❝❛❣❡ ❛✈❛✐❡♥t ♣❡♥❞❛♥t
✉♥❡ ❤❡✉r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬♦❜t❡♥✐r ✉♥❡ ❞♦s❡ ❞✬❛❧❝♦♦❧ ✭✷✵ µ❧ ❞✬❛❧❝♦♦❧ ✷✵ ✪✮
❞❛♥s ✉♥❡ ❝♦✉♣❡❧❧❡ ❡♥ é❝❤❛♥❣❡ ❞✬✉♥ tr❛✈❛✐❧ à ❢♦✉r♥✐r ✭♥♦s❡✲♣♦❦❡✮✳ ❈❡ t❡st s❡
❞é❝♦♠♣♦s❡ ❡♥ ♣❧✉s✐❡✉rs ♣❤❛s❡s ✿

✖ ❍❛❜✐t✉❛t✐♦♥ ❞❡s s♦✉r✐s à ❧✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✿ ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs s❡✲
♠❛✐♥❡s✱ ❧❡s s♦✉r✐s s♦♥t ❤❛❜✐t✉é❡s à ❞❡✈♦✐r ❢♦✉r♥✐r ✉♥ tr❛✈❛✐❧ ♣♦✉r ♦❜✲
t❡♥✐r ✉♥❡ ❞♦s❡ ❞✬❛❧❝♦♦❧✳ ❈❡❧❛ s❡ ❢❛✐t ✐❝✐ s❡❧♦♥ ✉♥ r❛t✐♦ ✜①❡ ✭❋❘✮✱ ❝❡
q✉✐ s✐❣♥✐✜❡ q✉✬❛✉ ❝♦✉rs ❞✬✉♥❡ s❡ss✐♦♥ ❧❛ s♦✉r✐s ❞❡✈r❛ ❢♦✉r♥✐r ✉♥❡ q✉❛♥✲
t✐té ✜①❡ ❞❡ ♥♦s❡✲♣♦❦❡s ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ❞♦s❡✳ ▲✬❤❛❜✐t✉❛t✐♦♥ ❞é❜✉t❡
à ✉♥ ❋❘ ❞❡ ✶ ✭✶ ♥♦s❡✲♣♦❦❡ ❂ ✶ ❞♦s❡✮✱ s❡ ♣♦✉rs✉✐t ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs
s❡♠❛✐♥❡s ♣❛r ✉♥ ❋❘ ❞❡ ✷✱ ❡t ✜♥✐t s✉r ✉♥ ❋❘ ❞❡ ✸ ✭✸ ♥♦s❡✲♣♦❦❡s ❂
✶ ❞♦s❡✮✳

✖ ❊①t✐♥❝t✐♦♥ ✿ ❧❡s s♦✉r✐s s♦♥t ♣❧❛❝é❡s ❡♥ ❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✱ ♠❛✐s q✉❡❧
q✉❡ s♦✐t ❧❡ tr❛✈❛✐❧ ❢♦✉r♥✐ ❧❛ ❞♦s❡ ❞✬❛❧❝♦♦❧ ♥✬❡st ♣❛s ❞é❧✐✈ré❡✳ ❈❡tt❡ ♣❤❛s❡
❡st ♠❛✐♥t❡♥✉❡ ❥✉sq✉✬à ❝❡ q✉❡ ❧❡s s♦✉r✐s ❛tt❡✐❣♥❡♥t ❧❡✉r ♥✐✈❡❛✉ ❜❛s❛❧ ❞❡
♥♦s❡✲♣♦❦❡s✳

✖ ❘❡❝❤✉t❡ ✿ ✉♥❡ ❞♦s❡ ✓ ❣r❛t✉✐t❡ ✔ ❞✬❛❧❝♦♦❧ ❡st ♦✛❡rt❡ ✭❡♥ ❧✐❜r❡ ❛❝❝ès✱ ✈♦✐❡
♦r❛❧❡✮ à ❧❛ s♦✉r✐s ❡♥ ❞é❜✉t ❞❡ s❡ss✐♦♥✱ ♣✉✐s ❧❡ tr❛✈❛✐❧ ❢♦✉r♥✐ ♣♦✉r ♦❜t❡♥✐r
❞❡ ♥♦✉✈❡❧❧❡s ❞♦s❡s ❞✬❛❧❝♦♦❧ ❡st ♠❡s✉ré ✭à r❛✐s♦♥ ❞❡ ✷ ♥♦s❡✲♣♦❦❡s ♣♦✉r
♦❜t❡♥✐r ✉♥❡ ❞♦s❡✮✳

✖ ▼♦t✐✈❛t✐♦♥ ✿ ❞✉r❛♥t ❝❡tt❡ s❡ss✐♦♥✱ ❧❡ tr❛✈❛✐❧ à ❢♦✉r♥✐r ♣♦✉r ♦❜t❡♥✐r ✉♥❡
❞♦s❡ ❞✬❛❧❝♦♦❧ ❛✉❣♠❡♥t❡ ♣r♦❣r❡ss✐✈❡♠❡♥t ❛✉ ❝♦✉rs ❞❡ ❧✬❤❡✉r❡✳ ❈❡❧❛ ♣❡r✲
♠❡t ❞❡ ♠❡s✉r❡r ❧❡ ♣♦✐♥t ❞❡ r✉♣t✉r❡ ✭❜r❡❛❦✐♥❣ ♣♦✐♥t✮ ✿ ❡✛♦rt ♠❛①✐♠❛❧
q✉❡ ❧❛ s♦✉r✐s ❡st ♣rêt❡ à ❢♦✉r♥✐r ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ❞♦s❡✳
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Fenêtre à nose-poke

Système délivrant l'alcool

Indice lumineux

❋✐❣✉r❡ ✻✳✽ ✕ ❙❝❤é♠❛ ❞❡ ❧❛ ❝❛❣❡ ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✉t✐❧✐sé❡ ❝❤❡③ ❧❛ s♦✉r✐s✳
➚ ✷ ❡①tré♠✐tés ❞❡ ❧❛ ❝❛❣❡✱ ✉♥ s②stè♠❡ ❝♦♠♣♦sé ❞✬✉♥ ✐♥❞✐❝❡ ❧✉♠✐♥❡✉①✱ ❞✬✉♥❡
❢❡♥êtr❡ à ♥♦s❡✲♣♦❦❡✱ ❡t ❞✬✉♥❡ ❢❡♥êtr❡ ❞✬❛❝❝ès à ❧✬❛❧❝♦♦❧ ❡st ♣rés❡♥té✳ ❯♥ s❡✉❧
❞❡s ❞❡✉① s②stè♠❡s ❡st ❛❝t✐❢✳

✻✳✺✳✹ ❙❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡

▲❡ ♣r♦❝❡ss✉s ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ré❢èr❡ à ✉♥❡ ❢♦r♠❡ ❞✬❛♣♣r❡♥t✐ss❛❣❡ ♥♦♥
❛ss♦❝✐❛t✐❢ ❧♦rs ❞✉q✉❡❧ ❧❛ ré♣ét✐t✐♦♥ ❞✬✉♥ st✐♠✉❧✉s ❡♥tr❛î♥❡ ✉♥❡ ❛♠♣❧✐✜❝❛t✐♦♥
♣r♦❣r❡ss✐✈❡ ❞❡ ❧❛ ré♣♦♥s❡ ❛✉ st✐♠✉❧✉s✳ ▲❛ t❤é♦r✐❡ ❞❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ✐♥❝✐t❛✲
t✐✈❡ ✭❘♦❜✐♥s♦♥ ❡t ❇❡rr✐❞❣❡✱ ✶✾✾✸✮ s❡ ❜❛s❡ s✉r ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ ✿ ❧✬❡①♣♦s✐t✐♦♥
ré♣été❡ à ✉♥❡ ❞r♦❣✉❡ ❝❛✉s❡r❛✐t ✉♥❡ ❤②♣❡rs❡♥s✐❜✐❧✐té ✭❛✉① ❞r♦❣✉❡s ❡t ❛✉① st✐✲
♠✉❧✐ ❛ss♦❝✐és✮ ❞❡ ❝✐r❝✉✐ts ♥❡✉r♦♥❛✉① ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ❞és✐r ❞❡ ❝♦♥s♦♠♠❡r✳

▲❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ ❞és✐❣♥❡ ❞♦♥❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡
❧♦❝♦♠♦tr✐❝❡ ♦❜s❡r✈é❡ ❧♦rs ❞✬❛❞♠✐♥✐str❛t✐♦♥s ré♣été❡s ❞✬✉♥❡ ❞r♦❣✉❡ ❡t q✉✐ ♣❡r✲
s✐st❡ ♣❧✉s✐❡✉rs ♠♦✐s✱ ✈♦✐r❡ ♣❧✉s ❞✬✉♥ ❛♥ ❛♣rès s♦♥ ❛rrêt ✭❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❢❛❝t❡✉rs
❧✐és à ❧✬❛♥✐♠❛❧ ♦✉ ❛✉ ♣r♦❞✉✐t✱ t❡❧s q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬❛❞♠✐♥✐str❛t✐♦♥s ❞❡ ❞r♦❣✉❡
♦✉ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❞❡✉① ❀ ❙t❡❦❡t❡❡ ❡t ❑❛❧✐✈❛s ✭✷✵✶✶✮✮✳

❊❧❧❡ s❡r❛✐t ❧❡ r❡✢❡t ❞❡ ❧❛ ♣❧❛st✐❝✐té ♣❛t❤♦❧♦❣✐q✉❡ ✐♥❞✉✐t❡ ♣❛r ❧❛ ❝♦♥s♦♠✲
♠❛t✐♦♥ ❝❤r♦♥✐q✉❡ ❞❡ ❞r♦❣✉❡✳ ❊♥ ❡✛❡t✱ ❧❡s ♥❡✉r♦❛❞❛♣t❛t✐♦♥s s♦✉s✲t❡♥❞❛♥t ❧❛
s❡♥s✐❜✐❧✐s❛t✐♦♥ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ rés✉❧t❡r❛✐❡♥t ❡♥ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❢♦♥❝t✐♦♥✲
♥❡❧❧❡s ❞✉ ❝✐r❝✉✐t ❞❡ ❧❛ ré❝♦♠♣❡♥s❡✱ ♠❡♥❛♥t à ✉♥❡ ❢♦rt❡ ♠♦t✐✈❛t✐♦♥ ♣♦✉r ❧❛
❞r♦❣✉❡ ✭❙t❡❦❡t❡❡ ❡t ❑❛❧✐✈❛s✱ ✷✵✶✶✮✳

▲❡ t❡st s❡ ❞ér♦✉❧❡ ❞❛♥s ✉♥ ♦♣❡♥✲✜❡❧❞ ❝❛rré ✭✸✼ ① ✸✼ ① ✸✼ ❝♠✮ ❛✉q✉❡❧ ❧❡s
s♦✉r✐s ♦♥t été ♣ré❛❧❛❜❧❡♠❡♥t ❤❛❜✐t✉é❡s ✭✸ ❥♦✉rs ❞✬❛❝❝ès ❛♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡
s♦❧✈❛♥t✮✳ ▲♦rs ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❡❧❧❡s ♦♥t r❡ç✉ ✉♥❡ ✐♥❥❡❝t✐♦♥
❞✬❛❧❝♦♦❧ ❡♥ ✐♥tr❛✲♣ér✐t♦♥é❛❧ ✭❛❧❝♦♦❧ à ✷✵ ✪✱ ❞♦s❡ ❞❡ ✷✳✺ ❣✴❦❣ ✭▲❡❣❛st❡❧♦✐s
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❡t ❛❧✳✱ ✷✵✶✹✮ ♣♦✉r ❧❡s s♦✉r✐s ❙✇✐ss ♦✉ ✷ ❣✴❦❣ ✭❇♦t✐❛ ❡t ❛❧✳✱ ✷✵✶✷✮ ♣♦✉r ✉♥❡
❛✉tr❡ s♦✉❝❤❡ ❞❡ s♦✉r✐s✱ ❉❇❆✴✷❏✮ ❡t ♦♥t été ♣❧❛❝é❡s ❞❛♥s ❝❡ ❞✐s♣♦s✐t✐❢ ♣❡♥❞❛♥t
✺ ♠✐♥✉t❡s✳ ▲❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❛ ❞✉ré ✶✵ ❥♦✉rs à r❛✐s♦♥ ❞✬✉♥❡ ✐♥❥❡❝t✐♦♥ ♣❛r ❥♦✉r
✭✐♥❞✉❝t✐♦♥ ❞❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥✮✱ ♣✉✐s ✺ ré✲❡①♣♦s✐t✐♦♥s ✓ ✉♥✐q✉❡s ✔ ✭❝❤❛❧❧❡♥❣❡✮
à ❧✬ét❤❛♥♦❧ ♦♥t été ré❛❧✐sé❡s ✭❛♣rès ✸ s❡♠❛✐♥❡s s❛♥s ❛❧❝♦♦❧✱ ❝❤❛❝✉♥❡ à ✉♥❡
s❡♠❛✐♥❡ ❞✬✐♥t❡r✈❛❧❧❡✮ ❛✜♥ ❞❡ ♠❡s✉r❡r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥✳

❯♥ s❝♦r❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ♣❡✉t êtr❡ ❝❛❧❝✉❧é ❞❛♥s ❝❡ t❡st ✭❇♦✉❞r❡❛✉ ❡t
❲♦❧❢✱ ✷✵✵✺✮✳ ■❧ ❢❛✉t ❛❧♦rs ✉♥ ❣r♦✉♣❡ ❞❡ s♦✉r✐s ✧❝♦♥trô❧❡✧ ✿ ❝❡s s♦✉r✐s ♥❡ r❡✲
ç♦✐✈❡♥t ❥❛♠❛✐s ❞❡ ❞r♦❣✉❡✱ s❡✉❧❡♠❡♥t ❞✉ s♦❧✈❛♥t à ❝❤❛q✉❡ s❡ss✐♦♥✳ ➚ ♣❛rt✐r
❞❡ ❝❡ ❣r♦✉♣❡✱ ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ✈❛r✐❛t✐♦♥ ✭❈❱✮ ❡st ❝❛❧❝✉❧é s❡❧♦♥ ❧❛ ❢♦r♠✉❧❡
s✉✐✈❛♥t❡ ✿

❉❡❧t❛ ❂ J10
J1

❀ ❈❱ ❂ Ecart−typeDelta

Delta

❊♥s✉✐t❡✱ ❧❡ ❉❡❧t❛✲✶ ❞✉ ❣r♦✉♣❡ ❞❡s s♦✉r✐s r❡❝❡✈❛♥t ❧❡s ✐♥❥❡❝t✐♦♥s ❞❡ ❞r♦❣✉❡
❡st ❝❛❧❝✉❧é ✿

❉❡❧t❛✲✶ ❂ ✭J10
J1
)− 1

❙✐ ❧❡ ❉❡❧t❛✲✶ ❞❡s s♦✉r✐s r❡❝❡✈❛♥t ❧❛ ❞r♦❣✉❡ ❡st ♣❧✉s é❧❡✈é q✉❡ ❧❡ ❈❱ ❞❡s
s♦✉r✐s r❡❝❡✈❛♥t ❧❡ s♦❧✈❛♥t✱ ❝❡s s♦✉r✐s s♦♥t ❞✐t❡s s❡♥s✐❜✐❧✐sé❡s✳ ❙✐♥♦♥✱ ❡❧❧❡s s♦♥t
❝❛r❛❝tér✐sé❡s ❝♦♠♠❡ ét❛♥t rés✐st❛♥t❡s ✭♣❛s ❞✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❡✉r ❛❝t✐✈✐té
❧♦❝♦♠♦tr✐❝❡ ❛✉ ❢✉r ❡t à ♠❡s✉r❡ ❞❡s ✐♥❥❡❝t✐♦♥s ❞❡ ❞r♦❣✉❡ ❀ ▲❡❣❛st❡❧♦✐s ❡t ❛❧✳
✭✷✵✶✹✮✮✳



✼ ❚❡sts ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s

✼✳✶ ■♠♠✉♥♦❤✐st♦❝❤✐♠✐❡ ✿ ét✉❞❡ ❞❡ ❧❛ ♥❡✉r♦❣❡✲

♥ès❡

▲❛ ♥é♦✲♥❡✉r♦❣❡♥ès❡ ❞és✐❣♥❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ❝❤❡③ ❧❡s
✐♥❞✐✈✐❞✉s ❛❞✉❧t❡s✳ P♦✉r q✉❛♥t✐✜❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❝éré❜r❛❧❡s✱
♥♦✉s ré❛❧✐s♦♥s ✉♥ tr❛✐t❡♠❡♥t à ❧❛ ❜r♦♠♦❞és♦①②✉r✐❞✐♥❡ ✭❇r❞❯✮✳

✼✳✶✳✶ ❚r❛✐t❡♠❡♥t à ❧❛ ❇r❞❯

▲❛ ❇r❞❯ ❡st ✉♥ ♠❛rq✉❡✉r ♥✉❝❧é❛✐r❡ ❛♥❛❧♦❣✉❡ ❞❡ ❧❛ t❤②♠✐❞✐♥❡ q✉✐ s✬✐♥✲
❝♦r♣♦r❡ ❞❛♥s ❧✬❆❉◆ ❞❡s ❝❡❧❧✉❧❡s ❡♥ ❞✐✈✐s✐♦♥ ✭♣❤❛s❡ ❙ ❞✉ ❝②❝❧❡ ❝❡❧❧✉❧❛✐r❡ ✿
ré♣❧✐❝❛t✐♦♥ ❞❡ ❧✬❆❉◆✮✳ ➱t❛♥t ❞♦♥♥é ❧❡ ♠♦❞❡ s❡♠✐✲❝♦♥s❡r✈❛t✐❢ ❞❡ ❧❛ ré♣❧✐❝❛✲
t✐♦♥ ❞❡ ❧✬❆❉◆✱ ❧❛ ❞✐❧✉t✐♦♥ ❞❡ ❧❛ ❇r❞❯ ❧❛ r❡♥❞ ✐♥❞ét❡❝t❛❜❧❡ à ♣❛rt✐r ❞❡ ✷ ❝②❝❧❡s
❞❡ ❞✐✈✐s✐♦♥✳ ❆✜♥ ❞❡ ♣❛❧❧✐❡r ❝❡tt❡ ❞✐❧✉t✐♦♥✱ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❇r❞❯ ❛ été r❡✲
♥♦✉✈❡❧é❡ ✸ ❢♦✐s ✭✸ ✐♥❥❡❝t✐♦♥s ✐♥tr❛✲♣ér✐t♦♥é❛❧❡s ❡s♣❛❝é❡s ❞❡ ✻ ❤✱ à r❛✐s♦♥ ❞❡ ✺✵
♠❣✴❦❣ ❀ ❑❧❡♠♣✐♥ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳

➚ ❝❡ ❞♦s❛❣❡✱ ❧❛ q✉❛♥t✐té ❞❡ ❜❛s❡s ♠❛rq✉é❡s ✭❇r❞❯✮ s❡ r❡tr♦✉✈❡ ♥❡tt❡♠❡♥t
s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡s ❜❛s❡s ♥♦r♠❛❧❡s ✭t❤②♠✐❞✐♥❡✮ ✿ ❧❛ ♣r♦❜❛❜✐❧✐té q✉✬✉♥❡
❝❡❧❧✉❧❡ s❡ ❞✐✈✐s❛♥t ❛♣rès ❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥ ♥✬✐♥❝♦r♣♦r❡ ♣❛s ❞❡ ❇r❞❯ ❡st
❝♦♥s✐❞éré❡ ❝♦♠♠❡ ♥✉❧❧❡✳ ❆✉ ❝♦✉rs ❞❡ ♥♦s ❡①♣ér✐♠❡♥t❛t✐♦♥s✱ ❧❡s s♦✉r✐s ♦♥t
r❡ç✉ ❝❡ ♠❛rq✉❡✉r ❧♦rs ❞✉ ❞❡r♥✐❡r ❥♦✉r ❞❡ ❧❛ s❡♠❛✐♥❡ ❞❡ st✐♠✉❧❛t✐♦♥s✳

✼✳✶✳✷ ❋✐①❛t✐♦♥ ❡t ❝♦♥s❡r✈❛t✐♦♥ ❞❡s t✐ss✉s

✷✹ ❤❡✉r❡s ❛♣rès ❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❇r❞❯✱ ❧❡s ❛♥✐♠❛✉① r❡ç♦✐✈❡♥t ✉♥❡
❞♦s❡ ❧ét❛❧❡ ❞❡ ♣❡♥t♦❜❛r❜✐t❛❧ ✭✺✺ ♠❣✴❦❣✮ ❡t s✉❜✐ss❡♥t ✉♥❡ ♣❡r❢✉s✐♦♥ tr❛♥s❝❛r✲
❞✐❛q✉❡✳

▲❛ t❡❝❤♥✐q✉❡ ❞❡ ♣❡r❢✉s✐♦♥ tr❛♥s❝❛r❞✐❛q✉❡ ❛ ♣♦✉r ❜✉t ❞❡ ✜❣❡r ❧❡s t✐ss✉s
✐♥st❛♥t❛♥é♠❡♥t ♣♦✉r ❧✐♠✐t❡r ❧❡✉r ❞é❣r❛❞❛t✐♦♥ ❡t ❧❡s r✐❣✐❞✐✜❡r✳ ▲❡s ❛♥t✐❣è♥❡s
❞✉ t✐ss✉ s❡r♦♥t ♣rés❡r✈és ❡t ♣♦✉rr♦♥t êtr❡ r❡❝♦♥♥✉s ♣❛r ❞❡s ❛♥t✐❝♦r♣s✳

✾✺



✾✻ ❈❍❆P■❚❘❊ ✼✳ ❚❊❙❚❙ ◆❊❯❘❖❇■❖▲❖●■◗❯❊❙

▲❡s s♦✉r✐s s♦♥t ♣❧❛❝é❡s s✉r ✉♥❡ ♣❧❛♥❝❤❡ ❞❡ ❞✐ss❡❝t✐♦♥ ❡t ❧❡✉r ❝÷✉r ❡st ❞é✲
❣❛❣é✳ ❯♥❡ ❛✐❣✉✐❧❧❡ ❡st ✐♥séré❡ ❞❛♥s ❧❡ ✈❡♥tr✐❝✉❧❡ ❣❛✉❝❤❡✳ ❯♥❡ ♣♦♠♣❡ ♣ér✐st❛❧✲
t✐q✉❡ ❡♥✈♦✐❡ ❞✬❛❜♦r❞ ✶✺ ♠❧ ❞❡ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡ ✭P❇✮ ✵✳✶ ▼ ❛✜♥ ❞✬é❧✐♠✐♥❡r
❧❡ s❛♥❣ ♣❛r ❧✬♦r❡✐❧❧❡tt❡ ❞r♦✐t❡ ✭s❡❝t✐♦♥♥é❡✮✱ ♣✉✐s ✹✵ ♠❧ ❞❡ ♣❛r❛❢♦r♠❛❧❞é❤②❞❡
✭P❋❆✮ ✹ ✪ ❛✜♥ ❞❡ ✜①❡r ❧❡s t✐ss✉s✳

▲❡ ❝❡r✈❡❛✉ ❡st ré❝✉♣éré ✐♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧❛ ♣❡r❢✉s✐♦♥ ❡t ♣❧♦♥❣é ❞❛♥s
✉♥❡ s♦❧✉t✐♦♥ ❞❡ P❋❆ ✷ ✪ ✭♣♦st✲✜①❛t✐♦♥✮ ♣❡♥❞❛♥t ✷✹ ❤✳ ■❧ ❡st ❡♥s✉✐t❡ ♣❧♦♥❣é
❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❞❡ s✉❝r♦s❡ ✸✵ ✪ ❥✉sq✉✬à ❝❡ q✉✬✐❧ ❛✐t ❝♦✉❧é ✭✷✹ à ✹✽ ❤✮ ❛✜♥
❞✬❛ss✉r❡r ✉♥❡ ❝r②♦✲♣r♦t❡❝t✐♦♥✱ ♣✉✐s ❡st ❝♦♥❣❡❧é ❞❛♥s ❞❡s ❜❧♦❝s ❝♦♥t❡♥❛♥t ✉♥
♠✐❧✐❡✉ ❞✬❡♥r♦❜❛❣❡ ♣r♦t❡❝t❡✉r ✭❖✳❈✳❚ ❝♦♠♣♦✉♥❞✱ ❚✐ss✉❡✲t❡❦❘©✱ ❋✐s❤❡r✮✳

❉❡s ❝♦✉♣❡s ❝♦r♦♥❛❧❡s ❞❡ ✹✵ µ♠ s♦♥t ré❛❧✐sé❡s ❛✉ ♠✐❝r♦t♦♠❡ ❡t ❝♦♥s❡r✈é❡s
❥✉sq✉✬❛✉ ♠❛rq✉❛❣❡ ❞❛♥s ✉♥❡ s♦❧✉t✐♦♥ ❞❡ t❛♠♣♦♥ ♣❤♦s♣❤❛t❡ s❛❧✐♥ ✭P❇❙✮ ✵✳✶ ▼
❝♦♥t❡♥❛♥t ✵✳✶ ✪ ❞✬❛③✐❞❡ ❞❡ s♦❞✐✉♠ ✭❛❣❡♥t ❞❡ ❝♦♥s❡r✈❛t✐♦♥✮ à ✹◦❈✳

✼✳✶✳✸ ■♠♠✉♥♦❤✐st♦❝❤✐♠✐❡

▲❡ ♠❛rq✉❛❣❡ s✬❡✛❡❝t✉❡ s✉r ❞❡✉① ❥♦✉rs s❡❧♦♥ ❧❡s ét❛♣❡s s✉✐✈❛♥t❡s ✭ré❛❧✐sé❡s✱
s❛✉❢ ✐♥❞✐❝❛t✐♦♥ ❝♦♥tr❛✐r❡✱ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✮ ✿

✖ ❏♦✉r ✶ ✿

✶✳ ❘✐♥ç❛❣❡ ❞❛♥s ❞✉ ❚r✐s✲❜✉✛❡r❡❞ s❛❧✐♥❡ ✭❚❇❙✮ ♣♦✉r é❧✐♠✐♥❡r ❧✬❛③✐❞❡
❞❡ s♦❞✐✉♠ ✭✷ ① ✺ ♠✐♥✉t❡s✮ ❀

✷✳ ❙❛t✉r❛t✐♦♥ ❞❡s ♣❡r♦①②❞❛s❡s ❡♥❞♦❣è♥❡s ♣❛r ✐♥❝✉❜❛t✐♦♥ ❞❛♥s ✉♥❡ s♦✲
❧✉t✐♦♥ ❞❡ ❚❇❙✲H2O2 ✭✸✵ ♠✐♥✉t❡s✮ ❀

✸✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✸ ① ✺ ♠✐♥✉t❡s✮ ❀

✹✳ Pré✲tr❛✐t❡♠❡♥t ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡ ❧❛ ❇r❞❯ ♣❛r ✐♥❝✉❜❛t✐♦♥ ❞❛♥s
❞❡ ❧✬❛❝✐❞❡ ❝❤❧♦r❤②❞r✐q✉❡ ✭❍❈❧✮ ✷◆ ✭✸✵ ♠✐♥✱ ✺✵◦❈ ❀ ❞é♥❛t✉r❛t✐♦♥ ❞❡
❧✬❆❉◆✮✱ ♣✉✐s ❞❛♥s ❞✉ t❛♠♣♦♥ ❜♦r❛t❡ ✵✳✶ ▼ à ♣❍ ✽✳✺ ✭✶✵ ♠✐♥✉t❡s✮ ❀

✺✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✻ ① ✺ ♠✐♥✉t❡s✮ ♣✉✐s ❞❛♥s ❞✉ ❚❇❙✰ ✭❝✬❡st✲
à✲❞✐r❡ ❝♦♥t❡♥❛♥t ✶ ✪ ❞❡ ❚r✐t♦♥ ❳✲✶✵✵✮ ✿ ❝❡ ❞ét❡r❣❡♥t ♣❡r♠❡t ♥♦✲
t❛♠♠❡♥t ❧❛ ❧②s❡ ❞❡s ♠❡♠❜r❛♥❡s ❝❡❧❧✉❧❛✐r❡s ❡t ❧❛ ♠✐s❡ ❡♥ s♦❧✉t✐♦♥
❞✉ ♠❛tér✐❡❧ ✐♥tr❛❝❡❧❧✉❧❛✐r❡ ✭✸✵ ♠✐♥✉t❡s✮ ❀

✻✳ ❊①♣♦s✐t✐♦♥ à ❧✬❛♥t✐❝♦r♣s ♣r✐♠❛✐r❡ ✿ ✐♥❝✉❜❛t✐♦♥ ❞❛♥s ❧✬❛♥t✐❝♦r♣s r❛t
❛♥t✐✲❇r❞❯ ✭❇✐♦r❛❞✱ ❧♦t ▼❈❆✷✵✻✵ ❀ ✜❣✉r❡ ✼✳✶✮ ❛✉ ✶✴✺✵✵ ❞❛♥s ❞✉
❚❇❙✰ ✭t♦✉t❡ ❧❛ ♥✉✐t✮✳

✖ ❏♦✉r ✷ ✿

✶✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✷ ① ✶✺ ♠✐♥✉t❡s✮ ❀

✷✳ ▲❛✈❛❣❡ ❞❛♥s ❧❡ ❚❇❙✰ ♣♦✉r é❧✐♠✐♥❡r ❧❡s ❧✐❛✐s♦♥s ❛s♣é❝✐✜q✉❡s ✭✶✺ ♠✐✲
♥✉t❡s✮ ❀
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✸✳ ❊①♣♦s✐t✐♦♥ à ❧✬❛♥t✐❝♦r♣s s❡❝♦♥❞❛✐r❡ ✿ ✐♥❝✉❜❛t✐♦♥ ❞❛♥s ❧✬❛♥t✐❝♦r♣s
❛♥t✐✲r❛t ❜✐♦t✐♥②❧é ✭❙✐❣♠❛✲❆❧❞r✐❝❤✱ ❧♦t ❘■✾✾✺✶ ❀ ✜❣✉r❡ ✼✳✶✮ ❛✉ ✶✴✺✵✵
❞❛♥s ❞✉ ❚❇❙✰ ✭✷ ❤✮ ❀

✹✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✸ ① ✶✵ ♠✐♥✉t❡s✮ ❀

✺✳ ❆❥♦✉t ❞✉ ré❛❝t✐❢ ♣❛r ✐♥❝✉❜❛t✐♦♥ ❞❛♥s ❧❡ ❦✐t ❆❇❈ ✭❱❡❝t♦r ▲❛❜s ❀
✜❣✉r❡ ✼✳✶✮✱ q✉✐ ❝♦♥t✐❡♥t ❧❡ ❝♦♠♣❧❡①❡ ❛✈✐❞✐♥❡✲❜✐♦t✐♥❡✲♣❡r♦①②❞❛s❡
✭✶ ❤✮ ❀

✻✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✸ ① ✶✵ ♠✐♥✉t❡s✮ ❀

✼✳ ❈♦❧♦r❛t✐♦♥ ♣❛r ❛❥♦✉t ❞❡ ✸✱✸✬✲❉✐❛♠✐♥♦❜❡♥③✐❞✐♥❡ ❚❡tr❛❤②❞r♦❝❤❧♦r✐❞❡
✭❉❆❇✱ ❙✐❣♠❛ ❀ ✜❣✉r❡ ✼✳✶✮ ❡t é✈❡♥t✉❡❧❧❡♠❡♥t ❞❡ ❝❤❧♦r✉r❡ ❞❡ ♥✐❝❦❡❧
✭♠❛①✐♠✉♠ ✶✼ ♠✐♥✉t❡s✮ ❀

✽✳ ❘✐♥ç❛❣❡ ❞❛♥s ❧❡ ❚❇❙ ✭✸ ① ✶✵ ♠✐♥✉t❡s✮✳

✼✳✶✳✹ ▼♦♥t❛❣❡ ❞❡s ❧❛♠❡s ❡t ❛♥❛❧②s❡

▲❡s ❝♦✉♣❡s✱ ♠♦♥té❡s s✉r ❞❡s ❧❛♠❡s ♣ré✲❣é❧❛t✐♥✐sé❡s✱ s♦♥t ❡♥s✉✐t❡ ♣❧♦♥❣é❡s
❞❛♥s ♣❧✉s✐❡✉rs ❜❛✐♥s ❞✬❛❧❝♦♦❧ à ❝♦♥❝❡♥tr❛t✐♦♥ ❝r♦✐ss❛♥t❡ ✭✼✵✱ ✾✵✱ ♣✉✐s ✷ ❜❛✐♥s à
✶✵✵ ✪✱ ✸ ♠✐♥✉t❡s ♣❛r ❜❛✐♥✮ ❡t ❞❡ ❳②❧è♥❡ s✉❜st✐t✉t❡ ✭✶ ❜❛✐♥ ❞❡ ✸ ♠✐♥✉t❡s ♣✉✐s
✶ ❞❡ ✶ ♠✐♥✉t❡ ❡♥✈✐r♦♥✮ ❛✜♥ ❞❡ ❞és❤②❞r❛t❡r ❡t ❞é❣r❛✐ss❡r ❧❡s t✐ss✉s✳ ❊❧❧❡s s♦♥t
❛❧♦rs ✐♥❝❧✉s❡s ❡♥tr❡ ❧❛♠❡ ❡t ❧❛♠❡❧❧❡✱ sé❝❤é❡s à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ✭✶ ♥✉✐t✮
❡t ♥❡tt♦②é❡s ♣♦✉r êtr❡ ♦❜s❡r✈é❡s ❛✉ ♠✐❝r♦s❝♦♣❡ ♦♣t✐q✉❡ ✭◆✐❦♦♥ ❊❝❧✐♣s❡ ❊✻✵✵✮✳
▲❡s ❧❛♠❡s s♦♥t ♥✉♠ér✐sé❡s ❣râ❝❡ ❛✉ ❧♦❣✐❝✐❡❧ ◆■❙✲❊❧❡♠❡♥ts ❇❘✸✳✵ ♣♦✉r ❝♦♠♣✲
t❛❣❡ ❞❡s ❝❡❧❧✉❧❡s ♠❛rq✉é❡s à ❧❛ ❇r❞❯✳

BrdU

Nouvelle cellule

DAB

Produit coloré

Complexe Streptavidine-

Biotine-Peroxydase

Anticorps primaire

Anticorps secondaire 

biotinylé

Immunohistochimie

❋✐❣✉r❡ ✼✳✶ ✕ ❙❝❤é♠❛ r❡♣rés❡♥t❛♥t ❧❛ t❡❝❤♥✐q✉❡ ❞✬✐♠♠✉♥♦❤✐st♦❝❤✐♠✐❡ ❞❡ t②♣❡
str❡♣t❛✈✐❞✐♥❡✲❜✐♦t✐♥❡✲♣❡r♦①②❞❛s❡✳ ❯♥ ❛♥t✐❝♦r♣s r❡❝♦♥♥❛ît ❧❛ ❇r❞❯ ✐♥❝♦r♣♦ré❡
❞❛♥s ❧❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❀ ✉♥ ❞❡✉①✐è♠❡ ❛♥t✐❝♦r♣s ❝♦✉♣❧é à ✉♥❡ ❡♥③②♠❡ r❡❝♦♥✲
♥❛ît ❧❡ ♣r❡♠✐❡r✳ ❈❡tt❡ ❡♥③②♠❡ ♣❡r♠❡t ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞✉ ❉❆❇ ❡♥ ✉♥ ♣r♦❞✉✐t
❝♦❧♦ré ❞♦♥t ❧❡ s✐❣♥❛❧ ❡st ❛♥❛❧②sé✳
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✼✳✷ ❍②❜r✐❞❛t✐♦♥ ✐♥ s✐t✉ ✿ ❩✐❢✷✻✽

▲✬❤②❜r✐❞❛t✐♦♥ ✐♥ s✐t✉ ❡st ✉♥❡ t❡❝❤♥✐q✉❡ q✉✐ ♣❡r♠❡t ❞❡ ❧♦❝❛❧✐s❡r ✉♥ ❣è♥❡
❞♦♥t ♦♥ ❝♦♥♥❛ît ❧❛ séq✉❡♥❝❡ s✉r ✉♥❡ ❝♦✉♣❡ ❞❡ t✐ss✉ ✭✐❝✐✱ ❝♦✉♣❡s ❞❡ ❝❡r✈❡❛✉ ❞❡
s♦✉r✐s✮✳ ▲❡ ♣r✐♥❝✐♣❡ r❡♣♦s❡ s✉r ❧❛ ❝♦♠♣❧é♠❡♥t❛r✐té ❞❡s ❜❛s❡s ✿ ❞❡✉① séq✉❡♥❝❡s
♥✉❝❧é♦t✐❞✐q✉❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s s✬❛♣♣❛r✐❡♥t ❞❡ ❢❛ç♦♥ s♣é❝✐✜q✉❡ ❡t ❢♦rt❡ ❡♥tr❡
❡❧❧❡s✳ ▲❡ ❜✉t ❡st ❞♦♥❝ ❞✬❛♣♣❧✐q✉❡r ✉♥❡ s♦♥❞❡ ♠❛rq✉é❡ s✉r ✉♥❡ ❝♦✉♣❡ ❞❡ t✐ss✉✳
❈❡tt❡ s♦♥❞❡ r❡❝♦♥♥❛✐t ✉♥ ❣è♥❡ s♣é❝✐✜q✉❡✱ s❡ ✜①❡ ❞❡ss✉s ❡t ❧❡ ré✈è❧❡ ♣❛r s♦♥
♠❛rq✉❛❣❡ ✭✐❝✐✱ ✉♥ ♠❛rq✉❛❣❡ r❛❞✐♦❛❝t✐❢✮✳

❆✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✱ ❝✬❡st ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ❩✐❢✷✻✽
q✉✐ ❛ été ét✉❞✐é❡✳ ❈❡ ❢❛❝t❡✉r ❛ ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞✬êtr❡ ❡①♣r✐♠é ❞❡ ❢❛ç♦♥ ✐♠♠é✲
❞✐❛t❡ ❡t tr❛♥s✐t♦✐r❡ ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥ ♥❡✉r♦♥❛❧❡ ✭♥♦t❛♠♠❡♥t ✉♥❡ ✐♥❥❡❝t✐♦♥
❞❡ ❝♦❝❛ï♥❡✮✳ ■❧ s❡r❛✐t ❞❡ ♣❧✉s ✐♠♣❧✐q✉é ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❣è♥❡s ♣❛rt✐❝✐♣❛♥t
à ❧❛ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡ ✭❑♥❛♣s❦❛ ❡t ❑❛❝③♠❛r❡❦✱ ✷✵✵✹✮✳

✼✳✷✳✶ ❖❜t❡♥t✐♦♥ ❡t ♣ré♣❛r❛t✐♦♥ ❞❡s ❝♦✉♣❡s

▲❡s ❛♥✐♠❛✉① s♦♥t ❡✉t❤❛♥❛s✐és ♣❛r ❡①♣♦s✐t✐♦♥ ❛✉ ❈❖2 ❡t ❧❡✉rs ❝❡r✈❡❛✉①
s♦♥t ♣ré❧❡✈és ❡t ❝♦♥❣❡❧és ❞❛♥s ❞❡ ❧✬✐s♦♣❡♥t❛♥❡✳ ■❧s s♦♥t ❡♥s✉✐t❡ s❡❝t✐♦♥♥és
❛✉ ❝r②♦t♦♠❡ ❡♥ ❝♦✉♣❡s ❝♦r♦♥❛❧❡s ❞❡ ✶✷ µ♠ ❞✬é♣❛✐ss❡✉r ♠♦♥té❡s s✉r ❧❛♠❡
✭❙✉♣❡r❢r♦st✴P❧✉s✱ ■▲✱ ❯❙❆✮✳

▲❡s ❧❛♠❡s s♦♥t sé❝❤é❡s ❡t st♦❝❦é❡s à ✲✸✵◦❈✱ ♣✉✐s s✉❜✐ss❡♥t ✉♥❡ ét❛♣❡ ❞❡
♣♦st✲✜①❛t✐♦♥ ❛✉ ♣❛r❛❢♦r♠❛❧❞é❤②❞❡ ✹ ✪ ✭✶✵ ♠✐♥✉t❡s✱ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡✮✱
❝❡❝✐ ❛✜♥ ❞❡ ♣rés❡r✈❡r str✉❝t✉r❡ ❡t ❝♦♥st✐t✉❛♥ts ❝❡❧❧✉❧❛✐r❡s ❞❡s ❝♦✉♣❡s✳ ❈❡tt❡
♣♦st✲✜①❛t✐♦♥ ❡st s✉✐✈✐❡ ❞✬✉♥❡ ét❛♣❡ ❞✬❛❝ét②❧❛t✐♦♥✱ ♣❛r ✐♥❝✉❜❛t✐♦♥ ❞❛♥s ❞❡ ❧✬❛♥✲
❤②❞r✐❞❡ ❛❝ét✐q✉❡ ✭✵✳✷✺ ✪✮ ✲ tr✐ét❤❛♥♦❧❛♠✐♥❡ ✵✳✶ ▼ ✭✶✵ ♠✐♥✉t❡s✮✱ ❞♦♥t ❧❡ ❜✉t
❡st ❞✬é❧✐♠✐♥❡r ❧❡s ❜r✉✐ts ❞❡ ❢♦♥❞ ❡t ❞✬✐♥❛❝t✐✈❡r ❞❡s r✐❜♦♥✉❝❧é❛s❡s ♣♦✉r ❛✐❞❡r à
♣r♦❞✉✐r❡ ✉♥ s✐❣♥❛❧ ❞✬❤②❜r✐❞❛t✐♦♥ ♣❧✉s ❢♦rt✳ ▲❛ ♣ré♣❛r❛t✐♦♥ ❞❡s ❧❛♠❡s ✜♥✐t ♣❛r
✉♥❡ ❞és❤②❞r❛t❛t✐♦♥✱ ✉♥ ❞é❣r❛✐ss❛❣❡ ❞❛♥s ❞✉ ❝❤❧♦r♦❢♦r♠❡ ✭✷ ❢♦✐s ✺ ♠✐♥✉t❡s✮✱
✉♥❡ ré❤②❞r❛t❛t✐♦♥ ❡t ✉♥ sé❝❤❛❣❡ à ❧✬❛✐r ❧✐❜r❡✳ ▲❡s ❧❛♠❡s ♣❡✉✈❡♥t ❛❧♦rs êtr❡
st♦❝❦é❡s à ✲✸✵◦❈ ❥✉sq✉✬à ❧✬ét❛♣❡ ❞✬❤②❜r✐❞❛t✐♦♥✳

✼✳✷✳✷ ▼❛rq✉❛❣❡ ❞❡s s♦♥❞❡s

❉❡s s♦♥❞❡s ✭✹✽✲♠❡r✱ ■♥✈✐tr♦❣❡♥✱ ❘♦❝❦✈✐❧❧❡✱ ▼❉✱ ❯❙❆✮ ❝♦♠♣❧é♠❡♥t❛✐r❡s
❞❡ ❧✬❛❝✐❞❡ r✐❜♦♥✉❝❧é✐q✉❡ ♠❡ss❛❣❡r ✭❆❘◆♠✮ ❞✉ ❣è♥❡ ❞✬✐♥térêt ❩✐❢✷✻✽ ♦♥t été
sé❧❡❝t✐♦♥♥é❡s ✭séq✉❡♥❝❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❛✉① ❜❛s❡s ✸✺✷ à ✸✾✾✱ ●❡♥❇❛♥❦ ♥✉✲
♠ér♦ ❞✬❛❝❝ès ▼✶✽✹✶✻✮✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ré❛❧✐s♦♥s ✉♥ ♠❛rq✉❛❣❡
r❛❞✐♦❛❝t✐❢ ❞❡ ❝❡s s♦♥❞❡s ✿

✶✳ ▼é❧❛♥❣❡ à t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡s s♦♥❞❡s ❛✈❡❝ ❞❡ ❧✬❡❛✉ ❞✐st✐❧❧é❡✱
✉♥❡ s♦❧✉t✐♦♥ t❛♠♣♦♥✱ ❞✉ ❝❤❧♦r✉r❡ ❞❡ ❝♦❜❛❧t✱ ❞✉ ❬✸✸P❪✲❞❆❚P ❡t ❞❡ ❧❛
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tr❛♥s❢ér❛s❡ t❡r♠✐♥❛❧❡ ✭q✉✐ ❝❛t❛❧②s❡ ❧✬❛❞❞✐t✐♦♥ ❞❡s ❞és♦①②♥✉❝❧é♦t✐❞❡s
s✉r ✉♥❡ ❢♦♥❝t✐♦♥ ❛❧❝♦♦❧ ✸✬❖❍ t❡r♠✐♥❛❧❡ ❞❡ ❧✬❆❉◆✮ ❀

✷✳ ■♥❝✉❜❛t✐♦♥ ❛✉ ❜❛✐♥✲♠❛r✐❡ à ✸✽◦❈ ✭✶✺ ♠✐♥✉t❡s✮ ❀

✸✳ ❇❧♦❝❛❣❡ ❞❡ ❧❛ ré❛❝t✐♦♥ ♣❛r ❧✬❛❥♦✉t ❞❡ ❚r✐s✲❊❉❚❆✳

▲❡s ♦❧✐❣♦♥✉❝❧é♦t✐❞❡s ♥♦♥ ♠❛rq✉és s♦♥t sé♣❛rés ♣❛r ♣❛ss❛❣❡ ❞✉ ♠é❧❛♥❣❡ ❛✉
tr❛✈❡rs ❞✬✉♥❡ ❝♦❧♦♥♥❡ ❙♣✐♥ ✭♠✐♥✐ ◗✉✐❝❦ ❙♣✐♥ ❈♦❧✉♠♥s ♣♦✉r ❆❘◆ ❀ ❘♦❝❤❡✱ ♥♦✳
✶ ✽✶✹ ✹✷✼✮✳ ▲❡s ❢r❛❝t✐♦♥s ♠❛rq✉é❡s s♦♥t ré❝♦❧té❡s à ❧❛ s♦rt✐❡ ❞❡ ❧❛ ❝♦❧♦♥♥❡✳
❯♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ❧❛ s♦♥❞❡ ❡st ❛❥♦✉té à ✉♥ ❝♦❝❦t❛✐❧ ❞❡ s❝✐♥t✐❧❧❛t✐♦♥ ❡t ❧❛
r❛❞✐♦❛❝t✐✈✐té ❡st ❝♦♠♣té❡ ✭❡❧❧❡ ❞♦✐t êtr❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✽✵✵ ✵✵✵ ❡t ✶ ✺✵✵ ✵✵✵
❝♦✉♣s ♣❛r ♠✐♥✉t❡ ✭❝♣♠✮✮✳

✼✳✷✳✸ ❍②❜r✐❞❛t✐♦♥ ✐♥ s✐t✉

▲❡s s♦♥❞❡s ♦❧✐❣♦♥✉❝❧é♦t✐❞✐q✉❡s ♠❛rq✉é❡s s♦♥t ♠é❧❛♥❣é❡s à ❞✉ t❛♠♣♦♥
❞✬❤②❜r✐❞❛t✐♦♥ ♣ré❛❧❛❜❧❡♠❡♥t ❝❤❛✉✛é à ✸✼◦❈ ✭❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ✶✵✵ µ❧ ❞❡
t❛♠♣♦♥ ❝♦♥t✐❡♥♥❡ ❡♥✈✐r♦♥ ✸①✶✵6 ❝♣♠ ❞❡ s♦♥❞❡ ♠❛rq✉é❡✮ ❡t ♣❧❛❝é❡s à ✺✻◦❈
♣❡♥❞❛♥t ✶✵ ♠✐♥✉t❡s✳ ❊❧❧❡s s♦♥t ❡♥s✉✐t❡ ❛❥♦✉té❡s à ❝❤❛q✉❡ ❧❛♠❡✳

▲❡s ❧❛♠❡s s♦♥t ❝♦✉✈❡rt❡s ❡t ♣❧❛❝é❡s s♦✉s ✐♥❝✉❜❛t✐♦♥ ✭✸✼◦❈✱ t♦✉t❡ ✉♥❡ ♥✉✐t✮
♣✉✐s r✐♥❝é❡s ✿ ✹ ❧❛✈❛❣❡s ❞❛♥s ❞✉ ❝✐tr❛t❡ ❞❡ s♦❞✐✉♠ s❛❧✐♥ ✶❳✱ ✸ ❧❛✈❛❣❡s ❞❛♥s
❞✉ ❝✐tr❛t❡ ❞❡ s♦❞✐✉♠ s❛❧✐♥ ✷❳✴❢♦r♠❛♠✐❞❡ ✺✵ ✪ ✭✷✵ ♠✐♥✉t❡s à ✹✵◦❈✮✱ ♣✉✐s
✷ ❧❛✈❛❣❡s ❞❡ ♥♦✉✈❡❛✉ ❞❛♥s ❧❡ ❝✐tr❛t❡ s❛❧✐♥ ✶❳ ✭✸✵ ♠✐♥✉t❡s à t❡♠♣ér❛t✉r❡ ❛♠✲
❜✐❛♥t❡✮ ❛✜♥ ❞✬é❧✐♠✐♥❡r t♦✉t❡s ❧❡s ❧✐❛✐s♦♥s ♥♦♥ s♣é❝✐✜q✉❡s ❛②❛♥t ♣✉ s❡ ❢♦r♠❡r✳
❊❧❧❡s s♦♥t ❛❧♦rs r✐♥❝é❡s à ❧✬❡❛✉ ❞✐st✐❧❧é❡ ❡t sé❝❤é❡s s♦✉s ✈❡♥t✐❧❛t❡✉r✳

✼✳✷✳✹ ❘é✈é❧❛t✐♦♥ ❡t ❛♥❛❧②s❡

▲❛ ❞❡r♥✐èr❡ ét❛♣❡ ❝♦♥s✐st❡ à ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❤②❜r✐❞❡s s♣é❝✐✜q✉❡s
✭s♦♥❞❡ ❧✐é❡ ❛✉ ❣è♥❡ ❞✬✐♥térêt✮ ♣❛r ❛✉t♦r❛❞✐♦❣r❛♣❤✐❡ ✭t❡❝❤♥✐q✉❡ ❞✬✐♠❛❣❡r✐❡ ♣❛r
❧❛q✉❡❧❧❡ ❧❛ s♦♥❞❡ r❛❞✐♦✲❛❝t✐✈❡♠❡♥t ♠❛rq✉é❡ ❧❛✐ss❡ ✉♥❡ ❡♠♣r❡✐♥t❡ s✉r ✉♥ s✉♣✲
♣♦rt ♣❤♦t♦❣r❛♣❤✐q✉❡✮✳ ➚ ❧❛ s✉✐t❡ ❞❡ ❧✬❤②❜r✐❞❛t✐♦♥✱ ✉♥ ❜r❡❢ r✐♥ç❛❣❡ à ❧✬❡❛✉
❡st ré❛❧✐sé ♣✉✐s ❧❡s ❧❛♠❡s s♦♥t sé❝❤é❡s ❡t ❛♣♣♦sé❡s à ✉♥ ✜❧♠ s❡♥s✐❜❧❡ ❛✉①
r❛②♦♥s ❳ ✭❇✐♦▼❛① ▼❘✲✷✱ ❑♦❞❛❦✱ ◆❨✱ ❯❙❆✮ ♣❡♥❞❛♥t ✻ ❥♦✉rs ♣♦✉r ré✈é✲
❧❛t✐♦♥✳ ▲❡s ✜❧♠s ♦❜t❡♥✉s s♦♥t ♥✉♠ér✐sés ❛✉ ♠♦②❡♥ ❞✬✉♥❡ t❛❜❧❡ ❧✉♠✐♥❡✉s❡
✭◆♦rt❤❡r♥ ▲✐❣❤t✱ ■♠❛❣✐♥❣ ❘❡s❡❛r❝❤✱ ❖♥t❛r✐♦✱ ❈❛♥❛❞❛✮ ❡t ❞✬✉♥❡ ❝❛♠ér❛ ❙♦♥②
❈❈❉ ❝❛♠❡r❛ ✭■♠❛❣✐♥❣ ❘❡s❡❛r❝❤✮✱ ♣✉✐s ❛♥❛❧②sés ♣❛r ❞❡♥s✐t♦♠étr✐❡ ✭ét✉❞❡ ❞❡
❧❛ ❞❡♥s✐té ♦♣t✐q✉❡✮ ❣râ❝❡ ❛✉ ❧♦❣✐❝✐❡❧ ■♠❛❣❡❏ ✭❲❛②♥❡ ❘❛s❜❛♥❞✱ ▼❉✱ ❯❙❆✮✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠❛ t❤ès❡ ❥✬❛✐ ❛♥❛❧②sé ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❞❛♥s ✷✻ ré✲
❣✐♦♥s ❝♦rt✐❝❛❧❡s ❜❛sé❡s s✉r ❧✬❛t❧❛s ❞❡ P❛①✐♥♦s ❡t ❋r❛♥❦❧✐♥ ✭✷✵✵✶✮ ❡t ❞❛♥s ✷✸ s❡❝✲
t❡✉rs ❞✉ str✐❛t✉♠ ❞é✜♥✐s ♣❛r ❧❡✉rs ❛✛ér❡♥❝❡s ❝♦rt✐❝❛❧❡s ✭❲✐❧❧✉❤♥ ❡t ❛❧✳✱ ✷✵✵✸✮✱
❝❡❝✐ à ✹ ♥✐✈❡❛✉① s✉r ❧❡ ♣❧❛♥ r♦str♦✲❝❛✉❞❛❧ ✿ ❢r♦♥t❛❧ ✭❡♥✈✐r♦♥ ✰✶✳✾✽ ♠♠ ♣❛r
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r❛♣♣♦rt ❛✉ ❇r❡❣♠❛✮✱ r♦str❛❧ ✭✰✶✳✶✽ ♠♠✮✱ ♠✐❞❞❧❡ ✭✰✵✳✼✹ ♠♠✮✱ ❡t ❝❛✉❞❛❧
✭−✵✳✷✷ ♠♠✮✳ ▲❡s ré❣✐♦♥s s♦♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✼✳✷✳
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❋✐❣✉r❡ ✼✳✷ ✕ ❙❝❤é♠❛ r❡♣rés❡♥t❛♥t ❆✴ ❧❡s ❞✐✛ér❡♥ts ♣❧❛♥s ❞❡ ❝♦✉♣❡ ❡t ❧❛
♣♦s✐t✐♦♥ ❞❡ ❧✬❡♠❜❛s❡ ✭❡♥ r♦✉❣❡✮ ❡t ❇✴ ❧❡s ré❣✐♦♥s ❞✉ ❝♦rt❡① ✭■▲✱ ✐♥❢r❛❧✐♠✲
❜✐q✉❡ ❀ Pr▲✱ ♣ré❧✐♠❜✐q✉❡ ❀ ❈❣✱ ❝✐♥❣✉❧❛✐r❡ ❀ ▼✷✱ ♠♦t❡✉r s❡❝♦♥❞❛✐r❡ ❀ ▼✶✱ ♠♦✲
t❡✉r ♣r✐♠❛✐r❡ ❀ ❙✶✱ s♦♠❛t♦s❡♥s♦r✐❡❧ ♣r✐♠❛✐r❡ ❀ ❙❙✱ s♦♠❛t♦s❡♥s♦r✐❡❧ ❀ ■✴▲❖✱ ✐♥s✉✲
❧❛✐r❡✴♦r❜✐t❛✐r❡ ❧❛tér❛❧ ❀ ■✱ ✐♥s✉❧❛✐r❡ ❀ P✐r✱ ♣✐r✐❢♦r♠❡✮ ❡t ❞✉ str✐❛t✉♠ ✭♠✱ ♠é❞✐❛❧ ❀
❞♠✱ ❞♦rs♦♠é❞✐❛❧ ❀ ❞✱ ❞♦rs❛❧ ❀ ❞❧✱ ❞♦rs♦❧❛tér❛❧ ❀ ❞❝✱ ❞♦rs❛❧ ❝❡♥tr❛❧ ❀ ❝✱ ❝❡♥tr❛❧ ❀
✈❝✱ ✈❡♥tr❛❧ ❝❡♥tr❛❧ ❀ ✈❧✱ ✈❡♥tr♦❧❛tér❛❧ ❀ ✈✱ ✈❡♥tr❛❧✳ ◆♦②❛✉ ❛❝❝✉♠❜❡♥s ✿ ♠❈ ❡t
❧❈✱ ❝÷✉r ♠é❞✐❛❧ ❡t ❧❛tér❛❧ ❀ ♠❙✱ ✈❙ ❡t ❧❙✱ ❝♦q✉✐❧❧❡ ♠é❞✐❛❧❡✱ ✈❡♥tr❛❧❡ ❡t ❧❛tér❛❧❡✮
ét✉❞✐é❡s✳



✽ ❚r❛✐t❡♠❡♥t ❞❡s rés✉❧t❛ts

✽✳✶ Prés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s

▲❡s rés✉❧t❛ts ❞❡ ❝❤❛q✉❡ ét✉❞❡ s♦♥t r❡♣rés❡♥tés s♦✉s ❢♦r♠❡ ❞✬❤✐st♦❣r❛♠♠❡s
✭♣❛r❛♠ètr❡ ❝♦♠♣♦rt❡♠❡♥t❛❧ t❡sté✱ ❡✛❡t ❞♦s❡✲ré♣♦♥s❡ ❞✬✉♥❡ ❞r♦❣✉❡✳✳✳✮ ♦✉ ❞❡
❝♦✉r❜❡s ✭❞é❝♦✉rs t❡♠♣♦r❡❧✱ ❛♣♣r❡♥t✐ss❛❣❡✳✳✳✮ ♣❛r ❧❛ ♠♦②❡♥♥❡ ❡t ❧✬❡rr❡✉r t②♣❡
✭st❛♥❞❛r❞ ❡rr♦r ♦❢ t❤❡ ♠❡❛♥✱ ❙❊▼✮✳ ▲✬❡✛❡❝t✐❢ ❞❡s ❣r♦✉♣❡s ✭❧❛ ♣❧✉♣❛rt ❞✉
t❡♠♣s✱ ❛✉ ♠✐♥✐♠✉♠ ❞❡ ✽ ❛♥✐♠❛✉①✴❣r♦✉♣❡✮ s❡r❛ ♣ré❝✐sé ♣♦✉r ❝❤❛q✉❡ ét✉❞❡✳

▲♦rsq✉✬✉♥❡ ❞✐✛ér❡♥❝❡ ❡st st❛t✐st✐q✉❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❞❡✉① ❣r♦✉♣❡s✱
❡❧❧❡ ❡st r❡♣rés❡♥té❡ ♣❛r ❞❡s s②♠❜♦❧❡s ✭t❡❧s q✉❡ ❧✬❛stér✐sq✉❡ ✯✮ ❞♦♥t ❧❡ ♥♦♠❜r❡
✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡ s✐❣♥✐✜❝❛t✐✈✐té ✭✯ ♣♦✉r ♣≤✵✳✵✺✱ ✯✯ ♣♦✉r ♣❁✵✳✵✶✱
❡t ✯✯✯ ♣♦✉r ♣❁✵✳✵✵✶✮✳

✽✳✷ ❙t❛t✐st✐q✉❡s

P❧✉s✐❡✉rs t②♣❡s ❞❡ t❡sts st❛t✐st✐q✉❡s ♦♥t été ré❛❧✐sés ❛✉ ♠♦②❡♥ ❞✉ ❧♦❣✐❝✐❡❧
❙t❛t✐st✐❝❛ ✭❙t❛t❙♦❢t✱ ❯❙❆✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞♦♥♥é❡s à ❛♥❛❧②s❡r ❀ ✐❧s s❡r♦♥t ♣ré✲
❝✐sés ♣♦✉r ❝❤❛q✉❡ ét✉❞❡✳ ◆♦✉s ❛✈♦♥s ré❛❧✐sé ❞❡s t❡sts ♣❛r❛♠étr✐q✉❡s ♣✉✐sq✉✬✐❧
❡st ❝♦♥s✐❞éré q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡s ✈❛r✐❛❜❧❡s ❜✐♦❧♦❣✐q✉❡s q✉❛♥t✐t❛t✐✈❡s ❝♦♥t✐✲
♥✉❡s ✭t❡❧❧❡s q✉❡ ❧❡s ♥ôtr❡s✮ ♣♦ssè❞❡♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ♥♦r♠❛❧❡ ✭Pr❡✉① ❡t ❛❧✳✱
✷✵✵✸✮ ❀ ✉♥ t❡st ❞❡ ❙❤❛♣✐r♦✲❲✐❧❦ ré❛❧✐sé s✉r ♥♦s ♣r❡♠✐èr❡s ❞♦♥♥é❡s ✭♣✉❜❧✐é❡s
❞❛♥s ❧✬❛rt✐❝❧❡ ♣rés❡♥té ❡♥ ❛♥♥❡①❡ ❇✮ ♥♦✉s ❛ ♣❛r ❛✐❧❧❡✉rs ♣❡r♠✐s ❞❡ ❧❡ ✈ér✐✜❡r
♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡ ♥♦s ✈❛r✐❛❜❧❡s ❝♦♠♣♦rt❡♠❡♥t❛❧❡s✳ ▲✬é❣❛❧✐té ❞❡s ✈❛r✐❛♥❝❡s ❛
q✉❛♥t à ❡❧❧❡ été ✈ér✐✜é❡ ♣❛r ✉♥ t❡st ❞❡ ▲❡✈❡♥❡✳

✽✳✷✳✶ t✲t❡sts

▲♦rsq✉❡ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré ❧❡s ♠♦②❡♥♥❡s ❞❡ ❞❡✉① ❣r♦✉♣❡s ❡①♣ér✐♠❡♥✲
t❛✉① ✭✉♥ s❡✉❧ ❢❛❝t❡✉r✱ t❡❧ q✉✬✉♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❛❝t✐❢ ♦✉ s❤❛♠✮✱ ♥♦✉s
❛✈♦♥s ✉t✐❧✐sé ✉♥ t❡st ❞❡ ❙t✉❞❡♥t✳

✶✵✶



✶✵✷ ❈❍❆P■❚❘❊ ✽✳ ❚❘❆■❚❊▼❊◆❚ ❉❊❙ ❘➱❙❯▲❚❆❚❙

P♦✉r ❧❡s t❡sts ✐♠♣❧✐q✉❛♥t ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❛ ♠♦②❡♥♥❡ ❞✬✉♥ ❣r♦✉♣❡
❡t ✉♥❡ ♠♦②❡♥♥❡ t❤é♦r✐q✉❡✱ t❡❧s q✉❡ ❧❡ t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡
♦✉ ❧❡s t❡sts ❞❡ ♠é♠♦✐r❡✱ ✉♥ t✲t❡st ❞❡ t②♣❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ♠♦②❡♥♥❡ à ✉♥
st❛♥❞❛r❞ ❛ été ❛♣♣❧✐q✉é✳

✽✳✷✳✷ ❆◆❖❱❆s

❉❡s ❆◆❖❱❆s à ♣❧✉s✐❡✉rs ❢❛❝t❡✉rs ♦♥t été ré❛❧✐sé❡s q✉❛♥❞ ❧❡s s♦✉r✐s ét❛✐❡♥t
ré♣❛rt✐❡s ❞❛♥s ❞❡s ❣r♦✉♣❡s ❜❛sés s✉r ❛✉ ♠♦✐♥s ❞❡✉① ❢❛❝t❡✉rs ❞✐✛ér❡♥ts ✭♣❛r
❡①❡♠♣❧❡ ✿ ❡①♣♦s✐t✐♦♥ ♦✉ ♥♦♥ à ❧❛ ❞r♦❣✉❡✱ ❡t ❡①♣♦s✐t✐♦♥ ♦✉ ♥♦♥ à ❧❛ t❉❈❙✮✳

❉❛♥s ❧❡ ❝❛s s♣é❝✐✜q✉❡ ❞❡s t❡sts ré♣étés ♣❧✉s✐❡✉rs ❢♦✐s s✉r ✉♥ ♠ê♠❡ ❣r♦✉♣❡
❞❡ s♦✉r✐s✱ ♦✉ ❞❡s t❡sts ❛✈❡❝ ❞é❝♦✉rs t❡♠♣♦r❡❧✱ ❞❡s ❆◆❖❱❆s à ♠❡s✉r❡s ré♣été❡s
♦♥t été ❝❛❧❝✉❧é❡s ❛✈❡❝ ❝♦♠♠❡ ❢❛❝t❡✉r ✐♥t❡r✲s♣é❝✐✜q✉❡ ❧❡ ❣r♦✉♣❡ ✭s❤❛♠ ♦✉
st✐♠✉❧é✮✱ ❡t ❝♦♠♠❡ ❢❛❝t❡✉r ✐♥tr❛✲s♣é❝✐✜q✉❡ ✉♥ ❞é❝♦✉rs t❡♠♣♦r❡❧✱ ♦✉ ❡♥❝♦r❡
❧❛ ③♦♥❡ ❝éré❜r❛❧❡ ❝♦♥s✐❞éré❡ ♣♦✉r ✉♥❡ ♠ê♠❡ s♦✉r✐s ✭♣❛r ❡①❡♠♣❧❡ ✿ ❤é♠✐s♣❤èr❡
❞r♦✐t ♦✉ ❣❛✉❝❤❡✮✳

▲♦rsq✉❡ ❧❡s ❆◆❖❱❆s ♣rés❡♥t❛✐❡♥t ✉♥ ❢❛❝t❡✉r ♦✉ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ st❛t✐st✐✲
q✉❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡ ✭♣≤✵✳✵✺✮✱ ✉♥ ♣♦st✲❤♦❝ ❞❡ ◆❡✇♠❛♥✲❑❡✉❧s ✭q✉✐ ♣❡r♠❡t
❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❞✐✛ér❡♥❝❡s s✐❣♥✐✜❝❛t✐✈❡s ❡♥tr❡ ❧❡s ♠♦②❡♥♥❡s ❞❡s ❣r♦✉♣❡s
❞❛♥s ✉♥❡ ❛♥❛❧②s❡ ❞❡ ✈❛r✐❛♥❝❡✮ ét❛✐t ❡①é❝✉té✳



❚r♦✐s✐è♠❡ ♣❛rt✐❡

❘és✉❧t❛ts

✶✵✸





✾ ➱t✉❞❡ ✶ ✿ ▼✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥
♠♦❞è❧❡ ❛♥✐♠❛❧

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❡♥ ✐♥tr♦❞✉❝t✐♦♥ ✭❝❤❛♣✐tr❡ ✷✮✱ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s✲
❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ❡st ✉♥❡ t❡❝❤♥✐q✉❡ ❞❡ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ ❞❡ ♣❧✉s
❡♥ ♣❧✉s ❡①♣❧♦ré❡ ❝❡s ✷✵ ❞❡r♥✐èr❡s ❛♥♥é❡s ❞✉ ❢❛✐t ❞❡ s❡s ♠✉❧t✐♣❧❡s ❛✈❛♥t❛❣❡s✳
❈❡♣❡♥❞❛♥t✱ ♠❛❧❣ré ❧❡s ♥♦♠❜r❡✉s❡s ét✉❞❡s ♣❛r✉❡s à ❝❡ ❥♦✉r✱ ❞❡s ③♦♥❡s ❞✬♦♠❜r❡
♣❡rs✐st❡♥t ❡t ❞♦✐✈❡♥t êtr❡ ❝❧❛r✐✜é❡s ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ❡♥ t✐r❡r ♣r♦✜t✳

P♦✉r ❝♦♠♠❡♥❝❡r✱ ❧❡s ❝♦♥séq✉❡♥❝❡s ♣❤②s✐♦❧♦❣✐q✉❡s ❡t ❝♦♠♣♦rt❡♠❡♥t❛❧❡s
❞❡ ❧❛ t❉❈❙ ♣♦rt❡♥t ❡♥❝♦r❡ à ❞é❜❛t✳ ◗✉❡ ❝❡ s♦✐t s✉r ❞❡s s✉❥❡ts s❛✐♥s ♦✉ ❞❡s
♣❛t✐❡♥ts ❛tt❡✐♥ts ❞✬✉♥❡ ♣❛t❤♦❧♦❣✐❡ ♣ré❝✐s❡✱ ❧❡s ❡✛❡ts r❡❝❡♥sés ❞❡ ❝❡tt❡ t❡❝❤✲
♥✐q✉❡ ✈❛r✐❡♥t ❞✬✉♥❡ ét✉❞❡ à ❧✬❛✉tr❡✱ ♣❛r❢♦✐s ❡♥tr❡ ❞❡✉① ét✉❞❡s ❞✬✉♥❡ ♠ê♠❡
éq✉✐♣❡ ✭❇❡♥♥❛❜✐ ❡t ❛❧✳ ✭✷✵✶✹✮✱ ❡♥ ❛♥♥❡①❡ ❆✮✳

❈❡tt❡ ✈❛r✐❛❜✐❧✐té s✬❡①♣❧✐q✉❡ ❞✬✉♥❡ ♣❛rt ♣❛r ❞❡s ❢❛❝t❡✉rs ❧✐és ❛✉① s✉❥❡ts✱
♣❧✉s ♦✉ ♠♦✐♥s ré♣♦♥❞❛♥ts à ❧❛ ♥❡✉r♦♠♦❞✉❧❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝r✐tèr❡s t❡❧s
q✉❡ ❧✬â❣❡✱ ❧❛ ❣é♥ét✐q✉❡✱ ♦✉ ❡♥❝♦r❡ ❧❡s tr❛✐t❡♠❡♥ts ♣r✐s ❝♦♥❥♦✐♥t❡♠❡♥t✳ ❉✬❛✉tr❡
♣❛rt✱ ❞❡s ❢❛❝t❡✉rs ❧✐és ❛✉① ♣r♦t♦❝♦❧❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♣❡✉✈❡♥t ❛✉ss✐ ❛✛❡❝t❡r
❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙ ✭◆✐ts❝❤❡ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ◗✉❡❧ q✉❡ s♦✐t ❧✬❡✛❡t r❡❝❤❡r❝❤é
♦✉ ❧❛ ♣❛t❤♦❧♦❣✐❡ q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ tr❛✐t❡r✱ ✐❧ ♥✬❡①✐st❡ ❛❝t✉❡❧❧❡♠❡♥t ♣❛s ❞❡
❝♦♥s❡♥s✉s q✉❛♥t ❛✉ ♣r♦t♦❝♦❧❡ ♣ré❝✐s à s✉✐✈r❡ ✿ q✉❡❧❧❡s ❞♦✐✈❡♥t êtr❡ ❧✬✐♥t❡♥s✐té
❡t ❧❛ ❞✉ré❡ ❞✬✉♥❡ s❡ss✐♦♥ ❞❡ st✐♠✉❧❛t✐♦♥ ❄ ❋❛✉t✲✐❧ ré♣ét❡r ❧❡s s❡ss✐♦♥s✱ ❡t s✐
♦✉✐✱ à q✉❡❧ ✐♥t❡r✈❛❧❧❡ ♣♦✉r q✉❡ ❧❡s ❡✛❡ts s♦✐❡♥t ♠❛①✐♠❛✉① ❄ ❊st✲✐❧ ✐♥tér❡ss❛♥t
❞❡ ré❛❧✐s❡r ❞❡s tâ❝❤❡s ♣❡♥❞❛♥t ❧❡s st✐♠✉❧❛t✐♦♥s ♦✉ ❞♦✐✈❡♥t✲❡❧❧❡s êtr❡ ré❛❧✐sé❡s
♣❡♥❞❛♥t ✉♥ r❡♣♦s t♦t❛❧ ❞✉ s✉❥❡t ✲ ✈♦✐r❡ s♦♥ s♦♠♠❡✐❧ ❄

■❧ ❛ été ❞é♠♦♥tré à ♣❧✉s✐❡✉rs r❡♣r✐s❡s q✉❡ ❧❡ ♠♦♥t❛❣❡ ❞❡s é❧❡❝tr♦❞❡s ❛✉ss✐ ❛
✉♥❡ ✐♠♣♦rt❛♥❝❡ ♠❛❥❡✉r❡✳ P♦✉r ❝❤❛q✉❡ ét✉❞❡ ♠❡♥é❡ ✐❧ r❡st❡ ❞♦♥❝ à ❞ét❡r♠✐♥❡r
♦ù ♣♦s✐t✐♦♥♥❡r ❧❡s é❧❡❝tr♦❞❡s ❡t ❧❛ ♣♦❧❛r✐té ❞és✐ré❡ ✲ t♦✉t ❡♥ ❣❛r❞❛♥t à ❧✬❡s♣r✐t
q✉❡ ♣♦✉r ✉♥❡ ♠ê♠❡ ♣♦❧❛r✐té ❛❞♠✐♥✐stré❡ s✉r ✉♥❡ ❛✐r❡ ❝♦rt✐❝❛❧❡✱ ❧✬❡✛❡t ♦❜t❡♥✉
♣❡✉t ✈❛r✐❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥✳

P❛r ❛✐❧❧❡✉rs✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ ❞❡ ❧❛ t❉❈❙ s✉r ❧❡s ❞✐✈❡rs❡s ❛✐r❡s
❝éré❜r❛❧❡s r❡st❡♥t à é❧✉❝✐❞❡r✳

✶✵✺
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■❧ s❡ ♣♦s❡ ❞♦♥❝ ❧✬✐♥térêt ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ q✉✐ ♣❡r♠❡ttr❛✐t
❞❡ ré❛❧✐s❡r ❞❡s ❜❛tt❡r✐❡s ❞❡ t❡sts ✈✐s❛♥t à ✿

✖ ❈♦♥✜r♠❡r ❧❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ❞✬✉♥❡ ♦✉ ♣❧✉s✐❡✉rs s❡ss✐♦♥s ❞❡
t❉❈❙ ❡t é✈❛❧✉❡r ❧❡✉r ❞✉ré❡ ❞❛♥s ❧❡ t❡♠♣s ❀

✖ ❉é✜♥✐r ❧❡s ♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ ♦♣t✐♠❛✉① ✭t❡♠♣s✱ ✐♥t❡♥s✐té✱ ❢ré✲
q✉❡♥❝❡✱ ✐♥t❡r✈❛❧❧❡✱ ③♦♥❡ ❝✐❜❧é❡✳✳✳✮ ❀

✖ ❈♦♠♣r❡♥❞r❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ♣❤②s✐♦❧♦❣✐q✉❡✳

❆✉ ❞é❜✉t ❞❡ ♠❛ t❤ès❡ ✐❧ ♥✬❡①✐st❛✐t ♣❛s ❞✬é✈❛❧✉❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❡s ❡✛❡ts
❝♦♠♣♦rt❡♠❡♥t❛✉① ❞❡ ❧❛ t❉❈❙ s✉r ♠♦❞è❧❡ ❛♥✐♠❛❧✳ ▲❡s q✉❡❧q✉❡s ét✉❞❡s ♠❡♥é❡s
❝❤❡③ ❧✬❛♥✐♠❛❧ ét❛✐❡♥t ❞❡s ét✉❞❡s é❧❡❝tr♦♣❤②s✐♦❧♦❣✐q✉❡s ✭✐♥ ✈✐✈♦ ♦✉ ✐♥ ✈✐tr♦✮ ♦✉
♣♦rt❛♥t s✉r ✉♥ ♣❛r❛♠ètr❡ ❝♦♠♣♦rt❡♠❡♥t❛❧ s♣é❝✐✜q✉❡✱ ♥♦t❛♠♠❡♥t ❞❛♥s ❞❡s
♠♦❞è❧❡s ❛♥✐♠❛✉① ❞❡ ♣❛t❤♦❧♦❣✐❡ ✭♣❛r ❡①❡♠♣❧❡✱ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s
♠♦tr✐❝❡s ❝❤❡③ ❞❡s r❛ts ♠♦❞è❧❡s ❞❡ ❧✬❛❝❝✐❞❡♥t ✈❛s❝✉❧❛✐r❡ ❝éré❜r❛❧ ❀ ❑✐♠ ❡t ❛❧✳
✭✷✵✶✵✮ ❀ ❨♦♦♥ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳ ❈❡♣❡♥❞❛♥t ❛✉❝✉♥❡ ♥❡ ❝❤❡r❝❤❛✐t à ♠❡ttr❡ ❡♥
♣❧❛❝❡ ✉♥ ♠♦❞è❧❡ r❡♣r♦❞✉✐s❛♥t ❧❡s ❞✐✛ér❡♥ts ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ♦❜t❡♥✉s ❧♦rs ❞❡s
ét✉❞❡s ❝❤❡③ ❧✬❍♦♠♠❡✳

▲✬♦❜❥❡t ♣r✐♥❝✐♣❛❧ ❞❡ ♠❛ t❤ès❡ ❡st ❞♦♥❝ ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡✱ ❝❤❡③ ❧✬❛♥✐♠❛❧✱
✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts
❛✛❡❝tés ♣❛r ❧❛ t❉❈❙✱ ❝❡❝✐ ❞❛♥s ❧❡ ❜✉t ❞❡ ré❛❧✐s❡r ❧❡s ét✉❞❡s ❞✬♦♣t✐♠✐s❛t✐♦♥ ❡t
❞✬✐♥✈❡st✐❣❛t✐♦♥ ♠❡♥t✐♦♥♥é❡s ❝✐✲❛✈❛♥t✳

✾✳✶ ❈❤♦✐① ❞✉ ♠♦❞è❧❡ ❛♥✐♠❛❧

▲❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① s♦♥t ♥é❝❡ss❛✐r❡s à ❧❛ r❡❝❤❡r❝❤❡ ❜✐♦♠é❞✐❝❛❧❡✱ ❞❡ ♣❛r
❧❡✉r ❝♦♥tr✐❜✉t✐♦♥ à ♥♦tr❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ❣é♥ét✐q✉❡s✱ ♣❤②s✐♦✲
❧♦❣✐q✉❡s✱ ♣❛t❤♦❧♦❣✐q✉❡s✱ ❡t à ❧✬ét✉❞❡ ❞❡ ❧✬❡✣❝❛❝✐té ❡t ❞❡ ❧❛ t♦①✐❝✐té ❞❡ ❞✐✈❡rs
tr❛✐t❡♠❡♥ts✳ ▲✬✉♥ ❞❡s ♠♦❞è❧❡s ❛♥✐♠❛✉① ❧❡s ♣❧✉s ✉t✐❧✐sés ❡♥ ❧❛❜♦r❛t♦✐r❡ ❡st ❧❛
s♦✉r✐s✳

▲❛ s♦✉r✐s ♣rés❡♥t❡ ❞❡ ♥♦♠❜r❡✉① ❛✈❛♥t❛❣❡s✱ à ❝♦♠♠❡♥❝❡r ♣❛r ❞❡s ❛s♣❡❝ts
♣r❛t✐q✉❡s ✿ ❞✬é❧❡✈❛❣❡ ❡t ❞❡ ♠❛♥✐♣✉❧❛t✐♦♥ ❢❛❝✐❧❡s ✭♣❡✉ ❝♦ût❡✉s❡ à ❡♥tr❡t❡♥✐r✱
❞❡ ♣❡t✐t❡ t❛✐❧❧❡✱ s❡ r❡♣r♦❞✉✐s❛♥t r❛♣✐❞❡♠❡♥t✮✱ s♦♥ ❣é♥♦♠❡ ❛ été ❡♥t✐èr❡♠❡♥t
séq✉❡♥❝é✳ ▲✬❍♦♠♠❡ ❡t ❧❛ s♦✉r✐s ♣❛rt❛❣❡♥t ❛✐♥s✐ ✾✾ ✪ ❞❡ ❣è♥❡s ❤♦♠♦❧♦❣✉❡s✱ ❡t
✐❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉① ♠♦❞è❧❡s ♠✉r✐♥s ❞❡ ♣❛t❤♦❧♦❣✐❡s ❤✉♠❛✐♥❡s ✭✐♥❝❧✉❛♥t ❞❡s
♠♦❞è❧❡s ❞❡ tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s✱ t❡❧s q✉❡ ❧❛ ❞é♣r❡ss✐♦♥ ♦✉ ❧❛ s❝❤✐③♦♣❤ré♥✐❡
✭◆❡st❧❡r ❡t ❍②♠❛♥✱ ✷✵✶✵✮✮✳ ▲❛ s♦✉r✐s ❡st ❞♦♥❝ ✉♥ ♠♦❞è❧❡ ✐♥tér❡ss❛♥t ♣♦✉r
❧✬ét✉❞❡ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉✱ ❛✈❡❝ ♣♦ss✐❜✐✲
❧✐té ❞✬ét✉❞✐❡r ❛✉ss✐ ❜✐❡♥ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ s❛✐♥❡ q✉✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ♣♦rt❡✉s❡ ❞❡
♣❛t❤♦❧♦❣✐❡s s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s r❡♥❝♦♥tré❡s ❝❤❡③ ❧✬❍♦♠♠❡✳
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✾✳✶✳✶ ▲❛ s♦✉r✐s ❙✇✐ss

▲❛ s♦✉❝❤❡ ❙✇✐ss ❡st ✉♥❡ s♦✉❝❤❡ ♥♦♥ ❝♦♥s❛♥❣✉✐♥❡✱ ❞❛♥s ❧❛q✉❡❧❧❡ ♦♥ ❝❤❡r❝❤❡
à ♠❛✐♥t❡♥✐r ✉♥❡ ❝♦♥st❛♥t❡ ❤étér♦❣é♥é✐té✳ ❊❧❧❡ ❛ été ❝réé❡ à ♣❛rt✐r ❞❡ ✷ ♠â❧❡s
❡t ✼ ❢❡♠❡❧❧❡s ❛❧❜✐♥♦s ♣r♦✈❡♥❛♥t ❞✉ ❈❡♥tr❡ ❆♥t✐❝❛♥❝ér❡✉① ❞❡ ❘♦♠❛♥❞ ✭❙✉✐ss❡✮
❡t ✐♠♣♦rté❡ ❛✉ ❘♦❝❦❢❡❧❧❡r ■♥st✐t✉t❡ ♣❛r ❈❧❛r❛ ▲②♥❝❤ ❡♥ ✶✾✷✻✳

◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❧❛ t❉❈❙ ❞❛♥s ❝❡tt❡ s♦✉❝❤❡ ♣♦✉r
s♦♥ ❝❛r❛❝tèr❡ ♥♦♥ ❝♦♥s❛♥❣✉✐♥✱ q✉✐ ✐♠♣❧✐q✉❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛✈♦✐r ✉♥❡ ❢♦rt❡
✈❛r✐❛❜✐❧✐té ✐♥❞✐✈✐❞✉❡❧❧❡ ♣♦✉r ❧❡s tr❛✐ts ét✉❞✐és✱ ♠❛✐s ♣r❡♥❞ ♠✐❡✉① ❡♥ ❝♦♠♣t❡ ❧❛
❞✐s♣❛r✐té ❞❡s ré♣♦♥s❡s ✐♥❞✐✈✐❞✉❡❧❧❡s r❡♥❝♦♥tré❡s ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❤✉♠❛✐♥❡✳

✾✳✶✳✷ Pr♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥

❆✜♥ ❞❡ ré❛❧✐s❡r ❞❡s ét✉❞❡s ❧❡s ♣❧✉s r❡♣r♦❞✉❝t✐❜❧❡s ♣♦ss✐❜❧❡s✱ ♥♦✉s ❛✈♦♥s
❝❤♦✐s✐ ❞❡ ✜①❡r ✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣ré❝✐s ❡♥ ♥♦✉s ❜❛s❛♥t s✉r ❧❛ ❧✐tté✲
r❛t✉r❡ ❞é❥à ❡①✐st❛♥t❡✳

◆♦✉s ♥♦✉s s♦♠♠❡s ♠❛❥♦r✐t❛✐r❡♠❡♥t ✐♥s♣✐rés ❞✉ ♠♦❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③ ❡t
❝♦❧❧❛❜♦r❛t❡✉rs✳ ❈♦♠♠❡ ♣rés❡♥té ❞❛♥s ❧❡✉rs ét✉❞❡s ✭▲✐❡❜❡t❛♥③ ❡t ❛❧✳✱ ✷✵✵✻❛✱❜✮✱
♥♦✉s ♥✬❛✈♦♥s ♣✉ ♥♦✉s ❛✛r❛♥❝❤✐r ❞✬✉♥❡ ❝❤✐r✉r❣✐❡ ♣ré❛❧❛❜❧❡ ❝♦♥s✐st❛♥t ❡♥ ❧❛
♣♦s❡ ❞✬✉♥❡ ❡♠❜❛s❡ ♣❡r♠❡tt❛♥t ❞❡ r❡❝❡✈♦✐r ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡✱ ❝❡❝✐ ♣♦✉r
♥♦✉s ❛ss✉r❡r ❞✬✉♥❡ ♣♦s✐t✐♦♥ ✜①❡ ❞❡ ❧✬é❧❡❝tr♦❞❡ ❛✉ ❞❡ss✉s ❞✉ ❧♦❜❡ ❢r♦♥t❛❧ ❞❡
❧✬❛♥✐♠❛❧✳ ❈❡tt❡ ❡♠❜❛s❡ ❡t ❧✬é❧❡❝tr♦❞❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ♦♥t été s♣é❝✐❛❧❡♠❡♥t
❞é✈❡❧♦♣♣é❡s ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ✉♥❡ ❡♥tr❡♣r✐s❡ ❞❡ ❜✐♦t❡❝❤♥♦❧♦❣✐❡✱ ❉✐①✐ ♠✐✲
❝r♦t❡❝❤♥✐q✉❡s ✭❇❡s❛♥ç♦♥✱ ❋r❛♥❝❡✮✳

❚♦✉t ❝♦♠♠❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬é❧♦✐❣♥❡r
❧❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ❞❡ ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ♣♦✉r é✈✐t❡r q✉❡ ❧❡ ❝♦✉r❛♥t ♥❡
♣❛ss❡ ❞✐r❡❝t❡♠❡♥t ❞❡ ❧✬✉♥❡ à ❧✬❛✉tr❡✱ ❝♦♥t♦✉r♥❛♥t ❧❡s t✐ss✉s ❝✐❜❧és✳ ▲❛ ❝♦♥tr❡✲
é❧❡❝tr♦❞❡ ❡st ❞❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡ à ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ✭s✉r❢❛❝❡ ❞❡ ✾✳✺ ❝♠2

❝♦♥tr❡ ✸✳✺ ♠♠2✮✱ ❝❡❝✐ ♣♦✉r ❞✐♠✐♥✉❡r ❧❛ rés✐st❛♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡
t♦✉t ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s❡❝♦♥❞❡✳

▲✬✉♥ ❞❡ ♥♦s ♣r✐♥❝✐♣❛✉① s♦✉❝✐s ét❛✐t ❞❡ st✐♠✉❧❡r ❞❡s ❛♥✐♠❛✉① é✈❡✐❧❧és✱
❝♦♠♠❡ ◆❡❦❤❡♥❞③② ❡t ❛❧✳ ✭✷✵✵✹✮✱ ❛✜♥ ❞✬é✈✐t❡r t♦✉t❡ ♣♦ss✐❜❧❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡
❧✬ét❛t ❞❡ ✈❡✐❧❧❡✴s♦♠♠❡✐❧ ❞❡s ❛♥✐♠❛✉① ❡t ❧❡s ❡✛❡ts ♣❤②s✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ t❉❈❙
✭❧❛ ♣❧✉♣❛rt ❞❡s ♣r♦t♦❝♦❧❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝❤❡③ ❧✬❍♦♠♠❡ ét❛♥t ré❛❧✐sés s✉r
❞❡s s✉❥❡ts é✈❡✐❧❧és✮✱ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ♣♦✉r é✈✐t❡r ✉♥ ♣♦ss✐❜❧❡ ❡✛❡t
❞❡ ❧✬❛❣❡♥t ❛♥❡st❤és✐❛♥t s✉r ❧❡s t❡sts ❝♦♠♣♦rt❡♠❡♥t❛✉① ✉❧tér✐❡✉rs✳ ▲❡ ❝♦rs❡t
✭♣❡r♠❡tt❛♥t ✉♥❡ ❝❡rt❛✐♥❡ ♠♦❜✐❧✐té✮ ✉t✐❧✐sé ♣❛r ❧✬éq✉✐♣❡ ❞❡ ▲✐❡❜❡t❛♥③ ♥✬ét❛✐t
♣❛s ✉♥❡ s♦❧✉t✐♦♥ ❢❛❝✐❧❡♠❡♥t ❛❞❛♣t❛❜❧❡ ❛✉① s♦✉r✐s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤♦✐s✐ ❞❡
♣❧❛❝❡r ❧❡s ❛♥✐♠❛✉① ❡♥ ❝♦♥t❡♥t✐♦♥ à ❝❤❛q✉❡ s❡ss✐♦♥ ❞❡ st✐♠✉❧❛t✐♦♥✱ à ❧✬✐♥st❛r
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❞❡ ❝❡ q✉✐ ❡st ré❛❧✐sé ♣❛r ❉❤❛♠♥❡ ❡t ❛❧✳ ✭✷✵✶✺✮✳ ❆✉ s❡✐♥ ❞✉ ❧❛❜♦r❛t♦✐r❡ ♥♦✉s
❛✈♦♥s ❞❛♥s ❝❡ ❜✉t ❞é✈❡❧♦♣♣é ✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ ❝♦♥t❡♥t✐♦♥ ✭✜❣✉r❡ ✺✳✷✱ ♣✳✽✷✮✱
♣✉✐s ✉♥ ❣é♥ér❛t❡✉r ❞❡ ❝♦✉r❛♥t ♣❧✉s ❛❞❛♣té ❛✉① ét✉❞❡s ❝❤❡③ ❧✬❛♥✐♠❛❧ ✭❛♥♥❡①❡
❉✮✳

◆♦t♦♥s q✉❡ ❧❛ ❝♦♥t❡♥t✐♦♥ ✭s✉rt♦✉t ré♣été❡✮ ❝♦♥st✐t✉❡ ✉♥ str❡ss ❝❤r♦♥✐q✉❡
é❧❡✈é ❀ ❝✬❡st ♣♦✉rq✉♦✐ ❧❡ ❣r♦✉♣❡ té♠♦✐♥ s❡r❛ t♦✉❥♦✉rs ✉♥ ❣r♦✉♣❡ ❞❡ s♦✉r✐s
❛②❛♥t s✉❜✐ ❧❡s ♠ê♠❡s ❝♦♥t❡♥t✐♦♥s q✉❡ ❧❡s s♦✉r✐s st✐♠✉❧é❡s ✭❣r♦✉♣❡ ❙❤❛♠✮✱ ❡t
♥♦♥ ✉♥ ❣r♦✉♣❡ ✧s❛♥s tr❛✐t❡♠❡♥t✧✳

❊♥✜♥✱ ét❛♥t ❞♦♥♥é ❧❡s rés✉❧t❛ts ♣✉❜❧✐és ❝❤❡③ ❧✬❍♦♠♠❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐
❞❡ st✐♠✉❧❡r ❝❤❡③ ❧❛ s♦✉r✐s ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ✈✐❛ ❧✬❛♥♦❞❡ ✭✵✳✷ ♠❆✱ ✷✵ ♠✐♥✉t❡s ❡♥
♥♦✉s ❜❛s❛♥t s✉r ❧❡s ét✉❞❡s ♣ré❛❧❛❜❧❡♠❡♥t ré❛❧✐sé❡s ❝❤❡③ ❧❡ r♦♥❣❡✉r✮✱ ❡t ❞✬é✈❛✲
❧✉❡r ❧❡s ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉① ❛✛❡❝tés ❞❛♥s ✸ ❣r❛♥❞s ❞♦♠❛✐♥❡s ✿ ❧❛ ❞é✲
♣r❡ss✐♦♥✱ ❧❛ ❝♦❣♥✐t✐♦♥✱ ❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✈✐s✲à✲✈✐s ❞❡s ❞r♦❣✉❡s✳ ◆♦✉s ❛✈♦♥s
ré❛❧✐sé ✉♥ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥s ré♣été❡s ✭✷ ❢♦✐s✴❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs
❝♦♥sé❝✉t✐❢s✮ ♣✉✐sq✉❡ ❝❡❧❛ ❛✉❣♠❡♥t❡r❛✐t ❡t✴♦✉ ♣r♦❧♦♥❣❡r❛✐t ❧❡s ❡✛❡ts ❜é♥é✲
✜q✉❡s ❞❡ ❧❛ t❉❈❙ ✭❑❡❦✐❝ ❡t ❛❧✳✱ ✷✵✶✻✮✳

✾✳✶✳✸ ▲❡ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡ ❧❛ s♦✉r✐s

➱t✉❞✐❡r ❧❡s ❢♦♥❝t✐♦♥s ❡t ❧és✐♦♥s ❞✉ ❝❡r✈❡❛✉ ❝❤❡③ ❧✬❛♥✐♠❛❧ ❡st ❝♦♠♣❧✐q✉é✱
♥♦t❛♠♠❡♥t ❞✉ ❢❛✐t ❞❡s ❞é❜❛ts ♣♦rt❛♥t s✉r ❧✬❤♦♠♦❧♦❣✐❡ ❡♥tr❡ ❧❡s ♦r❣❛♥❡s ❞❡s
s✉❥❡ts ♠♦❞è❧❡s ❡t ❞❡ ❧✬❍♦♠♠❡✳ ❈❡❝✐ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈r❛✐ ♣♦✉r ❧❡s ③♦♥❡s
❞♦♥t ❧✬é✈♦❧✉t✐♦♥ ❡st ❛♣♣❛r✉❡ t❛r❞✐✈❡♠❡♥t s✉r ❧❡ ♣❧❛♥ ♣❤②❧♦❣é♥ét✐q✉❡ ❡t ❡st
♠❛①✐♠❛❧❡ ❝❤❡③ ❧❡ ♣r✐♠❛t❡ ✭❡t ❛ ❢♦rt✐♦r✐ ❧✬❍♦♠♠❡✱ ❝❤❡③ q✉✐ ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧
❛tt❡✐♥t ✷✾ ✪ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ❝♦rt❡① ❀ ❋✉st❡r ✭✷✵✵✷✮✮✳ ▲❡ ♠❛♥q✉❡ ❞❡ ❞é✜♥✐t✐♦♥
✭❛♥❛t♦♠✐q✉❡ ❡t✴♦✉ ❢♦♥❝t✐♦♥♥❡❧❧❡✮ ♣ré❝✐s❡ ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ♠è♥❡ à ❞❡s
q✉❡st✐♦♥s ❝♦♥❝❡r♥❛♥t ❧✬❡①✐st❡♥❝❡ ❞❡ ❝❡tt❡ ③♦♥❡ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s ♥♦♥ ♣r✐✲
♠❛t❡s✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s r♦♥❣❡✉rs ✭❯②❧✐♥❣s ❡t ❛❧✳✱ ✷✵✵✸✮✳

❯♥ ❝♦♥s❡♥s✉s ❡①✐st❡ ♥é❛♥♠♦✐♥s s✉r ❧❡s s✐♠✐❧❛r✐tés ♣❛rt❛❣é❡s ❡♥tr❡ ❧❡ r♦♥✲
❣❡✉r ❡t ❧✬❍♦♠♠❡ q✉❛♥t à ❧✬♦r❣❛♥✐s❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉ ❝♦rt❡① ❝éré❜r❛❧ ✭✜✲
❣✉r❡ ✾✳✶✮✳ ❈❡ ✢♦✉ ❛♥❛t♦♠✐q✉❡✱ ❛❥♦✉té ❛✉① ❝♦♥tr❛✐♥t❡s ♠❛tér✐❡❧❧❡s ✐♥❤ér❡♥t❡s
❛✉① ét✉❞❡s ♣rés❡♥té❡s ✐❝✐ ✭♥♦t❛♠♠❡♥t ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❧❡❝tr♦❞❡
st✐♠✉❧❛tr✐❝❡ ❡t ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡s s♦✉r✐s✮✱ ❢❛✐t q✉❡ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧
❥❡ ♣❛r❧❡r❛✐ ❞❡ st✐♠✉❧❛t✐♦♥ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ✭❡t ♥♦♥ ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧✮
❞❡s s♦✉r✐s✳
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Homme Souris

F/M

S1

A1

V1

❋✐❣✉r❡ ✾✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉
❝♦rt❡① ❝éré❜r❛❧ ❝❤❡③ ❧✬❍♦♠♠❡ ❡t ❧❛ s♦✉r✐s✳ ❋✴▼ ✿ ❝♦rt❡① ❢r♦♥t❛❧✴♠♦t❡✉r ❀
❙✶ ✿ ❝♦rt❡① ♣r✐♠❛✐r❡ s♦♠❛t♦s❡♥s♦r✐❡❧ ❀ ❆✶ ✿ ❝♦rt❡① ❛✉❞✐t✐❢ ❀ ❱✶ ✿ ❝♦rt❡① ✈✐s✉❡❧✳
❆❞❛♣té ❞❡ ❈❤❡♥ ❡t ❛❧✳ ✭✷✵✶✶✮✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡ ét✉❞❡ ét❛✐t ❞❡ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥ ♠♦❞è❧❡
♠✉r✐♥ ❞❡ t❉❈❙ ❡t ❞✬é✈❛❧✉❡r ❧✬❡✛❡t ❞❡ st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ré♣été❡s
s✉r ✉♥❡ ❧❛r❣❡ ✈❛r✐été ❞❡ ❝♦♠♣♦rt❡♠❡♥ts✳ ❈❡tt❡ é✈❛❧✉❛t✐♦♥ ❛ été ré❛❧✐✲
sé❡ ❞❡ q✉❡❧q✉❡s ❥♦✉rs à q✉❡❧q✉❡s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞✉ tr❛✐t❡♠❡♥t✳

❙✐ ♥♦s ❞♦♥♥é❡s s♦♥t ❝♦❤ér❡♥t❡s ❛✈❡❝ ❝❡❧❧❡s ♦❜t❡♥✉❡s ❧♦rs ❞❡s ét✉❞❡s
❝❧✐♥✐q✉❡s✱ ♥♦tr❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ ♣♦✉rr❛ êtr❡ ✉t✐❧✐sé ♣♦✉r ❛♣♣r♦❢♦♥❞✐r
❧❡s ❝♦♥♥❛✐ss❛♥❝❡s à ❧❛ ❢♦✐s s✉r ❧❡s ❡✛❡ts ♦❜s❡r✈❛❜❧❡s ❞❡ ❧❛ t❉❈❙ ❡t s✉r
s❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥✳

✾✳✷ ❊✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s

✾✳✷✳✶ ❈r✐❜❧❛❣❡ ❞❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉①

▲✬ét✉❞❡ ♣rés❡♥té❡ ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ ❡st ❝❡❧❧❡ q✉✐ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦tr❡
♣r❡♠✐èr❡ ♣✉❜❧✐❝❛t✐♦♥✱ à ❝♦♥s✉❧t❡r ❡♥ ❛♥♥❡①❡ ❇ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▲❡ ♣r♦t♦✲
❝♦❧❡ ❛✐♥s✐ q✉❡ ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t r❡♣rés❡♥tés ❞❛♥s ❧❛ ✜❣✉r❡
✾✳✷✳
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❋✐❣✉r❡ ✾✳✷ ✕ ❘és✉♠é ❞❡ ❧✬❛rt✐❝❧❡ ♥◦✶✱ ♣❛rt✐❡ ✶✳ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧✳
❊P▼ ✿ ❧❛❜②r✐♥t❤❡ ❡♥ ❝r♦✐① s✉ré❧❡✈é❡ ❀ ❋❙❚ ✿ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡ ❡t ❚❙❚ ✿
t❡st ❞❡ s✉s♣❡♥s✐♦♥ ♣❛r ❧❛ q✉❡✉❡ ❀ ▼❲▼ ✿ t❡st ❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s ❀ ❖❘ ✿
t❡st ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t ❀ ◆✐❝✲❈PP ✿ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡
à ❧❛ ♥✐❝♦t✐♥❡✳ ❇✴ Pr✐♥❝✐♣❛✉① rés✉❧t❛ts ♦❜t❡♥✉s✳ ✯ ♣❁✵✳✵✺ ✈❡rs✉s ❙❤❛♠ ❀ ##

♣ ❁✵✳✵✶ ✈❡rs✉s ✸ ❥♦✉rs ❀ $ ♣❁✵✳✵✺✱ $$ ♣❁✵✳✵✶✱ $$$ ♣❁✵✳✵✵✶ ✈❡rs✉s ✉♥❡ ✈❛❧❡✉r
st❛♥❞❛r❞ ✭✵✱ ✷✺✱ ♦✉ ✺✵ ✪✱ r❡♣rés❡♥té❡ ♣❛r ✉♥❡ ❧✐❣♥❡ r♦✉❣❡ s✉r ❧❡s ❤✐st♦❣r❛♠♠❡s
❝♦♥❝❡r♥és✮✳

❉❛♥s ❝❡tt❡ ét✉❞❡ ❧❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ✭✶✵ sé❛♥❝❡s ❡♥ ✺ ❥♦✉rs ❞❡
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✷✵ ♠✐♥✉t❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ à ✵✳✷ ♠❆✮ ♥✬♦♥t ❛✛❡❝té ♥✐ ❧❛ ❝r♦✐ss❛♥❝❡✱
♥✐ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ✭❞❛♥s ❧❡ t❡st ❞✬❛❝t✐♠étr✐❡✮✱ ♥✐ ❧✬❛♥①✐été ❞❡s s♦✉r✐s
✭❞❛♥s ❧❡ ❧❛❜②r✐♥t❤❡ ❡♥ ❝r♦✐① s✉ré❧❡✈é❡✮✳

▲❡s ❡✛❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ ✭❞✐♠✐♥✉t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és
à ❧❛ ❞é♣r❡ss✐♦♥✱ ❞❡ ❧❛ ✈❛❧❡✉r ❛♣♣ét✐t✐✈❡ ❞❡ ❧❛ ♥✐❝♦t✐♥❡✱ ❡t ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛
♠é♠♦✐r❡✮ ❛♣♣❛r❛✐ss❡♥t ♣❧✉s✐❡✉rs s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳

❊♥ ❡✛❡t✱ ❞❛♥s ❧❡ ❋❙❚✱ ✉♥❡ ❆◆❖❱❆ à ♠❡s✉r❡s ré♣été❡s ✭❢❛❝t❡✉r ✐♥tr❛ ✿
t❡♠♣s ❬✸ ❥♦✉rs ♦✉ ✸ s❡♠❛✐♥❡s❪✱ ❢❛❝t❡✉r ✐♥t❡r ✿ ❣r♦✉♣❡ ❬❙❤❛♠ ♦✉ t❉❈❙❪✮ ré✈è❧❡
✉♥❡ ✐♥t❡r❛❝t✐♦♥ t❡♠♣s ① ❣r♦✉♣❡ ♣♦✉r ❧❡s ❞❡✉① ♣❛r❛♠ètr❡s ♠❡s✉rés✱ ❧❛ ❧❛t❡♥❝❡
❛✈❛♥t ❧❛ ♣r❡♠✐èr❡ ✐♠♠♦❜✐❧✐té ❡t ❧❡ t❡♠♣s t♦t❛❧ ❞✬✐♠♠♦❜✐❧✐té ✭❋(1,14)❂ ✼✳✻✼ ❡t
❋(1,14)❂ ✼✳✶✹ ❀ ♣❁✵✳✵✺✱ r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ▲✬❛♥❛❧②s❡ ❡♥ ♣♦st✲❤♦❝ ❞❡ ◆❡✇♠❛♥✲
❑❡✉❧s ✭◆❑✮ ♠♦♥tr❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❧❛t❡♥❝❡ ✭♣❁✵✳✵✶✮ ❡t ✉♥❡ ❞✐♠✐♥✉✲
t✐♦♥ ❞✉ t❡♠♣s ❞✬✐♠♠♦❜✐❧✐té ✭♣❁✵✳✵✺✮ ❝❤❡③ ❧❡s s♦✉r✐s st✐♠✉❧é❡s✱ ♠❛✐s s❡✉❧❡♠❡♥t
✸ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳

▲❡ ❣r♦✉♣❡ ❙❤❛♠ ✭♠❛✐s ♣❛s t❉❈❙✮ ét❛✐t ❛✛❡❝té ♣❛r ❧✬❡✛❡t ré♣ét✐t✐♦♥ ❞✉
t❡st ✭❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❧❛t❡♥❝❡✱ ❡t ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❡♠♣s ❞✬✐♠♠♦❜✐❧✐té à
✸ s❡♠❛✐♥❡s ♣❛r r❛♣♣♦rt à ✸ ❥♦✉rs ✿ ♣❁✵✳✵✶✮✳

◆♦t♦♥s q✉❡✱ ❜✐❡♥ q✉❡ ❝❡ ♥❡ s♦✐t ♣❛s r❡♣rés❡♥té ❞❛♥s ❧❡ s❝❤é♠❛ ré❝❛♣✐t✉✲
❧❛t✐❢✱ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ♦♥t é❣❛❧❡♠❡♥t été é✈❛❧✉és
❞❛♥s ❧❡ t❡st ❞❡ ❧❛ s✉s♣❡♥s✐♦♥ ♣❛r ❧❛ q✉❡✉❡✳ ❈❡ t❡st s✬❡st ré✈é❧é ♠♦✐♥s s❡♥s✐❜❧❡
q✉❡ ❝❡❧✉✐ ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✱ ♥❡ ♥♦✉s ♣❡r♠❡tt❛♥t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ q✉✬✉♥
❡✛❡t ❣❧♦❜❛❧ ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ❧❛t❡♥❝❡ ❛✈❛♥t ❧❛ ♣r❡♠✐èr❡ ✐♠♠♦❜✐❧✐té ❝❤❡③ ❧❡s
s♦✉r✐s tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s✳

❉❛♥s ❧❡ ❈PP✱ ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ✵✳✺ ❣✴❦❣ ❞❡ ♥✐❝♦t✐♥❡ ✐♥❞✉✐t ✉♥❡ ♣ré❢ér❡♥❝❡
❞❡ ♣❧❛❝❡ ❝❤❡③ ❧❡s s♦✉r✐s ❙❤❛♠ à ✸ ❥♦✉rs ❝♦♠♠❡ à ✸ s❡♠❛✐♥❡s ✭t✲t❡st ✿ ♣❁✵✳✵✶
✈❡rs✉s ✵ ✪✮✳ ❈❡tt❡ ♣ré❢ér❡♥❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❛ ♥✐❝♦t✐♥❡ ❡st r❡tr♦✉✈é❡ ❝❤❡③
❧❡s s♦✉r✐s t❉❈❙ s❡✉❧❡♠❡♥t à ✸ ❥♦✉rs ✭♣❁✵✳✵✺✮ ♠❛✐s ♣❧✉s à ✸ s❡♠❛✐♥❡s ✭♣❂✵✳✷✸✮
❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳

P♦✉r ♣ré❝✐s✐♦♥✱ ❧❡ ❈PP à ✸ ❥♦✉rs ❛ été ré❛❧✐sé s✉r ✉♥ ❧♦t ❞❡ s♦✉r✐s ❞✐✛ér❡♥t ❀
❝❡❝✐ ❞❛♥s ❧❡ ❜✉t ❞✬é✈✐t❡r ✉♥ ❜✐❛✐s ❞û à ✉♥❡ ❡①♣♦s✐t✐♦♥ à ❧❛ ❞r♦❣✉❡ s✉r ❧❡
❝♦♠♣♦rt❡♠❡♥t ❞❛♥s t♦✉s ❧❡s ❛✉tr❡s t❡sts✳

❉❛♥s ❧❡ t❡st ❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s✱ ❜✐❡♥ q✉❡ ❧❡s s♦✉r✐s st✐♠✉❧é❡s ♣❛r
t❉❈❙ s❡♠❜❧❡♥t ré❛❧✐s❡r ✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ♣❧✉s r❛♣✐❞❡ ✭t❡♠♣s à r❡tr♦✉✈❡r ❧❛
♣❧❛t❡❢♦r♠❡ ✐♠♠❡r❣é❡ ♣❧✉s ❝♦✉rt q✉❡ ❝❤❡③ ❧❡s ❙❤❛♠✮✱ ❧✬❆◆❖❱❆ à ♠❡s✉r❡s
ré♣été❡s ♥❡ ré✈è❧❡ q✉✬✉♥❡ t❡♥❞❛♥❝❡ ✭❡✛❡t ❣r♦✉♣❡ ✿ ❋(1,14)❂ ✸✳✾✺✱ ♣❂✵✳✵✼✮✳
P♦✉r ✉♥ ♣r♦❜❡ tr✐❛❧ ré❛❧✐sé ✷ ❥♦✉rs ❛♣rès ❧❛ ✜♥ ❞❡ ❧✬❡♥tr❛î♥❡♠❡♥t✱ ❧❡s ❞❡✉①
❣r♦✉♣❡s ❞❡ s♦✉r✐s ❞é♠♦♥tr❡♥t ✉♥❡ ❜♦♥♥❡ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡✱ ♣❛ss❛♥t
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s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ❞❡ ✷✺ ✪ ❞❡ ❧❡✉r t❡♠♣s ❞❛♥s ❧❡ q✉❛❞r❛♥t q✉✐ ❛✈❛✐t
❝♦♥t❡♥✉ ❧❛ ♣❧❛t❡❢♦r♠❡ ❀ ❡♥ r❡✈❛♥❝❤❡✱ ✺ ❥♦✉rs ❛♣rès✱ s❡✉❧❡s ❧❡s s♦✉r✐s ❞✉ ❣r♦✉♣❡
t❉❈❙ s❡ r❡♠é♠♦r❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ♣❧❛t❡❢♦r♠❡ ✭♣❁✵✳✵✶ ✈❡rs✉s ✷✺ ✪✮✳

❊♥✜♥✱ ❞❛♥s ❧❡ t❡st ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t✱ s❡✉❧❡s ❧❡s s♦✉r✐s st✐♠✉❧é❡s
♣❛r t❉❈❙ ❡①❤✐❜❡♥t ✉♥❡ ❜♦♥♥❡ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧✱ ♣❛ss❛♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t
♣❧✉s ❞❡ t❡♠♣s à ❡①♣❧♦r❡r ❧❡ ♥♦✉✈❡❧ ♦❜❥❡t ♣❛r r❛♣♣♦rt à ❧✬❛♥❝✐❡♥ ✭❣r♦✉♣❡ t❉❈❙ ✿
♣❁✵✳✵✵✶ ❀ ❣r♦✉♣❡ ❙❤❛♠ ✿ ♣❂✵✳✻✽ ✈❡rs✉s ✺✵ ✪✮✳

❊①♣ér✐❡♥❝❡ ❝♦♥trô❧❡ ♥◦✶ ✿ ❧❛ ❝♦♥t❡♥t✐♦♥ ré♣été❡ ✐♥❞✉✐t✲❡❧❧❡ ✉♥ ❝♦♠✲
♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❞é♣r❡ss✐❢ ❄

❆✜♥ ❞❡ st✐♠✉❧❡r ❧❡s s♦✉r✐s é✈❡✐❧❧é❡s✱ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ✐♠♣❧✐q✉❡ ✉♥❡ ❝♦♥t❡♥✲
t✐♦♥ ré♣été❡✳ ▲❡s s♦✉r✐s ❙❤❛♠ s✉❜✐ss❡♥t ❧❡ ♠ê♠❡ str❡ss q✉❡ ❧❡s s♦✉r✐s st✐✲
♠✉❧é❡s✱ ♠❛✐s ❧✬✉♥❡ ❞❡ ♥♦s ♣r❡♠✐èr❡s q✉❡st✐♦♥s ❛ été ❞❡ ✈ér✐✜❡r s✐ ❝❡ str❡ss
❝❤r♦♥✐q✉❡ ✐♥❞✉✐t ♦✉ ♥♦♥ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❞é♣r❡ss✐❢ ❝❤❡③ ❧❛ s♦✉r✐s
❞❛♥s ♥♦tr❡ ♣r✐♥❝✐♣❛❧ t❡st✱ ❧❛ ♥❛❣❡ ❢♦r❝é❡✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ré❛❧✐sé ✉♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ✈✐s❛♥t à ❝♦♠♣❛r❡r✱
❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ s♦✉r✐s ❛②❛♥t s✉❜✐ ❧❛ ❝❤✐r✉r✲
❣✐❡ ♠❛✐s ♣❛s ❧❡s ❝♦♥t❡♥t✐♦♥s ✭❣r♦✉♣❡ té♠♦✐♥✱ ♥❂✾✮ à ❝❡❧✉✐ ❞❡ s♦✉r✐s ♦♣éré❡s
❡t ♣❧❛❝é❡s ❡♥ ❝♦♥t❡♥t✐♦♥ ✷✵ ♠✐♥✉t❡s✱ ✷ ❢♦✐s ♣❛r ❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs ✭❣r♦✉♣❡
s❤❛♠✱ ♥❂✶✵✮✳ ▲❡s s♦✉r✐s ❛✈❛✐❡♥t ✽ s❡♠❛✐♥❡s ❧♦rs ❞❡s ❝♦♥t❡♥t✐♦♥s ✭♦✉ ❛❜s❡♥❝❡
❞❡ ❝♦♥t❡♥t✐♦♥✱ ♣♦✉r ❧❡ ❣r♦✉♣❡ té♠♦✐♥✮ ❡t ❧❡ ❋❙❚ ❛ été ré❛❧✐sé tr♦✐s ❥♦✉rs ❡t
tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡ ❝❡ tr❛✐t❡♠❡♥t✳

◆♦s rés✉❧t❛ts ✐♥❞✐q✉❡♥t q✉❡ ❧❡s ❝♦♥t❡♥t✐♦♥s ré♣été❡s ♥❡ ❢♦♥t ♣❛s ✈❛r✐❡r
❧❡ t❡♠♣s ❞✬✐♠♠♦❜✐❧✐té ✭❞❛♥s ❧❛ ❋❙❚✮ ❝❤❡③ ❧❡s s♦✉r✐s✱ q✉❡ ❝❡ s♦✐t ❛✉ ❜♦✉t ❞❡
✸ ❥♦✉rs ♦✉ ❞❡ ✸ s❡♠❛✐♥❡s ✭❆◆❖❱❆ ré♣été❡ ❡✛❡t ❣r♦✉♣❡ ✿ ❋(1,17)❂ ✵✳✻✷✱ ♣❂✵✳✹ ❀
❡✛❡t t❡♠♣s ① ❣r♦✉♣❡ ✿ ❋(1,17)❂ ✵✳✵✵✷✱ ♣❂✵✳✾✻✮✳

❊①♣ér✐❡♥❝❡ ❝♦♥trô❧❡ ♥◦✷ ✿ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ ❋❙❚ ❞é♣❡♥❞✲✐❧
❞❡ ❧❛ ré♣ét✐t✐♦♥ ❞✉ t❡st ❄

❈❧❛ss✐q✉❡♠❡♥t✱ q✉❛♥❞ ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡ ❡st ré❛❧✐sé ♣❧✉s✐❡✉rs ❢♦✐s s✉r
✉♥ ♠ê♠❡ ❧♦t ❞❡ s♦✉r✐s✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❡♠♣s ❞✬✐♠♠♦❜✐❧✐té
❛✉ ❞❡✉①✐è♠❡ ♣❛ss❛❣❡✳ ➚ ❧❛ s✉✐t❡ ❞❡ ♥♦s ♣r❡♠✐❡rs rés✉❧t❛ts ❞❛♥s ❧❡ ❋❙❚✱ ♥♦✉s
❛✈♦♥s ❞♦♥❝ ré❛❧✐sé ✉♥❡ sér✐❡ ❞✬❡①♣ér✐❡♥❝❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ✈✐s❛♥t à ❛♥❛❧②s❡r
s✐ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ♥✬❛♣♣❛r❛✐ss❛♥t q✉✬à ✸ s❡♠❛✐♥❡s ét❛✐t ❧✐é ❛✉ ❞é❧❛✐ ♣♦st✲
st✐♠✉❧❛t✐♦♥ ♦✉ ✉♥✐q✉❡♠❡♥t à ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❛ ré♣ét✐t✐♦♥ ❞❡ ❝❡ t❡st✳

◆♦t♦♥s q✉❡ ❧❡s rés✉❧t❛ts ❛❜s❡♥ts à ✸ ❥♦✉rs ❡t ♣rés❡♥ts à ✸ s❡♠❛✐♥❡s ♦♥t
été r❡♣r♦❞✉✐ts à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ✉❧tér✐❡✉r❡♠❡♥t✱ ❝♦♥✜r♠❛♥t ❧❛ r♦❜✉st❡ss❡
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❞❡ ❝❡t ❡✛❡t✳
▲❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞♦❧♦❣✐❡s ❡①♣ér✐♠❡♥t❛❧❡s t❡sté❡s s♦♥t rés✉♠é❡s ❞❛♥s

❧❛ ✜❣✉r❡ ✾✳✸✳

FST

Stimulations

répétées

3 24 Jours5post-stimulation

FST

Aucun5effet

Effet5de5la5tDCS

√ 

√ 

A

B

C

D

E

3-521

24

t-test Effet tDCS : p = 0.38

3 4

ANOVA répétée Effet tDCS :
F(1 ; 18) = 0.37 ; p = 0.55

24 25

ANOVA répétée Effet tDCS :
F(1 ; 18) = 0.20 ; p = 0.66

ANOVA répétée Effet tDCS :
F(1 ; 18) = 0.09 ; p = 0.77

ANOVA répétée Effet tDCS :
F(1 ; 14) = 5.72 ; p = 0.03

❋✐❣✉r❡ ✾✳✸ ✕ ▲❡s ❞✐✛ér❡♥ts ♣r♦t♦❝♦❧❡s ❞❡ ❋❙❚ ré❛❧✐sés✳ P♦✉r ❝❤❛q✉❡ ❡①♣é✲
r✐❡♥❝❡✱ ❞❡s s♦✉r✐s â❣é❡s ❞❡ ✽ s❡♠❛✐♥❡s ♦♥t r❡ç✉ ✶✵ sé❛♥❝❡s ❞❡ t❉❈❙ ❛❝t✐✈❡ ♦✉
s❤❛♠ ♣❡♥❞❛♥t ✺ ❥♦✉rs ✭◆ ❂ ❞❡ ✾ à ✷✵ s♦✉r✐s✴❣r♦✉♣❡✮✱ ♣✉✐s ♦♥t ré❛❧✐sé ❧❡ ❋❙❚
à ❞✐✛ér❡♥ts t❡♠♣s✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ ❋❙❚
✸ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s s❛♥s ♣r❡♠✐❡r t❡st à ✸ ❥♦✉rs✳ ❆✉❝✉♥
❡✛❡t ♥✬❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✭✜❣✉r❡ ✾✳✸ ❇✮✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ t❡sté ❧✬✐♠♣❛❝t
❞❡ ❧❛ t❉❈❙ s✉r ❞❡✉① ❋❙❚ ré❛❧✐sés à ✉♥ ❥♦✉r ❞✬✐♥t❡r✈❛❧❧❡✱ ❝❡❝✐ à ❝♦✉rt ♦✉ ♠♦②❡♥
t❡r♠❡ ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳ ▲à ❡♥❝♦r❡ ❛✉❝✉♥ rés✉❧t❛t s✐❣♥✐✜❝❛t✐❢ ♥✬❛
été r❡❧❡✈é ✭✜❣✉r❡ ✾✳✸ ❈✱ ❉✮✳ ➚ ❧❛ ❧✉♠✐èr❡ ❞❡ ❝❡s rés✉❧t❛ts ♥♦✉s ♥♦✉s s♦♠♠❡s
❛ss✉rés q✉✬❛✉❝✉♥ ❡✛❡t ❞❡ ❧❛ t❉❈❙ ♥✬❛♣♣❛r❛✐ss❛✐t ❞ès ✸ ❥♦✉rs ❛♣rès ❧❛ ✜♥ ❞❡s
st✐♠✉❧❛t✐♦♥s s✉r ✉♥ t❡st ❞❡ ❋❙❚ q✉✐ s❡r❛✐t ✉♥ ❞❡✉①✐è♠❡ ♣❛ss❛❣❡ ✭✸ s❡♠❛✐♥❡s
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❛♣rès ❧❡ ♣r❡♠✐❡r ❀ ✜❣✉r❡ ✾✳✸ ❊✮✳ ◆♦✉s ❡♥ ❝♦♥❝❧✉♦♥s ❞♦♥❝ q✉❡ ✿
✖ ▲❛ t❉❈❙ ❛♥♥✉❧❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬✐♠♠♦❜✐❧✐té ❧✐é❡ à ✉♥ ❞❡✉①✐è♠❡ ♣❛s✲

s❛❣❡ ❞❛♥s ❧❡ ❋❙❚ ❀
✖ ❈❡t ❡✛❡t ♥é❝❡ss✐t❡ ♥é❛♥♠♦✐♥s ✉♥ ✐♥t❡r✈❛❧❧❡ ♠✐♥✐♠✉♠ ❡♥tr❡ ❧❡ t❡st ❡t

❧❡ r❡t❡st ❀
✖ ❊t ♥✬❛♣♣❛r❛ît q✉❡ ✸ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳

✾✳✷✳✷ ■♠♣❛❝t ❞❡ ❧❛ ♣♦❧❛r✐té ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝✲
tr♦❞❡

❈❤❡③ ❧✬❍♦♠♠❡✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❞é♣❡♥❞❡♥t à ❧❛ ❢♦✐s ❞❡ ❧❛ ♣♦❧❛r✐té ❞✉
❝♦✉r❛♥t ét✉❞✐é ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ❀ ♥♦✉s ❛✈♦♥s ❞♦♥❝
❝❤❡r❝❤é à ✈ér✐✜❡r ❝❤❡③ ❧❛ s♦✉r✐s ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s✳

❉❛♥s ❝❡ ❜✉t ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡ s✉r ❞❡s s♦✉r✐s
st✐♠✉❧é❡s s♦✐t ♣❛r ❧✬❛♥♦❞❡ ♦✉ ❧❛ ❝❛t❤♦❞❡ ❡♥ ♣♦s✐t✐♦♥ ❢r♦♥t❛❧❡ ✭❡✛❡t ♣♦❧❛r✐té✮✱
s♦✐t ♣❛r ❧✬❛♥♦❞❡ ❡♥ ♣♦s✐t✐♦♥ ♣♦stér✐❡✉r❡ ✭❡✛❡t ③♦♥❡✮✳ ◗✉❛tr❡ ❣r♦✉♣❡s ♦♥t été
❞ét❡r♠✐♥és ✿

✖ ❙❤❛♠ ✿ ♦♣ér❛t✐♦♥✱ ❝♦♥t❡♥t✐♦♥✱ ♣❛s ❞❡ st✐♠✉❧❛t✐♦♥ ✭◆ ❂ ✶✸✮
✖ ❆♥♦❞❡✲❋ ✿ ✶✵ st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧

❣❛✉❝❤❡ ✭◆ ❂ ✽✮ ❀ ✜❣✉r❡ ✾✳✹ ✭❆✱ ❇✮
✖ ❈❛t❤♦❞❡✲❋ ✿ ✶✵ st✐♠✉❧❛t✐♦♥s ❝❛t❤♦❞✐q✉❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧

❣❛✉❝❤❡ ✭◆ ❂ ✾✮ ❀ ✜❣✉r❡ ✾✳✹ ✭❆✱ ❇✮
✖ ❆♥♦❞❡✲P ✿ ✶✵ st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ♣♦stér✐❡✉r

✭◆ ❂ ✾✮ ❀ ✜❣✉r❡ ✾✳✹ ✭❆✱ ❈✮

B

C

Bregma

Cortex cérébral
Colliculus

Bulbe

olfactif

A

❋✐❣✉r❡ ✾✳✹ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡s ♣♦s✐t✐♦♥s ❞❡ ❧✬❡♠❜❛s❡ ét✉❞✐é❡s✳
❆✴ ❱✉❡ s❛❣✐tt❛❧❡ ❞✉ ❝❡r✈❡❛✉ ❞❡ s♦✉r✐s ❀ ❛❞❛♣té ❞❡ ❧✬❛t❧❛s ❞❡ P❛①✐♥♦s ❡t ❋r❛♥❦✲
❧✐♥ ✭✷✵✵✶✮✳ ▲❡s tr❛✐ts r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧❡s ✷ ♣♦s✐t✐♦♥s ét✉❞✐é❡s✳ ❇✴ P♦s✐t✐♦♥
❛✉ ❞❡ss✉s ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ✭✰✶ ♠♠ ❡♥ ❛✈❛♥t ❞✉ ❇r❡❣♠❛✱ ✶ ♠♠ à ❣❛✉❝❤❡✮✳ ❈✴
P♦s✐t✐♦♥ ❛✉ ❞❡ss✉s ❞✉ ❝♦❧❧✐❝✉❧✉s✱ ❥✉st❡ ❡♥ ❛✈❛♥t ❞✉ ❝❡r✈❡❧❡t ✭❇r❡❣♠❛ ✲✺ ♠♠✮✳



✾✳✷✳ ❊❋❋❊❚❙ ❉❊ ▲❆ ❚❉❈❙ ❈❍❊❩ ▲❆ ❙❖❯❘■❙ ✶✶✺

▲❡s rés✉❧t❛ts s♦♥t rés✉♠és ❞❛♥s ❧❛ ✜❣✉r❡ ✾✳✺✳ ❯♥❡ ❆◆❖❱❆ ré♣été❡ ❛
♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❡✛❡t ❞✉ ❣r♦✉♣❡ ✭❋(3,35)❂ ✸✳✺✶✱ ♣❁✵✳✵✺✮ ✿

✖ ✸ ❥♦✉rs ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✱ ❧❛ t❉❈❙ ♥✬❛ ❞✬❡✛❡t ❞❛♥s ❛✉❝✉♥
❣r♦✉♣❡ ❀

✖ ✸ s❡♠❛✐♥❡s ❛♣rès✱ ❧❡s s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭♣❡✉
✐♠♣♦rt❡ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦❞❡✮ s♦♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ❛❝✲
t✐✈❡s q✉❡ ❧❡s s♦✉r✐s ❙❤❛♠ ❞❛♥s ❧❡ ❋❙❚ ❀

✖ ❆✉❝✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❡♥tr❡ ❧❡s s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❛ st✐✲
♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❡t ❧❡s s♦✉r✐s ❙❤❛♠ ♥✬❛ été ré✈é❧é❡✳

❆✐♥s✐ ♥♦✉s ❛✈♦♥s ♣✉ ❝♦♥❝❧✉r❡ à ✉♥ ❡✛❡t ♣r✐♠♦r❞✐❛❧ ❞❡ ❧❛ ♣♦❧❛r✐té ❞❛♥s
♥♦tr❡ ♣❛r❛❞✐❣♠❡ ❀ ❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✱ ❧❛ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡
é❝❤♦✉❡ à ♠♦❞✐✜❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s s♦✉r✐s ❧à ♦ù ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
❞✐♠✐♥✉❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ t②♣❡ ❞é♣r❡ss✐❢✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ s❡♠❜❧❡r❛✐t q✉❡
❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬❛♥♦❞❡ s✉r ❧❡ ❝râ♥❡ ❞❡ ❧❛ s♦✉r✐s ♥✬❛✐t ♣❛s ❞✬✐♠♣♦rt❛♥❝❡ ♠❛❥❡✉r❡
✐❝✐✱ ❝♦♥tr❛✐r❡♠❡♥t à ❝❡ q✉✐ ❛ été ♠♦♥tré ❝❤❡③ ❧✬❍♦♠♠❡✳

◆♦tr❡ ❤②♣♦t❤ès❡ ❡st q✉✬ét❛♥t ❞♦♥♥é ❧❛ t❛✐❧❧❡ ❞❡ ❧✬❡♠❜❛s❡ r❡❝❡✈❛♥t ❧✬é❧❡❝✲
tr♦❞❡ ❝♦♠♣❛ré❡ à ❧❛ t❛✐❧❧❡ ❞✉ ❝râ♥❡ ❞❡ ❧❛ s♦✉r✐s✱ ❡t ❧❛ ♣❧✉s ❢♦rt❡ ❞❡♥s✐té
❞❡ ❝♦✉r❛♥t ❧♦rs ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❞❡ ❧✬❛♥✐♠❛❧ ✭✺✼✳✶ ✈❡rs✉s ✵✳✺✼ ❆✴♠✷ ❝❤❡③
❧✬❍♦♠♠❡✮✱ ❧❡ ❝♦✉r❛♥t ❞é❧✐✈ré ❞✐✛✉s❡ s✉r ✉♥❡ ❧❛r❣❡ ♣❛rt✐❡ ❞✉ ❝♦rt❡①✳
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❋✐❣✉r❡ ✾✳✺ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❞✬ét✉❞❡ ❞❡s ❡✛❡ts ③♦♥❡ ❡t ♣♦❧❛r✐té s✉r ❧❡s ❝♦♠♣♦r✲
t❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❝❤❡③ ❧❛ s♦✉r✐s✳ ❇✴ ❘és✉❧t❛ts✱ ❛✈❡❝ ✯ ♣❁✵✳✵✺
❡t ✯✯ ♣❁✵✳✵✶ ✈❡rs✉s ❙❤❛♠ ❀ # ♣❁✵✳✵✺ ✈❡rs✉s ✸ ❥♦✉rs✳



✶✶✻ ❈❍❆P■❚❘❊ ✾✳ ➱❚❯❉❊ ✶

✾✳✸ ❉✐s❝✉ss✐♦♥

❆✉ ♠♦②❡♥ ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ét✉❞❡s ♥♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥
♥♦✉✈❡❛✉ ♠♦❞è❧❡ ❞❡ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ été ❧❡s ♣r❡♠✐❡rs à
♣✉❜❧✐❡r ❞❡s ❡✛❡ts à ❧♦♥❣ t❡r♠❡ s✉r ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉①
❝❤❡③ ❧✬❛♥✐♠❛❧ ❀ ❝♦♠♠❡ ❝❤❡③ ❧✬❍♦♠♠❡✱ ♥♦✉s ❛✈♦♥s r❡tr♦✉✈é ✉♥ ❡✛❡t ❞❡ ❧❛
t❉❈❙ ❛♥♦❞✐q✉❡ ✭st✐♠✉❧❛t✐♦♥s ré♣été❡s✮ s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛
❞é♣r❡ss✐♦♥✱ à ❧❛ ♣ré❢ér❡♥❝❡ ♣♦✉r ✉♥❡ ❞r♦❣✉❡ ✭❡♥ ❧✬♦❝❝✉rr❡♥❝❡✱ ❧❛ ♥✐❝♦t✐♥❡✮✱ ❡t
s✉r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡s s♦✉r✐s ❞❛♥s ❞❡✉① t❡sts ❞❡ ♠é♠♦✐r❡✳ ❊♥ r❡✈❛♥❝❤❡✱
❧❛ t❉❈❙ ♥✬❛✛❡❝t❛✐t ♥✐ ❧❛ ❝♦✉r❜❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s s♦✉r✐s✱ ♥✐ ❧❡✉r ❛❝t✐✈✐té
❧♦❝♦♠♦tr✐❝❡ ❡♥ ♠✐❧✐❡✉ ♥❛t✉r❡❧ ♦✉ ❧❡✉rs ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧✬❛♥①✐été✳

❊✛❡ts ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ✧❞é♣r❡ss✐♦♥✧

■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ r❡♠❛rq✉❡r q✉❡ ♥♦s ❡✛❡ts s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦✲
❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ♥✬❛♣♣❛r❛✐ss❡♥t ♣❛s tr♦✐s ❥♦✉rs✱ ♠❛✐s tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛
✜♥ ❞✉ tr❛✐t❡♠❡♥t✳ ❈❡❝✐ ❞✐✛èr❡ ❞❡ ❝❡ q✉✐ ❡st r❡tr♦✉✈é ❝❤❡③ ❧✬❍♦♠♠❡✱ ❛✈❡❝ ✉♥❡
❛♣♣❛r✐t✐♦♥ ❞✬❡✛❡ts ♣♦s✐t✐❢s ✐♠♠é❞✐❛t❡♠❡♥t ❛♣rès t❉❈❙✳ P❛r ❡①❡♠♣❧❡✱ ❇♦❣❣✐♦
❡t ❛❧✳ ✭✷✵✵✽❛✮ ♦♥t ♠♦♥tré ✉♥❡ ré❞✉❝t✐♦♥ ❞✉ s❝♦r❡ ❞❡ ❞é♣r❡ss✐♦♥ ✭é❝❤❡❧❧❡ ❞❡ ❍❛✲
♠✐❧t♦♥ ❡t ✐♥✈❡♥t❛✐r❡ ❞❡ ❇❡❝❦✮ ✐♠♠é❞✐❛t❡♠❡♥t ❡t ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✸✵ ❥♦✉rs
❛♣rès ✶✵ s❡ss✐♦♥s ❞❡ t❉❈❙ ✭✷✵ ♠✐♥✉t❡s à ✷ ♠❆✱ ♣❡♥❞❛♥t ✶✵ ❥♦✉rs✮✳

❈❡❝✐ ❡st ❞✬❛✉t❛♥t ♣❧✉s s✉r♣r❡♥❛♥t q✉❡ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s tr❛✐t❡♠❡♥ts
❛♥t✐❞é♣r❡ss❡✉rs ♠é❞✐❝❛♠❡♥t❡✉①✱ ❝✬❡st ❧❛ ❝✐♥ét✐q✉❡ ✐♥✈❡rs❡ q✉✐ ❡st ♦❜s❡r✈é❡ ✿
❧❡s ❡✛❡ts ❛♣♣❛r❛✐ss❡♥t ✐♠♠é❞✐❛t❡♠❡♥t ❛♣rès ✉♥❡ ❡①♣♦s✐t✐♦♥ ❛✐❣✉ë ❝❤❡③ ❧✬❛♥✐✲
♠❛❧✱ t❛♥❞✐s q✉✬✐❧s r❡q✉✐èr❡♥t ✉♥❡ ❛❞♠✐♥✐str❛t✐♦♥ ❝❤r♦♥✐q✉❡ ✭♣❛r❢♦✐s ♣❡♥❞❛♥t
❞❡s ♠♦✐s✮ ❛✈❛♥t ❞✬❛♣♣❛r❛îtr❡ ❝❤❡③ ❧✬❍♦♠♠❡ ✭◆❡st❧❡r ❡t ❛❧✳✱ ✷✵✵✷✮✳

❆✐♥s✐ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦❧♦❣✐q✉❡s s♦✉s✲t❡♥❞❛♥t ❝❡t
❡✛❡t ❜é♥é✜q✉❡ ❞✐✛èr❡♥t✱ ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡✱ ❞✉ ♠♦❞❡ ❞✬❛❝t✐♦♥ ❞❡s ❛♥t✐❞é✲
♣r❡ss❡✉rs ♠é❞✐❝❛♠❡♥t❡✉①✳ ■❧s ♣♦✉rr❛✐❡♥t ♥♦t❛♠♠❡♥t ✐♠♣❧✐q✉❡r ❧❛ ❢♦r♠❛t✐♦♥
❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ✭♥é♦✲♥❡✉r♦❣❡♥ès❡✱ q✉✐ ♣r❡♥❞ ❡♥✈✐r♦♥ tr♦✐s s❡♠❛✐♥❡s ❞❡
❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s à ❧❛ ♠❛t✉r❛t✐♦♥ ❡♥ ♥❡✉r♦♥❡ ❢♦♥❝t✐♦♥♥❡❧ ❀
❑❡♠♣❡r♠❛♥♥ ❡t ❛❧✳ ✭✷✵✵✹✮✮ ❞❛♥s ✉♥❡ str✉❝t✉r❡ ❝♦♥♥✉❡ ♣♦✉r s♦♥ ✐♠♣❧✐❝❛t✐♦♥
❞❛♥s ❧❡s é♠♦t✐♦♥s ❡t ❧❛ ♠é♠♦✐r❡ ✿ ❧✬❤✐♣♣♦❝❛♠♣❡✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡
♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞❡ t❡st❡r✱ ♣❛r ❧❛ s✉✐t❡✱ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥
❝❡❧❧✉❧❛✐r❡ ❞❛♥s ❧❡ ❣②r✉s ❞❡♥té ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❝❤❛♣✐tr❡ ✶✵✮✳

❊♥✜♥✱ ❧❡s s♦✉r✐s ♦♥t s✉❜✐ ❞❡s ❝♦♥t❡♥t✐♦♥s ré♣été❡s✱ ❝❡ q✉❡ ♥♦✉s s✉♣♣♦s♦♥s
êtr❡ ✉♥ str❡ss ❝❤r♦♥✐q✉❡ é❧❡✈é✳ ▲❡ str❡ss ❡st ❝♦♥♥✉ ❝♦♠♠❡ ❢❛❝t❡✉r ❞❡ r✐sq✉❡
❞❡ ❞é♣r❡ss✐♦♥ ✭❱✐❛❧♦✉ ❡t ❛❧✳✱ ✷✵✶✸✮ ❡t ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛❞❞✐❝t✐♦♥ ✭❙✐♥❤❛✱
✷✵✵✽✮✳ ❈✬❡st ♣♦✉rq✉♦✐ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❧✬ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❝♦♠♣❛r❛♥t
❞❡s s♦✉r✐s ❛②❛♥t t♦✉t❡s r❡ç✉ ❧❛ ❝❤✐r✉r❣✐❡✱ ✉♥❡ ♠♦✐t✐é s✉❜✐ss❛♥t ✶✵ sé❛♥❝❡s ❞❡
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❝♦♥t❡♥t✐♦♥ ✭❙❤❛♠✮ ❡t ❧✬❛✉tr❡ ♥♦♥✳ ❉❡ ♠❛♥✐èr❡ s✉r♣r❡♥❛♥t❡✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré
✉♥❡ ❛❜s❡♥❝❡ ❞❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❡s ❞❡✉① ❣r♦✉♣❡s ❞❛♥s ❧❡ t❡st ❞❡ ❧❛
♥❛❣❡ ❢♦r❝é❡✳ ■❧ s❡♠❜❧❡r❛✐t ❞♦♥❝ q✉❡ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡✱ ❧✬❡✛❡t ✧❛♥t✐❞é♣r❡ss❡✉r✧
❞❡ ❧❛ t❉❈❙ ❛♣♣❛r❛✐ss❡ ❝❤❡③ ❞❡s s♦✉r✐s ✧s❛✐♥❡s✧✱ ♥✬❛②❛♥t ♣❛s ❞é✈❡❧♦♣♣é ✉♥
❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❞é♣r❡ss✐❢ ✭♠❛❧❣ré ✉♥ str❡ss ❝❤r♦♥✐q✉❡✮✳ ❈❡❝✐ ♠ér✐t❡r❛✐t
t♦✉t ❞❡ ♠ê♠❡ ❞✬êtr❡ ✈ér✐✜é ❞❛♥s ❞✬❛✉tr❡s t❡sts é✈❛❧✉❛♥t ❧❡s ❝♦♠♣♦rt❡♠❡♥ts
❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥✱ ❛✐♥s✐ q✉❡ ❞❛♥s ❞❡s ♠♦❞è❧❡s ❞❡ ✧❞é♣r❡ss✐♦♥✧ ❝❤❡③ ❧❛
s♦✉r✐s ✭❊❧ ❨❛❝♦✉❜✐ ❡t ❱❛✉❣❡♦✐s✱ ✷✵✵✼✮✳

❊✛❡ts ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ♠é♠♦✐r❡

▲❡s ❡✛❡ts q✉❡ ♥♦✉s ❛✈♦♥s r❡❧❡✈és s✉r ❧❛ ♠é♠♦✐r❡ ❝❤❡③ ❧❛ s♦✉r✐s ♦♥t été
r❡♣r♦❞✉✐ts ♣❛r P♦❞❞❛ ❡t ❛❧✳ ✭✷✵✶✻✮ ❛♣rès ✉♥❡ ✉♥✐q✉❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡
✭✵✳✸✺ ♠❆✱ ✷✵ ♠✐♥✉t❡s✮ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❣❛✉❝❤❡ ❞❡ s♦✉r✐s ✭é❧❡❝tr♦❞❡ ✶ ♠♠ ❡♥
❛rr✐èr❡ ❞✉ ❇r❡❣♠❛✱ ✶ ♠♠ s✉r ❧❛ ❣❛✉❝❤❡✮✳ ■❧s ♦♥t ♠♦♥tré ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡s ♣❡r❢♦r♠❛♥❝❡s ♠♥és✐q✉❡s ✭é❣❛❧❡♠❡♥t ❞❛♥s ❧❡s t❡sts ❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s
❡t ❞❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❞✬♦❜❥❡t✮ ❞❛♥s ❧❡s ❥♦✉rs s✉✐✈❛♥ts ✭❡t ✉♥❡ s❡♠❛✐♥❡ ❛♣rès✮
❝❡ tr❛✐t❡♠❡♥t✳

❈❡tt❡ éq✉✐♣❡ ❛ ❛ss♦❝✐é ❝❡s ♦❜s❡r✈❛t✐♦♥s à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣♦t❡♥✲
t✐❛❧✐s❛t✐♦♥ à ❧♦♥❣ t❡r♠❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ❛✉ss✐ ❜✐❡♥ ✐♠♠é❞✐❛t❡♠❡♥t q✉❡ ✉♥❡
s❡♠❛✐♥❡ ❛♣rès ❧❛ t❉❈❙ ✭♠❡s✉r❡ ❞❡s ♣♦t❡♥t✐❡❧s é✈♦q✉és ❛♣rès ✉♥❡ st✐♠✉❧❛t✐♦♥
❤❛✉t❡ ❢réq✉❡♥❝❡ ❞❡s ❝♦✉♣❡s ❞❡ ❝❡r✈❡❛✉① ❞❡s ❛♥✐♠❛✉① st✐♠✉❧és ❡t s❛❝r✐✜és✮✳
❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❝❡tt❡ ❤❛✉ss❡ ❞❡ ❧❛ P▲❚ s❡ r❡tr♦✉✈❛✐t ❞❛♥s ❧❡s ❞❡✉①
❤é♠✐s♣❤èr❡s✱ ❜✐❡♥ q✉❡ s❡✉❧ ❧❡ ❣❛✉❝❤❡ s♦✐t st✐♠✉❧é ♣❛r t❉❈❙✳ ❊♥✜♥✱ ❧❛ t❉❈❙
❛✉❣♠❡♥t❛✐t ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❇❉◆❋ ✭♥♦t❛♠♠❡♥t ♣❛r ✈♦✐❡ é♣✐❣é♥ét✐q✉❡✮✳

▲❛ t❉❈❙ ❝❤❡③ ❧❡ r♦♥❣❡✉r ✿ ❞✐✛ér❡♥❝❡s ❛✈❡❝ ❧✬❍♦♠♠❡

◆♦tr❡ ♣r❡♠✐èr❡ ♣ré♦❝❝✉♣❛t✐♦♥ ét❛✐t ❞❡ ré❛❧✐s❡r ✉♥ ♠♦❞è❧❡ s❡ r❛♣♣r♦❝❤❛♥t
❧❡ ♣❧✉s ♣♦ss✐❜❧❡ ❞❡s ♣r♦t♦❝♦❧❡s ❞❡ st✐♠✉❧❛t✐♦♥ ré❛❧✐sés ❝❤❡③ ❧✬❍♦♠♠❡✳ ❈♦♠♠❡
❞ét❛✐❧❧é ❡♥ ✐♥tr♦❞✉❝t✐♦♥✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ♠❛❥♦r✐t❛✐r❡♠❡♥t ❜❛sés s✉r ❧❡ ♠♦✲
❞è❧❡ ❞❡ ▲✐❡❜❡t❛♥③ ❡t ❛❧✳ ✭✷✵✵✻❛✱❜✮✳ ■❧ ❞✐✛èr❡ ❞❡ ❝❡ q✉✐ ❡st ré❛❧✐sé ❡♥ ❝❧✐♥✐q✉❡
♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ♣❛r ❧❛ ♥é❝❡ss✐té ❞✬✉♥❡ ❧é❣èr❡ ❝❤✐r✉r❣✐❡ ✭s✉✐✈✐❡ ❞✬✉♥ t❡♠♣s
❞❡ r❡♣♦s ♠✐♥✐♠❛❧ ❞❡ ❝✐♥q ❥♦✉rs✮✳ ▲❡ ♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ❡st é❣❛✲
❧❡♠❡♥t ❞✐✛ér❡♥t ❞❡ ❝❡ q✉✐ ❡st ❧❡ ♣❧✉s s♦✉✈❡♥t ✉t✐❧✐sé ❝❤❡③ ❧✬❍♦♠♠❡✱ q✉♦✐q✉❡
❝❡rt❛✐♥s ❛✉t❡✉rs ✉t✐❧✐s❡♥t ✉♥ ♠♦♥t❛❣❡ ❛✈❡❝ ✉♥❡ ❝♦♥tr❡✲é❧❡❝tr♦❞❡ ♣♦s✐t✐♦♥♥é❡
❛✐❧❧❡✉rs q✉❡ s✉r ❧❛ têt❡ ✭t❡❧ q✉❡ ◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s ❡t ❛❧✳ ✭✷✵✶✷✮✱ ❛✈❡❝ ❧✬❛♥♦❞❡
s✉r ❧❡ ❈P❋❉▲ ❡t ❧❛ ❝❛t❤♦❞❡ s✉r ❧✬é♣❛✉❧❡ ❝♦♥tr♦❧❛tér❛❧❡ ♣♦✉r ✉♥❡ ét✉❞❡ s✉r ❧❛
t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts✮✳

❯♥❡ ❛✉tr❡ ❞✐✛ér❡♥❝❡ à ♥♦t❡r ❡st ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❛♣♣❧✐q✉é❡ s✉r ❧❡
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❝♦rt❡① ❢r♦♥t❛❧ ❞❡s s♦✉r✐s✳ ❈❤❡③ ❧✬❍♦♠♠❡✱ ❡❧❧❡ ❡st ❝♦♠♠✉♥é♠❡♥t ❞❡ ❧✬♦r❞r❡
❞❡ ✵✳✺✼ ❆✴♠2 ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❞❡ ✷ ♠❆✳ ❉❛♥s ♥♦tr❡ ♠♦❞è❧❡✱ ❞✉ ❢❛✐t
❞❡ ❧❛ ♣❡t✐t❡ t❛✐❧❧❡ ❞❡ ❧✬é❧❡❝tr♦❞❡✱ ❡❧❧❡ ❡st ❞❡ ✺✼ ❆✴♠2✳ ❈❡❧❛ ét❛♥t✱ ❜✐❡♥ q✉❡
❝❡tt❡ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t s♦✐t ✶✵✵ ❢♦✐s ♣❧✉s é❧❡✈é❡ q✉✬❡♥ ❝❧✐♥✐q✉❡✱ ❡❧❧❡ r❡st❡
❧❛r❣❡♠❡♥t ❡♥ ❞❡ss♦✉s ❞✉ s❡✉✐❧ ❞❡ ❞❡♥s✐té ❛✈❡❝ ❧❡q✉❡❧ ❛♣♣❛r❛✐ss❛✐❡♥t ❞❡s ❧és✐♦♥s
❝éré❜r❛❧❡s ✭✶✹✸ ❆✴♠2✮ s♦✉s st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞❛♥s ❧✬ét✉❞❡ ❞❡ ▲✐❡❜❡t❛♥③
❡t ❛❧✳ ✭✷✵✵✾✮✳ ❉❡s ét✉❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❛✈❡❝ ❞❡s ❞❡♥s✐tés ❞❡ ❝♦✉r❛♥t ♣❧✉s
❢❛✐❜❧❡s s♦♥t ♥é❛♥♠♦✐♥s à ré❛❧✐s❡r✱ ♥♦t❛♠♠❡♥t ❞❛♥s ❧✬❡s♣r✐t ❞✬♦♣t✐♠✐s❡r ❧❡s
♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥✳

❘❡♠❛rq✉♦♥s é❣❛❧❡♠❡♥t q✉❡✱ ❝❤❡③ ❧✬❍♦♠♠❡✱ s❡✉❧❡♠❡♥t ✹✺ ✪ ❞✉ ❝♦✉r❛♥t
❡st s✉♣♣♦sé tr❛✈❡rs❡r ❧❡ s❝❛❧♣ ❡t ❧✬♦s ❞✉ ❝râ♥❡ ✭❡♥ ❝❤♦✐s✐ss❛♥t ✉♥❡ é♣❛✐ss❡✉r
❞✬♦s ❞❡ ✺ ♠♠✮✳ ❈❡❝✐ ❛ été ♠❡s✉ré ❛✉ ♠♦②❡♥ ❞❡ ❞❡✉① ♠♦❞è❧❡s ✿ ✉♥❡ ❝✉✈❡
é❧❡❝tr♦❧②t✐q✉❡ ❡♥ ❢♦r♠❡ ❞❡ têt❡ ❝♦♥t❡♥❛♥t ✉♥ ❞❡♠✐✲❝râ♥❡ ❤✉♠❛✐♥✱ ❡t ✉♥ ♠♦✲
❞è❧❡ t❤é♦r✐q✉❡ ❞❡ têt❡ ❝♦♠♣♦sé ❞❡ tr♦✐s s♣❤èr❡s ❝♦♥❝❡♥tr✐q✉❡s r❡♣rés❡♥t❛♥t ❧❛
rés✐st❛♥❝❡ ❞❡s t✐ss✉s ❞✉ ❝❡r✈❡❛✉✱ ❞✉ sq✉❡❧❡tt❡ ❡t ❞❡ ❧❛ ♣❡❛✉ ✭❘✉s❤ ❡t ❉r✐s❝♦❧❧✱
✶✾✻✽✮✳ ❍♦❧❞❡❢❡r ❡t ❛❧✳ ✭✷✵✵✻✮ ♦♥t é❣❛❧❡♠❡♥t ♠♦♥tré ✉♥ ✐♠♣♦rt❛♥t s❤✉♥t ❞✉
❝♦✉r❛♥t ❡♥tr❡ ❧❡s é❧❡❝tr♦❞❡s ❡t ♣❛r ❧❛ ♣❡❛✉ s✉r ✉♥ ♠♦❞è❧❡ ❞❡ têt❡ ❤✉♠❛✐♥❡ ❀
❝❡ s❤✉♥t ét❛✐t ré❞✉✐t ♣❛r ❧✬é❧♦✐❣♥❡♠❡♥t ❞❡s é❧❡❝tr♦❞❡s ♦✉ ❡♥❝♦r❡ ❧✬❛✉❣♠❡♥t❛✲
t✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❛❞♠✐♥✐stré❡ ✭s✐♠✉❧❛t✐♦♥s ✐♥❢♦r♠❛t✐q✉❡s✮✳ ❊♥✜♥✱
❇✉③sá❦✐ ❡t ❇❡ré♥②✐ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ◆❡✇ ❨♦r❦ ❈✐t② ♦♥t ♣rés❡♥té ❧♦rs ❞✬✉♥
♠❡❡t✐♥❣ ❞❡ ❧❛ ❈♦❣♥✐t✐✈❡ ◆❡✉r♦s❝✐❡♥❝❡ ❙♦❝✐❡t② ✭✷✵✶✻✮ ❞❡s tr❛✈❛✉① s✉❣❣ér❛♥t
q✉❡ ❝❡ s❡r❛✐t ❡♥ ❢❛✐t ♣❧✉tôt ✾✵ ✪ ❞✉ ❝♦✉r❛♥t ❛♣♣❧✐q✉é s♦✉s t❉❈❙ ♦✉ t❆❈❙ q✉✐
s❡ tr♦✉✈❡r❛✐t ❞é✈✐é ♣❛r ❧❛ ♣❡❛✉✳ ■❧s ♦♥t ♣♦✉r ❝❡❝✐ st✐♠✉❧é ❞❡ ♠❛♥✐èr❡ tr❛♥s✲
❝râ♥✐❡♥♥❡ ✉♥ ❝❛❞❛✈r❡ ❤✉♠❛✐♥ ❞❛♥s ❧❡ ❝râ♥❡ ❞✉q✉❡❧ ✐❧s ❛✈❛✐❡♥t ❛✉ ♣ré❛❧❛❜❧❡
✐♠♣❧❛♥té ❞❡s é❧❡❝tr♦❞❡s ❞✬❡♥r❡❣✐str❡♠❡♥t ♣♦✉r ♠❡s✉r❡r ❧❡ ❝♦✉r❛♥t tr❛✈❡rs❛♥t
❧❡s t✐ss✉s ❥✉sq✉✬❛✉ ❝❡r✈❡❛✉ ✭❯♥❞❡r✇♦♦❞✱ ✷✵✶✻✮✳ ▲❡s ❛✉t❡✉rs ❝♦♥✈✐❡♥♥❡♥t ❝❡✲
♣❡♥❞❛♥t q✉❡ ❝❡ t❛✉① ❞❡ ❝♦✉r❛♥t ♣❛r✈❡♥❛♥t ❛✉① ♥❡✉r♦♥❡s ♣❡✉t êtr❡ s✉✣s❛♥t
♣♦✉r ❛✈♦✐r ❧❡s ❡✛❡ts ❞é❝r✐ts s✉r ❧✬❡①❝✐t❛❜✐❧✐té ❞❡s ❝❡❧❧✉❧❡s✳

➱t❛♥t ❞♦♥♥é q✉❡ ❝❤❡③ ❧❛ s♦✉r✐s ❧❡ ❝♦✉r❛♥t ♥✬❛ ♣❛s à tr❛✈❡rs❡r ❧❛ ♣❡❛✉✱
q✉❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧✬♦s ❞✉ ❝râ♥❡ ❡st ré❞✉✐t❡ ✭✐♥❢ér✐❡✉r❡ à ✶ ♠♠ ❀ ▲❛♣❝❤❛❦
❡t ❛❧✳ ✭✷✵✶✺✮ ❀ ❈❤❛♥❣ ❡t ❛❧✳ ✭✷✵✶✹✮ ❀ ❩❤❛♦ ❡t ❛❧✳ ✭✷✵✵✷✮✮✱ ❡t q✉❡ ❧❛ ❞❡♥s✐té
❞❡ ❝♦✉r❛♥t ❡st s✉♣ér✐❡✉r❡✱ ♥♦✉s ♣♦✉✈♦♥s s✉♣♣♦s❡r q✉❡ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ ❧❡
r❛t✐♦ ❞❡ ❝♦✉r❛♥t ❛rr✐✈❛♥t ❛✉① t✐ss✉s ❝✐❜❧❡s ❡st ♣❧✉s é❧❡✈é✳

▲✐♠✐t❡s ❞❡ ♥♦tr❡ ét✉❞❡

❯♥❡ ❝r✐t✐q✉❡ ♣♦✉✈❛♥t êtr❡ ❛♣♣♦rté❡ à ♥♦tr❡ ét✉❞❡ ❡st ❧✬❡♠♣❧♦✐ ❡①❝❧✉s✐❢ ❞❡
s♦✉r✐s ❢❡♠❡❧❧❡s✱ q✉❡ ♥♦✉s ♥✬❛✈♦♥s ♥✐ ♦✈❛r✐❡❝t♦♠✐sé❡s ♥✐ ❝♦♥trô❧é❡s ♣♦✉r ❧❡✉r
ét❛t ❤♦r♠♦♥❛❧ ✭❝❡❝✐ ❛✜♥ ❞❡ ❧✐♠✐t❡r ❧❡s ♣r♦❝é❞✉r❡s ✐♥✈❛s✐✈❡s ❡t✴♦✉ str❡ss❛♥t❡s✮✳
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P❛✉❧✉s ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ♦♥t ♠♦♥tré q✉❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✬❡①❝✐t❛❜✐❧✐té
♦❜s❡r✈é❡ ❞❛♥s ❧❡ ❝♦rt❡① ♠♦t❡✉r ét❛✐t ♣❧✉s ✐♠♣♦rt❛♥t❡ ♣❡♥❞❛♥t✱ ❡t ♣r♦❧♦♥❣é❡
❛♣rès✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❝❤❡③ ❧❛ ❢❡♠♠❡ ♣❛r r❛♣♣♦rt à ❝❤❡③ ❧✬❤♦♠♠❡✳
❈❡♣❡♥❞❛♥t ❛✉❝✉♥ ❡✛❡t ❞✉ s❡①❡ s✉r ❧✬❡✛❡t ❞✬✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ♥✬❛ été
r❡❧❡✈é ✭❑✉♦ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈✬❡st ❧❡ ♣❤é♥♦♠è♥❡ ✐♥✈❡rs❡ q✉✐ ❡st ♦❜s❡r✈é q✉❛♥❞
♦♥ s✬✐♥tér❡ss❡ ❛✉ ❝♦rt❡① ✈✐s✉❡❧ ✿ ❧❛ ♠ê♠❡ éq✉✐♣❡ ❛ ♠♦♥tré q✉✬✉♥ ❡✛❡t ❞✉
s❡①❡ ❛♣♣❛r❛ît ♣♦✉r ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ✭❡t ♣❛s ❝❛t❤♦❞✐q✉❡✮✱ ❛✈❡❝ ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡①❝✐t❛❜✐❧✐té ❞✉ ❝♦rt❡① ✈✐s✉❡❧ ✭♣❡♥❞❛♥t ❡t ❥✉sq✉✬à ❛✉ ♠♦✐♥s
✶✵ ♠✐♥✉t❡s ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥✮ ❝❤❡③ ❧❛ ❢❡♠♠❡✱ ❝♦♥tr❡ ✉♥❡ ✐♥❤✐❜✐t✐♦♥ ♦❜s❡r✈é❡
✶✵ ♠✐♥✉t❡s ❛♣rès ❝❤❡③ ❧✬❤♦♠♠❡ ✭❈❤❛✐❡❜ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❈❡s ❞❡✉① rés✉❧t❛ts✱ ❜✐❡♥ q✉✬❛♣♣❛r❛✐ss❛♥t ♦♣♣♦sés ✭♣r♦❜❛❜❧❡♠❡♥t ❞✉ ❢❛✐t
❞❡s ♠é❝❛♥✐s♠❡s ❞✐✛ér❡♥ts ❡♥tr❡ ❧❡ ❝♦rt❡① ✈✐s✉❡❧ ❡t ❧❡ ❝♦rt❡① ♠♦t❡✉r✮✱ ré✈è❧❡♥t
✉♥ ❜✐❛✐s ❧✐é ❛✉ s❡①❡ q✉❛♥t ❛✉① ❡✛❡ts ❞❡ ❧❛ t❉❈❙✳ ❉✬❛✉tr❡s ❞✐✛ér❡♥❝❡s ❧✐é❡s
❛✉ s❡①❡ ♦♥t été ♠♦♥tré❡s ❛✉ ♥✐✈❡❛✉ ❝❧✐♥✐q✉❡ ✭❜é♥é✜❝❡s ♣❧✉s ✐♠♣♦rt❛♥ts ♣♦✉r
❧❡s ❢❡♠♠❡s ❞❡ s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞✬❛❝♦✉✲
♣❤è♥❡s ❀ ❋r❛♥❦ ❡t ❛❧✳ ✭✷✵✶✷✮✮ ❡t ❝♦♠♣♦rt❡♠❡♥t❛❧ ✭❡✛❡ts ♣❧✉s ✐♠♣♦rt❛♥ts ❞❡
❧❛ t❉❈❙ ❞❛♥s ✉♥❡ tâ❝❤❡ ❞❡ r❛✐s♦♥♥❡♠❡♥t ✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❜✮ ♦✉ ❞❡ r❡❝♦♥✲
♥❛✐ss❛♥❝❡ ❞✬❡①♣r❡ss✐♦♥s ❢❛❝✐❛❧❡s ✭❋✉♠❛❣❛❧❧✐ ❡t ❛❧✳✱ ✷✵✶✵✮ ❝❤❡③ ❧❡s ❢❡♠♠❡s q✉❡
❝❤❡③ ❧❡s ❤♦♠♠❡s✮✳ ❈❡❝✐ ♣♦✉rr❛✐t êtr❡ ❧✐é à ❧✬❛❝t✐♦♥ ❞❡s ❤♦r♠♦♥❡s s❡①✉❡❧❧❡s s✉r
❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡✱ ♠❛✐s ❛✉ss✐ à ❞✬é✈❡♥t✉❡❧❧❡s ❞✐✛ér❡♥❝❡s
♥❡✉r♦✲❛♥❛t♦♠✐q✉❡s ✭❞✐♠♦r♣❤✐s♠❡ s❡①✉❡❧✮ ❡t ❢♦♥❝t✐♦♥♥❡❧❧❡s ❡♥tr❡ ❤♦♠♠❡s ❡t
❢❡♠♠❡s✳

■❧ s❡r❛✐t ❞♦♥❝ ✐♥tér❡ss❛♥t ❞❡ t❡st❡r ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❞❡s s♦✉r✐s ♠â❧❡s
❛✐♥s✐ q✉✬à ❞✐✛ér❡♥ts st❛❞❡s ❞✉ ❝②❝❧❡ ♠❡♥str✉❡❧ ❞❡s s♦✉r✐s✱ ❛✜♥ ❞❡ ✈ér✐✜❡r
❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❧✐é❡s ❛✉ ❣❡♥r❡ ❡t ❛✉① ♥✐✈❡❛✉① ❞✬❤♦r♠♦♥❡s s❡①✉❡❧❧❡s
❞❡s ❛♥✐♠❛✉①✳

■♥térêt ❞✉ ♠♦❞è❧❡ ❛♥✐♠❛❧ ✿ ♦♣t✐♠✐s❡r ❧❡s ♣❛r❛♠ètr❡s

◆♦s rés✉❧t❛ts✱ ♠♦♥tr❛♥t ✉♥ ❡✛❡t ❜é♥é✜q✉❡ ❞❡ ❧❛ t❉❈❙ s✉r ❧❡ ❝♦♠♣♦rt❡✲
♠❡♥t ❞❡s s♦✉r✐s✱ ❛♠è♥❡♥t ❞✬❛✉tr❡s q✉❡st✐♦♥s ❛✉①q✉❡❧❧❡s ♥♦tr❡ ♠♦❞è❧❡ ♥♦✉s
♣❡r♠❡ttr❛ ❞❡ ré♣♦♥❞r❡✳

❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ♥♦t♦♥s q✉❡ ♥♦✉s ❛✈♦♥s ét✉❞✐é ✐❝✐ ✭❡t ♣♦✉r ❝❤❛q✉❡ ét✉❞❡
♣rés❡♥té❡ ❞❛♥s ♠❛ t❤ès❡✮ ❧✬❡✛❡t ❞❡ st✐♠✉❧❛t✐♦♥s ré♣été❡s ✭✶✵ s❡ss✐♦♥s s✉r
✺ ❥♦✉rs✮ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s s♦✉r✐s✳ ■❧ ❛♣♣❛r❛ît ✐♥tér❡ss❛♥t ❞❡ s❡ ❞❡♠❛♥✲
❞❡r q✉❡❧ s❡r❛✐t ❧✬❡✛❡t ❞✬✉♥❡ s❡ss✐♦♥ ✉♥✐q✉❡ ❞❡ t❉❈❙✳ ❉❡ ♠ê♠❡✱ ♥♦✉s ❛✈♦♥s
❝❤♦✐s✐ ✉♥❡ ❢réq✉❡♥❝❡ ❞❡ ✷ st✐♠✉❧❛t✐♦♥s ♣❛r ❥♦✉r ❡♥ ♥♦✉s ❜❛s❛♥t s✉r ❝❡rt❛✐♥s
♣r♦t♦❝♦❧❡s ❞❡ r❡❝❤❡r❝❤❡ ❝❧✐♥✐q✉❡✳ ❈❡❧❛ ét❛♥t✱ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ❞✉ré❡ ❞✉
tr❛✐t❡♠❡♥t ✭❞❡ q✉❡❧q✉❡s ❥♦✉rs à q✉❡❧q✉❡s s❡♠❛✐♥❡s✮ ❡t ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❧❡s
st✐♠✉❧❛t✐♦♥s ✭q✉♦t✐❞✐❡♥♥❡s✱ ❤❡❜❞♦♠❛❞❛✐r❡s✱ ❡t❝✮ ❡st ❡♥❝♦r❡ ✐♥❝♦♥♥✉❡✳



✶✷✵ ❈❍❆P■❚❘❊ ✾✳ ➱❚❯❉❊ ✶

❊♥s✉✐t❡✱ ♥♦✉s ❛✈♦♥s r❡❧❡✈é ❞❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ❥✉sq✉✬à ✺ s❡♠❛✐♥❡s
✭♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ à ❧❛ ♥✐❝♦t✐♥❡✮ ❛♣rès ❧❛ t❉❈❙✱ ♠❛✐s ♥✬❛✈♦♥s
♣❛s ❡✛❡❝t✉é ❞❡ t❡sts ❛✉✲❞❡❧à ❞❡ ❝❡tt❡ ♣ér✐♦❞❡✳ ■❧ r❡st❡ ❛✐♥s✐ à ❞ét❡r♠✐♥❡r ❧❛
❞✉ré❡ ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ré♣été❡ s✉r ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s
❝♦♠♣♦rt❡♠❡♥t❛✉①✳ ❯♥ ❛✉tr❡ ♣♦✐♥t à ét✉❞✐❡r s❡r❛✐t ❧❛ ré✲❡①♣♦s✐t✐♦♥ à ✉♥❡ st✐✲
♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ❛♣rès ❧❛ ♣❤❛s❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡ ✺ ❥♦✉rs ❀ ✉♥ ♥♦✉✈❡❛✉
tr❛✐t❡♠❡♥t ✭♣♦♥❝t✉❡❧ ♦✉ ré♣été✮ ♣♦✉rr❛✐t✲✐❧ ❛✉❣♠❡♥t❡r ♦✉ ♣r♦❧♦♥❣❡r ❧❡s ❡✛❡ts
❝♦♠♣♦rt❡♠❡♥t❛✉① ♦❜s❡r✈és ❄ ▲❛ ré♣♦♥s❡ à ❝❡tt❡ q✉❡st✐♦♥ ♣♦✉rr❛✐t ❛♣♣♦rt❡r
❞❡s ♣✐st❡s ♣❡r♠❡tt❛♥t ❞✬♦♣t✐♠✐s❡r ❧❡s ♣❛r❛♠ètr❡s ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ✲
♥✐❡♥♥❡ ❡♥ r❡❝❤❡r❝❤❡ ❝❧✐♥✐q✉❡✳

P♦✉r t❡r♠✐♥❡r✱ ❧❛ ❝✐♥ét✐q✉❡ ❞✬❛♣♣❛r✐t✐♦♥ ❞❡s ❡✛❡ts ❞♦✐t êtr❡ ét✉❞✐é❡ ♣❧✉s
❡♥ ♣r♦❢♦♥❞❡✉r✳ ◆♦✉s ❛✈♦♥s t❡sté ❞❡s ❝♦♠♣♦rt❡♠❡♥ts à ❞❡s ♠♦♠❡♥ts ♣ré❝✐s
✭✸ ❥♦✉rs✱ ✸ s❡♠❛✐♥❡s✮✱ ♠❛✐s ❝❤❛❝✉♥ ❞❡s t❡sts ♣♦✉rr❛✐t êtr❡ ré❛❧✐sé à ❞✐✛ér❡♥ts
t❡♠♣s ❞❛♥s ❝❡tt❡ ❢❡♥êtr❡ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❡ ♠♦♠❡♥t
❞✬❛♣♣❛r✐t✐♦♥ ❞❡s ré♣❡r❝✉ss✐♦♥s ❞❡ ❧❛ t❉❈❙✳ ❉❡ ♠ê♠❡✱ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts
❞❡ t②♣❡ ❞é♣r❡ss✐❢ ♣♦✉rr❛✐❡♥t êtr❡ é✈❛❧✉és ❞❛♥s ❞✬❛✉tr❡s t❡sts q✉❡ ❧❛ ♥❛❣❡
❢♦r❝é❡ ✭♣❛r ❡①❡♠♣❧❡✱ ✉♥ t❡st ❞✬✐♥❤✐❜✐t✐♦♥ ♥é♦♣❤♦❜✐q✉❡ ❞❡ ❧❛ ♣r✐s❡ ❛❧✐♠❡♥t❛✐r❡✮
❛✜♥ ❞❡ ✈ér✐✜❡r s✐ ❧❡ ❞é❧❛✐ ❞✬❛♣♣❛r✐t✐♦♥ ❡t ❧❡s ❡✛❡ts ✈❛r✐❡♥t ❛✈❡❝ ❧❡ ♣❛r❛♠ètr❡
❝♦♠♣♦rt❡♠❡♥t❛❧ ét✉❞✐é✳

▼✐s❡ ❡♥ ♣❧❛❝❡ ❞✉ ♠♦❞è❧❡ ✿ ♦❜❥❡❝t✐❢s ✈❛❧✐❞és

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❛✈❡❝ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ❝❡ ♥♦✉✈❡❛✉ ♠♦❞è❧❡ ❞❡ t❉❈❙
❝❤❡③ ❧✬❛♥✐♠❛❧ ♥♦✉s ❛✈♦♥s ♣✉ r❡tr♦✉✈❡r ❞❡s ❡✛❡ts ❞❡s st✐♠✉❧❛t✐♦♥s ré♣été❡s
s✐♠✐❧❛✐r❡s à ❝❡✉① ♦❜s❡r✈és ❝❤❡③ ❧✬❍♦♠♠❡✳ ❈❡s ❡✛❡ts s❡ ♠❛✐♥t✐❡♥♥❡♥t ♣❧✉s✐❡✉rs
s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❡t ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ♣♦❧❛r✐té ❞❡ ❧❛
st✐♠✉❧❛t✐♦♥ ❛✉ ♠♦✐♥s ♣♦✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥✳

❆✉ ✈✉ ❞❡s rés✉❧t❛ts ❡♥❝♦✉r❛❣❡❛♥ts ♦❜s❡r✈és s✉r ❞❡s ❛s♣❡❝ts ❝♦♠♣♦rt❡✲
♠❡♥t❛✉① ❧✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❡t à ❧❛ ♠é♠♦✐r❡✱ rés✉❧t❛ts ❛♣♣❛r❛✐ss❛♥t ✸ s❡✲
♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s é♠✐s ❧✬❤②♣♦t❤ès❡ q✉❡ ♣❛r♠✐
❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ ❞❡ ❧❛ t❉❈❙✱ ❧❛ ♥❡✉r♦❣❡♥ès❡ ét❛✐t ✉♥ ❜♦♥ ❝❛♥❞✐❞❛t✳
❏❡ ♣rés❡♥t❡r❛✐ ♥♦s ♣r❡♠✐èr❡s ét✉❞❡s s✉r ❝❡ s✉❥❡t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t ✭✶✵✮✳

P❛r❛❧❧è❧❡♠❡♥t✱ ét❛♥t ❞♦♥♥é ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ ❈PP ♣♦✉r ❧❛
♥✐❝♦t✐♥❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬❛♣♣r♦❢♦♥❞✐r ❧❡s ❛s♣❡❝ts ❝♦♠♣♦rt❡♠❡♥t❛✉① ❧✐és à
❧✬❛❞❞✐❝t✐♦♥✱ ❡♥❝♦r❡ ♣❡✉ ét✉❞✐és✳ ◆♦s ét✉❞❡s s❡r♦♥t ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡
✶✶✳



✶✵ ➱t✉❞❡ ✷ ✿ t❉❈❙ ❡t
♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡

✶✵✳✶ ▲❛ ♥❡✉r♦❣❡♥ès❡ à ❧✬â❣❡ ❛❞✉❧t❡

❉❛♥s ❧✬♦♣t✐q✉❡ ❞✬é✈❛❧✉❡r ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ♥❡✉r♦♣❤②s✐♦❧♦❣✐q✉❡s ✐♥❞✉✐t❡s
♣❛r ❧❛ t❉❈❙✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés à ❧✬✐♠♣❛❝t ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ s✉r
❧❛ ♥❡✉r♦❣❡♥ès❡ ❝❤❡③ ❧✬❛❞✉❧t❡✳

▲❛ ♥❡✉r♦❣❡♥ès❡ ❞és✐❣♥❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ♣r♦❝❡ss✉s ❞❡ tr❛♥s❢♦r♠❛t✐♦♥ ❞✬✉♥❡
❝❡❧❧✉❧❡ s♦✉❝❤❡ ♥❡✉r❛❧❡ ❡♥ ♥❡✉r♦♥❡ ❢♦♥❝t✐♦♥♥❡❧ ❀ ❡❧❧❡ ❛ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐❡✉ ❧♦rs
❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❝❡r✈❡❛✉ ❛✉ st❛❞❡ ❡♠❜r②♦♥♥❛✐r❡✳ ❙✐ ♣❡♥❞❛♥t ❧♦♥❣t❡♠♣s
❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥❡✉r♦♥❡s à ❧✬â❣❡ ❛❞✉❧t❡ ❛ été ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✐♠♣♦ss✐❜❧❡✱
❞❡♣✉✐s q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s ✐❧ ❡st ❛❞♠✐s q✉✬❡❧❧❡ ♣❡rs✐st❡ à ❞❡s ❡♥❞r♦✐ts
❧♦❝❛❧✐sés ❡t ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❛ ♣❧❛st✐❝✐té ❝éré❜r❛❧❡✳ ❉❡s ❧✐❡♥s ♦♥t
été ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❡♥tr❡ ❝❡tt❡ ♥é♦✲♥❡✉r♦❣❡♥ès❡ ❡t ❧❡s tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r
❛✐♥s✐ q✉❡ ❝❡rt❛✐♥s t②♣❡s ❞❡ ♠é♠♦✐r❡ ✭❉♦❦t❡r ❡t ✉♥❞ ❍❛❧❜❛❝❤✱ ✷✵✶✷✮✳

❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ♥♦✉s ❛✈♦♥s ♣✉❜❧✐é ❞❡s ❡✛❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙
s✉r ❧❛ ❞é♣r❡ss✐♦♥ ❡t ❧❛ ♠é♠♦✐r❡✱ ♥♦✉s ❛✈♦♥s é♠✐s ❧✬❤②♣♦t❤ès❡ q✉❡ ❝❡s ❡✛❡ts
♣✉✐ss❡♥t êtr❡ ❧✐és à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣✲
♣♦❝❛♠♣❡ ❞❡s s♦✉r✐s ❛❞✉❧t❡s✳

✶✵✳✶✳✶ ▲❛ ♥é♦✲♥❡✉r♦❣❡♥ès❡

❈❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✱ ❧❛ ♥é♦✲♥❡✉r♦❣❡♥ès❡ s✉r✈✐❡♥t s♦✐t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣✲
♣♦❝❛♠♣❡✱ s♦✐t s♦✉s ❧❛ ♣❛r♦✐ ❞❡s ✈❡♥tr✐❝✉❧❡s ❧❛tér❛✉① ✭③♦♥❡ s♦✉s✲✈❡♥tr✐❝✉❧❛✐r❡✮✳

▲❛ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡

▲✬❤✐♣♣♦❝❛♠♣❡ ❡st ✉♥❡ str✉❝t✉r❡ ❝éré❜r❛❧❡ ❛♣♣❛rt❡♥❛♥t ❛✉ s②stè♠❡ ❧✐♠✲
❜✐q✉❡ ✭❛✈❡❝ ❧✬❛♠②❣❞❛❧❡✱ ❧❡ ❣②r✉s ❝✐♥❣✉❧❛✐r❡✱ ❧❡ ❢♦r♥✐① ❡t ❧✬❤②♣♦t❤❛❧❛♠✉s✮✳ Pr✐♥✲
❝✐♣❛❧❡♠❡♥t ❝♦♥♥✉ ♣♦✉r s♦♥ rô❧❡ ❞❛♥s ❧❛ ♠é♠♦✐r❡ ❡t ❧❛ ♥❛✈✐❣❛t✐♦♥ s♣❛t✐❛❧❡✱ ✐❧
❡♥ ❛ é❣❛❧❡♠❡♥t ✉♥ ❞❛♥s ❧❡s é♠♦t✐♦♥s ❡t ❧❛ ré♣♦♥s❡ ❛✉ str❡ss✳ ❊♥ ❡✛❡t✱ ❞❡s

✶✷✶
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ét✉❞❡s ❧és✐♦♥♥❡❧❧❡s ré✈è❧❡♥t q✉❡ s✐ ❧✬❤✐♣♣♦❝❛♠♣❡ ❞♦rs❛❧ ❡st ✐♠♣❧✐q✉é ❞❛♥s ❧✬❛♣✲
♣r❡♥t✐ss❛❣❡ ❡t ❧❛ ♠é♠♦✐r❡ s♣❛t✐❛❧❡✱ ❧✬❤✐♣♣♦❝❛♠♣❡ ✈❡♥tr❛❧✱ ❧✉✐✱ ré❣✉❧❡ ♣❧✉tôt
❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❧✐és ❛✉① é♠♦t✐♦♥s ❡t à ❧❛ ♠♦t✐✈❛t✐♦♥ ✭❋❛♥s❡❧♦✇ ❡t ❉♦♥❣✱
✷✵✶✵✮✳

▲✬❤✐♣♣♦❝❛♠♣❡ ❡st ❝♦♠♣♦sé ❞❡ ré❣✐♦♥s ❞✐st✐♥❝t❡s ✿ ❧❡ ❣②r✉s ❞❡♥té ✭❝♦♠♣♦sé
♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ♥❡✉r♦♥❡s ❣r❛♥✉❧❛✐r❡s✮✱ ❡t ❧❛ ❝♦r♥❡ ❞✬❆♠♠♦♥ ✭❝♦♠♣♦sé❡
♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ♥❡✉r♦♥❡s ♣②r❛♠✐❞❛✉① ❀ ❍❛❣✐❤❛r❛ ❡t ❛❧✳ ✭✷✵✵✾✮✮✳

CA1

CA2

CA3 DG

❋✐❣✉r❡ ✶✵✳✶ ✕ ❈♦✉♣❡ ❝♦r♦♥❛❧❡ ♠♦♥tr❛♥t ❧❡s s✉❜❞✐✈✐s✐♦♥s ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡
❝❤❡③ ❧❛ s♦✉r✐s ✭❝♦❧♦r❛t✐♦♥ ❝rés②❧ ✈✐♦❧❡t✮✳ ❈❆✶ à ✸ ✿ ❝♦r♥❡ ❞✬❆♠♠♦♥ ✶ à ✸ ❀ ❉● ✿
❣②r✉s ❞❡♥té✳ ▲❛ ③♦♥❡ ❡♥ ❥❛✉♥❡ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ à ❧❛q✉❡❧❧❡ ♦♥ r❡tr♦✉✈❡
❧❡s ❝❡❧❧✉❧❡s ♥♦✉✈❡❧❧❡♠❡♥t ❢♦r♠é❡s✳ ❆❞❛♣té ❞❡ P❛①✐♥♦s ❡t ❋r❛♥❦❧✐♥ ✭✷✵✵✶✮✳

▲❡s ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♥❡✉r❛❧❡s s❡ tr♦✉✈❡♥t ❞❛♥s ❧❡ ❣②r✉s ❞❡♥té✱ ♣❧✉s ♣ré✲
❝✐sé♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ③♦♥❡ s♦✉s ❣r❛♥✉❧❛✐r❡ ✭❡♥ ❥❛✉♥❡ s✉r ❧❛ ✜❣✉r❡ ✶✵✳✶✮✳
❊❧❧❡s ♣r♦❞✉✐s❡♥t✱ ♣❛r ❞✐✈✐s✐♦♥ ❛s②♠étr✐q✉❡✱ ❞❡s ♣r♦❣é♥✐t❡✉rs q✉✐ ♣r♦❧✐❢èr❡r♦♥t
❡t s❡ ❞✐✛ér❡♥❝✐❡r♦♥t ❡♥ ♥❡✉r♦❜❧❛st❡s✳ ❚r♦✐s ❥♦✉rs ❛♣rès ❧❛ ❞✐✈✐s✐♦♥ ✐♥✐t✐❛❧❡✱ ❧❛
♠❛❥♦r✐té ❞❡ ❝❡s ❝❡❧❧✉❧❡s ❛tt❡✐♥t ✉♥ st❛❞❡ ♣♦st✲♠✐t♦t✐q✉❡✱ ❡t ❝♦♠♠❡♥❝❡ à ❡①✲
♣r✐♠❡r ❞❡s ♣r♦té✐♥❡s s♣é❝✐✜q✉❡s t❡❧❧❡s q✉❡ ❧❛ ❝❛❧rét✐♥✐♥❡ ✭✉♥❡ ♣r♦té✐♥❡ s❡ ❧✐❛♥t
❛✉ ❝❛❧❝✐✉♠✮ ❡t ❧❡ ♠❛rq✉❡✉r ♥❡✉r♦♥❛❧ ◆❡✉◆✳ ➚ ❝❡ st❛❞❡✱ ❧❡s ❝❡❧❧✉❧❡s ét❡♥❞❡♥t
❧❡✉r ❛①♦♥❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧❛ ré❣✐♦♥ ❈❆✸ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ♣♦✉r ② ét❛❜❧✐r ✉♥
❝♦♥t❛❝t✳ ❯♥ ♣r♦❝❡ss✉s ❞❡ sé❧❡❝t✐♦♥ ❡st ❡♥❝❧❡♥❝❤é ❡t ❧❡s ❝❡❧❧✉❧❡s s♦♥t r❡❝r✉té❡s
♦✉ é❧✐♠✐♥é❡s✳ ▲❡s ♥❡✉r♦❜❧❛st❡s ♠✐❣r❡♥t ❞❛♥s ❧❛ ❝♦✉❝❤❡ ❣r❛♥✉❧❛✐r❡✱ ❡t ❞❛♥s ❧❡s ✷
à ✸ s❡♠❛✐♥❡s s✉✐✈❛♥t ❧❡ st❛❞❡ ♣♦st✲♠✐t♦t✐q✉❡✱ ❡❧❧❡s ❝♦♠♠❡♥❝❡♥t à ❡①♣r✐♠❡r ❧❛
❝❛❧❜✐♥❞✐♥❡ à ❧❛ ♣❧❛❝❡ ❞❡ ❧❛ ❝❛❧rét✐♥✐♥❡✳ ▼❛✐s ✐❧ ❢❛✉❞r❛ ❛tt❡♥❞r❡ ✹ à ✼ s❡♠❛✐♥❡s
✭❛♣rès ❧❛ ❞✐✈✐s✐♦♥ ✐♥✐t✐❛❧❡✮ ♣♦✉r q✉❡ ❧❡s ❝❡❧❧✉❧❡s ❞❡✈✐❡♥♥❡♥t ❞❡s ♥❡✉r♦♥❡s ❝♦♠✲
♣❧èt❡♠❡♥t ♠❛t✉r❡s ❡t ❢♦♥❝t✐♦♥♥❡❧s ✭✜❣✉r❡ ✶✵✳✷✮✳ ❈❡s ♥❡✉r♦♥❡s ❞♦✐✈❡♥t ❛❧♦rs
s✬✐♥té❣r❡r ❞❛♥s ❧❡ ❝✐r❝✉✐t ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❡t ② ét❛❜❧✐r ❞❡s ❝♦♥♥❡①✐♦♥s ❛✈❡❝ ❧❡s
❛✉tr❡s ♥❡✉r♦♥❡s ❡t ✐♥t❡r♥❡✉r♦♥❡s ✭❑❡♠♣❡r♠❛♥♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳

P❛r♠✐ ❧❡s ❝❡❧❧✉❧❡s ❢♦♥❝t✐♦♥♥❡❧❧❡s ✐ss✉❡s ❞❡ ❝❡tt❡ ♥✐❝❤❡✱ s❡ r❡tr♦✉✈❡♥t ♠❛❥♦✲



✶✵✳✶✳ ▲❆ ◆❊❯❘❖●❊◆➮❙❊ ➚ ▲✬➶●❊ ❆❉❯▲❚❊ ✶✷✸

r✐t❛✐r❡♠❡♥t ❞❡s ❝❡❧❧✉❧❡s ❣r❛♥✉❧❛✐r❡s ✭♥❡✉r♦♥❡s ❡①❝✐t❛t❡✉rs✮✳ ❯♥❡ ♣❡t✐t❡ ♣❛rt✐❡
❞❡✈✐❡♥❞r❛✐t ❝❡♣❡♥❞❛♥t ❞❡s ❝❡❧❧✉❧❡s ❣❧✐❛❧❡s ✭♦❧✐❣♦❞❡♥❞r♦❝②t❡s ❡t ❛str♦❝②t❡s✮ ❀
❝❡s ❝❡❧❧✉❧❡s ❢♦r♠❡♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ♥❡✉r♦♥❡s✱ ❛ss✉r❛♥t ♥♦t❛♠♠❡♥t ✉♥
rô❧❡ ❞❡ s♦✉t✐❡♥ ❡t ❞❡ ♣r♦t❡❝t✐♦♥ ❞✉ t✐ss✉ ♥❡r✈❡✉① ✭▲❧❡❞♦ ❡t ●❤❡✉s✐✱ ✷✵✵✻✮✳
❈❛♠❡r♦♥ ❡t ❛❧✳ ✭✶✾✾✸✮ ❞é❝r✐✈❡♥t ✉♥❡ ♣r♦♣♦rt✐♦♥ ❞❡ ♣❧✉s ❞❡ ✼✵ ✪ ❞❡ ♥❡✉r♦♥❡s
♣❛r♠✐ ❞❡s ❝❡❧❧✉❧❡s ♥♦✉✈❡❧❧❡♠❡♥t ♠❛rq✉é❡s ❞❛♥s ❧❡ ❣②r✉s ❞❡♥té ❞❡ r❛ts ❛❞✉❧t❡s
✭tr♦✐s ❡t q✉❛tr❡ s❡♠❛✐♥❡s ❛♣rès ❧✬✐♥❥❡❝t✐♦♥ ❞✬✉♥❡ ❜❛s❡ ♥✉❝❧é♦t✐❞✐q✉❡ ♠❛rq✉é❡✮✳
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ZSG

❋✐❣✉r❡ ✶✵✳✷ ✕ ❙❝❤é♠❛ r❡♣rés❡♥t❛♥t ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ♥❡✉r♦❣❡♥ès❡ ❛✉
♥✐✈❡❛✉ ❞✉ ❣②r✉s ❞❡♥té✳ ❩❙● ✿ ③♦♥❡ s♦✉s✲❣r❛♥✉❧❛✐r❡✳ ❆❞❛♣té ❞✉ s✐t❡ ❞❡ ❧✬éq✉✐♣❡
❞❡ ◆✳ ❆❜r♦✉s ✭✇✇✇✳♥❡✉r♦❝❡♥tr❡✲♠❛❣❡♥❞✐❡✳❢r✮✳

▲❛ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧❛ ③♦♥❡ s♦✉s✲✈❡♥tr✐❝✉❧❛✐r❡

❉❛♥s ❧❛ ♣❛r♦✐ ❞❡s ✈❡♥tr✐❝✉❧❡s ❧❛tér❛✉①✱ ♦✉ ③♦♥❡ s♦✉s✲✈❡♥tr✐❝✉❧❛✐r❡ ✭❩❙❱✮✱
s❡ s✐t✉❡ ✉♥❡ ❛✉tr❡ ♥✐❝❤❡ ❞❡ ❝❡❧❧✉❧❡s s♦✉❝❤❡s ♥❡✉r❛❧❡s✳ ▲à ❛✉ss✐ ❧❡s ❝❡❧❧✉❧❡s
s♦✉❝❤❡s ❡♥❣❡♥❞r❡♥t ❞❡s ❝❡❧❧✉❧❡s ♣r♦❣é♥✐tr✐❝❡s q✉✐ ♣r♦❧✐❢èr❡♥t ♣✉✐s s❡ ❞✐✛ér❡♥✲
❝✐❡♥t ❡♥ ♥❡✉r♦❜❧❛st❡s✳ ◆é❛♥♠♦✐♥s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❞❡✈❡♥✐r ❞❡s ❝❡❧❧✉❧❡s ❞❛♥s
❧❡ ❣②r✉s ❞❡♥té✱ ❝❡s ♥❡✉r♦❜❧❛st❡s ♠✐❣r❡♥t ❤♦rs ❞❡ ❧❛ ❩❙❱ ❡t s✉✐✈❡♥t ✉♥❡ ✈♦✐❡ q✉✐
❛❜♦✉t✐t ❛✉ ♥✐✈❡❛✉ ❞✉ ❜✉❧❜❡ ♦❧❢❛❝t✐❢✱ ♦ù ✐❧s ❛❝q✉✐èr❡♥t ❧❡✉r ❢♦♥❝t✐♦♥ ✭❙❛✇❛❞❛
❡t ❙❛✇❛♠♦t♦✱ ✷✵✶✸✮✳
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VaisseauxFsanguins

CellulesFsouchesFneurales

Neuroblastes

ProgéniteursFenFphaseF

proliférative

Ependymocytes

VentriculeF

latéral

BulbeF

olfactif ZoneFsous-ventriculaire

FluxFmigratoire

TunnelFd'astrocytes

ChaîneFneuronale

❋✐❣✉r❡ ✶✵✳✸ ✕ ❙❝❤é♠❛ r❡♣rés❡♥t❛♥t ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ♥❡✉r♦❣❡♥ès❡ ❛✉
♥✐✈❡❛✉ ❞❡ ❧❛ ③♦♥❡ s♦✉s✲✈❡♥tr✐❝✉❧❛✐r❡ ❝❤❡③ ❧❡ r♦♥❣❡✉r✳ ❆❞❛♣té ❞❡ ❧✬❛rt✐❝❧❡ ❞❡
❙❛✇❛❞❛ ❡t ❙❛✇❛♠♦t♦ ✭✷✵✶✸✮✳

✶✵✳✶✳✷ ◆❡✉r♦❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❡t ❞é♣r❡ss✐♦♥

▲❛ ❞é♣r❡ss✐♦♥ ❡st ✉♥❡ ♣❛t❤♦❧♦❣✐❡ ❞❡s ♣r♦❝❡ss✉s ❞❡ ré❣✉❧❛t✐♦♥ ❞❡ ❧✬❤✉♠❡✉r
❡t ❞❡s é♠♦t✐♦♥s✳ ▲❡s ♠é❝❛♥✐s♠❡s ❧❛ s♦✉s✲t❡♥❞❛♥t s♦♥t ❝♦♠♣❧❡①❡s ❡t ❡♥❝♦r❡
♠é❝♦♥♥✉s ❀ ♣❧✉s✐❡✉rs ré❣✐♦♥s ❝éré❜r❛❧❡s s♦♥t ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ ré❣✉❧❛t✐♦♥
❞❡s é♠♦t✐♦♥s ✭❛♠②❣❞❛❧❡✱ ❝♦rt❡① ❝✐♥❣✉❧❛✐r❡✳✳✳✮✱ ❞❡s ❢♦♥❝t✐♦♥s ❡①é❝✉t✐✈❡s ✭❝♦r✲
t❡① ❢r♦♥t❛❧✱ ❤✐♣♣♦❝❛♠♣❡✳✳✳✮✱ ❞❡ ❧❛ ré❝♦♠♣❡♥s❡ ✭♥♦②❛✉ ❛❝❝✉♠❜❡♥s✳✳✳✮✱ ❡t ✉♥
❞②s❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❝❡s ❝✐r❝✉✐ts ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡s s②♠♣tô♠❡s ❞é♣r❡s✲
s✐❢s ✭❑r✐s❤♥❛♥ ❡t ◆❡st❧❡r✱ ✷✵✵✽✮✳ ❈❡s ❝✐r❝✉✐ts s♦♥t ré❣✉❧és ♣❛r ❞❡s ♣r♦❥❡❝t✐♦♥s
♠♦♥♦❛♠✐♥❡r❣✐q✉❡s ♣r♦✈❡♥❛♥t ❞❡ ❧✬❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡ ✭❞♦♣❛♠✐♥❡✮✱ ❞❡s
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♥♦②❛✉① ❞✉ r❛♣❤é ✭sér♦t♦♥✐♥❡✮✱ ❡t ❞✉ ❧♦❝✉s ❝÷r✉❧❡✉s ✭♥♦r❛❞ré♥❛❧✐♥❡✮✱ ❞✬♦ù
❧✬✐♠♣♦rt❛♥t❡ ✧❤②♣♦t❤ès❡ ♠♦♥♦❛♠✐♥❡r❣✐q✉❡✧ ♣♦st✉❧❛♥t q✉❡ ❧❛ ❞é♣r❡ss✐♦♥ ❡st
❞✉❡ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ♠♦♥♦❛♠✐♥❡r❣✐q✉❡ ❞❛♥s ❧❡ ❝❡r✈❡❛✉✳ ▲❡
❢❛✐t q✉❡ ❜❡❛✉❝♦✉♣ ❞✬❛♥t✐❞é♣r❡ss❡✉rs ♦♥t ✉♥❡ ❛❝t✐♦♥ ❡♥tr❛î♥❛♥t ❧✬❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ♠♦♥♦❛♠✐♥❡r❣✐q✉❡ ❛❝❝ré❞✐t❡ ❝❡tt❡ ❤②♣♦t❤ès❡ ❀ ♥é❛♥♠♦✐♥s✱
♣❧✉s✐❡✉rs ♦❜s❡r✈❛t✐♦♥s ♣r♦✉✈❡♥t q✉❡ ❧❛ s❡✉❧❡ ❛❧tér❛t✐♦♥ ❞✉ s②stè♠❡ ♠♦♥♦❛♠✐✲
♥❡r❣✐q✉❡ ♥❡ s✉✣t ♣❛s à ❡①♣❧✐q✉❡r ❧❡s s②♠♣tô♠❡s ❞❡ ❞é♣r❡ss✐♦♥ ♥✐ ❧❡s ❡✛❡ts
❜é♥é✜q✉❡s ❞❡s ❛♥t✐❞é♣r❡ss❡✉rs✳ ◆♦t❛♠♠❡♥t✱ ✐❧ ❡st à ♥♦t❡r q✉❡ ❧❡s ❛♥t✐❞é♣r❡s✲
s❡✉rs ♣r♦✈♦q✉❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ✐♠♠é❞✐❛t❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ♠♦♥♦❛♠✐✲
♥❡r❣✐q✉❡✱ ♠❛✐s ❧✬❛♣♣❛r✐t✐♦♥ ❞✬❡✛❡ts s✉r ❧✬❤✉♠❡✉r ❞❡♠❛♥❞❡ ❞❡s s❡♠❛✐♥❡s ❞❡
tr❛✐t❡♠❡♥t ✭❑r✐s❤♥❛♥ ❡t ◆❡st❧❡r✱ ✷✵✵✽✮✳

❉✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧❛ ❞é♣r❡ss✐♦♥

❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ✭❛✉t♦♣s✐❡s ❡t ♥❡✉r♦✲✐♠❛❣❡r✐❡✮ ♦♥t ♠♦♥tré ✉♥❡ ❞✐✲
♠✐♥✉t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❞❡ ♠❛t✐èr❡ ❣r✐s❡ ❡t ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❧❛ ❣❧✐❡ ❛✉ ♥✐✈❡❛✉ ❞✉
❝♦rt❡① ♣ré❢r♦♥t❛❧ ❡t ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts s♦✉✛r❛♥t ❞❡ ❞é♣r❡ss✐♦♥
✭❑r✐s❤♥❛♥ ❡t ◆❡st❧❡r✱ ✷✵✵✽✮✳

❈❡rt❛✐♥s ❛✉t❡✉rs ♣♦st✉❧❡♥t ❞♦♥❝ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s
à ❧✬â❣❡ ❛❞✉❧t❡ s❡r❛✐t ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝♦♥trô❧❡ ❞❡ ❧✬❤✉♠❡✉r ❡t ❧✬❛❝t✐♦♥ ❞❡s
❛♥t✐❞é♣r❡ss❡✉rs ✭❉♦❦t❡r ❡t ✉♥❞ ❍❛❧❜❛❝❤✱ ✷✵✶✷ ❀ ❊✐s❝❤ ❡t P❡tr✐❦✱ ✷✵✶✷✮✳

▲❛ ré❞✉❝t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❛ ❞é♣r❡ss✐♦♥ ♣♦✉r✲
r❛✐t êtr❡ ❞✉❡ à ✉♥ r❡♠♦❞❡❧❛❣❡ ❝❡❧❧✉❧❛✐r❡✱ ❛✈❡❝ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ♥❡✉✲
r♦❣❡♥ès❡ ❞❛♥s ❧❡ ❣②r✉s ❞❡♥té ✭❈❛♠♣❜❡❧❧ ❡t ▼❛❝◗✉❡❡♥✱ ✷✵✵✹✮✳ ❊♥ ❡✛❡t✱ ❧❡
str❡ss s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❞❡ ❧✬❛①❡ ❤②♣♦t❤❛❧❛♠♦✲
❤②♣♦♣❤②s❛✐r❡ q✉✐ ❝♦♥❞✉✐t à ✉♥❡ é❧é✈❛t✐♦♥ ❞✉ t❛✉① ❞❡ ❣❧✉❝♦❝♦rt✐❝♦ï❞❡s✱ ❝♦♠✲
♠✉♥é♠❡♥t r❡tr♦✉✈é❡ ❞❛♥s ❧✬é♣✐s♦❞❡ ❞é♣r❡ss✐❢ ♠❛❥❡✉r✳ ❈❡❝✐ ❛ ♣♦✉r ❡✛❡t ❞❡
❞✐♠✐♥✉❡r ❧❛ ♥❡✉r♦❣❡♥ès❡ ✭❈❛♠❡r♦♥ ❡t ▼❝❑❛②✱ ✶✾✾✾✮ ❡t ❞✬❛✛❡❝t❡r ❧❛ ré❣✉❧❛✲
t✐♦♥ ❞✉ t❛✉① ❞❡ ❇❉◆❋ ✭❡♥ ✐♥❤✐❜❛♥t s♦♥ ❛✉❣♠❡♥t❛t✐♦♥ ❛❝t✐✈✐té✲❞é♣❡♥❞❛♥t❡✮✱
❝❡ q✉✐✱ ♣♦t❡♥t✐❡❧❧❡♠❡♥t✱ r❡♥❞r❛✐t ❧❡ ♥❡✉r♦♥❡ ♠♦✐♥s s❡♥s✐❜❧❡ ❛✉① st✐♠✉❧✐ ❡t
✐♥❤✐❜❡r❛✐t ❧✬❛r❜♦r✐s❛t✐♦♥ ❞❡♥❞r✐t✐q✉❡ ✭❈❛♠♣❜❡❧❧ ❡t ▼❛❝◗✉❡❡♥✱ ✷✵✵✹✮✳

▲❡s ❛♥t✐❞é♣r❡ss❡✉rs ❛✉❣♠❡♥t❡♥t ❧❛ ♥❡✉r♦❣❡♥ès❡

❚♦✉❥♦✉rs ❞❛♥s ❧❡ s❡♥s ❞❡ ❝❡tt❡ ❤②♣♦t❤ès❡✱ ❞✐✛ér❡♥t❡s t❤ér❛♣✐❡s ♣❡r♠❡t✲
t❛♥t ❞✬❛♠é❧✐♦r❡r ❧✬❤✉♠❡✉r ❞❡s ♣❛t✐❡♥ts ❞é♣r❡ss✐❢s s❡♠❜❧❡♥t ❛✉❣♠❡♥t❡r ❧❡ t❛✉①
❞❡ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✳ ❆✐♥s✐ ❝❤❡③ ❧❡ r❛t✱ ✐❧ ❛ été ♠♦♥tré q✉❡
❞❡s tr❛✐t❡♠❡♥ts ❝❤r♦♥✐q✉❡s ♣❛r ❞❡s ❛♥t✐❞é♣r❡ss❡✉rs ❞❡ ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ♦✉
♣❛r é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡ ❛✉❣♠❡♥t❡♥t ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉
❞✉ ❣②r✉s ❞❡♥té✱ ❡t q✉❡ ❧❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❞❡✈✐❡♥♥❡♥t ❞❡s ♥❡✉r♦♥❡s ❢♦♥❝✲
t✐♦♥♥❡❧s ✭▼❛❧❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡



✶✷✻ ❈❍❆P■❚❘❊ ✶✵✳ ➱❚❯❉❊ ✷

s❡r❛✐t ❞♦♥❝ ✉♥ ❞❡s ♠é❝❛♥✐s♠❡s ❡①♣❧✐q✉❛♥t ❧✬❡✣❝❛❝✐té ❞❡s tr❛✐t❡♠❡♥ts ❛♥t✐❞é✲
♣r❡ss❡✉rs✳

▼❛✐s✳✳✳

❉✐✛ér❡♥ts tr❛✈❛✉① ♦♥t ❝❡♣❡♥❞❛♥t ♠❡♥é à ❞❡s rés✉❧t❛ts ♠✐t✐❣és✱ ❝❡rt❛✐♥s
❛✉t❡✉rs r❛♣♣♦rt❛♥t q✉❡ ❧✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ♥❡ s❡ tr❛❞✉✐t ♣❛s ❢♦r✲
❝é♠❡♥t ♣❛r ❞❡s s②♠♣tô♠❡s ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ✭❊✐s❝❤ ❡t P❡tr✐❦✱ ✷✵✶✷ ❀
❚❛♥t✐ ❡t ❇❡❧③✉♥❣✱ ✷✵✶✸✮✱ ❡t q✉❡ ❧✬❡✣❝❛❝✐té ❞❡s ❛♥t✐❞é♣r❡ss❡✉rs ♥❡ ♣❡✉t s✬❡①✲
♣❧✐q✉❡r q✉✬❡♥ ♣❛rt✐❡ ♣❛r ✉♥ ❡✛❡t s✉r ❧❛ ♥❡✉r♦❣❡♥ès❡ ✭❉❛✈✐❞ ❡t ❛❧✳✱ ✷✵✵✾ ❀ ❚❛♥t✐
❡t ❇❡❧③✉♥❣✱ ✷✵✶✸✮✳

P♦✉r ❝♦♥❝❧✉r❡✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ❛❝t✉❡❧❧❡♠❡♥t q✉❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛
♥❡✉r♦❣❡♥ès❡ à ❧✬â❣❡ ❛❞✉❧t❡ ♥✬❡st ♣❛s ✉♥ ❞❡s ❢❛❝t❡✉rs ❝❛✉s❛✉① ❧❡s ♣❧✉s ✐♠✲
♣♦rt❛♥ts ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ❞é♣r❡ss✐♦♥✱ ♠❛✐s q✉✬✉♥❡ ♣❛rt✐❡ ❞❡s ❡✛❡ts
❜é♥é✜q✉❡s ❞❡s tr❛✐t❡♠❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs s✬❡①♣❧✐q✉❡ ♣❛r ✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞❡
❝❡tt❡ ♥é♦✲♥❡✉r♦❣❡♥ès❡ ✭❙❛❤❛② ❡t ❍❡♥✱ ✷✵✵✼ ❀ ❉❛✈✐❞ ❡t ❛❧✳✱ ✷✵✵✾✮✳

✶✵✳✶✳✸ ◆❡✉r♦❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❡t ♠é♠♦✐r❡

▲✬❤✐♣♣♦❝❛♠♣❡ ❡st ✉♥❡ str✉❝t✉r❡ ❝♦♥♥✉❡ ♣♦✉r s♦♥ ✐♠♣❧✐❝❛t✐♦♥ ♥♦t❛♠♠❡♥t
❞❛♥s ❧❛ ♠é♠♦✐r❡ é♣✐s♦❞✐q✉❡ ❡t ❞❛♥s ❧✬❛♣♣r❡♥t✐ss❛❣❡ s♣❛t✐❛❧ ✭♠é♠♦✐r❡ ❞é❝❧❛✲
r❛t✐✈❡✮✳

▲✬❛♣♣r❡♥t✐ss❛❣❡ ♠♦❞✉❧❡ ❧❛ ♥❡✉r♦❣❡♥ès❡

■❧ ❛ été ♠♦♥tré q✉❡ ❝❡rt❛✐♥s t②♣❡s ❞❡ ❝♦♠♣♦rt❡♠❡♥ts ❡♥tr❛î♥❡♥t ✉♥❡ ré✲
❣✉❧❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ✭●♦✉❧❞ ❡t ❛❧✳✱ ✶✾✾✾✮✳ ▲✬❛♣♣r❡♥t✐ss❛❣❡ s♣❛t✐❛❧ ✭t❡st
❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s✱ ❝❤❡③ ❧❡ r❛t✮ ♣r♦✈♦q✉❡r❛✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
s✉r✈✐❡ ❞❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❧♦rs ❞✬✉♥❡ ♣ér✐♦❞❡ ❝r✐t✐q✉❡ ❞❡ ♠❛t✉r❛t✐♦♥ ✭st❛❞❡
✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❡✉r ❞é✈❡❧♦♣♣❡♠❡♥t✱ ❛✉ ♠♦♠❡♥t ❞❡ ❧✬❡①t❡♥s✐♦♥ ❞❡s ❛①♦♥❡s✮✳
▲✬❡♥tr❛î♥❡♠❡♥t ❛✉❣♠❡♥t❡r❛✐t ❛✉ss✐ ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❡①✲
♣r✐♠❛♥t ✉♥ ♠❛rq✉❡✉r ♥❡✉r♦♥❛❧ ✭◆❡✉◆✮✱ ❛②❛♥t ❞♦♥❝ ✉♥ ✐♠♣❛❝t s✉r ❧❡ ❞❡✈❡♥✐r
❞❡s ❝❡❧❧✉❧❡s ♥♦✉✈❡❧❧❡♠❡♥t ❢♦r♠é❡s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❊♣♣ ❡t ❛❧✳✱ ✷✵✵✼✮✳

▲✬ét✉❞❡ ❞❡ ❣è♥❡s ♣ré❝♦❝❡s ❛ ♣❛r ❛✐❧❧❡✉rs ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡
q✉❡ ❧✬❡①♣❧♦r❛t✐♦♥ s♣❛t✐❛❧❡ ❛❝t✐✈❡ ❧❡s ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ✐♥té❣rés ❞❛♥s ❧✬❤✐♣♣♦✲
❝❛♠♣❡ ❞❛♥s ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ♣r♦♣♦rt✐♦♥ q✉❡ ❧❡s ♥❡✉r♦♥❡s ♣❧✉s â❣és ✭❘❛♠✐r❡③✲
❆♠❛②❛ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡s ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s s❡r❛✐❡♥t ❡♥ ♦✉tr❡ ♣ré❢ér❡♥t✐❡❧✲
❧❡♠❡♥t ✐♥té❣rés ❛✉① ❝✐r❝✉✐ts ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ♠é♠♦✐r❡ s♣❛t✐❛❧❡ ♣❛r r❛♣♣♦rt
❛✉① ✧❛♥❝✐❡♥s✧ ✭❝❤❡③ ❞❡s s♦✉r✐s ❛②❛♥t ré❛❧✐sé ✉♥ ❛♣♣r❡♥t✐ss❛❣❡ s♣❛t✐❛❧ ❞❛♥s ❧❡
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t❡st ❞❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s ❀ ❑❡❡ ❡t ❛❧✳ ✭✷✵✵✼✮✮✳ ▲❡s ❞✐✛ér❡♥t❡s ét✉❞❡s ♠❡✲
♥é❡s ❝❤❡③ ❧✬❛♥✐♠❛❧ ❝♦♥❢♦rt❡♥t ❞♦♥❝ ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡s ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s
✐♥té❣rés ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ s♦♥t s♣é❝✐✜q✉❡♠❡♥t ❛❝t✐✈és ✭❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉①
♥❡✉r♦♥❡s ♣❧✉s ❛♥❝✐❡♥s✮ ❡t ❝♦♥tr✐❜✉❡♥t à ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❡t à ❧❛ ♠é♠♦✐r❡✳

■♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❡t ♠é♠♦✐r❡

❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ét✉❞❡s ❝❤❡③ ❧✬❛♥✐♠❛❧ ✈✐s❛♥t à ✐♥❤✐❜❡r ❧❛ ♥❡✉r♦❣❡♥ès❡ ❡t
à é✈❛❧✉❡r ♣❛r ❧❛ s✉✐t❡ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❝♦❣♥✐t✐✈❡s ♦♥t ♠❡♥é à ❞❡s rés✉❧t❛ts
♠♦✐♥s ❝❧❛✐rs✳ ▲✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ♥✬❛❧tèr❡ ❡♥ r✐❡♥✱ ❝♦♠♠❡ ❝✬ét❛✐t
♣ré✈✐s✐❜❧❡✱ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❛♥s ❞❡s tâ❝❤❡s ♥♦♥ ❤✐♣♣♦❝❛♠♣♦✲❞é♣❡♥❞❛♥t❡s✳
❈❡♣❡♥❞❛♥t ❝❡tt❡ ✐♥❤✐❜✐t✐♦♥ ❝♦♥❞✉✐t à ✉♥❡ ❜❛✐ss❡ ❞❡s ♣❡r❢♦r♠❛♥❝❡s ✉♥✐q✉❡✲
♠❡♥t ❞❛♥s ❝❡rt❛✐♥❡s tâ❝❤❡s ❤✐♣♣♦❝❛♠♣♦✲❞é♣❡♥❞❛♥t❡s ✭❉❡♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳
❉❡s rés✉❧t❛ts ✈❛r✐❛❜❧❡s s♦♥t ♦❜t❡♥✉s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡st ét✉❞✐é ♦✉ ♣♦✉r ✉♥
♠ê♠❡ t❡st ✭♣❛r ❡①❡♠♣❧❡ ❧❛ ♣✐s❝✐♥❡ ❞❡ ▼♦rr✐s✮✳ ❊♥ ❡✛❡t✱ ❧✬✐♥❤✐❜✐t✐♦♥ ❞❡ ❧❛
♥❡✉r♦❣❡♥ès❡ ♣❡✉t ❞✐♠✐♥✉❡r ♦✉ ♥❡ ♣❛s ✐♠♣❛❝t❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♠ét❤♦❞❡ ✉t✐❧✐sé❡ ♣♦✉r ré❛❧✐s❡r ❝❡tt❡ ✐♥❤✐❜✐t✐♦♥✱ ❞❡ ❧✬â❣❡ ❞❡s ❛♥✐♠❛✉①✱ ❞❡
❧❡✉r ❡s♣è❝❡ ❡t ❞❡ ❧❡✉r s♦✉❝❤❡✱ ♦✉ ❡♥❝♦r❡ ❞❡s ♣❛r❛♠ètr❡s ❝❤♦✐s✐s ♣♦✉r é✈❛❧✉❡r
❧❡s ❝♦♠♣♦rt❡♠❡♥ts ✭❉❡♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳✳✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ s✐ ❧❛ ❢♦♥❝t✐♦♥ ❡①❛❝t❡ ❞❡s ♥❡✉r♦♥❡s ♥♦✉✈❡❧❧❡♠❡♥t ❢♦r♠és ❡t
✐♥té❣rés ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ r❡st❡ ✢♦✉❡✱ ✐❧ ❡st ❞és♦r♠❛✐s ❛❝q✉✐s q✉❡ ❧❛ ♥é♦✲
♥❡✉r♦❣❡♥ès❡ ❥♦✉❡ ✉♥ rô❧❡ ❞❛♥s ❧✬❡①é❝✉t✐♦♥ ❞❡ ❝❡rt❛✐♥❡s tâ❝❤❡s ❞✬❛♣♣r❡♥t✐ss❛❣❡
❡t ❞❡ ❞✐✛ér❡♥ts t②♣❡s ❞❡ ♠é♠♦✐r❡✳

◆♦s ♣r❡♠✐❡rs rés✉❧t❛ts✱ ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾✱ ♥♦✉s ♦♥t ♣❡r♠✐s
❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ s✉r ❞❡s ❝♦♠♣♦rt❡♠❡♥ts
❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❡t à ❧❛ ♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ❝❤❡③ ❧❛ s♦✉r✐s✳
❈❡s ❡✛❡ts ❛♣♣❛r❛✐ss❛♥t tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞✉ tr❛✐t❡♠❡♥t✱ ♥♦✉s
❛✈♦♥s ✈♦✉❧✉ t❡st❡r ❧✬❤②♣♦t❤ès❡ q✉❡ ♣❛r♠✐ s❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥✱ ❧❛
t❉❈❙ ❡♥tr❛î♥❡ ✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ à ❧✬â❣❡ ❛❞✉❧t❡✳ ❈❡tt❡
ré❣✉❧❛t✐♦♥ ♣♦✉rr❛✐t ♣r❡♥❞r❡ ❞✐✈❡rs ❛s♣❡❝ts ❀ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❛❣✐r s✉r
❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❢♦r♠❛t✐♦♥ ❞✬✉♥
♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s✮✱ ♦✉ ❜✐❡♥ s✉r ❧❛ s✉r✈✐❡ ♦✉
❡♥❝♦r❡ ❧❡ ❞❡✈❡♥✐r ❞❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s✳
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✶✵✳✷ ❊✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ s✉r

❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡

❏❡ ♣rés❡♥t❡r❛✐ ✐❝✐ ♥♦s ét✉❞❡s ✈✐s❛♥t à ✈ér✐✜❡r s✐ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉✲
❧❛t✐♦♥ ♠♦❞✉❧❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ❣②r✉s ❞❡♥té
❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❝❤❡③ ❧❛ s♦✉r✐s✳

P♦✉r ❝❡❝✐✱ ♥♦✉s ❛✈♦♥s st✐♠✉❧é ✶✼ s♦✉r✐s ✭✾ ❙❤❛♠ ❡t ✽ t❉❈❙✮ â❣é❡s ❞❡
✽ s❡♠❛✐♥❡s ♣❡♥❞❛♥t ✺ ❥♦✉rs✳ ▲❡ ❥♦✉r ❞❡s ❞❡r♥✐èr❡s st✐♠✉❧❛t✐♦♥s✱ ♥♦✉s ❧❡✉r
❛✈♦♥s ✐♥❥❡❝té ❞❡ ❧❛ ❇r❞❯ à r❛✐s♦♥ ❞❡ ✺✵ ♠❣✴❦❣ ✭✸ ✐♥❥❡❝t✐♦♥s ❡s♣❛❝é❡s ❞❡ ✻ ❤✮✳
✷✹ ❤❡✉r❡s ❛♣rès ❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥✱ ❧❡s s♦✉r✐s ♦♥t été s❛❝r✐✜é❡s✱ ❡t ❧❡✉rs
❝❡r✈❡❛✉① ré❝✉♣érés ♣♦✉r ❝♦♠♣t❛❣❡ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✭✈♦✐r s❡❝t✐♦♥
✼✳✶ ❡t ✜❣✉r❡ ✶✵✳✹ ❆✮✳

✶✵✳✷✳✶ ▲❛ t❉❈❙ ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡

◆♦s rés✉❧t❛ts ✐♥❞✐q✉❡♥t q✉❡ ❧❡ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢é✲
r❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❞❡s s♦✉r✐s✱ ❡t ❝❡ ✷✹❤ ❛♣rès ❧❛ ✜♥
❞✬✉♥❡ sér✐❡ ❞❡ ✶✵ st✐♠✉❧❛t✐♦♥s✳

▲❡s s❡ss✐♦♥s ❞❡ t❉❈❙ ❛✉❣♠❡♥t❡♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❝❡❧✲
❧✉❧❡s ❢♦r♠é❡s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡ ❧✬❤é♠✐s♣❤èr❡ ❝♦♥s✐❞éré
✭❆◆❖❱❆ ré♣été❡ ❡✛❡t ❣r♦✉♣❡ ✿ ❋(1,15) ❂ ✷✹✳✽ ❀ ♣❁✵✳✵✵✶✮✱ ❜✐❡♥ q✉❡ ❧✬❛♥♦❞❡
s♦✐t s✐t✉é❡ s✉r ❧❛ ❣❛✉❝❤❡ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧✳ ▲❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛✉❣♠❡♥t❛t✐♦♥
❡st ❞❡ ✹✸ ± ✶✵ ✪ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ ❣❛✉❝❤❡✱ st✐♠✉❧é✱ ❡t ❞❡ ✹✽ ± ✼ ✪ ❞❛♥s ❧✬❤é✲
♠✐s♣❤èr❡ ❞r♦✐t✳ ❙✐ ♦♥ ❝♦♠♣❛r❡✱ ❝❤❡③ ❧❡s s♦✉r✐s t❉❈❙✱ ❧❡s ♣♦✉r❝❡♥t❛❣❡s ❞✬❛✉❣✲
♠❡♥t❛t✐♦♥ ❞❡ ❝❡❧❧✉❧❡s ❇r❞❯✲♣♦s✐t✐✈❡s ❡♥tr❡ ❧✬❤é♠✐s♣❤èr❡ ❞r♦✐t ❡t ❧❡ ❣❛✉❝❤❡✱
❛✉❝✉♥❡ ❞✐✛ér❡♥❝❡ ♥✬❡st ré✈é❧é❡ ✭t✲t❡st ✿ ♣ ❂ ✵✳✼✷✮✳

❈❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛ ❧✐❡✉ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡
❣②r✉s ❞♦rs❛❧ ✭≈ ❇r❡❣♠❛ ✲✵✳✾✹ à ✲✷✳✼✵ ♠♠✮✱ ✐♠♣❧✐q✉é ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❝♦❣✲
♥✐t✐✈❡s✱ q✉❡ ❞❛♥s ❧❡ ❣②r✉s ✈❡♥tr❛❧ ✭≈ ❇r❡❣♠❛ ✲✷✳✽✵ à ✲✸✳✽✽ ♠♠✮✱ q✉✐ s❡r❛✐t
♣❧✉tôt ✐♠♣❧✐q✉é ❞❛♥s ❧❡ str❡ss ❡t ❧❡s é♠♦t✐♦♥s ✭❆◆❖❱❆ ré♣été❡ ❡✛❡t ❣r♦✉♣❡ ✿
❋(1,15) ❂ ✷✹✳✾ ❀ ♣❁✵✳✵✵✶✮✳ ▲✬❆◆❖❱❆ ré♣été❡ ré✈è❧❡ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❛
③♦♥❡ ❝♦♥s✐❞éré❡ ✭❡✛❡t ③♦♥❡ ① ❣r♦✉♣❡ ✿ ❋✭✶✱ ✶✺✮ ❂ ✹✳✻ ❀ ♣❁✵✳✵✺✮✳ ❙✐ ❧❡ ♥♦♠❜r❡
❞❡ ❝❡❧❧✉❧❡s ♠❛rq✉é❡s ❛✉❣♠❡♥t❡ ❞❡ ✺✵ ± ✶✵ ✪ ❞❛♥s ❧❛ ③♦♥❡ ❞♦rs❛❧❡✱ ❝❡tt❡ ❛✉❣✲
♠❡♥t❛t✐♦♥ ❡st s❡✉❧❡♠❡♥t ❞❡ ✸✷ ± ✻ ✪ ❞❛♥s ❧❛ ③♦♥❡ ✈❡♥tr❛❧❡ ✭✜❣✉r❡ ✶✵✳✹ ❇✮✳
❈❡♣❡♥❞❛♥t ✉♥ t✲t❡st ré❛❧✐sé ❝❤❡③ ❧❡s s♦✉r✐s t❉❈❙ ♥❡ ré✈è❧❡ ♣❛s ❞❡ ❞✐✛ér❡♥❝❡
❡♥tr❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❛♥s ❧❛ ③♦♥❡ ❞♦rs❛❧❡ ❡t ❝❡❧❧❡ ❞❛♥s ❧❛ ③♦♥❡ ✈❡♥tr❛❧❡ ✭♣ ❂
✵✳✶✺✮✳
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❋✐❣✉r❡ ✶✵✳✹ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❞✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ▲❡s s♦✉r✐s
â❣é❡s ❞❡ ✽ s❡♠❛✐♥❡s ♦♥t r❡ç✉ ✶✵ s❡ss✐♦♥s ❞❡ t❉❈❙ ❛♥♦❞✐q✉❡ ♣✉✐s ✸ ✐♥❥❡❝t✐♦♥s
❞❡ ❇r❞❯ ❧❡ ❞❡r♥✐❡r ❥♦✉r ❞❡ st✐♠✉❧❛t✐♦♥✳ ❊❧❧❡s ♦♥t été s❛❝r✐✜é❡s ✷✹ ❤ ❛♣rès
❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥✱ ❡t ❧❡✉r ❝❡r✈❡❛✉ ❛ été ré❝✉♣éré✳ ❇✴ ❘és✉❧t❛ts ♦❜t❡♥✉s✳
➚ ❣❛✉❝❤❡ ✿ ❝♦✉♣❡s ❝♦r♦♥❛❧❡s ❝❡♥tré❡s s✉r ❧❡ ❣②r✉s ❞❡♥té ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡✳
➚ ❞r♦✐t❡ ✿ r❡♣rés❡♥t❛t✐♦♥ ❣r❛♣❤✐q✉❡ ❞✉ ♥♦♠❜r❡ ❞❡ ❝❡❧❧✉❧❡s ♠❛rq✉é❡s s❡❧♦♥
❧✬❤é♠✐s♣❤èr❡ ✭■♣s✐ ✿ ❤é♠✐s♣❤èr❡ ❣❛✉❝❤❡✱ st✐♠✉❧é ❀ ❈♦♥tr♦ ✿ ❤é♠✐s♣❤èr❡ ❞r♦✐t✮
♦✉ ❧❛ ③♦♥❡ ✭❞♦rs❛❧❡ ♦✉ ✈❡♥tr❛❧❡✮✳ ✯ ♣❁✵✳✵✺ ❀ ✯✯✯ ♣❁✵✳✵✵✶ ✈❡rs✉s ❙❤❛♠✳

❈❡s rés✉❧t❛ts ♦♥t été ♦❜t❡♥✉s ❝❤❡③ ❞❡s s♦✉r✐s ❛②❛♥t été st✐♠✉❧é❡s à ❧✬â❣❡
❞❡ ✽ s❡♠❛✐♥❡s ✭❥❡✉♥❡s ❛❞✉❧t❡s✮✳ ❖r✱ ♥♦✉s s❛✈♦♥s q✉❡ ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ♥❡✉r♦✲
❣❡♥ès❡ ❞✐♠✐♥✉❡ ❛✈❡❝ ❧✬â❣❡✱ ② ❝♦♠♣r✐s ❝❤❡③ ❧❡s r♦♥❣❡✉rs ✭❆♠r❡✐♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳
◆♦✉s ❛✈♦♥s ❞♦♥❝ ré❛❧✐sé ❧❛ ♠ê♠❡ ét✉❞❡ s✉r ❞❡s s♦✉r✐s ♣❧✉s â❣é❡s ❛✜♥ ❞❡ ✈♦✐r
s✐ ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❡st ❛✛❡❝té❡ ♣❛r ❧✬â❣❡ ❞❡s s♦✉r✐s✳

✶✵✳✷✳✷ ■♠♣❛❝t ❞❡ ❧✬â❣❡ ❞❡s s♦✉r✐s

❯♥ ❛✉tr❡ ❣r♦✉♣❡ ❞❡ s♦✉r✐s ❛ été st✐♠✉❧é à ❧✬â❣❡ ❞❡ ✶✵ ♠♦✐s ❡t ❝♦♠♣❛ré
❛✉ ♣ré❝é❞❡♥t✳ ▲❡s ❞♦♥♥é❡s ♣rés❡♥té❡s ✐❝✐ s♦♥t s✉r ❧❡s ❤é♠✐s♣❤èr❡s ♠♦②❡♥♥és✱
♣✉✐sq✉❡ ❞❛♥s ❧✬ét✉❞❡ ♣ré❝é❞❡♥t❡ ❛✉❝✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❝ôté st✐♠✉❧é ❡t
❧✬❛✉tr❡ ♥✬❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✳
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❋✐❣✉r❡ ✶✵✳✺ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❞✬ét✉❞❡ ❞❡ ❧✬❡✛❡t ❞❡ ❧✬â❣❡ ❞❡s s♦✉r✐s s✉r ❧❛ ♣r♦✲
❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✳ ▲❡ ❣r♦✉♣❡ st✐♠✉❧é à ✷ ♠♦✐s ❡st ❝❡❧✉✐ ❞♦♥t ❧❡s ❞♦♥♥é❡s
❞ét❛✐❧❧é❡s s♦♥t ♣rés❡♥té❡s ❝✐✲❛✈❛♥t✳ ▲❡s s♦✉r✐s â❣é❡s ❞❡ ✷ ♦✉ ✶✵ ♠♦✐s ♦♥t r❡ç✉
✶✵ s❡ss✐♦♥s ❞❡ t❉❈❙ ❛♥♦❞✐q✉❡ ♣✉✐s ✸ ✐♥❥❡❝t✐♦♥s ❞❡ ❇r❞❯ ❧❡ ❞❡r♥✐❡r ❥♦✉r ❞❡
st✐♠✉❧❛t✐♦♥✳ ❊❧❧❡s ♦♥t été s❛❝r✐✜é❡s ✷✹ ❤ ❛♣rès ❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥✱ ❡t ❧❡✉r
❝❡r✈❡❛✉ ❛ été ré❝✉♣éré✳ ❇✴ ▲❡s ❞♦♥♥é❡s s♦♥t ♣rés❡♥té❡s s❡❧♦♥ ❧❛ ③♦♥❡ ét✉✲
❞✐é❡ ✭❞♦rs❛❧❡ ♦✉ ✈❡♥tr❛❧❡✮✱ ❧❡s ❞❡✉① ❤é♠✐s♣❤èr❡s ♠♦②❡♥♥és✳ ✯✯ ♣❁✵✳✵✶ ❡t ✯✯✯
♣❁✵✳✵✵✶ ✈❡rs✉s ❙❤❛♠ ❀ ### ♣❁✵✳✵✵✶ ❝♦♠♣❛ré ❛✉① s♦✉r✐s â❣é❡s ❞❡ ✷ ♠♦✐s✳

▲❡s ❣r♦✉♣❡s ♦♥t été ❝♦♠♣❛rés ♣❛r ✉♥❡ ❆◆❖❱❆ ré♣été❡ ✭✶ ❢❛❝t❡✉r ✐♥tr❛ ✿
❧❛ ③♦♥❡ ❬❞♦rs❛❧❡ ♦✉ ✈❡♥tr❛❧❡❪ ❡t ✷ ❢❛❝t❡✉rs ✐♥t❡r ✿ ❧❡ ❣r♦✉♣❡ ❬t❉❈❙ ♦✉ ❙❤❛♠❪
❡t ❧✬â❣❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❬✷ ♦✉ ✶✵ ♠♦✐s❪✮✳

◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣✉ ♠♦♥tr❡r ❞❡s ✐♥t❡r❛❝t✐♦♥s ❣r♦✉♣❡ ① â❣❡ ✭❆◆❖❱❆ ré✲
♣été❡ ✿ ❋(1,27) ❂ ✶✹✳✵ ❀ ♣❁✵✳✵✵✶✮✱ ③♦♥❡ ① â❣❡ ✭❆◆❖❱❆ ré♣été❡ ✿ ❋(1,27) ❂ ✸✵✳✽ ❀
♣❁✵✳✵✵✶✮✱ ❡t ③♦♥❡ ① ❣r♦✉♣❡ ✭❆◆❖❱❆ ré♣été❡ ✿ ❋(1,27) ❂ ✹✳✸ ❀ ♣❁✵✳✵✺✮✳

▲❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞✐♠✐♥✉❡ q✉❛♥❞ ❧✬â❣❡ ❞❡s s♦✉r✐s ❛✉❣♠❡♥t❡ ✭✜❣✉r❡
✶✵✳✺✮✱ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡ ❣r♦✉♣❡ ❙❤❛♠ q✉❡ ❞❛♥s ❧❡ ❣r♦✉♣❡ t❉❈❙ ✭◆❑ ✿ ♣❁✵✳✵✵✶
✷ ♠♦✐s ✈❡rs✉s ✶✵ ♠♦✐s✱ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ③♦♥❡ ❡t ❧❡ ❣r♦✉♣❡✮✳

❈♦♠♠❡ ✈✉ ❝✐✲❛✈❛♥t ❧❛ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ❛✉❣♠❡♥t❡ ❧❡ t❛✉① ❞❡ ♣r♦❧✐✲
❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❝❤❡③ ❧❡s s♦✉r✐s â❣é❡s ❞❡ ✷ ♠♦✐s ✭✜❣✉r❡ ✶✵✳✺✮✱ à ❧❛ ❢♦✐s ❞❛♥s
❧✬❤✐♣♣♦❝❛♠♣❡ ❞♦rs❛❧ ✭◆❑ ✿ ♣❁✵✳✵✵✶ ❙❤❛♠ ✈❡rs✉s t❉❈❙✮ ❡t ❞❛♥s ❧✬❤✐♣♣♦✲
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❝❛♠♣❡ ✈❡♥tr❛❧ ✭◆❑ ✿ ♣❁✵✳✵✶✮✳
❊♥ r❡✈❛♥❝❤❡✱ ❜✐❡♥ q✉❡ ❝❤❡③ ❧❡s s♦✉r✐s st✐♠✉❧é❡s à ❧✬â❣❡ ❞❡ ✶✵ ♠♦✐s ♥♦✉s

r❡tr♦✉✈✐♦♥s ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❤✐♣♣♦❝❛♠♣✐q✉❡
✭❞❡ ✼✽ ± ✸✶ ✪ ❞❛♥s ❧❛ ③♦♥❡ ❞♦rs❛❧❡✱ ❡t ❞❡ ✽✺ ± ✶✾ ✪ ❞❛♥s ❧❛ ③♦♥❡ ✈❡♥tr❛❧❡✮✱
❧✬❆◆❖❱❆ ré♣été❡ ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢
✭◆❑ ✿ ♣❃✵✳✵✺ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ③♦♥❡ ❝♦♥s✐❞éré❡✮✳

❈❡♣❡♥❞❛♥t✱ ❡♥ ré❛❧✐s❛♥t ✉♥❡ ❆◆❖❱❆ ré♣été❡ ✭❣r♦✉♣❡ ① ③♦♥❡✮✱ ✉♥✐q✉❡✲
♠❡♥t ❝❤❡③ ❧❡s s♦✉r✐s st✐♠✉❧é❡s à ❧✬â❣❡ ❞❡ ✶✵ ♠♦✐s✱ ✉♥ ❡✛❡t ❣r♦✉♣❡ ✭❋(1,12) ❂
✺✳✻ ❀ ♣❁✵✳✵✺✮ ❡t ✉♥ ❡✛❡t ③♦♥❡ ✭❋(1,12) ❂ ✶✸✳✶ ❀ ♣❁✵✳✵✶✮ ❛♣♣❛r❛✐ss❡♥t✳ ◆♦✉s r❡✲
tr♦✉✈♦♥s ❛❧♦rs ✉♥❡ ❞✐✛ér❡♥❝❡ ✭♥♦♥ r❡♣♦rté❡ s✉r ❧❛ ✜❣✉r❡ ✶✵✳✺✮ ❡♥tr❡ ❙❤❛♠ ❡t
t❉❈❙ ♣♦✉r ❧❛ ③♦♥❡ ❞♦rs❛❧❡ ✭◆❑ ✿ ♣❂✵✳✵✺✮ ❡t ❧❛ ③♦♥❡ ✈❡♥tr❛❧❡ ✭◆❑ ✿ ♣❁✵✳✵✶✮✳

✶✵✳✸ ❉✐s❝✉ss✐♦♥

❈♦♠♠❡ ❞é❝r✐t ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ ♥❡✉r♦❣❡♥ès❡ à ❧✬â❣❡ ❛❞✉❧t❡ ❡st ✐♠♣❧✐✲
q✉é❡ ❞❛♥s ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ❛s♣❡❝ts ❝♦❣♥✐t✐❢s ❡t ❞❛♥s ❧❡ tr❛✐t❡♠❡♥t ❞❡
❧❛ ❞é♣r❡ss✐♦♥ ✭❝❡rt❛✐♥s ❛♥t✐❞é♣r❡ss❡✉rs ❢❛✈♦r✐s❛♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s
❝❡❧❧✉❧❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡✮✳

❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ♥♦✉s ❛✈♦♥s ♣✉❜❧✐é ❞❡s ❡✛❡ts ❡♥❝♦✉r❛❣❡❛♥ts ❞❡ ❧❛ t❉❈❙
s✉r ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s ❛✉ ♥✐✈❡❛✉ ❝♦♠♣♦rt❡♠❡♥t❛❧✱ ♥♦✉s ❛✈♦♥s é♠✐s ❧✬❤②✲
♣♦t❤ès❡ q✉❡ ❧✬❡✣❝❛❝✐té ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣✉✐ss❡ êtr❡ ❧✐é❡✱ ❛✉
♠♦✐♥s ❡♥ ♣❛rt✐❡✱ à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣✲
♣♦❝❛♠♣❡ ❞❡s s♦✉r✐s ❛❞✉❧t❡s✳ ❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❡
♣❤é♥♦♠è♥❡ ❞❡ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✐♠♠é❞✐❛t❡♠❡♥t ❛♣rès ✺ ❥♦✉rs ❞❡ st✐♠✉✲
❧❛t✐♦♥s ❜✐✲q✉♦t✐❞✐❡♥♥❡s✳ ◆♦✉s ♠♦♥tr♦♥s ❛✐♥s✐ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❛✲
t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✱ ❝❡❝✐ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❛ ③♦♥❡ ❞✉
❣②r✉s ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s ✭③♦♥❡ ❞♦rs❛❧❡✮✱ q✉❡ ❞❛♥s ❝❡❧❧❡
r❡❧✐é❡ à ❧✬ét❛t é♠♦t✐♦♥♥❡❧ ✭❣②r✉s ✈❡♥tr❛❧ ❀ ❋❛♥s❡❧♦✇ ❡t ❉♦♥❣ ✭✷✵✶✵✮✮✳ ◆♦t♦♥s
❝❡♣❡♥❞❛♥t q✉❡ ❝❡t ❡✛❡t ❞❡ ❧❛ t❉❈❙ ❡st ♣❧✉s ❢♦rt ❝❤❡③ ❞❡s s♦✉r✐s ❥❡✉♥❡s ❛❞✉❧t❡s
✭st✐♠✉❧é❡s à ✷ ♠♦✐s✮✳

➚ ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ✐❧ ♥✬❡①✐st❡ ❡♥❝♦r❡ ❛✉❝✉♥❡ ét✉❞❡ ♣✉❜❧✐é❡ ❢❛✐s❛♥t ét❛t
❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ s✉✐t❡ à ❞❡s st✐♠✉❧❛t✐♦♥s ré♣été❡s ♣❛r
t❉❈❙ ❛♥♦❞✐q✉❡✳

■❧ ❛ été ♠♦♥tré ❝❤❡③ ❧✬❛♥✐♠❛❧ q✉✬✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ♣❛r ❛♥t✐❞é♣r❡s✲
s❡✉rs ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡✳ P❛r
❡①❡♠♣❧❡✱ ▼❛❧❜❡r❣ ❡t ❛❧✳ ✭✷✵✵✵✮ ♦♥t ❛❞♠✐♥✐stré ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ❞✬❛♥t✐❞é✲
♣r❡ss❡✉rs ♣❡♥❞❛♥t ✶ à ✷✽ ❥♦✉rs ✭✐♥❤✐❜✐t❡✉rs ❞❡ ❧❛ ♠♦♥♦❛♠✐♥❡ ♦①②❞❛s❡ ✿ tr❛✲
♥②❧❝②♣r♦♠✐♥❡✱ ✐♥❤✐❜✐t❡✉rs ❞❡ ❧❛ r❡❝❛♣t✉r❡ ❞❡ ❧❛ ♥♦r❛❞ré♥❛❧✐♥❡ ♦✉ ❞❡ ❧❛ sé✲
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r♦t♦♥✐♥❡ ✿ ré❜♦①ét✐♥❡ ♦✉ ✢✉♦①ét✐♥❡✱ r❡s♣❡❝t✐✈❡♠❡♥t✮ ♦✉ ✉♥ tr❛✐t❡♠❡♥t ♣❛r
é❧❡❝tr♦❝❤♦❝s ✭✵✳✸ s❡❝♦♥❞❡s à ✺✵ ♠❆✱ q✉♦t✐❞✐❡♥♥❡♠❡♥t ♣❡♥❞❛♥t ✶✵ ❥♦✉rs✮ à
❞✐✛ér❡♥ts ❣r♦✉♣❡s ❞❡ r❛ts ♠â❧❡s✳ ▲❡s r❛ts ♦♥t r❡ç✉ ❞❡ ❧❛ ❇r❞❯ s♦✐t ❛✈❛♥t ❧❡
tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r ✭ét✉❞❡ ❞❡ ❧❛ s✉r✈✐❡ ❝❡❧❧✉❧❛✐r❡✮ s♦✐t ✹ ❥♦✉rs ❛♣rès ❧❡
❞❡r♥✐❡r tr❛✐t❡♠❡♥t ✭ét✉❞❡ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❡t ❞❡ ❧❛ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✮
❡t ♦♥t été s❛❝r✐✜és ✶ ♦✉ ✷✽ ❥♦✉rs ❛♣rès✳ ▲❡s ❛✉t❡✉rs ♦♥t ❛✐♥s✐ ♠✐s ❡♥ é✈✐❞❡♥❝❡
q✉❡ ❧❡ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ♣❛r ❛♥t✐❞é♣r❡ss❡✉rs ♠é❞✐❝❛♠❡♥t❡✉① ♦✉ é❧❡❝tr♦✲
❝❤♦❝s ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❞❛♥s ❧❡ ❣②r✉s ❞❡♥té ✭✷✹ ❤❡✉r❡s ❛♣rès
❧✬✐♥❥❡❝t✐♦♥ ❞❡ ❇r❞❯ ❀ ❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡♥✈✐r♦♥ ✷✵ à ✹✵✪ ♣♦✉r ❧❡s ♠é❞✐❝❛♠❡♥ts
❡t ❞✬❡♥✈✐r♦♥ ✺✵✪ ♣♦✉r ❧✬❊❈❚✮ ❡t q✉❡ ❝❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s s✉r✈✐✈❡♥t ✭❛✉
♠♦✐♥s ✷✽ ❥♦✉rs ❛♣rès✮✳ ❉❡ ♣❧✉s✱ ✐❧s ♦♥t ré❛❧✐sé ✉♥ ♣❤é♥♦t②♣❛❣❡ ❞❡s ♥♦✉✈❡❧❧❡s
❝❡❧❧✉❧❡s✱ ♠♦♥tr❛♥t q✉✬❛✉❝✉♥ ❞❡s tr❛✐t❡♠❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs ♥✬❛ ❞✬❡✛❡t s✉r ❧❛
❞✐✛ér❡♥❝✐❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✭♣♦✉r ❝❤❛q✉❡ ❣r♦✉♣❡✱ ② ❝♦♠♣r✐s ❧❡ ❣r♦✉♣❡ ❝♦♥trô❧❡✱
❧❛ ♣r♦♣♦rt✐♦♥ ét❛✐t ❞❡ ✼✺✪ ❞❡ ♥❡✉r♦♥❡s ♣♦✉r ✶✸✪ ❞❡ ❝❡❧❧✉❧❡s ❣❧✐❛❧❡s✱ ❧❡s ✶✷✪
r❡st❛♥ts ét❛♥t ♥♦♥ ✐❞❡♥t✐✜❛❜❧❡s✮✭▼❛❧❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✵✮✳

◆♦t♦♥s q✉❡ ▼❛❞s❡♥ ❡t ❛❧✳ ✭✷✵✵✵✮ ❛✈❛✐❡♥t ♥♦té✱ t♦✉❥♦✉rs ❝❤❡③ ❧❡ r❛t ♠â❧❡✱
✉♥ ❡✛❡t ♣❧✉s ✐♠♣♦rt❛♥t ❞❡ ❧✬❊❈❚✳ ❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♠❛rq✉❛❣❡ ❇r❞❯
❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ét❛✐t r❡♠❛rq✉é❡ ❛♣rès ✉♥❡ ✉♥✐q✉❡ s❡ss✐♦♥ ❞✬❊❈❚ ✭s✐ ❧❛
❇r❞❯ ét❛✐t ✐♥❥❡❝té❡ ✸ ♦✉ ✺ ❥♦✉rs ❛♣rès ❀ ✐♥❥❡❝té❡ ✶✷ ❤ ♦✉ ✼ ❥♦✉rs ❛♣rès✱ ♣❧✉s
❛✉❝✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢ ♥✬ét❛✐t r❡❧❡✈é✮ ♦✉ ❛♣rès ✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ✭✺
♦✉ ✶✵ sé❛♥❝❡s ❞✬❊❈❚ ❀ tr❛✐t❡♠❡♥t à ❧❛ ❇r❞❯ ♣❡♥❞❛♥t ✷✶ ❥♦✉rs à ♣❛rt✐r ❞❡ ❧❛
♣r❡♠✐èr❡ sé❛♥❝❡✮✳ ❈❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ♣♦✉✈❛✐t ❛❧❧❡r ❥✉sq✉✬à ✰✶✵✵✪✳

❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❝❡t ❡✛❡t s✉r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛ é❣❛❧❡✲
♠❡♥t été ♠♦♥tré ❝❤❡③ ❞❡s r❛ts ♠â❧❡s â❣és ❞❡ ✹ ♠♦✐s ❛②❛♥t r❡ç✉ ✉♥ tr❛✐t❡♠❡♥t
❝❤r♦♥✐q✉❡ ♣❛r r❚▼❙ ❤❛✉t❡ ❢réq✉❡♥❝❡ ✭tr❛✐t❡♠❡♥t ❛♣♣❧✐q✉é ❝♦♠♠❡ ❛♥t✐❞é✲
♣r❡ss❡✉r ❀ ✶ ❢♦✐s ♣❛r ❥♦✉r ♣❡♥❞❛♥t ✶✹ ❥♦✉rs✮ ❡t s❛❝r✐✜és ✷✹ ❤❡✉r❡s ❛♣rès ❧❛ ✜♥
❞❡ ❝❡ tr❛✐t❡♠❡♥t✳ ❯♥ ♠❛rq✉❛❣❡ à ❧❛ ❇r❞❯ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✻✷✪ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❝❤❡③ ❧❡s ❛♥✐♠❛✉① tr❛✐tés
♣❛r r❚▼❙ ✭❯❡②❛♠❛ ❡t ❛❧✳✱ ✷✵✶✶✮✳

P♦✉r ❛❧❧❡r ♣❧✉s ❧♦✐♥✱ ❚❛♥t✐ ❡t ❛❧✳ ✭✷✵✶✸✮ ♦♥t ♠♦♥tré q✉❡ ❞✐✛ér❡♥ts tr❛✐✲
t❡♠❡♥ts ❛❣✐ss❛♥t s✉r ❧✬❤✉♠❡✉r ❡♥tr❛î♥❡♥t ❞❡s ré❣✉❧❛t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❧❛
♥❡✉r♦❣❡♥ès❡✳ ❆✐♥s✐ ♣❛r♠✐ ❧❡s tr❛✐t❡♠❡♥ts ❛♠é❧✐♦r❛♥t ❧✬❤✉♠❡✉r✱ ❧✬❡①♣♦s✐t✐♦♥
❞❡ s♦✉r✐s à ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❡♥r✐❝❤✐ ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❡t ❧❛ s✉r✈✐❡
❝❡❧❧✉❧❛✐r❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❞❛♥s ❧❛ ré❣✐♦♥ s❡♣t❛❧❡ ❞❡ ❧❡✉r ❤✐♣♣♦❝❛♠♣❡ ✭q✉✐
❝♦rr❡s♣♦♥❞ à ❧❛ ré❣✐♦♥ ❞♦rs❛❧❡✱ ❞❛♥s ♥♦tr❡ ét✉❞❡✮✳ ❯♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡
♣❛r ✢✉♦①ét✐♥❡ ❡♥ r❡✈❛♥❝❤❡ ♥✬❛✛❡❝t❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s q✉❡ ❞❛♥s ❧❛ ♣❛rt✐❡
t❡♠♣♦r❛❧❡ ✭❝✬❡st✲à✲❞✐r❡ ✈❡♥tr❛❧❡✮ ❝❤❡③ ❧❡s s♦✉r✐s s❛✐♥❡s ✭❜✐❡♥ q✉❡ ❝❡ ♠ê♠❡ tr❛✐✲
t❡♠❡♥t ❝❤❡③ ❞❡s s♦✉r✐s str❡ssé❡s✱ ❞♦♥t ❧❛ ♥❡✉r♦❣❡♥ès❡ ét❛✐t ❛❧téré❡ ❞❛♥s t♦✉t
❧✬❤✐♣♣♦❝❛♠♣❡✱ rét❛❜❧✐t ✉♥❡ ♣r♦❧✐❢ér❛t✐♦♥ ❡t ✉♥❡ s✉r✈✐❡ ❝❡❧❧✉❧❛✐r❡s ♥♦r♠❛❧❡s
❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❛ ♣❛rt✐❡ s❡♣t❛❧❡ q✉❡ ❧❛ ♣❛rt✐❡ t❡♠♣♦r❛❧❡✮✳
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◆♦s rés✉❧t❛ts ✈♦♥t ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s q✉❡ ❝❡s ❞♦♥♥é❡s✱ ❡t s✉❣❣èr❡♥t q✉❡
❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐❡♥t s✬❡①♣❧✐q✉❡r ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡ ♣❛r ✉♥❡ ❛✉❣✲
♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ✭à ❧❛ ❢♦✐s ❞❛♥s s❛ ♣❛r✲
t✐❡ ❞♦rs❛❧❡ ❡t s❛ ♣❛rt✐❡ ✈❡♥tr❛❧❡✮✳ ❙♦✉❧✐❣♥♦♥s ❝❡♣❡♥❞❛♥t q✉✬✐❧ ❡st ♣r♦❜❛❜❧❡
q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ ❞❡ ❧❛ t❉❈❙ ❞✐✛èr❡ ❞❡ ❝❡❧✉✐ ❞❡s ❛♥t✐❞é♣r❡ss❡✉rs
♠é❞✐❝❛♠❡♥t❡✉①✱ t❡❧s q✉❡ ❧❛ ✢✉♦①ét✐♥❡✱ ♣✉✐sq✉❡ ❝❡s ❞❡r♥✐❡rs s♦♥t ❛❝t✐❢s ✐♠♠é✲
❞✐❛t❡♠❡♥t ❛♣rès ✉♥❡ ❛❞♠✐♥✐str❛t✐♦♥ ❛✐❣✉ë ❝❤❡③ ❧❡ r♦♥❣❡✉r ✭❈❛st❛❣♥é ❡t ❛❧✳✱
✷✵✵✾✮ ❡t ❝❤❡③ ❧❛ s♦✉r✐s s❛✐♥❡ ✐♥❞✉✐s❡♥t ✉♥❡ ♣r♦❧✐❢ér❛t✐♦♥ ❧✐♠✐té❡ à ❧❛ ♣❛rt✐❡
✈❡♥tr❛❧❡ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❚❛♥t✐ ❡t ❛❧✳✱ ✷✵✶✸✮✳ P❛r ❛✐❧❧❡✉rs✱ ♥♦s rés✉❧t❛ts ♥❡
❝♦♥❝❡r♥❡♥t q✉❡ ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡✱ ❡t ❚❛♥t✐ ❡t ❛❧✳ ✭✷✵✶✸✮
♦♥t ♠♦♥tré q✉❡ ❧❡s tr❛✐t❡♠❡♥ts ❝♦♥♥✉s ♣♦✉r ❛✛❡❝t❡r ❧✬❤✉♠❡✉r ré❣✉❧❡♥t ❧❛
♥❡✉r♦❣❡♥ès❡ ❞✐✛ér❡♠♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬ét❛♣❡ ❝♦♥s✐❞éré❡ ✭♣❛r ❡①❡♠♣❧❡✱
♣r♦❣é♥✐t❡✉r ♦✉ ♥❡✉r♦♥❡ ♣♦st✲♠✐t♦t✐q✉❡ ✐♠♠❛t✉r❡✮✳

◆♦tr❡ ét✉❞❡ ♥✬❛♣♣♦rt❡ ♣❛s ♥♦♥ ♣❧✉s ❞✬é❧é♠❡♥ts ❡①♣❧✐q✉❛♥t ♣❛r q✉❡❧ ♠é❝❛✲
♥✐s♠❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❢❛✈♦r✐s❡r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ✭✈♦✐r❡ ❧❛ ♥❡✉r♦❣❡✲
♥ès❡✮✳ ❯♥❡ ♣✐st❡ à s✉✐✈r❡ s❡r❛✐t ❝❡❧❧❡ ❞✉ ❇❉◆❋ ❀ ❝❡ ❢❛❝t❡✉r ♥❡✉r♦tr♦♣❤✐q✉❡ ❡st
❝♦♥♥✉ ♣♦✉r ❛✉❣♠❡♥t❡r ❧❛ ♥❡✉r♦❣❡♥ès❡✱ st✐♠✉❧❛♥t à ❧❛ ❢♦✐s ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❡t ❧❛
s✉r✈✐❡ ✭❇✐♥❞❡r ❡t ❙❝❤❛r❢♠❛♥✱ ✷✵✵✹✮✳ P❧✉s✐❡✉rs ❛✉t❡✉rs ❢♦♥t ❧❡ ❧✐❡♥ ❡♥tr❡ tr❛✐✲
t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r✱ ♥❡✉r♦❣❡♥ès❡ ❡t ❇❉◆❋ ✭♥♦t❛♠♠❡♥t ❤✐♣♣♦❝❛♠♣✐q✉❡✮✳
❆✐♥s✐ ✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ♣❛r ❊❈❚ ♦✉ ♣❛r ❞✐✛ér❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs
♠é❞✐❝❛♠❡♥t❡✉① ✭❞♦♥t ❧❛ s❡rtr❛❧✐♥❡✮ ❛✉❣♠❡♥t❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❇❉◆❋ ❞❛♥s
❧✬❤✐♣♣♦❝❛♠♣❡ ❝❤❡③ ❧❡ r❛t ✭◆✐❜✉②❛ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❈❤❡③ ❧❡ r❛t ✭str❡ssé ♦✉ ♥♦♥✮
é❣❛❧❡♠❡♥t✱ ❇❛♠❜✐❝♦ ❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t ♠♦♥tré ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐✲
❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❛♣rès ✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ♣❛r st✐♠✉✲
❧❛t✐♦♥ ❝éré❜r❛❧❡ ♣r♦❢♦♥❞❡ ✭❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ✈❡♥tr♦♠é❞✐❛❧✮ q✉✐ ♣♦✉rr❛✐t
s✬❡①♣❧✐q✉❡r ❡♥ ♣❛rt✐❡ ♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❇❉◆❋ ✭r❡✲
tr♦✉✈é❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡
❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✮✳ ❘❛♣♣❡❧♦♥s ♣❛r ❛✐❧❧❡✉rs q✉❡ P♦❞❞❛ ❡t ❛❧✳ ✭✷✵✶✻✮✱ ❞❛♥s ❧❡
❝❛❞r❡ ❞✬✉♥❡ ét✉❞❡ s✉r ❧❛ ♣❧❛st✐❝✐té s②♥❛♣t✐q✉❡✱ ♦♥t ♠♦♥tré ❝❤❡③ ❧❛ s♦✉r✐s ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❇❉◆❋ ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ❛♣rès ✉♥❡ st✐♠✉✲
❧❛t✐♦♥ ♣❛r t❉❈❙ ❛♥♦❞✐q✉❡ ✭✷✵ ♠✐♥✉t❡s✱ ✵✳✸✺ ♠❆✮ ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ❣❛✉❝❤❡✳

❉❛♥s ❧❛ ❧✐❣♥é❡ ❞❡ ❝❡s ét✉❞❡s✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬é✈❛❧✉❡r s✐ ❧✬✐♠♣❛❝t ❞❡
❧❛ t❉❈❙ s✉r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ❡st ❧✐é❡ ✭❛✉ ♠♦✐♥s ❡♥
♣❛rt✐❡✮ à ✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❞✉ t❛✉① ❞❡ ❇❉◆❋ ❞❛♥s ♣❧✉s✐❡✉rs ③♦♥❡s ❝éré❜r❛❧❡s
✭♥♦t❛♠♠❡♥t ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❡t ❧✬❤✐♣♣♦❝❛♠♣❡✮✳

❯♥❡ st✐♠✉❧❛t✐♦♥ ✭✵✳✷ ✲ ✵✳✷✺ ♠❆✱ ✷✵ ♠✐♥✉t❡s✮ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉ ✭q✉❡❧❧❡
q✉❡ s♦✐t ❧❛ ♣♦❧❛r✐té✮ ❞❡ tr❛♥❝❤❡s ❞✬❤✐♣♣♦❝❛♠♣❡ ❞❡ r❛t ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥✲
t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❞❛♥s ❧❡s ❝♦r♥❡s ❞✬❆♠♠♦♥ ✶ ❡t ✸ ✭✐♠♠✉♥♦✲
❤✐st♦❝❤✐♠✐❡ ré❛❧✐sé❡ ✻ ❤ ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥ ❀ ❘❛♥✐❡r✐ ❡t ❛❧✳ ✭✷✵✶✷✮✮✳ ❖r ❝❡
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❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ✐♥t❡r✈✐❡♥❞r❛✐t ❞❛♥s ❧❛ s✉r✈✐❡ ❞❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s
❢♦r♠é❡s ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ♥❡✉r♦❣❡♥ès❡ ✭❱❡②r❛❝ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❈❡s ❞♦♥♥é❡s✱ ❡♥ ♣❧✉s ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r ▼❛❧❜❡r❣ ❡t ❛❧✳ ✭✷✵✵✵✮✱
♥♦✉s ❧❛✐ss❡♥t ♣❡♥s❡r q✉✬❡♥ ♣❧✉s ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛♣rès
q✉❡❧q✉❡s ❥♦✉rs ❞❡ st✐♠✉❧❛t✐♦♥✱ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❛❣✐r s✉r ❧❛ s✉r✈✐❡ ❞❡ ❝❡s ❝❡❧✲
❧✉❧❡s ♣❛r ❧❡ ❜✐❛✐s ❞❡ ❧✬✐♥❞✉❝t✐♦♥ ❞❡ ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ✭t❡❧s q✉❡ ❩✐❢✷✻✽ ✮✳
❈❡t ❡✛❡t ❞❡ ❧❛ t❉❈❙ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ét✉❞❡ ❡♥ ❝♦✉rs ❛✉ ❧❛❜♦r❛t♦✐r❡✳ ❉❡s
s♦✉r✐s â❣é❡s ❞❡ ✽ s❡♠❛✐♥❡s s❡r♦♥t st✐♠✉❧é❡s s❡❧♦♥ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❤❛❜✐t✉❡❧ ❀
❝♦♠♠❡ ❞❛♥s ❧❡s ét✉❞❡s ♣rés❡♥té❡s ❝✐✲❛✈❛♥t✱ tr♦✐s ❞♦s❡s ❞❡ ❇r❞❯ ✭✺✵ ♠❣✴❦❣✮
❧❡✉r s❡r♦♥t ❛❞♠✐♥✐stré❡s ❧♦rs ❞✉ ❞❡r♥✐❡r ❥♦✉r ❞❡ st✐♠✉❧❛t✐♦♥✱ ❡t ❡❧❧❡s s❡r♦♥t
s❛❝r✐✜é❡s ❝❡tt❡ ❢♦✐s✲❝✐ ✸ s❡♠❛✐♥❡s ❛♣rès ♣♦✉r ❛♥❛❧②s❡ ❞✉ ♠❛rq✉❛❣❡ ❞❡s ❝❡❧❧✉❧❡s
❤✐♣♣♦❝❛♠♣✐q✉❡s ❛♣♣❛r✉❡s à ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s ❡t s✉r✈✐✈❛♥t ♣❡♥❞❛♥t ♣❧✉✲
s✐❡✉rs s❡♠❛✐♥❡s✳ ❯♥ ❞♦✉❜❧❡ ♠❛rq✉❛❣❡ ♣❡r♠❡tt❛♥t ❞✬✐❞❡♥t✐✜❡r ❧❡ ❞❡✈❡♥✐r ❞❡s
❝❡❧❧✉❧❡s ✭❞♦✉❜❧❡❝♦rt✐♥❡✱ ◆❡✉◆✮ ❡st é❣❛❧❡♠❡♥t ♣ré✈✉✳ ❊♥✜♥✱ ❧❡s t❡❝❤♥✐q✉❡s ❞❡
♠❛rq✉❛❣❡ ❞❡s ❝❡❧❧✉❧❡s ❡♥ ❞✐✈✐s✐♦♥ ♣❛r rétr♦✈✐r✉s ✭❡①♣r✐♠❛♥t ❞❡s ♠❛rq✉❡✉rs
t❡❧s q✉❡ ❧❛ ♣r♦té✐♥❡ ✢✉♦r❡s❝❡♥t❡ ✈❡rt❡✮ s✬❛✈ér❡r❛✐❡♥t ✉t✐❧❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛
♠♦r♣❤♦❧♦❣✐❡ ❞❡s ♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❢♦r♠é❡s ✭❡t ❞♦♥❝✱ ❞❡ ❧❛ ❝♦♥♥❡❝t✐✈✐té ❞❡s
♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s à ❞✐✛ér❡♥ts st❛❞❡s ❞❡ ❧❡✉r ✈✐❡ ❀ ❩❤❛♦ ❡t ❛❧✳ ✭✷✵✵✻✮✮✳

❙✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥ ❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ♥❡✉r♦❣❡✲
♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡✱ ✐❧ s❡r❛✐t ✐♠♣♦rt❛♥t ❞❡ ré❛❧✐s❡r ❞❡s ét✉❞❡s ✈✐s❛♥t à ❞ét❡r✲
♠✐♥❡r s✐ ❝❡t ❡✛❡t ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❧✬❛❝t✐♦♥ ❛♥t✐✲❞é♣r❡ss✐✈❡ ❡t ♣r♦✲❝♦❣♥✐t✐✈❡
❞❡ ❝❡ tr❛✐t❡♠❡♥t✳

❊♥ ❡✛❡t✱ ❝❡rt❛✐♥s ❛✉t❡✉rs ♦♥t ét✉❞✐é ❧✬❡✛❡t ❞❡ tr❛✐t❡♠❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs
❝❤❡③ ❞❡s s♦✉r✐s ❝❤❡③ ❧❡sq✉❡❧❧❡s ❧❛ ♥❡✉r♦❣❡♥ès❡ ét❛✐t ❜❧♦q✉é❡ ✭♣❛r ❡①❡♠♣❧❡
❛♣rès ❛♣♣❧✐❝❛t✐♦♥ ❞❡ r❛②♦♥s ❳ s✉r ❧✬❤✐♣♣♦❝❛♠♣❡✮✳ ❙❛♥t❛r❡❧❧✐ ❡t ❛❧✳ ✭✷✵✵✸✮ ♦♥t
❛✐♥s✐ ♠♦♥tré ❝❤❡③ ❧❛ s♦✉r✐s ❧❛ ♥é❝❡ss✐té ❞✬✉♥❡ ♥❡✉r♦❣❡♥ès❡ ♣♦✉r q✉❡ ❞❡✉①
❝❧❛ss❡s ❞✬❛♥t✐❞é♣r❡ss❡✉rs ✭✢✉♦①ét✐♥❡ ❡t ✐♠✐♣r❛♠✐♥❡✮ ❛❣✐ss❡♥t s✉r ❧❡ ❝♦♠♣♦r✲
t❡♠❡♥t ❞❛♥s ❧❡ t❡st ❞✬✐♥❤✐❜✐t✐♦♥ ♥é♦♣❤♦❜✐q✉❡ ❞❡ ❧❛ ♣r✐s❡ ❛❧✐♠❡♥t❛✐r❡ ✭◆♦✈❡❧t②✲
❙✉♣♣r❡ss❡❞ ❋❡❡❞✐♥❣✱ ◆❙❋✮✳ ❉❛✈✐❞ ❡t ❛❧✳ ✭✷✵✵✾✮ ♦♥t ❝♦♥✜r♠é q✉❡ ❧✬❡✛❡t ❝♦♠✲
♣♦rt❡♠❡♥t❛❧ ❞❡ ❧❛ ✢✉♦①ét✐♥❡ ❞❛♥s ❧❡ ◆❙❋ ❞é♣❡♥❞ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❀ ❡♥ r❡✲
✈❛♥❝❤❡✱ ❧✬❡✛❡t ❞❡ ❝❡tt❡ ♠ê♠❡ ♠♦❧é❝✉❧❡ s✉r ❞✬❛✉tr❡s ❝♦♠♣♦rt❡♠❡♥ts ✭♥♦t❛♠✲
♠❡♥t ❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✮ s❡♠❜❧❡ ✐♥❞é♣❡♥❞❛♥t ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡✳
P♦✉r ❝✐t❡r ✉♥ ❞❡r♥✐❡r ❡①❡♠♣❧❡✱ ▼❡s❤✐ ❡t ❛❧✳ ✭✷✵✵✻✮ ♦♥t ♣✉❜❧✐é q✉❡ ❧❛ ♥❡✉r♦✲
❣❡♥ès❡ ❤✐♣♣♦❝❛♠♣✐q✉❡ ♥✬ét❛✐t ♣❛s ♥é❝❡ss❛✐r❡ ♣♦✉r ♦❜s❡r✈❡r ❞❡s ❝♦♥séq✉❡♥❝❡s
❝♦♠♣♦rt❡♠❡♥t❛❧❡s ✭s✉r ❧✬❛♥①✐été ❡t ❧✬❛♣♣r❡♥t✐ss❛❣❡ s♣❛t✐❛❧✮ ❞❡ ❧✬❡♥r✐❝❤✐ss❡✲
♠❡♥t ❞✉ ♠✐❧✐❡✉ ❝❤❡③ ❞❡s s♦✉r✐s✳

❈✬❡st ♣♦✉rq✉♦✐ ✉♥❡ ét✉❞❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ é✈❛❧✉❛♥t ❧❡s ❡✛❡ts ❝♦♠♣♦rt❡✲
♠❡♥t❛✉① ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s s♦✉r✐s tr❛✐té❡s ❞❡ ♠❛♥✐èr❡ à ✐♥❤✐❜❡r ❧❛ ♥❡✉r♦✲
❣❡♥ès❡ s❡r❛ à ré❛❧✐s❡r✳
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❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡ ♣❛r t❉❈❙ ❝❤❡③ ❧❛
s♦✉r✐s ❛✉❣♠❡♥t❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❣②r✉s ❞❡♥té✱ ❝♦♠♠❡
❝❡ q✉✐ ❛ été ♠♦♥tré ♣♦✉r ❞✐✛ér❡♥ts tr❛✐t❡♠❡♥ts ❛♥t✐❞é♣r❡ss❡✉rs ✭♠é❞✐❝❛♠❡♥✲
t❡✉① ♦✉ ♣❛r st✐♠✉❧❛t✐♦♥s ❝éré❜r❛❧❡s✮✳ ▲❡ ❢❛✐t q✉❡ ♥♦s ♣r✐♥❝✐♣❛✉① ❡✛❡ts ❝♦♠✲
♣♦rt❡♠❡♥t❛✉① ✭♥♦t❛♠♠❡♥t ❧✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❡t à ❧❛ ♠é♠♦✐r❡✮ ❛♣♣❛r❛✐ss❡♥t
♣❧✉s✐❡✉rs s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s ❡st ♣❛r ❛✐❧❧❡✉rs ❝♦❤ér❡♥t ❛✈❡❝
❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ s✬❡①♣❧✐q✉❡♥t ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡ ♣❛r ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✳

▲❡s ét✉❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s q✉✐ s❡r♦♥t ♠❡♥é❡s ❞❛♥s ❝❡ ❝❛❞r❡ ♣❡r♠❡ttr♦♥t
❞✬❛♣♣♦rt❡r ❞❡ ♥♦✉✈❡❛✉① é❧é♠❡♥ts ❡t ❞❡ ❝♦♥✜r♠❡r ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♥❡✉r♦❣❡✲
♥ès❡ ❞❛♥s ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙✱ ♦✉ ❞✬♦✉✈r✐r ❞❡ ♥♦✉✈❡❧❧❡s ♣✐st❡s ❞❡ ré✢❡①✐♦♥✳



✶✸✻



✶✶ ➱t✉❞❡ ✸ ✿ t❉❈❙ ❡t
✈✉❧♥ér❛❜✐❧✐té ❛✉① ❞r♦❣✉❡s

▲✬❛❞❞✐❝t✐♦♥ ❡st ✉♥ ✓ ♣r♦❝❡ss✉s ❞❛♥s ❧❡q✉❡❧ ❡st ré❛❧✐sé ✉♥ ❝♦♠♣♦rt❡♠❡♥t
q✉✐ ♣❡✉t ❛✈♦✐r ♣♦✉r ❢♦♥❝t✐♦♥ ❞❡ ♣r♦❝✉r❡r ❞✉ ♣❧❛✐s✐r ❡t ❞❡ s♦✉❧❛❣❡r ✉♥ ♠❛✲
❧❛✐s❡ ✐♥tér✐❡✉r✱ ❡t q✉✐ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ❧✬é❝❤❡❝ ré♣été ❞❡ s♦♥ ❝♦♥trô❧❡ ❡t s❛
♣❡rs✐st❛♥❝❡ ❡♥ ❞é♣✐t ❞❡s ❝♦♥séq✉❡♥❝❡s ♥é❣❛t✐✈❡s ✔ ✭●♦♦❞♠❛♥✱ ✶✾✾✸✮✳

❙✐ ♣❛r ❧❡ ♣❛ssé ❝❡tt❡ ♣❛t❤♦❧♦❣✐❡ ♥✬ét❛✐t ♣❛s r❡❝♦♥♥✉❡✱ ✈♦✐r❡ ❝♦♥s✐❞éré❡
❝♦♠♠❡ ✉♥ s✐♠♣❧❡ tr❛✐t ❞❡ ❝❛r❛❝tèr❡ ✭♠❛♥q✉❡ ❞❡ ✈♦❧♦♥té✮✱ ❛✉❥♦✉r❞✬❤✉✐ ❡❧❧❡
❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ❞é✜♥✐t✐♦♥ ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡s ❝r✐tèr❡s ♣ré❝✐s ❞❛♥s ❧❡ ♠❛✲
♥✉❡❧ ❞✐❛❣♥♦st✐q✉❡ ❡t st❛t✐st✐q✉❡ ❞❡s tr♦✉❜❧❡s ♠❡♥t❛✉① ✭❉❙▼✲❱✱ ❆♠❡r✐❝❛♥
Ps②❝❤✐❛tr✐❝ ❆ss♦❝✐❛t✐♦♥ ✭✷✵✶✸✮✮✳

❙♦♥ tr❛✐t❡♠❡♥t ❡st ❝♦♠♣❧❡①❡ ❝❛r ❧✬❛❞❞✐❝t✐♦♥ ✐♠♣❧✐q✉❡ à ❧❛ ❢♦✐s ❞❡s ♠♦❞✐✲
✜❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ❛✉ ♥✐✈❡❛✉ ❝éré❜r❛❧ ❡t ❞❡s ♣r♦❜❧è♠❡s ♣s②❝❤♦❧♦❣✐q✉❡s ❡t
s♦❝✐♦✲❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳

P♦✉r ✉♥❡ ❛❞❞✐❝t✐♦♥ à ✉♥❡ s✉❜st❛♥❝❡ ❝❤✐♠✐q✉❡ ✭t❛❜❛❝✱ ❛❧❝♦♦❧ ♦✉ ❝♦❝❛ï♥❡✱
♣❛r ❡①❡♠♣❧❡✮✱ ❧❛ ❝✉r❡ ✈✐s❡ ❞✬❛❜♦r❞ ❧❛ ❞✐♠✐♥✉t✐♦♥ ♦✉ ❧✬❛❜st✐♥❡♥❝❡ ❞❡ ❝♦♥s♦♠✲
♠❛t✐♦♥ ❞❡ ❝❡tt❡ s✉❜st❛♥❝❡ ✭s❡✈r❛❣❡✮✳ ❈❡ s❡✈r❛❣❡ ♣❡✉t êtr❡ ❢❛❝✐❧✐té ♣❛r ❧✬❛❞✲
♠✐♥✐str❛t✐♦♥ ❞✬✉♥ tr❛✐t❡♠❡♥t ❞❡ s✉❜st✐t✉t✐♦♥ ✭t❡❧s q✉❡ ❧❛ ♠ét❤❛❞♦♥❡ ♦✉ ❧❡
s✉❜✉t❡① ❝♦♠♠❡ s✉❜st✐t✉t✐♦♥ ❛✉① ♦♣✐❛❝és✮ ❡t s✬❛❝❝♦♠♣❛❣♥❡r ❞✬✉♥❡ ♣s②❝❤♦t❤é✲
r❛♣✐❡✱ ♠❛✐s ✐❧ ♥✬❡①✐st❡ ♣❛s à ❝❡ ❥♦✉r ❞✬✐♥t❡r✈❡♥t✐♦♥ ❛②❛♥t ❞é♠♦♥tré ✉♥❡ ré❡❧❧❡
❡✣❝❛❝✐té s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ♣♦✉r é❧✐♠✐♥❡r ❧❡s r✐sq✉❡s ❞❡ r❡❝❤✉t❡✳ P❛r ❛✐❧❧❡✉rs✱
❧❡s ♠é❞✐❝❛♠❡♥ts s✬❛❝❝♦♠♣❛❣♥❡♥t s♦✉✈❡♥t ❞✬❡✛❡ts ✐♥❞és✐r❛❜❧❡s✳ ❆✐♥s✐ ✐❧ ❛♣♣❛✲
r❛ît ✐♥tér❡ss❛♥t ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡ ♥♦✉✈❡❧❧❡s str❛té❣✐❡s✱ ❝♦♠♣❧é♠❡♥t❛✐r❡s ❛✉①
tr❛✐t❡♠❡♥ts ❛❝t✉❡❧s✱ q✉✐ ♣♦✉rr❛✐❡♥t ❛✐❞❡r ❧❡s s✉❥❡ts ❞é♣❡♥❞❛♥ts à s✬❛✛r❛♥❝❤✐r
❞❡ ❧❡✉r ❛❞❞✐❝t✐♦♥✳

✶✶✳✶ ▼♦❞❡ ❞✬❛❝t✐♦♥ ❞❡s ❞r♦❣✉❡s

▲❡s ❞r♦❣✉❡s ❞✬❛❜✉s ♦♥t ❞❡s ♣r♦♣r✐étés r❡♥❢♦rç❛♥t❡s ✭r❡♥❢♦r❝❡♠❡♥t ♣♦s✐t✐❢ ✿
❧❛ ❢réq✉❡♥❝❡ ❞✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ ❝♦♠♣♦rt❡♠❡♥t ❛✉❣♠❡♥t❡ ❞✉ ❢❛✐t ❞❡ ❧✬♦❜t❡♥t✐♦♥

✶✸✼
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❞✬✉♥ st✐♠✉❧✉s ❛♣♣ét✐t✐❢ ❀ r❡♥❢♦r❝❡♠❡♥t ♥é❣❛t✐❢ ✿ ❧❛ ❢réq✉❡♥❝❡ ❞✬✉♥ ❝♦♠♣♦rt❡✲
♠❡♥t ❛✉❣♠❡♥t❡ ❞✉ ❢❛✐t ❞❡ ❧✬❛rrêt ❞✬✉♥ st✐♠✉❧✉s ✲ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s s②♠♣tô♠❡s
❞❡ s❡✈r❛❣❡ ❛❣✐ss❡♥t ❝♦♠♠❡ ❞❡s r❡♥❢♦rç❛t❡✉rs ♥é❣❛t✐❢s✮ q✉✐ s♦♥t à ❧✬♦r✐❣✐♥❡ ❞✉
♠❛✐♥t✐❡♥ ❞❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥✳ ❊❧❧❡s ❛✉❣♠❡♥t❡♥t ❧❡ t❛✉① ❞❡ ❞♦♣❛♠✐♥❡ ❞❛♥s
❧❡ ❝✐r❝✉✐t ♠és♦❝♦rt✐❝♦❧✐♠❜✐q✉❡ ✭❝✐r❝✉✐t q✉✐ ♣❛rt ❞❡ ❧✬❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡✱
❡t ✐♥♥❡r✈❡ ♥♦t❛♠♠❡♥t ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s✱ ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ❡t ❧✬❛♠②❣❞❛❧❡ ❀
s❝❤é♠❛ ✶✶✳✶ ❀ ❋❡❧t❡♥st❡✐♥ ❡t ❙❡❡ ✭✷✵✵✽✮✮✳

❚♦✉t❡s ❧❡s s✉❜st❛♥❝❡s ♣s②❝❤♦❛❝t✐✈❡s ♦♥t ♣♦✉r ♣♦✐♥t ❝♦♠♠✉♥ ❞✬❛❣✐r ❡♥
❛✉❣♠❡♥t❛♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞♦♣❛♠✐♥❡ ❡①tr❛❝❡❧❧✉❧❛✐r❡ ❞❡ ♠❛♥✐èr❡ ❞✐r❡❝t❡
♦✉ ✐♥❞✐r❡❝t❡✳ ❆✐♥s✐✱ ❝♦♠♠❡ ✐❧❧✉stré ❞❛♥s ❧❡ s❝❤é♠❛ ✶✶✳✶✱ ❧❛ ♥✐❝♦t✐♥❡ s❡ ❧✐❡ à
s❡s ré❝❡♣t❡✉rs s✉r ❧❡s ♥❡✉r♦♥❡s ❞♦♣❛♠✐♥❡r❣✐q✉❡s ❀ ❧❡s ♦♣✐♦ï❞❡s s❡ ✜①❡♥t s✉r ❧❡s
♥❡✉r♦♥❡s ●❆❇❆❡r❣✐q✉❡s ❞❛♥s ❧✬❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡✱ ✐♥❤✐❜❛♥t ❧❛ ❧✐❜ér❛✲
t✐♦♥ ❞❡ ●❆❇❆ ✭♥❡✉r♦tr❛♥s♠❡tt❡✉r ✐♥❤✐❜✐t❡✉r✮ ❡t ❛✉❣♠❡♥t❛♥t ❛✐♥s✐ ❧✬❛❝t✐✈✐té
❞❡s ♥❡✉r♦♥❡s ❞♦♣❛♠✐♥❡r❣✐q✉❡s✳ ▲✬❛❧❝♦♦❧ ❛❣✐t à ♣❧✉s✐❡✉rs ♥✐✈❡❛✉①✱ ♠♦❞✉❧❛♥t
❞✬✉♥❡ ♣❛rt ❧❛ ❝♦♥❞✉❝t❛♥❝❡ ✐♦♥✐q✉❡ ♠é❞✐é❡ ♣❛r ❧❡ ●❆❇❆ ❡t ❧❡ ❣❧✉t❛♠❛t❡ ❞❛♥s
❧✬❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡ ❡t ✐♥❤✐❜❛♥t ❞✬❛✉tr❡ ♣❛rt ✉♥❡ ❡♥③②♠❡ ❞❡ ❞é❣r❛❞❛t✐♦♥
❞❡ ❧❛ ❞♦♣❛♠✐♥❡✱ ❧❛ ♠♦♥♦❛♠✐♥❡ ♦①②❞❛s❡✱ ❞❛♥s ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s ✭❝♦♥❞✉✐✲
s❛♥t à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞♦♣❛♠✐♥❡✮✳ ▲❡s ❛♠♣❤ét❛♠✐♥❡s
❛❣✐ss❡♥t à ❧❛ ❢♦✐s ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ❧✐❜ér❛t✐♦♥ ❞❡ ❞♦♣❛♠✐♥❡ ❡t✱ à ❧✬✐♥st❛r ❞❡ ❧❛
❝♦❝❛ï♥❡✱ ❡♥ ❜❧♦q✉❛♥t s❛ r❡❝❛♣t✉r❡✳

▲❛ ❞♦♣❛♠✐♥❡ ❧✐❜éré❡ ❛❝t✐✈❡ ❧❡ ❝✐r❝✉✐t ❞❡ ❧❛ ré❝♦♠♣❡♥s❡✱ ❡♥tr❛î♥❛♥t ✉♥❡
s❡♥s❛t✐♦♥ ❞❡ ♣❧❛✐s✐r ❡t ♠♦❞✐✜❛♥t ❧✬ét❛t ❞❡ ❝♦♥s❝✐❡♥❝❡ ❀ ❧❛ ♣r✐s❡ ré♣été❡ ❞❡
❞r♦❣✉❡s ❡♥tr❛î♥❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❝❡ ❝✐r❝✉✐t✱ ❝♦♥❞✉✐s❛♥t à ✉♥ ❢♦♥❝t✐♦♥♥❡✲
♠❡♥t ❛♥♦r♠❛❧ ❡t à ❧❛ ❞é♣❡♥❞❛♥❝❡✳
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Cocaïne

Amphétamines

Alcool

Opioïdes Cannabis

Amphétamines

Glutamatergique

Dopaminergique

GABAergique

Alcool

OpioïdesNicotine

NAc
VTA

❋✐❣✉r❡ ✶✶✳✶ ✕ ❙❝❤é♠❛ s✐♠♣❧✐✜é ❞✉ ❝✐r❝✉✐t ❞❡ ❧❛ ré❝♦♠♣❡♥s❡ ✭❝❡r✈❡❛✉ ❞❡
r♦♥❣❡✉r✮ ❡t ❞❡s s✐t❡s ❞✬❛❝t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❞r♦❣✉❡s ❞✬❛❜✉s✳ P❋❈ ✿ ❈♦rt❡①
♣ré❢r♦♥t❛❧ ❀ ❍✐♣♣ ✿ ❤✐♣♣♦❝❛♠♣❡ ❀ ❱❚❆ ✿ ❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡ ❀ ▲❍ ✿ ❤②✲
♣♦t❤❛❧❛♠✉s ❧❛tér❛❧ ❀ ❆♠② ✿ ❛♠②❣❞❛❧❡ ❀ ◆❆❝ ✿ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s✳ ❆❞❛♣té ❞❡
❘✉ss♦ ❡t ◆❡st❧❡r ✭✷✵✶✸✮✳

◆♦t♦♥s q✉❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ♦❝❝❛s✐♦♥♥❡❧❧❡ ❞❡ s✉❜st❛♥❝❡ ❛❞❞✐❝t✐✈❡ ❡st à
❞✐st✐♥❣✉❡r ❞❡ ❧❛ ♣❡rt❡ ❞❡ ❝♦♥trô❧❡ ♠❡♥❛♥t à ❧❛ r❡❝❤❡r❝❤❡ ❝♦♠♣✉❧s✐✈❡ ❞❡ ❞r♦❣✉❡
q✉✐ ❝❛r❛❝tér✐s❡ ❧✬❛❞❞✐❝t✐♦♥✳ P❛r ❡①❡♠♣❧❡ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❧❝♦♦❧✱ s✐ ✺✶ ✪
❞❡s ❛♠ér✐❝❛✐♥s â❣és ❞❡ ♣❧✉s ❞❡ ✶✷ ❛♥s ❡♥ ❝♦♥s♦♠♠❡♥t ré❣✉❧✐èr❡♠❡♥t✱ s❡✉❧s
✼✳✼ ✪ s♦♥t ❞✐❛❣♥♦st✐q✉és ❞é♣❡♥❞❛♥ts ✭❑♦♦❜ ❡t ❱♦❧❦♦✇✱ ✷✵✶✵✮✳

❖♥ ♣❡✉t ❛✉ss✐ ❞é✜♥✐r tr♦✐s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s ❞❛♥s ❧❡ ♣❤é♥♦♠è♥❡ ❞✬❛❞✲
❞✐❝t✐♦♥ ✿ ✐♥t♦①✐❝❛t✐♦♥ ✭❝♦♥s♦♠♠❛t✐♦♥✮✱ s❡✈r❛❣❡ ✭❡✛❡t ♥é❣❛t✐❢✮✱ ❡t ❛♥t✐❝✐♣❛t✐♦♥
✭❝r❛✈✐♥❣✮✳ ❈❡s ét❛♣❡s ❢♦♥t ✐♥t❡r✈❡♥✐r ❞❡s ❝✐r❝✉✐ts s♣é❝✐✜q✉❡s ✭✜❣✉r❡ ✶✶✳✷✮ q✉✐
♦♥t été ✐❞❡♥t✐✜és ❣râ❝❡ ❛✉① ét✉❞❡s ❝❤❡③ ❧✬❛♥✐♠❛❧ ❡t ❡♥ ✐♠❛❣❡r✐❡ ❝❤❡③ ❧✬❍♦♠♠❡
✭❑♦♦❜ ❡t ❱♦❧❦♦✇✱ ✷✵✶✵✮✳
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Thal

GP

VS

DS

OFC
AMG

HippoBNST

mPFC
(AC)

Intoxication

Sevrage

Anticipation

-xStriatumxventralx(euphorie,xrécompense)
-xStriatumxdorsal
-xGlobusxpallidus
-xThalamus

-xAmygdalexétenduex(étatxémotionnelxnégatif)
-xStriatumxventralx(diminutionxrécompense)

-xCortexxcingulaire,xpréfrontalxmédianxetx
orbitofrontalx(fonctionsxexécutives)
-xAmygdalex(renforcementxconditionné)
-xHippocampex(informationxcontextuelle)

❋✐❣✉r❡ ✶✶✳✷ ✕ ❙❝❤é♠❛ ❞❡s tr♦✐s ét❛♣❡s ❞❡ ❧✬❛❞❞✐❝t✐♦♥ ❡t ❞❡s ③♦♥❡s ❝éré❜r❛❧❡s
❛ss♦❝✐é❡s✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡✱ ❧✬✐♥t♦①✐❝❛t✐♦♥✱ ✐♠♣❧✐q✉❡ ❧❡ str✐❛t✉♠ ✈❡♥tr❛❧ ✭❱❙✮
❡t ❞♦rs❛❧ ✭❉❙✮ ❛✐♥s✐ q✉❡ ❧❡ ❣❧♦❜✉s ♣❛❧❧✐❞✉s ✭●P✮ ❡t ❧❡ t❤❛❧❛♠✉s ✭❚❤❛❧✮✳ ▲❛
❞❡✉①✐è♠❡ ét❛♣❡✱ ❧❡ s❡✈r❛❣❡✱ ❢❛✐t ✐♥t❡r✈❡♥✐r ❧✬❛♠②❣❞❛❧❡ ét❡♥❞✉❡ ✭❆▼●✮✱ ❝♦♠✲
♣r❡♥❛♥t ❛✉ss✐ ❧❡ ♥♦②❛✉ ❞❡ ❧❛ str✐❡ t❡r♠✐♥❛❧❡ ✭❇◆❙❚✮ ❡t ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s
✭❞❛♥s ❧❡ ❱❙✮✳ ▲❛ tr♦✐s✐è♠❡ ét❛♣❡✱ ❧✬❛♥t✐❝✐♣❛t✐♦♥✱ ❡♥❣❛❣❡ ❧❡ tr❛✐t❡♠❡♥t ❞✬✐♥❢♦r✲
♠❛t✐♦♥s ❞❛♥s ❧✬❛♠②❣❞❛❧❡ ❜❛s♦❧❛tér❛❧❡ ❡t ❧✬❤✐♣♣♦❝❛♠♣❡ ✭❍✐♣♣♦✮✱ ❛✐♥s✐ q✉❡ ❧❡
❝♦♥trô❧❡ ❡①é❝✉t✐❢ ♣❛r ❧❡s ③♦♥❡s ❝♦rt✐❝❛❧❡s ✭❝♦rt❡① ♣ré❢r♦♥t❛❧ ♠é❞✐❛♥ ✭♠P❋❈✮✱
❝✐♥❣✉❧❛✐r❡ ❛♥tér✐❡✉r ✭❆❈✮ ❡t ❝♦rt❡① ♦r❜✐t♦❢r♦♥t❛❧ ✭❖❋❈✮✮✳ ❆❞❛♣té ❞❡ ❑♦♦❜ ❡t
❱♦❧❦♦✇ ✭✷✵✶✵✮✳

■❧ ❡①✐st❡ ❞✬❛✉tr❡s ♠♦❞è❧❡s ❞é❝r✐✈❛♥t ❧✬❛❞❞✐❝t✐♦♥✱ t❡❧s q✉❡ ❝❡❧✉✐ ❞❡ ❧✬✐♥❝❡♥t✐✈❡
s❛❧✐❡♥❝❡ q✉✐ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ♣ré❝é❞❡♥t✱ ❢❛✐t ❧❛ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ r❡❝❤❡r❝❤❡ ❡t
❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❞r♦❣✉❡✳ ❈❡ ♠♦❞è❧❡ s♦✉t✐❡♥t ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❛ ♣♦✉rs✉✐t❡
❞✬✉♥ ❜✉t ♥✬❡st ♣❛s ♦❜❧✐❣❛t♦✐r❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♣❧❛✐s✐r r❡ss❡♥t✐ ❧♦rs ❞❡
❧❛ ❝♦♥s♦♠♠❛t✐♦♥✳ ■❧ ❡①✐st❡ ❛✐♥s✐ ❞❡✉① rés❡❛✉① ♥❡✉r♦♥❛✉① ❞✐✛ér❡♥ts ❡♥tr❡ ❧✬❤é✲
❞♦♥✐❝✐té ✭❧✐❦✐♥❣✮ ❡t ❧❛ ♠♦t✐✈❛t✐♦♥ ✭✇❛♥t✐♥❣✮✳ ❉❡✉① ❤♦ts♣♦ts s❡r❛✐❡♥t ✐♠♣❧✐q✉és
❞❛♥s ❧✬❤é❞♦♥✐❝✐té ✿ ✉♥ ❞❛♥s ❧❡ q✉❛rt r♦str♦❝❛✉❞❛❧ ❞❡ ❧❛ ❝♦q✉✐❧❧❡ ♠é❞✐❛❧❡ ❞✉
♥♦②❛✉ ❛❝❝✉♠❜❡♥s✱ ❡t ✉♥ ❞❛♥s ❧❛ ♠♦✐t✐é ♣♦stér✐❡✉r❡ ❞✉ ♣❛❧❧✐❞✉♠ ✈❡♥tr❛❧✳ ▲❛
♠♦t✐✈❛t✐♦♥ s❡r❛✐t ♠é❞✐é❡ ♣❛r ❞❡s s✉❜str❛ts ❝éré❜r❛✉① ♣❧✉s ❧❛r❣❡♠❡♥t ❞✐str✐✲
❜✉és ❡t ♣❧✉s ❢❛❝✐❧❡s à ❛❝t✐✈❡r ✭❝❡ q✉✐ ❡①♣❧✐q✉❡r❛✐t q✉❡ ❧✬♦♥ ♣✉✐ss❡ ❞és✐r❡r ✉♥❡
ré❝♦♠♣❡♥s❡ s❛♥s ❧✬❛✐♠❡r ❛✉t❛♥t✮ ✭❇❡rr✐❞❣❡ ❡t ❛❧✳✱ ✷✵✵✾✮✳
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✶✶✳✷ ▲❛ t❉❈❙ ❡t ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❞r♦❣✉❡s

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡ ✭s❡❝t✐♦♥ ✷✳✶✳✸✮✱ ♣❧✉✲
s✐❡✉rs ét✉❞❡s s✉r ❧❡s ❡✛❡ts ❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♥♦♥ ✐♥✈❛s✐✈❡ ♦♥t
♠♦♥tré ❞❡s ❡✛❡ts ❜é♥é✜q✉❡s ❝❤❡③ ❝❡rt❛✐♥s ♣❛t✐❡♥ts ❞é♣❡♥❞❛♥ts à ❞❡s s✉❜✲
st❛♥❝❡s✳

❆✐♥s✐✱ r❛♣♣❡❧♦♥s q✉❡ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ t❛❜❛❝✱ ❋r❡❣♥✐ ❡t s❡s ❝♦❧❧❛❜♦r❛✲
t❡✉rs ♦♥t ♦❜s❡r✈é q✉✬✉♥❡ ✉♥✐q✉❡ s❡ss✐♦♥ ❞❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲
✭❞r♦✐t ♦✉ ❣❛✉❝❤❡✮ ❝♦♥❞✉✐t à ✉♥❡ ré❞✉❝t✐♦♥ ✐♠♠é❞✐❛t❡ ❞✉ ❝r❛✈✐♥❣ ✭❋r❡❣♥✐
❡t ❛❧✳✱ ✷✵✵✽❛✮✱ ✐♠♣❛❝t r❡♥❢♦r❝é ❡t ❛❝❝♦♠♣❛❣♥é ❞✬✉♥❡ ré❞✉❝t✐♦♥ ❞✉ ♥♦♠❜r❡
❞❡ ❝✐❣❛r❡tt❡s ❢✉♠é❡s ❛♣rès ❧❛ ré♣ét✐t✐♦♥ ❞❡s s❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ✭❇♦❣❣✐♦
❡t ❛❧✳✱ ✷✵✵✾❜✮ ❝❤❡③ ❞❡s ❢✉♠❡✉rs ❞é♣❡♥❞❛♥ts ✭♥✬❛②❛♥t ♣❛s ❢✉♠é ❞❡♣✉✐s ✶ ❤ ✸✵✮✱
❝❡❝✐ ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs ❥♦✉rs ✭❋❡❝t❡❛✉ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❈❤❡③ ❞❡s ❢✉♠❡✉rs ❛❜st✐✲
♥❡♥ts ❞❡♣✉✐s ❧❛ ✈❡✐❧❧❡✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ❣❛✉❝❤❡ ❞✐♠✐♥✉❡
❧❡s ❛✛❡❝ts ♥é❣❛t✐❢s ✭❳✉ ❡t ❛❧✳✱ ✷✵✶✸✮ ❡t ❧❡ ♥♦♠❜r❡ ❞❡ ❝✐❣❛r❡tt❡s ❢✉♠é❡s ❥✉sq✉✬à
✸✵ ♠✐♥✉t❡s ❛♣rès ❧❛ st✐♠✉❧❛t✐♦♥ ✭❋❛❧❝♦♥❡ ❡t ❛❧✳✱ ✷✵✶✺✮✳

❈❡s ❡✛❡ts ♥❡ s❡♠❜❧❡♥t ♣❛s s♣é❝✐✜q✉❡s ❞✉ t❛❜❛❣✐s♠❡✱ ♣✉✐sq✉✬✉♥❡ st✐♠✉✲
❧❛t✐♦♥ ✉♥✐❧❛tér❛❧❡ ✭❛♥♦❞❡ à ❣❛✉❝❤❡✮ ♦✉ ❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲ ❡♥tr❛î♥❡ ✉♥❡
ré❞✉❝t✐♦♥ ❞✉ ❝r❛✈✐♥❣ ♣♦✉r ❧✬❛❧❝♦♦❧ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts ✭❇♦❣✲
❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❝✮ ♦✉ ❣r❛♥❞s ❜✉✈❡✉rs ✭❞❡♥ ❯②❧ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ▲❛ ré♣ét✐t✐♦♥ ❞❡s
s❡ss✐♦♥s ❞❡ st✐♠✉❧❛t✐♦♥ ❛✉r❛✐t ❧❡s ♠ê♠❡s ❡✛❡ts ❡♥ ♣❧✉s ❞✬✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡
s❝♦r❡s ❞❡ ❞é♣r❡ss✐♦♥ ✭❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✱ ♦✉ ✉♥❡ ❢❛❝✐❧✐t❛t✐♦♥ ❞❡ ❧✬❛❜st✐✲
♥❡♥❝❡ ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✻ ♠♦✐s ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ♣❡rç✉❡ ❞❡
❧❛ q✉❛❧✐té ❞❡ ✈✐❡ ✭❑❧❛✉ss ❡t ❛❧✳✱ ✷✵✶✹✮✳ ▲❡s ét✉❞❡s s✉r ❧❡s ❞r♦❣✉❡s ✐❧❧é❣❛❧❡s s♦♥t
♠♦✐♥s ♥♦♠❜r❡✉s❡s✱ ♠❛✐s ❧❛ st✐♠✉❧❛t✐♦♥ ♣❛r t❉❈❙ ♣♦✉rr❛✐t ❛✉ss✐ ❡♥tr❛î♥❡r ❞❡s
❛♠é❧✐♦r❛t✐♦♥s✱ t❡❧❧❡s q✉✬✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❝r❛✈✐♥❣ ♣♦✉r ❧❛ ♠❛r✐❥✉❛♥❛ ✭❇♦❣✲
❣✐♦ ❡t ❛❧✳✱ ✷✵✶✵✮ ♦✉ ♣♦✉r ❧❛ ❝♦❝❛ï♥❡ ✭❇❛t✐st❛ ❡t ❛❧✳✱ ✷✵✶✺✮ ❛♣rès st✐♠✉❧❛t✐♦♥
❜✐❧❛tér❛❧❡ ❞✉ ❈P❋❉▲✳

❇✐❡♥ q✉❡ ❧❡s rés✉❧t❛ts ❞❡s ❡ss❛✐s ❝❧✐♥✐q✉❡s s❡ ré✈è❧❡♥t ❡♥❝♦✉r❛❣❡❛♥ts✱
❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐♦❧♦❣✐q✉❡s q✉✐ s♦✉s✲t❡♥❞❡♥t ❧❡s ❡✛❡ts ❜é♥é✜q✉❡s
❞❡ ❧❛ t❉❈❙ r❡st❡♥t ♠❛❧ ❝♦♥♥✉s✳ ▲❡s ét✉❞❡s ♣rés❡♥té❡s ❞❛♥s ❝❡ ❝❤❛♣✐tr❡
♣♦rt❡♥t s✉r ❧✬é✈❛❧✉❛t✐♦♥ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡s ❡✛❡ts ❞❡ ❧❛
t❉❈❙ s✉r ❧❛ ✈✉❧♥ér❛❜✐❧✐té ❛✉① ❞r♦❣✉❡s ✭♥✐❝♦t✐♥❡✱ ❛❧❝♦♦❧✱ ❝♦❝❛ï♥❡✮✱ ♠❛✐s
é❣❛❧❡♠❡♥t s✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡s ③♦♥❡s ❝éré❜r❛❧❡s ✐♠♣❧✐q✉é❡s✳
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✶✶✳✸ ❊✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s s♦✉r✐s ❡①♣♦sé❡s

à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡

▲✬❛❞♦❧❡s❝❡♥❝❡ ❡st ✉♥❡ ♣ér✐♦❞❡ ❞❡ ✈✉❧♥ér❛❜✐❧✐té ❢❛❝❡ ❛✉① ❞r♦❣✉❡s✱ ♣✉✐sq✉❡
❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ❡t ❧❡ ❞é❜✉t ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ré❣✉❧✐èr❡ ❞❡ ♣r♦❞✉✐ts ♣s②✲
❝❤♦❛❝t✐❢s ✭♥♦t❛♠♠❡♥t t❛❜❛❝ ❡t ❛❧❝♦♦❧✮ ♦♥t s♦✉✈❡♥t ❧✐❡✉ ❛✈❛♥t ❧❛ ♠❛❥♦r✐té✳ ▲❛
♣❧✉♣❛rt ❞❡s ♣❛t✐❡♥ts ❞é♣❡♥❞❛♥ts ❛❞✉❧t❡s ❞é❝❧❛r❡♥t ❞✬❛✐❧❧❡✉rs ✉♥❡ ✐♥✐t✐❛t✐♦♥
❞✉r❛♥t ❧❡s ♣r❡♠✐èr❡s ❛♥♥é❡s ❞❡ ❧✬❛❞♦❧❡s❝❡♥❝❡✳

❖r✱ ❧✬❛❞♦❧❡s❝❡♥❝❡ ❝♦♥st✐t✉❡ ❛✉ss✐ ✉♥❡ ♣ér✐♦❞❡ ❝r✐t✐q✉❡ ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡✲
♠❡♥t ❝éré❜r❛❧✱ ❞✉r❛♥t ❧❛q✉❡❧❧❡ s❡ ♣r♦❞✉✐t ✉♥❡ ré♦r❣❛♥✐s❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❡t
♥❡✉r♦❛♥❛t♦♠✐q✉❡ ❞✉ ❝❡r✈❡❛✉✳ ❈❡tt❡ ♣ér✐♦❞❡ ❞❡ tr❛♥s✐t✐♦♥ ♣❡✉t ❡①♣❧✐q✉❡r ❧❛
♣❧✉s ❣r❛♥❞❡ ♣r♦♣❡♥s✐♦♥ ❞❡s ❛❞♦❧❡s❝❡♥ts à ❛✈♦✐r ❞❡s ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡✱
♥♦t❛♠♠❡♥t ❞✉ ❢❛✐t q✉✬✉♥ s②stè♠❡ ❞✐t ✧❜♦tt♦♠✲✉♣✧✱ q✉✐ ❡①♣r✐♠❡ ✉♥❡ ré❛❝t✐✈✐té
❡①❛❝❡r❜é❡ ❛✉① st✐♠✉❧✐ ♠♦t✐✈❛t✐♦♥♥❡❧s✱ ❛♣♣❛r❛ît tôt ❞❛♥s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t✱
❡♥ ♥✬ét❛♥t ❝♦♥tr❡❜❛❧❛♥❝é q✉❡ t❛r❞✐✈❡♠❡♥t ♣❛r ❧❡ r❡♥❢♦r❝❡♠❡♥t ❞✬✉♥ s②stè♠❡
❞✐t ✧t♦♣✲❞♦✇♥✧✱ q✉✐ ❡①❡r❝❡ ✉♥ ❝♦♥trô❧❡ ❝♦❣♥✐t✐❢✳ ❈❡ ❞éséq✉✐❧✐❜r❡ ❛✉❣♠❡♥t❡ ❧❛
♣r♦♣❡♥s✐♦♥ ❛✉① ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ❡t ❝❛✉s❡ ✉♥❡ ♣❧✉s ❢♦rt❡ s❡♥s✐❜✐❧✐té
❛✉① ❡✛❡ts ❞❡s ❞r♦❣✉❡s ✭❈❛s❡② ❡t ❏♦♥❡s✱ ✷✵✶✵✮✳

❙✉✐t❡ à ♥♦s ♣r❡♠✐❡rs rés✉❧t❛ts s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡s✲
s✐♦♥ ❡t à ❧❛ ♣ré❢ér❡♥❝❡ ♣♦✉r ❧❛ ♥✐❝♦t✐♥❡ ❝❤❡③ ❞❡s s♦✉r✐s ✧♥❛ï✈❡s✧ ✭❞❛♥s ❧❡ s❡♥s
♦ù ❡❧❧❡s ♥✬❛✈❛✐❡♥t ❥❛♠❛✐s été ❡①♣♦sé❡s à ✉♥❡ ❞r♦❣✉❡ ❡t ♥✬❛✈❛✐❡♥t ♣❛s ✉♥ ❝♦♠✲
♣♦rt❡♠❡♥t ❝❛r❛❝tér✐st✐q✉❡ ❞✬✉♥❡ ♣❛t❤♦❧♦❣✐❡ ♣s②❝❤✐❛tr✐q✉❡ ❀ ❝❤❛♣✐tr❡ ✾✮✱ ♥♦✉s
❛✈♦♥s ✈♦✉❧✉ t❡st❡r ❧✬❡✣❝❛❝✐té ❞✬✉♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❝❤❡③ ❞❡s s♦✉r✐s ❛②❛♥t
s✉❜✐ ✉♥❡ ❡①♣♦s✐t✐♦♥ ❝❤r♦♥✐q✉❡ à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡✳

❊♥ ❡✛❡t✱ ■ñ✐❣✉❡③ ❡t ❛❧✳ ✭✷✵✵✾✮ ♦♥t ♠♦♥tré ❝❤❡③ ❧❡ r❛t q✉✬✉♥ t❡❧ tr❛✐t❡♠❡♥t
à ❧✬❛❞♦❧❡s❝❡♥❝❡ ✭♠❛✐s ♣❛s ❝❤❡③ ❧✬❛❞✉❧t❡✮ ❡♥tr❛î♥❡ ✉♥ ét❛t s✐♠✐❧❛✐r❡ à ❧❛ ❞é✲
♣r❡ss✐♦♥ ❡t à ❧✬❛♥①✐été à ❧✬â❣❡ ❛❞✉❧t❡✳ ❯♥ tr❛✐t❡♠❡♥t ❛♥t✐❞é♣r❡ss❡✉r ♣❡r♠❡t
❝❡♣❡♥❞❛♥t ❞❡ ♥♦r♠❛❧✐s❡r ❝❡s ❝♦♠♣♦rt❡♠❡♥ts✳ ❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ✉♥❡
ré❡①♣♦s✐t✐♦♥ à ❧❛ ♥✐❝♦t✐♥❡ ❛✉ss✐✱ ❝❡ q✉✐ ♣♦✉rr❛✐t ❢❛✈♦r✐s❡r ❧❡ ♠❛✐♥t✐❡♥ ❞❡ ❧❛
❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ♥✐❝♦t✐♥❡ à ❧✬â❣❡ ❛❞✉❧t❡✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤❡r❝❤é✱ ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ à r❡♣r♦❞✉✐r❡ ❝❡s ❡✛❡ts
❞é❧étèr❡s ❞❡ ❧✬❡①♣♦s✐t✐♦♥ à ❧❛ ❞r♦❣✉❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡
♠✉r✐♥✱ ❡t à t❡st❡r ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ t❉❈❙ s✉r ❧❡s tr♦✉❜❧❡s ♣r♦✈♦q✉és ♣❛r ❝❡
tr❛✐t❡♠❡♥t à ❧✬â❣❡ ❛❞✉❧t❡✳
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✶✶✳✸✳✶ ▲❛ t❉❈❙ ❛♣rès ✉♥❡ ♣r✐s❡ ❝❤r♦♥✐q✉❡ ❞❡ ♥✐❝♦t✐♥❡ à
❧✬❛❞♦❧❡s❝❡♥❝❡

▲✬ét✉❞❡ ♣rés❡♥té❡ ✐❝✐ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❧❛ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❞❡ ❧✬❛rt✐❝❧❡ ♣ré✲
s❡♥té ❡♥ ❛♥♥❡①❡ ❇ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❉❡s s♦✉r✐s ❛❞♦❧❡s❝❡♥t❡s ✭✹ s❡♠❛✐♥❡s✱
▼❝❈✉t❝❤❡♦♥ ❡t ▼❛r✐♥❡❧❧✐ ✭✷✵✵✾✮✮ ♦♥t r❡ç✉ ❞❡✉① ✐♥❥❡❝t✐♦♥s ♣❛r ❥♦✉r ❞❡ ♥✐✲
❝♦t✐♥❡ ✭✶ ♠❣✴❦❣✮ ♦✉ ❞❡ s♦❧✈❛♥t ✭◆❛❈❧✮ ♣❡♥❞❛♥t ✶✹ ❥♦✉rs✳ ❈❡ tr❛✐t❡♠❡♥t ❛
été s✉✐✈✐ ❞❡ ❧❛ ❝❤✐r✉r❣✐❡ ♣✉✐s ❞❡ s❡ss✐♦♥s ré♣été❡s ❞❡ st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s
♦✉ s❤❛♠ à ❧✬â❣❡ ❞❡ ✽ s❡♠❛✐♥❡s ✭❥❡✉♥❡s ❛❞✉❧t❡s✮✳ ✸ ❣r♦✉♣❡s ♦♥t été ❢♦r♠és ✿
❱❡❤✲❙❤❛♠ ✭◆ ❂ ✶✵✮✱ ◆✐❝✲❙❤❛♠ ✭◆ ❂ ✾✮ ❡t ◆✐❝✲t❉❈❙ ✭◆ ❂ ✶✵✮✳ ❉❡✉① sér✐❡s
❞❡ t❡sts ❝♦♠♣♦rt❡♠❡♥t❛✉① ♦♥t été ré❛❧✐sés✱ à ✸ ❥♦✉rs ♣✉✐s ✸ s❡♠❛✐♥❡s ❛♣rès
❧❡s st✐♠✉❧❛t✐♦♥s✳

▲❡ ♣r♦t♦❝♦❧❡ ❛✐♥s✐ q✉❡ ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ♦❜t❡♥✉s s♦♥t r❡♣rés❡♥tés
❞❛♥s ❧❛ ✜❣✉r❡ ✾✳✷✳
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❋✐❣✉r❡ ✶✶✳✸ ✕ ❘és✉♠é ❞❡ ❧✬❛rt✐❝❧❡ ♥◦✶✱ ♣❛rt✐❡ ✷✳ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧✳
❊P▼ ✿ ❧❛❜②r✐♥t❤❡ ❡♥ ❝r♦✐① s✉ré❧❡✈é❡ ❀ ❋❙❚ ✿ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡ ❀ ◆✐❝✲❈PP ✿
♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❛ ♥✐❝♦t✐♥❡ ❀ ❱❡❤✲❙❤❛♠ ✿ s♦✉r✐s tr❛✐té❡s
❛✉ s♦❧✈❛♥t ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ❡t ♣❛r st✐♠✉❧❛t✐♦♥s ✐♥❛❝t✐✈❡s à ❧✬â❣❡ ❛❞✉❧t❡ ❀
◆✐❝✲❙❤❛♠ ♦✉ ◆✐❝✲t❉❈❙ ✿ s♦✉r✐s tr❛✐té❡s à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ❡t
♣❛r st✐♠✉❧❛t✐♦♥s ✐♥❛❝t✐✈❡s ♦✉ ❛♥♦❞✐q✉❡s✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ à ❧✬â❣❡ ❛❞✉❧t❡✳ ❇✴
Pr✐♥❝✐♣❛✉① rés✉❧t❛ts ♦❜t❡♥✉s✳ ✯ ♣❁✵✳✵✺ ❡t ✯✯ ♣❁✵✳✵✶ ✈❡rs✉s ❣r♦✉♣❡ ✐♥❞✐q✉é ❀
$ ♣❁✵✳✵✺✱ $$$ ♣❁✵✳✵✵✶ ✈❡rs✉s ✵ ✪ ✭s②♠❜♦❧✐sé ♣❛r ❧❛ ❧✐❣♥❡ r♦✉❣❡✮✳

▲❛ ♣r❡♠✐èr❡ r❡♠❛rq✉❡ q✉❡ ❧✬♦♥ ♣❡✉t ❢❛✐r❡ ❡st q✉❡ ❧❡ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡
à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ❛ ✐♥❞✉✐t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❞é✲
♣r❡ss✐❢ ✭❆◆❖❱❆ à ♠❡s✉r❡s ré♣été❡s ✿ ❡✛❡t ❣r♦✉♣❡ ❋(2,26)❂ ✹✳✻✻✱ ♣❁✵✳✵✺✮✱ ❧❡s
s♦✉r✐s ◆✐❝✲❙❤❛♠ ♣❛ss❛♥t ♣❧✉s ❞❡ t❡♠♣s ✐♠♠♦❜✐❧❡ ❞❛♥s ❧❡ ❋❙❚ ✭◆❑ ✿ ♣❁✵✳✵✺
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❝♦♠♣❛ré ❛✉① ❱❡❤✲❙❤❛♠✮✳ ▲❡s s♦✉r✐s ◆✐❝✲t❉❈❙ ♦♥t ❝❡♣❡♥❞❛♥t ✉♥ ❝♦♠♣♦r✲
t❡♠❡♥t s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡s s♦✉r✐s ♥✬❛②❛♥t ❥❛♠❛✐s été ❡①♣♦sé❡s à ❧❛ ❞r♦❣✉❡
✭◆❑ ✿ ♣❁✵✳✵✺ ✈❡rs✉s ◆✐❝✲❙❤❛♠ ❡t ♣ ❂ ✵✳✺✶ ✈❡rs✉s ❱❡❤✲❙❤❛♠✮✳ ❈❡s ❡✛❡ts
s♦♥t r❡❧❡✈és✱ ❝♦♠♠❡ ❞❛♥s ♥♦tr❡ ♣r❡♠✐èr❡ ét✉❞❡✱ tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥
❞❡s st✐♠✉❧❛t✐♦♥s✳

▲❛ ♥✐❝♦t✐♥❡ ✐♥❞✉✐t ✉♥❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝❤❡③ ❧❡s s♦✉r✐s ❱❡❤✲❙❤❛♠
✭♣❁✵✳✵✺ ✈❡rs✉s ✵ ✪✮✳ ❈❡t ❡✛❡t ❡st ❛✉❣♠❡♥té ❝❤❡③ ❧❡s ◆✐❝✲❙❤❛♠ ✭❆◆❖❱❆ ✿
❡✛❡t ❣r♦✉♣❡ ❋(2,26)❂ ✺✳✷✶✱ ♣❁✵✳✵✺ ❀ ◆❑ ✿ ♣❁✵✳✵✺ ✈❡rs✉s ❱❡❤✲❙❤❛♠✳ ♣❁✵✳✵✵✶
✈❡rs✉s ✵ ✪✮✳ ▼❛✐s ❧❛ t❉❈❙ rét❛❜❧✐t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ♥♦r♠❛❧✱ ❛✈❡❝ ✉♥❡ ♣ré✲
❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ✭♣❁✵✳✵✺ ✈❡rs✉s ✵ ✪✮ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ré❞✉✐t❡ ✭◆❑ ✿ ♣❁✵✳✵✶
✈❡rs✉s ◆✐❝✲❙❤❛♠✮ ❡t ♥♦♥ ❞✐✛ér❡♥t❡ ❞❡s ❱❡❤✲❙❤❛♠✳

✶✶✳✸✳✷ ❉✐s❝✉ss✐♦♥

◆♦s rés✉❧t❛ts ♣rés❡♥tés ✐❝✐ ♠♦♥tr❡♥t q✉❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥s
ré♣été❡s ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❣❛✉❝❤❡ ré❞✉✐t✱ ❝❤❡③ ❧❛ s♦✉r✐s✱ ❧❡s tr♦✉❜❧❡s ❝♦♠✲
♣♦rt❡♠❡♥t❛✉① ♦❜s❡r✈és ❛♣rès ✉♥❡ ❡①♣♦s✐t✐♦♥ ❝❤r♦♥✐q✉❡ à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t
❧✬❛❞♦❧❡s❝❡♥❝❡✳

❈♦♠♠❡ ♦❜s❡r✈é ♣❛r ■ñ✐❣✉❡③ ❡t ❛❧✳ ✭✷✵✵✾✮ ❝❤❡③ ❧❡ r❛t✱ ✉♥ tr❛✐t❡♠❡♥t à
❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ✐♥❞✉✐t ❝❤❡③ ❧❛ s♦✉r✐s ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡
t②♣❡ ❞é♣r❡ss✐❢ à ❧✬â❣❡ ❛❞✉❧t❡ ✭❛♣rès s❡✈r❛❣❡ ❢♦r❝é✮✳ ❊♥ ♦✉tr❡✱ ❝❡ tr❛✐t❡♠❡♥t
❛✉❣♠❡♥t❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❛ ♥✐❝♦t✐♥❡✳
❖r ✐❧ ❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❡ ❞❡s é♣✐s♦❞❡s ❞❡ ❞é♣r❡ss✐♦♥ ❛✉❣♠❡♥t❡♥t ❧❡s
r✐sq✉❡s ❞❡ ♣❛ss❡r ❞✬✉♥❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ t❛❜❛❝ à ✉♥❡ ré❡❧❧❡ ❞é♣❡♥❞❛♥❝❡✱ ❡t
❞✐♠✐♥✉❡♥t ❧❡s ❝❤❛♥❝❡s ❞❡ ré✉ss✐r à ❛rrêt❡r ✭❇r❡s❧❛✉ ❡t ❛❧✳✱ ✶✾✾✸ ❀ ❈♦✈❡② ❡t ❛❧✳✱
✶✾✾✵✮✳

■ñ✐❣✉❡③ ❡t ❛❧✳ ✭✷✵✵✾✮ ♦♥t ♦❜s❡r✈é q✉❡ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞✬✉♥ tr❛✐t❡♠❡♥t
❛♥t✐❞é♣r❡ss❡✉r ❛♥♥✉❧❡ ❝❡s ❡✛❡ts ❞❡ ❧❛ ♥✐❝♦t✐♥❡✳ ◆♦tr❡ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙
✐♥❞✉✐t ✉♥ ❡✛❡t ❛♥t✐❞é♣r❡ss❡✉r ❛✉ ❜♦✉t ❞❡ tr♦✐s s❡♠❛✐♥❡s✱ ❡t ❡♥ ♦✉tr❡ ♣❡r♠❡t
❞✬❛♥♥✉❧❡r ❧✬❡✛❡t ❞é❧étèr❡ ❞✉ tr❛✐t❡♠❡♥t à ❧❛ ♥✐❝♦t✐♥❡ ❞❛♥s ❧❡ t❡st ❞❡ ♣ré❢ér❡♥❝❡
❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡✳

❈❡s rés✉❧t❛ts ❧❛✐ss❡♥t à ♣❡♥s❡r q✉❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❝♦♥st✐t✉❡r ✉♥❡ ❛✐❞❡
❛✉ s❡✈r❛❣❡ t❛❜❛❣✐q✉❡✳ ■❧s ❝♦rr♦❜♦r❡♥t ❝❡✉① ♦❜s❡r✈és ❝❤❡③ ❧✬❍♦♠♠❡ ❀ ❝❤❡③ ❞❡s
❢✉♠❡✉rs✱ ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ♣❡✉✈❡♥t ❞✐♠✐♥✉❡r ❧❡ ❝r❛✈✐♥❣ ♣♦✉r ❧❡
t❛❜❛❝ ♦✉ ❡♥❝♦r❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝✐❣❛r❡tt❡s ❢✉♠é❡s ✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✾❜✮✳ ◆♦tr❡
ét✉❞❡ ❝❤❡③ ❧✬❛♥✐♠❛❧ ❝♦♥✜r♠❡ ❞♦♥❝ ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡ ❛✐❞❡ à ❧❛
❝❡ss❛t✐♦♥ ❞✉ t❛❜❛❣✐s♠❡✱ ❡t à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ r✐sq✉❡ ❞❡ r❡❝❤✉t❡ ❝❤❡③ ❞❡s
❢✉♠❡✉rs ❛❜st✐♥❡♥ts✳ ❈❡❝✐ ✈✐❛ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧✬❡✛❡t ❛♣♣ét✐t✐❢ ❞❡ ❧❛ ♥✐❝♦t✐♥❡✱
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❡t ❞❡ ❧✬❡✛❡t ♥é❣❛t✐❢ ❞❡ ❧✬❛❜st✐♥❡♥❝❡ s✉r ❧✬❤✉♠❡✉r✳

✶✶✳✹ ❊✛❡ts ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥

❞✬❛❧❝♦♦❧ ✭❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ●❘❆P✮

▲✬✉s❛❣❡ ♥♦❝✐❢ ❞❡ ❧✬❛❧❝♦♦❧ ❡st ✉♥ ♣r♦❜❧è♠❡ ♠❛❥❡✉r ❞❡ s❛♥té ♣✉❜❧✐❝ ❡♥ ❝❡❧❛
q✉✬❡♥ ♣❧✉s ❞✉ r✐sq✉❡ ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥❡ ❞é♣❡♥❞❛♥❝❡✱ ❧✬❛❧❝♦♦❧ ❡st ✉♥ ✐♠♣♦rt❛♥t
❢❛❝t❡✉r ❞❡ r✐sq✉❡ ♣♦✉r ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♠❛❧❛❞✐❡s t❡❧❧❡s q✉❡ ❧❛ ❝✐rr❤♦s❡ ❞✉
❢♦✐❡ ♦✉ ❝❡rt❛✐♥s ❝❛♥❝❡rs✳ ❊♥ ✷✵✶✷✱ ❧✬❖▼❙ ✭♦✉ ❲❍❖ ♣♦✉r ❲♦r❧❞ ❍❡❛❧t❤ ❖r❣❛✲
♥✐③❛t✐♦♥✮ ❡st✐♠❡ à ✸✳✸ ♠✐❧❧✐♦♥s ❧❡ ♥♦♠❜r❡ ❞❡ ❞é❝ès ❞❛♥s ❧❡ ♠♦♥❞❡ ✐♠♣✉t❛❜❧❡s
à ✉♥❡ ❝♦♥s♦♠♠❛t✐♦♥ ❛❜✉s✐✈❡ ❞✬❛❧❝♦♦❧ ✭❲❍❖✱ ✷✵✶✹✮✳

▲❛ t❤ér❛♣✐❡ ❝♦♥tr❡ ❧✬❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥❝❡✱ ❝♦♠♠❡ ♣♦✉r ❧❡s ❛✉tr❡s ❛❞❞✐❝✲
t✐♦♥s✱ ❝♦♥s✐st❡ ❛❝t✉❡❧❧❡♠❡♥t à ✈✐s❡r ❧❡ s❡✈r❛❣❡ ♦✉ ✉♥❡ ❜❛✐ss❡ ❞❡ ❧❛ ❝♦♥s♦♠♠❛✲
t✐♦♥ ❡t é✈✐t❡r ❧❡s r❡❝❤✉t❡s✳ ❆✜♥ ❞✬② ♣❛r✈❡♥✐r✱ ❧❡s t❤ér❛♣❡✉t❡s ♣❡✉✈❡♥t ♣r❡s✲
❝r✐r❡ ❞❡s ♠é❞✐❝❛♠❡♥ts ❞✐♠✐♥✉❛♥t ❧❡s s②♠♣tô♠❡s ❞❡ s❡✈r❛❣❡ ✭♣❛r ❡①❡♠♣❧❡✱
❞❡s ❛♥①✐♦❧②t✐q✉❡s✮✱ ♦✉ ❞❡s tr❛✐t❡♠❡♥ts ré❞✉✐s❛♥t ❧✬❡♥✈✐❡ ❞❡ ❝♦♥s♦♠♠❡r ✭❡✳❣✳
♥❛❧tr❡①♦♥❡✱ ❛❝❛♠♣r♦s❛t❡✳ ✳ ✳✮✳ P❛r♠✐ ❧❡s ♥♦✉✈❡❛✉① tr❛✐t❡♠❡♥ts ❛❝t✉❡❧❧❡♠❡♥t
ét✉❞✐és✱ ❧❡ ❜❛❝❧♦❢è♥❡ ❡t ❧✬❆❧❝♦✈❡r❘© s❡♠❜❧❡♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡✣❝❛❝❡s ♣♦✉r
❢❛❝✐❧✐t❡r ❧❡ s❡✈r❛❣❡ ✭❧❡ ♣r❡♠✐❡r ❜é♥é✜❝✐❛♥t ❞✬✉♥❡ ❛✉t♦r✐s❛t✐♦♥ t❡♠♣♦r❛✐r❡ ❞✬✉t✐✲
❧✐s❛t✐♦♥✱ ❡t ❧❡ s❡❝♦♥❞ ❞✬✉♥❡ ❛✉t♦r✐s❛t✐♦♥ ❞❡ ♠✐s❡ s✉r ❧❡ ♠❛r❝❤é ❡♥ ■t❛❧✐❡ ❡t ❡♥
❆✉tr✐❝❤❡✮✳

❈♦♠♠❡ ✈✉ ❡♥ ✐♥tr♦❞✉❝t✐♦♥✱ ♣❧✉s✐❡✉rs éq✉✐♣❡s ❞❡ ❝❤❡r❝❤❡✉rs s❡ s♦♥t ✐♥té✲
r❡ssé❡s à ❧❛ t❉❈❙ ✭❧❛ str✉❝t✉r❡ ❝✐❜❧é❡ ét❛♥t ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧✮
♣♦✉r ❛✐❞❡r ❧❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts à s❡ s❡✈r❡r ❡t à é✈✐t❡r ❧❡s r❡❝❤✉t❡s
✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❝ ❀ ❞❡♥ ❯②❧ ❡t ❛❧✳✱ ✷✵✶✺ ❀ ❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❉❛♥s ❝❡tt❡ ♦♣t✐q✉❡ ❡t ❛♣rès ❛✈♦✐r ♠♦♥tré ❞❡s ❡✛❡ts ❡♥❝♦✉r❛❣❡❛♥ts ❞❡ ❧❛
t❉❈❙ s✉r ❧✬❡✛❡t r❡♥❢♦rç❛t❡✉r ❞❡ ❧❛ ♥✐❝♦t✐♥❡ ❝❤❡③ ❧❛ s♦✉r✐s✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é
à ✈ér✐✜❡r s✐ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣♦✉✈❛✐t ❞✐♠✐♥✉❡r ❧✬❡✛❡t r❡♥❢♦rç❛✲
t❡✉r ❞✬❛✉tr❡s ❞r♦❣✉❡s✱ t❡❧❧❡s q✉❡ ❧✬❛❧❝♦♦❧✳ ◆♦✉s ❛✈♦♥s ♠❡♥é q✉❛tr❡ ét✉❞❡s ❞♦♥t
❞❡✉① ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❞✉ Pr✳ ◆❛❛ss✐❧❛ ❛✉ s❡✐♥ ❞✉ ●r♦✉♣❡ ❞❡ ❘❡✲
❝❤❡r❝❤❡ s✉r ❧✬❆❧❝♦♦❧ ❡t ❧❡s P❤❛r♠❛❝♦❞é♣❡♥❞❛♥❝❡s ✭●❘❆P ■◆❙❊❘▼ ❊❘■ ✷✹✱
❆♠✐❡♥s✮✳ ❈❡ ❧❛❜♦r❛t♦✐r❡ ❡st ❤❛✉t❡♠❡♥t s♣é❝✐❛❧✐sé ❡♥ r❡❝❤❡r❝❤❡ s✉r ❧✬❛❞❞✐❝t✐♦♥
à ❧✬❛❧❝♦♦❧ ❡t s✉r ❧❛ ♠❛❧❛❞✐❡ ❛❧❝♦♦❧✐q✉❡ ❞✉ ❢♦✐❡✱ ❡t ❛ ♥♦t❛♠♠❡♥t ♣✉ ♠❡ttr❡ ❡♥
♣❧❛❝❡ ✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞✬❛❞❞✐❝t✐♦♥ à ❧✬❛❧❝♦♦❧ ✉♥✐q✉❡ ❡♥ ❋r❛♥❝❡✳

✶✶✳✹✳✶ t❉❈❙ ❡t ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ❞✬ét❤❛♥♦❧

❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ét✉❞❡✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à é✈❛❧✉❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥
❞✬❛❧❝♦♦❧ ♣❛r ✈♦✐❡ ♦r❛❧❡ ❞❡s s♦✉r✐s q✉❛♥❞ ✉♥❡ s♦❧✉t✐♦♥ ❞✬ét❤❛♥♦❧ ✭❞✐❧✉é❡ à ✺ ✪
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❞❛♥s ❧✬❡❛✉ ❞❡ ❜♦✐ss♦♥✮ ❧❡✉r ét❛✐t ♣r♦♣♦sé❡ ❡♥ ❧✐❜r❡ ❝❤♦✐① ❛✈❡❝ ❞❡ ❧✬❡❛✉✳

❈❡tt❡ ét✉❞❡ ❛ été ♠❡♥é❡ s✉r ✉♥ ❣r♦✉♣❡ ❞❡ s♦✉r✐s ❛②❛♥t r❡ç✉ ❞❡s st✐♠✉❧❛✲
t✐♦♥s ♣❛r t❉❈❙ ❛❝t✐✈❡ ♦✉ s❤❛♠✱ ♣✉✐s ❞❡s ✐♥❥❡❝t✐♦♥s ré♣été❡s ❞✬❛❧❝♦♦❧ ✭✷ ❣✴❦❣✱
q✉♦t✐❞✐❡♥♥❡♠❡♥t ♣❡♥❞❛♥t ✷ s❡♠❛✐♥❡s✮ ♣♦✉r ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥ ♣r♦t♦❝♦❧❡ ❞❡
s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ ✭rés✉❧t❛ts ♥♦♥ ♣rés❡♥tés ♣✉✐sq✉❡ ❝❡ t❡st ❛ été ❞❡
♥♦✉✈❡❛✉ ❢❛✐t ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ●❘❆P ❀ ❈❢✳ ✶✶✳✹✳✹✮✳ ▲❡ t❡st ❞❡ ❧✐❜r❡
❝❤♦✐① ❛ été ❡✛❡❝t✉é s✉r ✷ s❡♠❛✐♥❡s✱ ✽ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s
✭✜❣✉r❡ ✶✶✳✹ ❆✮✳
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❋✐❣✉r❡ ✶✶✳✹ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧ ❡t ❇✴ rés✉❧t❛ts ♦❜t❡♥✉s ❝❤❡③ ❞❡s
s♦✉r✐s ❛②❛♥t ❛❝❝ès à ❞❡ ❧✬ét❤❛♥♦❧ ✺ ✪ ❡♥ ❧✐❜r❡ ❝❤♦✐① ❛✈❡❝ ❞❡ ❧✬❡❛✉ ✭❡♥ q✉❛♥t✐té
❝♦♥s♦♠♠é❡ ❡♥ ❣✴❦❣✴❥♦✉r✱ à ❣❛✉❝❤❡✱ ❡t ❡♥ s❝♦r❡ ❞❡ ♣ré❢ér❡♥❝❡ ✭✪✮ ❝♦♠♣❛ré à
❧✬❡❛✉✱ à ❞r♦✐t❡✳

▲❡s s♦✉r✐s ♦♥t ❝♦♥s♦♠♠é ✶✷ à ✶✽ ✪ ❞❡ s♦❧✉t✐♦♥ ❛❧❝♦♦❧✐sé❡ ✭♣❛r r❛♣♣♦rt à
❧❡✉r ❝♦♥s♦♠♠❛t✐♦♥ t♦t❛❧❡ ❞❡ ✢✉✐❞❡✮✱ s♦✐t ❡♥✈✐r♦♥ ✶❣✴❦❣ ❞✬ét❤❛♥♦❧ ❝❤❛q✉❡ ❥♦✉r✳
❈❡s ✈❛❧❡✉rs ❝♦rr❡s♣♦♥❞❡♥t à ❝❡❧❧❡s r❡❧❡✈é❡s ♣❛r ▲❡❣❛st❡❧♦✐s ❡t ❛❧✳ ✭✷✵✶✹✮ ✭♣♦✉r
❞❡s ❜♦✐ss♦♥s ❝♦♥t❡♥❛♥t ✸ à ✻ ✪ ❞✬ét❤❛♥♦❧✮ ❝❤❡③ ❧❛ s♦✉r✐s ❙✇✐ss ❢❡♠❡❧❧❡✳ ❯♥
❡✛❡t ❞✉ t❡♠♣s ❡st r❡❧❡✈é ✭❆◆❖❱❆ à ♠❡s✉r❡s ré♣été❡s ✿ ❡✛❡t t❡♠♣s ❋(5,70)❂
✵✳✷✹✱ ♣❁✵✳✵✺✮✱ ♠❛✐s ❛✉❝✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢ ❞❡ ❧❛ t❉❈❙ ♥✬❛ été ♥♦té ✭❡✛❡t
❣r♦✉♣❡ ❋(1,14)❂ ✵✳✹✷✱ ♣❃✵✳✵✺ ❀ ❡✛❡t t❡♠♣s ① ❣r♦✉♣❡ ❋(5,70)❂ ✵✳✽✺✱ ♣❃✵✳✵✺ ❀
✜❣✉r❡ ✶✶✳✹ ❇✮✳
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✶✶✳✹✳✷ t❉❈❙ ❡t ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r
❧✬ét❤❛♥♦❧

◆♦✉s ❛✈♦♥s ♣❛r ❧❛ s✉✐t❡ é✈❛❧✉é ❧✬✐♠♣❛❝t ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥s
ré♣été❡s s✉r ❧❛ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣♦✉r ❧✬ét❤❛♥♦❧✱ ❝❡❝✐ ♣♦✉r ❞❡✉①
❞♦s❡s✳

❈❡tt❡ ét✉❞❡ ❛ été ♠❡♥é❡ s✉r ✹ ❣r♦✉♣❡s ❞❡ s♦✉r✐s st✐♠✉❧é❡s ♣❛r t❉❈❙
❛❝t✐✈❡ ♦✉ s❤❛♠✱ ♣✉✐s ré❛❧✐s❛♥t ❧❡ t❡st ❝♦♠♣♦rt❡♠❡♥t❛❧ s♦✐t ✹ s❡♠❛✐♥❡s ✭❞♦s❡
❞❡ ✶ ❣✴❦❣✮✱ s♦✐t ✺ s❡♠❛✐♥❡s ✭❞♦s❡ ❞❡ ✷ ❣✴❦❣✮ ❛♣rès ✭✜❣✉r❡ ✶✶✳✺ ❆✮✳
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❋✐❣✉r❡ ✶✶✳✺ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧ ❡t ❇✴ rés✉❧t❛ts ♦❜t❡♥✉s ❞❛♥s ❧❡
t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧✬ét❤❛♥♦❧✳ ❙❤❛♠✲✶ ♦✉ t❉❈❙✲✶ ✿
s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❡s st✐♠✉❧❛t✐♦♥s s❤❛♠ ♦✉ ❛♥♦❞✐q✉❡s✱ ♣✉✐s ré❛❧✐s❛♥t ❧❡ ❈PP
♣♦✉r ✉♥❡ ❞♦s❡ ❞✬ét❤❛♥♦❧ ❞❡ ✶ ❣✴❦❣ ✹ s❡♠❛✐♥❡s ❛♣rès✳ ❙❤❛♠✲✷ ♦✉ t❉❈❙✲✷ ✿
s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❡s st✐♠✉❧❛t✐♦♥s s❤❛♠ ♦✉ ❛♥♦❞✐q✉❡s✱ ♣✉✐s ré❛❧✐s❛♥t ❧❡ ❈PP
♣♦✉r ✉♥❡ ❞♦s❡ ❞✬ét❤❛♥♦❧ ❞❡ ✷ ❣✴❦❣ ✺ s❡♠❛✐♥❡s ❛♣rès✳ $ ♣❁✵✳✵✺✱ $$ ♣❁✵✳✵✶
✈❡rs✉s ✵ ✪ ✭r❡♣rés❡♥té ♣❛r ✉♥❡ ❜❛rr❡ r♦✉❣❡ s✉r ❧✬❤✐st♦❣r❛♠♠❡✮✳

◗✉❡❧ q✉❡ s♦✐t ❧❡ ❣r♦✉♣❡✱ ❧❡s s♦✉r✐s ♦♥t ❡①♣r✐♠é ✉♥❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡
❝♦♥❞✐t✐♦♥♥é❡ ✭♣❁✵✳✵✺ ❡t ♣❁✵✳✵✶ ✈❡rs✉s ✵ ✪ ♣♦✉r ❧❡s ❞♦s❡s ❞❡ ✶ ♦✉ ❞❡ ✷ ❣✴❦❣✱
r❡s♣❡❝t✐✈❡♠❡♥t✮✳ ❯♥❡ ❆◆❖❱❆ ❢❛❝t♦r✐❡❧❧❡ ♥❡ ré✈è❧❡ ❞✬❡✛❡t ♥✐ ❞❡ ❧❛ ❞♦s❡ ✭❡✛❡t
❞♦s❡ ✿ ❋(1,30)❂ ✷✳✾✱ ♣❃✵✳✵✺✮ ♥✐ ❞❡ ❧❛ t❉❈❙ ✭❡✛❡t ❣r♦✉♣❡ ❋(1,30)❂ ✵✳✷✻ ❀ ❡✛❡t
❞♦s❡ ① ❣r♦✉♣❡ ❋(1,30)❂ ✵✳✼✼✱ t♦✉s ❞❡✉① ♣❃✵✳✵✺ ❀ ✜❣✉r❡ ✶✶✳✺ ❇✮✳
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✶✶✳✹✳✸ t❉❈❙ ❡t r❡❝❤✉t❡ ❡♥ ❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ●❘❆P✱ ❥❡ ♠❡ s✉✐s r❡♥❞✉❡ ❡♥
st❛❣❡ à ❆♠✐❡♥s ♦ù ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲
❛❞♠✐♥✐str❛t✐♦♥✱ q✉✐ ♣❡r♠❡t ❞✬é✈❛❧✉❡r ♣❧✉s✐❡✉rs ❝r✐tèr❡s ❛ss♦❝✐és à ❧✬❛❞❞✐❝t✐♦♥
❝❤❡③ ❧❡ r♦♥❣❡✉r ✭❉❡r♦❝❤❡✲●❛♠♦♥❡t ❡t ❛❧✳✱ ✷✵✵✹✮✳

P♦✉r ét✉❞✐❡r ❝❡tt❡ q✉❡st✐♦♥✱ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ ♣❧❛❝❡ ❧❡ ♣r♦t♦❝♦❧❡ s✉✐✈❛♥t
✭✜❣✉r❡ ✶✶✳✻ ❆✮✮ ✿

✖ ▲✐❜r❡ ❝❤♦✐① ✿ ♣♦✉r ❧❡s ❤❛❜✐t✉❡r ❛✉ ❣♦ût ❞❡ ❧✬❛❧❝♦♦❧✱ ✺✹ s♦✉r✐s ❙✇✐ss ♦♥t
❡✉ ❛❝❝ès ❡♥ ❧✐❜r❡ ❝❤♦✐① ✭à ❧✬❛♥✐♠❛❧❡r✐❡✮ à ❞❡✉① ❜✐❜❡r♦♥s✱ ❧✬✉♥ ❝♦♥t❡♥❛♥t
❞❡ ❧✬❡❛✉ ❡t ❧✬❛✉tr❡ ✉♥❡ s♦❧✉t✐♦♥ ❞✬❛❧❝♦♦❧ ❞♦♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❛ été
❛✉❣♠❡♥té❡ ♣r♦❣r❡ss✐✈❡♠❡♥t ✭✻✱ ✶✵✱ ♣✉✐s ✷✵ ✪✮ s✉r ❞❡✉① s❡♠❛✐♥❡s ❀

✖ ❆✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✿ ♣❡♥❞❛♥t ✻ s❡♠❛✐♥❡s✱ ❧❡s s♦✉r✐s ♦♥t ❛♣♣r✐s à ❢♦✉r✲
♥✐r ✉♥ tr❛✈❛✐❧ s❡❧♦♥ ✉♥ r❛t✐♦ ✜①❡ ✭❋❘✶ ♦✉ ❋❘✷ ✿ ✶ ♦✉ ✷ ♥♦s❡✲♣♦❦❡s✮ ♣♦✉r
♦❜t❡♥✐r ✉♥❡ ❞♦s❡ ❞✬❛❧❝♦♦❧ ✭❈❢✳ ♠❛tér✐❡❧ ❡t ♠ét❤♦❞❡s✱ s❡❝t✐♦♥ ✻✳✺✳✸✮ ❀

✖ ❙t✐♠✉❧❛t✐♦♥s tr❛♥s❝râ♥✐❡♥♥❡s ✿ ❧❡s ✷✷ ♣❧✉s ✧❣r❛♥❞❡s ❜✉✈❡✉s❡s✧ ✭s♦✉r✐s
❛②❛♥t ❞❡♠❛♥❞é ❧❡ ♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞♦s❡s ❞✬❛❧❝♦♦❧ ❡♥ ❋❘✷ ❧♦rs ❞❡
❧✬ét❛♣❡ ♣ré❝é❞❡♥t❡✮ ♦♥t été sé❧❡❝t✐♦♥♥é❡s✱ ♦♥t s✉❜✐ ❧❛ ❝❤✐r✉r❣✐❡✱ ❡t ✉♥
tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥s s❤❛♠ ♦✉ ❛♥♦❞✐q✉❡s ❀

✖ ❊①t✐♥❝t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ✿ à ❧❛ ✜♥ ❞❡s st✐✲
♠✉❧❛t✐♦♥s ❧❡s s♦✉r✐s ♦♥t été r❡♣❧❛❝é❡s ❞❛♥s ❧❡ ❞✐s♣♦s✐t✐❢✱ ♠❛✐s s❛♥s ❛❝❝ès
à ❧✬❛❧❝♦♦❧ q✉❡❧ q✉❡ s♦✐t ❧❡ tr❛✈❛✐❧ ❢♦✉r♥✐✳ ❈❡tt❡ ♣❤❛s❡ ❛ été ♠❛✐♥t❡♥✉❡
❥✉sq✉✬à ❝❡ q✉❡ ❧❡s s♦✉r✐s ❛tt❡✐❣♥❡♥t ✉♥ ♥✐✈❡❛✉ ❜❛s ❡t st❛❜❧❡ ❞❡ ♥♦s❡✲
♣♦❦❡s ❞❛♥s ❧❛ ❢❡♥êtr❡ ❛❝t✐✈❡ ✭s♦✐t ✹ s❡♠❛✐♥❡s✮ ❀

✖ ❘❡❝❤✉t❡ ✿ ❆✜♥ ❞❡ ❞é❝❧❡♥❝❤❡r ❧❛ r❡♣r✐s❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡ r❡❝❤❡r❝❤❡
❞✬❛❧❝♦♦❧ ✭♥♦s❡✲♣♦❦❡s✮✱ ✉♥❡ ❞♦s❡ ✭❡♥ ❧✐❜r❡ ❛❝❝ès✮ ❛ été ❞♦♥♥é❡ ❛✉① s♦✉✲
r✐s ❡♥ ❞é❜✉t ❞❡ s❡ss✐♦♥ ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✱ ♣✉✐s ❧❡✉r ❝♦♠♣♦rt❡♠❡♥t
❛ été ♠❡s✉ré s✉r ✉♥❡ s❡ss✐♦♥ ❝❧❛ss✐q✉❡ ❡♥ ❋❘✷✳ ▲❛ ré✲❛❝q✉✐s✐t✐♦♥ ❞✉
❝♦♠♣♦rt❡♠❡♥t ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ❛ ❛✐♥s✐ été ♠❡s✉ré❡ ♣❡♥❞❛♥t ✷ s❡✲
♠❛✐♥❡s✳
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La tDCS diminue la demande d'alcool au cours de la période d'extinction (S21 
à S24) ainsi que la consommation lors de la phase de rechute (S25 et S26).

❋✐❣✉r❡ ✶✶✳✻ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧✳ ▲❡s s♦✉r✐s ♦♥t été ❤❛❜✐t✉é❡s ❛✉
❣♦ût ❞❡ ❧✬❛❧❝♦♦❧ ✭❧✐❜r❡ ❝❤♦✐①✮ ♣✉✐s ❛✉ ❞✐s♣♦s✐t✐❢ ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ♣❡♥❞❛♥t
✻ s❡♠❛✐♥❡s✳ ▲❡s ✷✷ ♣❧✉s ❣r❛♥❞❡s ❜✉✈❡✉s❡s ♦♥t été sé❧❡❝t✐♦♥♥é❡s ❡t ré♣❛rt✐❡s
❞❛♥s ❧❡s ❣r♦✉♣❡ ❙❤❛♠ ♦✉ t❉❈❙✳ ❋❘✶✱ ❋❘✷ ✿ r❛t✐♦ ✜①❡ ❞❡ ✶ ♦✉ ✷✳ ❇✴ Pr✐♥❝✐♣❛✉①
rés✉❧t❛ts ♦❜t❡♥✉s ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ❞✬ét❤❛♥♦❧ ❛✉ ❝♦✉rs ❞❡s
s❡ss✐♦♥s ❞✬❡①t✐♥❝t✐♦♥ ❡t ❞❡ r❡❝❤✉t❡✳ ✯ ♣❁✵✳✵✺✱ ✯✯ ♣❁✵✳✵✶ ✈❡rs✉s ❙❤❛♠✳

❆✈❛♥t tr❛✐t❡♠❡♥t ♣❛r t❉❈❙✱ ❧❡s ✷✷ s♦✉r✐s ré❛❧✐s❛♥t ❧❡ ♣❧✉s ❞❡ ♥♦s❡✲♣♦❦❡s
♦♥t été sé❧❡❝t✐♦♥♥é❡s✳ ❊❧❧❡s ♦♥t été ♣❧❛❝é❡s ❡♥ s❡✈r❛❣❡ ❢♦r❝é ✭♣❛s ❞❡ s❡ss✐♦♥
❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ♣❡♥❞❛♥t ❧❡s ❞❡✉① s❡♠❛✐♥❡s ❞✬♦♣ér❛t✐♦♥ ❡t t❉❈❙✮✱ ♣✉✐s
♦♥t s✉❜✐ ✉♥❡ ❡①t✐♥❝t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ♦♣ér❛♥t✳

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ♥♦s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥s♦♠✲
♠❛t✐♦♥ ❞✬❛❧❝♦♦❧ ❝❤❡③ ❧❡s s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❛ t❉❈❙ ✭❆◆❖❱❆ à ♠❡s✉r❡s ré♣é✲
té❡s s✉r ❧❡s s❡ss✐♦♥s ❙✷✶ à ❙✷✻ ✿ ❡✛❡t ❣r♦✉♣❡ ❋(1,20)❂ ✺✳✻✻✱ ♣❁✵✳✵✺✮✳ ▲✬❛♥❛❧②s❡
♣♦st✲❤♦❝ ❞❡ ◆❡✇♠❛♥✲❑❡✉❧s ♠♦♥tr❡ ✉♥❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❡s ❞❡✉①
❣r♦✉♣❡s ♣❡♥❞❛♥t ❧❡s ❞❡✉① s❡♠❛✐♥❡s ❞❡ r❡❝❤✉t❡ ✭❙✷✺ ❡t ❙✷✻✮✱ ❧❡s s♦✉r✐s t❉❈❙
❢♦✉r♥✐ss❛♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♠♦✐♥s ❞❡ ❞❡♠❛♥❞❡s ♣♦✉r ♦❜t❡♥✐r ❞❡ ❧✬❛❧❝♦♦❧ q✉❡
❧❡s s♦✉r✐s ❙❤❛♠ ✭◆❑✱ ♣❁✵✳✵✺ ❀ ✜❣✉r❡ ✶✶✳✻ ❇✮✳
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✶✶✳✹✳✹ t❉❈❙ ❡t s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ à ❧✬ét❤❛♥♦❧

❚♦✉❥♦✉rs ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ●❘❆P✱ ♥♦✉s ❛✈♦♥s
t❡sté ❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❛✉① ❡✛❡ts ❧♦❝♦♠♦t❡✉rs ❞❡
❧✬ét❤❛♥♦❧✳ ❘❛♣♣❡❧♦♥s q✉❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞é❝r✐t✱ ❛♣rès ✉♥
tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡✱ ✉♥❡ ré♣♦♥s❡ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♥t❡♥s❡ à ✉♥❡ ❛❞♠✐♥✐str❛✲
t✐♦♥ ❞❡ ❞r♦❣✉❡✳

◆♦✉s ❛✈♦♥s t❡sté ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ à ❧✬ét❤❛♥♦❧ ❝❤❡③ ❞❡s s♦✉r✐s
❙✇✐ss ❡t ❞❡s s♦✉r✐s ❉❇❆✴✷❏✱ ❝❡s ❞❡r♥✐èr❡s ❛②❛♥t été ❝❤♦✐s✐❡s ♣♦✉r ❧❡✉r ❢♦rt❡
♣r♦♣❡♥s✐♦♥ à ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ à ❧✬ét❤❛♥♦❧ ✭P❤✐❧❧✐♣s ❡t ❛❧✳✱ ✶✾✾✹ ❀ ▼❡❧ó♥ ❡t
❇♦❡❤♠✱ ✷✵✶✶✮✳

❉❛♥s ❝❡tt❡ ét✉❞❡ ✿
✖ ❧❡s s♦✉r✐s ♦♥t ❞✬❛❜♦r❞ s✉✐✈✐ ❧❡ ♣r♦t♦❝♦❧❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡✱

❛✈❡❝ ✉♥ ❣r♦✉♣❡ ❝♦♥trô❧❡ ♣❛r s♦✉❝❤❡ ✭s❛♥s ✐♥❥❡❝t✐♦♥ ❞✬ét❤❛♥♦❧✮ ❀
✖ ❧❡ s❝♦r❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❞❡ ❝❤❛q✉❡ s♦✉r✐s ❛ été ❝❛❧❝✉❧é ❀
✖ ❧❡s s♦✉r✐s ♦♥t ❡♥s✉✐t❡ s✉❜✐ ❧❛ ❝❤✐r✉r❣✐❡✱ ❡t ✉♥ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛✲

t✐♦♥s s❤❛♠ ♦✉ ❛♥♦❞✐q✉❡s ♣♦✉r ❛tt❡✐♥❞r❡ ❧❡s ❡✛❡❝t✐❢s ❞é❝r✐ts ❝✐✲❛♣rès
✭✜❣✉r❡ ✶✶✳✼ ❆✮ ❀

✖ ♣✉✐s ❡❧❧❡s ♦♥t s✉❜✐ ✺ ❝❤❛❧❧❡♥❣❡s ✭✺ ✐♥❥❡❝t✐♦♥s ❞✬ét❤❛♥♦❧ sé♣❛ré❡s ❞✬✉♥❡
s❡♠❛✐♥❡ ❞✬✐♥t❡r✈❛❧❧❡✮✱ ❧❡ ♣r❡♠✐❡r ✶ s❡♠❛✐♥❡ ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s
✭s♦✐t ❛♣rès ✸ s❡♠❛✐♥❡s s❛♥s ❛❧❝♦♦❧✮✳

P♦✉r ❝♦♠♠❡♥❝❡r✱ ❞❡✉① ♣r♦✜❧s ♦♥t été ❞é✜♥✐s ♣♦✉r ❝❤❛q✉❡ s♦✉❝❤❡ à ♣❛rt✐r
❞✉ s❝♦r❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ✭s❡❝t✐♦♥ ✻✳✺✳✹✮ ✿ ♣r♦✜❧ ❘és✐st❛♥t ✭❘✮ à ❧❛ s❡♥s✐❜✐❧✐s❛✲
t✐♦♥ ✭♣❛s ❞✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❡♥tr❡ ❧❛ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥
❞✬ét❤❛♥♦❧ ❡t ❧❛ ❞✐①✐è♠❡✮ ♦✉ ❙❡♥s✐❜✐❧✐sé ✭❙✱ ❛✉❣♠❡♥t❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❛✉ ❝♦✉rs
❞❡s ✐♥❥❡❝t✐♦♥s✮✳ ❈♦♠♠❡ ❞é❝r✐t ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❛ été ♣❧✉s
✐♠♣♦rt❛♥t❡ ❝❤❡③ ❧❡s s♦✉r✐s ❉❇❆ ✭✽ rés✐st❛♥t❡s ♣♦✉r ✶✾ s❡♥s✐❜✐❧✐sé❡s✮ q✉❡ ❝❤❡③
❧❡s ❙✇✐ss ✭✶✻ rés✐st❛♥t❡s ♣♦✉r ✶✹ s❡♥s✐❜✐❧✐sé❡s✮✳ ➚ ❧❛ s✉✐t❡ ❞❡ ❧✬✐♥❞✉❝t✐♦♥ ❞❡ ❧❛
s❡♥s✐❜✐❧✐s❛t✐♦♥ ✭✐♥❥❡❝t✐♦♥ q✉♦t✐❞✐❡♥♥❡ ❞✬ét❤❛♥♦❧✮✱ ❧❡s s♦✉r✐s ♦♥t été ♦♣éré❡s ❡t
ré♣❛rt✐❡s éq✉✐t❛❜❧❡♠❡♥t ❞❛♥s ❧❡s ❣r♦✉♣❡s ❙❤❛♠ ♦✉ t❉❈❙✳ ▲❡s ✐♥❥❡❝t✐♦♥s ❞✐t❡s
✧❈❤❛❧❧❡♥❣❡✧ ✭❡①♣r❡ss✐♦♥ ❞❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥✮ ♦♥t ❝♦♠♠❡♥❝é ❞❡✉① s❡♠❛✐♥❡s
❛♣rès ❧❡s st✐♠✉❧❛t✐♦♥s ✭✜❣✉r❡ ✶✶✳✼ ❆✮✳
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Inductionwdewlawsensibilisation Challenge

#
##

##

A

B

#
##
###

C1 C2 C3 C4 C5

R#Sham Ø Ø Ø Ø Ø

R#tDCS Ø 0 0 0 Ø

S#Sham 0 00 00 0 00

S#tDCS 000 000 00 000 Ø

R#Sham Ø Ø Ø Ø Ø

R#tDCS Ø 0 0 Ø Ø

S#Sham 000 00 00 000 000

S#tDCS 00 000 000 000 00

SWISS

DBA

Groupe

# # #

# #

C

La tDCS ne modifie 
pas le comportement 
des souris sensibilisées 
mais fait apparaître 
une augmentation 
d'activité locomotrice 
chez les souris 
résistantes, quelle que 
soit la souche.

Différence d'activité locomotrice 
pour chaque challenge comparée au 
premier jour d'injection d'éthanol 
(I 1). Les différences importantes 
(hausse d'activité locomotrice chez 
des souris auparavant résistantes) 
sont représentées en rouge.

Swissw
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#w8wR#tDCS

w
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#w1pwS#tDCS
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❋✐❣✉r❡ ✶✶✳✼ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧ ❞é❜✉t❛♥t ♣❛r ✉♥❡ ✐♥❞✉❝t✐♦♥ ❞❡
❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ✭■ ✶ à ■ ✶✵✮ à ❧✬ét❤❛♥♦❧✳ ▲❡s s♦✉r✐s ♦♥t été ❝❧❛ssé❡s s❡❧♦♥
❧❡✉r ♣r♦✜❧ ✭❘ ✿ ❘és✐st❛♥t❡ ♦✉ ❙ ✿ ❙❡♥s✐❜✐❧✐sé❡✮ ♣✉✐s ♦♣éré❡s ❡t tr❛✐té❡s ♣❛r
st✐♠✉❧❛t✐♦♥s ❛❝t✐✈❡s ♦✉ ❙❤❛♠ ✭✹ ❣r♦✉♣❡s ♣❛r s♦✉❝❤❡ ✿ ❘✲❙❤❛♠✱ ❘✲t❉❈❙✱ ❙✲
❙❤❛♠✱ ❙✲t❉❈❙✮✳ ❊❧❧❡s ♦♥t ❛❧♦rs r❡ç✉ ✺ ✐♥❥❡❝t✐♦♥s ❞✬ét❤❛♥♦❧ ❡s♣❛❝é❡s ❞✬✉♥❡
s❡♠❛✐♥❡ ✭❈❤❛❧❧❡♥❣❡✱ ❈ ✶ à ❈ ✺✮✳ ❇✴ ❘és✉❧t❛ts ♦❜t❡♥✉s ♣♦✉r ❧✬✐♥❞✉❝t✐♦♥ ❞❡
❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❡t ❧❡ ❝❤❛❧❧❡♥❣❡ ✸✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡ ❧✬❛❝t✐✈✐té
❧♦❝♦♠♦tr✐❝❡ à ■ ✶ ♣♦✉r ❝❤❛q✉❡ ❣r♦✉♣❡✳ ❈✴ ❚❛❜❧❡ ré❝❛♣✐t✉❧❛♥t ❧❡s ❞✐✛ér❡♥❝❡s
s✐❣♥✐✜❝❛t✐✈❡s ❡♥tr❡ ❝❤❛q✉❡ ❝❤❛❧❧❡♥❣❡ ❡t ■ ✶ ♣♦✉r ❝❤❛q✉❡ ❣r♦✉♣❡✳ # ♣❁✵✳✵✺✱
## ♣❁✵✳✵✶ ❡t ### ♣❁✵✳✵✵✶ ✈❡rs✉s ■ ✶✳
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❙♦✉r✐s ❙✇✐ss ✿ ✉♥❡ ❆◆❖❱❆ à ♠❡s✉r❡s ré♣été❡s ✭❢❛❝t❡✉r ✐♥tr❛ ✿ ✐♥❥❡❝t✐♦♥s
✭■ ✶✱ ■ ✶✵✱ ❡t ❈ ✶ à ❈ ✺✮ ❀ ❢❛❝t❡✉rs ✐♥t❡r ✿ ❝❛r❛❝tér✐st✐q✉❡ ✭❘ ♦✉ ❙✮ ❡t ❣r♦✉♣❡ ✿
t❉❈❙ ♦✉ ❙❤❛♠✮ ♠♦♥tr❡ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ✐♥❥❡❝t✐♦♥s ① ❝❛r❛❝tér✐st✐q✉❡ ✭❋(6,156)❂
✹✳✸✸ ❀ ♣❁✵✳✵✵✶✮✮✱ s❛♥s ❡✛❡t ❞✉ ❣r♦✉♣❡✳

▲❡s s♦✉r✐s ❙❤❛♠ rés✐st❛♥t❡s ♥❡ ✈♦✐❡♥t ❥❛♠❛✐s ❧❡✉r ❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡
❛✉❣♠❡♥t❡r ❛✉ ❝♦✉rs ❞❡s ❞✐✛ér❡♥ts ❝❤❛❧❧❡♥❣❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s s♦✉r✐s ❘✲t❉❈❙
❡①♣r✐♠❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❡✉r ❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❡♥ ré✲
♣♦♥s❡ à ❧✬ét❤❛♥♦❧ ❧♦rs ❞❡s ❝❤❛❧❧❡♥❣❡s ✷✱ ✸ ❡t ✹ ✭◆❑ ✿ ♣❁✵✳✵✺ ❀ ✜❣✉r❡ ✶✶✳✼ ❇✱
❈✮✳

▲❡s s♦✉r✐s ❞ét❡r♠✐♥é❡s ❝♦♠♠❡ s❡♥s✐❜✐❧✐sé❡s q✉❛♥t à ❡❧❧❡s ❝♦♥t✐♥✉❡♥t à ❡①✲
♣r✐♠❡r ✉♥❡ ❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ♣❧✉s é❧❡✈é❡ ✭q✉❡ ❧♦rs ❞❡ ❧❡ ♣r❡♠✐èr❡ ✐♥❥❡❝t✐♦♥✮
❡♥ ré♣♦♥s❡ ❛✉① ❝✐♥q ❝❤❛❧❧❡♥❣❡s ❡✛❡❝t✉és q✉❡❧ q✉❡ s♦✐t ❧❡✉r ❣r♦✉♣❡✳

❙♦✉r✐s ❉❇❆ ✿ ❯♥❡ ❆◆❖❱❆ ❛ été ré❛❧✐sé❡ ❜✐❡♥ q✉❡ ❧✬❡✛❡❝t✐❢ ❞❡s ❉❇❆
rés✐st❛♥t❡s s♦✐t ❢❛✐❜❧❡ ❀ ♥♦s rés✉❧t❛ts st❛t✐st✐q✉❡s ❞❡✈r♦♥t ❞♦♥❝ êtr❡ ♥✉❛♥❝és✳
▲✬❆◆❖❱❆ ✭♠ê♠❡s ❢❛❝t❡✉rs q✉❡ ♣ré❝é❞❡♠♠❡♥t✮ ♠♦♥tr❡ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ✐♥❥❡❝✲
t✐♦♥s ① ❝❛r❛❝tér✐st✐q✉❡ ✭❋(6,138)❂ ✼✳✵✾ ❀ ♣❁✵✳✵✵✶✮✱ ❡t ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ✐♥❥❡❝t✐♦♥s
① ❣r♦✉♣❡ ✭❋(6,138)❂ ✷✳✹✷ ❀ ♣❁✵✳✵✺✮✳

❈♦♠♠❡ ❝❤❡③ ❧❛ s♦✉❝❤❡ ❙✇✐ss✱ ❧❡s s♦✉r✐s ❘✲❙❤❛♠ ♥❡ ✈♦✐❡♥t ❥❛♠❛✐s ❧❡✉r ❛❝t✐✲
✈✐té ❧♦❝♦♠♦tr✐❝❡ ❛✉❣♠❡♥t❡r ❛✉ ❝♦✉rs ❞❡s ❞✐✛ér❡♥ts ❝❤❛❧❧❡♥❣❡s ✭◆❑ ✿ ♣❃✵✳✵✺✮✳
➚ ❧✬✐♥✈❡rs❡✱ ❧❡s ❘✲t❉❈❙ ❡①♣r✐♠❡♥t ✉♥❡ ❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ♣❧✉s é❧❡✈é❡ ✭q✉✬à
■ ✶✮ ❡♥ ré♣♦♥s❡ à ❧✬ét❤❛♥♦❧ ❧♦rs ❞❡s ❝❤❛❧❧❡♥❣❡s ✷ ❡t ✸ ✭◆❑ ✿ ♣❁✵✳✵✺ ❀ ✜❣✉r❡
✶✶✳✼ ❇✱ ❈✮✳

❊♥✜♥✱ ❝❤❡③ ❧❡s ❉❇❆ ♥♦♥ ♣❧✉s ❧❛ t❉❈❙ ♥✬❛ ♣❛s ❞✬✐♠♣❛❝t s✉r ❧❡ ❝♦♠♣♦rt❡✲
♠❡♥t ❞❡s s♦✉r✐s s❡♥s✐❜✐❧✐sé❡s✳

◆♦s rés✉❧t❛ts ré✈è❧❡♥t ❞♦♥❝ q✉✬✉♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❛♥♦❞✐q✉❡ s✉r ❞❡s
s♦✉r✐s s❡♥s✐❜✐❧✐sé❡s à ❧✬ét❤❛♥♦❧ ♥❡ ❝♦rr✐❣❡ ♣❛s ❧❡✉r ré♣♦♥s❡ ❧♦❝♦♠♦tr✐❝❡ ❡①❛✲
❝❡r❜é❡✳

❊♥ r❡✈❛♥❝❤❡✱ ❝❡ tr❛✐t❡♠❡♥t ❝❤❡③ ❞❡s s♦✉r✐s rés✐st❛♥t❡s ❛ ♣♦✉r ❡✛❡t ❞❡
♣r♦✈♦q✉❡r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❡✉r ré♣♦♥s❡ ❧♦❝♦♠♦tr✐❝❡ ❡♥ ré♣♦♥s❡ à ✉♥❡
✐♥❥❡❝t✐♦♥ ❞✬ét❤❛♥♦❧ ✭❛✉① ❛❧❡♥t♦✉rs ❞❡ ✸ s❡♠❛✐♥❡s ❛♣rès ❧❡s st✐♠✉❧❛t✐♦♥s✮✳ ■❧
r❡st❡ ❝❡♣❡♥❞❛♥t ❞é❧✐❝❛t ❞❡ ♣❛r❧❡r ❞✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ s❡♥s✐❜✐❧✐s❛t✐♦♥✱ ♣✉✐sq✉❡
❝❡t ❡✛❡t ♥❡ s❡♠❜❧❡ ♣❛s ♣❡r❞✉r❡r✳
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✶✶✳✹✳✺ ❉✐s❝✉ss✐♦♥

▲❛ t❉❈❙ ♥❡ s❡♠❜❧❡ ♣❛s ♠♦❞✐✜❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ❡t
❧✬❡✛❡t ❛♣♣ét✐t✐❢ ❞❡ ❧✬ét❤❛♥♦❧ ❝❤❡③ ❧❛ s♦✉r✐s

◆♦s ♣r❡♠✐èr❡s ét✉❞❡s ♦♥t ♣♦rté s✉r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ❞✬❛❧❝♦♦❧
♦✉ ❧✬❡✛❡t ❛♣♣ét✐t✐❢ ❞❡ ❝❡tt❡ ❞r♦❣✉❡ ❝❤❡③ ❧❛ s♦✉r✐s ❙✇✐ss✳ ◆♦s rés✉❧t❛ts s❡♠❜❧❡♥t
✐♥❞✐q✉❡r q✉❡ ❧❛ t❉❈❙ ♥✬❛ ♣❛s ❞✬❡✛❡t s✉r ❝❡s ♣❛r❛♠ètr❡s ❝♦♠♣♦rt❡♠❡♥t❛✉① ❀
❝❡♣❡♥❞❛♥t✱ ♣❧✉s✐❡✉rs ❧✐♠✐t❡s s♦♥t à r❡❧❡✈❡r✳

❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❝❡s t❡sts ❝❤❡③ ❧❛ s♦✉r✐s ❙✇✐ss✱ ❝❡tt❡
s♦✉❝❤❡ ♥✬ét❛♥t ♣❛s ❝❛r❛❝tér✐sé❡ ❝♦♠♠❡ ét❛♥t ✉♥❡ ✧❣r❛♥❞❡ ❜✉✈❡✉s❡✧ ❝♦♥tr❛✐✲
r❡♠❡♥t à ❞✬❛✉tr❡s s♦✉❝❤❡s t❡❧❧❡s q✉❡ ❧❡s s♦✉r✐s ❝♦♥s❛♥❣✉✐♥❡s ❞❡s ❢❛♠✐❧❧❡s
❈✺✼✴❈✺✽ ✭❨♦♥❡②❛♠❛ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❊♥s✉✐t❡✱ ♣♦✉r ❞❡s r❛✐s♦♥s t❡❝❤♥✐q✉❡s✱ ❝❡s ❞❡✉① ét✉❞❡s ♦♥t été ré❛❧✐sé❡s ❞❡
✹ à ✻ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ❞é✜♥✐t✐✈❡♠❡♥t
❝♦♥❝❧✉r❡ à ✉♥❡ ❛❜s❡♥❝❡ ❞❡ ❜é♥é✜❝❡ ❞❡ ❧❛ t❉❈❙✱ ✐❧ s❡r❛ ✐♠♣♦rt❛♥t ❞❡ ré❛❧✐s❡r
❞❡s t❡sts ♣❧✉s tôt ❛♣rès ❧❡ tr❛✐t❡♠❡♥t✳

❊♥✜♥✱ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ t❡st ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ s♣♦♥t❛♥é❡ ❞✬❛❧❝♦♦❧✱
♥♦t♦♥s q✉❡ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✉♥❡ ❞♦s❡ ❞✬❛❧❝♦♦❧ ♥✬✐♥❞✉✐s❛♥t ♣❛s ✉♥❡ ❢♦rt❡
❝♦♥s♦♠♠❛t✐♦♥ ❝❤❡③ ❧❡s s♦✉r✐s ❙✇✐ss✱ ♥✐ ❡♥ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥✱
♥✐ ❡♥ q✉❛♥t✐té ❞✬❛❧❝♦♦❧ ♣✉r ✐♥❣éré✳ ▲❡s ✈❛❧❡✉rs q✉❡ ♥♦✉s ❛✈♦♥s r❡❧❡✈é❡s s♦♥t
❝♦♥❝♦r❞❛♥t❡s à ❝❡❧❧❡s r❡tr♦✉✈é❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✭▲❡❣❛st❡❧♦✐s ❡t ❛❧✳✱ ✷✵✶✹✮✱
❡t ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞❡ ✈ér✐✜❡r s✐ ✉♥ ❡✛❡t ❞❡ ❧❛ t❉❈❙ ❛♣♣❛r❛ît ♣♦✉r ❞❡s
❞♦s❡s ✐♥❝✐t❛♥t à ✉♥❡ ♣❧✉s ❢♦rt❡ ❝♦♥s♦♠♠❛t✐♦♥ ✭❜♦✐ss♦♥ ❝♦♥t❡♥❛♥t ✶✵ ♦✉ ✷✵ ✪
❞✬ét❤❛♥♦❧✮✳ ❉❡ ♠ê♠❡✱ ❧✬ét✉❞❡ ♣♦✉rr❛ êtr❡ ♠❡♥é❡ s✉r ✉♥ ♠♦❞è❧❡ ❞✬❡①♣♦s✐t✐♦♥
✐♥t❡r♠✐tt❡♥t❡ à ❧✬❛❧❝♦♦❧ ✭❛❧❝♦♦❧ ♣rés❡♥té à ❧❛ ♣❧❛❝❡ ❞❡ ❧✬❡❛✉ ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs
❤❡✉r❡s✱ ❞❡ ♥✉✐t✱ ❞✉r❛♥t ✉♥❡ ♣ér✐♦❞❡ ❞é✜♥✐❡✮✳ ■❧ ❛ été ♠♦♥tré q✉❡ ❝❡ t②♣❡
❞✬❡①♣♦s✐t✐♦♥✱ ❝❤❡③ ❧❛ s♦✉r✐s ❈✺✼❇▲✴✻❏ ♥♦t❛♠♠❡♥t✱ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❛tt❡✐♥❞r❡
❛✉① ❛♥✐♠❛✉① ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞✬ét❤❛♥♦❧ ❞❛♥s ❧❡ s❛♥❣ s✉✣s❛♥t❡ ♣♦✉r q✉❡
❧✬❛❧❝♦♦❧ ❛✐t ❞❡s ❡✛❡ts ♣❤②s✐♦❧♦❣✐q✉❡s ❡t✴♦✉ ❝♦♠♣♦rt❡♠❡♥t❛✉① ✭❝♦♥tr❛✐r❡♠❡♥t
❛✉ t❡st ❞❡ ❧✐❜r❡ ❝❤♦✐①✱ q✉✐ ♥❡ ♣❡r♠❡t ❡♥ ❣é♥ér❛❧ ♣❛s ❞✬❛tt❡✐♥❞r❡ ❝❡s ♥✐✈❡❛✉①
❞✬ét❤❛♥♦❧ s❛♥❣✉✐♥ ❀ ❘❤♦❞❡s ❡t ❛❧✳ ✭✷✵✵✺✮✮✳

❊♥ ♣❛r❛❧❧è❧❡✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬ét✉❞✐❡r ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s s♦✉✲
r✐s ❡①♣♦sé❡s à ❞❡ ❢♦rt❡s ❞♦s❡s ❞✬❛❧❝♦♦❧ ♣❡♥❞❛♥t ❧❡✉r ❛❞♦❧❡s❝❡♥❝❡ ✭♠♦❞è❧❡ q✉✐
❝❤❡r❝❤❡ à r❡♣r♦❞✉✐r❡ ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ✧❜✐♥❣❡ ❞r✐♥❦✐♥❣✧✱ ♦✉ ✧❜✐t✉r❡ ❡①♣r❡ss✧✮✳
❊♥ ❡✛❡t✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❝❡ ♠♦❞❡ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬❛❧❝♦♦❧ ♣❡♥❞❛♥t
❧✬❛❞♦❧❡s❝❡♥❝❡ ❝♦♥st✐t✉❡ ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥❡ ❝♦♥s♦♠♠❛✲
t✐♦♥ ❛❜✉s✐✈❡ ❞✬❛❧❝♦♦❧✱ ② ❝♦♠♣r✐s ❝❤❡③ ❧❡ r❛t ✭❛✈❡❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛
❝♦♥s♦♠♠❛t✐♦♥ ❞✬❛❧❝♦♦❧ ❡♥ ❧✐❜r❡✲❝❤♦✐① ❡t ❞❡ ❧❛ ♠♦t✐✈❛t✐♦♥ à s✬❡♥ ♣r♦❝✉r❡r
❞❛♥s ✉♥ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✱ ❆❧❛✉①✲❈❛♥t✐♥ ❡t ❛❧✳ ✭✷✵✶✸✮✮✳
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▲❛ t❉❈❙ ❞✐♠✐♥✉❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬ét❤❛♥♦❧ ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲
❛❞♠✐♥✐str❛t✐♦♥

▲❡ ♣r✐♥❝✐♣❛❧ ♦❜❥❡❝t✐❢ ❞❡ ♥♦tr❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ●❘❆P ét❛✐t ❞✬ét✉❞✐❡r
❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ s✉r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ s♦✉r✐s ❞❛♥s ✉♥ t❡st ❞✬❛✉t♦✲
❛❞♠✐♥✐str❛t✐♦♥ ❞✬ét❤❛♥♦❧✳

◆♦s rés✉❧t❛ts ✐♥❞✐q✉❡♥t q✉✬à ❧❛ s✉✐t❡ ❞✬✉♥ s❡✈r❛❣❡ ❢♦r❝é ❞✬❛❧❝♦♦❧ ✭❛✈❡❝ ❡①✲
t✐♥❝t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✮✱ ❧❡s ❛♥✐♠❛✉① st✐♠✉❧és ♣❛r
t❉❈❙ ♣rés❡♥t❡♥t ✉♥❡ ré✲❛❝q✉✐s✐t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡ ❞✉ ❝♦♠♣♦r✲
t❡♠❡♥t ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ❞✬❛❧❝♦♦❧ ❧♦rsq✉❡ ❧❛ s✉❜st❛♥❝❡ ❡st à ♥♦✉✈❡❛✉
❞✐s♣♦♥✐❜❧❡✳

❈❡❝✐ ✈✐❡♥t ❛♣♣✉②❡r ❞❡s rés✉❧t❛ts ♣✉❜❧✐és ❝❤❡③ ❧✬❍♦♠♠❡ q✉✐ ♠♦♥tr❡♥t
q✉✬✉♥❡ ♦✉ ♣❧✉s✐❡✉rs s❡ss✐♦♥s ❞❡ t❉❈❙ ❛♥♦❞✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ♣ré✲
❢r♦♥t❛❧ ❞♦rs♦❧❛tér❛❧ ré❞✉✐t ❧✬❡♥✈✐❡ ✐♠♣ér✐❡✉s❡ ❞❡ ❝♦♥s♦♠♠❡r ❞❡ ❧✬❛❧❝♦♦❧ ❝❤❡③
❞❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts ❛❜st✐♥❡♥ts ❞❡♣✉✐s ♣❧✉s ♦✉ ♠♦✐♥s ❧♦♥❣t❡♠♣s
✭❇♦❣❣✐♦ ❡t ❛❧✳✱ ✷✵✵✽❝ ❀ ❞❛ ❙✐❧✈❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❙✐ ❑❧❛✉ss ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs
♥✬♦♥t ♣❛s r❡tr♦✉✈é ❝❡s ❡✛❡ts s✉r ❧❡ ❝r❛✈✐♥❣✱ ✐❧s ♦♥t ❡♥ r❡✈❛♥❝❤❡ ♣✉ ♠♦♥tr❡r ✉♥❡
ré❞✉❝t✐♦♥ ❞✉ r✐sq✉❡ ❞❡ r❡❝❤✉t❡ ❛♣rès ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ❜✐❧❛tér❛❧❡
s✉r ❧❡ ❈P❋❉▲ ✭❑❧❛✉ss ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❈❡s ét✉❞❡s✱ ❛✐♥s✐ q✉❡ ♥♦s rés✉❧t❛ts✱ s✉❣✲
❣èr❡♥t q✉❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t s❡ ré✈é❧❡r ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❜é♥é✜q✉❡ ❝❤❡③ ❞❡s
♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts s❡✈rés à r✐sq✉❡ ❞❡ r❡❝❤✉t❡✳

❉✬❛✉tr❡s t❡sts ❞♦✐✈❡♥t êtr❡ ré❛❧✐sés ❛✜♥ ❞❡ ❝♦♥✜r♠❡r ❧❡s ❡✛❡ts ❜é♥é✜q✉❡s
❞❡ ❧❛ t❉❈❙ ❝♦♠♠❡ ❛✐❞❡ ❛✉ s❡✈r❛❣❡ ♣♦✉r ❧❡s s✉❥❡ts ❞é♣❡♥❞❛♥ts✳ ▲❡s rés✉❧✲
t❛ts ♣rés❡♥tés ✐❝✐ ♦♥t été ♦❜t❡♥✉s s✉r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ s♦✉r✐s ❝❛r❛❝tér✐sé❡s
❝♦♠♠❡ ✓ ❣r❛♥❞❡s ❜✉✈❡✉s❡s ✔✳ ■❧ s❡r❛✐t ❞és♦r♠❛✐s ✐♥tér❡ss❛♥t ❞❡ ✈ér✐✜❡r s✐ ❧❛
t❉❈❙ ❛ ✉♥ ❡✛❡t ❜é♥é✜q✉❡ s✉r ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s é✈❛❧✉és ♣❛r ❧❡ t❡st
❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ s✉r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞✬❛♥✐♠❛✉① r❡♥❞✉s ❞é♣❡♥❞❛♥ts ♣❛r
✐♥❤❛❧❛t✐♦♥ ❝❤r♦♥✐q✉❡ ❞❡ ✈❛♣❡✉rs ❞✬❛❧❝♦♦❧ ✭❆✉❢rèr❡ ❡t ❛❧✳✱ ✶✾✾✼✮✱ ♠♦❞è❧❡ q✉✐
❡st ♠✐s ❡♥ ♣❧❛❝❡ ❛✉ s❡✐♥ ❞✉ ●❘❆P✳

P❛r ❛✐❧❧❡✉rs✱ ♥♦s rés✉❧t❛ts ❝♦♥❝❡r♥❡♥t ❧❡s ✻ s❡♠❛✐♥❡s s✉✐✈❛♥t ❧❡s st✐♠✉❧❛✲
t✐♦♥s✳ ■❧ s❡r❛✐t ✐♠♣♦rt❛♥t ❞❡ ✈ér✐✜❡r s✉r q✉❡❧❧❡ ❞✉ré❡ s✬✐♥s❝r✐✈❡♥t ❝❡s ❡✛❡ts✱ ❡t
s✐ ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs st✐♠✉❧❛t✐♦♥s ✉❧tér✐❡✉r❡s ♣❡r♠❡ttr❛✐❡♥t ❞❡ ❧❡s ♣r♦❧♦♥❣❡r✳

▲✬❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❝♦♠♣♦rt❡♠❡♥t❛❧❡

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ t❡st ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡✱ ♥♦✉s ♦❜t❡♥♦♥s
✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ à ❧✬ét❤❛♥♦❧ ❛♣rès ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡
t❉❈❙✳ ❊♥ ❡✛❡t✱ ❝❤❡③ ❧❡s s♦✉r✐s rés✐st❛♥t❡s✱ ❧❛ t❉❈❙ ✐♥❞✉✐t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❝♦♥sé❝✉t✐✈❡ à ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❞r♦❣✉❡✳ ❈❡tt❡ ❛✉❣✲
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♠❡♥t❛t✐♦♥ ❡st t❡♠♣♦r❛✐r❡ ✭♣✉✐sq✉❡ ♥✬❡st r❡tr♦✉✈é❡ q✉❡ ❞❛♥s ❧❡s ❞❡✉① à q✉❛tr❡
s❡♠❛✐♥❡s ❛♣rès ❧❛ t❉❈❙✱ ❡t ♣❛s ❛♣rès✮✱ ❛❧♦rs q✉❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❡st ❝❡♥sé❡
êtr❡ ✉♥ ♣❤é♥♦♠è♥❡ ♣♦✉✈❛♥t ❞✉r❡r ❞❡s ♠♦✐s ✈♦✐r❡ ♣❧✉s ❞✬✉♥ ❛♥✳ ❈❡❝✐ s♦✉❧è✈❡
♣❧✉s✐❡✉rs ♣♦✐♥ts ✐♥tér❡ss❛♥ts✳

❉❡ ♣r✐♠❡ ❛❜♦r❞ ❝❡ rés✉❧t❛t s❡♠❜❧❡ ❝♦♥tr❡❞✐r❡ ❧❡s ét✉❞❡s ♣✉❜❧✐❛♥t ❞❡s ❡❢✲
❢❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts ❀ ❡♥ ❡✛❡t✱
❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ r❡✢ét❡r❛✐t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ♥❡✉r♦♥❛❧❡s
❛❜♦✉t✐ss❛♥t à ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❡①❛❝❡r❜és ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ❞r♦❣✉❡✳

❘♦❜✐♥s♦♥ ❡t ❇❡rr✐❞❣❡✱ ❧❡s ❛✉t❡✉rs q✉✐ ♦♥t ♣r♦♣♦sé ❧❛ t❤é♦r✐❡ ❞❡ ❧❛ s❡♥s✐✲
❜✐❧✐s❛t✐♦♥ ✐♥❝✐t❛tr✐❝❡ ❡♥ ✶✾✾✸✱ ❡①♣♦s❡♥t ❝❡♣❡♥❞❛♥t q✉❡ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❞❡s
❝✐r❝✉✐ts ❝éré❜r❛✉① ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ❞és✐r ♣♦✉r ❧❛ ❞r♦❣✉❡ ♣❡✉t ❛♣♣❛r❛îtr❡ s❛♥s
♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❝✐r❝✉✐ts ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ❡✛❡ts ❧✐és à ❧✬❤é❞♦♥✐❝✐té ✭♣❧❛✐s✐r✱
❡✛❡ts ❛❣ré❛❜❧❡s ❞❡s ❞r♦❣✉❡s✮ ✭❘♦❜✐♥s♦♥ ❡t ❇❡rr✐❞❣❡✱ ✶✾✾✸✱ ✷✵✵✶✮✳ ❈❡❝✐ ❛♣♣✉✐❡
❧❡ ❢❛✐t q✉❡ ❧❡ ♣❧❛✐s✐r ❧✐é à ❧❛ ❞r♦❣✉❡ ♥✬❛✉❣♠❡♥t❡ ♣❛s ❢♦r❝é♠❡♥t ✭✈♦✐r❡ ❞✐♠✐♥✉❡
♣♦✉r ✉♥❡ ♠ê♠❡ ❞♦s❡ ✿ ♣❤é♥♦♠è♥❡ ❞❡ t♦❧ér❛♥❝❡✮ ❛✉ ✜❧ ❞❡s ❡①♣♦s✐t✐♦♥s✳

▲❡ ❞❡✉①✐è♠❡ ♣♦✐♥t à s♦✉❧❡✈❡r ❡st q✉✬✐❧ ❛ été ✐♥❞✐q✉é à ♣❧✉s✐❡✉rs r❡♣r✐s❡s
❝❤❡③ ❧❛ s♦✉r✐s q✉❡ ❝❡❧❧❡s ❝♦♥s♦♠♠❛♥t ❧❡ ♣❧✉s ❞✬ét❤❛♥♦❧ ✭q✉❛♥❞ ♣r♦♣♦sé ❡♥
❧✐❜r❡ ❝❤♦✐①✮ ét❛✐❡♥t ❛✉ss✐ ❧❡s ♠♦✐♥s ✈✉❧♥ér❛❜❧❡s ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ s❡♥✲
s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ à ❧✬ét❤❛♥♦❧✳ ❈❡❝✐ ❛ ♥♦t❛♠♠❡♥t été ❞é♠♦♥tré ♣❛r ▲❡✲
❣❛st❡❧♦✐s ❡t ❛❧✳ ✭✷✵✶✹✮ ❝❤❡③ ❧❛ s♦✉r✐s ❙✇✐ss ❀ ❧❡s ❛✉t❡✉rs é♠❡tt❡♥t ❧✬❤②♣♦t❤ès❡
q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❛✉① ❡✛❡ts st✐♠✉❧❛♥ts ❞❡ ❧✬ét❤❛♥♦❧ ✭s❡♥s✐❜✐✲
❧✐s❛t✐♦♥✮ ❝♦♥❞✉✐t à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❝❡tt❡ ❞r♦❣✉❡ q✉✐
♣♦✉rr❛✐t êtr❡ ✉♥ ❢❛❝t❡✉r ♣r♦t❡❝t❡✉r ❝♦♥tr❡ ✉♥❡ ♣r✐s❡ ❡①❝❡ss✐✈❡ ❞✬❛❧❝♦♦❧✳ ❙❡❧♦♥
❝❡s ❛✉t❡✉rs✱ ❧❛ rés✐st❛♥❝❡ à ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ s❡r❛✐t ❛✉ ❝♦♥tr❛✐r❡ ✉♥ ❢❛❝t❡✉r ❞❡
✈✉❧♥ér❛❜✐❧✐té ❢❛❝❡ à ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬❛❧❝♦♦❧✳

❉❡ ♠ê♠❡✱ ❧❛ ré❣✉❧❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ❢❛❝t❡✉rs ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❛✉r❛✐t ❞❡s
❡✛❡ts ♦♣♣♦sés s❡❧♦♥ q✉❡ ❧✬♦♥ s✬✐♥tér❡ss❡ ❛✉ ♣r♦❝❡ss✉s ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ♦✉ ❞❡
❝♦♥s♦♠♠❛t✐♦♥ ❞✬ét❤❛♥♦❧ ✿ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥
❞✬❛❧❝♦♦❧ ♠❛✐s ✉♥❡ ❛❜s❡♥❝❡ ❞❡ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❝❤❡③ ❞❡s s♦✉r✐s ❞é✜❝✐❡♥t❡s ❡♥
♥❡✉r♦♣❡♣t✐❞❡ ❨ ✭✐♠♣❧✐q✉é ❞❛♥s ❧❛ ré♣♦♥s❡ à ❧✬❛❧❝♦♦❧✮✱ ❡t ❧✬✐♥✈❡rs❡ ❝❤❡③ ❞❡s
s♦✉r✐s ♠✉t❛♥t❡s ♥✬❡①♣r✐♠❛♥t ♣❛s ❧❡ tr❛♥s♣♦rt❡✉r ❞❡ ❧❛ ❞♦♣❛♠✐♥❡ ✭♣❡r♠❡tt❛♥t
s❛ r❡❝❛♣t✉r❡ ❞❛♥s ❧❛ ❢❡♥t❡ s②♥❛♣t✐q✉❡✮✭▲❡❣❛st❡❧♦✐s ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆✐♥s✐✱ ❧❡s
♠é❝❛♥✐s♠❡s ❞❡ ré❣✉❧❛t✐♦♥ ❞❡ ❝❡s ❞❡✉① t②♣❡s ❞❡ ❝♦♠♣♦rt❡♠❡♥t s❡ ❜❛s❡r❛✐❡♥t
s✉r ❞❡s s✉❜str❛ts ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❞✐✛ér❡♥ts✳

❈♦♥❝❧✉s✐♦♥

◆♦s rés✉❧t❛ts✱ ♥♦t❛♠♠❡♥t ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✱ ✈✐❡♥♥❡♥t
❛♣♣✉②❡r ❧❡s ét✉❞❡s ❡♥❝♦✉r❛❣❡❛♥t❡s ♠❡♥é❡s ❝❤❡③ ❧✬❍♦♠♠❡✳ ▲❛ st✐♠✉❧❛t✐♦♥ ♣❛r
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❝♦✉r❛♥t ❝♦♥t✐♥✉ s❡♠❜❧❡ êtr❡ ✉♥ ♦✉t✐❧ ♣r♦♠❡tt❡✉r ♣♦✉r ❧✬❛✐❞❡ ❛✉ s❡✈r❛❣❡ ❞❡s
♣❛t✐❡♥ts ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥ts ❡t ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ r✐sq✉❡ ❞❡ r❡❝❤✉t❡✳

✶✶✳✺ ❊✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s s♦✉r✐s ❡①♣♦sé❡s

à ❧❛ ❝♦❝❛ï♥❡

▲❛ ♠❛❥♦r✐té ❞❡s tr❛✈❛✉① s✬✐♥tér❡ss❛♥t ❛✉① ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s s✉❥❡ts
❞é♣❡♥❞❛♥ts s❡ ❝❛♥t♦♥♥❡ ❛✉ ❞♦♠❛✐♥❡ ❞❡s ❛❞❞✐❝t✐♦♥s ❛✉ t❛❜❛❝ ❡t à ❧✬❛❧❝♦♦❧✳ ▲❡s
❡✛❡ts ♣♦t❡♥t✐❡❧s ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❡s s✉❥❡ts ❞é♣❡♥❞❛♥ts à ❞❡s ♣s②❝❤♦st✐♠✉❧❛♥ts
t❡❧s q✉❡ ❧❛ ❝♦❝❛ï♥❡ ♦♥t été ♣❡✉ ét✉❞✐és✱ ❡t ❧❡s ♠é❝❛♥✐s♠❡s q✉✐ ♣♦✉rr❛✐❡♥t
❡①♣❧✐q✉❡r ❝❡s ❡✛❡ts ❛✐♥s✐ q✉❡ ❧❡s ③♦♥❡s ❝éré❜r❛❧❡s ✐♠♣❧✐q✉é❡s r❡st❡♥t ✐♥❝♦♥♥✉s✳

▲❡s ❛❧tér❛t✐♦♥s ❞❡ ❧❛ ré❣✉❧❛t✐♦♥ ❣é♥✐q✉❡ ✐♥t❡r✈❡♥❛♥t ❛♣rès ✉♥❡ ❡①♣♦s✐t✐♦♥
à ❧❛ ❝♦❝❛ï♥❡ ♦♥t été ♣❛rt✐❝✉❧✐èr❡♠❡♥t r❡❝❤❡r❝❤é❡s ❝❤❡③ ❧✬❛♥✐♠❛❧✳ ❊♥ ❡✛❡t✱
❞❡s ❜♦✉❝❧❡s ❞❡ ré❣✉❧❛t✐♦♥ s♣é❝✐✜q✉❡s ❡♥tr❡ ❧❡ ❝♦rt❡① ❡t ❧❡ str✐❛t✉♠ ✭❝✐r❝✉✐ts
❝♦rt✐❝♦✲str✐❛t❛✉①✮ ❥♦✉❡♥t ✉♥ rô❧❡ ❝r✐t✐q✉❡ ❞❛♥s ♣❧✉s✐❡✉rs ❛s♣❡❝ts ❞❡ ❧✬❛❞❞✐❝t✐♦♥
t❡❧s q✉❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ré❝♦♠♣❡♥s❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❤❛❜✐t✉❞❡s ❛♥♦r♠❛❧❡s✱ ❡t
❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❝♦♠♣✉❧s✐❢s ✭❙t❡✐♥❡r ❡t ❱❛♥ ❲❛❡s✱ ✷✵✶✸ ❀ ❊✈❡r✐tt✱ ✷✵✶✹✮✳

❆✐♥s✐✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ✈ér✐✜❡r s✐ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣❛r
t❉❈❙ ❛ ✉♥ ✐♠♣❛❝t s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ♣r✐s❡ ❞❡ ❝♦❝❛ï♥❡✱
❡t s✐ ❧❡s é✈❡♥t✉❡❧s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ s✬❛❝❝♦♠♣❛❣♥❡♥t ❞✬✉♥❡ ré❣✉❧❛t✐♦♥ ❞❡
❧✬❡①♣r❡ss✐♦♥ ❣é♥✐q✉❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❡s ❝✐r❝✉✐ts ❝♦rt✐❝♦✲str✐❛t❛✉①✳

✶✶✳✺✳✶ ▲❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡

▲❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛ ❜❛s❡ ✲ ♦✉ ♥♦②❛✉① ❣r✐s ❝❡♥tr❛✉① ✲ ❢♦♥t ♣❛rt✐❡ ❞❡s ré❣✐♦♥s
té❧❡♥❝é♣❤❛❧✐q✉❡ ❡t ❞✐❡♥❝é♣❤❛❧✐q✉❡✳ ❈❡s ♥♦②❛✉① s♦✉s✲❝♦rt✐❝❛✉① ❝♦♠♣r❡♥♥❡♥t
❧❡ str✐❛t✉♠ ✭♥♦②❛✉ ❝❛✉❞é ❡t ♣✉t❛♠❡♥✮✱ ❧❡ ❣❧♦❜✉s ♣❛❧❧✐❞✉s✱ ❧❡ ♥♦②❛✉ s♦✉s✲
t❤❛❧❛♠✐q✉❡ ❡t ❧❛ s✉❜st❛♥❝❡ ♥♦✐r❡✳

▲❡ str✐❛t✉♠ r❡ç♦✐t ❞❡s ❡♥tré❡s ❡①❝✐t❛tr✐❝❡s ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞✉ ❝♦rt❡① ❡t
❞❡s str✉❝t✉r❡s ❧✐♠❜✐q✉❡s ✭❡t ✐♥❞✐r❡❝t❡♠❡♥t✱ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞✉ tr♦♥❝ ❝éré❜r❛❧
✈✐❛ ❧❡ t❤❛❧❛♠✉s✮ ❡t ❡♥ r❡t♦✉r r❡♥✈♦✐❡ ❞❡s s✐❣♥❛✉① ✐♥❤✐❜✐t❡✉rs ✭✜❣✉r❡ ✶✶✳✽ ❆✮✳
▲❡s ré❣✐♦♥s ❝♦rt✐❝❛❧❡s ✐♠♣❧✐q✉é❡s s♦♥t ❡♥❣❛❣é❡s ❞❛♥s ❧❡s é♠♦t✐♦♥s✱ ❧❛ ❝♦❣♥✐✲
t✐♦♥✱ ♠❛✐s ❛✉ss✐ ❧❡s ♣r♦❝❡ss✉s ❞❡ ♠♦t✐✈❛t✐♦♥ ❡t ❞❡ ❝♦♥trô❧❡ s❡♥s♦r✐✲♠♦t❡✉r ❞✉
❝♦♠♣♦rt❡♠❡♥t ✭❘❡❞❣r❛✈❡ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❈❡s rés❡❛✉① s♦♥t ❞✐s♣♦sés ❡♥ ❜♦✉❝❧❡s ❞❡ ré❣✉❧❛t✐♦♥ ♣❛r❛❧❧è❧❡s✱ t♦♣♦❣r❛♣❤✐✲
q✉❡♠❡♥t ♦r❣❛♥✐sé❡s ✿ ❧❡ str✐❛t✉♠ ❡st ❞✐✈✐sé ❡♥ t❡rr✐t♦✐r❡s ❢♦♥❝t✐♦♥♥❡❧s ❞ét❡r✲
♠✐♥és ♣❛r ❧❡✉rs ❛✛ér❡♥❝❡s ❝♦rt✐❝❛❧❡s✱ ❡t ❝♦♠♣♦rt❡ ❞❡s ♣❛rt✐❡s ♠♦tr✐❝❡✱ ❛ss♦✲
❝✐❛t✐✈❡ ❡t ❧✐♠❜✐q✉❡✳ ❈❡s ❛✐r❡s ♦♥t été ❞é✜♥✐❡s ♣❛r ❞❡s ét✉❞❡s ❞❡ tr❛ç❛❣❡ ❞❡
✈♦✐❡s✱ ❞✬é❧❡❝tr♦♣❤②s✐♦❧♦❣✐❡✱ ❡t ❞✬✐♠❛❣❡r✐❡ ✭❡✳❣✳ ✿ ❲✐❧❧✉❤♥ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳
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▲❛ ♣❛rt✐❡ ❞♦rs❛❧❡ ❞✉ str✐❛t✉♠ r❡ç♦✐t ❞❡s ♣r♦❥❡❝t✐♦♥s s❡♥s♦r✐✲♠♦tr✐❝❡s ✭✜✲
❣✉r❡ ✶✶✳✽ ❇✮ ❡t ❡st ❞♦♥❝ ✐♠♣❧✐q✉é❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ♠♦✲
tr✐❝❡s✳ ❈✬❡st ❧❛ ♣❛rt✐❡ ✈❡♥tr❛❧❡ ✭♥♦②❛✉ ❛❝❝✉♠❜❡♥s✮ q✉✐ ❥♦✉❡ ✉♥ rô❧❡ ❞❛♥s ❧❡s
♣r♦❝❡ss✉s ♠♦t✐✈❛t✐♦♥♥❡❧s ❡t ❧✬❛❞❞✐❝t✐♦♥✳ ▼❛✐s ❡♥ ré❛❧✐té✱ ❧❛ sé❣ré❣❛t✐♦♥ ❢♦♥❝✲
t✐♦♥♥❡❧❧❡ ♥✬❡st ♣❛s s✐ str✐❝t❡ ❡♥tr❡ ❝❡s ❞❡✉① str✉❝t✉r❡s✳ ▲✬❡①♣♦s✐t✐♦♥ ré♣été❡
à ✉♥❡ ❞r♦❣✉❡ ❡♥tr❛î♥❡ ✉♥❡ tr❛♥s✐t✐♦♥ ❞❡ ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞❡s ❝✐r❝✉✐ts ❝♦rt✐❝♦✲
str✐❛t❛✉① ✈❡♥tr❛✉① ✭✐♥❝❧✉❛♥t ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s✮ ✈❡rs ❞❡s ❝✐r❝✉✐ts ❞♦rs❛✉①
✭✐♥❝❧✉❛♥t ❧❡ str✐❛t✉♠ ❞♦rs♦✲❧❛tér❛❧✮✳ ❈❡tt❡ tr❛♥s✐t✐♦♥ r❡✢ét❡r❛✐t ❧❡ ♣❛ss❛❣❡
❞✬✉♥ ✉s❛❣❡ ❞❡ ❞r♦❣✉❡ ré❝ré❛t✐❢ à ✉♥ ✉s❛❣❡ ❤❛❜✐t✉❡❧ ✭❈♦r❜✐t ❡t ❛❧✳✱ ✷✵✶✷ ❀
❇❡❧✐♥✲❘❛✉s❝❡♥t ❡t ❛❧✳✱ ✷✵✶✷ ❀ ❇❡❧✐♥ ❡t ❛❧✳✱ ✷✵✶✸✮✱ q✉✐ ♣♦✉rr❛✐t ♠❛rq✉❡r ❧✬❡♥✲
tré❡ ❞❛♥s ✉♥ ét❛t ❞❡ ❞é♣❡♥❞❛♥❝❡✳

▲✬❡①♣r❡ss✐♦♥ ❣é♥✐q✉❡ ❡st ❡✛❡❝t✐✈❡♠❡♥t ❛❧téré❡ ♣❛r ❧✬✉s❛❣❡ ❞❡ ❞r♦❣✉❡s ♣❧✉✲
tôt ❞❛♥s ❧❛ ♣❛rt✐❡ ❞♦rs❛❧❡ ❞✉ str✐❛t✉♠ ✭❲✐❧❧✉❤♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈❡tt❡ ré❣✐♦♥
❡st ✐♠♣❧✐q✉é❡ ❞❛♥s ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥ts ❤❛❜✐t✉❡❧s ✭✐♥s❡♥s✐❜❧❡s
à ❧❛ ❞é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ré❝♦♠♣❡♥s❡✮ ✭❇❛❧❧❡✐♥❡ ❡t ❖✬❉♦❤❡rt②✱ ✷✵✶✵✮ ❡t s❛ ❞éré✲
❣✉❧❛t✐♦♥ ✭❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❛♣♣r❡♥t✐ss❛❣❡ ❛♥♦r♠❛❧✮ s❡r❛✐t r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛
♥❛t✉r❡ ❝♦♠♣✉❧s✐✈❡ ❞❡ ❧❛ ♣r✐s❡ ❞❡ ❞r♦❣✉❡ ✭❊✈❡r✐tt✱ ✷✵✶✹✮✳



✶✶✳✺✳ ❊❳P❖❙■❚■❖◆ ➚ ▲❆ ❈❖❈❆Ï◆❊ ✶✺✾

Limbique Associatif Sensoriel Moteur Cortex

Striatum

Pallidum/Substance noire

Thalamus

Cg

M2
M1

SS

I

Pir

Cg

M2
M1

SS

I

Pir

Cg

M2 M1

SS

I

Pir

A

B
Frontal Rostral Middle Caudal

IL

PrL

Cg

M2 M1

S1

I/LO

Pir

❋✐❣✉r❡ ✶✶✳✽ ✕ ❆✴ ❖r❣❛♥✐s❛t✐♦♥ s✐♠♣❧✐✜é❡ ❞❡s ❜♦✉❝❧❡s ❞❡ ré❣✉❧❛t✐♦♥ ❝♦rt✐❝♦✲
str✐❛t❛❧❡s✱ ❛❞❛♣té❡ ❞✉ s✐t❡ ✇✇✇✳r❡❧✐❛✇✐r❡✳❝♦♠✴❜❛s❛❧✲❣❛♥❣❧✐❛✴✳ ▲❡s ♣r♦❥❡❝t✐♦♥s
❝♦rt✐❝❛❧❡s ❞é✜♥✐ss❡♥t ❞❡s t❡rr✐t♦✐r❡s ❢♦♥❝t✐♦♥♥❡❧s ❛✉ ♥✐✈❡❛✉ ❞❡s ❣❛♥❣❧✐♦♥s ❞❡ ❧❛
❜❛s❡✱ ❞é❝r✐✈❛♥t ❞❡s ❜♦✉❝❧❡s ♣❛r❛❧❧è❧❡s ❧✐♠❜✐q✉❡✱ ❛ss♦❝✐❛t✐✈❡ ❡t s❡♥s♦r✐✲♠♦tr✐❝❡✳
❇✴ ❙❝❤é♠❛ ❞❡s ❜♦✉❝❧❡s ❝❤❡③ ❧❛ s♦✉r✐s t❡❧❧❡s q✉❡ ❞é✜♥✐❡s ♣❛r ❲✐❧❧✉❤♥ ❡t ❛❧✳
✭✷✵✵✸✮ ✭✹ ♥✐✈❡❛✉① ❞❡ ❝♦✉♣❡✮✳ ▲❡s ré❣✐♦♥s ❞✉ ❝♦rt❡① ✭■▲✱ ✐♥❢r❛❧✐♠❜✐q✉❡ ❀ Pr▲✱
♣ré❧✐♠❜✐q✉❡ ❀ ❈❣✱ ❝✐♥❣✉❧❛✐r❡ ❀ ▼✷✴▼✶✱ ♠♦t❡✉r s❡❝♦♥❞❛✐r❡✴♣r✐♠❛✐r❡ ❀ ❙✶✱ s♦✲
♠❛t♦s❡♥s♦r✐❡❧ ♣r✐♠❛✐r❡ ❀ ❙❙✱ s♦♠❛t♦s❡♥s♦r✐❡❧ ❀ ■✴▲❖✱ ✐♥s✉❧❛✐r❡✴♦r❜✐t❛✐r❡ ❧❛té✲
r❛❧ ❀ ■✱ ✐♥s✉❧❛✐r❡ ❀ P✐r✱ ♣✐r✐❢♦r♠❡✮ ♣r♦❥❡tt❡♥t s✉r ❞❡s t❡rr✐t♦✐r❡s s♣é❝✐✜q✉❡s ❞✉
str✐❛t✉♠ ✭❞ét❛✐❧❧és ❞❛♥s ❧❛ ✜❣✉r❡ ✼✳✷✱ ♣✳ ✶✵✵✮✳ ▲❡s ❛✐r❡s ❡t ✢è❝❤❡s ❜❧❡✉❡s ❞é✲
❝r✐✈❡♥t ❧❛ ♣❛rt✐❡ ❧✐♠❜✐q✉❡✱ ❧❡s ✈❡rt❡s ❧❛ ♣❛rt✐❡ ❛ss♦❝✐❛t✐✈❡✱ ❡t ❧❡s ♠❛rr♦♥ ❧❛
♣❛rt✐❡ s❡♥s♦r✐✲♠♦tr✐❝❡✳ P♦✉r s✐♠♣❧✐✜❡r✱ ❧❡s ♣r♦❥❡❝t✐♦♥s s♦♥t r❡♣rés❡♥té❡s s✉r
✉♥ ♠ê♠❡ ♣❧❛♥ ❞❡ ❝♦✉♣❡ ❜✐❡♥ q✉✬❡❧❧❡s s♦✐❡♥t ❡♥ ❢❛✐t ét❡♥❞✉❡s s✉r ✉♥ ♣❧✉s
❧❛r❣❡ ♣❧❛♥ r♦str♦✲❝❛✉❞❛❧ ❀ ❞❡ ♠ê♠❡✱ ❧❡s ♣r♦❥❡❝t✐♦♥s ❜✐❧❛tér❛❧❡s ♥❡ s♦♥t ♣❛s
r❡♣rés❡♥té❡s✳

✶✶✳✺✳✷ ❈♦❝❛ï♥❡ ❡t ❩✐❢✷✻✽

▲✬❡①♣♦s✐t✐♦♥ à ❞❡s ❛❣❡♥ts ♣❤❛r♠❛❝♦❧♦❣✐q✉❡s✱ t❡❧s q✉❡ ❞❡s ♣s②❝❤♦st✐♠✉✲
❧❛♥ts✱ ❡♥tr❛î♥❡ ❧✬❡①♣r❡ss✐♦♥ r❛♣✐❞❡ ❡t tr❛♥s✐t♦✐r❡ ❞❡ ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥
✭❣è♥❡s ♣ré❝♦❝❡s✮✳ ❈❡s ❣è♥❡s s❡ ❧✐❡♥t à ❞❡s s✐t❡s s♣é❝✐✜q✉❡s ❞❡ ❧✬❆❉◆✱ ♦r❝❤❡s✲
tr❛♥t ❧❛ ❝❛s❝❛❞❡ ❞❡ ♠♦❞✐✜❝❛t✐♦♥s ✐♥❞✉✐t❡s ♣❛r ❧✬❛❣❡♥t ❀ ✐❧s s♦♥t s♦✉♣ç♦♥♥és
❞✬êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡s ❡✛❡ts à ❧♦♥❣ t❡r♠❡ ❞❡s ❞r♦❣✉❡s ✭❇❤❛t ❡t ❛❧✳✱ ✶✾✾✷✮✳

❩✐❢✷✻✽ ❡st ✉♥ ❞❡ ❝❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s❝r✐♣t✐♦♥ ✐♠♠é❞✐❛ts✳ ❈♦♥trô❧❛♥t ❧✬❡①✲
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♣r❡ss✐♦♥ ❞❡ ❣è♥❡s q✉✐ ✐♥❞✉✐s❡♥t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s str✉❝t✉r❛❧❡s ❡t ❢♦♥❝t✐♦♥✲
♥❡❧❧❡s ❛✉ s❡✐♥ ❞❡s t✐ss✉s ♦ù ✐❧s s♦♥t ❡①♣r✐♠és✱ ❝✬❡st ✉♥❡ ❝✐❜❧❡ ✐♥tér❡ss❛♥t❡ ♣♦✉r
ét✉❞✐❡r ❧❛ ré♣♦♥s❡ ❞❡s ♥❡✉r♦♥❡s à ❞✐✈❡rs st✐♠✉❧✐✳ ❊♥ ❡✛❡t✱ ❡♥ ♣❧✉s ❞❡ s❡r✈✐r
❞❡ ♠❛rq✉❡✉r ❞✬❛❝t✐✈✐té ✭♣❡r♠❡tt❛♥t ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ③♦♥❡s ré♣♦♥❞❛♥t à
✉♥ st✐♠✉❧✉s✮✱ ✐❧ ❡st ❝♦♥♥✉ ♥♦t❛♠♠❡♥t ♣♦✉r ❥♦✉❡r ✉♥ rô❧❡ ❞❛♥s ❧❛ ♣❧❛st✐❝✐té
❝éré❜r❛❧❡ ✭❝❛♣❛❝✐té q✉✬♦♥t ❧❡s ♥❡✉r♦♥❡s à s✬❛❞❛♣t❡r à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡
❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ❀ ❑♥❛♣s❦❛ ❡t ❑❛❝③♠❛r❡❦ ✭✷✵✵✹✮✮✳

❙✉r✲❡①♣r✐♠é s✉✐t❡ à ✉♥❡ ❡①♣♦s✐t✐♦♥ à ❞❡s ♣s②❝❤♦st✐♠✉❧❛♥ts✱ ❩✐❢✷✻✽ s❡r❛✐t
✉♥ ♠é❞✐❛t❡✉r ❞❡s ❝❤❛♥❣❡♠❡♥ts ✐♥❞✉✐ts ♣❛r ❧❡s ❞r♦❣✉❡s ❛✉ ♥✐✈❡❛✉ ♥❡✉r♦♥❛❧✳
❆♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❝♦❝❛ï♥❡✱ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧✬❆❘◆♠ ❛✉❣♠❡♥t❡ ❥✉sq✉✬à
❛tt❡✐♥❞r❡ ✉♥ ♣✐❝ ❡♥tr❡ ✸✵ ❡t ✻✵ ♠✐♥✉t❡s✱ ♣✉✐s ❞✐♠✐♥✉❡ ♣r♦❣r❡ss✐✈❡♠❡♥t ❥✉sq✉✬à
s♦♥ ♥✐✈❡❛✉ ❜❛s❛❧ ❞❛♥s ❧❡s ✸ ❤❡✉r❡s s✉✐✈❛♥t❡s ✭❇❤❛t ❡t ❛❧✳✱ ✶✾✾✷✮✳ ▲❛ ré♣❛rt✐t✐♦♥
❞❡ s♦♥ ❡①♣r❡ss✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❡t ❞✉ str✐❛t✉♠ ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❞r♦❣✉❡ ❛❞♠✐♥✐stré❡✱ ❝❡ q✉✐ r❡✢ét❡r❛✐t ❧❡s ❡✛❡ts s♣é❝✐✜q✉❡s ❞❡ ❝❤❛q✉❡ ❞r♦❣✉❡
s✉r ❧❡ s②stè♠❡ ♠♦♥♦❛♠✐♥❡r❣✐q✉❡✳

✶✶✳✺✳✸ t❉❈❙ ❡t ✐♠♣❛❝t ❞✬✉♥❡ ❡①♣♦s✐t✐♦♥ ❛✐❣✉ë à ❧❛ ❝♦✲
❝❛ï♥❡

▲❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❛✉ ♥✐✈❡❛✉ ❝éré❜r❛❧ ❡st ❞és♦r✲
♠❛✐s ❜✐❡♥ ❞é❝r✐t❡ ❝❤❡③ ❧✬❛♥✐♠❛❧ ✭❲✐❧❧✉❤♥ ❡t ❛❧✳✱ ✷✵✵✸ ❀ ❙t❡✐♥❡r ❡t ❱❛♥ ❲❛❡s✱
✷✵✶✸✮✳ ❊♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❞✉ Pr✳ ❙t❡✐♥❡r ❞❡ ❧❛ ❈❤✐❝❛❣♦ ▼❡❞✐❝❛❧
❙❝❤♦♦❧ ✭➱t❛ts✲❯♥✐s✮ s♣é❝✐❛❧✐sé❡ ❞❛♥s ❧❛ r❡❝❤❡r❝❤❡ s✉r ❧❡s ♣s②❝❤♦st✐♠✉❧❛♥ts✱
♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ s✉r ❧❡s ❡✛❡ts ❝♦♠♣♦rt❡✲
♠❡♥t❛✉① ❡t ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❞✬✉♥❡ ✐♥❥❡❝t✐♦♥ ❛✐❣✉ë ❞❡ ❝♦❝❛ï♥❡✳

◆♦tr❡ ♦❜❥❡❝t✐❢ ét❛✐t ❞✬é✈❛❧✉❡r s✐ ✉♥ ♣ré✲tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ♠♦❞✐✜❡ ❧❛
ré♣♦♥s❡ ♠♦tr✐❝❡ ❡t ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❛♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❛✐❣✉ë ❞❡ ❝♦❝❛ï♥❡✳
❈❡s t❡sts ♦♥t été ré❛❧✐sés ✸ s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✱ ♣✉✐sq✉❡
❞❛♥s ♥♦tr❡ ♣r❡♠✐❡r ❛rt✐❝❧❡ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✹✮ ♥♦✉s ❛✈✐♦♥s ♠♦♥tré ❞❡s ❡✛❡ts
❝♦♠♣♦rt❡♠❡♥t❛✉① r♦❜✉st❡s ❛♣rès ❝❡ ❞é❧❛✐✳

❈❡tt❡ ét✉❞❡ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ♥♦tr❡ tr♦✐s✐è♠❡ ❛rt✐❝❧❡✱
❡♥ ❛♥♥❡①❡ ❈ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✻✮✳

P♦✉r ré♣♦♥❞r❡ à ❝❡tt❡ q✉❡st✐♦♥✱ ♥♦✉s ❛✈♦♥s ❝♦♠♠❡♥❝é ♣❛r ❛❞♠✐♥✐str❡r
✉♥ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ré♣été❡s ✭✵✳✷ ♠❆✱ ✷✵ ♠✐♥✉t❡s ❀
✷ ❢♦✐s✴❥♦✉r ♣❡♥❞❛♥t ✺ ❥♦✉rs✮ ♦✉ s❤❛♠ à ❞❡s s♦✉r✐s ❢❡♠❡❧❧❡s ❞❡ s♦✉❝❤❡ ❙✇✐ss
â❣é❡s ❞❡ ✽ s❡♠❛✐♥❡s✳ ❚r♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡ ❝❡ tr❛✐t❡♠❡♥t✱ ❧❡s s♦✉r✐s
♦♥t r❡ç✉ ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❝♦❝❛ï♥❡ ♦✉ ❞❡ s♦❧✈❛♥t s❡❧♦♥ ❧❛ ré♣❛rt✐t✐♦♥ s✉✐✈❛♥t❡ ✿

✖ ■♥❥❡❝t✐♦♥ ❞❡ s♦❧✈❛♥t ✭❱❡❤✮ ✿ ❙❤❛♠✲❱❡❤ ✭◆❂✽✮ ❡t t❉❈❙✲❱❡❤ ✭◆❂✻✮
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✖ ■♥❥❡❝t✐♦♥ ❞❡ ✺ ♠❣✴❦❣ ❞❡ ❝♦❝❛ï♥❡ ✿ ❙❤❛♠✲✺ ✭◆❂✾✮ ❡t t❉❈❙✲✺ ✭◆❂✶✵✮
✖ ■♥❥❡❝t✐♦♥ ❞❡ ✶✵ ♠❣✴❦❣ ❞❡ ❝♦❝❛ï♥❡ ✿ ❙❤❛♠✲✶✵ ✭◆❂✾✮ ❡t t❉❈❙✲✶✵ ✭◆❂✶✵✮
✖ ■♥❥❡❝t✐♦♥ ❞❡ ✷✺ ♠❣✴❦❣ ❞❡ ❝♦❝❛ï♥❡ ✿ ❙❤❛♠✲✷✺ ✭◆❂✽✮ ❡t t❉❈❙✲✷✺ ✭◆❂✽✮

■♠♠é❞✐❛t❡♠❡♥t ❛♣rès ❧✬✐♥❥❡❝t✐♦♥✱ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❞❡s s♦✉r✐s ❛ été
❛♥❛❧②sé❡ ❞❛♥s ✉♥ ♦♣❡♥ ✜❡❧❞ ♣❡♥❞❛♥t ✹✵ ♠✐♥✉t❡s✳ ▲❡s s♦✉r✐s ❛②❛♥t r❡ç✉ ✉♥❡
✐♥❥❡❝t✐♦♥ ❞❡ s♦❧✈❛♥t ♦✉ ❞❡ ✷✺ ♠❣✴❦❣ ❞❡ ❝♦❝❛ï♥❡ ♦♥t été s❛❝r✐✜é❡s ♣❛r ✐♥❤❛❧❛✲
t✐♦♥ ❞❡ ❈❖2 ❡t ❧❡✉rs ❝❡r✈❡❛✉① ♦♥t été ré❝✉♣érés ❡t ❛♥❛❧②sés ♣❛r ❤②❜r✐❞❛t✐♦♥
✐♥ s✐t✉ ✭✜❣✉r❡ ✶✶✳✾ ❆✮✳ ▲❡s s♦✉r✐s ❙❤❛♠✲✷✺ ❡t t❉❈❙✲✷✺ ♦♥t été ❝❤♦✐s✐❡s ❝❛r
❝✬❡st ❧❛ ❞♦s❡ ♣♦✉r ❧❛q✉❡❧❧❡ ✉♥ ❡✛❡t ❝♦♠♣♦rt❡♠❡♥t❛❧ ❞❡ ❧❛ t❉❈❙ ❛ été r❡❧❡✈é✳
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❋✐❣✉r❡ ✶✶✳✾ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧✳ ❙❤❛♠✲❱❡❤ ♦✉ t❉❈❙✲❱❡❤ ✿ s♦✉r✐s
tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s ✐♥❛❝t✐✈❡s ♦✉ ❛♥♦❞✐q✉❡s ♣✉✐s ❛✉ s♦❧✈❛♥t ✭◆❛❈❧ ✰
❛❝✐❞❡ ❛s❝♦r❜✐q✉❡✮ ❀ ❙❤❛♠✴t❉❈❙✲✺✱ ✲✶✵ ♦✉ ✲✷✺ ✿ s♦✉r✐s tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s
✐♥❛❝t✐✈❡s ♦✉ ❛♥♦❞✐q✉❡s ♣✉✐s à ❧❛ ❝♦❝❛ï♥❡ ✭✐♥❥❡❝t✐♦♥ ✉♥✐q✉❡ ❞❡ ✺✱ ✶✵ ♦✉ ✷✺
♠❣✴❦❣✮✳ ❇✴ ❘és✉❧t❛ts ♦❜t❡♥✉s ❞❛♥s ❧❡ t❡st ❞❡ ❧✬♦♣❡♥ ✜❡❧❞ ✭❖❋✮✳ ✯✯ ♣❁✵✳✵✶
❡t ✯✯✯ ♣❁✵✳✵✵✶ ✈❡rs✉s ❱❡❤ r❡s♣❡❝t✐❢ ❀ &&& ♣❁✵✳✵✵✶ ✈❡rs✉s ❙❤❛♠✳

❈♦♥❝❡r♥❛♥t ❧❡ t❡st ❞✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡✱ ✉♥❡ ❆◆❖❱❆ à ❞❡✉① ❢❛❝t❡✉rs
✭❢❛❝t❡✉rs ✐♥t❡r ✿ ❣r♦✉♣❡ ✭❙❤❛♠ ♦✉ t❉❈❙✮ ❡t ❞r♦❣✉❡ ✭❱❡❤✱ ✺✱ ✶✵ ♦✉ ✷✺✮ ré✈è❧❡
✉♥ ❡✛❡t ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❣r♦✉♣❡ ① ❞r♦❣✉❡ ✭❋(3,59)❂ ✸✳✽✼ ❀ ♣❁✵✳✵✺✮✳ ❯♥❡ ✐♥❥❡❝✲
t✐♦♥ ❞❡ ❝♦❝❛ï♥❡ ❛✉❣♠❡♥t❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❛ ❞✐st❛♥❝❡ ♣❛r❝♦✉r✉❡ ♣❡♥❞❛♥t
✹✵ ♠✐♥✉t❡s ❞❛♥s ✉♥ ♦♣❡♥ ✜❡❧❞ ♣♦✉r ✉♥❡ ❞♦s❡ ❞❡ ✺ ✭◆❑ ✿ ♣❁✵✳✵✶✮✱ ✶✵ ♦✉
✷✺ ♠❣✴❦❣ ✭◆❑ ✿ ♣❁✵✳✵✵✶✮✳
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▲❛ t❉❈❙ ♥✬❛ ❛✉❝✉♥ ❡✛❡t s✉r ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❞❡s s♦✉r✐s tr❛✐té❡s ❛✉
s♦❧✈❛♥t ♦✉ ♣❛r ❞❡s ❞♦s❡s ❢❛✐❜❧❡s ✭✺ ❡t ✶✵✮ ❞❡ ❝♦❝❛ï♥❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬✐♠♣❛❝t
❞✬✉♥❡ ❞♦s❡ é❧❡✈é❡ ❞❡ ❝♦❝❛ï♥❡ s✉r ❧❛ ❧♦❝♦♠♦t✐♦♥ ❡st s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❞✐♠✐♥✉é
❝❤❡③ ❧❡s s♦✉r✐s tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ✭❝♦♠♣❛ré ❛✉① s♦✉r✐s ❙❤❛♠✲
✷✺✱ ◆❑ ✿ ♣❁✵✳✵✵✶ ❀ ✜❣✉r❡ ✶✶✳✾ ❇✮✳

▲❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ③♦♥❡s ❝éré❜r❛❧❡s ❛❝t✐✈é❡s ♣❛r ❧❛ t❉❈❙ ❡t✴♦✉ ❧❛ ❝♦❝❛ï♥❡
❛ été ré❛❧✐sé❡ s❡❧♦♥ ❧❡ ❞é❝♦✉♣❛❣❡ ♣rés❡♥té ❞❛♥s ❧✬❛rt✐❝❧❡ ❡t ❞❛♥s ❧❛ s❡❝t✐♦♥ ✼✳✷✳
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❋✐❣✉r❡ ✶✶✳✶✵ ✕ ❚♦♣♦❣r❛♣❤✐❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ✸ s❡♠❛✐♥❡s ❛♣rès ❧❡s st✐♠✉✲
❧❛t✐♦♥s✳ ❆✴ ❉✐str✐❜✉t✐♦♥ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ✭❞✐✛ér❡♥❝❡
❞❡ s✐❣♥❛❧ t❉❈❙✲❱❡❤ ✲ ❙❤❛♠✲❱❡❤ ♣♦✉r ❝❤❛q✉❡ ③♦♥❡✮✳ ▲❡s s❡❝t❡✉rs ♦ù ❧✬❛✉❣✲
♠❡♥t❛t✐♦♥ ❡st s✐❣♥✐✜❝❛t✐✈❡ s♦♥t ❝♦❧♦rés ❝♦♠♠❡ ✐♥❞✐q✉é✳ ▲❡ ❞é❣r❛❞é r❡♣rés❡♥t❡
❧❡s ✈❛❧❡✉rs r❡❧❛t✐✈❡s ♣❛r r❛♣♣♦rt à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ♠❛①✐♠✉♠ ✭♠❡s✉ré❡ ❞❛♥s
❧❡ ❝♦rt❡① ❝✐♥❣✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❢r♦♥t❛❧✮✳ ❇✴ ❉❡♥s✐té ♠♦②❡♥♥❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥
❞❡ ❩✐❢✷✻✽ r❡❧❡✈é❡ ❞❛♥s ❧❡ ❝♦rt❡① ❝✐♥❣✉❧❛✐r❡ ✭❋r♦♥t❛❧✮ ❡t ❧❡ str✐❛t✉♠ ♠é❞✐❛❧
✭▼✐❞❞❧❡✮✳ & ♣❁✵✳✵✺ ❡t &&& ♣❁✵✳✵✵✶ ✈❡rs✉s ❙❤❛♠✳

▲❡ ♣r❡♠✐❡r rés✉❧t❛t q✉❡ ♥♦✉s ♣♦✉✈♦♥s ♠❡ttr❡ ❡♥ ❛✈❛♥t ❡st q✉❡ ♠❛❧❣ré ❧❡
❞é❝❛❧❛❣❡ ❞❡ ❧✬❡♠❜❛s❡ ✭s✉r ❧❡ ❝♦rt❡① ❣❛✉❝❤❡✮✱ ❛✉❝✉♥❡ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧✬❡①♣r❡s✲
s✐♦♥ ❞❡ ❩✐❢✷✻✽ ♥✬❛ été r❡❧❡✈é❡ ❡♥tr❡ ❧✬❤é♠✐s♣❤èr❡ ❣❛✉❝❤❡ ❡t ❧✬❤é♠✐s♣❤èr❡ ❞r♦✐t
❞❡s s♦✉r✐s✱ q✉❡ ❝❡ s♦✐t ♣♦✉r ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ♦✉ ❝❡❧✉✐ ❞❡ ❧❛ ❝♦❝❛ï♥❡ ✭❆◆❖❱❆
tr♦✐s ❢❛❝t❡✉rs ✭❤é♠✐s♣❤èr❡✱ ❣r♦✉♣❡ ❡t ❞r♦❣✉❡✮ ✿ ❢❛❝t❡✉r ❤é♠✐s♣❤èr❡ s❡✉❧ ♦✉
✐♥t❡r❛❝t✐♦♥ t♦✉❥♦✉rs ♣❃✵✳✵✺✮✳ ▲❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡s ❞❡✉① ❤é♠✐s♣❤èr❡s ♦♥t



✶✶✳✺✳ ❊❳P❖❙■❚■❖◆ ➚ ▲❆ ❈❖❈❆Ï◆❊ ✶✻✸

❞♦♥❝ été ♠♦②❡♥♥é❡s ♣♦✉r ❧❡ r❡st❡ ❞❡ ❧✬ét✉❞❡✳

▲✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❡s ❛♥✐♠❛✉① tr❛✐tés ❛✉ s♦❧✈❛♥t ❡st r❡♣rés❡♥té❡
❞❛♥s ❧❛ ✜❣✉r❡ ✶✶✳✶✵ ❀ ♥♦t♦♥s q✉❡ ❧❡ ❞é❣r❛❞é ♣rés❡♥t❡ q✉❡❧q✉❡s ❞✐✛ér❡♥❝❡s
❛✈❡❝ ❝❡❧✉✐ ❡①♣♦sé ❞❛♥s ❧✬❛rt✐❝❧❡ ❡♥ ❛♥♥❡①❡ ❈ ♣✉✐sq✉❡ ✐❝✐ ♥♦✉s ♥❡ r❡♣rés❡♥t♦♥s
♣❧✉s s❡✉❧❡♠❡♥t ❧❡ str✐❛t✉♠✱ ♠❛✐s ❛✉ss✐ ❧❡ ❝♦rt❡① ✭❧✬❡✛❡t ♠❛①✐♠❛❧ ❞❡ ❧❛ t❉❈❙
s✉r ❩✐❢✷✻✽ s❡ r❡tr♦✉✈❡ ❞♦♥❝ ❛✉ ♥✐✈❡❛✉ ❞✉ ❝♦rt❡① ❝✐♥❣✉❧❛✐r❡ ❢r♦♥t❛❧✱ ❡t ♥♦♥ ❞✉
str✐❛t✉♠ ♠é❞✐❛❧✮✳

❊♥ ❝♦♠♣❛r❛♥t ❧❡s ❝♦✉♣❡s ❞❡s ❛♥✐♠❛✉① ❙❤❛♠✲❱❡❤ ❡t t❉❈❙✲❱❡❤✱ ♥♦✉s ♣♦✉✲
✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❛ t❉❈❙ ❛✉❣♠❡♥t❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❞❛♥s ✹ ③♦♥❡s
❝♦rt✐❝❛❧❡s ✭❝♦rt❡① ❝✐♥❣✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❢r♦♥t❛❧ ❡t ♣✐r✐❢♦r♠❡ ❛✉① ♥✐✈❡❛✉① r♦s✲
tr❛❧✱ ♠✐❞❞❧❡ ❡t ❝❛✉❞❛❧✮ ❡t ✻ ③♦♥❡s str✐❛t❛❧❡s ✭r♦str❛❧ ✿ str✐❛t✉♠ ❞♦rs♦❧❛tér❛❧ ❡t
❞♦rs♦♠é❞✐❛❧ ❀ ♠✐❞❞❧❡ ✿ str✐❛t✉♠ ♠é❞✐❛❧✱ ❞♦rs❛❧✱ ❞♦rs♦❧❛tér❛❧ ❡t ❝❡♥tr❛❧✮✳

P✉✐sq✉❡ ❧❛ t❉❈❙ ❛ ✉♥ ❡✛❡t s✉r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽✱ ♥♦✉s ❛✈♦♥s ♠❡s✉ré
❧❡s ❡✛❡ts ❞❡ ❧❛ ❝♦❝❛ï♥❡ à ♣❛rt✐r ❞❡ ✈❛❧❡✉rs r❡❧❛t✐✈❡s ✭♣♦✉r❝❡♥t❛❣❡ ❞❡ ✈❛r✐❛t✐♦♥
♣❛r r❛♣♣♦rt ❛✉ ❣r♦✉♣❡ ❝♦♥trô❧❡ ✿ ❙❤❛♠✲❱❡❤ ♦✉ t❉❈❙✲❱❡❤✮✳ ▲❡s rés✉❧t❛ts s♦♥t
♣rés❡♥tés ❞❛♥s ❧❛ ✜❣✉r❡ ✶✶✳✶✶✳
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❋✐❣✉r❡ ✶✶✳✶✶ ✕ ❚♦♣♦❣r❛♣❤✐❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❡t ❞❡ ❧❛ t❉❈❙✳ ■❝✐ ❧❡s
✈❛❧❡✉rs r❡♣rés❡♥té❡s s♦♥t r❡❧❛t✐✈❡s ✭♣♦✉r❝❡♥t❛❣❡ ❞❡ ✈❛r✐❛t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉
❣r♦✉♣❡ ❝♦♥trô❧❡✮✳ ❆✴ ❉✐str✐❜✉t✐♦♥ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽
✹✵ ♠✐♥✉t❡s ❛♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❝♦❝❛ï♥❡ ✭s♦✉r✐s ❙❤❛♠✲✷✺✮✳ ❇✴ ❉✐✛ér❡♥❝❡
❡♥tr❡ ❙❤❛♠✲✷✺ ❡t t❉❈❙✲✷✺✳ ❉❛♥s ❝❡s ❞❡✉① ❣r♦✉♣❡s✱ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❡st
❛✉❣♠❡♥té❡ ❞❡ ♠❛♥✐èr❡ ❞✐✛ér❡♥t❡✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ❡st ❡①♣r✐♠é❡
❡♥ ♣♦✉r❝❡♥t❛❣❡ ❞✬❛tté♥✉❛t✐♦♥ ♣❛r ❧❛ t❉❈❙ ✭❞é❣r❛❞é ❜❧❡✉✮ ♣❛r r❛♣♣♦rt ❛✉
♠❛①✐♠✉♠ ♦❜s❡r✈é ✭❛✉ ♥✐✈❡❛✉ ▼✐❞❞❧❡✱ ré❣✐♦♥ ❞✉ str✐❛t✉♠ ❝❡♥tr❛❧ ❝❤❡③ ❧❡s
❙❤❛♠✲✷✺✮✳ ❈✴ ❉❡♥s✐té ♠♦②❡♥♥❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ r❡❧❡✈é❡ ❞❛♥s ❧❡
str✐❛t✉♠ ❝❡♥tr❛❧ ✭▼✐❞❞❧❡✮ ❡t ❡①♣r✐♠é❡ ❡♥ ♣♦✉r❝❡♥t❛❣❡ ❞✉ ❣r♦✉♣❡ ❝♦♥trô❧❡✳ ✯✯
♣❁✵✳✵✶ ❡t ✯✯✯ ♣❁✵✳✵✵✶ ✈❡rs✉s ❝♦♥trô❧❡ r❡s♣❡❝t✐❢ ✭❱❡❤ ❂ ✶✵✵ ✪✱ ❛①❡ r♦✉❣❡✮ ❀
&&& ♣❁✵✳✵✵✶ ✈❡rs✉s ❙❤❛♠✳

❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❝♦♥sé❝✉t✐✈❡ à ❧✬✐♥❥❡❝t✐♦♥ ❞❡
❝♦❝❛ï♥❡ ✭✷✺ ♠❣✴❦❣✮ s❡ r❡tr♦✉✈❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ str✐❛t✉♠✳ ❈❤❡③ ❧❡s
s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❡ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥s ré♣été❡s tr♦✐s s❡♠❛✐♥❡s ❛✈❛♥t
❧✬❡①♣♦s✐t✐♦♥ à ❧❛ ❝♦❝❛ï♥❡✱ ✉♥ ♥♦♠❜r❡ ♠♦✐♥s ✐♠♣♦rt❛♥t ❞❡ ③♦♥❡s s♦♥t ❛✛❡❝té❡s
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♣❛r ❧❛ ❞r♦❣✉❡ ✭t❛❜❧❡❛✉ ✶✶✳✶✮✳

❙❤❛♠✲✷✺ t❉❈❙✲✷✺
❈♦rt❡① ✸ ✵
❙tr✐❛t✉♠ ✶✺ ✶✶

❚❛❜❧❡ ✶✶✳✶ ✕ ◆♦♠❜r❡ ❞❡ ③♦♥❡s ♦ù ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❡st s✐❣♥✐✜❝❛t✐✈❡♠❡♥t
❛✉❣♠❡♥té❡ ✭♣❛r r❛♣♣♦rt ❛✉ ❣r♦✉♣❡ ❝♦♥trô❧❡✮ ♣❛r ❧✬❡①♣♦s✐t✐♦♥ à ❧❛ ❝♦❝❛ï♥❡✳

P❛r ❛✐❧❧❡✉rs ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ st❛t✐st✐q✉❡ ❞✐r❡❝t❡ ❡♥tr❡ ❧❡s ❞❡✉① ❣r♦✉♣❡s ❞❡
s♦✉r✐s ❛②❛♥t r❡ç✉ ❧❛ ❝♦❝❛ï♥❡ ♠♦♥tr❡ ✉♥❡ ❛tté♥✉❛t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧✬❡①♣r❡s✲
s✐♦♥ ❞❡ ❩✐❢✷✻✽ ♣❛r ❧❛ t❉❈❙ ❞❛♥s ✶✵ ③♦♥❡s str✐❛t❛❧❡s ❡t ✻ ③♦♥❡s ❝♦rt✐❝❛❧❡s✳ ❈❡s
③♦♥❡s s♦♥t r❡♣rés❡♥té❡s ❡♥ ❞é❣r❛❞é ❜❧❡✉ ❞❛♥s ❧❛ ✜❣✉r❡ ✶✶✳✶✶✳

P♦✉r ✜♥✐r✱ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❡t ❞❡ ❧❛ ❝♦❝❛ï♥❡ s✉r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❛
été ét✉❞✐é ♣❛r ❞❡s ❛♥❛❧②s❡s ❞❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s s❡❝t❡✉rs str✐❛t❛✉① ❡t ❧❡✉rs
❛✛ér❡♥❝❡s ❝♦rt✐❝❛❧❡s ✭t❡❧❧❡s q✉❡ ❞é✜♥✐❡s ❝✐✲❛✈❛♥t✮✳ ◆♦s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡
❝♦rré❧❛t✐♦♥ ♣♦s✐t✐✈❡ ✭t❡st ❞❡ P❡❛rs♦♥ ✿ ❡✛❡t ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❧❡s ❛♥✐♠❛✉①
❱❡❤ ✿ r❂✵✳✹✶✺✱ ♣❁✵✳✵✺ ❀ ❡t ❝❤❡③ ❧❡s ❛♥✐♠❛✉① tr❛✐tés ♣❛r ❝♦❝❛ï♥❡ ✿ r❂✵✳✻✷✼✱
♣❁✵✳✵✵✶✮✳ ❆✐♥s✐✱ ❧❡s ❝❤❛♥❣❡♠❡♥ts ✐♥❞✉✐ts ♣❛r ❧❛ t❉❈❙ ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❞❡s
❜♦✉❝❧❡s ❞❡ ré❣✉❧❛t✐♦♥ ❝♦rt✐❝♦✲str✐❛t❛❧❡s s♣é❝✐✜q✉❡s✳

✶✶✳✺✳✹ t❉❈❙ ❡t ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❛
❝♦❝❛ï♥❡

❆✉ ✈✉ ❞❡ ♥♦s rés✉❧t❛ts ♣ré❝é❞❡♥ts✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ✈♦✐r s✐ ❧❛ t❉❈❙
❞✐♠✐♥✉❡ é❣❛❧❡♠❡♥t ❧❡s ❡✛❡ts ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❞❛♥s ❧❡ t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡
❝♦♥❞✐t✐♦♥♥é❡✳ ❊♥ ❡✛❡t✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❡st ♥é❝❡s✲
s❛✐r❡ à ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥❡ ♣ré❢ér❡♥❝❡ ♣♦✉r ❧❡ ❝♦♠♣❛rt✐♠❡♥t ❛ss♦❝✐é à ❧❛
❝♦❝❛ï♥❡ ✭❱❛❧❥❡♥t ❡t ❛❧✳✱ ✷✵✵✻✮✳

❆✉ss✐✱ ♥♦✉s ❛✈♦♥s s♦✉♠✐s ✉♥ ❧♦t ❞❡ s♦✉r✐s ❙✇✐ss à ✉♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙
✭❛❝t✐✈❡ ♦✉ s❤❛♠✮ ❡t✱ tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s
❡✛❡❝t✉é ✉♥ t❡st ❞❡ ❈PP ♣♦✉r ❧❡s ❞♦s❡s ❞❡ ❞r♦❣✉❡ ♣ré❝é❞❡♠♠❡♥t ét✉❞✐é❡s
✭❱❡❤✱ ✺✱ ✶✵ ❡t ✷✺ ♠❣✴❦❣✮✳ ❈❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❡♥ ❞❡✉①✐è♠❡ ♣❛rt✐❡ ❞❡
♥♦tr❡ ❛rt✐❝❧❡ ❡♥ ❛♥♥❡①❡ ❈ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✻✮ ❡t ❞❛♥s ❧❛ ✜❣✉r❡ ✶✶✳✶✷✳
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❋✐❣✉r❡ ✶✶✳✶✷ ✕ ❆✴ Pr♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧✳ ❈PP ✿ t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡
❝♦♥❞✐t✐♦♥♥é❡ ❀ ❙❤❛♠ ✿ s♦✉r✐s tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s ✐♥❛❝t✐✈❡s ❀ t❉❈❙ ✿ s♦✉r✐s
tr❛✐té❡s ♣❛r st✐♠✉❧❛t✐♦♥s ❛♥♦❞✐q✉❡s ❀ ❱❡❤ ✿ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛✉ s♦❧✈❛♥t ❀ ✺✱ ✶✵
♦✉ ✷✺ ✿ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t à ❧❛ ❝♦❝❛ï♥❡ ✺✱ ✶✵ ♦✉ ✷✺ ♠❣✴❦❣✱ r❡s♣❡❝t✐✈❡♠❡♥t✳
❇✴ ❘és✉❧t❛ts ♦❜t❡♥✉s ❧♦rs ❞❡ ❧✬ét✉❞❡ ❞❡ ❧❛ ❝♦✉r❜❡ ❞♦s❡✲ré♣♦♥s❡ ❞❛♥s ❧❡ ❈PP✳
$$ ♣❁✵✳✵✶ ❡t $$$ ♣❁✵✳✵✵✶ ✈❡rs✉s ✵ ✪ ✭s②♠❜♦❧✐sé ♣❛r ❧✬❛①❡ r♦✉❣❡✮ ❀ & ♣❁✵✳✵✺
✈❡rs✉s ❙❤❛♠✳

❯♥ t❡st ❞❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ♠♦②❡♥♥❡s ✭à ✉♥❡ ✈❛❧❡✉r st❛♥❞❛r❞✱ ✵ ✪✮ ♥♦✉s
✐♥❞✐q✉❡ q✉❡ ❧❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛✉ s♦❧✈❛♥t ✭❱❡❤✮ ♣❡♥❞❛♥t tr♦✐s ❥♦✉rs ♥❡ ♠♦✲
❞✐✜❡ ♣❛s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ✈✐s✐t❡ ❞❡s s♦✉r✐s ♣❡♥❞❛♥t ❧❡ t❡st ✭❙❤❛♠✲❱❡❤ ✿
♣❂✵✳✷✻ ❡t t❉❈❙✲❱❡❤ ✿ ♣❂✵✳✷✺✮✱ ❝❡❝✐ ❜✐❡♥ q✉❡ ♥♦✉s ❛♣♣❧✐q✉✐♦♥s ❧❛ ♠ét❤♦❞❡
❞✐t❡ ❜✐❛✐sé❡ ♣♦✉r ❝♦♥❞✐t✐♦♥♥❡r ❧❡s s♦✉r✐s ✭❧❡s s♦✉r✐s r❡ç♦✐✈❡♥t ❧❡s ✐♥❥❡❝t✐♦♥s ❞❡
❞r♦❣✉❡ ❞❛♥s ❧❡ ❝♦♠♣❛rt✐♠❡♥t q✉✬❡❧❧❡s ✈✐s✐t❛✐❡♥t ❧❡ ♠♦✐♥s ❧♦rs ❞✉ ♣r❡♠✐❡r ❥♦✉r
❞❡ t❡st✮✳

▲❡s tr♦✐s ❞♦s❡s ❞❡ ❝♦❝❛ï♥❡ ✐♥❞✉✐s❡♥t ✉♥❡ ♣ré❢ér❡♥❝❡ ❝❤❡③ ❧❡s s♦✉r✐s ❙❤❛♠
✭❙❤❛♠✲✺ ❡t ❙❤❛♠✲✷✺ ✿ ♣❁✵✳✵✶ ❀ ❙❤❛♠✲✶✵ ✿ ♣❁✵✳✵✵✶ ✈❡rs✉s ✵ ✪✮✳

▲❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ s✉♣♣r✐♠❡♥t ❧❛ ♣ré❢ér❡♥❝❡ ♣♦✉r ❧❡s ❞♦s❡s ❞❡
✺ ❡t ✷✺ ♠❣✴❦❣ ❞❡ ❝♦❝❛ï♥❡ ✭♣❂✵✳✾✽ ❡t ♣❂✵✳✸✼ ✈❡rs✉s ✵ ✪✱ r❡s♣❡❝t✐✈❡♠❡♥t✮✱
♠❛✐s ♣❛s ♣♦✉r ✶✵ ♠❣✴❦❣ ✭♣❁✵✳✵✵✶ ✈❡rs✉s ✵ ✪✮✳ ❯♥❡ ❆◆❖❱❆ à ✷ ❢❛❝t❡✉rs
♠♦♥tr❡ ✉♥ ❡✛❡t ❣r♦✉♣❡ ✭❋(1,49)❂ ✹✳✵✼✱ ♣❁✵✳✵✺✮ ❛✈❡❝ ✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❙❤❛♠
❡t t❉❈❙ ♣♦✉r ❧❛ ❞♦s❡ ❞❡ ✷✺ ♠❣✴❦❣✳
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✶✶✳✺✳✺ ❉✐s❝✉ss✐♦♥

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ✉♥ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥s ré♣été❡s ❛❧tèr❡ ❞✐✈❡rs t②♣❡s
❞❡ ré♣♦♥s❡s ❝♦♠♣♦rt❡♠❡♥t❛❧❡s ✭❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❡t ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡
❝♦♥❞✐t✐♦♥♥é❡✮ ❡t ♥❡✉r♦❜✐♦❧♦❣✐q✉❡ ✭✐♥❞✉❝t✐♦♥ ❞❡ ❩✐❢✷✻✽ ✮ ❢❛✐s❛♥t s✉✐t❡ à ❧✬✐♥✲
❥❡❝t✐♦♥ ❞✬✉♥❡ ❢♦rt❡ ❞♦s❡ ❞❡ ❝♦❝❛ï♥❡ ✭✷✺ ♠❣✴❦❣✮✳

▲❛ t❉❈❙ ♣❡r s❡ ❛✉❣♠❡♥t❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽

◆♦s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡
t❉❈❙✱ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❡st ❛✉❣♠❡♥té❡ ❞❛♥s ♣❧✉s✐❡✉rs ③♦♥❡s ❝éré❜r❛❧❡s
✭♥♦t❛♠♠❡♥t ❞❛♥s ❧❡ str✐❛t✉♠✮ ❝❤❡③ ❞❡s s♦✉r✐s ♥✬❛②❛♥t ♣❛s r❡ç✉ ❞❡ ❞r♦❣✉❡✳
❈❡s s♦✉r✐s ❛✈❛✐❡♥t été s❛❝r✐✜é❡s ❥✉st❡ ❛♣rès ✉♥ t❡st ❞✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡
❡♥ ♠✐❧✐❡✉ ♥♦♥ ❢❛♠✐❧✐❡r ❀ ❧❛ q✉❡st✐♦♥ q✉✐ s❡ ♣♦s❡ ❡st s✐ ❝❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥
r❡♣rés❡♥t❡ ✉♥❡ ré❣✉❧❛t✐♦♥ ❣é♥✐q✉❡ à ❧♦♥❣ t❡r♠❡ ✭♣❡r♠❛♥❡♥t❡✮ ♦✉ ✉♥❡ ré♣♦♥s❡
❡①❛❝❡r❜é❡ ✭t❡♠♣♦r❛✐r❡✮ ❛✉① ❝♦♥❞✐t✐♦♥s ❡①♣ér✐♠❡♥t❛❧❡s✳

❉❡✉①✐è♠❡ ♣♦✐♥t✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❛✉ ♥✐✈❡❛✉ ♥❡✉r♦✲
❜✐♦❧♦❣✐q✉❡ ♥❡ ❞é♣❡♥❞❡♥t ♣❛s str✐❝t❡♠❡♥t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡❝tr♦❞❡ ✿ ❧❛
ré❣✉❧❛t✐♦♥ ❣é♥✐q✉❡ ♥✬❡st ♣❛s ❧✐♠✐té❡ à ❧✬❤é♠✐s♣❤èr❡ st✐♠✉❧é ✭❧❡ ❣❛✉❝❤❡✮✱ ♠❛✐s
s❡ r❡tr♦✉✈❡ ❞❡ ♠❛♥✐èr❡ é❣❛❧❡ ❞❛♥s ❧✬❤é♠✐s♣❤èr❡ ❞r♦✐t✳ ❉❡ ♠ê♠❡✱ ❧❡s ③♦♥❡s
❝éré❜r❛❧❡s ❛✛❡❝té❡s ♥❡ s♦♥t ♣❛s ✉♥✐q✉❡♠❡♥t ❝❡❧❧❡s s✐t✉é❡s s♦✉s ❧✬❛♥♦❞❡✳

❘❛♣♣❡❧♦♥s q✉❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾ r❡❧❛t✐❢ à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ♥♦tr❡ ♠♦✲
❞è❧❡ ❛♥✐♠❛❧✱ ♥♦✉s ❛✈✐♦♥s ♠♦♥tré q✉❡ ❞❡ ❞é♣❧❛❝❡r ❧✬é❧❡❝tr♦❞❡ ❞❡ st✐♠✉❧❛t✐♦♥
✭❡♥ ❧❛ ♣❧❛ç❛♥t à ✉♥ ♥✐✈❡❛✉ ♣♦stér✐❡✉r✮ ♥✬❛✛❡❝t❛✐t ♣❛s ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ ❞❛♥s
❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡✳ ❉❡ ♣❧✉s✱ ❝♦♠♠❡ ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✵✱ ♥♦tr❡
♣r♦t♦❝♦❧❡ ❞❡ t❉❈❙ ❡♥tr❛î♥❛✐t ✉♥❡ ré❣✉❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ ❤✐♣✲
♣♦❝❛♠♣✐q✉❡ ✐❞❡♥t✐q✉❡ ❡♥tr❡ ❧❡s ❞❡✉① ❤é♠✐s♣❤èr❡s✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ✐❝✐
t❡♥❞❡♥t à ❝♦♥✜r♠❡r q✉❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❡st ♥♦♥ ❢♦❝❛❧✱ ❡t q✉❡
❧❡ ❝♦✉r❛♥t ❞✐✛✉s❡r❛✐t s✉r ✉♥❡ ③♦♥❡ ❝éré❜r❛❧❡ ♣❧✉s ❧❛r❣❡ q✉❡ ❝❡❧❧❡ s✐t✉é❡ ❥✉st❡
❡♥ r❡❣❛r❞ ❞❡ ❧✬é❧❡❝tr♦❞❡✳

❈❡❧❛ ét❛♥t✱ ♥♦s ét✉❞❡s ❞❡ ❝♦rré❧❛t✐♦♥ ♠♦♥tr❡♥t q✉❡ ❧❛ t❉❈❙ ♥✬❡♥tr❛î♥❡
♣❛s ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽✱ ♠❛✐s ✉♥❡ ❛❝t✐✈❛t✐♦♥
❝✐❜❧é❡ ❞❡ ❝✐r❝✉✐ts ❝♦rt✐❝♦✲str✐❛t❛✉① s♣é❝✐✜q✉❡s ✭s❡♥s♦r✐✲♠♦t❡✉r ❡t ❛ss♦❝✐❛t✐❢✮✳
❈❡❝✐ ❡st ✈r❛✐ ❛✉ss✐ ❜✐❡♥ ❝❤❡③ ❧❡s ❛♥✐♠❛✉① ❛②❛♥t r❡ç✉ ❞✉ s♦❧✈❛♥t q✉❡ ❝❤❡③ ❝❡✉①
❛②❛♥t r❡ç✉ ❞❡ ❧❛ ❝♦❝❛ï♥❡✳

▲❛ t❉❈❙ ❛tté♥✉❡ ❧✬✐♥❞✉❝t✐♦♥ ❞❡ ❩✐❢✷✻✽ ♣❛r ❧❛ ❝♦❝❛ï♥❡

❚r♦✐s s❡♠❛✐♥❡s ❛♣rès ✉♥ tr❛✐t❡♠❡♥t ♣❛r st✐♠✉❧❛t✐♦♥s ré♣été❡s✱ ♥♦✉s ♦❜s❡r✲
✈♦♥s ✉♥ ❛✛❛✐❜❧✐ss❡♠❡♥t ❞❡ ❧❛ ré♣♦♥s❡ ♥❡✉r♦❜✐♦❧♦❣✐q✉❡ ✐♥❞✉✐t❡ ♣❛r ❧❛ ❝♦❝❛ï♥❡✳
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▲✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❞é♣❡♥❞r❛✐t ❞❡ ❧✬❛❝t✐✈✐té ❞♦♣❛♠✐♥❡r❣✐q✉❡ ❡t s❡r❛✐t
❧✐é❡ à ❧✬❛❝t✐✈✐té ❞❡ ❞✐✈❡rs ré❝❡♣t❡✉rs✱ ❞♦♥t ❧❡s ré❝❡♣t❡✉rs ◆▼❉❆ ✭❱❡②r❛❝ ❡t ❛❧✳✱
✷✵✶✹✮✳ ❊❧❧❡ r❡♣rés❡♥t❡r❛✐t ❛✐♥s✐ ❧✬❛❝t✐✈✐té s②♥❛♣t✐q✉❡ ❡♥ ré♣♦♥s❡ à ❞❡s st✐♠✉❧✐✱
❡t ❩✐❢✷✻✽ s❡rt ❞❡ ♠❛rq✉❡✉r ♣❡r♠❡tt❛♥t ❞❡ ♣ré❞✐r❡ ❧❡s ❛❞❛♣t❛t✐♦♥s ♥❡✉r♦♥❛❧❡s
❛♣♣❛r❛✐ss❛♥t ❡♥ ❝❛s ❞✬❡①♣♦s✐t✐♦♥ ré♣été❡ à ✉♥❡ ❞r♦❣✉❡✳

❊✛❡❝t✐✈❡♠❡♥t✱ ❧❡ rô❧❡ ❞❡ ❝❡ ❢❛❝t❡✉r ❛ été ♠♦♥tré ❞❛♥s ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡ ❧❛
♠é♠♦✐r❡ ❛ss♦❝✐é❡ ❛✉① ❞r♦❣✉❡s ✿ ❧✬❡①♣♦s✐t✐♦♥ à ❞❡s ✐♥❞✐❝❡s r❡❧❛t✐❢s à ❧❛ ♣r✐s❡ ❞❡
❞r♦❣✉❡ ✭❢❛❝t❡✉r ❞❡ r❡❝❤✉t❡ ❝❤❡③ ❞❡s ♣❡rs♦♥♥❡s ❞é♣❡♥❞❛♥t❡s ❛❜st✐♥❡♥t❡s✮ ♦✉
à ✉♥❡ ❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❞r♦❣✉❡ ✐♥❞✉✐t s♦♥ ❡①♣r❡ss✐♦♥ ✭❱❛❧❥❡♥t ❡t ❛❧✳✱ ✷✵✵✻✮✳

❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ❝✬❡st ❞❛♥s ❧❛ ♣❛rt✐❡ ❞♦rs♦❧❛tér❛❧❡ ❞✉ str✐❛t✉♠
q✉❡ ❧❛ t❉❈❙ ❞✐♠✐♥✉❡ ❧❡ ♣❧✉s ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❝♦❝❛ï♥❡ s✉r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽✳
❈♦♠♠❡ ✈✉ ❝✐✲❛✈❛♥t✱ s✐ ❧❛ ♣❛rt✐❡ ✈❡♥tr❛❧❡ ✭♥♦②❛✉ ❛❝❝✉♠❜❡♥s✮ ❡st ✐♠♣❧✐q✉é❡
♣❧✉tôt ❞❛♥s ❧❡s ❛s♣❡❝ts ❧✐és à ❧❛ ♠♦t✐✈❛t✐♦♥ ❡t à ❧✬❛❞❞✐❝t✐♦♥✱ ❧❛ tr❛♥s✐t✐♦♥
❞❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❝❡ ❝✐r❝✉✐t ✈❡rs ❧✬❛❝t✐✈❛t✐♦♥ ❞❡ ❝✐r❝✉✐ts ✐♥❝❧✉❛♥t ❧❡ str✐❛t✉♠
❞♦rs♦✲❧❛tér❛❧ ♠❛rq✉❡r❛✐t ✉♥❡ ét❛♣❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❧✬❛❞❞✐❝t✐♦♥ ✿ ❧❡ ♣❛ss❛❣❡
❞✬✉♥ ✉s❛❣❡ ré❝ré❛t✐❢ à ✉♥ ✉s❛❣❡ ❤❛❜✐t✉❡❧ ✭♥♦♥ ❞✐♠✐♥✉é ❧♦rsq✉❡ ❧❛ ré❝♦♠♣❡♥s❡
❡st ❞é✈❛❧✉é❡✮ ✭❇❡❧✐♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳

◆♦✉s ❛✈♦♥s ❛♥❛❧②sé ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❩✐❢✷✻✽ ❛♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❛✐❣✉ë ❞❡
❝♦❝❛ï♥❡✳ P✉✐sq✉❡ ❝✬❡st ❧❡ tr❛✐t❡♠❡♥t ré♣été ♣❛r ✉♥❡ ❞r♦❣✉❡ q✉✐ ❡st s✉♣♣♦sé
✐♥❞✉✐r❡ ✉♥❡ tr❛♥s✐t✐♦♥ ✈❡rs ✉♥❡ ❛❝t✐✈❛t✐♦♥ ❞❡s ❝✐r❝✉✐ts ❞♦rs❛✉①✱ ♥♦✉s ♣♦✉✈♦♥s
♥♦✉s ét♦♥♥❡r ❞❡ ❧✬❡✛❡t très ♠♦❞❡st❡ ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❡♥ ❛❞♠✐♥✐str❛t✐♦♥ ❛✐❣✉ë ❛✉
♥✐✈❡❛✉ ❞✉ str✐❛t✉♠ ✈❡♥tr❛❧ ✭❧❛ s❡✉❧❡ ③♦♥❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❛✛❡❝té❡ ét❛♥t ❧❡
❧❛t❡r❛❧ s❤❡❧❧✮ ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ♥♦s ❡✛❡ts ❞❛♥s ❧❡ str✐❛t✉♠ ❞♦rs❛❧✳ ❈❡ ♠♦t✐❢
❞✬❛❝t✐✈❛t✐♦♥ ❛ ❝❡♣❡♥❞❛♥t ❞é❥à été ♠♦♥tré ❞❛♥s ❞✬❛✉tr❡s ét✉❞❡s✱ ❡t r❡✢ét❡r❛✐t
❧❡ ❢❛✐t q✉❡ ❧❛ ❝♦❝❛ï♥❡ ♥✬❛❝t✐✈❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❣è♥❡s ♣ré❝♦❝❡s q✉❡ ❞❛♥s ✉♥❡
♣❡t✐t❡ ♣r♦♣♦rt✐♦♥ ❞❡ ♥❡✉r♦♥❡s ❛✉ ♥✐✈❡❛✉ ❞✉ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s ✭❙t❡✐♥❡r ❡t
❱❛♥ ❲❛❡s✱ ✷✵✶✸✮✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❞❛♥s ❧❡ str✐❛t✉♠
❞♦rs❛❧ ❛♣rès t❉❈❙ ❧❛✐ss❡ à ♣❡♥s❡r q✉❡ ❝❡ ♣ré✲tr❛✐t❡♠❡♥t ♣♦✉rr❛✐t ❛✈♦✐r ✉♥
❡✛❡t ♣r♦t❡❝t❡✉r ❝♦♥tr❡ ❧✬❛❝t✐✈❛t✐♦♥ ❞❡s ❝✐r❝✉✐ts ❞♦rs❛✉① ❡♥ ❝❛s ❞✬❡①♣♦s✐t✐♦♥
ré♣été❡ ❛✉① ❞r♦❣✉❡s✳

❱❛❧❥❡♥t ❡t ❛❧✳ ✭✷✵✵✻✮ ♦♥t ♠♦♥tré q✉❡ ❩✐❢✷✻✽ ét❛✐t ♥é❝❡ss❛✐r❡ à ❧❛ ♠✐s❡ ❡♥
♣❧❛❝❡ ❞❡ ❧❛ ♣ré❢ér❡♥❝❡ ❝♦♥❞✐t✐♦♥♥é❡ ♣♦✉r ❝❡tt❡ ❞r♦❣✉❡ ✿ ❞❡s s♦✉r✐s ♠✉t❛♥t❡s
♥✬❡①♣r✐♠❛♥t ♣❛s ❝❡ ❢❛❝t❡✉r ♥❡ ❞é✈❡❧♦♣♣❛✐❡♥t ♣❛s ❞❡ ♣ré❢ér❡♥❝❡ ❝♦♥❞✐t✐♦♥♥é❡
♣❛r ❧❛ ❝♦❝❛ï♥❡ ✭❛❧♦rs q✉✬❡❧❧❡s ❡♥ ❞é✈❡❧♦♣♣❛✐❡♥t ♣♦✉r ✉♥ ❛✉tr❡ t②♣❡ ❞❡ ré❝♦♠✲
♣❡♥s❡✱ ❧❛ ♥♦✉rr✐t✉r❡✮✳

❆✉ss✐ ❧✬❛tté♥✉❛t✐♦♥ ❞❡ ❩✐❢✷✻✽ q✉❡ ♥♦✉s ♦❜s❡r✈♦♥s s❡r❛✐t ❝♦❤ér❡♥t❡ ❛✈❡❝
❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬❡✛❡t ❛♣♣ét✐t✐❢ ❞❡ ❧❛ ❝♦❝❛ï♥❡ ❞❛♥s ❧❡ ❈PP✳ ❈❡♣❡♥❞❛♥t ♥♦✲
t♦♥s q✉❡ ♥♦s ❡✛❡ts ❛♣♣❛r❛✐ss❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ str✐❛t✉♠ ❞♦rs♦❧❛tér❛❧✱
q✉✐ ♥❡ ❥♦✉❡ ♣❛s ❞❡ rô❧❡ ❞❛♥s ❧✬❛♣♣r❡♥t✐ss❛❣❡ ❞❛♥s ❧❡ ❈PP ✭❋❡❛t❤❡rst♦♥❡ ❡t



✶✶✳✻✳ ❈❖◆❈▲❯❙■❖◆ ❉❊ ▲✬➱❚❯❉❊ ✸ ✶✻✾

▼❝❉♦♥❛❧❞✱ ✷✵✵✹✮✳
❉❛♥s ❧❛ ♠ê♠❡ ét✉❞❡✱ ❱❛❧❥❡♥t ❡t ❛❧✳ ✭✷✵✵✻✮ ❞é♠♦♥tr❛✐❡♥t q✉❡ ❧❛ ♠✉t❛t✐♦♥

❞✉ ❣è♥❡ ❝♦❞❛♥t ♣♦✉r ❩✐❢✷✻✽ ❞✐♠✐♥✉❛✐t ❛✉ss✐ ❧❛ s❡♥s✐❜✐❧✐s❛t✐♦♥ ❧♦❝♦♠♦tr✐❝❡ à
❧❛ ❝♦❝❛ï♥❡ ❀ ✐❧ s❡r❛✐t ❞♦♥❝ ✐♥tér❡ss❛♥t ❞❡ t❡st❡r ❝❡ ♣❛r❛♠ètr❡ ❝♦♠♣♦rt❡♠❡♥t❛❧
❛♣rès t❉❈❙✳

P♦✉r rés✉♠❡r✱ ♥♦s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙
♣❡r♠❡tt❡♥t s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ❞❡ ❞✐♠✐♥✉❡r ❧✬✐♠♣❛❝t ❞✬✉♥❡ ✐♥❥❡❝t✐♦♥ ❛✐❣✉ë ❞❡
❝♦❝❛ï♥❡ ✭♣♦✉r ✉♥❡ ❢♦rt❡ ❞♦s❡✮ ❛✉ ♥✐✈❡❛✉ ❝♦♠♣♦rt❡♠❡♥t❛❧ ✭❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡
❡t ❡✛❡t ❛♣♣ét✐t✐❢ ❞❡ ❧❛ ❞r♦❣✉❡✮✳ ❈❡t ❡✛❡t ❝♦♠♣♦rt❡♠❡♥t❛❧ s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥❡
ré❣✉❧❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ♥❡✉r♦❜✐♦❧♦❣✐q✉❡ q✉✐ ✐♥t❡r✈✐❡♥t ❞❛♥s ❞❡s ❝✐r❝✉✐ts ❝♦rt✐❝♦✲
str✐❛t❛✉① s♣é❝✐✜q✉❡s ✭s❡♥s♦r✐♠♦t❡✉r ❡t ❛ss♦❝✐❛t✐❢✮✱ ✐♠♣❧✐q✉és ❞❛♥s ❞❡s ❛s♣❡❝ts
❞❡ ♣r✐s❡ ❞❡ ❞r♦❣✉❡s ❧✐és ❛✉① ❤❛❜✐t✉❞❡s ❡t à ❧❛ ❝♦♠♣✉❧s✐♦♥ ❛✐♥s✐ q✉✬à ❧❛ r❡❝❤✉t❡
❛♣rès ❛❜st✐♥❡♥❝❡ ✭❙t❡✐♥❡r ❡t ❱❛♥❲❛❡s✱ ✷✵✶✸ ❀ ❊✈❡r✐tt ❡t ❘♦❜❜✐♥s✱ ✷✵✵✺ ❀ ❇❡r❦❡
❡t ❍②♠❛♥✱ ✷✵✵✵ ❀ ❋✉❝❤s ❡t ❛❧✳✱ ✷✵✵✻✮✳

✶✶✳✻ ❈♦♥❝❧✉s✐♦♥ ❞❡ ❧✬ét✉❞❡ ✸

❊♥ ❝♦♥❝❧✉s✐♦♥ ♥♦✉s ❛✈♦♥s ♣✉ ♠♦♥tr❡r ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❛♥s ✉♥ ♠♦❞è❧❡
❛♥✐♠❛❧ q✉❡ ❞❡s s❡ss✐♦♥s ré♣été❡s ❞❡ t❉❈❙ ❛♥♦❞✐q✉❡ ❞✐♠✐♥✉❡♥t ❧❡s ❡✛❡ts ❞❡
♣❧✉s✐❡✉rs ❞r♦❣✉❡s ❛✉ss✐ ❜✐❡♥ ❛✉ ♥✐✈❡❛✉ ❝♦♠♣♦rt❡♠❡♥t❛❧ q✉❡ ♥❡✉r♦❜✐♦❧♦❣✐q✉❡✳

◆♦✉s ❛✈♦♥s ❝♦♠♠❡♥❝é ♣❛r ♠♦♥tr❡r ❝❡t ❡✛❡t ❝❤❡③ ❞❡s s♦✉r✐s q✉✐ ❛✈❛✐❡♥t
s✉❜✐ ✉♥ s❡✈r❛❣❡ ❢♦r❝é ❛♣rès ❛✈♦✐r été ❡①♣♦sé❡s à ❧❛ ♥✐❝♦t✐♥❡ à ❧✬❛❞♦❧❡s❝❡♥❝❡✳
➚ ❧✬â❣❡ ❛❞✉❧t❡✱ ❝❡s s♦✉r✐s ❛✈❛✐❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ t②♣❡ ❞é♣r❡ss✐❢ ❡t ✉♥❡
♣ré❢ér❡♥❝❡ r❡♥❢♦r❝é❡ ♣♦✉r ❧❛ ♥✐❝♦t✐♥❡ ❀ ❧❡ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ♣❡r♠❡tt❛✐t ❞❡
♥♦r♠❛❧✐s❡r ❝❡s ❝♦♠♣♦rt❡♠❡♥ts✳

◆♦s ét✉❞❡s s✉✐✈❛♥t❡s ♥♦✉s ✐♥❞✐q✉❡♥t q✉❡ ❧❛ t❉❈❙ ❞✐♠✐♥✉❡ ❧✬❡✛❡t ❛♣♣ét✐t✐❢
❞❡ ❝❡rt❛✐♥s ♣s②❝❤♦st✐♠✉❧❛♥ts ✭❜❛✐ss❡ ❞❡ ❧❛ ♣ré❢ér❡♥❝❡ ❞❡ ♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡
♣♦✉r ❧❛ ♥✐❝♦t✐♥❡ ❡t ❧❛ ❝♦❝❛ï♥❡✮✳ ❈♦♥❝❡r♥❛♥t ♥♦s rés✉❧t❛ts ❞❛♥s ❧❡s ét✉❞❡s s✉r
❧✬❛❧❝♦♦❧✱ ❞❡s st✐♠✉❧❛t✐♦♥s ré♣été❡s ❡♥tr❛î♥❡♥t à ❧♦♥❣ t❡r♠❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉
❝♦♠♣♦rt❡♠❡♥t ❞❡ r❡❝❤✉t❡ ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥ ♠❛✐s ♣❛s ❞✬❡✛❡t
s✉r ❧❡ ❈PP ♣♦✉r ♣❧✉s✐❡✉rs ❞♦s❡s ❞✬ét❤❛♥♦❧✳

❈❡❝✐ ♣❡✉t s✬❡①♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t q✉❡ ❜✐❡♥ q✉❡ ❧❡s s✉❜st❛♥❝❡s ❛❞❞✐❝t✐✈❡s
❛❣✐ss❡♥t t♦✉t❡s ❡♥ ❛✉❣♠❡♥t❛♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❞♦♣❛♠✐♥❡ ❡①tr❛❝❡❧❧✉❧❛✐r❡
❞❛♥s ❧❡ s②stè♠❡ ♠és♦❝♦rt✐❝♦❧✐♠❜✐q✉❡✱ ❧❡✉r ♠♦❞❡ ❞✬❛❝t✐♦♥ ❡st ✈❛r✐❛❜❧❡✳ ❈❡❧✉✐
❞❡ ❝❡rt❛✐♥❡s ❞r♦❣✉❡s ❡st ❜✐❡♥ ❞ét❡r♠✐♥é ❀ ♣❛r ❡①❡♠♣❧❡✱ ❧❛ ❝♦❝❛ï♥❡ ❜❧♦q✉❡ ❧❛
r❡❝❛♣t✉r❡ ❞❡ ♥❡✉r♦tr❛♥s♠❡tt❡✉rs t❡❧s q✉❡ ❧❛ ❞♦♣❛♠✐♥❡✱ ❧❛ sér♦t♦♥✐♥❡ ❡t ❧❛ ♥♦✲
r❛❞ré♥❛❧✐♥❡✳ ❈❡❧✉✐ ❞❡ ❧✬❛❧❝♦♦❧✱ ❡♥ r❡✈❛♥❝❤❡✱ ❡st ♣❧✉s ❞✐✣❝✐❧❡ à ❝❡r♥❡r✳ ▲✬❛❧❝♦♦❧
✐♥❣éré ❛rr✐✈❡ ❛✉ ❝❡r✈❡❛✉ ❡♥ q✉❡❧q✉❡s ♠✐♥✉t❡s✱ ♦ù ✐❧ ❛ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❡❢✲



✶✼✵ ❈❍❆P■❚❘❊ ✶✶✳ ➱❚❯❉❊ ✸

❢❡ts✳ ■❧ ♠♦❞✐✜❡ ❧❡s ♠❡♠❜r❛♥❡s ♥❡✉r♦♥❛❧❡s✱ ❞✐✛✉s❡ ❞❛♥s ❧❡s ❝❡❧❧✉❧❡s ❡t ♠♦❞✐✜❡
❝❡rt❛✐♥❡s ❡♥③②♠❡s ❡t ❝❛♥❛✉① ✐♦♥✐q✉❡s✱ ♠❛✐s s❡ ❧✐❡ ❛✉ss✐ à ♣❧✉s✐❡✉rs ré❝❡♣t❡✉rs
✭t❡❧s q✉❡ ❝❡✉① ❞✉ ●❆❇❆ ❡t ❞✉ ❣❧✉t❛♠❛t❡✱ ◆✉tt ✭✶✾✾✾✮✮✳ ❉❡ ♣❧✉s✱ s❡s ♠ét❛❜♦✲
❧✐t❡s✱ t❡❧s q✉❡ ❧❡ s❛❧s♦❧✐♥♦❧ ✭✉♥ ❛❧❝❛❧♦ï❞❡ ❞ér✐✈é ❞❡ ❧❛ ❞♦♣❛♠✐♥❡✱ ♣r♦❞✉✐t ❧♦rs ❞✉
♠ét❛❜♦❧✐s♠❡ ❞❡ ❧✬❛❧❝♦♦❧✮✱ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t ❥♦✉❡r ✉♥ rô❧❡ s✉r ❞✐✈❡rs❡s ❝✐❜❧❡s
❞♦♥t ❧❡s ♥❡✉r♦♥❡s ❞♦♣❛♠✐♥❡r❣✐q✉❡s ❡t ❧❡s ré❝❡♣t❡✉rs µ ✭❳✐❡ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❆✐♥s✐✱ ❝❡s ✈❛r✐❛t✐♦♥s ❞❛♥s ❧❡ ♠♦❞❡ ❞✬❛❝t✐♦♥ ❞❡s ❞r♦❣✉❡s ♣♦✉rr❛✐❡♥t ❡①♣❧✐✲
q✉❡r ❧✬✐♠♣❛❝t ❞✐✛ér❡♥t ❞❡ ❧❛ t❉❈❙ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝❧❛ss❡ ❞❡ ❞r♦❣✉❡ ❝♦♥s✐✲
❞éré❡✳

P♦✉r t❡r♠✐♥❡r✱ r❛♣♣❡❧♦♥s q✉❡ ❧❡ s②stè♠❡ ♠és♦❝♦rt✐❝♦❧✐♠❜✐q✉❡ ♥❛ît ❞❛♥s
❧✬❛✐r❡ t❡❣♠❡♥t❛❧❡ ✈❡♥tr❛❧❡ ❡t ♣r♦❥❡tt❡ s✉r ❞❡s str✉❝t✉r❡s ❧✐♠❜✐q✉❡s ❡t s✉r ❧❡
❝♦rt❡① ❢r♦♥t❛❧ ✭❆❜❡r♥❛t❤② ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈✬❡st ♣♦✉rq✉♦✐ ❧✬❡①♣♦s✐t✐♦♥ ré♣été❡
❛✉① ❞r♦❣✉❡s ♥❡ ♠♦❞✐✜❡ ♣❛s ✉♥✐q✉❡♠❡♥t ❧❡ s②stè♠❡ ❞❡ ❧❛ ré❝♦♠♣❡♥s❡ ♠❛✐s
é❣❛❧❡♠❡♥t ❧❡s ❢♦♥❝t✐♦♥s ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧✳ ▲❛ st✐♠✉❧❛t✐♦♥ ❞✉ ❈P❋❉▲ ❛♣✲
♣❛r❛ît ❝♦♠♠❡ ✉♥❡ ❝✐❜❧❡ ❞✬ét✉❞❡ ✐♥tér❡ss❛♥t❡ s✐ ❡❧❧❡ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ✐♥❤✐❜❡r
❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ❞r♦❣✉❡ ♦✉ ❡♥❝♦r❡ ❛♠é❧✐♦r❡r ❧✬❤✉♠❡✉r ❞❡s
♣❛t✐❡♥ts ❡♥ ❝♦✉rs ❞❡ s❡✈r❛❣❡✳ ❉❡s ét✉❞❡s s✉♣♣❧é♠❡♥t❛✐r❡s ❞❡✈r♦♥t ❝❡♣❡♥❞❛♥t
êtr❡ ♠❡♥é❡s ❛✜♥ ❞✬é❧✉❝✐❞❡r ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ s♦✉s✲t❡♥❞❛♥t ❧❡s ❡✛❡ts ❜é✲
♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ré♣♦♥s❡ ❛✉① ❞r♦❣✉❡s✳



◗✉❛tr✐è♠❡ ♣❛rt✐❡

❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡

✶✼✶





✶✷ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

▲✬♦❜❥❡❝t✐❢ ❞❡s tr❛✈❛✉① ré❛❧✐sés ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡ ét❛✐t ❞❡ ♠❡ttr❡ ❡♥
♣❧❛❝❡ ✉♥ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ♣❛r ❝♦✉r❛♥t ❝♦♥t✐♥✉✱
❞✬ét✉❞✐❡r ❧✬❡✛❡t ❞❡ ❝❡ t②♣❡ ❞❡ st✐♠✉❧❛t✐♦♥ s✉r ❞✐✈❡rs ❛s♣❡❝ts ❝♦♠♣♦rt❡♠❡♥✲
t❛✉①✱ ♣✉✐s ❞✬❡ss❛②❡r ❞✬❛♣♣ré❤❡♥❞❡r s❡s ♠é❝❛♥✐s♠❡s ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s✳

❆✐♥s✐✱ ♥♦✉s ❛✈♦♥s ❛♣♣❧✐q✉é ❝❡tt❡ t❡❝❤♥✐q✉❡ ❝❤❡③ ❧❛ s♦✉r✐s ❡t ré✈é❧é ❧❡s
❝♦♠♣♦rt❡♠❡♥ts ❛✛❡❝tés ♣❛r ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ✿ ❞❡s ❡✛❡ts ❛♣♣❛✲
r❛✐ss❡♥t ❞ès tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡ ✶✵ sé❛♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥s ✭à r❛✐s♦♥
❞❡ ❞❡✉① ♣❛r ❥♦✉r ♣❡♥❞❛♥t ❝✐♥q ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮ s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛s✲
s♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥✱ à ❧❛ ♠é♠♦✐r❡ ✭♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡ ❡t ♠é♠♦✐r❡ ❞❡
tr❛✈❛✐❧ ❀ ❝❤❛♣✐tr❡ ✾✮✱ ❡t à ❧❛ ✈❛❧❡✉r ❤é❞♦♥✐q✉❡ ❞❡s ❞r♦❣✉❡s ✭♥✐❝♦t✐♥❡✱ ❛❧❝♦♦❧✱ ❝♦✲
❝❛ï♥❡ ❀ ❝❤❛♣✐tr❡ ✶✶✮✳ ❆✉❝✉♥ ❡✛❡t ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♥✬❛ été r❡✲
❧❡✈é s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ✭❝♦✉r❜❡ ❞❡ s✉✐✈✐ ♣♦♥❞ér❛❧✮✱ ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ✭❞❛♥s
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❢❛♠✐❧✐❡r ♦✉ ❡♥ ♠✐❧✐❡✉ ✐♥❝♦♥♥✉✮✱ ♦✉ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛s✲
s♦❝✐és à ❧✬❛♥①✐été✳ ◆♦s ❡✛❡ts s✉r ❧❛ ❞é♣r❡ss✐♦♥ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ♣♦❧❛r✐té ❞✉
❝♦✉r❛♥t ❛♣♣❧✐q✉é✱ ✉♥❡ st✐♠✉❧❛t✐♦♥ ♣❛r ❧❛ ❝❛t❤♦❞❡ ♥✬❛②❛♥t ❛✉❝✉♥ ✐♠♣❛❝t s✉r
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s s♦✉r✐s ❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡ ❀ ❡♥ r❡✈❛♥❝❤❡✱ ❧❛
③♦♥❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ t❉❈❙ s❡♠❜❧❡ ❛✈♦✐r ♠♦✐♥s ❞✬✐♠♣♦rt❛♥❝❡ ❞❛♥s ♥♦tr❡
♠♦❞è❧❡ ♠✉r✐♥✳ ❊♥ ❡✛❡t✱ ♣❧❛❝❡r ❧✬é❧❡❝tr♦❞❡ st✐♠✉❧❛tr✐❝❡ ✭❛♥♦❞❡✮ s✉r ❧❛ ♣❛rt✐❡
♣♦stér✐❡✉r❡ ❞✉ ❝♦rt❡① ✭❡♥ ❛✈❛♥t ❞✉ ❝❡r✈❡❧❡t✮ ♣r♦✈♦q✉❡ ❞❡s ❡✛❡ts s✐♠✐❧❛✐r❡s à
❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ ❞❡s s♦✉r✐s✱ ♣r♦❜❛❜❧❡♠❡♥t ❞✉ ❢❛✐t ❞❡
❧❛ ❞✐✛✉s✐♦♥ ❞✉ ❝♦✉r❛♥t s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝♦rt❡① ❝éré❜r❛❧✳

◆♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥
❝❡❧❧✉❧❛✐r❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ❣②r✉s ❞❡♥té ❞❡ ❧✬❤✐♣♣♦❝❛♠♣❡ ✭✉♥❡ ③♦♥❡ ❞❡ ♥❡✉r♦❣❡♥ès❡
à ❧✬â❣❡ ❛❞✉❧t❡ ❝❤❡③ ❧❡s ♠❛♠♠✐❢èr❡s✮ à ❧❛ ✜♥ ❞❡ ❝✐♥q ❥♦✉rs ❞❡ st✐♠✉❧❛t✐♦♥
✭❈❢✳ ❝❤❛♣✐tr❡ ✶✵✮✳ ❊♥✜♥✱ ♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t r❡❝❤❡r❝❤é ❧❡s ③♦♥❡s ❝éré❜r❛❧❡s
❛✛❡❝té❡s ♣❛r ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉❧❛t✐♦♥ ❝❤❡③ ❞❡s s♦✉r✐s ❡①♣♦sé❡s ♦✉ ♥♦♥ à
✉♥❡ ✐♥❥❡❝t✐♦♥ ❞❡ ❝♦❝❛ï♥❡ ✈✐❛ ❧✬ét✉❞❡ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞✉ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥
❩✐❢✷✻✽✳

✶✼✸



✶✼✹ ❈❍❆P■❚❘❊ ✶✷✳ ❉■❙❈❯❙❙■❖◆ ●➱◆➱❘❆▲❊

✶✷✳✶ ▲✐♠✐t❡s ❞❡ ♥♦tr❡ ♠♦❞è❧❡

❆✈❛♥t ❞❡ ❝♦♥❝❧✉r❡ s✉r ❧❡s ❡✛❡ts ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ t❉❈❙✱ ✐❧ ❡st ✐♠♣♦r✲
t❛♥t ❞❡ r❛♣♣❡❧❡r q✉❡ ♥♦tr❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ s♦✉✛r❡ ❞❡ q✉❡❧q✉❡s ❧✐♠✐t❡s✳

❚♦✉t ❞✬❛❜♦r❞✱ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ♣✉r❡♠❡♥t t❡❝❤♥✐q✉❡✱ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✉
❝♦✉r❛♥t ❝❤❡③ ❧❛ s♦✉r✐s ❞✐✛èr❡ ❞❡ ❝❡ q✉✐ ❡st ♣r❛t✐q✉é ❝❤❡③ ❧✬❍♦♠♠❡✳ ❖✉tr❡ ❧❛
♥é❝❡ss✐té ❞✬✉♥❡ ❝❤✐r✉r❣✐❡ ❡t ❞✬✉♥❡ ❝♦♥t❡♥t✐♦♥ ré♣été❡ ♣♦✉r ré❛❧✐s❡r ❧❛ st✐♠✉✲
❧❛t✐♦♥ ❞✬❛♥✐♠❛✉① é✈❡✐❧❧és✱ q✉❡❧q✉❡s ❞✐✛ér❡♥❝❡s q✉❛♥t à ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❧❛
st✐♠✉❧❛t✐♦♥ s♦♥t à s♦✉❧✐❣♥❡r✳

P♦✉r ❝♦♠♠❡♥❝❡r✱ ❧❡ ❝♦✉r❛♥t ❡st ❛♣♣❧✐q✉é ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❞❡✉① é❧❡❝✲
tr♦❞❡s ♣♦s✐t✐♦♥♥é❡s ❧✬✉♥❡ s✉r ❧❛ ③♦♥❡ ❞✬✐♥térêt à st✐♠✉❧❡r ✭❧❡ ❝♦rt❡① ❢r♦♥t❛❧✮✱
❡t ❧✬❛✉tr❡ s✉r ❧❡ t❤♦r❛① ❀ ❝❤❡③ ❧✬❍♦♠♠❡✱ ❧❡ ♣❧❛❝❡♠❡♥t ❞❡ ❧✬é❧❡❝tr♦❞❡ ❞❡ ré❢é✲
r❡♥❝❡ s❡ ❢❛✐t ❧❡ ♣❧✉s s♦✉✈❡♥t ❡♥ ♣♦s✐t✐♦♥ ❝é♣❤❛❧✐q✉❡ ✭♥♦t❛♠♠❡♥t s✉r ❧❛ ré❣✐♦♥
s✉♣r❛✲♦r❜✐t❛✐r❡ ❝♦♥tr♦❧❛tér❛❧❡✮✳

❊♥s✉✐t❡✱ ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t ❛♣♣❧✐q✉é❡ ❡st✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❞✐s❝✉té
❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾✱ ✶✵✵ ❢♦✐s s✉♣ér✐❡✉r❡ à ❝❡ q✉✐ ❡st r❡tr♦✉✈é ❞❛♥s ✉♥ ❣r❛♥❞
♥♦♠❜r❡ ❞✬ét✉❞❡s ❝❤❡③ ❧✬❍♦♠♠❡✳ ❇✐❡♥ q✉❡ ♥♦✉s r❡st✐♦♥s ❡♥ ❞❡ss♦✉s ❞✉ s❡✉✐❧ ❞❡
❞❡♥s✐té ❡♥tr❛î♥❛♥t ❞❡s ❧és✐♦♥s ❝éré❜r❛❧❡s ❝❤❡③ ❧❡ r❛t ✭▲✐❡❜❡t❛♥③ ❡t ❛❧✳✱ ✷✵✵✾✮✱
❞❡s ét✉❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s t❡st❛♥t ❞❡s ❞❡♥s✐tés ❞❡ ❝♦✉r❛♥t ♣❧✉s ♣r♦❝❤❡s ❞✉
♠♦❞è❧❡ ❤✉♠❛✐♥ s♦♥t à ré❛❧✐s❡r✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ♣❧✉s s♣é❝✐✜q✉❡♠❡♥t ♥♦tr❡ ♠♦❞è❧❡✱ ❧❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✛é✲
r❡♥❝❡ ❡♥tr❡ ❧❡s ❞♦♥♥é❡s ♦❜t❡♥✉❡s ❝❤❡③ ❧✬❍♦♠♠❡ ❡t ❧❡s ♥ôtr❡s ❡st q✉❡ ❧❡s ❡✛❡ts
❞❡ ❧❛ t❉❈❙ s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥✱ ❝❤❡③ ❧❛ s♦✉r✐s✱
♥❡ s❡♠❜❧❡♥t ♣❛s ❞é♣❡♥❞r❡ ❞❡ ❧❛ ③♦♥❡ st✐♠✉❧é❡✳ ❈❤❡③ ❧✬❍♦♠♠❡✱ ❧❛ st✐♠✉❧❛t✐♦♥
❛♥♦❞✐q✉❡ ❞✉ ❝♦rt❡① ♦❝❝✐♣✐t❛❧ ♥✬❡♥tr❛î♥❡ ♣❛s ❞✬❡✛❡t ❜é♥é✜q✉❡ s✉r ❞❡s s❝♦r❡s ❞❡
❞é♣r❡ss✐♦♥✱ t❛♥❞✐s q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞✉ ❈P❋❉▲ ② ♣❛r✈✐❡♥t ✭❇♦❣❣✐♦
❡t ❛❧✳✱ ✷✵✵✽❛✮✳ ❉❛♥s ♥♦tr❡ ♠♦❞è❧❡ ♠✉r✐♥✱ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉ ✉♥❡ ré❞✉❝t✐♦♥
❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡ ❢♦r❝é❡
❛♣rès st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❛✉ss✐ ❜✐❡♥ ❞✉ ❝♦rt❡① ❢r♦♥t❛❧ q✉❡ ❞✬✉♥❡ ③♦♥❡ ♣❧✉s
❝❛✉❞❛❧❡ ✭❝♦❧❧✐❝✉❧✉s✮✳ ❈❡❝✐ ♣♦✉rr❛✐t êtr❡ ❞û à ✉♥❡ ♣r♦♣❛❣❛t✐♦♥ ❞✉ ❝♦✉r❛♥t s✉r
t♦✉t ❧❡ ❝♦rt❡① ❝éré❜r❛❧ ❝❤❡③ ❧❛ s♦✉r✐s✱ ❛❧♦rs q✉❡ ❝❡ ❝♦✉r❛♥t s❡r❛✐t ♣❧✉s ❧♦❝❛❧✐sé
❝❤❡③ ❧✬❍♦♠♠❡✳

■❧ r❡st❡ à ❞ét❡r♠✐♥❡r s✐ ❝❡t ❡✛❡t ❡st ✐♠♣✉t❛❜❧❡ ✉♥✐q✉❡♠❡♥t ❛✉① ❛s♣❡❝ts
t❡❝❤♥✐q✉❡s ❞❡ ♥♦tr❡ st✐♠✉❧❛t✐♦♥ ✭t❡❧s q✉❡ ❧❛ ❞❡♥s✐té ❞❡ ❝♦✉r❛♥t é❧❡✈é❡✮✱ ♦✉ é❣❛✲
❧❡♠❡♥t à ❞❡s ❛s♣❡❝ts ❜✐♦❧♦❣✐q✉❡s ✿ ❧❛ s✉r❢❛❝❡ ❞✉ ❝♦rt❡① ❞❡ ❧❛ s♦✉r✐s ❡st ❧✐ss❡
✭❧✐ss❡♥❝é♣❤❛❧❡✮ t❛♥❞✐s q✉❡ ❝❡❧❧❡ ❞✉ ❝♦rt❡① ❤✉♠❛✐♥ ❡st ❝♦♠♣♦sé❡ ❞❡ ❝✐r❝♦♥✈♦✲
❧✉t✐♦♥s ✭❣②r❡♥❝é♣❤❛❧❡✮✳ ❈❡t ❛s♣❡❝t ❞✐✛ér❡♥t ❞✉ ❝❡r✈❡❛✉ ♣♦✉rr❛✐t ✐♥✢✉❡♥❝❡r
❧❛ ❞✐✛✉s✐♦♥ ❞✉ ❝♦✉r❛♥t ❀ ❞❡ ♣❧✉s✱ r❛♣♣❡❧♦♥s q✉❡ ❧✬❡✛❡t ❞❡ ❧❛ t❉❈❙ s✉r ❧✬❛❝t✐✲
✈✐té ♥❡✉r♦♥❛❧❡ ❞é♣❡♥❞ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♥❡✉r♦♥❡s ❞❛♥s ❧❡ ❝♦rt❡① ✭P✉r♣✉r❛
❡t ▼❝▼✉rtr②✱ ✶✾✻✺✮✳ ❆✉ss✐✱ ✐❧ ♥❡ ❢❛✉t ♣❛s ♣❡r❞r❡ ❞❡ ✈✉❡ q✉❡ ❧❡s ❞♦♥♥é❡s
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♦❜t❡♥✉❡s s✉r ✉♥ ♠♦❞è❧❡ ♠✉r✐♥ ♣❡✉✈❡♥t êtr❡ ❞❡ ❜♦♥♥❡s ✐♥❞✐❝❛t✐♦♥s ❞❡s ❡✛❡ts
❞❡ ❧❛ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ ❝❤❡③ ❧✬❍♦♠♠❡✱ ♠❛✐s ♥♦s ❝♦♥❝❧✉s✐♦♥s ❞♦✐✈❡♥t êtr❡
♥✉❛♥❝é❡s ❡t s✐ ♣♦ss✐❜❧❡ ✈ér✐✜é❡s ♣❛r ❧❡s ét✉❞❡s ❝❧✐♥✐q✉❡s✳

❈❡♣❡♥❞❛♥t✱ ♠❛❧❣ré ❧❡s ❞✐✛ér❡♥❝❡s ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ t❡❝❤♥✐q✉❡ ❡t ❜✐♦❧♦✲
❣✐q✉❡✱ ❧❡s rés✉❧t❛ts q✉❡ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉s ❝❤❡③ ❧❛ s♦✉r✐s s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝
❝❡✉① ♦❜s❡r✈és ❝❤❡③ ❧✬❍♦♠♠❡✱ ♥♦✉s ❛✉t♦r✐s❛♥t à ét✉❞✐❡r ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❧❛
t❉❈❙ ❛✉ ♥✐✈❡❛✉ ♣❤②s✐♦❧♦❣✐q✉❡✳

✶✷✳✷ ▲❛ t❉❈❙ ♣♦✉r s♦✉❧❛❣❡r ❞❡s s②♠♣tô♠❡s

♣s②❝❤✐❛tr✐q✉❡s

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ♠♦♥tré ❞❛♥s ♥♦tr❡ ♣r❡♠✐❡r ❛rt✐❝❧❡ ✭P❡❞r♦♥ ❡t ❛❧✳✱
✷✵✶✹✮✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é✱ ❝❤❡③ ❧❛ s♦✉r✐s✱ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❝♦♠♣♦rt❡✲
♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❧❛ ✜♥ ❞❡s st✐♠✉❧❛t✐♦♥s✳
❈❡ rés✉❧t❛t ❛ été r❡tr♦✉✈é ❛✉ss✐ ❜✐❡♥ ❝❤❡③ ❞❡s s♦✉r✐s ✧♥❛ï✈❡s✧ q✉❡ ❝❤❡③ ❞❡s s♦✉✲
r✐s ❛②❛♥t s✉❜✐ ✉♥ s❡✈r❛❣❡ ❢♦r❝é ❛♣rès ✉♥❡ ❡①♣♦s✐t✐♦♥ ❝❤r♦♥✐q✉❡ à ✉♥❡ ❞r♦❣✉❡
❞✬❛❜✉s✱ ❧❛ ♥✐❝♦t✐♥❡✳ ◆♦t♦♥s q✉❡ ♣♦✉r ❧❡s ét✉❞❡s ♣rés❡♥té❡s ❞❛♥s ❝❡tt❡ t❤ès❡✱ ❧❡s
s♦✉r✐s ❝♦♥trô❧❡ ✭❙❤❛♠✮✱ ❛✉ ♠ê♠❡ t✐tr❡ q✉❡ ❧❡s s♦✉r✐s st✐♠✉❧é❡s✱ ❛✈❛✐❡♥t s✉❜✐
✉♥ str❡ss ❝❤r♦♥✐q✉❡ ✐♥❤ér❡♥t à ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ t❉❈❙✱ ❛✈❡❝ ✉♥❡ ❝♦♥t❡♥t✐♦♥
ré♣été❡✳ ▲❡ str❡ss ❝❤r♦♥✐q✉❡ ét❛♥t ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ♣♦✉r ❧❛ ❞é♣r❡ss✐♦♥✱
♥♦✉s ♣♦✉✈✐♦♥s s✉♣♣♦s❡r q✉❡ ❝❡s s♦✉r✐s ♣rés❡♥t❡r❛✐❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡
t②♣❡ ✧❞é♣r❡ss✐❢✧ ❀ ❝❡♣❡♥❞❛♥t✱ ✉♥❡ ét✉❞❡ ❝♦♥trô❧❡ ❝♦♠♣❛r❛♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t
❞❡ s♦✉r✐s ❙❤❛♠ ❡t ❝❡❧✉✐ ❞❡ s♦✉r✐s ♥✬❛②❛♥t ♣❛s s✉❜✐ ❧❡ ♣r♦t♦❝♦❧❡ ❞❡ ❝♦♥t❡♥t✐♦♥
♥✬❛ ♣❛s ♠♦♥tré ❞❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❝❡s ❞❡✉① ❣r♦✉♣❡s ❞❛♥s ❧❡ t❡st ❞❡ ❧❛ ♥❛❣❡
❢♦r❝é❡ ✭♥✐ à ❝♦✉rt✱ ♥✐ à ❧♦♥❣ t❡r♠❡✮✳ ◆♦s rés✉❧t❛ts s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❝❡✉①
♦❜t❡♥✉s ❝❤❡③ ❧✬❍♦♠♠❡✱ ♦ù ❧❡s ❡✛❡ts ❜é♥é✜q✉❡s ❞❡ ❧❛ t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts
s♦✉✛r❛♥t ❞❡ ❞é♣r❡ss✐♦♥ ♦♥t été ♠♦♥trés à ♣❧✉s✐❡✉rs r❡♣r✐s❡s ✭♣♦✉r r❡✈✉❡✱ ✈♦✐r
▼❡r♦♥ ❡t ❛❧✳ ✭✷✵✶✺✮✮✳

❉❡ ♠❛♥✐èr❡ ✐♥tér❡ss❛♥t❡✱ ♥♦✉s ♥♦t♦♥s é❣❛❧❡♠❡♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡s
♣❡r❢♦r♠❛♥❝❡s ♠♥és✐q✉❡s ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ ♠✉r✐♥ ✭♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧ ❡t
♠é♠♦✐r❡ ✈✐s✉♦✲s♣❛t✐❛❧❡✮✳ P❛r♠✐ ❧❡s ❛✉tr❡s ét✉❞❡s ❝❤❡③ ❧❡ r❛t✱ ✉♥❡ ❛♠é❧✐♦r❛✲
t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s ❞❛♥s ✉♥ t❡st ❞✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❞❡ ♠é♠♦✐r❡ ❞❡ tr❛✈❛✐❧
✭❞❡ ♥❛✈✐❣❛t✐♦♥ s♣❛t✐❛❧❡✱ ❧❡ t❡st ❞✬é✈✐t❡♠❡♥t ❞❡ ♣❧❛❝❡✮ ❛♣♣❛r❛✐ss❛✐t ✷✶ ❥♦✉rs
❛♣rès ✸ sé❛♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝❡tt❡ ❢♦✐s ❝❛t❤♦❞✐q✉❡ ✭❉♦❝❦❡r② ❡t ❛❧✳✱ ✷✵✶✶✮✳
P❧✉s✐❡✉rs ❛✉t❡✉rs ❢♦♥t é❣❛❧❡♠❡♥t ré❢ér❡♥❝❡ à ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ❞❡ ♣❡r❢♦r✲
♠❛♥❝❡s ❝♦❣♥✐t✐✈❡s ❛♣rès t❉❈❙ ❝❤❡③ ❧❡ s✉❥❡t ❤✉♠❛✐♥ s❛✐♥ ✭❇r❛s✐❧✲◆❡t♦✱ ✷✵✶✷✮✳
❊♥ ❡✛❡t✱ ❧❛ st✐♠✉❧❛t✐♦♥ ❝❛t❤♦❞✐q✉❡ ❞❡ ❧❛ ré❣✐♦♥ s✉♣r❛✲♦r❜✐t❛✐r❡ ❞r♦✐t❡✱ ♦✉ ❧❛



✶✼✻ ❈❍❆P■❚❘❊ ✶✷✳ ❉■❙❈❯❙❙■❖◆ ●➱◆➱❘❆▲❊

st✐♠✉❧❛t✐♦♥ ❛♥♦❞✐q✉❡ ❞❡ ③♦♥❡s ❝♦rt✐❝❛❧❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ✉♥❡ tâ❝❤❡ s♣é❝✐✲
✜q✉❡✱ rés✉❧t❡r❛✐❡♥t ❡♥ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❝❡rt❛✐♥❡s ♣❡r❢♦r♠❛♥❝❡s ❡♥ t❡r♠❡
❞✬❛♣♣r❡♥t✐ss❛❣❡ ❡t ❞❡ ♠é♠♦✐r❡ ✭❇❡♥♥❛❜✐ ❡t ❛❧✳✱ ✷✵✶✹✮✳

P✉✐sq✉❡ ❞❡s tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r ✭✐♥❝❧✉❛♥t ❞❡s s②♠♣tô♠❡s ❞é♣r❡ss✐❢s✮ ❡t
❞❡s ❞é✜❝✐ts ❝♦❣♥✐t✐❢s ♣❡✉✈❡♥t êtr❡ r❡tr♦✉✈és ❞❛♥s ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣❛✲
t❤♦❧♦❣✐❡s ♥❡✉r♦✲♣s②❝❤✐❛tr✐q✉❡s ✭t❡❧❧❡s q✉❡ ❧❛ s❝❤✐③♦♣❤ré♥✐❡✱ ❧✬❛❞❞✐❝t✐♦♥✱ ❧❡s
♠❛❧❛❞✐❡s ♥❡✉r♦✲❞é❣é♥ér❛t✐✈❡s✳✳✳✮✱ ✐❧ ❡st ❡♥✈✐s❛❣❡❛❜❧❡ q✉✬✉♥ tr❛✐t❡♠❡♥t ✭❝♦♠✲
♣❧é♠❡♥t❛✐r❡ ❛✉① t❤ér❛♣✐❡s ❛❝t✉❡❧❧❡s✮ ♣❛r ❝❡s st✐♠✉❧❛t✐♦♥s é❧❡❝tr✐q✉❡s ♥♦♥ ✐♥✲
✈❛s✐✈❡s ❡t ❛②❛♥t ♣❡✉ ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s ✭❑❡ss❧❡r ❡t ❛❧✳✱ ✷✵✶✷✮ ♣✉✐ss❡ ❛✐❞❡r à
❛❧❧é❣❡r ❧❡s s②♠♣tô♠❡s r❡ss❡♥t✐s ♣❛r ❝❡s ♣❛t✐❡♥ts✱ ✈♦✐r❡ à ❧❛ ré❝✉♣ér❛t✐♦♥✳

▲✬❡①♣♦s✐t✐♦♥ ré♣été❡ à ❧❛ ♥✐❝♦t✐♥❡ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ q✉❡ ♥♦✉s ❛✈♦♥s
ré❛❧✐sé❡ ❝❤❡③ ❧❛ s♦✉r✐s ❡♥tr❛î♥❡ à ❧✬â❣❡ ❛❞✉❧t❡ ✉♥❡ ❛♣♣❛r✐t✐♦♥ ❞❡ ❝♦♠♣♦rt❡✲
♠❡♥ts ❛ss♦❝✐és à ❧❛ ❞é♣r❡ss✐♦♥ ❡t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ s❝♦r❡ ❞❡ ♣ré❢ér❡♥❝❡
❞❛♥s ✉♥ t❡st é✈❛❧✉❛♥t ❧✬❡✛❡t r❡♥❢♦rç❛t❡✉r ❞❡ ❧❛ ♥✐❝♦t✐♥❡ ✭P❡❞r♦♥ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❈❡s ❡✛❡ts s♦♥t ❝♦♥❝♦r❞❛♥ts ❛✈❡❝ ❧❛ t❤é♦r✐❡ st✐♣✉❧❛♥t q✉❡ ❧❡ s❡✈r❛❣❡ ❞❡ ❧❛ ♥✐✲
❝♦t✐♥❡ ♣♦✉rr❛✐t ❡♥tr❛î♥❡r ❧❛ ♠❛❧❛❞✐❡ ❞é♣r❡ss✐✈❡ ✭P✐❝❝✐♦tt♦ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ▲❡
❢❛✐t q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ ré♣été❡ ❛✐t rés✉❧té ❡♥ ✉♥ r❡t♦✉r à ❧❛
♥♦r♠❛❧❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✛❡❝tés ♥♦✉s ❛♠è♥❡ à ♣❡♥s❡r q✉❡ ❝❡ tr❛✐t❡♠❡♥t
♣♦✉rr❛✐t ❝♦♥st✐t✉❡r ✉♥❡ ❛✐❞❡ ❡✣❝❛❝❡ ♣♦✉r ❧❡ s❡✈r❛❣❡ t❛❜❛❣✐q✉❡✳

◆♦s rés✉❧t❛ts ♦❜t❡♥✉s ♣♦✉r ❞❡s tr❛✐t❡♠❡♥ts à ❧❛ ❝♦❝❛ï♥❡ ✭tr❛✐t❡♠❡♥t ❛✐❣✉✱
❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❞r♦❣✉❡ s✉r ❧✬❛❝t✐✈✐té ❧♦❝♦♠♦tr✐❝❡ ❡t ❧✬❡①♣r❡ss✐♦♥
❞❡ ❩✐❢✷✻✽ ✮ ♦✉ ❞❡s ✐♥❥❡❝t✐♦♥s ré♣été❡s ♣❧✉s✐❡✉rs ❥♦✉rs ✭t❡st ❞❡ ♣ré❢ér❡♥❝❡ ❞❡
♣❧❛❝❡ ❝♦♥❞✐t✐♦♥♥é❡✮ tr♦✐s s❡♠❛✐♥❡s ❛♣rès ❞❡s st✐♠✉❧❛t✐♦♥s ré♣été❡s ♣❛r t❉❈❙
✐♥❞✐q✉❡♥t q✉❡ ❝❡s st✐♠✉❧❛t✐♦♥s ❡♥tr❛î♥❡♥t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ♣❡r✲
♠❡tt❛♥t ❞❡ ❞✐♠✐♥✉❡r ❧❛ ré♣♦♥s❡ à ❧❛ ❞r♦❣✉❡✳ ■❧ ❡st ❛✐♥s✐ ♣❡r♠✐s ❞✬é♠❡ttr❡
❧✬❤②♣♦t❤ès❡ q✉❡ ❧❛ t❉❈❙ ♣♦✉rr❛✐t ❞✐♠✐♥✉❡r ❧❡s r✐sq✉❡s✱ ❝❤❡③ ❞❡s ❝♦♥s♦♠✲
♠❛t❡✉rs ♦❝❝❛s✐♦♥♥❡❧s✱ ❞❡ t♦♠❜❡r ❞❛♥s ❧❛ ❞é♣❡♥❞❛♥❝❡ à ❝❡rt❛✐♥❡s s✉❜st❛♥❝❡s
✭t❡❧❧❡s q✉❡ ❧❡s ♣s②❝❤♦st✐♠✉❧❛♥ts✮✳ ■❧ s❡r❛ é❣❛❧❡♠❡♥t ✐♥tér❡ss❛♥t ❞❡ t❡st❡r s✐
❧❛ t❉❈❙ ♣❡r♠❡t ❞✬é✈✐t❡r ❧❡s ♣❤é♥♦♠è♥❡s ❞✬❛❞❞✐❝t✐♦♥ à ❝❡rt❛✐♥❡s ♠é❞✐❝❛t✐♦♥s
✭❛♥❛❧❣és✐q✉❡s✱ ❛♥①✐♦❧②t✐q✉❡s✱ ❛♥t✐❞é♣r❡ss❡✉rs✳✳✳✮✱ ❞❛♥s ❧❡s ❝❛s ♦ù ✉♥ tr❛✐t❡✲
♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ ♣❛r st✐♠✉❧❛t✐♦♥ é❧❡❝tr✐q✉❡ s❡r❛✐t ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ❧❡
tr❛✐t❡♠❡♥t ❞❡ ❧❛ ♠❛❧❛❞✐❡✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛❧❝♦♦❧✱ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉ ♣❡✉ ❞✬✐♥❞✐❝❡s s✉r ❧✬✐♠♣❛❝t
❞❡ ❧❛ t❉❈❙ s✉r ❧❡s ❡✛❡ts ❛♣♣ét✐t✐❢s ♦✉ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬ét❤❛♥♦❧ ❝❤❡③ ❧❡s
s♦✉r✐s ❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✳ P❧✉s✐❡✉rs ❛✉t❡✉rs ♦♥t r❛♣♣♦rté ✉♥❡ ❞✐♠✐♥✉t✐♦♥
❞❡s s❝♦r❡s ❞❡ ❝r❛✈✐♥❣ ♣♦✉r ❧✬❛❧❝♦♦❧ ❛♣rès t❉❈❙ ❝❤❡③ ❞❡s ♣❛t✐❡♥ts ❞é♣❡♥❞❛♥ts
✭❈❢✳ s❡❝t✐♦♥ ✷✳✶✳✸ ❀ ❇♦❣❣✐♦ ❡t ❛❧✳ ✭✷✵✵✽❝✮ ❀ ❞❡♥ ❯②❧ ❡t ❛❧✳ ✭✷✵✶✺✮ ❀ ❞❛ ❙✐❧✈❛ ❡t ❛❧✳
✭✷✵✶✸✮✮✳ ◆♦✉s ❛✈♦♥s ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣✉ ♠♦♥tr❡r ❝❤❡③ ❧❛ s♦✉r✐s ✉♥❡ ❛tté♥✉❛✲
t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ r❡❝❤✉t❡ ❞❛♥s ❧❡ t❡st ❞✬❛✉t♦✲❛❞♠✐♥✐str❛t✐♦♥✳ ❈❡❧❛
ét❛♥t✱ ♥♦tr❡ ét✉❞❡ ♣♦rt❛✐t s✉r ❞❡s s♦✉r✐s ❙✇✐ss ❝❛r❛❝tér✐sé❡s ❣r❛♥❞❡s ❜✉✈❡✉s❡s
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♠❛✐s ♥♦♥ ❞é♣❡♥❞❛♥t❡s ❀ t❡st❡r ❧❡ ♠ê♠❡ ♣r♦t♦❝♦❧❡ s✉r ❞❡s s♦✉r✐s q✉✐ ❛✉r❛✐❡♥t
♣ré❛❧❛❜❧❡♠❡♥t été r❡♥❞✉❡s ❛❧❝♦♦❧♦✲❞é♣❡♥❞❛♥t❡s ✭♣❛r ❡①❡♠♣❧❡✱ ♣❛r ❡①♣♦s✐t✐♦♥
ré♣été❡ à ❞❡s ✈❛♣❡✉rs ❞✬ét❤❛♥♦❧ ❀ ●r✐✣♥ ✭✷✵✶✹✮✮ ♣♦✉rr❛✐t ♥♦✉s ❛♣♣♦rt❡r ❞❡s
ré♣♦♥s❡s ♣❧✉s ♣ré❝✐s❡s à ❧❛ ❢♦✐s ❛✉ ♥✐✈❡❛✉ ❝♦♠♣♦rt❡♠❡♥t❛❧ ❡t ❛✉ ♥✐✈❡❛✉ ♥❡✉r♦✲
❜✐♦❧♦❣✐q✉❡ ♣❛r ❧✬ét✉❞❡ ❞❡ ❢❛❝t❡✉rs ✐♠♣❧✐q✉és ❞❛♥s ❧✬❛❞❞✐❝t✐♦♥ ✭t❡❧s q✉❡∆❋♦s❇✱
✉♥ ❢❛❝t❡✉r ❞❡ tr❛♥s❝r✐♣t✐♦♥ ét✉❞✐é ❝♦♠♠❡ ♠❛rq✉❡✉r ♥❡✉r♦❜✐♦❧♦❣✐q✉❡ ❞❡ ❧✬ét❛t
❞✬❛❞❞✐❝t✐♦♥ ❛✉① ❞r♦❣✉❡s ❞✬❛❜✉s ❀ ◆❡st❧❡r ✭✷✵✵✽✮✮✳

✶✷✳✸ ❈♦♠♣r❡♥❞r❡ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❧❛ t❉❈❙

P✉✐sq✉✬❛✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡ ♥♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ✉♥ ♠♦❞è❧❡
❛♥✐♠❛❧ ❞❡ t❉❈❙ ❡t r❡tr♦✉✈❡r ❞❡s ❡✛❡ts ♣♦s✐t✐❢s ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❞❡ st✐♠✉✲
❧❛t✐♦♥s ré♣été❡s✱ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❞❡✉① ét✉❞❡s ✈✐s❛♥t ♣♦✉r ❧❛ ♣r❡♠✐èr❡ à
t❡st❡r ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ ✐♠♣❛❝t ❞❡ ❝❡s st✐♠✉❧❛t✐♦♥s s✉r ❧❛ ♥❡✉r♦❣❡♥ès❡ ❤✐♣♣♦✲
❝❛♠♣✐q✉❡✱ ❡t ♣♦✉r ❧❛ s❡❝♦♥❞❡ à ✐❞❡♥t✐✜❡r ❧❡s ③♦♥❡s ❝éré❜r❛❧❡s ❛✛❡❝té❡s ♣❛r ❧❛
t❉❈❙ ✭❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❡①♣♦s✐t✐♦♥ à ❧❛ ❞r♦❣✉❡✮✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés à ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❞❡
♥♦✉✈❡❧❧❡s ❝❡❧❧✉❧❡s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❡
❞ès ❧❛ ✜♥ ❞❡ ❞✐① sé❛♥❝❡s ❞❡ st✐♠✉❧❛t✐♦♥✱ ❧❡s s♦✉r✐s ♣rés❡♥t❡♥t ✉♥❡ ❛✉❣♠❡♥t❛✲
t✐♦♥ ❞❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❝❡❧❧✉❧❛✐r❡ à ❧❛ ❢♦✐s ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ❞♦rs❛❧ ✭✐♠♣❧✐q✉é
❞❛♥s ❧❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s✮✱ ❡t ❞❛♥s ❧✬❤✐♣♣♦❝❛♠♣❡ ✈❡♥tr❛❧ ✭✐♠♣❧✐q✉é ❞❛♥s
❧❡s ét❛ts é♠♦t✐♦♥♥❡❧s ❀ ❋❛♥s❡❧♦✇ ❡t ❉♦♥❣ ✭✷✵✶✵✮✮✳

❈❡tt❡ ét✉❞❡ ♥❡ s✉✣t ♣❛s à ❛✣r♠❡r q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ✐♠♣❧✐q✉❡♥t
✉♥❡ ♥é♦✲♥❡✉r♦❣❡♥ès❡✳ ■❧ ❛♣♣❛r❛ît ♥é❝❡ss❛✐r❡ ❞✬ét✉❞✐❡r ❧❡ ❞❡✈❡♥✐r ❞❡ ❝❡s ♥♦✉✲
✈❡❧❧❡s ❝❡❧❧✉❧❡s✱ ♠❛✐s ❛✉ss✐ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧✬❛♣♣❛r✐t✐♦♥
❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙✳ ❈♦♠♠❡ ❝✐❜❧❡s ❞✬ét✉❞❡ ♣♦t❡♥t✐❡❧❧❡s✱ ♥♦✉s ♣♦✉✈♦♥s ❝✐t❡r
❧❛ ❞♦✉❜❧❡❝♦rt✐♥❡✱ ❡①♣r✐♠é❡ ❞❛♥s ❧❡s ♥❡✉r♦♥❡s ❡♥ ❞✐✛ér❡♥❝✐❛t✐♦♥✱ ♦✉ ❡♥❝♦r❡
◆❡✉◆✱ ✉♥ ♠❛rq✉❡✉r ❞❡ ♥❡✉r♦♥❡s ♠❛t✉r❡s ✭❉♦❦t❡r ❡t ✉♥❞ ❍❛❧❜❛❝❤✱ ✷✵✶✷✮✳ ➚
❧✬✐♥✈❡rs❡✱ ♣♦✉r ét✉❞✐❡r ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♥❡✉r♦❣❡♥ès❡ ❞❛♥s ❧❡s ❡✛❡ts ❞❡ ❧❛
t❉❈❙✱ ❞❡s ét✉❞❡s ♣♦rt❛♥t s✉r ❧❛ st✐♠✉❧❛t✐♦♥ ❞❡ ♠♦❞è❧❡s ❛♥✐♠❛✉① ❝❤❡③ q✉✐ ❧❛
❝ré❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♥❡✉r♦♥❡s ❛ été ✐♥❤✐❜é❡ s❡r♦♥t à ré❛❧✐s❡r✳

▲❡s rés✉❧t❛ts ❞❡ ❝❡s ét✉❞❡s ♣❡r♠❡ttr♦♥t ❞✬❛♣♣♦rt❡r ❞❡s ♣✐st❡s ❡①♣❧✐q✉❛♥t
❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛❝t✐♦♥ ❞❡ ❧❛ t❉❈❙ s✉r ❞✐✈❡rs ❛s♣❡❝ts ❝♦❣♥✐t✐❢s✱ ❡t s✉r s❡s
❡✛❡ts ❜é♥é✜q✉❡s ❞❛♥s ❞❡s ♣❛t❤♦❧♦❣✐❡s t❡❧❧❡s q✉❡ ❧❡s tr♦✉❜❧❡s ❞é♣r❡ss✐❢s✳ ■❧s
♣♦✉rr♦♥t ❛✉ss✐ ✈❛❧✐❞❡r ❧✬✐♥❞✐❝❛t✐♦♥ ❞❡ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣♦✉r ❧❛
ré❝✉♣ér❛t✐♦♥ ❞❡ ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♣❛t❤♦❧♦❣✐❡s ♥❡✉r♦❧♦✲
❣✐q✉❡s ✭t❡❧❧❡s q✉❡ ❧❛ ♠❛❧❛❞✐❡ ❞✬❆❧③❤❡✐♠❡r✮✳

❉❛♥s ❧❛ ❞❡r♥✐èr❡ ét✉❞❡ ♣rés❡♥té❡ ✐❝✐✱ ♥♦tr❡ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ③♦♥❡s ❝éré✲



✶✼✽ ❈❍❆P■❚❘❊ ✶✷✳ ❉■❙❈❯❙❙■❖◆ ●➱◆➱❘❆▲❊

❜r❛❧❡s ✭♣❛r ❧✬ét✉❞❡ ❞❡ ❩✐❢✷✻✽ ✮ ♥♦✉s ❛ ✐♥❞✐q✉é q✉❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ ❛♣♣❛✲
r❛✐ss❡♥t ❞❛♥s ❞❡s ❝✐r❝✉✐ts ✐♠♣❧✐q✉és ♣❧✉tôt ❞❛♥s ❧❡s ❛s♣❡❝ts ❧✐és ❛✉ ❝♦♥trô❧❡
❞❡ ❧❛ ♣r✐s❡ ❞❡ ❞r♦❣✉❡ ✭❢♦r♠❛t✐♦♥ ❞✬❤❛❜✐t✉❞❡s ❛♥♦r♠❛❧❡s✱ ❝♦♠♣✉❧s✐♦♥✳✳✳✮✳ ❆✜♥
❞❡ ♠✐❡✉① ❝❛r❛❝tér✐s❡r ❧❡s ❡✛❡ts ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ t❉❈❙ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡
❧✬❛❞❞✐❝t✐♦♥✱ ✐❧ s❡r❛ ✐♥tér❡ss❛♥t ❞✬ét✉❞✐❡r ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❢❛❝t❡✉rs ❧✐és s♣é❝✐✜✲
q✉❡♠❡♥t à ❝❡tt❡ ♣❛t❤♦❧♦❣✐❡✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❝♦♥s♦♠♠❛t✐♦♥ ré❣✉❧✐èr❡✱ ❧❡s ❞r♦❣✉❡s ❞é❝❧❡♥❝❤❡♥t ❞❡s
❛❞❛♣t❛t✐♦♥s ♣❛t❤♦❧♦❣✐q✉❡s ❞❛♥s ❧❡ ❝✐r❝✉✐t ❞❡ ❧❛ ré❝♦♠♣❡♥s❡ q✉✐ s♦✉s✲t❡♥❞❡♥t
❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❞é♣❡♥❞❛♥❝❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ ♣r♦té✐♥❡ ∆❋♦s❇ ✈♦✐t s♦♥ ❡①✲
♣r❡ss✐♦♥ ❛✉❣♠❡♥t❡r ✭♥♦t❛♠♠❡♥t ❞❛♥s ❧❡ ♥♦②❛✉ ❛❝❝✉♠❜❡♥s ❡t ❧❡ str✐❛t✉♠ ❞♦r✲
s❛❧✮ ❞❡ ♠❛♥✐èr❡ tr❛♥s✐t♦✐r❡ ❛♣rès ✉♥❡ ✐♥❥❡❝t✐♦♥ ❛✐❣✉ë ❞❡ ❞r♦❣✉❡✱ ❡t s✬❛❝❝✉♠✉❧❡
❞❛♥s ❞❡s ré❣✐♦♥s ❝éré❜r❛❧❡s s♣é❝✐✜q✉❡s ❡♥ ❝❛s ❞❡ ré♣ét✐t✐♦♥ ❞❡ ❧✬❡①♣♦s✐t✐♦♥
✭◆❡st❧❡r✱ ✷✵✵✽✮✳ ❈❡❝✐ ❡st ✈r❛✐ ♣♦✉r ❝❤❛q✉❡ ❞r♦❣✉❡ ❞✬❛❜✉s ❜✐❡♥ q✉❡ ❧❡ ❞❡❣ré
❞✬✐♥❞✉❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s ré❣✐♦♥s ❞✉ str✐❛t✉♠ ❡t ❞✉ ♥♦②❛✉
❛❝❝✉♠❜❡♥s ♣✉✐ss❡ ✈❛r✐❡r✳ ❈❡ ♣❤é♥♦♠è♥❡✱ q✉✐ s❡r❛✐t r❡s♣♦♥s❛❜❧❡ ♥♦t❛♠♠❡♥t
❞❡ ❝♦♠♣♦rt❡♠❡♥ts ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ❞r♦❣✉❡✱ ❢❛✐t ❞❡ ∆❋♦s❇ ✉♥❡ ❝✐❜❧❡ ❞❡ ❝❤♦✐①
♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ s❡♥s✐❜✐❧✐té ❛✉① ❞r♦❣✉❡s✳ ❆♥❛❧②s❡r s♦♥ ❡①♣r❡ss✐♦♥ ❛♣rès ✉♥❡
❛❞♠✐♥✐str❛t✐♦♥ ❛✐❣✉ë ♦✉ ❝❤r♦♥✐q✉❡ ❞❡ ❞r♦❣✉❡s ✭♣❛r ❡①❡♠♣❧❡ ❧❛ ❝♦❝❛ï♥❡ ♦✉
❧✬❛❧❝♦♦❧✮ ❝❤❡③ ❞❡s ❛♥✐♠❛✉① st✐♠✉❧és ♣❛r t❉❈❙ ♣♦✉rr❛✐t ❛♣♣♦rt❡r ❞❡s é❧é♠❡♥ts
❞❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❞✬❛❝t✐♦♥ ❞❡ ❝❡ tr❛✐t❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❝♦♠✲
♣♦rt❡♠❡♥t❛❧✳

✶✷✳✹ P❡rs♣❡❝t✐✈❡ ✿ st✐♠✉❧❡r à ❧✬❛❞♦❧❡s❝❡♥❝❡

▲✬✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s q✉❡st✐♦♥s q✉❡ ♥♦✉s ♥♦✉s ♣♦s♦♥s à ❧❛ ✜♥ ❞❡ ❝❡s
tr❛✈❛✉① ❝♦♥❝❡r♥❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ st✐♠✉❧❡r ❧❡ ❝❡r✈❡❛✉ ❞❡ ♣❛t✐❡♥ts ❛❞♦❧❡s❝❡♥ts✳

▲✬❛❞♦❧❡s❝❡♥❝❡ ❡st ✉♥❡ ♣ér✐♦❞❡ ❞❡ tr❛♥s✐t✐♦♥✱ s♦✉r❝❡ ❞✬✐♥st❛❜✐❧✐té✱ ❡♥tr❡ ❡♥✲
❢❛♥❝❡ ❡t â❣❡ ❛❞✉❧t❡✳ ❉❛♥s ✉♥ r❛♣♣♦rt ❞❡ ✷✵✵✷✱ ✉♥❡ ❡①♣❡rt✐s❡ ❝♦❧❧❡❝t✐✈❡ ❞❡ ❧✬■◆✲
❙❊❘▼ ré✈è❧❡ q✉✬❡♥ ❋r❛♥❝❡ ❝♦♠♠❡ ❞❛♥s ❧❡ ♠♦♥❞❡✱ ❡♥✈✐r♦♥ ✶✷ ✪ ❞❡s ❡♥❢❛♥ts ❡t
❛❞♦❧❡s❝❡♥ts s❡r❛✐❡♥t t♦✉❝❤és ♣❛r ❛✉ ♠♦✐♥s ✉♥ tr♦✉❜❧❡ ♠❡♥t❛❧ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t
tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r ❀ ■◆❙❊❘▼ ✭✷✵✵✷✮✮✳

❯♥ ❣r♦✉♣❡ ❞✬❡①♣❡rts✱ t♦✉❥♦✉rs ♣♦✉r ❧✬■♥s❡r♠✱ ♥♦t❡ ❡♥ ✷✵✶✹ q✉❡ ❧✬✐♥✐t✐❛✲
t✐♦♥ à ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡ s✉❜st❛♥❝❡s ♣s②❝❤♦❛❝t✐✈❡s ✭❧✐❝✐t❡s ♦✉ ♥♦♥✮ s❡ ❢❛✐t
♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧✬❛❞♦❧❡s❝❡♥❝❡ ✭❡♥ ❋r❛♥❝❡ ❡♥ ✷✵✶✶✱ ✾✶ ✪ ❞❡s ❥❡✉♥❡s ❞é❝❧❛r❡♥t
❛✈♦✐r ❝♦♥s♦♠♠é ❞❡ ❧✬❛❧❝♦♦❧✱ ✻✽ ✪ ❞✉ t❛❜❛❝✱ ❡t ✹✷ ✪ ❞✉ ❝❛♥♥❛❜✐s ❛✈❛♥t ❧❛
✜♥ ❞❡ ❧❡✉r ❛❞♦❧❡s❝❡♥❝❡✳ ❙❡✉❧s ✻✳✻ ✪ ♥✬❛✉r❛✐❡♥t ❥❛♠❛✐s ❝♦♥s♦♠♠é ✉♥❡ ❞❡ ❝❡s
tr♦✐s ❞r♦❣✉❡s ❀ ■◆❙❊❘▼ ✭✷✵✶✹✮✮✳ ❖r ❞✬✉♥❡ ♣❛rt✱ s✐ ré♣été❡✱ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥
❞❡ ❞r♦❣✉❡s ❡st s✉s❝❡♣t✐❜❧❡ ❞✬❡♥tr❛î♥❡r ❧❛ ❞é♣❡♥❞❛♥❝❡ ❀ ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❞✬✐♠✲
♣♦rt❛♥t❡s ♠♦❞✐✜❝❛t✐♦♥s ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s ♦♥t ❧✐❡✉ ❞✉r❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡✱ ❛✈❡❝
✉♥❡ ré♦r❣❛♥✐s❛t✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❡t ❛♥❛t♦♠✐q✉❡ ❞❡ ❞✐✈❡rs❡s ❛✐r❡s ❝éré❜r❛❧❡s
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✭❙♣❡❛r✱ ✷✵✵✵✮✳

▲❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧✱ ❝✐❜❧❡ ♣r✐✈✐❧é❣✐é❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙
s✉r ❞✐✛ér❡♥ts tr♦✉❜❧❡s ♥❡✉r♦❧♦❣✐q✉❡s ♦✉ ♣s②❝❤✐❛tr✐q✉❡s✱ ❢❛✐t ♣❛rt✐❡ ❞❡s ③♦♥❡s
❝éré❜r❛❧❡s s✉❜✐ss❛♥t ✉♥ ♣r♦❢♦♥❞ r❡♠♦❞❡❧❛❣❡ ❧♦rs ❞❡ ❧✬❛❞♦❧❡s❝❡♥❝❡✱ ❛✈❡❝ ♥♦t❛♠✲
♠❡♥t ❧❛ ♠❛t✉r❛t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❝♦❣♥✐t✐✈❡s ✭❙♣❡❛r✱ ✷✵✵✵✮✳ ❈✬❡st ♣♦✉rq✉♦✐
❧✬❛❞♦❧❡s❝❡♥❝❡ ❝♦♥st✐t✉❡ ✉♥❡ ♣ér✐♦❞❡ ❝r✐t✐q✉❡ ❞✉r❛♥t ❧❛q✉❡❧❧❡ ✉♥❡ ❛❧tér❛t✐♦♥
❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ✭♥♦t❛♠♠❡♥t ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧✮ ♣❡✉t ❡♥tr❛î♥❡r ♦✉ ❛❝❝é✲
❧ér❡r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ tr♦✉❜❧❡s ♣s②❝❤✐❛tr✐q✉❡s t❡❧s q✉❡ ❧❛ s❝❤✐③♦♣❤ré♥✐❡✱
❧❡s tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r✱ ♦✉ ❡♥❝♦r❡ ❧✬❛❞❞✐❝t✐♦♥ ✭●✐❡❞❞ ❡t ❛❧✳✱ ✷✵✵✽✮✳

P❛r♠✐ ❧❡s ❞✐✛ér❡♥ts ♥❡✉r♦tr❛♥s♠❡tt❡✉rs ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ♠❛t✉r❛t✐♦♥ ❞✉
❝♦rt❡① ♣ré❢r♦♥t❛❧✱ ❧❡ ❝✐r❝✉✐t ●❆❇❆❡r❣✐q✉❡ ❛ été ❧❛ ❝✐❜❧❡ ❞❡ ♣❧✉s✐❡✉rs ét✉❞❡s ❞✉
❢❛✐t ❞❡ s♦♥ rô❧❡ ❞❛♥s ❧✬✐♥❤✐❜✐t✐♦♥ ❡t ❧❛ s②♥❝❤r♦♥✐s❛t✐♦♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ♥❡✉✲
r♦♥❛❧❡s ✭❈❛❜❛❧❧❡r♦ ❡t ❛❧✳✱ ✷✵✶✹❜✮✳ ▲❡s ✐♥t❡r♥❡✉r♦♥❡s ●❆❇❆❡r❣✐q✉❡s ♣❡✉✈❡♥t
êtr❡ ❞✐st✐♥❣✉és ❡♥ tr♦✐s ♣r✐♥❝✐♣❛❧❡s ♣♦♣✉❧❛t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦té✐♥❡
❧✐❛♥t ❧❡ ❝❛❧❝✐✉♠ q✉✬✐❧s ❡①♣r✐♠❡♥t ✿ ❧❛ ♣❛r✈❛❧❜✉♠✐♥❡ ✭P❱✮✱ ❧❛ ❝❛❧rét✐♥✐♥❡ ✭❈❘✮✱
♦✉ ❧❛ ❝❛❧❜✐♥❞✐♥❡ ✭❈❇✮✳ ▲✬❡①♣r❡ss✐♦♥ ❞❡ ❝❡s ♣r♦té✐♥❡s ❝❤❛♥❣❡ ❧♦rs ❞❡ ❧❛ ♠❛✲
t✉r❛t✐♦♥ ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❀ ❧✬❛❧tér❛t✐♦♥ ❞❡ ❝❡ ♣r♦❝❡ss✉s rés✉❧t❡r❛✐t ❡♥ ✉♥❡
❞és✐♥❤✐❜✐t✐♦♥ ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ q✉✐ ♣♦✉rr❛✐t êtr❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❝❡rt❛✐♥❡s
♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ❛♣♣❛r❛✐ss❛♥t ❧♦rs ❞❡ ❧✬❛❞♦❧❡s❝❡♥❝❡✱ t❡❧❧❡s q✉❡ ❧❛
s❝❤✐③♦♣❤ré♥✐❡ ♦✉ ❧✬❛❞❞✐❝t✐♦♥ ✭❈❛❜❛❧❧❡r♦ ❡t ❛❧✳✱ ✷✵✶✹❛ ❀ ❈❛ss ❡t ❛❧✳✱ ✷✵✶✸✮✳

➚ ♣❛rt✐r ❞❡ ❝❡s ❞♦♥♥é❡s✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦✉s ❞❡♠❛♥❞❡r q✉❡❧ ❡✛❡t ❛✉r❛✐t
❧❛ st✐♠✉❧❛t✐♦♥ tr❛♥s❝râ♥✐❡♥♥❡ s✉r ❧❛ ♠❛t✉r❛t✐♦♥ ❞✉ s②stè♠❡ ♥❡r✈❡✉① ♣❡♥❞❛♥t
❧✬❛❞♦❧❡s❝❡♥❝❡✳ ❯♥ tr❛✐t❡♠❡♥t ♣❛r t❉❈❙ ❞❡s ❛❞♦❧❡s❝❡♥ts s♦✉✛r❛♥t ❞❡ ❝❡rt❛✐♥❡s
♣❛t❤♦❧♦❣✐❡s ✭t❡❧❧❡s q✉❡ ❞❡s tr♦✉❜❧❡s ❞❡ ❧✬❤✉♠❡✉r ♦✉ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❛❧✐♠❡♥✲
t❛✐r❡✮ ❡st ✐♥tér❡ss❛♥t ♣✉✐sq✉❡ ❛ ♣r✐♦r✐ s❛♥s ❡✛❡t s❡❝♦♥❞❛✐r❡✳ ❊♥ ❡✛❡t✱ ▼♦❧✐❛❞③❡
❡t ❛❧✳ ✭✷✵✶✺✮ ♦♥t ♠♦♥tré q✉❡ ❧❛ st✐♠✉❧❛t✐♦♥ ✭✶✵ ♠✐♥✉t❡s✱ ✶ ♠❆✮ ❞✉ ❝♦rt❡① ♠♦✲
t❡✉r ❞✬❛❞♦❧❡s❝❡♥ts ✭s✉❥❡ts s❛✐♥s â❣és ❞❡ ✶✶ à ✶✻ ❛♥s✮ ét❛✐t ❜✐❡♥ t♦❧éré❡✱ s❛♥s
❡✛❡t s❡❝♦♥❞❛✐r❡ r❡♣♦rté ♦✉ ♠❡s✉ré ♣❛r é❧❡❝tr♦✲❡♥❝é♣❤❛❧♦❣r❛♣❤✐❡ ✭t❡❧s q✉❡ ❞❡s
♠❛rq✉❡✉rs ❞✬❛❝t✐✈✐té é♣✐❧❡♣t✐❢♦r♠❡s ❛♣rès st✐♠✉❧❛t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡✮✳ ❈❡tt❡
❜♦♥♥❡ t♦❧ér❛♥❝❡ ❛✈❛✐t ❛✉ss✐ été ❞é♠♦♥tré❡ ❞❛♥s ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❛t✐❡♥ts
❛tt❡✐♥ts ❞❡ s❝❤✐③♦♣❤ré♥✐❡ ✐♥❢❛♥t✐❧❡ ✭â❣és ❞❡ ✶✵ à ✶✼ ❛♥s✮✱ q✉✐ ❛✈❛✐❡♥t r❡ç✉ ✶✵
s❡ss✐♦♥s ❞❡ t❉❈❙ ❜✐❧❛tér❛❧❡ ✭❛♥♦❞✐q✉❡ ♦✉ ❝❛t❤♦❞✐q✉❡✮ s✉r ❧❡ ❈P❋❉▲ ✭✷✵ ♠✐✲
♥✉t❡s ♣❛r s❡ss✐♦♥✱ ✷ ♠❆ ❀ ▼❛tt❛✐ ❡t ❛❧✳ ✭✷✵✶✶✮✮✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ét✉❞❡s s✉r ❧❡s ❡♥❢❛♥ts ❡t ❧❡s ❛❞♦❧❡s❝❡♥ts r❡st❡♥t r❛r❡s
✭▼✉s③❦❛t ❡t ❛❧✳✱ ✷✵✶✻✮ ❡t ❧✬❛❜s❡♥❝❡ ❞✬❡✛❡ts s❡❝♦♥❞❛✐r❡s s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ❡st
à ✈ér✐✜❡r ✭❧❡s ét✉❞❡s ♣ré❝é❞❡♠♠❡♥t ❝✐té❡s ♥❡ ♠❡s✉r❛♥t ❝❡s ❡✛❡ts q✉❡ ❞❛♥s
❧❡s ❤❡✉r❡s s✉✐✈❛♥ts ❧❛ t❉❈❙✮✳ ◆♦t❛♠♠❡♥t✱ ✐❧ ❛♣♣❛r❛ît r❛✐s♦♥♥❛❜❧❡ ❞❡ s❡ ❞❡✲
♠❛♥❞❡r s✐ ❧❛ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡ r✐sq✉❡ ❞✬❛✈♦✐r ✉♥ ✐♠♣❛❝t ♥é❣❛t✐❢ s✉r ❧❛
♠❛t✉r❛t✐♦♥ ❞✉ s②stè♠❡ ♥❡r✈❡✉① ❞❡s ❛❞♦❧❡s❝❡♥ts✳ ❖✉ ❡♥❝♦r❡✱ s✐ ❝❤❡③ ❞❡s s✉✲
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❥❡ts ❛❞♦❧❡s❝❡♥ts ❞♦♥t ❧❛ ♠❛t✉r❛t✐♦♥ ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ❡st ❡✛❡❝t✐✈❡♠❡♥t
❛❧téré❡ ✭♣❛r ✉♥❡ ♣❛t❤♦❧♦❣✐❡✮✱ ❝❡ t②♣❡ ❞❡ st✐♠✉❧❛t✐♦♥ ♣❡r♠❡ttr❛✐t ❞❡ rét❛❜❧✐r
✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ♥❡✉r♦♥❛❧ ♥♦r♠❛❧✳✳✳

❆✜♥ ❞❡ ré♣♦♥❞r❡ à ❝❡s q✉❡st✐♦♥s✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❛♥s ✉♥ ♣r❡♠✐❡r
t❡♠♣s ❞❡ st✐♠✉❧❡r ❧❡ ❝♦rt❡① ❢r♦♥t❛❧ ❞✬❛♥✐♠❛✉① ❛❞♦❧❡s❝❡♥ts s❛✐♥s✱ ❡t ❞❡ ❝♦♥trô✲
❧❡r ❧❛ tr❛❥❡❝t♦✐r❡ ❞é✈❡❧♦♣♣❡♠❡♥t❛❧❡ ❞❡s ❞✐✛ér❡♥t❡s s♦✉s✲♣♦♣✉❧❛t✐♦♥s ❞✬✐♥t❡r✲
♥❡✉r♦♥❡s ●❆❇❆❡r❣✐q✉❡s ❛✜♥ ❞❡ ✈ér✐✜❡r ❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ♠❛t✉r❛t✐♦♥
❞✉ s②stè♠❡ ♥❡r✈❡✉①✳

❊♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧✬éq✉✐♣❡ ❞✉ Pr✳ ❚s❡♥❣ ❞❡ ❧❛ ❈❤✐❝❛❣♦ ▼❡❞✐❝❛❧ ❙❝❤♦♦❧✱
♥♦✉s ❛✈♦♥s ré❛❧✐sé ✉♥❡ ét✉❞❡ ♣✐❧♦t❡ s✉r ✶✹ s♦✉r✐s ✭✼ ❙❤❛♠ ❡t ✼ t❉❈❙✮ st✐♠✉✲
❧é❡s à ❧✬â❣❡ ❞❡ ✸✺ à ✸✾ ❥♦✉rs ✭❛❞♦❧❡s❝❡♥❝❡✮ ❡t s❛❝r✐✜é❡s à ✹✽ ❥♦✉rs ✭❥❡✉♥❡s
❛❞✉❧t❡s ❀ ❚✐r❡❧❧✐ ❡t ❛❧✳ ✭✷✵✵✸✮✮✳ ◆♦✉s ❛✈♦♥s ét✉❞✐é ♣❛r ✐♠♠✉♥♦✢✉♦r❡s❝❡♥❝❡
❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ♣❛r✈❛❧❜✉♠✐♥❡ ❞❛♥s ❧❡ ❝♦rt❡① ♣ré❢r♦♥t❛❧✳ ▲❡s ✐♥t❡r♥❡✉r♦♥❡s
●❆❇❆❡r❣✐q✉❡s ❡①♣r✐♠❛♥t ❧❛ ♣❛r✈❛❧❜✉♠✐♥❡ s♦♥t ♠♦✐♥s ♥♦♠❜r❡✉① ❝❤❡③ ❧❡s
❥❡✉♥❡s r♦♥❣❡✉rs q✉✬à ❧✬â❣❡ ❛❞✉❧t❡ ❀ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ♥♦r♠❛❧❡s ❧❡✉r ❡①♣r❡s✲
s✐♦♥ ❛✉❣♠❡♥t❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛❞♦❧❡s❝❡♥❝❡✳

❉❛♥s ❝❡tt❡ ét✉❞❡ ♣✐❧♦t❡✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é q✉✬✉♥ tr❛✐t❡♠❡♥t ❝❤r♦♥✐q✉❡
♣❛r t❉❈❙ ♣❡♥❞❛♥t ❧✬❛❞♦❧❡s❝❡♥❝❡ ✭✷✵ ♠✐♥✉t❡s à ✵✳✷ ♠❆✱ ✷ ❢♦✐s ♣❛r ❥♦✉r ♣❡♥✲
❞❛♥t ✺ ❥♦✉rs ❝♦♥sé❝✉t✐❢s✮ ❞✐♠✐♥✉❡r❛✐t ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ♣❛r✈❛❧❜✉♠✐♥❡ ❞❛♥s
✉♥❡ ③♦♥❡ r❡str❡✐♥t❡ ❞✉ ❝♦rt❡① ♣ré❢r♦♥t❛❧ ✭ré❣✐♦♥ ❧✐♠❜✐q✉❡ ❞✉ ❝♦rt❡① ❛✉t♦✉r ❞✉
♥✐✈❡❛✉ ❇r❡❣♠❛ ✰✶✳✺✹✮ ❞❡s s♦✉r✐s ❥❡✉♥❡s ❛❞✉❧t❡s✳ ▲✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ P❱ ❞❛♥s
❧❡s ré❣✐♦♥s ✈♦✐s✐♥❡s ✭ré❣✐♦♥s ❧✐♠❜✐q✉❡s ❞❡ ❧❛ ③♦♥❡ ❇r❡❣♠❛ ✰✶✳✾✹ ❡t ré❣✐♦♥s
❝✐♥❣✉❧❛✐r❡s✴♠♦tr✐❝❡s ♣❧✉s ♣♦stér✐❡✉r❡s ✭❇r❡❣♠❛ ✰✶✳✶✵ ❡t ❛♣rès✮✮ ♥❡ s❡♠❜❧❡
❡♥ r❡✈❛♥❝❤❡ ♣❛s ❛✛❡❝té❡✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ ét✉❞❡ ♣✐❧♦t❡ ♥❡ ❞♦♥♥❡ ❞✬✐♥❞✐❝❛✲
t✐♦♥s q✉✬à ✉♥ â❣❡ ♣ré❝✐s✱ ❡t ♥✬✐♥❞✐q✉❡ ♣❛s s✐ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ♦✉ ❧✬❛❜s❡♥❝❡ ❞❡
♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ P❱ ❡st t❡♠♣♦r❛✐r❡ ♦✉ ❞✉r❛❜❧❡✳

❆✉ss✐✱ ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ❝♦♥❝❧✉r❡ q✉❛♥t ❛✉① ✐♠♣❧✐❝❛t✐♦♥s ❢♦♥❝t✐♦♥♥❡❧❧❡s
❞❡ ❝❡s ♣r❡♠✐❡rs rés✉❧t❛ts✱ ✐❧ s❡r❛ ♥é❝❡ss❛✐r❡ ❞✬ét✉❞✐❡r ❧❛ tr❛❥❡❝t♦✐r❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t❛❧❡ ❞❡s ❞✐✛ér❡♥ts t②♣❡s ❞✬✐♥t❡r♥❡✉r♦♥❡s à ❞✐✛ér❡♥ts â❣❡s ❛♣rès t❉❈❙✳

✶✷✳✺ ❈♦♥❝❧✉s✐♦♥

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ ♣❧❛❝❡
❧❛ t❉❈❙ ❝❤❡③ ❧❛ s♦✉r✐s✱ ❡t r❡tr♦✉✈❡r ❞❡s ❡✛❡ts ❝♦♠♣♦rt❡♠❡♥t❛✉① s✐♠✐❧❛✐r❡s à
❝❡✉① ♦❜s❡r✈és ❝❤❡③ ❧✬❍♦♠♠❡✳ ▲❡ ♠♦❞è❧❡ ♠✉r✐♥ s❡r❛ ✐♥tér❡ss❛♥t à ♣❧✉s✐❡✉rs
♣♦✐♥ts ❞❡ ✈✉❡✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ t❉❈❙ s✉r ❞❡s ♠♦❞è❧❡s
❞❡ ♣❛t❤♦❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ✭❛✈❡❝ ♦✉ s❛♥s ♠✉t❛t✐♦♥ ❣é♥ét✐q✉❡✮✱ ❡t ♣♦✉r
r❡❝❤❡r❝❤❡r ❧❡s ♠é❝❛♥✐s♠❡s ♥❡✉r♦❜✐♦❧♦❣✐q✉❡s s♦✉s✲t❡♥❞❛♥t ❧❡s ❡✛❡ts ❞❡ ❝❡ t②♣❡
❞❡ st✐♠✉❧❛t✐♦♥✳



✶✷✳✺✳ ❈❖◆❈▲❯❙■❖◆ ✶✽✶

▲❛ t❉❈❙ ❡st à r❡♣❧❛❝❡r ❞❛♥s ❧❡ ❝❤❛♠♣ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❡①♣❧♦ré ❞❡s t❡❝❤✲
♥✐q✉❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝éré❜r❛❧❡✳ ❘❛♣♣❡❧♦♥s q✉❡ ❝❡rt❛✐♥❡s ❞❡ ❝❡s t❡❝❤♥✐q✉❡s
❢♦♥t ♣❛rt✐❡✱ ♣❛r❢♦✐s ❞❡♣✉✐s ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s ✭❡①❡♠♣❧❡ ❞❡ ❧✬é❧❡❝tr♦❝♦♥✈✉❧s✐✲
✈♦t❤ér❛♣✐❡✮✱ ❞❡s tr❛✐t❡♠❡♥ts ♣♦✉✈❛♥t êtr❡ ♣r❡s❝r✐ts ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♣❛t❤♦✲
❧♦❣✐❡s ♣s②❝❤✐❛tr✐q✉❡s ♦✉ ♥❡✉r♦❧♦❣✐q✉❡s✳ ❈❤❛❝✉♥❡ ❛ s❡s s♣é❝✐✜❝✐tés ✭❞♦♠❛✐♥❡
❞✬❛♣♣❧✐❝❛t✐♦♥✱ ♣✉❜❧✐❝ ✈✐sé✳✳✳✮✱ s❡s ❛✈❛♥t❛❣❡s ❡t s❡s ✐♥❝♦♥✈é♥✐❡♥ts ✭❝❛r❛❝tèr❡ ✐♥✲
✈❛s✐❢ ♦✉ ♥♦♥✱ ❡✛❡ts s❡❝♦♥❞❛✐r❡s✳✳✳✮✳ ■❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❞❛♥s ❧❡s ♣r♦❝❤❛✐♥❡s
❛♥♥é❡s ❧❛ t❉❈❙ ❡t s❡s ❞✐✛ér❡♥t❡s ♠♦❞❛❧✐tés ❞❡✈✐❡♥♥❡♥t à ❧❡✉r t♦✉r ❞❡s tr❛✐✲
t❡♠❡♥ts ♣r❡s❝r✐♣t✐❜❧❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡rt❛✐♥s tr♦✉❜❧❡s✳

▲❡s rés✉❧t❛ts ♣rés❡♥tés ✐❝✐ ♦✉✈r❡♥t ❧❛ ✈♦✐❡ à ❞❡s ét✉❞❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s
✭♣❛r ❡①❡♠♣❧❡✱ ❧✬✐♠♣❛❝t ❞❡ ❧❛ t❉❈❙ s✉r ❧❛ ♠❛t✉r❛t✐♦♥ ❝éré❜r❛❧❡ ♣❡♥❞❛♥t ❧✬❛❞♦✲
❧❡s❝❡♥❝❡✮✳ ◆♦tr❡ ♠♦❞è❧❡ ❛♥✐♠❛❧ ❞❡ t❉❈❙ ❝♦♥st✐t✉❡ ✉♥ ♦✉t✐❧ ❛✈❛♥t❛❣❡✉① ♣♦✉r
❝❡s ét✉❞❡s✱ ❛✐♥s✐ q✉❡ ♣♦✉r ❧✬❡①♣❧♦r❛t✐♦♥ ❞✬❛✉tr❡s ❛s♣❡❝ts ♣❡✉ é✈♦q✉és ❛✉
❝♦✉rs ❞❡ ♠❛ t❤ès❡✱ t❡❧s q✉❡ ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♣r♦t♦❝♦❧❡s ❞❡ st✐♠✉❧❛t✐♦♥ ❝❤❡③
❧✬❍♦♠♠❡✳



✶✽✷



❇✐❜❧✐♦❣r❛♣❤✐❡

❆❜❡r♥❛t❤②✱ ❑✳✱ ❈❤❛♥❞❧❡r✱ ▲✳ ❏✳ ❡t❲♦♦❞✇❛r❞✱ ❏✳ ❏✳ ✭✷✵✶✵✮✳ ❆▲❈❖❍❖▲
❆◆❉ ❚❍❊ P❘❊❋❘❖◆❚❆▲ ❈❖❘❚❊❳✳ ■♥t❡r♥❛t✐♦♥❛❧ r❡✈✐❡✇ ♦❢ ♥❡✉r♦❜✐♦✲
❧♦❣②✱ ✾✶ ✿✷✽✾✕✸✷✵✳

❆✐♥❣❡✱ ❏✳ ❆✳✱ ❍❡r♦♥✲▼❛①✇❡❧❧✱ ❈✳✱ ❚❤❡♦❢✐❧❛s✱ P✳✱❲r✐❣❤t✱ P✳✱ ❞❡ ❍♦③✱
▲✳ ❡t ❲♦♦❞✱ ❊✳ ❘✳ ✭✷✵✵✻✮✳ ❚❤❡ r♦❧❡ ♦❢ t❤❡ ❤✐♣♣♦❝❛♠♣✉s ✐♥ ♦❜❥❡❝t r❡❝♦❣✲
♥✐t✐♦♥ ✐♥ r❛ts ✿ ❡①❛♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❛s❦ ♣❛r❛♠❡t❡rs ❛♥❞ ❧❡s✐♦♥
s✐③❡✳ ❇❡❤❛✈✐♦✉r❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✶✻✼✭✶✮ ✿✶✽✸✕✶✾✺✳

❆❧❛✉①✲❈❛♥t✐♥✱ ❙✳✱ ❲❛r♥❛✉❧t✱ ❱✳✱ ▲❡❣❛st❡❧♦✐s✱ ❘✳✱ ❇♦t✐❛✱ ❇✳✱ P✐❡r✲
r❡❢✐❝❤❡✱ ❖✳✱ ❱✐❧♣♦✉①✱ ❈✳ ❡t ◆❛❛ss✐❧❛✱ ▼✳ ✭✷✵✶✸✮✳ ❆❧❝♦❤♦❧ ✐♥t♦①✐❝❛t✐♦♥s
❞✉r✐♥❣ ❛❞♦❧❡s❝❡♥❝❡ ✐♥❝r❡❛s❡ ♠♦t✐✈❛t✐♦♥ ❢♦r ❛❧❝♦❤♦❧ ✐♥ ❛❞✉❧t r❛ts ❛♥❞ ✐♥❞✉❝❡
♥❡✉r♦❛❞❛♣t❛t✐♦♥s ✐♥ t❤❡ ♥✉❝❧❡✉s ❛❝❝✉♠❜❡♥s✳ ◆❡✉r♦♣❤❛r♠❛❝♦❧♦❣②✱ ✻✼ ✿✺✷✶✕
✺✸✶✳

❆♠❡r✐❝❛♥ Ps②❝❤✐❛tr✐❝ ❆ss♦❝✐❛t✐♦♥ ✭✷✵✶✸✮✳ ❉✐❛❣♥♦st✐❝ ❛♥❞ ❙t❛t✐st✐✲
❝❛❧ ▼❛♥✉❛❧ ♦❢ ▼❡♥t❛❧ ❉✐s♦r❞❡rs✳ ◆✉♠ér♦ ❋✐❢t❤ ❡❞✐t✐♦♥ ❞❡ ❉❙▼ ▲✐❜r❛r②✳
❆♠❡r✐❝❛♥ Ps②❝❤✐❛tr✐❝ ❆ss♦❝✐❛t✐♦♥✳

❆♠r❡✐♥✱ ■✳✱ ■s❧❡r✱ ❑✳ ❡t ▲✐♣♣✱ ❍✳✲P✳ ✭✷✵✶✶✮✳ ❈♦♠♣❛r✐♥❣ ❛❞✉❧t ❤✐♣♣♦❝❛♠♣❛❧
♥❡✉r♦❣❡♥❡s✐s ✐♥ ♠❛♠♠❛❧✐❛♥ s♣❡❝✐❡s ❛♥❞ ♦r❞❡rs ✿ ✐♥✢✉❡♥❝❡ ♦❢ ❝❤r♦♥♦❧♦❣✐✲
❝❛❧ ❛❣❡ ❛♥❞ ❧✐❢❡ ❤✐st♦r② st❛❣❡✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱
✸✹✭✻✮ ✿✾✼✽✕✾✽✼✳

❆◆❆❊❙ ✭✶✾✾✼✮✳ ■♥❞✐❝❛t✐♦♥s ❡t ♠♦❞❛❧✐tés ❞❡ ❧✬é❧❡❝tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡✳
❘❛♣♣♦rt t❡❝❤♥✐q✉❡✳

❆♥❞r❡✇s✱ ❙✳ ❈✳✱ ❍♦②✱ ❑✳ ❊✳✱ ❊♥t✐❝♦tt✱ P✳ ●✳✱ ❉❛s❦❛❧❛❦✐s✱ ❩✳ ❏✳ ❡t ❋✐t③✲
❣❡r❛❧❞✱ P✳ ❇✳ ✭✷✵✶✶✮✳ ■♠♣r♦✈✐♥❣ ✇♦r❦✐♥❣ ♠❡♠♦r② ✿ t❤❡ ❡✛❡❝t ♦❢ ❝♦♠❜✐♥✐♥❣
❝♦❣♥✐t✐✈❡ ❛❝t✐✈✐t② ❛♥❞ ❛♥♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ t♦ t❤❡
❧❡❢t ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡①✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✹✭✷✮ ✿✽✹✕✽✾✳

❆♥t❛❧✱ ❆✳✱ ❈❤❛✐❡❜✱ ▲✳✱ ▼♦❧✐❛❞③❡✱ ❱✳✱ ▼♦♥t❡✲❙✐❧✈❛✱ ❑✳✱ P♦r❡✐s③✱ ❈✳✱
❚❤✐r✉❣♥❛♥❛s❛♠❜❛♥❞❛♠✱ ◆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❙❤♦✉❦✐❡r✱ ▼✳✱ ▲✉❞✲

✶✽✸
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✇✐❣✱ ❍✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✶✵✮✳ ❇r❛✐♥✲❞❡r✐✈❡❞ ♥❡✉r♦tr♦♣❤✐❝ ❢❛❝t♦r ✭❇❉◆❋✮
❣❡♥❡ ♣♦❧②♠♦r♣❤✐s♠s s❤❛♣❡ ❝♦rt✐❝❛❧ ♣❧❛st✐❝✐t② ✐♥ ❤✉♠❛♥s✳ ❇r❛✐♥ ❙t✐♠✉❧❛✲
t✐♦♥✱ ✸✭✹✮ ✿✷✸✵✕✷✸✼✳

❆♥t❛❧✱ ❆✳✱ ❑r✐❡♥❡r✱ ◆✳✱ ▲❛♥❣✱ ◆✳✱ ❇♦r♦s✱ ❑✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✶✶✮✳
❈❛t❤♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✈✐s✉❛❧ ❝♦rt❡① ✐♥
t❤❡ ♣r♦♣❤②❧❛❝t✐❝ tr❡❛t♠❡♥t ♦❢ ♠✐❣r❛✐♥❡✳ ❈❡♣❤❛❧❛❧❣✐❛ ✿ ❆♥ ■♥t❡r♥❛t✐♦♥❛❧
❏♦✉r♥❛❧ ♦❢ ❍❡❛❞❛❝❤❡✱ ✸✶✭✼✮ ✿✽✷✵✕✽✷✽✳

❆s❤❛r❡✱ ❘✳ ▲✳✱ ❋❛❧❝♦♥❡✱ ▼✳ ❡t ▲❡r♠❛♥✱ ❈✳ ✭✷✵✶✹✮✳ ❈♦❣♥✐t✐✈❡ ❢✉♥❝t✐♦♥ ❞✉✲
r✐♥❣ ♥✐❝♦t✐♥❡ ✇✐t❤❞r❛✇❛❧ ✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r ♥✐❝♦t✐♥❡ ❞❡♣❡♥❞❡♥❝❡ tr❡❛t♠❡♥t✳
◆❡✉r♦♣❤❛r♠❛❝♦❧♦❣②✱ ✼✻ Pt ❇ ✿✺✽✶✕✺✾✶✳

❆✉❢rèr❡✱ ●✳✱ ▲❡ ❇♦✉r❤✐s✱ ❇✳ ❡t ❇❡❛✉❣é✱ ❋✳ ✭✶✾✾✼✮✳ ❊t❤❛♥♦❧ ✐♥t❛❦❡ ❛❢t❡r
❝❤r♦♥✐❝ ✐♥t♦①✐❝❛t✐♦♥ ❜② ✐♥❤❛❧❛t✐♦♥ ♦❢ ❡t❤❛♥♦❧ ✈❛♣♦✉r ✐♥ r❛ts ✿ ❜❡❤❛✈✐♦✉r❛❧
❞❡♣❡♥❞❡♥❝❡✳ ❆❧❝♦❤♦❧ ✭❋❛②❡tt❡✈✐❧❧❡✱ ◆✳❨✳✮✱ ✶✹✭✸✮ ✿✷✹✼✕✷✺✸✳

❇❛❧❧❡✐♥❡✱ ❇✳ ❲✳ ❡t ❖✬❉♦❤❡rt②✱ ❏✳ P✳ ✭✷✵✶✵✮✳ ❍✉♠❛♥ ❛♥❞ r♦❞❡♥t ❤♦♠♦✲
❧♦❣✐❡s ✐♥ ❛❝t✐♦♥ ❝♦♥tr♦❧ ✿ ❝♦rt✐❝♦str✐❛t❛❧ ❞❡t❡r♠✐♥❛♥ts ♦❢ ❣♦❛❧✲❞✐r❡❝t❡❞ ❛♥❞
❤❛❜✐t✉❛❧ ❛❝t✐♦♥✳ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✿ ❖✣❝✐❛❧ P✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡
❆♠❡r✐❝❛♥ ❈♦❧❧❡❣❡ ♦❢ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✸✺✭✶✮ ✿✹✽✕✻✾✳

❇❛♠❜✐❝♦✱ ❋✳ ❘✳✱ ❇r❡❣♠❛♥✱ ❚✳✱ ❉✐✇❛♥✱ ▼✳✱ ▲✐✱ ❏✳✱ ❉❛r✈✐s❤✲●❤❛♥❡✱ ❙✳✱
▲✐✱ ❩✳✱ ▲❛✈❡r✱ ❇✳✱ ❆♠♦r✐♠✱ ❇✳ ❖✳✱ ❈♦✈♦❧❛♥✱ ▲✳✱ ◆♦❜r❡❣❛✱ ❏✳ ◆✳ ❡t
❍❛♠❛♥✐✱ ❈✳ ✭✷✵✶✺✮✳ ◆❡✉r♦♣❧❛st✐❝✐t②✲❞❡♣❡♥❞❡♥t ❛♥❞ ✲✐♥❞❡♣❡♥❞❡♥t ♠❡❝❤❛✲
♥✐s♠s ♦❢ ❝❤r♦♥✐❝ ❞❡❡♣ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ✐♥ str❡ss❡❞ r❛ts✳ ❚r❛♥s❧❛t✐♦♥❛❧
Ps②❝❤✐❛tr②✱ ✺✭✶✶✮ ✿❡✻✼✹✳

❇❛r❜❡②✱ ❆✳ ❑✳✱ ❑♦❡♥✐❣s✱ ▼✳ ❡t ●r❛❢♠❛♥✱ ❏✳ ✭✷✵✶✸✮✳ ❉♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥✲
t❛❧ ❝♦♥tr✐❜✉t✐♦♥s t♦ ❤✉♠❛♥ ✇♦r❦✐♥❣ ♠❡♠♦r②✳ ❈♦rt❡① ❀ ❛ ❏♦✉r♥❛❧ ❉❡✈♦t❡❞
t♦ t❤❡ ❙t✉❞② ♦❢ t❤❡ ◆❡r✈♦✉s ❙②st❡♠ ❛♥❞ ❇❡❤❛✈✐♦r✱ ✹✾✭✺✮ ✿✶✶✾✺✕✶✷✵✺✳

❇❛r❦❡r✱ ●✳ ❘✳ ■✳ ❡t ❲❛r❜✉rt♦♥✱ ❊✳ ❈✳ ✭✷✵✶✶✮✳ ❲❤❡♥ ✐s t❤❡ ❤✐♣♣♦❝❛♠✲
♣✉s ✐♥✈♦❧✈❡❞ ✐♥ r❡❝♦❣♥✐t✐♦♥ ♠❡♠♦r② ❄ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡
❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✸✶✭✷✾✮ ✿✶✵✼✷✶✕✶✵✼✸✶✳

❇❛t✐st❛✱ ❊✳ ❑✳✱ ❑❧❛✉ss✱ ❏✳✱ ❋r❡❣♥✐✱ ❋✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t ◆❛❦❛♠✉r❛✲
P❛❧❛❝✐♦s✱ ❊✳ ▼✳ ✭✷✵✶✺✮✳ ❆ ❘❛♥❞♦♠✐③❡❞ P❧❛❝❡❜♦✲❈♦♥tr♦❧❧❡❞ ❚r✐❛❧ ♦❢ ❚❛r✲
❣❡t❡❞ Pr❡❢r♦♥t❛❧ ❈♦rt❡① ▼♦❞✉❧❛t✐♦♥ ✇✐t❤ ❇✐❧❛t❡r❛❧ t❉❈❙ ✐♥ P❛t✐❡♥ts ✇✐t❤
❈r❛❝❦✲❈♦❝❛✐♥❡ ❉❡♣❡♥❞❡♥❝❡✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦✲
♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡
◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣✐❝✉♠ ✭❈■◆P✮✳
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❇❛ts✐❦❛❞③❡✱ ●✳✱ ▼♦❧✐❛❞③❡✱ ❱✳✱ P❛✉❧✉s✱ ❲✳✱ ❑✉♦✱ ▼✳✲❋✳ ❡t ◆✐ts❝❤❡✱
▼✳ ❆✳ ✭✷✵✶✸✮✳ P❛rt✐❛❧❧② ♥♦♥✲❧✐♥❡❛r st✐♠✉❧❛t✐♦♥ ✐♥t❡♥s✐t②✲❞❡♣❡♥❞❡♥t ❡✛❡❝ts
♦❢ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ ♠♦t♦r ❝♦rt❡① ❡①❝✐t❛❜✐❧✐t② ✐♥ ❤✉♠❛♥s✳ ❚❤❡
❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣②✱ ✺✾✶✭Pt ✼✮ ✿✶✾✽✼✕✷✵✵✵✳

❇❡❛r✱ ▼✳✲❋✳✱ ❈♦♥♥♦rs✱ ❇✳ ❲✳✱ P❛r❛❞✐s♦✱ ▼✳ ❆✳ ❡t◆✐❡♦✉❧❧♦♥✱ ❆✳ ✭✷✵✵✼✮✳
◆❡✉r♦s❝✐❡♥❝❡s ✿ ❆ ❧❛ ❞é❝♦✉✈❡rt❡ ❞✉ ❝❡r✈❡❛✉✳ Pr❛❞❡❧ ❊❞✐t✐♦♥s✱ P❛r✐s✱ ✸❡
é❞✐t✐♦♥ é❞✐t✐♦♥✳

❇❡❧✐♥✱ ❉✳✱ ❇❡❧✐♥✲❘❛✉s❝❡♥t✱ ❆✳✱▼✉rr❛②✱ ❏✳ ❊✳ ❡t ❊✈❡r✐tt✱ ❇✳ ❏✳ ✭✷✵✶✸✮✳
❆❞❞✐❝t✐♦♥ ✿ ❢❛✐❧✉r❡ ♦❢ ❝♦♥tr♦❧ ♦✈❡r ♠❛❧❛❞❛♣t✐✈❡ ✐♥❝❡♥t✐✈❡ ❤❛❜✐ts✳ ❈✉rr❡♥t
❖♣✐♥✐♦♥ ✐♥ ◆❡✉r♦❜✐♦❧♦❣②✱ ✷✸✭✹✮ ✿✺✻✹✕✺✼✷✳

❇❡❧✐♥✲❘❛✉s❝❡♥t✱ ❆✳✱ ❊✈❡r✐tt✱ ❇✳ ❏✳ ❡t ❇❡❧✐♥✱ ❉✳ ✭✷✵✶✷✮✳ ■♥tr❛str✐❛t❛❧
❙❤✐❢ts ▼❡❞✐❛t❡ t❤❡ ❚r❛♥s✐t✐♦♥ ❢r♦♠ ❉r✉❣✲❙❡❡❦✐♥❣ ❆❝t✐♦♥s t♦ ❍❛❜✐ts✳ ❇✐♦✲
❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✼✷✭✺✮ ✿✸✹✸✕✸✹✺✳

❇❡❧③✉♥❣✱ ❈✳ ❡t ▲❡♠♦✐♥❡✱ ▼✳ ✭✷✵✶✶✮✳ ❈r✐t❡r✐❛ ♦❢ ✈❛❧✐❞✐t② ❢♦r ❛♥✐♠❛❧ ♠♦❞❡❧s
♦❢ ♣s②❝❤✐❛tr✐❝ ❞✐s♦r❞❡rs ✿ ❢♦❝✉s ♦♥ ❛♥①✐❡t② ❞✐s♦r❞❡rs ❛♥❞ ❞❡♣r❡ss✐♦♥✳ ❇✐♦❧♦❣②
♦❢ ▼♦♦❞ ✫ ❆♥①✐❡t② ❉✐s♦r❞❡rs✱ ✶✭✶✮ ✿✾✳

❇❡♥ ❚❛✐❜✱ ◆✳ ❖✳ ❡t▼❛♥t♦✱ ▼✳ ✭✷✵✵✾✮✳ ❚r❛✐♥s ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ❛♥t❛❣♦♥✐③❡ ♠♦t♦r ❝♦rt❡① ❤②♣♦❡①❝✐t❛❜✐❧✐t② ✐♥❞✉❝❡❞ ❜② ❛❝✉t❡ ❤❡✲
♠✐❝❡r❡❜❡❧❧❡❝t♦♠②✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s✉r❣❡r②✱ ✶✶✶✭✹✮ ✿✼✾✻✕✽✵✻✳

❇❡♥♥❛❜✐✱ ❉✳✱ ◆✐❝♦❧✐❡r✱ ▼✳✱▼♦♥♥✐♥✱ ❏✳✱ ❚✐♦✱ ●✳✱ P❛③❛rt✱ ▲✳✱ ❱❛♥❞❡❧✱ P✳
❡t ❍❛❢❢❡♥✱ ❊✳ ✭✷✵✶✺✮✳ P✐❧♦t st✉❞② ♦❢ ❢❡❛s✐❜✐❧✐t② ♦❢ t❤❡ ❡✛❡❝t ♦❢ tr❡❛t♠❡♥t
✇✐t❤ t❉❈❙ ✐♥ ♣❛t✐❡♥ts s✉✛❡r✐♥❣ ❢r♦♠ tr❡❛t♠❡♥t✲r❡s✐st❛♥t ❞❡♣r❡ss✐♦♥ tr❡❛✲
t❡❞ ✇✐t❤ ❡s❝✐t❛❧♦♣r❛♠✳ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣② ✿ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡
■♥t❡r♥❛t✐♦♥❛❧ ❋❡❞❡r❛t✐♦♥ ♦❢ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✶✷✻✭✻✮ ✿✶✶✽✺✕✶✶✽✾✳

❇❡♥♥❛❜✐✱ ❉✳✱ P❡❞r♦♥✱ ❙✳✱ ❍❛❢❢❡♥✱ ❊✳✱ ▼♦♥♥✐♥✱ ❏✳✱ P❡t❡rs❝❤♠✐tt✱ ❨✳
❡t ❱❛♥ ❲❛❡s✱ ❱✳ ✭✷✵✶✹✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❢♦r ♠❡✲
♠♦r② ❡♥❤❛♥❝❡♠❡♥t ✿ ❢r♦♠ ❝❧✐♥✐❝❛❧ r❡s❡❛r❝❤ t♦ ❛♥✐♠❛❧ ♠♦❞❡❧s✳ ❋r♦♥t✐❡rs ✐♥
❙②st❡♠s ◆❡✉r♦s❝✐❡♥❝❡✱ ✽ ✿✶✺✾✳

❇❡♥♥✐♥❣❡r✱ ❉✳ ❍✳✱ ▲♦♠❛r❡✈✱ ▼✳✱ ▲♦♣❡③✱ ●✳✱ ❲❛ss❡r♠❛♥♥✱ ❊✳ ▼✳✱ ▲✐✱
❳✳✱ ❈♦♥s✐❞✐♥❡✱ ❊✳ ❡t ❍❛❧❧❡tt✱ ▼✳ ✭✷✵✶✵✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ tr❡❛t♠❡♥t ♦❢ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦❧♦❣②✱
◆❡✉r♦s✉r❣❡r② ✫ Ps②❝❤✐❛tr②✱ ✽✶✭✶✵✮ ✿✶✶✵✺✕✶✶✶✶✳

❇❡r❦❡✱ ❏✳ ❉✳ ❡t ❍②♠❛♥✱ ❙✳ ❊✳ ✭✷✵✵✵✮✳ ❆❞❞✐❝t✐♦♥✱ ❉♦♣❛♠✐♥❡✱ ❛♥❞ t❤❡ ▼♦✲
❧❡❝✉❧❛r ▼❡❝❤❛♥✐s♠s ♦❢ ▼❡♠♦r②✳ ◆❡✉r♦♥✱ ✷✺✭✸✮ ✿✺✶✺✕✺✸✷✳
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❇❡rr✐❞❣❡✱ ❑✳ ❈✳✱ ❘♦❜✐♥s♦♥✱ ❚✳ ❊✳ ❡t ❆❧❞r✐❞❣❡✱ ❏✳ ❲✳ ✭✷✵✵✾✮✳ ❉✐ss❡❝t✐♥❣
❝♦♠♣♦♥❡♥ts ♦❢ r❡✇❛r❞ ✿ ❵❧✐❦✐♥❣✬✱ ❵✇❛♥t✐♥❣✬✱ ❛♥❞ ❧❡❛r♥✐♥❣✳ ❈✉rr❡♥t ♦♣✐♥✐♦♥
✐♥ ♣❤❛r♠❛❝♦❧♦❣②✱ ✾✭✶✮ ✿✻✺✕✼✸✳

❇❤❛t✱ ❘✳ ❱✳✱ ❈♦❧❡✱ ❆✳ ❏✳ ❡t ❇❛r❛❜❛♥✱ ❏✳ ▼✳ ✭✶✾✾✷✮✳ ❘♦❧❡ ♦❢ ♠♦♥♦❛♠✐♥❡
s②st❡♠s ✐♥ ❛❝t✐✈❛t✐♦♥ ♦❢ ③✐❢✷✻✽ ❜② ❝♦❝❛✐♥❡✳ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr② ❛♥❞ ◆❡✉✲
r♦s❝✐❡♥❝❡✱ ✶✼✭✸✮ ✿✾✹✕✶✵✷✳

❇✐♥❞❡r✱ ❉✳ ❑✳ ❡t ❙❝❤❛r❢♠❛♥✱ ❍✳ ❊✳ ✭✷✵✵✹✮✳ ❇r❛✐♥✲❞❡r✐✈❡❞ ◆❡✉r♦tr♦♣❤✐❝
❋❛❝t♦r✳ ●r♦✇t❤ ❢❛❝t♦rs ✭❈❤✉r✱ ❙✇✐t③❡r❧❛♥❞✮✱ ✷✷✭✸✮ ✿✶✷✸✕✶✸✶✳

❇✐♥❞❡r✱ ❙✳✱ ❇❡r❣✱ ❑✳✱ ●❛s❝❛✱ ❋✳✱ ▲❛❢♦♥✱ ❇✳✱ P❛rr❛✱ ▲✳ ❈✳✱ ❇♦r♥✱ ❏✳ ❡t
▼❛rs❤❛❧❧✱ ▲✳ ✭✷✵✶✹❛✮✳ ❚r❛♥s❝r❛♥✐❛❧ s❧♦✇ ♦s❝✐❧❧❛t✐♦♥ st✐♠✉❧❛t✐♦♥ ❞✉r✐♥❣
s❧❡❡♣ ❡♥❤❛♥❝❡s ♠❡♠♦r② ❝♦♥s♦❧✐❞❛t✐♦♥ ✐♥ r❛ts✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✼✭✹✮ ✿✺✵✽✕
✺✶✺✳

❇✐♥❞❡r✱ ❙✳✱ ❘❛✇♦❤❧✱ ❏✳✱ ❇♦r♥✱ ❏✳ ❡t ▼❛rs❤❛❧❧✱ ▲✳ ✭✷✵✶✹❜✮✳ ❚r❛♥s❝r❛♥✐❛❧
s❧♦✇ ♦s❝✐❧❧❛t✐♦♥ st✐♠✉❧❛t✐♦♥ ❞✉r✐♥❣ ◆❘❊▼ s❧❡❡♣ ❡♥❤❛♥❝❡s ❛❝q✉✐s✐t✐♦♥ ♦❢ t❤❡
r❛❞✐❛❧ ♠❛③❡ t❛s❦ ❛♥❞ ♠♦❞✉❧❛t❡s ❝♦rt✐❝❛❧ ♥❡t✇♦r❦ ❛❝t✐✈✐t② ✐♥ r❛ts✳ ❋r♦♥t✐❡rs
✐♥ ❇❡❤❛✈✐♦r❛❧ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼ ✿✷✷✵✳

❇✐♥❞♠❛♥✱ ▲✳ ❏✳✱ ▲✐♣♣♦❧❞✱ ❖✳ ❈✳ ❏✳ ❡t ❘❡❞❢❡❛r♥✱ ❏✳ ❲✳ ❚✳ ✭✶✾✻✹✮✳ ❚❤❡
❛❝t✐♦♥ ♦❢ ❜r✐❡❢ ♣♦❧❛r✐③✐♥❣ ❝✉rr❡♥ts ♦♥ t❤❡ ❝❡r❡❜r❛❧ ❝♦rt❡① ♦❢ t❤❡ r❛t ✭✶✮
❞✉r✐♥❣ ❝✉rr❡♥t ✢♦✇ ❛♥❞ ✭✷✮ ✐♥ t❤❡ ♣r♦❞✉❝t✐♦♥ ♦❢ ❧♦♥❣✲❧❛st✐♥❣ ❛❢t❡r✲❡✛❡❝ts✳
❚❤❡ ❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣②✱ ✶✼✷✭✸✮ ✿✸✻✾✕✸✽✷✳

❇❧✉♠❜❡r❣❡r✱ ❉✳ ▼✳✱ ❚r❛♥✱ ▲✳ ❈✳✱ ❋✐t③❣❡r❛❧❞✱ P✳ ❇✳✱ ❍♦②✱ ❑✳ ❊✳ ❡t ❉❛s✲
❦❛❧❛❦✐s✱ ❩✳ ❏✳ ✭✷✵✶✷✮✳ ❆ r❛♥❞♦♠✐③❡❞ ❞♦✉❜❧❡✲❜❧✐♥❞ s❤❛♠✲❝♦♥tr♦❧❧❡❞ st✉❞②
♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❢♦r tr❡❛t♠❡♥t✲r❡s✐st❛♥t ♠❛❥♦r ❞❡✲
♣r❡ss✐♦♥✳ ❋r♦♥t✐❡rs ✐♥ Ps②❝❤✐❛tr②✱ ✸ ✿✼✹✳

❇♦❣❣✐♦✱ P✳ ❙✳✱ ❋❡rr✉❝❝✐✱ ❘✳✱ ▼❛♠❡❧✐✱ ❋✳✱ ▼❛rt✐♥s✱ ❉✳✱ ▼❛rt✐♥s✱ ❖✳✱
❱❡r❣❛r✐✱ ▼✳✱ ❚❛❞✐♥✐✱ ▲✳✱ ❙❝❛r♣✐♥✐✱ ❊✳✱ ❋r❡❣♥✐✱ ❋✳ ❡t Pr✐♦r✐✱ ❆✳ ✭✷✵✶✷✮✳
Pr♦❧♦♥❣❡❞ ✈✐s✉❛❧ ♠❡♠♦r② ❡♥❤❛♥❝❡♠❡♥t ❛❢t❡r ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥
❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✺✭✸✮ ✿✷✷✸✕✷✸✵✳

❇♦❣❣✐♦✱ P✳ ❙✳✱ ❋❡rr✉❝❝✐✱ ❘✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ❈♦✈r❡✱ P✳✱ ◆✐ts❝❤❡✱
▼✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✵✻✮✳ ❊✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ ✇♦r❦✐♥❣ ♠❡♠♦r② ✐♥ ♣❛t✐❡♥ts ✇✐t❤ P❛r❦✐♥s♦♥✬s
❞✐s❡❛s❡✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ◆❡✉r♦❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s✱ ✷✹✾✭✶✮ ✿✸✶✕✸✽✳

❇♦❣❣✐♦✱ P✳ ❙✳✱ ❑❤♦✉r②✱ ▲✳ P✳✱ ▼❛rt✐♥s✱ ❉✳ ❈✳ ❙✳✱ ▼❛rt✐♥s✱ ❖✳ ❊✳ ▼✳ ❙✳✱
❞❡▼❛❝❡❞♦✱ ❊✳ ❈✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✵✾❛✮✳ ❚❡♠♣♦r❛❧ ❝♦rt❡① ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ❡♥❤❛♥❝❡s ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❛ ✈✐s✉❛❧ r❡❝♦❣♥✐t✐♦♥ ♠❡♠♦r② t❛s❦ ✐♥
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❆❧③❤❡✐♠❡r ❞✐s❡❛s❡✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦❧♦❣②✱ ◆❡✉r♦s✉r❣❡r②✱ ❛♥❞ Ps②❝❤✐❛tr②✱
✽✵✭✹✮ ✿✹✹✹✕✹✹✼✳
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❋r❡❣♥✐✱ ❋✳ ✭✷✵✵✾❜✮✳ ❈✉♠✉❧❛t✐✈❡ ♣r✐♠✐♥❣ ❡✛❡❝ts ♦❢ ❝♦rt✐❝❛❧ st✐♠✉❧❛t✐♦♥ ♦♥
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❇♦❣❣✐♦✱ P✳ ❙✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ❘✐❜❡✐r♦✱ ❘✳ ❇✳✱ ▼②❝③❦♦✇s❦✐✱ ▼✳ ▲✳✱
◆✐ts❝❤❡✱ ▼✳ ❆✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✵✽❛✮✳ ❆ r❛♥❞♦♠✐✲
③❡❞✱ ❞♦✉❜❧❡✲❜❧✐♥❞ ❝❧✐♥✐❝❛❧ tr✐❛❧ ♦♥ t❤❡ ❡✣❝❛❝② ♦❢ ❝♦rt✐❝❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐✲
♠✉❧❛t✐♦♥ ❢♦r t❤❡ tr❡❛t♠❡♥t ♦❢ ♠❛❥♦r ❞❡♣r❡ss✐♦♥✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧
♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠
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❉✐✛❡r❡♥t✐❛❧ ♠♦❞✉❧❛t♦r② ❡✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥
♦♥ ❛ ❢❛❝✐❛❧ ❡①♣r❡ss✐♦♥ ❣♦✲♥♦✲❣♦ t❛s❦ ✐♥ ♠❛❧❡s ❛♥❞ ❢❡♠❛❧❡s✳ ◆❡✉r♦s❝✐❡♥❝❡
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❇♦❣❣✐♦✱ P✳ ❙✳✱ ❙✉❧t❛♥✐✱ ◆✳✱ ❋❡❝t❡❛✉✱ ❙✳✱ ▼❡r❛❜❡t✱ ▲✳✱ ▼❡❝❝❛✱ ❚✳✱
P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳✱ ❇❛s❛❣❧✐❛✱ ❆✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✵✽❝✮✳ Pr❡❢r♦♥t❛❧
❝♦rt❡① ♠♦❞✉❧❛t✐♦♥ ✉s✐♥❣ tr❛♥s❝r❛♥✐❛❧ ❉❈ st✐♠✉❧❛t✐♦♥ r❡❞✉❝❡s ❛❧❝♦❤♦❧ ❝r❛✲
✈✐♥❣ ✿ ❛ ❞♦✉❜❧❡✲❜❧✐♥❞✱ s❤❛♠✲❝♦♥tr♦❧❧❡❞ st✉❞②✳ ❉r✉❣ ❛♥❞ ❛❧❝♦❤♦❧ ❞❡♣❡♥❞❡♥❝❡✱
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❡✛❡❝ts ♦❢ ❛♥♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ ♣❡r❝❡♣t✐♦♥ ❛♥❞
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❊①❛♠✐♥✐♥❣ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t✲❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ❛s ❛ tr❡❛t♠❡♥t
❢♦r ❤❛❧❧✉❝✐♥❛t✐♦♥s ✐♥ s❝❤✐③♦♣❤r❡♥✐❛✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr②✱
✶✻✾✭✼✮ ✿✼✶✾✕✼✷✹✳

❇r✉♥♦♥✐✱ ❆✳ ❘✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱❉❡ ❘❛❡❞t✱ ❘✳✱ ❇❡♥s❡ñ♦r✱ ■✳ ▼✳✱ ▲♦t✉❢♦✱
P✳ ❆✳✱◆❛♠✉r✱ ❱✳✱❱❛❧✐❡♥❣♦✱ ▲✳ ❈✳ ▲✳ ❡t❱❛♥❞❡r❤❛ss❡❧t✱ ▼✳ ❆✳ ✭✷✵✶✹❛✮✳
❈♦❣♥✐t✐✈❡ ❝♦♥tr♦❧ t❤❡r❛♣② ❛♥❞ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❢♦r
❞❡♣r❡ss✐♦♥ ✿ ❆ r❛♥❞♦♠✐③❡❞✱ ❞♦✉❜❧❡✲❜❧✐♥❞❡❞✱ ❝♦♥tr♦❧❧❡❞ tr✐❛❧✳ ❏♦✉r♥❛❧ ♦❢
❆✛❡❝t✐✈❡ ❉✐s♦r❞❡rs✱ ✶✻✷ ✿✹✸✕✹✾✳
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❇r✉♥♦♥✐✱ ❆✳ ❘✳✱ ❑❡♠♣✱ ❆✳ ❍✳✱ ❙❤✐♦③❛✇❛✱ P✳✱ ❈♦r❞❡✐r♦✱ ◗✳✱ ❱❛❧✐❡♥❣♦✱
▲✳ ❈✳ ▲✳✱ ●♦✉❧❛rt✱ ❆✳ ❈✳✱ ❈♦♣r❡rs❦✐✱ ❇✳✱ ▲♦t✉❢♦✱ P✳ ❆✳✱ ❇r✉♥♦♥✐✱
❉✳✱ P❡r❡③✱ ❆✳ ❇✳ ❆✳✱ ❋r❡❣♥✐✱ ❋✳ ❡t ❇❡♥s❡ñ♦r✱ ■✳ ▼✳ ✭✷✵✶✸❛✮✳ ■♠♣❛❝t
♦❢ ✺✲❍❚❚▲P❘ ❛♥❞ ❇❉◆❋ ♣♦❧②♠♦r♣❤✐s♠s ♦♥ r❡s♣♦♥s❡ t♦ s❡rtr❛❧✐♥❡ ✈❡rs✉s
tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r t❤❡ s❡r♦t♦♥❡r❣✐❝
s②st❡♠✳ ❊✉r♦♣❡❛♥ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✷✸✭✶✶✮ ✿✶✺✸✵✕✶✺✹✵✳

❇r✉♥♦♥✐✱ ❆✳ ❘✳✱ ▼❛❝❤❛❞♦✲❱✐❡✐r❛✱ ❘✳✱ ❩❛r❛t❡✱ ❈✳ ❆✳✱ ❱✐❡✐r❛✱ ❊✳ ▲✳ ▼✳✱
❱❛♥❞❡r❤❛ss❡❧t✱ ▼✳✲❆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❱❛❧✐❡♥❣♦✱ ▲✳✱ ❇❡♥s❡ñ♦r✱
■✳ ▼✳✱ ▲♦t✉❢♦✱ P✳ ❆✳✱ ●❛tt❛③✱ ❲✳ ❋✳ ❡t ❚❡✐①❡✐r❛✱ ❆✳ ▲✳ ✭✷✵✶✹❜✮✳ ❇❉◆❋
♣❧❛s♠❛ ❧❡✈❡❧s ❛❢t❡r ❛♥t✐❞❡♣r❡ss❛♥t tr❡❛t♠❡♥t ✇✐t❤ s❡rtr❛❧✐♥❡ ❛♥❞ tr❛♥s✲
❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ r❡s✉❧ts ❢r♦♠ ❛ ❢❛❝t♦r✐❛❧✱ r❛♥❞♦♠✐③❡❞✱
s❤❛♠✲❝♦♥tr♦❧❧❡❞ tr✐❛❧✳ ❊✉r♦♣❡❛♥ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✿ ❚❤❡ ❏♦✉r♥❛❧
♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❈♦❧❧❡❣❡ ♦❢ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✷✹✭✼✮ ✿✶✶✹✹✕✶✶✺✶✳

❇r✉♥♦♥✐✱ ❆✳ ❘✳✱ ❙❛♠♣❛✐♦✲❏✉♥✐♦r✱ ❇✳✱ ▼♦❢❢❛✱ ❆✳ ❍✳✱ ❇♦rr✐♦♥❡✱ ▲✳✱
◆♦❣✉❡✐r❛✱ ❇✳ ❙✳✱ ❆♣❛rí❝✐♦✱ ▲✳ ❱✳ ▼✳✱ ❱❡r♦♥❡③✐✱ ❇✳✱ ▼♦r❡♥♦✱ ▼✳✱
❋❡r♥❛♥❞❡s✱ ❘✳ ❆✳✱ ❚❛✈❛r❡s✱ ❉✳✱ ❇✉❡♥♦✱ P✳ ❱✳ ❙✳✱ ❙❡✐❜t✱ ❖✳✱ ❇✐❦✲
s♦♥✱ ▼✳✱ ❋r❛❣✉❛s✱ ❘✳ ❡t ❇❡♥s❡ñ♦r✱ ■✳ ▼✳ ✭✷✵✶✺✮✳ ❚❤❡ ❊s❝✐t❛❧♦♣r❛♠
✈❡rs✉s ❊❧❡❝tr✐❝ ❈✉rr❡♥t ❚❤❡r❛♣② ❢♦r ❚r❡❛t✐♥❣ ❉❡♣r❡ss✐♦♥ ❈❧✐♥✐❝❛❧ ❙t✉❞②
✭❊▲❊❈❚✲❚❉❈❙✮ ✿ r❛t✐♦♥❛❧❡ ❛♥❞ st✉❞② ❞❡s✐❣♥ ♦❢ ❛ ♥♦♥✲✐♥❢❡r✐♦r✐t②✱ tr✐♣❧❡✲
❛r♠✱ ♣❧❛❝❡❜♦✲❝♦♥tr♦❧❧❡❞ ❝❧✐♥✐❝❛❧ tr✐❛❧✳ ❙ã♦ P❛✉❧♦ ▼❡❞✐❝❛❧ ❏♦✉r♥❛❧ ❂ ❘❡✈✐st❛
P❛✉❧✐st❛ ❉❡ ▼❡❞✐❝✐♥❛✱ ✶✸✸✭✸✮ ✿✷✺✷✕✷✻✸✳

❇r✉♥♦♥✐✱ ❆✳ ❘✳✱ ❱❛❧✐❡♥❣♦✱ ▲✳✱ ❇❛❝❝❛r♦✱ ❆✳✱ ❩❛♥ã♦✱ ❚✳ ❆✳✱ ❞❡❖❧✐✈❡✐r❛✱
❏✳ ❋✳✱ ●♦✉❧❛rt✱ ❆✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ▲♦t✉❢♦✱ P✳ ❆✳✱ ❇❡♥s❡ñ♦r✱ ■✳ ▼✳
❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✶✸❜✮✳ ❚❤❡ s❡rtr❛❧✐♥❡ ✈s✳ ❡❧❡❝tr✐❝❛❧ ❝✉rr❡♥t t❤❡r❛♣② ❢♦r
tr❡❛t✐♥❣ ❞❡♣r❡ss✐♦♥ ❝❧✐♥✐❝❛❧ st✉❞② ✿ r❡s✉❧ts ❢r♦♠ ❛ ❢❛❝t♦r✐❛❧✱ r❛♥❞♦♠✐③❡❞✱
❝♦♥tr♦❧❧❡❞ tr✐❛❧✳ ❏❆▼❆ ♣s②❝❤✐❛tr②✱ ✼✵✭✹✮ ✿✸✽✸✕✸✾✶✳

❇r✉♥♦♥✐✱ ❆✳ ❘✳ ❡t❱❛♥❞❡r❤❛ss❡❧t✱ ▼✳✲❆✳ ✭✷✵✶✹✮✳ ❲♦r❦✐♥❣ ♠❡♠♦r② ✐♠♣r♦✲
✈❡♠❡♥t ✇✐t❤ ♥♦♥✲✐♥✈❛s✐✈❡ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧
❝♦rt❡① ✿ ❆ s②st❡♠❛t✐❝ r❡✈✐❡✇ ❛♥❞ ♠❡t❛✲❛♥❛❧②s✐s✳ ❇r❛✐♥ ❛♥❞ ❈♦❣♥✐t✐♦♥✱
✽✻ ✿✶✕✾✳

❇r✉♥②é✱ ❚✳ ❚✳✱ ❍♦❧♠❡s✱ ❆✳✱ ❈❛♥t❡❧♦♥✱ ❏✳✱ ❊❞❞②✱ ▼✳ ❉✳✱ ●❛r❞♦♥②✱
❆✳ ▲✳✱ ▼❛❤♦♥❡②✱ ❈✳ ❘✳ ❡t ❚❛②❧♦r✱ ❍✳ ❆✳ ✭✷✵✶✹✮✳ ❉✐r❡❝t ❝✉rr❡♥t ❜r❛✐♥
st✐♠✉❧❛t✐♦♥ ❡♥❤❛♥❝❡s ♥❛✈✐❣❛t✐♦♥ ❡✣❝✐❡♥❝② ✐♥ ✐♥❞✐✈✐❞✉❛❧s ✇✐t❤ ❧♦✇ s♣❛t✐❛❧
s❡♥s❡ ♦❢ ❞✐r❡❝t✐♦♥✳ ◆❡✉r♦r❡♣♦rt✱ ✷✺✭✶✺✮ ✿✶✶✼✺✕✶✶✼✾✳

❇✉❝❦♥❡r✱ ❘✳ ▲✳✱ ❑❡❧❧❡②✱ ❲✳ ▼✳ ❡t P❡t❡rs❡♥✱ ❙✳ ❊✳ ✭✶✾✾✾✮✳ ❋r♦♥t❛❧ ❝♦rt❡①
❝♦♥tr✐❜✉t❡s t♦ ❤✉♠❛♥ ♠❡♠♦r② ❢♦r♠❛t✐♦♥✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✭✹✮ ✿✸✶✶✕
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❇✉rt✱ ❚✳✱ ▲✐s❛♥❜②✱ ❙✳ ❍✳ ❡t ❙❛❝❦❡✐♠✱ ❍✳ ❆✳ ✭✷✵✵✷✮✳ ◆❡✉r♦♣s②❝❤✐❛tr✐❝
❛♣♣❧✐❝❛t✐♦♥s ♦❢ tr❛♥s❝r❛♥✐❛❧ ♠❛❣♥❡t✐❝ st✐♠✉❧❛t✐♦♥ ✿ ❛ ♠❡t❛ ❛♥❛❧②s✐s✳ ❚❤❡
✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r✲
♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣✐❝✉♠ ✭❈■◆P✮✱
✺✭✶✮ ✿✼✸✕✶✵✸✳

❈❛❜❛❧❧❡r♦✱ ❆✳✱ ❋❧♦r❡s✲❇❛rr❡r❛✱ ❊✳✱ ❈❛ss✱ ❉✳ ❑✳ ❡t ❚s❡♥❣✱ ❑✳ ❨✳
✭✷✵✶✹❛✮✳ ❉✐✛❡r❡♥t✐❛❧ r❡❣✉❧❛t✐♦♥ ♦❢ ♣❛r✈❛❧❜✉♠✐♥ ❛♥❞ ❝❛❧r❡t✐♥✐♥ ✐♥t❡r♥❡✉r♦♥s
✐♥ t❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❞✉r✐♥❣ ❛❞♦❧❡s❝❡♥❝❡✳ ❇r❛✐♥ ❙tr✉❝t✉r❡ ✫ ❋✉♥❝t✐♦♥✱
✷✶✾✭✶✮ ✿✸✾✺✕✹✵✻✳

❈❛❜❛❧❧❡r♦✱ ❆✳✱ ❚❤♦♠❛s❡s✱ ❉✳ ❘✳✱ ❋❧♦r❡s✲❇❛rr❡r❛✱ ❊✳✱ ❈❛ss✱ ❉✳ ❑✳
❡t ❚s❡♥❣✱ ❑✳ ❨✳ ✭✷✵✶✹❜✮✳ ❊♠❡r❣❡♥❝❡ ♦❢ ●❆❇❆❡r❣✐❝✲❞❡♣❡♥❞❡♥t r❡❣✉❧❛✲
t✐♦♥ ♦❢ ✐♥♣✉t✲s♣❡❝✐✜❝ ♣❧❛st✐❝✐t② ✐♥ t❤❡ ❛❞✉❧t r❛t ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❞✉r✐♥❣
❛❞♦❧❡s❝❡♥❝❡✳ Ps②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✷✸✶✭✽✮ ✿✶✼✽✾✕✶✼✾✻✳

❈❛♠❜✐❛❣❤✐✱ ▼✳✱ ❚❡♥❡✉❞✱ ▲✳✱ ❱❡❧✐❦♦✈❛✱ ❙✳✱ ●♦♥③❛❧❡③✲❘♦s❛✱ ❏✳ ❏✳✱
❈✉rs✐✱ ▼✳✱ ❈♦♠✐✱ ●✳ ❡t ▲❡♦❝❛♥✐✱ ▲✳ ✭✷✵✶✶✮✳ ❋❧❛s❤ ✈✐s✉❛❧ ❡✈♦❦❡❞ ♣♦t❡♥✲
t✐❛❧s ✐♥ ♠✐❝❡ ❝❛♥ ❜❡ ♠♦❞✉❧❛t❡❞ ❜② tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳
◆❡✉r♦s❝✐❡♥❝❡✱ ✶✽✺ ✿✶✻✶✕✶✻✺✳

❈❛♠❜✐❛❣❤✐✱ ▼✳✱ ❱❡❧✐❦♦✈❛✱ ❙✳✱ ●♦♥③❛❧❡③✲❘♦s❛✱ ❏✳ ❏✳✱ ❈✉rs✐✱ ▼✳✱ ❈♦♠✐✱
●✳ ❡t ▲❡♦❝❛♥✐✱ ▲✳ ✭✷✵✶✵✮✳ ❇r❛✐♥ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥
♠♦❞✉❧❛t❡s ♠♦t♦r ❡①❝✐t❛❜✐❧✐t② ✐♥ ♠✐❝❡✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦s✲
❝✐❡♥❝❡✱ ✸✶✭✹✮ ✿✼✵✹✕✼✵✾✳

❈❛♠❡r♦♥✱ ❍✳ ❆✳ ❡t ▼❝❑❛②✱ ❘✳ ❉✳ ●✳ ✭✶✾✾✾✮✳ ❘❡st♦r✐♥❣ ♣r♦❞✉❝t✐♦♥ ♦❢
❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦♥s ✐♥ ♦❧❞ ❛❣❡✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✭✶✵✮ ✿✽✾✹✕✽✾✼✳

❈❛♠❡r♦♥✱ ❍✳ ❆✳✱ ❲♦♦❧❧❡②✱ ❈✳ ❙✳✱ ▼❝❊✇❡♥✱ ❇✳ ❙✳ ❡t ●♦✉❧❞✱ ❊✳ ✭✶✾✾✸✮✳
❉✐✛❡r❡♥t✐❛t✐♦♥ ♦❢ ♥❡✇❧② ❜♦r♥ ♥❡✉r♦♥s ❛♥❞ ❣❧✐❛ ✐♥ t❤❡ ❞❡♥t❛t❡ ❣②r✉s ♦❢ t❤❡
❛❞✉❧t r❛t✳ ◆❡✉r♦s❝✐❡♥❝❡✱ ✺✻✭✷✮ ✿✸✸✼✕✸✹✹✳

❈❛♠♣❜❡❧❧✱ ❙✳ ❡t ▼❛❝◗✉❡❡♥✱ ●✳ ✭✷✵✵✹✮✳ ❚❤❡ r♦❧❡ ♦❢ t❤❡ ❤✐♣♣♦❝❛♠♣✉s
✐♥ t❤❡ ♣❛t❤♦♣❤②s✐♦❧♦❣② ♦❢ ♠❛❥♦r ❞❡♣r❡ss✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr② ❛♥❞
◆❡✉r♦s❝✐❡♥❝❡✱ ✷✾✭✻✮ ✿✹✶✼✕✹✷✻✳

❈❛s❡②✱ ❇✳ ❏✳ ❡t ❏♦♥❡s✱ ❘✳ ▼✳ ✭✷✵✶✵✮✳ ◆❡✉r♦❜✐♦❧♦❣② ♦❢ t❤❡ ❛❞♦❧❡s❝❡♥t
❜r❛✐♥ ❛♥❞ ❜❡❤❛✈✐♦r ✿ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r s✉❜st❛♥❝❡ ✉s❡ ❞✐s♦r❞❡rs✳ ❏♦✉r♥❛❧ ♦❢
t❤❡ ❆♠❡r✐❝❛♥ ❆❝❛❞❡♠② ♦❢ ❈❤✐❧❞ ❛♥❞ ❆❞♦❧❡s❝❡♥t Ps②❝❤✐❛tr②✱ ✹✾✭✶✷✮ ✿✶✶✽✾✕
✶✷✵✶ ❀ q✉✐③ ✶✷✽✺✳
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❈❛ss✱ ❉✳ ❑✳✱ ❚❤♦♠❛s❡s✱ ❉✳ ❘✳✱ ❈❛❜❛❧❧❡r♦✱ ❆✳ ❡t ❚s❡♥❣✱ ❑✳ ❨✳ ✭✷✵✶✸✮✳
❉❡✈❡❧♦♣♠❡♥t❛❧ ❞✐sr✉♣t✐♦♥ ♦❢ ❣❛♠♠❛✲❛♠✐♥♦❜✉t②r✐❝ ❛❝✐❞ ❢✉♥❝t✐♦♥ ✐♥ t❤❡ ♠❡✲
❞✐❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❜② ♥♦♥❝♦♥t✐♥❣❡♥t ❝♦❝❛✐♥❡ ❡①♣♦s✉r❡ ❞✉r✐♥❣ ❡❛r❧② ❛❞♦✲
❧❡s❝❡♥❝❡✳ ❇✐♦❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✼✹✭✼✮ ✿✹✾✵✕✺✵✶✳

❈❛st❛❣♥é✱ ❱✳✱ ▼♦s❡r✱ P✳ ❡t P♦rs♦❧t✱ ❘✳ ❉✳ ✭✷✵✵✾✮✳ ❇❡❤❛✈✐♦r❛❧ ❆ss❡ss✲
♠❡♥t ♦❢ ❆♥t✐❞❡♣r❡ss❛♥t ❆❝t✐✈✐t② ✐♥ ❘♦❞❡♥ts✳ ❉❛♥s ❇✉❝❝❛❢✉s❝♦✱ ❏✳ ❏✳✱
é❞✐t❡✉r ✿ ▼❡t❤♦❞s ♦❢ ❇❡❤❛✈✐♦r ❆♥❛❧②s✐s ✐♥ ◆❡✉r♦s❝✐❡♥❝❡✱ ❋r♦♥t✐❡rs ✐♥ ◆❡✉✲
r♦s❝✐❡♥❝❡✳ ❈❘❈ Pr❡ss✴❚❛②❧♦r ✫ ❋r❛♥❝✐s✱ ❇♦❝❛ ❘❛t♦♥ ✭❋▲✮✱ ✷♥❞ é❞✐t✐♦♥✳

❈❛st✐❧❧♦✲❙❛❛✈❡❞r❛✱ ▲✳✱ ●❡❜♦❞❤✱ ◆✳✱ ❇✐❦s♦♥✱ ▼✳✱ ❉✐❛③✲❈r✉③✱ ❈✳✱
❇r❛♥❞❛♦✱ ❘✳✱ ❈♦✉t✐♥❤♦✱ ▲✳✱ ❚r✉♦♥❣✱ ❉✳✱ ❉❛tt❛✱ ❆✳✱ ❙❤❛♥✐✲

❍❡rs❤❦♦✈✐❝❤✱ ❘✳✱ ❲❡✐ss✱ ▼✳✱ ▲❛✉❢❡r✱ ■✳✱ ❘❡❝❤❡s✱ ❆✳✱ P❡r❡♠❡♥✱ ❩✳✱
●❡✈❛✱ ❆✳✱ P❛rr❛✱ ▲✳ ❈✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✶✻✮✳ ❈❧✐♥✐❝❛❧❧② ❊✛❡❝t✐✈❡ ❚r❡❛t✲
♠❡♥t ♦❢ ❋✐❜r♦♠②❛❧❣✐❛ P❛✐♥ ❲✐t❤ ❍✐❣❤✲❉❡✜♥✐t✐♦♥ ❚r❛♥s❝r❛♥✐❛❧ ❉✐r❡❝t ❈✉r✲
r❡♥t ❙t✐♠✉❧❛t✐♦♥ ✿ P❤❛s❡ ■■ ❖♣❡♥✲▲❛❜❡❧ ❉♦s❡ ❖♣t✐♠✐③❛t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧
♦❢ P❛✐♥ ✿ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ P❛✐♥ ❙♦❝✐❡t②✱ ✶✼✭✶✮ ✿✶✹✕✷✻✳

❈❤❛✐❡❜✱ ▲✳✱ ❆♥t❛❧✱ ❆✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✽✮✳ ●❡♥❞❡r✲s♣❡❝✐✜❝ ♠♦❞✉❧❛t✐♦♥
♦❢ s❤♦rt✲t❡r♠ ♥❡✉r♦♣❧❛st✐❝✐t② ✐♥ t❤❡ ✈✐s✉❛❧ ❝♦rt❡① ✐♥❞✉❝❡❞ ❜② tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ❱✐s✉❛❧ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✺✭✶✮ ✿✼✼✕✽✶✳

❈❤❛♥❣✱ ▼✳✲❑✳✱ ❑r❛♠❡r✱ ■✳✱ ❍✉❜❡r✱ ❚✳✱ ❑✐♥③❡❧✱ ❇✳✱ ●✉t❤✲●✉♥❞❡❧✱ ❙✳✱
▲❡✉♣✐♥✱ ❖✳ ❡t ❑♥❡✐ss❡❧✱ ▼✳ ✭✷✵✶✹✮✳ ❉✐sr✉♣t✐♦♥ ♦❢ ▲r♣✹ ❢✉♥❝t✐♦♥ ❜② ❣❡✲
♥❡t✐❝ ❞❡❧❡t✐♦♥ ♦r ♣❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❜❧♦❝❦❛❞❡ ✐♥❝r❡❛s❡s ❜♦♥❡ ♠❛ss ❛♥❞ s❡✲
r✉♠ s❝❧❡r♦st✐♥ ❧❡✈❡❧s✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✱
✶✶✶✭✹✽✮ ✿❊✺✶✽✼✕❊✺✶✾✺✳

❈❤❡♥✱ ❈✳✲❍✳✱ P❛♥✐③③♦♥✱ ▼✳✱ ❊②❧❡r✱ ▲✳✱ ❏❡r♥✐❣❛♥✱ ❚✳✱ ❚❤♦♠♣s♦♥✱ ❲✳✱
❋❡♥♥❡♠❛✲◆♦t❡st✐♥❡✱ ❈✳✱ ❏❛❦✱ ❆✳✱ ◆❡❛❧❡✱ ▼✳✱ ❋r❛♥③✱ ❈✳✱ ❍❛♠③❛✱ ❙✳✱
▲②♦♥s✱ ▼✳✱ ●r❛♥t✱ ▼✳✱ ❋✐s❝❤❧✱ ❇✳✱ ❙❡✐❞♠❛♥✱ ▲✳✱ ❚s✉❛♥❣✱ ▼✳✱ ❑r❡✲
♠❡♥✱ ❲✳ ❡t ❉❛❧❡✱ ❆✳ ✭✷✵✶✶✮✳ ●❡♥❡t✐❝ ■♥✢✉❡♥❝❡s ♦♥ ❈♦rt✐❝❛❧ ❘❡❣✐♦♥❛❧✐③❛✲
t✐♦♥ ✐♥ t❤❡ ❍✉♠❛♥ ❇r❛✐♥✳ ◆❡✉r♦♥✱ ✼✷✭✹✮ ✿✺✸✼✕✺✹✹✳

❈❧❛r❦✱ ❱✳ P✳ ✭✷✵✶✹✮✳ ❚❤❡ ❡t❤✐❝❛❧✱ ♠♦r❛❧✱ ❛♥❞ ♣r❛❣♠❛t✐❝ r❛t✐♦♥❛❧❡ ❢♦r ❜r❛✐♥
❛✉❣♠❡♥t❛t✐♦♥✳ ❋r♦♥t✐❡rs ✐♥ ❙②st❡♠s ◆❡✉r♦s❝✐❡♥❝❡✱ ✽✳

❈♦❣✐❛♠❛♥✐❛♥✱ ❋✳✱ ▼❛r❝❡❣❧✐❛✱ ❙✳✱ ❆r❞♦❧✐♥♦✱ ●✳✱ ❇❛r❜✐❡r✐✱ ❙✳ ❡t
Pr✐♦r✐✱ ❆✳ ✭✷✵✵✼✮✳ ■♠♣r♦✈❡❞ ✐s♦♠❡tr✐❝ ❢♦r❝❡ ❡♥❞✉r❛♥❝❡ ❛❢t❡r tr❛♥s❝r❛✲
♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦✈❡r t❤❡ ❤✉♠❛♥ ♠♦t♦r ❝♦rt✐❝❛❧ ❛r❡❛s✳ ❚❤❡
❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✻✭✶✮ ✿✷✹✷✕✷✹✾✳

❈♦♥t✐✱ ❈✳ ▲✳✱▼♦s❝♦♥✱ ❏✳ ❆✳✱ ❋r❡❣♥✐✱ ❋✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t ◆❛❦❛♠✉r❛✲
P❛❧❛❝✐♦s✱ ❊✳ ▼✳ ✭✷✵✶✹✮✳ ❈♦❣♥✐t✐✈❡ r❡❧❛t❡❞ ❡❧❡❝tr♦♣❤②s✐♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s
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✐♥❞✉❝❡❞ ❜② ♥♦♥✲✐♥✈❛s✐✈❡ ❝♦rt✐❝❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥ ✐♥ ❝r❛❝❦✲❝♦❝❛✐♥❡ ❛❞✲
❞✐❝t✐♦♥✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧
s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦✲
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❈♦♥t✐✱ ❈✳ ▲✳ ❡t ◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s✱ ❊✳ ▼✳ ✭✷✵✶✹✮✳ ❇✐❧❛t❡r❛❧ tr❛♥s❝r❛✲
♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦✈❡r ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❝❤❛♥❣❡s
t❤❡ ❞r✉❣✲❝✉❡❞ r❡❛❝t✐✈✐t② ✐♥ t❤❡ ❛♥t❡r✐♦r ❝✐♥❣✉❧❛t❡ ❝♦rt❡① ♦❢ ❝r❛❝❦✲❝♦❝❛✐♥❡
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❈♦r❜✐t✱ ▲✳ ❍✳✱ ◆✐❡✱ ❍✳ ❡t ❏❛♥❛❦✱ P✳ ❍✳ ✭✷✵✶✷✮✳ ❍❛❜✐t✉❛❧ ❆❧❝♦❤♦❧ ❙❡❡❦✐♥❣ ✿
❚✐♠❡ ❈♦✉rs❡ ❛♥❞ t❤❡ ❈♦♥tr✐❜✉t✐♦♥ ♦❢ ❙✉❜r❡❣✐♦♥s ♦❢ t❤❡ ❉♦rs❛❧ ❙tr✐❛t✉♠✳
❇✐♦❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✼✷✭✺✮ ✿✸✽✾✕✸✾✺✳

❈♦st❛✐♥✱ ❘✳✱ ❘❡❞❢❡❛r♥✱ ❏✳ ❲✳ ❡t ▲✐♣♣♦❧❞✱ ❖✳ ❈✳ ✭✶✾✻✹✮✳ ❆ ❝♦♥tr♦❧❧❡❞
tr✐❛❧ ♦❢ t❤❡ t❤❡r❛♣❡✉t✐❝ ❡✛❡❝t ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❜r❛✐♥ ✐♥ ❞❡♣r❡ss✐✈❡
✐❧❧♥❡ss✳ ❚❤❡ ❇r✐t✐s❤ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr② ✿ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ▼❡♥t❛❧ ❙❝✐❡♥❝❡✱
✶✶✵ ✿✼✽✻✕✼✾✾✳

❈♦✈❡②✱ ▲✳ ❙✳✱ ●❧❛ss♠❛♥✱ ❆✳ ❍✳ ❡t ❙t❡t♥❡r✱ ❋✳ ✭✶✾✾✵✮✳ ❉❡♣r❡ss✐♦♥ ❛♥❞
❞❡♣r❡ss✐✈❡ s②♠♣t♦♠s ✐♥ s♠♦❦✐♥❣ ❝❡ss❛t✐♦♥✳ ❈♦♠♣r❡❤❡♥s✐✈❡ Ps②❝❤✐❛tr②✱
✸✶✭✹✮ ✿✸✺✵✕✸✺✹✳

❈r❡t❛③✱ ❊✳✱ ❇r✉♥♦♥✐✱ ❆✳✱ ❘✱ ▲❛❢❡r✱ ❇✳✱ ❈r❡t❛③✱ ❊✳✱ ❇r✉♥♦♥✐✱ ❆✳✱ ❘
❡t ▲❛❢❡r✱ ❇✳ ✭✷✵✶✺✮✳ ▼❛❣♥❡t✐❝ ❙❡✐③✉r❡ ❚❤❡r❛♣② ❢♦r ❯♥✐♣♦❧❛r ❛♥❞ ❇✐♣♦❧❛r
❉❡♣r❡ss✐♦♥ ✿ ❆ ❙②st❡♠❛t✐❝ ❘❡✈✐❡✇✱ ▼❛❣♥❡t✐❝ ❙❡✐③✉r❡ ❚❤❡r❛♣② ❢♦r ❯♥✐♣♦❧❛r
❛♥❞ ❇✐♣♦❧❛r ❉❡♣r❡ss✐♦♥ ✿ ❆ ❙②st❡♠❛t✐❝ ❘❡✈✐❡✇✳ ◆❡✉r❛❧ P❧❛st✐❝✐t②✱ ◆❡✉r❛❧
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❈r❡✉t③❢❡❧❞t✱ ❖✳ ❉✳✱ ❋r♦♠♠✱ ●✳ ❍✳ ❡t❑❛♣♣✱ ❍✳ ✭✶✾✻✷✮✳ ■♥✢✉❡♥❝❡ ♦❢ tr❛♥s✲
❝♦rt✐❝❛❧ ❞✲❝ ❝✉rr❡♥ts ♦♥ ❝♦rt✐❝❛❧ ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t②✳ ❊①♣❡r✐♠❡♥t❛❧ ◆❡✉r♦❧♦❣②✱
✺✭✻✮ ✿✹✸✻✕✹✺✷✳

❈r②❛♥✱ ❏✳ ❋✳✱ ▼♦♠❜❡r❡❛✉✱ ❈✳ ❡t ❱❛ss♦✉t✱ ❆✳ ✭✷✵✵✺✮✳ ❚❤❡ t❛✐❧ s✉s♣❡♥s✐♦♥
t❡st ❛s ❛ ♠♦❞❡❧ ❢♦r ❛ss❡ss✐♥❣ ❛♥t✐❞❡♣r❡ss❛♥t ❛❝t✐✈✐t② ✿ r❡✈✐❡✇ ♦❢ ♣❤❛r♠❛❝♦❧♦✲
❣✐❝❛❧ ❛♥❞ ❣❡♥❡t✐❝ st✉❞✐❡s ✐♥ ♠✐❝❡✳ ◆❡✉r♦s❝✐❡♥❝❡ ❛♥❞ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✱
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❝✐♠❡♥t♦ ❈❛✈❛❧❝❛♥t❡✱ ❍✳ ▼✳✱ ❋r❡❣♥✐✱ ❋✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t
◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s✱ ❊✳ ▼✳ ✭✷✵✶✸✮✳ ❇❡❤❛✈✐♦r❛❧ ❡✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧
❉✐r❡❝t ❈✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ✐♥❞✉❝❡❞ ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡①
♣❧❛st✐❝✐t② ✐♥ ❛❧❝♦❤♦❧ ❞❡♣❡♥❞❡♥❝❡✳ ❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣②✲P❛r✐s✱ ✶✵✼✭✻✮ ✿✹✾✸✕
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❙❝❛r❛❜❡❧♦t✱ ❱✳ ▲✳✱ ❋r❡❣♥✐✱ ❋✳✱ ❈❛✉♠♦✱ ❲✳ ❡t ❚♦rr❡s✱ ■✳ ▲✳ ❙✳ ✭✷✵✶✺✮✳
❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ♥❡✉r♦♠♦❞✉❧❛t♦r② ❡✛❡❝ts ♦♥
♠❡❝❤❛♥✐❝❛❧ ❤②♣❡r❛❧❣❡s✐❛ ❛♥❞ ❝♦rt✐❝❛❧ ❇❉◆❋ ❧❡✈❡❧s ✐♥ ♦✈❛r✐❡❝t♦♠✐③❡❞ r❛ts✳
▲✐❢❡ ❙❝✐❡♥❝❡s✳
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P✳✱ ❆rt②♠②s❤②♥✱ ❘✳ P✳✱ ●❛r❞✐❡r✱ ❆✳ ▼✳✱ ●❡r❛❧❞✱ ❈✳✱ ❆♥t♦♥✐❥❡✈✐❝✱
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❉❛②❛♥✱ ❊✳✱ ❈❡♥s♦r✱ ◆✳✱ ❇✉❝❤✱ ❊✳ ❘✳✱ ❙❛♥❞r✐♥✐✱ ▼✳ ❡t ❈♦❤❡♥✱ ▲✳ ●✳
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❉❡r♦❝❤❡✲●❛♠♦♥❡t✱ ❱✳✱ ❇❡❧✐♥✱ ❉✳ ❡t P✐❛③③❛✱ P✳ ❱✳ ✭✷✵✵✹✮✳ ❊✈✐✲
❞❡♥❝❡ ❢♦r ❛❞❞✐❝t✐♦♥✲❧✐❦❡ ❜❡❤❛✈✐♦r ✐♥ t❤❡ r❛t✳ ❙❝✐❡♥❝❡ ✭◆❡✇ ❨♦r❦✱ ◆✳❨✳✮✱
✸✵✺✭✺✻✽✻✮ ✿✶✵✶✹✕✶✵✶✼✳

❉❤❛♠♥❡✱ ❙✳ ❈✳✱ ❊❦st❡✐♥✱ ❉✳✱ ❩❤✉♦✱ ❩✳✱ ●❡rs♥❡r✱ ❘✳✱ ❩✉r❛❦♦✇s❦✐✱ ❉✳✱
▲♦❞❞❡♥❦❡♠♣❡r✱ ❚✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳✱ ❏❡♥s❡♥✱ ❋✳ ❊✳ ❡t ❘♦t❡♥✲
❜❡r❣✱ ❆✳ ✭✷✵✶✺✮✳ ❆❝✉t❡ s❡✐③✉r❡ s✉♣♣r❡ss✐♦♥ ❜② tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉r✲
r❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ r❛ts✳ ❆♥♥❛❧s ♦❢ ❈❧✐♥✐❝❛❧ ❛♥❞ ❚r❛♥s❧❛t✐♦♥❛❧ ◆❡✉r♦❧♦❣②✱
✷✭✽✮ ✿✽✹✸✕✽✺✻✳
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❉♦❝❦❡r②✱ ❈✳ ❆✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ ❇✐r❜❛✉♠❡r✱ ◆✳✱ ▼❛❧✐♥♦✇s❦❛✱ ▼✳ ❡t
❲❡s✐❡rs❦❛✱ ▼✳ ❏✳ ✭✷✵✶✶✮✳ ❈✉♠✉❧❛t✐✈❡ ❜❡♥❡✜ts ♦❢ ❢r♦♥t❛❧ tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ ✈✐s✉♦s♣❛t✐❛❧ ✇♦r❦✐♥❣ ♠❡♠♦r② tr❛✐♥✐♥❣ ❛♥❞
s❦✐❧❧ ❧❡❛r♥✐♥❣ ✐♥ r❛ts✳ ◆❡✉r♦❜✐♦❧♦❣② ♦❢ ❧❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r②✱ ✾✻✭✸✮ ✿✹✺✷✕
✹✻✵✳

❉♦❦t❡r✱ ▼✳ ❡t ✉♥❞ ❍❛❧❜❛❝❤✱ ❖✳ ✈✳ ❇✳ ✭✷✵✶✷✮✳ ◆❡✉r♦❣❡♥❡s✐s ✇✐t❤✐♥ t❤❡
❛❞✉❧t ❤✐♣♣♦❝❛♠♣✉s ✉♥❞❡r ♣❤②s✐♦❧♦❣✐❝❛❧ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✐♥ ❞❡♣r❡ss✐♦♥✳ ◆❡✉✲
r❛❧ ❘❡❣❡♥❡r❛t✐♦♥ ❘❡s❡❛r❝❤✱ ✼✭✼✮ ✿✺✺✷✕✺✺✾✳

❉✉❡✱ ❉✳ ▲✳✱ ❍✉❡tt❡❧✱ ❙✳ ❆✳✱ ❍❛❧❧✱ ❲✳ ●✳ ❡t ❘✉❜✐♥✱ ❉✳ ❈✳ ✭✷✵✵✷✮✳ ❆❝t✐✲
✈❛t✐♦♥ ✐♥ ♠❡s♦❧✐♠❜✐❝ ❛♥❞ ✈✐s✉♦s♣❛t✐❛❧ ♥❡✉r❛❧ ❝✐r❝✉✐ts ❡❧✐❝✐t❡❞ ❜② s♠♦❦✐♥❣
❝✉❡s ✿ ❡✈✐❞❡♥❝❡ ❢r♦♠ ❢✉♥❝t✐♦♥❛❧ ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✐♠❛❣✐♥❣✳ ❚❤❡ ❆♠❡r✐❝❛♥
❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr②✱ ✶✺✾✭✻✮ ✿✾✺✹✕✾✻✵✳

❊❞✇❛r❞s♦♥✱ ▼✳ ❆✳✱ ▲✉❝❛s✱ ❚✳ ❍✳✱ ❈❛r❡②✱ ❏✳ ❘✳ ❡t ❋❡t③✱ ❊✳ ❊✳ ✭✷✵✶✷✮✳
◆❡✇ ♠♦❞❛❧✐t✐❡s ♦❢ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ❢♦r str♦❦❡ r❡❤❛❜✐❧✐t❛t✐♦♥✳ ❊①♣❡r✐♠❡♥t❛❧
❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✷✷✹✭✸✮ ✿✸✸✺✕✸✺✽✳

❊✐s❝❤✱ ❆✳ ❏✳ ❡t P❡tr✐❦✱ ❉✳ ✭✷✵✶✷✮✳ ❉❡♣r❡ss✐♦♥ ❛♥❞ ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡✲
♥❡s✐s ✿ ❛ r♦❛❞ t♦ r❡♠✐ss✐♦♥ ❄ ❙❝✐❡♥❝❡ ✭◆❡✇ ❨♦r❦✱ ◆✳❨✳✮✱ ✸✸✽✭✻✶✵✸✮ ✿✼✷✕✼✺✳

❊❧ ❨❛❝♦✉❜✐✱ ▼✳ ❡t ❱❛✉❣❡♦✐s✱ ❏✳✲▼✳ ✭✷✵✵✼✮✳ ●❡♥❡t✐❝ r♦❞❡♥t ♠♦❞❡❧s ♦❢
❞❡♣r❡ss✐♦♥✳ ❈✉rr❡♥t ❖♣✐♥✐♦♥ ✐♥ P❤❛r♠❛❝♦❧♦❣②✱ ✼✭✶✮ ✿✸✕✼✳

❊♣♣✱ ❏✳ ❘✳✱ ❙♣r✐t③❡r✱ ▼✳ ❉✳ ❡t ●❛❧❡❛✱ ▲✳ ❆✳ ▼✳ ✭✷✵✵✼✮✳ ❍✐♣♣♦❝❛♠♣✉s✲
❞❡♣❡♥❞❡♥t ❧❡❛r♥✐♥❣ ♣r♦♠♦t❡s s✉r✈✐✈❛❧ ♦❢ ♥❡✇ ♥❡✉r♦♥s ✐♥ t❤❡ ❞❡♥t❛t❡ ❣②r✉s
❛t ❛ s♣❡❝✐✜❝ t✐♠❡ ❞✉r✐♥❣ ❝❡❧❧ ♠❛t✉r❛t✐♦♥✳ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✹✾✭✷✮ ✿✷✼✸✕✷✽✺✳

❊✈❡r✐tt✱ ❇✳ ❏✳ ✭✷✵✶✹✮✳ ◆❡✉r❛❧ ❛♥❞ ♣s②❝❤♦❧♦❣✐❝❛❧ ♠❡❝❤❛♥✐s♠s ✉♥❞❡r❧②✐♥❣
❝♦♠♣✉❧s✐✈❡ ❞r✉❣ s❡❡❦✐♥❣ ❤❛❜✐ts ❛♥❞ ❞r✉❣ ♠❡♠♦r✐❡s ✕ ✐♥❞✐❝❛t✐♦♥s ❢♦r ♥♦✲
✈❡❧ tr❡❛t♠❡♥ts ♦❢ ❛❞❞✐❝t✐♦♥✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱
✹✵✭✶✮ ✿✷✶✻✸✕✷✶✽✷✳

❊✈❡r✐tt✱ ❇✳ ❏✳ ❡t ❘♦❜❜✐♥s✱ ❚✳ ❲✳ ✭✷✵✵✺✮✳ ◆❡✉r❛❧ s②st❡♠s ♦❢ r❡✐♥❢♦r❝❡✲
♠❡♥t ❢♦r ❞r✉❣ ❛❞❞✐❝t✐♦♥ ✿ ❢r♦♠ ❛❝t✐♦♥s t♦ ❤❛❜✐ts t♦ ❝♦♠♣✉❧s✐♦♥✳ ◆❛t✉r❡
◆❡✉r♦s❝✐❡♥❝❡✱ ✽✭✶✶✮ ✿✶✹✽✶✕✶✹✽✾✳

❋❛❧❝♦♥❡✱ ▼✳✱ ❇❡r♥❛r❞♦✱ ▲✳✱ ❆s❤❛r❡✱ ❘✳ ▲✳✱ ❍❛♠✐❧t♦♥✱ ❘✳✱ ❋❛s❡②✐t❛♥✱
❖✳✱▼❝❑❡❡✱ ❙✳ ❆✳✱ ▲♦✉❣❤❡❛❞✱ ❏✳ ❡t ▲❡r♠❛♥✱ ❈✳ ✭✷✵✶✺✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❉✐✲
r❡❝t ❈✉rr❡♥t ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥ ■♥❝r❡❛s❡s ❆❜✐❧✐t② t♦ ❘❡s✐st ❙♠♦❦✐♥❣✳ ❇r❛✐♥
❙t✐♠✉❧❛t✐♦♥✳
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❋❛♥s❡❧♦✇✱ ▼✳ ❙✳ ❡t ❉♦♥❣✱ ❍✳✲❲✳ ✭✷✵✶✵✮✳ ❆r❡ ❚❤❡ ❉♦rs❛❧ ❛♥❞ ❱❡♥tr❛❧
❍✐♣♣♦❝❛♠♣✉s ❢✉♥❝t✐♦♥❛❧❧② ❞✐st✐♥❝t str✉❝t✉r❡s ❄ ◆❡✉r♦♥✱ ✻✺✭✶✮ ✿✼✳

❋❡❛t❤❡rst♦♥❡✱ ❘✳ ❊✳ ❡t ▼❝❉♦♥❛❧❞✱ ❘✳ ❏✳ ✭✷✵✵✹✮✳ ❉♦rs❛❧ str✐❛t✉♠ ❛♥❞
st✐♠✉❧✉s✲r❡s♣♦♥s❡ ❧❡❛r♥✐♥❣ ✿ ❧❡s✐♦♥s ♦❢ t❤❡ ❞♦rs♦❧❛t❡r❛❧✱ ❜✉t ♥♦t ❞♦rs♦♠❡✲
❞✐❛❧✱ str✐❛t✉♠ ✐♠♣❛✐r ❛❝q✉✐s✐t✐♦♥ ♦❢ ❛ st✐♠✉❧✉s✲r❡s♣♦♥s❡✲❜❛s❡❞ ✐♥str✉♠❡♥t❛❧
❞✐s❝r✐♠✐♥❛t✐♦♥ t❛s❦✱ ✇❤✐❧❡ s♣❛r✐♥❣ ❝♦♥❞✐t✐♦♥❡❞ ♣❧❛❝❡ ♣r❡❢❡r❡♥❝❡ ❧❡❛r♥✐♥❣✳
◆❡✉r♦s❝✐❡♥❝❡✱ ✶✷✹✭✶✮ ✿✷✸✕✸✶✳

❋❡❝t❡❛✉✱ ❙✳✱ ❆❣♦st❛✱ ❙✳✱ ❍♦♥❡✲❇❧❛♥❝❤❡t✱ ❆✳✱ ❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳✱
❈✐r❛✉❧♦✱ ❉✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✶✹✮✳ ▼♦❞✉❧❛t✐♦♥ ♦❢ s♠♦❦✐♥❣ ❛♥❞
❞❡❝✐s✐♦♥✲♠❛❦✐♥❣ ❜❡❤❛✈✐♦rs ✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥
t♦❜❛❝❝♦ s♠♦❦❡rs ✿ ❛ ♣r❡❧✐♠✐♥❛r② st✉❞②✳ ❉r✉❣ ❛♥❞ ❆❧❝♦❤♦❧ ❉❡♣❡♥❞❡♥❝❡✱
✶✹✵ ✿✼✽✕✽✹✳

❋❡❝t❡❛✉✱ ❙✳✱ ❑♥♦❝❤✱ ❉✳✱ ❋r❡❣♥✐✱ ❋✳✱ ❙✉❧t❛♥✐✱ ◆✳✱ ❇♦❣❣✐♦✱ P✳ ❡t
P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✼✮✳ ❉✐♠✐♥✐s❤✐♥❣ r✐s❦✲t❛❦✐♥❣ ❜❡❤❛✈✐♦r ❜② ♠♦✲
❞✉❧❛t✐♥❣ ❛❝t✐✈✐t② ✐♥ t❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ✿ ❛ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥
st✉❞②✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t②
❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✼✭✹✻✮ ✿✶✷✺✵✵✕✶✷✺✵✺✳

❋❡❧t❡♥st❡✐♥✱ ▼✳ ❲✳ ❡t ❙❡❡✱ ❘✳ ❊✳ ✭✷✵✵✽✮✳ ❚❤❡ ♥❡✉r♦❝✐r❝✉✐tr② ♦❢ ❛❞❞✐❝t✐♦♥ ✿
❛♥ ♦✈❡r✈✐❡✇✳ ❇r✐t✐s❤ ❏♦✉r♥❛❧ ♦❢ P❤❛r♠❛❝♦❧♦❣②✱ ✶✺✹✭✷✮ ✿✷✻✶✕✷✼✹✳

❋❡rr✉❝❝✐✱ ❘✳✱ ▼❛♠❡❧✐✱ ❋✳✱ ●✉✐❞✐✱ ■✳✱ ▼r❛❦✐❝✲❙♣♦st❛✱ ❙✳✱ ❱❡r❣❛r✐✱
▼✳✱ ▼❛r❝❡❣❧✐❛✱ ❙✳✱ ❈♦❣✐❛♠❛♥✐❛♥✱ ❋✳✱ ❇❛r❜✐❡r✐✱ ❙✳✱ ❙❝❛r♣✐♥✐✱ ❊✳ ❡t
Pr✐♦r✐✱ ❆✳ ✭✷✵✵✽✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♠♣r♦✈❡s r❡✲
❝♦❣♥✐t✐♦♥ ♠❡♠♦r② ✐♥ ❆❧③❤❡✐♠❡r ❞✐s❡❛s❡✳ ◆❡✉r♦❧♦❣②✱ ✼✶✭✼✮ ✿✹✾✸✕✹✾✽✳

❋❡rt♦♥❛♥✐✱ ❆✳✱ P✐r✉❧❧✐✱ ❈✳ ❡t ▼✐♥✐✉ss✐✱ ❈✳ ✭✷✵✶✶✮✳ ❘❛♥❞♦♠ ♥♦✐s❡ st✐✲
♠✉❧❛t✐♦♥ ✐♠♣r♦✈❡s ♥❡✉r♦♣❧❛st✐❝✐t② ✐♥ ♣❡r❝❡♣t✉❛❧ ❧❡❛r♥✐♥❣✳ ❚❤❡ ❏♦✉r♥❛❧
♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱
✸✶✭✹✸✮ ✿✶✺✹✶✻✕✶✺✹✷✸✳

❋r❛♥❦✱ ❊✳✱ ❙❝❤❡❝❦❧♠❛♥♥✱ ▼✳✱ ▲❛♥❞❣r❡❜❡✱ ▼✳✱ ❇✉r❣❡r✱ ❏✳✱ ❑r❡✉③❡r✱
P✳✱ P♦❡♣♣❧✱ ❚✳ ❇✳✱ ❑❧❡✐♥❥✉♥❣✱ ❚✳✱ ❍❛❥❛❦✱ ●✳ ❡t ▲❛♥❣❣✉t❤✱ ❇✳ ✭✷✵✶✷✮✳
❚r❡❛t♠❡♥t ♦❢ ❝❤r♦♥✐❝ t✐♥♥✐t✉s ✇✐t❤ r❡♣❡❛t❡❞ s❡ss✐♦♥s ♦❢ ♣r❡❢r♦♥t❛❧ tr❛♥s❝r❛✲
♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ♦✉t❝♦♠❡s ❢r♦♠ ❛♥ ♦♣❡♥✲❧❛❜❡❧ ♣✐❧♦t st✉❞②✳
❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦❧♦❣②✱ ✷✺✾✭✷✮ ✿✸✷✼✕✸✸✸✳

❋r❛♥❦❧✐♥✱ ❑✳ ❇✳ ❏✳ ❡t P❛①✐♥♦s✱ ●✳ ✭✶✾✾✻✮✳ ❚❤❡ ▼♦✉s❡ ❇r❛✐♥ ✐♥ ❙t❡r❡♦t❛①✐❝
❈♦♦r❞✐♥❛t❡s✳ ❆❝❛❞❡♠✐❝ ♣r❡ss✳
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❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ▲✐♠❛✱ ▼✳ ❈✳✱ ❋❡rr❡✐r❛✱ ▼✳ ❏✳ ▲✳✱ ❲❛❣♥❡r✱
❚✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ❈❛str♦✱ ❆✳ ❲✳✱ ❙♦✉③❛✱ ❉✳ ❘✳✱ ❘✐❜❡rt♦✱ ▼✳✱
❋r❡❡❞♠❛♥✱ ❙✳ ❉✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✻❛✮✳ ❆
s❤❛♠✲❝♦♥tr♦❧❧❡❞✱ ♣❤❛s❡ ■■ tr✐❛❧ ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥
❢♦r t❤❡ tr❡❛t♠❡♥t ♦❢ ❝❡♥tr❛❧ ♣❛✐♥ ✐♥ tr❛✉♠❛t✐❝ s♣✐♥❛❧ ❝♦r❞ ✐♥❥✉r②✳ P❛✐♥✱
✶✷✷✭✶✲✷✮ ✿✶✾✼✕✷✵✾✳

❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ▼❛♥s✉r✱ ❈✳ ●✳✱ ❲❛❣♥❡r✱ ❚✳✱ ❋❡rr❡✐r❛✱ ▼✳
❏✳ ▲✳✱ ▲✐♠❛✱ ▼✳ ❈✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ▼❛r❝♦❧✐♥✱ ▼✳ ❆✳✱ ❋r❡❡❞♠❛♥✱
❙✳ ❉✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✺❛✮✳ ❚r❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✉♥❛✛❡❝t❡❞ ❤❡♠✐s♣❤❡r❡ ✐♥ str♦❦❡ ♣❛t✐❡♥ts✳
◆❡✉r♦r❡♣♦rt✱ ✶✻✭✶✹✮ ✿✶✺✺✶✕✶✺✺✺✳

❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ◆✐ts❝❤❡✱ ▼✳✱ ❇❡r♠♣♦❤❧✱ ❋✳✱ ❆♥t❛❧✱ ❆✳✱
❋❡r❡❞♦❡s✱ ❊✳✱ ▼❛r❝♦❧✐♥✱ ▼✳ ❆✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ❙✐❧✈❛✱ ▼✳ ❚✳ ❆✳✱
P❛✉❧✉s✱ ❲✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✺❜✮✳ ❆♥♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❡♥❤❛♥❝❡s ✇♦r❦✐♥❣ ♠❡♠♦r②✳ ❊①♣❡✲
r✐♠❡♥t❛❧ ❜r❛✐♥ r❡s❡❛r❝❤✳ ❊①♣❡r✐♠❡♥t❡❧❧❡ ❍✐r♥❢♦rs❝❤✉♥❣✳ ❊①♣ér✐♠❡♥t❛t✐♦♥
❝éré❜r❛❧❡✱ ✶✻✻✭✶✮ ✿✷✸✕✸✵✳

❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❘✐❣♦♥❛tt✐✱ ❙✳ P✳ ❡t P❛s❝✉❛❧✲
▲❡♦♥❡✱ ❆✳ ✭✷✵✵✻❜✮✳ ❈♦❣♥✐t✐✈❡ ❡✛❡❝ts ♦❢ r❡♣❡❛t❡❞ s❡ss✐♦♥s ♦❢ tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ ♣❛t✐❡♥ts ✇✐t❤ ❞❡♣r❡ss✐♦♥✳ ❉❡♣r❡ss✐♦♥ ❛♥❞
❆♥①✐❡t②✱ ✷✸✭✽✮ ✿✹✽✷✕✹✽✹✳

❋r❡❣♥✐✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ❙❛♥t♦s✱ ▼✳ ❈✳✱ ▲✐♠❛✱ ▼✳✱ ❱✐❡✐r❛✱ ❆✳ ▲✳✱
❘✐❣♦♥❛tt✐✱ ❙✳ P✳✱ ❙✐❧✈❛✱ ▼✳ ❚✳ ❆✳✱ ❇❛r❜♦s❛✱ ❊✳ ❘✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳
❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✻❝✮✳ ◆♦♥✐♥✈❛s✐✈❡ ❝♦rt✐❝❛❧ st✐♠✉❧❛t✐♦♥ ✇✐t❤
tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡✳ ▼♦✈❡♠❡♥t
❉✐s♦r❞❡rs✱ ✷✶✭✶✵✮ ✿✶✻✾✸✕✶✼✵✷✳

❋r❡❣♥✐✱ ❋✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ ▼♦♥t❡✲❙✐❧✈❛✱ ❑✳ ❑✳✱ ❖❧✐✈❡✐r❛✱ ▼✳ ❇✳✱ ❙❛♥✲
t♦s✱ ❆✳ ❆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ❡t ●✉❡❞❡s✱ ❘✳ ❈✳ ❆✳
✭✷✵✵✼✮✳ ❊✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❝♦✉♣❧❡❞ ✇✐t❤ r❡♣❡✲
t✐t✐✈❡ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥ ♦♥ ❝♦rt✐❝❛❧ s♣r❡❛❞✐♥❣ ❞❡♣r❡ss✐♦♥✳ ❊①♣❡r✐♠❡♥t❛❧
◆❡✉r♦❧♦❣②✱ ✷✵✹✭✶✮ ✿✹✻✷✕✹✻✻✳

❋r❡❣♥✐✱ ❋✳✱ ▲✐❣✉♦r✐✱ P✳✱ ❋❡❝t❡❛✉✱ ❙✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱
❆✳ ❡t ❇♦❣❣✐♦✱ P✳ ❙✳ ✭✷✵✵✽❛✮✳ ❈♦rt✐❝❛❧ st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡①
✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ r❡❞✉❝❡s ❝✉❡✲♣r♦✈♦❦❡❞ s♠♦❦✐♥❣
❝r❛✈✐♥❣ ✿ ❛ r❛♥❞♦♠✐③❡❞✱ s❤❛♠✲❝♦♥tr♦❧❧❡❞ st✉❞②✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❝❧✐♥✐❝❛❧
♣s②❝❤✐❛tr②✱ ✻✾✭✶✮ ✿✸✷✕✹✵✳
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❋r❡❣♥✐✱ ❋✳✱ ❖rs❛t✐✱ ❋✳✱ P❡❞r♦s❛✱ ❲✳✱ ❋❡❝t❡❛✉✱ ❙✳✱ ❚♦♠❡✱ ❋✳ ❆✳ ▼✳✱
◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ▼❡❝❝❛✱ ❚✳✱ ▼❛❝❡❞♦✱ ❊✳ ❈✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ❡t
❇♦❣❣✐♦✱ P✳ ❙✳ ✭✷✵✵✽❜✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡✲
❢r♦♥t❛❧ ❝♦rt❡① ♠♦❞✉❧❛t❡s t❤❡ ❞❡s✐r❡ ❢♦r s♣❡❝✐✜❝ ❢♦♦❞s✳ ❆♣♣❡t✐t❡✱ ✺✶✭✶✮ ✿✸✹✕
✹✶✳

❋r❡❣♥✐✱ ❋✳✱ ❚❤♦♠❡✲❙♦✉③❛✱ ❙✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❋r❡❡❞♠❛♥✱ ❙✳ ❉✳✱ ❱❛✲
❧❡♥t❡✱ ❑✳ ❉✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✻❞✮✳ ❆ ❈♦♥tr♦❧❧❡❞ ❈❧✐♥✐❝❛❧ ❚r✐❛❧
♦❢ ❈❛t❤♦❞❛❧ ❉❈ P♦❧❛r✐③❛t✐♦♥ ✐♥ P❛t✐❡♥ts ✇✐t❤ ❘❡❢r❛❝t♦r② ❊♣✐❧❡♣s②✳ ❊♣✐✲
❧❡♣s✐❛✱ ✹✼✭✷✮ ✿✸✸✺✕✸✹✷✳

❋r✐ts❝❤✱ ❇✳✱ ❘❡✐s✱ ❏✳✱ ▼❛rt✐♥♦✇✐❝❤✱ ❑✳✱ ❙❝❤❛♠❜r❛✱ ❍✳ ▼✳✱ ❏✐✱ ❨✳✱ ❈♦✲
❤❡♥✱ ▲✳ ●✳ ❡t ▲✉✱ ❇✳ ✭✷✵✶✵✮✳ ❉✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♣r♦♠♦t❡s ❇❉◆❋✲
❞❡♣❡♥❞❡♥t s②♥❛♣t✐❝ ♣❧❛st✐❝✐t② ✿ P♦t❡♥t✐❛❧ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ♠♦t♦r ❧❡❛r♥✐♥❣✳
◆❡✉r♦♥✱ ✻✻✭✷✮ ✿✶✾✽✕✷✵✹✳

❋✉❝❤s✱ ❘✳ ❆✳✱ ❇r❛♥❤❛♠✱ ❘✳ ❑✳ ❡t ❙❡❡✱ ❘✳ ❊✳ ✭✷✵✵✻✮✳ ❉✐✛❡r❡♥t ◆❡✉r❛❧
❙✉❜str❛t❡s ▼❡❞✐❛t❡ ❈♦❝❛✐♥❡ ❙❡❡❦✐♥❣ ❛❢t❡r ❆❜st✐♥❡♥❝❡ ✈❡rs✉s ❊①t✐♥❝t✐♦♥
❚r❛✐♥✐♥❣ ✿ ❆ ❈r✐t✐❝❛❧ ❘♦❧❡ ❢♦r t❤❡ ❉♦rs♦❧❛t❡r❛❧ ❈❛✉❞❛t❡✕P✉t❛♠❡♥✳ ❚❤❡
❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✻✭✶✸✮ ✿✸✺✽✹✕✸✺✽✽✳

❋✉♠❛❣❛❧❧✐✱ ▼✳✱ ❱❡r❣❛r✐✱ ▼✳✱ P❛sq✉❛❧❡tt✐✱ P✳✱ ▼❛r❝❡❣❧✐❛✱ ❙✳✱ ▼❛✲
♠❡❧✐✱ ❋✳✱ ❋❡rr✉❝❝✐✱ ❘✳✱ ▼r❛❦✐❝✲❙♣♦st❛✱ ❙✳✱ ❩❛❣♦✱ ❙✳✱ ❙❛rt♦r✐✱ ●✳✱
Pr❛✈❡tt♦♥✐✱ ●✳✱ ❇❛r❜✐❡r✐✱ ❙✳✱ ❈❛♣♣❛✱ ❙✳ ❡t Pr✐♦r✐✱ ❆✳ ✭✷✵✶✵✮✳ ❇r❛✐♥
s✇✐t❝❤❡s ✉t✐❧✐t❛r✐❛♥ ❜❡❤❛✈✐♦r ✿ ❞♦❡s ❣❡♥❞❡r ♠❛❦❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❄ P❧♦❙ ❖♥❡✱
✺✭✶✮ ✿❡✽✽✻✺✳

❋✉st❡r✱ ❏✳ ▼✳ ✭✷✵✵✶✮✳ ❚❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡①✕❛♥ ✉♣❞❛t❡ ✿ t✐♠❡ ✐s ♦❢ t❤❡
❡ss❡♥❝❡✳ ◆❡✉r♦♥✱ ✸✵✭✷✮ ✿✸✶✾✕✸✸✸✳

❋✉st❡r✱ ❏✳ ▼✳ ✭✷✵✵✷✮✳ ❋r♦♥t❛❧ ❧♦❜❡ ❛♥❞ ❝♦❣♥✐t✐✈❡ ❞❡✈❡❧♦♣♠❡♥t✳ ❏♦✉r♥❛❧ ♦❢
◆❡✉r♦❝②t♦❧♦❣②✱ ✸✶✭✸✲✺✮ ✿✸✼✸✕✸✽✺✳

●❛r❛✈❛♥✱ ❍✳ ❡t ❍❡st❡r✱ ❘✳ ✭✷✵✵✼✮✳ ❚❤❡ r♦❧❡ ♦❢ ❝♦❣♥✐t✐✈❡ ❝♦♥tr♦❧ ✐♥ ❝♦❝❛✐♥❡
❞❡♣❡♥❞❡♥❝❡✳ ◆❡✉r♦♣s②❝❤♦❧♦❣② ❘❡✈✐❡✇✱ ✶✼✭✸✮ ✿✸✸✼✕✸✹✺✳

●ö❞❡r✱ ❘✳✱ ❇❛✐❡r✱ P✳ ❈✳✱ ❇❡✐t❤✱ ❇✳✱ ❇❛❡❝❦❡r✱ ❈✳✱ ❙❡❡❝❦✲❍✐rs❝❤♥❡r✱
▼✳✱ ❏✉♥❣❤❛♥♥s✱ ❑✳ ❡t▼❛rs❤❛❧❧✱ ▲✳ ✭✷✵✶✸✮✳ ❊✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❞✉r✐♥❣ s❧❡❡♣ ♦♥ ♠❡♠♦r② ♣❡r❢♦r♠❛♥❝❡ ✐♥ ♣❛t✐❡♥ts ✇✐t❤
s❝❤✐③♦♣❤r❡♥✐❛✳ ❙❝❤✐③♦♣❤r❡♥✐❛ ❘❡s❡❛r❝❤✱ ✶✹✹✭✶✕✸✮ ✿✶✺✸✕✶✺✹✳

●✐❡❞❞✱ ❏✳ ◆✳✱ ❑❡s❤❛✈❛♥✱ ▼✳ ❡t P❛✉s✱ ❚✳ ✭✷✵✵✽✮✳ ❲❤② ❞♦ ♠❛♥② ♣s②❝❤✐❛✲
tr✐❝ ❞✐s♦r❞❡rs ❡♠❡r❣❡ ❞✉r✐♥❣ ❛❞♦❧❡s❝❡♥❝❡ ❄ ◆❛t✉r❡ r❡✈✐❡✇s✳ ◆❡✉r♦s❝✐❡♥❝❡✱
✾✭✶✷✮ ✿✾✹✼✕✾✺✼✳
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●✐r❜♦✈❛♥✱ ❈✳ ❡t P❧❛♠♦♥❞♦♥✱ ❍✳ ✭✷✵✶✸✮✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❡♥r✐❝❤♠❡♥t ✐♥
❢❡♠❛❧❡ r♦❞❡♥ts ✿ ❝♦♥s✐❞❡r❛t✐♦♥s ✐♥ t❤❡ ❡✛❡❝ts ♦♥ ❜❡❤❛✈✐♦r ❛♥❞ ❜✐♦❝❤❡♠✐❝❛❧
♠❛r❦❡rs✳ ❇❡❤❛✈✐♦✉r❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✷✺✸ ✿✶✼✽✕✶✾✵✳

●♦♦❞♠❛♥✱ ❆✳ ✭✶✾✾✸✮✳ ❚❤❡ ❛❞❞✐❝t✐✈❡ ♣r♦❝❡ss ✿ ❛ ♣s②❝❤♦❛♥❛❧②t✐❝ ✉♥❞❡rst❛♥✲
❞✐♥❣✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❆❝❛❞❡♠② ♦❢ Ps②❝❤♦❛♥❛❧②s✐s✱ ✷✶✭✶✮ ✿✽✾✕
✶✵✺✳

●♦✉❧❞✱ ❊✳✱ ❇❡②❧✐♥✱ ❆✳✱ ❚❛♥❛♣❛t✱ P✳✱ ❘❡❡✈❡s✱ ❆✳ ❡t ❙❤♦rs✱ ❚✳ ❏✳ ✭✶✾✾✾✮✳
▲❡❛r♥✐♥❣ ❡♥❤❛♥❝❡s ❛❞✉❧t ♥❡✉r♦❣❡♥❡s✐s ✐♥ t❤❡ ❤✐♣♣♦❝❛♠♣❛❧ ❢♦r♠❛t✐♦♥✳ ◆❛✲
t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✭✸✮ ✿✷✻✵✕✷✻✺✳

●r❛♥t✱ ❙✳✱ ▲♦♥❞♦♥✱ ❊✳ ❉✳✱ ◆❡✇❧✐♥✱ ❉✳ ❇✳✱ ❱✐❧❧❡♠❛❣♥❡✱ ❱✳ ▲✳✱ ▲✐✉✱
❳✳✱ ❈♦♥t♦r❡❣❣✐✱ ❈✳✱ P❤✐❧❧✐♣s✱ ❘✳ ▲✳✱ ❑✐♠❡s✱ ❆✳ ❙✳ ❡t ▼❛r❣♦❧✐♥✱ ❆✳
✭✶✾✾✻✮✳ ❆❝t✐✈❛t✐♦♥ ♦❢ ♠❡♠♦r② ❝✐r❝✉✐ts ❞✉r✐♥❣ ❝✉❡✲❡❧✐❝✐t❡❞ ❝♦❝❛✐♥❡ ❝r❛✈✐♥❣✳
Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ♦❢
❆♠❡r✐❝❛✱ ✾✸✭✷✶✮ ✿✶✷✵✹✵✕✶✷✵✹✺✳

●r❛②✱ ❍✳ ✭✶✾✶✽✮✳ ❆♥❛t♦♠② ♦❢ t❤❡ ❍✉♠❛♥ ❇♦❞②✳ ▲❡❛ ✫ ❋❡❜✐❣❡r✳

●r✐❢❢✐♥✱ ❲✳ ❈✳ ✭✷✵✶✹✮✳ ❆❧❝♦❤♦❧ ❞❡♣❡♥❞❡♥❝❡ ❛♥❞ ❢r❡❡✲❝❤♦✐❝❡ ❞r✐♥❦✐♥❣ ✐♥ ♠✐❝❡✳
❆❧❝♦❤♦❧ ✭❋❛②❡tt❡✈✐❧❧❡✱ ◆✳❨✳✮✱ ✹✽✭✸✮ ✿✷✽✼✕✷✾✸✳

●r✐♠♠✱ ❙✳✱ ❇❡❝❦✱ ❏✳✱ ❙❝❤✉❡♣❜❛❝❤✱ ❉✳✱ ❍❡❧❧✱ ❉✳✱ ❇♦❡s✐❣❡r✱ P✳✱ ❇❡r♠✲
♣♦❤❧✱ ❋✳✱ ◆✐❡❤❛✉s✱ ▲✳✱ ❇♦❡❦❡r✱ ❍✳ ❡t ◆♦rt❤♦❢❢✱ ●✳ ✭✷✵✵✽✮✳ ■♠❜❛❧❛♥❝❡
❜❡t✇❡❡♥ ❧❡❢t ❛♥❞ r✐❣❤t ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ✐♥ ♠❛❥♦r ❞❡♣r❡ss✐♦♥
✐s ❧✐♥❦❡❞ t♦ ♥❡❣❛t✐✈❡ ❡♠♦t✐♦♥❛❧ ❥✉❞❣♠❡♥t ✿ ❛♥ ❢▼❘■ st✉❞② ✐♥ s❡✈❡r❡ ♠❛❥♦r
❞❡♣r❡ss✐✈❡ ❞✐s♦r❞❡r✳ ❇✐♦❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✻✸✭✹✮ ✿✸✻✾✕✸✼✻✳

●r✐♠♦♥♣r❡③✱ ❆✳✱ ❘❛❡❞t✱ ❘✳✱ ❇❛❡❦❡♥✱ ❈✳✱ ❇♦♦♥✱ P✳ ❡t ❱♦♥❝❦✱ ❑✳ ✭✷✵✶✺✮✳
❚❤❡ ❛♥t✐❞❡♣r❡ss❛♥t ♠❡❝❤❛♥✐s♠ ♦❢ ❛❝t✐♦♥ ♦❢ ✈❛❣✉s ♥❡r✈❡ st✐♠✉❧❛t✐♦♥ ✿ ❊✈✐✲
❞❡♥❝❡ ❢r♦♠ ♣r❡❝❧✐♥✐❝❛❧ st✉❞✐❡s✳ ◆❡✉r♦s❝✐❡♥❝❡ ✫ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✱
✺✻ ✿✷✻✕✸✹✳

❍❛❣✐❤❛r❛✱ ❍✳✱ ❚♦②❛♠❛✱ ❑✳✱ ❨❛♠❛s❛❦✐✱ ◆✳ ❡t ▼✐②❛❦❛✇❛✱ ❚✳ ✭✷✵✵✾✮✳ ❉✐s✲
s❡❝t✐♦♥ ♦❢ ❍✐♣♣♦❝❛♠♣❛❧ ❉❡♥t❛t❡ ●②r✉s ❢r♦♠ ❆❞✉❧t ▼♦✉s❡✳ ❏♦✉r♥❛❧ ♦❢
❱✐s✉❛❧✐③❡❞ ❊①♣❡r✐♠❡♥ts ✿ ❏♦❱❊✱ ✭✸✸✮✳

❍❛♠♠❡r✱ ❆✳✱ ▼♦❤❛♠♠❛❞✐✱ ❇✳✱ ❙❝❤♠✐❝❦❡r✱ ▼✳✱ ❙❛❧✐❣❡r✱ ❙✳ ❡t ▼ü♥t❡✱
❚✳ ❋✳ ✭✷✵✶✶✮✳ ❊rr♦r❧❡ss ❛♥❞ ❡rr♦r❢✉❧ ❧❡❛r♥✐♥❣ ♠♦❞✉❧❛t❡❞ ❜② tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ❇▼❈ ♥❡✉r♦s❝✐❡♥❝❡✱ ✶✷ ✿✼✷✳



❇■❇▲■❖●❘❆P❍■❊ ✶✾✾

❍❛♥✱ ❈✳✲❍✳✱ ❙♦♥❣✱ ❍✳✱ ❑❛♥❣✱ ❨✳✲●✳✱ ❑✐♠✱ ❇✳✲▼✳ ❡t ■♠✱ ❈✳✲❍✳ ✭✷✵✶✹✮✳ ❍❡✲
♠♦❞②♥❛♠✐❝ r❡s♣♦♥s❡s ✐♥ r❛t ❜r❛✐♥ ❞✉r✐♥❣ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲
❧❛t✐♦♥ ✿ ❛ ❢✉♥❝t✐♦♥❛❧ ♥❡❛r✲✐♥❢r❛r❡❞ s♣❡❝tr♦s❝♦♣② st✉❞②✳ ❇✐♦♠❡❞✐❝❛❧ ❖♣t✐❝s
❊①♣r❡ss✱ ✺✭✻✮ ✿✶✽✶✷✕✶✽✷✶✳

❍❡rr♠❛♥♥✱ ❈✳ ❙✳✱ ❘❛❝❤✱ ❙✳✱ ◆❡✉❧✐♥❣✱ ❚✳ ❡t ❙trü❜❡r✱ ❉✳ ✭✷✵✶✸✮✳ ❚r❛♥s✲
❝r❛♥✐❛❧ ❛❧t❡r♥❛t✐♥❣ ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ❛ r❡✈✐❡✇ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ♠❡❝❤❛✲
♥✐s♠s ❛♥❞ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❝♦❣♥✐t✐✈❡ ♣r♦❝❡ss❡s✳ ❋r♦♥t✐❡rs ✐♥ ❍✉♠❛♥ ◆❡✉r♦s✲
❝✐❡♥❝❡✱ ✼ ✿✷✼✾✳

❍♦✱ ❑✳✲❆✳✱ ❚❛②❧♦r✱ ❏✳ ▲✳ ❡t ▲♦♦✱ ❈✳ ❑✳ ✭✷✵✶✺✮✳ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❡✛❡❝ts
♦❢ tr❛♥s❝r❛♥✐❛❧ r❛♥❞♦♠ ♥♦✐s❡ st✐♠✉❧❛t✐♦♥ ❛♥❞ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ♦♥ ♠♦t♦r ❝♦rt✐❝❛❧ ❡①❝✐t❛❜✐❧✐t②✳ ❚❤❡ ❥♦✉r♥❛❧ ♦❢ ❊❈❚✱ ✸✶✭✶✮ ✿✻✼✕
✼✷✳

❍♦❣❣✱ ❙✳ ✭✶✾✾✻✮✳ ❆ r❡✈✐❡✇ ♦❢ t❤❡ ✈❛❧✐❞✐t② ❛♥❞ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ ❡❧❡✈❛t❡❞
♣❧✉s✲♠❛③❡ ❛s ❛♥ ❛♥✐♠❛❧ ♠♦❞❡❧ ♦❢ ❛♥①✐❡t②✳ P❤❛r♠❛❝♦❧♦❣②✱ ❇✐♦❝❤❡♠✐str②✱
❛♥❞ ❇❡❤❛✈✐♦r✱ ✺✹✭✶✮ ✿✷✶✕✸✵✳

❍♦❧❞❡❢❡r✱ ❘✳ ◆✳✱ ❙❛❞❧❡✐r✱ ❘✳ ❡t ❘✉ss❡❧❧✱ ▼✳ ❏✳ ✭✷✵✵✻✮✳ Pr❡❞✐❝t❡❞ ❝✉rr❡♥t
❞❡♥s✐t✐❡s ✐♥ t❤❡ ❜r❛✐♥ ❞✉r✐♥❣ tr❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥✳ ❈❧✐♥✐❝❛❧
♥❡✉r♦♣❤②s✐♦❧♦❣② ✿ ♦✣❝✐❛❧ ❥♦✉r♥❛❧ ♦❢ t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❋❡❞❡r❛t✐♦♥ ♦❢ ❈❧✐♥✐❝❛❧
◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✶✶✼✭✻✮ ✿✶✸✽✽✕✶✸✾✼✳

❍♦②✱ ❑✳ ❊✳✱ ❆r♥♦❧❞✱ ❙✳ ▲✳✱ ❊♠♦♥s♦♥✱ ▼✳ ❘✳ ▲✳✱ ❉❛s❦❛❧❛❦✐s✱ ❩✳ ❏✳ ❡t
❋✐t③❣❡r❛❧❞✱ P✳ ❇✳ ✭✷✵✶✹✮✳ ❆♥ ✐♥✈❡st✐❣❛t✐♦♥ ✐♥t♦ t❤❡ ❡✛❡❝ts ♦❢ t❉❈❙
❞♦s❡ ♦♥ ❝♦❣♥✐t✐✈❡ ♣❡r❢♦r♠❛♥❝❡ ♦✈❡r t✐♠❡ ✐♥ ♣❛t✐❡♥ts ✇✐t❤ s❝❤✐③♦♣❤r❡♥✐❛✳
❙❝❤✐③♦♣❤r❡♥✐❛ ❘❡s❡❛r❝❤✱ ✶✺✺✭✶✲✸✮ ✿✾✻✕✶✵✵✳

■ñ✐❣✉❡③✱ ❙✳ ❉✳✱❲❛rr❡♥✱ ❇✳ ▲✳✱ P❛r✐s❡✱ ❊✳ ▼✳✱ ❆❧❝❛♥t❛r❛✱ ▲✳ ❋✳✱ ❙❝❤✉❤✱
❇✳✱ ▼❛❢❢❡♦✱ ▼✳ ▲✳✱ ▼❛♥♦❥❧♦✈✐❝✱ ❩✳ ❡t ❇♦❧❛ñ♦s✲●✉③♠á♥✱ ❈✳ ❆✳
✭✷✵✵✾✮✳ ◆✐❝♦t✐♥❡ ❡①♣♦s✉r❡ ❞✉r✐♥❣ ❛❞♦❧❡s❝❡♥❝❡ ✐♥❞✉❝❡s ❛ ❞❡♣r❡ss✐♦♥✲❧✐❦❡
st❛t❡ ✐♥ ❛❞✉❧t❤♦♦❞✳ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✿ ♦✣❝✐❛❧ ♣✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡
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■◆❙❊❘▼ ✭✷✵✵✷✮✳ ❚r♦✉❜❧❡s ♠❡♥t❛✉① ✿ ❞é♣✐st❛❣❡ ❡t ♣ré✈❡♥t✐♦♥ ❝❤❡③ ❧✬❡♥❢❛♥t
❡t ❧✬❛❞♦❧❡s❝❡♥t✳ ❘❛♣♣♦rt t❡❝❤♥✐q✉❡ ❳❳■■✱ ▲❡s é❞✐t✐♦♥s ■♥s❡r♠✳

■◆❙❊❘▼ ✭✷✵✶✹✮✳ ❈♦♥❞✉✐t❡s ❛❞❞✐❝t✐✈❡s ❝❤❡③ ❧❡s ❛❞♦❧❡s❝❡♥ts✳ ❘❛♣♣♦rt t❡❝❤✲
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■s❧❛♠✱ ◆✳✱ ❆❢t❛❜✉❞❞✐♥✱ ▼✳✱ ▼♦r✐✇❛❦✐✱ ❆✳✱ ❍❛tt♦r✐✱ ❨✳ ❡t ❍♦r✐✱ ❨✳
✭✶✾✾✺✮✳ ■♥❝r❡❛s❡ ✐♥ t❤❡ ❝❛❧❝✐✉♠ ❧❡✈❡❧ ❢♦❧❧♦✇✐♥❣ ❛♥♦❞❛❧ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ t❤❡
r❛t ❜r❛✐♥✳ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✻✽✹✭✷✮ ✿✷✵✻✕✷✵✽✳
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■s❧❛♠✱ ◆✳✱▼♦r✐✇❛❦✐✱ ❆✳✱ ❍❛tt♦r✐✱ ❨✳ ❡t ❍♦r✐✱ ❨✳ ✭✶✾✾✹✮✳ ❆♣♣❡❛r❛♥❝❡ ♦❢
❞❛r❦ ♥❡✉r♦♥s ❢♦❧❧♦✇✐♥❣ ❛♥♦❞❛❧ ♣♦❧❛r✐③❛t✐♦♥ ✐♥ t❤❡ r❛t ❜r❛✐♥✳ ❆❝t❛ ▼❡❞✐❝❛
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❏✐❛♥❣✱ ❚✳✱ ❳✉✱ ❘✳ ❳✳✱ ❩❤❛♥❣✱ ❆✳ ❲✳✱ ❉✐✱ ❲✳✱ ❳✐❛♦✱ ❩✳ ❏✳✱▼✐❛♦✱ ❏✳ ❨✳✱ ▲✉♦✱
◆✳ ❡t ❋❛♥❣✱ ❨✳ ◆✳ ✭✷✵✶✷✮✳ ❊✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥
♦♥ ❤❡♠✐❝❤❛♥♥❡❧ ♣❛♥♥❡①✐♥✲✶ ❛♥❞ ♥❡✉r❛❧ ♣❧❛st✐❝✐t② ✐♥ r❛t ♠♦❞❡❧ ♦❢ ❝❡r❡❜r❛❧
✐♥❢❛r❝t✐♦♥✳ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✷✻ ✿✹✷✶✕✹✷✻✳

❑❛❜❛❦♦✈✱ ❆✳ ❨✳✱ ▼✉❧❧❡r✱ P✳ ❆✳✱ P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳✱ ❏❡♥s❡♥✱ ❋✳ ❊✳ ❡t
❘♦t❡♥❜❡r❣✱ ❆✳ ✭✷✵✶✷✮✳ ❈♦♥tr✐❜✉t✐♦♥ ♦❢ ❛①♦♥❛❧ ♦r✐❡♥t❛t✐♦♥ t♦ ♣❛t❤✇❛②✲
❞❡♣❡♥❞❡♥t ♠♦❞✉❧❛t✐♦♥ ♦❢ ❡①❝✐t❛t♦r② tr❛♥s♠✐ss✐♦♥ ❜② ❞✐r❡❝t ❝✉rr❡♥t st✐✲
♠✉❧❛t✐♦♥ ✐♥ ✐s♦❧❛t❡❞ r❛t ❤✐♣♣♦❝❛♠♣✉s✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱
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❑❛♠✐❞❛✱ ❚✳✱ ❑♦♥❣✱ ❙✳✱ ❊s❤✐♠❛✱ ◆✳✱ ❆❜❡✱ ❚✳✱ ❋✉❥✐❦✐✱ ▼✳ ❡t ❑♦❜❛②❛s❤✐✱ ❍✳
✭✷✵✶✶✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❞❡❝r❡❛s❡s ❝♦♥✈✉❧s✐♦♥s ❛♥❞
s♣❛t✐❛❧ ♠❡♠♦r② ❞❡✜❝✐ts ❢♦❧❧♦✇✐♥❣ ♣✐❧♦❝❛r♣✐♥❡✲✐♥❞✉❝❡❞ st❛t✉s ❡♣✐❧❡♣t✐❝✉s ✐♥
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t❡♠❛t✐❝ r❡✈✐❡✇ ♦❢ t❤❡ ❝❧✐♥✐❝❛❧ ❡✣❝❛❝② ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲
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✭✷✵✶✷✮✳ ❉✐✛❡r❡♥❝❡s ✐♥ t❤❡ ❡①♣❡r✐❡♥❝❡ ♦❢ ❛❝t✐✈❡ ❛♥❞ s❤❛♠ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✺✭✷✮ ✿✶✺✺✕✶✻✷✳

❑❤❡❞r✱ ❊✳ ▼✳✱ ❊❧❢❡t♦❤✱ ◆✳ ❆✳✱ ❆❧✐✱ ❆✳ ▼✳ ❡t ◆♦❛♠❛♥②✱ ▼✳ ✭✷✵✶✹✮✳ ❆♥♦✲
❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦✈❡r t❤❡ ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧
❝♦rt❡① ✐♠♣r♦✈❡s ❛♥♦r❡①✐❛ ♥❡r✈♦s❛ ✿ ❆ ♣✐❧♦t st✉❞②✳ ❘❡st♦r❛t✐✈❡ ◆❡✉r♦❧♦❣②
❛♥❞ ◆❡✉r♦s❝✐❡♥❝❡✱ ✸✷✭✻✮ ✿✼✽✾✕✼✾✼✳

❑✐♠✱ ❙✳ ❏✳✱ ❑✐♠✱ ❇✳ ❑✳✱ ❑♦✱ ❨✳ ❏✳✱ ❇❛♥❣✱ ▼✳ ❙✳✱ ❑✐♠✱ ▼✳ ❍✳ ❡t ❍❛♥✱ ❚✳ ❘✳
✭✷✵✶✵✮✳ ❋✉♥❝t✐♦♥❛❧ ❛♥❞ ❍✐st♦❧♦❣✐❝ ❈❤❛♥❣❡s ❆❢t❡r ❘❡♣❡❛t❡❞ ❚r❛♥s❝r❛♥✐❛❧
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❉✐r❡❝t ❈✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✐♥ ❘❛t ❙tr♦❦❡ ▼♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ❑♦r❡❛♥ ▼❡✲
❞✐❝❛❧ ❙❝✐❡♥❝❡✱ ✷✺✭✶✵✮ ✿✶✹✾✾✳

❑✐♥❝s❡s✱ ❚✳ ❩✳✱ ❆♥t❛❧✱ ❆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❇árt❢❛✐✱ ❖✳ ❡t P❛✉❧✉s✱ ❲✳
✭✷✵✵✹✮✳ ❋❛❝✐❧✐t❛t✐♦♥ ♦❢ ♣r♦❜❛❜✐❧✐st✐❝ ❝❧❛ss✐✜❝❛t✐♦♥ ❧❡❛r♥✐♥❣ ❜② tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ✐♥ t❤❡ ❤✉♠❛♥✳ ◆❡✉r♦✲
♣s②❝❤♦❧♦❣✐❛✱ ✹✷✭✶✮ ✿✶✶✸✕✶✶✼✳

❑❧❛✉ss✱ ❏✳✱ P❡♥✐❞♦ P✐♥❤❡✐r♦✱ ▲✳ ❈✳✱ ❙✐❧✈❛ ▼❡r❧♦✱ ❇✳ ▲✳✱ ❞❡ ❆❧✲

♠❡✐❞❛ ❈♦rr❡✐❛ ❙❛♥t♦s✱ ●✳✱ ❋r❡❣♥✐✱ ❋✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t ▼✐②✉❦✐
◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s✱ ❊✳ ✭✷✵✶✹✮✳ ❆ r❛♥❞♦♠✐③❡❞ ❝♦♥tr♦❧❧❡❞ tr✐❛❧ ♦❢ t❛r✲
❣❡t❡❞ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ♠♦❞✉❧❛t✐♦♥ ✇✐t❤ t❉❈❙ ✐♥ ♣❛t✐❡♥ts ✇✐t❤ ❛❧❝♦❤♦❧ ❞❡✲
♣❡♥❞❡♥❝❡✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧
s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦✲
❧♦❣✐❝✉♠ ✭❈■◆P✮✱ ✶✼✭✶✶✮ ✿✶✼✾✸✕✶✽✵✸✳

❑❧❡♠♣✐♥✱ ❋✳✱ ❇❡✐s✱ ❉✳✱ ▼♦s✐❡♥❦♦✱ ❱✳✱ ❑❡♠♣❡r♠❛♥♥✱ ●✳✱ ❇❛❞❡r✱ ▼✳
❡t ❆❧❡♥✐♥❛✱ ◆✳ ✭✷✵✶✸✮✳ ❙❡r♦t♦♥✐♥ ✐s r❡q✉✐r❡❞ ❢♦r ❡①❡r❝✐s❡✲✐♥❞✉❝❡❞ ❛❞✉❧t
❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧
❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✸✸✭✶✾✮ ✿✽✷✼✵✕✽✷✼✺✳

❑♥❛♣s❦❛✱ ❊✳ ❡t ❑❛❝③♠❛r❡❦✱ ▲✳ ✭✷✵✵✹✮✳ ❆ ❣❡♥❡ ❢♦r ♥❡✉r♦♥❛❧ ♣❧❛st✐❝✐t②
✐♥ t❤❡ ♠❛♠♠❛❧✐❛♥ ❜r❛✐♥ ✿ ❩✐❢✷✻✽✴❊❣r✲✶✴◆●❋■✲❆✴❑r♦①✲✷✹✴❚■❙✽✴❩❊◆❑❄
Pr♦❣r❡ss ✐♥ ◆❡✉r♦❜✐♦❧♦❣②✱ ✼✹✭✹✮ ✿✶✽✸✕✷✶✶✳

❑♦❡♥✐❣s✱ ▼✳ ❡t ●r❛❢♠❛♥✱ ❏✳ ✭✷✵✵✾✮✳ ❚❤❡ ❢✉♥❝t✐♦♥❛❧ ♥❡✉r♦❛♥❛t♦♠② ♦❢ ❞❡✲
♣r❡ss✐♦♥ ✿ ❉✐st✐♥❝t r♦❧❡s ❢♦r ✈❡♥tr♦♠❡❞✐❛❧ ❛♥❞ ❞♦rs♦❧❛t❡r❛❧ ♣r❡❢r♦♥t❛❧ ❝♦rt❡①✳
❇❡❤❛✈✐♦✉r❛❧ ❜r❛✐♥ r❡s❡❛r❝❤✱ ✷✵✶✭✷✮ ✿✷✸✾✕✷✹✸✳

❑♦♦❜✱ ●✳ ❋✳ ❡t ❱♦❧❦♦✇✱ ◆✳ ❉✳ ✭✷✵✶✵✮✳ ◆❡✉r♦❝✐r❝✉✐tr② ♦❢ ❆❞❞✐❝t✐♦♥✳ ◆❡✉✲
r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✸✺✭✶✮ ✿✷✶✼✕✷✸✽✳

❑r❛✉s❡✱ ❇✳✱ ▼árq✉❡③✲❘✉✐③✱ ❏✳ ❡t ❈♦❤❡♥ ❑❛❞♦s❤✱ ❘✳ ✭✷✵✶✸✮✳ ❚❤❡ ❡❢✲
❢❡❝t ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ❛ r♦❧❡ ❢♦r ❝♦rt✐❝❛❧ ❡①❝✐t❛✲
t✐♦♥✴✐♥❤✐❜✐t✐♦♥ ❜❛❧❛♥❝❡ ❄ ❋r♦♥t✐❡rs ✐♥ ❍✉♠❛♥ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼ ✿✻✵✷✳

❑r✐s❤♥❛♥✱ ❱✳ ❡t ◆❡st❧❡r✱ ❊✳ ❏✳ ✭✷✵✵✽✮✳ ❚❤❡ ♠♦❧❡❝✉❧❛r ♥❡✉r♦❜✐♦❧♦❣② ♦❢
❞❡♣r❡ss✐♦♥✳ ◆❛t✉r❡✱ ✹✺✺✭✼✷✶✺✮ ✿✽✾✹✕✾✵✷✳

❑✉♥❝❡❧✱ ❆✳ ▼✳ ❡t ●r✐❧❧✱ ❲✳ ▼✳ ✭✷✵✵✹✮✳ ❙❡❧❡❝t✐♦♥ ♦❢ st✐♠✉❧✉s ♣❛r❛♠❡t❡rs
❢♦r ❞❡❡♣ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥✳ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✶✶✺✭✶✶✮ ✿✷✹✸✶✕✷✹✹✶✳

❑✉♦✱ ▼✳✲❋✳ ❡t ◆✐ts❝❤❡✱ ▼✳ ❆✳ ✭✷✵✶✺✮✳ ❊①♣❧♦r✐♥❣ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❢✉♥❝t✐♦♥s
✐♥ ❤❡❛❧t❤② ❤✉♠❛♥s ❜② tr❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥✳ ◆❡✉r♦s❝✐❡♥❝❡
❇✉❧❧❡t✐♥✱ ✸✶✭✷✮ ✿✶✾✽✕✷✵✻✳
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❑✉♦✱ ▼✳✲❋✳✱ P❛✉❧✉s✱ ❲✳ ❡t ◆✐ts❝❤❡✱ ▼✳ ❆✳ ✭✷✵✵✻✮✳ ❙❡① ❞✐✛❡r❡♥❝❡s ✐♥
❝♦rt✐❝❛❧ ♥❡✉r♦♣❧❛st✐❝✐t② ✐♥ ❤✉♠❛♥s✳ ◆❡✉r♦r❡♣♦rt✱ ✶✼✭✶✻✮ ✿✶✼✵✸✕✶✼✵✼✳

▲❛♣❝❤❛❦✱ P✳ ❆✳✱ ❇♦✐t❛♥♦✱ P✳ ❉✳✱ ❇✉tt❡✱ P✳ ❱✳✱ ❋✐s❤❡r✱ ❉✳ ❏✳✱ ❍ö❧✲
s❝❤❡r✱ ❚✳✱ ▲❡②✱ ❊✳ ❏✳✱ ◆✉ñ♦✱ ▼✳✱ ❱♦✐❡✱ ❆✳ ❍✳ ❡t ❘❛❥♣✉t✱ P✳ ❙✳ ✭✷✵✶✺✮✳
❚r❛♥s❝r❛♥✐❛❧ ◆❡❛r✲■♥❢r❛r❡❞ ▲❛s❡r ❚r❛♥s♠✐ss✐♦♥ ✭◆■▲❚✮ Pr♦✜❧❡s ✭✽✵✵ ♥♠✮ ✿
❙②st❡♠❛t✐❝ ❈♦♠♣❛r✐s♦♥ ✐♥ ❋♦✉r ❈♦♠♠♦♥ ❘❡s❡❛r❝❤ ❙♣❡❝✐❡s✳ P▲❖❙ ❖◆❊✱
✶✵✭✻✮ ✿❡✵✶✷✼✺✽✵✳

▲❛♣❡♥t❛✱ ❖✳ ▼✳✱ ❙✐❡r✈❡✱ ❑✳ ❉✳✱ ❞❡ ▼❛❝❡❞♦✱ ❊✳ ❈✳✱ ❋r❡❣♥✐✱ ❋✳ ❡t ❇♦❣✲
❣✐♦✱ P✳ ❙✳ ✭✷✵✶✹✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♠♦❞✉❧❛t❡s ❊❘P✲
✐♥❞❡①❡❞ ✐♥❤✐❜✐t♦r② ❝♦♥tr♦❧ ❛♥❞ r❡❞✉❝❡s ❢♦♦❞ ❝♦♥s✉♠♣t✐♦♥✳ ❆♣♣❡t✐t❡✱ ✽✸ ✿✹✷✕
✹✽✳

▲❡❢❛✉❝❤❡✉r✱ ❏✳✲P✳ ✭✷✵✵✾✮✳ ▼❡t❤♦❞s ♦❢ t❤❡r❛♣❡✉t✐❝ ❝♦rt✐❝❛❧ st✐♠✉❧❛t✐♦♥✳
◆❡✉r♦♣❤②s✐♦❧♦❣✐❡ ❈❧✐♥✐q✉❡ ❂ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✸✾✭✶✮ ✿✶✕✶✹✳

▲❡❣❛st❡❧♦✐s✱ ❘✳✱ ❇♦t✐❛✱ ❇✳✱ ❈♦✉♥❡✱ ❋✳✱ ❏❡❛♥❜❧❛♥❝✱ ❏✳ ❡t ◆❛❛ss✐❧❛✱
▼✳ ✭✷✵✶✹✮✳ ❉❡❝✐♣❤❡r✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ✈✉❧♥❡r❛❜✐❧✐t② t♦ ❡t❤❛♥♦❧✲
✐♥❞✉❝❡❞ ❜❡❤❛✈✐♦r❛❧ s❡♥s✐t✐③❛t✐♦♥ ❛♥❞ ❡t❤❛♥♦❧ ❝♦♥s✉♠♣t✐♦♥ ✐♥ ♦✉t❜r❡❞ ♠✐❝❡✳
❆❞❞✐❝t✐♦♥ ❇✐♦❧♦❣②✱ ✶✾✭✷✮ ✿✷✶✵✕✷✷✹✳

▲❡✈❛ss❡✉r✲▼♦r❡❛✉✱ ❏✳✱ ❇r✉♥❡❧✐♥✱ ❏✳ ❡t ❋❡❝t❡❛✉✱ ❙✳ ✭✷✵✶✸✮✳ ◆♦♥✲
✐♥✈❛s✐✈❡ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ❝❛♥ ✐♥❞✉❝❡ ♣❛r❛❞♦①✐❝❛❧ ❢❛❝✐❧✐t❛t✐♦♥✳ ❆r❡ t❤❡s❡
♥❡✉r♦❡♥❤❛♥❝❡♠❡♥ts tr❛♥s❢❡r❛❜❧❡ ❛♥❞ ♠❡❛♥✐♥❣❢✉❧ t♦ s❡❝✉r✐t② s❡r✈✐❝❡s ❄
❋r♦♥t✐❡rs ✐♥ ❍✉♠❛♥ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼✳

▲✐✱ ❍✳✱ ▲❡✐✱ ❳✳✱❨❛♥✱ ❚✳✱ ▲✐✱ ❍✳✱❍✉❛♥❣✱ ❇✳✱ ▲✐✱ ▲✳✱❳✉✱ ▲✳✱ ▲✐✉✱ ▲✳✱❈❤❡♥✱ ◆✳✱
▲ü✱ ▲✳✱▼❛✱ ❨✳✱❳✉✱ ▲✳✱ ▲✐✱ ❏✳✱❲❛♥❣✱ ❩✳✱ ❩❤❛♥❣✱ ❇✳ ❡t❍✉✱ ❳✳ ✭✷✵✶✺✮✳ ❚❤❡
t❡♠♣♦r❛r② ❛♥❞ ❛❝❝✉♠✉❧❛t❡❞ ❡✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛✲
t✐♦♥ ❢♦r t❤❡ tr❡❛t♠❡♥t ♦❢ ❛❞✈❛♥❝❡❞ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡ ♠♦♥❦❡②s✳ ❙❝✐❡♥t✐✜❝
❘❡♣♦rts✱ ✺ ✿✶✷✶✼✽✳

▲✐✱ ❨✳✱ ❚✐❛♥✱ ❳✳✱ ◗✐❛♥✱ ▲✳✱ ❨✉✱ ❳✳ ❡t ❏✐❛♥❣✱ ❲✳ ✭✷✵✶✶✮✳ ❆♥♦❞❛❧ tr❛♥s❝r❛✲
♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ r❡❧✐❡✈❡s t❤❡ ✉♥✐❧❛t❡r❛❧ ❜✐❛s ♦❢ ❛ r❛t ♠♦❞❡❧
♦❢ P❛r❦✐♥s♦♥✬s ❞✐s❡❛s❡✳ ❈♦♥❢❡r❡♥❝❡ ♣r♦❝❡❡❞✐♥❣s ✿ ✳✳✳ ❆♥♥✉❛❧ ■♥t❡r♥❛t✐♦✲
♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦❢ t❤❡ ■❊❊❊ ❊♥❣✐♥❡❡r✐♥❣ ✐♥ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣② ❙♦❝✐❡t②✳
■❊❊❊ ❊♥❣✐♥❡❡r✐♥❣ ✐♥ ▼❡❞✐❝✐♥❡ ❛♥❞ ❇✐♦❧♦❣② ❙♦❝✐❡t②✳ ❆♥♥✉❛❧ ❈♦♥❢❡r❡♥❝❡✱
✷✵✶✶ ✿✼✻✺✕✼✻✽✳

▲✐❡❜❡t❛♥③✱ ❉✳✱ ❋r❡❣♥✐✱ ❋✳✱ ▼♦♥t❡✲❙✐❧✈❛✱ ❑✳ ❑✳✱ ❖❧✐✈❡✐r❛✱ ▼✳ ❇✳✱
❆♠â♥❝✐♦✲❞♦s ❙❛♥t♦s✱ ❆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳ ❡t ●✉❡❞❡s✱ ❘✳ ❈✳ ❆✳ ✭✷✵✵✻❛✮✳
❆❢t❡r✲❡✛❡❝ts ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ♦♥ ❝♦rt✐❝❛❧
s♣r❡❛❞✐♥❣ ❞❡♣r❡ss✐♦♥✳ ◆❡✉r♦s❝✐❡♥❝❡ ▲❡tt❡rs✱ ✸✾✽✭✶✲✷✮ ✿✽✺✕✾✵✳
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▲✐❡❜❡t❛♥③✱ ❉✳✱ ❑❧✐♥❦❡r✱ ❋✳✱ ❍❡r✐♥❣✱ ❉✳✱ ❑♦❝❤✱ ❘✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱
P♦ts❝❤❦❛✱ ❍✳✱ ▲ös❝❤❡r✱ ❲✳✱ P❛✉❧✉s✱ ❲✳ ❡t ❚❡r❣❛✉✱ ❋✳ ✭✷✵✵✻❜✮✳ ❆♥✲
t✐❝♦♥✈✉❧s❛♥t ❊✛❡❝ts ♦❢ ❚r❛♥s❝r❛♥✐❛❧ ❉✐r❡❝t✲❝✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ✐♥
t❤❡ ❘❛t ❈♦rt✐❝❛❧ ❘❛♠♣ ▼♦❞❡❧ ♦❢ ❋♦❝❛❧ ❊♣✐❧❡♣s②✳ ❊♣✐❧❡♣s✐❛✱ ✹✼✭✼✮ ✿✶✷✶✻✕
✶✷✷✹✳

▲✐❡❜❡t❛♥③✱ ❉✳✱ ❑♦❝❤✱ ❘✳✱ ▼❛②❡♥❢❡❧s✱ ❙✳✱ ❑ö♥✐❣✱ ❋✳✱ P❛✉❧✉s✱ ❲✳ ❡t
◆✐ts❝❤❡✱ ▼✳ ❆✳ ✭✷✵✵✾✮✳ ❙❛❢❡t② ❧✐♠✐ts ♦❢ ❝❛t❤♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉r✲
r❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ r❛ts✳ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣② ✿ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡
■♥t❡r♥❛t✐♦♥❛❧ ❋❡❞❡r❛t✐♦♥ ♦❢ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✶✷✵✭✻✮ ✿✶✶✻✶✕✶✶✻✼✳

▲✐❡❜❡t❛♥③✱ ❉✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❚❡r❣❛✉✱ ❋✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✷✮✳ P❤❛r✲
♠❛❝♦❧♦❣✐❝❛❧ ❛♣♣r♦❛❝❤ t♦ t❤❡ ♠❡❝❤❛♥✐s♠s ♦❢ tr❛♥s❝r❛♥✐❛❧ ❉❈✲st✐♠✉❧❛t✐♦♥✲
✐♥❞✉❝❡❞ ❛❢t❡r✲❡✛❡❝ts ♦❢ ❤✉♠❛♥ ♠♦t♦r ❝♦rt❡① ❡①❝✐t❛❜✐❧✐t②✳ ❇r❛✐♥ ✿ ❛ ❥♦✉r♥❛❧
♦❢ ♥❡✉r♦❧♦❣②✱ ✶✷✺✭Pt ✶✵✮ ✿✷✷✸✽✕✷✷✹✼✳

▲✐♥✱ ❊✳✲❏✳ ❉✳✱ ❈❤♦✐✱ ❊✳✱ ▲✐✉✱ ❳✳✱ ▼❛rt✐♥✱ ❆✳ ❡t ❉✉r✐♥❣✱ ▼✳ ❏✳ ✭✷✵✶✶✮✳
❊♥✈✐r♦♥♠❡♥t❛❧ ❡♥r✐❝❤♠❡♥t ❡①❡rts s❡①✲s♣❡❝✐✜❝ ❡✛❡❝ts ♦♥ ❡♠♦t✐♦♥❛❧✐t② ✐♥
❈✺✼❜❧✴✻❥ ♠✐❝❡✳ ❇❡❤❛✈✐♦✉r❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✷✶✻✭✶✮ ✿✸✹✾✕✸✺✼✳

▲✐♥❞❡♥❜❡r❣✱ ❘✳✱ ❘❡♥❣❛✱ ❱✳✱ ❩❤✉✱ ▲✳ ▲✳✱ ◆❛✐r✱ ❉✳ ❡t ❙❝❤❧❛✉❣✱ ●✳ ✭✷✵✶✵✮✳
❇✐❤❡♠✐s♣❤❡r✐❝ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ❢❛❝✐❧✐t❛t❡s ♠♦t♦r r❡❝♦✈❡r② ✐♥ ❝❤r♦♥✐❝ str♦❦❡
♣❛t✐❡♥ts✳ ◆❡✉r♦❧♦❣②✱ ✼✺✭✷✹✮ ✿✷✶✼✻✕✷✶✽✹✳

▲✐♣♣♦❧❞✱ ❖✳ ❈✳ ❡t ❘❡❞❢❡❛r♥✱ ❏✳ ❲✳ ✭✶✾✻✹✮✳ ▼❡♥t❛❧ ❝❤❛♥❣❡s r❡s✉❧t✐♥❣ ❢r♦♠
t❤❡ ♣❛ss❛❣❡ ♦❢ s♠❛❧❧ ❞✐r❡❝t ❝✉rr❡♥ts t❤r♦✉❣❤ t❤❡ ❤✉♠❛♥ ❜r❛✐♥✳ ❚❤❡ ❇r✐t✐s❤
❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr② ✿ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ▼❡♥t❛❧ ❙❝✐❡♥❝❡✱ ✶✶✵ ✿✼✻✽✕✼✼✷✳

▲✐st❡r✱ ❘✳ ●✳ ✭✶✾✽✼✮✳ ❚❤❡ ✉s❡ ♦❢ ❛ ♣❧✉s✲♠❛③❡ t♦ ♠❡❛s✉r❡ ❛♥①✐❡t② ✐♥ t❤❡
♠♦✉s❡✳ Ps②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✾✷✭✷✮ ✿✶✽✵✕✶✽✺✳

▲❧❡❞♦✱ P✳✲▼✳ ❡t●❤❡✉s✐✱ ●✳ ✭✷✵✵✻✮✳ ❆❞✉❧t ♥❡✉r♦❣❡♥❡s✐s ✿ ❢r♦♠ ❜❛s✐❝ r❡s❡❛r❝❤
t♦ ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ ❇✉❧❧❡t✐♥ ❉❡ ❧✬❆❝❛❞é♠✐❡ ◆❛t✐♦♥❛❧❡ ❉❡ ▼é❞❡❝✐♥❡✱
✶✾✵✭✷✮ ✿✸✽✺✕✹✵✵ ❀ ❞✐s❝✉ss✐♦♥ ✹✵✵✕✹✵✷✳

▲♦♦✱ ❈✳ ❑✳✱ ❆❧♦♥③♦✱ ❆✳✱ ▼❛rt✐♥✱ ❉✳✱ ▼✐t❝❤❡❧❧✱ P✳ ❇✳✱ ●❛❧✈❡③✱ ❱✳ ❡t
❙❛❝❤❞❡✈✱ P✳ ✭✷✵✶✷✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❢♦r ❞❡♣r❡s✲
s✐♦♥ ✿ ✸✲✇❡❡❦✱ r❛♥❞♦♠✐s❡❞✱ s❤❛♠✲❝♦♥tr♦❧❧❡❞ tr✐❛❧✳ ❚❤❡ ❇r✐t✐s❤ ❏♦✉r♥❛❧ ♦❢
Ps②❝❤✐❛tr② ✿ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ▼❡♥t❛❧ ❙❝✐❡♥❝❡✱ ✷✵✵✭✶✮ ✿✺✷✕✺✾✳

▲♦♦✱ ❈✳ ❑✳✱▼❛rt✐♥✱ ❉✳ ▼✳✱ ❆❧♦♥③♦✱ ❆✳✱ ●❛♥❞❡✈✐❛✱ ❙✳✱▼✐t❝❤❡❧❧✱ P✳ ❇✳
❡t ❙❛❝❤❞❡✈✱ P✳ ✭✷✵✶✶✮✳ ❆✈♦✐❞✐♥❣ s❦✐♥ ❜✉r♥s ✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉r✲
r❡♥t st✐♠✉❧❛t✐♦♥ ✿ ♣r❡❧✐♠✐♥❛r② ❝♦♥s✐❞❡r❛t✐♦♥s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢
◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✶✹✭✸✮ ✿✹✷✺✕✹✷✻✳
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▲♦♦✱ ❈✳ ❑✳✱ ❙❛❝❤❞❡✈✱ P✳✱ ▼❛rt✐♥✱ ❉✳✱ P✐❣♦t✱ ▼✳✱ ❆❧♦♥③♦✱ ❆✳✱ ▼❛❧❤✐✱
●✳ ❙✳✱ ▲❛❣♦♣♦✉❧♦s✱ ❏✳ ❡t ▼✐t❝❤❡❧❧✱ P✳ ✭✷✵✶✵✮✳ ❆ ❞♦✉❜❧❡✲❜❧✐♥❞✱ s❤❛♠✲
❝♦♥tr♦❧❧❡❞ tr✐❛❧ ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ tr❡❛t♠❡♥t
♦❢ ❞❡♣r❡ss✐♦♥✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✴ ♦❢✲
✜❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡ ◆❡✉r♦♣s②❝❤♦♣❤❛r✲
♠❛❝♦❧♦❣✐❝✉♠ ✭❈■◆P✮✱ ✶✸✭✶✮ ✿✻✶✕✻✾✳

▲♦✉❣❤❡❛❞✱ ❏✳✱ ❲✐❧❡②t♦✱ ❊✳ P✳✱ ❘✉♣❛r❡❧✱ ❑✳✱ ❋❛❧❝♦♥❡✱ ▼✳✱ ❍♦♣s♦♥✱
❘✳✱ ●✉r✱ ❘✳ ❡t ▲❡r♠❛♥✱ ❈✳ ✭✷✵✶✺✮✳ ❲♦r❦✐♥❣ ♠❡♠♦r②✲r❡❧❛t❡❞ ♥❡✉r❛❧ ❛❝✲
t✐✈✐t② ♣r❡❞✐❝ts ❢✉t✉r❡ s♠♦❦✐♥❣ r❡❧❛♣s❡✳ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✿ ❖❢✲
✜❝✐❛❧ P✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❈♦❧❧❡❣❡ ♦❢ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱
✹✵✭✻✮ ✿✶✸✶✶✕✶✸✷✵✳

▲üs❝❤❡r✱ ❈✳ ❡t▼❛❧❡♥❦❛✱ ❘✳ ❈✳ ✭✷✵✶✷✮✳ ◆▼❉❆ ❘❡❝❡♣t♦r✲❉❡♣❡♥❞❡♥t ▲♦♥❣✲
❚❡r♠ P♦t❡♥t✐❛t✐♦♥ ❛♥❞ ▲♦♥❣✲❚❡r♠ ❉❡♣r❡ss✐♦♥ ✭▲❚P✴▲❚❉✮✳ ❈♦❧❞ ❙♣r✐♥❣
❍❛r❜♦r P❡rs♣❡❝t✐✈❡s ✐♥ ❇✐♦❧♦❣②✱ ✹✭✻✮ ✿❛✵✵✺✼✶✵✳

▲②♥❝❤ ■■■✱ ❏✳ ❏✳✱ ❈❛st❛❣♥é✱ ❱✳✱ ▼♦s❡r✱ P✳ ❈✳ ❡t ▼✐tt❡❧st❛❞t✱ ❙✳ ❲✳
✭✷✵✶✶✮✳ ❈♦♠♣❛r✐s♦♥ ♦❢ ♠❡t❤♦❞s ❢♦r t❤❡ ❛ss❡ss♠❡♥t ♦❢ ❧♦❝♦♠♦t♦r ❛❝t✐✈✐t②
✐♥ r♦❞❡♥t s❛❢❡t② ♣❤❛r♠❛❝♦❧♦❣② st✉❞✐❡s✳ ❏♦✉r♥❛❧ ♦❢ P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❛♥❞
❚♦①✐❝♦❧♦❣✐❝❛❧ ▼❡t❤♦❞s✱ ✻✹✭✶✮ ✿✼✹✕✽✵✳

▼❛❛s✱ ▲✳ ❈✳✱ ▲✉❦❛s✱ ❙✳ ❊✳✱ ❑❛✉❢♠❛♥✱ ▼✳ ❏✳✱❲❡✐ss✱ ❘✳ ❉✳✱ ❉❛♥✐❡❧s✱ ❙✳ ▲✳✱
❘♦❣❡rs✱ ❱✳ ❲✳✱ ❑✉❦❡s✱ ❚✳ ❏✳ ❡t ❘❡♥s❤❛✇✱ P✳ ❋✳ ✭✶✾✾✽✮✳ ❋✉♥❝t✐♦♥❛❧
♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✐♠❛❣✐♥❣ ♦❢ ❤✉♠❛♥ ❜r❛✐♥ ❛❝t✐✈❛t✐♦♥ ❞✉r✐♥❣ ❝✉❡✲✐♥❞✉❝❡❞
❝♦❝❛✐♥❡ ❝r❛✈✐♥❣✳ ❚❤❡ ❆♠❡r✐❝❛♥ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr②✱ ✶✺✺✭✶✮ ✿✶✷✹✕✶✷✻✳

▼❛❝❞♦♥❛❧❞✱ ❆✳ ❏✳ ❘✳ ✭✶✾✾✸✮✳ ❆ ❜r✐❡❢ r❡✈✐❡✇ ♦❢ t❤❡ ❤✐st♦r② ♦❢ ❡❧❡❝tr♦t❤❡r❛♣②
❛♥❞ ✐ts ✉♥✐♦♥ ✇✐t❤ ❛❝✉♣✉♥❝t✉r❡✳ ❆❝✉♣✉♥❝t✉r❡ ✐♥ ▼❡❞✐❝✐♥❡✱ ✶✶✭✷✮ ✿✻✻✕✼✺✳

▼❛❝❡❞♦✱ ■✳ ❈✳✱ ❞❡ ❖❧✐✈❡✐r❛✱ ❈✳✱ ❱❡r❝❡❧✐♥♦✱ ❘✳✱ ❙♦✉③❛✱ ❆✳✱ ▲❛st❡✱ ●✳✱
▼❡❞❡✐r♦s✱ ▲✳ ❋✳✱ ❙❝❛r❛❜❡❧♦t✱ ❱✳ ▲✳✱ ◆✉♥❡s✱ ❊✳ ❆✳✱ ❑✉♦✱ ❏✳✱ ❋r❡❣♥✐✱
❋✳✱ ❈❛✉♠♦✱ ❲✳ ❡t ❚♦rr❡s✱ ■✳ ▲✳ ❙✳ ✭✷✵✶✻✮✳ ❘❡♣❡❛t❡❞ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ r❡❞✉❝❡s ❢♦♦❞ ❝r❛✈✐♥❣ ✐♥ ❲✐st❛r r❛ts✳ ❆♣♣❡t✐t❡✱ ✶✵✸ ✿✷✾✕
✸✼✳

▼❛❞s❡♥✱ ❚✳ ▼✳✱ ❚r❡s❝❤♦✇✱ ❆✳✱ ❇❡♥❣③♦♥✱ ❏✳✱ ❇♦❧✇✐❣✱ ❚✳ ●✳✱ ▲✐♥❞✈❛❧❧✱
❖✳ ❡t ❚✐♥❣strö♠✱ ❆✳ ✭✷✵✵✵✮✳ ■♥❝r❡❛s❡❞ ♥❡✉r♦❣❡♥❡s✐s ✐♥ ❛ ♠♦❞❡❧ ♦❢ ❡❧❡❝✲
tr♦❝♦♥✈✉❧s✐✈❡ t❤❡r❛♣②✳ ❇✐♦❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✹✼✭✶✷✮ ✿✶✵✹✸✕✶✵✹✾✳

▼❛❤♠♦✉❞✐✱ ❍✳✱ ❇♦r❤❛♥✐ ❍❛❣❤✐❣❤✐✱ ❆✳✱ P❡tr❛♠❢❛r✱ P✳✱ ❏❛❤❛♥s❤❛❤✐✱
❙✳✱ ❙❛❧❡❤✐✱ ❩✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✶✶✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲
❧❛t✐♦♥ ✿ ❡❧❡❝tr♦❞❡ ♠♦♥t❛❣❡ ✐♥ str♦❦❡✳ ❉✐s❛❜✐❧✐t② ❛♥❞ ❘❡❤❛❜✐❧✐t❛t✐♦♥✱ ✸✸✭✶✺✲
✶✻✮ ✿✶✸✽✸✕✶✸✽✽✳
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▼❛❧❜❡r❣✱ ❏✳ ❊✳✱ ❊✐s❝❤✱ ❆✳ ❏✳✱ ◆❡st❧❡r✱ ❊✳ ❏✳ ❡t ❉✉♠❛♥✱ ❘✳ ❙✳ ✭✷✵✵✵✮✳
❈❤r♦♥✐❝ ❛♥t✐❞❡♣r❡ss❛♥t tr❡❛t♠❡♥t ✐♥❝r❡❛s❡s ♥❡✉r♦❣❡♥❡s✐s ✐♥ ❛❞✉❧t r❛t ❤✐♣✲
♣♦❝❛♠♣✉s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡
❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✵✭✷✹✮ ✿✾✶✵✹✕✾✶✶✵✳

▼❛♥❡♥t✐✱ ❘✳✱ ❇r❛♠❜✐❧❧❛✱ ▼✳✱ P❡t❡s✐✱ ▼✳✱ ❋❡rr❛r✐✱ ❈✳ ❡t ❈♦t❡❧❧✐✱ ▼✳
✭✷✵✶✸✮✳ ❊♥❤❛♥❝✐♥❣ ✈❡r❜❛❧ ❡♣✐s♦❞✐❝ ♠❡♠♦r② ✐♥ ♦❧❞❡r ❛♥❞ ②♦✉♥❣ s✉❜❥❡❝ts ❛❢✲
t❡r ♥♦♥✲✐♥✈❛s✐✈❡ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥✳ ❋r♦♥t✐❡rs ✐♥ ❆❣✐♥❣ ◆❡✉r♦s❝✐❡♥❝❡✱ ✺ ✿✹✾✳

▼❛ts✉♦✱ ❆✳✱ ▼❛❡♦❦❛✱ ❍✳✱ ❍✐②❛♠✐③✉✱ ▼✳✱ ❙❤♦♠♦t♦✱ ❑✳✱ ▼♦r✐♦❦❛✱ ❙✳ ❡t
❙❡❦✐✱ ❑✳ ✭✷✵✶✶✮✳ ❊♥❤❛♥❝❡♠❡♥t ♦❢ ♣r❡❝✐s❡ ❤❛♥❞ ♠♦✈❡♠❡♥t ❜② tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ◆❡✉r♦r❡♣♦rt✱ ✷✷✭✷✮ ✿✼✽✕✽✷✳

▼❛tt❛✐✱ ❆✳✱ ▼✐❧❧❡r✱ ❘✳✱ ❲❡✐s✐♥❣❡r✱ ❇✳✱ ●r❡❡♥st❡✐♥✱ ❉✳✱ ❇❛❦❛❧❛r✱ ❏✳✱
❚♦ss❡❧❧✱ ❏✳✱ ❉❛✈✐❞✱ ❈✳✱ ❲❛ss❡r♠❛♥♥✱ ❊✳ ▼✳✱ ❘❛♣♦♣♦rt✱ ❏✳ ❡t ●♦❣✲
t❛②✱ ◆✳ ✭✷✵✶✶✮✳ ❚♦❧❡r❛❜✐❧✐t② ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥
❝❤✐❧❞❤♦♦❞✲♦♥s❡t s❝❤✐③♦♣❤r❡♥✐❛✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✹✭✹✮ ✿✷✼✺✕✷✽✵✳

▼❝❈✉t❝❤❡♦♥✱ ❏✳ ❊✳ ❡t▼❛r✐♥❡❧❧✐✱ ▼✳ ✭✷✵✵✾✮✳ ❆❣❡ ♠❛tt❡rs✳ ❚❤❡ ❊✉r♦♣❡❛♥
❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✾✭✺✮ ✿✾✾✼✕✶✵✶✹✳

▼❡❧ó♥✱ ▲✳ ❈✳ ❡t ❇♦❡❤♠✱ ❙✳ ▲✳ ✭✷✵✶✶✮✳ ❘♦❧❡ ♦❢ ❣❡♥♦t②♣❡ ✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t
♦❢ ❧♦❝♦♠♦t♦r s❡♥s✐t✐③❛t✐♦♥ t♦ ❛❧❝♦❤♦❧ ✐♥ ❛❞✉❧t ❛♥❞ ❛❞♦❧❡s❝❡♥t ♠✐❝❡ ✿ ❝♦♠✲
♣❛r✐s♦♥ ♦❢ t❤❡ ❉❇❆✴✷❥ ❛♥❞ ❈✺✼❜❧✴✻❥ ✐♥❜r❡❞ ♠♦✉s❡ str❛✐♥s✳ ❆❧❝♦❤♦❧✐s♠✱
❝❧✐♥✐❝❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ r❡s❡❛r❝❤✱ ✸✺✭✼✮ ✿✶✸✺✶✕✶✸✻✵✳

▼❡r♦♥✱ ❉✳✱ ❍❡❞❣❡r✱ ◆✳✱ ●❛r♥❡r✱ ▼✳ ❡t ❇❛❧❞✇✐♥✱ ❉✳ ❙✳ ✭✷✵✶✺✮✳ ❚r❛♥s✲
❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ✐♥ t❤❡ tr❡❛t♠❡♥t ♦❢ ❞❡♣r❡ss✐♦♥ ✿
❙②st❡♠❛t✐❝ r❡✈✐❡✇ ❛♥❞ ♠❡t❛✲❛♥❛❧②s✐s ♦❢ ❡✣❝❛❝② ❛♥❞ t♦❧❡r❛❜✐❧✐t②✳ ◆❡✉r♦s✲
❝✐❡♥❝❡ ❛♥❞ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✳

▼❡s❤✐✱ ❉✳✱ ❉r❡✇✱ ▼✳ ❘✳✱ ❙❛①❡✱ ▼✳✱ ❆♥s♦r❣❡✱ ▼✳ ❙✳✱ ❉❛✈✐❞✱ ❉✳✱ ❙❛♥t❛✲
r❡❧❧✐✱ ▲✳✱ ▼❛❧❛♣❛♥✐✱ ❈✳✱ ▼♦♦r❡✱ ❍✳ ❡t ❍❡♥✱ ❘✳ ✭✷✵✵✻✮✳ ❍✐♣♣♦❝❛♠♣❛❧
♥❡✉r♦❣❡♥❡s✐s ✐s ♥♦t r❡q✉✐r❡❞ ❢♦r ❜❡❤❛✈✐♦r❛❧ ❡✛❡❝ts ♦❢ ❡♥✈✐r♦♥♠❡♥t❛❧ ❡♥r✐❝❤✲
♠❡♥t✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✾✭✻✮ ✿✼✷✾✕✼✸✶✳

▼✐❧❧❡r✱ ❇✳ ▲✳ ❡t ❈✉♠♠✐♥❣s✱ ❏✳ ▲✳ ✭✷✵✵✼✮✳ ❚❤❡ ❍✉♠❛♥ ❋r♦♥t❛❧ ▲♦❜❡s ✿
❋✉♥❝t✐♦♥s ❛♥❞ ❉✐s♦r❞❡rs✳ ●✉✐❧❢♦r❞ Pr❡ss✳

▼♦❧✐❛❞③❡✱ ❱✳✱ ❆♥❞r❡❛s✱ ❙✳✱ ▲②③❤❦♦✱ ❊✳✱ ❙❝❤♠❛♥❦❡✱ ❚✳✱ ●✉r❛s❤✈✐❧✐✱
❚✳✱ ❋r❡✐t❛❣✱ ❈✳ ▼✳ ❡t ❙✐♥✐❛t❝❤❦✐♥✱ ▼✳ ✭✷✵✶✺✮✳ ❚❡♥ ♠✐♥✉t❡s ♦❢ ✶ ♠❆
tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✇❛s ✇❡❧❧ t♦❧❡r❛t❡❞ ❜② ❝❤✐❧❞r❡♥ ❛♥❞
❛❞♦❧❡s❝❡♥ts ✿ ❙❡❧❢✲r❡♣♦rts ❛♥❞ r❡st✐♥❣ st❛t❡ ❊❊● ❛♥❛❧②s✐s✳ ❇r❛✐♥ ❘❡s❡❛r❝❤
❇✉❧❧❡t✐♥✱ ✶✶✾✭Pt ❆✮ ✿✷✺✕✸✸✳
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▼♦❧✐❛❞③❡✱ ❱✳✱❆♥t❛❧✱ ❆✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✶✵✮✳ ❇♦♦st✐♥❣ ❜r❛✐♥ ❡①❝✐t❛❜✐❧✐t②
❜② tr❛♥s❝r❛♥✐❛❧ ❤✐❣❤ ❢r❡q✉❡♥❝② st✐♠✉❧❛t✐♦♥ ✐♥ t❤❡ r✐♣♣❧❡ r❛♥❣❡✳ ❚❤❡ ❏♦✉r♥❛❧
♦❢ P❤②s✐♦❧♦❣②✱ ✺✽✽✭✷✹✮ ✿✹✽✾✶✕✹✾✵✹✳

▼♦❧✐❛❞③❡✱ ❱✳✱ ❆t❛❧❛②✱ ❉✳✱ ❆♥t❛❧✱ ❆✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✶✷✮✳ ❈❧♦s❡ t♦
t❤r❡s❤♦❧❞ tr❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥ ♣r❡❢❡r❡♥t✐❛❧❧② ❛❝t✐✈❛t❡s ✐♥❤✐❜✐✲
t♦r② ♥❡t✇♦r❦s ❜❡❢♦r❡ s✇✐t❝❤✐♥❣ t♦ ❡①❝✐t❛t✐♦♥ ✇✐t❤ ❤✐❣❤❡r ✐♥t❡♥s✐t✐❡s✳ ❇r❛✐♥
❙t✐♠✉❧❛t✐♦♥✱ ✺✭✹✮ ✿✺✵✺✕✺✶✶✳

▼♦♥❛✐✱ ❍✳✱ ❖❤❦✉r❛✱ ▼✳✱ ❚❛♥❛❦❛✱ ▼✳✱ ❖❡✱ ❨✳✱ ❑♦♥♥♦✱ ❆✳✱ ❍✐r❛✐✱ ❍✳✱
▼✐❦♦s❤✐❜❛✱ ❑✳✱ ■t♦❤❛r❛✱ ❙✳✱ ◆❛❦❛✐✱ ❏✳✱ ■✇❛✐✱ ❨✳ ❡t ❍✐r❛s❡✱ ❍✳ ✭✷✵✶✻✮✳
❈❛❧❝✐✉♠ ✐♠❛❣✐♥❣ r❡✈❡❛❧s ❣❧✐❛❧ ✐♥✈♦❧✈❡♠❡♥t ✐♥ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥✲✐♥❞✉❝❡❞ ♣❧❛st✐❝✐t② ✐♥ ♠♦✉s❡ ❜r❛✐♥✳ ◆❛t✉r❡ ❈♦♠♠✉♥✐❝❛t✐♦♥s✱
✼ ✿✶✶✶✵✵✳

▼♦♥t❡✲❙✐❧✈❛✱ ❑✳✱ ❑✉♦✱ ▼✳✲❋✳✱ ❍❡ss❡♥t❤❛❧❡r✱ ❙✳✱ ❋r❡s♥♦③❛✱ ❙✳✱ ▲✐❡✲
❜❡t❛♥③✱ ❉✳✱ P❛✉❧✉s✱ ❲✳ ❡t ◆✐ts❝❤❡✱ ▼✳ ❆✳ ✭✷✵✶✸✮✳ ■♥❞✉❝t✐♦♥ ♦❢ ▲❛t❡
▲❚P✲▲✐❦❡ P❧❛st✐❝✐t② ✐♥ t❤❡ ❍✉♠❛♥ ▼♦t♦r ❈♦rt❡① ❜② ❘❡♣❡❛t❡❞ ◆♦♥✲■♥✈❛s✐✈❡
❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✻✭✸✮ ✿✹✷✹✕✹✸✷✳

▼♦♥t❡✲❙✐❧✈❛✱ ❑✳✱ ❑✉♦✱ ▼✳✲❋✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ P❛✉❧✉s✱ ❲✳ ❡t ◆✐ts❝❤❡✱
▼✳ ❆✳ ✭✷✵✶✵✮✳ ❙❤❛♣✐♥❣ t❤❡ ❖♣t✐♠❛❧ ❘❡♣❡t✐t✐♦♥ ■♥t❡r✈❛❧ ❢♦r ❈❛t❤♦❞❛❧ ❚r❛♥s✲
❝r❛♥✐❛❧ ❉✐r❡❝t ❈✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱
✶✵✸✭✹✮ ✿✶✼✸✺✕✶✼✹✵✳

▼♦♥t❡♥❡❣r♦✱ ❘✳ ❆✳✱ ❖❦❛♥♦✱ ❆✳ ❍✳✱ ❈✉♥❤❛✱ ❋✳ ❆✳✱ ●✉r❣❡❧✱ ❏✳ ▲✳✱
❋♦♥t❡s✱ ❊✳ ❇✳ ❡t ❋❛r✐♥❛tt✐✱ P✳ ❚✳ ❱✳ ✭✷✵✶✷✮✳ Pr❡❢r♦♥t❛❧ ❝♦rt❡① tr❛♥s✲
❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❡r♦❜✐❝ ❡①❡r❝✐s❡ ❝❤❛♥❣❡
❛s♣❡❝ts ♦❢ ❛♣♣❡t✐t❡ s❡♥s❛t✐♦♥ ✐♥ ♦✈❡r✇❡✐❣❤t ❛❞✉❧ts✳ ❆♣♣❡t✐t❡✱ ✺✽✭✶✮ ✿✸✸✸✕
✸✸✽✳

▼♦rr✐s✱ ❘✳ ✭✶✾✽✹✮✳ ❉❡✈❡❧♦♣♠❡♥ts ♦❢ ❛ ✇❛t❡r✲♠❛③❡ ♣r♦❝❡❞✉r❡ ❢♦r st✉❞②✐♥❣
s♣❛t✐❛❧ ❧❡❛r♥✐♥❣ ✐♥ t❤❡ r❛t✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ▼❡t❤♦❞s✱ ✶✶✭✶✮ ✿✹✼✕✻✵✳

▼♦s❡r✱ ❱✳ ❈✳ ✭✷✵✶✶✮✳ ❋✉♥❝t✐♦♥❛❧ ❆ss❛②s ❢♦r ◆❡✉r♦t♦①✐❝✐t② ❚❡st✐♥❣✳ ❚♦①✐❝♦✲
❧♦❣✐❝ P❛t❤♦❧♦❣②✱ ✸✾✭✶✮ ✿✸✻✕✹✺✳

▼árq✉❡③✲❘✉✐③✱ ❏✳✱ ▲❡❛❧✲❈❛♠♣❛♥❛r✐♦✱ ❘✳✱ ❙á♥❝❤❡③✲❈❛♠♣✉s❛♥♦✱ ❘✳✱
▼♦❧❛❡❡✲❆r❞❡❦❛♥✐✱ ❇✳✱ ❲❡♥❞❧✐♥❣✱ ❋✳✱ ▼✐r❛♥❞❛✱ P✳ ❈✳✱ ❘✉❢❢✐♥✐✱ ●✳✱
●r✉❛rt✱ ❆✳ ❡t ❉❡❧❣❛❞♦✲●❛r❝í❛✱ ❏✳ ▼✳ ✭✷✵✶✷✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t✲
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♠♦❞✉❧❛t❡s s②♥❛♣t✐❝ ♠❡❝❤❛♥✐s♠s ✐♥✈♦❧✈❡❞ ✐♥ ❛ss♦❝✐❛✲
t✐✈❡ ❧❡❛r♥✐♥❣ ✐♥ ❜❡❤❛✈✐♥❣ r❛❜❜✐ts✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢
❙❝✐❡♥❝❡s ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ♦❢ ❆♠❡r✐❝❛✱ ✶✵✾✭✶✼✮ ✿✻✼✶✵✕✻✼✶✺✳
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▼✉s③❦❛t✱ ❉✳✱ P♦❧❛♥❝③②❦✱ ●✳ ❱✳✱ ❉✐❛s✱ ❚✳ ●✳ ❈✳ ❡t ❇r✉♥♦♥✐✱ ❆✳ ❘✳
✭✷✵✶✻✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❉✐r❡❝t ❈✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✐♥ ❈❤✐❧❞ ❛♥❞ ❆❞♦❧❡s❝❡♥t
Ps②❝❤✐❛tr②✳ ❏♦✉r♥❛❧ ♦❢ ❈❤✐❧❞ ❛♥❞ ❆❞♦❧❡s❝❡♥t Ps②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✳

◆❛✐r✱ ❉✳ ●✳✱ ❘❡♥❣❛✱ ❱✳✱ ▲✐♥❞❡♥❜❡r❣✱ ❘✳✱ ❩❤✉✱ ▲✳ ❡t ❙❝❤❧❛✉❣✱ ●✳ ✭✷✵✶✶✮✳
❖♣t✐♠✐③✐♥❣ r❡❝♦✈❡r② ♣♦t❡♥t✐❛❧ t❤r♦✉❣❤ s✐♠✉❧t❛♥❡♦✉s ♦❝❝✉♣❛t✐♦♥❛❧ t❤❡r❛♣②
❛♥❞ ♥♦♥✲✐♥✈❛s✐✈❡ ❜r❛✐♥✲st✐♠✉❧❛t✐♦♥ ✉s✐♥❣ t❉❈❙✳ ❘❡st♦r❛t✐✈❡ ◆❡✉r♦❧♦❣② ❛♥❞
◆❡✉r♦s❝✐❡♥❝❡✱ ✷✾✭✻✮ ✿✹✶✶✕✹✷✵✳

◆❛❦❛♠✉r❛✲P❛❧❛❝✐♦s✱ ❊✳ ▼✳✱ ❞❡ ❆❧♠❡✐❞❛ ❇❡♥❡✈✐❞❡s✱ ▼✳ ❈✳✱ ❞❛ P❡♥❤❛
❩❛❣♦✲●♦♠❡s✱ ▼✳✱ ❞❡ ❖❧✐✈❡✐r❛✱ ❘✳ ❲✳ ❉✳✱ ❞❡ ❱❛s❝♦♥❝❡❧❧♦s✱ ❱✳ ❋✳✱
❞❡ ❈❛str♦✱ ▲✳ ◆✳ P✳✱ ❞❛ ❙✐❧✈❛✱ ▼✳ ❈✳✱ ❘❛♠♦s✱ P✳ ❆✳ ❡t ❋r❡❣♥✐✱ ❋✳ ✭✷✵✶✷✮✳
❆✉❞✐t♦r② ❡✈❡♥t✲r❡❧❛t❡❞ ♣♦t❡♥t✐❛❧s ✭P✸✮ ❛♥❞ ❝♦❣♥✐t✐✈❡ ❝❤❛♥❣❡s ✐♥❞✉❝❡❞ ❜②
❢r♦♥t❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ ❛❧❝♦❤♦❧✐❝s ❛❝❝♦r❞✐♥❣ t♦ ▲❡s❝❤ ❛❧❝♦✲
❤♦❧✐s♠ t②♣♦❧♦❣②✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②
✴ ♦✣❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡ ◆❡✉r♦♣s②❝❤♦✲
♣❤❛r♠❛❝♦❧♦❣✐❝✉♠ ✭❈■◆P✮✱ ✶✺✭✺✮ ✿✻✵✶✕✻✶✻✳

◆❛r❞♦♥❡✱ ❘✳✱ ❇❡r❣♠❛♥♥✱ ❏✳✱ ❈❤r✐st♦✈❛✱ ▼✳✱ ❈❛❧❡r✐✱ ❋✳✱ ❚❡③③♦♥✱ ❋✳✱
▲❛❞✉r♥❡r✱ ●✳✱ ❚r✐♥❦❛✱ ❊✳ ❡t ●♦❧❛s③❡✇s❦✐✱ ❙✳ ✭✷✵✶✷✮✳ ❊✛❡❝t ♦❢ tr❛♥s✲
❝r❛♥✐❛❧ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ tr❡❛t♠❡♥t ♦❢ ❆❧③❤❡✐♠❡r ❞✐s❡❛s❡ ✿ ❛ r❡✈✐❡✇✳
■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❆❧③❤❡✐♠❡r✬s ❉✐s❡❛s❡✱ ✷✵✶✷ ✿✻✽✼✾✵✾✳

◆❛r❞♦♥❡✱ ❘✳✱ ❍ö❧❧❡r✱ ❨✳✱ ❚❡③③♦♥✱ ❋✳✱ ❈❤r✐st♦✈❛✱ ▼✳✱ ❙❝❤✇❡♥❦❡r✱
❑✳✱ ●♦❧❛s③❡✇s❦✐✱ ❙✳✱ ❚r✐♥❦❛✱ ❊✳ ❡t ❇r✐❣♦✱ ❋✳ ✭✷✵✶✺✮✳ ◆❡✉r♦st✐♠✉❧❛✲
t✐♦♥ ✐♥ ❆❧③❤❡✐♠❡r✬s ❞✐s❡❛s❡ ✿ ❢r♦♠ ❜❛s✐❝ r❡s❡❛r❝❤ t♦ ❝❧✐♥✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳
◆❡✉r♦❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s ✿ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ■t❛❧✐❛♥ ◆❡✉r♦❧♦❣✐❝❛❧ ❙♦❝✐❡t②
❛♥❞ ♦❢ t❤❡ ■t❛❧✐❛♥ ❙♦❝✐❡t② ♦❢ ❈❧✐♥✐❝❛❧ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✸✻✭✺✮ ✿✻✽✾✕✼✵✵✳

◆❡❦❤❡♥❞③②✱ ❱✳✱ ❋❡♥❞❡r✱ ❈✳ P✳✱ ❉❛✈✐❡s✱ ▼✳ ❋✳✱ ▲❡♠♠❡♥s✱ ❍✳ ❏✳ ▼✳✱ ❑✐♠✱
▼✳ ❙✳✱ ❇♦✉❧❡②✱ ❉✳ ▼✳ ❡t ▼❛③❡✱ ▼✳ ✭✷✵✵✹✮✳ ❚❤❡ ❛♥t✐♥♦❝✐❝❡♣t✐✈❡ ❡✛❡❝t
♦❢ tr❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr♦st✐♠✉❧❛t✐♦♥ ✇✐t❤ ❝♦♠❜✐♥❡❞ ❞✐r❡❝t ❛♥❞ ❛❧t❡r♥❛t✐♥❣
❝✉rr❡♥t ✐♥ ❢r❡❡❧② ♠♦✈✐♥❣ r❛ts✳ ❆♥❡st❤❡s✐❛ ❛♥❞ ❆♥❛❧❣❡s✐❛✱ ✾✽✭✸✮ ✿✼✸✵✕✼✸✼✱
t❛❜❧❡ ♦❢ ❝♦♥t❡♥ts✳

◆❡st❧❡r✱ ❊✳ ❏✳ ✭✷✵✵✽✮✳ ❚r❛♥s❝r✐♣t✐♦♥❛❧ ♠❡❝❤❛♥✐s♠s ♦❢ ❛❞❞✐❝t✐♦♥ ✿ r♦❧❡ ♦❢
❋♦s❇✳ P❤✐❧♦s♦♣❤✐❝❛❧ ❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❘♦②❛❧ ❙♦❝✐❡t② ♦❢ ▲♦♥❞♦♥ ❇ ✿ ❇✐♦✲
❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s✱ ✸✻✸✭✶✺✵✼✮ ✿✸✷✹✺✕✸✷✺✺✳

◆❡st❧❡r✱ ❊✳ ❏✳✱ ❇❛rr♦t✱ ▼✳✱ ❉✐▲❡♦♥❡✱ ❘✳ ❏✳✱ ❊✐s❝❤✱ ❆✳ ❏✳✱ ●♦❧❞✱ ❙✳ ❏✳ ❡t
▼♦♥t❡❣❣✐❛✱ ▲✳ ▼✳ ✭✷✵✵✷✮✳ ◆❡✉r♦❜✐♦❧♦❣② ♦❢ ❞❡♣r❡ss✐♦♥✳ ◆❡✉r♦♥✱ ✸✹✭✶✮ ✿✶✸✕
✷✺✳
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◆❡st❧❡r✱ ❊✳ ❏✳ ❡t ❍②♠❛♥✱ ❙✳ ❊✳ ✭✷✵✶✵✮✳ ❆♥✐♠❛❧ ♠♦❞❡❧s ♦❢ ♥❡✉r♦♣s②❝❤✐❛tr✐❝
❞✐s♦r❞❡rs✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✸✭✶✵✮ ✿✶✶✻✶✕✶✶✻✾✳

◆✐❜✉②❛✱ ▼✳✱ ▼♦r✐♥♦❜✉✱ ❙✳ ❡t ❉✉♠❛♥✱ ❘✳ ❙✳ ✭✶✾✾✺✮✳ ❘❡❣✉❧❛t✐♦♥ ♦❢ ❇❉◆❋
❛♥❞ tr❦❇ ♠❘◆❆ ✐♥ r❛t ❜r❛✐♥ ❜② ❝❤r♦♥✐❝ ❡❧❡❝tr♦❝♦♥✈✉❧s✐✈❡ s❡✐③✉r❡ ❛♥❞ ❛♥✲
t✐❞❡♣r❡ss❛♥t ❞r✉❣ tr❡❛t♠❡♥ts✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✺✭✶✶✮ ✿✼✺✸✾✕
✼✺✹✼✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ❋r❡❣♥✐✱ ❋✳ ❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳
✭✷✵✵✾❛✮✳ ❚r❡❛t♠❡♥t ♦❢ ❞❡♣r❡ss✐♦♥ ✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲
❧❛t✐♦♥ ✭t❉❈❙✮ ✿ ❛ r❡✈✐❡✇✳ ❊①♣❡r✐♠❡♥t❛❧ ♥❡✉r♦❧♦❣②✱ ✷✶✾✭✶✮ ✿✶✹✕✶✾✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❈♦❤❡♥✱ ▲✳ ●✳✱ ❲❛ss❡r♠❛♥♥✱ ❊✳ ▼✳✱ Pr✐♦r✐✱ ❆✳✱ ▲❛♥❣✱
◆✳✱ ❆♥t❛❧✱ ❆✳✱ P❛✉❧✉s✱ ❲✳✱ ❍✉♠♠❡❧✱ ❋✳✱ ❇♦❣❣✐♦✱ P✳ ❙✳✱ ❋r❡❣♥✐✱ ❋✳
❡t P❛s❝✉❛❧✲▲❡♦♥❡✱ ❆✳ ✭✷✵✵✽✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿
❙t❛t❡ ♦❢ t❤❡ ❛rt ✷✵✵✽✳ ❇r❛✐♥ st✐♠✉❧❛t✐♦♥✱ ✶✭✸✮ ✿✷✵✻✕✷✷✸✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❋r✐❝❦❡✱ ❑✳✱ ❍❡♥s❝❤❦❡✱ ❯✳✱ ❙❝❤❧✐tt❡r❧❛✉✱ ❆✳✱ ▲✐❡❜❡✲
t❛♥③✱ ❉✳✱ ▲❛♥❣✱ ◆✳✱ ❍❡♥♥✐♥❣✱ ❙✳✱ ❚❡r❣❛✉✱ ❋✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✸❛✮✳
P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❝♦rt✐❝❛❧ ❡①❝✐t❛❜✐❧✐t② s❤✐❢ts ✐♥❞✉❝❡❞ ❜② tr❛♥s✲
❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ ❤✉♠❛♥s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ♣❤②s✐♦❧♦❣②✱
✺✺✸✭Pt ✶✮ ✿✷✾✸✕✸✵✶✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❑✉♦✱ ▼✳✲❋✳✱ ❑❛rr❛s❝❤✱ ❘✳✱ ❲ä❝❤t❡r✱ ❇✳✱ ▲✐❡❜❡t❛♥③✱
❉✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✾❜✮✳ ❙❡r♦t♦♥✐♥ ❛✛❡❝ts tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t✲
✐♥❞✉❝❡❞ ♥❡✉r♦♣❧❛st✐❝✐t② ✐♥ ❤✉♠❛♥s✳ ❇✐♦❧♦❣✐❝❛❧ Ps②❝❤✐❛tr②✱ ✻✻✭✺✮ ✿✺✵✸✕✺✵✽✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ▲❛♠♣❡✱ ❈✳✱ ❆♥t❛❧✱ ❆✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ ▲❛♥❣✱ ◆✳✱ ❚❡r✲
❣❛✉✱ ❋✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✻✮✳ ❉♦♣❛♠✐♥❡r❣✐❝ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❧♦♥❣✲❧❛st✐♥❣
❞✐r❡❝t ❝✉rr❡♥t✲✐♥❞✉❝❡❞ ❝♦rt✐❝❛❧ ❡①❝✐t❛❜✐❧✐t② ❝❤❛♥❣❡s ✐♥ t❤❡ ❤✉♠❛♥ ♠♦t♦r
❝♦rt❡①✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✸✭✻✮ ✿✶✻✺✶✕✶✻✺✼✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ ❙❝❤❧✐tt❡r❧❛✉✱ ❆✳✱ ❍❡♥s❝❤❦❡✱ ❯✳✱
❋r✐❝❦❡✱ ❑✳✱ ❋r♦♠♠❛♥♥✱ ❑✳✱ ▲❛♥❣✱ ◆✳✱ ❍❡♥♥✐♥❣✱ ❙✳✱ P❛✉❧✉s✱ ❲✳ ❡t
❚❡r❣❛✉✱ ❋✳ ✭✷✵✵✹✮✳ ●❆❇❆❡r❣✐❝ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❉❈ st✐♠✉❧❛t✐♦♥✲✐♥❞✉❝❡❞
♠♦t♦r ❝♦rt❡① ❡①❝✐t❛❜✐❧✐t② s❤✐❢ts ✐♥ ❤✉♠❛♥s✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉✲
r♦s❝✐❡♥❝❡✱ ✶✾✭✶✵✮ ✿✷✼✷✵✕✷✼✷✻✳

◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❙❝❤❛✉❡♥❜✉r❣✱ ❆✳✱ ▲❛♥❣✱ ◆✳✱ ▲✐❡❜❡t❛♥③✱ ❉✳✱ ❊①♥❡r✱ ❈✳✱
P❛✉❧✉s✱ ❲✳ ❡t ❚❡r❣❛✉✱ ❋✳ ✭✷✵✵✸❜✮✳ ❋❛❝✐❧✐t❛t✐♦♥ ♦❢ ✐♠♣❧✐❝✐t ♠♦t♦r ❧❡❛r♥✐♥❣
❜② ✇❡❛❦ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r✐♠❛r② ♠♦t♦r ❝♦rt❡①
✐♥ t❤❡ ❤✉♠❛♥✳ ❏♦✉r♥❛❧ ♦❢ ❈♦❣♥✐t✐✈❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✺✭✹✮ ✿✻✶✾✕✻✷✻✳
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◆♦tt✉r♥♦✱ ❋✳✱ P❛❝❡✱ ▼✳✱ ❩❛♣♣❛s♦❞✐✱ ❋✳✱ ❈❛♠✱ ❊✳✱ ❇❛ss❡tt✐✱ ❈✳ ▲✳ ❡t
❯♥❝✐♥✐✱ ❆✳ ✭✷✵✶✹✮✳ ◆❡✉r♦♣r♦t❡❝t✐✈❡ ❡✛❡❝t ♦❢ ❝❛t❤♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t
❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ ❛ r❛t str♦❦❡ ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ◆❡✉r♦❧♦❣✐❝❛❧
❙❝✐❡♥❝❡s✱ ✸✹✷✭✶✲✷✮ ✿✶✹✻✕✶✺✶✳

◆✉tt✱ ❉✳ ✭✶✾✾✾✮✳ ❆❧❝♦❤♦❧ ❛♥❞ t❤❡ ❜r❛✐♥✳ P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ✐♥s✐❣❤ts ❢♦r ♣s②✲
❝❤✐❛tr✐sts✳ ❚❤❡ ❇r✐t✐s❤ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr②✱ ✶✼✺✭✷✮ ✿✶✶✹✕✶✶✾✳

❖❤♥✱ ❙✳ ❍✳✱ P❛r❦✱ ❈✳✲■✳✱ ❨♦♦✱ ❲✳✲❑✳✱ ❑♦✱ ▼✳✲❍✳✱ ❈❤♦✐✱ ❑✳ P✳✱ ❑✐♠✱ ●✳✲▼✳✱
▲❡❡✱ ❨✳ ❚✳ ❡t ❑✐♠✱ ❨✳✲❍✳ ✭✷✵✵✽✮✳ ❚✐♠❡✲❞❡♣❡♥❞❡♥t ❡✛❡❝t ♦❢ tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ t❤❡ ❡♥❤❛♥❝❡♠❡♥t ♦❢ ✇♦r❦✐♥❣ ♠❡♠♦r②✳ ◆❡✉✲
r♦r❡♣♦rt✱ ✶✾✭✶✮ ✿✹✸✕✹✼✳

❖❧❜r✐❝❤✱ ❍✳ ▼✳✱ ❱❛❧❡r✐✉s✱ ●✳✱ P❛r✐s✱ ❈✳✱ ❍❛❣❡♥❜✉❝❤✱ ❋✳✱ ❊❜❡rt✱ ❉✳ ❡t
❏✉❡♥❣❧✐♥❣✱ ❋✳ ❉✳ ✭✷✵✵✻✮✳ ❇r❛✐♥ ❛❝t✐✈❛t✐♦♥ ❞✉r✐♥❣ ❝r❛✈✐♥❣ ❢♦r ❛❧❝♦❤♦❧ ♠❡❛✲
s✉r❡❞ ❜② ♣♦s✐tr♦♥ ❡♠✐ss✐♦♥ t♦♠♦❣r❛♣❤②✳ ❚❤❡ ❆✉str❛❧✐❛♥ ❛♥❞ ◆❡✇ ❩❡❛❧❛♥❞
❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr②✱ ✹✵✭✷✮ ✿✶✼✶✕✶✼✽✳

P❛❧♠✱ ❯✳✱ ❙❝❤✐❧❧❡r✱ ❈✳✱ ❋✐♥t❡s❝✉✱ ❩✳✱ ❖❜❡r♠❡✐❡r✱ ▼✳✱ ❑❡❡s❡r✱ ❉✳✱ ❘❡✐✲
s✐♥❣❡r✱ ❊✳✱ P♦❣❛r❡❧❧✱ ❖✳✱◆✐ts❝❤❡✱ ▼✳ ❆✳✱▼ö❧❧❡r✱ ❍✳✲❏✳ ❡t P❛❞❜❡r❣✱
❋✳ ✭✷✵✶✷✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥ tr❡❛t♠❡♥t r❡s✐st❛♥t
❞❡♣r❡ss✐♦♥ ✿ ❛ r❛♥❞♦♠✐③❡❞ ❞♦✉❜❧❡✲❜❧✐♥❞✱ ♣❧❛❝❡❜♦✲❝♦♥tr♦❧❧❡❞ st✉❞②✳ ❇r❛✐♥
❙t✐♠✉❧❛t✐♦♥✱ ✺✭✸✮ ✿✷✹✷✕✷✺✶✳

P❛tt❡rs♦♥✱ ❋✳✱ ❏❡♣s♦♥✱ ❈✳✱ ▲♦✉❣❤❡❛❞✱ ❏✳✱ P❡r❦✐♥s✱ ❑✳✱ ❙tr❛ss❡r✱
❆✳ ❆✳✱ ❙✐❡❣❡❧✱ ❙✳✱ ❋r❡②✱ ❏✳✱ ●✉r✱ ❘✳ ❡t ▲❡r♠❛♥✱ ❈✳ ✭✷✵✶✵✮✳ ❲♦r❦✐♥❣
♠❡♠♦r② ❞❡✜❝✐ts ♣r❡❞✐❝t s❤♦rt✲t❡r♠ s♠♦❦✐♥❣ r❡s✉♠♣t✐♦♥ ❢♦❧❧♦✇✐♥❣ ❜r✐❡❢ ❛❜s✲
t✐♥❡♥❝❡✳ ❉r✉❣ ❛♥❞ ❆❧❝♦❤♦❧ ❉❡♣❡♥❞❡♥❝❡✱ ✶✵✻✭✶✮ ✿✻✶✕✻✹✳

P❛✉❧✉s✱ ❲✳ ✭✷✵✶✶✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥ ✭t❊❙ ✕ t❉❈❙ ❀ t❘◆❙✱
t❆❈❙✮ ♠❡t❤♦❞s✳ ◆❡✉r♦♣s②❝❤♦❧♦❣✐❝❛❧ ❘❡❤❛❜✐❧✐t❛t✐♦♥✱ ✷✶✭✺✮ ✿✻✵✷✕✻✶✼✳

P❛①✐♥♦s✱ ●✳ ❡t ❋r❛♥❦❧✐♥✱ ❑✳ ❇✳ ❏✳ ✭✷✵✵✶✮✳ ❚❤❡ ▼♦✉s❡ ❇r❛✐♥ ✐♥ ❙t❡r❡♦t❛①✐❝
❈♦♦r❞✐♥❛t❡s✳ ❆❝❛❞❡♠✐❝ ♣r❡ss✱ ❙❛♥ ❉✐❡❣♦✱ s❡❝♦♥❞ ❡❞✐t✐♦♥ é❞✐t✐♦♥✳

P❛②♥❡✱ ◆✳ ❆✳ ❡t Pr✉❞✐❝✱ ❏✳ ✭✷✵✵✾✮✳ ❊❧❡❝tr♦❝♦♥✈✉❧s✐✈❡ ❚❤❡r❛♣② P❛rt ■ ✿ ❆
P❡rs♣❡❝t✐✈❡ ♦♥ t❤❡ ❊✈♦❧✉t✐♦♥ ❛♥❞ ❈✉rr❡♥t Pr❛❝t✐❝❡ ♦❢ ❊❈❚✳ ❏♦✉r♥❛❧ ♦❢
♣s②❝❤✐❛tr✐❝ ♣r❛❝t✐❝❡✱ ✶✺✭✺✮ ✿✸✹✻✕✸✻✽✳

P❡❞r♦♥✱ ❙✳✱ ❇❡✈❡r❧❡②✱ ❏✳✱ ❍❛❢❢❡♥✱ ❊✳✱ ❆♥❞r✐❡✉✱ P✳✱ ❙t❡✐♥❡r✱ ❍✳ ❡t
❱❛♥ ❲❛❡s✱ ❱✳ ✭✷✵✶✻✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♣r♦❞✉❝❡s
❧♦♥❣✲❧❛st✐♥❣ ❛tt❡♥✉❛t✐♦♥ ♦❢ ❝♦❝❛✐♥❡✲✐♥❞✉❝❡❞ ❜❡❤❛✈✐♦r❛❧ r❡s♣♦♥s❡s ❛♥❞ ❣❡♥❡
r❡❣✉❧❛t✐♦♥ ✐♥ ❝♦rt✐❝♦str✐❛t❛❧ ❝✐r❝✉✐ts✳ ❆❞❞✐❝t✐♦♥ ❇✐♦❧♦❣②✳
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P❡❞r♦♥✱ ❙✳✱ ▼♦♥♥✐♥✱ ❏✳✱ ❍❛❢❢❡♥✱ ❊✳✱ ❙❡❝❤t❡r✱ ❉✳ ❡t ❱❛♥ ❲❛❡s✱ ❱✳
✭✷✵✶✹✮✳ ❘❡♣❡❛t❡❞ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♣r❡✈❡♥ts ❛❜♥♦r✲
♠❛❧ ❜❡❤❛✈✐♦rs ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛❜st✐♥❡♥❝❡ ❢r♦♠ ❝❤r♦♥✐❝ ♥✐❝♦t✐♥❡ ❝♦♥s✉♠♣✲
t✐♦♥✳ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣② ✿ ♦✣❝✐❛❧ ♣✉❜❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❈♦❧✲
❧❡❣❡ ♦❢ ◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✸✾✭✹✮ ✿✾✽✶✕✾✽✽✳

P❡❧❧❡t✐❡r✱ ❙✳ ❏✳ ❡t ❈✐❝❝❤❡tt✐✱ ❋✳ ✭✷✵✶✹✮✳ ❈❡❧❧✉❧❛r ❛♥❞ ♠♦❧❡❝✉❧❛r ♠❡❝❤❛✲
♥✐s♠s ♦❢ ❛❝t✐♦♥ ♦❢ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ❡✈✐❞❡♥❝❡ ❢r♦♠
✐♥ ✈✐tr♦ ❛♥❞ ✐♥ ✈✐✈♦ ♠♦❞❡❧s✳ ❚❤❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❥♦✉r♥❛❧ ♦❢ ♥❡✉r♦♣s②❝❤♦✲
♣❤❛r♠❛❝♦❧♦❣② ✴ ♦✣❝✐❛❧ s❝✐❡♥t✐✜❝ ❥♦✉r♥❛❧ ♦❢ t❤❡ ❈♦❧❧❡❣✐✉♠ ■♥t❡r♥❛t✐♦♥❛❧❡
◆❡✉r♦♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣✐❝✉♠ ✭❈■◆P✮✱ ✶✽✭✷✮✳

P❡❧❧❡t✐❡r✱ ❙✳ ❏✳✱ ▲❛❣❛❝é✱ ▼✳✱ ❙t✲❆♠♦✉r✱ ■✳✱ ❆rs❡♥❛✉❧t✱ ❉✳✱ ❈✐s❜❛♥✐✱
●✳✱ ❈❤❛❜r❛t✱ ❆✳✱ ❋❡❝t❡❛✉✱ ❙✳✱ ▲é✈❡sq✉❡✱ ▼✳ ❡t ❈✐❝❝❤❡tt✐✱ ❋✳ ✭✷✵✶✺✮✳
❚❤❡ ▼♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ▼♦❧❡❝✉❧❛r ❈❤❛♥❣❡s ♦❢ ❇r❛✐♥ ❈❡❧❧s ❊①♣♦s❡❞ t♦ ❉✐✲
r❡❝t ❈✉rr❡♥t ❊❧❡❝tr✐❝ ❋✐❡❧❞ ❙t✐♠✉❧❛t✐♦♥✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦✲
♣s②❝❤♦♣❤❛r♠❛❝♦❧♦❣②✱ ✶✽✭✺✮✳

P❡t✐t✲❉❡♠♦✉❧✐❡r❡✱ ❇✳✱ ❈❤❡♥✉✱ ❋✳ ❡t ❇♦✉r✐♥✱ ▼✳ ✭✷✵✵✺✮✳ ❋♦r❝❡❞ s✇✐♠✲
♠✐♥❣ t❡st ✐♥ ♠✐❝❡ ✿ ❛ r❡✈✐❡✇ ♦❢ ❛♥t✐❞❡♣r❡ss❛♥t ❛❝t✐✈✐t②✳ Ps②❝❤♦♣❤❛r♠❛❝♦✲
❧♦❣②✱ ✶✼✼✭✸✮ ✿✷✹✺✕✷✺✺✳

P❤✐❧❧✐♣s✱ ❚✳ ❏✳✱❉✐❝❦✐♥s♦♥✱ ❙✳ ❡t ❇✉r❦❤❛rt✲❑❛s❝❤✱ ❙✳ ✭✶✾✾✹✮✳ ❇❡❤❛✈✐♦r❛❧
s❡♥s✐t✐③❛t✐♦♥ t♦ ❞r✉❣ st✐♠✉❧❛♥t ❡✛❡❝ts ✐♥ ❈✺✼❜❧✴✻❥ ❛♥❞ ❉❇❆✴✷❥ ✐♥❜r❡❞ ♠✐❝❡✳
❇❡❤❛✈✐♦r❛❧ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✵✽✭✹✮ ✿✼✽✾✕✽✵✸✳

P✐❝❝✐♦tt♦✱ ▼✳ ❘✳✱ ❇r✉♥③❡❧❧✱ ❉✳ ❍✳ ❡t ❈❛❧❞❛r♦♥❡✱ ❇✳ ❏✳ ✭✷✵✵✷✮✳ ❊✛❡❝t
♦❢ ♥✐❝♦t✐♥❡ ❛♥❞ ♥✐❝♦t✐♥✐❝ r❡❝❡♣t♦rs ♦♥ ❛♥①✐❡t② ❛♥❞ ❞❡♣r❡ss✐♦♥✳ ◆❡✉r♦r❡♣♦rt✱
✶✸✭✾✮ ✿✶✵✾✼✕✶✶✵✻✳

P♦❞❞❛✱ ▼✳ ❱✳✱ ❈♦❝❝♦✱ ❙✳✱ ▼❛str♦❞♦♥❛t♦✱ ❆✳✱ ❋✉s❝♦✱ ❙✳✱ ▲❡♦♥❡✱ ▲✳✱
❇❛r❜❛t✐✱ ❙✳ ❆✳✱ ❈♦❧✉ss✐✱ ❈✳✱ ❘✐♣♦❧✐✱ ❈✳ ❡t ●r❛ss✐✱ ❈✳ ✭✷✵✶✻✮✳ ❆♥♦✲
❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ❜♦♦sts s②♥❛♣t✐❝ ♣❧❛st✐❝✐t② ❛♥❞
♠❡♠♦r② ✐♥ ♠✐❝❡ ✈✐❛ ❡♣✐❣❡♥❡t✐❝ r❡❣✉❧❛t✐♦♥ ♦❢ ❇❞♥❢ ❡①♣r❡ss✐♦♥✳ ❙❝✐❡♥t✐✜❝
❘❡♣♦rts✱ ✻ ✿✷✷✶✽✵✳

P♦rs♦❧t✱ ❘✳ ❉✳✱ ▲❡ P✐❝❤♦♥✱ ▼✳ ❡t ❏❛❧❢r❡✱ ▼✳ ✭✶✾✼✼✮✳ ❉❡♣r❡ss✐♦♥
❛ ♥❡✇ ❛♥✐♠❛❧ ♠♦❞❡❧ s❡♥s✐t✐✈❡ t♦ ❛♥t✐❞❡♣r❡ss❛♥t tr❡❛t♠❡♥ts✳ ◆❛t✉r❡✱
✷✻✻✭✺✻✵✹✮ ✿✼✸✵✕✼✸✷✳

Pr❡✉①✱ P✳✱ ❉r✉❡t✲❈❛❜❛♥❛❝✱ ▼✳✱ ❉❛❧♠❛②✱ ❋✳ ❡t ❱❡r❣♥❡♥è❣r❡✱ ❆✳
✭✷✵✵✸✮✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ t❡st ♣❛r❛♠étr✐q✉❡ ❄ ❘❡✈✉❡ ❞❡s ▼❛❧❛❞✐❡s ❘❡s♣✐✲
r❛t♦✐r❡s✱ ✷✵✭✻✲❈✶✮ ✿✾✺✷✕✾✺✹✳
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Pr✐♦r✐✱ ❆✳✱ ❇❡r❛r❞❡❧❧✐✱ ❆✳✱ ❘♦♥❛✱ ❙✳✱ ❆❝❝♦r♥❡r♦✱ ◆✳ ❡t ▼❛♥❢r❡❞✐✱
▼✳ ✭✶✾✾✽✮✳ P♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❤✉♠❛♥ ♠♦t♦r ❝♦rt❡① t❤r♦✉❣❤ t❤❡ s❝❛❧♣✳
◆❡✉r♦r❡♣♦rt✱ ✾✭✶✵✮ ✿✷✷✺✼✕✷✷✻✵✳

P✉r♣✉r❛✱ ❉✳ P✳ ❡t ▼❝▼✉rtr②✱ ❏✳ ●✳ ✭✶✾✻✺✮✳ ■♥tr❛❝❡❧❧✉❧❛r ❛❝t✐✈✐t✐❡s ❛♥❞
❡✈♦❦❡❞ ♣♦t❡♥t✐❛❧ ❝❤❛♥❣❡s ❞✉r✐♥❣ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ ♠♦t♦r ❝♦rt❡①✳ ❏♦✉r♥❛❧ ♦❢
◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✷✽ ✿✶✻✻✕✶✽✺✳

❘❛❤♠❛♥✱ ❆✳✱ ❘❡❛t♦✱ ❉✳✱ ❆r❧♦tt✐✱ ▼✳✱ ●❛s❝❛✱ ❋✳✱ ❉❛tt❛✱ ❆✳✱ P❛rr❛✱
▲✳ ❈✳ ❡t ❇✐❦s♦♥✱ ▼✳ ✭✷✵✶✸✮✳ ❈❡❧❧✉❧❛r ❡✛❡❝ts ♦❢ ❛❝✉t❡ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉✲
❧❛t✐♦♥ ✿ s♦♠❛t✐❝ ❛♥❞ s②♥❛♣t✐❝ t❡r♠✐♥❛❧ ❡✛❡❝ts✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ P❤②s✐♦❧♦❣②✱
✺✾✶✭Pt ✶✵✮ ✿✷✺✻✸✕✷✺✼✽✳

❘❛♠✐r❡③✲❆♠❛②❛✱ ❱✳✱ ▼❛rr♦♥❡✱ ❉✳ ❋✳✱ ●❛❣❡✱ ❋✳ ❍✳✱ ❲♦r❧❡②✱ P✳ ❋✳ ❡t
❇❛r♥❡s✱ ❈✳ ❆✳ ✭✷✵✵✻✮✳ ■♥t❡❣r❛t✐♦♥ ♦❢ ♥❡✇ ♥❡✉r♦♥s ✐♥t♦ ❢✉♥❝t✐♦♥❛❧ ♥❡✉r❛❧
♥❡t✇♦r❦s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t②
❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✻✭✹✼✮ ✿✶✷✷✸✼✕✶✷✷✹✶✳

❘❛♥✐❡r✐✱ ❋✳✱ P♦❞❞❛✱ ▼✳ ❱✳✱ ❘✐❝❝❛r❞✐✱ ❊✳✱ ❋r✐s✉❧❧♦✱ ●✳✱ ❉✐❧❡♦♥❡✱ ▼✳✱
Pr♦❢✐❝❡✱ P✳✱ P✐❧❛t♦✱ ❋✳✱ ▲❛③③❛r♦✱ ❱✳ ❉✳ ❡t ●r❛ss✐✱ ❈✳ ✭✷✵✶✷✮✳ ▼♦✲
❞✉❧❛t✐♦♥ ♦❢ ▲❚P ❛t r❛t ❤✐♣♣♦❝❛♠♣❛❧ ❈❆✸✲❈❆✶ s②♥❛♣s❡s ❜② ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦♣❤②s✐♦❧♦❣②✱ ✶✵✼✭✼✮ ✿✶✽✻✽✕✶✽✽✵✳

❘❡❞❢❡❛r♥✱ ❏✳ ❲✳✱ ▲✐♣♣♦❧❞✱ ❖✳ ❈✳ ❡t ❈♦st❛✐♥✱ ❘✳ ✭✶✾✻✹✮✳ ❆ ♣r❡❧✐♠✐♥❛r②
❛❝❝♦✉♥t ♦❢ t❤❡ ❝❧✐♥✐❝❛❧ ❡✛❡❝ts ♦❢ ♣♦❧❛r✐③✐♥❣ t❤❡ ❜r❛✐♥ ✐♥ ❝❡rt❛✐♥ ♣s②❝❤✐❛tr✐❝
❞✐s♦r❞❡rs✳ ❚❤❡ ❇r✐t✐s❤ ❏♦✉r♥❛❧ ♦❢ Ps②❝❤✐❛tr② ✿ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ▼❡♥t❛❧
❙❝✐❡♥❝❡✱ ✶✶✵ ✿✼✼✸✕✼✽✺✳

❘❡❞❣r❛✈❡✱ P✳✱ ❱❛✉tr❡❧❧❡✱ ◆✳ ❡t ❘❡②♥♦❧❞s✱ ❏✳ ◆✳ ❏✳ ✭✷✵✶✶✮✳ ❋✉♥❝t✐♦♥❛❧
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❜❛s❛❧ ❣❛♥❣❧✐❛✬s r❡✲❡♥tr❛♥t ❧♦♦♣ ❛r❝❤✐t❡❝t✉r❡ ✿ s❡❧❡❝t✐♦♥ ❛♥❞
r❡✐♥❢♦r❝❡♠❡♥t✳ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✾✽ ✿✶✸✽✕✶✺✶✳

❘❤♦❞❡s✱ ❏✳ ❙✳✱ ❇❡st✱ ❑✳✱ ❇❡❧❦♥❛♣✱ ❏✳ ❑✳✱ ❋✐♥♥✱ ❉✳ ❆✳ ❡t ❈r❛❜❜❡✱ ❏✳ ❈✳
✭✷✵✵✺✮✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ ❛ s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ❡t❤❛♥♦❧ ❞r✐♥❦✐♥❣ t♦ ✐♥t♦①✐❝❛t✐♦♥
✐♥ ❈✺✼❜❧✴✻❥ ♠✐❝❡✳ P❤②s✐♦❧♦❣② ✫ ❇❡❤❛✈✐♦r✱ ✽✹✭✶✮ ✿✺✸✕✻✸✳

❘✐❣❣❛❧❧✱ ❑✳✱ ❋♦r❧✐♥✐✱ ❈✳✱ ❈❛rt❡r✱ ❆✳✱ ❍❛❧❧✱ ❲✳✱ ❲❡✐❡r✱ ▼✳✱ P❛r✲
tr✐❞❣❡✱ ❇✳ ❡t▼❡✐♥③❡r✱ ▼✳ ✭✷✵✶✺✮✳ ❘❡s❡❛r❝❤❡rs✬ ♣❡rs♣❡❝t✐✈❡s ♦♥ s❝✐❡♥t✐✜❝
❛♥❞ ❡t❤✐❝❛❧ ✐ss✉❡s ✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✿ ❆♥ ✐♥t❡r✲
♥❛t✐♦♥❛❧ s✉r✈❡②✳ ❙❝✐❡♥t✐✜❝ ❘❡♣♦rts✱ ✺✳

❘♦❜✐♥s♦♥✱ ❚✳ ❊✳ ❡t ❇❡rr✐❞❣❡✱ ❑✳ ❈✳ ✭✶✾✾✸✮✳ ❚❤❡ ♥❡✉r❛❧ ❜❛s✐s ♦❢ ❞r✉❣
❝r❛✈✐♥❣ ✿ ❛♥ ✐♥❝❡♥t✐✈❡✲s❡♥s✐t✐③❛t✐♦♥ t❤❡♦r② ♦❢ ❛❞❞✐❝t✐♦♥✳ ❇r❛✐♥ ❘❡s❡❛r❝❤✳
❇r❛✐♥ ❘❡s❡❛r❝❤ ❘❡✈✐❡✇s✱ ✶✽✭✸✮ ✿✷✹✼✕✷✾✶✳
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❘♦❜✐♥s♦♥✱ ❚✳ ❊✳ ❡t ❇❡rr✐❞❣❡✱ ❑✳ ❈✳ ✭✷✵✵✶✮✳ ■♥❝❡♥t✐✈❡✲s❡♥s✐t✐③❛t✐♦♥ ❛♥❞
❛❞❞✐❝t✐♦♥✳ ❆❞❞✐❝t✐♦♥ ✭❆❜✐♥❣❞♦♥✱ ❊♥❣❧❛♥❞✮✱ ✾✻✭✶✮ ✿✶✵✸✕✶✶✹✳

❘♦❤❛♥✱ ❏✳ ●✳✱ ❈❛r❤✉❛t❛♥t❛✱ ❑✳ ❆✳✱ ▼❝■♥t✉r❢✱ ❙✳ ▼✳✱ ▼✐❦❧❛s❡✈✐❝❤✱
▼✳ ❑✳ ❡t ❏❛♥❦♦r❞✱ ❘✳ ✭✷✵✶✺✮✳ ▼♦❞✉❧❛t✐♥❣ ❍✐♣♣♦❝❛♠♣❛❧ P❧❛st✐❝✐t② ✇✐t❤
■♥ ❱✐✈♦ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧
❏♦✉r♥❛❧ ♦❢ t❤❡ ❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✸✺✭✸✼✮ ✿✶✷✽✷✹✕✶✷✽✸✷✳

❘✉❡❣❡r✱ ▼✳ ❆✳✱ ❑❡✉t❡rs✱ ▼✳ ❍✳✱❲❛❧❜❡r❡r✱ ▼✳✱ ❇r❛✉♥✱ ❘✳✱ ❑❧❡✐♥✱ ❘✳✱
❙♣❛r✐♥❣✱ ❘✳✱ ❋✐♥❦✱ ●✳ ❘✳✱ ●r❛❢✱ ❘✳ ❡t ❙❝❤r♦❡t❡r✱ ▼✳ ✭✷✵✶✷✮✳ ▼✉❧t✐✲
s❡ss✐♦♥ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ❡❧✐❝✐ts ✐♥✢❛♠♠❛t♦r②
❛♥❞ r❡❣❡♥❡r❛t✐✈❡ ♣r♦❝❡ss❡s ✐♥ t❤❡ r❛t ❜r❛✐♥✳ P❧♦❙ ❖♥❡✱ ✼✭✽✮ ✿❡✹✸✼✼✻✳

❘✉s❤✱ ❙✳ ❡t ❉r✐s❝♦❧❧✱ ❉✳ ❆✳ ✭✶✾✻✽✮✳ ❈✉rr❡♥t ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❜r❛✐♥ ❢r♦♠
s✉r❢❛❝❡ ❡❧❡❝tr♦❞❡s✳ ❆♥❡st❤❡s✐❛ ❛♥❞ ❆♥❛❧❣❡s✐❛✱ ✹✼✭✻✮ ✿✼✶✼✕✼✷✸✳

❘✉ss♦✱ ❙✳ ❏✳ ❡t ◆❡st❧❡r✱ ❊✳ ❏✳ ✭✷✵✶✸✮✳ ❚❤❡ ❇r❛✐♥ ❘❡✇❛r❞ ❈✐r❝✉✐tr② ✐♥ ▼♦♦❞
❉✐s♦r❞❡rs✳ ◆❛t✉r❡ r❡✈✐❡✇s✳ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✹✭✾✮✳

❙❛❤❛②✱ ❆✳ ❡t ❍❡♥✱ ❘✳ ✭✷✵✵✼✮✳ ❆❞✉❧t ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s ✐♥ ❞❡♣r❡ss✐♦♥✳
◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✶✵✭✾✮ ✿✶✶✶✵✕✶✶✶✺✳

❙❛✐♦t❡✱ ❈✳✱ ❚✉r✐✱ ❩✳✱ P❛✉❧✉s✱ ❲✳ ❡t ❆♥t❛❧✱ ❆✳ ✭✷✵✶✸✮✳ ❈♦♠❜✐♥✐♥❣ ❢✉♥❝✲
t✐♦♥❛❧ ♠❛❣♥❡t✐❝ r❡s♦♥❛♥❝❡ ✐♠❛❣✐♥❣ ✇✐t❤ tr❛♥s❝r❛♥✐❛❧ ❡❧❡❝tr✐❝❛❧ st✐♠✉❧❛t✐♦♥✳
❋r♦♥t✐❡rs ✐♥ ❍✉♠❛♥ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼ ✿✹✸✺✳

❙❛♥t❛r❡❧❧✐✱ ▲✳✱ ❙❛①❡✱ ▼✳✱ ●r♦ss✱ ❈✳✱ ❙✉r❣❡t✱ ❆✳✱ ❇❛tt❛❣❧✐❛✱ ❋✳✱ ❉✉✲
❧❛✇❛✱ ❙✳✱ ❲❡✐sst❛✉❜✱ ◆✳✱ ▲❡❡✱ ❏✳✱ ❉✉♠❛♥✱ ❘✳✱ ❆r❛♥❝✐♦✱ ❖✳✱ ❇❡❧✲
③✉♥❣✱ ❈✳ ❡t ❍❡♥✱ ❘✳ ✭✷✵✵✸✮✳ ❘❡q✉✐r❡♠❡♥t ♦❢ ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s
❢♦r t❤❡ ❜❡❤❛✈✐♦r❛❧ ❡✛❡❝ts ♦❢ ❛♥t✐❞❡♣r❡ss❛♥ts✳ ❙❝✐❡♥❝❡ ✭◆❡✇ ❨♦r❦✱ ◆✳❨✳✮✱
✸✵✶✭✺✻✸✹✮ ✿✽✵✺✕✽✵✾✳

❙❛✉✈❛❣❡t✱ ❆✳✱ ❚r♦❥❛❦✱ ❇✳✱ ❇✉❧t❡❛✉✱ ❙✳✱ ❏✐♠é♥❡③✲▼✉r❝✐❛✱ ❙✳✱
❋❡r♥á♥❞❡③✲❆r❛♥❞❛✱ ❋✳✱ ❲♦❧③✱ ■✳✱ ▼❡♥❝❤ó♥✱ ❏✳ ▼✳✱ ❆❝❤❛❜✱ ❙✳✱ ❱❛✲
♥❡❧❧❡✱ ❏✳✲▼✳ ❡t ●r❛❧❧✲❇r♦♥♥❡❝✱ ▼✳ ✭✷✵✶✺✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ✐♥ ❜❡❤❛✈✐♦r❛❧ ❛♥❞ ❢♦♦❞ ❛❞❞✐❝t✐♦♥ ✿ ❛ s②st❡♠❛t✐❝ r❡✈✐❡✇
♦❢ ❡✣❝❛❝②✱ t❡❝❤♥✐❝❛❧✱ ❛♥❞ ♠❡t❤♦❞♦❧♦❣✐❝❛❧ ✐ss✉❡s✳ ❋r♦♥t✐❡rs ✐♥ ◆❡✉r♦s❝✐❡♥❝❡✱
✾ ✿✸✹✾✳

❙❛✇❛❞❛✱ ▼✳ ❡t ❙❛✇❛♠♦t♦✱ ❑✳ ✭✷✵✶✸✮✳ ▼❡❝❤❛♥✐s♠s ♦❢ ♥❡✉r♦❣❡♥❡s✐s ✐♥ t❤❡
♥♦r♠❛❧ ❛♥❞ ✐♥❥✉r❡❞ ❛❞✉❧t ❜r❛✐♥✳ ❚❤❡ ❑❡✐♦ ❏♦✉r♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✻✷✭✶✮ ✿✶✸✕
✷✽✳
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❙❝❤❧❛✉❣ ●✱ ❘❡♥❣❛ ❱ ❡t ◆❛✐r ❉ ✭✷✵✵✽✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥ ✐♥ str♦❦❡ r❡❝♦✈❡r②✳ ❆r❝❤✐✈❡s ♦❢ ◆❡✉r♦❧♦❣②✱ ✻✺✭✶✷✮ ✿✶✺✼✶✕✶✺✼✻✳

❙❝❤✇❡✐❞✱ ▲✳✱ ❘✉s❤♠♦r❡✱ ❘✳ ❏✳ ❡t ❱❛❧❡r♦✲❈❛❜ré✱ ❆✳ ✭✷✵✵✽✮✳ ❈❛t❤♦❞❛❧
tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ♦♥ ♣♦st❡r✐♦r ♣❛r✐❡t❛❧ ❝♦rt❡① ❞✐sr✉♣ts
✈✐s✉♦✲s♣❛t✐❛❧ ♣r♦❝❡ss✐♥❣ ✐♥ t❤❡ ❝♦♥tr❛❧❛t❡r❛❧ ✈✐s✉❛❧ ✜❡❧❞✳ ❊①♣❡r✐♠❡♥t❛❧ ❜r❛✐♥
r❡s❡❛r❝❤✱ ✶✽✻✭✸✮ ✿✹✵✾✕✹✶✼✳

❙❡❣r❛✈❡✱ ❘✳ ❆✳✱ ❆r♥♦❧❞✱ ❙✳✱ ❍♦②✱ ❑✳ ❡t ❋✐t③❣❡r❛❧❞✱ P✳ ❇✳ ✭✷✵✶✹✮✳
❈♦♥❝✉rr❡♥t ❝♦❣♥✐t✐✈❡ ❝♦♥tr♦❧ tr❛✐♥✐♥❣ ❛✉❣♠❡♥ts t❤❡ ❛♥t✐❞❡♣r❡ss❛♥t ❡✣❝❛❝②
♦❢ t❉❈❙ ✿ ❛ ♣✐❧♦t st✉❞②✳ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥✱ ✼✭✷✮ ✿✸✷✺✕✸✸✶✳

❙❡❤♠✱ ❇✳ ❡t ❘❛❣❡rt✱ P✳ ✭✷✵✶✸✮✳ ❲❤② ♥♦♥✲✐♥✈❛s✐✈❡ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ s❤♦✉❧❞
♥♦t ❜❡ ✉s❡❞ ✐♥ ♠✐❧✐t❛r② ❛♥❞ s❡❝✉r✐t② s❡r✈✐❝❡s✳ ❋r♦♥t✐❡rs ✐♥ ❍✉♠❛♥ ◆❡✉r♦s✲
❝✐❡♥❝❡✱ ✼✳

❙✐❡♥❛❡rt✱ P✳✱ ❉❡ ❋r✉②t✱ ❏✳✱ ❉✐❡r✐❝❦✱ ▼✳ ❡t ❆♥ss❡❛✉✱ ▼✳ ✭✷✵✵✼✮✳ ❊❧❡❝✲
tr♦❝♦♥✈✉❧s✐✈♦t❤ér❛♣✐❡✳ ❆❝❛❞❡♠✐❛ Pr❡ss✱ ❇❡❧❣✐q✉❡✱ ♣r❡♠✐èr❡ é❞✐t✐♦♥ é❞✐t✐♦♥✳

❙✐♥❤❛✱ ❘✳ ✭✷✵✵✽✮✳ ❈❤r♦♥✐❝ ❙tr❡ss✱ ❉r✉❣ ❯s❡✱ ❛♥❞ ❱✉❧♥❡r❛❜✐❧✐t② t♦ ❆❞❞✐❝t✐♦♥✳
❆♥♥❛❧s ♦❢ t❤❡ ◆❡✇ ❨♦r❦ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✱ ✶✶✹✶ ✿✶✵✺✕✶✸✵✳

❙♦♥❣✱ ❏✳✲❏✳✱ ❱❛♥♥❡st❡✱ ❙✳✱ ❱❛♥ ❞❡ ❍❡②♥✐♥❣✱ P✳ ❡t ❉❡ ❘✐❞❞❡r✱ ❉✳ ✭✷✵✶✷✮✳
❚r❛♥s❝r❛♥✐❛❧ ❉✐r❡❝t ❈✉rr❡♥t ❙t✐♠✉❧❛t✐♦♥ ✐♥ ❚✐♥♥✐t✉s P❛t✐❡♥ts ✿ ❆ ❙②st❡♠✐❝
❘❡✈✐❡✇ ❛♥❞ ▼❡t❛✲❆♥❛❧②s✐s✳ ❚❤❡ ❙❝✐❡♥t✐✜❝ ❲♦r❧❞ ❏♦✉r♥❛❧✱ ✷✵✶✷✳

❙♣❡❛r✱ ▲✳ P✳ ✭✷✵✵✵✮✳ ❚❤❡ ❛❞♦❧❡s❝❡♥t ❜r❛✐♥ ❛♥❞ ❛❣❡✲r❡❧❛t❡❞ ❜❡❤❛✈✐♦r❛❧ ♠❛♥✐✲
❢❡st❛t✐♦♥s✳ ◆❡✉r♦s❝✐❡♥❝❡ ❛♥❞ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✱ ✷✹✭✹✮ ✿✹✶✼✕✹✻✸✳

❙♣❡③✐❛ ❆❞❛❝❤✐✱ ▲✳ ◆✳✱ ❈❛✉♠♦✱ ❲✳✱ ▲❛st❡✱ ●✳✱ ❋❡r♥❛♥❞❡s ▼❡❞❡✐r♦s✱
▲✳✱ ❘✐♣♦❧❧ ❘♦③✐s❦②✱ ❏✳✱ ❞❡ ❙♦✉③❛✱ ❆✳✱ ❋r❡❣♥✐✱ ❋✳ ❡t ❚♦rr❡s✱ ■✳ ▲✳ ❙✳
✭✷✵✶✷✮✳ ❘❡✈❡rs❛❧ ♦❢ ❝❤r♦♥✐❝ str❡ss✲✐♥❞✉❝❡❞ ♣❛✐♥ ❜② tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉r✲
r❡♥t st✐♠✉❧❛t✐♦♥ ✭t❉❈❙✮ ✐♥ ❛♥ ❛♥✐♠❛❧ ♠♦❞❡❧✳ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✶✹✽✾ ✿✶✼✕✷✻✳

❙♣❡③✐❛ ❆❞❛❝❤✐✱ ▲✳ ◆✳✱◗✉❡✈❡❞♦✱ ❆✳ ❙✳✱ ❞❡ ❙♦✉③❛✱ ❆✳✱ ❙❝❛r❛❜❡❧♦t✱ ❱✳ ▲✳✱
❘♦③✐s❦②✱ ❏✳ ❘✳✱ ❞❡ ❖❧✐✈❡✐r❛✱ ❈✳✱ ▼❛rq✉❡s ❋✐❧❤♦✱ P✳ ❘✳✱ ▼❡❞❡✐r♦s✱
▲✳ ❋✳✱ ❋r❡❣♥✐✱ ❋✳✱ ❈❛✉♠♦✱ ❲✳ ❡t ❚♦rr❡s✱ ■✳ ▲✳ ❙✳ ✭✷✵✶✺✮✳ ❊①♦❣❡♥♦✉s❧②
✐♥❞✉❝❡❞ ❜r❛✐♥ ❛❝t✐✈❛t✐♦♥ r❡❣✉❧❛t❡s ♥❡✉r♦♥❛❧ ❛❝t✐✈✐t② ❜② t♦♣✲❞♦✇♥ ♠♦❞✉❧❛✲
t✐♦♥ ✿ ❝♦♥❝❡♣t✉❛❧✐③❡❞ ♠♦❞❡❧ ❢♦r ❡❧❡❝tr✐❝❛❧ ❜r❛✐♥ st✐♠✉❧❛t✐♦♥✳ ❊①♣❡r✐♠❡♥t❛❧
❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✷✸✸✭✺✮ ✿✶✸✼✼✕✶✸✽✾✳

❙t❛❣❣✱ ❈✳ ❏✳✱ ❇❡st✱ ❏✳ ●✳✱ ❙t❡♣❤❡♥s♦♥✱ ▼✳ ❈✳✱ ❖✬❙❤❡❛✱ ❏✳✱ ❲②❧❡✲

③✐♥s❦❛✱ ▼✳✱ ❑✐♥❝s❡s✱ ❩✳ ❚✳✱ ▼♦rr✐s✱ P✳ ●✳✱ ▼❛tt❤❡✇s✱ P✳ ▼✳ ❡t
❏♦❤❛♥s❡♥✲❇❡r❣✱ ❍✳ ✭✷✵✵✾✮✳ P♦❧❛r✐t②✲❙❡♥s✐t✐✈❡ ▼♦❞✉❧❛t✐♦♥ ♦❢ ❈♦rt✐❝❛❧
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◆❡✉r♦tr❛♥s♠✐tt❡rs ❜② ❚r❛♥s❝r❛♥✐❛❧ ❙t✐♠✉❧❛t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s✲
❝✐❡♥❝❡✱ ✷✾✭✶✻✮ ✿✺✷✵✷✕✺✷✵✻✳

❙t❛❣❣✱ ❈✳ ❏✳ ❡t ◆✐ts❝❤❡✱ ▼✳ ❆✳ ✭✷✵✶✶✮✳ P❤②s✐♦❧♦❣✐❝❛❧ ❜❛s✐s ♦❢ tr❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ❚❤❡ ◆❡✉r♦s❝✐❡♥t✐st ✿ ❛ r❡✈✐❡✇ ❥♦✉r♥❛❧ ❜r✐♥❣✐♥❣
♥❡✉r♦❜✐♦❧♦❣②✱ ♥❡✉r♦❧♦❣② ❛♥❞ ♣s②❝❤✐❛tr②✱ ✶✼✭✶✮ ✿✸✼✕✺✸✳

❙t❡❡♥❜❡r❣❡♥✱ ▲✳✱ ❙❡❧❧❛r♦✱ ❘✳✱ ❍♦♠♠❡❧✱ ❇✳✱ ▲✐♥❞❡♥❜❡r❣❡r✱ ❯✳✱ ❑ü❤♥✱
❙✳ ❡t ❈♦❧③❛t♦✱ ▲✳ ❙✳ ✭✷✵✶✺✮✳ ✧❯♥❢♦❝✉s✧ ♦♥ ❢♦❝✳✉s ✿ ❝♦♠♠❡r❝✐❛❧ t❉❈❙
❤❡❛❞s❡t ✐♠♣❛✐rs ✇♦r❦✐♥❣ ♠❡♠♦r②✳ ❊①♣❡r✐♠❡♥t❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✳

❙t❡✐♥❜❡r❣✱ ❍✳ ✭✷✵✶✸✮✳ ❆ P✐♦♥❡❡r ❲♦r❦ ♦♥ ❊❧❡❝tr✐❝ ❇r❛✐♥ ❙t✐♠✉❧❛t✐♦♥ ✐♥
Ps②❝❤♦t✐❝ P❛t✐❡♥ts✳ ❘✉❞♦❧♣❤ ●♦tt❢r✐❡❞ ❆r♥❞t ❛♥❞ ❤✐s ✶✽✼✵s ❙t✉❞✐❡s✳ ❇r❛✐♥
❙t✐♠✉❧❛t✐♦♥✱ ✻✭✹✮ ✿✹✼✼✕✹✽✶✳

❙t❡✐♥❡r✱ ❍✳ ❡t ❱❛♥ ❲❛❡s✱ ❱✳ ✭✷✵✶✸✮✳ ❆❞❞✐❝t✐♦♥✲r❡❧❛t❡❞ ❣❡♥❡ r❡❣✉❧❛t✐♦♥ ✿
r✐s❦s ♦❢ ❡①♣♦s✉r❡ t♦ ❝♦❣♥✐t✐✈❡ ❡♥❤❛♥❝❡rs ✈s✳ ♦t❤❡r ♣s②❝❤♦st✐♠✉❧❛♥ts✳ Pr♦✲
❣r❡ss ✐♥ ♥❡✉r♦❜✐♦❧♦❣②✱ ✶✵✵ ✿✻✵✕✽✵✳

❙t❡❦❡t❡❡✱ ❏✳ ❉✳ ❡t ❑❛❧✐✈❛s✱ P✳ ❲✳ ✭✷✵✶✶✮✳ ❉r✉❣ ❲❛♥t✐♥❣ ✿ ❇❡❤❛✈✐♦r❛❧
❙❡♥s✐t✐③❛t✐♦♥ ❛♥❞ ❘❡❧❛♣s❡ t♦ ❉r✉❣✲❙❡❡❦✐♥❣ ❇❡❤❛✈✐♦r✳ P❤❛r♠❛❝♦❧♦❣✐❝❛❧ ❘❡✲
✈✐❡✇s✱ ✻✸✭✷✮ ✿✸✹✽✕✸✻✺✳

❚❛❦❛♥♦✱ ❨✳✱ ❨♦❦❛✇❛✱ ❚✳✱ ▼❛s✉❞❛✱ ❆✳✱ ◆✐✐♠✐✱ ❏✳✱ ❚❛♥❛❦❛✱ ❙✳ ❡t ❍✐✲
r♦♥❛❦❛✱ ◆✳ ✭✷✵✶✶✮✳ ❆ r❛t ♠♦❞❡❧ ❢♦r ♠❡❛s✉r✐♥❣ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢
tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✉s✐♥❣ ❢▼❘■✳ ◆❡✉r♦s❝✐❡♥❝❡ ▲❡tt❡rs✱
✹✾✶✭✶✮ ✿✹✵✕✹✸✳

❚❛♥❛❦❛✱ ❙✳✱ ❍❛♥❛❦❛✇❛✱ ❚✳✱ ❍♦♥❞❛✱ ▼✳ ❡t❲❛t❛♥❛❜❡✱ ❑✳ ✭✷✵✵✾✮✳ ❊♥❤❛♥✲
❝❡♠❡♥t ♦❢ ♣✐♥❝❤ ❢♦r❝❡ ✐♥ t❤❡ ❧♦✇❡r ❧❡❣ ❜② ❛♥♦❞❛❧ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t
st✐♠✉❧❛t✐♦♥✳ ❊①♣❡r✐♠❡♥t❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✳ ❊①♣❡r✐♠❡♥t❡❧❧❡ ❍✐r♥❢♦rs❝❤✉♥❣✳
❊①♣❡r✐♠❡♥t❛t✐♦♥ ❈❡r❡❜r❛❧❡✱ ✶✾✻✭✸✮ ✿✹✺✾✕✹✻✺✳

❚❛♥❛❦❛✱ ❚✳✱ ❚❛❦❛♥♦✱ ❨✳✱ ❚❛♥❛❦❛✱ ❙✳✱ ❍✐r♦♥❛❦❛✱ ◆✳✱ ❑♦❜❛②❛s❤✐✱ ❑✳✱
❍❛♥❛❦❛✇❛✱ ❚✳✱ ❲❛t❛♥❛❜❡✱ ❑✳ ❡t ❍♦♥❞❛✱ ▼✳ ✭✷✵✶✸✮✳ ❚r❛♥s❝r❛♥✐❛❧
❞✐r❡❝t✲❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥❝r❡❛s❡s ❡①tr❛❝❡❧❧✉❧❛r ❞♦♣❛♠✐♥❡ ❧❡✈❡❧s ✐♥ t❤❡
r❛t str✐❛t✉♠✳ ❋r♦♥t✐❡rs ✐♥ ❙②st❡♠s ◆❡✉r♦s❝✐❡♥❝❡✱ ✼ ✿✻✳

❚❛♥t✐✱ ❆✳ ❡t ❇❡❧③✉♥❣✱ ❈✳ ✭✷✵✶✸✮✳ ❍✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s ✿ ❛ ❜✐♦♠❛r✲
❦❡r ❢♦r ❞❡♣r❡ss✐♦♥ ♦r ❛♥t✐❞❡♣r❡ss❛♥t ❡✛❡❝ts ❄ ▼❡t❤♦❞♦❧♦❣✐❝❛❧ ❝♦♥s✐❞❡r❛t✐♦♥s
❛♥❞ ♣❡rs♣❡❝t✐✈❡s ❢♦r ❢✉t✉r❡ r❡s❡❛r❝❤✳ ❈❡❧❧ ❛♥❞ ❚✐ss✉❡ ❘❡s❡❛r❝❤✱ ✸✺✹✭✶✮ ✿✷✵✸✕
✷✶✾✳



❇■❇▲■❖●❘❆P❍■❊ ✷✶✺

❚❛♥t✐✱ ❆✳✱ ❲❡st♣❤❛❧✱ ❲✳✲P✳✱ ●✐r❛✉❧t✱ ❱✳✱ ❇r✐③❛r❞✱ ❇✳✱ ❉❡✈❡rs✱ ❙✳✱
▲❡❣✉✐sq✉❡t✱ ❆✳✲▼✳✱ ❙✉r❣❡t✱ ❆✳ ❡t ❇❡❧③✉♥❣✱ ❈✳ ✭✷✵✶✸✮✳ ❘❡❣✐♦♥✲
❞❡♣❡♥❞❡♥t ❛♥❞ st❛❣❡✲s♣❡❝✐✜❝ ❡✛❡❝ts ♦❢ str❡ss✱ ❡♥✈✐r♦♥♠❡♥t❛❧ ❡♥r✐❝❤♠❡♥t✱
❛♥❞ ❛♥t✐❞❡♣r❡ss❛♥t tr❡❛t♠❡♥t ♦♥ ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s✳ ❍✐♣♣♦❝❛♠♣✉s✱
✷✸✭✾✮ ✿✼✾✼✕✽✶✶✳

❚❡♦✱ ❋✳✱ ❍♦②✱ ❑✳ ❊✳✱ ❉❛s❦❛❧❛❦✐s✱ ❩✳ ❏✳ ❡t ❋✐t③❣❡r❛❧❞✱ P✳ ❇✳ ✭✷✵✶✶✮✳
■♥✈❡st✐❣❛t✐♥❣ t❤❡ ❘♦❧❡ ♦❢ ❈✉rr❡♥t ❙tr❡♥❣t❤ ✐♥ t❉❈❙ ▼♦❞✉❧❛t✐♦♥ ♦❢ ❲♦r❦✐♥❣
▼❡♠♦r② P❡r❢♦r♠❛♥❝❡ ✐♥ ❍❡❛❧t❤② ❈♦♥tr♦❧s✳ ❋r♦♥t✐❡rs ✐♥ Ps②❝❤✐❛tr②✱ ✷ ✿✹✺✳

❚❡r♥❡②✱ ❉✳✱ ❈❤❛✐❡❜✱ ▲✳✱▼♦❧✐❛❞③❡✱ ❱✳✱ ❆♥t❛❧✱ ❆✳ ❡t P❛✉❧✉s✱ ❲✳ ✭✷✵✵✽✮✳
■♥❝r❡❛s✐♥❣ ❤✉♠❛♥ ❜r❛✐♥ ❡①❝✐t❛❜✐❧✐t② ❜② tr❛♥s❝r❛♥✐❛❧ ❤✐❣❤✲❢r❡q✉❡♥❝② r❛♥❞♦♠
♥♦✐s❡ st✐♠✉❧❛t✐♦♥✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢
t❤❡ ❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✽✭✺✷✮ ✿✶✹✶✹✼✕✶✹✶✺✺✳

❚✐r❡❧❧✐✱ ❊✳✱ ▲❛✈✐♦❧❛✱ ●✳ ❡t ❆❞r✐❛♥✐✱ ❲✳ ✭✷✵✵✸✮✳ ❖♥t♦❣❡♥❡s✐s ♦❢ ❜❡❤❛✲
✈✐♦r❛❧ s❡♥s✐t✐③❛t✐♦♥ ❛♥❞ ❝♦♥❞✐t✐♦♥❡❞ ♣❧❛❝❡ ♣r❡❢❡r❡♥❝❡ ✐♥❞✉❝❡❞ ❜② ♣s②❝❤♦✲
st✐♠✉❧❛♥ts ✐♥ ❧❛❜♦r❛t♦r② r♦❞❡♥ts✳ ◆❡✉r♦s❝✐❡♥❝❡ ✫ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✱
✷✼✭✶✕✷✮ ✿✶✻✸✕✶✼✽✳

❚♦✱ ❲✳ ❚✳✱ ❍❛rt✱ ❏✳✱ ❉❡ ❘✐❞❞❡r✱ ❉✳ ❡t ❱❛♥♥❡st❡✱ ❙✳ ✭✷✵✶✻✮✳ ❈♦♥s✐❞❡r✐♥❣
t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ st✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ♦♥ t❤❡ ❡✛❡❝t ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ❛♥❞
❤✐❣❤✲❞❡✜♥✐t✐♦♥ tr❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥✳ ❊①♣❡rt ❘❡✈✐❡✇ ♦❢
▼❡❞✐❝❛❧ ❉❡✈✐❝❡s✳

❚♦t❤✱ ▲✳ ❆✳ ✭✷✵✶✺✮✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❝❛❣❡ ❡♥✈✐r♦♥♠❡♥t ♦♥ r♦❞❡♥t ♣❤②s✐♦✲
❧♦❣② ❛♥❞ ❜❡❤❛✈✐♦r ✿ ■♠♣❧✐❝❛t✐♦♥s ❢♦r r❡♣r♦❞✉❝✐❜✐❧✐t② ♦❢ ♣r❡✲❝❧✐♥✐❝❛❧ r♦❞❡♥t
r❡s❡❛r❝❤✳ ❊①♣❡r✐♠❡♥t❛❧ ◆❡✉r♦❧♦❣②✱ ✷✼✵ ✿✼✷✕✼✼✳

❚s♦✉❝❛❧❛s✱ ●✳✱ ❑❛r❛♠❛♥♦✉✱ ▼✳✱ ▲②♠♣❡r✐✱ ▼✳✱ ●❡♥♥✐♠❛t❛✱ ❱✳ ❡t ❆♥✲
❞r♦✉ts♦s✱ ●✳ ✭✷✵✶✹✮✳ ❚❤❡ ✧t♦r♣❡❞♦✧ ❡✛❡❝t ✐♥ ♠❡❞✐❝✐♥❡✳ ■♥t❡r♥❛t✐♦♥❛❧
▼❛r✐t✐♠❡ ❍❡❛❧t❤✱ ✻✺✭✷✮ ✿✻✺✕✻✼✳

❚③s❝❤❡♥t❦❡✱ ❚✳ ▼✳ ✭✶✾✾✽✮✳ ▼❡❛s✉r✐♥❣ r❡✇❛r❞ ✇✐t❤ t❤❡ ❝♦♥❞✐t✐♦♥❡❞ ♣❧❛❝❡
♣r❡❢❡r❡♥❝❡ ♣❛r❛❞✐❣♠ ✿ ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ r❡✈✐❡✇ ♦❢ ❞r✉❣ ❡✛❡❝ts✱ r❡❝❡♥t ♣r♦✲
❣r❡ss ❛♥❞ ♥❡✇ ✐ss✉❡s✳ Pr♦❣r❡ss ✐♥ ◆❡✉r♦❜✐♦❧♦❣②✱ ✺✻✭✻✮ ✿✻✶✸✕✻✼✷✳

❯❡②❛♠❛✱ ❊✳✱❯❦❛✐✱ ❙✳✱❖❣❛✇❛✱ ❆✳✱❨❛♠❛♠♦t♦✱ ▼✳✱❑❛✇❛❣✉❝❤✐✱ ❙✳✱ ■s❤✐✐✱
❘✳ ❡t ❙❤✐♥♦s❛❦✐✱ ❑✳ ✭✷✵✶✶✮✳ ❈❤r♦♥✐❝ r❡♣❡t✐t✐✈❡ tr❛♥s❝r❛♥✐❛❧ ♠❛❣♥❡t✐❝
st✐♠✉❧❛t✐♦♥ ✐♥❝r❡❛s❡s ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✉r♦❣❡♥❡s✐s ✐♥ r❛ts✳ Ps②❝❤✐❛tr② ❛♥❞
❈❧✐♥✐❝❛❧ ◆❡✉r♦s❝✐❡♥❝❡s✱ ✻✺✭✶✮ ✿✼✼✕✽✶✳

❯♥❞❡r✇♦♦❞✱ ❊✳ ✭✷✵✶✻✮✳ ❈❛❞❛✈❡r st✉❞② ❝❤❛❧❧❡♥❣❡s ❜r❛✐♥ st✐♠✉❧❛t✐♦♥ ♠❡✲
t❤♦❞s✳ ❙❝✐❡♥❝❡✱ ✸✺✷✭✻✷✽✹✮ ✿✸✾✼✕✸✾✼✳
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❯②❧✐♥❣s✱ ❍✳ ❇✳ ▼✳✱ ●r♦❡♥❡✇❡❣❡♥✱ ❍✳ ❏✳ ❡t ❑♦❧❜✱ ❇✳ ✭✷✵✵✸✮✳ ❉♦ r❛ts
❤❛✈❡ ❛ ♣r❡❢r♦♥t❛❧ ❝♦rt❡① ❄ ❇❡❤❛✈✐♦✉r❛❧ ❇r❛✐♥ ❘❡s❡❛r❝❤✱ ✶✹✻✭✶✲✷✮ ✿✸✕✶✼✳

❱❛❧❥❡♥t✱ ❊✳✱ ❆✉❜✐❡r✱ ❇✳✱ ❈♦r❜✐❧❧é✱ ❆✳✲●✳✱ ❇r❛♠✐✲❈❤❡rr✐❡r✱ ❑✳✱ ❈❛✲
❜♦❝❤❡✱ ❏✳✱ ❚♦♣✐❧❦♦✱ P✳✱ ●✐r❛✉❧t✱ ❏✳✲❆✳ ❡t ❍❡r✈é✱ ❉✳ ✭✷✵✵✻✮✳ P❧❛st✐❝✐t②✲
❛ss♦❝✐❛t❡❞ ❣❡♥❡ ❑r♦①✷✹✴❩✐❢✷✻✽ ✐s r❡q✉✐r❡❞ ❢♦r ❧♦♥❣✲❧❛st✐♥❣ ❜❡❤❛✈✐♦r❛❧ ❡❢✲
❢❡❝ts ♦❢ ❝♦❝❛✐♥❡✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡ ✿ ❚❤❡ ❖✣❝✐❛❧ ❏♦✉r♥❛❧ ♦❢ t❤❡
❙♦❝✐❡t② ❢♦r ◆❡✉r♦s❝✐❡♥❝❡✱ ✷✻✭✶✽✮ ✿✹✾✺✻✕✹✾✻✵✳

❱❡②r❛❝✱ ❆✳✱ ❇❡s♥❛r❞✱ ❆✳✱ ❈❛❜♦❝❤❡✱ ❏✳✱ ❉❛✈✐s✱ ❙✳ ❡t ▲❛r♦❝❤❡✱ ❙✳ ✭✷✵✶✹✮✳
❚❤❡ tr❛♥s❝r✐♣t✐♦♥ ❢❛❝t♦r ❩✐❢✷✻✽✴❊❣r✶✱ ❜r❛✐♥ ♣❧❛st✐❝✐t②✱ ❛♥❞ ♠❡♠♦r②✳ Pr♦✲
❣r❡ss ✐♥ ▼♦❧❡❝✉❧❛r ❇✐♦❧♦❣② ❛♥❞ ❚r❛♥s❧❛t✐♦♥❛❧ ❙❝✐❡♥❝❡✱ ✶✷✷ ✿✽✾✕✶✷✾✳

❱❡②r❛❝✱ ❆✳✱ ●r♦s✱ ❆✳✱ ❇r✉❡❧✲❏✉♥❣❡r♠❛♥✱ ❊✳✱ ❘♦❝❤❡❢♦rt✱ ❈✳✱
❑❧❡✐♥❡ ❇♦r❣♠❛♥♥✱ ❋✳ ❇✳✱ ❏❡ss❜❡r❣❡r✱ ❙✳ ❡t ▲❛r♦❝❤❡✱ ❙✳ ✭✷✵✶✸✮✳
❩✐❢✷✻✽✴❡❣r✶ ❣❡♥❡ ❝♦♥tr♦❧s t❤❡ s❡❧❡❝t✐♦♥✱ ♠❛t✉r❛t✐♦♥ ❛♥❞ ❢✉♥❝t✐♦♥❛❧ ✐♥t❡✲
❣r❛t✐♦♥ ♦❢ ❛❞✉❧t ❤✐♣♣♦❝❛♠♣❛❧ ♥❡✇❜♦r♥ ♥❡✉r♦♥s ❜② ❧❡❛r♥✐♥❣✳ Pr♦❝❡❡❞✐♥❣s
♦❢ t❤❡ ◆❛t✐♦♥❛❧ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s ♦❢ t❤❡ ❯♥✐t❡❞ ❙t❛t❡s ♦❢ ❆♠❡r✐❝❛✱
✶✶✵✭✶✼✮ ✿✼✵✻✷✕✼✵✻✼✳

❱✐❛❧♦✉✱ ❱✳✱ ❋❡♥❣✱ ❏✳✱ ❘♦❜✐s♦♥✱ ❆✳ ❏✳ ❡t ◆❡st❧❡r✱ ❊✳ ❏✳ ✭✷✵✶✸✮✳ ❊♣✐❣❡♥❡t✐❝
♠❡❝❤❛♥✐s♠s ♦❢ ❞❡♣r❡ss✐♦♥ ❛♥❞ ❛♥t✐❞❡♣r❡ss❛♥t ❛❝t✐♦♥✳ ❆♥♥✉❛❧ ❘❡✈✐❡✇ ♦❢
P❤❛r♠❛❝♦❧♦❣② ❛♥❞ ❚♦①✐❝♦❧♦❣②✱ ✺✸ ✿✺✾✕✽✼✳

❱✐❞❛✐❧❤❡t✱ P✳✱ ❋♦✉❝❤❡r✱ ❏✳✱ ▲❛✉❡r✱ ❱✳ ❡t ❈❤❛ss❛❣♥♦♥✱ ❙✳ ✭✷✵✵✺✮✳ ▲❛
st✐♠✉❧❛t✐♦♥ ♠❛❣♥ét✐q✉❡ ré♣ét✐t✐✈❡ ❡♥ t❤ér❛♣❡✉t✐q✉❡ ♥❡✉r♦❧♦❣✐q✉❡ ❡t ♣s②✲
❝❤✐❛tr✐q✉❡ ✿ ❞❡s ❡s♣♦✐rs ❡t ❞❡s ❧✐♠✐t❡s ❡♥ ❝♦♠♠✉♥✳ ❊♣✐❧❡♣t♦❧♦❣✐❡✱ ✭✷✷✮ ✿✶✺✼
✕ ✶✻✼✳

❱♦♥❝❦✱ ❑✳✱ ❘❛❡❞t✱ ❘✳✱ ◆❛✉❧❛❡rts✱ ❏✳✱ ❉❡ ❱♦❣❡❧❛❡r❡✱ ❋✳✱ ❚❤✐❡r②✱ ❊✳✱
❱❛♥ ❘♦♦st✱ ❉✳✱ ❆❧❞❡♥❦❛♠♣✱ ❇✳✱ ▼✐❛tt♦♥✱ ▼✳ ❡t ❇♦♦♥✱ P✳ ✭✷✵✶✹✮✳
❱❛❣✉s ♥❡r✈❡ st✐♠✉❧❛t✐♦♥✳ ✳ ✳✷✺ ②❡❛rs ❧❛t❡r ✦ ❲❤❛t ❞♦ ✇❡ ❦♥♦✇ ❛❜♦✉t t❤❡
❡✛❡❝ts ♦♥ ❝♦❣♥✐t✐♦♥ ❄ ◆❡✉r♦s❝✐❡♥❝❡ ✫ ❇✐♦❜❡❤❛✈✐♦r❛❧ ❘❡✈✐❡✇s✱ ✹✺ ✿✻✸✕✼✶✳

❱♦r❤❡❡s✱ ❈✳ ❱✳ ❡t❲✐❧❧✐❛♠s✱ ▼✳ ❚✳ ✭✷✵✵✻✮✳ ▼♦rr✐s ✇❛t❡r ♠❛③❡ ✿ ♣r♦❝❡❞✉r❡s
❢♦r ❛ss❡ss✐♥❣ s♣❛t✐❛❧ ❛♥❞ r❡❧❛t❡❞ ❢♦r♠s ♦❢ ❧❡❛r♥✐♥❣ ❛♥❞ ♠❡♠♦r②✳ ◆❛t✉r❡
Pr♦t♦❝♦❧s✱ ✶✭✷✮ ✿✽✹✽✕✽✺✽✳

❱♦r❤❡❡s✱ ❈✳ ❱✳ ❡t ❲✐❧❧✐❛♠s✱ ▼✳ ❚✳ ✭✷✵✶✹✮✳ ❆ss❡ss✐♥❣ s♣❛t✐❛❧ ❧❡❛r♥✐♥❣ ❛♥❞
♠❡♠♦r② ✐♥ r♦❞❡♥ts✳ ■▲❆❘ ❥♦✉r♥❛❧ ✴ ◆❛t✐♦♥❛❧ ❘❡s❡❛r❝❤ ❈♦✉♥❝✐❧✱ ■♥st✐t✉t❡
♦❢ ▲❛❜♦r❛t♦r② ❆♥✐♠❛❧ ❘❡s♦✉r❝❡s✱ ✺✺✭✷✮ ✿✸✶✵✕✸✸✷✳



❇■❇▲■❖●❘❆P❍■❊ ✷✶✼

❲❛❝❤t❡r✱ ❉✳✱ ❲r❡❞❡✱ ❆✳✱ ❙❝❤✉❧③✲❙❝❤❛❡❢❢❡r✱ ❲✳✱ ❚❛❣❤✐③❛❞❡❤✲

❲❛❣❤❡❢✐✱ ❆✳✱ ◆✐ts❝❤❡✱ ▼✳ ❆✳✱ ❑✉ts❝❤❡♥❦♦✱ ❆✳✱ ❘♦❤❞❡✱ ❱✳ ❡t ▲✐❡❜❡✲
t❛♥③✱ ❉✳ ✭✷✵✶✶✮✳ ❚r❛♥s❝r❛♥✐❛❧ ❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ ✐♥❞✉❝❡s ♣♦❧❛r✐t②✲
s♣❡❝✐✜❝ ❝❤❛♥❣❡s ♦❢ ❝♦rt✐❝❛❧ ❜❧♦♦❞ ♣❡r❢✉s✐♦♥ ✐♥ t❤❡ r❛t✳ ❊①♣❡r✐♠❡♥t❛❧ ◆❡✉✲
r♦❧♦❣②✱ ✷✷✼✭✷✮ ✿✸✷✷✕✸✷✼✳

❲❍❖ ✭✷✵✶✹✮✳ ●❧♦❜❛❧ st❛t✉s r❡♣♦rt ♦♥ ❛❧❝♦❤♦❧ ❛♥❞ ❤❡❛❧t❤ ✷✵✶✹✳ ❘❛♣♣♦rt
t❡❝❤♥✐q✉❡ ❲▼ ✷✼✹✳

❲✐❧❧✉❤♥✱ ■✳✱ ❙✉♥✱ ❲✳ ❡t ❙t❡✐♥❡r✱ ❍✳ ✭✷✵✵✸✮✳ ❚♦♣♦❣r❛♣❤② ♦❢ ❝♦❝❛✐♥❡✲
✐♥❞✉❝❡❞ ❣❡♥❡ r❡❣✉❧❛t✐♦♥ ✐♥ t❤❡ r❛t str✐❛t✉♠ ✿ r❡❧❛t✐♦♥s❤✐♣ t♦ ❝♦rt✐❝❛❧ ✐♥♣✉ts
❛♥❞ r♦❧❡ ♦❢ ❜❡❤❛✈✐♦✉r❛❧ ❝♦♥t❡①t✳ ❚❤❡ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ◆❡✉r♦s❝✐❡♥❝❡✱
✶✼✭✺✮ ✿✶✵✺✸✕✶✵✻✻✳

❲✐❧s♦♥✱ ❙✳ ❏✳✱ ❙❛②❡tt❡✱ ▼✳ ❆✳ ❡t ❋✐❡③✱ ❏✳ ❆✳ ✭✷✵✵✹✮✳ Pr❡❢r♦♥t❛❧ r❡s♣♦♥s❡s t♦
❞r✉❣ ❝✉❡s ✿ ❛ ♥❡✉r♦❝♦❣♥✐t✐✈❡ ❛♥❛❧②s✐s✳ ◆❛t✉r❡ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼✭✸✮ ✿✷✶✶✕✷✶✹✳

❲r❛s❡✱ ❏✳✱ ●rüss❡r✱ ❙✳ ▼✳✱ ❑❧❡✐♥✱ ❙✳✱ ❉✐❡♥❡r✱ ❈✳✱ ❍❡r♠❛♥♥✱ ❉✳✱ ❋❧♦r✱
❍✳✱▼❛♥♥✱ ❑✳✱ ❇r❛✉s✱ ❉✳ ❋✳ ❡t ❍❡✐♥③✱ ❆✳ ✭✷✵✵✷✮✳ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛❧❝♦❤♦❧✲
❛ss♦❝✐❛t❡❞ ❝✉❡s ❛♥❞ ❝✉❡✲✐♥❞✉❝❡❞ ❜r❛✐♥ ❛❝t✐✈❛t✐♦♥ ✐♥ ❛❧❝♦❤♦❧✐❝s✳ ❊✉r♦♣❡❛♥
Ps②❝❤✐❛tr② ✿ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆ss♦❝✐❛t✐♦♥ ♦❢ ❊✉r♦♣❡❛♥ Ps②❝❤✐❛tr✐sts✱
✶✼✭✺✮ ✿✷✽✼✕✷✾✶✳

❳✐❡✱ ●✳✱ ❑r♥❥❡✈✐➣✱ ❑✳ ❡t ❨❡✱ ❏✳✲❍✳ ✭✷✵✶✸✮✳ ❙❛❧s♦❧✐♥♦❧ ♠♦❞✉❧❛t✐♦♥ ♦❢ ❞♦♣❛✲
♠✐♥❡ ♥❡✉r♦♥s✳ ❋r♦♥t✐❡rs ✐♥ ❇❡❤❛✈✐♦r❛❧ ◆❡✉r♦s❝✐❡♥❝❡✱ ✼ ✿✺✷✳

❳✉✱ ❏✳✱ ❋r❡❣♥✐✱ ❋✳✱ ❇r♦❞②✱ ❆✳ ▲✳ ❡t ❘❛❤♠❛♥✱ ❆✳ ❙✳ ✭✷✵✶✸✮✳ ❚r❛♥s❝r❛♥✐❛❧
❞✐r❡❝t ❝✉rr❡♥t st✐♠✉❧❛t✐♦♥ r❡❞✉❝❡s ♥❡❣❛t✐✈❡ ❛✛❡❝t ❜✉t ♥♦t ❝✐❣❛r❡tt❡ ❝r❛✈✐♥❣
✐♥ ♦✈❡r♥✐❣❤t ❛❜st✐♥❡♥t s♠♦❦❡rs✳ ❋r♦♥t✐❡rs ✐♥ ♣s②❝❤✐❛tr②✱ ✹ ✿✶✶✷✳
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There is a growing demand for new brain-enhancing technologies to improve mental

performance, both for patients with cognitive disorders and for healthy individuals.

Transcranial direct current stimulation (tDCS) is a non-invasive, painless, and easy to

use neuromodulatory technique that can improve performance on a variety of cognitive

tasks in humans despite its exact mode of action remains unclear. We have conducted a

mini-review of the literature to first briefly summarize the growing amount of data from

clinical trials assessing the efficacy of tDCS, focusing exclusively on learning and memory

performances in healthy human subjects and in patients with depression, schizophrenia,

and other neurological disorders. We then discuss these findings in the context of the

strikingly few studies resulting from animal research. Finally, we highlight future directions

and limitations in this field and emphasize the need to develop translational studies to

better understand how tDCS improves memory, a necessary condition before it can be

used as a therapeutic tool.

Keywords: tDCS, neuromodulation, prefrontal cortex, cognitive enhancement, memory

Non-invasive neuromodulatory techniques including tDCS have

been shown to improve performance on a variety of cognitive

domains. tDCS is a painless stimulation method that delivers sub-

threshold electrical currents to the brain and manipulates the

resting membrane potential of cortical neurons (e.g., Stagg and

Nitsche, 2011). Since the dorsolateral prefrontal cortex (DLPFC)

is a crucial element in the neural network subserving executive

functions (i.e., working memory, planning, goal-oriented behav-

ior, attention, and inhibitory control ),

targeting this area with neuromodulatory techniques represents

a promising therapeutic option for improving cognition. In this

mini-review, we summarize data obtained from clinical trials

(see Tables 1A, B) and animal models focusing on tDCS-induced

memory enhancement in healthy subjects and in subjects with

psychiatric and neurological disorders known to induce mild to

severe cognition impairments. Limitations and perspectives are

then discussed.

HUMAN STUDIES

tDCS FOR COGNITIVE ENHANCEMENT IN HEALTHY SUBJECTS

To date, most studies conducted in healthy individuals have

assessed the effect of tDCS in enhancing verbal and visuospatial

components of working memory (WM) and learning processes.

Fregni et al. found that online anodal tDCS at 1 mA applied

over the left DLPFC enhances accuracy in a three-back letter task

compared with cathodal stimulation of the same area or anodal

stimulation of the primary motor cortex (Fregni et al., 2005).

Based on the same paradigm, Ohn et al. investigated the time-

dependency of tDCS and found an increased number of correct

responses starting 20 min after the beginning of active stimula-

tion compared to sham, whereas earlier measurements did not

reveal any stimulation effects (Ohn et al., 2008). More recently,

Lally et al. confirmed these results in a larger cohort, but only

when subjects were tested during the stimulation session (online),

without a persisting effect 48 h later (Lally et al., 2013). Mulquiney

et al. obtained discordant results in a sample of 10 healthy volun-

teers, with no improvement in accuracy but in speed performance

after anodal tDCS (Mulquiney et al., 2011). However, Marshall

et al. reported increased reaction time in the same task during

both anodal and cathodal bilateral intermittent stimulation over

the DLPFC (Marshall et al., 2005). Andrews and collaborators

investigated the impact of 1 session of anodal tDCS delivered

during a WM task (n-back task) on performances on a sub-

sequent WM task (digit span forward) (Andrews et al., 2011).

Upon completion of the n-back task, they observed a signifi-

cant improvement in performance on the digit span forward task.

Berryhill and Jones enhanced WM by application of anodal tDCS

over the left or right DLPFC in subjects with a high educational

level, whereas tDCS provided no benefit in WM performance to

a less educated group (Berryhill and Jones, 2012). Interestingly,

Teo et al. found that WM performances are influenced by current

strength of anodal tDCS (Teo et al., 2011). Gladwin et al. explored

the impact of anodal left DLPFC tDCS on Sternberg task comple-

tion when distractor stimuli were presented during the retention

period. tDCS improved reaction time only when the incorrect

choice had been a distractor suggesting stimulation might have an

effect on selective attention. In a subsequent study, they showed

that tDCS improves reaction time in an implicit association test
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Table 1A | Studies investigating the cognitive effects of tDCS in healthy subjects.

Study tDCS parameters Results

Author Design n Task A/C I (mA) D (min) E (cm2)

Fregni et al.,

2005

Cross over

Single blind

15 n-back task Online F3/FP2 1 10 35 Improvement in accuracy (more correct

responses)

No improvement in reaction time

Ohn et al., 2008 Cross over

Single blind

15 n-back task Online

Offline

F3/FP2 1 20 35 Increased number of correct responses after

30 min of stimulation with anodal stimulation

Lally et al., 2013 Cross over

Double blind

21 n-back task Online

Offline

F3/cheek 1 10 35 Improvement of performance during the first

stimulation phase with active stimulation

Mulquiney et al.,

2011

Cross over 10 Cogstate

Sternberg

task

Online

Offline

F3/FP2 1 10 35 2-back task: no effects of session or time in

accuracy; improvement in reaction time

Sternberg task: no effect of session or time

Marshall et al.,

2005

Cross over

Double blind

12 Modified

Sternberg

task

Online F3/F4 0.26 15 64 No improvement in accuracy

Slower reaction time after anodal and cathodal

tDCS

Andrews et al.,

2011

Cross over 10 n-back task

Digit span

tasks

Online

Offline

F3/FP2 1 10 35 Previous application of tDCS during the n-back

task resulted in increased performance on digit

span forward

Berryhill and

Jones, 2012

Cross over 25 n-back task Offline F3/cheek

F4/cheek

1.5 10 35 Low education group: unchanged or impaired

performance

High education group: improved performance

Teo et al., 2011 Cross over

Double blind

12 n-back task

Sternberg

task

Online

Offline

F3/FP2 1 or 2 20 35 n-back task: decrease reaction time during the

last 5 min of 2 mA session.

Sternberg task: no difference in reaction time

and accuracy between 1 mA, 2 mA, or sham

stimulation

Gladwin et al.,

2012a

Cross over 14 Sternberg

task

Online

Offline

F3/FP2 1 10 35 Improvement in reaction time, influence of

interference

Gladwin et al.,

2012b

Cross over 20 Modified

version of

the IAT

Offline F3/FP2 1 10 35 Improvement in reaction time in the congruent

rather than in the incongruent condition

Kincses et al.,

2004

Cross over 14 PCL Online F3/Cz 1 10 35 Improvement of implicit learning by anodal but

not cathodal stimulation

Hammer et al.,

2011

Cross over

Single blind

36 Recognition

memory

task

Online

Offline

F3/FP2 1 30 35 Cathodal stimulation hampered memory

performance after errorful learning, whereas

anodal stimulation did not alter encoding and

memory retrieval

Manenti et al.,

2013

Cross over

Single blind

64 Episodic

memory

task

Online F3/F4 1.5 6 35 Improvement of verbal episodic memory with

anodal tDCS applied during the retrieval phase

Better performances in young subjects

Zwissler et al.,

2014

Cross over

Double blind

85 Episodic

memory

task

Online F3/con-

tralateral

musculus

deltoideus

1 15 35 Anodal tDCS increased whereas cathodal

stimulation decreased the number of false

alarms to lure pictures in subsequent

recognition memory testing

Cz, midline central (international 10/20 EEG system); F3, left dorsolateral prefrontal cortex; F4, right dorsolateral prefrontal cortex; FP2, supraorbital right; IAT, Implicit

Association Test; PCL, probabilistic classification learning; I, intensity; D, duration; E, electrodes size.
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Table 1B | Studies investigating the cognitive effects of tDCS in psychiatric diseases.

Study tDCS parameters Results

Author Design n Task A/C I (mA) D (min) E (cm2)

DEPRESSION

Brunoni et al.,

2013

Double blind

RCT

28 UP Probabilistic

classification learning

Online F3/F4 2 30 25 No improvement in implicit

learning after real stimulation

Fregni et al.,

2006

Double blind

RCT

18 UP Digit span forward

and backward test

Online F3/FP2 1 10 35 Improvement in working

memory

Oliveira et al.,

2013

Double blind

RCT

28 UP n-back task Online F3/F4 2 30 25 Enhancement of working

memory

Increase rate of correct

responses

Increase ability to discriminate

between correct responses and

false alarms

Wolkenstein and

Plewnia, 2013

Double blind

RCT

22 MDD Delayed- response

working memory

task

Online F3/Right

upper arm

1 20 35 Enhancement of working

memory performance and

elimination of attentional bias

Ferrucci et al.,

2009

Open label 8 MDD Sternberg Task

Word recognition

task

Posner paradigm

Offline F3/F4 2 20 32 Cognitive tasks showed no

significant difference between

active or sham stimulation

Loo et al., 2012 Double blind

RCT

64 MDD RAVLT, Stroop Test,

COWAT, Digit span,

SDMT

Offline F3/F8 2 20 35 Improvement of working

memory performances, indexed

by the SDMT, after 1 tDCS

session

No improvement in cognitive

performances after 15 sessions

Palm et al., 2012 Double blind

RCT

22 MDD VLMT, RWT LNSWAIS Offline F3/FP2 1 or 2 20 35 Cognitive tasks showed no

significant difference between

active or sham stimulation

SCHIZOPHRENIA

Vercammen

et al., 2011

Single blind

Cross over

20 Probabilistic

classification learning

Online F3/FP2 2 20 35 Improvement in implicit learning

after real stimulation in a subset

of patient

Hoy et al., 2014 Double blind

RCT

18 nback Offline F3/FP2 1 or 2 20 Improvement in working

memory at 2 mA

Goder et al.,

2013

Cross over 14 RAVLT Offline F3/F4 0–0.3 During

sleep

64 Improvement in working

memory

ALZHEIMER

Boggio et al.,

2009

Double blind

RCT

10 Digit span test

Visual recognition

Memory task

Stroop test

Online F3/ FP2

T7/FP2

2 30 35 Improvement in working

memory after prefrontal and

temporal stimulation

No effect on digit span and

Stroop performance

Cotelli et al.,

2014

Double blind

RCT

36

(mild to

moder-

ate)

Face-name

association memory

task

Memory training

Offline F3/Right

deltoid

muscle

2 24 No additive effects of anodal

tDCS on memory performance

when combined with memory

training

(Continued)

Frontiers in Systems Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 159 | 3



Bennabi et al. tDCS for memory enhancement

Table 1B | Continued

Study tDCS parameters Results

Author Design n Task A/C I (mA) D (min) E (cm2)

PARKINSON

Boggio et al.,

2006

Double blind

RCT

18 n-back task Online F3/ FP2 1 or 2 20 35 Improvement in accuracy

No improvement in reaction

time

No effect at 1 mA

Pereira et al.,

2013

Cross over 16 Semantic fluency

task phonemic task

Offline F3/FP2

P3-T5/FP2

2 20 35 Improvement in the phonemic

fluency task after DLPFC tDCS

POST-STROKE

Kang et al., 2009 Double blind

RCT

10 Go/No-Go Offline F3/FP2 2 20 25 Improvement in response

accuracy at 1 and 3 h

post-stimulation

Jo et al., 2009 Double blind

RCT

10 n-back task Offline F3/FP2 2 30 35 Improvement in the two-back

task after DLPFC tDCS

Park et al., 2013 Double blind

RCT

11 Seoul computerized

neuropsychological

test

Offline F3/F4 2 30 25 Improvement in attention when

combined with cognitive

rehabilitation

COWAT, Controlled Oral Word Association Test; F3, left dorsolateral prefrontal cortex (international 10/20 EEG system); F4, right dorsolateral prefrontal cortex; FP2,

supraorbital right; F8, lateral aspect of the right orbit; LNSWAIS , Letter Number Sequencing Task of the Wechsler Adult Intelligence Scale; MDD, Major Depressive

Disorder; RAVLT, Ray Auditory Verbal Learning Test; RCT, Randomized Controlled Trial; RWT, Regensburg Word Fluency Test; SDMT, Symbol Digit Modalities Test;

UP, Unipolar Depression; I, intensity; D, duration; E, electrodes size; VLMT, Verbal Learning Memory Test, P3-T5, left temporo-parietal cortex.

without affecting the subjects’ ability to overcome bias (Gladwin

et al., 2012a,b).

In addition, tDCS has been recently used as an investigative

tool in other memory domains. With regard to implicit memory

(probabilistic classification learning), Kincses et al. first demon-

strated that anodal tDCS performed over the left DLPFC at

1 mA in healthy volunteers resulted in immediate improvement

in implicit learning (Kincses et al., 2004). Hammer et al. showed

that cathodal stimulation hampered memory performance after

errorful learning, whereas anodal stimulation did not alter encod-

ing and memory retrieval (Hammer et al., 2011). Manenti et al.

found that anodal stimulation enhances the long-term episodic

memory capacities of young and older subjects with more robust

effects in young participants (Manenti et al., 2013). Plewnia

and collaborators also reported that tDCS shapes accuracy of

episodic memory via polaritiy-specific modulation of false recog-

nition. When applied during encoding of pictures, anodal tDCS

increased whereas cathodal stimulation reduced the number of

false alarms (i.e., responses to highly similar distracter images) in

subsequent recognition memory testing (Zwissler et al., 2014).

tDCS FOR COGNITIVE ENHANCEMENT IN PSYCHIATRIC AND

NEUROLOGICAL DISORDERS

Bifrontal tDCS has been shown to prevent procedural learning

in depressive states, possibly by inducing a decrease in the activ-

ity of the right DLPFC (Brunoni et al., 2013). Beneficial effects

of online stimulation applied over the left DLPFC have been

reported for working memory, attentional performances, and

information processing in depressed patients (Fregni et al., 2006;

Oliveira et al., 2013; Wolkenstein and Plewnia, 2013). However,

two randomized controlled trials and one open-label trial failed

to replicate this finding with offline stimulation, suggesting that

multiple tDCS sessions do not have cumulative cognitive enhanc-

ing effects (Ferrucci et al., 2009; Loo et al., 2012; Palm et al.,

2012).

Only a small number of studies have examined the impact

of tDCS on selective cognitive domains altered in schizophrenia.

Focusing on working memory, Vercammen et al. reported that a

single session of anodal tDCS to the left DLPCF improves proba-

bilistic association learning in a specific subset of schizophrenic

patients (Vercammen et al., 2011). These findings were inter-

preted as an enhancement of DLPFC function primarily in indi-

viduals with relatively higher neural and cognitive reserve. Hoy

et al. observed the same tDCS effects on a working memory task

after a 2 mA stimulation (Hoy et al., 2014). Göder et al. showed

improved sleep-associated memory consolidation in patients with

schizophrenia when anodal tDCS oscillating at a frequency of

0.75 Hz was applied during sleep (Goder et al., 2013).

Cognitive enhancing properties of tDCS have also been

explored in a number of neurological diseases. For example, in

Alzheimer disease, Boggio et al. (2009) reported short-term facil-

itation effects on visual recognition memory after prefrontal and

temporal anodal tDCS applied 30 min at 2 mA, with no changes in

attention. More recently, Cotelli et al. demonstrated that repeated

sessions of anodal tDCS to the left DLFPC plus computerized

memory training led to an increase in performance in a face-

name association task (Cotelli et al., 2014). However, combined

treatment failed to ameliorate the memory performance more
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than memory training alone suggesting an absence of effects of

tDCS in this paradigm. It has also been shown that a single

tDCS session can ameliorate memory deficits in Parkinson’s dis-

ease. Boggio et al. enhanced WM by application of anodal tDCS

over the left DPFC at 2 mA, whereas stimulation with intensities

of 1 mA or of other area (motor cortex) provided no benefit in

WM performance (Boggio et al., 2006). Pereira et al. found that

anodal tDCS (at 2 mA) applied over the left DLPFC enhanced

performance and functional connectivity in task-related net-

works in a verbal fluency task tested during fMRI (Pereira et al.,

2013).

Kang et al. reported increased response accuracy in a Go/NoGo

task tested 1 and 3 h after anodal stimulation at 2 mA over the

DLPFC in 10 patients with post-stroke cognitive decline (MMSE

≤ 25) (Kang et al., 2009). Jo et al. also reported that 10 patients

with subacute stroke achieved a significant improvement in the

accuracy of verbal two-back working memory after receiving the

tDCS to the left prefrontal cortex at an intensity of 2 mA for

30 min (Jo et al., 2009). Park et al. found that the concomitant

use of anodal tDCS with a computer-assisted cognitive rehabil-

itation program had a significant effect on improving attention

in post-stroke patients with mild-to-moderate cognitive dysfunc-

tion (Park et al., 2013).

In spite of the increasing number of clinical studies showing

beneficial effects of prefrontal tDCS on the domains of learning

and memory, its mechanism of action remains unclear. Recent

clinical studies have started to tackle this question (e.g., Keeser

et al., 2011a,b; Amadi et al., 2013; Dayan et al., 2013; Palm et al.,

2013; Plewnia et al., 2013; Stagg and Johansen-Berg, 2013); how-

ever, the cellular mechanisms underlying tDCS will likely require

the use of animal models.

ANIMAL MODELS OF tDCS

Animal models provide a powerful tool to identify the mech-

anisms by which tDCS modulates neural network function to

support improved cognition. In rats, tDCS was first used to eval-

uate the safety limits of cathodal stimulations (Liebetanz et al.,

2009) and to map brain activation patterns after tDCS (Takano

et al., 2011). In the latter study, the authors observed significantly

increased fMRI signal intensities in the frontal cortex and nucleus

accumbens of rats after anodal tDCS (of the frontal lobe), suggest-

ing that tDCS induces neuronal activation both in cortical and

subcortical areas. To date, few animal studies have addressed the

impact of tDCS on learning and memory processes.

tDCS FOR COGNITIVE ENHANCEMENT IN HEALTHY ANIMALS

Similar to humans, the prefrontal cortex (or more generally

speaking, the frontal lobe) has been the main target of animal

studies for its implication in working memory. In a recent paper,

Dockery et al. performed experiments in rats using the Allothetic

Place Avoidance Alternation Task (APAAT), a behavioral model of

visuospatial working memory and skill learning (Dockery et al.,

2011). In this paradigm, a recent memory is engaged by the

necessity to remember the location of a to-be-avoided sector

(punished by an electric shock), which is alternated daily. tDCS

on the frontal lobe (30 min/day before the APAAT task [3 days

in total], 200 µA, epicranial electrode: 3.5 mm2 over the frontal

lobe, counter electrode: 10.5 cm2 placed between the shoulders)

had no measurable short-term effect on on-going place avoidance

learning. However, in a follow-up session (18 days after the last

APAAT session), the rats previously treated with cathodal (but not

anodal) tDCS showed significantly more efficient place avoidance

and skill retention compared to controls. Other types of mem-

ory, such as associative learning processes, can also be affected by

tDCS (Marquez-Ruiz et al., 2012). In this case, tDCS was applied

to behaving rabbits via four silver-ball stimulating electrodes

(1 mm in diameter, placed symmetrically above the skull 3 mm

from the right S1 vibrissa area on the somatosensory cortex) with

a saline-soaked sponge (35 cm2 surface area) attached to the con-

tralateral ear serving as the counter electrode. The authors found

that the acquisition of classical eyeblink conditioning is potenti-

ated or depressed by the simultaneous application of anodal or

cathodal tDCS, respectively, when stimulation of the whisker pad

was used as a conditioned stimulus. These results suggest that

tDCS modulates the sensory perception processes necessary for

this type of associative learning (Marquez-Ruiz et al., 2012).

Recently, we have adapted a model of tDCS in mice and tested

its validity in a wide range of behavioral paradigms (Pedron

et al., 2014). We applied repeated anodal tDCS over the left

frontal cortex of the mouse (see, Figures 1A,B) and used a

2 × 20 min/day stimulation paradigm at 200 µA for 5 consecu-

tive days. In agreement with human studies, our data suggest

that repeated anodal tDCS improves long-term spatial memory

(in the Morris water maze, Figure 1C) and working memory

(object recognition, Figure 1D) without affecting behaviors such

as locomotor activity and anxiety-related behaviors (Pedron et al.,

2014).

Finally, Marshall and collaborators have investigated the

interaction of tDCS with hippocampo-neocortical rhythms and

reported that a transcranial slow oscillation stimulation during

sleep enhances memory consolidation in rats (anodes: bilaterally

over the prefrontal cortex; return electrodes: over the cerebellum;

sinusoidal constant current fluctuating between 0 and 5.6 µA at

a frequency of 1.5 Hz applied during non-rapid eyes movement

sleep) (Binder et al., 2014a,b).

COGNITIVE ENHANCEMENT IN ANIMAL MODELS OF NEUROLOGICAL

DISORDERS

To the best of our knowledge, tDCS has yet to be tested for

enhancing cognition in animal models of psychiatric disorders,

but it has been shown to facilitate recovery from cognitive impair-

ments induced by stroke or status epilepticus in rats. After

cerebral ischemia, Yoon et al. employed a cup-shaped anodal

stimulation electrode positioned at the ischemic borderline, and

a rectangular rubber cathodal electrode (80 × 60 mm) fixed on

the anterior chest (Yoon et al., 2012) to inject a direct current

at an intensity of 200 µA for 20 min, once a day for 5 consec-

utive days. Both early (1 day) and late (1 week after ischemic

injury) treatment had a beneficial outcome on cognition (spatial

memory evaluated in the Barnes maze test) without exacerbat-

ing ischemic volume. Interestingly, this effect was not present

1 day after tDCS, but began to appear 2 weeks after the stim-

ulations and was maximal after 4 weeks. Therapeutic effects

of tDCS on cognition were associated with an increase in the
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FIGURE 1 | Illustration of the tDCS device used to deliver the electrical

stimulation in mice (Pedron et al., 2014) and main results obtained on

cognition. (A) The center of the stimulation electrode (anode) is

positioned over the left frontal cortex 1 mm anterior to the coronal fissure

and 1 mm left of the sagittal fissure (Paxinos and Franklin, 2001). The

cathode (rubber-plate electrode, 9.5 cm2) is placed onto the ventral thorax

(not shown). (B) Anode: A tubular plastic jacket (internal diameter: 2.1 mm)

is surgically fixed onto the skull and filled with saline solution before the

stimulation. The stimulation electrode is screwed into the tubular plastic

jacket and immersed in the saline solution. Only the saline solution is in

contact with the skull. (C) Four month-old Swiss female mice were

subjected to repeated anodal tDCS for 5 consecutive days (2 × 20 min/day

constant current, 0.2 mA). Long-term spatial memory was evaluated 2

weeks after the last stimulation in the Morris water navigation task

(training: left; test: right). tDCS significantly improved long-term spatial

memory. (D) Effect of repeated anodal tDCS on working memory

evaluated in an object recognition task (inter-trial interval: 2 min) 4 weeks

after the last stimulation. The novel object exploration (score in %) was

significantly higher than 50% in the tDCS group, reflecting a better

working memory performance compared to sham group for which the

score was not significantly different than 50%. &p < 0.05 and &&p < 0.01

vs. 25%, ∗∗p < 0.01 vs. sham, §§§p < 0.001 vs. 50%; N = 8 per group.

expression of Map-2 (a stabilizer of microtubules growth) and

Gap-43 (a neuronal growth-promoting gene) in the early treat-

ment group and in the late treatment group, respectively, in both

peri-lesional and contra-lesional cortex. Kamida et al. used catho-

dal tDCS (1.5 mm to the right, 2 mm anterior from bregma;

counter electrode: 1 cm needle electrode inserted into the back

of the neck, 30 min per day for 2 weeks at 200 µA) to evalu-

ate its effect on seizures and spatial memory deficits following

pilocarpine-induced status epilepticus in immature rats (Kamida

et al., 2011). Repeated cathodal tDCS reduced seizures, spatial

memory impairments, status epilepticus-induced hippocampal

cell loss, and supragranular and CA3 mossy fiber sprouting.

POTENTIAL MECHANISMS OF ACTION AND PERSPECTIVES

CANDIDATE MECHANISMS UNDERLYING tDCS ACTION ON COGNITION

To date, it is known that tDCS modifies the resting membrane

potential when online and induces prolonged offline after-effects

similar to long-term potentiation/depression (Paulus, 2004), con-

sidered to be the cellular mechanisms of learning and memory.

For example, in humans the long-lasting effects of tDCS (both

anodal and cathodal) on the primary motor cortex are suppressed

after NMDA-receptor blockade indicating a dependence on glu-

tamatergic activity (Liebetanz et al., 2002). Moreover, previous

experiments in rats have shown that anodal polarization directly

applied to the cortex has the ability to modulate neural plasticity

(i.e., c-Fos activation) via activation of NMDA receptors (Islam

et al., 1995).

Our team has started to investigate the role of adult neuro-

genesis as a mechanism involved in tDCS action. Neurogenesis

in the hippocampus is of particular interest as tDCS induces

both antidepressant effects and enhances cognition in humans

and mice, two phenomena critically linked to the generation

of new neurons in the adult dentate gyrus (Deng et al., 2010;

Eisch and Petrik, 2012). In addition, the time course for the

onset of long term tDCS effect on depression-related behav-

ior and on cognition in our animal model (after several weeks,

Pedron et al., 2014) is consistent with the delay necessary for

newly generated cells in the hippocampus to be functionally

integrated (Klempin et al., 2010). Of particular interest is the

impact of tDCS on brain-derived neurotrophic factor (BDNF)

levels. This growth factor is important for long-term memory

(Bekinschtein et al., 2008), is involved in depressive-like behaviors

and antidepressant drug action, and can modulate neurogene-

sis levels (Castren and Rantamaki, 2010; Vithlani et al., 2013).

A recent study has shown that BDNF activation is necessary

for DCS-induced long-term potentiation in mouse M1 slices
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(Fritsch et al., 2010). Enhancement of motor skill acquisition by

anodal tDCS also seems to be related to BDNF, as the BDNF

val66met polymorphism in humans is associated with decreased

proclivity to tDCS-induced benefits on skill learning (Fritsch

et al., 2010). Other indirect mechanisms cannot be ruled out, such

as the impact of tDCS on cortical blood perfusion (Wachter et al.,

2011; Stagg et al., 2013).

LIMITATIONS AND FUTURE DIRECTIONS

One outstanding question in the above-mentioned studies is:

where does the current flow? Considering that tDCS has poor spa-

tial resolution on brain tissue, it is important to acknowledge the

limitation on the precision with which tDCS is able to target spe-

cific areas of the brain. A main issue is the difference between the

electrodes used in animals and those used in clinical applications,

preventing direct comparisons of current density and voltage dis-

tributions between experimental models (higher current densities

are often reported in animals). Because in humans the outcome of

stimulation depends of the amount of current delivered, it would

be necessary to test whether similar dose-response curves occur in

animals and attempt stimulation parameters more closely related

to clinical studies. Another limiting factor is the considerable pro-

tocol variations particularly among animal models. This lack of

standardization is deleterious and could contribute to the discrep-

ancy sometimes observed in the literature. The standardization

of physical parameters, namely the current density and shape,

electrodes size, shape and localization (2 epicranial electrodes

vs. 1 epicranial/ 1 outside the skull), the duration and number

of stimulations, and the state of animals during the stimulation

(awake or anesthetized) would greatly aid in the elucidation of

the mechanisms and efficacy of tDCS.

Another often overlooked point is the population on which

tDCS is used. The interaction of stimulation polarity, cognitive

domain and other intra- and interindividual variables such as

anatomic or genetic factors (Plewnia et al., 2013; Kim et al., 2014),

personality (Pena-Gomez et al., 2011; Pripfl et al., 2013), cogni-

tive strategy (Berryhill and Jones, 2012) and baseline neuronal

activation state (Jacobson et al., 2012) need to be taken into con-

sideration. Likewise, the age at which electrical stimulation occurs

(Kessler et al., 2013) might be a key determinants for the physio-

logical and behavioral outcomes of the stimulation. tDCS effects

might for example be stronger/different and possibly harmful if

applied to the brain during a critical stage of development such

as during adolescence when the prefrontal cortex is still not fully

mature.

Finally, further basic research is needed to elucidate the dura-

tion of the effects of tDCS on memory, which require evaluations

at different time-points. The eventual necessity to re-stimulate

the brain to maintain the beneficial effects of tDCS has yet to be

investigated.

In conclusion, the data reported here are very promising and

show that electrical stimulation of the brain is able to improve

cognition in humans, in both healthy and in patients with psychi-

atric or neurological disorders. However, before it can be applied

as a therapeutic tool, there is a clear need for method standardiza-

tion and for a better understanding of its mode of action through

the combined use of clinical research and animal models.
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Repeated Transcranial Direct Current Stimulation

Prevents Abnormal Behaviors Associated with Abstinence

from Chronic Nicotine Consumption

Solène Pedron1, Julie Monnin1,2, Emmanuel Haffen1,2, Daniel Sechter1 and Vincent Van Waes*,1

1EA 481 Laboratory of Integrative and Clinical Neuroscience, University of Franche-Comté/SFR FED 4234, Besançon, France;
2INSERM CIC-IT 808 Clinical Investigation Centre for Innovative Technology, University Hospital of Besançon, Besançon, France

Successful available treatments to quit smoking remain scarce. Recently, the potential of transcranial direct current stimulation (tDCS) as a

tool to reduce craving for nicotine has gained interest. However, there is no documented animal model to assess the neurobiological

mechanisms of tDCS on addiction-related behaviors. To address this topic, we have developed a model of repeated tDCS in mice and used

it to validate its effectiveness in relieving nicotine addiction. Anodal repeated tDCS was applied over the frontal cortex of Swiss female mice.

The stimulation electrode (anode) was fixed directly onto the cranium, and the reference electrode was placed onto the ventral thorax. A

2! 20min/day stimulation paradigm for five consecutive days was used (0.2mA). In the first study, we screened for behaviors altered by the

stimulation. Second, we tested whether tDCS could alleviate abnormal behaviors associated with abstinence from nicotine consumption. In

naive animals, repeated tDCS had antidepressant-like properties 3 weeks after the last stimulation, improved working memory, and

decreased conditioned place preference for nicotine without affecting locomotor activity and anxiety-related behavior. Importantly,

abnormal behaviors associated with chronic nicotine exposure (ie, depression-like behavior, increase in nicotine-induced place preference)

were normalized by repeated tDCS. Our data show for the first time in an animal model that repeated tDCS is a promising, non-expensive

clinical tool that could be used to reduce smoking craving and facilitate smoking cessation. Our animal model will be useful to investigate the

mechanisms underlying the effects of tDCS on addiction and other psychiatric disorders.

Neuropsychopharmacology advance online publication, 20 November 2013; doi:10.1038/npp.2013.298

Keywords: neuromodulation; nicotine withdrawal; depression; conditioned place preference; memory; addiction
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a neuromo-
dulatory technique that consists in stimulating the cerebral
cortex with a weak constant electric current in a non-invasive
and painless manner. Since a decade ago, tDCS has been used
experimentally to treat several psychiatric disorders, includ-
ing depressive symptoms (Brunoni et al, 2012; Nitsche et al,
2009). The mechanisms underlying its effects are not well
understood, but early studies in animals using current
directly applied to the cortex suggest that anodal stimulation
causes a depolarization of the resting membrane potential
and increases the firing rates of cortical neurons in the tissue
under the electrode (Bindman et al, 1964; Purpura and
McMurtry, 1965; Stagg and Nitsche, 2011).
Recently, the use of tDCS-induced modulation of cortical

excitability has gained interest in the scientific community

as a means to decrease maladaptive behaviors in drug-
dependent patients (Feil and Zangen, 2010). Two prelimin-
ary clinical studies carried out in chronic smokers support/
exemplify tDCS efficacy in relieving addiction-related
behaviors (Boggio et al, 2009; Fregni et al, 2008). In these
studies, the dorsolateral prefrontal cortex (DLPFC) was
targeted because smoking craving processing has been
associated with enhanced activity of this area (Brody et al,
2002; Due et al, 2002; McBride et al, 2006; Wilson et al,
2004). In the first clinical trial, Fregni et al (2008) showed
that a single-tDCS session over the DLPFC reduced cue-
induced smoking craving in tobacco users. Participants
received three different types of tDCS: sham tDCS, anodal
tDCS of the left DLPFC, and anodal tDCS of the right DLPFC
(a single session of 2mA for 20min). Before and right after
the electrical stimulation, they completed a visual analog
scale (VAS) to evaluate mood and a nicotine-based VAS to
measure craving levels. The authors found that stimulation
of both left and right DLPFC with active, but not sham,
tDCS reduced general and smoking cue-induced nicotine
craving with no other significant mood changes associated
with the tDCS treatment. In the second study (Boggio et al,
2009), chronic smokers were randomized to receive either
sham tDCS or active anodal tDCS of the left DLPFC for five
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Techniques, 2 Place Leclerc, 25030 Besancon, Cedex, France,
Tel: (þ 33)381665726, Fax: (þ 33)381665746,
E-mail: vincent.van_waes@univ-fcomte.fr
Received 29 July 2013; revised 2 October 2013; accepted 16 October
2013; accepted article preview online 24 October 2013

Neuropsychopharmacology (2013), 1–8

& 2013 American College of Neuropsychopharmacology. All rights reserved 0893-133X/13

www.neuropsychopharmacology.org



consecutive days (2mA, 1 session of 20min per day). The
results indicated a cumulative effect of tDCS such that the
magnitude of tDCS on reducing cue-induced craving
increased after each session. Nonetheless, the duration of
this phenomenon was not evaluated in this work.
These preliminary findings are very encouraging because

current available treatment options for smoking cessation
remain limited and/or are associated with poor long-term
success rates (O’Brien, 2008). Several approaches, such as
nicotine replacement therapy (patch, chewing gum, electro-
nic cigarette), drugs (eg, brupopion, varenicline), and
psychotherapy (behavioral and motivational interventions)
are used for the purpose of decreasing smoking craving
(see Stead and Lancaster, 2012); however, their relative poor
efficacy and potential drug side effects limit the use of these
methods. In this context, electrical stimulation of specific
brain regions appears as innovative and attractive technique
worth of further investigation to reduce smoking craving
(Fraser and Rosen, 2012).
In spite of these promising results, a suitable experi-

mental animal model with translational value is presently
lacking in order to investigate the mechanisms underlying
tDCS effects on addiction-related behavior. The aim of the
present work is to characterize an animal model that can be
used to study the neurobiological mechanisms associated
with the efficacy of the tDCS treatment. The first step
toward this goal is to demonstrate that protocols of tDCS in
laboratory animal can result in positive/negative outcomes
on a variety of behavioral measures that are clinically
relevant. On the basis of the work of Liebetanz et al (2006;
2009), we have developed a model of repeated tDCS in mice
with an experimental paradigm similar to that used in
clinical trials. In a first experiment, we screened naive
animals (never exposed to nicotine) for behaviors altered by
repeated tDCS (depression, anxiety, memory, and reinfor-
cing effect of nicotine). In a second set of experiments, we
tested whether tDCS could alleviate behaviors associated
with abstinence from chronic nicotine consumption during
adolescence (postnatal day, PND 30–43), a period of high
vulnerability to nicotine exposure (Iniguez et al, 2009). Our
data show for the first time in an animal model that
repeated tDCS has antidepressant properties and decreases
the reinforcing effect of nicotine consistent with the
outcomes observed after repeated tDCS in humans.

MATERIALS AND METHODS

Subjects

Swiss female mice (Janvier, Laval, France) were housed 4–5 per
cage under standard laboratory conditions (12:12-hour light/
dark cycle; lights on at 0700 hours) with food and water
available ad libitum. Before the surgery, mice were allowed 1
week of acclimation, during which they were repeatedly
handled. All procedures met the NIH guidelines for the care
and use of laboratory animals and were approved by the
University of Franche-Comté Animal Care and Use Committee.

Surgery

A tubular plastic jacket (internal diameter: 2.1mm) was
surgically fixed onto the skull 1 week before the stimulation

protocol (Figure 1). Animals were anesthetized with
ketamine hydrochloride/xylazine (80mg/12mg/kg, respec-
tively; i.p.) and were placed in a stereotaxic apparatus. The
center of the plastic jacket was positioned over the left
frontal cortex 1mm anterior to the coronal fissure and
1mm left of the sagittal fissure (Figure 1b) and fixed with a
coating of glass ionomer cement (GC Fuji I, Leuven,
Belgium). After surgery, all animals were allowed to recover
for 1 week before undergoing tDCS. During this period as
well as during the electrical stimulations, mice were placed
in individual cages. Experimental design of experiments 1
and 2 is summarized in Figures 2a and 3a.

Stimulation Protocol

The jacket was filled with saline solution (NaCl 0.9%) before
the stimulation to establish a contact area of 3.5mm2

toward the skull. The stimulation electrode (anode,
Figure 1c, DIXI Medical, Besançon, France) was screwed
into the tubular plastic jacket. A larger conventional rubber-
plate electrode (cathode, 9.5 cm2; Physiomed Elektromedi-
zin AG, Schnaittach, Germany) served as the counter-
electrode and was placed onto the ventral thorax (adapted
from Liebetanz et al, 2009, Figure 1a). This setting
prevented the bypassing of currents (shunting effect) that
would occur in the case of two juxtaposed encephalic
electrodes in mice. An anodal 2! 20min/day constant
current of 0.2mA was applied transcranially over the frontal
cortex using a DC-Stimulator Plus (NeuroConn, Ilnemau,
Germany) for five consecutive days, with a linear fade in/
fade out of 10s (Ferrucci et al, 2009; Rigonatti et al, 2008).
Animals were awake and restrained during the tDCS
(Figure 1a) to prevent possible interactions between tDCS
effects and anesthetic drugs. Control animals were subjected

Figure 1 Illustration of the tDCS device used to deliver the current
stimulation. (a) The mouse is placed in a custom-made restraint box. The
anode (contact area 3.5mm2) is positioned over the left frontal cortex and
the cathode (rubber-plate electrode, 9.5 cm2) onto the ventral thorax. A
2! 20min/day constant current of 0.2mA is applied transcranially using a
direct current stimulator (DC-Stimulator Plus) for five consecutive days,
with a linear fade in/fade out of 10s. (b) The center of the electrode is
positioned over the left frontal cortex 1mm anterior to the coronal fissure
and 1mm left of the sagittal fissure (adapted from Paxinos and Franklin,
2001). (c) Anode: a tubular plastic jacket (internal diameter: 2.1mm) is
surgically fixed onto the skull and filled with saline solution before the
stimulation. The stimulation electrode is screwed into the tubular plastic
jacket and dip in the saline solution. Only the saline solution is in contact
with the skull.
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to the same procedure (surgeries, restraint box, electrode
montage), but current was not delivered.

Nicotine Treatment during Adolescence

Adolescent mice (PND 30–43) were treated twice a day for
14 consecutive days with nicotine (1mg/kg i.p. in 0.2ml,
time between injections: 6 h; (# )-nicotine hydrogen
tartrate salt, SIGMA, France; Figure 3a). Control mice were
injected with NaCl 0.9% following the same schedule.

Behavioral Tests

Body weight, food, and water consumption. The weight
of mice and food/fluid intake during the 24-h period were
monitored throughout the experiments.

Locomotor activity. A system that automatically analyzes
locomotor activity of mice in a cage similar to their home
cage (Activmeter, Bioseb, France) was used to record the
total distance traveled (in cm) by the mice during 16min.
This system consists of a transparent plastic cage (17!
21! 14 cm) and uses cage vibrations to measure locomotion.

Elevated plus maze. Anxiety-related behavior was exam-
ined in the elevated plus maze (EPM) test (Walf and Frye,
2007). The arms (two open without walls and two enclosed
by 45 cm high walls) were 30 cm long, 6 cm wide, and raised
off the floor by 50 cm. Each animal was placed in the center
square of the apparatus facing a closed arm and was allowed
to move freely for 5min. The test was recorded with a video
camera and analyzed using the Ethovision system (video-
tracking, Noldus, Paris, France). The parameter used to
assess anxiety-related behavior was the percentage of time
spent in the open arms during the 5min.

Forced swim test. We adapted the forced swim test (FST)
method from Porsolt et al (1977). Each mouse was placed
into a beaker (height 26 cm, diameter 18 cm) containing
water at a temperature of 32±2 1C and a depth of 17 cm so
that the mouse could neither escape nor touch the bottom.
Each test lasted 6min and was video recorded for
subsequent scoring by a blind observer of the latency
before the first episode of immobility and the total time
spent immobile. Mice were considered immobile when they
ceased struggling and remained floating motionless in the
water for at least 2 s.

Figure 2 Experiment 1. (a) Experimental design. Four-month-old Swiss female mice never exposed to nicotine were subjected to repeated anodal tDCS
for five consecutive days (2! 20min/day constant current, 0.2mA). Behavioral effects of tDCS were screened from 3 days to 5 weeks following the last
electrical stimulation. The same animals were used in all behavioral tests (sham N¼ 8, tDCS N¼ 8) except in the CPP test at 3 days for which another batch
of mice was used (sham N¼ 10, tDCS N¼ 10). EPM: elevated plus maze, FST: forced swim test, CPP: conditioned place preference, NiC: nicotine. Effect of
repeated anodal tDCS on (b) locomotor activity, (c) anxiety-related behavior, (d) depression-related behaviors, and (e) addiction-related behavior 3 days
and 3–5 weeks following the last electrical stimulation. (f) Effect of repeated anodal tDCS on working memory 4 weeks after the last stimulation and
(g) effect of repeated anodal tDCS on long-term spatial memory (training, left; test, right) 2 weeks after the last stimulation. *po0.05 and **po0.01 vs
sham, 11po0.01 3 days vs 3 weeks, #po0.05 and ##po0.01 vs 0%, yyypo0.001 vs 50%, &po0.05 and &&po0.01 vs 25%.
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Novel object recognition task. Two objects (figurines)
with different forms and colors were used for the
experiments. There were two copies of each object. A
preliminary test was carried out to verify there was no
preexisting preference for any of the figurines. Mice were
habituated to the empty test arena (diameter: 47 cm) 10min
per day for four consecutive days before the object
recognition test. During the exposure phase, two identical
copies of the sample object were placed in the arena, and
mice were allowed to explore the objects for 10min. After an
intertrial interval of 2min in the home cage, mice were
placed again in the test arena for 5min (test phase). During
this phase, the arena contained one object used in the
exposure phase and one novel object. The arena and objects
were wiped down with 70% ethanol between trials to
minimize olfactory cues. Novel object exploration during
the test phase was determined as the percentage of time
spent with the nose not more than 1 cm away from the novel
object divided by the total time spent to explore the two
objects. The test was recorded with a video camera and
analyzed using the Ethovision system.

Morris water maze. A circular pool (diameter: 130 cm,
height: 30 cm) was filled to a depth of 10 cm with water
(32±2 1C) and placed in a room with visual cues. Over three

consecutive days, mice were given 12 training trials per
day. A clear platform (diameter: 9 cm) was placed at the
midpoint of one quadrant, submerged 0.5 cm below
the water surface, and fixed in the same place throughout
the training trials. The point of entry of the mouse into the
pool was randomized. When a mouse located the platform,
it was allowed to remain on it for 20 s. If the mouse could
not locate the platform within 60 s, it was gently navigated
to the platform and remained on it for 20 s. The parameter
evaluated was the latency to find the hidden platform in
seconds. A test trial was then carried out 2 and 5 days after
the last training trial. During the test trial, the platform was
removed, and mice were allowed to swim freely for 60 s. The
percentage of time spent in the target quadrant (containing
the hidden platform during the training trials) was recorded
and compared with 25%. The test was monitored using the
Ethovision system.

Nicotine-induced conditioned place preference. The con-
ditioned place preference apparatus consists of two main
compartments linked by a corridor displaying each different
features: visual (wall patterns) and tactile (floor texture). On
day 1 (pre-conditioning), mice were placed in the corridor
and allowed free access to the compartments for 10min.
The time spent in each compartment was recorded using the

Figure 3 Experiment 2. (a) Experimental design. Adolescent mice were treated twice a day for 14 consecutive days with nicotine (1mg/kg i.p.) postnatal
day (PND) 30–43. Control mice were injected with NaCl 0.9% following the same schedule. Nicotine and NaCl-treated animals were submitted to
repeated anodal tDCS or sham stimulations for five days (PND 60–64). Animals were then tested for locomotor activity, anxiety- and depression-related
behaviors, and for their sensitivity to the rewarding effects of nicotine. CPP, conditioned place preference; EPM, elevated plus maze; FST, forced swim test;
NiC, nicotine. NaCl-sham (N¼ 10), NiC-sham (N¼ 9), NiC-tDCS (N¼ 10). (b) Effect of nicotine exposure during adolescence and subsequent repeated
anodal tDCS on locomotor activity, (c) anxiety-related behavior, (d) depression-related behaviors, and (e) addiction-related behavior 3 days and 3-4 weeks
following the last electrical stimulation. *po0.05 and **po0.01 vs NaCl-sham or as indicated, #po0.05 and ###po0.001 vs 0%.
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Ethovision system. On days 2–4 (conditioning phase) mice
received injections of nicotine (0.5mg/kg, i.p.) or vehicle and
were immediately confined into one of the two conditioning
compartments for 15min (drug pairing was biased to the
least preferred chamber). On day 5 (post-conditioning), mice
were once again allowed free access to the compartments for
10min. Percentage of time spent in the drug-paired
compartment was calculated during the pre-conditioning
and the post-conditioning phases as follows: drug-paired
compartment (s)/(drug-paired compartment (s)þNaCl-
paired compartment (s))! 100. The preference score was
determined as the difference between the percentages of time
spent in the drug-paired compartment during the post-
conditioning and pre-conditioning sessions.

Statistical Analysis

The results were expressed as mean±SEM. Significance was
set at p p0.05. Repeated analysis of variance (ANOVA) was
used to analyze body weight, food/fluid consumption,
locomotor activity, anxiety-, and depression-related beha-
viors with group as between-subject variable (experiment 1:
sham, tDCS; experiment 2: NaCl-sham, NiC-sham, Nic-
tDCS) and time as within-subject variable (3 days, 3 weeks).
Repeated ANOVA was also used to analyze long-term
spatial memory in experiment 1 with tDCS as between-
subject variable (sham, tDCS) and time as within-subject
variable (D1, D2, D3; D5, D8). Student’s t-test (experiment
1) or one-way ANOVA (experiment 2) was used to analyze
addiction-related behavior at 3 days, 4, or 5 weeks.
Newman–Keuls post hoc tests were used to describe
differences between individual groups. Student’s t-tests
were also used to compare the means of each group with a
standard value (ie, 0% for the conditioned place preference,
50% for the novel object recognition task, and 25% for the
test trial in the Morris water maze).

RESULTS

Experiment 1

Body weight, locomotor activity, and anxiety-related
behavior. tDCS had no impact on body weight or on
food and fluid consumption 3 days and 3 weeks after the
last electrical stimulation (data not shown). Neither
locomotor activity (total distance traveled during 16min,
Figure 2b), nor anxiety-related behavior (percentage of time
spent in the open arm of the EPM during 5min, Figure 2c)
was affected by tDCS. Although tDCS caused a slight drop in
anxiety-related behavior (Figure 2c), this effect was not
significant (ANOVA tDCS effect: F(1,14)¼ 1.93, p¼ 0.19;
time effect: F(1,14)¼ 1.57, p¼ 0.23; tDCS x time interaction:
F(1,14)¼ 0.11, p¼ 0.74).

Depression-related behaviors. In the FST, tDCS differ-
ently affected the latency before the first immobility
(Figure 2d, left) and the immobility time (Figure 2d, right)
depending on the time post stimulation (ANOVA tDCS x
time interaction: F(1,14)¼ 7.67, po0.05 and F(1,14)¼ 7.14,
po0.05, respectively). Post hoc Newman–Keuls analysis
revealed that, relative to sham controls, tDCS significantly
increased the latency before the first immobility (Figure 2d,

left, **po0.01) and decreased immobility time (Figure 2d,
right, *po0.05) 3 weeks after the last stimulation, but not
after 3 days (all p40.05). The sham group was affected by
the repetition of the test as evidenced by a significant
decrease in the latency before the first immobility and
increase in the time spent immobile between 3 days and 3
weeks (11po0.01, Figure 2d). A complementary experiment
with a different batch of mice tested only 3 weeks after the
last stimulation confirmed the antidepressive-like property
of tDCS in the FST (data not shown).

Addiction-related behavior. Nicotine (0.5mg/kg) in-
duced a significant place preference in the sham group 3
days (po0.01 vs 0%, Figure 2e) and 5 weeks (po0.01 vs 0%)
following sham stimulations. Animals submitted to repeated
anodal tDCS also displayed a place preference for nicotine 3
days after the last stimulation (po0.05 vs 0%). However, 3
weeks after the last stimulation, the preference score for
nicotine was not significantly different from 0% (p¼ 0.23).
Student’s t-test did not reveal a significant direct difference
between sham and tDCS groups.

Working memory. The percentage of exploration of the
novel object during the test phase was not significantly
different from 50% in the sham group, indicating that
animals did not differentiate the novel object from the
object already presented with an intertrial interval of 2min
(sham group: p¼ 0.68 vs 50%, Figure 2f). In contrast, mice
exposed to active tDCS explored significantly more the
novel object than the object already presented (tDCS group:
po0.001 vs 50%).

Long-term spatial memory. There was only a trend for a
beneficial global effect of tDCS on learning performances
(ANOVA tDCS effect: F (1,14)¼ 3.95, p¼ 0.07, Figure 2g,
left). This effect was reflected in the test trials in which both
groups spent significantly more time (compared to 25%) in
the quadrant associated with the platform (target quadrant)
than in the other quadrants at day 5 (all po0.05) but not at
day 8 when only the tDCS group performed well (sham
p¼ 0.35, tDCS po0.01 vs 25%; Figure 2g, right). Repeated
ANOVA, however, did not reveal any significant effect of
tDCS on spatial memory in the test trials (ANOVA tDCS
effect: F(1,14)¼ 0.03, p¼ 0.86, time effect: F(1,14)¼ 2.23,
p¼ 0.16, tDCS x time interaction: F(1,14)¼ 0.17, p¼ 0.68).

Experiment 2

Locomotor activity and anxiety-related behavior. Loco-
motor activity in adults tended to be affected differently by
the group depending on the time post stimulation (ANOVA
group x time interaction: F(2,26)¼ 3.09, p¼ 0.06,
Figure 3b). Post hoc Newman–Keuls analysis indicated that
tDCS significantly reduced locomotor activity in nicotine-
treated animals 3 weeks after the last stimulation (NiC-sham
vs NiC-tDCS, po0.05). The percentage of time spent in the
open arm of the EPM after nicotine withdrawal was not
affected by the group (ANOVA group effect: F(2,26)¼ 0.27,
p¼ 0.77, group! time interaction: F(2,26)¼ 0.05, p¼ 0.95,
Figure 3c).
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Depression-related behaviors. The time spent immobile
in the FST during adulthood was significantly affected by
the experimental conditions (ANOVA group effect:
F(2,26)¼ 4.66, po0.05, Figure 3d). Post hoc Newman–
Keuls analysis revealed that nicotine exposure during
adolescence increased the time spent immobile in the FST
during adulthood (NaCl-sham vs NiC-sham, po0.05).
Exposure to repeated tDCS normalized this parameter
(NiC-sham vs NiC-tDCS, po0.05, NaCl-sham vs NiC-tDCS,
p¼ 0.51). When time was taken into consideration, tDCS
significantly reduced the immobility in nicotine-pretreated
animal only 3 weeks after the stimulation (NaCl-sham vs
NiC-sham, po0.05 and NiC-sham vs NiC-tDCS at 3 weeks,
po0.05). Three weeks after the stimulation, animals
exposed to nicotine during adolescence and stimulated
during the withdrawal period did not differ from animals
never exposed to nicotine and not stimulated (NiC-tDCS vs
NaCl-sham, p¼ 0.98).

Addiction-related behavior. As in experiment 1, injec-
tions of nicotine (0.5mg/kg, i.p) induced a place preference
in the sham group never exposed to nicotine (NaCl-sham,
po0.05 vs 0%, Figure 3e). Exposure to nicotine during
adolescence robustly increased the place preference induced
by nicotine in adults (ANOVA group effect: F(2,26)¼ 5.21,
po0.05; Nic-sham vs NaCl-sham, po0.05; vs 0%, po0.001).
tDCS significantly reduced nicotine-induced place prefer-
ence in nicotine-pretreated animals (NiC-sham vs Nic-tDCS,
po0.01). Animals exposed to nicotine during adolescence
and stimulated during the withdrawal period did not differ
from animals never exposed to nicotine and not stimulated
(Nic-tDCS vs 0%, po0.05; NiC-tDCS vs NaCl-sham,
p¼ 0.32).

DISCUSSION

The present study is the first to show that repeated anodal
tDCS over the frontal lobe induces long-lasting modulation
of the behavior in mice. Notably, tDCS decreases abnormal
behaviors associated with abstinence in an animal model of
chronic nicotine consumption. These results provide
important preclinical evidence for the use of electrical brain
stimulation in promoting smoking cessation and potentially
ameliorating other addiction-related behaviors in depen-
dent patients (Boggio et al, 2009; Fregni et al, 2008).
There is a growing body of evidence to suggest that tDCS

has an antidepressant effect in humans (for review see
Brunoni et al, 2012; Nitsche et al, 2009), but, to the best of
our knowledge, this has never been shown in an animal
model. Our study demonstrates that repeated anodal tDCS
per se produces significant antidepressant-like effects in
mice in the most frequently used test of learned helplessness
(3 weeks after the stimulations). This effect seems relatively
specific as body weight, food/drink consumption, locomo-
tor activity, and anxiety-related behavior were unaffected
both 3 days and 3 weeks following the treatment. It is
known that the ‘acute’ physiological effects of a single tDCS
session are not limited to modulation of cortical excitability
during stimulation and may outlast the stimulation period
by several minutes or even hours (Bindman and
Richardson, 1969; Nitsche et al, 2003; Nitsche and Paulus,

2000; Ohn et al, 2008); however, the long-lasting effects of
repeated stimulation on behavior have never been reported
before. The effects of such repeated sessions of anodal tDCS
on the immobility in the FST were present at 3 weeks but
absent 3 days after the last stimulation. Interestingly, this
delayed response is reminiscent of the delayed therapeutic
onset of antidepressants typically reported in humans (Lam,
2012). However, in rodents, the behavioral effects of
antidepressant drugs (eg, selective serotonine reuptake
inhibitors, SSRIs) are usually observed acutely after a single
injection, suggesting different mechanisms of action be-
tween SSRI antidepressants and tDCS.
Repeated anodal tDCS had minimal impact on spatial

learning and memory in the Morris Water Maze. Conversely,
our stimulation protocol significantly improved mice
performance in a working memory task. This result is in
accordance with a growing number of studies, indicating an
improvement of working memory by anodal tDCS (Boggio
et al, 2006; Fregni et al, 2005; Ohn et al, 2008). In a recent
work, Zaehle et al (2011) studied working memory function
in humans several minutes after a single tDCS over the
DLPFC (15min, 1mA) in combination with neurophysiolo-
gical methods. Working memory was improved, and
oscillatory brain activity was affected, as evidenced by
amplified oscillatory power in the theta and alpha
bands after the stimulation. Our study assessed for the first
time the impact of repeated anodal tDCS (2 sessions
per days, 5 consecutive days) and demonstrates that this
protocol has long-lasting beneficial consequences in working
memory of mice for at least 4 weeks. Longer time points
remain to be tested to determine more precisely the duration
of this effect.
Antidepressants can be used to facilitate smoking cessa-

tion (Hughes et al, 2007). What about tDCS? Chronic
exposure to nicotine during adolescence induces depres-
sion-related behavior in adult rats (1 month after nicotine
withdrawal (Iniguez et al, 2009)). Interestingly, Iniguez et al
(2009) demonstrated that the altered behaviors observed
after nicotine withdrawal can be prevented in rats by either
subsequent re-exposure to nicotine or antidepressant
treatment (fluoxetine or bupropion; 10mg/kg). Similarly,
our results show that mice exposed to nicotine during
adolescence display increased immobility time in the FST
after nicotine withdrawal. In agreement with the pre-
vious work, this alteration was normalized by our repeated
anodal tDCS protocol. Our study also shows that expo-
sure to nicotine during adolescence dramatically increases
nicotine-induced place preference (0.5mg/kg) in adult mice,
an effect that was completely abolished by the electrical
stimulations.
In the brain, nicotine binds to nicotinic cholinergic

receptors, which are ligand-gated ion channels that nor-
mally bind acetylcholine. Stimulation of nicotinic choliner-
gic receptors is known to evoke dopamine release in the
cortical and subcortical dopaminergic systems, which
are critical for the reinforcing effects of nicotine. This effect
can be direct via the activation of dopaminergic neurons
or indirect via the stimulation of other neurotransmitters’
release including glutamate. Animal experiments have
shown that descending pathways from the frontal cortex
modulate the release of dopamine in subcortical areas such
as the striatum (Karreman and Moghaddam, 1996; Taber
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and Fibiger, 1993, 1995). There is evidence that this occurs
both directly via glutamatergic corticostriatal projections
(Taber and Fibiger, 1995) and indirectly through an effect
on mesostriatal dopamine neurons in the midbrain
(Karreman and Moghaddam, 1996). As a possible mechan-
ism of action, we hypothesize that anodal tDCS could
promote a direct or indirect modulation of subcortical
dopamine release involved in nicotine addiction. However,
to definitively conclude that tDCS impacts nicotine
consumption, it will be necessary to substantiate our
findings in an intravenous self-administration paradigm.
Important questions remain to be answered, such as

whether tDCS effects are specific for the reinforcing effect of
nicotine, whether it would also work for other drugs of
abuse (eg, alcohol, psychostimulants), and whether it affects
the response to natural rewards (eg, sexual activity,
appetite). Our preliminary data suggest that the reinforcing
effect of food is not altered by transcranial stimulations (no
change in food/fluid consumption), but more detailed work
is necessary to address this question. A limit in our work is
that all of our experiments were carried out in female mice;
therefore, additional studies are warranted to determine if
our findings can be extrapolated to male mice. A final
important consideration is the equivalence of our stimula-
tion paradigm in animal vs humans. Indeed, our stimulation
protocol (time, length, repetition) is the same as the one
used in clinical trials, but the intensity is lower: 0.2mA vs
2mA. However, in our animal model, the current density is
much more elevated due to the small size of the electrode
(57.1 vs 0.57 A/m2 for clinical trials). This is of importance
because the area stimulated by the current might be
significantly different in mice and in humans, in particular
if the size of the brain is taken into account. Future studies
will need to determine the minimal amount of current
necessary in our model to maintain the efficiency in
alleviating abnormal behaviors associated with chronic
nicotine consumption, to explore the importance of the
polarity, and to assess whether the effects are specific to the
area stimulated or simply due to a generalized stimulation
of the mouse brain.
Taken together, our findings indicate that (1) our tDCS

protocol results in behavioral outcomes similar to the ones
observed in clinical trials, (2) exposure to nicotine during
adolescence promotes abnormal behaviors during adult-
hood (depressive-like behavior, increase in the rewarding
effect of nicotine), and (3) that this detrimental effect might
be prevented by repeated anodal tDCS treatment. Our
results also highlight the time dependence of the tDCS
effects, which seems to be more prominent 3 weeks after the
last tDCS session. On the basis of the research presented
here, our experimental animal model provides a framework
to investigate the effects of tDCS on smoking craving and,
more importantly, to explore the neurobiological changes
that underlie the beneficial effects of tDCS on this and other
addiction-related behaviors.
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Transcranial direct current stimulation produces

long-lasting attenuation of cocaine-induced behavioral

responses and gene regulation in corticostriatal circuits
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ABSTRACT

Transcranial direct current stimulation (tDCS) is a non-invasive method to modulate cortical excitability. This tech-

nique is a promising emerging tool to treat several neuropathologies, including addiction. We have previously shown

in mice that repeated tDCS normalizes pathological behaviors associated with chronic nicotine exposure. Here, we

evaluated, in adult female mice, the impact of tDCS on cocaine-induced behavior and gene regulation in corticostriatal

circuits implicated in psychostimulant addiction. Anodal tDCS was applied transcranially over the frontal cortex. Three

weeks after repeated tDCS, we investigated the induction of a gene expression marker (Zif268) by cocaine (25mg/kg) in

26 cortical and 23 striatal regions using in situ hybridization histochemistry. We also assessed place preference condi-

tioning by cocaine (5, 10 and 25mg/kg). tDCS pretreatment increased basal expression and attenuated cocaine

(25mg/kg)-induced expression of Zif268 in specific corticostriatal circuits. Cocaine-induced locomotor activation

(25mg/kg) and place preference conditioning (5 and 25mg/kg) were also reduced. These results demonstrate that

tDCS can attenuate molecular and behavioral responses to cocaine for several weeks. Together, our findings provide

pre-clinical evidence that such electrical brain stimulation may be useful to modify the psychostimulant addiction risk.

Keywords Cocaine, conditioned place preference, corticostriatal circuits, gene expression, neuromodulation, tDCS.
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a

non-invasive and painless neuromodulatory technique

that uses weak constant electrical current to stimulate

specific areas of the cerebral cortex. During the last

decade, tDCS has emerged as a successful approach to

alleviate symptoms of various psychiatric and neurologi-

cal conditions, including depression (e.g. Brunoni et al.

2012; Berlim, Van den Eynde, & Daskalakis 2013; Kuo,

Paulus, & Nitsche 2014), memory disorders (e.g. Bennabi

et al. 2014) and addiction (Feil & Zangen 2010). For

example, studies found that repeated tDCS over the

prefrontal cortex decreased craving for, and the con-

sumption of, cigarettes (Fregni et al. 2008; Boggio et al.

2009; Fecteau et al. 2014) and alcohol (Boggio et al.

2008; Klauss et al. 2014) in chronic users. The

mechanisms underlying these behavioral modifications

are unknown. We recently developed an animal model

for tDCS (Pedron et al. 2014) to investigate the neuronal

processes affected by this technique. Consistent with the

above clinical findings, our early work shows that re-

peated tDCS for five days in mice has antidepressant-like

properties, improves working memory and decreases

nicotine-induced place preference conditioning, three

weeks after tDCS (Pedron et al. 2014).

The potential effects of tDCS in cocaine addiction re-

main poorly explored (Conti & Nakamura-Palacios

2014). However, reduced cocaine craving has been

reported after another kind of non-invasive cortical

stimulation, repeated transcranial magnetic stimulation

(rTMS) (Camprodon et al. 2007; Politi et al. 2008),

suggesting that modifying cortical activity may also alter

psychostimulant-induced processes. The mechanisms
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underlying these effects of tDCS or rTMS, and whether or

not other subcortical addiction-related brain structures

are also impacted, remain unclear.

It has been shown that corticostriatal circuits play a

critical role in several aspects of addiction, including

abnormal reward processing, habit formation and

compulsive behavior (Berke & Hyman 2000; Everitt &

Robbins 2005; Wise 2009). A large literature implicates

changes in gene regulation in specific corticostriatal

circuits in addiction (Renthal & Nestler 2008). Among

the many genes affected by psychostimulants such as

cocaine in the cortex and striatum is Zif268 (Steiner &

Van Waes 2013), which encodes a transcription factor

(Knapska & Kaczmarek 2004) that is critical for

cocaine-induced behavioral changes (Lee et al. 2005;

Valjent et al. 2006; Theberge et al. 2010)

In the present study, we determined, in mice, whether

tDCS can modify cocaine-induced behavior and/or

normal or cocaine-induced gene regulation in the cortex

and striatum, using Zif268 as a gene regulation marker.

Our mapping study also assessed the spread of such mo-

lecular changes across different corticostriatal circuits.

MATERIALS AND METHODS

Subjects

Swiss female mice (8weeks at the beginning of tDCS;

Janvier, France) were housed 8–10 per cage under

standard laboratory conditions (12:12-hour light/dark

cycle; lights on at 7:00 am) with food and water available

ad libitum. Prior to the surgery, mice were allowed 1week

of acclimation, during which they were repeatedly han-

dled. In experiment 1 (locomotor activity, gene expres-

sion), animals were divided into eight experimental

groups: Sham-Veh (Vehicle) (N=8), tDCS-Veh (N=6),

Sham-5 (Cocaine 5mg/kg, i.p.) (N=9), tDCS-5

(N=10), Sham-10 (Cocaine 10mg/kg) (N=9), tDCS-

10 (N=10), Sham-25 (Cocaine 25mg/kg) (N=8) and

tDCS-25 (N=8). In experiment 2 (place preference

conditioning by cocaine), animals were divided into eight

groups: Sham-Veh (N=8), tDCS-Veh (N=10), Sham-5

(N=14), tDCS-5 (N=12), Sham-10 (N=14), tDCS-10

(N=14), Sham-25 (N=13) and tDCS-25 (N=12). All

procedures met the NIH guidelines for the care and use

of laboratory animals and were approved by the

University of Franche-Comté Animal Care and Use

Committee (CEBEA-58).

Surgery

A tubular plastic jack (internal diameter: 2.1mm) was

surgically fixed onto the skull one week before the

stimulation protocol began (Fig. 1a). Animals were

anesthetized with ketamine hydrochloride/xylazine

(80/12mg/kg; i.p.) and were placed in a stereotaxic

apparatus. The center of the plastic jack was posi-

tioned over the left frontal cortex 1mm rostral and

1mm left of bregma (Fig. 2) and fixed with a coating

of glass ionomer cement (GC Fuji I, Leuven, Belgium)

Figure 1 (a) Experimental design (experiments 1 and 2). CPP: conditioned place preference test (b) Total distance traveled (mean ± SEM, in

cm) in a novel open field is shown for animals that were subjected to tDCS (twice daily, 5 days) or Sham stimulation and, 3 weeks after stimu-

lation, received an injection of cocaine (Coc) (5, 10 or 25mg/kg) or vehicle (Veh), followed by the 40-min behavioral test. (c) Time course of the

distance traveled is given for each group. ** p< 0.01 and *** p< 0.001, versus respective control group (Sham-Veh or tDCS-Veh);
&&&

p< 0.001, Sham-25 versus tDCS-25. N= 6–10 per group
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(Pedron et al. 2014). After surgery, all animals were

allowed to recover for 1week before undergoing tDCS.

During this period and tDCS, mice were placed in

individual cages.

Stimulation protocol

The plastic jack was filled with saline (NaCl 0.9 percent)

to establish a contact area of 3.5mm2 with the skull.

The stimulation electrode (anode, diameter: 2.1mm;

DIXI Medical, Besançon, France) was then screwed into

the jack. A larger conventional rubber-plate electrode

(cathode, 9.5 cm2; Physiomed Elektromedizin AG,

Schnaittach, Germany) served as the counterelectrode

and was placed onto the ventral thorax (Pedron et al.

2014). On 5 consecutive days, an anodal constant

current (0.2mA; 2×20minutes/day, 5 hour interstimu-

lation interval) was applied transcranially over the

frontal cortex, using a DC-Stimulator Plus (NeuroConn,

Ilmenau, Germany) with a linear fade in/fade out (10-

second ramp). Animals were awake and restrained dur-

ing tDCS to prevent possible interactions between tDCS

effects and anesthetic drugs. The design of the

custom-made restraining box is shown in Pedron et al.

2014. Control (Sham) animals were subjected to the

same procedure (surgery, restraining box, electrode

connected to the jack), except the current was not

delivered.

Our protocol of stimulation was chosen based on

earlier clinical studies (Rigonatti et al. 2008; Boggio

et al. 2009; Ferrucci et al. 2009), as well as our previous

work in mice (Pedron et al. 2014). We evaluated effects

on behavior and gene expression three weeks after tDCS

ended, because this time window showed robust effects

of tDCS on behavior (Pedron et al. 2014).

Experiment 1: Locomotor activity and gene expression

Drug treatment and behavioral testing

Three weeks after the last tDCS session, animals re-

ceived a single injection of either cocaine (5, 10 or

25mg/kg in 0.02 percent ascorbic acid, i.p.,1ml/kg,

Sigma-Aldrich, France) or vehicle. Immediately after

the injection, the animal was placed in a circular

open-field (diameter 47 cm) for 40minutes in low-light

conditions (40 lux). Locomotor activity was analyzed

using a video-tracking system (Ethovision, Noldus,

France). The parameter assessed was the distance

traveled in the open-field. The mice were then killed

with CO2. The brain was rapidly removed, frozen in

isopentane cooled on dry ice and stored at �30°C un-

til cryostat sectioning.

Figure 2 (a) Schematic illustration of the 26 cortical areas (Paxinos & Franklin 2001) and the 23 striatal sectors (mostly defined by their pre-

dominant cortical inputs, Willuhn et al. 2003) used to measure Zif268 expression. Gene expression was assessed in coronal sections from four

rostrocaudal levels: frontal, rostral, middle and caudal (ranging from approximately +1.98 to �0.22mm relative to bregma; Paxinos & Franklin

2001). Horizontal black lines indicate the position of the anode. Cortical areas (from medial to lateral): IL, infralimbic; PrL, prelimbic; Cg, cingulate;

M2, secondary motor; M1, primary motor; SS, somatosensory; I/LO, insular/lateral orbital; I, insular; Pir, piriform. Striatal sectors: m, medial; dm,

dorsomedial; d, dorsal; dl, dorsolateral; dc, dorsal central; c, central; vc, ventral central; vl, ventrolateral; v, ventral. Nucleus accumbens: mC, medial

core; lC, lateral core; mS, medial shell; vS, ventral shell; lS, lateral shell. (b) The center of the stimulation electrode (anode, filled circle) was po-

sitioned over the left frontal cortex 1 mm rostral and 1mm left of bregma. The anode (diameter: 2.1 mm) had a contact area of 3.5 mm
2
, and the

cathode (rubber-plate electrode, 9.5 cm
2
) was positioned onto the ventral thorax (not shown). A 2 × 20minutes/day constant current of

0.2 mA, with a linear fade in/fade out of 10 seconds, was applied transcranially using a direct current stimulator (DC-Stimulator Plus), on 5 con-

secutive days. The position of the assessed brain sections (frontal to caudal) relative to the stimulation electrode is also shown
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Tissue preparation and in situ hybridization histochemistry

Only the mice treated with cocaine 25mg/kg or vehicle

were used in the gene expression study. Coronal sections

(12 μm) were thaw-mounted onto glass slides

(Superfrost/Plus, Daigger, Wheeling, IL, USA), dried on

a slide warmer and stored at �30°C. In preparation for

the in situ hybridization histochemistry, the sections

were fixed in 4 percent paraformaldehyde/0.9 percent

saline for 10minutes at room temperature, incubated in

a fresh solution of 0.25 percent acetic anhydride in

0.1M triethanolamine/0.9 percent saline (pH8.0) for

10minutes, dehydrated, defatted for 2×5minutes in

chloroform, rehydrated and air-dried. The slides were

then stored at �30°C until hybridization. An oligonucle-

otide probe (48-mer, Invitrogen, Rockville, MD, USA) was

labeled with [α-33P]-dATP, as described earlier (Van Waes

et al. 2014). The probe had the following sequence:

Zif268 (Egr1), complementary to bases 352–399,

GenBank accession number M18416. One hundred mi-

croliters of hybridization buffer containing labeled probe

(~3×106 cpm) was added to each slide. The sections

were coverslipped and incubated at 37°C overnight.

After incubation, the slides were first rinsed in four

washes of 1X saline citrate (150mM sodium chloride,

15mM sodium citrate), and then washed three times

for 20minutes each in 2X saline citrate/50 percent form-

amide at 40°C, followed by two washes of 30minutes

each in 1X saline citrate at room temperature. After a

brief water rinse, the sections were air-dried and then

apposed to X-ray film (BioMax MR-2, Kodak, Rochester,

NY, USA) for 6 days.

Analysis of autoradiograms

Gene expression in the cortex was measured in a total of

26 regions (infralimbic, prelimbic, cingulate, secondary

motor, primary motor, somatosensory, lateral orbital, in-

sular and piriform, based on Paxinos & Franklin 2001,

in coronal sections from four rostrocaudal levels: frontal,

approximately at +1.98mm relative to bregma; rostral,

+1.18mm; middle, +0.74mm; and caudal, �0.22mm,

Fig. 2a). Striatal gene expression was determined at the

rostral, middle and caudal levels in a total of 23 sectors

mostly defined by their predominant cortical inputs

(Willuhn, Sun, & Steiner 2003). Eighteen of these sectors

represented the caudate-putamen (medial, dorsomedial,

dorsal, dorsolateral, dorsal central, central, ventral cen-

tral, ventrolateral, ventral) and five the nucleus accum-

bens (medial core, lateral core, medial shell, ventral

shell and lateral shell, Fig. 2a) (Van Waes et al. 2010).

Hybridization signals on film autoradiograms were

measured by densitometry (ImageJ, Wayne Rasband,

Bethesda, MD, USA). The films were captured using a

light table (Northern Light, Imaging Research,

St. Catharines, Ontario, Canada) and a Sony CCD camera

(Imaging Research). The ‘mean density’ value of a region

of interest was measured by placing a template over the

captured image. Mean densities were corrected for back-

ground by subtracting mean density values measured

over white matter (corpus callosum) of the same hemi-

sphere. Values from corresponding regions in the two

hemispheres were averaged when no significant differ-

ences in the patterns of Zif268 induction by tDCS or co-

caine were detected between the left (stimulated) and

right (contralateral) sides. The illustrations of film auto-

radiograms displayed in Fig. 3 are computer-generated

images, and are contrast-enhanced. The maximal hybrid-

ization signal is black.

Experiment 2: Place preference conditioning by cocaine

Animals performed the conditioned place preference

(CPP) test three weeks after tDCS, as previously described

(Pedron et al. 2014). Three doses of cocaine were tested

(5, 10 or 25mg/kg in 0.02 percent ascorbic acid, i.p.).

Two groups that received vehicle injections in both com-

partments were used as controls (Sham-Veh and tDCS-

Veh).

Briefly, the CPP apparatus consists of two main com-

partments linked by a corridor displaying each different

features: visual (wall patterns) and tactile (floor texture).

On day 1 (pre-conditioning, D1), mice were placed in the

corridor and allowed free access to the compartments for

10minutes. The time spent in each compartment was re-

corded using the Ethovision system. On days 2–4 (condi-

tioning phase) mice received an injection of cocaine or

vehicle (one of each per day, interval between the injec-

tions: 6 hours) and were immediately confined into one

of the two conditioning compartments for 15minutes

(drug pairing occurred in the least preferred compart-

ment). On day 5 (post-conditioning, D5), mice were again

allowed free access to both compartments for 10minutes,

without drug treatment. The percentage of time spent in

the drug-paired compartment was calculated for the pre-

conditioning (D1) and the post-conditioning (D5) phases

as follows: drug-paired compartment (second) / (drug-

paired compartment + vehicle-paired compartment (sec-

ond)) × 100. A significant increase in the percentage of

time spent in the drug-paired compartment between the

pre-conditioning session (D1) and the post-conditioning

session (D5) indicates that the substance induces a place

preference.

Statistical analysis

The results were expressed as mean± standard error of

the mean. Significance was set at p ≤0.05. For locomotor
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activity two-factor ANOVAs with factors drug (Veh, 5,

10, 25) and stimulation (Sham, tDCS) were performed.

To compare Zif268 densities, we first used three-factor

ANOVAs (one ANOVA per cortical area or striatal sector)

with factors drug (Veh, 25), stimulation (Sham, tDCS)

and side of the brain (right, left; within factor). Then,

for the averaged values (right/left hemisphere), two-

factor ANOVAs were performed with factors drug and

stimulation. Finally, for the CPP experiment, we per-

formed for each dose (0, 5, 10 and 25mg/kg) two-factor

ANOVAs with factor stimulation (Sham, tDCS) and time

(pre-(D1), post-(D5) conditioning; within factor).

Newman–Keuls post-hoc tests were used to describe dif-

ferences between individual groups (Statistica, StatSoft,

USA). For illustrations of topographies (maps, Figs 4a

and 5a), the increase in gene induction (versus respective

control group) in a given region was expressed as the

percentage of the maximal increase observed (% max).

The regional distribution of Zif268 induction in the

cortex and striatum was compared by Pearson’s correla-

tions, for different experimental conditions.

RESULTS

Experiment 1: Locomotor activity and gene expression

tDCS attenuated cocaine-induced locomotor activity for the

highest dose of cocaine

Cocaine increased locomotor activity in both Sham and

tDCS mice (Drug effect: F(3,59) = 80.97, p<0.001;

Fig. 1b,c, Newman–Keuls post-hoc analyses ** p<0.01

and *** p<0.001 versus respective control group

(Sham-Veh or tDCS-Veh)). tDCS had a differential effect

on locomotor activity depending on the dose of

cocaine tested (tDCS× drug interaction: F(3,59) =3.87,

p<0.05). Newman–Keuls post-hoc analyses revealed

that tDCS alone had no effect on locomotor activity

(tDCS-Veh versus Sham-Veh, p=0.50). For the lower

doses, tDCS had also no impact on cocaine-induced loco-

motor activity (tDCS versus Sham: 5mg/kg, p=0.84;

10mg/kg, p=0.93). However, tDCS reduced cocaine-

induced locomotor activity for the highest cocaine dose

tested (25mg/kg, p<0.001).

No asymmetrical effects of tDCS or cocaine on Zif268

expression in the left versus right hemisphere

Although the stimulation electrode was positioned

asymmetrically on the skull (1mm left of bregma,

Fig. 2b), there was no difference between the left

(stimulated) and right (contralateral) hemisphere in

the expression of Zif268, with or without cocaine

(Fig. 3). That is, for each area of cortex and striatum,

there was no significant interaction with the hemi-

sphere (right or left). Values from corresponding regions

in the two hemispheres were therefore averaged for the

rest of the study.

tDCS increased basal Zif268 expression

Three weeks after tDCS, vehicle-treated animals

subjected to tDCS displayed enhanced expression of

Zif268 compared to sham controls in the striatum (Figs 3

and 4, supplementary Table 2) and to a lesser degree in

the cortex (supplementary Table 1). Among the cortical

areas, a statistically significant increase was seen in the

Figure 3 Illustrations of film autoradiograms depict Zif268 expression in coronal sections from the middle striatum in Sham or tDCS mice

treated with vehicle (Veh) or cocaine (25mg/kg, i.p.). Horizontal black lines illustrate the position of the anode. The maximal hybridization signal

is in black
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piriform cortex on rostral, middle and caudal levels

(p<0.05) and in the cingulate cortex (frontal level,

p<0.05; supplementary Table 1). A similar tendency

was also present in the motor cortex (M1 and M2 on

the middle level, p=0.06 and 0.07, respectively), in the

infralimbic and prelimbic cortices on the frontal level

(each p=0.07) and in the cingulate cortex on the rostral

level (p=0.07; supplementary Table 1).

The striatum was more affected by tDCS than the cor-

tex. In tDCS-treated animals, significantly increased

Zif268 expression was observed on the levels situated un-

der the electrode (i.e. in rostral and middle sections, Fig.

4a and b, supplementary Table 2), in dorsal sectors of

the striatum (rostral: dorsolateral and dorsomedial; mid-

dle: medial, dorsal, dorsolateral and central). Notably,

tDCS had no significant effect in the nucleus accumbens

(supplementary Table 2).

tDCS attenuated cocaine-induced Zif268 expression

Because significant differences were observed between

Sham and tDCS groups in vehicle-treated animals

(Fig. 4), the effects of cocaine were expressed relative

to the values in the respective Veh control groups

(the supplementary Tables 1 and 2 present the absolute

values for comparison). In Sham animals, the single

cocaine injection induced a minor but statistically

significant increase in Zif268 mRNA expression in a few

areas of the cortex (frontal: cingulate; middle: M1, M2;

p<0.05, supplementary Table 1), with similar tenden-

cies in other areas. In the striatum, cocaine produced a

more robust augmentation in Zif268 expression on all

three rostrocaudal levels (Figs 3 and 5, supplementary

Table 2). A significant increase in Zif268 mRNA

levels was observed in 15 of the 23 sectors (Fig. 5a).

Gene induction varied considerably between different

striatal regions. The most robust increase was observed

on the middle (Fig. 5b) and caudal levels, in striatal

sectors that receive cingulate, motor and sensorimotor

cortical inputs (i.e. middle: medial, dorsal, central and

lateral sectors; caudal: dorsal sector, Willuhn et al.

2003). In contrast, in accordance with previous findings

in the rat (Unal et al. 2009), the nucleus accumbens

displayed modest or no drug effects. Cocaine significantly

increased Zif268 expression only in the lateral

shell (p<0.05).

Figure 4 Topography of tDCS-induced Zif268 expression in the striatum (in vehicle-treated mice). (a) Maps depict the distribution of in-

creases in Zif268 expression at the rostral, middle and caudal levels of the striatum, 3 weeks after tDCS and following the behavioral test (ipsi-

and contralateral values averaged). The values (difference tDCS-Veh minus Sham-Veh) are expressed relative to the maximal increase observed

(% of maximum). Sectors with significant differences (p< 0.05) are shaded as indicated. Sectors without significant effect are in white. (b) Mean

density values (mean ± SEM) for Zif268 expression in Sham (white) and tDCS (black) mice 3 weeks after tDCS and following the behavioral test

are depicted for the six middle striatal sectors.
#
p< 0.05,

##
p< 0.01, and

###
p< 0.001, versus Sham-Veh. N= 6–8 per group
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In the tDCS group, cocaine had no significant effect on

Zif268 expression in the cortex. Thus, Zif268 induction

in the cingulate and motor cortex was prevented in

animals that received tDCS three weeks before the co-

caine treatment (supplementary Table 1). Consistent

with this result, in tDCS-treated animals (tDCS-25),

cocaine-induced Zif268 expression in the striatum was

markedly attenuated compared to the Sham control

(Sham-25). This was reflected, for one, by a lower

proportion of the 23 striatal sectors displaying signifi-

cantly increased Zif268 expression in the tDCS group

than in the Sham group (relative data, 11 sectors versus

15 sectors; Fig. 5a, tDCS-25). Direct statistical compari-

sons showed that Zif268 induction was significantly

weaker in tDCS-25 animals in 10 striatal sectors

(Fig. 5a, Difference and Fig. 5b). tDCS had no significant

effect on cocaine-induced Zif268 expression in the

nucleus accumbens (Fig. 5a, Difference).

Figure 5 tDCS attenuates cocaine-induced Zif268 expression in specific areas of the striatum. (a) Maps depict the distribution of Zif268 ex-

pression induced by cocaine (25mg/kg, i.p.; ipsi- and contralateral values averaged) at the rostral, middle and caudal levels of the striatum, for

cocaine-treated Sham (Sham-25) and tDCS (tDCS-25) mice. The data are expressed relative to the maximal increase observed (% of maxi-

mum). Sectors with significant differences versus respective Veh controls (i.e. Sham-Veh or tDCS-Veh) are shaded as indicated. Sectors without

significant effects are in white. The ‘difference’ (box) indicates significant differences in Zif268 induction between cocaine alone (Sham-25) and

tDCS + cocaine (tDCS-25) groups. (b) Mean density values (mean ± SEM) (expressed as percentage of respective control groups, Veh = 100

percent) for Zif268 expression are depicted for the six middle striatal sectors. ** p< 0.01 and *** p< 0.001, versus respective Veh control

group;
&
p< 0.05 and

&&&
p< 0.001, Sham-25 versus tDCS-25. N= 6–8 per group
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Correlation analysis was used to compare tDCS- and

cocaine-induced increases in Zif268 expression between

striatal sectors and their respective cortical input regions

(see Cotterly et al. 2007; Van Waes et al. 2010; Willuhn

et al. 2003; Yano & Steiner 2005 for more details). Our

results for vehicle-treated mice show that, despite the

modest effects in the cortex, tDCS-induced Zif268 expres-

sion in the 23 striatal sectors was positively correlated

with that in their anatomically connected cortical areas

(Veh animals, r=0.415, p<0.05). Similarly, in these

striatal sectors, the magnitude of the reduction in

cocaine-induced gene expression produced by tDCS was

highly correlated with that in their connected cortical in-

put regions (r=0.627, p<0.001). Therefore, tDCS pro-

duced coordinated molecular changes in cortical and

striatal nodes of specific corticostriatal circuits.

Experiment 2: Place preference conditioning by cocaine

tDCS abolished cocaine-induced place preference conditioning

for 5 and 25mg/kg

Vehicle injections did not produce any place preference

(ANOVA all effects: p>0.05, Fig. 6, Veh). In sham

groups, cocaine induced a place preference with all doses

tested (5mg/kg: p<0.05, 10: p<0.001, 25: p<0,01),

in accordance with previous studies in mice (e.g. Zhang

et al. 2002; Iniguez et al. 2015). In contrast, animals sub-

jected to repeated anodal tDCS failed to show cocaine-

induced place preference for the doses of 5 (p=0.98)

and 25mg/kg (p=0.53). Only the 10mg/kg dose pro-

duced statistically significant place preference condition-

ing (p<0.001, Fig. 6). For the dose of 25mg/kg, the

percentage of time spent in the drug-paired compartment

on the post-conditioning day (D5) was significantly lower

in tDCS than in sham mice (p<0.05).

DISCUSSION

Our findings show that tDCS produces long-lasting mod-

ifications in behavioral responses and gene regulation in

corticostriatal circuits induced by cocaine. Thus, repeated

anodal tDCS over the frontal cortex increased ‘basal’

expression of the marker gene Zif268 and attenuated

cocaine-induced gene regulation, locomotion and place

preference conditioning, three weeks after tDCS

pretreatment.

Cortical and Subcortical Effects of tDCS in Vehicle

Controls

One aim of this study was to determine possible tDCS

effects on normal gene regulation (i.e. in vehicle controls)

and to map the distribution of such effects in the cortex

and striatum. Our findings in vehicle-treated mice show

that repeated tDCS produced increased expression of

Zif268, mostly in the striatum, three weeks after tDCS

pretreatment. Future studies will have to determine

whether these increased Zif268 mRNA levels represented

upregulated gene expression that endured for three

weeks, or whether they reflected an altered responsive-

ness to experimental conditions such as handling or

behavioral testing, or other neuronal changes (e.g. in-

creased arousal; see Steiner & Van Waes 2013), in the

affected corticostriatal circuits. Regardless of the underly-

ing cause, these findings demonstrate long-lasting effects

of tDCS on gene regulation in these circuits.

Although tDCS preferentially impacted dorsal striatal

regions under the stimulation electrode, these effects

were not strictly related to the position of the electrode.

For one, gene regulation changes in striatum (and

cortex) were symmetrically distributed in the two hemi-

spheres, despite the asymmetrical electrode placement

Figure 6 Conditioned place preference induced by cocaine (5, 10 or 25mg/kg) or vehicle (Veh, control groups) 3 weeks after Sham (white) or

tDCS (black) stimulation. A significant increase in the time spent in the drug-paired compartment between day 1 (D1, pre-conditioning session)

and day 5 (D5, post-conditioning session) indicates that cocaine induced a place preference. For the Sham groups, cocaine induced a place

preference with all doses tested. In contrast, in the tDCS groups, cocaine induced a place preference only with the 10mg/kg dose.
$
p< 0.05,

$$
p< 0.01, and

$$$
p< 0.001, D1 versus D5;

&
p< 0.05, Sham-25 D5 versus tDCS-25 D5. N= 8–14 per group
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(over left cortex). Moreover, in the cortex, the most robust

increase in Zif268 expression was present in the piriform

(olfactory) cortex, a ventral brain region. In the striatum,

regions on the middle level were considerably more af-

fected than those on the rostral level, despite the similar

position of these levels relative to the electrode place-

ment. These findings indicate that specific neuronal cir-

cuits, rather than just proximal cortical and striatal

tissues, are modified by tDCS. This conclusion is

supported by our correlation analysis that showed that

changes in gene expression were correlated between

cortical areas and their connectionally (functionally)

related striatal target sectors (Veh animals, r=0.415,

p<0.05) (Willuhn et al. 2003) and that these effects

preferentially occurred in sensorimotor circuits (Steiner

& Van Waes 2013).

The finding that the asymmetrically positioned

electrode produced bilaterally symmetrical gene regula-

tion patterns (with and without cocaine) was somewhat

unexpected. The contralateral cortical and striatal effects

may have been mediated by the pronounced interhemi-

spheric cortico-cortical and cortico-striatal projection

systems. Alternatively, they may have resulted in part

from bilateral current spread. tDCS is known to be less

focal than rTMS (Nitsche et al. 2007; Miniussi et al.

2008), and the current may thus have spread over both

hemispheres to some degree. However, the finding that

distinct corticostriatal circuits were affected, without

clear relationship to their distance from the electrode

(see above), seems to argue against such a nonspecific

effect as the sole factor. This is an important question that

will have to be addressed in future studies.

Gene Regulation Effects of Cocaine are Attenuated by

tDCS

The main goal of this study was to determine whether

tDCS might modulate gene regulation by cocaine. Our

results show diminished induction of Zif268 by cocaine

in cortex and striatum when examined three weeks after

the repeated tDCS pretreatment. Again the magnitude of

this effect was correlated between cortical regions and

their striatal targets (r=0.627, p<0.001), indicating

that specific circuits were affected. The tDCS-mediated

decrease in gene induction was maximal in (but not

limited to) sensorimotor and associative corticostriatal

circuits, which are known to be involved in habit

formation and compulsive aspects of drug taking (Everitt

& Robbins 2005).

The basis for this altered gene regulation is presently

unclear. Early studies in animals using direct current

stimulation (current applied directly to the cortex)

(Bindman, Lippold, & Redfearn 1964; Purpura &

McMurtry 1965), as well as more recent data on tDCS

in humans (Nitsche & Paulus 2000), suggest that anodal

stimulation increases neuronal excitability, which may

increase transmitter release in the striatum. Repeated

tDCS may thus induce synaptic plasticity (Stagg &

Nitsche 2011) that is usually associated with such

changes in neuronal activity and their molecular

sequelae, including altered gene regulation. Altered

neuronal responsiveness in these corticostriatal circuits

is consistent with the here observed reduced behavioral

responses, which are modulated by neuronal activity in

these circuits, including place preference conditioning

(Ilango et al. 2014).

The acute induction of immediate-early genes such as

Zif268 by psychostimulants serves as a marker that pre-

dicts long-term neuroadaptations after repeated drug ex-

posure, as this acute response is correlated with various

neuronal changes after repeated drug treatments

(Steiner & Van Waes 2013). However, Zif268 is also di-

rectly implicated in various plasticity processes, including

several long-term neurobehavioral changes induced by

psychostimulants. For example, this transcription factor

likely mediates some drug-induced neuroplastic changes

(Knapska & Kaczmarek 2004). Indeed, previous work

demonstrated that Zif268 is critical for place preference

conditioning by cocaine (Valjent et al. 2006) and for

reconsolidation of cocaine memories (Lee et al. 2005;

Theberge et al. 2010). Zif268 also contributes to

processes underlying cocaine-induced behavioral sensiti-

zation (Valjent et al. 2006).

Our present findings of an association between

diminished Zif268 induction and attenuated locomotor

activity and place preference conditioning by cocaine

are consistent with these earlier findings. Whether

directly affecting the underlying neuronal mechanisms

or serving as a marker, the attenuated Zif268 response

after repeated tDCS may indicate a ‘protective’ effect of

tDCS against drug-induced neuronal changes subsequent

to tDCS treatment.

Behavioral Effects of Cocaine are Attenuated by tDCS

The impact of tDCS on cocaine-induced behavioral effects

was dependent on the dose of cocaine. For locomotor

activity, the tDCS effect was selectively observed with

the highest dose (25mg/kg). It could be argued that an

increase in focused stereotypies, which are associated

with certain psychostimulants, might have contributed

to the reduced locomotion in these animals. We did not

measure stereotypies and, therefore, cannot rule out

(or confirm) a contribution of tDCS-induced stereotypies.

It is noteworthy that a previous study in female (but not

male) rats found comparable amounts of stereotypies for

cocaine doses of 10, 20 and 40mg/kg (Walker et al.

2001), while our effect was observed for the dose of

tDCS decreases cocaine effects 9
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25mg/kg only. Future studies will have to clarify how

tDCS modulates cocaine-induced locomotor activity

and/or stereotypies.

In the CPP paradigm, which aims to evaluate the

motivational properties of cocaine, tDCS suppressed place

preference conditioning for the lowest and highest dose of

cocaine (5 and 25mg/kg), but not 10mg/kg. There is

evidence that place preference conditioning by cocaine

displays an inverted U-shaped dose–response function,

such that very low or high doses of cocaine do not induce

place preference (Hnasko, Sotak, & Palmiter 2007). The

optimal dose of cocaine for inducing place preference in

mice seems to be situated between 7.5 and 15mg/kg

(Hnasko et al. 2007). Therefore, the present tDCS

treatment seems to have attenuated place preference

conditioning for suboptimal doses of cocaine (5 and

25mg/kg), but was not sufficient to modify place

preference conditioning induced by an optimal dose

(10mg/kg).

Regarding the underlying mechanisms, cocaine-

induced behavior in the CPP paradigm is determined by

opponent processes (‘rewarding’ versus ‘aversive’ proper-

ties of the drug), which appear to have different neuronal

substrates (Lammel et al. 2012). Thus, lower-dose

conditioning (left limb of inverted U) is taken to reflect a

rewarding effect of the drug, while upper-dose condition-

ing (right limb) is governed by increasing aversion. It is

therefore tempting to speculate that tDCS may attenuate

‘reward’ and/or increase ‘aversion’ by (differentially)

modifying their underlying neuronal systems. A potential

beneficial effect of tDCS on addiction processes will have

to be verified in other drug addiction-related paradigms

such as the cocaine self-administration model.

CONCLUSIONS

Overall, our results indicate that repeated tDCS pretreat-

ment produces long-lasting modifications in the molecu-

lar and behavioral sensitivity to cocaine, especially for a

high dose (25mg/kg). These findings suggest the intrigu-

ing possibility that tDCS pretreatment might attenuate

the addiction liability of psychostimulants such as

cocaine by attenuating the drugs’molecular impact. This

technique of neuromodulation, which is non-invasive,

easy to use and affordable, might therefore be useful as

an intervention to protect vulnerable individuals from

getting addicted.
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Introduction

Transcranial Direct Current Stimulation (tDCS) is a portable, safe and noninvasive technique based on
the delivery of weak direct current to the scalp with the aim of modulating cortical excitability. This
kind of electrical stimulation has shown positive results in treatment of psychiatric disorders and gain in
several cognitive domains[1]. However, the neurobiological basis of tDCS remains poorly understood. The
use of animal models is therefore necessary to address this question[2]. There is currently no stimulator
commercially available for rodent models. Here, we introduce Open-tES, a collaborative project consisting
in tDCS device design suitable for rodents and licensed under a Creative Commons license (CC BY,SA 4.0)

Overall presentation

For tDCS, stimulation parameters are set on device (with
keyboard and display)

– Current (from 10 to 250 µA, increment 1 µA)
– Duration (from 10 to 3600 s, increment 10 s)
– Fade in/out duration (from 2 to 60 s, increment 1 s)
– Impedance threshold (sound alarm)

Stimulation can be manually stopped or paused.
For external triggering or other tDCS variants, the current
can be controlled by computer.
In both cases, time remaining, voltage, current and
impedance are displayed or can be acquired (via serial
port).

Open-tES stimulator: front panel on the left

and rear panel on the right.

Electronic design

The stimulator is based on microcon-
troller PIC16F1937 (www.microchip.
com). Current is tune with Pulse
Widht Modulation (PWM) module (10-
bit) of the PIC. Keyboard, Display
and buzzer are managed with Digital
inputs/outputs. Voltage and current
feedback are measured with A/D (10-
bit) converter and USART module as-
sumed the communication with com-
puter.

Voltage
regulation

Voltage to 
current converter

Keyboard

Display

Buzzer

Serial port

PIC16F1937
PIC16F1937

32MHz

22pF

GND

10k

1
7

K
8

3.5k

GND

LF444CM

LF444CM

LF444CM

GND

GND

GND

GND

GND

GND

+5V

22-27-2021-02

057-016-1

GND

GND

3
3
0

GND

12K

12K

2
K

2K

22pF

22-27-2021-02

TSR_1-2450

+6.5V

LP2950CZ-5.0

ICL7660ACPAZ

2.2µF

GND

100µF

100µF

GND

-6.5V

22µF 22µF
2.2µF

-6.5V

-6.5V

MAX232ECWES

0.1µF

0.1µF

0.1µF

0.1µF

GND

+5V

GND

+5V

GND

4023D

4023D

4023D

+5V

0.1µF

GND

0.1µF

0
.0

1
µ

F

G
N

D

0
.0

1
µ

F

0
.0

1
µ

F

G
N

D

G
N

D

22µF

10K

+5V

0.01µF

F
/C

M
1
2

P

2
K

OPA277U

GND

2
0

K

0
.1

µ
F

0
.1

µ
F

GND

0
.1

µ
F

0
.1

µ
F

GND

0.1µF

22-23-2041

+5V

+5V

+6.5V

1µF

+6.5V

0.1µF

GND

GND

2.2µF

GND

+
2
8

V

IC1

VDD

VSS

MCLR/THV
1

RA0/AN0
2

RA1/AN1
3

RA2/AN2
4

RA3/AN3
5

RA4/T0CKI
6

RA5/AN4
7

RE0/RD/AN5
8

RE1/WR/AN6
9

RE2/CS/AN7
10

OSC1/CLKIN
13

OSC2/CLKOUT
14

RC0/T1OSO
15

RC1/T1OSI
16

RC2/CCP1
17

RC3/SCK
18

RD0/PSP0
19

RD1/PSP1
20

RD2/PSP2
21

RD3/PSP3
22

SDI/RC4
23

SDO/RC5
24

TX/RC6
25

RX/RC7
26

PSP4/RD4
27

PSP5/RD5
28

PSP6/RD6
29

PSP7/RD7
30

1
2

1
1

INT/RB0
33

RB1
34

RB2
35

PGM/RB3
36

RB4
37

RB5
38

PGC/RB6
39

PGD/RB7
40

3
2

3
1 RS232

1
62
73
84
95

G1

G2

CRYSTAL

C2Q

RJ11
1
2
3
4
5
6

R_MCLR

R
5

R_BUZZ

IC6A

2

3
1

IC6B

6

5
7

IC6C

9

10
8

4
1
1

X3-1

X3-2

X2-1 X2-2

X2-3 X2-4

X2-5 X2-6

X2-7 X2-8

X2-9 X2-10

X2-11 X2-12

X2-13 X2-14

X2-15 X2-16

R
1
1

R1

R9

R
1
3

R8

C1Q

POWER-1

POWER-2

U1

GND

VI
1

2

VO
3

IC4

GND

IN OUT

V+
8

OSC
7

CAP+
2

CAP-
4

LV
6

NC
1

GND
3

VOUT
5

U2

C_ICL2

C_ICL1

C_ICL3

C_TSR1 C_TSR2
C_LPO1

IC2

C1+
1

C1-
3

C2+
4

C2-
5

T1IN
11

T2IN
10

R1OUT
12

R2OUT
9

V+
2

V-
6

T1OUT
14

T2OUT
7

R1IN
13

R2IN
8

CV+

CV-

C2+-

C1+-

G
N

D
V

C
C

IC2P

1
6

1
5

IC3A
1
2
8

9

IC3B
3
4
5

6

IC3C 11
12
13

10

IC3P

V
D

D
V

S
S

7
1
4

DC_PIC CD_NAND

C
3
_

P
U

C
H

C
2
_

P
U

C
H

C
1
_

P
U

C
H

C_FILT

R_FILT

CD_LCD

S
P

1

-
+

R
61

3

2

IC5

1

2

3

8
6

7
4

R
41

3

2

D
C

_
IC

5
+

D
C

_
IC

5
-

D
C

+
L

F

D
C

-L
F

CD_MAX

X1-1
X1-2

X1-3

X1-4

C_LPO2

DC_PIC1

C_ICL4

T1

FREE

1
2
3

LCD0

LCD0

LCD2

LCD2

LCD5

LCD5

LCD6

LCD6

UCAPT

UCAPT

LCD7

LCD7

LCD4

LCD4

LCD3

LCD3

LCD1

LCD1

LCD_E

LCD_E

LCD_RW

LCD_RW

LCD_RS

LCD_RS

BUZZ

BUZZ

+

+

+

+ +

+

+
2
8

V

+
2
8

V

GND

A

B

C

D

E

1 2 3 4 5 6 7 8

A

B

C

D

E

1 2 3 4 5 6 7 8

OPEN TES

Voltage feed-back

Global functionning of stimulator.

Characterization

Accuracy, precision and Response time
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The accuracy range from −99 nA to
237.5 nA depending of current set-
point. The precision rises to 22 nA

for a current setpoint of 70 µA and
down to 8 nA for a current setpoint
of 250 µA. We obtain a delay of
909 ± 6 ms to reach 99% of the set-
point value and 1580 ± 38 ms for
99.9% of the setpoint.

Validation on rodent model
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We have previously shown in mice with a NeuroConn DC-
Stimulator (www.neurocaregroup.com), that repeated anodal
tDCS over the frontal lobe decreases depressive-like behaviors[3].
We replicated this study with the Open-tES generator and com-
pared the results. Three days after the end of stimulations, tDCS
didn’t have effect on immobility time whatever the generator used.
However, tDCS significantly decreased immobility time after 3
weeks for both generators. No significant difference was observed
between generators at 3 days and 3 weeks.

Discussion

Open-tES generator offers a low cost (around 300 AC) alternative to commercial solution adapted to tDCS
and variants research on rodent model. Creative Commons license and the sharing of project on GitHub
allowing the improvement and reproduction of the generator by other researchers, isolated contributors or
factories. Characterization and validation shows that this device is suitable for most of use.

Future prospects

Development is now focusing on simplification of the electronic design in order to reduce its cost and to
facilitate its assembly. The next release will be supplied by a 9-volt battery (currently 28-volt power supply).
We are looking for allowing tACS and variants.
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Résumé 

 
La stimulation transcrânienne par courant continu (tDCS) est une technique de 
neuromodulation non invasive qui permet de modifier l'excitabilité corticale au moyen d'un 
faible courant électrique délivré à travers le crâne. Elle constitue une piste intéressante pour 
l'élaboration de nouveaux traitements de divers troubles psychiatriques ou neurologiques, mais 
les mécanismes qui sous-tendent ses effets sont méconnus. L'objectif de ma thèse a été d'évaluer 
chez la souris les comportements affectés par des sessions répétées de tDCS et d’étudier des 
pistes concernant ses mécanismes d’action. 
Nous avons montré un effet bénéfique de la tDCS anodique au niveau du lobe frontal (2x20 
minutes/jour à 0.2 mA, 5 jours consécutifs) sur les comportements associés à la dépression et 
sur la mémoire. Nous avons par ailleurs quantifié la prolifération cellulaire au niveau de 
l'hippocampe et montré que celle-ci est plus importante chez les souris stimulées, suggérant 
que la tDCS pourrait augmenter la neurogenèse hippocampique. Enfin, nos études sur des 
souris exposées à différentes drogues (nicotine, alcool, cocaïne) dévoilent que la tDCS diminue 
certains de leurs effets comportementaux (ex : valeur hédonique) et/ou moléculaires (ex : 
induction de Zif268 dans les circuits cortico-striataux). 
Nos résultats sont en adéquation avec les données cliniques recueillies chez l'Homme et 
soutiennent l'hypothèse que la tDCS pourrait être un traitement additionnel pour diverses 
pathologies. Ils ouvrent la voie à différentes études complémentaires, pour lesquelles notre 
modèle animal constitue un outil intéressant. 
 
Mots-clés : stimulation transcrânienne par courant continu, souris, dépression, addiction, 

mémoire 

 
Abstract 

 
Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulatory technique 
in which a low current is delivered via electrodes on the scalp to modulate cortical excitability. 
It is a promising tool in the treatment of various neurological and psychiatric illnesses, yet the 
mechanisms underlying its beneficial effects remain unknown. 
The goal of my thesis was to describe the effects of repeated tDCS on behavior in mice, and to 
offer preliminary insights regarding the neurobiological mechanisms involved. 
Our data indicate that repeated tDCS over the frontal lobe (0.2 mA, 2x20 min/day, 5 
consecutive days) has antidepressant properties and improves memory. Interestingly, tDCS 
increased precursor cell proliferation in the hippocampus, suggesting that tDCS may increase 
neurogenesis levels in this brain area. Lastly, tDCS decreased the behavioral and/or the 
molecular effects of nicotine, alcohol and cocaine. For example, tDCS attenuated cocaine-
induced Zif268 expression in specific corticostriatal circuits. 
Altogether, our findings provide pre-clinical evidence that tDCS could be a beneficial adjunct 
treatment for several psychiatric disorders. Our animal model will be useful to further 
investigate the mechanisms underlying the beneficial effects of tDCS on behavior. 
 
Keywords: transcranial direct current stimulation, mice, depression, addiction, memory 
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