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❏❡ t✐❡♥s t♦✉t ❞✬❛❜♦r❞ à r❡♠❡r❝✐❡r ❍❡r✈é❲♦③♥✐❛❦ ❞❡ ♠✬❛✈♦✐r ❣✉✐❞é ❞✉r❛♥t ❝❡s tr♦✐s ❛♥♥é❡s

❞❡ t❤ès❡✳ ❏❡ ❧❡ r❡♠❡r❝✐❡ ♣♦✉r s❛ ❞✐s♣♦♥✐❜✐❧✐té✱ s❡s ré♣♦♥s❡s r❛♣✐❞❡s à ♠❡s ✐♥t❡rr♦❣❛t✐♦♥s ❛str♦✲
♣❤②s✐q✉❡s✱ s❡s ❝♦♥s❡✐❧s ❡♥ ♣r♦❣r❛♠♠❛t✐♦♥✶✱ s❛ ❜♦♥♥❡ ❤✉♠❡✉r✷ ❡t s❡s q✉❛❧✐tés ♣r♦❢❡ss✐♦♥♥❡❧❧❡s
❛✉ss✐ ❜✐❡♥ q✉✬❤✉♠❛✐♥❡s✳

❏❡ r❡♠❡r❝✐❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ▼♠❡s ❋r❛♥ç♦✐s❡ ❈♦♠❜❡s ❡t P❛s❝❛❧❡ ❏❛❜❧♦♥❦❛ q✉✐ ♠✬♦♥t
❢❛✐t ❧✬❤♦♥♥❡✉r ❞✬êtr❡ ❧❡s ✓ r❛♣♣♦rtr✐❝❡s ✔✸ ❞❡ ♠❛ t❤ès❡ ❛✐♥s✐ q✉❡ ❧❡s ❛✉tr❡s ♠❡♠❜r❡s ❞✉ ❥✉r②✱
▼▼✳ ❇r✉♥♦ ●✉✐❞❡r❞♦♥✐ ❡t ❘♦♠❛✐♥ ❚❡②ss✐❡r✱ ❞✬❛✈♦✐r ❛❝❝❡♣té ❞✬é✈❛❧✉❡r ❡t ❞❡ ❝♦♠♠❡♥t❡r
♠♦♥ tr❛✈❛✐❧✳

❏❡ r❡♠❡r❝✐❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❡rs♦♥♥❡s ❞♦♥t ❥✬❛✐ ♣✉ ❝r♦✐sé ❧❡ ❝❤❡♠✐♥ ❛✉ ❝♦✉rs ❞❡ s❡s tr♦✐s ❛♥✲
♥é❡s ❞❡ t❤ès❡ ❡t ❞❡ ♠♦♥✐t♦r❛t✹ ❡t ❛✈❡❝ ❧❡sq✉❡❧❧❡s ❥✬❛✐ ❡✉ ❧✬♦❝❝❛s✐♦♥ ❞❡ tr❛✈❛✐❧❧❡r ♦✉ ❞❡ ♣❛rt❛❣❡r
❞❡s ❞✐s❝✉ss✐♦♥s s❝✐❡♥t✐✜q✉❡s ♦✉ ❛✉tr❡s✳ ▼❛❧❣ré ❝❡s ♥♦♠❜r❡✉s❡s ❞✐s❝✉ss✐♦♥s✱ ❝❡rt❛✐♥❡s q✉❡st✐♦♥s
r❡st❡r♦♥t s❛♥s ré♣♦♥s❡✱ ❝❡❧❧❡s✲❝✐ ♥✬❡♥tr❛♥t ♣❛s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠♦♥ s✉❥❡t ❞❡ t❤ès❡✳ ❖♥ ♣♦✉rr❛
❝✐t❡r ❡♥tr❡ ❛✉tr❡s ✿ ✓ P♦✉rq✉♦✐ ② ❛✲t✲✐❧ ✉♥ r❛❞✐❛t❡✉r à ✸♠ ❞❡ ❤❛✉t❡✉r ❞❛♥s ❧❡ ❜ât✐♠❡♥t é❧❡❝✲
tr♦♥✐q✉❡ ❄ ✔✱ ✓ ❈♦♠♠❡♥t ❢♦♥❝t✐♦♥♥❡ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞❡ ❧✬✉♥✐✈❡rs✐té ❄ ✔✱ ♦✉ ✓ P♦✉rq✉♦✐ ❢❛✉t✲✐❧
❡✛❡❝t✉❡r tr♦✐s ❢♦✐s ❧❡ t♦✉r ❞❡ ❧❛ ❢❛❝ ❡♥ ♣❛ss❛♥t ♣❛r ❞❡s ❜✉r❡❛✉① ❞✐✈❡rs ❡t ✈❛r✐és ❛✉① ❤♦r❛✐r❡s
❞✬♦✉✈❡rt✉r❡ t♦✉t ❛✉ss✐ ✈❛r✐és ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ❝❛rt❡ ❞✬ét✉❞✐❛♥t ❄ ✔✱ ✓ P♦✉rq✉♦✐ ❝❡rt❛✐♥❡s
s❡❝rét❛✐r❡s ♥❡ ❧✐s❡♥t ♣❛s ❝❡rt❛✐♥s ❝♦✉rr✐❡❧s q✉✬❡❧❧❡s r❡ç♦✐✈❡♥t ❄ ✔✱ ✳ ✳ ✳

❏❡ r❡♠❡r❝✐❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ■✈❛♥❛ ♣♦✉r ❛✈♦✐r ♣❛rt❛❣é ♠❡s ❜✉r❡❛✉① s✉❝❝❡ss✐❢s✺✱ ♣♦✉r ♠✬❛✲
✈♦✐r s✉♣♣♦rté ❞✉r❛♥t ❞❡ ♥♦♠❜r❡✉① ♠♦✐s ❡t ♠✬❛✈♦✐r ❛♣♣r✐s q✉❡❧q✉❡s ♠♦ts ❞❡ t❝❤èq✉❡ ✿ ❉➙❦✉❥✐✱
■✈❛♥♦ ✦ ❏❡ r❡♠❡r❝✐❡ ❞❡ ♠ê♠❡ ●✉✐❧❧❛✉♠❡ q✉✐ ❝♦♥t✐♥✉❡ ❞❡ ♠❡ s✉♣♣♦rt❡r ❛✉ q✉♦t✐❞✐❡♥ ❡t ❞♦♥t ❧❡s
❝r✐s❡s ❞❡ r✐r❡s s♦♥t ♣❛r❢♦✐s ✐♥❝♦♠♣ré❤❡♥s✐❜❧❡s ♠❛✐s t♦✉❥♦✉rs ❜r✉②❛♥t❡s✳ ■❧ ❡st ❝❡❧✉✐ q✉✐ s✉♣♣♦rt❡
♠❡s ❞✐s❝♦✉rs à s❡♥s ✉♥✐q✉❡ ❛✈❡❝ ♠♦♥ é❝r❛♥ ❞✬♦r❞✐♥❛t❡✉r ❡t ❧❡ ♣r❡♠✐❡r à q✉✐ ❥❡ ♣♦s❡ ❡♥ ❣é♥ér❛❧
♠❡s q✉❡st✐♦♥s P②t❤♦♥✻✳ ❊♥ r❡t♦✉r✱ ❥❡ s✉✐s é❣❛❧❡♠❡♥t ❧❡ ♣r❡♠✐❡r té♠♦✐♥ ❞❡ s❡s ✐♥t❡rr♦❣❛t✐♦♥s
✐♥❢♦r♠❛t✐q✉❡s ✿ ✓ ❏❡ ❝♦♠♣r❡♥❞s ♣❛s✳ ❏✬❛✐ r✐❡♥ ❝❤❛♥❣é ❛✉ ❝♦❞❡ ❡t ç❛ ❞♦♥♥❡ ♣❛s ❧❡s ♠ê♠❡s

✶❏❡ ♥❡ ❝♦♥♥❛✐s à ❝❡ ❥♦✉r ♣❡rs♦♥♥❡ ❝❛♣❛❜❧❡ ❞✬é❣❛❧❡r s❡s ♣❡r❢♦r♠❛♥❝❡s ré❝❡♥t❡s ❡♥ ♣❛r❛❧❧é❧✐s❛t✐♦♥ ✿ ✓ ❏✬✉t✐❧✐s❡
✸ ♣r♦❝❡ss❡✉rs ❡t ❥❡ ❣❛❣♥❡ ✉♥ ❢❛❝t❡✉r ✹ ✦ ✔ ■❧ ❛ ❜✐❡♥ sûr r❡❝❤❡r❝❤é ❧❡ ❜✉❣ à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡ ❣❛✐♥ ✐♥❡①♣❧✐❝❛❜❧❡ ❡t
❧✬❛ ✜♥❛❧❡♠❡♥t ❞é❜✉sq✉é✳ ❏❡ ❧❡ s♦✉♣ç♦♥♥❡ ❞✬❛✈♦✐r ❞❛♥s ❝❡ ❝❛s ❡ss❛②é ❞❡ ♣r♦❣r❛♠♠❡r s❛♥s ❛✈♦✐r ❛✉ ♣ré❛❧❛❜❧❡
✐♥❣✉r❣✐té s❛ ❞♦s❡ q✉♦t✐❞✐❡♥♥❡ ❞❡ ❝❛❢é✐♥❡✳

✷ ❯♥ ♣❡t✐t ❝♦♥s❡✐❧ ✿ ✈ér✐✜❡r q✉✬✐❧ ❛✐t ♣r✐s ✉♥ ♦✉ ❞❡✉① ❝❛❢és ❛✈❛♥t ❞✬♦s❡r ❛❧❧❡r ❢r❛♣♣❡r à s♦♥ ❜✉r❡❛✉ ❧❡ ♠❛t✐♥✳
✸▲❡ ❢é♠✐♥✐♥ ❡st ✉t✐❧✐sé ❞❡ ♠❛♥✐èr❡ ✐♥t❡♥t✐♦♥♥❡❧❧❡ ♠ê♠❡ s✐ ❝❡❧✉✐✲❝✐ ♥✬❡①✐st❡ ♣❛s✱ ❧❡ ❢r❛♥ç❛✐s ♠❛♥q✉❛♥t ❝r✉❡❧❧❡✲

♠❡♥t ❞✬éq✉✐✈❛❧❡♥ts ❢é♠✐♥✐♥s ♣♦✉r ❝❡rt❛✐♥s ♥♦♠s✳ ❏✬❛✐ ♣ré❢éré ❧❡ t❡r♠❡ ✓ r❛♣♣♦rtr✐❝❡ ✔ à ❝❡❧✉✐ ❞❡ ✓ r❛♣♣♦rt❡✉s❡ ✔
✖ ❝❡ ❞❡r♥✐❡r ❛②❛♥t ❣é♥ér❛❧❡♠❡♥t ✉♥❡ ❝♦♥♥♦t❛t✐♦♥ ♣é❥♦r❛t✐✈❡ ✖ ♦✉ à ❝❡❧✉✐ ❞❡ ✓ r❛♣♣♦rt❡✉r❡ ✔ q✉❡ ❥❡ tr♦✉✈❡
♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥é❧é❣❛♥t✳

✹❏✬❡s♣èr❡ ❛✈♦✐r ♣✉ ❝♦♠♠✉♥✐q✉❡r ✉♥ ♣❡✉ ❞❡ ♠❛ ♣❛ss✐♦♥ ♣♦✉r ❧✬❛str♦♣❤②s✐q✉❡ ❛✉① ét✉❞✐❛♥ts q✉❡ ❥✬❛✐ ❡✉
❧✬♦❝❝❛s✐♦♥ ❞✬❛✈♦✐r ❡♥ ❚❉✳

✺❈❡tt❡ t❤ès❡ ❛ ♥é❝❡ss✐té✱ ❡♥tr❡ ❛✉tr❡s✱ ❧❡ ❞é♠é♥❛❣❡♠❡♥t ❞❛♥s tr♦✐s ❜✉r❡❛✉① ❞✐✛ér❡♥ts ❡t ❧❡ ♠♦♥t❛❣❡ ❞❡
♥♦♠❜r❡✉s❡s t❛❜❧❡s ❡t ét❛❣èr❡s ■❦❡❛➤✳

✻❱♦✉s ❛❧❧❡③ ♠❡ ❞✐r❡ ✿ ✓ ❊♥❝♦r❡ ✉♥❡ ♥♦t❡ ❞❡ ❜❛s ❞❡ ♣❛❣❡ ✦ ✔✳ ❇♦♥ ❞✬❛❝❝♦r❞✱ ❥❡ ♠✬❛rrêt❡ ✐❝✐✳ ✳ ✳ ♣♦✉r ❝❡tt❡ ♣❛❣❡✳

✺



rés✉❧t❛ts✳ ✳ ✳ ❆❤ s✐✳ ✳ ✳ ❥✬❛✐ ✐♥✈❡rsé ❧❡s ✐♥❞✐❝❡s i ❡t j✳ ✳ ✳ ✔✳ ❙❛♥s ♦✉❜❧✐❡r ❉②❧❛♥ q✉✐ ❝♦♠♠❡♥❝❡
s❡✉❧❡♠❡♥t à ❣♦ût❡r ❛✉① ❥♦✐❡s ❞❡ ♣❛rt❛❣❡r ❧❛ ♠ê♠❡ ♣✐è❝❡ q✉❡ ♠♦✐✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t à ♣❛rt✐r ❞❡
✶✹❤ ❞✉ ♠❛t✐♥ ét❛♥t ❞♦♥♥és s❡s ❤♦r❛✐r❡s q✉❡❧q✉❡ ♣❡✉ ❞é❝❛❧és✳

❏❡ r❡♠❡r❝✐❡ ❊♠✐❧✐❡ ♣♦✉r s❡s ♣❛✐❡♠❡♥ts ❡♥ ♥❛t✉r❡ ❡♥ é❝❤❛♥❣❡ ❞❡ t♦✉t❡s ❧❡s ❢♦✐s ♦ù ❥❡ ❧✬❛✐
r❛♠❡♥é❡ ❡♥ ✈♦✐t✉r❡ s✉r ▲②♦♥✳ ◗✉❡ ❋❛❜✐❡♥ s❡ r❛ss✉r❡✱ ❝❡s ♣❛✐❡♠❡♥ts ❡♥ ♥❛t✉r❡ s❡ rés✉♠❡♥t
✉♥✐q✉❡♠❡♥t à q✉❡❧q✉❡s ♣ât✐ss❡r✐❡s✳

❏❡ r❡♠❡r❝✐❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬éq✉✐♣❡ ❚✐❣r❡ ✭♦✉✱ ♣♦✉r êtr❡ ♣❧✉s ♣ré❝✐s✱ ❡①✲éq✉✐♣❡ ❚✐❣r❡ ❡t
❢✉t✉r❡ éq✉✐♣❡ ❈♦s♠♦✲❚✐❣r❡✱ P●❛❈ ♦✉ ❛✉tr❡✮ ❛✉ s❡✐♥ ❞❡ ❧❛q✉❡❧❧❡ ❥✬❛✐ tr❛✈❛✐❧❧é✳

❏❡ r❡♠❡r❝✐❡ ❧❡s s♣♦rt✐❢s ❞❡ ❧✬❖❜s❡r✈❛t♦✐r❡ ✭✈♦❧❧❡②❡✉rs ❡t ❥♦✉❡✉rs ❞❡ sq✉❛s❤✮ ♣♦✉r ❧❡s ♠♦♠❡♥ts
❞❡ ❞ét❡♥t❡ ♣❛rt❛❣és✳

❏❡ r❡♠❡r❝✐❡ ❆✉ré❧✐❡♥ ❡t✱ ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t✱ ❳❛✈✐❡r ✭❝❛r ❝❡❧✉✐✲❝✐ ❛ ❡✉ à s✉❜✐r ♠❡s ✐♥t❡r✲
r♦❣❛t✐♦♥s ♥❡tt❡♠❡♥t ♣❧✉s s♦✉✈❡♥t✮ ♣♦✉r ❧❡✉r ♣ré❝✐❡✉s❡ ❛✐❞❡ ❡♥ ✐♥❢♦r♠❛t✐q✉❡ ❡t ❧❡✉rs ré♣♦♥s❡s
à t♦✉t❡s ♠❡s q✉❡st✐♦♥s t❡❧❧❡s q✉❡ ✿ ✓ P♦✉rq✉♦✐ ç❛ ♠❛r❝❤❡ ♣❛s q✉❛♥❞ ❥❡ t❛♣❡ ❜✐❞✉❧❡ ❄ ✔ ✭❜✐❞✲
✉❧❡ ♣♦✉✈❛♥t êtr❡ ✉♥❡ ❝♦♠♠❛♥❞❡ ▲✐♥✉① q✉❡❧❝♦♥q✉❡✮✱ ✓ ▼♦♥ ♦r❞✐ ♥❡ ❞é♠❛rr❡ ♣❧✉s✳ ✳ ✳ q✉✬❡st✲❝❡
q✉✬✐❧ ❢❛✉t q✉❡ ❥❡ ❢❛ss❡ ♣♦✉r ré♣❛r❡r ❣r✉❜ ❄ ✔✱ ✓ P♦✉rq✉♦✐ ❧✬✐♠♣r✐♠❛♥t❡✱ ❡❧❧❡ ✐♠♣r✐♠❡ ♣❧✉s ❄ ✔✱
✓ ❈♦♠♠❡♥t ❥✬✐♥st❛❧❧❡ ❧❡ ♣r♦❣r❛♠♠❡ tr✉❝ ❄ ✔✱ ✓ ❊♥ P②t❤♦♥✱ ❝♦♠♠❡♥t ♦♥ ❢❛✐t✳ ✳ ✳ ❄ ✔ ✭q✉❡st✐♦♥
ré❝✉rr❡♥t❡ ❞♦♥t ❧❡s ❞❡st✐♥❛t❛✐r❡s ❧❡s ♣❧✉s ❢réq✉❡♥ts ♦♥t été ❳❛✈✐❡r✱ ▼❛♥✉ ❡t ●✉✐❧❧❛✉♠❡✮✳ ▲❡✉rs
ré♣♦♥s❡s ♠✬♦♥t ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s été ❞✬✉♥ ❣r❛♥❞ s❡❝♦✉rs ♠ê♠❡ s✐ ❥❡ ♥❡ ♠❛îtr✐s❡ ♣❛s ❡♥✲
❝♦r❡ ❡♥t✐èr❡♠❡♥t ❧❡✉r ❧❛♥❣❛❣❡✱ ✉♥ ❞✐❝t✐♦♥♥❛✐r❡ ❳❛✈✐❡r✲❆✉ré❧✐❡♥ → ❋r❛♥ç❛✐s ✭à ♣❛r❛îtr❡ ❞❛♥s
✉♥ ❢✉t✉r ♣❧✉s ♦✉ ♠♦✐♥s ♣r♦❝❤❡✮ ét❛♥t ♣❛r ♠♦♠❡♥t ♥é❝❡ss❛✐r❡✳

❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❧❡ r❡st❡ ❞❡s ✓ ❞❥❡✉♥s ✔ ❞❡ ❧✬❖❜s❡r✈❛t♦✐r❡✱ s❛♥s ♦✉❜❧✐❡r✱ ❞❡s éq✉✐♣❡s
s❝✐❡♥t✐✜q✉❡s à ❧✬❖❜s❡r✈❛t♦✐r❡ ❡t à ❧✬❊◆❙✱ ✉♥ s❡r✈✐❝❡ ♣r♦❥❡t✱ ✉♥ s❡r✈✐❝❡ é❧❡❝tr♦♥✐q✉❡✱ ✉♥ s❡r✈✐❝❡
✐♥❢♦r♠❛t✐q✉❡✱ ✉♥ s❡r✈✐❝❡ ♦♣t✐q✉❡✱ ✉♥❡ ❜✐❜❧✐♦t❤é❝❛✐r❡✱ ✉♥ ❥❛r❞✐♥✐❡r✱ ✉♥ s❡r✈✐❝❡ ❞❡ ❞✐✛✉s✐♦♥ ❞❡s
❝♦♥♥❛✐ss❛♥❝❡s✱ ✉♥ s❡r✈✐❝❡ ❛❞♠✐♥✐str❛t✐❢✱ ❧❛ ♠é❝❛♥✐q✉❡✱ ✉♥❡ ❘✷✶✼✱ ✉♥❡ ❈❧✐♦✱ ♠❛♥❞✐❜✉❧❡✱ ❧✐❜❡❧❧✉❧❡✱
❣❡❧✉❧❡✱ ♣❛rt✐❝✉❧❡✱ ❣❧♦❜✉❧❡✵✱ ❣❧♦❜✉❧❡✶✱ ❣❧♦❜✉❧❡✷✱ ♣❧✉s✐❡✉rs ❞✐sq✉❡s ❞✉rs✱ ✉♥❡ ❝❧é ❯❙❇✱ ❞❡✉① ♦✉
tr♦✐s ✐♠♣r✐♠❛♥t❡s✱ ✉♥ ♠✉❣✱ ❞✉ ❝❛❢é✱ ❞✉ t❤é✱ ✉♥ ♥♦♠❜r❡ ✐♥❝❛❧❝✉❧❛❜❧❡ ❞❡ t♦✉✐❧❧❡tt❡s✱ ❞❡s t❛❜❧❡tt❡s
❞❡ ❝❤♦❝♦❧❛t✱ ❞❡s s♦✐ré❡s ❝❤❡③ ●❛ë❧❧❡✱ ❞❡s s♦✐ré❡s t❛rt✐✢❡tt❡s✱ ❞❡s ❜❛r❜❡❝✉❡s ❝❤❡③ ▼❛♥✉ ❡t ❆r❧❡tt❡✱
tr♦✐s ♣❧❛♥t❡s ✈❡rt❡s✱ ❡t✳ ✳ ✳ ♣❧✉s✐❡✉rs é❝✉r❡✉✐❧s✳

❈❡rt❛✐♥s r❡♠❛rq✉❡r♦♥t✱ à ❥✉st❡ t✐tr❡✱ q✉✬✐❧s ♦♥t été r❡♠❡r❝✐és ♣❧✉s✐❡✉rs ❢♦✐s✱ ❧❡s ✐♥t❡rs❡❝✲
t✐♦♥s ❞❡s ❞✐✛ér❡♥ts ❣r♦✉♣❡s ♠❡♥t✐♦♥♥és ♣ré❝é❞❡♠♠❡♥t ♥✬ét❛♥t ♣❛s ♥✉❧❧❡s✳ ❏❡ ♣❡♥s❡ q✉❡ ❝❡❧❛
♥❡ ❧❡s ❣ê♥❡r❛ ♥✉❧❧❡♠❡♥t✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡✱ q✉✬✐❧s s❡ ❢❛ss❡♥t ❝♦♥♥❛îtr❡ à ❧✬❛✉t❡✉r ❞❡ ❝❡s
r❡♠❡r❝✐❡♠❡♥ts✳

❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t très ❝❤❛❧❡✉r❡✉s❡♠❡♥t ♠❛ ❢❛♠✐❧❧❡ ❡t ♠❡s ❛♠✐s ♣♦✉r ❧❡✉r s♦✉t✐❡♥ ❛✐♥s✐
q✉❡ t♦✉s ❝❡✉① q✉❡ ❥✬❛✉r❛✐s ♣✉✱ ♠❛❧❡♥❝♦♥tr❡✉s❡♠❡♥t✱ ♦✉❜❧✐❡r✳

✼♣r❡sq✉❡ ♠❛❥❡✉r❡ ♠❛✐s q✉✐ ♥✬❛ ♣❛s ♣✉ ✈♦✐r ❧❛ ✜♥ ❞❡ ❝❡tt❡ t❤ès❡✳ P❛✐① à s♦♥ â♠❡✳

✻



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

P❛❣❡ ❞❡ t✐tr❡ ✶

❘❡♠❡r❝✐❡♠❡♥ts ✼

❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ✽

✶ ■♥tr♦❞✉❝t✐♦♥ ✾

✶✳✶ ▲❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾
✶✳✷ ▲❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✷✳✶ ❚❛①✐♥♦♠✐❡ ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷
✶✳✷✳✷ ■♥térêt ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✸ ❉❡s❝r✐♣t✐♦♥ ❞✬✉♥❡ ❣❛❧❛①✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✸✳✶ ▼❛t✐èr❡ ♥♦✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✸✳✷ ➱t♦✐❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✸✳✸ ▼✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✸✳✹ P❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s ❛✉ s❡✐♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻
✶✳✸✳✺ ❋♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼
✶✳✸✳✻ ➱✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
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▲✬ét✉❞❡ ❞❡s ❣❛❧❛①✐❡s ❛ ❞é❜✉té ✐❧ ② ❛ ❡♥✈✐r♦♥ ✉♥ s✐è❝❧❡✳ ❆✉ ①✈✐✐✐❡ s✐è❝❧❡✱ ❑❛♥t ❛✈❛✐t é♠✐s
❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡s ✓ ♥é❜✉❧❡✉s❡s ✔ ♦❜s❡r✈é❡s ♣❛r ❧❡s ❛str♦♥♦♠❡s ♣✉✐ss❡♥t êtr❡ ❞❡s ✓ ✉♥✐✈❡rs✲
î❧❡s ✔✱ ♠❛✐s ❝❡ ♥✬❡st q✉✬❛✉ ❞é❜✉t ❞✉ ①①❡ s✐è❝❧❡ q✉✬❊❞✇✐♥ ❍✉❜❜❧❡ ❛ ♠♦♥tré q✉❡ ❝❡rt❛✐♥❡s
✓ ♥é❜✉❧❡✉s❡s ✔ ét❛✐❡♥t ❞❡s ❣❛❧❛①✐❡s✳ ■❧ ❛ ❞ét❡r♠✐♥é ❧❛ ❞✐st❛♥❝❡ à ❧❛ ✓ ♥é❜✉❧❡✉s❡ ✔ ❞✬❆♥❞r♦♠è❞❡
❡t à ❧❛ ✓ ♥é❜✉❧❡✉s❡ ✔ ❞✉ ❚r✐❛♥❣❧❡ ❣râ❝❡ à ❧❛ ♠ét❤♦❞❡ ❞❡s ❝é♣❤é✐❞❡s✳ ❈❡s ❞✐st❛♥❝❡s ét❛♥t ❜✐❡♥
s✉♣ér✐❡✉r❡s à ❧❛ t❛✐❧❧❡ ❞❡ ♥♦tr❡ ❣❛❧❛①✐❡✱ ❧❛ ❱♦✐❡ ▲❛❝té❡✱ ❝❡❧❛ ♣r♦✉✈❛✐t q✉✬✐❧ s✬❛❣✐ss❛✐t ❞❡ ❣❛❧❛①✐❡s
à ♣❛rt ❡♥t✐èr❡✳ ■❧ ❛ é❣❛❧❡♠❡♥t ♣r♦♣♦sé ♣❛r ❧❛ s✉✐t❡ ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❜❛sé❡ s✉r ❧❡✉r
♠♦r♣❤♦❧♦❣✐❡ ✭❝❢✳ ❋✐❣✳ ✶✳✶✮✳

❉❡ ♠❛♥✐èr❡ s✐♠♣❧✐✜é❡✱ ♦♥ ♣❡✉t ❞✐st✐♥❣✉❡r tr♦✐s t②♣❡s ❞❡ ❣❛❧❛①✐❡s ✿ ❧❡s ❣❛❧❛①✐❡s ❡❧❧✐♣t✐q✉❡s
❊i ✭♦ù i ❡st ✉♥ ❝❤✐✛r❡ ❝❛r❛❝tér✐s❛♥t ❧✬❛♣❧❛t✐ss❡♠❡♥t ❞❡ ❧❛ ❣❛❧❛①✐❡ ✈❛r✐❛♥t ❞❡ ✵✱ ♣♦✉r ✉♥ s②stè♠❡
s♣❤ér✐q✉❡✱ à ✼ ♣♦✉r ❧❡s s②stè♠❡s ❧❡s ♣❧✉s ❛♣❧❛t✐s✮✱ ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ❙j ❡t ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s
❜❛rré❡s ❙❇j ✭♦ù j ❡st ❧✬✉♥❡ ❞❡s tr♦✐s ❧❡ttr❡s a✱ b ♦✉ c ❝❛r❛❝tér✐s❛♥t ❧✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ❞✉
❜✉❧❜❡ ♣❛r r❛♣♣♦rt ❛✉① ❜r❛s s♣✐r❛✉① ❞✉ ❞✐sq✉❡✮✳ ▲❛ ❥♦♥❝t✐♦♥ ❡♥tr❡ ❧❡s ❣❛❧❛①✐❡s ❡❧❧✐♣t✐q✉❡s ❡t
❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ❡st ❛ss✉ré❡ ♣❛r ❧❡s ❣❛❧❛①✐❡s ❧❡♥t✐❝✉❧❛✐r❡s ✭❙✵✮✳ ➚ ❝❡s ♣r✐♥❝✐♣❛✉① t②♣❡s
♠♦r♣❤♦❧♦❣✐q✉❡s✱ ♦♥ ♣❡✉t ❛❥♦✉t❡r ❧❡s ❣❛❧❛①✐❡s ✐rré❣✉❧✐èr❡s✱ ❧❡s ❣❛❧❛①✐❡s ❡♥ ✐♥t❡r❛❝t✐♦♥ ❡t ❧❡s
❣❛❧❛①✐❡s ♥❛✐♥❡s✳ ❈❡ ❞❡r♥✐❡r t②♣❡ s❡r❛ ❞é❝r✐t ♣❧✉s ❡♥ ❞ét❛✐❧ ♣❛r ❧❛ s✉✐t❡✳

❍✉❜❜❧❡ ❛✈❛✐t ❞ès ❧❡ ❞é❜✉t ✐♠❛❣✐♥é q✉❡ s❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♥✬ét❛✐t ♣❛s ✜❣é❡ ❡t q✉❡ ❧❡s ❣❛❧❛①✐❡s
♣♦✉✈❛✐❡♥t é✈♦❧✉❡r✳ ■❧ ♣❡♥s❛✐t q✉❡ ❧❡s ❣❛❧❛①✐❡s ❡❧❧✐♣t✐q✉❡s ❝♦rr❡s♣♦♥❞❛✐❡♥t à ❞❡s ❣❛❧❛①✐❡s ❥❡✉♥❡s
s✉s❝❡♣t✐❜❧❡s ❞❡ s❡ tr❛♥s❢♦r♠❡r ❡♥ ❣❛❧❛①✐❡s s♣✐r❛❧❡s✳ ❈❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❛ ❞♦♥♥é ♥❛✐ss❛♥❝❡
❛✉① ❛♣♣❡❧❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s ❞❡ t②♣❡ ♣ré❝♦❝❡ ❡t ❞❡ t②♣❡ t❛r❞✐❢ ❡♥❝♦r❡ ❡♥ ✉s❛❣❡ ❞❡ ♥♦s ❥♦✉rs✳
❈❡♣❡♥❞❛♥t✱ ❧❛ séq✉❡♥❝❡ é✈♦❧✉t✐✈❡ ❡♥✈✐s❛❣é❡ ❛❝t✉❡❧❧❡♠❡♥t ✈❛ ❞❛♥s ❧❡ s❡♥s ✐♥✈❡rs❡✱ ❞❡s ❣❛❧❛①✐❡s ❞❡
t②♣❡ t❛r❞✐❢ ✈❡rs ❧❡s ❣❛❧❛①✐❡s ❞❡ t②♣❡ ♣ré❝♦❝❡✳ P❧✉s✐❡✉rs ♣❤é♥♦♠è♥❡s ♣❡✉✈❡♥t êtr❡ à ❧✬♦r✐❣✐♥❡ ❞✬✉♥
t❡❧ ❝❤❛♥❣❡♠❡♥t ❞❡ ♠♦r♣❤♦❧♦❣✐❡✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❡✉t ❥♦✉❡r ✉♥ ❣r❛♥❞ rô❧❡✳ ❆✐♥s✐✱
✉♥❡ ❣❛❧❛①✐❡ ❡❧❧✐♣t✐q✉❡ ♣❡✉t s❡ ❢♦r♠❡r ♣❛r ❢✉s✐♦♥s s✉❝❝❡ss✐✈❡s ❞❡ ❣❛❧❛①✐❡s ♣❧✉s ♣❡t✐t❡s✳ ❉✬❛✉tr❡
♣❛rt✱ ❞❡s ♠é❝❛♥✐s♠❡s ✐♥t❡r♥❡s ✭♣❛r ❡①❡♠♣❧❡✱ ❢♦r♠❛t✐♦♥ ❡t ❞❡str✉❝t✐♦♥ ❞❡ ❜❛rr❡✮ ♣❡✉✈❡♥t êtr❡
à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ sé❝✉❧❛✐r❡ ❞❡s ❣❛❧❛①✐❡s✳

✶✳✶ ▲❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡

▲❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡ s♦♥t ❧❡ t②♣❡ ❞❡ ❣❛❧❛①✐❡s ❧❡ ♣❧✉s ❝♦✉r❛♥t ♣❛r♠✐ ❝❡✉① é✈♦q✉és ♣ré❝é❞❡♠✲
♠❡♥t✳ ▼ê♠❡ s✐ ❧❡s ❜r❛s s♣✐r❛✉① s♦♥t r❡❧❛t✐✈❡♠❡♥t ✈✐s✐❜❧❡s✱ ✐❧s ♥❡ r❡♣rés❡♥t❡♥t q✉✬✉♥❡ ❢❛✐❜❧❡
❢r❛❝t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ❣❛❧❛①✐❡ ✭❡♥✈✐r♦♥ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts✮✳ ▲❡✉r ✈✐s✐❜✐❧✐té t✐❡♥t ❛✉
❢❛✐t q✉❡ ❝❡ s♦♥t ❧❡s ❡♥❞r♦✐ts ❧❡s ♣❧✉s ❛❝t✐❢s ❞❡ ❧❛ ❣❛❧❛①✐❡✱ ❝✬❡st✲à✲❞✐r❡ ❧à ♦ù s❡ ❢♦r♠❡♥t ❧❛ ♠❛❥♦r✐té

✾
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❋✐❣✳ ✶✳✶ ✕ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡ ❍✉❜❜❧❡✳ ▲❡s ❣❛❧❛①✐❡s s♦♥t sé♣❛ré❡s ❡♥ tr♦✐s t②♣❡s ♣r✐♥❝✐✲
♣❛✉① ✿ ❧❡s ❣❛❧❛①✐❡s ❡❧❧✐♣t✐q✉❡s ✭❊✮✱ ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ✭❙✮ ❡t ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ❜❛r✲
ré❡s ✭❙❇✮✳ ❊♥tr❡ ❧❡s ❡❧❧✐♣t✐q✉❡s ❡t ❧❡s s♣✐r❛❧❡s s❡ tr♦✉✈❡♥t ❧❡s ❣❛❧❛①✐❡s ❧❡♥t✐❝✉❧❛✐r❡s ✭❙✵✮✳
❖♥ ♣❡✉t ② ❛❥♦✉t❡r ❞✬❛✉tr❡s t②♣❡s ✭♥♦♥ r❡♣rés❡♥tés s✉r ❧❡ s❝❤é♠❛✮ ✿ ❧❡s ❣❛❧❛①✐❡s ✐r✲
ré❣✉❧✐èr❡s✱ ❧❡s ❣❛❧❛①✐❡s ❡♥ ✐♥t❡r❛❝t✐♦♥ ❡t ❧❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ✭✐♠❛❣❡ t✐ré❡ ❞✉ s✐t❡ ✐♥t❡r♥❡t
❤tt♣ ✿✴✴❢r✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✐❦✐✴❙éq✉❡♥❝❡❴❞❡❴❍✉❜❜❧❡✮✳

❞❡s ét♦✐❧❡s✳ ❯♥❡ ❣❛❧❛①✐❡ s♣✐r❛❧❡ ❛ ❞❡✉① ❝♦♠♣♦s❛♥t❡s ♣r✐♥❝✐♣❛❧❡s ✿ ❧✬✉♥❡ ❞❡ ❢♦r♠❡ s♣❤ér✐q✉❡✱ ❧❡
❜✉❧❜❡✱ ❡t ❧✬❛✉tr❡ ♣❧✉s ❛♣❧❛t✐✱ ❧❡ ❞✐sq✉❡✱ q✉✐ s✬ét❡♥❞ ❛✉✲❞❡❧à ❞✉ ❜✉❧❜❡ ❡t q✉✐ ❝♦♥t✐❡♥t ❧❡s ❜r❛s
s♣✐r❛✉①✳ ❉❡ ♥♦♠❜r❡✉s❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ♣rés❡♥t❡♥t é❣❛❧❡♠❡♥t ✉♥❡ ❜❛rr❡✱ str✉❝t✉r❡ ❛❧❧♦♥❣é❡
❛✉ ❜♦✉t ❞❡ ❧❛q✉❡❧❧❡ s♦♥t r❛tt❛❝❤és ❧❡s ❜r❛s s♣✐r❛✉①✳

▲❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s N ✲❝♦r♣s ♦♥t ♣❡r♠✐s ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ sé❝✉❧❛✐r❡ ❞❡ ❝❡s ❣❛❧❛①✲
✐❡s✳ ❖♥ ❛ ❛✐♥s✐ ♣✉ ♠♦♥tr❡r q✉❡ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❜✉❧❜❡ st❡❧❧❛✐r❡ ♠❛ss✐❢ ♦✉ ❞✬✉♥ ❤❛❧♦ ♠❛ss✐❢ st❛✲
❜✐❧✐s❡ ❧❡ ❞✐sq✉❡ ❡t ❡♠♣ê❝❤❡ ♣❛r ❝♦♥séq✉❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❧❛ str✉❝t✉r❡ s♣✐r❛❧❡ ❡t ❞✬✉♥❡ ❜❛rr❡✳
▲✬ét✉❞❡ ❞❡s ❜❛rr❡s ❛ ♣❡r♠✐s ❞✬❡①♣❧✐q✉❡r ❧❛ ❢♦r♠❡ ✓ ❜♦ît❡✲❝❛❝❛❤✉èt❡ ✔ ♦❜s❡r✈é❡ ♣♦✉r ❝❡rt❛✐♥❡s
❣❛❧❛①✐❡s ✈✉❡s ♣❛r ❧❛ tr❛♥❝❤❡✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ str✉❝t✉r❡ ❡♥❣❡♥❞ré❡ ♣❛r ❧❡s ét♦✐❧❡s q✉✐ r❡♥tr❡♥t ❡♥
rés♦♥❛♥❝❡ ❛✈❡❝ ❧❛ ❜❛rr❡ ❡t ♦s❝✐❧❧❡♥t ♣❡r♣❡♥❞✐❝✉❧❛✐r❡♠❡♥t ❛✉ ❞✐sq✉❡✳ ❉❡ ♣❧✉s✱ ❧❡s s✐♠✉❧❛t✐♦♥s
♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡ ❣❛③ ♦♥t ♠♦♥tré q✉❡ ❧✬❛❝❝rét✐♦♥ ❞❡ ❣❛③ ❞❛♥s ❧❡s ♣❛rt✐❡s ❝❡♥tr❛❧❡s ♣❡✉t
♣r♦✈♦q✉❡r ❧❛ ❞ést❛❜✐❧✐s❛t✐♦♥ ❡t ❧❛ ❞❡str✉❝t✐♦♥ ❞✬✉♥❡ ❜❛rr❡✳

✶✳✷ ▲❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s

▲❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s s♦♥t ❧❡s ❣❛❧❛①✐❡s ❧❡s ♣❧✉s ♥♦♠❜r❡✉s❡s ❞❛♥s ❧✬❯♥✐✈❡rs✳ ➱t❛♥t ❞♦♥♥é ❧❡✉r
❢❛✐❜❧❡ ♠❛ss❡ ❡t ❧❡✉r ❢❛✐❜❧❡ ❧✉♠✐♥♦s✐té✱ ❡❧❧❡s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♦❜s❡r✈é❡s ❞❛♥s ❧❡ ●r♦✉♣❡ ▲♦❝❛❧
❡t ❧❡s ❛♠❛s ❧♦❝❛✉① ✭♣❛r ❡①❡♠♣❧❡ ❧✬❛♠❛s ❞❡ ❧❛ ❱✐❡r❣❡✮✳ ▲❛ ✜❣✉r❡ ✶✳✷ r❡♣rés❡♥t❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡s ❣❛❧❛①✐❡s ❞✉ ●r♦✉♣❡ ▲♦❝❛❧✳ ❈❡❧✉✐✲❝✐ ❝♦♥t✐❡♥t ✹✵ ❣❛❧❛①✐❡s ❝♦♥♥✉❡s ♣❛r♠✐ ❧❡sq✉❡❧❧❡s ♦♥ ♥❡
❝♦♠♣t❡ q✉❡ tr♦✐s ❣❛❧❛①✐❡s s♣✐r❛❧❡s ✭▼✸✶✱ ❧❛ ❱♦✐❡ ▲❛❝té❡ ❡t ▼✸✸✮✱ t♦✉t❡s ❧❡s ❛✉tr❡s ét❛♥t ❞❡s
❣❛❧❛①✐❡s ♥❛✐♥❡s ✭❝❢✳ ❋✐❣✳ ✶✳✷✮✳

■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❞é✜♥✐t✐♦♥ ✉♥✐q✉❡ ♣♦✉r ❧❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s✳ ❊❧❧❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞é✜♥✐❡s
❛r❜✐tr❛✐r❡♠❡♥t ❝♦♠♠❡ ❞❡s ❣❛❧❛①✐❡s ❛②❛♥t ✉♥❡ ❧✉♠✐♥♦s✐té ❛❜s♦❧✉❡ ♣❧✉s ❢❛✐❜❧❡ q✉✬✉♥❡ ❝❡rt❛✐♥❡
❧✉♠✐♥♦s✐té ❧✐♠✐t❡✳ ●r❡❜❡❧ ✭✷✵✵✶❛✱❜✮✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❞é✜♥✐t ❝♦♠♠❡ ❛②❛♥t ✉♥❡ ♠❛❣♥✐t✉❞❡
❛❜s♦❧✉❡ s✉♣ér✐❡✉r❡ à −18 (MV ≥ −18✮✳

✶✵



✶✳✷✳ ▲❊❙ ●❆▲❆❳■❊❙ ◆❆■◆❊❙

❋✐❣✳ ✶✳✷ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐q✉❡ ❞✉ ●r♦✉♣❡ ▲♦❝❛❧ ✭✜❣✉r❡ t✐ré❡ ❞❡ ●r❡❜❡❧ ✭✶✾✾✽✮✮✳ ▲❡s
❣❛❧❛①✐❡s ♥❛✐♥❡s ❡❧❧✐♣t✐q✉❡s ✭❞❊✮ ❡t s♣❤ér♦ï❞❛❧❡s ✭❞❙♣❤✮ s♦♥t r❛ss❡♠❜❧é❡s ❛✉t♦✉r ❞❡s ❞❡✉① ❣❛❧❛①✲
✐❡s s♣✐r❛❧❡s ♣r✐♥❝✐♣❛❧❡s ✭❧❛ ❱♦✐❡ ▲❛❝té❡ ❡t ❧❛ ❣❛❧❛①✐❡ ❞✬❆♥❞r♦♠è❞❡✮ ❛❧♦rs q✉❡ ❧❡s ♥❛✐♥❡s ✐r✲
ré❣✉❧✐èr❡s ✭❞■rr✮ ♦♥t t❡♥❞❛♥❝❡ à êtr❡ ✐s♦❧é❡s✳

✶✶



❈❍❆P■❚❘❊ ✶✳ ■◆❚❘❖❉❯❈❚■❖◆

✶✳✷✳✶ ❚❛①✐♥♦♠✐❡ ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s

❊♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♠♦r♣❤♦❧♦❣✐❡✱ ♦♥ ♣❡✉t ❞é✜♥✐r ♣❧✉s✐❡✉rs t②♣❡s ❞❡ ❣❛❧❛①✐❡s ♥❛✐♥❡s ✿
✕ ▲❡s ♥❛✐♥❡s ✐rré❣✉❧✐èr❡s ✭❞■rr ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❞✇❛r❢ ■rr❡❣✉❧❛r✮ s♦♥t ❞❡s ❣❛❧❛①✐❡s r✐❝❤❡s ❡♥
❣❛③✳ ❈❡❧✉✐✲❝✐ ❡st ❞✐str✐❜✉é ❞❡ ♠❛♥✐èr❡ ✐♥❤♦♠♦❣è♥❡ ❡t s✬ét❡♥❞ ❜✐❡♥ ❛✉✲❞❡❧à ❞❡ ❧❛ ❞✐str✐✲
❜✉t✐♦♥ ❞❡s ❛♥❝✐❡♥♥❡s ét♦✐❧❡s✳ ❊❧❧❡s ♣rés❡♥t❡♥t ❞❡s s✐❣♥❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ré❝❡♥t❡✳
❖♥ ❧❡s tr♦✉✈❡ ❞❛♥s ❧❡s ❣r♦✉♣❡s ❡t ❧❡s ❛♠❛s ❞❡ ❣❛❧❛①✐❡s ❛✉ss✐ ❜✐❡♥ q✉❡ ❞❛♥s ❧❡ ❝❤❛♠♣✳ ▲❛
❣❛❧❛①✐❡ ♥❛✐♥❡ ✐rré❣✉❧✐èr❡ ❧❛ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡ ❡st ❧❡ ♣❡t✐t ♥✉❛❣❡ ❞❡ ▼❛❣❡❧❧❛♥
s✐t✉é à ❡♥✈✐r♦♥ ✻✵ ❦♣❝✳

✕ ▲❡s ♥❛✐♥❡s ❡❧❧✐♣t✐q✉❡s ✭❞❊ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❞✇❛r❢ ❊❧❧✐♣t✐❝❛❧✮ s♦♥t ❞❡s s②stè♠❡s ❝♦♠♣❛❝ts
❞❡ ❢♦r♠❡ s♣❤ér✐q✉❡ ♦✉ ❡❧❧✐♣t✐q✉❡ s✐t✉és à ♣r♦①✐♠✐té ❞❡ ❣❛❧❛①✐❡s ♠❛ss✐✈❡s✳ ❊❧❧❡s ♦♥t ♣❡✉
♦✉ ♣❛s ❞❡ ❣❛③ ❞ét❡❝té ❡t s♦♥t ❝♦♠♣♦sé❡s ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ✈✐❡✐❧❧❡s ét♦✐❧❡s ❡t ❞✬ét♦✐❧❡s
❞✬â❣❡ ✐♥t❡r♠é❞✐❛✐r❡✳ ❈❡rt❛✐♥❡s ♠♦♥tr❡♥t ❞❡s s✐❣♥❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ré❝❡♥t❡✳

✕ ▲❡s ♥❛✐♥❡s s♣❤ér♦ï❞❛❧❡s ✭❞❙♣❤ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❞✇❛r❢ ❙♣❤❡r♦✐❞❛❧✮ ♦♥t ✉♥ ❛s♣❡❝t ❞✐✛✉s✱
s♦♥t ♣❛✉✈r❡s ❡♥ ❣❛③ ❡t s♦♥t s✐t✉é❡s ❣é♥ér❛❧❡♠❡♥t à ♣r♦①✐♠✐té ❞❡ ❣❛❧❛①✐❡s ♠❛ss✐✈❡s✳ ❊❧❧❡s
s♦♥t ❞♦♠✐♥é❡s ♣❛r ❞❡s ét♦✐❧❡s ❛♥❝✐❡♥♥❡s ♦✉ ❞✬â❣❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡t ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs
❞✐✛ér❡♥❝✐é❡s ❞❡s ♥❛✐♥❡s ❡❧❧✐♣t✐q✉❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳ ▲❡s ♥❛✐♥❡s s♣❤ér♦ï❞❛❧❡s s♦♥t ❧❡s
❣❛❧❛①✐❡s ♠♦✐♥s ❧✉♠✐♥❡✉s❡s ❝♦♥♥✉❡s✳

✕ ▲❡s ♥❛✐♥❡s ❜❧❡✉❡s ❝♦♠♣❛❝t❡s ✭❇❈❉ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❇❧✉❡ ❈♦♠♣❛❝t ❉✇❛r❢s✮ s♦♥t ❞❡s
s②stè♠❡s ♣rés❡♥t❛♥t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❝❡♥tr❛❧❡ ❞✬ét♦✐❧❡s ❡t ❞❡ ❣❛③✳ ❊❧❧❡s s♦♥t é❣❛❧❡♠❡♥t
❝❛r❛❝tér✐sé❡s ♣❛r ✉♥❡ ❢♦rt❡ ❜r✐❧❧❛♥❝❡ ❞❡ s✉r❢❛❝❡ ❝❡♥tr❛❧❡ ❞✉❡ à ❞❡s ✢❛♠❜é❡s ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ♥✉❝❧é❛✐r❡✳ ❊❧❧❡s s♦♥t r✐❝❤❡s ❡♥ ❣❛③ ❡t ❧❛ ♠❛ss❡ ❞❡ ❝❡❧✉✐✲❝✐ ♣❡✉t ♠ê♠❡ ❞❛♥s ❝❡rt❛✐♥s
❝❛s ❞é♣❛ss❡r ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡✳

✕ ▲❡s s♣✐r❛❧❡s ♥❛✐♥❡s ✭❞❙ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❞✇❛r❢ ❙♣✐r❛❧✮ q✉✐✱ ❝♦♠♠❡ ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s
♣❧✉s ♠❛ss✐✈❡s✱ ♣❡✉✈❡♥t êtr❡ ❝❧❛ssé❡s ❡♥ ❞✐✛ér❡♥ts t②♣❡s ✭❞❙✵✱ ❞❙❛✱ ❞❙❜✱ ❞❙❝ ❡t ❞❙❞✮
s❡❧♦♥ ❧✬✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ❞✉ ❜✉❧❜❡ ❡t ❞❡s ❜r❛s s♣✐r❛✉①✳ ❊❧❧❡s ♣rés❡♥t❡♥t ❣é♥ér❛❧❡♠❡♥t
❞❡s ✐♥❤♦♠♦❣é♥é✐tés ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❝❤✐♠✐q✉❡ ❡t ❝♦♥t✐❡♥♥❡♥t ❞❡s ♣♦♣✉❧❛t✐♦♥s st❡❧❧❛✐r❡s
❞✬â❣❡s ✈❛r✐és ❝♦♠♠❡ ❧❡✉rs ❤♦♠♦❧♦❣✉❡s ♣❧✉s ♠❛ss✐✈❡s✳ ❊❧❧❡s s♦♥t ❝❡♣❡♥❞❛♥t ♣❧✉s ♣❡t✐t❡s ❡t
♠♦✐♥s ❧✉♠✐♥❡✉s❡s q✉❡ ❝❡s ❞❡r♥✐èr❡s✳ ▲❡✉r t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ❢❛✐❜❧❡ ❡t ❝♦♥t✐♥✉
❞❛♥s ❧❡ t❡♠♣s✳

✕ ▲❡s ♥❛✐♥❡s ❞❡ ♠❛ré❡ s❡ ❢♦r♠❡♥t ❧♦rs ❞❡ ❢✉s✐♦♥s ♦✉ ❞✬✐♥t❡r❛❝t✐♦♥s ❣râ❝❡ ❛✉① ❞é❜r✐s ❛rr❛❝❤és
à ❞❡s ❣❛❧❛①✐❡s ♠❛ss✐✈❡s✳

▲❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ♣rés❡♥t❡♥t ❞❡s t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✈❛r✐és✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s
❣❛❧❛①✐❡s ♥❡ ♣rés❡♥t❡♥t ♣❛s ♦✉ q✉❛s✐♠❡♥t ♣❛s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭❞❊✱ ❞❙♣❤✮✱ ❞✬❛✉tr❡s ❡♥
♣rés❡♥t❡♥t ✉♥❡ ❢❛✐❜❧❡ ✭❞❙✱ ❞■rr✮ ❛❧♦rs q✉❡ ❞✬❛✉tr❡s ❡♥❝♦r❡ ♣rés❡♥t❡♥t ❞❡s ♣✐❝s ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ✭❇❈❉✮✳ ▲❡ t❛❜❧❡❛✉ ✶✳✶ ré❝❛♣✐t✉❧❡ ❧❡s ♣r♦♣r✐étés ❞❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❣❛❧❛①✐❡s ♥❛✐♥❡s✳

✶✳✷✳✷ ■♥térêt ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s

▲✬ét✉❞❡ ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ❡st ✐♥tér❡ss❛♥t❡ ♣♦✉r ❞✐✈❡rs❡s r❛✐s♦♥s✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛
❢♦r♠❛t✐♦♥ ❤✐ér❛r❝❤✐q✉❡ ❞❡s str✉❝t✉r❡s✱ ❝❡ s♦♥t ❧❡s ❜r✐q✉❡s é❧é♠❡♥t❛✐r❡s q✉✐ ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥✲
str✉✐r❡ ❧❡s ❣❛❧❛①✐❡s ♠❛ss✐✈❡s ❞❡ ❧✬❯♥✐✈❡rs ❛❝t✉❡❧✳ ▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥
❞❡s ❣❛❧❛①✐❡s ✐♠♣❧✐q✉❡ ❞♦♥❝ ❧✬ét✉❞❡ ❡t ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡ t②♣❡ ❞❡ ❣❛❧❛①✐❡✳

❉❡ ♣❧✉s✱ ❝❡s ❣❛❧❛①✐❡s s♦♥t ❞❡s s②stè♠❡s à ❢❛✐❜❧❡ ♠ét❛❧❧✐❝✐té✳ ❖♥ ♣❡♥s❡ q✉❡ ❝❡rt❛✐♥❡s s♦♥t ❞❡s
❣❛❧❛①✐❡s ❢♦ss✐❧❡s✱ ❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡s ♦♥t ♣❡✉ é✈♦❧✉é❡s ❞❡♣✉✐s ❧❡ ❇✐❣ ❇❛♥❣✳ ❈❡ s♦♥t ❞♦♥❝ ❞❡s
s②stè♠❡s ✐♥tér❡ss❛♥ts ♣♦✉r ét✉❞✐❡r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡t ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡ à ♣❛rt✐r
❞❡ ❣❛③ ♣r✐♠♦r❞✐❛❧✳

✶✷
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❚②♣❡ MV ✭♠❛❣✮ µV ✭♠❛❣ ❛r❝s❡❝−2✮ r ✭❦♣❝✮ Z/Z⊙ MH ✐ ✭▼⊙✮ Mtot ✭▼⊙✮

❞■rr & −18 . 23 . 5 ∼ 1/40 − 1/3 . 109 . 1010

❞❊ & −17 . 21 . 4 ∼ 1 . 108 . 109

❞❙♣❤ & −14 & 22 . 3 ∼ 1 . 105 . 107

❇❈❉ & −18 . 19 . 5 ∼ 1/50 − 1/2 . 109 . 1010

❞❙ > −18 & 23 . 5 très ❢❛✐❜❧❡ . 109 . 1010

❚❛❜✳ ✶✳✶ ✕ Pr♦♣r✐étés ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ❞✬❛♣rès ●r❡❜❡❧ ✭✷✵✵✶❛✱❜✮✳ MV ❡st ❧❛ ♠❛❣♥✐t✉❞❡
❛❜s♦❧✉❡ ❞❛♥s ❧❛ ❜❛♥❞❡ V ✱ µV ❧❛ ❜r✐❧❧❛♥❝❡ ❞❡ s✉r❢❛❝❡ ❝❡♥tr❛❧❡✱ r ❧❡ r❛②♦♥✱ Z/Z⊙ ❧❛ ♠ét❛❧❧✐❝✐té
♥♦r♠❛❧✐sé❡ à ❧❛ ✈❛❧❡✉r s♦❧❛✐r❡✱ MH ✐ ❧❛ ♠❛ss❡ ❞❡ ❣❛③ ❛t♦♠✐q✉❡ ♥❡✉tr❡ ❡t Mtot ❧❛ ♠❛ss❡ t♦t❛❧❡
❞❡ ❧❛ ❣❛❧❛①✐❡✳

✶✳✸ ❉❡s❝r✐♣t✐♦♥ ❞✬✉♥❡ ❣❛❧❛①✐❡

❯♥❡ ❣❛❧❛①✐❡ ♣❡✉t êtr❡ ❞é❝r✐t❡ ❝♦♠♠❡ ✉♥ s②stè♠❡ ❛✉t♦✲❣r❛✈✐t❛♥t ❞✬ét♦✐❧❡s✱ ❞❡ ❣❛③ ❡t ❞❡
♣♦✉ss✐èr❡s✱ ❝❡s ❞❡✉① ❞❡r♥✐èr❡s ❝♦♠♣♦s❛♥t❡s ❢♦r♠❛♥t ❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡
✭▼■❙ ♦✉ ■❙▼ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ■♥t❡r❙t❡❧❧❛r ▼❡❞✐✉♠✮✳ ▲❡s ét♦✐❧❡s ❡t ❧❡ ▼■❙ s♦♥t ❞②♥❛♠✐q✉❡♠❡♥t
❝♦✉♣❧és ✈✐❛ ❧❛ ❣r❛✈✐t❛t✐♦♥✱ ✐♥t❡r❛❣✐ss❡♥t ✭é❝❤❛♥❣❡s ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡✮ ❛✉ ♠♦②❡♥ ❞❡ ❞✐✈❡rs
♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ❡t s♦♥t ♣❧♦♥❣é❡s ❞❛♥s ✉♥ ❤❛❧♦ ❞❡ ♠❛t✐èr❡ ♥♦✐r❡✳

✶✳✸✳✶ ▼❛t✐èr❡ ♥♦✐r❡

▲❛ ❝♦♠♣♦s❛♥t❡ ❧❛ ♣❧✉s ♠❛ss✐✈❡ ❞❡s ❣❛❧❛①✐❡s ♥✬❡st ♣❛s ❞✐r❡❝t❡♠❡♥t ♦❜s❡r✈❛❜❧❡ ♣❛r ❧❡s ✐♥str✉✲
♠❡♥ts✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ♠❛t✐èr❡ ♥♦✐r❡✳ ❉❡ ♥♦♠❜r❡✉s❡s ♦❜s❡r✈❛t✐♦♥s ✭ét✉❞❡s ❞②♥❛♠✐q✉❡s ❞❡s ❛♠❛s
❞❡ ❣❛❧❛①✐❡s✱ ❝♦✉r❜❡s ❞❡ r♦t❛t✐♦♥ ♣❧❛t❡s ❞❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡ ❧♦✐♥ ❞✉ ❝❡♥tr❡✱ ✳ ✳ ✳✮ ♦♥t ♠♦♥tré
q✉❡ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡s ❣❛❧❛①✐❡s ❡st ❜✐❡♥ ♣❧✉s é❧❡✈é❡ q✉❡ ❧❡✉r ♠❛ss❡ ✈✐s✐❜❧❡✳ ▲❡s ❛str♦♥♦♠❡s
♦♥t ❛✐♥s✐ été ❛♠❡♥és à ❢❛✐r❡ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ♠❛t✐èr❡ q✉✐ ♥✬é♠❡ttr❛✐t ❛✉❝✉♥ r❛②♦♥♥❡♠❡♥t
é❧❡❝tr♦♠❛❣♥ét✐q✉❡ ❡t ♥❡ tr❛❤✐r❛✐t s❛ ♣rés❡♥❝❡ q✉❡ ♣❛r s❡s ❡✛❡ts ❣r❛✈✐t❛t✐♦♥♥❡❧s✳ ▲❡s ❣❛❧❛①✐❡s
s❡r❛✐❡♥t ♣❧♦♥❣é❡s ❞❛♥s ❞❡s ❤❛❧♦s ❞❡ ♠❛t✐èr❡ ♥♦✐r❡ ❞♦♥t ❧❛ ♥❛t✉r❡ r❡st❡ à ❥♦✉r ✐♥❝♦♥♥✉❡✳

✶✳✸✳✷ ➱t♦✐❧❡s

▲❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧❛ ♠❛ss❡ ✈✐s✐❜❧❡ ❞✬✉♥❡ ❣❛❧❛①✐❡ ❡st ❝♦♠♣♦sé❡ ❞✬ét♦✐❧❡s✳ ❈❡❧❧❡s✲❝✐
♥✬♦❝❝✉♣❡♥t ❝❡♣❡♥❞❛♥t q✉✬✉♥ très ❢❛✐❜❧❡ ✈♦❧✉♠❡ à ❧✬✐♥tér✐❡✉r ❞❡s ❣❛❧❛①✐❡s✱ ❧❡ r❡st❡ ét❛♥t ♦❝❝✉♣é
♣❛r ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ❖♥ ♣❡✉t ❧❡s ❝♦♥s✐❞ér❡r ❝♦♠♠❡ ✉♥ s②stè♠❡ ❣r❛✈✐t❛t✐♦♥♥❡❧ s❛♥s
❝♦❧❧✐s✐♦♥s✳

✶✳✸✳✸ ▼✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡

▲❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❝♦rr❡s♣♦♥❞ à ❧❛ tr♦✐s✐è♠❡ ❝♦♠♣♦s❛♥t❡ ❡♥ ♠❛ss❡ ❞❡s ❣❛❧❛①✐❡s ❛♣rès
❧❛ ♠❛t✐èr❡ ♥♦✐r❡ ❡t ❧❡s ét♦✐❧❡s✳ ❙❛ ♠❛ss❡ ❞✐✛èr❡ ❣r❛♥❞❡♠❡♥t s❡❧♦♥ ❧❡s ❣❛❧❛①✐❡s ✿ ❡❧❧❡ ♣❡✉t êtr❡
❞❡ s❡✉❧❡♠❡♥t q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞❡ ❧❛ ♠❛ss❡ ✈✐s✐❜❧❡ ❞❡ ❧❛ ❣❛❧❛①✐❡ ♦✉ ❞é♣❛ss❡r ❧❡s ✺✵✪ ❞❛♥s
❝❡rt❛✐♥❡s ❣❛❧❛①✐❡s✳ ❉❛♥s ❧❛ ❱♦✐❡ ▲❛❝té❡✱ ❧❡ ▼■❙ r❡♣rés❡♥t❡ ∼ 10− 15 ✪ ❞❡ ❧❛ ♠❛ss❡ ❞✉ ❞✐sq✉❡✳
■❧ s✬❛❣✐t ❞✬✉♥ ♠✐❧✐❡✉ ✢✉✐❞❡ ❞✐❧✉é ❝♦♥st✐t✉é ❞✬✉♥ ♠é❧❛♥❣❡ ❞❡ ❣❛③ ❡t ❞❡ ♣♦✉ss✐èr❡s✳

▲❡ ❣❛③ s❡ ❝♦♠♣♦s❡ ❡♥ ♠❛❥♦r✐té ❞✬❤②❞r♦❣è♥❡ ❡t ❞✬❤é❧✐✉♠ ❡t ❞❡ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞✬é❧é♠❡♥ts
♣❧✉s ❧♦✉r❞s ✿ ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✱ ❧✬❤②❞r♦❣è♥❡ r❡♣rés❡♥t❡ ❡♥✈✐r♦♥ ✼✵✪ ❞❡ ❧❛ ♠❛ss❡ ❞✉ ❣❛③✱

✶✸
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❧✬❤é❧✐✉♠ ✷✽✪ ❡t ❧❡s ♠ét❛✉①✶ ❧❡s ✷✪ q✉✐ r❡st❡♥t✳ ▲❛ ♣♦✉ss✐èr❡✱ q✉❛♥t à ❡❧❧❡✱ s❡ ♣rés❡♥t❡ s♦✉s
❢♦r♠❡ ❞❡ ❣r❛✐♥s ❞❡ t❛✐❧❧❡ ❝♦♠♣r✐s❡ ❡♥ ✶ ♥♠ ❡t ✶➭♠ ❡♥✈✐r♦♥ ❡t ♥❡ r❡♣rés❡♥t❡ q✉❡ ✶✪ ❡♥✈✐r♦♥
❞❡ ❧❛ ♠❛ss❡ ❞✉ ▼■❙ ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡✳

▲❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐q✉❡s ✈❛r✐é❡s ✭❞❡♥s✐té✱ t❡♠♣ér❛t✉r❡✱ r❛②♦♥♥❡♠❡♥t✱ ✳ ✳ ✳✮ q✉✐ rè❣♥❡♥t ❛✉
s❡✐♥ ❞❡s ❣❛❧❛①✐❡s str✉❝t✉r❡♥t ❧❡ ▼■❙ ❡♥ ❞✐✛ér❡♥t❡s ♣❤❛s❡s✳ ❈❡s ❞❡r♥✐èr❡s s❡ ♣rés❡♥t❡♥t s♦✉s
❢♦r♠❡ ❞❡ ❣❛③ ♠♦❧é❝✉❧❛✐r❡✱ ❛t♦♠✐q✉❡ ♦✉ ✐♦♥✐sé✳ ❈❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣❡✉t êtr❡ ❛✣♥é❡ ❡♥ ♣r❡♥❛♥t
❡♥ ❝♦♠♣t❡ ❞✬❛✉tr❡s ♣❛r❛♠ètr❡s ♣❤②s✐q✉❡s t❡❧s q✉❡ ❧❛ ❞❡♥s✐té ❡t✴♦✉ ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡✳
▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s s♦♥t ré❝❛♣✐t✉❧é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✳✷✳

P❤❛s❡ ❞✉ ▼■❙ T ✭❑✮ n ✭❝♠−3✮ Σ⊙ ✭▼⊙ ♣❝−2✮ M ✭✶✵✾ ▼⊙✮

◆✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ✭❍2✮ 10 − 20 102 − 106 ∼ 2.5 ∼ 1.3 − 2.5

▼✐❧✐❡✉ ❛t♦♠✐q✉❡ ❢r♦✐❞ ✭❈◆▼✮ 50 − 100 20 − 50 ∼ 3.5 }

& 6.0
▼✐❧✐❡✉ ❛t♦♠✐q✉❡ t✐è❞❡ ✭❲◆▼✮ 6000 − 10000 0.2 − 0.5 ∼ 3.5

▼✐❧✐❡✉ ✐♦♥✐sé t✐è❞❡ ✭❲■▼✮ ∼ 8000 0.2 − 0.5 ∼ 1.4 & 1.6

❘é❣✐♦♥s ❍ ✐✐ ∼ 10000 ∼ 1 − 105 ❄ ∼ 0.1

▼✐❧✐❡✉ ✐♦♥✐sé ❝❤❛✉❞ ✭❍■▼✮ ∼ 106 ∼ 0.0065 ❄ ✵✳✶ ❄

❚❛❜✳ ✶✳✷ ✕ ❈❛r❛❝tér✐st✐q✉❡s ❞❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❞✬❛♣rès ❋❡rr✐èr❡
✭✷✵✵✶✮ ❡t ▲❡q✉❡✉① ✭✷✵✵✷✮✳ T ❡st ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞✉ ❣❛③✱ n s❛ ❞❡♥s✐té ♠♦②❡♥♥❡✱ Σ⊙

s❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞❡ ♠❛ss❡ ❛✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ❡t M ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❤❛s❡ ❝♦♥s✐❞éré❡✳ ▲❡s
✈❛❧❡✉rs ❞❡ Σ⊙ ❡t ❞❡ M ❝♦rr❡s♣♦♥❞❡♥t à ♥♦tr❡ ●❛❧❛①✐❡✳

▲❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s

▲❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ❝♦♥t✐❡♥♥❡♥t ❡♥tr❡ ✉♥ q✉❛rt ❡t ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ♠❛ss❡ ❞✉ ▼■❙ ❞❡
♥♦tr❡ ●❛❧❛①✐❡ ♠❛✐s ♥✬♦❝❝✉♣❡♥t ❝❡♣❡♥❞❛♥t q✉✬✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❞❡ s♦♥ ✈♦❧✉♠❡ ❡♥ r❛✐s♦♥ ❞❡
❧❡✉r ❢♦rt❡ ❞❡♥s✐té✳ ❉❛♥s ♥♦tr❡ ●❛❧❛①✐❡✱ ❧❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s s❡ ré♣❛rt✐ss❡♥t s♦✉s ❢♦r♠❡
❞✬✉♥ ❞✐sq✉❡ ❞✬é♣❛✐ss❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ✶✵✵ ♣❝✳ ■❧s s♦♥t r❡❣r♦✉♣és s♦✉s ❢♦r♠❡ ❞❡ ❝♦♠♣❧❡①❡s
❛♣♣❡❧és ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ❣é❛♥ts ✭●▼❈ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ●✐❛♥t ▼♦❧❡❝✉❧❛r ❈❧♦✉❞✮✳ ❈❡s ●▼❈
♦♥t ❞❡s t❛✐❧❧❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✶ ❡t ✶✵✵ ♣❝ ♣♦✉r ❞❡s ♠❛ss❡s ❛❧❧❛♥t ❞❡ 103 à 106 ▼⊙✳ ▲❡✉r
❞❡✉① ❝♦♥st✐t✉❛♥ts ♣r✐♥❝✐♣❛✉① s♦♥t ❧✬❤②❞r♦❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ❍2 ❡t ❧✬❤é❧✐✉♠✳ ❉❡ ♥♦♠❜r❡✉s❡s
❛✉tr❡s ♠♦❧é❝✉❧❡s ♦♥t été ❞é❝♦✉✈❡rt❡s ❞❛♥s ❧❛ ♣❤❛s❡ ♠♦❧é❝✉❧❛✐r❡ ✭♣❛r ❡①❡♠♣❧❡✱ ❈❖✱ ❈❍✱ ❈❍✰✱
❈◆✱ ❖❍✱ ◆❍3✱ ❍2❖ ❡t ❈❙✱ ♠❛✐s ❛✉ss✐ ❞❡s ♠♦❧é❝✉❧❡s ♣❧✉s ❝♦♠♣❧❡①❡s t❡❧❧❡s q✉❡ ❍❈❖❖❍✱
❈6❍✱ ❈❍3❈❍2❖❍✮✳ ❈❡s ♠♦❧é❝✉❧❡s ♣❡r♠❡tt❡♥t ♥♦t❛♠♠❡♥t ❞✬é✈❛❧✉❡r ❧❛ ❞❡♥s✐té ❞❡ ❝❡tt❡ ♣❤❛s❡
✭❝❢✳ t❛❜❧❡❛✉ ✶✳✸✮✳ ❈✬❡st ❛✉ s❡✐♥ ❞❡ ❝❡s ♥✉❛❣❡s q✉❡ s❡ ❢♦r♠❡♥t ❧❡s ét♦✐❧❡s ❛♣rès ❢r❛❣♠❡♥t❛t✐♦♥ ❡t
❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧✳

▼♦❧é❝✉❧❡ ❈❖ ❈❙ ❍❈◆

❉❡♥s✐té ❝r✐t✐q✉❡ ✭❝♠−3✮ 3 103 − 5 104 105 − 8 106 4 106 − 107

❚❛❜✳ ✶✳✸ ✕ ❉❡♥s✐tés ❝r✐t✐q✉❡s ❞✬❤②❞r♦❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ❞ét❡❝t❛❜❧❡s ♣❛r q✉❡❧q✉❡s ♠♦❧é❝✉❧❡s
✐♥t❡rst❡❧❧❛✐r❡s ❞✬❛♣rès ▲❡q✉❡✉① ✭✷✵✵✷✮✳ P♦✉r ✉♥❡ ♠♦❧é❝✉❧❡ ❞♦♥♥é❡✱ ♦♥ ❛ ✉♥❡ ❣❛♠♠❡ ❞❡ ❞❡♥s✐té
❝r✐t✐q✉❡ ❝❛r ❝❡❧❧❡✲❝✐ ❞é♣❡♥❞ ❞❡ ❧❛ tr❛♥s✐t✐♦♥ ♦❜s❡r✈é❡ ❡t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡✳

✶❊♥ ❛str♦♣❤②s✐q✉❡✱ ♣❛r ❝♦♥✈❡♥t✐♦♥✱ t♦✉s ❧❡s é❧é♠❡♥ts ❛✉tr❡s q✉❡ ❧✬❤②❞r♦❣è♥❡ ❡t ❧✬❤é❧✐✉♠ s♦♥t ❛♣♣❡❧és♠ét❛✉①✳

✶✹



✶✳✸✳ ❉❊❙❈❘■P❚■❖◆ ❉✬❯◆❊ ●❆▲❆❳■❊

▲❛ ♣❤❛s❡ ♥❡✉tr❡

▲❛ ♣❤❛s❡ ♥❡✉tr❡ ❡st ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❡♥ ♠❛ss❡ ❞✉ ▼■❙✳ ❊❧❧❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ♦❜s❡r✈é❡
♣❛r ❧❛ r❛✐❡ r❛❞✐♦ à ✷✶ ❝♠ ❞❡ ❧✬❤②❞r♦❣è♥❡ ❛t♦♠✐q✉❡ ✭❍ ✐✮✳ ❊❧❧❡ ❡st ❝♦♥st✐t✉é❡ ❞✬✉♥ ♠✐❧✐❡✉ ❢r♦✐❞
✭❈◆▼ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❈♦❧❞ ◆❡✉tr❛❧ ▼❡❞✐✉♠✮ ❡t ❞✬✉♥ ♠✐❧✐❡✉ ✐♥t❡r♥✉❛❣❡ ♣❧✉s ❝❤❛✉❞ ❡t ♣❧✉s
❞✐✛✉s✱ ❧❡ ♠✐❧✐❡✉ ❛t♦♠✐q✉❡ t✐è❞❡ ✭❲◆▼ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❲❛r♠ ◆❡✉tr❛❧ ▼❡❞✐✉♠✮✳ ▲❡ ❍ ✐ s❡
♣rés❡♥t❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞✐sq✉❡ q✉✐ s✬ét❡♥❞ ❜✐❡♥ ❛✉✲❞❡❧à ❞✉ r❛②♦♥ ♦♣t✐q✉❡ ✭♣♦✉r ❧❡s ❣❛❧❛①✐❡s
à ❞✐sq✉❡✱ ♦♥ ♦❜s❡r✈❡ ❧❡ ❍ ✐ ❥✉sq✉✬à ∼ 2 − 3 R25 ♦ù R25 ❡st ❧❡ r❛②♦♥ ♦♣t✐q✉❡ ❝♦rr❡s♣♦♥❞❛♥t à
✉♥❡ ♠❛❣♥✐t✉❞❡ é❣❛❧❡ à ✷✺✮✳ ▲❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡st ❡①trê♠❡♠❡♥t ✐♥❤♦♠♦❣è♥❡ ❡t s❡ ♣rés❡♥t❡ s♦✉s
❧❛ ❢♦r♠❡ ❞❡ ✜❧❛♠❡♥ts✱ ❞❡ ♥❛♣♣❡s ❡t ❞❡ ❝♦q✉✐❧❧❡s ❛❧♦rs q✉❡ ❧❛ ♣❤❛s❡ t✐è❞❡ ❡st ❞✐str✐❜✉é❡ ❞❡
♠❛♥✐èr❡ ♣❧✉s ❤♦♠♦❣è♥❡✳ ❊♥ ♣❧✉s ❞❡ ❝❡ ❞✐sq✉❡✱ ♦♥ ♦❜s❡r✈❡ ❞❡s ♥✉❛❣❡s à ❣r❛♥❞❡ ✈✐t❡ss❡ ✭❍❱❈
❡♥ ❛♥❣❧❛✐s ♣♦✉r ❍✐❣❤ ❱❡❧♦❝✐t② ❈❧♦✉❞s✮ q✉✐ s♦♥t ❞❡s ♥✉❛❣❡s s✐t✉és à ❤❛✉t❡ ❧❛t✐t✉❞❡ ❣❛❧❛❝t✐q✉❡
t♦♠❜❛♥t s✉r ❧❡ ❞✐sq✉❡ ❞❡ ❧❛ ❣❛❧❛①✐❡✳ ▲❡✉r ♦r✐❣✐♥❡ r❡st❡ ✐♥❝❡rt❛✐♥❡ ✿ ✐❧s ♣♦✉rr❛✐❡♥t ❛✈♦✐r ✉♥❡
♦r✐❣✐♥❡ ❡①tr❛❣❛❧❛❝t✐q✉❡ ♦✉ ♥♦♥✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ✐❧ s✬❛❣✐r❛✐t ❛❧♦rs ❞❡ ❣❛③ ❡①♣✉❧sé ❞❛♥s ❧❡
❤❛❧♦ ♣❛r ❧❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡ q✉✐ s❡ s❡r❛✐t r❡❢r♦✐❞✐ ❡t q✉✐ r❡t♦♠❜❡r❛✐t s✉r ❧❛ ❣❛❧❛①✐❡✳

▲❛ ♣❤❛s❡ ✐♦♥✐sé❡

▲❛ ♣❤❛s❡ ✐♦♥✐sé❡ ♣❡✉t êtr❡ sé♣❛ré❡ ❡♥ tr♦✐s t②♣❡s ❞❡ ré❣✐♦♥s ✿ ❧❡s ré❣✐♦♥s ❍ ✐✐✱ ❧❡ ♠✐❧✐❡✉
✐♦♥✐sé t✐è❞❡ ✭❲■▼ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❲❛r♠ ■♦♥✐③❡❞ ▼❡❞✐✉♠✮ ❡t ❧❡ ♠✐❧✐❡✉ ✐♦♥✐sé ❝❤❛✉❞ ✭❍■▼ ❡♥
❛♥❣❧❛✐s ♣♦✉r ❍♦t ■♦♥✐③❡❞ ▼❡❞✐✉♠✮✳

▲❡s ré❣✐♦♥s ❍ ✐✐ s❡ ♣rés❡♥t❡♥t s♦✉s ❢♦r♠❡ ❞❡ s♣❤èr❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ♦✉ ❞✬❛♠❛s ❞✬ét♦✐❧❡s
♠❛ss✐✈❡s✳ ❈❡s ❞❡r♥✐èr❡s ✐♦♥✐s❡♥t ❧❡ ❣❛③ ❛✉① ❛❧❡♥t♦✉rs✱ ❝ré❛♥t ❛✐♥s✐ ✉♥❡ ❜✉❧❧❡ ❞❡ ❣❛③ ✐♦♥✐sé✳ ▲❡s
ré❣✐♦♥s ❍ ✐✐ s♦♥t ♣❛r ❝♦♥séq✉❡♥t ❢♦rt❡♠❡♥t ❧✐é❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡t ♦♥ ❧❡s tr♦✉✈❡ ❞♦♥❝
♣r✐♥❝✐♣❛❧❡♠❡♥t à ♣r♦①✐♠✐té ❞❡s ❜r❛s ❞❛♥s ❧❡s ❣❛❧❛①✐❡s s♣✐r❛❧❡s✳

▲✬✐♦♥✐s❛t✐♦♥ ❞✉ ❣❛③ ♥❡✉tr❡ ♣❛r ❧❡ r❛②♦♥♥❡♠❡♥t ✉❧tr❛✈✐♦❧❡t ❞✬ét♦✐❧❡s ♠❛ss✐✈❡s ♦✉ ❞❡s ❢✉✐t❡s
❞❡s ré❣✐♦♥s ❍ ✐✐ ♣❡✉✈❡♥t êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ❝❡ ♠✐❧✐❡✉✳ ❈❡ ❣❛③ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞ét❡❝té ❣râ❝❡
❛✉① r❛✐❡s ❞✬é♠✐ss✐♦♥✱ ♣❛r ❡①❡♠♣❧❡ ❧❛ r❛✐❡ ❍α ♦✉ ❧❡s r❛✐❡s ❞❡ ❖ ✐✐✱ ❖ ✐✐✐ ❡t ◆ ✐✐✳

❖♥ ♣❡♥s❡ q✉❡ ❧❡ ♠✐❧✐❡✉ ✐♦♥✐sé ❝❤❛✉❞ ❡st ❝réé à ❧❛ s✉✐t❡ ❞✬❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡ q✉✐
❢♦r♠❡♥t ❞❡s ❜✉❧❧❡s ❛✉ s❡✐♥ ❞✉ ▼■❙ ✭▼❝❑❡❡ ✫ ❖str✐❦❡r✱ ✶✾✼✼✮✳ ❈❡❧✉✐✲❝✐ ❡st très ❢♦rt❡♠❡♥t
❝❤❛✉✛é ❡t s♦♥ é♠✐ss✐♦♥ s❡ ❝♦♥❝❡♥tr❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s r❛②♦♥s ❳✳ ❙♦♥ s♣❡❝tr❡
s❡ ❝♦♠♣♦s❡ ❞✬✉♥ ❝♦♥t✐♥✉✉♠ ❡t ❞❡ r❛✐❡s ❞✬é♠✐ss✐♦♥ ❞✬❛t♦♠❡s ❢♦rt❡♠❡♥t ✐♦♥✐sés✳ ❖♥ ② ❞ét❡❝t❡
♥♦t❛♠♠❡♥t ❧❡s r❛✐❡s ❞✬é♠✐ss✐♦♥ ❞❡ ❖✈✐ ❡t ❖✈✐✐ ♠❛✐s ❛✉ss✐ ❞❡s r❛✐❡s ❞✬❛❜s♦r♣t✐♦♥ ❞❡ ◆✈ ❡t
❈ ✐✈ ❡♥tr❡ ❛✉tr❡s✳ ❈❡ ❣❛③ très ❝❤❛✉❞ ❡st ré♣❛rt✐ à ❧❛ ❢♦✐s ❞❛♥s ✉♥ ❞✐sq✉❡ é♣❛✐s ❡t ❞❛♥s ❧❡ ❤❛❧♦
❞♦♥t ✐❧ ❡st ❧❡ ❝♦♥st✐t✉❛♥t ❣❛③❡✉① ♣r✐♥❝✐♣❛❧✳

▲❡ ❈◆▼✱ ❧❡ ❲◆▼✱ ❧❡ ❲■▼ ❡t ❧❡ ❍■▼ s♦♥t ❣❧♦❜❛❧❡♠❡♥t ❡♥ éq✉✐❧✐❜r❡ ❞❡ ♣r❡ss✐♦♥✱ ❝❡ q✉✐
♥✬❡st ♣❛s ❧❡ ❝❛s ❞❡s ré❣✐♦♥s ❍ ✐✐ ♦✉ ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s q✉✐ s♦♥t ♠❛✐♥t❡♥✉s ♣❛r ❧❡✉r ♣r♦♣r❡
❣r❛✈✐té✳

▲❡s ♣♦✉ss✐èr❡s

▲❡s ♣♦✉ss✐èr❡s s❡ ♣rés❡♥t❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❣r❛✐♥s ❝❛r❜♦♥és✱ ❞❡ ❣r❛✐♥s s✐❧✐❝❛tés ❡t ❞❡
♠♦❧é❝✉❧❡s ❛r♦♠❛t✐q✉❡s ♣♦❧②❝②❝❧✐q✉❡s ✭P❆❍ ♣♦✉r P♦❧②❝②❝❧✐❝ ❆r♦♠❛t✐❝ ❍②❞r♦❝❛r❜♦♥s✮ ❞❡ t❛✐❧❧❡
❝♦♠♣r✐s❡ ❡♥tr❡ q✉❡❧q✉❡s ♥❛♥♦♠ètr❡s ❡t ✉♥ ♠✐❝r♦♠ètr❡✳ ❖♥ ♣❡♥s❡ q✉✬✐❧s s❡ ❢♦r♠❡♥t ♣r✐♥❝✐♣❛❧❡✲
♠❡♥t ❞❛♥s ❧❡s ❡♥✈❡❧♦♣♣❡s ❞✬ét♦✐❧❡s é✈♦❧✉é❡s ❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❆●❇ ✭♣♦✉r ❆s②♠♣t♦t✐❝ ●✐❛♥t
❇r❛♥❝❤ ❡♥ ❛♥❣❧❛✐s ♦✉ ❇r❛♥❝❤❡ ❆s②♠♣t♦t✐q✉❡ ❞❡s ●é❛♥t❡s ❡♥ ❢r❛♥ç❛✐s✮✱ ❞❛♥s ❧❡s ❡❥❡❝t❛ ❞❡ s✉✲
♣❡r♥♦✈❛❡ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s✳ ▲❡s ♠é❝❛♥✐s♠❡s ♣r✐♥❝✐♣❛✉① ❞❡ ❞❡str✉❝t✐♦♥

✶✺
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s♦♥t ❧✬❡✛r✐t❡♠❡♥t ✭s♣✉tt❡r✐♥❣ ❡♥ ❛♥❣❧❛✐s✮ ❡t ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❣r❛✐♥s✱ ♣r♦✈♦q✉é❡s ♣r✐♥❝✐♣❛❧❡✲
♠❡♥t ♣❛r ❧❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡✳ ▲❛ ♣♦✉ss✐èr❡ s❡ r❡♥❝♦♥tr❡ ❞❛♥s ❧❛ ♣❤❛s❡ ♠♦❧é❝✉❧❛✐r❡
❡t ❧❡ ♠✐❧✐❡✉ ❛t♦♠✐q✉❡ ❢r♦✐❞ ❛✈❡❝ ❧❡sq✉❡❧s ❡❧❧❡ ❡st ❜✐❡♥ ♠é❧❛♥❣é❡✳ ❙❛ t❡♠♣ér❛t✉r❡ t②♣✐q✉❡ ❡st
❝♦♠♣r✐s❡ ❡♥tr❡ ✶✵ ❡t ✺✵❑✳ ❊❧❧❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧✬ét✉❞❡ ❞❡s s♣❡❝tr❡s st❡❧❧❛✐r❡s
❡t ❣❛❧❛❝t✐q✉❡s ❝❛r ❡❧❧❡ ❛❜s♦r❜❡ ❡t ❞✐✛✉s❡ ❧❡ r❛②♦♥♥❡♠❡♥t st❡❧❧❛✐r❡✳ ❉❡ ♠❛♥✐èr❡ s✐♠♣❧✐✜é❡✱ ♦♥
♣❡✉t ❞✐r❡ q✉❡ ❧❡s ♣♦✉ss✐èr❡s ❛❜s♦r❜❡♥t ❧❡ r❛②♦♥♥❡♠❡♥t ✉❧tr❛✈✐♦❧❡t ❞❡s ét♦✐❧❡s ❡t ❧❡ réé♠❡tt❡♥t
❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ♠♦②❡♥ ❡t ❧♦✐♥t❛✐♥✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❡①t✐♥❝t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡
❞❡ ❧✬❛tté♥✉❛t✐♦♥ ❞✉ ✢✉① ❧✉♠✐♥❡✉① ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣♦✉ss✐èr❡ s✐t✉é❡ s✉r ❧❛ ❧✐❣♥❡ ❞❡ ✈✐sé❡ ❡♥tr❡
❧✬♦❜s❡r✈❛t❡✉r ❡t ❧✬♦❜❥❡t ét✉❞✐é q✉✐✱ ❞❡ ❝❡ ❢❛✐t✱ ❛♣♣❛r❛ît ♠♦✐♥s ❜r✐❧❧❛♥t✳

▲❡s ♣♦✉ss✐èr❡s ♦♥t é❣❛❧❡♠❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡s ❣❛❧❛①✐❡s✳
❊♥ ❡✛❡t✱ ❡❧❧❡s ❜❧♦q✉❡♥t ❞❡s é❧é♠❡♥ts ❧♦✉r❞s à ❧✬✐♥tér✐❡✉r ❞❡s ❣r❛✐♥s✱ ré❞✉✐s❛♥t ❛✐♥s✐ ❧❡✉rs ❛❜♦♥✲
❞❛♥❝❡s ❞❛♥s ❧❡ ❣❛③ ❥✉sq✉✬à ❝❡ q✉✬✐❧s s♦✐❡♥t ❧✐❜éré❡s ❧♦rs ❞❡ ❧❡✉r ❞❡str✉❝t✐♦♥✳ ❉❡ ♣❧✉s✱ ❡❧❧❡s ❥♦✉❡♥t
✉♥ rô❧❡ ❞❡ ❝❛t❛❧②s❡✉r ❞❛♥s ❧❛ ré❛❝t✐♦♥ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡ ♠♦❧é❝✉❧❛✐r❡ ✭❍2✮✳

✶✳✸✳✹ P❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s ❛✉ s❡✐♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡

▲❡ ❣❛③ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t é❝❤❛♥❣❡♥t ❡♥ ♣❡r♠❛♥❡♥❝❡ ❞❡ ❧✬é♥❡r❣✐❡
♣❛r ❞✐✛ér❡♥ts ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s q✉✐ ♣❡✉✈❡♥t s♦✐t ❧❡ ❝❤❛✉✛❡r✱ s♦✐t ❧❡ r❡❢r♦✐❞✐r✳ ❈❡s ❞✐✛ér❡♥t❡s
♣❤❛s❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t é❝❤❛♥❣❡r ❞❡ ❧❛ ♠❛ss❡ ♣❛r ❞❡s ♣❤é♥♦♠è♥❡s ❞❡ ❝♦♥❞✉❝t✐♦♥ ♦✉ ❞❡
tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡✳ ◆♦✉s ❞♦♥♥♦♥s ✐❝✐ ✉♥❡ ♣rés❡♥t❛t✐♦♥ s✉❝❝✐♥❝t❡s ❞❡s ♣r✐♥❝✐♣❛✉① ♣❤é♥♦♠è♥❡s
❞❡ ❝❤❛✉✛❛❣❡ ❡t ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ▼■❙✳

❈❤❛✉✛❛❣❡

P❧✉s✐❡✉rs ♠é❝❛♥✐s♠❡s ❞❡ ❝❤❛✉✛❛❣❡ ❞✉ ▼■❙ ♣❡✉✈❡♥t êtr❡ ✐❞❡♥t✐✜és ✿ ❝❤❛✉✛❛❣❡ ♣❛r ❧❡s
r❛②♦♥s ❝♦s♠✐q✉❡s✱ ♣❛r ❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡✱ ♣❛r ❧❡s r❛②♦♥s ❳✱ ❝❤❛✉✛❛❣❡ ❝❤✐♠✐q✉❡✱ ❝❤❛✉✛❛❣❡
❞②♥❛♠✐q✉❡✳

▲❡ ❝❤❛✉✛❛❣❡ ♣❛r ❧❡s r❛②♦♥s ❝♦s♠✐q✉❡s ♣r♦✈✐❡♥t ❞❡ ♣r♦t♦♥s ❞❡ ❢❛✐❜❧❡ é♥❡r❣✐❡ ✭q✉❡❧q✉❡s ▼❡❱✮
q✉✐ ✐♦♥✐s❡♥t ❧❡ ❣❛③✳ ❈❡ ♣r♦❝❡ss✉s ❡st ❣é♥ér❛❧❡♠❡♥t ♣❡✉ ❡✣❝❛❝❡ s❛✉❢ ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ❢♦rt❡
❞❡♥s✐té ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s✳

▲❡ ❝❤❛✉✛❛❣❡ ♣❛r ❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡ ♣r♦✈✐❡♥t ❞✉ ✢✉① ✉❧tr❛✈✐♦❧❡t ❞❡s ét♦✐❧❡s✳ ❈❡❧✉✐✲❝✐ ♣❡✉t
❛rr❛❝❤❡r ❞❡s é❧❡❝tr♦♥s ❛✉① ❛t♦♠❡s ♦✉ ❛✉① ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡✳ ▲❡s é❧❡❝tr♦♥s ❧✐❜érés ❡♠♣♦rt❡♥t
✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é♥❡r❣✐❡ ❞✉ ♣❤♦t♦♥ ✐♦♥✐s❛♥t s♦✉s ❢♦r♠❡ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡✳ ❈❡tt❡ é♥❡r❣✐❡ ❡st ❡♥
❣é♥ér❛❧ tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ✐♦♥✐s❡r ✉♥ ❛t♦♠❡ ♦✉ ✉♥❡ ♠♦❧é❝✉❧❡ ❡t ✐❧s s❡ t❤❡r♠❛❧✐s❡♥t ♣❛r ❧❛ s✉✐t❡
❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ❛♠❜✐❛♥t ♣r♦✈♦q✉❛♥t ❛✐♥s✐ s♦♥ ❝❤❛✉✛❛❣❡✳ ▲✬❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡ s✉r ❧❡s ❛t♦♠❡s
❡st ❣é♥ér❛❧❡♠❡♥t ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❝❡❧✉✐ s✉r ❧❛ ♣♦✉ss✐èr❡ ✭♥♦t❛♠♠❡♥t s✉r ❧❡s ♣❡t✐ts ❣r❛✐♥s ❡t
❧❡s P❆❍✮ q✉✐ ❝♦♥st✐t✉❡ ❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡ ❝❤❛✉✛❛❣❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❢r♦✐❞✳

▲❡ ♣r✐♥❝✐♣❡ ❞✉ ❝❤❛✉✛❛❣❡ ♣❛r r❛②♦♥s ❳ ❡st ❣❧♦❜❛❧❡♠❡♥t ❧❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ♣❛r r❛②♦♥s
❝♦s♠✐q✉❡s s❛✉❢ q✉❡ ❧❡s r❛②♦♥s ❳ ❛rr❛❝❤❡♥t ❞❡s é❧❡❝tr♦♥s ❞❡s ❝♦✉❝❤❡s ✐♥t❡r♥❡s ❞❡s ❛t♦♠❡s ♦✉
❞❡s ✐♦♥s✳ ■❧ ❡st ❡♥ ❣é♥ér❛❧ ♣❡✉ ❡✣❝❛❝❡ ❞❛♥s ♠✐❧✐❡✉ ❛t♦♠✐q✉❡ ❢r♦✐❞ ❡t ❧❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s
♠❛✐s ♣❡✉t ❞❡✈❡♥✐r ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❛t♦♠✐q✉❡ t✐è❞❡ ♠♦✐♥s ❞❡♥s❡✳

❉❡ ♥♦♠❜r❡✉s❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s s❡ ♣r♦❞✉✐s❡♥t ❛✉ s❡✐♥ ❞✉ ▼■❙ ❡t s♦♥t s✉s❝❡♣t✐❜❧❡s
❞❡ ❧✐❜ér❡r ❞❡ ❧✬é♥❡r❣✐❡✱ ♥♦t❛♠♠❡♥t ❧♦rs ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♠♦❧é❝✉❧❡s à ♣❛rt✐r ❞✬❛t♦♠❡s✳ ▲❛
ré❛❝t✐♦♥ ❝❤✐♠✐q✉❡ ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❡st s❛♥s ❞♦✉t❡ ❝❡❧❧❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❧✬❤②❞r♦❣è♥❡
♠♦❧é❝✉❧❛✐r❡ ✭❍2✮ s✉r ❧❡s ❣r❛✐♥s✳ ❊❧❧❡ ❧✐❜èr❡ ✉♥❡ é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ❞❡ ✹✳✺ ❡❱ ❞♦♥t ✉♥❡ ♣❛rt✐❡ ❡st
tr❛♥s♠✐s❡ ❛✉ ❣r❛✐♥ ❡t ❧✬❛✉tr❡ ♣❛rt✐❡ à ❧❛ ♠♦❧é❝✉❧❡ ❍2 ♥♦✉✈❡❧❧❡♠❡♥t ❢♦r♠é❡✳ ❈❡ ♣r♦❝❡ss✉s✱ ❞♦♥t

✶✻



✶✳✸✳ ❉❊❙❈❘■P❚■❖◆ ❉✬❯◆❊ ●❆▲❆❳■❊

❧✬❡✣❝❛❝✐té ❞é♣❡♥❞ ❞✉ ❝❛rré ❞❡ ❧❛ ❞❡♥s✐té✱ ❡st ❡♥ ❣é♥ér❛❧ ♣❡✉ ❡✣❝❛❝❡ s❛✉❢ ❞❛♥s ❧❡s ré❣✐♦♥s ❞❡
❝❤♦❝s ❡t ❧❡s ré❣✐♦♥s ❞❡ ♣❤♦t♦❞✐ss♦❝✐❛t✐♦♥ ❞❡♥s❡s✳

▲❡s ♠♦✉✈❡♠❡♥ts à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❞✉ ❣❛③ ♣❡✉✈❡♥t ♣r♦✈♦q✉❡r ✉♥ ❝❤❛✉✛❛❣❡ ✐♠♣♦rt❛♥t✳ ▲❛
❞✐ss✐♣❛t✐♦♥ ❞✬é♥❡r❣✐❡ ♣❡✉t s❡ ❢❛✐r❡ ❣râ❝❡ à ❧❛ ✈✐s❝♦s✐té ❞✉ ❣❛③✱ ❡t ❧❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ♣❡✉t
é❣❛❧❡♠❡♥t ② ❥♦✉❡r ✉♥ rô❧❡✳ ❊♥✜♥✱ ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s s✉♣❡r♥♦✈❛❡ ✐♥❥❡❝t❡♥t ❞❡ ❣r❛♥❞❡s
q✉❛♥t✐tés ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳

❘❡❢r♦✐❞✐ss❡♠❡♥t

▲❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❝♦rr❡s♣♦♥❞ ❣é♥ér❛❧❡♠❡♥t à ❧✬é♠✐ss✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t ♣❛r ❧❡s ❛t♦♠❡s
❡t ❧❡s ♠♦❧é❝✉❧❡s✳ ❈❡✉①✲❝✐ s♦♥t ❡①❝✐tés ♣❛r ✉♥❡ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ✉♥ ❛✉tr❡ é❧é♠❡♥t ❡t s❡ ❞és❡①❝✐t❡♥t
r❛❞✐❛t✐✈❡♠❡♥t ♣❛r ❧❛ s✉✐t❡✳ ■❧ ② ❛ ❞♦♥❝ ❝♦♥✈❡rs✐♦♥ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ✭❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡ ❞❡s
♣❛rt✐❝✉❧❡s✮ ❡♥ r❛②♦♥♥❡♠❡♥t q✉✐ ♣❡✉t s✬é❝❤❛♣♣❡r s✐ ❧❡ ♠✐❧✐❡✉ ❡st ♦♣t✐q✉❡♠❡♥t ♠✐♥❝❡✳ ❉❛♥s ❧❡
♠✐❧✐❡✉ ✐♦♥✐sé✱ ✉♥ ❛✉tr❡ ♣r♦❝❡ss✉s ❛ s♦♥ ✐♠♣♦rt❛♥❝❡ ✿ ❧❛ r❡❝♦♠❜✐♥❛✐s♦♥ é❧❡❝tr♦♥✲✐♦♥✳ ❯♥ é❧❡❝tr♦♥
❧✐❜r❡ ❡st ❝❛♣t✉ré ♣❛r ✉♥ ✐♦♥ q✉✐ ❧✐❜èr❡ ❧✬❡①❝é❞❡♥t ❞✬é♥❡r❣✐❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ♣❤♦t♦♥✳ ➚ très
❤❛✉t❡ t❡♠♣ér❛t✉r❡✱ ❝✬❡st ❧❡ r❛②♦♥♥❡♠❡♥t ❞❡ ❢r❡✐♥❛❣❡ ✭❜r❡♠sstr❛❤❧✉♥❣ ❡♥ ❛❧❧❡♠❛♥❞✮ ♦✉ é♠✐ss✐♦♥
❧✐❜r❡✲❧✐❜r❡ ✭❢r❡❡✲❢r❡❡ ❡♥ ❛♥❣❧❛✐s✮ q✉✐ ❞♦♠✐♥❡ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ✿ ❧❡s é❧❡❝tr♦♥s
❧✐❜r❡s ♣❛ss❛♥t à ♣r♦①✐♠✐té ❞✬✐♦♥s s♦♥t r❛❧❡♥t✐s ❡t é♠❡tt❡♥t ❞❡s ♣❤♦t♦♥s✳

▲❡s ♣r✐♥❝✐♣❛✉① r❡❢r♦✐❞✐ss❡✉rs ❞✉ ▼■❙ s♦♥t ❧✬❤②❞r♦❣è♥❡ ❡t ❧✬❤é❧✐✉♠ ❝❛r ❝❡ s♦♥t ❧❡s ❞❡✉①
❡s♣è❝❡s ❝❤✐♠✐q✉❡s ❧❡s ♣❧✉s ❛❜♦♥❞❛♥t❡s✳ ▲❡s ♠ét❛✉① s♦♥t é❣❛❧❡♠❡♥t ❞❡s r❡❢r♦✐❞✐ss❡✉rs très
❡✣❝❛❝❡s ♠❛❧❣ré ❧❡✉rs ❛❜♦♥❞❛♥❝❡s ❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡s✳ ❊♥tr❡ 104 ❡t 105.5 ❑✱ ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts
s♦♥t ❧❡ ❝❛r❜♦♥❡ ❡t ❧✬♦①②❣è♥❡✳ ❆✉✲❞❡ss✉s ❞❡ 105.5 ❑✱ ❝✬❡st ❧❡ ❢❡r q✉✐ ❝♦♥tr✐❜✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉
r❡❢r♦✐❞✐ss❡♠❡♥t✳ ❊♥✜♥ ❛✉✲❞❡ss✉s ❞❡ 107 ❑✱ ❝✬❡st ❧❡ r❛②♦♥♥❡♠❡♥t ❞❡ ❢r❡✐♥❛❣❡ ❞û à ❧✬❤②❞r♦❣è♥❡
❡t ❧✬❤é❧✐✉♠ q✉✐ ❞❡✈✐❡♥t ❞♦♠✐♥❛♥t✳

✶✳✸✳✺ ❋♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

▲❡s ét♦✐❧❡s ♥❛✐ss❡♥t ❛✉ s❡✐♥ ❞✉ ▼■❙ s✉✐t❡ à ❧✬❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞❡ ♥✉❛❣❡s ❞❡ ❣❛③✳
❊❧❧❡s ♥❡ s❡ ❢♦r♠❡♥t ♣❛s ❞❡ ♠❛♥✐èr❡ ✐s♦❧é❡ ♠❛✐s ❛✉ s❡✐♥ ❞❡ ❣r♦✉♣❡s ♦✉ ❞✬❛♠❛s✳ ▲❛ ❢♦♥❝t✐♦♥
❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ✭■▼❋ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ■♥✐t✐❛❧ ▼❛ss ❋✉♥❝t✐♦♥✮ ❞é❝r✐t ❧❛ ♣r♦♣♦rt✐♦♥ r❡❧❛t✐✈❡
❞✬ét♦✐❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♠❛ss❡ à ❧❡✉r ♥❛✐ss❛♥❝❡ ❞❛♥s ✉♥❡ ré❣✐♦♥ ❞♦♥♥é❡✳ ❈❡tt❡ ❢♦♥❝t✐♦♥
❡st très ✐♠♣♦rt❛♥t❡ ❡♥ ❛str♦♣❤②s✐q✉❡ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞❡ ❝♦♥♥❛îtr❡ ❧❡ ❝②❝❧❡ ❞❡ ❧❛ ♠❛t✐èr❡ ❛✉
s❡✐♥ ❞✬✉♥❡ ❣❛❧❛①✐❡✳ ❊♥ ❡✛❡t✱ ❡❧❧❡ ❞♦♥♥❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ♠❛ss❡ ❞❡s ét♦✐❧❡s q✉✐ s❡ ❢♦r♠❡♥t ❞❛♥s
❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ❖♥ ♣❡✉t ❞♦♥❝ ❡♥ ❞é❞✉✐r❡ ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡ q✉✐ ♥❡
✈♦♥t q✉❛s✐♠❡♥t ♣❛s é✈♦❧✉❡r✱ ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ♠❛ss✐✈❡s q✉✐ ✈♦♥t ❡①♣❧♦s❡r ❡♥ s✉♣❡r♥♦✈❛❡ ❡♥
r❡❥❡t❛♥t ❞❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞❡ ♠❛t✐èr❡ ❡t ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ▼■❙✱ ❡t❝✳

❙✐ ♦♥ ♥♦t❡ Φ(m) ❧✬■▼❋✱ ❛❧♦rs Φ(m)❞m = ❞n(m) ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ♥é❡s ❛✉
♠ê♠❡ ♠♦♠❡♥t ❞❛♥s ✉♥ ✈♦❧✉♠❡ ❞♦♥♥é ❡t q✉✐ ♦♥t ✉♥❡ ♠❛ss❡ ❝♦♠♣r✐s❡ ❡♥ m ❡t m+❞m✳ ▲✬✉♥✐té
❞❡ Φ(m) ❞é♣❡♥❞ ❞❡ ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥ ❛❞♦♣té❡✳ ❖♥ ✉t✐❧✐s❡ s♦✉✈❡♥t ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥ s✉✐✈❛♥t❡ ✿
∫mu

ml
Φ(m) ❞m = 1 ♦ù ml ❡t mu s♦♥t ❧❡s ♠❛ss❡s ❧✐♠✐t❡s ♠✐♥✐♠❛❧❡s ❡t ♠❛①✐♠❛❧❡s ❞❡s ét♦✐❧❡s✳

❆✈❡❝ ❝❡tt❡ ❝♦♥✈❡♥t✐♦♥✱ Φ(m) ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❡t
∫m2

m1
Φ(m) ❞m ❡st ❧❛

❢r❛❝t✐♦♥ ❞✬ét♦✐❧❡s ❛②❛♥t ✉♥❡ ♠❛ss❡ ❝♦♠♣r✐s❡ ❡♥ m1 ❡t m2✳
❖♥ s✉♣♣♦s❡ ❡♥ ❣é♥ér❛❧ q✉❡ ❧✬■▼❋ ❡st ❝♦♥st❛♥t❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s✳ ❉❡ ♥♦♠✲

❜r❡✉s❡s ♦❜s❡r✈❛t✐♦♥s ♦♥t été ♠❡♥é❡s ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❝❡tt❡ ❢♦♥❝t✐♦♥✳ ❙❛❧♣❡t❡r ✭✶✾✺✺✮ ❛ été ❧❡
♣r❡♠✐❡r à ❞♦♥♥❡r ✉♥❡ ❡①♣r❡ss✐♦♥ ❞❡ ❧✬■▼❋ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✿ Φ(m) ∝ m−2.35

♣♦✉r 0.4 . m/▼⊙ . 10✳ ❉✬❛✉tr❡s ❢♦r♠❡s ♦♥t ♣❛r ❧❛ s✉✐t❡ été ♣r♦♣♦sé❡s ✭❝❢✳ s❡❝t✐♦♥ ✷✳✸✮✳

✶✼
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✶✳✸✳✻ ➱✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡

▲✬é✈♦❧✉t✐♦♥ ❞❡s ét♦✐❧❡s ❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❞❡✉① ♣❛r❛♠ètr❡s ✿ ❧❡✉r ♠❛ss❡ ❡t ❧❡✉r
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✭♠ét❛❧❧✐❝✐té✷✮✳ ❆✉ ❝♦✉rs ❞❡ ❧❡✉r ✈✐❡✱ ❧❡s ét♦✐❧❡s ✈♦♥t s②♥t❤ét✐s❡r ❞❡s
é❧é♠❡♥ts ❧♦✉r❞s ❡t ❧❡s é❥❡❝t❡r ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✈✐❛ ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s ❡①♣❧♦s✐♦♥s
❞❡ s✉♣❡r♥♦✈❛❡✳

P❧✉s ✉♥❡ ét♦✐❧❡ ❡st ♠❛ss✐✈❡✱ ♣❧✉s ❡❧❧❡ ❜rû❧❡r❛ r❛♣✐❞❡♠❡♥t s♦♥ ❝♦♠❜✉st✐❜❧❡ ❡t ❞♦♥❝ ♣❧✉s s❛
❞✉ré❡ ❞❡ ✈✐❡ s❡r❛ ❝♦✉rt❡✳ ▲❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ s✉♣ér✐❡✉r❡ à ∼ 8▼⊙ ♣♦ssè❞❡♥t ❞❡ ❢♦rts ✈❡♥ts
st❡❧❧❛✐r❡s ❡t ♥❡ ✈✐✈❡♥t q✉❡ q✉❡❧q✉❡s ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❊❧❧❡s t❡r♠✐♥❡♥t ❧❡✉r ✈✐❡ ❡♥ s✉♣❡r♥♦✈❛❡
❞❡ t②♣❡ ■■ ✭❙◆■■✮✱ ❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡s ❡①♣❧♦s❡♥t ❡♥ ❧✐❜ér❛♥t ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧❡✉r ♠❛ss❡
❡t ✉♥❡ ❣r❛♥❞❡ q✉❛♥t✐té ❞✬é♥❡r❣✐❡ (∼ 1051 ❡r❣✮ ❞❛♥s ❧❡ ▼■❙✱ ♥❡ ❧❛✐ss❛♥t ❞❡rr✐èr❡ ❡❧❧❡s q✉✬✉♥
rés✐❞✉ ❝♦♠♣❛❝t ❞❡ q✉❡❧q✉❡s ♠❛ss❡s s♦❧❛✐r❡s ✭✉♥❡ ét♦✐❧❡ à ♥❡✉tr♦♥s ♦✉ ✉♥ tr♦✉ ♥♦✐r✮✳ ▲❡s ét♦✐❧❡s
❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡ (1▼⊙ . M . 8▼⊙✮ ♦♥t ✉♥❡ ✈✐❡ ♣❧✉s ♣❛✐s✐❜❧❡✳ ❊❧❧❡s ♣♦ssè❞❡♥t ❞❡s
✈❡♥t st❡❧❧❛✐r❡s ♠♦✐♥s ✐♠♣♦rt❛♥ts✳ ▲♦rsq✉✬❡❧❧❡s q✉✐tt❡♥t ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱ ❡❧❧❡s ♣❛ss❡♥t
♣❛r ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❞♦♥t ❧✬✉♥❡✱ ❧❛ ♣❤❛s❡ ❆●❇ ✭♣♦✉r ❆s②♠♣t♦t✐❝ ●✐❛♥t ❇r❛♥❝❤ ❡♥ ❛♥❣❧❛✐s
♦✉ ❇r❛♥❝❤❡ ❆s②♠♣t♦t✐q✉❡ ❞❡s ●é❛♥t❡s ❡♥ ❢r❛♥ç❛✐s✮✱ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❡❧❧❡s ♣❡r❞❡♥t ✉♥❡
❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧❡✉r ❡♥✈❡❧♦♣♣❡ ❧♦rs ❞✬✉♥❡ sér✐❡ ❞❡ ♣✉❧s❡s t❤❡r♠✐q✉❡s✳ ▲❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡
♠❛ss❡ ✭. 1▼⊙✮ ♦♥t ✉♥❡ ✈✐❡ ♣❧✉s tr❛♥q✉✐❧❧❡ ❡t ♥✬é❥❡❝t❡♥t q✉❡ ♣❡✉ ❞❡ ♠❛ss❡ ❛✉ ❝♦✉rs ❞❡ ❧❡✉r
✈✐❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡✳ ❊❧❧❡s ❢♦r♠❡♥t ✉♥❡ ♥é❜✉❧❡✉s❡ ♣❧❛♥ét❛✐r❡ à ❧❛ ✜♥
❞❡ ❧❡✉r é✈♦❧✉t✐♦♥ ❧♦rs ❞❡ ❧❡✉r tr❛♥s❢♦r♠❛t✐♦♥ ❡♥ ♥❛✐♥❡ ❜❧❛♥❝❤❡ ❝♦♠♠❡ ❧❡s ét♦✐❧❡s ❞❡ ♠❛ss❡
✐♥t❡r♠é❞✐❛✐r❡✳

❈❡rt❛✐♥❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à ✽▼⊙ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t t❡r♠✐♥❡r ❧❡✉r ✈✐❡ s♦✉s ❢♦r♠❡
❞❡ s✉♣❡r♥♦✈❛✳ ❖♥ ♣❡♥s❡ q✉✬✐❧ s✬❛❣✐t ❞✬ét♦✐❧❡s ❛♣♣❛rt❡♥❛♥t à ❞❡s s②stè♠❡s ❞♦✉❜❧❡s ❞❛♥s ❧❡sq✉❡❧s
❧❡s ❞❡✉① ét♦✐❧❡s ♥❡ ♣♦ssè❞❡♥t ♣❛s ❧❛ ♠ê♠❡ ♠❛ss❡✳ ▲✬ét♦✐❧❡ ❞❡ ♣❧✉s ❢♦rt❡ ♠❛ss❡ ✈❛ é✈♦❧✉❡r ♣❧✉s
r❛♣✐❞❡♠❡♥t ❡t ❞❡✈❡♥✐r ✉♥❡ ♥❛✐♥❡ ❜❧❛♥❝❤❡✳ P❛r ❧❛ s✉✐t❡✱ ❡❧❧❡ ✈❛ ♣♦✉✈♦✐r ❛❝❝rét❡r ❞❡ ❧❛ ♠❛ss❡ ❡♥
♣r♦✈❡♥❛♥❝❡ ❞❡ s❛ ❝♦♠♣❛❣♥❡ ✭♣❛r ❡①❡♠♣❧❡✱ ❧♦rsq✉❡ ❧❡ r❛②♦♥ ❞❡ ❝❡❧❧❡✲❝✐ ✈❛ ❛✉❣♠❡♥t❡r ❧♦rs ❞❡
s❛ tr❛♥s❢♦r♠❛t✐♦♥ ❡♥ ❣é❛♥t❡ r♦✉❣❡✮✳ ❙✐ s❛ ♠❛ss❡ ❞é♣❛ss❡ ∼ 1.4▼⊙ ✭♠❛ss❡ ❞❡ ❈❤❛♥❞r❛s❡❦❤❛r
❛✉✲❞❡ss✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❛ ♥❛✐♥❡ ❜❧❛♥❝❤❡ ❡st ✐♥st❛❜❧❡✮✱ ❧❛ ♥❛✐♥❡ ✈❛ ❛❧♦rs ❡①♣❧♦s❡r ♥❡ ❧❛✐ss❛♥t ❛✉❝✉♥
rés✐❞✉ ❝♦♠♣❛❝t ❞❡rr✐èr❡ ❡❧❧❡✳ ■❧ s✬❛❣✐t ❞❛♥s ❝❡ ❝❛s ❞✬✉♥❡ s✉♣❡r♥♦✈❛ ❞❡ t②♣❡ ■❛ ✭❙◆■❛✮✳

✶✳✹ Pr♦❜❧é♠❛t✐q✉❡

▲✬❛♣♣r♦❝❤❡ ✉t✐❧✐sé❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ❛ été ❞✬ét✉❞✐❡r ❧❡s ❣❛❧❛①✐❡s s❡❧♦♥ ✉♥❡ ❛♣♣r♦❝❤❡ ❝❤❡♠♦✲
❞②♥❛♠✐q✉❡✱ ❝✬❡st✲à✲❞✐r❡ à ❧❛ ❢♦✐s ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞②♥❛♠✐q✉❡ ❡t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❝❤✐♠✐q✉❡✱ ❡t
❝❡❧❛ ❛✈❡❝ ✉♥❡ ❤❛✉t❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡✳

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♠♦❞è❧❡s ❞✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ q✉✐ ♣❡r♠❡tt❡♥t ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡s
❣❛❧❛①✐❡s ❡♥ ❝♦♥s✐❞ér❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠ét❛❧❧✐❝✐té ✐♥✐t✐❛❧❡ ❡t ❡♥ ✐♠♣♦s❛♥t ✉♥❡ ❤✐st♦✐r❡ ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡t✴♦✉ ❞✬❛♣♣♦rt ❞❡ ❣❛③ ❡①tér✐❡✉r✱ ❧❡s ♠♦❞è❧❡s ❝❤❡♠♦❞②♥❛♠✐q✉❡s ♣❡r♠❡tt❡♥t
❞❡ tr❛✐t❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣❛❧❛①✐❡s ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦♥s✐st❛♥t❡✱ ❝✬❡st✲à✲❞✐r❡ s❛♥s ❛✈♦✐r à ✐♠♣♦s❡r
✉♥❡ ❤✐st♦✐r❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ❝❡❧❧❡✲❝✐ ❞é❝♦✉❧❛♥t ♥❛t✉r❡❧❧❡♠❡♥t ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s
♠♦❞é❧✐sés ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✳

▲❡s ♣r❡♠✐èr❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s ❞❛t❡♥t ❞❡ ✶✾✹✶✳ ❊❧❧❡s ♦♥t été ❡✛❡❝t✉é❡s ♣❛r ❍♦❧♠✲
❜❡r❣ ✭✶✾✹✶✮✱ ♥♦♥ ♣❛s à ❧✬❛✐❞❡ ❞✬✉♥ ♦r❞✐♥❛t❡✉r✱ ♠❛✐s ❣râ❝❡ à ✉♥ ❞✐s♣♦s✐t✐❢ ✉t✐❧✐s❛♥t ❧❡ ✢✉①
❧✉♠✐♥❡✉①✱ ❝❡❧✉✐✲❝✐ ✈❛r✐❛♥t ❡♥ r−2 ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ❧❡ ❝❤❛♠♣ ❣r❛✈✐t❛t✐♦♥♥❡❧✳ ■❧ ❢❛✉t
❡♥s✉✐t❡ ❛tt❡♥❞r❡ ❧❡s ❛♥♥é❡s ✻✵ ♣♦✉r ✈♦✐r ❧❡s ♣r❡♠✐èr❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s s✉r ♦r❞✐♥❛t❡✉r✳

✷❖♥ ❛♣♣❡❧❧❡ ♠ét❛❧❧✐❝✐té ❧❛ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡ ♠ét❛✉① ❡t ♦♥ ❧❛ ♥♦t❡ Z✳

✶✽
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❆✉ ✜❧ ❞❡s ❛♥♥é❡s✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡s ♦r❞✐♥❛t❡✉rs ❝♦♠❜✐♥é❡ à ❧✬❛♠é❧✐♦r❛t✐♦♥
❞❡s ❝♦❞❡s ❞❡ s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❛ ♣❡r♠✐s ❞❡ ♠♦❞é❧✐s❡r ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞❡ ♣❤é♥♦♠è♥❡s
♣❤②s✐q✉❡s✳ ❊♥ ❡✛❡t✱ ❧❡s ♣r❡♠✐èr❡s s✐♠✉❧❛t✐♦♥s ♥❡ ♣r❡♥❛✐❡♥t ❡♥ ❝♦♠♣t❡ q✉❡ ❧❡s ét♦✐❧❡s ❛❧♦rs q✉❡
❧❡s s✐♠✉❧❛t✐♦♥s ❛❝t✉❡❧❧❡s ❧❡s ♣❧✉s ❝♦♠♣❧❡①❡s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ à ❧❛ ❢♦✐s ❧❡s ét♦✐❧❡s✱ ❧❡ ❣❛③
❡t s❛ str✉❝t✉r❡ ♠✉❧t✐♣❤❛s✐q✉❡✱ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡✱ ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡✱ ❡t❝✳
▲❡s ♣r❡♠✐èr❡s s✐♠✉❧❛t✐♦♥s ❝❤❡♠♦❞②♥❛♠✐q✉❡s ét❛✐❡♥t à ✉♥❡ ❞✐♠❡♥s✐♦♥ ❡t ❞❛t❡♥t ❞❡ ❧❛ ✜♥ ❞❡s
❛♥♥é❡s ✽✵✲❞é❜✉t ❞❡s ❛♥♥é❡s ✾✵ ✭❝❢✳ ♣❛r ❡①❡♠♣❧❡ ❚❤❡✐s ❡t ❛❧✳ ✭✶✾✾✷✮✮✳ ▲❡s ❝♦❞❡s ❛❝t✉❡❧s s♦♥t
tr✐❞✐♠❡♥s✐♦♥♥❡❧s ❡t ♦♥t ✉♥❡ rés♦❧✉t✐♦♥ ❜✐❡♥ s✉♣ér✐❡✉r❡✳ ■❧s ♣❡r♠❡tt❡♥t ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡s
❣❛❧❛①✐❡s✱ ♥♦t❛♠♠❡♥t s♦✉s ❧❛ ❢♦r♠❡ ❞❡ s②stè♠❡s ✐s♦❧és✳ ❉❡ t❡❧❧❡s s✐♠✉❧❛t✐♦♥s ♥♦✉s r❡♥s❡✐❣♥❡♥t
s✉r ❧❡s ♠é❝❛♥✐s♠❡s ✐♥t❡r♥❡s r❡s♣♦♥s❛❜❧❡s ❞❡ ❧✬é✈♦❧✉t✐♦♥ sé❝✉❧❛✐r❡ ❞❡s ❣❛❧❛①✐❡s✳ ▲✬❛❜s❡♥❝❡ ❞✬✐♥✲
t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡ ♠✐❧✐❡✉ ❡①tér✐❡✉r ❡st ❧✬✉♥ ❞❡s ✐♥❝♦♥✈é♥✐❡♥ts ❞❡ ❝❡ t②♣❡ ❞❡ s✐♠✉❧❛t✐♦♥s✳ ❖♥ ♣❡✉t
② r❡♠é❞✐❡r ❡♥ ✉t✐❧✐s❛♥t ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦s♠♦❧♦❣✐q✉❡s ❛✜♥ ❞❡ ❢♦✉r♥✐r ❞❡s ❝♦♥tr❛✐♥t❡s ✭❛❝❝rét✐♦♥
❞❡ ❣❛③✱ t❛✉① ❞❡ ❢✉s✐♦♥ ❞❡ ❣❛❧❛①✐❡s✱ ✳ ✳ ✳✮ ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s à ♣❧✉s ♣❡t✐t❡ é❝❤❡❧❧❡✳

◆♦✉s ❞é❝r✐✈♦♥s ❛✉ ❝❤❛♣✐tr❡ ✷ ♥♦s ❝❤♦✐① q✉❛♥t à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s❛♥t❡s
❞✬✉♥❡ ❣❛❧❛①✐❡✳ P❛r ❧❛ s✉✐t❡✱ ❧❡s ❝❤❛♣✐tr❡s ✸✱ ✹ ❡t ✺ ♣rés❡♥t❡♥t ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡
❝❡s ❝❤♦✐① ❞❛♥s ♥♦tr❡ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ▲❡ ❝❤❛♣✐tr❡ ✻ ♣rés❡♥t❡ ❧❡s ♣r❡♠✐❡rs t❡sts ❡✛❡❝t✉és
s✉r ❞❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡ ❡t ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s✳ ❊♥✜♥✱ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✱ ♥♦✉s ❞é❝r✐✈♦♥s ❧❡s
❛♠é❧✐♦r❛t✐♦♥s ❡♥✈✐s❛❣é❡s ❡t ❧❡s ♣❡rs♣❡❝t✐✈❡s s❝✐❡♥t✐✜q✉❡s✳
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❈❤❛♣✐tr❡ ✷

▼♦❞è❧❡ ♣❤②s✐q✉❡ ❞✬✉♥❡ ❣❛❧❛①✐❡

❈❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ♥♦tr❡ ♠♦❞è❧❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ❈❡❧✉✐✲❝✐ ❝♦♥s✐st❡ ❡♥ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡
❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ét♦✐❧❡s ❡t ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♠✉❧t✐♣❤❛s✐q✉❡ ❛✐♥s✐ q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s
❡♥tr❡ s❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s❛♥t❡s✳ ▲❡s ét♦✐❧❡s ❡t ❧❡ ❣❛③ ♣❡✉✈❡♥t êtr❡ ♦✉ ♥♦♥ ♣❧♦♥❣és ❛✉ s❡✐♥ ❞✬✉♥
❤❛❧♦ ❞❡ ♠❛t✐èr❡ ♥♦✐r❡✳ ▲✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❝❡ ♠♦❞è❧❡ ❡st tr❛✐té❡ ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts✳

✷✳✶ ➱t♦✐❧❡s ❡t ♠❛t✐èr❡ ♥♦✐r❡

▲❡s ét♦✐❧❡s ❞✬✉♥❡ ❣❛❧❛①✐❡ ❝♦♥st✐t✉❡♥t ✉♥ s②stè♠❡ N ✲❝♦r♣s ❛✉t♦✲❣r❛✈✐t❛♥t✳ ▲✬é✈♦❧✉t✐♦♥ ❞✬✉♥
t❡❧ s②stè♠❡ ❞❡ N ✲❝♦r♣s ♠❛ss✐❢s i✱ ♥♦♥✲❝♦❧❧✐s✐♦♥♥❡❧s✱ ❞❡ ♠❛ss❡s mi✱ ❞❡ ♣♦s✐t✐♦♥s ~ri ❡t ❞❡ ✈✐t❡ss❡
~vi ❡st ❝♦♠♣❧èt❡♠❡♥t ❞é❝r✐t❡ ♣❛r s❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t ✿

{

~̇ri = ~vi

~̇vi = −~∇iΦi
(i = 1, . . . , N)

♦ù

Φi = −G
N
∑

j=1,j 6=i

mj

|~rj − ~ri|

❡st ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❝réé ♣❛r ❧❡s ✭N − 1✮ ❛✉tr❡s ❝♦r♣s ❞♦♥t ❞ér✐✈❡ ❧❛ ❢♦r❝❡ ❣r❛✈✐t❛✲
t✐♦♥♥❡❧❧❡ ~fi s✬❡①❡rç❛♥t s✉r ❧❡ ❝♦r♣s i✱ ❡t G ❡st ❧❛ ❝♦♥st❛♥t❡ ✉♥✐✈❡rs❡❧❧❡ ❞❡ ❧❛ ❣r❛✈✐t❛t✐♦♥✳ ▲❛
❢♦r❝❡ ~fi s✬é❝r✐t ✿

~fi = −G
N
∑

j=1,j 6=i

mi(~ri − ~rj)

|~rj − ~ri|3

■❧ ❢❛✉t ❞♦♥❝ rés♦✉❞r❡ ✉♥ s②stè♠❡ ❞❡ 6N éq✉❛t✐♦♥s ❞✐✛ér❡♥t✐❡❧❧❡s ❞✉ ♣r❡♠✐❡r ♦r❞r❡ ❝♦✉♣❧é❡s✳
❈❡tt❡ rés♦❧✉t✐♦♥ ♥❡ ♣❡✉t s❡ ❢❛✐r❡ q✉❡ ♥✉♠ér✐q✉❡♠❡♥t ♣♦✉r N ≥ 3✳

▲❛ ♠❛t✐èr❡ ♥♦✐r❡ ét❛♥t ✉♥✐q✉❡♠❡♥t ❞ét❡❝té❡ ♣❛r s❡s ❡✛❡ts ❣r❛✈✐t❛t✐♦♥♥❡❧s ❡t s❛ ♥❛t✉r❡
r❡st❛♥t ✐♥❝♦♥♥✉❡ à ❝❡ ❥♦✉r✱ ❝❡❧❧❡✲❝✐✱ ❧♦rsq✉✬❡❧❧❡ ❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡✱ ♣❡✉t tr❛✐té❡ ❞❡ ❧❛ ♠ê♠❡
♠❛♥✐èr❡ q✉❡ ❧❛ ❝♦♠♣♦s❛♥t❡ st❡❧❧❛✐r❡✱ ❝✬❡st✲à✲❞✐r❡ ❝♦♠♠❡ ✉♥ s②stè♠❡ ◆✲❝♦r♣s s❛♥s ❝♦❧❧✐s✐♦♥s✳
❯♥❡ ❛✉tr❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à tr❛✐t❡r ❧❡ ❤❛❧♦ ❞❡ ♠❛t✐èr❡ ♥♦✐r❡ ❞✬✉♥❡ ❣❛❧❛①✐❡ ✐s♦❧é❡ à ❧✬❛✐❞❡ ❞✬✉♥
♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ✜①❡✳ ❖♥ r❡♣rés❡♥t❡ s♦✉✈❡♥t ❝❡ ❤❛❧♦ à ❧✬❛✐❞❡ ❞✬✉♥ ♣♦t❡♥t✐❡❧ à s②♠étr✐❡
s♣❤ér✐q✉❡ ❞✐t ♣♦t❡♥t✐❡❧ ❞❡ P❧✉♠♠❡r ΦP ✿

ΦP(r) = − GM√
r2 + a2
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♦ù r ❡st ❧❡ r❛②♦♥✱ M ❧❛ ♠❛ss❡ t♦t❛❧❡ ❡t a ❧✬é❝❤❡❧❧❡ ❞❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❞✉ P❧✉♠♠❡r✳ ▲❡
♣r♦✜❧ ❞❡ ❞❡♥s✐té ❝♦rr❡s♣♦♥❞❛♥t ❡st ❞♦♥♥é ♣❛r ✿

ρP(r) =

(

3M

4πa3

)(

1 +
r2

a2

)− 5

2

✷✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡

◆♦✉s ❛✈♦♥s ✈✉ ❛✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t q✉❡ ❧❡s ét♦✐❧❡s ❡t ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ét❛✐❡♥t ❝♦✉♣❧és
✈✐❛ ❞✐✈❡rs ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s✳ ▲❛ ✜❣✉r❡ ✷✳✶ ♣rés❡♥t❡ ❧❡s ♣r♦❝❡ss✉s ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ♥♦tr❡
♠♦❞è❧❡✳

❋✐❣✳ ✷✳✶ ✕ ▼♦❞è❧❡ s❝❤é♠❛t✐q✉❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ▲❡s ✈❛❧❡✉rs ❞❡ t❡♠♣ér❛t✉r❡ T ✱ ❞❡♥s✐té n
❡t ❢r❛❝t✐♦♥ ❞✬✐♦♥✐s❛t✐♦♥ x ❞❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s s♦♥t t✐ré❡s ❞❡ ▼❝❑❡❡ ✫ ❖str✐❦❡r ✭✶✾✼✼✮✳ ❙❡✉❧
❧❡ s❡♥s ❞❡s ✢è❝❤❡s ❛ ✉♥ s❡♥s✱ ❧✬♦r✐❣✐♥❡ ❡t ❧❛ ❞❡st✐♥❛t✐♦♥ ❞❡s ✢è❝❤❡s ♥❡ s♦♥t ♣❛s s✐❣♥✐✜❝❛t✐❢s✳ ❊♥
❡✛❡t✱ ❧❡ ❝❤❛✉✛❛❣❡ ❡t ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t s❡ ♣r♦❞✉✐s❡♥t ❛✉ s❡✐♥ ❞❡ t♦✉t❡s ❧❡s ♣❤❛s❡s ❞✉ ▼■❙✳ ▲❛
r❡❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt ❞❡s ét♦✐❧❡s s❡ ♣r♦❞✉✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡s
♣❤❛s❡s t✐è❞❡s ❡t ❝❤❛✉❞❡s✳

▲❛ ♥❛t✉r❡ ❝♦♠♣❧❡①❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✭❝❢✳ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✮ r❡♥❞ s❛ ♠♦❞é❧✐s❛t✐♦♥
❞✐✣❝✐❧❡✳ ▼❝❑❡❡ ✫ ❖str✐❦❡r ✭✶✾✼✼✮ ♦♥t ♣r♦♣♦sé ✉♥ ♠♦❞è❧❡ ❞✉ ▼■❙ ❡♥ s❡ ❜❛s❛♥t s✉r ❧✬✐♥✢✉❡♥❝❡
❞❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡✳ ❉✬❛♣rès ❝❡ ♠♦❞è❧❡✱ ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ s❡r❛✐t str✉❝t✉ré ❡♥
tr♦✐s ♣❤❛s❡s ❡♥ éq✉✐❧✐❜r❡ ❞❡ ♣r❡ss✐♦♥ ✭❝❢✳ ❋✐❣✳ ✷✳✶✮✳ ▲❛ ♣❧✉s ❣r❛♥❞❡ ♣❛rt✐❡ ❞✉ ✈♦❧✉♠❡ ❞✉ ▼■❙ ❡st
♦❝❝✉♣é❡ ♣❛r ❧❡ ❍■▼ très ❝❤❛✉❞ ❡t ♣❡✉ ❞❡♥s❡ ✭fV ∼ 0.7− 0.8✮ ❞❛♥s ❧❡q✉❡❧ é✈♦❧✉❡♥t ❞❡s ♥✉❛❣❡s
❞❡♥s❡s ❡t ❢r♦✐❞s r❡♣rés❡♥t❛♥t ❧❡ ❈◆▼ ✭fV ∼ 0.02−0.04✮✳ ❯♥❡ ♣❤❛s❡ t✐è❞❡ r❡♣rés❡♥t❛♥t ❧❡ ❲◆▼
❡t ❧❡ ❲■▼ ❡♥t♦✉r❡ ❝❡s ♥✉❛❣❡s ❢r♦✐❞s ✭fV ∼ 0.2✮✳ ❈❡s tr♦✐s ♣❤❛s❡s ♣❡✉✈❡♥t é❝❤❛♥❣❡r ❞❡ ❧❛ ♠❛ss❡
❡t ❞❡ ❧✬é♥❡r❣✐❡ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❞✐✈❡rs ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s✳ ▲❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ❡t ❧❛
♣♦✉ss✐èr❡ ♥❡ s♦♥t ♣❛s ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ▼❝❑❡❡ ✫ ❖str✐❦❡r ✭✶✾✼✼✮✳

✷✷
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◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠♦❞é❧✐s❡r ❧❡ ▼■❙ ♣❛r ✉♥ ♠✐❧✐❡✉ à ❞❡✉① ♣❤❛s❡s ✿ ❧✬✉♥❡ ❝♦rr❡s♣♦♥❞❛♥t
❛✉ ♠✐❧✐❡✉ ❢r♦✐❞ ✭❈◆▼✮✱ ❧✬❛✉tr❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠✐❧✐❡✉① t✐è❞❡ ❡t ❝❤❛✉❞ ✭❲◆▼✱
❲■▼ ❡t ❍■▼✮✳

❖♥ ♥❡ ♠♦❞é❧✐s❡ ♣❛s ❧❛ ♣❤❛s❡ ♠♦❧é❝✉❧❛✐r❡ ❞✉ ▼■❙✳ ❊♥ ❡✛❡t✱ ❝❡❧❧❡✲❝✐ ❡st ❧❡ s✐è❣❡ ❞❡ très ♥♦♠✲
❜r❡✉s❡s ré❛❝t✐♦♥s ❝❤✐♠✐q✉❡s✱ t♦✉t❡s ét❛♥t ❞✬✐♠♣♦rt❛♥❝❡ ❝♦♠♣❛r❛❜❧❡ ❝❡ q✉✐ r❡♥❞ s❛ ♠♦❞é❧✐s❛t✐♦♥
❞✐✣❝✐❧❡✳ ❉❡ ♣❧✉s✱ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♠♦❧é❝✉❧❛✐r❡ ❢❛✐t é❣❛❧❡♠❡♥t ✐♥t❡r✈❡♥✐r ❞❡ très ♥♦♠❜r❡✉s❡s
tr❛♥s✐t✐♦♥s ❛ss♦❝✐é❡s à ❝❡s ♥♦♠❜r❡✉s❡s ♠♦❧é❝✉❧❡s✳

✷✳✷✳✶ ❉②♥❛♠✐q✉❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡

❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❡st ✉♥ ✢✉✐❞❡✳ ❈❡❧✉✐✲❝✐ s✉✐t ❞♦♥❝ ❧❡s éq✉❛t✐♦♥s
❤②❞r♦❞②♥❛♠✐q✉❡s tr❛❞✐t✐♦♥♥❡❧❧❡s✳ ▲❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡st ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ❞❡
❝♦♥t✐♥✉✐té ✭♠♦♠❡♥t ❞✬♦r❞r❡ ✶ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❇♦❧t③♠❛♥♥ s❛♥s ❝♦❧❧✐s✐♦♥s✮ ✿

∂ρ

∂t
+ ~∇ · (ρ~v) = 0

♦ù ρ ❡st ❧❛ ❞❡♥s✐té ❞✉ ❣❛③ ❡t ~v s❛ ✈✐t❡ss❡✳ ▲✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ✭♠♦♠❡♥t ❞✬♦r❞r❡ ✷✮ ❞✬✉♥
✢✉✐❞❡ ✈✐sq✉❡✉① ❝♦♠♣r❡ss✐❜❧❡ ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❤❛♠♣ ♠❛❣♥ét✐q✉❡ ❡t ❞❛♥s ✉♥ ré❢ér❡♥t✐❡❧ ♥♦♥
t♦✉r♥❛♥t s✬é❝r✐t ✿

∂~v

∂t
+ (~v · ~∇)~v = −

~∇P

ρ
+ η

∆~v

ρ
+
(

ζ +
η

3

) ~∇(~∇ · ~v)

ρ
− ~∇Φ

♦ù P ❡st ❧❛ ♣r❡ss✐♦♥✱ η ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ✈✐s❝♦s✐té ❞②♥❛♠✐q✉❡✱ ζ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ s❡❝♦♥❞❡ ✈✐s❝♦s✐té
❡t Φ ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧✳

❙✐ ❧❡ ✢✉✐❞❡ ♥✬❡st ♣❛s ✐s♦t❤❡r♠❡✱ ✐❧ ❢❛✉t ❡♥❝♦r❡ ❛❥♦✉t❡r ❧✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡ ✭♠♦♠❡♥t ❞✬♦r✲
❞r❡ ✸✮ q✉✐✱ ❡♥ ♥é❣❧✐❣❡❛♥t ❧❛ ❝♦♥❞✉❝t✐♦♥ t❤❡r♠✐q✉❡ ❡t ❧❡ tr❛♥s❢❡rt r❛❞✐❛t✐❢✱ s✬❡①♣r✐♠❡ ✿

∂u

∂t
+ (~v · ~∇)u = −

~∇P

ρ
~∇ · ~v +

η

2ρ

3
∑

i,k=1

(

∂vi

∂xk
+

∂vk

∂xi

)2

+
(

ζ +
η

3

) (~∇ · ~v)2

ρ

♦ù u ❡st ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ❞✉ ✢✉✐❞❡✳
❈❡s éq✉❛t✐♦♥s ❛❝❝♦♠♣❛❣♥é❡s ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ P♦✐ss♦♥ (∆Φ = 4πGρ✮ ♥❡ s✉✣s❡♥t ♣❛s ♣♦✉r

❝❛❧❝✉❧❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞✉ ✢✉✐❞❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s ❛✈♦♥s ✼ ✐♥❝♦♥♥✉❡s (ρ✱ vx✱ vy✱ vz✱ P ✱ u ❡t Φ✮
♠❛✐s s❡✉❧❡♠❡♥t ✻ éq✉❛t✐♦♥s ✭❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡✱ ❧❡s tr♦✐s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✱
❧✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❡t ❝❡❧❧❡ ❞❡ P♦✐ss♦♥✮✳ ❖♥ ❛ ❞♦♥❝ ❜❡s♦✐♥ ❞✬✉♥❡ s❡♣t✐è♠❡ éq✉❛t✐♦♥ ♣♦✉r ❢❡r♠❡r
❝❡ s②stè♠❡✳ ❖♥ ❝❤♦✐s✐t ✉♥❡ éq✉❛t✐♦♥ ❞✬ét❛t q✉✐ ♣❡r♠❡t ❞❡ r❡❧✐❡r ❧❛ ♣r❡ss✐♦♥ P à ❧❛ ❞❡♥s✐té ρ ❡t
à ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ u ❞✉ ✢✉✐❞❡✳ ▲✬✉♥❡ ❞❡s ♣❧✉s s✐♠♣❧❡s ❡st ❧✬éq✉❛t✐♦♥ ❞✬ét❛t ❞❡s ❣❛③ ♣❛r❢❛✐ts ✿

P = (γ − 1)ρu

♦ù γ ❡st ❧✬✐♥❞✐❝❡ ❛❞✐❛❜❛t✐q✉❡ ❞✉ ❣❛③✳ γ ✈❛✉t 5/3 ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❣❛③ ♣❛r❢❛✐t ♠♦♥♦❛t♦♠✐q✉❡
❡t 7/5 ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❣❛③ ♣❛r❢❛✐t ❞✐❛t♦♠✐q✉❡✳

✷✳✷✳✷ P❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s

◆♦✉s ❛✈♦♥s ✈✉ ❛✉ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t ❧❡s ❞✐✛ér❡♥ts ♣❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s ❛❣✐ss❛♥t ❛✉
s❡✐♥ ❞✉ ▼■❙✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠♦❞é❧✐s❡r ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ ❝❤❛✉✛❛❣❡ ♣❛r
❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡ ❡t ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢✳ ➚ ❝❡s ❞❡✉① ♠é❝❛♥✐s♠❡s✱ ✐❧ ❢❛✉t ❛❥♦✉t❡r ❧❡

✷✸
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♣❤é♥♦♠è♥❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ q✉✐ ♣❡r♠❡t ❞✬é❝❤❛♥❣❡r ❞❡ ❧❛ ♠❛t✐èr❡ ❡♥tr❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡t ❧❛ ♣❤❛s❡
t✐è❞❡✴❝❤❛✉❞❡ ❡t ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❡ ▼■❙ ❛✉ ♠♦②❡♥ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❞❡s
❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡✳

✷✳✷✳✸ P♦✉ss✐èr❡s

▲❛ ♣♦✉ss✐èr❡ ♥✬❡st ♣♦✉r ❧❡ ♠♦♠❡♥t ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡
♣rés❡♥té ✐❝✐✳ ◆é❛♥♠♦✐♥s✱ ✉♥❡ ♣r❡♠✐èr❡ ✐♠♣❧é♠❡♥t❛t✐♦♥✱ q✉❡ ♥♦✉s ❞é❝r✐✈♦♥s s✉❝❝✐♥❝t❡♠❡♥t ♣❛r
❧❛ s✉✐t❡ ✭❝❢✳ s❡❝t✐♦♥ ✺✳✸✮✱ ❛ ❝♦♠♠❡♥❝é ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ✉♥❡ st❛❣✐❛✐r❡ ❞❡ ▼✷✳

▲❛ ♣♦✉ss✐èr❡ ❡st ♠♦❞é❧✐sé❡ ♣❛r ✉♥ ✢✉✐❞❡ ♠é❧❛♥❣é à ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳
❙♦♥ é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❡st ❞♦♥❝ ❧✐é❡ à ❝❡❧❧❡ ❞✉ ❣❛③✳ ▲❛ ♣♦✉ss✐èr❡ s❡ ❢♦r♠❡ ❧♦rs ❞❡s ❡①♣❧♦s✐♦♥s
❞❡ s✉♣❡r♥♦✈❛❡ ❡t ❞❛♥s ❧❡s ❡♥✈❡❧♦♣♣❡s ❞❡s ét♦✐❧❡s ❆●❇✳ ▲♦rs ❞❡ s❛ ❝ré❛t✐♦♥✱ ❡❧❧❡ ♥❡ ♣♦ssé❞❡ ♣❛s
❧❛ ♠ê♠❡ ✈✐t❡ss❡ q✉❡ ❧❡ ❣❛③✳ P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ ❢♦r❝❡ ❞❡ ❢r✐❝t✐♦♥ ❞②♥❛♠✐q✉❡ ✭♦✉ ❞r❛❣ ❢♦r❝❡✮
✈❛ ❡①✐st❡r ❡♥tr❡ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❡t ❧❡ ❣❛③✱ t❡♥❞❛♥t à é❣❛❧✐s❡r ❧❡✉rs ✈✐t❡ss❡s r❡s♣❡❝t✐✈❡s✳
❈❡tt❡ ❢r✐❝t✐♦♥ ❞②♥❛♠✐q✉❡ ✈❛ ❧✐❜ér❡r ❞❡ ❧✬é♥❡r❣✐❡ ❡t ❝❤❛✉✛❡r ❧❡ ❣❛③✳

▲❛ ❞❡str✉❝t✐♦♥ ❞❡s ♣♦✉ss✐èr❡s ♣❡✉t ❛✈♦✐r ❧✐❡✉ ❧♦rs ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ r❛②♦♥♥❡♠❡♥t ❡t ❧❡s
❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ♦✉ ❧♦rs ❞✬✐♥t❡r❛❝t✐♦♥s ❛t♦♠❡✴❣r❛✐♥ ♦✉ ❣r❛✐♥✴❣r❛✐♥ ♣r♦✈♦q✉é❡s ❡♥tr❡s ❛✉tr❡s
♣❛r ❧❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡✳

✷✳✸ ❋♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

▲❡s ét♦✐❧❡s ♥❛✐ss❡♥t ❞❛♥s ❧❡ ❣❛③ ❛✉ s❡✐♥ ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ♣❛r ❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐✲
t❛t✐♦♥♥❡❧✳ P✉✐sq✉❡ ❧✬♦♥ ♥❡ ♠♦❞é❧✐s❡ ♣❛s ❧❛ ♣❤❛s❡ ♠♦❧é❝✉❧❛✐r❡✱ ♦♥ ♣❡✉t s❡✉❧❡♠❡♥t ✐♠♣♦s❡r q✉❡
❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛✐t ❧✐❡✉ ❛✉ s❡✐♥ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡✳ ❊♥ ❡✛❡t✱ ❝✬❡st ❞❛♥s ❝❡tt❡ ♣❤❛s❡ q✉❡
❧❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ✈♦♥t s❡ ❢♦r♠❡r ❡t s✬❡✛♦♥❞r❡r✳ ❉❡ ♣❧✉s✱ ♦♥ ♥❡ s✐♠✉❧❡ ♣❛s ❞✐r❡❝t❡♠❡♥t
❧✬❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞✉ ❣❛③ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ❣❛❧❛①✐❡✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ r❡✈✐❡♥t ❞♦♥❝ à ✐❞❡♥t✐✜❡r ❧❡s ré❣✐♦♥s s✉s❝❡♣t✐❜❧❡s ❞❡ r❡♣r♦❞✉✐r❡ ❧❡s ❝♦♥❞✐t✐♦♥s ♥é❝❡s✲
s❛✐r❡s à ❝❡t ❡✛♦♥❞r❡♠❡♥t q✉✐ s♦♥t ❞❡s ré❣✐♦♥s ❢r♦✐❞❡s✱ ❞❡♥s❡s ❡t ♣❡✉ ❛❣✐té❡s ❞②♥❛♠✐q✉❡♠❡♥t✳

P❧✉s✐❡✉rs r❡❝❡tt❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡①✐st❡♥t✳ ❖♥ ♣❡✉t ❝✐t❡r ❡♥tr❡ ❛✉tr❡s ❧❛ ❧♦✐ ❞❡
❙❝❤♠✐❞t ✭❙❝❤♠✐❞t✱ ✶✾✺✾✮✱ ❧❡ ❝r✐tèr❡ ❞❡ ❚♦♦♠r❡ ✭❚♦♦♠r❡✱ ✶✾✻✹✮ ❡t ❧❡ ❝r✐tèr❡ ❞❡ ❏❡❛♥s✳

▲❛ ❧♦✐ ❞❡ ❙❝❤♠✐❞t r❡❧✐❡ ❧❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✈♦❧✉♠✐q✉❡ ρSFR à ❧❛ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡
❞❡ ❣❛③ ρg ✿

ρSFR ∝ ρn
g

♦ù n ❡st ✉♥ ♣❛r❛♠ètr❡ ❝♦♥tr❛✐♥t ♣❛r ❧❡s ♦❜s❡r✈❛t✐♦♥s ✭n ∈ [1, 2]✮✳ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ✉t✐❧✐s❡r
✉♥❡ ❛✉tr❡ ❡①♣r❡ss✐♦♥ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❡s ❞❡♥s✐tés s✉r❢❛❝✐q✉❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ΣSFR ❡t
❞❡ ❣❛③ Σg ✿

ΣSFR ∝ Σα
g

❑❡♥♥✐❝✉tt ✭✶✾✾✽✮ ♣r♦♣♦s❡ ❧❛ ✈❛❧❡✉r ❞❡ α = 1.4 à ♣❛rt✐r ❞✬♦❜s❡r✈❛t✐♦♥s ❞❡ ♣r♦♣r✐étés ❣❧♦❜❛❧❡s
❞❡ ❣❛❧❛①✐❡s✳ ❊♥ ♣❧✉s ❞❡ ❝❡tt❡ ❧♦✐✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ❡✛❡t ❞❡ s❡✉✐❧✱ ❝✬❡st✲à✲❞✐r❡ q✉✬✐❧ ♥✬② ♣❛s ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥✲❞❡ss♦✉s ❞✬✉♥❡ ❝❡rt❛✐♥❡ ❞❡♥s✐té ❝r✐t✐q✉❡ ❞❡ ❣❛③ ✭❑❡♥♥✐❝✉tt✱ ✶✾✽✾✮✳

▲❡ ❝r✐tèr❡ ❞❡ ❚♦♦♠r❡ ❡st ✉♥ ❝r✐tèr❡ ❞❡ st❛❜✐❧✐té ♣♦✉r ✉♥ ❞✐sq✉❡ ✐♥✜♥✐♠❡♥t ✜♥✳ ❯♥❡ ré❣✐♦♥
s❡r❛ ✐♥st❛❜❧❡ s✐ ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❚♦♦♠r❡ Qg ❡st ✐♥❢ér✐❡✉r à ✉♥❡ ❝❡rt❛✐♥❡ ✈❛❧❡✉r λ ✿

Qg =
vsκ

πGΣg
≤ λ

✷✹



✷✳✹✳ ➱❱❖▲❯❚■❖◆ ❙❚❊▲▲❆■❘❊

♦ù vs ❡st ❧❛ ✈✐t❡ss❡ ❞✉ s♦♥ ❞❛♥s ❧❡ ❣❛③✱ κ ❧❛ ❢réq✉❡♥❝❡ é♣✐❝②❝❧✐q✉❡ ❡t Σg ❧❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡
❞✉ ❣❛③✳ ▲❛ ✈❛❧❡✉r ❞❡ λ ❡st ❞ét❡r♠✐♥é❡ ♣❛r ❧❡s ♦❜s❡r✈❛t✐♦♥s✳ ❑❡♥♥✐❝✉tt ✭✶✾✾✵✮ ♣r♦♣♦s❡ ❧❛ ✈❛❧❡✉r
❞❡ λ = 1.4✳

▲❡ ❝r✐tèr❡ ❞❡ ❏❡❛♥s ❝♦♥❝❡r♥❡ ❧❛ st❛❜✐❧✐té ❞✬✉♥❡ s♣❤èr❡ ❞❡ ❣❛③ ❝♦♥tr❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s✳ ❯♥
♥✉❛❣❡ ❞❡ ❣❛③ s✬❡✛♦♥❞r❡ s✐ s❛ ♠❛ss❡ ❡st s✉♣ér✐❡✉r❡ à ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s MJ ✿

M > MJ =
πρg

6

(

πv2
s

Gρg

)3/2

◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ❧❡ ❝r✐tèr❡ ❞❡ ❏❡❛♥s ♣♦✉r ♠♦❞é❧✐s❡r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❝❛r ✐❧
s✬❛❣✐t ❞✬✉♥ ❝r✐tèr❡ ❧♦❝❛❧✳ ▲❡s ré❣✐♦♥s s✉s❝❡♣t✐❜❧❡s ❞❡ ❢♦r♠❡r ❞❡s ét♦✐❧❡s s♦♥t ❞♦♥❝ ❞❡s ré❣✐♦♥s
♦ù ❧❛ t❡♠♣ér❛t✉r❡ ❡st ❢❛✐❜❧❡ ❡t ❞♦♥t ❧❛ ♠❛ss❡ ❡st s✉♣ér✐❡✉r❡ à ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s✳

▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ét♦✐❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♠❛ss❡ ❡st ❞♦♥♥é❡ ♣❛r ❧✬■▼❋✳ ❙✉✐t❡ à ❧✬■▼❋
s♦✉s ❢♦r♠❡ ❞✬✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❙❛❧♣❡t❡r ✭✶✾✺✺✮✱ ❞✬❛✉tr❡s ❢♦r♠❡s ♦♥t été ♣r♦♣♦sé❡s
✭❝❢✳ t❛❜❧❡❛✉ ✸ ❞❡ ❑r♦✉♣❛ ✭✷✵✵✺✮ ♣❛r ❡①❡♠♣❧❡✮✳ ❉❡s ♦❜s❡r✈❛t✐♦♥s ré❝❡♥t❡s ♦♥t ❛♠❡♥é ❧❡s ❛str♦✲
♣❤②s✐❝✐❡♥s à ♣r♦♣♦s❡r ❞❡s ■▼❋ s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ❢♦♥❝t✐♦♥s ♣✉✐ss❛♥❝❡s ♣❛r ♠♦r❝❡❛✉①✳ ❑r♦✉♣❛
✭✷✵✵✶✮ ♣r♦♣♦s❡ ❧✬■▼❋ s✉✐✈❛♥t❡ ❝♦♠♠❡ ét❛♥t ✉♥✐✈❡rs❡❧❧❡ ✿

Φ(m) ∝ m−γi















γ0 = 0.3 ± 0.7, 0.01 ≤ m/▼⊙ ≤ 0.08
γ1 = 1.3 ± 0.5, 0.08 ≤ m/▼⊙ ≤ 0.50
γ2 = 2.3 ± 0.3, 0.50 ≤ m/▼⊙ ≤ 1.00
γ3 = 2.3 ± 0.7, m/▼⊙ ≥ 1.00

▲❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ❞❡ 0.01▼⊙ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ♣♦✉✈♦✐r
❞é❝❧❡♥❝❤❡r ❧❡s ré❛❝t✐♦♥s ❞❡ ❢✉s✐♦♥ ❞✉ ❞❡✉tér✐✉♠✳ ▲❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à ✵✳✵✽▼⊙ s♦♥t
❞❡s ♥❛✐♥❡s ❜r✉♥❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞❡s ét♦✐❧❡s q✉✐ ♥❡ ♣❡✉✈❡♥t ♣❛s ♠❛✐♥t❡♥✐r ❞❡ ♠❛♥✐èr❡ ❞✉r❛❜❧❡ ❧❡s
ré❛❝t✐♦♥s ❞❡ ❢✉s✐♦♥ t❤❡r♠♦♥✉❝❧é❛✐r❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❡✉r tr♦♣ ❢❛✐❜❧❡ ♠❛ss❡✳

▲❛ ❜♦r♥❡ s✉♣ér✐❡✉r❡ ❞❡ ❧✬■▼❋ ❡st ♠❛❧ ❝♦♥tr❛✐♥t❡✳ ❈❡tt❡ ❧✐♠✐t❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❝♦♠♣r✐s❡
❡♥tr❡ ✺✵ ❡t ✶✺✵▼⊙✳ ❲❡✐❞♥❡r ✫ ❑r♦✉♣❛ ✭✷✵✵✹✮ ♣r♦♣♦s❡ ✉♥❡ ❝♦✉♣✉r❡ à ✶✺✵▼⊙✳

❯♥❡ ❛✉tr❡ ❢♦r♠❡ ❞❡ ❧✬■▼❋ ❡st ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡✳ ■❧ s✬❛❣✐t ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❧♦❣❛✲
r✐t❤♠✐q✉❡ ❞é✜♥✐❡ ♣❛r ✿

ΦL(m) =
❞n(m)

❞ log10(m)
=

ln(10)m❞n(m)

❞m
= m ln(10)Φ(m)

ΦL(m)❞lm ❡st ❛❧♦rs ❧❡ ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ❛②❛♥t ❞❡s ♠❛ss❡s ❝♦♠♣r✐s❡s ❡♥tr❡ lm ❡t ❞lm ✭lm ≡
log10 m✮✳ ▲❛ ✜❣✉r❡ ✷✳✷ r❡♣rés❡♥t❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❧♦❣❛r✐t❤♠✐q✉❡ ❞❡ ❑r♦✉♣❛ ✭✷✵✵✶✮✳

✷✳✹ ➱✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡

▲✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❛ ❞❡✉① ✐♠♣❛❝ts ♣r✐♥❝✐♣❛✉① s✉r ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✿ ❡❧❧❡ r❡❞✐str✐❜✉❡
❛✉ ❣❛③ ❛♠❜✐❛♥t ❞❡ ❧❛ ♠❛ss❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡✳ ▲✬✐♠♣❛❝t ❞❡ ❝❡tt❡ é✈♦❧✉t✐♦♥ s❡r❛ ❞✐✛ér❡♥t s❡❧♦♥
❧❛ ♠❛ss❡ ❞❡s ét♦✐❧❡s✳ ❖♥ ♣❡✉t ❝❧❛ss❡r ❝❡s ❞❡r♥✐èr❡s ❡♥ tr♦✐s ❝❛té❣♦r✐❡s✱ ❝❤❛q✉❡ ❝❛té❣♦r✐❡ ét❛♥t
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ é✈♦❧✉t✐♦♥ ❞✐✛ér❡♥t❡✳

❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ét♦✐❧❡s ♠❛ss✐✈❡s (M > 8▼⊙✮ ✈♦♥t é✈♦❧✉❡r r❛♣✐❞❡♠❡♥t✳ ❉✉r❛♥t ❧❡✉r ✈✐❡
s✉r ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱ ❡❧❧❡s s♦♥t s✉❥❡tt❡s à ❞❡ ❢♦rts ✈❡♥ts st❡❧❧❛✐r❡s✳ ❊♥ s❡✉❧❡♠❡♥t q✉❡❧q✉❡s
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ✭❛✉ ♠❛①✐♠✉♠ ∼ 40▼②r ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ ✽▼⊙✮✱ ❡❧❧❡s é♣✉✐s❡♥t t♦✉t ❧❡✉r
❝♦♠❜✉st✐❜❧❡ ❡t ❡①♣❧♦s❡♥t ❡♥ s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■■ ✭❙◆■■✮ ♥❡ ❧❛✐ss❛♥t ❞❡rr✐èr❡ ❡❧❧❡s q✉✬✉♥ rés✐❞✉

✷✺



❈❍❆P■❚❘❊ ✷✳ ▼❖❉➮▲❊ P❍❨❙■◗❯❊ ❉✬❯◆❊ ●❆▲❆❳■❊

❋✐❣✳ ✷✳✷ ✕ ❋♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡ ❑r♦✉♣❛ ✭✷✵✵✶✮✳

❝♦♠♣❛❝t ✿ ✉♥❡ ét♦✐❧❡ à ♥❡✉tr♦♥s ♦✉ ✉♥ tr♦✉ ♥♦✐r✳ ▲✬❡①♣❧♦s✐♦♥ ❞✬✉♥❡ ét♦✐❧❡ ❡♥ s✉♣❡r♥♦✈❛❡ ❧✐❜èr❡
❞❡ ❣r❛♥❞❡s q✉❛♥t✐tés ❞❡ ♠❛t✐èr❡ ❡♥r✐❝❤✐❡ ❡♥ é❧é♠❡♥ts ❧♦✉r❞s ❡t ❜❡❛✉❝♦✉♣ ❞✬é♥❡r❣✐❡ (∼ 1051 ❡r❣✮
❞❛♥s ❧❡ ❣❛③ ❝❤❛✉❞✳ ▲❛ ♠❛ss❡ ❡t ❧✬é♥❡r❣✐❡ ✐♥❥❡❝té❡s ❞❛♥s ❧❡ ▼■❙ ♣❛r ❧❡s ❙◆■■ ✐♥✢✉❡♥❝❡♥t ❢♦rt❡♠❡♥t
❧✬é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❝❤✐♠✐q✉❡ ❞✬✉♥❡ ❣❛❧❛①✐❡✳

▲❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡ ✭0.8▼⊙ < M < 8▼⊙✮ ❡①♣✉❧s❡♥t ❧❡✉rs ❝♦✉❝❤❡s ❡①t❡r♥❡s
❧♦rs ❞❡ ❧❛ ♣❤❛s❡ ❆●❇ ✭❆s②♠♣t♦t✐q✉❡ ●✐❛♥t ❇r❛♥❝❤ ❡♥ ❛♥❣❧❛✐s ♦✉ ❇r❛♥❝❤❡ ❆s②♠♣t♦t✐q✉❡ ❞❡s
●é❛♥t❡s ❡♥ ❢r❛♥ç❛✐s✮ ❛♣rès ❛✈♦✐r ❜rû❧é ❧❡✉r ❤②❞r♦❣è♥❡ ❡t ❧❡✉r ❤é❧✐✉♠✱ ♥❡ ❧❛✐ss❛♥t ❞❡rr✐èr❡ ❡❧❧❡s
q✉❡ ❧❡✉r ❝÷✉r ❞❡ ❝❛r❜♦♥❡ ❡t ❞✬♦①②❣è♥❡✱ ✉♥❡ ♥❛✐♥❡ ❜❧❛♥❝❤❡✳ ❈❡s ét♦✐❧❡s ♣❡✉✈❡♥t ✈✐✈r❡ ❡♥tr❡
q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❡t ♣❧✉s✐❡✉rs ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s✳ ▲✬❡♥✈❡❧♦♣♣❡ é❥❡❝té❡ ❡st
❡♥r✐❝❤✐❡ ❡♥ ♠ét❛✉① ❡t ♣❡✉t ❝♦rr❡s♣♦♥❞r❡ à ✉♥❡ ❢r❛❝t✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞❡ ❧❛ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡
❧✬ét♦✐❧❡✳ ❈❡s ét♦✐❧❡s ♦♥t ❞♦♥❝ ✉♥ ✐♠♣❛❝t à ❧♦♥❣ t❡r♠❡ s✉r ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡s ❣❛❧❛①✐❡s✳

▲❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡ ✭M < 0.8▼⊙✮ r❡st❡♥t s✉r ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ♣❡♥❞❛♥t
♣❧✉s ❞❡ ✶✺ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s ❡t ♥❡ ré✐♥❥❡❝t❡♥t ❞♦♥❝ ♣❛s ♦✉ très ♣❡✉ ❞❡ ♠❛ss❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉
✐♥t❡rst❡❧❧❛✐r❡✳ ▲❡✉r ❡✛❡t ♥❡t s✉r ❧❡ ▼■❙ ❡st ❞♦♥❝ ❞❡ ❜❧♦q✉❡r ❞✉ ❣❛③ s♦✉s ❢♦r♠❡ ❞✬ét♦✐❧❡s✳

❊♥✜♥✱ ✉♥ ❞❡r♥✐❡r ♠é❝❛♥✐s♠❡ ✐♥t❡r✈✐❡♥t ❞❛♥s ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❞✉ ▼■❙ ✿ ❧❡s s✉♣❡r♥♦✈❛❡ ❞❡
t②♣❡ ■❛ ✭❙◆■❛✮✳ ❉❛♥s ✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱ ❧✬ét♦✐❧❡ ❧❛ ♣❧✉s ♠❛ss✐✈❡ ✈❛ é✈♦❧✉❡r ♣❧✉s r❛♣✐❞❡♠❡♥t
❡t ✈❛ ❞❡✈❡♥✐r ✉♥❡ ♥❛✐♥❡ ❜❧❛♥❝❤❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ✈❛ ♣♦✉✈♦✐r ❛❝❝rét❡r ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt
❞❡ s♦♥ ❝♦♠♣❛❣♥♦♥ ❧♦rsq✉✬❡❧❧❡ ✈❛ ❣r♦ss✐r ❡t ❞❡✈❡♥✐r ✉♥❡ ❣é❛♥t❡ r♦✉❣❡✳ ❙✐ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♥❛✐♥❡
❜❧❛♥❝❤❡ ❞é♣❛ss❡ ❧❛ ♠❛ss❡ ❞❡ ❈❤❛♥❞r❛s❡❦❤❛r✱ ♣❧✉s r✐❡♥ ♥❡ ♣❡✉t ❡♠♣ê❝❤❡r s♦♥ ❡✛♦♥❞r❡♠❡♥t✳ ❈❡t
❡✛♦♥❞r❡♠❡♥t ❡♥❝❧❡♥❝❤❡ ✉♥❡ sér✐❡ ❞❡ ré❛❝t✐♦♥s t❤❡r♠♦♥✉❝❧é❛✐r❡s ♠❡♥❛♥t à ❧✬❡①♣❧♦s✐♦♥ t♦t❛❧❡ ❞❡
❧✬ét♦✐❧❡✳ ❈❡tt❡ ❡①♣❧♦s✐♦♥ ❡st ❛♣♣❡❧é❡ s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■❛ ❡t ❡❧❧❡ ❧✐❜èr❡✱ ❝♦♠♠❡ ✉♥❡ ❙◆■■✱ ❞❡
❣r❛♥❞❡s q✉❛♥t✐tés ❞✬é♥❡r❣✐❡ ❡t ❡♥r✐❝❤✐t ❧❡ ▼■❙ ❡♥ é❧é♠❡♥ts ❧♦✉r❞s✱ ♥♦t❛♠♠❡♥t ❡♥ ❢❡r✳

➱t❛♥t ❞♦♥♥é❡s ❧❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ✭❞❡ q✉❡❧q✉❡s ♠✐❧✲
❧✐♦♥s ❞✬❛♥♥é❡s ♣♦✉r ❧❡s ❙◆■■ à ♣❧✉s✐❡✉rs ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s ♣♦✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s ❙◆■❛✮✱
♦♥ ✉t✐❧✐s❡ ✉♥ ♠é❝❛♥✐s♠❡ ❞❡ r❡❝②❝❧❛❣❡ ♥♦♥✲✐♥st❛♥t❛♥é✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉ r❡❝②❝❧❛❣❡ ✐♥st❛♥t❛♥é
q✉✐ s✉♣♣♦s❡ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ✐♠♠é❞✐❛t❡♠❡♥t s✉✐✈✐❡ ♣❛r ❧❛ r❡❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡
❡t ❞✬é♥❡r❣✐❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❞✐✛ér❡♥t❡s ét♦✐❧❡s✱ ❧❡ r❡❝②❝❧❛❣❡ ♥♦♥✲✐♥st❛♥t❛♥é r❡❞✐str✐❜✉❡ ❝❡s
❞✐✛ér❡♥t❡s ❝♦♥tr✐❜✉t✐♦♥s ♣r♦❣r❡ss✐✈❡♠❡♥t ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳
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❈❤❛♣✐tr❡ ✸

■♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡

✸✳✶ ❉②♥❛♠✐q✉❡ st❡❧❧❛✐r❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ♣❛rt✐❝✉❧❡✲❣r✐❧❧❡

❆✜♥ ❞❡ ❝❛❧❝✉❧❡r ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ s②stè♠❡ à N ✲❝♦r♣s✱ ♦♥ ❡st ❛♠❡♥é✱ à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱
à ❝❛❧❝✉❧❡r ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧✱ ♣✉✐s ❧❡s ❢♦r❝❡s q✉✐ ❡♥ ❞ér✐✈❡♥t ❛✜♥ ❞❡ ❝❛❧❝✉❧❡r ❧❡s ♣♦s✐t✐♦♥s
❡t ❧❡s ✈✐t❡ss❡s ❞❡s ♣❛rt✐❝✉❧❡s ❛✉ ♣❛s ❞❡ t❡♠♣s s✉✐✈❛♥t✳ ❖♥ ❞♦✐t ❞♦♥❝ ❡✛❡❝t✉❡r 1

2N(N −1) ∝ N2

♦♣ér❛t✐♦♥s à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ❝❡ q✉✐ ❞❡✈✐❡♥t ✉♥❡ tâ❝❤❡ ✐rré❛❧✐s❛❜❧❡ q✉❛♥❞ ❧❡ ♥♦♠❜r❡ ❞❡
♣❛rt✐❝✉❧❡s ❞❡✈✐❡♥t tr♦♣ ✐♠♣♦rt❛♥t✳ ❆✜♥ ❞❡ ❞é♣❛ss❡r ❝❡tt❡ ❧✐♠✐t❡✱ ❞✐✈❡rs❡s t❡❝❤♥✐q✉❡s ♦♥t été
✐♥✈❡♥té❡s✳ ◆♦✉s ❡♥ ✈❡rr♦♥s q✉❡❧q✉❡s✲✉♥❡s ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡✳

❉❡ ♣❧✉s✱ ♦♥ s❡ r❡♥❞ ❝♦♠♣t❡ q✉❡ ❧♦rsq✉❡ q✉❡ ❞❡✉① ♣❛rt✐❝✉❧❡s s✬❛♣♣r♦❝❤❡♥t très ♣rès ❧✬✉♥❡
❞❡ ❧✬❛✉tr❡✱ ✉♥ t❡r♠❡ ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ❢♦r❝❡ ~fi ❞✐✈❡r❣❡✳ ❆✜♥ ❞✬é✈✐t❡r ❝❡❧❛✱
♦♥ ✐♥tr♦❞✉✐t ✉♥ ♣❛r❛♠ètr❡ ❞❡ ❧✐ss❛❣❡ ǫ ❞❛♥s ❧✬❡①♣r❡ss✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧✳ ❖♥ ❛ ❛❧♦rs ✉♥ ♣♦t❡♥t✐❡❧
❛❞♦✉❝✐ ✿

Φi = −G

N
∑

j=1,j 6=i

mj
√

|~rj − ~ri|2 + ǫ2

❯♥ s②stè♠❡ ❣❛❧❛❝t✐q✉❡ ❞❡ ✶✵10−12 ét♦✐❧❡s ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ s②stè♠❡ s❛♥s ❝♦❧✲
❧✐s✐♦♥ ❝❛r ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ à ❞❡✉① ❝♦r♣s trel ❡st très ❣r❛♥❞ ❞❡✈❛♥t ❧❡ t❡♠♣s ❞②♥❛♠✐q✉❡ td
❞✉ s②stè♠❡ ✭trel/td ∝ N/(lnN)✮✳ ❖r✱ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s s✐♠✉❧é❡s ❡st
très ♣❡t✐t✶ ❞❡✈❛♥t ❧❡ ♥♦♠❜r❡ ré❡❧ ❞✬ét♦✐❧❡s ❞✬✉♥❡ ❣❛❧❛①✐❡ ✿ ❧❡ t❡♠♣s ❞②♥❛♠✐q✉❡ ♥✬❡st ♣❧✉s ♥é❣✲
❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧❡ t❡♠♣s ❞❡ r❡❧❛①❛t✐♦♥ ❡t ♦♥ ❛✉❣♠❡♥t❡ ❛rt✐✜❝✐❡❧❧❡♠❡♥t ❧❡ ♥♦♠❜r❡ ❞❡ r❡♥❝♦♥tr❡s
à ❞❡✉① ❝♦r♣s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉ s②stè♠❡ ré❡❧ ét✉❞✐é✳

❖✉tr❡ ❧❡ ❢❛✐t ❞✬é✈✐t❡r ✉♥❡ é✈❡♥t✉❡❧❧❡ ❞✐✈✐s✐♦♥ ♣❛r ③ér♦ ❧♦rs ❞✉ ❝❛❧❝✉❧ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧✬✐♥✲
tr♦❞✉❝t✐♦♥ ❞❡ ❝❡ ♣❛r❛♠ètr❡ ♣❡r♠❡t ❞❡ ré❞✉✐r❡ ❝❡ ♥♦♠❜r❡ ❛rt✐✜❝✐❡❧❧❡♠❡♥t é❧❡✈é ❞✬✐♥t❡r❛❝t✐♦♥s
à ❞❡✉① ❝♦r♣s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳

▲❡ ❝♦❞❡ ✉t✐❧✐sé ❡st ✉♥ ❝♦❞❡ à ❣r✐❧❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧✬♦♥ ❞✐str✐❜✉❡ ❧❛ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s s✉r
✉♥❡ ❣r✐❧❧❡✳ ❈❡tt❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❡st ❡✛❡❝t✉é❡ s❡❧♦♥ ❧✬❛❧❣♦r✐t❤♠❡ ❈■❈ ✭❈❧♦✉❞✲■♥✲❈❡❧❧✮ ✿
♦♥ ré♣❛rt✐t ❧❛ ♠❛ss❡ s✉r ❧❡s ✷D ♣♦✐♥ts ❧❡s ♣❧✉s ✈♦✐s✐♥s ❣râ❝❡ à ✉♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ tr✐❧✐♥é❛✐r❡✱ D
ét❛♥t ❧❛ ❞✐♠❡♥s✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❝♦♥s✐❞éré✳

✶❆❝t✉❡❧❧❡♠❡♥t✱ ♦♥ ♣❡✉t s✐♠✉❧❡r ❥✉sq✉✬à q✉❡❧q✉❡s ♠✐❧❧✐♦♥s ♣❛rt✐❝✉❧❡s ❡♥ ❡✛❡❝t✉❛♥t ✉♥❡ s♦♠♠❛t✐♦♥ ❞✐✲
r❡❝t❡ ✭♠ét❤♦❞❡ P❛rt✐❝✉❧❡✲P❛rt✐❝✉❧❡ ♦✉ PP✮ ❀ ❞✬❛✉tr❡s t❡❝❤♥✐q✉❡s✱ ❞♦♥t ❝❡❧❧❡s ❞é❝r✐t❡s ♣❧✉s ❧♦✐♥✱ ♣❡r♠❡tt❡♥t
❞❡ s✐♠✉❧❡r ❥✉sq✉✬à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ♠✐❧❧✐♦♥s ❞❡ ♣❛rt✐❝✉❧❡s ✈♦✐r ♣❧✉s✐❡✉rs ♠✐❧❧✐❛r❞s ❞❡ ♣❛rt✐❝✉❧❡s à ❧✬❛✐❞❡ ❞❡
s✉♣❡r✲❝❛❧❝✉❧❛t❡✉rs✳
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❖♥ ❢❛✐t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❣r❛✈✐t❛t✐♦♥♥❡❧ ♠♦②❡♥ ✿ ~∇iΦi ≈ ~∇Φ(~ri) ♦ù Φ(~r) ❡st ❧❡
♣♦t❡♥t✐❡❧ ♠♦②❡♥ ❡♥ ~r✳ ❈❡❧❛ r❡✈✐❡♥t à sé♣❛r❡r ❧❡ s②stè♠❡ ❝♦♥s✐❞éré ❡♥ N s②stè♠❡s à ✉♥❡ ♣❛rt✐❝✲
✉❧❡ q✉✐ s❡ ❞é♣❧❛❝❡ ❞❛♥s ✉♥ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❝réé ♣❛r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛rt✐❝✉❧❡s✳ ❆✐♥s✐ à
❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ♦♥ ❞♦✐t ❝❛❧❝✉❧❡r ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ♠♦②❡♥ ♣✉✐s ❧❡s ❞é♣❧❛❝❡♠❡♥ts
❞❡s N ♣❛rt✐❝✉❧❡s ❡♥ ✐♥té❣r❛♥t ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✳

❖♥ ❝♦♥s✐❞èr❡ ✉♥❡ ❣r✐❧❧❡ ❝❛rtés✐❡♥♥❡ ❞❡ ❞✐♠❡♥s✐♦♥s Ng = Nx×Ny ×Nz✳ ▲❛ ♠❛ss❡ Mi,j,k ❡st
❞✐str✐❜✉é❡ s✉r ❧❡s ♣♦✐♥ts ✭i, j, k✮ ❞❡ ❧❛ ❣r✐❧❧❡ r❡♣rés❡♥t❛♥t ❧❛ ♣♦s✐t✐♦♥ ♣❤②s✐q✉❡ ~r ≡ (x(i), y(i), z(i))✳
▲❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❛✉ ♣♦✐♥t ✭i, j, k✮ s✬é❝r✐t ❛❧♦rs ✿

Φi,j,k =

Nx
∑

i′=1
i′ 6=i

Ny
∑

j′=1
j′ 6=j

Nz
∑

k′=1
k′ 6=k

G(i, j, k, i′, j′, k′) × Mi′,j′,k′

♦ù G(i, j, k, i′, j′, k′) ❡st é❣❛❧ à ✿

G(i, j, k, i′, j′, k′) =
−G

√

|~ri,j,k − ~ri′,j′,k′ |2 + ǫ2

❊♥ r❡♠❛rq✉❛♥t q✉❡ G(i, j, k, i′, j′, k′) = G(i − i′, j − j′, k − k′)✱ ♦♥ s✬❛♣❡rç♦✐t q✉❡ ❧✬♦♥ ❛
❛✛❛✐r❡ à ✉♥ ♣r♦❞✉✐t ❞❡ ❝♦♥✈♦❧✉t✐♦♥ ❞✐s❝r❡t ✿

φ(r) = G(r − r′) ∗ M(r′)

▲❡ ❝❛❧❝✉❧ ❞✬✉♥ ♣r♦❞✉✐t ❞❡ ❝♦♥✈♦❧✉t✐♦♥ ét❛♥t ✉♥❡ ♦♣ér❛t✐♦♥ ❞é❧✐❝❛t❡✱ ♦♥ ✈❛ s✬❡♥ ❛✛r❛♥❝❤✐r
❡♥ ❡✛❡❝t✉❛♥t ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❝❡tt❡ ❡①♣r❡ss✐♦♥ ❣râ❝❡ à ❧✬❛❧❣♦r✐t❤♠❡ ❋❋❚ ✭❋❛st
❋♦✉r✐❡r ❚r❛♥s❢♦r♠✮✳ ❖♥ s❡ r❡tr♦✉✈❡ ❛❧♦rs ❛✈❡❝ ✉♥ ♣r♦❞✉✐t ❝❧❛ss✐q✉❡ ✿

φ̂σ,µ,ν = Ĝ(σ, µ, ν)M̂σ,µ,ν

▲❡ ❝❛❧❝✉❧ ❡st ✜♥❛❧❡♠❡♥t ♣❧✉s s✐♠♣❧❡ q✉✬✉♥ ♣r♦❞✉✐t ❞❡ ❝♦♥✈♦❧✉t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s tr❛♥s❢♦r✲
♠é❡s ❞❡ ❋♦✉r✐❡r ♣❛r ❋❋❚ ♥é❝❡ss✐t❡♥t ❞❡s ❢♦♥❝t✐♦♥s ♣ér✐♦❞✐q✉❡s✱ ❝❡ q✉✐ ♥✬❡st ♠❛❧❤❡✉r❡✉s❡♠❡♥t
♣❛s ❧❡ ❝❛s✱ ♥✐ ♣♦✉r G✱ ♥✐ ♣♦✉r M ✳ P♦✉r ♣❛❧❧✐❡r ❝❡❝✐✱ ♦♥ ❞✉♣❧✐q✉❡ G ♣❛r s②♠étr✐❡ ❞❛♥s ❧❡s tr♦✐s
❞✐r❡❝t✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❞❡ ❢❛ç♦♥ à ❧❛ r❡♥❞r❡ ❛rt✐✜❝✐❡❧❧❡♠❡♥t ♣ér✐♦❞✐q✉❡✳ ❈❡❝✐ ❞♦✉❜❧❡ ❧❛ ❣r✐❧❧❡ ❞❛♥s
❝❤❛❝✉♥❡ ❞❡s ❞✐♠❡♥s✐♦♥s✱ s♦✐t ✉♥❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ♣❛r ✽ ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s✳ P♦✉r ❧❛ ♠❛ss❡✱ ♦♥
❞♦✉❜❧❡ é❣❛❧❡♠❡♥t ❧❛ ❣r✐❧❧❡ ♠❛✐s ❡♥ ❛♥♥✉❧❛♥t ❝❡❧❧❡✲❝✐ ❞❛♥s ❧❡s ♣❛rt✐❡s r❛❥♦✉té❡s ❛✜♥ ❞❡ ♥❡ ♣❛s
✐♥tr♦❞✉✐r❡ ❞❡ ❝♦♥tr✐❜✉t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ❛✉ ♣♦t❡♥t✐❡❧✳

❯♥❡ ❢♦✐s ❧❡ ♣♦t❡♥t✐❡❧ ♦❜t❡♥✉✱ ♦♥ ❝❛❧❝✉❧❡ ❧❡s ❢♦r❝❡s ♣❛r ❞✐✛ér❡♥❝❡ ✜♥✐❡ ❛✉ s❡❝♦♥❞ ♦r❞r❡ s❛✉❢
♣♦✉r ❧❡s ♣♦✐♥ts ❞❡s ❜♦r❞s ❞❡ ❧❛ ❣r✐❧❧❡ ♦ù ♦♥ ✉t✐❧✐s❡ ✉♥❡ ❞✐✛ér❡♥❝❡ ✜♥✐❡ ❛✉ ♣r❡♠✐❡r ♦r❞r❡✳ P♦✉r
✉♥ ♣♦✐♥t ✭i, j, k✮ ❞❡ ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ❣r✐❧❧❡✱ ♦♥ ❛ ✿

f
(x)
i,j,k =

φi+1,j,k − φi−1,j,k

2
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❋✐♥❛❧❡♠❡♥t✱ ✉♥ ❝♦❞❡ à ❣r✐❧❧❡ ❡✛❡❝t✉❡ ❧❡s ♦♣ér❛t✐♦♥s s✉✐✈❛♥t❡s✳ ❆✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱
♦♥ ❝❛❧❝✉❧❡ G ❡t Ĝ ✉♥❡ ❢♦✐s ♣♦✉r t♦✉t❡s ♣♦✉r ❧❛ ❣r✐❧❧❡ ❝♦♥s✐❞éré❡ ♣✉✐sq✉❡ q✉✬❡❧❧❡ ♥❡ ✈❛r✐❡ ♣❛s ❛✉
❝♦✉rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❊♥s✉✐t❡✱ à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ♦♥ ❡✛❡❝t✉❡ ❧❡s ♦♣ér❛t✐♦♥s s✉✐✈❛♥t❡s ✿

✶✳ ❝❛❧❝✉❧ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ♣❛r ✉♥ ❛❧❣♦r✐t❤♠❡ ❈■❈ ❀

✷✳ ❋❋❚ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❀

✸✳ ♣r♦❞✉✐t ❞❡ Ĝ ♣❛r M̂ q✉✐ ♣❡r♠❡t ❞✬♦❜t❡♥✐r φ̂ ❀

✹✳ ❋❋❚ ✐♥✈❡rs❡ ♣♦✉r ♦❜t❡♥✐r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❀

✺✳ ✐♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❢♦r❝❡s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ♣❛r ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❛✉① ♣♦✐♥ts ❞❡ ❧❛ ❣r✐❧❧❡ ❀

✻✳ ✐♥t❡r♣♦❧❛t✐♦♥ ❞❡s ❛❝❝é❧ér❛t✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s ♣❛r ✉♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐❞❡♥t✐q✉❡ à ❝❡❧❧❡ ❞❡
❧✬❛❧❣♦r✐t❤♠❡ ❈■❈ ❀

✼✳ ✐♥❝ré♠❡♥t❛t✐♦♥ ❞❡s ✈✐t❡ss❡s ❡t ❞❡s ♣♦s✐t✐♦♥s✳

▲❛ ♠ét❤♦❞❡ N ✲❝♦r♣s ✉t✐❧✐sé❡ ❡st ❧❛ ♠ét❤♦❞❡ P▼ ❛✈❡❝ ✉♥❡ ❣r✐❧❧❡ ♣♦❧❛✐r❡✳ ❈❡tt❡ ❣é♦♠étr✐❡
❞❡ ❣r✐❧❧❡ ♣❡r♠❡t ✉♥❡ rés♦❧✉t✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ❝❡♥tr❛❧❡✱ ❧à ♦ù ❧❛ ♠❛ss❡ ❡st ♣❧✉s
❣r❛♥❞❡✳ ❯♥❡ t❡❧❧❡ ❣r✐❧❧❡ ❡st ♣❛r❢❛✐t❡♠❡♥t ❛❞❛♣té❡ à ❧✬ét✉❞❡ ❞❡ s②stè♠❡s ❛♣❧❛t✐s t❡❧s ❧❡s ❣❛❧❛①✐❡s✱
❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡✳

❋✐❣✳ ✸✳✶ ✕ ●é♦♠étr✐❡ ❞❡ ❧❛ ❣r✐❧❧❡ ✉t✐❧✐sé❡ ❞❛♥s P▼❙P❍❙❋✳ ❙❡✉❧❡ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ❣r✐❧❧❡ ❡st
r❡♣rés❡♥té❡ ✭✜❣✉r❡ t✐ré❡ ❞❡ P❢❡♥♥✐❣❡r ✫ ❋r✐❡❞❧✐ ✭✶✾✾✸✮✮✳

▲❛ ❣r✐❧❧❡ ✉t✐❧✐sé❡ ❡st ❝♦♠♣♦sé❡ ❞❡ ✻✵ ❞✐✈✐s✐♦♥s r❛❞✐❛❧❡s ✭NR✮✱ ✻✹ ❞✐✈✐s✐♦♥s ❛③✐♠✉t❛❧❡s ✭Nθ✮
❡t ✻✷✹ ❞✐✈✐s✐♦♥s s❡❧♦♥ z ✭Nz✮ ✭✈♦✐r ✜❣✉r❡ ✸✳✶ q✉✐ ♠♦♥tr❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ❣r✐❧❧❡ ✉t✐❧✐sé❡✮✳ ▲❛
❞✐s❝rét✐s❛t✐♦♥ ❡♥ ③ ❡t ❡♥ θ ❡st ré❣✉❧✐èr❡ ❛❧♦rs q✉❡ ❧❡ r❛②♦♥ ❞❡s ❝❡❧❧✉❧❡s ❝r♦ît ❡♥ R s❡❧♦♥ ❧❛ ❧♦✐ ✿

Rj = R♠❛①

exp
[

j/(1
2 + Nθ

2π )
]

− 1

exp
[

(NR − 1)/(1
2 + Nθ

2π )
]

− 1

▲❡ ♣♦t❡♥t✐❡❧ s✬é❝r✐t ✿

ΦRi,θj ,zk
= −G

∑

i′

∑

j′

∑

k′

Mi′,j′,k′ × 1
√

R2 + R′2 − 2RR′ cos(θ − θ′) + (z − z′)2 + ǫ2

✷✾
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P✉✐sq✉❡ ❧❛ ❞✐s❝rét✐s❛t✐♦♥ s❡❧♦♥ θ ❡t ③ ❡st ré❣✉❧✐èr❡✱ ❧❡s s♦♠♠❡s s✉r j′ ❡t k′ s♦♥t ❞❡s ♣r♦✲
❞✉✐ts ❞❡ ❝♦♥✈♦❧✉t✐♦♥✳ ❖♥ ✉t✐❧✐s❡ ❧✬❛❧❣♦r✐t❤♠❡ ❋❋❚ ♣♦✉r rés♦✉❞r❡ ❝❡tt❡ ♣❛rt✐❡ ❞❡ ❧✬éq✉❛t✐♦♥✱
❧❡ ❞♦✉❜❧❡♠❡♥t ❞❡ ❣r✐❧❧❡ ♥✬ét❛♥t ♥é❝❡ss❛✐r❡ q✉❡ s❡❧♦♥ ❧❛ ❝♦♦r❞♦♥♥é❡ z ♣✉✐sq✉❡ ❧❛ ✈❛r✐❛❜❧❡ θ ❡st
♣ér✐♦❞✐q✉❡✳ ▲❛ s♦♠♠❡ s✉r R✱ q✉❛♥t à ❡❧❧❡✱ ❡st ❝❛❧❝✉❧é❡ ♣❛r s♦♠♠❛t✐♦♥ ❞✐r❡❝t❡✳

➚ ❝❡ st❛❞❡✱ ♦♥ ❞♦✐t ❛❥♦✉t❡r ❧❡s t❡r♠❡s ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡s s❡❧❢✲❢♦r❝❡s✳ ❊♥ ❡✛❡t✱ q✉❛♥❞ ❧❡s ❝ôtés
❞❡ ❧❛ ❣r✐❧❧❡ ♥❡ s♦♥t ♣❛s ♣❛r❛❧❧è❧❡s✱ ❝❡ q✉✐ ❡st ❧❡ ❝❛s ♣♦✉r ♥♦tr❡ ❣r✐❧❧❡ ❝②❧✐♥❞r✐q✉❡✱ ❧❛ ♠ét❤♦❞❡
❈■❈ ❢❛✐t q✉❡ ❧❡s ♣❛rt✐❝✉❧❡s s❡♥t❡♥t ✉♥❡ ❢♦r❝❡ ✭s❡❧❢✲❢♦r❝❡✮ ❡♥ ❞✐r❡❝t✐♦♥ ❞✉ ❝❡♥tr❡✳ P♦✉r ❛♥♥✉❧❡r
❝❡s ❢♦r❝❡s✱ ♦♥ ❧❡s ❝❛❧❝✉❧❡ ✉♥❡ ❜♦♥♥❡ ❢♦✐s ♣♦✉r t♦✉t❡s ❛✈❡❝ ✉♥❡ ❣r✐❧❧❡ ♣❧✉s ✜♥❡ ❡t ♦♥ ❧❡s ✐♥t❡r♣♦❧❡
❧✐♥é❛✐r❡♠❡♥t ❧♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡ ♣❛r❛♠ètr❡ ❞❡ ❧✐ss❛❣❡ ǫ ❛ été ♦♣t✐♠✐sé ❛✜♥ ❞❡ ré❞✉✐r❡ ❧❡
♣❧✉s ♣♦ss✐❜❧❡ ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ ❝❡s ❢♦r❝❡s✳

❙✐ ✉♥❡ ♣❛rt✐❝✉❧❡ s♦rt ❞❡ ❧❛ ❣r✐❧❧❡✱ s♦♥ ❛❝❝é❧ér❛t✐♦♥ ❡st ❛♣♣r♦①✐♠é❡ ♣❛r −GMtot/d2 ♦✉ Mtot

❡st ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞✉ s②stè♠❡ ❡t d ❡st ❧❛ ❞✐st❛♥❝❡ ❛✉ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞✉ s②stè♠❡✳

❙✐ ❧✬♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③✱ ♦♥ ❞✐str✐❜✉❡ é❣❛❧❡♠❡♥t ❧❛ ♠❛ss❡ ❞❡ ❝❡❧❧❡s✲❝✐
s✉r ❧❛ ❣r✐❧❧❡ ❡t ♦♥ ♦❜t✐❡♥t ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞ér✐✈❛♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ t♦t❛❧❡
✭ét♦✐❧❡s ❡t ❣❛③✮✳

▼✐s à ♣❛rt ❧❛ ♠ét❤♦❞❡ P▼ q✉✐ ✈✐❡♥t ❞✬êtr❡ ❞é❝r✐t❡✱ ❞✬❛✉tr❡s ♠ét❤♦❞❡s ❡①✐st❡♥t ♣♦✉r ré✲
s♦✉❞r❡ ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t ❞✬✉♥ s②stè♠❡ à N ❝♦r♣s✳ ❖♥ ♣❡✉t ❝✐t❡r ❧❡s ❝♦❞❡s PP✱ ❧❡s
❝♦❞❡s P✸▼✱ ❧❡s ❝♦❞❡s ❡♥ ❛r❜r❡s ❡t ❧❡s ❝♦❞❡s ❆▼❘ ✿

✕ ▲❛ ♠ét❤♦❞❡ ♣❛rt✐❝✉❧❡✲♣❛rt✐❝✉❧❡ ✭PP✮ ❝♦♥s✐st❡ à ❡✛❡❝t✉❡r ❧❛ s♦♠♠❛t✐♦♥ ❞✐r❡❝t❡ ❞❡ t♦✉t❡s
❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❞✐✈❡rs❡s ♣❛rt✐❝✉❧❡s✳ ▲✬é✈❛❧✉❛t✐♦♥ ❞❡s ❢♦r❝❡s ❡st ♣ré❝✐s❡ ♠❛✐s ❝❡❧❛
s❡ ❢❛✐t ❛✉ ❞étr✐♠❡♥t ❞✉ t❡♠♣s ❞❡ ❝❛❧❝✉❧ q✉✐ ❡st très ❧❡♥t ✭♣r♦♣♦rt✐♦♥♥❡❧ à N2✮✳

✕ ▲❡ ♣r✐♥❝✐♣❡ ❞❡s ❝♦❞❡s ♣❛rt✐❝✉❧❡✲♣❛rt✐❝✉❧❡✴♣❛rt✐❝✉❧❡✲♠❛✐❧❧❡ ✭P✸▼✮ ❝♦♥s✐st❡ à t✐r❡r ♣r♦✜t
❞❡s ❞❡✉① ♠ét❤♦❞❡s✳ ▲❡s ❢♦r❝❡s à ❝♦✉rt❡ ❞✐st❛♥❝❡ s♦♥t ❝❛❧❝✉❧é❡s ♣❛r ❧❛ ♠ét❤♦❞❡ PP ♣❧✉s
♣ré❝✐s❡ q✉❡ ❧❛ ♠ét❤♦❞❡ P▼ t❛♥❞✐s q✉❡ ❧❡s ❢♦r❝❡s à ❣r❛♥❞❡ ❞✐st❛♥❝❡ s♦♥t ❡st✐♠é❡s ♣❛r ❧❛
♠ét❤♦❞❡ P▼✱ ♣❡r♠❡tt❛♥t ❛✐♥s✐ ❞❡ ❞✐♠✐♥✉❡r ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧✳

✕ ▲❡ ♣r✐♥❝✐♣❡ ❞❡s ❝♦❞❡s ❡♥ ❛r❜r❡ ❡st ❧❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ❞❡s ❝♦❞❡s P✸▼ q✉✐ ❝♦♥s✐st❡ à sé♣❛r❡r
❧❡s ❝♦♥tr✐❜✉t✐♦♥s à ❝♦✉rt❡ ❞✐st❛♥❝❡ ❡t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s à ❧♦♥❣✉❡ ❞✐st❛♥❝❡✳ ▲❛ ❞✐✛ér❡♥❝❡
♣r♦✈✐❡♥t ❞❡ ❧✬❛❜s❡♥❝❡ ❞❡ ❣r✐❧❧❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❡st ❞é❝♦✉♣é❡ ❡♥ ❝❡❧❧✉❧❡s ✿ ♦♥ ♣❛rt ❞✬✉♥❡
s❡✉❧❡ ❝❡❧❧✉❧❡ q✉❡ ❧✬♦♥ ❞✐✈✐s❡ s✉❝❝❡ss✐✈❡♠❡♥t ❡♥ 23 = 8 ❝❡❧❧✉❧❡s ♣❧✉s ♣❡t✐t❡s ❥✉sq✉✬à ❝❡
q✉❡ ❝❤❛q✉❡ ❝❡❧❧✉❧❡ ♥❡ ❝♦♥t✐❡♥♥❡ q✉✬✉♥❡ s❡✉❧❡ ♣❛rt✐❝✉❧❡✳ ❈❡ ❞é❝♦✉♣❛❣❡ ❡st st♦❝❦é ❞❛♥s ✉♥
❛r❜r❡✳ ▲♦rs ❞✉ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢♦r❝❡ s✬❡①❡rç❛♥t s✉r ✉♥❡ ♣❛rt✐❝✉❧❡ i✱ ♦♥ ♣❛r❝♦✉rt ❧❡s ❝❡❧❧✉❧❡s j
❞❡ ❧✬❛r❜r❡ ❛✐♥s✐ ❝❛❧❝✉❧é✳ ❙✐ j ♥❡ ❝♦♥t✐❡♥t q✉✬✉♥❡ ♣❛rt✐❝✉❧❡✱ ♦♥ s♦♠♠❡ ❞✐r❡❝t❡♠❡♥t s❛
❝♦♥tr✐❜✉t✐♦♥✳ ❙✐ j ❝♦♥t✐❡♥t ♣❧✉s✐❡✉rs ♣❛rt✐❝✉❧❡s✱ ❞❡✉① ❝❤♦✐① s♦♥t ♣♦ss✐❜❧❡s ✿ s✐ ❧❛ ❝❡❧❧✉❧❡ j
❡st s✉✣s❛♠♠❡♥t é❧♦✐❣♥é ❞❡ i✱ ♦♥ ❛♣♣r♦①✐♠❡ ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s s✐t✉é❡s ❞❛♥s j
♣❛r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞✬✉♥❡ s❡✉❧❡ ♣❛rt✐❝✉❧❡ s✐t✉é❡ ❛✉ ❜❛r②❝❡♥tr❡ ❞❡ j ❡t ❞♦♥t ❧❛ ♠❛ss❡
❝♦rr❡s♣♦♥❞ à ❧❛ s♦♠♠❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ j ❀ s✐ ❧❛ ❝❡❧❧✉❧❡ j ❡st tr♦♣ ♣r♦❝❤❡ ❞❡ i✱ ♦♥
❝♦♥t✐♥✉❡ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❛r❜r❡✳ ▲❛ r❛♣✐❞✐té ❡t ❧❛ ♣ré❝✐s✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ rés✐❞❡ ❞❛♥s
❧❛ ❞é✜♥✐t✐♦♥ ❞✉ ✓ ♣r♦❝❤❡ ✔ ❡t ❞✉ ✓ ❧♦✐♥ ✔✳

✕ ▲♦rsq✉❡ ❧❡s ❝❡❧❧✉❧❡s ❞✬✉♥ ❝♦❞❡ P✸▼ ❝♦♥t✐❡♥♥❡♥t ❞❡s s✉r❞❡♥s✐tés ❞❡ ♣❛rt✐❝✉❧❡s✱ ❧❡ t❡♠♣s
❞❡ ❝❛❧❝✉❧ ❞❡✈✐❡♥t très ❧♦♥❣ à ❝❛✉s❡ ❞❡ ❧❛ ♣❛rt✐❡ PP✳ ❯♥❡ s♦❧✉t✐♦♥ ❝♦♥s✐st❡ à ❝ré❡r ❞❡s
s♦✉s✲❣r✐❧❧❡s ❞❛♥s ❧❡s ③♦♥❡s ❞❡ s✉r❞❡♥s✐té ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧❛ rés♦❧✉t✐♦♥ ✿ ❝✬❡st ❧❡ ♣r✐♥❝✐♣❡
❞❡s ❝♦❞❡s à ❣r✐❧❧❡ à ❛❞❛♣t❛t✐✈❡ ✭❆▼❘ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❆❞❛♣t❛t✐✈❡ ▼❡s❤ ❘❡✜♥❡♠❡♥t✮✳

✸✵
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✸✳✷ ❚r❛✐t❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❙P❍

▲❡ tr❛✐t❡♠❡♥t ❞✉ ❣❛③ s❡ ❢❛✐t ❣râ❝❡ à ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❧❛❣r❛♥❣✐❡♥♥❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ❙♠♦♦t❤
P❛rt✐❝❧❡ ❍②❞r♦❞②♥❛♠✐❝s ✭❙P❍✮ q✉✐ rés♦✉t ❧✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❡t ❧✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡✳ ➚
❧❛ ❜❛s❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❙P❍✱ ❞é✈❡❧♦♣♣é❡ à ❧✬♦r✐❣✐♥❡ ♣❛r ▲✉❝② ✭✶✾✼✼✮ ❡t ●✐♥❣♦❧❞ ✫ ▼♦♥❛❣❤❛♥
✭✶✾✼✼✮✱ s❡ tr♦✉✈❡ ✉♥❡ ♠ét❤♦❞❡ ❞✬✐♥t❡r♣♦❧❛t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥str✉✐r❡ ✉♥❡ ❢♦♥❝t✐♦♥ ❝♦♥t✐♥✉❡
❡t ❞✐✛ér❡♥t✐❛❜❧❡✱ r❡♣rés❡♥t❛♥t ✉♥❡ ❣r❛♥❞❡✉r ♣❤②s✐q✉❡ ❞✉ ✢✉✐❞❡ à ♣❛rt✐r ❞❡ s❛ ✈❛❧❡✉r ❡♥ N
♣♦✐♥ts ❞✐s❝r❡ts ❢❛✐s❛♥t ♦✣❝❡ ❞❡ ♣❛rt✐❝✉❧❡s✳ ❈❡tt❡ ♠ét❤♦❞❡ ♥❡ ♥é❝❡ss✐t❛♥t ♣❛s ❞❡ ❣r✐❧❧❡✱ ❡❧❧❡
♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ✉♥❡ ❣é♦♠étr✐❡ q✉❡❧❝♦♥q✉❡ ♣♦✉r ❧❡ ✢✉✐❞❡✳

❖♥ ❞é✜♥✐t ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ✐♥té❣r❛❧❡ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ f(~r) ♣❛r ✿

〈f(~r)〉 ≡
∫

f(~r)W (~r − ~r′, h)❞~r′

♦ù W ❡st ❧❡ ♥♦②❛✉ ❞❡ ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❡t h ✉♥❡ ♠❡s✉r❡ ❞❡ s♦♥ ❡①t❡♥s✐♦♥ s♣❛t✐❛❧❡ ❛♣♣❡❧é ❛❞♦✉❝✐ss❡✲
♠❡♥t✳ ▲❡ ♥♦②❛✉ W ♣♦ssè❞❡ ❧❡s ❞❡✉① ♣r♦♣r✐étés s✉✐✈❛♥t❡s ✿

∫

W (~r, h)❞~r = 1 lim
h→0

W (~r − ~r′, h) = δ(~r − ~r′)

■❧ s✬❡♥s✉✐t q✉❡ ✿
lim
h→0

〈f(~r)〉 = f(~r)

■♠❛❣✐♥♦♥s q✉❡ ❧❛ ❢♦♥❝t✐♦♥ f ♥❡ s♦✐t ❝♦♥♥✉❡ q✉✬❡♥ N ♣♦✐♥ts✳ ❖♥ ♣❡✉t ♠♦♥tr❡r q✉❡ ❧❛
❢♦♥❝t✐♦♥ f ♣❡✉t ❛❧♦rs êtr❡ ❝❛❧❝✉❧é❡ ❣râ❝❡ à ✉♥❡ s♦♠♠❡ s✉r ❝❡s N ♣♦✐♥ts q✉✐ s♦♥t ❧❡s ♣❛rt✐❝✉❧❡s
❙P❍ ✿

〈f(~r)〉 =

N
∑

j=1

mj

ρ(~rj)
f(~rj)W (|~r − ~rj |, h)

❊♥ ❝❤♦✐s✐ss❛♥t f = ρ ❡t ❡♥ ♥♦t❛♥t Wij = W (|~r − ~rj |, h) ❡t ρi = 〈ρ(~ri)〉✱ ♦♥ ♦❜t✐❡♥t
❧✬❡①♣r❡ss✐♦♥ ❞❡ ❧❛ ❞❡♥s✐té ✈♦❧✉♠✐q✉❡ ❞✉ ✢✉✐❞❡ ❡♥ ❢♦r♠❛❧✐s♠❡ ❙P❍ ✿

ρi =
N
∑

j=1

mjWij

❈❡tt❡ ❞❡r♥✐èr❡ ❡①♣r❡ss✐♦♥ ♣❡✉t s✬✐♥t❡r♣rét❡r ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❞❡
♠❛ss❡ mj ❡st ❧✐ssé❡ s♣❛t✐❛❧❡♠❡♥t s❡❧♦♥ ❧❡ ♥♦②❛✉ W q✉✐ ♣❡✉t êtr❡ ✈✉ ❝♦♠♠❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ ❞❡♥s✐té s♣❛t✐❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ ▲❛ ❞❡♥s✐té ❞✉ ✢✉✐❞❡ ❞❛♥s ♥✬✐♠♣♦rt❡ q✉❡❧ ♣♦✐♥t ❞❡ ❧✬❡s♣❛❝❡
♣❡✉t✲êtr❡ ♦❜t❡♥✉❡ ❡♥ s♦♠♠❛♥t ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❞❡ t♦✉t❡s ❧❡s ♣❛rt✐❝✉❧❡s ❡♥ ❝❡ ♣♦✐♥t✳ ▲❡ ♥♦♠
❞❡ ❧❛ ♠ét❤♦❞❡ ❞é❝♦✉❧❡ ❡♥ ❢❛✐t ❞❡ ❝❡tt❡ ✐♥t❡r♣rét❛t✐♦♥✳ ❖♥ ♣❡✉t r❡❧❡✈❡r q✉❡ ♣♦✉r ❝❛❧❝✉❧❡r ❧❛
❞❡♥s✐té ❞✉ ✢✉✐❞❡✱ s❡✉❧❡s ❧❡s ♣♦s✐t✐♦♥s ❡t ❧❛ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s s♦♥t ♥é❝❡ss❛✐r❡s✳ ❈❡❧❛ s✐❣♥✐✜❡
q✉❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ❡st s❛t✐s❢❛✐t❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t s✐ ❧❛ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡st ❝♦♥✲
st❛♥t❡ ❡t q✉✬❛✉❝✉♥❡ ♣❛rt✐❝✉❧❡ ♥✬❡st ♣❡r❞✉❡✳

✸✶
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▲❡ ♥♦②❛✉ ❙P❍ ✉t✐❧✐sé ❛ ❧❛ ❢♦r♠❡ s✉✐✈❛♥t❡ ✿

W (r, h) =
1

πh3







1 − 3
2v2 + 3

4v3 si 0 ≤ v ≤ 1,
1
4(2 − v)3 si 1 ≤ v ≤ 2,
0 sinon.

♦ù v = r/h✳ ❈❡ ♥♦②❛✉ s✬✐♥t❡r♣♦❧❡ ❛✉ s❡❝♦♥❞ ❞❡❣ré ❡♥ h ❡t r❡st❡ t♦✉❥♦✉rs ♣♦s✐t✐❢✳ ■❧ ❛ ❧✬❛✈❛♥t❛❣❡
❞❡ ❢♦✉r♥✐r ✉♥❡ ❧✐♠✐t❡ ❝❧❛✐r❡ ❛✉ ♥♦♠❜r❡ ❞❡ ✈♦✐s✐♥s à ❝♦♥s✐❞ér❡r ♣✉✐sq✉❡ t♦✉t❡s ❧❡s ❝♦♥tr✐❜✉t✐♦♥s
❛✉✲❞❡❧à ❞❡ 2h s♦♥t ♥✉❧❧❡s✳

❆✜♥ ❞✬é✈✐t❡r ❧❡s ♣r♦❜❧è♠❡s ❞❡ rés♦❧✉t✐♦♥ q✉✐ ♣❡✉✈❡♥t ❛♣♣❛r❛îtr❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❛❞♦✉❝✐ss❡✲
♠❡♥t ❝♦♥st❛♥t✱ ♦♥ ✉t✐❧✐s❡ ✉♥ ❛❞♦✉❝✐ss❡♠❡♥t ✈❛r✐❛❜❧❡✳ ❈❡tt❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ❛❥♦✉t❡r ✉♥❡
éq✉❛t✐♦♥ ❧✐❛♥t h à ❧❛ ❞❡♥s✐té ρ ❞❛♥s ❧❡ s②stè♠❡ ❞✬éq✉❛t✐♦♥s à rés♦✉❞r❡✱ ❡t ❛ss✉r❡ ❛✐♥s✐ q✉❡ ❧❡
♥♦♠❜r❡ ❞❡ ✈♦✐s✐♥s ❞❡ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ s♦✐t ❝♦♠♣r✐s ❡♥tr❡ ≈ 20 ❡t ≈ 70✳

❊♥ ❢♦r♠❛❧✐s♠❡ ♣❛rt✐❝✉❧❛✐r❡✱ ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t s✬é❝r✐✈❡♥t ✿

❞vi

❞t
= −

N
∑

j=1

mj

(

Pi

ρ2
i

+
Pj

ρ2
j

+ Πij

)

~∇iWij

♦ù Πij ❝♦rr❡s♣♦♥❞ ❛✉① t❡r♠❡s ❞❡ ✈✐s❝♦s✐té✳

❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ❧✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡ s✬é❝r✐t ✿

❞ui

❞t
=

Pi

ρ2
i

N
∑

j=1

mj(~vi − ~vj) · ~∇iWij +
1

2

N
∑

j=1

mjΠij(~vi − ~vj) · ~∇iWij + fi

♦ù fi r❡♣rés❡♥t❡ ❧❡s é❝❤❛♥❣❡s ❞✬é♥❡r❣✐❡ ❛✉ s❡✐♥ ❞✉ ▼■❙ ✭❝❤❛✉✛❛❣❡✱ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢✱
❝♦♥❞✉❝t✐♦♥ t❤❡r♠✐q✉❡✱ ✳ ✳ ✳✮✳

◆♦✉s ❛✈♦♥s ✐♥❝♦r♣♦ré ❞❛♥s ♥♦tr❡ ❝♦❞❡ ❧❡s é❧é♠❡♥ts ♣r✐♥❝✐♣❛✉① ❞✉ ♠♦❞è❧❡ ❞❡ ▼❝❑❡❡ ✫
❖str✐❦❡r ✭✶✾✼✼✮ ✭❝❢✳ ❋✐❣✳ ✸✳✷✮✳ ▲❡ ▼■❙ ❡st r❡♣rés❡♥té ♣❛r ✉♥ ♠♦❞è❧❡ à ❞❡✉① ♣❤❛s❡s ❡♥ éq✉✐❧✐❜r❡
❞❡ ♣r❡ss✐♦♥ ✿ ✉♥❡ ♣❤❛s❡ ❢r♦✐❞❡ ✐s♦é♥❡r❣ét✐q✉❡ ❞♦♥t ❧❛ t❡♠♣ér❛t✉r❡ ❡st ❞✬❡♥✈✐r♦♥ ✶✵✵❑ ❡t q✉✐
r❡♣rés❡♥t❡ ❧❡ ♠✐❧✐❡✉ ❛t♦♠✐q✉❡ ❢r♦✐❞❡ ✭❈◆▼ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❈♦❧❞ ◆❡✉tr❛❧ ▼❡❞✐✉♠✮✱ ❡t ✉♥❡
♣❤❛s❡ ♣♦ssé❞❛♥t ✉♥❡ é♥❡r❣✐❡ ✐♥t❡r♥❡✱ ❞♦♥❝ ✉♥❡ t❡♠♣ér❛t✉r❡✱ ✈❛r✐❛❜❧❡ ✭❲❍P ♣♦✉r ❲❛r♠✴❍♦t
P❤❛s❡ ❛✈❡❝ T ≥ 100❑✮✳ ❈❡tt❡ s❡❝♦♥❞❡ ♣❤❛s❡ ♣❡✉t r❡♣rés❡♥t❡r s♦✐t ❧❡ ❍■▼✱ s♦✐t ❧❡ ❲■▼✴❲◆▼
s❡❧♦♥ s❛ t❡♠♣ér❛t✉r❡ ✭❝❢✳ ❋✐❣✳ ✸✳✷✮✳ ❯♥❡ ♣r❡♠✐èr❡ ♣❤❛s❡ ❞✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❛ été
❡✛❡❝t✉é❡ ❡t ❡st ❞é❝r✐t❡ ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✸✳

▲❡s ♣❤❛s❡s r❡♣rés❡♥té❡s ét❛♥t ❛t♦♠✐q✉❡s✱ ♦♥ ❧❡s ♠♦❞é❧✐s❡ ♣❛r ✉♥ ❣❛③ ♣❛r❢❛✐t ❞✬✐♥❞✐❝❡ ❛❞✐❛✲
❜❛t✐q✉❡ γ = 5/3✳ ❖♥ ❛ ❛❧♦rs ❧✬éq✉❛t✐♦♥ ❞✬ét❛t s✉✐✈❛♥t❡ ✿ P = (γ − 1)ρu✳

▲❡ ❣❛③ ❡st r❡♣rés❡♥té ❛✉ ♠♦②❡♥ ❞❡ ♣❛rt✐❝✉❧❡s ❙P❍✳ P♦✉r ❞❡s r❛✐s♦♥s ❞❡ ❢❛❝✐❧✐té ❞✬✐♠♣❧é✲
♠❡♥t❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ♠♦♥♦✲✢✉✐❞❡ ♠✉❧t✐✲♣❤❛s✐q✉❡ ❞✉ ▼■❙✱ ❝✬❡st✲à✲❞✐r❡
q✉❡ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❙P❍ ♣❡✉t ❝♦♥t❡♥✐r ✉♥❡ ♣❤❛s❡ ❢r♦✐❞❡ ❡t ✉♥❡ ♣❤❛s❡ ✈❛r✐❛❜❧❡✳ ■❧ ♥✬❡①✐st❡ ♣❛s
❞❡✉① ♣♦♣✉❧❛t✐♦♥s ❞✐st✐♥❝t❡s ❞❡ ♣❛rt✐❝✉❧❡s ❙P❍ s✐ ❜✐❡♥ q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❡st ❧❛ ♠ê♠❡
♣♦✉r ❧❡s ❞❡✉① ♣❤❛s❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❤❛q✉❡ ♣❤❛s❡ ♣♦ssè❞❡ ❞❡s ♣r♦♣r✐étés ♣❤②s✐q✉❡s ✭♠❛ss❡✱ t❡♠✲
♣ér❛t✉r❡✮ ♣r♦♣r❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❝❡❧❛ r❡✈✐❡♥t à ❝♦♥s✐❞ér❡r q✉❡✱ ❧♦❝❛❧❡♠❡♥t✱ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡
❡t ❧❛ ♣❤❛s❡ ❝❤❛✉❞❡ ❧✬❡♥t♦✉r❛♥t s❡ ❞é♣❧❛❝❡♥t ❡♥s❡♠❜❧❡✳

✸✷
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❋✐❣✳ ✸✳✷ ✕ ❉❡s❝r✐♣t✐♦♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❡t ❞❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s ♠♦❞é❧✐sés✳ ▲❡ t❡①t❡
❡♥ ✈❡rt ❞♦♥♥❡ ❞❡s ✐♥❞✐❝❛t✐♦♥s s✉r ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❡t s✉r ❧❡s ré❢ér❡♥❝❡s ✉t✐❧✐sé❡s✳

◆♦tr❡ ❤②♣♦t❤ès❡ ❞❡ tr❛✐t❡♠❡♥t ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❛✉ ♠♦②❡♥ ❞✬✉♥ s❡✉❧ ✢✉✐❞❡ s✉♣♣♦s❡
q✉❡✱ ❛✉ s❡✐♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❙P❍✱ ❧❡ ♠é❧❛♥❣❡ ❞❡s ❞❡✉① ♣❤❛s❡s ❡st ♣❛r❢❛✐t✳ ❈❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❡st
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❢r❛❝t✐♦♥ ✈❛r✐❛❜❧❡ Xc ✿ Xc = Mc/Mtot ♦ù Mc ❡st ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡
❡t Mtot ❡st ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ Xc ♣❡✉t ✈❛r✐❡r ❡♥tr❡ ✵ ❡t ✶✱ ❝❡rt❛✐♥❡s ♣❛rt✐❝✉❧❡s
♣❡✉✈❡♥t ❛✐♥s✐ ♥❡ ♣♦ssé❞❡r q✉✬✉♥❡ s❡✉❧❡ ♣❤❛s❡✱ ❢r♦✐❞❡ ✭Xc = 1✮ ♦✉ ✈❛r✐❛❜❧❡ ✭Xc = 0✮✳

❈❡tt❡ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ ♣❡r♠❡t ❞❡ ❞é✜♥✐r ❧✬é♥❡r❣✐❡ s♣é❝✐✜q✉❡ ♠♦②❡♥♥❡ u ❡t ❧❛ t❡♠♣ér❛t✉r❡
♠♦②❡♥♥❡ T ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ✿

u = Xcuc + (1 − Xc)uv

T = XcTc + (1 − Xc)Tv

▲❡s ❣r❛♥❞❡✉rs ✐♥❞✐❝é❡s c s❡ r❛♣♣♦rt❡♥t à ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ✐s♦é♥❡r❣ét✐q✉❡✱ ❝❡❧❧❡s ✐♥❞✐❝é❡s v à ❧❛
♣❤❛s❡ ✈❛r✐❛❜❧❡ ❡t ❝❡❧❧❡s s❛♥s ✐♥❞✐❝❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ♣r♦♣r✐étés ♠♦②❡♥♥❡s ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❙P❍✳

▲✬❤②♣♦t❤ès❡ ❞✬éq✉✐❧✐❜r❡ ❞❡ ♣r❡ss✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♣❤❛s❡s ✭P = Pc = Pv✮ ❛ss♦❝✐é❡ à ❧✬éq✉❛✲
t✐♦♥ ❞✬ét❛t ❞✉ ❣❛③ ♣❛r❢❛✐t ✭P = (γ − 1)ρu✮ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❞✐✛ér❡♥t❡s ❣r❛♥❞❡✉rs ❝❛r❛❝tér✐s✲
t✐q✉❡s ❞❡s ❞❡✉① ♣❤❛s❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣r♦♣r✐étés ♠♦②❡♥♥❡s ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❙P❍ ✿ ❧❡s ❞❡♥s✐tés
ρv ❡t ρc✱ ❡t ✉♥ ❢❛❝t❡✉r ❞❡ r❡♠♣❧✐ss❛❣❡ fc ✭✜❧❧✐♥❣ ❢❛❝t♦r ❡♥ ❛♥❣❧❛✐s✮ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ à ❧✬✐♥✲
tér✐❡✉r ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❙P❍✳

✸✸
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ρv = ρ
u

uv

ρc = ρ
u

uc

fc =
Vc

V
=

Mc

M

ρ

ρc
= Xc

uc

u

fv = 1 − fc

●râ❝❡ à ❝❡ ❢❛❝t❡✉r ❞❡ r❡♠♣❧✐ss❛❣❡✱ ♦♥ ♣❡✉t ❛ss♦❝✐❡r ✉♥ r❛②♦♥ ❝❛r❛❝tér✐st✐q✉❡ à ❧❛ ♣❤❛s❡
❢r♦✐❞❡ ✿

rc = hf1/3
c

▲❡ ❝❛❧❝✉❧ ❞❡ ❝❡ r❛②♦♥ ✈✐♦❧❡ ♥♦tr❡ ❤②♣♦t❤ès❡ ❞❡ ♠é❧❛♥❣❡ ♣❛r❢❛✐t ❡♥ s✉♣♣♦s❛♥t q✉❡ ❧❛ ♣❤❛s❡
❢r♦✐❞❡ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❡st s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ s❡✉❧❡ s♣❤èr❡ ❞❡ r❛②♦♥ rc ❡♥t♦✉ré❡ ❞❡ ♣❤❛s❡ ❝❤❛✉❞❡
♠❛✐s ✐❧ ♥♦✉s ❡st ♥é❝❡ss❛✐r❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❝♦♥❞❡♥s❛t✐♦♥✴é✈❛♣♦r❛t✐♦♥ ❞é❝r✐t ♣❧✉s ❧♦✐♥ ❞❛♥s
❧❛ s❡❝t✐♦♥ ✹✳✸✳

✸✳✸ ■♥té❣r❛t❡✉r

P♦✉r ❞✐s❝rét✐s❡r t❡♠♣♦r❡❧❧❡♠❡♥t ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t✱ ❞❡✉① t②♣❡s ❞✬✐♥té❣r❛t❡✉rs
s♦♥t ❞✐s♣♦♥✐❜❧❡s ❞❛♥s ❧❡ ❝♦❞❡ q✉❡ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✿

✕ s✐ ♦♥ ❡✛❡❝t✉❡ ✉♥❡ s✐♠✉❧❛t✐♦♥ N ✲❝♦r♣s ♣✉rs✱ ♦♥ ✉t✐❧✐s❡ ✉♥ ✐♥té❣r❛t❡✉r ❞❡ t②♣❡ ✓ ❧❡❛♣✲❢r♦❣ ✔✳
❈❡ s❝❤é♠❛ ❞♦♥♥❡ ✉♥❡ ♣ré❝✐s✐♦♥ ❞✉ s❡❝♦♥❞ ♦r❞r❡ ❡♥ ∆t✳ ❖♥ ♣❡✉t ♠♦♥tr❡r q✉✬✐❧ ❡st ✐♥✉t✐❧❡
❞✬✉t✐❧✐s❡r ✉♥ ✐♥té❣r❛t❡✉r ❞✬♦r❞r❡ s✉♣ér✐❡✉r à ❝❛✉s❡ ❞✉ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ♣❛r
r❛♣♣♦rt ❛✉ ♥♦♠❜r❡ ré❡❧ ❞✬ét♦✐❧❡s✳ ❉❡ ♣❧✉s✱ t♦✉t ✐♥té❣r❛t❡✉r ❞✬♦r❞r❡ s✉♣ér✐❡✉r ♥é❝❡ss✐t❡
♣❧✉s✐❡✉rs ❡st✐♠❛t✐♦♥s ❞❡s ❢♦r❝❡s✱ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ ❞✬❛✉t❛♥t ❧❡s t❡♠♣s ❞❡ ❝❛❧❝✉❧✳ ■❝✐✱ ✉♥
s❡✉❧ ❝❛❧❝✉❧ ❞❡s ❢♦r❝❡s ❡st ♥é❝❡ss❛✐r❡ ♣❛r ♣❛s ❞❡ t❡♠♣s✳ ❙✐ n ❡st ❧✬✐♥❞✐❝❡ ❞✉ t❡♠♣s✱ ~vi ❧❛
✈✐t❡ss❡ ❡t ~ri ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ is♦✉♠✐s❡ à ✉♥❡ ❢♦r❝❡ ~fi✱ ❛❧♦rs ✿

{

~vi
(n) = ~vi

(n−1) + ∆t~fi
(n−1/2)

~ri
(n+1/2) = ~vi

(n−1/2) + ∆t~vi
(n)

▲❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ♣♦s✐t✐♦♥s ❡t ❞❡s ✈✐t❡ss❡s ♥❡ s❡ ❢♦♥t ♣❛s ❛✉ ♠ê♠❡ ✐♥st❛♥t✱ ❝❡ q✉✐
❡①♣❧✐q✉❡ ❧✬❛♣♣❡❧❧❛t✐♦♥ ❧❡❛♣✲❢r♦❣ ✭s❛✉t❡✲♠♦✉t♦♥ ❡♥ ❢r❛♥ç❛✐s✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ✉t✐❧✐s❡ ✉♥ ∆t
❝♦♥st❛♥t✱ ✜①é ❡♥ ❞é❜✉t ❞❡ s✐♠✉❧❛t✐♦♥✳

✕ s✐ ♦♥ ❡✛❡❝t✉❡ ✉♥❡ s✐♠✉❧❛t✐♦♥ N ✲❝♦r♣s ❛✈❡❝ ❣❛③ ❡t ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ♦♥ ✉t✐❧✐s❡ ✉♥ ✐♥✲
té❣r❛t❡✉r ❘✉♥❣❡✲❑✉tt❛ à ❧✬♦r❞r❡ ✷ ❛✈❡❝ ♣ré❞✐❝t✐♦♥ ❞✉ ♣❛s ❞❡ t❡♠♣s ❛✜♥ ❞❡ r❡s♣❡❝t❡r ❧❛
❝♦♥❞✐t✐♦♥ ❞❡ ❈♦✉r❛♥t✳ ❈❡ s❝❤é♠❛ ❡st ❡①♣❧✐❝✐t❡ ❡t ♥é❝❡ss✐t❡ ❞❡✉① ❡st✐♠❛t✐♦♥s ❞❡s ❢♦r❝❡s
♣❛r ♣❛s ❞❡ t❡♠♣s ∆t✳ P♦✉r ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ i✱ ❧❡s ♣♦s✐t✐♦♥s ~ri✱ ❧❡s ✈✐t❡ss❡s ~vi✱ ❛✐♥s✐ q✉❡
❧❛ ❧♦♥❣✉❡✉r ❞✬❛❞♦✉❝✐ss❡♠❡♥t hi ❡t ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ui ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③✱ s♦♥t
♠♦❞✐✜é❡s ♠♦❞✐✜é❡s ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿



















~ri
(n+1) = ~ri

(n) + 1
256∆t(n)~vi

(n) + 255
256∆t(n)~vi

(n+1/2)

~vi
(n+1) = ~vi

(n) + 1
256∆t(n)~fi

(n)
+ 255

256∆t(n)~fi
(n+1/2)

u
(n+1)
i = u

(n)
i + 1

256∆t(n)u̇
(n)
i + 255

256∆t(n)u̇
(n+1/2)
i

h
(n+1)
i = h

(n)
i + 1

256∆t(n)ḣ
(n)
i + 255

256∆t(n)ḣ
(n+1/2)
i

✸✹
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♦ù



















~ri
(n+1/2) = ~ri

(n) + 1
2∆t(n)~vi

(n)

~vi
(n+1/2) = ~vi

(n) + 1
2∆t(n)~fi

(n)

u
(n+1/2)
i = u

(n)
i + 1

2∆t(n)u̇
(n)
i

h
(n+1/2)
i = h

(n)
i + 1

2∆t(n)ḣ
(n)
i

▲❡s ❣r❛♥❞❡✉rs ✐♥❞✐❝é❡s n s♦♥t ❡st✐♠é❡s ❛✉ t❡♠♣s tn✱ ❝❡❧❧❡s ✐♥❞✐❝é❡s n + 1/2 ❝♦rr❡s♣♦♥❞❡♥t
❛✉ t❡♠♣s tn+(1/2)∆tn✱ ❡t ❡♥✜♥ ❝❡❧❧❡s ✐♥❞✐❝é❡s n+1 s♦♥t ❡st✐♠é❡s ❛✉ t❡♠♣s tn+∆tn✳ P♦✉r ❝❡t
❛❧❣♦r✐t❤♠❡✱ ♦♥ ❞♦✐t ✜①❡r ❧❛ t♦❧ér❛♥❝❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ❧✬✐♥té❣r❛t✐♦♥ ❞♦✐t êtr❡ ❢❛✐t❡ ❡t ❧✬✐♥té❣r❛t❡✉r
❛❞❛♣t❡r❛ ∆t ❡♥ ❝♦♥séq✉❡♥❝❡ ❛✜♥ ❞❡ ❧❛ s❛t✐s❢❛✐r❡✳

✸✺
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❈❤❛♣✐tr❡ ✹

■♠♣❧é♠❡♥t❛t✐♦♥ ❞❡s ♣❤é♥♦♠è♥❡s

é♥❡r❣ét✐q✉❡s

▲❛ ♣❤❛s❡ ❢r♦✐❞❡ ét❛♥t ✐s♦é♥❡r❣ét✐q✉❡✱ ❧❡s ♣❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s ❛ss♦❝✐és ❛✉ ▼■❙ ♥✬✐♥✲
✢✉❡♥❝❡♥t q✉❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡✳ ▲❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡st ❛✛❡❝té❡ ✐♥❞✐r❡❝t❡♠❡♥t ❛✉ ♠♦②❡♥ ❞✉
♣❤é♥♦♠è♥❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ❞é❝r✐t ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✸✳

▲✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡ s♦✉s ❢♦r♠❡ ♣❛rt✐❝✉❧❛✐r❡ s✬é❝r✐t ♣♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❞✬✐♥❞✐❝❡ i ✿

❞ui

❞t
=

Pi

ρ2
i

N
∑

j=1

mj(~vi − ~vj) · ~∇iWij +
1

2

N
∑

j=1

mjΠij(~vi − ~vj) · ~∇iWij + fi

♦ù ui ❡st ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ❞❡ ❧❛ ✐✲è♠❡ ♣❛rt✐❝✉❧❡✱ Pi s❛ ♣r❡ss✐♦♥✱ ρi s❛ ❞❡♥s✐té ❞❡ ♠❛ss❡✱ vi s❛
✈✐t❡ss❡✱ ni s❛ ❞❡♥s✐té ♥✉♠ér✐q✉❡ ✭❡♥ ❝♠−3✮✳ mj ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❛ss❡ ❞❡ ❧❛ ❥✲è♠❡ ♣❛rt✐❝✉❧❡✱ Wij

❝♦rr❡s♣♦♥❞ ❛✉ ♥♦②❛✉ ❙P❍ ✉t✐❧✐sé✱ Πij ❝♦rr❡s♣♦♥❞ ❛✉① t❡r♠❡s ❞❡ ✈✐s❝♦s✐té ❡t fi ❛✉① ❞✐✛ér❡♥ts
♣❤é♥♦♠è♥❡s é♥❡r❣ét✐q✉❡s ✭❝❤❛✉✛❛❣❡✱ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢✱ ❝♦♥❞✉❝t✐♦♥ t❤❡r♠✐q✉❡✮✳

❈❡tt❡ éq✉❛t✐♦♥ ❡st rés♦❧✉❡ ❡♥ ❞❡✉① t❡♠♣s ✿ ❧❡s t❡r♠❡s ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❧❛ ❞②♥❛♠✐q✉❡ ✭❧❡s
❞❡✉① ♣r❡♠✐❡rs t❡r♠❡s ❞✉ ♠❡♠❜r❡ ❞❡ ❞r♦✐t❡✮ s♦♥t rés♦❧✉s ♣❛r ❧❡ s❝❤é♠❛ ❤②❞r♦❞②♥❛♠✐q✉❡ ❛❧♦rs
q✉❡ ❧❡ tr♦✐s✐è♠❡ t❡r♠❡ ❡st rés♦❧✉ sé♣❛ré♠❡♥t✳ ❈❡tt❡ sé♣❛r❛t✐♦♥ ❡♥ ❞❡✉① ❞❡ ❧✬éq✉❛t✐♦♥ ❞✬é♥❡r❣✐❡
s❡ ❥✉st✐✜❡ ♣❛r ❧❡ ❢❛✐t q✉❡ ❧❡ tr♦✐s✐è♠❡ t❡r♠❡ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ❣❛③ ❡t q✉❡ ❧❡s
t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❡t ❞✉ ❝❤❛✉✛❛❣❡✴r❡❢r♦✐❞✐ss❡♠❡♥t s♦♥t très ❞✐✛ér❡♥ts
✭❣é♥ér❛❧❡♠❡♥t✱ ❧❡s t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ❝❤❛✉✛❛❣❡ ❡t ❞✉ r❡❢r♦✐❞✐ss❡♠❡♥t s♦♥t ❜✐❡♥ ♣❧✉s
❝♦✉rts q✉❡ ❝❡❧✉✐ ❞❡s ♣❤é♥♦♠è♥❡s ❞②♥❛♠✐q✉❡s✮✳

❖♥ ♥❡ s✬✐♥tér❡ss❡ ✐❝✐ q✉✬❛✉① ♣❤é♥♦♠è♥❡s ♥♦♥✲❞②♥❛♠✐q✉❡s✱ ❝✬❡st✲à✲❞✐r❡ ❛✉ tr♦✐s✐è♠❡ t❡r♠❡
❞✉ ♠❡♠❜r❡ ❞❡ ❞r♦✐t❡ ❞❡ ❧✬éq✉❛t✐♦♥ ♣ré❝é❞❡♥t❡ q✉❡ ❧✬♦♥ ♣❡✉t é❝r✐r❡ ✿

❞ui

❞t
=

niΓi − Λi

ρi

♦ù Γi ❡st ❧❡ t❛✉① ❞❡ ❝❤❛✉✛❛❣❡ ❡t Λi ❧❡ t❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ i✳ ❖♥ ❛ ♥é❣❧✐❣é
✐❝✐ ❧❡s ♣❤é♥♦♠è♥❡s ❞❡ ❝♦♥❞✉❝t✐♦♥ q✉✐ s❡r♦♥t tr❛✐tés à ❧❛ s❡❝t✐♦♥ ✹✳✸✳

❖♥ ❞♦✐t ❞♦♥❝ ❝❛❧❝✉❧❡r ❧❡s ❞❡✉① t❡r♠❡s niΓi ❡t Λi✳ ❈❡tt❡ éq✉❛t✐♦♥ ❡st ❡♥s✉✐t❡ rés♦❧✉❡ ♣❛r ✉♥❡
♠ét❤♦❞❡ ❞❡ ❘✉♥❣❡✲❑✉tt❛ à ❧✬♦r❞r❡ ✷ ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ r❡❧❛t✐✈❡ ❞❡ ✶✪✱ ✈❛❧❡✉r ❝♦❤ér❡♥t❡ ❛✈❡❝
❧❛ ♣ré❝✐s✐♦♥ ♦❜t❡♥✉❡ ❧♦rs ❞❡ ❧❛ r❡❝♦♥str✉❝t✐♦♥ ❞❡s ❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ✭❝❢✳ s❡❝t✐♦♥ ✹✳✷✮✳

✸✼
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▲❡s ♣❛rt✐❝✉❧❡s ❝♦♠♣♦sé❡s ✉♥✐q✉❡♠❡♥t ❞❡ ♣❤❛s❡ ❢r♦✐❞❡ ✭Xc = 1✮ ♥❡ s♦♥t ♣❛s s♦✉♠✐s❡s à
❝❡s ❞✐✛ér❡♥ts ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s✱ ❞②♥❛♠✐q✉❡s ♦✉ ♥♦♥✱ ♣✉✐sq✉❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡st ✐s♦é♥✲
❡r❣ét✐q✉❡✳ ❈❡s ♣❤é♥♦♠è♥❡s s❡r♦♥t à ♥♦✉✈❡❛✉ ♣r✐s ❡♥ ❝♦♠♣t❡ s✐ ❝❡s ♣❛rt✐❝✉❧❡s s❡ tr♦✉✈❡♥t à
♣r♦①✐♠✐té ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❥❡✉♥❡s✱ ❝❡s ❞❡r♥✐èr❡s é❥❡❝t❛♥t ❞❡ ❧❛ ♠❛ss❡ ❞❛♥s ❧❛ ♣❤❛s❡
✈❛r✐❛❜❧❡ ❛✉ ❝♦✉rs ❞❡ ❧❡✉r é✈♦❧✉t✐♦♥ ✭❝❢✳ s❡❝t✐♦♥ ✺✳✷✳✸✮✳

✹✳✶ ❈❤❛✉✛❛❣❡

❉❡✉① ♠é❝❛♥✐s♠❡s ❞❡ ❝❤❛✉✛❛❣❡ s♦♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ✿ ❧❡ ❝❤❛✉✛❛❣❡ ♣❛r ❡✛❡t ♣❤♦t♦é❧❡❝tr✐q✉❡
s✉r ❧❡s ❣r❛✐♥s ❡t ❧❡s P❆❍ ❡t ❧❡ ❝❤❛✉✛❛❣❡ ❞û à ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ✭✈❡♥ts st❡❧❧❛✐r❡s ❡t s✉♣❡r♥♦✈❛❡✮✳

▲❡ ❝❤❛✉✛❛❣❡ ♣❤♦t♦é❧❡❝tr✐q✉❡ ♣♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡ j ✈❛✉t ✭❲♦❧✜r❡ ❡t ❛❧✳✱ ✶✾✾✺✮ ✿

njΓj = 1.0 × 10−24 nj ε G0 ❡r❣ s−1

♦ù nj ❡st ❧❛ ❞❡♥s✐té ♥✉♠ér✐q✉❡ ✭❡♥ ❝♠−3✮ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ j✱ Γj s♦♥ t❛✉① ❞❡ ❝❤❛✉✛❛❣❡✱ ε ❧✬✲
❡✣❝❛❝✐té ❞❡ ❝❤❛✉✛❛❣❡ ❡t G0 ❧❡ ❝❤❛♠♣ ❞❡ r❛②♦♥♥❡♠❡♥t ❯❱ ✐♥❝✐❞❡♥t ✭❞❡ ✾✶✳✷ ♥♠ à ✷✶✵ ♥♠✮
♥♦r♠❛❧✐sé à ❧❛ ✈❛❧❡✉r ❞✉ ❝❤❛♠♣ ❧♦❝❛❧ ❞❡ ❍❛❜✐♥❣ ✭= 1.6 × 10−3 ❡r❣ ❝♠−2 s−1✮✳

P♦✉r ❞❡s r❛✐s♦♥s ❞❡ s✐♠♣❧✐❝✐té✱ ❧❡ t❛✉① ❞❡ ❝❤❛✉✛❛❣❡ ❡st s✉♣♣♦sé ❝♦♥st❛♥t✳ ❊♥✲❞❡ss♦✉s
❞❡ ✶✵✹❑✱ ε ❡st q✉❛s✐♠❡♥t ❝♦♥st❛♥t ❡t ✈❛✉t 0.05 ❡t ❛✉✲❞❡ss✉s ❞❡ ✶✵✹❑✱ ❧❡ ❝❤❛✉✛❛❣❡ ❞❡✈✐❡♥t
♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧❡s ♣❡rt❡s r❛❞✐❛t✐✈❡s✳ ❖♥ ❝❤♦✐s✐t ❞♦♥❝ ε = 0.05 q✉❡❧q✉❡ s♦✐t ❧❛ t❡♠♣ér❛t✉r❡
❡t G0 = 1.7 ✭❲♦❧✜r❡ ❡t ❛❧✳✱ ✶✾✾✺✮✳

▲✬❛✉tr❡ s♦✉r❝❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❝❤❛✉✛❛❣❡ ✈✐❡♥t ❞❡ ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡✳ ❈❤❛q✉❡ ♣❛rt✐❝✉❧❡
st❡❧❧❛✐r❡ ✈❛ ✐♥❥❡❝t❡r ❞❡ ❧✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ▼■❙ ✈✐❛ ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■■
❡t ❞❡ t②♣❡ ■❛✳ ❈❡tt❡ ✐♥❥❡❝t✐♦♥ ❞✬é♥❡r❣✐❡ ❡st ❞é❝r✐t❡ ♣❧✉s ❧♦✐♥ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✷✳

✹✳✷ ❘❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢

▲❡ t❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢ ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ ✭❡r❣ s−1 ❝♠−3✮ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ j
❡st ❞♦♥♥é ♣❛r ✿

Λj =
ρ2

j Λ̃j(Xi, T )

µ2
j (Xi)m2

p

♦ù ρj ❡st ❧❛ ❞❡♥s✐té ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✱ µj s♦♥ ♣♦✐❞s ♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥ ❡t mp ❧❛ ♠❛ss❡ ❞✉ ♣r♦t♦♥✳
❆✜♥ ❞❡ ❝❛❧❝✉❧❡r ❝❡ t❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝❛❧❝✉❧❡r Λ̃j(Xi, T ) ❡t µj(Xi)✳

✹✳✷✳✶ ❚❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t Λ̃

▲❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢ Λ̃j ❞✉ ❣❛③ ❞é♣❡♥❞ ❞❡ s❛ t❡♠♣ér❛t✉r❡ ❡t ❞❡ s❛ ❝♦♠♣♦s✐t✐♦♥
❝❤✐♠✐q✉❡ ✿ ✉♥ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ r❡❢r♦✐❞✐r❛ ❜✐❡♥ ♣❧✉s
❡✣❝❛❝❡♠❡♥t q✉✬✉♥ ❣❛③ ❛✈❡❝ ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ♣r✐♠♦r❞✐❛❧❡ ✭❝❢✳ ❋✐❣✳ ✹✳✶✮✳ ●é♥ér❛❧❡♠❡♥t✱ ❧❡s t❛✉①
❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t s♦♥t ❝❛❧❝✉❧és ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés ❛✈❡❝ ❞❡s r❛♣♣♦rts ❞✬❛❜♦♥❞❛♥❝❡s
s♦❧❛✐r❡s ✭❡✳❣✳ ❇♦❡❤r✐♥❣❡r ✫ ❍❡♥s❧❡r✱ ✶✾✽✾✮ ♦✉ ❛✈❡❝ ❞❡s ❡♥r✐❝❤✐ss❡♠❡♥ts ✜①❡s ♣♦✉r ❝❡rt❛✐♥s
é❧é♠❡♥ts ✭❡✳❣✳ ❙✉t❤❡r❧❛♥❞ ✫ ❉♦♣✐t❛✱ ✶✾✾✸✮✳ ▲❡s r❛♣♣♦rts ❞✬❛❜♦♥❞❛♥❝❡s ❞❛♥s ❧❡ ▼■❙ ♥❡ s♦♥t
é✈✐❞❡♠♠❡♥t ♣❛s t♦✉❥♦✉rs s♦❧❛✐r❡s ❝❛r ❧❡ ❣❛③ é❥❡❝té ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s s✉♣❡r♥♦✈❛❡ ❛
✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ♥♦♥✲s♦❧❛✐r❡✳
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❋✐❣✳ ✹✳✶ ✕ ❚❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝❛❧❝✉❧és ❛✈❡❝ ▼❛♣✲
♣✐♥❣s ■■■ ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés✳ ▲❡s ❛❜♦♥❞❛♥❝❡s ✉t✐❧✐sé❡s s♦♥t t✐ré❡s ❞❡ ❇♦❡❤r✐♥❣❡r ✫
❍❡♥s❧❡r ✭✶✾✽✾✮✳

■♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✉ ❣❛③

❖♥ ❝♦♥s✐❞èr❡ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ s✐♠♣❧❡ ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ■▼❋ ❞❡ ❑r♦✉♣❛ ✭❝❢✳ s❡❝✲
t✐♦♥ ✷✳✸✮ ❡♥tr❡ ✵✳✶ ❡t ✶✵✵▼⊙✳ ❖♥ ♥♦t❡ mX ❧❛ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡ ❧✬é❧é♠❡♥t X ♣❛r♠✐ ❧❡s
♠ét❛✉①✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬é❧é♠❡♥t X ✭MX✮ ❡t ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡s
♠ét❛✉① ✭MZ✮ ✿ mX = MX/MZ ✳ mX(Z⊙) ❝♦rr❡s♣♦♥❞ ❛✉ ♠ê♠❡ r❛♣♣♦rt ♣♦✉r ✉♥ ❣❛③ ❞❡ ❝♦♠✲
♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ s♦❧❛✐r❡✳

▲❛ ✜❣✉r❡ ✹✳✷ ♠♦♥tr❡ ❝❡s r❛♣♣♦rts mX/mX(Z⊙) ❞❛♥s ❧❡ ❣❛③ é❥❡❝té ♣♦✉r ❞❡s ♣♦♣✉❧❛t✐♦♥s
st❡❧❧❛✐r❡s ❞❡ ♠ét❛❧❧✐❝✐tés ✈❛r✐é❡s✳ ❙✐ ❧❡ ❣❛③ é❥❡❝té ❛✈❛✐t ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ s♦❧❛✐r❡✱ ❝❡s r❛♣♣♦rts
❞❡✈r❛✐❡♥t êtr❡ é❣❛✉① à ✶ ♣♦✉r t♦✉s ❧❡s é❧é♠❡♥ts✳ ❈❡ ♥✬❡st ♣❛s ❧❡ ❝❛s ❡t✱ ❡♥ ♣❛rt✐❝✉❧✐❡r✱ ♣♦✉r ❧❡s
❢♦rt❡s ♠ét❛❧❧✐❝✐tés✱ ❧❡ ❣❛③ é❥❡❝té ❡st ❢♦rt❡♠❡♥t ❡♥r✐❝❤✐ ❡♥ ❝❛r❜♦♥❡✱ s✐❧✐❝✐✉♠ ❡t s♦✉❢r❡✳

❉❡s t❡sts ❡✛❡❝t✉és ❛✈❡❝ ✉♥ t♦② ♠♦❞❡❧ st❛t✐q✉❡ ❞❛♥s ✉♥❡ ✈❡rs✐♦♥ ♣ré❧✐♠✐♥❛✐r❡ ❞✉ ♠♦❞✉❧❡
❝❤❡♠♦❞②♥❛♠✐q✉❡ ♦♥t ♠♦♥tré ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡
❛✜♥ ❞❡ ❝❛❧❝✉❧❡r ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ❣❛③✶✳

❉❛♥s ❝❡tt❡ ✈❡rs✐♦♥✱ ❧❛ ♣❤❛s❡ ❧❛ ♣❧✉s ❢r♦✐❞❡ ❞✉ ▼■❙ ❛✈❛✐t ✉♥❡ t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ❞❡
✶✵✵✵❑✱ ❧✬éq✉✐❧✐❜r❡ ❞❡ ♣r❡ss✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ♣❤❛s❡s ♥✬ét❛✐t ♣❛s ✐♠♣♦sé✱ ❧❛ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡
♥✬ét❛✐t ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❡t ❧❡s ❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ✉t✐❧✐sé❡s ❝♦✉✈r❛✐❡♥t ✉♥❡ ❣❛♠♠❡
❞❡ t❡♠♣ér❛t✉r❡ ♣❧✉s r❡str❡✐♥t❡ ✭❡♥tr❡ 104 ❡t 108 ❑✮✳ ▲✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ♥❡ ❝♦♠♣r❡♥❛✐t ♣❛s ❧❡s
❙◆■❛ ♠❛✐s ❝❡❧❛ ♥✬✐♥✢✉❡♥❝❡ q✉❡ très ❢❛✐❜❧❡♠❡♥t ❧❡s rés✉❧t❛ts ét❛♥t ❞♦♥♥é ❧❛ ❞✉ré❡ ❧✐♠✐té❡ ❞❡s
t❡sts ❡✛❡❝t✉és ✭✶●②r✮✳

❖♥ ❝♦♥s✐❞èr❡ ✉♥ ♥✉❛❣❡ ❞❡ ❣❛③ ❞❡ 107 ▼⊙ ❝♦♠♣r❡♥❛♥t ✸✵✪ ❞❡ ❣❛③ ❞❛♥s ❧❛ ♣❤❛s❡ ✐s♦é♥❡r❣é✲
t✐q✉❡✳ ▲❛ ❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❡st ✜①é❡ à 0.005 ❝♠−3✳ ▲❡ ❣❛③ ❡st ❝♦♠♣♦sé ✐♥✐t✐❛❧❡♠❡♥t

✶▲❡s rés✉❧t❛ts ❞❡ ❝❡ t♦② ♠♦❞❡❧ ♦♥t été ♣rés❡♥tés ❧♦rs ❞✬✉♥ ❝♦❧❧♦q✉❡ ❡♥ ✷✵✵✻✳ ▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡
✭❈❤❛♠♣❛✈❡rt ✫ ❲♦③♥✐❛❦✱ ✷✵✵✼❜✮ s❡ tr♦✉✈❡ ❡♥ ❛♥♥❡①❡ ❈✳
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❋✐❣✳ ✹✳✷ ✕ ❘❛♣♣♦rts ❞❡s ❢r❛❝t✐♦♥s ❞❡ ♠❛ss❡ ❞❡ ❞✐✛ér❡♥ts é❧é♠❡♥ts ❞❛♥s ❧❡ ❣❛③ é❥❡❝té (mX✮ ❡t
❞❡s ❢r❛❝t✐♦♥s ❞❡ ♠❛ss❡ ❞❡s ♠ê♠❡s é❧é♠❡♥ts ❞❛♥s ✉♥ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ s♦❧❛✐r❡ (mX(Z⊙)✮✳
❖♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ❣❛③ é❥❡❝té ♣❛r ❧❡s ✈❡♥ts ❡t ❧❡s s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■■ ❞✬✉♥❡
♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ s✐♠♣❧❡ ❞❡♣✉✐s s❛ ♥❛✐ss❛♥❝❡ ❥✉sq✉✬à ✺●②r✳ ❈❡s r❛♣♣♦rts s♦♥t ❝❛❧❝✉❧és ♣♦✉r
❞✐✈❡rs é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ❡t ♣♦✉r ❞❡s ❙❙P ❞❡ ♠ét❛❧❧✐❝✐tés ✈❛r✐é❡s✳

❞❡ ✼✼✪ ❞✬❤②❞r♦❣è♥❡ ❡t ❞❡ ✷✸✪ ❞✬❤é❧✐✉♠✱ s❛ t❡♠♣ér❛t✉r❡ ❡st ❞❡ 104 ❑ ❡t ✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧✲
❧❛✐r❡ ❞❡ 1.4 105 ▼⊙ ✈✐❡♥t ❥✉st❡ ❞✬êtr❡ ❢♦r♠é❡✳ ▲❡ ♠♦❞è❧❡ ét❛♥t st❛t✐q✉❡✱ ❧❡ ❞é❧❛✐ ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ❛ été ❝❤♦✐s✐ ❝♦♥st❛♥t ✭✶✵▼②r✮ ❡t s❡✉❧ ❧❡ ❝r✐tèr❡ ❡♥ t❡♠♣ér❛t✉r❡ ❡st ✉t✐❧✐sé✳ ❉❡ ♣❧✉s✱
t♦✉t❡s ❧❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❢♦r♠é❡s ♦♥t ❧❛ ♠ê♠❡ ♠❛ss❡ ✿ 1.4 105 ▼⊙✳ ❉❡✉① ♠♦❞è❧❡s ♦♥t été
✉t✐❧✐sés✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❆✱ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞é♣❡♥❞ ✉♥✐q✉❡♠❡♥t ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té t♦t❛❧❡ ❡t ❧❡s
r❛♣♣♦rts ❞✬❛❜♦♥❞❛♥❝❡s s♦♥t s✉♣♣♦sés s♦❧❛✐r❡s✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❇✱ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❡st ❝❛❧❝✉❧é
❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛❜♦♥❞❛♥❝❡s ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts✳

▲❛ ✜❣✉r❡ ✹✳✸ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡s ❞❡✉① ♠♦❞è❧❡s✳ ❈❡s t❡sts ♠♦♥tr❡♥t ❝❧❛✐r❡♠❡♥t q✉❡ ❧❡
r❡❢r♦✐❞✐ss❡♠❡♥t ❡st ♠♦✐♥s ❡✣❝❛❝❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❇✳ ▲❡ ❣❛③ r❡st❡ à ✉♥❡ t❡♠♣ér❛t✉r❡ é❧❡✈é❡ ♣❧✉s
❧♦♥❣t❡♠♣s✱ ré❞✉✐s❛♥t ❞❡ ❝❡ ❢❛✐t ❧❡ ❙❋❘ ❝❛r ❧❡ ❣❛③ r❡st❡ ❛✉✲❞❡ss✉s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝r✐t✐q✉❡
♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ ➚ t = 1●②r✱ ❧❡ ♠♦❞è❧❡ ❆ ❛ ❝réé ✷✺✪ ❞❡ ♠❛ss❡ st❡❧❧❛✐r❡ ❡♥ ♣❧✉s
q✉❡ ❧❡ ♠♦❞è❧❡ ❇✳ ❈❡s t❡sts ♠♦♥tr❡♥t ❞♦♥❝ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❛❜♦♥❞❛♥❝❡s
❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ❞❛♥s ❧❡ ❣❛③ ♣♦✉r ❧✬é✈♦❧✉t✐♦♥ t❤❡r♠✐q✉❡ ❞✉ ❣❛③ ❡t ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❙❋❘✳

▼ét❤♦❞❡ ❞❡ r❡❝♦♥str✉❝t✐♦♥ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t

❆✜♥ ❞❡ ❝♦♥str✉✐r❡ ❞❡s ❢♦♥❝t✐♦♥s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♣❧✉s ré❛❧✐st❡s✱ ♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡
❧✬❛❜♦♥❞❛♥❝❡ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ❝❤✐♠✐q✉❡s✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❝❡s ❢♦♥❝t✐♦♥s ♣r❡♥❞ ❜❡❛✉❝♦✉♣ ❞❡
t❡♠♣s✱ ❡♠♣ê❝❤❛♥t ❧❡ ❝❛❧❝✉❧ ❡♥ t❡♠♣s ré❡❧✳ ❖♥ ✉t✐❧✐s❡ ❞♦♥❝ ✉♥❡ r❡❝❡tt❡ ❛✜♥ ❞❡ ❧❡s r❡❝♦♥str✉✐r❡✷✳

❖♥ ❝♦♥s✐❞èr❡ ❧❡ ▼■❙ ❝♦♠♠❡ ✉♥ ❣❛③ ♦♣t✐q✉❡♠❡♥t ♠✐♥❝❡ ❡♥ éq✉✐❧✐❜r❡ ❝♦❧❧✐s✐♦♥♥❡❧✳ ▲❡s ❝❛❧❝✉❧s

✷❈❡tt❡ r❡❝❡tt❡ ❛ été ♣rés❡♥té❡ ❧♦rs ❞✬✉♥ ❝♦❧❧♦q✉❡ ❡♥ ✷✵✵✻ ♣♦✉r ✉♥❡ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ ♣❧✉s r❡str❡✐♥t❡
✭[104 K; 108 K]✮✳ ▲❡ ❝♦♥tr✐❜✉t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ ✭❈❤❛♠♣❛✈❡rt ✫ ❲♦③♥✐❛❦✱ ✷✵✵✼❝✮ s❡ tr♦✉✈❡ ❡♥ ❛♥♥❡①❡ ❈✳

✹✵
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❋✐❣✳ ✹✳✸ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞✉ ❣❛③ ✭❡♥ ❤❛✉t✮✱ ❞❡ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡ ❢♦r♠é❡
✭❛✉ ♠✐❧✐❡✉✮ ❡t ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❛♥s ❧❛ ♣❤❛s❡ ✐s♦é♥❡r❣ét✐q✉❡ ✭❛♣♣❡❧é❡ ✇❛r♠ ♣❤❛s❡ à
❧✬é♣♦q✉❡✮ ✭❡♥ ❜❛s✮ ♣♦✉r ❧❡s ❞❡✉① ♠♦❞è❧❡s✳ ▲❡s ❝♦✉r❜❡s ❡♥ tr❛✐t ♣❧❡✐♥ ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ♠♦❞è❧❡
❆ ✭s✉✐✈✐ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té t♦t❛❧❡ ✉♥✐q✉❡♠❡♥t✮ ❡t ❧❡s t✐r❡ts ❝♦rr❡s♣♦♥❞❡♥t ❛✉ ♠♦❞è❧❡ ❇ ✭s✉✐✈✐ ❞❡
❧✬❛❜♦♥❞❛♥❝❡ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts✮✳

✹✶
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s♦♥t ❡✛❡❝t✉és ♣♦✉r ❧❛ ❣❛♠♠❡ ❞❡ t❡♠♣ér❛t✉r❡ ❬✶✵✷❑ ❀ ✶✵✾❑❪ à ❧✬❛✐❞❡ ❞❡ ▼❛♣♣✐♥❣s ■■■✱ s✉❝❝❡ss❡✉r
❞❡ ▼❛♣♣✐♥❣s ■■ ✭❙✉t❤❡r❧❛♥❞ ✫ ❉♦♣✐t❛✱ ✶✾✾✸✮✳

❉❡ ♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ❞❡♥s✐té ❞✬é❧❡❝tr♦♥s ❡t ❞❡ ❧✬❛❜♦♥✲
❞❛♥❝❡ ❞❡s ❞✐✛ér❡♥t❡s ❡s♣è❝❡s ❝❤✐♠✐q✉❡s✳ ▲✬❤②♣♦t❤ès❡ ❧❛ ♣❧✉s s✐♠♣❧❡ ❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r q✉❡
❧❡s t❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧s à ❝❡s ❞❡✉① q✉❛♥t✐tés✳ ❆✐♥s✐ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ r❡✲
❢r♦✐❞✐ss❡♠❡♥t t♦t❛❧ Λtot(T ) ♣❡✉t êtr❡ r❡❝♦♥str✉✐t❡ ❡♥ ❝♦♠❜✐♥❛♥t ❧✐♥é❛✐r❡♠❡♥t ❧❡s ❝♦✉r❜❡s ❞❡
❝❤❛q✉❡ é❧é♠❡♥t✳

■❧ ❢❛✉t t♦✉t ❞✬❛❜♦r❞ ❝❛❧❝✉❧❡r ❧❡s ❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♣♦✉r ❝❤❛q✉❡ é❧é♠❡♥t✳ ▲❛ ❝♦✉r❜❡
ΛH(T ) ❡st ♦❜t❡♥✉❡ ❡♥ ❝♦♥s✐❞ér❛♥t ✉♥ ❣❛③ ❞✬❤②❞r♦❣è♥❡ ♣✉r✳ P♦✉r t♦✉s ❧❡s é❧é♠❡♥ts ❝❤✐♠✐q✉❡s
♣❧✉s ❧♦✉r❞s ✭❍❡✱ ❈✱ ◆✱ ❖✱ ◆❡✱ ◆❛✱ ▼❣✱ ❆❧✱ ❙✐✱ ❙✱ ❈❧✱ ❆r✱ ❈❛✱ ❋❡ ❡t ◆✐✮✱ ♥♦✉s ❛✈♦♥s ❝❛❧❝✉❧é
❧❛ ❝♦✉r❜❡ ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♣♦✉r ✉♥ ♠é❧❛♥❣❡ ❞✬❤②❞r♦❣è♥❡ ❡t ❞✬✉♥ é❧é♠❡♥t Xi à ❛❜♦♥❞❛♥❝❡
s♦❧❛✐r❡ ✿ ΛH,Xi

(T )✳ ▲❡s ❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♣❛r é❧é♠❡♥t ♦♥t ❡♥s✉✐t❡ été ♦❜t❡♥✉❡s ❡♥
s♦✉str❛②❛♥t ΛH(T ) ✿

ΛXi
(T ) = ΛH,Xi

(T ) − ΛH(T )

P♦✉r ✉♥❡ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞♦♥♥é❡✱ ♦♥ ❝❛❧❝✉❧❡ ❧❡s ❝♦❡✣❝✐❡♥ts αXi
q✉✐ ❝♦rr❡s♣♦♥❞❡♥t

❛✉① ❛❜♦♥❞❛♥❝❡s ❞❡s é❧é♠❡♥ts Xi ♥♦r♠❛❧✐sé❡s à ❧❡✉r ❛❜♦♥❞❛♥❝❡s s♦❧❛✐r❡s ✭❝❢✳ t❛❜❧❡❛✉ ✹✳✶✮ ✿
αXi

= nXi
/nXi⊙

✳

➱❧❡♠❡♥t ❍ ❍❡ ❈ ◆ ❖ ◆❡ ◆❛ ▼❣ ❆❧
log(nXi⊙

) ✵ −1.01 −3.44 −3.95 −3.07 −3.91 −5.67 −4.42 −5.53

➱❧❡♠❡♥t ❙✐ ❙ ❈❧ ❆r ❈❛ ❋❡ ◆✐
log(nXi⊙

) −4.45 −4.79 −6.50 −5.44 −5.64 −4.33 −5.75

❚❛❜✳ ✹✳✶ ✕ ❆❜♦♥❞❛♥❝❡ ❡♥ ♥♦♠❜r❡ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ❞❛♥s ✉♥ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥
s♦❧❛✐r❡ ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬❛❜♦♥❞❛♥❝❡ ❞❡ ❧✬❤②❞r♦❣è♥❡ ✭✈❛❧❡✉rs t✐ré❡s ❞❡ ❙✉t❤❡r❧❛♥❞ ✫ ❉♦♣✐t❛
✭✶✾✾✸✮✮✳

P♦✉r ❧✬❤é❧✐✉♠✱ ❝❡tt❡ ❤②♣♦t❤ès❡ ❡st tr♦♣ ❢♦rt❡ ❡t s❛ ❢♦♥❝t✐♦♥ ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♥❡ ♣❡✉t ♣❛s
s✐♠♣❧❡♠❡♥t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à s♦♥ ❛❜♦♥❞❛♥❝❡ ❛✈❡❝ ✉♥❡ ❜♦♥♥❡ ❛♣♣r♦①✐✲
♠❛t✐♦♥ ❡♥ r❛✐s♦♥ ❞❡ ♥♦♥✲❧✐♥é❛r✐tés tr♦♣ ✐♠♣♦rt❛♥t❡s✳ ▲❛ ❝♦✉r❜❡ ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡ ❧✬❤é❧✐✉♠
❡st ❞♦♥❝ ♦❜t❡♥✉❡ ❡♥ ✐♥t❡r♣♦❧❛♥t ❧✐♥é❛✐r❡♠❡♥t ❞❛♥s ✉♥❡ ❣r✐❧❧❡ ❞❡ ❢♦♥❝t✐♦♥s ♣ré❝❛❧❝✉❧é❡s ♣♦✉r
❞✐✛ér❡♥t❡s ❛❜♦♥❞❛♥❝❡s αHe✳

▲✬❤②❞r♦❣è♥❡ ❡t ❧✬❤é❧✐✉♠ ét❛♥t ❧❡s ❞❡✉① é❧é♠❡♥ts ❧❡s ♣❧✉s ❛❜♦♥❞❛♥ts ❞✉ ▼■❙✱ ♦♥ ❝♦♥s✐❞èr❡
q✉❡ ❝❡ s♦♥t ❧❡s s❡✉❧❡s s♦✉r❝❡s ❞✬é❧❡❝tr♦♥s ❡t ♦♥ ♥é❣❧✐❣❡ ❞❡ ❝❡ ❢❛✐t ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ♠ét❛✉①
à ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❡✉r ❛❜♦♥❞❛♥❝❡ ❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡✳ P❛r ❝♦♥str✉❝t✐♦♥✱ ❧❡s
❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ✐♥❞✐✈✐❞✉❡❧❧❡s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧❡s é❧❡❝tr♦♥s ❞❡ ❧✬❤②❞r♦❣è♥❡ ❡t ❞❡
❧✬é❧é♠❡♥t ❝♦♥s✐❞éré✳ ■❧ ❢❛✉t ❞♦♥❝ ❛❥♦✉t❡r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s é❧❡❝tr♦♥s ♣r♦✈❡♥❛♥t ❞❡ ❧✬✐♦♥✐s❛t✐♦♥
❞❡ ❧✬❤é❧✐✉♠ ne(He)✳ ❖♥ ❛❥♦✉t❡ ❧❡s t❡r♠❡s ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❤②❞r♦❣è♥❡✱ à ❧✬❤é❧✐✉♠ ❡t ❛✉①
♠ét❛✉① ❛✜♥ ❞✬♦❜t❡♥✐r Λtot(T ) ✿

Λtot(T ) = ΛH + ΛHe,αHe
+ (1 + ne(He))

∑

♠ét❛✉①

αXi
ΛXi

▲❛ ♣ré❝✐s✐♦♥ ❞❡ ❝❡tt❡ r❡❝❡tt❡ ❛ été t❡sté❡ ❡♥ ❝♦♠♣❛r❛♥t ❞❡s ❝♦✉r❜❡s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❝❛❧✲
❝✉❧é❡s ❞✐r❡❝t❡♠❡♥t ❛✈❡❝ ▼❛♣♣✐♥❣s ■■■ ❛✈❡❝ ❝❡❧❧❡s ♦❜t❡♥✉❡s ❛✈❡❝ ♥♦tr❡ r❡❝❡tt❡ ♣♦✉r ❞✐✛ér❡♥t❡s
❝♦♠♣♦s✐t✐♦♥s ❝❤✐♠✐q✉❡s✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ✉♥ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ s♦❧❛✐r❡ ❛✜♥ ❞❡ t❡st❡r ✉♥❡

✹✷
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❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ st❛♥❞❛r❞✳ ▲❡ ❝❛r❜♦♥❡✱ ❧✬♦①②❣è♥❡ ❡t ❧❡ ❢❡r s♦♥t tr♦✐s ❞❡s ♠❡✐❧❧❡✉rs ✓ r❡✲
❢r♦✐❞✐ss❡✉rs ✔ ❞✉ ▼■❙ ❡t s♦♥t ❛✉ss✐ ♣❛r♠✐ ❧❡s é❧é♠❡♥ts ❧❡s ♣❧✉s ❛❜♦♥❞❛♥ts ❛✉ s❡✐♥ ❞❡s ❡❥❡❝t❛
❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❞❡s ❙◆❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❛✉❣♠❡♥té ❞✬✉♥ ❢❛❝t❡✉r ✶✵ ❧❡✉rs ❛❜♦♥❞❛♥❝❡s
♣❛r r❛♣♣♦rt à ❧✬❛❜♦♥❞❛♥❝❡ s♦❧❛✐r❡✳ ❈❡ ❢❛❝t❡✉r ✶✵ ❡st ❛r❜✐tr❛✐r❡ ❡t ❛ été ❝❤♦✐s✐ ❞❛♥s ❧❡ ❜✉t ❞❡
t❡st❡r ♥♦tr❡ r❡❝❡tt❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❣❛③ très ❡♥r✐❝❤✐✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❧✬❡rr❡✉r r❡❧❛t✐✈❡ r❡st❡
✐♥❢ér✐❡✉r❡ à q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ✭❝❢✳ ❋✐❣✳ ✹✳✹✮✳ ❈❡tt❡ ❡rr❡✉r ❡st ❝♦♠♣❛r❛❜❧❡ ❛✉① ❛✉tr❡s ❡rr❡✉rs
❞✉ ❝♦❞❡ ❡t q✉✐ ♣r♦✈✐❡♥♥❡♥t✱ ♣❛r ❡①❡♠♣❧❡✱ ❞✉ s❝❤é♠❛ ❤②❞r♦❞②♥❛♠✐q✉❡✳

✹✳✷✳✷ P♦✐❞s ♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥

▲❛ ❞❡✉①✐è♠❡ ❣r❛♥❞❡✉r ♥é❝❡ss❛✐r❡ ♣♦✉r ❡st✐♠❡r ❧❡ t❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❡st ❧❡ ♣♦✐❞s
♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥ µ q✉✐ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ❝❛❧❝✉❧❡r ❧❛ t❡♠♣ér❛t✉r❡ T ❞✉ ❣❛③ ❡♥ ❢♦♥❝t✐♦♥
❞❡ s♦♥ é♥❡r❣✐❡ ✐♥t❡r♥❡ u ✿

T =
mH

kB
µ(γ − 1)u

♦ù mH ❡st ❧❛ ♠❛ss❡ ❞❡ ❧✬❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ ❡t kB ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥✳
▲❡ ♣♦✐❞s ♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥ ❞é♣❡♥❞ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✉ ❣❛③ ❡t ❞❡ s♦♥ ét❛t

❞✬✐♦♥✐s❛t✐♦♥✳ ■❧ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❛ss❡ ♠♦②❡♥♥❡ ❞❡s ♣❛rt✐❝✉❧❡s ❡①♣r✐♠é❡ ❡♥ ✉♥✐tés ❞❡ ♠❛ss❡ ❞❡
❧✬❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ ✿ µ = 〈m〉/mH ♦ù 〈m〉 ❡st ❧❛ ♠❛ss❡ ♠♦②❡♥♥❡ ❞❡s ♣❛rt✐❝✉❧❡s✳ P♦✉r ✉♥ ❣❛③
❝♦♥t❡♥❛♥t n ❡s♣è❝❡s ❧✐❜r❡s ❞✐✛ér❡♥t❡s ✭❛t♦♠❡s ❡t✴♦✉ ✐♦♥s✮✱ ❧❛ ♠❛ss❡ ♠♦②❡♥♥❡ s✬é❝r✐t ✿

〈m〉 =

∑n
k=1 Nk(mk + Ekme)
∑n

j=1 Nj(1 + Ej)

♦ù Nk ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s ❞❡ ❧✬❡s♣è❝❡ k✱ mk ❧❛ ♠❛ss❡ ❞❡ ❧✬❛t♦♠❡ k✱ Ek s♦♥ ❞❡❣ré
❞✬✐♦♥✐s❛t✐♦♥ ❡t me ❧❛ ♠❛ss❡ ❞❡ ❧✬é❧❡❝tr♦♥✳

▲❛ ♠❛ss❡ ❞❡s é❧❡❝tr♦♥s Ejme ♣❡✉t êtr❡ ♥é❣❧✐❣é❡ ❞❡✈❛♥t ❝❡❧❧❡ ❞❡s ❛t♦♠❡s mj ❝❛r me ≪ mH ✿

µ =

∑n
k=1 Nkmk

∑n
j=1 mHNj(1 + Ej)

❊♥ ♥♦t❛♥t Aj ❧❛ ♠❛ss❡ ❞✬✉♥ ❛t♦♠❡ j r❛♣♣♦rté❡ à ❧❛ ♠❛ss❡ ❞❡ ❧✬❛t♦♠❡ ❞✬❤②❞r♦❣è♥❡ ❡t Xj

❧❛ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡ ❧✬❡s♣è❝❡ j✱ ♦♥ ❛ ✿

Aj =
mj

mH
Xj =

Njmj
∑n

k=1 Nkmk
=

mHNjAj
∑n

k=1 Nkmk

❞✬♦ù
1

µ
=

∑n
j=1 mHNj(1 + Ej)
∑n

k=1 Nkmk
=

n
∑

j=1

mHNj(1 + Ej)
∑n

k=1 Nkmk
=

n
∑

j=1

Xj

Aj
(1 + Ej)

❖♥ ♥♦t❡ X, Y ❡t Z✱ ❧❡s ❢r❛❝t✐♦♥s ❞❡ ♠❛ss❡ r❡s♣❡❝t✐✈❡s ❞❡ ❍✱ ❍❡ ❡t ❞❡s ♠ét❛✉①✳ ❈❡s tr♦✐s
❢r❛❝t✐♦♥s ✈ér✐✜❡♥t é✈✐❞❡♠♠❡♥t ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿ X + Y + Z = 1✳

P♦✉r ✉♥ ♠✐❧✐❡✉ ♥❡✉tr❡ ✭∀j, Ej = 0✮✱ ❧❛ ❢♦r♠✉❧❡ s❡ ré❞✉✐t à ✿

1

µN
=

n
∑

j=1

Xj

Aj
= X +

Y

4
+

n
∑

j=1

Zj

Aj

✹✸



❈❍❆P■❚❘❊ ✹✳ ■▼P▲➱▼❊◆❚❆❚■❖◆ ❉❊❙ P❍➱◆❖▼➮◆❊❙ ➱◆❊❘●➱❚■◗❯❊❙

❋✐❣✳ ✹✳✹ ✕ ❊♥ ❤❛✉t ✿ ❚❛✉① ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡ ❞✐✛ér❡♥ts é❧é♠❡♥ts ♣♦✉r ✉♥ ❣❛③ à ❝♦♠♣♦s✐t✐♦♥
s♦❧❛✐r❡✳ ▲❛ ❝♦✉r❜❡ ❧❛❜❡❧✐sé❡ ✓ ❛✉tr❡s é❧é♠❡♥ts ✔ ❝♦rr❡s♣♦♥❞ à ❧❛ s♦♠♠❡ ❞❡s ❝♦♥tr✐❜✉t✐♦♥s
❞❡ ◆✱ ◆❡✱ ◆❛✱ ▼❣✱ ❆❧✱ ❙✐✱ ❙✱ ❈❧✱ ❆r✱ ❈❛ ❡t ◆✐✳ ❊♥ ❜❛s ✿ ❊rr❡✉r r❡❧❛t✐✈❡ ✭❡♥ ✪✮ ❝♦♠♠✐s❡ ❡♥
r❡❝♦♥str✉✐s❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ♣♦✉r ♣❧✉s✐❡✉rs ❝♦♠♣♦s✐t✐♦♥s ❝❤✐♠✐q✉❡s ❞✐✛ér❡♥t❡s✳

✹✹
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▲❡s t❡r♠❡s ❡♥ Zj/Aj s♦♥t ♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t X ❡t Y/4✳ ❊♥ ❡✛❡t✱ ❧❡s ❛❜♦♥❞❛♥❝❡s ❞❡s
♠ét❛✉① s♦♥t ❣é♥ér❛❧❡♠❡♥t ✐♥❢ér✐❡✉r❡s à q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ✭Zj ≤
10−2✮ ❡t Aj ≥ 12 ✭A = 12 ❝♦rr❡s♣♦♥❞ ❛✉ ❝❛r❜♦♥❡✮✳ ▲❡s t❡r♠❡s Zj/Aj s♦♥t ❞♦♥❝ ❞❡ ❧✬♦r❞r❡ ❞❡
10−3✱ ♥é❣❧✐❣❡❛❜❧❡s ❞❡✈❛♥t X ✭❞❡ ❧✬♦r❞r❡ ❞❡ ✵✳✼✵✮ ❡t Y/4 ✭❞❡ ❧✬♦r❞r❡ ❞❡ 0.28/4 = 0.07✮✳

❋✐♥❛❧❡♠❡♥t ♦♥ ♦❜t✐❡♥t ✿

µN =
1

X + Y/4
=

1

1 − 3Y
4 − Z

P♦✉r ✉♥ ♠✐❧✐❡✉ ❝♦♠♣❧èt❡♠❡♥t ✐♦♥✐sé✱ Ej = Zj ♦ù Zj ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣r♦t♦♥s ❞❡ ❧✬❡s♣è❝❡ j
❡t ❧❛ ❢♦r♠✉❧❡ s✬é❝r✐t ✿

1

µ
=

n
∑

j=1

Xj

Aj
(1 + Zj)

P♦✉r ❧❡s ♠ét❛✉①✱ ❧❡ ♥♦♠❜r❡ ❞❡ ♣r♦t♦♥s ❡st ❡♥✈✐r♦♥ é❣❛❧ ❛✉ ♥♦♠❜r❡ ❞❡ ♥❡✉tr♦♥s ❞✬♦ù
Zj ≈ Aj/2✳ ❊♥ ❢❛✐s❛♥t ❧✬❤②♣♦t❤ès❡ q✉❡ ♣♦✉r t♦✉s ❧❡s ♠ét❛✉① (1 + Zj) ≈ Aj

2 ✭❝❛r Zj ≥ 6 ♣♦✉r
❧❡s é❧é♠❡♥ts ♣❧✉s ❧♦✉r❞s q✉❡ ❧❡ ❝❛r❜♦♥❡✮✱ ♦♥ ❛ ✿

1

µI
= 2X +

3Y

4
+

Z

2

❞✬♦ù ❝♦♠♠❡ X + Y + Z = 1 ✿

µI =
2

3X + Y/2 + 1

P♦✉r ✉♥ ❣❛③ ❛✈❡❝ X = 0.70 ❡t Y = 0.28✱ ♦♥ ❛ ✿ µN ≈ 1.30 ❡t µI ≈ 0.62✳
▲❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♥❡ s❡ tr♦✉✈❡ ♣❛s ✉♥✐q✉❡♠❡♥t s♦✉s ❢♦r♠❡ ♥❡✉tr❡ ♦✉ s♦✉s ❢♦r♠❡ t♦✲

t❛❧❡♠❡♥t ✐♦♥✐sé❡ ♠❛✐s ♣❡✉t ❛✉ss✐ êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ✐♦♥✐sé✳ ❈❡❧❛ ♥♦✉s ❛♠è♥❡ à ❢❛✐r❡ ❧✬❤②♣♦t❤ès❡
q✉✬✐❧ ❡①✐st❡ ✸ ré❣✐♠❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ✭❝❢✳ ❋✐❣✳ ✹✳✺ ❡♥ ❤❛✉t✮ ✿

✶✳ ♣♦✉r T ≤ TµN
✱ ❧❡ ♠✐❧✐❡✉ ❡st ❝♦♠♣❧èt❡♠❡♥t ♥❡✉tr❡ ✭µ = µN ✮ ❀

✷✳ ♣♦✉r TµN
< T < TµI

✱ ❧❡ ♠✐❧✐❡✉ ❡st ♣❛rt✐❡❧❧❡♠❡♥t ✐♦♥✐sé ❡t ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ µ ❡st ❧✐♥é❛✐r❡
❛✈❡❝ ❧❛ t❡♠♣ér❛t✉r❡ ❀

✸✳ ♣♦✉r T ≥ TµI
✱ ❧❡ ♠✐❧✐❡✉ ❡st ❝♦♠♣❧èt❡♠❡♥t ✐♦♥✐sé ✭µ = µI✮✳

❊♥ ❝❛❧❝✉❧❛♥t ❧❛ ❞❡♥s✐té é❧❡❝tr♦♥✐q✉❡ ✭ne✮ ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♠♣♦s✐t✐♦♥s ❝❤✐♠✐q✉❡s à ❧✬❛✐❞❡
❞❡ ▼❛♣♣✐♥❣s ■■■✱ ♦♥ ♦❜s❡r✈❡ q✉✬à 104 ❑✱ ne ❡st ♣r❛t✐q✉❡♠❡♥t ♥✉❧ ❡t q✉✬à 105 ❑ ne/max(ne) ❡st
s✉♣ér✐❡✉r à ✾✸✪ ✭❝❢✳ ❋✐❣✳ ✹✳✺ ❛✉ ♠✐❧✐❡✉ ❡t ❡♥ ❜❛s✮✳ ❖♥ ♣r❡♥❞ ❞♦♥❝ ✿ TµN

= 104 ❑ ❡t TµI
= 105 ❑✳

✹✳✸ P❤é♥♦♠è♥❡s ❞✬é❝❤❛♥❣❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❤❛s❡s

▲❡s ❞❡✉① ♣❤❛s❡s ✭❈◆P ❡t ❲❍P✮ ♣❡✉✈❡♥t é❝❤❛♥❣❡r ❞❡ ❧❛ ♠❛t✐èr❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❛✉ ♠♦②❡♥
❞❡ ❞❡✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ✿ ♣❛r ❝♦♥❞✉❝t✐♦♥ t❤❡r♠✐q✉❡ ❡t ♣❛r tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡✳

P♦✉r ❧❡ ♣r❡♠✐❡r ♣❤é♥♦♠è♥❡✱ ♦♥ ✉t✐❧✐s❡ ❧❡ ♠♦❞è❧❡ ❞❡ ❝♦♥❞❡♥s❛t✐♦♥✴é✈❛♣♦r❛t✐♦♥ ❞❡ ❈♦✇✐❡
❡t ❛❧✳ ✭✶✾✽✶✮ q✉✐ ❝♦♥s✐❞èr❡ ❧❡ ♣❤é♥♦♠è♥❡ ❞❡ ❝♦♥❞✉❝t✐♦♥ ♣♦✉r ❞❡s ♥✉❛❣❡s ❢r♦✐❞s ❛✉ s❡✐♥ ❞✬✉♥ ♠✐✲
❧✐❡✉ ❞✐✛✉s ❝❤❛✉❞✳ ▲❡s t❛✉① ❞✬é✈❛♣♦r❛t✐♦♥ Ṁ ❞❡s ré❣✐♠❡s ❞✬é✈❛♣♦r❛t✐♦♥ s❛t✉ré❡✱ ❞✬é✈❛♣♦r❛t✐♦♥
❝❧❛ss✐q✉❡ ❡t ❞❡ ❝♦♥❞❡♥s❛t✐♦♥ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞♦♥♥és ♣❛r ✿

✹✺
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❋✐❣✳ ✹✳✺ ✕ ❊♥ ❤❛✉t ✿ ❆♣♣r♦①✐♠❛t✐♦♥ ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ♣♦✐❞s ♠♦❧é❝✉❧❛✐r❡ ♠♦②❡♥ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ t❡♠♣ér❛t✉r❡✳ ❆✉ ♠✐❧✐❡✉ ❡t ❡♥ ❜❛s ✿ ❚❛✉① ❞✬✐♦♥✐s❛t✐♦♥ ne/max(ne) ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
t❡♠♣ér❛t✉r❡ ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♠♣♦s✐t✐♦♥s ❝❤✐♠✐q✉❡s✳

✹✻
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Ṁ =
❞Mc

❞t
= −❞Mv

❞t
=











3.75 104 T
5/2
v rc(pc)σ

−5/8
0 ❣ s−1 (σ0 > 1)

2.75 104 T
5/2
v rc(pc) ❣ s−1 (0.03 < σ0 ≤ 1)

−8.25 102 T
5/2
v rc(pc)σ−1

0 ❣ s−1 (σ0 ≤ 0.03)

♦ù Tv ❡st ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❡①♣r✐♠é❡ ❡♥ ❦❡❧✈✐♥s✱ rc(pc) ❧❡ r❛②♦♥ ❞❡ ♣❤❛s❡
❢r♦✐❞❡ ❡①♣r✐♠é ❡♥ ♣❛rs❡❝s (rc = hf

1/3
c ❛✈❡❝ h ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❙P❍ ❡t fc ❧❡ ❢❛❝t❡✉r ❞❡

r❡♠♣❧✐ss❛❣❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡✮ ❡t σ0 ❡st ✉♥ ♣❛r❛♠ètr❡ q✉✐ ❝❛r❛❝tér✐s❡ ❧❡ ré❣✐♠❡ ❞❛♥s ❧❡q✉❡❧
♦♥ s❡ tr♦✉✈❡ ✿

σ0 ≡
(

T (K)

1.54 107

1

n(cm−3)rc(pc)

)

❯♥ t❛✉① ❞✬é✈❛♣♦r❛t✐♦♥ ♥é❣❛t✐❢ ❝♦rr❡s♣♦♥❞ é✈✐❞❡♠♠❡♥t à ✉♥ t❛✉① ❞❡ ❝♦♥❞❡♥s❛t✐♦♥✳

▲✬é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ r❡st❡ ✐♥❝❤❛♥❣é❡ ❛✉ ❝♦✉rs ❞❡ ❝❡ ♣❤é♥♦♠è♥❡✳ ▲❛ ❝♦♥❞❡♥✲
s❛t✐♦♥ ♣r♦✈♦q✉❡ ❞♦♥❝ ✉♥ ❝❤❛✉✛❛❣❡ ❞❡ ❧❛ ♣❤❛s❡ ❝❤❛✉❞❡ ❡t ❧✬é✈❛♣♦r❛t✐♦♥ ✉♥ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡
❝❡❧❧❡✲❝✐✸✳ ❊♥ ❡✛❡t✱

uv =
u − Xcuc

1 − Xc
❞✬♦ù ∆uv =

u − uc

(1 − Xc)2
∆Xc

❙✬✐❧ ② ❛ ❝♦♥❞❡♥s❛t✐♦♥ (∆Xc > 0)✱ ❛❧♦rs ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❝❤❛✉✛❡ (∆uv > 0) ❝❛r (u−uc) > 0
❡t (1 − Xc) > 0✱ ❡t ✐♥✈❡rs❡♠❡♥t✱ s✬✐❧ ② ❛ é✈❛♣♦r❛t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ (∆Xc < 0)✱ ❛❧♦rs ❧❛
♣❤❛s❡ ✈❛r✐❛❜❧❡ r❡❢r♦✐❞✐t (∆uv > 0)✳

▲❛ tr❛♥s✐t✐♦♥ ❞❡ ♣❤❛s❡✱ q✉❛♥t à ❡❧❧❡✱ ❛ ❧✐❡✉ ❧♦rsq✉❡ ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ♠♦②❡♥♥❡ u ❞✬✉♥❡
♣❛rt✐❝✉❧❡ ❛tt❡✐♥t ❧✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ✜①❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ uc ♦✉✱ ❡♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧♦rsq✉❡
❧✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ uv ❛tt❡✐♥t uc✳ ➚ ❝❡ ♠♦♠❡♥t✲❧à✱ ❧✬❡♥s❡♠❜❧❡ ❞✉ ❣❛③ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
❡st tr❛♥s❢♦r♠é ❡♥ ♣❤❛s❡ ❢r♦✐❞❡ ✭Xc = 1✮✳ ▲❡s ❞❡✉① ♣❤❛s❡s ét❛♥t à ❧✬éq✉✐❧✐❜r❡ ❞❡ ♣r❡ss✐♦♥✱ s❡✉❧
❧❡ ♣❛r❛♠ètr❡ Xc ❡st ♠♦❞✐✜é ❝❛r ❧❡s ❞❡♥s✐tés ρc ❡t ρv s♦♥t ❛❧♦rs é❣❛❧❡s✳ ❊♥ ❡✛❡t✱ ρ = (ρcuc)/u
❡t✱ à ❧❛ tr❛♥s✐t✐♦♥✱ u = uc ❞♦♥❝ ρ = ρc✳ ❉❡ ♣❧✉s✱ ❝♦♠♠❡ Pc = Pv ❛❧♦rs ρcuc = ρvuv✳ ❖r uv = uc

❞♦♥❝ ρv = ρc✳

✸❖♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛s ♦ù Xc ♥✬❛tt❡✐♥t ♣❛s ✶✳ ❙✐ t❡❧ ❡st ❧❡ ❝❛s✱ ❛❧♦rs ❧❛ ♣❛rt✐❝✉❧❡ ❡st ✉♥✐q✉❡♠❡♥t ❝♦♠♣♦sé❡
❞❡ ❣❛③ ❢r♦✐❞ ❡t s♦♥ é♥❡r❣✐❡ ♠♦②❡♥♥❡ ❞✐♠✐♥✉❡ ♣♦✉r ❛tt❡✐♥❞r❡ ❝❡❧❧❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡✳ ❖♥ ❝♦♥s✐❞èr❡ ❛❧♦rs q✉❡ ❧❛
✈❛r✐❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❡st ♣❡r❞✉❡ ♣❛r r❛②♦♥♥❡♠❡♥t✳
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❈❤❛♣✐tr❡ ✺

■♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❞❡

❧✬é✈♦❧✉t✐♦♥ ❞❡s ét♦✐❧❡s

✺✳✶ ❋♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

❉❛♥s ❧❡ ▼■❙✱ ❧❡s ét♦✐❧❡s s❡ ❢♦r♠❡♥t s✉✐t❡ à ❧✬❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞❡ s✉r❞❡♥s✐tés ❞❛♥s
❧❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ❣é❛♥ts à ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵❑✳ ▲❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡
❛ ❞❡✉① ✐♠♣❛❝ts ♣r✐♥❝✐♣❛✉① s✉r ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❡♥✈✐r♦♥♥❛♥t ✿ t♦✉t ❞✬❛❜♦r❞✱ ❞✉ ❣❛③ ❡st
♣ré❧❡✈é ❛✜♥ ❞❡ ❢♦r♠❡r ❞❡s ét♦✐❧❡s✱ ♣✉✐s ❝❡s ❞❡r♥✐èr❡s r❡❥❡tt❡♥t ❞❡ ❧❛ ♠❛ss❡ ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❛✉
❝♦✉rs ❞❡ ❧❡✉r é✈♦❧✉t✐♦♥ ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❞❡s s✉♣❡r♥♦✈❛❡✳

P✉✐sq✉❡ ❧✬♦♥ ♥❡ ❞é❝r✐t ♣❛s ❧❛ ❢♦r♠❛t✐♦♥✱ ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❡t ❧✬❡✛♦♥❞r❡♠❡♥t ❞❡ ❝❡s ♥✉❛❣❡s
♠♦❧é❝✉❧❛✐r❡s ❞❛♥s ❧❡ ❝♦❞❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❢❛✐r❡ ❛♣♣❡❧ à ❞❡s r❡❝❡tt❡s ❛✜♥ ❞✬✐❞❡♥t✐✜❡r ❧❡s ré✲
❣✐♦♥s s✉s❝❡♣t✐❜❧❡s ❞❡ ❢♦r♠❡r ❞❡s ét♦✐❧❡s✳ ▲❡s ❝r✐tèr❡s ❞❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡s
❝❤♦✐s✐s s♦♥t ✿

✕ ♦♥ ✐♠♣♦s❡ q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♥✬❛✐t ❧✐❡✉ q✉❡ ❞❛♥s ❞✉ ❣❛③ ❢r♦✐❞ ✿ T < T❝r✐t ❛✈❡❝
T❝r✐t = 104 ❑✳ ❈❡tt❡ t❡♠♣ér❛t✉r❡ ♣♦✉✈❛♥t s❡♠❜❧❡r é❧❡✈é❡✱ ✐❧ ❢❛✉t s❡ r❛♣♣❡❧❡r q✉✬✐❧ s✬❛❣✐t
❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞✉ ❣❛③ ❡t q✉❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❛ t♦✉❥♦✉rs ✉♥❡ t❡♠♣ér❛t✉r❡
❞✬❡♥✈✐r♦♥ ✶✵✵❑✳ ❆✐♥s✐✱ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♥✬❛ ❧✐❡✉ q✉❡ ❞❛♥s ❞✉ ❣❛③ ❢r♦✐❞ ✭≈ 100❑
❝❡ q✉✐ ❡st ❧❛ ❧✐♠✐t❡ ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ ♣✉✐sq✉❡ ❧✬♦♥ ♥❡ ♠♦❞é❧✐s❡ ♥✐ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t
❛✉✲❞❡ss♦✉s ❞❡ ❝❡tt❡ t❡♠♣ér❛t✉r❡ ♥✐ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❣❛③ ♠♦❧é❝✉❧❛✐r❡✮ ❡♥t♦✉ré ❞❡ ❣❛③ ❞♦♥t
❧❛ t❡♠♣ér❛t✉r❡ ♥✬❡st ♣❛s tr♦♣ é❧❡✈é❡✳

✕ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛②❛♥t ❧✐❡✉ ❞❛♥s ❞✉ ❣❛③ ❢r♦✐❞✱ ❧❛ ♣❛rt✐❝✉❧❡ ❞♦✐t ♣♦ssé❞❡r ✉♥❡ ♣❤❛s❡
❢r♦✐❞❡ ✿ Xc > 0✳

✕ ❧❡s ét♦✐❧❡s s❡ ❢♦r♠❛♥t ♣❛r ❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞✉ ❣❛③✱ ❝❡❧✉✐✲❝✐ ❞♦✐t ❞♦♥❝ êtr❡
✐♥st❛❜❧❡✳ ❖♥ ❝♦♥s✐❞èr❡ ❧❛ st❛❜✐❧✐té ✈✐s à ✈✐s ❞✉ ❝r✐tèr❡ ❞❡ ❏❡❛♥s ✿ Mg > MJ ♦ù Mg ❡st ❧❛
♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❡t MJ ❡st ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s ✿

MJ =
πρg

6

(

πv2
s

Gρg

)3/2

=
π5/2v3

s

6G3/2ρ
1/2
g

✕ ❧❛ ré❣✐♦♥ ❞♦✐t s✬❡✛♦♥❞r❡r ❛ss❡③ r❛♣✐❞❡♠❡♥t ✿ t✛ ≤ t♠❛① ♦ù tff =
√

3π/(32Gρg) ❡st ❧❡
t❡♠♣s ❞❡ ❝❤✉t❡ ❧✐❜r❡ ✭❢r❡❡✲❢❛❧❧ ❡♥ ❛♥❣❧❛✐s✮✳ ❊♥ ❡✛❡t✱ s✐ t✛ ❡st tr♦♣ ❧♦♥❣✱ ❧❡s ♣r♦♣r✐étés
❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣❡✉✈❡♥t ❛✈♦✐r ❜❡❛✉❝♦✉♣ ❝❤❛♥❣é ❡♥tr❡ ❧❡ ♠♦♠❡♥t ❞❡ ❧✬é❧✐❣✐❜✐❧✐té ❡t

✹✾



❈❍❆P■❚❘❊ ✺✳ ■▼P▲➱▼❊◆❚❆❚■❖◆ ❉❊ ▲❆ ❋❖❘▼❆❚■❖◆ ❊❚ ❉❊ ▲✬➱❱❖▲❯❚■❖◆ ❉❊❙
➱❚❖■▲❊❙

❧❡ ♠♦♠❡♥t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ P♦✉r ♣❛❧❧✐❡r ❝❡ ♣r♦❜❧è♠❡✱ ♦♥ ✐♠♣♦s❡ q✉❡ ❝❡ t❡♠♣s
s♦✐t ✐♥❢ér✐❡✉r à ✉♥ t❡♠♣s ❝r✐t✐q✉❡ t♠❛① = 107 ②r q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ t❡♠♣s ❞✬❡✛♦♥❞r❡♠❡♥t
❞✬✉♥ ●▼❈ ♠❛ss✐❢✳ ❈❡ ❝r✐tèr❡ ❡st éq✉✐✈❛❧❡♥t à ✉♥ ❝r✐tèr❡ s✉r ❧❛ ❞❡♥s✐té ✭❝❢✳ s❡❝t✐♦♥ ✺✳✶✳✶✮✳

❚♦✉s ❝❡s ❝r✐tèr❡s ❞✬é❧✐❣✐❜✐❧✐té ❝♦♥❝❡r♥❡♥t ❧❡s ♣r♦♣r✐étés ♠♦②❡♥♥❡s ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③✳ ❯♥❡
❢♦✐s q✉✬✉♥❡ ré❣✐♦♥ ❡st ✐❞❡♥t✐✜é❡ ❝♦♠♠❡ ✐♥st❛❜❧❡✱ ✐❧ ❢❛✉t ❛tt❡♥❞r❡ ✉♥ t❡♠♣s tsf = n t✛ ♦ù n ❡st
✉♥❡ ❝♦♥st❛♥t❡ ❛✈❛♥t ❞❡ ❢♦r♠❡r ✉♥❡ ♣❛rt✐❝✉❧❡ r❡♣rés❡♥t❛♥t à ✉♥ ❛♠❛s st❡❧❧❛✐r❡✳ ❈❡ t❡♠♣s ❞✬❛t✲
t❡♥t❡ tsf ♣❡r♠❡t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ♣❤é♥♦♠è♥❡s ♣❤②s✐q✉❡s q✉✐ ♥❡ s♦♥t ♣❛s ❞✐r❡❝t❡♠❡♥t
♠♦❞é❧✐sés ❝♦♠♠❡ ❧❛ ❢♦r♠❛t✐♦♥✱ ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❡t ❧✬❡✛♦♥❞r❡♠❡♥t ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s✱ ❡t
❧❛ ❞✉ré❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳

❉❡s t❡sts ♦♥t ♠♦♥tré q✉❡✱ ❞❛♥s ❧❡s ré❣✐♦♥s ❝❡♥tr❛❧❡s ♦ù ❧❛ ❞❡♥s✐té ❡st ❢♦rt❡✱ ❝❡rt❛✐♥❡s
♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ❛✈❛✐❡♥t ❞❡s t❡♠♣s ❞✬é❧✐❣✐❜✐❧✐té s✐ ❝♦✉rts q✉✬❡❧❧❡s ét❛✐❡♥t é❧✐❣✐❜❧❡s ❡t ❢♦r♠❛✐❡♥t
❞❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s à t♦✉s ❧❡s ♣❛s ❞❡ t❡♠♣s ❡t q✉❛s✐♠❡♥t à ❧❛ ♠ê♠❡ ♣♦s✐t✐♦♥✳ ❆✜♥ ❞✬é✈✐t❡r
❞❡ ❢♦r♠❡r ❞❡ ♥♦♠❜r❡✉s❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡ q✉❛s✐♠❡♥t à ❧❛ ♠ê♠❡ ♣❧❛❝❡✱
♦♥ ✐♠♣♦s❡ ✉♥ ♠✐♥✐♠✉♠ ♣♦✉r ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ tmin = 106 ②r ✭❝❡ t❡♠♣s ❡st
❝♦♠♣❛r❛❜❧❡ ❛✉ t❡♠♣s ❞②♥❛♠✐q✉❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❝❡♥tr❛❧❡ à ❧❛ rés♦❧✉t✐♦♥ ❞❡ ♥♦tr❡ ❝♦❞❡✮ ❞✬♦ù ✿

tsf = max(n tff , tmin)

❖♥ r❡♠♣❧❛❝❡ ❛✐♥s✐ ✉♥❡ s✉✐t❡ ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ♣❛r ✉♥❡ s❡✉❧❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ♠❛ss❡
♣❧✉s ✐♠♣♦rt❛♥t❡✱ ❝❡ q✉✐ ❡st q✉❛s✐♠❡♥t éq✉✐✈❛❧❡♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❡t ❞❡
❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣r♦①✐♠✐té s♣❛t✐❛❧❡ ❞❡ ❝❡s ♣❛rt✐❝✉❧❡s ❡t ❞❡ ❧❡✉rs ❞❛t❡s ❞❡
♥❛✐ss❛♥❝❡ très ♣r♦❝❤❡s✳

▲❛ ❞✉ré❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛✉ s❡✐♥ ❞❡s ❛♠❛s ❛ été ét✉❞✐é ♣❛r ❡①❡♠♣❧❡ ♣❛r ❊❧♠❡❣r❡❡♥
✭✷✵✵✵✮ q✉✐ ❛ ♦❜s❡r✈é q✉❡ ❝❡tt❡ ❞✉ré❡ ✈❛✉t q✉❡❧q✉❡s ❢♦✐s (≈ 1−2✮ ❧❡ t❡♠♣s ❞②♥❛♠✐q✉❡ ❡t ❞é♣❡♥❞
❞❡ ❧❛ ❞❡♥s✐té ❞✉ ❣❛③✱ ❡t ❝❡❧❛ ♣♦✉r ❞❡s é❝❤❡❧❧❡s ❛❧❧❛♥t ❞❡ ✶ ♣❝ à ✶✵✸ ♣❝✳ ❖♥ ❛ ❝❤♦✐s✐ n = 5 ❝❛r
tsf ♣r❡♥❞ ♥♦♥ s❡✉❧❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♠❛✐s é❣❛❧❡♠❡♥t ❧❡ t❡♠♣s
♥é❝❡ss❛✐r❡ à ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❡t à ❧✬❡✛♦♥❞r❡♠❡♥t ❞✉ ❣❛③✳

❉❡ ♣❧✉s✱ ❧❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❛♥s ❧❡s ❛♠❛s ✭SFRcluster✮ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵−3 ▼⊙ ②r−1✳
❊♥ ❡✛❡t✱ ❊❧♠❡❣r❡❡♥ ✫ ❊❢r❡♠♦✈ ✭✶✾✾✼✮ ♦♥t ♦❜s❡r✈é q✉✬✉♥ ♥✉❛❣❡ ♠♦❧é❝✉❧❛✐r❡ ❞❡ ✶✵✺▼⊙ ❢♦r♠❛✐t
✉♥ ❛♠❛s st❡❧❧❛✐r❡ ❡♥ ✶✵✼ ②r ❛✈❡❝ ✉♥❡ ❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡ ∼ 0.1 s♦✐t ✉♥ t❛✉① ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❛♥s ❧❡s ❛♠❛s ❞❡ ❧✬♦r❞r❡ ❞❡ 0.1 × 105/107 = 10−3 ▼⊙ ②r−1✳

❯♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③✱ ét❛♥t ❞♦♥♥é s❛ t❛✐❧❧❡ ✭♣❧✉s✐❡✉rs ♣❛rs❡❝s à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ♣❛rs❡❝s
❡♥ ❣é♥ér❛❧ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s é❧✐❣✐❜❧❡s✮✱ ♣❡✉t ❝♦♥t❡♥✐r ✉♥ ●▼❈ ♦✉ ❝♦rr❡s♣♦♥❞r❡ à ✉♥❡ ♣❛rt✐❡
❞❡ ●▼❈ à ❧✬✐♥tér✐❡✉r ❞✉q✉❡❧ ♣❧✉s✐❡✉rs ❢r❛❣♠❡♥ts ♣❡✉✈❡♥t s✬❡✛♦♥❞r❡r✱ ❝❤❛❝✉♥ ❞❡ s❡s ❢r❛❣♠❡♥ts
❛②❛♥t ✉♥❡ ♠❛ss❡ é❣❛❧❡ à ❧❛ ♠❛ss❡ ❞❡ ❏❡❛♥s✳

▲❡ ♥♦♠❜r❡ ❞❡ ❢r❛❣♠❡♥t s✬❡✛♦♥❞r❛♥t ❛✉ s❡✐♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❡st ❞♦♥❝ ✿ nfrag = ⌈Mg/MJ⌉
♦ù ⌈x⌉ ❡st ❧❛ ♣❛rt✐❡ ❡♥t✐èr❡ ♣❛r ❡①❝ès ❞❡ x✳

❙✐ ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ é❧✐❣✐❜❧❡ à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✈ér✐✜❡ ❧❡s ❞❡✉① ❝♦♥❞✐t✐♦♥s s✉✐✈❛♥t❡s
❛♣rès ✉♥ t❡♠♣s tsf = max(n t✛, t♠✐♥) ✿

T < Tcrit ❡t Xc > 0

❛❧♦rs ❡❧❧❡ ❢♦r♠❡ ✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ♠❛ss❡ ✿

M⋆ = nfrag × SFRcluster × tsf

❙✐ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♥❡ ❝♦♥t✐❡♥t ♣❛s s✉✣s❛♠♠❡♥t ❞❡ ♠❛ss❡ ❢r♦✐❞❡ ♣♦✉r ❢♦r♠❡r ✉♥❡ ♣❛r✲
t✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ❧❛ ♠❛ss❡ ❞és✐ré❡✱ ❧❛ t♦t❛❧✐té ❞❡ ❧❛ ♠❛ss❡ ❢r♦✐❞❡ ❞✐s♣♦♥✐❜❧❡ ❡st ❛❧♦rs ✉t✐❧✐sé❡ ✿
s✐ Mc < M⋆ ❛❧♦rs M⋆ = Mc✳

✺✵
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❯♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❤ér✐t❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ❞❡ s❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣r♦❣é♥✐✲
tr✐❝❡ ❛✉ ♠♦♠❡♥t ❞❡ s❛ ♥❛✐ss❛♥❝❡✱ ❝✬❡st✲à✲❞✐r❡ ❞❡ s❛ ♣♦s✐t✐♦♥ ~rg✱ ❞❡ s❛ ✈✐t❡ss❡ ~vg ❡t ❞❡ s❛
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ χg✳

❋✐♥❛❧❡♠❡♥t✱ ♦♥ ♣❡✉t rés✉♠❡r ♥♦tr❡ r❡❝❡tt❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡✳
❯♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❡st é❧✐❣✐❜❧❡ à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ s✐ ❡❧❧❡ ✈ér✐✜❡ ❧❡s ❝♦♥❞✐t✐♦♥s s✉✐✈❛♥t❡s ✿















T < Tcrit

Xc > 0
Mg > MJ

tff ≤ tmax

❙✐✱ ❛♣rès ✉♥ t❡♠♣s tsf = max(n tff , tmin)✱ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ✈ér✐✜❡ ❡♥❝♦r❡ ❧❡s ❞❡✉① ♣r❡♠✐èr❡s
❝♦♥❞✐t✐♦♥s ❝✐✲❞❡ss✉s ❛❧♦rs ♦♥ ❢♦r♠❡ ✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ♠❛ss❡ M⋆ ✿

M⋆ = min(Mc, nfrag × SFRcluster × tsf)

❛✈❡❝ ❧❡s ♣r♦♣r✐étés s✉✐✈❛♥t❡s à ❧✬✐♥st❛♥t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✿






~r⋆ = ~rg

~v⋆ = ~vg

χ⋆ = χg

♦ù ~r r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡✱ ~v s❛ ✈✐t❡ss❡ ❡t χ s❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡✳ ▲✬✐♥❞✐❝❡ ⋆
❝♦rr❡s♣♦♥❞ à ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❢♦r♠é❡ ❡t ❧✬✐♥❞✐❝❡ g à ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣r♦❣é♥✐tr✐❝❡✳

✺✳✶✳✶ ❘❡♠❛rq✉❡s

▲❡ s♣❡❝tr❡ ❞❡ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❢♦r♠é❡s ❡st ❧✐♠✐té✳ ❊♥ ❡✛❡t✱ ♦♥ ♥❡ ♣❡✉t ♣❛s
❢♦r♠❡r ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ♣❧✉s ♠❛ss✐✈❡s q✉❡ ❧❛ ♣❧✉s ♠❛ss✐✈❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③✳ ❈❡❧❛ s❡
♣r♦❞✉✐t ✉♥✐q✉❡♠❡♥t s✐ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❡st ❝♦♥st✐t✉é❡ ❡♥t✐èr❡♠❡♥t ❞❡ ♣❤❛s❡ ❢r♦✐❞❡✳

P✉✐sq✉❡ ❧✬♦♥ ❝❤♦✐s✐t ❣é♥ér❛❧❡♠❡♥t ❞❡ ❞é❜✉t❡r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ❞❡
♠ê♠❡ ♠❛ss❡✱ ❝✬❡st ❝❡tt❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ Mg(t = 0) q✉✐ s❡r❛ ❧❛ ❜♦r♥❡ s✉♣ér✐❡✉r❡ ❞✉ s♣❡❝tr❡ ❞❡
♠❛ss❡✳ ❙✐ ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ♥✬♦♥t ♣❛s t♦✉t❡ ❧❛ ♠ê♠❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❛❧♦rs ❝❡ s❡r❛ ❧❛ ♠❛ss❡
♠❛①✐♠❛❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ i à t = 0✶ ✿ M⋆

max = max(M i
g(t = 0)✮✳

❉❡ ♠ê♠❡✱ ❞✉ ❝ôté ❞❡s ❢❛✐❜❧❡s ♠❛ss❡s✱ ❧❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ❡st ✿ M⋆
min = min(nfrag) ×

SFRcluster ×min(tsf) ♦ù min(nfrag) = 1✱ SFRcluster = 10−3 ▼⊙ ②r−1 ❡t min(tsf) = tmin = 106 ②r
❞✬♦ù M⋆

min = 103 ▼⊙
✷✳ ▲❡ s♣❡❝tr❡ ❞❡ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❢♦r♠é❡s ❛✉ ❝♦✉rs ❞✬✉♥❡

s✐♠✉❧❛t✐♦♥ ❡st ❞♦♥❝ ❝♦♠♣r✐s ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ [M⋆
min; M

⋆
max] ✿

{

M⋆
min = SFRcluster × min(tsf) = 103 ▼⊙

M⋆
max = max(M i

g(t = 0))

✶❈❡tt❡ ❜♦r♥❡ s✉♣ér✐❡✉r❡ ♣❡✉t êtr❡ ❧é❣èr❡♠❡♥t ♣❧✉s ❣r❛♥❞❡ s✐ ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❝♦♠♠❡♥❝❡ ♣❛r r❡❝❡✈♦✐r
❞✉ ❣❛③ ❞❡ ❧❛ ♣❛rt ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ✈♦✐s✐♥❡s ♣✉✐s s❡ ❝♦♥❞❡♥s❡ ❡♥t✐èr❡♠❡♥t s♦✉s ❢♦r♠❡ ❞❡ ❣❛③ ❢r♦✐❞ ❡t s❡
tr❛♥s❢♦r♠❡ ✐♥té❣r❛❧❡♠❡♥t ❡♥ ét♦✐❧❡s✳

✷❉❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à 103 ▼⊙ ♣❡✉✈❡♥t t♦✉t ❞❡ ♠ê♠❡ s❡ ❢♦r♠❡r✳ ❊♥ ❡✛❡t✱ s✐ à ✉♥
✐♥st❛♥t t ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣♦ssè❞❡ ✉♥❡ ♣❤❛s❡ ❢r♦✐❞❡ ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à 103 ▼⊙✱ ❡❧❧❡ ♥❡ ♣♦✉rr❛ ❢♦r♠❡r
q✉✬✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à 103 ▼⊙✳

✺✶
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❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❝r✐tèr❡ s✉r ❧❡ t❡♠♣s ❞❡ ❝❤✉t❡ ❧✐❜r❡ ✭t✛✮ éq✉✐✈❛✉t à ✉♥ ❝r✐tèr❡ s✉r ❧❛ ❞❡♥s✐té✳
❊♥ ❡✛❡t✱ ❧❡ t❡♠♣s ❞❡ ❝❤✉t❡ ❧✐❜r❡ t✛ ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à ρ−1/2 ✿

t✛ =

(

3π

32Gρ

)1/2

t✛ < t♠❛① ⇐⇒
(

3π

32Gρ

)1/2

< t❝r✐t ⇐⇒ ρ > ρmin =
3π

32Gt2max

ρ

▼⊙/♣❝3
> 65.13

(

Myr

tmax

)2

P♦✉r tmax = 10▼②r✱ ♦♥ ♦❜t✐❡♥t ρ > 0.65▼⊙✴♣❝3 ✭♦✉ ρ > 26.40 ❝♠✲✸ ❡♥ s✉♣♣♦s❛♥t ✉♥
❣❛③ ❝♦♠♣♦sé ✉♥✐q✉❡♠❡♥t ❞✬❤②❞r♦❣è♥❡✮ ❡t ♣♦✉r tmax = 1▼②r✱ ♦♥ ♦❜t✐❡♥t ρ > 65▼⊙✴♣❝3 ✭♦✉
ρ > 2640 ❝♠✲✸✮✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞❡ ρmin ❡♥ ❢♦♥❝t✐♦♥ ❞❡ tmax ❡st ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✺✳✶✳

❋✐❣✳ ✺✳✶ ✕ ❉❡♥s✐té ♠✐♥✐♠❛❧❡ ❞✉ ❣❛③ ρmin ♥é❝❡ss❛✐r❡ ❛✜♥ ❞❡ ❞é❝❧❡♥❝❤❡r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡
❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ tmax✳

✺✷
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✺✳✶✳✷ ❊✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

▲♦rsq✉✬✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❡st é❧✐❣✐❜❧❡ à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭❝✬❡st✲à✲❞✐r❡ ❧♦rsq✉✬❡❧❧❡
✈ér✐✜❡ ❧❡s ❝r✐tèr❡s é♥♦♥❝és ♣ré❝é❞❡♠♠❡♥t✮✱ ❝❡❧❧❡✲❝✐ ❢♦r♠❡ ✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡ ♠❛ss❡ M⋆

❛✉ ❜♦✉t ❞✬✉♥ t❡♠♣s tsf ✳
❙✐ n tff > tmin ❛❧♦rs tsf = n tff ✿

M⋆ = nfrag × SFRcluster × tsf

=
ME

g

MJ
× SFRcluster × n × tff

= ME
g × 6G3/2ρ

1/2
g

π5/2v3
s

× SFRcluster × n ×
(

3π

32Gρg

)1/2

=

(

3

2

)3/2

× G

π2
×

n ME
g SFRcluster

v3
s

=

(

3

2

)3/2

× G

π2
×

n ME
g SFRcluster ρ

3/2
g

P 3/2

▲✬❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❙❋❊ ✭♣♦✉r ❙t❛r ❋♦r♠❛t✐♦♥ ❊✣❝✐❡♥❝②✮ s✬❡①♣r✐♠❡ ♣❛r ✿
SFE = M⋆/M

SF
g ♦ù MSF

g ❡st ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ♣❛r ♦♣♣♦s✐t✐♦♥ à ME

g ✱ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❛✉ ♠♦♠❡♥t ❞❡ ❧✬é❧✐❣✐❜✐❧✐té q✉✐ ❡st
✉t✐❧✐sé❡ ♣♦✉r ❝❛❧❝✉❧❡r nfrag = ME

g /MJ ✳ ME
g ≤ MSF

g ❝❛r ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣❡✉t ❣❛❣♥❡r ❞❡
❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ✈♦✐s✐♥❡s ❡♥tr❡ ❧❡ ♠♦♠❡♥t ♦ù ❡❧❧❡ ❡st é❧✐❣✐❜❧❡ ❡t ❧❡
♠♦♠❡♥t ♦ù ❡❧❧❡ ❢♦r♠❡ ❞❡s ét♦✐❧❡s✳

P♦✉r vs = 6 ❦♠✴s ✭✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ s♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✮✱
SFRcluster = 10−3 ▼⊙ ②r−1 ❡t n = 5✱ ♦♥ ❛ M⋆ = 1.8 10−2ME

g ❞✬♦ù ✉♥❡ ❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ SFE = M⋆/M

SF
g = 0.018 × (ME

g /MSF
g ) ≤ 1.8✪ ❝❛r ME

g /MSF
g ≤ 1✳ ❈❡tt❡ ❡✣❝❛❝✐té

❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞é♣❡♥❞ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❝❛r v2
s ∝ T ✳ ❆✐♥s✐ ❧❡ ❙❋❊ ❛✉❣♠❡♥t❡ q✉❛♥❞ vs

❞✐♠✐♥✉❡✱ ♦✉ ❝❡ q✉✐ ❡st éq✉✐✈❛❧❡♥t✱ q✉❛♥❞ T ❞✐♠✐♥✉❡✳ ❯♥❡ ❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡
1.8✪ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ♦ù ❝❡❧❧❡✲❝✐ ❡st ❞❡ q✉❡❧q✉❡s ♣♦✉r❝❡♥ts ❞❛♥s ❧❡s ●▼❈
❡t ≈ 10 − 30✪ ❞❛♥s ❧❡s ❝÷✉rs ❞❡♥s❡s ✭▲❛❞❛ ✫ ▲❛❞❛✱ ✷✵✵✸✮✳

❙✐ n tff ≤ tmin ❛❧♦rs tsf = tmin ✿

M⋆ =
6G3/2

π5/2
×

ME
g tmin SFRcluster ρ

1/2
g

v3
s

=
6

π5/2
×
(

G

γ

)3/2

×
ME

g tmin SFRcluster ρ2
g

P 3/2

❉❛♥s ❝❡ ❝❛s✱ ❧✬❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ s✬é❝r✐t ✿

SFE ∝ ρ
1/2
g

v3
s

∝ ρ
1/2
g

T 3/2

✺✸



❈❍❆P■❚❘❊ ✺✳ ■▼P▲➱▼❊◆❚❆❚■❖◆ ❉❊ ▲❆ ❋❖❘▼❆❚■❖◆ ❊❚ ❉❊ ▲✬➱❱❖▲❯❚■❖◆ ❉❊❙
➱❚❖■▲❊❙

❖♥ ♣❡✉t ❡①♣r✐♠❡r ❧❛ ❞❡♥s✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❧♦❝❛❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ❞❡♥s✐té ❞❡ ❢♦r♠❛✲
t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ✿

ρSFR = − 1

Vg

❞Mg

❞t
≈ 1

Vg

M⋆

tsf
∝

ρ2
g

P 3/2

❖♥ r❡♠❛rq✉❡ q✉❡ ❧✬♦♥ ♦❜t✐❡♥t ✉♥❡ ❧♦✐ ❞❡ ❙❝❤♠✐❞t ❞✬❡①♣♦s❛♥t ✷ ✭ρSFR ∝ ρ2
g✮ ❛✈❡❝ ✉♥❡

❞é♣❡♥❞❛♥❝❡ s✉♣♣❧é♠❡♥t❛✐r❡ ❛✈❡❝ ❧❛ ♣r❡ss✐♦♥ ✭ρSFR ∝ P−3/2✮✳ ▲✬❡①♣♦s❛♥t ♦❜t❡♥✉ s❡ s✐t✉❡ ❜✐❡♥
❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❣é♥ér❛❧❡♠❡♥t ❛❞♠✐s ♣♦✉r ❧✬❡①♣♦s❛♥t ❞❡ ❧❛ ❧♦✐ ❞❡ ❙❝❤♠✐❞t [1; 2] ❡♥ ❞❡♥s✐té✳

❇❧✐t③ ✫ ❘♦s♦❧♦✇s❦② ✭✷✵✵✻✮ ♣r♦♣♦s❡ ✉♥❡ r❡❝❡tt❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r Pext✱
❧❛ ♣r❡ss✐♦♥ ❤②❞r♦st❛t✐q✉❡ ❡♥ z = 0 ❞✬✉♥ ❞✐sq✉❡ ♠✐♥❝❡ ❞✬ét♦✐❧❡s ❡t ❞❡ ❣❛③✳ ❙✐ ❧❛ ♣r❡ss✐♦♥ ❡st
❢❛✐❜❧❡✱ ΣSFR ∝ ΣgP

0.92✱ ❡t s✐ ❧❛ ♣r❡ss✐♦♥ ❡st ❢♦rt❡✱ ΣSFR ∝ Σ1.4
g ✳ ◆♦tr❡ r❡❧❛t✐♦♥ ❢❛✐t é❣❛❧❡♠❡♥t

✐♥t❡r✈❡♥✐r ❧❛ ♣r❡ss✐♦♥ ♠❛✐s ❛✈❡❝ ✉♥ ❡①♣♦s❛♥t ❞❡ s✐❣♥❡ ♦♣♣♦sé✳ ❉❛♥s ♥♦tr❡ ❝❛s✱ ✐❧ s✬❛❣✐t ❞❡ ❧❛
♣r❡ss✐♦♥ à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡t ♥♦♥ ❞✬✉♥❡ ♣r❡ss✐♦♥ ❡①tér✐❡✉r❡✳ ❯♥ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ✐♥✈❡rs❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧ à ❧❛ ♣r❡ss✐♦♥ ✐♠♣♦s❡ q✉❡ ❝❡❧✉✐✲❝✐ ❞✐♠✐♥✉❡ q✉❛♥❞ ❧✬❛❣✐t❛t✐♦♥
t❤❡r♠✐q✉❡ ❛✉❣♠❡♥t❡ ✭P ∝ u ∝ T ∝ v2

s✮✳ P❧✉s ❧❛ ♣r❡ss✐♦♥ ❡st ❣r❛♥❞❡ ♣♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡✱ ♣❧✉s
❝❡❧❧❡✲❝✐ ✈❛ ❛✈♦✐r t❡♥❞❛♥❝❡ à s✬ét❡♥❞r❡ ✭s✐ ❧❛ ♣r❡ss✐♦♥ ❛✉t♦✉r ❡st ♣❧✉s ❢❛✐❜❧❡✮✱ ❡t ❞♦♥❝ ♥❡ ✈❛ ♣❛s
❛✈♦✐r t❡♥❞❛♥❝❡ à s✬❡✛♦♥❞r❡r ♣♦✉r ❢♦r♠❡r ❞❡s ét♦✐❧❡s✳

✺✳✷ ➱✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡

▲❛ ❞✉ré❡ ❞❡ ✈✐❡ ❡t ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ét♦✐❧❡ ❞é♣❡♥❞❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ s❛ ♠❛ss❡✳ ▲❡s ét♦✐❧❡s
♠❛ss✐✈❡s ❜rû❧❡♥t ❧❡✉r ❝❛r❜✉r❛♥t très r❛♣✐❞❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡s ❢♦rt❡s ♣r❡ss✐♦♥ ❡t t❡♠♣ér❛t✉r❡
q✉✐ rè❣♥❡♥t ❞❛♥s ❧❡✉r ❝÷✉r ❡t q✉✐ s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ❝♦♥tr❡✲❜❛❧❛♥❝❡r ❧❛ ❣r❛✈✐té✳ ▲❡s ét♦✐❧❡s
❞❡ ❢❛✐❜❧❡ ♠❛ss❡✱ q✉❛♥t à ❡❧❧❡s✱ s♦♥t ❜✐❡♥ ♣❧✉s é❝♦♥♦♠❡s ❡t ♣❡✉✈❡♥t ✈✐✈r❡ ♣❧✉s ❞❡ ❞✐① ♠✐❧❧✐❛r❞s
❞✬❛♥♥é❡s✳ ❉❡ ♣❧✉s✱ ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞✬✉♥❡ ét♦✐❧❡ ❞é♣❡♥❞ ❞❡ s❛ ♠ét❛❧❧✐❝✐té✱ ❝✬❡st✲à✲❞✐r❡ ❞❡ s❛
t❡♥❡✉r ❡♥ é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ♣❧✉s ❧♦✉r❞s q✉❡ ❧✬❤é❧✐✉♠✳ ❊♥ ❡✛❡t✱ ❧❡s é❧é♠❡♥ts ❧♦✉r❞s ♣❡✉✈❡♥t
❝ré❡r ✉♥❡ ❢♦rt❡ ❛❜s♦r♣t✐♦♥ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❞❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡✱ ❞✐♠✐♥✉❛♥t ❛✐♥s✐ ❧❛
♣❡rt❡ ❞✬é♥❡r❣✐❡ ❡t ❝♦♥❞✉✐s❛♥t à ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ♣❧✉s ❧♦♥❣✉❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡ à
❢♦rt❡ ♠ét❛❧❧✐❝✐té✳

❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ♥❡ r❡♣rés❡♥t❡ ♣❛s ✉♥❡ ét♦✐❧❡ ♠❛✐s ✉♥❡
♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ s✐♠♣❧❡ ✭❙❙P ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❙✐♥❣❧❡ ❙t❡❧❧❛r P♦♣✉❧❛t✐♦♥✮✱ ❝✬❡st✲à✲❞✐r❡ ✉♥
❡♥s❡♠❜❧❡ ❞✬ét♦✐❧❡s ❢♦r♠é❡s ❛✉ ♠ê♠❡ ✐♥st❛♥t ❡t ❛✉ ♠ê♠❡ ❡♥❞r♦✐t ❡t q✉✐ ♦♥t ❞♦♥❝ ❧❛ ♠ê♠❡
❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ✐♥✐t✐❛❧❡✳ ▲✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ❙❙P ❞é♣❡♥❞ ❞❡ ❞❡✉① ♣❛r❛♠ètr❡s ✿ ❧✬■▼❋ ❡t
❧❛ ♠ét❛❧❧✐❝✐té✳

▲❡s ♣❛s ❞❡ t❡♠♣s t②♣✐q✉❡s ❞❡s s✐♠✉❧❛t✐♦♥s ét❛♥t ✐♥❢ér✐❡✉rs ❛✉ t❡♠♣s ❞❡ ✈✐❡ ❞❡s ét♦✐❧❡s
❡①♣❧♦s❛♥t ❡♥ ❙◆■■ ✭✉♥❡ ét♦✐❧❡ ❞❡ ✽▼⊙ ❛ ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 40 − 50▼②r✮✱ ❧❛
r❡❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ ❞❡ ❧❛ ♣❛rt ❞❡s ♣♦♣✉❧❛t✐♦♥s st❡❧❧❛✐r❡s s❡ ❢❛✐t s❡❧♦♥ ✉♥ s❝❤é♠❛
❞❡ r❡❝②❝❧❛❣❡ ♥♦♥✲✐♥st❛♥t❛♥é✳ ▲❡ ❣❛③ ❡t ❧✬é♥❡r❣✐❡ ❧✐❜érés ♣❛r ✉♥❡ ♥♦✉✈❡❧❧❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡
✭✈❡♥ts ❡t s✉♣❡r♥♦✈❛❡✮ ♥❡ ✈♦♥t ♣❛s êtr❡ ✐♠♠é❞✐❛t❡♠❡♥t r❡❞✐str✐❜✉és à s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳
❈❡tt❡ ❧✐❜ér❛t✐♦♥ ✈❛ s❡ ❢❛✐r❡ ❞❡ ♠❛♥✐èr❡ ♣r♦❣r❡ss✐✈❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
st❡❧❧❛✐r❡✳

✺✹



✺✳✷✳ ➱❱❖▲❯❚■❖◆ ❙❚❊▲▲❆■❘❊

✺✳✷✳✶ ❱❡♥ts st❡❧❧❛✐r❡s ❡t s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■■

▲✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❡st ❜❛sé❡ s✉r ❧❡ ❝♦❞❡ ❞❡ s②♥t❤ès❡ ❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❙t❛r❜✉rst✾✾ ✭▲❡✐✲
t❤❡r❡r ❡t ❛❧✳✱ ✶✾✾✾❀ ❱á③q✉❡③ ✫ ▲❡✐t❤❡r❡r✱ ✷✵✵✺✮✳ ❉✬❛✉tr❡s ❝♦❞❡s ❞❡ s②♥t❤ès❡ ❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡
❡①✐st❡♥t ♣❛r♠✐ ❧❡sq✉❡❧s ♦♥ ♣❡✉t ❝✐t❡r ●❛❧❛①❡✈ ✭❇r✉③✉❛❧ ✫ ❈❤❛r❧♦t✱ ✷✵✵✸❛✮ ❡t Pé❣❛s❡ ✭❋✐♦❝ ✫
❘♦❝❝❛✲❱♦❧♠❡r❛♥❣❡✱ ✶✾✾✼✮ ♠❛✐s s❡✉❧ ❙t❛r❜✉rst✾✾ ❢♦✉r♥✐t ❞❛♥s s❛ ✈❡rs✐♦♥ ♣✉❜❧✐q✉❡ ❧❡s ♣❡rt❡s ❞❡
♠❛ss❡ ♣❛r é❧é♠❡♥t✱ ❝❡ q✉✐ ❛ ♠♦t✐✈é ♥♦tr❡ ❝❤♦✐①✳ ◆❡✉❢ é❧é♠❡♥ts s♦♥t ❛✐♥s✐ ❞✐s♣♦♥✐❜❧❡s ✿ ❍✱ ❍❡✱
❈✱ ◆✱ ❖✱ ▼❣✱ ❙✐✱ ❙ ❡t ❋❡✳ ❙t❛r❜✉rst✾✾ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■❛✳ ▲❡✉r
✐♠♣❧é♠❡♥t❛t✐♦♥ ❡st ❞é❝r✐t❡ ♣❛r ❧❛ s✉✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✺✳✷✳✷✳

❙t❛r❜✉rst✾✾ ♣❡r♠❡t ❞❡ ♥♦♠❜r❡✉① ❝❤♦✐① ❞❛♥s ❧❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥
st❡❧❧❛✐r❡ q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ s✐♠✉❧❡r✳ ◆♦✉s ré❝❛♣✐t✉❧♦♥s ✐❝✐ ❧❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s q✉❡ ♥♦✉s
❛✈♦♥s ❝❤♦✐s✐s ✿

✕ ▼❛ss❡ st❡❧❧❛✐r❡ ✜①❡✸✳ ❙t❛r❜✉rst✾✾ ♣❡r♠❡t é❣❛❧❡♠❡♥t ❞❡ ❝❛❧❝✉❧❡r ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ♣♦♣✲
✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ❛✈❡❝ ✉♥ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ ❝♦♥st❛♥t✳ ❈♦♠♠❡ ♥♦✉s s♦✉❤❛✐t♦♥s s✐♠✉❧❡r
❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ❙❙P✱ ❝✬❡st✲à✲❞✐r❡ ❞✬✉♥ ❣r♦✉♣❡ ❞✬ét♦✐❧❡s ♥é❡s ❛✉ ♠ê♠❡ ✐♥st❛♥t ❡t ❛✉
♠ê♠❡ ❡♥❞r♦✐t✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ❝♦♥s✐❞ér❡r ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♠❛ss❡
✐♥✐t✐❛❧❡ ✜①❡✳ ▲❛ ✈❛❧❡✉r ❡①❛❝t❡ ❞❡ ❝❡tt❡ ♠❛ss❡ ❡st s❛♥s ✐♠♣♦rt❛♥❝❡ ❝❛r t♦✉t❡s ❧❡s q✉❛♥t✐tés
❝❛❧❝✉❧é❡s s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡s à ❝❡❧❧❡✲❝✐✳ ■❧ s✉✣t ❞♦♥❝ ❞❡ ♥♦r♠❛❧✐s❡r t♦✉t❡s ❧❡s q✉❛♥t✐tés
♣❛r ❝❡tt❡ ♠❛ss❡ ❡t ❡♥s✉✐t❡ ❞❡ ♠✉❧t✐♣❧✐❡r ♣❛r ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❢♦r♠é❡ ♣♦✉r
♦❜t❡♥✐r ❧❡s ✈❛❧❡✉rs ❞és✐ré❡s✳

✕ ❚r❛❝és ❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❞❡ P❛❞♦✉❡✳ ▲❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❞❡ ●❡♥è✈❡ s♦♥t é❣❛❧❡♠❡♥t
❞✐s♣♦♥✐❜❧❡s✳ ◆♦tr❡ ❝❤♦✐① s✬❡st ♣♦rté s✉r ❝❡✉① ❞❡ P❛❞♦✉❡ ❝❛r ❧❡✉r ❣❛♠♠❡ ❞❡ ♠❛ss❡ ❡st
♣❧✉s ét❡♥❞✉❡ ❞✉ ❝ôté ❞❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡s ♠❛ss❡s✳ ▲❛ ♣❧✉s ❢❛✐❜❧❡ ♠❛ss❡ ❞❡s tr❛❝és ❞❡
●❡♥è✈❡ ✐♠♣❧é♠❡♥té❡ ❞❛♥s ❙t❛r❜✉rst✾✾ ❡st 0.8▼⊙ ❛❧♦rs q✉❡ ❝❡❧❧❡ ❞❡s tr❛❝és ❞❡ P❛❞♦✉❡
❡st 0.15▼⊙✳ ❈❡s tr❛❝és s♦♥t ❞♦♥❝ ♣❧✉s ❛❞❛♣tés ♣♦✉r s✐♠✉❧❡r ❧✬é✈♦❧✉t✐♦♥ à ❧♦♥❣ t❡r♠❡
❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡✳ ▲❛ ♠❛ss❡ ♠❛①✐♠❛❧❡ ❡st ❧❛ ♠ê♠❡ ♣♦✉r ❧❡s ❞❡✉① t②♣❡s ❞❡ tr❛❝és
❞✬é✈♦❧✉t✐♦♥ ✿ 120▼⊙✳

✕ ▼ét❛❧❧✐❝✐té✳ ◆♦✉s ❛✈♦♥s ❝❛❧❝✉❧é ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❙❙P ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ✺ ♠ét❛❧❧✐❝✐tés
♣r♦♣♦sé❡s ♣♦✉r ❧❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❞❡ P❛❞♦✉❡✱ ❝✬❡st✲à✲❞✐r❡ Z = 0.0004✱ 0.004✱ 0.008✱
0.02 ✭✈❛❧❡✉r s♦❧❛✐r❡✮ ❡t 0.05✳

✕ ■▼❋ ❞❡ ❑r♦✉♣❛ ✭✷✵✵✶✮ ✭❝❢✳ s❡❝t✐♦♥ ✷✳✸✮✳ ❈❤❛q✉❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ r❡♣rés❡♥t❛♥t ✉♥❡
♣♦♣✉❧❛t✐♦♥ ❞✬ét♦✐❧❡s✱ s♦♥ é✈♦❧✉t✐♦♥ ❞é♣❡♥❞✱ ❡♥ ♣❧✉s ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❝❤♦✐s✐s ❡t ❞❡
s❛ ♠ét❛❧❧✐❝✐té✱ ❞❡ s❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡✳ ❙t❛r❜✉rst✾✾ ♣❡r♠❡t ❞❡ ❝❤♦✐s✐r ♥✬✐♠♣♦rt❡
q✉❡❧❧❡ ■▼❋ ❞é✜♥✐❡ ♣❛r ♠♦r❝❡❛✉① ♣❛r ❞❡s ❧♦✐s ❞❡ ♣✉✐ss❛♥❝❡✳ ❖♥ ❛ tr♦♥q✉é ❧✬■▼❋ à 0.1▼⊙

❞✉ ❝ôté ❞❡s ❢❛✐❜❧❡s ♠❛ss❡s ❡t à 100▼⊙ ❞✉ ❝ôtés ❞❡s ❢♦rt❡s ♠❛ss❡s✳ ❖♥ ❛ ❞♦♥❝ ✉♥❡ ■▼❋
❡♥ ❞❡✉① ♠♦r❝❡❛✉① ✿

Φ(m) ∝ m−γi

{

γ1 = 1.3, 0.10 ≤ m/▼⊙ ≤ 0.50
γ2 = 2.3, 0.50 ≤ m/▼⊙ ≤ 100

▼ê♠❡ s✐ ❧❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ✐♥❢ér✐❡✉r❡ à 0.1▼⊙ s♦♥t ✐♠♣♦rt❛♥t❡s ❡♥ ♥♦♠❜r❡✱ ❡❧❧❡s ♥❡
✸▲❡ t❡r♠❡ ✜①❡ ✐❝✐ ♥❡ s✐❣♥✐✜❡ ♣❛s q✉✬✐❧ ♥✬② ❛ ♣❛s ❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡✳ ■❧ s✬♦♣♣♦s❡ à ❧✬❛✉tr❡ ❝❤♦✐① ♣r♦♣♦sé q✉✐

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

✺✺



❈❍❆P■❚❘❊ ✺✳ ■▼P▲➱▼❊◆❚❆❚■❖◆ ❉❊ ▲❆ ❋❖❘▼❆❚■❖◆ ❊❚ ❉❊ ▲✬➱❱❖▲❯❚■❖◆ ❉❊❙
➱❚❖■▲❊❙

r❡♣rés❡♥t❡♥t q✉❡ ≈ 5.7✪ ❡♥ ♠❛ss❡ ♣♦✉r ❧✬■▼❋ ❝♦♥s✐❞éré❡✳ ❉❡ ♣❧✉s✱ ❧❛ ♠❛ss❡ ✐♥❢ér✐❡✉r❡
❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ✉t✐❧✐sés ❡st 0.15▼⊙ ❞♦♥❝ ❛❜❛✐ss❡r ❧❛ ♠❛ss❡ ♠✐♥✐♠❛❧❡ ❞❡ ❧✬■▼❋
r❡✈✐❡♥t à ❜❧♦q✉❡r ♣❧✉s ❞❡ ♠❛ss❡ s♦✉s ❢♦r♠❡ ❞✬ét♦✐❧❡s ♥✬é✈♦❧✉❛♥t ♣❛s✳ ❆✐♥s✐ ❧❡s ♣❡rt❡s
❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ s❡r❛✐t ré❞✉✐t ❞❡ 5.7✪ ❡♥✈✐r♦♥✳ ▲❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ s✉♣ér✐❡✉r❡ à
100▼⊙ s♦♥t très ♣❡✉ ♥♦♠❜r❡✉s❡s ❡t r❡♣rés❡♥t❡♥t ≈ 2✪ ❡♥ ♠❛ss❡ ✭s✐ ♦♥ ♣r❡♥❞ 150▼⊙

❝♦♠♠❡ ♠❛ss❡ ♠❛①✐♠❛❧❡ ❞❡ ❧❛ ❙❙P✮✳ ❉❡ ♣❧✉s✱ ❧❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ♦♥t ✉♥❡ ♠❛ss❡ ♠❛①✲
✐♠❛❧❡ ❞❡ 120▼⊙✳ ❖♥ ♥❡ ♣♦✉rr❛✐t ❞♦♥❝ ♣❛s s✉✐✈r❡ ❧❡s ♣❡rt❡s ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ ❞❡
❝❡s ét♦✐❧❡s très ♠❛ss✐✈❡s✳ ▲✬■▼❋ ❝❤♦✐s✐❡ ❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✐♥✈❛r✐❛♥t❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❡t
❞❛♥s ❧❡ t❡♠♣s✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❞❡✉① ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ♥é❡s à ❞❡s ❡♥❞r♦✐ts ❞✐✛ér❡♥ts ❡t
à ❞❡s t❡♠♣s ❞✐✛ér❡♥ts ❞❛♥s ✉♥❡ s✐♠✉❧❛t✐♦♥ s❡r♦♥t ❝❛r❛❝tér✐sé❡s ♣❛r ❝❡tt❡ ♠ê♠❡ ■▼❋✳

✕ ▼❛ss❡ ❧✐♠✐t❡ ♣♦✉r ❧❡s s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■■✳ ❖♥ ❛ ❝❤♦✐s✐t ❧❛ ✈❛❧❡✉r ❝♦♠♠✉♥é♠❡♥t ❛❞♠✐s❡
❞❡ ✽▼⊙✳ ❚♦✉t❡s ❧❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ✽▼⊙ ✈♦♥t ❡①♣❧♦s❡r ❡♥ ❙◆■■✳

✕ ▼♦❞è❧❡ t❤é♦r✐q✉❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ ❞❡s ✈❡♥ts✳ ◆♦✉s ♥✬❛✈♦♥s ♣❛s ✉t✐❧✐sé ❧❡ ♠♦❞è❧❡ é✈♦❧✉t✐♦♥
❜❛sé s✉r ❧❡s t❛✉① ❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡ ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❝❛r ❝❡❧✉✐✲❝✐ ❞♦♥♥❡ ✉♥❡ é✈♦❧✉t✐♦♥
❛✈❡❝ ❞❡s à✲❝♦✉♣s ❛♣rès 108 ②r ✭❝❢✳ ❋✐❣✳ ✺✳✷ ❡♥ ❤❛✉t à ❣❛✉❝❤❡✮✳ ❈❡s à✲❝♦✉♣s rés✉❧t❡♥t ❞✬✉♥❡
♣❡rt❡ ❞❡ ♠❛ss❡ ♥♦♥ ré❛❧✐st❡✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❝❡rt❛✐♥❡s ét♦✐❧❡s✱ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ❝❛❧❝✉❧é❡
♣❛r ❧❡ ♠♦❞è❧❡ é✈♦❧✉t✐♦♥ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡ ✭❝❢✳ ❋✐❣✳ ✺✳✷
❡♥ ❤❛✉t à ❞r♦✐t❡ ♣♦✉r ✉♥❡ ét♦✐❧❡ ❞❡ ✹✵▼⊙✮✳ P♦✉r ❞✬❛✉tr❡s ❡♥ r❡✈❛♥❝❤❡✱ ❝❡❧❧❡✲❝✐ ♣❡✉t êtr❡
❜✐❡♥ ♣❧✉s ❢❛✐❜❧❡ ✭❝❢✳ ❋✐❣✳ ✺✳✷ ❛✉ ♠✐❧✐❡✉ à ❞r♦✐t❡ ♣♦✉r ✉♥❡ ét♦✐❧❡ ❞❡ ✹▼⊙✮ ♦✉ ❜✐❡♥ ♣❧✉s
❣r❛♥❞❡✳ ❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❧❛ ♠❛ss❡ ♣❡r❞✉❡ ❡st✐♠é❡ à ♣❛rt✐r ❞❡s t❛✉① ❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡
♣❡✉t ❞é♣❛ss❡r ❧❛ ♠❛ss❡ t♦t❛❧❡ ✐♥✐t✐❛❧❡ ❞❡ ❧✬ét♦✐❧❡ ✦ ❈❡❧❛ s❡ ♣r♦❞✉✐t ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡s
ét♦✐❧❡s ❞❡ ♠❛ss❡s ✺✱ ✹ ❡t 0.9▼⊙ à ❞❡s â❣❡s r❡s♣❡❝t✐❢s ❞❡ ✶✵✵✱ ✽✵✵ ❡t ✾✵✵✵ ▼②r ❡♥ ❛❝❝♦r❞
❛✈❡❝ ❧❡s ✸ à✲❝♦✉♣s ♦❜s❡r✈és s✉r ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ❙❙P✳

P❧✉s✐❡✉rs ❧✐♠✐t❛t✐♦♥s s♦♥t ❧✐é❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❙t❛r❜✉rst✾✾✹ ✿
✕ ▲✬é✈♦❧✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ♥❡ ❞é♣❡♥❞ q✉❡ ❞❡ Z ❡t ♥♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✲
✐q✉❡ ✓ ❡①❛❝t❡ ✔ ❝❛r ♦♥ ♥✬❛ ♣❛s ❞❡ tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛❜♦♥❞❛♥❝❡s ❞❡s
❞✐✛ér❡♥ts é❧é♠❡♥ts✳

✕ ❚♦✉t❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❛✈❡❝ ✉♥❡ ♠ét❛❧❧✐❝✐té ✐♥❢ér✐❡✉r❡ à 0.0004 é✈♦❧✉❡r❛ ❝♦♠♠❡ ✉♥❡
❙❙P ❞❡ ❝❡tt❡ ♠ét❛❧❧✐❝✐té ❝❛r ✐❧ s✬❛❣✐t ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té ❧❛ ♣❧✉s ❢❛✐❜❧❡ ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❡s
tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ✉t✐❧✐sés✳ ▲❡ ♠ê♠❡ t②♣❡ ❞❡ ❧✐♠✐t❛t✐♦♥ s✬❛♣♣❧✐q✉❡ ❛✉① ♣❛rt✐❝✉❧❡s ❞♦♥t ❧❛
♠ét❛❧❧✐❝✐té ❡st s✉♣ér✐❡✉r❡ à 0.05✳

✕ ■❧ ❡①✐st❡ ❝❡rt❛✐♥❡s ✐♥❝♦❤ér❡♥❝❡s ❡♥tr❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡ ❡t ❧❡s ♣❡rt❡s ❞❡ ♠❛ss❡
♣❛r é❧é♠❡♥ts✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❙t❛r❜✉rst✾✾ s❡ ❜❛s❡ s✉r ❲♦♦s❧❡② ✫ ❲❡❛✈❡r ✭✶✾✾✺✮ ♣♦✉r
❧❡s ❛❜♦♥❞❛♥❝❡s ❞❡s é❧é♠❡♥ts é❥❡❝tés ♣❛r ❧❡s ❙◆■■✳ ▲❛ ♠❛ss❡ ♠❛①✐♠❛❧❡ ❞❡s ♠♦❞è❧❡s ❞❡
❲♦♦s❧❡② ✫ ❲❡❛✈❡r ✭✶✾✾✺✮ ❡st ✹✵▼⊙✳ ❆✐♥s✐✱ ♣♦✉r ❧❡s ét♦✐❧❡s ♣❧✉s ♠❛ss✐✈❡s✱ ❛✉❝✉♥❡ ♣❡rt❡
♣❛r é❧é♠❡♥t ♥✬❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❝❡s ét♦✐❧❡s ✈♦♥t ♣❡r❞r❡ ❞❡ ❧❛ ♠❛ss❡
♠❛✐s q✉❡ ❧✬♦♥ ❛ ❛✉❝✉♥❡ ✐♥❞✐❝❛t✐♦♥ s✉r ❧❡s ♣❡rt❡s ♣❛r é❧é♠❡♥t✳ ❉✬❛✉tr❡ ♣❛rt✱ ✉♥❡ ❛✉tr❡
✐♥❝♦❤ér❡♥❝❡ ✈✐❡♥t ❞❡ ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❡t ❞❡ ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ②✐❡❧❞s ❞❡s s✉♣❡r♥♦✈❛❡✳ ❊♥
❡✛❡t✱ ❧❡s ♠♦❞è❧❡s ❞❡ ❲♦♦s❧❡② ✫ ❲❡❛✈❡r ✭✶✾✾✺✮ ♥❡ ❝♦✉✈r❡♥t ♣❛s t♦✉t❡s ❧❡s ♠❛ss❡s ❡t ❧❡s

✹▲❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ❝♦❞❡ ❞❡ ❙t❛r❜✉rst✾✾ ❛✐♥s✐ q✉❡ ❞❡ s❡s ❧✐♠✐t❛t✐♦♥s ❛ ❜é♥é✜❝✐é ❞✬✐♥t❡r❛❝t✐♦♥s ♣❛r ❝♦✉rr✐❡❧
❛✈❡❝ ❈❧❛✉s ▲❡✐t❤❡r❡r✳

✺✻
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❋✐❣✳ ✺✳✷ ✕ ❊♥ ❤❛✉t à ❣❛✉❝❤❡ ✿ P❡rt❡ ❞❡ ♠❛ss❡ ❝✉♠✉❧é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ✉♥❡ ❙❙P ❞❡
♠ét❛❧❧✐❝✐té Z = 0.0004 ❡t ♣♦✉r ❧❡ ♠♦❞è❧❡ é✈♦❧✉t✐♦♥ ♣♦✉r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✳ ❉❡ ❣❛✉❝❤❡ à ❞r♦✐t❡
❡t ❞❡ ❤❛✉t ❡♥ ❜❛s ✿ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❞❡s ét♦✐❧❡s ❞❡ ❞✐✛ér❡♥t❡s
♠❛ss❡s ✿ ✹✵✱ ✺✱ ✹✱ ✷ ❡t 0.9▼⊙✳ ▲❡ tr❛✐t ❜❧❡✉ ❝♦rr❡s♣♦♥❞ à ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❞♦♥♥é❡ ❞❛♥s
❧❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❡t ❧❡ tr❛✐t ✈❡rt à ❝❡❧❧❡ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡s t❛✉① ❞❡ ♣❡rt❡ ❞❡ ♠❛ss❡ ❞❛♥s
❧❡s ✜❝❤✐❡rs ❞✬❡♥tré❡ ❞❡ ❙t❛r❜✉rst✾✾✳

✺✼
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♠ét❛❧❧✐❝✐tés ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥✳ ❉❡ ♣❧✉s✱ ✐❧s ♥❡ ♣r❡♥♥❡♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ♣❡rt❡s ♣❛r
✈❡♥ts st❡❧❧❛✐r❡s✳ ❯♥❡ ét♦✐❧❡ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ m ❛✉r❛ ✉♥❡ ♠❛ss❡ ♣❧✉s ❢❛✐❜❧❡ ❧♦rs ❞❡ s♦♥
❡①♣❧♦s✐♦♥ ❡♥ s✉♣❡r♥♦✈❛ ❡♥ r❛✐s♦♥ ❞❡s ♣❡rt❡s ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✳ ❉❛♥s ❙t❛r❜✉rst✾✾✱
♣♦✉r ✉♥❡ ét♦✐❧❡ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ m✱ ❝✬❡st ❧❡ ♠♦❞è❧❡ ❞❡ ♠❛ss❡ m ❞❡ ❲♦♦s❧❡② ✫ ❲❡❛✈❡r
✭✶✾✾✺✮ q✉✐ ❡st ✉t✐❧✐sé✳ P❛r ❝♦♥séq✉❡♥t✱ ✐❧ ❛rr✐✈❡ ♣❛r❢♦✐s q✉❡ ❧❛ s♦♠♠❡ ❞❡s ♣❡rt❡s ♣❛r é❧é✲
♠❡♥ts s♦✐❡♥t ✉♥ ♣❡✉ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡ q✉✐✱ ❡❧❧❡✱ ❡st ❝❛❧❝✉❧é❡
❝♦rr❡❝t❡♠❡♥t à ♣❛rt✐r ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥✳

▲❡ ❝♦❞❡ ❞❡ ❙t❛r❜✉rst✾✾ ét❛♥t ♣✉❜❧✐q✉❡✱ ❥❡ ❧✬❛✐ té❧é❝❤❛r❣é ❡t ♠♦❞✐✜é ❛✜♥ ❞❡ ❝❛❧❝✉❧❡r ❧❡s
q✉❛♥t✐tés s♦✉❤❛✐té❡s ✭♣❡rt❡ ❞❡ ♠❛ss❡ ❝✉♠✉❧é❡ ♣❛r é❧é♠❡♥ts✱ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡✱ ♣❡rt❡ ❞✬é♥✲
❡r❣✐❡ ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s✱ ♣❛r ❧❡s s✉♣❡r♥♦✈❛❡✮ ❡t ❝ré❡r ❧❡s ✜❝❤✐❡rs ❞✬❡♥tré❡ ♣♦✉r ♥♦tr❡ ♠♦❞✉❧❡
❝❤❡♠♦❞②♥❛♠✐q✉❡✳

✺✳✷✳✷ ❙✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■❛

❯♥ ❛✉tr❡ t②♣❡ ❞❡ ♣❤é♥♦♠è♥❡ ré✐♥❥❡❝t❡ ❜❡❛✉❝♦✉♣ ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥✲
t❡rst❡❧❧❛✐r❡ ✿ ✐❧ s✬❛❣✐t ❞❡s s✉♣❡r♥♦✈❛❡ ❞❡ t②♣❡ ■❛✳ ◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ ♠♦❞è❧❡ ❞❡ ❑♦❜❛②❛s❤✐
❡t ❛❧✳ ✭✷✵✵✵✮ ❛✜♥ ❞❡ ❧❡s ♠♦❞é❧✐s❡r✱ ❝❡❧❧❡s✲❝✐ ♥✬ét❛♥t ♣❛s ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❙t❛r❜✉rst✾✾✳

❖♥ s✉♣♣♦s❡ q✉❡ ❧❡s ❙◆■❛ s❡ ♣r♦❞✉✐s❡♥t ❛✉ s❡✐♥ ❞❡ s②stè♠❡s st❡❧❧❛✐r❡s ❜✐♥❛✐r❡s ❝♦♥st✐t✉és
❞✬✉♥❡ ét♦✐❧❡ ♣r✐♥❝✐♣❛❧❡ ❡t ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ ❛②❛♥t ❞❡s ♠❛ss❡s ❡t ❞❡s ♠ét❛❧❧✐❝✐tés ❛♣♣r♦♣r✐é❡s
✭Z/Z⊙ ≥ 10−1.1✮✳ ▲✬ét♦✐❧❡ ♣r✐♥❝✐♣❛❧❡ ❛ ✉♥❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❝♦♠♣r✐s❡ ❡♥tr❡ mp,l = 3▼⊙ ❡t
mp,u = 8▼⊙ ❡t ✈❛ é✈♦❧✉❡r ❡♥ ♥❛✐♥❡ ❜❧❛♥❝❤❡ ✭❲❉ ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❲❤✐t❡ ❉✇❛r❢ ✮✳ ❉❡✉① t②♣❡s
❞❡ s②stè♠❡ ❜✐♥❛✐r❡s s♦♥t ❛❧♦rs ❝♦♥s✐❞érés ✿ ✉♥❡ ❣é❛♥t❡ r♦✉❣❡ ✭❘● ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❘❡❞ ●✐❛♥t✮
❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ ♥❛✐♥❡ ❜❧❛♥❝❤❡ ✭❘●✰❲❉✮ ♦✉ ✉♥❡ ét♦✐❧❡ ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ✭▼❙
❡♥ ❛♥❣❧❛✐s ♣♦✉r ▼❛✐♥ ❙❡q✉❡♥❝❡✮ ❛❝❝♦♠♣❛❣♥é ❞✬✉♥❡ ♥❛✐♥❡ ❜❧❛♥❝❤❡ ✭▼❙✰❲❉✮✳ ▲❡s ♠❛ss❡s
❧✐♠✐t❡s ♣♦✉r ❧❡s ét♦✐❧❡s ❘● s♦♥t mc,RG,l = 0.9▼⊙✱ mc,RG,u = 1.5▼⊙ ❡t ♣♦✉r ❧❡s ét♦✐❧❡s ▼❙
mc,MS,l = 1.8▼⊙✱ mc,MS,u = 2.6▼⊙✳ ▲❡ t❛✉① ❝✉♠✉❧é ❞❡ ❙◆■❛ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❡st ❞♦♥♥é
♣❛r ✿

NSNIa = m∗

∫ mp,u

mp,l

Φ(m)❞m

(
∫ Mu

Ml

mΦ(m)❞m

)−1

×
[

bMS

∫mc,MS,u

max(mc,MS,l,mt)
Φd(m)❞m

∫mc,MS,u

mc,MS,l
Φd(m)❞m

+ bRG

∫mc,RG,u

max(mc,RG,l,mt)
Φd(m)❞m

∫mc,RG,u

mc,RG,l
Φd(m)❞m

]

♦ù m⋆ ❡st ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡✱ Φ(m) ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡✱ mt

♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡ ❞♦♥t ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❡st é❣❛❧❡ à t✱ ❡t Φd ❡st ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ét♦✐❧❡s
❝♦♠♣❛❣♥♦♥s (Φd ∝ m−1.35 ❡♥ ♥♦♠❜r❡✮✳ ▲❡ ♣❛r❛♠ètr❡ bMS r❡♣rés❡♥t❡ ❧❛ ❢r❛❝t✐♦♥ ❞✬ét♦✐❧❡s
♣r✐♥❝✐♣❛❧❡s ❛♣♣❛rt❡♥❛♥t à ❞❡s s②stè♠❡s ▼❙✰❲❉ ❡t q✉✐ ♣r♦❞✉✐s❡♥t ❞❡s ❙◆■❛✳ ▲❡ ♣❛r❛♠ètr❡
bRG ❝♦rr❡s♣♦♥❞ à ❧❛ ♠ê♠❡ ❢r❛❝t✐♦♥ ❝♦♥❝❡r♥❛♥t ❧❡s ❝♦✉♣❧❡s ▼❙✰❘●✳ ❉✬❛♣rès ❑♦❜❛②❛s❤✐ ❡t ❛❧✳
✭✷✵✵✵✮✱ ♦♥ ♣r❡♥❞ ✿ bMS = 0.05 ❡t bRG = 0.02✳

❖♥ ✉t✐❧✐s❡ ❧❡s ❢♦r♠✉❧❡s ❛♥❛❧②t✐q✉❡s ❞❡ ❘❛✐t❡r✐ ❡t ❛❧✳ ✭✶✾✾✻✮ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ❞✉ré❡s ❞❡ ✈✐❡✺

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

✺✽



✺✳✷✳ ➱❱❖▲❯❚■❖◆ ❙❚❊▲▲❆■❘❊

❞❡s ét♦✐❧❡s t⋆ ✭❝❢✳ ❋✐❣✳ ✺✳✸ à ❣❛✉❝❤❡✮ ✿

log

(

t∗
yr

)

= a0(Z) + a1(Z) log

(

M

▼⊙

)

+ a2(Z)

(

log

(

M

▼⊙

))2

avec







a0(Z) = 10.13 + 0.07547 log Z − 0.008084(log Z)2

a1(Z) = −4.424 − 0.7939 log Z − 0.1187(log Z)2

a2(Z) = 1.262 + 0.3385 log Z + 0.05417(log Z)2

❛✈❡❝ Z ❧❛ ♠ét❛❧❧✐❝✐té ❞❡ ❧✬ét♦✐❧❡✳

❋✐❣✳ ✺✳✸ ✕ ➚ ❣❛✉❝❤❡ ✿ ❉✉ré❡ ❞❡ ✈✐❡ ❞❡s ét♦✐❧❡s t⋆ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ♣♦✉r ❞✐✛ér❡♥t❡s
♠ét❛❧❧✐❝✐tés✳ ➚ ❞r♦✐t❡ ✿ ❚❛✉① ❝✉♠✉❧é ❞❡ ❙◆■❛ NSNIa ❡t ♥♦r♠❛❧✐sé ♣♦✉r ✉♥❡ ❙❙P ❞❡ ✶▼⊙ ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r Z = 0.02 ✭♠ét❛❧❧✐❝✐té s♦❧❛✐r❡✮✳

❈❡s ❢♦r♠✉❧❡s ♦♥t été ❛❥✉sté❡s s✉r ❧❡s ❞✉ré❡s ❞❡ ✈✐❡ st❡❧❧❛✐r❡s t✐ré❡s ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥
❞❡ P❛❞♦✉❡ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s ❡t ♠ét❛❧❧✐❝✐tés✳ ❊❧❧❡s r❡♣r♦❞✉✐s❡♥t ❜✐❡♥ ❧❡s ❞♦♥♥é❡s ♣♦✉r ❧❛
❣❛♠♠❡ ❞❡ ♠ét❛❧❧✐❝✐té Z = [7 10−5 − 3 10−2]✳ P♦✉r ❞❡s ♠ét❛❧❧✐❝✐tés s✉♣ér✐❡✉r❡s ♦✉ ✐♥❢ér✐❡✉r❡s✱
♦♥ ♣r❡♥❞r❛ ❧❡s ✈❛❧❡✉rs ❡①trê♠❡s ❞❡ ❝❡t ✐♥t❡r✈❛❧❧❡✳

▲❡ t❛✉① ❞❡ ❙◆■❛ ✭NSNIa✮ ♦❜t❡♥✉ ❡st ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✸ à ❞r♦✐t❡✳ ▲❡s ♣r❡♠✐èr❡s ❙◆■❛
❡①♣❧♦s❡♥t ✈❡rs ✺✵✵▼②r✳ ■❧ s✬❛❣✐t ❞❡ ❝❡❧❧❡s ✐ss✉❡s ❞❡ s②stè♠❡s ▼❙✰❲❉ ❞♦♥t ❧✬❡✛❡t s❡ ❢❛✐t s❡♥t✐r
❥✉sq✉❡ ✈❡rs 1.5●②r✳ ❊♥s✉✐t❡✱ ❛✉❝✉♥❡ ❙◆■❛ ♥✬❡①♣❧♦s❡ ❥✉sq✉✬à ❝❡ q✉❡ ❧❡s ét♦✐❧❡s ❞❡s ❝♦✉♣❧❡s
❘●✰❲❉ ♣r❡♥♥❡♥t ❧❡ r❡❧❛✐s à ♣❛rt✐r ❞❡ ✸●②r ❡♥✈✐r♦♥✳

❆✉ ♥✐✈❡❛✉ é♥❡r❣ét✐q✉❡✱ t♦✉t❡s ❧❡s ❙◆■❛ s♦♥t ✐❞❡♥t✐q✉❡s ❡t r❡❞✐str✐❜✉❡♥t ESNIa = 1.5 1051 ❡r❣
❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ▲❡s ❙◆■■✱ q✉❛♥t à ❡❧❧❡s✱ r❡❞✐str✐❜✉❡♥t ❝❤❛❝✉♥❡ ESNII = 1051 ❡r❣✳

P♦✉r ❧❡s ❛❜♦♥❞❛♥❝❡s ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts ❝❤✐♠✐q✉❡s✱ ♦♥ ✉t✐❧✐s❡ ❧❡s ②✐❡❧❞s ❞✉ ♠♦❞è❧❡ ❲✼
❞❡ ■✇❛♠♦t♦ ❡t ❛❧✳ ✭✶✾✾✾✮ ✭❝❢✳ ❚❛❜✳ ✺✳✶✮✳

✺✳✷✳✸ ❘❡❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❡t ❞✬é♥❡r❣✐❡

▲❛ ✜❣✉r❡ ✺✳✹ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ♣♦✉r ❞✐✛ér❡♥t❡s ❙❙P ❡♥ ❢♦♥❝t✐♦♥ ❞✉
t❡♠♣s✳ ◗✉❡❧q✉❡ s♦✐t ❧❛ ♠ét❛❧❧✐❝✐té✱ ♦♥ ♣❡✉t ❞é❝♦♠♣♦s❡r ❝❡tt❡ é✈♦❧✉t✐♦♥ ❡♥ ❞❡✉① ♣❛rt✐❡s✳ ❚♦✉t
❞✬❛❜♦r❞✱ ❞❡ ✵ à ✺✵▼②r✱ ❧❡s ♣❡rt❡s ❞❡ ♠❛ss❡ s♦♥t très ✐♠♣♦rt❛♥t❡s ❡t s♦♥t ❧❡ rés✉❧t❛t ❞❡s ✈❡♥ts
st❡❧❧❛✐r❡s ❞❡s ét♦✐❧❡s ♠❛ss✐✈❡s ❡t ❞❡s ❙◆■■✳ ❉✉r❛♥t ❝❡tt❡ ♣❤❛s❡✱ ✉♥❡ ❙❙P ♣❡r❞ t②♣✐q✉❡♠❡♥t ✶✺ à

✺✾



❈❍❆P■❚❘❊ ✺✳ ■▼P▲➱▼❊◆❚❆❚■❖◆ ❉❊ ▲❆ ❋❖❘▼❆❚■❖◆ ❊❚ ❉❊ ▲✬➱❱❖▲❯❚■❖◆ ❉❊❙
➱❚❖■▲❊❙

❊s♣è❝❡ ❝❤✐♠✐q✉❡ ▼❛ss❡ ♣r♦❞✉✐t❡ ✭▼⊙✮

❈ 4.83 10−2

❖ 1.43 10−1

❙✐ 1.566 10−1

❙ 8.70 10−2

❆r 1.57 10−2

❈❛ 1.19 10−2

❋❡ 7.490 10−1

◆✐ 1.257 10−1

❚❛❜✳ ✺✳✶ ✕ ❆❜♦♥❞❛♥❝❡s ❞❡s ♣r✐♥❝✐♣❛✉① é❧é♠❡♥ts ❝❤✐♠✐q✉❡s ♣r♦❞✉✐ts ❧♦rs ❞❡ ❧✬❡①♣❧♦s✐♦♥ ❞✬✉♥❡
❙◆■❛ ❞✬❛♣rès ❧❡ ♠♦❞è❧❡ ❲✼ ❞❡ ■✇❛♠♦t♦ ❡t ❛❧✳ ✭✶✾✾✾✮✳ ▲❛ ♠❛ss❡ t♦t❛❧❡ é❥❡❝té❡ ❡st ❞❡ 1.38▼⊙✳

✷✵✪ ❞❡ s❛ ♠❛ss❡ ✭❝❢✳ ❋✐❣✳ ✺✳✹ ❡♥ ❤❛✉t✮✳ ❊♥s✉✐t❡✱ ❝❡ s♦♥t ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❞❡s ét♦✐❧❡s ❞❡ ♠❛ss❡
✐♥t❡r♠é❞✐❛✐r❡ q✉✐ ♣r❡♥♥❡♥t ❧❡ r❡❧❛✐s✳ ▲❡s ♣❡rt❡s ❞❡ ♠❛ss❡ t♦t❛❧❡ ❞✉❡s ❛✉① ❙◆■❛ s♦♥t ♥é❣❧✐❣❡❛❜❧❡s
✭❝❢✳ ❝♦✉r❜❡ r♦✉❣❡ s✉r ❧❛ ✜❣✉r❡ ✺✳✹ ❛✉ ♠✐❧✐❡✉✮✳ ▲❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ❞❡✉①✐è♠❡
♣❤❛s❡ ♣rés❡♥t❡ ✉♥ t❛✉① ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡ ♠❛✐s s✉r ✉♥❡ ❞✉ré❡ ❜✐❡♥ ♣❧✉s ❣r❛♥❞❡ ✭q✉❡❧q✉❡s
●②r✮ ❡t ❛✉ ✜♥❛❧ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❞❡✉① ♣❤❛s❡s ❡st s❡♠❜❧❛❜❧❡ ✭❝❢✳ ❋✐❣✳ ✺✳✹ ❛✉ ♠✐❧✐❡✉✮✳ ❆✉ ❜♦✉t
❞❡ ✶✺●②r✱ ✉♥❡ ❙❙P ❛ ♣❡r❞✉ ❡♥tr❡ ✷✵ ❡t ✹✵✪ ❞❡ s❛ ♠❛ss❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛ ♠ét❛❧❧✐❝✐té ❡t ❝❡❧❛
❞❡ ♠❛♥✐èr❡ ♣r♦❣r❡ss✐✈❡✱ ❝❡ q✉✐ ❥✉st✐✜❡ ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✬✉♥ r❡❝②❝❧❛❣❡ ❞❡ t②♣❡ ♥♦♥✲✐♥st❛♥t❛♥é✳

▲❛ ✜❣✉r❡ ✺✳✺ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ♣❡rt❡s ❞✬é♥❡r❣✐❡ ❞❡ ❞✐✛ér❡♥t❡s ❙❙P ❡♥ ❢♦♥❝t✐♦♥ ❞✉
t❡♠♣s✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ♣♦✉r ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡✱ ♦♥ ♣❡✉t ❞✐st✐♥❣✉❡r ❞❡✉① ♣❤❛s❡s✳ ▲❛
♣r❡♠✐èr❡✱ ♣❡♥❞❛♥t ❧❡s ✺✵ ♣r❡♠✐❡rs ▼②r ✭❝❢✳ ❋✐❣✳ ✺✳✺ ❡♥ ❤❛✉t✮✱ ❝♦rr❡s♣♦♥❞ ❛✉① ♣❡rt❡s ❞✬é♥❡r❣✐❡
❞❡s ✈❡♥ts st❡❧❧❛✐r❡s ❞❡s ét♦✐❧❡s ♠❛ss✐✈❡s ❡t ❞❡s ❡①♣❧♦s✐♦♥s ❞❡ ❙◆■■✳ ❈✬❡st ❞✉r❛♥t ❝❡tt❡ ♣❤❛s❡
q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡ ❧✬é♥❡r❣✐❡ ❡st r❡❥❡té❡ ✭❡♥✈✐r♦♥ ❧❡s ✷✴✸✮✳ ❊♥s✉✐t❡✱ ❛♣rès ✺✵✵▼②r ❡♥✈✐r♦♥✱ ❝❡
s♦♥t ❧❡s ❙◆■❛ q✉✐ ❡①♣❧♦s❡♥t ❡t r❡❞✐str✐❜✉❡♥t ❞❡ ❧✬é♥❡r❣✐❡ ❛✉ ▼■❙ ✭❝❢✳ ❋✐❣✳ ✺✳✺ ❛✉ ♠✐❧✐❡✉✮✱ s❛✉❢
♣♦✉r ❧❛ ♣❧✉s ❢❛✐❜❧❡ ♠ét❛❧❧✐❝✐té ❝❛r ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❙◆■❛ ❞❛♥s ❝❡ ❝❛s ♣♦✉r ♥♦tr❡ ♠♦❞è❧❡✳ ▲❡s
✈❡♥ts st❡❧❧❛✐r❡s ❞❡s ét♦✐❧❡s ❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡✱ s✬✐❧s s♦♥t ✐♠♣♦rt❛♥ts ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣❡rt❡
❞❡ ♠❛ss❡ t♦t❛❧❡✱ s♦♥t ♥é❣❧✐❣❡❛❜❧❡s ❛✉ ♥✐✈❡❛✉ é♥❡r❣ét✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉① s✉♣❡r♥♦✈❛❡✳ ■♥✈❡rs❡✲
♠❡♥t✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ❙◆■❛ à ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡ ❡st ♥é❣❧✐❣❡❛❜❧❡ ♠❛✐s ❝❡❧❧❡ à ❧✬é♥❡r❣✐❡
r❡❥❡té❡ ❡st ✐♠♣♦rt❛♥t❡✳

▲❛ ✜❣✉r❡ ✺✳✻ r❡♣rés❡♥t❡ ❧❛ ♠❛ss❡ ❞✬♦①②❣è♥❡ ❡t ❞❡ ❢❡r é❥❡❝té❡s ♣❛r ✉♥❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞❡
✶▼⊙✳ ▲✬♦①②❣è♥❡ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣r♦❞✉✐t ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s ❙◆■■ ✭❝❢✳ ❋✐❣✳ ✺✳✻ à
❣❛✉❝❤❡✮✳ ▲❡ ❢❡r✱ q✉❛♥t à ❧✉✐✱ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣r♦❞✉✐t ❧♦rs ❞❡s ❡①♣❧♦s✐♦♥s ❞❡s ❙◆■❛ ✭❝❢✳ ❋✐❣✳ ✺✳✻
à ❞r♦✐t❡✮✳ ❆✐♥s✐✱ ❧❡s ❙◆■❛ s♦♥t ♣❡✉t✲êtr❡ ♥é❣❧✐❣❡❛❜❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ♣❡rt❡s ❞❡ ♠❛ss❡ t♦t❛❧❡ ♣❛r
r❛♣♣♦rt ❛✉① ✈❡♥ts ❡t ❛✉① ❙◆■■✱ ♠❛✐s ❡❧❧❡s s♦♥t très ✐♠♣♦rt❛♥t❡ ❛✉ ♥✐✈❡❛✉ é♥❡r❣ét✐q✉❡ ❡t ❛✉
♥✐✈❡❛✉ ❞❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡ ❞❡ ❝❡rt❛✐♥s é❧é♠❡♥ts✱ ♥♦t❛♠♠❡♥t ❧❡ ❢❡r✳

▲❛ ♣❤❛s❡ ❢r♦✐❞❡ ét❛♥t ✐s♦é♥❡r❣ét✐q✉❡✱ ♦♥ ❡✛❡❝✉t❡ ❧❛ r❡❞✐str✐❜✉t✐♦♥ ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♠❛ss❡
✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❡st ✐❞❡♥t✐q✉❡ ♣♦✉r ❝❡s
❞❡✉① ♣❤❛s❡s ❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡✱ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❝❤✐♠✐q✉❡✱ ❧❡ ♠é❧❛♥❣❡ ❡st ♣❛r❢❛✐t ❡t ✐♥st❛♥t❛♥é✳
❈❡tt❡ r❡❞✐str✐❜✉t✐♦♥ ❛ ❧✐❡✉ s✉r ❧❡s ♣❧✉s ♣r♦❝❤❡s ✈♦✐s✐♥s ❣❛③❡✉① ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✈❡♥ts
st❡❧❧❛✐r❡s ❡t ❞❛♥s ✉♥❡ s♣❤èr❡ ❞❡ r❛②♦♥ ✺✵ ♣❝ ♣♦✉r ❧❡s ❙◆❡ ❡t✱ ❞❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❛✈❡❝ ✉♥ ♣♦✐❞s

✻✵



✺✳✷✳ ➱❱❖▲❯❚■❖◆ ❙❚❊▲▲❆■❘❊

❋✐❣✳ ✺✳✹ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ❝✉♠✉❧é❡ ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés ✭❡♥ ❤❛✉t✮✱ ❞❡
❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ t♦t❛❧❡ ❝✉♠✉❧é❡✱ ❞❡ ❝❡❧❧❡ ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ♣❛r ❧❡s ❙◆❡ ♣♦✉r ✉♥❡ ❙❙P
❞❡ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ ✭❛✉ ♠✐❧✐❡✉ ❡t ❡♥ ❜❛s ♣♦✉r ✉♥ ③♦♦♠ s✉r ❧❡s ✶✵✵ ♣r❡♠✐❡rs ▼②r✮✳
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❋✐❣✳ ✺✳✺ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞✬é♥❡r❣✐❡ ❝✉♠✉❧é❡ ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés ✭❡♥ ❤❛✉t✮✱ ❞❡
❧❛ ♣❡rt❡ t♦t❛❧❡ ❞✬é♥❡r❣✐❡ ❝✉♠✉❧é❡✱ ❞❡ ❝❡❧❧❡ ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ♣❛r ❧❡s ❙◆❡ ♣♦✉r ✉♥❡ ❙❙P
❞❡ ♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ ✭❛✉ ♠✐❧✐❡✉ ❡t ❡♥ ❜❛s ♣♦✉r ✉♥ ③♦♦♠ s✉r ❧❡s ✶✵✵ ♣r❡♠✐❡rs ▼②r✮✳
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❋✐❣✳ ✺✳✻ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ❝✉♠✉❧é❡ ❞✬♦①②❣è♥❡ ✭à ❣❛✉❝❤❡✮ ❡t ❞❡ ❢❡r ✭à ❞r♦✐t❡✮
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ✉♥❡ ❙❙P ❞❡ ✶▼⊙ à ♠ét❛❧❧✐❝✐té Z = 0.0004 ❡t ♣♦✉r ✉♥❡ ❙❙P à
♠ét❛❧❧✐❝✐té s♦❧❛✐r❡ Z = 0.02✳

❞é♣❡♥❞❛♥t ❞❡ ❧❛ ❞✐st❛♥❝❡ s❡❧♦♥ ❧❡ ♥♦②❛✉ ❙P❍ ✉t✐❧✐sé✳ ❈❡tt❡ ✈❛❧❡✉r ❞❡ ✺✵ ♣❝ ❝♦rr❡s♣♦♥❞ à ❧❛
❞✐st❛♥❝❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ❜✉❧❧❡ ❝réé❡ ♣❛r ❧✬❡①♣❧♦s✐♦♥ ❞❡ ❧❛ s✉♣❡r♥♦✈❛ ❛✉ ❜♦✉t ❞❡ ≈ 105 ②r
✭❚❤♦r♥t♦♥ ❡t ❛❧✳✱ ✶✾✾✽✮✳

▲❛ r❡❞✐str✐❜✉t✐♦♥ ❞✬é♥❡r❣✐❡ ♣❡✉t êtr❡ s✬❡✛❡❝t✉❡r s♦✉s ❧❛ ❢♦r♠❡ ❞✬é♥❡r❣✐❡ t❤❡r♠✐q✉❡ ❡t✴♦✉
❝✐♥ét✐q✉❡✳ ❊❧❧❡ ❢❛✐t ✐♥t❡r✈❡♥✐r ✉♥ ♣❛r❛♠ètr❡ ❧✐❜r❡ ✿ ❧❛ ❢r❛❝t✐♦♥ ❞✬é♥❡r❣✐❡ r❡❞✐str✐❜✉é❡ s♦✉s ❢♦r♠❡
❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ fv✳ ❖♥ ❛ ❛❧♦rs ✿

∆Ecin = fv∆E ∆Eth = (1 − fv)∆E

♦ù ∆E ❡st ❧✬é♥❡r❣✐❡ ❧✐❜éré❡ ♣❛r ❧❡s ✈❡♥ts ❡t ❧❡s s✉♣❡r♥♦✈❛❡✳
◆❛✈❛rr♦ ✫ ❲❤✐t❡ ✭✶✾✾✸✮ ♣r♦♣♦s❡ ❞❡✉① ♠ét❤♦❞❡s ♣♦✉r r❡❞✐str✐❜✉❡r ❝❡tt❡ é♥❡r❣✐❡ s✉r ❧❡s

✈✐t❡ss❡s ❞✉ ❣❛③ ❡♥✈✐r♦♥♥❛♥t✳ ▲❛ ♣r❡♠✐èr❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à é❝r✐r❡ ✿

∆Ecin =
∑

voisins

mi

(

~vi · ∆~vi +
1

2
∆~v2

i

)

♦ù ~vi ❡st ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ à ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❞✉ ✈♦✐s✐♥ i ❡t ∆~vi ✉♥❡ ♣❡rt✉r❜❛t✐♦♥ r❛❞✐❛❧❡
❞❡ ❧❛ ✈✐t❡ss❡ ❞✐r✐❣é❡ ✈❡rs ❧✬❡①tér✐❡✉r ❡t q✉✐ ❛ ❧❛ ♠ê♠❡ ❛♠♣❧✐t✉❞❡ ♣♦✉r t♦✉s ❧❡s ✈♦✐s✐♥s✳ ❇✐❡♥ q✉❡
❝❡tt❡ ♠ét❤♦❞❡ ❝♦♥s❡r✈❡ ❧✬é♥❡r❣✐❡✱ ❡❧❧❡ ❛ ❧❡ ❞és❛✈❛♥t❛❣❡ ❞❡ r❡♥✈❡rs❡r ✉♥ ✢♦t ❝♦♥✈❡r❣❡♥t q✉❡❧q✉❡
s♦✐t ❧❛ ✈❛❧❡✉r ❞❡ fv✳

▲❛ ❞❡✉①✐è♠❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡ à ♣❡rt✉r❜❡r ❧❡s ✈✐t❡ss❡s ❞❡s ✈♦✐s✐♥s ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡
❞✬✉♥❡ q✉❛♥t✐té ❝❛❧❝✉❧é❡ ❣râ❝❡ à ❧❛ ❢♦r♠✉❧❡ ♣ré❝é❞❡♥t❡ q✉❛♥❞ t♦✉s ❧❡s ~vi s♦♥t ♥✉❧s ✿

∆~v2
i =

2fv∆E
∑

voisins mi

❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐st❛♥❝❡ ❞❡s ✈♦✐s✐♥s ❛✉ ♠♦②❡♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡
♣♦♥❞ér❛t✐♦♥ Wij ❝❛❧❝✉❧é❡ ❣râ❝❡ ❛✉ ♥♦②❛✉ ❞❡ ❧✐ss❛❣❡ ❞✉ ❙P❍ wij ✿

Wij =
wij

∑

voisins wij
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♦ù ❧✬✐♥❞✐❝❡ j s❡ r❛♣♣♦rt❡ à ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❡t j à s❡s ✈♦✐s✐♥s ❣❛③❡✉①✳ ❖♥ ♦❜t✐❡♥t ❞♦♥❝ ♣♦✉r
✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ i ❞❡ ♠❛ss❡ mi ✿

∆~v2
i =

2Wijfv∆E

mi

▲❡ ♣❛r❛♠ètr❡ ❧✐❜r❡ fv ét❛♥t très ♠❛❧ ❝♦♥tr❛✐♥t✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ r❡❞✐str✐❜✉❡r ❧❛ t♦t❛❧✐té
❧✬é♥❡r❣✐❡ s♦✉s ❢♦r♠❡ ❞✬é♥❡r❣✐❡ ✐♥t❡r♥❡ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❛♥❝✐❡♥♥❡s r❡❝❡tt❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❝❡
♣❛r❛♠ètr❡ ✈❛❧❛✐t ❣é♥ér❛❧❡♠❡♥t fv = 0.01 ✭▼✐❝❤❡❧✲❉❛♥s❛❝ ✫ ❲♦③♥✐❛❦✱ ✷✵✵✹✮✳ ❈✬❡st ❡♥s✉✐t❡ ❧❡
s❝❤é♠❛ ❤②❞r♦❞②♥❛♠✐q✉❡ q✉✐ r❡❞✐str✐❜✉❡ ❝❡tt❡ é♥❡r❣✐❡ ✐♥t❡r♥❡ s♦✉s ❢♦r♠❡ ❝✐♥ét✐q✉❡ ❡♥ ♣❡rt✉r✲
❜❛♥t ❧❡s ✈✐t❡ss❡s ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③✳

✺✳✸ P♦✉ss✐èr❡s

▲❛ ♣♦✉ss✐èr❡ ❡st ❛❥♦✉té❡ à ♥♦tr❡ ♠♦❞è❧❡ ❛✉ s❡✐♥ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡t ❡st ❝❛r❛❝tér✐sé❡ ♣❛r
✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ♠❛ss❡ Xd ✿ Xd = Mg/Md ♦ù Mg ❡st ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❙P❍ ❡t md ❡st
❧❛ ♠❛ss❡ ❞❡ ♣♦✉ss✐èr❡✳ ❖♥ ❛ ❞♦♥❝ ✉♥❡ tr♦✐s✐è♠❡ ♣❤❛s❡ ❛✉ s❡✐♥ ❞❡ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❙P❍ ❡t ❧❛
♣♦✉ss✐èr❡ ♣♦ssè❞❡ ❞♦♥❝ ❧❛ ♠ê♠❡ ❞②♥❛♠✐q✉❡ q✉❡ ❧❡ ❣❛③✳

▲❛ ❢♦r❝❡ ❞❡ ❢r✐❝t✐♦♥ ❡♥tr❡ ❧❡ ❣❛③ ❡t ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❡st ♠♦❞é❧✐sé❡ ❣râ❝❡ ❛✉ ♠♦❞è❧❡
❞❡ ❊♣st❡✐♥ ✭✶✾✷✹✮✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ v r❡❧❛t✐✈❡ ❞✬✉♥ ❣r❛✐♥ ♣❛r r❛♣♣♦rt ❛✉ ❣❛③ ❡st ❛❧♦rs
❞♦♥♥é❡ ♣❛r ✿

❞v

❞t
= −

(

4π

3
ρgcth

a2

m

)

v

♦ù ρg ❡st ❧❛ ❞❡♥s✐té ❞✉ ❣❛③ ❞❛♥s ❧❡q✉❡❧ ❧❡ ❣r❛✐♥ é✈♦❧✉❡✱ cth ❧❛ ✈✐t❡ss❡ ❞✬❛❣✐t❛t✐♦♥ t❤❡r♠✐q✉❡✱ a ❧❛
t❛✐❧❧❡ ❞✉ ❣r❛✐♥ ❡t m s❛ ♠❛ss❡✳ ❊♥ ✐♥té❣r❛♥t s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡✱
♦♥ ♦❜t✐❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ r❡❧❛t✐✈❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ♣❛r r❛♣♣♦rt ❛✉ ❣❛③ V ✿

〈❞V

❞t
〉 = −βV

V (t) = V0e
−βV

♦ù β ❡st ✉♥❡ ❝♦♥st❛♥t❡ q✉✐ ❞é♣❡♥❞ ❞❡ ρg✱ ❞❡ ❧❛ ❞❡♥s✐té ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ρd ❡t ❞❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ✈✐t❡ss❡
❞❡s ❣r❛✐♥s ❡st ✿

❞E

❞t
= MdV 〈❞V

❞t
〉

❡t ❧✬é♥❡r❣✐❡ ∆E ♣❡r❞✉❡ ♣❛r ❧❛ ♣♦✉ss✐èr❡ ♣❡♥❞❛♥t ✉♥ t❡♠♣s ∆t ❡st ✿

∆E =
MV 2

0

2
(1 − e2β∆t)

❈❡tt❡ é♥❡r❣✐❡ ❡st r❡❞✐str✐❜✉é❡ ❞❛♥s ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③✳

▲❛ ♣♦✉ss✐èr❡ ❡st ❝réé❡ ❧♦rs ❞❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡ ❡t ❞✉r❛♥t ❧❛ ♣❤❛s❡ ❆●❇ ❞❡s ét♦✐❧❡s
❞❡ ♠❛ss❡ ✐♥t❡r♠é❞✐❛✐r❡✳ P♦✉r ❧❡s ❙◆■■✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ ♠❛ss❡
❞❡ ♠ét❛✉① é❥❡❝té❡ ✭▼♦r❣❛♥ ✫ ❊❞♠✉♥❞s✱ ✷✵✵✸✮ ❡t ♣♦✉r ❧❡s ❙◆■❛✱ ❡❧❧❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛
q✉❛♥t✐té ❞❡ ❢❡r é❥❡❝té❡ ✭❩❤✉❦♦✈s❦❛ ❡t ❛❧✳✱ ✷✵✵✼✮ ✿

Md(SNII) = ξMZ Md(SNIa) = ηMFe

✻✹
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♦ù Md(SNII) ❡st ❧❛ ♠❛ss❡ ❞❡ ♣♦✉ss✐èr❡ ❝réé❡ ♣❛r ❧❡s ❙◆■■✱ MZ ❧❛ ♠❛ss❡ ❞❡ ♠ét❛✉① é❥❡❝té❡ ♣❛r
❧❡s ❙◆■■✱ Md(SNII) ❧❛ ♠❛ss❡ ❞❡ ♣♦✉ss✐èr❡ ❝réé❡ ♣❛r ❧❡s ❙◆■❛ ❡t MFe ❧❛ ♠❛ss❡ ❞❡ ❢❡r ❝réé❡ ♣❛r
❧❡s ❙◆■❛✳ ▲❡s ❞❡✉① ❝♦❡✣❝✐❡♥ts ξ ❡t η ✈❛❧❡♥t ✿ ξ = 0.22✱ η = 0.005✳

▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡s ♣❛r ❧❡s ét♦✐❧❡s ❡♥ ♣❤❛s❡ ❆●❇✱ q✉❛♥t à ❡❧❧❡✱ ❡st ❜❛sé❡ s✉r ❧❡
♠♦❞è❧❡ ❞❡ ❋❡rr❛r♦tt✐ ✫ ●❛✐❧ ✭✷✵✵✻✮✳ ❊❧❧❡ ❛ été ❝❛❧❝✉❧é❡ ♣♦✉r ❧❡s ♠ê♠❡s ♠ét❛❧❧✐❝✐tés q✉❡ ❧❡ r❡st❡
❞❡s q✉❛♥t✐tés ❝❛❧❝✉❧é❡s ♣♦✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❙❙P ❞é❝r✐t❡ ♣ré❝é❞❡♠♠❡♥t ✭❝❢✳ ❋✐❣✳ ✺✳✼✮✳

❋✐❣✳ ✺✳✼ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♣❡rt❡ ❞❡ ♠❛ss❡ ❝✉♠✉❧é❡ ❞❡ ♣♦✉ss✐èr❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r
❞❡s ❙❙P ❞❡ ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés✳

▲♦rs ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✱ ❝❡❧❧❡✲❝✐ ❤ér✐t❡ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ s❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ♣r♦❣é♥✐✲
tr✐❝❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ s❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ♣❛r r❛♣♣♦rt ❛✉ ❣❛③ ❡st ~vd,i ✿ ~vd,i = ~v⋆,j − ~vg,i ♦ù ~v⋆,j

❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ♣r♦❣é♥✐tr✐❝❡ ❡t ~vg,i ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❛✉
s❡✐♥ ❞❡ ❧❛q✉❡❧❧❡ ❧❛ ♣♦✉ss✐èr❡ ❡st ❝réé❡✳ ▲✬é♥❡r❣✐❡ ✐ss✉❡ ❞❡ ❧❛ ❢r✐❝t✐♦♥ ❞②♥❛♠✐q✉❡ ❡♥tr❡ ❧❡s ❣r❛✐♥s
❡t ❧❡ ❣❛③ ❡st tr❛♥s❢éré❡ ❞❛♥s ❧❛ ♣❤❛s❡ ❝❤❛✉❞❡ s♦✉s ❢♦r♠❡ ❞✬é♥❡r❣✐❡ ✐♥t❡r♥❡✳

▲❛ q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ♣❡✉t ❞✐♠✐♥✉❡r ❞❡ ❞❡✉① ❢❛ç♦♥s ✿ ❡❧❧❡ ♣❡✉t êtr❡ ❞étr✉✐t❡ ♣❛r ❧❡s
❞✐✛ér❡♥ts ♣❤é♥♦♠è♥❡s ❞é❝r✐ts à ❧❛ s❡❝t✐♦♥ ✷✳✷✳✸ ❡t ❡❧❧❡ ♣❡✉t ❞✐s♣❛r❛îtr❡ ❡♥ ♣❛rt✐❡ ❧♦rs ❞❡ ❧❛
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❝❡ s❡❝♦♥❞ ❝❛s✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡st ♣ré❧❡✈é❡
♣♦✉r ❢♦r♠❡r ✉♥ ❛♠❛s st❡❧❧❛✐r❡ ♠❛✐s ♦♥ ♥❡ ❝❤❛♥❣❡ ♣❛s ❧❛ ❢r❛❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ Xd ❝❡ q✉✐ ❛ ♣♦✉r
❡✛❡t ♥❡t ❞❡ ❞✐♠✐♥✉❡r ❧❛ ♠❛ss❡ ❞❡ ♣♦✉ss✐èr❡ ❛✉ s❡✐♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳

▲❛ ❞❡str✉❝t✐♦♥ ❞❡s ♣♦✉ss✐èr❡s ♣❡✉t ❛✈♦✐r ❧✐❡✉ ❧♦rs ❞✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ r❛②♦♥♥❡♠❡♥t ❡t ❧❡s
❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ♦✉ ❧♦rs ❞✬✐♥t❡r❛❝t✐♦♥s ❛t♦♠❡✴❣r❛✐♥ ♦✉ ❣r❛✐♥✴❣r❛✐♥✳ ❏♦♥❡s ✭✷✵✵✹✮ ❞♦♥♥❡ ✉♥
t❡♠♣s ❞❡ ✈✐❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❞❡ τ ≈ 108 ②r✳ ❖♥ ♠♦❞é❧✐s❡ ❝❡tt❡ ❞❡str✉❝t✐♦♥ ♣❛r
✉♥❡ ❞é❝r♦✐ss❛♥❝❡ ❡①♣♦♥❡♥t✐❡❧❧❡ ✿

Md(t + dt) = Md(t) × e(−dt/τ)

▲❡s rés✉❧t❛ts ❞❡s ♣r❡♠✐❡rs t❡sts ♣rés❡♥tés ❛✉ ❝❤❛♣✐tr❡ ✻ ♥❡ ♣r❡♥♥❡♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❧❛
♣♦✉ss✐èr❡✳

✻✺
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❈❤❛♣✐tr❡ ✻

Pr❡♠✐❡rs rés✉❧t❛ts ❡t ✈❛❧✐❞❛t✐♦♥

❈❡ ❝❤❛♣✐tr❡ ♣rés❡♥t❡ ❧❡s ♣r❡♠✐❡rs rés✉❧t❛ts ❞❡ ♥♦tr❡ ♥♦✉✈❡❛✉ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ❈❡s
t❡sts ♦♥t été ❡✛❡❝t✉és s✉r ❞❡s ❣❛❧❛①✐❡s à ❞✐sq✉❡ ❡t ❞❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s✳

❖♥ ✉t✐❧✐s❡r❛ ♣❛r ❧❛ s✉✐t❡ ❧❡s t❡r♠❡s ❞❡ ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ❡t ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r
❞és✐❣♥❡r ❧❡s ét♦✐❧❡s ❢♦r♠é❡s ❛✉ ❝♦✉rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❡t ❧❡ t❡r♠❡ ❞❡ ♣♦♣✉❧❛t✐♦♥ ✐♥✐t✐❛❧❡ ♣♦✉r
❞és✐❣♥❡r ❧❡s ét♦✐❧❡s ♣rés❡♥t❡s à t = 0✳

✻✳✶ ❙✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s à ❞✐sq✉❡s

◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s à ❞✐sq✉❡ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ ♣♦♣✉❧❛t✐♦♥
st❡❧❧❛✐r❡ ✐♥✐t✐❛❧❡ ❡st r❡♣rés❡♥té❡ ♣❛r 100000 ♣❛rt✐❝✉❧❡s ré♣❛rt✐❡s s❡❧♦♥ ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❞❡
❞❡✉① ❞✐str✐❜✉t✐♦♥s ❞❡ ▼✐②❛♠♦t♦✲◆❛❣❛✐✳ ▲❡✉rs é❝❤❡❧❧❡s ❞❡ ❧♦♥❣✉❡✉rs s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✸ ❡t
✵✳✺ ❦♣❝✱ ❧❡✉rs ♠❛ss❡s ✶✵✶✶ ❡t ✶✵✶✵▼⊙ ❡t ❧❡✉r é❝❤❡❧❧❡ ❞❡ ❤❛✉t❡✉r ❝♦♠♠✉♥❡ ❡st ❞❡ ✺✵✵ ♣❝✳ ▲❡
❣❛③ ❡st r❡♣rés❡♥té ❛✉ ♠♦②❡♥ ❞❡ 5000 ♣❛rt✐❝✉❧❡s ❙P❍ ré♣❛rt✐❡s ❞❛♥s ✉♥ ❞✐sq✉❡ ✜♥ ❞✬é❝❤❡❧❧❡
❞❡ ❧♦♥❣✉❡✉r ❞❡ ✸ ❦♣❝ ♣♦✉r ✉♥❡ ♠❛ss❡ t♦t❛❧❡ ❞❡ 1.1 1010 ▼⊙✱ s♦✐t ✶✵✪ ❞❡ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡✳
▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❛rt✐❝✉❧❡s s♦♥t tr♦♥q✉é❡s à ✉♥ r❛②♦♥ ❞❡ ✸✵ ❦♣❝✳ ➚ t = 0✱ ❧❡ ❣❛③ ❡st ❞❡
❝♦♠♣♦s✐t✐♦♥ ♣r✐♠♦r❞✐❛❧❡ ✭✼✺✪ ❞❡ ❍✱ ✷✺✪ ❞❡ ❍❡ ❡♥ ♠❛ss❡✮✳ P♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❝♦♠♣♦rt❛♥t
✉♥ ❤❛❧♦ ❞❡ ♠❛t✐èr❡ ♥♦✐r❡✱ ❝❡❧✉✐✲❝✐ ❡st r❡♣rés❡♥té ❞❡ ♠❛♥✐èr❡ ❛♥❛❧②t✐q✉❡ ♣❛r ✉♥ P❧✉♠♠❡r ❞❡
r❛②♦♥ ❝❛r❛❝tér✐st✐q✉❡ ✻ ❦♣❝ ❡t ❞❡ ♠❛ss❡ 6.42 1011 ▼⊙✳ ▲❛ ♣♦♣✉❧❛t✐♦♥ ✐♥✐t✐❛❧❡ ♥✬é✈♦❧✉❡ ♣❛s✱
❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡ ♥❡ r❡❥❡tt❡ ♥✐ ♠❛ss❡✱ ♥✐ é♥❡r❣✐❡ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ▲❡ t❛❜❧❡❛✉ ✻✳✶
♣rés❡♥t❡ ❧❡s ♣❛r❛♠ètr❡s ✉t✐❧✐sés ♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s à ❞✐sq✉❡ ❡✛❡❝t✉é❡s✶✳

▲❡s s✐♠✉❧❛t✐♦♥s ❛①✐s②♠étr✐q✉❡s ♥❡ s♦♥t ♣❛s éq✉✐✈❛❧❡♥t❡s à ❞❡s s✐♠✉❧❛t✐♦♥s ✶❉✳ ❊♥ ❡✛❡t✱ ❧✬❛①✲
✐s②♠étr✐s❛t✐♦♥ s❡ ❢❛✐t s✉r ❧❡ ♣♦t❡♥t✐❡❧ ❣r❛✈✐t❛t✐♦♥♥❡❧✱ ❝✬❡st✲à✲❞✐r❡ q✉✬à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ♦♥
s②♠étr✐s❡ s❡❧♦♥ θ ❧❡ ♣♦t❡♥t✐❡❧ ❝réé ♣❛r ❧❡s ét♦✐❧❡s ❡t ❧❡ ❣❛③✳ ❈❡❧❛ ♥✬❡♠♣ê❝❤❡ ♣❛s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡ ♣❡rt✉r❜❛t✐♦♥s tr❛♥s✐t♦✐r❡s ❧♦❝❛❧❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞♦♥t ❧✬é❝❤❡❧❧❡ ❞❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❡st
✐♥❢ér✐❡✉r❡ à ❧❛ rés♦❧✉t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧✱ ♠❛✐s ❜❧♦q✉❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ t❡❧❧❡s ♣❡rt✉r❜❛t✐♦♥s à
❧♦♥❣ t❡r♠❡ ❡t à ❣r❛♥❞❡s é❝❤❡❧❧❡s ✭♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❜r❛s s♣✐r❛✉① ❡t ❧❡s ❜❛rr❡s✮✳ ❉❡s ❞✐✛ér❡♥❝❡s
❧♦❝❛❧❡s ♣❛r r❛♣♣♦rt à ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❛①✐s②♠étr✐q✉❡ ♣❡✉✈❡♥t ❞♦♥❝ ❛♣♣❛r❛îtr❡ ❞❛♥s ❧❡s ❞✐str✐✲
❜✉t✐♦♥s ❞❡ ♠❛ss❡✱ ❞✬é♥❡r❣✐❡✱ ✳ ✳ ✳ ❉❛♥s ❧❡ t❛❜❧❡❛✉ ✻✳✶✱ ❧✬✐♥❞✐❝❛t✐♦♥ ✧♥♦♥✧ ♣♦✉r ❧❡ ❤❛❧♦ ❞és✐❣♥❡ ❞❡s
s✐♠✉❧❛t✐♦♥s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡ t✐r❛❣❡ ❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❛ été ❢❛✐t ❛✈❡❝ ✉♥ ❤❛❧♦ ❞❡ ♠❛t✐èr❡
♥♦✐r❡ ♠❛✐s ❞♦♥t ❧✬é✈♦❧✉t✐♦♥ ❛ été ❝❛❧❝✉❧é❡ s❛♥s ❝❡❧✉✐✲❝✐✳ ▲❡ ❝r✐tèr❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✐♥t✐t✉❧é

✶❉✬❛✉tr❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s ♠❛✐s ♥❡ s♦♥t ♣❛s ✉t✐❧✐sé❡s ❞❛♥s ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡ ❝❡s ♣r❡♠✐❡rs
rés✉❧t❛ts✳

✻✼
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❙✐♠✉❧❛t✐♦♥ ❆①✐s②♠étr✐❡ X0
c ❍❛❧♦ ❈r✐tèr❡ ❞❡

❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

❏❆❆❆ ♦✉✐ ✵✳✵✵✶ ♦✉✐ ❏❡❛♥s

❏❆❆❈ ♦✉✐ ✵✳✶ ♦✉✐ ❏❡❛♥s

❏❆❆❉ ♦✉✐ ✵✳✾ ♦✉✐ ❏❡❛♥s

❏❇❆❆ ♥♦♥ ✵✳✵✵✶ ♦✉✐ ❏❡❛♥s

❏❇❇❈ ♥♦♥ ✵✳✵✵✶ ✧♥♦♥✧ ❚♦♦♠r❡ ✰ ❛♥❝✐❡♥♥❡s r❡❝❡tt❡s

❏❈❇❆ ♥♦♥ ✵✳✵✵✶ ♥♦♥ ❏❡❛♥s

❚❛❜✳ ✻✳✶ ✕ P❛r❛♠ètr❡s ❞❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s à ❞✐sq✉❡ ❡✛❡❝t✉é❡s✳ X0
c ❝♦rr❡✲

s♣♦♥❞ à ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❣❛③ ❢r♦✐❞ à t = 0✳ ❱♦✐r ❧❡ t❡①t❡ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✳

❏❡❛♥s ❝♦rr❡s♣♦♥❞ à ❧❛ r❡❝❡tt❡ ✐♠♣❧é♠❡♥té❡ ❞❛♥s ♥♦tr❡ ♥♦✉✈❡❛✉ ❝♦❞❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❏❇❇❈ ❛
été ❢❛✐t❡ ❛✈❡❝ ❧❡s ❛♥❝✐❡♥♥❡s r❡❝❡tt❡s ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥✱ ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ❡t ❧❡ r❡❢r♦✐❞✐ss❡✲
♠❡♥t ❞✉ ❣❛③ ✭▼✐❝❤❡❧✲❉❛♥s❛❝ ✫ ❲♦③♥✐❛❦✱ ✷✵✵✹✮✳ ❉❛♥s ❝❡tt❡ s✐♠✉❧❛t✐♦♥✱ ♦♥ ✉t✐❧✐s❡ ❧❡ ❝r✐tèr❡
❞❡ ❚♦♦♠r❡ ❛✈❡❝ λ = 1.4 ✭❝❢✳ s❡❝t✐♦♥ ✷✳✸✮ ❡t ✉♥❡ ❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❝♦♥st❛♥t❡
❞❡ ✶✵✪✳ ▲❡ r❡❝②❝❧❛❣❡ ❡st ✐♥st❛♥t❛♥é ❡t ❧✬é♥❡r❣✐❡ r❡❥❡té❡ ❡st ❞❡ Einj = 1.9 10−7 ♣❝✷ ❛♥−2 ♣❛r
✉♥✐té ❞❡ ♠❛ss❡ ❢♦r♠é❡ ❞♦♥t ✶✪ s♦✉s ❢♦r♠❡ ♠é❝❛♥✐q✉❡ ❡t ❧❡ r❡st❡ s♦✉s ❢♦r♠❡ ❞✬é♥❡r❣✐❡ ✐♥t❡r♥❡✳
▲✬❡♥r✐❝❤✐ss❡♠❡♥t ❞✉ ❣❛③ s❡ ❢❛✐t s❡❧♦♥ ❧❡s ❧♦✐s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ▼❛❡❞❡r ✭✶✾✾✷✮✳

◆♦✉s ❞é❝r✐✈♦♥s t♦✉t ❞✬❛❜♦r❞ ❧✬é✈♦❧✉t✐♦♥ ❣❧♦❜❛❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛①✐s②♠étr✐q✉❡ ❏❆❆❆
❛✈❛♥t ❞❡ ❝♦♠♣❛r❡r ❡t ❞✬ét✉❞✐❡r ❧❡s ❛✉tr❡s s✐♠✉❧❛t✐♦♥s✳ ■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ r❛♣♣❡❧❡r q✉❡ ♥♦✉s
♥❡ s✐♠✉❧♦♥s ♣❛s ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❣❛❧❛①✐❡ à ♣❛rt✐r ❞✬✉♥❡ ♣r♦t♦✲❣❛❧❛①✐❡ ❣❛③❡✉s❡ ♠❛✐s ❧✬é✈♦❧✉t✐♦♥
❞✬✉♥❡ ❣❛❧❛①✐❡ à ♣❛rt✐r ❞❡ ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s r❡♣r♦❞✉✐s❛♥t ✉♥❡ ❣❛❧❛①✐❡ à ❞✐sq✉❡ ❞é❥à ❢♦r♠é❡✳

✻✳✶✳✶ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡

▲❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ r❡st❡ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ❛✉ ❝♦✉rs ❞❡s ✺●②r ❞✬é✈♦❧✉t✐♦♥ ❞❡
❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✳ ■❧ r❡st❡ ✐♥❢ér✐❡✉r à ✶▼⊙ ②r−1 ❡♥✈✐r♦♥ ✭❝❢✳ ❋✐❣✳ ✻✳✶ ❡♥ ❤❛✉t✮ ❡t ❡♥✈✐r♦♥
✶✵✪ ❡♥ ♠❛ss❡ ❞✉ ❣❛③ ✐♥✐t✐❛❧ ❡st tr❛♥s❢♦r♠é ❡♥ ét♦✐❧❡s ✭❝❢✳ ❋✐❣✳ ✻✳✶ ❡♥ ❜❛s✮✳ ▲❡ ♣r❡♠✐❡r ♣✐❝ ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭t < 1●②r✮ s❡ ♣r♦❞✉✐t ❞❛♥s ✉♥ ❞✐sq✉❡ ✜♥ ❞❡ ✹ ❦♣❝ ❞❡ r❛②♦♥ ✭❝❢✳ ❋✐❣✳ ✻✳✸✮✳
❊♥s✉✐t❡✱ ❧❡ ❙❋❘ ❞❡✈✐❡♥t q✉❛s✐♠❡♥t ♥✉❧ ♣✉✐s ✉♥ ♥♦✉✈❡❛✉ ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞é❜✉t❡ ✈❡rs
3.5●②r ❡t ❛✉ ❝♦✉rs ❞✉q✉❡❧ ❧❡s ét♦✐❧❡s s❡ ❢♦r♠❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ✶ ❦♣❝ ❞❡
r❛②♦♥ ✭❝❢✳ ❋✐❣✳ ✻✳✶ ❛✉ ♠✐❧✐❡✉✮✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ③♦♥❡s ❞❡ ❞❡♥s✐té ❧❡s ♣❧✉s é❧❡✈é❡s✳

▲❛ ✜❣✉r❡ ✻✳✷ ♣rés❡♥t❡ ❧❛ ❞❡♥s✐té ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ é❧✐❣✐❜❧❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r
❏❆❆❆✳ ▲❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ❞❡s ♣❛rt✐❝✉❧❡s é❧✐❣✐❜❧❡s ❛✉❣♠❡♥t❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
✭❝❢✳ ❋✐❣✳ ✻✳✷ à ❣❛✉❝❤❡✮✳ ▲❡ ♣r❡♠✐❡r ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛✈❛♥t ✶●②r ❢♦r♠❡ ❞❡s ét♦✐❧❡s
❞❛♥s ❞❡s ré❣✐♦♥s ❞❡ ❞❡♥s✐té ❞❡ ❧✬♦r❞r❡ ❞❡ ✶▼⊙ ♣❝−3✳ ▲♦rs ❞✉ ❞❡✉①✐è♠❡ é♣✐s♦❞❡ ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡✱ ❝❡tt❡ ❞❡♥s✐té ♠♦②❡♥♥❡ ❡st ❜✐❡♥ ♣❧✉s é❧❡✈é❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ 102 − 104 ▼⊙ ♣❝−3✱ ❝❛r ❧❡s
♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s s❡ ❢♦r♠❡♥t ❞❛♥s ❧❡s ré❣✐♦♥s ❝❡♥tr❛❧❡s ✭❝❢✳ ❋✐❣✳ ✻✳✶ ❛✉ ♠✐❧✐❡✉✮✱ ❝❡❧❧❡s✲❝✐ ét❛♥t
♣❧✉s ❞❡♥s❡s q✉❡ ❧❡ r❡st❡ ❞❡ ❧❛ ❣❛❧❛①✐❡✳ ▲❛ ❝♦✉♣✉r❡ ❜❛ss❡✱ ✈❡rs 0.6▼⊙ ♣❝−3 ✭❝❢✳ ❋✐❣✳ ✻✳✶✹ à
❣❛✉❝❤❡✮✱ ❡st ✉♥❡ ❝♦♥séq✉❡♥❝❡ ❞❡ ♥♦tr❡ r❡❝❡tt❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭❝❢✳ s❡❝t✐♦♥ ✺✳✶✳✶✮✳ ▲❛
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛ t♦✉t❡❢♦✐s ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐❡✉ ❞❛♥s ❞❡s ré❣✐♦♥s ❞❡ ❞❡♥s✐té ♠♦②❡♥♥❡ ❜✐❡♥
♣❧✉s ❢♦rt❡ ✭102−104 ▼⊙ ♣❝−3✮ s✐ ❜✐❡♥ q✉❡ ❝❡tt❡ ❝♦✉♣✉r❡ ✐♥✢✉❡♥❝❡ ❞❡ ♠❛♥✐èr❡ ❧✐♠✐té❡ ❧❛ ❢♦r♠❛✲
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❋✐❣✳ ✻✳✶ ✕ ❊♥ ❤❛✉t ✿ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥✳ ❆✉ ♠✐❧✐❡✉ ✿ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ❞❛♥s ✉♥❡ sé❧❡❝t✐♦♥
❞❡ ±1 ❦♣❝ ❡♥ x ❡t y✳ ❊♥ ❜❛s ✿ ▼❛ss❡ st❡❧❧❛✐r❡ ❝✉♠✉❧é❡ ❢♦r♠é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳ ▲❡s tr♦✐s
❣r❛♣❤✐q✉❡s ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✳

✻✾
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t✐♦♥ st❡❧❧❛✐r❡ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✳ ❊❧❧❡ ♥♦✉s ♣❡r♠❡t ♥é❛♥♠♦✐♥s ❞✬é✈✐t❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬ét♦✐❧❡s
❛✉ s❡✐♥ ❞❡ ♣❛rt✐❝✉❧❡s ❞❡ ❢❛✐❜❧❡ ❞❡♥s✐té✳ ❉❡ t❡❧❧❡s ♣❛rt✐❝✉❧❡s ❛✉r❛✐❡♥t ❞❡s t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ très ✐♠♣♦rt❛♥ts ✭tsf > 107 ❛♥✱ ❝❢✳ s❡❝t✐♦♥ ✺✳✶✮ ❡t ❧❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐q✉❡s s❡r❛✐❡♥t s✉s✲
❝❡♣t✐❜❧❡s ❞❡ ❝❤❛♥❣❡r ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ♣ér✐♦❞❡✳ ❖♥ ✉t✐❧✐s❡ ❧❛ ❞❡♥s✐té
♠♦②❡♥♥❡ ❞❛♥s ♥♦s ❝r✐tèr❡s ❞✬é❧✐❣✐❜✐❧✐té à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♠❛✐s ❝✬❡st ❛✉ s❡✐♥ ❞❡ ❧❛ ♣❤❛s❡
❢r♦✐❞❡✱ ♣❧✉s ❞❡♥s❡✱ q✉❡ ❧❡s ét♦✐❧❡s s❡ ❢♦r♠❡♥t✳ ▲✬é✈♦❧✉t✐♦♥ ♠♦②❡♥♥❡ ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡
❢r♦✐❞❡ ❡st s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ❞❡ ❧❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ✭❝❢✳ ❋✐❣✳ ✻✳✷ à ❞r♦✐t❡✮✳ ❉❡ ♣❧✉s✱ ❧❛ ❝♦✉♣✉r❡
❜❛ss❡ ❞✐s♣❛r❛ît✱ ❡①❝❡♣té ♣♦✉r q✉❡❧q✉❡s ♣❛rt✐❝✉❧❡s ❛✈❛♥t t = 1●②r ✭❝❢✳ ❋✐❣✳ ✻✳✷ à ❞r♦✐t❡✮✳ ❊♥✜♥✱
❧❛ ❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❞❡s ♣❛rt✐❝✉❧❡s é❧✐❣✐❜❧❡s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 105 − 106 ▼⊙ ♣❝−3✱ ❡♥
❛❝❝♦r❞ ❛✈❡❝ ❧❡s ❞❡♥s✐tés ♦❜s❡r✈é❡s ❞❛♥s ❧❡s ❝÷✉rs ❞❡♥s❡s ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ♦ù s❡ ❢♦r♠❡♥t
❧❡s ét♦✐❧❡s ✭▲❛❞❛ ✫ ▲❛❞❛✱ ✷✵✵✸✮✳

❋✐❣✳ ✻✳✷ ✕ ❉❡♥s✐té ♠♦②❡♥♥❡ ✭à ❣❛✉❝❤❡✮ ❡t ❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ✭à ❞r♦✐t❡✮ ❞❡s ♣❛rt✐❝✉❧❡s
❞❡ ❣❛③ é❧✐❣✐❜❧❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✳ ▲❛
❝♦✉r❜❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥é❡ ❞❡s ❞❡♥s✐tés ❞❡s ♣❛rt✐❝✉❧❡s✳

❙✉r ❧❛ ✜❣✉r❡ ✻✳✸✱ ♦♥ ❛ r❡♣rés❡♥té ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s à ❞❡✉① ✐♥st❛♥ts ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥s ❏❆❆❆ ✿ ✶●②r ❡t ✺●②r✳ ■❧ ♥❡ s✬❛❣✐t ♣❛s ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ♥❛✐ss❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s
♠❛✐s ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❛✉ ♠♦♠❡♥t ❝♦♥s✐❞éré✳ ▲❡ ❝♦❞❡ ❞❡ ❝♦✉❧❡✉rs ❝♦rr❡s♣♦♥❞ à ❧❛
❞❛t❡ ❞❡ ♥❛✐ss❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s✳ ▲❡s ét♦✐❧❡s s❡ ❢♦r♠❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❛ ♣❛rt✐❡ ❝❡♥tr❛❧❡
❞❡ ❧❛ ❣❛❧❛①✐❡ ❝❛r ❝✬❡st ❧à q✉❡ ❧❡ ❣❛③ ❡st ❢r♦✐❞ ❡t ❞❡♥s❡✱ ❞♦♥❝ s✉s❝❡♣t✐❜❧❡ ❞❡ ❢♦r♠❡r ❞❡s ét♦✐❧❡s✳
❉❡ ♣❧✉s✱ ❧❡ ❞✐sq✉❡ st❡❧❧❛✐r❡ s✬é♣❛✐ss✐t ❛✈❡❝ ❧✬â❣❡ ✭❝❢✳ ❋✐❣✳ ✻✳✸ ❡♥ ❤❛✉t✮ ✿ ❧❡s ♣❧✉s ❛♥❝✐❡♥♥❡s ✭❡♥
r♦✉❣❡✮ s❡ r❡♣❛rt✐ss❡♥t s❡❧♦♥ ✉♥ ❞✐sq✉❡ ♣❧✉s é♣❛✐s q✉❡ ❧❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ♣❧✉s ❥❡✉♥❡s ✭❡♥ ❜❧❡✉✮✳
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❋✐❣✳ ✻✳✸ ✕ ❉✐str✐❜✉t✐♦♥s ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ✈✉❡s ❞❡ ❢❛❝❡ ❡t ♣❛r ❧❛ tr❛♥❝❤❡ ♣♦✉r ❞❡✉① ✐♥st❛♥ts
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ ✿ ✶●②r ❡♥ ❤❛✉t ❡t ✺●②r ❡♥ ❜❛s✳ ▲❛ ❝♦✉❧❡✉r ❝♦rr❡s♣♦♥❞ à ❧❛ ❞❛t❡ ❞❡
♥❛✐ss❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s✳

✻✳✶✳✷ ➱✈♦❧✉t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡

▲❛ ❢r❛❝t✐♦♥ ❞❡ ❣❛③ ❢r♦✐❞ é✈♦❧✉❡ ❞❡♣✉✐s s❛ ✈❛❧❡✉r ✐♥✐t✐❛❧❡ ❞❡ 0.1✪ ❥✉sq✉✬à ✉♥❡ ✈❛❧❡✉r ♣r♦❝❤❡
❞❡ ✺✵✪ ✈❡rs t ≈ 3.5●②r ♦ù ❧❡s ❞❡✉① ♣❤❛s❡s s❡♠❜❧❡♥t s✬❛✉t♦✲ré❣✉❧❡r ❛✈❛♥t q✉❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡
♣❤❛s❡ ✈❛r✐❛❜❧❡ ♥✬❛✉❣♠❡♥t❡ ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❛♣rès 4.5●②r ✭❝❢✳ ❋✐❣✳ ✻✳✹✮✳

▲❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ s❡ sé♣❛r❡ ♥❛t✉r❡❧❧❡♠❡♥t ❡♥ ❞❡✉① ♠✐❧✐❡✉① ✭❝❢✳ ❋✐❣✳ ✻✳✺ ❡♥ ❤❛✉t✮ ✿ ❧✬✉♥
❛✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵✹❑ ❡t ❧✬❛✉tr❡ ♣❧✉s ❝❤❛✉❞ ❛✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡
♠♦②❡♥♥❡ ❡♥tr❡ ✶✵✻ ❡t ✶✵✼❑✳ ◆♦tr❡ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ à ❞❡✉① ♣❤❛s❡s ♥♦✉s
♣❡r♠❡t ❞❡ ❞♦♥❝ ❞❡ r❡❝ré❡r ✉♥ ▼■❙ ❝♦♠♣♦rt❛♥t tr♦✐s ♠✐❧✐❡✉① ✿ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ r❡♣rés❡♥t❡ ❧❡
❈◆▼✱ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❛✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ✶✵✹❑ r❡♣rés❡♥t❡ ❧❡ ❲◆▼✴❲■▼ ❡t
❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ très ❝❤❛✉❞❡ à 106 − 107 ❑ r❡♣rés❡♥t❡ ❧❡ ❍■▼✳ ❖♥ r❡♠❛rq✉❡ é❣❛❧❡♠❡♥t q✉❡
❧❡ ❣❛③ ❧❡ ♣❧✉s ❝❤❛✉❞ T > 107 ❑ s❡ s✐t✉❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❤❛❧♦✱ ❡♥ ❞❡❤♦rs ❞❡s ✶✵ ❦♣❝
❝❡♥tr❛✉① ✭❝❢✳ ❋✐❣✳ ✻✳✺✮✳

➚ ♣❛rt✐r ❞❡ 3.5 − 4●②r✱ ❧❛ ❢r❛❝t✐♦♥ ❞✉ ❲◆▼✴❲■▼ ❞✐♠✐♥✉❡ ❛✉ ♣r♦✜t ❞❡ ❝❡❧❧❡ ❞✉ ❍■▼
✭❝❢✳ ❋✐❣✳ ✻✳✺ ❛✉ ♠✐❧✐❡✉ ❡t à ❞r♦✐t❡✮ ❡♥ r❛✐s♦♥ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳
❈❡❧❧❡✲❝✐ s❡ ♣r♦❞✉✐s❛♥t ❞❛♥s ❧❛ ré❣✐♦♥ très ❝❡♥tr❛❧❡ ❞❡ ❧❛ ❣❛❧❛①✐❡✱ ❡❧❧❡ ❝❤❛✉✛❡ très ❢♦rt❡♠❡♥t ❧❡
▼■❙ ❞❡ ❝❡tt❡ ré❣✐♦♥ tr❛♥s❢♦r♠❛♥t ❧❡ ❲◆▼✴❲■▼ ❡♥ ❍■▼ ❡t ♣r♦✈♦q✉❛♥t ❧✬é✈❛♣♦r❛t✐♦♥ ❞❡ ❧❛
♣❤❛s❡ ❢r♦✐❞❡✳
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❋✐❣✳ ✻✳✹ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡t ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❛✉ s❡✐♥ ❞✉ ♠✐❧✐❡✉
✐♥t❡rst❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✳

▲❛ ✜❣✉r❡ ✻✳✻ ♠♦♥tr❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ s✉✐t ❣❧♦❜❛❧❡♠❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ ♠❛ss❡✳ ❊♥ ❡✛❡t✱ ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❡st ❞✬❛✉t❛♥t ♣❧✉s ❡✣❝❛❝❡ q✉❡ ❧❡ ❣❛③ ❡st ❞❡♥s❡✳ ▲❛ ❞✐s✲
tr✐❜✉t✐♦♥ ❞❡ t❡♠♣ér❛t✉r❡ ✈✉❡ ♣❛r ❧❛ tr❛♥❝❤❡ ♠♦♥tr❡ ✉♥ ❞✐sq✉❡ ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ q✉❡❧q✉❡s
❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞❡ ❦❡❧✈✐♥s ❡♥t♦✉ré ❞✬✉♥ ❤❛❧♦ ❜✐❡♥ ♣❧✉s ❝❤❛✉❞ (T ≈ 105.5 − 106 ❑✮✳

▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ à ♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭❝❢✳ ❋✐❣✳ ✻✳✼✮ ♠♦♥tr❡♥t ✉♥ ❞✐sq✉❡
❞❡ ❣❛③ ❢r♦✐❞ ❞❡ ✶✺ ❦♣❝ ❞❡ r❛②♦♥ ❡♥✈❡❧♦♣♣é ❞✬✉♥ ❤❛❧♦ ❞❡ ❣❛③ très ❝❤❛✉❞ ✭T > 106 ❑✮✳ ❈❡ ❞✐sq✉❡
❢r♦✐❞ ♣rés❡♥t❡ ✉♥ é♣❛✐ss✐ss❡♠❡♥t q✉❛♥❞ ❧❡ r❛②♦♥ ❛✉❣♠❡♥t❡ ✭✢❛r✐♥❣✮✳ ❈❡t é♣❛✐ss✐ss❡♠❡♥t ❡st
♥❡tt❡♠❡♥t ✈✐s✐❜❧❡ s✉r ❧❡s ❝❛rt❡s ❞❡ t❡♠♣ér❛t✉r❡ ✭❝❢✳ ❋✐❣✳ ✻✳✻ ❡t ❋✐❣✳ ✻✳✼ ❡♥ ❜❛s à ❞r♦✐t❡✮✳

▲❛ ✜❣✉r❡ ✻✳✽ r❡♣rés❡♥t❡ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r t❡♠♣ér❛t✉r❡✳
▲❛ ♣❛rt✐❡ ❝❡♥tr❛❧❡ (≈ 2 ❦♣❝ ❝❡♥tr❛✉①✮✱ très ❞❡♥s❡✱ r❡❢r♦✐❞✐t ❡✣❝❛❝❡♠❡♥t ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s
♣❛rt✐❝✉❧❡s ❣❛③❡✉s❡s r❡st❡ ✐♥❢ér✐❡✉r❡ à 2 104 ❑ ✭❡♥ ❝②❛♥✮✳ ❊♥ ❞❡❤♦rs ❞❡ ❝❡tt❡ ré❣✐♦♥✱ ❧❡s ✈❡♥ts
st❡❧❧❛✐r❡s ❡t ❧❡s ❡①♣❧♦s✐♦♥s ❞❡ s✉♣❡r♥♦✈❛❡ ❝ré❡♥t ❞❡s ❜✉❧❧❡s ❞❡ ❣❛③ ❝❤❛✉❞ ✭❡♥ r♦✉❣❡✮✳ ❊♥ ❜♦r❞✉r❡
❞❡s ❝❡s ❜✉❧❧❡s✱ ❧❡s ♣❛rt✐❝✉❧❡s s♦♥t ♣❧✉s ❞❡♥s❡s ❞♦♥❝ ♣❧✉s ❢r♦✐❞❡s ✭❡♥ ❝②❛♥✮ ❡t ❧❛ t❡♠♣ér❛t✉r❡ ❞❡
❝❡rt❛✐♥❡s ❛tt❡✐♥t ♠ê♠❡ ❧❛ t❡♠♣ér❛t✉r❡ ♣❧❛♥❝❤❡r ❞❡ ✶✵✵❑ ✭❡♥ ❜❧❡✉ ❢♦♥❝é✮✳ ❈❡s ❜✉❧❧❡s ❡♠♣♦r✲
t❡♥t ❧❡ ❣❛③ ❝❤❛✉❞ ❤♦rs ❞✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡ ❞❡ ❧❛ ❣❛❧❛①✐❡ ✭❝❢✳ ❧❡s ✈✉❡s ♣❛r ❧❛ tr❛♥❝❤❡ ❞❡ ❧❛ ❋✐❣✳ ✻✳✽✮✳
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❋✐❣✳ ✻✳✺ ✕ ❉✐str✐❜✉t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ♣♦✉r t♦✉t❡ ❧❛ ❣❛❧❛①✐❡ ✭❡♥ ❜❧❡✉✮
❡t ♣♦✉r ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±10 ❦♣❝ ❡♥ x ❡t y✱ ❡t ±2 ❦♣❝ ❡♥ z ✭❡♥ ✈❡rt✮ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆
à tr♦✐s ✐♥st❛♥ts ❞✐✛ér❡♥ts✱ r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ❤❛✉t ❡♥ ❜❛s ✿ t = 1●②r✱ ✸●②r ❡t ✺●②r✳
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❋✐❣✳ ✻✳✻ ✕ ❈❛rt❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ✭❡♥ ❤❛✉t✮ ❡t ❞❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ✭❡♥ ❜❛s✮ ❞✉
❣❛③ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ à t = 1●②r ♣♦✉r ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±10 ❦♣❝ ❡♥ x ❡t y✳ ▲❡s tr❛✐ts
♥♦✐rs ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐s♦❝♦♥t♦✉rs ❞❡ ♠❛ss❡✳
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❋✐❣✳ ✻✳✼ ✕ ❈❛rt❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ✭❡♥ ❤❛✉t✮ ❡t ❞❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ✭❡♥ ❜❛s✮ ❞✉
❣❛③ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ à t = 1●②r ♣♦✉r ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±40 ❦♣❝ ❡♥ x ❡t y✳ ▲❡s tr❛✐ts
♥♦✐rs ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐s♦❝♦♥t♦✉rs ❞❡ ♠❛ss❡✳
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❋✐❣✳ ✻✳✽ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ à ❞❡✉① ✐♥st❛♥ts ❞✐✛ér❡♥ts ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥
❏❆❆❆ ✿ ✽✵✵▼②r ❡♥ ❤❛✉t ❡t ✶●②r ❡♥ ❜❛s✳ ▲❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥
❝♦♠♣t❡✳ ▲❛ ❝♦✉❧❡✉r ❝♦rr❡s♣♦♥❞ à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s ♣❛rt✐❝✉❧❡s ✿ ❜❧❡✉ ♣♦✉r T ≤ 102 ❑✱ ❝②❛♥
♣♦✉r 102 < T ≤ 2 104 ❑✱ ✈❡rt ♣♦✉r 2 104 < T ≤ 105 ❑ ❡t r♦✉❣❡ ♣♦✉r T > 105 ❑✳
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✻✳✶✳✸ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té

▲❛ ✜❣✉r❡ ✻✳✾ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té ♠♦②❡♥♥❡ ❞✉ ❣❛③ ❡t ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉✲
❧❛t✐♦♥ st❡❧❧❛✐r❡✳ ❉✉r❛♥t ❧❛ ♣r❡♠✐èr❡ ♣❛rt✐❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❛ ♠ét❛❧❧✐❝✐té ❞✉ ❣❛③ ❡st s✉♣ér✐❡✉r❡
à ❝❡❧❧❡ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡✳ ❈❡❧❛ s✬❡①♣❧✐q✉❡ ♣❛r ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❡♥ ♠ét❛✉① ❞û
à ❧❛ t♦✉t❡ ♣r❡♠✐èr❡ ❣é♥ér❛t✐♦♥ ❞✬ét♦✐❧❡s ♥é❡s ❛✈❛♥t t = 1●②r✳ ❊♥tr❡ ✶ ❡t ✷●②r✱ ❧❛ ♠ét❛❧❧✐❝✐té
♥✬é✈♦❧✉❡ q✉❛s✐♠❡♥t ♣❛s ❝❛r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ♣r❡sq✉❡ ♥✉❧❧❡ ✭❝❢✳ ❋✐❣✳ ✻✳✶✮✳ ❈❡❧❧❡✲❝✐ r❡❞é✲
♠❛rr❡ ♣❡✉ ❛♣rès ✷●②r ♣r♦✈♦q✉❛♥t ❧✬❡♥r✐❝❤✐ss❡♠❡♥t r❛♣✐❞❡ ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥✳

❆ t = 5●②r✱ ❧❛ ♠ét❛❧❧✐❝✐té ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ ❡st ✷ à ✸ ❢♦✐s ♣❧✉s ❣r❛♥❞❡ q✉❡ ❝❡❧❧❡
❞✉ ❣❛③ ✭❝❢✳ ❋✐❣✳ ✻✳✾ ❡♥ ❤❛✉t✮ ❝❛r ✉♥❡ ♣❛rt✐❡ ❞✉ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ♣r✐♠♦r❞✐❛❧❡ ♥✬❛ ♣❛s été ❡♥✲
r✐❝❤✐❡ ♣✉✐sq✉✬✐❧ s❡ tr♦✉✈❡ ❡♥✲❞❡❤♦rs ❞❡s s✐t❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ ❊♥ ❡✛❡t✱ s✐ ❧✬♦♥ sé❧❡❝t✐♦♥♥❡
✉♥✐q✉❡♠❡♥t ❧❡s ✶✵ ❦♣❝ ❝❡♥tr❛✉①✱ ♦♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ♠ét❛❧❧✐❝✐té ❞✉ ❣❛③ ❡t ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s
s♦♥t é❣❛❧❡s à t = 5●②r ✭❝❢✳ ❋✐❣✳ ✻✳✾ ❛✉ ♠✐❧✐❡✉✮✳ ▲❛ ♠ét❛❧❧✐❝✐té ♠♦②❡♥♥❡ ❛tt❡✐♥t❡ ❡st ❞❡ ❧✬♦r❞r❡
❞❡ 0.3❩⊙ ❛✉ ❜♦✉t ❞❡s ✺●②r ❞✬é✈♦❧✉t✐♦♥✳

▲❛ ♠ét❛❧❧✐❝✐té ❞✉ ❤❛❧♦ ❛✉❣♠❡♥t❡ ❥✉sq✉✬à 0.1❩⊙ ❡♥ ✷●②r ♣✉✐s ❝❡❧❧❡✲❝✐ ❞✐♠✐♥✉❡ ❧❡♥t❡♠❡♥t
✭❝❢✳ ❋✐❣✳ ✻✳✾ ❡♥ ❜❛s✮✳ ■❧ ♥✬② ❛ ♣❛s ❞❡ ❝♦✉r❜❡ ♣♦✉r ❧❛ ♠ét❛❧❧✐❝✐té ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ❝❛r ❛✉✲
❝✉♥❡ ♥❡ s❡ tr♦✉✈❡♥t ❡♥✲❞❡❤♦rs ❞✬✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±10 ❦♣❝ ❡♥ x✱ y ❡t ±1 ❦♣❝ z✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥
✐♥✐t✐❛❧❡ ❡st ❞✉❡ ❛✉① ♦✉t✢♦✇s ♣r♦✈♦q✉és ♣❛r ❧❡s s✉♣❡r♥♦✈❛❡✳ ❈❡s ♦✉t✢♦✇s ♣r♦✈♦q✉❡♥t ✉♥ ❡♥✲
r✐❝❤✐ss❡♠❡♥t r❡❧❛t✐✈❡♠❡♥t ❤♦♠♦❣è♥❡ ❡♥ ❞❡❤♦rs ❞✉ ❞✐sq✉❡ ✭❝❢✳ ❋✐❣✳ ✻✳✶✵ ❡♥ ❤❛✉t à ❞r♦✐t❡✮✳ ▲❛
❞✐♠✐♥✉t✐♦♥ ✉❧tér✐❡✉r❡ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té ❡st ❝❛✉sé❡ ♣❛r ❧✬é❥❡❝t✐♦♥ ❞❡ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ♣r✐✲
♠♦r❞✐❛❧❡ ❤♦rs ❞✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡ à ❝❛✉s❡ ❞❡ ❧✬é♥❡r❣✐❡ ❧✐❜éré❡ ♣❛r ❧❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s
s✉♣❡r♥♦✈❛❡✳ ▲❛ ♠ét❛❧❧✐❝✐té ♠♦②❡♥♥❡ ❞✉ ❤❛❧♦ ❡st ♣❧✉s ❢❛✐❜❧❡ ♠ê♠❡ s✐ ❧✬♦♥ ♦❜s❡r✈❡ ❡♥❝♦r❡ ✉♥
❡♥r✐❝❤✐ss❡♠❡♥t ❞û ❛✉① ♦✉t✢♦✇s ✭❜✉❧❧❡s ❡♥ r♦✉❣❡ s✉r ❧❛ ❝❛rt❡ ❞❡ ♠ét❛❧❧✐❝✐té ❡♥ ❜❛s à ❞r♦✐t❡ s✉r
❧❛ ❋✐❣✳ ✻✳✶✵✮ q✉✐ ♣r♦✈✐❡♥♥❡♥t ❞❡s ♣❛rt✐❡s ❝❡♥tr❛❧❡s✳ ❈❡tt❡ é❥❡❝t✐♦♥ ❡st ❧❡ rés✉❧t❛t ❞❡ ❧✬❡①♣❧♦✲
s✐♦♥ ❡♥ s✉♣❡r♥♦✈❛❡ ❞❡s ét♦✐❧❡s ♥é❡s ❧♦rs ❞✉ s❡❝♦♥❞ ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✉♥ ♣❡✉ ❛✈❛♥t ✹●②r✳
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❋✐❣✳ ✻✳✾ ✕ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té ♠♦②❡♥♥❡ ❞✉ ❣❛③ ✭❡♥ ❜❧❡✉✮ ❡t ❞❡ ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥
st❡❧❧❛✐r❡ ✭❡♥ ✈❡rt✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✳ ▲❡ ❣r❛♣❤✐q✉❡ ❞✉ ❤❛✉t
❝♦rr❡s♣♦♥❞ à ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❝❡❧✉✐ ❞✉ ♠✐❧✐❡✉ à ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±10 ❦♣❝ ❡♥ x✱ y ❡t
±1 ❦♣❝ z ❡t ❝❡❧✉✐ ❞✉ ❜❛s à ✉♥❡ sé❧❡❝t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ♣♦✉r ❧❡sq✉❡❧❧❡s |x| > 10 ❦♣❝✱ |y| > 10 ❦♣❝
❡t |z| > 1 ❦♣❝✳
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❋✐❣✳ ✻✳✶✵ ✕ ❈❛rt❡s ❞❡ ♠ét❛❧❧✐❝✐té ❞✉ ❣❛③ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ à ❞❡✉① ✐♥st❛♥ts ❞✐✛ér❡♥ts
✭✶●②r ❡♥ ❤❛✉t ❡t ✹●②r ❡♥ ❜❛s✮ ♣♦✉r ✉♥❡ ✈✉❡ ❞❡ ❢❛❝❡ ✭à ❣❛✉❝❤❡✮ ❡t ♣♦✉r ✉♥❡ ✈✉❡ ♣❛r ❧❛ tr❛♥❝❤❡
✭à ❞r♦✐t❡✮✳ ▲❡s tr❛✐ts ♥♦✐rs ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐s♦❝♦♥t♦✉rs ❞❡ ♠❛ss❡✳
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✻✳✶✳✹ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ✐♥✐t✐❛❧❡ ❞❡ ❣❛③ ❢r♦✐❞

▲❡s s✐♠✉❧❛t✐♦♥s ❏❆❆❈ ❡t ❏❆❆❉ ♣♦ssè❞❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ✶✵✪ ❡t ✾✵✪ à t = 0✳
❆♣rès ✉♥ ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✐♥✐t✐❛❧✱ ❧❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ r❡st❡ ❞✉ ♠ê♠❡

♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉❡ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ ✭❝❢✳ ❋✐❣✳ ✻✳✶✶ ❡♥ ❤❛✉t✮✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♣❧✉s
❣r❛♥❞❡ q✉❛♥t✐té ✐♥✐t✐❛❧❡ ❞❡ ❣❛③ ❢r♦✐❞ ❡①♣❧✐q✉❡ ❧❡ ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❝❛r ✐❧ ② ❛ ❞❛✈❛♥t❛❣❡
❞❡ ❣❛③ ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳

P♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❈✱ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ s❡ sé♣❛r❡ ♥❛t✉r❡❧❧❡♠❡♥t ❡♥ ❞❡✉① ♠✐❧✐❡✉① ❝♦♠♠❡
♣♦✉r ❏❆❆❆ ✭❝❢✳ ❋✐❣✳ ✻✳✶✶ ❛✉ ♠✐❧✐❡✉ à ❣❛✉❝❤❡✮ ✿ ✉♥ ❛✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬♦r❞r❡ ❞❡
✶✵✹❑ ❡t ✉♥ ❛✉tr❡ ♣❧✉s ❝❤❛✉❞ ❛✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ✶✵✻❑✳ ▲❛
t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❞❡ ❏❆❆❉✱ q✉❛♥t à ❡❧❧❡✱ ❡st s✉♣ér✐❡✉r❡ à 106 ❑ ❞❛♥s t♦✉t❡ ❧❛
s✐♠✉❧❛t✐♦♥✳ ❈❡tt❡ ❢♦rt❡ t❡♠♣ér❛t✉r❡ ❡st ❧❡ rés✉❧t❛t ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞✉r❛♥t ❧❡s ♣r❡♠✐❡rs
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s q✉✐ ❛ ❝❤❛✉✛é ❢♦rt❡♠❡♥t ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❞✉ ▼■❙✳ ❈❡tt❡ ♣❤❛s❡ r❡♣rés❡♥t❛♥t
✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❞❡ ❞❡ ❧❛ ♠❛ss❡ ❞✉ ▼■❙✱ ❡❧❧❡ ❛ été ❝❤❛✉✛é❡ à ❞❡s t❡♠♣ér❛t✉r❡s s✉♣ér✐❡✉r❡s
à ✉♥ ♠✐❧❧✐♦♥ ❞❡ ❦❡❧✈✐♥s✳

▲✬é✈♦❧✉t✐♦♥ ❞❡s ❢r❛❝t✐♦♥s ❞❡ ♠❛ss❡ ❞❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❏❆❆❈ ❡st s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ❞❡
❏❆❆❆ ♠❛✐s ❡♥ ♣❧✉s r❛♣✐❞❡ ✭❝❢✳ ❋✐❣✳ ✻✳✶✶ ❡♥ ❜❛s à ❣❛✉❝❤❡✮ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♣❧✉s ❣r❛♥❞❡ q✉❛♥t✐té
❞✬ét♦✐❧❡s ❢♦r♠é❡s ✐♥✐t✐❛❧❡♠❡♥t✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❏❆❆❉ ❡st ❞✐✛ér❡♥t❡✱ ❧❡ ❣❛③ ét❛♥t très r❛♣✐❞❡♠❡♥t
❡t très ❢♦rt❡♠❡♥t ❝❤❛✉✛é✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ q✉❛♥t✐té ❞❡ ♣❤❛s❡ ❢r♦✐❞❡ ♥❡ ❢❛✐t q✉❡ ❞é❝r♦îtr❡ ❛✉
❝♦✉rs ❞✉ t❡♠♣s ✭❝❢✳ ❋✐❣✳ ✻✳✶✶ ❡♥ ❜❛s ❞r♦✐t❡✮✳

▲❛ ✜❣✉r❡ ✻✳✶✷ ♣rés❡♥t❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞✉ ❣❛③ ♣♦✉r ❏❆❆❈ ❡t
❏❆❆❉ à t = 1●②r✳ ▲❡s ré❣✐♦♥s ❛✈❡❝ ❧❡s t❡♠♣ér❛t✉r❡s ❧❡s ♣❧✉s ❜❛ss❡s s♦♥t ❛ss♦❝✐é❡s ❛✉① ré❣✐♦♥s
❧❡s ♣❧✉s ❞❡♥s❡s ❝❛r ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢ ② ❡st ❜✐❡♥ ♣❧✉s ❡✣❝❛❝❡✳ ▲❛ t❡♠♣ér❛t✉r❡ é❧❡✈é❡
❞❛♥s ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❉ ❡st ❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❞❡✉① ❢❛❝t❡✉rs✳ ❚♦✉t ❞✬❛❜♦r❞✱
❧❡ ❢♦rt t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛ ❝réé ❞❡ ♥♦♠❜r❡✉s❡s ét♦✐❧❡s q✉✐
♦♥t é❥❡❝té ❜❡❛✉❝♦✉♣ ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❡ ▼■❙ ❝❡ q✉✐ ❛ ❣r❛♥❞❡♠❡♥t ❝❤❛✉✛é ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡✳ ❉❡
♣❧✉s✱ ❧❛ ♠❛ss❡ ❞❡ ❝❡tt❡ ♣❤❛s❡ ét❛✐t ♣❡✉ ✐♠♣♦rt❛♥t❡ ❛✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ s✐ ❜✐❡♥ q✉✬❡❧❧❡
❛ été r❛♣✐❞❡♠❡♥t ❝❤❛✉✛é❡ à ❞❡s t❡♠♣ér❛t✉r❡s ❞❡ ❧✬♦r❞r❡ ❞✉ ♠✐❧❧✐♦♥ ❞❡ ❦❡❧✈✐♥s ♣♦✉r ❧❡sq✉❡❧❧❡s
❧❡ t❡♠♣s ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞❡✈✐❡♥t très ❣r❛♥❞✳ ▲❛ ♠❛❥♦r✐té ❞✉ ❣❛③✱ ❡①❝❡♣té ❞❛♥s ❧❛ ♣❛rt✐❡
❝❡♥tr❛❧❡ ❞✉ ❞✐sq✉❡ ✭r . 2 ❦♣❝ ❀ ❝❢✳ ❋✐❣✳ ✻✳✶✷ à ❞r♦✐t❡✮✱ ♥✬❛ ♣❛s ❡✉ ❡♥❝♦r❡ ❧❡ t❡♠♣s ❞❡ r❡❢r♦✐❞✐r
❡♥✲❞❡ss♦✉s ❞❡ ✶✵✻❑✳

❋✐♥❛❧❡♠❡♥t✱ ♣❧✉s ❧❛ q✉❛♥t✐té ❞❡ ❣❛③ ❢r♦✐❞ ✐♥✐t✐❛❧❡ ❡st ❣r❛♥❞❡✱ ♣❧✉s ❧✬é✈♦❧✉t✐♦♥ ❡st r❛♣✐❞❡
✭❏❆❆❈✮✳ ❙✐ ❝❡tt❡ ❢r❛❝t✐♦♥ ❡st tr♦♣ ✐♠♣♦rt❛♥t❡✱ ♦♥ ❛❜♦✉t✐t à ✉♥ s②stè♠❡ ✐♥st❛❜❧❡ ✭❏❆❆❉✮ ♦ù
❧✬❡♥s❡♠❜❧❡ ❞✉ ❣❛③ ❡st ❢♦rt❡♠❡♥t ❝❤❛✉✛é à ❞❡s t❡♠♣ér❛t✉r❡s s✉♣ér✐❡✉r❡s à 106 ❑✳
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❋✐❣✳ ✻✳✶✶ ✕ ❊♥ ❤❛✉t ✿ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳ ▲❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ♣❡♥❞❛♥t ❧❡s ✺✵ ♣r❡♠✐❡rs ▼②r ✈❛✉t 8.1▼⊙ ②r−1 ♣♦✉r ❏❆❆❈ ❡t 9.6▼⊙ ②r−1 ♣♦✉r ❏❆❆❉✳
❆✉ ♠✐❧✐❡✉ ✿ ❉✐str✐❜✉t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ♣♦✉r t♦✉t❡ ❧❛ ❣❛❧❛①✐❡ ✭❡♥ ❜❧❡✉✮
❡t ♣♦✉r ❧❡s ✶✵ ❦♣❝ ❝❡♥tr❛✉① ✭❡♥ ✈❡rt✮ à t = 1.0●②r✳ ❊♥ ❜❛s ✿ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❧❛
♣❤❛s❡ ❢r♦✐❞❡ ❡t ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❛✉ s❡✐♥ ❞✉ ▼■❙ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✳ ▲❡s ❣r❛♣❤✐q✉❡s ❞❡
❣❛✉❝❤❡ ❝♦♥❝❡r♥❡♥t ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❈ ❡t ❝❡✉① ❞❡ ❞r♦✐t❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❉✳
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❋✐❣✳ ✻✳✶✷ ✕ ❈❛rt❡s ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞✉ ❣❛③ ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❏❆❆❈ ✭à ❣❛✉❝❤❡✮
❡t ❏❆❆❉ ✭à ❞r♦✐t❡✮ ♣♦✉r ✉♥❡ ✈✉❡ ❞❡ ❢❛❝❡ ✭❡♥ ❤❛✉t✮ ❡t ♣❛r ❧❛ tr❛♥❝❤❡ ✭❡♥ ❜❛s✮ à t = 1●②r✳ ▲❡s
❞✐str✐❜✉t✐♦♥s ❞❡ ♠❛ss❡ s♦♥t s✉♣❡r♣♦sé❡s ❛✈❡❝ ❞❡s ❝♦♥t♦✉rs ♥♦✐rs✳
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✻✳✶✳✺ ❙✐♠✉❧❛t✐♦♥s ♥♦♥✲❛①✐s②♠étr✐q✉❡s

▲❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡s s✐♠✉❧❛t✐♦♥s ♥♦♥✲❛①✐s②♠étr✐q✉❡s ❡st ♣❧✉s ✐♠♣♦rt❛♥t q✉❡
❝❡❧✉✐ ❞❡s s✐♠✉❧❛t✐♦♥s ❛①✐s②♠étr✐q✉❡s ✭❝❢✳ ❋✐❣✳ ✻✳✶✸✮✳

❋✐❣✳ ✻✳✶✸ ✕ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❏❇❆❆ ✭à
❣❛✉❝❤❡✮ ❡t ❏❈❇❆ ✭à ❞r♦✐t❡✮✳

❯♥❡ ♣❡t✐t❡ str✉❝t✉r❡ s♣✐r❛❧❡ s❡ ❢♦r♠❡ ❛♣rès q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❈❡tt❡
str✉❝t✉r❡ ❡st ✈✐s✐❜❧❡ à ❧❛ ❢♦✐s ❞❛♥s ❧❡ ❣❛③ ✭❝❢✳ ❋✐❣s✳ ✻✳✶✺ ❡t ✻✳✶✻ ❡♥ ❤❛✉t✮ ❡t ❞❛♥s ❧❛ ♥♦✉✈❡❧❧❡
♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ✭❝❢✳ ❋✐❣s✳ ✻✳✶✺ ❡t ✻✳✶✻ ❡♥ ❜❛s✮✳ ❈❡tt❡ str✉❝t✉r❡ ❞✐s♣❛r❛ît ❛ss❡③ r❛♣✐❞❡♠❡♥t
✭≈ 200▼②r✮✳ ▲❛ ❞✐s♣❛r✐t✐♦♥ ❞❡ ❝❡tt❡ str✉❝t✉r❡ ❞❛♥s ❧❡ ❣❛③ ❡st ❞✉❡ ❡♥ ♣❛rt✐❡ ❛✉① s✉♣❡r♥♦✈❛❡
q✉✐ ❞ést❛❜✐❧✐s❡ ❧❛ s♣✐r❛❧❡ ❡♥ ❝ré❛♥t ❞❡s ❜✉❧❧❡s ❞❡ ❣❛③ ❝❤❛✉❞ ❡t q✉✐ é❥❡❝t❡♥t ✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡
❣❛③ ❤♦rs ❞✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡✳ ❉❡ ♣❧✉s✱ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✉❧tér✐❡✉r❡ ❛ ❧✐❡✉ ❞❛♥s ✉♥❡ ré❣✐♦♥
❝❡♥tr❛❧❡ ♣❡t✐t❡ ❝❡ q✉✐ ❝ré❡ ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ♠❛ss❡ ❝❡♥tr❛❧❡ q✉✐ t❡♥❞ à ❢❛✐r❡ ❞✐s♣❛r❛îtr❡ ❧❛
str✉❝t✉r❡ s♣✐r❛❧❡ ❞❛♥s ❧❛ ❝♦♠♣♦s❛♥t❡ st❡❧❧❛✐r❡ é❣❛❧❡♠❡♥t✳

▲❛ ✜❣✉r❡ ✻✳✶✹ ♣rés❡♥t❡ ❧❛ ❞❡♥s✐té ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ é❧✐❣✐❜❧❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡
♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❈❇❆✳ ❈♦♠♠❡ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ ❝♦✉♣✉r❡ ❜❛ss❡
♣♦✉r ❧❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ✈❡rs 0.6▼⊙ ♣❝−3 ✭❝❢✳ ❋✐❣✳ ✻✳✶✹ à ❣❛✉❝❤❡✮✳ ▲❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ❡st ❜✐❡♥
♣❧✉s é❧❡✈é❡ ✭≈ 104 ▼⊙ ♣❝−3 ❛♣rès q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ▼②r✮ q✉❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆✱
❝♦♥séq✉❡♥❝❡ ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡s ♣❛rt✐❡s ❝❡♥tr❛❧❡s ❞❡ ❧❛ ❣❛❧❛①✐❡ ♣❧✉s r❛♣✐❞❡✳ ▲❛
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛ t♦✉t❡❢♦✐s ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐❡✉ ❞❛♥s ❞❡s ré❣✐♦♥s ❞❡ ❞❡♥s✐té ♠♦②❡♥♥❡ ❜✐❡♥
♣❧✉s ❢♦rt❡ ✭ρ ≈ 104 ▼⊙ ♣❝−3✮ s✐ ❜✐❡♥ q✉❡ ❝❡tt❡ ❝♦✉♣✉r❡ ✐♥✢✉❡♥❝❡ ❞❡ ♠❛♥✐èr❡ ❧✐♠✐té❡ ❧❛ ❢♦r♠❛✲
t✐♦♥ st❡❧❧❛✐r❡ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✳ ❉❡ ♣❧✉s✱ ❝❡tt❡ ❝♦✉♣✉r❡ ❞✐s♣❛r❛ît ❧♦rsq✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ ❧❛
❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❞❡s ♣❛rt✐❝✉❧❡s é❧✐❣✐❜❧❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭❝❢✳ ❋✐❣✳ ✻✳✶✹ à ❞r♦✐t❡✮✳
▲❛ ❞❡♥s✐té ♠♦②❡♥♥❡ ❞❡s ♣❛rt✐❝✉❧❡s é❧✐❣✐❜❧❡s ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 105−106 ▼⊙ ♣❝−3✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝
❧❡s ❞❡♥s✐tés ♦❜s❡r✈é❡s ❞❛♥s ❧❡s ❝÷✉rs ❞❡♥s❡s ❞❡s ♥✉❛❣❡s ♠♦❧é❝✉❧❛✐r❡s ♦ù s❡ ❢♦r♠❡♥t ❧❡s ét♦✐❧❡s
✭▲❛❞❛ ✫ ▲❛❞❛✱ ✷✵✵✸✮✳ ❯♥ ❞❡✉①✐è♠❡ ♠♦❞❡ ❡st ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✶✹ à ❞r♦✐t❡ ✿ ♦♥ ♦❜s❡r✈❡ ❞❡
❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r ❞❡s ♣❛rt✐❝✉❧❡s ❛②❛♥t ρc ≈ 104▼⊙ ♣❝−3✳
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❋✐❣✳ ✻✳✶✹ ✕ ❉❡♥s✐té ♠♦②❡♥♥❡ ✭à ❣❛✉❝❤❡✮ ❡t ❞❡♥s✐té ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ✭à ❞r♦✐t❡✮ ❞❡s ♣❛rt✐❝✉❧❡s
❞❡ ❣❛③ é❧✐❣✐❜❧❡s à ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❈❇❆✳ ▲❛
❝♦✉r❜❡ r♦✉❣❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥é❡ ❞❡s ❞❡♥s✐tés ❞❡s ♣❛rt✐❝✉❧❡s✳

▲❡s s✐♠✉❧❛t✐♦♥s ♥♦♥✲❛①✐s②♠étr✐q✉❡s ♠♦♥tr❡♥t ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ✢♦❝✉✲
❧❛♥t❡ ❛♣rès ✶●②r ❡♥✈✐r♦♥ ❞❛♥s ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡t t✐è❞❡ ✭❝❢✳ ❋✐❣✳ ✻✳✶✼✮✳ ❈❡tt❡ str✉❝t✉r❡ ❡st
s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ●❡rr✐ts❡♥ ✫ ■❝❦❡ ✭✶✾✾✼✮✳ ❊❧❧❡ s❡ ❞é✈❡❧♦♣♣❡
✉♥✐q✉❡♠❡♥t ❞❛♥s ❧❡ ❣❛③ ❢r♦✐❞ ❡t t✐è❞❡ q✉✐ s❡ tr♦✉✈❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞✐sq✉❡ ✜♥✳ ▲❡ ❣❛③ ♣❧✉s
❝❤❛✉❞ s❡ tr♦✉✈❡ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞✐sq✉❡ ♣❧✉s é♣❛✐s ❡t ♥❡ ♣rés❡♥t❡ ♣❛s ❞❡ tr❛❝❡ ❞❡ str✉❝t✉r❡
s♣✐r❛❧❡ ✭❝❢✳❋✐❣✳ ✻✳✶✽✮✳
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❋✐❣✳ ✻✳✶✺ ✕ ❊♥ ❤❛✉t ✿ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❆❆ à ✼✵✵▼②r✳ ▲❛
t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ▲❛ ❝♦✉❧❡✉r ❝♦rr❡s♣♦♥❞ à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s
♣❛rt✐❝✉❧❡s ✿ ❜❧❡✉ ♣♦✉r T ≤ 102 ❑✱ ❝②❛♥ ♣♦✉r 102 < T ≤ 2 104 ❑✱ ✈❡rt ♣♦✉r 2 104 < T ≤ 105 ❑
❡t r♦✉❣❡ ♣♦✉r T > 105 ❑✳ ❊♥ ❜❛s ✿ ❉✐str✐❜✉t✐♦♥ ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❆❆
à ✼✵✵▼②r✳ ▲❛ ❝♦✉❧❡✉r ✐♥❞✐q✉❡ à ❧❛ ❞❛t❡ ❞❡ ♥❛✐ss❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s✳
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❋✐❣✳ ✻✳✶✻ ✕ ❊♥ ❤❛✉t ✿ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❈❇❆ à ✻✵✵▼②r✳ ▲❛
t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ▲❛ ❝♦✉❧❡✉r ❝♦rr❡s♣♦♥❞ à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s
♣❛rt✐❝✉❧❡s ✿ ❜❧❡✉ ♣♦✉r T ≤ 102 ❑✱ ❝②❛♥ ♣♦✉r 102 < T ≤ 2 104 ❑✱ ✈❡rt ♣♦✉r 2 104 < T ≤ 105 ❑
❡t r♦✉❣❡ ♣♦✉r T > 105 ❑✳ ❊♥ ❜❛s ✿ ❉✐str✐❜✉t✐♦♥ ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❈❇❆
à ✻✵✵▼②r✳ ▲❛ ❝♦✉❧❡✉r ✐♥❞✐q✉❡ à ❧❛ ❞❛t❡ ❞❡ ♥❛✐ss❛♥❝❡ ❞❡s ♣❛rt✐❝✉❧❡s✳
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❋✐❣✳ ✻✳✶✼ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ✭❡♥ ❤❛✉t✮ ❡t ❝❛rt❡ ❞❡ ♠❛ss❡ ✭❡♥ ❜❛s✮ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s
❞❡ t❡♠♣ér❛t✉r❡ T ≤ 2 104 ❑ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❆❆ à t = 1●②r✳ ▲❛ ❝❛rt❡ ❞❡ ♠❛ss❡ ♣r❡♥♥❡♥t
❡♥ ❝♦♠♣t❡ ❧❡ ♥♦②❛✉ ❞❡ ❧✐ss❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍✳
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❋✐❣✳ ✻✳✶✽ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ✭❡♥ ❤❛✉t✮ ❡t ❝❛rt❡ ❞❡ ♠❛ss❡ ✭❡♥ ❜❛s✮ ♣♦✉r ❧❡s ♣❛rt✐❝✉❧❡s
❞❡ t❡♠♣ér❛t✉r❡ T > 2 104 ❑ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❆❆ à t = 1●②r✳ ▲❛ ❝❛rt❡ ❞❡ ♠❛ss❡ ♣r❡♥♥❡♥t
❡♥ ❝♦♠♣t❡ ❧❡ ♥♦②❛✉ ❞❡ ❧✐ss❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍✳
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✻✳✶✳✻ ❉✐✛ér❡♥❝❡s ❛✈❡❝ ❧❡s ❛♥❝✐❡♥♥❡s r❡❝❡tt❡s

❋✐❣✳ ✻✳✶✾ ✕ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭à ❣❛✉❝❤❡✮ ❡t ♠❛ss❡ ❝✉♠✉❧é❡ ❢♦r♠é❡ ✭à ❞r♦✐t❡✮ ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❇❈✳

▲❡ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥s ❏❇❇❈ ❡✛❡❝t✉é❡ ❛✈❡❝ ❧❡s ❛♥❝✐❡♥♥❡s r❡✲
❝❡tt❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t✱ ♥♦t❛♠♠❡♥t ❡♥ ❞é❜✉t ❞❡ s✐♠✉❧❛t✐♦♥ ✭❝❢✳ ❋✐❣✳ ✻✳✶✾
à ❣❛✉❝❤❡✮✳ ❆✉ ❜♦✉t ❞❡ ✺●②r✱ ❡♥✈✐r♦♥ ✺✵✪ ❞✉ ❣❛③ ✐♥✐t✐❛❧ ❛ été ❝♦♥✈❡rt✐t ❡♥ ét♦✐❧❡s ✭❝❢✳ ❋✐❣✳ ✻✳✶✾
à ❞r♦✐t❡✮✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ s✬❡①♣❧✐q✉❡ ♣❛r ✉♥ ❝r✐tèr❡ ❞✐✛ér❡♥t ♣♦✉r ❧✬é❧✐❣✐❜✐❧✐té ❞❡s ♣❛rt✐❝✉❧❡s ❞❡
❣❛③ ✭❝r✐tèr❡ ❞❡ ❚♦♦♠r❡✮ ❡t ❞✬✉♥❡ ❡✣❝❛❝✐té ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✜①❡ ✭✶✵✪✮✳

❋✐❣✳ ✻✳✷✵ ✕ ❈❛rt❡ ❞❡ ♠❛ss❡ ❞✉ ❣❛③ ✭à ❣❛✉❝❤❡✮✱ ❞❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ✭❛✉ ♠✐❧✐❡✉✮ ❡t ❞❡s ét♦✐❧❡s
❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ✐♥✐t✐❛❧❡ ✭à ❞r♦✐t❡✮ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❇❈ à t = 2●②r✳ ▲❡s tr❛✐ts ♥♦✐rs
❝♦rr❡s♣♦♥❞❡♥t ❛✉① ✐s♦❝♦♥t♦✉rs ❞❡ ♠❛ss❡✳

▲❛ s✐♠✉❧❛t✐♦♥ ❏❇❇❈ ❢♦r♠❡ r❛♣✐❞❡♠❡♥t ✉♥❡ s♣✐r❛❧❡ ❜❛rré❡ ❞❛♥s ❧❡ ❣❛③✳ ❈❡tt❡ str✉❝t✉r❡
s♣✐r❛❧❡ ♣❡r❞✉r❡ ♣❧✉s✐❡✉rs ●②r ✭❝❢✳ ❋✐❣✳ ✻✳✷✵ à ❣❛✉❝❤❡✮ ❡t ♣r♦✈♦q✉❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ ❜❛rr❡
st❡❧❧❛✐r❡ ❞❛♥s ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ ✭❝❢✳ ❋✐❣✳ ✻✳✷✵ ❛✉ ♠✐❧✐❡✉✮ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥
✐♥✐t✐❛❧❡ ✭❝❢✳ ❋✐❣✳ ✻✳✷✵ à ❞r♦✐t❡✮✳ ❖♥ ♥❡ ✈♦✐t ♣❛s ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ s♣✐r❛❧❡ ✢♦❝✉❧❡♥t❡ ❝♦♠♠❡ ❞❛♥s
❧❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❧❡ ♥♦✉✈❡❛✉ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ str✉❝t✉r❡ ❛♣♣❛r❛ît ❡s✲
s❡♥t✐❡❧❧❡♠❡♥t ❛✉ s❡✐♥ ❞✉ ❣❛③ ❢r♦✐❞ ♦r ✐❧ ♥✬② ♣❛s ❞❡ ❣❛③ ❛✉ss✐ ❢r♦✐❞ ❞❛♥s ❝❡tt❡ s✐♠✉❧❛t✐♦♥✳ ▲❡ ❣❛③
❡st ♣❧✉s ❝❤❛✉❞ ❝❛r ❧❛ t❡♠♣ér❛t✉r❡ ♣❧❛♥❝❤❡r ❞❡ ❧✬❛♥❝✐❡♥ ❝♦❞❡ ❡st 104 ❑✳
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✻✳✶✳✼ ❋♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡s ❛♠❛s st❡❧❧❛✐r❡s ❡t é✈♦❧✉t✐♦♥ ❞❛♥s ❧❡
❞✐❛❣r❛♠♠❡ ♠❛ss❡✲♠ét❛❧❧✐❝✐té

▲❡s s✐♠✉❧❛t✐♦♥s ♥♦♥✲❛①✐s②♠étr✐q✉❡s ♣♦ssè❞❡♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ❛♠❛s st❡❧❧❛✐r❡s ❞❡
♣❡♥t❡ ❡♥✈✐r♦♥ −2 ✭❝❢✳ ❋✐❣✳ ✻✳✷✶✮✳ ❈❡tt❡ ♣❡♥t❡ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ❛♠❛s
st❡❧❧❛✐r❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❛ ❱♦✐❡ ▲❛❝té❡ ❡t ❧❡s ❣❛❧❛①✐❡s ♣r♦❝❤❡s ✭❲❡✐❞♥❡r ✫ ❑r♦✉♣❛✱ ✷✵✵✺✮✳ ▲❛
❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❡st tr♦♥q✉é❡ ✈❡rs ❧❡s ❢♦rt❡s ♠❛ss❡s à ≈ 2 106 ▼⊙✳ ❈❡tt❡ tr♦♥❝❛t✉r❡ ♣r♦✈✐❡♥t
❞❡ ❧❛ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ✭❝❢✳ s❡❝t✐♦♥ ✺✳✶✳✶✮ ✿ Mg(t = 0) = 2.2 106 ▼⊙✳ ▲❛
❢♦♥❝t✐♦♥ ❡st é❣❛❧❡♠❡♥t tr♦♥q✉é❡ ❞✉ ❝ôté ❞❡s ❢❛✐❜❧❡s ♠❛ss❡s ❧é❣èr❡♠❡♥t ❛✉✲❞❡ss✉s ❞❡ 103 ▼⊙✳
❈❡❝✐ ❡st ❞û à ♥♦tr❡ r❡❝❡tt❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ✭❝❢✳ s❡❝t✐♦♥ ✺✳✶✳✶✮✳ ▲❡s ❛♠❛s st❡❧❧❛✐r❡s ❞❡ ❢♦rt❡
♠❛ss❡ s♦♥t ❢♦r♠és ❛✈❛♥t ❧❡s ❛♠❛s st❡❧❧❛✐r❡s ❞❡ ♣❧✉s ❢❛✐❜❧❡s ♠❛ss❡ ❝❡ q✉✐ s✬❡①♣❧✐q✉❡ ❡♥ ♣❛rt✐❡
♣❛r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ q✉✐ ❢♦r♠❡♥t ❞❡s ❣é♥ér❛t✐♦♥s s✉❝❝❡ss✐✈❡s
❞✬ét♦✐❧❡s ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳ ❉❡ ♣❧✉s✱ ❧❡s ❛♠❛s st❡❧❧❛✐r❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡ ✭103 − 104 ▼⊙✮ s♦♥t
❧❛ ❝♦♥séq✉❡♥❝❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♥✉❝❧é❛✐r❡✳

▲❛ ✜❣✉r❡ ✻✳✷✷ ♣rés❡♥t❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s ❏❆❆❆✱ ❏❇❆❆ ❡t ❏❈❇❆ ❞❛♥s ❧❡ ❞✐✲
❛❣r❛♠♠❡ ♠❛ss❡✲♠ét❛❧❧✐❝✐té✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ♣r♦❣r❡ss✐❢ ❞✉ ❣❛③ ♣❛r ❧❡s
♣♦♣✉❧❛t✐♦♥s st❡❧❧❛✐r❡s s✉❝❝❡ss✐✈❡s ❡t s♦♥t ❝♦❤ér❡♥t❡s ❛✈❡❝ ❧❡s ❞♦♥♥é❡s ❞❡ ❇r♦♦❦s ❡t ❛❧✳ ✭✷✵✵✼✮
♣♦✉r ❞❡s ❣❛❧❛①✐❡s à z > 2✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❏❆❆❆ ❛ t♦✉r♥é ♣❡♥❞❛♥t 5●②r✱ ❏❇❆❆ ♣❡♥❞❛♥t 2.5●②r
❡t ❏❈❇❆ ♣❡♥❞❛♥t 4.7●②r✳ ▲❡s s✐♠✉❧❛t✐♦♥s ♥♦♥✲❛①✐s②♠étr✐q✉❡s ✭❏❇❆❆ ❡t ❏❈❇❆✮ ♠♦♥tr❡♥t ✉♥❡
é✈♦❧✉t✐♦♥ ✉♥ ♣❡✉ ❞✐✛ér❡♥t❡ ❞❡ ❏❆❆❆ ✿ ♠❛❧❣ré ✉♥❡ ♠❛ss❡ st❡❧❧❛✐r❡ ❢♦r♠é❡ ♣❧✉s ❣r❛♥❞❡ ❞❛♥s
❏❇❆❆ ❡t ❏❈❇❆✱ ❧❛ ♠ét❛❧❧✐❝✐té ❛tt❡✐♥t❡ ❡st q✉❛s✐♠❡♥t ❧❛ ♠ê♠❡ ♣♦✉r ❧❡s tr♦✐s s✐♠✉❧❛t✐♦♥s✱ ❝❡ q✉✐
♠♦♥tr❡ ✉♥ ❡♥r✐❝❤✐ss❡♠❡♥t ♣❧✉s ❧❡♥t ✈✐s à ✈✐s ❞❡ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡ ❢♦r♠é❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s
♥♦♥✲❛①✐s②♠étr✐q✉❡s✳

✾✶
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❋✐❣✳ ✻✳✷✶ ✕ ❋♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ❞❡s ❛♠❛s st❡❧❧❛✐r❡s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❏❇❆❆ ♣♦✉r ❞✐✛ér❡♥ts
✐♥st❛♥ts✱ r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ ❣❛✉❝❤❡ à ❞r♦✐t❡ ❡t ❞❡ ❤❛✉t ❡♥ ❜❛s ✿ 1.0✱ 1.5✱ 2.0 ❡t 2.5●②r✳ ▲❡ tr❛✐t
❜❧❡✉ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❞r♦✐t❡ ❞❡ ♣❡♥t❡ ✲✷✳

✾✷
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❋✐❣✳ ✻✳✷✷ ✕ ❘❡❧❛t✐♦♥ ♠❛ss❡✲♠ét❛❧❧✐❝✐té ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❏❆❆❆✱ ❏❇❆❆✱ ❏❈❇❆✳ ▲❡ r❛♣✲
♣♦rt 12 + log(O/H) ❡st ❝❛❧❝✉❧é ♣♦✉r ❧❡ ❣❛③✳ ▲❛ ❝♦✉r❜❡ ❜❧❡✉❡ ❝♦rr❡s♣♦♥❞ à ✉♥ ❛❥✉st❡♠❡♥t
♦❜s❡r✈❛t✐♦♥♥❡❧ ✭❇r♦♦❦s ❡t ❛❧✳✱ ✷✵✵✼✮✳

✻✳✷ ❙✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s ♥❛✐♥❡s

◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s ♥❛✐♥❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡
✐♥✐t✐❛❧❡ ❡st r❡♣rés❡♥té❡ ♣❛r ✶✵✵✵✵✵ ♣❛rt✐❝✉❧❡s ré♣❛rt✐❡s s❡❧♦♥ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ▼✐②❛♠♦t♦✲
◆❛❣❛✐ ❞✬é❝❤❡❧❧❡ ❞❡ ❧♦♥❣✉❡✉r ✵✳✺ ❦♣❝ ❛✈❡❝ ✉♥❡ tr♦♥❝❛t✉r❡ à ✻ ❦♣❝✱ ❞✬é❝❤❡❧❧❡ ❞❡ ❤❛✉t❡✉r ✵✳✷ ❦♣❝ ❡t
❞❡ ♠❛ss❡ 1.5 108 ▼⊙✳ ▲❡ ❣❛③ ❡st r❡♣rés❡♥té ❛✉ ♠♦②❡♥ ❞❡ ✷✵✵✵✵ ♣❛rt✐❝✉❧❡s ❙P❍ ré♣❛rt✐❡s ❞❛♥s
✉♥ ❞✐sq✉❡ ✜♥ ❞✬é❝❤❡❧❧❡ ❞❡ ❧♦♥❣✉❡✉r ❞❡ ✵✳✼✺ ❦♣❝ ♣♦✉r ✉♥❡ ♠❛ss❡ t♦t❛❧❡ ❞❡ 2 108 ▼⊙✳ ➚ t = 0✱
❧❡ ❣❛③ ❡st ❞❡ ❝♦♠♣♦s✐t✐♦♥ ♣r✐♠♦r❞✐❛❧❡ ✭✼✺✪ ❞❡ ❍✱ ✷✺✪ ❞❡ ❍❡ ❡♥ ♠❛ss❡✮✳ ▲❡ ❤❛❧♦ ❞❡ ♠❛t✐èr❡
♥♦✐r❡ ❡st r❡♣rés❡♥té ❞❡ ♠❛♥✐èr❡ ❛♥❛❧②t✐q✉❡ ♣❛r ✉♥ P❧✉♠♠❡r ❞❡ r❛②♦♥ ❝❛r❛❝tér✐st✐q✉❡ ✷ ❦♣❝ ❡t
❞❡ ♠❛ss❡ 1.5 1010 ▼⊙✳ ❈❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s s♦♥t ✐♥s♣✐ré❡s ❞❡ P❡❧✉♣❡ss② ❡t ❛❧✳ ✭✷✵✵✹✮✳

❖♥ ❛ ❧❛✐ssé é✈♦❧✉❡r ❝❡ s②stè♠❡ ♣❡♥❞❛♥t ✶●②r s❛♥s ❛❝t✐✈❡r ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❛✜♥ q✉❡ ❧❡
❞✐sq✉❡ ❞❡ ❣❛③ s✬éq✉✐❧✐❜r❡ ❞②♥❛♠✐q✉❡♠❡♥t✳ ▲❛ ✜❣✉r❡ ✻✳✷✸ ✭❡♥ ❤❛✉t✮ ♠♦♥tr❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
❣❛③ ❛✉ ♠♦♠❡♥t ♦ù ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡st ❡♥❝❧❡♥❝❤é❡✳ ❉❡✉① s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s ❡t
♦♥t é✈♦❧✉é❡s ♣❡♥❞❛♥t ✺●②r ✿ ❧✬✉♥❡ ❢♦r❝é❡ ❛①✐s②♠étr✐q✉❡ ✭◆P❆❆✮ ❡t ❧✬❛✉tr❡ ❧✐❜r❡ ✭◆P❆❇✮✳

▲❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ s✬❛rrêt❡ très r❛♣✐❞❡♠❡♥t ✭❝❢✳ ❋✐❣✳ ✻✳✷✹✮ ❝❛r ❧❡s ♣r❡♠✐èr❡s ❣é♥ér❛✲
t✐♦♥s ❞✬ét♦✐❧❡s ❝❤❛✉✛❡♥t ❧❡ ❣❛③ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ q✉✐ ♥❡ r❡♣rés❡♥t❡ q✉✬✉♥❡ ❢❛✐❜❧❡ ❢r❛❝t✐♦♥ ❡♥
♠❛ss❡ ❞✉ ▼■❙ ✭❝❢✳ ❋✐❣✳ ✻✳✷✺ à ❣❛✉❝❤❡✮✳ ▲✬❡♥s❡♠❜❧❡ ❞✉ ❣❛③ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❛ ✉♥❡ t❡♠♣ér❛✲
t✉r❡ s✉♣ér✐❡✉r❡ à 104 ❑ ✭❝❢✳ ❋✐❣✳ ✻✳✷✺ à ❞r♦✐t❡✮✳ ▲❡s ♥♦✉✈❡❧❧❡s ét♦✐❧❡s ♣r♦✈♦q✉❡♥t é❣❛❧❡♠❡♥t
❧✬❛♣♣❛r✐t✐♦♥ ❞✬♦✉t✢♦✇s ✭❝❢✳ ❋✐❣✳ ✻✳✷✸ ❡♥ ❜❛s✮ ✿ ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ très ❝❤❛✉❞❡s s♦♥t é❥❡❝té❡s
❤♦rs ❞✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡ ♣❛r ❧✬é♥❡r❣✐❡ ✐♥❥❡❝té❡ ♣❛r ❧❡s s✉♣❡r♥♦✈❛❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❛ ♠❛ss❡ ❞❡
❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ❛✉❣♠❡♥t❡ r❛♣✐❞❡♠❡♥t ❥✉sq✉✬à r❡♣rés❡♥t❡r ♣❧✉s ❞❡ ✾✺✪ ❞❡ ❧❛ ♠❛ss❡ ❞✉ ❣❛③
❛♣rès ✻✵✵▼②r ✭❝❢✳ ❋✐❣✳ ✻✳✷✺ à ❣❛✉❝❤❡✮✳

■❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥t✐♥✉❡r ❧❡s s✐♠✉❧❛t✐♦♥s ❛✉✲❞❡❧à ❞❡ ✺●②r ❛✜♥ ❞❡ ✈♦✐r s✐ ❧❡ ❣❛③ ♣❡✉t
r❡❢r♦✐❞✐r ❡t s✐ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♣❡✉t r❡❞é♠❛rr❡r ❛✈❛♥t t = 13●②r✳ ❙✐ t❡❧ ❡st ❧❡ ❝❛s✱ ♦♥
♣♦✉rr❛✐t ❛✈♦✐r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ❛♥❝✐❡♥♥❡ ✭â❣é❡ ❞❡ ♣❧✉s ❞❡ ✶✵●②r✮ ❡t ✉♥❡ ♣♦♣✉❧❛t✐♦♥
st❡❧❧❛✐r❡ ♣❧✉s ❥❡✉♥❡ ❝♦♠♠❡ ❝❡❧❛ ❡st ♦❜s❡r✈é❡ ♣♦✉r ❝❡rt❛✐♥❡s ❣❛❧❛①✐❡s ♥❛✐♥❡s ✭♣❛r ❡①❡♠♣❧❡ ▲❡♦ ❆✱
❝❢✳ ●r❡❜❡❧ ✭✶✾✾✽✮✮✳
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❋✐❣✳ ✻✳✷✸ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s à t = 1●②r ✭❡♥ ❤❛✉t✮ ❡t t = 1.015●②r ✭❡♥ ❜❛s✮ ♣♦✉r
❧❛ s✐♠✉❧❛t✐♦♥ ◆P❆❆✳ ▲❡ ❝♦❞❡ ❞❡ ❝♦✉❧❡✉r r❡♣rés❡♥t❡ ❧❛ t❡♠♣ér❛t✉r❡ ♠♦②❡♥♥❡ ❞❡s ♣❛rt✐❝✉❧❡s
✭log(T (K))✮✳

✾✹
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❋✐❣✳ ✻✳✷✹ ✕ ❚❛✉① ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ◆P❆❆ ✭à
❣❛✉❝❤❡✮ ❡t ◆P❆❇ ✭à ❞r♦✐t❡✮✳

❋✐❣✳ ✻✳✷✺ ✕ ➚ ❣❛✉❝❤❡ ✿ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❣❛③ ❢r♦✐❞ ❡t ❞❡ ❣❛③ ❝❤❛✉❞ ❞❛♥s ❧❡ ♠✐❧✐❡✉
✐♥t❡rst❡❧❧❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ◆P❆❆✳ ➚ ❞r♦✐t❡ ✿ ❞✐str✐❜✉t✐♦♥ ❞❡ t❡♠✲
♣ér❛t✉r❡ ❞❡ ❧❛ ♣❤❛s❡ ✈❛r✐❛❜❧❡ ♣♦✉r t♦✉t❡ ❧❛ ❣❛❧❛①✐❡ ✭❡♥ ❜❧❡✉✮ ❡t ♣♦✉r ✉♥❡ sé❧❡❝t✐♦♥ ❞❡ ±10 ❦♣❝
❡♥ ① ❡t ② ✭❡♥ ✈❡rt✮ à t = 1●②r ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ◆P❆❆✳

✾✺
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❈❤❛♣✐tr❡ ✼

❈♦♥❝❧✉s✐♦♥s

✼✳✶ ❇✐❧❛♥

●râ❝❡ ❛✉ ♥♦✉✈❡❛✉ ♠♦❞✉❧❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é✱ ♥♦✉s ❛✈♦♥s ♠♦♥✲
tré ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ s✉✐✈✐ ❞❡s ❛❜♦♥❞❛♥❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s é❧é♠❡♥ts ❝❛r ❝❡❧❧❡s✲❝✐ ✐♥✢✉❡♥t s✉r
❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ❣❛③ ❡t ❞♦♥❝ ❧✬❤✐st♦✐r❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❡t ❞❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t
❝❤✐♠✐q✉❡✳

❉❡ ♣❧✉s✱ ♥♦tr❡ ♠♦❞✉❧❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡ ♣❡r♠❡t ❞❡ r❡♣r♦❞✉✐r❡ ✉♥❡ str✉❝t✉r❡ à tr♦✐s ♠✐❧✐❡✉①
❞✉ ▼■❙ à ♣❛rt✐r ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ❜✐✲♣❤❛s✐q✉❡✳

◆♦✉s ♠♦♥tr♦♥s é❣❛❧❡♠❡♥t q✉❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡s ❛♠❛s st❡❧❧❛✐r❡s ❞❡ ♣❡♥t❡
≈ −2 ♣❡✉t êtr❡ r❡♣r♦❞✉✐t❡✳

◆♦tr❡ ❝♦❞❡ ♥♦✉s ♣❡r♠❡t ❞❡ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡ ❞✐sq✉❡ ❞❡s ❣❛❧❛①✐❡s
q✉❡ ❞❛♥s ❧❡ ❤❛❧♦✳ ❖♥ ♦❜s❡r✈❡ ♥♦t❛♠♠❡♥t ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❞❡ ❝❡ ❤❛❧♦ ♣❛r ❧❡s ❡①♣❧♦s✐♦♥s ❞❡
s✉♣❡r♥♦✈❛❡✳

▼❛✐s ❡♥❝♦r❡✱ ♥♦✉s s♦♠♠❡s ❡♥ ♠❡s✉r❡ ❞❡ ❝ré❡r ✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ✢♦❝✉❧❡♥t❡ ❞❛♥s ❧❡ ❣❛③
❢r♦✐❞ ❞❡ ❣❛❧❛①✐❡s à ❞✐sq✉❡✳

▲❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❣❛❧❛①✐❡s ♥❛✐♥❡s ♠♦♥tr❡♥t ❞❡s ♦✉t✢♦✇s ❞❡ ❣❛③ très ❝❤❛✉❞✱ ❝♦♥séq✉❡♥❝❡
❞✬✉♥ ♣✐❝ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳

❋✐♥❛❧❡♠❡♥t✱ ❣râ❝❡ à ❝❡ ♥♦✉✈❡❛✉ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✱ ♥♦✉s s♦♠♠❡s ❡♥ ♠❡s✉r❡ ❞✬ét✉❞✐❡r
❧❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ❝♦♥❞✉✐s❛♥t à ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣❛❧❛①✐❡s ❛✉ss✐ ❜✐❡♥ ❞✉ ♣♦✐♥t
❞❡ ✈✉❡ ❞②♥❛♠✐q✉❡ q✉❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❝❤✐♠✐q✉❡✳

✼✳✷ ❆♠é❧✐♦r❛t✐♦♥ ❞✉ ❝♦❞❡

❉✐✈❡rs❡s ♣✐st❡s ♣❡✉✈❡♥t êtr❡ ❡♥✈✐s❛❣é❡s ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❤②s✐q✉❡ ❞❛♥s
♥♦tr❡ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ◆♦✉s ❡♥ ❞é❝r✐✈♦♥s ❜r✐è✈❡♠❡♥t q✉❡❧q✉❡s✲✉♥❡s ✿

✕ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❧❛ ♣❤❛s❡ ❢r♦✐❞❡ ❡t ❞❡ ❧❛ ♣❤❛s❡ ❝❤❛✉❞❡ ♣♦✉r✲
r❛✐❡♥t êtr❡ s✉✐✈✐❡s ❞❡ ♠❛♥✐èr❡ ✐♥❞é♣❡♥❞❛♥t❡✳ ▲❡s ✈❡♥ts st❡❧❧❛✐r❡s ❡t ❧❡s s✉♣❡r♥♦✈❛❡ é❥❡❝✲
t❛♥t ❞❡ ❧❛ ♠❛t✐èr❡ ❞❛♥s ❧❛ ♣❤❛s❡ ❝❤❛✉❞❡✱ ❝❡❧❧❡✲❝✐ s❡r❛✐t ❡♥r✐❝❤✐❡ ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ ❧❛
♣❤❛s❡ ❢r♦✐❞❡✳ ▲❡ tr❛♥s❢❡rt ❞❡ ♠❛ss❡ ❞✬✉♥❡ ♣❤❛s❡ à ❧✬❛✉tr❡ ♣♦✉rr❛✐t s❡ ❢❛✐r❡ ❛✉ ♠♦②❡♥ ❞✉
♣❤é♥♦♠è♥❡ ❞❡ ❝♦♥❞❡♥s❛t✐♦♥✴é✈❛♣♦r❛t✐♦♥✳ ■❧ s❡r❛✐t ❛✐♥s✐ ♣♦ss✐❜❧❡ ❞✬ét✉❞✐❡r sé♣❛ré♠❡♥t
❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡ ❞❡ ❝❡s ❞❡✉① ♣❤❛s❡s✳

✕ ▲✬❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ▼■❙ ♣❡✉t s❡ ❢❛✐r❡ ❡♥ ❡✛❡❝t✉❛♥t ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥
♠✉❧t✐✲✢✉✐❞❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❡♥ tr❛✐t❛♥t ❧❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❞✉ ▼■❙ ✭♣❤❛s❡ ❢r♦✐❞❡✱

✾✼
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♣❤❛s❡ ✈❛r✐❛❜❧❡ ❡t ♣♦✉ss✐èr❡✮ ❛✈❡❝ ❞❡s ✢✉✐❞❡s ❞✐✛ér❡♥ts✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ❧❡ tr❛✐t❡♠❡♥t ❞❡
❧❡✉r ❞✐✛ér❡♥t❡s ✐♥t❡r❛❝t✐♦♥s ❞②♥❛♠✐q✉❡s✳ ❯♥❡ t❡❧❧❡ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r♠❡ttr❛ ❞✬ét✉❞✐❡r sé✲
♣❛ré♠❡♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐✛ér❡♥t❡s ♣❤❛s❡s✳

✕ ❖♥ ♣❡✉t ❡♥✈✐s❛❣❡r ❞✬✐♥tr♦❞✉✐r❡ ✉♥❡ ❞é♣❡♥❞❛♥❝❡ ❞✉ ❝❤❛♠♣ ❞❡ r❛②♦♥♥❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣♦s✐t✐♦♥ ✭♣♦s✐t✐♦♥ r❛❞✐❛❧❡ r ❡t ♣♦s✐t✐♦♥ ❛③✐♠✉t❛❧❡ z✮ ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❡ tr❛✐t❡♠❡♥t
❞✉ ❝❤❛✉✛❛❣❡ ❞✉ ▼■❙✳ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ♣❡♥s❡r à ✉t✐❧✐s❡r ❧❡ ❝❤❛♠♣ ❞❡ r❛②♦♥♥❡♠❡♥t
❞❡s ♣♦♣✉❧❛t✐♦♥s st❡❧❧❛✐r❡s t✐ré ❞❡ ❙t❛r❜✉rst✾✾ ❛✜♥ ❞❡ tr❛✐t❡r ❧❡ ❝❤❛✉✛❛❣❡ ❞❡ ♠❛♥✐èr❡
❛✉t♦✲❝♦❤ér❡♥t❡ ❛✉ s❡✐♥ ❞❡ ♥♦tr❡ ❝♦❞❡✳

✕ ◗✉❛♥❞ ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r ❞❡s ❝♦♠♣♦s✐t✐♦♥s ❛✈❡❝ ❞❡s r❛♣♣♦rts ❞✬❛❜♦♥✲
❞❛♥❝❡s ♥♦♥✲s♦❧❛✐r❡s s❡r♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ♦♥ ♣♦✉rr❛ ❧❡s ✉t✐❧✐s❡r ❛✜♥ ❞❡ ♣♦✉✈♦✐r tr❛✐t❡r ❧✬é✈♦✲
❧✉t✐♦♥ st❡❧❧❛✐r❡ ❞❡ ♠❛♥✐èr❡ ❛✉t♦✲❝♦❤ér❡♥t❡✳ ❊♥ ❡✛❡t✱ ♣♦✉r ❧❡ ♠♦♠❡♥t✱ ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡
♥❡ ❞é♣❡♥❞ q✉❡ ❞❡ ❧❛ ♠ét❛❧❧✐❝✐té t♦t❛❧❡ Z ❡t ♥♦♥ ❞❡s ❛❜♦♥❞❛♥❝❡s ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts
❝❤✐♠✐q✉❡s ❛❧♦rs q✉❡ ❧✬♦♥ s✉✐t ❝❡s ❛❜♦♥❞❛♥❝❡s ❞❛♥s ❧❡ ❣❛③✳ ❙✐❣♥❛❧♦♥s q✉❡ ❞❡s ♠♦❞è❧❡s ❛✈❡❝
❞❡s ❡♥r✐❝❤✐ss❡♠❡♥ts ❡♥ é❧é♠❡♥ts α ❝♦♠♠❡♥❝❡♥t à êtr❡ ❞é✈❡❧♦♣♣és ✭❈♦❡❧❤♦ ❡t ❛❧✳✱ ✷✵✵✼✮✳

✕ ❯♥❡ ❞é♣❡♥❞❛♥❝❡ ❞✉ r❛②♦♥ ❞❡ ❧❛ s♣❤èr❡ ❞❡ r❡❞✐str✐❜✉t✐♦♥ ❞❡s s✉♣❡r♥♦✈❛❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉
♣❛s ❞❡ t❡♠♣s ♣♦✉rr❛✐t êtr❡ ✐♠♣❧é♠❡♥té❡✳ ❈❡ r❛②♦♥ ❡st ❛❝t✉❡❧❧❡♠❡♥t ✜①é à ✺✵ ♣❝✳

✕ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♣♦✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ❡st ✜①é ❧♦rs ❞❡
s♦♥ é❧✐❣✐❜✐❧✐té✳ ❯♥ ❝♦♥trô❧❡ ❞❡ ❝❡ t❡♠♣s ❞❡ ❢♦r♠❛t✐♦♥ ♣♦✉rr❛✐t êtr❡ ✐♥tr♦❞✉✐t ❡♥ ❝❛❧❝✉❧❛♥t
à ♥♦✉✈❡❛✉ tsf ❡♥tr❡ ❧❡ ♠♦♠❡♥t ❞❡ ❧✬é❧✐❣✐❜✐❧✐té ❡t ❧❡ ♠♦♠❡♥t ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡
st❡❧❧❛✐r❡✳ ❙✐ tsf ❞✐♠✐♥✉❡✱ ❧❛ ♣❛rt✐❝✉❧❡ ❞❡ ❣❛③ ♣♦✉rr❛✐t ❢♦r♠❡r ✉♥ ❛♠❛s ❞✬ét♦✐❧❡s ❛✉ ❜♦✉t
❞✬✉♥ t❡♠♣s ♣❧✉s ❝♦✉rt q✉❡ ❝❡❧✉✐ ✐♥✐t✐❛❧❡♠❡♥t ❝❛❧❝✉❧é✳

✕ ❖♥ ♣❡✉t é❣❛❧❡♠❡♥t ❡♥✈✐s❛❣❡r ❞❡ ❢❛✐r❡ ✈❛r✐❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡✱ ❝✬❡st✲à✲❞✐r❡
❞✬✉t✐❧✐s❡r ✉♥❡ ■▼❋ ✈❛r✐❛❜❧❡ s♣❛t✐❛❧❡♠❡♥t ❡t t❡♠♣♦r❡❧❧❡♠❡♥t✳

✼✳✸ P❡rs♣❡❝t✐✈❡s s❝✐❡♥t✐✜q✉❡s

❈❡tt❡ t❤ès❡ ♣rés❡♥t❡ ❧❡s ♣r❡♠✐❡rs rés✉❧t❛ts ❞❡ ♥♦tr❡ ❝♦❞❡ ❝❤❡♠♦❞②♥❛♠✐q✉❡✳ ▲✬❛♥❛❧②s❡ ❞❡s
s✐♠✉❧❛t✐♦♥s ❡✛❡❝t✉é❡s s❡ ♣♦✉rs✉✐t ❡♥❝♦r❡ ❛❝t✉❡❧❧❡♠❡♥t✳ ▲❡s ❞♦♠❛✐♥❡s ❞✬ét✉❞❡ ❡♥✈✐s❛❣és ♣❛r ❧❛
s✉✐t❡ s♦♥t ✿

✕ ❧✬ét✉❞❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ ❞❡ ❣❛❧❛①✐❡s ✐s♦❧é❡s ✭❣❛❧❛①✐❡s à ❞✐sq✉❡✱ ❣❛❧❛①✐❡s ♥❛✐♥❡s✮✱
♥♦t❛♠♠❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣r❛❞✐❡♥ts ❞✬❛❜♦♥❞❛♥❝❡ ❝❤✐♠✐q✉❡ ❀

✕ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❛❝❝rét✐♦♥ ❞❡ ❣❛③ s✉r ❝❡tt❡ é✈♦❧✉t✐♦♥✱ ❧❡s ❝♦♥tr❛✐♥t❡s s✉r ❧✬❛❝❝rét✐♦♥ ❞❡ ❣❛③
♣♦✉✈❛♥t êtr❡ ❢♦✉r♥✐❡s ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦s♠♦❧♦❣✐q✉❡s à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❀

✕ ❧✬ét✉❞❡ ❞❡s ♦✉t✢♦✇s ❡t ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡ ❞❡s ❤❛❧♦s ❞❡ ❣❛③ ❣❛❧❛❝t✐q✉❡s✳

✾✽



❆♥♥❡①❡ ❆

❉✉ré❡ ❞❡ ✈✐❡ ❞❡s ❝r❡✉① ❞❡ ❞✐s♣❡rs✐♦♥s

❞❡ ✈✐t❡ss❡s st❡❧❧❛✐r❡s ❛✉ ❝❡♥tr❡ ❞❡s

❣❛❧❛①✐❡s ❜❛rré❡s

❈❡tt❡ ❛♥♥❡①❡ ♣rés❡♥t❡ ❞❡s tr❛✈❛✉① q✉✐ ♦♥t été ❝♦♠♠❡♥❝és ❧♦rs ❞❡ ♠♦♥ st❛❣❡ ❞❡ ▼❛st❡r✷
❡t t❡r♠✐♥és ❧♦rs ❞❡ ♠❛ t❤ès❡✳

❈❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ❞❡s ❝r❡✉① ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ ✈✐t❡ss❡s st❡❧❧❛✐r❡s ❞❛♥s ❧❡s ré❣✐♦♥s ❝❡♥✲
tr❛❧❡s ✭♦✉ σ✲❞r♦♣✮ ♦♥t été ♦❜s❡r✈és ❞❛♥s ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ❣❛❧❛①✐❡s ✭❊♠s❡❧❧❡♠ ❡t ❛❧✳✱ ✷✵✵✶❀
▼árq✉❡③ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈❡ ❝♦♠♣♦rt❡♠❡♥t ✈❛ à ❧✬❡♥❝♦♥tr❡ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❛tt❡♥❞✉✳ ❇♦tt❡♠❛
✫ ●❡rr✐ts❡♥ ✭✶✾✾✼✮ ♦♥t ré✉ss✐ à r❡♣r♦❞✉✐r❡ ❧❡ σ✲❞r♦♣ ♦❜s❡r✈é ❞❛♥s ◆●❈✻✺✵✸ ❣râ❝❡ à ✉♥ ♠♦❞✲
è❧❡ ❛❞ ❤♦❝ st❛t✐q✉❡ ❝♦♠♣r❡♥❛♥t ✉♥ ❞✐sq✉❡ st❡❧❧❛✐r❡ ❡t ✉♥ ❜✉❧❜❡ ♣❧✉s ❢r♦✐❞ ❞②♥❛♠✐q✉❡♠❡♥t✳
❲♦③♥✐❛❦ ❡t ❛❧✳ ✭✷✵✵✸✮ ♦♥t ♠♦♥tré ❣râ❝❡ à ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s q✉❡ ❧❡s σ✲❞r♦♣s ét❛✐❡♥t
❧❛ s✐❣♥❛t✉r❡ ❝✐♥é♠❛t✐q✉❡ ❞✬ét♦✐❧❡s ♥é❡s ❛✉ s❡✐♥ ❞✬✉♥ ❣❛③ ❞②♥❛♠✐q✉❡♠❡♥t ❢r♦✐❞✳ ▼❛❧❣ré ❝❡tt❡
♣r❡♠✐èr❡ ❡①♣❧✐❝❛t✐♦♥✱ ❞❡s q✉❡st✐♦♥s ❞❡♠❡✉r❛✐❡♥t✳ ❈❡s σ✲❞r♦♣s s♦♥t ♦❜s❡r✈és ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❞❡
❣❛❧❛①✐❡s✳ ■❧ ♥❡ s✬❛❣✐t ❞♦♥❝ ♣❛s ❛ ♣r✐♦r✐ ❞✬✉♥ ♣❤é♥♦♠è♥❡ r❛r❡ ♠❛✐s ❧❡ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ❞❡
❝❡❧✉✐✲❝✐ ❞é♣❡♥❞ ❞❡ s❛ ❞✉ré❡ ❞❡ ✈✐❡✳

◆♦✉s ❛✈♦♥s ❞♦♥❝ ét✉❞✐é ❝❡tt❡ ❞✉ré❡ ❞❡ ✈✐❡ ❛✉ ♠♦②❡♥ ❞❡ s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ◆✲❝♦r♣s ❞❡
❣❛❧❛①✐❡s à ❞✐sq✉❡ ❛✈❡❝ ❡t s❛♥s ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✶✳ ◆♦✉s ❛✈♦♥s ❝♦♥✜r♠é ❧❡ ❢❛✐t q✉❡ ❧✬❛♣♣❛r✐t✐♦♥
❞✬✉♥ σ✲❞r♦♣ ❡st ✐♥é✈✐t❛❜❧❡ s✐ ❧✬♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ ❊♥ ❡✛❡t✱ ❞✉ ❣❛③ ❞②✲
♥❛♠✐q✉❡♠❡♥t ❢r♦✐❞ s✬❛❝❝✉♠✉❧❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❝❡♥tr❛❧❡s ❣râ❝❡ à ❧✬❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❧❛
❜❛rr❡✳ ❈❡❧✉✐✲❝✐ ❞♦♥♥❡ ♥❛✐ss❛♥❝❡ à ❞❡s ét♦✐❧❡s q✉✐ ❤ér✐t❡♥t ❞❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡ ✈✐t❡ss❡ ❞✉ ❣❛③✳ ❯♥
σ✲❞r♦♣ ❡st ❛✐♥s✐ r❛♣✐❞❡♠❡♥t ❢♦r♠é ❡♥ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞❡ ▼②r ❛♣rès ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❧❛ ❜❛rr❡✳
❉❡ ♣❧✉s✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré q✉✬✉♥ σ✲❞r♦♣ ♥✬❡st ♣❛s ✉♥ ♣❤é♥♦♠è♥❡ tr❛♥s✐t♦✐r❡✳ ▲✬❛rrêt ❞❡ ❧❛
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ♣r♦✈♦q✉❡ ❧❛ ❞✐s♣❛r✐t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞✉ σ✲❞r♦♣ ♠❛✐s ✉♥ t❛✉① ❞❡ ❢♦r♠❛t✐♦♥
st❡❧❧❛✐r❡ ❢❛✐❜❧❡ ✭✶▼⊙ ②r✲✶✮ ❞❛♥s ❧❛ ré❣✐♦♥ ❝❡♥tr❛❧❡ s✉✣t à ❧❡ ❢❛✐r❡ ♣❡r❞✉r❡r ❡♥ r❡♠♣❧❛ç❛♥t ❧❡s
♣❛rt✐❝✉❧❡s q✉✐ ♦♥t ❝❤❛✉✛és ❞②♥❛♠✐q✉❡♠❡♥t ♣❛r ❞❡ ♥♦✉✈❡❧❧❡s ♣❛rt✐❝✉❧❡s ❢r♦✐❞❡s✳ ❋✐♥❛❧❡♠❡♥t✱
❧❛ ✈✐s✐❜✐❧✐té σ✲❞r♦♣ ❞é♣❡♥❞ ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡ ❡♥tr❡ ❧✬❛♥❝✐❡♥♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ❝❤❛✉❞❡
❞②♥❛♠✐q✉❡♠❡♥t ❡t ❧❛ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ ❢r♦✐❞❡✳ ❈❡s σ✲❞r♦♣s ♣❡✉✈❡♥t êtr❡ r❡❧❛t✐✈❡♠❡♥t ❝♦♠✲
♠✉♥s ❞❛♥s ❧❡s ❣❛❧❛①✐❡s ❜❛rré❡s✳ ❊♥ ❡✛❡t✱ ❝❡✉①✲❝✐ ♣❡✉✈❡♥t s❡ ❢♦r♠❡r r❛♣✐❞❡♠❡♥t ❝❛r ✉♥ t❛✉① ❞❡
❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❞❡ q✉❡❧q✉❡s ▼⊙ ②r✲✶ ✭❢❛❝✐❧❡♠❡♥t ❛tt❡✐♥t ❞❛♥s ❧❡s ❣❛❧❛①✐❡s ❜❛rré❡s✮ ♣❡r♠❡t
❞❡ ❝ré❡r ✉♥❡ ♥♦✉✈❡❧❧❡ ♣♦♣✉❧❛t✐♦♥ ❢r♦✐❞❡ q✉✐ ❞♦♠✐♥❡ ❡♥ ♠❛ss❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❝❡♥tr❛❧❡s✳

✶❈❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s ❛✈❡❝ ❧❡s ❛♥❝✐❡♥♥❡s r❡❝❡tt❡s ❞❡ ❢♦r♠❛t✐♦♥✱ ❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡✱ ❞✬❡♥✲
r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡ ❡t ❞❡ r❡❢r♦✐❞✐ss❡♠❡♥t r❛❞✐❛t✐❢✳
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❈❡s rés✉❧t❛ts ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ❞❛♥s ❧❛ r❡✈✉❡ ▼♦♥t❤❧② ◆♦t✐❝❡s ♦❢ t❤❡ ❘♦②❛❧
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❝❡tt❡ ❛♥♥❡①❡✳
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ABSTRACT

We have made hydro/N-body simulations with and without star formation to shed some light
on the conditions under which a central kinematically cold stellar component (characterized
by a velocity dispersion drop or σ -drop) could be created in a hot medium (e.g. a bulge) and
survive enough time to be observed. We found that the time-scale for a σ -drop formation could
be short (less than 500 Myr), whereas its lifetime could be long (more than 1 Gyr) provided
that the central region is continuously or regularly fed by fresh gas which leads to a continuous
star formation activity. Star formation in the central region, even at a low rate as 1 M⊙ yr−1, is
mandatory to sustain a permanent σ -drop by replacing heated particles by new low-σ ones. We
moreover show that as soon as star formation is switched off, the σ -drop begins to disappear.

Key words: galaxies: active – galaxies: evolution – galaxies: kinematics and dynamics –
galaxies: nuclei – galaxies: Seyfert – galaxies: spiral.

1 I N T RO D U C T I O N

The discovery of a subkpc central drop in stellar velocity disper-
sion (σ -drop in short) in three Seyfert galaxies with double bars
(Emsellem et al. 2001, hereafter Paper I) has brought this phe-
nomenon to the foreground. In fact, a σ -drop was previously ob-
served in a single object (NGC 6503) by Bottema (1989). To explain
the low velocity dispersion in the centre, Bottema & Gerritsen (1997)
had to built up a model with a distinct dynamically cold and compact
isothermal nucleus in addition to the large-scale stellar disc with the
same mass-to-light ratio. Others examples can be found in a few
papers (Jarvis et al. 1988; Héraudeau & Simien 1998; Héraudeau
et al. 1999, for instance) but have been most probably overlooked
because of the low signal-to-noise ratio of these observations. More
recent observations of larger sample and better signal-to-noise ra-
tio have confirmed (Márquez et al. 2003; Emsellem et al. 2004,
Emsellem et al., in preparation) the presence of σ -drop in several
single-barred galaxies. However, it is still premature to attempt to
make statistics on the frequency of σ -drops in galaxies since a com-
plete and systematic survey is not yet available. More challenging
and not yet explained is the observation of σ -drops in elliptical
galaxies (e.g. NGC 1404, Graham et al. 1998). The occurrence of
σ -drops in such objects should deserve a detailed study.

Wozniak et al. (2003) (hereafter Paper II) found that the stellarσ los

drop is the kinematical signature of stars born from a dynamically
cold gaseous component. The origin of the drop results from the
conspiracy of two factors. First, the new stars are concentrated to-
ward the centre, and since they are just born from the low-dispersion
gas component, their dispersion is much lower than for the old stars
component. But secondly, the effect is amplified by the fact that the

⋆E-mail: herve.wozniak@obs.univ-lyon1.fr

gas dispersion is also dropping towards the centre (and therefore
the new stellar component too). This is due to the strong accumu-
lation of gas toward the centre, in a nuclear disc, where dissipation
is stronger than elsewhere, and where the gas is therefore cooling
down efficiently.

The existence of flattened and rapidly rotating nuclear stellar discs
has been predicted by Shlosman & Begelman (1989) and further
studied by Shlosman, Begelman & Frank (1990). They showed that
such stellar discs could remain flattened for a long time since two-
body relaxation is a slow process.

Thus, a few issues remain opened as follows.

(i) The frequency of σ -drop in galaxies depends on the lifetime
of the phenomenon. In Paper II, we were not able to give such an
estimate. However, even if the frequency of this kinematical effect
is still under unknown, it can be firmly stated that it is not a pe-
culiar phenomenon since it is observed in an increasing number of
‘normal’ galaxies. We give in Table 1 an updated list of σ -drop ob-
servations. It is worth noting that σ -drops have been detected using
a number of absorption lines from the optical to the near-infrared
(Mg line triplet at λλ 5164, 5173, 5184 Å, Ca II triplet at λ 8542 and
8662 Å, 12CO molecular bands at roughly 2.29 µm, etc.), which
traces various ages of stellar populations. Moreover, σ -drops can-
not be data reduction artefacts since stellar kinematics has been
retrieved from absorption lines using various techniques.

(ii) Other mechanisms could be at work to remove some kinetic
energy from the stellar component. For instance, a massive and
concentrated dark halo seems to be able to generate a σ -drop in
one of the simulations of Athanassoula & Misiriotis (2002) (their
fig. 13).

(iii) Beyond its intrinsic dynamical lifetime, the detectability
of any σ -drop should be also limited by the lifetime of the stellar
populations that have been used to trace the kinematics. For instance,
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Table 1. List of confirmed or suspect σ -drops in the literature.

Object Morphological type Nucleus Reference Main abscissa lines Technique

NGC 1068 SA(rs)b Sy 1/2 Emsellem et al. (2006) Mg b pPXFb

NGC 1097 SB(s)b Sy 1 Emsellem et al. (2001) 12CO 2.3 µm pPXF
NGC 1138 SBO Simien & Prugniel (2002) Mg b FFMc

NGC 1808 SAB(s:)b Sy 2 Emsellem et al. (2001) 12CO 2.3 µm pPXF
NGC 2639 SA(r)a Sy 1.9 Márquez et al. (2003) Ca II T CCF
NGC 3021 SAbc Héraudeau et al. (1999) Mg b FFM
NGC 3412 SB0(s) Aguerri, Debattista & Corsini (2003) Mg b FCQd

NGC 3623 SAB(rs)a Liner De Zeeuw et al. (2002) Mg b FCQ
NGC 3627 SBb Liner/Sy 2 Héraudeau & Simien (1998) Mg b FFM
NGC 4303 SBbc Sy 2 Héraudeau & Simien (1998) Mg b FFM
NGC 4579 SBb Liner/Sy 1.9 Héraudeau & Simien (1998) Mg b FFM
NGC 4594 SA(s)a Sy 1.9 Jarvis & Dubath (1988) Mg b CCFe

NGC 4725 SBab Sy 2 Héraudeau et al. (1999) Mg b FFM
NGC 4477 SB0 Sy 2 Jarvis et al. (1988) Fe, Mg b CCF
NGC 5728 SABb(r) Sy 2 Emsellem et al. (2001) 12CO 2.3 µm pPXF
NGC 6503 SA(s)cd Liner/H II Bottema (1989); Bottema & Gerritsen (1997) Fe, Mg b CCF
NGC 6814 SAB(rs)bc Sy 1.5 Márquez et al. (2003) Ca II T CCF
NGC 6951 SAB(rs)bc Sy 2 Márquez et al. (2003) Ca II T CCF
NGC 7177 SBb Liner/H II Héraudeau et al. (1999) Mg b FFM
IC 184 SB(r)a Sy 2 Márquez et al. (2003) Ca II T CCF
Circinus SAb Sy 2 Maiolino et al. (1998) 12CO 2.3 µm CCF

NGC 3593a SA(s)0/a Sy 2 Bertola et al. (1996) 5200–6200 Å FCQ

aEdge-on galaxy; bpenalized pixel fitting (Cappellari & Emsellem 2004); cFourier fitting method (Franx, Illingworth & Heckman 1989); dFourier correlation
quotient (Bender 1990); ecross-correlation function (e.g. Bottema 1988, and references therein).

in Paper I, σ -drops have been detected using the 12CO bandhead at
2.29 µm.

In this paper, we will specifically address the problem of σ -drop
lifetime using a new set of N-body experiments.

2 D E S C R I P T I O N O F T H E N U M E R I C A L
E X P E R I M E N T S

An initial stellar population is set up to reproduce a typical disc
galaxy. Positions and velocities for 2.5 × 106 particles are drawn
from a superposition of two axisymmetric Miyamoto & Nagai
(1975) discs of mass, respectively, M1 and M2 (cf. Table 2), of
scalelengths, respectively, 1 and 3.5 kpc and common scaleheight
of 0.5 kpc. Initial velocity dispersions are computed solving numer-
ically the Jeans equations. The initial disc radius is 30 kpc except for
run H for which the truncation radius is 50 kpc. The gaseous com-
ponent of runs Asf, Asf

400, Asf
600 and Asf

1000 is represented by 50 000
particles for a total mass of 1.1 × 1010 M⊙ distributed in a 6-kpc
scalelength Miyamoto–Nagai disc. For the collisionless run Anosf

M 1 and M2 have been proportionally scaled so as to keep the same
total mass as Asf.

Table 2. List of runs.

Model Code End SF stop M1 M2 Mg

(Myr) (Myr)

Anosf PM 2100 No SF 0.055 0.55 . . .

Asf PMSPH 2100 On 0.05 0.5 0.055
Asf

400 PMSPH 643 400 ” ” ”

Asf
600 PMSPH 801 600 ” ” ”

Asf
1000 PMSPH 1612 1000 ” ” ”

H GADGET 5350 No SF ” ” ”

Evolution is computed with a particle–mesh N-body code which
includes stars, gas and recipes to simulate star formation when nec-
essary. The broad outlines of the code are the following: the grav-
itational forces are computed with a particle–mesh method using
a 3D polar grid with (NR, N φ , NZ) = (31, 32, 64) active cells, the
hydrodynamics equations are solved using the smoothed particle
hydrodynamics (SPH) technique and the star formation process is
based on Toomre’s criterion for the radial instability of gaseous
discs (cf. Michel–Dansac & Wozniak 2004 for more details). Since
we used a log–polar grid, we have improved the pre-computation
of self-forces by subdividing each cell in (nr, nφ , n z) = (32, 6,
6) subcells. Self-forces are then linearly interpolated before being
subtracted from gravitational forces.

When star formation is active, the radiative cooling of the gas has
been computed assuming a solar metallicity. We have also checked
that our results are independent of the radial resolution in the central
100 pc by using NR = 40 cells. In Fig. 1, we display the region of
the bar for various snapshots. More details on the global evolution
of such kind of simulations, with similar initial conditions and star
formation on a longer time-scale can be found in Michel–Dansac &
Wozniak (2004) for instance.

Compared to the simulations used in Paper II, those described in
this paper are much more accurate since we have used five times
more stellar particles and an improved N-body code. We will only
deal with a case extract from a dozen of such simulations of various
resolutions and initial set-up. However, all our simulations display
σ -drops. The generic simulation Asf is thus representative of our
data base. Another example of simulations with σ -drops are given
in Emsellem et al. (2004) for a study of NGC 1068.

Apart from the smaller number of stellar particles (1.1 × 106

particles), the set-up of the stellar and gas distribution of run H
is similar to others runs. It includes an additional live dark halo
made of 2.2 × 106 live particles distributed in a Plummer sphere
of scalelength 50 kpc and mass 6.46 × 1011 M⊙. As our intention
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Figure 1. Evolution of the central ± 12 kpc of Asf.

is to check the robustness of our results against the presence of
the massive dark halo, a Plummer sphere is a simple but sufficient
description of the halo. The set-up of initial velocities and velocity
dispersions of disc particles is made consistently with the dark matter
distribution. Since the interaction between the extended live dark
matter spheroid and the stellar/gaseous disc cannot be computed
with our particle–mesh code because of the limited vertical range of
the grid code, run H has been evolved with GADGET, the tree-based
N-body plus SPH code developed by Springel, Yoshida & White
(2001). We used a adaptive time-step based on the dynamical time
and limited by the Courant–Friedrichs–Levy condition.

H does not exhibit any significant stellar σ -drop up to 5.35 Gyr
although others kinematical and morphological stellar properties
are roughly similar to halo-dominated models as those described
by Athanassoula & Misiriotis (2002) (e.g. flat rotation curve, stellar
ring encircling the bar, etc.). The stellar radial velocity dispersion is
indeed rather flat, at ≈180 km s−1 in the central 2 kpc at t = 5.35 Gyr.
On the contrary, the radial velocity dispersion of the gas drops by
20 km s−1 in the central 8 kpc, approximately the diameter of the
stellar bar. Others runs, not displayed here, with more massive and/or
more extended haloes do not develop stellar σ -drops either. Since
our star formation recipes have not yet been implemented in GADGET,
we are not able to check the combined effect of a live dark halo and
star formation. The effect of a halo on the σ -drop formation thus
deserves a much more in-depth study than the present one. This will
be discussed in a future paper.

3 L O N G - T E R M E VO L U T I O N O F A σ- D RO P

To estimate the amplitude of a σ -drop (hereafter �σ ), we have
chosen to express it as the difference between two representative
or mean values of σ : one outside the drop in the kinematically hot
part of the bulge (σ max

R ) and one inside the drop, that is, the central
mean σ (σ min

R ). Moreover, we will only deal with σ R for the sake
of simplicity since the other two components of the stellar velocity
dispersion (σ θ , σ Z ) also display the same effects (cf. Paper II).

Every value of σ R is obviously a mass-weighted average since new
particles may have different mass than initial ones.

To determine the value of σ min
R , we have selected a central cylinder

of radius 100 pc (i.e. the central 200 pc) at each time. We made
several trials with height-limited disc instead of a cylinder but we
found no significant differences apart from a higher noise due to
lower numbers of particles. The selection typically leads to particle
numbers between 4000 and 10 000 particles in the central 200 pc.

After some trials, we decided to compute σ max
R in two annuli. The

first one, between 450 and 550 pc, represents a ‘quiet’ region, outside
the drop and the close surrounding region, but still in the region that
could be considered as the bulge of the galaxy. The second one has
been chosen between 250 and 350 pc as being representative of
the maximum value of σ R outside the central drop. The difference
between σ max

R in such a region and σ min
R give an extreme value of

σ -drop. However, the radius of the maximum σ R slightly increases
during the evolution. We thus found more practical to only use the
first annulus (450–550 pc) to analyse into some details of the typical
σ -drop evolution although it slightly underestimates the real σ max

R

and thus the real depth of the σ -drop.
�σ is displayed in Fig. 2. Its evolution could be roughly separated

into three phases. Boundaries of these phases are approximately
defined since they should depend on the details of the star formation
history in the central region.

3.1 0–300 Myr

�σ remains approximately constant at 25 km s−1. The comparison
with the pure N-body run Anosf shows that such an amplitude is ex-
pected in case of a low star formation rate (SFR) or no star formation
at all. Indeed, it has been shown in Paper II that an artificial σ -drop
of such a small amplitude is expected because of N-body soften-
ing effects. However, the amplitude of such a numerical σ -drop is
much lower than those observed and should fully disappear after
convolution by any realistic point spread function.

The SFR inside the central 200 pc is displayed in Fig. 3. For
t < 300 Myr, the central SFR remains below 1 M⊙ yr−1 while most

Figure 2. Evolution of the σ -drop amplitude estimated as the difference
between σ R averaged between 450 and 550 pc and the mean σ R inside
the central 200 pc. The reference run Asf is plotted as a full black line. Star
formation has been switched off for runs Asf

400 (blue), Asf
600 (green) and Asf

1000
(red) at, respectively, 400, 600 and 1000 Myr (dashed lines). Vertical dotted
lines show where star formation has been switched off. Run Anosf is also
plotted as a full magenta line for reference.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 369, 853–859

✶✵✸



856 H. Wozniak and N. Champavert

Figure 3. Evolution of the SFR for run Asf. SFR is displayed for the whole
simulation (full line), the central 200 pc (dashed line) and the annulus of
radii 450–550 pc (dashed–dotted line).

of the new particles are created in the large-scale disc. Thus, at t =

300 Myr, the mass of the new population roughly amounts to that
of the gaseous component but remains an order of magnitude lower
than the old population (cf. Fig. 4).

3.2 300–800 Myr

The σ -drop increase is now very significant so that �σ reaches
≈55 km s−1. This is the σ -drop growth phase which corresponds
to the burst of star formation in the central region. However, such
phase could be due either to the decrease of σ min

R or to an increase
of σ max

R .
To disentangle both effects, we display in Fig. 5 the distribution

of σ R as a function of the epoch of particle formation for several
selected times, up to t = 800 Myr. The two regions of reference are
separately displayed. The old population is included in the first bin

Figure 4. Evolution of the mass inside the central 200 pc for run Asf. The
black line is the total mass, the green long-dashed line is the mass of the
old population, the red short-dashed line is the mass of the new population,
the histogram-like curve is the mass of the gas. The black dotted line is the
mass of the new population that is born inside the central 200 pc and is still
in this region for the time given in abscissa. Vertical dotted lines show the
three phases discussed in the text.

Figure 5. Distribution of σ R as a function of the epoch of formation
for particles selected within a radial range [0, 100] pc (top panel) and
[450, 550] pc (bottom panel). Bin size is 25 Myr.

(0–25 Myr). For each curve, the last bin represents the mean σ R of
the newest particle born during 25 Myr before the corresponding
time.

The σ R distribution in the central 200 pc clearly shows an in-
crease with time between t = 200 and 600 Myr, for all generation
of particles. The newest particles have a lower σ R than the old pop-
ulation as expected. At each time, the shape of the histogram is
roughly a linear relationship between σ R and the epoch of particle
formation. In first approximation, the rate of heating is independent
of the epoch of formation, that is, the age of particles. This heat-
ing process stops around t = 600 Myr. The σ R distribution then
does not evolve any more for particles born between t = 100 and
600 Myr. A number of particles born for 50 < t < 100 Myr gets
into the central region from the outside; these particles have a very
high σ R , greater than the old population, but their total mass is not
high enough to increase σ min

R .
Another way to represent σ min

R evolution is to display separately
the evolution of σ R for the two particle populations of run Asf (σ old

R

for the initial or ‘old’ particles and σ new
R for the ‘new’ particles, i.e.

for particles born during the run) and for all the particles (Fig. 6).
The control run Anosf is also plotted to show the heating of col-
lisionless particles for t � 250 Myr. Such heating is mainly due
the development of the stellar bar perturbation which increases the
mass in the central region (cf. Paper II). Run Anosf cannot develop a
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Figure 6. Evolution of σ R for particles selected within a radial range [0,
100] pc (top panel) and [450, 550] pc (bottom panel). Symbols represent Asf.
Opened squares are the velocity dispersion of the initial population (σ old

R ),
full squares are the total σ R and full circles are the velocity dispersion of
the new particles (σ new

R ) created by star formation during the simulation.
Runs Asf

400 (blue dashed lines), Asf
600 (green dot–dashed lines) and Asf

1000 (red
dotted lines) can only differ from Asf when star formation is switched off
after, respectively, t = 400, 600 and 1000 Myr (times are marked by dotted
vertical lines). σ R for the pure N-body run Anosf is plotted as a full line.

σ -drop. However, this run allows us to estimate the increase of σ R

due to the secular heating of the central region.
Fig. 6 (top panel) shows that σ min

R clearly increases until t ≈

475 Myr and then slightly decreases to reach a plateau around σ min
R ≈

140 km s−1. The stellar mass in the central 200 pc is mainly made out
of new particles, especially for t � 400 Myr (Fig 4). σ min

R variations
are thus strongly correlated to σ new

R ones. The population of new
particles responsible for this plateau (those that are born at 600 <

t < 800 Myr) is made out in part of particles born inside the cen-
tral 200 pc and in part of low σ R particles that have migrated from
the outside. The fraction of new particles which is born and stays
in the central region vary from 25 to 10 per cent between t =

600 and 800 Myr. Thus, the migration of low σ R particles from out-
side the central 200 pc takes over from particles born inside the cen-
tral region when the local SFR strongly decreases after t = 475 Myr
(cf. Fig. 3). This dynamical effect is obviously due to the strong
growth of the central total mass which sinks the potential well.

The evolution of σ max
R is not driven by the same causes. Indeed,

the σ R distribution in the 450–550 pc annulus (Fig. 5, bottom panel)

does not show any saturation of the heating process. On the contrary
to the central region, there is no clear relationship between σ R and
the epoch of formation. This is obviously due to the fact that new
particles that are born in the annulus region cannot stay there. Thus,
both σ old

R and σ new
R increase. As a consequence, σ max

R continuously
grows (Fig. 6, bottom panel), its values being moreover greatly
dominated by σ old

R since the old population represents most of the
mass in the annulus.

The σ -drop growth is thus due in great part to the heating of the
surrounding region, since σ min

R reaches a plateau.

3.3 >800 Myr

During this phase, the σ -drop development seems to saturate. In-
deed, �σ gains only 10 km s−1 in roughly 700 Myr. In the central
200 pc, after t = 800 Myr, the slope of the relationship between
σ R and the epoch of formation changes for particles born after t ≈

500 Myr (cf. Fig. 7). During this phase, the heating is less efficient
so that particles born after t ≈ 500 Myr keep a low σ R . Moreover,
most of the mass in the central region is due to particles born be-
tween 250 and 600 Myr, that is, during the burst of star formation
(Fig. 3). Thus, σ min

R does not evolve (cf. Fig 6), as σ new
R , even if σ old

R

continues to slightly increase.
The 450–550 pc annulus being dominated by the old population,

σ max
R is driven by the behaviour of σ old

R which slightly increases
by a few km s−1. It is noteworthy that σ new

R is greater than σ old
R

during this phase. This effect is mainly due to particles born between

Figure 7. Same as Fig. 5 but for t � 800 Myr. The t = 800 Myr curve is
the same as that for Fig. 5.
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50 and 625 Myr which cross this region. Finally, since σ min
R does

not evolve, the small σ -drop fluctuations are again mainly due to
the weak heating of the surrounding region.

For t > 1300 Myr, �σ fluctuates around a mean value of
65 km s−1, with no significant sign of increase or decrease. Thus, a
σ -drop is not a transient feature.

4 E F F E C T O F S W I T C H I N G S TA R
F O R M AT I O N O F F

To throw some light on the matter of σ -drop lifetime, we have
switched off the star formation process at three different times
of run Asf and pursued the runs (runs are named Asf

400, Asf
600 and

Asf
1000) for a while. For Asf

400, star formation has been stopped at t =

400 Myr, when the total SFR is maximum (roughly 20 M⊙ yr−1, cf.
Fig. 3). The simulation was then proceeded until t ≈ 650 Myr. For
Asf

600, star formation has been stopped in the middle of the σ -drop
growing phase (t = 600 Myr) whereas it has been switched off at
t = 1000 Myr for Asf

1000, when the σ -drop is well developed and
closed to be stable.

The first obvious effect of switching off the star formation is the
decrease of �σ for all the three runs (cf. Fig. 2). For run Asf

400,
�σ becomes even negative for t > 600 Myr which means that the
central region becomes hotter than the rest of the galaxy. The heating
time-scale is very short.

As in Section 3, we need to disentangle σ R variations for both
representative regions and thus come back to Fig. 6 where σ min

R and
σ max

R of Asf
400, Asf

600 and Asf
1000 are compared to those of Asf, as well

as the contribution of σ old
R and σ new

R to σ min
R and σ max

R .
For t > 400 Myr, the mass in the central 200 pc is dominated

by the new population when star formation is active, so that σ min
R

closely follows σ new
R . Indeed, the mass of the new population con-

tinuously increases when star formation is active (Fig. 4) so as to
equals the mass of the old population at t ≈ 440 Myr. Then, the new
population dominates the central region. Obviously, this is no more
the case when star formation is switched off. Indeed, between t =

400 and 600 Myr, σ min
R of Asf

400 increases by ≈55 km s−1. The rate at
which σ new

R increases is higher (≈0.8 km s−1 Myr−1) during the first
≈50 Myr than the following 150 Myr (≈0.1 km s−1 Myr−1, very
close to the rate of run Anosf). A marginal effect is the small heating
of the old population (≈10 km s−1 at t = 600 Myr). The heating
of the new population is also very efficient in the 450–550 pc an-
nulus but, since this region is dominated by the old population, the
effect on σ max

R is limited to ≈25 km s−1. Thus, the heating of the
central region is mainly responsible to the σ -drop disappearance.
This heating has mainly two causes:

(i) the rapid gas accumulation in the central region strongly in-
creases the central mass and makes local perturbations of the grav-
itational potential;

(ii) low-σ particles that escape from the central region are not
replaced by new ones. Indeed, the new population is made only in
part of particles which are born and remain inside the 200 pc. We
show in Fig. 4, how the mass of this subpopulation evolves. It clearly
decreases which means that a fraction of low-σ particles could be
heated outside the central region, during their escape. When star
formation is active, they are replaced at each time-step by the last
generation of particles. This is no more the case for Asf

400, Asf
600 and

Asf
1000.

For Asf
600 and Asf

1000, the decrease of �σ has a longer time-scale
than for Asf

400 even though the same mechanism than for Asf
400 comes

into play when the star formation is switched off. The amplitude of

the decrease of �σ is therefore smaller for Asf
600 than for run Asf

400,
and even smaller for Asf

1000. Since the central σ new
R is roughly constant

for 600 < t < 1000 Myr for Asf (cf. Fig. 6), one cannot invoke the
effect of a colder population which needs more energy to be heated.
In fact, the heating of the central region is much more difficult at
t = 600 or 1000 Myr essentially because the mass of the new low-σ
population is greater than the old one (Fig. 4). Another cause is the
bar itself. For t > 475 Myr, the gravitational perturbations made by
the formation of the stellar bar have vanished. Finally, there is also
less gas accumulation in the centre than for Asf

400 since star formation
has consumed a significant fraction of the available reservoir in the
central region.

5 C O N C L U S I O N S

We confirm the result found in Paper II that the appearance of a
stellar σ -drop in hydro plus N-body simulations is unavoidable on
the condition that star formation is taken into account. Indeed, low-
σ gas accumulates into a central disc because of the gravitational
torques induced by the stellar bar. It gives raise to a new stellar
population with the same velocity dispersion. Therefore, the σ -drop
appears quickly after the beginning of the bar formation, that is,
≈300 Myr for our simulation Asf. It takes roughly 1 Gyr to reach
the maximum amplitude. Then, the amplitude of the σ -drop remains
constant (�65 km s−1) until the end of the simulation (2.1 Gyr).
Time-scales could, however, strongly depend on the SFR in the
central region.

A σ -drop is thus not a transient feature. However, all stellar
populations, even low-σ particles, are heated, probably by fluc-
tuations in the central region of the gravitational potential field
as those described by, for instance, (Carlberg & Sellwood 1985),
or stochastic heating made by resonances between several density
waves (Minchev & Quillen 2005). However, in this paper, we did
not investigate into details what could be the heating mechanisms
since this deserves a dedicated study. The σ -drop persistence is thus
not due to some improbable cooling mechanism. Our experiments
of switching off the star formation recipes at various epoch prove
the relationship between this long lifetime and the refurbishment of
the new stellar population of low-σ . An SFR as low as 1 M⊙ yr−1

in the central 200 pc is enough to sustain a permanent σ -drop by
replacing heated particles by new low-σ ones. Such a rate is not
uncommon in barred galaxies provided that the central region is
regularly fed by fresh gas. Moreover, when the SFR is too low, it
will take several hundred Myr for the σ -drop to disappear. This could
explain why σ -drops are still observable in early-type galaxies with
no sign of nuclear star formation (e.g. NGC 4477).

The visibility of a σ -drop as well as its opposition to heating
mechanisms, strongly depends on the mass ratio between the old
‘hot’ population and the ‘new’ cold one. For Asf, the central SFR
reaches 5 M⊙ yr−1 during the bar formation phase so as to create
a new population which becomes more massive than the initial one
at t ≈ 440 Myr, thus on a rather short time-scale. σ -drops should
thus be rather common in barred galaxies in the local Universe. A
systematic survey of the central kinematics in barred galaxies could
confirm these results.
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Héraudeau P., Simien F., 1998, A&AS 133, 317
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❆♥♥❡①❡ ❇

❈❛❧✐❜r❛t✐♦♥ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s

s✐♠✉❧❛t✐♦♥s

❉❛♥s ❧❡ ❜✉t ❞❡ ❝♦♠♣❛r❡r ❧❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s
❡t ❞❡ ❢❛❜r✐q✉❡r ❞❡s ✓ ❢❛✉ss❡s ✔ ♦❜s❡r✈❛t✐♦♥s ♣♦✉r ❞❡s s✐♠✉❧❛t❡✉rs ❞✬✐♥str✉♠❡♥ts ✭❡♥ ♣❛rt✐❝✲
✉❧✐❡r✱ ♣♦✉r ❧❡ s♣❡❝tr♦❣r❛♣❤❡ ✐♥té❣r❛❧ ❞❡ ❝❤❛♠♣ ▼❯❙❊✶✮✱ ❥✬❛✐ ❞é✈❡❧♦♣♣é ✉♥ ♦✉t✐❧ ❞❡ ❝❛❧✐❜r❛t✐♦♥
s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s s✐♠✉❧❛t✐♦♥s✳ ❯♥❡ ♣rés❡♥t❛t✐♦♥ ❞❡ ❧✬✐♥str✉♠❡♥t ▼❯❙❊ ❡t ❞❡ s❡s ❜✉ts s❝✐❡♥✲
t✐✜q✉❡s ❧♦rs ❞✬✉♥ ❝♦❧❧♦q✉❡ ❙P■❊ ❡♥ ✷✵✵✻ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ ✭❇❛❝♦♥ ❡t ❛❧✳✱ ✷✵✵✻❛✮✳
❯♥ ❛rt✐❝❧❡ ❞é❝r✐✈❛♥t ❝❡t ✐♥str✉♠❡♥t ❛ é❣❛❧❡♠❡♥t ♣✉❜❧✐é ❞❛♥s ❧❛ r❡✈✉❡ ❚❤❡ ▼❡ss❡♥❣❡r ✭❇❛❝♦♥
❡t ❛❧✳✱ ✷✵✵✻❜✮✳ ❈❡s ❞❡✉① ❝♦♥tr✐❜✉t✐♦♥s s♦♥t ❛tt❛❝❤é❡s à ❧❛ ✜♥ ❞❡ ❝❡tt❡ ❛♥♥❡①❡✳

▲❛ ❝❛❧✐❜r❛t✐♦♥ s♣❡❝tr♦s❝♦♣✐q✉❡ ❝♦♥s✐st❡ à ❛ttr✐❜✉❡r à ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
✭♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❡t ♣❛rt✐❝✉❧❡s ❣❛③❡✉s❡s✮ ✉♥ s♣❡❝tr❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❡s ❝❛r❛❝tér✐st✐q✉❡s
♣❤②s✐q✉❡s ❛✜♥ ❞✬♦❜t❡♥✐r✱ ♣♦✉r ✉♥ ✐♥st❛♥t ❞♦♥♥é✱ ✉♥ ❝✉❜❡ ❞❡ s♣❡❝tr❡s s❡♠❜❧❛❜❧❡s à ❝❡✉① ♦❜t❡♥✉s
♣❛r ❧❡s s♣❡❝tr♦❣r❛♣❤❡s ✐♥té❣r❛❧ ❞❡ ❝❤❛♠♣ ♦✉ s♣❡❝tr♦❣r❛♣❤❡s ✸❉✳

❇✳✶ ❈❛r❛❝tér✐st✐q✉❡s ❞✉ ❝♦❞❡ ●❆▲❆❳❊❱

P♦✉r ré❛❧✐s❡r ❝❡tt❡ ❝❛❧✐❜r❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ ❝♦❞❡ ❞❡ s②♥t❤ès❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡ ♣♦♣✲
✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ●❆▲❆❳❊❱ ✭✈❡rs✐♦♥ ✷✵✵✸✱ ❇r✉③✉❛❧ ✫ ❈❤❛r❧♦t✱ ✷✵✵✸❜✮✳

▲✬é✈♦❧✉t✐♦♥ ❞❡s ét♦✐❧❡s ❞é♣❡♥❞ ❞❡ ❞❡✉① ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ✿ ❧❡✉r ♠❛ss❡ ❡t ❧❡✉r ♠é✲
t❛❧❧✐❝✐té ✐♥✐t✐❛❧❡s✳ ➚ ♣❛rt✐r ❞❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝♦♥str✉✐r❡ ❞❡s tr❛❝és
❞✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡✱ ❝✬❡st✲à✲❞✐r❡ ❧✬é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❛♥s ❧❡ ❞✐❛❣r❛♠♠❡ ❝♦✉❧❡✉r✲♠❛❣♥✐t✉❞❡
❞✬ét♦✐❧❡s ❞❡ ❞✐✛ér❡♥t❡s ♠❛ss❡s ❡t ❞❡ ❞✐✛ér❡♥t❡s ❝♦♠♣♦s✐t✐♦♥s ❝❤✐♠✐q✉❡s ✐♥✐t✐❛❧❡s✳ ■❧ ❢❛✉t ❡♥s✉✐t❡
❛ttr✐❜✉❡r ❞❡s s♣❡❝tr❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡s tr❛❝és✳ ❖♥ ♦❜t✐❡♥t ❛❧♦rs ✉♥❡ ❧✐❜r❛✐r✐❡ ❞❡ s♣❡❝tr❡s st❡❧✲
❧❛✐r❡s é❝❤❛♥t✐❧❧♦♥♥é❡ ❡♥ t❡♠♣s✱ ♠❛ss❡ ❡t ♠ét❛❧❧✐❝✐té✳ ▲❛ ❞❡r♥✐èr❡ ét❛♣❡ ❝♦♥s✐st❡ à ❛ss❡♠❜❧❡r ❝❡s
s♣❡❝tr❡s ❛✜♥ ❞❡ ♠♦❞é❧✐s❡r ❧✬é✈♦❧✉t✐♦♥ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡✳ ❯♥❡ ♣♦♣✉❧❛✲
t✐♦♥ st❡❧❧❛✐r❡ ❡st ❞é✜♥✐❡ ♣❛r ❞❡✉① ♣❛r❛♠ètr❡s ✿ s❛ ❢♦♥❝t✐♦♥ ❞❡ ♠❛ss❡ ✐♥✐t✐❛❧❡ ✭♦✉ ■▼❋ ❡♥ ❛♥❣❧❛✐s
♣♦✉r ■♥✐t✐❛❧ ▼❛ss ❋✉♥❝t✐♦♥✮ ❡t s♦♥ ❤✐st♦r✐q✉❡ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✳ ▲❡ ♣r❡♠✐❡r ❝❛r❛❝tér✐s❡ ❧❛
❞✐str✐❜✉t✐♦♥ ❡♥ ♠❛ss❡ ❞❡s ét♦✐❧❡s ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ s✐♠♣❧❡ ✭❙❙P ❡♥ ❛♥❣❧❛✐s ♣♦✉r ❙✐♥❣❧❡
❙t❡❧❧❛r P♦♣✉❧❛t✐♦♥✮✱ ❝✬❡st✲à✲❞✐r❡ ❞❡s ét♦✐❧❡s ♥é❡s ❛✉ ♠ê♠❡ ♠♦♠❡♥t ❡t ❛✉ ♠ê♠❡ ❡♥❞r♦✐t ✭❞♦♥❝
❛✈❡❝ ❧❛ ♠ê♠❡ ♠ét❛❧❧✐❝✐té✮✳ ▲❡ s❡❝♦♥❞ ❞é❝r✐t ❧❛ ♠❛ss❡ ❞❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ s✐♠♣❧❡ ❢♦r♠é❡ à
❝❤❛q✉❡ ✐♥st❛♥t✳

✶▼✉❧t✐ ❯♥✐t ❙♣❡❝tr♦s❝♦♣✐❝ ❊①♣❧♦r❡r ❀ ▼❯❙❊ ❡st ✉♥ ✐♥str✉♠❡♥t ❞❡ s❡❝♦♥❞❡ ❣é♥ér❛t✐♦♥ ❞✉ ❱▲❚ ❞é✈❡❧♦♣♣é
♣❛r ✉♥ ❝♦♥s♦rt✐✉♠ ❞❡ ❧❛❜♦r❛t♦✐r❡s ❞❡ r❡❝❤❡r❝❤❡ ❡✉r♦♣é❡♥s ❞♦♥t ❧❡ ❈❘❆▲ ❡st ❧❡ ❧❛❜♦r❛t♦✐r❡ ♣✐❧♦t❡✳
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▲❛ ✈❡rs✐♦♥ ✷✵✵✸ ❞❡ ●❆▲❆❳❊❱ ❢♦✉r♥✐t ❧✬é✈♦❧✉t✐♦♥ s♣❡❝tr❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡ ♣♦♣✉❧❛t✐♦♥s
st❡❧❧❛✐r❡s s✐♠♣❧❡s ❞❛♥s ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞✬â❣❡s✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❛❧❧✐❝✐tés ❡t ❞✐✛ér❡♥t❡s ■▼❋✳
P♦✉r ♥♦tr❡ ❝❛❧✐❜r❛t✐♦♥✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s s♣❡❝tr❡s ❞❡ ♣♦♣✉❧❛t✐♦♥s st❡❧❧❛✐r❡s s✐♠♣❧❡s ❝❛❧❝✉❧és
à ♣❛rt✐r ❞❡s tr❛❝és ❞✬é✈♦❧✉t✐♦♥ ❞❡ P❛❞♦✉❡ ✭✈❡rs✐♦♥ ✶✾✾✹ ❀ ✈♦✐r ❇r✉③✉❛❧ ✫ ❈❤❛r❧♦t✱ ✷✵✵✸❜✱ ♣♦✉r
❧❡s ré❢ér❡♥❝❡s✮ ❡t ♣♦✉r ✉♥❡ ■▼❋ ❞❡ ❙❛❧♣❡t❡r ❡♥tr❡ 0.1 ❡t ✶✵✵▼⊙✳ ❈❡s s♣❡❝tr❡s s♦♥t ❞é✜♥✐s
❡♥tr❡ ✾✶ ♥♠ ❡t ✶✻✵➭♠ ❛✈❡❝ ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ✸➴ ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❬✸ ✷✵✵➴ ❀ ✾ ✺✵✵➴❪ ❡t ✉♥❡
rés♦❧✉t✐♦♥ ♣❧✉s ❢❛✐❜❧❡ ❡♥ ❞❡❤♦rs ❞❡ ❝❡❧✉✐✲❝✐✳ ❙✐① ♠ét❛❧❧✐❝✐tés ❞✐✛ér❡♥t❡s ✭❩ ❂ 0.0001✱ 0.0004✱
0.004✱ 0.008✱ 0.02 ✭s♦❧❛✐r❡✮ ❡t 0.05✮ s♦♥t ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❞❡s â❣❡s ❛❧❧❛♥t ❞❡ ✵ à ✷✵ ♠✐❧❧✐❛r❞s
❞✬❛♥♥é❡s✳

❇✳✷ ❈❛❧✐❜r❛t✐♦♥ s♣❡❝tr♦s❝♦♣✐q✉❡ ❞❡s s✐♠✉❧❛t✐♦♥s

▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❝♦♥s✐st❡ à ❝❤♦✐s✐r ❧✬♦r✐❡♥t❛t✐♦♥ ❞❡ ❧❛ ❣❛❧❛①✐❡✱ ❝✬❡st✲à✲❞✐r❡
s♦♥ ❛♥❣❧❡ ❞❡ ♣♦s✐t✐♦♥ ❡t s♦♥ ✐♥❝❧✐♥❛✐s♦♥✳ ❖♥ ♣r♦❥❡tt❡ ❡♥s✉✐t❡ ❧❡s ❝♦♦r❞♦♥♥é❡s ❞❡s ♣❛rt✐❝✉❧❡s s✉r
✉♥❡ ❣r✐❧❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❝❛rré❡ ❡t ♦♥ ❛ttr✐❜✉❡ ✉♥ s♣❡❝tr❡ à ❝❤❛❝✉♥ ❞❡s é❧é♠❡♥ts ❞❡ rés♦❧✉t✐♦♥
❞❡ ❝❡tt❡ ❣r✐❧❧❡ ✭♦✉ ♣✐①❡❧s✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ❝♦♥t❡♥✉ ❡♥ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❡t ❣❛③❡✉s❡s✳

❇✳✷✳✶ ❙♣❡❝tr❡s ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ st❡❧❧❛✐r❡

❉❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱ ❝❤❛q✉❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ r❡♣rés❡♥t❡ ✉♥❡ ❙❙P ❝❛r❛❝tér✐sé❡ ♣❛r s♦♥
â❣❡ ❡t s❛ ♠ét❛❧❧✐❝✐té✳

▲❡ s♣❡❝tr❡ st❡❧❧❛✐r❡ S∗
j (λ, t) ❞✉ ❥✲è♠❡ ♣✐①❡❧ à ❧✬✐♥st❛♥t t s❡ ❝❛❧❝✉❧❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿

S∗
j (λ, t) =

Nj
∑

i=1

m∗
i s

∗
i (t − tborn

i , Zborn
i , vlos

i )

♦ù Nj ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s ❝♦♥t❡♥✉❡s ❞❛♥s ❧❡ ❥✲è♠❡ ♣✐①❡❧✱ m∗
i ❧❛ ♠❛ss❡ ❞❡ ❧❛

✐✲è♠❡ ♣❛rt✐❝✉❧❡ st❡❧❧❛✐r❡ ❡t s∗i s♦♥ s♣❡❝tr❡ ♥♦r♠❛❧✐sé✳ ❈❡ s♣❡❝tr❡ ❡st ❝❛❧❝✉❧é ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s♦♥
â❣❡ ✭t − tborn

i ✮ ❡t ❞❡ s❛ ♠ét❛❧❧✐❝✐té ✐♥✐t✐❛❧❡ ✭Zborn
i ✮ ♣❛r ✉♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❜✐❧✐♥é❛✐r❡✳ ❉❡ ♣❧✉s✱

❧✬❡✛❡t ❉♦♣♣❧❡r ❡st ♣r✐s ❡♥ ❝♦♠♣t❡ ❣râ❝❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ s❡❧♦♥ ❧✬❛①❡ ❞❡ ✈✐sé❡ ✭vlos
i ✮✳

❇✳✷✳✷ ❙♣❡❝tr❡s ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❣❛③❡✉s❡

▲❡ tr❛✐t❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s ❞❡ ❣❛③ ❞✐✛èr❡ ❞❡ ❝❡❧✉✐ ❞❡s ♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡ ❝❛r ❧❡ ❣❛③ ❡st
r❡♣rés❡♥té ♣❛r ❞❡s ♣❛rt✐❝✉❧❡s ❙P❍✳ ❊❧❧❡s ♦♥t ❞♦♥❝ ✉♥❡ ❡①t❡♥s✐♦♥ s♣❛t✐❛❧❡ ❝♦♥tr❛✐r❡♠❡♥t ❛✉①
♣❛rt✐❝✉❧❡s st❡❧❧❛✐r❡s q✉✐ s♦♥t ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ♣♦♥❝t✉❡❧❧❡s✳

▲❛ ♠❛ss❡ ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❙P❍ ♣❡✉t✱ ❞✉ ❢❛✐t s❛ t❛✐❧❧❡✱ ♣❡✉t s❡ ré♣❛rt✐r s✉r ♣❧✉s✐❡✉rs ♣✐①❡❧s
❞❡ ❧❛ ❣r✐❧❧❡✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❞✉ ❣❛③ s✉r ❧❛ ❣r✐❧❧❡ ✭mg

j ✮ ❡st ♦❜t❡♥✉❡ ❡♥ ❡✛❡❝t✉❛♥t ❧❛
❝♦♥✈♦❧✉t✐♦♥ ❞❡s ♣♦s✐t✐♦♥s ❞❡s ♣❛rt✐❝✉❧❡s ♣♦♥❞éré❡s ♣❛r ❧❡✉r ♠❛ss❡ ❛✈❡❝ ❧❡ ♥♦②❛✉ ❙P❍ ✉t✐❧✐sé✳
▲❛ ♠ê♠❡ ♦♣ér❛t✐♦♥ ❡st ❡✛❡❝t✉é s✉r ❧❡s ✈✐t❡ss❡s ❡t ❧❡s ✈✐t❡ss❡s ❛✉ ❝❛rré ❛✜♥ ❞✬♦❜t❡♥✐r ❧❡s ❝❛rt❡s
❞❡ ✈✐t❡ss❡ ✭vg

j ✮ ❡t ❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ ✈✐t❡ss❡ ✭σj✮ ❞✉ ❣❛③✳
▲❡ s♣❡❝tr❡ ♥♦♥ é❧❛r❣✐ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛✉ r❡♣♦s ❞❡ ❧❛ ❣❛❧❛①✐❡ ❡st ✿

S0
j (λ) = mg

js
g(λ)

♦ù mg
j ❡st ❧❛ ♠❛ss❡ ❞❡ ❣❛③ ❝♦♥t❡♥✉ ❞❛♥s ❧❡ ❥✲è♠❡ ♣✐①❡❧ ❡t sg(λ) ❡st ❧❡ s♣❡❝tr❡ ❞✬é♠✐ss✐♦♥ ❞✉

❣❛③✳

✶✶✵
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❋✐❣✳ ❇✳✶ ✕ ❙♣❡❝tr❡ ❞✬é♠✐ss✐♦♥ sg(λ) ❞✉ ❣❛③ ♥♦r♠❛❧✐sé à ✶▼⊙ ❡t ✉t✐❧✐sé ♣♦✉r ❧❛ ❝❛❧✐❜r❛t✐♦♥✳

P♦✉r ❞❡s r❛✐s♦♥s ❞❡ s✐♠♣❧✐❝✐té✱ t♦✉t ❧❡ ❣❛③ ❡st ❝♦♥s✐❞éré é♠✐ss✐❢ ❡t ♣♦ssè❞❡ ❧❡ ♠ê♠❡ s♣❡❝✲
tr❡ sg(λ) q✉✐ ♥❡ ❞é♣❡♥❞ ♣❛s ❞✉ t❡♠♣s t ♥✐ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✉ ❣❛③✳ ❈❡ s♣❡❝tr❡
❞✬é♠✐ss✐♦♥ ✭❝❢✳ ❋✐❣✳ ❇✳✶✮ ❛ été ❝❛❧❝✉❧é ❛✉ ♠♦②❡♥ ❞❡ ❧✬✐♥t❡r❢❛❝❡ ✇❡❜ ❙t❛r❜✉rst✾✾✲▼❛♣♣✐♥❣s ■■■
✭❤tt♣✿✴✴✇✇✇✳sts❝✐✳❡❞✉✴s❝✐❡♥❝❡✴st❛r❜✉rst✾✾✴♠❛♣♣✐♥❣s✴✮✳ ❈❡❧✉✐✲❝✐ ❝♦rr❡s♣♦♥❞ ❧✬é♠✐ss✐♦♥
❞✬✉♥ ❣❛③ ❞❡ ❝♦♠♣♦s✐t✐♦♥ s♦❧❛✐r❡ ❡①❝✐té ♣❛r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ st❡❧❧❛✐r❡ ❥❡✉♥❡ â❣é❡ ❞❡ 2.51▼②r✳

❈❡ s♣❡❝tr❡ ❡st ❡♥s✉✐t❡ é❧❛r❣✐ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡ ✈✐t❡ss❡ ❞✉ ❣❛③ ✭σj✮ ✿

S❱❉j (λ) =
1

σj

√
2π

∫ +∞

−∞

S0
j

(

λ
(

1 +
v

c

)−1
)

exp

(

− v2

2σ2
j

)

❞v

♦ù v ❡st ❧❛ ✈✐t❡ss❡ ❡t c ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡✳
❋✐♥❛❧❡♠❡♥t✱ ❧❡ s♣❡❝tr❡ ❡st ❞é❝❛❧é ♣❛r ❡✛❡t ❉♦♣♣❧❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❣❛③✳ ❖♥

♦❜t✐❡♥t ❞♦♥❝ ❧❡ s♣❡❝tr❡ ❞✉ ❣❛③ ❞✉ ❥✲è♠❡ ♣✐①❡❧ ✿

Sg
j (λ) = S❱❉j

(

λ
(

1 + vg
j /c
)−1

)

❇✳✷✳✸ ❉é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡ ❡t s♣❡❝tr❡ ✜♥❛❧

▲❡ s♣❡❝tr❡ ❞✉ ❥✲è♠❡ ♣✐①❡❧ Sj(j) ❡st ♦❜t❡♥✉ ❡♥ s♦♠♠❛♥t ❧❡s s♣❡❝tr❡s st❡❧❧❛✐r❡s ❡t ❣❛③❡✉① ✿

Sj(λ, t) = S∗
j (λ, t) + Sg

j (λ)

❊♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡ ❞é❝❛❧❛❣❡ ✈❡rs ❧❡ r♦✉❣❡ ❞❡ ❧❛ ❣❛❧❛①✐❡ z✱ ♦♥ ♦❜t✐❡♥t ❧❡ s♣❡❝tr❡
❞é✜♥✐t✐❢ ✿

Sj(λ, t, z) =
Sj(λ (1 + z)−1 , t)

1 + z

✶✶✶

http://www.stsci.edu/science/starburst99/mappings/
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❋✐❣✳ ❇✳✷ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❞✉ ❣❛③ ✭à ❣❛✉❝❤❡✮ ❡t ❞❡s ét♦✐❧❡s ✭à ❞r♦✐t❡✮ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳

❇✳✷✳✹ ❊①❡♠♣❧❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥

▲❛ ❝❛❧✐❜r❛t✐♦♥ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❛ été ❡✛❡❝t✉é❡ ❛✜♥ ❞✬êtr❡ ❡①♣❧♦✐té❡ ♣❛r ❧❡ s✐♠✉❧❛t❡✉r ❞✬✐♥✲
str✉♠❡♥t ❞❡ ▼❯❙❊✳ ▲❛ s✐♠✉❧❛t✐♦♥ ✉t✐❧✐sé❡ ❡st ✉♥❡ s✐♠✉❧❛t✐♦♥ ❞❡ ❣❛❧❛①✐❡ ❞✐sq✉❡ ❛②❛♥t é✈♦❧✉é
✶●②r✳

P♦✉r ❧❛ ❝❛❧✐❜r❛t✐♦♥✱ ❧❛ ❣❛❧❛①✐❡ ❛ été ✐♥❝❧✐♥é à ✉♥ ❛♥❣❧❡ ❞❡ ✹✺➦✳ ❙♦♥ r❡❞s❤✐❢t ❡st ❞❡ ✵✳✵✵✹✼✼
❡t ❧❡ ❝❤❛♠♣ ❞❡ ✈✉❡ ❡st ❞❡ ✻✵ × ✻✵ ❦♣❝ ✭♦✉ ✻✺ × ✻✺ ❛r❝s❡❝✮✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♠❛ss❡ ❣❛③❡✉s❡
❡t st❡❧❧❛✐r❡ s♦♥t r❡♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ❇✳✷✳

▲❛ ❣r✐❧❧❡ ✉t✐❧✐sé❡ ❛ ✉♥❡ t❛✐❧❧❡ ❞❡ ✻✺✵ × ✻✺✵ ♣✐①❡❧s ❡t ✉♥❡ rés♦❧✉t✐♦♥ ❞❡ ✾✷✳✸✶ ❦♣❝✴♣✐①❡❧ ♦✉
✵✳✶ ❛r❝s❡❝✴♣✐①❡❧✳ ▲✬â❣❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ✐♥✐t✐❛❧❡ ❛ été ✜①é❡ à ✸●②r ❡t s❛ ♠ét❛❧❧✐❝✐té à ❧❛ ✈❛❧❡✉r
s♦❧❛✐r❡ ✭Z = 0.02✮✳

●râ❝❡ à ❝❡tt❡ ❝❛❧✐❜r❛t✐♦♥✱ ♦♥ ♣❡✉t ♦❜s❡r✈❡r ❧✬❡✛❡t ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ s✉r ❧❡s ✐♠❛❣❡s✳
❖♥ r❡♠❛rq✉❡ ♥♦t❛♠♠❡♥t q✉❡ ❧❛ str✉❝t✉r❡ s♣✐r❛❧❡ ❞✉ ❣❛③ r❡ss♦rt ❜❡❛✉❝♦✉♣ ♣❧✉s ♥❡tt❡♠❡♥t à
✻✺✵✵➴ ✭❝❢✳ ❋✐❣✳ ❇✳✸ à ❣❛✉❝❤❡✮ q✉✬à ✾✵✵✵➴ ✭❝❢✳ ❋✐❣✳ ❇✳✸ à ❞r♦✐t❡✮✳
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Summary: The Multi Unit Spectroscopic Explorer (MUSE) is a second-generation VLT panoramic integral-field 

spectrograph under preliminary design study. MUSE has a field of 1x1 arcmin² sampled at 0.2x0.2 arcsec² and is assisted 

by the VLT ground layer adaptive optics ESO facility using four laser guide stars. The simultaneous spectral range is 

0.465-0.93 µm, at a resolution of R~3000.  MUSE couples the discovery potential of a large imaging device to the 

measuring capabilities of a high-quality spectrograph, while taking advantage of the increased spatial resolution provided 

by adaptive optics. This makes MUSE a unique and tremendously powerful instrument for discovering and 

characterizing objects that lie beyond the reach of even the deepest imaging surveys. MUSE has also a high spatial 

resolution mode with 7.5x7.5 arcsec² field of view sampled at 25 milli-arcsec. In this mode MUSE should be able to 

obtain diffraction limited data-cubes in the 0.6-0.93 µm wavelength range. Although the MUSE design has been 

optimized for the study of galaxy formation and evolution, it has a wide range of possible applications; e.g. monitoring 

of outer planets atmosphere, environment of young stellar objects, super massive black holes and active nuclei in nearby 

galaxies or massive spectroscopic surveys of stellar fields in the Milky Way and nearby galaxies. 

 

1. Imager or spectrograph? 

Imagers and spectrographs are the most common tools of optical astronomers. In most cases, 

astronomical observations start with imaging surveys in order to find the interesting targets and then 

switch to spectrographic observations in order to study the physical and/or dynamical properties of 

the selected object. Thanks to the excellent throughput and large format of today’s detectors, large 

fractions of the sky can be surveyed in depth with imagers. The most limiting factor is the 

spectroscopic observations, which are time consuming and tend to have small multiplex capabilities. 

Recent development of large multi-object spectrographs such as VIMOS at VLT [LeFevre O. et al,  

2003] or DEIMOS at Keck [Fabers, S. et al, 2003] has somewhat improved the situation. However 

the total number of sources in a typical imaging survey is much larger than what is possible to 

observe with spectroscopy. The selection of sources is then mandatory.  Usually the selection 

criterion is based on a series of multi-color images and is intended to select the appropriate spectral 
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characteristics of the population of the searched objects. This incurs a direct cost in telescope time 

since more than one exposure must be made at each sky location. As another disadvantage, the 

selection process is never 100% efficient, and thus a fraction of time of the follow-up spectroscopy is 

lost due to misidentifications. 

The major weakness of this approach, however, is probably not the relatively low efficiency of the 

method, but the a priori selection of targets. This pre-selection severely biases the spectrographic 

observations and limits considerably the discovery space. 

2. Imager and spectrograph 

An alternative to the classical approach is to perform simultaneously imaging and spectroscopy. The 

idea is to merge into one instrument the best of the two capabilities: from the imaging world its field 

of view and high spatial resolution; and from the spectrograph’s world its high resolving power and 

large spectral range.  

Such an instrument will overcome the difficulty inherent to the classical method. Because there is no 

longer the need to pre-select the sources, one can even detect objects that would not have been found 

or pre-selected in the pre-imaging observations. In the most extreme case, such as object with very 

faint continuum but relatively bright 

emission lines, the objects can only be 

detected with this instrument, however 

not with direct imaging techniques. 

A simple computation shows that such 

an ideal instrument will necessarily need 

a lot of detector pixels. For example let’s 

take a spatial field of view 

corresponding to a standard 2048x4096 

pixels detector and a wavelength range 

of 0.4-0.8 µm with a spectral resolution 

of 3000, which translate to 4000 spectral 

pixels. The total number of pixels is then 

16 × 10
9
. Given that some optics is 

needed in front of these pixels, one can 

immediately see the feasibility problem. 

3. MUSE wide field mode 

The Multi Unit Spectroscopic Explorer 

(MUSE) for the ESO/VLT telescope is a 

major step towards this ideal instrument. 

It is an integral field spectrograph (or 

IFU) which combines large field of 

view, high spatial resolution, medium 

resolving power and large simultaneous 

spectral range. Nowadays, integral field 

spectroscopy is part of the panoply of 

modern telescopes. However, most of 

the currently operating integral field 
Table 1 : MUSE Observational Parameters

Simultaneous spectral 

range 

0.465-0.93 µm 

2000@0.46µm Resolving power 

4000@0.93µm 

Wide Field Mode 

Field of view 1x1 arcmin² 

Spatial sampling 0.2x0.2 arcsec² 

Spatial resolution @ 

0.75µm(median seeing) 

0.46 arcsec (AO) 

0.65 arcsec (non AO) 

AO condition of 

operation  

70%-ile 

70% at galactic pole Sky coverage with AO 

99% at galactic equator 

Limiting magnitude in 

80h 

IAB = 25.0 (full Res) 

 IAB = 26.7 (R=180) 

Limiting Flux in 80h 3.9 10
-19

 erg.s
-1

.cm
-2

 

Narrow Field Mode 

Field of view 7.5x7.5 arcsec² 

Spatial sampling 0.025x0.025 arcsec² 

Spatial resolution @ 

0.75µm(median seeing) 

0.042 arcsec 

Strehl ratio@0.75µm 5% (10% goal) 

Limiting magnitude in 1h RAB=22.3 

Limiting flux in 1h 2.3 10
-18

 erg.s
-1

.cm
-2

 

Limiting surface 

brightness

RAB=17.3 arcsec
-2
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spectrographs have only a small field of view and are thus devoted to the detailed physical study of 

single objects. Some multi-IFUs, like Giraffe at VLT [Pasquini et al. 2002], have multiplex 

capabilities of a dozen objects, which increase their efficiency. This however does not break the 

operational three steps (imaging, selection and spectrography) paradigm. 

MUSE has three operating modes: a wide field mode (WFM) with and without adaptive optics 

correction and a narrow field mode (NFM) with adaptive optics. The observational parameters are 

given in table 1. 

 

The total number of information elements is given by the product of the number of spaxels
1
 (90,000) 

with the number of spectral pixels (4,000), resulting in 360 million elements in the final data-cubes. 

Such a large number of pixels is not feasible with a single piece of optics and a single detector. 

MUSE is thus composed of 24 identical modules, each one consisting of an advanced slicer, a 

spectrograph and a (4k)² detector. A series of fore-optics and splitting and relay optics is in charge of 

derotating and splitting the square field of view into 24 sub-fields. These are placed on the Nasmyth 

platform between the VLT Nasmyth focal plane and the 24 IFU modules. AO correction will be 

performed by the VLT deformable secondary mirror [Arsenault R. et al, SPIE 6272-29]. Four 

sodium laser guide stars are used, plus a natural star for tip/tilt correction. All guide stars are taken 

outside the scientific field of view in order to minimize the amount of scattered light, while the only 

additional optic located within the scientific field of view is a Na notch filter, revolutionary reducing 

transmission losses with respect to traditional AO systems. This complex AO system is part of the 

VLT AO facility described elsewhere at this meeting [Stroebele S. et al, SPIE 6272-11, Stuik R. et 

al, SPIE 6272-33]. 

. 

4. MUSE narrow field mode 

The MUSE narrow field mode uses an additional optical system inserted into the fore-optics to 

change the spatial sampling from 0.2 arcsec to 0.025 arcsec. The field of view is proportionally 

reduced to 7.5x7.5 arcsec². The most significant change is in the AO optimization and configuration 

(laser guide star are moved closer) and the tip/tilt, which is performed at IR wavelengths on either a 

natural guide star within the field of view or the object itself. With such a configuration, the AO 

facility is expected to deliver a diffraction-limited image with a Strehl ratio of 5% (goal 10%) at 

0.75µm. 

5. Science case 

MUSE has a broad range of astrophysical applications, ranging from the spectroscopic monitoring of 

solar system’s outer planets to very high redshift galaxies. We give in the following sections a few 

examples of scientific applications that are considered to be important instrument drivers. 

 
5.1 Wide-Field Mode 

The most challenging scientific and technical application, and the most important driver for the 

instrument design, is the study of the progenitors of normal nearby galaxies out to redshifts z>6. 

These systems are extremely faint and can only be found by their Lyα emission. MUSE will be able 

to detect these in large numbers (~15,000) through a set of nested surveys of different area and depth 

(figure 1). The deepest survey will require very long integration (80 hrs each field, figure 2) to reach 

                                                 
1 Spatial elements (to be distinguished from detector pixels) 
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1 arcmin

 

 

a limiting flux of 3.9 × 10
-19

erg.s
-1

.cm
-2

, a factor of 100 times better than what is currently achieved 

with narrow band imaging. These surveys will simultaneously address the following science goals:  • Study of intrinsically faint galaxies at high redshift, including determination of their 

luminosity function and clustering properties,  • Detection of Lyα emission out to the epoch of reionization, study of the cosmic web, and 

determination of the nature of  reionization,  • Study of the physics of Lyman break galaxies, including their winds and feedback to the 

intergalactic medium,  • Spatially resolved spectroscopy of luminous distant galaxies, including lensed objects • Search of late-forming population III objects,  • Study of active nuclei at intermediate and high redshifts,  • Mapping of the growth of dark matter haloes,  • Identification of very faint sources detected in other bands, and  • Serendipitous discovery of new classes of objects.  

Multi-wavelength coverage of the same fields by MUSE, ALMA, and JWST will provide nearly all 

the measurements needed to answer the key questions of galaxy formation. 

 

At lower redshifts, MUSE will provide exquisite two-dimensional maps of the kinematics and stellar 

populations of normal, starburst, interacting and active galaxies in all environments, probing sub-

kiloparsec scales out to well beyond the Coma cluster. These will reveal the internal substructure, 

uncovering the fossil record of their formation, and probe the relationship between super massive 

black holes and their host galaxy. 

 

MUSE will enable massive spectroscopy of the resolved stellar populations in the nearest galaxies, 

outperforming current capabilities by factors of over 100. This will revolutionize our understanding 

Fig 2: Sampled area (in arcmin²) and sampled 

volume (comoving Mpc3) of MUSE deep fields 

(red circles) versus the current Lyα surveys 

( )

Fig 1: Simulated MUSE deep field. Galaxies are 

coloured according to their apparent redshift. 

Galaxies detected by their continuum (IAB < 26.7 ) 

and/or by their  Lyα emission (Flux > 3.9 x 10-19 

erg.s-1.cm-2) are shown.
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of stellar populations, provide a key complement to GAIA studies of the Galaxy, and a preview of 

what will be possible with an ELT (Fig.3).  
 

Fig. 3: Left: composite image of the southern spiral galaxy NGC300, illustrating the power of massive spectroscopy with 

MUSE. The frames to the right are a narrowband [O III] 5007 exposure (top), and a corresponding nearby continuum 

exposure (bottom), obtained with the NTT over a FOV of 2.2×2.2arcmin2 (Soffner et al. 1996). MUSE will cover the 

same field in a total of 4 exposures. Unlike the narrowband imaging example (intended for the purpose of discovering  

planetary nebulae), the MUSE datacube will provide full spectral information for each spatial element, with a huge 

discovery potential for massive stars, super bubbles, H II regions, PNe, SNRs, novae ⎯ virtually the full inventory of the 

stellar and gaseous constituents of  the galaxy. As a complement to GAIA, application to LMC/SMC and the bulge of the 

MW will provide kinematics and abundance information for the detailed study of stellar populations and the formation 

history of the host galaxy, similar to e.g. the RAVE survey (Steinmetz 2002), albeit orders of magnitude more efficiently. 

 
5.2 Narrow-Field Mode 

 

Contrary to the Wide Field Mode, the Narrow Field mode science is dedicated to detailed study of 

single objects at very high spatial resolution. We give in the following a few examples. 

 

The study of super massive black holes: During galaxy mergers, super massive black holes sink to 

the bottom of the potential well, forming binary systems which ‘scour out’ lower-density cores in the 

central regions of the remnant. Such processes should leave detect able signatures in the environment 

of the SMBH. Likewise, accretion of mass onto super massive black holes should trigger activity 

and feedback to the local regions and beyond. However, observationally, very little is known about 

this environment, either in terms of stellar orbital structure or chemical enrichment history.  

Young stellar objects: The key contribution from MUSE will be both in spectral grasp (covering key 

diagnostics of density, temperature and ionization) and the ability to provide very high spatial 

resolution over a relatively large field of view. This will allow the physical processes involved in the 

formation and structure of the jets to be investigated in detail 
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Solar system: MUSE NFM would allow observation of various bodies within our solar system at a 

spatial resolution approaching that of more costly space missions. Applications are: monitoring 

volcanic activity on the Galilean satellites, spectral monitoring of Titan’s atmosphere, global 

monitoring of the atmospheres of Uranus and Neptune, internal structure and composition of comets 

and mineralogical surface heterogeneities of asteroids.  

6. Opto-mechanical concept 

The opto-mechanical concept has to fulfill the following challenging requirements: • Replication of modules at low cost in order to achieve the required number of spatial and 

spectral elements. • High throughput despite the required number of optical surfaces • High image quality in order to optimally use the image quality deliver by the AO facility • High stability and reliability over long exposures • Maintain cost, mass and volume 

The 24 IFUs are central to MUSE. They have been designed to achieve an excellent image quality 

(85% enclosed energy within a 15x30µm
2
 in the detector plane), and make use of innovative slicer 

and spectrograph concepts. The slicer is an evolution of the advanced slicer concept proposed by R. 

Content [Content R. et al, 1997]. It is based on a 2-mirror compact design, suitable for diamond 

machining. Recent progress of the manufacturing process has enabled high precision metal surfacing 

with good surface roughness (3 nm RMS).  Such mirrors are now compatible with optical 

wavelength requirements and are much more cost effective than other approaches for the large-scale 

production foreseen for MUSE. Further details of the MUSE slicer are presented elsewhere at this 

conference [Laurent F. et al, SPIE 6273]. The compact spectrograph design achieves an excellent 

image quality over the large spectral bandwidth of MUSE. In this design, the tilt of the detector 

compensates for the axial chromatism, which then does not need to be corrected optically. This is a 

cost effective solution, avoiding the use of expensive optical materials, e.g. CaF2. 

Fig 4: Instrument overview at the VLT Nasmyth platform.  
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To maintain a high throughput (40% for the whole instrument) despite the relatively large number of 

required surfaces, attention is paid to use state-of-the art transmission and reflection coatings. 

Detectors are 4kx4k 15µm deep depletion devices with improved quantum efficiency in the red. 

Furthermore we will use new volume phase holographic gratings with a high efficiency over the 

large (one octave) spectral range.  

To simplify the interfaces between GALACSI and MUSE, all AO components, including the tip/tilt 

sensor, are mounted in the Nasmyth derotator. There is however a risk of misalignment of the AO 

reference system with respect to MUSE, which is located on the platform. To mitigate this risk and 

to maintain the optical axis within the tight tolerances required by the spatial performances and 

stability, a metrology system has been designed. It is a close loop system based on four reference 

light sources located in the fore-optics and imaged into the AO system. 

The cryogenic system is based on pulse tubes, which are compact and which avoid to refill 24 

dewars with liquid nitrogen. The accompanying compressors are located outside the Nasmyth 

platform on the telescope floor which avoids any possible transmittance of vibrations onto the 

instrument. 

 

The instrument weight is approaching 8 metric tonnes in total and its size will fill basically the entire 

volume of the Nasmyth platform of roughly 50 m
3
. This outnumbers every instrument that was built 

so far for the VLT and will make of MUSE an impressive instrument (Fig.4). With these 

dimensions, assembling and providing the necessary access to all the components is a challenge. The 

main instrument structure is designed as a single unit to fulfil the highly demanded stability of all 

optical components regarding each other in order to maintain the superb image quality given by 

GALACSI on long exposures.  

The latter is done with a complex optical system that has to derotate and to split the observing field 

and to distribute and feed the spectrographic units with these sub-fields. Despite its 24 spectrographs 

mounted into a monolithic structure, MUSE will act as a single instrument with respect to the 

telescope and the AO system. Nevertheless, the instrument is set up with a highly modular character 

for the assembly, maintenance and any operational exchange.  

 

7. Operation and data reduction 

Despite its impressive number of optomechanical elements, MUSE shall be an instrument easy to 

operate. There are no moving parts in the 24 modules and the switch between wide to narrow field 

mode implies only the addition of some optics within the fore-optics train. MUSE has only three 

operating modes: non-AO and AO wide field mode, and AO narrow-field mode. The three modes 

differ only by the presence of AO and the spatial sampling. In the wide field non-AO mode, 

operation shall be limited to the simple point-and-shoot scheme. In the other modes, the complexity 

is related to the operation of AO including the lasers. All modes share the same spectroscopic 

configurations (wavelength range and resolution). 

On the other hand, with 1.6 Gb per single exposure, the data reduction is a challenge, not only 

because of this data volume, but also because of its 3D characteristics. The handling of such large 

data cubes is not straightforward. As an example, one can mention the optimal summation of a series 

of data cubes obtained with AO and different atmospheric conditions. This is intrinsically a 4-

dimensional problem because the AO-delivered PSF changes with time, location within the field of 

view, and wavelength. 
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8. Project status 

The MUSE Consortium consists of groups at Lyon (PI institute, CRAL), Göttingen (IAG), Potsdam 

(AIP), Leiden (NOVA), Toulouse (LAOMP), Zurich (ETH) and ESO. The project is currently in its 

preliminary design phase. In July 2006, the optical preliminary design review will be the starting 

point for the manufacturing of a complete breadboard consisting of a slicer, a spectrograph and a 

detector, while the full preliminary design review is scheduled for early 2007. Results of the 

breadboard will be analyzed for the final design review in July 2008. Manufacturing, assembly and 

integration will then take place up to mid 2011. First light is scheduled on Paranal early 2012. 

 

9. Conclusions 

Astronomy is to a significant degree still driven by unexpected discovery (e.g. dark matter and dark 

energy). These discoveries are often made by pushing the limit of observations with the most 

powerful telescopes and/or opening a new area of instrumental parameter space. MUSE is designed 

to push the VLT to its limit and to open a new parameter space area in sensitivity, spatial resolution, 

field of view and simultaneous spectral coverage.  We are convinced that it fulfils all the required 

conditions to have a large potential of discoveries: 

 • It will be the first spectrograph that could blindly observe a large volume of space, without 

any imaging pre-selection. • It will be the first optical AO-assisted IFU working at improved spatial resolution in most 

atmospheric conditions with large sky coverage.  • It will be the first spectrograph optimized to work with very long integration times and to 

reach extremely faint emission line detection. 

 

MUSE will thus be able to discover objects that have measurable emission lines, but with a 

continuum that is too faint to be detected in broad-band imaging. For example, the deepest 

broad-band imaging available today is the HST Ultra Deep Field (UDF) with IAB<29. According 

to CDM simulations, however, only 15% of MUSE high-z Lyα emitters (z>5.5) will have a 

continuum bright enough to be detected in the UDF. MUSE is also the only instrument capable 

of detecting faint diffuse ionized gas, like extended halos or filaments. Finally, objects with 

unusual spectral features should also be detected by MUSE, whatever their broad band 

magnitude and colors are. The unprecedented capabilities of MUSE should also lead to 

discoveries far away from our present expectations. 

 

By many aspects, MUSE is a precursor of future ELT instrumentations. For example 

manufacturing, integration and maintenance of a large number of identical, high performance 

optical systems at low cost and on reasonable time scale will be a critical aspect fro most of ELT 

instruments. MUSE will also be the first AO-assisted IFU to address a key science case of future 

ELTs: massive spectroscopy of resolved stellar populations in nearby galaxies, employing 

crowded field 3D spectroscopy over a large field-of-view.  
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MUSE public web site: http://muse.univ-lyon1.fr 
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The Multi Unit Spectroscopic Explorer 

(MUSE) is a second-generation VLT 

panoramic integral-field spectrograph 

presently under preliminary design 

study. MUSE has a field of 1 × 1 arcmin2 

sampled at 0.2 × 0.2 arcsec2 and is as-

sisted by the VLT ground layer adaptive 

optics ESO facility using four laser 

guide stars. The simultaneous spectral 

range is 0.465–0.93 µm, at a resolution 

of R ~ 3 000. MUSE couples the dis-

covery potential of a large imaging de-

vice to the measuring capabilities of  

a high-quality spectrograph, while tak-

ing advantage of the increased spatial 

resolution provided by adaptive optics. 

MUSE has also a high spatial resolu-

tion mode with 7.5 × 7.5 arcsec2 field of 

view sampled at 25 milli-arcsec. In this 

mode MUSE should be able to ob- 

tain diffraction-limited data cubes in the 

0.6–0.93 µm wavelength range.

Imager or spectrograph?

Imagers and spectrographs are the most 

common tools of optical astronomers.  

In most cases, astronomical observations 

start with imaging surveys in order to find 

the interesting targets and then switch  

to spectrographic observations in order 

to study the physical and/or dynamical 

properties of the selected object. Thanks 

to the excellent throughput and large for-

mat of today’s detectors, large fractions 

of the sky can be surveyed in depth with 

imagers. As far as spectroscopic follow-

up is concerned, this is still a very time- 

consuming task, given the relatively small 

multiplex capabilities available. Recent 

development of large multi-object spec-

trographs such as VIMOS at VLT (Le Fèvre 

et al. 2003) or DEIMOS at Keck (Fabers 

et al. 2003) has somewhat improved the 

situation. However, the total number  

of sources in a typical imaging survey is 

much larger than what is possible to ob-

serve with spectroscopy. The selection  

of sources is then mandatory. Usually the 

selection criterion is based on a series  

of multi-colour images and is intended to 

select the appropriate spectral character-

istics of the population of the searched 

objects. This incurs a direct cost in tele-

scope time since more than one expo-

sure must be made at each sky location. 

As another disadvantage, the selection 

process is never 100 % efficient, and thus 

a fraction of time of the follow-up spec-

troscopy is lost due to misidentifications.

The major weakness of this approach, 

however, is probably not the relatively low 

efficiency of the method, but the a priori 

selection of targets. This pre-selection 

severely biases the spectrographic obser-

vations and limits considerably the dis-

covery space.

Imager and spectrograph

The ideal instrument is one which simul-

taneously performs both imaging and 

spectroscopy. The idea is to merge into 

one instrument the best of the two capa-

bilities: for imaging it is field of view and 

high spatial resolution; and for spectrog-

raphy it is high resolving power and large 

spectral range. 

Such an instrument will overcome the 

difficulty inherent to the classical method. 

Because there is no longer the need  

to pre-select the sources, one can even 

detect objects that would not have been 

found or pre-selected in the pre-imag- 

ing observations. In the most extreme 

case, such as objects with very faint con-

tinuum but relatively bright emission lines, 

the objects can only be detected with  

this instrument, not with direct imaging 

techniques.

✶✷✺
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A simple computation shows that such 

an ideal instrument will necessarily need 

a lot of detector pixels. For example con-

sider a spatial field of view corresponding 

to a standard 2 048 × 4 096 pixel detector 

and a wavelength range of 0.4–0.8 µm 

with a spectral resolution of 3 000, which 

translate to 4 000 spectral pixels. The to-

tal number of pixels is then 16 × 109. Giv-

en that some optics are needed in front 

of these pixels, one can immediately see 

the feasibility problem.

The Multi Unit Spectroscopic Explorer

The Multi Unit Spectroscopic Explorer 

(MUSE) for the ESO/VLT telescope is a 

major step towards this ideal instrument. 

MUSE is being studied and built by a 

consortium consisting of six major Euro-

pean institutes, at Lyon (PI institute, CRAL, 

France), Göttingen (IAG, Germany), 

Potsdam (AIP, Germany), Leiden (NOVA, 

Netherlands), Toulouse (LATT, France), 

Zurich (ETH, Switzerland) and ESO. It is 

an integral-field spectrograph (or IFU) 

which combines large field of view, high 

spatial resolution, medium resolving 

power and large simultaneous spectral 

range. 

Nowadays, integral-field spectroscopy is 

part of the panoply of modern tele-

scopes. However, most of the currently 

operating integral-field spectrographs 

have only a small field of view and are 

thus devoted to the detailed physical 

study of single objects. Some multi-IFUs, 

like Giraffe at the VLT (Pasquini et al. 

2002), have multiplex capabilities of a 

dozen objects, which increase their 

efficiency. This however does not break 

the operational three steps (imaging, 

selection and spectrography) paradigm.

MUSE has three operating modes: a 

wide-field mode which can work with and 

without adaptive optics correction and a 

narrow-field mode with high spatial reso-

lution. The observational parameters are 

given in Table 1.

The total number of information ele-

ments is given by the product of the num-

ber of spaxels1 (90 000) with the num- 

ber of spectral pixels (4 000), resulting in 

360 million elements in the final data 

cubes. Such a large number of pixels is 

not feasible with a single piece of optics 

and a single detector. MUSE is thus 

composed of 24 identical modules, each 

one consisting of an advanced slicer, a 

spectrograph and a (4k)2 detector. A se-

ries of fore-optics and splitting and relay 

optics derotates and splits the square 

field of view into 24 subfields. These are 

placed on the Nasmyth platform between 

the VLT Nasmyth focal plane and the  

24 IFU modules. AO correction will be per-

formed by the VLT deformable second-

ary mirror. Four sodium laser guide stars  

are used, plus a natural star for tip/tilt 

correction. All guide stars are taken out-

side the scientific field of view in order  

to minimise the amount of scattered light, 

while the only additional optic located 

within the scientific field of view is a rev-

olutionary Na notch filter, reducing trans-

mission losses with respect to tradition- 

al AO systems. This complex AO system 

is part of the general VLT AO facility 

(Arsenault et al. 2006). The part specific 

to MUSE is called GALACSI.

The MUSE narrow-field mode uses an 

additional optical system inserted into the 

fore-optics to change the spatial sam-

pling from 0.2 arcsec to 0.025 arcsec. 

The field of view is proportionally reduced 

to 7.5 × 7.5 arcsec2. The most signifi- 

cant change is in the AO optimisation and 

configuration (laser guide stars are moved 

closer) and the tip/tilt, which is performed 

at IR wavelengths on either a natural 

guide star within the field of view or the 

object itself. With such a configuration, 

the AO facility is expected to deliver a dif-

fraction-limited image with a Strehl ratio 

of 5 % (goal 10 %) at 0.75 µm.

Science with the Wide-Field Mode

MUSE has a broad range of astrophysical 

applications, ranging from the spectro-

scopic monitoring of the Solar System’s 

outer planets to very high-redshift gal-

axies. We give in the following sections a 

few examples of scientific applications 

that are considered to be important in-

strument drivers.

The most challenging scientific and tech-

nical application, and the most important 

driver for the instrument design, is the 

study of the progenitors of normal nearby 

galaxies out to redshifts z > 6. These 

systems are extremely faint and can only 

be found by their Lya emission. MUSE 

will be able to detect these in large num-

bers (~ 15 000) through a set of nested 

surveys of different area and depth (Fig-

ure 1). The deepest survey will require 

very long integration (80 hrs per field) to 

reach a limiting flux of 3.9 × 10–19 erg  

s–1 cm–2, a factor of 100 times better than 

what is currently achieved with narrow-

band imaging. These surveys will simul-

taneously address the following science 

goals: 

–  Study of intrinsically faint galaxies at 

high redshift, including determination of 

their luminosity function and clustering 

properties, 

–  Detection of Lya emission out to the 

epoch of reionisation, study of the 

cosmic web, and determination of the 

nature of reionisation, 

–  Study of the physics of Lyman break 

galaxies, including their winds and 

feedback to the intergalactic medium, 

–  Spatially resolved spectroscopy of 

luminous distant galaxies, including 

lensed objects (Figure 2)

–  Search of late-forming population III 

objects, 

1  Spatial elements (to be distinguished from detector 

pixels).

Table 1: MUSE Observational Parameters

Simultaneous spectral 

range

Resolving power

Wide-Field Mode

Field of view

Spatial sampling

Spatial resolution at 

0.75 µm (median seeing)

AO condition of 

operation 

Sky coverage with AO

Limiting magnitude 

in 80 h

Limiting flux in 80 h

Narrow-Field Mode

Field of view

Spatial sampling

Spatial resolution at 

0.75 µm (median seeing)

Strehl ratio at 0.75 µm

Limiting magnitude in 1 h

Limiting flux in 1 h

Limiting surface 

brightness (mag)

0.465–0.93 µm

2 000 at 0.46 µm

4000 at 0.93 µm

1 × 1 arcmin2

0.2 × 0.2 arcsec2

0.46 arcsec (AO)

0.65 arcsec (non AO)

70th percentile

70 % at galactic pole

99 % at galactic equator

IAB = 25.0 (full Res)

IAB = 26.7 (R = 180)

3.9 10–19 erg s–1 cm–2

7.5 × 7.5 arcsec2

0.025 × 0.025 arcsec2

0.042 arcsec

5 % (10 % goal)

RAB = 22.3

2.3 10–18 erg s–1 cm–2

RAB = 17.3 arcsec–2

✶✷✻
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–  Study of active nuclei at intermediate 

and high redshifts, 

–  Mapping of the growth of dark matter 

haloes, 

–  Identification of very faint sources 

detected in other bands, and 

–  Serendipitous discovery of new classes 

of objects. 

Multi-wavelength coverage of the same 

fields by MUSE, ALMA, and JWST will 

provide nearly all the measurements 

needed to answer the key questions of 

galaxy formation.

At lower redshifts, MUSE will provide ex-

quisite two-dimensional maps of the 

kinematics and stellar populations of 

normal, starburst, interacting and active 

galaxies in all environments, probing  

sub-kiloparsec scales out to well beyond 

the Coma cluster. These will reveal the 

internal substructure, uncovering the fos-

sil record of their formation, and probe 

the relationship between super mas- 

sive black holes and their host galaxies  

(Figure 3).

MUSE will enable massive spectroscopy 

of the resolved stellar populations in  

the nearest galaxies, outperforming cur-

rent capabilities by factors of over 100. 

This will revolutionise our understanding 

of stellar populations, provide a key 

complement to GAIA studies of the Gal-

axy, and a preview of what will be pos-

sible with an ELT (Figure 4). 

Figure 1: Simulated MUSE deep field. Galaxies are 

coloured according to their apparent redshift. 

Galaxies detected by their continuum (IAB < 26.7 mag) 

and/or by their Lya emission (Flux > 3.9 × 10–19 erg 

s–1 cm–2) are shown.
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Figure 2: An HST-ACS image of the lensing cluster 

Abell 1689 (Broadhurst et al. 2005). This cluster is a 

prime candidate for strong lensing studies with 

MUSE, given its very large Einstein radius, and the 

large number of arcs identified. Broadhurst et al. 

identified at least seven systems which were multiply 

imaged. The upper panel shows the full image,  

the lower panels show some of the strongly lensed 

galaxies.

Science with the Narrow-Field Mode

In contrast to the Wide-Field Mode, the 

Narrow-Field mode science is dedicated 

to detailed studies of single objects at 

very high spatial resolution. We give in the 

following a few examples.

The study of supermassive black holes: 

During galaxy mergers, supermassive 

black holes sink to the bottom of the po-

tential well, forming binary systems  

which ‘scour out’ lower-density cores in 

the central regions of the remnant.  

Such processes should leave detectable 

signatures in the environment of the 

SMBH. Likewise, accretion of mass onto 

supermassive black holes should trigger 

activity and feedback to the local regions 

and beyond. However, observationally 

very little is known about this environ-

ment, either in terms of stellar orbital 

structure or chemical enrichment history.

Young stellar objects: The key contribu-

tion from MUSE will be both in spectral 

grasp (covering key diagnostics of den-

sity, temperature and ionisation) and the 

ability to provide very high spatial reso-

lution over a relatively large field of view. 

This will allow the physical processes 

involved in the formation and structure of 

the jets to be investigated in detail.

Solar System: MUSE NFM would allow 

observations of various bodies within  

our Solar System at a spatial resolution 

approaching that of more costly space 

✶✷✼
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Figure 3: Selection of nearby early-type galaxies 

observed with SAURON (de Zeeuw et al. 2002). Top 

row shows the reconstructed images, which are 

regular and smooth. The middle row shows the ve-

locity field, and the bottom row shows the distri-

bution of Mgb absorption strength. MUSE will be 

able to expand this pilot study at larger distance and 

in different cluster environments.
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Figure 4: Left: Composite image of the southern 

spiral galaxy NGC 300, illustrating the power of 

massive spectroscopy with MUSE. The frames to the 

right are a narrowband [O III] 5007 exposure (top), 

and a corresponding nearby continuum exposure 

(bottom), obtained with the NTT over a FOV of 

2.2 × 2.2 arcmin2 (Soffner et al. 1996). MUSE will 

cover the same field in a total of four exposures. 

Unlike the narrowband imaging example, the MUSE 

data cube will provide full spectral information for 

each spatial element, with a huge discovery potential 

for massive stars, super bubbles, H II regions, PNe, 

SNRs, novae – virtually the full inventory of the stellar 

and gaseous constituents of the galaxy.

missions. Applications are: monitoring 

volcanic activity on the Galilean satellites, 

spectral monitoring of Titan’s atmos-

phere, global monitoring of the atmos-

pheres of Uranus and Neptune, inter- 

nal structure and composition of comets 

and mineralogical surface heterogene-

ities of asteroids. 

Opto-mechanical concept

The opto-mechanical concept has to fulfil 

the following challenging requirements:

–  Replication of modules at low cost in 

order to achieve the required number of 

spatial and spectral elements.

–  High throughput despite the required 

number of optical surfaces

–  High image quality in order to optimally 

use the image quality delivered by the 

AO facility

–  High stability and reliability over long 

exposures

– Maintain cost, mass and volume

The 24 IFUs are central to MUSE. They 

have been designed to achieve an ex-

cellent image quality (85 % enclosed en-

ergy within 15 × 30 µm2 in the detector 

plane), and make use of innovative slicer 

and spectrograph concepts. The slicer is 

based on a two-mirror compact design, 

suitable for diamond machining (Figure 5 

and 6). Recent progress of the manufac-

turing process has enabled high-preci-

sion metal surfacing with good surface 

roughness (3 nm rms). Such mirrors are 

now compatible with optical wavelength 

requirements and are much more cost 

effective than other approaches for the 

large-scale production foreseen for MUSE. 

The compact spectrograph design 

achieves an excellent image quality over 

the large spectral bandwidth of MUSE.  

In this design, the tilt of the detector com-

pensates for the axial chromatism, which 

then does not need to be corrected 

optically. This is a cost-effective solution, 

avoiding the use of expensive optical 

materials, e.g. CaF2.

To maintain a high throughput (40 % for 

the whole instrument) despite the rela-

tively large number of required surfaces, 

attention is paid to use state-of-the-art 

transmission and reflection coatings. 

Detectors are 4k × 4k 15 µm deep deple-

tion devices with improved quantum 

efficiency in the red. Furthermore we will 

use new volume phase holographic gra-

tings with a high efficiency over the large 

(one octave) spectral range. 

To simplify the interfaces between GAL-

ACSI and MUSE, all AO components, 

including the tip/tilt sensor, are mounted 

in the Nasmyth derotator. There is 

therefore a risk of misalignment of the AO 

Telescopes and Instrumentation Bacon R. et al., Probing Unexplored Territories with MUSE
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Figure 5: Each MUSE slicer consists of 

four stacks of 12 slit-mirror arrays 

(right side of the figure) and four stacks 

of 12 pupil-mirror arrays (left side).  

This gives a total of 2304 spherical mir-

rors for the full instrument.

Figure 6: Breadboard 

slit (bottom) and pupil 

mirror array (top) in test 

at CRAL.

reference system with respect to MUSE, 

which is located on the platform. To mit-

igate this risk and to maintain the optical 

axis within the tight tolerances required 

by the spatial performances and stability, 

a metrology system has been designed.  

It is a closed-loop system based on four 

reference light sources located in the 

fore-optics and imaged into the AO sys-

tem.

The cryogenic system is based on pulse 

tubes, which are compact and which 

avoid refilling 24 dewars with liquid nitro-

gen. The accompanying compressors  

are located outside the Nasmyth platform 

on the telescope floor to avoid any pos-

sible transmittance of vibrations onto the 

instrument.

The instrument weight is approaching 

eight metric tons in total and its size  

will fill basically the entire volume of the 

Nasmyth platform of roughly 50 m3. This 

is bigger than every instrument that has 

been built so far for the VLT and will make 

MUSE an impressive instrument (Figure 7 

and 8). With these dimensions, assem-

bling and providing the necessary access 

to all the components is a challenge.  

The main instrument structure is de-

signed as a single unit to fulfil the highly 

demanded stability of all optical compo-

nents with respect to each other in order 

to maintain the superb image quality 

given by GALACSI on long exposures. 

The latter is done with a complex optical 

system that has to derotate and to split 

the observing field and to distribute and 

feed the spectrographic units with these 

sub-fields. Despite its 24 spectrographs 

mounted into a monolithic structure, 

MUSE will act as a single instrument with 

respect to the telescope and the AO sys-

tem. Nevertheless, the instrument is set 

up with a highly modular character for the 

assembly, maintenance and any opera-

tional exchange. 

Operations and data reduction

Despite its impressive number of opto-

mechanical elements, MUSE will be easy 

to operate. There are no moving parts in 

the 24 modules and the switch between 

wide to narrow-field mode implies only 

the addition of some optics within the 

fore-optics train. MUSE has only three 

operating modes: non-AO and AO wide 

field mode, and AO narrow-field mode. 

The three modes differ only by the pres-

ence of AO and the spatial sampling. In 

the wide-field non-AO mode, operations 

will be limited to the simple point-and-

shoot scheme. In the other modes, the 

complexity is related to the operations of 

AO including the lasers. All modes share  

Figure 7: General view 

of MUSE at the  

VLT Nasmyth platform.
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the same spectroscopic configurations 

(wavelength range and resolution).

On the other hand, with 1.6 Gb per single 

exposure, the data reduction is a chal-

lenge, not only because of this data vol-

ume, but also because of its 3D char-

acteristics. The handling of such large 

data cubes is not straightforward. As an 

example, one can mention the optimal 

summation of a series of data cubes ob-

tained with AO and different atmos-

pheric conditions. This is intrinsically a 4-

dimensional problem because the AO- 

delivered PSF changes with time, location 

within the field of view, and wavelength.

Project status

The project is currently in its preliminary 

design phase. In July 2006, the opti- 

cal preliminary design review will be the 

starting point for the manufacturing of  

a complete breadboard consisting of a 

slicer, a spectrograph and a detector, 

while the full preliminary design review is 

scheduled for early 2007. Results of the 

breadboard will be analysed for the final 

design review in July 2008. Manufac-

turing, assembly and integration will then 

take place up to mid 2011. First light  

is scheduled on Paranal in early 2012.

Conclusions

Astronomy is to a significant degree still 

driven by unexpected discovery (e.g. dark 

matter and dark energy). These discov- 

eries are often made by pushing the limit 

of observations with the most powerful 

telescopes and/or opening a new area of 

instrumental parameter space. MUSE is 

designed to push the VLT to its limit and 

to open a new parameter space area in 

sensitivity, spatial resolution, field of view 

and simultaneous spectral coverage. We 

are convinced that it fulfils all the required 

conditions to have a large potential of 

discoveries:

–  It will be the first spectrograph that can 

blindly observe a large volume of space, 

without any imaging pre-selection.

–  It will be the first optical AO-assisted 

IFU working at improved spatial re-

solution in most atmospheric conditions 

with large sky coverage. 

–  It will be the first spectrograph opti-

mised to work with very long integration 

times and to reach extremely faint emis-

sion-line detection.

MUSE will thus be able to discover ob-

jects that have measurable emission 

lines, but with a continuum that is too 

faint to be detected in broad-band imag-

ing. For example, the deepest broad-

band imaging available today is the HST 

Ultra Deep Field (UDF) with IAB < 29. 

According to CDM simulations, however, 

only 15 % of MUSE high-z Lya emitters 

(z > 5.5) will have a continuum bright 

enough to be detected in the UDF. MUSE 

is also the only instrument capable of 

detecting faint diffuse ionised gas, like 

extended halos or filaments. Finally, ob-

jects with unusual spectral features 

should also be detected by MUSE, what-

ever their broad-band magnitude and 

colours are. The unprecedented capabili-

ties of MUSE should also lead to dis-

coveries far away from our present ex-

pectations.

In many aspects, MUSE is a precursor of 

future ELT instrumentation. For exam- 

ple, manufacturing, integration and main-

tenance of a large number of identical, 

high-performance optical systems at low  

cost and on reasonable time scale will  

be a critical aspect for most of the ELT in-

struments. 
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A NEW CHEMODYNAMICAL TOOL TO STUDY THE
EVOLUTION OF GALAXIES IN THE LOCAL UNIVERSE

Nicolas Champavert1 and Hervé Wozniak1

Abstract. We present some preliminary results obtained with a new
galactic chemodynamical tool under development. In the framework of
non-instantaneous recycling approach, we follow the interactions due
to star formation and feedback processes. One of the main original
features of our code is that we record the abundance evolution of several
chemical elements. This allows us to build cooling functions dependent
on the real abundances of individual elements. We illustrate the need
for such metal-dependent cooling functions using a toy model made of
a star cluster embedded in a two-phase gas cloud. Our results suggest
that computing cooling rates according to individual abundances of
chemical elements can influence the star formation rate.

1 Introduction

Dynamical and chemical evolution of galaxies are closely related. The complex spa-
tial distribution of metals in galaxies reflect strong ties. Indeed, heavy elements,
synthesized by successive generations of stars, enrich the interstellar medium (ISM)
through stellar winds and supernova explosions. Density waves, shear, gravi-
tational perturbations are then responsible to mix the ISM and dissolve young
stellar clusters. Furthermore the metal enrichment affects the thermal evolution
of the gas because cooling rates are very sensitive to the chemical composition.
Besides mass feedback, stars are also responsible for energy feedback which both
influences the dynamics and the temperature of the gas. Therefore we need to
compute chemical and dynamical evolution self-consistently.

Figure 1 shows the different physical interactions between the stars and the ISM
handled with our tool. It is designed to be coupled with an hybrid particle-mesh
N−body + smooth particle hydrodynamics (SPH) code to compute high-resolution
chemodynamical simulations of galaxies. We will describe the two components
(star and gas) and the different aspects of the interplay between them.

1 Université Lyon 1; CRAL, Observatoire de Lyon, 9 avenue Charles André, Saint-Genis Laval
cedex, F-69561, France; e-mail: champavert@obs.univ-lyon1.fr
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Fig. 1. Schematic presentation of our new chemodynamical tool

2 Evolution of stellar populations

In our simulations, stars are in fact collisionless particles of masses comparable
to typical stellar clusters. The mass and energy released from stellar particles
are distributed to the neighbouring gas particles. Energy feedback from both the
stellar winds and the supernovae is considered. The time evolution of all rele-
vant quantities is computed with the evolutionary synthesis code Starburst99 v5.1
(Leitherer et al. 1999, Vázquez & Leitherer 2005). The choice of Starburst99 was
motivated by the possibility to obtain the time evolution of mass lost by a single
stellar population (SSP) for several individual chemical elements, namely H, He,
C, N, O, Mg, Si, S and Fe. Starburst99 is, at our knowledge, the only public code
to provide them. Moreover, it offers a large choice of inputs and outputs. We can
choose, in particular, the timescale of star formation (instantaneous in our case),
the IMF (a multi-power-law), the metallicity of the SSP (5 metallicities are avail-
able from 0.02 to 2.5 solar metallicity), the stellar evolutionary tracks (Padova or
Geneva). We can obtain the time evolution of SNe rates, the energy losses from
stellar winds and SNe, the mass losses for several chemical elements, the number
of ionizing photons, the SSP spectra. Only SNII and SNIb losses are provided by
Starburst99 but feedback from SNIa will be soon implemented directly in our code
with different recipes.

Let us consider a stellar population characterized by a Kroupa IMF with ex-
ponents (1.3, 2.3) and mass boundaries (0.1, 0.5, 100M⊙). We consider all the gas
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Fig. 2. Ratios of the mass fraction of elements in the ejected gas (mX) and of the

mass fraction of the same elements in gas with solar chemical composition (mX(Z⊙)).

We consider all the gas ejected from birth to 5 Gyr. These ratios are shown for several

chemical elements and for SSP of different initial metallicities.

released by the stellar population (stellar winds and SNe) from birth to 5Gyr. mX

is the mass fraction of the element X among all the metals i.e. the ratio between
the mass of the element X (MX) and the total mass of metals (MZ). mX(Z⊙)

is the same ratio but for a gas with solar metallicity. Typical mass fraction at
solar metallicity are H (7.06 10−1), He (2.75 10−1), C (3.03 10−3), N (1.11 10−3),
O (9.59 10−3), Mg (5.15 10−4), Si (6.53 10−4), S (3.96 10−4) and Fe (1.17 10−3).

In Fig. 2, we display the ratio mX/mX(Z⊙) in the released gas for several ele-
ments and for different initial metallicities of the stellar population. By definition,
if the abundance ratios of metals in the released gas are the same as for solar
composition, mX/mX(Z⊙) should be equal to 1. However, the metal abundance
ratios are not solar in the released gas. In particular, for high metallicities the
released gas is particularly enriched in carbon, silicon and sulfur. This gas will be
mixed with the rest of the ISM resulting in a gas with non-solar abundance ratios.

3 Interstellar medium description

The ISM is approximated by a two-phase model: an isothermal warm phase (103 K)
and a hot phase whose temperature is allowed to vary between 104 K and 108 K.
We assume that the two phases are fully mixed because the typical size of SPH
particles (several parsecs) does not allow to resolve them. Thus, each SPH particle
contains both a warm and a hot phase. The warm ISM mass fraction can increase
(condensation) or decrease (evaporation) due to thermal conduction (Cowie et
al. 1981). It also obviously decreases when star formation operates because star
particles are created in the warm phase. The hot phase is heated by the photo-
electric heating from grains and PAHs (Wolfire et al. 1995) and by stellar feedback
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Fig. 3. Left panel: Cooling rates as a function of temperature computed with Map-

pings III for different metallicities. The abundances used in calculations are taken from

Sutherland & Dopita (1993). Right panel: Percentage of relative errors made when

reconstructing cooling function with our recipe for different chemical compositions.

due to stellar winds and supernovae. We decide to inject all the released mass and
energy from stars into the hot phase of the gaseous neighbouring particles. The
redistribution of energy between the two phases is achieved at the next timestep
thanks to all physical processes described above. Moreover, a fraction of the stellar
energy feedback can be converted to mechanical energy that can affect directly the
velocity field of the surrounding gas.

It is well known that cooling rates are sensitive to the chemical composition of
the gas. At solar composition the cooling rate is greater by more than an order
of magnitude for some temperatures than for a gas without metals (Fig. 3, left
panel). As for SSP evolution, standard cooling functions used in chemodynamical
studies are generally computed for different metallicities but keeping solar abun-
dance ratios (e.g. Boehringer & Hensler, 1989) or with solar abundance ratios
and enhanced abundances for some specific elements (e.g. Sutherland & Dopita,
1993). Hence we need to take into account the real abundances of each element
in the gas to build more realistic cooling functions whichever the chemical com-
position. We thus consider the hot phase of the ISM as an optically thin gas in
collisional ionization equilibrium. Cooling calculations are performed in the tem-
perature range 104 K to 108 K. Computing cooling rates with Mappings III for
each gas particle at each timestep of a chemodynamical simulation is a very CPU
time consuming task. Therefore we use a recipe to reconstruct cooling rates on
the fly from individual abundances of elements (see Champavert & Wozniak, 2007,
for a full description). In short, this recipe comes down to a linear combination
of individual cooling curves precomputed with Mappings III. The relative errors
between our reconstructed cooling curves and those calculated with Mappings III
remain below a few percent (Fig. 3, right panel). Thus, they are comparable to
others coming from, for instance, the hydrodynamical scheme.
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4 Star formation recipes

We assume that star formation occurs if the following criteria are satisfied. The
region must be contracting (div(v) < 0). It has to be unstable according to the
Toomre’s instability criterion (Toomre, 1964): Q ≤ λ. We take λ = 1.4 derived
from observation by Kennicutt (1990). The gas must be cold enough: T < 104 K
with T the mean gas temperature of a SPH particle. This threshold has been
chosen because of our cooling functions which are only available for T ≥ 104 K
for the moment. Finally the gas particle must belong to a giant molecular cloud
(Gerritsen & Icke, 1997). A gas particle is assumed to be part of a giant molecular
cloud (GMC) if the mass of the cloud containing this particle, i.e. the mass of this
particle with its gaseous neighbours, is larger than 2.5 106 M⊙, typical mass of a big
GMC. When a gas particle fulfills all these conditions, it becomes eligible for star
formation. However, a stellar particle is formed only after a delay equal to a free-
fall time (tff(part)) to mimic the gravitational collapse of the molecular cloud. The
mass of the new stellar particle is set to n×104 M⊙ where n = tff(GMC)/tff(part)
is the number of elemental stellar clusters formed in the GMC. We obviously need
a warm phase more massive than n × 104 M⊙ because the mass needed to form
stars is deducted only from the warm phase. Each new stellar particle inherits the
chemical composition from the gas in which it was born.

However, the evolution of a SSP, as predicted by Starburst99, only depends on
the global metallicity Z because stellar evolutionary tracks are generally computed
with solar abundance ratios or with a particular enhancement for some elements
which is unavoidably different from what we obtain with our code. In order to be
able to self-consistently compute the chemical evolution of individual elements in
the future, we will obviously need data from evolutionary tracks including vari-
ations on the abundances of individual elements. At the moment, when a gas
particle should form a new stellar particle, we have to assign the global metallicity
of the gas to the new particle. For a given metallicity and IMF, we compute linear
interpolations between values pre-calculated with Starburst99 to obtain the mass
and energy losses of the SSP.

5 A test model

Let us now illustrate one of the main properties of our tool. We consider a gas
particle of 107 M⊙ with 30% of mass in the warm phase. The density of the
hot phase is 0.005 cm−3. At t = 0, the gas is made of hydrogen (77%) and
helium (23%), its temperature is 104 K and a stellar particle of 1.4 105 M⊙ is
born. The star formation delay is constant (10Myr) and all the subsequent stellar
particles formed have the same mass (1.4 105 M⊙). All other parameters are
described in Sect. 2. We have calculated the evolution for 2 models. In model A,
the cooling rate depends only on Z with solar abundance ratios. In model B,
cooling rates are obtained according to the real abundances of chemical elements.

Figure 4 shows the evolution of the mean temperature of the warm and hot
phase (left panel), of the stellar mass (middle panel) and of the warm mass frac-
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Fig. 4. Evolution of the mean gas temperature (left panel), the stellar mass (middle

panel) and the warm mass fraction (right panel) for the 2 models. Solid line is for

model A (only global metallicity is calculated) and dashed line is for model B (abundances

for each chemical element are calculated).

tion (right panel) for both models.
Cooling is clearly less efficient when we handle the abundances of elements

leading to an higher mean gas temperature. This therefore leads to a lower star
formation rate since the mean temperature remains for a longer time above the
temperature threshold for star formation (104 K for our models). At t = 1Gyr,
the cumulated stellar mass formed in model A is about 1.25 times greater that for
model B. As this longer timescale alters the star formation history, the warm gas
mass fraction also evolves differently.
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evolution of galaxies in the local Universe: a

quick and accurate numerical technique to

compute gas cooling rate for any chemical

composition

Nicolas Champavert1 and Hervé Wozniak1
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Summary. We have developed a quick and accurate numerical tool to compute gas
cooling whichever its chemical composition.

1 Introduction

Metal abundances in galaxies vary from place to place and with time. These
variations reflect the star formation history within galaxies because the chem-
ical enrichment results from synthesis of heavy elements by successive gen-
erations of stars. Gas radiative cooling is very sensitive to the ISM chemical
composition. Cooling influences both the gas dynamics and the star forma-
tion rate. Therefore we need to follow self-consistently dynamical and chemical
evolution. We have developed a method to compute in a very short CPU time
accurate cooling functions dependent on the exact abundances of elements. It
will be used in high resolution chemodynamical simulations of galaxies.

2 Description of the method

It is well known that cooling rates depend on gas chemical composition. A gas
with solar composition has a cooling rate greater than without metals by more
than an order of magnitude for some temperatures (Fig. 1). Cooling rates are
generally interpolated between rates computed for different metallicities with
solar abundance ratios (see [1] for instance) or with solar abundance ratios
and enhanced abundances for some elements (see [2] for instance). The gas
abundances are obviously not always solar because the gas ejected from stars
by winds and SNe has a non-solar composition. Hence we need to take into
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Fig. 1. Cooling rates as a function of temperature for different metallicities com-
puted with Mappings III. The abundances used in calculations are taken from [2]

account the real abundances of each element in the gas to build more realistic
cooling functions whichever the chemical composition. However, computing
cooling rates with Mappings III for each gas particle at each timestep of a
chemodynamical simulation is a very CPU time consuming task. We thus
have developped a recipe to reconstruct the cooling curve on the fly.

We consider the ISM as an optically thin gas in collisional ionization equi-
librium. Calculations are performed in the temperature range 104 K to 108 K
using Mappings III, successor of Mappings II whose cooling computations
details are described in [2]. All the abundances of elements are relative to
hydrogen. The hydrogen density is 1.0 cm−3, independent of temperature. We
drop the temperature dependence of cooling rates (Λ(T )) for the sake of leg-
ibility.

Many cooling processes depend on the density of electrons and on the
abundances of elements. A simple hypothesis is to suppose that cooling rates
are proportional to these two quantities. Thus, we can try to reconstruct the
total cooling curve Λtot with a linear combination of individual curves for each
element. We first need to compute these individual curves. We obtain ΛH with
a purely hydrogen gas. For all the heavier elements used for calculations in
Mappings III (He, C, N, O, Ne, Na, Mg, Al, Si, S, Cl, Ar, Ca, Fe, Ni), we have
calculated cooling rates for mixtures of hydrogen and one element Xi at its
solar abundance ΛXi,H . Individual cooling curves ΛXi

have then been obtained
substracting ΛH from each ΛH,Xi

: ΛXi
= ΛH,Xi

− ΛH . For a given chemical
composition, we then compute the quantity αXi

for all the elements previously
listed, where αXi

is the abundance of element Xi normalized by its solar
abundance: αXi

= nXi
/nXi⊙

. For helium, our hypothesis is too simple. Its
cooling rate cannot be considered proportional to its abundance with a good
approximation as there are too strong non-linearities. We choose to linearly
interpolate in a grid of precomputed curves for different abundances to obtain
the helium cooling curve ΛHe,αHe

. As hydrogen and helium are the two most
abundant elements, we assume that they are the only sources of electrons.
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Fig. 2. (left panel) Cooling rates for several elements at solar abundances. The
curve for other elements is the sum of the contributions of N, Ne, Na, Mg, Al, Si, S,
Cl, Ar, Ca and Ni. The solid broad line Λtot is the cooling curve for solar abundances
reconstructed using our recipe. (right panel) Percentage of relative error made
when reconstructing cooling functions with our recipe for different compositions

We indeed consider that the contribution of the metals are negligible because
of their much lower abundances in the ISM. By construction, our individual
cooling functions for metals take into account the electrons of the element and
hydrogen. Thus we only need to add the contribution of electrons provided by
the ionization of helium ne (He). We add the terms for hydrogen, helium and
metals to build Λtot so that we finally obtain the following approximation:
Λtot ≈ ΛH + ΛHe,αHe

+ (1 + ne (He))
∑

metals αXi
ΛXi

To check the accuracy of our tool, we have compared cooling curves com-
puted with Mappings III and the ones reconstructed with our recipe for various
chemical compositions. We choose a solar composition to test a well-known
chemical composition. Carbon, oxygen and iron are three of the most impor-
tant coolants (Fig. 2, left panel). Furthermore, they are three of the most
abundant elements in stellar winds and supernovae ejecta. Thus, we increase
by a factor of 10 the abundance of these three important coolants. This factor
is somewhat arbitrary and was only chosen to test the accuracy of our recipe
in the case of a very high-enhanced gas. In all cases, the relative errors remain
below a few percent (Fig. 2, right panel). The errors due to the computation
of cooling rates are thus comparable to the others coming from, for instance,
the hydrodynamical scheme.
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Abstract.

Figure 1. Schematic presentation of our new chemo-dynamical tool. See Champavert &
Wozniak (2007a) for full details and references.

Keywords. galaxies: evolution, ISM: evolution

Fig. 1 displays the main recipes of our new chemodynamical tool developed to describe
the evolution of galaxies using a non-instantaneous recycling approach (Champavert &
Wozniak, 2007a). We follow individual abundances for several elements very important
for the reconstruction of accurate cooling functions in real time (Champavert & Wozniak,
2007b). The ISM thermal state and enrichment by SN feedback and stellar winds is thus
accurately computed.

Using a toy model, we have shown that compared to another code that only used
tabulated cooling curves at fractional solar metallicity, the cooling timescales are longer
leading to lower star formation rate.
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P❛❝✐✜❝ ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s✱ ♣❛❣❡s ✸✹✼✕✰✳

❑❡♥♥✐❝✉tt✱ ❏r✳✱ ❘✳ ❈✳ ✭✶✾✽✾✮✳ ❚❤❡ st❛r ❢♦r♠❛t✐♦♥ ❧❛✇ ✐♥ ❣❛❧❛❝t✐❝ ❞✐s❦s✳ ❆♣❏✱ ✸✹✹✿✻✽✺✕✼✵✸✳

❑❡♥♥✐❝✉tt✱ ❏r✳✱ ❘✳ ❈✳ ✭✶✾✾✵✮✳ ▲❛r❣❡ s❝❛❧❡ st❛r ❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠✳ ■♥
❚❤r♦♥s♦♥✱ ❏r✳✱ ❍✳ ❆✳ ✫ ❙❤✉❧❧✱ ❏✳ ▼✳✱ é❞✐t❡✉rs ✿ ❚❤❡ ■♥t❡rst❡❧❧❛r ▼❡❞✐✉♠ ✐♥ ●❛❧❛①✐❡s✱
✈♦❧✉♠❡ ✶✻✶ ❞❡ ❆str♦♣❤②s✐❝s ❛♥❞ ❙♣❛❝❡ ❙❝✐❡♥❝❡ ▲✐❜r❛r②✱ ♣❛❣❡s ✹✵✺✕✹✸✺✳

❑❡♥♥✐❝✉tt✱ ❏r✳✱ ❘✳ ❈✳ ✭✶✾✾✽✮✳ ❚❤❡ ●❧♦❜❛❧ ❙❝❤♠✐❞t ▲❛✇ ✐♥ ❙t❛r✲❢♦r♠✐♥❣ ●❛❧❛①✐❡s✳ ❆♣❏✱
✹✾✽✿✺✹✶✕✰✳

❑♦❜❛②❛s❤✐✱ ❈✳✱ ❚s✉❥✐♠♦t♦✱ ❚✳ ✫ ◆♦♠♦t♦✱ ❑✳ ✭✷✵✵✵✮✳ ❚❤❡ ❍✐st♦r② ♦❢ t❤❡ ❈♦s♠✐❝ ❙✉♣❡r♥♦✈❛
❘❛t❡ ❉❡r✐✈❡❞ ❢r♦♠ t❤❡ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❍♦st ●❛❧❛①✐❡s✳ ❆♣❏✱ ✺✸✾✿✷✻✕✸✽✳

❑r♦✉♣❛✱ P✳ ✭✷✵✵✶✮✳ ❖♥ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧ ♠❛ss ❢✉♥❝t✐♦♥✳ ▼◆❘❆❙✱ ✸✷✷✿✷✸✶✕✷✹✻✳

❑r♦✉♣❛✱ P✳ ✭✷✵✵✺✮✳ ❚❤❡ ✐♥✐t✐❛❧ ♠❛ss ❢✉♥❝t✐♦♥ ♦❢ s✐♠♣❧❡ ❛♥❞ ❝♦♠♣♦s✐t❡ st❡❧❧❛r ♣♦♣✉❧❛t✐♦♥s✳ ■♥
❘❡s♦❧✈❡❞ ❙t❡❧❧❛r P♦♣✉❧❛t✐♦♥s✳

▲❛❞❛✱ ❈✳ ❏✳ ✫ ▲❛❞❛✱ ❊✳ ❆✳ ✭✷✵✵✸✮✳ ❊♠❜❡❞❞❡❞ ❈❧✉st❡rs ✐♥ ▼♦❧❡❝✉❧❛r ❈❧♦✉❞s✳ ❆❘❆✫❆✱
✹✶✿✺✼✕✶✶✺✳

▲❡✐t❤❡r❡r✱ ❈✳✱ ❙❝❤❛❡r❡r✱ ❉✳✱ ●♦❧❞❛❞❡r✱ ❏✳ ❉✳✱ ❉❡❧❣❛❞♦✱ ❘✳ ▼✳ ●✳✱ ❘♦❜❡rt✱ ❈✳✱ ❑✉♥❡✱
❉✳ ❋✳✱ ❞❡ ▼❡❧❧♦✱ ❉✳ ❋✳✱ ❉❡✈♦st✱ ❉✳ ✫ ❍❡❝❦♠❛♥✱ ❚✳ ▼✳ ✭✶✾✾✾✮✳ ❙t❛r❜✉rst✾✾ ✿ ❙②♥t❤❡s✐s
▼♦❞❡❧s ❢♦r ●❛❧❛①✐❡s ✇✐t❤ ❆❝t✐✈❡ ❙t❛r ❋♦r♠❛t✐♦♥✳ ❆♣❏❙✱ ✶✷✸✿✸✕✹✵✳
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▲❡q✉❡✉①✱ ❏✳ ✭✷✵✵✷✮✳ ▲❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ❊❉P ❙❝✐❡♥❝❡s✴❈◆❘❙ ➱❞✐t✐♦♥s✳

▲✉❝②✱ ▲✳ ❇✳ ✭✶✾✼✼✮✳ ❆ ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤ t♦ t❤❡ t❡st✐♥❣ ♦❢ t❤❡ ✜ss✐♦♥ ❤②♣♦t❤❡s✐s✳ ❆❏✱
✽✷✿✶✵✶✸✕✶✵✷✹✳

▼❛❡❞❡r✱ ❆✳ ✭✶✾✾✷✮✳ ❙t❡❧❧❛r ②✐❡❧❞s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✐♥✐t✐❛❧ ♠❡t❛❧❧✐❝✐t② ❛♥❞ ♠❛ss ❧✐♠✐t ❢♦r ❜❧❛❝❦
❤♦❧❡ ❢♦r♠❛t✐♦♥✳ ❆✫❆✱ ✷✻✹✿✶✵✺✕✶✷✵✳

▼árq✉❡③✱ ■✳✱▼❛s❡❣♦s❛✱ ❏✳✱ ❉✉rr❡t✱ ❋✳✱ ●♦♥③á❧❡③ ❉❡❧❣❛❞♦✱ ❘✳ ▼✳✱▼♦❧❡s✱ ▼✳✱▼❛③❛✱
❏✳✱ Pér❡③✱ ❊✳ ✫ ❘♦t❤✱ ▼✳ ✭✷✵✵✸✮✳ ❚❤❡ ❞❡t❡❝t✐♦♥ ♦❢ st❡❧❧❛r ✈❡❧♦❝✐t② ❞✐s♣❡rs✐♦♥ ❞r♦♣s ✐♥ t❤❡
❝❡♥tr❛❧ r❡❣✐♦♥s ♦❢ ✜✈❡ ✐s♦❧❛t❡❞ ❙❡②❢❡rt s♣✐r❛❧s✳ ❆✫❆✱ ✹✵✾✿✹✺✾✕✹✻✼✳

▼❝❑❡❡✱ ❈✳ ❋✳ ✫ ❖str✐❦❡r✱ ❏✳ P✳ ✭✶✾✼✼✮✳ ❆ t❤❡♦r② ♦❢ t❤❡ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠ ✲ ❚❤r❡❡
❝♦♠♣♦♥❡♥ts r❡❣✉❧❛t❡❞ ❜② s✉♣❡r♥♦✈❛ ❡①♣❧♦s✐♦♥s ✐♥ ❛♥ ✐♥❤♦♠♦❣❡♥❡♦✉s s✉❜str❛t❡✳ ❆♣❏✱ ✷✶✽✿
✶✹✽✕✶✻✾✳

▼✐❝❤❡❧✲❉❛♥s❛❝✱ ▲✳ ✫ ❲♦③♥✐❛❦✱ ❍✳ ✭✷✵✵✹✮✳ P❤♦t♦♠❡tr✐❝ ❛♥❞ ❞②♥❛♠✐❝ ❡✈♦❧✉t✐♦♥ ♦❢ ❛♥
✐s♦❧❛t❡❞ ❞✐s❝ ❣❛❧❛①② s✐♠✉❧❛t✐♦♥✳ ❆✫❆✱ ✹✷✶✿✽✻✸✕✽✼✻✳

▼♦r❣❛♥✱ ❍✳ ▲✳ ✫ ❊❞♠✉♥❞s✱ ▼✳ ●✳ ✭✷✵✵✸✮✳ ❉✉st ❢♦r♠❛t✐♦♥ ✐♥ ❡❛r❧② ❣❛❧❛①✐❡s✳ ▼◆❘❆❙✱
✸✹✸✿✹✷✼✕✹✹✷✳

◆❛✈❛rr♦✱ ❏✳ ❋✳ ✫ ❲❤✐t❡✱ ❙✳ ❉✳ ▼✳ ✭✶✾✾✸✮✳ ❙✐♠✉❧❛t✐♦♥s ♦❢ ❉✐ss✐♣❛t✐✈❡ ●❛❧❛①② ❋♦r♠❛t✐♦♥ ✐♥
❍✐❡r❛r❝❤✐❝❛❧❧② ❈❧✉st❡r✐♥❣ ❯♥✐✈❡rs❡s ✲ P❛rt ❖♥❡ ✲ ❚❡sts ♦❢ t❤❡ ❈♦❞❡✳ ▼◆❘❆❙✱ ✷✻✺✿✷✼✶✕✰✳

P❡❧✉♣❡ss②✱ ❋✳ ■✳✱ ✈❛♥ ❞❡r ❲❡r❢✱ P✳ P✳ ✫ ■❝❦❡✱ ❱✳ ✭✷✵✵✹✮✳ P❡r✐♦❞✐❝ ❜✉rsts ♦❢ st❛r ❢♦r♠❛t✐♦♥
✐♥ ✐rr❡❣✉❧❛r ❣❛❧❛①✐❡s✳ ❆✫❆✱ ✹✷✷✿✺✺✕✻✹✳

P❢❡♥♥✐❣❡r✱ ❉✳ ✫ ❋r✐❡❞❧✐✱ ❉✳ ✭✶✾✾✸✮✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ✐ss✉❡s ❝♦♥♥❡❝t❡❞ ✇✐t❤ ✸❉ ◆✲❜♦❞②
s✐♠✉❧❛t✐♦♥s✳ ❆✫❆✱ ✷✼✵✿✺✻✶✕✺✼✷✳

❘❛✐t❡r✐✱ ❈✳ ▼✳✱ ❱✐❧❧❛t❛✱ ▼✳ ✫ ◆❛✈❛rr♦✱ ❏✳ ❋✳ ✭✶✾✾✻✮✳ ❙✐♠✉❧❛t✐♦♥s ♦❢ ●❛❧❛❝t✐❝ ❝❤❡♠✐❝❛❧
❡✈♦❧✉t✐♦♥✳ ■✳ ❖ ❛♥❞ ❋❡ ❛❜✉♥❞❛♥❝❡s ✐♥ ❛ s✐♠♣❧❡ ❝♦❧❧❛♣s❡ ♠♦❞❡❧✳ ❆✫❆✱ ✸✶✺✿✶✵✺✕✶✶✺✳

❙❛❧♣❡t❡r✱ ❊✳ ❊✳ ✭✶✾✺✺✮✳ ❚❤❡ ▲✉♠✐♥♦s✐t② ❋✉♥❝t✐♦♥ ❛♥❞ ❙t❡❧❧❛r ❊✈♦❧✉t✐♦♥✳ ❆♣❏✱ ✶✷✶✿✶✻✶✕✰✳

❙❝❤♠✐❞t✱ ▼✳ ✭✶✾✺✾✮✳ ❚❤❡ ❘❛t❡ ♦❢ ❙t❛r ❋♦r♠❛t✐♦♥✳ ❆♣❏✱ ✶✷✾✿✷✹✸✕✰✳

❙✉t❤❡r❧❛♥❞✱ ❘✳ ❙✳ ✫ ❉♦♣✐t❛✱ ▼✳ ❆✳ ✭✶✾✾✸✮✳ ❈♦♦❧✐♥❣ ❢✉♥❝t✐♦♥s ❢♦r ❧♦✇✲❞❡♥s✐t② ❛str♦♣❤②s✐❝❛❧
♣❧❛s♠❛s✳ ❆♣❏❙✱ ✽✽✿✷✺✸✕✸✷✼✳

❚❤❡✐s✱ ❈✳✱ ❇✉r❦❡rt✱ ❆✳ ✫ ❍❡♥s❧❡r✱ ●✳ ✭✶✾✾✷✮✳ ❈❤❡♠♦✲❞②♥❛♠✐❝❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ♠❛ss✐✈❡
s♣❤❡r✐❝❛❧ ❣❛❧❛①✐❡s✳ ❆✫❆✱ ✷✻✺✿✹✻✺✕✹✼✼✳

❚❤♦r♥t♦♥✱ ❑✳✱ ●❛✉❞❧✐t③✱ ▼✳✱ ❏❛♥❦❛✱ ❍✳✲❚✳ ✫ ❙t❡✐♥♠❡t③✱ ▼✳ ✭✶✾✾✽✮✳ ❊♥❡r❣② ■♥♣✉t ❛♥❞
▼❛ss ❘❡❞✐str✐❜✉t✐♦♥ ❜② ❙✉♣❡r♥♦✈❛❡ ✐♥ t❤❡ ■♥t❡rst❡❧❧❛r ▼❡❞✐✉♠✳ ❆♣❏✱ ✺✵✵✿✾✺✕✰✳

❚♦♦♠r❡✱ ❆✳ ✭✶✾✻✹✮✳ ❖♥ t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ st❛❜✐❧✐t② ♦❢ ❛ ❞✐s❦ ♦❢ st❛rs✳ ❆♣❏✱ ✶✸✾✿✶✷✶✼✕✶✷✸✽✳

❱á③q✉❡③✱ ●✳ ❆✳ ✫ ▲❡✐t❤❡r❡r✱ ❈✳ ✭✷✵✵✺✮✳ ❖♣t✐♠✐③❛t✐♦♥ ♦❢ ❙t❛r❜✉rst✾✾ ❢♦r ■♥t❡r♠❡❞✐❛t❡✲❆❣❡
❛♥❞ ❖❧❞ ❙t❡❧❧❛r P♦♣✉❧❛t✐♦♥s✳ ❆♣❏✱ ✻✷✶✿✻✾✺✕✼✶✼✳

❲❡✐❞♥❡r✱ ❈✳ ✫ ❑r♦✉♣❛✱ P✳ ✭✷✵✵✹✮✳ ❊✈✐❞❡♥❝❡ ❢♦r ❛ ❢✉♥❞❛♠❡♥t❛❧ st❡❧❧❛r ✉♣♣❡r ♠❛ss ❧✐♠✐t
❢r♦♠ ❝❧✉st❡r❡❞ st❛r ❢♦r♠❛t✐♦♥✳ ▼◆❘❆❙✱ ✸✹✽✿✶✽✼✕✶✾✶✳
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❲❡✐❞♥❡r✱ ❈✳ ✫ ❑r♦✉♣❛✱ P✳ ✭✷✵✵✺✮✳ ❚❤❡ ❱❛r✐❛t✐♦♥ ♦❢ ■♥t❡❣r❛t❡❞ ❙t❛r ■♥✐t✐❛❧ ▼❛ss ❋✉♥❝t✐♦♥s
❛♠♦♥❣ ●❛❧❛①✐❡s✳ ❆♣❏✱ ✻✷✺✿✼✺✹✕✼✻✷✳

❲♦❧❢✐r❡✱ ▼✳ ●✳✱ ❍♦❧❧❡♥❜❛❝❤✱ ❉✳✱▼❝❑❡❡✱ ❈✳ ❋✳✱ ❚✐❡❧❡♥s✱ ❆✳ ●✳ ●✳ ▼✳ ✫ ❇❛❦❡s✱ ❊✳ ▲✳ ❖✳
✭✶✾✾✺✮✳ ❚❤❡ ♥❡✉tr❛❧ ❛t♦♠✐❝ ♣❤❛s❡s ♦❢ t❤❡ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠✳ ❆♣❏✱ ✹✹✸✿✶✺✷✕✶✻✽✳

❲♦♦s❧❡②✱ ❙✳ ❊✳ ✫ ❲❡❛✈❡r✱ ❚✳ ❆✳ ✭✶✾✾✺✮✳ ❚❤❡ ❊✈♦❧✉t✐♦♥ ❛♥❞ ❊①♣❧♦s✐♦♥ ♦❢ ▼❛ss✐✈❡ ❙t❛rs✳
■■✳ ❊①♣❧♦s✐✈❡ ❍②❞r♦❞②♥❛♠✐❝s ❛♥❞ ◆✉❝❧❡♦s②♥t❤❡s✐s✳ ❆♣❏❙✱ ✶✵✶✿✶✽✶✕✷✸✺✳

❲♦③♥✐❛❦✱ ❍✳ ✫ ❈❤❛♠♣❛✈❡rt✱ ◆✳ ✭✷✵✵✻✮✳ ▲✐❢❡t✐♠❡ ♦❢ ♥✉❝❧❡❛r ✈❡❧♦❝✐t② ❞✐s♣❡rs✐♦♥ ❞r♦♣s ✐♥
❜❛rr❡❞ ❣❛❧❛①✐❡s✳ ▼◆❘❆❙✱ ✸✻✾✿✽✺✸✕✽✺✾✳

❲♦③♥✐❛❦✱ ❍✳✱ ❈♦♠❜❡s✱ ❋✳✱ ❊♠s❡❧❧❡♠✱ ❊✳ ✫ ❋r✐❡❞❧✐✱ ❉✳ ✭✷✵✵✸✮✳ ◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♦❢
❝❡♥tr❛❧ st❡❧❧❛r ✈❡❧♦❝✐t② ❞✐s♣❡rs✐♦♥ ❞r♦♣s ✐♥ ❞✐s❝ ❣❛❧❛①✐❡s✳ ❆✫❆✱ ✹✵✾✿✹✻✾✕✹✼✼✳

❩❤✉❦♦✈s❦❛✱ ❙✳✱ ●❛✐❧✱ ❍✳✲P✳ ✫ ❚r✐❡❧♦❢❢✱ ▼✳ ✭✷✵✵✼✮✳ ❊✈♦❧✉t✐♦♥ ♦❢ ✐♥t❡rst❡❧❧❛r ❞✉st ❛♥❞
st❛r❞✉st ✐♥ t❤❡ s♦❧❛r ♥❡✐❣❤❜♦✉r❤♦♦❞✳ ❆r❳✐✈ ❡✲♣r✐♥ts✱ ✼✵✻✳

✶✹✾
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✶✺✵



❙✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❝❤❡♠♦❞②♥❛♠✐q✉❡s
❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣❛❧❛①✐❡s

▲❡s ❣❛❧❛①✐❡s s♦♥t ❞❡s s②stè♠❡s ❝♦♠♣❧❡①❡s ♦ù ❧❛ ❞②♥❛♠✐q✉❡ ❡t ❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡ s♦♥t ✐♥t✐♠❡♠❡♥t

❧✐é❡s✳ ❆✜♥ ❞✬ét✉❞✐❡r ❧❛ ❢♦r♠❛t✐♦♥ ❡t ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣❛❧❛①✐❡s✱ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥ ♥♦✉✈❡❛✉ ❝♦❞❡

❝❤❡♠♦❞②♥❛♠✐q✉❡ ♥♦✉s ♣❡r♠❡tt❛♥t ❞❡ tr❛✐t❡r s✐♠✉❧t❛♥é♠❡♥t ❡t ❞❡ ♠❛♥✐èr❡ ❝♦❤ér❡♥t❡ ❧❛ ❞②♥❛♠✐q✉❡ ❡t

❧✬é✈♦❧✉t✐♦♥ ❝❤✐♠✐q✉❡✳ ◆♦tr❡ ❝♦❞❡ ❞é❝r✐t ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ②

♣r❡♥♥❛♥t ♣❧❛❝❡✳ ▲❛ ❢♦r♠❛t✐♦♥ ❡t ❧✬é✈♦❧✉t✐♦♥ st❡❧❧❛✐r❡ s♦♥t tr❛✐té❡s s❡❧♦♥ ✉♥ s❝❤é♠❛ ❞❡ r❡❝②❝❧❛❣❡ ♥♦♥✲

✐♥st❛♥t❛♥é✳ ❯♥❡ ❞❡s ♦r✐❣✐♥❛❧✐tés ❞✉ ❝♦❞❡ rés✐❞❡ ❞❛♥s ❧❡ s✉✐✈✐ ❞❡s ❛❜♦♥❞❛♥❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡ ♣❧✉s✐❡✉rs

é❧é♠❡♥ts ❝❤✐♠✐q✉❡s✳ ❈❡❧✉✐✲❝✐ ♣❡r♠❡t ❧❡ ❝❛❧❝✉❧ ❞✉ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ❣❛③ ❝♦♥❢♦r♠é♠❡♥t à s❛ ❝♦♠♣♦s✐t✐♦♥

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

t❡♠♣♦r❡❧❧❡♠❡♥t✳

▲❡s ♣r❡♠✐❡rs t❡sts ❡✛❡❝t✉és ♠♦♥tr❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞✉ s✉✐✈✐ ❞❡s ❛❜♦♥❞❛♥❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s é❧é✲

♠❡♥ts✱ ❝❛r ❝❡❧❧❡s✲❝✐ ✐♥✢✉❡♥t s✉r ❧❡ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ❣❛③ ❡t ♣❛r ❝♦♥séq✉❡♥t s✉r ❧✬❤✐st♦r✐q✉❡ ❞❡ ❢♦r♠❛t✐♦♥

st❡❧❧❛✐r❡ ❡t ❞❡ ❧✬❡♥r✐❝❤✐ss❡♠❡♥t ❝❤✐♠✐q✉❡✳ ◆♦tr❡ ❞❡s❝r✐♣t✐♦♥ à ❞❡✉① ♣❤❛s❡s ❞✉ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡ ♥♦✉s

♣❡r♠❡t ❞❡ r❡♣r♦❞✉✐r❡ tr♦✐s ♠✐❧✐❡✉① ❞✐st✐♥❝ts ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s✳ ▲❛ ♣❡♥t❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡

♠❛ss❡ ✐♥✐t✐❛❧❡ ❞❡s ❛♠❛s st❡❧❧❛✐r❡s ❡st s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡✳ ❋✐♥❛❧❡♠❡♥t✱ ❣râ❝❡ à ❝❡ ♥♦✉✈❡❛✉ ❝♦❞❡

❝❤❡♠♦❞②♥❛♠✐q✉❡✱ ♥♦✉s s♦♠♠❡s ❡♥ ♠❡s✉r❡ ❞✬ét✉❞✐❡r ❧❡s ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ✐♠♣❧✐q✉és

❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❣❛❧❛①✐❡s ❛✉ss✐ ❜✐❡♥ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞②♥❛♠✐q✉❡ q✉❡ ❝❤✐♠✐q✉❡✳

▼♦ts✲❝❧❡❢s ✿ ❣❛❧❛①✐❡s ✿ é✈♦❧✉t✐♦♥✱ ▼■❙✱ s♣✐r❛❧❡✱ ♥❛✐♥❡ ✖ ▼■❙ ✿ é✈♦❧✉t✐♦♥✱ ❛❜♦♥❞❛♥❝❡s ✖ ♠ét❤♦❞❡ ✿

s✐♠✉❧❛t✐♦♥s ◆✲❝♦r♣s✱ ❤②❞r♦❞②♥❛♠✐q✉❡✱ ❝❤❡♠♦❞②♥❛♠✐q✉❡

❈❤❡♠♦❞②♥❛♠✐❝❛❧ s✐♠✉❧❛t✐♦♥s
♦❢ t❤❡ ❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❣❛❧❛①✐❡s

●❛❧❛①✐❡s ❛r❡ ❝♦♠♣❧❡① s②st❡♠s ✇❤❡r❡ ❞②♥❛♠✐❝s ❛♥❞ ❝❤❡♠✐❝❛❧ ❡✈♦❧✉t✐♦♥ ❛r❡ ❝❧♦s❡❧② ❧✐♥❦❡❞✳ ■♥ ♦r❞❡r

t♦ st✉❞② t❤❡ ❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ❣❛❧❛①✐❡s✱ ✇❡ ❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ❛ ♥❡✇ ❝❤❡♠♦❞②♥❛♠✐❝❛❧ ❝♦❞❡

✐♥ ✇❤✐❝❤ ❞②♥❛♠✐❝s ❛♥❞ ❝❤❡♠✐❝❛❧ ❡✈♦❧✉t✐♦♥ ❛r❡ ♠♦❞❡❧❧❡❞ ✐♥ ❛ s❡❧❢✲❝♦♥s✐st❡♥t ✇❛②✳ ❖✉r ❝♦❞❡ ❞❡s❝r✐❜❡s

t❤❡ ✐♥t❡rst❡❧❧❛r ♠❡❞✐✉♠✱ t❤❡ ♠❛✐♥ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ♦❢ t❤❡ ■❙▼ ❛♥❞ t❤❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ st❛rs✳ ❙t❡❧❧❛r

❡✈♦❧✉t✐♦♥ ❛♥❞ ❢❡❡❞❜❛❝❦ ❛r❡ ♠♦❞❡❧❧❡❞ ✇✐t❤ ❛ ♥♦♥✲✐♥st❛♥t❛♥❡♦✉s r❡❝②❝❧✐♥❣ ❛♣♣r♦❛❝❤✳ ❖♥❡ ♦r✐❣✐♥❛❧ ❢❡❛t✉r❡

♦❢ ♦✉r ❝♦❞❡ ✐s t❤❡ r❡❝♦r❞ ♦❢ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❛❜✉♥❞❛♥❝❡s ❢♦r s❡✈❡r❛❧ ❝❤❡♠✐❝❛❧ ❡❧❡♠❡♥ts✳ ❚❤✐s

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

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

❚❤❡ ✜rst t❡sts ❤✐❣❤❧✐❣❤t t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❝❤❡♠✐❝❛❧ ❛❜✉♥❞❛♥❝❡s tr❛❝❦✐♥❣ ❛♥❞ ✐ts ✐♥✢✉❡♥❝❡

♦♥ ❣❛s ❝♦♦❧✐♥❣✱ ❛♥❞ ❛❧s♦ ♦♥ st❛r ❢♦r♠❛t✐♦♥ ❛♥❞ ❝❤❡♠✐❝❛❧ ❡♥r✐❝❤♠❡♥t ❤✐st♦r✐❡s✳ ❋✉rt❤❡r♠♦r❡✱ ✇✐t❤ ♦✉r

t✇♦✲♣❤❛s❡❞ ■❙▼ ♠♦❞❡❧✱ ✇❡ ❝❛♥ r❡♣r♦❞✉❝❡ ❛ t❤r❡❡✲♠❡❞✐❛ ■❙▼ ♠❛t❝❤✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s✳ ❚❤❡ s❧♦♣❡

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