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❘❡♠❡r❝✐❡♠❡♥ts

❈✬❡st ❛✈❡❝ ❡♥t❤♦✉s✐❛s♠❡ q✉❡ ❥✬❛❜♦r❞❡ ❧✬é❝r✐t✉r❡ ❞❡ ❝❡tt❡ ♣❛❣❡ ❞❡ r❡♠❡r❝✐❡♠❡♥ts✳ ❈✬❡st ❧✬♦❝✲
❝❛s✐♦♥ ♣♦✉r ♠♦✐ ❞✬❛✈♦✐r ✉♥❡ ♣❡♥sé❡ ♣♦✉r t♦✉t❡s ❝❡❧❧❡s ❡t t♦✉s ❝❡✉① q✉✐ ♠✬♦♥t ❛❝❝♦♠♣❛❣♥é❡ s✉r
♠♦♥ ❝❤❡♠✐♥ ❞❡ ✈✐❡ ♣r♦❢❡ss✐♦♥♥❡❧✱ ❡t ♣❛r❢♦✐s é❣❛❧❡♠❡♥t s✉r ♠♦♥ ❝❤❡♠✐♥ ❞❡ ✈✐❡ ♣❡rs♦♥♥❡❧✳

❏❡ ❞♦✐s ♠♦♥ ♦r✐❡♥t❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ✈❡rs ❧❡s ❣é♦s❝✐❡♥❝❡s à tr♦✐s ♣❡rs♦♥♥❡s✳

❚♦✉t ❞✬❛❜♦r❞ à ❊r✐❝ ❞❡ ❇❛③❡❧❛✐r❡✱ q✉❡ ❥✬❛✐ ❡♥t❡♥❞✉ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❡♥ ❝♦♥❢ér❡♥❝❡ à
▼❛rs❡✐❧❧❡ ❡♥ ✶✾✾✹✳ ❙♦♥ ❡①♣♦sé s✉r ❧❡s ♠ét❤♦❞❡s s✐s♠✐q✉❡s à ❞❡s ✜♥s ❞✬❡①♣❧♦r❛t✐♦♥ ❞❡ rés❡r✈♦✐rs
♠✬❛✈❛✐t ❡♥t❤♦✉s✐❛s♠é❡ à ❧❛ ❢♦✐s ♣❛r ❧❡ ❢♦♥❞ s❝✐❡♥t✐✜q✉❡ ❡t ♣❛r ❧❡ ❝ôté ❝♦♥✈✐✈✐❛❧ ❡t ❜❧❛❣✉❡✉r
❞❡ ❧✬♦r❛t❡✉r✳ ❏✬❛✈❛✐s ❡✉ ❧✬✐♠♣r❡ss✐♦♥ ❞✬é❝♦✉t❡r ❧❡ ✜❧s s♣✐r✐t✉❡❧ ❞✉ Pr♦❢❡ss❡✉r ❚♦✉r♥❡s♦❧ ❡t ❞❡
❘❛②♠♦♥❞ ❉❡✈♦s✳ ✳ ✳ P❧✉s t❛r❞✱ ❛❧♦rs q✉❡ ❥❡ ♥✬ét❛✐s ♣❛s ❣é♦♣❤②s✐❝✐❡♥♥❡✱ ✐❧ ♠✬❛ té♠♦✐❣♥é ✉♥❡
❝♦♥✜❛♥❝❡ ❛❜s♦❧✉❡ ❡♥ ♠✬✑❛❞♦♣t❛♥t✑ ✐♠♠é❞✐❛t❡♠❡♥t ♣♦✉r tr❛✈❛✐❧❧❡r ❛✈❡❝ ❧✉✐ s✉r ❞❡s ❛♥♦♠❛❧✐❡s
♦❜s❡r✈é❡s s✉r ❝❡rt❛✐♥❡s ✐♠❛❣❡s s✐s♠✐q✉❡s ✿ ❝✬ét❛✐t ❧❡ ❞é❜✉t ❞❡s ét✉❞❡s s✉r ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡
❡t ❞❡ ♠♦♥ ❛✈❡♥t✉r❡ à P❛✉✳ ✳ ✳ ❈✬ét❛✐t s✉rt♦✉t ❧❡ ❞é❜✉t ❞✬✉♥❡ ❢♦r♠✐❞❛❜❧❡ ❛♠✐t✐é ❡t ❞✬✉♥❡ t❡♥❞r❡
❝♦♠♣❧✐❝✐té✳ P❛ss❡r ✉♥❡ ❥♦✉r♥é❡ ❡♥t✐èr❡ à tr❛✈❛✐❧❧❡r ❛✈❡❝ ❊r✐❝ ❞♦♥♥❛✐t ❣é♥ér❛❧❡♠❡♥t ♠❛❧ à ❧❛ têt❡
♣♦✉r ❞❡✉① ❥♦✉rs✱ s✐ ♦♥ ♥✬❡♥ ❛✈❛✐t ♣❛s ❧✬❤❛❜✐t✉❞❡ ✦ ❉❡✉① ♠✐❧❧❡ ✐❞é❡s à ❧✬❤❡✉r❡ ❢✉s❛✐❡♥t ❡♥ t♦✉t s❡♥s ❡t
♦♥ ❞❡✈❛✐t s✬❛❝❝r♦❝❤❡r ❛✉① ❜r❛♥❝❤❡s ✭❝♦♠♠❡ ✐❧ ❞✐s❛✐t✮ ♣♦✉r s✉✐✈r❡ s♦♥ r❛✐s♦♥♥❡♠❡♥t q✉✬✐❧ é♥♦♥ç❛✐t
❞❡ ♠❛♥✐èr❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥é❡✱ s♦♥ ❝❡r✈❡❛✉ ❢♦♥❝t✐♦♥♥❛♥t ❜✐❡♥ ♣❧✉s ✈✐t❡ q✉❡ s❛ ❧❛♥❣✉❡✳ ▲♦rs ❞❡
❝❡s ❥♦✉r♥é❡s✱ ✐❧ ♠❡ ❢❛✐s❛✐t ♣❛rt❛❣❡r s♦♥ ✐♠♠❡♥s❡ s❛✈♦✐r ❛✈❡❝ é♥♦r♠é♠❡♥t ❞❡ ♣❛ss✐♦♥✱ ❡①♣❧✐q✉❛♥t
✐♥❧❛ss❛❜❧❡♠❡♥t ❝❡rt❛✐♥❡s ♥♦t✐♦♥s ❥✉sq✉✬à ❝❡ q✉❡ ❥❡ ❧❡s ♠❛îtr✐s❡✳ ❱ér✐t❛❜❧❡ ♣✉✐ts ❞❡ s❝✐❡♥❝❡ à
❢♦r♠❛t✐♦♥ rés♦❧✉♠❡♥t ♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡✱ ✐❧ ♠✬❛ ❢♦r♠é❡ ❡t ❣✉✐❞é❡ ❛✈❡❝ ❜❡❛✉❝♦✉♣ ❞✬❡♥t❤♦✉s✐❛s♠❡✱
❞❡ ❥♦✐❡ ❞❡ ✈✐✈r❡✱ ❞❡ ❝✉r✐♦s✐té ❡t ❞✬❤✉♠♦✉r ♣♦♥❝t✉é ❞❡ s❡s ❝é❧è❜r❡s ❝♦♥tr❡♣èt❡r✐❡s✳ ❚é♠♦✐❣♥❛♥t
✉♥❡ ❝♦♥✜❛♥❝❡ ❡♥✈❡rs ♠♦✐ q✉✐ ♥✬❛ ❥❛♠❛✐s ❞é❢❛✐❧❧✐✳ ❊t ❥✉sq✉✬à s♦♥ ❞❡r♥✐❡r s♦✉✤❡✱ ✐❧ ♠✬❛ tr❛♥s♠✐s
❛✈❡❝ ❜❡❛✉❝♦✉♣ ❞✬❛✛❡❝t✐♦♥ t♦✉t ❝❡ q✉✬✉♥ ✑♣èr❡✑ s❝✐❡♥t✐✜q✉❡ ♣❡✉t tr❛♥s♠❡ttr❡ à s❛ ✑✜❧❧❡✑✳ ✳ ✳ ❈❡t
✑❤ér✐t❛❣❡✑ ✈❛ ❜✐❡♥ ❛✉✲❞❡❧à ❞❡ ❧❛ s❝✐❡♥❝❡ ❡t ♥♦s très ♥♦♠❜r❡✉s❡s ❞✐s❝✉ss✐♦♥s s✉r ❧❛ ✈✐❡ ❛✉ s❡♥s
❧❛r❣❡✱ ❡t s✉r ❧❛ ♠♦rt✱ r❡st❡♥t à ❥❛♠❛✐s ❣r❛✈é❡s✳ ✳ ✳ ❉❡✉① ❥♦✉rs ❛✈❛♥t s❛ ❞✐s♣❛r✐t✐♦♥ ❡t s❡♥t❛♥t s❛
✜♥ ♣r♦❝❤❡✱ ✐❧ ♠✬❛✈❛✐t ❛ss✉ré q✉✬✐❧ s❡r❛✐t t♦✉❥♦✉rs ❧à ♣rès ❞❡ ♠♦✐✱ ♣rêt à ♠❡ ❞♦♥♥❡r ❞❡s ❝♦✉♣s ❞❡
♣✐❡❞s ❛✉① ❢❡ss❡s s✐ ❥❡ ❜❛✐ss❛✐s ❧❡s ❜r❛s✳ ✳ ✳ ♦✉ t♦✉t s✐♠♣❧❡♠❡♥t ♣♦✉r ♠❡ ❞✐r❡ q✉✬✐❧ s❡r❛✐t ✜❡r ❞❡
♠♦✐✳✳✳ ■❧ ❡st ❜✐❡♥ ❧à✳

❏❡ ♥❡ s❛✐s ❝♦♠♠❡♥t r❡♠❡r❝✐❡r ▼✐❝❤❡❧ ❏❡❛♥ ♣♦✉r s♦♥ ❝♦♥s❡✐❧ ô ❝♦♠❜✐❡♥ ✈✐s✐♦♥♥❛✐r❡ q✉✐✱ ❛✉
❞ét♦✉r ❞✬✉♥❡ ❝♦♥✈❡rs❛t✐♦♥ té❧é♣❤♦♥✐q✉❡ ✭à ❧✬é♣♦q✉❡ ♦ù ✐❧ ét❛✐t Prés✐❞❡♥t ❞❡ ❧❛ s❡❝t✐♦♥ ✾ ❞✉ ❈♦♠✐té
◆❛t✐♦♥❛❧✮✱ ♠✬❛ ❞é✜♥✐t✐✈❡♠❡♥t ❛✐❣✉✐❧❧é❡ ✈❡rs ❧❡s ❣é♦s❝✐❡♥❝❡s✳ ❏✬❛✐ ❢❛✐t s❛ ❝♦♥♥❛✐ss❛♥❝❡ ❡♥ r❡✈❡♥❛♥t
q✉❡❧q✉❡s ❛♥♥é❡s ♣❧✉s t❛r❞ ❛✉ ▲▼❆ ❡t ❥✬❛✐ ❞é❝♦✉✈❡rt ✉♥ ●r❛♥❞ ▼♦♥s✐❡✉r✱ ♣r♦❢♦♥❞é♠❡♥t ❤✉♠❛✐♥
❡t ❛tt❛❝❤❛♥t✳

❊♥✜♥✱ ❥❡ r❡♠❡r❝✐❡ ❞✉ ❢♦♥❞ ❞✉ ❝÷✉r ❏❡❛♥✲P❛✉❧ ▼♦♥t❛❣♥❡r ♣♦✉r ❛✈♦✐r ❝r✉ ❡♥ ♠♦✐✱ ♣♦✉r ♠✬❛✈♦✐r
❡♥❝♦✉r❛❣é❡ ❡t s♦✉t❡♥✉❡ ❞❛♥s ❧❡s ♠♦♠❡♥ts q✉❡❧q✉❡ ♣❡✉ ❞✐✣❝✐❧❡s✳

❏✬❛✐ ❡✉ ❧❛ ❝❤❛♥❝❡ ❞❡ ♣♦✉✈♦✐r s♦✉t❡♥✐r ❞❡✈❛♥t ✉♥ ❥✉r② ✐♥❝r♦②❛❜❧❡✳
❏❡ r❡♠❡r❝✐❡ t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s tr♦✐s r❛♣♣♦rt❡✉rs ♣♦✉r ❧❡✉r ❣r❛♥❞ ❡♥t❤♦✉s✐❛s♠❡ à ❥❡t❡r

✉♥ r❡❣❛r❞ ❝r✐t✐q✉❡ ❡t ❛✈✐sé s✉r ❧❡ ♠❛♥✉s❝r✐t ❡t ♣♦✉r ❧✬✐♥térêt q✉✬✐❧s ♦♥t t♦✉❥♦✉rs ♣♦rté à ♠❡s
tr❛✈❛✉①✳ ◗✉❡ ▼✐❝❤❡❧ ❉✐❡tr✐❝❤ ❡t ❉✐♠✐tr✐ ❑♦♠❛t✐ts❝❤ s♦✐❡♥t ✈✐✈❡♠❡♥t r❡♠❡r❝✐és ♣♦✉r ❧❡✉rs ❡♥✲
❝♦✉r❛❣❡♠❡♥ts t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡s ❛♥♥é❡s✳ ▼❛♥❡❧❧ ❩❛❦❤❛r✐❛ ét❛✐t ❞é❥à ♣rés❡♥t ❞❛♥s ♠♦♥ ❥✉r② ❞❡
t❤ès❡ ❡♥ ✶✾✾✼ ❀ ❞❡♣✉✐s✱ ✐❧ ❛ t♦✉❥♦✉rs été ❞✬✉♥ ❣r❛♥❞ s♦✉t✐❡♥ ❡t ❥❡ ❧❡ r❡♠❡r❝✐❡ ✈r❛✐♠❡♥t ❞✉ ❢♦♥❞
❞✉ ❝÷✉r ♣♦✉r ♥♦s é❝❤❛♥❣❡s ♣❛ss✐♦♥♥❛♥ts ✭q✉✬✐❧s s♦✐❡♥t s❝✐❡♥t✐✜q✉❡s ♦✉ ♣❧✉s ♣❡rs♦♥♥❡❧s✮ ❡t ♣♦✉r
❛✈♦✐r ❢❛✐t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✬■t❛❧✐❡✳



✐✐

❏❡ ✈♦✉❞r❛✐s é❣❛❧❡♠❡♥t r❡♠❡r❝✐❡r ❝❤❛❧❡✉r❡✉s❡♠❡♥t ❧❡s tr♦✐s ❡①❛♠✐♥❛t❡✉rs q✉✐ ♦♥t t♦✉t ❞❡ s✉✐t❡
❛❝❝❡♣té ❛✈❡❝ ❡♥t❤♦✉s✐❛s♠❡ ❞❡ ❢❛✐r❡ ♣❛rt✐❡ ❞✉ ❥✉r②✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❈é❞r✐❝ ▼❛✉r② ✭❧❡ Prés✐❞❡♥t✮
❛✈❡❝ q✉✐ ❥❡ ♣❛rt❛❣❡ ✭♦✉tr❡ q✉❡❧q✉❡s ❝♦✉rs✮ ❧❛ ❝✉r✐♦s✐té ♣♦✉r ❧❡s ❝❤♦s❡s ♥♦✉✈❡❧❧❡s✳ ❊♥s✉✐t❡✱ ❇❥♦r♥
❯rs✐♥ q✉✐ ❛ ❡✉ ❧❛ ❣❡♥t✐❧❧❡ss❡ ❞❡ ❞é❝❛❧❡r ❞✬✉♥❡ s❡♠❛✐♥❡ ❧❛ ✜♥ ❞❡ s♦♥ sé❥♦✉r à ▼❛rs❡✐❧❧❡ ♣♦✉r
♣♦✉✈♦✐r ❛ss✐st❡r à ❧❛ s♦✉t❡♥❛♥❝❡✳ ❙❛ ✈❡♥✉❡ ❛✉ ▲▼❆ ❛ été ❞é❝✐❞é❡ ❧♦rs ❞✬✉♥ r❡♣❛s ❞❛♥s ✉♥ r❡s✲
t❛✉r❛♥t ❞❡ ❇❛r❝❡❧♦♥❡ ✭♠❡r❝✐ ❈❤r✐st✐❛♥ ❉❡♣❧❛♥té ✦✮ ❡t ❧❡s s✐① ♠♦✐s ♣❛ssés ❡♥ s❛ ❝♦♠♣❛❣♥✐❡ ♦♥t
été très ❡♥r✐❝❤✐ss❛♥ts s✉r ❧❡ ♣❧❛♥ s❝✐❡♥t✐✜q✉❡✳ ❚✉s❡♥ ❚❛❦❦ ♣♦✉r s❡s ❝♦♥s❡✐❧s✱ s❛ ❣❡♥t✐❧❧❡ss❡ ❡t s❡s
❡♥❝♦✉r❛❣❡♠❡♥ts✳ ❊♥✜♥✱ ❏♦sé ❈❛r❝✐♦♥❡ q✉✐ ❛ ❡✉ ❧✬❛♠✐t✐é ❞❡ ❢❛✐r❡ ❞✐r❡❝t❡♠❡♥t ❧❡ tr❛❥❡t ❆r❣❡♥t✐♥❡✲
▼❛rs❡✐❧❧❡ ✈✐❛ ❘♦♠❡ ✭s❛♥s r❡♥tr❡r ❝❤❡③ ❧✉✐ ✦✮ ♣♦✉r ✈❡♥✐r ♠✬é❝♦✉t❡r ❡t ♠❡ ❥✉❣❡r✳ ❏❡ ♠❡ s♦✉✈✐❡♥s ❞❡
s♦♥ sé❥♦✉r à P❛✉ ❡♥ ✷✵✵✹✳ ❏✬ét❛✐s t❡rr✐❜❧❡♠❡♥t ✐♠♣r❡ss✐♦♥♥é❡ ❡t t✐♠✐❞❡ ❢❛❝❡ à ❝❡ ✑♠♦♥str❡ s❛❝ré✑
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✳ ❏❡ ♠❡ s♦✉✈✐❡♥s ❞❡ s❡s ❡♥❝♦✉r❛❣❡♠❡♥ts ❞✬❛❧♦rs✳ ✳ ✳ ❏✬❛✐ ❞é❝♦✉✈❡rt ♣❛r
❧❛ s✉✐t❡ ✉♥ ❤♦♠♠❡ ❢♦r♠✐❞❛❜❧❡♠❡♥t ❤✉♠❛✐♥ ❡t ❣❡♥t✐❧✱ à ❧✬❤✉♠♦✉r ✜♥✱ q✉✐ ❞✐✛✉s❡ s❛♥s ❝♦♠♣t❡r
s♦♥ s❛✈♦✐r ❡t s❡s ❝♦♥s❡✐❧s✳ P❡✉t✲êtr❡ ♠✬❛♣♣r❡♥❞r❛✲t✬✐❧ é❣❛❧❡♠❡♥t ✉♥ ❥♦✉r à ❞❛♥s❡r ❧❡ t❛♥❣♦ ❄

❏✬❛✐ ✉♥❡ ♣❡♥sé❡ é♠✉❡ ❡t ♣❛rt✐❝✉❧✐èr❡ ♣♦✉r P❛✉❧ ❈r✐st✐♥✐✱ q✉✐ ❡st ❛✈❛♥t t♦✉t ♠♦♥ ❝♦♠♣❛❣♥♦♥
❞❡ ❝÷✉r✱ ❡t q✉✐ ❡st ❛✉ss✐ ♠♦♥ ❝♦♠♣❛❣♥♦♥ ❞❡ ✑têt❡✑✳ ▼♦♥ â♠❡ ❛♠✐❡✳ ■❧ ❛ t♦✉❥♦✉rs été ♣rés❡♥t à
♠❡s ❝ôtés✱ ♠✬❡♥❝♦✉r❛❣❡❛♥t✱ ❝r♦②❛♥t ❡♥ ♠♦✐✱ ♠ê♠❡ ❞❛♥s ❧❡s ❤❡✉r❡s ❧❡s ♣❧✉s s♦♠❜r❡s✳ ❏❡ ♥❡ s❡r❛✐s
♣❛s ❣r❛♥❞✲❝❤♦s❡ s❛♥s ❧✉✐✳ ✳ ✳ ❙✉r ❧❡ ♣❧❛♥ s❝✐❡♥t✐✜q✉❡✱ ♥♦✉s ❛✈♦♥s ♣❛rt❛❣é ✭❡t ♣❛rt❛❣❡♦♥s t♦✉❥♦✉rs✮
❞❡ ❜❡❧❧❡s ❛✈❡♥t✉r❡s ♦ù s❡s ❝♦♠♣ét❡♥❝❡s✱ s❛ ❝✉❧t✉r❡✱ s❛ ❝✉r✐♦s✐té ✐♥t❡❧❧❡❝t✉❡❧❧❡ ❡t s❛ ❝ré❛t✐✈✐té ♦♥t
❧❛ ♣❛rt ❜❡❧❧❡✳ ❙✉r ❧❡ ♣❧❛♥ ❤✉♠❛✐♥✱ q✉❡ ❞✐r❡✳ ✳ ✳ s✐ ❝❡ ♥✬❡st q✉❡ ❥❡ ❧✬❛✐♠❡ ♣r♦❢♦♥❞é♠❡♥t ♣♦✉r ❝❡ q✉✬✐❧
❡st✳ ✳ ✳ ❯♥ ❚rès ●r❛♥❞ ▼❡r❝✐ ♣♦✉r t♦✉t✳

❏❡ ✈♦✉❞r❛✐s ❛✈♦✐r é❣❛❧❡♠❡♥t ✉♥❡ ♣❡♥sé❡ ♣♦✉r t♦✉s ♠❡s ❛✉tr❡s ❝♦♠♣❛❣♥♦♥s ❞❡ r♦✉t❡✳ ❲❛s✐✉

▼❛❦✐♥❞é q✉✐ ❡st ❞❡✈❡♥✉ ✉♥ ❛♠✐ s✐♥❝èr❡ ❡t ♣ré❝✐❡✉①✱ ❛♣rès ❛✈♦✐r été ♠♦♥ ét✉❞✐❛♥t✳ ❇❡rtr❛♥❞
◆✐✈✐èr❡ ✭▼❛îtr❡ ❨♦❞❛✮✱ ✉♥ ❛♠✐ q✉✐ ❛ ✉♥❡ r✐❝❤❡ss❡ ❞✬â♠❡ ✐♥❝r♦②❛❜❧❡ ❡t ❛✈❡❝ q✉✐ ❥✬❛✐ ❜❡❛✉❝♦✉♣
❛♣♣r✐s✱ ❡t ❛✈❡❝ q✉✐ ❥✬❛♣♣r❡♥❞s t♦✉❥♦✉rs ❜❡❛✉❝♦✉♣ ❞✬❛✐❧❧❡✉rs✳ P❛s s❡✉❧❡♠❡♥t s✉r ❧❛ ❣é♦❧♦❣✐❡✳ ✳ ✳
●ré❣♦✐r❡ ▲❡ ❚♦✉③é q✉✐ ❛ été ✉♥ ♣♦st✲❞♦❝t♦r❛♥t ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ✈r❛✐♠❡♥t ✉♥ ❣r❛♥❞ ♣❧❛✐s✐r à
tr❛✈❛✐❧❧❡r✳ ❉❛♥✐❡❧ ❇r♦s❡t❛ q✉✐ ❛ s✉❣❣éré ♠❛ ♣❛rt✐❝✐♣❛t✐♦♥ ❞❛♥s ❧❡ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ❡t q✉✐
♠✬❛ ✐♥✐t✐é❡ ❛✉① ♣r♦❜❧è♠❡s t❤❡r♠♦❞②♥❛♠✐q✉❡s✳ ❋❛❜✐♦ ❈❛✈❛❧❧✐♥✐✱ ✉♥ ❞❡ ♠❡s ❝♦éq✉✐♣✐❡rs tr❛✈❛✐❧❧❛♥t
s✉r ❧❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡✱ q✉✐ ❛✈❡❝ s♦♥ ❤✉♠♦✉r ♠✬❛ ❞ér✐❞é❡ ♣❧✉s ❞✬✉♥❡ ❢♦✐s ❞❛♥s ❧❡s ♠♦♠❡♥ts ❞❡
❞♦✉t❡✳ ❆ ❉✐❞✐❡r ❘❛♣♣✐♥ ❡t ❈❤r✐st✐❛♥ ❉❡♣❧❛♥té✱ ✉♥ ●r❛♥❞ ▼❡r❝✐ ♣♦✉r ❝❡ ♠♦♠❡♥t ❞✬✐♥t❡♥s✐té r❛r❡
✭♣r♦❢❡ss✐♦♥♥❡❧❧❡♠❡♥t ❡t é♠♦t✐♦♥♥❡❧❧❡♠❡♥t ♣❛r❧❛♥t✮ ♣❛rt❛❣é à ❇❛r❝❡❧♦♥❡ ❥✉st❡ q✉❡❧q✉❡s ❤❡✉r❡s
❛✈❛♥t ❧❡ ❞é❜✉t ❞✉ ✇♦r❦s❤♦♣✳ ✳ ✳

❏❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r ❞✉ ❢♦♥❞ ❞✉ ❝÷✉r ❋ré❞ér✐❝ ▲❡❜♦♥ q✉✐ ❛ ❧✉ ❧❛ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ ❞✉ ♠❛✲
♥✉s❝r✐t ❡t q✉✐ ❛ ❛ss✐sté à ❧❛ ♣r❡♠✐èr❡ ré♣ét✐t✐♦♥ ❞❡ ❧❛ s♦✉t❡♥❛♥❝❡✳ ❏❡ ✈♦✉❞r❛✐s ❧❡ r❡♠❡r❝✐❡r ♥♦♥
s❡✉❧❡♠❡♥t ♣♦✉r s❛ ♣rés❡♥❝❡ à ♠❡s ❝ôtés✱ ♠❛✐s ❛✉ss✐ ❡t s✉rt♦✉t ♣♦✉r s♦♥ s♦✉t✐❡♥ t❡❧❧❡♠❡♥t ♣ré✲
❝✐❡✉① ❡t s♦♥ ❛♠✐t✐é✳ ❏❡ ♥✬♦✉❜❧✐❡ ♣❛s ❜✐❡♥ sûr s♦♥ ❤✉♠♦✉r ✐rrés✐st✐❜❧❡✳✳✳ ▲❡s ♠♦ts s♦♥t ❢♦r❝é♠❡♥t
ré❞✉❝t❡✉rs ❡t tr❛❞✉✐s❡♥t ♠❛❧ t♦✉t ❝❡ q✉❡ ❧✬♦♥ ❛ ❞❛♥s ❧❡ ❝÷✉r✳ ✳ ✳ ❯♥ ●r❛♥❞ ●r❛♥❞ ▼❡r❝✐✳ ✳ ✳

❏❡ ♥✬♦✉❜❧✐❡ ♣❛s ♠❡s ❛❝♦❧②t❡s ❞✉ ❧❛❜♦r❛t♦✐r❡ ✑▼♦❞é❧✐s❛t✐♦♥ ❡t ■♠❛❣❡r✐❡ ❡♥ ●é♦s❝✐❡♥❝❡s ❞❡ P❛✉✑✱
❞✉ ✑▲❛❜♦r❛t♦✐r❡ ❞❡ ▼❛t❤é♠❛t✐q✉❡s ❆♣♣❧✐q✉é❡s✑ ♦✉ ❞✉ ✑▲❛❜♦r❛t♦✐r❡ ❞❡s ❋❧✉✐❞❡s ❈♦♠♣❧❡①❡s ❡t
❞❡ ❧❡✉rs ❘és❡r✈♦✐rs✑ ❞❡ P❛✉✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❍é❧è♥❡ ❇❛r✉❝q✱ P❛s❝❛❧ ❇r✉❡❧ ✭❛✈❡❝ q✉✐ ♦♥ ❢♦r♠❛✐t
❧❛ ❜❛♥❞❡ ❈◆❘❙✮✱ P❛s❝❛❧❡ ❡t ●✉② ❙é♥é❝❤❛❧ ✭q✉✐ ♠✬♦♥t ❜❡❛✉❝♦✉♣ ❛✐❞é❡ ❞❛♥s ❧❡s ♣r❡♠✐❡rs t❡♠♣s
❞✐✣❝✐❧❡s ❞❡ P❛✉✮✱ ❏❡❛♥✲❇❛♣t✐st❡ ❉❛❜❛♥ ✭q✉❡ ❞❡ ❜♦♥s ♠♦♠❡♥ts ♣❛ssés ❡♥ s❛ ❝♦♠♣❛❣♥✐❡ ✦✮✱ ❈❤❛r❧❡s
❘❡✈❛✉① ✳ ✳ ✳

❯♥❡ ♣❡♥sé❡ ♣♦✉r ♠❡s ❛♠✐s ❞✬❊❧❢✴❚♦t❛❧✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❇é❛tr✐❝❡ ❉érès ✭♦♥ s❡ ❝♦♥♥❛✐t ❞❡♣✉✐s
t❡❧❧❡♠❡♥t ❧♦♥❣t❡♠♣s✱ ♥✬❡st✲❝❡ ♣❛s ❄ ❯♥ ●r❛♥❞ ▼❡r❝✐ ♣♦✉r s♦♥ ❛♠✐t✐é s✐♥❝èr❡ ❡t ✐♥❞é❢❡❝t✐❜❧❡✳ ✳ ✳
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❡t s❡s s♦✐♥s ❝♦♥st❛♥ts✮ ❡t ❚❤✐❡rr② ❈❛st❡①✳ ▼❡r❝✐ ❛✉① ♣❡rs♦♥♥❡s q✉✐ ♦♥t ❝r✉ ❡♥ ♠♦✐ ❡t q✉✐ ♠✬♦♥t
s♦✉t❡♥✉❡ ✿ ❏❡❛♥✲▼❛r❝ ❑♦♠❛t✐ts❝❤✱ ❈❧❛✉❞❡ ❏❛❜❧♦♥✱ P❤✐❧✐♣♣❡ ❏✉❧❧✐❡♥ ❡t ❏érô♠❡ ●✉✐❧❜♦t✳

❉❡♣✉✐s ♠♦♥ r❡t♦✉r ❛✉ ▲▼❆ à ▼❛rs❡✐❧❧❡✱ ❥✬❛✐ r❡tr♦✉✈é ❛✈❡❝ ❜♦♥❤❡✉r ❝❡rt❛✐♥s ❝♦❧❧è❣✉❡s✱ ❡t ❥✬❡♥
❛✐ ❞é❝♦✉✈❡rt ❞✬❛✉tr❡s ❛✈❡❝ ❣r❛♥❞ ♣❧❛✐s✐r✳ ▼❡r❝✐ à t♦✉s ❝❡✉① q✉✐ ♠✬♦♥t ❡♥❝♦✉r❛❣é❡ ❡t s♦✉t❡♥✉❡✳ ❏❡
✈♦✉❞r❛✐s r❡♠❡r❝✐❡r t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧✬éq✉✐♣❡ ✑▼♦❞é❧✐s❛t✐♦♥ ❡♥ ▼é❝❛♥✐q✉❡ ❞✉ ❈♦♥t❛❝t✑ ✭❡t
s❡s s❛t❡❧❧✐t❡s✮✱ éq✉✐♣❡ ❛❞♦♣t✐✈❡ ♣♦✉r ❧❡ ❝❛❢é ❡t ❧❛ ❜♦♥♥❡ ❤✉♠❡✉r ❞✉ ♠❛t✐♥✳ ❯♥ ❚rès ●r❛♥❞ ▼❡r❝✐
é❣❛❧❡♠❡♥t à ▼✐❝❤è❧❡ ▲❛✉r❡♥t✱ ❊♠♠❛♥✉❡❧❧❡ P❛♥✐❛❣✉❛✱ ❆❧❛✐♥ ❘✐♠❡②♠❡✐❧❧❡ ❡t ❆♥♥✐❡ ❋♦r♥❛❝❝✐❛r✐

♣♦✉r ❧❡✉r ❛✐❞❡ ♣ré❝✐❡✉s❡ ❞❛♥s ❧❛ ❧♦❣✐st✐q✉❡ ❧✐é❡ à ❧❛ ❍❉❘✱ ❡t s✉rt♦✉t ♣♦✉r ❧❡✉r s♦✉t✐❡♥ ❛♠✐❝❛❧✱
t♦✉❥♦✉rs t❡✐♥té ❞❡ ❜♦♥♥❡ ❤✉♠❡✉r ❡t ❞❡ s♦✉r✐r❡s✳

❏✬❛✐ ❡✉ ❧❛ ❣r❛♥❞❡ ❝❤❛♥❝❡ ❞❡ r❡♥❝♦♥tr❡r✱ ❞❡ ❞✐s❝✉t❡r ❡t✴♦✉ ❞❡ ❝ôt♦②❡r ❞❡s ❣é♦♣❤②s✐❝✐❡♥s ❞❡
r❡♥♦♠✳ P❛r♠✐ ❡✉①✱ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r t♦✉t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❏✳P✳ ▲✐♥❞s❡② ♣♦✉r s♦♥ ✐♥térêt
❡t s♦♥ s♦✉t✐❡♥ ♣♦✉r ♥♦s tr❛✈❛✉① s✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞✉ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉✳ ❯♥ ●r❛♥❞ ▼❡r❝✐
é❣❛❧❡♠❡♥t à P❡t❡r ❍✉❜r❛❧ ♣♦✉r s❡s ❡♥❝♦✉r❛❣❡♠❡♥ts ✭❝❡❧❛ ✈❛ ❜✐❡♥ ❛✉✲❞❡❧à ❞❡ ❧❛ s❝✐❡♥❝❡✳ ✳ ✳ ✮✳
▼❡r❝✐ ❛✉ r❡❣r❡tté ●❡r❛r❞ ❍❡r♠❛♥♥ ❡t à ◆♦r♠❛♥ ❇❧❡✐st❡✐♥ ✭♣♦✉r s❡s ❝♦✉rs ♣❛ss✐♦♥♥❛♥ts ❡t s♦♥
❤✉♠❛♥✐té ré✈é❧é❡ ❧♦rs ❞✬✉♥ ❞é❥❡✉♥❡r q✉✐ r❡st❡ ❞❛♥s ♠❛ ♠é♠♦✐r❡✮ ♣♦✉r ❧❡✉rs ❝♦♥s❡✐❧s ❡t ❧❡✉rs
❡♥❝♦✉r❛❣❡♠❡♥ts✳

❏✬❛✐ ❞❡ ♥♦♠❜r❡✉① ❛♠✐s ✭♣❛s ❢♦r❝é♠❡♥t s❝✐❡♥t✐✜q✉❡s✮ q✉✐ ♠✬♦♥t ❡♥t♦✉ré❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡s
❛♥♥é❡s ❡t q✉✐ ♠✬♦♥t ❛♣♣♦rté❡ ❥♦✐❡ ❞❡ ✈✐✈r❡ ❡t ❜♦✉✛é❡s ❞✬❛✐r ♣✉r✳ ❖✉tr❡ ❋❛❢❛✱ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r✲
❝✐❡r ♠❡s ❛♠✐s ❞❡ P❛✉✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ◆❛t❤ ❡t ❏érô♠❡ ✭♣rés❡♥ts à ▼❛rs❡✐❧❧❡ ❧❡s ❥♦✉rs ♣ré❝é❞❡♥ts
❧❛ s♦✉t❡♥❛♥❝❡ ♣♦✉r ♠✬❡♥❝♦✉r❛❣❡r✮✱ ❈é❝é ✭q✉❡ ❞❡ ❢♦✉s r✐r❡s ✦✮✱ ❇é❛tr✐❝❡ ❡t ❋r❛♥ç♦✐s ❡t ●ré❣♦r②
❡t ❊❧✐s❛❜❡t❤ ✭♣♦✉r ❧❡✉r ❛✐❞❡ ♣ré❝✐❡✉s❡✳✳✳✮✱ ❘♦❜❡rt ❡t ▼❛r✐❞♦✱ ❇❡r♥❛r❞ ❡t ❋r❛♥ç♦✐s❡✱ ❏❡❛♥✲P✐❡rr❡
❡t ❈❧❛✉❞✐❡✱ ▲❛✉r❡♥t ❡t ◆❛❞è❣❡✱ ❘é❣✐s ❡t ■s❛❜❡❧❧❡✳ ✳ ✳ ❡t ♠❡s ❛♠✐s ❞❡ ▼❛rs❡✐❧❧❡✱ t♦✉t ♣❛rt✐❝✉❧✐èr❡✲
♠❡♥t P✐❡rr❡✲❖❧✐✈✐❡r ❡t ❇é❛tr✐❝❡ ✭♣♦✉r ❧❡✉r ❛♠✐t✐é s✐♥❝èr❡ ❡t ❧❡✉r s♦✉t✐❡♥ ❞❡♣✉✐s ♥♦tr❡ r❡t♦✉r à
▼❛rs❡✐❧❧❡✮✱ ▼❛r✐❡ ❡t ❇r✉♥♦✱ ▼❛r✐❛♥♥❡ ❡t ❋❧❛✈✐❡♥✱ ❙♦s♦ ❡t ▼❛r❝✳ ✳ ✳

❏❡ t❡r♠✐♥❡ ❡♥✜♥ ❡♥ ❛②❛♥t ✉♥❡ ♣❡♥sé❡ ♣♦✉r ♠♦♥ ♣èr❡ ❡t ♠❛ s÷✉r ✭q✉✐ ♥❡ s♦♥t ♣❧✉s ❧à✮✱ ♣♦✉r
♠❛ ♠èr❡ ❡t ♠♦♥ ❢rèr❡✳

❆ P❛✉❧✱ à P✐❡rr❡ ✭q✉✐ ❛ ❢êté s❡s ✶✻ ❛♥s ❧❡ ❥♦✉r ❞❡ ❧❛ s♦✉t❡♥❛♥❝❡✮✱ à ❘é♠✐ ✭q✉✐ ❛ s✉♣♣♦rté
st♦ïq✉❡♠❡♥t ❧❛ s♦✉t❡♥❛♥❝❡ ❡t ❧❡s q✉❡st✐♦♥s ❡♥ ❛♥❣❧❛✐s✱ s❛♥s ❝♦♠♣r❡♥❞r❡ ✉♥ tr❛îtr❡ ♠♦t ❞❡ ❝❡ q✉✐
s❡ ❞✐s❛✐t ✦✮✱ ❡t à ♠❛ ♣❡t✐t❡ ♣r✐♥❝❡ss❡ ❈♦r❡♥t✐♥❡✱ ❥❡ ❧❡✉r r❡❞✐s t♦✉t❡ ♠♦♥ ❛✛❡❝t✐♦♥ ❡t ♠♦♥ ❛♠♦✉r✱
❡♥ ❧❡s r❡♠❡r❝✐❛♥t ❞✬êtr❡ ❧à✱ t♦✉t ♣rès ❞❡ ♠♦✐✳ ❏❡ ♠❡ ♥♦✉rr✐s ❞❡ ✈♦tr❡ ❛♠♦✉r✳✳✳
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❘❡♣rés❡♥t❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞✉ ❚❛❜❧❡❛✉ ❞❡ ▼✐❝❤❡❧❛♥❣❡❧♦ ✏▲❛ ❈r❡❛③✐♦♥❡ ❞✐ ❆❞❛♠♦✑✳

à ❊r✐❝✳✳✳



✈

❘és✉♠é

❈❡rt❛✐♥s ❜❡s♦✐♥s é❝♦♥♦♠✐q✉❡s✱ s♦❝✐ét❛✉① ♦✉ ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♥é❝❡ss✐t❡♥t ✉♥❡ ❝❛r❛❝tér✐s❛✲
t✐♦♥ ❛♣♣r♦❢♦♥❞✐❡ ❞❡s str✉❝t✉r❡s ❣é♦❧♦❣✐q✉❡s ❞✉ s♦✉s✲s♦❧✳ P❛r♠✐ ❧❡s ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❣é♦♣❤②✲
s✐q✉❡s✱ ❧❛ s✐s♠✐q✉❡ ❡st s❛♥s ❞♦✉t❡ ❝❡❧❧❡ q✉✐ ❡st ❧❡ ♣❧✉s s♦✉✈❡♥t ♣r✐✈✐❧é❣✐é❡✳ ■♠❛❣❡r ❡t ❝❛r❛❝tér✐s❡r
❧❡ s♦✉s✲s♦❧ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ré❡❧❧❡s ❛❝q✉✐s❡s s✉r ❧❡ t❡rr❛✐♥ ❡st ❝❡♣❡♥❞❛♥t ✉♥ ♣r♦❜❧è♠❡ ✐♥✈❡rs❡
❣é♥ér❛❧❡♠❡♥t ❞✐✣❝✐❧❡ à rés♦✉❞r❡✳ ■❧ ❧✬❡st ❞✬❛✉t❛♥t ♣❧✉s s✐ ❧❡ ♣r♦❜❧è♠❡ ❞✐r❡❝t ❛ss♦❝✐é ♥✬❛ ♣❛s été
❛✉ ♣ré❛❧❛❜❧❡ ✏♠❛îtr✐sé✑ ❛ ♠✐♥✐♠❛✱ ❝✬❡st✲à✲❞✐r❡ s✐ ❧✬♦♥ ♥❡ ❞✐s♣♦s❡ ♣❛s ❞✬✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ré❛❧✐st❡
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✳ P♦✉r ❝❡❧❛✱ ✐❧ s❡♠❜❧❡ ❡ss❡♥t✐❡❧✱ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s
s②♥t❤ét✐q✉❡s ❛✜♥ ❞❡ ❧❡s r❡♥❞r❡ ❝♦♠♣❛r❛❜❧❡s ❛✉① ❞♦♥♥é❡s ré❡❧❧❡s✱ ❞✬✐❞❡♥t✐✜❡r ❡t ❞❡ ❝♦♠♣r❡♥❞r❡
❡♥ ♣r❡♠✐❡r ❧✐❡✉ ❧❡s ❢❛❝t❡✉rs ❣é♦❧♦❣✐q✉❡s ❡t✴♦✉ ♣❤②s✐q✉❡s ❞❡ ♣r❡♠✐❡r ♦r❞r❡ q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❛
♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞♦♥♥é❡✳ ❈❡❧❛ s✉♣♣♦s❡ q✉✬♦♥ ♣r❡♥♥❡ ❡♥ ❝♦♠♣t❡ à
❧❛ ❢♦✐s ❧❡s ❧♦✐s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝♦✉❝❤❡s ❣é♦❧♦❣✐q✉❡s tr❛✈❡rsé❡s ❡t ❧❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t ❡♥tr❡
❝❡s ❝♦✉❝❤❡s✱ ♠❛✐s ❛✉ss✐ ❧❡s ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉✐t❡s ♣❛r ❧❡ s②stè♠❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❝♦♥st✐t✉é ♣❛r ❧❡s
♦♥❞❡s s✐s♠✐q✉❡s✳

❈❡ ♠é♠♦✐r❡ ❞é❝r✐t ❧❡s tr❛✈❛✉① q✉❡ ❥✬❛✐ ♠❡♥és ❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❡t ❧❛ ♠♦✲
❞é❧✐s❛t✐♦♥ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♦♥❞❡s✴✐♥t❡r❢❛❝❡s ❡♥ ♠❡ ❜❛s❛♥t s✉r ❞❡s ❛♣♣r♦❝❤❡s ♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡s✳
❖✉tr❡ ❧✬❛s♣❡❝t ❢♦♥❞❛♠❡♥t❛❧ ❞✬✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s s♦✉s✲❥❛❝❡♥ts
à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ❞❡s ♠✐❧✐❡✉① ❝♦♠♣❧❡①❡s ✭❡✳❣✳✱ ❧❡s rés♦❧✉t✐♦♥s s✐s♠✐q✉❡s ✈❡rt✐❝❛❧❡
❡t ❧❛tér❛❧❡✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞✉ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉✱ ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ❡t ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❛♥✐✲
s♦tr♦♣✐❡ s✉r ❧❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡✮✱ ❞❡s ❛s♣❡❝ts ♣❧✉s ❛♣♣❧✐q✉és✱ ❞é❞✐és ♥♦t❛♠♠❡♥t à ❧✬❡①♣❧♦r❛t✐♦♥
❞❡ ❣✐s❡♠❡♥ts é♥❡r❣ét✐q✉❡s ♦✉ à ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ rés❡r✈♦✐rs ❣é♦❧♦❣✐q✉❡s ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷✱ ♦♥t
été é❣❛❧❡♠❡♥t ❞é✈❡❧♦♣♣és✳

▼♦ts✲❝❧és

❖♥❞❡ s✐s♠✐q✉❡✱ ♦♥❞❡ ré✢é❝❤✐❡✱ ♦♥❞❡ ❞✐✛r❛❝té❡✱ ♦♥❞❡ ❞❡ s✉r❢❛❝❡✱ ✐♥t❡r❢❛❝❡✱ ré✢❡❝t❡✉r✱ ③♦♥❡
❞❡ ❋r❡s♥❡❧✱ rés♦❧✉t✐♦♥✱ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡✱ ❛♥✐s♦tr♦♣✐❡✱ ♠♦❞é❧✐s❛t✐♦♥✱ ❝❛r❛❝tér✐s❛t✐♦♥✱ st♦❝❦❛❣❡
❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷✳
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■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ✇❛✈❡s ❛♥❞
✐♥t❡r❢❛❝❡s ✐♥ s❡✐s♠✐❝s

❆❜str❛❝t

▼❛♥② ♠❛❥♦r ❝❤❛❧❧❡♥❣❡s ♦❢ t❤❡ t✇❡♥t②✲✜rst ❝❡♥t✉r② ✐♥ t❤❡ ❡❝♦♥♦♠✐❝✱ s♦❝✐❛❧✱ ♦r ❡♥✈✐r♦♥♠❡♥t❛❧
✜❡❧❞s✱ r❡q✉✐r❡ ❛ ❝❛r❡❢✉❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❣❡♦❧♦❣✐❝❛❧ str✉❝t✉r❡s ♦❢ t❤❡ ❊❛rt❤✳ ❙❡✐s♠✐❝s ✐s
♣r♦❜❛❜❧② t❤❡ ♠♦st ✇✐❞❡❧② ✉s❡❞ t❡❝❤♥✐q✉❡ t♦ ❡①♣❧♦r❡ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛t ❧❛r❣❡ s❝❛❧❡s✳ ■♠❛❣✐♥❣
❛♥❞ ❝❤❛r❛❝t❡r✐③✐♥❣ t❤❡ s✉❜s✉r❢❛❝❡ ❢r♦♠ r❡❛❧ s❡✐s♠✐❝ ❞❛t❛ ❤♦✇❡✈❡r ✐s ❛ ❞✐✣❝✉❧t t❛s❦✱ ❛♥❞ t❤❡
❞✐✣❝✉❧t② ✐♥❝r❡❛s❡s s✐♥❝❡ t❤❡ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❝♦♠♣❧❡① ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s ♥❛t✉r❛❧ s②st❡♠s ✐s
♣♦♦r❧② ✉♥❞❡rst♦♦❞✳ ■t ✐s t❤❡r❡❢♦r❡ ❡ss❡♥t✐❛❧ t♦ ✐❞❡♥t✐❢② t❤❡ ❣❡♦❧♦❣✐❝❛❧ ❢❡❛t✉r❡s✱ ✇❤✐❝❤ s✐❣♥✐✜❝❛♥t❧②
✐♥✢✉❡♥❝❡ t❤❡ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❛ ❣✐✈❡♥ ❝♦♥✜❣✉r❛t✐♦♥✱ ❛♥❞ t♦ ✉♥❞❡rst❛♥❞ t❤❡✐r ✐♥t❡r❛❝t✐♦♥ ✇✐t❤
t❤❡ s❡✐s♠✐❝ ✇❛✈❡s✳ ❚♦ ♠♦❞❡❧ t❤❡ ✇❛✈❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥❡ ❤❛s t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❝♦♠♣❧❡①✐t② ♦❢
♥❛t✉r❛❧ ❡♥✈✐r♦♥♠❡♥ts t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡ ✇❛✈❡s ♣r♦♣❛❣❛t❡✱ ❜✉t ❛❧s♦ ❢♦r t❤❡ ❝♦♥t❛❝t ❧❛✇s ❜❡t✇❡❡♥
t❤❡ ❣❡♦❧♦❣✐❝❛❧ ♠❡❞✐❛✱ ❛♥❞ ❢♦r t❤❡ ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ s❡✐s♠✐❝ ✇❛✈❡s t❤❡♠s❡❧✈❡s✳

❚❤✐s ♠❛♥✉s❝r✐♣t s✉♠♠❛r✐③❡s t❤❡ ✇♦r❦ ■ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ❡ss❡♥t✐❛❧❧② ♦♥ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ❛♥❞
♦♥ t❤❡ ♠♦❞❡❧✐♥❣ ♦❢ t❤❡ ✇❛✈❡✴✐♥t❡r❢❛❝❡ ✐♥t❡r❛❝t✐♦♥ ✉s✐♥❣ ♠✉❧t✐❞✐s❝✐♣❧✐♥❛r② ❛♣♣r♦❛❝❤❡s✳ ❇❡s✐❞❡s
❜❛s✐❝ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ♠❡❝❤❛♥✐s♠s ✉♥❞❡r❧②✐♥❣ t❤❡ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ✐♥ ❝♦♠♣❧❡① ♠❡❞✐❛
✭❡✳❣✳✱ t❤❡ ✈❡rt✐❝❛❧ ❛♥❞ t❤❡ ❧❛t❡r❛❧ s❡✐s♠✐❝ r❡s♦❧✉t✐♦♥s✱ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ✸❉ s❡✐s♠✐❝ r❡✢❡❝t♦r✱
t❤❡ ✐♥t❡r❢❛❝❡ s❝❛tt❡r✐♥❣✱ ❛♥❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❛♥✐s♦tr♦♣② ♦♥ s✉r❢❛❝❡ ✇❛✈❡s✮✱ ❛♣♣❧✐❡❞ ✇♦r❦s
❞❡❞✐❝❛t❡❞ t♦ t❤❡ ♦✐❧ ❛♥❞ ❣❛s ❡①♣❧♦r❛t✐♦♥ ♦r t♦ t❤❡ ♠♦♥✐t♦r✐♥❣ ♦❢ ❣❡♦❧♦❣✐❝❛❧ st♦r❛❣❡ ♦❢ ❈❖✷ ❤❛✈❡
❛❧s♦ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✳

❑❡②✇♦r❞s

❙❡✐s♠✐❝ ✇❛✈❡✱ r❡✢❡❝t❡❞ ✇❛✈❡✱ ❞✐✛r❛❝t❡❞ ✇❛✈❡✱ s✉r❢❛❝❡ ✇❛✈❡✱ ✐♥t❡r❢❛❝❡✱ r❡✢❡❝t♦r✱ ❋r❡s♥❡❧ ③♦♥❡✱
r❡s♦❧✉t✐♦♥✱ ✐♥t❡r❢❛❝❡ s❝❛tt❡r✐♥❣✱ ❛♥✐s♦tr♦♣②✱ ♠♦❞❡❧✐♥❣✱ ❝❤❛r❛❝t❡r✐③❛t✐♦♥✱ ❣❡♦❧♦❣✐❝❛❧ st♦r❛❣❡ ♦❢ ❈❖✷✳
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▲✐st❡ ❞❡s s✐❣❧❡s ✉t✐❧✐sés

✷❉✴✸❉ ✿ ❞❡✉① ❞✐♠❡♥s✐♦♥s ✴ tr♦✐s ❞✐♠❡♥s✐♦♥s
❆◆❘ ✿ ❆❣❡♥❝❡ ◆❛t✐♦♥❛❧❡ ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡
❆❙❆ ✿ ❆♥❣✉❧❛r ❙♣❡❝tr✉♠ ❆♣♣r♦❛❝❤
❆❱❆✴❆❱❖ ✿ ❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❆♥❣❧❡ ✴ ❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❖✛s❡t
❇ ✿ ❇r✉✐t
❇❊◆❈❍■❊ ✿ ❇❊◆❈❍♠❛r❦s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❧❛❜♦r❛t♦✐r❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥ts ❝♦♠♣❧❡①❡s à ❞❡s
✜♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡ ❝♦❞❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s ❡t ❞✬■♠❛❣❡r✐❊
❇❋ ✿ ❇❛ss❡s ❋réq✉❡♥❝❡s
❇P ✿ ❇❛♥❞❡ P❛ss❛♥t❡
❇❘●▼ ✿ ❇✉r❡❛✉ ❞❡ ❘❡❝❤❡r❝❤❡s ●é♦❧♦❣✐q✉❡s ❡t ▼✐♥✐èr❡s
❈●● ❱ér✐t❛s ✿ ❈♦♠♣❛❣♥✐❡ ●é♥ér❛❧❡ ❞❡ ●é♦♣❤②s✐q✉❡ ❱ér✐t❛s
❈◆❉ ✿ ❈♦♥trô❧❡ ◆♦♥ ❉❡str✉❝t✐❢
❈◆❘❙ ✿ ❈❡♥tr❡ ◆❛t✐♦♥❛❧ ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ ❙❝✐❡♥t✐✜q✉❡
❈❖✷ ✿ ❞✐♦①②❞❡ ❞❡ ❝❛r❜♦♥❡
❊▼❙❆P❈❖✷ ✭♣r♦❥❡t ❆◆❘✮ ✿ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠ét❤♦❞❡s ❊❧❡❝tr♦▼❛❣♥ét✐q✉❡s ❡t ❙✐s♠✐q✉❡s
❆❝t✐✈❡s ❡t P❛ss✐✈❡s ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷
❊❖❘ ✿ ❊♥❤❛♥❝❡❞ ❖✐❧ ❘❡❝♦✈❡r② ✭♦✉ ré❝✉♣ér❛t✐♦♥ ❛ss✐sté❡ ❞❡ ♣étr♦❧❡✮
❋❱ ✿ ❋r❡s♥❡❧ ❱♦❧✉♠❡ ✭♦✉ ❱♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧✮
●P❘ ✿ ●r♦✉♥❞ P❡♥❡tr❛t✐♥❣ ❘❛❞❛r ✭♦✉ ❘❛❞❛r ❣é♦❧♦❣✐q✉❡✮
❍❋ ✿ ❍❛✉t❡s ❋réq✉❡♥❝❡s
▲❋❈✲❘ ✿ ▲❛❜♦r❛t♦✐r❡ ❞❡s ❋❧✉✐❞❡s ❈♦♠♣❧❡①❡s ❡t ❧❡✉rs ❘és❡r✈♦✐rs
▲▼❆ ✿ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡
▼■●P ✿ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼♦❞é❧✐s❛t✐♦♥ ❡t ■♠❛❣❡r✐❡ ❡♥ ●é♦s❝✐❡♥❝❡s ❞❡ P❛✉
❖❆❙❊❙ ✭❝♦❞❡✮ ✿ ❖❝❡❛♥ ❆❝♦✉st✐❝ ❛♥❞ ❙❡✐s♠✐❝ ❊①♣❧♦r❛t✐♦♥ ❙②♥t❤❡s✐s ✭❝♦❞❡✮
P❙▼ ✿ Ps❡✉❞♦✲❙♣❡❝tr❛❧ ▼❡t❤♦❞ ✭♦✉ ♠ét❤♦❞❡ ♣s❡✉❞♦✲s♣❡❝tr❛❧❡ ❋♦✉r✐❡r✲❈❤❡❜②s❤❡✈✮
❙ ✿ ❙✐❣♥❛❧
❙❊▼ ✿ ❙♣❡❝tr❛❧ ❊❧❡♠❡♥t ▼❡t❤♦❞ ✭♦✉ ♠ét❤♦❞❡s ❞✬é❧é♠❡♥ts ✜♥✐s s♣❡❝tr❛✉①✮
❙P❊❈❋❊▼ ✭❝♦❞❡✮ ✿ ❙♣❡❝tr❛❧ ❋✐♥✐t❡ ❊❧❡♠❡♥t ▼❡t❤♦❞ ✭❝♦❞❡✮
❲❩ ✿ ❲❡❛t❤❡r❡❞ ❩♦♥❡ ✭♦✉ ③♦♥❡ ❛❧téré❡ ❞❡ s✉r❢❛❝❡✮
❩❋■ ♦✉ ■❋❩ ✿ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ♦✉ ■♥t❡r❢❛❝❡ ❋r❡s♥❡❧ ❩♦♥❡



✈✐✐✐

❆✈❛♥t✲♣r♦♣♦s

❆♣rès ❛✈♦✐r s♦✉t❡♥✉ ✉♥❡ t❤ès❡ ❡♥ ✶✾✾✼ ❡♥ ❙❝✐❡♥❝❡s ♣♦✉r ❧✬■♥❣é♥✐❡✉r✱ ❥✬❛✐ ❞é❝♦✉✈❡rt ❧❡s ❙❝✐❡♥❝❡s
❞❡ ❧❛ ❚❡rr❡ ❡♥ tr❛✈❛✐❧❧❛♥t ❞✉r❛♥t ♦♥③❡ ❛♥♥é❡s ❛✉ s❡✐♥ ❞✬✉♥ ❧❛❜♦r❛t♦✐r❡ ❞❡ ●é♦s❝✐❡♥❝❡s✳ ▲✬✐♠♠❡r✲
s✐♦♥ t♦t❛❧❡ ❞❛♥s ✉♥ ✉♥✐✈❡rs ♥♦✉✈❡❛✉ ❛ été très ❡♥r✐❝❤✐ss❛♥t à ❧❛ ❢♦✐s s✉r ❧❡s ♣❧❛♥s ♣❡rs♦♥♥❡❧ ❡t
♣r♦❢❡ss✐♦♥♥❡❧✳ ❏✬❛✐ t♦✉❥♦✉rs ❝❤❡r❝❤é à ré✐♥✈❡st✐r ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s ✐ss✉❡s ❞❡ ♠❛ ❢♦r♠❛t✐♦♥ ✐♥✐t✐❛❧❡
q✉❛♥❞ ❝❡❧❛ ét❛✐t ♣♦ss✐❜❧❡ ❡t ❛✐♥s✐ à ❝♦♠❜✐♥❡r ❧❡s ❞❡✉① ❞✐s❝✐♣❧✐♥❡s ♣♦✉r t❡♥t❡r ❞❡ rés♦✉❞r❡ ❝❡rt❛✐♥s
♣r♦❜❧è♠❡s✳ ❈❡❝✐ ♠✬❛ ❝♦♥❞✉✐t à ❡♠♣r✉♥t❡r ❞❡s ❝❤❡♠✐♥s ❞❡ tr❛✈❡rs❡ q✉✐ ♠✬♦♥t ♣❛r❢♦✐s é❧♦✐❣♥é❡ ❞❡
❧❛ r♦✉t❡✳✳✳ ❛✉ r✐sq✉❡ ❞❡ ♠❡ ♣❡r❞r❡✳ ▼❛✐s ❥❡ ❞❡♠❡✉r❡ ♣❡rs✉❛❞é❡ q✉❡ ❧❡s ❛✈❛♥❝é❡s s✐❣♥✐✜❝❛t✐✈❡s✱ s✉r✲
t♦✉t q✉❛♥❞ ❡❧❧❡s s❡ tr♦✉✈❡♥t à ❧❛ ♠❛r❣❡✱ ♥❡ ♣❡✉✈❡♥t êtr❡ ré❛❧✐sé❡s q✉✬❡♥ ♦s❛♥t ❡t ❡♥ ❝♦♥❢r♦♥t❛♥t
❧❡s ❞✐s❝✐♣❧✐♥❡s✳

❈❡ ♠é♠♦✐r❡ ré❝❛♣✐t✉❧❡ ❧✬❡ss❡♥t✐❡❧ ❞❡ ❝❡s q✉❛t♦r③❡ ❛♥♥é❡s ❞❡ ♣❛r❝♦✉rs s❝✐❡♥t✐✜q✉❡ ♣❧✉r✐❞✐s❝✐✲
♣❧✐♥❛✐r❡✳ ❈❡♣❡♥❞❛♥t ❥✬❛✐ ❝❤♦✐s✐ ❞❡ ♥❡ ♣❛s ❞é❝r✐r❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❞❡s tr❛✈❛✉① q✉✐ ♥✬♦♥t ♣❛s ❝♦♠✲
♣❧èt❡♠❡♥t ❛❜♦✉t✐✱ s♦✐t ♣❛r❝❡ q✉❡ ❧❡s ♣✐st❡s ❡♠♣r✉♥té❡s s❡ s♦♥t ❛✉ ✜♥❛❧ ❛✈éré❡s stér✐❧❡s✱ s♦✐t ♣❛r
❛❜❛♥❞♦♥ ♣ré♠❛t✉ré ❞❡ ❧❛ t❤é♠❛t✐q✉❡ s✉✐t❡ ❛✉① ❞✐s❝✉ss✐♦♥s ❛✈❡❝ ✉♥ ❞❡s ♣❛rt❡♥❛✐r❡s ✐♠♣❧✐q✉és
❞❛♥s ❧❡ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼♦❞é❧✐s❛t✐♦♥ ❡t ■♠❛❣❡r✐❡ ❡♥ ●é♦s❝✐❡♥❝❡s ❞❡ P❛✉✳ ❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥✱
❥❡ ♥✬❛✐ ♣❛s ❥✉❣é ✉t✐❧❡ ❞❡ ❞é❝r✐r❡ ❡♥ ❞ét❛✐❧s ❧❡s tr❛✈❛✉① ♣♦✉r ❧❡sq✉❡❧s ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❛ été ❞❡
♠♦✐♥❞r❡ ✐♠♣♦rt❛♥❝❡✳

▲❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡ s❡ ♠è♥❡♥t r❛r❡♠❡♥t s❡✉❧ ❀ ✐❧s s♦♥t s♦✉✈❡♥t ❧❡ ❢r✉✐t ❞❡ ❝♦❧❧❛❜♦r❛t✐♦♥s
❢r✉❝t✉❡✉s❡s ❡♥tr❡ s❝✐❡♥t✐✜q✉❡s✳ ❆✉ss✐✱ ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❝❤❛♣✐tr❡✱ ❥❡ ♠❡♥t✐♦♥♥❡r❛✐ ❧❡s ♣❡rs♦♥♥❡s
❛✈❡❝ ❧❡sq✉❡❧❧❡s ❥✬❛✐ ♣❛rt❛❣é ❝❡s ❛✈❡♥t✉r❡s ❡①♣❧♦r❛t♦✐r❡s✳ ❏✬✐♥❞✐q✉❡r❛✐ é❣❛❧❡♠❡♥t ❧❡s ♣✉❜❧✐❝❛t✐♦♥s ❡t
❧❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛ss♦❝✐é❡s à ♥♦s tr❛✈❛✉① q✉✐ s♦♥t t♦✉t❡s ré❝❛♣✐t✉❧é❡s ❡♥ ❆♥♥❡①❡ ❈✳
▲❡ ❧❡❝t❡✉r tr♦✉✈❡r❛ ❡♥ ❆♥♥❡①❡ ❉ ✉♥❡ ❝♦♣✐❡ ❞❡s ♣✉❜❧✐❝❛t✐♦♥s ❧❡s ♣❧✉s s✐❣♥✐✜❝❛t✐✈❡s✳

❊♥✜♥✱ ♣♦✉r ❝♦♥❝❧✉r❡ ❝❡t ❛✈❛♥t✲♣r♦♣♦s✱ ❥❡ ❝✐t❡r❛✐ P✐❡rr❡ ❏♦❧✐♦t ✭✷✵✵✶✮ ▲❛ ❘❡❝❤❡r❝❤❡ ♣❛s✲

s✐♦♥♥é♠❡♥t✱ ❊❞✐t✐♦♥s ❖❞✐❧❡ ❏❛❝♦❜ ❙❝✐❡♥❝❡s✳

✖✖✖✖✕
✏❈♦♠♠❡ ❞❛♥s t♦✉t❡ ❢♦r♠❡ ❞✬❛rt✱ ❧❛ ♣❡✐♥t✉r❡ ♣❛r ❡①❡♠♣❧❡✱ ✐❧ ❡①✐st❡ ✉♥ ❝♦♥t✐♥✉✉♠ ❡♥tr❡ ❧✬♦❡✉✈r❡

❞✬✉♥ ❘❡♠❜r❛♥❞t ❡t ❝❡❧❧❡✱ é❣❛❧❡♠❡♥t r❡s♣❡❝t❛❜❧❡✱ ❞✬✉♥ ♣❡✐♥tr❡ ❞✉ ❞✐♠❛♥❝❤❡✳ ▲❛ ❜❡❛✉té ❞❡ ♥♦tr❡

♠ét✐❡r rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧❡s ♣r♦❣rès ❞❡ ❧❛ s❝✐❡♥❝❡ ♥❡ r❡♣♦s❡♥t ♣❛s ✉♥✐q✉❡♠❡♥t s✉r ❧❡s ❞é✲

❝♦✉✈❡rt❡s ❞❡ q✉❡❧q✉❡s r❛r❡s ❣é♥✐❡s✱ ♠❛✐s é❣❛❧❡♠❡♥t s✉r ❧✬❛❝t✐✈✐té ❝ré❛tr✐❝❡ ♣❧✉s ♠♦❞❡st❡ ♣r❛t✐q✉é❡

❛✉ q✉♦t✐❞✐❡♥ ❞❡ très ♥♦♠❜r❡✉① ❝❤❡r❝❤❡✉rs✳ ❬✳✳✳❪ ❯♥❡ ❞é♠❛r❝❤❡ ❝ré❛t✐✈❡ s✉♣♣♦s❡ ❞❡ ♣r✐✈✐❧é❣✐❡r✱

❛✉ ♠♦✐♥s tr❛♥s✐t♦✐r❡♠❡♥t✱ ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥t✉✐t✐✈❡ ♣❛r r❛♣♣♦rt à ✉♥❡ ❛♣♣r♦❝❤❡ ❧♦❣✐q✉❡✱ r❛r❡♠❡♥t

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

❧♦❣✐q✉❡ ❞♦✐t ✐♥t❡r✈❡♥✐r ❛ ♣♦st❡r✐♦r✐ ♣♦✉r ✈❛❧✐❞❡r ♦✉ r❡❥❡t❡r ✉♥❡ ✐❞é❡ ♦r✐❣✐♥❛❧❡✳ ❬✳✳✳❪ ▲✬❛❝t✐✈✐té ❝ré❛✲

tr✐❝❡ ❞♦✐t ❝♦♥❞✉✐r❡ à ✉♥❡ ♣r✐s❡ ❞❡ r✐sq✉❡s ♣❡r♠❛♥❡♥t❡✳ ❊❧❧❡ ❡st ✐♥❞✐ss♦❝✐❛❜❧❡ ❞✉ ❞r♦✐t à ❧✬é❝❤❡❝ ❡t

à ❧✬❡rr❡✉r✳✑

✖✖✖✖✕



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

✶ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡ ✶

✷ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄ ✺
✷✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✷✳✷ ❘és♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❡t ❘és♦❧✉t✐♦♥ ❧❛tér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✷✳✸ ❘é✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉ ❡t ❘é✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✷✳✹ ■♠♣❧✐❝❛t✐♦♥s s✉r ❧❡s ♣r♦❜❧è♠❡s ❞✐r❡❝t ❡t ✐♥✈❡rs❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✷✳✺ ❈♦♥❝❧✉s✐♦♥s ❡t Pr♦❜❧è♠❡s ♦✉✈❡rts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ✶✺
✸✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺
✸✳✷ ❉✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❡t ❉✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✸✳✸ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✸✳✹ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞✬❛♠♣❧✐t✉❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵
✸✳✺ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✹ ▲❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡ ✷✼
✹✳✶ ■♥tr♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
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▲❡s ♦♥❞❡s s♦♥t ❧❛r❣❡♠❡♥t ✉t✐❧✐sé❡s ❞❛♥s ❞✐✛ér❡♥t❡s ❝♦♠♠✉♥❛✉tés ✭❛❝♦✉st✐q✉❡✱ ❈◆❉✱ ❣é♦♣❤②✲
s✐q✉❡✮ ♣♦✉r ✐♥s♣❡❝t❡r ❞❡ ♠❛♥✐èr❡ ♥♦♥ ✐♥✈❛s✐✈❡ ❧❡s ♠✐❧✐❡✉① ❡t ♠❛tér✐❛✉①✱ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t
♣♦✉r ❝❛r❛❝tér✐s❡r ❧❡s str✉❝t✉r❡s ❡t ❞ét❡❝t❡r ❧❡s ❞é❢❛✉ts ♣rés❡♥ts✳ ❊♥ ❣é♦♣❤②s✐q✉❡✱ ❡❧❧❡s s♦♥t ✉t✐✲
❧✐sé❡s ♣♦✉r ❡①♣❧♦r❡r ❧❛ ❚❡rr❡✱ ❞❡ ❧❛ ❧✐t❤♦s♣❤èr❡ ✭s✐s♠✐q✉❡s t❡rr❡str❡ ❡t ♠❛r✐♥❡✮ ❥✉sq✉✬❛✉ ♥♦②❛✉
✭s✐s♠♦❧♦❣✐❡✮ à ❞❡s ✜♥s ❞❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❡t ❞✬❡①♣❧♦✐t❛t✐♦♥ ❞✉ s♦✉s✲s♦❧ ❡t ❞❡ s❡s r❡ss♦✉r❝❡s ♥❛✲
t✉r❡❧❧❡s✱ ❡t ♣❧✉s ❣❧♦❜❛❧❡♠❡♥t ♣♦✉r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ s❛ ❞②♥❛♠✐q✉❡✳ ▲❡s ♦♥❞❡s
s✐s♠✐q✉❡s ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❞✬ét✉❞✐❡r ❞✐✛ér❡♥t❡s ♣r♦❜❧é♠❛t✐q✉❡s ❞✬✐♥térêt ♠❛❥❡✉r ♣♦✉r ❧❛ s♦❝✐été✱
❧✐é❡s ♣♦✉r ❝❡rt❛✐♥❡s ❛✉ ❞♦♠❛✐♥❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡t ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✿ ❞ét❡❝t✐♦♥✱ ❝❛r❛❝tér✐s❛t✐♦♥
❡t s✉✐✈✐ ❞✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s rés❡r✈♦✐rs ❞✬❤②❞r♦❝❛r❜✉r❡s ❡t ❞❡s r❡ss♦✉r❝❡s ❡♥ ❡❛✉✱ ❞❡s rés❡r✈♦✐rs ❞❡
st♦❝❦❛❣❡ ❞✉ ❈❖✷✳✳✳ ◆é❛♥♠♦✐♥s✱ ❜✐❡♥ q✉✬❡❧❧❡s s♦✐❡♥t ✉♥ ♣✉✐ss❛♥t ♦✉t✐❧ ❞✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡s ♠✐❧✐❡✉①✱
❧❡s ♦♥❞❡s ♥❡ ❝♦♥st✐t✉❡♥t ♣❛s ❧❡ s♦❝❧❡ ❞✬✉♥❡ ♠ét❤♦❞❡ ❛❜s♦❧✉❡ ❡t t♦✉t❡ ♣✉✐ss❛♥t❡✳ ■❧ ❢❛✉t ❣❛r❞❡r à
❧✬❡s♣r✐t q✉❡ ❝❡ q✉❡ ♥♦✉s ♦❜s❡r✈♦♥s ❛✉ tr❛✈❡rs ❞✉ ✜❧tr❡ ✏♦♥❞❡s✑ ❡st ❯◆❊ r❡♣rés❡♥t❛t✐♦♥✱ ♠❛✐s ❡♥
❛✉❝✉♥❡ ♠❛♥✐èr❡ ❧✬✉♥✐q✉❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ré❛❧✐té ✭♣❛r ❛♥❛❧♦❣✐❡✱ ❝❢ ❋✐❣✉r❡ ✶✳✶✮✳ ❊♥ ❡✛❡t✱ ❧❛
♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ✐♥✢✉❡♥❝é❡ ❡t ❧✐♠✐té❡ ♣❛r ❧❡✉r ❢❛ç♦♥ ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s
♠✐❧✐❡✉① ✭❧❡✉rs ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❡t ❣é♦♠étr✐q✉❡s✱ ❡t ❧❡s ❤étér♦❣é♥é✐tés q✉✐ ② s♦♥t ♣rés❡♥t❡s✮✱
q✉✐ ❡❧❧❡✲♠ê♠❡ ❡st ✐♥✢✉❡♥❝é❡ ♣❛r ❧❛ ♠✐s❡ ❡♥ ♦❡✉✈r❡ ❞❡ ❝❡tt❡ ♣r♦♣❛❣❛t✐♦♥ s✉r ❧❡ t❡rr❛✐♥ ✭ré♣♦♥s❡
❞❡ ❧❛ s♦✉r❝❡ ✫ ❞❡s ❝❛♣t❡✉rs✳✳✳✮✳ ❈✬❡st ❧❛ r❛✐s♦♥ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛ ❝♦♥❢r♦♥t❛t✐♦♥ ❞❡s rés✉❧t❛ts ✐ss✉s
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❛✈❡❝ ❞✬❛✉tr❡s ♠❡s✉r❡s ✐ss✉❡s ❞❡ t❡❝❤♥✐q✉❡s ❝♦♠♣❧é♠❡♥✲
t❛✐r❡s ✭●P❘✱ é❧❡❝tr✐q✉❡ ✳✳✳✮ ❡st s♦✉✈❡♥t r❡❝❤❡r❝❤é❡ ❡♥ ❛ss♦❝✐❛t✐♦♥ ❛✈❡❝ ✉♥ ❛♣♣♦rt ❞✬✐♥❢♦r♠❛t✐♦♥
❣é♦❧♦❣✐q✉❡✳

❋✐❣✉r❡ ✶✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ ❚❛❜❧❡❛✉ ❞❡ ❘❡♥é ▼❛❣r✐tt❡ ✏▲❛ ❚r❛❤✐s♦♥ ❞❡s ■♠❛❣❡s✑✳

❊♥ s✐s♠✐q✉❡✱ ❧✬♦❜❥❡❝t✐❢ ❡st s♦✉✈❡♥t ❞✬✐❞❡♥t✐✜❡r✱ ❞✬✐♠❛❣❡r ❡t ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s str✉❝t✉r❡s ❣é♦✲
❧♦❣✐q✉❡s ❞✉ s♦✉s✲s♦❧ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ré❡❧❧❡s ❛❝q✉✐s❡s s✉r ❧❡ t❡rr❛✐♥✳ ❈❡ ♣r♦❜❧è♠❡ ✐♥✈❡rs❡ ❡st
❣é♥ér❛❧❡♠❡♥t ❞✐✣❝✐❧❡ à rés♦✉❞r❡ à ❝❛✉s❡ ❞❡ ♥♦♠❜r❡✉s❡s ✐♥❝❡rt✐t✉❞❡s✱ ❞♦♥t ❝❡rt❛✐♥❡s ✐♥❤ér❡♥t❡s
❛✉① ❤②♣♦t❤ès❡s ❢♦r♠✉❧é❡s ❛ ♣r✐♦r✐ s✉r ❧❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❡t ❣é♦♠étr✐q✉❡s ❞✉ s♦✉s✲s♦❧ ❡t
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s✉r ❧❡s ♠♦②❡♥s ❞❡ ♠❡s✉r❡ ✉t✐❧✐sés✳ ■❧ ❧✬❡st ❞✬❛✉t❛♥t ♣❧✉s s✐ ❧❡ ♣r♦❜❧è♠❡ ❞✐r❡❝t ❛ss♦❝✐é ♥✬❛ ♣❛s
été ❛✉ ♣ré❛❧❛❜❧❡ ✏♠❛îtr✐sé✑ ❛ ♠✐♥✐♠❛✳ ▲❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s
♦♥❞❡s ❝❧❛ss✐q✉❡♠❡♥t ✉t✐❧✐sés ❡♥ s✐s♠✐q✉❡ s♦♥t ❞✬♦r❞r❡ ❡t ❞❡ ❝♦♠♣❧❡①✐té ❞✐✛ér❡♥ts ✭❡✳❣✳✱ tr❛❝é ❞❡
r❛②♦♥s✱ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❑✐r❝❤❤♦✛✱ ✳✳✳✮✱ ♠❛✐s ♥✬❡♥ ❞❡♠❡✉r❡♥t ♣❛s ♠♦✐♥s q✉❡ ❞❡s ❛♣♣r♦①✐♠❛t✐♦♥s
♣❧✉s ♦✉ ♠♦✐♥s ✏ré❛❧✐st❡s✑ ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ré❡❧❧❡✳ ❊♥ ❡✛❡t✱ ❝❤❛q✉❡ t②♣❡ ❞❡
♠♦❞é❧✐s❛t✐♦♥ ❛ ❞❡s ❧✐♠✐t❛t✐♦♥s✱ s♦✐t ♣❛r ❞❡s s✐♠♣❧✐✜❝❛t✐♦♥s ♣❛r❢♦✐s ❛❜✉s✐✈❡s ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥✱
s♦✐t ♣❛r ✉♥❡ ❞❡s❝r✐♣t✐♦♥ tr♦♣ ❣r♦ss✐èr❡ ❞❡ ❧❛ ré❛❧✐té ❣é♦❧♦❣✐q✉❡✱ ❡t ❞❡ ❝❡ ❢❛✐t ❡❧❧❡s ♥❡ ❝❤❡r❝❤❡♥t à
r❡♣rés❡♥t❡r q✉✬✉♥ ❛s♣❡❝t ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ré❡❧❧❡ ❞❡s ♦♥❞❡s✳ ❈❡ ❢❛✐t ❡st ❞✬❛✉t❛♥t ♣❧✉s ✈r❛✐ q✉❡
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❣é♦❧♦❣✐q✉❡ ❡st ❝♦♠♣❧❡①❡ ✭❡✳❣✳✱ ❢♦rts ❝♦♥tr❛st❡s ❞❡ ✈✐t❡ss❡s✱ str✉❝t✉r❡s ❝♦♠♣❧✐✲
q✉é❡s✱ t♦♣♦❣r❛♣❤✐❡ ❝❤❛❤✉té❡✱ ♣❧❛♥ ❞❡ ❝❤❡✈❛✉❝❤❡♠❡♥t✳✳✳✮✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s ❝♦♥tr❛✐♥t❡s ❞❡ t❡♠♣s
❞❡ ❝❛❧❝✉❧✱ ♣❧✉s ♣r♦♥♦♥❝é❡s ❡♥❝♦r❡ ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ✐♥❞✉str✐❡❧✱ ♦❜❧✐❣❡♥t à ❧✐♠✐t❡r ❧❛ ❝♦♠♣❧❡①✐té
❞❡s ♠♦❞è❧❡s ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❝♦♥s❡r✈❡r ❧❡ ♣r♦❝❡ss✉s ✐tér❛t✐❢ ✏♠♦❞é❧✐s❛t✐♦♥✴❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s
❞♦♥♥é❡s ré❡❧❧❡s✴♠♦❞✐✜❝❛t✐♦♥ ❞✉ ♠♦❞è❧❡✑ ♣♦✉r ✉♥❡ ❝♦♥✈❡r❣❡♥❝❡ ♣❧✉s r❛♣✐❞❡ ✈❡rs ✉♥❡ r❡♣rés❡♥✲
t❛t✐♦♥ ✏ré❛❧✐st❡✑ ❞✉ s♦✉s✲s♦❧✳ ▲❡s q✉❡st✐♦♥s q✉❡ ❧✬♦♥ ♣❡✉t ❛❧♦rs s❡ ♣♦s❡r s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿
◗✉✬❡♥t❡♥❞✲♦♥ ❛✉ ❥✉st❡ ♣❛r ✏ré❛❧✐st❡✑ ❄ ❈♦♠♠❡♥t ♠♦❞é❧✐s❡r ✏ré❛❧✐st❡✑ ❄ ■❧ s❡♠❜❧❡ q✉✬✉♥❡ r❡♣rés❡♥✲
t❛t✐♦♥ ✏ré❛❧✐st❡✑ ❞✉ s♦✉s✲s♦❧ s♦✉s✲❡♥t❡♥❞❡ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❣é♦♣❤②s✐q✉❡✴❣é♦❧♦❣✐q✉❡ ❝♦❤ér❡♥t❡✳
❈❡♣❡♥❞❛♥t✱ ❧❡ ❝♦♥tr❛✐r❡ ❡st✲✐❧ ✈ér✐✜é ❄ P❛r ❛✐❧❧❡✉rs✱ ♣♦✉r ♠♦❞é❧✐s❡r ✏ré❛❧✐st❡✑✱ ❡t ❞♦♥❝ r❡♥❞r❡ ❧❡s
❞♦♥♥é❡s s✐s♠✐q✉❡s s②♥t❤ét✐q✉❡s ❝♦♠♣❛r❛❜❧❡s ❛✉① ❞♦♥♥é❡s ré❡❧❧❡s✱ ✐❧ s❡♠❜❧❡ ❡ss❡♥t✐❡❧ ❞✬✐❞❡♥t✐✜❡r
❡t ❞❡ ❝♦♠♣r❡♥❞r❡ ❡♥ ♣r❡♠✐❡r ❧✐❡✉ ❧❡s ❢❛❝t❡✉rs ❣é♦❧♦❣✐q✉❡s ❡t✴♦✉ ♣❤②s✐q✉❡s ❞❡ ♣r❡♠✐❡r ♦r❞r❡
q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞♦♥♥é❡✳ ❈❡❧❛ s✉♣♣♦s❡ q✉✬♦♥
♣r❡♥♥❡ ❡♥ ❝♦♠♣t❡ à ❧❛ ❢♦✐s ❧❡s ❧♦✐s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝♦✉❝❤❡s ❣é♦❧♦❣✐q✉❡s tr❛✈❡rsé❡s ❡t ❧❡s ❧♦✐s
❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❝❡s ❝♦✉❝❤❡s✱ ♠❛✐s ❛✉ss✐ ❧❡s ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉✐t❡s ♣❛r ❧❡ s②stè♠❡ ❞❡ ✏♠❡s✉r❡✑
s✐s♠✐q✉❡ ✭❝❡ q✉✐ ♥✬❡st ♣❛s t♦✉❥♦✉rs ❧❡ ❝❛s✮✳

❉❡♣✉✐s q✉❡❧q✉❡s ❛♥♥é❡s✱ ♠♦♥ tr❛✈❛✐❧ ❞❡ r❡❝❤❡r❝❤❡ s✬✐♥s❝r✐t ❞❛♥s ❝❡tt❡ ♦r✐❡♥t❛t✐♦♥✳ ■❧ ❡st ❡s✲
s❡♥t✐❡❧❧❡♠❡♥t ❝❡♥tré s✉r ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s✱ ❧❡ ❜✉t ét❛♥t
❞✬♦❜t❡♥✐r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ❞❡ ❧❛ s✉❜✲s✉r❢❛❝❡✳ ▲❛ ♣❧✉♣❛rt ❞❡s ❞é✈❡❧♦♣♣❡✲
♠❡♥ts ✫ ❛♣♣❧✐❝❛t✐♦♥s ❝♦♥❝❡r♥❡♥t ❞❡ ♣rès ♦✉ ❞❡ ❧♦✐♥ ❧❡ ❞♦♠❛✐♥❡ ♣étr♦❧✐❡r✱ ❞❡ ♣❛r ❧✬❤✐st♦r✐q✉❡
❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼♦❞é❧✐s❛t✐♦♥ ❡t ■♠❛❣❡r✐❡ ❡♥ ●é♦s❝✐❡♥❝❡s ❞❡ P❛✉ ✭▼■●P✱ ✉♥✐té ♠✐①t❡ ❞❡ r❡✲
❝❤❡r❝❤❡ tr✐♣❛rt✐t❡ ❯♥✐✈❡rs✐té ❞❡ P❛✉✴❈◆❘❙✴❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥ ✭♣✉✐s ❚❖❚❆▲✮✮✱ ♠❛✐s
♣❛s ❞❡ ♠❛♥✐èr❡ ❡①❝❧✉s✐✈❡✳ ▲❡s q✉❡st✐♦♥s q✉❡ ❥❡ ♠❡ s✉✐s ♣♦sé❡s ❥✉sq✉✬à ♣rés❡♥t s♦♥t ♠✉❧t✐♣❧❡s
❡t t♦✉t❡s ❧✐é❡s à ❧✬❛s♣❡❝t ❢♦♥❞❛♠❡♥t❛❧ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✱ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t à
❝❡❧✉✐ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♦♥❞❡s✴✐♥t❡r❢❛❝❡s✳ P❛r ❡①❡♠♣❧❡✱ ❝♦♠♠❡♥t ❧✬♦♥❞❡ ✐♥t❡r❛❣✐t ❛✈❡❝ ✉♥❡ ✐♥t❡r❢❛❝❡
❞❛♥s ❧❡ s♦✉s✲s♦❧ ❡t ❝♦♠♠❡♥t ❧✬✐s♦❧❡✲t✬❡❧❧❡ ♣❛r♠✐ ❧❡ r❡st❡ ❄ ❈♦♠♠❡♥t ❧✬♦♥❞❡✱ ❛✈❡❝ s❡s ♣r♦♣r❡s ❝❛✲
r❛❝tér✐st✐q✉❡s✱ ♣❡rç♦✐t✲❡❧❧❡ ❧❡ s♦✉s✲s♦❧✱ ✐✳❡✳ s❡s ❤étér♦❣é♥é✐tés ❡t ❧❡s é❧é♠❡♥ts ❣é♦❧♦❣✐q✉❡s q✉✐ ❧❡
❝♦♠♣♦s❡♥t ❄ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄ ❊♥ ❝♦♥t❡①t❡ ❞❡ s✐s♠✐q✉❡✲ré✢❡①✐♦♥✱ ❝♦♠♠❡♥t ❝❡
ré✢❡❝t❡✉r ✐♥✢✉❡♥❝❡✲t✬✐❧ ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ❝❛♣té ♣❛r ❧❡s ré❝❡♣t❡✉rs ❡♥ s✉r❢❛❝❡ ✭❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❛♠✲
♣❧✐t✉❞❡s✮✱ ❡t ♣❛r ✈♦✐❡ ❞❡ ❝♦♥séq✉❡♥❝❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉① ❄ ▲❡s ✏❛♥♦♠❛❧✐❡s✑ ♦✉
❧❡s ❛tté♥✉❛t✐♦♥s ❞✬❛♠♣❧✐t✉❞❡ ♦❜s❡r✈é❡s ♣❡✉✈❡♥t✲❡❧❧❡s t♦✉❥♦✉rs êtr❡ ❛ttr✐❜✉é❡s à ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ❄
❈♦♠♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♠é❝❛♥✐q✉❡ ✐♥tr✐♥sèq✉❡ ❞❡s ♠✐❧✐❡✉① ❡t ❝❡❧✉✐ ❞❡s ✐♥t❡r❢❛❝❡s ♠♦❞✐✜❡♥t
❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ❡t ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡t ❞✬✐♥t❡r❢❛❝❡ ❄✳✳✳

P♦✉r t❡♥t❡r ❞✬❛♣♣♦rt❡r ✉♥ é❝❧❛✐r❛❣❡ ♦r✐❣✐♥❛❧ s✉r ❝❡s q✉❡st✐♦♥s ❢♦♥❞❛♠❡♥t❛❧❡s✱ ❥❡ ♠❡ s✉✐s ❛♣✲
♣✉②é❡ s✉r ❞❡s ❛♣♣r♦❝❤❡s ♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡s ✭♦♣t✐q✉❡✱ ♠é❝❛♥✐q✉❡✱ ❛❝♦✉st✐q✉❡✱ ❈◆❉✱ ❣é♦♣❤②s✐q✉❡✱
tr❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧ ❡t t❤é♦r✐❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✮ ❡♥ t❡♥❛♥t ❝♦♠♣t❡✱ ❛✉t❛♥t q✉❡ ❢❛✐r❡ s❡ ♣❡✉t✱
❞❡s ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉✐t❡s ♣❛r ❧❡ s②stè♠❡ ❞❡ ✏♠❡s✉r❡✑ s✐s♠✐q✉❡✳ ❖✉tr❡ ❧✬❛s♣❡❝t ❢♦♥❞❛♠❡♥t❛❧
❞✬✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s s♦✉s✲❥❛❝❡♥ts à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s
❞❛♥s ❞❡s ♠✐❧✐❡✉① ❝♦♠♣❧❡①❡s✱ ❞❡s ❛s♣❡❝ts ♣❧✉s ❛♣♣❧✐q✉és✱ ❞é❞✐és ♥♦t❛♠♠❡♥t à ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡
❣✐s❡♠❡♥ts é♥❡r❣ét✐q✉❡s ♦✉ à ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ rés❡r✈♦✐rs ❣é♦❧♦❣✐q✉❡s ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷✱ ♦♥t



✸

été é❣❛❧❡♠❡♥t ❞é✈❡❧♦♣♣és✳ ❏✉sq✉✬à ♣rés❡♥t✱ ♠❡s tr❛✈❛✉① s❡ s♦♥t ❞♦♥❝ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛rt✐❝✉❧és
❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ♦♥❞❡s✴✐♥t❡r❢❛❝❡s ❞é❝❧✐♥é❡ s♦✉s tr♦✐s t❤è♠❡s ♣r✐♥❝✐♣❛✉① ❡t ✉♥❡ ❛♣♣❧✐❝❛t✐♦♥
s♣é❝✐✜q✉❡✳

❉❛♥s ❧❡ t❤è♠❡ ✏❘é✢❡❝t❡✉r s✐s♠✐q✉❡ ❡t ré✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡✑ ❞é❝r✐t ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✷✱
❧✬♦❜❥❡❝t✐❢ ❢♦♥❞❛♠❡♥t❛❧ ❡st ❞✬♦❜t❡♥✐r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❛✉
✈♦✐s✐♥❛❣❡ ❞❡s ✐♥t❡r❢❛❝❡s ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉✐t❡s ♣❛r ❧❡ s②stè♠❡ ❞❡ ✏♠❡s✉r❡✑
s✐s♠✐q✉❡✱ ❛✜♥ ❞❡ ♣r♦♣♦s❡r ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ❛✉① t❡❝❤♥✐q✉❡s ❞✐t❡s ❞✬❆❱❆ ✭✑❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲
❆♥❣❧❡ ✑✮ ✇✐❞❡✲❛♥❣❧❡ ✉t✐❧✐sé❡s ♣♦✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ s♦✉s✲s♦❧✳ ❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❝♦♠♠❡♥t
✉♥❡ ♦♥❞❡ ✑✐s♦❧❡✑ ✉♥❡ ✐♥t❡r❢❛❝❡ s✉r ❧❛q✉❡❧❧❡ ❡❧❧❡ ✈❛ s❡ ré✢é❝❤✐r✱ ♥♦✉s ❛✈♦♥s r❡✈✐s✐té ❧❡ ❝♦♥❝❡♣t
❞❡ rés♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s✐s♠✐q✉❡✳ P✉✐s à ♣❛rt✐r ❞❡s ❝♦♥❝❡♣ts ❞❡ ✈♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧ ❡t ❞❡s
❧♦✐s ❞❡ tr❛♥s♠✐ss✐♦♥ ❡t ❞❡ ré✢❡①✐♦♥ ❞❡s ❝♦✉r❜✉r❡s ❞❡ ❢r♦♥ts ❞✬♦♥❞❡✱ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é ♣♦✉r
❝❤❛q✉❡ ❢réq✉❡♥❝❡ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ ❞❡ ❧❛ s♦✉r❝❡ s✐s♠✐q✉❡ ✉♥ ✈♦❧✉♠❡ s♣❛t✐❛❧✱ ❛✉t♦✉r ❞❡
❧✬✐♥t❡r❢❛❝❡✱ q✉✐ ❛✛❡❝t❡ ré❡❧❧❡♠❡♥t ❧❛ ré♣♦♥s❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡t ❞♦♥❝ ❧✬❛♠♣❧✐t✉❞❡ ❞✉ ❝❤❛♠♣ ❞✬♦♥❞❡
ré✢é❝❤✐✳ ▲❡ ✈♦❧✉♠❡ s♣❛t✐❛❧ ❛✐♥s✐ ❞é✜♥✐ r❡♣rés❡♥t❡ ✉♥ ✈♦❧✉♠❡ s♣❛t✐❛❧ ♠✐♥✐♠❛❧ ❞✬✐♥té❣r❛t✐♦♥ ❡t
❞✬❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ s❡✉❧❡s ❧❡s ❤étér♦❣é♥é✐tés
♣rés❡♥t❡s ❞❛♥s ❝❡ ✈♦❧✉♠❡ ❝♦♥tr✐❜✉❡♥t ♣❤②s✐q✉❡♠❡♥t à ❧❛ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s ❡t ❝♦♥❞✐t✐♦♥♥❡♥t ✭❡♥
♣❛rt✐❡✮ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❢♦r♠❡s ❞✬♦♥❞❡ ❡♥r❡❣✐stré❡s ❛✉① ❝❛♣t❡✉rs✳ ◆❡ ♣❛s ❡♥ t❡♥✐r ❝♦♠♣t❡
❝♦♥❞✉✐t s②sté♠❛t✐q✉❡♠❡♥t à ❞❡s ❡rr❡✉rs ❝♦♠♠✐s❡s s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❞❡s
♠✐❧✐❡✉① ♥❛t✉r❡❧s✱ ❡t ❞♦♥❝ à ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❜✐❛✐sé❡ ❞❡ ♥♦tr❡ ❡♥✈✐r♦♥♥❡♠❡♥t✳

▲❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❡t ❣é♦♠étr✐q✉❡s ❞❡s ♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s ✐♥✢✉❡♥❝❡♥t s✐❣♥✐✜❝❛t✐✈❡✲
♠❡♥t ❧❡s ♦♥❞❡s s✐s♠✐q✉❡s q✉✐ ❧❡s tr❛✈❡rs❡♥t✳ ❖r✱ ❧❛ s✐s♠✐q✉❡ ré✢❡①✐♦♥ s❡ ❢♦❝❛❧✐s❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t
s✉r ❧❡s ❝♦♥tr❛st❡s ❞✬✐♠♣é❞❛♥❝❡ ♣♦✉r ✐♠❛❣❡r ❧❡s ré✢❡❝t❡✉rs ❡t ✐❧❧✉str❡r ❧❛ str✉❝t✉r❡ ❞✉ s♦✉s✲s♦❧✱
❡♥ ❛❞♠❡tt❛♥t s♦✉✈❡♥t q✉❡ ❧❡s ✐♥t❡r❢❛❝❡s s♦♥t ❧❛tér❛❧❡♠❡♥t ❤♦♠♦❣è♥❡s ❞❛♥s ❧❡✉rs ♣r♦♣r✐étés ❣é♦✲
♠étr✐q✉❡s ❡t✴♦✉ ♣❤②s✐q✉❡s✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❡s ❛❧tér❛t✐♦♥s ❞❡s ❢♦r♠❡s ❞✬♦♥❞❡ s♦♥t ❛ttr✐❜✉é❡s ♣ré❢é✲
r❡♥t✐❡❧❧❡♠❡♥t ❛✉ ❝♦♥tr❛st❡ ❞✬✐♠♣é❞❛♥❝❡ ❛✉① ✐♥t❡r❢❛❝❡s ❡t à ❧❛ ♣rés❡♥❝❡ ❞✬❤étér♦❣é♥é✐tés ❞❛♥s ❧❡
✈♦❧✉♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s ✐♥t❡r❢❛❝❡s ♦♥t ❞❡s ♣r♦♣r✐étés ❧❛tér❛❧❡♠❡♥t ❤étér♦❣è♥❡s✱
❧✬❤②♣♦t❤ès❡ ❤❛❜✐t✉❡❧❧❡ ❝♦♥❞✉✐t à ❞❡s ❡st✐♠❛t✐♦♥s ❜✐❛✐sé❡s ❞❡s ♣❛r❛♠ètr❡s ❞✉ s♦✉s✲s♦❧✳ ◆♦✉s ♥♦✉s
s♦♠♠❡s ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ssés ❛✉① ❡✛❡ts✱ s✉r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s✱ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡
❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ✭✐✳❡✳✱ ❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s ❧❛tér❛❧❡♠❡♥t ❤étér♦❣è♥❡s ❞❡ t②♣❡
s✉r❢❛❝❡s ❞✬ér♦s✐♦♥ ♦✉ ③♦♥❡s ❞❡ ❞é❝♦❧❧❡♠❡♥ts✮ q✉✐ ❡st ✉♥ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡ ❣é♥ér❛❧❡♠❡♥t ♥é❣❧✐❣é
❞❛♥s ❧❡s ♠♦❞é❧✐s❛t✐♦♥s✳ ▲❡ ❈❤❛♣✐tr❡ ✸ ❧✉✐ ❡st ❡♥t✐èr❡♠❡♥t ❝♦♥s❛❝ré✳

P❛r ❞é✜♥✐t✐♦♥✱ ❧❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ s♦♥t ❞❡s ❝♦♠❜✐♥❛✐s♦♥s ❞✬♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ✭♦♥❞❡s ❞❡ ❝♦♠✲
♣r❡ss✐♦♥ ❡t ❞❡ ❝✐s❛✐❧❧❡♠❡♥t q✉✐ s❡ ♣r♦♣❛❣❡♥t à ❧❛ s✉r❢❛❝❡ ❞✬✉♥ ♠✐❧✐❡✉✳ P❛r ❝♦♥séq✉❡♥t✱ ❡❧❧❡s s♦♥t
très s❡♥s✐❜❧❡s ❛✉① ✈❛r✐❛t✐♦♥s ❞❡ ❧✬ét❛t ❞❡ ❧❛ s✉r❢❛❝❡✳ ❙✐ ❝❡s ♦♥❞❡s s♦♥t ❜✐❡♥ ❝♦♥♥✉❡s ♣♦✉r ❞❡s
♠✐❧✐❡✉① ❤♦♠♦❣è♥❡s✱ é❧❛st✐q✉❡s ❡t ✐s♦tr♦♣❡s✱ ✐❧ ❡st ♣❧✉s ❞✐✣❝✐❧❡ ❞❡ ❧❡s ❝❡r♥❡r ❡♥ ❝♦♥t❡①t❡ ❛♥✐✲
s♦tr♦♣❡✳ ❊♥ ❡✛❡t✱ ♠ê♠❡ ♣♦✉r ❞❡s s②♠étr✐❡s é❧❡✈é❡s ✭❝✉❜✐q✉❡ ♦✉ ❤❡①❛❣♦♥❛❧❡✮ ♦ù ❧❛ ♣❤②s✐q✉❡
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❛ été ét✉❞✐é❡ s✉r ❧❛ ❜❛s❡ ❞❡ ♠ét❤♦❞❡s ❛♥❛❧②t✐q✉❡s ❡t s❡♠✐✲❛♥❛❧②t✐q✉❡s✱ ❝❡r✲
t❛✐♥❡s ❝♦♥tr♦✈❡rs❡s ❝♦♥❝❡r♥❛♥t ❧❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ♣❡rs✐st❡♥t ❡t ♥é❝❡ss✐t❡♥t ✉♥❡ ❝❧❛r✐✜❝❛t✐♦♥
❞❡s rés✉❧t❛ts ❞❡ r❡❝❤❡r❝❤❡ ♣✉❜❧✐és ❡t ❞❡ ❧❛ t❡r♠✐♥♦❧♦❣✐❡ ✉t✐❧✐sé❡✳ P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé
❞❡✉① ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ✏❢✉❧❧✲✇❛✈❡✑ ✸❉ ♣♦✉r rés♦✉❞r❡ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s
❞❡ s✉r❢❛❝❡ s❛♥s ❛✉❝✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ s✉r ❧❡ t②♣❡ ❞❡ s②♠étr✐❡ ❞❡s ♠✐❧✐❡✉① ❛♥✐s♦tr♦♣❡s ❡t s✉r
❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✳ ❚♦✉t ❝❡ tr❛✈❛✐❧ ❡st rés✉♠é ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✹✳

❊♥✜♥✱ ❧❡ ❈❤❛♣✐tr❡ ✺ ❡st ❝♦♥s❛❝ré à ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷ ❡t ❛✉ tr❛✈❛✐❧
q✉❡ ♥♦✉s ❛✈♦♥s ré❛❧✐sé ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ✭✏❉é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠ét❤♦❞❡s
❊❧❡❝tr♦✲▼❛❣♥ét✐q✉❡s ❡t ❙✐s♠✐q✉❡ ❆❝t✐✈❡ ❡t P❛ss✐✈❡ ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡
❞✉ ❈❖✷✑✮✳ ◆♦✉s ❛✈♦♥s ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ét✉❞✐é ❧❛ ♣❡rt✐♥❡♥❝❡ ❞✬✉t✐❧✐s❡r ❧❡s ré✢❡①✐♦♥s ♥♦♥
s♣é❝✉❧❛✐r❡s ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ♣♦✉r ❞ét❡❝t❡r ❧❛ ♣rés❡♥❝❡ ❞❡ ♣♦❝❤❡s ❞❡ ❈❖✷ q✉✐ ❛✉r❛✐t ♠✐❣ré



✹ ❈❤❛♣✐tr❡ ✶✳ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

à tr❛✈❡rs ❧❡ s♦✉s✲s♦❧ ✈❡rs ❧❛ s✉r❢❛❝❡ ❡t q✉✐ s❡r❛✐t ♣✐é❣é ❛✉ ♥✐✈❡❛✉ ❞❡s ✐♥t❡r❢❛❝❡s s♦✉s ❧❛ r♦❝❤❡
❝♦✉✈❡rt✉r❡✳

❏❡ t❡r♠✐♥❡r❛✐ ❝❡ ♠é♠♦✐r❡ ♣❛r q✉❡❧q✉❡s ♣❡rs♣❡❝t✐✈❡s ✭♥♦♥ ❡①❤❛✉st✐✈❡s✮ q✉❛♥t à ❧✬é✈♦❧✉t✐♦♥ ❞❡
♠❡s r❡❝❤❡r❝❤❡s✳



❈❤❛♣✐tr❡ ✷

◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

❈♦❧❧❛❜♦r❛t✐♦♥s

❊✳ ❞❡ ❇❛③❡❧❛✐r❡ ✭❛♥❝✐❡♥ ❊①♣❡rt ■♥t❡r♥❛t✐♦♥❛❧ ❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥✱ ♣✉✐s ❚❖❚❆▲ ❀ ❞é❝é❞é

❧❡ ✷✽✴✵✻✴✷✵✵✼✮

P✳ ❈r✐st✐♥✐ ✭❈❤❛r❣é ❞❡ ❘❡❝❤❡r❝❤❡ ❈◆❘❙✱ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡✮

❈✳ ❉❡♣❧❛♥té ✭■♥❣é♥✐❡✉r ❚❖❚❆▲✮

●✳ ▲❡ ❚♦✉③é ✭P♦st✲❞♦❝t♦r❛♥t✱ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡✱ ✵✶✴✵✾✴✷✵✵✽ ✲

✸✶✴✵✽✴✷✵✶✵✮

❇✳ ◆✐✈✐èr❡ ✭▼❛îtr❡ ❞❡ ❈♦♥❢ér❡♥❝❡s✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ▲❛❜♦r❛t♦✐r❡ ❞❡s

❋❧✉✐❞❡s ❈♦♠♣❧❡①❡s ❡t ❧❡✉rs ❘és❡r✈♦✐rs✮

❉✳ ❘❛♣♣✐♥ ✭■♥❣é♥✐❡✉r ❚❖❚❆▲✮

P✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✷❪✱ ❬✸❪✱ ❬✹❪✱ ❬✶✷❪
❯♥❡ ❝♦♣✐❡ ❞❡s ❛rt✐❝❧❡s ❬✷❪✱ ❬✹❪ ❡t ❬✶✷❪ ❛ été ♣❧❛❝é❡ ❡♥ ❆♥♥❡①❡ ❉✳

❈♦♠♠✉♥✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✶✹❪✱ ❬✶✻❪✱ ❬✶✾❪✱ ❬✷✵❪✱ ❬✷✶❪✱ ❬✷✹❪✱ ❬✷✺❪

✖✖✖✖✖✖✕

✷✳✶ ■♥tr♦❞✉❝t✐♦♥

▲❛ q✉❡st✐♦♥ ♣♦sé❡ ❞❛♥s ❧❡ t✐tr❡ ❞✉ ❝❤❛♣✐tr❡ ❡st à ❧❛ ❢♦✐s s✐♠♣❧❡ ❡t très ❝♦♠♣❧❡①❡✱ ❡t ❧❛ ré♣♦♥s❡
❡st ❧♦✐♥ ❞✬êtr❡ tr✐✈✐❛❧❡ ❛ ♣r✐♦r✐✳ ❈❡♣❡♥❞❛♥t✱ s✐ ♥♦✉s ♥♦✉s ❤❛s❛r❞♦♥s à ❢♦✉r♥✐r ❞❡s é❧é♠❡♥ts ❞❡
ré♣♦♥s❡✱ ❝❡✉①✲❝✐ ✈♦♥t êtr❡ ❣é♥ér❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ✐♥✢✉❡♥❝és ✭❞✉ ♠♦✐♥s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✮
♣❛r ♥♦tr❡ ✏♠ét✐❡r✑ ✭❣é♦❧♦❣✉❡✱ ❣é♦♣❤②s✐❝✐❡♥✱ ♠❛t❤é♠❛t✐❝✐❡♥✳✳✳✮✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ ♠❛t❤é♠❛t✐❝✐❡♥
❞é✜♥✐r❛ ❧❡ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❝♦♠♠❡ ✉♥❡ s✉r❢❛❝❡ à ❝♦✉r❜✉r❡ ♥✉❧❧❡ ✭♦✉ ♥♦♥✮ q✉✐ ❡st ❧❡ ❧✐❡✉ ❞✬✉♥❡
❞✐s❝♦♥t✐♥✉✐té ❞❡s ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉①✳ P♦✉r ✉♥ ❣é♦♣❤②s✐❝✐❡♥✱ ❝❡ s❡r❛ ✉♥❡ ✏s✉r❢❛❝❡✑ s✉r ❧❛q✉❡❧❧❡
s❡ ré✢é❝❤✐ss❡♥t ❧❡s ♦♥❞❡s ❞✉ ❢❛✐t ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ r✉♣t✉r❡ ❞✬✐♠♣é❞❛♥❝❡ ❡♥tr❡ ❧❡s ♠✐❧✐❡✉①✳ ❈❡s
❞é✜♥✐t✐♦♥s s♦♥t s♦✉✈❡♥t ✐♥❝♦♠♣❧èt❡s ❝❛r ❡❧❧❡s ❢♦♥t ❛❜str❛❝t✐♦♥ ❞✉ s②stè♠❡ ❞❡ ✏♠❡s✉r❡✑ s✐s♠✐q✉❡
❡t ❞❡ s❡s ❧✐♠✐t❛t✐♦♥s✱ ❡t ❞♦♥❝ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ✐♥tr✐♥sèq✉❡s ❞❡ ❧✬♦♥❞❡✳ ❈❡s ❝❛r❛❝tér✐st✐q✉❡s ✈♦♥t
♥é❛♥♠♦✐♥s ❢♦rt❡♠❡♥t ❝♦♥❞✐t✐♦♥♥❡r ❧✬✐♥t❡r❛❝t✐♦♥ ✏♣❤②s✐q✉❡✑ ❞❡ ❧✬♦♥❞❡ ❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ❣é♦❧♦❣✐q✉❡
tr❛✈❡rsé✳

▲✬♦❜❥❡❝t✐❢ ✜♥❛❧ ❞❡ ♥♦tr❡ ét✉❞❡ ét❛✐t ❞✬♦❜t❡♥✐r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡s ✐♥t❡r❢❛❝❡s✱ ❛✜♥ ❞❡ ♣r♦♣♦s❡r ❧❡ ❝❛s é❝❤é❛♥t ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ❛✉①



✻ ❈❤❛♣✐tr❡ ✷✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

t❡❝❤♥✐q✉❡s ❞✐t❡s ❞✬❆❱❆ ✶ ✭✐✳❡✳✱ ❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❆♥❣❧❡✮ ✉t✐❧✐sé❡s ♣♦✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ s♦✉s✲
s♦❧ ❬❈❛st❛❣♥❛✱ ✶✾✾✸✱ ❋♦st❡r ❡t ❛❧✳✱ ✷✵✶✵❪✳ ❈❡ ♣r♦❜❧è♠❡ ♥♦✉s ❛ r❡♥✈♦②és t♦✉t ❞✬❛❜♦r❞ ✈❡rs ❞❡s
❝♦♥s✐❞ér❛t✐♦♥s ♣❧✉s ❢♦♥❞❛♠❡♥t❛❧❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❡s rés♦❧✉t✐♦♥s ✈❡rt✐❝❛❧❡ ❡t ❧❛tér❛❧❡ ❞❡ ❧❛ s✐s♠✐q✉❡✱
♠❛✐s ❛❜♦r❞é❡s s♦✉s ❧✬❛s♣❡❝t ✏❛♠♣❧✐t✉❞❡✑ ❡t ♣❛s ✉♥✐q✉❡♠❡♥t s♦✉s ❧✬❛s♣❡❝t ✏t❡♠♣s ❞❡ tr❛❥❡t✑✱ ❛✈❛♥t
❞❡ ♣r♦♣♦s❡r ♣❛r ❧❛ s✉✐t❡ ✉♥❡ ❞é✜♥✐t✐♦♥ ♦r✐❣✐♥❛❧❡ ❞✉ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉✳ ❈♦♠♠❡ ♥♦✉s ❛❧❧♦♥s ❧❡
✈♦✐r✱ ❝❡tt❡ ♥♦✉✈❡❧❧❡ ❞é✜♥✐t✐♦♥ ❛ ✉♥ ✐♠♣❛❝t ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ s✉r ❧❡s ♣r♦❜❧è♠❡s ❞✐r❡❝t ✭♠♦❞é❧✐s❛t✐♦♥
❞❡ ❧✬❆❱❆✮ ❡t ✐♥✈❡rs❡ ✭❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉①✮✳

✷✳✷ ❘és♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❡t ❘és♦❧✉t✐♦♥ ❧❛tér❛❧❡

❚♦✉t s②stè♠❡ ❞❡ ♠❡s✉r❡ ✭❡✳❣✳✱ ❧✬♦❡✐❧✱ ❧❡ ♠✐❝r♦s❝♦♣❡✳✳✳✮ ♣♦ssè❞❡ ❞❡s ❧✐♠✐t❡s ❞❡ rés♦❧✉t✐♦♥ ❡t
❞♦♥♥❡ ♣❛r ❝♦♥séq✉❡♥t s❡✉❧❡♠❡♥t ✉♥❡ ✈❡rs✐♦♥ ✏✜❧tré❡✑ ❞❡ ❧❛ ré❛❧✐té✳ ▲❡s ♦♥❞❡s s✐s♠✐q✉❡s ♣❡r✲
ç♦✐✈❡♥t ❧❛ ❚❡rr❡ à tr❛✈❡rs ❞❡s ✏✈❡rr❡s é♣❛✐s✑ s❡❧♦♥ ❧❡ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡s ❣é♦❧♦❣✉❡s✳ ❯♥❡ ❜♦♥♥❡
❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❧✐♠✐t❡s ❞❡ rés♦❧✉t✐♦♥ ❞❡ ❧❛ s✐s♠✐q✉❡ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ♣❡r♠❡ttr❡✱ ❡♥tr❡
❛✉tr❡s✱ ❞❡ ❧❡✈❡r ❧❡s ❛♠❜✐❣✉ïtés ❞❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❣é♦❧♦❣✐q✉❡✳ ❆♠é❧✐♦r❡r ❧❛ rés♦❧✉t✐♦♥ ❡st ❞♦♥❝
✉♥ ❝❤❛❧❧❡♥❣❡ ✐♠♣♦rt❛♥t ♣♦✉r ✏✈♦✐r✑ ❞❡s ✉♥✐tés str❛t✐❣r❛♣❤✐q✉❡s ♣❧✉s ♠✐♥❝❡s✱ ❞❡s ❞ét❛✐❧s ♣❧✉s ♣❡t✐ts
♦✉ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❧❛tér❛✉① ❞❛♥s ❧❡s ♣r♦♣r✐étés ❞❡s r♦❝❤❡s✳ ❈❡ s✉❥❡t✱ t♦✉❥♦✉rs ❞✬❛❝t✉❛❧✐té✱ ❛ ❢❛✐t
❥✉sq✉✬à ♣rés❡♥t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s ♣✉❜❧✐❝❛t✐♦♥s✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❡s ❤②♣♦t❤ès❡s ✐♥✐t✐❛❧❡s
s♦✉s✲❥❛❝❡♥t❡s ❛✉① ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞é✈❡❧♦♣♣é❡s ♦♥t s♦✉✈❡♥t été ♦✉❜❧✐é❡s ❛✉ ✜❧ ❞❡s ❛♥♥é❡s✱
❝❡ q✉✐ ❛ ❢❛✉ssé ❝❡rt❛✐♥❡s ✐♥t❡r♣rét❛t✐♦♥s✳ ■❧ ♥♦✉s ❛ ❛❧♦rs s❡♠❜❧é ✐♥tér❡ss❛♥t✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥
t✉t♦r✐❛❧ ✐♥✈✐té ✭❝❢ ❆♥♥❡①❡ ❈ ❬✶✹❪✮ ♣rés❡♥té ❛✉ ✇♦r❦s❤♦♣ ❊❆●❊✴❙❊● ✏❋r❡q✉❡♥❝② ❛tt❡♥✉❛t✐♦♥ ❛♥❞
r❡s♦❧✉t✐♦♥ ♦❢ s❡✐s♠✐❝ ❞❛t❛✑ à ❇❛r❝❡❧♦♥❡ ❡♥ ✷✵✵✾✱ ❞❡ r❡♣♦s✐t✐♦♥♥❡r ❝❡s ❤②♣♦t❤ès❡s ♣♦✉r ❝❧❛r✐✜❡r
❝❡rt❛✐♥❡s ✏❝r♦②❛♥❝❡s✑ ❡t ❞✐ss✐♣❡r ❝❡rt❛✐♥s ♠❛❧❡♥t❡♥❞✉s✳

❘❛♣♣❡❧♦♥s t♦✉t ❞✬❛❜♦r❞ q✉❡ ❧❛ ❞ét❡❝t✐♦♥ ❞✬✉♥ é✈è♥❡♠❡♥t ❡st ❛✈❛♥t t♦✉t ✉♥ ♣r♦❜❧è♠❡ ❞❡
r❛♣♣♦rt ❙✐❣♥❛❧ ✭❙✮✲s✉r✲❇r✉✐t ✭❇✮✳ ❉✬❛♣rès ❧❛ ❚❤é♦r✐❡ ❞✉ ❙✐❣♥❛❧✱ ❧❡ s✐❣♥❛❧ ❡st ✉♥ é✈è♥❡♠❡♥t ❝♦rré❧é
❞❡ tr❛❝❡ ❡♥ tr❛❝❡ ✭❡✳❣✳✱ ré✢❡①✐♦♥s ♣r✐♠❛✐r❡s✱ ♠✉❧t✐♣❧❡s✳✳✳✮✱ ❧❡ ❜r✉✐t ✭❣é♥ér❛❧❡♠❡♥t ❛❧é❛t♦✐r❡✮ ét❛♥t
t♦✉t ❧❡ r❡st❡✳ ❈❡♣❡♥❞❛♥t✱ ❡♥ tr❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧ s✐s♠✐q✉❡✱ t♦✉t s✐❣♥❛❧ ✐♥❞és✐r❛❜❧❡ ✭❡✳❣✳✱ ♠✉❧t✐♣❧❡s✱
❣r♦✉♥❞ r♦❧❧✳✳✳✮ ❡st tr❛✐té ❝♦♠♠❡ ❞✉ ❜r✉✐t✳ ▲❛ ❞ét❡❝t✐♦♥ ❞✬✉♥ s✐❣♥❛❧ ❛✈❡❝ ✉♥ ❜♦♥ r❛♣♣♦rt ❙✴❇ ❡st
❝❤♦s❡ ❛✐sé❡ ❀ ❝❡❧❧❡ ❞✬✉♥ s✐❣♥❛❧ ❢❛✐❜❧❡ r❡st❡ ♣♦ss✐❜❧❡ s✐ ❧❡ s✐❣♥❛❧ s♦✉r❝❡ ❡st ❝♦♥♥✉✳ ◗✉❡❧ q✉❡ s♦✐t
❧❡ r❛♣♣♦rt ❙✴❇✱ ✉♥ é✈è♥❡♠❡♥t ✐s♦❧é ❡st ❞ét❡❝té s✬✐❧ s❡ tr♦✉✈❡ ✷✵✪ ❛✉✲❞❡ss✉s ❞✉ s❡✉✐❧ ❞❡ ❜r✉✐t
st❛t✐st✐q✉❡✳ ▼❛✐s ✉♥ é✈è♥❡♠❡♥t q✉✐ ❡st ❞ét❡❝t❛❜❧❡ ♣❡✉t✱ ♦✉ ♥❡ ♣❡✉t ♣❛s✱ êtr❡ rés♦❧✉✳

▲❛ sé♣❛r❛❜✐❧✐té q✉❛❧✐t❛t✐✈❡ ✭♦✉ rés♦❧✉t✐♦♥✮ ❡st ❧❛ ❝❛♣❛❝✐té à ❞✐st✐♥❣✉❡r ❞❡s é❧é♠❡♥ts ❞✐st✐♥❝ts
♣r♦❝❤❡s ❧✬✉♥ ❞❡ ❧✬❛✉tr❡✳ ▲❛ sé♣❛r❛❜✐❧✐té q✉❛♥t✐t❛t✐✈❡ ❡st ❧❛ ré♣♦♥s❡ à ❧❛ q✉❡st✐♦♥ ✏❆✈❡❝ q✉❡❧❧❡ ♣ré✲
❝✐s✐♦♥ ♣❡✉t✲♦♥ ❞ét❡r♠✐♥❡r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❝❡s ❞❡✉① é❧é♠❡♥ts ❛❞❥❛❝❡♥ts ❄✑✳ ❊♥ s✐s♠✐q✉❡✱ ❧❡ t❡r♠❡
✏rés♦❧✉t✐♦♥✑ ❢❛✐t ré❢ér❡♥❝❡ ❛✉① ♣r♦❜❧è♠❡s ❞❡ sé♣❛r❛❜✐❧✐té q✉❛❧✐t❛t✐✈❡ ✉♥✐q✉❡♠❡♥t✱ ♣r♦❜❧è♠❡s ré✲
s♦❧✉s s❡❧♦♥ ❞✐✛ér❡♥ts ❝r✐tèr❡s ❞♦♥t ❧❡s ❤②♣♦t❤ès❡s ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs ❝❧❛✐r❡♠❡♥t ❞é✜♥✐❡s✳ ▲❛
rés♦❧✉t✐♦♥ s✐s♠✐q✉❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❧✐é❡ à ❞❡✉① ❞✐r❡❝t✐♦♥s ✿ ❧❛ rés♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ✭❡♥ t❡♠♣s ♦✉
❡♥ ♣r♦❢♦♥❞❡✉r✮ ❡st ❧❛ ❝❛♣❛❝✐té à ❞✐st✐♥❣✉❡r ❞❡✉① é✈è♥❡♠❡♥ts s✐s♠✐q✉❡s ♣r♦❝❤❡s ❝♦rr❡s♣♦♥❞❛♥t

✶✳ ▲❡s ❝♦✉r❜❡s ❆❱❆ ❞é❝r✐✈❡♥t ❧❛ ✈❛r✐❛t✐♦♥✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡✱ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦♥❞❡s ✭ré✢é✲

❝❤✐❡s ♦✉ tr❛♥s♠✐s❡s✮ ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✳ ❊❧❧❡s r❡♣rés❡♥t❡♥t ❞♦♥❝ t♦✉t s✐♠♣❧❡♠❡♥t ❧❡s

❝♦❡✣❝✐❡♥ts ❞❡ ré✢❡①✐♦♥ ♦✉ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ♦♥❞❡s✳ ▲❡s ❝♦✉r❜❡s ❆❱❖ ✭✐✳❡✳✱ ❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❖✛s❡t✮ ❞é❝r✐✈❡♥t

❧❛ ✈❛r✐❛t✐♦♥✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬♦✛s❡t ✭♦✉ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❛ s♦✉r❝❡ ❡t ❧❡ ré❝❡♣t❡✉r✮✱ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦♥❞❡s ✭ré✢é❝❤✐❡s

♦✉ tr❛♥s♠✐s❡s✮ ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❡ ♣❛ss❛❣❡ ❞❡ ❧✬♦✛s❡t ✭❞♦♥♥é❡ ♣♦✉✲

✈❛♥t êtr❡ ♣❛r❢❛✐t❡♠❡♥t ❝♦♥♥✉❡✮ à ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ♥é❝❡ss✐t❡ ❞❡ ❝♦♥♥❛îtr❡ ❛✉ ♣ré❛❧❛❜❧❡ ❧❛ ♣r♦❢♦♥❞❡✉r✱ ♣❛r r❛♣♣♦rt

❛✉ ♣❧❛♥ s♦✉r❝❡✲ré❝❡♣t❡✉r✱ ❞❡ ❧✬✐♥t❡r❢❛❝❡ s✉r ❧❛q✉❡❧❧❡ s❡ ré✢é❝❤✐t ❧✬♦♥❞❡✳ ❈❡tt❡ ❝♦♥✈❡rs✐♦♥ ♦✛s❡t✲❛♥❣❧❡ ❝♦♥❞✉✐t ✐♥é✈✐✲

t❛❜❧❡♠❡♥t à ❞❡s ✐♠♣ré❝✐s✐♦♥s ✭❞❡ q✉❡❧q✉❡s ❞❡❣rés✮ ❝♦♠♠✐s❡s s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡✳ P❛r ❛✐❧❧❡✉rs✱

✉♥ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ré❣✉❧✐❡r ❞❡ ❧✬♦✛s❡t ✭❛♣♣❧✐q✉é ❧♦rs ❞❡s ❛❝q✉✐s✐t✐♦♥s✮ ♥❡ ❝♦♥❞✉✐t ♣❛s à ✉♥ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ré❣✉❧✐❡r

❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡✳



✷✳✷✳ ❘és♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❡t ❘és♦❧✉t✐♦♥ ❧❛tér❛❧❡ ✼

à ❞✐✛ér❡♥t❡s ♣r♦❢♦♥❞❡✉rs✱ t❛♥❞✐s q✉❡ ❧❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡ ✭❞❡ tr❛❝❡ ❡♥ tr❛❝❡✮ ❡st ❧❛ ❝❛♣❛❝✐té
à ❞✐st✐♥❣✉❡r ❞❡✉① str✉❝t✉r❡s ❧❛tér❛❧❡♠❡♥t ♣r♦❝❤❡s ❝♦♠♠❡ ❞❡✉① é✈è♥❡♠❡♥ts ❛❞❥❛❝❡♥ts ❞✐st✐♥❝ts✳
▲❡s ♦❜❥❡❝t✐❢s ❣é♦❧♦❣✐q✉❡s s♦♥t ❞❡ ❞é✜♥✐r ❞✬✉♥❡ ♣❛rt ❧✬é♣❛✐ss❡✉r ❞❡s ✉♥✐tés str❛t✐❣r❛♣❤✐q✉❡s✱ ❡t
❞✬❛✉tr❡ ♣❛rt ❧❛ t❛✐❧❧❡ s✉r❢❛❝✐q✉❡ ❞❡s str✉❝t✉r❡s✳

■❧ ❡st ❢réq✉❡♠♠❡♥t ❛❞♠✐s ❡♥ s✐s♠✐q✉❡ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❧✐♠✐t❡ ❧❡ ♣♦✉✈♦✐r ❞❡ rés♦❧✉t✐♦♥
❡t q✉❡ ❧❡ ❢❛❝t❡✉r ❝❧é ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ rés♦❧✉t✐♦♥ ❡st ❧❛ ❢réq✉❡♥❝❡ ✷ ❬❙❤❡r✐✛✱ ✶✾✼✼❪✳ ❉✬❛♣rès ❧❡
♠♦❞è❧❡ ❞❡ ❲✐❞❡ss ❬❲✐❞❡ss✱ ✶✾✼✸❪✱ ♦♥ ❞é✜♥✐t ❧❛ ❧✐♠✐t❡ ❞❡ rés♦❧✉t✐♦♥ ❝♦♠♠❡ ét❛♥t ❞✬❡♥✈✐r♦♥ ✉♥
q✉❛rt ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞♦♠✐♥❛♥t❡ ❞✉ s✐❣♥❛❧ ❬❙❤❡r✐✛✱ ✶✾✾✼❪✱ ❧❡s ❤②♣♦t❤ès❡s s♦✉s✲❥❛❝❡♥t❡s ét❛♥t
q✉❡ s❡✉❧ ❧❡ ❧♦❜❡ ♣r✐♠❛✐r❡ ❡st ♣r✐s ❡♥ ❝♦♠♣t❡ ❡t q✉❡ ❧❡s s✐❣♥❛✉① à sé♣❛r❡r ♦♥t ❧❛ ♠ê♠❡ ❛♠♣❧✐t✉❞❡ ✸✳
❚♦✉t❡❢♦✐s✱ ✐❧ ❛ été ❝♦♥st❛té q✉❡ ❧❛ rés♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ♣♦✉✈❛✐t êtr❡ ❛♠é❧✐♦ré❡ à ❧❛ ❢♦✐s ♣❛r ❞❡s
❤❛✉t❡s ❢réq✉❡♥❝❡s ✭❍❋✮ ❡t ✉♥❡ ❧❛r❣❡ ❜❛♥❞❡ ♣❛ss❛♥t❡ ✭❇P✮ ❞✉ s✐❣♥❛❧ ❬❑❛❧❧✇❡✐t ❡t ❲♦♦❞✱ ✶✾✽✷❪✳
❈❡❝✐ ❡st t♦✉t à ❢❛✐t ✈r❛✐ ♣♦✉r ❧❡s ❘✐❝❦❡r✱ très ❧❛r❣❡♠❡♥t ✉t✐❧✐sés ❡♥ ♠♦❞é❧✐s❛t✐♦♥ ♦✉ ❡♥ tr❛✐t❡♠❡♥t
❞❡s s✐❣♥❛✉① s✐s♠✐q✉❡s ❡t q✉✐ ♦♥t ❧❛ ♣❛rt✐❝✉❧❛r✐té ✐♥tr✐♥sèq✉❡ ❞✬ét❛❜❧✐r ✉♥❡ r❡❧❛t✐♦♥ ❧✐♥é❛✐r❡ ❡♥tr❡
❧❛ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ❡t ❧❛ ❇P ❞✉ s✐❣♥❛❧✳ ▼❛✐s q✉✐❞ ❞❡s s✐❣♥❛✉① ❛✉tr❡s q✉❡ ❧❡s ❘✐❝❦❡r ❄

❊♥ tr❛✐t❡♠❡♥t ❞✉ s✐❣♥❛❧ r❛❞❛r ❡t s♦♥❛r✱ ❧❡ ♣r✐♥❝✐♣❛❧ ♦✉t✐❧ ♣♦✉r ❞é✜♥✐r ❧❛ rés♦❧✉t✐♦♥ ❡st ❧❛
❢♦♥❝t✐♦♥ ❞✬❛♠❜✐❣✉ïté χ ❬❞❡ ❈♦✉❧♦♥✱ ✷✵✵✵✱ ▲❡✈❛♥♦♥ ❡t ▼♦③❡s♦♥✱ ✷✵✵✹❪

χ (τ, ν) =

ˆ +∞

−∞

r̃∗ (t) r̃ (t+ τ) exp (j 2π νt) dt

♦ù r̃ (t) ❡st ❧✬❡♥✈❡❧♦♣♣❡ ❝♦♠♣❧❡①❡ ❞✉ s✐❣♥❛❧ ❛♥❛❧②t✐q✉❡✳ ❙❛ s✐❣♥✐✜❝❛t✐♦♥ ❡st q✉❡ s✐ ❞❡✉① ❝✐❜❧❡s
❞♦♥t ❧❡s é❝❤♦s✱ ❞✬✐♥t❡♥s✐té ❝♦♠♣❛r❛❜❧❡✱ ❞✐✛èr❡♥t ❞✬✉♥ r❡t❛r❞ τ ❡t ❞✬✉♥ ❞é❝❛❧❛❣❡ ❉♦♣♣❧❡r ν✱
❡❧❧❡s ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ❞✐st✐♥❣✉é❡s s✐ | χ (τ, ν) |2=| χ (0, 0) |2 ❡t ❞✐✣❝✐❧❡s à ❞✐st✐♥❣✉❡r s✐
| χ (τ, ν) |2≈| χ (0, 0) |2✳ ❍♦r♠✐s ♣♦✉r ❧❡s str❡❛♠❡rs ❡♥ s✐s♠✐q✉❡ ♠❛r✐♥❡✱ ✐❧ ♥✬② ❛ ❣é♥ér❛❧❡♠❡♥t
♣❛s ❞✬❡✛❡t ❉♦♣♣❧❡r✳ ❆✉ss✐✱ ❡♥ ❝♦♥s✐❞ér❛♥t ν = 0✱ ♦♥ ♦❜t✐❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦❝♦rré❧❛t✐♦♥ R (τ)

❞❡ ❧✬❡♥✈❡❧♦♣♣❡ ❝♦♠♣❧❡①❡ ❞✉ s✐❣♥❛❧ ❛♥❛❧②t✐q✉❡ ✿

χ (τ, 0) =

ˆ +∞

−∞

r̃∗ (t) r̃ (t+ τ) dt = R (τ)

q✉✐ ❞♦✐t s❡ r❛♣♣r♦❝❤❡r ❧❡ ♣❧✉s ♣♦ss✐❜❧❡ ❞✬✉♥❡ ✐♠♣✉❧s✐♦♥ ❞❡ ❉✐r❛❝ ♣♦✉r ✉♥❡ ❜♦♥♥❡ rés♦❧✉t✐♦♥
❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ❝✐❜❧❡s✱ ❝✬❡st✲à✲❞✐r❡ ✉♥❡ ❧❛r❣❡ ❇P✳ ▲❡s ❋✐❣✉r❡s ✷✳✶ ❡t ✷✳✷
♠♦♥tr❡♥t ❝❧❛✐r❡♠❡♥t q✉❡ ❧❡ ♣❛r❛♠ètr❡ ❝❧é ♣♦✉r ❧❛ sé♣❛r❛t✐♦♥ ❞❡s ❡♥✈❡❧♦♣♣❡s ❞❡ ❞❡✉① é✈è♥❡♠❡♥ts
s✐s♠✐q✉❡s ❡st ❜✐❡♥ ❧❛ ❇P ❞✉ s✐❣♥❛❧✱ ❡t ♥♦♥ ❧❛ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡✳ P❧✉s ❧❛ ❇P ❡st ❧❛r❣❡✱ ♠❡✐❧❧❡✉r❡ ❡st
❧❛ rés♦❧✉t✐♦♥ ❬❘❡✈❛✉①✱ ✷✵✵✺❪✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ✐❧ ❡st éq✉✐✈❛❧❡♥t ❞✬ét❡♥❞r❡ ❧❡ s♣❡❝tr❡ ✈❡rs ❧❡s ❜❛ss❡s
❢réq✉❡♥❝❡s ✭❇❋✮ q✉❡ ❞❡ ❧✬ét❡♥❞r❡ ✈❡rs ❧❡s ❍❋ ♣♦✉r ❛♠é❧✐♦r❡r ❧❛ sé♣❛r❛❜✐❧✐té ❞❡s é✈è♥❡♠❡♥ts ✹✳
▲❛ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ✐♥❞✐q✉❡ s❡✉❧❡♠❡♥t ❧❛ q✉❛♥t✐té ❞❡ ❇❋ q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✐♥❝❧✉r❡ ❞❛♥s
❧❡ s✐❣♥❛❧ ✺✳ ❆ ♥♦t❡r q✉✬✉♥❡ ❞❡s ❞✐✣❝✉❧tés ♠❛❥❡✉r❡s ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ❛❝q✉✐s✐t✐♦♥ ❧❛r❣❡
❜❛♥❞❡ ❡♥ s✐s♠✐q✉❡ t❡rr❡str❡ ❡st ❛ss✉ré♠❡♥t ❧❛ ♣rés❡♥❝❡ ❞❡ t❡rr❛✐♥s ❛❧térés ❞✬é♣❛✐ss❡✉r ✈❛r✐❛❜❧❡✱
❝♦♥st✐t✉és ❞❡ ♠❛tér✐❛✉① ❤étér♦❣è♥❡s✱ ♥♦♥ ❝♦♥s♦❧✐❞és ❡t ♣❛rt✐❡❧❧❡♠❡♥t s❛t✉rés ❡♥ ✢✉✐❞❡ ✭③♦♥❡

✷✳ ◆♦✉s ✈❡rr♦♥s ♣❧✉s ❧♦✐♥ q✉❡ ❝❡tt❡ ❡rr❡✉r ❞❡ ❥✉❣❡♠❡♥t ♣r♦✈✐❡♥t ❞✉ ❢❛✐t q✉✬❡♥ s✐s♠✐q✉❡ ♦♥ ✉t✐❧✐s❡ s♦✉✈❡♥t ❞❡s

❘✐❝❦❡r q✉✐ ♦♥t ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞❡ r❡❧✐❡r ❧✐♥é❛✐r❡♠❡♥t ❧❛ ❢réq✉❡♥❝❡ à ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡✳
✸✳ ◗✉✐❞ s✐ ❧❡s s✐❣♥❛✉① ♦♥t ❞❡s ❛♠♣❧✐t✉❞❡s ❞✐✛ér❡♥t❡s ❄ ▲❡ ❝r✐tèr❡ ❞❡ ❘❛②❧❡✐❣❤ ❡st ❛❧♦rs ❞✐✣❝✐❧❡♠❡♥t ❛♣♣❧✐❝❛❜❧❡✳

■❧ ❢❛✉t ❛❧♦rs ✐♥té❣r❡r ❞❛♥s ❧✬ét✉❞❡ ❧❡s ❧♦❜❡s s❡❝♦♥❞❛✐r❡s✳
✹✳ ❆ ♥♦t❡r q✉❡ ❧♦rsq✉✬♦♥ ❡♥r✐❝❤✐t ❧❛ ❇P ♣❛r ❞❡s ❍❋✱ ♦♥ r✐sq✉❡ ❣é♥ér❛❧❡♠❡♥t ❞✬❛✉❣♠❡♥t❡r ❞❛♥s ❧❡ ♠ê♠❡ t❡♠♣s

❧❡ ❜r✉✐t✱ ❝❡ q✉✐ ✈❛ ❞✐♠✐♥✉❡r ❞✉ ❝♦✉♣ ❧❡ r❛♣♣♦rt ❙✴❇ ❡t ❞♦♥❝ ❧❛ ❞ét❡❝t✐♦♥ ❞❡s é✈è♥❡♠❡♥ts✳ ❖♥ ❛ t♦✉t ✐♥térêt à

♣rés❡r✈❡r ❧❡ r❛♣♣♦rt ❙✴❇ ❬❘❛♣♣✐♥ ❡t ❛❧✳✱ ✷✵✵✾❜❪✳
✺✳ ❊♥r✐❝❤✐r ❞❡ q✉❡❧q✉❡s ❤❡rt③ ❡♥ ❇❋ ❧❛ ❇P ♥❡ ❝❤❛♥❣❡ ♣❛s ❢♦♥❞❛♠❡♥t❛❧❡♠❡♥t ❧❛ ❢réq✉❡♥❝❡ ❞♦♠✐♥❛♥t❡ ❞✉ s✐❣♥❛❧✳

P❛r ❝♦♥tr❡✱ ❝❡❧❛ ❛✉❣♠❡♥t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡s ♦❝t❛✈❡s ✉t✐❧❡s ❡t ❝❡❧❛ ❝♦♥❞✉✐t à ✉♥❡ ♠❡✐❧❧❡✉r❡ rés♦❧✉t✐♦♥✳

❬❑❛❧❧✇❡✐t ❡t ❲♦♦❞✱ ✶✾✽✷❪



✽ ❈❤❛♣✐tr❡ ✷✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

✈❛❞♦s❡✮ q✉✐ ❛tté♥✉❡♥t ❧❡s ❍❋ ✈✐❛ ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ✭❛tté♥✉❛t✐♦♥ ✐♥tr✐♥sèq✉❡✱ ❞✐✛✉s✐♦♥✱ ✳✳✳✮
✭❝❢✳ ❈❤❛♣✐tr❡s ✸ ❡t ✹✮✳ ❉✬❛✉tr❡s ❝❛✉s❡s ✭❡✳❣✳✱ ❧❡s ✐♥t❡r❢ér❡♥❝❡s ❞❡str✉❝t✐✈❡s✳✳✳✮ ré❞✉✐s❡♥t é❣❛❧❡♠❡♥t
❧❛ ❇P✱ ✐♥❞✉✐s❛♥t ♣❛r ❧à✲♠ê♠❡ ✉♥❡ ❜❛✐ss❡ ❞❡ ❧❛ rés♦❧✉t✐♦♥✳ ❆♣rès ❛❝q✉✐s✐t✐♦♥ ❞❡s s✐❣♥❛✉①✱ ❧❡
tr❛✐t❡♠❡♥t s✐s♠✐q✉❡ ❡ss❛✐❡ ❞❡ ❝♦♠♣❡♥s❡r ❝❡t ❡✛❡t s♦✐t ❡♥ ✐❞❡♥t✐✜❛♥t ❧❛ ❝❛✉s❡ ✭tâ❝❤❡ ❛r❞✉❡ ✦✮
♣✉✐s ❡♥ ♠♦❞é❧✐s❛♥t s❡s ❡✛❡ts ❛✈❛♥t ❞❡ ❝♦rr✐❣❡r ❧❡s ❞♦♥♥é❡s✱ s♦✐t ❡♥ tr❛✈❛✐❧❧❛♥t ❡♥ ❛✈❡✉❣❧❡ ✭❜❧✐♥❞
❞❡❝♦♥✈♦❧✉t✐♦♥ ✳✳✳✮✳ ❯♥❡ ❛✉tr❡ ♣♦ss✐❜✐❧✐té ✐♥tér❡ss❛♥t❡ ❛ été ré❝❡♠♠❡♥t ♣r♦♣♦sé❡ ✿ ❢✉s✐♦♥♥❡r ❞❡✉①
❛❝q✉✐s✐t✐♦♥s ❛✈❡❝ ❞❡s ❇P ❞✐✛ér❡♥t❡s ❬❉❡♣❧❛♥té✱ ✷✵✵✾❪✳ ◆♦t♦♥s ❡♥✜♥ q✉✬✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬é♠❡ttr❡
❡✣❝❛❝❡♠❡♥t ❞❡s ❢réq✉❡♥❝❡s ❞❡ q✉❡❧q✉❡s ❍❡rt③ ✿ ♠ê♠❡ s✐ ❧❡s ❣é♦♣❤♦♥❡s ❝♦♥✈❡♥t✐♦♥♥❡❧s ♣❡✉✈❡♥t
❡♥r❡❣✐str❡r ❞❡s s✐❣♥❛✉① ❞❡ ✹ ❍③✱ ✐❧ ❢❛✉t ❞❡s ✈✐❜r❡✉rs s♣é❝✐❛✉① ♣♦✉r é♠❡ttr❡ ❝❡s ❜❛ss❡s ❢réq✉❡♥❝❡s
s❛♥s ❞✐st♦rt✐♦♥✳

❋✐❣✉r❡ ✷✳✶ ✕ ❘és♦❧✉t✐♦♥ ♣♦✉r ❞❡s s✐❣♥❛✉① ✭❞❡ ♠ê♠❡ ❛♠♣❧✐t✉❞❡✮ à ♣❤❛s❡ ♥♦♥ ♥✉❧❧❡ ❛✈❡❝ ❞✐❢✲

❢ér❡♥t❡s ❜❛♥❞❡s ❢réq✉❡♥t✐❡❧❧❡s✳ ●❛✉❝❤❡ ✿ tr♦✐s s✐❣♥❛✉①✱ ❛✈❡❝ ❧❡✉r ❡♥✈❡❧♦♣♣❡✱ ❝♦♠♣♦sés ❞✉ ♠ê♠❡

s✐❣♥❛❧ s✐♥✉s♦ï❞❛❧ ❞❡ ❢réq✉❡♥❝❡ ❢ ❂ ✽✵❍③ ❝♦♥✈♦❧✉é ❛✈❡❝ ❞✐✛ér❡♥t❡s ❣❛✉ss✐❡♥♥❡s ❞♦♥t ❧❛ ❧❛r❣❡✉r

❞é✜♥✐t ❧❛ ❜❛♥❞❡ ❢réq✉❡♥t✐❡❧❧❡ ❇✳ ❈❡♥tr❡ ✿ s♣❡❝tr❡s ❛ss♦❝✐és✳ ❉r♦✐t❡ ✿ s✐❣♥❛✉①✱ ❛✈❡❝ ❧❡✉r ❡♥✈❡❧♦♣♣❡✱

❝♦♠♣♦sés ❞❡ ❧❛ s♦♠♠❡ ❞✉ s✐❣♥❛❧ ✭❞❡ ❣❛✉❝❤❡✮ ❡t ❞✉ ♠ê♠❡ s✐❣♥❛❧ ♠❛✐s r❡t❛r❞é ❞❡ ∆t = 0.04 s✳

▲❡s ❧✐❣♥❡s ♥♦✐r❡s é♣❛✐ss❡s ✐♥❞✐q✉❡♥t ❧❡ t❡♠♣s ❞✬❛rr✐✈é❡ ❞❡s ❞❡✉① s✐❣♥❛✉① s✉♣♣♦sés êtr❡ ré✢é❝❤✐s

♣❛r ❞❡✉① ✐♥t❡r❢❛❝❡s✳

▲❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❡♥tr❡ ❞❡✉① ❝❛r❛❝tér✐st✐q✉❡s
❧❡ ❧♦♥❣ ❞✬✉♥❡ ♠ê♠❡ ✐♥t❡r❢❛❝❡ t❡❧❧❡ q✉❡ ❝❡s ❞❡✉① ❝❛r❛❝tér✐st✐q✉❡s ♣❡✉✈❡♥t êtr❡ ✐❞❡♥t✐✜é❡s ♣❧✉tôt
q✉✬✉♥❡ s❡✉❧❡✳ ■❧ ❡st ❜✐❡♥ ❝♦♥♥✉ q✉❡ ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ✭❩❋■ ♦✉ ■❋❩✮ ✻ ❡st ❧✬❡ss❡♥❝❡

✻✳ ❉✉ ❢❛✐t ❞✉ ❝♦♥t❡♥✉ ❇❋ ❞❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s✱ ✐❧ ❡st ❛❞♠✐s q✉❡ ❧❡s ♦♥❞❡s ♥❡ s❡ ♣r♦♣❛❣❡♥t ♣❛s ✉♥✐q✉❡♠❡♥t



✷✳✷✳ ❘és♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❡t ❘és♦❧✉t✐♦♥ ❧❛tér❛❧❡ ✾

❋✐❣✉r❡ ✷✳✷ ✕ ❘és♦❧✉t✐♦♥ ♣♦✉r ❞❡s s✐❣♥❛✉① ✭❞❡ ♠ê♠❡ ❛♠♣❧✐t✉❞❡✮ à ♣❤❛s❡ ♥♦♥ ♥✉❧❧❡ ❛✈❡❝ ❞✐❢✲

❢ér❡♥t❡s ❢réq✉❡♥❝❡s ❝❡♥tr❛❧❡s✳ ●❛✉❝❤❡ ✿ tr♦✐s s✐❣♥❛✉①✱ ❛✈❡❝ ❧❡✉r ❡♥✈❡❧♦♣♣❡✱ ❝♦♠♣♦sés ❞❡ s✐❣♥❛✉①

s✐♥✉s♦ï❞❛✉① ❞❡ ❢réq✉❡♥❝❡s ❞✐✛ér❡♥t❡s ❝♦♥✈♦❧✉és ❛✈❡❝ ❧❛ ♠ê♠❡ ❣❛✉ss✐❡♥♥❡ ❞♦♥t ❧❛ ❧❛r❣❡✉r ❞é✜♥✐t

❧❛ ❜❛♥❞❡ ❢réq✉❡♥t✐❡❧❧❡ ❇ ❂ ✷✼ ❍③✳ ❈❡♥tr❡ ✿ s♣❡❝tr❡s ❛ss♦❝✐és✳ ❉r♦✐t❡ ✿ s✐❣♥❛✉①✱ ❛✈❡❝ ❧❡✉r ❡♥✈❡❧♦♣♣❡✱

❝♦♠♣♦sés ❞❡ ❧❛ s♦♠♠❡ ❞✉ s✐❣♥❛❧ ✭❞❡ ❣❛✉❝❤❡✮ ❡t ❞✉ ♠ê♠❡ s✐❣♥❛❧ ♠❛✐s r❡t❛r❞é ❞❡ ∆t = 0.038 s✳

▲❡s ❧✐❣♥❡s ♥♦✐r❡s é♣❛✐ss❡s ✐♥❞✐q✉❡♥t ❧❡ t❡♠♣s ❞✬❛rr✐✈é❡ ❞❡s ❞❡✉① s✐❣♥❛✉① s✉♣♣♦sés êtr❡ ré✢é❝❤✐s

♣❛r ❞❡✉① ✐♥t❡r❢❛❝❡s✳

♠ê♠❡ ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡ ♣✉✐sq✉✬❡❧❧❡ ❞ét❡r♠✐♥❡ ❧❛ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ❞✬✐♠✲
♣♦rt❛♥ts ❝❤❛♥❣❡♠❡♥ts ❞❛♥s ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬✐♥t❡r❢❛❝❡ ♣❡✉✈❡♥t êtr❡ ♦❜s❡r✈és✳ ❈♦♥❝rèt❡♠❡♥t✱
♣♦✉r q✉❡ ❞❡✉① é✈è♥❡♠❡♥ts s♦✐❡♥t ✈✐s✉❡❧❧❡♠❡♥t ✐♥❞é♣❡♥❞❛♥ts ❧❡ ❧♦♥❣ ❞✬✉♥❡ ♠ê♠❡ ✐♥t❡r❢❛❝❡✱ ✐❧s
❞♦✐✈❡♥t êtr❡ sé♣❛rés ❧❛tér❛❧❡♠❡♥t ♣❛r ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ❧❡ r❛②♦♥ ❞❡ ❧❛ ❩❋■✳ ■❧ ❡st à ♥♦t❡r q✉❡
❧❡ ❞✐❛♠ètr❡ ❞❡ ❧❛ ❩❋■ ♣❡✉t ✈❛r✐❡r ❝♦♥s✐❞ér❛❜❧❡♠❡♥t s❡❧♦♥ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭❝❢ ❋✐❣✉r❡
✷✳✸✮✳ ▲❛ ❩❋■ ❡st ♠✐♥✐♠❛❧❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛♥t✐❝❧✐♥❛❧ ❡t ♠❛①✐♠❛❧❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ s②♥❝❧✐♥❛❧✳ ❆
♥♦t❡r q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ s②♥❝❧✐♥❛❧✱ ❧❛ ❩❋■ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❡ r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡

❧❡ ❧♦♥❣ ❞✬✉♥ r❛②♦♥✱ ♠❛✐s q✉✬✉♥ ✈♦❧✉♠❡ ✜♥✐ ❛✉t♦✉r ❞❡ ❝❡ r❛②♦♥ ♣❛rt✐❝✐♣❡ ❛❝t✐✈❡♠❡♥t à ❝❡tt❡ ♣r♦♣❛❣❛t✐♦♥✳ ▲❡ ✭1er✮

❱♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧ ✭❋❱✮ ♣❡✉t êtr❡ ✈✉ ❝♦♠♠❡ ✉♥❡ ③♦♥❡ ❞✬✐♥t❡r❢ér❡♥❝❡s ❝♦♥str✉❝t✐✈❡s q✉✐ ❝♦♥tr✐❜✉❡ ❛✉ ❝❤❛♠♣

❞✬♦♥❞❡ ré✢é❝❤✐ ♣♦✉r ❝❤❛q✉❡ ❢réq✉❡♥❝❡ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✾❪✳ ▲❛ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s s✉r ✉♥❡ ✐♥t❡r❢❛❝❡

rés✉❧t❡ ❞✬✉♥❡ ✐♥té❣r❛t✐♦♥ s✉r ✉♥❡ ③♦♥❡ s♣é❝✐✜q✉❡ ✭✐✳❡✳✱ ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ✭❩❋■ ♦✉ ■❋❩✮✮ q✉✐ ❡st

❞é✜♥✐❡ ♣❛r ❧✬✐♥t❡rs❡❝t✐♦♥ ❞✉ ❋❱ ♣❛r ❝❡tt❡ ✐♥t❡r❢❛❝❡✳ ▲❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛ ❩❋■ ❞é♣❡♥❞❡♥t ❞❡ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s✱

♣❛r♠✐ ❧❡sq✉❡❧s ❧❛ ❢réq✉❡♥❝❡✱ ❧✬♦✛s❡t ✭✐✳❡✳✱ ❧❛ ❞✐st❛♥❝❡ s♦✉r❝❡✲ré❝❡♣t❡✉r✮✱ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❡♥ ♣r♦❢♦♥❞❡✉r ❞❡ ❧✬✐♥t❡r✲

❢❛❝❡✱ ❧❡s ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉① ❡♥ ❝♦♥t❛❝t✱ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✳✳✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❧✬❛rt✐❝❧❡

❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✾❪ ♣❧❛❝é ❡♥ ❆♥♥❡①❡ ❉ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✳



✶✵ ❈❤❛♣✐tr❡ ✷✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

❞❡ ❧✬❡❧❧✐♣s♦ï❞❡ ❞❡ ré✈♦❧✉t✐♦♥✱ ❞é❝r✐✈❛♥t ❧✬✐s♦❝❤r♦♥❡ ♣♦✉r ❧❡ ❝♦✉♣❧❡ ❙✭♦✉r❝❡✮✲❘✭é❝❡♣t❡✉r✮ r❡❧❛t✐❢
à ❧❛ ré✢❡①✐♦♥ s♣é❝✉❧❛✐r❡ ❙▼❘ ✭▼ ét❛♥t ❧❡ ♣♦✐♥t ❞✬✐♠♣❛❝t ❞❡ ❧✬♦♥❞❡ s✉r ❧✬✐♥t❡r❢❛❝❡✮✱ t❡♥❞ ✈❡rs
❧❡ r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✼✳ ❆❧♦rs q✉❡ s❡s ❞✐♠❡♥s✐♦♥s ♥✬❛✈❛✐❡♥t été ❛♣♣r♦❝❤é❡s q✉❡ ❞❡
♠❛♥✐èr❡ ❡♠♣✐r✐q✉❡ ❡t ♣♦✉r ❞❡s ♦✛s❡ts ♥✉❧s✱ ♥♦✉s ❛✈♦♥s ♣✉ ❧❡s é✈❛❧✉❡r ❛♥❛❧②t✐q✉❡♠❡♥t✱ ❞❛♥s ❧❡s
❞✐r❡❝t✐♦♥s✱ ❞✉ ♣❧❛♥ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ✐♥❝❧✉s❡ ❞❛♥s ❧❡ ♣❧❛♥ ❞✬✐♥❝✐❞❡♥❝❡ ❡t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ♣❧❛♥
❞✬✐♥❝✐❞❡♥❝❡✱ ♣♦✉r ❞❡s ♦✛s❡ts q✉❡❧❝♦♥q✉❡s ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✾❪✳ ■❧ ❢❛✉t ❣❛r❞❡r à ❧✬❡s♣r✐t
q✉❡ ❧❛ ❩❋■ ❞é✜♥✐t ❧❛ rés♦❧✉t✐♦♥ ✉♥✐q✉❡♠❡♥t ♣♦✉r ❞❡s ❞♦♥♥é❡s ♥♦♥ ♠✐❣ré❡s✳ ▲❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡
❞❡ ❧❛ s✐s♠✐q✉❡ ❡st ❞♦♥♥é❡ ✐♥ ✜♥❡ ♣❛r ❧❛ ♠✐❣r❛t✐♦♥ ✭❝❢ ❋✐❣✉r❡ ✷✳✹✮ ❬❇❡r❦❤♦✉t✱ ✶✾✽✹❪✳

❋✐❣✉r❡ ✷✳✸ ✕ ■❧❧✉str❛t✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉① ❤♦♠♦✲

❣è♥❡s✱ ✐s♦tr♦♣❡s ❡t é❧❛st✐q✉❡s s✉r ❧❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ✭❩❋■ ♦✉ ■❋❩✮✱

❛ss♦❝✐é❡ à ❧❛ ré✢❡①✐♦♥ P✲P s✉r ❝❡tt❡ ✐♥t❡r❢❛❝❡✳

✷✳✸ ❘é✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉ ❡t ❘é✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡

❯♥❡ ❢♦✐s ❧✬✐♥t❡r❢❛❝❡ ✐s♦❧é❡✱ ❧✬♦♥❞❡ s✐s♠✐q✉❡ s❡ ré✢é❝❤✐t s✉r ❝❡tt❡ ✐♥t❡r❢❛❝❡ ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡
❧❡s ❝❛♣t❡✉rs ❡♥ s✉r❢❛❝❡✳ ◆♦✉s ❛✈♦♥s ❧✬❤❛❜✐t✉❞❡ ❞❡ ❞é❝r✐r❡ ♠❛t❤é♠❛t✐q✉❡♠❡♥t ❝❡ ♣r♦❝❡ss✉s ❡♥
❝♦♥s✐❞ér❛♥t ✐♠♣❧✐❝✐t❡♠❡♥t q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❧❛ s♦✉r❝❡ ❡st ✐♥✜♥✐❡✳ ❖r✱ ❧❡s ❢réq✉❡♥❝❡s s✐s♠✐q✉❡s
ét❛♥t ❜❛ss❡s ✭t②♣✐q✉❡♠❡♥t✱ ❡♥tr❡ ✺ ❡t ✽✵ ❍③ ♣♦✉r ❧❛ s✐s♠✐q✉❡ t❡rr❡str❡✮✱ ❧❡ ♣♦✐♥t ❞✬✐♠♣❛❝t ❞❡s
♦♥❞❡s s✉r ❧❡s ✐♥t❡r❢❛❝❡s ♥❡ ♣❡✉t ♣❛s êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ♣♦♥❝t✉❡❧✳ ▲✐♥❞s❡② ❛ ♠♦♥tré q✉❡
❧❛ ❩❋■ ❡st ✉♥❡ ♥♦t✐♦♥ ✐♠♣♦rt❛♥t❡ à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ré✢❡①✐♦♥ ❞❡s
♦♥❞❡s s✉r ✉♥❡ ✐♥t❡r❢❛❝❡ ❬▲✐♥❞s❡②✱ ✶✾✽✾❪✳ ▲❡s tr❛✈❛✉① ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡ ❑✈❛s♥✐↔❦❛ ❡t ❷❡r✈❡♥ý
♦♥t ♠✐s ❡♥ ❧✉♠✐èr❡ ✉♥❡ ③♦♥❡ s♦✉s✲❥❛❝❡♥t❡ à ❧✬✐♥t❡r❢❛❝❡ q✉✐ ♣❛rt✐❝✐♣❡ é❣❛❧❡♠❡♥t à ❝❡ ♣r♦❝❡ss✉s

✼✳ ❉❛♥s ❝❡ ❝❛s✱ ♦♥ ♣❡✉t ❛ss✐st❡r à ✉♥❡ ❛♠♣❧✐✜❝❛t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ✭♣♦♥❝t✉❡❧❧❡♠❡♥t✮ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥ ❝❛♣t❡✉r✱

❝❛r ❧✬♦✉✈❡rt✉r❡ ❛♥❣✉❧❛✐r❡ ❞✬é♠✐ss✐♦♥ ❡♥ ♣r♦✈❡♥❛♥❝❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡st très ❣r❛♥❞❡✳ ■❧ ❢❛✉t ❣❛r❞❡r ❝❡❧❛ à ❧✬❡s♣r✐t

❧♦rsq✉✬♦♥ ❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❛❝q✉✐s❡s ❡♥ t❡❝t♦♥✐q✉❡ ❝♦♠♣❧❡①❡✳



✷✳✸✳ ❘é✢❡❝t❡✉r s✐s♠✐q✉❡ ✸❉ ❡t ❘é✢❡❝t✐✈✐té éq✉✐✈❛❧❡♥t❡ ✶✶

❋✐❣✉r❡ ✷✳✹ ✕ ❘és♦❧✉t✐♦♥ ❧❛tér❛❧❡ ❛♣rès ♠✐❣r❛t✐♦♥ ❞❛♥s ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ③ér♦✲♦✛s❡t✳ ❉❛♥s ✉♥

❝♦♥t❡①t❡ ❞❡ ♣ré✲♠✐❣r❛t✐♦♥✱ ❧❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡ ❡st ❞♦♥♥é❡ ♣❛r ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡

✭■❋❩✮✳ ▲❛ ♠✐❣r❛t✐♦♥ ✷❉ ré❞✉✐t ❧❛ t❛✐❧❧❡ ❞❡ ❧✬■❋❩ ✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ♣r♦✜❧ s✐s♠✐q✉❡✱

t❛♥❞✐s q✉❡ ❧❛ ♠✐❣r❛t✐♦♥ ✸❉ ré❞✉✐t ❧✬■❋❩ à ✉♥❡ t♦✉t❡ ♣❡t✐t❡ ③♦♥❡✳

❬❑✈❛s♥✐↔❦❛ ❡t ❷❡r✈❡♥ý✱ ✶✾✾✻❪✳ ▼❛✐s ❝❡s tr❛✈❛✉① s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ♠♦t✐✈és ♣❛r ❞❡s ❝♦♥s✐❞ér❛✲
t✐♦♥s s✉r ❧❡s t❡♠♣s ❞❡ tr❛❥❡t ❞❡s ♦♥❞❡s✱ ❡t ♥♦♥ s✉r ❧❡s ❛♠♣❧✐t✉❞❡s✱ ❡t ♥❡ ré♣♦♥❞❡♥t ❞♦♥❝ ♣❛s à ❧❛
q✉❡st✐♦♥ ❢♦♥❞❛♠❡♥t❛❧❡ ✿ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄ ❖✉ r❡❢♦r♠✉❧é❡ ❛✉tr❡♠❡♥t ✿ ◗✉❡❧❧❡
❡st ❧❛ ③♦♥❡ s♣❛t✐❛❧❡ ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ q✉✐ ✐♥t❡r❛❣✐t ❛✈❡❝ ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t✱ ❞é✜♥✐t ❛✐♥s✐
s❛ ré✢❡❝t✐✈✐té✱ ❡t ❛✛❡❝t❡ ♣❛r ❝♦♥séq✉❡♥t ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐ ❄

❆ ♣❛rt✐r ❞❡s ❝♦♥❝❡♣ts ❞❡ ❱♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧ ✽ ✭❱❋✮ ❬❑r❛✈ts♦✈ ❡t ❖r❧♦✈✱ ✶✾✾✵❪ ❡t ❞❡s ❧♦✐s ❞❡
tr❛♥s♠✐ss✐♦♥ ❡t ❞❡ ré✢❡①✐♦♥ ❞❡s ❝♦✉r❜✉r❡s ❞❡ ❢r♦♥ts ❞✬♦♥❞❡ ❬❍✉❜r❛❧ ❡t ❑r❡②✱ ✶✾✽✵❪✱ ♥♦✉s ❛✈♦♥s
✐❞❡♥t✐✜é ♣♦✉r ❝❤❛q✉❡ ❢réq✉❡♥❝❡ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ ❞❡ ❧❛ s♦✉r❝❡ s✐s♠✐q✉❡ ✉♥ ✈♦❧✉♠❡ s♣❛t✐❛❧✱
❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭♣❧❛♥❡✱ ♦✉ ❞❡ t②♣❡ s②♥❝❧✐♥❛❧ ♦✉ ❛♥t✐❝❧✐♥❛❧✮✱ q✉✐ ❛✛❡❝t❡ ré❡❧❧❡♠❡♥t ❧❛ ré♣♦♥s❡
❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭✐✳❡✳✱ s❛ ré✢❡❝t✐✈✐té✮✱ ❡t ❞♦♥❝ ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐ ✭❝❢ ❋✐❣✉r❡ ✷✳✺✮✳ ❈❡ ✈♦❧✉♠❡
❛ ♣♦✉r ❡①t❡♥s✐♦♥ ❧❛tér❛❧❡ ♠❛①✐♠❛❧❡ ❧❛ ❩❋■✱ ♣♦✉r ❧❛q✉❡❧❧❡ ♥♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é ❛♥❛❧②t✐q✉❡♠❡♥t
s❡s ❞✐♠❡♥s✐♦♥s q✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ❝♦✉r❜✉r❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡t ♣♦✉r ❞❡s ♦✛s❡ts q✉❡❧❝♦♥q✉❡s✳ ■❧ ❛ ♣♦✉r
é♣❛✐ss❡✉r ♠❛①✐♠❛❧❡ ✉♥❡ ❞✐st❛♥❝❡ q✉✐ ♣❡✉t êtr❡ éq✉✐✈❛❧❡♥t❡ ❛✉① ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♠✐s❡s ❡♥ ❥❡✉
❧♦rsq✉❡ ❧❡s ❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡ s♦♥t ♣r♦❝❤❡s ❞❡ ❧✬❛♥❣❧❡ ❝r✐t✐q✉❡✳ ❈❡ ✈♦❧✉♠❡ ❡st ♣❧✉s ❣r❛♥❞ q✉❡ ❝❡❧✉✐
❞é❝r✐t ♣ré❝é❞❡♠♠❡♥t ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ q✉✐ ♥❡ ❝♦♥s✐❞èr❡ ❡♥ ❢❛✐t q✉❡ ❧❛ ♣❛rt✐❡ s♣❛t✐❛❧❡ s♦✉s✲❥❛❝❡♥t❡
à ❧✬✐♥t❡r❢❛❝❡ ✏♠❛t❤é♠❛t✐q✉❡✑ ✭❝❛r ❝✬❡st ❧❛ s❡✉❧❡ q✉✐ ❡st ✐♠♣❧✐q✉é❡ ❞❛♥s ❧❡s ♠❡s✉r❡s ❞❡ t❡♠♣s ❞❡
tr❛❥❡t ❞❡s ré✢❡①✐♦♥s✮✳ Pré❝✐s♦♥s q✉❡ ❧❛ ♣❛rt✐❡ s✐t✉é❡ ❛✉✲❞❡ss✉s ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✏♠❛t❤é♠❛t✐q✉❡✑ ❞♦✐t
êtr❡ ♦❜❧✐❣❛t♦✐r❡♠❡♥t ♣r✐s❡ ❡♥ ❝♦♠♣t❡ s✐ ❧❡s ❛♠♣❧✐t✉❞❡s ❞❡s ♦♥❞❡s s♦♥t tr❛✐té❡s✳ ▲❡ ✈♦❧✉♠❡ s♣❛t✐❛❧
❛✐♥s✐ ❞é✜♥✐ r❡♣rés❡♥t❡ ✉♥ ✈♦❧✉♠❡ s♣❛t✐❛❧ ♠✐♥✐♠❛❧ ❞✬✐♥té❣r❛t✐♦♥ ❡t ❞✬❤♦♠♦❣é♥é✐s❛t✐♦♥ ✭♣❛rt✐❡❧❧❡
♦✉ t♦t❛❧❡ ❄✮ ❞❡s ♣r♦♣r✐étés ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✿ ❝❡❧❛ s✐❣♥✐✜❡ q✉❡ s❡✉❧❡s ❧❡s ❤étér♦❣é♥é✐tés ♣ré✲
s❡♥t❡s ❞❛♥s ❝❡ ✈♦❧✉♠❡ ❝♦♥tr✐❜✉❡♥t ♣❤②s✐q✉❡♠❡♥t à ❧❛ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s ❡t ❝♦♥❞✐t✐♦♥♥❡♥t ❧❡
❝♦♠♣♦rt❡♠❡♥t ❞❡s ❢♦r♠❡s ❞✬♦♥❞❡ ❡♥r❡❣✐stré❡s ❛✉① ❝❛♣t❡✉rs ✾✳ ◆❡ ♣❛s t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡ ✈♦❧✉♠❡

✽✳ ■❧ s❡♠❜❧❡r❛✐t q✉✬✐❧ ② ❛✐t ✉♥❡ ❛♥❛❧♦❣✐❡ ❡♥tr❡ ❧❡ ❱♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧ ❡t ❧❡ ✈♦❧✉♠❡ ❞❡ ❝♦♥❢✉s✐♦♥ ❝♦♥♥✉ ❡♥ tr❛✐t❡♠❡♥t

s♦♥❛r✳
✾✳ ❊♥ ♣❛rt✐❡ s❡✉❧❡♠❡♥t✱ ❝❛r ❧❡s ❤étér♦❣é♥é✐tés ♣rés❡♥t❡s ❞❛♥s ❧❡ ❱❋ ❝♦♥❞✐t✐♦♥♥❡♥t é❣❛❧❡♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t

❞❡s ❢♦r♠❡s ❞✬♦♥❞❡ ❡♥r❡❣✐stré❡s ❛✉① ❝❛♣t❡✉rs✳



✶✷ ❈❤❛♣✐tr❡ ✷✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

s♣❛t✐❛❧ ♣♦✉rr❛✐t ❝♦♥❞✉✐r❡ à ❞❡s ❡rr❡✉rs s②sté♠❛t✐q✉❡s ❝♦♠♠✐s❡s s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés
♣❤②s✐q✉❡s ❞❡s ♠✐❧✐❡✉① ♥❛t✉r❡❧s✱ ❡t ❞♦♥❝ à ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❜✐❛✐sé❡ ❞❡ ♥♦tr❡ ❡♥✈✐r♦♥♥❡♠❡♥t✳

❈❡s rés✉❧t❛ts t♦✉t à ❢❛✐t ♦r✐❣✐♥❛✉①✱ q✉✐ ❝♦rr✐❣❡♥t ❡t ét❡♥❞❡♥t ❧❡s rés✉❧t❛ts ♣✉❜❧✐és ❛♥tér✐❡✉✲
r❡♠❡♥t ♣❛r ❷❡r✈❡♥ý ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❡t ▲✐♥❞s❡②✱ ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❞❛♥s ❧❛
r❡✈✉❡ ✏●❡♦♣❤②s✐❝s✑ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✾❪ ❡t ❞✬✉♥❡ ❞✐st✐♥❝t✐♦♥ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✏●❡♦♣❤②✲
s✐❝s ❇r✐❣❤t ❙♣♦ts✑ ❞❡ ❧❛ r❡✈✉❡ ✏❚❤❡ ▲❡❛❞✐♥❣ ❊❞❣❡✑ ❡♥ ❢é✈r✐❡r ✷✵✵✾✳

❋✐❣✉r❡ ✷✳✺ ✕ ●❛✉❝❤❡ ✿ ❘❡♣rés❡♥t❛t✐♦♥✱ ❞❛♥s ❧❡ ♣❧❛♥ ❞✬✐♥❝✐❞❡♥❝❡✱ ❞✉ ❱♦❧✉♠❡ ❞❡ ❋r❡s♥❡❧ ✐♠♣❧✐q✉é

❞❛♥s ❧❛ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s s✉r ❧✬✐♥t❡r❢❛❝❡ ♣❧❛♥❡ ❛✉ ♣♦✐♥t ▼✳ ❉r♦✐t❡ ✿ ❩♦♦♠ s✉r ❧❡ ✈♦❧✉♠❡ s♣❛t✐❛❧

❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ♣❧❛♥❡ q✉✐ ❛✛❡❝t❡ ré❡❧❧❡♠❡♥t ❧❛ ré♣♦♥s❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭✐✳❡✳✱ s❛ ré✢❡❝t✐✈✐té✮✱

❡t ❞♦♥❝ ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐✳

✷✳✹ ■♠♣❧✐❝❛t✐♦♥s s✉r ❧❡s ♣r♦❜❧è♠❡s ❞✐r❡❝t ❡t ✐♥✈❡rs❡

▲♦rsq✉✬✐❧ ♥✬② ❛ ♣❛s ❞✬❤étér♦❣é♥é✐tés ♣rés❡♥t❡s ❞❛♥s ❧❡ ✈♦❧✉♠❡ s♣❛t✐❛❧ ❞é✜♥✐ ♣ré❝é❞❡♠♠❡♥t✱
s❡✉❧❡ ❧❛ ❩❋■ ❝♦♥tr✐❜✉❡ ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❛✉ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐✳ P♦✉r ❞é♠♦♥tr❡r ❝❡❧❛✱
♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧✬❛♠♣❧✐t✉❞❡ ❞✬✉♥❡ ♦♥❞❡ P é♠❛♥❛♥t ❞✬✉♥ ♣♦✐♥t s♦✉r❝❡ ❡t ❡♥r❡❣✐stré❡ ❛✉ ré✲
❝❡♣t❡✉r ❛♣rès ❛✈♦✐r été ré✢é❝❤✐❡ s♣é❝✉❧❛✐r❡♠❡♥t ♣❛r ✉♥❡ ✐♥t❡r❢❛❝❡ ♣❧❛♥❡ ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉①
é❧❛st✐q✉❡s ❤♦♠♦❣è♥❡s ✐s♦tr♦♣❡s✳ ❈❡ ♣r♦❜❧è♠❡ ♣♦✉✈❛♥t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ♣r♦❜❧è♠❡ ❞❡
❞✐✛r❛❝t✐♦♥ ♣❛r ❧❛ ❩❋■✱ ♥♦✉s ❛✈♦♥s ❛♣♣❧✐q✉é ❧✬❆♣♣r♦❝❤❡ ✏❆♥❣✉❧❛r ❙♣❡❝tr✉♠✑ ✭❆❙❆✮ ❝♦♠❜✐✲
♥é❡ ❛✉ ❝♦♥❝❡♣t ❞❡ ❩❋■ ♣♦✉r ♦❜t❡♥✐r ❧❛ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ✸❉ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✼❛✱
❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✼❜❪ ✶✵✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬♦♥❞❡ ré✢é❝❤✐❡ ♦❜t❡♥✉❡ ♣❛r
❧✬❆❙❆✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ✭✐✳❡✳✱ ❧❛ ❝♦✉r❜❡ ❆❱❆✮ ❛ été ❝♦♠♣❛ré❡ ❛✈❡❝ ❧❡ ❝♦❡✣❝✐❡♥t
❞❡ ré✢❡①✐♦♥ ♦♥❞❡s ♣❧❛♥❡s✱ ❞♦♥♥é ♣❛r ❧❡s éq✉❛t✐♦♥s ❞❡ ❩♦❡♣♣r✐t③ ❬❆❦✐ ❡t ❘✐❝❤❛r❞s✱ ✷✵✵✷❪✱ ❡t ❧❛ s♦✲
❧✉t✐♦♥ ❡①❛❝t❡ ♦❜t❡♥✉❡ ♣❛r ✉♥ ❝♦❞❡ ♥✉♠ér✐q✉❡ ✸❉ ✭❖❆❙❊❙✮ ✉t✐❧✐sé ❡♥ ❛❝♦✉st✐q✉❡ s♦✉s✲♠❛r✐♥❡ ✭❝❢
❋✐❣✉r❡ ✷✳✻✮✳ ❆ ♥♦t❡r q✉❡ ❧❛ s♦❧✉t✐♦♥ ❡♥ ♦♥❞❡s s♣❤ér✐q✉❡s ♦❜t❡♥✉❡ ♣❛r ❧❡ ❝♦❞❡ ❖❆❙❊❙ ❛ été ❝♦rr✐❣é❡
❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❣é♦♠étr✐q✉❡ ❞❡s ❢r♦♥ts ❞✬♦♥❞❡✳ P♦✉r ❞❡ ❢❛✐❜❧❡s ❛♥❣❧❡s s✉❜❝r✐t✐q✉❡s✱ ❧❡ ❝♦❡✣❝✐❡♥t
❞❡ ré✢❡①✐♦♥ ♦♥❞❡s ♣❧❛♥❡s ✭q✉✐ ✈❛r✐❡ très ♣❡✉✮ ❡t ❧❛ s♦❧✉t✐♦♥ ❡①❛❝t❡ s♦♥t q✉❛s✐♠❡♥t ✐❞❡♥t✐q✉❡s✳
▲✬❡✛❡t ❞❡ ❧❛ ❩❋■ s✉r ❧✬❛♠♣❧✐t✉❞❡ ❡st ❞♦♥❝ ♥é❣❧✐❣❡❛❜❧❡✳ P❛r ❝♦♥tr❡✱ ♣r♦❝❤❡ ❞❡ ❧✬❛♥❣❧❡ ❝r✐t✐q✉❡ ♦ù
❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ré✢❡①✐♦♥ ♦♥❞❡s ♣❧❛♥❡s ✈❛r✐❡ très ❢♦rt❡♠❡♥t ❡t ❡st très ❞✐✛ér❡♥t ❞❡ ❧❛ s♦❧✉t✐♦♥
❡①❛❝t❡✱ ❧✬❡✛❡t ❞❡ ❧❛ ❩❋■ ❡st très ✐♠♣♦rt❛♥t✱ ❡t ♥♦tr❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❆❙❆ ❝♦♠❜✐♥é❡ ❛✉ ❝♦♥❝❡♣t ❞❡
❧❛ ❩❋■ ❞♦♥♥❡ ❞❡ très ❜♦♥s rés✉❧t❛ts✳ ❆✉✲❞❡❧à ❞❡ ❧✬❛♥❣❧❡ ❝r✐t✐q✉❡✱ ♥é❛♥♠♦✐♥s✱ ❧❛ s♦❧✉t✐♦♥ ❛♣♣r♦❝❤é❡

✶✵✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❧✬❛rt✐❝❧❡ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✼❛❪ ❡♥ ❆♥♥❡①❡ ❉✳



✷✳✹✳ ■♠♣❧✐❝❛t✐♦♥s s✉r ❧❡s ♣r♦❜❧è♠❡s ❞✐r❡❝t ❡t ✐♥✈❡rs❡ ✶✸

s✬é❧♦✐❣♥❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❡①❛❝t❡✳ ❈❡❧❛ ♣r♦✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ♥♦✉s ♥❡ ❝❛❧❝✉❧♦♥s q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡
❧✬♦♥❞❡ ré✢é❝❤✐❡ ❛❧♦rs q✉❡ ❧❡ ❝♦❞❡ ❝❛❧❝✉❧❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬✐♥t❡r❢ér❡♥❝❡ ♦♥❞❡ ré✢é❝❤✐❡✴♦♥❞❡ ❝♦♥✐q✉❡✳
■❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ ❝❛❧❝✉❧❡r ♣❛r ♥♦tr❡ ❛♣♣r♦❝❤❡ ❧✬❛♠♣❧✐t✉❞❡ rés✉❧t❛♥t❡ ❞❡ ❝❡tt❡ ✐♥t❡r❢ér❡♥❝❡ ❡♥
✐♥té❣r❛♥t ❧❡ ❢❛✐t q✉❡ ❝❤❛q✉❡ ♦♥❞❡ ✭ré✢é❝❤✐❡ ❡t ❝♦♥✐q✉❡✮ ♣♦ssè❞❡ s❛ ♣r♦♣r❡ ❩❋■✳ ■❧ ❡st à ♥♦t❡r q✉❡
♥♦tr❡ ❛♣♣r♦❝❤❡ ❡st ❝♦♠♣❧é♠❡♥t❛✐r❡ à ❧❛ ♠ét❤♦❞❡ ✐♥✐t✐❛❧❡♠❡♥t ❞é✈❡❧♦♣♣é❡ ♣❛r ❑❧❡♠✲▼✉s❛t♦✈
❡t ❆✐③❡♥❜❡r❣ ❬❑❧❡♠✲▼✉s❛t♦✈ ❡t ❆✐③❡♥❜❡r❣✱ ✶✾✽✺✱ ❆②③❡♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✾❪✳ ❊❧❧❡ ❡st ♣❛r ❛✐❧❧❡✉rs
éq✉✐✈❛❧❡♥t❡ ❛✉ ❝❛❧❝✉❧ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s s♣❤ér✐q✉❡s ❬❉❡tt♠❡r ❡t ❛❧✳✱ ✷✵✵✼❪✳ ❈❡✲
♣❡♥❞❛♥t✱ ❝♦♥tr❛✐r❡♠❡♥t à ❝❡ ❞❡r♥✐❡r q✉✐ ♥é❝❡ss✐t❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞✬✉♥❡ ✐♥té❣r❛❧❡ ❞❡ +∞ à −∞✱
♥♦tr❡ ♠ét❤♦❞❡ s❡ ❧✐♠✐t❡ à ✉♥❡ ✐♥té❣r❛t✐♦♥ s✉r ❧❛ ③♦♥❡ ✏♣❤②s✐q✉❡✑ ❞❡ ❧✬✐♥t❡r❢❛❝❡ q✉✐ ✐♥t❡r❛❣✐t ❛✈❡❝
❧✬♦♥❞❡✱ ❝❡ q✉✐ ré❞✉✐t ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳
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❋✐❣✉r❡ ✷✳✻ ✕ ❱❛r✐❛t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❧✬♦♥❞❡ ré✢é❝❤✐❡ P✲P ♣❛r ✉♥❡ ✐♥t❡r❢❛❝❡ ♣❧❛♥❡ ❡♥ ❢♦♥❝t✐♦♥

❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡✳ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ré✢❡①✐♦♥ ♦♥❞❡s ♣❧❛♥❡s ✭❩♦❡♣♣r✐t③✮✱ ❧❡s

❛♠♣❧✐t✉❞❡s ❝♦rr✐❣é❡s ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❣é♦♠étr✐q✉❡ ❛ss♦❝✐é❡s ❛✉① s♦❧✉t✐♦♥s ❡①❛❝t❡s ✭❖❆❙❊❙✮✱ ❡t

❧❡s ❛♠♣❧✐t✉❞❡s ❛ss♦❝✐é❡s ❛✉① s♦❧✉t✐♦♥s ❛♣♣r♦❝❤é❡s ✭❆❙❆✮ ♣♦✉r ❞✐✛ér❡♥t❡s ❢réq✉❡♥❝❡s ❝❡♥tr❛❧❡s ❡t

❞✐✛ér❡♥t❡s ❜❛♥❞❡s ♣❛ss❛♥t❡s ❞❡ ❧❛ s♦✉r❝❡✳

◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❛❜♦r❞é ❧❡ ♣r♦❜❧è♠❡ ✐♥✈❡rs❡ ❡♥ ❝❤❡r❝❤❛♥t à é✈❛❧✉❡r q✉❡❧❧❡ ét❛✐t ❧✬❡rr❡✉r
❝♦♠♠✐s❡ s✉r ❧❡s ♣❛r❛♠ètr❡s ✭❡✳❣✳✱ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s P ❡t ❙ ❡t ❞❡♥s✐té✮ ❞❡s ♠✐❧✐❡✉① ❡♥ ❝♦♥t❛❝t
s✐ ♦♥ ♣r❡♥❛✐t ✭♦✉ ♥♦♥✮ ❡♥ ❝♦♠♣t❡ ❧❛ ❩❋■ ❞❛♥s ❧❡s ❝❛❧❝✉❧s✳ ❆❞♠❡tt♦♥s q✉❡ ❧✬♦♥ ✈❡✉✐❧❧❡ é✈❛❧✉❡r
❝❡s ♣❛r❛♠ètr❡s✱ à ♣❛rt✐r ❞❡s ❝♦✉r❜❡s ❆❱❆ ❣r❛♥❞s ❛♥❣❧❡s ❛❝q✉✐s❡s ✐♥ s✐t✉ ✭❞♦♥❝ ✐♥té❣r❛♥t ♥❛t✉✲
r❡❧❧❡♠❡♥t ❧❡s ❱❋ ❡t ❩❋■✮✱ ♠❛✐s ❝♦rr✐❣é❡s ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❣é♦♠étr✐q✉❡ ❞❡s ❢r♦♥ts ❞✬♦♥❞❡✱ ❡t ❡♥
✉t✐❧✐s❛♥t ✉♥ ❛❧❣♦r✐t❤♠❡ ❞✬✐♥✈❡rs✐♦♥ ❜❛sé s✉r ❧❡s éq✉❛t✐♦♥s ❞❡ ❩♦❡♣♣r✐t③✳ ❖♥ ❛ ♠♦♥tré q✉❡ ♣♦✉r
❞❡s ét✉❞❡s ❆❱❆ ❣r❛♥❞s ❛♥❣❧❡s ✭✐✳❡✳✱ ♣♦✉r ❞❡s ❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡ ♣♦✉✈❛♥t ❛❧❧❡r ❥✉sq✉✬à ✺✵➦ ♦✉
✻✵➦✮ ♦♥ ❝♦♠♠❡ttr❛✐t ❞❡s ❡rr❡✉rs ❞✬❡st✐♠❛t✐♦♥ ♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ ✹✪ ♣♦✉r ❧❛ ❞❡♥s✐té✱ ✶✹✪ ♣♦✉r ❧❛
✈✐t❡ss❡ ❞❡s ♦♥❞❡s P ❡t ✼✸✪ ♣♦✉r ❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s ❙ ❡♥ ❇❋ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✵✽❪ ✶✶✳
❈❡s ❡rr❡✉rs s♦♥t ♣❧✉s ✐♠♣♦rt❛♥t❡s ❡♥ ❇❋ q✉✬❡♥ ❍❋✳ ◆♦t♦♥s q✉❡ ❝❡s ❡rr❡✉rs ♦♥t été ❡st✐♠é❡s ♣♦✉r
✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ✏❛❝❛❞é♠✐q✉❡✑✱ à s❛✈♦✐r ✉♥❡ ✐♥t❡r❢❛❝❡ s❛♥s ❤étér♦❣é♥é✐tés ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉①
é❧❛st✐q✉❡s ❤♦♠♦❣è♥❡s ✐s♦tr♦♣❡s✳ ❖♥ ♣❡✉t ♣❡♥s❡r q✉✬❡❧❧❡s s❡r♦♥t ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱
✈♦✐r❡ ♣❧✉s ✐♠♣♦rt❛♥t❡s✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ♠✐❧✐❡✉① ♣❧✉s ❝♦♠♣❧❡①❡s✳ P❛r ❝♦♥tr❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♥♦tr❡
❛♣♣r♦①✐♠❛t✐♦♥✱ ❜❛sé❡ s✉r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ éq✉❛t✐♦♥s ❞❡ ❩♦❡♣♣r✐t③ ✴ ❩❋■✱ ❧✐♠✐t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t
❧❡s ❡rr❡✉rs ❝♦♠♠✐s❡s s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés✱ ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s P ✭❡r✲
r❡✉r ✐♥❢ér✐❡✉r❡ à ✾✪✮ ❡t s✉r ❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s ❙ ✭❡rr❡✉r ✐♥❢ér✐❡✉r❡ à ✹✪✮✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡ ❢❛✐t ❞❡

✶✶✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❝❡t ❛rt✐❝❧❡ ❡♥ ❆♥♥❡①❡ ❉



✶✹ ❈❤❛♣✐tr❡ ✷✳ ◗✉✬❡st✲❝❡ q✉✬✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❄

❞✐s♣♦s❡r ❞✬✉♥ ❛❧❣♦r✐t❤♠❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ q✉❛s✐✲❛♥❛❧②t✐q✉❡ ✏s✐♠♣❧❡✑✱ ❜❛sé s✉r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡
❧❛ ❩❋■ ❡t ❞❡ ❝♦❡✣❝✐❡♥ts ❞❡ ré✢❡①✐♦♥ ♦♥❞❡s ♣❧❛♥❡s ❝♦♥♥✉s ♣♦✉r ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s t②♣❡s✱ ♣♦✉rr❛✐t
s❛♥s ❞♦✉t❡ êtr❡ ❜é♥é✜q✉❡ ❡♥ ✈✉❡ ❞✬✉♥❡ str❛té❣✐❡ ❞✬✐♥✈❡rs✐♦♥ ♣❡✉ ❝♦ût❡✉s❡ ❡♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳
❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❝❡❧❛ ♠ér✐t❡ ♣❧✉s ❛♠♣❧❡ ré✢❡①✐♦♥✳

✷✳✺ ❈♦♥❝❧✉s✐♦♥s ❡t Pr♦❜❧è♠❡s ♦✉✈❡rts

❆✜♥ ❞❡ ❝♦♠♣r❡♥❞r❡ ❝♦♠♠❡♥t ✉♥❡ ♦♥❞❡ ✐♥t❡r❛❣✐t ❛✈❡❝ ✉♥❡ ✐♥t❡r❢❛❝❡ s✉r ❧❛q✉❡❧❧❡ ❡❧❧❡ ✈❛ s❡
ré✢é❝❤✐r✱ ♥♦✉s ❛✈♦♥s r❡✈✐s✐té ❧❡ ❝♦♥❝❡♣t ❞❡ rés♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s✐s♠✐q✉❡ ✿ ❝♦♥tr❛✐r❡♠❡♥t à
❧❛ ♣❡♥sé❡ ❝♦♠♠✉♥❡✱ ❝❡ ♥✬❡st ♣❛s ❧❛ ❢réq✉❡♥❝❡ ♠❛✐s ❜✐❡♥ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ s✐s♠✐q✉❡ q✉✐ ❡st ❧❡
♣❛r❛♠ètr❡ ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t✳ P❧✉s ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ s❡r❛ ❣r❛♥❞❡✱ ♠✐❡✉① ❧❡s ✐♥t❡r❢❛❝❡s ♣r♦❝❤❡s
♣♦✉rr♦♥t êtr❡ ❞✐st✐♥❣✉é❡s✳ ❖♥ ❞♦✐t ❞♦♥❝ ✈❡✐❧❧❡r à ❡♥r✐❝❤✐r ❧❛ ❜❛♥❞❡ à ❧❛ ❢♦✐s ❛✈❡❝ ❞❡s ❤❛✉t❡s
❢réq✉❡♥❝❡s ❡t ❞❡s ❜❛ss❡s ❢réq✉❡♥❝❡s✱ t♦✉t ❡♥ ❣❛r❞❛♥t à ❧✬❡s♣r✐t q✉❡ ❧❡s ❍❋ ♣❡✉✈❡♥t ♣❛r❢♦✐s êtr❡
❢♦rt❡♠❡♥t ❛tté♥✉é❡s ♣❛r ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s t❡❧s q✉❡ ♣❛r ❡①❡♠♣❧❡ ❧✬❛❜s♦r♣t✐♦♥ ♦✉ ❧❛ ❞✐✛✉s✐♦♥✳

▲❛ rés♦❧✉t✐♦♥ ❧❛tér❛❧❡ ❞❡ ❧❛ s✐s♠✐q✉❡ ❡st ❧✐é❡ ✭❛✈❛♥t ♠✐❣r❛t✐♦♥✮ à ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡
✭❩❋■✮✳ ◆♦✉s ❛✈♦♥s ♣✉ é✈❛❧✉❡r ❛♥❛❧②t✐q✉❡♠❡♥t ❧❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧❛ ❩❋■ ♣♦✉r ❞❡s ❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡
s✉❜❝r✐t✐q✉❡s q✉❡❧❝♦♥q✉❡s ❡t ♣♦✉r ❞❡s ✐♥t❡r❢❛❝❡s ❞❡ t②♣❡ ♣❧❛♥✱ ❛♥t✐❝❧✐♥❛❧ ❡t s②♥❝❧✐♥❛❧✳ ■❧ s❡r❛✐t
✐♥tér❡ss❛♥t ❞❡ ❣é♥ér❛❧✐s❡r ❝❡tt❡ ét✉❞❡ ❡♥ ❝♦♥s✐❞ér❛♥t ❞❡s ✐♥t❡r❢❛❝❡s à ❝♦✉r❜✉r❡ q✉❡❧❝♦♥q✉❡ ❞❛♥s
❧❡s ♣❧❛♥s ❞✬✐♥❝✐❞❡♥❝❡ ❡t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ♣❧❛♥ ❞✬✐♥❝✐❞❡♥❝❡✳

P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é ❧❡ ✈♦❧✉♠❡ s♣❛t✐❛❧ ✭❧♦❝❛❧✐sé ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡✮ ❞✬✐♥t❡r❛❝t✐♦♥
❛✈❡❝ ❧❡s ♦♥❞❡s q✉✐ ❝♦♥tr✐❜✉❡ ♣❤②s✐q✉❡♠❡♥t à ❧❛ ré✢❡①✐♦♥✳ ◆❡ ♣❛s ❡♥ t❡♥✐r ❝♦♠♣t❡ ❞❛♥s ❧❡s ♠♦❞é❧✐✲
s❛t✐♦♥s ❝♦♥❞✉✐t à ❞❡s ❡rr❡✉rs s②sté♠❛t✐q✉❡s s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❞❡s ♠✐❧✐❡✉①
♥❛t✉r❡❧s✱ ❡t ❞♦♥❝ à ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❜✐❛✐sé❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡ ✈♦❧✉♠❡✱ q✉✐ ❞é✜♥✐t ❝❡ q✉✬❡st
✉♥ ré✢❡❝t❡✉r s✐s♠✐q✉❡✱ ❡st ❛✉ss✐ ✉♥ ✈♦❧✉♠❡ s♣❛t✐❛❧ ♠✐♥✐♠❛❧ ❞✬✐♥té❣r❛t✐♦♥ ❡t ❞✬❤♦♠♦❣é♥é✐s❛t✐♦♥
❞❡s ♣r♦♣r✐étés ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡✳ ▲❡s ❤étér♦❣é♥é✐tés ♣rés❡♥t❡s ❞❛♥s ❝❡ ✈♦❧✉♠❡ ❝♦♥❞✐t✐♦♥♥❡♥t
❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❢♦r♠❡s ❞✬♦♥❞❡ ❡♥r❡❣✐stré❡s ❛✉① ❝❛♣t❡✉rs✳ ❆✜♥ ❞❡ ♥♦✉s r❛♣♣r♦❝❤❡r ✉♥ ♣❡✉
♣❧✉s ❞❡ ❧❛ ré❛❧✐té ❣é♦❧♦❣✐q✉❡✱ ✐❧ s❡r❛✐t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❞✐♠❡♥s✐♦♥s
❞✉ ré✢❡❝t❡✉r s✐s♠✐q✉❡✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ♠✐❧✐❡✉① ❛♥✐s♦tr♦♣❡s ❡♥ ❝♦♥t❛❝t✱ ❧✬❛♥✐s♦tr♦✲
♣✐❡ ❞❡ ✈✐t❡ss❡s ♣♦✉✈❛♥t rés✉❧t❡r ❞❡ ❧❛ ❧✐t❤♦❧♦❣✐❡ ♦✉ ❞❡ ❧❛ ❢r❛❝t✉r❛t✐♦♥ ❞❡s ♠✐❧✐❡✉①✳ ▲❛ q✉❡st✐♦♥
s♦✉s✲❥❛❝❡♥t❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧✬❛♥✐s♦tr♦♣✐❡ ré❞✉✐t✲❡❧❧❡ ❧❡ ✈♦❧✉♠❡ s♣❛t✐❛❧ ♠✐♥✐♠❛❧ ❞✬✐♥té❣r❛t✐♦♥ ❞❡s
♣r♦♣r✐étés ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❄ P❛r ❛✐❧❧❡✉rs✱ ✐❧ s❡♠❜❧❡ ♥é❝❡ss❛✐r❡ ❞✬ét✉❞✐❡r ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥
✭t②♣❡✮ ♠✉❧t✐✲é❝❤❡❧❧❡s ❞✬❤étér♦❣é♥é✐tés ♣♦✉✈❛♥t êtr❡ ♣rés❡♥t❡s ❛✉ s❡✐♥ ❞❡ ❝❡ ✈♦❧✉♠❡✱ ❛✜♥ ❞✬② ❛s✲
s♦❝✐❡r ✉♥❡ ré✢❡❝t✐✈✐té ✏éq✉✐✈❛❧❡♥t❡✑✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥té❣ré❡ ❣é♦❧♦❣✐❡✴♠é❝❛♥✐q✉❡ ❞✉
❝♦♥t❛❝t✴❣é♦♣❤②s✐q✉❡✳ ▼ê♠❡ s✐ ❝❡ ♣r♦❝❡ss✉s s❡♠❜❧❡ ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t ❞✉ ♠✐❧✐❡✉ ❣é♦❧♦❣✐q✉❡
ét✉❞✐é✱ ♦♥ ♣♦✉rr❛✐t s❛♥s ❞♦✉t❡ ♣♦s❡r ❝❡rt❛✐♥s ❥❛❧♦♥s ❛ss❡③ ❣é♥ér❛✉① ♣♦✉r ❝❡r♥❡r ❝❡tt❡ ♣r♦❜❧é♠❛✲
t✐q✉❡✳



❈❤❛♣✐tr❡ ✸

▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

❈♦❧❧❛❜♦r❛t✐♦♥s

❊✳ ❞❡ ❇❛③❡❧❛✐r❡ ✭❛♥❝✐❡♥ ❊①♣❡rt ■♥t❡r♥❛t✐♦♥❛❧ ❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥✱ ♣✉✐s ❚❖❚❆▲ ❀ ❞é❝é❞é

❧❡ ✷✽✴✵✻✴✷✵✵✼✮

❲✳ ▼❛❦✐♥❞é ✭❚❤ès❡ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r s♦✉t❡♥✉❡ ❧❡ ✷✺✴✵✷✴✷✵✵✹ ❀ ❛❝t✉❡❧✲

❧❡♠❡♥t ✐♥❣é♥✐❡✉r ❚❖❚❆▲✮

P✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✺❪✱ ❬✻❪✱ ❬✶✸❪✱ ❬✺✽❪✱ ❬✺✾❪✱ ❬✻✵❪
❯♥❡ ❝♦♣✐❡ ❞❡s ❛rt✐❝❧❡s ❬✺❪✱ ❬✻❪ ❡t ❬✶✸❪ ❛ été ♣❧❛❝é❡ ❡♥ ❆♥♥❡①❡ ❉✳

❈♦♠♠✉♥✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✶✼❪✱ ❬✶✽❪✱ ❬✷✻❪✱ ❬✷✼❪✱ ❬✷✽❪✱ ❬✷✾❪✱ ❬✸✵❪✱ ❬✸✶❪✱ ❬✸✷❪

✖✖✖✖✖✖✕

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

▲✬❛♠♣❧✐t✉❞❡ ❡t ❧❛ ♣❤❛s❡ ❞❡s s✐❣♥❛✉① s✐s♠✐q✉❡s s♦♥t ❞❡✉① ♣❛r❛♠ètr❡s ✐♠♣♦rt❛♥ts ❡①♣❧♦✐tés ❛✉
❝♦✉rs ❞❡s ♣r♦❝❡ss✉s ❞✬✐♥t❡r♣rét❛t✐♦♥ ❡t ❞✬✐♥✈❡rs✐♦♥✳ ❈❡s ❞❡✉① ♣❛r❛♠ètr❡s s♦♥t ❛✛❡❝tés✱ t♦✉t ❧❡
❧♦♥❣ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ❝❤❛♠♣s ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t ❡t ré✢é❝❤✐✱ ♣❛r ❝❡rt❛✐♥s ❡✛❡ts q✉✐ ❞é♣❡♥❞❡♥t
❞✉ ❝♦♥t❡①t❡ ❣é♦❧♦❣✐q✉❡✱ ❞❡ s❛ ❢♦r♠❡ str✉❝t✉r❛❧❡✱ ❞❡ ❧❛ ❧✐t❤♦❧♦❣✐❡✱ ❞❡s ✢✉✐❞❡s ❡♥ ♣rés❡♥❝❡✳✳✳

P❛r ❡①❡♠♣❧❡✱ ❧❡s ❝❛✉s❡s ❞❡s ❜❛✐ss❡s ❞✬❛♠♣❧✐t✉❞❡ ❧❡ ❧♦♥❣ ❞✉ tr❛❥❡t ❞❡ ❧✬♦♥❞❡ s✐s♠✐q✉❡ ❡♥tr❡
❧❛ s♦✉r❝❡ ❡t ❧❡ ré❝❡♣t❡✉r s♦♥t ♥♦♠❜r❡✉s❡s ❡t ♦♥t été ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡✉r ❣r❛♥❞❡ ♠❛❥♦r✐té ♣❛r
❙❤❡r✐✛ ❬❙❤❡r✐✛✱ ✶✾✼✺❪✳ ❖♥ ♣❡✉t ❝✐t❡r ♣❛r ❡①❡♠♣❧❡ ❧❡s ❝❛✉s❡s ❞✬❛tté♥✉❛t✐♦♥ ✏✐♥tr✐♥sèq✉❡✑✱ ❧✐é❡s
❡ss❡♥t✐❡❧❧❡♠❡♥t à ❞❡s ♣❤é♥♦♠è♥❡s ❞✐ss✐♣❛t✐❢s à ❧✬é❝❤❡❧❧❡ ♠✐❝r♦s❝♦♣✐q✉❡ q✉✐ ✐♥❞✉✐s❡♥t ❞❡s ❡✛❡ts
♠❛❝r♦s❝♦♣✐q✉❡s ♣♦✉✈❛♥t êtr❡ r❡♣rés❡♥tés ♣❛r ❞❡ ❧❛ ✈✐s❝♦é❧❛st✐❝✐té ♦✉ ❞❡ ❧❛ ♣♦r♦✲é❧❛st✐❝✐té ✭❡✳❣✳✱
♠♦✉✈❡♠❡♥t ❣r❛✐♥✲❣r❛✐♥✱ ♠♦✉✈❡♠❡♥t ❞❡ ✢✉✐❞❡ ❞❛♥s ❧❡s r♦❝❤❡s ♣❛rt✐❡❧❧❡♠❡♥t s❛t✉ré❡s✱ ❝♦♠♣♦rt❡✲
♠❡♥t ❛♥é❧❛st✐q✉❡ ❞❡ ❧❛ r♦❝❤❡✳✳✳✮✳ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ❝✐t❡r ❧❡s ❝❛✉s❡s ❞✬❛tté♥✉❛t✐♦♥ ✏❛♣♣❛r❡♥t❡✑
❧✐é❡s à ❧❛ ❞✐✈❡r❣❡♥❝❡ ❣é♦♠étr✐q✉❡ ❞❡s ❢r♦♥ts ❞✬♦♥❞❡ ❡t à ❞❡s ♣❤é♥♦♠è♥❡s ❝♦♠♣❧❡①❡s ❞❡ ♣r♦✲
♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ✭❡✳❣✳✱ ❞✐✛r❛❝t✐♦♥s ♣❛r ❞❡s ❤étér♦❣é♥é✐tés à ❧✬é❝❤❡❧❧❡ ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✱
✐♥t❡r❢ér❡♥❝❡s ❞❡str✉❝t✐✈❡s✳✳✳✮✳ ▲❡ tr❛✐t❡♠❡♥t ❝❧❛ss✐q✉❡ ❞❡s s✐❣♥❛✉① s❡ ❝♦♥❝❡♥tr❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t
s✉r ❧❡s ❡✛❡ts ❣é♦♠étr✐q✉❡s ✏s✐♠♣❧❡s✑ t❡❧s q✉❡ ❧❛ ❝♦✉r❜✉r❡ ❞❡s ✐♥t❡r❢❛❝❡s✱ s✉♣♣♦sé❡ êtr❡ ❝♦rr✐❣é❡
♣❛r ❧❛ ♠✐❣r❛t✐♦♥✱ ❡t r❡❣r♦✉♣❡ s♦✉✈❡♥t ✭s❛♥s ✈r❛✐♠❡♥t ❧❡s ✐❞❡♥t✐✜❡r✮ ❧❡s ❛✉tr❡s ❝❛✉s❡s ❞❡ ❜❛✐ss❡
❞❡ ❧✬❛♠♣❧✐t✉❞❡ s♦✉s ✉♥❡ ❛tté♥✉❛t✐♦♥ ❛♣♣❛r❡♥t❡ ❝♦♠♣❡♥sé❡ ♣❛r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❢❛❝t❡✉rs ❞❡ q✉❛✲
❧✐té ◗ ❬❆❦✐ ❡t ❘✐❝❤❛r❞s✱ ✷✵✵✷❪✳ ◆é❛♥♠♦✐♥s✱ ❞❡s ♠❡s✉r❡s ❛❞❞✐t✐♦♥♥❡❧❧❡s ♦❜t❡♥✉❡s ❡♥ ♣✉✐ts ❡t ❞❡s
♠♦❞é❧✐s❛t✐♦♥s ♦♥t ♣r♦✉✈é q✉❡ ❧✬❛❜s♦r♣t✐♦♥ ❞✉❡ à ❞❡s ♣❤é♥♦♠è♥❡s ❞✐ss✐♣❛t✐❢s ♥✬ét❛✐t ♣❛s t♦✉❥♦✉rs
❧❛ ❝❛✉s❡ ❞♦♠✐♥❛♥t❡ ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞❡s ❛♠♣❧✐t✉❞❡s✱ ❡t q✉❡ ❞✬❛✉tr❡s ♣❤é♥♦♠è♥❡s✱ ❧✐és ♣❧✉tôt à ❧❛



✶✻ ❈❤❛♣✐tr❡ ✸✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✱ ♣♦✉✈❛✐❡♥t êtr❡ ♠✐s ❡♥ ❝❛✉s❡ t❡❧s q✉❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡
❬❘❛♣♣✐♥ ❡t ❛❧✳✱ ✷✵✵✾❛❪✳ ■❧ ❛ ❞✬❛✐❧❧❡✉rs été ♠♦♥tré ❞❛♥s ❝❡ ❝❛s ♣ré❝✐s q✉❡ ❧❡s ❝♦♠♣❡♥s❛t✐♦♥s ❜❛sé❡s
s✉r ❧❡ ❢❛❝t❡✉r ◗ ❛✈❛✐❡♥t très ♣❡✉ ❞✬❡✛❡t s✉r ❧✬❛tté♥✉❛t✐♦♥ ❞❡s ❛♠♣❧✐t✉❞❡s ✐♥❞✉✐t❡ ♣❛r ❧❛ ❞✐✛✉s✐♦♥
❞✬✐♥t❡r❢❛❝❡ ❬❘❛♣♣✐♥ ❡t ❇❛r♥❡s✱ ✷✵✵✽❪✳

■❧ s❡♠❜❧❡ ❛❧♦rs ✐♥❞✐s♣❡♥s❛❜❧❡ ❞✬✐❞❡♥t✐✜❡r ❧❡s ❝❛✉s❡s ❞❡s ✏❛♥♦♠❛❧✐❡s✑ ❞✬❛♠♣❧✐t✉❞❡ ❞❡s s✐❣♥❛✉①
s✐s♠✐q✉❡s ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞♦♥♥é ♣♦✉r ❝♦rr✐❣❡r ❧❡s ❞♦♥♥é❡s ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧✬❡✣❝❛❝✐té ❞❡s
t❡❝❤♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s ❡t ❞❡s t❡❝❤♥✐q✉❡s ✈✐s❛♥t à q✉❛♥t✐✜❡r ❧❡s ♣r♦♣r✐étés ❞❡s
♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s✳ ❈❡tt❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♣❛ss❡ ❛✈❛♥t t♦✉t ♣❛r ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♠é❝❛♥✐s♠❡s
♣❤②s✐q✉❡s s♦✉s✲❥❛❝❡♥ts✳ ❉❡ ♥♦tr❡ ❝ôté✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❢♦❝❛❧✐sés s✉r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛✉s✐♦♥
❞❡s ♦♥❞❡s ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s ❛✉① ❝❛r❛❝tér✐st✐q✉❡s ✭❣é♦♠étr✐q✉❡s ❡t✴♦✉ ♣❤②s✐q✉❡s✮ ❧❛tér❛❧❡♠❡♥t
❤étér♦❣è♥❡s ✭✐✳❡✳✱ ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡✮ ❡t s✉r s❡s ❡✛❡ts ♣♦t❡♥t✐❡❧s s✉r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s✳

✸✳✷ ❉✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❡t ❉✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡

■❧ ❡①✐st❡ ❞❡✉① t②♣❡s ❞❡ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡✱ ✐✳❡✳ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❡t ❧❛ ❞✐✛✉s✐♦♥ ❞✬❛♠✲
♣❧✐t✉❞❡✱ q✉✐ ♣❡✉✈❡♥t ❡①✐st❡r sé♣❛ré♠❡♥t ♦✉ ❝♦❤❛❜✐t❡r s❡❧♦♥ ❧❛ str✉❝t✉r❡ ❡t ❧✬❤✐st♦✐r❡ ❞❡s ♠✐❧✐❡✉①
❣é♦❧♦❣✐q✉❡s✳

❚②♣✐q✉❡♠❡♥t✱ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❛♣♣❛r❛ît ❧♦rsq✉✬✉♥ ❢r♦♥t ❞✬♦♥❞❡ r❡♥❝♦♥tr❡ ✉♥❡ s✉r❢❛❝❡ ❞❡
❞✐s❝♦♥t✐♥✉✐té ❞✬✐♠♣é❞❛♥❝❡ ❞♦♥t ❧❡ r❡❧✐❡❢ ✈❛r✐❡ s♣❛t✐❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ❡t ❛ ✉♥❡ ❛♠♣❧✐t✉❞❡
♥♦♥ ✏♥é❣❧✐❣❡❛❜❧❡✑ ❝♦♠♣❛ré❡ à ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞♦♠✐♥❛♥t❡ ❞✉ s♣❡❝tr❡ ❞✉ s✐❣♥❛❧ ✐♥❝✐❞❡♥t✳ ❖✉tr❡
❧❡ ❢❛✐t ❞❡ tr❛♥s❢♦r♠❡r ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ✐♥❝✐❞❡♥t❡ ❡♥ ❜r✉✐t ✭q✉✐ ❛♣♣❛r❛ît s✉r t♦✉s ❧❡s ♦✛s❡ts✮✱
❧❡ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡ ✭✐✳❡✳✱ ❧✬✐♥t❡r❢❛❝❡ r✉❣✉❡✉s❡✮ ✐♥tr♦❞✉✐t ✉♥ ❞é♣❤❛s❛❣❡ s♣❛t✐❛❧❡♠❡♥t ❛❧é❛t♦✐r❡
s✉r ❧❡s ❢r♦♥ts ❞✬♦♥❞❡ ré✢é❝❤✐s ❡t tr❛♥s♠✐s✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ❝♦❤ér❡♥t ✭❞❛♥s
❧❡s ❞✐r❡❝t✐♦♥s s♣é❝✉❧❛✐r❡s✮ ♠❛✐s ❛✉ss✐ à ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝❤❛♠♣ ✐♥❝♦❤ér❡♥t ✭❞✐✛r❛❝t✐♦♥s ❞❛♥s ❧❡s
❞✐r❡❝t✐♦♥s ♥♦♥ s♣é❝✉❧❛✐r❡s✮✳ ❈❡ ❞é♣❤❛s❛❣❡ ❡st ❞✐✣❝✐❧❡♠❡♥t ♣ré✈✐s✐❜❧❡ s❛♥s ❝♦♥♥❛✐ss❛♥❝❡ ❛ ♣r✐♦r✐

❞✉ ♣r♦✜❧ ❞❡ ❧❛ s✉r❢❛❝❡ r✉❣✉❡✉s❡✳ Pré❝✐s♦♥s q✉❡ ❧❛ ♥♦t✐♦♥ ❞❡ r✉❣♦s✐té ♥✬❡st ♣❛s ✉♥❡ ♣r♦♣r✐été
✐♥tr✐♥sèq✉❡ ❞✉ ♠✐❧✐❡✉✱ ❡❧❧❡ ❞é♣❡♥❞ ❞❡ ❧✬é❝❤❡❧❧❡ ❞✬♦❜s❡r✈❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡
❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ ✐♥✢✉❡♥❝❡♥t ❞❡ ♠❛♥✐èr❡ ❝r✉❝✐❛❧❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ♦♥❞❡s✳ ▲❛ ❢réq✉❡♥❝❡ ❡t
❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ❞ét❡r♠✐♥❡♥t ✉♥❡ r✉❣♦s✐té ✏❡✛❡❝t✐✈❡✑ ❞❡ ❧❛ s✉r❢❛❝❡ ❡t ❧❛ ❢❛ç♦♥ ❞♦♥t ❧✬é♥❡r❣✐❡
❡st ❞✐✛✉sé❡ ♣❛r ❝❡tt❡ s✉r❢❛❝❡ ✭❝❢ ❋✐❣✉r❡ ✸✳✶✮✳ ❯♥❡ s✉r❢❛❝❡ ❛♣♣❛r❛ît ❞✬❛✉t❛♥t ♣❧✉s r✉❣✉❡✉s❡ q✉❡
❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ λinc ❡st ♣❡t✐t❡ ♦✉ q✉❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ αinc ✭❞é✜♥✐ ♣❛r r❛♣♣♦rt à
❧❛ ♥♦r♠❛❧❡ à ❧✬✐♥t❡r❢❛❝❡✮ t❡♥❞ ✈❡rs ③ér♦ ❬❖❣✐❧✈②✱ ✶✾✾✶❪✳ ▲❡ ❝r✐tèr❡ ❞❡ ❘❛②❧❡✐❣❤

∆h <
λ

8 cos αinc

❞é✜♥✐t ❧❛ ❧✐♠✐t❡ ❞❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐té ❡♥✲❞❡ss♦✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❛ s✉r❢❛❝❡ ♣❡✉t ❛♣♣❛r❛îtr❡ ❧✐ss❡
❬■s❤✐♠❛r✉✱ ✶✾✼✽✱ ❖❣✐❧✈②✱ ✶✾✾✶❪✳ ❈✬❡st ❛✐♥s✐ q✉✬à ✐♥❝✐❞❡♥❝❡ ♥♦r♠❛❧❡ ✉♥❡ s✉r❢❛❝❡ s❡r❛ ✈✉❡ ❝♦♠♠❡
❧✐ss❡ ♣❛r ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ s✐ ❧❛ ❤❛✉t❡✉r ❞❡ s❡s r✉❣♦s✐tés ❡st ✐♥❢ér✐❡✉r❡ à λinc/8✳
▲❡ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡ ❧❡ ♣❧✉s ❝♦♥♥✉ ❡♥ s✐s♠✐q✉❡ ❡st ❝❡rt❛✐♥❡♠❡♥t ❧❛ ③♦♥❡ ❛❧téré❡ ❞❡ s✉r❢❛❝❡ ✭♦✉
✏✇❡❛t❤❡r❡❞ ③♦♥❡✑ ❡♥ ❛♥❣❧❛✐s✮✳ ▲❡s ❞✐s❝♦r❞❛♥❝❡s ❛♥❣✉❧❛✐r❡s✱ ❧❡s ✐♥t❡r❢❛❝❡s s❡❧✲❝♦✉❝❤❡s ❧❡ ❧♦♥❣ ❞❡s
❞ô♠❡s ❞❡ s❡❧ ♦✉ s♦✉s ❧❡s s✉r♣❧♦♠❜s ✭✐✳❡✳✱ ✏♦✈❡r❤❛♥❣s✑✮✱ ❡t ❧❡s ♦❧✐st♦str♦♠❡s ❝♦♥st✐t✉❡♥t é❣❛❧❡♠❡♥t
❞❡ ❜♦♥s ❞✐✛✉s❡✉rs ❞❡ ♣❤❛s❡ ✭❝❢ ❋✐❣✉r❡ ✸✳✷✮✳ ◗✉❛♥❞ ❧❛ ❞✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❡①✐st❡✱ ❡❧❧❡ ❡st s♦✉✈❡♥t
très ❢♦rt❡ ❡t s♦♥ ❡✛❡t ❡st ❞✬❛✉t❛♥t ♣❧✉s ❣r❛♥❞ q✉✬♦♥ s✬é❧♦✐❣♥❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ✉♥ ♣❡✉ à ❧❛ ♠❛♥✐èr❡
❞✉ ✈❡rr❡ ❞é♣♦❧✐ ❡♥ ♦♣t✐q✉❡ ❬❇♦r♥ ❡t ❲♦❧❢✱ ✶✾✾✾❪✳

▲❛ ❞✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ❛♣♣❛r❛ît ❧♦rsq✉✬✉♥ ❢r♦♥t ❞✬♦♥❞❡ r❡♥❝♦♥tr❡ ✉♥❡ s✉r❢❛❝❡ ❞❡ ❞✐s❝♦♥t✐✲
♥✉✐tés ❞✬✐♠♣é❞❛♥❝❡ ❞♦♥t ❧❡s ✈❛❧❡✉rs ✈❛r✐❡♥t s♣❛t✐❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳ ❊❧❧❡ ❡st ❞✐t❡ ♣✉r❡ s✐
❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ♥✬✐♥tr♦❞✉✐t ♣❛s ❞❡ ✈❛r✐❛t✐♦♥ ❧❛tér❛❧❡ ❞❡ ♣❤❛s❡ ❞❛♥s ❧❡s ❝❤❛♠♣s ❞✬♦♥❞❡✱ ✐✳❡✳



✸✳✷✳ ❉✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ ❡t ❉✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ✶✼

❋✐❣✉r❡ ✸✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ❞✐✛✉sé❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡

❧❛ r✉❣♦s✐té ❞❡ s✉r❢❛❝❡✳ ✭❆❞❛♣té ❞❡ ❬❖❣✐❧✈②✱ ✶✾✾✶❪✮

❋✐❣✉r❡ ✸✳✷ ✕ ■❧❧✉str❛t✐♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡ ♣❤❛s❡ s✉r ❞❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s ré❡❧❧❡s

✭❉❡❧t❛ ❞✉ ◆✐❣❡r✮✳ ❉❛♥s ❧❛ ③♦♥❡ ✶✱ ♦♥ ♥♦t❡ ✉♥❡ ❜♦♥♥❡ ❝♦❤ér❡♥❝❡ ❧❛tér❛❧❡ ❞❡s é✈è♥❡♠❡♥ts ❡t

❞❡ ❧❛ ♣❤❛s❡ ❞❡s s✐❣♥❛✉①✱ t❛♥❞✐s q✉❡ ❞❛♥s ❧❛ ③♦♥❡ ✸ ❧❡s é✈è♥❡♠❡♥ts ♦♥t ✉♥ ❝❛r❛❝tèr❡ t♦t❛❧❡♠❡♥t

❛❧é❛t♦✐r❡✳ ❉❛♥s ❧❛ ③♦♥❡ ✷✱ ♦♥ ♣❡✉t ❢❛❝✐❧❡♠❡♥t ❞✐st✐♥❣✉❡r ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡✳ ✭❙♦✉r❝❡ ✿

❬▼❛❦✐♥❞é✱ ✷✵✵✹❪✮

s✐ ❧❛ s✉r❢❛❝❡ ❡st ❧✐ss❡✳ ▲❡ ❞✐✛✉s❡✉r ❞✬❛♠♣❧✐t✉❞❡ ✐♥tr♦❞✉✐t ✉♥❡ ✈❛r✐❛t✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ r❡❧❛t✐✈❡ ❡♥tr❡
❞❡✉① ♣❛rt✐❡s ❝♦♥sé❝✉t✐✈❡s ❞✉ ❢r♦♥t ❞✬♦♥❞❡ ré✢é❝❤✐ ♦✉ tr❛♥s♠✐s✱ s❛♥s q✉✬✐❧ ② ❛✐t ✈❛r✐❛t✐♦♥ ❧❛tér❛❧❡
❞❡s ♣❤❛s❡s✳

▲❡s ❞✐s❝♦♥t✐♥✉✐tés ❞✬✐♠♣é❞❛♥❝❡ q✉✐ ❣é♥èr❡♥t ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t
❞✉❡s ❛✉① ❞é❝♦❧❧❡♠❡♥ts ❞❡s ❝♦✉❝❤❡s q✉✐ s❡ s✉♣❡r♣♦s❡♥t✳ ▲♦rsq✉✬✉♥❡ ❝♦✉❝❤❡ s❡ ❞é♣♦s❡ s✉r ✉♥❡
❝♦✉❝❤❡ s♦✉s✲❥❛❝❡♥t❡ ❞é♣♦sé❡ ♣ré❝é❞❡♠♠❡♥t✱ ❞❡✉① ❝❛s ❞❡ ✜❣✉r❡ ♣❡✉✈❡♥t s❡ ♣rés❡♥t❡r✳ ❉❛♥s ❧❡ 1er

❝❛s✱ ❧❛ ❝♦✉❝❤❡ s♦✉s✲❥❛❝❡♥t❡ ❡st ❛♥❝✐❡♥♥❡ ❀ ❡❧❧❡ ❡st ♣❛rt✐❡❧❧❡♠❡♥t ér♦❞é❡ ❝❛r ✐❧ ② ❛ ❡✉ ré❣r❡ss✐♦♥



✶✽ ❈❤❛♣✐tr❡ ✸✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

♣✉✐s tr❛♥s❣r❡ss✐♦♥ ❞❡ ❧❛ ♠❡r✳ ▲✬ét❛t ❞❡ s✉r❢❛❝❡ ❞❡ ❝❡tt❡ ❝♦✉❝❤❡ ❛ ❛✐♥s✐ ❞❡s ♣r♦♣r✐étés ❞❡ ❞✉r❡té
s✉♣❡r✜❝✐❡❧❧❡ q✉✐ ✈❛r✐❡♥t s♣❛t✐❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ❛✉ ❣ré ❞❡s ♦①②❞❛t✐♦♥s✱ ❞❡s ❞✐ss♦❧✉t✐♦♥s ❡t
❞❡ t♦✉t❡ ❛✉tr❡ ❛❧tér❛t✐♦♥✳ ▲❛ ♥♦✉✈❡❧❧❡ ❝♦✉❝❤❡ q✉✐ s❡ ❞é♣♦s❡✱ ♠ê♠❡ s✐ ❡❧❧❡ ❡st ❤♦♠♦❣è♥❡ ❡t ❞❡ ♠ê♠❡
✐♠♣é❞❛♥❝❡ ❛❝♦✉st✐q✉❡ q✉❡ ❧❛ ❝♦✉❝❤❡ s♦✉s✲❥❛❝❡♥t❡✱ ✈❛ ❡♥❣❡♥❞r❡r ❞❡s ❞✐s❝♦♥t✐♥✉✐tés ❞✬✐♠♣é❞❛♥❝❡
❞❡ ❝♦♥t❛❝t q✉✐ ✈❛r✐❡♥t s♣❛t✐❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡✳ ▲❡s ❞❡✉① ❝♦✉❝❤❡s ♥❡ s♦♥t ♣❛s ✏❝♦❧❧é❡s✑ ❞❡
❢❛ç♦♥ ✉♥✐❢♦r♠❡ ❡t ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ❛♣♣❛r❛ît✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡s sér✐❡s ❞❡❧t❛ïq✉❡s
✭❝❢ ❋✐❣✉r❡ ✸✳✸✮✳ ❉❛♥s ❧❡ 2e ❝❛s✱ ❧❛ ❝♦✉❝❤❡ s♦✉s✲❥❛❝❡♥t❡ ✈✐❡♥t ❞✬êtr❡ ❞é♣♦sé❡✳ ▲❛ ♥♦✉✈❡❧❧❡ ❝♦✉❝❤❡
q✉✐ s❡ ❞é♣♦s❡ ❡st ❝♦♠♣♦sé❡ ❞❡ ♠❛tér✐❛✉① ❞✬♦r✐❣✐♥❡ ❞✐✛ér❡♥t❡ ❀ ❡♥ ♣❛rt✐❝✉❧✐❡r✱ s❛ ❞✉r❡té ♥✬❡st
♣❛s ❧❛ ♠ê♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ❝❡ ♥♦✉✈❡❛✉ ♠❛tér✐❛✉ ❡st ❞é♣♦sé ❞✐r❡❝t❡♠❡♥t s✉r ❝❡❧✉✐ ❞❡ ❧❛
❝♦✉❝❤❡ s♦✉s✲❥❛❝❡♥t❡✱ ❧✬❛❞❤ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ❝♦✉❝❤❡s ❡st ♣❛r❢❛✐t❡ ❡t ❧❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ❡st
♥é❣❧✐❣❡❛❜❧❡✱ ❥✉sq✉✬❛✉ ❥♦✉r ♦ù ✐❧ ② ❛ ❞é❢♦r♠❛t✐♦♥ ❞❡s ❝♦✉❝❤❡s ♣❛r t❡❝t♦♥✐s❛t✐♦♥✱ s♦✐t ❡♥ tr❛❝t✐♦♥✱
s♦✐t ❡♥ ❝♦♠♣r❡ss✐♦♥✳ ▲❡s ♣❧✐ss❡♠❡♥ts ❛✐♥s✐ ❡♥❣❡♥❞rés ♣r♦✈♦q✉❡♥t ❞❡s ♠♦✉✈❡♠❡♥ts ♣❧❛♥✲s✉r✲♣❧❛♥
❡♥tr❡ ❧❡s ❝♦✉❝❤❡s s✉❝❝❡ss✐✈❡s q✉✐ ✈♦♥t ❞♦♥❝ s❡ ❞é❝♦❧❧❡r ✭❡✳❣✳✱ ❞❡s ♥✐✈❡❛✉① ❞❡ ❞é❝♦❧❧❡♠❡♥t✮✳ ▲❡s
♥♦✉✈❡❧❧❡s s✉r❢❛❝❡s ❡♥ ❝♦♥t❛❝t ❛✉r♦♥t ✉♥❡ ❛❞❤ér❡♥❝❡✱ ❞✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❧❛ ♣r❡ss✐♦♥ ❣é♦st❛t✐q✉❡✱
q✉✐ ✈❛ ✈❛r✐❡r s♣❛t✐❛❧❡♠❡♥t ❞❡ ❢❛ç♦♥ ❛❧é❛t♦✐r❡ ❛✉ ❣ré ❞❡s ♠✐❝r♦✲r❡❧✐❡❢s ❛♣♣❛r✉s ❧❛tér❛❧❡♠❡♥t ❧♦rs
❞✉ ❞é♣ôt✳ ▲✬✐♥t❡r❢❛❝❡ ❞❡✈✐❡♥t ❞♦♥❝ ❞✐✛✉s❛♥t❡✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡
q✉❡ ❧❛ t❡❝t♦♥✐s❛t✐♦♥ ❛ été ♣♦✉ssé❡✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡s sér✐❡s ❝❤❡✈❛✉❝❤❛♥t❡s✳

✸✳✸ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡

▲❡s r✉❣♦s✐tés ❞❡ s✉r❢❛❝❡ ❛♣♣❛r❛✐ss❡♥t ❞❛♥s ❧❛ ♥❛t✉r❡ à t♦✉t❡s ❧❡s é❝❤❡❧❧❡s ♠❛✐s✱ ❞✬❛♣rès ❧❡
❝r✐tèr❡ ❞❡ ❘❛②❧❡✐❣❤✱ ❧❡✉r ✐♥✢✉❡♥❝❡ s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❡st s❡♥sé❡ ♥❡ ❞❡✈❡♥✐r
❝♦♥s✐❞ér❛❜❧❡ q✉❡ ❧♦rsq✉❡ ❧❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐tés ❛tt❡✐❣♥❡♥t 1/8e ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t❡
❡♥ ✐♥❝✐❞❡♥❝❡ ♥♦r♠❛❧❡ ❬❖❣✐❧✈②✱ ✶✾✾✶❪✳ ❊♥ ❡✛❡t✱ ❡♥✲❞❡çà✱ ❧❡s ♦♥❞❡s ✏✈♦✐❡♥t✑ ❧❡ ♠✐❧✐❡✉ ❝♦♠♠❡ ✉♥
♠✐❧✐❡✉ ❧✐ss❡✳ P❛r ❡①❡♠♣❧❡✱ s❡✉❧❡s ❧❡s s✉r❢❛❝❡s ❞♦♥t ❧❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐tés s♦♥t ✐♥❢ér✐❡✉r❡s à
✸ ♠ètr❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❧✐ss❡s ♣❛r ✉♥❡ ♦♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ✻✵ ❍③ q✉✐
tr❛✈❡rs❡ ✉♥ ♠✐❧✐❡✉ ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❞❡ ❝♦♠♣r❡ss✐♦♥ ❞❡ ✶✺✵✵ ♠✴s✳ ❈❡tt❡ ❧✐♠✐t❡ ❡st r❡✈✉❡ à ❧❛
❤❛✉ss❡ s✐ ❧❛ ✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❡st ♣❧✉s r❛♣✐❞❡ ♦✉ s✐ ❧❛ ❢réq✉❡♥❝❡ ❡st ♣❧✉s ❜❛ss❡✳ ❆✐♥s✐✱ s❡✉❧❡s
❧❡s s✉r❢❛❝❡s ❞♦♥t ❧❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐tés s♦♥t ✐♥❢ér✐❡✉r❡s à ✸✽ ♠ètr❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s
❝♦♠♠❡ ❧✐ss❡s ♣❛r ✉♥❡ ♦♥❞❡ ❞❡ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ✶✵ ❍③ ❡t ❞❡ ✈✐t❡ss❡ ❞❡ ❝♦♠♣r❡ss✐♦♥ ❞❡ ✸✵✵✵
♠✴s ✦

P♦✉rt❛♥t ♣❡✉ ❞❡ tr❛✈❛✉① r❡♥❞❡♥t ❝♦♠♣t❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❝❡s r✉❣♦s✐tés s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s ré✢é❝❤✐❡s ❡♥r❡❣✐stré❡s ❡♥ s✐s♠✐q✉❡ ré✢❡①✐♦♥✳ ▲❡s r❛r❡s ét✉❞❡s ♥✉♠ér✐q✉❡s s♦♥t ❧✐♠✐té❡s
❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s à ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ✷❉✱ ✈♦✐r❡ ✷✱✺❉✱ ❝❛r ❧❡s ét✉❞❡s ✸❉ ❝♦ût❡♥t ❝❤❡r ♥✉♠ér✐✲
q✉❡♠❡♥t✱ ♠ê♠❡ s✐ ❞❡ ♥♦s ❥♦✉rs ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ❝❛❧❝✉❧ t❡♥❞ à s✬❛♠é❧✐♦r❡r ❣r❛♥❞❡♠❡♥t ❞✬❛♥♥é❡ ❡♥
❛♥♥é❡✳ ◆❡ ♣❛s ♠♦❞é❧✐s❡r ❧❡s ❡✛❡ts ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ♣❛r ❧❡s ✐♥t❡r❢❛❝❡s r✉❣✉❡✉s❡s
❡♥ ✸❉ ♥✬❡st ♣♦✉rt❛♥t ❣✉èr❡ ré❛❧✐st❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❣é♦❧♦❣✐q✉❡ ❡t ❣é♦♣❤②s✐q✉❡✱ ❝❛r ❧❛ ❞✐✛✉s✐♦♥
❞❡ ♣❤❛s❡ ❡st rés♦❧✉♠❡♥t ✉♥ ♣❤é♥♦♠è♥❡ ♣❤②s✐q✉❡ ✸❉✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❲✳ ▼❛❦✐♥❞é q✉❡ ❥✬❛✐ ❝♦✲❡♥❝❛❞ré ❛✉ ❝♦✉rs ❞❡s ❞❡✉① ❞❡r♥✐èr❡s
❛♥♥é❡s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré à ❧✬❛✐❞❡ ❞❡ s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ✸❉ ✭s❝❤é♠❛ ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s✮
❞❡ q✉❡❧❧❡ ❢❛ç♦♥ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s r✉❣✉❡✉s❡s ❛❧é❛t♦✐r❡s ❛✛❡❝t❡ ❧❡s ✐♠❛❣❡s
s✐s♠✐q✉❡s ✸❉ ❬▼❛❦✐♥❞é ❡t ❛❧✳✱ ✷✵✵✺❪ ✶✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ❝♦♥✈♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❞✉ ❝❤❛♠♣ ❞✬♦♥❞❡ ✐♥✲
❝✐❞❡♥t ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞é❝r✐✈❛♥t ❧❛ s✉r❢❛❝❡ r✉❣✉❡✉s❡ ❛❧é❛t♦✐r❡✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ✐♥❝✐❞❡♥t❡
❡st ❝♦♥✈❡rt✐❡ ❡♥ é♥❡r❣✐❡ ❞✐✛✉sé❡ ♣❛r ❧❡s r✉❣♦s✐tés✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ♣❛r ❞✉ ❜r✉✐t s✉r ❧❡s ✐♠❛❣❡s✱
♠❛sq✉❛♥t ❞✉ ❝♦✉♣ ❧❡s ré✢❡①✐♦♥s ♥♦♥ s❡✉❧❡♠❡♥t s✉r ❧❡s ✐♥t❡r❢❛❝❡s r✉❣✉❡✉s❡s ♠❛✐s é❣❛❧❡♠❡♥t ❝❡❧❧❡s

✶✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❝❡t ❛rt✐❝❧❡ ❡♥ ❆♥♥❡①❡ ❉✳



✸✳✸✳ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞❡ ♣❤❛s❡ ✶✾

❋✐❣✉r❡ ✸✳✸ ✕ ■❧❧✉str❛t✐♦♥ ❞✉ ♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡ s✉r ❞❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s

ré❡❧❧❡s ✭❉❡❧t❛ ❞✉ ◆✐❣❡r✮✳ ❉❛♥s ❧❡s sér✐❡s ❞❡❧t❛ïq✉❡s✱ ❧❛ ❞✐✛✉s✐♦♥ ♣❡✉t ♣❛r❢♦✐s ❢❛✐r❡ ❛♣♣❛r❛îtr❡

s✉r ❧❡s s❡❝t✐♦♥s s✐s♠✐q✉❡s ❞❡s é✈è♥❡♠❡♥ts q✉✐ ♥❡ s♦♥t ♣❛s ❞❡s ré✢❡①✐♦♥s ❝❧❛ss✐q✉❡s ✭❝❛r ♣❛s

❞❡ ❝♦♥tr❛st❡ ❞✬✐♠♣é❞❛♥❝❡ ♦❜s❡r✈é ❞❛♥s ❧❡s ❧♦❣s ❞❡ ♣✉✐ts✮✱ ♠❛✐s q✉✐ ❝♦rr❡s♣♦♥❞❡♥t à ✉♥ ❤✐❛t✉s

t❡♠♣♦r❡❧ ❞❛♥s ❧❛ séq✉❡♥❝❡ ❞❡s ❞é♣ôts ✭s✉r❢❛❝❡s ❞✬ér♦s✐♦♥ ♠❛①✐♠❛❧❡✮✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❡s é✈è♥❡♠❡♥ts

s✐s♠✐q✉❡s ✭♥♦t❛♠♠❡♥t ❧❡✉rs ❛♠♣❧✐t✉❞❡s ❡t ❧❡✉r ❝♦♥t❡♥✉ ❢réq✉❡♥t✐❡❧✮ s♦♥t ♠❛❧ s✐♠✉❧és s✐ ❧❛ ❞✐❢✲

❢✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡ ♥✬❛ ♣❛s été ❛✉ ♣ré❛❧❛❜❧❡ ✐❞❡♥t✐✜é❡ ❡t ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s ❛❧❣♦r✐t❤♠❡s ❞❡

♠♦❞é❧✐s❛t✐♦♥✳ ✭❆❞❛♣té ❞❡ ❬❙❝❤✉❧❜❛✉♠✱ ✶✾✾✻❪✮

s✉r ❧❡s ✐♥t❡r❢❛❝❡s s✐t✉é❡s ❛✉✲❞❡ss♦✉s ✭❝❢ ❋✐❣✉r❡ ✸✳✹✮✳ ❈❡t ❡✛❡t ❡st ♥♦t❛❜❧❡ ❞ès q✉❡ ❧❡s ❤❛✉t❡✉rs
❞❡ r✉❣♦s✐té ❛tt❡✐❣♥❡♥t λinc/10 ✭❤ ❂ ✷✵ ♠ s✉r ❧❛ ❋✐❣✉r❡ ✸✳✹✮✱ ❝❡ q✉✐ ♠♦❞✐✜❡ ❧é❣èr❡♠❡♥t ❧❛ ❧✐♠✐t❡
❞✉ ❝r✐tèr❡ ❞❡ ❘❛②❧❡✐❣❤✳ ■❧ s✬❛❝❝r♦ît ❛✈❡❝ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❤❛✉t❡✉r ❞❡s r✉❣♦s✐tés ♣♦✉r ❞❡✈❡♥✐r
très ✐♠♣♦rt❛♥t ❧♦rsq✉❡ ❧❡s ❤❛✉t❡✉rs s♦♥t é❣❛❧❡s à 1/4 ♦✉ 1/5 ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✳ P❛r
❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ♣♦✉r ♦❜t❡♥✐r ❞❡s ❡✛❡ts ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s s✉r ❧❡s ✐♠❛❣❡s



✷✵ ❈❤❛♣✐tr❡ ✸✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

s✐s♠✐q✉❡s s②♥t❤ét✐q✉❡s✱ ❝♦♠♣❛r❛❜❧❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ✷❉ ❡t ✸❉✱ ✐❧ ❢❛✉t ♥é✲
❝❡ss❛✐r❡♠❡♥t ❝♦♥s✐❞ér❡r ❞❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐té ❛✉ ♠♦✐♥s tr♦✐s ❢♦✐s ♣❧✉s ❣r❛♥❞❡s ❡♥ ✷❉ q✉✬❡♥
✸❉✱ ❝❡ q✉✐ ❝♦♥st✐t✉❡ ✉♥ rés✉❧t❛t ✐♠♣♦rt❛♥t ♣♦✉r ❧❛ s✐s♠✐q✉❡ ♥✉♠ér✐q✉❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡s
ét✉❞❡s ♠❡♥é❡s ❡♥ ✷❉ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✱ q✉✐ ❝♦♥s✐❞èr❡♥t ❞❡s ❤❛✉t❡✉rs ❞❡ r✉❣♦s✐té ♠❛❧ ❞é✜♥✐❡s✱
♥❡ r❡✢èt❡♥t ❣é♥ér❛❧❡♠❡♥t ♣❛s ❧❛ ré❛❧✐té ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✳

❋✐❣✉r❡ ✸✳✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s s✐s♠♦❣r❛♠♠❡s s②♥t❤ét✐q✉❡s ♦❜t❡♥✉s ❞❛♥s ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s

✷❉ ✭❣❛✉❝❤❡✮ ❡t ✸❉ ✭❞r♦✐t❡✮ ♣♦✉r ❞✐✛ér❡♥t❡s ❤❛✉t❡✉rs ❤ ❞❡ r✉❣♦s✐té ❞❡ s✉r❢❛❝❡✳ ❊♥ ✸❉✱ ❧✬✐♥t❡r❢❛❝❡

r✉❣✉❡✉s❡ ♥✬❡st ♣❧✉s ❞✉ t♦✉t ✈✐s✉❛❧✐sé❡ ❡t ❧❡s ❡✛❡ts ❞❡ ❧❛ ❞✐✛✉s✐♦♥ s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ♣r♦♥♦♥❝és✳

✸✳✹ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞✬❛♠♣❧✐t✉❞❡

▲❡ ❞✐✛✉s❡✉r ❞✬❛♠♣❧✐t✉❞❡ ❡st ❣é♥ér❛❧❡♠❡♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✏♠❛✉✈❛✐s✑ ❝♦♥t❛❝ts ♠é❝❛♥✐q✉❡s
❡♥tr❡ ❧❡s ♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s✱ ✐♥❞✉✐t❡ s♦✐t ♣❛r ✉♥ ❞é♣ôt ❞❡ ❝♦✉❝❤❡ s✉r ✉♥❡ s✉r❢❛❝❡ ❛♥❝✐❡♥♥❡
ér♦❞é❡ ✭❝❢ ❋✐❣✉r❡ ✸✳✸✮✱ s♦✐t ♣❛r ✉♥❡ ❢♦rt❡ t❡❝t♦♥✐s❛t✐♦♥ ❡♥❣❡♥❞r❛♥t ❞❡s ③♦♥❡s ♦✉ ❞❡s ♥✐✈❡❛✉①
❞❡ ❞é❝♦❧❧❡♠❡♥t ✭❝❢ ❋✐❣✉r❡ ✸✳✺✮✳ P❛r s♦✉❝✐ ❞❡ s✐♠♣❧✐✜❝❛t✐♦♥✱ ♥♦✉s ❛♣♣❡❧❧❡r♦♥s ❝✐✲❛♣rès ✏③♦♥❡s
❞❡ ❞é❝♦❧❧❡♠❡♥t✑ ✐♥❞✐✛ér❡♠♠❡♥t ❧❡s ♥✐✈❡❛✉① ❞❡ ❞é❝♦❧❧❡♠❡♥t ❡t ❧❡s ③♦♥❡s ❞❡ ♠❛✉✈❛✐s ❝♦♥t❛❝ts
♠é❝❛♥✐q✉❡s ✷✳

▲❡s ③♦♥❡s ❞❡ ❞é❝♦❧❧❡♠❡♥t✱ ❣é♥ér❛❧❡♠❡♥t r❡♠♣❧✐❡s ❞❡ ❣❛③✱ ❞❡ ✢✉✐❞❡✱ ❞❡ ❝❛❧❝✐t❡ ♦✉ ❞❡ ❞é❜r✐s✱
♣❡rt✉r❜❡♥t ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✳ ◆♦✉s ❛✈♦♥s s✉❣❣éré

✷✳ ▼ê♠❡ s✐ ❝❡❧❛ ♥✬❡st ♣❛s ❛ss✐♠✐❧❛❜❧❡✳ ◗✉❡ ♠❡s ❝♦❧❧è❣✉❡s ❣é♦❧♦❣✉❡s ✈❡✉✐❧❧❡♥t ❜✐❡♥ ♠❡ ♣❛r❞♦♥♥❡r✳✳✳



✸✳✹✳ ▲❡s ❡✛❡ts ❞✉ ❞✐✛✉s❡✉r ❞✬❛♠♣❧✐t✉❞❡ ✷✶

❋✐❣✉r❡ ✸✳✺ ✕ ■❧❧✉str❛t✐♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❞♦♥♥❛♥t ♥❛✐ss❛♥❝❡ à ❞❡s ♥✐✈❡❛✉① ❞❡ ❞é❝♦❧❧❡♠❡♥t✳

q✉❡ ❝❡s ③♦♥❡s ❧❡ ❧♦♥❣ ❞❡s ✐♥t❡r❢❛❝❡s ♣♦✉✈❛✐❡♥t êtr❡ ❝♦♠♣❛ré❡s✱ ♣❛r ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧✬❛❝♦✉st✐q✉❡
♦✉ ❧✬♦♣t✐q✉❡✱ à ✉♥ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❞❡ ❇❛③❡❧❛✐r❡✱ ✷✵✵✸❪ ✸✳ P♦✉r ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ s❡s ❡✛❡ts✱ ❧❡s ♣r♦♣r✐étés ❞❡ ❝❡ rés❡❛✉ ♥❡ ❞♦✐✈❡♥t ♣❛s êtr❡ ❤♦♠♦❣é♥é✐sé❡s✱ ❝♦♠♠❡
❝❡❧❛ ❡st ❢❛✐t ❤❛❜✐t✉❡❧❧❡♠❡♥t✱ ♠ê♠❡ s✐ ❧❡s ❧♦♥❣✉❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❞é❝♦❧❧❡♠❡♥ts s❡♠❜❧❡♥t
très ❢❛✐❜❧❡s ❞❡✈❛♥t ❝❡❧❧❡s ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❬❇❛✐❦ ❡t ❚❤♦♠♣s♦♥✱ ✶✾✽✹✱ ▼❛r❣❡t❛♥ ❡t ❛❧✳✱ ✶✾✽✽✱
❘♦❦❤❧✐♥ ❡t ❲❛♥❣✱ ✶✾✾✶❪✳ ▲❛ ré♣❛rt✐t✐♦♥ ❞❡ ❝❡s ❞é❝♦❧❧❡♠❡♥ts ❧❡ ❧♦♥❣ ❞✬✉♥❡ ♠ê♠❡ ✐♥t❡r❢❛❝❡ ♣❡✉t
êtr❡ ❛ss✐♠✐❧é❡ à ✉♥❡ ✐♥t❡r❢❛❝❡ ❧❛tér❛❧❡♠❡♥t ❤étér♦❣è♥❡✳ ❙✐ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ❞é❝♦❧❧❡♠❡♥ts ❡st
❛❧é❛t♦✐r❡✱ ❧❡s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡ s♦♥t ❞✐✛r❛❝té❡s ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ♣❛r ❞✉
✏❜r✉✐t✑ s✉r ❧❡s s❡❝t✐♦♥s s✐s♠✐q✉❡s ✭❞❡ ♠❛♥✐èr❡ ❛ss❡③ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❡♥❣❡♥❞ré ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s
r✉❣✉❡✉s❡s ❛❧é❛t♦✐r❡s✮✳ ❙✐ ❛✉ ❝♦♥tr❛✐r❡ ❧❡s ❞é❝♦❧❧❡♠❡♥ts s♦♥t ❞✐str✐❜✉és s✉✐✈❛♥t ✉♥ ❛rr❛♥❣❡♠❡♥t
q✉❛s✐✲ré♣ét✐t✐❢ ✭♦✉ ♣❡rç✉ ❝♦♠♠❡ t❡❧✮✱ ❧❡s ♦♥❞❡s ♣❡✉✈❡♥t êtr❡ ❞✐✛r❛❝té❡s ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❞❛♥s
❝❡rt❛✐♥❡s ❞✐r❡❝t✐♦♥s s❡✉❧❡♠❡♥t✱ s❡❧♦♥ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s✐s♠✐q✉❡ ✐♥❝✐❞❡♥t❡ ❡t ❧❛
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s♣❛t✐❛❧❡ ❞✉ rés❡❛✉✳ ❙✐ ♦♥ s✉♣♣♦s❡ q✉❡ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✱ à ❝♦♥t❡♥✉ s♣❡❝tr❛❧ ❜♦r♥é✱
❞é✜♥✐t ❡❧❧❡✲♠ê♠❡ ❧❡s ♣r♦♣r✐étés ❞✉ rés❡❛✉ q✉❛♥❞ ❡❧❧❡ ❛rr✐✈❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ❡t ❞♦♥❝
q✉❡ ❧❡s ♣r♦♣r✐étés ❞✉ rés❡❛✉ é✈♦❧✉❡♥t ❛✈❡❝ ❧❛ ❢réq✉❡♥❝❡✱ ❧❛ ❞✐✛r❛❝t✐♦♥ ✏♦r❞♦♥♥é❡✑ ❞❡s ♦♥❞❡s s❡
❢❡r❛ ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❡t s❡r❛ ❞ét❡❝té❡ ♣❛r t♦✉s ❧❡s ❝❛♣t❡✉rs✳ ❉❡s ♣❤é♥♦♠è♥❡s
❞✬✐♥t❡r❢ér❡♥❝❡s ❛♣♣❛r❛îtr♦♥t t♦✉t ❧❡ ❧♦♥❣ ❞✬✉♥ ❤♦r✐③♦♥ s✐s♠✐q✉❡ ❡t ♣♦✉r t♦✉t❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡
s✐s♠✐q✉❡✱ ♠❛✐s ✐❧s ♣❡✉✈❡♥t êtr❡ ✐♥t❡r♣rétés à t♦rt ❝♦♠♠❡ ét❛♥t ❞❡s ♠✉❧t✐♣❧❡s✳

◆♦✉s ❛♣♣✉②❛♥t s✉r ❝❡s ❤②♣♦t❤ès❡s ❡t ❝♦♥s✐❞ér❛♥t ❞❛♥s ✉♥ 1er t❡♠♣s ✉♥ rés❡❛✉ ❞❡ ❞é❝♦❧❧❡♠❡♥t
♣ér✐♦❞✐q✉❡✱ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥❡ ❛♣♣r♦❝❤❡ ❛♥❛❧②t✐q✉❡ ✷❉ q✉✐ ♣❡r♠❡t ❞❡ ❞é❝r✐r❡ t♦✉s ❧❡s
♣❤é♥♦♠è♥❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❝❡s ③♦♥❡s ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐✱ ✷✵✵✹❪ ✹✳ ❈❡tt❡ ❛♣♣r♦❝❤❡
s✬❛♣♣✉✐❡ s✉r ✉♥❡ ♠ét❤♦❞❡ q✉✐ ❡①♣❧♦✐t❡ ❞❡s ♣r♦♣r✐étés ♣❛rt✐❝✉❧✐èr❡s ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ▲❡❣❡♥❞r❡ ❞❡
1ère ❡s♣è❝❡✱ q✉✐ s♦♥t ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ ❢♦r♠✉❧❛t✐♦♥ ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡s sér✐❡s ❞❡ ❋♦✉r✐❡r q✉✐ ❞é✲
❝r✐✈❡♥t ❧❡s ❝❤❛♠♣s ❞✐✛r❛❝tés ✭t❤é♦rè♠❡ ❞❡ ❋❧♦q✉❡t✮ ❬❉❛♥✐❝❦✐✱ ✶✾✾✾❪✳ ❈❡s ♣r♦♣r✐étés ♣❛rt✐❝✉❧✐èr❡s

✸✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❝❡t ❛rt✐❝❧❡ ❡♥ ❆♥♥❡①❡ ❉✳
✹✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❝❡t ❛rt✐❝❧❡ ❡♥ ❆♥♥❡①❡ ❉✳



✷✷ ❈❤❛♣✐tr❡ ✸✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

♣❡r♠❡tt❡♥t ❞❡ ❞é✜♥✐r ❞❡s ❢♦♥❝t✐♦♥s ❝❛♣❛❜❧❡s ❞❡ ♠♦❞é❧✐s❡r ♣r♦♣r❡♠❡♥t ❧❡ ❝❤❛♠♣ é❧❛st✐q✉❡ ❞❛♥s
❧❡ s②stè♠❡ ❝♦♥s✐❞éré✱ ❡♥ s❛t✐s❢❛✐s❛♥t ♥♦♥ s❡✉❧❡♠❡♥t ✐♠♣❧✐❝✐t❡♠❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❢r♦♥t✐èr❡s
♠✐①t❡s à ❧✬✐♥t❡r❢❛❝❡✱ ♠❛✐s ❡♥ ♣rés❡r✈❛♥t é❣❛❧❡♠❡♥t ✐♠♣❧✐❝✐t❡♠❡♥t ❧❡ ❝❛r❛❝tèr❡ s✐♥❣✉❧✐❡r ❞❡s ❝❤❛♠♣s
❞✬♦♥❞❡ ❛✉① ❜♦r❞s ❞❡s ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s ❞❡ ❧✬✐♥t❡r❢❛❝❡✳ ▲❛ tr♦♥❝❛t✉r❡ ❞❡s sér✐❡s ❞❡ ❋♦✉r✐❡r q✉✐
❞é❝r✐✈❡♥t ❧❡s ❝❤❛♠♣s ❞✐✛r❛❝tés s✬❡✛❡❝t✉❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t à ♣❛rt✐r ❞❡ ❝♦♥s✐❞ér❛t✐♦♥s ♣❤②s✐q✉❡s
❡t ♠❛t❤é♠❛t✐q✉❡s✳ ➚ ♣❛rt✐r ❞❡ ❧❛ rés♦❧✉t✐♦♥ ❞✉ s②stè♠❡ ❧✐♥é❛✐r❡ ❞✬éq✉❛t✐♦♥s ♥♦♥ ❤♦♠♦❣è♥❡s
♦❜t❡♥✉✱ ✉♥❡ s♦❧✉t✐♦♥ ❛s②♠♣t♦t✐q✉❡ ❛✉ ♣r♦❜❧è♠❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ♣❛r ❧❡s ❞é✲
❝♦❧❧❡♠❡♥ts ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉① é❧❛st✐q✉❡s ❞✐✛ér❡♥ts ❡st ❞ét❡r♠✐♥é❡✳ ❚♦✉t ❧❡ ♣r♦❜❧è♠❡ r❡♣♦s❡ ❛❧♦rs
s✉r ❧❡ ❝❤♦✐① ❥✉❞✐❝✐❡✉① ❞❡ ❝♦♠❜✐♥❛✐s♦♥s ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡s sér✐❡s ❞❡ ❋♦✉r✐❡r ✭❞é❝r✐✈❛♥t ❧❡s ❝❤❛♠♣s
❞✐✛r❛❝tés✮✱ é❝r✐ts s♦✉s ❧❛ ❢♦r♠❡ ❞❡ sér✐❡s ❞❡ ❢♦♥❝t✐♦♥s ❞❡ ▲❡❣❡♥❞r❡✱ ❛✜♥ ❞✬✐♥té❣r❡r ✐♠♣❧✐❝✐t❡♠❡♥t
❧❛ ♥❛t✉r❡ ❞✉ ❝♦♥t❡♥✉ ❞❡s ❞é❝♦❧❧❡♠❡♥ts ✭❡✳❣✳✱ ❞✉ ❣❛③ ♦✉ ❞✉ ❧✐q✉✐❞❡✮✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛♥❛❧②t✐q✉❡
♥♦✉s ❛ ♣❡r♠✐s ❞❡ q✉❛♥t✐✜❡r ❧✬é♥❡r❣✐❡ ❛ttr✐❜✉é❡ ❛✉① ❞✐✛ér❡♥t❡s ♦♥❞❡s ✭ré✢❡①✐♦♥s ❡t tr❛♥s♠✐ss✐♦♥s
s♣é❝✉❧❛✐r❡s ❡t ♥♦♥ s♣é❝✉❧❛✐r❡s ✐♥❞✉✐t❡s ♣❛r ❧❡s ❞é❝♦❧❧❡♠❡♥ts✮ ♣♦✉r ❞✐✛ér❡♥t❡s ❝❛r❛❝tér✐st✐q✉❡s
❞❡s ❞é❝♦❧❧❡♠❡♥ts t❡❧❧❡s q✉❡ ❧❛ ❧♦♥❣✉❡✉r✱ ❧❡ ❝♦♥t❡♥✉ ❡t ❧❛ ré♣❛rt✐t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ❡t ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡ ✭❝❢ ❋✐❣✉r❡ ✸✳✻✮✳ ❊♥ ♣rés❡♥❝❡ ❞❡ ❣❛③ ❞❛♥s ❧❡s ❞é❝♦❧❧❡♠❡♥ts✱ ♥♦✉s
❛✈♦♥s ♠♦♥tré q✉❡ ❧✬é♥❡r❣✐❡ ❞❡s ♦♥❞❡s ré✢é❝❤✐❡s s♣é❝✉❧❛✐r❡s ♣♦✉✈❛✐t êtr❡ ❧❛r❣❡♠❡♥t s♦✉s✲❡st✐♠é❡✱
♣✉✐sq✉❡ ❧❡s ♠♦❞é❧✐s❛t✐♦♥s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ✉♥✐q✉❡♠❡♥t ❧❡s ✐♠♣é❞❛♥❝❡s ❞❡s ♠✐❧✐❡✉① ❡♥ ❝♦♥t❛❝t
❡♥ ♥é❣❧✐❣❡❛♥t ❣é♥ér❛❧❡♠❡♥t ❧❡ ❝♦♥tr❛st❡ ❞✬✐♠♣é❞❛♥❝❡ ❡♥tr❡ ❧❡s ❤étér♦❣é♥é✐tés ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡t ❧❡s
♠✐❧✐❡✉① ✭❝❢ ❋✐❣✉r❡ ✸✳✼✮✳ ❈❡❝✐ ❡st ❞✬❛✉t❛♥t ♣❧✉s ✈r❛✐ q✉❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ③♦♥❡s ❞❡ ❞é❝♦❧❧❡✲
♠❡♥t à ❧✬✐♥t❡r❢❛❝❡ ❡st ✐♠♣♦rt❛♥t❡✳ ❈❡s 1ers rés✉❧t❛ts ❛♥❛❧②t✐q✉❡s s❡♠❜❧❡♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝
❧❡s ❞♦♥♥é❡s ré❡❧❧❡s ♦❜s❡r✈é❡s ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❛♥♦♠❛❧✐q✉❡s ✭❝❢ ❋✐❣✉r❡ ✸✳✸✮✳ P❛r ❛✐❧❧❡✉rs ✐❧ ❡st
à ♥♦t❡r q✉✬❡♥ ♣rés❡♥❝❡ ❞❡ ❧✐q✉✐❞❡ ✭❡✳❣✳✱ ❡❛✉✮ ❞❛♥s ❧❡s ❞é❝♦❧❧❡♠❡♥ts✱ ❧✬é♥❡r❣✐❡ ❞❡s ♦♥❞❡s ré✢é❝❤✐❡s
s♣é❝✉❧❛✐r❡s ❡st s❡♥s✐❜❧❡♠❡♥t é❣❛❧❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❞é❝♦❧❧❡♠❡♥ts à ❧✬✐♥t❡r❢❛❝❡✳
◆é❛♥♠♦✐♥s✱ ❧✬é♥❡r❣✐❡ ❛ttr✐❜✉é❡ ❛✉① ♦♥❞❡s ❙ tr❛♥s♠✐s❡s ❡st ♣❛r❛❞♦①❛❧❡♠❡♥t ♣❧✉s ✐♠♣♦rt❛♥t❡✳ ❈❡s
rés✉❧t❛ts s❡♠❜❧❡♥t ❝♦♥❝♦r❞❡r ❛✈❡❝ ❧❡s ❛♥♦♠❛❧✐❡s ❞✬❛♠♣❧✐t✉❞❡ ♦❜s❡r✈é❡s ♣❛r❢♦✐s ✐♥ s✐t✉ ✭❝❢ ❋✐❣✉r❡
✷ ❞❡ ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❞❡ ❇❛③❡❧❛✐r❡✱ ✷✵✵✸❪ ♦ù ❧✬♦♥ ♣❡✉t ♦❜s❡r✈❡r ✉♥❡ ❞✐s♣❛r✐t✐♦♥ ❞❡s ♦♥❞❡s P
❛ss♦❝✐é❡ à ✉♥❡ ❢♦rt❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ♦♥❞❡s ❙ ❞❛♥s ❞❡s ③♦♥❡s ❞❡ ❞✐✛✉s❡✉rs s❛t✉rés ❡♥ ❡❛✉✮✳

▼❛❧❣ré s❡s ❛✈❛♥t❛❣❡s✱ ❧✬❛♣♣r♦❝❤❡ ❞é❝r✐t❡ ❝✐✲❞❡ss✉s ❞❡♠❡✉r❡ ♠❛❧❣ré t♦✉t ✉♥❡ ❛♣♣r♦❝❤❡ ❛♥❛✲
❧②t✐q✉❡✱ ❛✈❡❝ t♦✉t ❝❡ q✉❡ ❝❡❧❛ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ❧✐♠✐t❛t✐♦♥s ♣♦✉r ét✉❞✐❡r ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ♣❧✉s
❝♦♠♣❧❡①❡s✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ❞♦♥❝ ♦r✐❡♥tés ❞❡♣✉✐s q✉❡❧q✉❡ t❡♠♣s ✈❡rs ✉♥❡ ❛♣♣r♦❝❤❡ ♥✉♠ér✐q✉❡
✭❝❢ ❈❤❛♣✐tr❡ ✺✮✳

✸✳✺ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s

▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡✱ q✉✬❡❧❧❡ s♦✐t ❞❡ ♣❤❛s❡ ♦✉ ❞✬❛♠♣❧✐t✉❞❡✱ ❡st ✉♥ ♣❤é♥♦♠è♥❡ ♣❤②s✐q✉❡
q✉✬✐❧ ♥❡ ❢❛✉t ♣❛s ♥é❣❧✐❣❡r ❞❛♥s ❝❡rt❛✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥s ❣é♦❧♦❣✐q✉❡s✳ ❊❧❧❡ ♣❡✉t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t
❛✛❡❝t❡r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❡t ❧❡s ✐♠❛❣❡s s✐s♠✐q✉❡s✱ s♦✐t ❡♥ ✐♥tr♦❞✉✐s❛♥t ❞✉ ❜r✉✐t ❛❧é❛t♦✐r❡
s✉r t♦✉t❡s ❧❡s tr❛❝❡s✱ s♦✐t ❡♥ r❡❞✐str✐❜✉❛♥t ❞✐✛ér❡♠♠❡♥t ❧✬é♥❡r❣✐❡ ✐♥❝✐❞❡♥t❡ ❡t ❞♦♥❝ ❡♥ ♠♦❞✐✜❛♥t
❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❛♠♣❧✐t✉❞❡s ❞❡s ♦♥❞❡s ré✢é❝❤✐❡s s♣é❝✉❧❛✐r❡s✳

▲❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ❝❡ tr❛✈❛✐❧ s♦♥t ♥♦♠❜r❡✉s❡s ❡t ❝♦✉♣❧é❡s à ❝❡❧❧❡s é♥♦♥❝é❡s ❡♥ ❝♦♥❝❧✉s✐♦♥
❞✉ ❈❤❛♣✐tr❡ ✷✳ ◆♦✉s s❛✈♦♥s q✉❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❡t ❧❛ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ✐♥ s✐t✉ ✭♣r♦✲
♣❛❣❛t✐♦♥ ✸❉✮ ♥✬❡st ✈ér✐t❛❜❧❡♠❡♥t ✐♥✢✉❡♥❝é❡ q✉❡ ♣❛r ❧❡s ❱♦❧✉♠❡s ❞❡ ❋r❡s♥❡❧ ❡t ♣❛r ✉♥ ✈♦❧✉♠❡
❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❧✐♠✐té ❧❛tér❛❧❡♠❡♥t ♣❛r ❧❛ ❩♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ✭❩❋■✮✳ ❈❡ ✈♦❧✉♠❡
❞✬✐♥té❣r❛t✐♦♥ ❡t ❞✬❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞❡s ❤étér♦❣é♥é✐tés ❞❡ ❝♦♥t❛❝t é✈♦❧✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡
❢réq✉❡♥t✐❡❧❧❡ ❞❡ ❧❛ s♦✉r❝❡ ❡t ❞❡ s❛ ♣♦s✐t✐♦♥✱ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ré❝❡♣t❡✉rs ❡t ❞❡ ❧✬❛♥❣❧❡ ❞✬✐♥❝✐❞❡♥❝❡✱
♠❛✐s ❛✉ss✐ ❞❡s ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉① ❡♥ ❝♦♥t❛❝t✳ ❆✉ ✈✉ ❞❡ s❛ t❛✐❧❧❡✱ ✐❧ ♣♦✉rr❛✐t ❝♦♥t❡♥✐r ♣❧✉s✐❡✉rs



✸✳✺✳ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s ✷✸

❋✐❣✉r❡ ✸✳✻ ✕ ❈♦✉r❜❡s ❆❱❆ ✭❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❆♥❣❧❡✮ ❛ss♦❝✐é❡s ❛✉① ♦♥❞❡s P ❡t ❙ ré✢é❝❤✐❡s

❡t tr❛♥s♠✐s❡s ♣❛r ❞❡✉① t②♣❡s ❞✬✐♥t❡r❢❛❝❡ ✭❝r❛✐❡✴❣r❛♥✐t❡ ❡t ❛r❣✐❧❡s✴❝❛❧❝❛✐r❡✮ ❡t ♣♦✉r ❞❡✉① t②♣❡s ❞❡

❝♦♥t❛❝t ✭❝♦♥t❛❝t ♣❛r❢❛✐t ❡t ✺✵✪ ❞❡ ❝r❛❝❦s r❡♠♣❧✐s ❞❡ ❣❛③✮ ❡♥tr❡ ❧❡s ♠✐❧✐❡✉①✳ ❊♥ ♣rés❡♥❝❡ ❞❡ ❝r❛❝❦s

♦✉ ❞é❝♦❧❧❡♠❡♥ts✱ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦♥❞❡s P ré✢é❝❤✐❡s s♣é❝✉❧❛✐r❡s ❛✉❣♠❡♥t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t t❛♥❞✐s

q✉✬❛♣♣❛r❛ît ✉♥❡ ♦♥❞❡ ❞✐✛r❛❝té❡ ♣r♦♣❛❣❛t✐✈❡ ❞✬é♥❡r❣✐❡ ♣❛r❢♦✐s ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡✳

❞é❝♦❧❧❡♠❡♥ts ré♣❛rt✐s ❞❡ ♠❛♥✐èr❡ q✉❛s✐✲ré♣ét✐t✐✈❡ ❧❡ ❧♦♥❣ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❝♦♠♠❡ ❞é❥à ♦❜s❡r✈é ✐♥ s✐t✉

✭❝❢ ❋✐❣✉r❡ ✸✳✽✮✳ ◆é❛♥♠♦✐♥s✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬❛❧❧❡r ♣❧✉s ❛✈❛♥t ❞❛♥s ♥♦s ré✢❡①✐♦♥s✱ ❡♥ ♣r♦✲
❝é❞❛♥t t♦✉t ❞✬❛❜♦r❞ à ✉♥❡ ❝❛r❛❝tér✐s❛t✐♦♥ str✉❝t✉r❛❧❡ ♠✉❧t✐✲é❝❤❡❧❧❡ ❞❡s ③♦♥❡s ❡♥ ♣rés❡♥❝❡ ❞❡ ❝❡s
❞é❝♦❧❧❡♠❡♥ts ♣♦✉r é❧❛❜♦r❡r ✉♥❡ ♣❛r❛♠étr✐s❛t✐♦♥ ♣❡rt✐♥❡♥t❡ ❞❡s ♦❜❥❡ts ❣é♦❧♦❣✐q✉❡s ✭❡♥ ♣❛rt✐❝✉❧✐❡r✱
❡♥ t❡r♠❡s ❞❡ ❞é✜♥✐t✐♦♥ ❞❡ rés❡❛✉① ❞❡ ❞é❝♦❧❧❡♠❡♥ts✱ ❣é♦♠étr✐❡✱ ❡s♣❛❝❡♠❡♥t✱ s②♠étr✐❡✱ ❧♦♥❣✉❡✉rs
❝❛r❛❝tér✐st✐q✉❡s✳✳✳✮✳ ❈❡❧❛ ♥♦✉s ❛✐❞❡r❛✐t à ✐❞❡♥t✐✜❡r ♣♦✉r t♦✉t❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ s✐s♠✐q✉❡ ❧❡s
✐♥t❡r❛❝t✐♦♥s ♣♦ss✐❜❧❡s ❡♥tr❡ ❤étér♦❣é♥é✐tés ❡t ♦♥❞❡s✱ ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ❞é✜♥✐r ♣❛r ❧❛ s✉✐t❡ ✉♥❡ ❧♦✐
❞❡ ❝♦♥t❛❝t à ❧✬✐♥t❡r❢❛❝❡ ❡t ❞❡ ❧✬✐♠♣❧é♠❡♥t❡r ❞❛♥s ✉♥ ❝♦❞❡ ♥✉♠ér✐q✉❡ ✸❉ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s✳
❈❡❧❛ s✉♣♣♦s❡ ❞♦♥❝ ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥té❣ré❡ ❣é♦❧♦❣✐❡✴♠é❝❛♥✐q✉❡ ❞✉ ❝♦♥t❛❝t✴❣é♦♣❤②s✐q✉❡✳



✷✹ ❈❤❛♣✐tr❡ ✸✳ ▲❛ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡

❋✐❣✉r❡ ✸✳✼ ✕ ❙✐s♠♦❣r❛♠♠❡s s②♥t❤ét✐q✉❡s r❡♣rés❡♥t❛♥t ❧✬♦♥❞❡ P ré✢é❝❤✐❡ s♣é❝✉❧❛✐r❡♠❡♥t s✉r ✉♥❡

✐♥t❡r❢❛❝❡ ❝r❛✐❡✴❣r❛♥✐t❡✳ ▲✬♦♥❞❡ P ré✢é❝❤✐❡ s♣é❝✉❧❛✐r❡ ❡st ❧✬♦♥❞❡ q✉✐ ❡st tr❛✐té❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t

❡♥ s✐s♠✐q✉❡ ré✢❡①✐♦♥✳ ●❛✉❝❤❡ ✿ rés✉❧t❛ts q✉❡ ❧✬♦♥ ♦❜t✐❡♥t ❤❛❜✐t✉❡❧❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡s s✐♠✉❧❛t✐♦♥s

♥✉♠ér✐q✉❡s tr❛❞✐t✐♦♥♥❡❧❧❡s ❡♥ ❝♦♥s✐❞ér❛♥t ❧❡ ❝❛s ❞✬✉♥❡ ✐♥t❡r❢❛❝❡ ❛✈❡❝ ✉♥ ❝♦♥t❛❝t ♣❛r❢❛✐t ❡♥tr❡

❧❡s ♠✐❧✐❡✉①✳ ❉r♦✐t❡ ✿ rés✉❧t❛t ♦❜t❡♥✉ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❞✐✛r❛❝t✐♦♥s ❞✬♦♥❞❡s ❡♥❣❡♥❞ré❡s ♣❛r

❧❛ ♣rés❡♥❝❡✱ à ❧✬✐♥t❡r❢❛❝❡✱ ❞❡ ✺✵✪ ❞❡ ❞é❝♦❧❧❡♠❡♥ts r❡♠♣❧✐s ❞❡ ❣❛③✳ ▲✬❛♠♣❧✐t✉❞❡ ❞❡s ♦♥❞❡s P

ré✢é❝❤✐❡s s♣é❝✉❧❛✐r❡s✱ ❜✐❡♥ ♠♦❞é❧✐sé❡ ♣♦✉r ❞❡s ❛♥❣❧❡s ❞✬♦✉✈❡rt✉r❡ ♣❡t✐ts✱ ❞❡✈✐❡♥t ❧❛r❣❡♠❡♥t s♦✉s✲

❡st✐♠é❡ ♣♦✉r ❞❡s ❛♥❣❧❡s ❞✬♦✉✈❡rt✉r❡ ♣❧✉s ❣r❛♥❞s✱ ♥♦t❛♠♠❡♥t ❛✉✲❞❡❧à ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❣é♥ér❛t✐♦♥ ❞❡

❧✬♦♥❞❡ ❞✐✛r❛❝té❡ ♣r♦♣❛❣❛t✐✈❡✳



✸✳✺✳ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s ✷✺

❋✐❣✉r❡ ✸✳✽ ✕ ❊①❡♠♣❧❡ ❞❡ ❢❛✐❧❧❡ ✐♥✈❡rs❡ à ❧❛ P✐❡rr❡ ❙❛✐♥t✲▼❛rt✐♥ ✭P②ré♥é❡s✲❆t❧❛♥t✐q✉❡s✮✱ ❛♥❛✲

❧♦❣✉❡ à ✉♥ ♥✐✈❡❛✉ ❞❡ ❞é❝♦❧❧❡♠❡♥t✳ ▲❛ ③♦♥❡ ❞❡ ❞é❝♦❧❧❡♠❡♥t ❡st ❝♦♥st✐t✉é❡ ❞✬✉♥ ❡♠♣✐❧❡♠❡♥t ❞❡

s✐❣♠♦ï❞❡s ❞❡ ❞é❢♦r♠❛t✐♦♥ ❞❡ ❞✐✛ér❡♥t❡s ❧♦♥❣✉❡✉rs ❡t é♣❛✐ss❡✉rs ❞♦♥t ❧❛ ❝♦✉r❜✉r❡ ❡t ❧✬♦r✐❡♥t❛✲

t✐♦♥ ❞❡ ❧✬❛①❡ ❧♦♥❣ s♦♥t ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t r❡❧✐é❡s à ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❞é❢♦r♠❛t✐♦♥✳ ❈❡s s✐❣♠♦ï❞❡s

s✐♠♣❧❡s s✬❡♠♣✐❧❡♥t ❡t s✬❡♠❜♦ît❡♥t ❞❛♥s ❞❡s s✐❣♠♦ï❞❡s ❝♦♠♣♦s✐t❡s ❞✬♦r❞r❡ s✉♣ér✐❡✉r q✉✐ ✈♦♥t ✈❡✲

♥✐r ❞ét❡r♠✐♥❡r ❧✬é♣❛✐ss❡✉r ❞✉ ♥✐✈❡❛✉ ❞❡ ❞é❝♦❧❧❡♠❡♥t ❛✉ s❡♥s str✐❝t✳ ▼❛✐s à ♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡✱

❝❡s s✐❣♠♦ï❞❡s ❛♣♣❛r❛✐ss❡♥t ❡❧❧❡s✲♠ê♠❡s ❛✛❡❝té❡s ❞✬✉♥❡ s❝❤✐st♦s✐té ♦❜❧✐q✉❡ ♣❛r r❛♣♣♦rt à ❧❡✉r ❛①❡

❧♦♥❣✳ ❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t❡✱ ❝❤❛❝✉♥❡ ❞❡ ❝❡s ✐♥t❡r❢❛❝❡s ✭s✐❣♠♦ï❞❡s ❞❡ ❞✐✛é✲

r❡♥ts ♦r❞r❡s ♦✉ ❜✐❡♥ s❝❤✐st♦s✐té✮ ✈❛ ❥♦✉❡r ❧❡ rô❧❡ ❞❡ ③♦♥❡s ❞❡ ♠❛✉✈❛✐s ❝♦♥t❛❝t ♠é❝❛♥✐q✉❡ ♦✉ ❜✐❡♥

êtr❡ ✐♥♦♣ér❛♥t❡✳ ❖♥ r❡♠❛rq✉❡r❛ é❣❛❧❡♠❡♥t ❧❛ ❢r❛❝t✉r❛t✐♦♥ ✸❉ ❛ss♦❝✐é❡ ♣rés❡♥t❡ ❞❛♥s ❧✬❛❧❧♦❝❤t♦♥❡✳

✭P❤♦t♦ ❞❡ ❇❡rtr❛♥❞ ◆✐✈✐èr❡✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✮





❈❤❛♣✐tr❡ ✹

▲❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉

❛♥✐s♦tr♦♣❡

❈♦❧❧❛❜♦r❛t✐♦♥s

❏✳ ❈❛r❝✐♦♥❡ ✭❉✐r❡❝t❡✉r ❞❡ ❘❡❝❤❡r❝❤❡✱ ■st✐t✉t♦ ◆❛③✐♦♥❛❧❡ ❞✐ ❖❝❡❛♥♦❣r❛✜❛ ❡ ❞✐ ●❡♦✜s✐❝❛ ❙♣❡r✐♠❡♥✲

t❛❧❡ ✲ ❚r✐❡st❡✱ ■t❛❧✐❡✮

❋✳ ❈❛✈❛❧❧✐♥✐ ✭❈❤❡r❝❤❡✉r✱ ■st✐t✉t♦ ◆❛③✐♦♥❛❧❡ ❞✐ ❖❝❡❛♥♦❣r❛✜❛ ❡ ❞✐ ●❡♦✜s✐❝❛ ❙♣❡r✐♠❡♥t❛❧❡ ✲ ❚r✐❡st❡✱

■t❛❧✐❡✮

❉✳ ❑♦♠❛t✐ts❝❤ ✭Pr♦❢❡ss❡✉r ❯♥✐✈❡rs✐té P❛✉❧ ❙❛❜❛t✐❡r ❚♦✉❧♦✉s❡✱ ▲❛❜♦r❛t♦✐r❡ ●é♦s❝✐❡♥❝❡s ❊♥✈✐r♦♥✲

♥❡♠❡♥t ❚♦✉❧♦✉s❡✮

P✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✶✵❪✱ ❬✶✶❪
❯♥❡ ❝♦♣✐❡ ❞❡ ❧✬❛rt✐❝❧❡ ❬✶✵❪ ❛ été ♣❧❛❝é❡ ❡♥ ❆♥♥❡①❡ ❉✳

✖✖✖✖✖✖✕

✹✳✶ ■♥tr♦❞✉❝t✐♦♥

▲❡s ❞♦♥♥é❡s ❞❡ s✐s♠✐q✉❡✲ré✢❡①✐♦♥ ❛❝q✉✐s❡s ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t t❡rr❡str❡ s♦♥t s♦✉✈❡♥t ♣♦❧❧✉é❡s
♣❛r ❞✉ ❜r✉✐t ❝♦❤ér❡♥t ✶✱ ❞é♥♦♠♠é ❧❡ ✏❣r♦✉♥❞✲r♦❧❧✑✱ q✉✐ ❡st ❣é♥éré ♣❛r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s
❞❡ s✉r❢❛❝❡ ❞✐s♣❡rs✐✈❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛ ③♦♥❡ s✉♣❡r✜❝✐❡❧❧❡ ❞✉ s♦✉s✲s♦❧✳ ❈❡tt❡ ③♦♥❡ ❛❧téré❡ ❡st ❣é♥é✲
r❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ❤étér♦❣è♥❡ ❛✈❡❝ ❞❡s ♣r♦♣r✐étés s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ✈❛r✐❛❜❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❢❛❝t❡✉rs ❡①t❡r♥❡s ❝♦♠♠❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❝♦♥❞✐t✐♦♥s ♠été♦r♦❧♦❣✐q✉❡s ✭❞✬♦ù s♦♥ ♥♦♠ ❛♥❣❧♦♣❤♦♥❡✱
✏✇❡❛t❤❡r❡❞ ③♦♥❡✑ ♦✉ ❲❩✮✳ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ♣❛r ❧❡ ❣r♦✉♥❞✲r♦❧❧ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t
♥✉✐s✐❜❧❡ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s ❢♦rt❡s ❛♠♣❧✐t✉❞❡s ❞❡s s✐❣♥❛✉① ❜❛ss❡s ❢réq✉❡♥❝❡s ✭❇❋✮ ❞❡s ♦♥❞❡s
❞❡ s✉r❢❛❝❡ ✭t②♣✐q✉❡♠❡♥t✱ ❞❡s ♠♦❞❡s ❞❡ ❘❛②❧❡✐❣❤✮ ❞é❣r❛❞❡♥t ❧❛ q✉❛❧✐té ❣❧♦❜❛❧❡ ❞❡s ❞♦♥♥é❡s ❡t
♣❡✉✈❡♥t ♠❛sq✉❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✐♠♣♦rt❛♥t❡s s✉r ❧❡s ré✢❡❝t❡✉rs à ❧❛ ❢♦✐s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s♣❛t✐♦✲
t❡♠♣♦r❡❧ ✭①✱t✮ ❡t ❧❡ ❞♦♠❛✐♥❡ ❢réq✉❡♥❝❡s✲♥♦♠❜r❡s ❞✬♦♥❞❡ ✭❢✱❦✮ ✭❝❢ ❋✐❣✉r❡ ✹✳✶✮✳ ▲❛ s✉♣♣r❡ss✐♦♥ ❞❡
❝❡ ❜r✉✐t ❝♦❤ér❡♥t s✉r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s ❡st ♣❛r ❝♦♥séq✉❡♥t ✉♥ ♣rér❡q✉✐s ❡ss❡♥t✐❡❧ ♣♦✉r ✐♠❛❣❡r
❝♦rr❡❝t❡♠❡♥t ❧❡ s♦✉s✲s♦❧ ❡t s❛ s✉❜s✉r❢❛❝❡✳

P♦✉r ré❛❧✐s❡r ❝❡tt❡ ♦♣ér❛t✐♦♥✱ ♣❧✉s✐❡✉rs t❡❝❤♥✐q✉❡s é✈♦❧✉❛♥t ❞❛♥s ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s
✭♠ét❤♦❞❡s ❢✲❦✱ ❚❛✉✲♣✳✳✳✮ ♦♥t été ❞é✈❡❧♦♣♣é❡s ❬❍❡♥r②✱ ✶✾✾✹❪✱ ♣❛r♠✐ ❧❡sq✉❡❧❧❡s ❧❡s t❡❝❤♥✐q✉❡s
❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s✱ r❡♣♦s❛♥t s✉r ❧❛ sé♣❛r❛t✐♦♥ ❢réq✉❡♥t✐❡❧❧❡ ❡♥tr❡ ❧❡ s✐❣♥❛❧ ❡t ❧❡ ❣r♦✉♥❞✲r♦❧❧
✭❇❋✮✱ q✉✐ ♣❡✉✈❡♥t s❡ ré✈é❧❡r ♣❛r❢♦✐s ✐♥❡✣❝❛❝❡s ❞❛♥s ❧❡ ❝❛s ❞✬ét✉❞❡s ❞❡ ré✢❡❝t❡✉rs ♣r♦❢♦♥❞s
❬❲❡❧❢♦r❞ ❡t ❘♦♥❣❢❡♥❣✱ ✷✵✵✹❪✳ ❉✬❛✉tr❡s ✉t✐❧✐s❡♥t ✉♥ ✜❧tr❛❣❡ ❛✉t♦♠❛t✐q✉❡ ❛❞❛♣té ❞✉ ❣r♦✉♥❞✲r♦❧❧

✶✳ ❊♥ s✐s♠✐q✉❡✱ ❧❡ s✐❣♥❛❧ ❞✐t ✏✉t✐❧❡✑ ❢❛✐t ré❢ér❡♥❝❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉① ré✢❡①✐♦♥s✱ t❛♥❞✐s q✉❡ t♦✉t ❝❡ q✉✐ ❡st

✏✐♥✉t✐❧❡✑ ✭❡✳❣✳✱ ❧❡s ♠✉❧t✐♣❧❡s✱ ❧❡ ❣r♦✉♥❞✲r♦❧❧✳✳✳✮ ❡st ❛♣♣❡❧é ✏❜r✉✐t✑✱ q✉✬✐❧ s♦✐t ❝♦❤ér❡♥t ♦✉ ♥♦♥✳



✷✽ ❈❤❛♣✐tr❡ ✹✳ ▲❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡

❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ s❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s rés✉❧t❛ts s❡♥s✐❜❧❡♠❡♥t
♠❡✐❧❧❡✉rs q✉❡ ❧❡ ✜❧tr❛❣❡ ❢✲❦✱ s✉rt♦✉t ❡♥ t❡r♠❡s ❞❡ ♣rés❡r✈❛t✐♦♥ ❞✬❛♠♣❧✐t✉❞❡s ❞❡s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡
❞❛♥s ❧❡ ❝ô♥❡ ❞❡s ♣r♦❝❤❡s ♦✛s❡ts ❬▼❡✉r ❡t ❛❧✳✱ ✷✵✶✵❪✳

❆ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✱ ✉♥❡ ❛✉tr❡ ♣♦ss✐❜✐❧✐té ❡st ét✉❞✐é❡ ♣♦✉r s✬❛✛r❛♥❝❤✐r ❞❡s ❡✛❡ts ❞❡ ❧❛ ❲❩
s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ✭❝❢ ❛✉ss✐ ❧❡ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷✱ ❈❤❛♣✐tr❡ ✺✮✳ ❊❧❧❡
✉t✐❧✐s❡ ❧❡ ❝♦♥❝❡♣t ❞❡ ✏s♦✉r❝❡ ✈✐rt✉❡❧❧❡✑ q✉✐ r❡♣♦s❡ s✉r ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦❝❛❧✐s❛t✐♦♥ ♣❛r r❡t♦✉r♥❡♠❡♥t
t❡♠♣♦r❡❧✱ ❧❛r❣❡♠❡♥t ét✉❞✐é ❡♥ ✐♠❛❣❡r✐❡ ♠é❞✐❝❛❧❡ ♦✉ ❡♥ ❛❝♦✉st✐q✉❡ s♦✉s✲♠❛r✐♥❡✳ ❉é❝❧✐♥é❡ à ❧❛
s✐s♠✐q✉❡✱ ❧❛ ♠ét❤♦❞❡ ♥❡ ♥é❝❡ss✐t❡ ❞✬❡♥t❡rr❡r q✉❡ ❞❡s ❝❛♣t❡✉rs ✭❡t ♥♦♥ ❞❡s s♦✉r❝❡s q✉✐ ❞❡♠❡✉r❡♥t✱
❡❧❧❡s✱ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s✮ ❡t ♣❡r♠❡t ❞❡ r❡❝♦♥str✉✐r❡ ♣❛r s②♥t❤ès❡ ❧❡s s✐s♠♦❣r❛♠♠❡s q✉✐ ❛✉r❛✐❡♥t été
❝réés ♣❛r ✉♥❡ s♦✉r❝❡ ✜❝t✐✈❡ à ❧✬❡♠♣❧❛❝❡♠❡♥t ❞❡s ❝❛♣t❡✉rs ❡♥t❡rrés ❬❇♦♥♥❡❛✉ ❡t ❛❧✳✱ ✷✵✶✵❪✳ ❈❡❧❛
♣❡r♠❡t ❛✐♥s✐ ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡s ❝❛♣t❡✉rs ❡t ❞❡ ❧❛ s❡♥s✐❜✐❧✐té
❛✉① ❝❤❛♥❣❡♠❡♥ts ❞❡ s✉r❢❛❝❡✱ t♦✉t ❡♥ ré❞✉✐s❛♥t ❧❡s ❝♦ûts ❡♥ é✈✐t❛♥t ❧✬❡♥t❡rr❡♠❡♥t ❞❡s s♦✉r❝❡s
✈✐❜r❛t♦✐r❡s✳

❉✉ ❢❛✐t ❞❡ s❛ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ❡♥ t❡r♠❡s ❞❡ ❝❛r❛❝tér✐st✐q✉❡s s♣❛t✐❛❧❡s ❡t ♣❤②s✐q✉❡s✱ ❧❛ ❲❩ ❛
✉♥ ✐♠♣❛❝t ❝♦♥s✐❞ér❛❜❧❡ s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ❧❛ ♣r♦❝❤❡ s✉r❢❛❝❡✱ ✐♠♣❛❝t q✉✐ ❞❡♠❡✉r❡
t♦✉t❡❢♦✐s ❛✉❥♦✉r❞✬❤✉✐ ❡♥❝♦r❡ ♠❛❧ ❝♦♥♥✉ ♠ê♠❡ ❞❛♥s ❧❡s ③♦♥❡s ❞❡ t❡❝t♦♥✐q✉❡ ❝❛❧♠❡✳ ❉❛♥s ❧❡s
♠ét❤♦❞❡s ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s ❞✬✐♠❛❣❡r✐❡ s✐s♠✐q✉❡ ❞✉ s♦✉s✲s♦❧✱ ✉♥ ❞❡s ♣r♦❜❧è♠❡s ré❝✉rr❡♥ts ❡st
❧✬❛❜s❡♥❝❡ ❞❡ ♠♦❞è❧❡s ❞❡ ✈✐t❡ss❡ s✉✣s❛♠♠❡♥t ✜❛❜❧❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ ③♦♥❡ ❛❧téré❡ ❞❡ s✉r❢❛❝❡✱
❝❡ q✉✐ ❝♦♥❞✉✐t à ❞❡s s✐♠✉❧❛t✐♦♥s q✉❡❧q✉❡ ♣❡✉ ❜✐❛✐sé❡s ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✳ ❆ ❧✬✐♥✈❡rs❡✱
❧✬❛♥❛❧②s❡ ❞✉ ❣r♦✉♥❞✲r♦❧❧ ♣❡r♠❡ttr❛✐t ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♣r♦♣r✐étés ✭❧✐é❡s ❛✉① ♦♥❞❡s
❙✮ ❞❡ ❧❛ ❲❩✳ ❚♦✉t ❧❡ ♣r♦❜❧è♠❡ ❝♦♥s✐st❡ ❞♦♥❝ à ét✉❞✐❡r ❝♦♥❥♦✐♥t❡♠❡♥t ❧❛ str✉❝t✉r❡ ❞❡ ❧❛ ❲❩ ❡t
❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❞❛♥s ❝❡tt❡ ③♦♥❡✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❛♥s ✉♥
♣r❡♠✐❡r t❡♠♣s ❞❡ ♥♦✉s ❢♦❝❛❧✐s❡r s✉r ❧❡ ❝❛r❛❝tèr❡ ❛♥✐s♦tr♦♣❡ ❞❡ ❧❛ ❲❩ ✷ ❡t ❞✬ét✉❞✐❡r ❡♥ ❞ét❛✐❧s ❧❡s
❝♦♥❞✐t✐♦♥s ❞✬❡①✐st❡♥❝❡ ❡t ❧❡s ♣r♦♣r✐étés ❞❡s ♦♥❞❡s q✉✐ ♣❡✉✈❡♥t s✬② ♣r♦♣❛❣❡r✳

❋✐❣✉r❡ ✹✳✶ ✕ ●❛✉❝❤❡ ✿ ■❧❧✉str❛t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t ❞✉ ❣r♦✉♥❞✲r♦❧❧ ✭r❡♣rés❡♥té s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥

❝ô♥❡✮ s✉r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s ❜r✉t❡s✳ ❉r♦✐t❡ ✿ ❉♦♥♥é❡s s✐s♠✐q✉❡s s✐♠✐❧❛✐r❡s ❛♣rès ✏✜❧tr❛❣❡✑ ❞✉

❣r♦✉♥❞✲r♦❧❧✳ ✭❙♦✉r❝❡ ✿ ●❡♦❆♣❡① ❚❡❝❤♥♦❧♦❣② ■♥❝✮✳

✷✳ ■❧ ❡st ❜✐❡♥ ❡♥t❡♥❞✉ q✉❡ ❞❛♥s ❧❛ ❤✐ér❛r❝❤✐❡ ❞❡s ❞✐✣❝✉❧tés ❧✐é❡s à ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❲❩✱ ❧✬❛♥✐s♦tr♦♣✐❡ s❡

♣❧❛❝❡ ❛♣rès ❝❡rt❛✐♥❡s ❛✉tr❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❧❧❡s q✉❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❧✬❤été♦❣é♥é✐té✳✳✳



✹✳✷✳ ❈❧❛r✐✜❝❛t✐♦♥ ❞❡ ❧❛ t❡r♠✐♥♦❧♦❣✐❡ ❡t ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ✷✾

✹✳✷ ❈❧❛r✐✜❝❛t✐♦♥ ❞❡ ❧❛ t❡r♠✐♥♦❧♦❣✐❡ ❡t ❙✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛✲

t✐♦♥

❯♥ ❞❡♠✐✲❡s♣❛❝❡ é❧❛st✐q✉❡ ❤♦♠♦❣è♥❡ ✐s♦tr♦♣❡ ♣❡✉t s✉♣♣♦rt❡r tr♦✐s t②♣❡s ❞✬♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ✿
✉♥❡ ♦♥❞❡ P ❡t ❞❡✉① ♦♥❞❡s ❙ ✭❙❱ ❡t ❙❍✮✱ ❞♦♥t ❧❡ ✈❡❝t❡✉r ♣♦❧❛r✐s❛t✐♦♥ ❡st s♦✐t ♣❛r❛❧❧è❧❡ ✭❝❛s
❞❡ ❧✬♦♥❞❡ P✮✱ s♦✐t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ✭♣♦✉r ❧❡s ♦♥❞❡s ❙✮ ❛✉ ✈❡❝t❡✉r ❧❡♥t❡✉r✳ ▲❛ ♣♦❧❛r✐s❛t✐♦♥ ❞❡s
♦♥❞❡s ❙✱ ♣❛r r❛♣♣♦rt à ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✉ ❞❡♠✐✲❡s♣❛❝❡✱ ❡st s♦✐t ✈❡rt✐❝❛❧❡ ✭♣♦✉r ❧✬♦♥❞❡ ❙❱✮✱ s♦✐t
❤♦r✐③♦♥t❛❧❡ ✭♣♦✉r ❧✬♦♥❞❡ ❙❍✮✳ ❙❡✉❧❡s ❧❡s ♦♥❞❡s P ❡t ❙❱ ♣❡✉✈❡♥t êtr❡ ❝♦✉♣❧é❡s à ❧❛ s✉r❢❛❝❡ ✭♣❧❛♥❡✮
❧✐❜r❡ ❞✬✉♥ s♦❧✐❞❡ é❧❛st✐q✉❡ ❤♦♠♦❣è♥❡ ✐s♦tr♦♣❡✳ ❯♥❡ ♦♥❞❡ ❞❡ s✉r❢❛❝❡ ❞❡ t②♣❡ ❘❛②❧❡✐❣❤✱ rés✉❧t❛♥t
❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ♥♦♥ ❤♦♠♦❣è♥❡s P ❡t ❙✱ s❡ ♣r♦♣❛❣❡ ❛❧♦rs ❧❡ ❧♦♥❣
❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ❞❡♠✐✲❡s♣❛❝❡ ✐s♦tr♦♣❡✱ s❛♥s ❞✐s♣❡rs✐♦♥ ❡t ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❝♦♥st❛♥t❡ ♣r♦❝❤❡ ❞❡
❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s ❙ ❞❛♥s ❧❡ ♠✐❧✐❡✉✳ ▲✬é♥❡r❣✐❡ tr❛♥s♣♦rté❡ ♣❛r ❝❡tt❡ ♦♥❞❡ ❞❡ s✉r❢❛❝❡✱ ❞♦♥t ❧❛
♣♦❧❛r✐s❛t✐♦♥ ❡st ❡❧❧✐♣t✐q✉❡ ❞❛♥s ❧❡ ♣❧❛♥ s❛❣✐tt❛❧✱ ❡st ❝♦♥❝❡♥tré❡ ❞❛♥s ✉♥❡ ❝♦✉❝❤❡✱ ❞✬é♣❛✐ss❡✉r ✉♥❡
❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❥✉st❡ s♦✉s ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✳ ❯♥ ♣♦✐♥t s♦✉r❝❡ ❣é♥èr❡✱ ♦✉tr❡ ❧❡s ❢r♦♥ts ❞✬♦♥❞❡ P ❡t
❙ ❡t ❧❡ ❢r♦♥t ❞✬♦♥❞❡ ❞❡ ❘❛②❧❡✐❣❤✱ ✉♥❡ ♦♥❞❡ ❧❛tér❛❧❡ ❙ q✉✐ ❝♦♥♥❡❝t❡ ❧❡s ♦♥❞❡s P ❡t ❙✳

❊♥ ♣rés❡♥❝❡ ❞✬❛♥✐s♦tr♦♣✐❡✱ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s ♣rés❡♥t❡ ❞❡s ❞✐✛ér❡♥❝❡s ♥♦t❛❜❧❡s ♣❛r r❛♣✲
♣♦rt ❛✉ ❝❛s ✐s♦tr♦♣❡✳ ▲❡ ✈❡❝t❡✉r ♣♦❧❛r✐s❛t✐♦♥ ❞❡s tr♦✐s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ♥✬❡st ♥✐ ♥é❝❡ss❛✐r❡♠❡♥t
♣❛r❛❧❧è❧❡✱ ♦✉ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ✈❡❝t❡✉r ❧❡♥t❡✉r✳ ❊①❝❡♣té ♣♦✉r ❞❡s ❞✐r❡❝t✐♦♥s ❞❡ ♣r♦♣❛❣❛t✐♦♥
s♣é❝✐✜q✉❡s✱ ❧✬♦♥❞❡ q✉❛s✐✲P ✭qP✮ ❡t ❧❡s ♦♥❞❡s q✉❛s✐✲❙ ✭q❙✮ ♣❡✉✈❡♥t êtr❡ ❝♦✉♣❧é❡s à ❧❛ s✉r❢❛❝❡ ❞✬✉♥
❞❡♠✐✲❡s♣❛❝❡ é❧❛st✐q✉❡✱ ❡t ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ✐s♦tr♦♣❡✱ ❧✬♦♥❞❡ ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡
♣❡✉t rés✉❧t❡r ❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❧✐♥é❛✐r❡ ❞❡ tr♦✐s✱ ❞❡✉①✱ ♦✉ ♠ê♠❡ ✉♥❡ s❡✉❧❡✱ ♦♥❞❡✭s✮ ❞❡ ✈♦❧✉♠❡
♥♦♥ ❤♦♠♦❣è♥❡✭s✮✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❛♥✐s♦tr♦♣❡ ❞✉ ♠✐❧✐❡✉ ♠♦❞✐✜❡ ❞♦♥❝ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧✬❡①✐s✲
t❡♥❝❡ ❡t ❧❛ str✉❝t✉r❡ ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ q✉✐ s❡ ♣r♦♣❛❣❡♥t à ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✬✉♥ ♠✐❧✐❡✉✳ ▲❡
❝❤❛♥❣❡♠❡♥t ❧❡ ♣❧✉s ✢❛❣r❛♥t ❡st ❝❡rt❛✐♥❡♠❡♥t ❧❡ ❢❛✐t q✉✬✉♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉
❝❛s ✐s♦tr♦♣❡✱ ♣❡✉t s✉♣♣♦rt❡r ❞❡ ♥♦♠❜r❡✉s❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡s s✉♣❡rs♦♥✐q✉❡s ✭✐✳❡✳✱ ❞❡s ♦♥❞❡s ❞❡
s✉r❢❛❝❡ ❛②❛♥t ❞❛♥s ❧❡✉rs ❝♦♠♣♦s❛♥t❡s ❛✉ ♠♦✐♥s ✉♥❡ ♦♥❞❡ ❞❡ ✈♦❧✉♠❡ ❤♦♠♦❣è♥❡✮ ✸✳ ❊♥ ♦✉tr❡✱ ❧❡s
♣r♦♣r✐étés ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡s ❞é♣❡♥❞❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡
❛✐♥s✐ q✉❡ ❞❡ ❧❡✉r ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥✳

▲✬❛♥✐s♦tr♦♣✐❡ ✐♥❞✉✐t ♣❛r ❝♦♥séq✉❡♥t ❞❡s ❞✐✣❝✉❧tés✱ ♣❛r❢♦✐s ❝♦♥s✐❞ér❛❜❧❡s✱ ♣♦✉r ét✉❞✐❡r ❡①♣❧✐✲
❝✐t❡♠❡♥t ❡t ❛♥❛❧②t✐q✉❡♠❡♥t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✳ ▼ê♠❡ s✐ ❞❡s t❡♥t❛t✐✈❡s ♣♦✉r ♦❜t❡♥✐r ❞❡s
éq✉❛t✐♦♥s sé❝✉❧❛✐r❡s ❡①♣❧✐❝✐t❡s ♦♥t été ❝♦✉r♦♥♥é❡s ❞❡ s✉❝❝ès✱ ❧❛ ♣❧✉♣❛rt ♦♥t été ♦❜t❡♥✉❡s ✉♥✐✲
q✉❡♠❡♥t ♣♦✉r ❞❡s ❛♥✐s♦tr♦♣✐❡s s♣é❝✐✜q✉❡s ❛✈❡❝ ✉♥ ❤❛✉t ❞❡❣ré ❞❡ s②♠étr✐❡✳ P❡✉ ❞❡ ♣r♦❜❧è♠❡s
❡♥ é❧❛st♦❞②♥❛♠✐q✉❡ ♦♥t ❞❡s s♦❧✉t✐♦♥s ❛♥❛❧②t✐q✉❡s✱ ❛✉ss✐ ✐❧s s♦♥t s♦✉✈❡♥t ét✉❞✐és ❛✉ ♠♦②❡♥ ❞✬❛♣✲
♣r♦❝❤❡s s❡♠✐✲❛♥❛❧②t✐q✉❡s✳ ◆é❛♥♠♦✐♥s✱ ❞❡s ❞♦✉t❡s ♣❡rs✐st❡♥t s✉r ❧❛ ✜❛❜✐❧✐té ❞❡ ❧❡✉rs s♦❧✉t✐♦♥s✳ ▲❡s
s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❞❡✈✐❡♥♥❡♥t ♣❛r ❝♦♥séq✉❡♥t très ❛ttr❛❝t✐✈❡s ♣♦✉r ❞é❝r✐r❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❣é♥éré❡ ♣❛r ✉♥ ♣♦✐♥t s♦✉r❝❡ à ✉♥❡ s✉r❢❛❝❡ ❧✐❜r❡ q✉✐ ♣❡✉t ❞✐✛ér❡r ❞✬✉♥ ♣❧❛♥ ❞❡
s②♠étr✐❡ ❞✬✉♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡✳ ✃tr❡ ❝❛♣❛❜❧❡ ❞❡ s✐♠✉❧❡r ♥✉♠ér✐q✉❡♠❡♥t ❡t ❞❡ ♠❛♥✐èr❡ ♣ré❝✐s❡
❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❡st ❡ss❡♥t✐❡❧ ♥♦♥ s❡✉❧❡♠❡♥t ♣♦✉r ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ s✐s♠✐q✉❡✱ ♠❛✐s ❛✉ss✐
♣♦✉r ❧❡s ❞♦♠❛✐♥❡s ❞❡ ❧❛ s✐s♠♦❧♦❣✐❡ ❡t ❞❡s ✉❧tr❛s♦♥s✱ ♦ù ❧❡s ♠❛tér✐❛✉① ♣♦ssè❞❡♥t ❣é♥ér❛❧❡♠❡♥t ❞❡s
♣r♦♣r✐étés ❛♥✐s♦tr♦♣❡s ❞é❝r✐t❡s ❞❛♥s ❧❡✉r ❢♦r♠❡ ❧❛ ♣❧✉s ❣é♥ér❛❧❡✱ ✐✳❡✳✱ ♣❛r ✷✶ ❝♦❡✣❝✐❡♥ts é❧❛st✐q✉❡s✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ♣❛ssé ❡♥ r❡✈✉❡ ❧❡s ♣r♦♣❛❣❛t✐♦♥s ❤❛r♠♦♥✐q✉❡s ❡t tr❛♥✲
s✐t♦✐r❡s ❞❡s ♦♥❞❡s à ❧❛ s✉r❢❛❝❡ ❞❡ ♠✐❧✐❡✉① ❛♥✐s♦tr♦♣❡s ✭❡✳❣✳✱ ♠✐❧✐❡✉① ❝✉❜✐q✉❡s✱ ❤❡①❛❣♦♥❛✉①✳✳✳✮✱
❡♥ ❝❧❛r✐✜❛♥t ♣❛r ❧❛ ♠ê♠❡ ♦❝❝❛s✐♦♥ ❧❛ t❡r♠✐♥♦❧♦❣✐❡✱ s♦✉✈❡♥t ❝♦♥❢✉s❡ ❡t ♣❛r❢♦✐s ❝♦♥tr❛❞✐❝t♦✐r❡✱

✸✳ ▲❡ ❝❛r❛❝tèr❡ s✉♣❡rs♦♥✐q✉❡ ♦✉ s✉❜s♦♥✐q✉❡ ❞✬✉♥❡ ♦♥❞❡ ❞❡ s✉r❢❛❝❡ ❡♥ ❝♦♥t❡①t❡ ❛♥✐s♦tr♦♣❡ ❡st ❧✐é à ❧❛ ♥♦t✐♦♥

❞✬♦♥❞❡ ❞❡ ✈♦❧✉♠❡ ❧✐♠✐t❡✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✶✶❪ ❡♥ ❆♥♥❡①❡ ❉✱ ❡t ♣❧✉s

♣❛rt✐❝✉❧✐èr❡♠❡♥t s❡s ♣❛❣❡s ✻✺✹✲✻✺✺ ♣♦✉r ❞❡ ♣❧✉s ❛♠♣❧❡s ❡①♣❧✐❝❛t✐♦♥s✳



✸✵ ❈❤❛♣✐tr❡ ✹✳ ▲❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡

❛ttr✐❜✉é❡ ❛✉① ❞✐✛ér❡♥ts t②♣❡s ❞✬♦♥❞❡s ❞❡ s✉r❢❛❝❡s ❬❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳✱ ✷✵✶✶❪ ✹✳
P❛r ❧❛ s✉✐t❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❞❡✉① ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ✏❢✉❧❧✲✇❛✈❡✑ ✸❉ ♣♦✉r rés♦✉❞r❡ ❧❡

♣r♦❜❧è♠❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ s❛♥s ❛✉❝✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ s✉r ❧❡ t②♣❡ ❞❡ s②✲
♠étr✐❡ ❞❡s ♠✐❧✐❡✉① ❛♥✐s♦tr♦♣❡s ❡t s✉r ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✳ ❈❡s ❞❡✉① ♠ét❤♦❞❡s✱ ✐✳❡✳✱
❧❛ ♠ét❤♦❞❡ ♣s❡✉❞♦✲s♣❡❝tr❛❧❡ ❋♦✉r✐❡r✲❈❤❡❜②s❤❡✈ ✭P❙▼✮ ❡t ❧❛ ♠ét❤♦❞❡ ❞❡s é❧é♠❡♥ts ✜♥✐s s♣❡❝✲
tr❛✉① ✭❙❊▼✮✱ s♦♥t très ♣ré❝✐s❡s ❝❛r ❡❧❧❡s r❡♣♦s❡♥t s✉r ❞❡s ❛♣♣r♦①✐♠❛t✐♦♥s s♣❡❝tr❛❧❡s ❞✬♦r❞r❡
é❧❡✈é ❞✉ ❝❤❛♠♣ ❞✬♦♥❞❡ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ❞ér✐✈é❡s s♣❛t✐❛❧❡s✳ ▲❛ P❙▼ ❡st ❜❛sé❡ s✉r ❞❡s ♦♣ér❛t❡✉rs
❞✐✛ér❡♥t✐❡❧s ❣❧♦❜❛✉① ♣♦✉r ❧❡sq✉❡❧s ❧❡ ❝❤❛♠♣ ❡st ❞é❝r✐t ❡♥ t❡r♠❡s ❞❡ ♣♦❧②♥ô♠❡s ❞❡ ❋♦✉r✐❡r ❡t
❞❡ ❈❤❡❜②s❤❡✈ ❬Pr✐♦❧♦ ❡t ❛❧✳✱ ✶✾✾✹✱ ❈❛r❝✐♦♥❡✱ ✷✵✵✼❪✱ t❛♥❞✐s q✉❡ ❧❛ ❙❊▼ ❡st ✉♥❡ ❡①t❡♥s✐♦♥ ❞❡ ❧❛
♠ét❤♦❞❡ ❞❡s é❧é♠❡♥ts ✜♥✐s q✉✐ ✉t✐❧✐s❡ ❧❡s ♣♦❧②♥ô♠❡s ❞❡ ▲❡❣❡♥❞r❡ ❝♦♠♠❡ ❢♦♥❝t✐♦♥s ❞✬✐♥t❡r♣♦✲
❧❛t✐♦♥ ❬❑♦♠❛t✐ts❝❤ ❡t ❱✐❧♦tt❡✱ ✶✾✾✽✱ ❑♦♠❛t✐ts❝❤ ❡t ❛❧✳✱ ✷✵✵✵❪✳ ❚rès ✢❡①✐❜❧❡s✱ ❧❡s ❞❡✉① ♠ét❤♦❞❡s
♣❡✉✈❡♥t ♦❜t❡♥✐r ❧❡s s♦❧✉t✐♦♥s ♣♦✉r ❞❡s ♠✐❧✐❡✉① ❤étér♦❣è♥❡s q✉❡❧❝♦♥q✉❡s ❝❛r ❧✬❡s♣❛❝❡ ❡st ❞✐s✲
❝rét✐sé s✉✐✈❛♥t ✉♥ ♠❛✐❧❧❛❣❡ ❞♦♥t ❧❡s ♣♦✐♥ts ❞❡ ❧❛ ❣r✐❧❧❡ ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ✈❛❧❡✉rs ❞✐✛ér❡♥t❡s
❞❡ ♣r♦♣r✐étés é❧❛st✐q✉❡s✳ ◆♦s s✐♠✉❧❛t✐♦♥s s❡ s♦♥t ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s ❢♦❝❛❧✐sé❡s s✉r ❧❡s ♠✐✲
❧✐❡✉① ❞❡ s②♠étr✐❡s ❝✉❜✐q✉❡ ❡t ❤❡①❛❣♦♥❛❧❡ ✭❝✉✐✈r❡✱ ❛♣❛t✐t❡ ❡t ③✐♥❝✮ ♣♦✉r ♣♦✉✈♦✐r ❧❡s ❝♦♠♣❛r❡r
à ❞❡s s♦❧✉t✐♦♥s ❛♥❛❧②t✐q✉❡s ❝♦♥♥✉❡s✱ ❛✈❛♥t ❞❡ tr❛✐t❡r ❞❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s ❞❡s ❝❛s ♣❧✉s ❝♦♠✲
♣❧❡①❡s ❞❡ ♠✐❧✐❡✉① ❤étér♦❣è♥❡s✱ ♣♦✉r ❧❡sq✉❡❧s ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡✱ ♠♦♥tr❛♥t ❛✐♥s✐
q✉❡ ❧❡s ❛❧❣♦r✐t❤♠❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t tr❛✐t❡r ❞❡ ❣r❛♥❞❡s ✈❛r✐❛t✐♦♥s ❞✬✐♠♣é❞❛♥❝❡ ❛✉① ✐♥t❡r❢❛❝❡s
❬❑♦♠❛t✐ts❝❤ ❡t ❛❧✳✱ ✷✵✶✶❪✳

❆ ❞❡s ✜♥s ❞✬✐❧❧✉str❛t✐♦♥✱ ❧❛ ❋✐❣✉r❡ ✹✳✷ r❡♣rés❡♥t❡ ❞❡s ✐♥st❛♥t❛♥és ❛✉① t❡♠♣s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ✷✽
µs✱ ✸✹µs✱ ✹✵µs ❡t ✹✻µs✱ ❝❛❧❝✉❧és ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❙❊▼✱ à ❧❛ s✉r❢❛❝❡ ✭✵✵✶✮ ❞✬✉♥ ❝r✐st❛❧ ❞❡ ❝✉✐✈r❡ ✸❉✳
▲❛ s♦✉r❝❡ ♣❧❛❝é❡ ❡♥ s✉r❢❛❝❡ ❛ ♣♦✉r ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ✷✵✵ ❦❍③✳ ❖✉tr❡ ❧❡s ❢r♦♥ts ❞✬♦♥❞❡ ❛ss♦❝✐és
❛✉① ♦♥❞❡s P✱ ❙❱ ❡t ❙❍✱ ❧❡ ❢r♦♥t ❞✬♦♥❞❡ ❞❡ ❘❛②❧❡✐❣❤✱ ❞♦♠✐♥❛♥t✱ ♣❡✉t ❝❧❛✐r❡♠❡♥t êtr❡ ♦❜s❡r✈é✳
▲❛ ❋✐❣✉r❡ ✹✳✸ ♣rés❡♥t❡ ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❞✬✉♥ ✐♥st❛♥t❛♥é✱ ♦❜t❡♥✉ ♣❛r ❧❛ P❙▼✱ à ❧❛ s✉r❢❛❝❡ ❧✐❜r❡
✭✶✵✵✮ ❞✬✉♥ ❝r✐st❛❧ ❞❡ ❝✉✐✈r❡ ❛✈❡❝ ❧❡s ❢r♦♥ts ❞✬♦♥❞❡ ♦❜t❡♥✉s ♣❛r ❬❉❡s❝❤❛♠♣s ❡t ❍✉❡t✱ ✷✵✵✾❪ ❛✉
♠♦②❡♥ ❞✉ ❢♦r♠❛❧✐s♠❡ ❞❡s ♦♥❞❡s ♣❧❛♥❡s ♥♦♥ ❤♦♠♦❣è♥❡s✳ ❖♥ ♣❡✉t ♥♦t❡r ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡ ❜♦♥
❛❝❝♦r❞ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣r♦❧♦♥❣❡♠❡♥t ❞❡s ♣♦✐♥ts ❞❡ r❡❜r♦✉ss❡♠❡♥t q❙✱ ❞û à ❞❡s ♣❤é♥♦♠è♥❡s
❞❡ ❞✐✛r❛❝t✐♦♥✱ ❢♦r♠❛♥t ❛✐♥s✐ ❞❡✉① q✉❛s✐✲❡❧❧✐♣s❡s✳ ❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ✷❉ ❛✈❡❝ ❧❛
s♦✉r❝❡ ✭❞❡ ❢réq✉❡♥❝❡ ❞♦♠✐♥❛♥t❡ ✷✵✵ ❦❍③✮ ♣❧❛❝é❡ ❛✉ ❝❡♥tr❡ ❞✉ ♠♦❞è❧❡✱ s❡✉❧❡s ❧❡s ♦♥❞❡s ❞❡ ✈♦❧✉♠❡
s♦♥t ✐♠❛❣é❡s✱ ❞✬♦ù ❧❛ ❞✐✛ér❡♥❝❡ ♦❜s❡r✈é❡ ❛✈❡❝ ❧✬✐♥st❛♥t❛♥é ❞❡ ❧❛ ❋✐❣✉r❡ ✹✳✷ q✉✐ ❡st✱ ❧✉✐✱ ❞♦♠✐♥é
♣❛r ❧❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡✳

✹✳✸ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s

▲❛ ♣rés❡♥❝❡ ❞❡ ❣r♦✉♥❞✲r♦❧❧ s✉r ❧❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s t❡rr❡str❡s ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♥✉✐s✐❜❧❡
♣♦✉r ✉♥❡ ❜♦♥♥❡ ✐♠❛❣❡r✐❡ ❞✉ s♦✉s✲s♦❧ ❡t ❞❡ s❛ s✉❜s✉r❢❛❝❡✳ ◗✉❡ ❧✬♦♥ ✈❡✉✐❧❧❡ ♦❜t❡♥✐r ❞❡ ❝❡ ❜r✉✐t
❝♦❤ér❡♥t ❞✐s♣❡rs✐❢ ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❞✉ s♦✉s✲s♦❧✱ ♦✉ q✉❡ ❧✬♦♥ ✈❡✉✐❧❧❡
❧✬é❧✐♠✐♥❡r ♣♦✉r ❛♠é❧✐♦r❡r ❧✬✐♥t❡r♣rét❛t✐♦♥ s✐s♠✐q✉❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♠♣r❡♥❞r❡ ❛✉ ♣ré❛❧❛❜❧❡
❧❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s s♦✉s✲❥❛❝❡♥ts ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❧❡ s✐♠✉❧❡r ❛✈❡❝ ré❛❧✐s♠❡✳ ❉❛♥s ❝❡ ❝❛❞r❡✱
♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ♣❤②s✐q✉❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ à ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❞✬✉♥
♠✐❧✐❡✉ é❧❛st✐q✉❡ ❛♥✐s♦tr♦♣❡✱ ❡t ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❞❡s ❛❧❣♦r✐t❤♠❡s ♥✉♠ér✐q✉❡s q✉✐ ♣❡r♠❡tt❡♥t ❞❡
s✐♠✉❧❡r ❡♥ ✸❉ ❡t ❛✈❡❝ ✉♥❡ ❣r❛♥❞❡ ♣ré❝✐s✐♦♥ ❝❡tt❡ ♣r♦♣❛❣❛t✐♦♥✳

❈❡ tr❛✈❛✐❧ ❝♦♥st✐t✉❡ ❧❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞✬✉♥ ♣r♦❥❡t s✉r ❧✬ét✉❞❡ ❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡t ❞✬✐♥t❡r✲
❢❛❝❡ ❞❛♥s ❧❡s ♠✐❧✐❡✉① ❝♦♠♣❧❡①❡s ✭❛♥✐s♦tr♦♣❡s✱ ♣♦r❡✉①✳✳✳✮ q✉✐ tr♦✉✈❡ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❡♥ ❡①♣❧♦r❛t✐♦♥
s✐s♠✐q✉❡✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬ét❡♥❞r❡ ♥♦tr❡ ét✉❞❡ ❛❝❛❞é♠✐q✉❡✱ ♣❛r ❡①❡♠♣❧❡ ❛✉

✹✳ ❏✬✐♥✈✐t❡ ❧❡ ❧❡❝t❡✉r à ❝♦♥s✉❧t❡r ❝❡t ❛rt✐❝❧❡ ❡♥ ❆♥♥❡①❡ ❉✳



✹✳✸✳ ❈♦♥❝❧✉s✐♦♥s ❡t P❡rs♣❡❝t✐✈❡s ✸✶

❝❛s ❞❡s ♦♥❞❡s ❞❡ t②♣❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬❡①♣❧♦r❛t✐♦♥ s✐s♠✐q✉❡ ❞❡s ré❣✐♦♥s ❛r❝t✐q✉❡s✱
❛✉✲❞❡❧à ❞❡s ♣r♦❜❧è♠❡s ❧♦❣✐st✐q✉❡s✱ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ♣rés❡♥t❡r ❞❡s ❞✐✣❝✉❧tés ❧✐é❡s à ❧❛ ❣r❛♥❞❡
❝♦♠♣❧❡①✐té ❞❡ ❧❛ ♣r♦❝❤❡ s✉r❢❛❝❡✳ ▲❡s ❞é♣ôts s✉❝❝❡ss✐❢s ❡t ❧✬ér♦s✐♦♥ ❣❧❛❝✐❛✐r❡ ♦♥t ♣r♦❞✉✐t ✉♥❡
❣é♦♠♦r♣❤♦❧♦❣✐❡ ❝♦♠♣❧❡①❡ ❛✈❡❝ ❞❡ r❛♣✐❞❡s ❝❤❛♥❣❡♠❡♥ts ❧✐t❤♦❧♦❣✐q✉❡s✳ ❊♥ ♦✉tr❡✱ ❧❛ ♣rés❡♥❝❡ ❞❡
♣❡r♠❛❢r♦st ❡t ❞❡ ❝♦✉❝❤❡s ❞❡ ❣❧❛❝❡ s❛✐s♦♥♥✐èr❡s ✐♥❞✉✐s❡♥t ❞❡s ✈❛r✐❛t✐♦♥s r❛♣✐❞❡s ❡t ✐♠♣♦rt❛♥t❡s✱ à
❧❛ ❢♦✐s ❧❛tér❛❧❡s ❡t ✈❡rt✐❝❛❧❡s✱ ❞❡s ♣r♦♣r✐étés é❧❛st✐q✉❡s ❞❡ ❧❛ s✉❜s✉r❢❛❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ tr❛♥s✐t✐♦♥
❡♥tr❡ ❧❡s ③♦♥❡s ❣❡❧é❡s ❡t ❧❡s ③♦♥❡s ❞é❣❡❧é❡s✳ ❈❡❝✐ ✐♥❞✉✐t ❞❡s ✈❛r✐❛t✐♦♥s ❧❛tér❛❧❡s ❡①trê♠❡s ❞❡s s✐✲
❣♥❛✉① s✐s♠✐q✉❡s✱ ❛✈❡❝ ❧❛ ♣rés❡♥❝❡ ❞❡ ❜r✉✐t ❝♦❤ér❡♥t à ❢♦rt❡ ❛♠♣❧✐t✉❞❡ ❣é♥éré ♣❛r ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ♦✉ ❞❡s ♦♥❞❡s ❞❡ ♣❧❛q✉❡ ✭❞❡ t②♣❡ ♦♥❞❡s ❞❡ ▲❛♠❜✮ ❬❙tr♦❜❜✐❛ ❡t ❛❧✳✱ ✷✵✵✾❪✳
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❋✐❣✉r❡ ✹✳✷ ✕ ■♥st❛♥t❛♥és ❛✉① t❡♠♣s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ✷✽µs✱ ✸✹µs✱ ✹✵µs ❡t ✹✻µs ✭❝❛❧❝✉❧és ❡♥

✉t✐❧✐s❛♥t ❧❛ ❙❊▼ ✸❉✮ à ❧❛ s✉r❢❛❝❡ ✭✵✵✶✮ ❞✬✉♥ ❝r✐st❛❧ ❞❡ ❝✉✐✈r❡✳ ▲❛ s♦✉r❝❡ ♣❧❛❝é❡ ❡♥ s✉r❢❛❝❡ ❛ ♣♦✉r

❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ ✷✵✵ ❦❍③✳



✸✷ ❈❤❛♣✐tr❡ ✹✳ ▲❡s ♦♥❞❡s ❞❡ s✉r❢❛❝❡ ❡♥ ♠✐❧✐❡✉ ❛♥✐s♦tr♦♣❡

x (cm)

z 
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m
)

❋✐❣✉r❡ ✹✳✸ ✕ ●❛✉❝❤❡ ✿ ■♥st❛♥t❛♥é ❛✉ t❡♠♣s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ✸✻µs ✭♦❜t❡♥✉❡ ❛✈❡❝ ❧❛ P❙▼ ✷❉✮ à ❧❛

s✉r❢❛❝❡ ❧✐❜r❡ ✭✵✶✵✮ ❞✬✉♥ ❝r✐st❛❧ ❞❡ ❝✉✐✈r❡✳ ❯♥❡ ❢♦r❝❡ ✈❡rt✐❝❛❧❡ ❛✈❡❝ ✉♥❡ ❢réq✉❡♥❝❡ ❞♦♠✐♥❛♥t❡ ❞❡ ✷✵✵

❦❍③ ❡st ❛♣♣❧✐q✉é❡ ❡♥ s♦♥ ❝❡♥tr❡✳ ❉r♦✐t❡ ✿ ❈♦✉r❜❡s ♣♦❧❛✐r❡s ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ♣❧❛♥

❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ✭❉✬❛♣rès ❬❉❡s❝❤❛♠♣s ❡t ❍✉❡t✱ ✷✵✵✾❪✮✳ ▲❡s ❧✐❣♥❡s ♥♦✐r❡s ❡t ❣r✐s❡s ❝♦rr❡s♣♦♥❞❡♥t

❛✉① ♦♥❞❡s ❞❡ ✈♦❧✉♠❡ ❧✐♠✐t❡s ❡①❝❡♣t✐♦♥♥❡❧❧❡s ❤♦♠♦❣è♥❡s ❡t ♥♦♥ ❤♦♠♦❣è♥❡s✳



❈❤❛♣✐tr❡ ✺

▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡

❞✉ ❈❖✷

❈♦❧❧❛❜♦r❛t✐♦♥s

❏✳ ❇❧❛♥❝♦ ✭P❤②s❡✐s ❈♦♥s✉❧t❛♥t✮

❉✳ ❇r♦s❡t❛ ✭Pr♦❢❡ss❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ▲❛❜♦r❛t♦✐r❡ ❞❡s ❋❧✉✐❞❡s ❈♦♠✲

♣❧❡①❡s ❡t ❧❡✉rs ❘és❡r✈♦✐rs✮

P✳ ❈r✐st✐♥✐ ✭❈❤❛r❣é ❞❡ ❘❡❝❤❡r❝❤❡ ❈◆❘❙✱ ▲▼❆✮

P✳ ❑❤❛❧✐❞ ✭❉♦❝t♦r❛♥t✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ❚❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✵✻✴✵✶✴✷✵✶✶✮

●✳ ▲❡ ❚♦✉③é ✭P♦st✲❞♦❝t♦r❛♥t✱ ▲▼❆✱ ✵✶✴✵✾✴✷✵✵✽ ✲ ✸✶✴✵✽✴✷✵✶✵✮

P✉❜❧✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✶❪✱ ❬✺✼❪

❈♦♠♠✉♥✐❝❛t✐♦♥s ❛ss♦❝✐é❡s

❝❢ ❆♥♥❡①❡ ❈ ✿ ❬✷✷❪✱ ❬✷✸❪

✖✖✖✖✖✖✕

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

▲❡s ❡♥❥❡✉① ❞❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡s ❣❛③ à ❡✛❡t ❞❡ s❡rr❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ s♦♥t ❢♦♥❞❛♠❡♥t❛✉① ♣♦✉r
❧❛ ♣rés❡r✈❛t✐♦♥ ❞✉ ❝❧✐♠❛t ❡t ❧✬✐♥té❣r✐té ❞❡s ♦❝é❛♥s✳ ❊♥ ❋r❛♥❝❡✱ ❧✬♦❜❥❡❝t✐❢ ❞✬✐❝✐ ✷✵✺✵ ❡st ❞❡ ❞✐✈✐s❡r
♣❛r q✉❛tr❡ ❧❡s é♠✐ss✐♦♥s ❞❡s ❣❛③ à ❡✛❡t ❞❡ s❡rr❡✳ P❛r♠✐ ❝❡✉①✲❝✐ s❡ tr♦✉✈❡ ❧❡ ❈❖✷✱ ✉♥ ❣❛③ ♣rés❡♥t
♥❛t✉r❡❧❧❡♠❡♥t ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ à ✉♥ t❛✉① r❛✐s♦♥♥❛❜❧❡ ❡t q✉✐ s✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ❝♦♠✲
♣❛rt✐♠❡♥ts t❡rr❡str❡s ✭♦❝é❛♥✱ ❜✐♦♠❛ss❡✳✳✮✳ ❈❡♣❡♥❞❛♥t✱ ❞❡♣✉✐s ❧❛ ré✈♦❧✉t✐♦♥ ✐♥❞✉str✐❡❧❧❡✱ ❧✬❛❝t✐✈✐té
❤✉♠❛✐♥❡ ❞é❣❛❣❡ ❞❡s q✉❛♥t✐tés ❞❡ ❈❖✷ ❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♠♣♦rt❛♥t❡s ❡t ❧❡s rés❡r✈♦✐rs ♥❛t✉r❡❧s
à ❧❛ s✉r❢❛❝❡ ❞✉ ❣❧♦❜❡ ♥❡ ♣❡✉✈❡♥t ♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣❧✉s ❛❝❝♦♠♦❞❡r ❝❡tt❡ ❝r♦✐ss❛♥❝❡ ❞✬♦r✐❣✐♥❡
❛♥t❤r♦♣✐q✉❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ♦♥ ❛ss✐st❡ à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❝♦♥t✐♥✉❡ ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥
❈❖✷ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ❆ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ❡♥ ✷✵✵✾ ❛ été ❛tt❡✐♥t ❧❡ r❡❝♦r❞ ❞❡ ✸✽✽ ♣♣♠ ❞❡ ❈❖✷
♣rés❡♥t ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ✶✱ q✉❛♥t✐té ❥❛♠❛✐s ♦❜s❡r✈é❡ ❞❡♣✉✐s ✽✵✵ ✵✵✵ ❛♥s✳

❉❡♣✉✐s ❧❡s ❛♥♥é❡s ✾✵✱ ✉♥❡ ♣r✐s❡ ❞❡ ❝♦♥s❝✐❡♥❝❡ ❝♦❧❧❡❝t✐✈❡ à ❧✬é❝❤❡❧❧❡ ♠♦♥❞✐❛❧❡✱ ❞✉ ♠♦✐♥s ❞❡s
s❝✐❡♥t✐✜q✉❡s✱ ❛ ♣❡r♠✐s ❞✬❡♥❣❛❣❡r ✉♥❡ ré✢❡①✐♦♥ s✉r ❧❡s ♠♦②❡♥s à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ♣♦✉r ❧✉tt❡r ❡❢✲
✜❝❛❝❡♠❡♥t ❝♦♥tr❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❈❖✷ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ■❧ ❡st ❝❡rt❛✐♥ q✉❡ ♥♦s ♠♦❞❡s ❞❡
✈✐❡ ❛❝t✉❡❧s s♦♥t très ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥ts ❞❡s é♥❡r❣✐❡s ❢♦ss✐❧❡s✱ ❡t ✐❧ ❡st ❝♦♠♣❧èt❡♠❡♥t ✐❧❧✉s♦✐r❡
❞❡ ♣❡♥s❡r q✉❡ ♥♦s s♦❝✐étés ♣✉✐ss❡♥t s❡ ♣❛ss❡r t♦t❛❧❡♠❡♥t ✭❞✉ ♠♦✐♥s à ❝♦✉rt t❡r♠❡✮ ❞❡ ❝❡s é♥❡r✲
❣✐❡s✳ ◆é❛♥♠♦✐♥s✱ ❞❡s ♠❡s✉r❡s s♦♥t ♣r♦♣♦sé❡s ♣♦✉r ❞✐♠✐♥✉❡r ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ❡t✴♦✉ ❧❡s r❡♥❞r❡

✶✳ ❘❛♣♣♦rt ❞❡ ❧✬❆❝❛❞é♠✐❡ ❞❡s ❙❝✐❡♥❝❡s ✭■♥st✐t✉t ❞❡ ❋r❛♥❝❡✮ ❞✉ ✷✻ ♦❝t♦❜r❡ ✷✵✶✵ ✏▲❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✑✳



✸✹ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

✏♣r♦♣r❡s✑ ✷✱ ♣❛r♠✐ ❧❡sq✉❡❧❧❡s ❡♥❝♦✉r❛❣❡r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ é♥❡r❣ét✐q✉❡✱ ❛♠é❧✐♦r❡r
❧✬❡✣❝❛❝✐té é♥❡r❣ét✐q✉❡✱ ♣r♦♠♦✉✈♦✐r ❧❡s é♥❡r❣✐❡s r❡♥♦✉✈❡❧❛❜❧❡s ♦✉ ❢❛✐❜❧❡♠❡♥t é♠❡ttr✐❝❡s ❞❡ ❈❖✷✱
❛❝❝r♦îtr❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ❜✐♦♠❛ss❡✱ st♦❝❦❡r ❧❡ ❈❖✷ ❞❛♥s ❞❡s rés❡r✈♦✐rs ❣é♦❧♦❣✐q✉❡s s♦✉t❡rr❛✐♥s✳✳✳
❙✐ ♣r♦♠❡tt❡✉s❡s s♦✐❡♥t✲❡❧❧❡s✱ ❛✉❝✉♥❡ ❞❡ ❝❡s s♦❧✉t✐♦♥s ♣r✐s❡s sé♣❛ré♠❡♥t ♥✬❡st ✉♥❡ s♦❧✉t✐♦♥ ♠✐r❛❝❧❡
q✉✐ ♣♦✉rr❛ rés♦✉❞r❡ à ❡❧❧❡ s❡✉❧❡ ❧❡ ♣r♦❜❧è♠❡ ❣❧♦❜❛❧✳ ❙❡✉❧❡ ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❝❡s ♠❡s✉r❡s ♣❡✉t
êtr❡ ❡✣❝❛❝❡✳

▲❛ séq✉❡str❛t✐♦♥ ❣é♦❧♦❣✐q✉❡ ❡st ❝♦♥s✐❞éré❡ ♣❛r ❧❛ ❝♦♠♠✉♥❛✉té ✐♥t❡r♥❛t✐♦♥❛❧❡ ❝♦♠♠❡ ❧✬✉♥
❞❡s ♠♦②❡♥s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❡✣❝❛❝❡s ♣♦✉r ré❞✉✐r❡ ❧❡ t❛✉① ❞❡ ❈❖✷ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ▲❡ ❣❛③ ❡st
❝❛♣té ❞✐r❡❝t❡♠❡♥t à ❧❛ s♦rt✐❡ ❞❡s s♦✉r❝❡s ❞✬é♠✐ss✐♦♥ ❝♦♥séq✉❡♥t❡ ✭❡✳❣✳✱ ❧❡s ❝❡♥tr❛❧❡s t❤❡r♠✐q✉❡s✱
❧❡s ✉s✐♥❡s s✐❞ér✉r❣✐q✉❡s✱ ❧❡s r❛✣♥❡r✐❡s ❡t ❧❡s ❝✐♠❡♥t❡r✐❡s q✉✐ ❣é♥èr❡♥t ♣rès ❞❡ ❧❛ ♠♦✐t✐é ❞❡ ❧❛
t♦t❛❧✐té ❞❡s é♠✐ss✐♦♥s ❞❡ ❈❖✷✮✱ ♣✉✐s tr❛♥s♣♦rté à ❧✬ét❛t s✉♣❡r❝r✐t✐q✉❡ ✭✐✳❡✳✱ à ✉♥❡ t❡♠♣ér❛t✉r❡
s✉♣ér✐❡✉r❡ à ✸✶➦❈ ❡t ✉♥❡ ♣r❡ss✐♦♥ s✉♣ér✐❡✉r❡ à ✼✹ ❜❛rs✮ ❡ss❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❣❛③♦❞✉❝s✱ ❛✈❛♥t ❞✬êtr❡
st♦❝❦é ❞❛♥s ❞❡s rés❡r✈♦✐rs ❣é♦❧♦❣✐q✉❡s ♣r♦❢♦♥❞s ♣♦✉r ❞❡ très ❧♦♥❣✉❡s ♣ér✐♦❞❡s✳ ▼ê♠❡ s✐ ❧❡ ♣r✐♥❝✐♣❡
❛♣♣❛r❛ît s✐♠♣❧❡✱ ❧❡s ♣r♦❜❧è♠❡s ♣♦t❡♥t✐❡❧s ♣♦sés ♣❛r ❝❡tt❡ t❡❝❤♥✐q✉❡ s♦♥t ♥é❛♥♠♦✐♥s ♥♦♠❜r❡✉①
❡t ❝♦♥❝❡r♥❡♥t t♦✉s ❧❡s st❛❞❡s ❞✉ ♣r♦❝❡ss✉s✱ ❞❡ ❧❛ ❝❛♣t✉r❡ ✭♣❛r ♣r♦❝é❞és ♣♦st✲❝♦♠❜✉st✐♦♥✱ ♦①②✲
❝♦♠❜✉st✐♦♥ ♦✉ ♣ré❝♦♠❜✉st✐♦♥✮ à ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ s✐t❡ ❞❡ st♦❝❦❛❣❡✱ ❡♥ ♣❛ss❛♥t ♣❛r ❧❡ tr❛♥s♣♦rt✱
❧✬✐♥❥❡❝t✐♦♥ ❡t ❧❛ séq✉❡str❛t✐♦♥ ❞✉ ❈❖✷✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❞♦♥❝ ✉♥ ❡①❛♠❡♥ ❛♣♣r♦❢♦♥❞✐ ❞❡s ❞✐✛ér❡♥t❡s
ét❛♣❡s ❡t ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❝r✐tèr❡s ❞❡ sé❝✉r✐té ❛ss♦❝✐és✳

❆✈❛♥t t♦✉t❡ ❝❤♦s❡✱ ❧❡ s✐t❡ ♣♦t❡♥t✐❡❧ ❞❡ st♦❝❦❛❣❡ ❞♦✐t êtr❡ r✐❣♦✉r❡✉s❡♠❡♥t sé❧❡❝t✐♦♥♥é ✿ ✐❧ ❞♦✐t✱
s✐ ♣♦ss✐❜❧❡✱ s❡ s✐t✉❡r ♣rès ❞✬✉♥❡ s♦✉r❝❡ ❞✬é♠✐ss✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡ ❈❖✷ ❡t ❛✈♦✐r ❜✐❡♥ é✈✐❞❡♠♠❡♥t
✉♥❡ ❝❛♣❛❝✐té ❞❡ st♦❝❦❛❣❡ é❧❡✈é❡✳ ▲❡s s✐t❡s ✐♥tér❡ss❛♥ts ♣❡✉✈❡♥t êtr❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ♦♥s❤♦r❡
♦✉ ♦✛s❤♦r❡ ❡t s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞❡ t②♣❡ ❛q✉✐❢èr❡s s❛❧✐♥s ♣r♦❢♦♥❞s ✭❡✳❣✳✱ ❧❡ s✐t❡ ♣✐❧♦t❡ ❡♠❜❧é✲
♠❛t✐q✉❡ ❞❡ ❙❧❡✐♣♥❡r ❡♥ ▼❡r ❞✉ ◆♦r❞ ✭❝❢ ❋✐❣✉r❡ ✺✳✶✮✮✱ ❝❤❛♠♣s ❞✬❤②❞r♦❝❛r❜✉r❡s ❞é♣❧étés ❡♥ ✜♥
❞✬❡①♣❧♦✐t❛t✐♦♥ ✭❡✳❣✳✱ ❧❡ s✐t❡ ❞❡ ❲❡②❜✉r♥ ❛✉ ❈❛♥❛❞❛ ♣♦✉r ❧❡q✉❡❧ ❧✬✐♥❥❡❝t✐♦♥ ❞❡ ❈❖✷ ♣❛rt✐❝✐♣❡ à ❧❛
ré❝✉♣ér❛t✐♦♥ ❛ss✐sté❡ ❞❡ ♣étr♦❧❡ ✭❊❖❘✮✱ ♦✉ ❧❡ s✐t❡ ❞❡ ❘♦✉ss❡ ❡♥ ❋r❛♥❝❡✮✱ ♦✉ ✈❡✐♥❡s ❞❡ ❝❤❛r❜♦♥
♥♦♥ ❡①♣❧♦✐té❡s ✭❡✳❣✳✱ ❧❡ ♣r♦❥❡t ❘❊❈❖P❖▲ ❡♥ P♦❧♦❣♥❡✮ ❬❈❤❛❞✇✐❝❦✱ ✷✵✵✽❪✳

▲❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ s✐t❡ ❡st ✉♥❡ ét❛♣❡ ❝r✉❝✐❛❧❡ q✉✐ ♣❡r♠❡t ❞❡ ❞é✜♥✐r ❞❡ ♠❛♥✐èr❡ ♦♣t✐♠❛❧❡ ❧❡s
♣❛r❛♠ètr❡s q✉✐ ✈♦♥t ✐♥✢✉❡♥❝❡r ❧✬✐♥❥❡❝t✐✈✐té ✭✐✳❡✳✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❣é♦❧♦❣✐q✉❡✱ ❧❛
♣rés❡♥❝❡ ❞✬❤étér♦❣é♥é✐tés✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ♣❡r♠é❛❜✐❧✐té✱ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✐♥ s✐t✉ ❞✉ ❈❖✷ ❛✈❡❝
❧❡s ✢✉✐❞❡s ❞❡ ❧❛ ❢♦r♠❛t✐♦♥✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ ♣r❡ss✐♦♥ s✉r ❧✬✐♥té❣r✐té ❞❡ ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✱ ❧❡ ♥♦♠❜r❡✱
❧✬❡s♣❛❝❡♠❡♥t ❡t ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡s ♣✉✐ts✳✳✳✮✱ ♠❛✐s ❛✉ss✐ ❞✬❛♥t✐❝✐♣❡r ❧❡s r✐sq✉❡s ❛ss♦❝✐és à ❧✬✐♥❥❡❝t✐♦♥
❡t ❛✉ st♦❝❦❛❣❡ ❞✉ ❈❖✷ ❡t ❞❡ ♣ré❞✐r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞✉ rés❡r✈♦✐r s✉r ❧❡ ❧♦♥❣ t❡r♠❡✳ ❈❡s r✐sq✉❡s
s♦♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞✬♦r✐❣✐♥❡ ❣é♦♠é❝❛♥✐q✉❡ ❡t ❝♦♥❝❡r♥❡♥t ❧❡s ③♦♥❡s ❞❡ ✏❢❛✐❜❧❡ss❡✑ ✭✐✳❡✳✱ ❧❡s ♣✉✐ts✱
❧❡s ❢❛✐❧❧❡s ❡t ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✮✳ ▲❡s ❢♦rt❡s ♣r❡ss✐♦♥s ♠✐s❡s ❡♥ ❥❡✉ ❧♦rs ❞❡ ❧✬✐♥❥❡❝t✐♦♥ ❞✉ ❈❖✷
♣❡✉✈❡♥t ❝ré❡r ♦✉ ré❛❝t✐✈❡r ❞❡s ❢❛✐❧❧❡s ♦✉ ❞❡s s②stè♠❡s ❞❡ ❢r❛❝t✉r❡s q✉✐ ♣❡✉✈❡♥t ❞❡✈❡♥✐r ❛✐♥s✐
❞❡s ❝❤❡♠✐♥s ♣♦t❡♥t✐❡❧s ❞❡ ❢✉✐t❡ ❞✉ ❣❛③ ✈❡rs ❧❡s ❢♦r♠❛t✐♦♥s ❣é♦❧♦❣✐q✉❡s s✉♣ér✐❡✉r❡s✳ ▲❡s r✐sq✉❡s
s♦♥t é❣❛❧❡♠❡♥t ❞✬♦r✐❣✐♥❡ ❣é♦❝❤✐♠✐q✉❡ ✿ ❧❡s ✢✉✐❞❡s à ❢♦rt❡ s❛❧✐♥✐té ❡♥r✐❝❤✐s ❞❡ ❈❖✷ s♦♥t ❢♦rt❡♠❡♥t
❝♦rr♦s✐❢s ❡t ♣❡✉✈❡♥t ❡♥❞♦♠♠❛❣❡r ❧❡s ♣✉✐ts✱ ❧❡ rés❡r✈♦✐r ♦✉ ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✳

▲❛ s✉r✈❡✐❧❧❛♥❝❡ ✭♦✉ ♠♦♥✐t♦r✐♥❣✮ ✹❉ ❞❡s rés❡r✈♦✐rs ❞❡ ❈❖✷ ❝♦♥s✐st❡ à ❝♦♠♣❛r❡r ❧❡s ❛❝q✉✐s✐t✐♦♥s
❣é♦♣❤②s✐q✉❡s ✸❉ ré❛❧✐sé❡s à ❞✐✛ér❡♥t❡s ét❛♣❡s ❞✉ st♦❝❦❛❣❡ à ❞❡s ❞♦♥♥é❡s ❞❡ ré❢ér❡♥❝❡ ✭❧✐❣♥❡s ❞❡
❜❛s❡✮ ❛❝q✉✐s❡s ❛✈❛♥t ✐♥❥❡❝t✐♦♥ ❞✉r❛♥t ❞❡s ♠♦✐s✳ ❈❡❧❛ ♣❡r♠❡t ❞✬❛ss✉r❡r ❧❡ s✉✐✈✐ ❞❡ ❧❛ ❣é♦♠étr✐❡
❡t ❞✉ ✈♦❧✉♠❡ ❞❡ ❧❛ ❜✉❧❧❡ ❞❡ ❈❖✷ ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ st♦❝❦❛❣❡ ✭❝❢ ❋✐❣✉r❡ ✺✳✷✮ ❡t ❞❡ ❞ét❡❝t❡r

✷✳ ❉❡♣✉✐s q✉❡❧q✉❡s ❛♥♥é❡s ❡♥ ❋r❛♥❝❡✱ ❧❡ Pr♦❣r❛♠♠❡ ■♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡ ❊♥❡r❣✐❡ ✭P■❊✮✱ très ❛❝t✐❢✱ r❡❣r♦✉♣❡

ré❣✉❧✐èr❡♠❡♥t ❞❡s s❝✐❡♥t✐✜q✉❡s ❡t ✐♥❞✉str✐❡❧s ❞❡ ❞✐✛ér❡♥t❡s ❞✐s❝✐♣❧✐♥❡s ♣♦✉r ré✢é❝❤✐r ❡t ♣r♦♣♦s❡r ❞❡s s♦❧✉t✐♦♥s✱

❛✉ tr❛✈❡rs ❞❡ ♣r♦❥❡ts ✐♥♥♦✈❛♥ts✱ s✉r ❞✐✛ér❡♥ts ❛s♣❡❝ts ❛❧❧❛♥t ❞❡s ❜✐♦é♥❡r❣✐❡s ❛✉① ❛s♣❡❝ts s♦❝✐♦✲é❝♦♥♦♠✐q✉❡s✱ ❡♥

♣❛ss❛♥t ♣❛r ❧❛ t❤❡r♠✐q✉❡✱ ❧✬é❧❡❝tr✐❝✐té✱ ❧❡ ♣❤♦t♦✈♦❧t❛ïq✉❡✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❡t ❧❡ st♦❝❦❛❣❡ ❞✬❍✷✱ ❧❡ s♦❧❛✐r❡✱ ❧❡ ♥✉❝❧é❛✐r❡✱

❧❡ ❝❛♣t❛❣❡ ❡t ❧❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷✳✳✳



✺✳✷✳ ▲❡ ♣r♦❥❡t ❊▼❙❆P❈❖✷ ✸✺

❋✐❣✉r❡ ✺✳✶ ✕ ❙✐t❡ ♦✛s❤♦r❡ ❞❡ ❙❧❡✐♣♥❡r ❡♥ ▼❡r ❞✉ ◆♦r❞✱ s✐t✉é à ✷✺✵ ❦✐❧♦♠ètr❡s à ❧✬♦✉❡st ❞❡

❙t❛✈❛♥❣❡r ❡♥ ◆♦r✈è❣❡✳ ▲❡ ♣r♦❥❡t ❙❧❡✐♣♥❡r ❝♦♥st✐t✉❡ ❧❡ ♣r❡♠✐❡r ❡①❡♠♣❧❡ ❞❡ st♦❝❦❛❣❡ ❞❡ ❈❖✷ ❞❛♥s

✉♥ ❛q✉✐❢èr❡ s❛❧✐♥ ♣r♦❢♦♥❞✳ ❙t❛t♦✐❧ ❡①♣❧♦✐t❡ ❧❡ ❣❛③ ♥❛t✉r❡❧ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❍❡✐♠❞❛❧✳ ❈♦♠♠❡ ❝❡

❣❛③ ❡st ✐♥✉t✐❧✐s❛❜❧❡ ❡♥ ❧✬ét❛t ♣✉✐sq✉✬✐❧ ❝♦♥t✐❡♥t ♣rès ❞❡ ✾✪ ❞❡ ❈❖✷✱ ♦♥ ♣r♦❝è❞❡ à s❛ sé♣❛r❛t✐♦♥ ❞✉

❈❖✷ ❛✈❛♥t ❞❡ ré✐♥❥❡❝t❡r ❝❡ ❈❖✷ ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❯ts✐r❛ ❝♦♠♣♦sé❡ ❞✬✉♥❡ ❝♦✉❝❤❡ ❞❡ ❣rès é♣❛✐ss❡

❞❡ ✷✵✵ ♠ètr❡s ❡t ❣♦r❣é❡ ❞✬❡❛✉ s❛❧é❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❞✬❯ts✐r❛ ❛ ✉♥❡ ♣♦r♦s✐té ❡t ✉♥❡ ♣❡r♠é❛❜✐❧✐té

é❧❡✈é❡s✱ s✐ ❜✐❡♥ q✉❡ ❧❡ ❈❖✷ s❡ ❞é♣❧❛❝❡ r❛♣✐❞❡♠❡♥t s✉r ❧❡ ❝ôté ♦✉ ✈❡rs ❧❡ ❤❛✉t✳ ❊♥tr❡ ✶✾✾✻ ❡t

✷✵✵✽✱ ❡♥✈✐r♦♥ ✶✶ ♠✐❧❧✐♦♥s ❞❡ t♦♥♥❡s ❞❡ ❈❖✷ ♦♥t été ✐♥❥❡❝tés ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❯ts✐r❛✳ ✭❙♦✉r❝❡ ✿

❙❊❊❉✮✳

♣ré❝♦❝❡♠❡♥t ❞✬é✈❡♥t✉❡❧❧❡s ❢✉✐t❡s ✈❡rs ❧❡s ❢♦r♠❛t✐♦♥s s✉♣ér✐❡✉r❡s✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ② r❡♠é❞✐❡r
r❛♣✐❞❡♠❡♥t ❡t ❡✣❝❛❝❡♠❡♥t✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ❧❡s ♠ét❤♦❞❡s ❣é♦♣❤②s✐q✉❡s ❛❝t✐✈❡s ♦✉ ♣❛ss✐✈❡s✱ ❞❡
t②♣❡ é❧❡❝tr✐q✉❡✱ ❣r❛✈✐♠étr✐❡✱ é❧❡❝tr♦♠❛❣♥ét✐q✉❡✱ s✐s♠✐q✉❡ ♦✉ ♠✐❝r♦s✐s♠✐q✉❡✱ ❛♣♣❛r❛✐ss❡♥t ❝♦♠♠❡
❞❡s ♦✉t✐❧s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥ts ❝❛r ❡❧❧❡s ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡ ♣r♦♣♦s❡r ✉♥❡ ✈✐s✐♦♥ à ❧✬é❝❤❡❧❧❡
❞✉ rés❡r✈♦✐r✳

✺✳✷ ▲❡ ♣r♦❥❡t ❊▼❙❆P❈❖✷

▲❡ ♠♦♥✐t♦r✐♥❣ ❞❡s rés❡r✈♦✐rs ❞❡ ❈❖✷ ❡st ✉♥ é❧é♠❡♥t ❝❧é ❞❡s ❞✐r❡❝t✐✈❡s ❞❡ ❧❛ ❈♦♠♠✐ss✐♦♥
❊✉r♦♣é❡♥♥❡ ✭❝❢ ❈❖✷ ●❡♦◆❡t ❏♦✐♥t ❘❡s❡❛r❝❤❡s✳✳✳✮✳ ❖✉tr❡ ❧✬❛❜s♦❧✉❡ ♥é❝❡ss✐té ❞✬❛ss✉r❡r q✉❡ ❧❡s
♦♣ér❛t✐♦♥s ❞❡ st♦❝❦❛❣❡ ❛✉r♦♥t ✉♥ ✐♠♣❛❝t ♥é❣❧✐❣❡❛❜❧❡ s✉r ❧❛ s❛♥té ❡t ❧❛ sé❝✉r✐té ❞❡s ❤♦♠♠❡s✱ ❞❡
❧❛ ❢❛✉♥❡ ❡t ❞❡ ❧❛ ✢♦r❡✱ ❛✐♥s✐ q✉❡ s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭♥♦t❛♠♠❡♥t s✉r ❧❡s r❡ss♦✉r❝❡s ❡♥ ❡❛✉ ❞✉
s♦✉s✲s♦❧✮✱ ✐❧ ❡st ✐♠♣♦rt❛♥t✱ ♣♦✉r ❧✬❛❝❝❡♣t❛❜✐❧✐té s♦❝✐ét❛❧❡ ❡t ♣♦✉r ✉♥ ❞é♣❧♦✐❡♠❡♥t ❧❛r❣❡ ❞❡ ❧❛ ♠é✲
t❤♦❞♦❧♦❣✐❡✱ ❞❡ ♣r♦✉✈❡r q✉❡ t♦✉s ❧❡s r✐sq✉❡s ♣♦t❡♥t✐❡❧s ♦♥t été ❡①❛♠✐♥és ❡t ♠✐♥✐♠✐sés ✭✐✳❡✳✱ ❝❤♦✐①
s❝✐❡♥t✐✜q✉❡ ❞✉ ♠❡✐❧❧❡✉r s✐t❡ ❞❡ st♦❝❦❛❣❡ ❡t ❞✉ ♣❧✉s sûr✱ t❡❝❤♥✐q✉❡s ❞é✈❡❧♦♣♣é❡s ♣♦✉r s✉r✈❡✐❧❧❡r
❧❛ sé❝✉r✐té ❞✉ s✐t❡ ❞✉r❛♥t ❧✬✐♥❥❡❝t✐♦♥ ❡t ❧❛ ♣♦st✲✐♥❥❡❝t✐♦♥✳✳✳✮✱ ❡t s✉rt♦✉t q✉✬✐❧ ❡①✐st❡ ❞❡s str❛té❣✐❡s
❡♥ ❝❛s ❞❡ ❢✉✐t❡s ❡t ❞❡s t❡❝❤♥♦❧♦❣✐❡s ❞❡ r❡♠é❞✐❛t✐♦♥✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t ❧❡s ❝r✐tèr❡s s♦♥t ♥é❝❡ss❛✐✲
r❡♠❡♥t s♣é❝✐✜q✉❡s ❛✉ s✐t❡ ❞❡ st♦❝❦❛❣❡ ❡t t♦✉t❡s ❧❡s ♣♦ss✐❜✐❧✐tés ❞❡ s✐t❡s ❞♦✐✈❡♥t êtr❡ ❡♥✈✐s❛❣é❡s
❡♥ r❡❝❤❡r❝❤❡ ❛♠♦♥t✳

❉❡ ✷✵✵✺ à ✷✵✵✽✱ ❧✬❆❣❡♥❝❡ ◆❛t✐♦♥❛❧❡ ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ ✭❆◆❘✮ ❛ ✜♥❛♥❝é ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦✲
❣r❛♠♠❡ t❤é♠❛t✐q✉❡ ✏❈❛♣t❛❣❡ ❡t ❙t♦❝❦❛❣❡ ❞✉ ❈❖✷✑ ♣❧✉s✐❡✉rs ♣r♦❥❡ts ❡①♣❧♦r❛♥t ❧❡s t❡❝❤♥✐q✉❡s
✭❡t ❧❡s r✐sq✉❡s ❛ss♦❝✐és✮ ❞❡ ❝❛♣t❛❣❡✱ ❞❡ tr❛♥s♣♦rt✱ ❞✬✐♥❥❡❝t✐♦♥ ❡t ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷✱ ❛✐♥s✐ q✉❡



✸✻ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✷ ✕▼♦♥✐t♦r✐♥❣ s✐s♠✐q✉❡ ✹❉ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬❯ts✐r❛ à ❙❧❡✐♣♥❡r✳ ▲❡s ❞♦♥♥é❡s s✐s♠✐q✉❡s

♦♥t été ❛❝q✉✐s❡s ❛✈❛♥t ✐♥❥❡❝t✐♦♥ ✭✶✾✾✹✮ ❡t ❛♣rès ✐♥❥❡❝t✐♦♥ ✭✷✵✵✶✱ ✷✵✵✹✱ ✷✵✵✻✮✳ ❙✉r ❧❡s ✐♠❛❣❡s

❞✉ ❤❛✉t✱ ❧❡s ré✢❡①✐♦♥s ♦❜s❡r✈é❡s ♣r♦✈✐❡♥♥❡♥t ❞❡s ❧✐❡✉① ♦ù ❧❡ ❈❖✷ s✬❡st ❛❝❝✉♠✉❧é✱ ❝✬❡st✲à✲❞✐r❡

❡ss❡♥t✐❡❧❧❡♠❡♥t ❛✉t♦✉r ❡t ❛✉✲❞❡ss✉s ❞✉ ♣♦✐♥t ❞✬✐♥❥❡❝t✐♦♥ ❞❛♥s ❞❡s ✜♥❡s ❝♦✉❝❤❡s ❞✬❛r❣✐❧❡s✳ ❖♥ ✈♦✐t

q✉❡ ❧❡ ❈❖✷ ❡st ❝♦♥✜♥é ❞❛♥s ❧❡ rés❡r✈♦✐r s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✳ ▲❡s ✐♠❛❣❡s ❞✉ ❜❛s r❡♣rés❡♥t❡♥t

❧❡s ❛♠♣❧✐t✉❞❡s ❛❜s♦❧✉❡s ✭❝✉♠✉❧é❡s ♣♦✉r t♦✉t❡s ❧❡s ❝♦✉❝❤❡s✮ ✐❧❧✉str❛♥t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ❜✉❧❧❡

❞❡ ❈❖✷ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳ ✭❙♦✉r❝❡ ✿ ❇r✐t✐s❤ ●❡♦❧♦❣✐❝❛❧ ❙✉r✈❡②✮✳

q✉❡❧q✉❡s ♣r♦❥❡ts tr❛✐t❛♥t ❞❡s t❡❝❤♥✐q✉❡s ❞❡ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s s✐t❡s ❡t ❞❡ ❧❡✉r ♠✐s❡ ❡♥ ♦❡✉✈r❡ s✉r ❧❡
t❡rr❛✐♥✳ ▲❡ Pr♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ✭✓ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠ét❤♦❞❡s ❊❧❡❝tr♦✲▼❛❣♥ét✐q✉❡s ❡t
❙✐s♠✐q✉❡ ❆❝t✐✈❡ ❡t P❛ss✐✈❡ ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷ ✔✱ ❞é❝❡♠❜r❡
✷✵✵✼✲s❡♣t❡♠❜r❡ ✷✵✶✵✮✱ ❝♦♦r❞♦♥♥é ♣❛r ❧❛ ❈●● ❱ér✐t❛s✱ ❢❛✐s❛✐t ♣❛rt✐❡ ❞❡ ❝❡✉①✲❧à✳ ❈❡ ♣r♦❥❡t ✐♠♣❧✐✲
q✉❛✐t ♣❛rt❡♥❛✐r❡s ❛❝❛❞é♠✐q✉❡s ❡t ✐♥❞✉str✐❡❧s ✭❈●● ❱ér✐t❛s✱ ❇❘●▼✱ ■♥st✐t✉t ❋r❛♥ç❛✐s ❞✉ Pétr♦❧❡
❡t ❊♥❡r❣✐❡s ◆♦✉✈❡❧❧❡s✱ ▼❛❣♥✐t✉❞❡✱ ■♥st✐t✉t ▲❛♥❣❡✈✐♥ ✭▲❛❜♦r❛t♦✐r❡ ❖♥❞❡s ❡t ❆❝♦✉st✐q✉❡✮✱ ❯♥✐✲
✈❡rs✐té ❞❡ P❛✉ ✭▲❛❜♦r❛t♦✐r❡ ❞❡s ❋❧✉✐❞❡s ❈♦♠♣❧❡①❡s ❡t ❧❡✉rs ❘és❡r✈♦✐rs ✲ ▲❋❈✲❘✮✱ ❈◆❘❙ ✭▲▼❆✮✮
❡t ❛✈❛✐t ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ t❡st❡r ❧❛ s❡♥s✐❜✐❧✐té ❞❡s ♠ét❤♦❞❡s ❣é♦♣❤②s✐q✉❡s à ❧❛ ♣rés❡♥❝❡ ❞❡ ❈❖✷✱
❛✉① ✈❛r✐❛t✐♦♥s ❞❡ ♣❛r❛♠ètr❡s ✐♥t❡r♥❡s ♦✉ ❡①t❡r♥❡s ❛✉ st♦❝❦❛❣❡✳ ✳ ✳ ▲❡ ♣r♦❥❡t ❊▼❙❆P❈❖✷ ét❛✐t
❡♥ ❝❡ s❡♥s ❝♦♠♣❧é♠❡♥t❛✐r❡ ❛✉① ♣r♦❥❡ts ●❊❖❈❆❘❇❖◆❊ P■❈❖❘❊❋ ✭✷✵✵✺✮ ❡t ●❊❖❈❆❘❇❖◆❊
▼❖◆■❚❖❘■◆● ✭✷✵✵✺✮✱ ❡t ❛✉ ♣r♦❥❡t ❍PPP❈❖✷ ✭✷✵✵✼✮✳ ■❧ s✬❛rt✐❝✉❧❛✐t ❛✉t♦✉r ❞❡ q✉❛tr❡ tâ❝❤❡s
✭❢❛✐s❛❜✐❧✐té s✐s♠✐q✉❡✱ ❛♣♣❧✐❝❛❜✐❧✐té ♣r❛t✐q✉❡ ❞❡ ❧✬é❧❡❝tr♦♠❛❣♥ét✐s♠❡✱ ♠✐❝r♦✲s✐s♠✐q✉❡ à ♣❛rt✐r ❞✬❛♥✲
t❡♥♥❡s✱ s♦✉r❝❡ ✈✐rt✉❡❧❧❡✮ ❡t ❧❡ ▲▼❆ ét❛✐t ✐♠♣❧✐q✉é ❞❛♥s ❞❡✉① ❞✬❡♥tr❡ ❡❧❧❡s ✭tâ❝❤❡s ✶ ❡t ✸✮✳ ❏✬ét❛✐s
r❡s♣♦♥s❛❜❧❡ s❝✐❡♥t✐✜q✉❡ ♣♦✉r ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ✭❧❛❜♦r❛t♦✐r❡s ▲❋❈✲❘ ❡t ▼■●P✮ ❥✉sq✉✬à ♠♦♥
❞é♣❛rt ❞❡ P❛✉ ❡t ❧❡ tr❛♥s❢❡rt ❞❡ ❝❡ ♣r♦❥❡t s✉r ▼❛rs❡✐❧❧❡ ❀ ❥✬ét❛✐s r❡s♣♦♥s❛❜❧❡ s❝✐❡♥t✐✜q✉❡ ♣♦✉r ❧❡
▲▼❆ ♣❛r ❧❛ s✉✐t❡✳

❏❡ ♥❡ ❞é❝r✐r❛✐ ♣❛s ❧❛ tâ❝❤❡ ✸ q✉✐ ❝♦♥❝❡r♥❡ ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t P✳ ❈r✐st✐♥✐✱ ●✳ ▲❡ ❚♦✉③é ❡t
❏✳ ❇❧❛♥❝♦ ❡t ♣♦✉r ❧❛q✉❡❧❧❡ ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧✬❡①♣❡rt✐s❡ ❡t ❞❡ ❧✬❛❝❝♦♠♣❛❣♥❡✲
♠❡♥t✮ ❛ été ♠♦✐♥❞r❡✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣♦st✲❞♦❝t♦r❛t ❞❡ ●✳ ▲❡ ❚♦✉③é✱ ✉♥ ❛❧❣♦r✐t❤♠❡
❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ♠♦r♣❤♦❧♦❣✐q✉❡ ❞❡s s✐❣♥❛✉① s✐s♠✐q✉❡s s✉r ✉♥❡ ❛♥t❡♥♥❡ ❞❡ ❝❛♣t❡✉rs ✭❝❢ ❋✐✲
❣✉r❡ ✺✳✸✮✱ ✐♥t✐t✉❧é ❧♦❣✐❝✐❡❧ ✏❆rr❛②❈❤✐r♣❉❡❝♦♠♣✑ ✭❞é♣♦sé ❡♥ ❛♦ût ✷✵✶✵✮✱ ❛ été ❞é✈❡❧♦♣♣é ♣♦✉r
❧❛ ❞ét❡❝t✐♦♥✱ ❧❡ ✜❧tr❛❣❡ ❡t ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ♠✐❝r♦✲s✐s♠✐q✉❡s ✭✐✳❡✳✱ é✈è♥❡♠❡♥ts



✺✳✷✳ ▲❡ ♣r♦❥❡t ❊▼❙❆P❈❖✷ ✸✼

s✐s♠✐q✉❡s ♥❛t✉r❡❧s ✐♥❞✉✐ts ♣❛r ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❣é♦♠é❝❛♥✐q✉❡ ❞✉ rés❡r✈♦✐r ❡t✴♦✉ ❞❡
s❛ ❝♦✉✈❡rt✉r❡✮ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ rés❡r✈♦✐r ❞❡ st♦❝❦❛❣❡ ❞❡ ❈❖✷✳ ■❧ ♣❡✉t é❣❛✲
❧❡♠❡♥t s✬❛♣♣❧✐q✉❡r à t♦✉t❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s ✭s✐s♠✐q✉❡s✱ ❛❝♦✉st✐q✉❡s✳✳✳✮✳
▲✬❛❧❣♦r✐t❤♠❡ ❛ ♣♦✉r ❜❛s❡ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❛t♦♠✐q✉❡ ▼❛t❝❤✐♥❣ P✉rs✉✐t✳ ❖♥ ♣❛rt
❞✉ ♣r✐♥❝✐♣❡ q✉❡ ❧❡s s✐❣♥❛✉① s✐s♠✐q✉❡s ❞❡ ❧✬❛♥t❡♥♥❡ s♦♥t ❝♦♠♣♦sés ❞✬é✈è♥❡♠❡♥ts ✭❞❡ ❞✐✛ér❡♥t❡s
♦♥❞❡s✮ q✉❡ ❧✬♦♥ r❡tr♦✉✈❡ ❞✬✉♥❡ tr❛❝❡ à ❧✬❛✉tr❡ s✉r ❧✬❛♥t❡♥♥❡ ❛✈❡❝ ❝❡rt❛✐♥❡s ✈❛r✐❛t✐♦♥s ✭❞é❝❛❧❛❣❡
t❡♠♣♦r❡❧✱ ❞é♣❤❛s❛❣❡✳ ✳ ✳ ✮✳ ▲✬❛❧❣♦r✐t❤♠❡ ❞❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❝❤❡r❝❤❡ à ❡①tr❛✐r❡ ❧❡s ♦♥❞❡s ❡♥ ❡①♣❧♦✐✲
t❛♥t ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♠♠✉♥❡s ❡♥tr❡ ❧❡s tr❛❝❡s✱ t♦✉t ❡♥ ❛✉t♦r✐s❛♥t ❞❡s ❞❡❣rés ❞❡ ❧✐❜❡rté ♣♦✉r
❝❡rt❛✐♥s ♣❛r❛♠ètr❡s s✉s❝❡♣t✐❜❧❡s ❞✬é✈♦❧✉❡r ❡♥tr❡ ❧❡s tr❛❝❡s ✭♣♦s✐t✐♦♥ t❡♠♣♦r❡❧❧❡✱ ♣❤❛s❡✳ ✳ ✳ ✮✳ ❈❡t
❛❧❣♦r✐t❤♠❡ ❝♦♠♣♦rt❡ ♣❧✉s✐❡✉rs ✐♥♥♦✈❛t✐♦♥s✱ ❞♦♥t ✉♥❡ ♦♣t✐♠✐s❛t✐♦♥ ré❝✉rs✐✈❡ ❞❡ ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥
▼❛t❝❤✐♥❣ P✉rs✉✐t✱ ❡t ❛ été t❡sté ❛✈❡❝ s✉❝❝ès s✉r ❞❡s ❞♦♥♥é❡s s②♥t❤ét✐q✉❡s ❡t ré❡❧❧❡s✳ ❖✉tr❡ s♦♥
❡✣❝❛❝✐té à ❝❛r❛❝tér✐s❡r ❧❡s ❛rr✐✈é❡s ♣♦✉r ✉♥ é✈é♥❡♠❡♥t ❞♦♥♥é✱ ❧✬❛❧❣♦r✐t❤♠❡ ❛ ♠♦♥tré ❞❡ ♠❛♥✐èr❡
✐♥❛tt❡♥❞✉❡ s❡s ❝❛♣❛❝✐tés ❞❡ ❞é❜r✉✐t❛❣❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❜r✉✐t ❝♦❤ér❡♥t ✭❜r✉✐t ❞❡ ❝❛♣t❡✉r✮✳ ❈❡tt❡
ét✉❞❡ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❛ s♦❝✐été P❤②s❡✐s ❈♦♥s✉❧t❛♥t ✭❏✳ ❇❧❛♥❝♦✮ ❡t ❞❡s
♣✉❜❧✐❝❛t✐♦♥s ❝♦♠♠✉♥❡s✱ ❞♦♥t ❬❚♦✉③é ❡t ❛❧✳✱ ✷✵✶✵❪✳

❋✐❣✉r❡ ✺✳✸ ✕ ❉✐❝t✐♦♥♥❛✐r❡ ❞❡ ❝❤✐r♣❧❡ts ✉t✐❧✐sé ♣♦✉r ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ♠♦r♣❤♦❧♦❣✐q✉❡ ❞❡s s✐❣♥❛✉①✳

▲❡s ❛ttr✐❜✉ts ♠♦r♣❤♦❧♦❣✐q✉❡s s♦♥t ✭❛✮ ✉♥❡ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡✱ ✭❜✮ ✉♥ t❡♠♣s ❞✬❛rr✐✈é❡ ✭♣♦s✐t✐♦♥

❞✉ ❝❡♥tr❡ ❞❡ ❧✬❡♥✈❡❧♦♣♣❡✮✱ ✭❝✮ ✉♥❡ ❞✉ré❡✱ ✭❞✮ ✉♥ t❛✉① ❞❡ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❢réq✉❡♥❝❡✱ ✭❡✮ ✉♥ t②♣❡ ❞❡

♠♦❞✉❧❛t✐♦♥ ❞❡ ❢réq✉❡♥❝❡✱ ✭❢✮ ✉♥❡ ❛s②♠étr✐❡ ❞✬❡♥✈❡❧♦♣♣❡✱ ✭❣✮ ✉♥ ♣❧❛t❡❛✉ ❝♦♥st❛♥t ❞❡ ❧✬❡♥✈❡❧♦♣♣❡✳

❉✬❛♣rès ❬❇❛r❞❛✐♥♥❡✱ ✷✵✵✺❪

P❛r ❛✐❧❧❡✉rs✱ ❥✬❛✐ ❝♦❧❧❛❜♦ré ❛✈❡❝ ❞✬❛✉tr❡s ♣❛rt❡♥❛✐r❡s ✭❉✳ ❇r♦s❡t❛ ❡t s❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❞✉
▲❛❜♦r❛t♦✐r❡ ▲❋❈✲❘✮ à ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ♣r♦♣r✐étés s✐s♠✐q✉❡s ❞❡s rés❡r✈♦✐rs ❢❛✐❜❧❡♠❡♥t s❛t✉rés
❡♥ ❣❛③✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♣r♦❝❤❡s ❞✉ ♣♦✐♥t ❜✉❧❧❡✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ tâ❝❤❡ ✶✳
▲✬✐♥térêt ❞❡ ❝❡tt❡ ét✉❞❡ rés✐❞❛✐t ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ♠❛rq✉❡✉rs ♣❡rt✐♥❡♥ts ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡
❢✉✐t❡s ❞❡ ❈❖✷✳ ■❧ ❛ été s✉❣❣éré q✉✬❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♣♦✐♥t ❝r✐t✐q✉❡ ✭✸✶➦❈✱ ✼✹ ❜❛rs ♣♦✉r ❧❡ ❈❖✷



✸✽ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

♣✉r✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❡♥✈✐r♦♥ ✽✵✵✲✶✵✵✵ ♠ ❞❡ ♣r♦❢♦♥❞❡✉r✮✱ ❧✬❛♣♣r♦❝❤❡ ●❛ss♠❛♥♥✲❲♦♦❞ q✉✐
❢❛✐t ❧✬❤②♣♦t❤ès❡ ❞❡ ✏♣❤❛s❡s ❣❡❧é❡s✑ ✭✐✳❡✳✱ tr❛♥s❢❡rt ❞❡ ♠❛ss❡ ❡t ❞❡ ❝❤❛❧❡✉r ♥é❣❧✐❣❡❛❜❧❡ ❡♥tr❡ ❧❡s
♣❤❛s❡s s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❝♦♠♣❛r❛❜❧❡ à ❧❛ ♣ér✐♦❞❡ s✐s♠✐q✉❡✮ ♣♦✉✈❛✐t ♥❡ ♣❛s êtr❡ ✈❛❧✐❞❡
♣♦✉r ❞é❝r✐r❡ ❝♦rr❡❝t❡♠❡♥t ❧❡s ♣r♦♣r✐étés s✐s♠✐q✉❡s ❞❡s ✢✉✐❞❡s ❡♥r✐❝❤✐s ❡♥ ❈❖✷✳ ❆✉① ❢réq✉❡♥❝❡s
s✐s♠✐q✉❡s ❜❛ss❡s✱ ✐❧ s❡♠❜❧❡ q✉✬✐❧ ❢❛✐❧❧❡ ♣❧✉tôt ♦r✐❡♥t❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ✈❡rs ✉♥❡ ❛♣♣r♦❝❤❡ t❤❡r✲
♠♦❞②♥❛♠✐q✉❡ ✭❞✉ t②♣❡ ▲❛♥❞❛✉✲▲✐❢s❤✐t③✮ q✉✐ ♣r❡♥♥❡ ❡♥ ❝♦♠♣t❡ ❧❡s é❝❤❛♥❣❡s ❞❡ ♠❛t✐èr❡ ❡t ❞❡
❝❤❛❧❡✉r ❛✉ ♣❛ss❛❣❡ ❞❡s ♦♥❞❡s✱ ❡t ❞❡ ❝❡ ❢❛✐t✱ q✉✐ ❞é❝r✐t ❧✬éq✉✐❧✐❜r❡ t❤❡r♠♦❞②♥❛♠✐q✉❡ ❡♥tr❡ ❧❡s
♣❤❛s❡s ❬◆✐❝❤✐t❛ ❡t ❛❧✳✱ ✷✵✶✵✱ ❑❤❛❧✐❞✱ ✷✵✶✶❪✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♣♦✉rr❛✐t ❡①♣❧✐q✉❡r ❧❛ ❞é❝r♦✐ss❛♥❝❡
❜r✉t❛❧❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s P ♦❜s❡r✈é❡ s✉r ❧❡s ❞♦♥♥é❡s ré❡❧❧❡s ❡♥ ❝♦♥t❡①t❡ ❞❡ rés❡r✈♦✐rs ❢❛✐✲
❜❧❡♠❡♥t s❛t✉rés ❡♥ ❣❛③ ✭rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡ ❞❡ ❈❖✷ ❧♦rs ❞❡ ❧✬✐♥❥❡❝t✐♦♥✱ ♣❤é♥♦♠è♥❡ ❞❡ ✏❋✐③③
✇❛t❡r✑✳ ✳ ✳ ✮ ✭❝❢ ❋✐❣✉r❡ ✺✳✹✮✳ ▲❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❉✳ ❇r♦s❡t❛ s✬❡st tr❛❞✉✐t ♣❛r ❞❡s ❝♦♠♠✉♥✐❝❛t✐♦♥s
❝♦♠♠✉♥❡s ✭❝❢ P✉❜❧✐❝❛t✐♦♥s ❬✷✷❪✱ ❬✷✸❪ ❡♥ ❆♥♥❡①❡ ❈ ✮✳

▼♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❡ ♣r♦❥❡t ❊▼❙❆P❈❖✷ ❛ ❝♦♥❝❡r♥é ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❛ tâ❝❤❡ ✶✳ ❊♥
❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ P✳ ❈r✐st✐♥✐✱ ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧❛ ♣❡rt✐♥❡♥❝❡ ❞✬✉t✐❧✐s❡r ❧❡s ré✢❡①✐♦♥s s♣é❝✉❧❛✐r❡s
❡t ♥♦♥ s♣é❝✉❧❛✐r❡s ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❝♦♠♠❡ ♦✉t✐❧ ❞✬❛♥❛❧②s❡ ❡t ❞❡ ♠♦♥✐t♦r✐♥❣ ❞✉ st♦❝❦❛❣❡ ❞❡
❈❖✷✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à s❛✈♦✐r s✐ ❝❡s ♦♥❞❡s ♣♦✉rr❛✐❡♥t r❡♥s❡✐❣♥❡r s✉r ❧✬❡①✐st❡♥❝❡
❞❡ ♣♦❝❤❡s ❞❡ ❈❖✷ q✉✐ ❛✉r❛✐t ♠✐❣ré à tr❛✈❡rs ❧❡ s♦✉s✲s♦❧ ✈❡rs ❧❛ s✉r❢❛❝❡ ❡t q✉✐ s❡r❛✐t ♣✐é❣é ❛✉
♥✐✈❡❛✉ ❞❡s ✐♥t❡r❢❛❝❡s s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✳

❋✐❣✉r❡ ✺✳✹ ✕ P❛r❛♠ètr❡s s✐s♠✐q✉❡s ❞✬✉♥ ♠✐❧✐❡✉ ♣♦r❡✉① s❛t✉ré ♣❛r ✉♥ ♠é❧❛♥❣❡ ✈❛r✐❛❜❧❡ ❡❛✉✰❈❖✷✱

♣♦✉r ❞❡s ❢réq✉❡♥❝❡s s✐s♠✐q✉❡s ❜❛ss❡s ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ♣r♦❝❤❡s ❞✉ ♣♦✐♥t ❜✉❧❧❡ ✿ ❝♦♠♣❛r❛✐s♦♥ ❞❡s

rés✉❧t❛ts ✐ss✉s ❞❡s ♠ét❤♦❞❡s ❞❡ ●❛ss♠❛♥♥✲❲♦♦❞ ❡t ❞❡ ●❛ss♠❛♥♥✲▲❛♥❞❛✉✲▲✐❢s❤✐t③ ✭éq✉✐❧✐❜r❡ t❤❡r✲

♠♦❞②♥❛♠✐q✉❡✮✳ ❛✮ ❱✐t❡ss❡ ❞❡s ♦♥❞❡s P ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s❛t✉r❛t✐♦♥ ❡♥ ❡❛✉✳ ❆ ♥♦t❡r ❧❛ ❞✐s❝♦♥t✐✲

♥✉✐té ❞❡ ❧❛ ✈✐t❡ss❡ ♣♦✉r ✉♥❡ s❛t✉r❛t✐♦♥ ❡♥ ❈❖✷ ♣r♦❝❤❡ ❞❡ ✵✪ ♣ré❞✐t❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡ ●❛ss♠❛♥♥✲

▲❛♥❞❛✉✲▲✐❢s❤✐t③ ✭❞❛♥s ❝❡ ❝❛s✱ ❧❛ ❝♦♠♣r❡ss✐❜✐❧✐té ❞✉ ❣❛③ ❡st ❛✉❣♠❡♥té❡✱ ❡t ❧❛ ✈✐t❡ss❡ ❞❡s ♦♥❞❡s P

ré❞✉✐t❡✱ à ❝❛✉s❡ ❞❡ ❧❛ ❝♦♥✈❡rs✐♦♥ ❞✉ ❣❛③ ❡♥ ❧✐q✉✐❞❡ q✉❛♥❞ ❧❛ ♣r❡ss✐♦♥ ❛✉❣♠❡♥t❡✮✳ ❜✮ ❱✐t❡ss❡ ❞❡s

♦♥❞❡s P ❡t ✐♠♣é❞❛♥❝❡ ♣♦✉r ✉♥❡ s❛t✉r❛t✐♦♥ ❡♥ ❣❛③ ❞❡ ✶✪✳ ❉✬❛♣rès ❬❇r♦s❡t❛ ❡t ❛❧✳✱ ✷✵✵✾❪✳



✺✳✸✳ ■♥✢✉❡♥❝❡ ❞❡s ♣♦❝❤❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ✸✾

✺✳✸ ■♥✢✉❡♥❝❡ ❞❡s ♣♦❝❤❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡

◆♦✉s ♥♦✉s s♦♠♠❡s ♣❧❛❝és ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ ♣♦st✲✐♥❥❡❝t✐♦♥✳ P♦✉r s✐♠♣❧✐✜❡r ❧❡ ♣r♦❜❧è♠❡✱
♥♦✉s ❛✈♦♥s s✉♣♣♦sé ❞✬✉♥❡ ♣❛rt✱ q✉❡ ❧❡ ❈❖✷ s✬ét❛✐t ❞✐✛✉sé ✭♣❧✉s ♦✉ ♠♦✐♥s✮ ✉♥✐❢♦r♠é♠❡♥t ❞❛♥s ❧❡
rés❡r✈♦✐r ♣♦r❡✉① ❛✈❛♥t ❞❡ ♠✐❣r❡r ♠❛ss✐✈❡♠❡♥t ✈❡rs ❧❛ s✉r❢❛❝❡ ❞✉ rés❡r✈♦✐r✱ ❡t ❞✬❛✉tr❡ ♣❛rt✱ q✉❡
❝❡tt❡ ♠✐❣r❛t✐♦♥ ❞♦♥♥❛✐t ❧✐❡✉ ❛✐♥s✐ à ✉♥❡ ❛❝❝✉♠✉❧❛t✐♦♥ ❞❡ ❈❖✷ ❛✉ s♦♠♠❡t ❞✉ rés❡r✈♦✐r s♦✉s ❧❛
r♦❝❤❡ ❝♦✉✈❡rt✉r❡ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ③♦♥❡s ❝♦♠♣❛❝t❡s ♠❛✐s ❞✐✈✐sé❡s ✭❝✐✲❛♣rès ❞és✐❣♥é❡s ❜✉❧❧❡s✮✳ P❛r
❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré q✉❡ ❧❛ s❛t✉r❛t✐♦♥ ❡♥ ❈❖✷ ❞❛♥s ❧❡s ❜✉❧❧❡s ét❛✐t ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡
❝❡❧❧❡ ❞❛♥s ❧❡ rés❡r✈♦✐r ❡t q✉❡ ❧❡✉rs ❞✐♠❡♥s✐♦♥s s✬❛❣r❛♥❞✐ss❛✐❡♥t ❛✉ ✜❧ ❞✉ t❡♠♣s ✭❝❢ ❋✐❣✉r❡ ✺✳✺✮✳
❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❢❛✐t ❞✬❤②♣♦t❤ès❡s ❛ ♣r✐♦r✐ s✉r ❧❛ ♥❛t✉r❡ ❡t ❧❛ ❣é♦♠étr✐❡
❞✉ rés❡r✈♦✐r ❞❡ st♦❝❦❛❣❡ ✭❡✳❣✳✱ ❛q✉✐❢èr❡✱ ♣✐è❣❡ str✉❝t✉r❛❧ ❞❡ t②♣❡ ❛♥t✐❝❧✐♥❛❧✳ ✳ ✳ ✮✳ ◆é❛♥♠♦✐♥s✱ ✐❧ ❡st
à ♥♦t❡r q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ rés❡r✈♦✐r str✉❝t✉r❛❧ ❞❡ t②♣❡ ❛♥t✐❝❧✐♥❛❧✱ ❧❛ ❣é♦♠étr✐❡ ❞❡s ❜✉❧❧❡s ❞❡
❈❖✷ s✉✐✈r♦♥t ❧❡s ❝♦✉r❜✉r❡s ❞❡ ❧✬❛♥t✐❝❧✐♥❛❧ ❞❛♥s ❧❡s ❞✐r❡❝t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡t tr❛♥s✈❡rs❛❧❡ ❛✉ ♣❧❛♥
❞✬✐♥❝✐❞❡♥❝❡✱ ❞✬♦ù ✉♥❡ ♣♦ss✐❜✐❧✐té ❞❡ ❝ré❛t✐♦♥ ❞❡ ❜✉❧❧❡s ét✐ré❡s s✉✐✈❛♥t ✉♥❡ ❞✐r❡❝t✐♦♥ ♣r✐✈✐❧é❣✐é❡✳
P❛r ❝♦♥tr❡✱ ♥♦✉s ❛✈♦♥s ❢❛✐t ❧✬❤②♣♦t❤ès❡ q✉❡ ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ❡st s✉✣s❛♠♠❡♥t ♠✐♥❝❡ ♣♦✉r
♣♦✉✈♦✐r êtr❡ r❡♣rés❡♥té❡ ♣❛r ✉♥❡ s✉r❢❛❝❡ ❞❛♥s ❧❡s ♠♦❞é❧✐s❛t✐♦♥s✳

❆✈❛♥t ❞❡ ♠♦❞é❧✐s❡r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ r❡♣rés❡♥t❛♥t
❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✱ ❡t ❞✬ét✉❞✐❡r ❛✐♥s✐ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡s ❜✉❧❧❡s ❞❡ ❈❖✷ s♦✉s ❝❡tt❡
✐♥t❡r❢❛❝❡ s✉r ❧❡s ❛ttr✐❜✉ts s✐s♠✐q✉❡s✱ ✐❧ ét❛✐t ✐♠♣ér❛t✐❢ ❞✬✐❞❡♥t✐✜❡r ❛✉ ♣ré❛❧❛❜❧❡ ❧❡s ❧♦♥❣✉❡✉rs
❝❛r❛❝tér✐st✐q✉❡s ♠✐s❡s ❡♥ ❥❡✉ ❞❛♥s ❧❡ ♣r♦❜❧è♠❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ③♦♥❡ s♣❛t✐❛❧❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ q✉✐
❛✛❡❝t❡ ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐ ✭✐✳❡✳✱ ❧❛ ③♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬✐♥t❡r❢❛❝❡✮✳ ❊♥ ❡✛❡t✱ s❡✉❧❡s ❧❡s ❜✉❧❧❡s
❞❡ ❈❖✷ ♣rés❡♥t❡s ❞❛♥s ❝❡tt❡ ③♦♥❡ ❛✛❡❝t❡r♦♥t ré❡❧❧❡♠❡♥t ❧❛ ré♣♦♥s❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✭❝❢ ❈❤❛♣✐tr❡
✷✮✳

P❛r s♦✉❝✐ ❞❡ s✐♠♣❧✐✜❝❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s s✉♣♣♦sé ♣❛r ❧❛ s✉✐t❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❜✉❧❧❡s ét❛✐t
♣ér✐♦❞✐q✉❡ ✭♦✉ q✉❛s✐✲♣ér✐♦❞✐q✉❡✮ ❧❡ ❧♦♥❣ ❞❡ ❧✬✐♥t❡r❢❛❝❡✱ ♦✉ t♦✉t ❞✉ ♠♦✐♥s à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❩♦♥❡
❞❡ ❋r❡s♥❡❧ à ❧✬■♥t❡r❢❛❝❡ ✸✳ ■❧ ❡st ❜✐❡♥ ❝♦♥♥✉ ❡♥ ❛❝♦✉st✐q✉❡✱ ❡♥ ❝♦♥trô❧❡ ♥♦♥ ❞❡str✉❝t✐❢ ❡t ❡♥ ♦♣t✐q✉❡✱
q✉✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦♣r✐étés ✭♣❤②s✐q✉❡s ❡t✴♦✉ ❣é♦♠étr✐q✉❡s✮ ❧❛tér❛❧❡♠❡♥t ❤étér♦❣è♥❡s ❛❣✐t
❣é♥ér❛❧❡♠❡♥t ❝♦♠♠❡ ✉♥ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ q✉✐✱ ♣❛r ✐♥t❡r❢ér❡♥❝❡s ❝♦♥str✉❝t✐✈❡s ❡t ❞❡str✉❝t✐✈❡s✱
✈❛ ❣é♥ér❡r ♥♦♥ s❡✉❧❡♠❡♥t ❧❡s ré✢❡①✐♦♥s ❤❛❜✐t✉❡❧❧❡s✱ ❞✐t❡s ✏s♣é❝✉❧❛✐r❡s✑ ✭♦✉ ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡
✵✮✱ ♠❛✐s é❣❛❧❡♠❡♥t ❞❡s ré✢❡①✐♦♥s ❞✐t❡s ✏♥♦♥ s♣é❝✉❧❛✐r❡s✑ ✭♦✉ ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡ é❧❡✈é ➧ ✶✱ ➧
✷✳ ✳ ✳ ✮ ♣r♦♣❛❣❛t✐✈❡s✳ ❇✐❡♥ ❡♥t❡♥❞✉✱ ❧❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ ✵ ❞❡♠❡✉r❡♥t ❧❡s ♣❧✉s é♥❡r❣ét✐q✉❡s✱
❝❡♣❡♥❞❛♥t ❝❡rt❛✐♥❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ é❧❡✈é ♣❡✉✈❡♥t tr❛♥s♣♦rt❡r s✉✣s❛♠♠❡♥t ❞✬é♥❡r❣✐❡
♣♦✉r êtr❡ ❡♥r❡❣✐stré❡s ❛✉① ❝❛♣t❡✉rs ♣♦s✐t✐♦♥♥és ❡♥ s✉r❢❛❝❡✱ ❡t ❛✐♥s✐ ❢❛✉ss❡r ❧✬✐♥t❡r♣rét❛t✐♦♥ ❡t
❧❡ ❜✐❧❛♥ é♥❡r❣ét✐q✉❡ s✐ ❧✬♦♥ ♥✬❡♥ t✐❡♥t ♣❛s ❝♦♠♣t❡ ✭❝❢ ❈❤❛♣✐tr❡ ✸✮✳ P❛r ❝♦♥séq✉❡♥t✱ ❞❛♥s ❧❡
❝❛❞r❡ ❞❡ ♥♦tr❡ ♣r♦❜❧é♠❛t✐q✉❡✱ ✐❧ ét❛✐t ✐♥tér❡ss❛♥t ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ré✢❡①✐♦♥s ♥♦♥ s♣é❝✉❧❛✐r❡s
❡♥❣❡♥❞ré❡s ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡s ❜✉❧❧❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ♣♦✉✈❛✐❡♥t êtr❡ ✉♥ ♠♦②❡♥
❞❡ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❞✉ ❈❖✷✳ P♦✉r q✉❡ ❧❡ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ s♦✐t ♣❧❡✐♥❡♠❡♥t ❛❝t✐❢ ❡t
♣✉✐ss❡ ❣é♥ér❡r ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ é❧❡✈é✱ ❧❛ ③♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬✐♥t❡r❢❛❝❡ ❞♦✐t ❝♦♥t❡♥✐r ✉♥
♥♦♠❜r❡ s✉✣s❛♥t ✭❛✉ ♠♦✐♥s ✉♥❡ ❞✐③❛✐♥❡ ♣♦✉r ✉♥ rés✉❧t❛t ♦♣t✐♠❛❧✮ ❞❡ ❜✉❧❧❡s ❞❡ ❈❖✷✳ P❛r ❛✐❧❧❡✉rs✱
❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s♣❛t✐❛❧❡ Λ ❞✉ rés❡❛✉ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ λinc

✈❛ ❝♦♥❞✐t✐♦♥♥❡r ❢♦rt❡♠❡♥t ❧❡ ré❣✐♠❡ ❞❡ ❞✐✛r❛❝t✐♦♥✳ P❛r ❡①❡♠♣❧❡✱ s✐ Λ ≪ λinc✱ ❧❡ ré❣✐♠❡ q✉❛s✐✲
st❛t✐q✉❡ s✬❛♣♣❧✐q✉❡✱ ❧❡s ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡ é❧❡✈é s♦♥t é✈❛♥❡s❝❡♥t❡s ✭à ❢♦rt t❛✉① ❞✬é✈❛♥❡s❝❡♥❝❡✮
❡t ❧❛ ré✢❡❝t✐✈✐té ❞❡ ❧✬✐♥t❡r❢❛❝❡ s✬♦❜t✐❡♥t ❡♥ ❤♦♠♦❣é♥é✐s❛♥t s❡s ♣r♦♣r✐étés ❀ ♣♦✉r Λ ≥ λinc✱ ❧❡
rés❡❛✉ ❡st ❛❝t✐❢✱ ❧❡s ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡ é❧❡✈é s♦♥t ♣r♦♣❛❣❛t✐✈❡s ❡t ❧❛ ré✢❡❝t✐✈✐té ❞❡ ❧✬✐♥t❡r❢❛❝❡ ♥❡
♣❡✉t ♣❧✉s êtr❡ ♦❜t❡♥✉ s✐♠♣❧❡♠❡♥t ❡♥ ❤♦♠♦❣é♥é✐s❛♥t s❡s ♣r♦♣r✐étés ❬❇❛✐❦ ❡t ❚❤♦♠♣s♦♥✱ ✶✾✽✹❪✳

✸✳ ❈❡❧❛ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ s❝é♥❛r✐♦ ♣♦ss✐❜❧❡✳



✹✵ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

▲✬❡①✐st❡♥❝❡ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ ✵ ❡t ❞✬♦r❞r❡
é❧❡✈é ♣❡✉✈❡♥t êtr❡ ❢❛❝✐❧❡♠❡♥t ♣ré❞✐t❡s ♣❛r ❞❡s t❡❝❤♥✐q✉❡s ❣r❛♣❤✐q✉❡s ❝❧❛ss✐q✉❡s r❡♣♦s❛♥t s✉r ❧❡s
s✉r❢❛❝❡s ❞❡ ❧❡♥t❡✉r ❬❈r❛♥❞❛❧❧✱ ✶✾✼✵❪✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st q✉❡ ❧❡s ✈❡❝t❡✉rs ❞✬♦♥❞❡ knP,S diff ❞❡s ♦♥❞❡s
P ❡t ❙ ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ ♥ s♦♥t ❞é✜♥✐s t❡❧s q✉❡ ❧❡✉rs ❝♦♠♣♦s❛♥t❡s ❤♦r✐③♦♥t❛❧❡s pnP,S diff ❞♦✐✈❡♥t
s❛t✐s❢❛✐r❡ ❧❛ ❝♦♥❞✐t✐♦♥ ✭❛♥❛❧♦❣✐❡ ❛✈❝❡ ❧❛ ❧♦✐ ❞❡ ❇r❛❣❣✮ ✿

pnP,S diff = pinc + n
2π

Λ

♦ù pinc ❡st ❧❛ ❝♦♠♣♦s❛♥t❡ ❤♦r✐③♦♥t❛❧❡ ❞✉ ♥♦♠❜r❡ ❞✬♦♥❞❡ ✐♥❝✐❞❡♥t✱ n ❡st ✉♥ ❡♥t✐❡r r❡❧❛t✐❢ q✉✐
❝❛r❛❝tér✐s❡ ❧✬♦r❞r❡ ❞❡ ❞✐✛r❛❝t✐♦♥✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦tr❡ ♣r♦❜❧é♠❛t✐q✉❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré
✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ t②♣❡ ❞❡ rés❡r✈♦✐r ❞❡ st♦❝❦❛❣❡ ❞❡ ❈❖✷ ❝♦♥st✐t✉é ♣❛r ❞❡s ❣rès ❡t s✉r♠♦♥té ♣❛r
❞❡s ♠❛r♥❡s✳ P❛r s♦✉❝✐ ❞❡ s✐♠♣❧✐✜❝❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s s✉♣♣♦sé q✉❡ ❧❡s ❣rès ♥❡ ❝♦♥t❡♥❛✐❡♥t ♣❛s ❞❡
❈❖✷✱ ❝❡ ❞❡r♥✐❡r ét❛♥t ❝♦♥❝❡♥tré ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ♠❛r♥❡s✴❣rès s♦✉s ❢♦r♠❡ ❞❡ ❜✉❧❧❡s
❝♦♥st✐t✉é❡s ❞❡ ❣rès s❛t✉rés ♣❛r ✉♥ ♠é❧❛♥❣❡ ✈❛r✐❛❜❧❡ ❞✬❡❛✉ ❡t ❞❡ ❈❖✷ ❡t ❞✐str✐❜✉é❡s s✉✐✈❛♥t ✉♥❡
♣ér✐♦❞✐❝✐té Λ = λinc✳

❋✐❣✉r❡ ✺✳✺ ✕ ❈♦♥✜❣✉r❛t✐♦♥ ❞❡ ❧✬ét✉❞❡

▲❛ ❋✐❣✉r❡ ✺✳✻ ♣ré❞✐t ❧✬❡①✐st❡♥❝❡ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s P ❡t ❙ ré✢é❝❤✐❡s ❡t
tr❛♥s♠✐s❡s ✭❞✬♦r❞r❡ n = 0✮ ❡t ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s P ❡t ❙ ❞✬♦r❞r❡ é❧❡✈é ✭n 6= 0✮ ♣❛r ❧✬✐♥t❡r❢❛❝❡
♠❛r♥❡s✴❣rès ✭❝❢ ❚❛❜❧❡❛✉ ✺✳✶✮ ❛✈❡❝ ✉♥ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ t❡❧ q✉❡ Λ = λinc✱ ♣♦✉r ❞❡✉① ❛♥❣❧❡s
❞✬✐♥❝✐❞❡♥❝❡ αinc = 0 ❡t αinc = 45➦ ✱ ❡t ❧♦rsq✉❡ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ ❡st ✉♥❡ ♦♥❞❡ P ❞❛♥s ❧❡s ♠❛r♥❡s✳
◆♦✉s ❝♦♥st❛t♦♥s q✉❡ ♠ê♠❡ ❧♦rsq✉❡ ❧✬♦♥❞❡ P ❢r❛♣♣❡ ❧✬✐♥t❡r❢❛❝❡ s♦✉s ✐♥❝✐❞❡♥❝❡ ♥♦r♠❛❧❡✱ ❞❡✉①
♦♥❞❡s ❙ ❞✐✛r❛❝té❡s ♣r♦♣❛❣❛t✐✈❡s ❞✬♦r❞r❡ ➧ ✶ ♣♦✉rr♦♥t êtr❡ ♦❜s❡r✈é❡s s✉r ❧❡s ❝❛♣t❡✉rs✱ s❡❧♦♥
❧✬é♥❡r❣✐❡ q✉✬❡❧❧❡s tr❛♥s♣♦rt❡r♦♥t✳ ❈❡tt❡ é♥❡r❣✐❡ s❡r❛ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❡ ❝♦♥tr❛st❡
❞✬✐♠♣é❞❛♥❝❡ ❡♥tr❡ ❧❡ ❝♦♥t❡♥✉ ❞❡s ❜✉❧❧❡s ❡t ❧❡s ♠✐❧✐❡✉① ❡♥✈✐r♦♥♥❛♥ts ❡t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❜✉❧❧❡s
à ❧✬✐♥t❡r❢❛❝❡ ✳ ❆ ♥♦t❡r q✉❡ s✐ ❧✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ ❡st ✉♥❡ ♦♥❞❡ ❙✱ ❞❡s rés✉❧t❛ts s✐♠✐❧❛✐r❡s s♦♥t ♦❜t❡♥✉s✳

▲❛ ❝♦♥✜❣✉r❛t✐♦♥ ❝❤♦✐s✐❡ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ❡st ❞é❝r✐t❡ ❞❛♥s ❧❛ ❋✐❣✉r❡ ✺✳✺✳ ▲❛
s♦✉r❝❡ ❙ q✉✐ ❡st ✉♥❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡ ❡①♣❧♦s✐✈❡ ❡st s✐t✉é❡ à xS = 3190 m ❡t zS = 2000 m✱
t❛♥❞✐s q✉❡ ❧❛ ❧✐❣♥❡ ❞❡ ré❝❡♣t❡✉rs ❘ ✭❛✉ ♥♦♠❜r❡ ❞❡ ✶✾✶ ré♣❛rt✐s t♦✉s ❧❡s ✷✵ ♠ètr❡s✮ ❡st ❧♦❝❛❧✐sé❡
à zR = 1500 m ❡t ❝♦✉✈r❡ ❧❛ ③♦♥❡ xR = 2000 m à xR = 5800 m✳ ▲❡s ré❝❡♣t❡✉rs ❘ s♦♥t s✐t✉és
❧é❣èr❡♠❡♥t ♣❧✉s ❜❛s q✉❡ ❧❛ s♦✉r❝❡ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❞✐s❝r✐♠✐♥❡r ❧❡s ❞✐✛ér❡♥t❡s ❛rr✐✈é❡s ❞❡s ♦♥❞❡s✳



✺✳✸✳ ■♥✢✉❡♥❝❡ ❞❡s ♣♦❝❤❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ✹✶

▼✐❧✐❡✉① ✴ Pr♦♣r✐étés ❉❡♥s✐té ρ
(

kg/m3
)

❱✐t❡ss❡ VP (m/s) ❱✐t❡ss❡ VS (m/s)

▼❛r♥❡s 1 900 2 000 1 200

●rès 2 050 2 050 600

❚❛❜❧❡ ✺✳✶ ✕ Pr♦♣r✐étés ❞❡s ♠✐❧✐❡✉① ✭♠❛r♥❡s ❡t ❣rès✮✳

◆♦✉s ❛✈♦♥s ❢❛✐t ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ✐♥t❡r❢❛❝❡ ♣❧❛♥❡ ❛✈❡❝ ❞❡s ❜✉❧❧❡s à ❣é♦♠étr✐❡ très ét✐ré❡ ❞❛♥s
✉♥❡ ❞✐r❡❝t✐♦♥ ✭✐✳❡✳✱ ❧❛ ❣é♦♠étr✐❡ ✏str✐♣✲❝r❛❝❦s✑ q✉✐ ❡st ❞❡ ❞✐♠❡♥s✐♦♥ ✐♥✜♥✐❡✱ ♦✉ ❛✉ ♠♦✐♥s é❣❛❧❡ ❛✉
❞✐❛♠ètr❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬✐♥t❡r❢❛❝❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ ❛✉ ♣❧❛♥ ❞✬✐♥❝✐❞❡♥❝❡✱
❡t ❞❡ ❞✐♠❡♥s✐♦♥ ✜♥✐❡ ♠❛✐s ✈❛r✐❛❜❧❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ✐♥❝❧✉s❡ ❞❛♥s ❧❡ ♣❧❛♥ ❞✬✐♥❝✐❞❡♥❝❡✮✳ ▲❡ ♣r♦❜❧è♠❡
❝♦♥s✐❞éré ♣❡✉t êtr❡ r❛♠❡♥é à ✉♥ ♣r♦❜❧è♠❡ ✷❉✳ P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ❞❡✉① ❢réq✉❡♥❝❡s
❝❡♥tr❛❧❡s ♣♦✉r ❧❛ s♦✉r❝❡ ✭✷✵ ❍③ ❡t ✹✵ ❍③✮✱ ❞✐✛ér❡♥ts ❝♦♥t❡♥✉s ✭❝❢ ❚❛❜❧❡❛✉ ✺✳✷✮ ❡t ❞✐✛ér❡♥t❡s
❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ❜✉❧❧❡s✱ t♦✉t ❡♥ ❝♦♥s❡r✈❛♥t ❧❡s s♣é❝✐✜❝✐tés ❞✉ rés❡❛✉ Λ = λinc✳ ▲❡ ❝♦❞❡ ✉t✐❧✐sé
♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ✷❉ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❝❤♦✐s✐❡ ❡st
❧❡ ❝♦❞❡ ❙P❊❈❋❊▼ ❜❛sé s✉r ❧❡s é❧é♠❡♥ts ✜♥✐s s♣❡❝tr❛✉① ❬❑♦♠❛t✐ts❝❤ ❡t ❱✐❧♦tt❡✱ ✶✾✾✽❪✳ ❚♦✉t❡ ❧❛
❞✐✣❝✉❧té rés✐❞❡ ❞❛♥s ❧❛ ❝ré❛t✐♦♥ ❞✉ ♠❛✐❧❧❛❣❡ ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥✳ P❛r ❛✐❧❧❡✉rs✱ ❧❡s t❡♠♣s ❞❡ ❝❛❧❝✉❧
s♦♥t t②♣✐q✉❡♠❡♥t ❞❡ ✸ ❤❡✉r❡s ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③✱ ❡t ✶✵ ❤❡✉r❡s ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✱
s✉r ✷ ♣r♦❝❡ss❡✉rs ❳❡♦♥ ❲✺✺✽✵ à ✹ ❝÷✉rs✳ ◆♦✉s ♣rés❡♥t♦♥s ❝✐✲❛♣rès q✉❡❧q✉❡s rés✉❧t❛ts ✐ss✉s ❞❡
❧❛ ♠♦❞é❧✐s❛t✐♦♥✳

Pr♦♣r✐étés ✴ ❈♦♥❝❡♥tr❛t✐♦♥ ❡♥ ❈❖✷ ✵✪ ✶✵✪ ✹✵✪

❉❡♥s✐té ρ
(

kg/m3
)

2 050 2 000 1 950

❱✐t❡ss❡ VP (m/s) 2 050 1 450 1 300

❱✐t❡ss❡ VS (m/s) 600 600 650

❚❛❜❧❡ ✺✳✷ ✕ Pr♦♣r✐étés ❞❡s ❣rès s❛t✉rés ♣❛r ✉♥ ♠é❧❛♥❣❡ ✈❛r✐❛❜❧❡ ❞✬❡❛✉ ❡t ❞❡ ❈❖✷ ✭rés❡r✈♦✐r ❞❡

❙❧❡✐♣♥❡r✱ T = 37➦C✱ P = 10MPa✮✳ ❉✬❛♣rès ❬▲✉♠❧❡② ❡t ❛❧✳✱ ✷✵✵✽❪

▲❛ ❋✐❣✉r❡ ✺✳✼ ❞é❝r✐t ❧❡ s✐s♠♦❣r❛♠♠❡ r❡♣rés❡♥t❛♥t ❧❡ ❝❤❛♠♣ ❞❡ ♣r❡ss✐♦♥ à ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③
♣♦✉r ✉♥ rés❡❛✉ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❝♦♥t❡♥❛♥t ✹✵✪ ❞❡ ❈❖✷ à ❧✬✐♥t❡r❢❛❝❡✳ ❖♥ ♣❡✉t ♥♦t❡r ❧❡s ❡✛❡ts
❞✉ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥✲❞❡ss♦✉s ❞❡ ❧❛ ré✢❡①✐♦♥ P✲❙ s✉r ❧✬✐♥t❡r❢❛❝❡ ♠❛r♥❡s✴❣rès✳

▲❡s ❋✐❣✉r❡s ✺✳✽ à ✺✳✶✸ r❡♣rés❡♥t❡♥t ❧❡s ❝♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ♦✉ ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré
s✉r ❞✐✛ér❡♥ts ❝❛♣t❡✉rs s✐t✉és s♦✐t à ❣❛✉❝❤❡✱ s♦✐t à ❞r♦✐t❡✱ s♦✐t à ❧❛ ✭q✉❛s✐✲✮✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s♦✉r❝❡
♣♦✉r ❧❡s ❢réq✉❡♥❝❡s ✷✵ ❍③ ❡t ✹✵ ❍③✳ ▲❡s ✐♠❛❣❡s ❞✉ ❤❛✉t ♠♦♥tr❡♥t ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❞é♣❧❛❝❡♠❡♥t
❞✐t ✏❞❡ ré❢ér❡♥❝❡✑ ✭✐✳❡✳✱ s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✱ t❛♥❞✐s q✉❡ ❧❡s ✐♠❛❣❡s s♦✉s✲❥❛❝❡♥t❡s
✐❧❧✉str❡♥t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ❡t ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉
❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ❞✐✛ér❡♥ts ❝❛s ❞✬✐♥t❡r❢❛❝❡s✱ ✐✳❡✳✱ ❞✐✛ér❡♥t❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ❜✉❧❧❡s
✭✶✵✪✱ ✺✵✪ ♦✉ ✽✵✪✮ ❡t ❞✐✛ér❡♥ts ❝♦♥t❡♥✉s ✭✶✵✪ ♦✉ ✹✵✪ ❞❡ ❈❖✷✮✳ ❙✉r ❧❡s ✐♠❛❣❡s ❞❡ ré❢ér❡♥❝❡✱
♥♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ❧❡s ❛rr✐✈é❡s ❞❡s ré✢❡①✐♦♥s P✲P s✉✐✈✐❡s ❞❡s ré✢❡①✐♦♥s P✲❙✱ ♠❛✐s ❛✉❝✉♥❡
❞✐✛r❛❝t✐♦♥✳ ❙✉r ❧❡s ❛✉tr❡s ✐♠❛❣❡s✱ ♥♦✉s ❝♦♥st❛t♦♥s ❞✬✉♥❡ ♣❛rt ❞✬✐♥✜♠❡s ❞✐✛ér❡♥❝❡s ❛ss♦❝✐é❡s
❛✉① ré✢❡①✐♦♥s P✲P ❡t ❛✉① ré✢❡①✐♦♥s P✲❙ q✉✐ s♦♥t ❝♦♥st❛♥t❡s q✉❡❧s q✉❡ s♦✐❡♥t ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
❞❡s ❜✉❧❧❡s ❡t ❧❡✉r ❝♦♥t❡♥✉✱ ❡t q✉✐ ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❡rr❡✉rs ♥✉♠ér✐q✉❡s ❡t ❡♥ ❛✉❝✉♥ ❝❛s à ✉♥
♣❤é♥♦♠è♥❡ ♣❤②s✐q✉❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ♥♦✉s ♣♦✉✈♦♥s ♥♦t❡r ✉♥❡ ❞✐✛ér❡♥❝❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ✐♠♣♦rt❛♥t❡
❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡ é❧❡✈é ❣é♥éré❡s ♣❛r ❧❡ rés❡❛✉ ❞❡ ❜✉❧❧❡s ❛♣rès
❧❡s ❛rr✐✈é❡s ❞❡s ré✢❡①✐♦♥s P✲P ❡t P✲❙✳ P♦✉r ✉♥ ❝❛♣t❡✉r ❞♦♥♥é✱ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ❣é♥ér❛❧❡♠❡♥t
♣❧✉s ✐♠♣♦rt❛♥t❡ s✉r ❧❛ ❝♦♠♣♦s❛♥t❡ ① ❞✉ ❞é♣❧❛❝❡♠❡♥t q✉❡ s✉r ❧❛ ❝♦♠♣♦s❛♥t❡ ③✳ ❈❡❝✐ ❡st ❧♦❣✐q✉❡
♣✉✐sq✉❡ ❧❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞✬♦r❞r❡ é❧❡✈é s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s ♦♥❞❡s ❙✳ ❊♥ ♦✉tr❡✱ ♣♦✉r ✉♥❡



✹✷ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✻ ✕ ❊①✐st❡♥❝❡ ❡t ❞✐r❡❝t✐♦♥ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s P ❡t ❙ ré✢é❝❤✐❡s ❡t tr❛♥s♠✐s❡s

✭❞✬♦r❞r❡ n = 0✮ ❡t ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s P ❡t ❙ ❞✬♦r❞r❡ é❧❡✈é ✭n 6= 0✮ ♣❛r ❧✬✐♥t❡r❢❛❝❡ ♠❛r♥❡s✴❣rès

✭❝❢ ♣r♦♣r✐étés ❞❡s ♠✐❧✐❡✉① ❞❛♥s ❧❡ ❚❛❜❧❡❛✉ ✶✮ ❛✈❡❝ ✉♥ rés❡❛✉ ❞❡ ❞✐✛r❛❝t✐♦♥ t❡❧ q✉❡ Λ = λinc✱

♣♦✉r ❞❡✉① ❛♥❣❧❡s ❞✬✐♥❝✐❞❡♥❝❡ αinc = 0 ❡t αinc = 45➦✳ ▲✬♦♥❞❡ ✐♥❝✐❞❡♥t❡ ❡st ✉♥❡ ♦♥❞❡ P ❞❛♥s ❧❡s

♠❛r♥❡s✳

❝♦♥❝❡♥tr❛t✐♦♥ ❞♦♥♥é❡ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✱ ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ t❛✉① ❞❡ ❈❖✷ ❞❛♥s
❧❡s ❜✉❧❧❡s✳ ❊♥✜♥✱ ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ❈❖✷ ❞♦♥♥é❡✱ ❧❛ ❞✐✛ér❡♥❝❡ ❞❛♥s ❧❡s ❝♦♠♣♦s❛♥t❡s



✺✳✸✳ ■♥✢✉❡♥❝❡ ❞❡s ♣♦❝❤❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ✹✸

❋✐❣✉r❡ ✺✳✼ ✕ ❙✐s♠♦❣r❛♠♠❡ r❡♣rés❡♥t❛♥t ❧❡ ❝❤❛♠♣ ❞❡ ♣r❡ss✐♦♥ à ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③ ♣♦✉r ✉♥

rés❡❛✉ à ❧✬✐♥t❡r❢❛❝❡ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❝♦♥t❡♥❛♥t ✹✵✪ ❞❡ ❈❖✷✳

❞✉ ❞é♣❧❛❝❡♠❡♥t ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✱ ❛✈❡❝ ❝❡♣❡♥❞❛♥t ✉♥ ♣✐❝
♣❧✉s ♣r♦♥♦♥❝é ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ✭♣❤é♥♦♠è♥❡ ❞❡ rés♦♥❛♥❝❡✮✳ ❆ ♥♦t❡r q✉❡
❧❡s ❡✛❡ts s♦♥t ♣❧✉s ♣r♦♥♦♥❝és ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③ ✭❛✈❡❝ ❧❛ ♣rés❡♥❝❡ ❞❡ ♣❛q✉❡ts ❞✬♦♥❞❡✮✱
♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣♦✉r ❧❡ ❝❛♣t❡✉r s✐t✉é q✉❛s✐♠❡♥t à ❧❛ ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s♦✉r❝❡ ✭♥♦t❛♠♠❡♥t ♣♦✉r ❧❛
❝♦♠♣♦s❛♥t❡ ① ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré✮✳ ❈❡❝✐ ♣❡✉t s✬❡①♣❧✐q✉❡r ♣❛r ❧❡ ❢❛✐t q✉✬à ✹✵ ❍③ ❧❡ ♥♦♠❜r❡
❞❡ ❜✉❧❧❡s ♣rés❡♥t❡s ❞❛♥s ❧❛ ③♦♥❡ ❞❡ ❋r❡s♥❡❧ à ❧✬✐♥t❡r❢❛❝❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t q✉✬à ✷✵ ❍③✱ ❝❡ q✉✐ ✈❛
❢❛✈♦r✐s❡r ❧✬❛❝t✐✈✐té ❝♦❤ér❡♥t❡ ❞✉ rés❡❛✉ ❡t ❞♦♥❝ ✉♥❡ ❣é♥ér❛t✐♦♥ ♣❧✉s ❡✣❝❛❝❡ ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s✳

▲❛ ❋✐❣✉r❡ ✺✳✶✹ r❡♣rés❡♥t❡ ❧❡s s✐s♠♦❣r❛♠♠❡s✱ ♣♦✉r ❧❡s ❝♦♠♣♦s❛♥t❡s ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t✱
rés✉❧t❛♥t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ s✐s♠♦❣r❛♠♠❡ ❞❡ ré❢ér❡♥❝❡ ♦❜t❡♥✉ ♣♦✉r ❧❡ ❝❛s ❞❡ ❧✬✐♥t❡r❢❛❝❡ s❛♥s
rés❡❛✉ ❞❡ ❜✉❧❧❡s ❡t ❧❡ s✐s♠♦❣r❛♠♠❡ ♦❜t❡♥✉ ♣♦✉r ❧❡ ❝❛s ❞✬✉♥❡ ✐♥t❡r❢❛❝❡ ❛✈❡❝ ✉♥ rés❡❛✉ ❞❡ ✺✵✪
❞❡ ❜✉❧❧❡s ❝♦♥t❡♥❛♥t ✹✵✪ ❞❡ ❈❖✷ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✳ ❖♥ ♣❡✉t ♥♦t❡r ❧❡s ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡
é❧❡✈é ❣é♥éré❡s ♣❛r ❧❡ rés❡❛✉ ❞❡ ❜✉❧❧❡s✱ ❛✐♥s✐ q✉✬✉♥ ❝❤❛♥❣❡♠❡♥t ✐♠♣♦rt❛♥t ❞❛♥s ❧✬❛♠♣❧✐t✉❞❡ ❞❡s
♦♥❞❡s P ❡t ❙ ré✢é❝❤✐❡s s♣é❝✉❧❛✐r❡s ✭♦r❞r❡ ✵ ❞❡ ❧❛ ❞✐✛r❛❝t✐♦♥✮✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❡ rés❡❛✉ ❞❡ ❜✉❧❧❡s
✈❛ ♥♦♥ s❡✉❧❡♠❡♥t ❣é♥ér❡r ❞❡s ♦♥❞❡s s✉♣♣❧é♠❡♥t❛✐r❡s ❛✉① ♦♥❞❡s ✏❝❧❛ss✐q✉❡s✑ ✭P ❡t ❙ ré✢é❝❤✐❡s ❡t
tr❛♥s♠✐s❡s✮✱ ♠❛✐s é❣❛❧❡♠❡♥t ❛✛❡❝t❡r ❧❡s é♥❡r❣✐❡s ❛ttr✐❜✉é❡s ❛✉① ❞✐✛ér❡♥t❡s ♦♥❞❡s ♣r♦♣❛❣❛t✐✈❡s✳



✹✹ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✽ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ♣r❡♠✐❡r ❝❛♣t❡✉r

s✐t✉é à xR = 2000 m ✭à ❣❛✉❝❤❡ ❞❡ ❧❛ s♦✉r❝❡✮ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t

❞✐t ✏❞❡ ré❢ér❡♥❝❡✑ ✭s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡

❞é♣❧❛❝❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ❞✐✛ér❡♥ts ❝❛s ❞✬✐♥t❡r❢❛❝❡s ✭❞✐✛ér❡♥t❡s

❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ❜✉❧❧❡s ❡t ❞✐✛ér❡♥ts ❝♦♥t❡♥✉s✮✳

❈❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡s ❞✐✛r❛❝t✐♦♥s ❞✬♦r❞r❡ é❧❡✈é ❣é♥éré❡s ♣❛r ❧❡ rés❡❛✉ ❞❡ ♣♦❝❤❡s ❞❡
❈❖✷ q✉✐ ❛♣♣❛r❛✐ss❡♥t s✉r ❧❡s s✐s♠♦❣r❛♠♠❡s ♣❡✉✈❡♥t êtr❡ ✉♥ ♣r❡♠✐❡r ✐♥❞✐❝❛t❡✉r ❞❡ ❧❛ ♣rés❡♥❝❡
❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ❣❛③ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ❡t ♣♦✉rr❛✐❡♥t ❝♦♥st✐t✉❡r ✉♥❡ ✈♦✐❡ ♥♦✉✈❡❧❧❡ ♣♦✉r
❧❡ ♠♦♥✐t♦r✐♥❣ s✐s♠✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡ ét✉❞❡ ♣❧✉s ♣♦✉ssé❡ s❡r❛✐t ♥é❝❡ss❛✐r❡ ♣♦✉r ❝♦♥✜r♠❡r ❝❡s
♣r❡♠✐èr❡s ✐♠♣r❡ss✐♦♥s✳

✺✳✹ ❈♦♥❝❧✉s✐♦♥s

▲❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞❡ t❡❝❤♥✐q✉❡s ❞❡ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡ ❞✉ ❈❖✷✱ ❛♣♣♦rt❛♥t
❧❛ ♣r❡✉✈❡ ❞✉ ❝♦♥✜♥❡♠❡♥t ❞✉ ❣❛③✱ ❝♦♥st✐t✉❡ ✉♥ ❡♥❥❡✉ ♠❛❥❡✉r ♣♦✉r ❧✬❛❝❝❡♣t❛❜✐❧✐té ❞❡s ♣r♦❥❡ts ❞❡
séq✉❡str❛t✐♦♥ ♣❛r ❧✬♦♣✐♥✐♦♥ ♣✉❜❧✐q✉❡✳ ▲❡ ♠♦♥✐t♦r✐♥❣ ❣é♦♣❤②s✐q✉❡ ✹❉✱ ❞♦♥t ❧❡ ♣r✐♥❝✐♣❛❧ ❛t♦✉t ❡st
❞❡ ♣r♦♣♦s❡r ✉♥❡ ✈✐s✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞✉ rés❡r✈♦✐r✱ ❞♦✐t êtr❡ ✈❛❧✐❞é t❤é♦r✐q✉❡♠❡♥t ❛✈❛♥t ❞✬êtr❡ é♣r♦✉✈é
✉❧tér✐❡✉r❡♠❡♥t s✉r ✉♥ s✐t❡ ♣✐❧♦t❡✱ ❛✜♥ ❞❡ ♠♦♥tr❡r q✉✬✐❧ ♣❡✉t ❞ét❡❝t❡r ❡♥ ❛♠♦♥t ❧❡s ♣❤é♥♦♠è♥❡s
❧✐és à ❧❛ ✈✐❡ ❞✉ rés❡r✈♦✐r✳

▲❡ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ❛✈❛✐t ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ❝♦♥tr✐❜✉❡r à ❛♣♣♦rt❡r ✉♥❡ ré♣♦♥s❡ à ❧❛ ❞❡✲
♠❛♥❞❡ ❞❡ sé❝✉r✐té ❡t ❞❡ ✜❛❜✐❧✐té ❞❡s st♦❝❦❛❣❡s ❡♥ ❛♥❛❧②s❛♥t ❧❛ ❢❛✐s❛❜✐❧✐té ❞❡ ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s



✺✳✹✳ ❈♦♥❝❧✉s✐♦♥s ✹✺

❋✐❣✉r❡ ✺✳✾ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ❝❛♣t❡✉r ♣❧❛❝é à ❧❛

q✉❛s✐✲✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s♦✉r❝❡ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t ❞✐t ✏❞❡ ré❢ér❡♥❝❡✑ ✭s❛♥s

rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ❡t

❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ❞✐✛ér❡♥ts ❝❛s ❞✬✐♥t❡r❢❛❝❡s ✭❞✐✛ér❡♥t❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ❜✉❧❧❡s ❡t

❞✐✛ér❡♥ts ❝♦♥t❡♥✉s✮✳

❣é♦♣❤②s✐q✉❡s ♣♦✉r ❛ss✉r❡r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❡t ❧❡ s✉✐✈✐ ❞✉ ❈❖✷ ✐♥❥❡❝té✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ♥♦✉s ❛✈♦♥s
é✈❛❧✉é ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉t✐❧✐s❡r ❧❡s ré✢❡①✐♦♥s ♥♦♥ s♣é❝✉❧❛✐r❡s ❡♥❣❡♥❞ré❡s ♣❛r
❧❛ ♣rés❡♥❝❡ ❞❡ ♣♦❝❤❡s ❞❡ ❣❛③ ♣✐é❣é❡s s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✱ ❛♣rès ♠✐❣r❛t✐♦♥ ❞✉ ❈❖✷ ✈❡rs ❧❛
s✉r❢❛❝❡ ❞✉ rés❡r✈♦✐r✱ ♣♦✉r ❛♠é❧✐♦r❡r ❧✬✐♥t❡r♣rét❛t✐♦♥ s✐s♠✐q✉❡ ❡t s✉✐✈r❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts à ❧✬✐♥té✲
r✐❡✉r ❞✉ rés❡r✈♦✐r✳ ■❧ s❡♠❜❧❡ q✉❡ ❝❡s ré✢❡①✐♦♥s q✉✐ ❛♣♣❛r❛✐ss❡♥t s✉r ❧❡s s✐s♠♦❣r❛♠♠❡s ♣❡✉✈❡♥t
êtr❡ ✉♥ ♣r❡♠✐❡r ✐♥❞✐❝❛t❡✉r ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ❣❛③ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡ ❡t
♣♦✉rr❛✐❡♥t ❝♦♥st✐t✉❡r ✉♥❡ ✈♦✐❡ ♥♦✉✈❡❧❧❡ ♣♦✉r ❧❡ ♠♦♥✐t♦r✐♥❣ s✐s♠✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ♣r❡♠✐❡rs
rés✉❧t❛ts ♥é❝❡ss✐t❡♥t ❡♥❝♦r❡ ❞✬êtr❡ ❛✣♥és✳ P❛r ❛✐❧❧❡✉rs✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞❡ ❝♦♥s✐❞ér❡r ❞❛♥s
♥♦s ♠♦❞é❧✐s❛t✐♦♥s ✉♥❡ ré♣❛rt✐t✐♦♥ ❛❧é❛t♦✐r❡ ❞❡ ❜✉❧❧❡s ❞❡ ❈❖✷ s♦✉s ❧❛ r♦❝❤❡ ❝♦✉✈❡rt✉r❡✳



✹✻ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✶✵ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ♣r❡♠✐❡r ❝❛♣t❡✉r

s✐t✉é à xR = 5500 m ✭à ❞r♦✐t❡ ❞❡ ❧❛ s♦✉r❝❡✮ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✷✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t

❞✐t ✏❞❡ ré❢ér❡♥❝❡✑ ✭s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡

❞é♣❧❛❝❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ❞✐✛ér❡♥ts ❝❛s ❞✬✐♥t❡r❢❛❝❡s ✭❞✐✛ér❡♥t❡s

❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ❜✉❧❧❡s ❡t ❞✐✛ér❡♥ts ❝♦♥t❡♥✉s✮✳



✺✳✹✳ ❈♦♥❝❧✉s✐♦♥s ✹✼

❋✐❣✉r❡ ✺✳✶✶ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ♣r❡♠✐❡r ❝❛♣t❡✉r s✐t✉é

à xR = 2000m ✭à ❣❛✉❝❤❡ ❞❡ ❧❛ s♦✉r❝❡✮ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t ❞✐t ✏❞❡

ré❢ér❡♥❝❡✑ ✭s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t

❞❡ ré❢ér❡♥❝❡ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❡t ❞✐✛ér❡♥ts

❝♦♥t❡♥✉s✳



✹✽ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✶✷ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ❝❛♣t❡✉r s✐t✉é à ❧❛

q✉❛s✐✲✈❡rt✐❝❛❧❡ ❞❡ ❧❛ s♦✉r❝❡ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t ❞✐t ✏❞❡ ré❢ér❡♥❝❡✑ ✭s❛♥s

rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ré❢ér❡♥❝❡ ❡t

❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❡t ❞✐✛ér❡♥ts ❝♦♥t❡♥✉s✳



✺✳✹✳ ❈♦♥❝❧✉s✐♦♥s ✹✾

❋✐❣✉r❡ ✺✳✶✸ ✕ ❈♦♠♣♦s❛♥t❡s s✉✐✈❛♥t ① ❡t ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré s✉r ❧❡ ♣r❡♠✐❡r ❝❛♣t❡✉r s✐t✉é

à xR = 5500m ✭à ❞r♦✐t❡ ❞❡ ❧❛ s♦✉r❝❡✮ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✳ ❊♥ ❤❛✉t ✿ ❞é♣❧❛❝❡♠❡♥t ❞✐t ✏❞❡

ré❢ér❡♥❝❡✑ ✭s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s à ❧✬✐♥t❡r❢❛❝❡✮✳ ■♠❛❣❡s s✉✐✈❛♥t❡s ✿ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ ❞é♣❧❛❝❡♠❡♥t

❞❡ ré❢ér❡♥❝❡ ❡t ❧❡ ❞é♣❧❛❝❡♠❡♥t ❡♥r❡❣✐stré ♣♦✉r ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❡t ❞✐✛ér❡♥ts

❝♦♥t❡♥✉s✳



✺✵ ❈❤❛♣✐tr❡ ✺✳ ▲❛ s✉r✈❡✐❧❧❛♥❝❡ ❞✉ st♦❝❦❛❣❡ ❣é♦❧♦❣✐q✉❡ ❞✉ ❈❖✷

❋✐❣✉r❡ ✺✳✶✹ ✕ ❙✐s♠♦❣r❛♠♠❡s rés✉❧t❛♥t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ s✐s♠♦❣r❛♠♠❡ ❞❡ ré❢ér❡♥❝❡ ♦❜t❡♥✉

♣♦✉r ❧❡ ❝❛s ❞❡ ❧✬✐♥t❡r❢❛❝❡ s❛♥s rés❡❛✉ ❞❡ ❜✉❧❧❡s ❡t ❧❡ s✐s♠♦❣r❛♠♠❡ ♦❜t❡♥✉ ♣♦✉r ❧❡ ❝❛s ❞✬✉♥❡

✐♥t❡r❢❛❝❡ ❛✈❡❝ ✉♥ rés❡❛✉ ❞❡ ✺✵✪ ❞❡ ❜✉❧❧❡s ❝♦♥t❡♥❛♥t ✹✵✪ ❞❡ ❈❖✷ ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ✹✵ ❍③✳

❍❛✉t ✿ ❝♦♠♣♦s❛♥t❡ ① ❞✉ ❞é♣❧❛❝❡♠❡♥t✳ ❇❛s ✿ ❝♦♠♣♦s❛♥t❡ ③ ❞✉ ❞é♣❧❛❝❡♠❡♥t✳



❈❤❛♣✐tr❡ ✻

❊①t❡♥s✐♦♥ ❡t P❡rs♣❡❝t✐✈❡s

❯♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ❞❡ 1er ♦r❞r❡ q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❛ ♣r♦♣❛✲
❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❛♥s ❧❡s ♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s ❡st ✉♥❡ ♣❧✉s✲✈❛❧✉❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r t❡♥❞r❡ ✈❡rs
✉♥❡ ♠❡✐❧❧❡✉r❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞✉ s♦✉s✲s♦❧✳ ❆✉ tr❛✈❡rs ❞❡ ❝❡ ♠é♠♦✐r❡✱ ❥✬❛✐ ♠♦♥tré q✉❡ ❧❡ ♣r♦❜❧è♠❡
❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s ♦♥❞❡s ❡t ❧❡s ✐♥t❡r❢❛❝❡s ♥❡ ❞❡✈❛✐t ♣❛s êtr❡ s♦✉s✲❡st✐♠é ❡t q✉✬✐❧ ❞❡✈❛✐t êtr❡
❛❜♦r❞é ❞❡ ♠❛♥✐èr❡ ♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❧✐♠✐t❛t✐♦♥s ✐♥tr♦❞✉✐t❡s ♣❛r ❧❡ s②stè♠❡
❞✬♦❜s❡r✈❛t✐♦♥ ❝♦♥st✐t✉é ♣❛r ❧❡s ♦♥❞❡s s✐s♠✐q✉❡s✳ ▲❡s tr❛✈❛✉① ♣rés❡♥tés ✐❝✐ ♥✬♦♥t ♣❛s ❞✬❛✉tr❡ ♣ré✲
t❡♥t✐♦♥ q✉❡ ❞❡ ♣r♦♣♦s❡r ❞❡s ♣✐st❡s ❞✬✐♥✈❡st✐❣❛t✐♦♥✳ ❇❡❛✉❝♦✉♣ r❡st❡ ❡♥❝♦r❡ à ❢❛✐r❡ ♣♦✉r ❛♣♣r♦❝❤❡r
❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ ré❛❧✐té ♣❤②s✐q✉❡ ❛✜♥ ❞❡ ❧✬✐♥té❣r❡r ❞❡ ♠❛♥✐èr❡ ♣❡rt✐♥❡♥t❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s
❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✳ ▼❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ r❡❝❤❡r❝❤❡ s❡ s✐t✉❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t
❞❛♥s ❧❛ ❝♦♥t✐♥✉✐té ❞❡ ❝❡s ét✉❞❡s✳ ❊❧❧❡s s✬❡♥r✐❝❤✐ss❡♥t ❝❡♣❡♥❞❛♥t ❞❡s ♣♦ss✐❜✐❧✐tés ♥♦✉✈❡❧❧❡s ♦✛❡rt❡s
♣❛r ❧❛ ♣rés❡♥❝❡✱ ❛✉ s❡✐♥ ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡ ❞❡ ▼❛rs❡✐❧❧❡✱ ❞❡ ❝♦♠♣é✲
t❡♥❝❡s s❝✐❡♥t✐✜q✉❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ ❡t ❞❡ ❞✐s♣♦s✐t✐❢s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❣r❛♥❞❡
q✉❛❧✐té ✭❝✉✈❡s✮✳

❏❡ ♠❡ ❢♦❝❛❧✐s❡r❛✐ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ✉♥✐q✉❡♠❡♥t s✉r ❞❡✉① t❤é♠❛t✐q✉❡s✱ ❞é✈❡❧♦♣♣é❡s ❞❡♣✉✐s
q✉❡❧q✉❡s ♠♦✐s✳ ❉✬❛✉tr❡s✱ ❝♦♥❝❡r♥❛♥t ♥♦t❛♠♠❡♥t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡✱ ♦♥t é❣❛✲
❧❡♠❡♥t ❞❡s ♣❧❛❝❡s ❞❡ ❝❤♦✐① ❞❛♥s ♠♦♥ ❛❝t✐✈✐té✳

✻✳✶ ❘é✢❡❝t✐✈✐té ❞✬✉♥❡ ✐♥t❡r❢❛❝❡ ❧❛tér❛❧❡♠❡♥t ❤étér♦❣è♥❡

❖✉tr❡ ❧❡ tr❛✈❛✐❧ à ♣♦✉rs✉✐✈r❡ ♣♦✉r ❞é❝r✐r❡ ❧❡ ✈♦❧✉♠❡ ❞✬✐♥t❡r❛❝t✐♦♥ ❛✉t♦✉r ❞❡ ❧✬✐♥t❡r❢❛❝❡ q✉✐
♣❛rt✐❝✐♣❡ ❛❝t✐✈❡♠❡♥t ❛✉ ♣r♦❝❡ss✉s ❞❡ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s s✉r ✉♥❡ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉①
❛♥✐s♦tr♦♣❡s ✭rés✉❧t❛♥t ♣❛r ❡①❡♠♣❧❡ ❞✬✉♥❡ ❢r❛❝t✉r❛t✐♦♥✮✱ ✐❧ s❡r❛ ✐♠♣♦rt❛♥t ❞❡ ♣♦✉rs✉✐✈r❡ ❡♥ ♣❛✲
r❛❧❧è❧❡ ❧❛ ré✢❡①✐♦♥ s✉r ❧✬ét❛t ❞✉ ❝♦♥t❛❝t ❡♥tr❡ ❧❡s ❝♦✉❝❤❡s ❣é♦❧♦❣✐q✉❡s ❡t s✉r s♦♥ ✐♥✢✉❡♥❝❡ s✉r ❧❛
♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✳ ❈❡tt❡ ré✢❡①✐♦♥ s❡ ❞♦✐t ❞✬êtr❡ ♠❡♥é❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝
❞❡s ❣é♦❧♦❣✉❡s str✉❝t✉r❛❧✐st❡s ❡t ❞❡s ♠é❝❛♥✐❝✐❡♥s ❞✉ ❝♦♥t❛❝t✳ ❯♥❡ ❞❡s q✉❡st✐♦♥s ❡ss❡♥t✐❡❧❧❡s ❡st
❝❡❧❧❡✲❝✐ ✿ q✉❡❧ ❡st ❧✬✐♠♣❛❝t✱ s✉r ❧❡ ❝❤❛♠♣ ❞✬♦♥❞❡ ré✢é❝❤✐ ❡♥r❡❣✐stré ❛✉① ❝❛♣t❡✉rs✱ ❞❡s ❤étér♦❣é✲
♥é✐tés ❞✉ ❝♦♥t❛❝t ♣❛r r❛♣♣♦rt à ❝❡❧❧❡s ❧♦❝❛❧✐sé❡s ❛✉ s❡✐♥ ❞❡s ✈♦❧✉♠❡s ❞❡s ♠✐❧✐❡✉① ✭❡✳❣✳✱ ❢r❛❝t✉r❡s✱
♣♦r♦s✐té✳✳✳✮ ❄ P♦✉r ② ré♣♦♥❞r❡✱ ♥♦✉s ❞❡✈♦♥s ♥♦✉s ❢♦❝❛❧✐s❡r ❞❛♥s ✉♥ 1er t❡♠♣s s✉r ❧❡s ❧♦✐s q✉✐
ré❣✐ss❡♥t ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❛✉ ♣❛ss❛❣❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ❤étér♦❣è♥❡ ✭✐♥t❡r❢❛❝❡✮✳ P♦✉r
❝❡❧❛✱ ♥♦✉s ❞❡✈♦♥s ❝♦♥s✐❞ér❡r ✉♥ ❛♥❛❧♦❣✉❡ t❡rr❛✐♥ ✭❡✳❣✳✱ ❝❡❧✉✐ r❡♣rés❡♥té s✉r ❧❛ ❋✐❣✉r❡ ✸✳✺✮ ❡t
❞é❝♦✉♣❡r ❧❡ ♣r♦❜❧è♠❡ ❡♥ ♣r♦❜❧è♠❡s ✐♥t❡r♠é❞✐❛✐r❡s ♣❧✉s s✐♠♣❧❡s ❛✈❛♥t ❞❡ ❧❡ ❝♦♠♣❧❡①✐✜❡r ♣r♦✲
❣r❡ss✐✈❡♠❡♥t✳ ❚♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛ ❞é♠❛r❝❤❡✱ ♥♦✉s ❞❡✈♦♥s ✈❡✐❧❧❡r à ❝♦♥s❡r✈❡r ✉♥ ❜♦♥ ❝♦♠♣r♦♠✐s
❡♥tr❡ s✐♠♣❧✐✜❝❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ✭♣♦✉r ♣♦✉✈♦✐r ❧❡ rés♦✉❞r❡✮ ❡t ❝♦♠♣❧❡①✐té ❞❡s ♠✐❧✐❡✉① ré❡❧s ✭♣♦✉r
♣rés❡r✈❡r ❧❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s ❞❡ 1er ♦r❞r❡✮✳ ▲❡s ❤étér♦❣é♥é✐tés ❞✉ s✐t❡ ❣é♦❧♦❣✐q✉❡ ♥❛t✉r❡❧
❝❤♦✐s✐ ❞❡✈r♦♥t êtr❡ ♠❡s✉ré❡s ✐♥ s✐t✉ ❡t ❝❛r❛❝tér✐sé❡s à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s✳ ◆♦✉s ❞❡✈r♦♥s ✐❞❡♥t✐✜❡r
♣♦✉r t♦✉t❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ s✐s♠✐q✉❡ ❧❡s ❤étér♦❣é♥é✐tés s✉s❝❡♣t✐❜❧❡s ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡s ♦♥❞❡s
s✐s♠✐q✉❡s ❡t ❞❡ ❝♦♥❞✐t✐♦♥♥❡r ❧❡✉r ♣r♦♣❛❣❛t✐♦♥✳ ❈❡tt❡ ❝❛r❛❝tér✐s❛t✐♦♥ ♠✉❧t✐ é❝❤❡❧❧❡s s❡r✈✐r❛ ❞❡ ♣❛✲
r❛♠ètr❡s ❞✬❡♥tré❡ ré❛❧✐st❡s à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧❡s ♠✐❧✐❡✉① ❣é♦❧♦❣✐q✉❡s✱ ❡♥
✈✉❡ ❞✬✉♥❡ ✐♥té❣r❛t✐♦♥ ❞❛♥s ✉♥ ❝♦❞❡ ♥✉♠ér✐q✉❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s✳ ▲❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t ❞é❝r✐✲
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✈❛♥t ❧❡s ❞é❢❛✉ts ❞✬❛❞❤és✐♦♥ ❞❛♥s ❞❡s ♠❛tér✐❛✉① ♠✉❧t✐❝♦✉❝❤❡s ♦♥t été ♣❛rt✐❝✉❧✐èr❡♠❡♥t ét✉❞✐é❡s
❡♥ ❈♦♥trô❧❡ ◆♦♥ ❉❡str✉❝t✐❢ ✭❈◆❉✮✳ ▲❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✉❧tr❛s♦♥♦r❡s ét❛♥t s♦✉✈❡♥t ❣r❛♥❞❡s
❞❡✈❛♥t ❧✬é♣❛✐ss❡✉r ❞❡s ❞é❢❛✉ts✱ ❧❛ ③♦♥❡ ❞✬❛❞❤és✐♦♥ ❡st r❡♠♣❧❛❝é❡ ♣❛r ✉♥❡ ✐♥t❡r❢❛❝❡ ❞✬é♣❛✐ss❡✉r
♥✉❧❧❡ ♠✉♥✐❡ ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❝♦♥❞✐t✐♦♥s ❞✬✐♥t❡r❢❛❝❡ ❛❞éq✉❛t❡s ❞é❝r✐✈❛♥t ❞❡s ♣r♦♣r✐étés ♠♦②❡♥♥❡s
❞❡ ❝♦♥t❛❝t✳ ❊♥ é❧❛st♦❞②♥❛♠✐q✉❡✱ ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♥é❛✐r❡s ❞❡ t②♣❡ ♠❛ss❡✲r❡ss♦rt s♦♥t ❧❛r❣❡♠❡♥t
✉t✐❧✐sé❡s ❡♥ ❈◆❉ ♣♦✉r ❞é❝r✐r❡ ❧❡s ❝♦❧❧❛❣❡s ♦✉ ❡♥ ❣é♦s❝✐❡♥❝❡s ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❢r❛❝t✉r❡s✱ ❝❛r ❡❧❧❡s
♣❡r♠❡tt❡♥t ❞❡ ❞é❝r✐r❡ s✐♠♣❧❡♠❡♥t t♦✉t ✉♥ ❝♦♥t✐♥✉✉♠ ❞❡ s✐t✉❛t✐♦♥s ♣❤②s✐q✉❡s ❝♦♠♣r✐s❡s ❡♥tr❡
❧❡s tr♦✐s ❝❛s ❧✐♠✐t❡s ✿ ❝♦♥t❛❝t s♦✉❞é✱ ❣❧✐ss❡♠❡♥t s❛♥s ❢r♦tt❡♠❡♥t✱ ❞é❝♦❧❧❡♠❡♥t t♦t❛❧✳ ◆é❛♥♠♦✐♥s✱
❧❡s ♠ét❤♦❞❡s ✉t✐❧✐sé❡s ❡♥ ❈◆❉ ❡t ❜❛sé❡s s✉r ❝❡s ♠♦❞è❧❡s ❧✐♥é❛✐r❡s ❞❡ ❝♦♥t❛❝t é❝❤♦✉❡♥t s♦✉✈❡♥t
à ❞ét❡❝t❡r ❞❡s ❞é❢❛✉ts ❞✬❛❞❤és✐♦♥ ❡♥ ❝♦♥t❛❝t ♣❛rt✐❡❧✳ ■❧ ❡st ♣♦✉rt❛♥t ❡ss❡♥t✐❡❧ ❞❛♥s ❝❡rt❛✐♥s ❝❛s
❞❡ ♣♦✉✈♦✐r ❝♦♥s❡r✈❡r ❝❡tt❡ ♣❛rt✐❝✉❧❛r✐té ❣é♦♠étr✐q✉❡ ❞❛♥s ❧❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t ❝❛r ✉♥ rés❡❛✉ ❞❡
❞é❢❛✉ts ❡♥ ❝♦♥t❛❝t ♣❛rt✐❡❧ ♣❡✉t ❡♥❣❡♥❞r❡r ❞❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s ❞❡ 1ère ✐♠♣♦rt❛♥❝❡ q✉✐
♥✬❛♣♣❛r❛îtr❛✐❡♥t ♣❛s ❛✉tr❡♠❡♥t ✭❝❢ ❈❤❛♣✐tr❡ ✸✮✳ P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r ❞é✜♥✐r ❧❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t
❝♦rr❡s♣♦♥❞❛♥t ❛✉ s✐t❡ ❣é♦❧♦❣✐q✉❡ ❝❤♦✐s✐✱ ✐❧ s❡r❛✐t s❛♥s ❞♦✉t❡ ✐♥tér❡ss❛♥t ❞✬❛✈♦✐r r❡❝♦✉rs à ❞❡s ♠é✲
t❤♦❞❡s ❞❡ t②♣❡ ❛s②♠♣t♦t✐q✉❡ ✐ss✉❡s ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s✳ ❉❛♥s ❝❡s ♠ét❤♦❞❡s✱
❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✉♥ ♣❡t✐t ♣❛r❛♠ètr❡✳ ▲♦rsq✉❡ ❧✬♦♥ ♣❛ss❡ à ❧❛
❧✐♠✐t❡ s✉r ❝❡ ♣❡t✐t ♣❛r❛♠ètr❡ ✉♥❡ ✏♠é♠♦✐r❡✑ ❞❡s ❤étér♦❣é♥é✐tés ❡t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ③♦♥❡
❞❡ ❝♦♥t❛❝t ♦r✐❣✐♥❡❧❧❡ ✭❞✉ t②♣❡ ❧♦♥❣✉❡✉r ❡t ♦r✐❡♥t❛t✐♦♥ ♠♦②❡♥♥❡s ❞❡s ✜ss✉r❡s✱ ❡♥❞♦♠♠❛❣❡♠❡♥t✱
❣é♦♠étr✐❡✳ ✳ ✳ ✮ ❡st ❝♦♥s❡r✈é❡ ❬▲❡❜♦♥ ❡t ❛❧✳✱ ✷✵✵✹❪ ✶✳ ▲❡ ♠♦❞è❧❡ ❧✐♠✐t❡ ❡st ❡♥ ❣é♥ér❛❧ ❜❡❛✉❝♦✉♣ ♣❧✉s
s✐♠♣❧❡ à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ♥✉♠ér✐q✉❡♠❡♥t✱ ♠❛✐s ❝♦♥t✐❡♥t t♦✉t ❞❡ ♠ê♠❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡
❣r❛♥❞❡✉rs r❡♣rés❡♥t❛t✐✈❡s ❞✉ ♠✐❧✐❡✉✳ ❈♦♠♠❡ ♣ré❝✐sé ✉❧tér✐❡✉r❡♠❡♥t✱ ✐❧ ❢❛✉t é❧❛❜♦r❡r ❞❛♥s ✉♥ 1er

t❡♠♣s ✉♥ ♠♦❞è❧❡ ❞❡ ❝♦♥t❛❝t s✐♠♣❧❡ ❛✈❛♥t ❞❡ ❧❡ ❝♦♠♣❧❡①✐✜❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❣é♦✲
❧♦❣✐q✉❡ ♠✉❧t✐✲é❝❤❡❧❧❡✳ ❖♥ ❞❡✈r❛✐t ❛❜♦✉t✐r ✐♥ ✜♥❡ à ❞❡s ❧♦✐s ❞❡ ❝♦♥t❛❝t ♣❧✉s ✏ré❛❧✐st❡s✑ ❞✉ ♣♦✐♥t
❞❡ ✈✉❡ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✱ ❧♦✐s q✉✐ ❞é✜♥✐r♦♥t ❧❛ ré✢❡❝t✐✈✐té ❞❡ ❧✬✐♥t❡r❢❛❝❡ ❡t q✉❡ ❧✬♦♥ ♣♦✉rr❛
✐♥té❣r❡r ❞❛♥s ❞❡s ❝♦❞❡s ♥✉♠ér✐q✉❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s✳

✻✳✷ ▲❡ ♣r♦❥❡t ❇❊◆❈❍■❊

✳✳✳ ♦✉ ❧❡ ♣r♦❥❡t ✏❇❊◆❈❍♠❛r❦s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❧❛❜♦r❛t♦✐r❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥ts ❝♦♠♣❧❡①❡s
à ❞❡s ✜♥s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞❡ ❝♦❞❡s ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s ❡t ❞✬■♠❛❣❡r✐❊✑✳

❉❛♥s ❧❡s ③♦♥❡s ❣é♦❧♦❣✐q✉❡s ❝♦♠♣❧❡①❡s ♦ù ❧❡s ❝❤❛♥❣❡♠❡♥ts str✉❝t✉r❛✉① ❡t ❧❡s ✈❛r✐❛t✐♦♥s ❞❡
t♦♣♦❣r❛♣❤✐❡ s♦♥t r❛♣✐❞❡s ❡t ♣❛r❢♦✐s ❛❜r✉♣ts✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ r❡tr♦✉✈❡r ❞✐r❡❝t❡♠❡♥t à ♣❛rt✐r
❞❡s ♣r♦✜❧s s✐s♠✐q✉❡s ❧❛ ✈r❛✐❡ ❣é♦♠étr✐❡ ❞❡s str✉❝t✉r❡s ❣é♦❧♦❣✐q✉❡s✳ P♦✉r rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡
✭✐♥✈❡rs❡✮✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❜✐❡♥ rés♦✉❞r❡ ❛✉ ♣ré❛❧❛❜❧❡ ❧❡ ♣r♦❜❧è♠❡ ❞✐r❡❝t✱ ✐✳❡✳ ♠♦❞é❧✐s❡r ❞❡
♠❛♥✐èr❡ ré❛❧✐st❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❡♥ ✸❉✳ P♦✉r ❝❡❧❛✱ ❞✐✛ér❡♥ts ❝♦❞❡s ❜❛sés s✉r
❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ✭tr❛❝é ❞❡ r❛②♦♥s✱ s❝❤é♠❛s ❛✉① ❞✐✛ér❡♥❝❡s ✜♥✐❡s✱ é❧é♠❡♥ts ✜♥✐s✱ é❧é♠❡♥ts
✜♥✐s s♣❡❝tr❛✉①✱ ✐♥té❣r❛❧❡s ❞❡ ❑✐r❝❤❤♦✛ ✳ ✳ ✳ ✮ ♦♥t été ❞é✈❡❧♦♣♣és ❡t s♦♥t✱ à ❞❡s ✜♥s ❞❡ ✈❛❧✐❞❛✲
t✐♦♥✱ ❣é♥ér❛❧❡♠❡♥t ❝♦♥❢r♦♥tés à ❞✬❛✉tr❡s ♠ét❤♦❞❡s ✏✈❛❧✐❞é❡s✑ s✉r ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ s②♥t❤ét✐q✉❡
t❡st r❡♣rés❡♥t❛♥t ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❣é♦❧♦❣✐q✉❡ s♣é❝✐✜q✉❡✳ ❈❡tt❡ ❞é♠❛r❝❤❡✱ ❜✐❡♥ q✉❡ ❝♦✉r❛♥t❡✱
♣♦ssè❞❡ ♥é❛♥♠♦✐♥s ❞❡s ❧✐♠✐t❛t✐♦♥s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧♦rsq✉❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s❡ ♣r♦❞✉✐t
❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❝♦♠♣❧❡①❡ q✉✐ ❝♦♥t✐❡♥t ❞❡s ré✢❡❝t❡✉rs à ❢♦rts ❝♦♥tr❛st❡s ❡t à t♦♣♦❣r❛♣❤✐❡
✐rré❣✉❧✐èr❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s ♥❡ s❛✈♦♥s ♣❛s q✉❡❧ ❡st ❧❡ ❝♦❞❡ q✉✐ ✐♥ ✜♥❡ s✬❛♣♣r♦❝❤❡ ❛✉ ♠✐❡✉① ❞❡ ❧❛
✏✈r❛✐❡✑ s♦❧✉t✐♦♥✳ ❯♥❡ ❛✉tr❡ ❞é♠❛r❝❤❡ ❝♦♥s✐st❡ à ✈❛❧✐❞❡r ❝❡s ❝♦❞❡s ✈✐❛ ✉♥❡ ❝♦♥❢r♦♥t❛t✐♦♥ ❞✐r❡❝t❡
❛✉① ❞♦♥♥é❡s ré❡❧❧❡s ❛❝q✉✐s❡s ✐♥ s✐t✉✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❡ ❢❛✐t ❞❡ ♥❡ ♣❛s ❝♦♥♥❛îtr❡ ♣❛r❢❛✐t❡♠❡♥t
❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❣é♦❧♦❣✐q✉❡ ❞❛♥s ❧❡q✉❡❧ s❡ ♣r♦♣❛❣❡♥t ❧❡s ♦♥❞❡s r❡♥❞ ❞✐✣❝✐❧❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s

✶✳ ❝❢ t♦✉t❡s ❧❡s ré❢❡r❡♥❝❡s ❞❛♥s ❝❡t ❛rt✐❝❧❡✳



✻✳✷✳ ▲❡ ♣r♦❥❡t ❇❊◆❈❍■❊ ✺✸

❋✐❣✉r❡ ✻✳✶ ✕ ▲❡ ✓ ▼♦❞è❧❡ ▼❛rs❡✐❧❧❡ ✔ ✿ ♠❛q✉❡tt❡ ❞❡ ✓ ♠✐❧✐❡✉ ❣é♦❧♦❣✐q✉❡ ✔ ♣rés❡♥t❛♥t ❞❡ ❢♦rt❡s

t♦♣♦❣r❛♣❤✐❡s ✸❉ ✭❢❛✐❧❧❡✱ ❞ô♠❡ ♣❧❡✐♥✱ ♣②r❛♠✐❞❡✱ ❞ô♠❡ tr♦♥q✉é✮✳ ▲❡ ❢❛❝t❡✉r ❞✬é❝❤❡❧❧❡ ♣❛r r❛♣♣♦rt à

❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ré❡❧❧❡ éq✉✐✈❛❧❡♥t❡ ❡st ❞❡ ✶ ✿ ✶✵ ✵✵✵✳

rés✉❧t❛ts✳ ❆✉ss✐✱ ❧❡ ❢❛✐t ❞❡ ❞✐s♣♦s❡r ❞❡ ♠❡s✉r❡s ❞❡ ré❢ér❡♥❝❡ ❝❛❧✐❜ré❡s ❛❝q✉✐s❡s ❞❛♥s ❞❡s ❝♦♥✜❣✉r❛✲
t✐♦♥s très ❝♦♠♣❧❡①❡s✱ ♠❛✐s ❝♦♥trô❧é❡s✱ ❝♦♥st✐t✉❡r❛✐t ✉♥❡ ❛❧t❡r♥❛t✐✈❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t❡
♣♦✉r ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡ ❝❡s ❝♦❞❡s ♥✉♠ér✐q✉❡s✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣r♦❥❡t ✐♥t❡r♥❛t✐♦♥❛❧ ❡st ♣ré❝✐sé♠❡♥t ❞✬❛♣♣♦rt❡r ❝❡tt❡ ❛❧t❡r♥❛t✐✈❡ ♦r✐❣✐♥❛❧❡
♣♦✉r ❧❛ s✐s♠✐q✉❡ ❡♥ ♣r♦♣♦s❛♥t ❞✬é♣r♦✉✈❡r ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞❡ ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s✱ ❧❛r❣❡♠❡♥t
✉t✐❧✐sé❡s ❡♥ s✐s♠✐q✉❡✱ ♣❛r ❞❡s ❜❡♥❝❤♠❛r❦s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❧❛❜♦r❛t♦✐r❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥ts ❝♦♠✲
♣❧❡①❡s ✭♠❛✐s ❝♦♥trô❧és✮✳ ▲❡ 1er ♦❜❥❡❝t✐❢ ❡st ❞❡ ré❛❧✐s❡r ❡♥ ❝✉✈❡ ❞✐✛ér❡♥ts ❜❡♥❝❤♠❛r❦s ❡①♣ér✐♠❡♥✲
t❛✉① ❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ s✐s♠✐q✉❡ ♠❛r✐♥❡ ✭♦✛s❡t ♥✉❧✱ ❝❛♠♣❛❣♥❡ ❆❱❆✮✳ ❯♥ 1er ♠♦❞è❧❡ ❣é♦❧♦❣✐q✉❡
♣rés❡♥t❛♥t ❞❡ ❢♦rt❡s t♦♣♦❣r❛♣❤✐❡s ✸❉ ❛ été ré❛❧✐sé à ♣❛rt✐r ❞❡ P❱❈ ✭❝❢ ❋✐❣✉r❡ ✻✳✶✮✳ ■❧ s✬✐♥s♣✐r❡
❧❛r❣❡♠❡♥t ❞✉ ♠♦❞è❧❡ ❞❡ ❋r❡♥❝❤ ❬❋r❡♥❝❤✱ ✶✾✼✹❪✱ ♠❛✐s ♣rés❡♥t❡ ♥é❛♥♠♦✐♥s q✉❡❧q✉❡s ♦r✐❣✐♥❛❧✐tés✱
♥♦t❛♠♠❡♥t ✉♥ ❞ô♠❡ tr♦♥q✉é ❡t ✉♥❡ ♣②r❛♠✐❞❡ tr♦♥q✉é❡✳ ❉❡s ♠❡s✉r❡s ✉❧tr❛s♦♥♦r❡s ❞❡ ❧❛ ré✢❡①✐♦♥
❞❡s ♦♥❞❡s s✉r ❝❤❛q✉❡ ♣♦✐♥t ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ♠♦❞è❧❡ ✐♠♠❡r❣é s♦♥t ❡✛❡❝t✉é❡s ♣❛r ❞✐✛ér❡♥ts ❝❛♣✲
t❡✉rs ❞❛♥s ❧❛ ❣❛♠♠❡ ❢réq✉❡♥t✐❡❧❧❡ ✸✵✵ ❦❍③ ✕ ✶✱✷ ▼❍③✳ ▲✬❛♥❛❧②s❡ ❞❡ ❝❡s ♠❡s✉r❡s ❞❡✈r❛✐t ♣❡r♠❡ttr❡
❞❛♥s ✉♥ 1er t❡♠♣s ❞❡ ♠✐❡✉① ❝❡r♥❡r ❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ♠✐s ❡♥ ❥❡✉ ❞❛♥s ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡s
♦♥❞❡s ❛✈❡❝ ❧❡s s✉r❢❛❝❡s ✐rré❣✉❧✐èr❡s à ❢♦rt❡ t♦♣♦❣r❛♣❤✐❡ ✸❉ q✉✐ ❡♥❣❡♥❞r❡♥t ❧❛ ♣rés❡♥❝❡ ❞❡ ③♦♥❡s
❞✬♦♠❜r❡✱ ❞❡ ❞✐✛r❛❝t✐♦♥s✱ ❞❡ ❝❛✉st✐q✉❡s✳ ✳ ✳ ▲❡ 2nd ♦❜❥❡❝t✐❢ ❞✉ ♣r♦❥❡t ❡st ❞❡ ❞é✜♥✐r ❧❡s ❞♦♠❛✐♥❡s ❞❡
✈❛❧✐❞✐té r❡s♣❡❝t✐❢s ❞❡ ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s ❞❡ ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s ✉t✐❧✐sé❡s ❡♥ s✐s♠✐q✉❡✳ P♦✉r ❝❡❧❛✱
❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❜❛sé❡s s✉r ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ✭❚✐♣✲✇❛✈❡ s✉♣❡r♣♦s✐t✐♦♥ ♠❡t❤♦❞
❬❆②③❡♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✼✱ ❆②③❡♥❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✾❪✱ ❘❡❝✐♣r♦❝❛❧ ♣❧❛♥❡✲✇❛✈❡ ❡①♣❛♥s✐♦♥ ♠❡t❤♦❞ ❛♥❞
❙✉r❢❛❝❡✲✐♥t❡❣r❛❧ ♠❡t❤♦❞s ❬❯rs✐♥ ❡t ❚②❣❡❧✱ ✶✾✾✼✱ ❚②❣❡❧ ❡t ❯rs✐♥✱ ✶✾✾✾✱ ❙❝❤❧❡✐❝❤❡r ❡t ❛❧✳✱ ✷✵✵✶✱
❯rs✐♥✱ ✷✵✵✹❪✱ ❙♣❡❝tr❛❧ ❡❧❡♠❡♥t ♠❡t❤♦❞ ❬❑♦♠❛t✐ts❝❤ ❡t ❱✐❧♦tt❡✱ ✶✾✾✽✱ ❑♦♠❛t✐ts❝❤ ❡t ❛❧✳✱ ✷✵✵✷✱
❈r✐st✐♥✐ ❡t ❑♦♠❛t✐ts❝❤✱ ✷✵✵✼❪✮ s❡r♦♥t ré❛❧✐sé❡s ❡♥ r❡s♣❡❝t❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡s ❡①♣ér✐❡♥❝❡s ❡♥
❝✉✈❡ ✭❞♦♠❛✐♥❡ ❢réq✉❡♥t✐❡❧✱ ❝❛r❛❝tér✐st✐q✉❡s ❞❡s s♦✉r❝❡s ❡t ❝❛♣t❡✉rs✱ ❞✐♠❡♥s✐♦♥s ❡t ♣r♦♣r✐étés
♣❤②s✐q✉❡s ❞✉ ♠♦❞è❧❡✳ ✳ ✳ ✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞♦♥♥é❡s s②♥t❤ét✐q✉❡s ❡t ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥✲
t❛❧❡s ♣❡r♠❡ttr❛ ❞❡ ♠❡ttr❡ ❡♥ ❧✉♠✐èr❡ ❧❡s q✉❛❧✐tés ❡t ❞é❢❛✉ts r❡s♣❡❝t✐❢s ❞❡s ❞✐✛ér❡♥t❡s ❢❛♠✐❧❧❡s
❞❡ ♠ét❤♦❞❡s ♥✉♠ér✐q✉❡s✳ ❆✉✲❞❡❧à ❞❡ ❝❡t ét❛t ❞❡s ❧✐❡✉① très ✐♠♣♦rt❛♥t ♣♦✉r ❧❛ ❝♦♠♠✉♥❛✉té
❣é♦♣❤②s✐❝✐❡♥♥❡✱ ✐❧ ❞❡✈r❛✐t ❡♥ rés✉❧t❡r ✉♥❡ ré✢❡①✐♦♥ ❞❡ ❢♦♥❞ s✉r ❧❛ str❛té❣✐❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡s
♠ét❤♦❞❡s ✈❡rs ✉♥❡ s✐♠✉❧❛t✐♦♥ ♣❧✉s ♣❡r❢♦r♠❛♥t❡ ✭❡♥ ♣ré❝✐s✐♦♥ ❡t ❡♥ r❛♣✐❞✐té✮ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s ✭♣r♦❜❧è♠❡ ❞✐r❡❝t✮ ❡t ❞❡ ❧✬✐♠❛❣❡r✐❡ s✐s♠✐q✉❡ ✭♣r♦❜❧è♠❡ ✐♥✈❡rs❡s✮✱ ❞✬✐♥térêt ♠❛❥❡✉r ♣♦✉r
❧❡s ❛♣♣❧✐❝❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡t ✐♥❞✉str✐❡❧❧❡s✳





❆♥♥❡①❡ ❆

❈✉rr✐❝✉❧✉♠ ❱✐t❛❡

◆❛t❤❛❧✐❡ ❋❛✈r❡tt♦✲❈r✐st✐♥✐

❈❤❛r❣é❡ ❞❡ r❡❝❤❡r❝❤❡ ❈◆❘❙ 1ère ❝❧❛ss❡
▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡ ✭▲▼❆ ✲ ❯P❘ ✼✵✺✶✮
✸✶✱ ❝❤❡♠✐♥ ❏♦s❡♣❤✲❆✐❣✉✐❡r✱ ✶✸✹✵✷ ▼❛rs❡✐❧❧❡ ❈❡❞❡① ✷✵
❊✲♠❛✐❧ ✿ ❢❛✈r❡tt♦❅❧♠❛✳❝♥rs✲♠rs✳❢r

➱❚❆❚ ❈■❱■▲

◆é❡ ❧❡ ✷✻ ♥♦✈❡♠❜r❡ ✶✾✼✵ à ▼❛rs❡✐❧❧❡
◆❛t✐♦♥❛❧✐té ❢r❛♥ç❛✐s❡
▼❛r✐é❡✱ ✸ ❡♥❢❛♥ts

❋❖❘▼❆❚■❖◆ ❯◆■❱❊❘❙■❚❆■❘❊

✶✾✾✶ ❡t ✶✾✾✷ ✿ ▲✐❝❡♥❝❡ ❡t ▼❛✐tr✐s❡ ❞❡ ▼é❝❛♥✐q✉❡ ✕ ❯♥✐✈❡rs✐té ❞✬❆✐①✲▼❛rs❡✐❧❧❡ ■■✳

✶✾✾✸ ✿ ❉❊❆ ❞❡ ▼é❝❛♥✐q✉❡✱ ✜❧✐èr❡ ❆❝♦✉st✐q✉❡ ❡t ❉②♥❛♠✐q✉❡ ❞❡s ❱✐❜r❛t✐♦♥s ✕ ❯♥✐✈❡rs✐té ❞❡ ❧❛
▼é❞✐t❡rr❛♥é❡✳ ▼❡♥t✐♦♥ ❆❇✳

❏❛♥✈✳ ✶✾✾✼ ✿ ❉♦❝t♦r❛t✱ s♣é❝✐❛❧✐té ✏▼é❝❛♥✐q✉❡✑ ♠❡♥t✐♦♥ ✏❆❝♦✉st✐q✉❡ ❡t ❉②♥❛♠✐q✉❡ ❞❡s ❱✐❜r❛t✐♦♥s✑

✕ ❯♥✐✈❡rs✐té ❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✳
❚❤ès❡ ✐♥t✐t✉❧é❡ ✏❯t✐❧✐s❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ t②♣❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ❡t ▲♦✈❡ ♣♦✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥
❛❝♦✉st✐q✉❡ ❞❡s sé❞✐♠❡♥ts ♠❛r✐♥s✑ s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❏✳✲P✳ ❙❡ss❛r❡❣♦ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛✲
♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡✳ ▼❡♥t✐♦♥ ✏❚rès ❍♦♥♦r❛❜❧❡ ❛✈❡❝ ❧❡s ❋é❧✐❝✐t❛t✐♦♥s ❞✉ ❏✉r②✑✳

P❆❘❈❖❯❘❙ P❘❖❋❊❙❙■❖◆◆❊▲

❏✉✐♥ ✶✾✾✼ ✲ ❙❡♣t✳ ✶✾✾✾ ✿ P♦st✲❞♦❝t♦r❛♥t❡ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞✬■♠❛❣❡r✐❡ ●é♦♣❤②s✐q✉❡ ❞❡ P❛✉ ✭■●P✱
❯▼❘ ✺✽✸✶ tr✐♣❛rt✐t❡ ❈◆❘❙✲❯♥✐✈❡rs✐té ❞❡ P❛✉✲❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥✮ ❞❡ ❧✬■◆❙❯ ✭❈◆❘❙✮✳
❙t❛❣❡ ✐♥t✐t✉❧é ✏➱t✉❞❡ ❞❡ ❧❛ ❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s ❛✉① ✐♥t❡r❢❛❝❡s ❡♥tr❡ ❞❡✉① s♦❧✐❞❡s ❡♥ ❝♦♥t❛❝t ♥♦♥
✉♥✐❢♦r♠é♠❡♥t s♦✉❞é✑ s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❊✳ ❞❡ ❇❛③❡❧❛✐r❡ ✭❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥✮ ❡t ❍✳
P❡rr♦✉❞ ✭❯♥✐✈❡rs✐té ❞❡ P❛✉✮✳

❖❝t✳ ✶✾✾✾ ✕ ❙❡♣t✳ ✷✵✵✹ ✿ ❈❤❛r❣é❡ ❞❡ r❡❝❤❡r❝❤❡ 2e ❝❧❛ss❡ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞✬■♠❛❣❡r✐❡ ●é♦♣❤②s✐q✉❡
❞❡ P❛✉✳

❖❝t✳ ✷✵✵✹ ✲ ❆♦ût ✷✵✵✽ ✿ ❈❤❛r❣é❡ ❞❡ r❡❝❤❡r❝❤❡ 1ère ❝❧❛ss❡ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞✬■♠❛❣❡r✐❡ ●é♦♣❤②s✐q✉❡
❞❡ P❛✉✱ ❞❡✈❡♥✉ ❡♥tr❡✲t❡♠♣s ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼♦❞é❧✐s❛t✐♦♥ ❡t ■♠❛❣❡r✐❡ ❡♥ ●é♦s❝✐❡♥❝❡s ❞❡ P❛✉



✺✻ ❆♥♥❡①❡ ❆✳ ❈✉rr✐❝✉❧✉♠ ❱✐t❛❡

✭▼■●P✱ ❯▼❘ ✺✷✶✷ tr✐♣❛rt✐t❡ ❈◆❘❙✲❯♥✐✈❡rs✐té ❞❡ P❛✉✲❚♦t❛❧✮ ❞❡ ❧✬■◆❙❯ ✭❈◆❘❙✮✳

✷✵✵✸ ✕ ✷✵✵✹ ✿ ❈♦❧❧❛❜♦r❛t❡✉r ❡①tér✐❡✉r ❞❡ ❧✬❊q✉✐♣❡ ❞❡ ❘❡❝❤❡r❝❤❡ ❚❡❝❤♥♦❧♦❣✐q✉❡ ✏Pr♦♣❛❣❛t✐♦♥
❞✬♦♥❞❡s✑✱ ❛❞♦ssé❡ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼❛t❤é♠❛t✐q✉❡s ❆♣♣❧✐q✉é❡s ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉✳

✷✵✵✹ ✕ ✷✵✵✼ ✿ ▼❡♠❜r❡ ❢♦♥❞❛t❡✉r ❞✉ Pr♦❥❡t ■◆❘■❆ ✏▼❆●■◗❯❊✲✸❉✑ ✭▼♦❞é❧✐s❛t✐♦♥ ❆✈❛♥❝é❡ ❡♥
●é♦♣❤②s✐q✉❡ ✸❉✮✱ ❞❡✈❡♥✉ ❆❝t✐♦♥ ■◆❘■❆ ✏▼❆●■◗❯❊✲✸❉✑ ✭❞✐r✳ ❍✳ ❇❛r✉❝q✱ P❛✉✮ ❛✉ ✶❡r ❏❛♥✈✐❡r
✷✵✵✺✳ ✭❤tt♣ ✿✴✴✉♣♣❛✲✐♥r✐❛✳✉♥✐✈✲♣❛✉✳❢r✴♠✸❞✴✮

❙❡♣t✳ ✷✵✵✽ ✲ ✳ ✳ ✳ ✿ ❈❤❛r❣é❡ ❞❡ r❡❝❤❡r❝❤❡ 1ère ❝❧❛ss❡ ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡
❞❡ ▼❛rs❡✐❧❧❡ ✭▲▼❆✱ ❯P❘✼✵✺✶✮ ❞❡ ❧✬■◆❙■❙ ✭❈◆❘❙✮✳



❆♥♥❡①❡ ❇

❇✐❧❛♥ ❞✬❛❝t✐✈✐tés

❇✳✶ ❊♥❝❛❞r❡♠❡♥t ❞❡ ❧❛ r❡❝❤❡r❝❤❡

❚❍❊❙❊ ✴ P❖❙❚✲❉❖❈❚❖❘❆❚

❙❡♣t✳ ✵✽✲❙❡♣t✳ ✶✵ ✿ ●ré❣♦✐r❡ ▲❡ ❚♦✉③é ✭P♦st✲❞♦❝t♦r❛t ✕ ❋✐♥❛♥❝❡♠❡♥t ❆◆❘ ❊▼❙❆P❈❖✷✮ ✿ ✏■❞❡♥✲
t✐✜❝❛t✐♦♥✱ ❝❛r❛❝tér✐s❛t✐♦♥ ❡t ❝❧❛ss✐✜❝❛t✐♦♥ ❞✬é✈è♥❡♠❡♥ts ♠✐❝r♦✲s✐s♠✐q✉❡s✱ ❡t ❛♣♣r♦❝❤❡ ❞✬✉♥❡ s♦✲
❧✉t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ❞✉ ♠é❝❛♥✐s♠❡ ❛✉ ❢♦②❡r✑ ✭❝♦✲❡♥❝❛❞ré ❛✈❡❝ ❏✳ ❇❧❛♥❝♦ ❡t P✳ ❈r✐st✐♥✐✮✳

❏❛♥✈ ✕ ❏✉✐♥ ✷✵✵✺ ✿ ❉♦r✐♥ ▼♦❣♦s✲◆✐✈❡r❧❛✐s ✭❚❤ès❡ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r ✲
❋✐♥❛♥❝❡♠❡♥t ❚♦t❛❧✮ ✿ ✏❊✛❡t ❞❡ ❧❛ ③♦♥❡ s✉♣❡r✜❝✐❡❧❧❡ ❛❧téré❡ ❡t ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥
❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✑ ✭❞✐r✳ ❉✳ ❑♦♠❛t✐ts❝❤✱ ❝♦✲❡♥❝❛❞ré ❛✈❡❝ P✳ ❈r✐st✐♥✐✮✳ ❚❤ès❡ ❛❜❛♥❞♦♥♥é❡ ❡♥
❥✉✐♥ ✷✵✵✺ s✉✐t❡ à ❧❛ ❞é♠✐ss✐♦♥ ❞❡ ❧✬ét✉❞✐❛♥t ♣♦✉r s✉✐✈r❡ ✉♥❡ ❛✉tr❡ ❢♦r♠❛t✐♦♥✳

✷✵✵✵✲✷✵✵✹ ✿ ❲❛s✐✉ ▼❛❦✐♥❞é ✭❚❤ès❡ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r ✲ ❋✐♥❛♥❝❡♠❡♥t
❚♦t❛❧❋✐♥❛❊❧❢ ◆✐❣❡r✐❛✮ ✿ ✏❆♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬✐♠❛❣❡r✐❡ s✐s♠✐q✉❡ s♦✉s ❞❡s sé❞✐♠❡♥ts s♦✉s✲❝♦♠♣❛❝tés
❡t ❞❡s ❛r❣✐❧❡s ♠♦❜✐❧❡s ❡♥ ❉❡❧t❛ ❞✉ ◆✐❣❡r✑ ✭❞✐r✳ ❊✳ ❞❡ ❇❛③❡❧❛✐r❡✮✳ ❚❤ès❡ s♦✉t❡♥✉❡ ❧❡ ✷✺ ❢é✈r✐❡r
✷✵✵✹✳

❙❚❆●❊❙

✸❡ ❝②❝❧❡

✶✾✾✽ ✿ ❇r✉♥♦ ▲♦♠❜❛r❞ ✭❉❊❆ ❆❝♦✉st✐q✉❡ ❡t ❉②♥❛♠✐q✉❡ ❞❡s ❱✐❜r❛t✐♦♥s✱ ❯♥✐✈❡rs✐té ❞❡ ❧❛ ▼é✲
❞✐t❡rr❛♥é❡ ✕ ✹ ♠♦✐s✮ ✿ ✏❊t✉❞❡ ❞❡s ❞é❢❛✉ts ❞✬❛❞❤és✐♦♥ ❡♥tr❡ ❝♦✉❝❤❡s sé❞✐♠❡♥t❛✐r❡s✑ ✭❝♦✲❡♥❝❛❞ré
❛✈❡❝ ❏✳✲P✳ ❙❡ss❛r❡❣♦✮✳

✷♥❞ ❝②❝❧❡

✷✵✵✸ ✿ ❙♦t❤❡❛✈② ▲♦❝❤ ✭▼❛îtr✐s❡ ❙❝✐❡♥❝❡s ❞❡ ❧❛ ❚❡rr❡✱ ❯♥✐✈❡rs✐té ❞❡ ▲❛ ❘♦❝❤❡❧❧❡ ✲ ✷ ♠♦✐s✮ ✿ ✏❊t✉❞❡
❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧❛ ❞✐✛r❛❝t✐♦♥ ❞✬♦♥❞❡s é❧❛st✐q✉❡s ♣❛r ✉♥ rés❡❛✉ ♣ér✐♦❞✐q✉❡ ❞❡ ❝❛✈✐tés à ❧✬✐♥t❡r❢❛❝❡
❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉① s♦❧✐❞❡s✑ ✭❝♦✲❡♥❝❛❞ré ❛✈❡❝ ❏✳✲❇✳ ❉❛❜❛♥✮✳

✶❡r ❝②❝❧❡

✷✵✵✾ ✿ ▼❛r✐♦♥ P❛❝✐ ✭■❯❚ ▼❡s✉r❡s P❤②s✐q✉❡s✱ ❯♥✐✈❡rs✐té P❛✉❧ ❈é③❛♥♥❡ ✲ ✸ ♠♦✐s✮ ✿ ✏▼❡s✉r❡s
♣❤②s✐q✉❡s ❡♥ ❆❝♦✉st✐q✉❡ ❙♦✉s✲▼❛r✐♥❡✑✳

✷✵✵✾ ✿ ❆❞r✐❡♥ P❡rr✐❡r ✭■❯❚ ▼❡s✉r❡s P❤②s✐q✉❡s✱ ❯♥✐✈❡rs✐té P❛✉❧ ❈é③❛♥♥❡ ✲ ✸ ♠♦✐s✮ ✿ ✏▼❡s✉r❡s
♣❤②s✐q✉❡s ❡♥ ❙✐s♠✐q✉❡✲❘é✢❡①✐♦♥✑✳



✺✽ ❆♥♥❡①❡ ❇✳ ❇✐❧❛♥ ❞✬❛❝t✐✈✐tés

❇✳✷ ❊♥s❡✐❣♥❡♠❡♥t

✷✵✵✷ ✿ ❉✐s♣❡♥s❡ ❞❡ ❝♦✉rs ❛✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼❛t❤é♠❛t✐q✉❡s ❆♣♣❧✐q✉é❡s ✭❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s
P❛②s ❞❡ ❧✬❆❞♦✉r✮ ✿ ▼é❝❛♥✐q✉❡ ❞❡s ▼✐❧✐❡✉① ❈♦♥t✐♥✉s✱ Pr♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s✱ ❖♥❞❡s ❞❡ s✉r❢❛❝❡s
❡t ❞✬✐♥t❡r❢❛❝❡ ✭✾❤ à ❞❡st✐♥❛t✐♦♥ ❞❡ ❝❤❡r❝❤❡✉rs ❡t ❡♥s❡✐❣♥❛♥ts✲❝❤❡r❝❤❡✉rs✮✳

✷✵✵✺ ✿ ❈❤❛r❣é❡ ❞❡ ❝♦✉rs ❞✉ ▼❛st❡r ✷ ❘❡❝❤❡r❝❤❡ ✏▼❛t❤é♠❛t✐q✉❡s ❆♣♣❧✐q✉é❡s✑ ✭❯♥✐✈❡rs✐té ❞❡ P❛✉
❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✮ ✿ Pr♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ✭✾❤ ❞❡ ❈▼✮✳

✷✵✵✻ ✿ ❈❤❛r❣é❡ ❞❡ ❝♦✉rs ❞✉ ▼❛st❡r ✷ ❘❡❝❤❡r❝❤❡ ✏●é♥✐❡ Pétr♦❧✐❡r✑ ✭❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s
❞❡ ❧✬❆❞♦✉r✮ ✿ Pr♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡s ✐♥t❡r❢❛❝❡s ✭✸❤ ❞❡ ❈▼ ❞❛♥s ❧❡
♠♦❞✉❧❡ ✏■♥t❡r♣rét❛t✐♦♥ s✐s♠✐q✉❡✑✮✳

✷✵✵✼ ✿ ❈❤❛r❣é❡ ❞❡ ❝♦✉rs ❞✉ ▼❛st❡r ✷ ❘❡❝❤❡r❝❤❡ ✏●é♥✐❡ Pétr♦❧✐❡r✑ ✭❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s
❞❡ ❧✬❆❞♦✉r✮ ✿ Pr♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡s ✐♥t❡r❢❛❝❡s ✭✸❤ ❞❡ ❈▼ ❞❛♥s ❧❡
♠♦❞✉❧❡ ✏■♥t❡r♣rét❛t✐♦♥ s✐s♠✐q✉❡✑✮✳

✷✵✵✽ ✲✳ ✳ ✳ ✿ ❈❤❛r❣é❡ ❞❡ ❝♦✉rs ❞✉ ▼❛st❡r ✷ ❘❡❝❤❡r❝❤❡ ✏▼é❝❛♥✐q✉❡✱ P❤②s✐q✉❡ ❡t ■♥❣é♥✐❡r✐❡✑ s♣é❝✐❛✲
❧✐té ❆❝♦✉st✐q✉❡ ✭❯♥✐✈❡rs✐tés ❞✬❆✐①✲▼❛rs❡✐❧❧❡ ✴ ❈❡♥tr❛❧❡ ▼❛rs❡✐❧❧❡✮ ✿ ■♥tr♦❞✉❝t✐♦♥ à ❧❛ ❣é♦♣❤②s✐q✉❡
✭✽❤ ❞❡ ❈▼ ❞❛♥s ❧❡ ♠♦❞✉❧❡ ✏❙♦♥❞❛❣❡s ❛❝♦✉st✐q✉❡ ❡t ❣é♦♣❤②s✐q✉❡✑✮✳

✷✵✶✵ ✲✳ ✳ ✳ ✿ ❈❤❛r❣é❡ ❞❡ ❝♦✉rs ❡t ❞❡ ❚❉ ❞✉ ▼❛st❡r ✷ ❘❡❝❤❡r❝❤❡ ✏▼é❝❛♥✐q✉❡✱ P❤②s✐q✉❡ ❡t ■♥❣é♥✐❡r✐❡✑
s♣é❝✐❛❧✐té ❆❝♦✉st✐q✉❡ ✭❯♥✐✈❡rs✐tés ❞✬❆✐①✲▼❛rs❡✐❧❧❡ ✴ ❈❡♥tr❛❧❡ ▼❛rs❡✐❧❧❡✮ ✕ Pr♦♣❛❣❛t✐♦♥ ❞✬♦♥❞❡s
❞❡ s✉r❢❛❝❡ ❡t ❞✬✐♥t❡r❢❛❝❡ ✭✶✵❤ ❞❡ ❈▼ ❡t ✷❤ ❞❡ ❚❉ ❞❛♥s ❧❡ ♠♦❞✉❧❡ ✏❆❝♦✉st✐q✉❡ ●é♥ér❛❧❡✑✮

❇✳✸ ❆❞♠✐♥✐str❛t✐♦♥ ❡t ❖r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ r❡❝❤❡r❝❤❡

●❊❙❚■❖◆ ❉❊ P❘❖❏❊❚❙

Pr♦❥❡t ❆◆❘ ❚❤é♠❛t✐q✉❡ ❈❖✷ ✿ ✏❊▼❙❆P❈❖✷✑ ✭❉é❝✳ ✷✵✵✼✲ ❙❡♣t✳ ✷✵✶✵✱ ❉é✈❡❧♦♣♣❡♠❡♥t ❞❡s
♠ét❤♦❞❡s ❊▼ ❡t ❙✐s♠✐q✉❡ ❆❝t✐✈❡ ❡t P❛ss✐✈❡ ♣♦✉r ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡s rés❡r✈♦✐rs ❞❡ st♦❝❦❛❣❡ ❞✉
❈❖✷ ✮✳ Pr♦❥❡t ♣♦rté ♣❛r ❋✳✲❳✳ ●rés✐❧❧♦♥ ✭❈●● ❱ér✐t❛s✮ ❡t ✐♠♣❧✐q✉❛♥t ♣❛rt❡♥❛✐r❡s ✐♥❞✉str✐❡❧s ❡t
❛❝❛❞é♠✐q✉❡s ✭❈●● ❱ér✐t❛s✱ ❇❘●▼✱ ■♥st✐t✉t ❋r❛♥ç❛✐s ❞✉ Pétr♦❧❡✱ ▼❛❣♥✐t✉❞❡✱ ■♥st✐t✉t ▲❛♥❣❡✈✐♥
✭▲❖❆✮✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉ ✭▲❋❈✲❘✮ ❡t ❈◆❘❙ ✭▲▼❆✮✮✳

❘❡s♣♦♥s❛❜❧❡ s❝✐❡♥t✐✜q✉❡ ❡t t❡❝❤♥✐q✉❡ ❞❡s ✈♦❧❡ts ✏❋❛✐s❛❜✐❧✐té s✐s♠✐q✉❡ ✿ ■♥✢✉❡♥❝❡ ❞❡s ♣♦❝❤❡s ❞❡
❈❖✷ ❧♦❝❛❧✐sé❡s ❛✉① ✐♥t❡r❢❛❝❡s ✔✱ ✓ ▼✐❝r♦✲s✐s♠✐q✉❡ à ♣❛rt✐r ❞✬❛♥t❡♥♥❡s ✿ ■❞❡♥t✐✜❝❛t✐♦♥✱ ❝❛r❛❝tér✐✲
s❛t✐♦♥ ❡t ❝❧❛ss✐✜❝❛t✐♦♥ ❞✬é✈è♥❡♠❡♥ts ♠✐❝r♦✲s✐s♠✐q✉❡s ✔ ❡t ✓ ▼✐❝r♦✲s✐s♠✐q✉❡ à ♣❛rt✐r ❞✬❛♥t❡♥♥❡s ✿
❆♣♣r♦❝❤❡ ❞✬✉♥❡ s♦❧✉t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ❞✉ ♠é❝❛♥✐s♠❡ ❛✉ ❢♦②❡r ✔✱ ❞é✈❡❧♦♣♣és ♣❛r ❧❡ ▲▼❆ ❞❛♥s ❧❡
❝❛❞r❡ ❞✉ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ✭❉é❝✳ ✷✵✵✼✲ ❙❡♣t✳ ✷✵✶✵✮✳

❘❡s♣♦♥s❛❜❧❡ s❝✐❡♥t✐✜q✉❡ ❈◆❘❙✲▲▼❆ ❞❡ ❧❛ Pr❡st❛t✐♦♥ ❞❡ s❡r✈✐❝❡ ré❛❧✐sé❡ ♣❛r ❧❛ s♦❝✐été ✓P❤②s❡✐s
❈♦♥s✉❧t❛♥t ✔ ✭◆♦✈✳ ✷✵✵✽ ✕ ❋é✈r✐❡r ✷✵✶✵✮ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ✿ ✓ ❈♦♥tr✐✲
❜✉t✐♦♥ ❛✉ tr❛✐t❡♠❡♥t ❞❡s é✈è♥❡♠❡♥ts ♠✐❝r♦✲s✐s♠✐q✉❡s ❧✐és ❛✉ st♦❝❦❛❣❡ ❞❡ ❈❖✷ ❡t à ✉♥❡ ❛♣♣r♦❝❤❡
q✉❛♥t✐t❛t✐✈❡ ❞✉ ♠é❝❛♥✐s♠❡ ❛✉ ❢♦②❡r ✔✳

■◆❙❚❆◆❈❊❙ ❉❊ ▲❆ ❘❊❈❍❊❘❈❍❊ ❖❯ ❉❊ ▲✬❊◆❙❊■●◆❊▼❊◆❚ ❙❯P❊❘✲
■❊❯❘

▼❡♠❜r❡ ✭é❧✉❡✮ ❞✉ ❈♦♥s❡✐❧ ❞❡ ❧❛ ❋é❞ér❛t✐♦♥ ❞❡ ❘❡❝❤❡r❝❤❡ ✏■♥st✐t✉t P❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡ ❞❡ ❘❡❝❤❡r❝❤❡
❆♣♣❧✐q✉é❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞✉ ●é♥✐❡ Pétr♦❧✐❡r✑ ✭■P❘❆✱ ❈◆❘❙✲❋❘ ✷✾✺✷✱ ❯♥✐✈❡rs✐té ❞❡ P❛✉✮ ❞❡



❇✳✹✳ ❉✐st✐♥❝t✐♦♥ ✺✾

✷✵✵✼ à ❆♦ût ✷✵✵✽ ✭❞é♠✐ss✐♦♥ ♣♦✉r ❝❛✉s❡ ❞❡ ♠♦❜✐❧✐té ✈❡rs ❧❡ ▲▼❆ ▼❛rs❡✐❧❧❡✮✳

▼❡♠❜r❡ ✭s✉♣♣❧é❛♥t❡✮ ❞❡ ❧❛ ❈♦♠♠✐ss✐♦♥ ❞❡ s♣é❝✐❛❧✐st❡s ✸✺✲✸✻✲✸✼ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡♥ ✷✵✵✽✳

▼❡♠❜r❡ ❞✉ ❈♦♥s❡✐❧ ❙❝✐❡♥t✐✜q✉❡ ❡t ❚❡❝❤♥♦❧♦❣✐q✉❡ ❞✉ ❈❡♥tr❡ ❞❡ ❚r❛♥s❢❡rt ❚❡❝❤♥♦❧♦❣✐q✉❡ ❞✉ ▼❛♥s✱
❡t ❘❛♣♣♦rt❡✉r ❞✉ ❉é♣❛rt❡♠❡♥t ❆❝♦✉st✐q✉❡ ❡t ❱✐❜r❛t✐♦♥s ❡♥ ✷✵✵✾✳

▼❡♠❜r❡ ✭♥♦♠♠é❡✮ ❞❡ ❧❛ ❈♦♠♠✐ss✐♦♥ ❇✐❜❧✐♦t❤èq✉❡ ■P❘❆ ❞✉ ❙❡r✈✐❝❡ ❈♦♠♠✉♥ ❞❡ ❉♦❝✉♠❡♥t❛t✐♦♥
❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❞❡ ✷✵✵✻ à ❆♦ût ✷✵✵✽ ✭❞é♠✐ss✐♦♥ ♣♦✉r ❝❛✉s❡ ❞❡ ♠♦❜✐❧✐té ✈❡rs ❧❡ ▲▼❆
▼❛rs❡✐❧❧❡✮✳

▼❡♠❜r❡ ✭♥♦♠♠é❡ ♣❛r ❧❛ ❋é❞ér❛t✐♦♥ ❞❡ ❘❡❝❤❡r❝❤❡ ■P❘❆✮ ❞✉ ❈♦♠✐té ❚❡❝❤♥✐q✉❡ ❞✉ ❈❧✉❜ ●é♦s✲
❝✐❡♥❝❡s P❛✉ ✭❤tt♣ ✿✴✴✇✇✇✳❝❧✉❜✲❣❡♦s❝✐❡♥❝❡s✳♦r❣✴❢r✴❧❡✲❝❧✉❜✳❤t♠❧✮ ❞❡ ▼❛rs ✷✵✵✻ à ❉é❝❡♠❜r❡ ✷✵✵✼✳

▼❡♠❜r❡ ✭♥♦♠♠é❡✮ ❞✉ ❈♦♠✐té ❞❡ Pr♦❥❡t ❙❝✐❡♥t✐✜q✉❡ ❞❡ ❧✬❆ss♦❝✐❛t✐♦♥ ✏Pr♦♣r✐étés ♣s②❝❤♦s❡♥s♦✲
r✐❡❧❧❡s ❞❡s ♠❛tér✐❛✉①✑ ✭❯♥✐✈❡rs✐té ❞❡ P❛✉ ✴ ❊❝♦❧❡ ❞❡s ▼✐♥❡s ❞✬❆❧ès ✴ P❛rt❡♥❛✐r❡s ♣r✐✈és✮ ❞✬❖❝✲
t♦❜r❡ ✷✵✵✷ à ❏❛♥✈✐❡r ✷✵✵✹✳

❱■❊ ❈❖▲▲❊❈❚■❱❊

❘❡s♣♦♥s❛❜❧❡ ✏❉♦❝✉♠❡♥t❛t✐♦♥ s❝✐❡♥t✐✜q✉❡✑ ❞✉ ❧❛❜♦r❛t♦✐r❡ ▼■●P ❡t ❞✉ ❞é♣❛rt❡♠❡♥t ●é♦s❝✐❡♥❝❡s
❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❞✉ ✵✶✴✵✶✴✷✵✵✵ ❛✉ ✸✶✴✵✽✴✷✵✵✽✳

❘❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❖❘ ✏■♥t❡r❛❝t✐♦♥ ♦♥❞❡s s✐s♠✐q✉❡s✲✐♥t❡r❢❛❝❡s ❡♥ ❝♦♥t❡①t❡ ❣é♦❧♦❣✐q✉❡ ❝♦♠♣❧❡①❡✑
❞✉ ▲▼❆ ▼❛rs❡✐❧❧❡ ❞❡♣✉✐s ❥❛♥✈✐❡r ✷✵✵✾✳

❖❘●❆◆■❙❆❚■❖◆ ❉❊ ❲❖❘❑❙❍❖P❙✴❈❖◆●❘❊❙

❈♦✲♦r❣❛♥✐s❛t✐♦♥ ❡t ❛♥✐♠❛t✐♦♥ ❞❡ ❧❛ s❡ss✐♦♥ ✏●é♦♣❤②s✐q✉❡ ❡t ❙✐s♠✐q✉❡✑ ❞✉ 10e ❈♦♥❣rès ❋r❛♥ç❛✐s
❞✬❆❝♦✉st✐q✉❡✱ ▲②♦♥ ✭❋r❛♥❝❡✮✱ ✶✻ ❛✈r✐❧ ✷✵✶✵✳

▼❡♠❜r❡ ❞✉ ❝♦♠✐té ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❧✬❊❆●❊✴❙❊● ❘❡s❡❛r❝❤ ❲♦r❦s❤♦♣ ✏❋r❡q✉❡♥❝② ❛tt❡♥✉❛t✐♦♥
❛♥❞ r❡s♦❧✉t✐♦♥ ♦❢ s❡✐s♠✐❝ ❞❛t❛✑✱ ❇❛r❝❡❧♦♥❛ ✭❊s♣❛❣♥❡✮✱ ✶✹✲✶✺ s❡♣t❡♠❜r❡ ✷✵✵✾✳ P❛tr♦♥❛❣❡ ❝♦♥❥♦✐♥t
❞❡s ❙♦❝✐étés ❊✉r♦♣é❡♥♥❡ ❡t ❆♠ér✐❝❛✐♥❡ ❞❡ ●é♦♣❤②s✐q✉❡ ✭❊❆●❊ ❡t ❙❊●✮✳

▼❡♠❜r❡ ❞✉ ❝♦♠✐té ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ❲♦r❦s❤♦♣ ■♥t❡r♥❛t✐♦♥❛❧ ✏▼❡s❤ ❝r❡❛t✐♦♥✱ ❞♦♠❛✐♥ ❞❡❝♦♠♣♦✲
s✐t✐♦♥ ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t✐♥❣ ✐♥ ✸❉ ●❡♦♣❤②s✐❝s✑✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✷✶❂✷✷ ♦❝t♦❜r❡ ✷✵✵✺✳

▼❡♠❜r❡ ❞✉ ❝♦♠✐té ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ ❘é✉♥✐♦♥ t❤é♠❛t✐q✉❡ ❞✉ ●❉❘ ❖♥❞❡s ✭❈◆❘❙✮ ✏Pr♦♣❛❣❛✲
t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ✿ ♠♦❞è❧❡s ❡t ❛♣♣❧✐❝❛t✐♦♥s✑✱ P❛r✐s ✭❋r❛♥❝❡✮✱ ✷✹✲✷✺ ♠❛✐ ✷✵✵✹✳

❉■❱❊❘❙

▼❡♠❜r❡ ❞❡ ❥✉r② ❞❡ t❤ès❡ ❞❡ ❋✳ ❇♦✉❝❤❛❛❧❛ ✭✏▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s
❞❛♥s ❧❡s ♠✐❧✐❡✉① ✈✐s❝♦é❧❛st✐q✉❡s ✿ ❛♣♣❧✐❝❛t✐♦♥ à ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞❡s ♠✐❧✐❡✉①
sé❞✐♠❡♥t❛✐r❡s✑ ✲ ❯♥✐✈❡rs✐té ❞❡ ❇r❡t❛❣♥❡ ❖❝❝✐❞❡♥t❛❧❡✮ ❡♥ ♠❛✐ ✷✵✵✽✳

❘❛♣♣♦rt❡✉r ♣♦✉r ❧❡s r❡✈✉❡s ✏❈♦♠♠✉♥✐❝❛t✐♦♥s ✐♥ ❈♦♠♣✉t❛t✐♦♥❛❧ P❤②s✐❝s✑✱ ✏❖♣t✐❝s ❈♦♠♠✉♥✐❝❛✲
t✐♦♥s✑✱ ✏❆❝t❛ ❆❝✉st✐❝❛ ✉♥✐t❡❞ ✇✐t❤ ❆❝✉st✐❝❛✑ ❡t ✏▼❛t❤❡♠❛t✐❝s ❛♥❞ ❈♦♠♣✉t❡rs ✐♥ ❙✐♠✉❧❛t✐♦♥✑
✭s♣❡❝✐❛❧ ✐ss✉❡✮✳

❇✳✹ ❉✐st✐♥❝t✐♦♥

❈✐t❛t✐♦♥ ❞❡ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ✏❋❛✈r❡tt♦✲❈r✐st✐♥✐ ❡t ❛❧✳ ●❡♦♣❤②s✐❝s ✼✹ ✭✷✵✵✾✮✑ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✏●❡♦✲
♣❤②s✐❝s ❇r✐❣❤t ❙♣♦ts✑ ❞❡ ❧❛ r❡✈✉❡ s❝✐❡♥t✐✜q✉❡ ❚❤❡ ▲❡❛❞✐♥❣ ❊❞❣❡ ✭❢é✈r✐❡r ✷✵✵✾✮ é❞✐té❡ ♣❛r ❚❤❡



✻✵ ❆♥♥❡①❡ ❇✳ ❇✐❧❛♥ ❞✬❛❝t✐✈✐tés

❙♦❝✐❡t② ♦❢ ❊①♣❧♦r❛t✐♦♥ ●❡♦♣❤②s✐❝✐sts ✭❙❊●✮✳

❇✳✺ ❉✐✛✉s✐♦♥ ❡t ✈✉❧❣❛r✐s❛t✐♦♥ s❝✐❡♥t✐✜q✉❡

◆♦♠❜r❡✉s❡s ❝♦♥❢ér❡♥❝❡s ♣é❞❛❣♦❣✐q✉❡s ❞❛♥s ❧❡s ❧②❝é❡s ♦✉ ❝❧❛ss❡s ♣ré♣❛r❛t♦✐r❡s ❞❡ P❛✉ ❛✉t♦✉r ❞✉
t❤è♠❡ ✏❉ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♥❛t✉r❡ ❞✉ s♦✉s✲s♦❧ ✭t❡rr❡str❡ ♦✉ ♠❛r✐♥✮ ❣râ❝❡ à ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s
♦♥❞❡s s✐s♠✐q✉❡s✑✳

❈♦♥❢ér❡♥❝❡s ♣é❞❛❣♦❣✐q✉❡s ❛✉ ✏✸❡ ❈❛rr❡❢♦✉r ❞❡s ♠ét✐❡rs s❝✐❡♥t✐✜q✉❡s ❡t t❡❝❤♥♦❧♦❣✐q✉❡s✑✱ ✶✼ ♥♦✈✳
✷✵✵✽✱ ▼✉sé✉♠ ❞✬❍✐st♦✐r❡ ◆❛t✉r❡❧❧❡✱ ▼❛rs❡✐❧❧❡✳

❉✐✛✉s✐♦♥ s❝✐❡♥t✐✜q✉❡ ❛✉♣rès ❞❡ ❧②❝é❡♥s ♣♦✉r ❧❡✉r ❚P❊ ♦✉ ❞✬ét✉❞✐❛♥ts ❡♥ ❝❧❛ss❡s ♣ré♣❛r❛t♦✐r❡s
♣♦✉r ❧❡✉r ❚■P❊✳

❆❝❝✉❡✐❧ ❞❡ ✶✵ ❝♦❧❧é❣✐❡♥s ♣♦✉r ❧❡✉r st❛❣❡ ❡♥ ❡♥tr❡♣r✐s❡ ❡♥tr❡ ✷✵✵✷ ❡t ✷✵✶✵✳

❈♦✉rs ✭✻❤✮ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s ❡♥ ❝❧❛ss❡ ❞❡ ❈▼✶✴❈▼✷ ❡♥ ✷✵✵✹ ✭❊❝♦❧❡ ❊❧é♠❡♥t❛✐r❡ ❞✬❆♣✲
♣❧✐❝❛t✐♦♥s ❇♦✉✐❧❧❡r❝❡✱ P❛✉✮✳

❚P ✭✻❤✮ ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s ✭st②❧❡ ✏▼❛✐♥ à ❧❛ Pât❡✑✮ ❡♥ 3e ❛♥♥é❡ ❞❡ ♠❛t❡r♥❡❧❧❡ ❡♥ ✷✵✵✵
✭❊❝♦❧❡ ▼❛t❡r♥❡❧❧❡ ❇♦sq✉❡t✱ P❛✉✮✳



❆♥♥❡①❡ ❈

P✉❜❧✐❝❛t✐♦♥s ❡t ❈♦♠♠✉♥✐❝❛t✐♦♥s

❘❊❱❯❊❙ ■◆❚❊❘◆❆❚■❖◆❆▲❊❙ ❆ ❈❖▼■❚❊ ❉❊ ▲❊❈❚❯❘❊

❆rt✐❝❧❡s ♣✉❜❧✐és

❬✶❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❑♦♠❛t✐ts❝❤ ❉✳✱ ❈❛r❝✐♦♥❡ ❏✳▼✳ ✫ ❈❛✈❛❧❧✐♥✐ ❋✳ ✭✷✵✶✶✮ ❊❧❛st✐❝ s✉r❢❛❝❡
✇❛✈❡s ✐♥ ❝r②st❛❧s✳ P❛rt ✶ ✿ ❘❡✈✐❡✇ ♦❢ t❤❡ ♣❤②s✐❝s✳ ❯❧tr❛s♦♥✐❝s ✺✶✱ ✻✺✸✲✻✻✵✳

❬✷❪ ▲❡ ❚♦✉③é ●✳✱ ❈r✐st✐♥✐ P✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❇❧❛♥❝♦ ❏✳ ✭✷✵✶✵✮ ❲❛✈❡✜❡❧❞ ❡①tr❛❝t✐♦♥
✉s✐♥❣ ♠✉❧t✐✲❝❤❛♥♥❡❧ ❝❤✐r♣❧❡t ❞❡❝♦♠♣♦s✐t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆❝♦✉st✐❝❛❧ ❙♦❝✐❡t② ♦❢ ❆♠❡r✐❝❛ ✶✷✼✭✹✮✱
❊▲✶✹✵✲❊▲✶✹✺✳

❬✸❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✾✮ ❲❤❛t ✐s ❛ s❡✐s♠✐❝ r❡✢❡❝t♦r ❧✐❦❡ ❄
●❡♦♣❤②s✐❝s ✼✹✭✶✮✱ ❚✶✸✲❚✷✸✳

❬✹❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✼✮ ❙♦♠❡ r❡✢❡❝t✐♦♥s ♦♥ r❡✢❡❝t♦rs ❛♥❞
✇❛✈❡ ❛♠♣❧✐t✉❞❡s✳ ❆❝t❛ ❆❝✉st✐❝❛ ✉♥✐t❡❞ ✇✐t❤ ❆❝✉st✐❝❛ ✾✸✭✻✮✱ ✾✵✾✲✾✶✻✳

❬✺❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✼✮ ■♥✢✉❡♥❝❡ ♦❢ t❤❡ ■♥t❡r❢❛❝❡ ❋r❡s♥❡❧
③♦♥❡ ♦♥ t❤❡ r❡✢❡❝t❡❞ P✲✇❛✈❡ ❛♠♣❧✐t✉❞❡ ♠♦❞❡❧❧✐♥❣✳ ●❡♦♣❤②s✐❝❛❧ ❏♦✉r♥❛❧ ■♥t❡r♥❛t✐♦♥❛❧ ✶✼✶✱ ✽✹✶✲
✽✹✻✳

❬✻❪ ▼❛❦✐♥❞❡ ❲✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✺✮ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣ ♦❢ ✐♥t❡r❢❛❝❡
s❝❛tt❡r✐♥❣ ♦❢ s❡✐s♠✐❝ ✇❛✈❡✜❡❧❞ ❢r♦♠ ❛ r❛♥❞♦♠ r♦✉❣❤ ✐♥t❡r❢❛❝❡ ✐♥ ❛❝♦✉st✐❝ ♠❡❞✐✉♠ ✿ ❝♦♠♣❛r✐s♦♥
❜❡t✇❡❡♥ ✷❉ ❛♥❞ ✸❉ ❝❛s❡s✳ ●❡♦♣❤②s✐❝❛❧ Pr♦s♣❡❝t✐♥❣ ✺✸✭✸✮✱ ✸✼✸✲✸✾✼✳

❬✼❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✸✮ PP ❛♠♣❧✐t✉❞❡ ❜✐❛s ❝❛✉s❡❞ ❜② ✐♥t❡r❢❛❝❡ s❝❛tt❡✲
r✐♥❣ ✿ ❛r❡ ❞✐✛r❛❝t❡❞ ✇❛✈❡s ❣✉✐❧t② ❄ ●❡♦♣❤②s✐❝❛❧ Pr♦s♣❡❝t✐♥❣ ✺✶✱ ✾✾✲✶✶✺✳

❬✽❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✫ ❙❡ss❛r❡❣♦ ❏✳✲P✳ ✭✶✾✾✾✮ ■❞❡♥t✐✜❝❛t✐♦♥ ♦❢ s❤❡❛r ✇❛✈❡ ♣❛r❛♠❡t❡rs ♦❢ ✈✐s❝♦❡✲
❧❛st✐❝ s♦❧✐❞s ❜② ❧❛❜♦r❛t♦r② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡s✳ ❆❝t❛ ❆❝✉st✐❝❛ ✉♥✐t❡❞ ✇✐t❤

❆❝✉st✐❝❛ ✽✺✱ ✺✵✺✲✺✶✻✳

❬✾❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✫ ❘❛❜❛✉ ●✳ ✭✶✾✾✼✮ ❊①❝✐t❛t✐♦♥ ♦❢ t❤❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡ ❛t t❤❡ ❜♦✉♥✲
❞❛r② ❜❡t✇❡❡♥ ❛♥ ✐❞❡❛❧ ✢✉✐❞ ❛♥❞ ❛ ✈✐s❝♦❡❧❛st✐❝ s♦❧✐❞✳ ❏♦✉r♥❛❧ ♦❢ ❙♦✉♥❞ ❛♥❞ ❱✐❜r❛t✐♦♥ ✷✵✸✭✷✮✱
✶✾✸✲✷✵✽✳

❬✶✵❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✻✮ ❚❤❡♦r❡t✐❝❛❧ st✉❞② ♦❢ t❤❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡ ❛t t❤❡ ✐♥t❡r❢❛❝❡
❜❡t✇❡❡♥ ❛♥ ✐❞❡❛❧ ✢✉✐❞ ❛♥❞ ❛ ✈✐s❝♦❡❧❛st✐❝ s♦❧✐❞✳ ❆❝t❛ ❆❝✉st✐❝❛ ✉♥✐t❡❞ ✇✐t❤ ❆❝✉st✐❝❛ ✽✷✭✻✮✱ ✽✷✾✲✽✸✽✳

❆rt✐❝❧❡ ❛❝❝❡♣té

❬✶✶❪ ❑♦♠❛t✐ts❝❤ ❉✳✱ ❈❛r❝✐♦♥❡ ❏✳▼✳✱ ❈❛✈❛❧❧✐♥✐ ❋✳ ✫ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❊❧❛st✐❝ s✉r❢❛❝❡ ✇❛✈❡s ✐♥
❝r②st❛❧s✳ P❛rt ✷ ✿ ❈r♦ss✲❝❤❡❝❦ ♦❢ t✇♦ ❢✉❧❧✲✇❛✈❡ ♠♦❞❡❧✐♥❣ ♠❡t❤♦❞s✳ ❆❝❝❡♣té à ❯❧tr❛s♦♥✐❝s ❧❡ ✷ ♠❛✐
✷✵✶✶✳



✻✷ ❆♥♥❡①❡ ❈✳ P✉❜❧✐❝❛t✐♦♥s ❡t ❈♦♠♠✉♥✐❝❛t✐♦♥s

❈❖◆❚❘■❇❯❚■❖◆ ❆ ❯◆ ❖❯❱❘❆●❊ ✭❆❱❊❈ ❈❖▼■❚❊ ❉❊ ▲❊❈❚❯❘❊✮

❬✶✷❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✽✮ ❖♥ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ■♥t❡r❢❛❝❡
❋r❡s♥❡❧ ③♦♥❡ ❢♦r ❡st✐♠❛t✐♥❣ ♠❡❞✐❛ ♣❛r❛♠❡t❡rs ❢r♦♠ s❡✐s♠✐❝ ❆♠♣❧✐t✉❞❡✲✈❡rs✉s✲❆♥❣❧❡ ❝✉r✈❡s✳ ■♥
❚❤❡♦r❡t✐❝❛❧ ❛♥❞ ❈♦♠♣✉t❛t✐♦♥❛❧ ❆❝♦✉st✐❝s ✵✼✱ ▼✳ ❚❛r♦✉❞❛❦✐s ❛♥❞ P✳ P❛♣❛❞❛❦✐s ✭❡❞s✮✱ ✶✸✾✲✶✹✽✳

❬✶✸❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✹✮ ❲❛✈❡ s❝❛tt❡r✐♥❣ ❜② ❛ ♣❡r✐♦❞✐❝ ❛rr❛② ♦❢ ✐♥✲♣❧❛♥❡ ❝r❛❝❦s ❛t t❤❡
✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ ❞✐ss✐♠✐❧❛r ♠❡❞✐❛✳ ■♥ ▼♦♥♦❣r❛✜❛s ❞❡❧ ❙❡♠✐♥❛r✐♦ ▼❛t❡♠❛t✐❝♦ ●❛r❝✐❛ ❞❡ ●❛❧✲

❞❡❛♥♦ ✈♦❧✳ ✸✶✱ ❱■■■ ❏♦r♥❛❞❛s ❩❛r❛❣♦③❛✲P❛✉ ❞❡ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ ② ❊st❛❞íst✐❝❛✱ ▼✳❈✳ ▲ó♣❡③
❞❡ ❙✐❧❛♥❡s ❡t ❛❧✳ ✭❡❞s✮✱ ✹✻✾✲✹✼✽✳
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▲♦rsq✉❡ ♣❧✉s✐❡✉rs ❛✉t❡✉rs s♦♥t ♠❡♥t✐♦♥♥és ❞❛♥s ❧❡s ♣rés❡♥t❛t✐♦♥s ♦r❛❧❡s q✉✐ s✉✐✈❡♥t✱ ❧❡ ♥♦♠

❞❡ ❧✬♦r❛t❡✉r ❡st s♦✉❧✐❣♥é✳

❬✶✹❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❉❡♣❧❛♥té ❈✳✱ ❘❛♣♣✐♥ ❉✳✱ ❈r✐st✐♥✐ P✳ ✫ ▲❡ ❚♦✉③é ●✳ ✭✷✵✵✾✮ ❚✉t♦r✐❛❧ ✿
❙❡✐s♠✐❝ r❡s♦❧✉t✐♦♥ ✿ s✇❡❡t ❞r❡❛♠s✱ r❡❛❧✐t② ❛♥❞ ♣✐tt❢❛❧❧s✳ ✳ ✳ ❊❆●❊✴❙❊● ❘❡s❡❛r❝❤ ❲♦r❦s❤♦♣ ✏❋r❡✲

q✉❡♥❝② ❛tt❡♥✉❛t✐♦♥ ❛♥❞ r❡s♦❧✉t✐♦♥ ♦❢ s❡✐s♠✐❝ ❞❛t❛✑✱ ❇❛r❝❡❧♦♥❛ ✭❊s♣❛❣♥❡✮✱ ✶✹✲✶✺ s❡♣t❡♠❜r❡ ✷✵✵✾✳

❬✶✺❪ ❘❛♣♣✐♥ ❉✳✱ ❞❡ ❇❛③❡❧❛✐r❡ ■✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✾✮ ❚r✐❜✉t❡ t♦ ❊r✐❝ ❞❡
❇❛③❡❧❛✐r❡✳ ❊❆●❊✴❙❊● ❘❡s❡❛r❝❤ ❲♦r❦s❤♦♣ ✏❋r❡q✉❡♥❝② ❛tt❡♥✉❛t✐♦♥ ❛♥❞ r❡s♦❧✉t✐♦♥ ♦❢ s❡✐s♠✐❝

❞❛t❛✑✱ ❇❛r❝❡❧♦♥❛ ✭❊s♣❛❣♥❡✮✱ ✶✹✲✶✺ s❡♣t❡♠❜r❡ ✷✵✵✾✳

❬✶✻❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✾✮ ◗✉❡❧ ❡st ❧❡ ✈♦❧✉♠❡ s♣❛t✐❛❧ ❛✉t♦✉r ❞✬✉♥❡ ✐♥t❡r❢❛❝❡
✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❡ ♣r♦❝❡ss✉s ❞❡ ré✢❡①✐♦♥ ❞❡s ♦♥❞❡s ❄ ❘é✉♥✐♦♥ t❤é♠❛t✐q✉❡ ✏❘é✢❡❝t♦♠étr✐❡✭s✮✑

❞✉ ●❉❘ ❖♥❞❡s✱ P❛r✐s ✭❋r❛♥❝❡✮✱ ✶✽ ♠❛✐ ✷✵✵✾✳

❬✶✼❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✸✮ ❲❛✈❡ ❞✐✛r❛❝t✐♦♥ ❜② ❛ ♣❡r✐♦❞✐❝ ❛rr❛② ♦❢ ✐♥✲♣❧❛♥❡ ❝r❛❝❦s ❛t t❤❡
✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ ❞✐ss✐♠✐❧❛r ❡❧❛st✐❝ ♠❡❞✐❛ ✿ ❛ ♠✉❧t✐✲s❝❛❧❡ ♣r♦❜❧❡♠ ✐♥ ❣❡♦♣❤②s✐❝s✳ ❱■■■ ❏♦r♥❛❞❛s
❩❛r❛❣♦③❛✲P❛✉ ❞❡ ▼❛t❡♠át✐❝❛ ❆♣❧✐❝❛❞❛ ② ❊st❛❞íst✐❝❛✱ ❏❛❝❛ ✭❊s♣❛❣♥❡✮✱ ✶✼ s❡♣t❡♠❜r❡ ✷✵✵✸✳

❬✶✽❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳✱ ❑♦♠❛t✐ts❝❤ ❉✳ ✫ ❇❛r✉❝q ❍✳ ✭✷✵✵✸✮ ❈♦♥❢ér❡♥❝❡ ♣❧é♥✐èr❡ ✿
▼♦❞é❧✐s❛t✐♦♥ ❡t ✐♠❛❣❡r✐❡ ❡♥ s✐s♠✐q✉❡ ✿ ❧❡s ❛❝q✉✐s✱ ❧❡s ❛tt❡♥t❡s✳ 1ère ❘é✉♥✐♦♥ ❣é♥ér❛❧❡ ✏■♥t❡r❢é✲

r❡♥❝❡s ❞✬♦♥❞❡s✑ ❞✉ ●❉❘ ❖♥❞❡s✱ ▼❛rs❡✐❧❧❡ ✭❋r❛♥❝❡✮✱ ✵✽ ❞é❝❡♠❜r❡ ✷✵✵✸✳
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▲♦rsq✉❡ ♣❧✉s✐❡✉rs ❛✉t❡✉rs s♦♥t ♠❡♥t✐♦♥♥és ❞❛♥s ❧❡s ♣rés❡♥t❛t✐♦♥s ♦r❛❧❡s q✉✐ s✉✐✈❡♥t✱ ❧❡ ♥♦♠

❞❡ ❧✬♦r❛t❡✉r ❡st s♦✉❧✐❣♥é✳

❬✶✾❪ ❈r✐st✐♥✐ P✳✱ ▲❡ ❚♦✉③é ●✳ ✫ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✶✵✮ ❊♥✈❡❧♦♣❡ ♦❢ s✐❣♥❛❧ ❛♥❞ ❜❛♥❞✇✐❞t❤ ✿
t❤❡ ❦❡② ♣❛r❛♠❡t❡rs ❢♦r ✈❡rt✐❝❛❧ s❡✐s♠✐❝ r❡s♦❧✉t✐♦♥✳ 10e ❈♦♥❣rès ❋r❛♥ç❛✐s ❞✬❆❝♦✉st✐q✉❡✱ ▲②♦♥
✭❋r❛♥❝❡✮✱ ✶✷✲✶✻ ❛✈r✐❧ ✷✵✶✵✳
❬✷✵❪ ❈r✐st✐♥✐ P✳✱ ▲❡ ❚♦✉③é ●✳ ✫ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✾✮ ❈♦♠♣❧❡① s❡✐s♠✐❝ tr❛❝❡✱ ❜❛♥❞✇✐❞t❤
❛♥❞ ✈❡rt✐❝❛❧ r❡s♦❧✉t✐♦♥✳ ❊❆●❊✴❙❊● ❘❡s❡❛r❝❤ ❲♦r❦s❤♦♣ ✏❋r❡q✉❡♥❝② ❛tt❡♥✉❛t✐♦♥ ❛♥❞ r❡s♦❧✉t✐♦♥

♦❢ s❡✐s♠✐❝ ❞❛t❛✑✱ ❇❛r❝❡❧♦♥❛ ✭❊s♣❛❣♥❡✮✱ ✶✹✲✶✺ s❡♣t❡♠❜r❡ ✷✵✵✾✳
❬✷✶❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✾✮ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✉ ré✢❡❝t❡✉r s✐s♠✐q✉❡ ❡♥ ❝♦♥t❡①t❡
✐s♦tr♦♣❡✳ 19e ❈♦♥❣rès ❋r❛♥ç❛✐s ❞❡ ▼é❝❛♥✐q✉❡✱ ▼❛rs❡✐❧❧❡ ✭❋r❛♥❝❡✮✱ ✷✹✲✷✽ ❛♦ût ✷✵✵✾✳
❬✷✷❪ ❑❤❛❧✐❞ P✳✱ ❇r♦s❡t❛ ❉✳✱ ◆✐❝❤✐t❛ ❉✳✱ ●❛❧❧✐ér♦ ●✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❇❧❛♥❝♦ ❏✳ ✭✷✵✵✾✮ ❱✐✲
t❡ss❡s ❡t ✐♠♣é❞❛♥❝❡s s✐s♠✐q✉❡s ❡♥ ♠✐❧✐❡✉ ♣♦r❡✉① ❢❛✐❜❧❡♠❡♥t s❛t✉ré ❡♥ ❣❛③✳ 19e ❈♦♥❣rès ❋r❛♥ç❛✐s
❞❡ ▼é❝❛♥✐q✉❡✱ ▼❛rs❡✐❧❧❡ ✭❋r❛♥❝❡✮✱ ✷✹✲✷✽ ❛♦ût ✷✵✵✾✳
❬✷✸❪ ❇r♦s❡t❛ ❉✳✱ ❑❤❛❧✐❞ P✳✱ ◆✐❝❤✐t❛ ❉✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❇❧❛♥❝♦ ❏✳ ✭✷✵✵✾✮ ❆ ♥❡✇ ❧♦♦❦ ❛t
s❡✐s♠✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❧♦✇ ❣❛s✲s❛t✉r❛t❡❞ r❡s❡r✈♦✐rs✳ 71st ❊❆●❊ ✭❊✉r♦♣❡❛♥ ❆ss♦❝✐❛t✐♦♥ ♦❢ ●❡♦s✲



✻✸

❝✐❡♥t✐sts ❛♥❞ ❊♥❣✐♥❡❡rs✮ ❈♦♥❢❡r❡♥❝❡ ✫ ❊①❤✐❜✐t✐♦♥✱ ❆♠st❡r❞❛♠ ✭❚❤❡ ◆❡t❤❡r❧❛♥❞s✮✱ ✽ ✲ ✶✶ ❏✉♥❡
✷✵✵✾✳

❬✷✹❪ ❈r✐st✐♥✐ P✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✽✮ ❲❤❛t ✐s t❤❡ s♣❛t✐❛❧ ✈♦❧✉♠❡ ✐♥✈♦❧✈❡❞
✐♥ ✇❛✈❡ r❡✢❡❝t✐♦♥ ❢r♦♠ ✢❛t ❛♥❞ ❝✉r✈❡❞ ✐♥t❡r❢❛❝❡s ❄ ❆❈❖❯❙❚■❈❙✬✵✽✱ P❛r✐s ✭❋r❛♥❝❡✮✱ ✷✾ ❥✉✐♥ ✕ ✹
❥✉✐❧❧❡t ✷✵✵✽✳

❬✷✺❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✼✮ ❖♥ t❤❡ ✉s❡ ♦❢ t❤❡ ■♥t❡r❢❛❝❡ ❋r❡s✲
♥❡❧ ③♦♥❡ ❝♦♥❝❡♣t ❢♦r ❡st✐♠❛t✐♥❣ t❤❡ ♠❡❞✐❛ ♣r♦♣❡rt✐❡s ❢r♦♠ t❤❡ ❆❱❆ ❝✉r✈❡s✳ 8th ■♥t❡r♥❛t✐♦♥❛❧

❈♦♥❢❡r❡♥❝❡ ♦♥ ❚❤❡♦r❡t✐❝❛❧ ❛♥❞ ❈♦♠♣✉t❛t✐♦♥❛❧ ❆❝♦✉st✐❝s✱ ❍❡r❛❦❧✐♦♥ ✭❈r❡t❡✮✱ ✷✲✺ ❥✉✐❧❧❡t ✷✵✵✼✳

❬✷✻❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✹✮ ❲❛✈❡ s❝❛tt❡r✐♥❣ ❢r♦♠ ✏❢r❛❝t✉r❡❞✑ ✐♥t❡r❢❛❝❡s✳ 1st ●❡♥❡r❛❧ ❆ss❡♠✲

❜❧② ♦❢ ❊✉r♦♣❡❛♥ ●❡♦s❝✐❡♥❝❡s ❯♥✐♦♥ ✭❊●❯✮✱ ◆✐❝❡ ✭❋r❛♥❝❡✮✱ ✷✺✲✸✵ ❛✈r✐❧ ✷✵✵✹✳

❬✷✼❪ ▼❛❦✐♥❞❡ ❲✳✱ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✫ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✸✮ ■♥t❡r❢❛❝❡ s❝❛tt❡r✐♥❣ ♦❢ s❡✐s♠✐❝
✇❛✈❡✜❡❧❞ ❢r♦♠ ❛ ✸❉ r❛♥❞♦♠ ✐♥t❡r❢❛❝❡✳ 65th ❈♦♥❢❡r❡♥❝❡ ❛♥❞ ❊①❤✐❜✐t✐♦♥ ♦❢ ❊✉r♦♣❡❛♥ ❆ss♦❝✐❛t✐♦♥

♦❢ ●❡♦s❝✐❡♥t✐sts ❛♥❞ ❊♥❣✐♥❡❡rs✱ ❙t❛✈❛♥❣❡r ✭◆♦r✇❛②✮✱ ✷✲✺ ❥✉✐♥ ✷✵✵✸✳

❬✷✽❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✶✮ ❚❤❡ r♦❧❡ ♦❢ ✐♥t❡r❢❛❝❡ ✇❛✈❡s ❛♥❞ ❞✐✛r❛❝t❡❞ ✇❛✈❡s
✐♥ t❤❡ ❛♠♣❧✐t✉❞❡ s❝❛tt❡r✐♥❣ ♣❤❡♥♦♠❡♥♦♥✳ 7th ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❣r❡ss ♦❢ t❤❡ ❇r❛③✐❧✐❛♥ ●❡♦♣❤②s✐❝❛❧

❙♦❝✐❡t②✱ ❲♦r❦s❤♦♣ ✏❙❡✐s♠✐❝ ■♠❛❣✐♥❣ ❛♥❞ ■♥✈❡rs✐♦♥✑✱ ❙❛❧✈❛❞♦r ❞❛ ❇❛❤✐❛ ✭❇r❛s✐❧✮✱ ✷✽✲✸✶ ♦❝t♦❜r❡
✷✵✵✶✳ Pr♦❝❡❡❞✐♥❣s ✈♦❧✳✶✱ ♣♣ ✶✼✹✼✲✶✼✺✵✳

❬✷✾❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✶✮ ❆♠♣❧✐t✉❞❡ s❝❛tt❡r✐♥❣ ♣❤❡♥♦♠❡♥♦♥ ✿ ✐s ✐♥t❡r❢❛❝❡
✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ❣✉✐❧t② ❄ ❊❆●❊✴❙❊● ❘❡s❡❛r❝❤ ❲♦r❦s❤♦♣ ♦♥ ✏❘❡s❡r✈♦✐r ❘♦❝❦s✑✱ P❛✉ ✭❋r❛♥❝❡✮✱
✸✵ ❛✈r✐❧✲✹ ♠❛✐ ✷✵✵✶✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ❊✉r♦♣❡❛♥ ❆ss♦❝✐❛t✐♦♥ ♦❢ ●❡♦s❝✐❡♥t✐sts ❛♥❞ ❊♥❣✐♥❡❡rs
✭❡❞s✮✱ ■❙❇◆ ✾✵✲✼✸✼✽✶✲✶✻✲✼✳

❬✸✵❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✶✮ PP ❛♠♣❧✐t✉❞❡ ❜✐❛s ❝❛✉s❡❞ ❜② ✐♥t❡r❢❛❝❡ s❝❛t✲
t❡r✐♥❣✳ P❛rt ■ ✿ ❆♠♣❧✐t✉❞❡ s❝❛tt❡r✐♥❣ ♣❤❡♥♦♠❡♥♦♥✳ 2nd ❲❛✈❡ ■♥✈❡rs✐♦♥ ❚❡❝❤♥♦❧♦❣② ❲♦r❦s❤♦♣

✏❙❡✐s♠✐❝ ❚r✉❡ ❆♠♣❧✐t✉❞❡s✑✱ ❑❛r❧sr✉❤❡ ✭●❡r♠❛♥②✮✱ ✶✽✲✷✵ ❢é✈r✐❡r ✷✵✵✶✳

❬✸✶❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✶✮ PP ❛♠♣❧✐t✉❞❡ ❜✐❛s ❝❛✉s❡❞ ❜② ✐♥t❡r❢❛❝❡ s❝❛tt❡✲
r✐♥❣✳ P❛rt ■■ ✿ ❆r❡ ✐♥t❡r❢❛❝❡ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ❛♥❞ ❞✐✛r❛❝t❡❞ ✇❛✈❡s ❣✉✐❧t② ❄ 2nd ❲❛✈❡ ■♥✈❡rs✐♦♥

❚❡❝❤♥♦❧♦❣② ❲♦r❦s❤♦♣ ✏❙❡✐s♠✐❝ ❚r✉❡ ❆♠♣❧✐t✉❞❡s✑✱ ❑❛r❧sr✉❤❡ ✭●❡r♠❛♥②✮✱ ✶✽✲✷✵ ❢é✈r✐❡r ✷✵✵✶✳

❬✸✷❪ ❋❛✈r❡tt♦ ◆✳✱ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✫ P❡rr♦✉❞ ❍✳ ✭✶✾✾✾✮ PP ❛♠♣❧✐t✉❞❡s ❜✐❛s ❝❛✉s❡❞ ❜② ✐♥t❡r❢❛❝❡
s❝❛tt❡r✐♥❣✳ 69th ❆♥♥✉❛❧ ▼❡❡t✐♥❣ ♦❢ ❙❊●✱ ❲♦r❦s❤♦♣ ✧■s tr✉❡ ❛♠♣❧✐t✉❞❡ ♣r♦❝❡ss✐♥❣ ❛♥❞ ✐♠❛❣✐♥❣
♣♦ss✐❜❧❡ ✐♥ ✸❉ ❄✧✱ ❍♦✉st♦♥ ✭❯❙❆✮✱ ✹ ♥♦✈❡♠❜r❡ ✶✾✾✾✳

❬✸✸❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳✱ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✫ P❡rr♦✉❞ ❍✳ ✭✶✾✾✽✮ Pr♦♣❛❣❛t✐♦♥ ♦❢ ❙t♦♥❡❧❡② ✇❛✈❡s
❛❧♦♥❣ ❛ s❡❞✐♠❡♥t✴r♦❝❦② ❜♦tt♦♠ ✧✐♠♣❡r❢❡❝t✧ ✐♥t❡r❢❛❝❡ ✲ ❆♣♣❧✐❝❛t✐♦♥ t♦ ♠❛r✐♥❡ ❣❡♦♣❤②s✐❝s✳ ■♥ ❆✳
❆❧✐♣♣✐ ❛♥❞ ●✳❇✳ ❈❛♥♥❡❧❧✐ ✭❡❞s✮✱ 4th ❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❯♥❞❡r✇❛t❡r ❆❝♦✉st✐❝s✱ ❈◆❘✲■❉❆❈✱
✈♦❧✳ ✶✱ ♣♣✳ ✸✷✼✲✸✸✷✳ ❘♦♠❡ ✭■t❛❧②✮✱ ✷✶✲✷✺ s❡♣t❡♠❜r❡ ✶✾✾✽✳

❬✸✹❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✫ ❙❡ss❛r❡❣♦ ❏✳✲P✳ ✭✶✾✾✼✮ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡
❝✐s❛✐❧❧❡♠❡♥t ❞❡s sé❞✐♠❡♥ts ♣❛r ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡✳ ■♥ ●✳ ❈❛♥é✈❡t✱ ●✳▼❛♥❣✐❛♥t❡ ❡t ❙✳ ▼❡✉♥✐❡r
✭❡❞s✮✱ 4e ❈♦♥❣rès ❋r❛♥ç❛✐s ❞✬❆❝♦✉st✐q✉❡✱ ✈♦❧✳ ✷✱ ♣♣✳ ✶✶✷✾✲✶✶✸✷✳ ❙❋❆✴❚❡❝❤♥❡❛✱ ❚♦✉❧♦✉s❡✳ ❆❝t❡s
❞✉ ❝♦❧❧♦q✉❡✱ ▼❛rs❡✐❧❧❡ ✭❋r❛♥❝❡✮✱ ✶✹✲✶✽ ❆✈r✐❧ ✶✾✾✼✳

❬✸✺❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✫ ❙❡ss❛r❡❣♦ ❏✳✲P✳ ✭✶✾✾✻✮ ❚❤❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡ ❛♥❞ t❤❡ ▲♦✈❡ ✇❛✈❡s ✿
❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✐♥❤♦♠♦❣❡♥❡♦✉s ♣❧❛♥❡ ✇❛✈❡s ✲ ❆♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ ❛❝♦✉st✐❝❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢
t❤❡ s❡❞✐♠❡♥ts✳ ■♥ ❏✳✲❙✳ P❛♣❛❞❛❦✐s ✭❡❞✳✮✱ 3rd ❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❯♥❞❡r✇❛t❡r ❆❝♦✉st✐❝s✱
■❆❈▼✲❋❖❘❚❍✱ ✈♦❧✳✷✱ ♣♣✳ ✺✾✺✲✻✵✵✳ ❍ér❛❦❧✐♦♥ ✭❈r❡t❡✮✱ ✷✹✲✷✽ ❥✉✐♥ ✶✾✾✻✳

❬✸✻❪ ❋❛✈r❡tt♦ ◆✳ ✭✶✾✾✹✮ ❚❤❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡ ✿ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤r❡❡ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛♥❡
✇❛✈❡s✳ ■❊❊❊ ❖❝❡❛♥s✲❖s❛t❡s✱ ✈♦❧✳✶✱ ♣♣✳ ✼✾✺✲✽✵✵✳ ❇r❡st ✭❋r❛♥❝❡✮✱ ✶✸✲✶✻ s❡♣t❡♠❜r❡ ✶✾✾✹✳



✻✹ ❆♥♥❡①❡ ❈✳ P✉❜❧✐❝❛t✐♦♥s ❡t ❈♦♠♠✉♥✐❝❛t✐♦♥s

❈❖◆❋❊❘❊◆❈❊❙ ❉❆◆❙ ❉❊❙ ❈❖▲▲❖◗❯❊❙ ❆❱❊❈ ❆❈❚❊❙ ❆ ❉■❋❋❯❙■❖◆
❘❊❙❚❘❊■◆❚❊ ❖❯ ❙❆◆❙ ❆❈❚❊❙

▲♦rsq✉❡ ♣❧✉s✐❡✉rs ❛✉t❡✉rs s♦♥t ♠❡♥t✐♦♥♥és ❞❛♥s ❧❡s ♣rés❡♥t❛t✐♦♥s ♦r❛❧❡s q✉✐ s✉✐✈❡♥t✱ ❧❡ ♥♦♠

❞❡ ❧✬♦r❛t❡✉r ❡st s♦✉❧✐❣♥é✳

❬✸✼❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳✱ ❇r♦s❡t❛ ❉✳✱ ❑❤❛❧✐❞ P✳ ✫ ◆✐❝❤✐t❛ ❉✳ ✭✷✵✵✼✮ ❘é✢❡①✐♦♥s
s♣é❝✉❧❛✐r❡s ♦✉ ♥♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ✿ ♦✉t✐❧ ❞✬❛♥❛❧②s❡ ❡t ❞❡ ♠♦♥✐t♦r✐♥❣ ❞❡ st♦❝❦❛❣❡ ❞❡ ❈❖✷ ❄
❘❡♥❝♦♥tr❡s ■♥st✐t✉t ❋r❛♥ç❛✐s ❞✉ Pétr♦❧❡ ✴ ❯♥✐✈❡rs✐té ❞❡ P❛✉✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✶✽ ❞é❝❡♠❜r❡ ✷✵✵✼✳
❬✸✽❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✼✮ ❙♦♠❡ r❡✢❡❝t✐♦♥s ♦♥ r❡✢❡❝t♦rs ❛♥❞ t❤❡✐r ❡✛❡❝t ♦♥
s❡✐s♠✐❝ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥✳ 3e ❘é✉♥✐♦♥ ❣é♥ér❛❧❡ ❞✉ ●❉❘ ❖♥❞❡s ✭❈◆❘❙✮✱ P❡ss❛❝ ✭❋r❛♥❝❡✮✱ ✷✶✲✷✸
♥♦✈❡♠❜r❡ ✷✵✵✼✳
❬✸✾❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✼✮ ❙♦♠❡ r❡✢❡❝t✐♦♥s ♦♥ r❡✢❡❝t♦rs ❛♥❞ t❤❡✐r ❡✛❡❝t ♦♥
s❡✐s♠✐❝ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥✳ ❆❝♦✉st✐❝❛❧ ■♠❛❣✐♥❣ ❲♦r❦s❤♦♣✱ ❈❛r❣ès❡ ✭❋r❛♥❝❡✮✱ ✶✺✲✷✵ ♦❝t♦❜r❡ ✷✵✵✼✳
❬✹✵❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✻✮ ❘❡✢❡❝t✐♦♥s ♦♥ t❤❡ ✸❉ ❛♠♣❧✐t✉❞❡ ♦❢
t❤❡ s❡✐s♠✐❝ P✲✇❛✈❡s r❡✢❡❝t❡❞ ❢r♦♠ ❛♥ ✐♥t❡r❢❛❝❡✳ 1st ●r❡❡❦✲❋r❡♥❝❤ ❲♦r❦s❤♦♣ ♦♥ ❈♦♠♣✉t❛t✐♦♥❛❧

❆s♣❡❝ts ♦❢ ❆❝♦✉st✐❝ Pr♦♣❛❣❛t✐♦♥✱ ❍❡r❛❦❧✐♦♥ ✭❈r❡t❡✮✱ ✷✵✲✷✶ s❡♣t❡♠❜r❡ ✷✵✵✻✳
❬✹✶❪ ▼❛❦✐♥❞❡ ❲✳✱ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✹✮ ▼♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ❧❛
❞✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ♣❛r ✉♥❡ s✉r❢❛❝❡ r✉❣✉❡✉s❡✳ ❘é✉♥✐♦♥ t❤é♠❛t✐q✉❡ ✏Pr♦♣❛❣❛t✐♦♥ ❞❡s

♦♥❞❡s s✐s♠✐q✉❡s ✿ ♠♦❞è❧❡s ❡t ❛♣♣❧✐❝❛t✐♦♥s✑ ❞✉ ●❉❘ ❖♥❞❡s✱ P❛r✐s ✭❋r❛♥❝❡✮✱ ✷✹✲✷✺ ♠❛✐ ✷✵✵✸✳
❬✹✷❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✸✮ ❆♠♣❧✐t✉❞❡ ❜✐❛s ❝❛✉s❡❞ ❜② ✐♥t❡r❢❛❝❡ s❝❛tt❡✲
r✐♥❣✳ 1ère ❘é✉♥✐♦♥ ❣é♥ér❛❧❡ ✏■♥t❡r❢ér❡♥❝❡s ❞✬♦♥❞❡s✑ ❞✉ ●❉❘ ❖♥❞❡s✱ ▼❛rs❡✐❧❧❡ ✭❋r❛♥❝❡✮✱ ✵✽✲✶✵
❞é❝❡♠❜r❡ ✷✵✵✸✳
❬✹✸❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✸✮ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞✐✛r❛❝t✐♦♥ ❞❡s ♦♥❞❡s s✐s✲
♠✐q✉❡s ♣❛r ❞❡s rés❡❛✉① ❞❡ ❝❛✈✐tés à ❧✬✐♥t❡r❢❛❝❡ ❡♥tr❡ ❞❡✉① ♠✐❧✐❡✉① é❧❛st✐q✉❡s ✿ ♣r♦❜❧è♠❡ ♠✉❧t✐✲
é❝❤❡❧❧❡s ❡♥ ❣é♦♣❤②s✐q✉❡✳ ❘é✉♥✐♦♥ t❤é♠❛t✐q✉❡ ❞✉ ●❉❘ ❖♥❞❡s✱ P❛r✐s✱ ✺✲✻ ♠❛✐ ✷✵✵✸✳
❬✹✹❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✽✮ ■♥t❡r❛❝t✐♦♥ ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡ ❡t ❞✐✛✉s✐♦♥✳ ❏♦✉r♥é❡ ❞✬❊t✉❞❡ s✉r ❧❡s

✧Pr♦♣r✐étés ♣❤②s✐q✉❡s ❞❡s ✐♥t❡r❢❛❝❡s✧ à ❊❧❢ ❊①♣❧♦r❛t✐♦♥ Pr♦❞✉❝t✐♦♥✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✽✲✾ ❏❛♥✈✐❡r
✶✾✾✽✳
❬✹✺❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✺✮ ❈❛r❛❝tér✐s❛t✐♦♥ ❞❡s ❢♦♥❞s ♠❛r✐♥s à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s
❞❡s ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡✳ ❏♦✉r♥é❡ ❞✬❊t✉❞❡ s✉r ❧❛ ✧❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s ♠✐❧✐❡✉① ♣❧❛♥s str❛✲

t✐✜és✧ à ❧✬■❈P■✱ ▲②♦♥ ✭❋r❛♥❝❡✮✱ ✷✻ s❡♣t❡♠❜r❡ ✶✾✾✺✳
❬✹✻❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✹✮ ▲✬♦♥❞❡ ❞❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ à ❧✬✐♥t❡r❢❛❝❡ ✢✉✐❞❡ ♣❛r❢❛✐t ✴ s♦❧✐❞❡
✈✐s❝♦é❧❛st✐q✉❡✳ ❘é✉♥✐♦♥ ●❊❙P❆✱ ❈♦rt❡ ✭❋r❛♥❝❡✮✱ ✹✲✻ ♦❝t♦❜r❡ ✶✾✾✹✳

❙❊▼■◆❆■❘❊❙

▲♦rsq✉❡ ♣❧✉s✐❡✉rs ❛✉t❡✉rs s♦♥t ♠❡♥t✐♦♥♥és ❞❛♥s ❧❡s ♣rés❡♥t❛t✐♦♥s ♦r❛❧❡s q✉✐ s✉✐✈❡♥t✱ ❧❡ ♥♦♠

❞❡ ❧✬♦r❛t❡✉r ❡st s♦✉❧✐❣♥é✳

❬✹✼❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✻✮ ❘é✢❡①✐♦♥s s✉r ❧❡ ❝❛❧❝✉❧ ✸❉ ❞❡
❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦♥❞❡s P ré✢é❝❤✐❡s ♣❛r ✉♥❡ ✐♥t❡r❢❛❝❡✳ ❙é♠✐♥❛✐r❡ ❞✉ ❉é♣❛rt❡♠❡♥t ❞❡s ❙❝✐❡♥❝❡s ❞❡

❧❛ ❚❡rr❡ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ♥♦✈❡♠❜r❡ ✷✵✵✻✳
❬✹✽❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✵✻✮ ❘ô❧❡ ❞❡s ✐♥t❡r❢❛❝❡s ❞❛♥s ❧❡s ♠✐❧✐❡✉① ❢r❛❝t✉rés✳
❏♦✉r♥é❡ ❞✬ét✉❞❡ ❚❖❚❆▲✴▲❛❜♦r❛t♦✐r❡ ▼■●P✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✷✼ ♦❝t♦❜r❡ ✷✵✵✻✳
❬✹✾❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❑♦♠❛t✐ts❝❤ ❉✳ ✭✷✵✵✺✮ ❊✛❡t ❞❡ ❧❛ ③♦♥❡ s✉♣❡r✜❝✐❡❧❧❡ ❛❧téré❡
❡t ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ s✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s✳ ❏♦✉r♥é❡ ❞✬ét✉❞❡ ❚❖❚❆▲✴▲❛❜♦r❛t♦✐r❡
▼■●P✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✸ ♥♦✈❡♠❜r❡ ✷✵✵✺✳



✻✺

❬✺✵❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ◆✐✈✐èr❡ ❇✳✱ ❍❡r✈♦✉ët ❨✳ ✫ ❑♦♠❛t✐ts❝❤ ❉✳ ✭✷✵✵✹✮ ❉ét❡❝t✐♦♥ ❞❡s ❞é✲
❝♦❧❧❡♠❡♥ts ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❢♦r♠❛t✐♦♥ ❛ss♦❝✐é❡✳ ❏♦✉r♥é❡ ❞✬ét✉❞❡ ❚❖❚❆▲✴▲❛❜♦r❛t♦✐r❡

▼■●P✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✸✶ ❛♦ût ✷✵✵✹✳
❬✺✶❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✹✮ ❉✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s ♣❛r ❧❡s ✐♥t❡r❢❛❝❡s ❡t ❆❱❖✴❆❱❆ ✿ ❧❡s ❛❝q✉✐s✱
❧❡s ♣❡rs♣❡❝t✐✈❡s✳ ❙é♠✐♥❛✐r❡ ❚❖❚❆▲✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✻ ❥❛♥✈✐❡r ✷✵✵✹✳
❬✺✷❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✸✮ ❉✐✛✉s✐♦♥ ❞❡s ♦♥❞❡s s✐s♠✐q✉❡s ♣❛r ❞❡s ✐♥t❡r❢❛❝❡s ❧❛tér❛❧❡♠❡♥t
❤étér♦❣è♥❡s ✿ ❝❛s ❞❡s ✐♥t❡r❢❛❝❡s ❢r❛❝t✉ré❡s ♦✉ r✉❣✉❡✉s❡s✳ ❏♦✉r♥é❡ ❞✬ét✉❞❡ ❚❖❚❆▲✴▲❛❜♦r❛t♦✐r❡

▼■●P✱ P❛✉ ✭❋r❛♥❝❡✮✱ ✷✶ ♦❝t♦❜r❡ ✷✵✵✸✳
❬✺✸❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✭✷✵✵✶✮ ▲❡ rô❧❡ ❞❡s ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡ ❡t ❞❡s ♦♥❞❡s ❞✐✛r❛❝té❡s ❞❛♥s ❧❡
♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛✉s✐♦♥ ❞✬❛♠♣❧✐t✉❞❡✳ ❙é♠✐♥❛✐r❡ ❞✉ ❉é♣❛rt❡♠❡♥t ❞❡s ❙❝✐❡♥❝❡s ❞❡ ❧❛ ❚❡rr❡ ❞❡

❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ❞é❝❡♠❜r❡ ✷✵✵✶✳
❬✺✹❪ ❋❛✈r❡tt♦ ◆✳ ✭✶✾✾✾✮ ◗✉❡❧q✉❡s ♥♦✉✈❡❧❧❡s ré✢❡①✐♦♥s s✉r ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❞✐✛✉s✐♦♥ ❞✬✐♥t❡r❢❛❝❡✳
❙é♠✐♥❛✐r❡ ❞✉ ❉é♣❛rt❡♠❡♥t ❞❡s ❙❝✐❡♥❝❡s ❞❡ ❧❛ ❚❡rr❡ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱
♠❛✐ ✶✾✾✾✳
❬✺✺❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✼✮ Pr♦♣❛❣❛t✐♦♥ ❞❡ ❧✬♦♥❞❡ ❞❡ ❙t♦♥❡❧❡② à ❧✬✐♥t❡r❢❛❝❡ s♦❧✐❞❡✴s♦❧✐❞❡ ❛✈❡❝
❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ t②♣❡ ❝♦❧❧❛❣❡ ✲ ❆♣♣❧✐❝❛t✐♦♥s ❡♥ ❣é♦♣❤②s✐q✉❡✳ ❙é♠✐♥❛✐r❡ ❞✉ ❉é♣❛rt❡♠❡♥t ❞❡s

❙❝✐❡♥❝❡s ❞❡ ❧❛ ❚❡rr❡ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ P❛✉ ❡t ❞❡s P❛②s ❞❡ ❧✬❆❞♦✉r✱ ♦❝t♦❜r❡ ✶✾✾✼✳
❬✺✻❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✺✮ ▲✬♦♥❞❡ ❞❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ à ❧✬✐♥t❡r❢❛❝❡ ✢✉✐❞❡ ♣❛r❢❛✐t✴s♦❧✐❞❡ ✈✐s✲
❝♦é❧❛st✐q✉❡ ✲ ❚❤é♦r✐❡ ❡t ❡①♣ér✐❡♥❝❡s✳ ❙é♠✐♥❛✐r❡ ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡ ❞❡

▼❛rs❡✐❧❧❡✱ ♥♦✈❡♠❜r❡ ✶✾✾✺✳

❘❆PP❖❘❚ ❉✬❊❚❯❉❊❙

❬✺✼❪ ❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳ ✫ ❈r✐st✐♥✐ P✳ ✭✷✵✶✵✮ Pr♦❥❡t ❆◆❘ ❊▼❙❆P❈❖✷ ✿ ❘❛♣♣♦rt ✜♥❛❧ ❞✬❛❝t✐✈✐tés
✭✷✵✵✼✲✷✵✶✵✮ ❞✉ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ✫ ❞✬❆❝♦✉st✐q✉❡✱ ✻✾ ♣❛❣❡s✱ s❡♣t❡♠❜r❡ ✷✵✶✵✳
❬✺✽❪ ❋❛✈r❡tt♦ ◆✳ ✭✶✾✾✾✮ ❉✐✛r❛❝t✐♦♥ ❞✬♦♥❞❡s é❧❛st✐q✉❡s ♣❛r ✉♥ rés❡❛✉ ♣ér✐♦❞✐q✉❡ ❞❡ str✐♣✲❝r❛❝❦s
♣rés❡♥t à ✉♥❡ ✐♥t❡r❢❛❝❡ s♦❧✐❞❡✴s♦❧✐❞❡✳ ❘❛♣♣♦rt ✜♥ ❞❡ ❝♦♥tr❛t ❈◆❘❙ ♥➦✶✺✶✵✾✺✹✵✵✱ ✹✹ ♣❛❣❡s✳ ❉✐✲
r❡❝t❡✉r s❝✐❡♥t✐✜q✉❡ ✿ Pr ❍❡r✈é P❡rr♦✉❞✳
❬✺✾❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✽✮ ▲❛ ❞✐✛✉s✐♦♥ ❛✉① ✐♥t❡r❢❛❝❡s ✿ ét✉❞❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s
❛✉① ✐♥t❡r❢❛❝❡s ♥♦♥ ♣❛r❢❛✐t❡♠❡♥t s♦✉❞é❡s ✭♣❛rt✐❡ ■■✮✳ ❘❛♣♣♦rt ✜♥ ❞❡ ❝♦♥tr❛t ❆❉❊❘❆ ♥➦✹✷✶✺✸✵✱
✹✶ ♣❛❣❡s✳ ❉✐r❡❝t❡✉r s❝✐❡♥t✐✜q✉❡ ✿ Pr ❍❡r✈é P❡rr♦✉❞✳
❬✻✵❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✽✮ ▲❛ ❞✐✛✉s✐♦♥ ❛✉① ✐♥t❡r❢❛❝❡s ✿ ét✉❞❡ ❞❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡s ♦♥❞❡s
❛✉① ✐♥t❡r❢❛❝❡s ♥♦♥ ♣❛r❢❛✐t❡♠❡♥t s♦✉❞é❡s ✭♣❛rt✐❡ ■✮✳ ❘❛♣♣♦rt ✜♥ ❞❡ ❝♦♥tr❛t ❆❉❊❘❆ ♥➦✹✷✶✺✸✵✱ ✽✵
♣❛❣❡s✳ ❉✐r❡❝t❡✉r s❝✐❡♥t✐✜q✉❡ ✿ Pr ❍❡r✈é P❡rr♦✉❞✳
❬✻✶❪ ❋❛✈r❡tt♦✲❆♥rès ◆✳ ✭✶✾✾✼✮ ❯t✐❧✐s❛t✐♦♥ ❞❡s ♦♥❞❡s ❞❡ t②♣❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ❡t ▲♦✈❡ ♣♦✉r ❧❛
❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s sé❞✐♠❡♥ts ♠❛r✐♥s✳ ❚❤ès❡ ❞❡ ❉♦❝t♦r❛t ❞❡ ▼é❝❛♥✐q✉❡ ❞❡ ❧✬❯♥✐✈❡rs✐té

❞❡ ❧❛ ▼é❞✐t❡rr❛♥é❡✱ ✷✵✻ ♣❛❣❡s✱ ✶❡r ❥❛♥✈✐❡r ✶✾✾✼✳ ❉✐r❡❝t❡✉r ❞❡ t❤ès❡ ✿ ❏❡❛♥✲P✐❡rr❡ ❙❡ss❛r❡❣♦ ✭❯P❘
✼✵✺✶ ▲❛❜♦r❛t♦✐r❡ ❞❡ ▼é❝❛♥✐q✉❡ ❡t ❞✬❆❝♦✉st✐q✉❡✱ ▼❛rs❡✐❧❧❡✮✳
❬✻✷❪ ❋❛✈r❡tt♦ ◆✳ ✭✶✾✾✺✮ ❚❤❡ ❙t♦♥❡❧❡②✲❙❝❤♦❧t❡ ✇❛✈❡ ✿ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤r❡❡ ❤❡t❡r♦❣❡♥❡♦✉s ♣❧❛♥❡
✇❛✈❡s✳ P❛rt✐❝✐♣❛t✐♦♥ à ❧❛ ré❞❛❝t✐♦♥ ❞✉ ❘❛♣♣♦rt ✜♥❛❧ ❞✉ ♣r♦❥❡t ❡✉r♦♣é❡♥ ❘❊❇❊❈❈❆ ✭❘❡✢❡❝t✐♦♥
❢r♦♠ ❇♦tt♦♠✱ ❊❝❤♦ ❈❧❛ss✐✜❝❛t✐♦♥ ❛♥❞ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❆❝♦✉st✐❝❛❧ ♣r♦♣❛❣❛t✐♦♥✮ ♥➦▼❆❙✷✲
❈❚✾✶✲✵✵✵✷✱ ♦❝t♦❜r❡ ✶✾✾✺✳
❬✻✸❪ ❋❛✈r❡tt♦ ◆✳ ✭✶✾✾✸✮ ❊t✉❞❡ ❞❡s ♦♥❞❡s ❞✬✐♥t❡r❢❛❝❡ ❡♥ ✈✉❡ ❞❡ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s
sé❞✐♠❡♥ts ♠❛r✐♥s✳ ❘❛♣♣♦rt ❞❡ ✜♥ ❞❡ st❛❣❡ ❞❡ ❉❊❆ ❞❡ ▼é❝❛♥✐q✉❡ ❞❡ ▼❛rs❡✐❧❧❡✱ ✜❧✐èr❡ ❆❝♦✉st✐q✉❡
❡t ❉②♥❛♠✐q✉❡ ❞❡s ❱✐❜r❛t✐♦♥s✱ ♦♣t✐♦♥ ❆❝♦✉st✐q✉❡ ❙♦✉s✲▼❛r✐♥❡✱ ❯♥✐✈✳ ❆✐①✲▼❛rs❡✐❧❧❡ ■■✱ ✸✼ ♣❛❣❡s✱
♥♦✈❡♠❜r❡ ✶✾✾✷✲❥✉✐♥ ✶✾✾✸✳ ❉✐r❡❝t❡✉r ❞❡ st❛❣❡ ✿ ❏❡❛♥✲P✐❡rr❡ ❙❡ss❛r❡❣♦✳





❆♥♥❡①❡ ❉

❈♦♣✐❡ ❞❡ ♣✉❜❧✐❝❛t✐♦♥s

❯♥❡ ❝♦♣✐❡ ❞❡s ❛rt✐❝❧❡s s✉✐✈❛♥ts ❡st ♣❧❛❝é❡ ❝✐✲❛♣rès ✿

❊♥ ❧✐❡♥ ❛✈❡❝ ❧❡ ❈❤❛♣✐tr❡ ✷

❋❛✈r❡tt♦✲❈r✐st✐♥✐ ◆✳✱ ❈r✐st✐♥✐ P✳ ✫ ❞❡ ❇❛③❡❧❛✐r❡ ❊✳ ✭✷✵✵✾✮ ❲❤❛t ✐s ❛ s❡✐s♠✐❝ r❡✢❡❝t♦r ❧✐❦❡ ❄
●❡♦♣❤②s✐❝s ✼✹✭✶✮✱ ❚✶✸✲❚✷✸✳
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ABSTRACT

The spatial region that is in the vicinity of an interface and

actually affects the interface response, and hence the reflect-

ed wavefield, is of particular interest for the characterization

of reflectors from a seismic viewpoint. This region is repre-

sented by a volume of integration of medium properties

above and below the interface whose maximum lateral extent

corresponds to the lateral extent of the interface Fresnel zone,

and whose maximum vertical extent is equal to a thickness

we evaluate approximately for subcritical incidence angles

for a plane interface as well as for curved interfaces of anti-

cline and syncline type. The maximum vertical extent might

be larger than the seismic wavelengths for subcritical inci-

dence angles close to the critical angle and for a strong

impedance contrast at the interface. Although the part of the

reflector volume lying below the interface and affecting trav-

eltime measurements actually is smaller than described in

previous studies, the whole part of the reflector volume that

affects the amplitude of the reflected wavefield is larger than

estimates in previous studies, which considered only the spa-

tial region below the interface. For a syncline �respectively,

an anticline�, it is larger �respectively, smaller� than de-

scribed for a plane interface. In addition to providing more

physical insights into the wave reflection process, this study

might have significant implications for seismic interpretation

using amplitude-variation-with-angle methodologies.

INTRODUCTION

The basis of many seismic studies is ray theory �Červený, 2001�.

Nevertheless, as measured seismic data have a finite low-frequency

content, it is accepted that seismic wave propagation is not limited to

an infinitely narrow line called ray but is extended to a finite volume

of space around the raypath �i.e., the first Fresnel volume� �Kravtsov

and Orlov, 1990�, which contributes to the received wavefield for

each frequency. The first Fresnel volume �FV� and its intersection

with an interface, called the interface Fresnel zone �IFZ�, have re-

ceived wide attention in past decades. These concepts are being de-

veloped continually, and they have found so many applications in

seismology and seismic exploration that it is impossible here to re-

view all the books and articles that consider them in relation to seis-

mic wave propagation �Schleicher et al., 1997; Spetzler and Snieder,

2004; Zhou et al., 2005�. Nevertheless, we will mention the works

compiled in Červený �2001�.

Červený and his coauthors have suggested two methods that in-

clude FV parameter calculations into the ray-tracing procedure in

complex 2D and 3D structures. The first method, called Fresnel vol-

ume ray tracing �Červený and Soares, 1992�, combines the paraxial

ray approximation with dynamic ray tracing and is applicable only to

zero-order waves �direct, reflected, and transmitted waves�, whereas

the second method, more accurate than the first, is based on network

ray tracing �Kvasnička and Červený, 1994�. Unfortunately, the sec-

ond method can be applied only to waves arriving at receivers in first

arrivals.

Kvasnička and Červený �1994, 1996a, 1996b� have derived ana-

lytic expressions for FVs of seismic body waves and for IFZ for sim-

ple structures with plane interfaces, offering deeper insight into the

properties of FV and IFZ. It is interesting to note that FV boundaries

with corresponding FZ also can be estimated by using the method of

isochron rays �Iversen, 2004�.

Of particular interest are the size of the IFZ and size of the volume

of the reflector involved in reflection time measurements �Hage-

doorn, 1954� because each can be related to horizontal and vertical

resolutions of seismic methods �Sheriff, 1980; Lindsey, 1989�. Until

now, only the IFZ and penetration depth of the FV below the inter-

face have been considered thus in studies. If seismic amplitudes at

receivers must be evaluated, the interface reflectivity must be deter-

mined. It is well known that except for mathematical convenience,

interfaces are not infinitely thin. The underlying question then is:

Considering an isolated interface, how thick are the spatial regions,

above and below the interface, that actually might affect the inter-
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face response and hence the reflected wavefield measured at the re-

ceivers? In other words, what is a reflector like from a seismic view-

point? That question is the focus of this paper.

As noted above, as most seismic wave propagation studies have

kinematic objectives, only the IFZ and penetration depth of the FV

below the interface have received special attention in recent years.

They have been evaluated approximately by analytic expressions for

the case of a plane homogeneous interface �i.e., a plane interface

with no lateral change in its physical properties� �Kvasnička and

Červený, 1996a� or by using network ray tracing �Kvasnička and

Červený, 1994�. Unfortunately, to our knowledge, the spatial region

above the plane interface in the incidence medium, which also af-

fects the interface response, has never been identified. In addition,

very few works are devoted to computations of the IFZ at a curved

interface. Moreover, most of these works are mainly concerned with

the case of normal wave incidence onto the interface �Lindsey, 1989;

Iversen, 2006�.

We mention that Hubral and his coworkers found the projected FZ

of a zero-offset reflection onto the subsurface reflector using a stan-

dard 3D common-midpoint �CMP� traveltime analysis, without

knowing the reflector overburden �Hubral et al., 1993; Schleicher et

al., 1997�. We refer also to the work of Kvasnička and Červený

�1994�. Using network ray tracing, they performed FV and IFZ pa-

rameter calculations for the wave transmission process in simple 2D

structures, such as a low-velocity body with a slightly curved shape

embedded in a higher-velocity medium �Kvasnička and Červený,

1994�. Contrary to the work of Hubral and his coworkers �Hubral et

al., 1993; Schleicher et al. 1997�, knowledge of the velocity model

is required for computations. Kvasnička and Červený �1994� have

concluded that the FV penetrates inside the low-velocity body with

a penetration distance equal to the penetration distance for head

waves.

Gelchinsky �1985� derived symmetrized invariant formulas for

the computation of the IFZ and FV for media of complex structure

�e.g., an inhomogeneous medium with curvilinear interfaces�, the

restriction being that the medium is considered locally homoge-

neous in the vicinity of the FZ center. The formulas for the IFZ were

obtained with the help of the Kirchhoff approximation and expres-

sions for the Fresnel size for a particular case, and on the basis of the

reciprocity relation. Lindsey �1989� studied changes in the IFZ size

for normal wave incidence when the reflector is either a syncline or

an anticline, as compared with the IFZ size for a plane reflector. Un-

fortunately, all these formulas do not provide insights on the size of

the volume of the curved reflector involved in reflection time and

amplitude measurements. We propose to address this issue.

We extend Lindsey’s study to the case of oblique wave incidence

onto a spherically shaped interface of anticline or syncline type. We

derive analytic expressions for the size of the IFZ. In addition, we es-

timate analytically the maximum vertical extension of the volume

that actually contributes to seismic amplitude. This estimation is val-

id in the symmetry plane between the source and receiver and for

subcritical incidence angles. The derived formulas are obtained by

using the curvature transmission and reflection laws of Hubral and

Krey �1980�. The case of a plane interface being viewed as a special

case of a spherically shaped interface, we derive the expression for

the vertical extent of the effective reflection volume, valid in the

symmetry plane between the source and receiver and for subcritical

incidence angles. In addition, we propose an approximate analytic

expression for penetration depth of the FV below the plane interface,

which provides more accurate results than the analytic expressions

given in Kvasnička and Červený �1996a�.

The paper is organized in three sections. The first section provides

overviews of the FV and IFZ concepts. The maximum lateral extent

of the �curved or plane� reflector volume �i.e., the size of the IFZ� is

determined as a function of the incidence angle, and as a function of

the interface curvature for the two types of curved interface. In the

second section, the size of the spatial regions above and below a

�curved or plane� homogeneous interface, which actually affect the

interface response and hence the reflected wavefield, is evaluated as

a function of the incidence angle for subcritical incidence angles.

The third section presents some illustrative results for a given medi-

um configuration and for the three types of interface �e.g., plane, an-

ticline, and syncline�.

The influence of the wave incidence onto the interface, and the in-

fluence of the interface curvature, on the size of the reflector volume

are investigated more particularly. The influence of the impedance

contrast at a plane interface on the penetration depth of the FV is

studied also. To check accuracy, the results are compared with ana-

lytically exact results and approximate results obtained by Kvas-

nička and Červený �1996a� for a given medium configuration. We

find that, although the part of the reflector volume lying below the in-

terface and affecting the traveltime measurements actually is smaller

than described in previous studies, the whole part of the reflector vol-

ume, which affects the amplitude of the reflected wavefield, is larger

than previously estimated. We also find that for the syncline, the part

of the reflector volume that actually affects the reflected wavefield is

larger than that described for a plane interface, whereas for an anti-

cline it is smaller.

For the remainder of this paper, we assume that the interface of in-

terest is isolated from all others. We mean that the distance between

this interface and another interface is much larger than V/2B, where

V is the medium velocity and B is the frequency bandwidth of the

source. In addition, we consider only the P-P reflection.

MAXIMUM LATERAL EXTENT OF A REFLECTOR

We consider two homogeneous isotropic elastic half-spaces in

welded contact at a curved interface. The spherically shaped inter-

face, which can be of anticline or syncline type, is tangent at the point

M �0,0,zM� to the plane z � zM, which represents the plane interface

of interest in this study. The xy-plane includes the point source S

��xS,0,0� and receiver R �xS,0,0�. The vertical z-axis is directed

downward. A spherical wave with a constant amplitude is generated

by the source in the upper half-space. The spherical wave can be de-

composed into an infinite sum of plane waves �PW� synchronous

with each other at the time origin.

We consider the harmonic PW with frequency f , which propa-

gates in the upper half-space with the velocity VP1 from S to R, after

being reflected by the interface at the point M in a specular direction

� with respect to the normal to the interface �Figure 1�. Let the trav-

eltime of the specular reflected wave be tSMR, which is the sum of the

wave traveltime tSM from the source S to the point M and the wave

traveltime tMR from the point M to the receiver R.

The set of all possible rays SM iR with constant traveltime tSMR de-

fines the isochrone for the source-receiver pair �S,R� relative to the

specular reflection SMR. This isochrone describes an ellipsoid of

revolution tangent to the interface at M, and whose rotational axis

passes through S and R, defined by

T14 Favretto-Cristini et al.
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� zM

cos �
�2

�
y2

� z2

zM
2

� 1 � 0. �1�

This equation is valid whatever the curvature of the interface. The

frequency-dependent spatial region that actually affects the reflected

wavefield is known to be the Fresnel volume �FV� corresponding to

the pair �S,R� and associated with the wave reflection at M.

By definition, the FV is formed by virtual diffraction points F so

that the waves passing through these points inter-

fere constructively with the specular reflected

wave. This condition is fulfilled when the path-

length difference is less than one-half of the

wavelength �1 � VP1/f corresponding to the

dominant frequency f of the narrow-band source

signal �Kravtsov and Orlov, 1990�

�lSF � lFR � �lSM � lMR�� �
�1

2
, �2�

or

�tSF � tFR � �tSM � tMR�� �
1

2f
, �3�

the quantity lXY denoting the distance between the

point X and point Y, and tXY denoting the travel-

time from X to Y.

As is well known, the main contribution to the

wavefield comes from the first FV as the rapid os-

cillatory responses of the higher-order FVs and

Fresnel zones cancel out and give minor contribu-

tions to the wavefield �Born and Wolf, 1999�. In

our work, we restrict ourselves to the first FV,

which is referred to simply as FV. The FV is rep-

resented by only the part of the volume bounded

by two ellipsoids of revolution with foci at S and

R, which are tangent to fictitious planes parallel to

the plane z � zM and located at a distance �1/4

below and above the plane z � zM �Figure 1�,

which is situated above the interface of interest

�e.g., plane, anticline, or syncline� in the upper

half-space. The two ellipsoids of revolution are

defined by

x2
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cos �
�
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4
�2

�
y2

� z2

� zM

cos �
�

�1

4
�2

� zM
2 tan2 �

� 1 � 0. �4�

In fact, as seismic wavefields are transient and

large band, it is generally necessary to decompose

the source signal into narrow-band signals for

which monochromatic FV can be constructed for

the prevailing frequency of the signal spectrum

�Knapp, 1991�.

The IFZ is defined as the extent of intersection of the FV by the in-

terface, which here is spherically shaped. Unlike the case of a plane

interface �Kvasnička and Červený, 1996a�, the IFZ is not represent-

ed by an ellipse centered at the reflection point M when the source S

and receiver R are situated at the same distance from the interface.

Depending on whether the interface is of anticline or syncline type,

the IFZ alters in shape appropriately, and its size might not be deter-

mined in the same way for both types. Following Hubral and Krey

�1980�, the radius of the interface curvature Rint is positive if the in-
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Figure 1. Representation, in the xz-plane, of the Fresnel volume involved in the wave re-
flection at the point M at a curved interface of anticline or syncline type under the inci-
dence angle � � 35°. The source S and receiver R are situated at a distance zM

� 3000 m from the xy-plane tangent to the interface at the point M. The radius of the in-
terface curvature is Rint � �5000 m �positive for the anticline, negative for the syn-
cline�. Velocities of the upper and lower half-spaces are VP1 � 2000 m/s and VP2

� 2800 m/s, respectively, and the frequency f � 25 Hz. Seismic wavelengths in the up-
per and lower half-spaces then are �1 � 80 m and �2 � 112 m, respectively. The critical
angle is equal to � C � 45.58°. �a� The Fresnel volume is given by the volume between
the ellipsoids of revolution with foci at S and R and located in the upper half-space �see
the text for more details�. �b� Focus on the Fresnel volume in the vicinity of the interfaces.
The dashed line describes the isochron for the source-receiver pair �S,R� relative to the
specular reflection SMR. The interface Fresnel zone, characterized by the extent of inter-
section of the Fresnel volume by the interfaces, is larger for the syncline than for the anti-
cline.
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terface appears convex to the incident wave. The radius Rint then is

chosen positive for an anticline and negative for a syncline. This

study extends the analysis by Lindsey �1989�, who considered only

the case of normal wave incidence onto the curved interface.

For Lindsey, the critical parameter that influences the size of the

IFZ for a syncline is the ratio between the depth zM of the reflection

point M and radius of the interface curvature Rint. Note that the criti-

cal parameter actually is the ratio between the radius of curvature Riso

of the ellipsoid of revolution describing the isochrone for the pair

�S,R� relative to the specular reflection SMR and radius of the inter-

face curvature Rint, the radius Riso being equal to the depth zM for nor-

mal wave incidence. Depending on whether this ratio is less or larger

than unity, the size of the IFZ is defined as the extent of intersection

of the ellipsoid of revolution located at the distance �1/4 either above

or below the plane z � zM by the syncline.

On the contrary, the size of the IFZ for an anticline is defined as the

extent of intersection of the ellipsoid of revolution located at the dis-

tance �1/4 below the plane z � zM by the anticline, whatever the

value of its radius of curvature Rint. For the sake of brevity, only the

most relevant equations necessary for determining the size of the

IFZ for an anticline are presented hereafter. Equations relative to the

syncline can be derived easily from equations relative to the anti-

cline by replacing the �positive� radius of the anticline curvature Rint

by the �negative� radius of the syncline curvature Rint.

First we define the maximum lateral semiextent xmax of the IFZ

following the x-axis in the xz-plane. In this plane, the anticline with

the curvature center C��0,zM � Rint� is represented by a circle de-

fined by

x2
� �z � �zM � Rint��

2
� Rint

2 . �5�

Replacing the variable x by its expression obtained from the formu-

lation of the ellipsoid of revolution, equation 4, and keeping only the

sign � in the term �zM /cos � � �1/4�2,

x2
� a2�1 �

z2

b2� , �6�

where a � zM /cos � � �1/4 and b � �a2 � zM
2 tan2 � �1/2, we obtain

an equation of the second degree in the unknown z whose solutions

z1 and z2 are

z1,2 �
zM � Rint � �1/2

1 �
a2

b2

, �7�

where � � �zM � Rint�2 � �1 � a2/b2��a2 � zM�zM � 2Rint�� is al-

ways positive. Keeping only the solution z1 or z2 for which the ine-

quality 1 � z2/b2 �0 is satisfied, and hence for which the variable x

is positive, we deduce the maximum lateral semiextent xmax of the

IFZ following the x-axis in the plane of incidence from equation 6 so

that

xmax � a�1 �
z1,2

2

b2 	1/2

. �8�

In the yz-plane, the ellipsoid of revolution located at the distance

�1/4 below the plane z � zM is reduced to a circle defined by

y2
� z2

� b2, �9�

whereas the anticline is a circle defined by

y2
� �z � �zM � Rint��

2
� Rint

2 . �10�

The maximum lateral semiextent ymax of the IFZ following the y-axis

in the yz-plane, i.e., in the direction perpendicular to the plane of in-

cidence, then is given by the intersection of these two circles,

ymax � �b2
� 
zM �

�1

4
� zM

cos �
�

�1

8
��zM

� Rint�
�1�2	1/2

, �11�

where the quantity in the square root bracket is always positive.

The characteristics xmax and ymax of the IFZ at the surface of the an-

ticline depend on the position of the source-receiver pair and on the

incidence angle � of the ray SM. The IFZ becomes larger in the inci-

dence plane than in the transverse plane as the angle � increases.

Moreover, larger portions of the interface are involved for low-fre-

quency than for high-frequency components of the wavefield. The

characteristics xmax and ymax of the IFZ also depend on the radius of

the interface curvature Rint. For the anticline, the IFZ becomes larger

in the incidence plane than in the transverse plane as the radius of the

interface curvature Rint increases. For sufficiently great radius Rint,

the IFZ for the anticline is identical to the IFZ for the plane interface

z � zM. It is represented by an ellipse centered at the reflection point

M whose in-plane semiaxis xmax and transverse semiaxis ymax are ex-

pressed as �Kvasnička and Červený, 1996a�

xmax � ymax�1 �
zM

2 tan2 �

� zM

cos �
�

�1

4
�2


�1/2

, ymax

� 
�1

2
� zM

cos �
�

�1

8
��1/2

. �12�

Here, we must clarify some important points. Use is made in many

papers of the classical representation of the FV, which is an ellipsoid

of revolution with foci located at the receiver R and at the image

source S� situated symmetrically to the source S on the other side of

the plane interface �Figure 2�. This representation, mainly based on

transmission considerations, is suitable to account for heterogene-

ities of the medium body located in the vicinity of the rays SM and

MR, whereas the FV representation we use is more appropriate to ac-

count for heterogeneities of the interface, as it is connected strictly to

the wave reflection process.

Moreover, unlike the classical one, this representation allows in a

straightforward manner the definition of volumes above and below

the interface, which characterize the reflector. The following section

is focused on this definition. Note that the two FV representations are

complementary and must be combined if wave propagation in media

with heterogeneities in the medium body and at the interface is in-

vestigated.

MAXIMUM VERTICAL EXTENT

OF A REFLECTOR

It is well known that the FV of the reflected wave is not limited by

the interface, but penetrates across the interface in the lower half-

space �Hagedoorn, 1954�. The penetration depth can be evaluated

approximately in an analytic way following traveltime measure-

ments �Kvasnička and Červený, 1996a� or in a numerical way, using
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network ray tracing �Kvasnička and Červený, 1994�. We propose to

derive analytically, in a straightforward manner, an approximate

expression for the penetration depth of the FV across the curved

interface, valid in the plane of symmetry between S and R and for

subcritical incidence angles. This new expression provides more ac-

curate results than those obtained by Kvasnička and Červený.

The curvature transmission law described in Hubral and Krey

�1980, p. 43�,

K2 � K1

VP2

VP1

� cos �

cos � �
�2

�
Kint

cos � �
�VP2

VP1

cos �

cos � �
� 1� , �13�

connects the curvature K2 of the transmitted

wavefront to the curvature K1 of the incident

wavefront and to the interface curvature Kint. The

transmission angle � � is connected to the inci-

dence angle � through Snell’s law, and VP2

denotes the velocity in the lower half-space. In

the case of a curved interface, because the inter-

face curvature Kint is different from zero, the cur-

vature transmission law, equation 13, becomes in

terms of radii of curvature R2 and R1 of the trans-

mitted and incident wavefronts, respectively,

1

R2

�
1

R1

VP2

VP1

� cos �

cos � �
�2

�
1

Rint cos � �
�VP2

VP1

cos �

cos � �
� 1� ,

�14�

where Rint denotes the radius of the interface cur-

vature.

By substituting the radii of curvature R1 and R2

for their respective expressions zM /cos � and

zS�
/cos � �, we get the position zS�

of the new ficti-

tious source-receiver pair �S�,R�� with respect to

the plane z � zM, as a function of the incidence

angle � ,

zS�

�
zMVP1 cos3� �

VP2 cos3 � �
zM

Rint

�VP2 cos��VP1 cos� ��

.

�15�

The pair �S�,R�� can be viewed as an image of the

pair �S,R� for the transmission process �Figure 3�.

That means that this fictitious source-receiver

pair provides the same wavefront curvature as the

pair �S,R�. Unlike the real transmission process,

which involves the upper and lower half-spaces,

the wavefront relative to �S�,R�� propagates en-

tirely in the lower half-space as if the upper half-

space did not exist. This procedure is similar to

the well-known procedure applied for the reflec-

tion process, which consists of replacing the pair

�S,R� by its mirror image �S�,R�� �Figure 2�.

As above, by considering the ellipsoid of revolution with foci S�

and R� tangent to the plane z � zM at M �Figure 3�,

x2

� zS�

cos � �
�2

�
y2

� z2

z
S�

2
� 1 � 0, �16�

and the new ellipsoids that bound the FV associated with the reflec-

tion S�MR�,
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Figure 2. Representations, in the xz-plane, of the Fresnel volume involved in the wave re-
flection at the point M at the plane interface under the incidence angle � � 35°. The
source S and receiver R are situated at a distance zM � 3000 m from the interface. The
classical representation of the Fresnel volume is based on the ellipsoid of revolution with
foci located at R and at the mirror image S�.Another representation of the Fresnel volume
associated with the reflection SMR is given by the volume located in the upper half-space
between the ellipsoids of revolution with foci at S and R �see the text and Figure 1 for
more details�. See the legend of Figure 1 for medium properties.
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Figure 3. Representation, in the xz-plane, of the Fresnel volume involved in the fictitious
wave reflection at the point M at a plane interface under the incidence angle � �. The ficti-

tious source-receiver pair �S�,R�� located at a distance zS�
from the interface plane can be

viewed as an image of the pair �S,R� for the transmission process. It provides the same
wavefront curvature as �S,R� and propagates entirely in the lower half-space, as if the up-
per half-space did not exist. See the legend of Figure 1 for medium properties.
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x2

� zS�

cos � �
�

�2

4
�2

�
y2

� z2

� zS�

cos � �
�

�2

4
�2

� z
S�

2
tan2 � �

� 1

� 0, �17�

it is straightforward to evaluate approximately the maximum pene-

tration depth D2, in the lower half-space, of the FV associated with

the specular reflection SMR,

D2 � 
� zS�

cos � �
�

�2

4
�2

� z
S�

2
tan2 � ��1/2

� zS�

� �z
S�

2
�

�2zS�

2 cos � �
�

�2
2

16
�1/2

� zS�
. �18�

Because this expression is evaluated locally in the plane of sym-

metry between S and R and for subcritical incidence angles � , it is

valid whatever the radius of the interface curvature Rint. Neverthe-

less, the expression for the position zS�
of the fictitious pair �S�,R��,

equation 15, differs following the radius of the interface curvature

Rint. The penetration depth out of the plane of symmetry between S

and R also can be evaluated in the same way from the envelope of the

ellipsoids of revolution with foci S� and R� moving along caustics.

Nevertheless, for postcritical incidence angles, we cannot define the

penetration depth of the FV below the interface by using the curva-

ture transmission law, because total reflection occurs.

Note that equation 18 provides only approximate evaluation of

the actual penetration depth of the FV below the interface because

the derivation based upon the curvature transmission law of Hubral

and Krey �1980� does not take into account the fact that the incidence

angle for the penetrating rays is not identical to the incidence angle

of the central specular reflected ray. Expansion of equation 18 shows

that for the values of the incidence angle � close to zero, and then for

great position zS�
, the first-order approximation to penetration depth

D2 with respect to 1/zS�

2 ��2zS�
/2 cos � � � �2/8� corresponds to the

approximation given by equation 38 in Kvasnička and Červený

�1996a�,

D2 �
�2

4 cos � �
. �19�

Following the same reasoning, it seems clear that a region above

the interface in the upper half-space also contributes to the interface

response, and hence to the reflected wavefield. The maximum thick-

ness D1 of this region can be evaluated in the plane of symmetry be-

tween S and R and for subcritical incidence angles � in the same way

as above, the pair �S�,R�� being viewed as a mirror image of the pair

�S,R� with respect to the plane z � zM �Figure 2�,

D1 � �z
S�

2
�

�1zS�

2 cos �
�

�1
2

16
�1/2

� zS�
. �20�

We must determine the position zS�
of the pair �S�,R��. The curva-

ture reflection law in Hubral and Krey �1980, p. 43�,

K2 � K1 �
2Kint

cos �
, �21�

becomes, in terms of radii of curvature R2 and R1,

1

R2

�
1

R1

�
2

Rint cos �
. �22�

By substituting the radii of curvature R1 and R2 for their respective

expressions zM /cos � and zS�
/cos � , we get the position zS�

of the new

fictitious source-receiver pair �S�,R�� with respect to the plane z

� zM, as a function of the incidence angle � ,

zS�
�

zMRint cos2 �

2zM � Rint cos2 �
. �23�

For the case of a plane interface, the radius of the interface curva-

ture Rint tends to infinity, and the position zS�
is equal to zM. Unlike the

penetration depth D2, we can evaluate exactly the thickness D1 for a

plane interface, in the plane of symmetry between S and R, whatever

the incidence angle � , except for grazing angles. We also can evalu-

ate exactly the distance D1 out of the plane of symmetry in the same

way as above because the caustics along which the foci S� and R�

move are degenerate and then are reduced to points. Unlike the case

of the plane interface, however, we no longer can evaluate exactly

the thickness D1 above a curved interface for subcritical incidence

angles � in the plane of symmetry between S and R, because the

caustics along which the foci S� and R� move are no longer degener-

ate and thus are not reduced to points.

We can define now what a reflector is like from the seismic view-

point. A reflector is a volume of integration of medium properties

above and below the interface. This volume is represented by spatial

regions with the maximum thicknesses D1 and D2 evaluated in the

plane of symmetry between the source and receiver �Figure 4�. Its

maximum lateral extent corresponds to the lateral extent of the IFZ,

and its maximum vertical extent corresponds to the thickness D

� D1 � D2. In this work, we consider that the elastic media in con-

tact are homogeneous and isotropic, which is an ideal case. The pres-

ence of heterogeneities or anisotropy in the media body might modi-

fy the size of the reflector volume, and more specifically the expres-

x

z

D1

D2
Xmax

Plane

interface

Figure 4. Schematic description of a seismic plane reflector in the
xz-plane, i.e., the spatial region in the vicinity of the interface, which
actually affects the interface response. The in-plane semiextent of
the interface Fresnel zone is denoted by xmax. The distance D1 is the
maximum thickness of the region above the interface in the upper
half-space, whereas the distance D2 characterizes the penetration
distance of the Fresnel volume �associated with the reflected wave
SMR� below the interface in the lower half-space. These distances
are evaluated in the plane of symmetry between the source and re-
ceiver and for subcritical incidence angles.
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sions for the IFZ and thicknesses D1 and D2. It would be interesting

to analyze the effect of anisotropy of the media on the size of the re-

flector volume. Our future contributions will focus on this topic.

RESULTS AND DISCUSSION

To illustrate the theoretical derivations, two cases of curved inter-

faces and one case of plane interface between elastic half-spaces are

chosen. The source-receiver plane is located at a distance zM

� 3000 m from the plane tangent to the curved interfaces, which

can be of anticline or syncline type. The radius of the interface curva-

ture Rint is equal to �5000 m. It is positive for an

anticline and negative for a syncline. The plane z

� zM represents the plane interface of interest.

The velocities of the upper and lower half-spaces

are VP1 � 2000 m/s and VP2 � 2800 m/s, respec-

tively. The frequency f being chosen is 25 Hz,

and seismic wavelengths in the upper and lower

half-spaces then are �1 � 80 m and �2 � 112 m,

respectively. The critical angle is equal to � C

� 45.58°.

Figure 5 depicts the variation in size of the IFZ

for an anticline and a syncline, as a function of the

incidence angle � , for the given value of the radi-

us of the interface curvature Rint. The variation in

size of the IFZ for a plane reflector also is shown

for comparison. For � � 0 and for a given type of

interface, the in-plane semiextent xmax and trans-

verse semiextent ymax are equal. Following the

type of interface, the IFZ then is represented by

either a plane or a curved disk. With increasing � ,

the IFZ becomes larger and larger in the incidence

plane than in the transverse plane.

This feature is more pronounced for the syn-

cline, the maximum size in the incidence plane

being reached at a particular incidence angle � ,

where the radius of the interface curvature Rint ap-

proaches the radius of curvature Riso of the ellip-

soid of revolution describing the isochrone for the

source-receiver pair relative to the specular re-

flection SMR. This is shown more clearly in Fig-

ure 6, which depicts the variation in size of the

IFZ for an anticline and a syncline, as a function

of the radius of the interface curvature Rint, for a

given incidence angle � . When the radius Riso is

larger than the threshold value leading to the

maximum size of the IFZ in the incidence plane,

the in-plane semiextent xmax then decreases be-

cause the IFZ no longer is defined as the intersec-

tion of the ellipsoid of revolution located at the

distance �1/4 below the plane z � zM by the syn-

cline, but rather as the intersection of the ellipsoid

located at the distance �1/4 above the plane z

� zM by the syncline �Figure 1�.

As suggested above, the critical parameter

therefore is the ratio between the radius Riso and

radius Rint. We can show easily after straightfor-

ward calculations that for the syncline, the IFZ in

the incidence plane is increased in size, as compared with that for a

plane interface, approximately by the factor

FS � �1 �
zM

Rint

� 2

� 2
� zM

2 tan2 �
��1

, �24�

with negative radius Rint and � � zM /cos � � �1/4, the sign � �re-

spectively, 	� corresponding to the choice of the ellipsoid of revolu-

tion located at the distance �1/4 below �respectively, above� the

plane z � zM.

For the anticline, the IFZ in the incidence plane is decreased in

size, as compared with that for a plane interface, approximately by

the factor

0 5 10 15 20 25 30 35 40

Incidence angle ( )

In
-p
la
n
e
a
n
d
tr
a
n
s
e
rv
s
e
s
e
m
ie
x
te
n
ts

(m
)

3500

3000

2500

2000

1500

1000

500

0

Figure 5. Variation in the size of the interface Fresnel zone at the surface of an anticline
�dashed line� and a syncline �dash-dot line�, as a function of the incidence angle � , as
compared with the results for a plane interface �solid line�. Light curves are associated
with the in-plane semiextent xmax �in the incidence plane�; bold curves represent the varia-
tion in the transverse semiextent ymax �in the plane perpendicular to the incidence plane�.
See the legend of Figure 1 for medium properties.

–5000
Radius of interface curvature (m)

In
-p
la
n
e

a
n
d

tr
a
n
s
v
e
rs
e

s
e
m
ie
x
te
n
ts

(m
)

3000

2500

2000

1500

1000

500

0
0 5000
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semiextent ymax �dashed lines� of the interface Fresnel zone at the surface of an anticline
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to 30°. See the legend of Figure 1 for medium properties.
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FA � �1 �
zM

Rint

a2

a2
� zM

2 tan2 �
��1

, �25�

with positive radius Rint and a � zM /cos � � �1/4. The factors FS

and FA tend to those given in Lindsey �1989� when the wave inci-

dence is normal to the interface.

Similar conclusions can be drawn for the variation in the maxi-

mum semiextent ymax of the IFZ in the transverse plane for the anti-

cline and syncline. The critical parameter that influences the length

ymax is the ratio between the radius of curvature Riso of the ellipsoid of

revolution describing the isochrone for the source-receiver pair rela-

tive to the specular reflection SMR in the transverse plane �i.e., the

depth zM of the reflection point M� and radius of the interface curva-

ture Rint. For the anticline �respectively, the syncline�, the IFZ in the

transverse plane is decreased �respectively, increased� in size, as

compared with that for a plane interface, approximately by the factor

F � �1 �
zM

Rint

��1

, �26�

with positive radius Rint for the anticline and negative radius Rint for

the syncline. Note in Figure 6 that when the value of the radius of the

interface curvature Rint tends to infinity, the size of the IFZ for a

curved interface tends to that for a plane interface.

Figure 7 shows the variation in penetration depth D2 as a function

of the incidence angle � , for a given value of the radius of the inter-

face curvature Rint for the anticline and syncline, whereas Figure 8

presents the variation in penetration depth D2 as a function of the in-

cidence angle � for a plane interface. To check the accuracy of our

approximation, the approximate results provided

by equation 18 were compared with the exact val-

ues �Appendix A� for the anticline and syncline.

For � � 0°, the penetration depth D2 equals the

well-known value �2/4 �Kvasnička and Červený,

1996a�, as for the plane interface �Figure 8�.

Inspection of Figure 7 shows that the penetra-

tion depth D2 increases with increasing subcriti-

cal angle � , but it is always less than the seismic

wavelength �2. For the syncline, it can be larger

than the seismic wavelength �1 for subcritical in-

cidence angles � close to the critical angle � C

� 45.58°. Moreover, the values for the depth D2

provided by our approximation deviate only

slightly from the exact values for the syncline, the

discrepancies being less than 0.01% up to the an-

gle � � 43°, which is in the vicinity of the critical

angle � C. For the anticline, however, the discrep-

ancies do not exceed 0.01% up to the angle �

� 40° and 7.5% up to the angle � � 43°, our ap-

proximation underestimating the exact value for

the penetration D2.

Note that whatever the type of interface, the

penetration depth D2 has the same values for inci-

dence angle � lying between 0° and approximate-

ly 30°. For subcritical angles lying above 30°, the

penetration depth D2 for the syncline is, however,

larger than that for the anticline. By comparing

the curves obtained for the curved interfaces �Fig-

ure 7� and those obtained for the plane interface

�Figure 8�, we can note that the penetration depth

D2 for the syncline is increased in length, as com-

pared with that for a plane interface, by approxi-

mately 16%, whereas the penetration depth D2 for

the anticline is decreased by approximately 10%.

Figure 8 shows the variations in the penetration

depth D2 as a function of the incidence angle �

provided by our approximation �equation 18�,

compared with the values obtained with the ap-

proximation of Kvasnička and Červený �1996a�

�equation 19� and with the exact values �Appen-

dix A�. With increasing subcritical angle � , the

penetration depth D2 increases, but it is always

less than the seismic wavelength �2. Moreover,

the values for D2 provided by our approximation
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Figure 7. Variation in the penetration depth D2 as a function of the incidence angle � for
an interface of anticline �light curves� or syncline �bold curves� type. Comparison of re-
sults provided by our approximation �dashed lines� with the exact solution �solid lines�.
See the legend of Figure 1 for medium properties.
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Figure 8. Variation in the penetration depth D2 as a function of the incidence angle � for a
plane interface. Comparison of results provided by our approximation �dashed line� with
exact solution �solid line� and results predicted by the approximation of Kvasnička and
Červený �1996a� �dash-dot line�.
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deviate only slightly from the exact values. The discrepancies be-

tween them do not exceed 0.44% up to the angle � � 40° and 4% up

to the angle � � 43°, which is in the vicinity of the critical angle � C

� 45.58°.

On the contrary, the discrepancies between values for D2 given by

the approximation of Kvasnička and Červený �1996a� and the exact

solution strongly increase with increasing angle � , more particularly

for angles above 30°. For � � 43° the discrepancies exceed 23%.As

a consequence, the part of a reflector below the interface, which ac-

tually affects the interface response and hence the reflected wave-

field, is smaller than previous estimates. This conclusion has been

found to come true whatever the medium configuration chosen.

Nevertheless, for a given incidence angle � the discrepancies be-

tween the values for D2 provided by our approximation and those

given by the approximation of Kvasnička and Červený �1996a� de-

crease with decreasing impedance contrast at the

interface, as shown in Figure 9. For instance, for

the impedance contrast equal to 1.2 and the inci-

dence angle � � 30°, the discrepancy does not

exceed 0.27%.

Figure 10 displays the variation in the thick-

ness D1 above the interface in the upper half-

space, as a function of the incidence angle � , for

the given value of the radius of the interface

curvature Rint for the anticline and syncline. To

check the accuracy of our approximation, the ap-

proximate results provided by equation 20 were

compared with the exact values �Appendix B�.

Approximate values for D1 deviate only slightly

from the exact values, the discrepancies between

them lying below 0.05% up to the angle � � 43°.

Figure 10 also depicts the variation in the dis-

tance D1, as a function of the incidence angle � ,

for a plane interface. In this case, as mentioned

above, the distance D1 provided by equation 20 is

evaluated exactly. Whatever the type of interface

and for the normal wave incidence �� � 0°�, the

distance D1 equals the value �1/4. The thickness

D1 increases with increasing incidence angles � ,

but it is always less than the seismic wavelength

�1 and penetration depth D2. Moreover, the thick-

ness D1 is not much influenced by the interface

curvature, the dicrepancies between the curves

associated with the syncline and anticline being

less than 1%.

In this work, we have identified the zone in the

vicinity of a �plane or curved� interface that actu-

ally affects the interface reflectivity, and we have

established the spatial limits of this effective

reflector volume, which merits further investiga-

tion. Although these spatial limits might vary fol-

lowing the properties of the bulk media in contact

resulting, for instance, from anisotropy or from

the presence of heterogeneities, defining these

limits for an ideal case �e.g., homogeneous and

isotropic media in contact� enables us to fix ideas

and provide a road map for future applications to

real media.

In addition to providing more physical insights

into the wave reflection process, our study could

have significant implications for seismic interpretation using ampli-

tude-variation-with-angle �AVA� methodologies. On the one hand,

when amplitude measurements are considered, we must evaluate the

interface reflectivity by considering the effective reflector volume

that actually affects it, and by accounting for heterogeneities located

within this volume. More specifically, we must select heterogene-

ities whose characteristic length, along with their spatial distribution

within the reflector volume, might interact with properties of the in-

cident wave, so as to derive a model of the effective behavior of the

reflector volume.

A structural description of multiscaled heterogeneities located

within the reflector volume must be considered, therefore, as a pre-

liminary step toward the modeling of the interface response. Our fu-

ture contributions will focus on this topic. However, we specify that

in the absence of heterogeneity located within the reflector volume,
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we must account for only the IFZ for modeling the interface re-

sponse. In a previous work �Favretto-Cristini et al., 2007�, we point-

ed out the consequences of ignoring the IFZ in forward modeling of

seismic wave reflection. More specifically, for wide-angle AVA

methodologies and near the critical incidence angle, the geometric

spreading compensation no longer is sufficient to reduce the point-

source amplitudes to plane-wave �PW� amplitudes predicted by

Zoeppritz equations. The additional application of the IFZ concept

to the PW theory is necessary to obtain the reflected P-wave ampli-

tudes measured at receivers.

These results have significant implications for seismic interpreta-

tion using amplitudes:Assuming that theAVAcurves corresponding

to real measured data might be described well by the PW theory

leads to biased estimations of the media properties, even in the ideal

case of homogeneous isotropic media. Our present work is focused

precisely on this particular aspect and will be reported later. On the

other hand, when only traveltime measurements are considered, for

instance for locating reflectors in the media, there is no need to define

the region above the interface with the thickness D1, because this re-

gion is already included in the classical representation of the FV,

which is the ellipsoid of revolution with foci located at the receiver R

and at the image source S� �Figure 2�. In this case, only the region be-

low the interface with the thickness D2 must be considered.

CONCLUSION

We have identified the zone in the vicinity of an interface that ac-

tually affects the interface reflectivity and hence the reflected wave-

field. Our work extends previous studies to the case of the oblique

wave incidence onto a plane interface, or onto a curved interface of

anticline or syncline type, between two homogeneous and isotropic

media. We have derived analytic expressions for evaluating approxi-

mately the spatial limits of the effective reflector volume.

A comparison with exact results has shown that our expressions

provide more accurate results than those given in previous works.

The effective reflector volume has its maximum lateral extent equal

to the lateral extent of the interface Fresnel zone, and its maximum

vertical extent equal to a thickness that might be larger than the seis-

mic wavelength of the incident wave for great incidence angles close

to the critical angle. Although the part of the reflector volume lying

below the interface and affecting traveltime measurements actually

is smaller than described in previous studies, the whole part of the re-

flector volume affecting the amplitude of the reflected wavefield is

larger than previous estimates.
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APPENDIX A

EXACT DERIVATION OF THE PENETRATION

DEPTH D2 OF THE FRESNEL VOLUME FOR

SUBCRITICAL INCIDENCE ANGLES

We consider the case of a spherically shaped interface of anti-

cline type with the center of curvature C and radius of curvature Rint.

As the source S and receiver R are located at the same distance from

the plane tangent to the curved interface, the penetration zone of the

FV is symmetrical, and its deepest point M� is located in the plane of

symmetry between S and R �Figure A-1�. The penetration distance

D2, which corresponds to the maximum distance D of the point M�

from the reflection point M, can be determined mathematically by

solving the optimization problem

D2 � max



�D� , �A-1�

where

D � 
��1

4
� lSA � lSM�2�VP2

VP1

�2

� Rint
2 cos2 
�1/2

� Rint�1 � sin 
� , �A-2�

obtained from the definition of the Fresnel zone:

lSA

VP1

�
lAM�

VP2

�
lSM

VP1

�
1

4f
, �A-3�

where lSA� ��zM tan � �Rint cos 
�2� �zM �Rint�1�sin 
��2�1/2,

lSM �zM /cos � , and lAM�
� �Rint

2 cos2 
 � �D�Rint�1�sin 
��2�1/2.

In the case of a plane interface, the penetration distance D2 corre-

sponds to the maximum distance D of M� from the interface plane z

� zM. As above, it can be determined mathematically by solving the

optimization problem

D2 � max
X

�D� , �A-4�

where X � lAM and D � ���1/4 � lSA � lSM�2�VP2/VP1�2 � X2�1/2,
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z
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z = zM
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�

Figure A-1. Schematic description of the configuration for deriving
the penetration depth D2 of the Fresnel volume in the lower half-
space and the thickness D1 in the upper half-space for the case of a
spherically shaped interface of anticline type with the center of cur-
vature C and radius of curvature Rint.
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obtained from the definition of the Fresnel zone with lSA

� ��zM tan � � X�2 � zM
2 �1/2 and lAM�

� �X2 � D2�1/2.

APPENDIX B

EXACT DERIVATION OF THE MAXIMUM

THICKNESS D1 FOR SUBCRITICAL INCIDENCE

ANGLES

Considering the configuration depicted in Figure A-1, the maxi-

mum thickness D1, which corresponds to the maximum distance D�

of the point M� from the reflection point M, can be determined math-

ematically by solving the optimization problem

D1 � max



�D�� , �B-1�

where

D� � 
��1

4
� lSA � lSM�2

� Rint
2 cos2 
�1/2

� Rint�1

� sin 
� , �B-2�

obtained from the definition of the FZ with lAM�
� �Rint

2 cos2 


� �D � Rint�1 � sin 
��2�1/2, the distances lSM and lSA being given

inAppendix A.
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S U M M A R Y

The aim of the paper is to emphasize the importance of accounting for the Fresnel volume and

for the Interface Fresnel zone (IFZ) for calculating the amplitude of the P wave emanating from

a point source and recorded at a receiver after its specular reflection on a smooth homogeneous

interface between elastic media. For this purpose, by considering the problem of interest as a

problem of diffraction by the IFZ, that is, the physically relevant part of the interface which

actually affects the reflected wavefield, we have developed a method which combines the An-

gular Spectrum Approach (ASA) with the IFZ concept to get the 3-D analytical solution. The

variation in the reflected P-wave amplitude evaluated with the ASA, as a function of the inci-

dence angle, is compared with the plane wave (PW) reflection coefficient and with the exact

solution provided by the 3-D code OASES, for one solid/solid configuration and two dominant

frequencies of the source. For subcritical incidence angles the geometrical spreading compen-

sation is mostly quite sufficient to reduce the point-source amplitudes to the PW amplitudes.

On the contrary, for specific regions of incidence angles for which the geometrical spreading

compensation is not sufficient anymore, that is, near the critical region and in the post-critical

domain, the ASA combined with the IFZ concept yields better results than the PW theory

whatever the dominant frequency of the source, which suggests that the additional application

of the IFZ concept is necessary to obtain the reflected P-wave amplitude. Nevertheless, as the

ASA combined with the IFZ has been used only for evaluating the contribution of the reflected

wavefield at the receiver, its predictions fail when the interference between the reflected wave

and the head wave becomes predominant.

Key words: amplitude, Fresnel volume, Interface Fresnel zone, P wave, reflected wave,

smooth interface.

I N T RO D U C T I O N

Since many decades geophysicians have developed various theoret-

ical methods to fit the real seismic data, their ultimate goal being to

invert them to retrieve the geometrical and physical characteristics

of the Earth. Since the media heterogeneity can be highly complex,

depending on the seismic frequency range of interest, using the exact

form (in the time domain) of waves emanating from a point source

and being reflected by interfaces (Aki & Richards 2002, chap. 6)

can be a very difficult task for interpreting some seismic obser-

vations. Interpretation of such observations then always relies on

approximations.

The basis of many seismic studies is the ray theory (Cerveny

2001). Under this approximation it is assumed that the high-

∗Deceased on 2007, June 28th

frequency part of elastic energy propagates along infinitely nar-

row lines through space, called rays, which join the source and the

receiver. Ray theory is then strictly valid only in the limit of a hy-

pothetical infinite-frequency wave. As recorded data have a finite

frequency content, it is accepted that seismic wave propagation is

extended to a finite volume of space around the ray path, called the

first Fresnel volume (Kravtsov & Orlov 1990), hereafter denoted

FV. The wave properties are thus influenced not only by the me-

dia structure along the ray, but also by the media structure in the

vicinity of the ray. This well-known limitation of ray theory has re-

ceived broad attention in recent past years. The concept of FV (also

known as physical ray, 3-D Fresnel zone, etc.) is continually being

developed and has found so many applications in seismology and

in seismic exploration, that it is impossible here to review all the

books and articles which pay attention to it in seismic wave prop-

agation. Nevertheless, we shall mention the works of Cerveny and

his co-authors who have proposed two methods for including FV

parameter calculations into the ray tracing procedure in complex

C© 2007 The Authors 841
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2-D and 3-D structures. The first one, called the Fresnel volume ray

tracing (Cerveny & Soares 1992), combines the paraxial ray approx-

imation with the dynamic ray tracing and is only applicable to zero-

order waves (direct, reflected and transmitted waves. . .), whereas

the second method, more accurate than the previous one, is based

on network ray tracing (Kvasnicka & Cerveny 1994). Contrary to

the previous methods, the FVs can also be computed without knowl-

edge of the velocity model of the media (Hubral et al. 1993). Note

that analytical expressions for FVs of seismic body waves and for

their intersection with interfaces, called the Interface Fresnel zones

(IFZ), have been derived in Kvasnicka & Cerveny (1996a) and in

Kvasnicka & Cerveny (1996b). Many works have shed new light on

the role of the FVs in the seismic imaging of reflectors. They have

shown that, besides being connected with the resolution of seismic

methods (Sheriff 1980; Lindsey 1989; Knapp 1991), the FVs also

play a role in the migration and demigration processes (Hubral et al.

1993; Schleicher et al. 1997). Moreover, FVs have been applied to

inversion studies of seismic data (Yomogida 1992) and they have

been incorporated into tomographic traveltime inversion schemes

(Vasco & Majer 1993). Note also that in global seismology, sensi-

tivity kernels have been developed for global tomography inversions

to overcome the limitations of ray theory and to account for finite-

frequency effects upon seismic wave propagation (Zhou et al. 2005).

Sensitivity kernels (also known as Fréchet kernels) linearly relate

velocity perturbations of the medium to changes in some seismic

observables (traveltime, waveform, splitting intensity) of the band-

limited waves (Marquering et al. 1999; Dahlen et al. 2000; Dahlen &

Baig 2002; Favier & Chevrot 2003). FVs and sensitivity kernels are

closely connected through the concept of constructive interferences

of waves (Vasco et al. 1995; Spetzler & Snieder 2004).

The variability of the amplitudes of the reflected waves with the

incidence angle is of great interest for many seismological applica-

tions, for instance to constrain localization of reflectors and media

properties. Since the media heterogeneity can be highly complex

in the typical seismic frequency range, and considering that both

source and receivers are usually located far from the interfaces, the

exact form of spherical waves generated by a point source is not con-

venient for interpreting complex seismic observations. A survey of

the literature brings to light that most calculations are generally per-

formed within the framework of monochromatic plane wave (PW)

theory or finite-frequency theory without nevertheless taking into

account the frequency-dependent spatial regions (i.e. FVs) in the

vicinity of the ray. This is justified by the fact that for some typical

configurations and for subcritical incidence angles, the geometri-

cal spreading compensation is mostly quite sufficient to reduce the

point-source amplitudes to the PW amplitudes. On the contrary, for

critical and post-critical incidence angles this compensation is gen-

erally not sufficient anymore, and an additional processing should

be considered. To the best of the authors’ knowledge, a theoretical

study of the FV and IFZ imprint on the reflected wave amplitudes

for critical and post-critical angles has not been developed yet, de-

spite the band-limited nature of seismic data. This is the purpose

and scope of this work.

The paper is divided in two sections. Section 1 is mainly con-

cerned with 3-D analytical derivations. After briefly introducing the

FV and IFZ concepts, we describe the method we used for deriv-

ing the amplitude of the P wave emanating from a point source

and recorded at a receiver after its reflection on a smooth inter-

face between elastic media. As the problem under consideration

can be viewed as a problem of diffraction by the IFZ, that is, the

physically relevant part of the interface which actually affects the

reflected wavefield, we applied the Angular Spectrum Approach

(ASA) (Goodman 1996) to get the 3-D analytical solution. Section 2

investigates the role of the IFZ in the reflected wave propagation,

more specially in the critical and post-critical regions. The variation

in the reflected P-wave amplitude, as a function of the incidence

angle, evaluated with the ASA is compared with the PW reflec-

tion coefficient, and with the exact solution obtained with the 3-D

code OASES (http://acoustics.mit.edu/faculty/henrik/oases.html),

for one solid/solid configuration and two dominant frequencies of

the source.

1 3 - D A N A LY T I C A L D E R I VAT I O N S O F

T H E R E F L E C T E D P - WAV E A M P L I T U D E

1.1 Characteristics of the Interface Fresnel zone

We consider two homogeneous isotropic elastic media in welded

contact at a plane interface characterized by the xy-plane, the ver-

tical z-axis being directed downwards. The point source S(−xS , 0,

−zS) and the receiver R(xS , 0, −zS) are located at a distance zS

from the interface. The source generates in the upper medium a

spherical wave with a constant amplitude. The spherical wave can

be decomposed into an infinite sum of PW synchronous each other

at the time origin. We consider the harmonic PW with frequency

f which propagates in the upper medium with the velocity V P1

from S to R, after being reflected by the interface at the Cartesian

coordinate origin M(0,0,0) in a specular direction θ with respect to

the normal to the interface. Let the traveltime of the ray SMR be

tSMR.

The frequency-dependent spatial region in the vicinity of the ray

SMR which actually affects the wavefield at the receiver R is known

to be the FV corresponding to the source–receiver pair (S, R) and

relative to the specular reflection SMR. By definition, the FV is

formed by virtual points F which satisfy the following condition

(Kravtsov & Orlov 1990):

|t (F, S) + t (F, R) − t (M, S) − t (M, R)| ≤
1

2 f
, (1)

or:

|l (F, S) + l (F, R) − l (M, S) − l (M, R)| ≤
λ1

2
, (2)

where λ1 =
VP1

f
is the wavelength corresponding to the dominant

frequency f of the narrow-band source signal. The quantity t (X, Y )

denotes the traveltime from the point X to the point Y, and l (X, Y )

the distance between X and Y. The boundary of the FV is then given

by the following equation:

|l (F, S) + l (F, R) − l (M, S) − l (M, R)| =
λ1

2
. (3)

Here, it must be specified that, as seismic wavefields are transient

and large-band, it is generally necessary to decompose the source

signal into narrow-band signals for which monochromatic FV can

be constructed for the prevailing frequency of the signal spectrum

(Knapp 1991). The physical meaning of eq. (2), describing the FV

concept, is quite obvious: the waves passing through the diffraction

points F interfere constructively with the specular reflected wave

when the path-length difference is less than one-half of the wave-

length λ1. As is well known, the main contribution to the wavefield

comes from the first FV as the rapid oscillatory responses of the

higher-order FVs and Fresnel zones cancel out and give minor con-

tributions to the wavefield (Born & Wolf 1999). That is why in

our work we restrict ourselves to the first FV which will be simply

referred to as FV.

C© 2007 The Authors, GJI, 171, 841–846
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Figure 1. Representation in the xz-plane of the Fresnel volume involved in the wave reflection at the point M at a plane homogeneous interface, under the

incidence angle θ . The source S and the receiver R are located at a distance zS from the interface. The classical representation of the Fresnel volume is the

ellipsoid of revolution with foci located at R and at the image source S′ situated symmetrically to the point source S on the other side of interface. The Interface

Fresnel zone is characterized by the intersection of the ellipsoid of revolution (Fresnel volume) with the interface plane.

The IFZ is defined as the cross-section of the FV by an interface

which may not be perpendicular to the ray SMR. If the source S and

the receiver R are situated at the same distance from the interface,

the IFZ is represented by an ellipse centred at the reflection point M.

The common way of determining the size of the IFZ is to consider

the FV represented by the ellipsoid of revolution with foci at the

receiver R and at the image source S′ situated symmetrically to S on

the other side of interface (Fig. 1). The boundary of this FV is then

given by the following equation:

|l(F, S′) + l(F, R) − l(M, S′) − l(M, R)| =
λ1

2
, (4)

or in the Cartesian coordinates (x, y, z) after some straightforward

calculations:

(x sin θ − z cos θ )2

(

zS

cos θ
+ λ1

4

)2
+

y2 + (x cos θ + z sin θ )2

λ1

2

(

zS

cos θ
+ λ1

8

) = 1. (5)

The boundary of the IFZ is then obtained from the formulation

of the ellipsoid of revolution, eq. (5), equating the variable z to zero:

x2

r ‖2
+

y2

r⊥2
= 1, (6)

where the in-plane semi-axis r‖, corresponding to the plane of inci-

dence, and the transverse semi-axis r⊥, corresponding to the direc-

tion perpendicular to the plane of incidence, of the IFZ are expressed

as (Kvasnicka & Cerveny 1996a):

r ‖ =

[

λ1

2

(

zS

cos θ
+

λ1

8

)]
1
2

[

1 −
z2

S tan2θ
(

zS

cos θ
+ λ1

4

)2

]− 1
2

,

r⊥ =

[

λ1

2

(

zS

cos θ
+

λ1

8

)]
1
2

. (7)

The characteristics of the IFZ depend on the position of the source–

receiver pair, and also on the incidence angle of the ray SM. More-

over, larger portions of the interface (reflector) are involved for low-

frequency than for high-frequency components of the wavefield. It

is also well known that a perturbation of the medium actually affects

the reflected wave when this perturbation is located inside the IFZ.

1.2 Analytical expression for the reflected P-wave

amplitude

We consider the same previous configuration. Let the orthotropic

source be located at the point S, far from the plane interface be-

tween two homogeneous isotropic elastic media. The spherical

P wave emanating from the source propagates obliquely in the upper

medium and strikes the interface. It is then reflected from the inter-

face and finally recorded at the receiver located at the point R, far

from the interface. Our objective is to calculate the amplitude of the

reflected wavefield measured at the receiver, by accounting for the

FV and the IFZ which physically contribute to the wave propagation

process.

The problem under consideration can be viewed as a problem of

diffraction by the physically relevant part of the interface (namely,

the IFZ). We chose to apply the ASA (Goodman 1996) to get the 3-D

analytical solution to this problem. The motivations of this choice are

twofold. Provided the spherical wavefield is decomposed by Fourier

analysis into a linear combination of elementary plane wavesurfaces,

travelling in different directions away from the source, the effect of

propagation over distance is simply a change of the relative phases of

the various plane wavesurface components. Moreover, despite their

apparent differences, the ASA and the first Rayleigh-Sommerfeld

solution (Goodman 1996, chap. 3, p. 47) yield identical predictions

of diffracted fields (Sherman 1967). The advantage of using the

ASA then seems obvious: it permits straightforward derivations of

the measured amplitude of the reflected wave at the point R. We

refer to the book of Goodman (Goodman 1996, chap. 3, pp. 55–61)

for a detailed treatment of the ASA.

When using the ASA, we have to remind that it is a technique for

modelling the propagation of acoustic fields between parallel planes.

Considering the case of the field reflection from an oblique interface

then requires several steps including rotational transformation of
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complex amplitudes in the Fourier domain. This step which is the

most essential and significant operation in the problem of interest

here causes various problems. The non-linearity of the rotational

transformation has to be taken into account and a Jacobian must

be introduced. The rotational transformation also causes numerical

problems, more specifically the distortion of equidistant sampling

grid of the field and a shift in the centre frequency in the resulting

spectrum, which makes the standard Fast Fourier Transform (FFT)

algorithm inapplicable. Efficient solutions to these problems can

be found in (Matsushima et al. 2003). We refer to the paper of

Matsushima and his collaborators for a detailed treatment of these

solutions.

The procedure of the method we used to get the amplitude of the

reflected wavefield measured at the receiver can be summarized as

follows. At the interface z = 0, and more precisely within the IFZ,

the amplitude U generated by the point source S and diffracted by

the IFZ has a 2-D Fourier transform given by:

A
(

fx , fy, 0, θ
)

=

∫ ∫ +∞

−∞

U (x, y, 0, θ ) exp
[

− j2π
(

fx x + fy y
)]

dxdy (8)

where U (x, y, 0, θ ) = e
j

2 π f
VP1

RM

RM
H (x, y, θ ) with RM =

√

x2 + y2 + z2
I and z I = z S/cos θ .

The function H (x, y, θ ) represents the size of the IFZ which is

a function of the incidence angle θ :
{

H (x, y, θ ) = 1 if (x, y) ∈ I F Z

H (x, y, θ ) = 0 if (x, y) /∈ I F Z

The term A
(

fx , fy, 0, θ
)

represents the plane wave decompo-

sition of the incident wavefield, that is, the angular spectrum. The

direction cosines of each plane wave associated with the frequencies

(f x, f y) are given by (Goodman 1996):

α = λ1 fx , β = λ1 fy, γ =
√

1 − α2 − β2.

As the incident wavefield is reflected from the interface, the an-

gular spectrum of the resulting wavefield is obtained by multiplying

A
(

fx , fy, 0, θ
)

by the classical plane wave reflection coefficient

R
(

fx , fy, θ
)

given by Zoeppritz equations (Aki & Richards 2002):

AR( fx , fy, 0, θ ) = A( fx , fy, 0, θ ) R( fx , fy, θ ). (9)

The reflection coefficient takes into account the fact that the

central ray is incident on the interface under the incidence angle

θ . The angular spectrum AR( f̃x , f̃y, 0, θ ) is then calculated from

AR( fx , fy, 0, θ ) for the interface plane rotated by θ clockwise about

the origin M. This plane is perpendicular to the specularly reflected

ray passing through the point M. At this step, we must multiply

the angular spectrum AR( f̃x , f̃y, 0, θ ) by the Jacobian J ( f̃x , f̃y, θ )

resulting from the rotational transformation in order to get the cor-

rect energy of each plane wave component. The resulting angular

spectrum in the rotated plane is:

ÃR( f̃x , f̃y, 0, θ ) = AR( f̃x , f̃y, 0, θ ) |J ( f̃x , f̃y, θ )|. (10)

We must also apply a method of interpolation to obtain an equidis-

tant sampling grid of the spectrum, as suggested in (Matsushima

et al. 2003). The angular spectrum ÃR( f̃x , f̃y, 0, θ ) is then prop-

agated to the parallel plane passing through the receiver R. The

resulting spectrum is expressed as:

ÃR( f̃x , f̃y, −zS, θ ) = ÃR( f̃x , f̃y, 0, θ ) exp

[

j 2πγ
z I

λ1

]

. (11)

Table 1. Properties of the homogeneous, isotropic, and elastic media in con-

tact. ρ, V P and V S denote, respectively, the density, P- and S-wave velocities

for the upper (subscript 1 in the text) and lower media.

Properties V P (m s−1) V S (m s−1) ρ (kg m−3)

Upper medium 4000 2000 2000

Lower medium 5200 2500 2400

By using inverse Fourier transform, we get the amplitude of the

reflected wavefield:

UR(x̃, ỹ, −zS, θ )

=

∫ ∫ +∞

−∞

ÃR( f̃x , f̃y, −zS, θ ) exp[ j2π ( f̃x x̃ + f̃y ỹ)]dx̃ dỹ.

(12)

Since the receiver is located at the centre of the plane, the am-

plitude of the reflected wavefield at the receiver is finally given by

UR (0, 0, −zS, θ ).

2 C O M PA R I S O N W I T H T H E E X A C T

S O L U T I O N A N D W I T H T H E P L A N E

WAV E T H E O RY P R E D I C T I O N

The aim of this section is to evaluate the importance of using the

band-limited data concept, based on the IFZ, in order to simulate

the amplitudes of the reflected waves recorded at receivers. For

this purpose, it is instructive to compare the variation in the ampli-

tude obtained with our approximation (ASA combined with the IFZ

concept), as a function of the incidence angle, with the amplitude

predicted by a numerical code which provides the exact solution,

and with the amplitude predicted by the classical PW theory [here,

the Zoeppritz equations (Aki & Richards 2002)]. We used the 3-

D code OASES (http://acoustics.mit.edu/faculty/henrik/oases.html)

to compute accurately synthetic seismograms in media. OASES is

a general purpose computer code for modelling seismo-acoustic

propagation in horizontally stratified media using wavenumber in-

tegration in combination with the Direct Global Matrix solution

technique (Schmidt & Jensen 1985; Schmidt & Tango 1986; Jensen

et al. 1994). In seismology, the wavenumber integration methods

are often referred to as reflectivity methods or discrete wavenum-

ber methods (Fuchs & Muller 1971; Bouchon 1981; Kennett 1983;

Olson et al. 1984; Muller 1985). This software has the great advan-

tage of providing reference solutions for various types of sources

(explosive source, vertical point force, etc.). In addition, upward and

downward propagation of compressional and of shear waves can be

easily separated. This 3-D code is widely used in the underwater

acoustics community and has been thoroughly validated.

One case of interface between elastic media whose properties

are reported in Table 1 has been chosen to illustrate the theoretical

results. The interface is situated at a distance z S = 3000 m from the

source–receiver plane. For the 3-D code the amplitude of the source

signal is chosen to be the Fourier transform of a Ricker wavelet

with either the dominant frequency f = 32 Hz and the frequency

bandwidth B = 10 Hz, or f = 12 Hz and B = 6 Hz.

Fig. 2 depicts the amplitude-versus-angle (AVA) curves provided

by the exact solution and by our approximation for the frequencies

f = 32 and 12 Hz, and the AVA curves provided by the PW theory

which does not depend on frequency. A geometrical spreading com-

pensation factor equal to zS

cos θ
was applied to the predictions of our

3-D approximation and to the synthetic data provided by the 3-D

code OASES, in order to be compared in a suitable way with the
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Figure 2. Variation of the amplitude of the P wave reflected from a plane interface, as a function of the incidence angle. Comparison between the plane

wave reflection coefficient and the spreading-free amplitudes associated with the exact solutions and with the approximate solutions. The exact solutions were

provided by the 3-D code OASES. The source signal was a Ricker wavelet with either the dominant frequency f = 32 Hz and the frequency bandwidth B =

10 Hz, or f = 12 Hz and B = 6 Hz. The approximate solutions were obtained by applying the Angular Spectrum Approach together with the Interface Fresnel

Zone concept for f = 32 and 12 Hz.

PW predictions. Inspection of Fig. 2 shows that for small subcriti-

cal angles, AVA curves associated with the exact (OASES) solution

and AVA curves associated with the PW theory are quite identi-

cal. The discrepancies between them do not exceed 1.4 per cent

(for f = 12 Hz) and 1 per cent (for f = 32 Hz) up to θ = 40◦.

As the PW reflection coefficient varies smoothly with the incidence

angle, the geometrical spreading compensation is sufficient to re-

duce the amplitude of the reflected wave generated by the point

source to the reflected PW amplitude. The effect of the IFZ on the

wave amplitude, is therefore, negligible for small incidence angles

in the subcritical region. Between θ = 40◦ and the critical angle

θ C = 50.28◦, the PW reflection coefficient rapidly increases with

the incidence angle, and the geometrical spreading compensation is

not sufficient anymore. The discrepancies between the exact curves

and the PW reflection coefficient increase monotonically with the

incidence angle and exceed 105 per cent (for f = 12 Hz) and

70 per cent (for f = 32 Hz) for θ C. Therefore, the additional ap-

plication of the IFZ concept becomes necessary to get the reflected

P-wave amplitude. Note that the discrepancies between the exact

solution and the reflection coefficient also increase with decreasing

frequencies. The PW theory does not yield reasonable results for

low frequencies.

In Fig. 2 we can also note that near the critical angle, the predic-

tions of our approximation which combines the ASA and the IFZ

concept yields better results than the PW reflection coefficient, more

particularly between θ = 40◦ and θ C. Whatever the frequency, the

discrepancies between the ASA curves and the exact curves do not

exceed 5 per cent up to θ = 52◦ and are smaller than 1 per cent

for θ C = 50.28◦. Nevertheless, with increasing incidence angle, the

approximate solutions show increasing discrepancies in comparison

with the corresponding exact solutions. The discrepancies reach the

maximum value of 26 per cent for θ = 60◦ and f = 12 Hz, and the

maximum value of 22 per cent for θ = 56◦ and f = 32 Hz. Beyond

these angles they sharply decrease with increasing incidence angles.

The explanation of the discrepancies between our approximate so-

lutions and the exact ones may come from the fact that we calculated

only the reflected wave amplitude, whereas the code OASES pro-

vides the amplitude of the interference between the reflected and the

head wavefields. The contribution of each wavefield to the global

amplitude at the receiver cannot be discriminated in the synthetic

seismograms because both waves have the same traveltime for a

specific range of incidence angles. In fact, it would be interesting

to get the amplitude of the head wave by using the combination of

the ASA with the IFZ concept associated with this particular wave,

in order to determine the contribution of the reflected wave and the

contribution of the head wave at the receiver, taking into account the

phase shifts. This would enlighten on the complex physical process

of wave interference with the reflected wave. Our present work is

focused precisely on this particular aspect and will be reported later.

C O N C L U S I O N

The aim of the paper was to discuss the influence of the IFZ for

modelling the amplitude of the P wave emanating from a point

source and recorded at a receiver after its specular reflection on a

smooth interface between two elastic media. As the problem of in-

terest can be viewed as a problem of diffraction by the IFZ, that is,

the physically relevant part of the interface which actually affects

the reflected wavefield, we have applied the ASA combined with

the IFZ concept to get the 3-D analytical solution. The variation in

the reflected P-wave amplitude obtained with the ASA, as a func-

tion of the incidence angle, has been compared for one solid/solid

configuration and two frequencies of the source with the PW re-

flection coefficient and with the exact solution obtained with the

3-D code OASES. It results that for subcritical incidence angles the

geometrical spreading compensation is mostly quite sufficient to

reduce the point-source amplitudes to the PW amplitudes. On the

contrary, near the critical region, the ASA combined with the IFZ
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concept yields better results than the PW theory whatever the dom-

inant frequency of the source. These results suggest that near and

beyond the critical region the geometrical spreading compensation

is not sufficient anymore, and that the additional application of the

IFZ concept, therefore, becomes necessary to obtain the reflected

P-wave amplitude. As in the paper our approximation is concerned

only with the reflected wavefield, its predictions fail in the post-

critical region when the interference between the reflected wave and

the head wave becomes predominant. For a further validation of our

method, we need to evaluate the contribution of the head wave at the

receiver by taking into account its own IFZ, in order to combine it

with the contribution of the reflected wavefield at the receiver. Our

present work is focused precisely on this particular aspect and will

be reported later.
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frequency traveltimes-I. Theory, Geophys. J. Int., 141, 157–174.

Favier, N. & Chevrot, S., 2003. Sensitivity kernels for shear wave splitting

in transverse isotropic media, Geophys. J. Int., 153, 213–228.

Fuchs, K. & Muller, G., 1971. Computation of synthetic seismograms with

the reflectivity method and comparison of observations, Geophys. J. R.

astr. Soc., 23, 417–433.

Goodman, J.W., 1996. Introduction to Fourier Optics, 2nd edn, MacGraw-

Hill, New York, USA.

Hubral, P., Schleicher, J., Tygel, M. & Hanitzch, C., 1993. Determination

of Fresnel zones from traveltime measurements, Geophysics, 58(5), 703–

712.

Jensen, F.B., Porter, M.B., Kuperman, W.A. & Schmidt, H., 1994. Compu-

tational Ocean Acoustics, American Institute of Physics, New York.

Kennett, B.L.N., 1983. Seismic Wave Propagation in Stratified Media,

Cambridge University Press, Cambridge.

Knapp, R.W., 1991. Fresnel zones in the light of broadband data, Geophysics,

56(3), 354–359.

Kravtsov, Yu.A. & Orlov, Yu.I., 1990. Geometrical Optics of Inhomogeneous

Media, Springer Series on Wave Phenomena, Springer-Verlag, NY.

Kvasnicka, M. & Cerveny, V., 1994. Fresnel volumes and Fresnel zones in

complex laterally varying structures, J. Seism. Explor., 3, 215–230.

Kvasnicka, M. & Cerveny, V., 1996a. Analytical expressions for Fresnel

volumes and interface Fresnel zones of seismic body waves. Part 1: di-

rect and unconverted reflected waves, Stud. Geophys. Geod., 40, 136–

155.

Kvasnicka, M. & Cerveny, V., 1996b. Analytical expressions for Fresnel

volumes and interface Fresnel zones of seismic body waves. Part 2: trans-

mitted and converted waves. Head waves, Stud. Geophys. Geod., 40, 381–

397.

Lindsey, J., 1989. The Fresnel zone and its interpretative significance, The

Leading Edge, 8,(10), 33–39.

Marquering, H., Dahlen, F.A. & Nolet, G., 1999. Three-dimensional sensitiv-

ity kernels for finite-frequency traveltimes: the banana-doughnut paradox,

Geophys. J. Int., 137, 805–815.

Matsushima, K., Schimmel, H. & Wyrowski, F., 2003. Fast calculation

method for optical diffraction on tilted planes by use of the angular spec-

trum of plane waves, J. Opt. Soc. Am. A, 20,(9), 1755–1762.

Muller, G., 1985. The reflectivity method: a tutorial, J. Geophys., 58, 153–

174.

Olson, A.H., Orcutt, J.A. & Fisher, G.A., 1984. The discrete wavenum-

ber/finite element method for synthetic seismograms, Geophys. J. R. astr.

Soc., 77, 412–460.

Schleicher, J., Hubral, P., Tygel, M. & Jaya, M.S., 1997. Minimum apertures

and Fresnel zones in migration and demigration, Geophysics, 62, 183–

194.

Schmidt, H. & Jensen, F.B., 1985. A full wave solution for propaga-

tion in multilayered viscoelastic media with application to Gaussian

beam reflection at fluid-solid interfaces, J. Acoust. Soc. Am., 77, 813–

825.

Schmidt, H. & Tango, G., 1986. Efficient global matrix approach to the

computation of synthetic seismograms, Geophys. J. R. astr. Soc., 84, 331–

359.

Sheriff, R.E., 1980. Nomogram for Fresnel-zone calculation, Geophysics,

45,(5), 968–972.

Sherman, G.C., 1967. Application of the convolution theorem to Rayleigh’s

integral formulas, J. Opt. Soc. Am., 57, 546–547.

Spetzler, J. & Snieder, R., 2004. The Fresnel volume and transmitted waves:

a tutorial, Geophys. J. Int., 69,(3), 653–663.

Vasco, D.W. & Majer, E.L., 1993. Wavepath traveltime tomography, Geo-

phys. J. Int., 115, 1055–1069.

Vasco, D.W., Peterson, J.E. Jr & Majer, E.L., 1995. Beyond ray tomography:

wavepaths and Fresnel volumes, Geophysics, 60,(6), 1790–1804.

Yomogida, K., 1992. Fresnel zone inversion for lateral heterogeneities in the

earth, Pure Appl. Geophys., 138,(3), 391–406.

Zhou, Y., Dahlen, F.A., Nolet, G. & Laske, G., 2005. Finite-frequency ef-

fects in global surface-wave tomography, Geophys. J. Int., 163, 1087–

1111.

C© 2007 The Authors, GJI, 171, 841–846

Journal compilation C© 2007 RAS



 139

Theoretical and Computational Acoustics ‘07 

Michael Taroudakis and Panagiotis Papadakis (Editors) 



 140 



 141



 142 



 143



 144 



 145



 146 



 147

 



 148 

 



Geophysical Prospecting, 2005, 53, 373–397

Numerical modelling of interface scattering of seismic wavefield from

a random rough interface in an acoustic medium: comparison

between 2D and 3D cases

Wasiu Makinde,1∗ Nathalie Favretto-Cristini1 and Eric de Bazelaire2
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ABSTRACT

Seismic wavefield scattering from a statistically randomly rough interface in a

multilayered piecewise homogeneous medium is studied in 3D. The influence of

the surface roughness on the scattered wavefield is analysed numerically by using a

finite-difference operator in the acoustic domain. Since interface scattering in the real

practical sense is a 3D physical phenomenon, we show in this work that the scatter-

ing response of a randomly rough interface is not the same in 3D situations as in the

2D cases described in some earlier works. For a given interface roughness height in

3D, an interface roughness height at least three times greater is required to produce

an equivalent phase scattering effect in 2D situations, for a given correlation length

of the interface roughness scale. Based on observations from spectral analysis, we

show that scattering results principally in de-phasing and frequency band-limiting of

the incident wavefront, the frequency band-limiting properties being comparable to

cases reported in the literature for absorption and thin-layer filtering. The interface

scattering phenomenon should be critically considered when using amplitude and

phase information from seismic signal during inversion processes.

I N T R O D U C T I O N

The amplitude and phase of seismic signal are two impor-

tant parameters which are normally exploited during inver-

sion processes in reflection seismology. In order to be able

to use information from these parameters for inversion pur-

poses, it is essential that the method for modelling the sub-

surface includes all the physical phenomena that affect these

parameters. Interface scattering is one such important physi-

cal phenomenon almost overlooked in reflection seismology,

despite its considerable impact on these parameters. It is well

known that a scattering regime depends on the relationship

between the wavelength and the scale of heterogeneity. In this

work, we show that the effect of interface scattering becomes

∗Now at: Total E&P Nigeria, Trans Amadi Industrial Layout, Port-

Harcourt, Nigeria. E-mail: Wasiu.Makinde@total.com

significant when the interface roughness height attains 1/5 of

the wavelength of the incident wave (λ/5). This might result in

errors which could at times be as much as 50% in the quantita-

tive interpretation of the amplitude of reflected waves. Thus,

all inversion methods using these parameters to recover the

acoustic impedances or stratigraphy of the subsurface should

take this important phenomenon into consideration.

Interface scattering of a seismic wavefield is associated with

the spatial distributions of irregular geological contacts at the

interface between layers of the stratified earth. It is well known

that surface roughness is not an intrinsic property of a surface

but depends on the properties of the wave that is being scat-

tered (Ogilvy 1991). The scale of the interface roughness in

relation to the wavelength of the incident wave is thus crucial

in determining how energy is scattered from an interface. In

optical and radar remote sensing, surfaces with roughness of

the order of λ/10, where λ is the wavelength of the incident
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wave on the surface, are generally considered smooth. The

Rayleigh criterion (Ishimaru 1978) takes the limit or threshold

for the smoothness of a surface to be h < λ/8cosθ , where

h represents the surface height roughness (root-mean-square

(rms) height) and θ is the angle of incidence. Consequently,

if we assume a plane wave at normal incidence and use the

λ/10 criterion, then for the seismic frequency bandwidth range

(10 ≤ f ≤ 60 Hz) and the P-wave velocity range often encoun-

tered (1500 ≤ v ≤ 5000 m/s), surfaces with a roughness height

less than the values in the range between 3 m and 50 m are con-

sidered smooth in seismic reflection surveys. Most geological

surfaces are considered to be seismically ‘smooth’. Neverthe-

less, many natural occurrences are exceptions to this limit and

thus the effects of interface scattering must be taken into con-

sideration in realistic earth models.

Figure 1 Grid sampling used in the discretization of the equations

with the 3D mesh: (a) shows the cubic grids which constitute the 3D

mesh; these can be shifted in one or many directions to obtain the

staggered grid formalism of Virieux (1986). The blackened nodes are

computed at time t while the other nodes are computed at times t + 1
2 ;

(b) shows the grid node indexing employed. The pressure nodes are

represented in solid black in both cases.

Irregular interfaces could be created by the disruption of

sedimentary layers as pre- or post-depositional deformation

features. This can occur when a palaeo-relief is covered by a

more recent sedimentary layer with velocities different from

the adjacent layers, as is the case with angular unconformi-

ties. It also occurs in the case of certain mobile shale/sediment

interfaces along shale domes and salt/sediment interfaces

along salt domes and salt roofs below overhangs, often en-

countered in deltaic environments. Another important case

worth mentioning is that of volcanic eruption (basalt). Highly

rugose interfaces are the result of primary and secondary

erosion processes, of jointing due to shrinkage during cool-

ing, of vesicles due to degassing, of baking effects or of

lava filling previous topography. Furthermore, consecutive

deposition and erosion can amplify the relief up to a

hectometre scale. These interfaces are encountered in both

land and marine environments, and are known to constitute

major imaging problems. The weathered zone is a well-known

scatterer in land seismic data and it is known to be highly

spatially irregular. Interface scattering could affect the phase

and/or amplitude of the incident wavefield (Favretto-Cristini

and de Bazelaire 2003), and is detrimental to the final seis-

mic image when true/preserved amplitude imaging is being

considered.

The extent to which interface roughness affects wave

scattering behaviour has been the subject of studies in many

fields, for example, electromagnetics, ground-penetrating

radar, medicine, etc. However, the general understanding of

scattering of seismic waves from highly irregular boundaries

is limited because of theoretical and experimental difficulties

(Schultz and Toksöz 1993). The theoretical difficulty arises

from surface interactions, resulting in non-linear mathemat-

ical formulations and computationally intensive algorithms.

Experimentally, the non-linearity manifests itself as multiple

scattering. This multiple scattering is not easy to analyse in

a simple fashion because scattered waves propagate along

many complex paths. For these reasons, most earlier works

have focused on detailed investigation of very specific interface

structures, limited mostly to 2D cases and sometimes to 2.5D

configurations. For example, Kawase (1988) used bound-

ary elements to study the scattering of surface waves in a

semicircular canyon. Bouchon, Campillo and Gaffet (1989)

used discrete wavenumbers to investigate scattering of SH-

waves between layers in ‘synclines’ and ‘anticlines’. Axilrod

and Ferguson (1990) studied SH-wave scattering from a sinu-

soidal grating using various discrete wavenumber techniques.

Schultz and Toksöz (1991) used finite-differences and labo-

ratory model-tank experiments to study the scattering from

randomly distributed grooves. Schultz and Toksöz (1993)
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Figure 2 Simple three-layered earth model

used for the numerical simulations in the

3D case: (a) is a skeletal representation of

the model revealing the nature of the scatter-

ing interface in 3D; (b) shows a realization

of the 3D model with surface rms height of

40 m.

also studied the enhanced backscattering of SH-waves from

a highly irregular random interface to show that, in parallel

with what is observed in optics, enhanced backscattering re-

sults directly from multiple scattering, and its character varies

significantly as a function of impedance contrasts, incident an-

gle and rms slope of the interface. Martini and Bean (2002)

studied the effect of interface scattering from a fractal basalt

environment and applied wave-equation datuming in an at-

tempt to remove it.

Since the number of degrees of freedom required to model a

3D surface is proportional to the surface area, numerical sim-

ulation of a general 3D rough surface scattering problem is

computationally expensive (Warnick and Chew 2001). This is

the main reason why, in some earlier works, the simplification

of translationally invariant surfaces is often used to reduce the

computational cost. This, however, requires the use of earth

models that are not geologically realistic. Translationally in-

variant surfaces (for example, corrugated surfaces where the
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Figure 3 Receiver group data extracted

from 3D data cube. The data refer to compu-

tations for different surface rms height val-

ues h(x, y): (a) 0 m, (b) 10 m, (c) 20 m,

(d) 40 m, (e) 60 m and (f) 120 m, for the 3D

case. The computation with h(x, y) = 0 cor-

responds to the reference model (no phase

scattering observed).

surface roughness varies only in one direction and is invari-

ant in the other) do not occur in nature, and since interface

scattering is a 3D phenomenon, the understanding of seismic

wavefield scattering from a 3D random rough surface becomes

crucial. We present a numerical study of the interface scatter-

ing of a seismic wavefield from a 3D random rough interface

and compare the results with the corresponding 2D case. We

employ a finite-difference operator in the acoustic domain to

simulate wave propagation in a multilayered medium with a

rough random interface, generated by perturbing a plane in-

terface with a Gaussian random function. The effect of the

surface height on the properties of the seismic wavefield scat-

tered from the randomly rough interface is studied. This pro-

vides information on the way the interface scattering affects
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Figure 4 Instantaneous amplitude com-

puted by the Hilbert transform method (en-

velope) on the synthetic data shown in

Fig. 3.

the quality of the final seismic image. Comparative studies

between the 2D and the 3D cases also show that the seismic

response of random rough surfaces is not the same in 2D and

3D situations.

N U M E R I C A L A N A LY S I S

Statistical description of the interface roughness

A rough interface is usually described in terms of its deviation

from a ‘smooth’ reference surface. The shape and location of

the reference surface are chosen according to the long-range

behaviour of the surface. Essentially, two aspects of the nature

of random rough surfaces are usually considered: the spread

of the heights about the reference surface, and the variation of

these heights along the surface. Statistical methods employed

to describe rough surfaces are beyond the scope of this paper;

however, a comprehensive list of descriptive methods and their

significance can be found in Ogilvy (1991).

If the interface between two adjacent layers with differ-

ent elastic/acoustic properties is statistically rough, we can
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Figure 5 Phase spectrum computed for the

data shown in Fig. 3.

describe such an interface by the relationship,

h = ξ (r), (1)

where h represents the depth in the model, r is a 2D vector

lying in the (x, y,0)-plane, and ξ (r) is, in our case, a Gaussian

random function with zero mean and a correlation function

given by

〈

ξ (r)ξ (r′)
〉

s
= C(r − r′). (2)

The brackets 〈 . . . . 〉s indicate averaging over the realization

of the random function ξ . Although anisotropy occurs in na-

ture in such a way that geological surfaces may possess surface

azimuthal anisotropy, surfaces created by stochastic processes

are usually stationary and statistically isotropic, having statis-

tical characteristics independent of the azimuth. For the pur-

pose of our analysis, we considered a statistically isotropic 3D

random interface. Consequently, the correlation function dis-

tribution is independent of the azimuth along such a surface.
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Figure 6 The seismic response of the second interface in the models after moveout correction to flatten the events for all offset ranges. This

interface is a reflector for the reference model (a). It is a scattering interface in the other models: (b) h(x, y) = 10 m, (c) h(x, y) = 20 m,

(d) h(x, y) = 40 m, (e) h(x, y) = 60 m, (f) h(x, y) = 120 m. The reflection appears at 0.6 s for the reference model (a). For increasing surface

heights (b)–(f), the reflected event ‘disappears’ as the incident energy is gradually converted to scattered energy that is delayed on the section.

The roughness could take different values of the order of the

wavelength of the propagating seismic signal in the medium

above the scattering interface (h/λc = 0.0, 0.048, 0.096, 0.192,

0.288 and 0.576). Here, h is the rms height of the surface and

λc is the central wavelength of the propagating seismic wave.

A correlation length of 50 m was chosen to be independent of

the azimuth on the surface.

Numerical scheme

We developed a 3D centred finite-difference numerical scheme

in the acoustic domain based on the staggered grid formalism

of Virieux (1986). This involved discretization of the hyper-

bolic system of the equations expressing the conservation of

mass and hydrodynamics, by a first-order scheme at the nodes

of a 3D mesh. This mesh was composed of cubic grids shifted

by a half-mesh in one or many directions (Fig. 1a). Although

the computational grids are cubic, the grid sampling was care-

fully chosen such that the interface distribution was well sam-

pled in the three directions and was very much less than the

correlation length of the interface distribution function. This

procedure permits the computation of the pressure fields at

the nodes at the centre of each cube in the grid, and the x-, y-

and z-components of the velocity at nodes at the centre of each
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Figure 7 Computed semblance on the enve-

lope between the reference model data and

the data computed for the different surface

height roughnesses of the 3D models. This

gives a measure of the observed effect of

phase scattering. (a) h(x, y) = 0 m versus

h(x, y) = 0 m, (b) h(x, y) = 0 m versus

h(x, y) = 10 m, (c) h(x, y) = 0 m ver-

sus h(x, y) = 20 m, (d) h(x, y) = 0 m ver-

sus h(x, y) = 40 m, (e) h(x, y) = 0 m versus

h(x, y) = 60 m and (f) h(x, y) = 0 m versus

h(x, y) = 120 m.

cube face. For the purpose of our analysis, we only considered

the pressure field. To ensure the accuracy of the computed re-

sults, spurious reflections off the absorbing boundaries were

avoided by padding the computational grid with an encasing

spongy layer since these absorbing boundaries were only ap-

proximate.

The wave propagation in a 3D acoustic medium is governed

by a system consisting of the equation of conservation of mass

and the hydrodynamic equation. These equations can be writ-

ten respectively as

∂ P

∂t
(x, y, z, t) − ρ(x, y, z, t)c2(x, y, z, t)div(v(x, y, z, t))

= c2(x, y, z)g(x, y, z, t) (3)

and

ρ(x, y, z)
∂v

∂t
(x, y, z, t) − ∇ P(x, y, z, t) = f(x, y, z, t), (4)

where P is a scalar function representing the pressure and v

is the velocity vector in the medium at each point (x, y, z) in
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Table 1 Spectral characteristics of the trace, obtained from the trace

of the computed data for the 3D reference model

Parameters Input signal Interface 1 Interface 2

Frequency limits (Hz) 0–51 0–51 0–51

Carrier frequency (Hz) 20.23 20.90 20.00

Spectral eccentricity 0.300 0.272 0.271

Spectral bandwidth 44.65 44.32 44.54

Table 2 Spectral characteristics of the trace, extracted from the trace

of the computed data of the 3D scattering model for a surface height

of 40 m

Scattering

Parameters Input signal Interface 1 interface

Frequency limits (Hz) 0–51 0–51 0–49

Carrier frequency (Hz) 20.42 20.05 22.60

Spectral eccentricity 0.293 0.300 0.183

Spectral bandwidth 44.48 44.83 42.19

space at each instant t of time, ρ is the density and c is the

velocity of wave propagation at point (x, y, z) ∈ ℜ3. g and f

represent, respectively, the source term and the external force

field.

Considering that the medium is a closed system with no

external force field, the system of equations (3) and (4) gives

the following system of partial derivative equations:

∂ P

∂t
= c2ρdivv − c2g, (5)

∂vx

∂t
=

1

ρ

∂ P

∂x
,

∂vy

∂t
=

1

ρ

∂ P

∂y
,

∂vz

∂t
=

1

ρ

∂ P

∂z
. (6)

The above system of partial differential equations was dis-

cretized by employing the centred finite-difference scheme. If

we take the spatial sampling in the three Cartesian coordinates

(x, y, z) to be respectively �x, �y, �z, and i, j, k, t to be the

discretization indices on the x-, y-, z-axes and the time axis

respectively, we can write the discretized equations as follows:

P t
i, j,k = P t−1

i, j,k + �t(C2 R)i, j,k

{

1

�x

[

U
t−1/2
i+1/2, j,k − U

t−1/2
i−1/2, j,k

]

+
1

�y

[

V
t−1/2
i, j+1/2,k − V

t−1/2
i, j−1/2,k

]

+
1

�z

[

W
t−1/2
i, j,k+1/2 − W

t−1/2
i, j,k+1/2

]

}

− �tC2
i, j,kG

t−1/2
i, j,k , (7)

where Pt
i,j,k and Gt

i,j,k represent the values of p and g, re-

spectively, at the nodes i�x, j�y, k�z at instant t. Ri,j,k

and Ci,j,k represent the values ρ and c respectively at the

nodes i�x, j�y, k�z, while U
t−1/2

i−1/2,j,k
, V

t−1/2

i,j−1/2,k
, W

t−1/2

i,j,k+1/2

represent the values of vx, vy and vz respectively at the grid

nodes and are time-indexed. Figure 1(b) shows examples of

grid sampling and grid node indexing employed for the dis-

cretization of the equations.

The upper surface of the model was taken to be a zero-

displacement surface (homogeneous Dirichlet-type boundary

condition), while an absorbing condition was implemented at

the other edges. The scattering interface (also the internal in-

terfaces) was not treated with explicit boundary conditions be-

cause they are expressed in a homogeneous formulation (Kelly

et al. 1976). They were represented as changes in velocity and

density (acoustic parameters) as these quantities are expressed

in a heterogeneous formulation. The problem of multiple scat-

tering was thus implicitly addressed.

To verify the accuracy of the solution produced by the nu-

merical scheme, we benchmarked the computation on a refer-

ence model with three horizontal plane interfaces. The trav-

eltimes and amplitudes computed were compared with those

calculated theoretically and were found to agree exactly. Since

this model also serves as the reference model for the inter-

face scattering analysis, we chose the acoustic parameters to

be identical to those of the models used for the scattering

studies.

Description of the 3D and 2D models

The models used for this study are simple piecewise strati-

fied cubes consisting of three layers (Figs 2a, b) of dimensions

1000 m × 1000 m × 1000 m with interval velocities of

2000 m/s, 2500 m/s and 3200 m/s. The scattering interface

was located at the base of the second layer with a velocity of

2500 m/s. The rms height of the scattering surface had values

0 m, 10 m, 20 m, 40 m, 60 m and 120 m for the simulations. An

explosive source characterized by a first-order Ricker wavelet

was used as the input signal. Considering a seismic signal of

central frequency 12 Hz and a velocity 2500 m/s, the cen-

tral wavelength in the medium above the scattering interface

was about 208 m. Thus the scattering model with surface rms

height of 20 m corresponds to the limit of the λ/10 criterion.

The surface correlation length of 50 m was chosen with the

height distribution totally independent of azimuth, thus at-

taining a statistically isotropic surface.

The scattering surface was generated with a random func-

tion creating a point distribution that has a Gaussian prob-

ability distribution function with zero mean. The Gaus-

sian distribution was preferred rather than other types of
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Figure 8 Snapshots of wave propagation in

the 3D medium below the source at the

(x, y, 0)-plane at different time-steps for

the model with a surface height of 40 m.

The reflection from the first interface

(smooth) is at about 0.4 s (d).
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Figure 9 Snapshots of wave propagation in

the 3D medium below the source. Note the

phase change as the wavefield reaches the

scattering interface between 0.6 and 0.7 s

(c) and (d).
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Figure 10 Snapshots of wave propagation

in the 3D medium. Note that the response

becomes more random after the scattering

interface.
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Figure 11 An example of a 2D model with

a surface height of 40 m. This represents a

slice in the (x, y, 0)-plane of the 3D model

having the same surface height.

probability distribution (exponential for example) because

most natural stochastic processes are better described with a

Gaussian distribution. Moreover, the determination and com-

putation of the related statistical parameters for Gaussian

functions is relatively simple. Gaussian random deviates could

be generated by performing a Box–Muller transform opera-

tion on uniform deviates (Box and Muller 1958). The proba-

bility distribution of such a distribution is given by

�(h)d(h) =
1

√
2π

exp

(

−
h2

2σ 2

)

dh, (8)

where h = h(x, y) is the surface height distribution function.

This implies that the number of points below and above the

reference plane are equal. In such a case, the surface height
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Figure 12 Simulations on 2D models with

different rms heights. Simulations were re-

alized for surface rms heights of (a) 0 m, (b)

10 m, (c) 20 m, (d) 40 m, (e) 60 m and (f)

120 m.

function satisfies the relationship,

〈h〉s =
∫ ∞

−∞
h�(h)dh = 0, (9)

such that the rms height of the distribution equals the standard

deviation and is given by

σ 2 =
√

〈h2〉s, (10)

where σ 2 is the variance. The correlation function of such a

distribution is given by

C(r) =
〈h(r )h(r + r)〉s

σ 2
= exp

(

r2

l0

)

, (11)

where l0 is the correlation length of the distribution, r is a

scattering point away from the surface, r is the vector separat-

ing two points and h is the surface height function. The vari-

ance determines the height variation of the interface while the
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Figure 13 Instantaneous amplitude (enve-

lope) computed with the Hilbert transform

on the synthetic data from the 2D simula-

tions of Fig. 12.

correlation length determines the maximum spatial frequency,

or the lowest spatial wavelength in the surface distribution.

The spatial spectrum of the interface function is the Fourier

transform of the autocovariance function (non-normalized au-

tocorrelation function) given by


(k) =
σ 2

2π

∫

C(r)eikrdr, (12)

where k is a unit vector in the z-direction.

For each simulation, we placed a network of receivers at

the surface of the model. Since a homogeneous Dirichlet-type

boundary was implemented at the upper surface of the model,

a buried source at depth 60 m positioned at the centre was

used. This accounts for the time delay observed on the com-

puted data. The receiver spacing in the x- and y-directions

was 15 m, thus giving a network of 66 × 66 traces in both

x- and y-directions for a 1 km2 acquisition. The total simula-

tion time was 0.8 s. This configuration records the total field

in the stratified medium.

For comparative studies, we also realized equivalent 2D

models which correspond to slices at the middle of the 3D

models (in the (x,0,z)-plane) with rms heights of the surface of
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Figure 14 As Fig. 6 but for 2D simulations. Note the continuity of the events for all computed data and the relatively weak phase scattering

compared with the 3D case.

0 m, 20 m, 40 m, 60 m and 120 m. These models were used

for comparisons between the 2D and 3D situations for phase

scattering studies.

N U M E R I C A L R E S U LT S A N D D I S C U S S I O N

In this section, we present the results of the numerical simula-

tions on the 3D and 2D models, which are the solutions to the

forward scattering problem. Firstly, we analyse the results of

the 3D simulations. We then compare the 3D case with the 2D

case and finally calibrate the 2D results with the 3D results. In

our discussion, we refer to the effect of the interface scattering

phenomenon of seismic signal on the phase of the signal as

phase scattering or de-phasing. Analysis of the results of the

3D simulations is carried out on the extracted central group

of the computed 3D data cube. This is a slice in the (x, t)-plane

of the data cube. Since the 3D rugose interface employed for

the simulations is statistically isotropic, significant discrepan-

cies are not expected in the results of the computed data with

respect to azimuth.

3D case

Figures 3(a–f) obtained from the extracted receiver groups

from the centre of the simulated data cube (a slice in the (x, t)-

plane) represent the simulated pressure field in the 3D medium

where either no scattering interface (a), considered as the ref-

erence model, or a scattering interface with surface height of
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Figure 15 Stacked traces of the 3D data of

Fig. 6.

(b) 10 m, (c) 20 m, (d) 40 m, (e) 60 m or (f) 120 m occurs. For

the reference model h(x, y) = 0 m, the direct arrival and the

response of the two plane interfaces are clearly discernible at

zero-offset times of about 0.1 s, 0.4 s and 0.6 s, respectively.

Parasitic corner reflections arising from corners of boundaries

can be seen, with a very weak amplitude. These, however, do

not fundamentally affect the results as they are less than 5%

of the amplitude and within the acceptable limit. Comparison

of Fig. 3(a) (the reference model) with Figs 3(b–f) shows that

the rough interface creates a spatially random de-phasing of

the incident wavefield and that the de-phasing increases as the

surface height distribution function, h(x, y), increases from

10 m to 120 m. The principal effect of the interaction between

the random rough surface and the incident wavefield is the

transformation of a part of the incident energy into random

noise which is delayed on the section and forms the random,

incoherent part below 0.6 s. This results from the spatial con-

volution of the incident wavefield with the random function

describing the surface height distribution. According to the

Fourier theorem, if the function h(x, y) describing the inter-

face distribution is random, then the scattering pattern of the

wavefield can also be described as a random distribution (de

Coulon 1996). In general, the phase dependence or the effects

of a signal can be nullified by computing the envelope (in-

stantaneous amplitude) of the analytic signal by the Hilbert

transform of such a signal. This permits a better visualization

of the de-phasing effect on the computed data. Figure 4 shows

the computed envelope of the data for the reference model and

the models with surface heights from 10 m to 120 m, while

Fig. 5 shows the computed phase spectra. The de-phasing is

clearly evident on these plots, especially looking closely at the

response of the scattering interface. The phase scattering in-

creases with increasing surface height for a given correlation

length. The computed phase spectra of the data also corrob-

orate this observation (Fig. 5). Even for a surface height of

h(x, y) = 20 m, which corresponds to the threshold limit of

λ/10, the phase scattering can already be seen and the observed

de-phasing is not negligible (Figs 3c and 4c).
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Figure 16 Stacked traces of the 2D data of

Fig. 14. Note that the phase scattering is less

pronounced.
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Figure 17 Normalized amplitude as a func-

tion of surface height for the synthetic data

computed on the 3D (purple) and the 2D

(blue) models with different surface heights.

The amplitude reduces from unity to a min-

imum between surface heights of 40 m

and 60 m, corresponding to λ/5 and λ/4,

respectively.
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Figure 18 Ratio of the normalized ampli-

tude of 3D and 2D data as a function

of surface height. The amplitude increases

from unity to about 3.4 and then remains

constant.

To demonstrate the de-phasing effect qualitatively, we con-

centrate on the seismic response from the second interface.

This interface is a perfect reflector in the reference model and

a scattering reflector in the other models. A moveout correc-

tion was then applied to flatten the events for all the off-

set range for this interface, using exact velocity information

(Fig. 6). The reflection from this interface occurs at about

0.6 s two-way traveltime (TWT) for the reference model

(Fig. 6a). Figures 6(b–f) show the results for the models with

surface rms heights of 10 m, 20 m, 40 m, 60 m and 120 m,

respectively. The simulation on the model with a surface rms

height of 10 m was carried out to show the phase evolution

between the reference model, h(x, y) = 0, and the model with

a surface height of 20 m which corresponds in our case to

the Rayleigh threshold limit for a smooth interface. It was,

however, observed that over all the offset range, the phase

scattering is totally negligible and that there is no time delay

on the recorded signal for this height. This, however, is not

true as the surface height function increases from 20 m to

120 m (Figs 6c–f ). For this range of the surface height func-

tion, the reflection gradually disappears from 0.6 s TWT for

increasing surface height, as the incident seismic energy is con-

verted to the scattered energy that appears at a delayed time

on the section. As the surface height function increases, the

phase scattering becomes more pronounced.

To facilitate the comparison of the de-phasing effect with

the reference model in the 3D situation, we computed the sem-

blance panels on the envelopes between the reference model

and each set of computed data for the different surface heights.

The semblance coefficient on the envelope can give a mea-

sure of similarity or semblance between two panels. If the en-

velopes of two given panels are respectively E1 and E2, the sem-

blance on the envelopes can then be defined by the following

equation:

S =
(E1 + E2)2

2
(

E2
1 + E2

2

) . (13)

This quantity lies between 0.5 and 1.0. A value of 0.5 means

that there is no similarity between the two quantities being

compared, while a value of 1.0 means equality of the compared

quantities. Figure 7(a) shows the semblance on the envelope

of the reference model and itself. On this figure the semblance

coefficient is 1.0 as expected. Figures 7(b–f) show the sem-

blance on the envelope of the reference model and the other

models with surface heights of 10 m, 0–20 m, 0–40 m, 0–60 m

and 0–120 m, respectively. The upper part of each figure has

a semblance of unity as this part, comprising the direct arrival

and the response of the first interface, is identical for the refer-

ence model and all the scattering models. The lower part from

0.6 s TWT, which is a measure of the scattered energy for each

model compared with the reference model, has different sem-

blance values. This corroborates the earlier observations of

increasing phase scattering with increasing surface rms height

which is not negligible for λ/10 (i.e. for h(x, y) = 20 m). Fur-

ther results of the spectral analysis for the reference and the

scattering models are summarized in Tables 1 and 2, respec-

tively. These results show that the spectral bandwidth of the

signal is generally reduced after scattering and that the spectral

eccentricity of the signal is significantly affected. Spectral ec-

centricity is defined as the degree of symmetry or skewness of

the amplitude spectrum of a signal. For example, zero-phased
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Figure 19 Real data example from offshore Niger Delta, off the West African coast. On this stacked section, the zones in the dotted boxes are

explained in the text. The red boxes show the time windows used for the spectral analysis.

signal has a symmetrical amplitude spectrum and thus zero

spectral eccentricity.

Figures 8 , 9 and 10 show snapshots of the wave propa-

gating in the 3D medium at various time-steps in the (x, y)-

plane below the source for the model with a surface height of

40 m. The wavefield is then described at different times before

and after passing through each interface in the 3D medium.

Propagating through the first interface which is a smooth sur-

face, the wavefront remains spherical and in-phase and hence

its slice is circular (Fig. 8d). On reaching the scattering in-

terface, the wavefront loses its sphericity and its phase be-

comes affected (Fig. 9c). Passing through the scattering in-

terface, the wavefront sphericity is completely lost and the

phase now becomes random (Fig. 10). One part of the inci-

dent energy is strongly backscattered while the other part is

transmitted through the scattering interface. The transmitted

scattered wave will become further scattered in the upgoing

direction, leading to further loss of phase information. The

backscattered energy is usually stronger than the transmitted

scattered energy, with respect to the reflection. The ratio of

the transmitted to the scattered energy is a few percent; how-

ever, the ratio of the backscattered to the reflected energy is

of the order of 1. Consequently, a scattering effect will oc-

cur on a stacked section and neglecting it will lead to signifi-

cant errors in the quantitative interpretation of the reflection

amplitude.

C© 2005 European Association of Geoscientists & Engineers, Geophysical Prospecting, 53, 373–397



Numerical modelling of interface scattering 391

0

0.5

1.0

1.5

2.0

2.5

3.0

ti
m

e
 (

s
)

200 400 600 800 1000
CMP locations

Zoom 1

Figure 20 Zoom of zone A (black dotted

box in Fig. 19). Note the good signal-to-

noise ratio and the good phase fidelity of

this part of the image above the scattering

interface.

2D case

The equivalent 2D models used for the 2D simulations were

slices of the 3D models in the (x, 0, z)-plane. The acoustic

properties are thus identical to those of the 3D models. Tak-

ing the slice of the 3D model in any azimuthal direction would

not affect the result as the surface distribution is independent

of azimuth. Figure 11 shows such a model for a surface height

of 40 m. A line source was used, resulting in circular wave-

front propagation as opposed to a point source that generates

spherical wavefronts for the 3D simulations. Figures 12 and

13 represent the computed data and their computed envelopes,

respectively, while Fig. 14 describes the response of the second

interface after moveout correction with exact velocity infor-

mation. The conclusions concerning the results from the 2D

simulations are identical to the results obtained for the 3D

simulations: i.e. the phase scattering effect increases with in-

creasing surface height function.

2D versus 3D

Simulations run on the equivalent 2D models show that the

phase scattering effect observed is not the same as that in the

3D case. This can be better observed in Figs 6 and 14, which

represent the response of the scattering interfaces in both sce-

narios. On the one hand, Fig. 6, which depicts simulations on

the 3D models with surface rms heights of 0 m, 10 m, 20 m,

40 m, 60 m and 120 m, shows, with increase in surface height,

a faster attenuation of the primary arrival at 0.6 s TWT, more

pronounced scattered energy, as is evident from the generated

random noise, and a more significant delay of the coda waves,

as shown by the arrows on the figures. On the other hand,

Fig. 14, which represents the results of the 2D simulations for

the same surface height range as that of the 3D case, shows a

less pronounced attenuation of the event at 0.6 s, less random

noise and a continuation of the phase of the event. As an ex-

ample, this event completely loses its continuity at a surface

height of 40 m for the 3D case, whereas continuity is observed

for the same event up to a surface height of 120 m for the 2D

case.

Calibration of the scattered amplitude

In order to compare the effect of the 3D and 2D rough inter-

faces on the seismic section, we need to calibrate the ampli-

tude of the events in the two cases. For this procedure, only

the seismic response of the scattering surface is necessary for
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Figure 21 Zoom of zone B (blue dotted box

in Fig. 19). Transition at the scattering inter-

face.

the computations, as the direct arrival and the response of

the first interface are the same for the reference and scatter-

ing models, as shown on the semblance calculation (Fig. 7).

These extracted responses within a sufficient time window

(Figs 6 and 14) were corrected for geometrical spreading af-

ter the moveout correction, with exact velocity information.

The geometrically corrected data are stacked to obtain a sin-

gle trace for each simulation. The stacked traces for the 3D

and 2D simulations, shown respectively in Figs 15 and 16,

corroborate the earlier observations that the phase scattering

is stronger in the 3D case than in the 2D case. This is evident

from the more pronounced coda waves and time delay of the

interface response in the 3D case. The maximum amplitude on

the envelope of the analytic signal of each stacked trace was

determined and plotted as a function of the surface height

(Fig. 17) after normalization with the amplitude of the refer-

ence trace for both cases. The curve associated with the nor-

malized amplitude exhibits a Gaussian shape with decreasing

values starting from 1.0, corresponding to the normalized am-

plitude with respect to the reference model, and reaching a

minimum between surface heights of 40 m and 60 m, which

correspond approximatively to λ/5 and λ/4, respectively. This

attenuation is, however, stronger in the 3D case than in the 2D

case. The Gaussian shape of the curve is related to the statis-

tics of the surface distribution function. The ratio of the nor-

malized 3D to 2D amplitudes was also computed and plotted

versus the surface height function (Fig. 18). This curve shows

the increase in the 3D/2D normalized amplitude ratio from

unity for the reference model to a maximum of 3.4 at a sur-

face height of 40 m; the ratio of the amplitudes then becomes

constant with increasing surface height.

Consequently, for a given interface roughness height in the

3D situation, an interface roughness height of at least three

times higher is required to produce an equivalent scattering

effect in the 2D situation for a given correlation length of the

surface distribution. This interesting result has to be kept in

mind when 2D simulations of wave propagation in media with

rough interfaces are realized.

Real data example

In this section, we briefly introduce the interface scatter-

ing phenomenon encountered in real situations and its ef-

fect on the final seismic image quality. Figure 19 illustrates
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Figure 22 Zoom of zone C (red dotted box

in Fig. 19). Note the poor phase fidelity as

the events become random below the scat-

tering interface.

Table 3 Spectral characteristics of the CMP time window for CMP

range 400–600

CMP 400–600 CMP 400–600

Parameters upper lower

Frequency limits (Hz) 6.61–69.87 5.74–48.76

Carrier frequency (Hz) 38.57 26.93

Spectral eccentricity −1.06 × 10−2 1.49 × 10−2

Spectral bandwidth 63.26 43.03

Signal-to-noise ratio (dB) 17.01 2.07

a real seismic section from the offshore Niger Delta, off the

West African coast. This section was obtained in a part of

the region where gravity sliding and shale tectonics dominate

the structural styles. The interaction of the undercompacted,

overpressured, mobile shale-bodies with encasing sand-bodies

results in the creation of highly rugose interfaces between

the sand- and shale-bodies. Three zones can be identified in

Fig. 19, shown by the dotted boxes: the upper short time zone

(A), characterized by a good signal-to-noise ratio and good

phase fidelity (Fig. 20); a transitional zone (B), which also de-

scribes the limit of the rugose surface as corroborated from

well data (Fig. 21); and the lower part (C) below the rugose

Table 4 Spectral characteristics of the CMP time window for CMP

range 1200–1400

CMP 1200–1400 CMP 1200–1400

Parameters upper lower

Frequency limits (Hz) 6.60–77.11 5.70–52.36

Carrier frequency (Hz) 42.07 29.67

Spectral eccentricity −6.13 × 10−3 −2.75 × 10−2

Spectral bandwidth 70.51 46.65

Signal-to-noise ratio (dB) 18.76 −1.59

interface, which is generally characterized by very poor signal-

to-noise ratio (Fig. 22). A signal-to-noise-ratio interface scat-

tering effect dominates below the transition. It randomizes the

phase of the signal and converts part of the incident seismic

energy into random noise, which eventually masks the reflec-

tions from the underlying reflectors. Spectral analysis was car-

ried out at three different CMP time windows each spanning

200 CMPs along the stacked section. Different time windows

were used at locations above and below the sand/shale in-

terface. The signal-to-noise ratio within these windows was

also evaluated. Tables 3, 4 and 5 summarize the results of the

spectral analysis for the CMP time windows. The frequency
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Figure 23 Spectral analysis of the real data: (a) spectra of the upper (red) and the lower (green) windows of CMP range 400–600 shown in

Fig. 19. Note the reduction in the high-frequency content across the scattering interface; (b) spectra of the signal (black) and noise (red) in the

upper window and (c) in the lower window. Note the considerable increase in the noise in the lower window.

Table 5 Spectral characteristics of the CMP time window for CMP

range 1800–2000

CMP 1800–2000 CMP 1800–2000

Parameters upper lower

Frequency limits (Hz) 6.56–76.30 5.74–53.73

Carrier frequency (Hz) 42.53 31.82

Spectral eccentricity −3.13 × 10−2 −8.73 × 10−2

Spectral bandwidth 69.73 47.98

Signal-to-noise ratio (dB) 19.95 −3.79

bandwidth was reduced from 63 Hz to 43 Hz for CMP range

400–600, from 71 Hz to 47 Hz for CMP range 1200–1400 and

from 70 Hz to 48 Hz for CMP range 1800–2000, representing

a reduction of between 40 and 48%. The lower frequencies

in the frequency range do not change significantly between

the time windows for each CMP range, whereas the higher

frequencies are reduced, denoting the attenuation of the high

frequencies as the wave passes through the scattering interface.

These time windows are shown as red boxes in Fig. 19. The re-

sults of the spectral analysis are illustrated graphically in Figs

23 , 24 and 25 for CMPs 400–600, 1200–1400 and 1800–

2000, respectively. These figures show the computed spectra

of the upper time window (above the interface) and the lower

time window (below the interface), together with the spectra

of the signal and the noise. Noise is defined as the part of the

signal that is not laterally correlated. The determination of this

non-laterally correlated signal can be obtained by aligning the

traces and determining the maxima of their intercorrelations.

The average of the intercorrelation gives the signal while the

average of the autocorrelation will give the signal and noise.

The noise can then be obtained by subtracting the average of

the intercorrelations from that of the autocorrelations. In gen-

eral, the signal-to-noise ratio is drastically reduced between

the time windows for all the CMP time windows as shown

in Tables 3 , 4 and 5. High-frequency attenuation of seismic

waves has earlier been identified and attributed to propagation

effects, for example, due to absorption and thin-layer filtering

(O’Doherty and Anstey 1971). It has also been shown to be

progressive and global in such a case. In the case of a rugose in-

terface, the observed attenuation is local and severe, occurring
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Figure 24 Spectral analysis of the real data: (a) spectra of the upper (red) and the lower (green) windows of CMP range 1200–1400 shown in

Fig. 19; (b) spectra of the signal (black) and noise (red) in the upper window and (c) in the lower window. Note the total contamination of the

signal by the noise in the lower window.

when the wavefield passes through the interface. This could

be attributed to the multiple scattering effect, a mechanism

by which the wavefield loses its high-frequency content as it

is multiply scattered by the surface. Wavelengths shorter than

or within the range of the surface height are mostly affected.

Preservation of the lower and upper limits of the frequency

spectrum (high and low frequency contents) is necessary for

distinguishing the details on a seismic image. The loss of high-

frequency content thus results in the loss of fine detail on a

seismic image.

C O N C L U S I O N

The main objective of this work was to investigate the effect

of the interface scattering phenomenon on the seismic wave-

field. Many previous studies carried out on different aspects

of the problem have been restricted to 2D or 2.5D situations.

Because interface scattering is a 3D phenomenon, we study

the wave scattering from a randomly rough interface in a 3D

configuration.

Using a finite-difference scheme in a 3D acoustic domain,

we have described the effect of a random rough interface on

the incident wavefield. In particular, we have shown that the

interface scattering phenomenon results in the conversion of

a part of the incident energy into scattered energy which is

manifested as random noise, generally delayed after the re-

flected energy. We have also demonstrated that this effect in-

creases with increasing surface height and becomes significant

when the surface height attains 1/5 to 1/4 of the wavelength

of the incident wave for a given correlation length. This phase

scattering results from the spatial convolution of the incident

wavefield with the function describing the surface height dis-

tribution. Consequently, the interface scattering response is

not the same in 2D situations as in 3D situations; it is stronger

in 3D. We have shown that surface heights that are approxi-

mately three times higher in the 2D case than in the 3D case

are required to produce an almost equivalent scattering de-

phasing effect of the wavefield in the 2D and 3D situations.

Consequently, the restriction of studies to 2D or 2.5D config-

urations results in the use of models that are not geologically
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Figure 25 Spectral analysis of the real data: (a) spectra of the upper (red) and the lower (green) windows of CMP range 1800–2000 shown in

Fig. 19; (b) spectra of the signal (black) and noise (red) in the upper window and (c) in the lower window. Note the total contamination of the

signal by the noise in the lower window.

realistic and in an inappropriate modelling of the interface

scattering phenomenon.

On real data, we have shown that seismic events resulting

from interface scattering generally lose their high-frequency

content due to multiple scattering, and hence contain more

lower frequencies than reflected events. Finally, we have

shown that the ratio of the backscattered energy to the re-

flected energy is high, which implies that an interface scat-

tering effect will always be present on a stacked section in

complex regions where rugose interfaces are present. Inter-

face scattering of seismic wavefields occurs in nature in the

presence of rugose interfaces with surface roughness heights

of the order of the incident wavelength (order of metres). Its

effect on the final seismic image is not always negligible in

3D as is often assumed, even when the surface heights are

of the order of 1/10 of the incident wavefield. Consequently,

this phenomenon should be critically considered when using

phase information for inversion purposes, especially in geolog-

ical settings where rugose surfaces are present. The interface

scattering effect will be present on stacked sections but the de-

phasing will be proportional to the scattering surface height.
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WAVE SCATTERING BY A PERIODIC ARRAY

OF IN-PLANE CRACKS AT THE INTERFACE

BETWEEN DISSIMILAR MEDIA

Nathalie Favretto-Cristini

Abstract. We investigate analytically the behaviour of time-harmonic elastic waves in the
neighbourhood of a plane interface between dissimilar elastic media, where a periodic ar-
ray of in-plane cracks exists. Waves incident on such a boundary excite a lot of propagating
and evanescent scattered waves, and the incident energy is subjected to a complicated pro-
cess of redistribution. The aim of the work is to quantify the amount of incident wave en-
ergy partitioned among the propagating scattered waves. The scattered fields are expressed
in terms of Fourier series with coefficients depending on Legendre functions. Energies
associated with the scattered waves are evaluated as a function of the incidence angle, and
results are presented for three different distributions of the cracks at the interface. We
show that the amount of the reflected wave energy and the amount of the diffracted wave
energy increase with increasing percentage of cracks at the interface. We also suggest that,
contrary to the case of an interface between identical media, the energy conservation law
cannot be applied in the work presented here since phenomena associated with interface
wave scattering are not taken into account.

§1. Introduction

Intensive studies have addressed the problem of elastic wave scattering by a periodic array of
cracks because of its conceptual and practical importance in non destructive testing of materi-
als, for example. Angel and Achenbach [1] have presented an exact analysis of the reflection
of elastic waves by a planar array of periodically spaced cracks of equal lengths. By the use
of Fourier series techniques, the mixed-boundary value problem for a typical strip is reduced
to a singular integral equation of the 1st kind for the dislocation density across the crack faces.
The equation is then solved numerically. The exact results are, however, rather complicated.
The applicability of an approximate solution to the exact problem was investigated in numer-
ous papers (see ref. [2] and the excellent review given there), in which the array of cracks
are generally replaced by a layer of massless springs. The interface stiffnesses are chosen so
that the spring layer produces the same static displacements as the array of cracks, when the
elastic medium is subjected to distant uniform tension. Angel and Achenbach [3] have consid-
ered this quasi-static model as a low-frequency limit of the exact solution. In this case, only
one specular reflected wave has to be taken into account at some distance from the plane of
cracks. However, as the ratio of incident wavelength-to-array period decreases, the quasi-static
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model becomes invalid, since more and more propagating reflected waves which travel into
off-specular directions are generated by the secondary sources (i.e., cracks) at the interface.

Recently, Danicki has studied this problem from a very particular point of view [4, 5]. To
solve the problem of wave scattering by a periodic array of cracks, the BIS method [6] has been
applied. The method exploits some properties of Fourier series with coefficients expressed by
Legendre functions. Three features make the use of Legendre functions particularly well-suited
for modeling elastic wave fields by a periodic array of cracks. First, the series are periodic, as
required by Floquet’s theorem. Moreover, the identities concerning Legendre functions satisfy
implicitly the mixed-boundary conditions. Finally, they also exhibit square-root singularity, in
correspondence with the singularity of the wavefields at the crack edges. The solution to the
wave-scattering problem can thus be obtained efficiently in an analytical way.

In the present paper, using the fundamentals of the BIS method, we investigate the compli-
cated process of redistribution of the incident energy (associated either with a compressional
wave, called a P-wave, or with a transverse wave, called a S-wave), as a function of the inci-
dence angle, among the propagating scattered waves in the vicinity of a solid/solid interface
with air (or gas)-filled cracks. For the sake of brevity, the influence of the characteristics of
the crack array and the influence of the properties of the incident wave are shown. Numerical
results, presented here for applications of geophysical interest [7], viz. the interface between
chalk and granite, concern only the incident P-wave.

§2. Description of the configuration and formulation of the problem

We investigate the scattering of time-harmonic elastic waves by a periodic array of cracks at the
boundary between two dissimilar media. The media are assumed to be homogeneous, isotropic,
and perfectly elastic half-spaces, with mass densityρ, P-wave velocityCP and S-wave velocity
CS. We refer to the upper medium (x2 < 0) as solid B and to the lower medium (x2 > 0) as
solid A. The cracks lie in the planex2 = 0 and extend to infinity in the direction perpendicular
to the (x1 − x2) plane. The excitation being assumed to be independent of thex3-direction,
the problem is a two-dimensional one. The period of the crack array isΛ; K = 2π

Λ
denotes

the spatial wavenumber. The regions of perfect bonding between the elastic half-spaces are2w
wide.

We consider a time-harmonic plane wave, characterized by the wavelengthλinc, and angular
frequencyω, that propagates in the solid B and hits the interface under the incidence angleαinc,
with respect to the normal to the interface. The associated incident particle displacement vector
Uinc in the solid B can be written as:

Uinc(x1, x2; t) = uinc(x1, x2) exp (−jqincx2) exp (−jpincx1) exp (jωt) (1)

whereuinc = (sinαinc, cosαinc) is the unit propagation vector of the incident P-wave,
or uinc = (cosαinc,− sinαinc) is the unit propagation vector of the incident S-wave, and
kinc = (pinc, qinc) = kB

P,S the incident P- or S-wavevector. The amplitude of the incident
displacement vector is assumed to be unity. At the interface, the incident displacement vector
Uinc and the traction-force vectorTinc are related by:

Uinc = G
′

inc
Tinc (2)
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where the matrixG′

inc
, given below, is defined from the known equations of motion [8], in

which absence of body forces is assumed:

Tij,j + ρω2 Ui = 0 (3)

,j denotes partial differentiation with respect toxj.
After hitting the cracked interface, the incident wave excites a lot of diffracted waves that

propagate in different directions. At the interface, the full wavefield (particle displacement
vectorUA,B

tot
and traction-force vectorTA,B

tot
) in each medium, governed by equations of motion

3, is expressed in the form:
{

UA

tot
= UA

diff

TA

tot
= TA

diff

and

{

UB

tot
= Uinc +UB

diff

TB

tot
= Tinc +TB

diff

U
A,B
diff

andTA,B
diff

characterize the diffracted fields in the solids A and B. At the interface,
they are formulated as an infinite series of Bloch waves, as required by Floquet’s theorem [8]:

[

U
A,B
diff

T
A,B
diff

]

=
+∞
∑

n=−∞

[

UA,B
n

TA,B
n

]

exp (−jpnx1) exp (jωt) (4)

wherepn = pinc + nK (0 < pinc < K) is the Bloch wavenumber and n the diffraction
order. The zeroth-diffracted waves correspond to classical reflections and transmissions, while
thenth-diffracted waves (with n different from zero) correspond to off-specular reflections and
transmissions induced by the secondary sources at the interface (i.e., by the periodic array of
cracks).pinc is the horizontal wavenumber common to all waves of diffraction order zero. The
scattered far-field consists of a superposition of a finite number of propagating P- and S-wave

components, with the general formexp (−jpnx1) exp
(

±j
(

qA,B
P,S

)

n
x2

)

exp (jωt). In order

to satisfy the radiation conditions by the wavefield in the half-spaces, the values of
(

qA,B
P,S

)

n
are

chosen following the rule
(

qA,B
P,S

)

n
=

[

(

kA,B
P,S

)2

− p2n

]
1

2

= −j

[

p2n −
(

kA,B
P,S

)2
]

1

2

, with P- and

S-wavenumberskA,B
P,S .

We consider the coefficientsUA,B
n

andTA,B
n

of eq.4 as the fundamental quantities to be
determined. At the interface, these coefficients are related by:

UA,B
n

= G
A,B
n TA,B

n
(5)

where the matricesGA,B
n are defined from the equations of motion 3:

GA
n
=

j

µADA

⎡

⎣

(

kA
S

)2 (

qAS
)

n
pn

(

(

kA
S

)2
− 2p2n − 2

(

qAP
)

n

(

qAS
)

n

)

−pn

(

(

kA
S

)2
− 2p2n − 2

(

qAP
)

n

(

qAS
)

n

)

(

kA
S

)2 (

qAP
)

n

⎤

⎦

GB
n
= −tG

′

n

µA = ρA
(

CA
S

)2
is the Lame coefficient of solid A, andDA =

[

(

kA
S

)2
− 2p2n

]2

+4p2n
(

qAP
)

n

(

qAS
)

n

is the known characteristic equation of the Rayleigh wave propagating at the free surface of
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solid A [8]. tG
′

n
is transposed toG′

n
. G′

n
, and alsoG′

inc
, is similar toGA

n
calculated using the

properties of solid B.
In this paper, we investigate wave scattering by a periodic array of thin air-filled cracks at the

boundary between two welded elastic half-spaces. The resulting mixed-boundary conditions,
satisfied by the full-wavefields atx2 = 0, are thus:

{

TA

tot
= TB

tot

∆U = UA

tot
−UB

tot
= 0

between cracks, (6)

TA

tot
= TB

tot
= 0 on cracks, (7)

where the function∆U denotes the particle displacement discontinuity at the interface. In
order to simplify these expressions, we introduce the auxiliary functionV (x1) [4]:

V (x1) =
∂

∂x1

(∆U (x1)) =
+∞
∑

n=−∞

Vn exp (−jpnx1) exp (jωt)

where

Vn = gn TA

n
− ginc Tincδn0

⎧

⎨

⎩

gn = −jpn

[

GA
n
+t G

′

n

]

ginc = −jpinc

[

G
′

inc
+t G

′

inc

]

(8)

It has to be noted that the functionV (x1) determines∆U (x1) within a constant. The
boundary conditions 6 and 7 can then be reformulated, just for one period of the crack array,
as:

between cracks, i.e. ∀x1 | |x1| < w,

{

V (x1) = 0

∆U (x1 = 0) = 0
(9)

on cracks, i.e. ∀x1 |

{

−Λ + w < x1 < −w
w < x1 < Λ− w

, TA

tot
= 0 (10)

§3. Reformulation of the problem and solution

An efficient way of solving such a problem can be found in [4]. Nevertheless, as the objectives
of our work are completely different from those described in the paper, we need to derive
equations for the case of a periodic array of cracks at the interface between two different elastic
media. We then adapted the original work to our configuration. Refering the reader for details
to the original paper [4], we write down only the most relevant equations that are necessary for
the comprehension of our work.

Refering to some interesting properties of the Legendre functionsPν of the 1st-kind and
degreeν involved in Fourier series [6, 9], we note that the periodicity of the problem, the
exhibition of the square-root singularities at the crack edges, and the boundary conditions 10
and 9 are automatically satisfied if the functionsVn andTA

n
are searched in the general form:
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TA

n
=

M2
∑

m=M1

tm Pn−m (cos∆) (11)

Vn =

M2
∑

m=M1

Sn−m vm Pn−m (cos∆) (12)

whereSν =

∣

∣

∣

∣

1 (ν ≥ 0)
−1 (ν < 0)

(ν ∈ Z). The variable∆ = K w = π 2w
Λ

describes the

relative width of perfect contact between cracks. The summation limitsM1 andM2 over m are
supposed to be large but finite.

Substitution ofTA

n
andVn in 8 by their representation 11 and 12 leads to:

∀n ∈ ]−∞, +∞[ ,

M2
∑

m=M1

Sn−m vmPn−m (cos∆) = gn

M2
∑

m=M1

tmPn−m (cos∆)−ginc Tincδn0

(13)
In order to reduce the number of unknowns in the problem, a relation betweenvm andtm

is established from 13 following the same rule as that explained in [4]:
{

∀n � 0, ∀m ∈ [M1, M2] vm = g∞ tm
∀n < 0, ∀m ∈ [M1, M2] vm = tg∞ tm

(14)

whereg∞ andtg∞ are the asymptotic limits of the matrixgn, such that:

{

∀n ∈ ]−∞, N1[ , pn < −p∞, lim
n→−∞

gn (pn) = Spn
tg∞

∀n ∈ ]N2, +∞[ , pn > p∞, lim
n→+∞

gn (pn) = Spng∞

(15)

with

g∞ =
1

2ω2

⎡

⎣

j
(

XA

(

kA
S

)2
+XB

(

kB
S

)2
) (

XA

(

kA
P

)2
− XB

(

kB
P

)2
)

−
(

XA

(

kA
P

)2
− XB

(

kB
P

)2
)

j
(

XA

(

kA
S

)2
+XB

(

kB
S

)2
)

⎤

⎦

andXA,B =

(

kA,B
S

)2

ρA,B

(

(

kA,B
S

)2

−
(

kA,B
P

)2
) . N1 < 0, N2 > 0, andp∞ are sufficiently large.

For an interface between two elastic media with different properties, we can note that the
asymptotic limits ofgn are quite different from the asymptotic limit determined for an interface
between identical media and reported in [4]. From the approximation 14, it follows that 13 can
be rewritten only in terms of the unknownstm (Tinc being known from 2):

∀n ∈ [N1, 0[ ,

M2
∑

m=M1

(Sn−m
tg∞ − gn) tm Pn−m (cos∆) = 0

∀n ∈ [0, N2] ,

M2
∑

m=M1

(Sn−m g∞ − gn) tm Pn−m (cos∆) = −ginc Tincδn0

(16)
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Eqs.16 express implicitly the boundary condition 10 and the first relation of the boundary
condition 9. After some algebric manipulations, the second relation of the boundary condition
9 can be written forr �= 0 and n fixed arbitrarily (here, n=0), with help of Dougall’s expansion
[9] and eq.14, in the form:

M2
∑

m=M1

(−1)m g∞ tm P
−m−

pinc
K

(− cos∆) = 0 (17)

Further analysis shows that the summation limitsM1 andM2 over m can be defined as (see
discussion in [4] and in the references given there):M1 = N1 ≤ 0 andM2 = N2 + 1 > 0.

Solving the scattering problem and recovering the diffracted wavefields in media then re-
quire to find a nontrivial solution to the linear system of[N2 −N1 + 2] equations (i.e. eqs.16
and 17) on[N2 −N1 + 2] unknowns (i.e.tm). The summation limitsN1 andN2 over n are
dependent on the degree of accuracy that is judiciously chosen for the approximations 15 of
the matrixgn, and also on the physical behaviour of the cracked interface. In particular, all the
propagating diffraction orders must be taken into account.

§4. Evaluation of the scattered energy

Since we are mainly interested in the redistribution of the incident wave energy among the
propagating diffracted waves, we introduce the time-averaged energy fluxΠ in thex2-direction
for each diffraction order n and for the incident wave [8]:

(
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n

)

x2

= −1

2
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[(
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)

21

(

jω
(
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n

)

1

)

∗
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(
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22

(
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(
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n
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∗
]

(ΠP,Sinc)x2
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2
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[

(TP,Sinc)21

(

jω UP,Sinc
1

)

∗

+ (TP,Sinc)22

(

jω UP,Sinc
2

)

∗
] (18)

where the asterisk denotes complex-conjugate quantities andℜ (x) the real part of x. The
displacement vectorUA,B

n
and the traction force vectorTA,B

n
are defined from the solution to

the system of equations described in the previous section and from eq.5, whileUP,Sinc and
TP,Sinc are expressed from eqs 1 and 2. On the strength of eqs 18 and 5, the energy associated
with the propagating nth-diffracted P- and S-waves can be defined in the vicinity of the cracked
interface by:
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where the variables
(
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n
are expressed as a function of the traction force vector com-

ponents [7]:
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Since both media are lossless, we suppose that the energy flux interferences between the
different diffraction orders can be neglected [10], and that the diffracted and incident fields then
satisfy the following energy conservation law:

1 +

∑

n

(

ΠB

n

)

x2

(ΠP,Sinc)x2

−

∑

n

(

ΠA

n

)

x2

(ΠP,Sinc)x2

= 0 (19)

where all summations are to be carried out over the collection of the pertaining propagating
orders.

Figure 1 illustrates the changes in the ratio

∣

∣

∣

∣

(ΠA,B

P,S )
n

x2

(ΠP,Sinc)
x2

∣

∣

∣

∣

, associated with the different

diffraction orders in the chalk and granite materials, as a function of the incidence angleαinc as-
sociated only with the incident P-wave. The properties of the materials are:ρB = 1180kg/m3,
CPB = 2670 m/s, andCSB = 1120 m/s for chalk,ρA = 2700 kg/m3, CPA = 6440 m/s,
andCSA = 3170m/s for granite. The computations were carried out for three different crack
distributions at the interface: 1% of cracks (i.e.2w/Λ = 0.99) which represents the case
of a quasi-perfectly welded interface; 50% of cracks (i.e.2w/Λ = 0.5); 75% of cracks (i.e.
2w/Λ = 0.25). The incident P-wavelengthλinc in chalk was chosen to be greater than the
spatial wavelengthΛ of the crack distribution at the interface (Λ = 1

3
λinc). In this case, only

one diffracted S-wave of order -1 is propagative in chalk, and only for the incidence angles
αinc greater than 38. The critical incident angle, at which the P-wave (respectively, S-wave)
transmitted in granite becomes an inhomogeneous wave whose amplitude decays exponentially
with distance away from the interface, isαinc = 24.5 deg. (respectively,αinc = 57.4 deg.). For
solving the scattering problem, we chose the summation limitsN1 andN2 over n such that
N1 = −10 andN2 = 10 (all the propagating orders are taken into account in the calculations
and the relations 15 are well satisfied). Figure 1 shows that the amount of S-diffracted energy,
and also the amount of P-reflected energy, increase with increasing percentage of cracks at the
interface. Consequently, neglecting the diffracted waves arising from the crack array at the
interface leads to local underestimation of the actual amplitude of the reflected P-waves.

The most striking result is illustrated in Figure 2 which represents the computation of the
first member of eq.19 as a function of the incidence angleαinc. We can note that the energy
conservation law is not satisfied for the different crack distributions (except for the case of
1% of cracks which is not shown here for the sake of brevity), contrary to the case of an
interface between identical media [4]. One explanation to this striking result could be that the
energy flux interferences cannot be neglected in such a configuration because, although the
media in contact are elastic, the interface is laterally heterogeneous and not uniformly welded.
Another explanation could be provided by analogy with studies in Non Destructive testing or
in Acoustics. The spatial distribution of the welded contact areas and cracks at the interface
can be viewed as a comb transducer which is commonly used for excitation and detection of
surface waves. A part of the incident P-wave energy can be transferred to an interface wave
(IW) which propagates along the interface between dissimilar elastic media. The IW can then
be scattered by the crack distribution and recombined coherently into P-waves propagating in
the bulk media. The part of the energy associated to the SW transferred to the bulk waves must
then be taken into account in the energy conservation law 19, which will be done in future
works.
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§5. Conclusion

In the present paper, we have investigated the behaviour of time-harmonic elastic waves in the
neighbourhood of a plane interface between dissimilar elastic media, where a periodic array of
in-plane air-filled cracks exists. The aim of the work was to quantify the amount of incident
wave energy distributed among the propagating scattered waves. The wave-scattering problem
was formulated making use of the fundamentals of the theory recently developed by Danicki.
Although in essence his method remains valid, the periodic array of cracks at the boundary
between dissimilar media needed reformulation of the problem. The scattered fields were ex-
pressed in terms of Fourier series with coefficients depending on Legendre functions. Energies
associated with the scattered waves of zeroth- and minus-first-diffraction order have been eval-
uated as a function of the incidence angle and for different crack distributions at the interface.
We have shown that the amount of P-reflected energy (associated with zeroth-diffraction order)
and the amount of S-reflected energy (associated with minus-first-diffraction order) increase
with increasing percentage of cracks at the interface. As a result, neglecting the crack array
leads to local underestimation of the actual amplitude of the reflected P-waves. We also sug-
gest that, contrary to the case of an interface between identical media, the energy conservation
law cannot be applied in this work since phenomena associated with interface wave scattering
are not taken into account.
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Figure 1: Energy associated with the different diffraction orders in the chalk and granite materials as a
function of the incidence angle and for different crack distributions at the interface (1% of cracks (top

left), 50% of cracks (top right), 75% of cracks (bottom left)).
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Figure 2: Computation of the first member of eq.19 as a function of the incidence angle and for two
crack distributions at the interface chalk/granite (50% of cracks (left), 75% of cracks (right)).
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We present a review of wave propagation at the surface of anisotropic media (crystal symmetries). The

physics for media of cubic and hexagonal symmetries has been extensively studied based on analytical

and semi-analytical methods. However, some controversies regarding surfaces waves and the use of dif-

ferent notations for the same modes require a review of the research done and a clarification of the ter-

minology. In a companion paper we obtain the full-wave solution for the wave propagation at the surface

of media with arbitrary symmetry (including cubic and hexagonal symmetries) using two spectral

numerical modeling algorithms.
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1. Introduction

The problem of surface wave (also called surface acoustic wave –

SAW) propagation in anisotropic media has been studied for

many decades. It is of interest in acoustics of materials, e.g., non-

destructive testing of materials, where the anisotropic elastic prop-

erties of thin coatings or media containing subsurface cracks may

be evaluated from measurements of the characteristics of laser-

generated SAW [1–6], in exploration geophysics [7–9], and in seis-

mology [10–13].

A homogeneous isotropic elastic half-space can accommodate

three types of bulk waves: the P, SV and SH waves, whose polari-

zation vector is either parallel (for the P-wave) or perpendicular

(for the two S-waves) to the slowness vector. The polarization of

the S-waves with respect to the free surface of the half-space is

either vertical (for the SV-wave) or horizontal (for the SH wave).

Only the P-wave and the SV-wave may be coupled at the flat free
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surface of homogeneous isotropic elastic solids. A Rayleigh-type

SAW resulting from the linear combination of the inhomogeneous

P- and S-waves then travels along the free boundary of an isotropic

half-space. It propagates without dispersion with a constant veloc-

ity close to the S-wave velocity of the medium [14,15]. The energy

carried by this SAW, whose polarization is elliptical in the sagittal

plane, is concentrated in a one-wavelength-thick waveguide just

below the free surface [16]. A point source radiates, in addition

to the P, S and Rayleigh wavefronts, an S head wave that connects

the P and S-waves [17,18].

In the presence of anisotropy, wave propagation presents sub-

stantial differences compared to the isotropic case. The polariza-

tion vector of the three bulk waves is not necessarily parallel nor

normal to the slowness vector. Except for specific propagation

directions, the ‘‘quasi’’ P- and the two ‘‘quasi’’ S-waves may be cou-

pled at the boundary of the elastic half-space and, contrary to the

isotropic case, the SAW in anisotropic media may then result from

the linear combination of three or two inhomogeneous bulk waves,

or even from only one inhomogeneous bulk wave. The anisotropic

behavior of the medium therefore considerably modifies the exis-

tence and the structure of the SAW that propagates at the free sur-

face of the medium. The most striking change is that an anisotropic

half-space, contrary to the isotropic case, can accommodate vari-

ous supersonic SAWs (i.e., SAWs with at least one homogeneous

bulk wave component), as will be shown below. Moreover, the

properties of the SAW are mainly constrained by the orientation

of the free surface and by the direction of propagation.

Anisotropy therefore induces considerable difficulties in analyt-

ically and explicitly studying wave propagation. Attempts to derive

explicit secular equations have been reported in [19–27], but most

of the methods used are only applicable to specific anisotropic

media with a high level of symmetry and may have spurious roots

that must be carefully analyzed and suppressed. Few problems in

elastodynamics have a closed-form analytical solution and some

can be investigated with semi-analytical methods, but often one

cannot be sure if these methods give reliable solutions. Being able

to accurately simulate wave propagation numerically is therefore

essential in a wide range of fields, including ultrasonics, earth-

quake seismology and seismic prospecting where the systems gen-

erally possess anisotropic properties, described, in their most

general form, by 21 elastic coefficients and by the mass density

of the material.

In the following sections we review many aspects of harmonic

and transient wave propagation in anisotropic media. In a compan-

ion paper [28] we use two full-wave numerical methods to solve

the problem without any approximation regarding the type of

symmetry nor the orientation of the free surface.

2. Harmonic fields

A survey of the extensive literature shows that most theoretical

and experimental studies on SAW propagation in anisotropic solids

have been conducted in the frequency domain, which allows a dee-

per understanding of the physical phenomena involved. Unfortu-

nately the various surface waves are often given different names

in different articles for the same kind of waves. In Appendix A

we therefore review the different surface waves that can be pres-

ent in anisotropic media, and the results obtained in previous

works.

To our knowledge, SAWs in an anisotropic half-space were first

studied by Sveklo [29], Stoneley [30], Gold [31], Deresiewicz and

Mindlin [32], and Synge [33], followed by Gazis et al. [34],

Buchwald [35] and Buchwald and Davies [36]. After deriving a

complex secular equation and solving it by discarding some valid

solutions, such as those associated with the generalized Rayleigh

wave for instance (see more comments in Burridge [37] and Mus-

grave [38]), most of the authors concluded incorrectly that SAWs

could travel either only in discrete directions, or in some well-

defined regions, along symmetry planes of certain cubic materials.

Later, Lim and Farnell [39] made extensive numerical computa-

tions and could not find the previously reported range of ‘‘forbid-

den’’ directions of SAW propagation along symmetry as well as

non-symmetry planes of various crystals. This result was also con-

firmed by the thorough mathematical analysis of the complex sec-

ular equation presented in Burridge [37]. Moreover, Lim and

Farnell [39,40] studied numerically the range of existence and

the behavior of the various waves that can propagate at the free

surface of cubic crystals. By analyzing the roots of the secular equa-

tion in the complex plane, they deduced the velocity, attenuation,

displacement, and energy flow of the large variety of ‘‘surface

waves’’ for any direction of propagation at the (001), (110), and

(111) planes of cubic media. The review of Farnell [41] is an excel-

lent concise survey of harmonic propagation of SAWs at the free

surface of cubic media.

These results obtained based on computer studies have been

strengthened by theoretical foundations making use of the so-

called ‘‘sextic’’ formalism. This approach, now known as the Stroh

formalism, stems from the analogy between elastic fields created

by uniformly moving line dislocations and surface-wave propaga-

tion, initially recognized by Stroh [42], and subsequently extended

by many researchers, including Barnett, Lothe and their collabora-

tors [43–45]. By expressing the equation of motion and the

stress–strain law as a linear system of six first-order ordinary differ-

ential equations with respect to the six-dimensional polarization–

traction vector, the sextic state-vector formalism reformulates the

SAW problem into a standard eigenvalue problem [46,47]. The six

eigenvectors represent six inhomogeneous waves. The three eigen-

vectors that are associated with physical solutions are directly re-

lated to the waves whose linear combination results in SAW

solutions (see Barnett [48] for a concise description of the Stroh

formalism for steady waves). Under the framework of the Stroh

formalism, the criteria for the existence of the different kinds of

waves that can propagate at the free surface of an anisotropic elas-

tic half-space have been thoroughly discussed in many articles, and

general theorems have been established.

Limiting bulk waves (LBW) are waves propagating along the sur-

face of an anisotropic half-space with threshold velocities, namely

the so-called limiting velocities. These waves exist for any crystal-

lographic orientation, and their velocity can easily be determined

geometrically from the analysis of the cross-section of the slow-

ness surfaces of the three bulk waves at the sagittal plane. The suc-

cessive limiting velocities are given by the tangential contact

between the slowness branches and the normal to the free surface.

The limiting velocities are therefore the lowest velocities for bulk

wave propagation and the LBWs carry energy along the surface

[49]. In an isotropic medium the velocity of the slowest LBW is just

the S-wave velocity. The velocity Vlim of the slowest LBW plays a

key role in the general theory of SAW propagation in anisotropic

media, as it constitutes the transition between the subsonic region,

where wave velocities V are smaller than Vlim and the eigenvalues

of the SAW problem are three pairs of complex conjugates, and the

supersonic region where wave velocities V are higher than Vlim. At

the limit Vlim, called the first transonic state [48], one of the conju-

gate pairs coalesces into one degenerate eigenvalue that in the

supersonic region splits into a pair of different real eigenvalues.

The exceptional limiting bulk waves (EBW), also improperly

called the exceptional bulk waves (see Appendix A), also play a cen-

tral role, as will be shown below. Such waves are in fact particular

LBWs whose polarization vector always lies in the plane that

bounds the anisotropic medium, and which satisfy the boundary

conditions at the surface of the anisotropic half-space. In that
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sense, they are similar to the so-called surface skimming bulk wave
in isotropic half-spaces [48,50,51], the SH wave being a particular

example of such a surface skimming bulk wave, and then a partic-

ular case of EBW. Nevertheless, contrary to the isotropic case,

EBWs can be either quasi-S-waves or quasi-P-waves, and they

are truly ‘‘exceptional’’ in the sense that they occur only for iso-

lated directions of propagation on certain orientations of the crys-

tal surface. For very simple cases such as high symmetry

configurations (e.g., the [100] or [110] directions on the (001)

surface of a cubic crystal), they are just an SH type.

In anisotropic media there is a large variety of SAWs that can be

either subsonic or supersonic, contrary to the isotropic case. Two

types of classifications have been proposed. The first is based on

the degeneracies in the Stroh formalism [52–55], while the second

is formulated in terms of the number of inhomogeneous (and

homogeneous) bulk waves involved in the construction of the

SAW solution. In the more general case when the free surface is

not a symmetry plane of the anisotropic material, the SAW consists

of a linear combination of three inhomogeneous waves. Yet, fol-

lowing the behavior of the roots of the characteristic equation

and the value of the coefficients of the linear combination, the

SAW can be composed of three, two, or even simply one inhomo-

geneous wave, contrary to the isotropic case. The SAWs are thus

classified into three types: three-component, two-component,

and one-component SAW. For instance, for some specific directions

of propagation, such as symmetry planes, one bulk wave is not

coupled with the two others, and only two of the three bulk waves

are therefore involved in the construction of the SAW. As an exam-

ple, one can mention the subsonic two-component SAW, which

cannot be polarized parallel to the free boundary plane in stable

anisotropic linear elastic half-spaces [56]. It has been proven that

there exists at most one such ‘‘pure’’ SAW solution in the subsonic

domain for a given geometry of propagation. As for the isotropic

case, the pure SAW results from a linear combination of only two

inhomogeneous bulk waves whose amplitude decays exponen-

tially and monotonically away from the surface. This subsonic

two-component Rayleigh wave (RW) exists, provided an EBW does

not exist, otherwise a subsonic two-component generalized RW

(see Appendix A), whose amplitude decays exponentially but with

oscillations away from the surface, may or may not arise

[45,46,57,58].

A SAW undamped in the direction of propagation is intrinsi-

cally a subsonic phenomenon. Nevertheless, contrary to the isotro-

pic case, pure undamped two-component SAWs can propagate

with supersonic velocity for some specific directions of propaga-

tion on the free surface of materials of various degrees of symme-

try. The symmetrical supersonic surface waves (symmetrical SSW)

(see Appendix A) are the first kind of two-component waves that

can exist in the supersonic region. They can occur in so-called a-
configurations [59–62], in which the so-called reference plane R,

spanned by the normal n̂ to the surface and the propagation direc-

tion m̂, coincides with a plane of material symmetry [63]. For in-

stance for cubic materials the symmetrical SSW can only exist on

the (001) and (110) planes [64]. For high-symmetry directions,

such as the [110] direction on the (001) plane of a cubic crystal,

such a wave is simply a supersonic SAW of generalized-Rayleigh

type. A pure undamped (two-component) generalized Rayleigh

wave may propagate with supersonic velocity for isolated cases

usually corresponding to high-symmetry directions of propagation

in which an EBW exists [41]. This wave, which can be considered

as secluded from the subsonic branch of the SAW, is in fact a start-

ing point for the branch of a leaky SAW [65–67].

For off-symmetry directions, the elastodynamics equations of

motion having both inhomogeneous and homogeneous wave solu-

tions, the (three-component) leaky SAW radiates its energy to-

wards the bulk of the anisotropic medium (see Appendix A), as

the leaky Rayleigh waves do at specific liquid–solid interfaces

[68]. The velocity of the leaky SAW and the magnitude of its atten-

uation along the direction of propagation strongly depend on the

perturbation of the orientation from the symmetry direction [69],

but for many cases the radiation of energy is small enough that

the leaky SAWs are easily observable in experimental conditions

[70,71]. As the orientation of the direction of propagation ap-

proaches high-symmetry directions, the contribution of the bulk

homogeneous wave in the construction of the SAW may however

vanish, together with the damping of the leaky SAW in the direc-

tion of propagation, and the (three-component) leaky SAW turns

into a generalized RW. The leaky SAW can originate either from

a (two-component) generalized RW (as is the case for the (001)

plane of copper [41]), or from an EBW [72] by a resonance phe-

nomenon [73,74] (as is the case for the (111) plane of copper

[41]). Note that solutions of leaky-SAW type occur neither in iso-

tropic media, nor in weakly anisotropic media (see Farnell [41],

p. 164). Along the leaky SAW branch there may exist other isolated

points where the contribution of the bulk homogeneous wave in

the construction of the SAW may vanish, together with the

damping of the leaky SAW [75,76], leaving a pure undamped

two-component (non-symmetrical) supersonic SAW. This wave

can be considered as secluded from the branch of the subsonic

SAW, and it is then called the secluded supersonic surface wave
(secluded SSW [77–79]) (see Appendix A).

The existence and the properties of SAW in anisotropic media

are mainly constrained by the orientation of the free surface and

by the direction of propagation. This fact is well illustrated by

the secluded (non symmetrical) SSW. Indeed, this wave cannot

propagate in the a-configuration [63,67,76]. Nevertheless, this kind

of wave may propagate when the free boundary of the anisotropic

half-space is a symmetry plane (the so-called b-configuration [63]),

or when the plane perpendicular to the reference plane and to the

direction of wave propagation is a symmetry plane (the so-called

c-configuration [63,67,76]). The secluded SSW generally exists for

a direction for which there is also a subsonic RW [77]. This is pre-

cisely the case, for instance, for the (001) plane of cubic crystals

[67]. Its occurrence has been investigated in a more general case

by Maznev and Every [79] for a germanium crystal. It has been

found to exist for a one-dimensional subspace, within the three-

dimensional space of SAW geometries (i.e. surface orientations

and propagation directions).

Contrary to the subsonic domain, a one-component SAW (see

Appendix A), consisting of one inhomogeneous wave that satisfies

the boundary condition at the surface of the anisotropic half-space,

can exist in the supersonic region in an arbitrarily anisotropic crys-

tal under certain conditions depending on the value of the elastic

coefficients of the medium [60,80]. General existence theorems

for such waves that do not exist in isotropic materials have also

been established for anisotropic media with symmetry in many

studies. No one-component SAW generally exists in a-, b-, or c-
configurations [60,81,82], except for particular triclinic materials

[80] and for some orthorhombic and some transversely-isotropic

(TI) materials [83]. More specifically, a one-component SAW can-

not travel in stable TI media whose symmetry axis coincides with

the direction of propagation [81,84]. It has also been shown that no

one-component SAW can exist in stable cubic materials [81,84].

In the subsonic region, a kind of SAW arises in the neighborhood

of the directions of propagation that permit the existence of an

EBW [49] and therefore, following the condition for the existence

of RW established by Barnett and Lothe [44], in the neighborhood

of orientations for which a subsonic RW cannot propagate [85]. The

so-called quasi-bulk surface wave (QBSW) (see Appendix A) can be

viewed as a continuous transition from the RW towards the EBW,

through non-pure SAW with particle displacements not occurring

in the sagittal plane and energy flux not being collinear with the
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propagation vector. Near the symmetry directions where an EBW

can propagate, the SAW is transformed into a QBSW with a depth

of penetration that increases for decreasing angles of deviation

from the symmetry directions. The penetration of the wave into

the crystal may become so large that the term ‘‘surface wave’’

can be misleading. In fact, the QBSW results from the (very) small

contribution of two inhomogeneous waves and the predominant

contribution of one wave whose characteristics differ slightly from

those of the EBW. The properties of the QBSW, which are thus

strongly related to the associated EBW, have been studied for crys-

tals of hexagonal [85] and arbitrary [86] symmetries. In particular

the phase velocity of the QBSW is found to be slightly smaller than

the associated limiting velocity of the bulk waves.

Many authors have emphasized the close connection between

the space of simple reflection and the space of degeneracy in the

Stroh eigenvalue problem and in SAW problems [41,53,69,76,78,

83,87,88].

3. Transient propagation

Whereas harmonic wave propagation at the free surface of

anisotropic media has been widely investigated, research on tran-

sient wave propagation is rather scarce. The so-called Lamb’s prob-

lem [89] is the study of the response of an elastic half-space to an

impulsive line or point load at its surface. The fundamental solu-

tion for a homogeneous isotropic elastic material, both in the

frequency and in the time domains, is classical [89,90]. Unfortu-

nately, anisotropy introduces considerable difficulty in generaliz-

ing this solution. A convenient way of deriving the displacement

Green’s functions of anisotropic materials is to use integral trans-

form techniques, and more specifically mixed Fourier–Laplace

transforms. Several researchers have used the Cagniard-de Hoop

(CdH) method [91–93] to reduce the Fourier–Laplace transforms

to a single integral over a contour in a complex plane that must

be determined. Kraut [94] first applied this method to study the

2D Lamb’s problem for a line source of normal stress lying on the

free surface of a TI medium (a beryl crystal) normal to the axis of

symmetry. Burridge [95] extended the technique to the most gen-

eral class of anisotropic solids and to a surface of arbitrary orienta-

tion loaded by an impulsive line traction. Only numerical results

were presented for the surface displacement at the (111) plane

of cubic copper, and the RW and leaky SAW were identified. The

case of a point source, applied at the surface of TI solids with its

normal coinciding with the axis of symmetry, has been treated in

a similar way by Ryan [96]. In contrast with the 2D problem, the

3D Lamb’s problem does not admit an explicit solution for the sur-

face displacements. They are then found in terms of single finite

integrals that must be evaluated numerically. In Payton [97], 2D

and 3D problems of transient wave propagation in TI half-spaces

that admit an explicit representation of the displacement field

are studied. In particular, the epicenter motion of the surface due

to a buried point source located on the symmetry axis, and the

epicentral-axis motion caused by a normal point load suddenly ap-

plied on the surface, are explicitly evaluated based on residue cal-

culations in the complex plane. They are also shown to be related

by the Betti–Rayleigh theorem. More recently, Deschamps and his

co-authors used the CdH technique to calculate the interior and the

surface responses of a general cubic half-space to line and point

loadings [98–101]. By analyzing the CdH contours and the singular

points in the complex plane, they observed physical phenomena

such as wavefront focusing for both the RW and the EBW as well

as the diffraction caused by the cusps and the possible generation

of the leaky SAW. Numerical calculations of only the normal com-

ponent of the displacement (used in laboratory laser experiments)

have been performed for a half-space belonging to the cubic class

of symmetry. For instance, results for the (100) surface of a copper

crystal and several directions of observation are shown in Bescond

and Deschamps [100,101].

As for the anisotropic case the CdH technique requires the anal-

ysis of complicated branch-cut integrals in the complex plane, it is

considered too cumbersome to be numerically handled and there-

fore alternative methods have been proposed. One of them, first

developed by Willis [102] and then used by Wang and Achenbach

[103–106], uses Fourier and Radon transforms. It is based on a di-

rect construction of the solution to the 3D Lamb’s problem for gen-

eral anisotropic solids by a superposition of time-transient plane

waves. It allows one to obtain integral expressions defined in a fi-

nite domain that corresponds to the projection of the slowness sur-

face to the surface of the solid. Unfortunately, their calculations

have not emphasized the cuspidal structure in the Rayleigh wave-

front, as well as the existence of the leaky SAW. In a similar way,

Tewary and Fortunko [107] derived an expression for the 3D wave-

forms due to a delta-function pulse on the free surface of tetragonal

solids, convenient for numerical computations as it requires only a

1D numerical integration. Another alternative method to the CdH

technique is based on Fourier transforms of the equations of motion

and boundary conditions, with respect to the time and the spatial

coordinates parallel to the surface. The surface displacement re-

sponse of an anisotropic half-space to sudden loading at a point

on the surface is then reduced to a 1D integral for numerical evalu-

ation [108]. The method used by Every and his collaborators can

cope with Rayleigh poles and leaky SAW resonances, as shown by

the good agreement between the calculated surface displacement

responses to a point loading for several directions on the (001)-ori-

ented surface of copper crystal and measured surface waveforms

[109]. More precisely, multiple RW arrivals resulting from the fold-

ing of the SAW ray surface associated with sharp peaks in the SAW

amplitude expressing caustics in the SAW intensity, and then the

so-called ‘‘phonon focusing effect’’ [110–115], have been predicted

and observed experimentally, as well as leaky SAW resonance and

singularities in bulk wave arrival associated with the presence of

EBW. In the case of a general anisotropic half-space subjected to

an impulsive line load, Maznev and Every [116] derived results sim-

ilar to those reported by Burridge [95] by using Fourier transforms.

They illustrated the role of SAW, leaky SAW and bulk waves in the

calculated surface response for the (111)-oriented surface of sili-

con. The studies providing the dynamic displacement response of

the (001)-, (110)-, and (111)-oriented surface of copper crystal,

developed by [5,100,101,109], will be used as a reference in our

numerical study reported in a companion paper.

4. Conclusions

We provided a review of harmonic and transient elastic wave

propagation in anisotropic media with particular emphasis on sur-

face-wave propagation in crystals, minerals and metals. This re-

view clarifies the terminology used for the surface waves. In a

companion paper we propose two spectral numerical modeling

algorithms to obtain the full-wave solution for the wave propaga-

tion at the surface of media with arbitrary symmetry.
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Appendix A. Waves propagating at the free surface of an

anisotropic half-space

SAWs propagating along the free surface of an anisotropic elas-

tic half-space result from the linear combination of three bulk

waves, which are generally damped with depth. The associated

displacement field u(r,t) can be written as:

uðr; tÞ ¼
X3

n¼1

CnAn exp½ikðm � rþ pnn � r� VtÞ� ðA:aÞ

where r is the space vector and t the time variable. The coefficients

Cn of the linear combination for the three bulk waves are deter-

mined from the boundary conditions at the free surface and can

be real- or complex-valued. They characterize the wave amplitude

up to an arbitrary infinitesimal factor, while the vectors An denote

their polarization. The wavenumber k, associated with the phase

velocity V, is the projection of the wave vector k of the SAW on

the direction of propagation m at the free surface of the anisotropic

half-space. Vector n denotes the normal to the surface of the med-

ium. Parameters pn = k�n/k�m are complex-valued in the subsonic

region, while in the supersonic region at least one pn lies on the real

axis of the complex plane and is associated with a bulk wave.

Depending on the values of Cn and pn, the SAW consists of one,

two, or three-components. There is a large variety of SAWs that

can propagate at the free surface of anisotropic materials, therefore

let us review them here.

A.1. Exceptional (limiting) bulk wave (EBW)

Strictly speaking, the exceptional bulk waves (EBW) [46,117]

are bulk waves that satisfy the boundary conditions at the free sur-

face of the anisotropic medium, and whose polarization vector al-

ways lies in the plane that bounds the medium [118]. Unlike the

limiting bulk waves (LBW), these waves are in fact eigensolutions

for the SAW problem. In most articles the term EBW is however

improperly used for the particular EBW that propagates with the

limiting velocity Vlim, instead of the term ‘‘exceptional limiting

bulk waves’’, although the exceptional limiting bulk waves are in

fact a subset of the broader class of EBW. The exceptional limiting

bulk waves then combine the properties of the EBW (namely,

polarization parallel to the free surface of the medium, and bound-

ary conditions satisfied at the free surface) with those of the limit-

ing bulk waves (namely, propagation at the limiting velocity, and

energy flux parallel to the crystal surface [45]). Hereafter and in

the article, the exceptional limiting bulk waves are denoted by

EBW. Though propagating along the surface, unlike SAWs the

EBWs do not decrease in amplitude as the distance from the sur-

face increases. Their presence is a general feature of general aniso-

tropic crystals, and it is not limited to media with high symmetry

only [118–121]. The EBWs are quite similar to the so-called surface

skimming bulk waves in isotropic solids [48,50,51], SH waves

being a particular case of such surface skimming bulk waves. Nev-

ertheless, unlike these waves, EBWs are not limited to definite

kinds of bulk waves [48]: they can be quasi-P or quasi-S-waves,

provided that their polarization vector lies in the plane that bounds

the medium. While quasi-S EBWs exist in all crystals, only few

anisotropic media permit the propagation of quasi-P EBWs [51].

Moreover, EBWs satisfy the boundary conditions at the surface of

the anisotropic half-space only for specific directions.

EBWs are also termed ‘‘improper SAWs’’, ‘‘bulk surface waves’’

[45], or even ‘‘surface skimming bulk waves’’ [48,50,109,122].

The term ‘‘lateral waves’’ is also used [4] and should be understood

as ‘‘grazing rays’’. The EBW should not be mistaken for head waves.

Composite EBWs [57] that are a superposition of two or three

EBWs can exist for certain types of transonic states, according to

the classification established by Chadwick and Smith [46] (see

Barnett [48] for a detailed discussion). Nevertheless, the EBW of

the first kind described in Chadwick and Smith [46] and that is

not composite is in fact the usual EBW defined in SAW theory.

A.2. Rayleigh wave (RW)

For an arbitrary free boundary surface and an arbitrary direction

of propagation, the Rayleigh wave consists of a linear combination

of three phase-matched evanescent waves whose amplitude de-

cays exponentially and monotonically away from the surface. The

RW is thus intrinsically a subsonic phenomenon. It then propa-

gates undamped at the free surface of an elastic half-space with

a subsonic velocity VR that is slightly smaller than the limiting

velocity Vlim. The motion of the RW describes an ellipse that is gen-

erally tilted with respect to the sagittal plane. However, for sym-

metry directions, only two of the three waves are involved in the

RW construction and the corresponding motion describing an

ellipse occurs in the sagittal plane, as in the isotropic case. The

energy carried by the RW is generally concentrated in a roughly

one-wavelength-thick waveguide below the free surface for high-

symmetry directions, but it can penetrate deeper in the bulk of

the anisotropic medium for out-of-symmetry directions. The RW

never coexists with an EBW propagating in the same direction, as

in the isotropic case.

Because its properties are similar to those of a RW propagating

at the free surface of an isotropic elastic medium, the RW is also

called an ‘‘ordinary RW’’ [123], a ‘‘pure SAW’’ or ‘‘pure RW’’, or a

‘‘proper SAW’’ [44].

A.3. Generalized rayleigh wave (generalized RW)

The generalized Rayleigh wave is a kind of Rayleigh wave that

can propagate with either a subsonic or supersonic velocity. It does

not exist in isotropic media. Unlike the RW, it consists of two-

components whose amplitude is non-monotonically damped to-

wards the bulk of the anisotropic medium, but with an oscillatory

trend [123,124]. The period of the oscillations of the amplitude as

well as the penetration distance in the bulk of the medium and the

velocity of the generalized RW depend on the so-called anisotropy

parameter of the material. For instance, for the (001) plane of a cu-

bic medium this parameter is characterized either by [125]

A = 2c44/(c11 � c12), or by [123] g = 1/A, where c11, c44, and c12 are

the three independent elastic coefficients of the anisotropic med-

ium. It has been shown that the period of the oscillations decreases

with increasing values of the anisotropy parameter [125] A, or
decreasing values of parameter [123] g. Moreover, the velocity of

the generalized RW decreases with decreasing values of parameter

g. Approximate expressions for the phase velocity and the oscilla-

tion damping have been established for cubic media with g < 1/4 in

Royer and Dieulesaint [125]. Usually, the generalized RW propa-

gates undamped in the direction of propagation with a subsonic

velocity and its polarization is elliptical in the sagittal plane.

Nevertheless, the generalized RW can also be a two-component

supersonic wave for isolated cases corresponding usually to high-

symmetry directions of propagation [41]. In this case, it generally

belongs to the branch of a leaky SAW [65,76]. Contrary to the

RW, the generalized RW may coexist with an EBW propagating

in the same direction.

The RW and the generalized RW cannot coexist. For instance,

for cubic materials and depending on the anisotropy parameter

g, the RW that propagates along symmetry directions on high-

symmetry boundary surfaces can be either ordinary or generalized.

Kosevich et al. [123,124,126] have analyzed the conditions under

which the transition from an ordinary RW to a generalized RW

takes place in cubic crystals for various values of the anisotropy
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parameter g. Their work strengthens the numerical study of Gazis

et al. [34]. The transition occurs at a particular value (g = g0 ’ 1)

for which there is degeneracy of the roots of the characteristic

equation for the bulk vibrations. The region g < g0 corresponds to

the existence of the generalized RW, while the region g > g0 corre-
sponds to the existence of the ordinary RW. It has been shown

[124] that the non-convexity of the cross-section of the slowness

surface of the bulk shear wave, polarized in the sagittal plane, is

a sufficient but not a necessary condition for the existence of a gen-

eralized RW. In highly anisotropic crystals (i.e., for instance with

g� 1), one of the two components involved in the construction

of the generalized RW can become dominant, have an almost linear

polarization normal to the free surface, and can penetrate into the

crystals to a depth significantly greater than the wavelength. The

generalized RW can thus possess the properties of both the bulk

wave and the pure RW, whose penetration depth is about the

wavelength. Such a wave is called the deeply penetrating RW

(DPRW) and has been thoroughly investigated by Kosevich et al.

[126] in the case of wave propagation along the [100] direction

on the (001) plane of a cubic crystal. However, the DPRW can

propagate in crystals characterized by a strong anisotropy of the

velocity of bulk shear waves polarized in other sagittal planes as

well [124].

The generalized RW is also sometimes called ‘‘Rayleigh wave’’

by Lothe and his collaborators, which may be confusing.

A.4. Quasi-bulk surface wave (QBSW)

The quasi-bulk (surface) wave arises in the neighborhood of the

direction of propagation at which an EBW exists. The criterion for

the existence (respectively, absence) of the QBSW in the neighbor-

hood of symmetry orientations is then the absence (respectively,

existence) of subsonic RWs propagating in the symmetry direction

[85]. At small deviation from this symmetry direction, the bulk

wave associated with the EBW is dominant in the construction of

a three-component SAW and the three partial wave combination

as a whole is referred to as a QBSW. In fact, the QBSW can be

considered as a gradual change of the SAW into the EBW. Its polar-

ization vector tilts towards the free surface of the anisotropic half-

space. Furthermore, the smaller the angle of deviation from the

symmetry orientation, the less damped the wave is into the

medium, i.e., the wave penetrates deeper.

This is the reason why the QBSW is also called ‘‘quasi-bulk

Rayleigh wave’’ [86], or ‘‘deeply penetrating Rayleigh wave’’ [5],

which may lead to confusions with the terminology used by Kose-

vich and his collaborators to describe the behavior of RW in crys-

tals with strong anisotropy [126].

A.5. Leaky surface acoustic wave (leaky SAW)

The leaky wave is a solution to the boundary-value problem in

the form of a linear combination of two inhomogeneous waves and

one bulk wave that radiates energy into the anisotropic medium.

The leaky SAW is inherently a supersonic phenomenon, and its

velocity lies between the first and second limiting velocities. This

wave propagates damped in the direction of propagation. Never-

theless, as for many cases the radiation of energy is small enough,

the leaky SAW can easily be observable in experimental conditions

[70,71]. Its properties are quite similar to those of a leaky SAW

propagating at the interface between an ideal fluid and an isotropic

elastic medium [68,127]. Note that this kind of wave does not exist

in an isotropic half-space. Approximate expressions for its velocity

and the magnitude of its attenuation along the direction of propa-

gation are given without any assumption on the symmetry of the

crystal in [69]. The leaky SAW can be caused by a generalized

RW or by an EBW [69,72,75].

The leaky SAW is also called ‘‘pseudo SAW’’ [85], or ‘‘supersonic

wave’’.

A.6. Secluded supersonic surface wave (secluded SSW)

The secluded supersonic surface wave exists at the so-called

pure points where the damping of the leaky wave in the direction

of propagation vanishes together with the coefficient of the linear

combination associated with the bulk wave. This results in a two-

component (non-symmetrical) supersonic surface wave that

generally exists for a specific direction along which a subsonic

Rayleigh wave can also propagate [77–79]. It can be seen as due

to confluence between the space of simple reflection and the leaky

SAW branch [67,76,83,128].

The secluded SSW is also called ‘‘non-symmetrical supersonic

wave’’ [79].

A.7. One-component surface acoustic wave (one-component SAW)

Mathematically, it is represented by degeneracy in the Stroh

eigenvalue problem [60]. The one-component surface wave

consists of only one inhomogeneous wave and is necessarily super-

sonic. There are three versions of the one-component SAW [83].

Two are polarized in the plane of the boundary of the anisotropic

half-space [60,80]. The third is a supersonic generalized one-

component surface wave similar to the generalized Rayleigh wave

studied in Kosevich et al. [123]. No one-component SAW exists for

either isotropic elastic materials, or crystals of cubic symmetry

[81,84]. This kind of wave can occur under certain conditions for

particular triclinic media [80] as well as for some particular TI

media [81,83,84]. The one-component SAW can be seen as due to

confluence between the space of degeneracy and a two-component

secluded SSW [83].

A.8. Symmetrical surface waves (symmetrical SAW)

Symmetrical surface waves are necessarily two-component

SAWs that can occur in both the subsonic and the supersonic re-

gions when the sagittal plane in which they are polarized is a plane

of symmetry of the material [59,60,66]. They form a continuous

branch extending from the subsonic region into the supersonic re-

gion and occurring in materials of monoclinic, orthorhombic and

cubic symmetry [61,62]. For high-symmetry directions on symme-

try planes, such waves are typically of RW or generalized-RW type.
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