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❘❡♠❡r❝✐❡♠❡♥ts

❯♥❡ t❤ès❡ ❡st ✉♥ tr❛✈❛✐❧ q✉✬♦♥ ♣❡✉t ❞✐✣❝✐❧❡♠❡♥t ♠❡♥❡r à ❜✐❡♥ t♦✉t s❡✉❧✱ à ❧❛ ❢♦✐s ♣❛r
s♦✉❝✐ ❞✬❡✣❝❛❝✐té s❝✐❡♥t✐✜q✉❡ ♠❛✐s ❛✉ss✐ ❥✉st❡ ♣♦✉r r❡st❡r s❛✐♥ ❞✬❡s♣r✐t✳ ❈✬❡st ♣♦✉r ❝❡❧❛ q✉❡
❥❡ t✐❡♥s à r❡♠❡r❝✐❡r t♦✉s ❧❡s ❣❡♥s q✉✐ ♠✬♦♥t ❛✐❞é ❡t s♦✉t❡♥✉ ♣❡♥❞❛♥t ❝❡ tr❛✈❛✐❧✳
❚♦✉t ❞✬❛❜♦r❞ ♠❡s ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡✱ ❚❤✐❡rr② ❡t ❳❛✈✐❡r✱ q✉✐ ♠✬♦♥t ♣r♦♣♦sé ✉♥ s✉❥❡t

✐♥tér❡ss❛♥t ❡t ♣r♦♠❡tt❡✉r ❡t q✉✐ ♦♥t été ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❧❡s ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s q✉✐ ♠✬♦♥t
♣❡r♠✐s ❞✬❛❝q✉ér✐r ✉♥ ♣❡✉ ❞❡ ❧✬❡①♣❡rt✐s❡ ❡t ❞✉ r❡❝✉❧ ❞♦♥t ❥✬❛✈❛✐s ❜❡s♦✐♥ ♣♦✉r ❛✈❛♥❝❡r✳ ❚r❛✲
✈❛✐❧❧❡r ❛✈❡❝ ❡✉① ❡st ✉♥ ♣❧❛✐s✐r✱ ❡t t♦✉s ❧❡s t❤és❛r❞s ♥✬♦♥t ♣❛s ❝❡tt❡ ❝❤❛♥❝❡✳ ❏❡ ✈❡✉① ❛✉ss✐
r❡♠❡r❝✐❡r ❧❡s ❣❡♥s ❛✈❡❝ q✉✐ ❥✬❛✐ ❝♦❧❧❛❜♦ré ❤♦rs ❞✉ ❧❛❜♦r❛t♦✐r❡✱ ❈❤r✐s ❡t ❊♠♠❛♥✉❡❧✱ ❞♦♥t ❥✬❛✐
♣✉ ❛♣♣ré❝✐❡r ❡t ✉t✐❧✐s❡r ❧❡ tr❛✈❛✐❧ r❡♠❛rq✉❛❜❧❡ ✿ s❛♥s ❡✉① ♠❛ t❤ès❡ s❡r❛✐t ❜✐❡♥ ❧♦✐♥ ❞✬êtr❡
✜♥✐❡ ✦ ❊t ❛✉ss✐ ❈é❧✐♥❡✱ ▲♦✐❝ ❡t ❊t✐❡♥♥❡ ✿ ❝✬❡st ✉♥❡ ❝❤❛♥❝❡ ❞❡ ♣♦✉✈♦✐r tr❛✈❛✐❧❧❡r ❛✈❡❝ ❞❡s ❛♠✐s✱
❞❡ ❝❤❡r❝❤❡r ❡♥s❡♠❜❧❡✱ ❞❡ ❣❛❧ér❡r ❡♥s❡♠❜❧❡ ❡t ❛✉ss✐ ❞❡ ♣❛r❢♦✐s tr♦✉✈❡r ❡♥s❡♠❜❧❡✳ ▼❛✐s s✉r ❧❡
♣❧❛♥ s❝✐❡♥t✐✜q✉❡ ✐❧s ♥✬ét❛✐❡♥t ♣❛s s❡✉❧s à ♠✬❛✐❞❡r✱ ❝❛r tr❛✈❛✐❧❧❡r ❛✉ ▲❆❖● ❡st ✉♥❡ ❡①♣ér✐❡♥❝❡
st✐♠✉❧❛♥t❡ ✿ ❛✉ ❞ét♦✉r ❞✬✉♥ ❝❛❢é✱ ❞✬✉♥ ♣♦t ✲♦✉ ♠ê♠❡ ❞✬✉♥❡ ré✉♥✐♦♥✲ ♦♥ s❡ r❡tr♦✉✈❡ s❛♥s
❝❡ss❡ ❡♥❣❛❣é ❞❛♥s ❞❡s ❝♦♥✈❡rs❛t✐♦♥s ❛✈❡❝ ❞❡s ❣❡♥s s②♠♣❛t❤✐q✉❡s ❡t ❝♦♠♣ét❡♥ts q✉✐ ♣❡r♠❡✲
tt❡♥t ❡♥❝♦r❡ ❞❡ ✈♦✐r ✉♥ ♣❡✉ ♣❧✉s ❧♦✐♥ q✉❡ ❧❡ ❜♦✉t ❞❡ ♠❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❏✉sq✉❡ ❞❛♥s ♠♦♥
❜✉r❡❛✉✱ ✐❧ ② ❛✈❛✐t ❘é♠② ♣♦✉r ❡ss❛②❡r ❞❡ rés♦✉❞r❡ ❛✈❡❝ ♠♦✐ ❝❡rt❛✐♥❡s q✉❡st✐♦♥s é♣✐♥❡✉s❡s✳
❈❤❡③ ♠♦✐✱ ❚✐♠♦t❤é ❡t ♠❡s ❝♦❧♦❝❛t❛✐r❡s ❣❡❡❦s t♦✉❥♦✉rs ♣rêts à ♠✬❛✐❞❡r s✉r ✉♥ s❝r✐♣t s❤❡❧❧
♦✉ ❛✉tr❡s ✧s❡❣ ❢❛✉❧t✧✳ ❉❡ r❡t♦✉r ❛✉ ❧❛❜♦ ✐❧ ② ❛✈❛✐t t♦✉❥♦✉rs ❧❡ s♦✉t✐❡♥ ❞✬❊✈❡❧②♥❡ ❡♥ ❝❛s ❞❡
❣r♦s ♣r♦❜❧è♠❡ ❡♥ ❈✳ ❊t ❜✐❡♥ sûr t♦✉t ❧❡ ❣r♦✉♣❡ ❞❡s t❤és❛r❞s✱ ♣rêts à t♦✉t ♣♦✉r s✬❡♥tr❛✐❞❡r à
♦✉❜❧✐❡r ❧❡s ♠❛✉✈❛✐s ❝♦tés ❞❡ ❧❛ t❤ès❡ ❞❛♥s ❞❡s ♣❛rt✐❡s ❡♥❞✐❛❜❧é❡s ❞❡ ❳❜❧❛st✳ ❊t ❧❡s ét✉❞✐❛♥ts
à q✉✐ ❥✬❛✐ ❡♥s❡✐❣♥é q✉✐ ♠✬♦♥t ♣❡r♠✐ ❞❡ ❢❛✐r❡ ❡♥❝♦r❡ ♣❧✉s ❞❡ ♣❤②s✐q✉❡ ❡t ❞❡ ❣❛r❞❡r à ❧✬❡s♣r✐t
q✉✬✐❧ ♥✬② ❛ ♣❛s q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❛ ✈✐❡✳ ❊t t♦✉t ç❛ ❝❡❧❛ ❛✐❞❡ à ❣❛r❞❡r ❧❡ ❝❛♣ ❡t à ♥❡
♣❛s s❡ ❞é❝♦✉r❛❣❡r ♠ê♠❡ ❞❛♥s ❧❡s ♠♦♠❡♥ts ❡♥♥✉②❡✉① ♦✉ ❞✐✣❝✐❧❡s ❡t ❝❡❧❛ ♣❡r♠❡t ❞❡ ♣r♦✜t❡r
❡♥❝♦r❡ ♠✐❡✉① ❞❡s ♠♦♠❡♥ts ❞✬❡♥t❤♦✉s✐❛s♠❡ ❡t ❞✬❡①❝✐t❛t✐♦♥ ✦ ❏❡ t✐❡♥s à r❡♠❡r❝✐❡r ❝❤❛❝✉♥❡ ❞❡
❝❡s ♣❡rs♦♥♥❡s ♣♦✉r ❛✈♦✐r ❢❛✐t ❞❡ ❝❡s ❛♥♥é❡s ❞❡ t❤ès❡ ✉♥ t❡♠♣s ❞❡ ✈✐❡ ❛✉ss✐ ❢♦rt✳
❊♥✜♥ ❥❡ ✈❡✉① r❡♠❡r❝✐❡r ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❏❡❛♥✱ q✉✐ ♠✬❛ ❢❛✐t ❝♦♥✜❛♥❝❡ ❡t q✉✐ ♠✬❛ ❢❛✐t

❞é❝♦✉✈r✐r ❧❡ ♠♦♥❞❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❛❧♦rs q✉❡ ❥❡ ♥✬ét❛✐s q✉✬✉♥ ♣❡t✐t ét✉❞✐❛♥t ❞❡ ▲✸✳ ❊t ❛✉ss✐
❈❧❛✐r❡ ♣♦✉r s♦♥ ❛✐❞❡ ♣ré❝✐❡✉s❡ q✉✐ ♠✬❛ ♣❡r♠✐s ❞❡ ❢❛✐r❡ ✉♥❡ ♣rés❡♥t❛t✐♦♥ ✈r❛✐♠❡♥t ✲❤❡✉✳✳✳✲
♣rés❡♥t❛❜❧❡✳

❊♥ ✈♦✉s s♦✉❤❛✐t❛♥t ❜♦♥♥❡ ❧❡❝t✉r❡✱
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✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚ ✾✼

✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s ✳ ✳ ✳ ✳ ✳ ✾✼
✺✳✶✳✶ ❚❡♠♣ér❛t✉r❡✱ ♠ét❛❧❧✐❝✐té ❡t ❣r❛✈✐té ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼
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✺✳✷ ❖❜s❡r✈❛t✐♦♥s ❡t ré❞✉❝t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻
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✺✳✸ ❖❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s ❞❡ ✶✽ ♥♦✉✈❡❧❧❡s ♥❛✐♥❡s ❚ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶
✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✺✳✹✳✶ ❙②stè♠❡ ❜✐♥❛✐r❡ s❡rré ❚✷✳✺✲❚✻✳✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼
✺✳✹✳✷ Pr❡♠✐èr❡ ❞ét❡❝t✐♦♥ ❞✬✉♥❡ ♥❛✐♥❡ ❚ s♦✉s✲♠ét❛❧❧✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽
✺✳✹✳✸ Pr❡♠✐èr❡ ❞ét❡❝t✐♦♥ ❞❡ ❧✬❛♠♠♦♥✐❛❝ ❞❛♥s ❧❡ s♣❡❝tr❡ ◆■❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

❈♦♥❝❧✉s✐♦♥s ❡t ♣❡rs♣❡❝t✐✈❡s ✶✻✸

✻



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

❘és✉♠é

▼♦♥ tr❛✈❛✐❧ ❞❡ r❡❝❤❡r❝❤❡ ❛✉ ❝♦✉rs ❞❡ ❝❡s tr♦✐s ❛♥♥é❡s ❞❡ t❤ès❡ s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❚❤✐❡rr②
❋♦r✈❡✐❧❧❡ ❡t ❞❡ ❳❛✈✐❡r ❉❡❧❢♦ss❡ ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞✬❛str♦♣❤②s✐q✉❡ ❞❡ ●r❡♥♦❜❧❡ ❛ été ❝♦♥s❛❝ré à
❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ✉♥ r❡❧❡✈é ❣r❛♥❞ ❝❤❛♠♣ ❞❡ ♥♦✉✈❡❧❧❡ ❣é♥ér❛t✐♦♥ q✉❡ ♥♦✉s
❛✈♦♥s ❛♣♣❡❧é ❧❡ ❈❛♥❛❞❛✲❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢ ❙✉r✈❡② ✲❈❋❇❉❙✲✳ ▲❛ t❤é♠❛t✐q✉❡ ❞❡ ♠❛ t❤ès❡
❡st ❝❡♥tré❡ s✉r ❧✬ét✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s ❡t ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞✬✉♥ ❣r❛♥❞ é❝❤❛♥t✐❧❧♦♥ ❞❡
♥❛✐♥❡s ❜r✉♥❡s✱ ❝♦♠♠❡ ❜❛s❡ ♣♦✉r ✉♥❡ ❛♥❛❧②s❡ st❛t✐st✐q✉❡ ♣❤♦t♦♠étr✐q✉❡ ❡t s♣❡❝tr♦s❝♦♣✐q✉❡✳
❏✬ét❛✐s ❝❤❛r❣é ❡♥ ♣r❡♠✐❡r ❧✐❡✉ ❞❡ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✉ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❡t ❞❡ sé❧❡❝t✐♦♥ ❞❡s
❝❛♥❞✐❞❛ts ❛✉ s❡✐♥ ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ✐♥t❡r♥❛t✐♦♥❛❧❡ ❞é❞✐é❡ à ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s
❡t ❞❡ q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✳ ❊♥ t❛♥t q✉❡ s❡✉❧ ♠❡♠❜r❡ ❞❡ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ à
tr❛✈❛✐❧❧❡r à ♣❧❡✐♥ t❡♠♣s s✉r ❧❡ ♣r♦❥❡t✱ ❥✬❛✐ t♦✉t❡❢♦✐s été ❛♠❡♥é à ♠✬✐♠♣❧✐q✉❡r ❢♦rt❡♠❡♥t ❞❛♥s
♣r❡sq✉❡ t♦✉t❡s ❧❡s ❢❛❝❡tt❡s ❞✉ ♣r♦❥❡t✳ ❊♥ ♣❛r❛❧❧è❧❡ ❞✉ tr❛✈❛✐❧ s❝✐❡♥t✐✜q✉❡ q✉❡ ❥❡ ♣rés❡♥t❡
❞❛♥s ❝❡ ♠❛♥✉s❝r✐♣t✱ ❥✬❛✐ ❝♦♥s❛❝ré ✉♥❡ ♣❛rt ✐♠♣♦rt❛♥t❡ ❞❡ ♠❛ t❤ès❡ à ❧❛ ❝♦♦r❞✐♥❛t✐♦♥ ❞✉
tr❛✈❛✐❧ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♣❡rs♦♥♥❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❡ ❈❋❇❉❙ ❞❡ ♣❛r ❧❡ ♠♦♥❞❡✳
❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ❥❡ ❢❛✐s ✉♥ ré❝❛♣✐t✉❧❛t✐❢ r❛♣✐❞❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛✈❛♥❝é❡s s❝✐❡♥t✐✜q✉❡s

❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❛✈❛♥t ❧❛ ♣rés❡♥t❡ t❤ès❡✳ ▲❡ ❝❤❛♣✐tr❡ ✷ ♣rés❡♥t❡ ❧❡ ❈❛♥❛❞❛✲
❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢ ❙✉r✈❡②✱ q✉✐ ❢♦✉r♥✐t ❧❡s ❞♦♥♥é❡s ❛✉ ❝♦❡✉r ❞❡ ♠♦♥ tr❛✈❛✐❧✱ ❛✐♥s✐ q✉❡ ♥♦tr❡
str❛té❣✐❡ ❞✬❛♥❛❧②s❡✳ ▲❡ ❝❤❛♣✐tr❡ ✸ ❞ét❛✐❧❧❡ ❧❡ ♣✐♣❡❧✐♥❡ q✉❡ ❥✬❛✐ ♠✐s ❡♥ ♣❧❛❝❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❛✉
♠✐❡✉① ❧❡s q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞✬❛str❡s q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ♣❛r♠✐ ❧❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞❡
s♦✉r❝❡s q✉❡ ❝♦♠♣t❡♥t ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✳ ❈❡ ❝❤❛♣✐tr❡ ♠❡t ❛✉ss✐ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣❡r❢♦r✲
♠❛♥❝❡s ❞❡ ❧❛ ❢♦♥❝t✐♦♥♥❛❧✐té ❞✬❛♥❛❧②s❡ ❞✬✐♠❛❣❡ ♣❛r ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✉
♣♦✐♥t ✲P❙❋✲ q✉❡ ❥✬❛✐ ❛❞❥♦✐♥t❡ ❛✉ ❧♦❣✐❝✐❡❧ ❙♦✉r❝❡ ❊①tr❛❝t♦r✳ ▲❡s ❝❛♥❞✐❞❛ts ❛✐♥s✐ ✐❞❡♥t✐✜és s✉r
❧❛ ❜❛s❡ ❞❡ ❧❡✉r ♣❤♦t♦♠étr✐❡ s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡ ❥❡ ❞é❝r✐s ♠❡s
♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡s ❜✐❛✐s st❛t✐st✐q✉❡s ❞✉ ❈❋❇❉❙✱ ❛✐♥s✐ q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té
❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ q✉❡ ♥♦✉s ❡♥ ❛✈♦♥s ❡①tr❛✐t❡✳ ❊♥✜♥ ❧❡ ❝❤❛♣✐tr❡ ✺ ❞♦♥♥❡ ✉♥❡ r❡✈✉❡
❞ét❛✐❧❧é❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❏✬② ♣rés❡♥t❡ ❡♥s✉✐t❡
♥♦s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s ❛✐♥s✐ q✉❡ ❧❡s rés✉❧t❛ts ❛ss♦❝✐és✱ ♥♦t❛♠♠❡♥t ❧❛ ❞é❝♦✉✈❡rt❡
❞✬❛❜s♦r♣t✐♦♥ ♣❛r ❧✬❛♠♠♦♥✐❛❝ ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡ ❧❛ ♥❛✐♥❡ ❜r✉♥❡ ❧❛ ♣❧✉s ❢r♦✐❞❡ ♣✉❜❧✐é❡ à ❝❡
❥♦✉r✱ ❈❋❇❉❙✵✵✺✾✱ ❛✐♥s✐ q✉❡ ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡ ❧❛ ♣r❡♠✐èr❡ ♥❛✐♥❡ ❚ s♦✉s✲♠ét❛❧❧✐q✉❡✳

❆❜str❛❝t

▼② P❤❉ r❡s❡❛r❝❤ ✇♦r❦✱ ✉♥❞❡r t❤❡ s✉♣❡r✈✐s✐♦♥ ♦❢ ❚❤✐❡rr② ❋♦r✈❡✐❧❧❡ ❛♥❞ ❳❛✈✐❡r ❉❡❧❢♦ss❡
❛t t❤❡ ❧❛❜♦r❛t♦✐r❡ ❞✬❛str♦♣❤②s✐q✉❡ ❞❡ ●r❡♥♦❜❧❡✱ ✐s ❝❡♥t❡r❡❞ ♦♥ ✐❞❡♥t✐❢②✐♥❣ ❜r♦✇♥ ❞✇❛r❢s ✐♥
❛ ♥❡✇✲❣❡♥❡r❛t✐♦♥ ✇✐❞❡✲✜❡❧❞ s✉r✈❡②✱ t❤❡ ❈❛♥❛❞❛✲❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡② ✲❈❋❇❉❙✲✳ ■ts
♠❛✐♥ ❣♦❛❧s ❛r❡ t♦ ✐❞❡♥t✐❢② ❝♦♦❧❡r ❛♥❞ ❧♦✇ ♠❡t❛❧❧✐❝✐t② ❜r♦✇♥ ❞✇❛r❢s ❢♦r ❞❡t❛✐❧❡❞ st✉❞②✱ ❛♥❞
t♦ ❛ss❡♠❜❧❡ ❛ ❧❛r❣❡ s❛♠♣❧❡ ♦❢ ♠♦r❡ ♦r❞✐♥❛r② ❜r♦✇♥ ❞✇❛r❢s ❢♦r st❛t✐st✐❝❛❧ ❛♥❛❧②s❡s✳ ▼② r♦❧❡✱
❛s t❤❡ ♦♥❧② ❢✉❧❧✲t✐♠❡ ♠❡♠❜❡r ♦❢ t❤✐s ✐♥t❡r♥❛t✐♦♥❛❧ ❝♦❧❧❛❜♦r❛t✐♦♥✱ ✐♥❝❧✉❞❡❞ t❤❡ ♣r♦❣r❛♠♠✐♥❣
♦❢ ❛♥ ❛♥❛❧②s✐s ❛♥❞ s❡❧❡❝t✐♦♥ ♣✐♣❡❧✐♥❡ t♦ ✐❞❡♥t✐❢② t❤❡ r❛r❡ ❜r♦✇♥ ❞✇❛r❢ ❝❛♥❞✐❞❛t❡s ✐♥ t❤❡ ✈❡r②
❧❛r❣❡ ✐♠❛❣❡ ❞❛t❛❜❛s❡✱ ❛s ✇❡❧❧ ❛s ❝♦♦r❞✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡r♥❛t✐♦♥ ❝♦❧❧❛❜♦r❛t✐♦♥✳
❈❤❛♣t❡r ✶ s✉♠♠❛r✐③❡s t❤❡ st❛t❡ ♦❢ ❜r♦✇♥ ❞✇❛r❢ s❝✐❡♥❝❡ ❛t t❤❡ st❛rt ♦❢ t❤✐s P❤❉✳ ❈❤❛♣t❡r

✷ ♣r❡s❡♥ts t❤❡ ❈❛♥❛❞❛✲❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❛♥❞ ♦✉r ❛♥❛❧②s✐s str❛t❡❣②✳ ❈❤❛♣t❡r ✸ ❞❡s❝r✐❜❡s
t❤❡ ♣✐♣❡❧✐♥❡ ■ ❞❡✈❡❧♦♣❡❞ t♦ ♦♣t✐♠❛❧❧② ✐❞❡♥t✐❢② t❤❡ ❢❡✇ ✐♥t❡r❡st✐♥❣ ❜r♦✇♥ ❞✇❛r❢s ✭❛s ✇❡❧❧ ❛s
❤✐❣❤ r❡❞s❤✐❢t q✉❛s❛rs✮ ❝❛♥❞✐❞❛t❡s ❛♠♦♥❣ t❤❡ ♠❛♥② ♠✐❧❧✐♦♥s ♦❢ ❧❡ss ✐♥t❡r❡st✐♥❣ ❛str♦♣❤②s✐❝❛❧
s♦✉r❝❡s ✐♥ t❤❡ ❈❋❇❉❙ ✐♠❛❣❡s✳ ❚❤✐s ❝❤❛♣t❡r ❛❧s♦ ❞❡s❝r✐❜❡s t❤❡ P♦✐♥t ❙♣r❡❛❞ ❋✉♥❝t✐♦♥ ✲P❙❋✲

✼



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

✜tt✐♥❣ ♠♦❞✉❧❡ ✇❤✐❝❤ ■ ❛❞❞❡❞ t♦ t❤❡ ✇❡❧❧ ❦♥♦✇♥ ❙♦✉r❝❡ ❊①tr❛❝t♦r ✐♠❛❣❡ ❛♥❛❧②s✐s ♣❛❝❦❛❣❡✳
❈❤❛♣t❡r ✹ ♣r❡s❡♥ts t❤❡ r❡s✉❧t✐♥❣ ❜r♦✇♥ ❞✇❛r❢ ❝❛♥❞✐❞❛t❡s✱ ❛ss❡ss❡s t❤❡ st❛t✐st✐❝❛❧ ❜✐❛s❡s ♦❢
t❤❡ ❈❋❇❉❙ s✉r✈❡②✱ ❛♥❞ ❡✈❛❧✉❛t❡s t❤❡ ❛ss♦❝✐❛t❡❞ ✜❡❧❞ ❜r♦✇♥ ❞✇❛r❢s ❧✉♠✐♥♦s✐t② ❢✉♥❝t✐♦♥✳
❋✐♥❛❧❧②✱ ❈❤❛♣t❡r ✺ ❜r✐❡✢② r❡✈✐❡✇s t❤❡ t❤❡ ♣❤②s✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥s ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞
❢r♦♠ ❜r♦✇♥ ❞✇❛r❢s s♣❡❝tr❛✱ ❛♥❞ ❡①❛♠✐♥❡s ✐♥ t❤❛t ❧✐❣❤t t❤❡ s♣❡❝tr❛ ✇❤✐❝❤ ✇❡ ♦❜t❛✐♥❡❞ ❢♦r
t✇♦ ❞♦③❡♥ ♦❢ ♦✉r ❝❛♥❞✐❞❛t❡s✳ ■t ❡♥❞s ✇✐t❤ ❞✐s❝✉ss✐♦♥s ♦❢ ♦✉r ❞✐s❝♦✈❡r② ♦❢ t❤❡ ❝♦♦❧❡st ❜r♦✇♥
❞✇❛r❢ ♣✉❜❧✐s❤❡❞ t♦ ❞❛t❡✱ ❈❋❇❉❙✵✵✺✾✱ ❛♥❞ ♦❢ ✇❤❛t ✐s ❧✐❦❡❧② t❤❡ ✜rst ❚ s✉❜❞✇❛r❢✳

✽



✶ ■♥tr♦❞✉❝t✐♦♥

❈❡ ❝❤❛♣✐tr❡ ❞✬✐♥tr♦❞✉❝t✐♦♥ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ♣rés❡♥t❡r r❛♣✐❞❡♠❡♥t ❧❡s ♣r♦♣r✐étés ❞❡s
♥❛✐♥❡s ❜r✉♥❡s ❡t ❧❡s ❛✈❛♥❝é❡s s❝✐❡♥t✐✜q✉❡s ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ♣rés❡♥t❡
t❤ès❡✳

✶✳✶ ◗✉❡❧❧❡ ♣❤②s✐q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

✶✳✶✳✶ ◗✉✬❡st ❝❡ q✉✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❢♦♥t ♣❛rt✐❡ ❞❡s ❞❡r♥✐❡rs ♦❜❥❡ts à ❛✈♦✐r ✐♥té❣ré ❧❡ ❜❡st✐❛✐r❡ ❞❡ ❧✬✉♥✐✈❡rs✱
♣❧✉s ❞❡ ✸✵ ❛♥s ❛♣rès ❞✬❛✉tr❡s ❛str❡s ❡①♦t✐q✉❡s ❝♦♠♠❡ ❧❡s tr♦✉s ♥♦✐rs ❡t ❧❡s ♥❛✐♥❡s ❜❧❛♥❝❤❡s✳
▲❡✉r ❡①✐st❡♥❝❡ ❛ été ♣ré❞✐t❡ ♣❛r ❑✉♠❛r ✭✶✾✻✸✮✳ ❈❡s ♦❜❥❡ts à ♠✐✲❝❤❡♠✐♥ ❡♥tr❡ ét♦✐❧❡s ❡t
♣❧❛♥èt❡s s♦♥t tr♦♣ ♣❡✉ ♠❛ss✐❢s ♣♦✉r êtr❡ ❞❡s ét♦✐❧❡s✱ ♣❡✉✈❡♥t êtr❡ ❛✉ss✐ ♣❡✉ ♠❛ss✐❢ q✉❡ ❞❡s
♣❧❛♥èt❡s ♠❛✐s ♥❡ s❡ ❢♦r♠❡♥t ♣❛s ❝♦♠♠❡ ❡❧❧❡s✳
▲❡s ♥❛✐♥❡s ❜r✉♥❡s s❡ ❢♦r♠❡♥t ❞❛♥s ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s✱ ❝♦♠♠❡ ❧❡s ét♦✐❧❡s ✿ ✉♥❡ ♥❛✐♥❡

❜r✉♥❡ ♥❛ît ❧♦rsq✉✬✉♥❡ ♣♦rt✐♦♥ ❞✉ ♥✉❛❣❡ s✬❡✛♦♥❞r❡ s✉r ❧✉✐ ♠ê♠❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ét♦✐❧❡✱
❧✬❡✛♦♥❞r❡♠❡♥t s✬❛rrêt❡ q✉❛♥❞ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❡t ❞❡ ♣r❡ss✐♦♥ ❛✉ ❝♦❡✉r ❞❡
❧✬❛str❡ s♦♥t s✉✣s❛♥t❡s ♣♦✉r ❞é❝❧❡♥❝❤❡r ❞❡s ré❛❝t✐♦♥s ❞❡ ❢✉s✐♦♥ ♥✉❝❧é❛✐r❡✳ ▲✬ét♦✐❧❡ ❡♥tr❡ ❛❧♦rs
❞❛♥s ✉♥ ét❛t ❞✬éq✉✐❧✐❜r❡ ❤②❞r♦✲st❛t✐q✉❡ ❛♣♣❡❧é ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱ ❞❛♥s ❧❡q✉❡❧ ❧❛ ❣r❛✈✐té
❡st ❝♦♥tr❡❜❛❧❛♥❝é❡ ♣❛r ❧❛ ♣r❡ss✐♦♥ t❤❡r♠✐q✉❡ ❞✉ ❣❛③ ❡t ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✳ ❈✬❡st à ❝❡
♠♦♠❡♥t q✉❡ ❧✬❤✐st♦✐r❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ s❡ sé♣❛r❡ ❞❡ ❝❡❧❧❡ ❞✬✉♥❡ ét♦✐❧❡ ❝❧❛ss✐q✉❡ ✿ ❡❧❧❡ ❝❡ss❡
❞✬❛❝❝rét❡r ❞❡ ❧❛ ♠❛t✐èr❡ ❛❧♦rs q✉❡ s❛ ♠❛ss❡ ♥✬❡st ♣❛s s✉✣s❛♥t❡ ♣♦✉r q✉❡ ❧❡s ré❛❝t✐♦♥s ❞❡
❢✉s✐♦♥ ♥✉❝❧é❛✐r❡ ❞❡ ❧✬❤②❞r♦❣è♥❡ ♥❡ s❡ st❛❜✐❧✐s❡♥t✳ P♦✉r ✉♥❡ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡✱ ❝❡tt❡ ♠❛ss❡
❝r✐t✐q✉❡ ❡st ❞✬❡♥✈✐r♦♥ ✵✳✵✼✷ M⊙✱ s♦✐t ✼✷ MJupiter✱ ❡t ❞é✜♥✐t ❧❛ ❢r♦♥t✐èr❡ ❛✈❡❝ ❧❡s ét♦✐❧❡s✳ ▲❛
❢r♦♥t✐èr❡ ❡♥tr❡ ♥❛✐♥❡s ❜r✉♥❡s ❡t ♣❧❛♥èt❡s ❡st ♠♦✐♥s ❝❧❛✐r❡✳ ❈❡rt❛✐♥s ❧❛ ♣❧❛❝❡♥t à ✶✸MJupiter✱
♠❛ss❡ ❛✉ ❞❡❧à ❞❡ ❧❛q✉❡❧❧❡ ❧❛ ❢✉s✐♦♥ ❞✉ ❞❡✉tér✐✉♠ ❡st ♣♦ss✐❜❧❡✱ t❛♥❞✐s q✉❡ ❞✬❛✉tr❡s ♣ré❢èr❡♥t
✉♥❡ ❞é✜♥✐t✐♦♥ ❢♦♥❞é❡ s✉r ❧❡ ♠♦❞❡ ❞❡ ❢♦r♠❛t✐♦♥✳ ❉❛♥s ❝❡ ❝❛s✱ ✉♥❡ ♣❧❛♥èt❡ ❡st ✉♥ ❛str❡ s❡
❢♦r♠❛♥t ❞❛♥s ✉♥ ❞✐sq✉❡ ❞✬❛❝❝rét✐♦♥ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡✱ t❛♥❞✐s q✉✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ s❡ ❢♦r♠❡
❞❛♥s ✉♥ ♥✉❛❣❡ ♠♦❧é❝✉❧❛✐r❡✳ ◗✉❡❧❧❡ q✉❡ s♦✐t ❧❛ ❞é✜♥✐t✐♦♥ ❡♠♣❧♦②é❡✱ ❝❡❧❛ ♣❧❛❝❡ ❧❡s ♥❛✐♥❡s
❜r✉♥❡s ❞❛♥s ✉♥ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❝❡❧✉✐ ❞❡s ét♦✐❧❡s ❡t ❝❡❧✉✐ ❞❡ ❧❛ ♣❧✉♣❛rt
❞❡s ♣❧❛♥èt❡s✳

❋♦r♠❛t✐♦♥

▲❡s ♣r♦❝❡ss✉s q✉✐ ❧✐♠✐t❡♥t ❧✬❛❝❝rét✐♦♥ à ✉♥❡ ♠❛ss❡ s✐ ❢❛✐❜❧❡ ❛✐♥s✐ q✉❡ ❧❡✉rs ♣❛rts r❡❧❛t✐✈❡s
s♦♥t ❡♥❝♦r❡ ❞é❜❛tt✉s✳
❯♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❤②♣♦t❤ès❡s ❡♥✈✐s❛❣é❡s ❡st q✉❡ ❧❛ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞✉ ❝♦❡✉r ♣ré✲st❡❧❧❛✐r❡

q✉✐ s✬❡✛♦♥❞r❡ ❡st très ❢❛✐❜❧❡✱ ❜✐❡♥ ❡♥ ❞❡ss♦✉s ❞❡ ❧❛ ♠❛ss❡ ❛tt❡♥❞✉❡✳ ❈❡tt❡ ♠❛ss❡✱ ❛♣♣❡❧é❡ ❧❛
♠❛ss❡ ❞❡ ❏❡❛♥s✱ ❡st ❞❡ ♣❧✉s✐❡✉rs ❞✐①✐è♠❡s ❞❡ ♠❛ss❡ s♦❧❛✐r❡ ✭▲❛rs♦♥ ✶✾✾✾✮ ❛✈❡❝ ✉♥ ♠♦❞è❧❡
s✐♠♣❧❡✳ P❛❞♦❛♥ ✫ ◆♦r❞❧✉♥❞ ✭✷✵✵✷✮ ♦♥t ♠♦♥tré q✉❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡
♣❡r♠❡t ❞✬❛❜❛✐ss❡r ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s ❥✉sq✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s✉❜st❡❧❧❛✐r❡✱ ❝❛r ❡❧❧❡ ❛✉❣♠❡♥t❡
❧♦❝❛❧❡♠❡♥t ❧❛ ❞❡♥s✐té✳ ❈❡❧❛ ♣❡r♠❡t ❧✬❡✛♦♥❞r❡♠❡♥t ❞❡ ❢r❛❣♠❡♥ts ❞❡ ♣❧✉s ♣❡t✐t❡ t❛✐❧❧❡✳

✾



✶ ■♥tr♦❞✉❝t✐♦♥

▲❡ s❡❝♦♥❞ ♠é❝❛♥✐s♠❡ ❡♥✈✐s❛❣é ❡st ❝❡❧✉✐ ❞❡ ❧✬é❥❡❝t✐♦♥ ❞❡ ❧❛ ♣r♦t♦✲♥❛✐♥❡ ❜r✉♥❡ ♣❛r ✐♥t❡r✲
❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❧♦rs ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ s②stè♠❡ st❡❧❧❛✐r❡ ♠✉❧t✐♣❧❡ ✭❘❡✐♣✉rt❤ ✫
❈❧❛r❦❡ ✷✵✵✶❀ ❇❛t❡ ✫ ❇♦♥♥❡❧❧ ✷✵✵✺✮✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s ❧✬❛❝❝rét✐♦♥ ❡st ✐♥t❡rr♦♠♣✉❡ ❝❛r ❧❛
♣r♦t♦✲♥❛✐♥❡ ❜r✉♥❡ ❡st é❥❡❝té❡ ❤♦rs ❞❡ s♦♥ rés❡r✈♦✐r ❞❡ ♠❛t✐èr❡✳
❉✬❛✉tr❡s ❤②♣♦t❤ès❡s ♣r♦♣♦s❡♥t ❞❡s ♠♦❞❡s ❞❡ ❢♦r♠❛t✐♦♥ ❛❧t❡r♥❛t✐❢s✱ ♥♦t❛♠♠❡♥t ♣❛r ♣❤♦t♦✲

é✈❛♣♦r❛t✐♦♥ ❞✉ ❝♦❡✉r ♣ré✲st❡❧❧❛✐r❡ ❞❡ ❧❛ ♣r♦t♦✲♥❛✐♥❡ ❜r✉♥❡ ♣❛r ❧❡ r❛②♦♥♥❡♠❡♥t ❯❱ ❞✬✉♥❡
ét♦✐❧❡ ❖ ♣r♦❝❤❡ ✭❲❤✐t✇♦rt❤ ✫ ❩✐♥♥❡❝❦❡r ✷✵✵✹✮✳ ❯♥ ❛✉tr❡ ♠é❝❛♥✐s♠❡ ré❝❡♠♠❡♥t s✉❣❣éré ❡st
❝❡❧✉✐ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ♣❛r ❢r❛❣♠❡♥t❛t✐♦♥ ❞✉ ❣❛③ ♠♦❧é❝✉❧❛✐r❡ ❡♥ ❝❤✉t❡ ❞❛♥s
❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞✬✉♥ ❛♠❛s ✭❇♦♥♥❡❧❧ ❡t ❛❧✳ ✷✵✵✽✮✳ ❊♥✜♥ ✉♥ ♠♦❞❡ ❞❡ ❢♦r♠❛t✐♦♥
❝♦♠♠✉♥ ❛✈❡❝ ❧❡s ♣❧❛♥èt❡s ❣é❛♥t❡s ❛ été ❛✈❛♥❝é✱ ♣❛r ❢r❛❣♠❡♥t❛t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❝✐r❝✉♠st❡❧✲
❧❛✐r❡ ♠❛ss✐❢ ♣❡rt✉r❜é ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t ♣❛r ❧❡ ♣❛ss❛❣❡ ♣r♦❝❤❡ ❞✬✉♥❡ ét♦✐❧❡ ✭❇❛t❡ ❡t ❛❧✳
✷✵✵✷✮✳
❚♦✉s ❝❡s ♠é❝❛♥✐s♠❡s s♦♥t ✐♥s❡♥s✐❜❧❡s à ❧❛ ❧✐♠✐t❡ ❞❡ ❢✉s✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡ ❡t ✈♦♥t ❞♦♥❝

❢♦r♠❡r ❛✉ss✐ ❜✐❡♥ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s q✉❡ ❞❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡✱ ✈♦✐r❡✱ ♣♦✉r ❝❡rt❛✐♥s✱
❞❡s ♦❜❥❡ts ❞❡ ♠❛ss❡ ♣❧❛♥ét❛✐r❡✳ ■❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ t♦✉s ❝❡s ♠♦❞❡s ❞❡ ❢♦r♠❛t✐♦♥ ❝♦❡①✐st❡♥t✱
❧❡ ♣r♦❜❧è♠❡ ♣♦sé ét❛♥t s✉rt♦✉t ❞❡ ❞ét❡r♠✐♥❡r ❧❡✉r ✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡✳

❙tr✉❝t✉r❡ st❡❧❧❛✐r❡

▲✬❛str❡ rés✉❧t❛♥t ❝♦♥t✐♥✉❡ à s❡ ❝♦♥tr❛❝t❡r✱ ♠❛✐s ❝♦♠♠❡ s❛ ♠❛ss❡ ❡st ❢❛✐❜❧❡✱ ❧❛ ❞❡♥s✐té ❞✉
❝♦❡✉r ❛tt❡✐♥t ❧❡ ♣♦✐♥t ♦ù ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❡st é❣❛❧❡ à ❧❛ ❞❡♥s✐té ❞✬ét❛ts q✉❛♥t✐q✉❡s
❛❝❝❡ss✐❜❧❡s ♣❛r ❧❡s é❧❡❝tr♦♥s ❛❧♦rs q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ s♦♥ ❝♦❡✉r r❡st❡ ✐♥❢ér✐❡✉r❡ à 3.106K✱
t❡♠♣ér❛t✉r❡ ❝r✐t✐q✉❡ ♣♦✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s ré❛❝t✐♦♥s ❞❡ ❢✉s✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡✳ ▲❡
♣r✐♥❝✐♣❡ ❞✬❡①❝❧✉s✐♦♥ ❞❡ P❛✉❧✐ ✐♥t❡r❞✐t à ❞❡✉① é❧❡❝tr♦♥s ❞✬♦❝❝✉♣❡r ❧❡ ♠ê♠❡ ét❛t q✉❛♥t✐q✉❡✱
❝❡ q✉✐ ❝♦♥❞✉✐t ❝❡rt❛✐♥s ❞✬❡♥tr❡ ❡✉① à ♦❝❝✉♣❡r ❞❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ♣❧✉s é❧❡✈é❡✳ ❈❡❝✐ ❢❛✐t
❛♣♣❛r❛îtr❡ ✉♥❡ ♣r❡ss✐♦♥ ❞✐t❡ ❞❡ ✧❞é❣é♥ér❡s❝❡♥❝❡ é❧❡❝tr♦♥✐q✉❡✧✱ q✉✐ st♦♣♣❡ ❧✬❡✛♦♥❞r❡♠❡♥t
❣r❛✈✐t❛t✐♦♥♥❡❧ ❛✈❛♥t q✉❡ ❧❡s ré❛❝t✐♦♥s ❞❡ ❢✉s✐♦♥✱ ❝♦♥tr♦❧é❡s ♣❛r ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s ♣r♦t♦♥s✱
♥✬❛✐❡♥t ♣✉ s❡ st❛❜✐❧✐s❡r✳ ❯♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❝♦♥t✐♥✉❡ ❞♦♥❝ à s❡ ❝♦♥tr❛❝t❡r ❡t à s❡ r❡❢r♦✐❞✐r t♦✉t
❛✉ ❧♦♥❣ ❞❡ s♦♥ ❡①✐st❡♥❝❡ ❡♥ ❝♦♥s♦♠♠❛♥t ❧❛ ❢❛✐❜❧❡ é♥❡r❣✐❡ t❤❡r♠✐q✉❡ ❞❡s ♣r♦t♦♥s✳ ❯♥❡ ét✉❞❡
❛♣♣r♦❢♦♥❞✐❡ ❞❡ ❧❛ str✉❝t✉r❡ ✐♥t❡r♥❡ ❞❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ♣❡✉t êtr❡ tr♦✉✈é❡ ❞❛♥s ❈❤❛❜r✐❡r
❡t ❛❧✳ ✭✷✵✵✺✮✳ ❆✉t♦✉r ❞✬✉♥ ❝♦❡✉r ❞❡ ♣❧❛s♠❛ ❞♦♥t ❧❡s é❧❡❝tr♦♥s ❢♦r♠❡♥t ✉♥ ❣❛③ ♣❛rt✐❡❧❧❡♠❡♥t
❞é❣é♥éré✱ ♦♥ tr♦✉✈❡ ✉♥❡ ❡♥✈❡❧♦♣♣❡ ❞✬❤②❞r♦❣è♥❡ ♣❛rt✐❡❧❧❡♠❡♥t ✐♦♥✐sé❡✱ ♣✉✐s ✉♥❡ ❛t♠♦s♣❤èr❡
♥❡✉tr❡✳ ❚♦✉t ❝♦♠♠❡ ❧❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡✱ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❧❡s ♣❧✉s ❝❤❛✉❞❡s ❡t ❧❡s
♣❧✉s ♠❛ss✐✈❡s s♦♥t ❡♥t✐èr❡♠❡♥t ❝♦♥✈❡❝t✐✈❡s✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♣r♦♣r✐été ❛✉t♦r✐s❡ ✉♥ t❡st ✜❛❜❧❡
♣♦✉r ❞✐st✐♥❣✉❡r ❝❡s ❞❡✉① ❝❛té❣♦r✐❡s ❞✬♦❜❥❡ts ❛✉tr❡♠❡♥t ❛ss❡③ s✐♠✐❧❛✐r❡s ✿ ❧❡ t❡st ❞✉ ❧✐t❤✐✉♠
✭❘❡❜♦❧♦ ❡t ❛❧✳ ✶✾✾✷✮✳

▲❡ t❡st ❞✉ ▲✐t❤✐✉♠

❉❛♥s ❧❡ ❝♦❡✉r ❞✬✉♥❡ ét♦✐❧❡✱ ❧❡ ❧✐t❤✐✉♠ ❡st ❞étr✉✐t ♣❛r ❝❛♣t✉r❡ ❞✬✉♥ ♣r♦t♦♥ ✿

7Li + p → 2 4He

❈❡tt❡ ré❛❝t✐♦♥ s❡ ♣r♦❞✉✐t à ♣❧✉s ❢❛✐❜❧❡ t❡♠♣ér❛t✉r❡ q✉❡ ❧❛ ❢✉s✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡ ✭2.106K
❝♦♥tr❡ 3.106K✮✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❧✐t❤✐✉♠ ❞❛♥s ❧❛ ♣❤♦t♦s♣❤èr❡ ♥✬❡st ♣♦ss✐❜❧❡ q✉❡ s✐ ❧❛ t❡♠✲
♣ér❛t✉r❡ ❝❡♥tr❛❧❡ ❞❡ ❧✬♦❜❥❡t ❡st tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ❞é❝❧❡♥❝❤❡r ❧❛ ré❛❝t✐♦♥ ❞❡ ❢✉s✐♦♥ ❞✉ ❧✐t❤✐✉♠✱
❡t ❞♦♥❝ ❛ ❢♦rt✐♦r✐ ❝❡❧❧❡ ❞❡ ❧✬❤②❞r♦❣è♥❡✳ ▲✬❛❜♦♥❞❛♥❝❡ ❞✉ ❧✐t❤✐✉♠ ❞é♣❡♥❞ é❣❛❧❡♠❡♥t ❞❡ ❧✬â❣❡
❞❡ ❧✬♦❜❥❡t r❡❧❛t✐✈❡♠❡♥t ❛✉ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ❝♦♥✈❡❝t✐♦♥ ❞❡♣✉✐s ❧❡ ❝♦❡✉r ❥✉sq✉✬à

✶✵



✶✳✶ ◗✉❡❧❧❡ ♣❤②s✐q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

❧❛ ♣❤♦t♦s♣❤èr❡✱ ♣✉✐sq✉✬✐❧ ❢❛✉t q✉❡ t♦✉t ❧❡ ❧✐t❤✐✉♠ ❛✐t ❡✉t ❧❡ t❡♠♣s ❞❡ ♣❛ss❡r ♣❛r ❧❡ ❝♦❡✉r
❞❡ ❧✬❛str❡✳ ❚♦✉t❡❢♦✐s ❧❛ ♣rés❡♥❝❡ ❞❡ ❧✐t❤✐✉♠ ❞❛♥s ✉♥ ♦❜❥❡t ♣❧✉s ✈✐❡✉① q✉❡ ∼109 ❛♥s ❡st ✉♥❡
♣r❡✉✈❡ s♦❧✐❞❡ ❞✬✉♥❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à ∼✵✳✵✻▼⊙ ✭❈❤❛❜r✐❡r ❡t ❛❧✳ ✶✾✾✻✮✳

✶✳✶✳✷ ▲❡s t②♣❡s s♣❡❝tr❛✉① ❡♥ ✜♥ ❞❡ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❡t ❛✉✲❞❡❧à

▲❡ s♣❡❝tr❡ ❡st ♥♦tr❡ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❡t ❧❛
t❡♠♣ér❛t✉r❡ ❞❡s ❛t♠♦s♣❤èr❡s st❡❧❧❛✐r❡s ❡t ♣❧❛♥ét❛✐r❡s✳ ▲❡s ét♦✐❧❡s ♠❛ss✐✈❡s ♦♥t ✉♥ s♣❡❝tr❡
❞♦♥t ❧✬❛❧❧✉r❡ ❣é♥ér❛❧❡ ❡st ❝❡❧❧❡ ❞✬✉♥ ❝♦r♣s ♥♦✐r✱ t❛♥❞✐s q✉❡ ❝❡❧✉✐ ❞❡s ♣❧❛♥èt❡s ❡st ❞♦♠✐♥é ♣❛r
❞❡ ♥♦♠❜r❡✉s❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s✳ ▲❡ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬❛t♠♦✲
s♣❤èr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✈❛r✐❡ ❡♥tr❡ ✷✺✵✵❑ ❡t q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ❑❡❧✈✐♥s ❡t ♣rés❡♥t❡
✉♥ ✐♠♣♦rt❛♥t r❡❝♦✉✈r❡♠❡♥t ❛✈❡❝ ❝❡❧✉✐ ❞❡s ❡①♦♣❧❛♥èt❡s ❝♦♥♥✉❡s à ❝❡ ❥♦✉r✳ ▲❡ s♣❡❝tr❡ ❞✬✉♥❡
♥❛✐♥❡ ❜r✉♥❡ ❡st ❞♦♥❝ ❝❛r❛❝tér✐sé ♣❛r ❞❡ ♥♦♠❜r❡✉s❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s ❡t
❧❛ ♣rés❡♥❝❡ ❞❡ ♣♦✉ss✐èr❡s✱ t❛♥❞✐s q✉❡ s♦♥ ❛t♠♦s♣❤èr❡ ❝♦♥♥❛ît ✉♥❡ ✈ér✐t❛❜❧❡ ♠été♦r♦❧♦✲
❣✐❡✱ ♣❡✉t êtr❡ s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ q✉✐ ❛❣✐t❡ ❧❡s ❜❛♥❞❡s ♥✉❛❣❡✉s❡s ❞❡ ❏✉♣✐t❡r✳ ▲❡s ♠♦❧é❝✉❧❡s
♣ré♣♦♥❞ér❛♥t❡s ❞é♣❡♥❞❡♥t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ ❡t ❝❛r❛❝tér✐s❡♥t ❧❡s ❞✐✛ér❡♥ts
t②♣❡s s♣❡❝tr❛✉① ❞❡ ♥❛✐♥❡s ❜r✉♥❡s✳
❉❡♣✉✐s ❧❛ ✜♥ ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❥✉sq✉✬❛✉ ❞♦♠❛✐♥❡ ♣❧❛♥ét❛✐r❡ ♦♥ ❞é✜♥✐t à ❧✬❤❡✉r❡

❛❝t✉❡❧❧❡ ✹ t②♣❡s s♣❡❝tr❛✉① ✿ ▼ ✲t❛r❞✐✈❡s✲✱ ▲✱ ❚ ❡t ❨✳ ▲❛ ❢♦r♠❡ ❣é♥ér❛❧❡ ❞✉ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s
❜r✉♥❡s s✬é❝❛rt❡ ❞❡ ❝❡❧✉✐ ❞✬✉♥ ❝♦r♣s ♥♦✐r ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡♠❡♥t q✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞é❝r♦✐t✳
■❧ ❡st ❛❧♦rs ❝❛r❛❝tér✐sé ♣❛r ❞❡ ❧❛r❣❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s✳
▲❛ t❛❜❧❡ ✶✳✶ ré❝❛♣✐t✉❧❡ ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞❡ ❝❡s ♦❜❥❡ts✳ ❏❡ ✈❛✐s ♠❛✐♥✲

t❡♥❛♥t ♣ré❝✐s❡r ✉♥ ♣❡✉ ♣❧✉s ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❤❛❝✉♥ ❞❡ ❝❡s t②♣❡s s♣❡❝tr❛✉①✳

❚②♣❡ ❞✬♦❜❥❡t ❙♦❧❡✐❧ ◆❛✐♥❡ ▼ ◆❛✐♥❡ ▲ ◆❛✐♥❡ ❚ ◆❛✐♥❡ ❨ ❏✉♣✐t❡r
❚❡♠♣ér❛t✉r❡ ✭❑✮ ✺✽✵✵ ✹✵✵✵✲✷✸✵✵ ✷✸✵✵✲✶✸✵✵ ✶✸✵✵✲∼✻✵✵ ∼✻✵✵✲ ❄ ❄ ❄ ✶✶✷
●r❛✈✐té ✭m.s−2) ✷✼✺ ✹✽✵✲✷✷✵✵ ✷✷✵✵✲✷✺✵✵ ✶✵✵✵✲✷✽✵✵ ✶✵✵✵✲∼✺✵ ✷✺

❉✐❛♠ètr❡ ✶ ✵✳✸✲✵✳✶ ✵✳✶✲✵✳✵✾✺ ✵✳✵✾✲✵✳✶ ✵✳✶✲✵✳✶✶ ✵✳✶
▲✉♠✐♥♦s✐té ✶ ✵✳✵✽✲✶✵−3.5 ✶✵−3.5✲✶✵−4.5 ✶✵−4.5✲✶✵−6 ✶✵−6✲ ❄ ❄ ❄ ✶✳✻✳✶✵−13

❚❛❜✳ ✶✳✶✿ Pr✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✳ ❚♦✉t❡s ❧❡s ❞♦♥♥é❡s ♣♦✉r
❧❡s ♥❛✐♥❡s ▼✱ ▲✱ ❚ ❡t ❨ s♦♥t ✐ss✉❡s ❞❡s ♠♦❞è❧❡s ◆❡①t●❡♥✱ ❉✉st② ❡t ❝♦♥❞ ❆❧❧❛r❞
❡t ❛❧✳ ✭✷✵✵✶✮❀ ❇❛r❛✛❡ ❡t ❛❧✳ ✭✷✵✵✸✮ ♣♦✉r ✉♥ â❣❡ ✶✵9❛♥s✳ ▲❡ ❞✐❛♠ètr❡ ❡t ❧❛ ❧✉♠✐✲
♥♦s✐té s♦♥t ❡①♣r✐♠és r❡s♣❡❝t✐✈❡♠❡♥t ❡♥ ❞✐❛♠ètr❡ s♦❧❛✐r❡ ❡t ❡♥ ❧✉♠✐♥♦s✐té s♦❧❛✐r❡
❜♦❧♦♠étr✐q✉❡✳

▲❡s ♥❛✐♥❡s ▼ t❛r❞✐✈❡s

▲❛ ❧❡ttr❡ ✏▼✑ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞❡r♥✐èr❡ ❝❧❛ss❡ s♣❡❝tr❛❧❡ ❞❡s ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✳
■❧ ❡①✐st❡ ❛✉ss✐ ❞❡s ét♦✐❧❡s ❣é❛♥t❡s ❞❡ t②♣❡ ▼✱ ♠❛✐s ❥❡ ♥✬❡♥ ♣❛r❧❡r❛✐ ♣❛s ❞❛✈❛♥t❛❣❡ ❝❛r ❡❧❧❡s
s♦♥t ♣❡✉ ❡♥ r❛♣♣♦rt ❛✈❡❝ ❧❡ s✉❥❡t q✉✐ ♥♦✉s ✐♥tér❡ss❡ ✭❡♥✜♥✱ ♠♦✐ ❛✉ ♠♦✐♥s✮✳ ▲❡ s♣❡❝tr❡ ❞❡s
ét♦✐❧❡s ▼ s❡ ❞✐st✐♥❣✉❡ ❞❡ ❝❡❧✉✐ ❞❡s ét♦✐❧❡s ♣❧✉s ❝❤❛✉❞❡s ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✐♠♣♦rt❛♥t❡s ❜❛♥❞❡s
❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s ❡t ❛t♦♠✐q✉❡s✳ ❯♥❡ séq✉❡♥❝❡ ❛❧❧❛♥t ❞❡ ▼✵ à ▼✾✳✺ ❡st ❞é✜♥✐❡ ♣❛r
❑✐r❦♣❛tr✐❝❦ ❡t ❛❧✳ ✭✶✾✾✶✱ ✶✾✾✺✮✳ ▲❡s ♥❛✐♥❡s ▼ ♣♦ssè❞❡♥t ✉♥❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à ❡♥✈✐r♦♥
0.6M⊙✱ ❡t ❧❡✉r ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ s✬ét❡♥❞ ❥✉sq✉✬❛✉① ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞❡s
♦❜❥❡ts très ❥❡✉♥❡s ✭❡✳❣✳ ▼♦r❛✉① ❡t ❛❧✳ ✷✵✵✼✮✳ ◆♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ✐❝✐ ❛✉① ♥❛✐♥❡s ▼ ❧❡s

✶✶



✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✶✿ ❙éq✉❡♥❝❡ s♣❡❝tr❛❧❡ ❞❡ ✵✳✻µ♠ à ✷✳✺µ♠✱ ❞❡s ♥❛✐♥❡s ▼ t❛r❞✐✈❡s ❛✉① ♥❛✐♥❡s ▲ t❛r❞✐✈❡s✳
▲❡ ❞♦♠❛✐♥❡ ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡t ❧❛ ♥❛t✉r❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥
s♦♥t ♣ré❝✐sés✳ ❉✬❛♣rès ❇✉r❣❛ss❡r ✭✷✵✵✶✮

♣❧✉s t❛r❞✐✈❡s✱ ❞❡ t②♣❡ s♣❡❝tr❛❧ s✉♣ér✐❡✉r à ▼✻ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♠❛ss❡ ❞❡ ≈✵✳✶M⊙✳
P♦✉r ❧❡s ♦❜❥❡ts ❞✉ ❝❤❛♠♣✱ ❡♥ ❣é♥ér❛❧ â❣és ❞❡ ♣❧✉s ❞❡ 109 ❛♥s✱ ❧❛ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ ❡♥ ♠❛ss❡
❞❡s ♥❛✐♥❡s ▼ ❡st ❞✬❡♥✈✐r♦♥ 0.08M⊙✳
❈❡tt❡ ♠❛ss❡ ❡st t✐ré❡ ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❞✬❛t♠♦s♣❤èr❡ ✧❉✉st②✧ ❞❡ ❆❧❧❛r❞

❡t ❛❧✳ ✭✷✵✵✶✮✱ ❝♦✉♣❧é ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❞❡ str✉❝t✉r❡ st❡❧❧❛✐r❡ ❞é❝r✐t ♣❛r ❇❛r❛✛❡ ❡t ❛❧✳ ✭✷✵✵✸✮✳
▲❡s ❛✉tr❡s ♠❛ss❡s ✉t✐❧✐sé❡s ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ s❡❝t✐♦♥ ♣r♦✈✐❡♥♥❡♥t s♦✐t ❞❡ ❝❡ ♠♦❞è❧❡✱ s♦✐t
♣♦✉r ❧❡s ♦❜❥❡ts ♣❧✉s ❢r♦✐❞s q✉❡ ∼✶✺✵✵❑✱ ❞✉ ♠♦❞è❧❡ ✧❈♦♥❞✧ ✭❆❧❧❛r❞ ❡t ❛❧✳ ✷✵✵✸✮✱ ❡♥❝♦r❡ ✉♥❡
❢♦✐s ❝♦✉♣❧é ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ❞❡ str✉❝t✉r❡ st❡❧❧❛✐r❡ ❞❡ ❇❛r❛✛❡ ❡t ❛❧✳ ✭✷✵✵✸✮✳
▲❡ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❞❡s ♥❛✐♥❡s ▼ s✬ét❡♥❞ ❞❡ ✹✵✵✵❑ à ✷✸✵✵❑ ❡♥✈✐r♦♥✳

▲❛ ✜❣✉r❡ ✶✳✶ ♠♦♥tr❡ ❞❡s s♣❡❝tr❡s ❞❡ ♥❛✐♥❡s ▼ t❛r❞✐✈❡s✱ ❝❛r❛❝tér✐sés ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡ ✈✐s✐❜❧❡s ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡ ♥♦♠❜r❡✉s❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞✬♦①②❞❡s ♠ét❛❧❧✐q✉❡s✱
✲❚✐❖ ❡t ❱❖ ♥♦t❛♠♠❡♥t✲ ❡t ❞✬❤②❞r✉r❡s ♠ét❛❧❧✐q✉❡s✳ ❉❛♥s ❧❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ✭❝✐✲❛♣rès
◆■❘✮ ❧✬❛❜s♦r❜❛♥t ❞♦♠✐♥❛♥t ❡st ❧❡ ♠♦♥♦①②❞❡ ❞❡ ❝❛r❜♦♥❡✱ ❡t ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ ♣♦✉r ❧❡s ♦❜❥❡ts
❧❡s ♣❧✉s t❛r❞✐❢s✳

▲❡s ♥❛✐♥❡s ▲

▲❡s ♥❛✐♥❡s ▲✱ ❞♦♥t ❧❛ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ 2300K ❡t 1300K✱ s♦♥t
❝❛r❛❝tér✐sé❡s ♣❛r ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♣♦✉ss✐èr❡s ❡♥ s✉s♣❡♥s✐♦♥ q✉✐ ♠♦❞✐✜❡♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t
❧❛ ❝❤✐♠✐❡ ❛t♠♦s♣❤ér✐q✉❡ ❡t ❧❡ tr❛♥s❢❡rt r❛❞✐❛t✐❢ ❞❡ ❝❡s ♦❜❥❡ts✳ ▲✬❛♣♣❛r✐t✐♦♥ ❞❡s ♣♦✉ss✐èr❡s

✶✷



✶✳✶ ◗✉❡❧❧❡ ♣❤②s✐q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

♣r♦✈♦q✉❡ ✉♥ r♦✉❣✐ss❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✬é♥❡r❣✐❡✳ ❊❧❧❡s s❡ ❢♦r♠❡♥t ❡♥ ♣✐è❣❡❛♥t
♥♦t❛♠♠❡♥t ❧❡s ♦①②❞❡s ♠ét❛❧❧✐q✉❡s✱ q✉✐ ❞♦♠✐♥❡♥t ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ▼✳ ❈❡✉①✲❝✐ ❞✐s♣❛r❛✐s✲
s❡♥t ❞♦♥❝ ♣r♦❣r❡ss✐✈❡♠❡♥t ❞✉ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ▲✳ ❈❡s ❞❡r♥✐èr❡s ❝♦♥s❡r✈❡♥t ♣❛r ❝♦♥tr❡ ❞❡s
❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞✬❤②❞r✉r❡s ♠ét❛❧❧✐q✉❡s ❝♦♠♠❡ ❋❡❍ ❞❛♥s ❧❡ s♣❡❝tr❡ ♦♣t✐q✉❡✳ ❈♦♠♠❡
❧❛ ❞✐s♣❛r✐t✐♦♥ ❞❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡s ♠ét❛✉① ré❢r❛❝t❛✐r❡s ❞✐♠✐♥✉❡ ❧✬é♣❛✐ss❡✉r ♦♣t✐q✉❡
❞❛♥s ❧❡ ✈✐s✐❜❧❡✱ ❧❡ ✢✉① ✈✐s✐❜❧❡ é♠❡r❣❡ ❞❡ ❝♦✉❝❤❡s ♣❧✉s ♣r♦❢♦♥❞❡s ❞❡ ❧✬❛str❡✱ ♣♦✉r ❧❡sq✉❡❧❧❡s
❧❛ ♣r❡ss✐♦♥ ❞✉ ❣❛③ ❡st ♣❧✉s é❧❡✈é❡✳
❈❡❧❛ ♣❡r♠❡t ❧✬é♠❡r❣❡♥❝❡ ❞✬✉♥ ♥♦✉✈❡❧ ❛❜s♦r❜❛♥t q✉✐ ✈❛ ❞♦♠✐♥❡r ❧❡ s♣❡❝tr❡ ♦♣t✐q✉❡ ❞❡s

♥❛✐♥❡s ❜r✉♥❡s✱ ❞❡s ♥❛✐♥❡s ▲ ❛✉① ♥❛✐♥❡s ❚ ❧❡s ♣❧✉s t❛r❞✐✈❡s ✿ ❧❡ ♣♦t❛ss✐✉♠ ✭❇✉rr♦✇s ❡t ❛❧✳
✷✵✵✵✮✳ ▲❡ ❞♦✉❜❧❡t ❞❡ tr❛♥s✐t✐♦♥ é❧❡❝tr♦♥✐q✉❡ à ✵✳✼✼µ♠ ❞❡ ❝❡t é❧é♠❡♥t s❡ tr♦✉✈❡ ❝♦♥s✐❞ér❛❜❧❡✲
♠❡♥t é❧❛r❣✐ ♣❛r ❧❛ ❤❛✉t❡ ♣r❡ss✐♦♥ ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ ♦♣t✐q✉❡✳ ❈♦♠♠❡ ❞é❝r✐t ♣❛r ❇✉rr♦✇s
❡t ❛❧✳ ✭✷✵✵✵✮✱ ❝❡tt❡ ❛❜s♦r♣t✐♦♥ ❡st ❝❡♥tré❡ à ✵✳✼✼µ♠ ❛✉ ♠✐❧✐❡✉ ❞❡ ❧❛ ❜❛♥❞❡ ♣❤♦t♦♠étr✐q✉❡
i✳ ❆ ♠❡s✉r❡ q✉❡ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❞❡✈✐❡♥t ♣❧✉s t❛r❞✐❢✱ ❧✬❛t♠♦s♣❤èr❡ ♦♣t✐q✉❡ s✬é❝❧❛✐r❝✐t ❡t ❞❡✲
s❝❡♥❞ ❞❛♥s ❞❡s ❝♦✉❝❤❡s ♦ù ❧❛ ❣r❛✈✐té ❡st ♣❧✉s é❧❡✈é❡✱ ❝❡ q✉✐ é❧❛r❣✐t ❞❛✈❛♥t❛❣❡ ❧❡ ❞♦✉❜❧❡t
❞✉ ♣♦t❛ss✐✉♠ ❡t ❞✐♠✐♥✉❡ ❢♦rt❡♠❡♥t ❧❡ ✢✉① ❡♥ ❜❛♥❞❡ i✱✭❝❢ ✜❣✉r❡ ✷✳✷✮ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡
♠❡s✉r❡✱ ❡♥ ❜❛♥❞❡ z✳ ▲❛ ✜❣✉r❡ ✶✳✸ ♠♦♥tr❡ ✉♥ ♠♦❞è❧❡ ❞❡ s♣❡❝tr❡ ♦♣t✐q✉❡ s❛♥s ❛❜s♦r♣t✐♦♥ ♣❛r
❧❡s ♠ét❛✉① ❛❧❝❛❧✐♥s ✲❞♦♥t ❧❡ ♣♦t❛ss✐✉♠✲✱ ❝♦♠♣❛ré à ❞❡s ♠♦❞è❧❡s ❛✈❡❝ ❛❜s♦r♣t✐♦♥✱ ❡t ❛✈❡❝
✉♥❡ ♦❜s❡r✈❛t✐♦♥✳ ❊❧❧❡ ✐❧❧✉str❡ ❞❡ ♠❛♥✐èr❡ ❢r❛♣♣❛♥t❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠
❞❛♥s ❧❡ s♣❡❝tr❡ ♦♣t✐q✉❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❆ ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♣❧✉s ❝♦✉rt❡s✱ ❝✬❡st ❧❡
❞♦✉❜❧❡t ❥❛✉♥❡ ❞✉ s♦❞✐✉♠ à ✵✳✺✽✾µ♠ q✉✐ ❞♦♠✐♥❡ ❧❡ s♣❡❝tr❡✳ ❈❡tt❡ ❛❜s♦r♣t✐♦♥ é❧❛r❣✐❡ ♣❛r ❧❛
♣r❡ss✐♦♥ ❞✐♠✐♥✉❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ✢✉① ❡♥ ❜❛♥❞❡ r ❡t i′✳
❉❛♥s ❧❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✱ ❧❡ s♣❡❝tr❡ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❢♦rt❡♠❡♥t ❛✛❡❝té ♣❛r ❧✬❛❜s♦r♣t✐♦♥

♣❛r ❧❛ ✈❛♣❡✉r ❞✬❡❛✉ à ♠❡s✉r❡ q✉✬♦♥ s❡ ❞✐r✐❣❡ ✈❡rs ❧❡s ♥❛✐♥❡s ▲ t❛r❞✐✈❡s✱ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧❡
✈♦✐r s✉r ❧❡s ✜❣✉r❡s ✶✳✶ ❡t ✶✳✷✳ ❚♦✉❥♦✉rs ❡♥ ◆■❘✱ ❧❡s ♣♦✉ss✐èr❡s r❡❞✐str✐❜✉❡♥t ❧✬é♥❡r❣✐❡ ✈❡rs
❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❧❡s ♣❧✉s r♦✉❣❡s✳
■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❧❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡✱ ✐♥❢ér✐❡✉r❡ à 0.08M⊙ ♠❛✐s

s✉♣ér✐❡✉r❡ à ❧❛ ♠❛ss❡ ❧✐♠✐t❡ ❞❡ ❢✉s✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡✱ ♦♥t ✉♥❡ ♣❤♦t♦s♣❤èr❡ ❞♦♥t ❧❛ t❡♠♣ér❛✲
t✉r❡ ❡st < 2300K ❡t ❧❛ s✐❣♥❛t✉r❡ s♣❡❝tr❛❧❡ ❡st ❝❧❛✐r❡♠❡♥t ❝❡❧❧❡ ❞✬✉♥❡ ♥❛✐♥❡ ▲✳ ▲❡s ♥❛✐♥❡s ▲
❛✉ss✐ t❛r❞✐✈❡s q✉❡ ▲✸✲▲✹ ♣❡✉✈❡♥t ❞♦♥❝ ❛✉ss✐ ❜✐❡♥ êtr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❥❡✉♥❡s ❡t ♠❛ss✐✈❡s
q✉❡ ❞❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡ s✉r ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✳ ❉❛♥s ❝❡tt❡ ③♦♥❡ ❝♦♠♠✉♥❡
❛✉① ét♦✐❧❡s ❡t ❛✉① ♥❛✐♥❡s ❜r✉♥❡s✱ ❧❡ ♠♦②❡♥ ❧❡ ♣❧✉s sûr ♣♦✉r ét❛❜❧✐r ❧❛ ♥❛t✉r❡ ❞✬✉♥ ♦❜❥❡t ❡st
❧❡ t❡st ❞✉ ❧✐t❤✐✉♠✳ ❯♥❡ ❛♠❜✐❣✉✐té s✉❜s✐st❡ ❝❡♣❡♥❞❛♥t ♣♦✉r ❧❡s ♦❜❥❡ts ❞♦♥t ❧❛ ♠❛ss❡ ❡st ❝♦♠✲
♣r✐s❡ ❡♥tr❡ ∼ 0.06M⊙ ❡t ∼ 0.072M⊙✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❢❛✐r❡ ❢✉s✐♦♥♥❡r ❧❡ ❧✐t❤✐✉♠✳ ❈✬❡st s❛♥s
❞♦✉t❡ ❧❡ ❝❛s ❞❡ ❧❛ ♣r❡♠✐èr❡ ♥❛✐♥❡ ▲ ❞é❝♦✉✈❡rt❡✱ ●❉✶✻✺❇ ✭❩✉❝❦❡r♠❛♥ ✫ ❇❡❝❦❧✐♥ ✶✾✾✷✮ q✉✐
❞✬❛♣rès ❑✐r❦♣❛tr✐❝❦ ❡t ❛❧✳ ✭✶✾✾✾✮ ❡st ♣r♦❜❛❜❧❡♠❡♥t ✉♥ ❡①❡♠♣❧❡ ❞❡ ♥❛✐♥❡ ❜r✉♥❡ ❞é♣♦✉r✈✉❡
❞❡ ❧✐t❤✐✉♠✳ ❈❡tt❡ ❛♠❜✐❣✉ïté ♥❡ s✬ét❡♥❞ ♣❛s ❛✉① ♥❛✐♥❡s ▲ ❞♦♥t ❧❛ ❜♦r♥❡ s✉♣ér✐❡✉r❡ ❡♥ ♠❛ss❡
❡st ❞♦♥❝ ❞❡ ∼ 0.08M⊙✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ❜♦r♥❡ ✐♥❢ér✐❡✉r❡ ❡st ♣❧✉s ♣r♦❜❧é♠❛t✐q✉❡ ❝❛r ❡❧❧❡ s❡
s✐t✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s✉❜st❡❧❧❛✐r❡ ❡t ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❡♥tr❡ ♠❛ss❡✱ â❣❡ ❡t ❧✉♠✐♥♦s✐té ✭❞♦♥❝
t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡✮ ❡♠♣ê❝❤❡ ❞❡ ✜①❡r ✉♥❡ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡s ③♦♥❡s ❞❡
❢♦r♠❛t✐♦♥s st❡❧❧❛✐r❡ ♦✉ ❞❛♥s ❧❡s ❛♠❛s ❥❡✉♥❡s ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡ r❡❢r♦✐❞✐❡s
❡t ❧❡ t②♣❡ s♣❡❝tr❛❧ ▲ ❞❡s❝❡♥❞ ❥✉sq✉✬à ❡♥✈✐r♦♥ ✶✵ ♠❛ss❡s ❞❡ ❏✉♣✐t❡r✭MJ✮ ♣♦✉r ❞❡s ♦❜❥❡ts ❞❡
30.106 ❛♥s✳ ❆ ✺✳109 ❛♥s✱ s❡✉❧s ❧❡s ♦❜❥❡ts ♣❧✉s ♠❛ss✐❢s q✉❡ ✻✺ ▼J s♦♥t ❞❡s ♥❛✐♥❡s ▲✳

▲❡s ♥❛✐♥❡s ❚

▲❛ ♣r❡♠✐èr❡ ♥❛✐♥❡ ❚✱ ●❧✷✷✾❇ ❛ été ❞é❝♦✉✈❡rt❡ ♣❛r ◆❛❦❛❥✐♠❛ ❡t ❛❧✳ ✭✶✾✾✺✮✱ ❡♥ ✶✾✾✺✳
❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✶✳✹✱ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❚✱ ❡♥tr❡ 1300K ❡t ∼ 600K✱ ❡st

✶✸



✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✷✿ ❙éq✉❡♥❝❡ s♣❡❝tr❛❧❡ ❞❡ ✶✳✵µ♠ à ✷✳✺µ♠✱ ❞❡s ♥❛✐♥❡s ▲ t❛r❞✐✈❡s ❛✉① ♥❛✐♥❡s ❚ t❛r❞✐✈❡s✳
▲❡ ❞♦♠❛✐♥❡ ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡t ❧❛ ♥❛t✉r❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥
s♦♥t ♣ré❝✐sés✳ ❉✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✷✮

✶✹



✶✳✶ ◗✉❡❧❧❡ ♣❤②s✐q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

❋✐❣✳ ✶✳✸✿ ❉✬❛♣rès ❇✉rr♦✇s ❡t ❛❧✳ ✭✷✵✵✵✮✳ ❙♣❡❝tr❡ ❞❡ ●❧✷✷✾❇ ✭❚✼✮✱ ❡♥ ❣r❛s✱ ❝♦♠♣❛ré à ✹
♠♦❞è❧❡s✱ ❞♦♥t ❧❡ ♠♦❞è❧❡ ✬❝❧❡❛r✬ q✉✐ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡s ♠ét❛✉① ❛❧❝❛❧✐♥s✱
❞♦♥t ❧❡ ♣♦t❛ss✐✉♠✳ ▲❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠ ❡t ❧✬❡①t❡♥s✐♦♥ ❞❡
❧✬é❧❛r❣✐ss❡♠❡♥t ♣❛r ❧❛ ♣r❡ss✐♦♥ s♦♥t ♣ré❝✐sés✳

✶✺



✶ ■♥tr♦❞✉❝t✐♦♥

❝❛r❛❝tér✐sé ♣❛r ❞❡ ♣r♦❢♦♥❞❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞✉ ♠ét❤❛♥❡ ❞❛♥s ❧❡ s♣❡❝tr❡ ♣r♦❝❤❡ ✐♥❢r❛✲
r♦✉❣❡✳ ▲❡ ❝❛r❜♦♥❡✱ ❛✉♣❛r❛✈❛♥t ♣rés❡♥t s♦✉s ❢♦r♠❡ ❞❡ ❈❖✱ s❡ r❡tr♦✉✈❡ ❛❧♦rs ♣r✐♥❝✐♣❛❧❡♠❡♥t
s♦✉s ❢♦r♠❡ ❞❡ ❈❍4✳
❆✉ ♠♦♠❡♥t ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ▲✲❚✱ ❧❡s ♣♦✉ss✐èr❡s sé❞✐♠❡♥t❡♥t ❡t ❞✐s♣❛r❛✐ss❡♥t ♣r♦❣r❡s✲

s✐✈❡♠❡♥t ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ ❞❡s ♥❛✐♥❡s ❚✳ ❉❛♥s ❝❡ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡✱ ❧❡s ❤②❞r✉r❡s
♠ét❛❧❧✐q✉❡s s♦♥t ❡✉① ❛✉ss✐ ♣✐é❣és s♦✉s ❢♦r♠❡ ❞❡ ♣♦✉ss✐èr❡s ❡t ❞♦♥❝ é❧✐♠✐♥és ❞✉ s♣❡❝tr❡✳ ▲❡
s♣❡❝tr❡ ❝❤❛♥❣❡ é♥♦r♠é♠❡♥t ❛✉ ❝♦✉rs ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ▲✲❚ ♣♦✉r ✉♥❡ ❢❛✐❜❧❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛
t❡♠♣ér❛t✉r❡✳ ❊❧❧❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞✐✣❝✐❧❡ à ♠♦❞é❧✐s❡r ❝❛r à ♠❡s✉r❡ q✉❡ ❧❡s ♥✉❛❣❡s ❞❡
♣♦✉ss✐èr❡s ❞✐s♣❛r❛✐ss❡♥t ❞❡ ❧✬❛t♠♦s♣❤èr❡ ❛✈❡❝ ❧❛ ❜❛✐ss❡ ❞❡ t❡♠♣ér❛t✉r❡✱ ❝❡❧❧❡✲❝✐ s✬é❝❧❛✐r❝✐t ❡t
ré✈è❧❡ ❞❡s ❝♦✉❝❤❡s ♣❧✉s ♣r♦❢♦♥❞❡s ❞❡ ❧✬❛str❡✳ ▲❛ séq✉❡♥❝❡ ▲✼✲❚✹✱ é✈♦❧✉❡ ❞♦♥❝ à ✉♥❡ t❡♠♣ér❛✲
t✉r❡ q✉❛s✐✲❝♦♥st❛♥t❡✱ ❛✉t♦✉r ❞❡ 1300K✳ ■❧ ❡st ✈r❛✐s❡♠❜❧❛❜❧❡ q✉❡ ❧❡s ♦❜❥❡ts ♦❜s❡r✈és ❞❛♥s
❝❡ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ♥❡ r❡♣rés❡♥t❡♥t ♣❛s ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❤♦♠♦❣è♥❡✱ ♠❛✐s ♣❧✉tôt ✉♥
♠é❧❛♥❣❡ ❞✬♦❜❥❡ts ❞â❣❡s✱ ❞❡ ♠❛ss❡s ❡t ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ♠ét❛❧❧✐❝✐tés ❞✐✛ér❡♥t❡s✳
▲❡ s♣❡❝tr❡ ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♦♣t✐q✉❡s r♦✉❣❡s✱ ❡♥ i ❡t z ❡st ❝♦♠♣❧èt❡♠❡♥t ❞♦♠✐♥é

♣❛r ❧✬❛❜s♦r♣t✐♦♥ é❧❛r❣✐❡ ♣❛r ❧❛ ♣r❡ss✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠✳ ❈❡tt❡ ❛❜s♦r♣t✐♦♥✱ ❝❡♥tré❡
s✉r ✵✳✼✼µ♠✱ ❡st s✐❣♥✐✜❝❛t✐✈❡ ❥✉sq✉✬à ♣❧✉s ❞❡ ✶µ♠ ♣♦✉r ❧❡s ♥❛✐♥❡s ❚ t❛r❞✐✈❡s ✳
❊♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✱ ❧❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❡❛✉ ❡t ❞✉ ♠ét❤❛♥❡ s❡ r❡♥❢♦r❝❡♥t ♣♦✉r

❧❡s ❚ ❞❡ ♣❧✉s ❡♥ ♣❧✉s t❛r❞✐✈❡s✱ ❥✉sq✉✬à s❛t✉r❡r ✈❡rs ❧❡ t②♣❡ s♣❡❝tr❛❧ ❚✽✳ ❈♦♠♠❡ ❧❡s ❜❛♥❞❡s
❞✉ ♠ét❤❛♥❡ s♦♥t très ❢♦rt❡s ❡♥ ❜❛♥❞❡ H ❡t ❡♥ ❜❛♥❞❡ K✱ ❝❡❧❛ s❡ tr❛❞✉✐t✱ ❛ ❝♦♥tr❛r✐♦ ❞✉
♣❤é♥♦♠è♥❡ ♦❜s❡r✈é ♣♦✉r ❧❡s ♥❛✐♥❡s ▲✱ ♣❛r ✉♥ ❜❧❡✉✐ss❡♠❡♥t ❞❡s ❝♦✉❧❡✉rs ◆■❘✳ ▲❡s ♥❛✐♥❡s
❚ t❛r❞✐✈❡s ♦♥t ❛✐♥s✐ ❞❡s ❝♦✉❧❡✉rs ◆■❘ ♣❧✉s ❜❧❡✉❡s q✉❡ ❝❡❧❧❡s ❞❡s ♥❛✐♥❡s ▼ ♦✉ ♠ê♠❡ q✉❡
❧❡s ét♦✐❧❡s ❝❤❛✉❞❡s ❞❡ t②♣❡ ❆✳ P❛r ❛✐❧❧❡✉rs✱ ♣❧✉s✐❡✉rs ♣❤é♥♦♠è♥❡s ❝♦♠♣❧❡①❡s ❞❡✈✐❡♥♥❡♥t
s✐❣♥✐✜❝❛t✐❢s✱ ❝♦♠♠❡ ❧❛ ♠été♦r♦❧♦❣✐❡ ❞❡s ❝♦✉❝❤❡s ♥✉❛❣❡✉s❡s ♦✉ ❜✐❡♥ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ❝❤✐♠✐❡
❤♦rs éq✉✐❧✐❜r❡ ✭❙❛✉♠♦♥ ❡t ❛❧✳ ✷✵✵✻✮ ❧♦rsq✉❡ ❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ ❞✉ ♠é❧❛♥❣❡ ❞❛♥s ❧❛
♣❤♦t♦s♣❤èr❡ ❞❡✈✐❡♥t ♣❧✉s ❝♦✉rt q✉❡ ❝❡❧✉✐ ❞❡ ❝❡rt❛✐♥❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s✳
▲❡ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ ❝♦✉✈❡rt ♣❛r ❧❡s ♥❛✐♥❡s ❚✱ ❞❡s❝❡♥❞ ❞❡ ✶ à ✶✵ MJ ❞❛♥s ❧❡s ③♦♥❡s

❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡t ❧❡s ❛♠❛s ❥❡✉♥❡s✱ t❛♥❞✐s q✉✬✐❧ ✐♥❝❧✉t t♦✉t❡s ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ♣❧✉s
♠❛ss✐✈❡s q✉❡ ✹✵MJ ♣♦✉r ✉♥ â❣❡ ❞❡ ✶✵✳109❛♥s✳ ▲❛ ❜♦r♥❡ ✐♥❢ér✐❡✉r❡ ❞✉ t②♣❡ s♣❡❝tr❛❧ ❚ ♥✬❡st
♣❛s ❡♥❝♦r❡ ❝❧❛✐r❡♠❡♥t ❞é✜♥✐❡ ❡t ❧✬✉♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❧❛ ♣rés❡♥t❡ t❤ès❡ ❡st ❞✬❛♣♣♦rt❡r ❞❡
♥♦✉✈❡❧❧❡s ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s s✉r ❝❡ ❞♦♠❛✐♥❡ ♠❛❧ ❝♦♥♥✉✳

▲❡s ♥❛✐♥❡s ❨

❈❡ t②♣❡ s♣❡❝tr❛❧ ❡♥❝♦r❡ t❤é♦r✐q✉❡ s✬ét❡♥❞ ❛✉✲❞❡❧à ❞✉ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❚✳ ■❧ ❛ été ❞é✜♥✐
♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ♣❛r ❑✐r❦♣❛tr✐❝❦ ❡t ❛❧✳ ✭✷✵✵✵✮✱ q✉✐ r❡♠❛rq✉❡ q✉❡ s❡✉❧❡s ❞❡✉① ❞✐✛ér❡♥❝❡s
♠❛❥❡✉r❡s ❡①✐st❡♥t ❡♥tr❡ ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❚ ❧❡s ♣❧✉s ❢r♦✐❞❡s ❡t ❝❡❧✉✐ ❞❡ ❏✉♣✐t❡r✳ ▲❡✉r
❛♣♣❛r✐t✐♦♥ ❞❛♥s ❧❡ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❝❡❧❧❡ ❞✬✉♥❡
♥❛✐♥❡ ❚ ❡t ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s s✐❣♥❛❧❡r❛✐t ✉♥ ♥♦✉✈❡❛✉ t②♣❡ s♣❡❝tr❛❧✱ ♣♦✉r ❧❡q✉❡❧ ❧❛ ❧❡ttr❡
✧❨✧ ❛ été r❡t❡♥✉❡✳ ❈❡s ❞❡✉① tr❛✐ts ♣❛rt✐❝✉❧✐❡rs ❞✉ s♣❡❝tr❡ ❞❡ ❏✉♣✐t❡r ✭❝❢ ✜❣✉r❡ ✶✳✺✮ s♦♥t
❧❛ ❝♦♥❞❡♥s❛t✐♦♥ ❞❡ ❧✬❡❛✉ ❡♥ ♥✉❛❣❡s ❡t ❧✬❛♣♣❛r✐t✐♦♥ ❞✬❛❜s♦r♣t✐♦♥ ♣❛r ❧✬❛♠♠♦♥✐❛❝✱ ❧♦rsq✉❡
❧❛ ❢♦r♠❡ ♣r✐♥❝✐♣❛❧❡ ❞❡ st♦❝❦❛❣❡ ❞❡ ❧✬❛③♦t❡ ♣❛ss❡ ❞❡ ◆2 à ◆❍3✳ ▲❡ s♣❡❝tr❡ ♣r♦❝❤❡ ✐♥❢r❛✲
r♦✉❣❡ ❞♦✐t ❛❧♦rs ♠♦♥tr❡r ❞✬✐♠♣♦rt❛♥t❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❛♠♠♦♥✐❛❝ ❝♦♠♠❡ ❝❡❧❧❡s
♦❜s❡r✈é❡s ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✳ P❧✉s ❡♥❝♦r❡ q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❚✱ ❧❡
s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❨ ❞♦✐t êtr❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❝❡❧✉✐ ❞✬✉♥❡ ♣❧❛♥èt❡ q✉❡ ❞❡ ❝❡❧✉✐
❞✬✉♥❡ ét♦✐❧❡✳
❉❛♥s ❧❡s ③♦♥❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ♠ê♠❡ ❧❡s ♦❜❥❡ts ❞❡ ♠❛ss❡ ♣❧❛♥ét❛✐r❡ s♦♥t tr♦♣

❝❤❛✉❞s ♣♦✉r ❡♥tr❡r ❞❛♥s ❧❛ ❝❛té❣♦r✐❡ ❞❡s ♥❛✐♥❡s ❨✳ P❛r ❝♦♥tr❡ à ✶✵✳109 ❛♥s✱ ❞✉ ❢❛✐t ❞❡ ❧❡✉r

✶✻



✶✳✶ ◗✉❡❧❧❡ ♣❤②s✐q✉❡ ♣♦✉r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❄

❋✐❣✳ ✶✳✹✿ ❙♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❚✺✱ ❞✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❜✮✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❜❛♥❞❡s
❞✬❛❜♦r♣t✐♦♥ s♦♥t ♣ré❝✐sé❡s✳

r❡❢r♦✐❞✐ss❡♠❡♥t ✐♥é❧✉❝t❛❜❧❡ t♦✉t❡s ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ♠♦✐♥s ❞❡ ✹✵ ▼J s♦♥t ❞❡s ♥❛✐♥❡s
❨✳ ❚♦✉s ❧❡s ♦❜❥❡ts ❞❡ ♠❛ss❡ ♣❧❛♥❡t❛✐r❡ ✭❡t ♠ê♠❡ ♣❧✉s ♠❛ss✐❢s✮ ♦❜s❡r✈és ❞❛♥s ❧❡s ③♦♥❡s ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡s ✭❩❛♣❛t❡r♦ ❖s♦r✐♦ ❡t ❛❧✳ ✶✾✾✾✮ ✈♦♥t ❛✐♥s✐ r❡❢r♦✐❞✐r ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ❞❡s
t❡♠♣ér❛t✉r❡s t②♣✐q✉❡s ❞❡ ♥❛✐♥❡s ❨✳ ▲✬❡①✐st❡♥❝❡ ❝♦♥❝rêt❡ ❞❡s ♥❛✐♥❡s ❨ ❡st ❞♦♥❝ ❛ss✉ré❡
♠ê♠❡ s✐ ❛✉❝✉♥ ❞❡ ❝❡s ♦❜❥❡ts ♥✬❛ ❡♥❝♦r❡ été ❞é❝♦✉✈❡rt✳ ■❧ ❡st ♠ê♠❡ ♣r♦❜❛❜❧❡ q✉✬✉♥❡ ❢♦rt❡
♠✐♥♦r✐té✱ ✈♦✐r❡ ✉♥❡ ♠❛❥♦r✐té✱ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡①✐st❛♥t ❞❛♥s ♥♦tr❡ ❣❛❧❛①✐❡
s♦✐❡♥t ❞❡s ♥❛✐♥❡s ❨✳
▲❡s ♠♦❞è❧❡s ❝❧❛ss✐q✉❡s ♣ré✈♦②❛✐❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ◆❍3 ❞❛♥s ❧❡ s♣❡❝tr❡ ♣r♦❝❤❡✲✐♥❢r❛r♦✉❣❡

❛✉① ❛❧❡♥t♦✉rs ❞❡ ✼✵✵❑✳ ▲❛ ❞é❝♦✉✈❡rt❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s à ❝❡s t❡♠♣ér❛t✉r❡s ❡t s❛♥s ❛❜s♦r♣✲
t✐♦♥ ❝❧❛✐r❡ ♣❛r ❧✬❛♠♠♦♥✐❛❝ ✭s❡✉❧❡s ❞❡s tr❛❝❡s ❞❡ ◆❍3 ♦♥t été r❡❧❡✈é❡s ♣❛r ❙❛✉♠♦♥ ❡t ❛❧✳
✷✵✵✻✮✱ ❛ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❧✬❡①✐st❡♥❝❡ ❞❡ ♣❤é♥♦♠è♥❡s ♣❧✉s ❝♦♠♣❧❡①❡s ❞❡ ❝❤✐♠✐❡ ❤♦rs éq✉✐❧✐❜r❡
q✉✐ ❛❜❛✐ss❡♥t ❧❛ t❡♠♣ér❛t✉r❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧✬❛♠♠♦♥✐❛❝ ❡st s✉✣s❛♠♠❡♥t ❛❜♦♥❞❛♥t ♣♦✉r
êtr❡ ❞ét❡❝té ❞❛♥s ❧❡ s♣❡❝tr❡ ◆■❘✳ ❊♥ ✐♥❢r❛✲r♦✉❣❡ ♠♦②❡♥ ✭❝✐✲❛♣rès ▼■❘✮✱ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r
❧❡ ◆❍3 ❡st ✐❞❡♥t✐✜❛❜❧❡ ❞ès ❧❡ t②♣❡ ❚✷ ✭❘♦❡❧❧✐❣ ❡t ❛❧✳ ✷✵✵✹✮✳ ❊♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❝❡ ♥✬❡st
q✉❡ ré❝❡♠♠❡♥t q✉❡ ♥♦s ♦❜s❡r✈❛t✐♦♥s ✭❉❡❧♦r♠❡ ❡t ❛❧✳ ✷✵✵✽❜✮ ♦♥t ♣✉ ✐❞❡♥t✐✜❡r ✉♥❡ ❜❛♥❞❡
❞✬❛❜s♦r♣t✐♦♥ ♣r♦❜❛❜❧❡♠❡♥t ❞✉❡ à ❧✬❛♠♠♦♥✐❛❝✳ ❈❡s rés✉❧t❛ts s✉❣❣èr❡♥t q✉❡ ❧❛ tr❛♥s✐t✐♦♥ ❚✲❨
♣♦✉rr❛✐t ❛✈♦✐r ❧✐❡✉ ❛✉① ❛❧❡♥t♦✉rs ❞❡ ✻✵✵❑✳

✶✳✶✳✸ ▲❡ ❞é✜ ❞❡ ❧✬ét✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✿ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡s
♣❛r❛♠ètr❡s

▲❛ ♣❧✉♣❛rt ❞❡s ét♦✐❧❡s ✈✐s✐❜❧❡s ❞❛♥s ❧✬✉♥✐✈❡rs s♦♥t ❞❛♥s ✉♥ ét❛t ❞✬éq✉✐❧✐❜r❡ ❛♣♣❡❧é ❧❛
séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✳ P❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡ ❞✬éq✉✐❧✐❜r❡✱ très ❧♦♥❣✉❡ ❛✉ r❡❣❛r❞ ❞❡ ❧✬❡s♣ér❛♥❝❡
❞❡ ✈✐❡ st❡❧❧❛✐r❡✱ ❧❛ ❧✉♠✐♥♦s✐té ❞✬✉♥❡ ét♦✐❧❡ ♣❡✉t êtr❡ ❛♣♣r♦①✐♠é❡ ❡♠♣✐r✐q✉❡♠❡♥t ♣❛r ✉♥❡
❢♦♥❝t✐♦♥ s✐♠♣❧❡ ❡t ♠♦♥♦t♦♥❡ ❞❡ s❛ ♠❛ss❡✱ t❡❧❧❡ q✉❡ ✿

L = Mα
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✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✺✿ ❈♦♠♣❛r❛✐s♦♥ ❞✉ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❚ ❢r♦✐❞❡✱ ●❧✷✷✾❇ ✭❚✼✮✱ ❛✈❡❝ ❝❡❧✉✐ ❞❡ ❏✉♣✐t❡r✳
❉✬❛♣rès ❑✉❧❦❛r♥✐ ✭✶✾✾✼✮

♦ù α✱ q✉❡ ❞❡ ♥♦♠❜r❡✉s❡s ❛♥♥é❡s ❞✬♦❜s❡r✈❛t✐♦♥s ♦♥t ♣❡r♠✐s ❞❡ ❜✐❡♥ ❝❛❧✐❜r❡r ✭❆♥❞❡rs❡♥ ✶✾✾✶✮✱
❞é♣❡♥❞ ❞✉ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ ❝♦♥s✐❞éré✳ ❊♥ ♠♦②❡♥♥❡ α = 3.5✳ ❯♥❡ ét♦✐❧❡ ❜r✐❧❧❛♥t❡ ❡st ❞♦♥❝
♥é❝❡ss❛✐r❡♠❡♥t ♠❛ss✐✈❡ ❡t ♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r s❛ ♠❛ss❡ à ♣❛rt✐r ❞❡ s❛ ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡✱
q✉✐ ❡st ✉♥ ♣❛r❛♠ètr❡ r❡❧❛t✐✈❡♠❡♥t ❢❛❝✐❧❡ à ❞ét❡r♠✐♥❡r✳
▲❡ ❝❛s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ♣❧✉s ❝♦♠♣❧❡①❡✱ ♣✉✐sq✉❡ ♣❛r ❞é✜♥✐t✐♦♥ ❝❡s ♦❜❥❡ts ♥✬❛tt❡✐❣♥❡♥t

❥❛♠❛✐s ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❡t s✉❜✐ss❡♥t t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❡✉r ✈✐❡ ✉♥ r❡❢r♦✐❞✐ss❡♠❡♥t ❡t ✉♥❡
❝♦♥tr❛❝t✐♦♥ ❝♦♥t✐♥✉s✳ ❯♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❜r✐❧❧❛♥t❡ ♣❡✉t ❞♦♥❝ êtr❡ s♦✐t très ♠❛ss✐✈❡ s♦✐t ♠♦✐♥s
♠❛ss✐✈❡✱ ♠❛✐s ♣❧✉s ❥❡✉♥❡✳ ▲❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ ❧✉♠✐♥♦s✐té ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❡st t❡❧❧❡ q✉❡
❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❡st ❝♦♠♣❧èt❡ ✿ ✉♥❡ ♠ê♠❡ ❧✉♠✐♥♦s✐té ♣❡✉t êtr❡ ✐♥❞✐✛ér❡♠♠❡♥t é♠✐s❡ ♣❛r
✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❞❡ ✶✵ ▼J â❣é❡ ❞❡ ✶✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❝♦♠♠❡ ♣❛r ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❥✉st❡
❡♥ ❞❡ss♦✉s ❞❡ ❧❛ ❧✐♠✐t❡ s✉❜st❡❧❧❛✐r❡❡ à ✼✷▼J ❡t â❣é❡ ❞❡ ✶ ♠✐❧❧✐❛r❞ ❞✬❛♥♥é❡s✳ ▲✬♦❜s❡r✈❛t✐♦♥
❞✉ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ♥❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ✜①❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ q✉❡ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❞❡
❧✬♦❜❥❡t✳ ▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧✬â❣❡ ❡t ❞❡ ❧❛ ♠❛ss❡ s❡ ❢❛✐t ♣❛r ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s ♠♦❞è❧❡s
t❤é♦r✐q✉❡s ❞❡ str✉❝t✉r❡s ❡t ❞✬❛t♠♦s♣❤èr❡s st❡❧❧❛✐r❡s ♦✉ ♣❧❛♥ét❛✐r❡s✳

❉❡s ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s ❛✉① ♦❜s❡r✈❛❜❧❡s s♣❡❝tr❛❧❡s

▲❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s ❞é✜♥✐ss❛♥t ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ s♦♥t✱ ♣❛r ✐♥✢✉❡♥❝❡
❞é❝r♦✐ss❛♥t❡✱ s♦♥ â❣❡✱ s❛ ♠❛ss❡ ❡t s❛ ♠ét❛❧❧✐❝✐té✳ ❈❡s ♣❛r❛♠ètr❡s s♦♥t ✉t✐❧✐sés ❡♥ ❡♥tré❡ ❞❡s
♠♦❞è❧❡s ❞❡ str✉❝t✉r❡ st❡❧❧❛✐r❡ ❝♦♠♠❡ ❝❡✉① ❞é✈❡❧♦♣♣és à ▲②♦♥ ♣❛r ❇❛r❛✛❡ ❡t ❛❧✳ ✭✷✵✵✸✮✳
❈❡❧❛ ♣❡r♠❡t ❞❡ ♣ré❞✐r❡ ❧❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ❞❡ ❝❡s ♦❜❥❡ts✱ ❝♦♠♠❡ ❧❡✉r r❛②♦♥ ❡t ❧❡✉r
❧✉♠✐♥♦s✐té ❜♦❧♦♠étr✐q✉❡✱ ♦ù✱ ❡①♣r✐♠é ❛✉tr❡♠❡♥t✱ ❧❡✉r t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❡t ❧❡✉r ❣r❛✈✐té
❞❡ s✉r❢❛❝❡✳
❉❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡s ❝♦♠♠❡ ❝❡✉① ❞é✈❡❧♦♣♣és ♣❛r ❆❧❧❛r❞ ✫ ❇❛r♠❛♥ ✭✷✵✵✹✮ ♣ré❞✐s✲
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✶✳✷ ❚r♦✉✈❡r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✿ ♠ét❤♦❞❡s ❡t rés✉❧t❛ts

❡♥t ❧❡ s♣❡❝tr❡ é♠❡r❣❡♥t ♣♦✉r ✉♥❡ t❡♠♣ér❛t✉r❡✱ ✉♥❡ ❣r❛✈✐té ❡t ✉♥❡ ♠ét❛❧❧✐❝✐té ❞♦♥♥é❡s✳ ❈❡❧❛
❞♦♥♥❡ ❛❧♦rs ❛❝❝ès ❛✉① ♣r♦♣r✐étés ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s✱ s♣❡❝tr♦s❝♦♣✐q✉❡s ❡t ♣❤♦t♦♠étr✐q✉❡s ❞❡s
♥❛✐♥❡s ❜r✉♥❡s ♣♦✉r ✉♥ ❥❡✉ ❞❡ ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s ❞♦♥♥és✳
▲❡s ✐♥❝❡rt✐t✉❞❡s ❧✐é❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦❞è❧❡s ❝♦♠♣❧❡①❡s ❡t ❡♥❝♦r❡ ✐♠♣❛r❢❛✐t❡♠❡♥t ❝♦♥✲

tr❛✐♥ts s♦♥t r❡♥❢♦r❝é❡s ♣❛r ❧❛ ❣r❛♥❞❡ ❞✐s♣❡rs✐♦♥ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ♠ê♠❡
t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡✳ ❈❡❧❧❡ ❝✐ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞✉❡ ❡♥ ♣❛rt✐❡ à ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❝❤✐♠✐❡
❤♦rs éq✉✐❧✐❜r❡ ❡t ❞❡ ♠été♦r♦❧♦❣✐❡ q✉✐ ♥❡ s♦♥t ♣❛s ♣r✐s ❡♥ ❝♦♠♣t❡ ♣❛r ❧❡s ♠♦❞è❧❡s ❛❝t✉❡❧s✳
▲❛ ♣rés❡♥❝❡✱ st❛t✐st✐q✉❡♠❡♥t ✐♠♣♦rt❛♥t❡✱ ❞❡ s②stè♠❡s ❜✐♥❛✐r❡s ♥♦♥ rés♦❧✉s ❛❥♦✉t❡ ❡♥❝♦r❡ ❞❡
❧❛ ❞✐s♣❡rs✐♦♥✳ P♦✉r ✉♥ ♠ê♠❡ t②♣❡ s♣❡❝tr❛❧✱ ❝❡s ✈❛r✐❛t✐♦♥s ❡♥❣❡♥❞r❡♥t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s
♥❛✐♥❡s ❚ ✉♥❡ ❞✐s♣❡rs✐♦♥ ❞❡ ♣rès ❞✬✉♥❡ ♠❛❣♥✐t✉❞❡ ♣✐❝ à ♣✐❝ s✉r ❧❛ ♠❛❣♥✐t✉❞❡ ❛❜s♦❧✉❡ ❡t ❧❡s
❝♦✉❧❡✉rs✳ ❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ▲ ❝❡tt❡ ❞✐s♣❡rs✐♦♥ ❡st ♣❧✉s ❢❛✐❜❧❡✱ ♠❛✐s ❡❧❧❡ r❡st❡ ❞❡
❧✬♦r❞r❡ ❞❡ ♣❧✉s✐❡✉rs ❞✐①✐è♠❡s ❞❡ ♠❛❣♥✐t✉❞❡s✳

❉❡s ♦❜s❡r✈❛t✐♦♥s ❛✉① ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s

❈♦♠♠❡ ♠❛ t❤ès❡ ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡✱ ❝✬❡st s✉rt♦✉t ❞❛♥s ❝❡ s❡♥s q✉❡ ❥✬❛✐
❡①♣ér✐♠❡♥té ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ▲❡s ✐♥✢✉❡♥❝❡s ❞❡ ❧❛ ♠❛ss❡
❡t ❞❡ ❧✬â❣❡ s✉r ❧❛ ❧✉♠✐♥♦s✐té ❞❡ ❧✬♦❜❥❡t s♦♥t ❞é❣é♥éré❡s✳ ❖♥ ♣❡✉t t♦✉t❡❢♦✐s ❞é❝♦rré❧❡r ❧❛ ♠❛ss❡
❡t ❧✬â❣❡ s✐ ♦♥ ♣❛r✈✐❡♥t à ❞ét❡r♠✐♥❡r à ❧❛ ❢♦✐s ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❧❛ ❣r❛✈✐té ❞✬✉♥ ♦❜❥❡t✳ ❈❡❝✐ ❡st
♣♦ss✐❜❧❡ ❝❛r ❧❛ ♠❛ss❡ ❡t ❧✬â❣❡ ♦♥t ❞❡s ✐♥✢✉❡♥❝❡s ❝♦♥tr❛✐r❡s s✉r ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s✳ ❊♥ ❡✛❡t
♣❧✉s ✉♥ ♦❜❥❡t ❡st ✈✐❡✉① ♣❧✉s s❛ t❡♠♣ér❛t✉r❡ ❜❛✐ss❡✱ ❛❧♦rs q✉❡ s❛ ❣r❛✈✐té ❛✉❣♠❡♥t❡ ♣✉✐sq✉❡
❧✬♦❜❥❡t s❡ ❝♦♥tr❛❝t❡✳ ❆ ❧✬♦♣♣♦sé✱ ♣♦✉r ❞❡s ♦❜❥❡ts ❞❡ ♠❛ss❡s ❞é❝r♦✐ss❛♥t❡s✱ ❧❛ t❡♠♣ér❛t✉r❡ ❡t
❧❛ ❣r❛✈✐té ❞✐♠✐♥✉❡♥t ❞❡ ♣❛✐r✳ ▼❛❧❤❡✉r❡✉s❡♠❡♥t✱ ❧❡s ✐♥❝❡rt✐t✉❞❡s ❞❡s ♠♦❞è❧❡s q✉✐ r❡❧✐❡♥t ✉♥
s♣❡❝tr❡ ♦❜s❡r✈é à ❞❡s ♠❡s✉r❡s ❞❡ ❣r❛✈✐té ❡t ❞❡ t❡♠♣ér❛t✉r❡ r❡♥❞❡♥t ❛❝t✉❡❧❧❡♠❡♥t ❞✐✣❝✐❧❡
❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ♣ré❝✐s❡ ❞❡ ❝❡s ♣❛r❛♠ètr❡s✳ ❆ ♠ét❛❧❧✐❝✐té ✜①é❡✱ ❞✉ ❢❛✐t ❞❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s
❜❛rr❡s ❞✬❡rr❡✉rs ♣❧✉s✐❡✉rs ❝♦♠❜✐♥❛✐s♦♥s ❞✐st✐♥❝t❡s ❞✬â❣❡ ❡t ❞❡ ♠❛ss❡ ♣❡✉✈❡♥t ❞♦♥❝ r❡♥❞r❡
❝♦♠♣t❡ ❞✉ ♠ê♠❡ s♣❡❝tr❡ ♦❜s❡r✈é✳
▲❛ ♠ét❛❧❧✐❝✐té ✈✐❡♥t ❡♥❝♦r❡ ❝♦♠♣❧✐q✉❡r ❧❡s ❝❤♦s❡s✱ ♣✉✐sq✉❡ ❝❡ ♣❛r❛♠ètr❡ ❛❣✐t à ❧❛ ❢♦✐s

s✉r ❧❛ str✉❝t✉r❡ st❡❧❧❛✐r❡ ❡t s✉r ❧❡ s♣❡❝tr❡ é♠❡r❣❡♥t✳ ❈♦♠♠❡ ♣❡✉ ❞✬♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ❞❡
♠ét❛❧❧✐❝✐té ♥♦t❛❜❧❡♠❡♥t ❞✐✛ér❡♥t❡ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ s♦♥t ❝♦♥♥✉s✱ s♦♥ ✐♠♣❛❝t ❡st ❛ss❡③
♠❛❧ ❝♦♥tr❛✐♥t✳ ▲❡ ♣♦✐♥t ♣♦s✐t✐❢ ❡st q✉❡ ❝❡rt❛✐♥❡s ❝❛r❛❝tér✐st✐q✉❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❞✉ s♣❡❝tr❡
❞❡s ♥❛✐♥❡s ❜r✉♥❡s s♦♥t q✉❛❧✐t❛t✐✈❡♠❡♥t ❞❡s ✐♥❞✐❝❡s ❞❡ ♠ét❛❧❧✐❝✐té ✐♥❞é♣❡♥❞❛♥ts ❞❡ ❧✬â❣❡ ♦✉
❞❡ ❧❛ ♠❛ss❡✳ ▲❡s ♠♦❞è❧❡s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s s♦✉s✭♦✉ s✉r✮✲♠ét❛❧❧✐q✉❡s ♥❡ s♦♥t t♦✉t❡❢♦✐s ♣❛s
❡♥❝♦r❡ ❛ss❡③ ❝♦♥tr❛✐♥ts ♣♦✉r ♣♦✉✈♦✐r ❞ét❡r♠✐♥❡r ✉♥❡ ♠ét❛❧❧✐❝✐té q✉❛♥t✐t❛t✐✈❡♠❡♥t ✜❛❜❧❡ à
♣❛rt✐r ❞✬✉♥ s♣❡❝tr❡ ♦❜s❡r✈é✳

✶✳✷ ❚r♦✉✈❡r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✿ ♠ét❤♦❞❡s ❡t rés✉❧t❛ts

✶✳✷✳✶ P♦s✐t✐♦♥ ❞✉ ♣r♦❜❧è♠❡

❯♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❞❡ ❧✬â❣❡ ❞✉ ❙♦❧❡✐❧ ❛✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛ ♠❛ss❡✱ ✉♥❡ ❧✉♠✐♥♦s✐té ❜♦❧♦♠étr✐q✉❡
105 à ♣❧✉s ❞❡ 106 ❢♦✐s ♠♦✐♥❞r❡ q✉❡ ❝❡ ❞❡r♥✐❡r✳ ▲❡✉r ❞ét❡❝t✐♦♥ ♥✬❡st ❞♦♥❝ ♣❛s ❝❤♦s❡ s✐♠♣❧❡✱
♣✉✐sq✉❡ ♠ê♠❡ ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♦ù ❧❡ ✢✉① ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ♠❛①✐♠❛❧ ✲❡♥ ◆■❘
♦✉ ❡♥ ▼■❘✲✱ ❧❡ ✈♦❧✉♠❡ s♦♥❞é ❡st 106 à 109 ❢♦✐s ♠♦✐♥❞r❡ q✉❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡
s♦❧❛✐r❡✳ ❖♥ ❝♦♠♣r❡♥❞ ❞♦♥❝ q✉❡ ♠ê♠❡ s✐ ❧❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s s♦♥t ♣r♦❜❛❜❧❡♠❡♥t ♣r❡sq✉❡
❛✉ss✐ ♥♦♠❜r❡✉① q✉❡ ❧❡s ét♦✐❧❡s✱ ♦♥ ♥✬❡♥ ❝♦♥♥❛ît q✉❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❛❧♦rs q✉❡ ❧✬♦♥ ❛
✐❞❡♥t✐✜é ❞❡s ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬ét♦✐❧❡s✳ ■❧ ❡st ♣r❡sq✉❡ ❛✉ss✐ ❞✐✣❝✐❧❡ ❞❡ ❞ét❡❝t❡r ✉♥❡

✶✾



✶ ■♥tr♦❞✉❝t✐♦♥

♥❛✐♥❡ ❜r✉♥❡ q✉✬✉♥❡ ❡①♦♣❧❛♥èt❡✳ ❈❡s ❞❡✉① ❝❛té❣♦r✐❡s ❞✬♦❜❥❡ts ♦♥t ❞✬❛✐❧❧❡✉rs été ❞é❝♦✉✈❡rt❡s
♦❜s❡r✈❛t✐♦♥♥❡❧❧❡♠❡♥t ❧❛ ♠ê♠❡ ❛♥♥é❡✱ ✭◆❛❦❛❥✐♠❛ ❡t ❛❧✳ ✶✾✾✺❀ ▼❛②♦r ✫ ◗✉❡❧♦③ ✶✾✾✺✮ ❡t ♦♥
❝♦♥♥❛ît s❡✉❧❡♠❡♥t ❞❡✉① ❢♦✐s ♣❧✉s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s q✉❡ ❞❡ ♣❧❛♥èt❡s ❡①tr❛s♦❧❛✐r❡s✳

✶✳✷✳✷ ❘❡❝❤❡r❝❤❡ ❞❡ ❝♦♠♣❛❣♥♦♥s s✉❜st❡❧❧❛✐r❡s

❆✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡

❈♦♠♠❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s s❡ ❢♦r♠❡♥t ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ❧❡s ét♦✐❧❡s✱ ❡❧❧❡s ♣❡✉✈❡♥t ❡❧❧❡s
❛✉ss✐ ❢❛✐r❡ ♣❛rt✐❡ ❞✬✉♥ s②stè♠❡ ♠✉❧t✐♣❧❡✳ P❧✉tôt q✉❡ ❞❡ ❧❡s ❝❤❡r❝❤❡r ❛✉ ❤❛s❛r❞ ❞❛♥s ❧❡ ❝✐❡❧✱
♦♥ ♣❡✉t ❡ss❛②❡r ❞❡ ❧❡s tr♦✉✈❡r ❡♥ t❛♥t q✉❡ ❝♦♠♣♦s❛♥t❡ s❡❝♦♥❞❛✐r❡ ❞✬✉♥ s②stè♠❡ ♠✉❧t✐♣❧❡ ✿
❧✬❡♥❞r♦✐t ♦ù ❧❛ ❞❡♥s✐té ❞✬ét♦✐❧❡s ❡st ❧❛ ♣❧✉s é❧❡✈é❡✱ ❝✬❡st ❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s✳ ▲❛ ♣r❡♠✐èr❡
♥❛✐♥❡ ❜r✉♥❡ ❞é❝♦✉✈❡rt❡ ❤♦rs ❞✬✉♥❡ ③♦♥❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ✭●❧✷✷✾❇✱ ◆❛❦❛❥✐♠❛ ❡t ❛❧✳
✶✾✾✺✮✱ ♦r❜✐t❡ ❛✐♥s✐ ❛✉t♦✉r ❞❡ ●❧✷✷✾❆✱ ✉♥❡ ♥❛✐♥❡ ▼ ♣r♦❝❤❡✳ ❈❡t ♦❜❥❡t ❛ ♦✉✈❡rt ❧❛ ♣r❡♠✐èr❡
❢❡♥êtr❡ s✉r ✉♥❡ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ❡♥❝♦r❡ ✐♥❝♦♥♥✉✱ ♣✉✐sq✉✬✐❧ ❡st ❞❡ t②♣❡ ❚ t❛r❞✐❢✱ ♣❧✉s
❞❡ ✶✵✵✵❑ ♣❧✉s ❢r♦✐❞ q✉✬❛✉❝✉♥❡ ét♦✐❧❡ ❝♦♥♥✉❡ à ❧✬é♣♦q✉❡✳
❚♦✉t❡❢♦✐s ✐❧ ❛♣♣❛r❛ît ♠❛✐♥t❡♥❛♥t q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡♥ ♦r❜✐t❡ ❛✉t♦✉r ❞✬é✲

t♦✐❧❡s ♣❧✉s ♠❛ss✐✈❡s ❡st r❛r❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✪ ❡♥tr❡ ✼✺ ❡t ✷✺✵ ❯❆ ✭▼❝❈❛rt❤② ✫ ❩✉❝❦❡r♠❛♥
✷✵✵✹✮✳ ▲❡s r❡❝❤❡r❝❤❡s ♣❛r ✈✐t❡ss❡s r❛❞✐❛❧❡s ♠♦♥tr❡♥t q✉❡ ✺✳✻✪ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ♦♥t
❞❡s ❝♦♠♣❛❣♥♦♥s ♣❧❛♥ét❛✐r❡s à ♠♦✐♥s ❞❡ ✹ ❯❆ ✭❯❞r② ✫ ❙❛♥t♦s ✷✵✵✼✮✱ ❛❧♦rs q✉❡ ♠♦✐♥s ❞❡
✶✪ ❞❡ ❝❡s ❛str❡s ❛ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ♣♦✉r ❝♦♠♣❛❣♥♦♥s✳ ▲❡s r❡❝❤❡r❝❤❡s ♣❛r ♦♣t✐q✉❡ ❛❞❛♣✲
t❛t✐✈❡ ✭❋♦r✈❡✐❧❧❡ ❡t ❛❧✳ ✷✵✵✹✮ ♣r❡♥♥❡♥t ❧❡ r❡❧❛✐s ❥✉sq✉✬à q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞✬❯❆✱ t❛♥❞✐s q✉❡
❧✬✐♠❛❣❡r✐❡ à ♣❧✉s ❣r❛♥❞ ❝❤❛♠♣ ♣❡r♠❡t ❞❡ r❡❝❤❡r❝❤❡r ❞❡s ❝♦♠♣❛❣♥♦♥s s✉❜st❡❧❧❛✐r❡s ❥✉sq✉✬à
♣❧✉s✐❡✉rs ♠✐❧❧✐❡rs ❞✬❆❯✱ ✭❆rt✐❣❛✉ ❡t ❛❧✳ ✷✵✵✼✮✳ ▲❡ t❛✉① ❞❡ s✉❝❝ès ❡st ❝❡♣❡♥❞❛♥t ❜❛s ✿ s❡✉❧❡
✉♥❡ ❞✐③❛✐♥❡ ❞❡ t❡❧s ♦❜❥❡ts ❛ ♣✉ êtr❡ ♦❜s❡r✈é❡ ❞✐r❡❝t❡♠❡♥t✳ ❈❡ ♠❛♥q✉❡ ❛♣♣❛r❡♥t ❞❡ ❝♦♠✲
♣❛❣♥♦♥s s✉❜st❡❧❧❛✐r❡s ❡♥tr❡ ✵ ❡t q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❯❆ ❛ été ❝♦♥st❛té ♣❛r ❞❡ ♥♦♠❜r❡✉s❡s
éq✉✐♣❡s ❡t ❛ ♠ê♠❡ été q✉❛❧✐✜é ❞❡ ❞és❡rt ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ♣❛r ❍❛❧❜✇❛❝❤s ❡t ❛❧✳ ✭✷✵✵✵✮✳
▲❡s ❞é✜s ❧✐és à ❧✬✐♠❛❣❡r✐❡ ❞✐r❡❝t❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡♥ ♦r❜✐t❡ ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡

♣r✐♥❝✐♣❛❧❡ s♦♥t ✐♥tr✐♥sèq✉❡♠❡♥t ❧❡s ♠ê♠❡s q✉❡ ❝❡✉① ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♣❧❛♥èt❡s✳ ▲❛ ❞✐✣❝✉❧té
❡st ♠♦✐♥❞r❡ ♣✉✐sq✉❡ ❧❛ ❧✉♠✐♥♦s✐té ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ❡st ❡♥ ❣é♥ér❛❧ s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞✬✉♥❡
♣❧❛♥èt❡✱ ♠❛✐s ❧❡ ♣r♦❜❧è♠❡ ♣r✐♥❝✐♣❛❧ r❡st❡ ❧❡ ❝♦♥tr❛st❡ ❡①trê♠❡ ❡♥tr❡ ❧✬♦❜❥❡t r❡❝❤❡r❝❤é ❡t ❧❛
♣r✐♠❛✐r❡ ❛✉t♦✉r ❞❡ ❧❛q✉❡❧❧❡ ♦♥ ❧❡ r❡❝❤❡r❝❤❡✳ ▼ê♠❡ ❡♥ ❝✐❜❧❛♥t ❧❛ ❣❛♠♠❡ ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡
❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ r❛♣♣♦rt ❞❡ ✢✉① ❡st ❧❡ ♣❧✉s ❢❛✈♦r❛❜❧❡✱ ❡♥ ✐♥❢r❛r♦✉❣❡✱ ❧❡ ❝♦♥tr❛st❡ ❡♥tr❡ ❧❡s
♠♦✐♥s ❧✉♠✐♥❡✉s❡s ❞❡s ét♦✐❧❡s ❡t ❧❡s ♣❧✉s ❧✉♠✐♥❡✉s❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❤♦rs ❞❡s ③♦♥❡s ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ❞❡ ✶✵✵✱ s♦✐t ♣❧✉s ❞❡ ✺ ♠❛❣♥✐t✉❞❡s ❞✬é❝❛rt ❡t ✐❧ ♣❡✉t ❛❧❧❡r ❛✉✲❞❡❧à ❞❡
106✳ ▲❛ ❞✐✣❝✉❧té ❡st ❞♦♥❝ ❞❡ ❞✐st✐♥❣✉❡r ✉♥❡ s♦✉r❝❡ ❡①trê♠❡♠❡♥t ❢❛✐❜❧❡ très ♣r♦❝❤❡ ❞✬✉♥ ♦❜❥❡t
❜❡❛✉❝♦✉♣ ♣❧✉s ❧✉♠✐♥❡✉①✳ ▲❛ s♦❧✉t✐♦♥ ❧❛ ♣❧✉s ❡✣❝❛❝❡ ❡st ❧❛ ❝♦r♦♥♦❣r❛♣❤✐❡ ♦✉ ❧❛ s♦✉str❛❝t✐♦♥
❞❡ ❧❛ ♣r✐♠❛✐r❡ à ❧✬❛✐❞❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ P♦✐♥t ❙♣r❡❛❞ ❋✉♥❝t✐♦♥ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ▼♦♥t❛❣♥✐❡r
❡t ❛❧✳ ✷✵✵✻✮✱ ❛♣♣❧✐q✉é❡ à ❞❡s ✐♠❛❣❡s ♦❜t❡♥✉❡s ❛✈❡❝ ✉♥ s②stè♠❡ ❞✬♦♣t✐q✉❡ ❛❞❛♣t❛t✐✈❡✳
❉❛♥s ❧❡s ❛♠❛s ❥❡✉♥❡s ❧❡ ❝♦♥tr❛st❡ ❡st ❜❡❛✉❝♦✉♣ ♠♦✐♥s ✐♠♣♦rt❛♥t✱ ♠❛✐s ♣✉✐sq✉❡ ❧❡s ③♦♥❡s

❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ s♦♥t t♦✉t❡s à ♣❧✉s ❞❡ ✶✵✵ ♣❛rs❡❝s✱ ❝✬❡st ❧❛ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❛ ♣r✐✲
♠❛✐r❡ ❡t ❧❛ s❡❝♦♥❞❛✐r❡ q✉✐ ♣♦s❡ ❛❧♦rs ♣r♦❜❧è♠❡ ✿ ♣♦✉r ✉♥❡ sé♣❛r❛t✐♦♥ ❛♣♣❛r❡♥t❡ ❞❡ ✶

′′

♦♥ ❛
✉♥❡ sé♣❛r❛t✐♦♥ ré❡❧❧❡ ♣r♦❥❡té❡ ❞❡ ♣❧✉s ❞❡ ✶✵✵ ❯❆✳ ❈❡tt❡ sé♣❛r❛t✐♦♥ ❡st ❜✐❡♥ s✉♣ér✐❡✉r❡ à
❝❡❧❧❡ ♦ù ♦♥ ♣♦✉rr❛✐t ❛tt❡♥❞r❡ ❞❡ tr♦✉✈❡r ✉♥❡ ♣❧❛♥èt❡✱ ♠❛✐s ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s
♥❛✐♥❡s ❜r✉♥❡s✱ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞❡s ét♦✐❧❡s✱ ❛✉t♦r✐s❡ ❧✬❡①✐st❡♥❝❡ ❞❡ ❝♦♠♣❛❣♥♦♥s s✉❜st❡❧❧❛✐r❡s
à ❣r❛♥❞❡ sé♣❛r❛t✐♦♥✳ ▲❛ ❢❛✐❜❧❡ ♠❛ss❡ ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ s✉❜st❡❧❧❛✐r❡ r❡♥❞ ✉♥ s②stè♠❡ à ❣r❛♥❞❡
sé♣❛r❛t✐♦♥ très ❢r❛❣✐❧❡ ❞❡✈❛♥t ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡s ét♦✐❧❡s ♣r♦❝❤❡s✳ ▲❛ ❞é✲
❝♦✉✈❡rt❡ ❞❡ t❡❧s s②stè♠❡s ✭❝♦♠♠❡ ●❧✺✼✵❉✱ ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✵✮ ♠♦♥tr❡ q✉✬✐❧s ❡①✐st❡♥t ❜❡❧

✷✵



✶✳✷ ❚r♦✉✈❡r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✿ ♠ét❤♦❞❡s ❡t rés✉❧t❛ts

❡t ❜✐❡♥✱ ♠ê♠❡ s✬✐❧s s♦♥t r❛r❡s✳

❆✉t♦✉r ❞❡ ♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s

❙✐ ❧❡ ♥♦♠❜r❡ ❞❡ ❜✐♥❛✐r❡s ❛ss♦❝✐❛♥t ♦❜❥❡ts st❡❧❧❛✐r❡s ❡t s✉❜st❡❧❧❛✐r❡s ✲❛✈❡❝ ✉♥ ❢♦rt r❛♣♣♦rt
❞❡ ♠❛ss❡✲ ❡st très ❢❛✐❜❧❡✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡ t❛✉① ❞❡ ❜✐♥❛r✐té ❡st ❛ss❡③ ✐♠♣♦rt❛♥t ❧♦rsq✉❡ t♦✉t❡s
❧❡s ❝♦♠♣♦s❛♥t❡s s♦♥t ❞❡ ❢❛✐❜❧❡ ♠❛ss❡✳ ❘❡✐❞ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡st✐♠❡♥t à ✶✷✳✺✪ ❧❡ t❛✉① ❞❡ ❜✐♥❛r✐té
❞❡s s②stè♠❡s ♥❛✐♥❡ ❜r✉♥❡✲♥❛✐♥❡ ❜r✉♥❡ rés♦❧✉s✱ ❡t é✈❛❧✉❡♥t ❧❡ t❛✉① ❞❡ ❜✐♥❛r✐té ré❡❧ à ❡♥✈✐r♦♥
✷✵✪✳ ▲❡ s✉✐✈✐ ❞❡ t❡❧s s②stè♠❡s ❡st ♣ré❝✐❡✉① ❝❛r ❞❛♥s ❧❡ ❝❛s ♦ù ♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r ❧✬♦r❜✐t❡
❞❡ ❝❡s ♦❜❥❡ts ❡♥ ✉♥ t❡♠♣s r❛✐s♦♥♥❛❜❧❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ♣ré❝✐sé♠❡♥t ❧❡✉r ♠❛ss❡✳
❯♥❡ ✈✐♥❣t❛✐♥❡ ❞❡ t❡❧s s②stè♠❡s ❡st ❝♦♥♥✉❡✱ ♣r❡sq✉❡ t♦✉s ❛✈❡❝ ✉♥ r❛♣♣♦rt ❞❡ ♠❛ss❡ ♣r♦❝❤❡
❞❡ ✶ ✭❇♦✉② ❡t ❛❧✳ ✷✵✵✽✮✳ ❊♥✜♥✱ ❇✐❧❧èr❡s ❡t ❛❧✳ ✭✷✵✵✺✮ ❡t ❆rt✐❣❛✉ ❡t ❛❧✳ ✭✷✵✵✼✮ ♦♥t ♠♦♥tré
❧✬❡①✐st❡♥❝❡ ✲r❛r❡✲ ❞❡ s②stè♠❡s ❜✐♥❛✐r❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡ à ❣r❛♥❞❡ sé♣❛r❛t✐♦♥✱ ♠❛❧❣ré ❧❡✉r
❢❛✐❜❧❡ é♥❡r❣✐❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❧✐❛✐s♦♥✳

✶✳✷✳✸ ❘❡❝❤❡r❝❤❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡ ❝❤❛♠♣

▲❡s ❣r❛♥❞s r❡❧❡✈és ♣❤♦t♦♠étr✐q✉❡s ✿ ❉❊◆■❙✱ ❙❉❙❙ ❡t ✷▼❆❙❙

▲❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❣r❛♥❞s r❡❧❡✈és ❞❡ ❧❛r❣❡s
♣♦rt✐♦♥s ❞✉ ❝✐❡❧ ❡st ❞❡✈❡♥✉❡ ♣♦ss✐❜❧❡ ❞❛♥s ❧❛ s❡❝♦♥❞❡ ♣❛rt✐❡ ❞❡s ❛♥♥é❡s ✾✵ ❞✉ ❢❛✐t ❞❡ ❧✬❛rr✐✈é❡
à ♠❛t✉r✐té ❞❡ ♣❧✉s✐❡✉rs t❡❝❤♥✐q✉❡s✳ Pr❡♠✐èr❡♠❡♥t✱ ❞❡s ❝❛♠ér❛s ♥✉♠ér✐q✉❡s ❣r❛♥❞ ❝❤❛♠♣
♦♥t ❝♦♠♠❡♥❝é à s❡ ❣é♥ér❛❧✐s❡r ❡t ❧❡s ♠♦②❡♥s ✐♥❢♦r♠❛t✐q✉❡s ❞❡ st♦❝❦❛❣❡ ❡t ❞✬❛♥❛❧②s❡ s♦♥t ❞❡✲
✈❡♥✉s s✉✣s❛♠♠❡♥t ♣❡r❢♦r♠❛♥ts ♣♦✉r ♣♦✉✈♦✐r ❡①♣❧♦✐t❡r ❧❡s ✐♠♠❡♥s❡s q✉❛♥t✐tés ❞❡ ❞♦♥♥é❡s
❣é♥éré❡s ♣❛r ❧❡s r❡❧❡✈és ❣r❛♥❞ ❝❤❛♠♣✳
▲❡ s❡❝♦♥❞ ♣♦✐♥t q✉✐ ❛ ♣❡r♠✐s ❧✬❡①♣❧♦s✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ❛ été ❧❛

♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ❞ét❡❝t❡✉rs s❡♥s✐❜❧❡s ❞❛♥s ❧❡ r♦✉❣❡ ❧♦✐♥t❛✐♥ ❡t ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡✳ ▲❛ ❝♦✉❧❡✉r
i′ − J ❞❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ✈❛r✐❡ ❡♥tr❡ ✸✳✺ ✲t②♣❡ s♣❡❝tr❛❧ ▲✵✲ ❡t ♣rès ❞❡ ✽ ♠❛❣♥✐t✉❞❡s
✲t②♣❡ ❚ t❛r❞✐❢✲✱ tr❛❞✉✐s❛♥t ✉♥ r❛♣♣♦rt ❞❡ ✢✉① ❡♥tr❡ ❧❡ r♦✉❣❡ ❡t ❧✬✐♥❢r❛r♦✉❣❡ ❛❧❧❛♥t ❞❡ ✷✺ à
✶✺✵✵✳ ❆ s❡♥s✐❜✐❧✐té é❣❛❧❡✱ ❧❛ ❞✐st❛♥❝❡ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ❞❡ t❡❧s ♦❜❥❡ts ❡st ❞❡ ✺ à ✹✵ ❢♦✐s
s✉♣ér✐❡✉r❡ ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡✳ ▲❡s s✉r✈❡②s ✐♥❢r❛r♦✉❣❡s ❡①♣❧♦r❡♥t ❞♦♥❝ ✉♥ ✈♦❧✉♠❡ ✶✷✺ ❢♦✐s
♣❧✉s ❣r❛♥❞ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ▲ ♣ré❝♦❝❡s✱ ❡t ✉♥ ✈♦❧✉♠❡ ✻✵✵✵✵ ❢♦✐s s✉♣ér✐❡✉r ❧♦rsq✉❡ ❧✬♦♥
s✬✐♥tér❡ss❡ ❛✉① ♥❛✐♥❡s ❚ ❧❡s ♣❧✉s t❛r❞✐✈❡s✳ ❊♥ ♣r❛t✐q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s s♦♥t t❡❧❧❡♠❡♥t ♣❡✉
❧✉♠✐♥❡✉s❡s ❡t t❡❧❧❡♠❡♥t r♦✉❣❡s q✉❡ ❧❛ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ❡♥ ❜❛♥❞❡ u ♦✉ ❡♥ ❜❛♥❞❡ g ❞❡s
✐♠❛❣❡s ❞❡s r❡❧❡✈és ❣r❛♥❞ ❝❤❛♠♣✱ ♣♦✉rt❛♥t ♣❧✉s ♣r♦❢♦♥❞❡s q✉❡ ❝❡❧❧❡s ❡♥ ❜❛♥❞❡ z✱ s❡ s✐t✉❡ à
❧✬✐♥tér✐❡✉r ❞✉ s②stè♠❡ s♦❧❛✐r❡ ♣♦✉r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ❧✬â❣❡ ❞✉ ❙♦❧❡✐❧ ✦
▲❡ s✉r✈❡② ❉❊◆■❙ ✭❉❡❡♣ ◆❡❛r ■♥❢r❛r❡❞ ❙✉r✈❡② ♦❢ t❤❡ ❙♦✉t❤❡r♥ ❙❦②✱ ❊♣❝❤t❡✐♥ ❡t ❛❧✳

✶✾✾✼✮ ❛ ré♣❡rt♦r✐é ♣❧✉s ❞❡ 108 s♦✉r❝❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝✐❡❧ ❛✉str❛❧ ❡♥tr❡ ✶✾✾✻ ❡t ✷✵✵✵ ❡t
❛ ♣❡r♠✐s ❞❡ ❞é❝♦✉✈r✐r ❧❡s ♣r❡♠✐èr❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ ✭❉❡❧❢♦ss❡ ❡t ❛❧✳ ✶✾✾✼✮✳ ▲❡s
r❡❧❡✈és ❙❉❙❙ ✭❙❧♦❛♥ ❉✐❣✐t❛❧ ❙❦② ❙✉r✈❡②✱ ❨♦r❦ ❡t ❛❧✳ ✷✵✵✵✮ ❡t ✷▼❆❙❙ ✭✷ ▼✐❝r♦♥s ❆❧❧ ❙❦②
❙✉r✈❡②✱ ❙❦r✉ts❦✐❡ ❡t ❛❧✳ ✷✵✵✻✮ ✐❞❡♥t✐✜❡♥t à ❧❡✉r t♦✉r ❞❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ♣❛r♠✐
❞❡s ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞❡ s♦✉r❝❡s ❛str♦♥♦♠✐q✉❡s✳
❉❛♥s ❝❡s ❣r❛♥❞s r❡❧❡✈és✱ ❧❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s s♦♥t ✐❞❡♥t✐✜és ♣❛r ❧❡✉rs ❝♦✉❧❡✉rs ❝❛r❛❝✲

tér✐st✐q✉❡s✱ ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ s✉r ❧❡s ✜❣✉r❡s ✷✳✹ ❡t ✶✳✻✳ ■❧s s♦♥t ❡♥s✉✐t❡ ❝♦♥✜r♠és ♣❛r ✉♥
s✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ q✉✐ ♣❡r♠❡t ❛✉ss✐ ❞❡ ♣ré❝✐s❡r ❧❡✉r t②♣❡ s♣❡❝tr❛❧✳
▲✬✐♠♠❡♥s❡ ♠❛❥♦r✐té ❞❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ❞é❝♦✉✈❡rts à ❝❡ ❥♦✉r ❧✬❛ été ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡

❞❡ ❝❡s r❡❧❡✈és✳ ▲❛ ♥♦✉✈❡❧❧❡ ❣é♥ér❛t✐♦♥ ❞❡ r❡❧❡✈és ❣r❛♥❞ ❝❤❛♠♣✱ ❞♦♥t ❢❛✐t ♣❛rt✐❡ ❧❡ ❈❛♥❛❞❛
❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢ ❙✉r✈❡② s✉r ❧❡q✉❡❧ ❡st ❢♦♥❞é ♠❛ t❤ès❡✱ ✉t✐❧✐s❡ ❞❡s ✐♠❛❣❡s ♣❧✉s ♣r♦❢♦♥❞❡s

✷✶
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❋✐❣✳ ✶✳✻✿ ❈♦✉❧❡✉rs ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❞✬❛♣rès ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞✬❛t✲
♠♦s♣❤èr❡s ❢r♦✐❞❡s✳❆ t✐tr❡ ✐♥❞✐❝❛t✐❢s ❧❡s ❝♦✉❧❡✉rs ❞❡s ét♦✐❧❡s ❆ á ▼ ❡t ❞❡s q✉❛s❛rs
s♦♥t é❣❛❧❡♠❡♥t ✐♥❞✐q✉é❡s✳

❛✜♥ ❞✬❛❝❝r♦✐tr❡ ❧❡ ✈♦❧✉♠❡ ❝♦✉✈❡rt✳ ▲❡s ❝♦♥séq✉❡♥❝❡s ❞✐r❡❝t❡s s♦♥t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥♦♠❜r❡
❞❡ ♥❛✐♥❡s ❜r✉♥❡s ✬❝❧❛ss✐q✉❡s✬ ❝♦♥♥✉❡s ❡t ❧❛ ❞é❝♦✉✈❡rt❡ ❞✬♦❜❥❡ts ❡♥❝♦r❡ ♣❧✉s ❡①trê♠❡s ❡t ♣❧✉s
r❛r❡♠❡♥t ♦❜s❡r✈és✳

❘❡❝❤❡r❝❤❡ ♣❛r ♠♦✉✈❡♠❡♥t ♣r♦♣r❡

❯♥❡ ❛✉tr❡ ❛♣♣r♦❝❤❡ ✉t✐❧✐s❡ ❞❡s r❡❧❡✈és ❣r❛♥❞ ❝❤❛♠♣ ❛✈❡❝ ❞❡✉① é♣♦q✉❡s ❞✐st✐♥❝t❡s sé♣❛ré❡s
❞✬❛✉ ♠♦✐♥s ✉♥ ❛♥ ♣♦✉r ❝❤❛q✉❡ ❝❤❛♠♣ ♣♦✉r ✐❞❡♥t✐✜❡r s✉r ❝❡s ✐♠❛❣❡s t♦✉s ❧❡s ♦❜❥❡ts à
❢♦rt ♠♦✉✈❡♠❡♥t ♣r♦♣r❡✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ sé❧❡❝t✐♦♥♥❡ très ❢♦rt❡♠❡♥t ❞❡s ♦❜❥❡ts ♣r♦❝❤❡s✱
♣✉✐sq✉❡ ❧❡✉r ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❡st é❧❡✈é ❞✉ ❢❛✐t ❞❡ ❧❡✉r ♣r♦①✐♠✐té✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✬✐♠❛❣❡s
❡♥ ◆■❘ ❛✉❣♠❡♥t❡ ❢♦rt❡♠❡♥t ❧❛ s❡♥s✐❜✐❧✐té ❛✉① ♦❜❥❡ts r♦✉❣❡s ❝♦♠♠❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❆
❝❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✱ ❧✬❡ss❡♥t✐❡❧ ❞❡s ♦❜❥❡ts ♣r♦❝❤❡s ❡♥❝♦r❡ ✐♥❝♦♥♥✉s s♦♥t ❞❡s ét♦✐❧❡s ❞❡ très
❢❛✐❜❧❡ ♠❛ss❡ ♦✉ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳
❈❡tt❡ ❛♣♣r♦❝❤❡✱ ✉t✐❧✐sé❡ ♥♦t❛♠♠❡♥t ♣❛r ▲é♣✐♥❡ ❡t ❛❧✳ ✭✷✵✵✸✮ ❡♥ ♦♣t✐q✉❡ ❡t ♣❛r ❆rt✐❣❛✉

❡t ❛❧✳ ✭✷✵✵✻✮ ❡♥ ◆■❘✱ ❛ ❞❡s ❛✈❛♥t❛❣❡s ❡t ❞❡s ✐♥❝♦♥✈é♥✐❡♥ts s♣é❝✐✜q✉❡s✳ ❙❡s ❛✈❛♥t❛❣❡s s♦♥t
❧❡s s✉✐✈❛♥ts ✿
✕ ❊❧❧❡ ✐❞❡♥t✐✜❡ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❞❡s ♦❜❥❡ts ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥ts ♣✉✐sq✉❡ ♣r♦❝❤❡s✳
▲❛ ♣r♦①✐♠✐té ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♣❡r♠❡t ✉♥❡ ét✉❞❡ ❛♣♣r♦❢♦♥❞✐❡ ♣♦✉r ✉♥ ❝♦ût ♠♦❞✲
✐q✉❡ ❡♥ t❡♠♣s ❞❡ té❧❡s❝♦♣❡✱ ❝❡ q✉✐ ❡♥ ❢❛✐t ❞❡s ♦❜❥❡ts ❞❡ ré❢ér❡♥❝❡ ❛✈❡❝ ❞❡s ♣❛r❛♠ètr❡s
♣ré❝✐sé♠❡♥t ❞ét❡r♠✐♥❛❜❧❡s✳

✕ ▲❛ ❞♦♥♥é❡ ❞❡s ♠♦✉✈❡♠❡♥ts ♣r♦♣r❡s ❞❡ t♦✉s ❧❡s ♦❜❥❡ts s✉r ❞❡s ✐♠❛❣❡s ❣r❛♥❞ ❝❤❛♠♣
♣❡r♠❡t ❞✬✐❞❡♥t✐✜❡r ❛✈❡❝ ✉♥❡ ❣r❛♥❞❡ ❡✣❝❛❝✐té✱ ♣❛r ❧❡✉r ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❝♦♠♠✉♥✱ ❧❡s
r❛r❡s ❜✐♥❛✐r❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡ à ❣r❛♥❞❡ sé♣❛r❛t✐♦♥ ✭❆rt✐❣❛✉ ❡t ❛❧✳ ✷✵✵✼✮✳

✕ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ♦❜❥❡ts ♣❧✉s ❧✉♠✐♥❡✉① ❡t ♣❧✉s ❧♦✐♥t❛✐♥s ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡
♣✉✐sq✉❡ ❧❡✉r ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❡st ré❞✉✐t✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❣é❛♥t❡s✱ ❞♦♥t ❧❡ ♠♦✉✈❡♠❡♥t
♣r♦♣r❡ ❡st ♥é❣❧✐❣❡❛❜❧❡✱ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❡✉t êtr❡ é❧✐♠✐♥é❡ ✭P❤❛♥✲❇❛♦ ❡t ❛❧✳ ✷✵✵✸✮✳

✷✷



✶✳✸ ❙t❛t✐st✐q✉❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s

▼❛✐s ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ❞é❝♦✉✈❡rts ♣❛r ❝❡tt❡ ♠ét❤♦❞❡ ❡st r❡str❡✐♥t ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✐♠✲
❛❣❡s ❞❡✉① ❢♦✐s ♠♦✐♥s ♣r♦❢♦♥❞❡s ❡t s✉r ❧❡sq✉❡❧❧❡s s❡✉❧s ❝❡rt❛✐♥s ♦❜❥❡ts s♦♥t ✐❞❡♥t✐✜és✱ ❧❛✐ss❛♥t
❞❡ ❝♦té ❞❡s ♦❜❥❡ts ✐♥tér❡ss❛♥ts ❞♦♥t ❧❡ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❡st ♣❧✉s ❢❛✐❜❧❡✳ ❯♥ t❡❧ é❝❤❛♥t✐❧❧♦♥
❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡st ❞♦♥❝ ré❞✉✐t ❡t ✐♥tr✐♥sèq✉❡♠❡♥t ✐♥❝♦♠♣❧❡t ❝❡ q✉✐ ❧❡ r❡♥❞ ❞✐✣❝✐❧❡♠❡♥t
✉t✐❧✐s❛❜❧❡ ♣♦✉r ✉♥❡ ét✉❞❡ st❛t✐st✐q✉❡✳

✶✳✸ ❙t❛t✐st✐q✉❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s

✶✳✸✳✶ ❋♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❡t ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

▲❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✲❝✐ ❛♣rès ❋▼✲ s❡ ❞é✜♥✐t ❝♦♠♠❡ ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ❞❛♥s ✉♥ ✐♥t❡r✈❛❧❧❡
❞❡ ♠❛ss❡ ❞m ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✳ ❈✬❡st ❞♦♥❝ ✉♥❡ ❞❡♥s✐té✳ ❊♥ ♣r❛t✐q✉❡ ❧♦rs ❞❡ ❧✬ét✉❞❡ ❞❡s
♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬♦❜t❡♥✐r ✉♥❡ ❋▼ ♣r♦♣r❡ à ❝❛✉s❡ ❞❡ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡
â❣❡✴♠❛ss❡✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ♣♦✉r ② ♣❛r✈❡♥✐r ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧❡✉r ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té
✭▲❋✮✳ ❈❡tt❡ ❞❡r♥✐èr❡ s❡ ❞é✜♥✐t ❝♦♠♠❡ ét❛♥t ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ❞❛♥s ✐♥t❡r✈❛❧❧❡ ❞❡ ❧✉♠✐♥♦s✐té
❛❜s♦❧✉❡ ❞L ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✳

▲❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❝❡s ❢♦♥❝t✐♦♥s ❡st ♣r✐♠♦r❞✐❛❧❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉① ❞♦♠❛✐♥❡s ❞❡ r❡❝❤❡r❝❤❡
❡♥ ❛str♦♣❤②s✐q✉❡✳ ❊❧❧❡ ♣❡r♠❡t ♣❛r ❡①❡♠♣❧❡ ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♠❛t✐èr❡ ❜❛r②✲
♦♥✐q✉❡ ❞❛♥s ❧✬✉♥✐✈❡rs✱ ❛✐♥s✐ q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❡♥ ♠❛ss❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡s ❣❛❧❛①✐❡s✳ ❈❡❧❛
❝♦♥tr✐❜✉❡ à ❞ét❡r♠✐♥❡r ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❝♦♥t❡♥✉ ❡♥ ♠❛t✐èr❡ ❜❛r②♦♥✐q✉❡ ❡t ❡♥ ♣❤♦t♦♥s ❞❡
❧✬✉♥✐✈❡rs ❞❛♥s s♦♥ ❡♥s❡♠❜❧❡✳

❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❋▼ ♣❡r♠❡t ❞❡ ❝♦♥tr❛✐♥❞r❡
❢♦rt❡♠❡♥t ❧❡s t❤é♦r✐❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❛♥s ❧❡s ❞♦♠❛✐♥❡s st❡❧❧❛✐r❡ ❡t s✉❜st❡❧❧❛✐r❡✳ ❯♥ ❡①❡♠♣❧❡
s✐♠♣❧❡ ❡st ❝❡❧✉✐ ❞✉ ❝❛❧❝✉❧ ✐♥✐t✐❛❧ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s à ♣❛rt✐r ❞❡ ❧✬éq✉✐❧✐❜r❡ ❤②❞r♦st❛t✐q✉❡
❡♥tr❡ ❣r❛✈✐té ❡t ♣r❡ss✐♦♥ ❞✉ ❣❛③ ❞❛♥s ✉♥ ♥✉❛❣❡ ♠♦❧é❝✉❧❛✐r❡✳ ▲❡s ♣r❡♠✐❡rs ❝❛❧❝✉❧s✱ ✉t✐❧✐s❛♥t
❞❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡ s✐♠♣❧❡✱ ♠♦♥tr❛✐❡♥t q✉❡ ❧❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ❞✬✉♥❡ ét♦✐❧❡ ❞❡✈❛✐t êtr❡
❞❡ q✉❡❧q✉❡s 0.1M⊙✳ ▲✬♦❜s❡r✈❛t✐♦♥ ❞❡ ♥❛✐♥❡s ▼ ♠♦✐♥s ♠❛ss✐✈❡s ❡t ❛ ❢♦rt✐♦r✐ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s
❛ ♣r♦✉✈é q✉❡ ❧❡s ♣❛r❛♠ètr❡s ✉t✐❧✐sés ét❛✐❡♥t tr♦♣ s✐♠♣❧❡s ❡t q✉❡ ❞❡s ♣❤é♥♦♠è♥❡s ♣❧✉s ❝♦♠✲
♣❧❡①❡s ❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡✳

▲❡s ♣r❡♠✐èr❡s ❡st✐♠❛t✐♦♥s ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ r❡♣♦s❡♥t
s✉r ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ st❡❧❧❛✐r❡ à ❞❡s ♠❛ss❡s ♣❧✉s ❢❛✐❜❧❡s✳ ❈❡s tr❛✈❛✉①
✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❑r♦✉♣❛ ✷✵✵✶❀ ❈❤❛❜r✐❡r ✷✵✵✸✮ s✬❛♣♣✉✐❡♥t ♥♦t❛♠♠❡♥t s✉r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡
❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ à ❧❛ tr❛♥s✐t✐♦♥ st❡❧❧❛✐r❡✲s✉❜st❡❧❧❛✐r❡✱ ❝♦♥♥✉ ❞❛♥s
❧❡s ❛♠❛s ❥❡✉♥❡s✳ ❈❤❛❜r✐❡r ✭✷✵✵✸✮ ❛ ♠♦♥tré q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ♣♦✉r ❞❡s ♦❜❥❡ts ❞✉
❝❤❛♠♣ ♣❡✉t êtr❡ ❛ss❡③ ✜❞è❧❡♠❡♥t r❡♣rés❡♥té❡ ♣❛r ❧❛ ❧♦✐ ❧♦❣✲♥♦r♠❛❧❡ s✉✐✈❛♥t❡ ✿

ξ(m) =
dn

dlog m
∝ exp(−

(log m − log m0)
2

2σ2
) ✭✶✳✶✮

♦ù ♠ ❡st ❧❛ ♠❛ss❡✱ ♠0✱ ❧❛ ♠❛ss❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♣✐❝ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✭∼✵✳✷✺✲✵✳✸
▼⊙✮✱ ❡t σ s♦♥ é❝❛rt✲t②♣❡✳ ❈❡tt❡ ❢♦♥❝t✐♦♥ ❡st r❡♣rés❡♥té❡ s✉r ❧❡s ✜❣✉r❡s ✶✳✼ ❡t ✶✳✾✳ ❈❡tt❡ ❧♦✐
❧♦❣✲♥♦r♠❛❧❡✱ ✐♥té❣ré❡ s✉r ❧❡ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✱ ♣♦✐♥t❡ ✈❡rs ✉♥ r❛♣♣♦rt
naines brunes

etoiles
♣r♦❝❤❡ ❞❡ ✶✴✸ ✿ ♥♦tr❡ ❣❛❧❛①✐❡ ❝♦♠♣t❡ ♣r♦❜❛❧❡♠❡♥t ♣❧✉s ❞❡ ✺✵ ♠✐❧❧✐❛r❞s ❞❡ ♥❛✐♥❡s

❜r✉♥❡s ❡t ❞❡s ♠✐❧❧✐❡rs ❞✬❡♥tr❡ ❡❧❧❡s s❡ ❝❛❝❤❡♥t ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ✦

✷✸



✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✼✿ ▲❡s ❝❛rrés ♣❧❡✐♥s r❡♣rés❡♥t❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞✉ ❞✐sq✉❡ ❞ér✐✈é❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❧✉♠✐♥♦s✐té ❞❡s s②stè♠❡s ❡♥ ❜❛♥❞❡ K✳ ▲❡s tr✐❛♥❣❧❡s r❡♣rés❡♥t❡♥t ❧❛ ❋▼ ❝♦rr✐❣é❡
❞❡ ❧❛ ❜✐♥❛r✐té ♣❛r ❧❡ ❍❙❚ ❞❡ ❩❤❡♥❣ ❡t ❛❧✳ ✭✷✵✵✶✮ ❉✬❛♣rès ❈❤❛❜r✐❡r ✭✷✵✵✸✮✳ ▲❡s
t✐r❡ts ❡♥ ❣r❛s r❡♣rés❡♥t❡♥t ❧❛ ❧♦✐ ❧♦❣✲♥♦r♠❛❧❡ ❞é❝r✐t❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✶✳✶ ♣♦✉r ❧❡s
♦❜❥❡ts ✐s♦❧és✳

✶✳✸✳✷ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣

▲❛ ✜❣✉r❡ ✶✳✼ r❡♣rés❡♥t❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡ ❞❡s ♦❜❥❡ts ❞✉ ❝❤❛♠♣ ❡t ❧❡s
❛❥✉st❡♠❡♥ts ❛ss♦❝✐és✳ ❙✉r ❝❡tt❡ ✜❣✉r❡✱ ❧❡s ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s s✬❛rrêt❡♥t ❛✉ s❡✉✐❧ ❞✉
❞♦♠❛✐♥❡ s✉❜st❡❧❧❛✐r❡ ✿ ❞❛♥s ❧❡ ❝❛s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ â❣❡✴♠❛ss❡
r❡♥❞ s❛♥s ♦❜❥❡t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✬✉♥❡ r❡❧❛t✐♦♥ ♠❛ss❡✲❧✉♠✐♥♦s✐té ❡t ❞✐✣❝✐❧❡ ❝❡❧❧❡ ❞❡ ❧❛
❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡✳ ❊♥ ❝❡ ❝❛s ♦♥ s✬❛tt❛❝❤❡ ❞♦♥❝ ❞✬❛❜♦r❞ à ♣ré❝✐s❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té✱
q✉✐ r❡♣♦s❡ s✉r ❞❡s ♦❜s❡r✈❛❜❧❡s ♠✐❡✉① ❞é✜♥✐❡s✱ ❡t ❧✬♦♥ r❡♠♦♥t❡ à ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ à ♣❛rt✐r
❞✬❤②♣♦t❤ès❡s s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s â❣❡s✳
❯♥❡ ❛✉tr❡ s♦✉r❝❡ ❞❡ ❜✐❛✐s✱ q✉✐ ♥✬❡st ♣❛s ♣r♦♣r❡ ❛✉ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ s✉❜st❡❧❧❛✐r❡✱ ❡st ❧❛

❜✐♥❛r✐té✳ ❈♦♠♠❡ ❧❡s ♦❜❥❡ts ♠✉❧t✐♣❧❡s ♥♦♥ rés♦❧✉s ❛♣♣❛r❛✐ss❡♥t ♣❧✉s ❜r✐❧❧❛♥ts q✉✬✉♥ ♦❜❥❡t ❞✉
♠ê♠❡ t②♣❡ ✐s♦❧é✱ ❧❡✉r ❞✐st❛♥❝❡ ❡st s②sté♠❛t✐q✉❡♠❡♥t s♦✉s é✈❛❧✉é❡✳ ❈❡❧❛ ❜✐❛✐s❡ ❧❡s ❞♦♥♥é❡s
✐ss✉❡s ❞✬é❝❤❛♥t✐❧❧♦♥s ❧✐♠✐tés ❡♥ ✈♦❧✉♠❡ s✐ ❧❡s ❞✐st❛♥❝❡s ♥❡ s♦♥t ♣❛s ❝♦♥tr❛✐♥t❡s ♣❛r ❞❡s
♣❛r❛❧❧❛①❡s tr✐❣♦♥♦♠étr✐q✉❡s✳ ❉❡ ♠ê♠❡✱ ❧❡s é❝❤❛♥t✐❧❧♦♥s ❧✐♠✐tés ❡♥ ♠❛❣♥✐t✉❞❡ s♦♥t ❛✛❡❝tés
s②sté♠❛t✐q✉❡♠❡♥t ♣✉✐sq✉❡ ❧❡s ❜✐♥❛✐r❡s s♦♥t ❛❧♦rs s✉r✲r❡♣rés❡♥té❡s✳ ❊♥✜♥✱ ❧❡s ❝♦✉❧❡✉rs ❡t
❧❡s s♣❡❝tr❡s ❞❡s ❜✐♥❛✐r❡s s♦♥t ❜✐❛✐sés ♣❛r ❧❡ ♠é❧❛♥❣❡ ❞❡s ✢✉① ❞❡s ❞❡✉① ❝♦♠♣♦s❛♥t❡s✳ ■❧ ❡st
♣♦ss✐❜❧❡ ❞❡ ❝♦rr✐❣❡r ❝❡ ❜✐❛✐s ❧♦rsq✉❡ ❧❡ t❛✉① ❞❡ ❜✐♥❛r✐té ❡st ❝♦♥♥✉ ✭✈♦✐r ❘❡✐❞ ✫ ●✐③✐s ✶✾✾✼❀
❑r♦✉♣❛ ✶✾✾✽✮✳ P✉✐sq✉❡ ❧❡ t❛✉① ❞❡ ❜✐♥❛r✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ❡♥❝♦r❡ ♠❛❧ ❝♦♥tr❛✐♥t ✭✈♦✐r
♣❛r ❡①❡♠♣❧❡ ▼❛①t❡❞ ✫ ❏❡✛r✐❡s ✷✵✵✺✮✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡ ❜✐❛✐s✳ ❆✜♥ ❞❡
❧✬❡sq✉✐✈❡r✱ ♦♥ s✬✐♥tér❡ss❡r❛ ❞♦♥❝ ❡♥ ❣é♥ér❛❧ à ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✐t❡ ✧❞❡s s②stè♠❡s✧✱
q✉✐ ✐❣♥♦r❡ ❝❡ ❜✐❛✐s✳

✷✹



✶✳✸ ❙t❛t✐st✐q✉❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s

▲❡s ♣r❡♠✐èr❡s ❢♦♥❝t✐♦♥s ❞❡ ❧✉♠✐♥♦s✐té ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣
st❛t✐st✐q✉❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡s ♦♥t été ♦❜t❡♥✉❡s ❞❛♥s ❧❡s ❞❡r♥✐èr❡s ❛♥♥é❡s ♣❛r ❈r✉③ ❡t ❛❧✳
✭✷✵✵✼✮ ❡t ▼❡t❝❤❡✈ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ❚♦✉t❡❢♦✐s ❧❛ t❛✐❧❧❡ ❞❡ ❧❡✉rs é❝❤❛♥t✐❧❧♦♥s r❡st❡ ♠♦❞❡st❡ ✿ ✶✺
♥❛✐♥❡s ❚ ✭▼❡t❝❤❡✈✮ ❡t ✹✻ ♥❛✐♥❡s ▲✭❈r✉③✮ ✦ ❈❡ ♥♦♠❜r❡ ❧✐♠✐té s✬❡①♣❧✐q✉❡ ♣❛r ❧❛ ❞✐✣❝✉❧té ❞❡
❝♦♥st✐t✉❡r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞♦♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥ ❡st ❤♦♠♦❣è♥❡✳ ❈♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ ✹✱ ✐❧ ❢❛✉t ♣♦✉✈♦✐r ❞ét❡r♠✐♥❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❡s ❞❡✉① s♦✉r❝❡s ❞✬❡rr❡✉rs s✉✐✈❛♥t❡s ✿
✕ ▲❛ ❝♦♠♣❧ét✉❞❡✱ q✉✐ ❡st ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡ ♥♦♠❜r❡ ❞❡s ♦❜❥❡ts r❡❝❤❡r❝❤és q✉✐ s♦♥t ❡❢✲
❢❡❝t✐✈❡♠❡♥t ✐❞❡♥t✐✜és ❡t ❧❡ ♥♦♠❜r❡ ❞❡s ♦❜❥❡ts r❡❝❤❡r❝❤és ré❡❧❧❡♠❡♥t ♣rés❡♥ts ❞❛♥s ❧❡s
✐♠❛❣❡s ❛♥❛❧②sé❡s✳

✕ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥✱ q✉✐ ❡st ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ✐❞❡♥t✐✜és ❝♦♠♠❡ ✐♥tér❡ss❛♥ts ❡t q✉✐ s♦♥t
❡♥ ❢❛✐t ❞❡s ❛str❡s ❞✬✉♥ t②♣❡ ❞✐✛ér❡♥t ❡♥trés ❞❛♥s ❧✬ é❝❤❛♥t✐❧❧♦♥ à ❝❛✉s❡ ❞✬❡rr❡✉rs ❞❡
♠❡s✉r❡s ♦✉ ❞❡ ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ ✐♠♣❛r❢❛✐ts✳

▲❛ ♥é❝❡ss✐té ❞❡ ❝♦♥♥❛îtr❡ ❝❡s ❞❡✉① ❢♦♥❝t✐♦♥s r❡♥❞ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s r❡❧❡✈és ❛✉① ❝r✐tèr❡s
❞❡ sé❧❡❝t✐♦♥ ♠✉❧t✐♣❧❡s ♦✉ ❝♦♠♣❧❡①❡s très ❞✐✣❝✐❧❡✳ ❈✬❡st ♥♦t❛♠♠❡♥t ❧❡ ❝❛s ♣♦✉r ❧❡s r❡❧❡✈és
❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❝♦♠♠❡ ✷▼❆❙❙✳ ❊♥ ❡✛❡t✱ ❧❡ ❢♦rt r♦✉❣✐ss❡♠❡♥t ❞❡s ❝♦✉❧❡✉rs ◆■❘ s✉r
❧❡ t②♣❡ s♣❡❝tr❛❧ ▲✱ ♣✉✐s ❧❡✉r ❢♦rt ❜❧❡✉✐ss❡♠❡♥t s✉r ❧❡ t②♣❡ s♣❡❝tr❛❧ ❚✱ ♦❜❧✐❣❡♥t à ✉t✐❧✐s❡r
❞❡s ❝r✐tèr❡s ❝♦♠♣❧❡①❡s ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡s ét♦✐❧❡s ♣❧✉s ❝❤❛✉❞❡s ❛❧❧❛♥t
❥✉sq✉✬❛✉ t②♣❡ s♣❡❝tr❛❧ ❆✳ ▲❡s s✉r✈❡②s ❡♥ ♦♣t✐q✉❡ ♣✉r ♦✉ ❡♥ ♦♣t✐q✉❡ ❝♦✉♣❧é à ❞❡s ✐♠❛❣❡s
◆■❘ ♣❡r♠❡tt❡♥t ♣❛r ❝♦♥tr❡ ❞❡ sé❧❡❝t✐♦♥♥❡r ❛✈❡❝ ✉♥❡ ❜♦♥♥❡ ✜❛❜✐❧✐té ❧❡s ♥❛✐♥❡s ▲ ❡t ❚✳ ❈❡tt❡
❞é♣❡♥❞❛♥❝❡ ❛✉① r❡❧❡✈és ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♦♣t✐q✉❡s✱ ♦ù ❧❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s s♦♥t
♥❡tt❡♠❡♥t ♠♦✐♥s ❧✉♠✐♥❡✉① q✉✬❡♥ ◆■❘✱ ❧✐♠✐t❡ ❝❡♣❡♥❞❛♥t ❧❡ ✈♦❧✉♠❡ s♦♥❞é✳
■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝♦♥trô❧❡r très ❡✣❝❛❝❡♠❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡♥ ❡✛❡❝t✉❛♥t ✉♥ s✉✐✈✐

s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡ t♦✉s ❧❡s ❝❛♥❞✐❞❛ts✱ ♠❛✐s ❝✬❡st ❛❧♦rs ❧❡ t❡♠♣s ❞❡ té❧❡s❝♦♣❡ ❞✐s♣♦♥✐❜❧❡
♣♦✉r ♦❜t❡♥✐r ❧❡s s♣❡❝tr❡s q✉✐ ❞❡✈✐❡♥t ❧❡ ❢❛❝t❡✉r ❧✐♠✐t❛♥t✳
▲❛ ❢❛✐❜❧❡ t❛✐❧❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮ ❡t ▼❡t❝❤❡✈ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡st r❡s♣♦♥✲

s❛❜❧❡ ❞❡s ❣r❛♥❞❡s ✐♥❝❡rt✐t✉❞❡s ❞❛♥s ❧❡s t❛❜❧❡s ✶✳✷ ❡t ❧❛ ✜❣✉r❡ ✶✳✽✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té
❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ ❡st ❞♦♥❝ ❡♥❝♦r❡ très ♠❛❧ ❝♦♥♥✉❡✳

❚②♣❡ ❙♣❡❝tr❛❧ ▼✼✲▼✽ ▼✽✳✺✲▲✸ ▲✸✳✺✲▲✾ ❚✵✲❚✷✳✺ ❚✸✲❚✺✳✺ ❚✻✲❚✽
❉❡♥s✐té✭10−3.pc3✮ 3.3 ± 0.6 3.4 ± 0.3 > 2.1 ± 0.2 0.9+0.4

−0.5 1.4+0.8
−0.8 4.7+3.1

−2.8

❚❛❜✳ ✶✳✷✿ ❉❡♥s✐tés ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ s②♥t❤ét✐sé❡s ❞✬❛♣rès ❧❡s rés✉❧t❛ts ❞❡ ❈r✉③
❡t ❛❧✳ ✭✷✵✵✼✮ ❡t ▼❡t❝❤❡✈ ❡t ❛❧✳ ✭✷✵✵✽✮

✶✳✸✳✸ ❋♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❛♥s ❧❡s ❛♠❛s ❥❡✉♥❡s

❉❛♥s ❧❡s ❛♠❛s ❥❡✉♥❡s✱ ♦✉ ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ❧✬â❣❡ ❞❡s ♦❜❥❡ts ❡st ❝♦♥♥✉
❛✈❡❝ ✉♥❡ ❛ss❡③ ❜♦♥♥❡ ♣ré❝✐s✐♦♥ ✿ ❝✬❡st ❝❡❧✉✐ ❞❡ ❧✬❛♠❛s✳ ▲♦rsq✉❡ ❧❛ ❞✐st❛♥❝❡ ❞❡s ❛♠❛s ❡st ❜✐❡♥
❝♦♥♥✉❡✱ ❧❡ ♣❛ss❛❣❡ ❞❡s ❧✉♠✐♥♦s✐tés ❛♣♣❛r❡♥t❡s ❛✉① ❧✉♠✐♥♦s✐tés ❛❜s♦❧✉❡s ❡st ❞✐r❡❝t✳ ▲❛ ❝♦♥✲
♥❛✐ss❛♥❝❡ ❞❡ ❧✬â❣❡ ♣❡r♠❡t ❛❧♦rs ❞❡ ❧❡✈❡r ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ â❣❡✴♠❛ss❡ ❡t ❞❡ r❡❧✐❡r ❞✐r❡❝t❡♠❡♥t
❧❛ ❧✉♠✐♥♦s✐té ♦❜s❡r✈é❡ ❞❡s ♦❜❥❡ts à ❧❡✉r ♠❛ss❡✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ✐♥❝❡rt✐t✉❞❡ ❞❛♥s ❝❡tt❡ r❡❧❛t✐♦♥
♠❛ss❡✲❧✉♠✐♥♦s✐té ✈✐❡♥t ❞❡ ❧❛ ✜❛❜✐❧✐té ❞❡s ♠♦❞è❧❡s t❤é♦r✐q✉❡s ❞✬❛t♠♦s♣❤èr❡ ❡t ❞❡ str✉❝t✉r❡
st❡❧❧❛✐r❡✳ ❈❡s ♠♦❞è❧❡s s♦♥t ❛ss❡③ ♣ré❝✐s ♣♦✉r ❞❡s ❛♠❛s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ♦✉ ❝❡♥t❛✐♥❡s ❞❡
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ ❝♦♠♠❡ ❧❡s ❍②❛❞❡s ♦✉ ❧❡s P❧é✐❛❞❡s✱ ♠❛✐s s♦♥t ❜❡❛✉❝♦✉♣ ♠♦✐♥s ✜❛❜❧❡s ♣♦✉r
❧❡s ❛♠❛s très ❥❡✉♥❡s ❝♦♠♠❡ ❖r✐♦♥✳ ❈❡tt❡ ✐♠♣ré❝✐s✐♦♥ ❡st ❧✐é❡ à ❧❛ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ str✉❝t✉r❡
st❡❧❧❛✐r❡ ❞✬♦❜❥❡ts ❡♥ ❝♦♥tr❛❝t✐♦♥ ♦✉ ❡♥ ❛❝❝rét✐♦♥✱ ♠❛✐s s✉rt♦✉t à ❧❛ ❢♦rt❡ ❞é♣❡♥❞❛♥❝❡ ❛✉①

✷✺



✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✽✿ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡♥ ❜❛♥❞❡ J ❞❡s ♥❛✐♥❡s ▲✱ ❞✬❛♣rès ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮✳ ▲❛
③♦♥❡ ❣r✐sé❡ à ▼J❂✶✶ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❝♦rr❡❝t✐♦♥ s♣é❝✐✜q✉❡ ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡
♣♦✉r ❧❛ sé❧❡❝t✐♦♥ ❞❡s ♥❛✐♥❡s ▼✼✱ ❞♦♥t ✉♥❡ ♣❛rt✐❡ é❝❤❛♣♣❡ ❛✉① ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥
r❡t❡♥✉s✳

✷✻



✶✳✸ ❙t❛t✐st✐q✉❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s

❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞❡ ❢♦r♠❛t✐♦♥ q✉✐ s♦♥t très ♠❛❧ ❝♦♥♥✉❡s✳ ❈❡tt❡ ❞é♣❡♥❞❛♥❝❡ ❞✐s♣❛r❛✐t
❛✉✲❞❡❧à ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❝❛r ❧❡s ♠♦❞è❧❡s ❞❡ str✉❝t✉r❡ st❡❧❧❛✐r❡ ✉t✐❧✐s❛♥t
❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞✐✛ér❡♥t❡s ❝♦♥✈❡r❣❡♥t ❛❧♦rs ✈❡rs ❧❡s ♠ê♠❡s rés✉❧t❛ts ✭❇❛r❛✛❡ ❡t ❛❧✳
✷✵✵✷✮✳
■❧ ❡st ♣❛r ❛✐❧❧❡✉rs ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛❝✐❧❡ ❞✬♦❜s❡r✈❡r ❞❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ❞❛♥s ❧❡s ❛♠❛s

❥❡✉♥❡s ♣✉✐sq✉✬✐❧s ♥✬♦♥t ♣❛s ❡♥❝♦r❡ ❡✉ ❧❡ t❡♠♣s ❞❡ s❡ r❡❢r♦✐❞✐r ❡t s♦♥t ❞♦♥❝ ❡♥❝♦r❡ ❛ss❡③
❧✉♠✐♥❡✉①✳ ▲❡s r❡❧❡✈és ❣r❛♥❞s ❝❤❛♠♣ ♣❡✉✈❡♥t ❛✐♥s✐ ❝♦✉✈r✐r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✉♣❡r✜❝✐❡ ❞✬✉♥
❛♠❛s ❡t ❞ét❡❝t❡r ❧❛ ♠❛❥♦r✐té ❞❡s ♦❜❥❡ts ♣❧✉s ♠❛ss✐❢s q✉❡ ✸✵ ♠❛ss❡s ❞❡ ❏✉♣✐t❡r ✭▼♦r❛✉①
❡t ❛❧✳ ✷✵✵✹✱ ✷✵✵✼✮✳ ▲❛ ✜❣✉r❡ ✶✳✾ ♠♦♥tr❡ q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ❛♠❛s ❞✐✛èr❡ ❧é❣èr❡✲
♠❡♥t ❞❡ ❝❡❧❧❡ ❞✉ ❝❤❛♠♣ ❡t ✈❛r✐❡ ❛✉ss✐ s❡❧♦♥ ❧✬❛♠❛s ❝♦♥s✐❞éré✳ ❚♦✉t❡❢♦✐s ❝❡tt❡ ❞✐✛ér❡♥❝❡ r❡st❡
✐♥❢ér✐❡✉r❡ à ❧✬❡rr❡✉r ♠♦②❡♥♥❡✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s ❛♠❛s ♣❧✉s é✈♦❧✉és✱
❝♦♠♠❡ ❧❡s ❍②❛❞❡s✱ ❡st ❢♦rt❡♠❡♥t ❛♣♣❛✉✈r✐❡ ❡♥ ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s à ❝❛✉s❡ ❞✬✉♥ ♣❤é♥♦♠è♥❡
❞✬é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ✿ ❧❡s ♦❜❥❡ts ❧❡s ♠♦✐♥s ♠❛ss✐❢s s♦♥t é❥❡❝tés ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❞❡s ❛♠❛s
♣❛r ✐♥t❡r❛❝t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s✳ ❉✬❛♣rès ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ▼♦r❛✉① ❡t ❛❧✳ ✭✷✵✵✼✮✱ s✐ ❧✬♦♥
t✐❡♥t ❝♦♠♣t❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ❛♠❛s✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ♠❛ss❡ ♦❜✲
s❡r✈é❡s ❞❛♥s ❧❡s ❛♠❛s ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ♠ê♠❡ ❋♦♥❝t✐♦♥ ❞❡ ▼❛ss❡ ■♥✐t✐❛❧❡ ✲■▼❋✲✱
❝♦♠♠❡ ❧❛ ❧♦✐ ❧♦❣♥♦r♠❛❧❡ ❞é❝r✐t❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✶✳✶✳ P♦✉r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡s
s②stè♠❡s✱ ❧❡s ♣❛r❛♠ètr❡s ❝♦♠♠✉♥s s♦♥t ❛❧♦rs ✿ M0 ∼ 0.3M⊙ ❡t σ ∼ 0.5✳ ▲❡s ✐♥❝❡rt✐t✉❞❡s ✐♠✲
♣♦rt❛♥t❡s ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ♠❛ss❡s ♦❜s❡r✈é❡s ✭❝❢ ✜❣✉r❡ ✶✳✼✮ ♥❡ ♣❡r♠❡t t♦✉t❡❢♦✐s ♣❛s ❞✬❡①❝❧✉r❡
✉♥❡ ■▼❋ ❞✐st✐♥❝t❡ ♣♦✉r ❝❤❛q✉❡ ❛♠❛s✳
❈♦♠♠❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞✉ ❝❤❛♠♣ ❡st ❡♥❝♦r❡ ♣❧✉s ♠❛❧ ❝♦♥tr❛✐♥t❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡

s✉❜st❡❧❧❛✐r❡✱ ❧❛ s✐♠✐❧❛r✐té ♦❜s❡r✈é❡ ❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞é❞✉✐t❡ ❞❡s ❛♠❛s ❥❡✉♥❡s ❡st ♣❡✉
s✐❣♥✐✜❝❛t✐✈❡✳ ❙✐ ❝❡tt❡ ❞❡r♥✐èr❡ ❡st ❜✐❡♥ ✉♥ tr❛❝❡✉r ❝♦rr❡❝t ❞❡ ❝❡❧❧❡ ❞❡s ♦❜❥❡ts ❞✉ ❝❤❛♠♣ ❞❛♥s
❧❡ ❞♦♠❛✐♥❡ s✉❜st❡❧❧❛✐r❡✱ ❝❡tt❡ t❡♥❞❛♥❝❡ ♣♦✐♥t❡r❛✐t ✈❡rs ✉♥❡ ✈❛r✐❛t✐♦♥ ❢❛✐❜❧❡ ❞❡ ❧❛ ❋♦♥❝t✐♦♥ ❞❡
▼❛ss❡ ■♥✐t✐❛❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❡t ❞✉ ❧✐❡✉ ❞❡ ❢♦r♠❛t✐♦♥✳ ❈❡tt❡ ✐♥❢♦r♠❛t✐♦♥ ♣♦s❡r❛✐t ✉♥❡
❢♦rt❡ ❝♦♥tr❛✐♥t❡ s✉r ❧❡s ♠♦❞è❧❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s q✉✐ s♦♥t ❣é♥ér❛❧❡♠❡♥t très
❞é♣❡♥❞❛♥ts ❞❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ❝♦♠♠❡ ❧❛ ♠ét❛❧❧✐❝✐té ♦✉ ❧❛ ❞❡♥s✐té✳
▲❛ ❣r❛♥❞❡ ✐♥❝❡rt✐t✉❞❡ ❞❡s ❞♦♥♥é❡s st❛t✐st✐q✉❡s ✉t✐❧✐sé❡s ♣♦✉r ♦❜t❡♥✐r ❝❡s ❢♦♥❝t✐♦♥s ❞❡ ♠❛ss❡
❡♠♣ê❝❤❡ ♠❛❧❤❡✉r❡✉s❡♠❡♥t t♦✉t❡ ❝♦♠♣❛r❛✐s♦♥ ✜❛❜❧❡✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ♣ré❝✐s❡r ❧❛
❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❛♥s ❧❡s ❛♠❛s ❡t s✉rt♦✉t ❞❛♥s ❧❡ ❝❤❛♠♣ ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ❧✬✉t✐❧✐s❡r ♣♦✉r
❝♦♥tr❛✐♥❞r❡ ❧❡s ♦r✐❣✐♥❡s ❞❡s ét♦✐❧❡s ❞✉ ❝❤❛♠♣ ❡t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❋▼■ s✉❜st❡❧❧❛✐r❡ ❛✉ ❝♦✉rs
❞❡ ❧✬❤✐st♦✐r❡ ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡✳

✷✼



✶ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✶✳✾✿ ❋♦♥❝t✐♦♥s ❞❡ ♠❛ss❡ ❞❡ tr♦✐s ❛♠❛s ❥❡✉♥❡s ❡t ❝❡❧❧❡ ❞❡s ♦❜❥❡ts ❞✉ ❝❤❛♠♣s✳ ▲❛ ♣❛rt✐❡
♣♦✐♥t✐❧❧é❡ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡ ✐❞❡♥t✐✜❡ ❧❡ ❞♦♠❛✐♥❡ s✉❜st❡❧❧❛✐r❡✱ s✉r ❧❡q✉❡❧ ❧❛ ❢♦♥❝✲
t✐♦♥ ❞❡ ♠❛ss❡ ❞✉ ❝❤❛♠♣ ♥✬❡st ♣❛s ❞✐r❡❝t❡♠❡♥t ❝♦♥tr❛✐♥t❡ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡♠❡♥t✳
❉✬❛♣rès ▼♦r❛✉① ❡t ❛❧✳ ✭✷✵✵✼✮

✷✽



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s

❙✉r✈❡②

✷✳✶ ▲❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❈❋❇❉❙

▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢ ❙✉r✈❡② ✭❈❋❇❉❙✮ ❡st ✉♥ r❡❧❡✈é ♣r♦❢♦♥❞ ❡♥ ✐♠❛❣❡r✐❡
✈✐s✐❜❧❡ ❞♦♥t ❡♥✈✐r♦♥ ✻✵✪ ❞❡s ❞♦♥♥é❡s s♦♥t ✐ss✉❡s ❞❡ ❞❡✉① ❣r❛♥❞s r❡❧❡✈és ❡♥tr❡♣r✐s ❛✈❡❝
❧❡ té❧❡s❝♦♣❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❍❛✇❛✐✐ ❞❡ ✸✳✻✲♠✱ ❧❡ ❈❋❍❚ ✿ ❧❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❍❛✇❛✐✐ ❚❡❧❡✲
s❝♦♣❡ ▲❡❣❛❝② ❙✉r✈❡② ✭❈❋❍❚▲❙✮ ❡t ❧❡ ❘❡❞✲s❡q✉❡♥❝❡ ❈❧✉st❡r ❙✉r✈❡②✲✷ ✭❘❈❙✷✮✳ ▲❡ r❡st❡ ❞❡s
❞♦♥♥é❡s ✉t✐❧✐sé❡s ♣❛r ❧❡ ❈❋❇❉❙✱ ❡♥✈✐r♦♥ ✹✵✪✱ ♣r♦✈✐❡♥t ❞❡ ♣❧✉s✐❡✉rs ❞❡♠❛♥❞❡s ❞❡ t❡♠♣s
✐♥❞é♣❡♥❞❛♥t❡s ❡♥ ♠♦❞❡ P✳■✳ s✉r ❧❡ ♠ê♠❡ té❧❡s❝♦♣❡✳ ❈❡❧❛ ❛ ♣❡r♠✐s ❞✬♦❜t❡♥✐r ✉♥ ❡♥s❡♠❜❧❡
❞❡ ❞♦♥♥é❡s ❤♦♠♦❣è♥❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣té à ❧❛ r❡❝❤❡r❝❤❡ ❞✬♦❜❥❡ts ❡①trê♠❡♠❡♥t ❢r♦✐❞s✱
❞♦♥t ❧❡ ✢✉① ♦♣t✐q✉❡ ❡st ♠❛①✐♠❛❧ ❞❛♥s ❧❡ r♦✉❣❡ ❧♦✐♥t❛✐♥✳ ◆♦✉s ✉t✐❧✐s♦♥s ❛✐♥s✐ ❧❡s ❝♦✉❧❡✉rs ❧❡s
♣❧✉s r♦✉❣❡s ❞✐s♣♦♥✐❜❧❡s ❞❛♥s ❧❡ ✈✐s✐❜❧❡✱ ❡♥ ❜❛♥❞❡ i′ ✭✼✼✵♥♠✮ ❡t z′ ✭✾✵✵♥♠✮✱ ❞❛♥s ❧❡sq✉❡❧❧❡s
♥♦s ♦❜❥❡ts s♦♥t ❧❡s ♣❧✉s ❧✉♠✐♥❡✉①✳ ▼❛✐s ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙ s♦♥t ❛✉ss✐ très ❜✐❡♥ ❛❞❛♣té❡s
à ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡s ♥♦②❛✉① ❛❝t✐❢s ❞❡ ❣❛❧❛①✐❡s ❞❡ ❧✬✉♥✐✈❡rs ♣r✐♠♦r❞✐❛❧✱ ❧❡s q✉❛s❛rs à très
❤❛✉t r❡❞s❤✐❢t✳ P❛r ✉♥ ❤❛s❛r❞ ❝♦s♠♦❧♦❣✐q✉❡ q✉❡ ♥♦✉s ❞ét❛✐❧❧❡r♦♥s ♣❧✉s ❛✈❛♥t✱ ❝❡s q✉❛s❛rs
s♦♥t très r♦✉❣❡s ❡t ♦♥t ❧❛ ♠ê♠❡ ❛♣♣❛r❡♥❝❡ s✉r ♥♦s ✐♠❛❣❡s q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s q✉❡ ♥♦✉s
r❡❝❤❡r❝❤♦♥s ✿ ✐❧s ♦❝❝✉♣❡♥t ❧❡ ♠ê♠❡ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ❡♥ i′ − z′ ✳
▲❡ ❈❋❍❚▲❙ ❡st ✉♥ r❡❧❡✈é q✉✐ ❛ ❝♦♠♠❡♥❝é ✐❧ ② ❛ ♣❧✉s ❞❡ ✺ ❛♥s ❡t q✉✐ ❛♣♣r♦❝❤❡ ♠❛✐♥t❡♥❛♥t

❞❡ s♦♥ t❡r♠❡✳ ■❧ s❡ ❞é❝♦♠♣♦s❡ ❡♥ tr♦✐s ♣r♦❣r❛♠♠❡s ❞✐st✐♥❝ts✱ ❧❡ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡✱ ❧❡
❈❋❍❚▲❙✲❲✐❞❡ ❡t ❧❡ ❈❋❍❚▲❙✲❉❡❡♣✳ ❚♦✉s ✉t✐❧✐s❡♥t ❧❛ ❝❛♠ér❛ ❣r❛♥❞ ❝❤❛♠♣ ▼❡❣❛❝❛♠ ✭1◦①
1◦✮ s❡♥s✐❜❧❡ ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♦♣t✐q✉❡ ❞❡ ✵✳✸ à ✶ µ♠✱ ♠❛✐s ✐❧s ❞✐✛èr❡♥t ♣❛r ❧❛
s✉r❢❛❝❡ ❝♦✉✈❡rt❡ ❡t ❧❛ ♣r♦❢♦♥❞❡✉r ❛tt❡✐♥t❡✳ ▲❡ ❘❈❙✲✷✱ ✐♥✐t✐❛❧❡♠❡♥t ❞é❞✐é à ❧✬ét✉❞❡ ❞❡s ❛♠❛s
❞❡ ❣❛❧❛①✐❡s✱ ❛ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❛ss❡③ s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ❞✉ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡✳ ❯♥❡
❞❡s❝r✐♣t✐♦♥ ✉♥ ♣❡✉ ♣❧✉s ♣ré❝✐s❡ ❞❡ ❝❤❛❝✉♥❡ ❞❡s ✹ ❝♦♠♣♦s❛♥t❡s ♣r✐♥❝✐♣❛❧❡s ❞✉ ❈❋❇❉❙ ❡st
♣r♦♣♦sé❡ ❝✐✲❞❡ss♦✉s✳

✷✳✶✳✶ ❈❋❍❚▲❙✲❉❡❡♣

▲❡ ❈❋❍❚▲❙ ❉❡❡♣ ❝♦✉✈r❡ 4◦2 ré♣❛rt✐s s✉r ❞❡s ③♦♥❡s ❞❡ 1◦2 ♥♦♥ ❝♦rré❧é❡s ❞✉ ❝✐❡❧✱ ❧♦❝❛❧✐sé❡s
à ❤❛✉t❡ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡ ❛✜♥ ❞❡ ❧✐♠✐t❡r ❧✬❡①t✐♥❝t✐♦♥ ❡t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ét♦✐❧❡s
❜r✐❧❧❛♥t❡s✳ ❈❡s ✹ ❝❤❛♠♣s s♦♥t ♦❜s❡r✈és ❞❛♥s ❧❡s ✜❧tr❡s u✱g✱r✱i′ ❡t z′✳ ❈♦♠♠❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s
s♦♥t ❞❡s ♦❜❥❡ts très r♦✉❣❡s ❡t très ❢❛✐❜❧❡s✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s ✉♥✐q✉❡♠❡♥t ❛✉① ❜❛♥❞❡s i′

❡t z′✱ q✉✐ s♦♥t ❡♥ ❣é♥ér❛❧ ❧❡s s❡✉❧❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡ ✢✉① ❡st s✉✣s❛♥t ♣♦✉r êtr❡ ❞ét❡❝t❛❜❧❡✳
▲❡s ✐♠❛❣❡s ❞✉ ❈❋❍❚▲❙✲❉❡❡♣ s♦♥t ❡①trê♠❡♠❡♥t ♣r♦❢♦♥❞❡s ✿ ✶✸✷ ❤❡✉r❡s s♦♥t ❛❧❧♦✉é❡s ❛✉①
♦❜s❡r✈❛t✐♦♥s ❡♥ ❜❛♥❞❡ i′ ❡t ✻✻ ❤❡✉r❡s ❡♥ ❜❛♥❞❡ z′✳ ❆✉ t❡r♠❡ ❞✉ ♣r♦❣r❛♠♠❡✱ ❧❡s ♠❛❣♥✐t✉❞❡s
❧✐♠✐t❡s rés✉❧t❛♥t❡s à ✶✵σ ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡ s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s s❡r♦♥t ❞❡ z′AB ∼✷✻✳✷✺
❡t i′AB ∼✷✼✳✻✺✳ ▲✬✐♥térêt ❞❡ ❝❡ r❡❧❡✈é ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡st ❞❡ s♦♥❞❡r ❧❛
ré♣❛rt✐t✐♦♥ ❞❡ ❝❡s ♦❜❥❡ts ❞❛♥s ❧❛ ❣❛❧❛①✐❡ à ❣r❛♥❞❡ ❞✐st❛♥❝❡ ♠❛❧❣ré ❧❛ ❢❛✐❜❧❡ss❡ ❞❡ ❧❡✉r é❝❧❛t ✿
❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ t②♣❡ ▲ ♣ré❝♦❝❡ s♦♥t ❞ét❡❝t❛❜❧❡s ❥✉sq✉✬à ❡♥✈✐r♦♥ 1000 ♣❛rs❡❝s✳ ❉✉ ❢❛✐t

✷✾



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❞❡ ❧❛ ❢❛✐❜❧❡ s✉r❢❛❝❡ ❞❡ ❝❡ r❡❧❡✈é✱ ❧❡ ✈♦❧✉♠❡ s♦♥❞é ❡st ♣❛r ❝♦♥tr❡ ❛ss❡③ ❢❛✐❜❧❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡
tr♦✉✈❡r ❞❡s ♥❛✐♥❡s ❚ très ❢r♦✐❞❡s ❞❛♥s ❝❡s ✐♠❛❣❡s ♣r♦❢♦♥❞❡s✱ ♠❛✐s ❧❡✉r s✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡
❡st ❞é❧✐❝❛t ❞✉ ❢❛✐t ❞❡ ❧❡✉r ❢❛✐❜❧❡ ✢✉①✳

✷✳✶✳✷ ❈❋❍❚▲❙✲❲✐❞❡

▲❡ ❈❋❍❚▲❙ ❲✐❞❡ ❝♦✉✈r❡ ✶✽✻◦2 ré♣❛rt✐s ❡♥ ✹ ③♦♥❡s ❞❡ s✉r❢❛❝❡s ❝♦♠♣❛r❛❜❧❡s ❡t ♥♦♥
❝♦rré❧é❡s ❞✉ ❝✐❡❧✳ ❉❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❡ ❈❋❍❚▲❙✲❉❡❡♣✱ ❝❡s ❝❤❛♠♣s s♦♥t s✐t✉és ❧♦✐♥ ❞✉
♣❧❛♥ ❣❛❧❛❝t✐q✉❡ ❛✜♥ ❞❡ ❧✐♠✐t❡r ❧✬❡①t✐♥❝t✐♦♥ ❡t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ét♦✐❧❡s ❜r✐❧❧❛♥t❡s✳
❆✉ t❡r♠❡ ❞✉ s✉r✈❡②✱ ❝❤❛q✉❡ ❝❤❛♠♣ s❡r❛ ♦❜s❡r✈é ❞❛♥s ❧❡s ✺ ✜❧tr❡s u, g, r, i′ ❡t z′✱ ❛✈❡❝ ✉♥
t❡♠♣s ❞❡ ♣♦s❡ ❞✬❡♥✈✐r♦♥ ✉♥❡ ❤❡✉r❡ ♣♦✉r ❝❤❛❝✉♥✳ ❚♦✉s ❧❡s ♦❜❥❡ts ✐♥tér❡ss❛♥ts ❞ét❡❝tés ❞❛♥s
❧❡ ❈❋❍❚▲❙✲❲✐❞❡ ♣♦✉rr♦♥t êtr❡ s✉✐✈✐s s♣❡❝tr♦s❝♦♣✐q✉❡♠❡♥t✳ ▲❡s ♠❛❣♥✐t✉❞❡s ❧✐♠✐t❡s à ✶✵σ
♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡ s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s s♦♥t z′AB ∼✷✸✳✽ ❡t i′AB ∼✷✹✳✼✺✳ ❆❝t✉❡❧❧❡♠❡♥t ♠♦✐♥s
❞❡ ✺✵ ❞❡❣rés ❝❛rrés s♦♥t ❝♦✉✈❡rts ❡♥ i′ ❡t z′✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠❛ t❤ès❡ ❥❡ ♥✬❛✐ ❞♦♥❝ ♣❛s ♠✐s
❧✬❛❝❝❡♥t s✉r ❝❡tt❡ ♣❛rt✐❡ ❞✉ r❡❧❡✈é✳

✷✳✶✳✸ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡

❈❡tt❡ ❝♦♠♣♦s❛♥t❡ ❞✉ ❈❋❍❚▲❙ ét❛✐t ❝❡♥sé❡ ❝♦✉✈r✐r ♣❧✉s ❞❡ ✶✵✵✵◦2✱ ♠❛✐s ❛ été ✐♥t❡rr♦♠♣✉❡
❛♣rès q✉❡ ♠♦✐♥s ❞✉ q✉❛rt ❞❡ ❝❡tt❡ s✉r❢❛❝❡ ❛ été ♦❜s❡r✈é❡✳ ❈❡tt❡ ❞é❝✐s✐♦♥ ❡st ✐♥t❡r✈❡♥✉❡
s✉✐t❡ ❛✉① r❡t❛r❞s ✐♠♣♦rt❛♥ts q✉✬❛ s✉❜✐t ❧❡ ❈❋❍❚▲❙ ❧♦rs ❞❡ s❡s ❞é❜✉ts✳ ▲❡s ✐♠❛❣❡s ❞✉
❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ s♦♥t ❞✐s♣❡rsé❡s ❧❡ ❧♦♥❣ ❞✉ ♣❧❛♥ ❞❡ ❧✬é❝❧✐♣t✐q✉❡✱ ❧✬♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❞❡
❝❡ ♣r♦❣r❛♠♠❡ ét❛♥t ❞❡ ❞ét❡❝t❡r ❞❡s ♦❜❥❡ts ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✳ ◆♦✉s ❡♥ ✉t✐❧✐s♦♥s
❡♥✈✐r♦♥ ✶✺✵◦2❡♥ sé❧❡❝t✐♦♥♥❛♥t ❧❡s ❝❤❛♠♣s s✐t✉és à ♣❧✉s ❞❡ ✸✵◦❞❡ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡✱ ❛✜♥ ❞❡
❧✐♠✐t❡r ❧✬❡①t✐♥❝t✐♦♥✳ ❈❡tt❡ s✉r❢❛❝❡ ❡st ❝♦✉✈❡rt❡ ❛✈❡❝ ✉♥ t❡♠♣s ❞❡ ♣♦s❡ ❞✬❡♥✈✐r♦♥ ✶✵ ♠✐♥✉t❡s
❞❛♥s ❧❡s ✜❧tr❡s g✱ r ❡t i′ ♣❡r♠❡t ❞❡ ❝♦✉✈r✐r ✉♥ ✈♦❧✉♠❡ ✐♠♣♦rt❛♥t ❡♥ i′✳ ▲✬❛❜s❡♥❝❡ ❞❡ ♣♦s❡s ❡♥
z′✱ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ♥♦✉s ❛ ❛♠❡♥é à ❞❡♠❛♥❞❡r ❡t à ♦❜t❡♥✐r
❞❡s ✐♠❛❣❡s ❞❡s ❝❤❛♠♣s ❞✉ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ ❡♥ z′✱ ❛✈❡❝ ✻ ♠✐♥✉t❡s ❞❡ ♣♦s❡✱ t♦✉❥♦✉rs
❛✈❡❝ ❧❡ ❈❋❍❚✳ ▲❡s ♠❛❣♥✐t✉❞❡s ❧✐♠✐t❡s ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡ s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s à ✶✵σ s♦♥t
z′AB ∼✷✷✳✽ ❡t i′AB ∼✷✸✳✾✺✳ ❈♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ♣❧✉s t❛r❞✱ t♦✉s ❧❡s ♦❜❥❡ts ✐♥tér❡ss❛♥ts
❞ét❡❝tés ♣❡✉✈❡♥t êtr❡ s✉✐✈✐s s♣❡❝tr♦s❝♦♣✐q✉❡♠❡♥t✱ ❝❡rt❛✐♥s ♠ê♠❡ ❛✈❡❝ ❞❡s té❧❡s❝♦♣❡s ❞❡
t❛✐❧❧❡ ♠♦②❡♥♥❡✳

✷✳✶✳✹ ❘❡❞✲s❡q✉❡♥❝❡ ❈❧✉st❡r ❙✉r✈❡②✲✷

▲❡ ❘❈❙✲✷ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❞✬✐❞❡♥t✐✜❡r ❞❡s ❛♠❛s ❞❡ ❣❛❧❛①✐❡s ❧♦✐♥t❛✐♥s ♣❛r ❧✬✐♥t❡r✲
♠é❞✐❛✐r❡ ❞❡ ❧❡✉rs ❣❛❧❛①✐❡s s✉r ❧❛ ❜r❛♥❝❤❡ r♦✉❣❡ ✭❨❡❡ ❡t ❛❧✳ ✷✵✵✼✮✳ ❈❡ r❡❧❡✈é ❝♦✉✈r❡ ✽✵✵◦2

❡♥ g′r′z′✳ ◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ♣❧✉s ❞❡ ✺✺✵◦2 ❞❡ ❝❡s ❞♦♥♥é❡s✱ ❣r❛❝✐❡✉s❡♠❡♥t ♠✐s❡s à ♥♦tr❡
❞✐s♣♦s✐t✐♦♥ ♣❛r ❧❡ ❝♦♥s♦rt✐✉♠ ❘❈❙✲✷✳ ◆♦✉s ❛ss✉r♦♥s ❧❛ ❝♦✉✈❡rt✉r❡ ❡♥ ❜❛♥❞❡ i′ ♣❛r ❞❡s ♦❜✲
s❡r✈❛t✐♦♥s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞♦♥t ♥♦✉s s♦♠♠❡s P■✳ ◆♦✉s ♦❜t❡♥♦♥s ❛✐♥s✐ ❞❡s ✐♠❛❣❡s z′ ❞❡
✸✻✵s ❞❡ ♣♦s❡ ❛ss♦❝✐é❡s à ❞❡s ✐♠❛❣❡s i′ ❞❡ ✺✵✵s✳ ▲❡s ♠❛❣♥✐t✉❞❡s ❧✐♠✐t❡s ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡
s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s à ✶✵ σ s♦♥t z′AB ∼✷✷✳✺ ❡t i′AB ∼✷✹✳✵✱ s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ❞✉ ❈❋❍❚▲❙✲
❱❡r② ❲✐❞❡✳

▲❡s ③♦♥❡s ❞✉ ❝✐❡❧ ❝♦✉✈❡rt❡s ♣❛r ❝❤❛❝✉♥ ❞❡ ❝❡s r❡❧❡✈és s♦♥t ❞ét❛✐❧❧é❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✶

✸✵



✷✳✶ ▲❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❈❋❇❉❙

◆♦♠ ❞✉ ❘❡❧❡✈é ❘❈❙✲✷ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ ❈❋❍❚▲❙✲❲✐❞❡ ❈❋❍❚▲❙✲❉❡❡♣
▼❛❣♥✐t✉❞❡
❧✐♠✐t❡ ✭z′✮ ✷✷✳✺ ✷✷✳✽ ✷✸✳✽ ✷✹✳✺
▼❛❣♥✐t✉❞❡
❧✐♠✐t❡ ✭i′✮ ✷✹✳✵ ✷✸✳✾✺ ✷✹✳✼✺ ✷✻✳✷✺
▼✐❞✲▲ ✿
❧✐♠✐t❡ ❞❡ ✶✽✺ ✷✶✺ ✸✹✵ ✹✼✵
❞ét❡❝t✐♦♥

❚ ♣ré❝♦❝❡s ✿
❧✐♠✐t❡ ❞❡ ✶✻✵ ✶✽✵ ✷✾✵ ✹✵✵
❞ét❡❝t✐♦♥

❚ t❛r❞✐✈❡s ✿
❧✐♠✐t❡ ❞❡ ✹✺ ✺✵ ✽✵ ✶✶✵
❞ét❡❝t✐♦♥
❈♦✉✈❡rt✉r❡
❛❝t✉❡❧❧❡✭◦2✮ ✺✺✼ ✶✺✷ ✺✵ ✸✳✽ t♦ z′❂✷✹✳✺
❈♦✉✈❡rt✉r❡
✜♥❛❧❡✭◦2✮ ✺✺✼ ✶✺✷ ✶✽✻ ✸✳✽ t♦ z′❂✷✻✳✸

❘♦✉❣✐ss❡♠❡♥t
❡♥ i′ − z′ ✵✳✵✶✶±✵✳✵✵✾ ✵✳✵✷✵±✵✳✵✵✾ <✵✳✵✷ <✵✳✵✷

❚❛❜✳ ✷✳✶✿ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s r❡❧❡✈és ♦♣t✐q✉❡s ✉t✐❧✐sés ❞❛♥s ❧❡
❈❋❇❉❙✳ ▲❛ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ❝♦rr❡s♣♦♥❞ à ❞✐① s✐❣♠❛ ❞❡ s✐❣♥❛❧✱ s♦✐t ✶✵✪ ❞❡
♣ré❝✐s✐♦♥ s✉r ❧❛ ♣❤♦t♦♠étr✐❡✳ ▲❡s ❧✐♠✐t❡s ❞❡ ❞ét❡❝t✐♦♥s s♦♥t ❡①♣r✐♠é❡s ❡♥ ♣❛r✲
s❡❝s✳ ▲❛ ❞❡r♥✐èr❡ ❧✐❣♥❡ ✐♥❞✐q✉❡ ❧❡ r♦✉❣✐ss❡♠❡♥t ❣❛❧❛❝t✐q✉❡ t♦t❛❧ ♠♦②❡♥ ❞❛♥s ❧❡s
❞✐r❡❝t✐♦♥s ❞❡s ❝❤❛♠♣s ♦❜s❡r✈és✳

✸✶



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❋✐❣✳ ✷✳✶✿ ❈❛rt❡ ❞❡s ③♦♥❡s ❞✉ ❝✐❡❧ ♦❜s❡r✈é❡s ♣❛r ❧❡ ❈❋❇❉❙✳ ▲❛ ❝♦✉r❜❡ ♥♦✐r❡ ♠❛rq✉❡ ❧❡ ♣❧❛♥
❣❛❧❛❝t✐q✉❡ ❡t ❧❡s ♣♦✐♥t✐❧❧és ✐♥❞✐q✉❡♥t +30o ❡t −30o ❞❡ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡✳

✷✳✷ ❖❜❥❡❝t✐❢s s❝✐❡♥t✐✜q✉❡s

▲❡s r❡❧❡✈és ♣ré❝é❞❡♥ts ✭❉❊◆■❙✱ ✷▼❆❙❙✱ ❙▲❖❆◆✮ ♦♥t ❢❛✐t ✉♥ ❡①❝❡❧❧❡♥t ✐♥✈❡♥t❛✐r❡ ❞✉
♣r♦❝❤❡ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ❥✉sq✉✬à ❞❡s ❞✐st❛♥❝❡s ❞✬❡♥✈✐r♦♥ ✷✵✵ ♣❝ ♣♦✉r ❧❡s ♥❛✐♥❡s ▲ ❡t ✸✵ ♣❝
♣♦✉r ❧❡s ♥❛✐♥❡s à ♠ét❤❛♥❡ ♣❧✉s ❝❤❛✉❞❡s q✉❡ ✶✵✵✵ ❑✳ ▲❡✉rs é❝❤❛♥t✐❧❧♦♥s s♦♥t ❝♦♥st✐t✉és ❞❡
q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛✐♥❡s ▲ ❡t ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♥❛✐♥❡s ❚ ♣❧✉s ❝❤❛✉❞❡s q✉❡ ✼✵✵❑✳
▲❡✉r ❞✐st❛♥❝❡ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ♣♦✉r ❞❡s ♦❜❥❡ts ♣❧✉s ❢r♦✐❞s ❞❡✈✐❡♥t ♣❛r ❝♦♥tr❡ très ♣❡t✐t❡✱
❡t ✐❧s ♥✬❡♥ ♦♥t ❞é❝♦✉✈❡rt ❛✉❝✉♥✳
▲❡ ❈❋❇❉❙✱ ✉♥ r❡❧❡✈é ♣❧✉s ♣r♦❢♦♥❞ q✉❡ ❧❡s ♣ré❝❡❞❡♥ts✱ ❛ ♣♦✉r ❜✉t ❞❡ ❢❛✐r❡ ❛✈❛♥❝❡r tr♦✐s

♦❜❥❡❝t✐❢s s❝✐❡♥t✐✜q✉❡s ♠❛❥❡✉rs q✉✐ ♥✬♦♥t ♣❛s ♣✉ êtr❡ ♠❡♥és à ❜✐❡♥ ♣❛r s❡s ♣ré❞é❝❡ss❡✉rs✳ ▲❡
s✉r✈❡② ❯❑■❉❙❙ ❡♥tr❡♣r✐s ❛✈❡❝ ❧❡ t❡❧❡s❝♦♣❡ ❯❑■❘❚ ❛ ❞❡s ❛♠❜✐t✐♦♥s ❝♦♠♣❛r❛❜❧❡s✳

✷✳✷✳✶ ❉ét❡❝t✐♦♥s ❡t ❝❛r❛❝tér✐s❛t✐♦♥s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ✉❧tr❛✲❢r♦✐❞❡s
✭❚eff < 700 ❑✮

❈❡s ♦❜❥❡ts s♦♥t ♣r♦❜❛❜❧❡♠❡♥t ♥♦♠❜r❡✉① ❞❛♥s ♥♦tr❡ ●❛❧❛①✐❡✱ ❡t ♥♦t❛♠♠❡♥t ❞❛♥s ❧❡ ✈♦✐s✐✲
♥❛❣❡ s♦❧❛✐r❡✳ ■❧s s♦♥t ❝❡♣❡♥❞❛♥t ❡①trê♠❡♠❡♥t ♣❡✉ ❧✉♠✐♥❡✉①✱ ❡t ❤♦rs ❞❡ ♣♦rté❡ ❞❡s r❡❧❡✈és t❡❧s
q✉❡ ❉❊◆■❙✱ ✷▼❆❙❙ ♦✉ ❧❡ ❙▲❖❆◆✳ ▲✬✐♥térêt ❞❡ ❧❡✉r ❞ét❡❝t✐♦♥ ❡st ❞❡ ❝❧❛r✐✜❡r ♥♦tr❡ ✈✐s✐♦♥
❞❡s ❛t♠♦s♣❤èr❡s st❡❧❧❛✐r❡s ❥✉sq✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ♣❧❛♥ét❛✐r❡✳ ❈❡s ♦❜❥❡ts ❢r♦✐❞s r❡♣rés❡♥t❡♥t
❡♥ ❡✛❡t ❧❡ ❝❤❛✐♥♦♥ ♠❛♥q✉❛♥t ❡♥tr❡ ❧❡s ❛t♠♦s♣❤èr❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❛❝t✉❡❧❧❡♠❡♥t ❝♦♥♥✉❡s
❡t ❝❡❧❧❡s ❞❡s ♣❧❛♥èt❡s t❡❧❧❡s q✉❡ ❏✉♣✐t❡r✳ ❈♦♠♠❡ ❞✐s❝✉té ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥✱ ❧✬❛♠♠♦♥✐❛❝
❛♣♣❛r❛✐t ❞❛♥s ❧❡ s♣❡❝tr❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✱ ❝❛r❛❝tér✐s❛♥t ❧✬é♠❡r❣❡♥❝❡ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ ✭❡t
♣❡✉t✲êtr❡ ❞❡r♥✐èr❡✮ ❝❧❛ss❡ s♣❡❝tr❛❧❡✱ ❝❡❧❧❡s ❞❡s ♥❛✐♥❡s ❨✱ ❡♥tr❡ ❧❡s ét♦✐❧❡s ❧❡s ♣❧✉s ❢r♦✐❞❡s ❡t ❧❡
❞♦♠❛✐♥❡ ♣❧❛♥ét❛✐r❡✳ ❉❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s ❞❡ t❡❧s ♦❜❥❡ts s♦♥t ❡ss❡♥t✐❡❧❧❡s ♣♦✉r

✸✷



✷✳✷ ❖❜❥❡❝t✐❢s s❝✐❡♥t✐✜q✉❡s

❝♦♥tr❛✐♥❞r❡ ❧❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡s ❢r♦✐❞❡s ❡t ❢❛✐r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ♣❤②s✐q✉❡ ❞❡s ♥❛✐♥❡s
❜r✉♥❡s ❡t ❝❡❧❧❡ ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✳

✷✳✷✳✷ ❙t❛t✐st✐q✉❡ ❡t ♣r♦♣r✐étés ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ t❡♠♣ér❛t✉r❡s
✐♥t❡r♠é❞✐❛✐r❡s ✭❚eff ❡♥tr❡ ✶✵✵✵ ❡t ✶✺✵✵ ❑✮

▲❡s r❡❧❡✈és ❉❊◆■❙✱ ✷▼❆❙❙ ❡t ❙▲❖❆◆ ♥✬♦♥t ❞❡t❡❝té q✉❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♥❛✐♥❡s
à ♠ét❤❛♥❡ ✭❚eff ❡♥tr❡ ✼✵✵ ❡t ✶✷✵✵ ❑✮✳ ❉❡ ♣❧✉s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ét✉❞❡s ✉t✐❧✐s❡ ❞❡s ❝r✐tèr❡s
❞❡ ❞ét❡❝t✐♦♥ ❞✐✛ér❡♥ts ❝❡ q✉✐ r❡♥❞ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞✐✣❝✐❧❡ ❞❡ ❞ét❡r♠✐♥❡r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡
❧✉♠✐♥♦s✐té ✜❛❜❧❡✳ ❈❡t ❡♥s❡♠❜❧❡ ❞❡ ❞♦♥♥é❡s ❤étér♦❣è♥❡s r❡st❡ ❞♦♥❝ ✐♥s✉✣s❛♥t ♣♦✉r ❝♦♥tr❛✐♥✲
❞r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❚✳ ▲❡ ❈❋❇❉❙ ❡♥ ❞ét❡❝t❡r❛ à ❧✉✐ s❡✉❧ ❞❡ ❧✬♦r❞r❡
❞❡ ❧❛ ❝❡♥t❛✐♥❡✱ ❛✈❡❝ ❞❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ ❤♦♠♦❣è♥❡s ❡t ❜✐❡♥ ❞é✜♥✐s q✉✐ ♣❡r♠❡tt❡♥t ✉♥❡
ét✉❞❡ st❛t✐st✐q✉❡ ♣r♦♣r❡✳ ❈❡s ❞ét❡❝t✐♦♥s s♦♥t ❧❡ s✉❥❡t ❞✉ ❝❤❛♣✐tr❡ ✹ ❞❡ ❧❛ ♣rés❡♥t❡ t❤ès❡✱
q✉✐ ❞é❝r✐t ✉♥❡ ♣r❡♠✐èr❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉
❞✐sq✉❡ ❣❛❧❛❝t✐q✉❡ ♣♦✉r ❞❡s ♦❜❥❡ts ❢r♦✐❞s✱ ❞♦♥t ❧❡s ♠❛ss❡s✱ ❞é♣❡♥❞❛♥t ❞❡ ❧✬â❣❡✱ ❞❡s❝❡♥❞❡♥t
❥✉sq✉✬à ✷✵ à ✸✵ ♠❛ss❡s ❞❡ ❏✉♣✐t❡r✳ ▲❡ ❈❋❇❉❙ ❛ ❞❡ ♣❧✉s ♣❡r♠✐s ❞❡ ❢♦✉r♥✐r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡
❞❡ ❝✐❜❧❡s ♣♦✉r ❞❡s ♣r♦❣r❛♠♠❡s ❞❡ s✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡ ♥❛✐♥❡s ❚✱ ❝♦♠♠❡ ❞é❝r✐t ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✺✳ ❈❡❧❛ ❛♠è♥❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❝r✉❝✐❛❧❡s s✉r ❧❛ ♣❤②s✐q✉❡ ❝♦♠♣❧❡①❡ ❞❡ ❧✬❛t♠♦s♣❤èr❡
❞❡ ❝❡s ♦❜❥❡ts✳

✷✳✷✳✸ ❊❝❤❡❧❧❡ ❞❡ ❤❛✉t❡✉r ❞❡s ♥❛✐♥❡s ▲ ❡t ❞❡♥s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s
❞❛♥s ❧❡ ❞✐sq✉❡ é♣❛✐s

◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s s❡ r❡❢r♦✐❞✐ss❡♥t ❝♦♥st❛♠♠❡♥t✱ ❡t q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s
❞❡ r❡❧❛t✐♦♥ ✉♥✐✈♦q✉❡ ❡♥tr❡ ♠❛ss❡ ❡t t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡✱ ❝♦♠♠❡ ❝❡❧❛ ♣❡✉t êtr❡ ❧❡ ❝❛s ✭❤♦rs
❡✛❡ts ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té✮ ♣♦✉r ❧❡s ét♦✐❧❡s s✉r ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✳ ▲❛ ♣♦♣✉❧❛t✐♦♥ ❞❡s ♥❛✐♥❡s
▲ ❡st ❞♦♥❝ ❝♦♥st✐t✉é❡ ❞✬✉♥ ♠é❧❛♥❣❡ ❞✬ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡ ✭s✉r ❧❡✉r séq✉❡♥❝❡ ♣r✐♥❝✐✲
♣❛❧❡✮✱ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ♠❛ss✐✈❡s ❞✬â❣❡ ✐♥t❡r♠é❞✐❛✐r❡ ✭r❡❢r♦✐❞✐❡s✮ ❡t ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ♠♦✐♥s
♠❛ss✐✈❡s ♠❛✐s ♣❧✉s ❥❡✉♥❡s ✭❡♥❝♦r❡ ♣❡✉ r❡❢r♦✐❞✐❡s✮✳ ▲❛ ♣♦♣✉❧❛t✐♦♥ ❞ét❡❝té❡ ❡st ❢♦rt❡♠❡♥t
❜✐❛✐sé❡ ✈❡rs ❞❡s ♦❜❥❡ts ❥❡✉♥❡s ✭t<✶ ●②r✮✱ q✉✐ à ♠❛ss❡ é❣❛❧❡ s♦♥t ♣❧✉s ❜r✐❧❧❛♥ts✱ ♣❧✉s ❝❤❛✉❞s
❡t s♦♥t ♣❧✉s ❢❛❝✐❧❡s à ❞ét❡❝t❡r✳ ❖♥ s✬❛tt❡♥❞ ❞♦♥❝ à ❝❡ q✉❡ s❛ ❤❛✉t❡✉r ❞✬❡❝❤❡❧❧❡ s♦✐t ♣r♦❝❤❡
❞❡ ❝❡❧❧❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ■ ❡①trê♠❡ ✭ét♦✐❧❡s ❖❇✱ ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s✱ ❡t❝✮✳ ❙❛ ✈❛❧❡✉r ❡①❛❝t❡
♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧✬â❣❡ ❝❛r❛❝tér✐st✐q✉❡ ❡t ❞❡ ❧❡✈❡r ❧❛ ❞é❣❡♥❡r❡s❝❡♥❝❡ ♠❛ss❡✴â❣❡✳
❉✬❛✉tr❡ ♣❛rt ❧❡s r❡❧❡✈és ❛❝t✉❡❧s ❞ét❡r♠✐♥❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉
❞✐sq✉❡ ♠✐♥❝❡✱ ♠❛✐s ✐❧s ♥❡ ❞♦♥♥❡r♦♥t ❛✉❝✉♥❡ ✐♥❞✐❝❛t✐♦♥ s✉r ❧❡ ❞✐sq✉❡ é♣❛✐s ❡t ❡♥❝♦r❡ ♠♦✐♥s
s✉r ❧❡ ❤❛❧♦✳ ❈❡s ❝♦♠♣♦s❛♥t❡s ♦♥t ✉♥❡ ❞❡♥s✐té ❧♦❝❛❧❡ ❢❛✐❜❧❡ ❡t ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❡①♣❧♦r❡r ❛✉
❞❡❧à ❞❡ ✷ ❢♦✐s ❧❛ ❤❛✉t❡✉r ❞✬é❝❤❡❧❧❡ ❞✉ ❞✐sq✉❡ ♠✐♥❝❡ ✭❘♦❜✐♥ ❡t ❛❧✳ ✷✵✵✸✮ ♣♦✉r ❧❡s é❝❤❛♥t✐❧✲
❧♦♥♥❡r ❡t ❡♥ ❝♦♥str✉✐r❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té✳ ▲❡ ❈❋❍❚▲❙✲❉❡❡♣ s♦♥❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥
❞❡s ♥❛✐♥❡s ▲ ❥✉sq✉✬à ♣❧✉s ❞❡ ✶✵✵✵♣❝✱ ❝❡ q✉✐ ♣♦✉r ❧❡s ❤❛✉t❡s ❧❛t✐t✉❞❡s ❣❛❧❛❝t✐q✉❡s ❞❡ ❝❡s
❝❤❛♠♣s ❝♦rr❡s♣♦♥❞ à ♣❧✉s ❞❡ ✸ ❢♦✐s ❧❛ ❤❛✉t❡✉r ❞✬é❝❤❡❧❧❡ ❞✉ ❞✐sq✉❡✱ ♣❡r♠❡tt❛♥t ❞✬❡①♣❧♦r❡r
✉♥❡ ③♦♥❡ ♦ù ❧❡ ❞✐sq✉❡ ♠✐♥❝❡ ❡t ❧❡ ❞✐sq✉❡ é♣❛✐s ♦♥t ✉♥❡ ❞❡♥s✐té ❝♦♠♣❛r❛❜❧❡✳ ▲❡ ❞✐sq✉❡ ♠✐♥❝❡
✲❛✉q✉❡❧ ❛♣♣❛rt✐❡♥t ❧❡ ❙♦❧❡✐❧✲ ❡st ❝♦♥st✐t✉é ❞✬ét♦✐❧❡s r❡❧❛t✐✈❡♠❡♥t ❥❡✉♥❡s t❛♥❞✐s q✉❡ ❧❡ ❞✐sq✉❡
é♣❛✐s ❡st ❝♦♥st✐t✉é ❞✬ét♦✐❧❡s ♣❧✉s ✈✐❡✐❧❧❡s ❡t ❡♥ ❣é♥ér❛❧ ❞❡ ♠ét❛❧❧✐❝✐té ❢❛✐❜❧❡ q✉✐ ♦♥t ❞✐✛✉sé
s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ ❤❛✉t❡✉r ♣❧✉s ✐♠♣♦rt❛♥t❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡✳ ❈❡❧❛ ❝♦♥❞✉✐t
à tr♦✉✈❡r ♣❧✉s ❞✬ét♦✐❧❡s ❞✉ ❞✐sq✉❡ ♠✐♥❝❡ ♣rès ❞✉ ♣❧❛♥ ❛❧♦rs q✉❡ ❧❡s ét♦✐❧❡s ❞✉ ❞✐sq✉❡ é♣❛✐s
❞❡✈✐❡♥♥❡♥t ♠❛❥♦r✐t❛✐r❡s ❧♦✐♥ ❞✉ ♣❧❛♥ ❣❛❧❛❝t✐q✉❡✳ ❚r♦✉✈❡r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❞✐sq✉❡ é♣❛✐s
s❡r❛✐t ❡①trê♠❡♠❡♥t ✐♥tér❡ss❛♥t ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ♦♥ ♥❡ ❝♦♥♥❛ît ♣♦✉r ❧❡ ♠♦♠❡♥t q✉❡ tr♦✐s

✸✸



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❡①❡♠♣❧❡s ❞❡ ♥❛✐♥❡s ▲ ❢♦rt❡♠❡♥t s♦✉s✲♠ét❛❧❧✐q✉❡s ✭▲é♣✐♥❡ ❡t ❛❧✳ ✷✵✵✸❀ ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✹✮✱
q✉✐ s♦♥t ♣r♦❜❛❜❧❡♠❡♥t ❞❡s ét♦✐❧❡s ❥✉st❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ ❧✐♠✐t❡ ❞❡ ❝♦♠❜✉st✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡✳
P❧✉s✐❡✉rs ♥❛✐♥❡s ❚ ❛✈❡❝ ❞❡s ✐♥❞✐❝❡s ❞❡ ❢❛✐❜❧❡ s♦✉s ♠ét❛❧❧✐❝✐té s♦♥t ❝♦♥♥✉❡s✱ ❧❛ ♣❧✉s ♥♦t❛❜❧❡
à ❝❡t é❣❛r❞ ét❛♥t ✷▼❆❙❙✵✾✸✼ ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❛✮

▲✬✐♥térêt s❝✐❡♥t✐✜q✉❡ ❞❡ ♥♦tr❡ r❡❧❡✈é ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ❞♦♥❝ ❞✬✉♥❡
♣❛rt ❞✬❛♠❡♥❡r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s à ❧✬♦❡✉✈r❡ ❞❛♥s ❧❡s
♥❛✐♥❡s ❜r✉♥❡s ✈✐❛
✕ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ❝♦♥♥✉ ❣r❛❝❡ à ❧❛ ❞ét❡❝t✐♦♥ ❡t à ❧✬♦❜s❡r✲
✈❛t✐♦♥ ❡♥ s♣❡❝tr♦s❝♦♣✐❡ ❞✬♦❜❥❡ts ♣❧✉s ❢r♦✐❞s q✉❡ t♦✉s ❝❡✉① ♦❜s❡r✈és ❛✉♣❛r❛✈❛♥t✳

✕ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞♦♠❛✐♥❡ ♠ét❛❧❧✐❝✐té ❡①♣❧♦ré ❣râ❝❡ à ❧❛ ❞ét❡❝t✐♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s
❞✉ ❞✐sq✉❡ é♣❛✐s q✉✐ s♦♥t ♠♦✐♥s ❡♥r✐❝❤✐❡s ❡♥ é❧é♠❡♥ts ❧♦✉r❞ q✉❡ ❝❡❧❧❡s ❞✉ ✈♦✐s✐♥❛❣❡
s♦❧❛✐r❡✳

❊t ❞✬❛✉tr❡ ♣❛rt ❞✬❛♣♣♦rt❡r ❞❡s ❝♦♥tr❛✐♥t❡s s✉r ❧❡s ♠♦❞è❧❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s
✈✐❛
✕ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❞✐sq✉❡ ♠✐♥❝❡✳
✕ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❢♦r♠é❡s ❞❛♥s ❧❡ ❞✐sq✉❡ é♣❛✐s✱ ❞❛♥s ❞❡s
❝♦♥❞✐t✐♦♥s ❞❡ ❞❡♥s✐té ❡t ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡s ❞✉ ❞✐sq✉❡ ♠✐♥❝❡✳

✷✳✸ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❝♦✉❧❡✉rs ❞❡s ◆❛✐♥❡s ❇r✉♥❡s ❞❛♥s

❧❡ ❈❋❇❉❙

❆✜♥ ❞❡ ❞é✜♥✐r ✉♥❡ str❛té❣✐❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ❞✬❛♥❛❧②s❡ ♦♣t✐♠❛❧❡ ♣♦✉r sé❧❡❝t✐♦♥♥❡r ❧❡s
♥❛✐♥❡s ❜r✉♥❡s ❛✈❡❝ ❧❡ ❈❋❇❉❙✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥♥❛îtr❡ ♣ré❝✐sé♠❡♥t ❧❡✉rs ❝❛r❛❝tér✐s✲
t✐q✉❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s✳ ❈♦♠♠❡ ❧❡ ❈❋❇❉❙ ❡st ✉♥ s✉r✈❡② ♣❤♦t♦♠étr✐q✉❡✱ ❧✬♦❜s❡r✈❛❜❧❡ ❧❛
♣❧✉s ♣❡rt✐♥❡♥t❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ❧❡✉r ❝♦✉❧❡✉r✳ ❈❡s ❝♦✉❧❡✉rs s♦♥t ❝♦♥✲
♥✉❡s ♣♦✉r ❞❡s s②stè♠❡s ♣❤♦t♦♠étr✐q✉❡s t❡❧s q✉❡ ❝❡✉① ❞✉ ❙❧♦❛♥ ❉✐❣✐t❛❧ ❙❦② ❙✉r✈❡② ✲❙❉❙❙✲
✭❍❛✇❧❡② ❡t ❛❧✳ ✷✵✵✷✮ ♠❛✐s ❧❡s ✜❧tr❡s ❡t ❧❡ r❡♥❞❡♠❡♥t q✉❛♥t✐q✉❡ ❞❡s ❞ét❡❝t❡✉rs ❞✉ ❈❋❍❚
s♦♥t s❡♥s✐❜❧❡♠❡♥t ❞✐✛ér❡♥ts ❞❡ ❝❡✉① ❞✉ ❙❉❙❙✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ❞ét❡r♠✐♥❡r ♣r♦✲
♣r❡♠❡♥t ❧❡s ❝♦✉❧❡✉rs ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡ ❈❋❇❉❙✱ ❛✐♥s✐ q✉❡ ❝❡❧❧❡s ❞❡s q✉❛s❛rs✱ ❛✜♥
❞❡ ♣♦✉✈♦✐r ❝❧❛ss❡r ❡✣❝❛❝❡♠❡♥t ❧❡s ♦❜❥❡ts r♦✉❣❡s ❞ét❡❝tés✳ ❏✬❛✐ ❞♦♥❝ s✐♠✉❧é ❧❡s ❝♦✉❧❡✉rs ❞❡s
♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡s ✐♠❛❣❡s ▼❡❣❛❝❛♠ ❡♥ ✉t✐❧✐s❛♥t ✽✼ s♣❡❝tr❡s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞❡ t②♣❡
▲✵ à ❚✽ ✭♦❜t❡♥✉s ❞❡♣✉✐s ❧❡ s✐t❡ ✐♥t❡r♥❡t ❞❡ ❙✳ ▲❡❣❣❡tt ✶✱ r❡❣r♦✉♣❛♥t ❞❡s ❞♦♥♥é❡s ❞❡ ▼❛rtí♥
❡t ❛❧✳ ✶✾✾✾❀ ❑✐r❦♣❛tr✐❝❦ ❡t ❛❧✳ ✷✵✵✵❀ ●❡❜❛❧❧❡ ❡t ❛❧✳ ✷✵✵✶❀ ▲❡❣❣❡tt ❡t ❛❧✳ ✷✵✵✷❀ ❇✉r❣❛ss❡r ❡t ❛❧✳
✷✵✵✸❛❀ ❑♥❛♣♣ ❡t ❛❧✳ ✷✵✵✹❀ ●♦❧✐♠♦✇s❦✐ ❡t ❛❧✳ ✷✵✵✹❀ ❈❤✐✉ ❡t ❛❧✳ ✷✵✵✻✮✱ ❡t ❡♥ ♠♦❞é❧✐s❛♥t ❧❡✉rs
❝♦✉❧❡✉rs à tr❛✈❡rs ❧✬♦♣t✐q✉❡ ❡t ❧❡s ✜❧tr❡s ❞✉ ❈❋❍❚ ❡t ❞❡ ▼❡❣❛❝❛♠✳

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❡st ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✉ té❧❡s❝♦♣❡ ❞❛♥s s♦♥
❡♥s❡♠❜❧❡ ❛✉① ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❝♦♥s✐❞éré❡s✱ ❛✈❡❝ ✉♥ ♣❛s très ♣❡t✐t✱ ❞✬✉♥ ♥❛♥♦♠ètr❡✱ ❛✜♥ ❞❡
t❡♥✐r ❝♦♠♣t❡ ❞❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s ♦♠♥✐♣rés❡♥t❡s ❞❛♥s ❧❡s ♦❜❥❡ts r❡❧❛t✐✈❡♠❡♥t
❢r♦✐❞s q✉❡ s♦♥t ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❏✬❛✐ ✉t✐❧✐sé ❧❡s ❝❛r❛❝tér✐st✐q✉❡s t❡❝❤♥✐q✉❡s ❞❡ ▼❡❣❛❝❛♠
❝♦♥❝❡r♥❛♥t ❧✬❡✣❝❛❝✐té q✉❛♥t✐q✉❡ ❞✉ ❞ét❡❝t❡✉r✱ ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ré✢❡①✐♦♥ ❡t ❞❡ tr❛♥s♠✐s✲
s✐♦♥ ❞❡s ♠✐r♦✐rs✱ ❞❡ ❧✬♦♣t✐q✉❡ ❡t ❞❡s ✜❧tr❡s ♣♦✉r ❝❛❧❝✉❧❡r ❧❛ ré♣♦♥s❡ ❣❧♦❜❛❧❡ ❞❡ ▼❡❣❛❝❛♠
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✳ ❆♣rès ❤♦♠♦❣é♥é✐s❛t✐♦♥ ❞❡s s②stè♠❡s ❞✬✉♥✐tés✱ ❥✬❛✐ ❛✐♥s✐

✶❤tt♣✿✴✴✇✇✇✳❥❛❝❤✳❤❛✇❛✐✐✳❡❞✉✴ s❦❧✴▲❚❞❛t❛✳❤t♠❧

✸✹



✷✳✸ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❝♦✉❧❡✉rs ❞❡s ◆❛✐♥❡s ❇r✉♥❡s ❞❛♥s ❧❡ ❈❋❇❉❙

❋✐❣✳ ✷✳✷✿ ❚r❛♥s♠✐ss✐♦♥ ❝♦♠♣❛ré❡ ❡♥ i′ ❡t z′ ❞❡ ❧✬❛t♠♦s♣❤èr❡✱ ❞❡ ❧✬♦♣t✐q✉❡ ❡t ❞❡s ✐♥str✉♠❡♥ts
✉t✐❧✐sés ♣♦✉r ❧❡ ❈❋❇❉❙ ✭tr❛✐ts ♣❧❡✐♥s✮ ❡t ❧❡ ❙❉❙❙✭♣♦✐♥t✐❧❧és✮

♣✉ ❞ét❡r♠✐♥❡r ♣r♦♣r❡♠❡♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ré♣♦♥s❡ ❡♥ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ ▼❡❣❛❝❛♠ ❞❛♥s ❧❡s
✜❧tr❡s i′ ❡t z′ ✭❝❢ ✜❣✉r❡ ✷✳✷✮✳ ❖♥ ♥♦t❡r❛ ❧❡ r❡❝♦✉✈r❡♠❡♥t ❛ss❡③ ❧❛r❣❡ ❡♥tr❡ ❧❡s ❞❡✉① ✜❧tr❡s✱
q✉✐ ❡♥tr❛î♥❡ ✉♥❡ r❡❧❛t✐✈❡♠❡♥t ❜♦♥♥❡ s❡♥s✐❜✐❧✐té ❡♥ z′ ❞✉ ❈❋❍❚▲❙ ♠❛✐s ♣❛r ❝♦♥tr❡ ✉♥❡ ❛t✲
té♥✉❛t✐♦♥ ❞❡ ❧❛ ❝♦✉❧❡✉r i′ − z′ ♣❛r r❛♣♣♦rt ❛✉ ❙❉❙❙✳

▲✬ét❛♣❡ s✉✐✈❛♥t❡ ❛ été ❞❡ ❝❛❧❝✉❧❡r ♣♦✉r ❝❤❛q✉❡ ❜❛♥❞❡ ❧❡s ♠❛❣♥✐t✉❞❡s ❞❛♥s ❧❡ s②stè♠❡ ❆❇✱
❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡ ✽✼ ◆❛✐♥❡s ▲ ❡t ❚✳ ■❧ ❢❛✉t ♣♦✉r ❝❡❧❛ ❝❛❧❝✉❧❡r ❧❡ ✢✉①
❞ét❡❝té ❡t ❧✬✐♥té❣r❡r s✉r ❝❤❛q✉❡ ✜❧tr❡✳ ❊♥s✉✐t❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ✷✳✶ ✭❋✉❦✉❣✐t❛ ❡t ❛❧✳
✶✾✾✻✮✱ ♦ù ❙ν ❡st ❧❡ ❢❛❝t❡✉r ❞❡ tr❛♥s♠✐ss✐♦♥ t♦t❛❧ ❡t ❢ν ❧❡ ✢✉① ✐♥❝✐❞❡♥t✱ ❥✬❛✐ ♣✉ ❞ét❡r♠✐♥❡r
❧❡s ♠❛❣♥✐t✉❞❡s ❈❋❍❚ ❞❡s ♦❜❥❡ts ❞❡ ❝❛❧✐❜r❛t✐♦♥✳

mAB = −2.5log(

∫
fν.Sν.d(logν)∫

Sν.d(logν)
) − 48.6 ✭✷✳✶✮

❈♦♠♠❡ ✉♥❡ ♠❛❥♦r✐té ❞❡s ♦❜❥❡ts ❞❡ ❝❡t é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❛ été ♦❜s❡r✈é❡ ♣❛r
❧❡ ❙❉❙❙✱ ❧❡✉r ♠❛❣♥✐t✉❞❡s ré❡❧❧❡s ❞❛♥s ❝❡ s②stè♠❡ ♣❤♦t♦♠étr✐q✉❡ s♦♥t ❝♦♥♥✉❡s✳ ❏✬❛✐ ❞♦♥❝
❝❛❧❝✉❧é ❧❡s ♠❛❣♥✐t✉❞❡s s②♥t❤ét✐q✉❡s ❞❡ ❝❡s ♦❜❥❡ts à tr❛✈❡rs ❧❡s ✐♥str✉♠❡♥ts ✉t✐❧✐sés ♣❛r ❧❡
❙❉❙❙ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❧❡s ❝♦♠♣❛r❡r ❛✈❡❝ ❧❡✉rs ♠❛❣♥✐t✉❞❡s ♦❜s❡r✈é❡s ❡t ❞❡ ✈❛❧✐❞❡r ❛✐♥s✐ ♠❡s
❝❛❧❝✉❧s✳ ▲❛ ❞✐s♣❡rs✐♦♥ ❡♥tr❡ ❧❡s ✈❛❧❡✉rs ♦❜s❡r✈é❡s ❡t ❧❡s ✈❛❧❡✉rs ❝❛❧❝✉❧é❡s ❡st ✐♥❢ér✐❡✉r❡ à ✵✳✵✹
♠❛❣♥✐t✉❞❡s✱ éq✉✐✈❛❧❡♥t❡ à ❧✬❡rr❡✉r ❞❡ ♠❡s✉r❡ ♣❤♦t♦♠étr✐q✉❡ ❞❡s ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s✳
❏✬❛✐ ❛✉ss✐ s✐♠✉❧é ❧❡✉rs ❝♦✉❧❡✉rs ❡♥ ❜❛♥❞❡ J à tr❛✈❡rs ❧❡s ❞✐✛ér❡♥ts té❧❡s❝♦♣❡s ❡t ✐♥str✉♠❡♥ts

q✉❡ ♥♦✉s ❛✈♦♥s ❡♠♣❧♦②é ❧♦rs ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r
❤❛r♠♦♥✐s❡r ❧❡s ♠❛❣♥✐t✉❞❡s ♦❜s❡r✈é❡s à ♣❛rt✐r ❞✬♦❜s❡r✈❛t♦✐r❡s ❞✐✛ér❡♥ts✳ ▲❛ ♣ré❝✐s✐♦♥ ❞❡ ❝❡s
s✐♠✉❧❛t✐♦♥ ❡st ❜♦♥♥❡ ♣♦✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s ♠❡♥é❡s ❛✈❡❝ ❙❖❋■ s✉r ❧❡ ◆❚❚ ❡t ❲✐r❝❛♠ s✉r ❧❡
❈❋❍❚✳ P♦✉r ❧❡s ❛✉tr❡s ✐♥str✉♠❡♥ts ♣r♦❝❤❡s ✐♥❢r❛✲r♦✉❣❡✱ ❧❡s rés✉❧t❛ts s♦♥t ♣❧✉s ✐♥❝❡rt❛✐♥s à
❝❛✉s❡ ❞✉ ♠❛♥q✉❡ ❞❡ ❞♦♥♥é❡s t❡❝❤♥✐q✉❡s✳
❊♥ s✉✐✈❛♥t ❧❛ ♠ê♠❡ ❞é♠❛r❝❤❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❝♦✉❧❡✉r ❞❡s q✉❛s❛rs à

très ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✱ q✉✐ ♦♥t ✉♥ ✐♥térêt ♣r♦♣r❡ ❡t ♦❝❝✉♣❡♥t ❧❡ ♠ê♠❡ ❞♦♠❛✐♥❡
❞❡ ❝♦✉❧❡✉r i′ − z′✳ ▲❛ ✜❣✉r❡ ✷✳✹ r❡♣rés❡♥t❡ s✉r ❧❡ ♠ê♠❡ ❣r❛♣❤❡ ❝♦✉❧❡✉r✴❝♦✉❧❡✉r ❧❡s ♥❛✐♥❡s
❜r✉♥❡s ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❡t ❧❡s ❝♦✉❧❡✉rs ❞❡ q✉❛s❛rs à ❞✐✛ér❡♥ts r❡❞s❤✐❢ts✳ ❊❧❧❡ ♥♦✉s ♣❡r✲

✸✺



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

♠❡t ✭❲✐❧❧♦tt ❡t ❛❧✳ ✷✵✵✺❀ ❉❡❧♦r♠❡ ❡t ❛❧✳ ✷✵✵✽❜✮ ❞❡ ❢❛✐r❡ ✉♥❡ ♣r❡♠✐èr❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡ ♥♦s
❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❡t ❞❡ ❧❡s ❞✐st✐♥❣✉❡r ❞❡s q✉❛s❛rs✳ ❈♦♠♠❡ ❧✬♦♥t ♠♦♥tré ❋❛♥ ❡t ❛❧✳
✭✷✵✵✶✮✱ ❧❛ ❝♦✉❧❡✉r z′ − J sé♣❛r❡ ❡✣❝❛❝❡♠❡♥t ❝❡s ❞✐✛ér❡♥ts t②♣❡s ❞✬♦❜❥❡ts✳

✷✳✹ ❙✉✐✈✐ ❞❡s ❝❛♥❞✐❞❛ts ❡♥ ♣r♦❝❤❡ ■♥❢r❛✲r♦✉❣❡

✷✳✹✳✶ ❖❜s❡r✈❛t✐♦♥s

❏✬❡①tr❛✐s ❧❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❣râ❝❡ à ✉♥ ♣✐♣❡❧✐♥❡ q✉❡ ❥✬❛✐ ♠✐s ❛✉ ♣♦✐♥t ❡t q✉✐
s❡r❛ ❞é❝r✐t ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳ ❯♥❡ ❢♦✐s ❝❡s ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és ❞✬❛♣rès ❧❡✉r
❝♦✉❧❡✉r i′ − z′✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬♦❜t❡♥✐r ❛✉ ♠♦✐♥s ✉♥❡ ✐♠❛❣❡ ❞❡ s✉✐✈✐ ❡♥ ❜❛♥❞❡ J ❛✜♥ ❞❡
♣ré❝✐s❡r ❧❡✉r ♥❛t✉r❡✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞❡ ❞✐st✐♥❣✉❡r q✉❛s❛rs ❡t ♥❛✐♥❡s ❜r✉♥❡s ❡t
❛✉ss✐ ❞✬é❧✐♠✐♥❡r ❡✣❝❛❝❡♠❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ❛rt❡❢❛❝ts ♦✉ ❧❛ ❞✐s♣❡rs✐♦♥ ❞✬❡rr❡✉r
❞❡s ♠❡s✉r❡s✳
◆♦✉s ❛✈♦♥s ❛✐♥s✐ ❞❡♠❛♥❞é ❡t ♦❜t❡♥✉ ❞✉ t❡♠♣s ❛✈❡❝ ♣❧✉s✐❡✉rs té❧❡s❝♦♣❡s ❞❡ t❛✐❧❧❡ ♠♦②❡♥♥❡

✭❞❡ ✷ à ✹ ♠ètr❡s✮ ♣♦✉r ♠❡♥❡r à ❜✐❡♥ ❝❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡✳ ▲❡s ♥❛✐♥❡s ❢r♦✐❞❡s s♦♥t ❧❡s
♦❜❥❡ts ❧❡s ♣❧✉s ❝♦✉r❛♥ts ❞❛♥s ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝❛♥❞✐❞❛ts✳ ❈♦♠♠❡ ❡❧❧❡s s♦♥t ❜❡❛✉❝♦✉♣
♣❧✉s ❜r✐❧❧❛♥t❡s ❡♥ ❜❛♥❞❡ J q✉❡ s✉r ❧❡s ✐♠❛❣❡s ❡♥ ❜❛♥❞❡ z′ ♦ù ❡❧❧❡s ♦♥t été ❞ét❡❝té❡s✱ ❧❡ t❡♠♣s
❞❡ ♣♦s❡ ♠♦②❡♥ ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❡ s✉✐✈✐ ❡st r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt✱ ❝♦♠♠❡ ❞ét❛✐❧❧é s✉r ❧❛ t❛❜❧❡
✷✳✷✳ ❚♦✉t❡❢♦✐s ❧❡ t❡♠♣s ❞❡ ♣♦s❡ ✐♥❞✐✈✐❞✉❡❧ ♣♦✉r s✉✐✈r❡ ❝❤❛q✉❡ ❝❛♥❞✐❞❛t ❞é♣❡♥❞ ❢♦rt❡♠❡♥t
❞❡ s❛ ♥❛t✉r❡✱ q✉✐ ♥✬❡st ♣ré❝✐sé q✉✬❛♣rès ❧✬♦❜t❡♥t✐♦♥ ❞❡s ♣r❡♠✐èr❡s ✐♠❛❣❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝
❞❡♠❛♥❞é ❞✬❡✛❡❝t✉❡r ❝❡s ♦❜s❡r✈❛t✐♦♥s ♥♦✉s ♠ê♠❡✱ ❡♥ ♠♦❞❡ ✈✐s✐t❡✉r✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❛❞❛♣t❡r
❡♥ t❡♠♣s ré❡❧ ❧❡ t❡♠♣s ❞❡ ♣♦s❡ ♣♦✉r ❝❤❛q✉❡ ♦❜❥❡t ❡t ♦♣t✐♠✐s❡r ♥♦s rés✉❧t❛ts✳ ◆♦tr❡ ♣r♦❝é❞✉r❡
❣é♥ér❛❧❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❡st ❧❛ s✉✐✈❛♥t❡ ✿
✕ ◆♦✉s ❢❛✐s♦♥s ✉♥❡ ♣r❡♠✐èr❡ ♦❜s❡r✈❛t✐♦♥ ❛✈❡❝ ❝♦♠♠❡ ❤②♣♦t❤ès❡ q✉❡ ❧❡ ❝❛♥❞✐❞❛t ❡st ✉♥❡
♥❛✐♥❡ ❚ ✭s✐ i′−z′ > 2.5✮ ♦✉ ✉♥❡ ♥❛✐♥❡ ▲✭s✐ i′−z′ < 2.5✮✳ ❈♦♠♠❡ ❧❡✉r ❝♦✉❧❡✉r z′−J ❡st
❛✉ss✐ très r♦✉❣❡✱ ✐❧s s♦♥t ❛ss❡③ ❜r✐❧❧❛♥ts ❡♥ J ❡t ❛♣♣❛r❛✐ss❡♥t s✉r ❞❡s ✐♠❛❣❡s ❞❡ ❝♦✉rt
t❡♠♣s ❞❡ ♣♦s❡✳ ■❧ ❢❛✉t ❛tt❡✐♥❞r❡ ✉♥❡ ♣r♦❢♦♥❞❡✉r ❡♥ JV ega ❞❡ ✶✽ à ✶✾✱ ❝❡ q✉✐ ❞❡♠❛♥❞❡
❞❡ ❧✬♦r❞r❡ ❞❡ ✺ ♠✐♥✉t❡s ❞✬❡①♣♦s✐t✐♦♥ ❛✈❡❝ ❙❖❋■ s✉r ❧❡ ◆❚❚✳

✕ ❙✐ ❧❡ ❝❛♥❞✐❞❛t ❛♣♣❛r❛✐t s✉r ❝❡tt❡ ♣r❡♠✐èr❡ ♣♦s❡ ❝♦✉rt❡✱ ❝✬❡st ❡♥ ❣é♥ér❛❧ ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡✳
❙✐ ❝✬❡st ✉♥ ❝❛♥❞✐❞❛t ♥❛✐♥❡ ❚✭✐✲③❃✷✳✺✮ ❡t q✉✬✐❧ ❛♣♣❛r❛✐t très ❜r✐❧❧❛♥t s✉r ❧✬✐♠❛❣❡ ❏✱ ❝✬❡st
✉♥ ❝❛♥❞✐❞❛t ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ✐♥tér❡ss❛♥t✳ ■❧ ❝♦♥✈✐❡♥t ❛❧♦rs ❞❡ ❢❛✐r❡ ✉♥❡ ❛♥❛❧②s❡ ❞✬✐♠❛❣❡
❛✉ té❧❡s❝♦♣❡✱ ♠ê♠❡ ❛♣♣r♦①✐♠❛t✐✈❡✱ ♣♦✉r ♣ré❝✐s❡r s❛ ❝♦✉❧❡✉r z′ − J ✳ ❙✐ ❝❡tt❡ ❝♦✉❧❡✉r
❡st s✉♣ér✐❡✉r❡ à ✸✳✽✱ ❧✬♦❜❥❡t ❡st ♣r♦❜❛❜❧❡♠❡♥t ✉♥❡ ♥❛✐♥❡ ❚ très t❛r❞✐✈❡ ❡t ❞♦✐t êtr❡
s✉✐✈✐ ❛✉ss✐ ❞❛♥s ❧❡s ❜❛♥❞❡s H ❡t K✱ ❧❡s ❝♦✉❧❡✉rs J −H ❡t J −K ♣❡r♠❡tt❛♥t ❞❡ ♠✐❡✉①
❝♦♥tr❛✐♥❞r❡ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❞❡ ❝❡s ❛str❡s ❡t ❞❡ ❞é❝✐❞❡r ❞❡s ♦❜❥❡ts à ♦❜s❡r✈❡r ❡♥ ♣r✐♦r✐té
❡♥ s♣❡❝tr♦s❝♦♣✐❡✳

✕ ❙✐ ❧❡ ❝❛♥❞✐❞❛t ♥✬❛♣♣❛r❛✐t ♣❛s s✉r ❧❛ ♣r❡♠✐èr❡ ♣♦s❡ ❝♦✉rt❡✱ ✐❧ ❢❛✉t s✬❛ss✉r❡r ❞❡ s❛ ♥❛t✉r❡
❡♥ ré✲♦❜s❡r✈❛♥t ❥✉sq✉✬à ♣♦✉✈♦✐r ❛ss✉r❡r q✉❡ z′ − J < 2.5✱ ❝❡ q✉✐ ♣r♦✉✈❡r❛✐t q✉❡ ♥♦tr❡
❝❛♥❞✐❞❛t ♥✬❡st ♥✐ ✉♥❡ ♥❛✐♥❡ ▲ ♥✐ ✉♥❡ ♥❛✐♥❡ ❚✳ P♦✉r ✉♥ ❝❛♥❞✐❞❛t t②♣✐q✉❡✱ ❝❡❧❛ ❝♦rr❡✲
s♣♦♥❞ ❡♥ ❣é♥ér❛❧ à Jvega ∼ 20✱ ❝❡ q✉✐ ♥é❝❡ss✐t❡ ❡♥✈✐r♦♥ ✶✺ ♠✐♥✉t❡s ❞✬❡①♣♦s✐t✐♦♥ s✉r ✉♥
té❧❡s❝♦♣❡ ❞❡ ✸♠✺✵ ❝♦♠♠❡ ❧❡ ◆❚❚✳

✕ ❙✐ ❧❡ ❝❛♥❞✐❞❛t ♥✬❛♣♣❛r❛✐t ♣❛s s✉r ❧❛ s♦♠♠❡ ❞❡s ✐♠❛❣❡s✱ ✐❧ ❢❛✉t ❛❧♦rs ❞ét❡r♠✐♥❡r s✐ ❧❛
❝✐❜❧❡ ❡st ✉♥ ❛rt❡❢❛❝t ♦✉ ✉♥ q✉❛s❛r à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✳ ■❧ ❢❛✉t ♣♦✉r ❝❡❧❛
♦❜t❡♥✐r ❞❡s ✐♠❛❣❡s s✉✣s❛♠♠❡♥t ♣r♦❢♦♥❞❡s ♣♦✉r ❛ss✉r❡r ✉♥❡ ❞ét❡❝t✐♦♥ ♠ê♠❡ ❢❛✐❜❧❡
❥✉sq✉✬à ✉♥❡ ❝♦✉❧❡✉r z′ − J ≈< 0.5✳ P♦✉r ✉♥ ❝❛♥❞✐❞❛t t②♣✐q✉❡✱ ❝❡❧❛ ❝♦rr❡s♣♦♥❞ ❡♥
❣é♥ér❛❧ à JV ega ∼ 22✱ ❝❡ q✉✐ ♥é❝❡ss✐t❡ ✸✵✲✹✺ ♠✐♥✉t❡s ❞✬❡①♣♦s✐t✐♦♥ s✉r ✉♥ ✸♠✺✵✳ ❉❛♥s

✸✻



✷✳✹ ❙✉✐✈✐ ❞❡s ❝❛♥❞✐❞❛ts ❡♥ ♣r♦❝❤❡ ■♥❢r❛✲r♦✉❣❡

❚❛❜✳ ✷✳✷✿ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s té❧❡s❝♦♣❡s ✉t✐❧✐sés ♣♦✉r ❧❡ s✉✐✈✐ ❡♥ ❜❛♥❞❡ J ✳ ❧❡ t❡♠♣s ❞❡
♣♦s❡ ❝♦rr❡s♣♦♥❞ ❛✉ t❡♠♣s ❛♣♣r♦①✐♠❛t✐❢ ♥é❝❡ss❛✐r❡ ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ❞ét❡❝t✐♦♥ à
✺σ ❞✬✉♥ ♦❜❥❡t ❞❡ ♠❛❣♥✐t✉❞❡ JV ega = 20 ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ s❡❡✐♥❣ ♣r♦♣r❡ à
❝❤❛q✉❡ ♦❜s❡r✈❛t♦✐r❡✳

❚é❧❡s❝♦♣❡ ❉✐❛♠ètr❡✭♠✮ ■♥str✉♠❡♥t ❚❡♠♣s ❞❡
♣♦s❡

❚❛✐❧❧❡ ❞✉
♣✐①❡❧

❈❤❛♠♣

◆❚❚ ✸✳✻ ❙❖❋■ ✹✺s ✵✳✷✽✽✑ ✹✳✾✬ ① ✹✳✾✬
❑✐tt P❡❛❦
✷✳✶♠

✷✳✶ ❙◗■■❉ ∼✸✷✵s ✵✳✻✾✑ ✺✳✶✬ ① ✺✳✸✬

❍❛r❧❛♥✲
❙♠✐t❤

✷✳✼ ❘❖❑❈❆▼ ∼✸✵✵✵s ✵✳✸✺✧ ✶✳✺✬ ① ✶✳✺✬

◆❖❚ ✷✳✺ ◆❖❚❈❛♠ ∼✶✵✵s ✵✳✷✹✑ ✹✳✵✬ ①✹✳✵✬

❧❡ ❝❛s ❞✬✉♥❡ ❞ét❡❝t✐♦♥ à z′ − J ≈ 0.5✱ ❧✬♦❜❥❡t ❞ét❡❝té ❡st ❛❧♦rs ✉♥ q✉❛s❛r à ❣r❛♥❞
❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✱ ♣♦ssé❞❛♥t ✉♥ ❢♦rt ✐♥térêt s❝✐❡♥t✐✜q✉❡✳ ▲❡ s✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡
❡t ❧✬❛♥❛❧②s❡ s❝✐❡♥t✐✜q✉❡ ❞❡ ❝❡s ♦❜❥❡ts ❡st ♠❡♥é❡ à ❜✐❡♥ ♣❛r ❈❤r✐s ❲✐❧❧♦tt ✭❲✐❧❧♦tt ❡t ❛❧✳
✷✵✵✼✮✳ ❙✐ ❧✬♦❜❥❡t ♥✬❛♣♣❛r❛✐t t♦✉❥♦✉rs ♣❛s s✉r ❝❡tt❡ ❞❡r♥✐èr❡ ✐♠❛❣❡✱ ❝✬❡st q✉❡ ❧❡ ❝❛♥❞✐❞❛t
❡st ♠❛❧❤❡✉r❡✉s❡♠❡♥t ✉♥ ❛rt❡❢❛❝t ❞❡ ❞ét❡❝t✐♦♥ ♦✉ ✉♥❡ s✉♣❡r♥♦✈❛❡ ✈❡♥✉ s❡ ❣❧✐ss❡r ❞❛♥s
♥♦tr❡ sé❧❡❝t✐♦♥✳

✷✳✹✳✷ ❘é❞✉❝t✐♦♥

◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❝❡s ♦❜s❡r✈❛t✐♦♥s ❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❞❛♥s ♣❧✉s✐❡✉rs ♦❜s❡r✈❛t♦✐r❡s ✿
▲❛ ❙✐❧❧❛ ✭◆❚❚✱ ✸✳✻♠✮✱ ▼❝❉♦♥❛❧❞ ✭✷✳✼♠✮✱ ❑✐tt P❡❛❦ ✭✷✳✶♠✮ ❡t ▲❛ P❛❧♠❛ ✭◆❖❚✱ ✷✳✺♠✮✳ ▲❛
♠❛❥♦r✐té ❞❡s ❞♦♥♥é❡s ❞✉ s✉✐✈✐ ◆■❘ ♦♥t été ❛❝q✉✐s❡s ♣❡♥❞❛♥t ❧❡s ✷✽ ♥✉✐ts q✉❡ ♥♦✉s ❛✈♦♥s
♦❜t❡♥✉❡s ❛✉ ◆❚❚✳ ❈♦♠♠❡ ❧❡ ❢♦♥❞ ❞❡ ❝✐❡❧ ❡st ❡♥ ❣é♥ér❛❧ ♣❧✉s ❜r✐❧❧❛♥t q✉❡ ♥♦s ❝✐❜❧❡s ✭❡♥
♠♦✐♥s ❞✬✉♥❡ ♠✐♥✉t❡✱ ❧❡ ❞ét❡❝t❡✉r ❡st s❛t✉ré ♣❛r ❧❡ ❢♦♥❞ ❞❡ ❝✐❡❧✮✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❧❡
s♦✉str❛✐r❡✳ ◆♦✉s ✉t✐❧✐s♦♥s ♣♦✉r ❝❡❧❛ ✉♥❡ t❡❝❤♥✐q✉❡ st❛♥❞❛r❞ ♣♦✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡♥ ✐♥❢r❛✲
r♦✉❣❡✱ ❛♣♣❡❧é❡ ✬❏✐tt❡r✬✳ ❈❤❛❝✉♥❡ ❞❡ ♥♦s ✐♠❛❣❡s ❡st ❝♦♥st✐t✉é❡ ❞❡ ♣♦s❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡ ✸✵
à ✹✵ s❡❝♦♥❞❡s ❞é❝❛❧é❡s ❞✬✉♥❡ q✉✐♥③❛✐♥❡ ❞❡ s❡❝♦♥❞❡s ❞✬❛r❝ ❧❡s ✉♥❡s ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s✳
❊♥ ❛❞❞✐t✐♦♥♥❛♥t ❞✐r❡❝t❡♠❡♥t ❝❡s ✐♠❛❣❡s s❛♥s ❝♦rr✐❣❡r ❧✬♦✛s❡t✱ ♦♥ ♦❜t✐❡♥❞r❛✐t ✉♥❡ ✐♠❛❣❡
s✉r ❧❛q✉❡❧❧❡ ❧❡s ét♦✐❧❡s s❡r❛✐❡♥t ❞é❝❛❧é❡s ❡t ♠✉❧t✐♣❧✐é❡s✳ ❊♥ ❛♣♣❧✐q✉❛♥t ✉♥ ✜❧tr❡ ♠é❞✐❛♥ à
♥♦tr❡ ❝♦❧❧❡❝t✐♦♥ ❞✬✐♠❛❣❡s✱ ♦♥ é❧✐♠✐♥❡ t♦✉t❡s ❧❡s s♦✉r❝❡s ❛str♦♣❤②s✐q✉❡s ❞❡s ✐♠❛❣❡s✳ ❊♥ ❡✛❡t
❝♦♠♠❡ ❧✬✐♠♠❡♥s❡ ♠❛❥♦r✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ♥♦s ✐♠❛❣❡s ❡st ✈✐❞❡ ❞❡ s♦✉r❝❡✱ s✉r ❧✬❡♥s❡♠❜❧❡
❞❡s ✐♠❛❣❡s ♦♥ tr♦✉✈❡ ❛✉ ♣❧✉s ✉♥❡ s♦✉r❝❡ à ✉♥❡ ♣♦s✐t✐♦♥ ❞♦♥♥é❡✱ q✉✐ ❡st ❛❧♦rs é❧✐♠✐♥é❡ ♣❛r ❧❡
✜❧tr❡ ♠é❞✐❛♥✳ ❖♥ ♦❜t✐❡♥t ❛✐♥s✐ ✉♥❡ ❝❛rt❡ ❞✉ ❢♦♥❞ ❞❡ ❝✐❡❧ q✉✬♦♥ ♣❡✉t s♦✉str❛✐r❡ ❛✉① ✐♠❛❣❡s
✐♥❞✐✈✐❞✉❡❧❧❡s✳ ■❧ s✉✣t ❛❧♦rs ❞❡ ❧❡s ❝♦✲❛❞❞✐t✐♦♥♥❡r✱ ❝❡tt❡ ❢♦✐s ❡♥ ❝♦rr✐❣❡❛♥t ❧❡ ❞é❝❛❧❛❣❡ ❞✉
✬❥✐tt❡r✬ ♣♦✉r ♦❜t❡♥✐r ❞❡s ✐♠❛❣❡s ♦ù ♥❡ s✉❜s✐st❡♥t q✉❡ ❧❡ ❜r✉✐t ❞✉ ❢♦♥❞ ❞❡ ❝✐❡❧ ❡t ❧❡s s♦✉r❝❡s
❛str♦♣❤②s✐q✉❡s✳ ▲❛ ré❞✉❝t✐♦♥ ❞❡ ❝❡s ✐♠❛❣❡s✱ ❛✐♥s✐ q✉❡ ❧✬❡①tr❛❝t✐♦♥ ❞❡s ♠❛❣♥✐t✉❞❡s J ❞❡s
❝❛♥❞✐❞❛ts ❡st ré❛❧✐sé❡ ♣❛r ❈✳ ❘❡②❧é✱ ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ ❞❡ ❇❡s❛♥ç♦♥✳

✷✳✹✳✸ ▲❡ ✜❧tr❡ Jlong ❞✉ ◆❚❚

▲❛ s✐♠✉❧❛t✐♦♥ ❞❡s ❝♦✉❧❡✉rs ✐♥❢r❛r♦✉❣❡s ❛ ❢❛✐t ❛♣♣❛r❛îtr❡ ✉♥ ♣r♦❜❧è♠❡ ❧✐é ❛✉ ✜❧tr❡ J ♣❛r
❞é❢❛✉t ❞❡ ❙❖❋■✳ ❈❡ ✜❧tr❡ ❛ ✉♥❡ ❜❛♥❞❡ ♣❛ss❛♥t❡ ♣❧✉s ❧❛r❣❡ q✉❡ ❧❡s ✜❧tr❡s st❛♥❞❛r❞s✱ q✉✐ ✐♥❝❧✉t

✸✼



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✉♥❡ ♣❛rt✐❡ ❞❡s ❜❛♥❞❡s ❞❡ ❧✬❡❛✉✳ ❆ ❝❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧✬❛t♠♦s♣❤èr❡
t❡rr❡str❡ ❡st ✈❛r✐❛❜❧❡✱ ♣❛r❢♦✐s ❜♦♥♥❡ q✉❛♥❞ ❧✬❛t♠♦s♣❤èr❡ ❡st sè❝❤❡✱ ♣❛r❢♦✐s ♥✉❧❧❡ ❧♦rsq✉✬❡❧❧❡
❡st ❤✉♠✐❞❡✳ ❈♦♠♠❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ♦♥t ❞❡ ❢♦rt❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❡❛✉ à ❝❡s
❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✱ ❧♦rsq✉❡ ❧✬❛✐r ❡st s❡❝ ❧❡ ✢✉① ❞❛♥s ❧❡s ❜❛♥❞❡s ❞❡ ❧✬❡❛✉ ❛rr✐✈❛♥t s✉r ❧❡ ❞ét❡❝t❡✉r
❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ ré❢ér❡♥❝❡ q✉✐ s❡r✈❡♥t à ❞ét❡r♠✐♥❡r ❧❡ ♣♦✐♥t
③ér♦✳ ❆✈❡❝ ❝❡ ✜❧tr❡ J ❧❛ ♠❛❣♥✐t✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡st ❞♦♥❝ s♦✉s ❡st✐♠é❡ ❞✬✉♥ ❢❛❝t❡✉r
✈❛r✐❛❜❧❡ ✲♣✉✐sq✉✬✐❧ ❞é♣❡♥❞ ❞❡ ❧✬❤✉♠✐❞✐té ❛t♠♦s♣❤ér✐q✉❡✳ ❈❡ ❢❛❝t❡✉r s✬❛❝❝r♦✐t ❛✈❡❝ ❧❛ ❢♦r❝❡
❞❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❡❛✉ s✉r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✱ ❡t ❞♦♥❝ ❛✈❡❝ ❧❡✉r t②♣❡ s♣❡❝tr❛❧✳ ▲❡
❢❛❝t❡✉r ❞❡ ❝♦rr❡❝t✐♦♥ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✳✶ ♠❛❣♥✐t✉❞❡ ♣♦✉r ❧❡s ♥❛✐♥❡s ▲ ♣ré❝♦❝❡s ❡t ♠♦♥t❡ à
♣❧✉s ❞❡ ✵✳✻ ♠❛❣♥✐t✉❞❡s ♣♦✉r ❧❡s ♥❛✐♥❡s ❚ t❛r❞✐✈❡s✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❛t♠♦♣❤èr❡ sè❝❤❡✳ ❯♥❡
❢♦✐s q✉❡ ♥♦✉s ❛✈♦♥s ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❝❡ ♣r♦❜❧è♠❡✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ✉t✐❧✐sé ❧❡ ✜❧tr❡ Js✱ ♣♦✉r
✬❏ s❤♦rt✬✱ q✉✐ sé❧❡❝t✐♦♥♥❡ ✉♥❡ ❜❛♥❞❡ ♣❛ss❛♥t❡ ♣❧✉s st❛♥❞❛r❞✱ ♥✬✐♥❝❧✉❛♥t ♣❛s ❧❡s ❜❛♥❞❡s ❞❡
❧✬❡❛✉✳ Près ❞❡ ✷✵✪ ❞❡ ♥♦s ♦❜s❡r✈❛t✐♦♥s ♦♥t ✉t✐❧✐sé ❧❡ ✜❧tr❡ Jlong✳

✷✳✺ ❙tr❛té❣✐❡ ❞✬❛♥❛❧②s❡

▲✬❛♣♣❛r❡♥❝❡ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡ ❈❋❇❉❙ ét❛♥t ♠❛✐♥t❡♥❛♥t ❝❧❛✐r❡✲
♠❡♥t ❝❛r❛❝tér✐sé❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❧❡s sé❧❡❝t✐♦♥♥❡r ❡✣❝❛❝❡♠❡♥t✳ ▲❡ ❈❋❇❉❙ ❝♦♥st✐t✉❡ ✉♥❡
s♦✉r❝❡ ❞❡ ❞♦♥♥é❡s ❞❡ ♣r❡♠✐❡r ♦r❞r❡ ♣♦✉r s♦♥❞❡r ❧✬✉♥✐✈❡rs ❞❛♥s ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞✉ r♦✉❣❡
❧♦✐♥t❛✐♥✱ ré✈é❧❛♥t ❞❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞✬♦❜❥❡ts s✉r ❝❤❛❝✉♥❡ ❞❡ s❡s ✾✵✵ ✐♠❛❣❡s✳ ❈✬❡st ❞♦♥❝
♣❛r♠✐ ♣❧✉s ❞❡ ✺✵ ♠✐❧❧✐♦♥s ❞✬♦❜❥❡ts q✉❡ ❥✬❛✐ ❞û ✐❞❡♥t✐✜❡r ❧❡s q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♥❛✐♥❡s
❜r✉♥❡s ❞♦♥t ❧✬ét✉❞❡ ❝♦♥st✐t✉❡ ❧❡ ❝♦❡✉r ❞❡ ♠❛ t❤ès❡✳ ❈❡❧❛ ♠✬❛ ❛♠❡♥é à ♠❡ttr❡ ❛✉ ♣♦✐♥t ✉♥❡
str❛té❣✐❡ ❡✣❝❛❝❡ ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡s ❛✉tr❡s ♦❜❥❡ts ❛str♦♣❤②s✐q✉❡s ❡t ❞❡s
❛rt❡❢❛❝ts ♦❜s❡r✈❛t✐♦♥♥❡❧s✳

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ✉t✐❧✐s❡ ❧✬✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❞❡s
♥❛✐♥❡s ❜r✉♥❡s✱ ❧❡✉r ❝♦✉❧❡✉r i′ − z′ très r♦✉❣❡ ✭❍❛✇❧❡② ❡t ❛❧✳ ✷✵✵✷✮✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡
à ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❧❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠✱ ❝❡♥tré ❡♥ i′ à ✵✳✼✼µ♠✱
❡t é❧❛r❣✐ ♣❛r ♣r❡ss✐♦♥✳ ❈❡❧❛ ♥♦✉s ❢♦✉r♥✐t ✉♥ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ très ♣✉✐ss❛♥t ♣♦✉r ❧❡s sé✲
♣❛r❡r ❞❡s ❛✉tr❡s s♦✉r❝❡s ❛str♦♣❤②s✐q✉❡s ♣✉✐s ♣♦✉r ét❛❜❧✐r ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ r❛♣✐❞❡ ❞❡ ♥♦s
❝❛♥❞✐❞❛t❡s ♥❛✐♥❡s ❜r✉♥❡s s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉r ♣❤♦t♦♠étr✐❡✳ ❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛
✜❣✉r❡ ✷✳✸✱ ❧❛ s❡✉❧❡ ❝♦✉❧❡✉r i′ − z′ ♣❡r♠❡t ❞❡ ❞✐st✐♥❣✉❡r ❢❛❝✐❧❡♠❡♥t ❧❡s ♥❛✐♥❡s ▲ ❞❡s ♥❛✐♥❡s
❚✱ ❛✈❡❝ ✉♥ s❛✉t ❞❡ ✵✳✺ ♠❛❣♥✐t✉❞❡s à ❧❛ tr❛♥s✐t✐♦♥ ▲✲❚✳ ▲✬❡❝❛rt ❡st ♠♦✐♥s s♣❡❝t❛❝✉❧❛✐r❡ à
❧❛ tr❛♥s✐t✐♦♥ ▼✲▲✱ ♠❛✐s ❧❡ r♦✉❣✐ss❡♠❡♥t ❡st ❞❡ ✵✳✸ ♠❛❣♥✐t✉❞❡s ❡♥tr❡ ❧❡s ♥❛✐♥❡s ▼ ❧❡s ♣❧✉s
t❛r❞✐✈❡s ❡t ❧❡s ♥❛✐♥❡s ▲✹✱ ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′−z′ ❡st ❞❡ ✶✳✼✳ ❆✜♥ ❞❡ ❞ét❡❝t❡r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡
❞❡ ♥❛✐♥❡s ▲ ❡t ❚ ❡♥ ❧✐♠✐t❛♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝❛♥❞✐❞❛ts ♣❛r ❞❡s
♥❛✐♥❡s ▼✱ ♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞❡ r❡t❡♥✐r ✉♥✐q✉❡♠❡♥t ❧❡s s♦✉r❝❡s ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′ ❡st
♣❧✉s ❣r❛♥❞❡ q✉❡ ✶✳✼✳

▲❡s s❡✉❧s ❛✉tr❡s ♦❜❥❡ts ♣rés❡♥ts ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r s♦♥t ❧❡s q✉❛s❛rs à ❤❛✉t
r❡❞s❤✐❢t ✭③❃✺✳✻ ❋❛♥ ❡t ❛❧✳ ✷✵✵✶✮✳ ❈❡❝✐ ♥♦✉s ❛ ❝♦♥❞✉✐ts à tr❛✈❛✐❧❧❡r ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝
❈✳❲✐❧❧♦tt✱ ❆✳❖♠♦♥t ❡t ❏✳❇❡r❣❡r♦♥ q✉✐ r❡❝❤❡r❝❤❡♥t ❞❡s q✉❛s❛rs ❧à ♦ù ♥♦✉s ❝❤❡r❝❤♦♥s ❞❡s
♥❛✐♥❡s ❜r✉♥❡s✳ ◆♦✉s ❛♥❛❧②s♦♥s ❞♦♥❝ ❝♦♥❥♦✐♥t❡♠❡♥t ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✳

◆♦tr❡ str❛té❣✐❡ ❞✬❛♥❛❧②s❡ ❡st ❞é❝r✐t❡ ♣❧✉s ❡♥ ❞ét❛✐❧s ❞❛♥s ❧✬❛rt✐❝❧❡ ❉❡❧♦r♠❡ ❡t ❛❧✳ ✭✷✵✵✽❜✮✱
♣rés❡♥té ❡♥ ✜♥ ❞✉ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳

✸✽



✷✳✻ ❆ ♣r♦♣♦s ❞❡ q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡

❋✐❣✳ ✷✳✸✿

❘❡❧❛t✐♦♥ ❝♦✉❧❡✉r i′ − z′✴t②♣❡ s♣❡❝tr❛❧ ❞ér✐✈é❡ à ♣❛rt✐r ❞❡s ❝♦✉❧❡✉rs s②♥t❤ét✐q✉❡s ❞❡ ♥❛✐♥❡s
❜r✉♥❡s ❝♦♥♥✉❡s✳ ▲✬❡rr❡✉r r❡♣rés❡♥t❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s ❞♦♥♥é❡s✳ ❊❧❧❡ ❡st ♠✐s❡ à ③ér♦ q✉❛♥❞
✉♥ s❡✉❧ ♦❜❥❡t ❡st ❝♦♥♥✉ ❞❛♥s ✉♥❡ ❣❛♠♠❡ ❞❡ t②♣❡ s♣❡❝tr❛❧✳ ▲❛ ❞✐s♣❡rs✐♦♥ t②♣✐q✉❡ ❡st ❞❡ ✵✳✸
♠❛❣♥✐t✉❞❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ▲ ❡t ❞❡ ✵✳✹ ❞❛♥s ❝❡❧✉✐ ❞❡s ♥❛✐♥❡s ❚✳

✷✳✻ ❆ ♣r♦♣♦s ❞❡ q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡

✷✳✻✳✶ ❯♥❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❢r✉❝t✉❡✉s❡

▼ê♠❡ s✐ ♠❛ t❤ès❡ ❡st ❢♦❝❛❧✐sé❡ s✉r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✱ ❞❡ ♣❡t✐ts ❛str❡s ❢r♦✐❞s ❞✉ ✈♦✐s✐♥❛❣❡
s♦❧❛✐r❡ q✉✐ ♥✬♦♥t ❛ ♣r✐♦r✐ r✐❡♥ à ✈♦✐r ❛✈❡❝ ❞❡s tr♦✉s ♥♦✐rs s✉♣❡r♠❛ss✐❢s s✐t✉és ❛✉① ❝♦♥✜♥s ❞❡
❧✬✉♥✐✈❡rs✱ ♠♦♥ tr❛✈❛✐❧ ❛ ♣r♦✜té ❞❡✱ ❡t ♣r♦✜té à✱ ❝❡tt❡ s❝✐❡♥❝❡ s✉r ❧❡s q✉❛s❛rs à ❤❛✉t r❡❞s❤✐❢t✳
▲❛ r❛✐s♦♥ ❡st q✉❡ ❧❛ str❛té❣✐❡ ❞❡ ❞ét❡❝t✐♦♥ ✉t✐❧✐sé❡ ❞❛♥s ❧❡ ❈❋❇❉❙ ❡st ❛✉ss✐ ♣❡r❢♦r♠❛♥t❡
♣♦✉r s❡❧❡❝t✐♦♥♥❡r ❝❡s q✉❛s❛rs q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✳

❊♥ ♣r❛t✐q✉❡ ♥♦s ❞❡✉① s✉r✈❡②s✱ ❧❡ ❈❋❇❉❙ ♣♦✉r ❧❛ ❝♦♠♣♦s❛♥t❡ ♥❛✐♥❡s ❜r✉♥❡s ❡t ❧❡ ❈❋◗❙
♣♦✉r ❧❛ ❝♦♠♣♦s❛♥t❡ q✉❛s❛rs✱ s♦♥t ✐♥❞✐ss♦❝✐❛❜❧❡s ❥✉sq✉✬à ❧❛ ✜♥ ❞❡ ❧✬❛♥❛❧②s❡ ❞✉ s✉✐✈✐ ♣❤♦✲
t♦♠étr✐q✉❡ ❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✱ t♦✉t❡s ❧❡s ❞❡♠❛♥❞❡s ❞❡ t❡♠♣s ét❛♥t ❡✛❡❝t✉é❡s ♣♦✉r ♠♦✐t✐é
♣❛r ❝❤❛❝✉♥❡ ❞❡s éq✉✐♣❡s✱ q✉❛s❛rs ❡t ♥❛✐♥❡s ❜r✉♥❡s✳ ❙❡✉❧❡s ❧❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s
❡t ❧✬❛♥❛❧②s❡ s❝✐❡♥t✐✜q✉❡ ❞❡s s♣❡❝tr❡s r❡st❡♥t t♦t❛❧❡♠❡♥t ✐♥❞é♣❡♥❞❛♥t❡s✳ ▲❛ ❞✐✈✐s✐♦♥ ❞✉ tr❛✲
✈❛✐❧ ❡t ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① éq✉✐♣❡s ❛✉① ♦❜❥❡❝t✐❢s ❞✐✛ér❡♥ts s✬❡st ❡①trê♠❡♠❡♥t
❜✐❡♥ ♣❛ssé❡ ❡t ❛ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛♠é❧✐♦ré ❧❛ ✈✐t❡ss❡ ❞✬❛✈❛♥❝❡ ❡t ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡ ❝❤❛❝✉♥
❞❡s s✉r✈❡②s✱ ❛✉ ❞❡❧à ♠ê♠❡ ❞❡s ❛✈❛♥t❛❣❡s é✈✐❞❡♥ts ♣♦✉r ❧❡s ❞❡♠❛♥❞❡s ❞❡ t❡♠♣s✳ ❚♦✉t❡ ❧❛
♣❛rt✐❡ ré❞✉❝t✐♦♥ ❞❡s ❞♦♥♥é❡s ▼❡❣❛❝❛♠ ✐ss✉❡s ❞✉ t❡♠♣s P■ ❥✉sq✉✬à ❧✬♦❜t❡♥t✐♦♥ ❞❡s ✐♠❛❣❡s
✜♥❛❧❡s ❛ été ♠❡♥é❡ à ❜✐❡♥ ♣❛r ❈❤r✐s ❲✐❧❧♦tt✳ ❏❡ ♠❡ s✉✐s ❝❤❛r❣é ❞❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❡t ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✉ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞✬✐♠❛❣❡ ❡t ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts✱ ❞ét❛✐❧❧é ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳ ❙❡✉❧❡ ❧❛ ♣❛rt✐❡ ✜♥❛❧❡ ❞✬❛♥❛❧②s❡ ✈✐s✉❡❧❧❡ ❞❡s ❝❛♥❞✐❞❛ts ❡st ❝♦♥tr♦❧é❡ sé✲
♣❛ré♠❡♥t ♣❛r ❝❤❛❝✉♥❡ ❞❡s éq✉✐♣❡s ❛✜♥ ❞❡ ❧✐♠✐t❡r ❛✉ ♠❛①✐♠✐✉♠ ❧❡ ❝❛r❛❝tèr❡ s✉❜❥❡❝t✐❢ ❞✬✉♥❡
t❡❧❧❡ sé❧❡❝t✐♦♥✳
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✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❋✐❣✳ ✷✳✹✿ ❉✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲❝♦✉❧❡✉r ❡♥ z′ − J ❡t i′ − z′ à ♣❛rt✐r ❞❡s ❝♦✉❧❡✉rs s✐♠✉❧é❡s ❞❡
♥❛✐♥❡s ❜r✉♥❡s ❡t ❞❡ q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✳ ❈❡s ❝♦✉❧❡✉rs s②♥t❤é✲
t✐q✉❡s s♦♥t ❝❛❧❝✉❧é❡s ♣♦✉r ❧❡ s②stè♠❡ ♣❤♦t♦♠étr✐q✉❡ ❞❡ ▼❡❣❛❝❛♠ ❡t ♣♦✉r ❧❡ ✜❧tr❡
Jshort ❞❡ ❙❖❋■ s✉r ❧❡ ◆❚❚✳ ▲❡s ❝♦✉r❜❡s ♥♦✐r❡s r❡♣rés❡♥t❡♥t ❧❛ ♠♦②❡♥♥❡ ❞❡s ♥❛✐♥❡s
❜r✉♥❡s ✭❡♥ ♣♦✐♥t✐❧❧és✮ ❡t ❞❡s q✉❛s❛rs✳ ▲❡s ❧✐❣♥❡s ❣r✐sé❡s ♠❛rq✉❡♥t ❧✬é✈♦❧✉t✐♦♥ ✐♥✲
❞✐✈✐❞✉❡❧❧❡ ❞❡ q✉❛s❛rs ❧♦rsq✉❡ ❧❡✉r r❡❞s❤✐❢t ✈❛r✐❡ ❞❡ ✺✳✺ à ✻✳✼ ✭❲✐❧❧♦tt ❡t ❛❧✳ ✷✵✵✺✮✳
◆♦tr❡ ❝r✐tèr❡ ❞❡ ❞ét❡❝t✐♦♥ à i′ − z′❂✶✳✼ ❡st ✐♥❞✐q✉é ♣❛r ✉♥❡ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡✱ t❛♥❞✐s
q✉❡ ❧❡ ❞♦♠❛✐♥❡ ❞❡ sé❧❡❝t✐♦♥ ❞❡s q✉❛s❛rs ❡st ♣ré❝✐sé ❞❛♥s ❧❡ ❝♦✐♥ ✐♥❢ér✐❡✉r ❞r♦✐t✳

✷✳✻✳✷ ◗✉❡❧q✉❡s ✐♥❞✐❝❡s s✉r ❧❛ s❝✐❡♥❝❡ ❛ss♦❝✐é❡

❚♦✉t ❞✬❛❜♦r❞✱ ❥✉st❡ ♣♦✉r ♣♦s❡r ❧❡s ❝❤♦s❡s✱ ❥❡ t✐❡♥s à ♣ré❝✐s❡r q✉❡ ♠❛❧❣ré ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥
t♦✉t à ❢❛✐t ❛✉t❤❡♥t✐q✉❡ ❞❛♥s ❧❡ tr❛✈❛✐❧ q✉✐ ❛ ♠❡♥é à ❞❡s ❛rt✐❝❧❡s s✉r ❧❡s q✉❛s❛rs ❞♦♥t ❥❡ s✉✐s ❝♦✲
❛✉t❡✉r ✭❲✐❧❧♦tt ❡t ❛❧✳ ✷✵✵✼✱ ✷✵✵✺✮✱ ❥❡ ♥✬❛✐ q✉❡ très ♣❡✉ ♣❛rt✐❝✐♣é à ❧✬❡①♣❧♦✐t❛t✐♦♥ s❝✐❡♥t✐✜q✉❡
❞❡ s❡s rés✉❧t❛ts✳ ▼❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞✉ ❞♦♠❛✐♥❡ r❡st❡ s✉♣❡r✜❝✐❡❧❧❡ ❡t ❥❡ ♠❡ ❝♦♥t❡♥t❡ ❞♦♥❝
❞✬❡①♣❧✐❝✐t❡r ❝✐ ❞❡ss♦✉s q✉❡❧q✉❡s ♣r✐♥❝✐♣❡s ❞❡ ❜❛s❡ ❞❡ ❝❡tt❡ s❝✐❡♥❝❡✳
▲❡s q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡ s♦♥t ❞❡s ♥♦②❛✉① ❛❝t✐❢s ❞❡ ❣❛❧❛①✐❡s ♣r✐♠♦r✲

❞✐❛❧❡s✱ ❞❡s tr♦✉s ♥♦✐rs s✉♣❡r♠❛ss✐❢s ❡♥t♦✉rés ❞✬✉♥ ❞✐sq✉❡ ❞✬❛❝❝rét✐♦♥ é❝❤❛✉✛é é♠❡tt❛♥t ♣❛r
❞✐✛ér❡♥ts ♣r♦❝❡ss✉s t♦✉t❡ ✉♥❡ ❣❛♠♠❡ ❞❡ r❛②♦♥♥❡♠❡♥ts très é♥❡r❣ét✐q✉❡s✳ ▲❡ ✧❣r❛♥❞ ❞é✲

❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡✧ ❛✉q✉❡❧ ❥❡ ❢❛✐s ré❢ér❡♥❝❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ❢❛❝t❡✉r ❉♦♣♣❧❡r ③❃✺✳✽✱ ❝❡
q✉✐ s✐❣♥✐✜❡ q✉❡ ♥♦✉s ♣❛r❧♦♥s ✐❝✐ ❞✬♦❜❥❡ts q✉✐ ❡①✐st❛✐❡♥t q✉❛♥❞ ❧✬✉♥✐✈❡rs ♥✬❛✈❛✐t q✉❡ q✉❡❧q✉❡s
❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ à ✉♥❡ é♣♦q✉❡ ♣❛rt✐❝✉❧✐èr❡ ❞✐t ❞❡ ❧❛ ✧ré✐♦♥✐s❛t✐♦♥✧✳
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✷✳✼ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡ ❈❋❇❉❙ ❡t ✉♥ r❡❧❡✈é ❛✉① ❛♠❜✐t✐♦♥s ❝♦♠♣❛r❛❜❧❡s ✿ ❯❑■❉❙❙

❈❡s q✉❛s❛rs q✉✐ s❡ ❞é❣✉✐s❡♥t ❡♥ ♥❛✐♥❡s ❜r✉♥❡s

❈✬❡st ❧❡✉r ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡ q✉✐ ❞♦♥♥❡ à ❝❡s q✉❛s❛rs ✉♥❡ ❝♦✉❧❡✉r i′ − z′ ❞❡ ♥❛✐♥❡
❜r✉♥❡✳ ❊♥ ❡✛❡t✱ ❧❡✉r r❛✐❡ ❞✬❡♠✐ss✐♦♥ ▲②♠❛♥ α✱ s♦✉✈❡♥t très ✐♥t❡♥s❡✱ ❡st ❞é❝❛❧é❡ ❞❡♣✉✐s ❧✬❯❱
❥✉sq✉❡ ❞❛♥s ❧❛ ❜❛♥❞❡ z′✱ ❡♥tr❡ ✵✳✽✺ ❡t ✵✳✾✵ µm✱ ❝❢ ✜❣✷✳✺✳ ▲❡s ♠ê♠❡s r❛✐❡s ❞❡ ▲②♠❛♥✱ ❡♥
❛❜s♦r♣t✐♦♥ ♣❛r ❧❡ ❣❛③ ✐♥t❡r❣❛❧❛❝t✐q✉❡ s✐t✉é ❡♥tr❡ ❧❡ q✉❛s❛r ❡t ♥♦✉s✱ ❞♦♥❝ ♠♦✐♥s ❞é❝❛❧é❡s✱
é❧✐♠✐♥❡♥t ❧✬❡ss❡♥t✐❡❧ ❞✉ ✢✉① ❞✉ q✉❛s❛r ❡♥ ❜❛♥❞❡ i′✳ ❇❡❛✉❝♦✉♣ ❞❡ ✢✉① ❡♥ z′✱ ♣❡✉ ❞❡ ✢✉① ❡♥
i′ ✿ ❧❡✉r ❝♦✉❧❡✉r i′ − z′ ❡st r♦✉❣❡✱ ❡①❛❝t❡♠❡♥t ❝♦♠♠❡ ❝❡❧❧❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✦ ▲❛ ✜❣✉r❡ ✷✳✹
✐❧❧✉str❡ ❝❡tt❡ s✐♠✐❧❛r✐té ❡t ♠♦♥tr❡ ❛✉ss✐ q✉✬✐❧ s✉✣t ❞✬♦❜s❡r✈❛t✐♦♥s ❡♥ ❜❛♥❞❡ J ♣♦✉r ❞✐st✐♥❣✉❡r
❝❡s ❞❡✉① t②♣❡s ❞✬♦❜❥❡ts très ❞✐✛ér❡♥ts✳ ▲❡✉r s♣❡❝tr❡ ♣r♦❝❤❡ ✐♥❢r❛r♦✉❣❡ ❡st ❛✉ss✐ très ❞✐st✐♥❝t✱
❡①❝❧✉❛♥t t♦✉t❡ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♥❢✉s✐♦♥✱ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✷✳✺

▲✬✐♥térêt ♣r✐♥❝✐♣❛❧ ❞❡ ❧✬ét✉❞❡ ❞❡ ❝❡s q✉❛s❛rs rés✐❞❡ ❞❛♥s ❧❡ rô❧❡ q✉✬✐❧s ❥♦✉❡♥t ❞❛♥s ✉♥❡
é♥✐❣♠❡ ❝♦s♠♦❧♦❣✐q✉❡✳ ❊♥ ❡✛❡t✱ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ ✾✾✪ ❞❡ ❧❛ ♠❛t✐èr❡ ❜❛r②♦♥✐q✉❡ ❞❡ ❧✬✉♥✐✈❡rs
❡st s♦✉s ❢♦r♠❡ ✐♦♥✐sé❡✳ ❉❡s ♦❜s❡r✈❛t✐♦♥s ♠♦♥tr❡♥t q✉❡ ❧❛ ♠❛t✐èr❡ ét❛✐t ❞é❥à ❝♦♠♣❧èt❡♠❡♥t
✐♦♥✐sé❡ ❞ès ③❂✻✱ ✭❋❛♥ ❡t ❛❧✳ ✷✵✵✻✮✳ ❖r ❧♦rs ❞❡ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥✱ ✸✽✵✵✵✵ ❛♥s ❛♣rès ❧❡ ❜✐❣ ❜❛♥❣✱
❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧✬✉♥✐✈❡rs ❡st ❞❡s❝❡♥❞✉❡ ❛✉ ❞❡ss♦✉s ❞❡ ✸✵✵✵❑ ❡t ❧❡s é❧❡❝tr♦♥s ❧✐❜r❡s ♦♥t
♣r❡sq✉❡ t♦✉s été ❝❛♣t✉rés ♣❛r ❧❡s ♥♦②❛✉①✱ ❢♦r♠❛♥t ❛✐♥s✐ ❞❡s ❛t♦♠❡s✳ ❈✬❡st à ❝❡ ♠♦♠❡♥t q✉❡
❧❡ r❛②♦♥♥❡♠❡♥t ❢♦ss✐❧❡ ❛ ♣✉ êtr❡ é♠✐s✳ ❈♦♠♠❡♥t ❧✬✉♥✐✈❡rs ❡st ✐❧ ♣❛ssé ❞✬✉♥ t❛✉① ❞✬✐♦♥✐s❛t✐♦♥
q✉❛s✐✲♥✉❧ à ✉♥ t❛✉① q✉❛s✐ t♦t❛❧ ❡♥tr❡ ❝❡s ❞❡✉① é♣♦q✉❡s ❄ ❆✈❡❝ ❧❡s ét♦✐❧❡s ♣r✐♠♦r❞✐❛❧❡s s✉♣❡r
♠❛ss✐✈❡s✱ ❧❡s q✉❛s❛rs ❞❡ ❧✬✉♥✐✈❡rs ♣r✐♠♦r❞✐❛❧ s♦♥t ❧❡s ♣r✐♥❝✐♣❛✉① ❝❛♥❞✐❞❛ts s✉s❝❡♣t✐❜❧❡s
❞✬❛✈♦✐r é♠✐s ❛ss❡③ ❞❡ r❛②♦♥♥❡♠❡♥t ✉❧tr❛✈✐♦❧❡t ♣♦✉r êtr❡ r❡s♣♦♥s❛❜❧❡s ❞✬✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛
ré✐♦♥✐s❛t✐♦♥ ❞❡ ❧✬✉♥✐✈❡rs✳
▲❡ s❡✉❧ ♠♦②❡♥ ❞❡ s❛✈♦✐r s✬✐❧s s♦♥t ❛ss❡③ ♥♦♠❜r❡✉① ♣♦✉r ❝♦♥tr✐❜✉❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t à ❝❡

♣r♦❝❡ss✉s ❡st ❞❡ ❝♦♥tr❛✐♥❞r❡ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡♠❡♥t ❧❡✉r ♥♦♠❜r❡✳ ▲❡s q✉❛s❛rs r❡♣érés ❞❛♥s
♥♦tr❡ s✉r✈❡② s♦♥t ❞♦♥❝ ♦❜s❡r✈és s♣❡❝tr♦s❝♦♣✐q✉❡♠❡♥t ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ♣ré❝✐s❡r ❧❡✉r ♣r♦✲
♣r✐étés ♣❤②s✐q✉❡s ❡t s✉rt♦✉t ❞✬ét❛❜❧✐r ❧❡✉r r❡❞s❤✐❢t ❡①❛❝t✱ à ♣❛rt✐r ❞✉ ❞é❝❛❧❛❣❡ ❞❡ ❧❛ r❛✐❡
▲②♠❛♥ α ❞❡ ❧✬❤②❞r♦❣è♥❡✳ ❯♥❡ ét✉❞❡ st❛t✐st✐q✉❡ ❞✉ ♥♦♠❜r❡ ❞❡ q✉❛s❛rs à ❣r❛♥❞ ❞é❝❛❧❛❣❡
✈❡rs ❧❡ r♦✉❣❡ ♣rés❡♥ts à ❝❤❛q✉❡ r❡❞s❤✐❢t ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❡✉r ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té✱
❡t ❞♦♥❝ ❞❡ s❛✈♦✐r q✉❡❧❧❡ ♣❛rt ❝❡s ♦❜❥❡ts ♣r❡♥♥❡♥t ❞❛♥s ❧❛ ré✐♦♥✐s❛t✐♦♥✳
❉✬❛✉tr❡ ♣❛rt✱ ❧❛ ❧✉♠✐èr❡ q✉✬✐❧s é♠❡tt❡♥t s♦♥❞❡ t♦✉t ❧❡ ♠✐❧✐❡✉ ✐♥t❡r❣❛❧❛❝t✐q✉❡ q✉✐ ❧❡s sé♣❛r❡

❞❡ ❧❛ ❚❡rr❡✳ ▲✬ét✉❞❡ ❞❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥ à ❞✐✛ér❡♥ts ❞é❝❛❧❛❣❡s ✈❡rs ❧❡ r♦✉❣❡✱ ❧❛ ✧❢♦rêt ❞❡
r❛✐❡s ❞❡ ▲②♠❛♥✧✱ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡ ✐♥t❡r✲
❣❛❧❛❝t✐q✉❡ ❞❡♣✉✐s ❧✬é♣♦q✉❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ♣r❡♠✐èr❡s ❣❛❧❛①✐❡s✳

✷✳✼ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡ ❈❋❇❉❙ ❡t ✉♥ r❡❧❡✈é ❛✉①

❛♠❜✐t✐♦♥s ❝♦♠♣❛r❛❜❧❡s ✿ ❯❑■❉❙❙

✷✳✼✳✶ ❱♦❧✉♠❡ s♦♥❞é

❯❑■❉❙❙ ✲♣♦✉r ❯❑■❘❚ ■♥❢r❛r❡❞ ❉❡❡♣ ❙❦② ❙✉r✈❡②✲✱ ❞é❝r✐t ♣❛r ▲❛✇r❡♥❝❡ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❡st
✉♥ r❡❧❡✈é ❞❡ ❧❛ ♠ê♠❡ ❣é♥ér❛t✐♦♥ q✉❡ ❧❡ ❈❋❇❉❙✱ ❡t ❞♦♥t ❧❡s ♦❜❥❡❝t✐❢s ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞❡
♥♦✉✈❡❧❧❡s ♥❛✐♥❡s ❜r✉♥❡s s♦♥t s✐♠✐❧❛✐r❡s✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ ❈❋❇❉❙ q✉✐ ❞ét❡❝t❡ ❧❡s ♦❜❥❡ts
s✉❜st❡❧❧❛✐r❡s ❞❛♥s ❧❡ r♦✉❣❡ ❧♦✐♥t❛✐♥✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉rs ❝♦✉❧❡✉rs i′ − z′✱ ❯❑■❉❙❙ s❡ ❜❛s❡
s✉r ✉♥❡ ❞ét❡❝t✐♦♥ s❡❧♦♥ ❧❡✉rs ❝♦✉❧❡✉rs Y − J ✱ ❞❛♥s ❧✬✐♥❢r❛✲r♦✉❣❡ ♣r♦❝❤❡✳

✹✶



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❋✐❣✳ ✷✳✺✿ ❯♥ s♣❡❝tr❡ ❞❛♥s ❧❡ r♦✉❣❡ ❧♦✐♥t❛✐♥ ❞❡ q✉❛s❛r à ❣r❛♥❞ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡ ✭❞✬❛♣rès
❲✐❧❧♦tt ❡t ❛❧✳ ✷✵✵✼✮ ❡t ❞❡s s♣❡❝tr❡s ❞❡ ♥❛✐♥❡s ❚ ❛✉① ♠ê♠❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳
✭❞✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✸❜✮✳ ▲❡ q✉❛s❛r ♣rés❡♥té ✐❝✐ ❛ été ❞é❝♦✉✈❡rt ♣❛r ❧❡
❈❋◗❙✱ ❧❛ ❝♦♠♣♦s❛♥t❡ q✉❛s❛r ❞✉ ❈❋❇❉❙✳ ■❧ ❛ ❧❡ ♣❧✉s ❣r❛♥❞ r❡❞s❤✐❢t ❝♦♥♥✉ à ❝❡
❥♦✉r✳

✹✷



✷✳✼ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡ ❈❋❇❉❙ ❡t ✉♥ r❡❧❡✈é ❛✉① ❛♠❜✐t✐♦♥s ❝♦♠♣❛r❛❜❧❡s ✿ ❯❑■❉❙❙

◆♦♠ ❞✉ ▼❛❣♥✐t✉❞❡ ▼❛❣♥✐t✉❞❡ ▼✐❞✲▲ ✿ ❚ ♣ré❝♦❝❡s ✿ ❚ t❛r❞✐✈❡s ✿
❘❡❧❡✈é ❧✐♠✐t❡ ❧✐♠✐t❡ ❧✐♠✐t❡ ❧✐♠✐t❡ ❞❡ ❧✐♠✐t❡ ❞❡

r♦✉❣❡ ❜❧❡✉❡ ❞ét❡❝t✐♦♥ ❞ét❡❝t✐♦♥ ❞ét❡❝t✐♦♥
❈❋❇❉❙✲❘❈❙✷ z′❂✷✷✳✺ i′❂✷✹✳✵ ✶✽✺ ✶✻✵ ✹✺

❯❑■❉❙❙✲▲❆❙✭✷✵✵✽✮ J❂✶✽✳✺ Y ❂✶✾✳✺✺ ✶✶✺ ✶✶✺ ✹✺
❯❑■❉❙❙✲▲❆❙✭✷✵✶✶✮ J❂✶✾✳✷ Y ❂✶✾✳✺✺ ✶✻✵ ✶✻✵ ✻✺

❚❛❜✳ ✷✳✸✿ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❈❋❇❉❙ ❡t ❞❡
❯❑■❉❙❙✳ ▲❛ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ ♠❡♥t✐♦♥♥é❡ ❝♦rr❡s♣♦♥❞ à ✉♥ s✐❣♥❛❧ s✉r ❜r✉✐t ❞❡
✶✵✱ s♦✐t ✶✵✪ ❞❡ ♣ré❝✐s✐♦♥ s✉r ❧❛ ♣❤♦t♦♠étr✐❡✱ ❡♥ ♠❛❣♥✐t✉❞❡s ❆❇ ❡♥ ♦♣t✐q✉❡ ✭i′

❡t z′✮ ❡t ❡♥ ♠❛❣♥✐t✉❞❡s ❱é❣❛ ❡♥ ✐♥❢r❛✲r♦✉❣❡ ✭Y ❡t J✮✳ ▲❡s ❞✐st❛♥❝❡s ❧✐♠✐t❡s ❞❡
❞ét❡❝t✐♦♥s s♦♥t ❡①♣r✐♠é❡s ❡♥ ♣❛rs❡❝s✳ ▲✬✐♠❛❣❡ ✜♥❛❧❡ à J❂✶✾✳✷ ❞❡ ❯❑■❉❙❙ ✉t✐❧✐s❡
❞❡✉① ♦❜s❡r✈❛t✐♦♥s à J❂✶✽✳✺ ❞✉ ♠ê♠❡ ❝❤❛♠♣ à ❞❡✉① é♣♦q✉❡s ❞✐st✐♥❝t❡s✳

▲❛ t❛❜❧❡ ✷✳✸✱ ré❝❛♣✐t✉❧❡ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❝♦♠♣♦s❛♥t❡s ❧❡s ♣❧✉s ✐♠♣♦r✲
t❛♥t❡s ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ❝❡s ❞❡✉① s✉r✈❡②s✱ ❧❡ ❘❈❙✲✷ ♣♦✉r ❧❡ ❈❋❇❉❙ ❡t
❧❡ ▲❛r❣❡ ❆r❡❛ ❙✉r✈❡② ✭▲❆❙✮ ❞❡ ❯❑■❉❙❙✳ ❆ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ s❡✉❧s ✾✵✵◦2✱ s♦✐t ✉♥ q✉❛rt ❞❡
❧❛ s✉r❢❛❝❡ t♦t❛❧❡ ❞✉ ▲❆❙✱ ♦♥t été ♦❜s❡r✈és ❡t ♠✐s à ❧❛ ❞✐s♣♦s✐t✐♦♥ ❞❡ ❧❛ ❝♦♠♠✉♥❛✉té✳ ❈❡tt❡
s✉r❢❛❝❡ ❡st ❞é❥à éq✉✐✈❛❧❡♥t❡ à ❝❡❧❧❡ ❝♦✉✈❡rt❡ ♣❛r ❧❡ ❈❋❇❉❙✱ ♠❛✐s ❧❡ ✈♦❧✉♠❡ ❛❝t✉❡❧❧❡♠❡♥t
s♦♥❞é ♣❛r ❧❡ ▲❆❙ ❡st ♣♦✉rt❛♥t ♥❡tt❡♠❡♥t ♠♦✐♥s ✐♠♣♦rt❛♥t ♣♦✉r ❧❡s ♥❛✐♥❡s ▲ ❡t ❧❡s ♥❛✐♥❡s
❚ ♣ré❝♦❝❡s✳ ▲❛ t❛❜❧❡ ✷✳✹ ♠♦♥tr❡ q✉❡ ❝❡t éq✉✐❧✐❜r❡ ❜❛s❝✉❧❡r❛ ❡♥ ❢❛✈❡✉r ❞❡ ❯❑■❉❙❙ ❧♦rsq✉❡
❝❡ s✉r✈❡② ❛rr✐✈❡r❛ à s♦♥ t❡r♠❡✳ ❯❑■❉❙❙ ❡st ♣❛r ❝♦♥tr❡ ♥❡tt❡♠❡♥t ♣❧✉s s❡♥s✐❜❧❡ ♣♦✉r ❧❡s
♦❜❥❡ts ❧❡s ♣❧✉s t❛r❞✐❢s ❝❛r ❝❡s ♦❜❥❡ts ❡①trê♠❡♠❡♥t r♦✉❣❡s s♦♥t ♣❧✉s ❢❛❝✐❧❡s à ❞ét❡❝t❡r ❞❛♥s
❧✬✐♥❢r❛r♦✉❣❡✳ ❈❡ ❝♦♥st❛t ❞♦✐t êtr❡ t♦✉t❡❢♦✐s ♠♦❞éré ♣❛r ❧❛ ❢❛✐❜❧❡ ♣r♦❢♦♥❞❡✉r ❞❡s ✐♠❛❣❡s ❡♥
❜❛♥❞❡ Y s✉r ❧❛q✉❡❧❧❡ r❡♣♦s❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s✳ ❖♥ ♣❡✉t ✈♦✐r s✉r ❧❛
✜❣✉r❡ ✶✳✻ q✉❡ ❧❛ ❝♦✉❧❡✉r Y − J ❞❡s ♥❛✐♥❡s ▲ ❡t ❚ ✈❛r✐❡ ❡♥tr❡ ✶ ❡t ✷✱ ❛❧♦rs q✉❡ ❧❡s ✐♠❛❣❡s ❡♥
❜❛♥❞❡ Y ❞❡ ❯❑■❉❙❙ s♦♥t s❡✉❧❡♠❡♥t ✶ ♠❛❣♥✐t✉❞❡ ♣❧✉s ♣r♦❢♦♥❞❡✳ ▼ê♠❡ ❡♥ ❛❝❝❡♣t❛♥t ❞❡s
❞ét❡❝t✐♦♥s ❛✈❡❝ ✉♥ ♠♦✐♥s ❜♦♥ s✐❣♥❛❧ s✉r ❜r✉✐t ❞❛♥s ❝❡tt❡ ❜❛♥❞❡✱ ❧✬❡①✐st❡♥❝❡ ❞❡ ♥♦♠❜r❡✉①
❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ❯❑■❉❙❙ ♥❡ r❡♣♦s❡ q✉❡ s✉r ✉♥❡ s❡✉❧❡ ❞ét❡❝t✐♦♥ ❡♥ ❜❛♥❞❡ J ✳
▲✬❛❞❞✐t✐♦♥ ❞✬✉♥❡ ❞❡✉①✐è♠❡ ✐♠❛❣❡ ❡♥ ❜❛♥❞❡ J ✱ q✉✐ ❛✉❣♠❡♥t❡r❛ ❧❡ ✈♦❧✉♠❡ s♦♥❞é ❞❛♥s ❧❡
s✉r✈❡② ✜♥❛❧✱ r❡♥❞r❛ ❝❡ ♣r♦❜❧è♠❡ ❡♥❝♦r❡ ♣❧✉s ❛✐❣✉✳ P♦✉r ❧✐♠✐t❡r ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s
♦❜❥❡ts ♣❧✉s ❜❧❡✉s✱ ✉♥❡ ❞ét❡❝t✐♦♥ ❡♥ ❜❛♥❞❡ Y ❡st ❡♥ ♣r❛t✐q✉❡ ✐♥❞✐s♣❡♥s❛❜❧❡✭✈♦✐r ♣❛r ❡①❡♠♣❧❡
P✐♥✜❡❧❞ ❡t ❛❧✳ ✷✵✵✽✮✱ ❝❡ q✉✐ ❧✐♠✐t❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ✈♦❧✉♠❡ ❡✛❡❝t✐✈❡♠❡♥t s♦♥❞é ✭❈❢ t❛❜❧❡
✷✳✹✮✳
❯♥❡ ♣❛rt✐❡ ❞❡s ♥❛✐♥❡s ▲✱ ❞♦♥t ❧❡s ❝♦✉❧❡✉rs ✐♥❢r❛✲r♦✉❣❡s s♦♥t très r♦✉❣❡s✱ ♣❡✉✈❡♥t êtr❡

sé❧❡❝t✐♦♥♥é❡s ❡♥ ✉t✐❧✐s❛♥t ❧❡✉r ❞ét❡❝t✐♦♥ ❞❛♥s ❧❡s ❜❛♥❞❡s H ❡t K✱ q✉✐ s♦♥t s②sté♠❛t✐q✉❡♠❡♥t
♦❜t❡♥✉❡s ♣❛r ❯❑■❉❙❙✳ ❈❡tt❡ s♦❧✉t✐♦♥ ❛ ❧❡ ❞é❢❛✉t ❞❡ ❢❛✐r❡ ❛♣♣❡❧ à ❞❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥
♠✉❧t✐✲❜❛♥❞❡s ❝♦♠♣❧❡①❡s✳ ❊❧❧❡ ♥✬❡st ♣❛s ♥♦♥ ♣❧✉s ❛♣♣❧✐❝❛❜❧❡ ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s ♥❛✐♥❡s ❚✱
q✉✐ ♥❡ s♦♥t ♣❛s ❛ss❡③ r♦✉❣❡s ♣♦✉r êtr❡ ❞ét❡❝té❡s s✉r ❝❡s ✐♠❛❣❡s ♣❡✉ ♣r♦❢♦♥❞❡s✳ ❘és♦✉❞r❡
❝❡ ♣r♦❜❧è♠❡ ♥é❝❡ss✐t❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ♣♦✉r ♦❜t❡♥✐r ❞❡s ✐♠❛❣❡s
♣r♦❢♦♥❞❡s ❡♥ ❜❛♥❞❡ z′✱ J ❡t H ❞❡s ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és s✉r ❧❡ ▲❆❙ ✭P✐♥✜❡❧❞ ❡t ❛❧✳ ✷✵✵✽✮✳
❊♥ t❡r♠❡ ❞❡ ✈♦❧✉♠❡ ❧❡ ❈❋❇❉❙ ❡st ❛❝t✉❡❧❧❡♠❡♥t ❧❡ r❡❧❡✈é ❧❡ ♣❧✉s ♣❡r❢♦r♠❛♥t ♣♦✉r ❧❛

r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s✳ ■❧ ❡st ❝❡♣❡♥❞❛♥t é✈✐❞❡♥t q✉❡ ❯❑■❉❙❙ ❞é❝♦✉✈r✐r❛ ❜❡❛✉❝♦✉♣
♣❧✉s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s✱ ♥♦t❛♠♠❡♥t ♣❛r♠✐ ❧❡s ♦❜❥❡ts t❛r❞✐❢s✱ ❧♦rsq✉✬✐❧ s❡r❛ ❛❝❤❡✈é ❡♥ ✷✵✶✶ ❡t
❛✉r❛ été ❡♥t✐èr❡♠❡♥t ❝♦♠♣❧été ♣❛r ✉♥ s✉✐✈✐ z′, J, H ❞❡s ♥♦♠❜r❡✉① ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és ❡♥
Y − J ✳

✹✸



✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❘❡❧❡✈é ❙✉r❢❛❝❡ ❱♦❧✉♠❡ r❡❧❛t✐❢ ❱♦❧✉♠❡ r❡❧❛t✐❢ ❱♦❧✉♠❡ r❡❧❛t✐❢
✭◦2✮ ▼✐❞✲▲ ❚ ♣ré❝♦❝❡s ❚ t❛r❞✐✈❡s

❈❋❇❉❙ ✾✵✵ ✶ ✶ ✶
❯❑■❉❙❙✲▲❆❙✭✷✵✵✽✮ ✾✵✵ ✵✳✷✹ ✵✳✸✼ ✶✳✵
❯❑■❉❙❙✲▲❆❙✭✷✵✶✶✮ ✹✵✵✵ ✷✳✾ ✹✳✹ ✶✸✳✹
❯❑■❉❙❙ ❧✐♠✐té ❡♥Y ✹✵✵✵ ✶✳✾ ✷✳✾ ✽✳✽

❚❛❜✳ ✷✳✹✿ ❱♦❧✉♠❡ r❡❧❛t✐❢ ❝♦✉✈❡rt ♣❛r ❧❡ ❈❋❇❉❙ ❡t ♣❛r ❯❑■❉❙❙✳ ▲❛ ❞❡r♥✐èr❡ ❧✐❣♥❡ ♠♦♥tr❡
❧❡ ✈♦❧✉♠❡ ❡①♣❧♦ré ♣❛r ❯❑■❉❙❙ ❧♦rsq✉✬✉♥❡ ❞ét❡❝t✐♦♥ à ✺ s✐❣♠❛s ❡♥ ❜❛♥❞❡ Y ❡st
❡①✐❣é❡✳

✷✳✼✳✷ ❍♦♠♦❣é♥é✐té ❞❡ ❧✬❛♥❛❧②s❡

◆♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t q✉❡ ❧✬✉t✐❧✐té ❞❡s rés✉❧t❛ts ♣❤♦t♦♠étr✐q✉❡ à ❞❡s ✜♥s st❛t✐s✲
t✐q✉❡s r❡♣♦s❡ s✉r ✉♥❡ é✈❛❧✉❛t✐♦♥ ✜❛❜❧❡ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡t ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❞❡s ❞♦♥♥é❡s
✉t✐❧✐sé❡s✳ ❈❡tt❡ é✈❛❧✉❛t✐♦♥ ❡st ❞✐✣❝✐❧❡✱ ♠❛✐s ♣♦ss✐❜❧❡✱ ❧♦rsq✉❡ ❧❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ s♦♥t
❤♦♠♦❣è♥❡s ❡t q✉❡ ❧✬❡rr❡✉r s✉r ❧❡s ♠❡s✉r❡s ❡st ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❝♦✉❧❡✉r
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ s♣❡❝tr❛❧✳ ❈✬❡st ❧❡ ❝❛s ♣♦✉r ❧❡ ❈❋❇❉❙ q✉✐ ❢❛✐t ✉♥❡ sé❧❡❝t✐♦♥ ✉♥✐q✉❡♠❡♥t
s✉r ❧❛ ♠❛❣♥✐t✉❞❡ z′ ❡t ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❤♦t♦♠étr✐q✉❡ s✉r ❧❛ ❜❛s❡ ❞❡s s❡✉❧❡s ❝♦✉❧❡✉rs i′−z′

❡t z′ − J ✳ ▲❛ ✜❣✉r❡ ✷✳✹ ♠♦♥tr❡ q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ❝♦✉❧❡✉r i′ − z′ ❡st très ❜♦♥♥❡✱ ❛✈❡❝
♣rès ❞❡ ✶✳✺ ♠❛❣♥✐t✉❞❡s ❡♥tr❡ ❧❡s ♥❛✐♥❡s ▲ ♣ré❝♦❝❡s ❡t ❧❡s ❚ ♣ré❝♦❝❡s✳ ❙✉r ❧❡ ❞♦♠❛✐♥❡ ❞❡s
♥❛✐♥❡s ❚✱ ♦ù ❧❛ ❝♦rré❧❛t✐♦♥ ❞❡ ❧❛ ❝♦✉❧❡✉r i′− z′ ❛✈❡❝ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❞❡✈✐❡♥t ♠❛✉✈❛✐s❡✱ ❝✬❡st
❧❛ ❝♦✉❧❡✉r z′ − J q✉✐ ❞❡✈✐❡♥t ❞✐s❝r✐♠✐♥❛♥t❡ ❛✈❡❝ ✉♥❡ ❞②♥❛♠✐q✉❡ ❞❡ ♣❧✉s ❞❡ ✉♥❡ ♠❛❣♥✐t✉❞❡
❡♥tr❡ ❚✵ ❡t ❚✽✳ ❖♥ ✈❡rr❛ ♣❛r ❝♦♥tr❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹ q✉❡ ❧✬é❝❛rt ❞❡ ♣❧✉s ❞❡ ✵✳✻ ♠❛❣♥✐t✉❞❡s
❡♥tr❡ ❧❡ ❧♦❝✉s ❞❡s ♥❛✐♥❡s ▼✽ ❡t ♣❧✉s ♣ré❝♦❝❡s ❡t ♥♦tr❡ ❧✐♠✐t❡ ❞❡ sé❧❡❝t✐♦♥ à i′−z′ > 1.7 ♥✬❡st
♣❛s s✉✣s❛♥t ♣♦✉r ❡♠♣ê❝❤❡r ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ✿ ❝❡s ♦❜❥❡ts ❝♦♥st✐t✉❡♥t ♣❧✉s ❞❡ ✹✵✪ ❞❡ ♥♦s
❝❛♥❞✐❞❛ts ❡t s♦♥t é❧✐♠✐♥és ❧♦rs ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ✳
❈❡ ♣r♦❜❧è♠❡ ❡st ❜✐❡♥ ♣❧✉s ❛✐❣✉ ❞❛♥s ❧❡ ❝❛s ❞❡ ❯❑■❉❙❙ ♣✉✐sq✉❡ ❧✬é❝❛rt ❡♥ ❝♦✉❧❡✉r Y − J

❡♥tr❡ ❧❡ ❧♦❝✉s ❞❡s ♥❛✐♥❡s ▼✽ ❡t ❝❡❧✉✐ ❞❡s ♥❛✐♥❡s ❚ ♥✬❡st q✉❡ ❞❡ ✵✳✸ ♠❛❣♥✐t✉❞❡✳ ❈❡tt❡ très
❢❛✐❜❧❡ ❞②♥❛♠✐q✉❡ ✐♥❞✉✐t ❞❡ ❢♦rts ♣r♦❜❧è♠❡s ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ❙✉r ✹✺ ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❚
✐❞❡♥t✐✜és ♣❛r ❧❡✉r s❡✉❧❡ ❝♦✉❧❡✉r Y − J ❞❛♥s P✐♥✜❡❧❞ ❡t ❛❧✳ ✭✷✵✵✽✮✱ s❡✉❧s ✺ s❡ s♦♥t ré✈é❧és
❡♥ êtr❡ ❡✛❡❝t✐✈❡♠❡♥t✳ ❈❡ t❛✉① ❞❡ ✶✶✪ ❞❡ ✈r❛✐❡s ❞ét❡❝t✐♦♥s ❡st à ❝♦♠♣❛r❡r ❛✈❡❝ ❧❡ t❛✉① ❞❡
♣rès ❞❡ ✺✵✪ ❞❡ ♥❛✐♥❡s ❚ ❝♦♥✜r♠é❡s ♣❛r♠✐ ❧❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❚ ✭i′ − z′ > 2.4✮ ❞ét❡❝tés
❞❛♥s ❧❡ ❈❋❇❉❙✳ ▲❛ ❧✐♠✐t❛t✐♦♥ à ❞❡s ❞ét❡❝t✐♦♥s ♠✉❧t✐✲❜❛♥❞❡s ✲Y, J, H ❡♥ ❣é♥ér❛❧✲ ❡♥ ❡st
✉♥❡ ❝♦♥séq✉❡♥❝❡ ❞✐r❡❝t❡✳
▲❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉r ❝♦✉❧❡✉r Y − J ❡st ♣❛r

❛✐❧❧❡✉rs ✐♠♣♦ss✐❜❧❡ ❝❛r ❝❡tt❡ ❝♦✉❧❡✉r ✈❛r✐❡ ♣❡✉ ❡t q✉✐ ♣❧✉s ❡st ❞❡ ♠❛♥✐èr❡ ♥♦♥✲♠♦♥♦t♦♥❡ ✭❝❢
✜❣✉r❡ ✶✳✻✮✳ ▲❛ ❝♦✉❧❡✉r J − H✱ q✉✐ ❞❡♠❛♥❞❡ ❡♥ ❣é♥ér❛❧ ✉♥ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡✱ ❡st ♣❡✉
❞✐s❝r✐♠✐♥❛♥t❡✱ ♠❛❧❣ré ✉♥❡ ❞②♥❛♠✐q✉❡ ❞❡ ✶✳✺ ♠❛❣♥✐t✉❞❡s s✉r ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✿
❝❡ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ❡st ❝♦♠♠✉♥ ❛✈❡❝ ❧✬❡ss❡♥t✐❡❧ ❞❡s ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✳
▲❡s ♥❛✐♥❡s ▼✱ q✉✐ s♦♥t ❞❡s ❝♦♥t❛♠✐♥❛♥ts ♠❛❥♦r✐t❛✐r❡s ❧♦rs ❞✬✉♥❡ ❞ét❡❝t✐♦♥ ❢♦♥❞é❡ s✉r ❧❛
❝♦✉❧❡✉r Y − J ♦♥t ❛✐♥s✐ ❧❛ ♠ê♠❡ ❝♦✉❧❡✉r J − H q✉❡ ❧❡s ♥❛✐♥❡s ❚✳ ❈❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥
❞❡♠❛♥❞❡ ❞♦♥❝ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦✉❧❡✉rs s✉♣♣❧é♠❡♥t❛✐r❡s✱ ❡♥ ❧✬♦❝❝✉rr❡♥❝❡ z′−J ❡t J−K✳ ❈❡s
❝r✐tèr❡s ♠✉❧t✐✲❝♦✉❧❡✉rs ❝♦♠♣❧❡①❡s r❡♥❞❡♥t très ❞✐✣❝✐❧❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡s rés✉❧❛ts
♣❤♦t♦♠étr✐q✉❡s ❞❡ ❯❑■❉❙❙✳ ❚♦✉t❡ ❛♥❛❧②s❡ ❡♥ ❝❡ s❡♥s✱ ❝♦♠♠❡ ❝❡❧❧❡ ♣rés❡♥té❡ ♣❛r P✐♥✜❡❧❞
❡t ❛❧✳ ✭✷✵✵✽✮ ❞♦✐t ❛❧♦rs ❢❛✐r❡ ❛♣♣❡❧ à ❞❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡

✹✹



✷✳✼ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡ ❈❋❇❉❙ ❡t ✉♥ r❡❧❡✈é ❛✉① ❛♠❜✐t✐♦♥s ❝♦♠♣❛r❛❜❧❡s ✿ ❯❑■❉❙❙

t❡♠♣s ❞❡ té❧❡s❝♦♣❡ ❞✐s♣♦♥✐❜❧❡ ❧✐♠✐t❡ ♥é❝❡ss❛✐r❡♠❡♥t ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❝♦♥s✐❞éré✳
❉✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ t❛✐❧❧❡ ❡t ❞❡ ❧❛ q✉❛❧✐té ❞❡s é❝❤❛♥t✐❧❧♦♥s st❛t✐st✐q✉❡s✱ ✐❧ ❡st ❞♦♥❝

♣r♦❜❛❜❧❡ q✉❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ r❡❧❡✈é ❯❑■❉❙❙ ❝♦♠♣❧❡t ❡♥ ✷✵✶✶ r❡st❡r❛ ❢❛✈♦r❛❜❧❡
❛✉ ❈❋❇❉❙✳ ❯♥❡ ❡①❝❡♣t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❝♦♥❝❡r♥❡ s❛♥s ❞♦✉t❡ ❧❛ st❛t✐st✐q✉❡ ❞❡s ♥❛✐♥❡s ❚
très t❛r❞✐✈❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡ ✈♦❧✉♠❡ s✉♣♣❧é♠❡♥t❛✐r❡ s♦♥❞é ♣❛r ❯❑■❉❙❙ ❡st ✉♥ ❛t♦✉t
❞é❝✐s✐❢✱ t❛♥❞✐s q✉❡ ❧❛ ❞✐✣❝✉❧té ♣♦✉r ♦❜t❡♥✐r ❞✉ t❡♠♣s ❞❡ té❧❡s❝♦♣❡ ♣♦✉r ❞❡s ♦❜s❡r✈❛t✐♦♥s
s♣❡❝tr♦s❝♦♣✐q✉❡s ❞❡ t❡❧s ♦❜❥❡ts ❡st ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛♠♦✐♥❞r✐❡✳
▲❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ✐♥❢r❛✲r♦✉❣❡s ❞❡ ❯❑■❉❙❙ ❡t ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ♣r♦❢♦♥❞❡s

❞❛♥s ❧❡ r♦✉❣❡ ❧♦✐♥t❛✐♥ ✐ss✉❡s ❞✉ ❈❋❇❉❙ s❡r❛✐t ❡①trê♠❡♠❡♥t ♣r♦✜t❛❜❧❡ ♠❛✐s ❡❧❧❡ ❡st r❡♥❞✉❡
♣❡✉ s✐❣♥✐✜❝❛t✐✈❡ ♣❛r ❧❡ ❢❛✐❜❧❡ r❡❝♦✉✈r❡♠❡♥t ❞❡s ③♦♥❡s ♦❜s❡r✈é❡s✳ ❏✬❛✐ ♦❜t❡♥✉ ❡♥ t❛♥t q✉❡ P■
❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ✶✽✵◦2 ❞❡s ❝❤❛♠♣s ❞✉ ❈❋❇❉❙ ❡♥ ❜❛♥❞❡ J ✱ ❛✈❡❝ ❲✐r❝❛♠✱ s✉r ❧❡ ❈❋❍❚✳ ❈❡s
❞♦♥♥é❡s ✲❡♥ ❝♦✉rs ❞✬❛♥❛❧②s❡✲✱ ❝♦♠❜✐♥é❡s ❛✉① ✐♠❛❣❡s z′ ❞✉ ❈❋❇❉❙✱ s❡r♦♥t à s✉r❢❛❝❡ é❣❛❧❡
❡♥❝♦r❡ ♣❧✉s ♣ré❝✐❡✉s❡s ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✉❧tr❛✲❢r♦✐❞❡s q✉❡ ❝❡❧❧❡s ❞❡ ❯❑■❉❙❙
♦✉ ❞✉ ❈❋❇❉❙✳
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✷ ▲❡ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✹✻



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛

❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✸✳✶ P❡r❢♦r♠❛♥❝❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡

✸✳✶✳✶ ▲❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙

▲❡s ✐♠❛❣❡s ❞✉ ❈❋❍❚▲❙✲❉❡❡♣✱ ❈❋❍❚▲❙✲❲✐❞❡ ❡t ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ s♦♥t t♦✉t❡s ❞❡s
✐♠❛❣❡s ❞❡ 21400①21400 ♣✐①❡❧s ❝♦✉✈r❛♥t ✉♥ ❝❤❛♠♣ ❞❡ 1◦① 1◦❡♥✈✐r♦♥✳ ❈♦♠♠❡ ♣♦✉r t♦✉t❡s
❧❡s ✐♠❛❣❡s ❈❋❍❚▲❙✱ ❧❛ ré❞✉❝t✐♦♥ ❞❡s ✐♠❛❣❡s ❡st ré❛❧✐sé❡ ♣❛r ❚❡r❛♣✐① à P❛r✐s ✭❇❡rt✐♥ ❡t ❛❧✳
✷✵✵✷✮✱ ❛♣rès ✉♥ ♣ré✲tr❛✐t❡♠❡♥t ❛✉ ❈❋❍❚✳ ▲❡s ✐♠❛❣❡s ❞✉ ❘❈❙✷ ❡t ♥♦s ❞♦♥♥é❡s ❝♦♠♣❧é♠❡♥✲
t❛✐r❡s ❛✉ ❱❡r② ❲✐❞❡ ✭❧❡s ✐♠❛❣❡s i′ ♦❜t❡♥✉❡s ❡♥ ♣r♦❣r❛♠♠❡ P■✮ s♦♥t ré❞✉✐t❡s ♣❛r ❈✳❲✐❧❧♦tt
❛✉ ❈❛♥❛❞❛✳ ▲✬❛str♦♠étr✐❡ ❞❡s ✐♠❛❣❡s ❡st ❝❛❧é❡ s✉r ❧❡ ❝❛t❛❧♦❣✉❡ ❞❡ ré❢ér❡♥❝❡ ❯❙◆❖✲❇ ✭▼♦♥❡t
✶✾✾✻✮✳
▲❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❝♦rr❡❝t✐♦♥ ❛str♦♠étr✐q✉❡ ✉t✐❧✐s❡ s❝❛♠♣ ❞é✈❡❧♦♣♣é ♣❛r ❇❡rt✐♥ ✭✷✵✵✻✮✱ q✉✐

✉t✐❧✐s❡ ✉♥❡ r♦✉t✐♥❡ ❞✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♠♦t✐❢ ✭✧♣❛tt❡r♥ ♠❛t❝❤✐♥❣✧✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❡st ❞❡ ❝♦♥✲
str✉✐r❡ ♣♦✉r ❧✬✐♠❛❣❡ ❞❡ ré❢ér❡♥❝❡ ❡t ♣♦✉r ❧✬✐♠❛❣❡ à ❝♦rr✐❣❡r ✉♥ ❤✐st♦❣r❛♠♠❡ ❜✐✲❞✐♠❡♥s✐♦♥♥❡❧
r❡❝❡♥s❛♥t ❧❛ ❞✐st❛♥❝❡ ❡t ❧✬❛♥❣❧❡ sé♣❛r❛♥t ❝❤❛q✉❡ ♣❛✐r❡ ❞❡ s♦✉r❝❡s à ❤❛✉t s✐❣♥❛❧ s✉r ❜r✉✐t✳ ❯♥❡
r♦✉t✐♥❡ ❞❡ ❝♦rré❧❛t✐♦♥ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡ ❋♦✉r✐❡r ♣❡r♠❡t ❛❧♦rs ❞✬✐❞❡♥t✐✜❡r ❧❡s ♠♦t✐❢s ❝♦♠♠✉♥s
❛✉① ❞❡✉① ✐♠❛❣❡s à ♣❛rt✐r ❞❡ ❝❡t ❤✐st♦❣r❛♠♠❡ ❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❛ s♦❧✉t✐♦♥ ❛str♦♠étr✐q✉❡✳
▲❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❞✐st♦rs✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❧✬♦♣t✐q✉❡ ❡st ❡✛❡❝t✉é ❧♦rs ❞❡ ❝❡tt❡ ét❛♣❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥
❛str♦♠étr✐q✉❡✳ ▲♦rsq✉❡ ♣❧✉s✐❡✉rs ✐♠❛❣❡s ❞✉ ♠ê♠❡ ❝❤❛♠♣ s♦♥t ❞✐s♣♦♥✐❜❧❡s ❛✈❡❝ ✉♥ ♠ê♠❡
✜❧tr❡ ✭❝❡ q✉✐ ❡st ❧❡ ❝❛s ♣♦✉r t♦✉t❡s ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✱ s❛✉❢ ❝❡❧❧❡s ✐ss✉❡s ❞✉ ❘❈❙✲✷✮✱ ✉♥❡
s♦❧✉t✐♦♥ ❛str♦♠étr✐q✉❡ ❝♦♠♠✉♥❡ ❡st ❞ér✐✈é❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❡♥s✉✐t❡ ❞❡ ❧❡s ❝♦❛❞❞✐t✐♦♥♥❡r✳
▲❡s ✐♠❛❣❡s ❞❛♥s ❧❡s ❞✐✛ér❡♥ts ✜❧tr❡s s♦♥t ❛❧♦rs réé❝❤❛♥t✐❧❧♦♥♥é❡s ♣♦✉r êtr❡ ❛❧✐❣♥é❡s ♣✐①❡❧

à ♣✐①❡❧ ❡♥ ✉t✐❧✐s❛♥t ❙✇❛r♣ ❞é✈❡❧♦♣♣é ♣❛r ❇❡rt✐♥ ❡t ❛❧✳ ✭✷✵✵✷✮✳ ▲❛ ❝❛❧✐❜r❛t✐♦♥ ♣❤♦t♦♠étr✐q✉❡
✉t✐❧✐s❡ ❞❡s ét♦✐❧❡s ❞❡ ré❢ér❡♥❝❡ ♣♦✉r ❞ét❡r♠✐♥❡r ✉♥ ♣♦✐♥t ③ér♦ ❞ét❡❝t❡✉r ♣❛r ❞ét❡❝t❡✉r ✭▼❡❣❛✲
❝❛♠ ♣♦ssè❞❡ ✸✻ ❞ét❡❝t❡✉rs ✦✮✳ ❉❛♥s ❧❡ ❝❛s ♦ù ♣❧✉s✐❡✉rs ✐♠❛❣❡s ❞✬✉♥ ♠ê♠❡ ❝❤❛♠♣ ♦❜t❡♥✉❡s
❞❛♥s ❧❛ ♠ê♠❡ ❜❛♥❞❡ s♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ❡❧❧❡s s♦♥t ❝♦✲❛❞❞✐t♦♥♥é❡s ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ✐♠❛❣❡
✜♥❛❧❡ ❝♦♥t❡♥❛♥t ❧✬✐♥❢♦r♠❛t✐♦♥ ❛ss♦❝✐é❡ à ❧❛ s♦♠♠❡ ❞❡s t❡♠♣s ❞❡ ♣♦s❡ ❞❡s ✐♠❛❣❡s ✐♥❞✐✈✐❞✉✲
❡❧❧❡s✳ ❆ ❝❡tt❡ ét❛♣❡ ✉♥ ✜❧tr❡ ♠é❞✐❛♥ ❡st ❛♣♣❧✐q✉é ♣♦✉r é❧✐♠✐♥❡r ❧❡s ♠❛✉✈❛✐s ♣✐①❡❧s ❡t ❧❡s
♦❜❥❡ts ♠♦❜✐❧❡s ❝♦♠♠❡ ❧❡s ❛stér♦ï❞❡s ♦✉ ❧❡s s❛t❡❧❧✐t❡s ❛rt✐✜❝✐❡❧s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✐♠✲
❛❣❡s ❞✉ ❘❈❙✲✷✱ ❝❡ ✜❧tr❡ ♥❡ ♣❡✉t ♣❛s êtr❡ ❛♣♣❧✐q✉é ♣✉✐sq✉✬♦♥ ♥❡ ❞✐s♣♦s❡ q✉❡ ❞✬✉♥❡ ✐♠❛❣❡
♣❛r ❝❤❛♠♣✱ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ s❡♥s✐❜❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✳

❆✉ ❝♦✉rs ❞❡ ❧❡✉r ré❞✉❝t✐♦♥✱ t♦✉t❡s ❝❡s ✐♠❛❣❡s s♦♥t réé❝❤❛♥t✐❧❧♦♥♥é❡s✱ ❡♥ ❣é♥ér❛❧ ❧♦rs ❞❡
❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❛str♦♠étr✐q✉❡✳ ❈❡tt❡ ét❛♣❡ ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t
❝r✉❝✐❛❧❡ ♣♦✉r ❧❡s ✐♠❛❣❡s ❞❡ ▼❡❣❛❝❛♠ q✉✐ s♦♥t ❧❛ ❜❛s❡ ❞✉ ❈❋❇❉❙✱ ❡t ❡❧❧❡ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r
❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❧❛ ♣❧✉♣❛rt ❞❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ✉t✐❧✐sé❡s ❡♥ ❛str♦♥♦♠✐❡✳ ▲❡ réé❝❤❛♥t✐❧❧♦♥✲
❛❣❡ ❝♦rrè❧❡ ❧❡s ✈❛❧❡✉rs ❞❡s ♣✐①❡❧s ❛❞❥❛❝❡♥ts ❡t ❡st éq✉✐✈❛❧❡♥t à ✉♥ ❧✐ss❛❣❡✱ s❛✉❢ s✐ ❧❡ ❞é❝❛❧❛❣❡
✐♥tr♦❞✉✐t ❡st ✉♥ ♥♦♠❜r❡ ❡♥t✐❡r ❞❡ ♣✐①❡❧s ✭❇❡rt✐♥ ❡t ❛❧✳ ✷✵✵✷✮✳ ▲❛ ❝♦♥séq✉❡♥❝❡ ❞✐r❡❝t❡ ❡st q✉❡
❧✬é❝❛rt t②♣❡ ❞✉ ❜r✉✐t ❞✐♠✐♥✉❡✱ ♣✉✐sq✉❡ ❧❡ ❜r✉✐t ❡st ♠♦②❡♥♥é ❡♥tr❡ ♣✐①❡❧s ❛❞❥❛❝❡♥ts ❡t q✉❡

✹✼



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❧❡ ♥♦♠❜r❡ ❡✛❡❝t✐❢ ❞❡ ♣✐①❡❧s ✐♥❞é♣❡♥❞❛♥ts ❞✐♠✐♥✉❡✳ ▲✬❛♥❛❧②s❡ ❞✬✐♠❛❣❡ réé❝❤❛♥t✐❧❧♦♥♥é❡ s♦✉s
❡st✐♠❡ ❞♦♥❝ s②sté♠❛t✐q✉❡♠❡♥t ❧❡ ❜r✉✐t s✉r t♦✉t❡s ❧❡s ♠❡s✉r❡s✳ ▲✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥
❞✉ ❜r✉✐t ✈❛r✐❡ ♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣♦✉r ❝❤❛q✉❡ ✐♠❛❣❡ ♣✉✐sq✉✬❡❧❧❡ ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡s ❞é❝❛❧❛❣❡s ❡♥ ♣✐①❡❧s ❡♥❣❡♥❞rés ♣❛r ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❛str♦♠étr✐q✉❡✳ ◗✉❛♥❞ ❧❛ ❞✐st♦rs✐♦♥ ❡st
❝♦rr✐❣é❡✱ ❧❡ ❢❛❝t❡✉r ❞❡ s♦✉s ❡st✐♠❛t✐♦♥ ❞✉ ❜r✉✐t ❡st ✈❛r✐❛❜❧❡ à ❧✬✐♥tér✐❡✉r ❞✬✉♥❡ s❡✉❧❡ ✐♠❛❣❡✱
♣✉✐sq✉❡ ❧❡ ❞é❝❛❧❛❣❡ ✈❛r✐❡ ❞❛♥s ❧❡ ❝❤❛♠♣✳ ◗✉❛❧✐t❛t✐✈❡♠❡♥t✱ ❝❡ ❢❛❝t❡✉r ❡st ♠❛①✐♠❛❧ ♣♦✉r ✉♥
❞é❝❛❧❛❣❡ ❞✬✉♥ ♥♦♠❜r❡ ❞❡♠✐ ❡♥t✐❡r ❞❡ ♣✐①❡❧s✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❣r♦ss✐èr❡♠❡♥t à ♠♦②❡♥♥❡r
❧❡s ♣✐①❡❧s ❛❞❥❛❝❡♥ts ✹ à ✹✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ❜r✉✐t ❡st ❛rt✐✜❝✐❡❧❧❡♠❡♥t ❞✐✈✐sé ♣❛r ✷✳ ◗✉❛♥❞ ❧❡
❞é❝❛❧❛❣❡ ❡st ✉♥ ♥♦♠❜r❡ ❡♥t✐❡r ❞❡ ♣✐①❡❧s✱ ❧❡ ❜r✉✐t ♥✬❡st ♣❛s ❛✛❡❝té✳ ❊♥ ♠♦②❡♥♥❡✱ ❧❡ ❢❛❝t❡✉r
❞❡ ❝♦rr❡❝t✐♦♥ à ❛♣♣❧✐q✉❡r ♣♦✉r r❡tr♦✉✈❡r ❧❡ ❜r✉✐t ré❡❧ ❞❡s ✐♠❛❣❡s t♦✉r♥❡ ❛✉t♦✉r ❞❡ ✶✳✺✳ ◆♦✉s
❛✈♦♥s ❝❤♦✐s✐ ❞✬❡♥ t❡♥✐r ❝♦♠♣t❡ ♣♦✉r ❧❛ st❛t✐st✐q✉❡ ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♠❛✐s ❞❡ ❧✬✐❣♥♦r❡r
❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥ ✐♥❞✐✈✐❞✉❡❧❧❡ ❞❡s ❝❛♥❞✐❞❛ts✱ ♣❛r s♦✉❝✐ ❞❡ s✐♠♣❧✐❝✐té✳ ▲❛ ❢❛ç♦♥ ❞♦♥t ❧❛
❝♦rré❧❛t✐♦♥ ❞✉ ❜r✉✐t ❡♥tr❡ ❧❡s ♣✐①❡❧s ❡st ❝♦rr✐❣é❡ ❡st ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✳

✸✳✶✳✷ ❈♦♥tr❛✐♥t❡s s✉r ❧❛ ✜❛❜✐❧✐té ❡t ❧✬❡①❤❛✉st✐✈✐té ❞❡s ❞ét❡❝t✐♦♥s

❚❡r❛♣✐① r❡♥❞ ♣✉❜❧✐❝ ❞❡s ❝❛t❛❧♦❣✉❡s ❞✬♦❜❥❡ts ❞✉ ❈❋❍❚▲❙ ♣♦✉r ❝❤❛q✉❡ ✐♠❛❣❡ ❞❛♥s ❝❤❛q✉❡
✜❧tr❡✱ ♠❛✐s ❝❡s ❝❛t❛❧♦❣✉❡s s♦♥t ❣é♥ér❛❧✐st❡s ❡t ♥❡ s♦♥t ♣❛s ♦♣t✐♠✐sés ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡
❞✬♦❜❥❡ts r♦✉❣❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞é✈❡❧♦♣♣é ❞❡s ♣r♦❝é❞✉r❡s ❞✬❡①tr❛❝t✐♦♥ ❛❞❛♣té❡s à ❧❛
r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s✱ ❛✈❡❝ ❞❡s rés✉❧t❛ts ♣❤♦t♦♠étr✐q✉❡s ♦♣t✐♠✐sés ♣♦✉r ❧❡s s♦✉r❝❡s
♣♦♥❝t✉❡❧❧❡s✳ P✉✐sq✉❡ ♥♦s ♦❜❥❡ts s♦♥t très r♦✉❣❡s✱ ❧❡s ♣❧✉s ✐♥tér❡ss❛♥ts ❞✬❡♥tr❡ ❡✉① s♦♥t
❞ét❡❝tés ✉♥✐q✉❡♠❡♥t ❡♥ z′ ❡t ♥✬♦♥t ❛✉❝✉♥❡ ❝♦♥tr❡♣❛rt✐❡ ❡♥ i′✳ P♦✉r ✐❞❡♥t✐✜❡r ❡✣❝❛❝❡♠❡♥t
❝❡s ♦❜❥❡ts✱ ✉♥❡ ❛♥❛❧②s❡ ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s ❡st ♥é❝❡ss❛✐r❡✱ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞✬❡✛❡❝t✉❡r ❧❛
♠❡s✉r❡ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ i′ à ❧❛ ♣♦s✐t✐♦♥ ❞❡s s♦✉r❝❡s ❞ét❡❝té❡s ❡♥ ❜❛♥❞❡ z′✳ ❙❡❧♦♥
❧❛ ♣r♦❢♦♥❞❡✉r ❞✉ ❝❤❛♠♣ ❡t ❧❛ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡ ❞❡ ❧✬♦❜s❡r✈❛t✐♦♥✱ ❧❡s ✐♠❛❣❡s s♦♥t ♣❧✉s
♦✉ ♠♦✐♥s ❡♥❝♦♠❜ré❡s✱ ♠❛✐s ❡❧❧❡s ❝♦♠♣t❡♥t ♣❛r❢♦✐s ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞✬♦❜❥❡ts✱
❝♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❛ ✜❣✉r❡ ✸✳✶✳ ■❧ ❢❛✉t ❡①tr❛✐r❡ ❧❛ ♣♦s✐t✐♦♥ ❡t ❧❛ ♣❤♦t♦♠étr✐❡ ❡♥ i′ ❡t ❡♥ z′ ♣♦✉r
❝❤❛❝✉♥❡ ❞❡ ❝❡s s♦✉r❝❡s✳ ❯♥❡ ❛♣♣r♦❝❤❡ ♠❛♥✉❡❧❧❡ ❡st ❜✐❡♥ sûr ✐♠♣❡♥s❛❜❧❡✱ ♠❛✐s ❧✬❛♣♣r♦❝❤❡
❛✉t♦♠❛t✐q✉❡ ❞♦✐t ♥♦♥ s❡✉❧❡♠❡♥t ré♣♦♥❞r❡ à ❞❡s ❡①✐❣❡♥❝❡s ✐♠♣♦rt❛♥t❡s s✉r ❧❛ ♣ré❝✐s✐♦♥ ❡t
❧❛ q✉❛❧✐té ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s✱ ♠❛✐s ❛✉ss✐ ❣ér❡r s✐♠✉❧t❛♥é♠❡♥t ♣❧✉s✐❡✉rs ✐♠❛❣❡s ❞❡ ♣❧✉s
❞❡ ✶✳✺ ●✐❣❛ ♦❝t❡ts ❝❤❛❝✉♥❡✳ ❈❡ ❞❡r♥✐❡r ❝r✐tèr❡ ❡♥tr❛î♥❡ ❧❛ ❞é❢❛✐❧❧❛♥❝❡ ❞❡ ♥♦♠❜r❡✉① ❧♦❣✐❝✐❡❧s
❝❧❛ss✐q✉❡s ❝♦♠♠❡ ■❘❆❋✳

▲✬♦❜❥❡❝t✐❢ ♣r❡♠✐❡r ❡st ❞❡ r❡♣ér❡r q✉❛s✐♠❡♥t t♦✉s ❧❡s ♦❜❥❡ts q✉✐ s❡r❛✐❡♥t ❞ét❡❝tés ♣❛r ✉♥❡
❛♥❛❧②s❡ ♠❛♥✉❡❧❧❡ ❛♣♣r♦❢♦♥❞✐❡ ❞❡s ✐♠❛❣❡s t♦✉t ❡♥ ❧✐♠✐t❛♥t ❛✉ ♠❛①✐♠✉♠ ❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥s
❢❛♥t❛✐s✐st❡s s✉r ❞❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞✉ ❜r✉✐t✱ ❞❡s ❤❛❧♦s ❞✬ét♦✐❧❡s s❛t✉ré❡s ♦✉ ❡♥ ❜♦r❞✉r❡
❞❡ ❝❤❛♠♣✳ ◆♦tr❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❞♦✐t ❞♦♥❝ r❡♣ér❡r ❡✣❝❛❝❡♠❡♥t ✉♥ ♠❛①✐♠✉♠ ❞✬♦❜❥❡ts
ré❡❧s ❡♥ ♠✐♥✐♠✐s❛♥t ❝❡s ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✱ ❛✈❡❝ ✉♥❡ ♣r✐♦r✐té ✐♠♣♦rt❛♥t❡ s✉r ❝❡tt❡ ❞❡r♥✐ér❡
❝♦♥tr❛✐♥t❡✳ ❊♥ ❡✛❡t✱ ❝♦♠♠❡ ♠♦✐♥s ❞✬✉♥ ♦❜❥❡t s✉r ✶✵✵✵✵ ❡st ❡✛❡❝t✐✈❡♠❡♥t ✉♥❡ ♥❛✐♥❡ ❜r✉♥❡✱
✉♥ t❛✉① ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s ❞❡ s❡✉❧❡♠❡♥t ✶✪ ♥♦✐❡r❛✐t ❝❤❛q✉❡ ♥❛✐♥❡ ❜r✉♥❡ ❛✉ ♠✐❧✐❡✉ ❞❡ ♣❧✉s
❞❡ ✶✵✵ ❛rt❡❢❛❝ts✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ ♥é❝❡ss✐té ❞❡ ♣♦✉✈♦✐r ❞ét❡r♠✐♥❡r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥
♣ré❝✐s❡ ♣♦✉r ♦❜t❡♥✐r ✉♥❡ st❛t✐st✐q✉❡ ✜❛❜❧❡ ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♣❛r ❧❡ ❈❋❇❉❙ ♥♦✉s ❝♦♥❞✉✐t
à ❢❛✈♦r✐s❡r ✉♥❡ ❛♥❛❧②s❡ ❤♦♠♦❣è♥❡ ♣♦✉r t♦✉t❡s ❧❡s ✐♠❛❣❡s✳ ❯♥❡ ❛♥❛❧②s❡ ♦♣t✐♠✐sé❡ ♣♦✉r ❝❤❛q✉❡
✐♠❛❣❡ ♣❡r♠❡ttr❛✐t ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❞ét❡❝t❡r q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞✬♦❜❥❡ts s✉♣♣❧é♠❡♥t❛✐r❡s✱
♠❛✐s ♥❡ ré♣♦♥❞ ♣❛s à ❝❡tt❡ ❡①✐❣❡♥❝❡ ❞✬❤♦♠♦❣é♥é✐té✳ ❈❡ ❞❡r♥✐❡r ❝r✐tèr❡ ❡st r❡❧❛①é ❞❛♥s ❧❡
❝❛s ❞❡s ♦❜❥❡ts très r♦✉❣❡s ♣♦✉r ❧❡sq✉❡❧s ❧✬✐♥térêt s❝✐❡♥t✐✜q✉❡ ✐♥❞✐✈✐❞✉❡❧ ❡st très ❢♦rt✳

✹✽



✸✳✶ P❡r❢♦r♠❛♥❝❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡

❋✐❣✳ ✸✳✶✿ P❧✉s ❞❡ ✺✵✵ s♦✉r❝❡s ❛str♦♣❤②s✐q✉❡s s♦♥t ✐❞❡♥t✐✜é❡s s✉r ❝❡tt❡ ❢r❛❝t✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ❞✉
❝❤❛♠♣ ❉✷ ❞✉ ❉❡❡♣ ❡♥ ❜❛♥❞❡ i′✳ ▲❛ ③♦♥❡ ❝♦✉✈❡rt❡ ✐❝✐ r❡♣rés❡♥t❡ ✵✳✶✪ ❞❡ ❧✬✐♠❛❣❡
t♦t❛❧❡✳ ▲❡ ♣❛♥♥❡❛✉ ❞✉ ❜❛s s✉♣❡r♣♦s❡ à ❧✬✐♠❛❣❡ ❧❛ ❝❛rt❡ ❞❡s ❞ét❡❝t✐♦♥s ♣r♦❞✉✐t❡
♣❛r ✉♥❡ ❛♥❛❧②s❡ ❛✈❡❝ ✜t ❞❡ P❙❋ ♠✉❧t✐♣❧❡✳

✸✳✶✳✸ ❆str♦♠étr✐❡ ❡t ♣❤♦t♦♠étr✐❡

▲❡ ❞❡✉①✐è♠❡ ♦❜❥❡❝t✐❢ à ❛tt❡✐♥❞r❡ ❡st ❞✬♦❜t❡♥✐r ✉♥❡ ♣❤♦t♦♠étr✐❡ ♣ré❝✐s❡ ❛✐♥s✐ q✉✬✉♥ ♣♦✲
s✐t✐♦♥♥❡♠❡♥t ❛str♦♠étr✐q✉❡ ♣❡rt✐♥❡♥t ❞❡ ❝❤❛q✉❡ s♦✉r❝❡ ❡①tr❛✐t❡ ❞❡ ❧✬✐♠❛❣❡✱ ❞❛♥s ❝❤❛q✉❡
✜❧tr❡✳ ❈❡❧❛ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ✉♥❡ ❝♦✉❧❡✉r ✜❛❜❧❡ ♣♦✉r t♦✉s ❧❡s ♦❜❥❡ts ❞✉ ❝❤❛♠♣✳ ◆♦✉s
✈♦✉❧♦♥s ♦❜t❡♥✐r ✉♥❡ ♣ré❝✐s✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ♠❡✐❧❧❡✉r❡ q✉❡ ✵✳✶ ♠❛❣♥✐t✉❞❡ ❡♥ ❜❛♥❞❡ z′✱ ❡t
✉♥❡ ♣ré❝✐s✐♦♥ ❛str♦♠étr✐q✉❡ ♠❡✐❧❧❡✉r❡ q✉❡ ✶ ♣✐①❡❧✱ s♦✐t ✵✳✶✽✻

′′

✳ ❈❡s ❝r✐tèr❡s s♦♥t ❡①trê♠❡♠❡♥t
♣❡✉ ❡①✐❣❡❛♥ts ❡t s❡r♦♥t ❧❛r❣❡♠❡♥t s❛t✐s❢❛✐ts ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡ ♥♦s s♦✉r❝❡s✳ ▲❛ ♣ré❝✐s✐♦♥
❛str♦♠étr✐q✉❡ ❛tt❡✐♥t❡ ❡st ❡♥ ❣é♥ér❛❧❡ ♠❡✐❧❧❡✉r❡ q✉❡ q✉❡❧q✉❡s ❞✐①✐è♠❡s ❞❡ ♣✐①❡❧s✱ ♠ê♠❡
♣♦✉r ❞❡s ♦❜❥❡ts ❢❛✐❜❧❡s✳ ❈♦♠♠❡ ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés ♣❛r ❞❡s ♦❜❥❡ts s❛♥s ❝♦♥tr❡♣❛rt✐❡ ❡♥
❜❛♥❞❡ i′✱ ♥♦✉s ♥✬❛✈♦♥s ❛✉❝✉♥❡ ❝♦♥tr❛✐♥t❡ s✉r ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♠❡s✉r❡s ❞❛♥s ❝❡tt❡ ❜❛♥❞❡✳ ▲❛
q✉❛❧✐té ❞❡ ❝❡s rés✉❧t❛ts ❞é♣❡♥❞ ❜✐❡♥ sûr ❞✉ s✐❣♥❛❧ s✉r ❜r✉✐t ❞❡ ❝❤❛q✉❡ ♦❜❥❡t✱ ♠❛✐s ❧❛ ♣❧✉♣❛rt
❞❡s ❧♦❣✐❝✐❡❧s ❞✬❛♥❛❧②s❡ ❡①✐st❛♥ts ♦♥t ❞❡s ♣❡r❢♦r♠❛♥❝❡s t♦✉t à ❢❛✐t ❝♦♥❢♦r♠❡s à ❝❡s ❡①✐❣❡♥❝❡s✳
❈❡ s♦♥t ❞♦♥❝ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧❡s ❝r✐tèr❡s ❞❡ ✜❛❜✐❧✐té ❡t ❞✬❡①❤❛✉st✐✈✐té ❞❡s ❞ét❡❝t✐♦♥s q✉✐

✹✾



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✐♥✢✉❡r♦♥t s✉r ♥♦tr❡ str❛té❣✐❡ ❞✬❛♥❛❧②s❡✳

✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡

❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡

❞❡✉① ✐♠❛❣❡s

✸✳✷✳✶ ❉❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ à ❧✬❛❥✉st❡♠❡♥t ❞✬✉♥❡ P❙❋
✶

❙❡①tr❛❝t♦r st❛♥❞❛r❞ ❡t ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡

◆♦✉s ❛✈♦♥s ❞❡❝✐❞é ❞✬❛♥❛❧②s❡r ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙ ❛✈❡❝ ❧❡ ❧♦❣✐❝✐❡❧ ❙❡①tr❛❝t♦r ✭❇❡rt✐♥ ✫
❆r♥♦✉ts ✶✾✾✻✮✱ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞✬♦❜❥❡ts s✉r ❞❡s ✐♠❛❣❡s ❣r❛♥❞ ❝❤❛♠♣✳
❈❡ ❧♦❣✐❝✐❡❧ ♥♦✉s ❝♦♥✈✐❡♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❜✐❡♥ ♣✉✐sq✉✬✐❧ ❡st ♦♣t✐♠✐sé ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s
✐♠❛❣❡s ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡✳ ❯♥ ❛✉tr❡ ❛✈❛♥t❛❣❡ s✐❣♥✐✜❝❛t✐❢ ❞❡ s♦♥ ✉t✐❧✐s❛t✐♦♥ ❡st ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❡♥
♠♦❞✐✜❡r ❞✐r❡❝t❡♠❡♥t ❧❡ ❝♦❞❡ s♦✉r❝❡ ❛✈❡❝ ✉♥ ❝❡rt❛✐♥ s✉♣♣♦rt ❞❡ ❧❛ ♣❛rt ❞❡ s♦♥ ❝♦♥❝❡♣t❡✉r✱
❊♠♠❛♥✉❡❧ ❇❡rt✐♥✳
▲❛ ♣❡rt✐♥❡♥❝❡ ❞❡s ❞ét❡❝t✐♦♥s ♣❡✉t êtr❡ ♦♣t✐♠✐sé❡ ♣❛r ✉♥ ré❣❧❛❣❡ ✜♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡

❞ét❡❝t✐♦♥ st❛♥❞❛r❞s ❞❡ ❙❡①tr❛❝t♦r✳ ▲❛ ❞ét❡❝t✐♦♥ ❞❡ s♦✉r❝❡ ✐❞❡♥t✐✜❡ ✉♥ ♦❜❥❡t ❝♦♠♠❡ ✉♥ ♥♦♠✲
❜r❡ ♠✐♥✐♠✉♠ ❞❡ ♣✐①❡❧s ❛❞❥❛❝❡♥ts ❞♦♥t ❧❡ ✢✉① ❡st s✉♣ér✐❡✉r à ✉♥ s❡✉✐❧ ❞é✜♥✐ ❡♥ ❢♦♥❝t✐♦♥ ❞✉
❜r✉✐t✳ ❈❡ ♥♦♠❜r❡ ❞❡ ♣✐①❡❧s ❡t ❝❡ s❡✉✐❧ ❢♦♥t ♣❛rt✐❡ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❞ét❡❝t✐♦♥ ❛❥✉st❛❜❧❡s
❞❛♥s ❙❡①tr❛❝t♦r✳ ❊♥ ❝♦♠♣❧é♠❡♥t✱ ❙❡①tr❛❝t♦r ♣❡✉t ❝♦♥✈♦❧✉❡r ❧✬✐♠❛❣❡ ♣❛r ✉♥ ✜❧tr❡ ●❛✉ss✐❡♥
❞❡ ❧❛r❣❡✉r s✐♠✐❧❛✐r❡ à ❧❛ ❧❛r❣❡✉r à ♠✐✲❤❛✉t❡✉r ✭❋❲❍▼ ❞❛♥s ❧❛ s✉✐t❡✮ ❞❡s s♦✉r❝❡s✱ ❛✈❛♥t
❧✬ét❛♣❡ ❞❡ ❞ét❡❝t✐♦♥✳ ❈❡❧❛ ♣❡r♠❡t ❞✬é❧✐♠✐♥❡r ❞❡s ❞ét❡❝t✐♦♥s ♠❛r❣✐♥❛❧❡s ✐♥❞✉✐t❡s ♣❛r ❞❡s
❛rt❡❢❛❝ts ♥✬❛②❛♥t ♣❛s ✉♥❡ ❢♦r♠❡ ❣❛✉ss✐❡♥♥❡✱ ❝♦♠♠❡ ❧❡s ✢✉❝t✉❛t✐♦♥s ❞✉ ❜r✉✐t ♦✉ ❧❡s r❛②♦♥s
❝♦s♠✐q✉❡s✳ ❈❡s ré❣❧❛❣❡s ❝❧❛ss✐q✉❡s ❞❡ ❙❡①tr❛❝t♦r ♣❡r♠❡tt❡♥t ❞❡ ❞ét❡❝t❡r ♣r❡sq✉❡ t♦✉s ❧❡s ♦❜✲
❥❡ts ré❡❧s ♣rés❡♥ts s✉r ❧❡s ✐♠❛❣❡s t♦✉t ❡♥ ♠❛✐♥t❡♥❛♥t ✉♥ t❛✉① ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s ✐♥❢ér✐❡✉r
❛✉ ♣♦✉r❝❡♥t✳
▲✬✉♥❡ ❞❡s ❞✐✣❝✉❧tés ♠❛❥❡✉r❡s ❞❡ ❧❛ ❞ét❡❝t✐♦♥ ❡st ❧❛ sé♣❛r❛t✐♦♥ ❞❡s ♦❜❥❡ts ♣r♦❝❤❡s ❡♥

♦❜❥❡ts ❞✐st✐♥❝ts ✿ ❧❡s ♣❛r❛♠ètr❡s ❞❡ sé♣❛r❛t✐♦♥ ❞❡s s♦✉r❝❡s ✭✧❞❡❜❧❡♥❞✐♥❣✧ ❞❡ ❙❡①tr❛❝t♦r✮
q✉✐ ♣❡r♠❡tt❡♥t ❞❡ sé♣❛r❡r ✉♥ ♥♦♠❜r❡ ♠❛①✐♠❛❧ ❞✬ét♦✐❧❡s ❞♦✉❜❧❡s ❝♦♥❞✉✐s❡♥t à ✉♥❡ ❢♦rt❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✳ ❙✐ ❧✬♦♥ s♦✉❤❛✐t❡ ❝♦♥s❡r✈❡r ✉♥ ❢❛✐❜❧❡ t❛✉① ❞❡ ❢❛✉ss❡s
❞ét❡❝t✐♦♥s✱ ❧❛ ✈❡rs✐♦♥ st❛♥❞❛r❞ ❞❡ ❙❡①tr❛❝t♦r ♣❡r❞ ✉♥ ❢❛✐❜❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬♦❜❥❡ts✱ ✈❛r✐❛❜❧❡
s❡❧♦♥ ❧✬❡♥❝♦♠❜r❡♠❡♥t ❞❡s ❝❤❛♠♣s ❝♦♥s✐❞érés✳ ❏✬❛✐ s✐♠✉❧é ❞❡s ❝❤❛♠♣s ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧s à
❤❛✉t s✐❣♥❛❧ s✉r ❜r✉✐t ❛✈❡❝ ❧❡ ❧♦❣✐❝✐❡❧ ❙❦②♠❛❦❡r✱ ❞é✈❡❧♦♣♣é ♣❛r ❚❡r❛♣✐①✱ ❛✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❡
♥♦♠❜r❡ ❞✬♦❜❥❡ts ❛✐♥s✐ ♣❡r❞✉s✳ ❏✬❛✐ ❛✐♥s✐ ♣✉ ❞ét❡r♠✐♥❡r q✉❡❧❧❡ ❢r❛❝t✐♦♥ ❞✬♦❜❥❡ts s✐♠✉❧és ♥✬❡st
♣❛s r❡tr♦✉✈é❡ ♣❛r ✉♥❡ ❛♥❛❧②s❡ ❙❡①tr❛❝t♦r ❝❧❛ss✐q✉❡ ✉t✐❧✐s❛♥t ❧❡s ♣❛r❛♠ètr❡s ❛❥✉stés ♣♦✉r
♦♣t✐♠✐s❡r ❧❡s ❞ét❡❝t✐♦♥s t♦✉t ❡♥ ❧✐♠✐t❛♥t ❛✉ ♠❛①✐♠✉♠ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ❛rt❡❢❛❝ts✳
P♦✉r ✉♥ ❡♥❝♦♠❜r❡♠❡♥t ❝♦♠♣❛r❛❜❧❡ ❛✉① ❝❤❛♠♣s ❞✉ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ ♦♥ ♣❡r❞ ❡♥✈✐r♦♥
✸✪ ❞✬♦❜❥❡ts très ♣r♦❝❤❡s ❞❡ s♦✉r❝❡s ♣❧✉s ❜r✐❧❧❛♥t❡s✱ ❡t ♣rès ❞❡ ✶✵✪ ♣♦✉r ✉♥ ❡♥❝♦♠❜r❡♠❡♥t
❝♦♠♣❛r❛❜❧❡ ❛✉① ✐♠❛❣❡s ❞✉ ❈❋❍❚▲❙✲❉❡❡♣✳
▲❛ ♣❤♦t♦♠étr✐❡ ❞❡s ♦❜❥❡ts ❡st ❞ét❡r♠✐♥é❡ ♣❛r ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ■❧ s✬❛❣✐t s✐♠♣❧❡✲

♠❡♥t ❞✬✐♥té❣r❡r t♦✉t ❧❡ ✢✉① ♣rés❡♥t à ❧✬✐♥tér✐❡✉r ❞✬✉♥ ❝❡r❝❧❡ ❞❡ ❞✐❛♠ètr❡ ❝❤♦✐s✐✳ ▲✬✉t✐❧✐s❛t✐♦♥

✶P❛r ❝♦♠♠♦❞✐té✱ ♥♦✉s ♣❛r❧❡r♦♥s ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ✬✜t ❞❡ P❙❋✬ ✲P♦✐♥t ❙♣r❡❛❞ ❋✉♥❝t✐♦♥✲ ♠ê♠❡ s✐ ❝✬❡st ✉♥
❛✛r❡✉① ❛♥❣❧✐❝✐s♠❡✳

✺✵



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

❞✬✉♥ ❞✐❛♠ètr❡ ❞❡ 1.45 ∗ FWHM ♣❡r♠❡t ❞❡ ♠✐♥✐♠✐s❡r ❧❡ ❜r✉✐t ✭❏✳❈✳ ❈✉✐❧❧❛♥❞r❡✱ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ♣r✐✈é❡✮✱ ❛✈❛♥t ❞✬❡✛❡❝t✉❡r ✉♥❡ ❝♦rr❡❝t✐♦♥ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞✉ ✢✉① ❞❡ ❧✬♦❜❥❡t ❤♦rs
❞❡ ❧✬♦✉✈❡rt✉r❡✳ ❈❡tt❡ ❝♦rr❡❝t✐♦♥ ✉t✐❧✐s❡ ❞❡s ét♦✐❧❡s ❞❡ ré❢ér❡♥❝❡ ♣rés❡♥t❡s ❞❛♥s ❧❡ ❝❤❛♠♣ ❡t
❞♦♥t ❧❛ ♠❛❣♥✐t✉❞❡ ❡st ❝♦♥♥✉❡✳ P❛r ❝♦♥str✉❝t✐♦♥✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ ❞❡ ♣❤♦t♦♠étr✐❡ ❞♦♥♥❡ ❞❡s
rés✉❧t❛ts ❢❛✉① ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♦❜❥❡ts ét❡♥❞✉s✱ ♠❛✐s ❝♦♠♠❡ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s
✉♥✐q✉❡♠❡♥t à ❞❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s✱ ❝❡❧❛ ♥❡ ♥✉✐t ♣❛s à ♥♦tr❡ ❛♥❛❧②s❡✳
❊♥✜♥✱ ♦♥ ❛ ✈✉ ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡ q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❡t ❧❡s q✉❛s❛rs s♦♥t ❞❡s

♦❜❥❡ts ♣❧✉s r♦✉❣❡s q✉❡ ✶✳✺ ♠❛❣♥✐t✉❞❡s ❡♥ i′−z′✳ ❈♦♠♠❡ ❧❡s ❝❤❛♠♣s ❞✉ ❈❋❇❉❙ s♦♥t ❡♥✈✐r♦♥
✶✳✺ ♠❛❣♥✐t✉❞❡ ♣❧✉s ♣r♦❢♦♥❞s ❡♥ i′ q✉✬❡♥ z′✱ ✐❧ ❡①✐st❡ ❞❡s ♦❜❥❡ts ✐♥tér❡ss❛♥ts ❞ét❡❝tés ❡♥ z′

❡t ♣❛s ❡♥ i′✱ ❡t ♥♦♥ ❧❡ ❝♦♥tr❛✐r❡✳ ■❧ ❡st ❞♦♥❝ ♣ré❢ér❛❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s ❞❡
❙❡①tr❛❝t♦r✱ ❛✜♥ ❞✬❡✛❡❝t✉❡r ✉♥❡ ♣❤♦t♦♠étr✐❡ ❡♥ i′ ❛✉① ♣♦s✐t✐♦♥s ❡①❛❝t❡s ❞ét❡❝té❡s ❡♥ z′✳ ❈❡❧❛
♣❡r♠❡t ❞❡ s✐♠♣❧✐✜❡r ❧❡ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s ♣✉✐sq✉❡ ❧❡s ♦❜❥❡ts ❞ét❡❝tés ♠❛r❣✐♥❛❧❡♠❡♥t
♦✉ ♥♦♥ ❞ét❡❝tés ❡♥ i′ s♦♥t ❛✉t♦♠❛t✐q✉❡♠❡♥t s✉✐✈✐s✱ ❝❡❝✐ ♣❡r♠❡tt❛♥t ❞✬é✈✐t❡r ✉♥ tr❛✐t❡♠❡♥t
s♣é❝✐✜q✉❡✳ ❉❡ ♣❧✉s ❧❛ ♣❤♦t♦♠étr✐❡ ❡♥ i′ ❡st ♦♣t✐♠✐sé❡ ❝❛r ❡❧❧❡ ✉t✐❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❞ér✐✈é❡ à
♣❛rt✐r ❞❡ ❧✬✐♠❛❣❡ z′ q✉✐ ❛ ✉♥ ❜✐❡♥ ♠❡✐❧❧❡✉r s✐❣♥❛❧ s✉r ❜r✉✐t✳
❆ ❝❡ st❛❞❡✱ ♥♦✉s ❛✈✐♦♥s à ♥♦tr❡ ❞✐s♣♦s✐t✐♦♥ ✉♥❡ ❛♥❛❧②s❡ ♣❤♦t♦♠étr✐q✉❡ ❡t ❛str♦♠étr✐q✉❡

❛✉ss✐ ❜♦♥♥❡ q✉❡ ❧❡ ♣❡r♠❡t ❧❛ ✈❡rs✐♦♥ ♣✉❜❧✐q✉❡ ❞❡ ❙❡①tr❛❝t♦r ♦✉ t♦✉t ❛✉tr❡ ❧♦❣✐❝✐❡❧ ❛♣t❡
à tr❛✐t❡r ❞❡ ❣r♦s ✈♦❧✉♠❡s ❞❡ ❞♦♥♥é❡s✱ ♠❛✐s s❛♥s q✉❡ ❝❡❧❛ ré♣♦♥❞❡ ❝♦♠♣❧èt❡♠❡♥t à ♥♦s
❛tt❡♥t❡s✳ ❊♥ ❡✛❡t✱ ♥♦tr❡ ét✉❞❡ ét❛✐t ❛❧♦rs ❧✐♠✐té❡ ♣❛r ❧❡s ♣r♦❜❧è♠❡s s✉✐✈❛♥ts ✿
✕ ▲❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✱ ♠ê♠❡ ❝♦rr✐❣é❡✱ ❡st ❞é♣❡♥❞❛♥t❡ ❞❡s ✢✉❝t✉❛t✐♦♥s ❧♦❝❛❧❡s ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t q✉✐ ❛♠è♥❡♥t ♣❧✉s ♦✉ ♠♦✐♥s ❞❡ ✢✉① ❞❛♥s ❧✬♦✉✈❡rt✉r❡
❡t ❞é❣r❛❞❡♥t ♣❛r ❝♦♥séq✉❡♥t ❧❛ ♣❤♦t♦♠étr✐❡✳

✕ ❈♦♠♠❡ ♥♦✉s r❡❝❤❡r❝❤♦♥s ❞❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s✱ ❧❛ t❡❝❤♥✐q✉❡ ❧❛ ♣❧✉s ♣ré❝✐s❡ ❡t ❧❛ ♣❧✉s
r♦❜✉st❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡✉r ❛str♦♠étr✐❡ ❡t ❧❡✉r ♣❤♦t♦♠étr✐❡ ❡st ♥❛t✉r❡❧❧❡♠❡♥t ❞❡ ❧❡s
❛❥✉st❡r ♣❛r ❞❡s P❙❋✳

✕ ▲❛ ♣❧✉♣❛rt ❞❡s ét♦✐❧❡s ❞♦✉❜❧❡s s❡rré❡s ❡t ❞❡s ét♦✐❧❡s s✉♣❡r♣♦sé❡s à ✉♥❡ ❣❛❧❛①✐❡ s♦♥t
❛♥❛❧②sé❡s ❝♦♠♠❡ ✉♥ ❛str❡ ✉♥✐q✉❡✳ ▲❡s ❝♦♠♣♦s❛♥t❡s s❡❝♦♥❞❛✐r❡s s♦♥t ❛❧♦rs ✐❣♥♦ré❡s✱ ❡t
❞♦♥❝ ♣❡r❞✉❡s✱ t❛♥❞✐s q✉❡ ❧❛ ♣ré❝✐s✐♦♥ s✉r ❧❛ ♣❤♦t♦♠étr✐❡ ❡t ❧✬❛str♦♠étr✐❡ ❞❡ ❧❛ ♣r✐♠❛✐r❡
❡st s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❞ét❡r✐♦ré❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ❧❡s ♣❛r❛♠ètr❡s ❞❡ sé♣❛r❛t✐♦♥
❞❡ s♦✉r❝❡s ♣♦✉r ❛✉❣♠❡♥t❡r ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❡s ♦❜❥❡ts ✐❞❡♥t✐✜és ❝♦♠♠❡ ♠✉❧t✐♣❧❡s✱ ♠❛✐s
❛✉ ♣r✐① ❞✬✉♥ ❛❝❝r♦✐ss❡♠❡♥t ❝♦♥s✐❞ér❛❜❧❡ ❞✉ ♥♦♠❜r❡ ❞❡ ❢❛✉ss❡s ❞❡t❡❝t✐♦♥s✳

✕ ❈♦♠♠❡ ❧✬✐♠❛❣❡ i′ ❡st ♥❡tt❡♠❡♥t ♣❧✉s ♣r♦❢♦♥❞❡✱ ❞❡ ♥♦♠❜r❡✉s❡s ét♦✐❧❡s ♠♦✐♥s r♦✉❣❡s q✉❡
❝❡❧❧❡s q✉✐ ♥♦✉s ✐♥tér❡ss❡♥t ❡♥❝♦♠❜r❡♥t ❧✬✐♠❛❣❡✳ ▲♦rsq✉✬❡❧❧❡s s♦♥t tr♦♣ ♣r♦❝❤❡s ❞❡s ♦❜❥❡ts
✐♥tér❡ss❛♥ts r❡♣érés ❡♥ ❜❛♥❞❡ z′✱ ❝❡s ét♦✐❧❡s s♦♥t s✉❝❡♣t✐❜❧❡s ❞❡ ❞é❣r❛❞❡r ❧❛ ♣❤♦t♦♠étr✐❡
❡♥ ❜❛♥❞❡ i′ ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s✳

▲❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡t ❞❡ q✉❛s❛rs à ❤❛✉t r❡❞s❤✐❢t ✉t✐❧✐s❡ ❞❡s ♠✐❧❧✐❡rs ❞✬✐♠❛❣❡s
❣r❛♥❞ ❝❤❛♠♣ ❞✉ ❈❋❇❉❙✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❞é❝✐❞é ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬❛♥❛❧②s❡ ❞❡s
❞♦♥♥é❡s q✉✐ ♣❡r♠❡t ❞❡ s✬❛✛r❛♥❝❤✐r ❛✉ ♠❛①✐♠✉♠ ❞❡ ❝❡s ❞é❢❛✉ts ❡t ❛✉t♦r✐s❡ ✉♥❡ ❡①tr❛❝t✐♦♥
❡ss❡♥t✐❡❧❧❡♠❡♥t ❛✉t♦♠❛t✐q✉❡✳ ▲❡ ✜t ❞❡ P❙❋ ét❛♥t ❧❛ s♦❧✉t✐♦♥ t❤é♦r✐q✉❡♠❡♥t ♦♣t✐♠❛❧❡✱ ♥♦✉s
❛✈♦♥s ❞é❝✐❞é ❞❡ ❧✬✉t✐❧✐s❡r ♣♦✉r ❛♥❛❧②s❡r ❧❡s ❞♦♥♥é❡s ❞✉ ❈❋❇❉❙✳ ❊♥ ❝♦♠♠❡♥t❛✐r❡ ❞❛♥s ❧❡
❝♦❞❡ ♣✉❜❧✐q✉❡ ❞❡ ❙❡①tr❛❝t♦r✱ ✐❧ ❡①✐st❡ ✉♥❡ ✈❡rs✐♦♥ ♥♦♥ ✜♥❛❧✐sé❡ ❞✬✉♥ ✜t ❞❡ P❙❋✳ ❈❡ ✜t ❞❡ P❙❋
♥❡ ❢♦♥❝t✐♦♥♥❡ q✉❡ ❞❛♥s ❧❡ ♠♦❞❡ ✉♥❡ ✐♠❛❣❡✱ ❛❥✉st❡ ✉♥❡ s❡✉❧❡ P❙❋ ♣❛r ♦❜❥❡t ❡t ♥❡ ❝❛❧❝✉❧❡ ♣❛s
❧❡s ❡rr❡✉rs ❛str♦♠étr✐q✉❡s ❡t ♣❤♦t♦♠étr✐q✉❡s ❛ss♦❝✐é❡s✳ ❏✬❛✐ ❞♦♥❝ ❝♦rr✐❣é ❡t ❝♦♠♣❧été ❝❡tt❡
✈❡rs✐♦♥ ❞❡ t❡st ❛✈❛♥t ❞❡ ♠♦❞✐✜❡r ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r ❧❡ ❧♦❣✐❝✐❡❧✳ ▲ ✬♦❜❥❡❝t✐❢ ét❛✐t ❞❡ r❡♥❞r❡
❙❡①tr❛❝t♦r ❝❛♣❛❜❧❡ ❞✬❛❥✉st❡r ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs P❙❋ s✉r ❝❤❛q✉❡ ♦❜❥❡t ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s✱
❞✬♦❜t❡♥✐r ✉♥❡ ♣❤♦t♦♠étr✐❡ ❡t ✉♥❡ ❛str♦♠étr✐❡ ❞❡ ♠❡✐❧❧❡✉r❡s q✉❛❧✐tés ♠❛✐s ❛✉ss✐ ❞✬❛♥❛❧②s❡r
❛✈❡❝ ♣❡rt✐♥❡♥❝❡ ❧❡s ét♦✐❧❡s ❞♦✉❜❧❡s ❡t ❧❡s ♦❜❥❡ts ♠❛r❣✐♥❛❧❡♠❡♥t sé♣❛rés✳

✺✶



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

Pr✐♥❝✐♣❡ ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t

P♦✉r ❛❥✉st❡r ✉♥ ♠♦❞è❧❡ ❞❡ P❙❋ ❛✉① ♦❜❥❡ts ♣rés❡♥ts s✉r ❧❡s ✐♠❛❣❡s✱ ✐❧ ❢❛✉t t♦✉t ❞✬❛❜♦r❞
❞✐s♣♦s❡r ❞✬✉♥ ❜♦♥ ♠♦❞è❧❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✬✉♥❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡ ❡♥ t♦✉t ♣♦✐♥t
❞✉ ❝❤❛♠♣✳ ❈❡ ♠♦❞è❧❡ ❞é✜♥✐t ❧❛ ❢r❛❝t✐♦♥ ❞✉ ✢✉① t♦t❛❧ q✉❡ ❝♦♥t✐❡♥t ❝❤❛q✉❡ ♣✐①❡❧ ❡♥ ❢♦♥❝t✐♦♥
❞❡ s❛ ♣♦s✐t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉ ♣✐❝ ❞❡ ✢✉①✳ ❙✉r ❧❡s ✐♠❛❣❡s ❣r❛♥❞ ❝❤❛♠♣ ▼❡❣❛❝❛♠✱ ❧❛ P❙❋
✈❛r✐❡ ❢♦rt❡♠❡♥t ❞❛♥s ❧❡ ❝❤❛♠♣ ❡t ♣❡✉t ♣r❡♥❞r❡ ❞❡s ❢♦r♠❡s très ❛❧❧♦♥❣é❡s ❡♥ ❜♦r❞ ❞❡ ❝❤❛♠♣✳
◆♦tr❡ ♠♦❞è❧❡ ❞♦✐t ❞♦♥❝ ✈❛r✐❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬♦❜❥❡t ❛♥❛❧②sé s✉r ❧✬✐♠❛❣❡✳

▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ P❙❋ ❞❛♥s ❧❡ ❝❤❛♠♣ ❛✈❡❝ Ps❢❡①

▲❡ ♣r♦❣r❛♠♠❡ Ps❢❡① ❛ été ❞é✈❡❧♦♣♣é ♣❛r ❊♠♠❛♥✉❡❧ ❇❡rt✐♥✱ ✭❇❡rt✐♥ ❡t ❛❧✳ ✷✵✵✽✮ ♣♦✉r
❞ét❡r♠✐♥❡r ✉♥ ♠♦❞è❧❡ ❞❡ P❙❋ q✉✐ ré♣♦♥❞❡ à ❝❡s ❡①✐❣❡♥❝❡s✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❞❡ P❙❋
❞❛♥s ❧❡ ❝❤❛♠♣ ❡st ♠♦❞é❧✐sé❡ ♣❛r ✉♥❡ ✈❛r✐❛t✐♦♥ ♣♦❧②♥♦♠✐❛❧❡ ❞✬♦r❞r❡ ❛❥✉st❛❜❧❡✱ ❡t r❡♥tr❡ ❡♥
❝♦♠♣t❡ ❞❛♥s ❧❛ ♠✐♥✐♠✐s❛t✐♦♥ ❞✉ χ2✳ ▲❡s ❞é❢♦r♠❛t✐♦♥s ❧❡s ♣❧✉s s✐♠♣❧❡s ❡t ❧❡s ♣❧✉s s✐❣♥✐✲
✜❝❛t✐✈❡s ❞❡ ❧❛ P❙❋ ♦♥t ✉♥❡ ✈❛r✐❛t✐♦♥ r❛❞✐❛❧❡ ❡t s♦♥t ❞♦♥❝ ❛ss❡③ ❜✐❡♥ r❡♣rés❡♥té❡s ♣❛r ✉♥
♣♦❧②♥ô♠❡ ❞✬♦r❞r❡ ✷✳ ❉❛♥s ❧❡ ❝❛s ❞✬✐♠❛❣❡s ❝♦♠♣♦s✐t❡s✱ ❝♦❛❞❞✐t✐♦♥s ❞❡ ♣❧✉s✐❡✉rs ♣❡t✐t❡s ✐♠✲
❛❣❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❢♦r♠❛♥t ✉♥❡ ✐♠❛❣❡ ♣❧✉s ❣r❛♥❞❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♣♦❧②♥ô♠❡ ❞✬♦r❞r❡ ♣❧✉s
é❧❡✈é ❡st s♦✉✈❡♥t ♥é❝❡ss❛✐r❡✳ ❆ ❧✬♦r❞r❡ ✵✱ s❛♥s ✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡✱ ❧❡ ♠♦❞è❧❡ ✜♥❛❧ ❡st ❞♦♥❝
✉♥❡ ✐♠❛❣❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✬✉♥❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡✳ ▲♦rsq✉❡ ❧✬♦♥ ✐♥tr♦❞✉✐t ✉♥❡
✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ♣♦❧②♥♦♠✐❛❧❡✱ ❝❤❛q✉❡ ❝♦❡✣❝✐❡♥t ❞✉ ♣♦❧②♥ô♠❡ ❡st ❞♦♥❝ ✉♥❡ ✐♠❛❣❡✳ ❈❡s
✈✐❣♥❡tt❡s q✉✐ r❡♣rés❡♥t❡♥t ❧❛ P❙❋ ❡t s❛ ❞ér✐✈é❡ s♣❛t✐❛❧❡ s♦♥t s✉r✲é❝❤❛♥t✐❧❧♦♥♥é❡s ❧♦rsq✉❡
❧✬✐♠❛❣❡ ✐♥✐t✐❛❧❡ ❡st s♦✉s✲é❝❤❛♥t✐❧♦♥♥é❡ ❛✜♥ q✉❡ ❧❡ ♠♦❞è❧❡ r❡s♣❡❝t❡ ❧❡ ❝r✐tèr❡ ❞❡ ❙❤❛♥♥♦♥✳

Ps❢❡① ❛❥✉st❡ ❧❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ♣❛r ♠✐♥✐♠✐s❛t✐♦♥ ❞✉ χ2 ❞✉ ♠♦❞è❧❡ ❛♣♣❧✐q✉é s✉r
❝❡tt❡ sé❧❡❝t✐♦♥ ❞✬ét♦✐❧❡s ✬♣r♦t♦t②♣❡s✬ ♣❛r ✉♥ ✜t ❞❡ ▲❡✈❡♥❜❡r❣✲▼❛rq✉❛r❞t✳ ❈❡s ♣r♦t♦t②♣❡s
s♦♥t ❞❡s ét♦✐❧❡s ✐s♦❧é❡s ❞♦♥t ❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t ❡st é❧❡✈é✳ ❊❧❧❡s s♦♥t sé❧❡❝t✐♦♥♥é❡s à ♣❛rt✐r
❞✬✉♥ ❝❛t❛❧♦❣✉❡ ❙❡①tr❛❝t♦r st❛♥❞❛r❞✳
▲❡ χ2 ❞✬✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❡st ❞é✜♥✐ ❝♦♠♠❡ s✉✐t ✿

npix∑

i=1

(fpix(i) − fmodel(i))2

σ(i)2
✭✸✳✶✮

❖ù ♥♣✐① ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣✐①❡❧s s✉r ❧❡q✉❡❧s ♦♥ ❛❥✉st❡ ❧❛ P❙❋ ✭P❛r ❞é❢❛✉t ✷✺①✷✺✮✱ ❡t ♦ù
❢♣✐①✭✐✮✱ ❢♠♦❞❡❧✭✐✮ ❡t s✐❣♠❛✭✐✮ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡ ✢✉① ♦❜s❡r✈é✱ ❧❡ ✢✉① ❞✉ ♠♦❞è❧❡ ❞❡ P❙❋
❡t ❧❡ ❜r✉✐t ❛✉ ♣✐①❡❧ ✐✳
❈❤❛q✉❡ ♣r♦t♦t②♣❡ ❛ ✉♥ ♣♦✐❞s ♣r♦♣♦rt✐♦♥♥❡❧ à s♦♥ s✐❣♥❛❧ s✉r ❜r✉✐t✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬❛❝✲

❝❡♣t❡r ✉♥ ❧❛r❣❡ é✈❡♥t❛✐❧ ❞❡ ♣r♦t♦t②♣❡s s❛♥s r✐sq✉❡r q✉❡ ❝❡✉① ❞♦♥t ❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t ❡st
♠♦✐♥s ❜♦♥ ♥✬✐♥❥❡❝t❡♥t tr♦♣ ❞❡ ❜r✉✐t ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ❊♥tr❡ ❝❤❛q✉❡ ét❛♣❡✱ ❧❡s ♣r♦t♦t②♣❡s
❞♦♥t ❧❡ χ2 r❡st❡ é❧❡✈é s♦♥t é❧✐♠✐♥és ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❡t ❧❡ ♠♦❞è❧❡ ❡st ❛✣♥é à ♣❛rt✐r ❞❡s
♣r♦t♦t②♣❡s s✉r✈✐✈❛♥ts✳
❖♥ ♣❡✉t ❢❛❝✐❧❡♠❡♥t ✈✐s✉❛❧✐s❡r ❧❛ ♣❡rt✐♥❡♥❝❡ ❞❡s rés✉❧t❛ts ❞❡ Ps❢❡① ❣râ❝❡ ❛✉① ✐♠❛❣❡s ❞❡

❞✐❛❣♥♦st✐❝ q✉✬✐❧ ♣r♦❞✉✐t✱ ♥♦t❛♠♠❡♥t ❝❡❧❧❡ ❞❡s rés✐❞✉s ❞❡ ❧❛ s♦✉str❛❝t✐♦♥ ❞❡s ♣r♦t♦t②♣❡s ♣❛r
❧❡ ♠♦❞è❧❡ ✜♥❛❧✳ ▲❛ ✜❣✉r❡ ✸✳✷ ✐❧❧✉str❡ ❧❡ ❜♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ Ps❢❡①✳ ❙✉r ❝❡tt❡ ✐♠❛❣❡ q✉✐
r❡♣rés❡♥t❡ ❧❡s rés✐❞✉s ❞❡ s♦✉str❛❝t✐♦♥ ❞❡s ♣r♦t♦t②♣❡s ♣❛r ❧❡ ♠♦❞è❧❡ ❞❡ P❙❋✱ ❧❡ ♣r♦t♦t②♣❡
❡st ♣r❡sq✉❡ ❝♦♠♣❧èt❡♠❡♥t ❡✛❛❝é✱ t❛♥❞✐s q✉❡ ❧❡s ♦❜❥❡ts ♣r♦❝❤❡s r❡st❡♥t ✐♥t♦✉❝❤és✳ ◗✉❛♥❞ ❧❡
♥♦♠❜r❡ ❞✬ét♦✐❧❡s ♣r♦t♦t②♣❡s ❞✐s♣♦♥✐❜❧❡s s✉r ✉♥❡ ✐♠❛❣❡ ❞❡✈✐❡♥t ❢❛✐❜❧❡✱ ❧❛ q✉❛❧✐té ❞✉ ♠♦❞è❧❡
❞é❝r♦✐t✳ ❆ ❧✬♦r❞r❡ ✵ ❝❡tt❡ ❞é❣r❛❞❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡st ✉♥❡ ❜❛✐ss❡ ❞❡ s✐❣♥❛❧ s✉r ❜r✉✐t✱ ❛✈❡❝ ✉♥❡
✈❛r✐❛t✐♦♥ ❡♥ r❛❝✐♥❡ ❝❛rré❡ ❞✉ ♥♦♠❜r❡ ❞❡ ♣r♦t♦t②♣❡s✳ ▼❛✐s ♣❧✉s ❝❡ ♥♦♠❜r❡ ❡st ❢❛✐❜❧❡✱ ♣❧✉s
✉♥ ♣r♦t♦t②♣❡ ❡rr♦♥é ✭✉♥❡ ét♦✐❧❡ ❞♦✉❜❧❡ ♣❛r ❡①❡♠♣❧❡✮ ❛ ✉♥ ♣♦✐❞s ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ♠♦❞è❧❡✳

✺✷



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

❈❡s ♠❛✉✈❛✐s ♣r♦t♦t②♣❡s✱ q✉✐ s♦♥t ❡♥ ❣é♥ér❛❧ é❧✐♠✐♥és ❞❛♥s ❧❡s ét❛♣❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❡
♠✐♥✐♠✐s❛t✐♦♥ ❞✉ χ2✱ ♣❡✉✈❡♥t ❛❧♦rs ✐♥✢✉❡r ❣r❛✈❡♠❡♥t s✉r ❧❡ ♠♦❞è❧❡ ✜♥❛❧✳
❈❡♣❡♥❞❛♥t✱ Ps❢❡① ❡st r♦❜✉st❡ ❡t ♣❡✉t ❞✁t❡r♠✐♥❡r ❞❡s ♠♦❞è❧❡s ❞❡ P❙❋ ❛❝❝❡♣t❛❜❧❡s ❛✈❡❝

♠♦✐♥s ❞✬✉♥❡ ❞✐③❛✐♥❡ ❞❡ ♣r♦t♦t②♣❡s✳ ❆✈❡❝ ❧❡s ✐♠❛❣❡s ▼❡❣❛❝❛♠✱ q✉✐ ❝♦♥t✐❡♥♥❡♥t s✉r ❝❤❛q✉❡
❞ét❡❝t❡✉r ❞❡s ♠✐❧❧✐❡rs ❞✬ét♦✐❧❡s✱ ❧❡s rés✉❧t❛ts s♦♥t ❡♥ ❣é♥ér❛❧ ❡①❝❡❧❧❡♥ts✳ ❈♦♠♠❡ Ps❢❡① ❝ré❡
✉♥ ♠♦❞è❧❡ ❡♠♣✐r✐q✉❡✱ s❛♥s ❛ ♣r✐♦r✐ s✉r ❧❡ ❢♦r♠❡ ❞❡ ❧❛ P❙❋✱ ✐❧ ❡st ❝❛♣❛❜❧❡ ❞❡ r❡♥❞r❡ ❝♦♠♣t❡
❡✣❝❛❝❡♠❡♥t ❞❡s ❞é❢♦r♠❛t✐♦♥s ♣❛r❢♦✐s ❡①♦t✐q✉❡s ❞❡ ❧❛ P❙❋ ❡♥ ❜♦r❞ ❞❡ ❝❤❛♠♣ ❞❡ ▼❡❣❛❝❛♠✳
▲❡ s❡✉❧ ✐♥❝♦♥✈é♥✐❡♥t ❞❡ ❝❡ ♠♦❞è❧❡ ❡♠♣✐r✐q✉❡ ❡st q✉❡ ❞❛♥s ❞❡ r❛r❡s ❝❛s✱ q✉❛♥❞ ✉♥ ♣r♦t♦t②♣❡
✐♥✐t✐❛❧ ❛✈❡❝ ✉♥ très ❤❛✉t s✐❣♥❛❧ s✉r ❜r✉✐t ♥✬❡st ♣❛s ♣❡rt✐♥❡♥t ✭♦❜❥❡t ❞♦✉❜❧❡ ♦✉ q✉✐ ❝♦♥t✐❡♥t
tr♦♣ ❞❡ ♠❛✉✈❛✐s ♣✐①❡❧s✮✱ ❧❡ rés✉❧t❛t ✜♥❛❧ ♣❡✉t êtr❡ ❛❜s✉r❞❡✳ ▼❛✐s ✉♥ t❡❧ rés✉❧t❛t ✐♥❞✉✐t ✐♥✲
é✈✐t❛❜❧❡♠❡♥t ✉♥ χ2 ✜♥❛❧ très é❧❡✈é q✉✐ ❡st ❢❛❝✐❧❡♠❡♥t ✐❞❡♥t✐✜❛❜❧❡✳ P♦✉r r❡tr♦✉✈❡r ✉♥ ♠♦❞è❧❡
❞❡ ❜♦♥♥❡ q✉❛❧✐té✱ ✐❧ s✉✣t ❛❧♦rs ❞✬❛❥✉st❡r ❧❡s ♣❛r❛♠ètr❡s ❞❡ Ps❢❡① ♣♦✉r é❧✐♠✐♥❡r ❝❡t ♦❜❥❡t
❛t②♣✐q✉❡ ✳

❋✐❣✳ ✸✳✷✿ ❙✉r ❧❛ ♣❛♥♥❡❛✉ ❞❡ ❣❛✉❝❤❡✱ ♦♥ ♣❡✉t ✈♦✐r ❞❡s ✈✐❣♥❡tt❡s ❞✬ét♦✐❧❡s r❡t❡♥✉❡s ❝♦♠♠❡
♣r♦t♦t②♣❡s ♣❛r Ps❢❡①✱ ✐❝✐ s✉r ✉♥ ❝❤❛♠♣ ❞✉ ❈❋❍❚▲❙✲❲✐❞❡✳ ❙✉r ❧❡ ♣❛♥♥❡❛✉ ❞❡
❞r♦✐t❡✱ ❧❡s ♠ê♠❡s ét♦✐❧❡s ❛♣rès s♦✉str❛❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ✜♥❛❧ ❞❡ P❙❋ ❞ér✐✈é ♣❛r
Ps❢❡①✳

❋✐t ❞❡ P❙❋ ❛✈❡❝ ❙❡①tr❛❝t♦r

❯♥❡ ❢♦✐s q✉❡ ❧✬♦♥ ❛ ♦❜t❡♥✉ ✉♥ ❜♦♥ ♠♦❞è❧❡ ❞❡ P❙❋ ❛✈❡❝ Ps❢❡①✱ ✐❧ ❢❛✉t ✉t✐❧✐s❡r ❝❡ ♠♦❞è❧❡
♣♦✉r ❞ét❡r♠✐♥❡r ♣ré❝✐sé♠❡♥t ❧✬❛str♦♠étr✐❡ ❡t ❧❛ ♣❤♦t♦♠étr✐❡ ❞❡ t♦✉t❡s ❧❡s s♦✉r❝❡s s✉r ❧✬✐♠❛❣❡
❛♥❛❧②sé❡✳
▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❡st ❧❡ s✉✐✈❛♥t ✿ ♣♦✉r ❝❤❛q✉❡ ♦❜❥❡t ❞ét❡❝té ❝❧❛ss✐q✉❡♠❡♥t

♣❛r ❙❡①tr❛❝t♦r✱ ♦♥ ❛❥✉st❡ ✉♥ ♠♦❞è❧❡ ❞❡ P❙❋ ♣r♦❞✉✐t ♣❛r Ps❢❡①✱ ❛✈❡❝ ❝♦♠♠❡ ✈❛r✐❛❜❧❡s ❧❛
♣♦s✐t✐♦♥ ❡♥ ✷ ❞✐♠❡♥s✐♦♥s ❞✉ ♣✐❝ ❞❡ ✢✉① ❡t ❧❡ ✢✉① t♦t❛❧✳ ❖♥ ❛ ❞♦♥❝ tr♦✐s ♣❛r❛♠ètr❡s ♣❛r P❙❋
❛❥✉sté❡ s✉r ✉♥ ♥♦♠❜r❡ ❞❡ ♣✐①❡❧ npix✳ ▲❡ ♥♦♠❜r❡ ❞❡ ❞❡❣rés ❞❡ ❧✐❜❡rté ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ✜t
à npsf P❙❋s ❡st ❞♦♥❝ ❞❡ npix − 3.npsf ✳ ▲❛ ✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ❞✉ ♠♦❞è❧❡ ❡st ♥♦♥ ❧✐♥é❛✐r❡✱
t❛♥❞✐s q✉❡ s❛ ❝♦♠♣♦s❛♥t❡ ❡♥ ✢✉① ❡st ❧✐♥é❛✐r❡✳ ▲✬❛❥✉st❡♠❡♥t s❡ ❢❛✐t ♣❛r ❧❛ ♠ét❤♦❞❡ ❞❡s
♠♦✐♥❞r❡s ❝❛rrés ❛♣♣❧✐q✉é❡ à ❝❡ ♠♦❞è❧❡ ♥♦♥ ❧✐♥é❛✐r❡ à tr♦✐s ❞✐♠❡♥s✐♦♥s✳ ▲❡ χ2 ❡st ♠✐♥✐♠✐sé
♣❛r ✉♥❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❡♥ ✈❛❧❡✉rs s✐♥❣✉❧✐èr❡s✳ ▲✬❡rr❡✉r s✉r ❧❡ ✢✉① ❡t ❧✬❡rr❡✉r s✉r ❧❛ ♣♦s✐t✐♦♥
s♦♥t ❛❧♦rs ❞✐r❡❝t❡♠❡♥t ❡①tr❛✐t❡s ❞❡s ❝♦♠♣♦s❛♥t❡s ❞✐❛❣♦♥❛❧❡s ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ ❝♦✈❛r✐❛♥❝❡✳ ❯♥
❛✉tr❡ s♦✉s ♣r♦❞✉✐t ✐♥tér❡ss❛♥t ❞✉ ✜t ❞❡ P❙❋ ❡st ❧❡ χ2 q✉✐ ❡st ✉♥❡ ♠❡s✉r❡ ♠❛t❤é♠❛t✐q✉❡♠❡♥t
r✐❣♦✉r❡✉s❡ ❞❡ ❧✬é❝❛rt ❡♥tr❡ ❧❛ s♦✉r❝❡ ❛♥❛❧②sé❡ ❡t ❧❡ ♠♦❞è❧❡ ❞❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡✱ q✉✐ r❡♥❞ ❞♦♥❝
❞✐r❡❝t❡♠❡♥t ❝♦♠♣t❡ ❞❡ ❧✬❛♣♣❛r❡♥❝❡ st❡❧❧❛✐r❡ ❞❡s ♦❜❥❡ts ét✉❞✐és✳ ▲❛ ❧✐♠✐t❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉
χ2 ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s ❞❡s s♦✉r❝❡s ét❡♥❞✉❡s ❡st q✉❡ s❛ ✈❛❧❡✉r✱ ② ❝♦♠♣r✐s

✺✸



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

♣♦✉r ❞❡s ét♦✐❧❡s s✐♠♣❧❡s✱ ❞é♣❡♥❞ ❛ss❡③ ❢♦rt❡♠❡♥t ❞❡ ❧❛ q✉❛❧✐té ❞✉ ♠♦❞è❧❡ ❞❡ P❙❋ q✉❡ ❧✬♦♥
✉t✐❧✐s❡ ✿ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ s❡✉✐❧ ❛❜s♦❧✉ ❞❡ χ2 q✉✐ ♣❡r♠❡tt❡ ❞❡ ❞✐st✐♥❣✉❡r ❡✣❝❛❝❡♠❡♥t ❧❡s
ét♦✐❧❡s ❞❡s ❣❛❧❛①✐❡s ♦✉ ❞❡s ❛rt❡❢❛❝ts✳ ▲❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❞❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s ❛✈❡❝ ❧❡
χ2 ❞✉ ✜t ❞❡ P❙❋ q✉✐ ❡st ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡ ❡st ❡①trê♠❡♠❡♥t ❡✣❝❛❝❡✱ ♠❛✐s ❝✬❡st
✉♥ ❝r✐tèr❡ r❡❧❛t✐❢✱ q✉✐ ❞♦✐t êtr❡ r❡❝❛❧é s✉r ❧❛ ♠é❞✐❛♥❡ ❞❡s ét♦✐❧❡s ❞✉ ❝❤❛♠♣✳
◆♦✉s ❞✐s♣♦s♦♥s à ❝❡ st❛❞❡ ❞✬✉♥ ✜t ❢♦♥❝t✐♦♥♥❡❧ ❛❥✉st❛♥t ✉♥❡ P❙❋ ♣❛r ♦❜❥❡t✱ ❛✈❡❝ ❝♦♠♠❡

❝♦♥séq✉❡♥❝❡ ❞✐r❡❝t❡ ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❞✉ ✜t ❡t ✉♥ tr❛✐t❡♠❡♥t ♣❧✉s ❥✉❞✐❝✐❡✉①
❞❡s ♦❜❥❡ts ❞♦✉❜❧❡s✱ ❧❡ ✜t ❞❡ P❙❋ ❛❥✉st❛♥t ❧❡ ✢✉① ❞✬✉♥❡ ❞❡s ❝♦♠♣♦s❛♥t❡s ❧à ♦ù ❧❛ ♣❤♦t♦♠étr✐❡
❞✬♦✉✈❡rt✉r❡ ❛❞❞✐t✐♦♥♥❡ ❧❡ ✢✉① ❞❡s ♦❜❥❡ts✳ P❛r ❛✐❧❧❡✉rs ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♥✬❛✉❣♠❡♥t❡ ♣❛s
♥♦t❛❜❧❡♠❡♥t ❧♦rs ❞✉ ✜t à ✉♥❡ P❙❋✱ s❡✉❧❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❧❛ P❙❋ ❞❡♠❛♥❞❛♥t ✉♥ t❡♠♣s
❞❡ ❝❛❧❝✉❧ s✉♣♣❧é♠❡♥t❛✐r❡ ♥♦t❛❜❧❡✳

❆♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❛str♦♠étr✐q✉❡ ❡t ♣❤♦t♦♠étr✐q✉❡ ♣❛r ✜t ❞❡ P❙❋

❋✐t ❞❡ P❙❋ ❱s ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ✿ ■♠❛❣❡s ❛rt✐✜❝✐❡❧❧❡s

❆✜♥ ❞❡ q✉❛♥t✐✜❡r ❧✬❛♠é❧✐♦r❛t✐♦♥ ❡♥tr❡ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ❡t ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝✲
t✐♦♥ ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t✱ ❥✬❛✐ s✐♠✉❧é ❞❡s ❝❤❛♠♣s ❞✬ét♦✐❧❡s ❛✈❡❝ ❧❡ ❧♦❣✐❝✐❡❧ ❙❦②♠❛❦❡r✳ ❈❡s
s✐♠✉❧❛t✐♦♥s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧❡ ❜r✉✐t ❞❡ ❢♦♥❞ ❞❡ ❝✐❡❧✱ ❧❡ ❜r✉✐t ❞❡ ❧❡❝t✉r❡✱ ❧❡ s❡❡✐♥❣ ❡t ❧❡
❤❛❧♦ ❞❡ s❛t✉r❛t✐♦♥ ❞❡s ét♦✐❧❡s ❜r✐❧❧❛♥t❡s✱ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ ❧❡✉r ✈❛❧✐❞✐té ❡♥ t❛♥t q✉✬✐♠❛❣❡s
❞❡ t❡st✳ ▲❡✉r s❡✉❧❡ ❧✐♠✐t❛t✐♦♥ ❡st q✉✬❡❧❧❡s s♦♥t ♥♦t❛❜❧❡♠❡♥t ♣❧✉s ✬♣r♦♣r❡s✬ q✉❡ ❧❡s ✐♠❛❣❡s ❞❡
s❝✐❡♥❝❡✳ ❊♥ ❡✛❡t✱ ❧❡s ❞é❢❛✉ts ❞❡ ❧✬♦♣t✐q✉❡ ❞✉ ❞ét❡❝t❡✉r ♥❡ s♦♥t ♣❛s ✐♥❝❧✉s✱ ♣❛s ♣❧✉s q✉❡ ❧❡s
✈❛r✐❛t✐♦♥s ❞❡ ❧❛ P❙❋ ❞❛♥s ❧❡ ❝❤❛♠♣✳ ■❧ ❡st ❞♦♥❝ ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ❜é♥é✜❝❡s ❞✉ ✜t ❞❡ P❙❋ s♦♥t
♣❧✉s ♠❛rq✉és ♣♦✉r ❧❡s ✐♠❛❣❡s ré❡❧❧❡s q✉❡ ♣♦✉r ❝❡s ✐♠❛❣❡s ❞❡ t❡st ♣✉✐sq✉❡ ♥♦tr❡ P❙❋ t✐❡♥t
❝♦♠♣t❡ ❞❡ ❝❡s ✈❛r✐❛t✐♦♥s ❧✐é❡s ❛✉① ❞é❢❛✉ts ❞❡ ❧✬♦♣t✐q✉❡✳ ❈♦♥♥❛✐ss❛♥t ❧❡s ♠❛❣♥✐t✉❞❡s ❡①❛❝t❡s
❞❡s ♦❜❥❡ts s✐♠✉❧és ❥✬❛✐ ♣✉ é✈❛❧✉❡r ❧❛ q✉❛❧✐té ❝♦♠♣❛ré❡ ❞❡ ❧✬❛str♦♠étr✐❡ ❡t ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡
❛✈❡❝ ♦✉ s❛♥s ✜t ❞❡ P❙❋✳ ❯♥ ❡①❡♠♣❧❡ ❡st ✐❧❧✉stré ♣❛r ❧❛ ✜❣✉r❡ ✸✳✸ ❛ss♦❝✐é❡ ❛✉ t❛❜❧❡❛✉ ✸✳✶✳

❋✐❣✳ ✸✳✸✿ ❊♥ ❜❧❡✉ ❧❛ ♣❤♦t♦♠étr✐❡ ❞❛♥s ❧✬♦✉✈❡rt✉r❡ r❡♣rés❡♥té❡ ♣❛r ❧❡ ❝❡r❝❧❡ ❞❡ ♠ê♠❡ ❝♦✉❧❡✉r✳
❊♥ r♦✉❣❡ ❧❡ ❝❡r❝❧❡ ❧♦❝❛❧✐s❡ ❧❡ ♣✐❝ ❞❡ ❧❛ P❙❋ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ✜t à ✉♥❡ P❙❋✳ ■♠❛❣❡
s✐♠✉❧é❡

❖♥ r❡♠❛rq✉❡ t♦✉t ❞✬❛❜♦r❞ q✉❡ ❧✬❛❥✉st❡♠❡♥t ❞❡ P❙❋ é❧✐♠✐♥❡ ❧❡s ét♦✐❧❡s s❛t✉ré❡s ❞❡ ❧❛ ❞é✲
t❡❝t✐♦♥✱ ❝♦♠♠❡ ❝❡❧❧❡ ❞✉ ❝❡♥tr❡ ❞❡ ❧❛ ✜❣✉r❡ ✸✳✸✱ ❧❛ ♣❤♦t♦♠étr✐❡ ♦❜t❡♥✉❡ ét❛♥t ❢❛✉ss❡ q✉❡❧❧❡
q✉❡ s♦✐t ❧❛ ♠ét❤♦❞❡ ❡♠♣❧♦②é❡✳ ❯♥ ❛✉tr❡ ♣♦✐♥t ❡st q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡s s②stè♠❡s ♠✉❧t✐✲

✺✹



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

♣❧❡s ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ✐♥tè❣r❡ ❞❛♥s ❧❡ ❞✐❛♠ètr❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ ❞✉ ✢✉① ♣r♦✈❡♥❛♥t
❞❡ ♣❧✉s✐❡✉rs ♦❜❥❡ts ❞✐st✐♥❝ts ♠❛✐s r❛♣♣r♦❝❤és✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ♣❛r ✜t ❞❡
P❙❋ ❡st ♣❧✉s ♣❡rt✐♥❡♥t ❝❛r ❝❡♥tré s✉r ❧❡ ♣✐❝ ❞❡ ❧✬♦❜❥❡t ❧❡ ♣❧✉s ❜r✐❧❧❛♥t ❛❧♦rs q✉❡ ❧❛ ♣❤♦✲
t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ❛ t❡♥❞❛♥❝❡ à ❝❡♥tr❡r s✉r ❧❡ ❜❛r②❝❡♥tr❡ ❞✉ ✢✉① t♦t❛❧ ❞❡s ❞❡✉① ♦❜❥❡ts✳
▲❛ ♣❤♦t♦♠étr✐❡ ❡st ♣❛r ❝♦♥séq✉❡♥t ♥♦t❛❜❧❡♠❡♥t ♠❡✐❧❧❡✉r❡ ❛✈❡❝ ❧✬❛❥✉st❡♠❡♥t ❞❡ P❙❋✳ ▲❛
❝♦♠♣♦s❛♥t❡ ❧❛ ♣❧✉s ❜r✐❧❧❛♥t❡ ❞❡s ♦❜❥❡ts ♠✉❧t✐♣❧❡s ❡st ❛✉ss✐ ♠✐❡✉① s✐♥❣✉❧❛r✐sé❡ ♣❛r ❧❡ ✜t ❞❡
P❙❋ q✉✐ ❡st ♠♦✐♥s s❡♥s✐❜❧❡ ❛✉① ✢✉① ❞❡s ♦❜❥❡ts ✈♦✐s✐♥s ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡ ♣♦✐❞s ❞❡ ❝❤❛q✉❡
♣✐①❡❧ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ P❙❋ ❡st ❢♦rt❡♠❡♥t ❞é❝r♦✐ss❛♥t q✉❛♥❞ ♦♥ s✬é❧♦✐❣♥❡ ❞✉ ❝❡♥tr❡✳ ❖♥
r❡tr♦✉✈❡ ❞♦♥❝ ✉♥❡ ♣❤♦t♦♠étr✐❡ ❛❝❝❡♣t❛❜❧❡ ♣♦✉r ❧❡s ♦❜❥❡ts ❧❡s ♣❧✉s ❜r✐❧❧❛♥ts ❞❡ s②stè♠❡s
♠✉❧t✐♣❧❡s très s❡rrés ❝♦♠♠❡ ❧❡ s②stè♠❡ ❞♦✉❜❧❡ ❡t ❧❡ s②stè♠❡ tr✐♣❧❡ ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✸✳

✸✳✷✳✷ ❆❥✉st❡♠❡♥t ❞❡ P❙❋ ♠✉❧t✐♣❧❡ ♣♦✉r ❝❤❛q✉❡ ♦❜❥❡t

▲✬ét❛♣❡ s✉✐✈❛♥t❡ ❛ été ❞✬❛♠é❧✐♦r❡r ❧❛ ♣❤♦t♦♠étr✐❡ ❞❡s ét♦✐❧❡s ♠✉❧t✐♣❧❡s ❡t ❞✬✐❞❡♥t✐✜❡r
❝❤❛❝✉♥❡ ❞❡ ❧❡✉rs ❝♦♠♣♦s❛♥t❡s✳ ▲❛ ♥é❝❡ss✐té ❞✬❛❥✉st❡r ♣❧✉s✐❡✉rs P❙❋ ❛♣♣❛r❛✐t ❞ès q✉❡ ❞❡s
s♦✉r❝❡s s❡ r❡❝♦✉✈r❡♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ❞✐✈✐s❡r ❝❤❛q✉❡ ♦❜❥❡t ✐❞❡♥✲
t✐✜é ♣❛r ❧❛ ♣r♦❝é❞✉r❡ ✐♥✐t✐❛❧❡ ❞❡ ❞ét❡❝t✐♦♥ ✉t✐❧✐sé❡ ❡♥ ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs P❙❋✳ ❯♥ ♦❜❥❡t ❡st
✐❞❡♥t✐✜é ♣❛r ❙❡①tr❛❝t♦r ❝♦♠♠❡ ✉♥ ❣r♦✉♣❡ ❞❡ ♣✐①❡❧s ❛❞❥❛❝❡♥ts ❛②❛♥t ✉♥❡ ✐♥t❡♥s✐té s✉♣ér✐❡✉r❡
à ✉♥ s❡✉✐❧✳ ❈❤❛q✉❡ ❞ét❡❝t✐♦♥ ❡st ❛❧♦rs ❛♥❛❧②sé❡ ♣❛r ✉♥❡ r♦✉t✐♥❡ ❞❡ ♥❡tt♦②❛❣❡ q✉✐ é❧✐♠✐♥❡
❡✣❝❛❝❡♠❡♥t ✉♥❡ ❜♦♥♥❡ ♣❛rt✐❡ ❞❡s rés✉❧t❛ts ❧❡s ♣❧✉s ❛❜❡rr❛♥ts✳ ❈❤❛q✉❡ ❞ét❡❝t✐♦♥ ❝♦♥✜r♠é❡
❡st ❛❧♦rs ❛♥❛❧②sé❡ ♣❛r ✉♥❡ r♦✉t✐♥❡ st❛♥❞❛r❞ ❞❡ ❙❡①tr❛❝t♦r q✉✐ s✬♦❝❝✉♣❡ ❞❡ ❧❛ sé♣❛r❛t✐♦♥ ❞❡s
s♦✉r❝❡s✱ ❞é❝♦✉♣❛♥t ❛✉ ❜❡s♦✐♥ ❧✬♦❜❥❡t ✐♥✐t✐❛❧ ❡♥ ♣❧✉s✐❡✉rs ♦❜❥❡ts ❞✐st✐♥❝ts✳ ❆✈❡❝ ✉♥ ❛❥✉st❡✲
♠❡♥t ♣ré❝✐s ❞❡ s❡s ♣❛r❛♠ètr❡s✱ ❝❡tt❡ r♦✉t✐♥❡ ❞❡ ❞❡❜❧❡♥❞✐♥❣ ♣❡✉t êtr❡ très ❡✣❝❛❝❡ ♣♦✉r
sé♣❛r❡r ❧❡s s♦✉r❝❡s✱ ❛✉ ♣r✐① ❞❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ♥♦♠❜r❡✉s❡s ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✳ ▲✬✉t✐❧✐s❛t❡✉r
❡st ❛❧♦rs ❝♦♥tr❛✐♥t ❞❡ ❢❛✐r❡ ✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧✬❡①❤❛✉st✐✈✐té ❡t ❧❛ ✜❛❜✐❧✐té ❞❡s ❞ét❡❝t✐♦♥s✳
❈♦♠♠❡ ❝❡ ❞❡r♥✐❡r ❝r✐tèr❡ ❡st ❧❡ ♣❧✉s str✐❝t ♣♦✉r ❧✬❛♥❛❧②s❡ ❞✉ ❈❋❇❉❙✱ ❝❡ ❝❤♦✐① s❡ tr❛❞✉✐t
♣❛r ❧❛ ♣❡rt❡ ❞❡s ❝♦♠♣♦s❛♥t❡s s❡❝♦♥❞❛✐r❡s q✉❛♥❞ ❧❡s s♦✉r❝❡s s♦♥t très ♣r♦❝❤❡s✱ à ♠♦✐♥s ❞❡
q✉❡❧q✉❡s ❋❲❍▼✱ ❧❛ ✈❛❧❡✉r ❡①❛❝t❡ ❞é♣❡♥❞❛♥t ❞✉ s✐❣♥❛❧ s✉r ❜r✉✐t ❡t ❞✉ ❝♦♥tr❛st❡ ❞❡s s♦✉r❝❡s
❡♥ q✉❡st✐♦♥✳
▲✬❛♥❛❧②s❡ à ♣❧✉s✐❡✉rs P❙❋ ♣❡r♠❡t ❞❡ ♥❡ ♣❛s ❢❛✐r❡ ❞❡ ❝♦♠♣r♦♠✐s ✿ ♦♥ ✉t✐❧✐s❡ ❞❡s ❝r✐tèr❡s

❝♦♥s❡r✈❛t❡✉rs ♣♦✉r ❧❛ sé♣❛r❛t✐♦♥ ❞❡s s♦✉r❝❡s✱ ❛✜♥ ❞❡ ♠✐♥✐♠✐s❡r ❧❡ ♥♦♠❜r❡ ❞❡ ❢❛✉ss❡s ❞é✲
t❡❝t✐♦♥s✱ t❛♥❞✐s q✉❡ ❧❡ ✜t ❞❡ P❙❋ s❡ ❝❤❛r❣❡ ❞❡ rés♦✉❞r❡ ❧❡s s②tè♠❡s ♠✉❧t✐♣❧❡s ❡t ❞✬❛♥❛❧②s❡r
♣r♦♣r❡♠❡♥t ❝❤❛❝✉♥❡ ❞❡ ❧❡✉r ❝♦♠♣♦s❛♥t❡s✳ ❆✉ ✜♥❛❧ ❧❛ q✉❛s✐✲t♦t❛❧✐té ❞❡s ❝♦♠♣♦s❛♥t❡s s❡❝✲
♦♥❞❛✐r❡s r❡♣ér❛❜❧❡s ♠❛♥✉❡❧❧❡♠❡♥t s♦♥t ✐❞❡♥t✐✜é❡s ✭❈❢ ✜❣✉r❡ ✸✳✹✮✱ ❡t ♠ê♠❡ ♠✐❡✉① ✭❈❢ ✜❣✉r❡s
✸✳✺ ❡t ✸✳✻✮✳ ❙❡✉❧s ❧❡s ♦❜❥❡ts ❢❛✐❜❧❡s s✐t✉és à ♣r♦①✐♠✐té ❞✬ét♦✐❧❡s s❛t✉ré❡s s♦♥t ♣❛r❢♦✐s ♣❡r❞✉s✳
P❛r r❛♣♣♦rt à ✉♥❡ ❛♥❛❧②s❡ ❝❧❛ss✐q✉❡✱ ♦♥ ♣❡✉t ❛✐♥s✐ r❡tr♦✉✈❡r ✷ à ✸✪ ❞✬♦❜❥❡ts st❡❧❧❛✐r❡s
s✉♣♣❧é♠❡♥t❛✐r❡s ♣♦✉r ✉♥ ❡♥❝♦♠❜r❡♠❡♥t éq✉✐✈❛❧❡♥t à ❝❡❧✉✐ ❞❡s ❝❤❛♠♣s ❡♥ ❜❛♥❞❡ z′ ❡t ❞✉
❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡ ♦✉ ❞✉ ❘❈❙✷✱ ❡t ♣rès ❞❡ ✶✵✪ ♣♦✉r ✉♥ ❡♥❝♦♠❜r❡♠❡♥t s✐♠✐❧❛✐r❡ ❛✉①
✐♠❛❣❡s ❞✉ ❈❋❍❚▲❙✲❉❡❡♣✳
▲✬❛❥♦✉t ❞✬✉♥❡ r♦✉t✐♥❡ ❞❡ ✜❧tr❛❣❡ ❛ ♣❡r♠✐s ❞✬é✈✐t❡r ❞✬❛❥✉st❡r ❞❡s P❙❋ s✉r ❞❡s ✢✉❝t✉❛t✐♦♥s

❞✉ ❜r✉✐t✱ ❡♥ ✐♠♣♦s❛♥t ✉♥ s✐❣♥❛❧ s✉r ❜r✉✐t s✉♣ér✐❡✉r à ✶σ ❛✐♥s✐ q✉✬✉♥ ❝♦♥tr❛st❡ ♠✐♥✐♠❛❧
❡♥tr❡ ❧❡s ❝♦♠♣♦s❛♥t❡s s❡❝♦♥❞❛✐r❡s ❡t ❧❛ ❝♦♠♣♦s❛♥t❡ ♣r✐♠❛✐r❡✳ ▲✬♦♣t✐♠✉♠ rés✉❧t❛t✲t❡♠♣s ❞❡
❝❛❧❝✉❧ ❡st ❞✬❛❥✉st❡r ❥✉sq✉✬à ✸ P❙❋ ♣❛r ♦❜❥❡t ✐♥✐t✐❛❧❡♠❡♥t ❞ét❡❝té ♣❛r ❙❡①tr❛❝t♦r ❞❛♥s ❧❡s
✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ❞✉ ❈❋❍❚▲❙✲❉❡❡♣✱ ❡t ❞❡ ❞❡✉① ❞❛♥s ❞❡s ❝❤❛♠♣s ♠♦✐♥s ❡♥❝♦♠❜r❡s✱ ❝♦♠♠❡
❝❡✉① ❞✉ ❘❈❙✲✷ ❡t ❞✉ ❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ❣❛❧❛①✐❡s✱ ❧❡ ✜t ❞❡ P❙❋ ♠✉❧t✐♣❧❡s

✺✺



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❋✐❣✳ ✸✳✹✿ ❊♥ ❜❧❡✉ ❧❛ ♣❤♦t♦♠étr✐❡ ❞❛♥s ❧✬♦✉✈❡rt✉r❡ r❡♣rés❡♥té❡ ♣❛r ❧❡ ❝❡r❝❧❡ ❞❡ ♠ê♠❡ ❝♦✉❧❡✉r✳
❊♥ r♦✉❣❡ ❧❡ ❝❡r❝❧❡ ❧♦❝❛❧✐s❡ ❧❡ ♣✐❝ ❞❡ ❧❛ P❙❋ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ✜t à ❞❡✉① P❙❋✳ ■♠❛❣❡
s✐♠✉❧é❡

❋✐❣✳ ✸✳✺✿ ❯♥❡ ét♦✐❧❡ ❞♦✉❜❧❡ r❡♣éré❡ ❡♥ i′ ❡t ❡♥ z′ ♣❛r ✉♥ ✜t à tr♦✐s P❙❋✱ sé♣❛r❛t✐♦♥ ❝❛❧✲
❝✉❧é❡ ✿✵✳✽✵✑ ✰✴✲ ✵✳✵✷✺✳ ■♠❛❣❡ ré❡❧❧❡✳

❋✐❣✳ ✸✳✻✿ ▲❛ ♠ê♠❡ ét♦✐❧❡ ♦❜s❡r✈é❡ ❛✈❡❝ ❧❛ ❝❛♠ér❛ ❆❈❙✱ ❡♥ ❜❛♥❞❡ ✐✱ ❞✉ ❍✉❜❜❧❡ ❙♣❛❝❡ ❚❡❧❡✲
❝♦♣❡✱ sé♣❛r❛t✐♦♥ ♠❡s✉ré❡ ✿ ✵✳✽✷✑✰✴✲ ✵✳✵✸✺✑ ✿ ❞ét❡❝t✐♦♥ ❝♦♥✜r♠é❡ ❞✬✉♥❡ ♥❛✐♥❡ ❞❡
t②♣❡ ▲ ♣ré❝♦❝❡ ❞❡ ❝♦✉❧❡✉r i′ − z′ ❂✶✳✺✺ ✦

✺✻



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

♥✬❛♠é❧✐♦r❡ ♣❛s ❧❛ ♣❡rt✐♥❡♥t❡ ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♦❜t❡♥✉❡ ❡t ✐♥tr♦❞✉✐t ✉♥ ♣r♦❜❧è♠❡ s✉♣♣❧é✲
♠❡♥t❛✐r❡ ❞❛♥s ❧❡✉r ❛♥❛❧②s❡ ✿ ❝❡s ♦❜❥❡ts s♦♥t s♦✉✈❡♥t ❞é❝♦✉♣és ❡♥ ♣❧✉s✐❡✉rs ❝♦♠♣♦s❛♥t❡s
s❛♥s ❛✉❝✉♥❡ ré❛❧✐té ♣❤②s✐q✉❡✳ ▲❛ ✜❣✉r❡ ✸✳✹ ❛✈❡❝ s♦♥ s②stè♠❡ ❣❛❧❛①✐❡✰ét♦✐❧❡ ❞♦✉❜❧❡ ❞❛♥s ❧❡
❝♦✐♥ ✐♥❢ér✐❡✉r ❣❛✉❝❤❡✱ ❛✐♥s✐ q✉❡ ❧❛ ✜❣✉r❡ ✸✳✶ ✐❧❧✉str❡♥t à ❧❛ ❢♦✐s ❝❡t ✐♥❝♦♥✈é♥✐❡♥t ❡t ❧✬✉♥ ❞❡s
❛✈❛♥t❛❣❡s ❞✉ ✜t ♠✉❧t✐♣❧❡✱ q✉✐ ❡st ❞❡ r❡♣ér❡r t♦✉t❡s ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✬✉♥ s②stè♠❡ ♠✉❧t✐♣❧❡✳
❊♥ ♣r❛t✐q✉❡✱ ❧❛ s❡✉❧❡ ✐♥✢✉❡♥❝❡ s✉r ♥♦tr❡ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡ ❜r✉♥❡s ❡t ❞❡ q✉❛s❛rs s❡r❛✐t ❞❡
❝ré❡r ❞❡ ❢❛✉① ♦❜❥❡ts r♦✉❣❡s s✐ ❧❛ s❝✐ss✐♦♥ ❞❡s ❣❛❧❛①✐❡s ❡♥ ♣❧✉s✐❡✉rs P❙❋ s❡ ❢❛✐s❛✐t ❞✐✛ér❡♠✲
♠❡♥t ❡♥ ❜❛♥❞❡s z′ ❡t i′✳ ▲❡ ✜t ❞❡ P❙❋ ♠✉❧t✐♣❧❡ à ❞❡✉① ✐♠❛❣❡s✱ ❞✐s❝✉té ♣❧✉s ❧♦✐♥✱ ♣❡r♠❡t ❞❡
rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡ ♣✉✐sq✉❡ ❧❡s ❣❛❧❛①✐❡s s♦♥t ❛❧♦rs ❞é❝♦✉♣é❡s à ❧✬✐❞❡♥t✐q✉❡ ❞❛♥s t♦✉t❡s ❧❡s
❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳

❋✐❣✳ ✸✳✼✿ ▲❡s ♦❜❥❡ts st❡❧❧❛✐r❡s ♥♦♥ s❛t✉rés ♣rés❡♥ts s✉r ❧✬✐♠❛❣❡ s✐♠✉❧é❡ ❞❡ ❧❛ ✜❣✉r❡ ✸✳✹✱ s♦♥t
✐❝✐ ♦♥ r❡♣èrés ♣❛r ❞❡s ❝❡r❝❧❡s✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ ❝❡s ét♦✐❧❡s s♦♥t ❞ét❛✐❧❧és ❞❛♥s ❧❛
t❛❜❧❡ ✸✳✶✳ ❊♥ r♦✉❣❡ q✉❛♥❞ ❧✬❡rr❡✉r ré❡❧❧❡ ❡st s✉♣ér✐❡✉r❡ à ❞❡✉① ❢♦✐s ❧✬❡rr❡✉r ❡st✐♠é❡
♣❛r ✉♥ ✜t à ❞❡✉① P❙❋✳

ét♦✐❧❡ s✐♠♣❧❡ ét♦✐❧❡s ❞♦✉❜❧❡s ét♦✐❧❡s ❞♦✉❜❧❡s✰❣❛❧❛①✐❡
■❞❡♥t✐✜❛♥t ✶ ✷ ✸ ✹ ✺
P❤♦t✳ ❖1 ✶✾✳✺✻±✳✵✵✷ ✷✵✳✻✺±✳✵✹ ♥♦♥ ❞ét❡❝té❡ ✷✶✳✷✼±✳✵✵✼ ♥♦♥ ❞ét❡❝té❡
❋✐t ✶ P❙❋ ✶✾✳✻✵±✳✵✵✷ ✷✵✳✺✽±✳✵✵✸ ♥♦♥ ❞ét❡❝té❡ ✷✶✳✷✻±✳✵✵✻ ♥♦♥ ❞ét❡❝té❡
❋✐t ✷ P❙❋ ✶✾✳✻✵±✳✵✵✷ ✷✵✳✺✽±✳✵✵✸ ✷✷✳✼✶±✳✵✷✹ ✷✶✳✸✼±✳✵✵✻ ✷✷✳✸✻±✳✵✷
▼❛❣✳ ❘2 ✶✾✳✻✵ ✷✵✳✺✽ ✷✷✳✼✻ ✷✶✳✹✵ ✷✷✳✸✼

❚❛❜✳ ✸✳✶✿ ❘és✉❧t❛ts ♣❤♦t♦♠étr✐q✉❡s ❝♦♠♣❛rés ❞❡s ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ✉t✐❧✐sé❡s✱ ❛♣rès ❝♦r✲
r❡❝t✐♦♥ ❞✬♦✉✈❡rt✉r❡✳ ▲❡s ét♦✐❧❡s ♥✉♠ér♦té❡s ❞❡ ✶ à ✺ s♦♥t ✈✐s✉❛❧✐s❛❜❧❡s s✉r ❧❛ ✜❣✉r❡
✸✳✼✳
1 P❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✱ 2 ▼❛❣♥✐t✉❞❡ ré❡❧❧❡ ❞❡ ❧✬ét♦✐❧❡ s✐♠✉❧é❡

▲✬❡①❡♠♣❧❡ ❛♥❛❧②sé ❞❛♥s ❧❛ ✜❣✉r❡ ✸✳✼ ❡t ❧❛ t❛❜❧❡ ✸✳✶ ✐❧❧✉str❡ ❧❡s ❛✈❛♥t❛❣❡s ❞✉ ✜t ❞❡ P❙❋
♠✉❧t✐♣❧❡✱ q✉❡ ❥✬❛✐ ✉t✐❧✐sé ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✳ ❈❡ ❝❤❛♠♣ ❛ été ❝❤♦✐s✐ ♣♦✉r
s❛ ❞❡♥s✐té ❡♥ ❝❛s ✬❞✐✣❝✐❧❡s✬✱ ❡t ♥✬❡st ♣❛s r❡♣rés❡♥t❛t✐❢ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ✐♠❛❣❡s ét✉❞✐é❡s✳
❉❡ ♠ê♠❡✱ ♥♦tr❡ ❛♥❛❧②s❡ ♥❡ ♣♦rt❡ q✉❡ s✉r ❧❡s ♦❜❥❡ts st❡❧❧❛✐r❡s ♥♦♥ s❛t✉rés q✉✐ s♦♥t ❧❡s s❡✉❧s
❝❛♥❞✐❞❛ts ♣♦ss✐❜❧❡s ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❡t ❞❡ q✉❛s❛rs à ❤❛✉t r❡❞s❤✐❢t✳ ▲✬ét♦✐❧❡

✺✼



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✐s♦❧é❡ ❡t ❜r✐❧❧❛♥t❡ ✭ét♦✐❧❡ ✶✮✱ ❡st ❛♥❛❧②sé❡ ❝♦rr❡❝t❡♠❡♥t ❞❛♥s t♦✉s ❧❡s ❝❛s ♠❛✐s ❧✬❡rr❡✉r ❡st
s✐❣♥✐✜❝❛t✐✈❡♠❡♥t s♦✉s ❡st✐♠é❡ ♣❛r ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ▼ê♠❡ ❞❛♥s ❝❡ ❝❛s s✐♠♣❧❡✱
❧❡ ✜t ❞❡ P❙❋ ❡st ❞♦♥❝ ♣❧✉s ✜❛❜❧❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ét♦✐❧❡ ❞♦✉❜❧❡ ✭ét♦✐❧❡s ✷✱✸ ❡t ✺✮✱ ❧❡ ✜t à
❞❡✉① P❙❋ ❡st ❜✐❡♥ ♠❡✐❧❧❡✉r q✉❡ ❧❡ ✜t à ✉♥❡ P❙❋ q✉✐ ❧✉✐ ♠ê♠❡ ❞♦♥♥❡ ❞❡s rés✉❧❛ts s✐❣♥✐✜❝❛✲
t✐✈❡♠❡♥t ❛♠é❧✐♦rés ♣❛r r❛♣♣♦rt à ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ❖♥ ♣❡✉t ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡
❞❡ ❧❛ ♣r♦①✐♠✐té ❞✬✉♥❡ ❣❛❧❛①✐❡✱ t❤é♦r✐q✉❡♠❡♥t ❧❡ ♣♦✐♥t ❢❛✐❜❧❡ ❞✉ ✜t ❞❡ P❙❋✱ ❛✈❡❝ ❧✬ét♦✐❧❡ ✹✳
❉❛♥s ❝❡ ❝❛s ♦♥ ✈♦✐t ❡✛❡❝t✐✈❡♠❡♥t q✉❡ ❧❡ ✜t à ✉♥❡ P❙❋ ❞♦♥♥❡ ✉♥ rés✉❧t❛t ❝♦♠♣❛r❛❜❧❡ à
❝❡❧✉✐ ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✱ ♠❛✐s q✉❡ ❧❡ ✜t à ♣❧✉s✐❡✉rs P❙❋ ❡st ❞❡ ❧♦✐♥ ♠❡✐❧❧❡✉r✱
♠ê♠❡ s✬✐❧ s♦✉s ❡st✐♠❡ ❡♥❝♦r❡ ❧✬❡rr❡✉r✳ ▼ê♠❡ ♣rès ❞❡ ❣❛❧❛①✐❡s✱ ❧❡ ✜t ❞❡ P❙❋ ♠✉❧t✐♣❧❡ q✉❡ ❥✬❛✐
❛♣♣❧✐q✉é s✉r ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ❡st ❞♦♥❝ ❜✐❡♥ ♣❧✉s ♣ré❝✐s q✉❡ ❝❡ q✉❡ ❧✬♦♥ ♣❡✉t ♦❜t❡♥✐r
❛✈❡❝ ❧❛ ✈❡rs✐♦♥ ♣✉❜❧✐q✉❡ ❞❡ ❙❡①tr❛❝t♦r✳ ❙✉r ❝❡t ❡①❡♠♣❧❡✱ ❧❡ ✜t à ♣❧✉s✐❡✉rs P❙❋ tr♦✉✈❡ t♦✉t❡s
❧❡s ❝♦♠♣♦s❛♥t❡s ❞❡s s②tè♠❡s ♠✉❧t✐♣❧❡s ❡t ❡st✐♠❡ ❧❡✉r ♠❛❣♥✐t✉❞❡ ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ ❞❡
q✉❡❧q✉❡s ❝❡♥t✐è♠❡s ❞❡ ♠❛❣♥✐t✉❞❡✱ ♠❛rq✉❛♥t ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❝♦♥s✐❞ér❛❜❧❡ ♣❛r r❛♣♣♦rt à
❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳
▲❡s ❜é♥é✜❝❡s ❛♣♣♦rtés ♣❛r ❧❡ ✜t ❞❡ P❙❋ ♠✉❧t✐♣❧❡ s♦♥t ❞♦♥❝ ❞♦✉❜❧❡s ✿
✕ ▲✬❛♥❛❧②s❡ ❛str♦♠étr✐q✉❡ ❡t ♣❤♦t♦♠étr✐q✉❡ ❞❡s s♦✉r❝❡s ♣r♦❝❤❡s ❞♦♥t ❧❡s ✢✉① s♦♥t ♠é❧❛♥❣és
❡st ❜♦♥♥❡ ♣♦✉r t♦✉t❡s ❧❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s✳

✕ ▲❛ ❞ét❡❝t✐♦♥ ❞❡ s♦✉r❝❡s ❢❛✐❜❧❡s ♣r♦❝❤❡s ❞❡ s♦✉r❝❡s ❜r✐❧❧❛♥t❡s ❡st ♦♣t✐♠❛❧❡✱ ♣❡r♠❡tt❛♥t
❞✬✐❞❡♥t✐✜❡r ✉♥ ♠❛①✐♠✉♠ ❞❡ s♦✉r❝❡s s❛♥s ❛✉❣♠❡♥t❡r ❧❡ t❛✉① ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✳

✸✳✷✳✸ ❋✐t ❞❡ P❙❋ ❱s ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ✿ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s
❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡

▲✬✐♥❥❡❝t✐♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❞❛♥s ❞❡s ✐♠❛❣❡s ré❡❧❧❡s ❞✉ ❈❋❇❉❙✱ ✐♥✐t✐❛❧❡♠❡♥t ❡♥tr❡♣r✐s❡
❞❛♥s ❧✬♦❜❥❡❝t✐❢ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❝♦♠♣❧ét✉❞❡ ❞✉ ❈❋❇❉❙ ✭❈❢ s❡❝t✐♦♥ ✧❈♦♠♣❧ét✉❞❡ ❡t ❢♦♥❝t✐♦♥

❞❡ sé❧❡❝t✐♦♥✧✮ ❛♣♣♦rt❡ ❛✉ss✐ ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ q✉❛❧✐té ❞✉ ✜t ❞❡ P❙❋ ❝♦♠♣❛ré❡ à
❝❡❧❧❡ ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ❈❡❧❛ ♠✬❛ ♣❡r♠✐s ❞❡ ♠❡♥❡r ✉♥❡ ét✉❞❡ ❝♦♠♣❛r❛❜❧❡ à
❝❡❧❧❡ ❜❛sé❡ s✉r ❞❡s ✐♠❛❣❡s ❛rt✐✜❝✐❡❧❧❡s✱ ♠❛✐s ❡♥ ✉t✐❧✐s❛♥t ✉♥ très ❣r❛♥❞ ♥♦♠❜r❡ ❞✬✐♠❛❣❡s
❡♥❝♦r❡ ♣❧✉s r❡♣rés❡♥t❛t✐✈❡s ❞❡s ✐♠❛❣❡s ré❡❧❧❡s✳ ❆✉ ✜♥❛❧ ❝❡tt❡ ❛♥❛❧②s❡ ♣♦rt❡ s✉r ✶ ✺✵✵ ✵✵✵
ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ✐♥❥❡❝té❡s ❞❛♥s ♣rès ❞❡ ✻✵✵ ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡✳ ▲✬♦✉✈❡rt✉r❡ ✉t✐❧✐sé❡ ♣♦✉r
❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ✭❡♥✈✐r♦♥ ✶✳✹✺✯❋❲❍▼✮ ♦♣t✐♠✐s❡ ❧❡ r❛♣♣♦rt s✐❣♥❛❧ à ❜r✉✐t✳ ❯♥❡
❝♦rr❡❝t✐♦♥ ❞✬♦✉✈❡rt✉r❡ ❞❡ ✵✳✸ à ✵✳✹ ♠❛❣♥✐t✉❞❡ ❡st ❛♣♣❧✐q✉é❡ ❡♥ ❝❛❧✐❜r❛♥t s✉r ❧❡s ét♦✐❧❡s
❛rt✐✜❝✐❡❧❧❡s ❧❡s ♣❧✉s ❜r✐❧❧❛♥t❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r P❙❋✱ ❝❡s t❡sts ♦♥t ♠♦♥tré
❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❢❛✐❜❧❡ ♦✛s❡t ✈❛r✐❛♥t ❞❡ ✲✵✳✵✸ à ✰✵✳✵✷ ♠❛❣♥✐t✉❞❡ s❡❧♦♥ ❧❛ ❋❲❍▼ ❞❡s ✐♠❛❣❡s✳
❈❡t ♦✛s❡t ❛ ♣♦✉r ♦r✐❣✐♥❡ ❧❡ ♠♦❞è❧❡ ❞❡ P❙❋ ❝réé ♣❛r Ps❢❡①✱ ❞♦♥t ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥ ❡♥ ✢✉①
✉t✐❧✐s❡ ✉♥❡ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ❈♦♠♠❡ ❝❡tt❡ ♦✉✈❡rt✉r❡ ❡st ❡♥ ❣é♥ér❛❧ ❝❤♦✐s✐❡ ❧❛r❣❡
✭❏✬✉t✐❧✐s❡ ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✸✵ ♣✐①❡❧s ♣♦✉r ✉♥❡ ❋❲❍▼ ✈❛r✐❛♥t ❡♥tr❡ ✸ ❡t ✺ ♣✐①❡❧s✮ ❡t q✉❡
❧❡s ♣r♦t♦t②♣❡s ✉t✐❧✐sés ♣❛r Ps❢❡① ♦♥t ✉♥ ❜♦♥ s✐❣♥❛❧ s✉r ❜r✉✐t✱ ❝❡t ❡✛❡t r❡st❡ ❢❛✐❜❧❡✳ ❆✜♥
❞❡ ❝♦♠♣❛r❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞✬❡rr❡✉rs ❡♥ é❧✐♠✐♥❛♥t ❝❡t ♦✛s❡t✱ ❥✬❛✐ é❣❛❧❡♠❡♥t ❛♣♣❧✐q✉é ✉♥❡
❝♦rr❡❝t✐♦♥ ❞✬♦✉✈❡rt✉r❡ à ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r P❙❋✳
▲❡s ❜✐❛✐s ❧✐és à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s s♦♥t ♠✐♥✐♠✐sés ❞❛♥s ❝❡ ❝❛s ♠❛✐s ❡①✐st❡♥t

t♦✉❥♦✉rs✳ ▲❡ ♣❧✉s é✈✐❞❡♥t ✈✐❡♥t ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ✿ ❡❧❧❡s ♦♥t ❧❛
❢♦r♠❡ ❞✉ ♠♦❞è❧❡ ❞❡ P❙❋ à ❧✬♦r❞r❡ ✵ ❞❡ ❝❤❛q✉❡ ❞ét❡❝t❡✉r✳ ❈❡ s♦♥t ❞♦♥❝ ❞❡s P❙❋ q✉✐✱
❝♦♥tr❛✐r❡♠❡♥t à ❝❡❧❧❡s ❞❡s ét♦✐❧❡s ré❡❧❧❡s✱ ♥❡ ✈❛r✐❡♥t ♣❛s ❞❛♥s ❧❡ ❝❤❛♠♣✳ ❈♦♠♠❡ ❧❡ ❝❤❛♠♣
r❡st❡ ♣❡t✐t✱ ❧✬❡✛❡t ❡st ❢❛✐❜❧❡✱ ♠❛✐s ✐❧ ♥✬❡st ♣❛s ♥é❣❧✐❣❡❛❜❧❡ ✿ ❧❡ ♠♦❞è❧❡ ❞❡ P❙❋ ✉t✐❧✐sé ♣♦✉r
❛❥✉st❡r ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❡st ❞♦♥❝ ❧é❣èr❡♠❡♥t ❢❛✉① ♣❛r ❝♦♥str✉❝t✐♦♥✳ ❆ ❝♦♥tr❛r✐♦✱ ❧✬✉♥
❞❡s ♣r✐♥❝✐♣❛✉① ❞é❢❛✉ts ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ❡st é❧✐♠✐♥é ✿ ❧❛ ❝♦rr❡❝t✐♦♥ ❞✬♦✉✈❡rt✉r❡

✺✽



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

♣♦✉r ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❡st ❝❛❧✐❜ré❡ s✉r ❞❡s ét♦✐❧❡s ❞❡ ré❢ér❡♥❝❡ ♣r✐s❡s ✉♥✐q✉❡♠❡♥t ♣❛r♠✐
❝❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s✳ ❊❧❧❡ ❡st ❞♦♥❝ ♦♣t✐♠❛❧❡ s✉r t♦✉t ❧❡ ❝❤❛♠♣ ♠ê♠❡ s✐ ❧❛ ❢♦r♠❡ ❞❡s
ét♦✐❧❡s ré❡❧❧❡s ✈❛r✐❡✳ ❈❡tt❡ ♥♦♥✲✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s s♦✉s ❡st✐♠❡ ❞♦♥❝
❧é❣èr❡♠❡♥t ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r P❙❋ t❛♥❞✐s q✉✬❡❧❧❡ s✉r❡st✐♠❡ ❝❡❧❧❡s ❞❡
❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ▲✬❡st✐♠❛t✐♦♥ ❞❡s ❜é♥é✜❝❡s ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r ✜t ❞❡ P❙❋
❞é✈❡❧♦♣♣é❡ ❝✐ ❞❡ss♦✉s ❡st ❞♦♥❝ ♣❧✉tôt ♣❡ss✐♠✐st❡✳
▲❡ ❜r✉✐t ♠❡s✉ré ♣❛r ❙❡①tr❛❝t♦r ♣♦✉r ❧❡ ✜t ❞❡ P❙❋ ❡st ❡♥ ♠♦②❡♥♥❡ ✐♥❢ér✐❡✉r ❞❡ ✽✪ à ❧✬❡s✲

t✐♠❛t✐♦♥ ❞✬❡rr❡✉r ❝❛❧❝✉❧é❡ ♣❛r ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ❈♦♠♠❡ ❧❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥
❞❡ ♥♦s ❝❛♥❞✐❞❛ts ❢♦♥t ✐♥t❡r✈❡♥✐r ❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t ❞❡s s♦✉r❝❡s✱ q✉✐ ❞♦✐t êtr❡ ♠❡✐❧❧❡✉r q✉❡
✶✵✱ ❝❡tt❡ ré❞✉❝t✐♦♥ ❞❡ ❧✬❡rr❡✉r ♠❡s✉ré❡ ♣❛r ❧❡ ✜t ❞❡ P❙❋ s❡ tr❛❞✉✐t ❞✐r❡❝t❡♠❡♥t ♣❛r ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❞✉ ❈❋❇❉❙✱ ♣✉✐sq✉❡ ♣❧✉s ❞✬♦❜❥❡ts s♦♥t r❡t❡♥✉s✳ ❊♥ ♥♦✉s ✐♥tér❡s✲
s❛♥t ♠❛✐♥t❡♥❛♥t à ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ré❡❧❧❡✱ ❞ér✐✈é❡ à ♣❛rt✐r ❞❡s ♠❛❣♥✐t✉❞❡s ❝♦♥♥✉❡s
❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s✱ ♥♦✉s ❛❧❧♦♥s ♣♦✉✈♦✐r ✈ér✐✜❡r s✐ ❝❡tt❡ ❜❡❧❧❡ ❛ss✉r❛♥❝❡ ❞✉ ✜t ❞❡ P❙❋
❞❛♥s ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❡st ❥✉st✐✜é❡ ♣❛r ✉♥❡ ♣ré❝✐s✐♦♥ ❛❝❝r✉❡✳

▲❛ ✜❣✉r❡ ✸✳✽✱ ♠♦♥tr❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡rr❡✉rs ♥♦r♠❛❧✐sé❡ à ❧❡✉r ❡st✐♠❛t✐♦♥ s✉r ✶✶ ✐♠✲
❛❣❡s ❞✉ ❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡✳ ▲❛ ❣r❛♥❞❡✉r r❡♣rés❡♥té❡ ✐❝✐ ❡st ❞♦♥❝ ✿

Mobservee−Mreelle

σfitPSF

▲❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡rr❡✉r ❞❡ ✻✽✳✵✪ ❞❡s ♦❜❥❡ts ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ✰✶ ❡t ✲✶ σ✱ ✾✷✳✻✪ ❡♥tr❡ ✰✷
❡t ✲✷ σ✱ ❡t ✾✽✳✷✪ ❡♥tr❡ ✰✸ ❡t ✲✸ σ✳ ▲✬❛❧❧✉r❡ ❣é♥ér❛❧❡ ❡st ❜✐❡♥ ❝❡❧❧❡ ❞✬✉♥❡ ❣❛✉ss✐❡♥♥❡✱ ♠ê♠❡ s✐
❧❡s ❛✐❧❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♦♥t ♥♦t❛❜❧❡♠❡♥t ♣❧✉s ❢♦✉r♥✐❡s ❡t s✬❡♥ é❝❛rt❡♥t✳ ▲❡s ❞✐str✐❜✉t✐♦♥s
❞✬❡rr❡✉r s♦♥t ❧é❣èr❡♠❡♥t ❞é❝❡♥tré❡s✱ ❛✈❡❝ ✉♥ ❞é❝❛❧❛❣❡ ❞❡ ≈ −0.06σ✱ ❞û à ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥
❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r ❧❡ ✢✉① ❞❡s ♦❜❥❡ts ♣r♦❝❤❡s✳
▲♦rsq✉❡ ❧✬♦♥ ét✉❞✐❡ ❧❡s ❡rr❡✉rs ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡✱ ✐❧ ❢❛✉t ❞✐st✐♥❣✉❡r ❧❡ ❝♦❡✉r ❞❡ ❧❛ ❞✐str✐❜✉✲

t✐♦♥ ❡t s❡s ❛✐❧❡s✱ q✉✐ r❡♥❞❡♥t ❝♦♠♣t❡♥t ❞✬❡rr❡✉rs ♥♦♥ ❣❛✉ss✐❡♥♥❡s✱ ❝♦♠♠❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥
♣❛r ❞❡s r❛②♦♥s ❝♦s♠✐q✉❡s✱ ❞❡s ♦❜❥❡ts ét❡♥❞✉s ♦✉ s✐♠♣❧❡♠❡♥t ❞❡s ♦❜❥❡ts ♣r♦❝❤❡s✳ ❉❛♥s ❧❡
❝❛s ❞❡s ❡rr❡✉rs ✬❣❛✉ss✐❡♥♥❡s✬✱ ❡♥tr❡ ✲✸σ ❡t ✰✸σ✱ q✉✐ ❝♦♥❝❡r♥❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡s ét♦✐❧❡s
s✐♠♣❧❡s✱ ❧❛ ♣ré❝✐s✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ♠♦②❡♥♥❡ ❡st ❛♠é❧✐♦ré❡ ❞❡ ✺✪ ♣❛r r❛♣♣♦rt à ❧❛ ♣❤♦✲
t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✳ ▼ê♠❡ s✐ ❧✬♦♥ ♥✬❛♣♣❧✐q✉❡ ♣❛s ❞❡ ❝♦rr❡❝t✐♦♥ ❞✬♦✉✈❡rt✉r❡ ❛✉ ✜t ❞❡ P❙❋
♣♦✉r é❧✐♠✐♥❡r ❧❡ ❢❛✐❜❧❡ ♦✛s❡t ❞é❝r✐t ♣❧✉s ❤❛✉t✱ ❧❛ ♣ré❝✐s✐♦♥ ❞✉ ✜t ❞❡ P❙❋ r❡st❡ ❛✉ ♠♦✐♥s
é❣❛❧❡ à ❝❡❧❧❡ ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ♦♣t✐♠❛❧❡ ❝♦rr✐❣é❡✳ ◗✉❛♥❞ ♦♥ ✐♥❝❧✉t ❧❛ q✉❡✉❡ ❞❡
❧❛ ❞✐str✐❜✉t✐♦♥✱ ❛✉ ❞❡❧à ❞❡ ✸σ ❞❛♥s ❝❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ♣❤♦t♦♠étr✐q✉❡✱ ❧✬❛♠é❧✐♦r❛t✐♦♥
♠♦②❡♥♥❡ ✐♥❞✉✐t❡ ♣❛r ❧❡ ✜t ❞❡ P❙❋ ♣❛ss❡ à ♣❧✉s ❞❡ ✸✺✪✳ ▲❡s ♦❜❥❡ts q✉❡ ❧✬♦♥ ❛❥♦✉t❡ ❛✉ ❝❛❧❝✉❧
❞❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❝❡tt❡ ❛♠é❧✐♦r❛t✐♦♥ ❝♦♥st✐t✉❡♥t ✶ à ✷✪ ❞✉ t♦t❛❧ ❞❛♥s ❧❡ ❝❛s ❞✉ ✜t ❞❡ P❙❋
❡t ✷ à ✸✪ ♣♦✉r ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡✱ ♠❛✐s ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r ❛❥✉st❡✲
♠❡♥t ❞❡ P❙❋ ❝❡s ❡rr❡✉rs ♥♦♥ ❣❛✉ss✐❡♥♥❡s s♦♥t ♠✐❡✉① ❝♦♥trô❧é❡s ❡t ❞é♣❛ss❡♥t r❛r❡♠❡♥t ✶✵σ
❡♥ ❛♠♣❧✐t✉❞❡✳ ▲✬é❝❛rt t②♣❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡rr❡✉r t♦t❛❧❡ ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡r✲
t✉r❡✱ s✬❛❝❝r♦ît ❞❡ ♣rès ❞❡ ✽✵✪ ♣❛r r❛♣♣♦rt à ❧✬é❝❛rt t②♣❡ ❞✉ ❝♦❡✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳ ❉❛♥s
❧❡ ❝❛s ❞✉ ✜t ❞❡ P❙❋ ❝❡t ❛❝❝r♦✐ss❡♠❡♥t ❞❡ ❧✬❡rr❡✉r ♠♦②❡♥♥❡ ❡st s❡✉❧❡♠❡♥t ❞❡ ✶✺✪✳ ❈❡tt❡
❛♠é❧✐♦r❛t✐♦♥ ❡st ❞✬❛✉t❛♥t ♣❧✉s s♣❡❝t❛❝✉❧❛✐r❡ q✉✬❡❧❧❡ ❛ été ❝❛❧❝✉❧é❡ s✉r ❧❡s ❝❤❛♠♣s ❧❡s ♠♦✐♥s
♣r♦❢♦♥❞s ❞✉ ❈❋❇❉❙ ❡t q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ❞♦♥t ❧❛ ♣❤♦t♦♠étr✐❡ ❡st ✬❞✐✣❝✐❧❡✬ ❞é♣❡♥❞
s❡♥s✐❜❧❡♠❡♥t ❞❡ ❧✬❡♥❝♦♠❜r❡♠❡♥t ❞❡s ❝❤❛♠♣s✳ ❊♥❝♦r❡ ✉♥❡ ❢♦✐s ♥♦s ❡st✐♠❛t✐♦♥s s♦♥t ❞♦♥❝
♣❧✉tôt ❝♦♥s❡r✈❛t✐✈❡s✳
❊♥ ♠❛t✐èr❡ ❞❡ ♣ré❝✐s✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ❧❡s ❜é♥é✜❝❡s ❛♣♣♦rtés ♣❛r ❧❛ ♣❤♦t♦♠étr✐❡ ♣❛r ✜t

❞❡ P❙❋ s♦♥t ❞♦♥❝ ❞♦✉❜❧❡s ✿

✺✾



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

✕ ❯♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ❣❧♦❜❛❧❡ ❞❡ ✺✪ s✉r ❧❡s ❞ét❡❝t✐♦♥s ❧❡s ♣❧✉s ❝❧❛ss✐q✉❡s✱
❞❡s ét♦✐❧❡s ✐s♦❧é❡s✳

✕ ❯♥❡ ♠❛îtr✐s❡ ❞❡s ❞ét❡❝t✐♦♥s ✬❞✐✣❝✐❧❡s✬✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ♦❜❥❡ts ❝♦♥t❛♠✐♥és ♣❛r ❞❡s
r❛②♦♥s ❝♦s♠✐q✉❡s ♦✉ ❞✉ ✢✉① ♣r♦✈❡♥❛♥t ❞❡ ❣❛❧❛①✐❡s ♦✉ ❞✬ét♦✐❧❡s très ♣r♦❝❤❡s✳ ❉❛♥s ❝❡s
❝❛s ♦ù ❧❛ ♣❤♦t♦♠étr✐❡ ❞✬♦✉✈❡rt✉r❡ ❞♦♥♥❡ ❞❡s rés✉❧t❛ts ❛❜❡rr❛♥ts✱ ❧❡s rés✉❧t❛ts ❞❡ ❧❛
♣❤♦t♦♠étr✐❡ ♣❛r ✜t ❞❡ P❙❋ r❡st❡♥t ✉t✐❧✐s❛❜❧❡s✳ ❈❡tt❡ r♦❜✉st❡ss❡ ❞✉ ✜t ❞❡ P❙❋ ❡st ♣❛r✲
t✐❝✉❧✐èr❡♠❡♥t ♣♦s✐t✐✈❡ ♣♦✉r ❧✬❛♥❛❧②s❡ ❞✉ ❈❋❇❉❙ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛ ♠❛îtr✐s❡ ❞❡s ❢❛✉ss❡s
❞ét❡❝t✐♦♥s ❡st ♣r✐♠♦r❞✐❛❧❡✳

❋✐❣✳ ✸✳✽✿ ❊♥ ✈❡rt ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡rr❡✉rs✱ ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬❡rr❡✉r ♠❡s✉ré❡ ♣❛r ❙❡①tr❛❝t♦r
♣♦✉r ❧❡ ✜t ❞❡ P❙❋✳ ❊♥ r♦✉❣❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡rr❡✉r ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣❤♦t♦♠étr✐❡
❞✬♦✉✈❡rt✉r❡✳ ❆ t✐tr❡ ✐♥❞✐❝❛t✐❢✱ ❧❛ ❝♦✉r❜❡ ♥♦✐r❡ r❡♣rés❡♥t❡ ✉♥❡ ❣❛✉ss✐❡♥♥❡ ❝❡♥tré❡
❡♥ ✵✳

Pré❝✐s✐♦♥ ❛str♦♠étr✐q✉❡

▼ê♠❡ s✐ ❧❛ ♣ré❝✐s✐♦♥ ❛str♦♠étr✐q✉❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❡ ❈❋❇❉❙ ♥✬❡st ❝❧❛✐r❡♠❡♥t ♣❛s ✉♥
❢❛❝t❡✉r ❝♦♥tr❛✐❣♥❛♥t✱ ❥✬❛✐ ✉t✐❧✐sé ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙ ❛✈❡❝ ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ♣♦✉r
q✉❛♥t✐✜❡r ❝❡tt❡ ♣ré❝✐s✐♦♥✳ ❊♥ ♠♦②❡♥♥❡✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♦❜❥❡ts ❞ét❡❝tés✱ ❧✬❛str♦♠étr✐❡ ♣❛r
✜t ❞❡ P❙❋ ❡st ✸✵✪ ♠❡✐❧❧❡✉r❡ q✉❡ ❧✬❛str♦♠étr✐❡ st❛♥❞❛r❞ ❙❡①tr❛❝t♦r✳ ❙✐ ♦♥ ❧❛ ❝♦♠♣❛r❡ à
❧✬❛str♦♠étr✐❡ ❞❡ ❞❡r♥✐èr❡ ❣é♥ér❛t✐♦♥✱ ♣❛r ✬❢❡♥êtr❡✬✱ ✉t✐❧✐s❛❜❧❡ s✉r ❧❛ ❞❡r♥✐èr❡ ✈❡rs✐♦♥ ❞❡ ❙❡①✲

tr❛❝t♦r✱ ❧✬❛str♦♠étr✐❡ ♣❛r ✜t ❞❡ P❙❋ r❡st❡ ❡♥ ♠♦②❡♥♥❡ ✶✺✪ ♠❡✐❧❧❡✉r❡✳ ▲❛ ♣ré❝✐s✐♦♥ ♠♦②❡♥♥❡
❡st ❞❡ ✵✳✵✸

′′

✳ ❈♦♠♠❡ ❧❡ rés✉♠❡ ❧❛ t❛❜❧❡ ✸✳✷✱ ❝❡tt❡ ❛♠é❧✐♦r❛t✐♦♥ ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❛♣♣♦rt
s✐❣♥❛❧ s✉r ❜r✉✐t ❞❡s s♦✉r❝❡s ✿ ❡❧❧❡ ❡st ♦♣t✐♠❛❧❡ ♣♦✉r ❧❡s s♦✉r❝❡s à ♣❧✉s ❣r❛♥❞ s✐❣♥❛❧ s✉r ❜r✉✐t✳

✻✵



✸✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞❡ ❙❡①tr❛❝t♦r ✿ ❛❥✉st❡♠❡♥t ❞❡ ❢♦♥❝t✐♦♥s ❞✬ét❛❧❡♠❡♥t ❞✉ ♣♦✐♥t ♠✉❧t✐♣❧❡s ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s

❊rr❡✉r ❆str♦♠étr✐q✉❡ ❚♦✉s ❧❡s ❖❜❥❡ts ❙✴◆❁✷✵ ✷✵❃❙✴◆❃✺✵ ✺✵❃❙✴◆❃✼✵ ❙✴◆❃✼✵
P❛r ✜t ❞❡ P❙❋ ✵✳✵✸✷ ✵✳✵✺✹ ✵✳✵✷✷ ✵✳✵✶✶ ✵✳✵✵✾
P❛r ✬❢❡♥êtr❡✬ ✵✳✵✸✼ ✵✳✵✻✶ ✵✳✵✷✻ ✵✳✵✶✺ ✵✳✵✶✸
❙t❛♥❞❛r❞ ✵✳✵✹✺ ✵✳✵✻✼ ✵✳✵✸✺ ✵✳✵✷✷ ✵✳✵✷✵

❚❛❜✳ ✸✳✷✿ ❊rr❡✉r ❛str♦♠étr✐q✉❡ ♠♦②❡♥♥❡ ❡♥ s❡❝♦♥❞❡s ❞✬❛r❝✱ s✉r ✉♥❡ ✐♠❛❣❡ ❞❡ t❡st ❛✈❡❝ ✉♥
s❡❡✐♥❣ ❞❡ ✵✳✻✺

′′

✳ ▲❡s tr♦✐s t②♣❡s ❞✬❛str♦♠étr✐❡ ❞✐s♣♦♥✐❜❧❡s ❛✈❡❝ ❙❡①tr❛❝t♦r s♦♥t
❝♦♠♣❛ré❡s ✐❝✐✳

✸✳✷✳✹ ❆❥✉st❡♠❡♥t ❞❡ P❙❋ ♠✉❧t✐♣❧❡ à ❞❡✉① ✐♠❛❣❡s

▲✬♦❜❥❡❝t✐❢ ❞❡ ♠♦♥ tr❛✈❛✐❧ ét❛♥t ❞❡ ❞ét❡r♠✐♥❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❛ ❝♦✉❧❡✉r ❡♥ i′ − z′ ❞❡ t♦✉s
❧❡s ♦❜❥❡ts r♦✉❣❡s ♣rés❡♥ts s✉r ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✱ ❧✬❛♥❛❧②s❡ à ❞❡✉① ✐♠❛❣❡s ❡st ❧❛ ♣❧✉s
❛❞❛♣té❡✳ ❖♥ r❛♣♣❡❧❧❡ q✉❡ ❝❡❧❛ ❝♦♥s✐st❡ à ❞ét❡❝t❡r ❧❡s ♦❜❥❡ts s✉r ❧✬✐♠❛❣❡ z′✱ s✉r ❧❛q✉❡❧❧❡
❧❡s ♦❜❥❡ts r♦✉❣❡s ♦♥t ✉♥ ♠❡✐❧❧❡✉r s✐❣♥❛❧ s✉r ❜r✉✐t✱ s✉✐✈✐❡ ❞✬✉♥❡ ♣❤♦t♦♠étr✐❡ s✉r ❧✬✐♠❛❣❡ ❡♥
❜❛♥❞❡ i′ ❛✉① ♣♦s✐t✐♦♥s ❡①❛❝t❡s r❡♣éré❡s ❡♥ ❜❛♥❞❡ z′✳ ▲❡ ✜t ❞❡ ♣❤♦t♦♠étr✐❡ ❡♥ i′ s❡ ❢❛✐t
❛❧♦rs s✉r ❧❛ s❡✉❧❡ ❝♦♠♣♦s❛♥t❡ ❞❡ ✢✉①✱ ❧❛ ♣♦s✐t✐♦♥ ét❛♥t ✜①é❡ ♣❛r ❧❡ ✜t ❞❡ ❞ét❡❝t✐♦♥✳ ❈❡tt❡
t❡❝❤♥✐q✉❡ ❛ ❧✬❛✈❛♥t❛❣❡ ❞❡ r❛♥❣❡r ❧❡s ♦❜❥❡ts ❞❛♥s ❧❡ ♠ê♠❡ ♦r❞r❡ ❞❛♥s ❧❡s ❝❛t❛❧♦❣✉❡s ✐ss✉s
❞❡s ❞❡✉① ✐♠❛❣❡s✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❧❡s r❡tr♦✉✈❡r ❢❛❝✐❧❡♠❡♥t✱ ♠❛✐s ❡❧❧❡ ♣❡r♠❡t s✉rt♦✉t ❞❡
❝♦♥s❡r✈❡r ❡①❛❝t❡♠❡♥t ❧❡ ♠ê♠❡ ❞é❝♦✉♣❛❣❡ ❞❡s ❣❛❧❛①✐❡s s✉r ❝❤❛q✉❡ ✐♠❛❣❡✱ ❝❡ q✉✐ ré❞✉✐t
❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s ❞✬♦❜❥❡ts r♦✉❣❡s ❡♥❣❡♥❞ré❡s ♣❛r ❧❡ ✜t ❞❡
P❙❋✱ ✐♥❛❞éq✉❛t ♣♦✉r ❧❡s ❣❛❧❛①✐❡s✳ ❊♥ ❡✛❡t ❧❡s ❣❛❧❛①✐❡s rés♦❧✉❡s s♦♥t ❞❡ ❝♦✉❧❡✉r ❜❧❡✉❡ ❡t ♥❡
♣♦❧❧✉❡♥t ❞♦♥❝ ♣❛s ♥♦tr❡ sé❧❡❝t✐♦♥ ❞✬♦❜❥❡ts r♦✉❣❡s✳
❯♥ ❛✉tr❡ ❛✈❛♥t❛❣❡ ❞❡ ❧✬❛♥❛❧②s❡ ❡♥ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s ✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ♥♦s ♦❜❥❡ts ❧❡s ♣❧✉s

✐♥tér❡ss❛♥ts s♦♥t ❧❡s ♣❧✉s r♦✉❣❡s ✿ ❝❡✉① q✉✐ s♦♥t ❞ét❡❝tés ❡♥ ❜❛♥❞❡ z′✱ ♠❛✐s ♣❛s ❡♥ i′✳ ▲❡ ♠♦❞❡
❞❡✉① ✐♠❛❣❡s ❢♦r❝❡ ✉♥❡ ❛♥❛❧②s❡ ❡♥ ❜❛♥❞❡ i′ à ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬♦❜❥❡t ❞ét❡❝té ❡♥ z′✱ ♣❡r♠❡tt❛♥t
❞✬❛♥❛❧②s❡r ♠ê♠❡ ✉♥❡ ❞ét❡❝t✐♦♥ ❞❡s ♣❧✉s ♠❛r❣✐♥❛❧❡s✱ s❛♥s ✐♥tr♦❞✉✐r❡ ❞❡ ❢❛✉ss❡s ❞ét❡❝t✐♦♥s✳
❊♥✜♥ ❝♦♠♠❡ ❧❛ ♣♦s✐t✐♦♥ ❡st ❞ét❡r♠✐♥é❡ à ♣❛rt✐r ❞❡ ❧✬✐♠❛❣❡ ❡♥ ❜❛♥❞❡ z′✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡tt❡
✐♥❢♦r♠❛t✐♦♥ ❛✈❡❝ ✉♥ ♠❡✐❧❧❡✉r r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t ♣❡r♠❡t ❞✬♦♣t✐♠✐s❡r ❧❛ ♣❤♦t♦♠étr✐❡ ❡♥
❜❛♥❞❡ i′✳
❊♥✜♥✱ ❞❡ ♠❛♥✐èr❡ t♦✉t à ❢❛✐t ✐♠♣ré✈✉❡✱ ♠❛✐s ❢♦rt ♦♣♣♦rt✉♥❡✱ ❧❡ ♠♦❞❡ ❞❡✉① ✐♠❛❣❡s ❡st

très ❡✣❝❛❝❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ♦❜❥❡ts à ❢♦rt ♠♦✉✈❡♠❡♥t ♣r♦♣r❡✳ ❈♦♠♠❡ ❝❡s ♦❜❥❡ts ❝❤❛♥❣❡♥t
❞❡ ♣♦s✐t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ✐♠❛❣❡s✱ ❧❛ ♣❤♦t♦♠étr✐❡ ❡♥ ❜❛♥❞❡ i′✱ à ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ❞ét❡❝t✐♦♥
❡♥ z′✱ ❡st ❞é❝❡♥tré❡ ♣❛r r❛♣♣♦rt ❛✉ ❝❡♥tr♦ï❞❡ ❞✉ ✢✉①✳ ▲❛ ❝♦♥séq✉❡♥❝❡ ❞✐r❡❝t❡ ❡st ✉♥❡ s♦✉s
❡st✐♠❛t✐♦♥ ❞✉ ✢✉① ❡♥ i′✱ q✉✐ r♦✉❣✐t ❧✬♦❜❥❡t ❡t ❧❡ ❢❛✐t r❡ss♦rt✐r ❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥✳ ❙✐ ❧❡s
♦❜❥❡ts à très ❢♦rt ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ét❛✐❡♥t ♥♦♠❜r❡✉①✱ ✐❧s ♣♦✉rr❛✐❡♥t ❝♦♥st✐t✉❡r ✉♥❡ s♦✉r❝❡
❞❡ ♣♦❧❧✉t✐♦♥✱ ♠❛✐s ❡♥ ♣r❛t✐q✉❡ ❝❡s ♦❜❥❡ts ❛♣♣❛rt✐❡♥♥❡♥t à ❞❡✉① ❝❛té❣♦r✐❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t
✐♥tér❡ss❛♥t❡s✳ ▲✬✉♥❡ ❞✬❡❧❧❡ r❡❣r♦✉♣❡ ❞❡s ♦❜❥❡ts q✉✐ ❞♦✐✈❡♥t ❧❡✉r ❢♦rt ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ à
❧❡✉r ❢❛✐❜❧❡ ❞✐st❛♥❝❡ ❛✉ ❙♦❧❡✐❧✳ ❈❡s ♦❜❥❡ts s♦♥t ♣❡✉ ♥♦♠❜r❡✉① ❡t ❝❡✉① q✉✐ ♥✬♦♥t ♣❛s ❡♥❝♦r❡
été ❞é❝♦✉✈❡rts s♦♥t ❡♥ ❣é♥ér❛❧ ♣❡✉ ❧✉♠✐♥❡✉① ✿ ❝❡ s♦♥t ❞❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡ ♦✉
❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞♦♥t ❧❛ ♣r♦①✐♠✐té ❢❛❝✐❧✐t❡ ❣r❛♥❞❡♠❡♥t ❧✬ét✉❞❡ ❛♣♣r♦❢♦♥❞✐❡✳ ▲❛ ❞❡✉①✐è♠❡
❝❛té❣♦r✐❡ ❝♦♠♣t❡ ❞❡s ♦❜❥❡ts ♣❧✉s ❧♦✐♥t❛✐♥s ❞♦♥t ❧❛ ✈✐t❡ss❡ ❛❜s♦❧✉❡ ❡st ❞♦♥❝ très é❧❡✈é❡✱ ❡♥
❣é♥ér❛❧ ❞❡s ét♦✐❧❡s ❞✉ ❞✐sq✉❡ é♣❛✐s ♦✉ ♠ê♠❡ ❞✉ ❤❛❧♦✱ à ❢❛✐❜❧❡ ♠ét❛❧❧✐❝✐té✳ ❚rès ♣❡✉ ❞❡ ♥❛✐♥❡s
▲ s♦✉s✲♠ét❛❧❧✐q✉❡s s♦♥t ❝♦♥♥✉❡s ✭▲é♣✐♥❡ ❡t ❛❧✳ ✷✵✵✸❀ ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✼✮✱ ❡t ❧✬ét✉❞❡ ❞❡
❝❡s ♦❜❥❡ts ❡st ❧✬✉♥ ❞❡s ♦❜❥❡❝t✐❢s ♣r✐♥❝✐♣❛✉① ❞✉ ❈❋❇❉❙✳
❈❡tt❡ ❛♣♣r♦❝❤❡ à ❞❡✉① ✐♠❛❣❡s r❡♥❞ ❞♦♥❝ ❧✬❛♥❛❧②s❡ ❞✬✐♠❛❣❡ à ❧❛ ❢♦✐s ♣❧✉s ♣❡rt✐♥❡♥t❡ ♣♦✉r

✻✶



✸ ❆♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞✉ ❈❛♥❛❞❛ ❋r❛♥❝❡ ❇r♦✇♥ ❉✇❛r❢s ❙✉r✈❡②

❧❛ r❡❝❤❡r❝❤❡ ❞✬♦❜❥❡ts r♦✉❣❡s ❡t ♣❧✉s ♣r❛t✐q✉❡ ♣✉✐sq✉✬❛✉❝✉♥❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❝r♦✐sé❡ ❞❡s ♦❜❥❡ts
❡♥tr❡ ❞❡✉① ❝❛t❛❧♦❣✉❡s ✭i′ ❡t z′✮ ♥✬❡st ♥é❝❡ss❛✐r❡✳ ❊❧❧❡ ❡①✐❣❡ t♦✉t❡❢♦✐s ✉♥❡ ❜♦♥♥❡ ♣ré❝✐s✐♦♥ ❞✉
r❡❝❛❧❛❣❡ ♣✐①❡❧ à ♣✐①❡❧ ❡♥tr❡ ❧❡s ❞❡✉① ✐♠❛❣❡s✳ ❊♥ ♣r❛t✐q✉❡ ♥♦tr❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❡st ♠❡✐❧❧❡✉r
q✉❡ ✶ ♣✐①❡❧✱ ❝❡ q✉✐ ❡st ❧❛r❣❡♠❡♥t s✉✣s❛♥t✳

✸✳✸ ❙é❧❡❝t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts

❯♥❡ ❢♦✐s ❞❡s ❝❛t❛❧♦❣✉❡s ♣r♦♣r❡s ♦❜t❡♥✉s ❡♥ ❜❛♥❞❡ i′ ❡t ❡♥ ❜❛♥❞❡ z′✱ ✐❧ ❢❛✉t ✐❞❡♥t✐✜❡r ❧❡s
q✉❡❧q✉❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ♦✉ q✉❛s❛rs à ❤❛✉t r❡❞s❤✐❢t ♣❛r♠✐ ❧❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞❡
s♦✉r❝❡s r❡♣éré❡s s✉r ❝❤❛q✉❡ ✐♠❛❣❡✳ ▲❡ ♣r❡♠✐❡r ❝r✐tèr❡ ❡st ❧❛ ❝♦✉❧❡✉r très r♦✉❣❡ q✉✐ ❝❛r❛❝tér✐s❡
❝❡s ♦❜❥❡ts✳ ❊t❛♥t ❞♦♥♥é ❧❡✉r r❛r❡té✱ ❝❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❞♦✐t êtr❡ s✉✣s❛♠♠❡♥t ❛❣r❡ss✐❢
♣♦✉r ❧✐♠✐t❡r ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ♦❜❥❡ts ✉♥ ♣❡✉ ♠♦✐♥s r♦✉❣❡s ♠❛✐s ❜❡❛✉❝♦✉♣ ♣❧✉s
♥♦♠❜r❡✉①✳ ❊♥ ❡✛❡t✱ ❧❛ ❞✐s♣❡rs✐♦♥ ♥❛t✉r❡❧❧❡ ❞❡s ❡rr❡✉rs ♣❤♦t♦♠étr✐q✉❡s ❝♦♥❞✉✐t à ♠❡s✉r❡r
✉♥❡ ♣❡t✐t❡ ❢r❛❝t✐♦♥ ❞❡ ❝❡s ♦❜❥❡ts ❝♦♠♠❡ ♣❧✉s r♦✉❣❡s q✉✬✐❧s ♥❡ s♦♥t✱ ❛❧♦rs q✉❡ ❧❡s ♥❛✐♥❡s ▼✱
❞❡ ❝♦✉❧❡✉r i′− z′ ❝♦♠♣r✐s❡ ❡♥tr❡ ✵✳✹ ❡t ✶✳✺✱ s♦♥t ❞❡s ♠✐❧❧✐❡rs ❞❡ ❢♦✐s ♣❧✉s ♥♦♠❜r❡✉s❡s q✉❡ ❧❡s
♥❛✐♥❡s ❜r✉♥❡s q✉❡ ♥♦✉s r❡❝❤❡r❝❤♦♥s✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ✜①❡r ♥♦tr❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❡♥
❝♦✉❧❡✉r à i′ − z′ > 1.7✱ ❝❡ q✉✐ sé❧❡❝t✐♦♥♥❡ ❡♥ ♠♦②❡♥♥❡ t♦✉s ❧❡s ♦❜❥❡ts ♣❧✉s t❛r❞✐❢s q✉❡ ▲✸ ❡t
q✉✐ ❡st ❛ss❡③ é❧♦✐❣♥é ❞✉ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ❞❡s ♥❛✐♥❡s ▼ ♣♦✉r q✉❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ r❡st❡
❣ér❛❜❧❡✳ ❈❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ s❡r❛ ét✉❞✐é❡ ♣❧✉s ❡♥ ❞ét❛✐❧ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✳ ❉❡ ♠ê♠❡
♥♦✉s ♥✬✉t✐❧✐s♦♥s q✉❡ ❧❡s ❞ét❡❝t✐♦♥s ❧❡s ♣❧✉s ✜❛❜❧❡s✱ ❡♥ ♥❡ r❡t❡♥❛♥t q✉❡ ❧❡s ❞ét❡❝t✐♦♥s ❡♥ ❜❛♥❞❡
z′ ❞♦♥t ❧✬❡rr❡✉r ♣❤♦t♦♠étr✐q✉❡ ♥♦♠✐♥❛❧❡ ❡st ✐♥❢ér✐❡✉r❡ à ✵✳✶ ♠❛❣♥✐t✉❞❡✳ ❈❡❧❛ ❝♦rr❡s♣♦♥❞ à
✉♥ r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t ✭❙✴◆✮ ❞❡ ✶✵ ❡♥✈✐r♦♥✱ s✐ ♦♥ ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❧❛ ❝♦rré❧❛t✐♦♥
❞✉ ❜r✉✐t ❡♥tr❡ ♣✐①❡❧s ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✳ ❈♦♠♣t❡ t❡♥✉ ❞❡ ❝❡tt❡ ❝♦rré❧❛t✐♦♥✱
❝❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❝♦rr❡s♣♦♥❞ à ✉♥ r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t ré❡❧ ❞❡ ✻ à ✼✳
❯♥❡ ✐♠❛❣❡ t②♣✐q✉❡ ❞✉ ❘❈❙✲✷ ❝♦♠♣t❡ ❡♥✈✐r♦♥ ✺✵ ✵✵✵ s♦✉r❝❡s ❞ét❡❝té❡s ♣❛r ❙❡①tr❛❝t♦r✳ ❯♥❡

s✐♠♣❧❡ sé❧❡❝t✐♦♥ ❛✈❡❝ i′ − z′ > 1.7 ❡t ❙✴◆> 10σ✱ ✐❞❡♥t✐✜❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵✵✵✵ ❝❛♥❞✐❞❛ts✳ ❊♥
✉t✐❧✐s❛♥t ✉♥❡ ❝❛rt❡ ❞❡ ♠❛✉✈❛✐s ♣✐①❡❧s ❡t ❞❡s ❝r✐tèr❡s ♠♦r♣❤♦❧♦❣✐q✉❡s s✐♠♣❧❡s ♣♦✉r é❧✐♠✐♥❡r
❧❡s r❛②♦♥s ❝♦s♠✐q✉❡s✱ ♦♥ ♣❡✉t ré❞✉✐r❡ ❝❡ ♥♦♠❜r❡ à ♠♦✐♥s ❞❡ ✶✵✵✵✱ ❝❡ q✉✐ ♥✬❡st t♦✉❥♦✉rs ♣❛s
❛ss❡③ sé❧❡❝t✐❢ ♣✉✐sq✉❡ ❡♥ ♠♦②❡♥♥❡ s❡✉❧s ✶ ♦✉ ✷ ❞❡ ❝❡s ♦❜❥❡ts s♦♥t ✈r❛✐♠❡♥t ✐♥tér❡ss❛♥ts✳ ◆♦✉s
❛✈♦♥s ♣✉ ré❞✉✐r❡ ❝❡ ♥♦♠❜r❡ ❞❡ ❝❛♥❞✐❞❛ts ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ ❜❛sé s✉r ❧❡ χ2 ❞✉
✜t ❞❡ P❙❋✱ q✉✐ ♠❡s✉r❡ ❞✐r❡❝t❡♠❡♥t à q✉❡❧ ♣♦✐♥t ❧✬♦❜❥❡t r❡ss❡♠❜❧❡ à ✉♥❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡✳
❯♥ s♦✉❝✐ ❡st q✉❡ ❧❡ χ2 ❞✬✉♥❡ s♦✉r❝❡ ♣♦♥❝t✉❡❧❧❡ ♣❡✉t êtr❡ ❛ss❡③ ❞✐✛ér❡♥t ❞❡ ✶✱ s✐ ❧❡ ♠♦❞è❧❡ ❞❡
P❙❋✱ ❞ét❡r♠✐♥é ♣❛r P❙❋❡①✱ ♥✬❡st ♣❛s ♣❛r❢❛✐t✳ ❊♥ ♣r❛t✐q✉❡✱ ❧❛ q✉❛❧✐té ❞✉ ♠♦❞è❧❡ ✈❛r✐❡ s✉r
❝❤❛q✉❡ ✐♠❛❣❡ ❛♥❛❧②sé❡✳ ▲❡ ❝r✐tèr❡ ❞❡ ✜❧tr❛❣❡ ❡♥ χ2 q✉❡ ❥✬❛✐ ♠✐s ❛✉ ♣♦✐♥t ♥✬❡st ❞♦♥❝ ♣❛s ✉♥
❝r✐tèr❡ ❛❜s♦❧✉ ✭χ2 < 1.5 ♣❛r ❡①❡♠♣❧❡✮ ♠❛✐s ✉♥ ❝r✐tèr❡ r❡❧❛t✐❢✳ ❆ ❧✬❛✐❞❡ ❞✬ét♦✐❧❡s ❛✈❡❝ ✉♥ s✐❣♥❛❧
s✉r ❜r✉✐t ❝♦rr❡❝t ❡t ✉♥❡ ❛❧❧✉r❡ st❡❧❧❛✐r❡ é✈✐❞❡♥t❡ ❞✬❛♣rès ❞❡s ❝r✐tèr❡s ♠♦r♣❤♦❧♦❣✐q✉❡s s✐♠♣❧❡s
✭r❛♣♣♦rt ❞❡ ✢✉① s✉r ♣❧✉s✐❡✉rs ♦✉✈❡rt✉r❡s ❡t ✐♥❞✐❝❡ ❞❡ st❡❧❧❛r✐té st❛♥❞❛r❞ ❞❡ ❙❡①tr❛❝t♦r✮✱ ❥❡
❞ét❡r♠✐♥❡ ✉♥ χ2 st❡❧❧❛✐r❡ ♠♦②❡♥ s✉r ❧✬✐♠❛❣❡✳ ❈♦♠♠❡ ✉♥ ❛❥✉st❡♠❡♥t s✉r ✉♥ ♦❜❥❡t à ❤❛✉t
s✐❣♥❛❧ s✉r ❜r✉✐t ❡st ♣❧✉s s❡♥s✐❜❧❡ à ❞❡s ✐♠♣❡r❢❡❝t✐♦♥s ❞✉ ♠♦❞è❧❡ q✉❡ ✉♥ ❛❥✉st❡♠❡♥t s✉r ✉♥
♦❜❥❡t ♣❧✉s ❢❛✐❜❧❡✱ ♦♥ ❝♦♥st❛t❡ ❡♥ ♣r❛t✐q✉❡ q✉❡ ❧❡ χ2 st❡❧❧❛✐r❡ ♠♦②❡♥ ✈❛r✐❡ ❛✈❡❝ ❧❡ s✐❣♥❛❧ s✉r
❜r✉✐t ✭❙✴◆✮✳ ▲❡ ❝r✐tèr❡ ❞❡ ✜❧tr❛❣❡ ✉t✐❧✐sé ❡st ❛❧♦rs ✿

χ2(S/N) < (χ2moyen(S/N) + 3σχ(S/N)✮

▲❛ ♣r♦❝é❞✉r❡ ❞❡ sé❧❡❝t✐♦♥ q✉❡ ❥✬✉t✐❧✐s❡✱ ❞é❝r✐t❡ ♣❧✉s ❛✈❛♥t ❞❛♥s ❉❡❧♦r♠❡ ❡t ❛❧✳ ✭✷✵✵✽❜✮✱
✐♥❝❧✉s ❝✐✲❛♣rès✱ ✐❞❡♥t✐✜❡ ❛❧♦rs ❡♥ ♠♦②❡♥♥❡ ❡♥tr❡ ✶✵ ❡t ✺✵ ❝❛♥❞✐❞❛ts ♣❛r ❞❡❣ré ❝❛rré✳ ❯♥
❝♦♥trô❧❡ ✈✐s✉❡❧ ♣❡r♠❡t ❡♥s✉✐t❡ ❞❡ sé❧❡❝t✐♦♥♥❡r ❧❡s q✉❡❧q✉❡s ❝❛♥❞✐❞❛t❡s ♥❛✐♥❡s ❜r✉♥❡s q✉✐
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✸✳✸ ❙é❧❡❝t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts

s❡r♦♥t r❡t❡♥✉❡s ♣♦✉r ✉♥ s✉✐✈✐ ❡♥ ❜❛♥❞❡ J ✳ ❈❡tt❡ ✈❛r✐❛t✐♦♥ ❞✬✉♥ ❢❛❝t❡✉r ✺ s✉r ❧❡ ♥♦♠❜r❡
❞❡ ❝❛♥❞✐❞❛ts sé❧❡❝t✐♦♥♥és ❞é♣❡♥❞ ❢❛✐❜❧❡♠❡♥t ❞❡ ❧❛ q✉❛❧✐té ❞✉ ♠♦❞è❧❡ ❞❡ P❙❋✳ ▲❛ ♠❛❥♦r✐té
❞❡s ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és ❛✉t♦♠❛t✐q✉❡♠❡♥t ❡t r❡❥❡tés ♣❛r ❧✬❛♥❛❧②s❡ ✈✐s✉❡❧❧❡ s♦♥t ❡♥ ❡✛❡t ❞❡s
❛stér♦ï❞❡s✱ ❞♦♥t ❧❡ ♥♦♠❜r❡ ✈❛r✐❡ ❣r❛♥❞❡♠❡♥t s❡❧♦♥ ❧❛ ♣r♦①✐♠✐té à ❧✬é❝❧✐♣t✐q✉❡✳ ▲❡s ❛stér♦ï❞❡s
s♦♥t ❞❡s s♦✉r❝❡s ♣♦♥❝t✉❡❧❧❡s ❡t s✉r ❧❡s ♣♦s❡s ❛ss❡③ ❝♦✉rt❡s ❞✉ ❘❈❙✲✷ ✭✸✻✵s✮✱ ✉♥ ✜t à ❞❡✉①
P❙❋ r❡♥❞ ❜✐❡♥ ❝♦♠♣t❡ ❞❡ ❧✬❛❧❧♦♥❣❡♠❡♥t q✉✐ rés✉❧t❡ ❞❡ ❧❡✉r ♠♦✉✈❡♠❡♥t ♣r♦♣r❡✳ ▲❡ ✜t ❞❡ P❙❋
tr❛✐t❡ ❝❡s s♦✉r❝❡s ❧é❣èr❡♠❡♥t ❛❧❧♦♥❣é❡s ❝♦♠♠❡ ❞❡s ét♦✐❧❡s ❞♦✉❜❧❡s s❡rré❡s✱ ❡t ❧❡ χ2 rés✉❧t❛♥t
❡st s♦✉✈❡♥t ❜♦♥✳ ❈❡ ♣r♦❜❧è♠❡ s❡ ♣♦s❡ ♣♦✉r ❧❡s ✐♠❛❣❡s ❛✈❡❝ ✉♥❡ s❡✉❧❡ ♣♦s❡ ♣❛r ❝❤❛♠♣✱ ❡♥
♣r❛t✐q✉❡ ✉♥✐q✉❡♠❡♥t ❝❡❧❧❡s ❞✉ ❘❈❙✲✷✳ ❈❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st é❧✐♠✐♥é❡ ✈✐s✉❡❧❧❡♠❡♥t ❡♥
♦❜s❡r✈❛♥t ❞❡s ✐♠❛❣❡s ❞❡s ♠ê♠❡s ❝❤❛♠♣s ♣r✐s❡s ❞❛♥s ❞✬❛✉tr❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✭❣é♥ér❛❧❡✲
♠❡♥t g ♦✉ r✮ ❥✉st❡ ❛✈❛♥t ♦✉ ❥✉st❡ ❛♣rès ❧❡s ✐♠❛❣❡s z′✳ ❈❡❧❛ ♠❡t ❝❧❛✐r❡♠❡♥t ❡♥ é✈✐❞❡♥❝❡ ❧❡
♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❞❡s ❛stér♦ï❞❡s ❛✈❡❝ ✉♥❡ ❜❛s❡ ❞❡ t❡♠♣s ♣❧✉s ❧♦♥❣✉❡✱ ❛✐♥s✐ q✉❡ ❧❡✉r ❝♦✉❧❡✉r
♣❧✉s ♥❡✉tr❡ q✉❡ ❝❡❧❧❡ ❞❡s ♦❜❥❡ts q✉❡ ♥♦✉s r❡❝❤❡r❝❤♦♥s✳
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ABSTRACT

Aims. We present the first results of a wide field survey for cool brown dwarfs with the MegaCam camera on the CFHT telescope,
the Canada-France Brown Dwarf Survey, hereafter CFBDS. Our objectives are to find ultracool brown dwarfs and to constrain the
field-brown dwarf mass function thanks to a larger sample of L and T dwarfs.
Methods. We identify candidates in CFHT/MegaCami′ andz′ images using optimised psf-fitting within Source Extractor, and follow
them up with pointed near-infrared imaging on several telescopes.
Results. We have so far analysed over 350 square degrees and found 770 brown dwarf candidates brighter thanz′AB=22.5. We currently
haveJ-band photometry for 220 of these candidates, which confirms 37% as potential L or T dwarfs. Some are among the reddest and
farthest brown dwarfs currently known, including an independent identification of the recently published ULAS J003402.77-005206.7
and the discovery of a second brown dwarf later than T8, CFBDS J005910.83-011401.3 . Infrared spectra of three T dwarf candidates
confirm their nature, and validate the selection process.
Conclusions. The completed survey will discover∼100 T dwarfs and∼500 L dwarfs or M dwarfs later than M8, approximately
doubling the number of currently known brown dwarfs. The resulting sample will have a very well-defined selection function, and
will therefore produce a very clean luminosity function.

Key words. Low mass stars: Brown Dwarfs – photometry – spectroscopy – Methods: data analysis – Surveys
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⋆ Based on observations obtained with MegaPrime/MegaCam, a joint

project of CFHT and CEA/DAPNIA, at the Canada-France-Hawaii
Telescope (CFHT) which is operated by the National Research Council
(NRC) of Canada, the Institut National des Sciences de l’Univers of the
Centre National de la Recherche Scientifique (CNRS) of France, and
the University of Hawaii. This work is based in part on data products
produced at TERAPIX and the Canadian Astronomy Data Centre as
part of the Canada-France-Hawaii Telescope Legacy Survey, a collabo-
rative project of NRC and CNRS. Based on observations made with the
ESO New Technology Telescope at the La Silla Observatory under pro-
gramme ID 76.C-0540(A), 77.C-0594, 77.A-0707, 78.A-0651, 78.C-
0629 and 79.A-0663. Based on observations obtained at the Gemini
Observatory, which is operated by the Association of Universities
for Research in Astronomy, Inc., under a cooperative agreement with
the NSF on behalf of the Gemini partnership: the National Science
Foundation (United States), the Science and Technology Facilities
Council (United Kingdom), the National Research Council (Canada),
CONICYT (Chile), the Australian Research Council (Australia), CNPq
(Brazil) and CONICET (Argentina). Based on observations with
the Kitt Peak National Observatory, National Optical Astronomy
Observatory, which is operated by the Association of Universities for
Research in Astronomy, Inc. (AURA) under cooperative agreement

1. Introduction

Brown dwarfs (BD) are of interest in many fields of stellar and
planetary astrophysics, including star and planet formation the-
ories, the physics of degenerate stellar interiors, and that of very
cool stellar atmospheres. Since the discovery in 1995 of an old
brown dwarf companion to a star (Nakajima et al. 1995) and
a few free-floating young brown dwarfs in the Pleiades cluster
(Rebolo et al. 1995), numerous isolated cold field brown dwarfs
have been discovered by very wide field surveys like DENIS
(DEep Near Infrared Survey Epchtein et al. 1997; Delfosse et al.
1997, 1999; Mart́ın et al. 1999; Kendall et al. 2004), 2MASS
(2 Microns All Sky Survey Skrutskie et al. 2006; Kirkpatrick
et al. 1999; Burgasser et al. 2000, 2004), SDSS (Sloan Digital
Sky Survey York et al. 2000; Strauss et al. 1999; Hawley et al.
2002; Knapp et al. 2004; Chiu et al. 2006) and UKIDSS (UKIRT
Infrared Deep Sky Survey Lawrence et al. 2007; Lodieu et al.

with the National Science Foundation. Based on observations made
with the Nordic Optical Telescope, operated on the island of La Palma
jointly by Denmark, Finland, Iceland, Norway, and Sweden, in the
.Spanish Observatorio del Roque de los Muchachos of the Instituto
de Astrofisica de Canarias. This paper includes data taken at The
McDonald Observatory of The University of Texas at Austin.
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2007). Follow up of these discoveries, and of the fewer brown
dwarfs identified as companions to stars (e.g. Scholz et al. 2003),
has lead to spectacular advances on (1) interaction between mat-
ter and radiation in cool dense and complex turbulent atmo-
sphere, where molecules and dust form and dissipate; (2) stellar
and planetary formation and (3) galactic structure, with the first
characterization of the substellar mass function (e.g. Chabrier
(2001), for an extensive review).

Much interesting work however remains to be done, and
the advent of wide field cameras on large telescopes makes
an unprecedented volume of the Milky Way accessible for
brown dwarf searches. Here we use two large surveys with
MegaCam1 on the CFHT telescope, the Canada-France-Hawaii
Telescope Legacy Survey (CFHTLS2) and the Red-sequence
Cluster Survey 2 (RCS-2; Yee et al. (2007)), and complement
them by additional observations to address three areas of brown
dwarf physics:
(1) Detection and physics of ultracool brown dwarfs (Teff <
1000 K). As of today, observed stellar and substellar atmo-
spheres cover a continuum of physical conditions from the
hottest stars (∼ 100 000 K) to the coolest known brown dwarf
(Delorme et al. 2008,∼ 625 K,). There remains a sizeable
temperature gap, between these coolest brown dwarfs and the
∼100 K giant planets of the Solar System. Besides their intrinsic
interest, ultracool brown dwarfs provide analogs to these planets
that are not encumbered by the glare of a bright star. This will
greatly help guiding the design of direct planet detection exper-
iment, which currently have to rely on unvalidated models.

(2) Brown dwarfs in the thick disc and spheroid. The
LSR (Lepine-Shara-Rich) and 2MASS surveys have recently
identified the first L subdwarfs (Burgasser et al. 2003; Lépine
et al. 2003), i.e. low metallicity brown dwarfs from the galactic
halo population, from samples of a few hundred L dwarfs. The
MegaCam survey will reach further down the halo luminosity
function and may find a few T-type subdwarfs.

(3) Statistics of brown dwarfs of intermediate temper-
ature (1000 to 1500 K).Current estimates of the substellar
Galactic mass function suggest that in the disk of the Galaxy
brown dwarfs are about as numerous as stars (e.g Chabrier 2001;
Cruz et al. 2007). That mass function however has significant
statistical noise, which reduces its power as a constraint on star
formation and galactic structure theories. At these low effective
temperatures the final luminosity functions from the DENIS,
2MASS and SDSS surveys will all retain significant Poisson
noise The samples from individual searches are not easily com-
bined since they are affected by different selection biases, so
only a fraction can be used to define a robust luminosity function
(e.g. Cruz et al. 2007). By almost doubling the number of known
brown dwarfs, from a single survey with a well understood se-
lection function, we will provide significantly tighter constraints
on the luminosity function.

The present paper describes the overall strategy of our
brown dwarf search. Sec 2 discusses the observational proper-
ties which we use to identify these extremely red objects, and
presents the corresponding observational material, while Sec. 3
describes how we generate a candidate list with minimal con-
tamination from both observational and astrophysical artefacts.
Sec. 4 describes the characteristics of the resulting candidates
and presents spectra for a few T dwarfs identified early-on. We
conclude with a discussion of the expected results for the com-
pleted survey.

1 http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/
2 http://www.cfht.hawaii.edu/Science/CFHTLS/

2. Observations

2.1. Observational properties of brown dwarfs

Field brown dwarfs are extremely cool objects, with a temper-
ature range which currently extends from∼ 2500K (early L) to
∼ 625K (late T) (Delorme et al. 2008; Golimowski et al. 2004;
Warren et al. 2007). Even cooler, yet to found, brown dwarfs
should close the temperature gap between late type T dwarfs
and solar system giant planets(∼ 100K). Brown dwarfs spectra
very much differ from a black body, and have considerable
structure from deep absorption lines and bands. Their spectral
energy distribution (inνFν units) peaks in the near infrared
(hereafter NIR), particularly in theJ photometric band, and they
are most easily detected in that wavelength range. Their pure
NIR JHK colours however do not very effectively distinguish
them from other classes at modest S/N ratio. Brown dwarfs are
more easily recognised by including at least one photometric
band below 1µm, since their steep spectral slope at those
wavelength produce very distinctively redi′ − z′ and z′ − J
colours. As one recent example, the T8.5 ULAS 0034 has
(i′ − z)′AB >3.0 (5σ, Delorme et al. 2008), and at any S/N ratio
where it is safely detected it cannot be confused with anything,
except a slightly earlier T dwarf or a z=6 quasar. The UKIDSS
discovery observation however was less than 3σ away from the
K dwarf locus. Since K dwarfs outnumber T dwarfs by orders
of magnitude in any flux limited sample, that distance would
have been woefully insufficient for a secure identification. The
non-detection of ULAS 0034 ati′ and z′ in the deep SDSS
stripe 82 played a major role in its identification by Warren et al.
(2007)), and other near-IR searches for brown dwarfs similarly
use some<1µm imaging to weed out their contamination.

We take advantage of the wide field of view of the MegaCam
camera (Boulade et al. 2003) on the CFHT telescope, and of the
trove of observational material obtained with that instrument, to
select brown dwarfs on theiri′ − z′ colour. Thei′ − z′ colour has
excellent dynamics for brown dwarfs, varying from 1.7 to 4.0 be-
tween mid-L and late-T (Fig. 3). It therefore provides (at least at
high S/N ratio) a good spectral type estimator. At the high galac-
tic latitude of our survey, thei′ − z′ colour distinguishes brown
dwarfs from almost every astronomical source type, but it leaves
one contaminant, quasars atz ≥ 5.8. Those are of considerable
interest in their own right, but need to be distinguished from the
brown dwarfs. As first shown by Fan et al. (2001), thei′ − z′ vs
z′ − J colour/colour diagram very effectively separates the two
populations (Fig. 1 and Willott et al. (2005)). The very redi′ −z′

of high redshift quasars is caused by deep Lymanα absorption
on a relatively flat intrinsic spectrum), and they therefore have a
more neutralz′ − J. The spectral distribution of brown dwarfs,
in contrast, keeps rising steeply into theJ band. We therefore
complement our MegaCami′ andz′ photometry by pointedJ-
band imaging of the candidates selected oni′ − z′. Besides pin-
pointing the (few) quasars, theJ-band photometry very effec-
tively rejects any remaining observational artefact, as well as the
(more numerous) moderately red stars scattered into the brown
dwarf/quasar box by large noise excursions.

2.2. Synthetic colours

Each square-degree MegaCam image contains a few hundred
thousand objects, of which at most a few are brown dwarfs. We
thus need to strike a careful balance between sample complete-
ness and contamination. To tune this compromise we need a pre-
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Fig. 1. z′ − J and i′ − z′ colours of brown dwarfs and quasars. These
synthetic colours were computed for the MegaCami′ andz′ photometric
system and the NTT SOFIJshort system. The bold lines represents the
average colours of dwarfs (dashed) and quasars (solid). Symbols marks
the individual colours of known brown dwarfs. The thin grey lines mark
the colour evolution of individual synthetic quasars (described in detail
in Willott et al. (2005)) as their redshift ranges from 5.5 to 6.7. The
quasar redshift increases for redder colours. The vertical line ati′ −
z′=1.7 marks ouri′ − z′ selection criterion. The quasar selection box is
also marked (to the lower-right of the solid line).

cise knowledge of the colours of brown dwarfs and quasars for
the exact instruments and filters used in our survey. As discussed
in Willott et al. (2005), these colours are known for some pho-
tometric systems, in particular SDSS and 2MASS, but the fil-
ters and quantum efficiency curves of MegaCam are notably dif-
ferent (Fig.2). This is particularly significant for brown dwarfs
and quasars. Due to their highly structured spectra a modest
change to a response curve can produce significantly different
colours when it includes or excludes a major absorption band or
emission line. We update the synthetic colours of Willott et al.
(2005), using additional brown dwarfs spectra which have be-
come available since 2005, and adding the many near-IR instru-
ments and filters which we use for theJ-band imaging. We use
publically available spectra (from S. Leggett’s website3, Mart́ın
et al. (1999); Kirkpatrick et al. (2000); Geballe et al. (2001);
Leggett et al. (2002); Burgasser et al. (2003); Knapp et al.
(2004); Golimowski et al. (2004); Chiu et al. (2006)) of over
60 brown dwarfs with spectral types L1 to T8 (on the Burgasser
et al. (2006) spectral type scale) and the synthetic quasar spectra
of Willott et al. (2005). We compute their synthetic MegaCami′

andz′ photometry in the AB system (Fukugita et al. 1996) us-
ing detector quantum efficiency and transmission curves for the
atmosphere, telescope, camera optics, and filters (cf figure2), ob-

tained from the CFHT web page. Figure. 3 displays the resulting
colours as a function of the spectral type.

We similarly synthesizeJ-band photometry for each of the
instruments andJ filters used in theJ-band follow up. These
instruments have significantly different response curves, which
must be taken into account to obtain homogeneous selection cri-
teria. We found, in particular, that brown dwarfs colours which
include J photometry obtained at the NTT with SOFI and its
(default) wideJ filter are not as red as we initially expected:
contrary to mostJ filters, its wide bandpass includes water va-
por bands which are strongly absorbed in L and (particularly) T
dwarfs. As a result, thei′ − J andz′ − J colours which use this
filter are bluer by∼ 0.15 mag for early L and∼ 0.5 mag for
late T. After we realised this we switched our SOFI observations
to the alternateJshort filter, which better separates T dwarfs from
quasars. We use the synthetic colours to shift our selection boxes
according to the actual filter.

Fig. 2.Compared spectral response functions of the CFHT (thick lines)
and SDSS (thin dashed lines) instruments for theiri′ (dark blue) andz′

(red) filters. These factor in the average atmospheric transmission of the
two observatory sites, the telescope reflectivities, the transmissions of
the camera optics and filters, and the quantum efficiencies of the CCDs.
Contrary to the SDSS bandpasses, the CFHTi′ and z′ filters overlap
significantly, leading to less contrasted colours.

2.3. Optical data

Our survey for brown dwarfs, the Canada-France Brown Dwarf
Survey (CFBDS), builds upon two major MegaCam surveys,
the Canada-France-Hawaii Telescope Legacy Survey (hereafter
CFHTLS) and the Red-sequence Cluster Survey 2 (hereafter
RCS-2, Yee et al. 2007) and, where necessary, complements
their filter coverage with the additional MegaCam observations
needed to obtain pairs ofi′ andz′ images. Figure 4 summarizes
the currrent sky coverage of our optical survey data.

The CFHTLS survey has three components, named Deep,
Wide, and Very Wide, ( described in detail on the CFHTLS web
page, http://www.cfht.hawaii.edu/Science/CFHLS/), and we use
all three.

CFHTLS Deep This deepest component of the CFHTLS
covers four high galactic latitude and low extinction 1 square
degree fields in theu∗g′r ′i′z′ filters, and it is primarily moti-
vated by the SNLS type Ia supernovae search (Pain & SNLS
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Table 1.Characteristics of the optical surveys used by CFBDS.

Survey
Name

z′ detection
limit

i′ detection
limit

Mid-L
detection
range(pcs)

Early-T
detection
range(pcs)

Late-T
detection
range(pcs)

current
coverage (sq
deg)

final cover-
age(sq deg)

Galactic
i′ − z′

Reddening

RCS-2 22.5 24.0 185 160 45 200 600 0.011±0.009
CFHTLS
Very Wide

22.8 23.95 215 180 50 150 150 0.020±0.009

CFHTLS
Wide

23.8 24.75 340 290 80 20 186 <0.02

CFHTLS
Deep

24.5 26.25 470 400 110 3.8 to
z′=24.5

3.8 to
z′=26.3

<0.02

The detection limits correspond to 10σ, as needed for 10% precision photometry.

Fig. 4. Sky chart of sky area covered by CFBDS so far. Black curve marks the galactic plane while dotted curves mark+30o and−30o galactic
latitude.

Collaboration 2003). The expected total exposures times per
field of the completed survey will be 66h atz′ and 132h ati′

with 10σ depths ofz′AB ∼26.25 andi′AB ∼27.65. This sensitivity
is sufficient to identify mid-L dwarfs out to 1300 parsecs. At
such distances, and at high galactic latitude, the thick disk
becomes dominant and we therefore have good hopes to probe
its brown dwarf population. The present analysis uses the T0003
release (T0004 was very recently released, but we have yet
to analyse and follow-up the corresponding detections) which
has 10σ depths ofz′AB ∼24.7 andi′AB ∼26.25. Thanks to their
large number of contributing exposures and their extended time
base, the T0003 images are extremely clean, with essentially no
contamination by cosmic rays or bad pixels, or by variable or
moving objects such as supernovae and asteroids.

CFHTLS Wide This component of the CFHTLS will
cover 186 deg2 divided between four high galactic latitude low
extinction fields, inu∗g′r ′i′z′, and it is primarily motivated by
cosmological weak lensing. We have analysed the 20 deg2 that
have bothi′ andz′ coverage in the T0003 CFHTLS release (i′

coverage is considerably more extensive, due to priorities set by
the main drivers of the Wide survey). The average 10σ depths
arez′AB ∼23.8 (for total exposure times of 7200s) andi′AB ∼24.75
(for total exposure times of 4300s), with small field to field
variations due to seeing and sky background fluctuations. Of
the three components the Wide probes the largest volume.
The Wide images have enough coadded subexposures (9 forz′

and 7 for i′) to reject all cosmic rays and bad pixels, and the
overall exposure times are sufficiently long to eliminate all but
the slowest moving objects. Thei′ andz′ images on the other
hand are usually not contemporaneous, and variable sources (in
practice mostly supernovae) which are serendipitously bright in
the z′ can erroneously pass ouri′ − z′ colour filter. Those need
to be eliminated at a later stage.

CFHTLS Very Wide (VW) This shallowest component
of the CFHTLS is motivated by transneptunian objects and
was initially set to cover 1000 deg2 in the ecliptic plane with
g′r ′i′ images. It was later downsized to∼250 deg2 when it was
realised that the three components could not all be completed
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Fig. 3. i′ − z′ synthetic colour versus spectral type for the MegaCam
photometric system. The colour for a spectral type is the average over
the brown dwarf spectra from Chiu et al. (2006), Golimowski et al.
(2004) and Knapp et al. (2004) with that spectral type, and the error bars
represent the dispersion (set to 0 when only one template per spectral
bin is available).

within the allocated time. We use the∼150 deg2 from the
Very Wide with absolute value of the galactic latitude above
30 degrees to ensure low absorption (see table 1). The average
10 σ depth of the 540si′ VW exposures isi′AB ∼23.95, and
we complement them by 420sz′ exposures, with typical 10σ
depths ofz′AB ∼22.8. Both sets of images are coadditions of 3
subexposures separated by at least one night. We therefore have
enough information to reject the vast majority of bad pixels,
cosmic ray hits, and moving solar system objects. The time span
of the 3z′ exposures on the other hand is usually too short to
reliably recognize supernovae, which vary on time scales of a
few weeks. We therefore again need to reject these contaminants
at a later stage.

Red-sequence Cluster Survey 2 (RCS-2)The RCS-2,
designed to identify distant galaxy clusters through their
galaxies on the red sequence, (Yee et al. 2007) is an ongoing
g′r ′z′ survey of 800 deg2 at high galactic latitude to lower
the absorption (see table 1. We have to date used∼600 deg2

kindly made available to us by the RCS-2 consortium, , and
we complement their 360sz′ band images by 500s or 680
s i′ exposures, depending on the seeing. The resulting 10σ
depths of (z′AB ∼22.5 andi′AB ∼24.0 are similar to those of the
CFHTLS-VW. Both the RCS-2 images and our complementary
i′ data are single exposures, which maximize the depth achieved
for a given observing time. We use the RCS-2g′ and r ′

images, which are contemporaneous with thez′ ones, to iden-
tify and reject both supernovae and moving solar system objects.

All images are pre-processed by the CFHT staff using the
ELIXIR package (Magnier & Cuillandre 2004). The CFHTLS
Deep and Wide images are aligned and coadded by the Terapix
data center (Bertin et al. 2002). For the CFHTLS Very Wide and
RCS-2 datasets, we carry out our own processing to check and
refine the astrometry and (for fields which overlap the SDSS)
photometry. For the CFHTLS Very Wide, each pointing has 3
subexposures per filter which are combined whilst rejecting bad
pixels and cosmic ray impacts. The CFHTLS Very Wide and

RCS-2 images in different filters are aligned (with distortion cor-
rection) and trimmed to their common area.

To date most of our volume coverage originates in the
CFHTLS Very Wide and RCS-2, due in part to the late start
of the z′ part of CFHTLS-Wide. We have currently analysed
350 deg2 of the 800 deg2 expected for these two surveys. Their
relative shallowness has the advantage of producing targets for
which spectroscopy can be obtained relatively easily on 8m-class
telescopes.

Table 1 summarizes the properties of the four surveys, listing
the limiting magnitude, the maximum distances at which mid-
L and late-T dwarfs can be detected to these magnitudes, and
the current and final areas covered by the survey. Our full sur-
vey probes several times the SDSS volume for T dwarfs and we
expect to detect∼100 new T dwarfs (compared with the∼150
currently known)

2.4. Near Infrared Imaging

As explained above, we useJ-band photometry to distinguish
between brown dwarfs and z> 5.8 quasars. For brown dwarfs
(and very low mass stars) thez′ − J colour also provide a good
spectral type diagnostic, for which we obtain better S/N ratio
thani′ − z′. That is in particular very helpful in eliminating mid-
M dwarfs scattered into ouri′ − z′ selection box by severalσ
noise excursions. Given the relative numbers of mid-M stars and
brown dwarfs in a magnitude-limited sample, these noise excur-
sions are sufficiently frequent to very significantly contaminate
our i′ − z′ selection, but the better S/N ratio of thez′ − J colour
(and the low likelihood of large noise excursions at bothi′ − z′

andz′ − J) makes them obvious once we obtainJ-band images.
The J-band follow up has been carried out at several obser-

vatories: La Silla (NTT, 3.6m), McDonald (2.7m), Kitt Peak
(2.1m), La Palma (NOT, 2.5m), see 2. We adjust our integration
times to achieve either a clear detection or a limiting magnitude
that excludes any dwarf and demonstrates that the candidate is
a high redshift quasar (usually aroundJAB = 22). For the few
candidates which are not detected ati′ and where we cannot
exclude that the object was a supernovae in thez′ image, we
integrate deeper to detect the quasar atJ. Any supernova has
long faded, and cannot be detected at any reasonable depth.

At the NTT, which accounts for most of ourJ-band follow
up, we usually need exposures times of 5 to 10 minutes, obtained
as∼ 40 seconds individual exposures which we jitter to measure
and substract the sky background. The typical integration time
on 2 meter-class telescope was 30 minutes.

3. Candidate Selection

Since brown dwarfs and high-redshift quasars are extremely red,
and since ouri′ images are only moderately deeper than thez′

ones, some of the most interesting targets are only detected at
z′ (i.e. arei′-dropouts). Any unrecognised artefact (cosmic ray
impacts, unflagged hot pixel, optical ghost, etc...) in az′ image
therefore translates into an invalid brown dwarf/quasar candi-
date, since it associates az′ detection with (usually) ani′ upper
limit. Since brown dwarfs are very rare (∼ 1 per 1 deg2MegaCam
image, which contains from 50 000 to over 300 000 astronomi-
cal sources), false detection rates of even 1 per 104 real sources
would swamp true brown dwarfs in our candidate lists. We there-
fore need to very effectively reject artefacts. Most of these are
visually obvious, and we do examine every candidate before
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Table 2.Technical characteristics of the telescopes used for theJ-band follow up.

Telescope Name Diameter(m) Instrument Exp time for 5σ de-
tection of J(AB) =
21 object

Pixel scale Field of view

NTT 3.6 SOFI 45s 0.288” 4.9’ x 4.9’
Kitt Peak 2.1m 2.1 SQIID ∼320s 0.69” 5.1’ x 5.3’
Harlan-Smith
Telescope

2.7 ROKCAM ∼3000s 0.35” 1.5’ x 1.5’

NOT 2.5 NOTCam ∼100s 0.24” 4.0’ x4.0’

scheduling any follow-up observations, but the many hundred
340 Megapixel images which we analyse contain too many arte-
facts for this to be a practical first line of defense.

Fortunately, high-redshift quasars (at the resolution of
the MegaCam images) and brown dwarfs are point-like. We
therefore only need to distinguish point-like sources from both
artefacts and extended objects, and don’t have to tackle the much
more difficult task of separating general astronomical sources
from artefacts. Point Spread Function (hereafter PSF) fitting
provides an excellent stellarity diagnostic, as well as optimal
photometry and astrometry for point sources. It therefore forms
the basis of our selection procedure.

3.1. Image analysis

We use the well known SExtractor (Bertin & Arnouts 1996)
photometry package, to which two of us (Bertin & Delorme,
in preparation) recently added a PSF-fitting module. In keeping
with the general SExtractor philosophy, this module implements
a dual-image mode, where source positions in a ’detection im-
age’ precisely determine where photometry will be extracted in
a ’photometry image’. This dual image mode is particularly well
matched to the extreme colours of our targets: given the relative
depths of thei′ andz′ images, any object of interest is very ro-
bustly detected atz′ but faintly, if at all, ati′. We therefore use
thez′ image as the detection image for bothi′ andz′, naturally
producing matched catalogues ofi′ andz′ photometry for every
object that is well detected atz′, independently of itsi′ signifi-
cance. This eliminates the delicate task of handling unmatched
sources in independent catalogues: those might be weakly de-
tected in thei′ image, though with too low a significance for
inclusion in any modestly reliable single imagei′ catalogue, and
they therefore cannot validly be handled as pure upper limits.

SExtractor implements simultaneous fitting of multiple PSFs
to blended objects, providing accurate parameters for close bi-
naries and usable measurements for point-like sources blended
with galaxies. The latter is particulary important for the quasar
search, since it can recover some lensed quasars which would
otherwise be lost to confusion with their lensing galaxy. In ad-
dition to more accurate parameters for the affected objects, this
better handling of blends produces more complete catalogues in
crowded fields. Introducing multiple PSFs recovers∼ 3% addi-
tional sources in the relatively shallow CFHTLS-VW and RCS-2
images, and∼ 10% in the deeper CFHTLS-Deep images. PSF-
fitting also improves the photometric precision by∼10% over
optimum aperture photometry (Bertin & Delorme, in prepara-
tion), and it therefore allows us to use slightly deeper catalogues,
for another 15% gain in sample size. Since low significancei′

detections provide colours with complex error distributions, we
replace them by the 5σ detection limit on their image and com-

pute a lower limit oni′−z′. We note that the resampling involved
in the coaddition of images built from multiple exposures, and
in the filter to filter alignment, generates noise correlations on
scales of 1-2 pixels. Thanks to the generous sampling of our
MegaCam images (0.186”/pixel and seeing mostly above 0.6”)
and the use of a Lanczos3 interpolation function, source profiles
are negligibly affected (Bertin et al. 2002), but resampling has
a measurable low-pass filtering effect on photon noise. As we
decided for practical reasons to ignore noise covariances in our
fitting, the net effect on photometry is that errors estimates must
be multiplied by a factor∼1.4. That factor is well determined
for the CFHTLS-Deep and CFHTLS-Wide images, which are
built from a large number of individual exposures, but for the
CFHTLS-VW images it significantly varies from field to field
according to the sub-pixel relative positions of the 3 coadded
exposures.

3.2. Filtering and target selection

We start by requiring a> 10σ detection in thez′ filter and a
i′ − z′ > 1.7. These criteria without any additional filtering typ-
ically yield over 10 000 candidates per RCS-2 1 square degree
field. The single exposures per filter used for the RCS-2 sur-
vey (and for our follow-up of its fields) are most affected by
cosmic ray hits and bad pixels, and the stacked images used in
the other components contain fewer such artefacts. Flagging of
known bad-pixel positions and simple morphological rejection
of cosmic ray hits lowers this number to under 1000, but not to
a point where visual examination would be practical.

We then assess the stellarity of each candidate from its
SExtractor output parameters to further decrease the number
of false detections. After experimenting with several parameter
combination, we have converged to the quality of the fit between
the image and the PSF model, as summarised by theχ2 of the
residuals, as our main diagnostic. We found that Sextractor’s de-
fault stellarity index, based on a specifically trained neural net-
work, works well at high signal to noise ratios, but that it be-
comes ineffective for the faint objects which dominate our cat-
alogues. We similarly found that tests based on comparisons of
fluxes through different apertures, or on peak surface brightness
versus flux, are always less distinctive thanχ2 filtering. Since we
currently prefer to visually inspect all final candidates, we very
conservatively set our filtering threshold to a level where∼10%
of the candidates are visually acceptable. These filtering criteria
typically yield under 50 candidates per square degree. A lower
threshold would not very significantly decrease the inspection
workload, and might conceivably eliminate a few valid candi-
dates. We will probably revisit this tuning as we gain experience
with, and confidence in, our selection process.

With our current settings,χ2 filtering reduces the number of
artefacts by a factor of 10−15 (figure. 5). Visual inspection of the
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more than 2000 sources withi′ − z′ > 1.7 in a 4 square degrees
test region showed thatχ2 filtering rejected none of the 14 valid
point-like sources, and our resolution of the few initial discrep-
ancies was always in favour of theχ2 filtering diagnostic. Further
tests also verified that our current threshold is comfortably above
the highestχ2 measured for valid candidates, and therefore very
conservative.

After this pruning of the initial catalogue to justbona fide
point sources, we select candidates with ani′ − z′ criterion.
Our synthetic photometry (figure 3) demonstrates that the L
dwarf domain begins ati′ − z′ > 1.45. M dwarfs however, with
i′ − z′ just below 1.45, massively outnumber brown dwarfs
in a magnitude-limited sample. Poissonian photometric errors
consequently scatter a significant number of M dwarfs into
this L dwarf box. We therefore set our colour filtering to
i′ − z′ > 1.7, or nominally to later than L4. With M8 and M9
stars havingi′ − z′ ∼ 1.35, and assuming gaussian noise at our
z′ S/N limit, this colour threshold eliminates∼ 95% of these
very late M dwarfs. Mid-M dwarfs havei′ − z′ ∼ 1.1 and we
eliminate∼ 99.9% of them. Since brown dwarfs are intrinsically
much rarer, our candidate list nonetheless has some significant
contamination by late-M dwarfs, but at a level which no longer
overwhelms our follow-up capacity.

Fig. 5. Histogram of theχ2 of the psf fitting residuals. The thick red
histogram shows alli′ − z′ > 1.7 candidates after basic filtering, the
medium-thick blue histogram those that additionally survivedχ2 fil-
tering, and the thin green one the final candidates retained after visual
inspection and supernovae rejection. These histograms show candidates
from a 70 deg2 test area.

Our final filtering step is to eliminate as many as we can of
the candidates which actually are supernovae that were bright at
the time of thez′ image. All RCS-2 fields have contemporane-
ous g′, r ′ and z′ images, and for supernovae the g’ and r’ im-
ages are very significantly deeper than thez′ one. We therefore
very reliably reject their supernovae by inspecting theseg′ andr ′

images. The CFHTLS-Deep images are stacks of exposures ob-
tained over several years, and any supernova is eliminated by the
sigma-clipping applied during stacking. The exposures which
contribute to our CFHTLS-Wide and CFHTLS-VWz′ images,
on the other hand, were usually obtained over shorter time spans
than the∼6 weeks (Pain & SNLS Collaboration 2003) timescale
of supernovae photometric evolution. We therefore mostly can-
not recognize their supernovae based on their photometric vari-

ation between the individual exposures, and the exposures in
other filters are usually not sufficiently contemporaneous to re-
ject them based on a blue instaneous colour. We must therefore
handle some supernovae contamination at a later stage.

4. Results

4.1. Candidates

We have so far analysed images for 357 deg2, in which we have
identified 770 brown dwarf and quasar candidates. We have so
far extractedJ-band photometry for 215 of those, prioritising the
reddest candidates (figure 6).

Fig. 6. Histograms of the number ofi′ − z′ candidates as a function of
i′ − z′ colour (light green), and of the number of these candidates for
which J-band photometry is currently available (dark red).

This first set ofi′z′J photometry allows a good assessment
of the actual nature of these 215 candidates. As summarised in
Table 3, they include 23 likely T dwarfs, 57 L dwarfs and very
late M dwarfs candidates (M8 and M9 dwarfs have very similar
z′ − J colours to L dwarfs), and at least 4 high redshift quasars
(published in Willott et al. 2007). 22 targets remain undetected
in deepJ-band images and are most likely artefacts which our
filtering did not catch. 109 objects havez′ − J < 1.6 and most
of those are likely M dwarf contaminants. Some however have
J-band upper limits which are insufficiently deep to ascertain
whether they are artefacts, quasars or Mid-M dwarfs. Those will
need additional follow-up to clarify their status.

Since we prioritised the analysis of the reddest candidates,
this first i′z′J sample is strongly biased towards T dwarfs.
Appproximately correcting for this bias, we estimate that
∼40% of our i′ − z′ candidates are actual cool dwarfs, of
which ∼ 15% are T dwarfs. The T dwarfs include several with
extreme colours, which ongoing spectroscopic observations will
characterize further. One, CFBDS J003402-005206, actually
is an independent discovery of ULAS J003402.77-005206.7
which Warren et al. (2007) recently identified with the UKIDSS
survey (Burningham et al. 2007) as a brown dwarf later than
T8 (∼ 650K). Even more recently, we obtained spectroscopic
observations of an even cooler brown dwarf (∼ 625K, Delorme
et al. 2008) Figure 7 shows several other candidates that are at
least as promising, and those are currently queued for near-IR
spectroscopy.
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Table 3.Preliminary classification of the candidates withJ-band photometry

T dwarfs L dwarfs quasars M dwarfs artefacts

Number of objects 23 57 4 109 22
Percentage 10.7% 26.5% 1.9% 50.7% 10.2%

This classification is based on their position in thei′ − z′ versusz′ − J colour-colour diagram.

Fig. 7. i′ − z′ vs z′ − J colour-colour diagram of our cool dwarf can-
didates (black). The error bars are 1σ when we havei′ andz′ mea-
surements. An arrow is used wheni′ − z′ is only a lower limit. For
clarity, the z′ − J errors are not shown; they are usually under 0.15
mag. The spectra of the highlighted T3, T3.5 and T5 objects are pre-
sented in this article. The big blue squares represent the coolest brown
dwarfs known, ULAS J003402.77-005206.7/CFBDS J003402-005206,
recently published by Warren et al. (2007) and independently identified
in our survey and CFBDS J005910.83-011401.3, presented in Delorme
et al. (2008). The T7 object highlighted here was published by Chiu
et al. (2006) while queued for our CFBDS spectroscopy. The spectral
type domains are based on our synthetic photometry.

4.2. Spectroscopy

We present here near-IR spectroscopic observations of our three
first T dwarf candidates, as an illustration of the content of
our candidates catalogue. Two, which we originally published
in Willott et al. (2005), originate in the CFHTLS-Deep sur-
vey and are thus fainter than most of our candidates. The last
comes from the Very Wide component of the CFHTLS and is
more representative. Cross dispersed spectra were obtained dur-
ing semester 2006A with GNIRS (Elias et al. 2006) at Gemini
South in Service mode. The slit width of 0.68 arcsec coupled
with the short camera and the 31.7 l/mm grating yielded a resolv-
ing power of 900, and the spectra have full wavelength coverage
between 0.9 and 2.4 microns. A-B (not ABBA) sequences were
used, with individual 5-minutes exposures for the brighter target
and 10-minutes for the fainter CFHTLS-Deep targets. The total
on-source integration time is 30 minutes forCFBDS193430−
214221 (JAB = 17.9), 180 minutes forCFBDS100113+022622
(JAB = 19.7) and 200 minutes forCFBDS095914+ 023655
(JAB = 20.3). The OH sky lines were used for wavelength cal-
ibration, and an A-type star was observed immediately before
each sequence for relative flux calibration and telluric absorp-
tion correction. The spectra were extracted and calibrated using
our own IDL procedures.

The reduction proceeds as follows. The sequence of spectral
images are flat-fielded using an internal flat taken immediately
after the science frames. The five useful cross-dispersed orders
are then extracted in five individual images that are corrected for
distortion in the spectral dimension. For most objects, the trace
is too faint over many wavelengths intervals to determine trace
position, so its curvature is derived from the reference star spec-
trum. These individual order frames are then pair-subtracted, ef-
fectively removing most of the sky, dark current and hot pixels
contributions. Each frame is then collapsed along the spectral di-
mension to determine the positive and negative traces positions.
We then extract the spectra using positive and negative extraction
boxes that have identical but opposite integrals; this minimizes
the contribution from residual sky line that would remain from
the pair subtraction. The same operation is performed on the A0
telluric calibration star. Spectra derived from individual image
pairs are then median-combined into final target and calibration
star spectra. A telluric absorption spectrum is then derived using
the calibration star spectra. A black body spectrum with a tem-
perature of 10 000 K is assumed for the A0 stars and hydrogen-
lines are interpolated over. The target spectrum is then divided
by the derived telluric transmission spectrum. A first order wave-
length calibration is obtained from an argon-lamp spectrum, and
fine-tuned by registering the bright OH-lines obtained from a
sum of the pair of images of interest. Table 4 summmarizes the
properties of the 3 objects.

The spectra (figure. 8) confirm that all three candidates with
spectroscopic observations are T-dwarfs. We determined their
spectral types using the Burgasser et al. (2006) spectral indices.
Table 5 lists thoses indices and the corresponding spectral type.
We retain as our prefered determination the “weighted” spec-
tral types, rounded to the closest half-integer. These “weighted”
spectral types take into account the better sensitivity of those
indices that vary most for a given subtype range. The reddest
target, CFBDS100113+022622 (i′ − z′ > 4.2), turn out to be
a T5±1 dwarf, and its 45 to 110 parsecs photometric distance
makes it one of the farthest mid/late-T dwarf currently known.
The large uncertainty on its distance is dominated by the spec-
tral type uncertainty and the>1 dimming between T4 and T6
dwarfs,(Vrba et al. 2004), with photometric uncertainties con-
tributing less than 5%. However, the absolute magnitudes of
mid-T dwarfs are themselves uncertain by as much as 1 mag-
nitude (see for instance Liu et al. 2006). The faintest of the
three dwarfs, CFBDS095914+023655 (i′ − z′ > 3.6) turns out
to have an earlier spectral type, T3, but lies even farther, be-
tween 120 and 130 parsecs. The indices of the brighest one,
CFBDS193430-214221 (i′−z′ > 3.4), indicate a T3.5±0.5 spec-
tral type. The spectral type uncertainties are derived from the
scatter between the estimates from the various spectral indices.

5. Conclusion

Our survey has to date found 23 T dwarf candidates, 57 L or
very-late M dwarf candidates, and 4 high redshift quasars, out of
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215 candidates withi′, z′ andJ magnitudes. These were drawn
from a larger sample of 770 candidates withi′ and z′ magni-
tudes, found in 357 deg2 of i′ andz′ MegaCam images. Taking
into account our prioritising of the reddest candidates forJ-band
observations, we expect that complete follow-up of these 770
candidates will yield∼45 T dwarfs and 200 L dwarfs. Scaling
to our final∼ 800 deg2of shallow surveys, RCS-2+Very Wide,
then predicts∼ 100 T dwarfs and over 450 L or very late-M
dwarfs, approximately doubling the number of known brown
dwarfs. Our analysis of the CFHTLS-Deep and CFHTLS-Wide
surveys has, and will, yield additional candidates at large dis-
tances, which will constrain the galactic scale height of brown
dwarfs. We plan to obtain spectra for the most exciting of these
many brown dwarfs, and expect that the large discovery volume
will produce even cooler objects than our recent T9/Y0 discov-
ery, described in Delorme et al. (2008).

Appendix A: Finding Charts
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Fig. A.1. Finding charts fromz′ band images of the 3 T dwarfs whose
spectra are presented in this article. The fields are 45”× 45”north is up,
east is left
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Table 4.Observational properties of the three T dwarfs whose spectra are presented here.

Name RA DEC JAB z′AB − JAB i′AB − z′AB Spectral Type Distance Range(pcs)

CFBDS100113+022622 10:01:13.1 +02:26:22.3 19.7 3.1 3.75 T5±1 45-110
CFBDS193430-214221 19:34:30.4 -21:42:21.0 17.9 2.8 > 3.4 T3.5±.5 38-48
CFBDS095914+023655 09:59:14.8 +02:36:55.2 20.3 3.1 3.7 T3.0±.5 120-130

Table 5.Spectral indices and the resulting spectral types

Spectral Index CFBDS100113+022622 CFBDS193430-214221 CFBDS095914+023655

CH4 − J 0.43 - T5.2 0.59 - T2.9 0.57 - T3.2
H2O−H 0.46 - T3.0 0.48 - T2.7 0.45 - T3.1
CH4 − H 0.40 - T5.7 0.63 - T3.9 0.79 - T3.0
CH4 − K 0.27 - T4.7 0.34 - T4.1 0.54 - T3.0

Average Spectral Type T4.6±1.2 T3.4±0.7 T3.1±0.1
Weighted Spectral Type T5.0 T3.6 T3.1

Final Spectral Type T5.0±1 T3.5±0.5 T3.0±0.5

Spectral types are derived from Burgasser et al. (2006) spectral indices.

Fig. 8.GNIRS near-IR spectra of the three T Dwarfs observed on Gemini-South. The two fainter targets originate from the CFHTLS-Deep, while
the brighter ones comes from the CFHTLS-VW. Templates of spectral types T2 and T4.5 from McLean et al. (2003) are shown for comparison.
All spectra are normalised at 1.26 microns and displayed with integer offsets for clarity.
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✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ✐♥tér❡ss❛♥t❡s✱ ❞ét❡❝té❡s ❞❛♥s ❝❡s ❝❤❛♠♣s✱ à été ♠❡♥é❡ à ❜✐❡♥✱ ❝❡rt❛✐♥s
♦❜❥❡ts s♦♥t ❞✬❛✐❧❧❡✉rs ♣✉❜❧✐és ♣❛r ❉❡❧♦r♠❡ ❡t ❛❧✳ ✭✷✵✵✽❜✮✳

❘❈❙✲✷ ❡t ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡

▲✬❛♥❛❧②s❡ ♦♣t✐q✉❡ ❞❡ ❝❡s ❞❡✉① ❝♦♠♣♦s❛♥t❡s ❞✉ ❈❋❇❉❙ ❡st ♠❛✐♥t❡♥❛♥t t❡r♠✐♥é❡✱ ✐❞❡♥✲
t✐✜❛♥t ✶✷✶✹ ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′ ❡st s✉♣ér✐❡✉r❡ à ✶✳✼✳ ▲✬❛♥❛❧②s❡
st❛t✐st✐q✉❡ ❞✉ ❈❋❇❉❙ r❡♣♦s❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❡s ✶✵✼✵ ❞✬❡♥tr❡ ❡✉① q✉✐ ❝♦♠♣♦s❡♥t ♥♦tr❡
é❝❤❛♥t✐❧❧♦♥ ❧✐♠✐té ❡♥ ♠❛❣♥✐t✉❞❡✱ à z′ < 22.5✳ ▲❡s ❞✐③❛✐♥❡s ❞❡ ♥✉✐ts ❞❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡
q✉❡ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉❡s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉ ◆❚❚ ❡t ❛✉ ◆❖❚✱ ♦♥t ♣❡r♠✐s ❞✬♦❜t❡♥✐r ❧❡s
♠❛❣♥✐t✉❞❡s ❡♥ ❜❛♥❞❡ J ❞❡ ♣❧✉s ❞❡ ✻✼✵ ❞✬❡♥tr❡ ❡✉①✳ ❈❡s ♦❜❥❡ts s♦♥t r❡♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡
✹✳✷✳

✹✳✶✳✷ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉rs ❝♦✉❧❡✉rs

P❡r❢♦r♠❛♥❝❡s ❡t ❧✐♠✐t❡s ❞❡ ❧❛ ♠ét❤♦❞❡

▲❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✬é♥❡r❣✐❡ ♦❜t❡♥✉❡ à ♣❛rt✐r ❞❡ ♣❧✉s✐❡✉rs ❜❛♥❞❡s ♣❤♦t♦♠étr✐q✉❡s
❡st r❡♣rés❡♥t❛t✐✈❡ ❞❡ ❧✬❛❧❧✉r❡ ❣é♥ér❛❧❡ ❞❡ s♦♥ s♣❡❝tr❡✳ ▲❡ ♣r♦❝❡ss✉s ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥
✷✳✸ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❝♦✉❧❡✉rs ❞❛♥s ❧❡ s②stè♠❡ ♣❤♦t♦♠étr✐q✉❡ ✉t✐❧✐sé ♣❛r
❧❡ ❈❋❇❉❙ ❞❡ ♣❧✉s ❞❡ ✽✵ ♥❛✐♥❡s ❜r✉♥❡s ❞♦♥t ❧❡ t②♣❡ s♣❡❝tr❛❧ ❡st ❝♦♥♥✉✳ ❖♥ ♣❡✉t ❞♦♥❝
❛✈♦✐r ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉r ❧❡ t②♣❡ s♣❡❝tr❛❧ ❞✬✉♥ ♦❜❥❡t ✐❞❡♥t✐✜é ❞❛♥s ❧❡ ❈❋❇❉❙ à ♣❛rt✐r ❞❡
s❛ ♣❤♦t♦♠étr✐❡✱ ❡♥ ❝♦♠♣❛r❛♥t s❡s ❝♦✉❧❡✉rs ❛✈❡❝ ❝❡❧❧❡s ❞❡ ❝❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❡ ré❢ér❡♥❝❡
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✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❋✐❣✳ ✹✳✶✿ ▲❡s r♦♥❞s r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧❡s ❝❛♥❞✐❞❛ts ✐ss✉s ❞✉ ❈❋❍❚▲❙✲❉❡❡♣✱ ❧❡s ❝❛rrés
❜❧❡✉s ❝❡✉① ✐ss✉s ❞✉ ❈❋❍❚▲❙✲❲✐❞❡ ❡t ❧❡s tr✐❛♥❣❧❡s ✈❡rts ❧❡s ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✲
✜és ❞❛♥s ❧❡ ❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡ ❡t ❧❡ ❘❈❙✲✷✳ ▲❡ ❞é❝r♦❝❤❛❣❡ ♦❜s❡r✈é ❞❛♥s ❝❡tt❡
❞❡r♥✐èr❡ ❞✐str✐❜✉t✐♦♥ ❞✬♦❜❥❡ts ❡st ❞û à ❧✬é❧✐♠✐♥❛t✐♦♥ ❞❡ t♦✉t❡s ❧❡s ❞ét❡❝t✐♦♥s ❞✬♦❜✲
❥❡ts ♠♦✐♥s r♦✉❣❡s q✉❡ i′−z′ = 2.1 ❡t ❞♦♥t ❧❛ ♠❛❣♥✐t✉❞❡ z′ > 22.5 ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡
❞✉ ❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡ ❡t ❞✉ ❘❈❙✲✷✳ ◆♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é ♣❧✉s ❞❡ ✶✸✵✵ ❝❛♥❞✐✲
❞❛ts ❞❛♥s ❧❡ ❈❋❇❉❙✱ ♣❛r s♦✉❝✐ ❞❡ ❧✐s✐❜✐❧✐té s❡✉❧s ❧❡s ♣r❡♠✐❡rs ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és✱
❝♦♥st✐t✉❛♥t ❡♥✈✐r♦♥ ✉♥ ❝✐♥q✉✐è♠❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ t♦t❛❧✱ s♦♥t ❞♦♥❝ r❡♣rés❡♥tés ✐❝✐✳

r❡♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✹✳ ▲❛ ❢♦rt❡ ❞✐s♣❡rs✐♦♥ ❡♥ ❝♦✉❧❡✉r ❞❡s ♦❜❥❡t s✉❜st❡❧❧❛✐r❡s r❡♥❞
❝❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❡✉ ✜❛❜❧❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡ t②♣❡ s♣❡❝tr❛❧ ♣ré❝✐s ❞✬✉♥ ♦❜❥❡t ♣❛rt✐❝✉❧✐❡r✱
♠❛✐s ❡❧❧❡ ♣❡r♠❡t ♥é❛♥♠♦✐♥s ❞❡ ✜①❡r ✉♥❡ ❝❧❛ss❡ s♣❡❝tr❛❧❡ ❧❛r❣❡ ❝♦♠♠❡ ✧▲ ♣ré❝♦❝❡✧ ♦✉ ✧❚
t❛r❞✐✈❡✧✳ ❉❛♥s ❧❡ ❝❛s ♦ù ✉♥ ♦❜❥❡t ❡st s✐t✉é ♣rès ❞❡ ❧❛ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❞❡✉① ❝❧❛ss❡s ❧❛r❣❡s✱
s♦♥ ❛♣♣❛rt❡♥❛♥❝❡ ré❡❧❧❡ à ❧✬✉♥❡ ♦✉ à ❧✬❛✉tr❡ ❡st ✐♥❝❡rt❛✐♥❡✱ ♠❛✐s ❧❛ ré♣❛rt✐t✐♦♥ ❝♦❧❧❡❝t✐✈❡ ❞❡s
♦❜❥❡ts ❡♥tr❡ ❧❡s ❞♦♠❛✐♥❡s ❡st st❛t✐st✐q✉❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡✳

❱❛❧✐❞❛t✐♦♥ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲t②♣❡ s♣❡❝tr❛❧

❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ▲✱ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é s✉r ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙ ♣❧✉s✐❡✉rs
♥❛✐♥❡s ▲ ❜r✐❧❧❛♥t❡s ❞é❝♦✉✈❡rt❡s ❛✉♣❛r❛✈❛♥t ♣❛r ❧❡s s✉r✈❡②s ❙❉❙❙ ♦✉ ✷▼❆❙❙ ❡t ❞♦♥t ❧❡ t②♣❡
s♣❡❝tr❛❧ ❡st ❝♦♥♥✉✳ ❈❡s ♦❜❥❡ts ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ❧❛ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲
t②♣❡ s♣❡❝tr❛❧ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡✳ ◆♦✉s ♥✬❛✈♦♥s ❝❡♣❡♥❞❛♥t ♣❛s ♣✉ ✈❛❧✐❞❡r ❞✐r❡❝t❡♠❡♥t ❝❡tt❡
r❡❧❛t✐♦♥ ❝❛r ♥♦✉s ♥✬❛✈♦♥s ♣❛s ♦❜t❡♥✉ ❞❡ t❡♠♣s ♣♦✉r ♠❡♥❡r ❞❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s
❞❡ ♥♦s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ▲✳
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✹✳✶ ❈❧❛ss✐✜❝❛t✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ❞❡s ❝❛♥❞✐❞❛ts ❞✉ ❈❋❇❉❙

❋✐❣✳ ✹✳✷✿ ❉✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲❝♦✉❧❡✉r ❞❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ✐ss✉s ❞✉ ❈❋❍❚▲❙✲❱❡r②✲
❲✐❞❡ ❡t ❞✉ ❘❈❙✲✷ s✉✐✈✐s ❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✳ P❛r s♦✉❝✐ ❞❡ ❧✐s✐❜✐❧✐té s❡✉❧❡s ❧❡s
❜❛rr❡s ❞✬❡rr❡✉r ❞❡s ♦❜❥❡ts ❧❡s ♣❧✉s r♦✉❣❡s ❡♥ z′−J s♦♥t r❡♣rés❡♥té❡s ✐❝✐✳ ▲❛ ❧✐❣♥❡ ❡♥
♣♦✐♥t✐❧❧és ❣r❛s r❡♣rés❡♥t❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❝♦✉❧❡✉rs s②♥t❤ét✐q✉❡s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s
❝♦♥♥✉❡s ✭❈❢ s❡❝t✐♦♥ ✷✳✸✮✳ ▲❛ ③♦♥❡ ❣r✐sé❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s ❝♦✉❧❡✉rs
✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡ ❝❡s ♦❜❥❡ts✳

❉❛♥s ❧❡ ❝❛s ❞❡s ♥❛✐♥❡s ❚ ❝❡tt❡ r❡❧❛t✐♦♥ ❛ été ❝❛❧✐❜ré❡ ♣❛r ❞❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s
❞❡ ♥♦s ❝❛♥❞✐❞❛ts✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s ❝♦♥✜r♠❡♥t q✉❡ ♥♦s ❝❛♥❞✐❞❛ts ❚ ♣ré❝♦❝❡s s✉✐✈❡♥t ❜✐❡♥ ❧❛
❝♦✉r❜❡ ❞❡s ❝♦✉❧❡✉rs s②♥t❤ét✐q✉❡s ❛ss♦❝✐é❡✱ r❡♣rés❡♥té❡ s✉r ❧❛ ✜❣✉r❡ ✹✳✷✳ ❖♥ ♣❡✉t ❝♦♥st❛t❡r
s✉r ❧❛ ♠ê♠❡ ✜❣✉r❡ q✉❡ ❝❡t ❛❝❝♦r❞ ❞✐s♣❛r❛ît ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❚ t❛r❞✐✈❡s✱ ♥♦s ♦❜❥❡ts ét❛♥t
♥♦t❛❜❧❡♠❡♥t ♠♦✐♥s r♦✉❣❡s ❡♥ z′−J q✉❡ ❧❛ ❝♦✉❧❡✉r ♠♦②❡♥♥❡ ❞❡s ♥❛✐♥❡s ❚ ❝♦♥♥✉❡s✳ ❊♥ ❡✛❡t✱
❧❛ ♣♦s✐t✐♦♥ ❞❛♥s ❧❡ ❞✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲❝♦✉❧❡✉r ❞❡s ♥❛✐♥❡s ❚ très t❛r❞✐✈❡s ✭❃❚✽✱ ❉❡❧♦r♠❡
❡t ❛❧✳ ✷✵✵✽❛✮ ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❝♦ï♥❝✐❞❡ ❛✈❡❝ ❝❡❧❧❡s ❞❡s ❝♦✉❧❡✉rs s✐♠✉❧é❡s ❞❡ ♥❛✐♥❡s
❚✹ à ❚✻✳ ❈❡ ❞és❛❝❝♦r❞ ♣❡✉t é✈❡♥t✉❡❧❧❡♠❡♥t s✬❡①♣❧✐q✉❡r ♣❛r ❧❛ ❢❛✐❜❧❡ st❛t✐st✐q✉❡ ✿ s❡✉❧s ✹
♥❛✐♥❡s ❚ t❛r❞✐✈❡s ❝♦♥♥✉❡s ♦♥t ✉♥❡ ❝♦✉✈❡rt✉r❡ s♣❡❝tr❛❧❡ ♣✉❜❧✐q✉❡ q✉✐ ♣❡r♠❡t ❞❡ ❧❡s ✉t✐❧✐s❡r
❝♦♠♠❡ ré❢ér❡♥❝❡s s✉r ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞❡s ❜❛♥❞❡s i′, z′ ❡t J ✳ ▲❛ ❞✐s♣❡rs✐♦♥
❡♥ ❝♦✉❧❡✉r ❞❡s ♥❛✐♥❡s ❚ t❛r❞✐✈❡s ét❛♥t très ✐♠♣♦rt❛♥t❡ ♣♦✉r ✉♥ ♠ê♠❡ t②♣❡ s♣❡❝tr❛❧✱ ❞❡s
✈❛r✐❛t✐♦♥s ❞✬✉♥❡ ♠❛❣♥✐t✉❞❡ s♦♥t ❝♦♠♠✉♥❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧❡s ❝♦✉❧❡✉rs ✧♠♦②❡♥♥❡s✧ q✉❡
❥✬❛✐ ❞ét❡r♠✐♥é❡s s♦✐❡♥t ❢♦rt❡♠❡♥t ❜✐❛✐sé❡s ♣❛r ✉♥ ♦✉ ❞❡✉① ♦❜❥❡ts ♣❛rt✐❝✉❧✐❡rs✳ ❉❡ ♣❧✉s ❝❡s
♦❜❥❡ts ❞❡ ré❢ér❡♥❝❡ t❛r❞✐❢s ♦♥t t♦✉s été ✐❞❡♥t✐✜és ♣❛r ❧❡ s✉r✈❡② ✷▼❆❙❙ ❡♥ ❜❛♥❞❡ J ✱ ❝❡ q✉✐
❝❛✉s❡ ✉♥ ❜✐❛✐s ❞❡ sé❧❡❝t✐♦♥ ✈❡rs ❞❡s ♦❜❥❡ts ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❜r✐❧❧❛♥ts ❞❛♥s ❝❡tt❡ ❜❛♥❞❡✱ ❞♦♥❝
r♦✉❣❡s ❡♥ z′ − J ✳ ❆ ❧✬♦♣♣♦sé✱ ❧❡s ❝❛♥❞✐❞❛ts ✐ss✉s ❞✉ ❈❋❇❉❙ s♦♥t sé❧❡❝t✐♦♥♥és ❡♥ ❜❛♥❞❡ z′✱
❝❡ q✉✐ ✐❞❡♥t✐✜❡ ❞♦♥❝ ♣ré❢ér❡♥t✐❡❧❧❡♠❡♥t ❞❡s ♦❜❥❡ts ♣❧✉tôt ❜❧❡✉s ❡♥ z′ − J ✳
■❧ ❡st ❛✉ss✐ ♣♦ss✐❜❧❡ q✉❡ ❧❡s ❝♦✉❧❡✉rs s②♥t❤ét✐q✉❡s ❞❡s ♥❛✐♥❡s ❚ t❛r❞✐✈❡s s♦✐❡♥t ❢❛✉ssé❡s

♣❛r ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❡s ❢❛❝t❡✉rs ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ✜❧tr❡s✳ ❈♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧❛ s❡❝t✐♦♥

✼✼



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❚❛❜✳ ✹✳✶✿ ❈❧❛ss✐✜❝❛t✐♦♥ ♣ré❧✐♠✐♥❛✐r❡ ❞❡ t♦✉s ❧❡s ❝❛♥❞✐❞❛ts s✉✐✈✐s ❡♥ ❜❛♥❞❡ J s✉r ❧❛ ❜❛s❡ ❞❡
❧❡✉rs ❝♦✉❧❡✉rs i′−z′ ❡t z′−J ✳ ▲❛ ❝❧❛ss❡ ✧♥❛✐♥❡s ▲✧ ✐♥❝❧✉t ❞❡s ♥❛✐♥❡s ▼✽✳✺ ❡t ♣❧✉s
t❛r❞✐✈❡s✱ ❞♦♥t ❧❛ ❝♦✉❧❡✉r z′− J ❡st ✐♥❞✐ss♦❝✐❛❜❧❡ ❞❡ ❝❡❧❧❡ ❞❡s ♥❛✐♥❡s ▲✱ t❛♥❞✐s q✉❡
❧❛ ❝❧❛ss❡ ✧♥❛✐♥❡s ▼✧ ❝♦♥❝❡r♥❡ ❧❡s ♦❜❥❡ts ❞❡ t②♣❡ ▼✽ ❡t ♣❧✉s ♣ré❝♦❝❡s✳

◆❛✐♥❡s ❚ ◆❛✐♥❡s ▲ ◗✉❛s❛rs ◆❛✐♥❡s ▼ ❛rt❡❢❛❝ts
◆♦♠❜r❡ ❞✬♦❜❥❡ts ✺✷ ✶✻✽ ✶✺ ✷✾✼ ✾✹
P♦✉r❝❡♥t❛❣❡ ✽✳✸✪ ✷✻✳✽✷✳✹✪ ✪ ✹✼✳✹✪ ✶✺✪

✷✳✹✳✸✱ ❧❡ ✢✉① ❞❡ ❝❡s ♦❜❥❡ts ét❛♥t ❧♦❝❛❧✐sé s✉r ✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ t♦t❛❧❡
❞❡s ✜❧tr❡s à ❧❛r❣❡ ❜❛♥❞❡✱ ✉♥❡ ❢❛✐❜❧❡ ❡rr❡✉r s✉r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧✬♦♣t✐q✉❡ ❡t ❞❡s ❞ét❡❝t❡✉rs
♣❡✉t ❡♥❣❡♥❞r❡r ❞❡s ❞✐✛ér❡♥❝❡s ♥♦t❛❜❧❡s ❞❡ ❝♦✉❧❡✉r✳ ▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ♠❛❣♥✐t✉❞❡s J
♣❡✉t êtr❡ ❛✐♥s✐ ❛✛❡❝té❡ ♣❛r ❧✬❛❜s❡♥❝❡ ❞❡ ❞♦♥♥é❡s ♣ré❝✐s❡s ❝♦♥❝❡r♥❛♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡
❧✬♦♣t✐q✉❡ ❞❡ ❧❛ ❝❛♠ér❛ ❙❖❋■ ✉t✐❧✐sé❡ s✉r ❧❡ ◆❚❚✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t s✐ ❝❡tt❡ tr❛♥s♠✐ss✐♦♥
✈❛r✐❡ ♥♦t❛❜❧❡♠❡♥t s✉r ❧❛ ❜❛♥❞❡ J ✳
▲❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❡♥ ✧❚ t❛r❞✐✈❡s✧ ❞❡s ♦❜❥❡ts s✉r ❧❡s ✜❣✉r❡s ✹✳✷✱ ✹✳✸ ❡t ✹✳✹ ❡st ❞♦♥❝ r❡❝❛❧✲

✐❜ré❡ ❡♠♣✐r✐q✉❡♠❡♥t à ♣❛rt✐r ❞❡ ♥♦s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s✳ ▲❡s ❛✉tr❡s ♦❜❥❡ts s♦♥t
❝❧❛ss✐✜és ♣❛r r❛♣♣♦rt ❛✉① ❝♦✉❧❡✉rs s✐♠✉❧é❡s✳ ▲❛ t❛❜❧❡ ✹✳✶ ré❝❛♣✐t✉❧❡ ❧❛ ♥❛t✉r❡ ❞❡s ❝❛♥❞✐❞❛ts
♦❜s❡r✈és ❞✬❛♣rès ❧❡✉rs ❝♦✉❧❡✉rs i′ − z′ ❡t z′ − J ✳ ▲❡s ❝r✐tèr❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❛r ❝♦✉❧❡✉rs
s♦♥t ❞ét❛✐❧❧és ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✷

❚❛❜✳ ✹✳✷✿ ❈r✐tèr❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ s♣❡❝tr❛❧❡ à ♣❛rt✐r ❞❡s ❝♦✉❧❡✉rs i′ − z′ ❡t z′ − J ✳

❉♦♠❛✐♥❡ s♣❡❝tr❛❧ i′ − z′ z′ − J
<▼✽ ✖ < 2.5
▼✽✲▲✹✳✺ 2.0 > 2.5
▲✺✲❚✵ ✷✳✵−✷✳✻ > 2.5
❚✵✳✺✲❚✹✳✺ > 2.6 ✷✳✺−✸✳✽
>❚✹✳✺ ✖ > 3.8

✹✳✶✳✸ ❊❝❤❛♥t✐❧❧♦♥ ❞✉ ❈❋❇❉❙ ❞♦♥t ❧❡ s✉✐✈✐ ❡♥ ❜❛♥❞❡ J ❡st ❝♦♠♣❧❡t

▲♦rs ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❞❡s ❝❛♥❞✐❞❛ts ❞✉ ❈❋❇❉❙✱ ♥♦✉s ❛✈♦♥s
❝❤♦✐s✐ ❞✬♦❜s❡r✈❡r ❡♥ ♣r✐♦r✐té ❧❡s ♦❜❥❡ts ❧❡s ♣❧✉s r♦✉❣❡s ❡t ❞♦♥❝ ❧❡s ♣❧✉s ♣r♦♠❡tt❡✉rs✳ ❈❡❧❛ ♥♦✉s
❛ ♣❡r♠✐s ❞✬✐❞❡♥t✐✜❡r ♣r✐♦r✐t❛✐r❡♠❡♥t ❞❡s ♥❛✐♥❡s ❚✱ ❞♦♥t ❝❡rt❛✐♥❡s très t❛r❞✐✈❡s✱ ♠❛✐s ❝❡❧❛
❛ ❝♦♥❞✉✐t à ✉♥ s✉✐✈✐ ❤étér♦❣è♥❡ ❞❡ ♥♦s ❝❛♥❞✐❞❛ts✱ ❝❡ q✉✐ r❡♥❞ ❞✐✣❝✐❧❡ ❧✬❛♥❛❧②s❡ st❛t✐st✐q✉❡

◆❛✐♥❡s ❚ ◆❛✐♥❡s ▲ ◗✉❛s❛rs ◆❛✐♥❡s ▼ ❛rt❡❢❛❝ts
◆♦♠❜r❡ ❞✬♦❜❥❡ts ✶✽ ✼✺ ✺ ✶✵✶ ✸✵
P♦✉r❝❡♥t❛❣❡ ✼✳✾✪ ✸✷✳✺✪ ✷✳✷✪ ✹✹✳✸✪ ✶✸✳✶✪

❚❛❜✳ ✹✳✸✿ ▼ê♠❡ t❛❜❧❡❛✉ q✉❡ ✹✳✶ ♣♦✉r ❞❡s ❝❛♥❞✐❞❛ts ❛♣♣❛rt❡♥❛♥t à ❞❡s ✧♣❛t❝❤s✧ ❞✉ ❈❋❇❉❙
❞♦♥t t♦✉s ❧❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ i′ − z′ > 1.7 ♦♥t été ♦❜s❡r✈és ❡♥ ❜❛♥❞❡ J ✳

✼✽



✹✳✶ ❈❧❛ss✐✜❝❛t✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ❞❡s ❝❛♥❞✐❞❛ts ❞✉ ❈❋❇❉❙

❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♣✉✐sq✉❡ ❝❡tt❡ ♣♦♣✉❧❛t✐♦♥ ❡st ❢♦rt❡♠❡♥t ❜✐❛✐sé❡ ✈❡rs ❧❡s ♦❜❥❡ts ❧❡s ♣❧✉s
r♦✉❣❡s✳
▲❡ ❈❋❇❉❙ ❡st ❝♦♥st✐t✉é ❞❡ ✧♣❛t❝❤s✧ ✲❞❡s ③♦♥❡s ❞✉ ❝✐❡❧ ❝♦♥t✐❣✉ës✲ ❞✬✉♥❡ t❛✐❧❧❡ ✈❛r✐❛♥t

❡♥tr❡ ✶✵ ❡t ✾✹ ❞❡❣rés ❝❛rrés s✉r ❧❡sq✉❡❧s ❧✬❡♥❝♦♠❜r❡♠❡♥t ❡t ❧❡ r♦✉❣✐ss❡♠❡♥t ✈❛r✐❡♥t ♣❡✉✳ ❙✉r
❝❡rt❛✐♥s ❞✬❡♥tr❡ ❡✉① ♥♦✉s ❛✈♦♥s ♣✉ ♠❡♥❡r à ❜✐❡♥ ✉♥ s✉✐✈✐ ❝♦♠♣❧❡t ❞❡ t♦✉s ❧❡s ❝❛♥❞✐❞❛ts
✐❞❡♥t✐✜és✳ P❧✉s ❛✉❝✉♥❡ ♦❜s❡r✈❛t✐♦♥ ♣❤♦t♦♠étr✐q✉❡ ♥✬❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ s✉r ❝❡s ♣❛t❝❤s✱ ❞♦♥t
t♦✉s ❧❡s ♦❜❥❡ts r❡t❡♥✉s ✭❞♦♥❝ ❛✈❡❝ i′ − z′ > 1.7✮ ♦♥t été s✉✐✈✐s ❡♥ ❜❛♥❞❡ J ✳ ▲❡s ❝❛♥❞✐❞❛ts
q✉✐ ② ♦♥t été ✐❞❡♥t✐❢íés ❝♦♥st✐t✉❡♥t ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❝♦♠♣❧❡t à i′ − z′ > 1.7✱ r❡♣rés❡♥t❛t✐❢
❞❡ ❧✬ét❛t ✜♥❛❧ ❞✉ ❈❋❇❉❙✳
❈❡t é❝❤❛♥t✐❧❧♦♥ ❡st ❝♦♥st✐t✉é ❞❡ ✷✷✽ ❝❛♥❞✐❞❛ts ré♣❛rt✐s s✉r ✻ ♣❛t❝❤s t♦t❛❧✐s❛♥t ✶✾✾ ❝❤❛♠♣s

▼❡❣❛❈❛♠ ✐ss✉s ❞✉ ❈❋❍❚▲❙✲❱❡r②✲❲✐❞❡ ❡t ❞✉ ❘❈❙✷✱ s♦✐t ♣❧✉s ❞✉ q✉❛rt ❞❡ ❝❡s ❞❡✉① ❝♦♠✲
♣♦s❛♥t❡s✳ ❙✐ ❧✬♦♥ t✐❡♥t ❝♦♠♣t❡ ❞❡s tr♦✉s ❡♥tr❡ ❧❡s ❈❈❉ ❞❡ ▼é❣❛❈❛♠✱ ❧❛ s✉r❢❛❝❡ ❡✛❡❝t✐✈❡
❛ss♦❝✐é❡ ❡st ❞✬❡♥✈✐r♦♥ ✶✼✵ ❞❡❣rés ❝❛rrés✳ ▲❛ ✜❣✉r❡ ✹✳✸ ♠♦♥tr❡ ❧❡s ❝♦✉❧❡✉rs ❞❡s ♥❛✐♥❡s ❜r✉♥❡s
✐❞❡♥t✐✜é❡s ❞❛♥s ❝❡t é❝❤❛♥t✐❧❧♦♥✳

❋✐❣✳ ✹✳✸✿ ▼ê♠❡ ✜❣✉r❡ q✉❡ ✹✳✷ ♣♦✉r ❞❡s ❝❛♥❞✐❞❛ts ❛♣♣❛rt❡♥❛♥t à ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙
❞♦♥t t♦✉s ❧❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ i′ − z′ > 1.7 ♦♥t été ♦❜s❡r✈és ❡♥ ❜❛♥❞❡ J ✳

✹✳✶✳✹ ❊❝❤❛♥t✐❧❧♦♥ ❝♦♠♣❧❡t ♣♦✉r i′ − z′ > 2.0

◆♦✉s ❛✈♦♥s ❛✉ss✐ ❝♦♥st✐t✉é ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♥♦s ♦❜❥❡ts ❧❡s ♣❧✉s t❛r❞✐❢s✱ ❞♦♥t ❧❛ ❝♦✉❧❡✉r
i′ − z′ ❡st s✉♣ér✐❡✉r❡ à ✷✳✵✱ ❝❡ q✉✐ sé❧❡❝t✐♦♥♥❡ ❞❡s ♦❜❥❡ts ♣❧✉s t❛r❞✐❢s q✉❡ ▲✻ ❡t ✐♥❝❧✉t t♦✉t❡s
❧❡s ♥❛✐♥❡s ❚✳ ❈♦♠♠❡ ❝❡s ❝❛♥❞✐❞❛ts s♦♥t ♠♦✐♥s ♥♦♠❜r❡✉① ❡t ♦♥t été ♦❜s❡r✈és ❡♥ ♣r✐♦r✐té✱ ♣❧✉s
❞❡ ✼✺✪ ❞❡s ✐♠❛❣❡s ✐ss✉❡s ❞✉ ❘❈❙✲✷ ❡t ❞✉ ❈❋❍❚▲❙✲❱❡r② ❲✐❞❡ ❛♣♣❛rt✐❡♥♥❡♥t à ❞❡s ♣❛t❝❤s
❞♦♥t ❧❡ s✉✐✈✐ ✐♥❢r❛✲r♦✉❣❡ ❡st ❝♦♠♣❧❡t ♣♦✉r t♦✉s ❧❡s ♦❜❥❡ts ❞♦♥t i′−z′ > 2.0✳ ❈❡❧❛ ❝♦♥st✐t✉❡ ✉♥
❡♥s❡♠❜❧❡ ❞❡ ✷✹✹ ♦❜❥❡ts ré♣❛rt✐s s✉r ✺✷✵ ❝❤❛♠♣s ▼❡❣❛❈❛♠✱ s♦✐t ❡♥✈✐r♦♥ ✹✹✵ ❞❡❣rés ❝❛rrés

✼✾



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

◆❛✐♥❡s ❚ ◆❛✐♥❡s ▲ ◗✉❛s❛rs ◆❛✐♥❡s ▼ ❛rt❡❢❛❝ts
◆♦♠❜r❡ ❞✬♦❜❥❡ts ✹✶ ✺✻ ✽ ✼✼ ✻✷
P♦✉r❝❡♥t❛❣❡ ✶✻✪ ✷✸✪ ✸✪ ✸✷✪ ✷✻✪

❚❛❜✳ ✹✳✹✿ ▼ê♠❡ t❛❜❧❡❛✉ q✉❡ ✹✳✶ ♣♦✉r ❞❡s ❝❛♥❞✐❞❛ts ❛♣♣❛rt❡♥❛♥t à ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙
❞♦♥t t♦✉s ❧❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ i′ − z′ > 2.0 ♦♥t été ♦❜s❡r✈és ❡♥ ❜❛♥❞❡ J ✳

❋✐❣✳ ✹✳✹✿ ▼ê♠❡ ✜❣✉r❡ q✉❡ ✹✳✷ ♣♦✉r ❞❡s ❝❛♥❞✐❞❛ts ❛♣♣❛rt❡♥❛♥t à ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙
❞♦♥t t♦✉s ❧❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ i′ − z′ > 2.0 ♦♥t été ♦❜s❡r✈és ❡♥ ❜❛♥❞❡ J ✳

❞❡ s✉r❢❛❝❡ ❡✛❡❝t✐✈❡✳ ❙❛ ❝♦♠♣♦s✐t✐♦♥ ❡st ❞ét❛✐❧❧é❡ ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✹✳ ▲❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s
❜r✉♥❡s ✐ss✉s ❞❡ ❝❡t é❝❤❛♥t✐❧❧♦♥ s♦♥t r❡♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✹✳✹

✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

✹✳✷✳✶ Pr♦❜❧é♠❛t✐q✉❡ ❡t str❛té❣✐❡

Pr♦❜❧é♠❛t✐q✉❡

❆ ❧✬♦r❞r❡ ✵✱ ét❛❜❧✐r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ❞❛♥s ❧❡ ❈❋❇❉❙✱
❝♦♥s✐st❡ ✉♥✐q✉❡♠❡♥t à ❣r♦✉♣❡r ❝❡s ♦❜❥❡ts ♣❛r ✐♥t❡r✈❛❧❧❡ ❞❡ ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡ ❡t à ❞✐✈✐s❡r
❝❡ ♥♦♠❜r❡ ♣❛r ❧❡ ✈♦❧✉♠❡ s♦♥❞é ♣❛r ❧❡ ❈❋❇❉❙ à ❝❡tt❡ ♠❛❣♥✐t✉❞❡✳ ❖♥ ❛ ❛❧♦rs ❛❝❝ès à
❧❛ ❞❡♥s✐té ❞✬♦❜❥❡ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡✱ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ q✉❡ ❧✬♦♥ ♣❡✉t
s②♥t❤ét✐s❡r s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té✳
▲❡s ❝❤♦s❡s s♦♥t ❜✐❡♥ sûr ♣❧✉s ❝♦♠♣❧❡①❡s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r❝❡ q✉❡ ♥♦s ♦❜s❡r✈❛t✐♦♥s ♦♥t

❞❡s ❧✐♠✐t❛t✐♦♥s ♣r❛t✐q✉❡s q✉✐ ♥♦✉s é❝❛rt❡♥t ❞❡ ❝❡ ❝❛s ♣❛r❢❛✐t✳ ■❧ ❢❛✉t ❝♦rr✐❣❡r ♣❧✉s✐❡✉rs s♦✉r❝❡s

✽✵



✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

❞✬❡rr❡✉rs✳
❊♥ ❡✛❡t✱ ♠ê♠❡ à ❧✬✐♥tér✐❡✉r ❞❡ ♥♦s ❧✐♠✐t❡s ❞❡ ❞ét❡❝t✐♦♥✱ ♥♦✉s ♥✬✐❞❡♥t✐✜♦♥s ♣❛s t♦✉s ❧❡s
♦❜❥❡ts ✐♥tér❡ss❛♥ts✳ ❈❡tt❡ ✐♠♣❡r❢❡❝t✐♦♥ ❛ ♣❧✉s✐❡✉rs ❝❛✉s❡s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✬❡♥❝♦♠❜r❡♠❡♥t
❞❡s ❝❤❛♠♣s ✲❧♦rsq✉✬✉♥ ❝❛♥❞✐❞❛t ❡st ❝❛❝❤é ♣❛r ✉♥ ❛✉tr❡ ♦❜❥❡t✲ ❡t ❧❡s ❛rt❡❢❛❝ts ❞❡ ❞ét❡❝t✐♦♥
✲♠❛✉✈❛✐s ♣✐①❡❧s✱ r❛②♦♥s ❝♦s♠✐q✉❡s✲ q✉✐ ✐♥tr♦❞✉✐s❡♥t ❞❡s ❡rr❡✉rs ❞❛♥s ❧❛ ♣❤♦t♦♠étr✐❡ s✉s❝❡♣✲
t✐❜❧❡s ❞❡ ❢❛✐r❡ s♦rt✐r ❞❡s ♦❜❥❡ts ✐♥tér❡ss❛♥ts ❞❡ ♥♦tr❡ sé❧❡❝t✐♦♥ ❞❡ ❝❛♥❞✐❞❛ts✳ ▲❛ ❝♦♠♣❧ét✉❞❡
❡st ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts sé❧❡❝t✐♦♥♥és ❞✐✈✐sé ♣❛r ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ✐♥tér❡ss❛♥ts ❞ét❡❝t❛❜❧❡s
❡t ré❡❧❧❡♠❡♥t ♣rés❡♥ts s✉r ❧✬✐♠❛❣❡ ❛♥❛❧②sé❡✳ ❈❡ ♥♦♠❜r❡ ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥✐t✉❞❡
❞❡s ♦❜❥❡ts s✉r ❧✬✐♠❛❣❡ ❞❡ ❞ét❡❝t✐♦♥ ✭❡♥ ❜❛♥❞❡ z′✮ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ❞❡ ❧❡✉r
❝♦✉❧❡✉r i′ − z′✳ P♦✉r ❝♦rr✐❣❡r ❝❡s ❡✛❡ts✱ ✐❧ ❢❛✉t ❞♦♥❝ ❝♦♥str✉✐r❡ ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥ ❞❡
♥♦tr❡ s✉r✈❡② q✉✐ r❡♣rés❡♥t❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛❣♥✐t✉❞❡ ❡t ❞❡ ❧❛ ❝♦✉❧❡✉r ❞❡s
❝❛♥❞✐❞❛ts✳
❯♥❡ ❛✉tr❡ s♦✉r❝❡ ❞❡ ❜✐❛✐s ❡st ✐♥tr♦❞✉✐t❡ ♣❛r ❧❡s ❡rr❡✉rs ♣❤♦t♦♠étr✐q✉❡s q✉✐ ❝♦♥❞✉✐s❡♥t

à ✉♥❡ ❞✐s♣❡rs✐♦♥ ❞❡ ♥♦s ❝❛♥❞✐❞❛ts ❡♥ ♠❛❣♥✐t✉❞❡ ❡t ❡♥ ❝♦✉❧❡✉r ♣❛r r❛♣♣♦rt à ❧❡✉rs ✈❛❧❡✉rs
ré❡❧❧❡s✳ ❈❡❝✐ ♣❡✉t ❝♦♥❞✉✐r❡ à ♣❡r❞r❡ ❝❡rt❛✐♥s ❝❛♥❞✐❞❛ts ❧♦rsq✉❡ ❝❡tt❡ ❞✐s♣❡rs✐♦♥ ❧❡s ❢❛✐t s♦r✲
t✐r ❞❡ ♥♦s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥✱ ❝❡ q✉✐ ❛✛❡❝t❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❞❡ ♥♦tr❡ s✉r✈❡②✳ ▼❛✐s ❧✬❡✛❡t
❧❡ ♣❧✉s ✐♠♣♦rt❛♥t ❡st ❧✬✐♥tr♦❞✉❝t✐♦♥ ❞✬✉♥❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❞❡s ♦❜❥❡ts ❞♦♥t ❧❡s ❝♦✉❧❡✉rs
ré❡❧❧❡s ♥❡ s♦♥t ♣❛s ❛ss❡③ r♦✉❣❡s ♣♦✉r ❡♥tr❡r ❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥✱ ♠❛✐s ♣♦✉r ❧❡sq✉❡❧s ❧✬❡rr❡✉r
♣❤♦t♦♠étr✐q✉❡ ❡st s✉✣s❛♠♠❡♥t ❢♦rt❡ ♣♦✉r ❧❡s ✐♥❝❧✉r❡ ❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥✳ ❈❡tt❡ ❝♦♥t❛♠✲
✐♥❛t✐♦♥ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❝r✉❝✐❛❧❡ q✉❡ ❧❡s ♥❛✐♥❡s ▼✱ ♣❧✉s ❧✉♠✐♥❡✉s❡s ❡t ❧é❣èr❡♠❡♥t ♠♦✐♥s
r♦✉❣❡s q✉❡ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s✱ s♦♥t ❞❡s ♠✐❧❧✐❡rs ❞❡ ❢♦✐s ♣❧✉s ♥♦♠❜r❡✉s❡s q✉❡ ❝❡s ❞❡r♥✐èr❡s s✉r
♥♦s ✐♠❛❣❡s ❧✐♠✐té❡s ❡♥ ♠❛❣♥✐t✉❞❡✳
▲❡s ♣❧✉s ♥✉✐s✐❜❧❡s à ❧❛ ♣r♦♣r❡té ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ s♦♥t ❧❡s ét♦✐❧❡s ❞❡ très ❢❛✐❜❧❡ ♠❛ss❡✱ ❞❡

t②♣❡ s♣❡❝tr❛❧ ❝♦♠♣r✐s ❡♥tr❡ ▼✽✳✺ ❡t ▲✸✱ q✉✐ s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ♥♦♠❜r❡✉s❡s q✉❡ ❧❡s ♥❛✐♥❡s
❜r✉♥❡s s✉r ♥♦s ✐♠❛❣❡s✳ ▲❡✉r ❝♦✉❧❡✉r i′ − z′ ✈❛r✐❡ ❡♥tr❡ ✶✳✸ ❡t ✶✳✼✱ ♥♦tr❡ ❧✐♠✐t❡ ❞❡ sé❧❡❝t✐♦♥✱
❝❡ q✉✐ ❡♥ ❢❛✐t ♥♦s ❝♦♥t❛♠✐♥❛♥ts ❧❡s ♣❧✉s ♣r♦❝❤❡s ❞❡ ♥♦s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥✱ ❡t ❞♦♥❝ ❧❡s ♣❧✉s
♣r♦❜❛❜❧❡s✳ ❈❡s ♦❜❥❡ts s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ♥✉✐s✐❜❧❡s à ♥♦tr❡ ét✉❞❡ st❛t✐st✐q✉❡ q✉❡ ❝❡ s♦♥t ❧❡s
s❡✉❧s ❝♦♥t❛♠✐♥❛♥ts q✉✐ ♥❡ s♦♥t ♣❛s ❞✐s❝r✐♠✐♥és ♣❛r ♥♦tr❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ✱
❝❛r ✐❧s ♦♥t ❧❛ ♠ê♠❡ ❝♦✉❧❡✉r z′ − J q✉❡ ❧❡s ♥❛✐♥❡s ▲ ♣❧✉s t❛r❞✐✈❡s✳ ■❧ ❢❛✉t ❞♦♥❝ q✉❡ ♥♦tr❡
ét✉❞❡ st❛t✐st✐q✉❡ t✐❡♥♥❡ ♣r♦♣r❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳
❊♥✜♥✱ ♠ê♠❡ ♣❛r♠✐ ❧❡s ♦❜❥❡ts ✈r❛✐♠❡♥t ✐♥tér❡ss❛♥ts✱ ❧✬❡rr❡✉r ♣❤♦t♦♠étr✐q✉❡ ❝♦♥❞✉✐t à ✉♥❡

❞✐s♣❡rs✐♦♥ ❞❡ ❝♦✉❧❡✉r q✉✐ ♣❡rt✉r❜❡ ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ♥♦tr❡ ét✉❞❡ ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡♥
❢❛✐s❛♥t ♣❛ss❡r ❞❡s ♦❜❥❡ts ❞✬✉♥ ✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r à ✉♥ ❛✉tr❡✳ ❈❡ ❢❛❝t❡✉r ❞♦✐t ❧✉✐ ❛✉ss✐ êtr❡
♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ♥♦tr❡ ❛♥❛❧②s❡✳

❊❝❤❡❧❧❡ ❞✬❤♦♠♦❣é♥éïté ❞✉ ❈❋❇❉❙

▲❡ ❈❋❇❉❙ ❡st ✉♥ s✉r✈❡② ❛ss❡③ ❤♦♠♦❣è♥❡ ♣✉✐sq✉❡ t♦✉t❡s s❡s ❝♦♠♣♦s❛♥t❡s✱ ✐ss✉❡s ❞❡s
❞♦♥♥é❡s ❞✬✉♥ s❡✉❧ ✐♥str✉♠❡♥t s♦♥t ❛♥❛❧②sé❡s ❛✈❡❝ ❧❡s ♠ê♠❡ ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ ❞❡s ❝❛♥✲
❞✐❞❛ts✳ ❈❡❧❛ ♥♦✉s ♣❡r♠❡t ❞✬ét✉❞✐❡r ❧❛ ❝♦♠♣❧ét✉❞❡ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥ ❞❡ ❧❛ ♠ê♠❡
❢❛ç♦♥ s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ s✉r✈❡②✳ ❈❤❛q✉❡ ❝♦♠♣♦s❛♥t❡ ❞✐✛èr❡ t♦✉t❡❢♦✐s ♣❛r ❧❛ ♠❛♥✐èr❡ ❞♦♥t
❧❡s ❞♦♥♥é❡s s♦♥t ❛❝q✉✐s❡s ❛✈❡❝ ▼❡❣❛❈❛♠✱ ❧❡s ♣r✐♥❝✐♣❛❧❡s ✈❛r✐❛t✐♦♥s ✈❡♥❛♥t ❞✉ t❡♠♣s ❡t
❞✉ ♥♦♠❜r❡ ❞✬❡①♣♦s✐t✐♦♥s ❝♦✲❛❞❞✐t✐♦♥♥é❡s ♣♦✉r ♦❜t❡♥✐r ❧❡s ✐♠❛❣❡s ✜♥❛❧❡s✳ ❖♥ r❛♣♣❡❧❧❡ q✉✬à
❧✬✐♥tér✐❡✉r ♠ê♠❡ ❞❡ ❝❤❛q✉❡ ❝♦♠♣♦s❛♥t❡ ❞✉ ❈❋❇❉❙ ❧❡s ❞♦♥♥é❡s s♦♥t ré♣❛rt✐❡s ❡♥ ♣❛t❝❤s
❞✬✐♠❛❣❡s ❝♦♥t✐❣✉ës s♦♥❞❛♥t ❧❛ ♠ê♠❡ ♣❛rt✐❡ ❞✉ ❝✐❡❧ ❡t ❝♦♥st✐t✉❛♥t ❞❡s s♦✉s✲❡♥s❡♠❜❧❡s ❞❡
❞♦♥♥é❡s très ❤♦♠♦❣è♥❡s✳ ▲❛ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡ ② ❡st à ♣❡✉ ♣rès ❝♦♥st❛♥t❡✱ ❛ss✉r❛♥t q✉❡

✽✶



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

t♦✉t❡s ❧❡s ✐♠❛❣❡s ❝♦♥t❡♥✉❡s ❞❛♥s ✉♥ ♣❛t❝❤ ♦♥t ❞❡s ❞❡♥s✐tés ❞✬ét♦✐❧❡s ❡t ✉♥ r♦✉❣✐ss❡♠❡♥t
s✐♠✐❧❛✐r❡s✳ ❊♥✜♥ ❧❡s ❞✐✛ér❡♥t❡s ✐♠❛❣❡s ❞✬✉♥ ♠ê♠❡ ♣❛t❝❤ s♦♥t s♦✉✈❡♥t ♦❜s❡r✈é❡s ❧❛ ♠ê♠❡
♥✉✐t✳
❈♦♠♠❡ ❝❤❛❝✉♥ ❞❡ ❝❡s ♣❛t❝❤s ❝♦♥t✐❡♥t ✉♥ ♥♦♠❜r❡ ❞❡ ❝❛♥❞✐❞❛ts ❡t ❞✬✐♠❛❣❡s s✉✣s❛♥ts ♣♦✉r

❛ss✉r❡r ❧❛ s✐❣♥✐✜❝❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡ ♥♦tr❡ ❛♥❛❧②s❡✱ ✐❧s ❝♦♥st✐t✉❡♥t ♥❛t✉r❡❧❧❡♠❡♥t ❧✬✉♥✐té
❞❡ ❜❛s❡ ❞❡ ♥♦tr❡ ét✉❞❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥ ❞✉ ❈❋❇❉❙✳ ◆♦✉s ❝♦rr✐❣❡♦♥s ❞♦♥❝ ❧❛
st❛t✐st✐q✉❡ ❞❡s ❝❛♥❞✐❞❛ts ❞✬✉♥❡ ❝♦♠♣❧ét✉❞❡ ❡t ❞✬✉♥❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣r♦♣r❡ à ❝❤❛q✉❡ ♣❛t❝❤✱
❛✈❛♥t ❞❡ ❝♦♠♣✐❧❡r ❧❡s ❞♦♥♥é❡s ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ s✉r✈❡② ♣♦✉r ❞ét❡r♠✐♥❡r ♥♦tr❡ ❢♦♥❝t✐♦♥ ❞❡
❧✉♠✐♥♦s✐té ✜♥❛❧❡✳

❙tr❛té❣✐❡

▲❡ ♣r✐♥❝✐♣❛❧ ♦❜st❛❝❧❡ à ✉♥❡ é✈❛❧✉❛t✐♦♥ ♣r♦♣r❡ ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❡t ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥
❡st q✉❡ ❧❡s ❝♦✉❧❡✉rs ❡t ♠❛❣♥✐t✉❞❡s ré❡❧❧❡s ❞❡s ♦❜❥❡ts ♦❜s❡r✈és ♥❡ s♦♥t ♣❛s ❝♦♥♥✉❡s✳ ❉✉ ❢❛✐t
❞❡ ❧❛ ❣r❛♥❞❡ ♣r♦❢♦♥❞❡✉r ❞✉ ❈❋❇❉❙ ❝♦♠♣❛r❛t✐✈❡♠❡♥t à ❝❡❧❧❡ ❞❡s r❡❧❡✈és ♣ré❝é❞❡♥ts✱ ✐❧ ♥✬❡st
♣❛s ♣♦ss✐❜❧❡ ❞❡ ❜❛s❡r ❝❡s ❡st✐♠❛t✐♦♥s s✉r ❞❡s ét♦✐❧❡s ❞❡ ré❢ér❡♥❝❡ ❞❡ ♠❛❣♥✐t✉❞❡ ❡t ❝♦✉❧❡✉r
❞é❥à ét❛❜❧✐❡s✳ ▲❛ s♦❧✉t✐♦♥ q✉❡ ♥♦✉s ❛✈♦♥s r❡t❡♥✉❡ ❡st ❞✬✐♥❥❡❝t❡r ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❞❡
♠❛❣♥✐t✉❞❡s ❡t ❞❡ ❝♦✉❧❡✉rs ✈❛r✐é❡s ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡✳ ❈♦♠♠❡ t♦✉t❡s
❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❞❡ ❝❡s ♦❜❥❡ts ❛rt✐✜❝✐❡❧s s♦♥t ❝♦♥♥✉❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡
r❡❝❡♥s❡r ❝❡✉① q✉✐ ♦♥t été ❞ét❡❝tés ♣❛r ❙❡①tr❛❝t♦r ❡t ❞❡ ❝♦♠♣❛r❡r ❧❡s ✈❛❧❡✉rs ✭♣♦s✐t✐♦♥ ❡t
♠❛❣♥✐t✉❞❡✮ ♠❡s✉ré❡s ❛✉① ✈❛❧❡✉rs s✐♠✉❧é❡s✳ ❈❡tt❡ ♠ét❤♦❞❡ ♣rés❡♥t❡ ❞❡ ♥♦♠❜r❡✉① ❛✈❛♥t❛❣❡s ✿
✕ ▲❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❝♦♥st✐t✉❡♥t ✉♥❡ ❡①❝❡❧❧❡♥t❡ ré❢ér❡♥❝❡ ♣✉✐sq✉❡ ❧❡✉rs ❝❛r❛❝tér✐s✲
t✐q✉❡s s♦♥t ♣❛r❢❛✐t❡♠❡♥t ❝♦♥♥✉❡s ❡t ❛❥✉st❛❜❧❡s à ✈♦❧♦♥té✳

✕ ❖♥ ♣❡✉t ❝♦♥trô❧❡r ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ✐♥❥❡❝té❡s✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡ ❝♦♥st✐t✉❡r ❞❡s é❝❤❛♥✲
t✐❧❧♦♥s ❞❡ t❡st ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡✳ ❖♥ ♣❡✉t ❞♦♥❝ ❛✈♦✐r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❛✈❡❝ ✉♥❡ ❜♦♥♥❡
s✐❣♥✐✜❝❛t✐♦♥ st❛t✐st✐q✉❡ s✉r t♦✉s ❧❡s ❝❤❛♠♣s✳

✕ ▲✬✐♥❥❡❝t✐♦♥ ❞✐r❡❝t❡ ❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ♣❡r♠❡t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ t♦✉s ❧❡s
❡✛❡ts ❛✛❡❝t❛♥t ❧❡s ❞ét❡❝t✐♦♥s ré❡❧❧❡s✱ ❝♦♠♠❡ ❧❡s r❛②♦♥s ❝♦s♠✐q✉❡s✱ ❧❡ ❜r✉✐t ❝♦rré❧é ♣❛r
❧❡ réé❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♦✉ ❧❡s ♠❛✉✈❛✐s ♣✐①❡❧s✳ ❊♥ ♣r❛t✐q✉❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ t✐❡♥t ♠ê♠❡
❝♦♠♣t❡ ❞✬é✈❡♥t✉❡❧s ❜✐❛✐s q✉❡ ♥♦✉s ♥✬❛✉r✐♦♥s ♣❛s ✐❞❡♥t✐✜és ✦

✕ ■❧ ❡st ♣♦ss✐❜❧❡ ❞✬✉t✐❧✐s❡r ❧❡ ♠ê♠❡ ♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ♣♦✉r ❛♥❛❧②s❡r ❝❡s ✐♠❛❣❡s ❝♦♠♣♦s✐t❡s
q✉❡ ❝❡❧✉✐ ♠✐s ❡♥ ♦❡✉✈r❡ ❧♦rs ❞❡ ❧✬❛♥❛❧②s❡ s❝✐❡♥t✐✜q✉❡ ❞❡s ❝❤❛♠♣s✳ ❊♥❝♦r❡ ✉♥❡ ❢♦✐s ❝❡❧❛
♣❡r♠❡t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧✬✐♥té❣r❛❧✐té ❞❡ ♥♦s ❜✐❛✐s ❞❡ sé❧❡❝t✐♦♥✳

▲✬ét✉❞❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥ ❡t ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ✉t✐❧✐s❛t✐♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜✲
❝✐❡❧❧❡s ✐♥❥❡❝té❡s ❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ❡st ❞♦♥❝ ✉♥❡ str❛té❣✐❡ ❡①trê♠❡♠❡♥t ♣❡r❢♦r♠❛♥t❡✳
❊♥ ♣r❛t✐q✉❡ ✐❧ ❢❛✉t ♠❡ttr❡ ❡♥ ♦❡✉✈r❡ ✉♥ ♣✐♣❡❧✐♥❡ ✐♥❞é♣❡♥❞❛♥t ❞❡ ❝ré❛t✐♦♥ ❞✬✐♠❛❣❡s ❝♦♠♣♦s✲
✐t❡s✱ ✐♥❝❧✉❛♥t ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❧❡s ♣❧✉s ré❛❧✐st❡s ♣♦ss✐❜❧❡s✳ ■❧ ❢❛✉t ❡♥s✉✐t❡ ❛♣♣❧✐q✉❡r ❧❡
♣✐♣❡❧✐♥❡ ❞✬❛♥❛❧②s❡ ❝❧❛ss✐q✉❡ ❞✬❡①tr❛❝t✐♦♥ ❞❡s ❝❛♥❞✐❞❛ts✳ ❙✉r ❧❡ ♣❧❛♥ ✐♥❢♦r♠❛t✐q✉❡✱ ❝❡ tr❛✐t❡✲
♠❡♥t ❡st ♣❧✉s ❧♦✉r❞ q✉❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞✉ ❈❋❇❉❙✳

✹✳✷✳✷ ■♥❥❡❝t✐♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡

❈ré❛t✐♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ✿ ❝♦♠♠❡♥t ❥✬❛✐ tr♦✉✈é ✶✺✵✵✵✵✵ ♥❛✐♥❡s ❜r✉♥❡s

P♦✉r ❝ré❡r ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s✱ ❥✬❛✈❛✐s ❞é❥à ❧✬❡①♣ér✐❡♥❝❡ ❞❡ ❙❦②♠❛❦❡r✱ ❧♦❣✐❝✐❡❧ q✉✐ ❝ré❡
❞❡s ✐♠❛❣❡s ❝♦♠♣❧èt❡♠❡♥t ❛rt✐✜❝✐❡❧❧❡s✱ ✐♥❝❧✉❛♥t ❧❡ ❜r✉✐t ❞❡ ❢♦♥❞✱ ❧❡s ❛✐❣r❡tt❡s ❞❡ ❞✐✛r❛❝t✐♦♥✱ ❧❡
❤❛❧♦ ❞❡ s❛t✉r❛t✐♦♥ ❡t q✉✐ ② ♣❧❛❝❡ ❞❡s ❣❛❧❛①✐❡s ❡t ❞❡s ét♦✐❧❡s✳ ❈❡s ❞❡r♥✐èr❡s s♦♥t ♠♦❞é❧✐sé❡s ♣❛r
❞❡s ❢♦♥❝t✐♦♥s ❞❡ ▼♦✛❛t ✭▼♦✛❛t ✶✾✻✾✮ ❡t s♦♥t très ♣r♦❝❤❡s ❞❡ ✈r❛✐❡s ét♦✐❧❡s✱ ♠❛✐s ❧❡✉r ❢♦r♠❡

✽✷



✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❧✬♦♣t✐q✉❡ ❞❡ ❧❛ ❝❛♠ér❛✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ▼❡❣❛❈❛♠✱ ❧❡s ❞é❢♦r♠❛t✐♦♥s
✐♥❞✉✐t❡s ♣❛r ❧✬♦♣t✐q✉❡ ♣❡✉✈❡♥t êtr❡ très ✐♠♣♦rt❛♥t❡s ❡t ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ▼♦✛❛t ♥❡ ♣❡✉t ♣❛s
r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ P❙❋ ❛❧❧♦♥❣é❡s ❝♦♠♠❡ ❝❡❧❧❡s ✈✐s✐❜❧❡s ❞❛♥s ❧❛ ♣❛rt✐❡ ❞r♦✐t❡ ❞❡ ❧❛ ✜❣✉r❡
✹✳✺✳ ❏✬❛✐ ❞♦♥❝ ❝❤♦✐s✐ ❞❡ ❝ré❡r ✉♥ ♠♦❞è❧❡ ❞✬ét♦✐❧❡ ❛rt✐✜❝✐❡❧❧❡ ♣❧✉s r❡♣rés❡♥t❛t✐❢ ❞❡s ✐♠❛❣❡s ❞❡
s❝✐❡♥❝❡✳ ❏❡ ♠❡ s✉✐s ❞♦♥❝ ♦r✐❡♥té ✈❡rs ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ P❙❋✱ q✉✐ ❡st ❧❡ ♠♦②❡♥ ❧❡
♣❧✉s ✜❛❜❧❡ ♣♦✉r ❛❥✉st❡r ❧❡s ét♦✐❧❡s ✈✐s✐❜❧❡s s✉r ❞❡s ✐♠❛❣❡s ❛str♦♥♦♠✐q✉❡s✳
❏✬❛✐ ♣✉ ✉t✐❧✐s❡r ❧❡ ♠♦❞è❧❡ ❞❡ P❙❋ ❞✬♦r❞r❡ ✵ ✭s❛♥s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s✮ ❞❡ Ps❢❡① ❝♦♠♠❡

❡♥tré❡ ❞❡ ❙❦②♠❛❦❡r✳ ❈❡ ❞❡r♥✐❡r ❛❥♦✉t❡ ❧❡ ❜r✉✐t ❞❡ ♣❤♦t♦♥s ❡t ❥✬❛✐ ❛✐♥s✐ ♣✉ ♦❜t❡♥✐r ❞❡s ét♦✐❧❡s
❛rt✐✜❝✐❡❧❧❡s ✐♥❞✐s❝❡r♥❛❜❧❡s ❞❡s ét♦✐❧❡s ré❡❧❧❡s ♣rés❡♥t❡s s✉r ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡✳ ❈❡♣❡♥❞❛♥t
❙❦②♠❛❦❡r ♥❡ ♣❡r♠❡t ♣❛s ❞✬✐♥❥❡❝t❡r ❝❡s ét♦✐❧❡s ❞❛♥s ❞❡s ✐♠❛❣❡s ❡①✐st❛♥t❡s✱ ♠❛✐s ❝ré❡ ❞❡s
✐♠❛❣❡s ❝♦♠♣❧èt❡s✳ ❏✬❛✐ ❞♦♥❝ ♣r✐s ❧❡ ♣❛rt✐ ❞❡ ❝ré❡r ❞❡s ✐♠❛❣❡s ❛rt✐✜❝✐❡❧❧❡s s❛♥s ❜r✉✐t ❞❡ ❢♦♥❞✱
❞❡ ♠ê♠❡s ❞✐♠❡♥s✐♦♥s✱ ♣♦✐♥t ③❡r♦ ❡t t❡♠♣s ❞✬❡①♣♦s✐t✐♦♥ q✉❡ ❧❡s ✐♠❛❣❡s ré❡❧❧❡s ❡t ❥✬❛✐ ❡♥s✉✐t❡
❢❛✐t ✉♥❡ ❛❞❞✐t✐♦♥ s✐♠♣❧❡ ❞❡s ❞❡✉① ✐♠❛❣❡s ❛✈❡❝ ❙✇❛r♣ ♣♦✉r ♦❜t❡♥✐r ✉♥❡ ✐♠❛❣❡ ❝♦♠♣♦s✐t❡
❛✈❡❝ ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s s✉r ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡✳ ▲❛ ✜❣✉r❡ ✹✳✺ ♠♦♥tr❡ q✉❡❧q✉❡s ❡①❡♠♣❧❡s
❞❡ ❝❡s ✐♠❛❣❡s ❝♦♠♣♦s✐t❡s✳
▲❛ s❡✉❧❡ ❧✐♠✐t❛t✐♦♥ ❞❡ ❝❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ✈✐❡♥t ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ P❙❋

✐♥✈❛r✐❛♥t ❞❛♥s ❧❡ ❝❤❛♠♣ ♣♦✉r ❧❡s ♠♦❞é❧✐s❡r✱ ❛❧♦rs q✉❡ ❧❡s ✐♠❛❣❡s s♦♥t ❛♥❛❧②sé❡s ❛✈❡❝ ❧❡
♣✐♣❡❧✐♥❡ st❛♥❞❛r❞ q✉✐ ✉t✐❧✐s❡ ✉♥ ✜t ❞❡ P❙❋ ✈❛r✐❛❜❧❡ ❞❛♥s ❧❡ ❝❤❛♠♣✳ ❈♦♠♠❡ ♥♦tr❡ ❛♥❛❧②s❡
s❡ ❢❛✐t ❞ét❡❝t❡✉r ♣❛r ❞ét❡❝t❡✉r✱ ❧❛ ✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛ P❙❋ ❡st ❢❛✐❜❧❡✳ ▲❡ χ2 ♠♦②❡♥
✐ss✉ ❞✉ ✜t ❞❡ P❙❋ ♣♦✉r ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡ ❧❡ χ2 ♠♦②❡♥ ❞❡s s♦✉r❝❡s
♣♦♥❝t✉❡❧❧❡s ré❡❧❧❡s ❞✉ ❝❤❛♠♣✱ ✈❛r✐❛♥t ❡♥tr❡ ✵✳✾ ❡t ✶✳✹ ❞❛♥s ❞❡s ✐♠❛❣❡s t②♣✐q✉❡s✳
P♦✉r ♣♦✉✈♦✐r ❢❛✐r❡ ✉♥❡ ❛♥❛❧②s❡ ❞❡ ❝♦♠♣❧ét✉❞❡ ❡♥ t❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥
❥✬❛✐ ❞û ✐♥❥❡❝t❡r ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❛✉① ♠ê♠❡s ♣♦s✐t✐♦♥s s✉r ❧❡s ✐♠❛❣❡s z′ ❡t i′ ❡t ❥❡ ❧❡✉r
❛✐ ❛✛❡❝té ✉♥❡ ❝♦✉❧❡✉r ✈❛r✐❛♥t ❡♥tr❡ ✶✳✸✺ ❡t ✹✳✵✺✳ ❊♥ ❡✛❡t ♣✉✐sq✉✬♦♥ ♣❡✉t ❛❥✉st❡r à ❧♦✐s✐r
❧❡s ♣❛r❛♠ètr❡s ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s✱ ❥✬❛✐ ❝❤♦✐s✐ ❞❡ ❜❛s❡r ♠♦♥ ét✉❞❡ s✉r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡
✶✺✵✵✵✵✵ ♥❛✐♥❡s ❜r✉♥❡s ❡t ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡✱ r❡♣rés❡♥t❛t✐✈❡s ❞❡ ♥♦s ❝❛♥❞✐❞❛ts ❡t ❞❡
♥♦tr❡ ♣r✐♥❝✐♣❛❧❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳

✹✳✷✳✸ ❈♦♠♣❧ét✉❞❡ ❞✉ ❈❋❇❉❙

▲✬✐♥❥❡❝t✐♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❛rt✐✜❝✐❡❧❧❡s ❞❛♥s ❧❡s ✐♠❛❣❡s ❞❡ s❝✐❡♥❝❡ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r
❡✣❝❛❝❡♠❡♥t ❧❛ ❝♦♠♣❧ét✉❞❡ ❞❡ ♥♦tr❡ r❡❧❡✈é ✿ ✐❧ s✉✣t ❞❡ ❝♦♠♣t❡r ❧❛ ❢r❛❝t✐♦♥ ❞❡s ♦❜❥❡ts
❛rt✐✜❝✐❡❧s ré♣♦♥❞❛♥t à ♥♦s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ q✉❡ ❧✬♦♥ r❡tr♦✉✈❡ à ❧❛ ✜♥ ❞✉ ♣r♦❝❡ss✉s
❞✬❛♥❛❧②s❡✳ ❖♥ ♣❡✉t ❛❧♦rs ❞ét❡r♠✐♥❡r ❧❛ ❝♦♠♣❧ét✉❞❡ ♣ré❝✐s❡ ❞❡ ❝❤❛❝✉♥ ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙
♣♦✉r ✉♥❡ ♠❛❣♥✐t✉❞❡ ❡t ♣♦✉r ✉♥❡ ❝♦✉❧❡✉r ❞♦♥♥é❡s✳ ❈❡tt❡ ✐♥❢♦r♠❛t✐♦♥✱ r❡♣rés❡♥té❡ s♦✉s ❧❛
❢♦r♠❡ ❞✬✉♥ ❣r❛♣❤❡ à ✸ ❞✐♠❡♥s✐♦♥s s✉r ❧❛ ✜❣✉r❡ ✹✳✻✱ ♣❡r♠❡t ❞❡ ❝♦♥♥❛îtr❡ ❧❡ ♥♦♠❜r❡ ❡t ❧❛
♥❛t✉r❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ♣rés❡♥t❡s s✉r ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙ ♠❛✐s q✉❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s
♣✉ ✐❞❡♥t✐✜❡r✳ ▲❛ ❝♦♠♣❧ét✉❞❡ ♠❛①✐♠❛❧❡ ♦❜s❡r✈é❡ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ✽✺ ❡t ✾✺✪ ❡t ❡st ♣♦✉r
♠♦✐t✐é ❞✉❡ à ❧✬é❧✐♠✐♥❛t✐♦♥ ❞❡s ❜♦r❞s ❞❡ ❝❤❛♠♣s s✉r ❧❡sq✉❡❧s ❧❡s ♦❜❥❡ts s♦♥t tr♦♥q✉és ❡t
❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t ❡st ❞é❣r❛❞é✱ ❡t ♣♦✉r ♠♦✐t✐é ❛✉① ♦❜❥❡ts ❞❡ ❢♦♥❞s✱ ❛✉① ♠❛✉✈❛✐s ♣✐①❡❧s
❡t ❛✉① r❛②♦♥s ❝♦s♠✐q✉❡s✳ ❈❡tt❡ ♥♦♥✲❞ét❡❝t✐♦♥ ♣❡✉t ❛✉ss✐ êtr❡ ❞✉❡ à ✉♥ ❞é❢❛✉t ❞✉ ♣✐♣❡❧✐♥❡
❞✬❛♥❛❧②s❡ ❡t sé❧❡❝t✐♦♥ q✉❡ ❥✬❛✐ ♠✐s ❛✉ ♣♦✐♥t✳ ▲✬❛♥❛❧②s❡ ❞❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ♠✬❛ ❛✐♥s✐ ♣❡r♠✐s
❞❡ ❞ét❡r♠✐♥❡r q✉❡ ♠❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ s✉r ❧❡ χ2 ét❛✐❡♥t tr♦♣ str✐❝ts ♣♦✉r ❧❡s r❛r❡s ♦❜❥❡ts
❜r✐❧❧❛♥ts✱ ❞❡ ♠❛❣♥✐t✉❞❡ ✷✵ ♦✉ ✐♥❢ér✐❡✉r❡ ❞♦♥t q✉❡❧q✉❡s ♣♦✉r❝❡♥ts s♦♥t ❛✐♥s✐ ♣❡r❞✉s✳ ◗✉❡❧❧❡
q✉❡ s♦✐t ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❜❛✐ss❡ ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡✱ ❝❡t ❡✛❡t ❡st ❝♦rr❡❝t❡♠❡♥t ❝♦rr✐❣é ♣❛r ❧❛
s✐♠♣❧❡ ❞✐✈✐s✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ✐❞❡♥t✐✜és ♣❛r ❧❛ ❝♦♠♣❧ét✉❞❡ ❛ss♦❝✐é❡✱ ♣❡r♠❡tt❛♥t ❞❡
r❡♠♦♥t❡r à ❧❛ st❛t✐st✐q✉❡ ré❡❧❧❡ ❞❡s ❝❤❛♠♣s ♦❜s❡r✈és✳
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✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❋✐❣✳ ✹✳✺✿ ❊①❡♠♣❧❡s ❞✬✐♠❛❣❡s ❝♦♠♣♦s✐t❡s✳ ▲❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s s♦♥t r❡♣éré❡s ♣❛r ❞❡s ❝❡r❝❧❡s
❞❡ ❝♦✉❧❡✉rs✳ ❊♥ ✈❡rt q✉❛♥❞ ❧❡s ♦❜❥❡ts ♦♥t été sé❧❡❝t✐♦♥♥és ♣❛r ❧❡ ♣✐♣❡❧✐♥❡✱ ❡♥ r♦✉❣❡
q✉❛♥❞ ✐❧s ♥✬♦♥t ♣❛s été ❞ét❡❝tés ♦✉ ♦♥t été r❡❥❡tés ♣❛r ❧❡ ✜❧tr❛❣❡✳ ❚♦✉s ❧❡s ❛✉tr❡s
♦❜❥❡ts ♣rés❡♥ts ❞❛♥s ❧❡s ❝❤❛♠♣s s♦♥t ré❡❧s✳ ❙✉r ❧❡ ♣❛♥♥❡❛✉ ❞❡ ❞r♦✐t❡✱ ✉♥ ③♦♦♠ s✉r
✉♥❡ ③♦♥❡ ❞❡ ❜♦r❞ ❞❡ ❝❤❛♠♣ ❞❡ ▼❡❣❛❝❛♠ ✿ ❧✬ét♦✐❧❡ ❛rt✐✜❝✐❡❧❧❡ r❡♣r♦❞✉✐t ❜✐❡♥ ❧❡s
❛❜❡rr❛t✐♦♥s ♦♣t✐q✉❡s ♦❜s❡r✈é❡s s✉r ❧❡s ét♦✐❧❡s ré❡❧❧❡s ❞✉ ❝❤❛♠♣✳

▲❡s ♠ê♠❡s ❞♦♥♥é❡s ♣❡r♠❡tt❡♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❝♦♠♣❧ét✉❞❡ ❞✉ ❈❋❇❉❙ s❡❧♦♥ ❞✐✛ér❡♥ts
❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥✳ ❆✐♥s✐ ♣♦✉r ét✉❞✐❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té à ♣❛rt✐r ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥
❞♦♥t ❧❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ◆■❘ ❡st ❝♦♠♣❧❡t ♣♦✉r t♦✉s ❧❡s ♦❜❥❡ts ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′

❡st s✉♣ér✐❡✉r❡ à ✷✳✵✱ ♥♦✉s ✉t✐❧✐s♦♥s ✉♥ ♣✐♣❡❧✐♥❡ ❞❡ sé❧❡❝t✐♦♥ ❞❡ ❝❛♥❞✐❞❛ts ❛✈❡❝ ❝❡ ❝r✐tèr❡ ❞❡
❝♦✉❧❡✉r ♣❧✉tôt q✉❡ ❧❛ ❧✐♠✐t❡ à i′ − z′ = 1.7 r❡t❡♥✉❡ ♣♦✉r ❧❡ s✉r✈❡② ❞❛♥s s♦♥ ❡♥s❡♠❜❧❡✳ ▲❛
✜❣✉r❡ ✹✳✼ ✐❧❧✉str❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙✲❘❈❙✲✷ ❞♦♥t ❧❡ s✉✐✈✐
♣❤♦t♦♠étr✐q✉❡ ❡♥ ◆■❘ ❡st ❝♦♠♣❧❡t à i′ − z′ > 2.0✳

✹✳✷✳✹ ❈♦♥t❛♠✐♥❛t✐♦♥

❊❧✐♠✐♥❛t✐♦♥ ❞❡s ❝♦♥t❛♠✐♥❛♥ts ❧♦rs ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ✿ ❧❡s ♦❜❥❡ts ♣❧✉s

♣ré❝♦❝❡s q✉❡ ▼✽✳

◆♦✉s ❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t q✉❡ ♣❧✉s ❞❡ ✹✵✪ ❞❡ ♥♦s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s s♦♥t ❡♥
❢❛✐t ❞❡s ♥❛✐♥❡s ▼ ✈❡♥❛♥t ❞✬✉♥ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ♣❧✉s ❜❧❡✉ q✉❡ ♥♦tr❡ ❝r✐tèr❡ ❞❡ sé❧❡❝t✐♦♥ à
i′−z′❃✶✳✼✱ ♠❛✐s ❛✉ss✐ ❜❡❛✉❝♦✉♣ ♣❧✉s ♣❡✉♣❧é q✉❡ ❧❡ ❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ▲❡s ❡✛❡ts ❞❡
❞✐s♣❡rs✐♦♥ ❞✉ ❜r✉✐t à ♣❧✉s✐❡✉rs s✐❣♠❛s q✉✐ ❡♥✈♦✐❡♥t ♥❛t✉r❡❧❧❡♠❡♥t ✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ❝❡s ♦❜❥❡ts
❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥ s♦♥t r❡s♣♦♥s❛❜❧❡s ❞❡ ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳ P✉✐sq✉✬✉♥❡ t❡❧❧❡ ❞é✈✐❛t✐♦♥
❛ très ♣❡✉ ❞❡ ❝❤❛♥❝❡ ❞❡ s❡ r❡♣r♦❞✉✐r❡ ❞❡✉① ❢♦✐s ♣♦✉r ❧❡ ♠ê♠❡ ♦❜❥❡t✱ ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥
♣❡✉t êtr❡ s✐♠♣❧❡♠❡♥t é❧✐♠✐♥é❡ ♣❛r ✉♥❡ ❞❡✉①✐è♠❡ ♦❜s❡r✈❛t✐♦♥ ❞❡ ♥♦s ❝❛♥❞✐❞❛ts ❧♦rs ❞✉ s✉✐✈✐
♣❤♦t♦♠étr✐q✉❡✳ ▲❛ ❝♦✉❧❡✉r z′ − J ♣❡r♠❡t ❛❧♦rs ❞❡ r❡♣ér❡r ❧❡s ❝♦✉❧❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ❞❡s
♥❛✐♥❡s ▼✱ ✈✐s✐❜❧❡s s✉r ❧❛ ✜❣✉r❡ ✹✳✷✱ ❡t ❞✬é❧✐♠✐♥❡r t♦✉s ❧❡s ❝♦♥t❛♠✐♥❛♥ts ❞♦♥t ❧❛ ❝♦✉❧❡✉r z′−J
❡st ✐♥❢ér✐❡✉r❡ à ✷✳✺✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❝♦✉❧❡✉r i′−z′ ré❡❧❧❡ ✐♥❢ér✐❡✉r❡ à ✶✳✸ ❡t à ✉♥ t②♣❡
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✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

❋✐❣✳ ✹✳✻✿ ❈♦♠♣❧ét✉❞❡ ❡♥ ♣♦✉r❝❡♥ts ❞✬✉♥ ♣❛t❝❤ ❞✉ ❈❋❇❉❙ ♣❛r ✐♥t❡r✈❛❧❧❡s ❞❡ ❝♦✉❧❡✉r i′− z′

❡t ❞❡ ♠❛❣♥✐t✉❞❡ z′✳ ▲❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ ❡♥ ❝♦✉❧❡✉r ❡t ♠❛❣♥✐t✉❞❡ ✉t✐❧✐sés s♦♥t
❧❡s s✉✐✈❛♥ts ✿z′❁✷✷✳✺ ❡t i′ − z′❃✶✳✼✳

s♣❡❝tr❛❧ ❞❡ ▼✽ ❡t ♣❧✉s ♣ré❝♦❝❡✳ ❈❡ ❝r✐tèr❡ é❧✐♠✐♥❡ ❛✉ss✐ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s q✉❛s❛rs✱
❡♥❝♦r❡ ♣❧✉s ❜❧❡✉s q✉❡ ❧❡s ♥❛✐♥❡s ▼✱ ❛✐♥s✐ q✉❡ ❧❡s ❛rt❡❢❛❝ts ❞❡ ❞ét❡❝t✐♦♥✳
▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s ❞❡ ❝♦✉❧❡✉r 1.3 < i′ − z′ < 1.7 ♥❡ ♣❡✉t ♣❛s

êtr❡ é❧✐♠✐♥é❡ ❞❡ ❝❡tt❡ ♠❛♥✐èr❡ ❝❛r ❧❡✉r ❝♦✉❧❡✉r z′ − J ❡st ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ❞❡s ♥❛✐♥❡s
❜r✉♥❡s ❞❡ t②♣❡ ▲ ❡t ❞❡ t②♣❡ ❚ ♣ré❝♦❝❡✳ ■❧ ❢❛✉t ❞♦♥❝ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡✉r ❝♦♥t❛♠✐♥❛t✐♦♥
❞✐✛ér❡♠♠❡♥t✳

❊st✐♠❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡s ❝♦♥t❛♠✐♥❛♥ts ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞♦♥t ❧❡ s✉✐✈✐

♣❤♦t♦♠étr✐q✉❡ ❡st ❝♦♠♣❧❡t ✿ r❡❥❡t ❞❡s ▼✽✳✺✲▲✹

❈❡t é❝❤❛♥t✐❧❧♦♥✱ r❡♣rés❡♥t❛t✐❢ ❞❡ ❧✬ét❛t ✜♥❛❧ ❞✉ ❈❋❇❉❙✱ ❝♦♥st✐t✉❡ ♥♦tr❡ ❜❛s❡ ❧❛ ♣❧✉s ❧❛r❣❡
❡♥ t②♣❡ s♣❡❝tr❛❧ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✱ ✐♥❝❧✉❛♥t t♦✉s
❧❡s ♦❜❥❡ts ♣❧✉s t❛r❞✐❢s q✉❡ ▲✹✳ ❈❡tt❡ ❡st✐♠❛t✐♦♥✱ ❛✐♥s✐ q✉❡ ❧✬♦❜t❡♥t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡
❧✉♠✐♥♦s✐té ❞é❝r✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✱ ❡st ♠❡♥é❡ ❡♥ étr♦✐t❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❈é❧✐♥❡
❘❡②❧é ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ ❞❡ ❇❡s❛♥ç♦♥✳ ❈✬❡st ♣r♦❜❛❜❧❡♠❡♥t ❝❡tt❡ ét❛♣❡ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té q✉✐ ❡st ❧❛ ♣❧✉s ✐♥❝❡rt❛✐♥❡✳ ❚♦✉t❡❢♦✐s ❝❡s ✐♥❝❡rt✐t✉❞❡s ❝♦♥❝❡r♥❡♥t
s❡✉❧❡♠❡♥t ✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❡t ♥♦♥ ❧✬é❝❤❛♥t✐❧❧♦♥ ❧✉✐✲♠ê♠❡✳
P✉✐sq✉❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❞❡ ♠♦②❡♥ ♦❜s❡r✈❛t✐♦♥♥❡❧ s✐♠♣❧❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❧❡s ♥❛✐♥❡s ✉❧✲

✽✺



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❋✐❣✳ ✹✳✼✿ ❈♦♠♣❧ét✉❞❡ ❡♥ ♣♦✉r❝❡♥ts ❞❡s ♣❛t❝❤s ❞✉ ❈❋❇❉❙✲❘❈❙✷ ♣❛r ✐♥t❡r✈❛❧❧❡s ❞❡ ❝♦✉❧❡✉r
i′−z′ ❡t ❞❡ ♠❛❣♥✐t✉❞❡ z′✳ ▲❡s ❝r✐tèr❡s ❞❡ sé❧❡❝t✐♦♥ ❡♥ ❝♦✉❧❡✉r ❡t ♠❛❣♥✐t✉❞❡ ✉t✐❧✐sés
s♦♥t ❧❡s s✉✐✈❛♥ts ✿z′❁✷✷✳✺ ❡t i′ − z′❃✷✳✵✳

tr❛❢r♦✐❞❡s ❞❡ t②♣❡ s♣❡❝tr❛❧ ❝♦♠♣r✐s ❡♥tr❡ ▼✽✳✺ ❡t ▲✹ q✉✐ ❝♦♥t❛♠✐♥❡♥t ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡
♥❛✐♥❡s ❜r✉♥❡s✱ ♦♥ ♣❡✉t ✉t✐❧✐s❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡ ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮ ♣♦✉r ❡s✲
t✐♠❡r ❧❡ ♥♦♠❜r❡ ❞❡ ❝❡s ♦❜❥❡ts ❞❛♥s ❧❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✳ ❊♥ ✐♥té❣r❛♥t ❧❡✉r ❢♦♥❝t✐♦♥ ❞❡
❧✉♠✐♥♦s✐té s✉r ❧❡ ❞♦♠❛✐♥❡ ▼✽✳✺✲▲✹ ✭✶✶✳✵❁▼J❁✶✸✳✺✮ s✉r ❧❡ ✈♦❧✉♠❡ s♦♥❞é ♣❛r ❝❤❛q✉❡ ♣❛t❝❤
❞✉ ❈❋❇❉❙✱ ♦♥ ♦❜t✐❡♥t ❧❡✉r ♥♦♠❜r❡ ❛♣♣r♦①✐♠❛t✐❢✳ ❈❡tt❡ ❡st✐♠❛t✐♦♥ ♣❡✉t êtr❡ r❛✣♥é❡ ♣♦✉r
t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ❤❛✉t❡✉r ❞✬é❝❤❡❧❧❡ ❞✉ ❞✐sq✉❡ ❣❛❧❛❝t✐q✉❡ ✭❘♦❜✐♥ ❡t ❛❧✳ ✷✵✵✸✮ q✉✐ ❞✐♠✐♥✉❡
❧❛ ❞❡♥s✐té ❞❡s ét♦✐❧❡s ♣rés❡♥t❡s s✉r ❧❡s ✐♠❛❣❡s ♣r♦❢♦♥❞❡s ❞✉ ❈❋❇❉❙ ♣❛r r❛♣♣♦rt ❛✉① r❡❧❡✈és
♠♦✐♥s ♣r♦❢♦♥❞s ✉t✐❧✐sés ♣❛r ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮✳

▲❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ♣♦t❡♥t✐❡❧s ❡st ❛❧♦rs ♦❜t❡♥✉ ♣❛r ✐♥t❡r✈❛❧❧❡ ❞❡ ✵✳✶ ♠❛❣♥✐t✉❞❡ ❡♥
♠❛❣♥✐t✉❞❡ z′ ❡t ❞❡ ✵✳✶ ♠❛❣♥✐t✉❞❡ ❡♥ ❝♦✉❧❡✉r ♣♦✉r 1.3 < i′ − z′ < 1.7✳ ❈♦♠♠❡ ❧✬❡st✐♠❛t✐♦♥
❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts s❡ ❢❛✐t ♣❛t❝❤ ♣❛r ♣❛t❝❤✱ ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ❞❛♥s ❝❤❛❝✉♥ ❞❡
❝❡s ✐♥t❡r✈❛❧❧❡s ❡st ♣❡t✐t✱ ♣❛r❢♦✐s ✐♥❢ér✐❡✉r à ✶ ❡t ♥✬❡st ❡♥ ❣é♥ér❛❧ ♣❛s ❡♥t✐❡r✳ ❈❡ ♥♦♠❜r❡
❝♦♥st✐t✉❡ ❞♦♥❝ ♣❧✉tôt ❧❛ ♣r♦❜❛❜✐❧✐té ♣♦✉r q✉✬✉♥ ♦✉ ♣❧✉s✐❡✉rs ♦❜❥❡ts ♣❡✉♣❧❡♥t ❧✬✐♥t❡r✈❛❧❧❡
❞❡ ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡ ❛ss♦❝✐é✳ ◆♦✉s ✉t✐❧✐s♦♥s ❡♥s✉✐t❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞✬❡rr❡✉rs ♦❜t❡♥✉❡s
❣râ❝❡ ❛✉① ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ✭❝❢ s❡❝t✐♦♥ ✸✳✷✳✸ ❡t ✜❣✉r❡ ✹✳✽✮ ♣♦✉r ❝❛❧❝✉❧❡r ❧❛ ♣r♦❜❛❜✐❧✐té q✉❡
❝❡s ♦❜❥❡ts ✈✐❡♥♥❡♥t ❡✛❡❝t✐✈❡♠❡♥t ❝♦♥t❛♠✐♥❡r ♥♦tr❡ sé❧❡❝t✐♦♥✳ ❯♥ t✐r❛❣❡ ❞❡ ▼♦♥t❡✲❈❛r❧♦ s✉r
❝❡tt❡ ♣r♦❜❛❜✐❧✐té ♣❡r♠❡t ❛❧♦rs ❞✬❡st✐♠❡r ❧❛ ré♣❛rt✐♦♥ ❞❡s ❝♦♥t❛♠✐♥❛♥ts ❞❛♥s ♥♦tr❡ sé❧❡❝t✐♦♥
❡♥ i′ − z′✳
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✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

❋✐❣✳ ✹✳✽✿ Pr♦❜❛❜✐❧✐tés ❞❡ ❞✐✛✉s✐♦♥ ❞✬❡rr❡✉r ❡♥ ❜❛♥❞❡ i′ ❡t z′

❊st✐♠❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡s ❝♦♥t❛♠✐♥❛♥ts ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞♦♥t ❧❡ s✉✐✈✐

♣❤♦t♦♠étr✐q✉❡ ❡st ❝♦♠♣❧❡t ♣♦✉r i′ − z′❃✷✳✵ ✿ r❡❥❡t ❞❡s ▼✽✳✺✲▲✻

▲❡ ❝❛s ❡st ♣❧✉s s✐♠♣❧❡ ❧♦rsq✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❝♦♠♣❧❡t à i′ − z′❃✷✳✵ ♣✉✐sq✉❡
❧✬❡ss❡♥t✐❡❧ ❞❡s ❝♦♥t❛♠✐♥❛♥ts ✈✐❡♥t ❞❡s ♦❜❥❡ts ❛✈❡❝ ✶✳✼❁i′ − z′❁✷✳✵ q✉✐ s♦♥t ✐❞❡♥t✐✜és ♣❛r ❧❡
♣✐♣❡❧✐♥❡ st❛♥❞❛r❞ ❞✬❛♥❛❧②s❡ ❞✉ ❈❋❇❉❙✳ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ▼✽✳✺✲▲✹ ❡st ❜❡❛✉❝♦✉♣
♠♦✐♥s s✐❣♥✐✜❝❛t✐✈❡ ♣♦✉r ❝❡t é❝❤❛♥t✐❧❧♦♥ ♣✉✐sq✉❡ ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ❞❡ ❝❡s ❝♦♥t❛♠✐♥❛♥ts
❡st sé♣❛ré ❞❡ ❝❡❧✉✐ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ♣❛r ✵✳✸ ♠❛❣♥✐t✉❞❡✳ ❈♦♠♠❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts
❛tt❡♥❞✉ ❡st ❛❧♦rs ♥♦t❛❜❧❡♠❡♥t ✐♥❢ér✐❡✉r ❛✉ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ✈❛❧✐❞❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✭❱♦✐r
✜❣✉r❡ ✹✳✼ ❀ ♦♥ ✈❡rr❛ ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡ q✉❡ ❡♥✈✐r♦♥ ✷✵✪ ❞❡s ♦❜❥❡ts s♦♥t ❞❡s ❝♦♥✲
t❛♠✐♥❛♥ts✮✱ ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st ✉♥❡ ✐♥❝❡rt✐t✉❞❡ ❞✬♦r❞r❡
✶✳ ❙✉r ❝❡s ♣❛t❝❤s ❞♦♥t ❧❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ J ❡st ❝♦♠♣❧❡t ♣♦✉r t♦✉s ❧❡s ♦❜❥❡ts ❛✈❡❝
i′ − z′❃✷✳✵✱ ❧❛ ❝♦✉❧❡✉r z′ − J ♣❡r♠❡t ❞✬é❧✐♠✐♥❡r ♣r♦♣r❡♠❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s
▼ ♣❧✉s ♣ré❝♦❝❡s q✉❡ ▼✽✱ ❧❡s q✉❛s❛rs ❡t ❧❡s ❛rt❡❢❛❝ts ❞❡ ❞ét❡❝t✐♦♥ s✉r ❝❡ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r✳
❙✉r ❧❡ ❞♦♠❛✐♥❡ ✶✳✼❁i′ − z′❁✷✳✵ ❧❡ s✉✐✈✐ ♣❤♦t♦t♠étr✐q✉❡ ❞❡ ❝❡s ♣❛t❝❤s ♥✬❡st ♣❛s ❝♦♠♣❧❡t✱
♠❛✐s ❧✬❛♥❛❧②s❡ ❞✬❛✉tr❡s ♣❛t❝❤s ❞♦♥t ❧❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡st ❝♦♠♣❧❡t ♣♦✉r i′ − z′❃✶✳✼✱
♣rés❡♥té ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✳✸✱ ♣❡r♠❡t ❞✬ét❛❜❧✐r q✉❡ ✸✺✪ ❞❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ ✶✳✼❁i′− z′❁✷✳✵
s♦♥t ❞❡s ♥❛✐♥❡s ✉❧tr❛❢r♦✐❞❡s ❞❡ t②♣❡ ▼✽✳✺ à ▲✻✳
❈❡t é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ♣♦t❡♥t✐❡❧s ❡st ❞♦♥❝ ❝♦♥st✐t✉é ❞✬♦❜❥❡ts ♣♦ssé❞❛♥t ré❡❧❧❡✲

♠❡♥t ✉♥❡ ❝♦✉❧❡✉r i′− z′ ❝♦♠♣r✐s❡ ❡♥tr❡ ✶✳✼ ❡t ✷✳✵✱ ♠❛✐s ❛✉ss✐ ❞✬♦❜❥❡ts ♣❧✉s ❜❧❡✉s ❧❡ ♣♦❧❧✉❛♥t
❞✉ ❢❛✐t ❞❡s ❡rr❡✉rs ♣❤♦t♦♠étr✐q✉❡s✳ ■❧ ❝♦♥✈✐❡♥❞r❛✐t ❞♦♥❝ ❞❡ ❝♦rr✐❣❡r ❝❡tt❡ ♣♦❧❧✉t✐♦♥✳
❯♥ tr❛✐t❡♠❡♥t s✐♠♣❧❡✱ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✜♥❛❧ ♥é❣❧✐❣❡ ❝❡♣❡♥❞❛♥t ❝❡tt❡

❝♦rr❡❝t✐♦♥ ❞✬♦r❞r❡ ❞❡✉①✱ ❝♦♥❝❡r♥❛♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ♥♦s ❝♦♥t❛♠✐♥❛♥ts✱ ❛✐♥s✐ q✉❡ ❧❛
❝♦♥t❛♠✐♥❛t✐♦♥ ❞✐r❡❝t❡ ♣❛r ❧❡s ▼✽✳✺✲▲✹✳ ❈❡s ♦♠✐ss✐♦♥s ❡♥tr❛î♥❡♥t ❞❡✉① ✐♠♣ré❝✐s✐♦♥s ✿
✕ ❖♥ s✉r❡st✐♠❡ ♠♦❞éré♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❛✈❡❝ ✶✳✼❁i′−z′❁✷✳✵ q✉✐ ♣❡✉✈❡♥t
❞✐✛✉s❡r ❛ss❡③ ❢❛❝✐❧❡♠❡♥t à i′ − z′❃✷✳✵✳

✕ ❖♥ s♦✉s✲❡st✐♠❡ ♠♦❞éré♠❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❝❛r ♦♥ ♥é❣❧✐❣❡ ❛✉ss✐ ❝❡❧❧❡ q✉✐ ♣r♦✈✐❡♥t
❞❡s ♥♦♠❜r❡✉① ♦❜❥❡ts ❛✈❡❝ ✶✳✸❁i′ − z′❁✶✳✼✱ q✉✐ ❞✐✛✉s❡♥t r❛r❡♠❡♥t à i′ − z′❃✷✳✵✳

▲✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ❡rr❡✉rs s✉r ❧❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st ❢♦rt❡♠❡♥t ❛tté♥✉é❡
❝❛r ❝❡s ✐♠♣ré❝✐s✐♦♥s s❡ ❝♦♠♣❡♥s❡♥t ❡t s♦♥t ❞❡ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳ ❖♥ ♣❡✉t q✉❛♥t✐✜❡r
s✐♠♣❧❡♠❡♥t ❝❡t ❡✛❡t ❡♥ s✉✐✈❛♥t ❧❡ r❛✐s♦♥♥❡♠❡♥t s✉✐✈❛♥t✱ ✉t✐❧✐s❛♥t s❡✉❧❡♠❡♥t ❧❛ ❝♦✉❧❡✉r i′−z′ ✿
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✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❚❛❜✳ ✹✳✺✿ P♦✉r❝❡♥t❛❣❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❞✬✉♥ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r à ✉♥ ❛✉tr❡✱ s✉r ❧❛ ❜❛s❡ ❞❡
❧✬❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ❞✬ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s ❧✐♠✐té à ❧❛ ♠❛❣♥✐t✉❞❡
♠❡s✉ré❡ z′❂✷✷✳✺✱ s✉♣♣♦s❛♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❝♦♥st❛♥t❡✳ ✭❈❢ s❡❝t✐♦♥
✹✳✷✳✷✮✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❛ss♦❝✐é❡ ❡st ♣ré❝✐sé❡ ❡♥tr❡ ♣❛r❡♥t❤ès❡✳

❉♦♠❛✐♥❡ ◆♦♠❜r❡ ❈♦♥t❛♠✐♥❛♥ts ❈♦♥t❛♠✐♥❛♥ts ❈♦♥t❛♠✐♥❛♥ts
❞❡ ❝♦✉❧❡✉r s✐♠✉❧é ❞✬♦❜❥❡ts ❞❛♥s ✶✳✼❁i′ − z′❁✶✳✽ ❞❛♥s i′ − z′❃✶✳✼ ❞❛♥s i′ − z′❃✷✳✵
✶✳✸❁i′ − z′❁✶✳✼ ✶✷✷✻✸✼ ✶✶✵✾✼✭9.1%✮ ✷✶✶✾✺✭P17 = 17.3%✮ ✸✷✼✼✭P20 = 2.7%✮
✶✳✼❁i′ − z′❁✷✳✵ ✽✻✸✵✵ ✲ ✲ ✶✾✷✺✹✭P ′ = 22.3%✮
✶✳✼❁i′ − z′❁✶✳✽ ✷✾✼✾✻ ✲ ✲ ✷✼✸✵✭8.2%✮
✶✳✽❁i′ − z′❁✷✳✵ ✺✻✺✵✹ ✲ ✲ ✶✻✺✷✹✭29.2%✮

✕ ❙✉♣♣♦s♦♥s q✉❡ ◆ ♦❜❥❡ts ♦❝❝✉♣❡♥t ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r ❬✶✳✸✲✶✳✼❪
✕ ❙♦✐t P17 ❧❛ ♣r♦❜❛❜✐❧✐té q✉❡ ❧❛ ❝♦✉❧❡✉r ♠❡s✉ré❡ ♣♦✉r ✉♥ ❞❡ ❝❡s ♦❜❥❡ts✱ ❞✉ ❢❛✐t ❞❡ ❧✬❡rr❡✉r
♣❤♦t♦♠étr✐q✉❡✱ s♦✐t s✉♣ér✐❡✉r❡ à ✶✳✼✳

✕ ❙♦✐t P20 ❧❛ ♣r♦❜❛❜✐❧✐té q✉❡ ❧❛ ❝♦✉❧❡✉r ♠❡s✉ré❡ ♣♦✉r ✉♥ ❞❡ ❝❡s ♦❜❥❡ts✱ ❞✉ ❢❛✐t ❞❡ ❧✬❡rr❡✉r
♣❤♦t♦♠étr✐q✉❡✱ s♦✐t s✉♣ér✐❡✉r❡ à ✷✳✵✳

✕ ❙♦✐t ◆c ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ❛♣♣❛rt❡♥❛♥t à ❬✶✳✸✲✶✳✼❪ ❝♦♥t❛♠✐♥❛♥t ❧✬✐♥t❡r✈❛❧❧❡ ❬✶✳✼✲✷✳✵❪✳
❖♥ ❛ ❛❧♦rs ✿ Nc = N.(P17 − P20)✳

✕ ❙♦✐t P✬ ❧❛ ♣r♦❜❛❜✐❧✐té ♣♦✉r q✉✬✉♥ ♦❜❥❡t ♦❝❝✉♣❛♥t ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r ❬✶✳✼✲✷✳✵❪ s♦✐t
♠❡s✉ré ❛✈❡❝ ✉♥❡ ❝♦✉❧❡✉r s✉♣ér✐❡✉r❡ à ✷✳✵✳

✕ ❊♥ ♥é❣❧✐❣❡❛♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r ❬✶✳✸✲✶✳✼❪ ❞❛♥s ♥♦tr❡ é❝❤❛♥t✐❧✲
❧♦♥✱ ♦♥ ♣❡r❞ ❛❧♦rs N.P20 ❝♦♥t❛♠✐♥❛♥ts✳

✕ ❊♥ ♥é❣❧✐❣❡❛♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r ❬✶✳✸✲✶✳✼❪ ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❬✶✳✼✲
✷✳✵❪ ♦♥ s✉r❡st✐♠❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❞❛♥s ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ à i′ − z′❃✷✳✵✳ ❖♥
✧❣❛❣♥❡✧ ❛❧♦rs Nc.P

′ ❝♦♥t❛♠✐♥❛♥ts✳
✕ ▲✬❡rr❡✉r ✜♥❛❧❡ NE s✉r ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❡st ❛❧♦rs ✿

NE = Nc.P
′ − N.P20 = N.(P17 − P20).P

′ − N.P20

❉✬♦ù ♦♥ tr♦✉✈❡ ✜♥❛❧❡♠❡♥t ✿
NE = N.(P17.P

′ − P20(1 + P ′))
▲❛ ♣r♦❜❛❜✐❧✐té ♣♦✉r q✉✬✉♥ ❞❡s ◆ ♦❜❥❡ts ✐ss✉s ❞❡ ❧✬✐♥t❡r✈❛❧❧❡ ❬✶✳✸✲✶✳✼❪ s♦✐t ❢❛✉ss❡♠❡♥t
❝♦♠♣té ❝♦♠♠❡ ✉♥ ❝♦♥t❛♠✐♥❛♥t ❡st ❛❧♦rs ✿
PE = |(P17.P

′ − P20(1 + P ′))|
✕ ▲✬ét✉❞❡ ❞❡ ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❛✈❡❝ ❧❡s ét♦✐❧❡s ❛rt✐✜❝✐❡❧❧❡s✱ ♣rés❡♥té❡ ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✺
♣❡r♠❡t ❞❡ ❝♦♥♥❛îtr❡ P17, P20 ❡t P ′✳ ❙❡✉❧ ◆ r❡st❡ ✉♥ ✐♥❝♦♥♥✉✳

▲✬❛♣♣❧✐❝❛t✐♦♥ ♥✉♠ér✐q✉❡ ♠♦♥tr❡ ❝❡tt❡ ❞♦✉❜❧❡ ♦♠✐ss✐♦♥ s✉r❡st✐♠❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✲
✐♥❛♥ts✱ ❛✈❡❝ PE❂✵✳✵✵✺✻✳ P20✱ q✉✐ ✈❛✉t ✵✳✵✷✼✱ ❡st ✺ ❢♦✐s ♣❧✉s ❣r❛♥❞ q✉❡ PE✳ ❯♥ ❝❛❧❝✉❧ ♣❧✉s
r✐❣♦✉r❡✉① ❡st ♣♦ss✐❜❧❡✱ ❡♥ t❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡ ❢❛✐t q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞✉
❞♦♠❛✐♥❡ ❬✶✳✸✲✶✳✼❪ s✉r ❧❡ ❞♦♠❛✐♥❡ ❬✶✳✼✲✷✳✵❪ ❡st ❡♥ ❢❛✐t ❧♦❝❛❧✐sé❡ ❞❛♥s ❧❡ s♦✉s✲❞♦♠❛✐♥❡ ❬✶✳✼✲✶✳✽❪✳
❊♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ❞❡ ❧❛ t❛❜❧❡ ✹✳✺✱ ♦♥ tr♦✉✈❡ q✉❡ ❧✬❡rr❡✉r ❡st ❡♥❝♦r❡ ♣❧✉s ❢❛✐❜❧❡✱ ❛✈❡❝
PE❂✵✳✵✵✸✺ tr❛❞✉✐s❛♥t ♠❛✐♥t❡♥❛♥t ✉♥❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ❖♥ ♣♦✉rr❛✐t
❡♥❝♦r❡ r❛✣♥❡r ❧❡ ❝❛❧❝✉❧ ❡♥ ❞✐st✐♥❣✉❛♥t ♣❧✉s ❞❡ ❞♦♠❛✐♥❡s ❞❡ ❝♦✉❧❡✉r✱ ♠❛✐s ♥♦✉s ❛✈♦♥s ♠❛✐♥✲
t❡♥❛♥t ✉♥❡ ❡st✐♠❛t✐♦♥ ❝♦rr❡❝t❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ♥♦tr❡ ❡rr❡✉r✳ ❈❡s ❝❛❧❝✉❧s ♠♦♥tr❡♥t
q✉❡ ♥♦tr❡ ❛♣♣r♦❝❤❡ ♣r❡♥❞ ♠✐❡✉① ❡♥ ❝♦♠♣t❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣r♦✈❡♥❛♥t ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s
♥❛✐♥❡s ▼✽✳✺✲▲✹ q✉✬✉♥❡ ❡st✐♠❛t✐♦♥ ❞✐r❡❝t❡ ❞❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❞♦♥t ❧✬✐♥❝❡rt✐t✉❞❡
s❡r❛✐t ❞❡ ✶✺✪✳
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✹✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❡t ❢♦♥❝t✐♦♥ ❞❡ sé❧❡❝t✐♦♥

❈❡tt❡ ❡st✐♠❛t✐♦♥ ♣❡✉t s❡ ❢❛✐r❡ ❝♦♠♠❡ ❞é❝r✐t ♣ré❝é❞❡♠♠❡♥t ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞♦♥t ❧❡
s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡st ❝♦♠♣❧❡t✱ à ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡ ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮✳
❈❡❧❛ r❡✈✐❡♥t à ❢❛✐r❡ ✉♥❡ ❡st✐♠❛t✐♦♥ ❞✐r❡❝t❡ ❞❡ ◆✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ✐♥❝❡rt✐t✉❞❡s st❛t✐st✐q✉❡s
s✉r ❝❡tt❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té s♦♥t ❝♦♠♣r✐s❡s ❡♥tr❡ ✷✺✪ ❡t ✺✵✪✳ ▼ê♠❡ s✐ ♦♥ ❝♦♥s✐❞èr❡
q✉✬❛✉❝✉♥❡ ❡rr❡✉r s②sté♠❛t✐q✉❡ ♥✬❛✛❡❝t❡ ❝❡tt❡ ét✉❞❡✱ ♥♦tr❡ ❝♦rr❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥
♣❛r ♦♠✐ss✐♦♥ ❞❡ ❝❛❧❝✉❧ ❡st ❞♦♥❝ ❜✐❡♥ ♠❡✐❧❧❡✉r❡ q✉✬✉♥ ét✉❞❡ ❞✐r❡❝t❡ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥
✉t✐❧✐s❛♥t ❧❛ ♠❡✐❧❧❡✉r❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✳
▲❡ ❝❛❧❝✉❧ ♣ré❝é❞❡♥t✱ ❡♥ s✉s ❞❡ ♠♦♥tr❡r q✉❡ ♥♦tr❡ ✭♥♦♥✲✮❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r
❧❡s ♥❛✐♥❡s ▼✽✳✺✲▲✹ ❡st ❛❝❝❡♣t❛❜❧❡✱ ✐❧❧✉str❡ ❞❡ ♠❛♥✐èr❡ ❢r❛♣♣❛♥t❡ ❧❡ ❜❡s♦✐♥ ❞✬❛♠é❧✐♦r❡r ♥♦tr❡
❝♦♥♥❛✐ss❛♥❝❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ♣♦✉r ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✳ ▲❛ ♠❛♥✐èr❡
❧❛ ♣❧✉s ♣ré❝✐s❡ ❞✬❡st✐♠❡r ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st s❛♥s ❞♦✉t❡ ❞❡ ❝♦♠❜✐♥❡r ❧❡s ❞❡✉① ♠ét❤♦❞❡s
♣ré❝❡❞❡♥t❡s✳ ■❧ ❢❛✉t ♣♦✉r ❝❡❧❛ ❝❛❧❝✉❧❡r ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❛ ✈❛❧❡✉r ❞❡ PE ❡t ❝♦rr✐❣❡r ❧❛ s♦✉s✲
❡st✐♠❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❡♥ r❡♠♦♥t❛♥t à NE à ♣❛rt✐r ❞✬✉♥❡ ✈❛❧❡✉r ❞❡ N
❝❛❧❝✉❧é ❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮✳ ❈❡❧❛ s❡r❛ ❢❛✐t ❞❛♥s ✉♥ s❡❝♦♥❞ t❡♠♣s✱ ❛♣rès
❧❛ ♣rés❡♥t❡ t❤ès❡✳

❉❛♥s t♦✉s ❧❡s ❝❛s ♦♥ ❞✐s♣♦s❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❛✈❡❝ ✶✳✼❁i′ − z′❁✷✳✵✱ ✐❞❡♥✲
t✐✜és ♣❛r ❧❡ ♣✐♣❡❧✐♥❡ ❞✉ ❈❋❇❉❙ ❡t s✉s❝❡♣t✐❜❧❡s ❞❡ ❞✐✛✉s❡r ❞❛♥s ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❛✈❡❝
i′ − z′❃✷✳✵✳ ❖♥ ♠♦❞é❧✐s❡ ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧❛ ♠❛♥✐èr❡ ❞é❝r✐t❡ ♣ré❝é❞❡♠♠❡♥t✱ ♣❛r
t✐r❛❣❡ ❞❡ ▼♦♥t❡✲❈❛r❧♦ à ♣❛rt✐r ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❞✐✛✉s✐♦♥ ❞✬❡rr❡✉r✳ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥
♣❛r ❧❡s ♥❛✐♥❡s ♣❧✉s ♣ré❝♦❝❡s q✉❡ ▼✽✱ ❧❡s q✉❛s❛rs ❡t ❧❡s ❛rt❡❢❛❝ts✱ q✉✐ r❡♣rés❡♥t❡♥t ❧❡s ✻✺✪
r❡st❛♥ts ❞❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ ✶✳✼❁i′ − z′❁✷✳✵✱ ❡st ❞é❥à ❝♦♥trô❧é❡ ♣❛r ❧❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡
❡♥ ❜❛♥❞❡ J ✳ ❈♦♠♠❡ s❡✉❧s ✸✺✪ ❞❡s ❝❛♥❞✐❞❛ts ❛✈❡❝ ✶✳✼❁i′ − z′❁✷✳✵ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡
❝♦♥t❛♠✐♥❛♥ts s♦♥t ✈r❛✐♠❡♥t ❞❡s ♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s✱ ♦♥ ❛✛❡❝t❡ ✉♥ ♣♦✐❞s ❞❡ ✵✳✸✺ à ❝❤❛q✉❡
❝♦♥t❛♠✐♥❛♥t ✐❞❡♥t✐✜é✳ ❈❡❧❛ ♣❡r♠❡t ❞❡ ♥❡ ♣❛s ❝♦♠♣t❡r ❞❡✉① ❢♦✐s ❧❛ ♠ê♠❡ ❝♦♥t❛♠✐♥❛t✐♦♥ t♦✉t
❡♥ ❛ss✉r❛♥t ✉♥❡ ré♣❛rt✐t✐♦♥ ♣❧✉s ré❣✉❧✐èr❡ ❞❡s ❝♦♥t❛♠✐♥❛♥ts✱ ♣✉✐sq✉✬✐❧s s♦♥t sé❧❡❝t✐♦♥♥és à
♣❛rt✐r ❞✬✉♥ é❝❤❛♥t✐❧❧♦♥ ♣❧✉s ❧❛r❣❡✳

❏❡ ré❝❛♣✐t✉❧❡ ❝✐✲❞❡ss♦✉s ♥♦tr❡ ❡st✐♠❛t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❞❛♥s ♥♦tr❡ é❝❤❛♥✲
t✐❧❧♦♥ ✿

✕ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s q✉❛s❛rs✱ ❧❡s ❛rt❡❢❛❝ts ❡t ❧❡s ♥❛✐♥❡s ♣❧✉s ♣ré❝♦❝❡s q✉❡ ▼✽ ❡st
é❧✐♠✐♥é❡ ❡✣❝❛❝❡♠❡♥t s✉r ❧❛ ❜❛s❡ ❞❡ ❧❛ ❝♦✉❧❡✉r z′ − J ✳

✕ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s ▼✽✳✺✲▲✹ ❡st ❝♦rr❡❝t❡♠❡♥t ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ◆♦✉s s♦✉s✲
❡st✐♠♦♥s ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥t❛♠✐♥❛♥ts ❞❡ ✸✳✺ ♠✐❧❧✐è♠❡s ❞✉ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♥❛✐♥❡s ▼✽✳✺✲
▲✹ ♣rés❡♥t❡s s✉r ♥♦s ✐♠❛❣❡s✳ ❈❡ ♥♦♠❜r❡✱ ♣r♦❜❛❜❧❡♠❡♥t ❞✐① à ❝✐♥q✉❛♥t❡ ❢♦✐s ♣❧✉s ❣r❛♥❞
q✉❡ ❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥✱ ♥✬❡st ♣❛s ❝♦♥♥✉ ❛✈❡❝ ♣ré❝✐s✐♦♥✱ ♠❛✐s ❧✬❡rr❡✉r
✐♥❞✉✐t❡ s✉r ♥♦tr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡st ❞♦♥❝ ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts✳

✕ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s ▲✹✲▲✻✱ ✐ss✉❡s ❞✉ ❞♦♠❛✐♥❡ ❞❡ ❝♦✉❧❡✉r ❬✶✳✼✲✷✳✵❪ ❡st ❜✐❡♥
♣r✐s❡ ❡♥ ❝♦♠♣t❡✳

❈❡s ♦♣ér❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞✬é✈❛❧✉❡r ❧❡ ♥♦♠❜r❡ ✜♥❛❧ ❞❡ ❝♦♥t❛♠✐♥❛♥ts à ✸✵ ♦❜❥❡ts ♣❛r♠✐
❧❡s ✾✼ ♥❛✐♥❡s ▲ ❡t ❚ ✐❞❡♥t✐✜é❡s s✉r ❧❛ ❜❛s❡ ❞❡ ❧❡✉r ❝♦✉❧❡✉r z′ − J ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ✷✹✹
❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❛✈❡❝ i′ − z′ > 2.0 ❡t ❞♦♥t ❧❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡st ❝♦♠♣❧❡t✳

✽✾



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

✹✳✸ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

✹✳✸✳✶ ❘❡❧❛t✐♦♥s ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡

❏✬❛✐ ✉t✐❧✐sé ❧❡s s♣❡❝tr❡s ♣✉❜❧✐q✉❡♠❡♥t ❞✐s♣♦♥✐❜❧❡s ❞❛♥s ❧❡s ❜❛♥❞❡s i′, z′ ❡t J ❞❡ ✸✷ ♥❛✐♥❡s
❜r✉♥❡s ❞♦♥t ❧❛ ♣❛r❛❧❧❛①❡ ❡st ❝♦♥♥✉❡✱ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♠❛❣♥✐t✉❞❡s ❛❜s♦❧✉❡s s②♥t❤é✲
t✐q✉❡s ❞❡s ♥❛✐♥❡s ▲ ❡t ❚ ❞❛♥s ❧❡ s②stè♠❡ ♣❤♦t♦♠étr✐q✉❡ ❞❡ ▼❡❣❛❈❛♠✳ ❈❡❧❛ ♥♦✉s ❛ ♣❡r♠✐s
❞❡ ❞ét❡r♠✐♥❡r ❧❡s r❡❧❛t✐♦♥s ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❛❞❛♣té❡s ❛✉① ♦❜❥❡ts ❞é✲
❝♦✉✈❡rts ♣❛r ❧❡ ❈❋❇❉❙✳ ❈❡s r❡❧❛t✐♦♥s s♦♥t ✐❧❧✉stré❡s ♣❛r ❧❡s ❞✐❛❣r❛♠♠❡s ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡
❞❡ ❧❛ ✜❣✉r❡ ✹✳✾✳ ▲❛ ❝♦✉❧❡✉r i′ − z′ ② ❛♣♣❛r❛ît ❝♦♠♠❡ ✉♥ ❜♦♥ tr❛❝❡✉r ❞❡ ❧❛ ❧✉♠✐♥♦s✐té ♣♦✉r
❧❡s ♥❛✐♥❡s ▼ ❡t ▲✱ ♣❧✉s ♣❡rt✐♥❡♥t q✉❡ ❧❛ ❝♦✉❧❡✉r z′ − J ♠ê♠❡ ❧♦rsq✉❡ ❧✬♦♥ t✐❡♥t ❝♦♠♣t❡ ❞❡
❧❛ ♣ré❝✐s✐♦♥ ♣❤♦t♦♠étr✐q✉❡ q✉✐ ❡st ❡♥ ♠♦②❡♥♥❡ tr♦✐s ❢♦✐s ♠❡✐❧❧❡✉r❡ ❡♥ J q✉✬❡♥ i′✳ ❉❛♥s ❧❡
❞♦♠❛✐♥❡ ❞❡s ♥❛✐♥❡s ❚✱ ❧❛ ❝♦✉❧❡✉r i′ − z′ ❞❡✈✐❡♥t ❞✐✣❝✐❧❡ à r❡❧✐❡r à ❧❛ ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡ ❞❡s
♦❜❥❡ts✱ ♠❛✐s ❧❛ ❝♦✉❧❡✉r z′ − J ♣❡r♠❡t ❛❧♦rs ❞❡ ❞ét❡r♠✐♥❡r ✉♥❡ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡
✜❛❜❧❡✳ ❈❡♣❡♥❞❛♥t ❝❡tt❡ r❡❧❛t✐♦♥ ❡st ♣r❡sq✉❡ ❝♦♥st❛♥t❡ ♣♦✉r ❧❡s ♥❛✐♥❡s ❚ ♣ré❝♦❝❡s✱ à ❝❛✉s❡
❞✉ ♣❤é♥♦♠è♥❡ ❜✐❡♥ ❝♦♥♥✉ ❞✉ ✧❏❜✉♠♣✧✱ ✭❉❛❤♥ ❡t ❛❧✳ ✷✵✵✷✮✳ ❈❡tt❡ ❡①♣r❡ss✐♦♥ tr❛❞✉✐t ❧❛
r❡♠♦♥té❡ ❞✉ ✢✉① ❡♥ ❜❛♥❞❡ J ✭❡t ❡♥ ❜❛♥❞❡ z′✮ ❡♥tr❡ ▲✽ ❡t ❚✹✱ à ❝♦♥tr❡✲s❡♥s ❞❡ ❧✬é✈♦❧✉✲
t✐♦♥ ❝❧❛ss✐q✉❡ ♦ù ❧❡ ✢✉① ❞✐♠✐♥✉❡ q✉❛♥❞ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❛✉❣♠❡♥t❡✳ ■❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❝❡❧❛
❡♥tr❛î♥❡ ✉♥❡ ❜♦ss❡ ❞❛♥s ♥♦tr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡♥ J ❛✉t♦✉r ❞❡ J❂✶✹✱ ❡t✱ ❞❛♥s ✉♥❡
♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❞❛♥s ♥♦tr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡♥ z′✱ ❛✉t♦✉r ❞❡ z′❂✶✼✲✶✼✳✺✱ ❞❡s ♦❜❥❡ts
❞❡ t②♣❡s s♣❡❝tr❛✉① très ❞✐✛ér❡♥ts s✬❛❝❝✉♠✉❧❛♥t à ❝❡tt❡ ❧✉♠✐♥♦s✐té
◆♦✉s ✉t✐❧✐s❡r♦♥s ❞♦♥❝ ❧❛ ❝♦✉❧❡✉r i′−z′ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ▲ ✭i′−z′ <

2.6✮ ❡t ❧❛ ❝♦✉❧❡✉r z′−J ♣♦✉r ♦❜t❡♥✐r ❧❛ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❚ ✭i′−z′ > 2.6✮✳ ■❧ ❡st ✐♠♣♦rt❛♥t
❞❡ ♥♦t❡r q✉❡ ❝❡tt❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡st ❡♥❝♦r❡ ♣ré❧✐♠✐♥❛✐r❡ ❡t s❡r❛ ♣r♦❜❛❜❧❡♠❡♥t
r❛✣♥é❡ ❞❛♥s ✉♥ ❢✉t✉r ♣r♦❝❤❡✱ ❛✈❛♥t ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❧✬❛rt✐❝❧❡ ❛ss♦❝✐é ✭❘❡②❧é✱ ❉❡❧♦r♠❡ ❡t
❛❧✱ ❡♥ ♣ré♣❛r❛t✐♦♥✮✳

✹✳✸✳✷ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

▲✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❈❋❇❉❙

❆✜♥ ❞✬♦❜t❡♥✐r ❧❛ ♣r❡♠✐èr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ❞❛♥s
❧❡ ❈❋❇❉❙✱ ♥♦✉s ❛✈♦♥s ❞é❝✐❞é ❞✬✉t✐❧✐s❡r ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❝♦♠♣❧❡t ♣♦✉r i′ − z′ > 2.0✱ t❡❧
q✉❡ ❞é✜♥✐ ❡t ♣rés❡♥té ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✶✳✹✳ ❈❡t é❝❤❛♥t✐❧❧♦♥ q✉✐ ❝♦♠♣t❛❜✐❧✐s❡ ✉♥✐q✉❡♠❡♥t
❧❡s ♦❜❥❡ts ❧❡s ♣❧✉s r♦✉❣❡s ✐❞❡♥t✐✜és ❞❛♥s ❧❡ ❈❋❇❉❙✱ ♥❛✐♥❡s ▲ t❛r❞✐✈❡s ❡t ❚ s♦♥❞❡ ❞♦♥❝ ✉♥
❞♦♠❛✐♥❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡①trê♠❡♠❡♥t ♠❛❧ ❝♦♥♥✉✳ ■❧ ❛ ❞❡ ♣❧✉s ❧✬❛✈❛♥t❛❣❡ ❞✬❛✈♦✐r
❜é♥é✜❝✐é ❞✬✉♥ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ♣r✐♦r✐t❛✐r❡✱ q✉✐ ❡st ❝♦♠♣❧❡t s✉r ✉♥❡ ❣r❛♥❞❡ s✉r❢❛❝❡✱
✺✷✵ ❝❤❛♠♣s ▼❡❣❛❝❛♠✱ s♦✐t ❡♥✈✐r♦♥ ✹✹✵◦2✳ ❈❡t é❝❤❛♥t✐❧❧♦♥ r❡❣r♦✉♣❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡
❝❛♥❞✐❞❛ts✱ ✷✹✹ ❡♥ t♦✉t✱ ❞♦♥t ♣rès ❞❡ ✶✵✵ ♥❛✐♥❡s ❜r✉♥❡s✳ ▲❡s ✧♣❛t❝❤s✧ ❞✉ ❈❋❇❉❙ ✉t✐❧✐sés
♣♦✉r ❝♦♥str✉✐r❡ ❝❡t é❝❤❛♥t✐❧❧♦♥ s♦♥t ♣ré❝✐sés ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✻ ❡t ❧❛ ♥❛t✉r❡ ❞❡s ❝❛♥❞✐❞❛ts q✉✐
② s♦♥t ✐❞❡♥t✐✜és ❡st r❛♣♣❡❧é❡ ❞❛♥s ❧❛ t❛❜❧❡ ✹✳✼✳
❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ♣ré❝é❞❡♠♠❡♥t✱ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞✬❡rr❡✉r ♣❤♦t♦♠étr✐q✉❡✱

❝❡t é❝❤❛♥t✐❧❧♦♥ ❝♦♥t✐❡♥t ❞❡ ♥♦♠❜r❡✉① ❝♦♥t❛♠✐♥❛♥ts ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′ ré❡❧❧❡ ❡st ✐♥✲
❢ér✐❡✉r❡ à ✷✳✵✳ ▲❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ♣❡r♠❡t ❞✬é❧✐♠✐♥❡r ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❧❛
❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s q✉❛s❛rs✱ ❧❡s ♥❛✐♥❡s ▼ ♣❧✉s ♣ré❝♦❝❡s q✉❡ ▼✽ ❛✐♥s✐ q✉❡ ♣❛r ❞❡s ❢❛✉ss❡s
❞ét❡❝t✐♦♥s✳ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s ▼✽✳✺ ❡t ▲ ❥✉sq✉✬à ▲✻✱ ❞♦♥t ❧❛ ❝♦✉❧❡✉r z′ − J
❡st ✐♥❞✐✛ér❡♥t✐❛❜❧❡ ❞❡ ❝❡❧❧❡ ❞❡s ♥❛✐♥❡s ▲ t❛r❞✐✈❡s ❡t ❞❡s ❚ ♣ré❝♦❝❡s✱ ❡st tr❛✐té sé♣❛r❡♠✲
♠❡♥t✱ ❝♦♠♠❡ ❡①♣❧✐q✉é ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✷✳✹✳ P♦✉r ❝❤❛q✉❡ ♣❛t❝❤✱ s✉r ❝❤❛q✉❡ ✐♥t❡r✈❛❧❧❡ ❞❡

✾✵



✹✳✸ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

❚❛❜✳ ✹✳✻✿ P❛t❝❤s ✉t✐❧✐sé ♣♦✉r ❝♦♥str✉✐r❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❝♦♠♣❧❡t à i′ − z′ > 2.0✳ ❚♦✉s ❧❡s
❝❛♥❞✐❞❛ts ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′ ❡st s✉♣ér✐❡✉r❡ à ✷✳✵ ❞❛♥s ❝❡s ♣❛t❝❤s ♦♥t été
♦❜s❡r✈és ❡♥ ❜❛♥❞❡ J ✱ ♣❡r♠❡tt❛♥t ❞❡ ♣ré❝✐s❡r ❧❡✉r ♥❛t✉r❡✳

♣❛t❝❤ s✉r✈❡② ❛❧♣❤❛ ✭❤❤ ✿♠♠✮ ❞❡❧t❛ ✭❞❡❣✮ ◆❜r❡ ❞❡ ❝❤❛♠♣s
♣❛t❝❤✵✵✹✼ ❘❈❙✲✷ ✵✵ ✿✹✼ +00 ✺✻
♣❛t❝❤✵✸✶✵ ❘❈❙✲✷ ✵✸ ✿✶✵ −16 ✻✻
♣❛t❝❤✵✸✺✼ ❘❈❙✲✷ ✵✸ ✿✺✼ −07 ✸✷
♣❛t❝❤✶✵✹✵ ❘❈❙✲✷ ✶✵ ✿✺✺ +57 ✸✻
♣❛t❝❤✶✷✸✼ ❈❋❍❚▲❙ ✵✽ ✿✸✵ +197 ✶✶
♣❛t❝❤✶✸✶✾ ❈❋❍❚▲❙ ✵✾ ✿✶✺ +17 ✶✽
♣❛t❝❤✶✺✶✷ ❈❋❍❚▲❙ ✶✵ ✿✸✵ +11 ✶✻
♣❛t❝❤✶✺✶✹ ❘❈❙✲✷ ✶✺ ✿✶✹ +06 ✺✼
♣❛t❝❤✶✻✹✺ ❘❈❙✲✷ ✶✻ ✿✹✺ +40 ✸✸
♣❛t❝❤✷✵✶✼ ❈❋❍❚▲❙ ✶✸ ✿✸✺ −08 ✶✺
♣❛t❝❤✷✶✹✸ ❘❈❙✲✷ ✷✶ ✿✹✸ −01 ✾✹
♣❛t❝❤✷✷✻✺ ❈❋❍❚▲❙ ✶✺ ✿✵✵ −17 ✶✻
♣❛t❝❤✸✵✼✶ ❈❋❍❚▲❙ ✶✾ ✿✸✵ −22 ✶✺
♣❛t❝❤✸✸✵✸ ❈❋❍❚▲❙ ✷✷ ✿✶✵ −18 ✶✻
♣❛t❝❤✸✹✵✵ ❈❋❍❚▲❙ ✷✷ ✿✸✵ +03 ✷✷
♣❛t❝❤❆◆❉ ❈❋❍❚▲❙ ✵✵ ✿✹✺ +34 ✶✼

♠❛❣♥✐t✉❞❡ ❛♣♣❛r❡♥t❡ ❡t ❞❡ ❝♦✉❧❡✉r ❧❡ ♥♦♠❜r❡ ❞❡ ❝❛♥❞✐❞❛t ❡st ♣♦♥❞éré ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ✿

Nij =
nij − contij

compij

✭✹✳✶✮

♦ù nij ❡st ❧❡ ♥♦♠❜r❡ ✐♥✐t✐❛❧ ❞❡ ❝❛♥❞✐❞❛ts ✐❞❡♥t✐✜és ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡
(i, j) ❝♦♥s✐❞éré ❡t contij ❡t compij s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡t ❧❛ ❝♦♠♣❧ét✉❞❡
❞❛♥s ❝❡ ♠ê♠❡ ✐♥t❡r✈❛❧❧❡✳ ▲❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡s ❞✐✛ér❡♥ts ♣❛t❝❤s s♦♥t ❡♥s✉✐t❡ ❝♦♠❜✐♥é❡s
♣♦✉r ❞é✜♥✐r ❧❛ ré♣❛rt✐t✐♦♥ ✜♥❛❧❡ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❡♥ ❝♦✉❧❡✉r ❡t ❡♥ ♠❛❣♥✐t✉❞❡✳
▲❛ ✜❣✉r❡ ✹✳✶✵ r❡♣rés❡♥t❡ ✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞❡s ✾✼ ♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s ❞❡

♥♦tr❡ é❝❤❛♥t✐❧❧♦♥✱ ❛✈❡❝ ❡t s❛♥s ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣❛r ❧❡s ♥❛✐♥❡s ▼✽✳✺
à ▲ ♣ré❝♦❝❡s✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r ❧❡ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ♦❜s❡r✈és à ✉♥❡ ❞✐st❛♥❝❡
s✉♣ér✐❡✉r❡ à ✶✷✵ ♣❛rs❡❝✳ ❖♥ ❛ ✈✉ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷ q✉❡ ❧❛ ❞✐st❛♥❝❡ ♠❛①✐♠❛❧❡ ❞❡ ❞ét❡❝t✐♦♥
❞❡s ♥❛✐♥❡s ❚ ♣ré❝♦❝❡s ❡st ❞✬❡♥✈✐r♦♥ ✶✻✵ ♣❛rs❡❝s à z′❂✷✷✳✺✱ ❛✈❡❝ ✉♥❡ ❝♦♠♣❧ét✉❞❡ ❞✬❡♥✈✐r♦♥
✺✵✪✱ ❝❡ q✉✐ ♣❡✉t ❢❛✐r❡ ♣❡♥s❡r à ✉♥ ré❡❧ ❞é✜❝✐t ❞✬♦❜❥❡ts ❡♥tr❡ ✶✷✵ ❡t ✶✻✵ ♣❛rs❡❝s✳ ❈❡♣❡♥❞❛♥t
❝❡tt❡ ❧✐♠✐t❡ ❞❡ ❞ét❡❝t✐♦♥ à ✶✻✵ ♣❛rs❡❝s ❡st ✈❛❧❛❜❧❡ s❡✉❧❡♠❡♥t ♣♦✉r ❧❡s ♦❜❥❡ts ❛✉ ♣✐❝ ❞❡
❧✉♠✐♥♦s✐té ❞✉ ✧❏❜✉♠♣✧ ❡t ❞❡ s♦♥ éq✉✐✈❛❧❡♥t ❡♥ ❜❛♥❞❡ z′✳ ▲❛ ❧✐♠✐t❡ ❞ét❡❝t✐♦♥ ❞❡s ❛✉tr❡s
♥❛✐♥❡s ▲ t❛r❞✐✈❡s ❡t ❚ ♣ré❝♦❝❡s sé❧❡❝t✐♦♥♥é❡s ♣❛r ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ s✬é❝❤❡❧♦♥♥❡ ❡♥tr❡ ✶✵✵ ❡t
✶✻✵ ♣❛rs❡❝s✱ ❡♥ ❜♦♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ♦❜s❡r✈é❡s✳ ❊♥✜♥ ❧❛ ❞✐st❛♥❝❡
❞❡ ❞ét❡❝t✐♦♥ ✐♥❢ér✐❡✉r❡ à ✶✻✵ ♣❛rs❡❝s ✐♠♣❧✐q✉❡ ❞❡ ♠❛♥✐èr❡ st❛t✐st✐q✉❡ q✉❡ ❧❛ ♣❧✉♣❛rt ❞❡ ❝❡s
♦❜❥❡ts s♦♥t r❡❧❛t✐✈❡♠❡♥t ❥❡✉♥❡s ❡t ❛♣♣❛rt✐❡♥♥❡♥t ❛✉ ❞✐sq✉❡ ♠✐♥❝❡ ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡✳ ❯♥❡
❡①❝❡♣t✐♦♥ r❡♠❛rq✉❛❜❧❡ s❡r❛ ❞ét❛✐❧❧é❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t ♣✉✐sq✉❡ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é
✉♥❡ ♥❛✐♥❡ ❚ s♦✉s✲♠ét❛❧❧✐q✉❡ ❛♣♣❛rt❡♥❛♥t ♣r♦❜❛❜❧❡♠❡♥t ❛✉ ❞✐sq✉❡ é♣❛✐s ✭❉❡❧❢♦ss❡ ❡t ❛❧✱
s♦✉♠✐s✮ ♣❛r♠✐ ❧❡s ♦❜❥❡ts ❞❡ ❝❡t é❝❤❛♥t✐❧❧♦♥✳

✾✶



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❚❛❜✳ ✹✳✼✿ ❈❧❛ss✐✜❝❛t✐♦♥ ♣r❡❧✐♠✐♥❛✐r❡ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ s✉r ❧❛ ❜❛s❡ ❞❡s ❝♦✉❧❡✉rs i′ − z′

❡t z′ − J ❞❡s ❝❛♥❞✐❞❛ts✳ ◆♦t❡③ q✉❡ ❧✬❡sss❡♥t✐❡❧ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ q✉✐ r❡st❡ à
❝♦rr✐❣❡r ❡st ❝♦♥st✐t✉é❡ ❞❡ ♥❛✐♥❡s ❞❡ t②♣❡ ▼✽✳✺ ♦✉ ▲ ♣ré❝♦❝❡s ✈❡♥❛♥t ❝♦♥t❛♠✐♥❡r
❧❡s ✺✻ ♥❛✐♥❡s ▲ t❛r❞✐✈❡s q✉❡ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é❡s✳

❚②♣❡ ♥♦♠❜r❡ ♣♦✉r❝❡♥t❛❣❡
◆❛✐♥❡s ❚ t❛r❞✐✈❡s ✶✸ ✺✪
◆❛✐♥❡s ❚ ♣ré❝♦❝❡s ✷✽ ✶✶✪
◆❛✐♥❡s ▲ t❛r❞✐✈❡s ✺✻ ✷✸✪
◆❛✐♥❡s <▼✽ ✼✼ ✸✷✪
q✉❛s❛rs ✽ ✸✪
❛rt❡❢❛❝ts ✻✷ ✷✻✪
t♦t❛❧ ✷✹✹

▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❈❋❇❉❙

❯♥❡ ❢♦✐s ❧✬é❝❤❛♥t✐❧❧♦♥ ❜✐❡♥ ❞é✜♥✐ ❡t ❝♦rr✐❣é✱ ✉♥❡ s✉✐t❡ ❞✬♦♣ér❛t✐♦♥s s✐♠♣❧❡s ♣❡r♠❡t ❞✬❛❜♦✉t✐r
à ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ✿
✕ ▲❛ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡ ♣❡r♠❡t ❞✬❛ss♦❝✐❡r ❝❤❛q✉❡ ✐♥t❡r✈❛❧❧❡ ❞❡ ❝♦✉❧❡✉r à ✉♥❡
❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡ ♣ré❝✐s❡✳ ❈❡tt❡ ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡ ♣❡r♠❡t ❞✬ét❛❜❧✐r ❧❛ ❞✐st❛♥❝❡ ♠❛①✲
✐♠❛❧❡ ❞❡ ❞ét❡❝t✐♦♥ ❛ss♦❝✐é❡ à ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❧✐♠✐té à ❧❛ ♠❛❣♥✐t✉❞❡ z′❂✷✷✳✺✳

✕ ❆✈❡❝ ❧❛ s✉r❢❛❝❡ ♣ré❝✐s❡ ❝♦✉✈❡rt❡ ♣❛r ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ✭✹✸✺◦2✮ ❡t ❧❛ ❞✐st❛♥❝❡ ❧✐♠✐t❡ ❞❡
❞ét❡❝t✐♦♥✱ ♦♥ ♣❡✉t r❡♠♦♥t❡r ❛✉ ✈♦❧✉♠❡ Vi s♦♥❞é ♣❛r ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞✉ ❈❋❇❉❙ ♣♦✉r
✉♥❡ ❝♦✉❧❡✉r✱ ❡t ❞♦♥❝ ✉♥❡ ♠❛❣♥✐t✉❞❡ ❛❜s♦❧✉❡✱ ❞♦♥♥é❡✳

✕ ❈❡ ✈♦❧✉♠❡ ❣é♦♠étr✐q✉❡ ❡st ❝♦rr✐❣é ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ❤❛✉t❡✉r ❞✬é❝❤❡❧❧❡ ❞✉ ❞✐sq✉❡
♠✐♥❝❡✱ q✉✐ tr❛❞✉✐t ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ ❞❡♥s✐té st❡❧❧❛✐r❡ à ♠❡s✉r❡ q✉✬♦♥ s✬é❧♦✐❣♥❡ ❞✉
♣❧❛♥ ❣❛❧❛❝t✐q✉❡✳ ❈❡tt❡ ❝♦rr❡❝t✐♦♥ q✉✐ ✉t✐❧✐s❡ ❧❛ ❧♦✐ ❞❡ ❞❡♥s✐té ❞é❝r✐t❡ ♣❛r ❘♦❜✐♥ ❡t ❛❧✳
✭✷✵✵✸✮ ❡st ✐♥❢ér✐❡✉r❡ à ✶✵✪ ❞❡ ❧❛ ✈❛❧❡✉r ❞✉ ✈♦❧✉♠❡✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧❡ ✈♦❧✉♠❡ ❣é♥ér❛❧✐sé
Vgi✳

✕ ▲❛ ❞❡♥s✐té ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❛ss♦❝✐é❡ s✬❡①♣r✐♠❡ ❛❧♦rs di =
Nij

Vgi

✕ ❊♥ ❛❞❞✐t✐♦♥♥❛♥t ❧❡s di ♣❛r ✐♥t❡r✈❛❧❧❡ ❞❡ ✶ ❡♥ ♠❛❣♥✐t✉❞❡ ❛❜s♦❧✉❡ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ❧❛
❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ ❝♦rr✐❣é❡ ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❡t ❞❡ ❧❛
❝♦♥t❛♠✐♥❛t✐♦♥ ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✹✳✶✶✱ ❡♥ objets.pc−3.mag−1✳

❈❡tt❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡st ♣ré❧✐♠✐♥❛✐r❡ ✿ ❞❡✉① ❝♦rr❡❝t✐♦♥s s❡❝♦♥❞❛✐r❡s ♠❛✐s q✉✐
r❡st❡♥t s✐❣♥✐✜❝❛t✐✈❡s s♦♥t ❡♥❝♦r❡ à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡✳ ▲❛ ♣r❡♠✐èr❡ ❡st ❧❛ ❝♦rr❡❝t✐♦♥ ❞✉
❜✐❛✐s ❞❡ ▼❛❧♠q✉✐st ✭❙t♦❜✐❡ ❡t ❛❧✳ ✶✾✽✾✮✱ ❞û à ❧❛ ❞✐s♣❡rs✐♦♥ ✐♥tr✐♥sèq✉❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲
❧✉♠✐♥♦s✐té✳ ▲❡s ♦❜❥❡ts ❧❡s ♣❧✉s ❧✉♠✐♥❡✉① à ✉♥❡ ❝♦✉❧❡✉r ❞♦♥♥é❡ s♦♥t ❛❧♦rs s✉r✲r❡♣rés❡♥tés✳
❯♥❡ s❡❝♦♥❞❡ ❛♠é❧✐♦r❛t✐♦♥ ♥é❝❡ss❛✐r❡ ❡st ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥t❡r♥❡
❡♥tr❡ ❧❡s ♦❜❥❡ts ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ✜♥❛❧✳ ❈❡❧❛ s❡r❛ ❢❛✐t ❞❛♥s ✉♥ ❢✉t✉r ♣r♦❝❤❡ ❡♥ ✉t✐❧✐s❛♥t ❧❛
❞✐str✐❜✉t✐♦♥ ❞✬❡rr❡✉r ❞é❝r✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞✬❡rr❡✉r r❡st❡
❝❡♣❡♥❞❛♥t ❧❛ ❣r❛♥❞❡ ✐♥❝❡rt✐t✉❞❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❝♦✉❧❡✉r✲❧✉♠✐♥♦s✐té✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣♦✉r ❧❡s
♥❛✐♥❡s ❚ t❛r❞✐✈❡s✳

❈♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❧✉♠✐♥♦s✐té ❞❡ ❈r✉③ ❡t ❞❡ ▼❡t❝❤❡✈

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s ❢♦♥❝t✐♦♥s ❧✉♠✐♥♦s✐té ♣réé①✐st❛♥t❡s ❡st ❧❡ ♠♦②❡♥ ❧❡ ♣❧✉s ❞✐r❡❝t ❞❡
✈ér✐✜❡r ❧❛ ❝♦❤ér❡♥❝❡ ❞❡ ♥♦s rés✉❧❛ts✳ ❈❡tt❡ ❝♦♠♣❛r❛✐s♦♥ ❡❧❧❡✲♠ê♠❡ ❡st ❝❡♣❡♥❞❛♥t ❧♦✐♥ ❞✬êtr❡

✾✷



✹✳✸ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

❞✐r❡❝t❡ ❝❛r ❧❡s é❝❤❛♥t✐❧❧♦♥s ❝♦♥s✐❞érés s♦♥t ❞❡ ♥❛t✉r❡ très ❞✐✛ér❡♥t❡s✳ ◆♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❡st
❝♦♥st✐t✉é ❞❡ ♥❛✐♥❡s ▲ ❡t ❚ ✐❞❡♥t✐✜é❡s s✉r ❧❡✉rs ❝♦✉❧❡✉rs i′ − z′ ❡t z′ − J ✱ ❛❧♦rs q✉❡ ▼❡t❝❤❡✈
❡t ❛❧✳ ✭✷✵✵✽✮ ❝♦♥s✐❞èr❡ ✉♥✐q✉❡♠❡♥t ❞❡s ♥❛✐♥❡s ❚✱ ❡t ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮ ✉♥✐q✉❡♠❡♥t ❞❡s
♥❛✐♥❡s ▲✳ ▲❡ ♣r✐♥❝✐♣❛❧ ♣r♦❜❧è♠❡ ✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❧❡ ✧J ❜✉♠♣✧ s❡ ♣r♦❞✉✐t ❥✉st❡♠❡♥t à ❧❛
tr❛♥s✐t✐♦♥ ❡♥tr❡ ♥❛✐♥❡s ▲ ❡t ❚ ✿ ❧❡s ♥❛✐♥❡s ▲✼ ♦♥t ❛❧♦rs ❧❛ ♠ê♠❡ ♠❛❣♥✐t✉❞❡ ❛❜s♦❧✉❡ q✉❡ ❧❡s
♥❛✐♥❡s ❚✸ ❡♥ z′ ❡t q✉❡ ❧❡s ♥❛✐♥❡s ❚✺✲❚✻ ❡♥ J ✳ ❈♦♠♠❡ ❝❡s ♦❜❥❡ts très ❞✐✛ér❡♥ts s❡ r❡tr♦✉✈❡♥t
❞❛♥s ❧❡ ♠ê♠❡ ✐♥t❡r✈❛❧❧❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té✱ ❝❡❧❛ r❡♥❞ ✐♠♣♦ss✐❜❧❡ ✉♥❡ ❝♦♠♣❛r❛✐s♦♥
❞✐r❡❝t❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❧✉♠✐♥♦s✐té✳
■❧ ❡st t♦✉t❡❢♦✐s ♣♦ss✐❜❧❡ ❞❡ ❞é♣❛ss❡r ❝❡tt❡ ❞✐✣❝✉❧té ❡♥ ❞✐st✐♥❣✉❛♥t ❧❡s ♥❛✐♥❡s ❚ ❞❡s ♥❛✐♥❡s

▲ ❞❛♥s ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❈❋❇❉❙✳ ❈❡tt❡ ❞✐st✐♥❝t✐♦♥ ♣❡✉t s❡ ❢❛✐r❡ ❞❡
♠❛♥✐èr❡ très ❡✣❝❛❝❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ s❛✉t ❞✬✉♥❡ ❞❡♠✐✲♠❛❣♥✐t✉❞❡ ❞❛♥s ❧❛ ❝♦✉❧❡✉r i′ − z ❡♥tr❡
❧❡s ♥❛✐♥❡s ❚✵ ❡t ❧❡s ♥❛✐♥❡s ❚✵✳✺ ✭✈♦✐r ✜❣✳ ✷✳✸✮✳ ❖♥ ♣❡✉t ❛❧♦rs ✐❞❡♥t✐✜❡r ❢❛❝✐❧❡♠❡♥t ❞❛♥s
❧❡ ❈❋❇❉❙ ❧❡s ♥❛✐♥❡s ♣❧✉s t❛r❞✐✈❡s q✉❡ ❚✵ ❡♥ sé❧❡❝t✐♦♥♥❛♥t ✉♥✐q✉❡♠❡♥t ❧❡s ♦❜❥❡ts ❛✈❡❝
i′ − z′ > 2.6✳ ❉❛♥s ❧❡ ❝❛s ❞❡s ♦❜❥❡ts ♥♦♥ ❞ét❡❝tés ❡♥ i′ ❞♦♥t ❧❛ ❝♦✉❧❡✉r i′ − z′ ❡st ❥✉st❡ ✉♥❡
❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡✱ ❥✬✉t✐❧✐s❡ ❧❡ ❝r✐tèr❡ z′ − J > 3.5✱ q✉✐ ♣❡r♠❡t ❞❡ sé❧❡❝t✐♦♥♥❡r ❡✣❝❛❝❡♠❡♥t ❧❡s
♥❛✐♥❡s ❚✳

❚②♣❡ ❙♣❡❝tr❛❧ ▲✻✲▲✽ ❚✵✳✺✲❚✺✳✺ ❚✻✲❚✽
▼❡t❝❤❡✈ ❡t ❈r✉③✭10−3.pc3✮ > 1.5 ± 0.2 2.3+0.9

−0.9 4.7+3.1
−2.8

❈❋❇❉❙✭10−3.pc3✮ 2.1 ± 0.6 3.0 ± 0.5 4.75 ± 3.3

❚❛❜✳ ✹✳✽✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❞❡♥s✐tés ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ ❞✬❛♣rès ❧❡ ❈❋❇❉❙ ❡t
❞✬❛♣rès ❧❡s rés✉❧t❛ts ❞❡ ❈r✉③ ❡t ❛❧✳ ✭✷✵✵✼✮ ❡t ▼❡t❝❤❡✈ ❡t ❛❧✳ ✭✷✵✵✽✮

▲❛ t❛❜❧❡ ✹✳✽ ♣❡r♠❡t ❞❡ ❝♦♥✜r♠❡r ❧❛ ✈❛❧✐❞✐té ❞❡ ♥♦tr❡ ❛♣♣r♦❝❤❡✱ ❡♥ ✐❧❧✉str❛♥t ❧❡ ❜♦♥
❛❝❝♦r❞ ❞❡ ♥♦tr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ♣ré❧✐♠✐♥❛✐r❡ ❛✈❡❝ ❧❡s rés✉❧t❛ts tr♦✉✈és ♣❛r ❈r✉③
❡t ❛❧✳ ✭✷✵✵✼✮ ❡t ▼❡t❝❤❡✈ ❡t ❛❧✳ ✭✷✵✵✽✮✱ s✉r ❧❡s ✐♥t❡r✈❛❧❧❡s ♦ù ❝❡s rés✉❧t❛ts très ❤étér♦❣è♥❡s
s♦♥t ❝♦♠♣❛r❛❜❧❡s✳ ■❧ ❡st ❛✉ss✐ ✐♥tér❡ss❛♥t ❞❡ ♥♦t❡r q✉❡ ❧❡s ♠❛r❣❡s ❞✬❡rr❡✉rs ❞❡ ♥♦tr❡ ét✉❞❡
♣ré❧✐♠✐♥❛✐r❡ s♦♥t ❡❧❧❡s ❛✉ss✐ ❝♦♠♣❛r❛❜❧❡s à ❝❡❧❧❡s ❞❡s rés✉❧t❛ts ❛♥tér✐❡✉rs✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡
❧✉♠✐♥♦s✐té ✜♥❛❧❡ ❞é❞✉✐t❡ ❞✉ ❈❋❇❉❙ s❡r❛ ❞♦♥❝ ♣r♦❜❛❜❧❡♠❡♥t ♥♦t❛❜❧❡♠❡♥t ♣❧✉s ♣ré❝✐s❡ q✉❡
❝❡❧❧❡s ❞é❥à ♣✉❜❧✐é❡s✳

✾✸



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣
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❋✐❣✳ ✹✳✾✿ ❉✐❛❣r❛♠♠❡s ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡ s②stè♠❡ ♣❤♦t♦♠étr✐q✉❡
❞✉ ❈❋❇❉❙✳ ▲❡s ❝❡r❝❧❡s ✈✐❞❡s r❡♣rés❡♥t❡s ❧❡s ♥❛✐♥❡s ▼✼✲▼✽✱ ❧❡s ❝❛rrés ✈✐❞❡s ❧❡s
♥❛✐♥❡s ▼✽✳✺✲▲✹✳✺✱ ❧❡s ❝❡r❝❧❡s ♣❧❡✐♥s ❧❡s ♥❛✐♥❡s ▲✺✲▲✾✳✺✱ ❧❡s tr✐❛♥❣❧❡s ✈✐❞❡s ❧❡s ♥❛✐♥❡s
❚✵✲❚✹✳✺✱ t❛♥❞✐s q✉❡ ❧❡s tr✐❛♥❣❧❡s ♣❧❡✐♥s ✐❞❡♥t✐✜❡♥t ❧❡s ♥❛✐♥❡s ♣❧✉s t❛r❞✐✈❡s q✉❡ ❚✺✳
▲❡s t✐r❡ts ✐❞❡♥t✐✜❡♥t ❧❡s r❡❧❛t✐♦♥s ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡ ❞ér✐✈é❡s s❡❧♦♥ ❧❡ ❞♦♠❛✐♥❡ ❞❡
t②♣❡ s♣❡❝tr❛❧✳

✾✹



✹✳✸ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té

❋✐❣✳ ✹✳✶✵✿ ❉✐str✐❜✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ♣❤♦t♦♠étr✐q✉❡s ❞❡s ♦❜❥❡ts ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❛✈❡❝ ✭t✐r❡ts✮
❡t s❛♥s ✭❧✐❣♥❡ ♣❧❡✐♥❡✮ ❝♦rr❡❝t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡t ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡✳

✾✺



✹ ▲❡s ♥❛✐♥❡s ❜r✉♥❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡ ❈❋❇❉❙ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❞✉ ❝❤❛♠♣

❋✐❣✳ ✹✳✶✶✿ ❋♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡♥ ❜❛♥❞❡ z′ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ ❛♣rès ❝♦rr❡❝✲
t✐♦♥ ❞❡ ❧❛ ❝♦♠♣❧ét✉❞❡ ❡t ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ▲❡ ♥♦♠❜r❡ ❝♦rr✐❣é ❞✬♦❜❥❡ts ♣❛r
✐♥t❡r✈❛❧❧❡ ❞❡ ♠❛❣♥✐t✉❞❡ ❡st ♣ré❝✐sé✳

✾✻



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s

♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s

✺✳✶✳✶ ❚❡♠♣ér❛t✉r❡✱ ♠ét❛❧❧✐❝✐té ❡t ❣r❛✈✐té

▲❛ t❡♠♣ér❛t✉r❡✱ ❧❛ ♠ét❛❧❧✐❝✐té ❡t ❧❛ ❣r❛✈✐té s♦♥t ❧❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s q✉✐
✐♥✢✉❡♥t s✉r ❧❡s s♣❡❝tr❡s ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❏❡ ❞é❝r✐s ✐❝✐ ❧✬✐♠♣❛❝t ❞❡ ❝❡s ♣❛r❛♠ètr❡s s✉r
❧❡✉r s♣❡❝tr❡ é♠❡r❣❡❛♥t✱ ❝❡ q✉✐ ❣✉✐❞❡r❛ ❧✬❛♥❛❧②s❡ ❞❡s s♣❡❝tr❡s ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♣❛r ❧❡
❈❋❇❉❙ ♣rés❡♥té❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳

❚❡♠♣ér❛t✉r❡

▲♦rsq✉❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ ❞✐♠✐♥✉❡✱ ❧❡s ♣r♦❝❡ss✉s ❝❤✐♠✐q✉❡s ❞♦♠✐♥❛♥ts
s♦♥t ❛✛❡❝tés✳ ❈❡rt❛✐♥❡s ♠♦❧é❝✉❧❡s s♦♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❝réé❡s✱ ❞✬❛✉tr❡s ♣❧✉s ❢❛❝✐❧❡♠❡♥t ❞étr✉✲
✐t❡s ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ s❡ r❡tr♦✉✈❡ ♠♦❞✐✜é❡✳ ❆✐♥s✐ ❞❛♥s ❧❛ ♣❤♦t♦s♣❤èr❡ ❞❡s ♥❛✐♥❡s ▲✱
❛✉ ❞❡ss✉s ❞❡ ✶✸✵✵❑✱ ❧❡ ❝❛r❜♦♥❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t st♦❝❦é s♦✉s ❢♦r♠❡ ❞❡ ❈❖✳ ❆ ♠❡s✉r❡ q✉❡
❧❛ t❡♠♣ér❛t✉r❡ ❞✐♠✐♥✉❡✱ ❧❛ ♠♦❧é❝✉❧❡ ❝❛r❜♦♥é❡ ❞♦♠✐♥❛♥t❡ ❞❡✈✐❡♥t ♣r♦❣r❡ss✐✈❡♠❡♥t ❈❍4✳
❯♥ ❝❤❛♥❣❡♠❡♥t s✐♠✐❧❛✐r❡ ❡st ❛tt❡♥❞✉ à ♣❧✉s ❜❛ss❡ t❡♠♣ér❛t✉r❡✱ ❡♥ ❞❡ss♦✉s ❞❡ ✻✵✵❑ ✿ ❧❛
♣r✐♥❝✐♣❛❧❡ ♠♦❧é❝✉❧❡ ❞❡ st♦❝❦❛❣❡ ❞❡ ❧✬❛③♦t❡ ❛✉① t❡♠♣ér❛t✉r❡s ❞❡s ♥❛✐♥❡s ▲ ❡t ❚✱ ◆2✱ ❡st
♣r♦❣r❡ss✐✈❡♠❡♥t s✉♣♣❧❛♥té❡ ♣❛r ❧✬❛♠♠♦♥✐❛❝✱ ◆❍3✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ s♦♥t ❞♦♥❝
q✉❛❧✐t❛t✐✈❡♠❡♥t ❛ss❡③ ❢❛❝✐❧❡s à r❡♣ér❡r ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳
▲❛ s✐❣♥❛t✉r❡ s♣❡❝tr❛❧❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡st é✈✐❞❡♥t❡ s✉r ✉♥ ❣r❛♥❞

❞♦♠❛✐♥❡ s♣❡❝tr❛❧ ✿ ❧❛ séq✉❡♥❝❡ s♣❡❝tr❛❧❡ ❞❡s ♥❛✐♥❡s ❚ ❡st ✉♥❡ séq✉❡♥❝❡ à t❡♠♣ér❛t✉r❡ ❡✛❡❝✲
t✐✈❡ ❞é❝r♦✐ss❛♥t❡✳ ❚♦✉t❡❢♦✐s ❝❡tt❡ ❞é❝r♦✐ss❛♥❝❡ ♥✬❡st ♣❛s ♠♦♥♦t♦♥❡✱ ♣✉✐sq✉❡ ❧❛ t❡♠♣ér❛t✉r❡
✈❛r✐❡ ♣❡✉ ✭❁✷✵✵❑✮ ❡♥tr❡ ▲✼✳✺ ❡t ❚✹✳✺ ✭❈✉s❤✐♥❣ ❡t ❛❧✳ ✷✵✵✽✮✱ ❛❧♦rs q✉✬❡❧❧❡ ❝❤✉t❡ ❞❡ ✶✷✵✵❑
à ✼✵✵❑ ❡♥tr❡ ❚✹✳✺ ❡t ❚✽✳ P♦✉r ❧❡s ♥❛✐♥❡s ❚ ♣ré❝♦❝❡s ✉♥❡ ❢♦rt❡ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ s♣❡❝tr❡
❡st ❞é❝❧❡♥❝❤é❡ ♣❛r ✉♥❡ ❢❛✐❜❧❡ ✈❛r✐❛t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ♣❛r❝❡ q✉❡ ❝❡tt❡ ❞❡r♥✐èr❡ ❡♥tr❛î♥❡ ❧❛
sé❞✐♠❡♥t❛t✐♦♥ ❞❡s ♥✉❛❣❡s ❞❡ ♣♦✉ss✐èr❡s s♦✉s ❧❛ ♣❤♦t♦s♣❤èr❡✳ ❉✬❛✉tr❡s ♣❛r❛♠ètr❡s✱ ❝♦♠♠❡
❧❛ ♠ét❛❧❧✐❝✐té✱ ❧❛ ❣r❛✈✐té ❞❡ s✉r❢❛❝❡ ♦✉ ❧❛ ✈✐t❡ss❡ ❞❡ r♦t❛t✐♦♥ ❞❡ ❧✬♦❜❥❡t✱ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t
❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❧❛ sé❞✐♠❡♥t❛t✐♦♥✳ ❙✉r ❧❡ ❞♦♠❛✐♥❡ s♣❡❝tr❛❧ ❚✱ ❧❛ ❝❤✉t❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡
s❡ ♠❛♥✐❢❡st❡ ♣❛r ❧❡ r❡♥❢♦r❝❡♠❡♥t ❞❡s ❜❛♥❞❡s ❞✉ ♠ét❤❛♥❡ ❡t ❞❡ ❧✬❡❛✉ ✭✈♦✐r ✜❣✉r❡ ✺✳✷ ✮ ❡t ❧❛
❞✐s♣❛r✐t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞❡s r❛✐❡s ❞✬❤②❞r✉r❡s ♠ét❛❧❧✐q✉❡s ❡t ❞❡s ♠ét❛✉① ❛❧❝❛❧✐♥s✳ ▲❛ ❜❛✐ss❡
❞❡ t❡♠♣ér❛t✉r❡ ❡t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❍2 ❡t ❈❍4 q✉✐ s✬❡♥s✉✐✈❡♥t ♦♥t ❧❡s
s✐❣♥❛t✉r❡s s♣❡❝tr❛❧❡s s✉✐✈❛♥t❡s ❡♥ ♣r♦❝❤❡ ✐♥❢r❛r♦✉❣❡ ✿
✕ ▲❡ s♣❡❝tr❡ ◆■❘ s✉❜✐t ✉♥ ❜❧❡✉✐ss❡♠❡♥t ❣é♥ér❛❧
✕ ▲❡s ♣✐❝s ❞❡ ✢✉① ❡♥ ❜❛♥❞❡ J ❡t H ❞❡✈✐❡♥♥❡♥t ♣❧✉s étr♦✐ts✳
✕ ▲❛ ❤❛✉t❡✉r ❞✉ ♣✐❝ ❡♥ ❜❛♥❞❡ ❑ ❞✐♠✐♥✉❡✳
❈♦♠♠❡ ♥♦✉s ❧❡ ✈❡rr♦♥s ♣❧✉s ❧♦✐♥✱ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ ✢✉① ❡♥ ❜❛♥❞❡ K ❡st ✉♥ ❡✛❡t ❞❡

♣r❡ss✐♦♥✱ q✉✐ ♣❡✉t êtr❡ ❞✉❡ à ✉♥❡ ❣r❛✈✐té é❧❡✈é❡ ♦✉ ♣r♦✈♦q✉é ✐♥❞✐r❡❝t❡♠❡♥t ♣❛r ❧❛ ❜❛✐ss❡ ❞❡
t❡♠♣ér❛t✉r❡ ✿ à ❜❛ss❡ t❡♠♣ér❛t✉r❡ ❧❡ ✢✉① é♠❡r❣❡ ❞❡ ③♦♥❡s ♣❧✉s ♣r♦❢♦♥❞❡s ❞❡ ❧✬❛str❡✱ ❞♦♥❝

✾✼



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

à ♣❧✉s ❢♦rt❡ ♣r❡ss✐♦♥✳

▲❡s ❞✐✣❝✉❧tés s✉r✈✐❡♥♥❡♥t q✉❛♥❞ ✐❧ s✬❛❣✐t ❞❡ q✉❛♥t✐✜❡r ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ t❡♠♣ér❛t✉r❡ ❡♥tr❡
❞❡✉① ♦❜❥❡ts✱ ♦✉ ❞✬❛✛❡❝t❡r ✉♥❡ t❡♠♣ér❛t✉r❡ ❛❜s♦❧✉❡ à ✉♥ ♦❜❥❡t✳ ❈❡tt❡ ❛♥❛❧②s❡ ❢❛✐t ❛♣♣❡❧ à ❞❡s
♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡✳ ▲❛ ✜❣✉r❡ ✺✳✶ ✐❧❧✉str❡ tr♦✐s ♠♦❞è❧❡s ❞❡ s♣❡❝tr❡s à ❞❡s t❡♠♣ér❛t✉r❡s
❞✐✛ér❡♥t❡s✳ ▼ê♠❡ s✐ ❧❡s s♣❡❝tr❡s s②♥t❤ét✐q✉❡s r❡♣r♦❞✉✐s❡♥t ❜✐❡♥ ❧✬❛❧❧✉r❡ ❣é♥ér❛❧❡ ❞✉ s♣❡❝tr❡✱
❞❡ ♣❡t✐t❡s ✐♠♣❡r❢❡❝t✐♦♥s s✉❜s✐st❡♥t✱ ❡t ♥❡ ♣❡✉✈❡♥t ♣❛s êtr❡ ❝♦♠♣❧èt❡♠❡♥t rés♦❧✉❡s ❡♥ ❛❣✐ss❛♥t
s✉r ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s✱ ❝♦♠♠❡ ❧❛ ♠ét❛❧❧✐❝✐té ♦✉ ❧❛ ❣r❛✈✐té✳ ❈❡s ❧✐♠✐t❛t✐♦♥s ❞❡s ♠♦❞è❧❡s
♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❡❧❧❡ ♠ê♠❡ ✭♣❛r ❡①❡♠♣❧❡ ❧✬❛❜s❡♥❝❡ ❞❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❡s ❡✛❡ts ❞❡ ❝❤✐♠✐❡ ❤♦rs✲éq✉✐❧✐❜r❡✮✱ ♦✉ ❜✐❡♥ ❞❡ ❧✬✐♥❝♦♠♣❧ét✉❞❡ ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s
q✉✬✐❧s ✉t✐❧✐s❡♥t✱ ♥♦t❛♠♠❡♥t s✉r ❧❛ ♣♦s✐t✐♦♥ ❡t ❧✬✐♥t❡♥s✐té ♣ré❝✐s❡s ❞❡s r❛✐❡s✳

❉❛♥s ❧❛ ✜❣✉r❡ ✺✳✶ ❛✉❝✉♥ ❞❡s tr♦✐s ♠♦❞è❧❡s✱ à ❞✐✛ér❡♥t❡s t❡♠♣ér❛t✉r❡s✱ ♥✬❛♣♣❛r❛✐t ❢r❛♥❝❤❡✲
♠❡♥t ♣❧✉s ♣r♦❝❤❡ ❞✉ s♣❡❝tr❡ ♦❜s❡r✈é✳ ▲✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ t❡♠♣ér❛t✉r❡ ♦❜t❡♥✉❡ ♣❛r ❝❡tt❡
❝♦♠♣❛r❛✐s♦♥ ❞✐r❡❝t❡ ❛✈❡❝ ❧❡s ♠♦❞è❧❡s ❡st ❞♦♥❝ ❞❡ ♣❧✉s ❞❡ ✶✵✵❑✳ ▲❡ ♣❛♥♥❡❛✉ ✐♥❢ér✐❡✉r ❞❡
❧❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ s♣❡❝tr❡ ◆■❘ s✉r ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ♣❧❛❣❡ ❞❡ t❡♠♣ér❛t✉r❡
❡t ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♣r✐♥❝✐♣❛❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❞✉ s♣❡❝tr❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉
✢✉① ❡♥ H ❡t ❡♥ K✳

▲❡❣❣❡tt ❡t ❛❧✳ ✭✷✵✵✼✮ ♦♥t ♠♦♥tré q✉❡ ❞❡s ❞♦♥♥é❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ♦✉ ♣❤♦t♦♠étr✐q✉❡s
❞❛♥s ❧✬✐♥❢r❛✲r♦✉❣❡ ♠♦②❡♥ ✲▼■❘✲✱ ♦ù ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✬é♥❡r❣✐❡ ❞❡s ♥❛✐♥❡s ❚ ♣❡r♠❡t
✉♥❡ ❜✐❡♥ ♠❡✐❧❧❡✉r❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❡✉r t❡♠♣ér❛t✉r❡✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❝❡s ❞♦♥♥é❡s ❡♥ ▼■❘ ♥❡
♣❡✉✈❡♥t êtr❡ ♦❜t❡♥✉❡s q✉✬❡♥ ✉t✐❧✐s❛♥t ❧❡ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❙♣✐t③❡r✱ ❝❡ q✉✐ ❧✐♠✐t❡ ❢♦rt❡♠❡♥t ❧❡
♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ♣♦ss✐❜❧❡s✳ ■❧ ❡st ❞♦♥❝ ✐♠♣♦rt❛♥t ❞✬❛✣♥❡r ❝❡tt❡ ❛♥❛❧②s❡ ♣❛r ❞✬❛✉tr❡s
♠♦②❡♥s✱ ♥♦t❛♠♠❡♥t ❛✈❡❝ ❧❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ❞é✜♥✐s ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳ ❈❡s ❞❡r♥✐❡rs
♣❡r♠❡tt❡♥t ❛✉ss✐ ❞❡ ❝♦♥tr❛✐♥❞r❡ ♣❧✉s ✜♥❡♠❡♥t ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s✳

●r❛✈✐té

▲❛ ❣r❛✈✐té ❛ ❞❡✉① ❡✛❡ts ♣r✐♥❝✐♣❛✉① s✉r ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ▲❡ ♣r❡♠✐❡r ❡st
❧✬é❧❛r❣✐ss❡♠❡♥t ♣❛r ♣r❡ss✐♦♥ ❞❡s r❛✐❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ♠ét❛✉① ❛❧❝❛❧✐♥s ❡t ❛❧❝❛❧✐♥♦✲t❡rr❡✉①
❧♦rs ❞❡s ❝♦❧❧✐s✐♦♥s✳ ▲❛ ❢♦r❝❡ é❧❡❝tr✐q✉❡ ❞❡s ♥✉❛❣❡s é❧❡❝tr♦♥✐q✉❡s ❞❡s ❛t♦♠❡s ❡♥ ❝♦❧❧✐s✐♦♥
♠♦❞✐✜❡ ❧❡s ♥✐✈❡❛✉① ❞✬é♥❡r❣✐❡ ❞❡s r❛✐❡s✳ ❈♦♠♠❡ ❝❡tt❡ ♠♦❞✐✜❝❛t✐♦♥ ❞é♣❡♥❞ ❞❡s ♣❛r❛♠ètr❡s
✈❛r✐❛❜❧❡s ❞❡ ❝❤❛q✉❡ ❝♦❧❧✐s✐♦♥✱ ❧✬❡✛❡t ♦❜s❡r✈é ♥✬❡st ♣❛s ✉♥ ❞é❝❛❧❛❣❡ ❞❡s r❛✐❡s✱ ♠❛✐s ♣❧✉tôt ✉♥
é❧❛r❣✐ss❡♠❡♥t✳ ❆✐♥s✐ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❧❡ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠ à ✵✳✼✼µ♠ é❧❛r❣✐ ♣❛r ♣r❡ss✐♦♥
❡st ♣r❡sq✉❡ ✐♥té❣r❛❧❡♠❡♥t r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❢♦r♠❡ ❞✉ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞❛♥s ❧❡
r♦✉❣❡ ❧♦✐♥t❛✐♥✳ ▲❛ r❛✐❡ é❧❛r❣✐❡ ❛❜s♦r❜❡ ❧❡ ✢✉① ❡♥ i′ ❡t ❡♥ z′✱ ♠❛✐s ❝♦♠♠❡ ❧❡ ❞♦✉❜❧❡t ❡st
❝❡♥tré s✉r ❧❛ ❜❛♥❞❡ i′✱ ❝❡❧❧❡✲❝✐ ❡st ♣❧✉s ❛✛❡❝té❡✳ ❈❡❝✐ ❡♥tr❛î♥❡ ✉♥ r♦✉❣✐ss❡♠❡♥t ❞❡ ❧❛ ❝♦✉❧❡✉r
i′ − z′✱ q✉✐ ❡st ❞♦♥❝ ✉♥ tr❛❝❡✉r ❞❡ ❣r❛✈✐té✳

▲❡ s❡❝♦♥❞ ❡✛❡t ❞❡ ❧❛ ❣r❛✈✐té s❡ ♠❛♥✐❢❡st❡ ❢♦rt❡♠❡♥t ❡♥ ❞❡ç❛ ❞❡ ✶✵✵✵✲✶✷✵✵❑✱ ♣❛r ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞✉ ✢✉① s✉r t♦✉t❡ ❧❛ ❜❛♥❞❡ K ✭❈❢ ♣❛♥♥❡❛✉ ❞✉ ♠✐❧✐❡✉ ❞❡ ❧❛ ✜❣✉r❡ ✺✳✸✮✳ ❈❡❧❛
❡st ♣r♦✈♦q✉é ♣❛r ❧✬❛❜s♦r♣t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❞✉ ❍2✱ ♦✉ ❈■❆ ✭❈♦❧❧✐s✐♦♥ ■♥❞✉❝❡❞
❆❜s♦r♣t✐♦♥✮✳ ❈♦♠♠❡ ❍2 ❡st ✉♥❡ ♠♦❧é❝✉❧❡ s②♠étr✐q✉❡✱ ❡❧❧❡ ♥✬❛ ♣❛s ❞❡ ♠♦♠❡♥ts ❞✐♣♦❧❛✐r❡s
s♣♦♥t❛♥és✱ ❡t ❞♦♥❝ ♣❛s ❞❡ tr❛♥s✐t✐♦♥s ❛ss♦❝✐é❡s✳ ▲❛ ♠♦❧é❝✉❧❡ ❞❡ ❞✐❤②❞r♦❣è♥❡ ❛❝q✉✐❡rt ♣❛r
❝♦♥tr❡ ✉♥ ♠♦♠❡♥t ❞✐♣♦❧❛✐r❡ t❡♠♣♦r❛✐r❡ ❧♦rsq✉❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❞é❢♦r♠❡♥t s♦♥ ♥✉❛❣❡ é❧❡❝✲
tr♦♥✐q✉❡✳ ▲❡ ❈■❆ ❡st ❛✐♥s✐ ✉♥❡ ❛❜s♦r♣t✐♦♥ ♣❛r ❞❡s tr❛♥s✐t✐♦♥s ❞✐♣♦❧❛✐r❡s ✐♥❞✉✐t❡s ♣❛r ❧❡s
❝♦❧❧✐s✐♦♥s✳ ❊❧❧❡ ♥✬❡st s✐❣♥✐✜❝❛t✐✈❡ q✉✬❡♥ ❞❡ç❛ ❞✬✉♥❡ ❝❡rt❛✐♥❡ t❡♠♣ér❛t✉r❡ ❛✉✲❞❡❧à ❞❡ ❧❛q✉❡❧❧❡
❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❍2❖ ❞♦♠✐♥❡ ❡t ❝❛❝❤❡ ❧✬❡✛❡t ❞✉ ❈■❆✳

✾✽



✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s

❋✐❣✳ ✺✳✶✿ ❉✬❛♣rès ❇✉r♥✐♥❣❤❛♠ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ▲❡ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ✉❧tr❛✲❢r♦✐❞❡ ❝♦♠✲
♣❛ré ❛✉① s♣❡❝tr❡s ♠♦❞é❧✐sés ♣❛r ❇❚✲s❡tt❧ ♣♦✉r tr♦✐s t❡♠♣ér❛t✉r❡s ❞✐✛ér❡♥t❡s✱ ♣♦✉r
✉♥❡ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ ❡t ✉♥❡ ❣r❛✈✐té ❞❡ ❧♦❣ ❣❂✹✳✺✳

✾✾



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❋✐❣✳ ✺✳✷✿ ❙éq✉❡♥❝❡ s♣❡❝tr❛❧❡ ❞❡ ✶✳✵µ♠ à ✷✳✺µ♠✱ ❞❡s ♥❛✐♥❡s ▲ t❛r❞✐✈❡s ❛✉① ♥❛✐♥❡s ❚ t❛r❞✐✈❡s✳
▲❡ ❞♦♠❛✐♥❡ ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡t ❧❛ ♥❛t✉r❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥
s♦♥t ♣ré❝✐sés✳ ❉✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✷✮

✶✵✵



✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s

❋✐❣✳ ✺✳✸✿ ❉✬❛♣rès ▲❡❣❣❡tt ❡t ❛❧✳ ✭✷✵✵✼✮✳ ▲❡s tr♦✐s ♣❛♥♥❡❛✉① r❡♣rés❡♥t❡♥t ❞❡s ♠♦❞è❧❡s ❞❡
♥❛✐♥❡s ❚ ❞❡ ▼❛r❧❡② ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❛✈❡❝ ✉♥ s❡✉❧ ♣❛r❛♠ètr❡ ✈❛r✐❛❜❧❡✳ ❙✉r ❧❡ ♣❛♥♥❡❛✉
s✉♣ér✐❡✉r s❡✉❧❡ ❧❛ ♠ét❛❧❧✐❝✐té ✈❛r✐❡✱ s✉r ❧❡ ♣❛♥♥❡❛✉ ❞✉ ♠✐❧✐❡✉ ❧❛ ❣r❛✈✐té ❡t s✉r ❝❡❧✉✐
❞✉ ❜❛s✱ ❧❛ t❡♠♣ér❛t✉r❡✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ s♦♥t ✐♥❞✐q✉é❡s✳

✶✵✶



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

▼ét❛❧❧✐❝✐té

▲❛ ♠ét❛❧❧✐❝✐té ✐♥✢✉❡ ❞♦✉❜❧❡♠❡♥t s✉r ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❚♦✉t ❞✬❛❜♦r❞ ❧❛ str✉❝✲
t✉r❡ ✐♥t❡r♥❡ ❞❡ ❝❡s ♦❜❥❡ts ❡♥ ❞é♣❡♥❞✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❛ ♠❛ss❡ ❧✐♠✐t❡ ❞❡ ❢✉s✐♦♥ ❞❡
❧✬❤②❞r♦❣è♥❡ q✉✐ ❡st ♣❧✉s é❧❡✈é❡ ♣♦✉r ❞❡s ♦❜❥❡ts s♦✉s✲♠ét❛❧❧✐q✉❡s✳ P❛r ❛✐❧❧❡✉rs✱ ❧❛ ♠ét❛❧❧✐❝✐té
✐♥✢✉❡ ❞✐r❡❝t❡♠❡♥t s✉r ❧❛ q✉❛♥t✐té ❞❡ ♠ét❛✉① ❞❛♥s ❧❛ ♣❤♦t♦s♣❤èr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳ ❈❡❧❛
❛✛❡❝t❡ à ❧❛ ❢♦✐s ❧❡s r❛✐❡s ❛t♦♠✐q✉❡s ❞❡ ❝❡s é❧é♠❡♥ts✱ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ♠♦❧é❝✉❧❡s ❡t ❞❡s
♣♦✉ss✐èr❡s✳
❘é❞✉✐r❡ ❧❛ ♠ét❛❧❧✐❝✐té ❛ ✉♥ ❡✛❡t s✉r ❧❛ ❝❤✐♠✐❡ ❞❡ ❈✱ ◆ ❡t ❖ q✉❛❧✐t❛t✐✈❡♠❡♥t s✐♠✐❧❛✐r❡ à

✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té ✿ ❧❛ q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡s ❡t ❞✬❍2❖ ré❞✉✐t✱ ❝❡ q✉✐ ❡♥tr❛î♥❡
✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧✬é♣❛✐ss❡✉r ♦♣t✐q✉❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ▲❛ ♣❤♦t♦s♣❤èr❡ ❞❡s❝❡♥❞ ❞♦♥❝
❞❛♥s ❞❡s ❝♦✉❝❤❡s ♣❧✉s ♣r♦❢♦♥❞❡s✱ s♦✉♠✐s❡s à ✉♥❡ ❣r❛✈✐té ♣❧✉s é❧❡✈é❡✳ ■❧ ❡st ❛❧♦rs ❞✐✣❝✐❧❡ ❞❡
❞✐st✐♥❣✉❡r ❧❡s ❡✛❡ts ❞❡ ♠ét❛❧❧✐❝✐té ❞❡ ❝❡✉① ❞❡ ❧❛ ❣r❛✈✐té à ♣❛rt✐r ❞❡s ❜❛♥❞❡s ❞❡ ❈❍4✱ ❍2❖
♦✉ ◆❍3✳ ❉❡ ♠ê♠❡✱ ❧❛ ♣r❡ss✐♦♥ ♣❧✉s é❧❡✈é❡ ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ ❞✬✉♥ ♦❜❥❡t s♦✉s✲♠ét❛❧❧✐q✉❡
❛✉❣♠❡♥t❡ ❧✬❛❜s♦r♣t✐♦♥ ✐♥❞✉✐t❡ ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❞✉ ❍2✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❛❜♦♥❞❛♥❝❡s ❞❡s
♠♦❧é❝✉❧❡s ❝♦♠♣♦sé❡s ❞❡ ❞❡✉① é❧❡♠❡♥ts ❧♦✉r❞s ✭❝♦♠♠❡ ❈❖✮ ❞✐♠✐♥✉❡♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ✈✐t❡
q✉❡ ❝❡❧❧❡s ❝♦♠♣♦sé❡s ❞✬✉♥ s❡✉❧✱ ❝♦♠♠❡ ❋❡❍✱ ❍2❖ ♦✉ ❈❍4✳ ▲❡✉rs ❛❜♦♥❞❛♥❝❡s r❡❧❛t✐✈❡s s♦♥t
❞♦♥❝ ❞❡s tr❛❝❡✉rs ❞❡ ♠ét❛❧❧✐❝✐té ✐♥tér❡ss❛♥ts✳ ▲❡s r❛✐❡s ❞❡s ♠ét❛✉①✱ ♥♦t❛♠♠❡♥t ❧❡ ❞♦✉❜❧❡t
❞✉ ♣♦t❛ss✐✉♠ à ✶✳✷✺µ♠ s✬❛tté♥✉❡♥t ❛✉ss✐ ❧♦rsq✉❡ ❧❛ ♠ét❛❧❧✐❝✐té ❞é❝r♦ît ❡t ♣❡✉✈❡♥t ❛✉ss✐
❝♦♥st✐t✉❡r ❞❡s ✐♥❞✐❝❛t❡✉rs ✐♥tér❡ss❛♥ts ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té ❞❡s ♥❛✐♥❡s ❚✳ ❯♥ ❛✉tr❡ tr❛❝❡✉r ❡st
❧✬❛✛❛✐❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❧❡s ❛✐❧❡s é❧❛r❣✐❡s ♣❛r ❧❛ ♣r❡ss✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠
à ✵✳✼✼µ♠ q✉✐ ❧✐❜èr❡ ❞✉ ✢✉① ❞❛♥s ❧❡ ❜❧❡✉ ❞❡ ❧❛ ❜❛♥❞❡ Y ✳ ▲❡ ❞é❝❛❧❛❣❡ rés✉❧t❛♥t ✈❡rs ❧❡ ❜❧❡✉
❞✉ ♣✐❝ ❞❡ ❧❛ ❜❛♥❞❡ Y ❝♦♥st✐t✉❡ ♣❡✉t êtr❡ ❧✬✉♥ ❞❡s ✐♥❞✐❝❡s ❞❡ s♦✉s✲♠ét❛❧❧✐❝✐té ❧❡s ♣❧✉s ❢♦rts
✭▲❡❣❣❡tt ❡t ❛❧✳ ✷✵✵✼❀ ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✻❛✮✳
▲❡ ♣❛♥♥❡❛✉ s✉♣ér✐❡✉r ❞❡ ❧❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ ❞❡s s♣❡❝tr❡s ♠♦❞é❧✐sés ♣♦✉r ❞❡s ♠ét❛❧❧✐❝✐tés

✈❛r✐❛❜❧❡s ❡t rés✉♠❡ ❧❡s ❡✛❡ts ❞✬✉♥❡ ❜❛✐ss❡ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té t❡❧s q✉❡ ♣ré✈✉s ♣❛r ❧❡s ♠♦❞è❧❡s
s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✬é♥❡r❣✐❡ ❞❡s ♥❛✐♥❡s ❚ ✿
✕ ▲❡ ♣✐❝ ❡♥ ❜❛♥❞❡ Y ❡st ❞é❝❛❧é ✈❡rs ❧❡ ❜❧❡✉✳
✕ ▲❡ ♣✐❝ ❡♥ ❜❛♥❞❡ J ❡st ❞é❝❛❧é ✈❡rs ❧❡ r♦✉❣❡✳
✕ ▲❡ ✢✉① ❡♥ ❜❛♥❞❡ K ❡st ❛tté♥✉é✳
■❧ ❢❛✉t t♦✉t❡❢♦✐s s♦✉❧✐❣♥❡r q✉✬❛✉❝✉♥❡ ♥❛✐♥❡ ❚ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t s♦✉s✭♦✉ s✉r✮✲♠ét❛❧❧✐q✉❡

♥✬❛✈❛✐t ❡♥❝♦r❡ été ✐❞❡♥t✐✜é❡ ❛✈❛♥t ❝❡❧❧❡ ❞♦♥t ❥❡ ❞✐s❝✉t❡ à ❧❛ ✜♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❡t q✉❡ ❧❡s
♣ré❞✐❝t✐♦♥s ❞❡ ❝❡s ♠♦❞è❧❡s à ♠ét❛❧❧✐❝✐té ✈❛r✐❛❜❧❡ ♥❡ s♦♥t ❞♦♥❝ ♣❛s ❝♦♥tr❛✐♥t❡s ♣♦✉r ❧❡s
♥❛✐♥❡s ❚✳ P❛r ❛✐❧❧❡✉rs ❛✉❝✉♥ ❞❡s ♠♦❞è❧❡s ❞❡ ❧❛ ✜❣✉r❡ ✺✳✹ ♥❡ r❡♥❞ ❝♦♠♣t❡ ❞❡ ❧❛ ❢♦r♠❡ ❞✉
♣✐❝ ❡♥ ❜❛♥❞❡ Y ❞✉ s♣❡❝tr❡ ♦❜s❡r✈é à ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡✳ ❈❡ ❞é❝❛❧❛❣❡ ❛ ❞é❥à été ❞✐s❝✉té ♣❛r
❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❛✮ ✿ ❧❡s ♠♦❞è❧❡s ♦♥t ❞❡s ❞✐✣❝✉❧tés à r❡♥❞r❡ ❝♦♠♣t❡ q✉❛♥t✐t❛t✐✈❡♠❡♥t
❞❡ ❝❡s ✈❛r✐❛t✐♦♥s ❞❡ ❧❛ ❜❛♥❞❡ Y ✳ ▲❡s ♠♦❞è❧❡s ♦♥t ❞♦♥❝ ❜❡s♦✐♥ ❞❡ ♥♦✉✈❡❧❧❡s ♦❜s❡r✈❛t✐♦♥s✱ à
♣❧✉s ❢❛✐❜❧❡ ♠ét❛❧❧✐❝✐té✱ ♣♦✉r êtr❡ ♠✐❡✉① ❝♦♥tr❛✐♥ts✳

✺✳✶✳✷ ▲❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉①

▲❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ♠♦❧é❝✉❧❛✐r❡s q✉✐ ❞♦♠✐♥❡♥t ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❚ s♦♥t ❧❡s ♣r✐♥✲
❝✐♣❛❧❡s s♦♥❞❡s ❞❡ ❧❡✉rs ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s✳ ❈♦♠♠❡ ❡❧❧❡s ❛✛❡❝t❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s
❞♦♠❛✐♥❡s ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ré❞✉✐ts ❡t r❡❧❛t✐✈❡♠❡♥t ❜✐❡♥ ❞é✜♥✐s ✭❝❢ ✜❣✉r❡ ✶✳✹✮✱ ✐❧ ❡st ♣♦s✲
s✐❜❧❡ ❞❡ ❞ét❡r♠✐♥❡r ❞❡s ✐♥t❡r✈❛❧❧❡s s♣❡❝tr❛✉① s✉r ❧❡sq✉❡❧s ❧❡✉r s✐❣♥❛t✉r❡ ❡st ♠❛①✐♠❛❧❡✳ ❊♥
❝♦♠♣❛r❛♥t ❧❡ ✢✉① s✉r ✉♥ ❞♦♠❛✐♥❡ ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ♦ù ❧✬❛❜s♦r♣t✐♦♥ ❞✬✉♥❡ ♠♦❧é❝✉❧❡ ❡st
♠❛①✐♠❛❧❡ ❡t ❧❡ ✢✉① s✉r ✉♥ ✐♥t❡r✈❛❧❧❡ ♣r♦❝❤❡✱ ❞❡ ♠ê♠❡ ❧❛r❣❡✉r✱ s✉r ❧❡q✉❡❧ ❝❡tt❡ ♠♦❧é❝✉❧❡
♥❡ ♣r♦❞✉✐t ♣❛s ❞✬❛❜s♦r♣t✐♦♥✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ ♠❡s✉r❡ ❛✉t♦✲❝❛❧✐❜ré❡ ❞❡ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ❜❛♥❞❡

✶✵✷



✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s

❋✐❣✳ ✺✳✹✿ ❉✬❛♣rès ❇✉r♥✐♥❣❤❛♠ ❡t ❛❧✳ ✭✷✵✵✽✮ ▲❡ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ✉❧tr❛✲❢r♦✐❞❡ ❝♦♠✲
♣❛ré ❛✉① s♣❡❝tr❡s ♠♦❞é❧✐sés ♣❛r ❇❚✲s❡tt❧ ♣♦✉r tr♦✐s ♠ét❛❧❧✐❝✐tés ❞✐✛ér❡♥t❡s✱ ♣♦✉r
✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ ✻✵✵❑ ❡t ✉♥❡ ❣r❛✈✐té t❡❧❧❡ q✉❡ ❧♦❣ ❣❂✺✳✵✳

✶✵✸



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

■♥❞✐❝❡ ▲♦♥❣✉❡✉r ❞✬♦♥❞❡ ▲♦♥❣✉❡✉r ❞✬♦♥❞❡ ❆❜s♦r♣t✐♦♥ P❛r❛♠ètr❡
s♣❡❝tr❛❧ ❞✉ ♥✉♠ér❛t❡✉r ❞✉ ❞é♥♦♠✐♥❛t❡✉r ❝✐❜❧é❡ ♣❤②s✐q✉❡

µ♠
❍2❖✲J 1 ✶✳✶✹✲✶✳✶✻✺ ✶✳✷✻✲✶✳✷✽✺ ❍2❖ à ✶✳✶✺µ♠ ❚❡♠♣ér❛t✉r❡
❈❍4✲J 1 ✶✳✸✶✺✲✶✳✸✹ ✶✳✷✻✲✶✳✷✽✺ ❈❍4 à ✶✳✸✷µ♠ ❚❡♠♣ér❛t✉r❡
❍2❖✲H 1 ✶✳✹✽✲✶✳✺✷ ✶✳✺✻✲✶✳✻✵ ❍2❖ à ✶✳✹µ♠ ❚❡♠♣ér❛t✉r❡
❈❍4✲H 1 ✶✳✻✸✺✲✶✳✻✼✺ ✶✳✺✻✲✶✳✻✵ ❈❍4 à ✶✳✻✺µ♠ ❚❡♠♣ér❛t✉r❡
❍2❖✲K 1 ✶✳✾✼✺✺✲✶✳✾✾✺ ✷✳✵✽✲✷✳✶✵ ❍2 à ✶✳✾µ♠ ❚❡♠♣ér❛t✉r❡
❈❍4✲K 1 ✷✳✷✶✺✲✷✳✷✺✺ ✷✳✵✽✲✷✳✶✷ ❈❍4 à ✷✳✷µ♠ ❚❡♠♣ér❛t✉r❡
K/J 1 ✷✳✵✻✲✷✳✶✵ ✶✳✷✺✲✶✳✷✾ ❈■❆ ♣❛r ❍2 ❡♥ ❜❛♥❞❡ K ●r❛✈✐té
❲J

2 ✶✳✶✽✲✶✳✷✸ ✶✳✷✻✲✶✳✷✽✺ ❈❍4 ❡t ❍2❖ ❚❡♠♣ér❛t✉r❡
◆❍3✲H 3 ✶✳✺✸✲✶✳✺✻ ✶✳✺✼✲✶✳✻✵ ◆❍3✱ à ✶✳✺✺µ♠ à ❝♦♥✜r♠❡r ❚❡♠♣ér❛t✉r❡

❚❛❜✳ ✺✳✶✿ ❉é✜♥✐t✐♦♥ ❞❡s ♣❧❛❣❡s ❞❡ ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❝♦✉✈❡rt❡s ♣❛r ❧❡s ❞✐✛ér❡♥ts ✐♥❞✐❝❡s
s♣❡❝tr❛✉①✳
1 ❉✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❜✮
2 ❉✬❛♣rès ❲❛rr❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮
3 ❉✬❛♣rès ❉❡❧♦r♠❡ ❡t ❛❧✳ ✭✷✵✵✽❛✮

❞✬❛❜s♦r♣t✐♦♥ ❝♦♥s✐❞éré❡✳ ▲❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉①✱ ❡♥ ❣é♥ér❛❧✱ ♠❡s✉r❡♥t ❛✐♥s✐ ✉♥ r❛♣♣♦rt ❞❡
✢✉① ❡♥tr❡ ✉♥❡ ③♦♥❡ ❞✬❛❜s♦r♣t✐♦♥ ♠❛①✐♠❛❧❡ ❡t ✉♥❡ ③♦♥❡ s❛♥s ❛❜s♦r♣t✐♦♥✳

❉é✜♥✐t✐♦♥ ❞❡s ✐♥❞✐❝❡s

▲❛ ❞é✜♥✐t✐♦♥ ❞❡s ❜♦r♥❡s ❞✬✐♥té❣r❛t✐♦♥ ❡♥ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞✉ ♥✉♠ér❛t❡✉r ❡t ❞✉ ❞é♥♦♠✲
✐♥❛t❡✉r ❞✬✉♥ ✐♥❞✐❝❡ s♣❡❝tr❛❧ ❡st ❝❤♦✐s✐❡ ♣♦✉r ♦♣t✐♠✐s❡r ❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t✳ ❖♥ sé❧❡❝t✐♦♥♥❡
❛✐♥s✐ ♣♦✉r ❧❡ ❞é♥♦♠✐♥❛t❡✉r ✉♥ ✐♥t❡r✈❛❧❧❡ ♦ù ❧❛ ♠♦❧é❝✉❧❡ ❝✐❜❧é❡ ❡st ❧❛ s❡✉❧❡ à ♣r♦❞✉✐r❡ ✉♥❡
❛❜s♦r♣t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡✳ P♦✉r ❧❡ ❞é♥♦♠✐♥❛t❡✉r✱ ❧✬✐♥t❡r✈❛❧❧❡ ❡st ❞é✜♥✐ ♣♦✉r ❝♦✉✈r✐r ✉♥❡ ③♦♥❡
❛✉t❛♥t q✉❡ ♣♦ss✐❜❧❡ ❧✐❜r❡ ❞❡ t♦✉t❡ ❛❜s♦r♣t✐♦♥✳ ▲✬✐❞é❛❧ ❞✬✉♥ ✐♥❞✐❝❡ ❝✐❜❧❛♥t s♣é❝✐✜q✉❡♠❡♥t ✉♥❡
♠♦❧é❝✉❧❡ ♥❡ ♣❡✉t ♣❛s êtr❡ ❛tt❡✐♥t ❞❛♥s ❧❡ s♣❡❝tr❡ ❡♥❝♦♠❜ré ❞❡s ♥❛✐♥❡s ❚ ✿ ❧❡s r❛✐❡s ❞✬❛❜✲
s♦r♣t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s ❞✐✛ér❡♥t❡s s❡ r❡❝♦✉✈r❡♥t✳ ❈❤❛q✉❡ ✐♥❞✐❝❡ ❛ ❝❡♣❡♥❞❛♥t ♣♦✉r ♦❜❥❡❝t✐❢
❞✬❡①♣❧♦r❡r ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ✉♥❡ ♠♦❧é❝✉❧❡ ❞❛♥s ✉♥❡ ❜❛♥❞❡ ♣ré❝✐s❡✱ ❛✐♥s✐ q✉❡ ❧❡s ♣❛r❛♠ètr❡s
♣❤②s✐q✉❡s ❡t ❝❤✐♠✐q✉❡s ❛ss♦❝✐és✳ ▲❛ t❛❜❧❡ ✺✳✶ ré❝❛♣✐t✉❧❡ ❧❡s ❞✐✛ér❡♥ts ✐♥❞✐❝❡s s♣❡❝tr❛✉① ✉t✐❧✲
✐sés ❞❛♥s ❧✬ét✉❞❡ ❞❡s ♥❛✐♥❡s ❚✱ ❧❛ ♣r✐♥❝✐♣❛❧❡ ♠♦❧é❝✉❧❡ ❛❜s♦r❜❛♥t❡ ❡t ❧❡ ♣❛r❛♠ètr❡ ♣❤②s✐q✉❡
❛✉q✉❡❧ ❧✬✐♥❞✐❝❡ ❡st ❧❡ ♣❧✉s s❡♥s✐❜❧❡✳
▲❛ ✈❛❧❡✉r ❞❡ ❝❡s ✐♥❞✐❝❡s ❡①tr❛✐ts ❞✉ s♣❡❝tr❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜r✉♥❡ ♣❡r♠❡t ❞❡ ✜①❡r s♦♥ t②♣❡

s♣❡❝tr❛❧ ❛✈❡❝ ✉♥❡ ❛ss❡③ ❜♦♥♥❡ ♣ré❝✐s✐♦♥✱ t②♣✐q✉❡♠❡♥t ❞❡ ±0.5✱ ❧♦rsq✉❡ ❧❡ s♣❡❝tr❡ ❛ ✉♥ ❜♦♥
r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t✳ ▲❛ ✜❣✉r❡ ✺✳✺ ✐❧❧✉str❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡ t②♣❡ s♣❡❝tr❛❧ ❡t ❧❛ ✈❛❧❡✉r
❞❡ ♣❧✉s✐❡✉rs ❞❡ ❝❡s ✐♥❞✐❝❡s✳ ▼ê♠❡ s✐ ❧❛ ♣❧✉♣❛rt ❞✬❡♥tr❡ ❡✉① ❡st s❡♥s✐❜❧❡ à ❧❛ t❡♠♣ér❛t✉r❡✱
❧❡✉r ❞♦♠❛✐♥❡ ❞❡ s❡♥s✐❜✐❧✐té ❡t ❧❡✉r ré♣♦♥s❡ à ✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ♥✬❡st ♣❛s ❧❛
♠ê♠❡✳ P❧✉s✐❡✉rs ❞❡ ❝❡s ✐♥❞✐❝❡s s❛t✉r❡♥t ❞❛♥s ❝❡rt❛✐♥s ❞♦♠❛✐♥❡s ❞❡ t❡♠♣ér❛t✉r❡✱ t❛♥❞✐s q✉❡
❞✬❛✉tr❡s s♦♥t ❞é❣é♥érés ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ s♣❡❝tr❛❧✳ ❆✐♥s✐ ❈❍4✲K ❡t ❈❍4✲J ❣❛r❞❡♥t ❧❛
♠ê♠❡ ✈❛❧❡✉r ❡♥tr❡ ❚✵ ❡t ❚✷✱ ❡t t♦✉s ❧❡s ✐♥❞✐❝❡s s❛t✉r❡♥t ♣♦✉r ❞❡s t②♣❡s s♣❡❝tr❛✉① ♣❧✉s
t❛r❞✐❢s q✉❡ ❚✽✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❲J ❡t K/J ✭❲❛rr❡♥ ❡t ❛❧✳ ✷✵✵✼❀ ❉❡❧♦r♠❡ ❡t ❛❧✳ ✷✵✵✽❛✮✳ ▲❛
❣❛♠♠❡ ❞✬✐♥❞✐❝❡s ✉t✐❧✐s❛❜❧❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❧❡s ♣❧✉s ❢r♦✐❞❡s ❝♦♥♥✉❡s ❡st ❞♦♥❝✱
♣♦✉r ❧❡ ♠♦♠❡♥t✱ ré❞✉✐t❡✳ ❈❡❧❛ ♥♦✉s ❛ ❛♠❡♥é à ❞é✜♥✐r ✉♥ ♥♦✉✈❡❧ ✐♥❞✐❝❡ q✉✐ ♥❡ s❛t✉r❡ ♣❛s
♣♦✉r ❧❡s ♦❜❥❡ts ❧❡s ♣❧✉s ❢r♦✐❞s ❝♦♥♥✉s à ❝❡ ❥♦✉r✱ ◆❍3✲H ✭❉❡❧♦r♠❡ ❡t ❛❧✳ ✷✵✵✽❛✱ ♣rés❡♥té à
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✺✳✶ ▲❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s

❋✐❣✳ ✺✳✺✿ ❊✈♦❧✉t✐♦♥ ❞❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ❞é✜♥✐s ♣❛r ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❜✮ ❡♥ ❢♦♥❝t✐♦♥
❞✉ t②♣❡ s♣❡❝tr❛❧✳

❧❛ ✜♥ ❞❡ ❝❡ ❝❤❛♣✐tr❡✮✳ ❈❡t ✐♥❞✐❝❡ ♠❡s✉r❡ ✉♥❡ ❜❛♥❞❡ ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❛♠♠♦♥✐❛❝ q✉✐ s❡♠❜❧❡
❛♣♣❛r❛îtr❡ ❛✉t♦✉r ❞❡ ∼✻✺✵❑✳

❈♦♥tr❛✐♥❞r❡ ❧❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❛✈❡❝ ❧❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉①

◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧✬❛❜s♦r♣t✐♦♥ ❞❡ ❍2 ❡♥ ❜❛♥❞❡ K ✭❈■❆✮✱ ❛✐♥s✐ q✉❡ ❧❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥
❞✉ ♣♦t❛ss✐✉♠ ❡♥ ❜❛♥❞❡ J s♦♥t ♣❧✉s s❡♥s✐❜❧❡s à ❧❛ ❣r❛✈✐té ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡ q✉❡ ❧❡s ❜❛♥✲
❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ❈❍4 ❡t ❍2❖✳ ❈❡s ❞❡r♥✐èr❡s s❡ r❡♥❢♦r❝❡♥t ♣❛r ❝♦♥tr❡ ❝♦♥s✐❞ér❛❜❧❡♠❡♥t
q✉❛♥❞ ❧❛ t❡♠♣ér❛t✉r❡ ❞é❝r♦ît✳ ❊♥ ❝♦♠♣❛r❛♥t ❧✬✐♥t❡♥s✐té r❡❧❛t✐✈❡ ❞❡ ❝❡s ❛❜s♦r♣t✐♦♥s ✐❧ ❡st
t❤é♦r✐q✉❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ ❧❡✈❡r ❧❛ ❞é❣é♥ér❡s❝❡♥❝❡ ❡♥tr❡ ❣r❛✈✐té ❡t t❡♠♣ér❛t✉r❡ ❡t ❞❡ ❞ét❡r✲
♠✐♥❡r ❝❡s ♣❛r❛♠ètr❡s ❡♥ ✉t✐❧✐s❛♥t ❞❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡s ❢r♦✐❞❡s✳ ▲❛ ♠✐s❡ ❡♥ ♦❡✉✈r❡ ❞❡
❝❡tt❡ ♠ét❤♦❞❡ ❢❛✐t ❛♣♣❡❧ à ❞❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡ ❡t ❡st ❝♦♥tr❛r✐é❡ ♣❛r ❧✬✐♥❝♦♠♣❧ét✉❞❡
❞❡s ♦♣❛❝✐tés ♠♦❧é❝✉❧❛✐r❡s q✉✬✐❧s ✉t✐❧✐s❡♥t✳ ❈❡❧❛ ✐♥tr♦❞✉✐t ❡♥ ❡✛❡t ❞❡s ❡rr❡✉rs s②sté♠❛t✐q✉❡s
❞❛♥s ❧❡s ♠♦❞è❧❡s✳ P♦✉r ❧❡s ❝♦rr✐❣❡r ♦♥ ✉t✐❧✐s❡ ✉♥ ♦❜❥❡t ❞❡ ré❢ér❡♥❝❡ ré❡❧ ❞♦♥t ❧❛ t❡♠♣ér❛t✉r❡
❡st ❜✐❡♥ ❝♦♥tr❛✐♥t❡✱ ❡♥ ❣é♥ér❛❧ ❣râ❝❡ à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♣❤♦t♦♠étr✐❡ ❡♥ ✐♥❢r❛✲r♦✉❣❡ ♠♦②❡♥✳
❖♥ ✉t✐❧✐s❡ ❡♥s✉✐t❡ ❧❡s ♠♦❞è❧❡s ♣♦✉r ♠❡s✉r❡r ❞✐✛ér❡♥t✐❡❧❧❡♠❡♥t t❡♠♣ér❛t✉r❡ ❡t ❣r❛✈✐té ♣❛r
r❛♣♣♦rt à ❝❡tt❡ ré❢ér❡♥❝❡✳ ❈❡tt❡ ♠ét❤♦❞❡✱ ♠✐s❡ ❡♥ ♦❡✉✈r❡ ♣❛r ❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❛✮✱ ❡st
✜❛❜❧❡ q✉❛♥❞ ❧❛ t❡♠♣ér❛t✉r❡ ❡t ❧❛ ❣r❛✈✐té ❞❡s ♦❜❥❡ts ét✉❞✐és s♦♥t ♣r♦❝❤❡s ❞❡ ❝❡✉① ❞❡ ❧✬♦❜✲
❥❡t ❞❡ ré❢ér❡♥❝❡✱ ❝❡ q✉✐ ♣❡r♠❡t ✉♥❡ ❝♦rr❡❝t✐♦♥ ❝♦rr❡❝t❡ ❞❡s ❡rr❡✉rs s②sté♠❛t✐q✉❡s✳ ❈♦♠♠❡
❡①♣❧✐❝✐té ♣❛r ▲❡❣❣❡tt ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❝❡tt❡ ❛♥❛❧②s❡ s✉♣♣♦s❡ q✉❡ ❧❛ ♠ét❛❧❧✐❝✐té ❞❡s ♦❜❥❡ts ❡st
s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❧❛ ré❢ér❡♥❝❡✳ ❈❡tt❡ ♠ét❤♦❞❡ ♣❡r♠❡t ❝❡♣❡♥❞❛♥t ❞✬♦❜t❡♥✐r ❞❡ ❜♦♥♥❡s
♠❡s✉r❡s r❡❧❛t✐✈❡s ❞❡ ❧❛ ❣r❛✈✐té ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ♦❜s❡r✈é❡s✳
▲❛ ❞é♠❛r❝❤❡ ❣é♥ér❛❧❡ ♣❡r♠❡tt❛♥t ❞❡ r❡♠♦♥t❡r ❛✉① ♣❛r❛♠ètr❡s ✐♥tr✐♥sèq✉❡s ❞❡s ♥❛✐♥❡s
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✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❜r✉♥❡s ♦❜s❡r✈é❡s ❡st ❞♦♥❝ ❧❛ s✉✐✈❛♥t❡ ✿
✕ ❖♥ ♠❡s✉r❡ ❧❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① à ♣❛rt✐r ❞✉ s♣❡❝tr❡ ♦❜s❡r✈é✳ ❈❡❧❛ ♣❡r♠❡t ♥♦t❛♠♠❡♥t
❞✬❛ttr✐❜✉❡r ✉♥ t②♣❡ s♣❡❝tr❛❧ ♣ré❝✐s✳

✕ ❖♥ r❡♠♦♥t❡ ❞❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① à ❞❡s ❝♦♠❜✐♥❛✐s♦♥s ✭t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡✴❣r❛✈✐té✮
♣❤②s✐q✉❡♠❡♥t ❝♦❤ér❡♥t❡s à ♣❛rt✐r ❞❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡s r❡❝❛❧és s✉r ❞❡s ♦❜❥❡ts ❞❡
ré❢ér❡♥❝❡ ét✉❞✐és ❡♥ ❞ét❛✐❧✳

✕ ❖♥ ❞é✜♥✐t ✉♥❡ ♣❧❛❣❡✱ ❡♥ ❣é♥ér❛❧ ❛ss❡③ ❧❛r❣❡✱ ❞✬â❣❡s ❡t ❞❡ ♠❛ss❡s r❡♣r♦❞✉✐s❛♥t ❧❛ t❡♠✲
♣ér❛t✉r❡ ❡t ❧❛ ❣r❛✈✐té ❞ér✐✈é❡ ❞✉ s♣❡❝tr❡ ♣❛r ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s ♠♦❞è❧❡s ❞❡ str✉❝t✉r❡
st❡❧❧❛✐r❡✳

▲✬❡①tr❛❝t✐♦♥ ❞❡ ❝❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s à ♣❛rt✐r ❞❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ✉t✐❧✐s❡ ❧❡ ♣❧✉s
s♦✉✈❡♥t ❞❡✉① ✐♥❞✐❝❡s✱ ❧✬✉♥ ♣❧✉s s❡♥s✐❜❧❡ à ❧❛ t❡♠♣ér❛t✉r❡✱ ❧✬❛✉tr❡ ♣❧✉s s❡♥s✐❜❧❡ à ❧❛ ❣r❛✈✐té✳
❆ ♣❛rt✐r ❞❡s ♠♦❞è❧❡s ❞✬❛t♠♦s♣❤èr❡✱ ♦♥ ❝❛❧❝✉❧❡ ❝❡s ✐♥❞✐❝❡s ♣♦✉r ✉♥❡ ❣r✐❧❧❡ ❞❡ t❡♠♣ér❛✲
t✉r❡✴❣r❛✈✐té ❡t ♦♥ r❡❝❛❧❡ ❝❡tt❡ ❣r✐❧❧❡ s✉r ✉♥ ♦❜❥❡t ❞❡ ré❢ér❡♥❝❡ ❜✐❡♥ ❝♦♥♥✉ ✭✜❣✉r❡ ✺✳✻✮✳ ❊♥
♣♦s✐t✐♦♥♥❛♥t ❧❡s ♦❜❥❡ts ♦❜s❡r✈és s✉r ❝❡ ❣r❛♣❤❡✱ ♦♥ ♣❡✉t ❛❧♦rs ❧❡✉r ❛✛❡❝t❡r ✉♥❡ t❡♠♣ér❛t✉r❡
❡t ✉♥❡ ❣r❛✈✐té r❡❧❛t✐✈❡♠❡♥t ✜❛❜❧❡s✳

✺✳✷ ❖❜s❡r✈❛t✐♦♥s ❡t ré❞✉❝t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♦❜❥❡ts

❞é❝♦✉✈❡rts

✺✳✷✳✶ ❖❜s❡r✈❛t✐♦♥s

❈♦♥tr❛✐♥t❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❡t str❛té❣✐❡

❈♦♠♠❡ ❧❡s ❝❛♥❞✐❞❛ts ✐ss✉s ❞✉ ❈❋❇❉❙ s♦♥t ❞ét❡❝tés s✉r ❞❡s ✐♠❛❣❡s r❡❧❛t✐✈❡♠❡♥t ♣r♦✲
❢♦♥❞❡s✱ ✐❧s s♦♥t ❣é♥ér❛❧❡♠❡♥t ♣❡✉ ❜r✐❧❧❛♥ts ❡t ❧❡✉r s✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡♠❛♥❞❡ ❞❡s ♦❜✲
s❡r✈❛t✐♦♥s ❛ss❡③ ❧♦♥❣✉❡s ❛✈❡❝ ✉♥ té❧❡s❝♦♣❡ ❞❡ ✽ à ✶✵ ♠ètr❡s✳ ▲❡s ♠❛❣♥✐t✉❞❡s J, H, K
❞❡s ♥❛✐♥❡s ❚ ❞ét❡❝té❡s ♣❛r ❧❡ ❈❋❇❉❙ ✈❛r✐❡♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❡♥tr❡ ✶✼✳✺ ❡t ✶✽✳✺✳ ▲✬♦❜t❡♥✲
t✐♦♥ ❞✬✉♥ s♣❡❝tr❡ ❛✈❡❝ ✉♥ s✐❣♥❛❧ s✉r ❜r✉✐t ♣❡r♠❡tt❛♥t ❞❡ ❞ét❡r♠✐♥❡r ♣ré❝✐sé♠❡♥t ❧❡✉r t②♣❡
s♣❡❝tr❛❧ ❞❡♠❛♥❞❡ ❞❡s t❡♠♣s ❞❡ ♣♦s❡ ✈❛r✐❛♥t ❡♥tr❡ ✹✵ ♠✐♥✉t❡s ❡♥ ❜❛♥❞❡ J ❡t ✶✺✵ ♠✐♥✉t❡s
❡♥ ❜❛♥❞❡ K✳ ❯♥ ❜♦♥ s✐❣♥❛❧ s✉r ❜r✉✐t ❡st ♥♦♠✐♥❛❧❡♠❡♥t ❞❡ ✷✵ ❡♥ J ❡t H ❡t ❞❡ ✶✵ ❡♥
K✱ t❡❧ q✉❡ ❝❛❧❝✉❧é ❛✈❡❝ ❧❡s ❝❛❧❝✉❧❛t❡✉rs ❞❡ t❡♠♣s ❞❡ ♣♦s❡ ♠✐s à ❞✐s♣♦s✐t✐♦♥ ♣❛r ❧❡s ♦❜s❡r✲
✈❛t♦✐r❡s✱ ♣♦✉r ✉♥ ✢✉① ré♣❛rt✐ s✉r t♦✉t❡ ❧❛ ❜❛♥❞❡ ♣❛ss❛♥t❡ ❞✉ s♣❡❝tr❡ ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡
❤tt♣ ✿✴✴✇✇✇✳❡s♦✳♦r❣✴♦❜s❡r✈✐♥❣✴❡t❝✴✮✳ ■❧ ❢❛✉t s♦✉❧✐❣♥❡r q✉❡ ❧❡ ✢✉① ❞❡s ♥❛✐♥❡s ❚ ♥❡ s❡ ré♣❛r✲
t✐t ♣❛s é❣❛❧❡♠❡♥t s✉r t♦✉t ❧❡ s♣❡❝tr❡ ♠❛✐s s❡ ❝♦♥❝❡♥tr❡ s✉r ❞✬étr♦✐t❡s ❜❛♥❞❡s s✉r ❧❡sq✉❡❧❧❡s
❧❡ s✐❣♥❛❧ s✉r ❜r✉✐t ❡st ❞♦♥❝ ❜✐❡♥ ♠❡✐❧❧❡✉r q✉❡ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♣ré❞✐t❡ ♣❛r ❧❡s ❝❛❧❝✉❧❛t❡✉rs
❞❡ t❡♠♣s ❞❡ ♣♦s❡✳
▲❡s s♣❡❝tr❡s ♣rés❡♥tés ❝✐✲❛♣rès ♦♥t été ♦❜t❡♥✉s ❛✈❡❝ ●◆■❘❙ ✭●❡♠✐♥✐ ❙♦✉t❤✮✱ ◆■❘■ ✭●❡♠✲

✐♥✐ ◆♦rt❤✮ ❡t ■❙❆❆❈ ✭❱▲❚✮✳ ◆■❘■✱ ❧❡ s♣❡❝tr♦❣r❛♣❤❡ à ❢❡♥t❡ ❞❡ ●❡♠✐♥✐ ◆♦r❞ ❡t ■❙❆❆❈✱ ❝❡❧✉✐
❞✉ ❱▲❚ ♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s s✐♠✐❧❛✐r❡s✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ❞✐✛ér❡♥❝❡ ❡st q✉❡ ◆■❘■ ❞✐s♣♦s❡
❞✬✉♥ ❣r✐s♠❡ ✧❜❧❡✉✧ q✉✐ ✐♥❝❧✉t ❧❛ ❜❛♥❞❡ Y ❡♥ ♠ê♠❡ t❡♠♣s q✉❡ ❧❛ ❜❛♥❞❡ J ✳
●◆■❘❙✱ ❧❡ s♣❡❝tr♦❣r❛♣❤❡ à ❣r✐s♠❡ ❞❡ ●❡♠✐♥✐ ❙✉❞ ♣❡r♠❡tt❛✐t ♣❛r ❝♦♥tr❡ ❞✬♦❜t❡♥✐r ❡♥

✉♥❡ s❡✉❧❡ ♦❜s❡r✈❛t✐♦♥ ✉♥ s♣❡❝tr❡ ❝♦♠♣❧❡t ❞❡ ✵✳✾µ♠ à ✷✳✺µ♠✳ ❙❛ ♠✐s❡ ❤♦rs s❡r✈✐❝❡ s✉✐t❡ à
✉♥ ❛❝❝✐❞❡♥t ♥♦✉s ❛ ♣r✐✈é ❞❡ s❛ ❝♦✉✈❡rt✉r❡ ❣❧♦❜❛❧❡ ❞✉ s♣❡❝tr❡ ◆■❘ ❡t ♥♦✉s ❛ ♦❜❧✐❣é à ❞❡s
❝♦♠♣r♦♠✐s s✉r ❧❡s ❜❛♥❞❡s ♦❜s❡r✈é❡s ❛✈❡❝ ◆■❘■ ❡t ■❙❆❆❈✳
P♦✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❛✈❡❝ ❧❡ ❱▲❚✱ ❧❡ s♣❡❝tr❡ ❡♥ ❜❛♥❞❡ H ❞♦♥♥❡ ❝❧❛✐r❡♠❡♥t ❧❡ ♠❡✐❧❧❡✉r

r❛♣♣♦rt ❡♥tr❡ ❧❡ t❡♠♣s ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ❧❛ q✉❛❧✐té ❞❡s ✐♥❢♦r♠❛t✐♦♥s s♣❡❝tr❛❧❡s✳ ▲❛ ❜❛♥❞❡ H
❝♦♥t✐❡♥t ❞❡ ♣r♦❢♦♥❞❡s r❛✐❡s ❞✉ ❈❍4 ❡t ❞❡ ❧✬❡❛✉✱ ❡t ❧❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ❛ss♦❝✐és ♣❡r♠❡tt❡♥t

✶✵✻



✺✳✷ ❖❜s❡r✈❛t✐♦♥s ❡t ré❞✉❝t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts

❋✐❣✳ ✺✳✻✿ ●r❛♣❤❡s ❞❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ❑✴❏ ❡t ❲J ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ✉❧tr❛✲❢r♦✐❞❡s✳ ▲❛ ❣r✐❧❧❡
❡♥ t❡♠♣ér❛t✉r❡ ❡t ❣r❛✈✐té ❡st ✐ss✉❡ ❞✉ ♠♦❞è❧❡ ❇❚✲s❡tt❧ r❡❝❛❧é s✉r ❧❛ ♥❛✐♥❡ ❜r✉♥❡
❞❡ ré❢ér❡♥❝❡ ✷▼❆❙❙✵✹✶✺ ✭❚✽✮✳ ❉✬❛♣rès ❉❡❧♦r♠❡ ❡t ❛❧✳ ✭✷✵✵✽❛✮

✶✵✼



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❚❛❜✳ ✺✳✷✿ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s ♦❜s❡r✈❛t✐♦♥s s♣❡❝tr♦s❝♦♣✐q✉❡s q✉❡ ♥♦✉s ❛✈♦♥s ❞❡♠❛♥❞é❡s
❛✈❡❝ ■❙❆❆❈ s✉r ❧❡ ❱▲❚ ♣♦✉r ❞❡s ♠❛❣♥✐t✉❞❡s J, H ❡t K t②♣✐q✉❡s ❞❡ ♥♦s ❝❛♥❞✐✲
❞❛t❡s ❚ t❛r❞✐✈❡s✳ ▲❡ t❡♠♣s ❞❡ té❧❡s❝♦♣❡ t♦t❛❧ ❡st ❧❡ t❡♠♣s ré❡❧ ❞❡♠❛♥❞é✱ t❡♥❛♥t ❡♥
❝♦♠♣t❡ t♦✉s ❧❡s t❡♠♣s ♠♦rts ❞✉s ❛✉① ♠♦✉✈❡♠❡♥ts ❞✉ t❡❧❡s❝♦♣❡ ❡t à ❧✬❛❝q✉✐s✐t✐♦♥
❞❡ ❧❛ ❝✐❜❧❡ ✲♦✉ ✧♦✈❡r❤❡❛❞s✧✲ ♥é❝❡ss❛✐r❡s ♣♦✉r ♠❡♥❡r à ❜✐❡♥ ❧❡s ♦❜s❡r✈❛t✐♦♥s✳

❇❛♥❞❡ ▼❛❣♥✐t✉❞❡ ❚❡♠♣s ❞❡ ♣♦s❡ ❚❡♠♣s ❞❡ ♣♦s❡ ❚❡♠♣s ❞❡ té❧❡s❝♦♣❡
✐♥❞✐✈✐❞✉❡❧ ✭s✮ t♦t❛❧ ✭♠♥✮ t♦t❛❧ ✭♠♥✮

J ✶✽✳✵ ✶✾✵ ✹✵ ✺✼
H ✶✽✳✵ ✶✹✵ ✻✵ ✶✵✺
K ✶✽✳✺ ✶✸✵ ✶✺✵ ✷✷✵

✉♥❡ ❜♦♥♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ♥❛✐♥❡s ❚✳ P❛r ❛✐❧❧❡✉rs ♥♦✉s ❛✈♦♥s ♠♦♥tré ✭❉❡❧♦r♠❡ ❡t ❛❧✳
✷✵✵✽❛✮ q✉❡ ❧❡s ♣r❡♠✐èr❡s tr❛❝❡s ❞✬❛❜s♦r♣t✐♦♥ ♣❛r ❧❡ ◆❍3 ❞❛♥s ❧❡ s♣❡❝tr❡ ◆■❘ ❛♣♣❛r❛✐ss❡♥t
♣r♦❜❛❜❧❡♠❡♥t ❞❛♥s ❝❡tt❡ ❜❛♥❞❡✳ ▲✬♦❜t❡♥t✐♦♥ ❞✬✉♥ s♣❡❝tr❡ H ❛✈❡❝ ✉♥ ❜♦♥ s✐❣♥❛❧ s✉r ❜r✉✐t
❞❡♠❛♥❞❡ ❣é♥ér❛❧❡♠❡♥t ✉♥❡ ❤❡✉r❡ ❞❡ ♣♦s❡ ❛✈❡❝ ■❙❆❆❈ s✉r ❧❡ ❱▲❚✳ ▲❡s ♦❜s❡r✈❛t✐♦♥s ❛✈❡❝
◆■❘■ ❡♥ ❜❛♥❞❡ H ♦♥t ❧❡s ♠ê♠❡s ❛✈❛♥t❛❣❡s ❡t ❞❡♠❛♥❞❡♥t ❧❡ ♠ê♠❡ t❡♠♣s ❞❡ ♣❛✉s❡✱ ❝❡ q✉✐
❧❡s r❡♥❞ é❣❛❧❡♠❡♥t ✐♥tér❡ss❛♥t❡s✳ ▲❛ ♣♦ss✐❜✐❧✐té ❞✬♦❜t❡♥✐r ❧❡s s♣❡❝tr❡s Y ❡t J ❡♥ ♠ê♠❡ t❡♠♣s
❛✈❡❝ ◆■❘■ r❡❧❛t✐✈✐s❡ t♦✉t❡❢♦✐s ❧❡s ❛✈❛♥t❛❣❡s ❞✬♦❜s❡r✈❛t✐♦♥s ❡♥ ❜❛♥❞❡ H ✿ ❧❡s ❜❛♥❞❡s Y ❡t J
❝♦♠♣♦rt❡♥t ❞✬❡①❝❡❧❧❡♥ts tr❛❝❡✉rs ❞❡ ♠ét❛❧❧✐❝✐té✱ ❛❜s❡♥ts ❡♥ ❜❛♥❞❡ H✳
◆♦✉s ❛✈♦♥s ❞♦♥❝ ♦❜t❡♥✉ ❡♥ ♣r✐♦r✐té ❞❡s s♣❡❝tr❡s H ♣♦✉r ❧❡ ♣❧✉s ❣r❛♥❞ ♥♦♠❜r❡ ♣♦ss✐❜❧❡ ❞❡

♥❛✐♥❡s ❚ ❞é❝♦✉✈❡rt❡s ❛✈❡❝ ❧❡ ❈❋❇❉❙✳ ❈❡✉①✲❝✐ s♦♥t ♣rés❡♥tés ❞❛♥s ❧❛ s❡❝t✐♦♥ ✧❖❜s❡r✈❛t✐♦♥s
s♣❡❝tr♦s❝♦♣✐q✉❡s ❞❡ ✷✹ ♥♦✉✈❡❧❧❡s ♥❛✐♥❡s ❚✧✳ ◆♦✉s ♦❜t❡♥♦♥s ✐♠♠é❞✐❛t❡♠❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s
❝♦♠♣❧é♠❡♥t❛✐r❡s ❡♥ ❜❛♥❞❡s J ❡t K ♣♦✉r ❧❡s ❝❛♥❞✐❞❛ts ❧❡s ♣❧✉s ♣r♦♠❡tt❡✉rs ❞✬❛♣rès ❧❡✉rs
❝♦✉❧❡✉rs i′ − z′ ❡t z′ − J ✳ ❈❡tt❡ str❛té❣✐❡ ❛ ♣❡r♠✐s ❞❡ ❝❛r❛❝tér✐s❡r ✉♥ ♥♦♠❜r❡ s✐❣♥✐✜❝❛t✐❢ ❞❡
♥❛✐♥❡s ❚✱ ♠❛✐s ❛ ❧❡ ❞é❢❛✉t ❞❡ ❢♦✉r♥✐r ✉♥❡ ❝♦✉✈❡rt✉r❡ s♣❡❝tr❛❧❡ ♣❛rt✐❡❧❧❡ ♣♦✉r ♥♦♠❜r❡ ❞✬❡♥tr❡
❡❧❧❡s✳ ❙✐ ✉♥ ♦❜❥❡t q✉✐ ❛ été ♦❜s❡r✈é s❡✉❧❡♠❡♥t ❡♥ H ❛♣♣❛r❛ît ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ss❛♥t✱
♥♦✉s ❧❡ ré♦❜s❡r✈♦♥s à ❞✬❛✉tr❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✱ ♠❛✐s ❝❡❧❛ ✐♥❞✉✐t ❡♥ ❣é♥ér❛❧ ❛✉ ♠♦✐♥s ✉♥
s❡♠❡str❡ ❞❡ ❞é❝❛❧❛❣❡ ♣❛r r❛♣♣♦rt ❛✉ ♣r❡♠✐❡r s♣❡❝tr❡ ♦❜t❡♥✉✳ ◆é❛♥♠♦✐♥s✱ ❝❡ ❝❤♦✐① ♥♦✉s ❛
♣❡r♠✐s ❞❡ t✐r❡r ❧❡ ♠❡✐❧❧❡✉r ♣❛rt✐ ❞✉ t❡♠♣s ❞✬♦❜s❡r✈❛t✐♦♥ ❧✐♠✐té ❞✐s♣♦♥✐❜❧❡ ❛✈❡❝ ❞❡s té❧❡s❝♦♣❡s
❞❡ ✽ ♠ètr❡s✳

❖❜s❡r✈❛t✐♦♥s ❛✈❡❝ ❧❡ ❱▲❚ ❡t ●❡♠✐♥✐

▲❛ ♣r♦❝é❞✉r❡ ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿ ❧❡s ♦❜❥❡ts s♦♥t ♣♦s✐t✐♦♥♥és s✉r ❧❛ ❢❡♥t❡
à ❧✬❛✐❞❡ ❞✬✉♥❡ ❝❛rt❡ ❞❡ ❝❤❛♠♣✱ ❡t é✈❡♥t✉❡❧❧❡♠❡♥t ♣❛r ré❢ér❡♥❝❡ à ✉♥❡ ét♦✐❧❡ ✈♦✐s✐♥❡ ♣❧✉s
❜r✐❧❧❛♥t❡ s✬✐❧s s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❢❛✐❜❧❡s✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♦❜❥❡ts
❞♦♥t ❧❛ ♠❛❣♥✐t✉❞❡ J ❡st s✉♣ér✐❡✉r❡ à ✶✽✱ ❧❛ ❢❡♥t❡ ❡st ❞✐r✐❣é❡ ✈❡rs ❧❛ ré❢ér❡♥❝❡✱ ♣✉✐s ✐♥❝❧✐♥é❡
❞✬✉♥ ❛♥❣❧❡ q✉❡ ❧✬♦♥ ❝❛❧❝✉❧❡ ♣♦✉r q✉❡ ❧❛ ❝✐❜❧❡ s❝✐❡♥t✐✜q✉❡ s♦✐t ❛❧✐❣♥é❡ s✉r ❧❛ ❢❡♥t❡✳ ❯♥❡ ❢♦✐s
♥♦tr❡ ♦❜❥❡t ❜✐❡♥ ♣♦s✐t✐♦♥♥é ✐❧ ❡st ♦❜s❡r✈é ❛✈❡❝ ✉♥❡ séq✉❡♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ♦❜s❡r✈❛t✐♦♥s ❞❡
t②♣❡ ✧❆❇✧✱ q✉✐ ❝♦♥s✐st❡♥t à ❞é❝❛❧❡r ❧❛ ❝✐❜❧❡ ❞✬✉♥❡ tr❡♥t❛✐♥❡ ❞❡ s❡❝♦♥❞❡s ❞✬❛r❝ s✉r ❧❛ ❢❡♥t❡
❡♥tr❡ ❧❛ ♣♦s❡ ❆ ❡t ❧❛ ♣♦s❡ ❇✳ ❈❡tt❡ t❡❝❤♥✐q✉❡ ❞✬♦❜s❡r✈❛t✐♦♥✱ s✐♠✐❧❛✐r❡ ❛✉ ✧❞✐t❤❡r✐♥❣✧ ✉t✐❧✐sé
❡♥ ✐♠❛❣❡r✐❡✱ ♣❡r♠❡t ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❧✬❡ss❡♥t✐❡❧ ❞✉ ❢♦♥❞ ❞❡ ❝✐❡❧ ❡♥ s♦✉str❛②❛♥t ❝❤❛q✉❡
✐♠❛❣❡ ❆ ♣❛r ❧✬✐♠❛❣❡ ❇ ❛ss♦❝✐é❡✱ ❝♦♠♠❡ ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳ ▲❡ t❡♠♣s ❞❡ ♣♦s❡
❞❡ ❝❤❛q✉❡ ❡①♣♦s✐t✐♦♥ ❡st ❧✐♠✐té ♣❛r ❧❡ ❢♦♥❞ ❞❡ ❝✐❡❧ q✉✐ s❛t✉r❡ r❛♣✐❞❡♠❡♥t ❧❡s ❞ét❡❝t❡✉rs ✭✈♦✐r
t❛❜❧❡ ✺✳✷✮✳ ❉❡s séq✉❡♥❝❡s ❆❇ ❞✬♦❜s❡r✈❛t✐♦♥ s♦♥t ré♣été❡s ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ❧❡ t❡♠♣s ❞❡ ♣♦s❡
♥é❝❡ss❛✐r❡ ♣♦✉r ♦❜t❡♥✐r ✉♥ ❜♦♥ r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t✳

✶✵✽



✺✳✷ ❖❜s❡r✈❛t✐♦♥s ❡t ré❞✉❝t✐♦♥ ❞❡s s♣❡❝tr❡s ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts

◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♦❜t❡♥✉ ❧❡s s♣❡❝tr❡s ❞❡ ✷✹ ♥❛✐♥❡s ❚ ❛✈❡❝ ■❙❆❆❈ s✉r ❧❡ ❱▲❚✱ ◆■❘■ s✉r
●❡♠✐♥✐ ◆♦rt❤ ❡t ●◆■❘❙ ✲❛✈❛♥t s❛ ♠✐s❡ ❤♦rs✲s❡r✈✐❝❡✲ s✉r ●❡♠✐♥✐ ❙♦✉t❤✳ ❉❡✉① ♣r♦❣r❛♠♠❡s
❞✬♦❜s❡r✈❛t✐♦♥ s♦♥t ❛❝t✉❡❧❧❡♠❡♥t ❡♥ ❝♦✉rs s✉r ❧❡ ❱▲❚ ❡t ●❡♠✐♥✐ ◆♦rt❤ ❡t ♥♦✉s ❛✈♦♥s s♦✉♠✐s
❞❡s ❞❡♠❛♥❞❡s ❛✜♥ ❞❡ ❞♦✉❜❧❡r ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❢r♦✐❞❡s ♦❜s❡r✈é❡s ❡♥ s♣❡❝✲
tr♦s❝♦♣✐❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✳

✺✳✷✳✷ ❘é❞✉❝t✐♦♥ ❞❡s ❞♦♥♥é❡s

▲❡s ✐♠❛❣❡s ♦❜t❡♥✉❡s ♣❛r ✉♥ s♣❡❝tr♦❣r❛♣❤❡✱ ❝♦♠♠❡ ❝❡❧❧❡s ♦❜t❡♥✉❡s ♣❛r ✉♥ ✐♠❛❣❡✉r✱ ♦♥t
❞❡✉① ❞✐♠❡♥s✐♦♥s✳ ❯♥❡ ✐♠❛❣❡ ♣♦ssè❞❡ ❞❡✉① ❞✐♠❡♥s✐♦♥s s♣❛t✐❛❧❡s✱ t❛♥❞✐s q✉✬✉♥ s♣❡❝tr❡ ♣♦s✲
sè❞❡ ✉♥❡ ❞✐♠❡♥s✐♦♥ s♣❛t✐❛❧❡ ✲❝♦❧✐♥é❛✐r❡ à ❧❛ ❢❡♥t❡ ♣♦✉r ✉♥ s♣❡❝t♦❣r❛♣❤❡ à ❢❡♥t❡✲ ❡t ✉♥❡
❞✐♠❡♥s✐♦♥ s♣❡❝tr❛❧❡✱ ❝❡❧❧❡ ❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳ ▲❛ ré❞✉❝t✐♦♥ ❞❡s ❞♦♥♥é❡s s♣❡❝tr♦s❝♦♣✐q✉❡s
❡st ♣❧✉s ❞é❧✐❝❛t❡✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡♥ ✐♥❢r❛r♦✉❣❡✱ ♠❛✐s ❡❧❧❡ s✉✐t ❧❡s ♠ê♠❡s ♣r✐♥❝✐♣❡s ❣é♥ér❛✉①✳
■❧ ❡st ❛✐♥s✐ ♥é❝❡ss❛✐r❡ ❞✬❛♣♣❧✐q✉❡r ✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ ❝❤❛♠♣ ♣❧❛t✱ ❞❡ s♦✉str❛✐r❡ ❧❡ ❢♦♥❞ ❞✉
❝✐❡❧✱ ❞❡ ❝♦❛❞❞✐t✐♦♥♥❡r ♣❧✉s✐❡✉rs ✐♠❛❣❡s à ❝♦✉rt t❡♠♣s ❞❡ ♣♦s❡ ❡t ❞✬❛♣♣❧✐q✉❡r ✉♥❡ ❝❛❧✐❜r❛t✐♦♥
♣❤♦t♦♠étr✐q✉❡✳ ❚♦✉t❡s ❝❡s ét❛♣❡s s❡ r❡tr♦✉✈❡♥t ❞❛♥s ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❞♦♥♥é❡s ❡♥ ✐♠❛❣❡r✐❡✱
♠❛✐s ❞❡♠❛♥❞❡♥t ❞❡s t❡❝❤♥✐q✉❡s ♣❛r❢♦✐s ❞✐✛ér❡♥t❡s✱ q✉✐ s♦♥t ❞é❝r✐t❡s ❝✐✲❞❡ss♦✉s✳ ❊♥✜♥ ❧❛
ré❞✉❝t✐♦♥ ❞❡ ❞♦♥♥é❡s ❡♥ s♣❡❝tr♦s❝♦♣✐❡ r❡♠♣❧❛❝❡ ❧✬ét❛♣❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❛str♦♠étr✐q✉❡ ♣❛r
✉♥❡ ❝❛❧✐❜r❛t✐♦♥ ❡♥ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✳
❆✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡ ❥❡ ♥✬❛✐ été ❛♠❡♥é à ❢❛✐r❡ ❞❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❞♦♥♥é❡s s♣❡❝tr♦s❝♦♣✐q✉❡s

q✉❡ ♣♦✉r ❛✈♦✐r ✉♥❡ ✐❞é❡ r❛♣✐❞❡ ❞❡ ❧✬❛❧❧✉r❡ ❞❡ s♣❡❝tr❡s q✉❡ ♥♦✉s ✈❡♥✐♦♥s ❞✬♦❜s❡r✈❡r✳ ❊t✐❡♥♥❡
❆rt✐❣❛✉✱ ❞❡ ●❡♠✐♥✐ ❙♦✉t❤✱ ❛ ♠✐s ❡♥ ♣❧❛❝❡ ❧❡ ♣✐♣❡❧✐♥❡ ■❉▲ ♣r♦♣r❡ ❡t ✜♥❛❧ ❞❡ ré❞✉❝t✐♦♥ ❞❡s
s♣❡❝tr❡s ✐ss✉s ❞✉ ❈❋❇❉❙ q✉❡ ❥❡ ❞é❝r✐s ❝✐✲❞❡ss♦✉s✳
▲❛ ❝♦rr❡❝t✐♦♥ ❞❡ ❝❤❛♠♣ ♣❧❛t ❡st ❛♣♣❧✐q✉é❡ ❛✉① s♣❡❝tr❡s ❜r✉ts à ♣❛rt✐r ❞✬✐♠❛❣❡s ❞❡ ❝❛❧✐✲

❜r❛t✐♦♥ ♦❜t❡♥✉❡s ❥✉st❡ ❛✈❛♥t ♦✉ ❥✉st❡ ❛♣rès ❧❡s ♦❜s❡r✈❛t✐♦♥s s❝✐❡♥t✐✜q✉❡s✳ ▲❡s s♣❡❝tr❡s✱ s♦♥t
♦❜s❡r✈és ❡♥ séq✉❡♥❝❡ ❆❇✱ ♦ù ❧❛ s♦✉r❝❡ ❡st ❧é❣èr❡♠❡♥t ❞é❝❛❧é❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❢❡♥t❡ ❡♥tr❡ ❧❡s
✐♠❛❣❡s ❆ ❡t ❇✳ ❈❡s ✐♠❛❣❡s ❆❇ s♦♥t s♦✉str❛✐t❡s ❞❡✉① à ❞❡✉①✳ ▲✬✐♠❛❣❡ rés✉❧t❛♥t❡ ❝♦♥t✐❡♥t
❞♦♥❝ ✉♥❡ tr❛❝❡ ♣♦s✐t✐✈❡ ❡t ✉♥❡ tr❛❝❡ ♥é❣❛t✐✈❡ ❞✉ s♣❡❝tr❡ sé♣❛ré❡s ♣❛r ❧❡ ❞é❝❛❧❛❣❡ ❛♣♣❧✐q✉é
❡♥tr❡ ❆ ❡t ❇✳ ❈❡tt❡ ♦♣ér❛t✐♦♥ é❧✐♠✐♥❡ ❧✬❡ss❡♥t✐❡❧ ❞✉ s✐❣♥❛❧ ❞✉ ❢♦♥❞ t❤❡r♠✐q✉❡ ❞✉ ❝✐❡❧✱ ❞❡s
r❛✐❡s ❞✬é♠✐ss✐♦♥ t❡❧❧✉r✐q✉❡s✱ ❞✉ ❝♦✉r❛♥t ❞✬♦❜s❝✉r✐té ❡t ❞❡s ♠❛✉✈❛✐s ♣✐①❡❧s✳
▲✬❡t❛♣❡ s✉✐✈❛♥t❡ ❝♦♥s✐st❡ à ❡①tr❛✐r❡ ❧❡s tr❛❝❡s ❞❡s s♣❡❝tr❡s✳ ❖♥ ✐❞❡♥t✐✜❡ ♣ré❝✐sé♠❡♥t ❧❡✉rs

♣♦s✐t✐♦♥s ❡♥ ✐♥té❣r❛♥t ❧❡ ✢✉① ♣❛r❛❧❧è❧❧❡♠❡♥t à ❧❛ ❞✐♠❡♥s✐♦♥ s♣❡❝tr❛❧❡✳ ▲❛ ❝♦✉r❜✉r❡ ❞✉ s♣❡❝tr❡
❡st ♠❡s✉ré❡ à ❧✬❛✐❞❡ ❞❡ ❧❛ tr❛❝❡ à très ❤❛✉t s✐❣♥❛❧ s✉r ❜r✉✐t ❞✬✉♥❡ ét♦✐❧❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥✱ ❡♥
❣é♥ér❛❧ ❞❡ t②♣❡ ❆ ♣ré❝♦❝❡✱ ♦❜s❡r✈é❡ à ❧❛ ♠ê♠❡ ♠❛ss❡ ❞✬❛✐r ❥✉st❡ ❛✈❛♥t ♦✉ ❥✉st❡ ❛♣rès ❧❛
❝✐❜❧❡✳ ❈❡tt❡ ❝♦✉r❜✉r❡ ❡st ♠♦❞é❧✐sé❡ ♣❛r ✉♥ ♣♦❧②♥♦♠❡ q✉✐ ❞é❝r✐t ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❝❡♥tr❡ ❞❡
❝❤❛❝✉♥❡ ❞❡s tr❛❝❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✳ ❖♥ ❡①tr❛✐t ❛❧♦rs ❧❡ ✢✉① ❞❡ ❝❤❛q✉❡
tr❛❝❡ ♣❛r ✉♥ ❛❥✉st❡♠❡♥t ❣❛✉ss✐❡♥ ❝❡♥tré à ❝❤❛q✉❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s✉r ❧❛ ♣♦s✐t✐♦♥ ♣ré❞✐t❡
♣❛r ❧❡ ♣♦❧②♥♦♠❡ ♠♦❞é❧✐sé ♣ré❝é❞❡♠♠❡♥t✳ ▲❡s tr❛❝❡s ❡①tr❛✐t❡s ❞❡ t♦✉t❡s ❧❡s ♣❛✐r❡s ❆❇ ❞❡
s♣❡❝tr❡s ❜r✉ts s♦♥t ❛❧♦rs ❝♦♠❜✐♥é❡s ❡♥ ❛♣♣❧✐q✉❛♥t ✉♥ ✜❧tr❡ ♠é❞✐❛♥✳
▲❛ ❞❡r♥✐èr❡ ♦♣ér❛t✐♦♥ ♣♦✉r ♦❜t❡♥✐r ❧❡ s♣❡❝tr❡ ❞❡ s❝✐❡♥❝❡ ✜♥❛❧ ❡st ❞❡ ❝♦rr✐❣❡r ❧❡ s♣❡❝tr❡ ❞❡

❧✬❛❜s♦r♣t✐♦♥ ❞❡ ❧✬❛t♠♦s♣❤èr❡✳ ❈❡❧❧❡ ❝✐ ✈❛r✐❡ s❡❧♦♥ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❡t ♠♦❞✐✜❡ ❞♦♥❝ ❧❛ ❢♦r♠❡
❞✉ s♣❡❝tr❡✳ ❈❡tt❡ ❛❜s♦r♣t✐♦♥ ❡st ❞ét❡r♠✐♥é❡ à ♣❛rt✐r ❞✉ s♣❡❝tr❡ ❞❡ ❧✬ét♦✐❧❡ ❞❡ ré❢ér❡♥❝❡ ❞♦♥t
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ABSTRACT

The i′ and z′ imaging for the 900 square degrees Canada-France Brown Dwarfs

Survey (CFBDS) is nearing completion. The ongoing J-band follow-up has cur-

rently identified 60 T dwarf candidates, of which two dozen have near-infrared

spectra obtained with with NIRI and GNIRS at Gemini. All are confirmed as

T dwarfs. Four of these were previously published (Delorme et al. 2008a,b), and

we present here the 18 new discoveries. The spectral types of these 22 objects

range from T0 to T9/Y and 4 have a type of T7 or later. We also present proper

motions and near-infrared photometry.

Subject headings: Brown Dwarf, Survey, Spectroscopy, Spectral Type T, CFBDS,

Proper motion, Gemini, GNIRS, NIRI
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1. Introduction

Thirteen years of Brown Dwarfs (BD) discoveries have led to spectacular advances, in

understanding their galactic distribution and number density (Chabrier et al, 2003), the

mechanisms involved in their formation (Bouvier & Kroupa, Reipurth), the physics of their

atmosphere (Allard, Burrows, Marley) and their evolution (Baraffe & Chabrier). Large scale

near infrared (NIR) and optical surveys like 2MASS, DENIS and SDSS were instrumental in

this success, by providing a large sample of bright BD of different temperatures and masses

over the high latitude sky. These surveys in particular identified enough BDs to define

classification schemes for two new spectral types: the GD 165-1-like L dwarfs (Kirkpatrick

et al. 1999; Mart́ın et al. 1999) and the GJ229B-like T dwarfs (Burgasser et al. 2002).

A second generation of surveys, with more limited sky coverage but much improved

sensitivities – the UKIDSS LAS (4000 sq. deg. to J = 19.5) and the present CFBDS survey

(900 sq. deg. to z′ = 22.5) – has started probing more distant or cooler BDs. Two of their

major objectives are 1) to study the galactic distribution of BDs into the thick disk or the

halo; 2) to discover objects cooler than the latest known T-dwarfs objects to study the

physics of their atmosphere. Model predict that the near-infrared (NIR) spectra of BDs

cooler than T8 will display ammonia (NH3) absorption bands (Burrows et al. 2006; Allard

et al. 2003), and be different enough to require a new spectral type for which the letter Y

has been been reserved (Leggett et al. 2007; Kirkpatrick et al. 2000). Prior to these new

surveys the effective temperature at which this transtion occurs was unclear. Evidence for

a NIR NH3 band at 1.57 µm was recently found in the spectrum of CFBDS0059 (Delorme

et al. 2008a), and with hindsight in the spectrum of ULAS0034 (Warren et al. 2007).

With estimated effective temperature of respectively 620 K and 670 K, CFBDS0059 and

ULAS0034 probably represent T/Y transition objects, although their exact position relative

to the transition remains a matter of minro controversy. Burningham et al. (2008) suggest
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that these and a possibly cooler object, ULAS 1335 should be assigned spectral type T9

rather than Y0.

As of June 12th 2008, the known dwarfs with spectroscopic L or T types (as opposed

to just photometry) numbered 686 (Gelino - the Dwarf Archive compendium). Most were

discovered in the first generation large area surveys. Together, the UKIDSS LAS (Lodieu

et al. 2007; Warren et al. 2007; Pinfield et al. 2008; Burningham et al. 2008) and CFBDS

surveys (Delorme et al. 2008a,b) have now (including the present paper) confirmed 47 new

T dwarfs and brought the total number of known T dwarfs to 165. We present here the

NIR spectra of 22 T-type BDs identified in the analysis of the first third of the 900 sq. deg.

CFBDS. CFBDS J005910.90-011401.3, (hereafter CFBDS0059) is one of the coolest few BD

known, and we published a detailed analysis in Delorme et al. (2008a), and three others

were briefly presented in the CFBDS description paper Delorme et al. (2008b). The other

18 spectra are new. We also present J-band photometry, used to confirm initial i′ − z′

candidates, for all candidates and WIRCam NIR photometry in the MKO system for some.

Section 4 presents astrometry and spectral type indices.

2. Observations

The CFBDS is a 900 square degrees survey in the i′ and z′ filters conducted with

MegaCam (ref) at the Canada-France-Hawaii Telescope (CFHT). An in-depth description

of its observing and data analysis strategy can be found in Delorme et al. (2008b).

In summary, BDs are initially selected on the basis of their red i′− z′ color. A 10 sigma

detection in z′ is required but no constraint is set on i′ (several of the latest T dwarfs only

have upper limits in the i′). We rely on two existing surveys, the Very Wide Component

of the CFHT Legacy Survey (Cuillandre & Bertin, 2006 - CFHTLS thereafter) in the i′
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band and the Red-sequence Cluster Survey (RCS-2, Yee et al., 2007) in the z ′-band that we

complement with new MegaCam datas in respectively the z ′-band and i′-band. These two

surveys together contribute a total of ≈ 720 sq. deg. of i′ and z′ coverage. We also use the

significantly deeper i′ and z′ images from the CFHTLS-Wide and CFHTLS-Deep surveys,

which cover 190 sq. deg.

The reddest sources are followed-up with pointed J-band imaging (at ESO-NTT, NOT,

Kitt-Peak 2.1m, Mac Donald Observatory 2.7m) to discriminate actual brown dwarfs from

artifacts, and astrophysical contaminants, such as z=6 quasars. The latter have similar

i′ − z′ colors to T dwarfs but their z ′ − J colors are approximately one magnitude bluer.

Willott et al. (2005) published an analysis of the first 4 high redshift quasars found in our

survey. Figure 1 summarizes the photometric properties of the candidates with follow-up

spectroscopy.

Follow-up spectroscopy of T dwarf candidates with very red i′ − z′ (Vega) ≥ 2.65 and

z-J(Vega) ≥ 2.6 colors (or i′ − z′(AB) ≥ 2.5 and zAB − JV ega ≥ 3.15) was then carried

out at Gemini. Before the unfortunate accident that put GNIRS at Gemini-South out of

commissioni, it was our insturment of choice and we used its cross-dispersed mode to obtain

full 0.9-2.4 micron spectra. We afterwards switched to using NIRI at Gemini-North, first

obtaining an H-band spectrum to determine spectral types, and later securing additional

coverage in the J band and occasionally the K band for selected targets (mostly later than

T6 objects). The spectroscopic observations generally focused on the candidates with the

reddest z′ − J color available in our constantly expanding list of candidates at the time

when we prepared the queue observations

Throughout this paper, we consistently use Vega magnitudes for the NIR photometry

(J, J,H,Ks) and AB magnitudes for the i′ and z′ optical photometry. In spite of its internal

inconsistency, this mixed system is commonly used when discussing BD photometry, and
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Fig. 1.— Color-color diagram of all candidates with J-band follow-up. The spectroscopi-

cally confirmed T dwarfs are plotted as red stars annotated with their spectral type. The

(sub)stellar track (dotted line) proceeds from late M dwarfs (cyan) to L dwarfs (blue) to early

T dwarfs (purple) and ends at late T dwarfs (red). The tracks and their scatter (shaded

area) are obtained from synthetic photometry from library spectra (McLean et al. 2003) for

the transmission curves of the actual filters and detector systems.
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therefore convenient in comparison to the literature.

2.1. Gemini-South GNIRS Spectroscopy

Spectroscopic campaigns with GNIRS (Elias 2006) on Gemini South were conducted

during semesters 2006A and 2007A in queue service mode (Table 1), using the cross-

dispersed mode. The six candidates observed with GNIRS were confirmed as T

dwarfs. CFBDS J095914+023655 (T3.0±0.5), CFBDS J100113+022622 (T5±1) and

CFBDS J193430−214221 (T3.5±0.5) were previously published in Delorme et al. (2008b)

while CFBDS J151115+060742 (drawn from a RCS-2 field) is an independent rediscovery

of SDSS J151114.66+060742.9 (T0±2, Chiu et al. 2006) for which we provide an

improved spectrum and a more accurate spectral type. CFBDS J152656+034536 and

CFBDS J150001−182407 are new discoveries, and were respectively drawn from CFHTLS

(Very Wide) and RCS-2 fields.

The 0.68′′ slit width, the short camera, and the 31.7 l/mm grating, together

result in a resolving power of 900, with full wavelength coverage between 0.9 and 2.4

microns. A-B (not ABBA) sequences were used, with individual 100-second exposures

for SDSS J151114.66+060742.9 and 10-minute exposures for CFBDS J152656+034536

and CFBDS J150001−182407. An A-type star was observed immediately before each

sequence for relative flux calibration and telluric absorption correction. The spectra were

extracted and calibrated using our own IDL procedures. The reduction proceeds as follows.

The sequence of spectral images are flat fielded using an internal flat taken immediately

after the science frames. The five useful cross-dispersed orders are then extracted in five

individual images that are corrected for distortion in the spectral dimension. For most

objects, the trace over many wavelengths intervals is too faint to determine trace position,

so its curvature is derived from the reference star spectrum. These individual order frames
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Table 1: Spectroscopic observations at Gemini.
Designation Instrument Queue Date Grism Integration Time N dithers

CFBDS J005910.83−011401.3 NIRI 07A-Q201 2007/07/30 H 16×300s 6

· · · NIRI 07B-Q3 2007/09/02 J 9×300s 8

· · · NIRI 07B-Q3 2007/09/02 K 9×300s 8

CFBDS J025401.67−182529.2 NIRI 07B-Q3 2008/01/12 H 17×285s 12

· · · NIRI 07B-Q3 2008/01/14 J 17×285s 12

· · · NIRI 07B-Q3 2008/02/21 K 11×285s 11

· · · NIRI 07B-Q3 2008/02/23 K 6×285s 6

CFBDS J030225.88−144125.4 NIRI 07B-Q3 2008/01/07 H 9×285s 8

CFBDS J030226.67−143719.2 NIRI 07B-Q2 2008/01/10 J 6×285s 6

· · · NIRI 07B-Q2 2008/01/12 H 9×285s 8

CFBDS J090449.60+165347.0 NIRI 07B-Q3 2008/01/25 H 17×285s 12

CFBDS J095914.80+023655.2 GNIRS 06A-Q-16 2006/03/15 XD 12×600s 2

· · · GNIRS 06A-Q-16 2006/03/19 XD 12×600s 2

CFBDS J100113.05+022622.3 GNIRS 06A-Q-16 2006/03/09 XD 12×600s 2

· · · GNIRS 06A-Q-16 2006/03/15 XD 10×600s 2

CFBDS J102841.01+565401.9 NIRI 07B-Q2 2007/11/17 H 12×300s 2

· · · NIRI 07B-Q2 2008/01/27 J 10×285s 10

· · · NIRI 07B-Q3 2008/02/21 H 9×285s 8

· · · NIRI 07B-Q3 2008/05/03 H 7×285s 7

CFBDS J104209.98+580856.6 NIRI 07B-Q2 2007/11/11 H 6×300s 2

· · · NIRI 07A-Q201 2008/01/07 H 16×300s 8

· · · NIRI 07B-Q2 2008/01/13 J 9×285s 8

· · · NIRI 07B-Q3 2008/01/25 K 9×285s 8

· · · NIRI 07B-Q3 2008/02/21 J 9×285s 8

CFBDS J145044.96+092108.7 NIRI 08A-Q106 2008/06/16 H 17×285s 12

CFBDS J145847.93+061402.8 NIRI 08A-Q106 2008/06/17 H 4×285s 4

· · · NIRI 08A-Q106 2008/06/26 H 10×285s 9

CFBDS J145935.30+085751.5 NIRI 07B-Q3 2007/08/13 H 7×300s 2

CFBDS J150000.50−182407.3 GNIRS 07A-Q201 2007/03/31 XD 8×600s 2

· · · GNIRS 07A-Q201 2007/04/04 XD 4×600s 2

CFBDS J151803.64+071645.9 NIRI 07B-Q2 2007/07/29 H 15×300s 2

CFBDS J152655.80+034536.2 GNIRS 07A-Q201 2007/03/26 XD 6×600s 2

· · · GNIRS 07A-Q201 2007/03/31 XD 3×600s 2

· · · GNIRS 07A-Q201 2007/04/04 XD 8×600s 2

CFBDS J193430.36−214221.0 GNIRS 06A-Q-16 2006/07/20 XD 8×300s 2

· · · NIRI 08A-Q106 2008/06/28 H 9×285s 7

CFBDS J204803.61−183212.7 NIRI 07A-Q201 2007/06/21 H 8×300s 2

CFBDS J212243.69+042941.9 NIRI 08A-Q106 2008/06/04 H 10×285s 10

· · · NIRI 08A-Q106 2008/06/11 H 2×285s 2

CFBDS J212702.19+002344.7 NIRI 07A-Q201 2007/07/17 H 14×300s 2

CFBDS J223856.30+034947.0 NIRI 07A-Q201 2007/07/18 H 16×300s 2

CFBDS J232304.41−015232.3 NIRI 07A-Q201 2007/07/24 H 12×300s 2

CFBDS J232620.21−025643.7 NIRI 07A-Q201 2007/07/25 H 14×300s 6
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are then pair-subtracted, effectively removing most of the sky, dark current and hot pixels

contributions. Each frame is then collapsed along the spectral dimension to determine the

positive and negative traces positions. The spectrum is then extracted using positive and

negative extraction boxes that have identical but opposite integrals; this minimizes the

contribution from residual sky line that would remain from the pair subtraction. The same

operation is performed on the A0 telluric calibration star. Spectra derived from individual

image pairs are then median-combined into final target and calibration star spectra. A

telluric absorption spectrum is then derived using the calibration star spectra. A black body

spectrum with a temperature of 10 000 K is assumed for the A0 stars and hydrogen-lines are

interpolated over. The target spectrum is then divided by the derived telluric transmission

spectrum. A first order wavelength calibration is obtained from an argon-lamp spectrum,

and fine-tuned by registering the bright OH-lines obtained from a sum of the pair of images

of interest.

2.2. Gemini-North NIRI Spectroscopy

Following the catastrophic failure of GNIRS, our spectroscopic follow-up program

was carried over to Gemini North on NIRI (ref) for semesters 2007A, 2007B and 2008A.

All of the 22 candidates observed with NIRI were confirmed to be T dwarfs. They all

are new discoveries except CFBDS J005910−011401, a T-Y transition object, which was

previously published in Delorme et al. (2008a). For nine targets, we limited our follow-up

to H-band spectroscopy to confirm the spectral type based on the CH4 absorption band.

For candidates confirmed to be of late T spectral types, we also obtained J-band and

sometimes K-band spectroscopy.

All NIRI spectroscopy made use of the low resolution f/6 camera with the 6-pixel

(0.75”) centered slit with the H and K grisms and the 6-pixel (0.696”) blue slit with the
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J grism. The total integration time varied between 40 and 80 minutes with individual

exposure times of 285 and 300 seconds. The processing recipes used for the NIRI data

followed closely those of the GNIRS data but were adapted to reflect a different observing

strategy which was to use multiple dithers along the slit (usually 6 or more) separated by a

few arc seconds (typically 2-3”). This yielded spectra with a better signal to noise ratio and

allowed better removal of cosmic rays and hot pixels than simple repeats of an AB dither.

The spectral resolutions (λ/∆λ) of the final spectra are approximately 480, 520 and 520 for

the J , H and K bands respectively.

Figures 2 and 3 present the H-band spectra between 1.4 and 1.8 µm for the 28 T-type

brown dwarfs identified in the CFBDS and followed-up spectroscopically at Gemini.

Figure 4 presents the full 1-2.5 microns spectra for targets that have full NIR spectral

coverage.

2.3. WIRCam Supplemental Photometry

All candidates isolated based on their very red i′ − z′ colors were followed-up in J

at different observatories (mostly SOFI at the NTT and NOTCam at the NOT but also

SQIID at Kitt Peak) to discriminate between T dwarfs and quasars. However, for several

targets, further NIR photometry was obtained with WIRCam (Puget et al. 2004) in Y ,

J , H and/or Ks to anchor the spectroscopic data, determine spectroscopic parallaxes and

identify color trends or peculiarities within the CFBDS sample. Targets were positionned

in the center of the north-east detector (array #60) and observed with a dithered pattern

of 5 to 18 positions with an amplitude of 60′′. Data was preprocessed by the Iiwi pipeline

at CFHT and stacked using the suite of Bertin softwares (SExtractor (Bertin & Arnouts

1996), scamp (Bertin 2006) and swarp (Bertin et al. 2002)). The final photometry was
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Fig. 2.— H-band spectra for the BDs of early T types.
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Fig. 3.— H-band spectra for the BDs of late T types.



– 13 –

Fig. 4.— Near-IR spectra for the GNIRS targets and for promising candidates having com-

plementary J and/or K spectra.
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measured using the FLUX AUTO keyword output by SExtractor and was calibrated with

a weighted average of the 2MASS stars present in the field, except for the Y filter which

was anchored on the observation of a few CALSPEC standards without color correction.

Table 2 is a summary of all photometric measurements available, including the i′-band (a

5-sigma upper limit is given in case of no detection) and z ′-band photometry as well as the

NIR obtained with other instruments. For the Megacam i′ and z′ discovery images as well

as for the non-WIRCam images, the photometry is measured with the PSF-fitting addition

to SExtractor as explained in Delorme et al. (2008b).

3. Analysis

3.1. Spectral types and indices

The determination of spectral types from the Gemini spectra followed the unified

scheme of Burgasser et al. (2006) which is based on five spectral indices (H2O−J , CH4 − J ,

H2O−H, CH4−H and CH4−K). All spectral indices that could be measured are presented

in table 3. In addition, we measured the K/J index that is a good proxy for gravity in late

T dwarfs, the WJ indice presented in Warren et al. (2007) and the NH3−H indice presented

in Delorme et al. (2008a). The latter is sensitive to ammonia absorption in dwarfs of type

T8 or later. To attenuate the effect of bad pixels, we first applied a median smoothing filter

of 7 pixels on the spectra before measuring the indices. For spectra where observations used

multiple dithers, thus less affected by bad pixels, we verified that smoothing the spectra has

negligeable impact on the indices to within 10%. The measured index was converted to a

decimal spectral type using the ranges provided in Burgasser et al. table 5, interpolating

linearly. Finally, the adopted spectral type is a straight mean of the types as determined

from the available indices. We did not use a more complicated method like assigning

weights to each index based on the size of the subtype-defining range because it typically



– 15 –

Table 2: Optical and NIR photometry of the spectroscopic sample. Lower limits in i are for

5-σ detections. In accordance with most of the litterature, NIR magnitudes are in the Vega

system while optical magnitudes are in the AB system.

Designation i′ z′ J Y J H Ks

(AB) (AB) (Vega) (Vega) (Vega) (Vega) (Vega)

Megacam Megacam WIRCam WIRCam WIRCam WIRCam

CFBDS J005910−011401 > 25.2 ± 0.2 21.93 ± 0.05 18.08 (NTT) - - - -

CFBDS J025401−182529 > 24.9 ± 0.2 22.18 ± 0.09 18.20 (NTT) - got data got data got data

CFBDS J030225−144125 > 24.9 ± 0.2 21.70 ± 0.06 17.49 (NTT) 18.92 ± 0.03 17.75 ± 0.03 17.97 ± 0.04 18.15 ± 0.06

CFBDS J030226−143719 24.67 ± 0.17 21.26 ± 0.04 17.44 (NTT) 18.84 ± 0.03 17.50 ± 0.03 17.41 ± 0.03 17.37 ± 0.03

CFBDS J090449+165347 > 24.9 ± 0.2 21.68 ± 0.03 18.06 (KPeak) 19.24 ± 0.03 - - -

CFBDS J095914+023655 > 27.1 ± 0.2 23.52 ± 0.03 19.35 (?) 20.79 ± 0.09 - - -

CFBDS J100113+022622 26.09 ± 0.11 22.80 ± 0.02 18.75 (?) 19.98 ± 0.06 - - -

CFBDS J102841+565401 > 25.0 ± 0.2 22.25 ± 0.08 18.20 (NOT) 18.85 ± 0.02 17.98 ± 0.04 18.38 ± 0.08 18.85 ± 0.09

CFBDS J104209+580856 > 24.8 ± 0.2 21.84 ± 0.04 17.66 (NOT) 18.85 ± 0.03 17.77 ± 0.03 18.21 ± 0.05 17.77 ± 0.04

CFBDS J145044+092108

CFBDS J145847+061402

CFBDS J145935+085751 24.6 ± 0.16 21.69 ± 0.06 17.89 (NOT) 19.23 ± 0.04 - - -

CFBDS J150000−182407 > 24.6 ± 0.2 21.63 ± 0.04 18.21 (KPeak) 18.80 ± 0.02 17.79 ± 0.03 17.90 ± 0.03 18.18 ± 0.04

CFBDS J151803+071645 24.68 ± 0.20 21.60 ± 0.04 18.08 (NTT) 19.39 ± 0.05 in Q - in Q

CFBDS J152655+034536 24.79 ± 0.19 21.53 ± 0.05 18.17 (NTT) 19.11 ± 0.04 in Q in Q in Q

CFBDS J193430−214221 24.14 ± 0.10 20.56 ± 0.02 16.77 (2MASS) 17.98 ± 0.01 - - -

CFBDS J204803−183212 23.81 ± 0.10 20.30 ± 0.02 16.89 (NTT) 17.75 ± 0.02 16.67 ± 0.02 16.55 ± 0.02 -

CFBDS J212702+002344 > 24.9 ± 0.2 21.28 ± 0.04 18.13 (NTT) - - - -

CFBDS J223856+034947 > 25.0 ± 0.2 21.56 ± 0.03 18.24 (NTT) 19.23 ± 0.03 18.18 ± 0.06 17.62 ± 0.03 17.30 ± 0.03

CFBDS J232304−015232 > 24.9 ± 0.2 21.08 ± 0.03 17.6 (KPeak) 18.30 ± 0.02 17.23 ± 0.03 17.46 ± 0.04 17.30 ± 0.03

CFBDS J232620−025643 24.52 ± 0.12 21.34 ± 0.04 17.80 (NTT) 19.26 ± 0.06 17.79 ± 0.04 17.42 ± 0.03 17.10 ± 0.03

Note: The AB to Vega conversion for the Megacam i′ and z′ filters are -0.401 and -0.554, respectively, while the Vega to AB

conversions for the WIRCam Y, J , H, Ks filters are +0.577, +0.924, +1.352, +1.824, respectively.
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yields the same types to within a few tenths of a type.

3.2. Proper motions

Our proper motion measurements (Table 4) always use the z-band MegaCam images as

the first epoch; the second epoch image is a WIRCam image (in the band with best image

quality - usually Ks) when available, and we otherwise use the J-band image obtained for

the initial photometric follow-up. The separation of two epochs is usually two or more years.

We match the astrometric frames of the two instruments by interpolating the MegaCam

image to the frame of the near-infrared image, using Scamp (Bertin 2006) to derive a

polynomial mapping between bright unsaturated stars of the two images, and Swarp (Bertin

et al. 2002) to produce the resampled images MegaCam images. We then used Sextractor

(Bertin & Arnouts 1996) to accurately measure the position of the T dwarfs (and its

uncertainty) in both images for each epoch. The internal position uncertainty is almost

always < 0.01′′, after accounting for the contribution of the resampling of the MegaCam

images. Our quoted uncertainties however are dominated the the systematic error on the

z′ positions introduced by differential atmospheric refraction (DAR): thanks to the very

steep slope of T dwarf spectral energy distributions in the z ′ band, the z′ filter has a much

redder effective wavelength for the T dwarf target than for the field stars which provide

the astrometric reference; the T dwarf therefore suffers significantly less refraction than its

references. The effect would be twice larger in the i′ filter, but we never use that band for

astrometry since the T dwarf is at best weakly detected; at our accuracy level, DAR can

be neglected in the NIR bands. We use the DAR table of Marchetti (????) and derive an

upper bound on the error from the extreme assumption that the effective wavelength of the

z′ filter for the T dwarf is either identical to, or 1000 Å redder than for the reference field

stars. The typical DAR error on a z ′ position ranges from 0.01′′ and 0.07′′, depending on



– 17 –

Table 3: Spectral indices for the the unified scheme of Burgasser et al. (2006). Each index

translates to a spectral type (between brackets), through linear interpolation of the ranges

given in Burgasser et al. - table 5. The adopted spectral type is a straight average of the

spectral indices that could be measured.

Designation H2O−J CH4 − J H2O−H CH4 − H CH4 − K K/J WJ NH3 − H Spectral

Type

CFBDS J005910−011401 0.037[T8.66] 0.175[T8.58] 0.125[>T8] 0.086[T8.81] 0.111[>T6] —– 0.257 0.544 T9.0

CFBDS J025401−182529 0.160[T6.40] 0.350[T6.13] 0.268[T6.87] 0.244[T7.06] 0.163[T6.35] —– 0.446 0.712 T6.5

CFBDS J030225−144125 ———— ———— 0.306[T6.23] 0.434[T5.38] ———— —– —– 0.760 T6.0

CFBDS J030226−143719 0.381[T3.99] 0.596[T2.82] 0.408[T4.37] 0.563[T4.31] ———— —– 0.665 0.789 T4.0

CFBDS J090449+165347 ———— ———— 0.407[T4.38] 0.596[T4.03] ———— —– —– 0.766 T4.0

CFBDS J095914+023655 0.583[<T2] 0.554[T3.43] 0.438[T3.74] 0.789[T3.06] 0.544[T3.03] 0.206 0.666 0.751 T3.5

CFBDS J100113+022622 0.391[T3.85] 0.437[T5.14] 0.333[T5.75] 0.352[T6.07] 0.260[T4.81] 0.189 0.548 0.742 T5.0

CFBDS J102841+565401 0.043[T8.53] 0.257[T7.34] 0.179[T8.35] 0.147[T8.04] ———— —– 0.336 0.673 T8.0

CFBDS J104209+580856 0.160[T6.40] 0.349[T6.16] 0.248[T7.21] 0.269[T6.83] 0.167[T6.25] —– 0.448 0.693 T6.5

CFBDS J145044+092108 ———— ———— 0.483[T2.68] 0.690[T3.55] ———— —– —– 0.777 T3.0

CFBDS J145847+061402 ———— ———— 0.552[T1.69] 0.871[T2.41] ———— —– —– 0.808 T2.0

CFBDS J145935+085751 ———— ———— 0.405[T4.42] 0.528[T4.60] ———— —– —– 0.782 T4.5

CFBDS J150000−182407 0.345[T4.81] 0.439[T5.12] 0.379[T4.85] 0.484[T4.97] 0.401[T3.74] 0.094 0.637 0.791 T4.5

CFBDS J151803+071645 ———— ———— 0.521[T2.12] 0.799[T3.01] ———— —– —– 0.868 T2.5

CFBDS J152655+034536 0.464[T2.86] 0.532[T3.80] 0.409[T4.35] 0.574[T4.22] 0.305[T4.41] 0.216 0.648 0.776 T4.0

CFBDS J193430−214221 0.505[T2.45] 0.588[T2.91] 0.477[T2.76] 0.624[T3.88] 0.339[T4.10] 0.246 0.679 0.819 T3.5

CFBDS J204803−183212 ———— ———— 0.381[T4.82] 0.537[T4.53] ———— —– —– 0.790 T4.5

CFBDS J212243+042942 ———— ———— 0.571[T1.42] 0.864[T2.46] ———— —– —– 0.859 T2.0

CFBDS J212702+002344 ———— ———— 1.037[<T0] 0.885[T2.29] ———— —– —– 1.045 T1.0?

CFBDS J223856+034947 ———— ———— 0.561[T1.55] 0.848[T2.60] ———— —– —– 0.846 T2.0

CFBDS J232304−015232 ———— ———— 0.293[T6.45] 0.397[T5.69] ———— —– —– 0.680 T6.0

CFBDS J232620−025643 ———— ———— 0.491[T2.55] 0.676[T3.62] ———— —– —– 0.836 T3.0
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the airmass of the exposure, and dominates the error budget of the proper motions.

3.3. Comments on individual objects

1. CFBDS J030225−144125 and CFBDS J030226−143719

These two dwarfs, of spectral types T6 and T4, are separated by only 4 arc minutes on

the sky (mostly along the North-South direction). The WIRCam J-band magnitudes

of respectively 17.75 ± 0.03 and 17.50 ± 0.03 (Table 2) and absolute J magnitudes

of 14.7 and 14.3 for T6 and T4 dwarfs (Knapp et al. (2004) - figure 8) result in

spectroscopic distances of 41 pc and 44 pc. Their difference is well within the

dispersion of the magnitude versus spectral type relation, suggesting that they might

be form a bound pair. A few physical pairs of low-mass stars or brown dwarfs are

separated by over 1000 AU (Artigau et al. 2007; Caballero 2007), but at 40 pc the

separation of this CFBDS pair would be ∼ 10000 AU. The two proper motions

however are plainly incompatible, (µα, µδ) = (+0.321 ± 0.003,−0.179 ± 0.003) vs

(µα, µδ) = (+0.081± 0.003,−0.051± 0.003), and the pair instead serves as a reminder

that objects as rare as T dwarfs (with a density of about 1 per 20 square degree, to

the CFBDS limiting magnitude) can occasionally pair within a few arcminutes.

2. CFBDS J102841+565402

This T8 dwarf has a strongly depressed Ks-band flux, with J − Ks=-0.87, compared

to J−Ks=∼-0.5 for typical late T dwarfs (Knapp et al. 2004). This depression reflects

strong collision-induced H2 absorption (CIA), which is direct evidence for high-gravity

or/and low metallicity (Knapp et al. 2004). Its bluer than usual Y − J color, +0.87,

indicates that its Y -band flux is less strongly absorbed by the pressure-broadened

wings of the 0.77µm potassium doublet than most T8 dwarfs, suggesting that it

has low metallicity rather than high gravity. At the 17 pc photometric distance the



– 19 –

Table 4: Proper motions of the spectroscopic sample.
Designation PM total PM alpha PM delta Baseline Instruments

(′′/year) (′′/year) (′′/year) (days)

CFBDS J005910−011401

CFBDS J025401−182529

CFBDS J030225−144125 0.368 ± 0.004 +0.321 ± 0.003 −0.179 ± 0.003 1635 z Ks

CFBDS J030226−143719 0.096 ± 0.004 +0.081 ± 0.003 −0.051 ± 0.003 1635 z Ks

CFBDS J090449+165347 0.225 ± 0.040 −0.169 ± 0.028 −0.148 ± 0.028 898 z Y

CFBDS J095914+023655

CFBDS J100113+022622

CFBDS J102841+565401 0.267 ± 0.037 +0.264 ± 0.026 −0.043 ± 0.026 689 z Ks

CFBDS J104209+580856 0.055 ± 0.038 +0.039 ± 0.027 +0.039 ± 0.027 686 z Ks

CFBDS J145044+092108

CFBDS J145847+061402

CFBDS J145935+085751 0.157 ± 0.003 −0.137 ± 0.002 −0.077 ± 0.002 1426 z Y

CFBDS J150000−182407 0.727 ± 0.043 +0.708 ± 0.030 −0.165 ± 0.030 1035 z z

· · · 0.647 ± 0.024 −0.637 ± 0.017 −0.117 ± 0.017 1081 z Y

CFBDS J151803+071645 0.058 ± 0.004 +0.054 ± 0.003 −0.019 ± 0.003 1419 z Y

CFBDS J152655+034536 0.071 ± 0.005 −0.071 ± 0.003 −0.006 ± 0.003 1076 z Y

CFBDS J193430−214221 0.188 ± 0.002 −0.182 ± 0.002 −0.046 ± 0.002 1110 z Y

CFBDS J204803−183212 0.243 ± 0.038 +0.076 ± 0.027 −0.231 ± 0.027 820 z Ks

· · · 0.256 ± 0.031 +0.107 ± 0.022 −0.233 ± 0.022 993 z Y

CFBDS J212243+042942

CFBDS J212702+002344 0.134 ± 0.009 +0.132 ± 0.006 −0.020 ± 0.006 1204 z Ks

· · · 0.156 ± 0.008 +0.155 ± 0.005 −0.017 ± 0.005 1377 z Y

CFBDS J223856+034947 0.210 ± 0.025 −0.125 ± 0.018 −0.168 ± 0.018 821 z Ks

· · · 0.195 ± 0.020 −0.110 ± 0.014 −0.161 ± 0.014 1021 z Y

CFBDS J232304−015232 0.095 ± 0.010 +0.079 ± 0.007 −0.052 ± 0.007 1520 z Ks

· · · 0.102 ± 0.009 +0.090 ± 0.006 −0.049 ± 0.006 1724 z Y

CFBDS J232620−025643 0.034 ± 0.013 −0.034 ± 0.009 +0.003 ± 0.009 1206 z Ks

· · · 0.024 ± 0.011 −0.024 ± 0.008 +0.002 ± 0.008 1404 z Y
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0.27′′.yr−1 proper motion translates to a 22km.s−1 tangential velocity, which suggests

that CFBDS J102841+565402 belongs to the thin disk.

CFBDS J102841+565402 is within 15′′ of a r=15.736 and i=14.638 star, bright enough

for use as a reference star for the CFHT PUEO adaptive optics system. A 30-minute

H-band integration on April 17 2008 produced an image with FWHM=0.2′′ and no

sign of any elongation. indicates that CFBDS1028 is not a binary brown dwarf.

3. CFBDS J104210+580857 and CFBDS J025401-182529

This T6.5 dwarf is located in the field of view of the Spitzer Wide-area InfraRed

Extragalactic (SWIRE) survey and therefore has good IRAC and MIPS photometry.

Its neutral J−Ks= 0.00 color contrasts with the typical J−Ks ∼-0.4 of late T dwarfs.

Together with depressed emission in the 4.5µm IRAC channel, this is strong evidence

for low gravity and/or high metallicity (Knapp et al. 2004). CFBDS J025401-182529

(T6.5) has a very similar near-infrared signature for low-gravity (J −K= +0.05, from

NTT observations) but no confirmation from mid-infrared photometry. Both objects

will be analysed in more detail in a forthcoming paper. For solar metallicities, the

K/H and H2O-J indices of the two objects translate to log g∼4.5-4.75For the Baraffe

et al. (2003) evolution models these parameters correspond to ∼15 Jupiter masses,

just above the planetary domain, and an age of ∼500 millions years. The the space

velocity (6.2 km.s−1) of CFBDS J104210+580857 derived from its 0.055′′.yr−1 proper

motion is certainly compatible with a young age.

4. CFBDS J150000−182407 As we discuss in detail in Delfosse et al (submitted), the

usually strong 1.25µm K I doublet is weak and undetected in the J-band spectrum

of this peculiar T4.5 dwarf, and its proper motion is most consistent with thick disk

kinematics. Together with the broad blue shoulder of its Y -band peak, the upper

limit on the K I doublet is evidence for [Fe/H]=∼ −0.5, and CFBDS J150000−182407
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most likely is the first (mild) T subdwarf.

4. Conclusions

We have obtained near-infrared spectra for 22 T dwarfs discovered by the ongoing

CFBDS survey (Delorme et al. 2008b), using GNIRS and NIRI on the Gemini North

and South telescopes. 18 are new discoveries, and increase the current methane dwarf

inventory by ∼ 15%. They include both one of the latest two brown dwarfs known

(CFBDS J005910−011401, Delorme et al. 2008a) and the first likely T subdwarf

(CFBDS J150000−182407, Delfosse et al. submitted). Their spectral types range from T0

to T9, and CFBDS J005910−011401 may be the Y brown dwarf (Delorme et al. 2008a).

Their effective temperatures range from 1300K to 550-650K, and their gravity spans a

decade, log g=4.5 to log g=5.5.

The time base of the observations allows us to neasure accurate proper motions

for all objects. The vast majority of the objects belong to the thin disk, but the

proper motion of CFBDS150000−182407 indicates that it belongs in the thick disk,

consistent with its [Fe/H=∼-0.5 subsolar metallicity (Delfosse et al, submitted). The

wide photometric coverage together with the more detailled but narrower spectroscopic

coverage identifies several further objects of particular interest: one short period T dwarf

binary (Liu et al, submitted), 2 young low gravity and/or high metallicity late T dwarfs

(CFBDS J104210+580857 and CFBDS J025401-182529), and one old high-gravity or low

metallicity late T dwarf (CFBDS J102841+565402). We plan in the near future to obtain

spectra for an additional 30 strong T identified from i′, z′, J CFBDS photometry.
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✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

✺✳✹✳✶ ❙②stè♠❡ ❜✐♥❛✐r❡ s❡rré ❚✷✳✺✲❚✻✳✺

❉é❝♦✉✈❡rt❡

◆♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ r❡♣éré ❈❋❇❉❙✷✵✹✽ ❝♦♠♠❡ ✉♥ ❝❛♥❞✐❞❛t ♥❛✐♥❡ ❚ ✐♥tér❡ss❛♥t✱ ❡♥
s✉✐✈❛♥t ❧✬❛♥❛❧②s❡ st❛♥❞❛r❞ ❞❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❈❋❇❉❙✱ s✉r ❧❛ ❜❛s❡ ❞❡ s❛ ❝♦✉❧❡✉r
i′ − z′ ❞❡ ✸✳✺✶✳ ▲❡ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ✱ ❡♥ ✜①❛♥t s❛ ❝♦✉❧❡✉r z′ − J à ✸✳✽✼ ❛
❝♦♥✜r♠é ❝❡tt❡ ♦❜❥❡t ❝♦♠♠❡ ✉♥❡ ♥❛✐♥❡ ❚✱ ♣❡✉t✲êtr❡ t❛r❞✐✈❡✳ ❈❋❇❉❙✷✵✹✽ ❛ ♣❛r ❝♦♥séq✉❡♥t
été s✉✐✈✐ ❡♥ s♣❡❝tr♦s❝♦♣✐❡✱ ❧✬❛♥❛❧②s❡ ❞❡ s♦♥ s♣❡❝tr❡ ❧✬✐❞❡♥t✐✜❛♥t ❝♦♠♠❡ ✉♥❡ ❚✹✳✺✳
◆♦✉s ❛✈♦♥s ❝♦♠♠✉♥✐q✉é s❡s ❝♦♦r❞♦♥♥é❡s à ▼✐❦❡ ▲✐✉ ❞❡ ❧✬■❋❆ à ❍❛✇❛✐✐✱ q✉✐ ❝♦❧❧❛❜♦r❡

❛✈❡❝ ♥♦✉s ❡t q✉✐ ❛ ♣✉ ♦❜s❡r✈❡r ❈❋❇❉❙✷✵✹✽ ❛✈❡❝ ❧✬♦♣t✐q✉❡ ❛❞❛♣t❛t✐✈❡ ❛ss❡r✈✐❡ ♣❛r ét♦✐❧❡
❧❛s❡r ✭▲●❙✮ ❞✉ té❧❡s❝♦♣❡ ❑❡❝❦✳ ■❧ ❛ ❛✐♥s✐ ♣✉ ♦❜t❡♥✐r ❧❡s ✐♠❛❣❡s ❞❡ ❧❛ ✜❣✉r❡ ✺✳✽ q✉✐ ✐❞❡♥t✐✲
✜❡♥t ❈❋❇❉❙✷✵✹✽ ❝♦♠♠❡ ✉♥❡ ♥❛✐♥❡ ❚ ❞♦✉❜❧❡ à ❝♦✉rt❡ sé♣❛r❛t✐♦♥ ✭✵✳✵✺✺✧✮ ❡t à ❢♦rt ❝♦♥✲
tr❛st❡✳ ❈❤❛❝✉♥❡ ❞❡ ❝❡s ♣❛rt✐❝✉❧❛r✐tés ❡st ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t r❛r❡✱ ❡t ❧❡✉r ❝♦♠❜✐♥❛✐s♦♥ ❢❛✐t ❞❡
❈❋❇❉❙✷✵✹✽ ✉♥ ♦❜❥❡t ❡①trê♠❡♠❡♥t ♣ré❝✐❡✉①✱ ❡♥❝♦r❡ ♣❧✉s ♣❛rt✐❝✉❧✐❡r q✉❡ ✷▼❆❙❙ ❏✶✺✸✹✲
✷✾✺✷❆❇✱ ✐❞❡♥t✐✜é❡ ♣❛r ▲✐✉ ❡t ❛❧✳ ✭✷✵✵✽✮✳

❋✐❣✳ ✺✳✽✿ ■♠❛❣❡s ❞❡ ❞é❝♦✉✈❡rt❡s ❞❡ ❈❋❇❉❙✷✵✹✽❇ ✭▲✐✉ ❡t ❛❧✱ ❡♥ ♣ré♣❛r❛t✐♦♥✮✳ ❖♥ ✈♦✐t ✐❝✐
❈❋❇❉❙✷✵✹✽ ❆ ❡t ❇ ♦❜s❡r✈é❡s ❛✈❡❝ ❧❡ ❧✬♦♣t✐q✉❡ ❛❞❛♣t❛t✐✈❡ ▲●❙ ❞✉ ❑❡❝❦ ❡♥ ❜❛♥❞❡
J ✭❣❛✉❝❤❡✮✱ H ✭♠✐❧✐❡✉✮✱ ❡t K ✭❞r♦✐t❡✮✳

❆♥❛❧②s❡

❖♥ ✈♦✐t ❝❧❛✐r❡♠❡♥t s✉r ❧❛ ✜❣✉r❡ ✺✳✽ ❧❡ ❝♦♥tr❛st❡ ❡♥ ❜❛♥❞❡ J ✭ ✵✳✺ ♠❛❣✮✱ q✉✐ s✬❛❝❝r♦ît ♣♦✉r
❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♣❧✉s r♦✉❣❡s✳ ❈❡tt❡ t❡♥❞❛♥❝❡ ✐♥❞✐q✉❡ q✉❡ ❈❋❇❉❙✷✵✹✽❇ ❡st ♥❡tt❡♠❡♥t
♣❧✉s t❛r❞✐✈❡ q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ♣r✐♥❝✐♣❛❧❡ ❡t ❝♦♠♣t❡ ♣❛r♠✐ ❧❡s ♥❛✐♥❡s ❚ ❧❡s ♣❧✉s t❛r❞✐✈❡s
✐❞❡♥t✐✜é❡s à ❝❡ ❥♦✉r✳ ▲❡ ❢♦rt ❝♦♥tr❛st❡ ✭✶✳✺ ♠❛❣✮ ❡♥ ❜❛♥❞❡ K✱ ♦ù ❧❛ ❝♦♠♣♦s❛♥t❡ s❡❝♦♥❞❛✐r❡ ❡st
♣r❡sq✉❡ ✐♥❞✐s❝❡r♥❛❜❧❡ ♣♦✐♥t❡ ✈❡rs ✉♥❡ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡✳ ❈❡t ✐♥❞✐❝❡
❡st ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt ❝❛r✱ s❡❧♦♥ t♦✉t❡ ✈r❛✐s❡♠❜❧❛♥❝❡✱ ❈❋❇❉❙✷✵✹✽ ❆ ❡t ❇ ♦♥t ❧❡ ♠ê♠❡ â❣❡ ❡t
❧❛ ♠ê♠❡ ♠ét❛❧❧✐❝✐té✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❤♦t♦♠étr✐q✉❡s ❞❡ ❈❋❇❉❙✷✵✹✽ ❡t ❞❡ ❝❤❛❝✉♥❡ ❞❡
s❡s ❝♦♠♣♦s❛♥t❡s s♦♥t ❞ét❛✐❧❧é❡s s✉r ❧❛ t❛❜❧❡ ✺✳✸✳ ❊❧❧❡s ✐♥❞✐q✉❡♥t ✉♥ t②♣❡ s♣❡❝tr❛❧ ❞✬❡♥✈✐r♦♥
❚✷ à ❚✸ ♣♦✉r ❈❋❇❉❙✷✵✹✽❆ ❡t ❞❡ ❚✻ à ❚✼ ♣♦✉r ❈❋❇❉❙✷✵✹✽❇✱ ❞✬❛♣rès ❑♥❛♣♣ ❡t ❛❧✳ ✭✷✵✵✹✮✳

✶✸✼



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❚❛❜✳ ✺✳✸✿ P❤♦t♦♠étr✐❡ ✭❱é❣❛✮ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ ❡t ❧✬❡st✐♠❛t✐♦♥ ❞❡ t②♣❡ s♣❡❝tr❛❧ ❛ss♦❝✐é❡
♣♦✉r ❈❋❇❉❙✷✵✹✽❆❇ ❡t ❝❤❛❝✉♥❡ ❞❡ s❡s ❝♦♠♣♦s❛♥t❡s✳

❈♦♠♣♦s❛♥t❡ J H K J − H ❡t J − Ks ❡t H − Ks ❡t
❈♦♥s✐❞éré❡ ❚②♣❡ ❙♣✳ ❚②♣❡ ❙♣✳ ❚②♣❡ ❙♣✳
❙②stè♠❡ ❆❇ ✶✻✳✻✼±✵✳✵✷ ✶✻✳✺✺±✵✳✵✷ ✶✻✳✺✽±✵✳✵✷ ✵✳✶✷✭❚✹✮ ✵✳✵✾✭❚✺✮ ✲✵✳✵✸✭❚✺✮

❆ ✶✼✳✷✵ ✶✻✳✽✻ ✶✻✳✽✷ ✵✳✸✹✭❚✷✮ ✵✳✸✽✭❚✸✮ ✵✳✵✹✭❚✸✮
❇ ✶✼✳✼✵ ✶✽✳✵✻ ✶✽✳✸✷ ✲✵✳✸✻✭❚✻✰✮ ✲✵✳✻✷✭❚✼✰✮ ✲✵✳✷✹✭❚✻✰✮

❈♦♥tr❛st❡ ✵✳✺ ✶✳✷ ✶✳✺ ✲ ✲ ✲

❈❡❧❛ tr❛❞✉✐t ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ t❡♠♣ér❛t✉r❡ ❡✛❡❝t✐✈❡ ❞❡ ✹✵✵ à ✺✵✵❑ ✭❈✉s❤✐♥❣ ❡t ❛❧✳ ✷✵✵✽✮
❡♥tr❡ ❧❡s ❞❡✉① ❝♦♠♣♦s❛♥t❡s✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❛♥s ❧❡s t②♣❡s s♣❡❝tr❛✉① ❞❡s ❞❡✉①
♦❜❥❡ts ❡st s✉♣♣♦rté❡ ♣❛r ❧❡ ❝♦♥tr❛st❡ ❞❡ ✶✳✵ ♠❛❣♥✐t✉❞❡ ♦❜s❡r✈é ❛✈❡❝ ❧❡ ✜❧tr❡ ✧CH4off✧ ❧♦rs
❞❡s ♠ê♠❡s ♦❜s❡r✈❛t✐♦♥s ▲●❙✳ ❈❡ ✜❧tr❡ ❞❡ ❧❛r❣❡✉r ♠♦②❡♥♥❡✱ ❝❡♥tré à ✶✳✺✾µ♠ sé❧❡❝t✐♦♥♥❡ ❧❡
♣✐❝ ❞❡ ✢✉① ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❡♥ ❜❛♥❞❡ H✱ ❡♥ ❞❡❤♦rs ❞❡s ❜❛♥❞❡s ❞✬❛❜s♦r♣t✐♦♥ ❞✉ ♠ét❤❛♥❡✳
▲❛ ❝♦✉❧❡✉r CH4off−H ❡st ❛❧♦rs ✉♥ ❜♦♥ tr❛❝❡✉r ❞❡ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❝❡tt❡ ♠♦❧é❝✉❧❡✱ ❡t ❞♦♥❝
❞✉ t②♣❡ s♣❡❝tr❛❧ ❞❡s ♥❛✐♥❡s ❚✳ ▲❡ ❝♦♥tr❛st❡ s✉♣ér✐❡✉r ♦❜s❡r✈é ❡♥ ❜❛♥❞❡ H ✭✶✳✷ ♠❛❣♥✐t✉❞❡✮
♠♦♥tr❡ q✉❡ ❧✬❛❜s♦r♣t✐♦♥ ♣❛r ❈❍4 ❡st ♥♦t❛❜❧❡♠❡♥t ♣❧✉s ✐♥t❡♥s❡ s✉r ❈❋❇❉❙✷✵✹✽❇ q✉❡ s✉r
❈❋❇❉❙✷✵✹✽❆✳
▲❛ ❞✐st❛♥❝❡ ♣❤♦t♦♠étr✐q✉❡ ❝♦rr✐❣é❡ ❞❡ ❧❛ ❜✐♥❛r✐té ♣❧❛❝❡ ❝❡ s②stè♠❡ à ✹✺ ♣❛rs❡❝s✳ ▲❛

sé♣❛r❛t✐♦♥ ♣r♦❥❡té❡ ❞❡s ❞❡✉① ♦❜❥❡ts ❡st ❞♦♥❝ ❞✬❡♥✈✐r♦♥ ✷✳✺ ❯❆✳ ❯♥ ❝❛❧❝✉❧ s✐♠♣❧❡ s✉r ❧❛ ❜❛s❡
❞❡s ❧♦✐s ❞❡ ❑é♣❧❡r ✭❑❡♣❧❡r ❡t ❛❧✳ ✶✻✶✾✮ ♣ré❞✐t ✉♥❡ ♣ér✐♦❞❡ ♦r❜✐t❛❧❡ ❞✬✉♥❡ ❞♦✉③❛✐♥❡ ❞✬❛♥♥é❡s✳
▲❛ ♣❛r❛❧❧❛①❡ tr✐❣♦♥♦♠étr✐q✉❡ ♣❧✉s ♣ré❝✐s❡ s❡r❛ ❞✐s♣♦♥✐❜❧❡ ❡♥ ✶ à ✷ ❛♥ ❞❡ s✉✐✈✐ ❡t ♣❡r♠ttr❛ ❞❡
♣ré❝✐s❡r ❧❛ ❞✐st❛♥❝❡ ❡t ❞♦♥❝ ❧❛ sé♣❛r❛t✐♦♥ ❞❡s ❝♦♠♣♦s❛♥t❡s✱ ❛✐♥s✐ q✉❡ ❧❡✉r ♣ér✐♦❞❡ ♦r❜✐t❛❧❡✳
▲❛ ❝♦✉rt❡ sé♣❛r❛t✐♦♥ ❞❡ ❝❡ s②stè♠❡ ♣❡r♠❡ttr❛ ❞❡ ❞ét❡r♠✐♥❡r ❧✬♦r❜✐t❡ ❞❡ ❝❡ ❝♦✉♣❧❡ ❞❡ ♥❛✐♥❡s
❜r✉♥❡s ❢r♦✐❞❡s ❡♥ ✻ à ✽ ❛♥s✳ ❈❡tt❡ ♠❡s✉r❡ ❞♦♥♥❡r❛ ❛❧♦rs ❛❝❝ès à ❧❛ ♠❛ss❡ ❞✉ s②stè♠❡ ❡t
♣❡r♠❡ttr❛ ❞❡ ❞ét❡r♠✐♥❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❡s ♣❛r❛♠ètr❡s ❢♦♥❞❛♠❡♥t❛✉① ❞❡ ❝❡ ❝♦✉♣❧❡ ❞❡ ♥❛✐♥❡s
❜r✉♥❡s✱ ❢❛✐s❛♥t ❞❡ ❈❋❇❉❙✷✵✹✽ ✉♥ st❛♥❞❛r❞ ♣♦✉r ❧✬ét✉❞❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ✉❧tr❛✲❢r♦✐❞❡s✳

✺✳✹✳✷ Pr❡♠✐èr❡ ❞ét❡❝t✐♦♥ ❞✬✉♥❡ ♥❛✐♥❡ ❚ s♦✉s✲♠ét❛❧❧✐q✉❡

❉é❝♦✉✈❡rt❡ ❡t ♣❤♦t♦♠étr✐❡

▲❡ s♣❡❝tr❡ ❞✬✉♥❡ ❞❡s ♥❛✐♥❡s ❚ ♦❜s❡r✈é❡ ❛✈❡❝ ●◆■❘❙ ❛ ❛tt✐ré ♥♦tr❡ ❛tt❡♥t✐♦♥ ❛♣rès ✉♥❡
❛♥❛❧②s❡ r❛♣✐❞❡ ❞❡ s♦♥ s♣❡❝tr❡✳ ❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✺✳✾✱ ❝❡ ❞❡r♥✐❡r ♣rés❡♥t❡
♣❧✉s✐❡✉rs ♣❛rt✐❝✉❧❛r✐tés q✉✐ ❧❡ ❞✐st✐♥❣✉❡ ❞❡s ❛✉tr❡s ♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s ❞é❝♦✉✈❡rt❡s ♣❛r ❧❡
❈❋❇❉❙ ❡t ♦❜s❡r✈é❡ ❛✈❡❝ ❧❡ ♠ê♠❡ ✐♥str✉♠❡♥t✳ ▲❡ s♣❡❝tr❡ ❞❡ ❝❡t ♦❜❥❡t✱ ❈❋❇❉❙✶✺✵✵✱ ♥❡
♣❡✉t ❡♥ ❛✉❝✉♥ ❝❛s s✬❛❥✉st❡r s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ s♣❡❝tr❡ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡✳ ■❧ s❡ r❛♣♣r♦❝❤❡
♣❧✉s ❞✉ s♣❡❝tr❡ ❞✬✉♥❡ ❚✹✲❚✺ ❀ ♠❛✐s ♣♦✉r ✉♥ ✢✉① ♥♦r♠❛❧✐sé ❡♥ J ❀ ✐❧ ♣rés❡♥t❡ tr♦♣ ❞❡ ✢✉① ❡♥
Y ✱ ❝❡ q✉✐ ❡st ❧❡ s✐❣♥❡ ❞✬✉♥ t②♣❡ s♣❡❝tr❛❧ ♣❧✉s ♣ré❝♦❝❡✳ ❆ ❝♦♥tr❛r✐♦✱ ❈❋❇❉❙✶✺✵✵ ♠♦♥tr❡ ✉♥
❞é✜❝✐t ❞❡ ✢✉① ❞❛♥s ❧❡s ❜❛♥❞❡s ❍ ❡t ❑✱ ❝❡ q✉✐ ❡st ✉♥ ✐♥❞✐❝❡ ❞✬✉♥ t②♣❡ s♣❡❝tr❛❧ ♣❧✉s t❛r❞✐❢✳
❯♥❡ ❛✉tr❡ ♣❛rt✐❝✉❧❛r✐té ✐♥tér❡ss❛♥t❡ ❡st ❧✬❛❜s❡♥❝❡ r❡♠❛rq✉❛❜❧❡ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠ à
✶✳✷✺µ♠ ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡ ❝❡t ♦❜❥❡t✱ ❛❧♦rs q✉❡ ❝❡ ❞♦✉❜❧❡t ❡st ♣rés❡♥t s✉r t♦✉t❡s ❧❡s ❛✉tr❡s
♥❛✐♥❡s ♠✐❞✲❚ ❞✉ ❈❋❇❉❙✱ ♠ê♠❡ ♣♦✉r ✉♥ s✐❣♥❛❧ s✉r ❜r✉✐t ♠♦❞❡st❡✳ ❚♦✉t❡s ❝❡s ♣❛rt✐❝✉❧❛r✐tés
s♦♥t ❛✉ss✐ r❡♠❛rq✉❛❜❧❡s ❡♥ ❝♦♠♣❛r❛♥t ❈❋❇❉❙✶✺✵✵ ❛✈❡❝ ❞❡s ♥❛✐♥❡s ❚ st❛♥❞❛r❞s ✭✈♦✐r ✜❣✉r❡
✺✳✶✵✮✳ ❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✶✳✶✱ ❧✬❛❜s❡♥❝❡ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠ ❡t
❧❡ ❞é✜❝✐t ❞❡ ✢✉① ❡♥ ❜❛♥❞❡ K✱ t♦✉t ❝♦♠♠❡ ❧✬❡①❝ès ❞❡ ✢✉① ❡♥ ❜❛♥❞❡ Y s♦♥t ❛✉t❛♥t ❞✬✐♥❞✐❝❡s

✶✸✽



✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

❞❡ s♦✉s ♠ét❛❧❧✐❝✐té✳ ▲❡s ✐♥❞✐❝❡s s♣❡❝tr❛✉① ❞❡ ❝❡t ♦❜❥❡t✱ ❝❛❧✐❜rés ♣♦✉r ✉♥❡ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡✱
✭✈♦✐r t❛❜❧❡ ✺✳✹✮ ✐♥❞✐q✉❡♥t ✉♥ t②♣❡ s♣❡❝tr❛❧ ❞❡ ❚✹±✶

❋✐❣✳ ✺✳✾✿ ▲❡ s♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵✱ ❡♥ ♥♦✐r✱ ❝♦♠♣❛ré à ❝❡✉① ❞❡ ♥❛✐♥❡s ❚ ✭❞❡ ❚✸ à ❚✺ ❀ ❡♥
r♦✉❣❡✮ ❞é❝♦✉✈❡rt❡s ❛✈❡❝ ❧❡ ❈❋❇❉❙ ❡t ❞♦♥t ❧❡ s♣❡❝tr❡ ❛ été ♦❜t❡♥✉ ❛✈❡❝ ❧❡ ♠ê♠❡
✐♥str✉♠❡♥t

▲❛ ♣❤♦t♦♠étr✐❡ ❞❛♥s ❧❡s ❜❛♥❞❡s ✉t✐❧✐sé❡s ♣❛r ❧❡ ❈❋❇❉❙✱ i′, z′ ❡t J ✱ ♥❡ ❢❛✐t ♣❛s r❡ss♦rt✐r
❈❋❇❉❙✶✺✵✵ ❝♦♠♠❡ ✉♥ ♦❜❥❡t ♣❛rt✐❝✉❧✐❡r ✿ ❝♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✺✳✶✶✱ ❈❋✲

✶✸✾



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❋✐❣✳ ✺✳✶✵✿ ❈♦♠♣❛r❛✐s♦♥ ❞✉ s♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵ ✭♥♦✐r✮ ❛✈❡❝ ✹ st❛♥❞❛r❞s ❞❡s t②♣❡s s♣❡❝✲
tr❛✉① ❚✸ à ❚✻ ✭❡♥ r♦✉❣❡ ❀ s♣❡❝tr❡s ❈●❙✹ ❯❑■❘❚✮✳ ▲❛ rés♦❧✉t✐♦♥ ❞✉ s♣❡❝tr❡
❞❡ ❈❋❇❉❙✶✺✵✵ ❡st ❞❡❣r❛❞é❡ ♣♦✉r é❣❛❧❡r ❝❡❧❧❡ ❞❡ ❈●❙✹ ❡♥ ❧❡ ❝♦rré❧❛♥t ♣❛r ✉♥❡
❣❛✉ss✐❡♥♥❡ ❞❡ ❧❛r❣❡✉r ✵✳✵✵✸ µ♠✳ ▲❡s s♣❡❝tr❡s s♦♥t ♥♦r♠❛❧✐sés ❡♥ J ✳

❇❉❙✶✺✵✵ ❡st ♣❧❛❝é❡ ♣r❡sq✉❡ ❡①❛❝t❡♠❡♥t s✉r ❧❛ ❝♦✉r❜❡ ❞❡s ❝♦✉❧❡✉rs ♠♦②❡♥♥❡s ❞❡s ♥❛✐♥❡s
♠✐✲❚✳ ▲❡ ❝❛r❛❝tèr❡ ✧❝❧❛ss✐q✉❡✧ ❞❡ ❝❡t ♦❜❥❡t à ❝❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ♥❡ ♥♦✉s ❛ ♣❛s ♣❡r♠✐s ❞✬✐✲
❞❡♥t✐✜❡r ❈❋❇❉❙✶✺✵✵ ❝♦♠♠❡ ✉♥❡ ♣♦ss✐❜❧❡ ♥❛✐♥❡ ❜r✉♥❡ s♦✉s ♠ét❛❧❧✐q✉❡ ❛✈❛♥t ❞✬❛✈♦✐r ♦❜t❡♥✉
s♦♥ s♣❡❝tr❡✳ ❆ ❝♦♥tr❛r✐♦✱ ❧❛ ✜❣✉r❡ ✺✳✶✷ ♠♦♥tr❡ q✉❡ ❝❡t ♦❜❥❡t s❡ ❞✐st✐♥❣✉❡ ❝❧❛✐r❡♠❡♥t ❞❡s

✶✹✵



✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

❚❛❜✳ ✺✳✹✿ ■♥❞✐❝❡s s♣❡❝tr❛✉①✱ t❡❧s q✉❡ ❞é✜♥✐s ❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✶✳✷✱ ♠❡s✉rés ♣♦✉r ❈❋❇❉❙✶✺✵✵
✐♥❞✐❝❡ ✈❛❧❡✉r t②♣❡
❙♣❡❝tr❛❧ s♣❡❝tr❛❧

❍2❖✲J ✵✳✸✺✵ ❚✹
❈❍4✲J ✵✳✹✹✵ ❚✺
❍2❖✲H ✵✳✸✻✾ ❚✺
❈❍4✲H ✵✳✹✽✾ ❚✹✲❚✺
❈❍4✲K ✵✳✹✵✺ ❚✸
K/J ✵✳✵✾✹
K/H ✵✳✷✸✵
❲J ✵✳✻✸✸

❛✉tr❡s ♥❛✐♥❡s ❜r✉♥❡s ♣❛r ❞❡s ❝♦✉❧❡✉rs H − K ❡t J − H ❛t②♣✐q✉❡s✳

❋✐❣✳ ✺✳✶✶✿ ❉✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲❝♦✉❧❡✉r✱ i′−z′/z′−J ❞❡s ❝❛♥❞✐❞❛ts ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❈❋❇❉❙✳
❈❋❇❉❙✶✺✵✵✱ ✐❞❡♥t✐✜é❡ ♣❛r ✉♥ ♣♦✐♥t ✈❡rt✱ ♥❡ s❡ ❞✐st✐♥❣✉❡ ❛✉❝✉♥❡♠❡♥t ❞❡s ❛✉tr❡s
♦❜❥❡ts ❞❛♥s ❝❡s ❝♦✉❧❡✉rs✳ P❛r s♦✉❝✐ ❞❡ ❧✐s✐❜✐❧✐té s❡✉❧❡s ❧❡s ❜❛rr❡s ❞✬❡rr❡✉rs ❞❡s
♦❜❥❡ts ❧❡s ♣❧✉s r♦✉❣❡s ❡♥ z′ − J s♦♥t r❡♣rés❡♥té❡s ✐❝✐✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és ❣r❛s
r❡♣rés❡♥t❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❝♦✉❧❡✉rs s②♥t❤ét✐q✉❡s ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ❝♦♥♥✉❡s✭❈❢
s❡❝t✐♦♥ ✷✳✸✮✳ ▲❛ ③♦♥❡ ❣r✐sé❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s ❝♦✉❧❡✉rs ✐♥❞✐✈✐❞✉❡❧❧❡s
❞❡ ❝❡s ♦❜❥❡ts✳

✶✹✶



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❋✐❣✳ ✺✳✶✷✿ ❉✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲❝♦✉❧❡✉r H − K✴J − H ❞❡ ♥❛✐♥❡s ❚ ❝♦♥♥✉❡s ❞❛♥s ❧❡ s②s✲
tè♠❡ ♣❤♦t♦♠étr✐q✉❡ ▼❑❖✳ ▲❡s tr✐❛♥❣❧❡s ♥♦✐rs r❡♣és❡♥t❡♥t ❧❡s ♥❛✐♥❡s ❚ ♣✉❜❧✐é❡s
♣❛r ❑♥❛♣♣ ❡t ❛❧✳ ✭✷✵✵✹✮ ❛♥❞ ❈❤✐✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❧❡ ❝❛rré r♦✉❣❡ ✐❞❡♥t✐✜❡ ♥♦tr❡
♣❤♦t♦♠étr✐❡ ♣♦✉r ❈❋❇❉❙✶✺✵✵✳

❆♥❛❧②s❡ s♣❡❝tr❛❧❡ ❞❡ ❧❛ s♦✉s✲♠ét❛❧❧✐❝✐té

❆✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❛ s♦✉s ♠ét❛❧❧✐❝✐té ❞❡ ❈❋❇❉❙ ✶✺✵✵✱ ♥♦✉s ❛✈♦♥s ❡♥tr❡♣r✐s ✉♥❡ ❛♥❛❧②s❡
♣❧✉s ❛♣♣r♦❢♦♥❞✐❡ ❞❡ ❝❡t ♦❜❥❡t✱ s✉r ❧❛ ❜❛s❡ ❞✬✉♥❡ ét✉❞❡ ♠✉❧t✐✲✐♥❞✐❝❡s✳ ▲❛ ✜❣✉r❡ ✺✳✶✸ ♣❧❛❝❡
❈❋❇❉❙ ✶✺✵✵ s✉r ✉♥❡ ❣r✐❧❧❡ t❡♠♣ér❛t✉r❡✴❣r❛✈✐té ✐ss✉❡ ❞❡s ♠♦❞è❧❡ ❞❡ ❇✉rr♦✇s ❡t ❛❧✳ ✭✷✵✵✻✮
❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❞✐✛ér❡♥ts ✐♥❞✐❝❡s s♣❡❝tr❛✉①✳ ▲❡s ♠♦❞è❧❡s s♦♥t ❝♦rr✐❣és ♣❛r ❞❡s ❢❛❝t❡✉rs ♠✉❧t✐✲
♣❧✐❝❛t✐❢s ✭✈❛r✐❛♥t ❡♥tr❡ ✵✳✽✽ ❡t ✶✳✸ s✉✐✈❛♥t ❧❡s ✐♥❞✐❝❡s✮ ❛✜♥ ❞❡ ❧❡s r❡❝❛❧✐❜r❡r s✉r ❧❡s ♣❛r❛♠ètr❡s
❜✐❡♥ ❞ét❡r♠✐♥és ❞❡ ❙❉❙❙✶✷✺✹ ✭❚❂✶✷✵✵❀ ▲♦❣ ❣❂✹✳✼✺❀ ▼✴❍❂✵✱ ❈✉s❤✐♥❣ ❡t ❛❧✳ ✷✵✵✽✮✳ ▲❡s
❛✉tr❡s ♦❜❥❡ts ✐❞❡♥t✐✜és s✉r ❝❡tt❡ ✜❣✉r❡ s♦♥t ✷▼✷✷✺✹✱ ❧❛ ♥❛✐♥❡ ❚✹ st❛♥❞❛r❞ ✉t✐❧✐sé❡ ♣♦✉r ❧❛
❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ s♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵ ❡t ✷▼✵✾✸✼ ✭❚∼✽✵✵❑❀ ▲♦❣●∼✺✳✹❀ ▼✴❍∼✲✵✳✷
❞✬❛♣rès ❇✉r❣❛ss❡r ❡t ❛❧✳ ✷✵✵✻❛✮✱ ❧❛ ♥❛✐♥❡ ❚ ❞❡ ♣❧✉s ❢❛✐❜❧❡ ♠ét❛❧❧✐❝✐té ❝♦♥♥✉❡ ❥✉sq✉✬à ♠❛✐♥✲
t❡♥❛♥t✳ ▲❡s ✐♥❞✐❝❡s ♠❡s✉rés ♣♦✉r ❈❋❇❉❙✶✺✵✵ ❡t ✷▼✵✾✸✼ ♥❡ ❝♦rr❡s♣♦♥❞❡♥t à ❛✉❝✉♥ ♠♦❞è❧❡
à ♠ét❛❧❧✐❝✐t❡ s♦❧❛✐r❡ ❀ ✐❧ ❢❛✉t ❢❛✐r❡ ❛♣♣❡❧ à ❧❛ ❣r✐❧❧❡ s♦✉s✲♠ét❛❧❧✐q✉❡ ♣♦✉r ❢❛✐r❡ ❝♦rr❡s♣♦♥❞r❡
♠♦❞è❧❡ ❡t ♠❡s✉r❡s ♣♦✉r ❝❡s ♦❜❥❡ts✳
▲❛ ✜❣✉r❡ ✺✳✶✹ r❡♣rés❡♥t❡ ❧❡s ♠ê♠❡s ✐♥❞✐❝❡s✱ ♠❛✐s ❧❡s ❣r✐❧❧❡s s♦♥t ❝❡tt❡ ❢♦✐s✲❝✐ à ❣r❛✈✲

✐té ❝♦♥st❛♥t❡✱ ▲♦❣ ❣❂✺✳✺✳ ❈♦♠♠❡ ♦♥ ❧❡ ✈❡rr❛ ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✱ ❧❛ ❝✐♥é♠❛t✐q✉❡ ❞❡
❈❋❇❉❙✶✺✵✵ ❢♦✉r♥✐t ❞❡s ✐♥❞✐❝❡s ❢♦rts ♣♦✐♥t❛♥t ✈❡rs ✉♥ ♦❜❥❡t très â❣é✱ ♠❛ss✐❢ ❡t ❞♦♥❝ à
❣r❛✈✐té ❡❧❡✈é❡✳ P♦✉r ✉♥ â❣❡ ❞❡ ✶✵ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s✱ ❧❡s ♠♦❞è❧❡s ❞❡ ❇❛r❛✛❡ ❡t ❛❧✳ ✭✷✵✵✸✮
❝♦♥✈❡r❣❡♥t t♦✉s ✈❡rs ✉♥❡ ❣r❛✈✐té ❞❡ ❧♦❣ ❣ ❂❬✺✳✸ ❀✺✳✺❪✱ ❛✈❡❝ ✉♥❡ ❞ér✐✈é❡ très ❢❛✐❜❧❡ ❞❛♥s ❧❡

✶✹✷



✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

❞♦♠❛✐♥❡ ❞❡ t❡♠♣ér❛t✉r❡ ✐❞❡♥t✐✜é ♣♦✉r ❈❋❇❉❙✶✺✵✵✳ ❙✉r ❝❡tt❡ ❣r✐❧❧❡✱ ❡❧❧❡ ❛✉ss✐ ❛♥❝ré❡ s✉r
❧❡s ♣❛r❛♠ètr❡s ❞❡ ❙❉❙❙✶✷✺✹✱ ❚❡✛ ❡t ❬▼✴❍❪ s♦♥t ❧❡s ✈❛r✐❛❜❧❡s✳ ◆♦✉s tr♦✉✈♦♥s ❛❧♦rs ♣♦✉r
✷▼✵✾✸✼ ❞❡s ♣❛r❛♠ètr❡s q✉✐ s♦♥t ❛❧♦rs ❚ ✽✵✵ ❡t ❬▼✴❍❪ ✲✵✳✶ ✲✵✳✷ ❝❡ q✉✐ ❡st ❝♦❤ér❡♥t ❛✈❡❝
❇✉r❣❛ss❡r ❡t ❛❧✳ ✭✷✵✵✻❜✮✳ ❙✐ ❧❛ ❣r❛✈✐té ❞❡ ❈❋❇❉❙✶✺✵✵ ❡st ❜✐❡♥ ❞❡ ▲♦❣ ❣ ❂ ✺✳✺✱ s❡s ♣❛r❛♠ètr❡s
s♦♥t ❛❧♦rs ❚❡✛ ∼ ✶✵✷✺❑ ❡t ❬▼✴❍❪ ∼ ✲✵✳✸ ✳ ❙✐ s❛ ❣r❛✈✐té ❡st ✉♥ ♣❡✉ ♣❧✉s ❢❛✐❜❧❡✱ ✭✲✺✳✹✮ ❧❛
♠ét❛❧❧✐❝✐té ❡st ❡♥❝♦r❡ ♠♦✐♥❞r❡✱ ❛✉t♦✉r ❞❡ ✲✵✳✹✳

❋✐❣✳ ✺✳✶✸✿ ■♥❞✐❝❡s ❲J ✈❡rs✉s ❑✴❏ ✭❣❛✉❝❤❡✮ ❀ ❍2❖✲❏ ✈❡rs✉s ❑✴❍ ✭❞r♦✐t❡✮✳ ▲❛ ❣r✐❧❧❡ ♥♦✐r❡
❡st ❝❛❧❝✉❧é❡ ♣♦✉r ❧❡s ♠♦❞è❧❡s ❞❡ ❇✉rr♦✇s✱ ❙✉❞❛rs❦② ✫ ❍✉❜❡♥② ✷✵✵✻✱ à ♠ét❛❧❧✐❝✲
✐té s♦❧❛✐r❡✱ ♣♦✉r ❬▼✴❍❪❂✵✳ ▲❛ ❣r✐❧❧❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ ❛✉ ♠ê♠❡ ♠♦❞è❧❡ ❞❛♥s ❧❡
❝❛s ❞✬✉♥ ♦❜❥❡t s♦✉s✲♠ét❛❧❧✐q✉❡ ✿ ❬▼✴❍❪❂✲✵✳✺ ❚❡♠♣ér❛t✉r❡ ❡t ❣r❛✈✐té ❞❡s ♠♦❞✲
è❧❡s s♦♥t ❧❛❜❡❧✐sés s✉r ❧❛ ❣r✐❧❧❡ à ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡✳ ▲❡s ♣♦✐♥ts ❜❧❡✉s s♦♥t ❧❡s
✐♥❞✐❝❡s s♣❡❝tr♦s❝♦♣✐q✉❡s ♦❜s❡r✈❛t✐♦♥♥❡❧s ❞❡ ❙❉❙❙✶✷✺✹ ❀ ✷▼✷✷✺✹ ❀ ❈❋❇❉❙✶✺✵✵
❡t ✷▼✵✾✸✼✳ ❯♥ ❢❛❝t❡✉r ♠✉❧t✐♣❧✐❝❛t✐❢ ❛ été ❛♣♣❧✐q✉é ❛✉① ❣r✐❧❧❡s ❞❡s ♠♦❞è❧❡s ♣♦✉r
❛♥❝r❡r ❙❉❙❙✶✷✺✹ à ❬❚❂✶✷✵✵ ❀ ▲♦❣●❂✹✳✼✺ ❀ ❬▼✴❍❪❂✵✱ ✭❈✉s❤✐♥❣ ❡t ❛❧✳ ✷✵✵✽✮❪

❈❡tt❡ ❛♥❛❧②s❡ ✐❞❡♥t✐✜❡ ❞♦♥❝ ❈❋❇❉❙✶✺✵✵ ❝♦♠♠❡ ❧❛ ♥❛✐♥❡ ❚ ❧❛ ♣❧✉s s♦✉s✲♠ét❛❧❧✐q✉❡ ✐❞❡♥✲
t✐✜é❡ à ❝❡ ❥♦✉r✳ P❛r ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ♥❛✐♥❡ ❚✹ à ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ ❞♦♥t ❧❡ s♣❡❝tr❡ ❡st
❧❡ ♣❧✉s ♣r♦❝❤❡✱ ✷▼✷✷✺✹ q✉❡ ♥♦✉s ❛❧❧♦♥s ♠❛✐♥t❡♥❛♥t ✉t✐❧✐s❡r ♣♦✉r é✈❛❧✉❡r ❧❡s ❡✛❡ts ❞❡ ❧❛
s♦✉s✲♠ét❛❧❧✐❝✐té✱ ❈❋❇❉❙✶✺✵✵ ❛♣♣❛r❛ît ✶✵✵❑ ♣❧✉s ❢r♦✐❞❡✱ ❛ ✉♥ ❧♦❣ ❣ ♣❧✉s ❢♦rt ✭ ✺✳✵✲ ✺✳✷ ♣♦✉r
✷▼✷✷✺✹ ❝♦♥tr❡ ✺✳✹✲✺✳✺ ♣♦✉r ❈❋❇❉❙✶✺✵✵✮✳ ▲❛ ✜❣✉r❡ ✺✳✶✺✱ ♠♦♥tr❡ ❧❛ s✐♠✐❧❛r✐té ❞❡s s♣❡❝tr❡s
❡♥ ❜❛♥❞❡ J ❞❡ ❝❡s ❞❡✉① ♦❜❥❡ts✱ ♠❛✐s ✐❧❧✉str❡ s✉rt♦✉t ❧❛ ❞✐s♣❛r✐t✐♦♥ s♣❡❝t❛❝✉❧❛✐r❡ ❞✉ ❞♦✉❜❧❡t
❞✉ ♣♦t❛ss✐✉♠ ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵✳ ▲❛ ✜❣✉r❡ ✺✳✶✻ ♠♦♥tr❡ ❧❡s ♠♦❞è❧❡s ❛ss♦❝✐és
❛✉① ♣❛r❛♠ètr❡s ✐❞❡♥t✐✜és ♣♦✉r ❝❡s ❞❡✉① ♦❜❥❡ts✱ t♦✉❥♦✉rs ❞❛♥s ❧❛ ❜❛♥❞❡ J ✳ ❉❡✉① ❞✐✛ér❡♥❝❡s
♣r✐♥❝✐♣❛❧❡s r❡ss♦rt❡♥t ✿
✕ ❯♥❡ ❢♦rt❡ ❣r❛✈✐té ♥❡ ♣❡✉t ♣❛s ❡①♣❧✐q✉❡r ❧❛ ❞✐s♣❛r✐t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠✳ ❈❡tt❡
❝❛r❛❝tér✐st✐q✉❡ s✐♠♣❧❡ ❡t r❡♠❛rq✉❛❜❧❡ ♥❡ ♣❡✉t s✬❡①♣❧✐q✉❡r q✉❡ ♣❛r ❧❛ s♦✉s✲♠ét❛❧❧✐❝✐té✳

✕ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ✢✉① s✉r ❧❡ ❝♦té r♦✉❣❡ ❞❡ ❧❛ ❜❛♥❞❡ J ♣rés❡♥t❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s
s♦✉s✲♠ét❛❧❧✐q✉❡s✱ ♥✬❡st ♣❛s ♦❜s❡r✈é❡✳

✶✹✸



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❋✐❣✳ ✺✳✶✹✿ ❈❡s ❣r❛♣❤❡s s♦♥t s✐♠✐❧❛✐r❡s à ❝❡✉① ❞❡ ❧❛ ✜❣✉r❡ ✺✳✶✸✳ ❙❡✉❧s ❧❡s ♠♦❞è❧❡s à ▲♦❣●❂✺✳✺
s♦♥t r❡♣rés❡♥tés ✐❝✐ ❀ ❧❡s tr❛❝❡s ✈❡rt✐❝❛❧❡s s♦♥t à ♠ét❛❧❧✐❝✐té ❝♦♥st❛♥t❡s ✭✵✳✵ ❡t ✲
✵✳✺✮✳

❈✐♥é♠❛t✐q✉❡

▲✬♦❜t❡♥t✐♦♥ ❞✬✉♥❡ ❞❡✉①✐è♠❡ é♣♦q✉❡ ❞✬♦❜s❡r✈❛t✐♦♥ ❡♥ ❜❛♥❞❡ z′ ♥♦✉s ❛ ♣❡r♠✐s ❞❡ ❞ét❡r✲
♠✐♥❡r ❛✈❡❝ ♣ré❝✐s✐♦♥ ❧❡ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❞❡ ❈❋❇❉❙✶✺✵✵✱ ❢♦✉r♥✐ss❛♥t ❞❡s ✐♥❞✐❝❡s ✐♥❞é♣❡♥✲
❞❛♥ts ❞❡ s♦✉s ♠ét❛❧❧✐❝✐té✳ ❈♦♠♠❡ ♦♥ ♣❡✉t ❧❡ ❝♦♥st❛t❡r s✉r ❧❛ ✜❣✉r❡ ✺✳✶✼✱ ❧❡ ♠♦✉✈❡♠❡♥t
♣r♦♣r❡ ❞❡ ❝❡t ♦❜❥❡t✱ ✐❝✐ ✈✐s✉❛❧✐sé s✉r ✉♥❡ ❜❛s❡ ❞❡ t❡♠♣s ❞❡ ✸✹ ♠♦✐s✱ ❡st très ✐♠♣♦rt❛♥t✳
▲✬❡st✐♠❛t✐♦♥ ❞❡ s❛ ❞✐st❛♥❝❡✱ q✉✐ ♣❡r♠❡t ❞❡ r❡♠♦♥t❡r ❛✉ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❛❜s♦❧✉✱ ❡st

très ✐♠♣ré❝✐s❡✱ à ❧❛ ❢♦✐s ❞❡ ♣❛r ❧❛ ❞✐s♣❡rs✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡s ♠❛❣♥✐t✉❞❡s ❛❜s♦❧✉❡s ❞❡s ♥❛✐♥❡s
❚✱ ♠❛✐s ❛✉ss✐ ❞❡ ♣❛r ♥♦tr❡ ♠é❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❡✛❡ts ❞❡ ❧❛ s♦✉s ♠ét❛❧❧✐❝✐té s✉r ❧❡ ✢✉① ❞❡s
♥❛✐♥❡s ❜r✉♥❡s✳ ❙✐ ♦♥ ❛ss✐♠✐❧❡ ❈❋❇❉❙✶✺✵✵ à ✉♥❡ ♥❛✐♥❡ ❚✹✳✺ ❡t q✉❡ ❧✬♦♥ ❛❝❝❡♣t❡ ✉♥❡ ♣❧❛❣❡
❞❡ ✈❛r✐❛t✐♦♥ ❞❡ ±0.5 ♠❛❣♥✐t✉❞❡✱ ❝❡❧❛ ♣❧❛❝❡ ❈❋❇❉❙✶✺✵✵ à ✉♥❡ ❞✐st❛♥❝❡ ✈❛r✐❛♥t ❞❡ ✹✵ à ✻✺
♣❛rs❡❝s✳ ❈❡tt❡ ♣❧❛❣❡ ❞❡ ❞✐st❛♥❝❡ ❡st ❛ss♦❝✐é❡ à ✉♥❡ ♣❧❛❣❡ ❞❡ ✈✐t❡ss❡ t❛♥❣❡♥t✐❡❧❧❡ ❛❜s♦❧✉❡ ❞❡
✶✸✺✲✷✷✺ ❦♠✳s−1✳ ▲✬❡①❡♠♣❧❡ ❞❡ ✷▼❆❙❙✵✾✸✼✱ q✉✐✱ à t❡♠♣ér❛t✉r❡ é❣❛❧❡✱ ❡st ♠♦✐♥s ❧✉♠✐♥❡✉s❡
❞❡ ✵✳✺ ♠❛❣ q✉✬✉♥❡ ❚✻✱ ♥♦✉s ❝♦♥❞✉✐t à ♣r✐✈✐❧é❣✐❡r ❧❛ ❧✉♠✐♥♦s✐té ❧❛ ♣❧✉s ❢❛✐❜❧❡✱ ❡t ❞♦♥❝ ❧❡
♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❧❡ ♠♦✐♥s é❧❡✈é ♣♦✉r ❈❋❇❉❙✶✺✵✵✱ ♣❧❛ç❛♥t ❧✬♦❜❥❡t à ✉♥❡ ❞✐st❛♥❝❡ ❞❡ ✹✵ à
✺✵ ♣❛rs❡❝s✳
◆♦✉s ❛✈♦♥s ❛❧♦rs ✉t✐❧✐sé ❧❡ ♠♦❞è❧❡ ❞❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡ ❇❡s❛♥ç♦♥ ✭❘♦❜✐♥ ❡t ❛❧✳

✷✵✵✸✮ ♣♦✉r ❛✈♦✐r ✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❣❛❧❛❝t✐q✉❡s q✉✐ ♦♥t ✉♥❡ ❞✐st❛♥❝❡ ❡t ✉♥❡
✈é❧♦❝✐té s✐♠✐❧❛✐r❡ à ❈❋❇❉❙✶✺✵✵✳ ▲❡ rés✉❧t❛t ❞❡ ❝❡tt❡ ♠♦❞é❧✐s❛t✐♦♥ ❡st ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡
✺✳✶✽ ✿ à ❧❛ ♣♦s✐t✐♦♥ ❡♥ ❛s❝❡♥s✐♦♥ ❞r♦✐t❡ ❡t ❞é❝❧✐♥❛✐s♦♥ ❞❡ ❈❋❇❉❙✶✺✵✵✱ t♦✉s ❧❡s ♦❜❥❡ts ❞♦♥t
❧❡ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❡st s✐♠✐❧❛✐r❡ ❛♣♣❛rt✐❡♥♥❡♥t s♦✐t ❛✉ ❞✐sq✉❡ é♣❛✐s s♦✐t ❛✉ ❤❛❧♦✳ ▲❛ t❛✲
❜❧❡ ✺✳✺ ♠♦♥tr❡ ❧❛ st❛t✐st✐q✉❡ ❞❡s ♦❜❥❡ts ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡ ❞♦♥t ❧❛ ❝✐♥é♠❛t✐q✉❡ ❡st ♣r♦❝❤❡
✭±✵✳✵✺✧✳②r−1✮ ❞❡ ❝❡❧❧❡ ❞❡ ❈❋❇❉❙✶✺✵✵✱ ❛✐♥s✐ q✉❡ ❧❡s ♠ét❛❧❧✐❝✐tés ❛ss♦❝✐é❡s à ❝❤❛q✉❡ ♣♦♣✲
✉❧❛t✐♦♥✳ ❈❡tt❡ ♠♦❞é❧✐s❛t✐♦♥ ❢❛✐t r❡ss♦rt✐r ❈❋❇❉❙✶✺✵✵ ❝♦♠♠❡ ❛♣♣❛rt❡♥❛♥t ♣r♦❜❛❜❧❡♠❡♥t
❛✉ ❞✐sq✉❡ é♣❛✐s✳ ❙♦♥ ❛♣♣❛rt❡♥❛♥❝❡ ❛✉ ❤❛❧♦ ❡st ❞②♥❛♠✐q✉❡♠❡♥t ❝ré❞✐❜❧❡✱ ♠❛✐s ❧❡ s♣❡❝tr❡
❞❡ ❈❋❇❉❙✶✺✵✵ ♥❡ ♠♦♥tr❡ ♣❛s ❞✬✐♥❞✐❝❡ ❞✬✉♥❡ s♦✉s ♠ét❛❧❧✐❝✐té ❛✉ss✐ ❡①trê♠❡✳ ▲❛ ♠ét❛❧❧✐❝✲
✐té ❝♦♠♣r✐s❡ ❞❛♥s ❧❛ ❢♦✉r❝❤❡tt❡ ❬✲✵✳✸ ❀✲✵✳✺❪ ❡st ❝♦♠♣❛t✐❜❧❡ ❛✈❡❝ ✉♥❡ ❛♣♣❛rt❡♥❛♥❝❡ ❛✉ ❞✐sq✉❡
é♣❛✐s ✭à ✶ s✐❣♠❛✮ ❡t s✬❛❝❝♦r❞❡r❛✐t ♣❛r❢❛✐t❡♠❡♥t ❛✈❡❝ ✉♥❡ ❛♣♣❛rt❡♥❛♥❝❡ à ❧❛ ❝♦♠♣♦s❛♥t❡
✈✐❡✐❧❧❡ ❞✉ ❞✐sq✉❡ ♠✐♥❝❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ♣♦ss✐❜✐❧✐té ❡st ♦✉✈❡rt❡ ♠❛✐s r❡st❡ ♠♦✐♥s ❝ré❞✐❜❧❡ ❝❛r

✶✹✹



✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

❋✐❣✳ ✺✳✶✺✿ ❙♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵ ✭❡♥ ♥♦✐r✮ ❝♦♠♣❛ré à ❝❡❧✉✐ ❞❡ ✷▼✷✷✺✹✱ ❡♥ r♦✉❣❡✳ ▲❛
♣r✐♥❝✐♣❛❧❡ ❞✐✛ér❡♥❝❡ ❡st ❧❛ ❞✐s♣❛r✐t✐♦♥ ❞✉ ❞♦✉❜❧❡t ❞✉ ♣♦t❛ss✐✉♠✱ r❡♣éré ♣❛r ❞❡s
❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s ✈❡rt✐❝❛❧❡s✳

❧❛ ♣♦♣✉❧❛t✐♦♥ ❣❛❧❛❝t✐q✉❡ ♦❝❝✉♣❛♥t ✉♥ ❞♦♠❛✐♥❡ ❝✐♥é♠❛t✐q✉❡ ♣r♦❝❤❡ ❞❡ ❈❋❇❉❙✶✺✵✵ ❝♦♠♣t❡
✶✺ ❢♦✐s ♣❧✉s ❞✬♦❜❥❡ts ❞✉ ❞✐sq✉❡ é♣❛✐s q✉❡ ❞❡ ❧❛ ✈✐❡✐❧❧❡ ❝♦♠♣♦s❛♥t❡ ❞✉ ❞✐sq✉❡ ♠✐♥❝❡✳

❚❛❜✳ ✺✳✺✿ ❙t❛t✐st✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬ét♦✐❧❡s ❛②❛♥t ✉♥❡ ❝✐♥é♠❛t✐q✉❡ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡
❈❋❇❉❙✶✺✵✵✱ ❡t ❧❡✉rs ❝❛r❛❝tér✐st✐q✉❡s ♣r✐♥❝✐♣❛❧❡s✳
P♦♣✉❧❛t✐♦♥ ♣♦✉r❝❡♥t❛❣❡ ❆❣❡✭●②rs✮ ▼ét❛❧❧✐❝✐té✭❞❡①✮

❉✐sq✉❡ ♠✐♥❝❡✱ â❣❡ s♦❧❛✐r❡ ✓✶✪ ✸✲✼ ✲✵✳✶±✵✳✶✼
❉✐sq✉❡ ♠✐♥❝❡✱ ✈✐❡✐❧❧❡ ❝♦♠♣♦s❛♥t❡ ✹✲✺✪ ✼✲✶✵ ✲✵✳✸✼±✵✳✷✵

❉✐sq✉❡ é♣❛✐s ✼✺✪ ✶✶ ✲✵✳✼✽±✵✳✸✵
❍❛❧♦ ✷✵✪ ✶✸ ✲✶✳✼✽±✵✳✺

❈♦♥❝❧✉s✐♦♥

▲✬❛♥❛❧②s❡ ❞✉ s♣❡❝tr❡ ❞❡ ❈❋❇❉❙✶✺✵✵ ♠♦♥tr❡ q✉❡ ❝❡t ♦❜❥❡t ❡st s❛♥s ❛✉❝✉♥ ❞♦✉t❡ ❧❛ ♥❛✐♥❡
❚ ❧❛ ♣❧✉s s♦✉s✲♠ét❛❧❧✐q✉❡ ❞é❝♦✉✈❡rt❡ à ❝❡ ❥♦✉r✳ ▲✬ét✉❞❡ ❞❡ s♦♥ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❛♣♣♦rt❡
✉♥❡ ♣r❡✉✈❡ ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ s❛ s♦✉s✲♠ét❛❧❧✐❝✐té✱ s✐♥❣✉❧❛r✐s❛♥t ❈❋❇❉❙✶✺✵✵ ❝♦♠♠❡ ✉♥ ♦❜❥❡t
â❣é ❡♥ t♦✉s ❝❛s ❞❡ ♣❧✉s ❞❡ ✼ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s ❡t ❛♣♣❛rt❡♥❛♥t ♣r♦❜❛❜❧❡♠❡♥t ❛✉ ❞✐sq✉❡
é♣❛✐s ❞❡ ❧❛ ❣❛❧❛①✐❡✱ â❣é ❞❡ ✶✶ ♠✐❧❧✐❛r❞ ❞✬❛♥♥é❡s✳ ❈❡t ♦❜❥❡t✱ ❢♦r♠é ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s très
❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s q✉✐ ❡①✐st❡♥t ❛❝t✉❡❧❧❡♠❡♥t ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ❞♦♥❝
♣r♦❜❛❜❧❡♠❡♥t à ❧❛ ❢♦✐s ❧❛ ♥❛✐♥❡ ❚ ❧❛ ♣❧✉s â❣é❡ ✐❞❡♥t✐✜é❡ à ❝❡ ❥♦✉r✱ ♠❛✐s ❛✉ss✐ ❧❛ s❡✉❧❡ q✉✐
♥✬❛♣♣❛rt✐❡♥t ♣❛s ❛✉ ❞✐sq✉❡ ♠✐♥❝❡ ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡✳

✶✹✺



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

❋✐❣✳ ✺✳✶✻✿ ❈♦♠♣❛r❛✐s♦♥ ❞✉ ♠♦❞è❧❡ ❛ss♦❝✐é ❛✉① ♣❛r❛♠ètr❡s ❞❡ ✷▼✷✷✺✹✭✶✶✵✵❑✱ ❧♦❣ ❣❂✺✳✵
❡t ❬▼✴❍❪❂✵✳✵✮ à ❞❡✉① ♠♦❞è❧❡s ❛ss♦❝✐és ❛✉① ♣❛r❛♠ètr❡s ❞❡ ❈❋❇❉❙✶✺✵✵✳ ❙❡✉❧
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ABSTRACT

Aims. We report the discovery of CFBDS J005910.90-011401.3 (hereafter CFBDS0059), the coolest brown dwarf identified to date.
Methods. We found CFBDS0059 usingi′ andz′ images from the Canada-France-Hawaii Telescope (CFHT), and present optical and
near-infrared photometry, Keck laser-guide-star adaptive optics imaging, and a complete near-infrared spectrum, from 1.0 to 2.2µm.
Results. A side-to-side comparison of the near-infrared spectra of CFBDS0059 and ULAS J003402.77-005206.7 (hereafter
ULAS0034), previously the coolest known brown dwarf, indicates that CFBDS0059 is∼ 50 ± 15K cooler. We estimate a tem-
perature ofTeff ∼ 620K and gravity of logg ∼ 4.75. Evolutionary models translate these parameters into an age of 1-5 Gyr and a
mass of 15− 30 MJup. We estimate a photometric distance of∼13pc, which puts CFBDS0059 within easy reach of accurate parallax
measurements. Its large proper motion suggests membership in the older population of the thin disk. The spectra of both CFBDS0059
and ULAS J0034 show probable absorption by a wide ammonia band on the blue side of theH-band flux peak. If, as we expect,
that feature deepens further for still lower effective temperatures, its appearance will become a natural breakpoint for the transition
between the T spectral class and the new Y spectral type. Together, CFBDS0059 and ULAS J0034 would then be the first Y0 dwarfs.
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1. Introduction

Observed stellar and substellar atmospheres cover a continuum
of physical conditions from the hottest stars (∼ 100 000 K) to
the coolest known brown dwarfs (previously ULAS J003402.77-
005206.7 (hereafter ULAS0034),>T8 Warren et al. (2007)).
There remains however a sizeable temperature gap between the
600-700 K ULAS0034 and the∼100 K giant planets of the
Solar System. Many of the currently known extrasolar planets
populate this temperature interval, characterized by complex at-
mospheric physics: matter and radiation in these cold, dense,
and turbulent atmospheres couple into a very dynamical mix,
where molecules and dust form and dissipate. Current atmo-
sphere models are rather uncertain in this unexplored tempera-
ture range and they will significantly benefit from observational
constraints. Two major physical transitions are expected to occur
between∼ 700 K and∼ 400 K and strongly alter the emergent
near-infrared spectra (Burrows et al. 2003): NH3 becomes an
abundant atmospheric constituent and its near-infrared bands be-
come major spectral features, and water clouds form and deplete

Aeronautics and Space Administration. The Observatory was made pos-
sible by the generous financial support of the W.M. Keck Foundation.
⋆⋆ Alfred P. Sloan Research Fellow
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H2O from the gas phase. The corresponding near-infrared spec-
tral changes are likely to be sufficiently drastic that the creation
of a new spectral type will be warranted (Kirkpatrick 2000).
Kirkpatrick et al. (1999); Kirkpatrick (2000) reserved the “Y”
letter for the name of that putative new spectral type.

To help fill this temperature gap, we conduct the Canada
France Brown Dwarf Survey (CFBDS, (Delorme et al. 2008)),
which uses MegaCam (Boulade et al. 2003)i′andz′ images to
select very cool brown dwarfs (and high redshift quasars) on
their very redi′ − z′ colour. We present here our coolest brown
dwarf discovery to date, CFBDS J005910.90-011401.3 (here-
after CFBDS0059), a>T8 dwarf with evidence of near-infrared
NH3 absorption. Section 2 describes its discovery, and presents
our follow-up observations:i′, z′, Y, J, H and Ks photometry
and astrometry of CFBDS0059 and (as a reference) ULAS0034,
laser guide star adaptive optics imaging and a near infrared spec-
trum of the new brown dwarf. Section 3 discusses the kinemat-
ics and the dynamical population membership of CFBDS0059.
Section 4 compares the spectrum of CFBDS0059 with those of
Gl 570D (T7.5), 2MASS J0415-09 (T8) and ULAS0034, and
in the light of synthetic spectra uses that comparison to deter-
mine its effective temperature, gravity and metallicity. We also
examine in that section the new spectral features which appear
below 700K, in particular an NH3 band, and discuss new spec-
tral indices for spectral classification beyond T8. Finally, section
5 summarizes our findings and sketches our near-future plans.

2. CFBDS

Field ultracold brown dwarfs are intrinsically very faint, and as a
result they can only be identified in sensitive wide-field imaging
surveys. They are most easily detected in the near infrared, and
one could thus naively expect them to be most easily identified in
that wavelength range. Brown dwarf spectra however very much
differ from a black body, and their considerable structure from
deep absorption lines and bands produces broad-band pure near-
infrared colours that loop back to the blue. At modest signal to
noise ratios, those colours are not very distinctive. Brown dwarfs
are therefore more easily recognized by including at least one
photometric band under 1µm. At those shorter wavelengths their
spectra have extremely steep spectral slopes, and the resulting
very redi′ − z′ andz′ − J colours easily stand out.

As discussed in detail in Delorme et al. (2008), the CFBDS
survey brown dwarf identification is a two-step process:

– we first select brown dwarfs candidates on their redi′ − z′

colour in MegaCam images which cover several hundred
square degrees.

– J-band pointed observations of these candidates then dis-
criminate actual brown dwarfs from artefacts, and astrophys-
ical contaminants.

The i′ − z′ selection takes advantage of the wide field of the
MegaCam camera1 on the 3.6m CFHT telescope, and of the
trove of deep observational material obtained with that instru-
ment. We rely on existingi′ images from the Very Wide com-
ponent of the Canada France Hawaii Telescope Legacy Survey
(CFHTLS-VW) and, for different fields, on existingz′ images
from the Red sequence Cluster Survey 2 (RCS2). We then match
those with either newz′ or new i′ exposures to obtaini′ andz′

pairs. The two parent surveys also obtaing′ andr ′ images, which
for the RCS2 survey are contemporaneous with thez′ exposure.

1 http://www-dapnia.cea.fr/Sap/Phys/Sap/Activites/Projets/Megacam

Fig. 1. KS-band finder chart for CFBDS0059. The field of view is 2 by
2 arcminutes.

We don’t use those as primary selection tools, but the contem-
poraneous exposures from the RCS2 survey provide a welcome
check that an apparently red source was not, instead, a vari-
able brighter at all wavelenghts at thez′ epochs. Since all our
fields have low galactic extinction, the only other astrophysical
point sources with a similarly redi′ − z′ are quasars at redshifts
of z≈ 6, which represent the other motivation of our program
(e.g. Willott et al. 2007). We discriminate between quasars and
brown dwarfs withJ-band photometry obtained on several 2 to
4m-class telescopes (Delorme et al. 2008, for details). These tar-
geted follow-up observations also reject a number of remaining
unflagged artefacts and they provide a refined spectral type esti-
mate, thanks to the much higher signal-to-noise ratio which we
typically achieve onz′ − J than oni′ − z′.

3. Observations

We first identified CFBDS0059 as a brown dwarf candidate
when comparing a 360 s RCS2z′ exposure from 2005 December
27 with a 500 seconds CFBDSi′ exposure from 2006 August 31.
CFBDS0059 is undetected in thei′ image toi′AB = 25.2 (5σ), in
spite of a strongz′ detection (z′AB = 21.93±0.05). The RCS2
survey obtains contemporaneousg′, r ′ and z′ images, and we
checked theg′ andr ′ exposures for a counterpart. These images,
which were obtained within 50 minutes of thez′ observation,
show no object at the position of CFBDS0059. This essentially
excludes that thez′ detection was due to a variable or slowly
moving object with neutral colours. Thei′AB − z′AB > 3.2 (5σ)
lower limit was thus secure, and made CFBDS0059 a very strong
candidate for follow-up.

3.1. J-band photometry and near-infrared spectroscopy

Our initial J-band imaging consists of five 20-second dithered
exposures with the SOFI near-infrared camera on the ESO NTT
telescope at La Silla on 2006 November 12. As discussed be-
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low, the photometric system of that instrument is non-standard.
We used a modified version of the jitter utility within the ESO
Eclipse package (Devillard 1997) to subtract the background and
coadd the five exposures. We extracted photometry from the re-
sulting image using PSF fitting within Source Extractor (Bertin
& Arnouts (1996) and Bertin & Delorme, in preparation) and
obtainJVega=18.11±0.06. The resultingzAB − JAB = 3.0 colour
confirmed CFBDS0059 as a strong very late-T dwarf candidate
and we triggeredH-band spectroscopic observations with NIRI
(Hodapp et al. 2003) at Gemini-North. Those were obtained in
queue mode on 2007 July 30 and immediately confirmed the
very cool nature of CFBDS0059. We then requestedJ and K-
band spectroscopy with the same instrument, which was ob-
tained on 2007 September 1.

All spectra were obtained through a∼ 0.′′7-wide slit, which
produces a resolving power ofλ

∆λ
∼ 500. The object is

dithered along the slit. TheH-band spectrum is the sum of 16
300−second integrations, while theY + J and K band spec-
tra each are the sum of 9 300−second integrations. Consecutive
image pairs are pair subtracted, flat fielded using a median com-
bined spectral flat and corrected for both spectral and spatial dis-
tortions. Spectra are extracted using a positive and a negative ex-
traction box matched to the trace profile. A first wavelength cali-
bration was obtained with argon lamp arc spectra taken at the end
of the sequence, and the wavelength scale was then fine tuned
to match the atmospheric OH-lines. Individual spectra extracted
from image pairs were then normalized and median combined
into final spectra. Per-pixel S/N of 25, 40 and 5 where achieved
on the J, H and K-band peaks respectively. For all 3 wavelength
settings the A0 star HIP10512 was observed immediately after
the science observations to calibrate the instrumental spectral re-
sponse and the telluric transmission.

3.2. Additional near-infrared and optical Photometry

The J filter of the SOFI camera on the NTT has a quite non-
standard bandpass, for which the large colour corrections that
result from the strong structrure in T dwarf spectra (e.g. Stephens
& Leggett 2004) have not been fully characterized. To com-
pare the spectral energy distribution (SEDs) of CFBDS0059
and ULAS0034 (Warren et al. 2007) we therefore prefered
to obtain additional near-infrared wide-band photometry with
WIRCam (Puget et al. 2004) on CFHT, which uses standard
Mauna Kea Observatory infrared filters (Simons & Tokunaga
2002; Tokunaga et al. 2002; Tokunaga & Vacca 2005, MKO sys-
tem). The observations (2007 August 1st and 5th) used dithering
patterns of∼ 60 arcsec amplitude for total (respectively individ-
ual) exposure times of 300 (60), 150 (30), 300 (15) and 720 (20)
seconds for theY, J, H andKs bands. The skies were photomet-
ric and the seeing varied between 0.8 and 1.0”.

Table 1 summarizes the magnitudes of CFBDS0059 and
ULAS0034 in all available bands. The WIRCam photometry of
ULAS0034 agrees with the Warren et al. (2007) measurements
within better than 1σ for H band and within 1.5σ for J. The
Warren et al. (2007) K-band measurement used aK filter, while
our WIRCam measurement uses the narrower and bluerKsfilter.
The 0.15 mag difference between these two observations is ap-
proximately consistent with the Stephens & Leggett (2004) pre-
diction for the effect of these different filter bandpasses at late-
T spectral types. Similarly, the better short-wavelength quan-
tum efficiency of the WIRCam detector can qualitatively explain
the 0.2 magnitude (2σ) discrepancy between ourY photometry
and the Warren et al. (2007) WFCam measurement. The near-IR
colours of the two brown dwarfs are similar, exceptH−Kswhich

Table 2.Astrometry of CFBDS0059. (Epoch:August 5th, 2007)

RA(J2000) DEC(J2000) µα µδ
hh:mm:ss dd:mm:ss “/yr
00:59:10.903 -01:14:01.13 0.94± 0.06 0.18± 0.06

is ∼0.5 magnitude bluer for CFBDS0059 than for ULAS0034.
We will interpret the implications of this lowKs flux when we
examine the near-infrared spectrum.

3.3. Astrometry

CFBDS0059 and ULAS0034 are serendipitously just 6.3 de-
grees apart on the sky, and at similar photometric distances from
Earth since they have similar spectral types and apparent magni-
tudes , and we initially entertained the idea that they might, per-
haps, be part of a common moving group. The proper motion of
CFBDS0059 however, measured between our 2005 Megacamz′

and 2007 WIRCamKs images, and uncorrected for its parallactic
motion, isµα = +0.94±0.06”/yr, µδ = +0.18±0.06”/yr (Table 2).
ULAS0034 on the other hand moves byµα = −0.12± 0.05”/yr
andµδ = 0.35± 0.005”/yr (Warren et al. 2007). The two proper
motions are thus sufficiently different that the two brown dwarfs
are clearly unrelated. We checked for main sequence common
proper motion companions to CFBDS0059, which would have
provided welcome age and metallicity constraints (e.g. Scholz
et al. 2003) but did not find any match within a 10 arcminute
radius.

3.4. Keck Laser Guide Star Adaptive Optics Imaging

To search for binarity, we imaged CFBDS0059 on
16 January 2008 UT using the laser guide star adaptive
optics (LGS AO) system (van Dam et al. 2006; Wizinowich
et al. 2006) of the 10-meter Keck II Telescope on Mauna
Kea, Hawaii. Conditions were photometric with better than
average seeing. We used the facility IR camera NIRC2 with its
narrow field-of-view camera, which produces an image scale of
9.963±0.011 mas/pixel (Pravdo et al. 2006) and a 10.2′′×10.2′′

field of view. The LGS provided the wavefront reference source
for AO correction, with the exception of tip-tilt motion. The LGS
brightness was equivalent to aV ≈ 9.8 mag star, as measured by
the flux incident on the AO wavefront sensor. Tip-tilt aberrations
and quasi-static changes in the image of the LGS as seen by
the wavefront sensor were measured contemporaneously with
a second, lower-bandwidth wavefront sensor monitoring the
R = 14.6 mag field star USNO-B1.0 0887-0010532 (Monet
et al. 2003), located 32′′ away from CFBDS0059. The sodium
laser beam was pointed at the centre of the NIRC2 field-of-view
for all observations.

We obtained a series of dithered images, offsetting the tele-
scope by a few arcseconds, with a total integration time of 1080s.
We used theCH4s filter, which has a central wavelength of
1.592µm and a width of 0.126µm. This filter is positioned near
theH-band flux peak emitted by late-T dwarfs. The images were
reduced in a standard fashion. We constructed flat fields from the
differences of images of the telescope dome interior with and
without continuum lamp illumination. Then we created a mas-
ter sky frame from the median average of the bias-subtracted,
flat-fielded images and subtracted it from the individual images.
Images were registered and stacked to form a final mosaic, with
a full-width at half-maximum of 0.09′′ and a Strehl ratio of 0.05.
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Table 1.Wide bandi′AB andz′AB CFHT photometry measured with Megacam, MKO-systemY, J, H, andKs measured with WIRCam and associated
colours. For comparison we include previousY, J, H, andK photometry of ULAS0034.

Target Spectral band
i′AB z′AB Y J H Ks K

CFBDS0059 > 25.17±0.03 21.93±0.05 18.82±0.02 18.06±0.03 18.27±0.05 18.63±0.05 -
ULAS0034 > 25.14±0.04 22.11±0.06 19.12±0.03 18.21±0.03 18.49±0.05 18.33±0.05 -
ULAS00341 18.90±0.10 18.15±0.03 18.49±0.04 - 18.48±0.05

z′AB − Y Y− J J− H H − Ks H− K
CFBDS0059 3.11±0.05 0.76±0.04 −0.21±0.06 −0.36±0.07 -
ULAS0034 2.99±0.07 0.91±0.04 −0.28±0.06 0.16±0.07 -
ULAS00341 0.75±0.10 −0.34±0.05 - 0.01±0.07

1 Photometry from Warren et al. (2007)

Fig. 2. Adaptive Optic detections limits as a function of the separation
from CFBDS0059. Dashed lines show the equivalent mass and temper-
ature for a given contrast. The first value assumes an age of 1 Gyr and
the second an age of 5 Gyr.

No companions were clearly detected in a 6′′×6′′ region centred
on CFBDS0059.

We determined upper limits from the direct imaging by first
smoothing the final mosaic with an analytical representation of
the PSF’s radial profile, modeled as the sum of multiple gaus-
sians. We then measured the standard deviation in concentric an-
nuli centred on the science target, normalized by the peak flux of
the targets, and adopted 10σ as the flux ratio limits for any com-
panions. These limits were verified with implantation of fake
companions into the image using translated and scaled versions
of the science target.

Figure 2 presents the final upper limits on any companions.
We employed the ”COND” models of Baraffe et al. (2003) to
convert the limits into companion masses, for assumed ages of
1 and 5 Gyr and a photometric distance estimate of 13 pc. We
assumed any cooler companions would have similar (CH4s−H)
colours to CFBDS0059.

4. Kinematics

We estimate a spectrophotometric distance for CFBDS0059 by
adopting MJ = 17.5±0.5, based on an approximate T9/Y0 spec-
tral type (discussed below) and on an extrapolation of the MJ
versus spectral type relation of Knapp et al. (2004) beyond T8

Fig. 3. Thin disk probability membership contours in proper motion
space from the Besancon stellar population model. The contours are
generated for synthetic stars with distances between 10 and 20 pc, be-
longing to the thin disk (small dots) and the thick disk (small stars,
with the density of the latter increased by a factor of 10 for display pur-
poses). Less than one halo star would appear on the plot. Based on their
measured proper motion, the likelihood that CFBDS0059 (large open
square) and ULAS0034 (large open triangle) belongs to the thin disk
are 95% and> 99%.

(2MASSJ0415− 0935, hereafter 2M0415). This extrapolation is
consistent with the Chabrier et al. (2000) models which predict
∆J ∼ 1.0 between brown dwarfs ofTeff ∼ 750K and 625K (like
2M0415 and CFBDS0059). The resulting d= 13± 5 pc has sig-
nificant systematic uncertainties, because spectral typing beyond
T8 is just being defined, and especially because the linear 1 mag-
nitude/subtype decline seen at earlier subtypes may not continue
beyond T8. The adaptive optics observations exclude any com-
panion of similar luminosity beyond 1.2 AU, but CFBDS0059
could still of course be a tighter binary. Its small distance fortu-
nately puts CFBDS0059 within easy reach of modern parallax
measurements.

We use the Besancon stellar population model (Robin et al.
2003) to generate synthetic stars between 10 pc and 20 pc for
the thin (dots) and thick (star symbol) disk populations at the
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galactic position of CFBDS0059. Fig 3 shows their proper mo-
tions together with those of CFBDS0059 and ULAS0034. The
contour lines show the probability that an object with a given
proper motion belongs to the thin disk rather than the thick disk
(halo membership probabilities are negligible). CFBDS0059, at
its probable distance, is well within the 95% probability thin disk
membership region, and ULAS0034 is within the 99% probabil-
ity region. In spite of its somewhat high proper motion for an
object beyond 10 pc, CFBDS0059 therefore most likely belongs
to the thin disk. The mean age of the simulated stars in the re-
gion of the proper motion diagram occupied by CFBDS0059 is 4
Gyr, suggesting that it is an older member of the thin disk. That
age is consistent with the 1 to 5 Gyr range derived below from
comparison to COND evolutionary models (Baraffe et al. 2003).
As any kinematic age for an individual star, this determination
has large error bars, but it suggests that CFBDS0059 might be
older than ULAS0034.

5. Spectral comparison and atmospheric
parameters

Fig 4 and Fig 5 present our spectrum of CFBDS0059, together
with those of ULAS0034 (Warren et al. 2007,>T8), 2M0415
(Burgasser et al. 2003, T8) and Gl 570D (Burgasser et al. 2000,
T7.5), which successively were the coolest known brown dwarfs.
Thanks to their earlier discovery, 2M0415 and Gl 570 have the
best characterized atmospheric parameters (Saumon et al. 2006,
2007), and they provide the most solid baseline for a differen-
tial study. The Warren et al. (2007) spectrum of ULAS0034,
kindly communicated by S. Leggett, was obtained with GNIRS
on Gemini South and itsλ

∆λ
= 500 resolution matches that of our

NIRI spectrum of CFBDS0059. We downloaded the Burgasser
et al. (2003, 2002) OSIRIS spectra of the two other brown dwarfs
from the Ultracool Dwarf Catalog2, and degraded their original
spectral resolution ofλ

∆λ
∼1200 to match that of the GNIRS and

NIRI spectra. Stronger telluric absorption from the lower altitude
telescopes explains the wider blanked regions in the correspond-
ing spectra, but doesn’t measurably affect any comparison: as
illustrated by CFBDS0059, late-T dwarfs have essentially neg-
ligible flux wherever telluric H2O absorption matters. Because
the OSIRIS spectra do not cover theY band, we complement
them by lower resolution spectra from Geballe et al. (2001) and
Knapp et al. (2004) forλ < 1.18µm.

5.1. Atmospheric parameters

Atmospheric parameters of ultracool dwarfs are ideally deter-
mined from a combination of near and mid-IR information (e.g.
Saumon et al. 2006, 2007), but low resolution near-infrared
spectra alone provide a useful proxy when mid-IR photometry
and spectra are not (yet) available (e.g. Burgasser et al. 2006a;
Leggett et al. 2007). Burgasser et al. (2006a) used a grid of so-
lar metallicity cool brown dwarfs to calibrate two spectral ra-
tios, H2O-J andK/H, which respectively measure the strength
of H2O absorption at∼ 1.15µm and the flux ratio between the
K and H peaks, to Teff and logg. Warren et al. (2007) how-
ever found that H2O-J essentially saturates below Teff = 750K,
and therefore chose not to use this spectral index for spectral
types later than T8. They demonstrate on the other hand that the
combination of theK/J index with the width ofJ-band peak,
parametrised by theirWJ index, becomes a good Teff and logg

2 http://www.iac.es/galeria/ege/catalogoespectral/index.html

diagnostic at Teff ≃900 K, and remains useful significantly be-
low 750K. We adopt their method.

Table 3 lists our measurement of these two indices for
CFBDS0059, and Fig 6 compares them with the Warren et al.
(2007) measurements for Gl 570D, HD3651B, 2M0415 and
ULAS0034. To derive Teff and logg from the indices we use
model indices from solar-abundance BT-settl atmospheric mod-
els (Warren et al. 2007; Allard et al. 2003, Allard et al. 2008
in prep). The model with NH3 at chemical equilibrium abun-
dance clearly produces too much absorption in the blue side
of the H-band, confirming the finding of Saumon et al. (2006,
2007) that non-equilibrium processes keep the NH3 partial pres-
sure well below its equilibrium value. We then use models that
keep the abundances of NH3 and N2 at a fixed value in all parts of
the atmosphere where the reaction timescale exceeds the mixing
timescale, which typically occurs at the 600-800K temperature
level. These ”quenched” models agree much better with the ob-
served band shape.

As a first order correction for the remaining imperfections
of the theoretical spectra, the model indices are shifted into
agreement with the measurements of 2M0415 at the [Teff=750K;
logg=5.00 and [M/H]=0] determined for that brown dwarf by
Saumon et al. (2007). The Teff=800K and logg=5.35 result-
ing from this calibration for Gl 570D are consistent with the
Teff=800-820K and logg=5.1-5.25 derived by Saumon et al.
(2006) from a complete spectral analysis. For HD3651B (T7.5,
Luhman et al. 2007), Teff=820-890K and∼ logg=5.1-5.3 re-
sulting from this calibration are roughly consistent with the
Teff=780-840K and logg=5.1-5.5 derived by Liu et al. (2007).

CFBDS0059 and ULAS0034 have very similarWJ indices,
but the new brown dwarf has a significatively smallerK/J in-
dex. Visual comparison of the two spectra (Fig. 4) confirms that
CFBDS0059 does have a weakerK-band peak than any of the 3
comparison cool brown dwarfs. As widely discussed in the re-
cent literature (e.g. Liu et al. (2007), Fig. 3 in Burgasser et al.
(2006a), or Fig. 3 in Leggett et al. (2007)), for a fixed metallicity
a weakerK-band peak is evidence of either a lower temperature
or a higher gravity. TheWJ index lifts this degeneracy: it indi-
cates, again assuming identical chemical compositions for the
two brown dwarfs, that CFBDS0059 is cooler by∼50±15 K and
has a∼0.15±0.1 higher logg than ULAS0034.

As also discussed by Warren et al. (2007), the above uncer-
tainties only reflect the random errors in the spectral indices.
They are appropriate when comparing two very similar objects,
like CFBDS0059 and ULAS0034, since systematic errors then
cancel out. They must on the other hand be increased to com-
pute absolute effective temperatures and gravity: one then needs
to account for the uncertainties on the 2M0415 parameters which
anchor the Fig 6 grid (T∼ ±25K and logg ∼ ±0.2; Saumon
et al. (2007)), and for the uncertainties in the atmospheric models
which may distort the grid between its anchor point [Teff=750K;
logg=5.00 and [M/H]=0] and the∼600K region of interest here.
We conservatively adopt Teff=620±50K and logg=4.75±0.3.

This 2-parameter analysis obviously cannot determine all
three main atmospheric parameters (Teff ,, logg and metallic-
ity). As discussed by Warren et al. (2007), it actually determines
the temperature with no ambiguity but leaves a combination of
[M/H] and logg undetermined, and they demonstrated that in
the WJ versusJ/K plot metallicity is degenerate with surface
gravity, with∆(logg) ≡ −2∆[M/H]. CFBDS0059 is thus defi-
nitely cooler than ULAS0034, but fromWJ versusJ/K diagram
it can have either higher surface gravityor lower metallicity.
This degeneracy affects the full JHK-band spectrum, where any
metallicity vs gravity difference is at most very subtle. It is how-
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Fig. 4.0.9µm - 2.3µm spectra of CFBDS0059 and the three other coolest brown dwarfs. The spectra are normalized to unit flux densities at their
1.27µm.peak, and vertically offset for clarity. The main T-dwarf spectral features are labeled. The temperatures of Gl 570D and 2M0415 are from
the careful spectroscopic analyses of Saumon et al. (2006) and Saumon et al. (2007). Those of CFBDS0059 and ULAS0034 are from ourWJ

versusJ/K index (Fig. 6).

Fig. 5. Y, J andH-bands spectra of the four cool brown dwarfs. The green vertical lines in the 1.15µm - 1.35µm panel mark the two potassium
doublets. The grey band in the 1.45µm - 1.65µm panel indicates the approximate limits of the new absorption bands, which we discuss in the text.

ever lifted by the shape of theY-band peak (Figs. 3 of Burgasser
et al. (2006a) or Leggett et al. (2007)), since lower metallicity
shifts theY-band flux density peak of submetallic brown dwarfs
significantly blueward. Fig 5 shows no such shift, and the two
objects therefore have similar metallicities.

Fig. 7 overlays the observed CFBDS0059 spectrum with the
synthetic spectrum for the closest point of the solar metallicity
atmospheric model grid. Except on the red side of theH-band,
model and observations agree well, boosting our confidence in
the derived atmospheric parameters. The main remaining predic-

tive shortcoming of the models is their overestimated absorption
on the red side of theH-band peak. The principal opacity source
in this region is the methane band centred at 1.67µm, for which
comprehensive theoretical predictions are available, but only for
transitions from the vibrational ground state (as will be discussed
in detail in Homeier et al., in preparation). To make up for the
missing absorption from higher bands, which constitutes a sig-
nificant fraction of the opacity at brown dwarf temperatures, a
constant empirical correction factor was used. This correction
must in turn lead to some overestimate of the CH4 absorption
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Fig. 6. WJ versusJ/K indices. The grid represents indices measured
on solar metallicity BT-settl model spectra, shifted into agreement of
the [Teff=750K; logg=5.00 and [M/H]=0] with the measured indices of
2M0415. The error bars represent the 1σ uncertainties of the measured
spectral indices.

as we reach the lower end of the T dwarf temperature range.
Another possible source of errors are uncertainties in the mod-
els’ temperature profile. The BT-Settl models self-consistently
describe gravitational settling, convective turbulence, advection,
condensation, coalescence and coagulation of condensates to
predict the formation and vertical extent of cloud layers (Allard
et al. 2003; Helling et al. 2007). In late T dwarfs these clouds are
predicted to reside deep in the optically thick part of the atmo-
sphere. Their opacity is thus not directly visible in the spectrum,
but it may still impact the thermal structure, and thus the relative
abundance especially of temperature-sensitive species like CH4.

Another (less serious) disagreement between the models and
the observed spectra occurs in theY band. The models overesti-
mate the flux on the blue side of theY-peak, and they imperfectly
reproduce the general shape of the peak. As discussed below,
the opacities in that band are dominated by pressure-broadened
wings of the 0.77µm K I line on the blue side and CH4 on the
red side.

For Baraffe et al. (2003) evolutionary models, the Teff ≃570-
670K and logg ≃ 4.45-5.05 determined above translate into an
age of 1-5 Gyr and a mass of 15MJup (for 1 Gyr) to 30MJup (for
5 Gyr). The kinematics of CFBDS0059 suggests that it belongs
to an older population, and therefore slightly favour a higher
mass and older age.

5.2. Individual spectral features

Fig. 5 zooms on theY, J and H-band peaks of the four cool
brown dwarf spectra. The published OSIRIS spectra of Gl 570D
and 2M0415 do not cover theY band, which instead is plotted
from the lower resolution spectra of Geballe et al. (2001) and
Knapp et al. (2004). For easier comparison, the CFBDS0059 and
ULAS0034Y-band spectra are smoothed to that resolution.

Direct comparison of the four spectra can be used to shed
light on incipient new features and atmospheric chemistry.

Features which are seen in both CFBDS0059 and ULAS0034
are likely to be real even when their significance is modest in
each object, and those which are absent or weaker in the two
hotter brown dwarfs, can reasonably be assigned to low temper-
ature molecules. Conversely, features which disapear in the two
cooler objects trace higher temperature species.

As discussed above, theY-band spectra of CFBDS0059 and
ULAS0034 do not differ much. Given the strong sensitivity of
that band to [M/H] that implies that the two objects have similar
chemical compositions. The shape of theY-band peaks of these
two coolest brown dwarfs on the other hand differ from that of
Gl 570D and 2M0415, with the CFBDS0059 and ULAS0034
peaks extending further into the blue. The dominant absorbers
in the blue wings of theY-band peak is the pressure-broadened
wing of the 0.77µm K I line (e.g. Burgasser et al. 2006a),
which must weaken as K I depletes from the gas phase under
Teff=∼700K. As anticipated by Leggett et al. (2007), the slope
of the blue side of theY-band peak therefore shows good poten-
tial as an effective temperature diagnostics beyond spectral type
T8.

The strength of the J-band K I doublet is a good gravity
estimator in ultracool dwarfs (e.g. Knapp et al. 2004), because
an increased pressure at a fixed temperature favors KCl over K
(Lodders (1999)) and consequently weakens atomic potassium
features. At Teff ∼ 750-800K the theJ-band K I doublets remain
weakly visible and useful as a gravity proxy (Fig. 7 of Knapp
et al. (2004)). At Teff < 700K on the other hand, the K I doublets
have completely vanished at the resolution of the current spec-
tra (Fig. 5), even at the probably lower gravity of ULAS0034.
Potassium is thus mostly converted to KCl (or perhaps other
compounds) in the relevant photospheric layers.

The strongest new feature is wide absorption on the blue side
of theH-band, atλ < 1.565µm. It is conspicuous in CFBDS0059
and well detected in ULAS0034, and with hindsight is weakly
visible in the 2M0415 spectrum (Fig. 5). It is however clearly
stronger at Teff < 700K. To visually emphasize this broad fea-
ture, we bin the spectra to R=∼100 and overlay the four H-band
spectra (Fig. 8, left panel). Absorption sets in at∼ 1.585µm and
becomes deeper forλ < 1.565µm. These wavelengths overlap
with strong H2O and NH3 bands. Either molecule could a priori
be responsible for the absorption.

5.3. Near infrared ammonia signatures

Those molecules unfortunately have imperfect opacity data, and
the NH3 laboratory line lists in particular are incomplete below
1.7µm. Computed ammonia opacities are therefore strictly lower
limits. Leggett et al. (2007) compare synthetic spectra computed
with and without NH3 opacity, using the Irwin et al. (1999) line
list for λ < 1.9µm, and find that ammonia absorption in cold
brown dwarfs strongly depletes the blue wing of theH band
(their Fig.10). Similarly, Fig. 9 of Saumon et al. (2000) plots
syntheticH-band spectra with and without NH3 opacity, and find
differences in two wavelength ranges: the NH3-rich model is sig-
nificantly more absorbed forλ < 1.565µm and it has weaker but
significant absorption in the [1.5725− 1.585µm] range.

Fig 8 right panel plots two BT-Settl models for [Teff = 600K;
logg = 4.75], without any near-infrared NH3 opacity, and with
NH3 opacity for that molecule at its chemical equilibrium abun-
dance. As discussed above the BT-Settl models do not reproduce
the observedH-peak shape very well, and a quantitative compar-
ison is thus difficult. The comparison of the two models nonethe-
less confirms the Saumon et al. (2000) conclusion that ammonia
produces strong absorption below∼ 1.57µm and weaker resid-
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Fig. 7. Overlay of the CFBDS0059 spectrum with the solar metallicity [Teff=600-650K; logg=4.75] BT-settl synthetic spectrum. The two spectra
are scaled to agree at their 1.27µm flux peak. The “quenched NH3” models are chemical equilibrium models which enforce a constant abundance
of ammonia in the cooler regions of the atmosphere

ual out to 1.595µm. These model predictions qualitatively match
the behaviour seen in Fig 8, left panel.

To emphasize the changes in brown dwarfs spectra when
their effective temperature decreases from∼800 to∼600 K, we
plot in Fig 9 the ratio of the spectra of CFBDS0059 and Gl 570D.
The signal to noise ratio of the resultingK-band spectrum is
too low for detailed analysis, and we therefore focus on theY,
J and H flux peaks. To avoid confusion from changes in the
temperature-sensitive methane bands, we also mostly ignore the
parts of the spectrum affected by CH4 absorption bands, hatched
in dark and light grey for respectively stronger and weaker
bands. Fig. 10 shows the equivalent plot for ULAS0034, which
is very similar.

The H-band spectrum ratio prominently shows the new ab-
sorption band, which outside the CH4 band closely matches the
300 K NH3 transmission spectrum of Irwin et al. (1999). Both
spectra are strongly absorbed between 1.49 and 1.52µm and re-
bound from 1.52 to 1.57µm. Water absorption, by contrast, is a
poor match to the features of spectrum ratio. The strongest water
absorption (as computed from the HITRAN molecular database
for a 600 K temperature) occurs below 1.49µm, at significantly
bluer wavelengths than the CFBDS0059 absorption feature.

Some weaker but still significant bands of the Irwin et al.
(1999) laboratory ammonia spectrum occur in theJ band. Those
again match features of the CFBDS0059/Gl 570D flux ratio, but
that agreement is much less conclusive: water and ammonia ab-
sorptions overlap on the red sideJ-band peak, and CH4 absorp-
tion affects the blue side of the peak. A 1.25-1.27µm feature is
seen on both flux ratios and on the ammonia transmission, and
could be due to ammonia since it is clear of any strong H2O
absorption band. The slight wavelength shift between the labo-
ratory and observed features however leaves that association un-
certain. Detailed synthetic spectra based on fully reliable opac-
ities will be needed to decide whether NH3 absorption matters

in the J band at the effective temperature of CFBDS0059. The
main pattern in theY-band is a blue slope, which reflects the
weaker pressure-broadened K I wing in the cooler brown dwarf.
The weak 1.03µm NH3 band is not seen.

Ammonia is easily detected in mid-infrared SPITZER spec-
tra for all spectral types cooler than∼T2 (Roellig et al. 2004;
Cushing et al. 2006), though significantly weaker than initially
expected because mixing from lower atmospheric levels reduces
its abundance in the high atmosphere below the local equilibrium
value (Saumon et al. 2006). Weak near-infrared absorption by
ammonia has been tentatively detected by Saumon et al. (2000)
in the T7p dwarfs Gl 229B, but CFBDS0059 and ULAS0034
provide the first incontrovertible evidence of a strong near-
infrared NH3 band in brown dwarf spectra.

This conclusion contrasts with Warren et al. (2007) finding
possible but inconclusive evidence of ammonia in ULAS0034.
The main difference between the two analyses is that Warren
et al. (2007) focused on a higher resolution search, at a necessar-
ily lower signal to noise ratio, for individual NH3 lines between
1.5 and 1.58µm. We instead looked for the global signature of
the absorption band, which only becomes obvious when looking
at the fullH-band spectrum.

5.4. Spectral type

Table 3 lists for CFBDS0059 the spectral indices used by
the spectral classification scheme of Burgasser et al. (2006b),
which refines the previous schemes of Geballe et al. (2002) and
Burgasser et al. (2002). These indices would imply a T8 classifi-
cation, identical to that of 2M0415. As discussed above however,
the near-infrared spectrum of CFBDS0059 demonstrates that it
is over 100 K cooler than 2M0415 and shows clearly different
spectral features. Based on the new indices we present later,
CFBDS0059 should be assigned a later spectral type. The al-
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Fig. 8. Left: H-band spectrum of the four cool brown dwarfs binned to R=∼100. The spectra are normalized atλ = 1.59µm. The integration
intervals for the numerator and denominator of our proposed NH3 − H index are marked.Right: BT-Settl synthetic spectra for [Teff = 600K;
logg = 4.75] with and without near-infrared NH3 opacity; the NH3 abundance is at its chemical equilibrium value.

most identical Burgasser et al. (2006b) indices of the two brown
dwarfs instead reflect those indices measuring H2O and CH4 ab-
sorption bands which saturate and lose their effective tempera-
ture sensitivity at the T8 spectral type of 2M0415. Beyond T8 the
Burgasser et al. (2006b) classification scheme therefore needs to
be extended, with new spectral indicators that do not saturate
until significantly later spectral types.

Fully defining this extension is beyond the scope of the
present paper, since two known objects beyond T8 are not
enough to explore spectral variability, but one can nonetheless
start exploring. Since the main new feature is NH3 absorption
in the blue wings of theH-band peak, we define a new NH3-H
index as

NH3 − H =

∫ 1.56

1.53
f (λ)dλ

∫ 1.60

1.57
f (λ)dλ

. (1)

Its numerator and denominator range are plotted in Fig 8.
The numerator integrates the flux within the main NH3 band and
its denominator measures the bulk of theH-band peak (we note
that in cooler objects, the denominator could be affected by some
NH3 absorption; its integration boundaries might thus need to
be refined after such objects have been discovered). We com-
pute this index for Gl 570D, HD3651B, 2M0415, ULAS0034

and CFBDS0059 (Table 4), and find that it strongly decreases
from Gl570D to ULAS0034 and CFBDS0059 (which have very
similar NH3-H).

Over the limited effective temperature range spanned by
Gl570D, HD3651B, 2M0415, ULAS0034 and CFBDS0059, and
as far as one can infer from just 5 examples, the NH3-H and
WJ indices correlate strongly (Fig. 11). The numerator of WJ is
centred at wavelengths where both ammonia (Fig. 10 of Leggett
et al. (2007)) and CH4 have significant opacity, and future mod-
eling work should be able to establish whether the two indices
probe the same molecule or not. Since the near-infrared spectra
of ULAS0034 and CFBDS0059 differ significantly more from
that of the T8 2M0415 than the latter differs from the T7.5
Gl570D (as quantitatively demonstrated by Fig. 11), it is nat-
ural to assign a full spectral subtype to the interval between the
two coolest brown dwarfs and 2M0415. By that reasoning, and
if ULAS0034 and CFBDS0059 are considered as T dwarfs, their
spectral type should be T9, or perhaps slightly later.

The T spectral class however is quite unlikely to remain the
last spectral type, since for sufficiently low effective tempera-
tures atmospheric models predict major changes in visible and
near-infrared brown dwarf spectra: NH3 bands are predicted to
appear in, and eventually to dominate, the near-infrared spec-
trum, the strong pressure-broadened optical lines of Na I and K I
are predicted to disappear as those atomic species get incorpo-
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Table 3.Measured spectral classification indices for CFBDS0059 and ULAS 0034.

Spectral numerator denominator value spectral value spectral
indice wavelength wavelength type type

µm CFBDS0059 ULAS0034
H2O-J 1.14-1.165 1.26-1.285 0.029±0.005 T8 0.012±0.007 >T8
CH4-J 1.315-1.34 1.26-1.285 0.165±0.005 T8 0.014±0.009 >T8
H2O-H 1.48-1.52 1.56-1.60 0.119±0.008 >T8 0.133±0.010 >T8
CH4-H 1.635-1.675 1.56-1.60 0.084±0.002 T8 0.096±0.006 T8
CH4-K 2.215-2.255 2.08-2.12 0.128±0.037 >T7 0.091±0.015 >T7
K/J 2.06-2.10 1.25-1.29 0.101±0.002 0.128±0.003
WJ 1.18-1.23 1.26-1.285 0.257±0.004 0.262±0.006

Table 4.NH3-H indices for the five brown dwarfs discussed in this paper.

Gl570D HD3651B 2M0415 ULAS0034 CFBDS0059
NH3-H 0.672±0.008 0.66±0.005 0.625±0.003 0.516±0.008 0.526±0.005
Spec. Type T7.5(1) T7.5(1) T8(1) T9 or Y0(2) T9 or Y0(2)

1 Spectral classification follows Burgasser et al. (2006b)
2 Spectral classification is derived from the NH3-H and WJ indices discussed in the text.

rated into molecules and solids, and water clouds are predicted
to form and to largely deplete water from the gas phase (Burrows
et al. 2003; Kirkpatrick 2005). Since spectral classification, for
mostly practical reasons, is traditionally based on optical and
near-infrared spectra, such a major transition will justify the in-
troduction of a new spectral type, for which the Y letter has long
been reserved (Kirkpatrick et al. 1999; Kirkpatrick 2000). If the
λ ∼ 1.55 µm NH3 band keeps deepening as the effective tem-
perature decreases further, and eventually becomes a major spec-
tral feature, its appearance atTeff ≃650 K will become a natural
transition between the T and Y spectral classes. ULAS0034 and
CFBDS0059 would then be the first Y dwarfs, and the proto-
types for Y0 brown dwarfs, rather than T9. That decision will
to some extent remain a matter of convention, but it must in any
case wait until larger numbers of similarly cool brown dwarfs
can document spectral trends in finer detail, and preferably over
a wider effective temperature range.

6. Summary and conclusions

We have reported the discovery of CFBDS0059, a very cool
brown dwarf, discovered in the CFBDS survey (Delorme et al.
2008). Its effective temperature is∼50±15 K cooler than that
of ULAS0034, most likely making it the coolest brown dwarf
known at the present time. High spatial resolution imaging estab-
lishes than CFBDS0059 has no similarly bright companion be-
yond 0.09”, and no companion with a contrast under 3.5 magni-
tude beyond 0.3” (respectively 1.2 and 3.9 AU at the 13 pc pho-
tometric distance). Its kinematics suggest, with significant error
bars, a∼4 Gyr age at which CFBDS0059 would be a∼30MJup
brown dwarf. The atmospheric parameters of CFBDS0059 how-
ever are compatible with any age from 5 Gyr down to 1 Gyr,
for which its mass would be∼15MJup. A trigonometric parallax
measurement together with mid-infrared photometry and spec-
troscopy with SPITZER will significantly refine its physical pa-
rameters, as demonstrated by Saumon et al. (2007) for slightly
warmer brown dwarfs.

We assign absorption in the blue wing of theH-band peaks
of both ULAS 0034 and CFBDS 0059 to an NH3 band. If
that assignment is confirmed, and if, as we expect, the band
deepens at still lower effective temperatures, its development

would naturally define the scale of the proposed Y spectral class.
ULAS 0034 and CFBDS 0059 would then become the proto-
types of the Y0 sub-class.

The CFBDS survey has to date identified two brown dwarfs
later than T8, CFBDS0059 and ULAS0034 (which we identified
independently of Warren et al. (2007), Delorme et al. (2008)) in
the analysis of approximately 40% of its final 1000 square de-
gree coverage. We therefore expect to find another few similarly
cool objects, and hopefully one significantly cooler one.

CFBDS0059 and ULAS0034 provide a peek into the atmo-
spheric physics for conditions that start approaching those in gi-
ant planets, and the future discoveries that can be expected from
CFBDS, ULAS, and Pan-STARRS will further close the remain-
ing gap. They also bring into a sharper light the remaining imper-
fections of the atmopsheric models, and emphasize in particular
the importance of more complete opacity data. Our analysis re-
lies on a room temperature absorption NH3 spectrum, but higher
excitation bands than can be excited at 300 K must matter in
Teff = 600 K brown dwarfs. The eventual identification of am-
monia absorption in theJ band will also need complete opacity
information for H2O and CH4 and full spectral synthesis, since
the bands of the three molecules overlap in that spectral range.

The spectral indices that define the T dwarf spectral class sat-
urate below 700 K, which means that new ones will be needed
at lower effective temperatures. We introduce one here, NH3-
H, which measures the likely NH3 absorption in theH band.
Together with theWJ index of Warren et al. (2007) and the
slope of the blue side of theY-band peak (Leggett et al. 2007),
it will hopefully define a good effective temperature sequence.
Metallicity and gravity diagnostics are less immediately appar-
ent, but will need to be identified as well.
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t❡♠♣s ❞❡ té❧❡s❝♦♣❡✱ s✉r ❧❡sq✉❡❧❧❡s r❡♣♦s❡ ❧✬❛♥❛❧②s❡ ❞❡s ❛✉tr❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ♥❛✐♥❡s ✉❧tr❛✲
❢r♦✐❞❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ r❡st❡ ❡♥❝♦r❡ ❞✉ tr❛✈❛✐❧ ❛✈❛♥t ❞❡ ♣♦✉✈♦✐r ✜♥❛❧✐s❡r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡
❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ❡t ❞ét❡r♠✐♥❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣
❥✉sq✉✬à ❧❛ ❧✐♠✐t❡ ❞✉ ❞♦♠❛✐♥❡ ♣❧❛♥ét❛✐r❡ s✉r ❧❛q✉❡❧❧❡ s♦♥t s✐t✉és ❧❡s ♦❜❥❡ts ❧❡s ♠♦✐♥s ♠❛ss✐❢s
✐❞❡♥t✐✜és ♣❛r ❧❡ ❈❋❇❉❙✳ ▲❡s ♥♦♠❜r❡✉s❡s ♦❜s❡r✈❛t✐♦♥s ♥é❝❡ss❛✐r❡s ❛✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡
❡t s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♦❜❥❡ts ❞é❝♦✉✈❡rts ♠✬♦♥t ❛✉ss✐ ♣❡r♠✐s ❞✬❛❝q✉ér✐r ✉♥❡ ❡①♣ér✐❡♥❝❡ ♣❧✉s
t❡❝❤♥✐q✉❡ s✉r ❧❡✉r ♣ré♣❛r❛t✐♦♥ ❡t ❧❡✉r ré❛❧✐s❛t✐♦♥✱ ♥♦t❛♠♠❡♥t ❧♦rs ❞❡s ♥♦♠❜r❡✉s❡s ♥✉✐ts

✶✻✸



✺ ❙✉✐✈✐ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s ♥❛✐♥❡s ❚

♣❛ssé❡s ❛✉① té❧❡s❝♦♣❡s✳
❚♦✉s ❝❡s rés✉❧t❛ts ♦♥t été ♦❜t❡♥✉s ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥ tr❛✈❛✐❧ ❞✬éq✉✐♣❡✱ ❝♦♠❜✐♥❛♥t

❧❡s ❡✛♦rts ❞❡ ❝❤❡r❝❤❡✉rs ✐ss✉s ❞❡ ♣❧✉s✐❡✉rs ❧❛❜♦r❛t♦✐r❡s ❢r❛♥ç❛✐s ❛✐♥s✐ q✉❡ ❞✉ ❈❤✐❧✐ ✭●❡♠✐♥✐
❙♦✉t❤✮✱ ❞✬❍❛✇❛✐✐ ✭❈❋❍❚✮ ❡t ❞✉ ❈❛♥❛❞❛ ✭❯♥✐✈❡rs✐té ❞✬❖tt❛✇❛✮✳ ❊♥ t❛♥t q✉❡ ♣r✐♥❝✐♣❛❧ r❡✲
s♣♦♥s❛❜❧❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ❞✉ ❈❋❇❉❙✱ ❥✬❛✐ ❝♦♥s❛❝ré ✉♥❡ ♣❛rt s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ♠♦♥
t❡♠♣s✱ ❞✬❛❜♦r❞ s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ♣✉✐s ❛✈❡❝ ❧❡ s♦✉t✐❡♥ ❞❡ ♠❡s ❞✐r❡❝t❡✉rs ❞❡ t❤ès❡✱ ♣♦✉r ❢❛✐r❡
❣r❛♥❞✐r ❝❡tt❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡t ❡♥ ❝♦♦r❞♦♥♥❡r ❧❡s ❡✛♦rts✳
❊♥✜♥ ✉♥ ❛s♣❡❝t ✐♠♣♦rt❛♥t ❞❡ ♠❛ t❤ès❡✱ ❡♥ ✐♥✈❡st✐ss❡♠❡♥t ♣❡rs♦♥♥❡❧ ❝♦♠♠❡ ❡♥ t❡♠♣s ❞❡

tr❛✈❛✐❧✱ ♥✬❛ ♣❛s été ❛❜♦r❞é ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t ✿ ♠♦♥ tr❛✈❛✐❧ ❞✬❡♥s❡✐❣♥❛♥t ❡♥ t❛♥t q✉❡ ♠♦♥✐t❡✉r
❞❡ ❧✬✉♥✐✈❡rs✐té ❏♦s❡♣❤ ❋♦✉r✐❡r✱ ❛✐♥s✐ q✉❡ ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❡s ❛❝t✐♦♥s ❞❡ ❞✐✛✉s✐♦♥ ❞✉
s❛✈♦✐r à ❞❡st✐♥❛t✐♦♥ ❞✉ ❣r❛♥❞ ♣✉❜❧✐❝✳ ❈❡s ❛❝t✐♦♥s ♠✬♦♥t ♣❡r♠✐s ❞❡ ❣❛r❞❡r ✉♥ ❝♦♥t❛❝t ♣❧✉s
étr♦✐t ❛✈❡❝ ❧❛ ♣❤②s✐q✉❡ ❢♦♥❞❛♠❡♥t❛❧❡✱ ❛✐♥s✐ q✉✬❛✈❡❝ ❧❡s ❣❡♥s ♣♦✉r q✉✐ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ♥✬♦♥t
r✐❡♥ à ✈♦✐r ❛✈❡❝ ❧✬❛str♦♣❤②s✐q✉❡✳

❆✉ ❝♦✉rs ❞❡ ❝❡s tr♦✐s ❛♥♥é❡s ❞❡ t❤ès❡✱ ❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s
❞❛♥s ❧❡s ✐♠❛❣❡s ❣r❛♥❞ ❝❤❛♠♣ ✐ss✉❡s ❞✉ ❈❛♥❛❞❛✲❋r❛♥❝❡✲❍❛✇❛✐✐ ❚❡❧❡s❝♦♣❡ s✬❡st ❢♦r♠é❡ s♦✉s
❧❡ ♥♦♠ ❞❡ ❈❋❇❉❙✱ ❡t ❡❧❧❡ ❡st ♣❛r✈❡♥✉❡ à ♠❛t✉r✐té✱ ❛♠❡♥❛♥t ❛✉① rés✉❧t❛ts ❞é❝r✐ts ❝✐✲❛✈❛♥t✳
▲✬ét❛♣❡ ❧❛ ♣❧✉s ❧♦♥❣✉❡✱ ❧✬❛♥❛❧②s❡ ❞❡s ✐♠❛❣❡s ♦♣t✐q✉❡s✱ ❡st ❝♦♠♣❧èt❡ à ✽✵✪ ❡t t♦✉❝❤❡ ♠❛✐♥✲
t❡♥❛♥t à s❛ ✜♥✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s rés✉❧t❛ts ♣❛r ❧❡s s✉✐✈✐s ♣❤♦t♦♠étr✐q✉❡ ❡t
s♣❡❝tr♦s❝♦♣✐q✉❡ ♣r♦♠❡t ❞❡ ♥♦✉✈❡❧❧❡s ❞é❝♦✉✈❡rt❡s ❡①❝✐t❛♥t❡s✳
▲❛ ✜♥ ❞❡ ❧❛ t❤ès❡ ♥❡ s✐❣♥✐✜❡ ♣❛s ❧❛ ✜♥ ❞❡ ♠♦♥ tr❛✈❛✐❧ ❛✉ s❡✐♥ ❞❡ ❝❡tt❡ ❝♦❧❧❛❜♦r❛t✐♦♥✳ ❏❡

❝♦♠♣t❡ ♣♦✉rs✉✐✈r❡ ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧✬❛♥❛❧②s❡ ❡t ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❞é❝♦✉✈❡rt❡s ❞❡ ❝❡
r❡❧❡✈é✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❛♥s ♣❧✉s✐❡✉rs ❞✐r❡❝t✐♦♥s ❞✐st✐♥❝t❡s ✿
✕ ▲❡ ♣r❡♠✐❡r ❡st ❧✬❛♥❛❧②s❡ ❞✬♦❜❥❡ts ❡①trê♠❡s✱ ❛✜♥ ❞❡ ❝♦♥t✐♥✉❡r ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡
❞❡s ♣❛r❛♠ètr❡s ✭❝❤✐♠✐❡✱ t❡♠♣ér❛t✉r❡✱ ♠été♦r♦❧♦❣✐❡✮ ❞❡s ❛t♠♦s♣❤èr❡s ❢r♦✐❞❡s✳ ▲✬♦❜✲
t❡♥t✐♦♥ ♣r♦❝❤❛✐♥❡ ❞✉ s♣❡❝tr❡ ▼■❘ ❞❡ ❈❋❇❉❙✵✵✺✾ ❛✈❡❝ ❧❡ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❙♣✐t③❡r
♣❡r♠❡ttr❛ ❞❡ ♣ré❝✐s❡r s❛ t❡♠♣ér❛t✉r❡ ❡t ❝♦♥✜r♠❡r ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❛ ♥♦✉✈❡❧❧❡ ❛❜s♦r♣✲
t✐♦♥ ♦❜s❡r✈é❡ ❡♥ ❜❛♥❞❡ H ❡t ❧✬❛♠♠♦♥✐❛❝✳ ❈❡tt❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦♠❜✐♥é❡ ❛✈❡❝ ❧❡s s♣❡❝tr❡s
▼■❘ ❞❡ ❯▲❆❙✵✵✸✹ ❡t ❯▲❆❙✶✸✸✺ ❛♣♣♦rt❡r❛ ❞❡s ❞♦♥♥é❡s ❝♦♥❝rèt❡s ❛✉ ❞é❜❛t ❡♥ ❝♦✉rs
❝♦♥❝❡r♥❛♥t ❧❛ ♥❛t✉r❡ ✲♥❛✐♥❡s ❚ très t❛r❞✐✈❡s ♦✉ ♣r❡♠✐èr❡s ♥❛✐♥❡s ❨✲ ❞❡ ❝❡s ♦❜❥❡ts✳ P❛r
❛✐❧❧❡✉rs✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♥♦✉✈❡❛✉① ♦❜❥❡ts✱ ♣❡✉t✲êtr❡ ❡♥❝♦r❡ ♣❧✉s ❡①❝❡♣t✐♦♥♥❡❧s✱ ♣❡r✲
♠❡ttr❛ ❞❡ ♣♦✉ss❡r ❡♥❝♦r❡ ♣❧✉s ❧♦✐♥ ♥♦tr❡ ét✉❞❡ ❞❡s ♦❜❥❡ts ❡①trê♠❡s✳ ❈❡ ♣r♦❥❡t ❝♦♠♣t❡
✉♥❡ ♣❛rt ❞❡ ❝❤❛♥❝❡ ♣✉✐sq✉✬✐❧ r❡♣♦s❡ s✉r ❧❛ ♣♦ss✐❜❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ♥♦✉✈❡❧❧❡s ♥❛✐♥❡s
❚ ❛t②♣✐q✉❡s ❛✉ ❝♦✉rs ❞❡ ❧❛ ✜♥ ❞❡ ❧✬❛♥❛❧②s❡ ❞✉ ❈❋❇❉❙✳ ❈❡♣❡♥❞❛♥t ❥❡ ❢♦r❝❡ ✉♥ ♣❡✉ ❧❛
❝❤❛♥❝❡ ✿ ❥✬❛✐ ❞❡♠❛♥❞é ❡t ♦❜t❡♥✉ ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞é❞✐é❡s à ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ❝❡s ♦❜❥❡ts✱
s✉r ✶✽✵o2 ❞❡ ❝❤❛♠♣s ❝♦✉✈❡rts ♣❛r ❧❡ ❈❋❇❉❙✱ ❡♥ ❜❛♥❞❡ J ❛✈❡❝ ❲■❘❈❆▼✳ ❈❡s ✐♠❛❣❡s
❡♥ ♣r♦❝❤❡ ✐♥❢r❛✲r♦✉❣❡ s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s s❡♥s✐❜❧❡s ❛✉① ♦❜❥❡ts ❧❡s ♣❧✉s ❢r♦✐❞s ❝♦♥♥✉s✳
▲❡✉r ❝♦♠❜✐♥❛✐s♦♥ ❛✈❡❝ ❧❡s ✐♠❛❣❡s ♣r♦❢♦♥❞❡s ❡♥ r♦✉❣❡ ❧♦✐♥t❛✐♥ ✐ss✉❡s ❞✉ ❈❋❇❉❙ ♦✛r❡ ✉♥
♠♦②❡♥ s✐♠♣❧❡ ♣♦✉r ✐❞❡♥t✐✜❡r ❞❡s ♥❛✐♥❡s ❚ très t❛r❞✐✈❡s ♦✉ ❞❡s ♥❛✐♥❡s ❨ ✭❧❡✉r ❛❜s❡♥❝❡
❝♦♠♣❧✐q✉❡ ❢♦rt❡♠❡♥t ❧✬❛♥❛❧②s❡ ❞✉ r❡❧❡✈é ❯❑■❉❙❙✱ ❞✬❛♣rès P✐♥✜❡❧❞ ❡t ❛❧✳ ✷✵✵✽✮ s✉r ❧❛
❜❛s❡ ❞❡ ❧❡✉r ❝♦✉❧❡✉r z′−J ✳ P❧✉s ❡♥❝♦r❡ q✉❡ ❝❡s ✐♠❛❣❡s J ❧é❣èr❡♠❡♥t ♣❧✉s ♣r♦❢♦♥❞❡s q✉❡
❝❡❧❧❡s ❞❡ ❯❑■❉❙❙✱ ❝✬❡st ❝❡tt❡ r❡❧❛t✐✈❡ s✐♠♣❧✐❝✐té ❞✬❛♥❛❧②s❡ q✉✐ ❞❡✈r❛✐t ♥♦✉s ♣❡r♠❡ttr❡
❞❡ ❞ét❡❝t❡r r❛♣✐❞❡♠❡♥t ♣❧✉s✐❡✉rs ♦❜❥❡ts ❡♥❝♦r❡ ♣❧✉s ❢r♦✐❞s q✉❡ ❈❋❇❉❙✵✵✺✾✳ ▲✬❛♥❛❧②s❡
❞❡s ✐♠❛❣❡s J ❲■❘❈❆▼ ❡st ❡♥ ❝♦✉rs ❡t ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❡t ❧❡ s✉✐✈✐ ❞❡s ❝❛♥❞✐❞❛ts q✉✬❡❧❧❡s
❝♦♥t✐❡♥♥❡♥t ❡st ♠❛ ♣r✐♦r✐té ❞❛♥s ❧❡s ♣r♦❝❤❛✐♥s ♠♦✐s✳

✕ ▲❛ s❡❝♦♥❞❡ ♣❛rt ❞❡ ♠♦♥ ✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❛ ♣❤❛s❡ ✜♥❛❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✉ ❈❋❇❉❙
❡st ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣✱ q✉✐ ❛♣♣♦rt❡r❛
❞❡s ✐♥❢♦r♠❛t✐♦♥s ♣❧✉s ♣ré❝✐❡✉s❡s s✉r ❧❡s ♠♦❞❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s ♦❜❥❡ts s✉❜st❡❧❧❛✐r❡s ❡t
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✺✳✹ ▲❡s ♦❜❥❡ts ❡①trê♠❡s

❧❡✉r ❤✐st♦✐r❡ q✉❡ ❝❡❧❧❡s ❞♦♥♥é❡s ♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐té ♣rés❡♥té❡ ❞❛♥s ❝❡tt❡ t❤ès❡✳
P❧✉s✐❡✉rs ❛♠é❧✐♦r❛t✐♦♥s s♦♥t ❡♥ ❝♦✉rs✱ ❧❛ ♣r❡♠✐èr❡ ét❛♥t s✐♠♣❧❡♠❡♥t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡
❧❛ t❛✐❧❧❡ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ♣❛r ❧❛ ♣♦✉rs✉✐t❡ ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ✳
▲❡ ❞♦✉❜❧❡♠❡♥t ❛tt❡♥❞✉ ❞✉ ♥♦♠❜r❡ ❞✬♦❜❥❡ts ✐❞❡♥t✐✜és ❡♥tr❛î♥❡r❛ ♠é❝❛♥✐q✉❡♠❡♥t ✉♥❡
❞✐♠✐♥✉t✐♦♥ ❞❡ ✹✵✪ ❞❡s ❡rr❡✉rs st❛t✐st✐q✉❡s✳ ❯♥❡ ❛✉tr❡ ❛♠é❧✐♦r❛t✐♦♥ ✈✐s❡ à ❞✐♠✐♥✉❡r
❧❡s ❡rr❡✉rs s②sté♠❛t✐q✉❡s q✉✐ ❛✛❡❝t❡♥t ❡♥❝♦r❡ ♥♦tr❡ ét✉❞❡✱ ❛✈❡❝ ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞✬✉♥❡
❡st✐♠❛t✐♦♥ ♣❧✉s ✜♥❡ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ ❞❡ ♥❛✐♥❡s ❜r✉♥❡s ♣❛r ❧❡s
♥❛✐♥❡s ✉❧tr❛✲❢r♦✐❞❡s ❞❡ t②♣❡ ▼✽✳✺ à ▲✹✳ ❯♥❡ ❢♦✐s ❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❡ ♠❛♥✐èr❡ ✜❛❜❧❡ ✐❧ s❡r❛ ♣♦ss✐❜❧❡ ❞✬ét❡♥❞r❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥ à ❧✬❡♥s❡♠❜❧❡ ❞❡s ♦❜❥❡ts
sé❧❡❝t✐♦♥♥és ♣❛r ❧❡ ❈❋❇❉❙✱ ❛✈❡❝ i′− z′ > 1.7 s✉r ❧❡q✉❡❧ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st ❜❡❛✉❝♦✉♣
♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞✬♦❜❥❡ts r♦✉❣❡s ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹ ❞❡
❝❡tt❡ t❤ès❡✳ ❈❡❧❛ ♣❡r♠❡ttr❛ ❞✬❛✉❣♠❡♥t❡r ❡♥❝♦r❡ ❧❛ t❛✐❧❧❡ ❞❡ ♥♦tr❡ é❝❤❛♥t✐❧❧♦♥✱ ♠❛✐s
❛✉ss✐ ❞✬ét❡♥❞r❡ ❧❡ ❞♦♠❛✐♥❡ ❞❡ ♠❛ss❡ ❡t ❞✬â❣❡ ❡①♣❧♦ré à ❧✬❡♥s❡♠❜❧❡ ❞✉ ❞♦♠❛✐♥❡ ❞❡s
♥❛✐♥❡s ❜r✉♥❡s ❞✉ ❝❤❛♠♣ ❝♦♥♥✉❡s✱ ❞❡ ❧❛ ♠❛ss❡ ❧✐♠✐t❡ ❞❡ ❢✉s✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡ ❥✉sq✉✬à
✉♥❡ q✉✐③❛✐♥❡ ❞❡ ♠❛ss❡s ❞❡ ❏✉♣✐t❡r✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s ❞ét❡r♠✐♥é❡
s✉r ❧❛ ❜❛s❡ ❞❡ ❝❡t é❝❤❛♥t✐❧❧♦♥ ❞✬✉♥❡ t❛✐❧❧❡ ♣rès ❞❡ ✶✵ ❢♦✐s s✉♣ér✐❡✉r❡ à ❝❡✉① ❝♦♥s✐❞érés
♣❛r ❧❡s ♣✉❜❧✐❝❛t✐♦♥s ❧❡s ♣❧✉s ré❝❡♥t❡s ❛♣♣♦rt❡r❛ ❞❡s ❝♦♥tr❛✐♥t❡s ❞✬✉♥❡ ♣ré❝✐s✐♦♥ s❛♥s
♣ré❝é❞❛♥t s✉r ❧❡ ♥♦♠❜r❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s ♥❛✐♥❡s ❜r✉♥❡s✳

✕ ❯♥❡ ❛✉tr❡ ♣♦ss✐❜✐❧✐té ❞❡ r❡❝❤❡r❝❤❡ ♦✛❡rt❡ ♣❛r ❧❡ ❈❋❇❉❙ ❡st ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡ ❧✬✐♠♠❡♥s❡
q✉❛♥t✐té ❞❡ ❞♦♥♥é❡s ♦❜t❡♥✉❡s ♣♦✉r ❞❡s ♣r♦❥❡ts ❞❡ s❝✐❡♥❝❡ ♦♣♣♦rt✉♥✐st❡✳ ❈❡s ♣r♦❥❡ts
❞♦♥t ❧❡ ❢♦r♠❛t ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣té à ❞❡s st❛❣❡s q✉❡ ❥❡ ♣♦✉rr❛✐s ❡♥❝❛❞r❡r ✈✐s❡♥t
♣r✐♥❝✐♣❛❧❡♠❡♥t à ❞é❝♦✉✈r✐r ❞❡s ❝♦♠♣❛❣♥♦♥s ❞❡ ♣❧✉s ❢❛✐❜❧❡ ♠❛ss❡ ❛✉t♦✉r ❞❡s ♦❜❥❡ts
✐❞❡♥t✐✜és s✉r ❧❛ ❜❛s❡ ❞❡s ✐♠❛❣❡s ❞✉ s✉✐✈✐ ♣❤♦t♦♠étr✐q✉❡ ❡♥ ❜❛♥❞❡ J ✳ ■❧ ❡st ❛✉ss✐ ♣♦ss✐❜❧❡
❞❡ r❡❝❤❡r❝❤❡r ❞❡s ♦❜❥❡ts à ♣❧✉s ❣r❛♥❞❡ sé♣❛r❛t✐♦♥✱ ♣r♦❜❛❜❧❡♠❡♥t ♣❧✉s ♠❛ss✐❢s q✉❡ ♥♦s
❝❛♥❞✐❞❛ts✱ ❛②❛♥t ✉♥ ♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ❝♦♠♠✉♥ ❛✈❡❝ ❧❡s ♥❛✐♥❡s ❜r✉♥❡s ✐❞❡♥t✐✜é❡s✳

P❛r ❛✐❧❧❡✉rs✱ ❧❛ ♠❛t✉r✐té ❡t ❧✬❡✣❝❛❝✐té ❞✉ ♣✐♣❡❧✐♥❡ ♠✐s ❡♥ ♣❧❛❝❡ ♠❡ ♣❡r♠❡tt❡♥t ♠❛✐♥✲
t❡♥❛♥t ❞✬é❧❛r❣✐r ♠❡s ❛❝t✐✈✐tés ❞❡ r❡❝❤❡r❝❤❡ ❛✉✲❞❡❧à ❞✉ ❈❋❇❉❙ s❛♥s r❡♠❡ttr❡ ❡♥ q✉❡st✐♦♥
♠♦♥ ♥✐✈❡❛✉ ❞✬✐♠♣❧✐❝❛t✐♦♥ ❞❛♥s ❝❡ ❞❡r♥✐❡r ♣r♦❥❡t✳ ❏❡ ❝♦♠♣t❡ ❞♦♥❝ ♠❡ttr❡ ❛ ♣r♦✜t ♠♦♥
♣r♦❝❤❛✐♥ ❡♠♣❧♦✐ ♣♦st✲❞♦❝t♦r❛❧ à ❧✬✉♥✐✈❡rs✐té ❞❡ ❙❛✐♥t✲❆♥❞r❡✇s ♣♦✉r ❞é✈❡❧♦♣♣❡r ❞❡ ♥♦✉✲
✈❡❧❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥s✱ ♥♦t❛♠♠❡♥t ❡♥ ♠✬✐♥tér❡ss❛♥t à ✉♥ ❛✉tr❡ t②♣❡ ❞✬❛t♠♦s♣❤èr❡s ❢r♦✐❞❡s ✿
❝❡❧❧❡s ❞❡s ❡①♦♣❧❛♥èt❡s✳
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❇✐❜❧✐♦❣r❛♣❤✐❡

❆❧❧❛r❞✱ ❋✳ ✫ ❇❛r♠❛♥✱ ❚✳ ❙✳ ✷✵✵✹✱ ✐♥ ■❆❯ ❙②♠♣♦s✐✉♠✱ ❱♦❧✳ ✷✶✸✱ ❇✐♦❛str♦♥♦♠② ✷✵✵✷ ✿ ▲✐❢❡
❆♠♦♥❣ t❤❡ ❙t❛rs✱ ❡❞✳ ❘✳ ◆♦rr✐s ✫ ❋✳ ❙t♦♦t♠❛♥✱ ✶✶✾✕✰

❆❧❧❛r❞✱ ❋✳✱ ●✉✐❧❧♦t✱ ❚✳✱ ▲✉❞✇✐❣✱ ❍✳✲●✳✱ ❡t ❛❧✳ ✷✵✵✸✱ ✐♥ ■❆❯ ❙②♠♣♦s✐✉♠✱ ❱♦❧✳ ✷✶✶✱ ❇r♦✇♥
❉✇❛r❢s✱ ❡❞✳ ❊✳ ▼❛rtí♥✱ ✸✷✺✕✰

❆❧❧❛r❞✱ ❋✳✱ ❍❛✉s❝❤✐❧❞t✱ P✳ ❍✳✱ ❆❧❡①❛♥❞❡r✱ ❉✳ ❘✳✱ ❚❛♠❛♥❛✐✱ ❆✳✱ ✫ ❙❝❤✇❡✐t③❡r✱ ❆✳ ✷✵✵✶✱ ❆♣❏✱
✺✺✻✱ ✸✺✼

❆♥❞❡rs❡♥✱ ❏✳ ✶✾✾✶✱ ❆✫❆ ❘❡✈✳✱ ✸✱ ✾✶

❆rt✐❣❛✉✱ ➱✳✱ ❉♦②♦♥✱ ❘✳✱ ▲❛❢r❡♥✐èr❡✱ ❉✳✱ ❡t ❛❧✳ ✷✵✵✻✱ ❆♣❏✱ ✻✺✶✱ ▲✺✼

❆rt✐❣❛✉✱ ➱✳✱ ▲❛❢r❡♥✐èr❡✱ ❉✳✱ ❉♦②♦♥✱ ❘✳✱ ❡t ❛❧✳ ✷✵✵✼✱ ❆♣❏✱ ✻✺✾✱ ▲✹✾

❇❛r❛✛❡✱ ■✳✱ ❈❤❛❜r✐❡r✱ ●✳✱ ❆❧❧❛r❞✱ ❋✳✱ ✫ ❍❛✉s❝❤✐❧❞t✱ P✳ ❍✳ ✷✵✵✷✱ ❆✫❆✱ ✸✽✷✱ ✺✻✸

❇❛r❛✛❡✱ ■✳✱ ❈❤❛❜r✐❡r✱ ●✳✱ ❇❛r♠❛♥✱ ❚✳ ❙✳✱ ❆❧❧❛r❞✱ ❋✳✱ ✫ ❍❛✉s❝❤✐❧❞t✱ P✳ ❍✳ ✷✵✵✸✱ ❆✫❆✱ ✹✵✷✱
✼✵✶

❇❛t❡✱ ▼✳ ❘✳ ✫ ❇♦♥♥❡❧❧✱ ■✳ ❆✳ ✷✵✵✺✱ ▼◆❘❆❙✱ ✸✺✻✱ ✶✷✵✶

❇❛t❡✱ ▼✳ ❘✳✱ ❇♦♥♥❡❧❧✱ ■✳ ❆✳✱ ✫ ❇r♦♠♠✱ ❱✳ ✷✵✵✷✱ ▼◆❘❆❙✱ ✸✸✷✱ ▲✻✺

❇❡rt✐♥✱ ❊✳ ✷✵✵✻✱ ✐♥ ❆str♦♥♦♠✐❝❛❧ ❙♦❝✐❡t② ♦❢ t❤❡ P❛❝✐✜❝ ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ❱♦❧✳ ✸✺✶✱ ❆str♦✲
♥♦♠✐❝❛❧ ❉❛t❛ ❆♥❛❧②s✐s ❙♦❢t✇❛r❡ ❛♥❞ ❙②st❡♠s ❳❱✱ ❡❞✳ ❈✳ ●❛❜r✐❡❧✱ ❈✳ ❆r✈✐s❡t✱ ❉✳ P♦♥③✱
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